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loosel y groupe d b y topic ,  an d a n autho r  inde x i s provide d i n th e back .  I n hope s o f  facilitatin g searche s o f 

thi s work ,  w e hav e als o provide d a n electroni c inde x o n th e Internet' s Worl d Wid e W e b ( W W W ) .  Titles , 

authors ,  an d summarie s o f  al l  o f  th e paper s publishe d her e hav e bee n place d i n a n onlin e databas e whic h 

may b e freel y searche d b y anyone .  T o acces s thi s electroni c index ,  direc t  you r  favorit e W W W browse r  t o 

ope n th e followin g U R L : 

http://www,cse.ucsd.edu/events/cogsci96/proceedings/ 

This WWW site includes a complete description of how to search the paper database. 

If you are not familiar with the World Wide Web, we encourage you to learn more about this easy to 

use an d fre e informatio n resource .  W W W browser s presen t  informatio n distribute d ove r  th e Interne t  i n a 

simpl e hypertext-lik e point-and-clic k manner .  Man y book s hav e recentl y becom e availabl e o n usin g th e 

W W W.  Program s whic h allo w yo u t o brows e th e W W W ar e widel y available ,  an d man y cos t  nothin g a t  all . 

Some o f  th e mor e popula r  browser s includ e Netscape ,  Mosaic ,  an d (fo r  machine s wit h limite d graphic s 

capabilities )  Lynx .  Thes e browser s ru n o n a  wid e variet y o f  hardwar e platforms ,  includin g Uni x machines , 

V MS machines ,  Appl e Macintoshes ,  N e X T boxes ,  an d I B M PCs .  Fre e browse r  softwar e ma y b e foun d a t 

a variet y o f  FT P sites ,  including : 

Netscape - ftp20.netscape.com 

Mosai c -  f t p . n c s a . u i u c . e d u 

Lyn x -  u k a n a i x . c c . u k a n s . e d u 

If you have questions concerning accessing the conference electronic index, please send electronic mail to 

" cogsc i96@c s .ucsd .  edu" . 
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P r e f a c e 

As I sit here composing this, it is May 3,1996, and I have to pretend the conference is over, and put everything 

i n th e pas t  tense .  Thi s lead s t o suc h turgi d pros e as :  "TTi e Eighteent h Annua l  Meetin g o f  th e Cognitiv e Scienc e 

Societ y wa s hel d Jul y 12-15 ,  199 6 a t  th e UnivCTSit y o f  Californi a a t  Sa n Diego ,  whic h turn s ou t  t o b e i n L a Jolla . 

Th e conferenc e feature d fou r  plenar y sessions ,  th e first  on e bein g possibl y th e star t  o f  a  trend :  A  debate-styl e 

forma t  pittin g Stephe n Grai n agains t  Mar k Seidenber g discussin g 'Controversie s i n Cognitiv e Science :  Tli e cas e o f 

language' .  W e als o celebrate d th e tent h anniversar y o f  th e pubhcatio n o f  th e Paralle l  Distribute d Processin g book s 

wit h talk s b y Davi d Rumelhart ,  Ja y McClelland ,  an d Geof f  Hinton .  Adel e Diamon d brough t  u s d o w n t o eart h wit h 

rea l  dat a abou t  rea l  kid s wit h fronta l  lob e damage .  Pau l  Churchlan d discusse d h o w w e coul d b e materialist s an d stil l 

thin k abou t  consciousness .  Th e technica l  progra m consiste d o f  researc h presentation s tha t  wer e rigorously  reviewe d 

wit h respec t  t o originality ,  quality ,  significanc e o f  research ,  relevanc e t o a  broa d audienc e o f  cognitiv e scienc e 

researchers ,  an d clarit y o f  presentation .  O f  th e 25 0 pape r  submission s received ,  7 3 wer e accepte d fo r  presentatio n 

i n technica l  session s an d a n additiona l  4 1 wer e accepte d fo r  poste r  presentation .  Al l  11 4 o f  thes e ar e publishe d i n 

th e conferenc e proceedings .  I n addition ,  a s a  ne w featur e thi s year ,  w e accepte d on e pag e abstract s fro m Societ y 

members fo r  poste r  presentation .  Thes e appea r  a t  th e en d o f  th e Proceedings .  Thi s prove d t o b e a  popula r  option , 

wit h 14 9 abstract s bein g submitted .  Th e technica l  session s covere d a  wid e rang e o f  topics ,  including : 

Analogy Problem-Solving and Education 

Categories ,  Concepts ,  an d Mutabilit y  Reasonin g 

Cognitiv e Neuroscienc e Recurren t  Networ k Model s 

Developmen t  Rhyth m i n Cognitio n 

Distribute d Cognitio n an d Educatio n Semantics ,  Phonology ,  an d th e Lexico n 

Lexica l  Ambiguit y an d Semanti c Rqjresentatio n Skil l  Learnin g an d S O A R 

Percq)tio n Tex t  Comprehensio n 

Th e Perceptio n o f  Causalit y Visual/Spatia l  Reasonin g 

Philosoph y 

The conference also featured four invited and six submitted Symposia: 

• Adaptive Behavior and Learning in Complex Environments 

•  Buildin g a  Theor y o f  Proble m Solvin g an d Scientifi c  Discovoy :  H o w Bi g i s N  i n N-Spac e Search ? 

•  Cognitiv e Linguistics :  Mapping s i n Grammar ,  Conceptua l  Systems ,  an d On-Lin e Meanin g Constructio n 

•  Computationa l  Model s o f  Developmen t 

•  Evolutio n o f  Languag e 

•  Evolutio n o f  M in d 

•  Ey e Movement s i n Cognitiv e Scienc e 

•  Th e Futur e O f  Modularit y 

•  Th e Rol e o f  Rhyth m i n Cognitio n 

•  Updat e o n th e Plumbin g o f  Cognition :  Brai n Imagin g Studie s o f  Vision ,  Attention ,  an d Languag e 

We thank the organizers of these symposia for their efforts in putting together these events. Symposia abstracts and 

abstract s o f  th e presentation s appea r  i n th e proceedings . 

We ar e deepl y indebte d t o th e author s o f  al l  submitte d paper s fo r  thei r  contributio n t o th e conference ,  an d 

t o th e reviewer s fo r  thei r  painstakin g an d constructiv e review s o f  thes e papers .  W e woul d lik e t o than k th e 

Progra m Committe e fo r  thei r  assignment s o f  reviewer s t o paper s unde r  a  tigh t  deadline .  Helpfu l  suggestion s 

and encouragemen t  regardin g th e conferenc e forma t  an d conten t  wer e provide d b y th e Society' s ne w Conferenc e 
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Advisor y Board :  Jef f  Elman ,  Collee n Seifer t  an d Pau l  Smolensky .  W e als o wis h t o than k th e member s o f  th e Man -

Priz e committe e fo r  thei r  effort s i n pickin g th e bes t  studen t  pape r  from  th e to p 9  studen t  papers ,  liste d below. ' 

We als o wis h t o than k Rober t  C .  Dynes ,  Senio r  Vic e Chancello r  fo r  Academi c Affairs ,  Frantise k Deak ,  Dea n 

of  Art s &  Humanities ,  Pau l  W .  Drake ,  Dea n o f  Socia l  Sciences ,  th e Cognitiv e Scienc e an d Compute r  Scienc e an d 

Engineerin g Department s fo r  thei r  contribution s t o th e conference .  Also ,  w e woul d lik e t o than k Harr y an d Bett y 

Stanto n o f  M I T Pres s fo r  thei r  contributio n t o th e receptio n fo r  th e tent h anniversar y celebratio n o f  th e publicatio n 

of thePD P books . 

Finally ,  i t  woul d no t  hav e bee n possibl e t o ru n thi s conferenc e withou t  th e just-in-tim e effort s o f  a  larg e numbe r  o f 

volunteer s an d staff .  Thank s fo r  th e envelope-stuffin g service s o f  D a n Clouse ,  Georg e Maraellos ,  Jeann e Milostan , 

Cur t  Padgett ,  an d Dimitri s 'ftioutsias .  Thi s proceeding s wa s mad e possibl e largel y b y th e effort s o f  thre e people : 

Mari e Kreide r  fo r  he r  steadfastnes s i n th e fac e o f  mountin g pile s o f  FedEx's ,  Davi d Noell e fo r  desig n an d organizatio n 

of  th e we b soA'ices ,  th e formattin g templates ,  an d las t  minut e formattin g o f  recalcitran t  author' s abstracts ,  an d Chri s 

Vogt ,  wh o learne d mor e tha n h e eve r  wante d t o kno w abou t  rimnin g a  conferenc e an d programmin g i n Perl ,  al l 

fo r  th e simpl e mistak e o f  no t  bein g a  cognitiv e scientist ,  whe n th e res t  o f  th e Geuron s wer e bus y writin g thei r 

papers .  Nanc y Santo s wa s instrumenta l  i n obtainin g fund s from  th e U C S D administratio n t o suppor t  th e conference , 

provide d much-neede d logistica l  expwtise ,  an d coordinate d loca l  arrangements ;  Bria n Hazlehurs t  abl y cu t  deal s 

wit h th e Airline s an d th e loca l  hotel s fo r  ou r  participants ;  an d Mar y Har e ha s organize d m u c h o f  th e refreshment s 

and th e lovel y banquet. " 

I  jus t  can' t  writ e pros e lik e that ,  s o instead ,  I  jus t  wan t  t o shar e m y excitemen t  a t  th e fac t  tha t  sinc e I  hav e som e 

say i n th e matte r  thi s year ,  th e Unofficia l  Annua l  After-Banquet-Danc e party ,  a  Co g Sc i  traditio n sinc e 1983 ,  wil l 

be Officia l  thi s year !  Th e Officia l  Blue s party ,  ope n t o al l  registrants ,  promise s memorabl e event s suc h a s w e hav e 

see n i n th e past :  Geof f  Hinto n bettin g someon e h e woul d ea t  a  cockroac h i f  onl y on e coul d b e found ,  leadin g t o 

a ma d (unsuccessful )  scrambl e (An n Arbor ,  1989) ;  Zeno n Pylyshy n dancin g wildl y t o th e Blue s (Amherst ,  1986) ; 

and a t  th e ver y first  on e (Rochester ,  1983 )  i n m y apartment ,  a  whol e troo p o f  C M U graduat e student s singin g i n 

uniso n wit h Lx) u Reed ,  "som e peopl e lik e t o g o ou t  dancing ,  othe r  peopl e lik e u s the y gott a work..." ,  an d the n Elvi s 

Costello ,  " I  wann a bit e th e han d tha t  feed s me ,  I  wan t  bit e tha t  han d s o badly ,  I  waim a m a k e the m wis h the y neve r 

kne w me..." .  I  hop e tha t  th e toil s  an d trouble s o f  graduat e schoo l  an d researc h wil l  agai n b e exorcised ,  an d a  goo d 

tim e wil l  b e ha d b y all . 

Garrison W. CottreU 

Progra m Chai r 

Edwin Hutchins Walter Savitch 

Conferenc e Co-Chair s 

P r o g r a m Commi t tee : 

Farrell Ackerman (Linguistics) 

T o m Albrigh t  (Neuroscience ) 

Patrici a Churchlan d (Philosophy ) 

Roy D'Andrad e (Anthropology ) 

Catherin e Harri s (Psychology ) 

Ron Langacke r  (Linguistics ) 

Pat  Langle y (Compute r  Science ) 

Rist o Miikkulaine n (Compute r  Science ) 

K i m Plunket t  (Psychology ) 

Marti n Seren o (Neuroscience ) 

Mar k St .  Joh n (Psychology ) 

Ti m va n Gelde r  (Philosophy ) 

Charle s Elka n (Compute r  Science )  Dou g Medi n (Psychology ) 

Loca l  Ar rangement s Commi t t e e 

Joh n Batal i  (Chair ) 

Mar y Har e 

Bria n Hazlehurs t 

net.slaye s 

Davi d Noell e (Webmaster ) 

Chri s Vog t  (Ac e Revie w Parser ) 

Log o Design :  Da n Grue n 

'See ,  the y haven' t  reall y picke d th e winne r  yet ,  bu t  I  hav e t o preten d the y did . 
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M a r r  Priz e Committe e 

Chri s Barke r 

Marlen e Behrman n 

Charle s Elka n 

JeffElma n 

Keit h Holyoa k 

Top Nine Student Papers: (alphabetic by first author) 

Probabilisti c  Pla n Recognitio n fo r  Cognitiv e Apprenticeshi p Cristin a Conati ,  Kur t  VanLeh n 40 3 

Rhythmi c Commonalitie s Betwee n H a n d Gesture s an d Speec h Fre d Cummins ,  Rober t  F .  Por t  41 5 

Satisficin g Inferenc e an d th e Perk s o f  Ignoranc e Danie l  G .  Goldstein ,  Ger d Gigerenze r  13 7 

Computationa l  Base s o f  Tw o Type s o f  Developmenta l  Dyslexi a Michae l  W .  Harm ,  Mar k S .  Seidenber g 36 4 

Mutability ,  Conceptua l  Transformation ,  an d Contex t  Bradle y C .  Lov e 45 9 

The Rol e o f  Ontolog y i n Creativ e Understandin g Kennet h Moorman ,  Ashwi n Ra m 9 8 

Integratin g Worl d Knowledg e Wit h Cognitiv e Parsin g Harol d Paredes-Frigolett ,  Gerhar d Strub e 9 2 

Statistica l  Cue s i n Languag e Acquisition :  Wor d Segmentatio n b y Infant s Jenn y R .  Saffran ,  Richar d N .  Aslin ,  Eliss a 

L.  Newpor t  37 6 

What  Languag e Migh t  Tel l  U s Abou t  th e Perceptio n o f  Caus e Philli p Wolff ,  Dedr e Centne r  45 3 
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R e v i e w e r s 

Agnar  Aamodt 
Farre U Ackama n 
Kevi n Ashle y 
Oliv a Aud e 
Timoth y Baile y 
Chri s BarkC T 
Jon Barwis e 
Miria m Basso k 
Joh n Batal i 
Dorri t  Billma n 
Ala n Blai r 
PhUBlyth e 
Paul  B m a 
Andre w Broo k 
Bruc e Bxun s 
Mar k Burstei n 
Rut h Byrn e 
Tamith a Carpente r 
Richar d Catrambon e 
Ramin Charle s Nakis a 
Nic k Chate r 
Patrici a Chen g 
Axel  Cle«eman s 
Catherin e Clemen t 
Richar d CoopC T 
Gary  Cottrel l 
Richar d Co x 
Sharo n Derr y 
Eri c Dietric h 
Charle s Dola n 
Eri c Domeshe k 
Keit h Downin g 
Renee Eh o 
Charle s Elka n 
Jef f  Elma n 
Randi  Engl e 
Juli e Epelboi m 
Nic k Flo r 
Pete r  Folt z 
Ken Forbu s 
Michae l  Free d 
Rober t  Frenc h 
Klaus-Pete r  Gap p 
Garet h Gaskel l 
Jean Mar k Gawro n 
Jac k Gelfan d 
Dedr e Gentno -
Fernan d Gobe t 
Asho k Goe l 
Ar t  Graesse r 
Barbar a Grave s 
Bil l  Grund y 
Stev e Haas e 
Rober t  Hadle y 
Andre a Haessl y 
Graeme Halfor d 
Catherin e Harri s 

Thomas Hayne s 
Evan Hei t 
Barbar a Hemfort h 
Ralp h Hertwi g 
Marti n Heydeman n 
Stephe n HirU e 
Cind y Hmel o 
Keit h Holyoa k 
Matthe w Isaa k 
Todd Johnso n 
Randolp h Jone s 
Mar k Kean e 
Smadar  Keda r 
Cheongta g K i m 
Davi d Kirs h 
Marku s Knauf f 
Joh n Kole n 
Jane t  Kolodne r 
Joh n Kruschk e 
Paul  Kub e 
Jorg e Larreamendy-Joern s 
Davi d Leak e 
AdrienneLe e 
Jil l  Fai n Lehma n 
Mihal y Lenar t 
Ala n Lesgol d 
Joe Lev y 
Michae l  Lewi s 
Vincenz o Lombard o 
Bradle y Lov e 
Stev e Lytine n 
Paul  MagU o 
Kavi  Mahes h 
Virgini a Marchma n 
Deni s Marescha l 
ArtMarkma n 
W.  D .  Marslen-Wilso n 
Joel  Marti n 
Marshal l  Mayberr y 
Dougla s Medi n 
Josep h Melche r 
Arthu r  Meri n 
Crai g Mille r 
VibhuMitta l 
Clayto n Morriso n 
Marti n Mose r 
Hirosh i  Motod a 
Paul  Munr o 
N.  Har i  Narayana n 
Valeri y Neno v 
Ti m Norma n 
Randal l  O'Reill y 
Stella n Ohlsso n 
Clar k Ohnesorg e 
Takesh i  Okad a 
T o m Ormero d 
Ana Paszto r 
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Andre a Patalan o 
T.  Paltabhirama n 
Michae l  Pazzan i 
Franci s Jeffr y Pelletie r 
Yusu f  Pisa n 
Davi d Plau t 
RolfPloetzne r 
K i m Plunket t 
Ia n Prat t 
Ash wi n R a m 
Willia m Rapapor t 
Mimi  Recke r 
Rober t  Ris t 
Lawrenc e Robert s 
Dougla s Rohd e 
Jenn y Saffra n 
Christia n Schun n 
Baruc h Schwar z 
Doni a Scot t 
Juli e Sediv y 
Sandi p Se n 
T o m Shult z 
Mari n Simin a 
Tony Simo n 
Steve n Sloma n 
Michae l  Spivey-Knowlto n 
Keit h Stennin g 
Suzann e Stevenso n 
Gerhar d Strub e 
Dan Suther s 
Hiroak i  Suzuk i 
Kati a Sycar a 
Whitne y Tabo r 
Michae l  Tanenhau s 
Sheldo n Tetewsk y 
Richmon d Thomaso n 
Ryan Twene y 
Ti m va n Gelde r 
Maarte n va n Somere n 
Tony Veal e 
Shaun Vecer a 
Alons o Ver a 
Charle s Wharto n 
Jane t  Wile s 
Margare t  Winter s 
Davi d Wol f 
Aaro n Yarla s 
Jiaji e Zhan g 
Ingri d Zukerma n 
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P l e n a r y A d d r e s s e s 

Controversie s i n Cognitiv e Science :  Th e Cas e o f  L a n g u a g e 

S tephe n Gra i n &  M a r k Seidenber g 

Tent h Anniversar y o f  th e P D P Books : 

Affect and Neuro-modulators: A Connectionist Account 

D a v i d E .  R u m e l h a r t 

Parallel-distribute d processin g model s o f  norma l  a n d disordere d 

cognitio n 

J a m e s L .  McC le l l an d 

W hy neura l  network s nee d generativ e model s 

Geoffre y E .  H in to n 

Fronta l  Lob e Developmen t  a n d Dysfunctio n i n Children : 

Dissociation s betwee n Intentio n a n d Actio n 

Ade l e D i a m o n d 

Reconstructin g Consciousnes s 

Pau l  G h u r c h l a n d 





I n v i t e d S y m p o s i a 





I m a g i n g Studie s o f  Vision ,  Attentio n a n d L a n g u a g e 

Helen J. Neville 

Departmen t  o f  Psycholog y 

122 7 Universit y o f  Orego n 

Eugene ,  O R 97403-122 7 

neville@oregon.uoregon.ed u 

Dr .  Mart y Seren e 

Departmen t  o f  Cognitiv e Scienc e 051 5 

Universit y o f  California-Sa n Dieg o 

950 0 Oilma n Driv e 

La Jolla ,  C A 9209 3 

Visual Cortical Areas in Humans 

Over half of the total area of neocortex in 

non-huma n primate s i s occupie d b y visua l 

areas .  Ove r  2 5 visua l  area s beyon d primar y 

visua l  corte x (VI )  hav e bee n identifie d i n 

non-huma n primate s usin g invasiv e 

techniques .  Recen t  advance s i n fMRl ,  E E C , 

M E G,  stimulu s paradigms ,  an d cortica l 

surfac e reconstructio n hav e finally  mad e i t 

possibl e t o outlin e th e border s o f  a  numbe r  o f 

thes e functionall y distinc t  area s alon g th e 

complexl y folde d cortica l  mantl e o f  humans . 

Thes e imagin g studie s ar e first  reviewed .  Th e 

implication s o f  thes e studie s fo r  ho w highe r 

leve l  function s (lik e languag e comprehension ) 

ar e implemente d i n th e huma n cerebra l  corte x 

ar e the n explored . 

Dr. Steven Hillyard 

Departmen t  o f  Cognitiv e Scienc e 051 5 

Universit y o f  California-Sa n Dieg o 

950 0 Oilma n Driv e 

La Jolla ,  C A 9209 3 

Neuroimaging Studies of Attention in 

H u m a ns 

Event-related brain potentials (ERPs) are 

recorde d fro m th e scal p o f  subject s 

performin g selectiv e attentio n tasks .  B y 

comparin g th e waveform s an d scal p 

distribution s o f  ERP s elicite d b y attende d an d 

unattende d stimuli ,  inference s ca n b e mad e 

abou t  th e timin g an d anatomica l  localizatio n 

of  stimulu s selectio n processe s i n th e sensor y 

pathways .  Topographica l  mappin g o f  ERP s 

and associate d magneti c ( M E G )  fields  hav e 

reveale d specifi c  site s o f  attentiona l  contro l  i n 

extrastriat e visua l  corte x an d i n supratempora l 

auditor y cortex .  Thes e E R P an d M E G 

findings  ar e reinforce d b y complementar y 

studie s o f  cerebra l  bloo d flow  pattern s durin g 

attentio n 

as reveale d b y positro n emissio n tomography . 

The implication s o f  thes e physiologica l  dat a 

fo r  psychologica l  theorie s o f  attentio n wil l  b e 

discussed . 

Dr. Helen Neville 

Departmen t  o f  Psycholog y 

122 7 Universit y o f  Orego n 

Eugene ,  O R 97403-122 7 

Neuroimaging Studies of Developmental 

Plasticit y Withi n th e Visua l  an d Languag e 

System s o f  th e H u m a n Brai n 

I will review (a) our ERP and fMRI resuhs 

durin g visua l  processin g an d languag e 

processin g fro m adult s wh o hav e ha d differen t 

earl y sensor y and/o r  languag e experienc e an d 

(b )  E R P result s fro m normall y developin g 

infant s an d children .  Take n togethe r  thes e 

mailto:neville@oregon.uoregon.edu


studie s sugges t  tha t  withi n visio n an d withi n 

languag e differen t  neura l  system s displa y 

considerabl e variabilit y  i n th e degre e t o whic h 

the y ar e modifie d b y earl y experience .  Withi n 

vision ,  earl y auditor y deprivatio n ha s mos t 

marke d effect s o n th e organizatio n o f  system s 

importan t  i n processin g motio n information . 

The result s rais e th e hypothesi s tha t  th e dorsa l 

visua l  syste m display s greate r  developmenta l 

plasticit y tha n doe s th e ventra l  visua l 

pathway .  I n addition ,  differen t  subsystem s 

withi n languag e displa y varyin g degree s o f 

modifiabilit y  b y experience .  Th e acquisitio n 

of  lexica l  semantic s appear s relativel y robus t 

and invarian t  eve n i n individual s wit h 

markedl y differen t  timin g an d modalit y o f 

languag e input .  B y contrast ,  system s activ e 

durin g grammatica l  processin g displa y 

marke d effect s o f  alteration s i n th e timin g an d 

natur e o f  earl y languag e input .  Thes e result s 

converg e wit h othe r  line s o f  evidenc e tha t 

sugges t  i t  i s  importan t  t o distinguis h thes e 

differen t  aspect s o f  language ,  an d the y rais e 

hypothese s abou t  th e initia l  developmen t  o f 

thes e differen t  languag e systems .  Differen t 

account s fo r  thes e differentia l  effect s o f  earl y 

experienc e o n subsystem s withi n visio n an d 

languag e wil l  b e discussed . 



Learnin g i n C o m p l e x Environments :  Biologica l  an d Artificia l  Adapt iv e 

Behavio r 

Maja J Mataric 
Vole n Cente r  fo r  Comple x System s 
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I n th e las t  decade ,  th e problem s bein g treate d i n Ar -
tificia l  Intelligenc e an d Robotic s hav e witnesse d a n in -
creas e i n complexit y a s th e domain s unde r  investigatio n 

hav e transitione d fro m theoreticeill y  clea n scenario s t o 
more comple x dynami c environments .  Agent s tha t  mus t 
adap t  i n environment s suc h a s th e physica l  world ,  a  fac -
tor y floor,  a n activ e ecolog y o r  economy ,  an d th e Worl d 
Wid e W e b ,  challeng e traditiona l  assumption s an d ap -
proache s t o learning .  A s a  consequence ,  nove l  method s 
fo r  automate d adaptation ,  actio n selection ,  an d ne w be -
havio r  acquisitio n hav e becom e th e focu s o f  muc h re -
searc h i n th e field. 

Thi s worksho p wil l  focu s o n situate d agen t  learnin g i n 
challengin g environment s tha t  featur e noise ,  uncertainty , 
and comple x dynamics .  I n al l  case s w e wil l  consider , 
learnin g an d adaptatio n occur s durin g th e lifetim e o f  a 
complet e agen t  situate d i n a  dynami c environment ,  an d 
must  dea l  wit h man y th e followin g challenges : 

• learning from ambiguous perceptual inputs 

• learning with noisy/uncertain action/motor outputs 

• learning from sparse, irregular, inconsistent, and noisy 
reinforcement/feedbac k 

• learning in real time 

• combining built-in and learned knowledge 

• learning in complex environments requiring general-
izatio n i n stat e representatio n 

• learning from incremental and delayed feedback 

• learning in smoothly or discontinuously changing en-
vironment s 

The goal of this workshop is to bring together four 
researcher s dealin g wit h jus t  thos e problems .  Th e 
fou r  speaker s o f  th e worksho p ar e Simo n Giszter ,  Maj a 
Mataric ,  Andre w Moore ,  an d Sebastia n Thrun .  Eac h 
has experienc e wit h differen t  aspect s o f  adaptiv e behav -
io r  an d learning ,  an d wil l  eac h presen t  thei r  wor k an d 
insights .  Al l  wil l  shar e a  c o m m o n threa d o f  dealin g 
wit h comple x adaptiv e agent s an d domains ,  bu t  eac h 
wil l  introduc e a  differen t  methodolog y t o dealin g wit h 

th e m a n y challenge s o f  learnin g an d adaptiv e behavio r 
i n comple x environments . 

• Simon Giszter will give a biological perspective, 
overviewin g th e comple x mechanism s involve d i n bi -
ologica l  moto r  contro l  an d learning . 

• Maja Mataric will overview the issues involved 
i n learnin g i n a  complex ,  multi-robo t  domain ,  an d 
presen t  th e result s o f  applyin g a  behavior-base d ap -
proac h t o contro l  an d learnin g i n tha t  domain . 

• Andrew Moore will describe the issues involved in 
applyin g integrate d reinforcemen t  learnin g t o a  com -
ple x factor y domain . 

• Sebastian Thrun will present a framework for life-
lon g learning ,  a n approac h t o reusin g knowledg e fro m 
what  th e agen t  ha s previousl y learned . 
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Abstrac t 

Recent data from spinal frogs and mammals suggests 
tha t  movement s ma y b e constiucte d fio m a  standar d 
set  o f  primitive s whic h represen t  posture s an d forc e pat -
tern s aroun d postures .  Thes e postura l  primitive s ma y 
be combine d fo r  movemen t  synthesi s an d ma y ab o inter -
act  non-linearly .  Ne w dat a show s tha t  th e se t  o f  primi -
tive s ma y ak o contai n o f  a  collectio n o f  member s whic h 
encapsulat e aspect s o f  movemen t  contro l  an d dynam -
ics .  Th e linea r  interactions ,  non-linea r  interactions ,  an d 
dynami c control s provid e a  mean s o f  bootstrappin g mo -
to r  leariung .  Th e non-linea r  interaction s enabl e a  basi c 
patter n generato r  an d a  refle x functionalit y whic h ca n 
be parameterize d an d modifie d fo r  elaboratio n o f  mor e 
comple x behaviors . 

P o s t u r a l  P r i m i t i v e s 

Initia l  evidenc e fo r  postura l  primitive s ha s bee n obtaine d 
i n frog s b y microstimulatio n o f  spina l  cor d an d exami -
natio n o f  refle x spina l  mechanism s (Bizz i  e t  al .  1991 , 
Giszte r  e t  al .  1993) .  A  fe w type s o f  force-field s wer e 
foun d represente d i n th e fro g spina l  cord .  Mor e recentl y 
Tresc h an d Bizz i  (1995 )  hav e extende d thi s t o th e ra t 
spina l  cord .  T h e conservatio n o f  thes e organization s 
throug h tetrapo d phylogen y suggest s a n importan t  rol e 
i n th e organizatio n o f  movement .  I t  seem s clea r  tha t  th e 
postura l  primitive s represen t  element s o f  reflexes .  Mi -
crostimulatio n als o showe d tha t  th e differen t  force-field s 
represente d b y primitive s coul d b e combine d a s vecto r 
sums.  Th e importan t  rol e o f  suc h a  mechanis m i n move -
ment  synthesi s wa s suggeste d b y a  theoretica l  analysi s 
by Mussa-Ivald i  (1992) ,  an d simulation s o f  Mussa-Ivald i 
an d Giszte r  (1992 )  whic h showe d arbitrar y force-field s 
coul d b e synthesise d b y appropriat e combinatio n o f  con -
servativ e an d circulatin g basi s fields.  Thi s analysi s sug -
geste d tha t  th e fe w primitive s obtaine d i n th e fro g spina l 
cor d coul d for m a  substantia l  underpinnin g o f  a  larg e an d 
extensibl e repertoir e o f  behaviors . 

Convergent force-fields and Parallel 
force-field s 

Convergen t  force-field s an d paralle l  force-field s wer e ob -
serve d i n th e se t  o f  primitive s locate d i n fro g spina l  cor d 
but  circulatin g basi s fields  wer e absent .  I t  ha s bee n 

pointe d ou t  b y Hogan ,  Colgat e an d other s tha t  non -
conservativ e force-field s m a y caus e instabilit y  whe n cou -

ple d t o som e environments .  Thei r  wor k suggest s tha t 

conservativ e o r  paralle l  fields  o f  th e fro g wil l  guarante e 
lim b stabilit y i n passiv e environments .  Th e us e o f  suc h 

fields  fo r  cycli c limi t  cycl e lim b motion s a s fo r  exampl e 
i n swimming ,  crawling ,  o r  h u m a n locomotio n o r  bicy -
clin g mus t  entai l  sequencin g an d dynami c activatio n o f 
thes e conservativ e fields  an d m a y us e intrinsi c dynamic s 
of  primitives . 

Dynamic controls 

We hav e examine d th e dynamic s o f  interactio n o f  th e 
primitive s wit h differen t  environment s an d thei r  contro l 
and timin g i n refle x behaviors .  Result s remai n consis -
ten t  wit h th e ide a o f  primitiv e a s a  basi s fo r  movemen t 
synthesi s bu t  exten d th e ide a beyon d stati c controls . 

Reflex synthesis 

Th e refle x behavior s utiliz e al l  aspect s o f  primitive s in -
cludin g non-linea r  interactions .  I n fac t  th e non-linea r 
role s m a y b e essentia l  fo r  synthesi s o f  reflexes .  Dynami c 
patter n generatin g model s base d aroun d th e model s o f 
Maes (1991 )  fo r  actio n synthesi s aui d selectio n ca n b e 
use d t o replicat e severa l  phenomen a o f  refle x behavior s 
(Giszter ,  1994) .  Th e primitive s i n reflexe s an d th e se -
quenc e generatin g mechanism s utilizin g the m mus t  b e 
appropriatel y subsume d b y an y highe r  leve l  control s an d 
learning .  Th e model s usin g Mae s net s demonstrat e th e 
importanc e o f  exclusion ,  an d flexible  dynami c chainin g 
i n flexible  adapte d refle x responses . 

General movement 

Th e schem e suggeste d b y th e neurophysiologica l  dat a 
and analysi s an d simulatio n ha s tie s t o bot h roboti c sub -
sumptio n architecture s an d basi s functio n approxima -
tion .  I n thi s schem e a  laye r  o f  circuitr y tha t  represent s 
primitive s an d encapsulate s force-fiel d structure ,  force -
field  dynamic s an d environmenta l  interaction ,  i s  playe d 
upo n bot h b y patter n generato r  system s an d descendin g 
controls .  Thes e tw o system s mus t  cooperat e throug h 
vecto r  summatio n o f  primitive s an d arbitratio n o f  ac -
ces s t o primitive s i n orde r  t o generat e usefu l  purposiv e 
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movement .  Moto r  learnin g i s likel y t o involv e cooper -
ativ e learnin g an d adaptatio n i n primitives ,  generator s 

and highe r  orde r  controls .  Th e organizatio n o f  a  syste m 
base d aroun d situate d primitive s guarantee s a n adapte d 
initia l  functionalit y whic h m a y for m a n importan t  boot -
stra p fo r  moto r  learning .  Thi s initia l  functionalit y i s 
likel y t o b e extensibl e a t  eac h leve l  o f  organization . 
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L e a r n i n g i n S i t u a t e d D o m a i n s 

I n t r o d u c t i o n 

Reinforcemen t  learnin g (RL )  ha s been  successfull y ap -
plie d t o a  variet y o f  domains ,  an d ha s recentl y bee n 
attempte d o n situate d agent s suc h a s mobil e robots . 
Whil e simulatio n result s ar e encouraging ,  wor k o n phys -
ica l  robot s ha s bee n slo w t o repeate d tha t  success .  Th e 

key challenge s o f  situate d domain s include :  1 )  modelin g 
a combinatio n o f  discret e an d continuou s stat e space s 
base d o n multimoda l  perceptua l  inputs ;  2 )  modelin g 

real-worl d event s tha t  m a y neithe r  b e cause d directl y 
by th e agent s no r  perceive d b y it ,  bu t  subsequentl y af -
fec t  it s  behavior ;  3 )  th e numbe r  o f  learnin g trial s rea -
sonabl y availabl e t o a n agen t  an d th e non-unifor m ex -
ploratio n o f  th e learnin g spac e mandate d b y th e agent' s 
externa l  environment ;  4 )  dealin g wit h multipl e concur -
ren t  an d sequentia l  goals ;  5 )  modelin g a  combinatio n o f 
discret e an d continuous ,  immediat e an d delayed ,  multi -

modal  feedbac k tha t  m a y b e availabl e t o th e agent . 

Designing Reward Functions 

Rathe r  than  encod e knowledg e explicitly ,  R L method s 
hid e i t  i n th e reinforcemen t  functio n whic h ofte n employ s 
some a d ho c embeddin g o f  th e domai n semantics .  On e 
mor e direc t  wa y t o utiliz e implici t  domai n knowledg e i s 
t o conver t  rewar d function s int o erro r  signals ,  aki n t o 
thos e use d i n learnin g control .  Immediat e reinforcemen t 
i n R L i s a  wea k versio n o f  erro r  signals ,  usin g onl y th e 
sig n o f  th e erro r  bu t  no t  th e magnitude .  Intermitten t 
reinforcemen t  ca n b e use d similarly ,  b y weightin g th e 
rewar d accordin g t o th e accomplishe d progress . 

We sugges t  tha t  suc h reinforcemen t  ca n b e introduce d 
1)  b y reinforcin g multipl e goals ,  an d 2 )  b y usin g progres s 

estimators .  Sinc e situate d agent s hav e multipl e goals , 
i t  i s  straightforwar d t o reinforc e eac h on e individually , 
wit h a  heterogeneou s reinforcemen t  function ,  rathe r  than 
t o attemp t  t o collaps e the m int o a  monolithi c goa l  func -
tion .  However ,  multipl e goal s ar e no t  sufficien t  fo r  speed -
in g u p situate d learnin g i f  eac h o f  the m involve s a  com -
ple x sequenc e o f  actions .  Suc h time-delaye d goal s ar e 
aide d b y progres s metric s alon g th e way ,  i n additio n t o 
reinforcemen t  upo n achievement .  W e propos e progres s 
estimators ,  function s whic h provid e positiv e o r  negativ e 

33rr i M̂.'̂ l , 

Figur e 1 :  R 2 robot s use d t o lear n foraging . 

reinforcemen t  base d o n immediat e measurabl e progres s 
relativ e t o specifi c  goals .  Thes e "partia l  interna l  crit -
ics "  serv e a  numbe r  o f  importan t  function s i n nois y 
worlds :  the y decreas e th e learner' s sensitivit y t o inter -
mitten t  errors ,  the y encourag e exploratio n an d minimiz e 

thrashing ,  an d the y decreas e th e probabilit y o f  fortu -
itou s reward s fo r  inappropriat e behavio r  tha t  happened , 
by chance ,  t o achiev e th e desire d goal .  Fo r  a  detaile d 
discussio n pleas e se e Matari c  (1994) . 

m 

Figur e 2 :  Genghis-I I  six-legge d robot s use d t o lear n box -
pushing . 

E x p e r i m e n t a l  D e s i g n 

Bot h o f  ou r  learnin g experiment s wer e conducte d o n full y 
autonomou s mobil e robot s on-boar d power ,  sensing ,  an d 
computation .  Th e firs t  se t  o f  experiment s wa s don e 
wit h 4  I S Robotic s R 2 robot s equippe d wit h b u m p an d 
infra-re d sensor s fo r  detectin g collision s an d contacts , 
radi o transceiver s fo r  positioning ,  communication ,  an d 
dat a gathering ,  an d situate d o n a  differentiall y  steerabl e 
wheele d bas e equippe d wit h a  grippe r  (Figur e 1) .  Th e 
secon d se t  o f  experiment s wa s don e o n 2  I S Robotic s 
Genghi s I I  robots ,  equippe d wit h tw o whiske r  contac t 
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sensors ,  a n arra y o f  5  pyro-electri c senso r  fo r  detectin g 
th e locatio n o f  th e goa l  (th e light) ,  an d usin g six-legge d 

alternatin g tripo d gat e fo r  propulsio n (Figur e 2) .  Al l  o f 
th e robot s wer e programme d i n th e Behavio r  Languag e 
and wer e controlle d b y collection s o f  parallel ,  concur -

rentl y activ e behavior s tha t  gathe r  sensor y information , 
driv e eifectors ,  monito r  progress ,  an d contribut e rein -

forcement . 

The Learning Tasks 

The firs t  learnin g tas k consiste d o f  findin g a  mappin g 
betwee n condition s an d behavior s int o a n efficien t  polic y 
fo r  grou p foraging .  Foragin g wa s chose n becaus e i t  i s  a 

nontrivia l  an d biologicall y inspire d task ,  an d becaus e ou r 
previou s grou p behavio r  wor k (Matari c 1992 )  provide d 
th e basi s behavio r  repertoir e fro m whic h t o lear n behav -
io r  selection ,  consistin g o f  avoiding ,  dispersing ,  search -
ing ,  homing ,  an d resting .  Utilit y  behavior s fo r  grasp -
in g an d droppin g wer e hard-wire d a s wer e thei r  condi -
tions .  B y considerin g onl y th e spac e o f  condition s nec -
essar y an d sufficien t  fo r  triggerin g th e abov e behaviors , 
th e agents '  learnin g spac e wa s reduce d t o th e powe r  se t 
of  th e followin g stat e variables :  have-puck? ,  at-home? , 
near-intruder? ,  an d night-time? .  Th e reduce d foragin g 
tas k should ,  i n theory ,  b e easil y learnable .  I n practice , 
however ,  quic k an d unifor m exploratio n i s no t  possibl e 
i n th e nois y multi-agen t  domain . 

The secon d learnin g tas k consiste d o f  finding  a  polic y 
fo r  eac h o f  th e robot s t o cooperativel y pus h a  lon g bo x 
t o th e goal .  Unlik e th e foragin g task ,  box-pushin g re -
quire d carefu l  coordinatio n betwee n th e agents ,  i n tur n 
requirin g eithe r  accurat e sensing ,  o r  communication ,  o r 
both .  Th e tas k i s designe d s o tha t  a  single-agen t  so -
lution ,  du e t o th e siz e an d shap e o f  th e box ,  i s muc h 
les s efficien t  tha n a n effectiv e two-agen t  solution ,  but 
th e two-agen t  solutio n require s intricat e cooperatio n o r 
th e bo x i s pushe d i n th e wron g directio n o r  ou t  o f  reac h 
of  on e o f  th e robots .  Th e tas k wa s decompose d int o 
basi c behaviors :  pushing ,  pausing ,  turning .  Th e tas k 
require d tha t  eac h agen t  lear n no t  onl y it s ow n strat -
egy fo r  keepin g th e bo x withi n reac h an d movin g towar d 
th e goal ,  bu t  als o th e righ t  behavior s i n respons e t o th e 
othe r  agent ,  a s sense d throug h th e stat e o f  th e bo x an d 
as communicate d betwee n th e agents .  Th e detail s o f  th e 
experiment s an d th e dat a ar e describe d i n Simsaria n k 
Matari c  (1995) . 

Learning Results 

The reinforcemen t  learnin g algorithm s w e use d s u m m e d 
al l  o f  th e multimoda l  reinforcemen t  ove r  time .  Behav -
ior s wer e switche d base d o n externa l  events ,  a s wel l  a s 
input s fro m interna l  progres s estimators .  Reinforcemen t 
was base d o n a  collectio n o f  interna l  function s tha t  mon -
itore d externa l  event s an d interna l  progres s estimators . 
Learnin g wa s continuou s an d incrementa l  ove r  th e life -
tim e o f  th e agent . 

Figur e 3 :  Th e performanc e o f  th e thre e reinforcemen t 
strategie s o n learnin g t o forage .  Th e x-axi s show s th e 
thre e reinforcemen t  strategies .  Th e y-axi s map s th e per -
cen t  o f  th e correc t  polic y th e agent s learned ,  average d 
ove r  twent y trials . 

Bot h learnin g experiment s wer e evaluate d first  b y 

comparin g th e syste m performanc e t o th e contro l  hard -
wire d behavio r  fo r  foragin g an d fo r  box-pushing .  Second , 
th e foragin g learnin g performanc e wa s als o compare d t o 
tw o alternativ e approaches ,  on e usin g onl y multimoda l 
reinforcemen t  but  n o progres s estimators ,  an d th e othe r 
usin g traditiona l  Q-learnin g wit h positiv e reinforcemen t 
when a  puc k wa s droppe d i n th e h o m e regio n (Figur e 3) . 

Summary 
Th e goa l  o f  thi s wor k ha s bee n t o brin g t o ligh t  som e o f 
th e important  propertie s o f  situate d domains ,  an d thei r 
impac t  o n th e existin g reinforcemen t  learnin g strategies . 
We hav e argue d tha t  th e nois y an d inconsisten t  proper -
tie s o f  comple x world s requir e th e us e o f  domai n knowl -
edge .  W e propose d a  principle d approac h t o embeddin g 
suc h knowledg e int o th e reinforcemen t  base d o n uti -
lizin g heterogeneou s rewar d function s an d goal-specifi c 
progres s estimators .  W e believ e tha t  thes e strategie s 
tak e advantag e o f  th e informatio n readil y availabl e t o 
situate d agents ,  mak e learnin g possibl e i n comple x dy -
nami c worlds ,  an d accelerat e i t  i n an y domain . 
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Abstrac t 

Factorie s ai e fascinatin g test-bed s fo r  integrate d learn -
in g systems .  I n recen t  year s thei r  sensor y capabilitie s 
have ,  i n man y cases ,  bee n advance d an d integrate d s o 
tha t  dat a fro m al l  ove r  th e plan t  i s  availabl e i n rea l  tim e 
ove r  a  L A N .  Her e w e discus s ho w reinforcemen t  learn -
ing ,  an d relate d machin e learnin g methods ,  ca n tak e ad -
vantag e o f  thi s informatio n t o lear n t o improv e perfor -
mance,  t o adap t  t o change ,  an d t o exploi t  database s o f 
historica l  record s o r  simila r  processe s i n differen t  plants . 

This research involves very autonomous algorithms 
whic h monito r  stream s o f  sensor y data ,  spo t  regular -
ities ,  an d desig n ne w contro l  rule s accordingly .  Au -
tonomou s proces s contro l  ca n lea d t o highe r  qualit y 
products ,  cheape r  t o manufactur e products ,  an d greatl y 
increase s flexibility  i n th e runnin g o f  plants .  Th e modifi -
catio n o f  ol d processe s an d introductio n o f  ne w processe s 

has reduce d relianc e o n calibration ,  manua l  redesig n o f 
controllers ,  an d th e tim e o f  proces s engineers . 

We wil l  tal k abou t  memory-base d learning ,  i n whic h 
th e factor y build s model s o f  itsel f  wit h dat a usin g neares t 
neighbo r  styl e approximations .  W e wil l  the n describ e 

h o w thes e model s ca n b e exploite d b y certai n classe s 
of  fas t  reinforcemen t  learnin g algorithms .  We'l l  outlin e 
ne w investigation s int o ho w factorie s ca n decid e whic h 
model s ar e importan t  t o learn ,  an d ho w t o activel y see k 
dat a fo r  thos e ne w models . 

Thi s aren a m a y provid e a n importan t  nich e fo r  nu -
merica l  artificia l  intelligenc e t o becom e a  widesprea d 
metho d o f  choic e throughou t  manufacturin g industries . 
I  wil l  discus s experience s workin g wit h department s o f 
tw o larg e corporation s i n puttin g thes e system s i n place . 

I  wil l  outlin e ou r  ongoin g projec t  ( "  Auton" )  fo r  a n in -
tegrate d autonomou s syste m fo r  robustl y learnin g fro m 
proces s dat a an d subsequentl y improvin g th e proces s 
control .  A  numbe r  o f  issue s aris e i n suc h a  system ,  inter -
estin g fro m bot h a  computationa l  an d statistica l  stand -
point . 

T h e softwar e system s w e hav e fielded  hav e a n unfor -
tunat e drawback :  the y probabl y hav e n o cognitiv e o r 
neura l  plausibility .  I  wil l  conclud e th e tal k b y appeal -
in g fo r  hel p i n answerin g th e questio n "D o thes e fielded 
learnin g system s hav e anythin g t o sa y t o Cognitiv e Sci -

ence?" . 
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Introductio n 

Virtuall y  al l  o f  today' s approache s t o artificia l  neura l  networ k 
learnin g generaliz e considerabl y wel l  i f  sufficientl y man y 
trainin g example s ar e available .  However ,  the y ofte n wor k 
poorl y whe n trainin g dat a i s scarce .  Variou s psychologica l 
studie s hav e illustrate d tha t  human s ar e abl e t o generaliz e ac -
curatel y eve n whe n trainin g dat a i s extremel y scarce .  Often , 
we generaliz e correctl y fro m jus t  a  singl e trainin g instance . 
I n orde r  t o d o so ,  w e appea r  t o massivel y re-us e knowledg e 
acquire d i n ou r  previou s lifetime . 

Lifelon g learnin g i s a  framewor k tha t  addresse s th e issu e 
of  knowledg e re-us e an d inductiv e transfe r  i n learning .  I n 
lifelon g learning ,  i t  i s assume d tha t  th e learne r  face s a n entir e 
famil y o f  learnin g tasks ,  no t  jus t  a  singl e one .  W h e n fac -
in g a  ne w learnin g task ,  th e learne r  m a y transfe r  knowledg e 
acquire d i n previou s learnin g task s t o boos t  generalization . 
Thre e question s ar e o f  fundamenta l  importanc e fo r  an y ap -
proac h t o lifelon g learning :  Th e wha t  tha t  i s bein g transfered , 
th e h o w i t  i s  bein g transferred ,  an d th e whe n i t  i s  tha t  i t  i s 
bein g transferred . 

TVansfer 

To successfull y transfe r  knowledg e acros s multipl e learnin g 
tasks ,  a  learne r  mus t  identif y aspect s tha t  it s pas t  (an d future ) 
learnin g task s hav e i n c o m m o n .  Recen t  researc h ha s produce d 
a variet y o f  approache s tha t  ar e capabl e o f  transferrin g knowl -
edg e acros s multipl e inductiv e learnin g task s (se e th e surve y 
and reference s i n (Thrun ,  1996)) .  Differen t  approache s diffe r 

•  i n th e wa y the y generaliz e whe n facin g th e first  learnin g 
task ,  an d 

•  i n th e wa y thei r  generalizatio n i s affecte d whe n previousl y 
learne d knowledg e i s transferred . 

Usin g objec t  recognitio n fro m colo r  camer a image s a s a n 
example ,  a  recen t  stud y compare d a  variet y o f  lifelon g learn -
in g wit h eac h other ,  an d wit h th e correspondin g conventiona l 
learnin g method s (Thrun ,  1996) .  I n particular ,  w e examine d 
th e generalizatio n accurac y tha t  wa s obtaine d afte r  presentin g 
onl y a  singl e vie w o f  th e targe t  objec t  (alon g wit h a  counterex -
ample) .  Th e approache s tha t  wer e capabl e o f  transferrin g 
knowledg e wer e als o provide d wit h view s o f  five  additiona l 
objects .  Th e ide a wa s tha t  thos e approache s coul d lear n som e 
of  th e invariance s i n objec t  recognition ,  an d chang e th e wa y 
the y generaliz e t o incorporat e thes e invariances . 

The result s ar e remarkable .  Thos e approache s capabl e o f 
transferrin g knowledg e 

Back-Propagatio n wit h 
pre-leame d invariance s 
neares t  neighbo r  wit h 
pre-leame d distanc e metri c 
neighbo r  neighbo r  wit h 
pre-leame d dat a representatio n 

erro r 

25.2 % 

24.8 % 

25.6 % 

consistentl y outperforme d thos e tha t  wer e not : 

conventiona l  Back-Propagatio n 
conventiona l  neares t  neighbo r 
Shepard' s interpolatio n 

erro r 
41,3 % 
39.6 % 
39.6 % 

Moreover ,  th e result s see m t o sugges t  tha t  th e generalizatio n 
erro r  merel y depend s o n th e particula r  learnin g metho d (e.g. , 
neura l  networ k vs .  neares t  neighbor) .  Instead ,  th e fac t  tha t 
knowledg e i s transfene d fro m previou s objec t  recognitio n 
task s ha s th e stronges t  impac t  o n th e result . 

Selective TVansfer 

Obviously, in real life not every learning task is equally related 
t o ever y othe r  one .  I n th e stud y above ,  w e kne w tha t  al l 
learnin g task s wer e relate d i n th e sam e wa y (the y al l  wer e 
objec t  recognitio n tasks) ,  s o tha t  al l  approache s coul d jus t 
blindl y transfe r  knowledg e a m o n g al l  o f  them . 

I n a  secon d stud y involvin g a  variet y o f  mobil e robo t  per -
ceptio n task s (involvin g th e recognitio n o f  people ,  landmarks , 
locations ,  obstacles) ,  w e investigate d th e robustnes s o f  life -
lon g learnin g approache s wit h respec t  t o un-relate d task s 
(Thru n &  O'Sullivan ,  1996) .  Th e result s wer e no t  surprising : 
I n case s wher e al l  task s wer e well-related ,  transferrin g knowl -
edg e improve d th e generalizatio n accurac y significantly ,  es -
peciall y whe n trainin g dat a wa s scarce : 

c 30 % 
» 25 % 
"  20 % 

triinsfe r  (non-.selective ) 

trainin g example s 
When, however, many tasks were unrelated, transfer did even 
hur t  th e overal l  per fo rmance : 
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transfe r  (non-selective ) 

no transfe r 

trainin g •xampl* * 

T h e s e finding s illustrat e tha t  blindl y transferrin g k n o w l e d g e 
m ay b e problemati c i n practice . 

T h e T C algorith m transfer s k n o w l e d g e selectivel y (Thru n 
& O'Sullivan ,  1 9 9 6 ) .  I t  doe s thi s b y arrangin g learnin g task s 
int o a  hierarchy ,  base d o n thei r  "relatedness, "  Relatednes s i s 
determine d usin g statistica l  test s tha t  empiricall y measur e th e 
effectivenes s o f  transfer .  T h e followin g hierarch y 

T-4 

T-7 

tMsk hkrarcti y 
-  > (doKd.orai.lab.Gre|Ja;^SeliuU>uic<r^| 

(GrejJo«I*!SebMlun| 

donLmnJab 

(•nr.r. ) 
|clo«d.oin | 

|Jaicpli.Sctauiaii| 
(doted) (oral) (Ub| (Orefl |lo>e|>li) (Sdailiw) (nnr) (Or) 
I door staou 11 locabonl I people rKogniuon 

ha s bee n obtaine d i n th e mob i l e robo t  perceptua l  doma in .  T h e 
m o st  notabl e resul t  her e i s tha t  differen t  type s o f  learnin g task s 
(namely :  task s involvin g people ,  doo r  status ,  location ,  obsta -
cles )  w e r e g roupe d int o differen t  branche s o f  th e hierarchy . 
I n othe r  w o r d s ,  th e c o m p u t e r  discovere d th e differen t  type s o f 
learnin g tasks . 

T h e tas k hierarch y enable s a  learne r  t o transfe r  k n o w l e d g e 
selectively ,  f r o m th e m o s t  appropriat e clas s o f  previou s learn -
in g tasks .  T h e results . 

no transfe r 

selectiv e transfe r 
20 3 0 4 0 

trainin g exampla a 

w h i c h ar e superio r  t o thos e obtaine d wit h non-selectiv e trans -
fer ,  illustrat e th e rol e o f  prope r  tas k selectio n i n th e transfe r 
of  knowledge . 

Learning To Act 

The ideas presented here are also applicable to reinforcement 
learnin g (Sutton ,  1991) .  Reinforcemen t  learnin g addresse s 

th e proble m o f  learnin g t o ac t  fro m delaye d reward .  Th e 
S K I L L S algorith m (Thru n &  Schwartz ,  1996) .  a  versio n o f 
reinforcemen t  learnin g whic h selectivel y transfer s knowledg e 
acros s differen t  learnin g tasks ,  discover s partia l  actio n poli -
cie s i n multipl e reinforcemen t  learnin g task s base d upo n a 
m in imu m descriptio n lengt h argument .  Thes e partia l  poli -
cie s ca n b e re-use d a s buildin g block s i n othe r  reinforcemen t 
learnin g tasks . 

Initia l  results ,  obtaine d fo r  a  simpl e grid-worl d scenario , 
ar e encouraging : 

no transfe r 

los s transfe r 

trainin g step s 

These curves illustrate that reinforcement learning converges 
faster ,  i f  k n o w l e d g e i s transferre d f r o m previou s learnin g task s 
(i n thi s example :  fou r  tasks ,  t w o o f  w h i c h ar e actuall y  related) . 

T h e s e findings  ar e wel l  i n tun e wit h result s obtaine d wit h 
differen t  learnin g methods .  Fo r  examp le ,  w h e n trainin g a  m o -
bil e robo t  t o lear n t o navigat e t o a  designate d targe t  objec t  i n a n 
in-doo r  offic e environment ,  w e als o foun d tha t  reinforcemen t 
learnin g converge s significantl y faste r  w h e n k n o w l e d g e (i n 
thi s case :  neura l  networ k actio n m o d e l s )  acquire d i n previou s 
learnin g task s i s bein g re-use d (Thrun ,  1996) . 

Conclusion 

We dra w thre e primar y conclusion s fro m thi s research :  First , 
transfer ,  i f  applie d correctly ,  i s  ver y likel y t o improv e th e 
result s o f  learning ,  give n tha t  mor e tha n jus t  a  singl e learnin g 
task s i s available .  Second ,  th e lifelon g learnin g prob lem — 
learnin g fro m man y relate d tasks—i s easie r  tha n th e proble m 
of  learnin g fro m a  singl e task ,  despit e th e fac t  tha t  lifelon g 
learnin g algorithm s ten d t o b e mor e complex .  Third ,  sinc e w e 
firmly  believ e tha t  transfe r  play s a n importan t  rol e i n huma n 
learning ,  approache s tha t  transfe r  knowledg e amon g differen t 
learnin g task s appea r  t o b e cognitivel y mor e plausibl e tha n 
approache s tha t  d o not . 
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Mapping s i n Conceptua l  Systems ,  G r a m m a r ,  an d Meanin g Constructio n 

Reflectin g basi c feature s o f  neura l  organizatio n an d menta l 
processing ,  a  centra l  an d repeate d finding  o f  cognitiv e 
linguistic s ha s bee n tb e nee d t o posi t  "mappings "  o r 
"correspondences "  betwee n differen t  structure s o r  differen t 
domain s o f  experience .  Include d ar e mapping s betwee n th e 
element s o f  differen t  "menta l  spaces" ,  a s wel l  a s 
correspondence s betwee n th e "sourc e domain "  an d th e "targe t 
domain "  o f  a  metaphor .  Correspondenc e i s als o cite d i n 
"cognitiv e grammar "  a s bein g pivota l  t o grammatica l 
constructions . 

I n th e presen t  symposium ,  w e examin e ke y notion s o f 
cognitiv e linguistic s a s the y relat e t o cognitiv e scienc e mor e 
generally ,  focusin g i n particula r  o n th e rol e o f  mapping s an d 
correspondence s i n conceptua l  systems ,  grammar ,  an d th e 
on-lin e constructio n o f  meaning . 

W hy shoul d ther e b e suc h a  thin g a s grammar ? I t  woul d 
not  exis t  wer e lexica l  unit s availabl e t o symboliz e ever y 
conceptio n on e woul d wan t  t o express .  However ,  lexica l 
unit s for m a  limite d set ,  wherea s th e conception s w e wis h t o 
encod e linguisticall y ar e open-ende d an d indefinitel y varied . 
We overcom e thi s b y resortin g t o comple x expression s 
comprisin g multipl e lexica l  elements .  Eac h componen t 
elemen t  evoke s som e face t  o f  th e overal l  conception ,  a  face t 
single d ou t  precisel y becaus e i t  i s  susceptibl e t o individua l 
lexica l  encoding .  Collectively ,  thes e individuall y 
symbolize d conceptua l  "chunks "  provid e enoug h clue s abou t 
th e intende d composit e conceptio n intende d b y th e speake r 
tha t  th e addresse e (especiall y i n context )  i s  abl e t o 
reconstruc t  som e approximatio n t o it .  Bu t  thi s 
reconstructio n canno t  procee d effectivel y unles s informatio n 
i s systematicall y provide d concernin g h o w th e conceptua l 
chunk s ar e suppose d t o fit  together .  Thi s informatio n i s 
supplie d b y th e manne r  i n whic h th e componen t  lexica l 
element s ar e combined :  a  particula r  mean s o f  phonologica l 
integratio n (e.g .  linea r  adjacency )  serve s t o indicate—t o 
symbolize- a particula r  mean s o f  conceptua l  integration . 

Conventiona l  pattern s o f  thi s sor t  constitut e a 
grammatica l  system .  Cognitiv e g ramma r  effect s a 
significan t  theoretica l  unificatio n b y claimin g tha t  gramma r 
consist s o f  pattern s o f  symbolizatio n (thu s i t  form s a 
gradatio n wit h lexicon) .  G ramma r  reduce s t o assemblie s o f 
"symboli c structures" ,  eac h residin g i n th e symboli c 
associatio n betwee n a  conceptua l  an d a  phonologica l 
structure .  I n suc h a n assembly-or"construction' — 

componen t  symboli c element s ar e linke d b y correspondence s 
t o on e anothe r  an d als o t o th e composit e symboli c structur e 
resultin g fro m thei r  integration .  Semantically ,  thes e 
correspondence s indicat e whic h substructure s o f  th e 
componen t  conception s (o r  "chunks" )  ar e t o b e equate d an d 
thu s superimpose d i n formin g th e composit e conception . 
Fro m anothe r  perspective ,  correspondence s represen t  th e 
distortio n engendere d b y dissociatin g th e integrate d 
composit e conceptio n int o overlappin g chunk s fo r  purpose s 
of  symboli c encoding .  O n thi s accoun t  correspondence s ar e 
inheren t  an d indispensabl e t o g r a m m a r - a direc t  an d 
ineluctabl e consequenc e o f  th e ver y existenc e o f  comple x 
expression s an d grammatica l  patterns .  Correspondence s 
figure  i n th e characterizatio n o f  ever y constructio n an d ar e 
th e basi s fo r  al l  grammatica l  dependencies .  Addin g o r 
adjustin g a  correspondenc e ca n drasticall y affec t  a n 
expression' s meaning ,  form ,  an d grammatica l  behavior .  Th e 
ke y t o a n explici t  an d revealin g grammatica l  analysi s thu s 
lie s i n elucidatin g th e correspondence s linkin g componen t 
and composit e structure s a t  multipl e level s o f  organization . 

Mapp in g operation s ar e essentia l  fo r  functiona l 
assemblies ,  an d the y figure  prominentl y i n di e constitutio n 
of  conceptua l  systems .  Metaphorica l  mapping s lin k 
domain s i n multipl e an d systemati c way s tha t  ar e grounde d 
i n huma n experienc e an d culture .  Throug h projection ,  the y 
allo w som e domain s t o structur e th e conceptualizatio n o f 
others .  Comple x metaphorica l  system s ar e learne d earl y an d 
the y underli e muc h o f  semantics ,  languag e organization ,  an d 
categor y formation .  Recen t  development s i n metapho r 
theor y wil l  b e discussed . 

Finally ,  correspondence s ar e a t  th e hear t  o f  on-lin e 
constructio n o f  meaning .  Multipl e menta l  space s ar e se t  u p 
and dynamicall y linke d a s w e thin k an d talk .  Actua l 
discours e consist s i n buildin g vas t  network s o f  suc h spaces , 
shiftin g viewpoint ,  focus ,  an d anchoring ,  a s w e 'move ' 
throug h configuration s o f  suc h spaces . 

Ver y genera l  cognitiv e operations ,  lik e conceptua l 
blending ,  ente r  int o Uii s process .  W e wil l  repor t  o n recen t 
result s concernin g blende d space s an d conceptua l  integration , 
focusin g i n particula r  o n th e 'optimality '  principle s tha t 
constrai n integratio n i n context .  Th e researc h suggest s 
explici t  mechanism s o f  creativit y inscribe d i n everyda y 
though t  an d language . 
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Communicatio n enable s animal s t o coordinat e thei r 
actions ,  t o expres s thei r  cognitiv e an d emotiona l  states , 
t o inform ,  threaten ,  warn ,  comfort ,  deceive ,  an d enter -
tain .  Anima l  communicatio n system s rang e fro m appar -
entl y simpl e alar m call s an d threats ,  t o honeybe e dances , 
elaborat e matin g rituals ,  bir d song ,  an d huma n lan -
guage .  Communication ,  i n on e for m o r  another ,  seem s t o 
be a  prerequisit e fo r  comple x socia l  behavior .  Further -
more ,  th e processe s b y whic h individua l  animal s acquir e 
a communicatio n syste m involve s a  comple x interpla y 
betwee n innat e an d learne d component s 

A number of researchers have investigated the evolu-
tio n o f  communicatio n b y mean s o f  computationa l  simu -
lation s o f  simpl e model s o f  communicativ e behavior .  I n 
some suc h simulation s al l  behavio r  i s innatel y specified , 
usuall y a s th e resul t  o f  a  simulatio n o f  evolutio n b y nat -
ura l  selection ;  i n som e simulation s a n individua l  learn s 
fro m observatin g th e communicativ e behavio r  o f  others , 
and i n som e simulation s bot h evolutio n an d learnin g ar e 
combined .  Othe r  simulation s attemp t  t o mode l  th e com -
municativ e behavio r  o r  th e underlyin g mechanism s o f 
specifi c  anima l  species ,  usin g technique s fro m behaviora l 
ecolog y o r  neuroethology . 

Though such models are quite simple, they have begun 
t o prov e thei r  valu e i n elucidatin g aspect s o f  th e evolu -
tio n o f  communicatio n tha t  ar e otherwis e quit e difficul t 
t o investigate .  Fo r  exampl e muc h attentio n ha s bee n 
pai d t o th e issu e o f  whethe r  an d ho w variou s aspect s o f 
h u m an languag e coul d b e innat e rathe r  tha n learned .  T o 
some degre e suc h debate s rel y o n intuition s abou t  ho w 
certai n feature s o f  languag e migh t  o r  migh t  no t  b e evo -
lutionaril y  adaptiv e o r  learnabl e o r  som e combinatio n o f 
both .  Howeve r  fe w suc h intuition s ar e trustworthy :  Th e 
evolutio n o f  an y comple x socia l  behavio r  involve s a n en -
vironmen t  (th e behavio r  o f  th e othe r  animals )  whic h i s 
changin g a s th e animal s lear n o r  evolv e ne w behaviora l 
tendencies ,  an d therefor e th e syste m ca n b e highl y unsta -
bl e an d unpredictable .  Mathematica l  an d computationa l 
models ,  eve n simpl e ones ,  ca n b e use d t o investigat e th e 
consequence s o f  assumptions ,  an d explor e propose d sce -
narios ,  relevan t  t o th e evolutio n o f  communication . 

In this symposium we will explore these issues and 
conside r  ho w suc h researc h ough t  t o proceed .  Som e spe -
cifi c  question s t o b e addresse d are : 

•  W h a t  issue s involvin g communicatio n an d languag e 
ca n b e usefull y explore d wit h computationa l  models ? 

•  H o w comple x and/o r  realisti c d o model s hav e t o b e 
fo r  thei r  propertie s t o b e wort h investigating ? 

•  W h a t  specifi c  implementatio n an d analysi s technique s 
ar e availabl e fo r  modelin g th e evolutio n o f  communi -
cation ? 

•  W h a t  anima l  specie s hav e type s o f  communicativ e be -
havio r  tha t  ar e wort h modeling ? 

•  H o w muc h shoul d thes e model s attemp t  t o captur e 
specifi c  aspect s o f  huma n language ? 

•  H o w ca n simulatio n result s b e assessed ? I n particular , 
ho w ca n effect s du e t o arbitrar y detail s o f  th e simula -
tion s b e separate d fro m th e significan t  results ? 

Th e symposiu m wil l  begi n wit h a  presentatio n o f  back -
groun d issue s an d a  surve y o f  th e field.  Thi s wil l  b e fol -
lowe d b y shor t  presentation s o f  som e recen t  simulatio n 
experiments .  A  responden t  fro m th e field  o f  linguistic s 
wil l  presen t  a  critica l  discussio n o f  th e presentations .  A n 
ope n discussio n wil l  follow . 
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The framewor k develope d b y Newel l  an d Simo n (1972 )  o f 
proble m solvin g a s a  searc h o f  a  proble m space ,  provide s 
cor e concept s (e.g. ,  representations ,  operators ,  heuristics , 
tas k analyses ,  etc. )  tha t  ar e use d b y man y researcher s 
studyin g comple x task s fro m th e poin t  o f  vie w o f  artificia l 
intelligence ,  psychology ,  Human-Compute r  Interaction ,  an d 
education .  However ,  i n recen t  year s som e researcher s hav e 
trie d t o pus h beyon d seein g task s a s searc h o f  a  singl e 
proble m space ,  an d hav e instea d suggeste d tha t  man y task s 
can b e bette r  treate d a s a  N-spac e search . 

Dual-space search 

The ide a tha t  ther e ma y b e mor e tha n on e typ e o f  proble m 
spac e originate d wit h Simo n an d Le a (1974) ,  wh o suggeste d 
tha t  proble m solvin g an d inductio n ca n b e unifie d withi n a 
dual-spac e searc h framework .  The y suggeste d tha t  proble m 
solvin g wa s searc h o f  a  singl e space ,  terme d "instanc e 
space" .  Thi s spac e consist s o f  wha t  i s normall y though t  o f 
as proble m space ,  tha t  is ,  instance s o f  state s o f  a  proble m 
(includin g th e goa l  state) .  Bu t  inductio n require d searc h o f  a 
qualitativel y differen t  typ e o f  space ,  "rul e space" .  Searc h o f 
rul e spac e require s th e formulatio n an d testin g o f  rule s tha t 
may gover n th e behavio r  o f  a  system .  However ,  rule-spac e 
searc h i s coordinate d wit h searc h o f  instanc e spac e i n tha t 
instance s allo w th e testin g o f  rule s an d provid e th e ra w 
materia l  fo r  formulatin g ne w rules .  I n thi s wa y inductio n 
and proble m solving ,  whic h hav e ofte n bee n treate d a s 
differen t  phenomena ,  ca n b e unifie d int o on e framework .  I n 
fact ,  th e sam e tas k coul d b e treate d b y a  solve r  a s eithe r  a 
searc h o f  a  singl e spac e o r  a  dual-space .  Eve n th e classi c 
Tower  o f  Hano i  proble m ca n b e treate d a s a  single-spac e 
search ,  find  a  sequenc e o f  move s leadin g t o th e goal ,  o r  a 
dual-spac e search ,  find  a  rul e fo r  transferrin g disk s fro m on e 
peg t o another . 

However ,  th e ide a o f  dual-spac e searc h receive d relativel y 
littl e attentio n unti l  Klah r  an d Dunba r  (1988 )  extende d i t  t o 
scientifi c  discover y wit h thei r  S D D S (Scientifi c  Discover y 
as Dua l  Search )  model .  Fo r  scientifi c  discover y the y 
conceptualize d searchin g rul e spac e a s searchin g th e spac e o f 
hypotheses ,  an d searchin g instanc e spac e a s searchin g th e 
spac e o f  experiments .  Klah r  an d Dunba r  foun d evidenc e tha t 

proble m solver s learne d mor e whe n the y teste d hypotheses . 
Vollmeyer ,  Burn s an d Holyoa k (1996 )  foun d suppor t  fo r 
dual-space s searc h theorie s b y showin g tha t  th e typ e o f  goal s 
subject s hav e ca n affec t  learning . 

N-space search 

I n recen t  years ,  bot h Klah r  (Schun n &  Klahr ,  1995 )  an d 
Dunbar  hav e fo r  empirica l  an d theoretica l  reason s suggeste d 
tha t  a  broa d rang e o f  task s ca n b e see n a s searc h o f  mor e 
tha n tw o conceptuall y differen t  spaces .  Proble m solvin g an d 
scientifi c  discover y ma y b e bette r  conceptualize d a s a  N -
spac e search ,  althoug h th e siz e o f  N  i s no t  clea r  an d ma y no t 
be fixed .  Vollmeye r  an d Burn s (1995 )  hav e presente d 
evidenc e fro m protocol s fo r  a  three-spac e search .  Critic s o f 
th e N-spac e framewor k hav e als o emerged .  Wolf ,  Beski n 
and Dietric h (1995 )  hav e argue d tha t  ther e i s n o nee d t o 
postulat e multipl e spaces ;  instead ,  onl y th e concept s 
propose d fo r  a  singl e spac e searc h nee d b e used . 

Give n tha t  a  numbe r  o f  group s ar e startin g t o propos e N -
spac e models ,  no w see m t o b e a n opportun e tim e t o brin g 
togethe r  differen t  proponent s an d critic s o f  thes e model s s o 
tha t  som e basi c question s ca n b e addressed .  I n particular : 
H ow stron g i s th e empirica l  evidenc e fo r  N-spac e models ? 
I s ther e a  theoretica l  nee d fo r  suc h models ? Wha t 
distinguishe s differen t  N-spac e models ? H o w ca n suc h 
model s b e tested ,  an d i n particular ,  wha t  criteri a shoul d b e 
used fo r  proposin g ne w spaces ? H o w bi g i s th e N  i n N -
spac e searc h an d ca n i t  vary ? 

I f  th e proble m space s framewor k ca n legitimatel y b e 
extende d int o N-spac e searc h models ,  thi s ma y deepe n ou r 
understandin g o f  proble m solvin g an d scientifi c  discovery . 
Such extension s ma y provid e a  wa y t o unif y divers e 
phenomena. 
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H ow d o scientist s think ,  reason ,  an d represen t  thei r 
knowledge ? W e hav e bee n investigatin g thes e question s i n a 
vanet y o f  simulate d scienc e an d real-worl d scienc e domain s 
over  th e las t  decad e (Bake r  &  Dunbar ,  i n preparation ; 
Dunbar ,  1993 ,  1995 ,  1996 ;  Klah r  &  Dunbar ,  1988) .  Havin g 
explore d scientifi c  thinkin g i n a  variet y o f  domains ,  w e an s 
no w abl e t o addres s th e issu e o f  th e type s o f  proble m space s 
tha t  contemporar y experimenta l  scientist s use .  I n thi s 
presentation ,  w e wil l  focu s o n th e proble m space s tha t 
scientist s i n immunolog y an d molecula r  biolog y us e whe n 
the y reaso n abou t  thei r  researc h a t  laborator y meeting s an d a t 
th e bench .  O n th e basi s o f  ou r  analyses ,  w e propos e tha t 
real-worl d scientist s represen t  an d conduc t  thei r  scienc e usin g 
thre e majo r  spaces :  a  Theor y Space ,  a n Experimen t  Space , 
and a  Dat a Space .  Her e w e wil l  specif y th e natur e o f  th e 
thre e spaces ,  th e criteri a fo r  identifyin g thes e spaces ,  an d 
discus s th e natur e o f  between -  an d within-spac e operations . 

The Three Spaces 

Theor y Space .  Thi s spac e include s specifi c  hypothese s abou t 
th e scientist' s  curren t  research ,  genera l  theorie s relatin g t o 
differen t  scientifi c  domains ,  an d theoretica l  framework s tha t 
guid e research . 
Experimen t  Space .  Thi s spac e consist s o f  th e knowledg e 
needed t o conduc t  Experiments .  Th e Experimen t  Spac e 
contain s a  numbe r  o f  differen t  type s o f  knowledg e suc h a s 
experimenta l  approaches ,  materials ,  procedure s an d controls . 
I n a  late r  sectio n o n th e interna l  structur e o f  space s w e wil l 
specif y ho w thes e differen t  aspect s o f  experimenta l 
knowledg e ar e related . 
Dat a Space .  Thi s spac e contain s scientists '  representation s o f 
th e outpu t  fro m experiments .  Th e Dat a Spac e consist s o f  th e 
scientists '  curren t  representatio n o f  thei r  dat a an d othe r 
scientists '  data .  Ou r  conceptio n o f  th e dat a spac e i s  ver y 
simila r  t o tha t  o f  Schun n an d Klahr' s (1995 )  "dat a 
representatio n space. "  Dat a i s represente d a s havin g certai n 
set s o f  feature s an d thi s representatio n ma y chang e a t  a  late r 
poin t  i n time . 

Criteria for Identifying Problem Spaces 

We use d tw o mai n criteri a t o identif y th e proble m space s 
tha t  scientist s wor k in .  First ,  whe n scientist s ar e searchin g 
withi n a  space ,  thei r  searc h ca n b e represente d a s a  choic e 
among specifi c  feature s usin g classi c domain-genera l  searc h 

heunstic s a s wel l  a s space-specifi c  heuristics .  Second ,  w e 
identifie d a  switc h t o anothe r  spac e whe n comple x reasonin g 
processe s wer e require d t o translat e fro m element s o f  on e 
spac e int o element s o f  another .  Whe n ther e ar e n o comple x 
translation s betwee n conceptua l  entities ,  w e classif y th e 
entitie s a s bein g i n th e sam e space .  W e wil l  elaborat e o n 
thes e criteri a i n a  late r  sectio n o n within -  an d between-spac e 
operations . 

Internal Structure of Problem Spaces 

Current-da y scientist s hav e comple x theories ,  desig n an d 
carr y ou t  elaborat e experiments ,  an d hav e multifacete d dat a 
t o interpret .  Ou r  analyse s indicat e tha t  eac h o f  th e thre e 
space s ha s a  complex ,  ofte n hierarchicall y organize d interna l 
structur e o f  elements .  Thes e element s d o no t  operat e a t  th e 
same "level "  bu t  ma y nevertheles s b e considere d par t  o f  th e 
same space .  I n orde r  t o clarif y th e natur e o f  th e interna l 
structur e o f  proble m spaces ,  w e wil l  provid e a n exampl e o f 
searc h i n th e Experimen t  Space . 

Our  exampl e i s take n fro m immunolog y wher e a  scientis t 
migh t  b e explorin g th e wa y i n whic h cell s sen d signal s t o 
each other .  Th e scientis t  ma y hav e decide d t o us e a 
"blocking "  approac h t o investigat e th e rol e o f  cytokine s i n 
cel l  productio n o f  growt h factors .  I n thi s scientist' s  are a o f 
research ,  ther e i s a n accepte d structur e fo r  blockin g 
experiments .  Thi s structur e ca n b e sai d t o provid e a  "frame " 
wit h certai n "slots. "  Fo r  example ,  havin g chose n th e 
blockin g approach ,  th e scientis t  know s tha t  th e experimen t 
wil l  involv e blockin g antibodie s mixe d wit h cell s i n culture . 
However ,  th e scientis t  stil l  ha s choice s t o mak e i n orde r  t o 
fill  i n differen t  slot s i n th e desig n o f  thi s experiment .  Fo r 
example ,  sh e mus t  specif y procedure s (ho w lon g t o incubat e 
th e cells?) ,  material s (whic h antibod y wil l  sh e use?) ,  an d 
contro l  condition s (wha t  antibod y an d cel l  control s shoul d 
she use?) . 

Withi n th e Experimen t  Space ,  experimenta l  approache s o r 
paradigm s ar e situate d highe r  tha n materials ,  procedures ,  an d 
control s i n a  hierarchy .  Thi s i s becaus e th e paradig m dictate s 
th e structur e o f  th e experiment .  T o th e exten t  tha t 
experimenta l  paradigm s an d feature s o f  experiment s operat e 
at  differen t  hierarchica l  levels ,  the y ca n b e referre d t o a s 
hierarchicall y organize d "subspaces "  o f  th e large r  Experimen t 
Space .  Th e subspace s consis t  o f  feature s o f  th e highe r  spac e 
tha t  hav e bee n unpacked . 

21 

mailto:lbak.er@ego.psych.mcgill.ca


W i t h i n -  a n d B e t w e e n - S p a c e O p e r a t i o n s 

We distinguis h betwee n thre e classe s o f  operations :  between -
space ,  between-subspace ,  an d within-space .  Between-spac e 
operation s involv e relatin g item s i n differen t  spaces ;  fo r 
example ,  relatin g dat a t o theor y o r  theor y t o experiments . 
Thes e operation s typicall y involv e comple x translations ,  a s 
when a  scientis t  translate s a  hypothesi s abou t  th e rol e o f 
cytokine s int o a  "blocking "  experiment .  Thus ,  whil e ther e i s 
a relationshi p betwee n th e curren t  hypothesi s an d th e curren t 
experiment ,  th e curren t  hypothesi s doe s no t  full y  determin e 
what  experiment s wil l  b e performe d (se e Bake r  &  Dunbar , 
1996) .  Between-spac e operation s mak e us e o f  wha t  migh t  b e 
calle d th e scientist' s  "menta l  toolkit "  o f  reasonin g strategies , 
suc h a s causa l  reasoning ,  induction ,  deduction ,  an d analogy . 

I n contras t  t o between-spac e operations ,  between-subspac e 
operation s d o no t  involv e comple x translatio n processes . 
Rather ,  a  choic e a t  on e leve l  o f  a  within-spac e hierarch y 
directl y determine s feature s i n th e subordinat e subspace .  I n 
our  example ,  th e decisio n t o us e a  "blocking "  experimenta l 
paradig m determine d th e structur e o f  th e experimen t  an d 
what  slot s woul d nee d t o b e fille d in . 

Within-subspac e operation s ar e th e type s o f  operation s 
tha t  hav e bee n emphasize d i n model s o f  heunsti c searc h 
withi n a  proble m space .  Within-spac e operation s ar e aiine d 
at  searchin g th e curren t  spac e an d makin g choice s amon g 
element s i n th e space .  Fo r  example .  Bake r  an d Dunba r 
(1996 )  specif y th e comple x criteri a use d t o searc h th e 
Experimen t  Space . 

Why N of Spaces is not Constant 

Differen t  researchers '  multispac e model s hav e emphasize d th e 
importanc e o f  differen t  space s an d hav e eve n argue d fo r 
differen t  number s o f  spaces .  I t  i s no t  surprisin g tha t  differen t 
researcher s arriv e a t  differen t  value s fo r  th e N  i n "N-spac e 
search. "  becaus e researcher s ar e studyin g differen t  tas k 
environments .  Newel l  (1989 )  ha s argue d tha t  human s 
construc t  proble m space s i n orde r  t o solv e particula r 
problems .  Further ,  Newel l  pointe d ou t  tha t  i n studyin g 
differen t  task s researcher s woul d b e abl e t o identif y differen t 
spaces .  Followin g thi s analysis ,  w e argu e tha t  a t  leas t  som e 
of  th e difference s betwee n th e differen t  number s o f  proble m 
space s i s du e t o th e tas k demand s o f  th e differen t  task s tha t 
researcher s hav e used .  Thus ,  w e se e th e existenc e o f  variou s 
space s a s arisin g fro m th e interactio n o f  th e huma n 
cognitiv e architectur e an d th e particula r  tas k environmen t 
unde r  consideration . 

I n th e cas e o f  real-worl d science ,  w e woul d eve n g o on e 
ste p furthe r  an d argu e tha t  th e thre e space s w e hav e identifie d 
hav e bee n establishe d an d stabilize d i n par t  throug h th e 
socia l  interaction s tha t  g o o n i n thi s tas k environment . 
Garro d &  Dohert y (1994 )  hav e show n ho w communicatio n 
betwee n subject s performin g a  tas k ca n resul t  i n task -
specifi c  terminolog y bein g generate d an d stabilized . 
Similarly ,  w e argu e tha t  scientist s stabiliz e th e Theor y 
Space ,  Experimen t  Space ,  an d Dat a Spac e b y referrin g 
among themselve s t o element s o f  thes e space s a s bein g o f 
differen t  kinds .  Ther e ar e man y possibl e way s scienc e coul d 
be an d ha s bee n done ;  fo r  instance ,  scienc e ca n b e 

observationa l  rathe r  tha n experimental .  Th e thre e space s tha t 
we hav e identifie d ar e a  produc t  o f  bot h th e tas k environmen t 
and th e representationa l  practice s o f  th e genera l  scientifi c 
community . 

Give n tha t  w e allo w a  rol e fo r  bot h tas k demand s an d th e 
socia l  structur e o f  science ,  w e expec t  tha t  bot h th e numbe r 
and type s o f  proble m space s tha t  scientist s us e ca n chang e 
dependin g o n th e tas k environment s an d socia l  practice s o f 
science .  Whil e acknowledgin g th e role s o f  thes e tw o 
constraint s o n th e generatio n o f  proble m spaces ,  w e argu e 
tha t  th e three-spac e mode l  o f  scientifi c  thinkin g bes t 
characterize s "real-worl d current-da y experimenta l  science. " 

Acknowledgments 

Thi s researc h wa s supporte d b y a  McGil l  Majo r  Graduat e 
Fellowshi p t o th e first  author .  Th e secon d autho r  wa s funde d 
by gran t  numbe r  OGP003735 6 fro m N S E R C an d grant s 
fro m F C A R an d S S H R C. 

References 

Baker ,  L .  M. ,  &  Dunbar ,  K .  (i n preparation) .  H o w scientist s 
deal  wit h unexpecte d findings:  A  discover y heuristic . 

Baker ,  L .  M. ,  &  Dunbar ,  K .  (1996) .  Constraint s o n th e 
experimenta l  desig n proces s i n real-worl d science .  I n 
Proceeding s o f  th e 18t h Annua l  Conferenc e o f  th e 
Cognitiv e Scienc e Society . 

Dunbar ,  K .  (1993) .  Concep t  discover y i n a  scientifi c 
domain .  Cognitiv e Science ,  17 ,  397-434 . 

Dunbar ,  K .  (1995) .  H o w scientist s reall y reason :  Scientifi c 
reasonin g i n real-worl d laboratories .  I n R.J .  Sternber g & 
J.  Davidso n (Eds.) ,  Mechanism s o f  insight .  Cambridg e 
M A:  M I T Press ,  p p 365-395 . 

Dunbar ,  K .  (1996) .  H o w scientist s think :  Onlin e creativit y 
and concepnja l  chang e i n science .  I n T .  B .  Ward ,  S .  M . 
Smith ,  &  J .  Vaid ,  Conceptua l  structure s an d processes : 
Emergence ,  discovery ,  an d change .  Washington ,  D C : 
America n Psychologica l  Associatio n Press . 

Garrod ,  S. ,  &  Doherty ,  G .  (1994) .  Conversation ,  co -
ordinatio n an d convention :  a n empirica l  investigatio n o f 
ho w group s establis h linguisti c conventions .  Cognition , 
53.  181-215 . 

Klahr ,  D. ,  &  Dunbar ,  K .  (1988) .  Dua l  spac e searc h durin g 
scientifi c  reasoning .  Cognitiv e Science ,  12 ,  1-48 . 

Newell ,  A .  (1989) .  Puttin g i t  al l  together .  I n D .  Klah r  &  K . 
Kotovsk y (Eds.) ,  Comple x informatio n processing :  Th e 
impac t  o f  Herber t  A .  Simon .  Hillsdale ,  NJ :  Lawrenc e 
Erlbau m Associates ,  p p 399-440 . 

Schunn ,  C .  D. ,  &  Klahr ,  D .  (1995) .  A  4-spac e mode l  o f 
scientifi c  discovery .  I n Proceeding s o f  th e 17t h Annua l 
Conferenc e o f  th e Cognitiv e Scienc e Society .  Hillsdale , 
NJ:  Erlbaum . 

22 



G o a l s a n d p r o b l e m solving :  L e a r n i n g a s searc h o f  thre e space s 
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A recen t  tren d i n computer-base d learnin g ha s bee n t o se t  u p 
system s tha t  th e learne r  explores ,  rathe r  tha n settin g ver y 
specifi c  goal s t o reach .  Ou r  previou s researc h o n comple x 
proble m solvin g ha s supporte d thi s approac h (Vollmeyer , 
B u m s,  &  Holyoak ,  1996) .  W h e n learnin g h o w t o contro l  a 
syste m wit h a  se t  o f  input s linke d t o a  se t  o f  outputs , 
participant s learne d mor e abou t  th e syste m whe n the y wer e 
give n a  nonspecifi c  goa l  rathe r  tha n a  specifi c  goal .  Thes e 
result s coul d b e explaine d usin g Simo n an d Lea' s (1974 ) 
dual-spac e framewor k (o r  tha t  o f  Klah r  &  Dunbar ,  1988 , 
who exten d thi s framewor k t o scientifi c  discovery )  i n whic h 
inductio n i s  see n a s a  searc h o f  instanc e spac e (i.e. , 
examinin g state s o f  th e system) ,  integrate d wit h searc h o f 
rul e spac e (i.e. ,  formulatin g an d testin g rule s tha t  migh t 
gover n th e system' s behavior) . 

Protoco l  analysi s b y Vollmeye r  an d Burn s (1995b ) 
provide d evidenc e tha t  a  specifi c  goa l  increase s searc h o f 
instanc e space ,  whil e a  nonspecifi c  goa l  increase s searc h o f 
rul e spac e i n tha t  i t  increase s th e amoun t  tha t  proble m 
solver s tes t  an d modif y hypotheses .  Th e protoco l  studie s 
als o sugges t  w h y som e proble m solver s d o ver y poorly : 
the y tes t  rule s tha t  ar e impossible .  Thu s a  thir d typ e o f 
searc h ca n b e proposed ,  searc h o f  mode l  space .  Th e proble m 
solver' s mode l  define s th e rul e spac e s o i f  a  learne r  ha s th e 
wron g model ,  searc h o f  rul e spac e wil l  b e ineffectua l  an d 
the y ma y lear n mor e fro m searc h o f  instanc e space . 

A test of a multispace model 

To tes t  i f  mode l  spac e i s  separat e fro m rul e space ,  w e 
manipulate d th e mode l  participant s ha d a s wel l  a s thei r 
goals .  Participant s wer e give n a n input/outpu t  syste m 
simila r  to ,  thoug h simple r  than ,  tha t  use d b y Vollmeye r  e t 
al .  (1996) .  Thi s tas k require d proble m solver s t o contro l  a 
syste m tha t  consiste d o f  a  se t  o f  output s (wate r  qualit y 
measure s i n a  tank )  tha t  coul d b e manipulate d b y a  se t  o f 
input s (catalysts) .  Th e input s ha d weighte d link s t o th e 
outputs .  Presente d i n Figur e 1  ar e th e links ,  whic h wer e no t 
show n t o th e participants .  Simila r  t o Vollmeye r  e t  al. , 
participant s wer e give n a  specifi c  goa l  (the y wer e tol d a t  th e 
beginnin g th e exac t  goa l  value s the y woul d late r  tr y t o 
reach )  o r  a  nonspecifi c  goa l  (the y wer e no t  tol d th e goa l 
unti l  the y ha d t o reac h it) .  I n addition ,  w e manipulate d th e 
model  tha t  participant s ha d o f  th e tas k b y givin g the m a 
goo d o r  poo r  mode l  o f  th e task .  Protoco l  analysi s b y 
Vollmeye r  an d Burn s (1995b )  foun d tha t  on e typ e o f 
incorrec t  hypothesi s teste d wa s tha t  input s interacted , 
althoug h non e did .  Accordingly ,  i n thi s experimen t 

participant s give n a  poo r  mode l  o f  th e tas k wer e tol d tha t 
input s ma y interact .  Participant s give n a  goo d mode l  o f  th e 
tas k wer e tol d tha t  ther e wa s n o possibilit y  o f  interaction s 
betwee n input s becaus e tw o catalyst s wer e neve r  pu t  int o th e 
tan k a t  th e sam e time .  W e predicte d a n interactio n betwee n 
goal  specificit y an d mode l  type . 

sal t 

carbo n 

lim e 

carbo n 

CI  concentrat . 

temperatur e 

Figur e 1 :  Syste m use d i n th e experiment . 

Method 

Participants. One hundred and eighty-six students at the 
Universit y o f  California ,  Lo s Angele s participate d i n th e 
experimen t  fo r  cours e credit . 

Procedure. A 2x2 design was used with the factors goal 
specificit y (specifi c  vs .  nonspecific )  an d mode l  (goo d vs . 
poor) .  Participant s wer e give n instruction s appropriat e t o 
thei r  condition ;  the n the y ha d tw o round s o f  si x trial s each . 
On eac h tria l  participant s coul d manipulat e th e input s an d 
observ e th e resultin g outputs .  A t  th e en d o f  eac h roun d 
participant s complete d a  diagra m o n whic h the y indicate d 
what  the y kne w abou t  th e structur e o f  th e system .  Fro m 
thes e diagram s a  structur e scor e wa s derive d i n th e sam e wa y 
as describe d b y Vollmeye r  e t  al .  (1996) . 

I n th e thir d round ,  participant s trie d t o reac h a  goal ,  on e 
whic h specific-goa l  participant s ha d k n o w n sinc e th e 
beginning .  The n al l  participant s wer e give n a  ne w goa l  t o 
reac h i n a  fourt h round .  Thi s goa l  teste d h o w wel l 
participant s coul d transfe r  wha t  the y kne w t o a  ne w goal . 
Transfe r  erro r  wa s a  measur e o f  h o w clos e participant s go t  t o 
thi s goa l  (se e Vollmeye r  e t  al. ,  1996) . 
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Result s a n d Discussio n 

As Vollmeye r  e t  al .  (1996 )  found ,  nonspecific-goa l 
participant s \ m =  2.36 )  learne d mor e abou t  ho w th e syste m 
worke d tha n di d specifi c  goa l  participant s ( M =  1.93) ,  a s 
measure d b y structur e scores ,  F(l,182 )  =  8.83 ,  p  <  .005 . 
However ,  ther e wa s n o effec t  o f  mode l  typ e o n structur e 
scores .  Thes e finding  replicate s th e result s o f  Vollmeye r  e t 
al .  an d suggest s tha t  nonspecific-goa l  participant s searche d 
rul e spac e more ,  regardles s o f  mode l  type . 

Ther e wer e n o significan t  effect s o f  goa l  o r  mode l  o n 
transfe r  error ,  no r  wa s ther e a n interactio n betwee n thes e tw o 
factor s (thoug h th e patter n wa s a s predicted) .  However ,  ther e 
was a  significan t  interactio n betwee n mode l  type ,  goa l 
specificit y an d outpu t  type .  Becaus e th e Chlorin e 
Concentratio n outpu t  i s affecte d b y tw o inputs ,  i t  i s  harde r 
t o control .  Vollmeye r  an d Burn s (1995a )  foun d evidenc e 
tha t  i n a  syste m lik e th e on e use d i n thi s experiment . 
Chlorin e concentratio n ma y sho w th e stronges t  effect s o f 
manipulations .  Thu s w e examine d th e transfe r  erro r  fo r 
Chlorin e concentratio n (se e Figur e 2 ,  not e tha t  lo w score s 
indicat e greate r  accuracy) .  W e foun d a  significan t  interactio n 
betwee n goal-specificit y an d mode l  type ,  F(l,182 )  =  4.09 ,  p 
< .05 .  I f  participant s wer e give n a  goo d model ,  the y 
performe d bette r  i f  give n a  nonspecific-goal ,  jus t  a s i n 
Vollmeye r  e t  al .  (1996) .  However ,  i f  give n a  poo r  model , 
participant s performe d bette r  whe n give n a  specifi c  goal . 

10 
TO 0. 5 4 -

•  NS G 

0SG 

Good Poo r 

Model Manipulation 

Figure 2: Transfer error for Chlorine concentration. 

This experiment supports the theory proposed earlier, that 
i n orde r  t o explai n problem-solvin g behavio r  i t  i s  necessar y 
t o propos e a  three-spac e search .  I n thi s mode l  searc h o f 
model  spac e define s hypothesi s space ,  searc h o f  hypothesi s 
spac e guide s searc h o f  experimen t  space ,  an d provide s 
evidenc e fo r  searc h o f  mode l  space .  Searc h o f  experimen t 
spac e allow s testin g o f  hypotheses ,  an d lead s t o th e goal . 

Implications 

Whil e w e hav e propose d a  three-spac e searc h theory ,  w e 
ar e no t  committe d t o proposin g onl y thre e spaces .  Ther e 
m ay b e mor e tha n thre e conceptuall y differen t  spaces , 
especiall y fo r  othe r  tasks .  Wha t  criteri a shoul d b e use d 

when proposin g separat e searc h spaces ? Conceptually ,  ne w 
space s nee d t o mak e sense ,  bu t  ultimatel y empirica l  suppor t 
fo r  th e existenc e o f  multipl e searc h space s mus t  b e found .  I f 
conceptuall y differen t  type s o f  searc h space s exis t  the n 
experimenta l  manipulatio n a t  th e leve l  o f  differen t  space s 
shoul d lea d t o differen t  results .  Th e experimen t  presente d 
her e i s a n exampl e o f  ho w empirica l  evidenc e ca n b e use d t o 
suppor t  th e ide a o f  separat e searc h spaces ,  especiall y whe n i t 
i s  possibl e t o predic t  interaction s betwee n factors . 

One weaknes s o f  th e abov e result s i s tha t  thi s experimen t 
coul d no t  b e use d t o establishe d tha t  movemen t  i s occurrin g 
betwee n differen t  models .  Thu s w e di d no t  demonstrat e tha t 
actua l  searc h wa s occurrin g a t  th e leve l  o f  models .  Furthe r 
evidenc e i s  required ,  suc h a s protoco l  analysi s a s i n 
Vollmeye r  an d Burn s (1995b) ,  whic h showe d tha t  proble m 
solver s searche d differen t  rules ,  an d differen t  instances . 

Thes e results ,  an d multispac e model s i n genera l  hav e 
implication s beyon d proble m solvin g an d scientifi c 
discovery .  Mos t  obviously ,  i f  the y ca n b e generalize d the y 
hav e stron g implication s fo r  learning .  Th e result s sugges t 
tha t  whethe r  a  specifi c  o r  nonspecifi c  goa l  i s  beneficia l  fo r 
learnin g wil l  depen d o n ho w goo d i s th e learner' s mode l  o f 
th e task .  Furthermore ,  thes e type s o f  model s sugges t  way s 
t o understan d result s i n othe r  area s o f  cognition .  Fo r 
example ,  implici t  learnin g o f  artificia l  gramma r  ma y b e 
wors e fo r  someon e lookin g fo r  underlyin g rules ,  tha n fo r 
someone w h o doe s no t  loo k fo r  rule s (Reber ,  1976) . 
However ,  th e resul t  doe s no t  hol d i f  th e gramma r  i s simpl e 
enough .  I n term s o f  ou r  three-spac e model ,  participant s i n 
experiment s wit h difficul t  grammar s hav e a  poo r  mode l  o f 
th e situation .  Searc h o f  rul e spac e wil l  therefor e b e 
ineffectual ,  s o tha t  a  specifi c  goa l  (i.e. ,  focu s o n instance s o f 
letter-strings )  lead s t o bette r  learning . 

One challeng e fo r  thi s researc h i s t o establis h wha t  make s 
model  "poor" .  Th e ke y facto r  coul d b e th e relationshi p 
betwee n th e tru e hypothesi s spac e an d proble m solvers ' 
hypothesi s space ,  bu t  thi s proposa l  require s mor e research . 
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A d d i n g P r o b l e m S p a c e s — T h e Issue s 

The proces s o f  scienufi c discover y ha s bee n characterize d a s 
a searc h i n tw o proble m spaces :  th e spac e o f  possibl e 
experiment s an d th e spac e o f  possibl e hypothese s (Klah r  & 
Dunbar ,  1988) .  Mo r e recently ,  ther e hav e bee n severa l 
proposal s t o includ e additiona l  proble m spaces .  I n 
particular ,  w e hav e propose d th e additio n o f  a  spac e o f 
experimenta l  paradigm s an d a  spac e o f  dat a representation s 
(Schun n &  Klahr ,  1995) .  Thes e proposals  rais e meta -
iheoretica l  issues :  (a )  W h y thes e spaces ? (b )  W h y onl y thes e 
spaces ? Moreover ,  thes e issue s ar e no t  specifi c  t o model s o f 
scientifi c  discovery—the y ar e genera l  t o al l  proble m solvin g 
activities . 

I n ou r  talk ,  w e propos e a  genera l  se t  o f  logical ,  empirica l 
and implementationa l  criteri a fo r  resolvin g thes e issues .  W e 
illustrat e thi s distinctio n i n th e contex t  o f  distinguishin g 
betwee n th e dat a representatio n an d hypothesi s space s i n 
scientifi c  discovery ,  focusin g o n result s o f  psychologica l 
lab s studie s o f  discover y activities .  Befor e presentin g th e 
genera l  criteria ,  w e describ e a  simple ,  concret e exampl e 
whic h w e believ e provide s a n intuitiv e fee l  fo r  whe n distinc t 
proble m space s d o an d d o no t  occur . 

Conside r  subject s tryin g t o solv e simpl e lette r  serie s 
completio n task s (cf. ,  Simo n &  Kotovsky ,  1963) ,  suc h a s 
A B M C D M _.  Subject s wil l  initiall y  selec t  a  representatio n 
tha t  involve s relation s o n th e Englis h alphabet ,  an d the y wil l 
see k pattern s o f  sames ,  differents ,  nexts ,  doubl e nexts , 
priors ,  etc .  I n thi s case ,  th e representatio n i s s o obviousl y 
immediat e an d evoke d b y th e stimulu s tha t  i t  make s n o 
sens e t o vie w i t  a s involvin g an y search . 

N o w conside r  wha t  happen s whe n subject s ge t  a  tric k 
problem ,  suc h as :  O T T F F S S _ .  Her e too ,  the y star t  wit h th e 
obviou s representatio n i n whic h th e letter s ar e simpl y 
letters .  Bu t  lead s subject s t o formulat e increasingl y comple x 
and a d ho c explanation s fo r  th e O  a t  th e beginnin g o f  th e 
series .  Ultimately ,  subject s usin g thi s straightforwar d 
representatio n hi t  a n impasse .  The n the y star t  t o conside r 
whethe r  th e letter s stan d fo r  somethin g els e (lik e th e first 
letter s o f  th e name s o f  th e integers) . 

At  thi s point ,  w e argue ,  the y ar e searchin g a  dat a 
representatio n space .  Tha t  is ,  the y mus t  conside r  othe r  way s 
t o characteriz e th e item s o f  th e list .  I n th e presen t  instance , 
the y migh t  reaso n that ,  sinc e th e earlie r  list s ar e base d o n th e 
alphabet ,  an d th e alphabe t  i s a  (th e most )  famiUa r  ordere d 
lis t  o f  symbols ,  the n ther e migh t  b e othe r  ordere d list s tha t 
ar e relevant :  day s o f  th e week ,  name s o f  th e King s o f 
England ,  President s o f  th e U S ,  numbe r  names ,  months ,  etc . 
Perhap s th e letter s i n th e sequenc e ar e relate d t o som e 

featur e o f  thes e othe r  list s (i n thi s cas e th e firs t  lette r  o f  thei r 
EngUsh name s o f  th e integers. ) 

General Criteria 

H o w doe s on e decid e whethe r  t o ad d a  n e w proble m space ? 
Belo w w e lis t  thre e kind s o f  criteri a tha t  1 )  w e foun d ver y 
usefu l  i n makin g th e distinction ,  an d 2 )  w e believ e ca n b e 
applie d t o understan d problem-solvin g behavio r  i n an y task . 

Logical Criteria 

First ,  on e need s t o b e abl e t o defin e th e space s suc h tha t 
the y ar e unambiguousl y different .  Furthermore ,  th e 
distinctio n betwee n space s shoul d b e categorica l  rathe r  tha n 
a continuum .  Ther e ar e tw o importan t  component s t o th e 
definitio n o f  a  proble m space :  th e goal s use d fo r  searchin g 
th e space ,  an d th e entifie s tha t  ar e searched .  Distinc t 
proble m space s shoul d involv e distinc t  entitie s an d distinc t 
goals .  O f  course ,  th e proble m space s ca n b e coordinate d 
suc h tha t  informatio n fro m on e spac e i s use d t o searc h th e 
othe r  space—thi s featur e i s  ubiquitou s t o th e scientifi c 
discover y task s tha t  w e hav e considered . 

Empirical Criteria 

Second ,  ther e shoul d b e empirica l  difference s betwee n th e 
spaces .  I n particular ,  the y shoul d occu r  (a t  leas t 
occasionally )  a t  differen t  times ,  the y shoul d involv e 
differen t  searc h heuristics ,  an d ther e shoul d b e differen t 
factor s tha t  influenc e behavio r  i n eac h searc h space . 

Most  importantly ,  ther e shoul d b e activit y i n eac h searc h 
space .  I f  a  subjec t  alway s stay s i n th e sam e stat e wit h 
respec t  t o a  particula r  proble m space ,  the n tha t  searc h spac e 
i s no t  a  usefu l  too l  fo r  describin g tha t  subject' s behavior . 
Thi s migh t  occu r  i n tw o ways .  First ,  th e subjec t  coul d kno w 
so littl e abou t  a  domai n tha t  onl y on e stat e i s availabl e t o 
tha t  subject .  Second ,  subject s migh t  b e s o knowledgeabl e 
abou t  a  domai n tha t  the y ar e abl e t o pick  a  goo d stat e 
immediatel y an d nee d no t  searc h an y further .  Thus ,  th e 
existenc e o f  a  particula r  proble m spac e fo r  a  give n subjec t  i s 
determined ,  i n part ,  b y thei r  knowledge . 

Implementational Criteria 

Third ,  on e shoul d b e abl e t o represen t  th e proble m space s 
distinctl y i n a  computationa l  mode l  tha t  i s  capabl e o f 
performin g th e task .  I n othe r  words ,  on e shoul d b e abl e t o 
m ap unambiguousl y fro m observe d behavio r  t o a  stat e i n th e 
proble m space .  Furthermore ,  searc h throug h a  specifi c 
proble m spac e shoul d b e distinc t  fro m coordinatio n betwee n 
proble m spaces .  Thi s provide s a n exactin g tes t  o f  th e degre e 
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t o whic h th e theoretica l  distinction s ca n actuall y accoun t  fo r 
th e empirica l  behavio r  a t  a  precis e level . 

An Example 

Havin g describe d th e genera l  criteria ,  w e wil l  n o w describ e 
h o w w e hav e apphe d thes e criteri a i n proposin g ou r  4-spac e 
model .  However ,  i n thi s shor t  abstract ,  w e ar e onl y abl e t o 
explor e th e additio n o f  th e dat a representatio n space . 

Logical Criteria 

First ,  ther e ar e th e entitie s tha t  ar e searched .  Th e hypothesi s 
spac e involve s proposition s abou t  th e world,  potentiall y  a t 
varyin g level s o f  abstractio n an d o f  varyin g level s o f 
generality .  Fo r  example ,  on e migh t  hav e th e followin g 
hypotheses—varyin g i n scop e an d abstraction—abou t  th e 
result s o f  a n experimen t  o n readin g comprehension :  "ther e 
was n o effec t  o f  manipulatin g motivatio n i n thi s experimen t 
(o n comprehensio n o f  som e histor y text)" ,  "ther e i s 
generall y n o effec t  o f  monetar y manipulation s o f  motivatio n 
on comprehensio n o f  histor y texts" ,  o r  "ther e i s generall y n o 
effec t  o f  motivatio n o n readin g skills" . 

By contrast ,  th e dat a representatio n spac e involve s th e 
object s an d objec t  feature s o f  th e data .  Fo r  example ,  on e 
migh t  grap h differen t  th e relationshi p betwee n differen t 
variables ,  on e migh t  us e differen t  kind s o f  graphs ,  an d on e 
migh t  re-code ,  collapse ,  o r  expan d th e sam e data . 

Tli e tw o space s als o diffe r  i n term s o f  thei r  goals .  Th e 
goa l  o f  th e hypothesi s spac e i s t o produc e parsimoniou s 
explanations/description s o f  object s an d relation s i n th e 
world .  B y contrast ,  th e goa l  o f  th e dat a representatio n spac e 
i s t o fin d regularities .  A  dat a representatio n i s abandone d i f 
i t  doesn' t  lea d t o regularitie s o r  interpretabl e patterns , 
wherea s i t  i s  maintaine d whe n i t  does .  I n othe r  words ,  th e 
searc h i n th e dat a representatio n spac e seek s t o find  th e 
regularities ,  an d searc h i n th e hypothesi s spac e seek s t o 
explai n them . 

Not e tha t  ther e ar e no t  separat e searc h space s fo r 
hypothese s a t  differen t  level s o f  abstractio n becaus e 1 )  thi s 
distinctio n i s a  continuum ;  an d 2 )  th e goal s o f  th e searc h a t 
differen t  level s i s th e same .  Similarly ,  ther e ar e no t  differen t 
searc h space s fo r  table s versu s graphs ,  o r  interna l  versu s 
externa l  representations . 

Empirical Criteria 

T h e particula r  dat a tha t  lea d u s t o propos e th e dat a 
representatio n spac e c a m e fro m a  comple x discover y 
microworl d calle d MilkTruc k (Schun n &  Klahr ,  1992 , 
1995) .  Subject s i n thi s tas k wer e aske d t o discove r  th e rol e 
of  a  complex ,  myster y functio n b y conductin g experiment s 
i n th e domain .  W h a t  i s th e empirica l  evidenc e fro m thi s 
domai n fo r  th e dat a representatio n space ? 

First ,  th e majorit y o f  th e subject s radicall y altere d thei r 
representatio n o f  th e tas k ove r  th e cours e o f  discoverin g th e 
correc t  function .  Base d o n thei r  verba l  think-alou d 
description s o f  th e experiment s an d experimen t  outcomes , 
we foun d tha t  th e subject s change d bot h th e kind s o f  object s 
the y wer e examinin g (ne w object s an d n e w level s o f 
aggregatio n o f  th e sam e objects )  a s wel l  a s whic h feature s o f 
th e object s th e described .  Interestingly ,  w e foun d tha t  th e 

subject s use d multipl e representation s o f  th e sam e 
experimenta l  outcom e fo r  mos t  experiments .  Moreover ,  w e 
foun d that ,  fro m on e experimen t  t o th e next ,  subject s m a d e 
at  leas t  mino r  change s t o th e dat a representatio n ove r  9 0 % 
of  th e time .  Thi s ca n b e contraste d wit h performanc e i n 
some simple r  tasks ,  i n whic h peopl e d o no t  nee d t o searc h 
th e dat a representatio n spac e sinc e ther e i s usuall y onl y on e 
way t o represen t  th e data . 

Second ,  w e foun d tha t  searc h i n th e tw o space s di d occu r 
at  differen t  times .  Occasionally ,  subject s considere d severa l 
differen t  representation s o f  th e dat a withou t  comin g u p wit h 
a ne w hypothesis .  Similarly ,  the y occasionall y considere d 
severa l  differen t  hypothese s al l  withi n th e sam e 
representatio n o f  th e data . 

Third ,  w e foun d severa l  ne w heuristic s tha t  subject s use d 
i n producin g dat a representatio n change .  Fo r  example ,  w e 
foun d tha t  subject s use d a  Notic e Invariant s heuristi c (cf. , 
Kapla n &  Simon ,  1990 )  i n whic h the y recas t  thei r 
representatio n o f  th e dat a int o th e part s o f  th e dat a tha t 
remai n constan t  acros s experiment s an d th e part s tha t  vary . 

Implementational Criteria 

Whil e w e hav e no t  ye t  completel y implemente d a  runnin g 
model ,  i n codin g th e data ,  w e hav e develope d a  sens e o f 
h o w easy/difficul t  i t  i s  t o unambiguousl y distinguis h 
betwee n hypothesi s an d dat a representation ,  an d i t  ha s 
force d u s t o revis e som e previou s distinction s tha t  w e ha d 
initiall y  mad e onl y o n th e basi s o f  logica l  criteria . 

Furthermore ,  i n th e symboli c productio n syste m scheme s 
tha t  w e hav e constructed ,  changin g dat a representation s i s 
alway s a n importan t  issu e tha t  i s clearl y distinc t  fro m 
selectin g amon g an d constructin g nove l  hypotheses . 

Conclusions 

We hav e outline d thre e type s o f  criteri a (logical ,  empirical , 
and implementational )  tha t  w e believ e ar e importan t  i n 
determinin g th e numbe r  o f  problem s space s tha t  shoul d b e 
use d i n describin g proble m solvin g behavio r  i n a  particula r 
task .  I n thi s brie f  abstract ,  w e coul d onl y describ e th e 
applicatio n o f  thes e criteri a t o justifyin g th e additio n o f  th e 
dat a representatio n spac e i n characterizin g scientifi c 
discover y behavior .  However ,  w e hav e als o bee n abl e t o us e 
thes e criteri a t o propos e th e experimenta l  paradig m space , 
and w e believ e thes e criteri a ca n b e applie d t o resolv e thes e 
kind s o f  issue s i n an y problem-solvin g task . 
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Our  colleague s tacitl y  agre e tha t  N-spac e model s ar e 
bette r  a t  explainin g th e dat a o n h u m a n proble m solvin g 
tha n singl e spac e models .  Th e primar y questio n o f  thi s 
symposiu m i s ho w m a n y space s ar e necessar y t o explai n 
th e data .  W e wil l  no t  b e addressin g thi s issue ,  excep t 
t o sugges t  tha t  mor e 'spaces '  ar e probabl y needed .  Thi s 
follow s fro m th e substantiv e empirica l  claim s o f  th e thre e 
theorie s presented .  Thes e claims ,  combine d wit h som e 
fact s abou t  th e computatio n powe r  o f  N-spaces ,  provid e 
stron g evidenc e tha t  th e searc h spac e paradig m i s no t 
neede d i n theorie s o f  proble m solving . 

Any N-spac e theor y i s computationall y equivalen t  t o a 
singl e searc h spac e theor y o f  proble m solving .  Thi s ca n 
be show n b y eithe r  creatin g a  spac e tha t  contain s th e 
othe r  space s a s branche s o r  b y overlappin g node s fro m 
differen t  spaces ,  suc h tha t  ever y nod e ha s path s leadin g 
t o node s i n othe r  'spaces' .  B y thi s method ,  th e proble m 
solve r  ca n switc h fro m an y 'space '  t o an y othe r  'space' , 
and i n fact ,  severa l  'spaces '  ca n b e traverse d i n parallel . 
Thus ,  a n N-spac e theor y i s onl y a s powerfu l  a s a  singl e 
spac e theory .  Ther e mus t  b e som e non-computationa l 
reaso n fo r  distinguishin g N-spac e theorie s fro m singl e 
spac e theories .  A n d b y extension ,  al l  N-spac e theorie s 
ar e computationall y equivalent . 

Even i f  on e accept s tha t  N-spac e theorie s ar e compu -
tationall y equivalent ,  on e nee d no t  accep t  tha t  the y ar e 
equivalen t  a t  providin g explanations .  A s pointe d ou t 
earlier ,  N-spac e theorie s argu e tha t  w e nee d multipl e 
space s t o bes t  understan d h u m a n proble m solving .  Th e 
evidenc e support s thi s claim .  N-spac e model s ar e bette r 
explanation s tha n singl e spac e model s becaus e th e bul k 
of  th e explanatio n i s i n th e divisio n o f  labo r  betwee n 
tas k domain s (spaces) ,  an d no t  withi n th e searc h spac e 
theor y itself . 

A distinctio n i s importan t  here .  Ther e i s a  differenc e 
betwee n th e mechanism s underlyin g proble m solving , 
and th e explanatio n o f  proble m solvin g itself .  C h o m -
sk y (1965 )  allude d t o thi s distinctio n whe n h e differen -
tiate d theorie s o f  competenc e fro m theorie s o f  perfor -
mance.  Simo n (1981 )  labele d thi s distinctio n a s on e 
betwee n substantiv e an d procedura l  rationality .  Sim -
ilarly ,  Mar r  (1982 )  identifie s th e leve l  distinctnes s be -
twee n computationa l  theorie s o f  a  devic e an d th e theor y 
of  it s  underlyin g process ,  i.e. ,  th e leve l  o f  representatio n 
and th e algorithm .  Al l  o f  thes e distinction s identif y bot h 
an abstrac t  specificatio n o f  behavio r  an d a  mechanis m 
fo r  implementin g tha t  behavior . 

I n eac h case ,  th e abstrac t  specificatio n o f  a  system' s 
behavior ,  perform s a n explanator y role .  I t  specifie s a 
metho d fo r  a  syste m t o accomplis h it s  goads ,  irrespectiv e 
of  ho w th e syste m wil l  accomplis h them .  T h e abstrac t 
specificatio n i s a n idealizatio n o f  wha t  th e system' s be -
havio r  doe s an d wh y i t  doe s it .  Thi s idealizatio n i s in -
dependen t  o f  it s underlyin g process .  Consequently ,  i t 
offer s a  genera l  descriptio n o f  a  broa d clas s o f  system s 
an d provide s informatio n relevan t  fo r  determinin g h o w 
th e syste m wil l  ac t  a s a  whole .  Thi s allow s u s t o identif y 
significan t  feature s o f  th e syste m fro m th e nois e o f  it s 
lowe r  leve l  implementation . 

N-space theorist presuppose that the only way to im-
plemen t  thei r  abstrac t  specification s ar e b y usin g th e 
lo w leve l  mechanis m o f  searc h space .  Thi s place s a n un -
dul y mechanisti c constrain t  o n h u m a n proble m solvin g 
research ,  whic h i s counterproductive .  I f  N-spac e theo -
rie s ar e bette r  theorie s tha n singl e spac e theory ,  the n 
th e tas k domain s (spaces )  th e N-spac e theorie s defin e 
ar e th e sourc e o f  explanation s abou t  proble m solving . 
Consequently ,  th e processe s underlyin g thes e tas k do -
mains ,  th e searc h spaces ,  becom e irrelevan t  nois e i n ligh t 
of  thei r  specification .  Th e tas k domai n m a y b e imple -
mente d i n O O S,  Prolog ,  C  o r  eve n b y a  Turin g machine . 
Nevertheless ,  th e tas k domain s ar e providin g al l  th e in -
terestin g informatio n abou t  th e subjec t  b y partitionin g 
th e proble m solvin g int o identifiabl e high-leve l  processes . 
Thus ,  th e N-spac e theorist s shoul d b e searchin g fo r  mor e 
'spaces' ,  a s ever y experimentall y confirme d tas k domai n 
contribute s t o ou r  understandin g o f  h u m a n proble m solv -
ing . 

If N-space theories are better than search space the-
ory ,  the n i t  i s  i n virtu e o f  thei r  tas k domains '  abilit y 
t o identif y significan t  aspect s o f  th e systemati c behav -
io r  o f  h u m a n proble m solving .  Searc h spac e theor y the n 
onl y specifie s on e implementatio n o f  thes e tas k domains . 
Recognizin g this ,  N-spac e theorie s shoul d n o longe r  em -
phasiz e th e us e o f  searc h space s an d concentrat e mor e 
on th e tas k domain s t o whic h thei r  'spaces '  refer .  Sinc e 
th e divisio n o f  labo r  betwee n tas k domain s account s fo r 
th e powe r  o f  th e N-spac e theories ,  researcher s shoul d 
not  restric t  themselve s t o som e arbitrar y N .  Instead ,  re -
searcher s shoul d b e ope n t o a s m a n y tas k domain s a s 
necessar y t o explai n th e significant ,  observabl e feature s 
of  h u m a n proble m solving . 
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Rhy th m permeate s h u m a n experience ,  suc h a s i n lis -
tening ,  performin g o r  dancin g t o music ,  i n speec h com -
munication ,  o r  i n m a n y othe r  c o m m o n activitie s suc h a s 
walking ,  running ,  playin g a  g a m e o f  tennis ,  etc .  Al -
thoug h i t  i s  eas y t o agre e tha t  m a n y h u m a n activi -
tie s elici t  a  sens e o f  rhythm ,  bot h i n th e perceive r  an d 
th e performer ,  th e functiona l  rol e o f  rhyth m i n cogni -
tio n i s  les s clear .  Thi s symposiu m provide s a n ope n 
foru m fo r  psychologists ,  compute r  scientists ,  linguists , 
philosophers ,  an d neuroscientist s t o presen t  an d discus s 
researc h tha t  specificall y target s th e rol e o f  rhyth m i n 
cognition .  A  centra l  questio n concern s t o wha t  exten t 
i t  i s  necessar y t o includ e rhyth m a s par t  o f  a  theor y o f 
cognition . 

Typically ,  cognitiv e scientist s hav e place d a  muc h 
greate r  emphasi s o n ho w cognitiv e processin g consume s 
tim e (e.g. ,  processin g load )  tha n o n ho w i t  i s  shape d b y 
time .  I n thi s symposium ,  presentation s b y establishe d 
cognitiv e scientist s focu s o n ho w cognitiv e processin g i s 
shape d b y time .  Talk s b y Professo r  Mar i  Jones ,  Dr .  Bil l 
Baird ,  Professo r  Rober t  Port ,  an d Professo r  Ellio t  Saltz -
m an addres s th e rol e o f  rhyth m i n cognition ,  targetin g 
th e overlappin g area s o f  attention ,  musi c perceptio n an d 
performance ,  speec h perceptio n an d production ,  senso -
rimoto r  control ,  an d neura l  dynamics . 

Mar i  Jone s ha s propose d a  centra l  rol e fo r  rhyth m i n 
cognitiv e processing ,  suggestin g tha t  th e tempora l  orga -
nizatio n o f  perception ,  attention ,  an d memor y i s inher -
entl y rhythmi c (Jones ,  1976) .  A s par t  o f  thi s theory ,  i t 
i s  assume d tha t  th e rhythm s o f  musi c an d speec h entrai n 
(synchronize )  periodi c attentiona l  "pulses" ,  formin g a n 
attentiona l  rhythm .  Accordin g t o thi s view ,  entrainmen t 
enhance s perception ,  memor y storag e an d retrieval ,  an d 
sensorimoto r  control .  Thi s contrast s wit h theorie s o f 
cognitio n tha t  leav e ou t  rhyth m entirel y (Newell ,  1990) . 

Bil l  Bair d report s physiologica l  evidenc e fo r  atten -
tiona l  entrainment ,  supportin g Jones '  theor y o f  a  centra l 
rol e fo r  rhyth m i n cognitiv e processing .  H e propose s a 
neura l  networ k mode l  o f  rhythmi c expectanc y base d o n 
an earlie r  mode l  o f  adaptiv e synchronizatio n o f  5-1 5 H z 
and 30-8 0 H z oscillation s betwee n cortica l  area s (Baird , 
Troyer ,  an d Eeckman ,  1994) .  H e argue s tha t  thi s mode l 
can accoun t  fo r  psychologica l  dat a demonstratin g tha t 
auditor y scen e analysi s i s sensitiv e t o rhythm . 

Rober t  Por t  target s th e rol e o f  rhyth m i n auditor y 
cognition ,  discussin g rhythmi c constraint s o n th e type s 
of  soun d pattern s tha t  human s learn .  H e argue s tha t 

entrainmen t  i s a  fundamenta l  too l  i n ou r  basi c toolki t 
fo r  auditor y patter n learning ,  includin g language .  H e 
report s researc h fro m hi s la b investigatin g th e rhythmi c 
constraint s exhibite d b y subject s repeatin g a  phras e i n 
synchron y wit h a  metronom e (Por t  e t  al. ,  1996 ;  C u m -
min s an d Port ,  1996b) .  I n spit e o f  th e substantia l  tim -
in g variabilit y  o f  speech ,  th e result s fro m thes e studie s 
sugges t  tha t  speec h i s eeisil y  entraine d b y a n externa l 
stimulu s an d tha t  entrainmen t  i s a  fundamenta l  too l  i n 
speec h processing . 

Ellio t  Saltzma n report s th e result s fro m a  serie s o f 
studie s investigatin g rhythmi c patter n generatio n i n 
speec h production .  I n thes e studies ,  speaker s repeatedl y 
produc e a  rhythmi c utterance ,  whil e systemati c mechan -
ica l  perturbation s ar e delivere d t o th e speakers '  articula -
tor y gestures .  Perturbation s delivere d durin g a  critica l 
phas e windo w ar e foun d t o induc e systemati c steady -
stat e shift s i n th e timin g o f  coordinate d gestures ,  sug -
gestin g tha t  ther e i s a  centra l  "clock "  tha t  drive s th e 
articulator y peripher y an d tha t  thi s cloc k ca n b e phase -
rese t  b y event-specifi c  feedback .  Saltzma n argue s tha t 
th e phase-resettin g result s impl y tha t  th e timin g o f  ar -
ticulator y gesture s ar e governe d b y set s o f  oscillator y 
unit s an d tha t  durin g speec h productio n thes e oscilla -
tor s behav e a s non-linear ,  coupled ,  limit-cycl e oscillator s 
(Saltzma n an d Munhall ,  1989) . 

I n additio n t o th e fou r  presentation s a t  th e sympo -
sium ,  severa l  othe r  paper s publishe d i n th e proceeding s 
addres s th e rol e o f  rhyth m i n cognition ,  providin g ad -
ditiona l  readin g an d reference s (se e C u m m i n s an d Por t 
(1996a) ,  Larg e (1996) ,  an d McAule y (1996)) . 
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Much o f  th e environmen t  wit h whic h w e interac t  i s  dy -
nami c i n tha t  i t  change s i n meaningfull y way s ove r  time . 
We se e thi s i n movin g objects ,  bod y gestures ,  conver -
sations ,  ambien t  soun d pattern s an d i n musica l  events . 
H ow i s i t  tha t  w e kee p i n touc h wit h suc h thing s a s the y 
unfol d i n time ,  monitorin g the m an d anticipatin g nu -
ance s a s wel l  a s majo r  breakpoint s i n thei r  structure ? 

One possibilit y  tha t  ha s bee n considere d a t  Ohi o Stat e 
i s tha t  th e dynami c structur e o f  th e event s themselve s 
provide s a  basi s fo r  guidin g a n inherentl y tempora l  at -
tendin g activit y (Jones ,  1976 ;  Jone s &  Boltz ,  1989) .  W e 
hav e assume d tha t  attendin g i s base d o n th e join t  activ -
it y o f  man y attentiona l  rhythms ,  o r  oscillators ,  o f  grade d 
period s eac h o f  whic h i s capabl e o f  locking-into ,  i.e. ,  en -
trainin g t o a  correspondin g periodicit y embedde d i n dy -
namicall y patterne d events .  Thi s entrainmen t  enable s 
rea l  tim e attentiona l  trackin g a s wel l  a s anticipator y re -
sponding ;  i n addition ,  dependin g o n th e tas k an d th e 
particula r  model ,  i t  determine s a n individual' s sensitiv -
it y t o certai n structura l  change s i n th e unfoldin g event . 
To b e mor e concret e abou t  thi s i t  help s t o illustrat e ho w 
we stud y attendin g i n particula r  tasks . 

Ofte n w e us e a  tas k wher e a  perso n i s presente d wit h 
an auditor y patter n o f  som e sor t  i n whic h w e embe d a 
structura l  chang e i.e ,  a  target .  Th e chang e migh t  b e 
a spectra l  alteratio n t o on e o f  th e pitche s comprisin g a 
melody ,  o r  i t  migh t  b e a  lengthene d tim e interva l  o r  a 
shifte d ton e withi n a  rhythm .  Sometime s th e pattern s 
themselve s ar e polyrhythms .  Polyrhythm s ar e compose d 
of  sequence s base d o n tw o differen t  ton e frequencie s 
(high ,  lo w tones )  tha t  eac h trac e ou t  a n isochronou s 
sequence ,  bu t  i n whic h th e respectiv e rates ,  relate d b y 
rationa l  numbers ,  ar e dissonan t  (e.g. ,  3:2 ,  4:3 ,  etc.) .  I n 
othe r  cases ,  th e sequence s m a y consis t  o f  rhythm s forme d 
by recurren t  tone s o f  a  singl e frequenc y bu t  wit h differ -
ent  intensitie s (loud ,  soft )  an d als o patterne d i n dura -
tio n t o for m rhythm s suc h a s short-short-long .  A  com -
m on strateg y i s t o embe d a  structura l  chang e withi n 
one o f  tw o identica l  tes t  region s withi n suc h sequence s 
thereb y permittin g th e us e o f  a  tw o alternativ e force d 
choic e (2AFC )  procedure .  W e arrang e thing s s o tha t  i n 
al l  o f  th e event s tha t  w e stud y i n a  give n experimen t 
th e tes t  region s wher e a  targe t  chang e occur s ar e iden -
tical .  So ,  fo r  instance ,  i f  w e inser t  a  time-chang e int o a 
rhythmica l  patter n (e.g. ,  a  rhyth m involvin g onl y short -
short-shor t  tim e interval s versu s on e involvin g short -
short-long) ,  th e targe t  time-chang e wil l  alway s alte r  a 

shor t  interval .  I n thi s way ,  w e ca n stud y th e effec t  o f 
surroundin g rhythmi c context s o n listener' s abilitie s t o 
detec t  a  smal l  timin g nuance . 

I n fact ,  i f  w e focu s onl y upo n time-chang e detectio n 
task s som e o f  th e recen t  wor k tha t  E d Larg e an d I  hav e 
bee n conductin g provide s on e mode l  tha t  i s  possibl e ou t 
of  thi s framewor k (Larg e &  Jones ,  1996) .  I n thi s re -
search ,  w e aime d t o addres s tw o relate d problems :  1 . 
H ow d o peopl e w h o liste n t o rhythmicall y patterne d se -
quence s o f  th e sor t  I  hav e jus t  describe d intui t  th e for m 
of  th e rhythm ,  an d henc e detec t  a  tim e deviation ? an d 2 . 
H ow d o peopl e intui t  th e underlyin g rhythmi c for m eve n 
when th e temp o o r  rat e o f  th e sequenc e modulate s ove r 
tim e a s i t  doe s i n mos t  dynami c event s i n ou r  natura l 
environment ? 

Th e mode l  i s a  dynamica l  system s model ,  develope d 
by E d Large ,  whic h instantiate s m a n y o f  th e assump -
tion s I  outline d earlier .  I t  assume s tha t  a n oscillato r 
carrie s a  puls e o f  attentiona l  energ y tha t  i s maxima l  fo r 
some expecte d poin t  i n tim e withi n th e perio d o f  a n at -
tentiona l  oscillator .  Th e oscillato r  i s biase d t o entrai n 
t o tim e period s withi n a n auditor y even t  sequenc e tha t 
correspon d t o inter-ton e tim e interval s tha t  ar e nea r  it s 
stipulate d period .  Thus ,  longe r  o r  shorte r  tim e interval s 
ar e notice d a s devian t  t o th e exten t  tha t  the y violat e 
thes e expectancies .  A  secon d featur e o f  th e mode l  i s it s 
adaptabilit y t o temp o modulations :  th e perio d o f  an y 
oscillato r  ca n adapt ,  vi a a  phase/perio d resettin g pro -
ces s (short-ter m learning) ,  t o trac k moderat e tempora l 
irregularitie s withi n a  sequence .  Finally ,  a  tw o oscillato r 
versio n o f  th e mode l  ha s th e potentia l  t o explai n ho w 
peopl e intui t  rhythmi c for m becaus e eac h o f  th e tw o at -
tentiona l  oscillator s respond s t o a  differen t  (changing ) 
periodicit y withi n a  give n rhythmi c pattern ;  neverthe -
less ,  togethe r  the y revea l  a  couplin g bia s fo r  a  time-rati o 
of  2: 1 (i n thi s model) . 

We hav e bee n abl e t o describ e th e tim e discriminatio n 
performanc e o f  averag e listener s i n 2 A F C task s usin g 
a variet y o f  pattern s tha t  contai n differen t  degree s o f 
temp o (rate )  modulation s (Larg e &  Jones ,  1996) .  Like -
wise ,  i n othe r  pattern s tha t  var y i n thei r  rhythmi c com -
plexit y w e hav e nicel y predicte d systemati c discrimina -
tio n response s t o simpl e versu s comple x rhythmi c form s 
(Jone s k  Yee ,  1996) .  I n summary ,  th e mode l  illustrate s 
ho w assumption s abou t  th e inheren t  rhythmicit y o f  at -
tendin g ca n addres s th e tw o relate d problem s tha t  com e 
up whe n w e conside r  ho w peopl e trac k dynami c event s 
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i n thei r  environment .  I t  explain s adaptabilit y  t o temp o 
chang e an d i t  explain s sensitivit y  t o underlyin g rhythmi c 
forms . 
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We hav e develope d a  neura l  networ k architectur e 
tha t  implement s a  theor y o f  attention ,  learning ,  an d 
communicatio n base d o n adaptiv e synchronizatio n o f 
5-1 5 H z an d 30-8 0 H z oscillation s betwee n cortica l 
areasFBair d e t  al. ,  1994) .  Her e w e presen t  a  specifi c 
model  o f  rhythmi c expectanc y an d th e interactio n o f 
higher-orde r  an d primar y cortica l  level s o f  processin g 
whic h account s fo r  th e result s o f  psychologica l  ex -
periment s o f  Jone s [Jone s e t  al. ,  1981 ]  showin g tha t 
auditor y strea m segregatio n depend s o n th e rhythmi c 
structur e o f  inputs .  Furthe r  reference s no t  cite d her e 
m ay b e foun d i n thes e papers . 

Usin g dynamica l  system s theory ,  th e architectur e 
i s constructe d fro m recurrentl y interconnecte d oscil -
lator y associativ e m e m o r y module s tha t  mode l  hy -
percolumn s o f  associationa l  an d higher-orde r  sensor y 
and moto r  cortica l  areas .  Th e module s lear n inter -
connectio n weight s tha t  caus e th e syste m t o evolv e 
unde r  a  1 0 H z clocke d sensory/moto r  processin g cycl e 
throug h a  sequenc e o f  transition s o f  synchronize d 4 0 
Hz oscillator y attractor s withi n th e modules .  I n th e 
brain ,  w e hypothesiz e thes e cycle s t o b e adaptivel y 
controle d b y septa l  an d thalami c pacemaker s whic h 
alte r  excitabilit y  o f  hippocampa l  an d neocortica l  tis -
sue throug h nonspecifi c  biasin g current s tha t  appea r 
as th e cognitiv e an d sensor y evoked  potential s o f  th e 
E E C Th e cycle s "quantiz e time "  an d for m th e ba -
si s o f  derive d rhythm s wit h period s u p t o 1. 5 second s 
tha t  entrai n t o eac h othe r  i n moto r  coordinatio n an d 
t o externa l  rhythm s i n speec h an d musi c perception . 

The architectur e employ s selectiv e "attentional " 
contro l  o f  th e synchronizatio n o f  th e 30-8 0 H z oscilla -
tion s betwee n module s t o direc t  th e flow  o f  communi -
catio n an d computatio n i n learnin g t o recogniz e an d 
generat e sequences .  Th e 30-8 0 H z attracto r  ampli -
tud e pattern s cod e th e informatio n conten t  o f  a  cor -
tica l  area ,  wherea s phas e an d frequenc y ar e use d t o 
"softwire "  th e network ,  sinc e onl y th e synchronize d 
area s communicat e b y exchangin g amplitud e infor -
matio n Th e syste m work s lik e a  broadcas t  networ k 
wher e th e unavoidabl e crosstal k t o al l  area s fro m pre -
viou s learne d connection s i s overcom e b y frequenc y 
codin g t o allo w th e operatio n o f  attentiona l  c o m m u -
nicatio n onl y betwee n selecte d area s relevan t  t o th e 
tas k o f  th e moment .  Th e behavio r  o f  th e tim e trace s 
i n differen t  module s o f  th e architectur e model s th e 
temporar y appearanc e an d switchin g o f  th e synchro -
nizatio n o f  5-1 5 an d 30-8 0 H z oscillation s betwee n 
cortica l  area s tha t  i s observe d durin g sensory/moto r 
task s i n monkey s an d humans . 

Th e mode l  architectur e illustrate s th e notio n tha t 
synchronizatio n no t  onl y preattentivel y "binds "  th e 
feature s o f  input s i n primar y sensor y corte x int o 

"objects" ,  bu t  furthe r  bind s th e activit y o f  a n at -
tende d objec t  t o oscillator y activit y i n associationa l 
and higher-orde r  sensor y an d moto r  cortica l  area s t o 
creat e a n evolvin g attentiona l  networ k o f  intercom -
municatin g cortica l  area s tha t  direct s behavior .  Thi s 
i s a  mode l  o f  "attende d activity "  a s tha t  subse t  whic h 
has bee n include d i n th e selectivel y attende d process -
in g o f  th e m o m e n t  b y synchronizatio n t o thi s net -
work .  Thi s involve s bot h a  spatia l  bindin g o f  activit y 
and a  bindin g o f  th e las t  t o th e nex t  ste p o f  a  se -
quence .  Onl y input s whic h ar e synchronize d t o th e 
interna l  oscillator y activit y o f  a  modul e ca n effec t  th e 
prope r  learne d transition s o f  attractor s withi n it . 

Th e phenomeno n o f  "streaming "  i n auditio n mos t 
exemplifie s thi s notio n o f  sequenc e binding .  Ther e 
successiv e event s o f  a  soun d sourc e ar e boun d to -
gethe r  int o a  sequenc e objec t  o r  "stream "  an d seg -
regate d fro m othe r  source s suc h tha t  on e ca n pa y at -
tentio n onl y t o on e soun d sourc e a t  a  tim e -  a s i n th e 
"cocktai l  party "  phenomenon .  "Cognitiv e streams " 
ar e i n evidenc e whe n tw o storie s ar e tol d i n alternat -
in g segment s an d listener s ar e unabl e t o recal l  th e 
relativ e orde r  o f  event s betwee n them .  W e vie w th e 
model  attentiona l  networ k a s a  strea m becaus e th e 
synchronize d module s withi n i t  ar e cyclin g throug h 
sequence s o f  attractor s a t  th e 1 0 H z rate .  T h e feed -
bac k fro m higher-orde r  t o primar y cortica l  area s al -
low s to p dow n voluntar y contro l  t o switc h th e pri -
m a r y attentio n s t rea m o r  "searchlight "  fro m on e 
sourc e preattentivel y boun d i n primar y corte x t o an -
othe r  sourc e separatel y boun d a t  a  nearb y frequency . 

Ther e i s evidenc e fro m studie s o f  moto r  an d per -
ceptua l  task s tha t  moto r  an d perceptua l  behavio r 
i s organize d b y neura l  rhythm s wit h period s i n th e 
rang e o f  10 0 -  150 0 milliseconds ,  an d tha t  entrain -
ment  o f  thes e t o externa l  rhythm s i n speec h an d othe r 
form s o f  communication ,  an d t o interna l  rhythm s i n 
moto r  coordinatio n i s  essentia l  t o effectiv e h u m a n 
performance[Jone s e t  al. ,  1981] .  I n thi s view ,  jus t  a s 
tw o cortica l  area s mus t  synchroniz e t o communicate , 
so mus t  tw o nervou s systems .  W o r k wit h slowed  film 
suggest s tha t  bot h speake r  an d listener s sho w syn -
chronizatio n o f  bod y movement s t o th e bea t  o f  th e 
roughl y 1 0 H z rat e o f  phonem e emission .  Stead y 
stimulatio n a t  eithe r  1 0 o r  4 0 H z i n audition ,  vision , 
or  somatosensatio n cause s entrainmen t  o f  1 0 o r  4 0 H z 
activit y i n thos e areas .  2 0 H z stimulatio n entrain s th e 
40 H z activit y a t  a  1: 2 resonanc e rati o an d ha s bee n 
use d medicall y a s a  diagonosti c fo r  prope r  functio n 
of  cortica l  areas . 

Rhythm s relate d t o attentiona l  expectatio n hav e 
been foun d i n th e auditor y E E C I n experiment s 
wher e th e arriva l  tim e o f  a  targe t  stimulu s i s reg -
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ula r  enoug h t o b e learne d b y a n experimenta l  sub -
ject ,  i t  ha s bee n show n tha t  th e 1 0 H z activit y i n ad -
vanc e o f  th e stimulu s become s phas e locke d t o tha t 
expecte d arriva l  time .  Th e sam e ha s bee n show n fo r 
hippocampa l  thet a i n rats ,  whic h i s als o foun d t o b e 
entraine d t o th e spee d o f  locomotio n o f  a  rat .  Rat s 
palpatat e a n objec t  wit h thei r  paw s a t  1 0 H z an d wil l 
entrai n thi s "activ e touch "  t o a n objec t  vibratin g nea r 
thi s rate .  T h e "mismatc h negativity "  o f  th e auditor y 
evoke d potentia l  i s  a  reliabl e indicato r  o f  th e actio n 
of  a  physiologica l  expectanc y system .  Change s i n th e 
onse t  o r  offse t  tim e o f  a  repetitiv e stimulu s produc e 
an increas e i n th e N20 0 componen t  i n primar y audi -
tor y cortex .  Thi s i s physiologica l  evidenc e fo r  Jones ' 
theor y postulatin g a  rhythmi c expectanc y system . 

Jones[Jone s e t  al. ,  1981 ]  replicate d an d altere d a 
classi c streamin g experimen t  o f  Bregma n an d Rud -
nicky ,  an d foun d tha t  thei r  resul t  depende d o n a  spe -
cifi c  choic e o f  th e rhyth m o f  presentation .  Th e experi -
ment  require d h u m a n subject s t o determin e o f  th e or -
der  o f  presentatio n o f  a  pai r  o f  hig h targe t  tone s A B 
or  B A o f  slightl y differen t  frequencies .  Als o presente d 
befor e an d afte r  th e targe t  tone s wer e a  serie s o f  iden -
tica l  m u c h lowe r  frequenc y tone s calle d th e captur e 
tone s C C C an d tw o identica l  tone s o f  intermediat e 
frequenc y befor e an d afte r  th e targe t  tone s calle d th e 
flankin g tone s F  -  C C C F A B F C C C. 

Targe t  orde r  determinatio n performanc e deterio -
rate d a s th e flankin g tone s wer e brough t  nea r  t o th e 
targe t  tone s i n frequency ,  implyin g tha t  th e flankin g 
tone s wer e capture d b y tha t  strea m an d obscure d th e 
targe t  tones .  Otherwis e th e flankin g tone s wer e cap -
ture d b y th e backgroun d captur e ton e stream ,  leavin g 
th e targe t  tone s t o stan d ou t  b y themselve s i n th e at -
tende d stream .  Jone s note d tha t  th e flanking  tone s 
an d th e captur e strea m wer e presente d a t  a  stimu -
lu s onse t  rat e o f  on e pe r  24 0 m s an d th e target s ap -
peare d a t  8 0 m s intervals .  I n he r  experiments ,  whe n 
th e targe t  tone s wer e give n a  temp o i n c o m m o n wit h 
th e captor s an d flanking  tones ,  n o effec t  o f  th e fre -
quenc y o f  flanking  tone s appeared .  Thi s suggeste d 
tha t  rhythmi c distinctio n o f  target s an d distractor s 
was paramoun t  ove r  frequenc y i n allowin g selectiv e 
attentio n t o segregat e ou t  th e targe t  stream . 

T o implemen t  Jones' s theor y i n th e mode l  an d ac -
coun t  fo r  he r  data ,  subset s o f  th e oscillator y module s 
ar e dedicate d t o for m a  rhythmi c tempora l  coordi -
nat e fram e o r  tim e bas e o f  neste d periodicite s i n di -
vision s o f  th e thalami c 1 0 H z bas e cloc k rat e betwee n 
10 t o . 5 Hz .  Eac h periodicit y i s create d b y a n asso -
ciativ e m e m o r y modul e tha t  ha s bee n specialize d t o 
ac t  stereotypicall y a s a  counte r  o r  shif t  registe r  b y 
repeatedl y cyclin g throug h al l  it s  attractor s a t  th e 
rat e o f  on e fo r  eac h tim e ste p o f  th e clock .  It s overal l 
cycl e tim e i s therefor e determine d b y th e numbe r  o f 
attractors .  Onl y on e ste p o f  th e cycl e ca n sen d outpu t 
t o primar y corte x -  th e on e wit h th e larges t  weigh t 
fro m receivin g th e mos t  matche s t o incommin g stim -
uli .  Eac h cloc k derive d i n thi s manne r  fro m th e tha -
lami c bas e cloc k wil l  therefor e phas e rese t  itsel f  t o ge t 
th e bes t  matc h t o incommin g rhythms .  Th e matc h i s 
furthe r  refine d b y phas e adjustmen t  o f  th e bas e cloc k 

itself . 
Th e module s o f  th e tim e bas e sen d thei r  inter -

nal  30-8 0 H z activit y t o primar y auditor y corte x 
i n 100mse c burst s a t  thei r  diff'eren t  rhythmi c rate s 
throug h fis t  adaptin g connection s tha t  continuall y 
attemp t  t o matc h incomin g stimulu s patterns .  Thes e 
weight s effectivel y comput e a  roug h lo w frequenc y 
discret e Fourie r  transfor m ove r  a  slidin g windo w o f 
1. 5 seconds .  Thos e tempora l  stimulu s pattern s whic h 
meet  thes e establishe d rhythmi c expectanc y signal s 
i n tim e ar e pulle d int o synchron y wit h th e 30-8 0 H z 
activit y o f  th e tim e bas e t o for m a  "stream "  o f  event s 
define d b y th e c o m m o n synchron y o f  eac h wit h th e 
tim e base .  Stimul i  u p t o a  secon d apar t  m a y thu s b e 
boun d int o th e sam e strea m withou t  requirin g activ -
it y t o si t  undisturbe d i n th e auditor y buffe r  to r  tha t 
long .  Segregatio n o f  stream s i n auditor y corte x b y 
frequency ,  intensity ,  timbre ,  an d othe r  spatiall y  dis -
tribute d feature s i s don e b y frequenc y segregatio n o f 
th e activit y withi n th e 30-8 0 H z range .  I n accordanc e 
wit h Jones '  theory ,  voluntar y top-dow n attentio n ca n 
prob e inpu t  a t  difl'eren t  hierarchica l  level s o f  periodic -
it y b y s e ectivel y synchronizin g wit h a  particula r  cor -
tica l  patc h i n th e tim e bas e se t  a t  th e particula r  4 0 
Hz frequenc y o f  th e primar y attentio n stream .  The n 
th e "searchlight "  int o primar y corte x i s synchronize d 
wit h an d readin g i n activit y occurin g a t  tha t  rhythm . 
Thi s i s th e tempora l  analo g o f  th e bod y centere d spa -
tia l  coordinat e fram e an d multiscal e cover t  attentio n 
windo w syste m i n vision .  Her e th e bod y centere d 
tempora l  coordinate s o f  th e interna l  tim e bas e orien t 
by entrainmen t  t o th e externa l  rhythm ,  an d th e win -
do w o f  cover t  tempora l  attentio n ca n the n selec t  a 
leve l  o f  th e multiscal e tempora l  frame . 

Our  explanatio n o f  Jones '  resul t  i s  tha t  th e stan -
dar d targe t  tone s first  prim e th e dynami c attentio n 
system ,  the n th e slo w capto r  tone s establis h a  back -
groun d strea m wit h a  rhythmi c expectanc y tha t  i s 
late r  violate d b y th e fas t  targe t  tones .  Thes e ar e 
drive n int o a  separat e strea m whic h allow s th e to p 
down primar y attentio n stream ,  alread y prime d t o 
loo k fo r  tha t  rhythm ,  t o synchroniz e an d rea d i n th e 
targe t  tone s fo r  orde r  determination .  I n th e absenc e 
of  a  rhythmi c distinctio n fo r  th e targe t  tones ,  thei r 
pitc h differenc e alon e i s insufficien t  t o driv e th e for -
matio n o f  a  separat e stream ,  an d th e mechanis m o f 
dynami c attentio n canno t  hel p discriminat e th e tar -
gets . 
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Oscillator s an d entrainmen t  ar e jus t  a s muc h a  par t  o f 
th e Basi c Auditor y Toolki t  o f  cognitio n a s the y ar e o f  th e 
Basi c Moto r  Contro l  Toolkit .  Th e kind s o f  rhyth m tha t 
ar e foun d i n h u m a n language s m a y reflec t  eithe r  auditio n 
or  moto r  control ,  o r  both .  A n d i t  m a y b e har d t o tel l 
whic h i s th e primar y source .  Languag e i s bot h moto r 
and perceptual ,  yet ,  fundamentally ,  neither .  Languag e 
i s a n abstract ,  medium-independen t  structur e -  a  syste m 
tha t  i s share d t o varyin g degree s b y member s o f  a  speec h 
community .  Al l  o f  thi s i s wha t  i s mean t  b y sayin g tha t 
languag e i s a  cognitiv e syste m (va n Gelde r  an d Port , 
1995) . 

W h at  factor s constrai n th e phoneti c o r  phonologica l 
for m o f  word s an d phrase s i n languages ? Th e stan -
dar d answe r  i s  tha t  th e physiolog y o f  th e speec h or -
gans provide s constraint s (e.g. ,  Hockett ,  1955 ;  Chom -
sk y an d Halle ,  1968) .  Fo r  example ,  linguist s usuall y 
describ e speec h i n articulator y terms :  'labials' ,  "stops' , 
'hig h vowels. '  Eve n prosodi c pattern s (ove r  a  longe r  tim e 
scale )  m a y b e describe d a s i n suc h articulator y term s a s 
'breat h group' .  Bu t  traditiona l  articulator y descriptions , 
suc h a s thos e o f  linguists ,  hav e typicall y bee n completel y 
vagu e abou t  what ,  say ,  a  'labial '  gestur e reall y  is .  Recen t 
development s i n th e theor y o f  moto r  contro l  hav e im -
prove d th e situatio n b y showin g ho w dynamica l  system s 
can mode l  speec h gesture s a s object s tha t  ar e stil l  flex-
ibl e an d abstrac t  (Kels o e t  al. ,  1986 ;  Saltzman ,  1995) . 
So articulatio n stil l  provide s th e mos t  widesprea d vo -
cabular y fo r  describin g speech .  W e observ e tha t  whe n 
producin g speec h th e lip s jaw ,  tongu e an d laryn x mov e 
quasi-periodicall y an d exhibi t  strongl y stereotype d be -
havior .  Fo r  eac h language ,  w e find  tha t  speaker s maste r 
quit e differen t  ye t  apparentl y difficul t  articulator y skill s 
-  a s evidence d b y th e persistenc e o f  foreig n accen t  whe n 
adult s lear n a  ne w language . 

However ,  independen t  o f  th e moto r  constraints ,  th e 
perceptua l  syste m mus t  als o maste r  difficul t  skill s  whe n 
learnin g a  language .  I t  m a y tak e year s t o lear n languag e 
t o asymptote ,  and ,  fo r  a n adult ,  som e aspect s o f  th e per -
ceptio n (an d production )  o f  a  secon d languag e m a y b e 
efl'ectivel y unlearnabl e (Logan ,  Lively ,  an d Pisoni ,  1991) . 
So wha t  i s hearin g tha t  i t  coul d b e s o difficult ? 

But  th e proble m o f  hearin g mus t  se t  i n ver y genera l 
terms .  W h a t  doe s th e auditor y syste m learn ? I t  learn s 
soun d patterns .  Bu t  wha t  ar e th e requirement s fo r  be -
in g a  learnabl e pattern ? No t  ever y comple x soun d i s a n 
auditor y pattern .  Pattern s mus t  hav e particula r  kind s 

of  symmetr y -  suc h a s bein g a  spatiotempora l  even t  tha t 
recur s ofte n i n th e environment .  T h e frequenc y spac e 
ca n b e modelle d a s linea r  summatio n o f  independen t  fre -
quencies .  Bu t  wha t  kin d o f  structure s ove r  tim e ca n thei r 
be? W e thin k ther e ar e 3  basi c types :  slopes ,  period s an d 
sequences .  O n e limi t  i s  tha t  pattern s tha t  ar e periodi c 
at  tim e scale s betwee n abou t  . 2 H z ( T =  5  sec )  an d 1 0 
Hz ( T =  . 1 sec )  ca n b e directl y predicted .  S o m e non -
speec h event s exhibi t  oscillation s i n thi s frequenc y range : 
cricke t  chir p patterns ,  wate r  waves ,  tre e branche s an d 
leave s i n th e wind ,  anima l  gait s fro m mic e t o elephants , 
resonanc e o f  air-fille d tube s (fro m th e siz e o f  pe n ca p t o 
a 10-f t  tre e trunk) . 

I f  perceptua l  system s ar e t o recogniz e suc h time -
distribute d auditor y objects ,  the n the y mus t  predic t 
the m wit h oscillator y mechanism s (McAuley ,  1995) . 
Thu s i t  i s  likel y tha t  oscillator s an d entrainmen t  ar e es -
sentia l  component s o f  th e Basi c Auditor y Toolki t  -  th e 
inventor y o f  mechanism s tha t  ar e exploite d i n learnin g 
auditor y pattern s tha t  occu r  i n time . 

Languag e i s permeate d wit h rhyth m -  bot h becaus e i t 
involve s moto r  contro l  A N D becaus e i t  involve s percep -
tua l  processe s (Port ,  C u m m i n s an d Gasser ,  1996) .  Bot h 
get  lot s o f  benefit s fro m oscillation .  S o i t  m a y b e diffi -
cul t  t o b e sur e jus t  wh y speec h exhibit s an y rhyth m on e 
observes .  On e sourc e o f  complexit y i n th e proble m i s 
tha t  language s d o no t  jus t  diffe r  fro m eac h othe r  i n thei r 
rhythmi c structur e (e.g. ,  Japanes e mor a timin g versu s 
Englis h so-calle d "stressed-timing') .  Eve n W I T H I N lan -
guage s ther e i s alway s grea t  variet y i n rhythmi c style . 
For  example ,  compar e baby-tal k wit h th e speec h o f  m a -
ch o athletes ,  o r  pros e pronunciatio n wit h th e sing-son g 
recitatio n o f  a  limerick ;  o r  th e speec h o f  a n emotiona l 
preache r  poundin g hi s fist  o n th e Bible .  A  wid e rang e o f 
speec h rhythm s ar e availabl e t o skille d speaker s o f  an y 
language . 

I n fact ,  i n m y la b w e ar e studyin g wha t  speaker s d o 
when aske d simpl y t o repea t  a  phras e ove r  an d ove r  t o a 
slo w metronom e tha t  signal s whe n the y shoul d star t  eac h 
repetitio n (Cummins ,  1995 ;  C u m m i n s an d Port ,  1996) . 
Surprisingly ,  a  variet y o f  unexpecte d constraint s o n th e 
locatio n o f  stresse d syllabl e onset s coul d b e observe d 
suc h a s tha t  a  stresse d syllabl e withi n th e phras e mus t 
begi n a t  a  simpl e harmoni c fractio n o f  th e whol e sentenc e 
repetitio n (tha t  is ,  a t  1/ 3 o r  1/ 2 wa y throug h th e cycl e 
of  th e whol e phrase) . 

Thi s easil y encourage d behavio r  o f  subject s reinforce s 
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our  sens e tha t  speec h i s alway s o n th e edg e o f  rhythmic -  Motion :  Exploration s i n th e Dynamic s o f  Cognition , 
tty .  I t  i s  certainl y no t  highl y periodi c al l  th e time ,  bu t  i t  page s 1-43 .  Bradfor d Books/MI T Press . 
seems tha t  speec h i s ver y susceptibl e t o entrainmen t  b y 
any periodi c sourc e tha t  happen s t o b e availabl e -  b y th e 
beat  o f  a  drum ,  b y a  melody ,  b y th e leg s o f  talkin g jog -
ger ,  an d b y th e clic k o f  ou r  la b metronome .  W e d o no t 
yet  kno w ho w t o desig n model s tha t  exhibi t  thi s kin d 
nearl y periodi c behavio r  i n a  usefu l  way ,  bu t  i t  seem s 
importan t  t o wor k on . 

Rhyth m i s widesprea d i n nature .  Mos t  often ,  i t  result s 
fro m mechanica l  constraint s (e.g. ,  o f  wav e reflectio n i n 
a unifor m mediu m lik e a  strin g o r  a  ba r  o r  tube ,  etc ) 
tha t  resul t  i n harmonicall y relate d frequencie s tendin g 
t o co-occur .  I t  m a y b e tha t  ultimately ,  thi s result s i n 
rhythmic ,  harmoni c entrainmen t  bein g on e o f  th e basi c 
auditor y mechanisms .  Th e rhyth m o f  speec h probabl y 
result s fro m som e combinatio n o f  mechanica l  constraint s 
on th e dynamic s o f  th e voca l  trac t  combine d wit h percep -
tua l  constraint s o n th e oscillator y syste m tha t  recognize s 
spoke n language . 
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The postulatio n o f  segmenta l  o r  phonemi c unit s i n 
linguistic s implie s tha t  ther e i s som e degre e o f  cohesio n 
among th e articulation s tha t  compris e thes e segments .  Tha t 
is .  w e expec t  tha t  th e cohesio n amon g gesture s withi n 
segmenta l  unit s i s stronger ,  i n som e sense ,  tha n th e 
cohesio n amon g gesture s o f  differen t  segmenta l  units .  (Th e 
ter m gestur e i s use d her e t o denot e a  member  o f  a n 
equivalenc e clas s o f  articulator y movemen t  pattern s tha t  ar e 
activel y controlle d wit h referenc e t o a  give n speech-relevan t 
goal ,  e.g. ,  coordinate d movement s o f  th e lip s an d ja w t o 
produc e a  bilabia l  closur e fo r  a  /p/) .  However ,  th e natur e an d 
origi n o f  thi s intergestura l  "glue "  ar e issue s tha t  requir e 
empirica l  study .  I t  ha s bee n hypothesize d from a  dynamica l 
system s approac h tha t  intergestura l  cohesio n ca n b e 
accounte d fo r  b y couplin g structure s defme d amon g 
intrasegmenta l  gestura l  unit s (Saltzma n &  Munhali ,  1989) . 
I f  so ,  evidenc e o f  suc h couplin g shoul d b e experimentall y 
observable . 

We repor t  result s fro m a  serie s o f  phase-resettin g (e.g. , 
Winfree .  1980 )  studie s o f  speec h productio n indicatin g tha t 
intergestura l  tempora l  cohesio n i s greate r  withi n segment s 
tha n betwee n segments .  I n ou r  data ,  th e coordinate d gesture s 
ar e a  bilabia l  closin g an d a  laryngea l  devoicin g gestur e fo r  a 
singl e /p/ ,  a s compare d t o thos e fo r  /p/ s a t  th e beginning s o f 
successiv e syllables .  I n thes e studies ,  downward-directe d 
mechanica l  perturbation s ar e applie d t o th e lowe r  li p durin g 
th e repetitive ,  rhythmi c utteranc e /...paepaepae... /  an d th e 
nonsens e wor d "puh'saepaepple "  (e.g .  Saltzman ,  LOfqvist , 
K.-Shaw ,  Kay ,  &  Rubin ,  1995) . 

I n th e repetitiv e utterance ,  th e amoun t  o f  tempora l  shif t 
introduce d b y a  perturbatio n i s measured  relativ e t o th e 
timin g patter n tha t  existe d prio r  t o th e perturbation .  Thi s 
shif t  i s  measure d afte r  th e transient ,  perturbation-induce d 
distortion s t o th e rhyth m hav e subsided ,  an d th e syste m ha s 
returne d t o it s pre-perturbation ,  steady-stat e rhythm .  Th e 
findin g o f  a  post-perturbation ,  steady-stat e tempora l  shif t 
usin g thi s metho d support s th e hypothesi s tha t  ther e exist s 
a centra l  "clock "  tha t  drive s th e articulator y peripher y an d 
whose stat e i s altere d (phase-shifted )  b y feedbac k specifi c  t o 
event s a t  th e periphery .  Perturbation s tha t  induc e transien t 
tempora l  shifts ,  bu t  no t  steady-stat e shifts ,  d o no t  indicat e 
resettin g o f  th e centra l  clock .  A  further ,  crucia l  aspec t  o f  th e 
phase-resettin g paradig m i s that ,  acros s trials ,  perturbation s 
ar e delivere d s o a s t o sampl e al l  phase s o f  th e rhythm' s 
cycl e i n orde r  t o examin e th e variation ,  ove r  th e cours e o f 
th e cycle ,  i n th e sensitivit y  o f  th e centra l  cloc k t o periphera l 
events . 

Usin g thi s paradigm ,  w e showe d tha t  perturbation s 
delivere d durin g th e speec h sequenc e /...paepaepae.. 7 induc e 
systemati c steady-stat e shift s i n th e timin g betwee n th e 
bilabia l  closin g an d laryngea l  devoicin g gesture s for/p/ s a t 
th e beginning s o f  successiv e syllables ,  an d observe d smalle r 

steady-stat e shift s i n th e relativ e phasin g o f  thes e gesture s 
withi n th e /p/s .  Thus ,  thes e result s no t  onl y demonstrat e a 
resettin g o f  th e centra l  "clock "  fo r  thes e utterances ,  bu t  als o 
demonstrat e tha t  intergestura l  tempora l  cohesio n i s greate r 
withi n segment s tha n betwee n segments .  Tha t  is ,  th e 
individua l  tempora l  shift s o f  th e bilabia l  an d laryngea l 
gesture s ar e larg e compare d t o th e relativ e tempora l  shif t 
betwee n thes e gestures ,  an d th e lip s an d laryn x appea r  t o b e 
phase-advance d a s a  relativel y coheren t  unit .  Furthermore . 
suc h resettin g behavio r  occur s onl y whe n th e perturbatio n i s 
delivere d withi n a  "sensitiv e phase "  o f  th e cycle .  Durin g 
thi s period ,  th e downwardl y directe d lowe r  li p perturbatio n 
oppose s th e just-initiated ,  activel y controlle d bilabia l 
closin g gestur e fo r  /p/ .  Thus ,  th e sensitiv e perio d 
correspond s (roughly )  t o th e acceleratio n portio n o f  th e 
closin g gestur e (Kawato ,  persona l  communication) . 
Additionally ,  althoug h change s i n tempora l  structur e wer e 
foun d fo r  othe r  perturbe d phases ,  thes e change s wer e simpl y 
transien t  effects ,  an d d o no t  indicat e a  resettin g o f  th e 
centra l  "clock. "  Fmally ,  i n conjunctio n wit h th e repetitiv e 
utterance ,  i t  i s  importan t  t o analyz e a  cortespondin g 
nonrepetitiv e utteranc e tha t  contain s th e sam e targe t 
sequence .  B y comparin g th e transien t  change s i n speec h 
timin g induce d b y perturbation s fo r  th e repetitiv e an d 
nonsens e wor d utterances ,  w e conclud e tha t  th e behavior s 
observe d i n th e (relativel y unnatural )  rhythmi c sequence s 
and th e (mor e natural )  nonsens e wor d sequence s ar e 
governe d b y a  commo n se t  o f  dynamica l  principles . 

Thes e phase-resettin g result s impl y tha t  eac h gestur e i n a 
rhythmi c utteranc e i s governe d b y a  correspondin g 
oscillator y uni t  (o r  se t  o f  units) ,  an d tha t  durin g th e 
performanc e o f  a  give n sequenc e thes e oscillator s behav e a s 
functionall y coupled ,  nonlinear ,  limit-cycl e oscillators .  I n 
unperturbe d cases ,  th e observe d patter n o f  gestura l  activit y 
correspond s t o a n associate d patter n o f  synchronizatio n 
(entrainment )  an d relativ e phasin g amon g th e oscillator s tha t 
i s specifi c  t o th e utterance .  Whe n th e syste m i s perturbe d i n 
th e rhythm' s sensitiv e phase ,  th e entir e rhyth m i s phase -
advance d i n th e steady-stat e an d th e relativ e phasin g amon g 
gestura l  unit s i s altere d t o a  smalle r  degree .  Suc h steady -
stat e shift s o f  intergestura l  relativ e phasin g wil l  b e see n i f 
either :  a )  th e experimenta l  observatio n tim e (approximatel y 
20 syllables )  wa s shorte r  tha n th e relaxatio n tim e require d 
t o retur n t o th e system' s pre-perturbatio n relativ e phas e 
value ;  o r  b )  th e initiall y  observe d relativ e phasin g wa s 
simpl y on e valu e i n a  phas e windo w (Byrd ,  i n press )  o r 
interva l  o f  allowabl e relativ e phases . 

Thi s interpretatio n i s als o consisten t  wit h experiment s i n 
whic h discontinuou s transition s o f  intergestura l  phasin g 
accompanie d continuou s increase s i n speakin g rat e (e.g. , 
Kelso ,  Saltzman ,  &  Tuller ,  1986a ,  1986b ;  Tulle r  &  Kelso , 
1991) .  Specifically ,  whe n subject s spok e th e syllabl e /pi / 
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repetitivel y a t  increasin g rates ,  th e relativ e phasin g o f  th e 
bilabia l  an d laryngea l  gesture s associate d wit h th e /p /  di d 
not  chang e fro m th e patter n observe d a t  a  self-selected , 
comfortabl e rate .  However ,  whe n th e repeate d syllabl e Zip / 
was similarl y increase d i n rate ,  it s  relativ e phasin g patter n 
switche d relativel y abruptl y a t  a  critica l  speed—fro m tha t 
observe d fo r  a  self-selected ,  comfortabl e rat e t o th e patter n 
observe d fo r  th e /pi /  sequences .  Suc h intergestura l  phas e 
transition s ma y b e viewe d a s behavior s o f  a  syste m o f 
nonlinearl y coupled ,  limit-cycl e oscillator s tha t  bifurcat e 
fro m on e moda l  patter n tha t  become s unstabl e wit h 
increasin g rat e t o anothe r  moda l  patter n tha t  retain s it s 
stabilit y  (e.g. ,  Haken ,  Kelso .  &  Bunz ,  1985) . 
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Thi s symposiu m focuse d o n th e rol e t o b e playe d b y notion s 
of  modularit y  i n th e fiel d o f  cognitiv e science .  Modularit y 
has exhibite d severa l  differen t  constnial s i n variou s area s 
withi n th e cognitiv e an d neura l  sciences .  I t  ha s bee n applie d 
i n languag e researc h a s a  stric t  encapsulatio n o f  informatio n 
(Forster ,  1979) .  I t  ha s bee n employe d i n definin g th e initia l 
stage s o f  a  fuzz y logica l  mode l  o f  informatio n integratio n 
(Massaro ,  1989) .  I t  ha s bee n spli t  int o notion s o f 
representationa l  versu s processin g modularit y (Tanenhaus , 
Del l  &  Carlson ,  1987) .  I t  ha s bee n use d t o partiall y 
constrai n interactiv e connectionis t  network s (Jacobs ,  Jorda n 
& Barto ,  1991) .  I t  ha s bee n loosel y accepte d i n visua l 
neuroscienc e a s a  catch-phras e fo r  brai n structure s tha t  ar e 
mostl y specialize d fo r  certai n subdomain s o f  informatio n 
(Lennie ,  1996) .  And ,  finally ,  i t  ha s bee n criticize d entirel y 
as encouragin g oversimplified ,  an d sometime s misleading , 
"descriptiv e conveniences "  (McClelland ,  i n press) . 

Thi s symposiu m brough t  togethe r  proponent s o f  th e 
disparat e perspective s o n thi s issu e (a s wel l  a s thos e w h o 
wal k th e fenc e betwee n thes e extremes )  i n hope s o f  makin g 
progres s towar d a  mor e unifie d vie w o f  1 )  th e definitio n o f 
modularity ,  an d 2 )  it s accoun t  o f  cognitiv e an d perceptua l 
phenomena .  T o ensur e applicabilit y  t o a  wid e audience ,  a n 
emphasi s wa s place d o n genera l  theoretica l  accounts . 

Questions Addressed in this Symposium 

•  H o w doe s modularit y constrai n scientifi c  inquiry ? 

*  Wha t  i s th e differenc e betwee n enc^sulatio n an d 
speciaUzation ? 

*  Shoul d w e thin k abou t  modularit y differentl y fo r 
cognitio n tha n fo r  perception ? 

•  Ar e non-modula r  system s intractable ? 

*  Wha t  aspect s o f  th e modularit y hypothesi s hav e 
withstoo d empirica l  study ? 

*  Shoul d we ,  an d i f  s o h o w woul d we ,  redefln e modularity ? 

The Continuum of Modularity 
I n 1983 ,  Fodo r  offere d persuasiv e (thoug h no t 
demonstrative )  argument s tha t  th e remaricabl e spee d wit h 
whic h linguisti c an d perceptua l  processin g occu r  necessitate s 
thei r  possessin g a t  leas t  thre e essentia l  properties :  domai n 
specificity ,  mandatoriness ,  an d informatio n encapsulation . 

K a t h l e e n E b e r h a r d 
Departmen t  o f  Psycholog y 

Notr e D a m e Universit y 
Notr e D a m e ,  I N 4655 6 
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According to Fodor, these properties distinguish the rapid 
processin g i n thes e specialize d "modular "  system s from  th e 
typicall y slowe r  an d rathe r  amorphou s processin g o f  genera l 
cognition ,  whic h integrate s th e modules '  output s t o achiev e 
th e individual' s  goals .  I n th e 1980s ,  thi s vie w o f  th e 
mind^rai n wa s clearl y antithetica l  t o th e emergin g 
interactive ,  connectionis t  view .  Wherea s modularit y 
considere d th e integratio n o f  multipl e source s o f  informatio n 
t o b e incompatibl e wit h rapi d processing ,  th e interactiv e 
vie w sa w integratio n a s primaril y responsibl e fo r  it . 

I n recen t  years ,  however ,  th e theoretica l  distinction s 
betwee n modularit y an d interactionis m hav e b e c o m e 
increasingl y vagu e an d indeterminat e (cf .  Bolan d &  Cutler , 
1996 ;  Karmiloff-Smith ,  1992) .  Thi s i s  becaus e 
technologica l  advance s hav e provide d mor e precis e an d 
informativ e measure s (e.g. ,  eye-movemen t  monitoring , 
neuroimaging ,  etc. )  fo r  tesrin g th e views '  contrastin g 
predictions .  Thi s ha s le d t o bot h modula r  an d interactiv e 
model s becomin g mor e explici t  i n thei r  architectura l 
assumptions ,  an d a s a  consequence ,  thei r  difference s ar e n o w 
divers e an d ofte n subtle .  I n particular ,  whil e a  numbe r  o f 
differen t  dimension s ar e considere d t o instantiat e modularity , 
n o singl e dimensio n i s definitive .  Moreover ,  th e particula r 
valu e o n a  dimensio n tha t  i s use d t o typif y modularit y ca n 
diffe r  fro m on e researc h domai n t o another .  Fo r  example , 
"modular "  model s o f  visio n ten d t o proces s informatio n vi a 
paralle l  pathways ,  wherea s "modular "  model s o f  languag e 
ten d t o proces s informatio n i n seria l  stages . 

At  leas t  thre e othe r  dimension s ar e relevan t  fo r 
distinguishin g betwee n modularit y an d interactionis m (se e 
Figur e 1) .  Lik e parallel-serial ,  bidirectional-unidirectiona l 
relate s t o processin g assumptions .  Model s tha t  assum e 
suictl y feedforwar d informatio n flo w ar e typicall y classifie d 
as modular ,  whil e thos e tha t  permi t  bidirectiona l  flo w 
(recurrence )  ar e ofte n classifie d a s interactive .  Th e othe r  tw o 
dimension s relat e primaril y t o representationa l  assumptions . 
Model s employin g symboli c representation s ar e mor e likel y 
t o b e considere d modula r  tha n model s employin g distribute d 
representations .  An d model s tha t  assum e binar y activatio n 
vsilue s (singl e representationa l  output )  ar e frequentl y viewe d 
as modular ,  wherea s thos e tha t  assum e probabilisti c 
activation s (multipl e representationa l  output )  ar e typicall y 
viewe d a s interactive . 

Figur e 1  depict s thes e dimension s a s a  four-dimensiona l 
space ,  an d modularit y i s conceptualize d a s a  continuu m 
(represente d b y th e dashe d diagonal )  tha t  extend s throug h th e 
cente r  o f  thi s space .  W h e n a  mode l  i s specifie d i n enoug h 
detai l  t o b e associate d wit h a  regio n i n thi s space ,  tha t 
region' s projectio n ont o th e continuu m o f  modularit y 
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paralle l seria l 

Figur e 1 :  4- D modularit y space ,  i n whic h variou s 
model s loo k mor e modula r  o r  les s modula r  tha n 
on e another ,  bu t  i n whic h a  tru e dichotom y o t 
"interactiv e o r  modular "  doe s no t  exist .  Th e dashe d 
lin e represent s th e continuu m o f  modularity . 

indicates the degree to which the model is modular. Thus, 
accordin g t o thi s conceptualization ,  modularit y i s  no t  a n all -
or-non e featur e o f  huma n informatio n processin g systems . 

I t  seem s tha t  muc h o f  th e debat e (bot h withi n an d acros s 
domains )  ove r  th e modularit y o f  th e mind/brai n stem s fro m 
difference s i n whic h dimension s i n thi s 4- D spac e ar e 
emphasized .  Fo r  example ,  on e migh t  implicitl y  accep t  a 
model  wit h seria l  stage s (e.g. ,  a  stag e i n whic h 
representation s ar e accessed ,  an d ambiguit y arises ,  followe d 
by a  stag e i n whic h on e i s selected ,  an d ambiguit y i s 
resolved )  an d strictl y feedforwar d processin g (i.e. ,  constraint s 
tha t  affec t  a  late r  stag e lik e selectio n canno t  affec t  a n earlie r 
stag e lik e access )  (Bolan d &  Cutler ,  1996) .  Whil e thes e 

feature s giv e th e appearanc e o f  complet e modularity ,  i f  th e 
model  incorporate s a n interactiv e featur e (suc h a s 
probabilisti c  representations ,  o r  multiple-output) ,  the n i t 
wil l  no t  b e categoricall y "modular. " 

Clearly ,  bot h perceptua l  an d linguisti c processin g ar e 
rapi d an d ofte n mandatory .  And ,  consisten t  wit h 
modularity' s requiremen t  o f  domai n specificity ,  ther e i s 
evidenc e tha t  th e underlyin g cortica l  structure s exhibi t  som e 
degre e o f  independenc e (e.g. ,  Shallice ,  1988) .  However , 
contrar y t o modularity' s requiremen t  o f  informatio n 
encapsulation ,  ther e i s compellin g evidenc e fo r  recurren t 
connection s betwee n cortica l  structure s (e.g. ,  Sejnowsk i  & 
Churchland ,  1989 )  a s wel l  a s fo r  th e computatio n o f  vastl y 
distribute d representation s o r  "populatio n codes "  (e.g. , 
(jeorgopoulos ,  Taira ,  &  Lukashin ,  1993) .  Thus ,  th e mos t 
accurat e vie w o f  th e mind/brai n probabl y lie s o n th e middl e 
groun d o f  modularit y an d interactionism . 

The Future 
Redefinin g modularit y a s a  continuu m radicall y affect s it s 
fundamenta l  tenets .  B y allowin g it s characteristic s t o b e 
grade d rathe r  tha n absolute ,  it s  abilit y  t o "constrai n scientifi c 
inquiry "  i s severel y compromised .  Moreover ,  a s model s 
become mor e recurren t  an d les s unidirectional ,  the y blu r  th e 

distinctio n betwee n perceptio n an d cognitio n (an d action) . 
Conversely ,  a s model s approac h th e extrem e i n 
interactionism ,  incorporatin g richl y distribute d 
representation s an d nonlinea r  tempora l  dynamics ,  the y ca n 
become opaqu e an d unfalsifiable .  Thus ,  th e challeng e fo r 
th e Continuu m vie w i s t o construc t  explici t  model s tha t 
generat e testable ,  coheren t  predictions . 

O ne importan t  advantag e o f  th e Continuu m vie w i s 
that ,  contrar y t o Fodor' s (1983 )  claims ,  genera l  cognitio n i s 
withi n th e real m o f  scientifi c  investigation .  Thi s i s 
importan t  becaus e th e vas t  majorit y o f  behaviora l  measure s 
i n cognitiv e scienc e necessaril y  reflec t  th e operatio n o f 
genera l  cognition .  Thus ,  ironically ,  i f  modula r  inpu t 
system s ar e viewe d a s completel y encapsulated ,  the y ar e th e 
menta l  construct s tha t  ar e les s amenabl e t o scientifi c  stud y 
(barrin g th e us e o f  neurophysiologica l  techniques) . 
Furthermore,  becaus e modularit y consider s subjects '  goal s 
and expectation s a s contaminatin g th e measuremen t  o f 
modula r  processes ,  i t  encourage s studyin g th e processe s i n 
highl y decontextualize d situations .  A s a  result ,  subjects ' 
goal s ar e ofte n uncontrolled ,  thu s introducin g substantia l 
variabilit y  i n th e data .  I n contrast ,  th e Continuu m vie w 
consider s subjects '  goal s a s crucia l  factor s tha t  affec t 
processin g efficiency .  Becaus e thes e effect s can ,  an d should , 
be directl y measured ,  thi s vie w encourage s highl y 
contextualize d experimenta l  situation s tha t  creat e well -
define d behaviora l  goals .  Thus ,  th e Continuu m vie w set s a 
ne w and ,  w e believe ,  mor e fruitfu l  agend a fo r  futur e research. 
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The ide a tha t  th e huma n cognitiv e syste m migh t  consis t 
of  a  collectio n o f  reflexive ,  autonomous ,  encapsulate d 
module s servin g a  general-purpose ,  open-ende d 'centra l 
module '  wa s m a d e popula r  b y Fodo r  i n hi s book ,  'Th e 
modularit y o f  mind' ,  l i e evidenc e fo r  thi s vie w consiste d 
of  putativ e case s o f  so-calle d autonomou s processing , 
particularl y i n lexica l  acces s an d syntacti c parsing .  Th e 
evidenc e fo r  thi s autonom y ha s no t  hel d up ,  an d ther e i s 
no w a  wid e rang e o f  theor y an d dat a explorin g th e way s i n 
whic h multipl e source s o f  informatio n ca n b e 
simultaneousl y exploite d fo r  suc h purpose s a s 
segmentatio n o f  visua l  scene s int o objects ,  recognitio n o f 
phonemes ,  letters ,  an d words ,  an d assignmen t  o f  structura l 
relation s amon g constituent s o f  sentences . 

Yet  i t  woul d b e absur d t o suppos e tha t  ther e i s n o 
organizatio n t o th e cognitiv e system .  Th e separatio n o f 
th e primar y cortice s int o visual ,  somatosensory-motor , 
auditory ,  an d gustatory/olfactor y cortices ;  th e furthe r 
subdivisio n o f  th e visua l  syste m int o th e dorsa l  an d 
ventra l  streams ;  an d th e fragmentatio n o f  memory , 
language ,  an d readin g followin g circumscribe d lesion s t o 
th e brai n al l  sugges t  tha t  th e cognitiv e syste m i s certainl y 
not  'on e hug e undifferentiate d mas s o f  connectoplasm' . 

T wo o f  th e challenges ,  then ,  tha t  fac e cognitiv e 
scienc e an d cognitiv e neuroscienc e toda y ar e th e dua l 
challenge s o f  determinin g (1 )  h o w integratio n occur s 
withi n suc h a  highl y structure d system ,  an d (2 )  w h y a 
syste m tha t  i s s o integrativ e ha s suc h a  hig h degre e o f 
organization . 

The tal k wil l  conside r  wha t  ligh t  ca n b e she d o n thes e 
matter s b y considerin g optima l  Bayesia n approache s t o th e 
constructio n o f  interpretation s o f  inputs ,  give n th e 
propertie s tha t  gover n thei r  structure .  I t  wil l  tur n ou t  tha t 
fo r  som e cases ,  a t  least ,  optima l  organizatio n wil l  impl y a 
certai n kin d o f  functiona l  organization ;  th e resultin g 
physica l  organizatio n ca n the n b e understoo d a s reflectin g 
a wa y o f  realizin g th e functiona l  organizatio n wit h th e 
m i n i m u m allocatio n o f  hardwar e (specificall y wirin g i n 
th e for m o f  axona l  projection s tha t  carr y informatio n fro m 
on e plac e t o anothe r  i n th e brain) . 
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The visua l  syste m ha s a  paralle l  organization ,  eviden t  a t 
ever y stag e o f  signa l  transmissio n fro m th e retin a 
onwards .  Th e paralle l  pathway s tha t  originat e i n th e retin a 
remai n distinc t  unti l  the y reac h primar y visua l  cortex , 
wher e thei r  separat e identitie s ar e submerge d i n a  n e w 
syste m o f  parallel ,  bu t  interconnected ,  pathway s tha t 
contai n a  hierarch y o f  modules . 

Althoug h th e genera l  benefit s o f  paralle l  an d 
hierarchica l  organizatio n i n th e visua l  syste m ar e easil y 
understood ,  i t  ha s no t  bee n eas y t o discer n th e functio n o f 
th e modules .  A  widel y hel d vie w i s tha t  i n extraslriat e 
corte x th e differen t  visua l  module s analyz e differen t 
fundamenta l  dimension s o f  variatio n i n th e imag e (cortica l 
area s V 4 an d M T bein g notabl e examples ,  associate d wit h 
th e analysi s o f  colo r  an d movement ,  respectively) ,  wit h 
th e outcome s o f  thes e analyse s bein g late r  brough t 
togethe r  t o provid e a  coheren t  an d comprehensiv e 
representatio n o f  th e visua l  world .  Thi s genera l 
conceptio n leave s unanswere d suc h question s a s w h y d o 
we nee d s o m a n y visua l  modules ;  wha t  i s don e a t  eac h 
leve l  i n th e hierarchy ;  h o w ar e th e outcome s o f  th e 
differen t  analyse s brough t  together ? 

I  shal l  argu e tha t  th e visua l  syste m doe s no t  wor k i n 
th e wa y outline d above .  Rathe r  tha n undertakin g multipl e 
relativel y independen t  analyse s o f  th e imag e fro m whic h i t 
assemble s a  unifie d representatio n tha t  ca n b e interrogate d 
abou t  th e wha t  an d wher e o f  th e world ,  corte x i s organize d 
so tha t  perceptuall y relevan t  informatio n ca n b e recovere d 
at  ever y leve l  i n th e hierarchy ,  tha t  informatio n use d fo r 
decision s a t  on e leve l  i s  no t  passe d o n t o th e nex t  level , 
and ,  wit h on e rathe r  specia l  exception ,  throug h al l  stage s 
of  analysi s al l  dimension s alon g whic h th e imag e i s 
analyze d remai n intimatel y couple d i n a  retinotopi c map . 
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I n t r o d u c t i o n 

Historically ,  theorist s tha t  hav e highlighte d th e impor -
tanc e o f  modula r  propertie s o f  cognitiv e processin g hav e 
tende d t o sugges t  tha t  th e functions ,  representations , 
and procedure s o f  cognitiv e module s ar e innatel y speci -
fied  (e.g. ,  Fodor ,  1983) .  B y doin g so ,  thes e researcher s 
de-emphasiz e th e importanc e o f  cognitiv e developmen t 
and experience-dependen t  adaptation .  Th e convers e sit -
uatio n als o appear s t o hold ;  theorist s tha t  hav e stresse d 
th e ubiquit y o f  experience-dependen t  adaptation  hav e 
tende d t o ignor e o r  minimiz e th e importanc e o f  modula r 
aspect s o f  cognitio n (e.g. ,  Piaget ,  1955) .  Thus ,  modu -
larit y an d experience-dependen t  plasticit y ar e ofte n see n 
as incompatible . 

Recently ,  th e vie w tha t  modularit y an d plasticit y ar e 
incompatibl e ha s bee n questione d [e.g. ,  Karmiloff-Smit h 
(1992)] .  I n particular ,  severa l  researcher s hav e recentl y 
propose d computationa l  system s tha t  ar e modula r  learn -
in g devices .  T o understan d th e benefit s o f  incorporatin g 
modularit y int o a  learner ,  i t  i s  usefu l  t o distinguis h be -
twee n divergen t  computatio n an d convergen t  computa -
tio n (Jorda n an d Jacobs ,  1992) .  Divergen t  computatio n 
involve s takin g dat a fro m a  singl e sourc e an d perform -
in g differen t  computation s o n it .  Thi s i s usefu l  when -
ever  a n anima l  ha s multipl e goal s an d mus t  utiliz e th e 
dat a differentl y dependin g o n th e goal .  Fo r  a  learner ,  i t 
i s  ofte n advantageou s t o us e differen t  module s t o lear n 
differen t  computation s becaus e adaptation s tha t  occu r 
when learnin g t o satisf y som e goa l  ar e decouple d fro m 
adaptation s tha t  ar e neede d t o reac h othe r  (presumabl y 
different )  goals .  Convergen t  computatio n involve s takin g 
dat a i n differen t  channel s o r  format s (suc h a s differen t 
sensor y modalities )  an d integratin g the m int o a  c o m m o n 
channe l  o r  format .  A  learne r  attemptin g t o discove r  th e 
structur e o f  it s  environmen t  m a y benefi t  fro m correlatin g 
th e output s o f  distinc t  sensor y module s tha t  eac h proces s 
dat a fro m a  differen t  modality .  I n thi s way ,  structur e ca n 
be foun d tha t  i s no t  presen t  (o r  no t  easil y detected )  i n 
th e dat a fro m a  singl e modality . 

Thi s abstrac t  briefl y review s tw o recentl y propose d 
modula r  learnin g devices ,  on e base d o n divergen t  com -
putatio n an d th e othe r  o n convergen t  computation . 

Mixtures-of-Experts Architecture 

The first  devic e i s referre d t o m a  "mixtures-of-experts " 
( M E)  architectur e an d i t  wa s originall y propose d b y Ja -
cobs ,  Jordan ,  Nowlan ,  an d Hinto n (1991) .  Th e archi -
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Networ k 

Exper t 
Networ k 1 

• 
• 

Exper t 

Networ k n 

«„ 
9, 

V, 
•  •  • 

"n 

Figur e 1 :  Mixtures-of-Expert s Architectur e 

tectur e i s intende d a s a n instantiatio n o f  th e ide a tha t 
competitio n ca n lea d t o functiona l  specialization .  Anal -
ogou s t o Darwinia n evolutionar y processes ,  module s o f 
th e architectur e compet e fo r  th e righ t  t o lear n t o per -
for m a  se t  o f  tasks .  D u e t o th e competition ,  module s 
specialize ;  tha t  is ,  module s tha t  ar e initiall y  functional -
l y undifferentiate d lear n ove r  tim e t o perfor m differen t 
tasks .  Mor e specifically ,  a n M E architectur e i s a  modula r 
syste m tha t  learn s tas k decomposition s i n th e sens e tha t 
i t  use s differen t  connectionis t  network s t o lear n input -
outpu t  trainin g pattern s fro m differen t  region s o f  th e 
inpu t  spac e (i.e .  th e spac e o f  al l  possibl e inputs) .  A s a 
resul t  o f  th e competition ,  differen t  network s lear n dif -
feren t  trainin g pattern s and ,  thus ,  lear n t o comput e dif -
feren t  functions .  T h e architectur e consist s o f  tw o type s 
of  networks :  exper t  network s an d a  gatin g networ k (se e 
Figur e 1) .  Th e exper t  network s compet e t o lear n th e 
trainin g patterns .  Fo r  eac h trainin g pattern ,  feedbac k 
informatio n i s distribute d t o th e expert s o n th e basi s 
of  thei r  relativ e performance ;  a  networ k whos e respons e 
most  closel y matche s th e desire d respons e (i.e .  th e win -
ner  o f  th e competition )  receive s lot s o f  feedbac k informa -
tio n wherea s othe r  network s receiv e n o o r  littl e feedback . 
Th e gatin g networ k weight s th e output s o f  th e expert s 
so that ,  fo r  eac h inpu t  pattern ,  th e exper t  tha t  i s  mos t 
likel y t o produc e th e correc t  respons e i s weighte d mor e 
heavil y tha n th e othe r  experts . 

A n interestin g featur e o f  th e mixtures-of-expert s 
framewor k i s th e role s i t  assign s t o natur e an d nurtur e 
i n th e acquisitio n o f  functiona l  specializations .  Th e M E 
architectur e tend s t o allocat e t o eac h tas k a n exper t 
networ k whos e structur e i s  well-matche d t o tha t  task . 
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Structura l  propertie s o f  a  network ,  suc h a s it s  topolo -
gy,  receptiv e field  characteristics ,  o r  patter n o f  connec -
tivity ,  bia s a  networ k s o a s t o mak e i t  a  particularl y 
goo d learne r  fo r  som e task s bu t  a  poo r  learne r  fo r  othe r 
tasks .  W h e n exper t  network s wit h differen t  structura l 
propertie s compet e t o lear n th e trainin g patterns ,  eac h 
networ k tend s t o wi n th e competitio n fo r  thos e pattern s 
belongin g t o th e tas k fo r  whic h it s structur e make s i t  a 
goo d learner .  Consequently ,  th e architectur e i s capabl e 
of  discoverin g structure-functio n relationships .  Th e per -
formanc e o f  th e architectur e i s consisten t  wit h th e theo -
r y tha t  geneti c instruction s d o no t  necessaril y  stipulat e 
directl y th e functio n t o b e performe d b y eac h brai n re -
gion .  Instead ,  geneti c instruction s ma y assig n differen t 
structura l  propertie s t o differen t  regions .  Thes e struc -
turall y differen t  region s ma y then ,  du e t o thei r  perfor -
mance characteristics ,  tak e o n particula r  function s fo r 
whic h the y ar e well-suite d (cf .  Beve r  (1980 )  an d Kossly n 
(1987 )  fo r  relate d processin g account s o f  cerebra l  later -
alization) .  Simulatio n result s usin g th e M E architecture , 
as wel l  a s description s o f  othe r  relate d architectures ,  ca n 
be foun d i n Jacob s an d Jorda n (1993) ,  Jorda n an d Ja -
cob s (1994) ,  Jacob s an d Kossly n (1994) ,  an d Peng ,  Ja -
cobs ,  an d Tanne r  (1996) . 

IMAX Learning Architecture 

The I M A X learnin g architectur e i s a  syste m tha t  use s 
convergen t  computatio n an d i t  wa s propose d b y Becke r 
and Hinto n (1992) .  Th e module s o f  thi s architectur e re -
ceiv e dat a fro m differen t  modalitie s (suc h a s visio n an d 
touch )  o r  fro m th e sam e modalit y a t  differen t  time s (suc h 
as consecutiv e view s o f  a  rotatin g object )  o r  eve n spatial -
l y  adjacen t  part s o f  th e sam e visua l  image .  I t  i s  assume d 
tha t  differen t  portion s o f  th e perceptua l  inpu t  hav e com -
m on cause s i n th e externa l  world .  Module s tha t  loo k a t 
separat e bu t  relate d portion s ca n discove r  thes e com -
m on cause s b y strivin g t o produc e output s tha t  agre e 
wit h eac h other .  I n particular ,  module s adjus t  thei r  pa -
rameter s s o a s t o maximiz e th e mutua l  informatio n a -
mong thei r  outputs .  Thi s occur s whe n th e outpu t  o f 
eac h modul e ca n b e use d t o predic t  th e output s o f  th e 
othe r  module s (se e Figur e 2) .  A n interestin g featur e o f 
thi s architectur e i s tha t  it s  learnin g procedur e i s entirel y 
unsupervised ;  ther e i s n o externa l  teache r  tha t  provide s 
th e architectur e wit h trainin g information .  Instead ,  eac h 
modul e act s a s a  teache r  fo r  eac h o f  th e othe r  module s i n 
th e sens e tha t  eac h modul e compare s it s outpu t  wit h th e 
output s o f  th e othe r  modules .  Becke r  an d Hinto n (1992 ) 
showed tha t  whe n tw o module s vie w adjacen t  patche s o f 
two-dimensiona l  visua l  images ,  a n architectur e tha t  ha s 
no prio r  knowledg e o f  th e thir d dimensio n ca n discove r 
dept h i n rando m do t  stereogram s o f  curve d surfaces . 
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Th e framewor k o f  a  Fuzz y Logica l  Mode l  o f 
Perceptio n ( F L M P )  ha s guide d ou r  researc h an d als o help s 
clarif y th e modularit y issue .  Th e result s fro m a  wid e 
variet y o f  experiment s hav e bee n describe d withi n th e 
framewor k o f  th e F L M P .  Withi n thi s framework ,  patter n 
recognitio n i s guide d b y multipl e source s o f  informatio n 
tha t  th e perceive r  evaluate s an d integrate s t o achiev e 
perceptua l  recognition .  Accordin g t o th e F L M P ,  well -
leame d pattern s ar e recognize d i n accordanc e wit h a  genera l 
algorithm ,  regardles s o f  th e modalit y o r  particula r  natur e 
of  th e patterns .  I t  i s  assume d tha t  pattern s ar e processe d 
throug h a  sequenc e o f  processin g stages :  evaluation , 
integration ,  an d decision .  Continuously-value d feature s ar e 
evaluated ,  integrated ,  an d matche d agains t  prototyp e 
description s i n memory ,  an d a n identificatio n decisio n i s 
made o n th e basi s o f  th e relativ e goodnes s o f  matc h o f  th e 
stimulu s informatio n wit h th e relevan t  prototyp e 
descriptions . 

The mode l  allow s a n importan t  distinctio n t o b e mad e 
betwee n informatio n an d informatio n processing . 
Informatio n refer s t o interfac e betwee n th e attribute s an d 
characteristic s o f  th e stimulu s worl d an d th e participant' s 
memory,  servin g a s functiona l  input s t o th e evaluatio n 
operatio n i n th e F L M P .  Informatio n processin g refer s t o 
th e algorith m describin g h o w thi s informatio n i s 
processed .  Informatio n processin g correspond s t o th e 
algorithmi c natur e o f  th e evaluation ,  integration ,  an d 
decisio n operation s rathe r  tha n th e actua l  informatio n tha t 
i s  bein g operate d on .  Informatio n i s clearl y differen t  acros s 
differen t  domain s suc h a s objec t  recognitio n an d speec h 
perception ,  bu t  th e informatio n processin g migh t  follo w 
th e sam e algorith m acros s thes e differen t  domains .  I f  w e 
must  us e th e ter m modularity ,  ther e i s n o questio n o f 
modularit y o f  informatio n acros s differen t  domains .  O n th e 
othe r  hand ,  ther e i s convincin g evidenc e tha t  informatio n 
processin g i s highl y similar ,  i f  no t  identical ,  acros s th e 
differen t  domains . 

Patter n recognitio n i s usuall y studie d i n a n expande d 
factoria l  design .  Thi s desig n ha s bee n use d t o stud y bot h 
speec h perceptio n b y ea r  an d b y ey e an d affec t  perceptio n 
as conveye d b y bot h th e fac e an d th e voice .  A s a n 
example ,  a n animate d talkin g hea d wa s use d t o combin e 
eac h o f  th e fou r  auditor y syllable s wit h eac h o f  th e fou r 
visibl e syllable s i n a  speec h identificatio n tas k (Cohe n & 
Massaro ,  1993) .  I n addition ,  eac h o f  th e syllable s i s 

presente d unimodally .  Mos t  importantly ,  w e ar e abl e t o 
contro l  an d manipulat e th e audibl e an d visibl e speec h 
independentl y o f  on e another .  Thi s i s importan t  becaus e a 
necessar y ingredien t  o f  scientifi c  inquir y i s t o pul l  apar t 
severa l  variable s tha t  ar e normall y confounde d i n th e 
natura l  world .  Th e goa l  o f  thi s typ e o f  stud y i s t o 
determin e h o w th e separat e source s o f  informatio n ar e 
processe d togethe r  t o achiev e perception .  Th e expande d 
factoria l  desig n als o provide s a  stron g tes t  o f  quantitativ e 
model s becaus e eac h candidat e mode l  mus t  describ e th e 
relationshi p betwee n unimoda l  an d bimoda l  performance . 
Mo r e generally ,  th e goa l  i s t o determin e a  theoretica l 
descriptio n tha t  ca n describ e o r  explai n th e perframanc e o n 
th e bimoda l  condition s a s a  functio n o f  performanc e o n tiie 
unimoda l  conditions . 

Our  studie s o f  facia l  affec t  ar e exactl y paralle l  t o ou r 
speec h perceptio n studies .  I n face-to-fac e conununication , 
perceivin g speec h doe s no t  necessaril y  correspon d t o jus t 
Ui e sound ,  bu t  someho w emerge s fro m th e soun d an d sigh t 
of  di e face ,  respectively .  W e as k whetiie r  di e sam e i s tru e 
of  judgment s o f  affect .  I n som e experiments ,  ou r  talkin g 
hea d wa s programme d t o sa y th e wor d "please "  unde r 
h^py ,  angry ,  surprise ,  an d fea r  affects .  Usin g a n expande d 
factoria l  design ,  th e fou r  affect s wer e presente d auditorily , 
visually ,  an d bimodally . 

Fodor' s origina l  clai m o f  modularit y wa s Uia t  th e 
natur e o f  th e informatio n processin g woul d necessaril y 
diffe r  acros s thes e differen t  inpu t  systems .  (Massar o & 
C o w a n,  1993) .  I n contrast ,  th e result s o f  thes e 
experiment s an d a  variet y o f  other s indicat e tha t  speec h 
perceptio n an d affec t  recognitio n follo w th e sam e 
algoriUim .  Th e quantitativ e judgment s ar e well-describe d 
by th e F L M P .  W e tak e thi s resul t  a s suppor t  fo r  th e 
genera l  framewor k o f  th e F L M P an d a s evidenc e agains t 
modularity . 

I n a n analogou s lin e o f  research ,  w e hav e studie d th e 
influenc e o f  bottom-u p an d top-dow n source s o f 
informatio n i n languag e processin g (Massaro ,  1994 ; 
Massar o &  Oden ,  1995) .  O n c e again ,  experiment s 
independentl y manipulatin g thes e tw o source s o f 
informatio n ar e highl y informative .  Th e mode l  test s hav e 
establishe d tha t  perceiver s integrat e top-dow n an d bottom -
up informatio n i n languag e processing .  Thi s resul t  mean s 
tha t  sensor y informatio n an d contex t  ar e integrate d i n th e 
same manne r  a s severa l  source s o f  bottom-u p infwmation . 
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The natur e o f  thi s integratio n proces s i s als o accuratel y 
describe d b y th e F L M P .  Man y investigator s operat e a s i f 
interactiv e activatio n i s th e onl y viabl e alternativ e t o 
modula r  o r  autonomou s models .  However ,  th e F L M P 
allow s integratio n whil e maintainin g independenc e amon g 
th e source s (a t  th e evaluatio n stage) .  Thus ,  th e F L M P an d 
it s correspondin g theoretica l  framewor k offer s a  viabl e 
solutio n tha t  combine s importan t  feature s o f  bot h th e 
modula r  an d interactiv e activatio n frameworks . 
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Ten year s ago ,  everyon e i n cognitiv e scienc e ha d a n 
opinio n o n modularity .  Thi s wa s particularl y tru e fo r 
thos e workin g o n language ,  wher e wha t  Bolan d an d Cutle r 
(1996 )  cal l  th e "Grea t  Divide "  i n psycholinguisti c theor y 
separate d autonomou s fro m interactiv e models .  I  a m sur e 
tha t  mos t  participant s i n thi s symposiu m wil l  agre e tha t 
thi s Divide  i s no t  a s forbiddin g a s i t  wa s i n th e pionee r 
day s o f  cognitiv e science .  Indeed ,  man y o f  u s no w hav e n o 
ide a wha t  sid e o f  th e debat e w e ar e on . 

The evolutio n fro m a  Grea t  Divide  t o a  friendl y pane l 
discussio n a t  th e Cognitiv e Scienc e Societ y Meetin g i s 
due ,  i n larg e part ,  t o th e developmen t  o f  explici t  models . 
Thes e models—an d her e I  hav e particularl y i n min d 
connectionis t  model s o f  wor d an d sentenc e comprehensio n 
and production-hav e strippe d awa y th e rhetori c an d 
allowe d u s t o se e th e actua l  operation s o f  "modular "  an d 
"interactive "  accounts .  Sometime s w e find  ou t  tha t  th e 
difference s betwee n suc h account s ar e quit e subtle ,  fo r 
example ,  whethe r  o r  no t  ther e i s a  hypothesize d se t  o f 
excitator y connection s fro m a  wor d laye r  t o a  phonem e 
layer . 

The kind s o f  model s tha t  I  hav e foun d mos t  u.sefu l 
hav e th e characteristic s o f  bein g globall y modula r  an d 
locall y interactive .  Ther e ar e processin g levels ,  fo r 
example ,  word s ar e associate d wit h a  semantic s an d wit h 
phonologica l  forms .  Often ,  ther e i s th e nee d fo r  a 
processin g leve l  simpl y becaus e o f  th e natur e o f  th e 
require d mapping .  Fo r  example ,  becaus e th e mappin g 
betwee n th e semanti c representatio n o f  a  wor d an d it s 
phonologica l  for m i s no t  linearl y separable ,  a n 
intermediat e "word "  leve l  betwee n meanin g an d for m i s 
needed .  Processin g i s interactiv e i n th e sens e tha t  adjacen t 
level s influenc e on e anothe r  throug h feedbac k an d 
feedforward .  However ,  thi s interactio n i s limited .  Onl y a 
fe w level s wil l  participat e i n a n attracto r  state ,  th e activ e 
level s bein g determine d b y th e tas k bein g performed .  Fo r 
example ,  whe n w e ar e jus t  abou t  t o sa y a  particula r  word , 
onl y level s relate d t o it s for m ar e active ;  ther e i s n o 
interactiv e influenc e fro m meanin g a t  thi s lat e stag e i n 
processing . 

O ne final  point :  I t  isn' t  to o difficul t  t o tal k abou t 
modularity-relate d issue s i n languag e processin g whe n 
dealin g wit h lexica l  processing-ww d recognitio n an d wor d 
production .  Sentenc e processin g i s anothe r  story .  I t  ha s 
bee n m y experienc e a s a  consume r  (an d some-tim e 
producer )  o f  empirica l  findings  i n sentenc e comprehensio n 
tha t  i t  i s  har d t o ge t  an y result s tha t  ar e recognize d a s 
definitive .  Th e proble m i s simpl y tha t  w e don' t  hav e 
sentenc e processin g model s tha t  ar e a s explici t  a s th e 
lexica l  models .  Unti l  w e do ,  w e wil l  continu e t o hav e 
troubl e relatin g dat a t o theory . 
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Historically ,  th e psychologica l  investigatio n o f  learnin g an d 
cognitio n ha s followe d a  common pattern .  Initially , 
content-free ,  domain-genera l  mechanism s ar e posite d t o 
explai n a  particula r  phenomenon .  Subsequen t  researc h the n 
seriousl y challenge s thes e theories ,  leadin g t o thei r 
modificatio n i n orde r  t o includ e species-specific ,  innate ,  o r 
othe r  domai n specifi c  constraints . 

For  example ,  th e oft-replicate d Garci a effec t  seriousl y 
challenge d th e notio n o f  equipotentialit y  o f  conditionabl e 
association s i n classica l  stimulus-respons e theor y i n favo r  o f 
an innat e "preparedness "  t o acquir e certai n type s o f 
association s rathe r  tha n other s (Garci a &  Koelling ,  1966) . 
Contemporar y studie s o f  infan t  an d eari y childhoo d 
cognitio n hav e seriousl y challenge d Piagetia n (Piaget ,  195 2 
and 1972 )  an d othe r  purel y "botto m up "  theorie s o f 
cognitiv e developmen t  i n favo r  o f  theorie s tha t  posi t  innat e 
or  earl y emergin g domain-specifi c  constraint s o n th e 
inducUo n o f  ontologica l  categorie s (Carey ,  1985 ;  Keil , 
1994) ,  causalit y (Lesli e &  Keeble ,  1987) ,  an d th e physica l 
propertie s o f  object s an d objec t  movement  (Spelke ,  1994) . 
Similarly ,  decade s o f  researc h i n artificia l  intelligenc e see m 
t o b e leadin g t o th e inexorabl e conclusio n tha t  a  reasone r 
must  kno w somethin g abou t  th e domai n abou t  whic h i t  i s 
t o reaso n i f  usefu l  inference s ar e t o b e made .  An d i n 1982 , 
Davi d Mar r  exhorte d visio n researcher s t o le t  thei r  researc h 
and theorie s b e guide d b y consideratio n o f  th e type s o f 
problem s th e visua l  syste m mus t  solv e i n orde r  t o allo w a n 
organis m t o negotiat e it s worl d successfully . 

I n recen t  years ,  evolutionar y psychologist s hav e begu n t o 
tak e thi s exhortatio n seriousl y i n thei r  stud y o f  cognitiv e 
phenomena.  Th e guidin g principl e o f  thi s researc h i s tha t  i n 
orde r  t o understan d a  structure' s function ,  on e mus t  conside r 
th e problem s tha t  th e structur e evolve d t o solve .  Thi s i s no t 
t o sa y tha t  al l  existin g biologica l  structure s an d thei r 
function s wer e th e resul t  o f  natura l  selectio n i n th e fac e o f 
evolutionar y pressures ;  sometime s structure s o r  on e o f  a 
structure' s fiinction s ca n b e th e by-produc t  o f  selectio n fo r 
anothe r  structur e o r  anothe r  o f  th e structure' s functions . 
Nonetheless ,  allowin g thi s principl e t o guid e one' s researc h 
i s believe d t o b e th e mos t  likel y wa y o f  askin g informe d 
question s i n ou r  research  programs . 

Most  notabl e i n thi s regar d i s researc h i n reasonin g an d 
language .  I n th e first  tw o papers ,  Joh n Toob y an d Denis e 
Cummins argu e tha t  takin g a n evolutionar y approac h i n th e 
investigatio n an d explanatio n o f  huma n reasonin g ca n 
resolv e curren t  paradoxe s i n huma n reasonin g performance . 
Tooby outline s severa l  evolutionar y principle s tha t  underli e 
ecologicall y rationa l  domain-specifi c  reasoning ,  reasonin g 
tha t  allow s human s t o outperfor m th e bes t  artificia l  system s 
aroun d toda y o n comple x problem s suc h a s gramma r 
induction—despit e failin g o n seemingl y simpl e content-fre e 
reasonin g tasks .  Cummin s use s evidenc e fro m primat e field 

studies ,  developmenta l  researc h o n earl y emergin g reasonin g 
competence ,  an d neurologicall y dissociabl e reasonin g 
competence s t o posi t  innat e reasonin g architectur e tha t  i s 
specifi c  t o a  typ e o f  socia l  reasonin g calle d deonti c 
reasoning .  He r  argumen t  take s seriousl y th e clai m mad e b y 
Cheney an d Seyfart h (1985 ,  p .  39 )  that '  ...amon g primates , 
evolutio n ha s acte d wit h particula r  forc e i n th e socia l 
domain. " 

I n th e symposium' s fina l  paper ,  Coli n Alle n cite s 
evidenc e fro m comparativ e studie s o f  anima l 
communicatio n t o propos e a n argumen t  concernin g th e 
centra l  rol e o f  referentia l  signallin g i n th e evolutio n o f 
language .  Allen' s argumen t  reache s dee p int o language' s 
evolutionar y root s t o she d ligh t  o n ho w basi c referentia l 
signal s ar e use d b y othe r  specie s t o categoriz e event s i n th e 
world .  Whil e Universa l  Grammar  appear s t o b e a 
communicativ e syste m tha t  i s specifi c  t o human s a s a 
species ,  referential  signallin g i s a  fundamenta l  componen t  o f 
natura l  communicativ e system s use d b y othe r  specie s a s 
well . 
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M o d em researc h int o huma n reasonin g an d decision-makin g 
has produce d a  formidabl e paradox .  Th e consensu s amon g 
many m o d e m reasonin g an d decision-researcher s i s tha t  th e 
facult y o f  huma n reasonin g i s governe d b y crud e an d error -
pron e heuristics ,  bear s littl e o r  n o resemblanc e t o th e 
logicia n o r  theorist' s  ideal ,  an d systemaciall y depart s fro m 
normativ e model s o f  idea l  statistica l  an d deductiv e 
inference . 

Yet  despit e thi s apparen t  h u m a n ineptitud e o n 
laboratory-administere d artificia l  problems ,  natura l 
reasoning  systems-huma n an d nonhuma n mind s alike- -
negotiat e th e comple x natura l  task s o f  thei r  evolutionar y 
worl d wit h a  leve l  o f  operationa l  succes s fa r  surpassin g tha t 
of  th e mos t  sophisticate d existin g artificia l  intelligenc e 
systems .  O n virtuall y ever y natura l  inferentia l  proble m tha t 
has bee n carefull y investigated-fro m gramma r  inductio a 

semanti c induction ,  an d speec h perceptio n t o vision ,  objec t 
recognition,  an d colo r  constancy-organism s perfor m bette r 
tha n th e system s tha t  cognitiv e scientist s hav e bee n abl e t o 
construct ,  eve n thoug h thes e scientist s hav e ha d ful l  acces s 
t o m o d e m logics ,  statistica l  decisio n theories ,  an d othe r 
forma l  method s o f  inference . 

Th e parado x ca n b e resolve d b y considerin g th e 
evolutionar y principle s tha t  underli e wha t  w e cal l 
ecologicall y rationa l  domain-specifi c  inferentia l  principles . 
Ecologicall y rationa l  computationa l  device s ca n generat e 
effectiv e decision s an d reconstmc t  reliabl e knowledg e tha t 
woul d hav e bee n unobtainabl e b y an y method s tha t  di d no t 
incorporat e specialization s designe d t o exploi t  th e 
evolutionaril y  stabl e structur e o f  th e worid ,  divide d int o 
functionall y distinc t  domains . 
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Contemporar y psychologica l  theorie s o f  huma n reasonin g 
ar e recapitulatin g th e historica l  patter n observe d fo r  theorie s 
of  othe r  cognitiv e functions .  Initia l  theorie s describe d 
human reasonin g a s a  content-free ,  domain-genera l  proces s 
(Braine ,  1978 ;  Rips ,  1983) .  Thes e theorie s wer e seriousl y 
challenge d b y mountin g evidenc e o f  domain-specifi c  conten t 
effect s i n h u m a n reasonin g performanc e (e.g. .  C o x & 
Griggs ,  1982 ;  Grigg s &  Cox ,  1983 ;  Chen g &  Holyoak . 
1985 ;  Gigerenzer A Hug ,  1992 ;  Thompson ,  1994) .  I n orde r 
t o salvag e content-fre e theories ,  thei r  proponent s hav e 
attribute d conten t  effect s t o "bias "  (Runiain ,  Connell ,  & 
Braine ,  1983 ;  Evans ,  1989 )  o r  content-specifi c  parameter s 
tha t  modif y th e input s t o th e content-fre e syste m (Brain e & 
O'Brien ,  1991 ;  Rips ,  1994) .  Othe r  dieorists'hav e abandone d 
th e notio n o f  a  content-fre e reasoner ,  proposin g instea d 
collection s o f  domain-specifi c  rule s tha t  ar e induce d fro m 
lif e experience s wit h classe s o f  situation s (Chen g & 
Holyoak ,  198 5 an d 1989) . 

Mor e recently ,  however ,  other s hav e argue d tha t  certai n 
reasonin g domain s ar e innatel y specifie d i n th e huma n 
reasonin g architecture ,  havin g emerge d i n respons e t o 
evolutionar > pressure s durin g th e Pleistocen e (Cosmides , 
1989 ;  Cosmide s &  Tooby ,  1994) .  I  argu e tha t  th e 
evolutionar y origin s o f  som e domain-specifi c  effect s i n 
human reasonin g ma y predat e th e origin s o f  th e homini d 
lin e (Cummins ,  i n pres s a  an d b) . 

Th e domai n 1  focu s o n i s  deonti c reasoning ,  tha t  is , 
reasonin g abou t  wha t  on e may ,  ought ,  o r  mus t  no t  d o 
(Hilpinen ,  1981 ;  Manktelo w &  Over .  1991) .  Thi s typ e o f 
reasonin g i s distinc t  fro m indicativ e reasonin g i n whic h th e 
reasone r  i s require d t o determin e th e epistemi c statu s (truth ) 
of  a  rul e o r  othe r  descriptio n o f  a  stat e o f  affairs .  Reasoner s 
ten d t o adop t  a  violation-detectio n strateg y whe n reasonin g 
deonticall y an d a  confirmation-seekin g strateg y w h e n 
reasonin g abou t  th e epistemi c statu s o f  rules .  Thi s 
indicative-deonti c distinctio n emerge s earl y i n huma n 
developmen t  an d color s th e reasonin g proces s throughou t 
adulthoo d (Cummins ,  i n pres s a) .  Thi s strongl y suggest s a 
fundamental ,  primitiv e distinctio n i n ou r  cognitiv e 
architecmre .  Furthermore ,  th e structur e o f  deonti c situation s 
i s mor e easil y graspe d b y youn g childre n tha n i s th e 
strucmr e o f  epistemi c reasonin g task s (Harri s &  Nunez ,  i n 
press) .  Th e eas e an d spee d wit h whic h youn g childre n 
detect ,  understand ,  an d reaso n abou t  deonti c situation s i s 
consisten t  wit h th e existenc e o f  a n innat e domain-specifi c 
reasonin g modul e tha t  i s  evoke d w h e n a  situatio n wit h 
deonti c conten t  i s encountered . 

Deonti c reasonin g i s als o apparen t  i n th e cognitio n o f 
non-huma n primates ,  suggestin g tha t  th e capacit y fo r  thi s 
typ e o f  reasonin g predate s th e emergenc e o f  th e homini d 
line .  Lik e mos t  avia n an d mammal ia n societies ,  primat e 
socia l  group s ar e characterize d b y dominanc e hierarchies .  I n 

functiona l  terms ,  a  dominanc e hierarch y i s  simpl y th e 
statistica l  observatio n tha t  particula r  individual s i n socia l 
group s hav e regula r  priorit y o f  acces s t o resources -
particularl y reproductiv e resources—i n competitiv e 
situations .  Ran k withi n th e hierarch y i s o f  suc h importanc e 
tha t  non-huma n primate s hav e bee n describe d a s 
consummat e tacticians ,  wit h muc h o f  thi s tactica l  reasonin g 
aime d a t  jockeyin g fo r  positio n withi n th e dominanc e 
hierarch y (d e Waal ,  1982 ;  Byrn e &  Whiten ,  1988) . 
Furthermore ,  ther e i s a  direc t  relatio n betwee n socia l 
reasonin g skil l  an d ran k withi n primat e hierarchies . 

Th e socia l  reasonin g tha t  i s  require d t o secur e an d 
maintai n a  high -  rankin g plac e withi n th e dominanc e 
hierarch y require s th e capacit y t o detec t  an d respon d 
appropriatel y t o a  variet y o f  deonti c structures ,  including , 
most  importantly ,  violation s o f  thes e structures .  Fo r 
example ,  thos e w h o currentl y dominat e resource s determin e 
w ho ma y an d w h o ma y no t  engag e i n whic h activitie s 
when,  an d the y punis h transgressors .  I n orde r  t o dominat e 
resources ,  therefore ,  a n individua l  mus t  hav e th e capacit y t o 
recogniz e violation s o f  permission s an d prohibitions . 
Similarly ,  i n orde r  t o avoi d agonisti c encounters , 
subordinate s mus t  hav e th e capacit y t o recogniz e wha t  i s 
permitte d an d wha t  i s forbidden ,  an d t o behav e accordingly . 

I t  i s  i n th e interes t  o f  subordinates ,  o n th e othe r  hand ,  t o 
broade n thei r  acces s t o availabl e resources .  I n othe r  words ,  i t 
i s  i n thei r  interes t  t o mov e u p i n rank .  I n orde r  t o chang e 
rank ,  a n individua l  mus t  hav e allie s w h o wil l  provid e 
suppor t  durin g a  contes t  o f  rank .  Thos e w h o d o no t  hav e 
allie s ca n neithe r  mov e u p i n ran k no r  maintai n a  stabl e 
positio n withi n th e hierarchy ,  includin g alph a male s 
(Harcour t  &  Stewart ,  1987 ;  Ris s &  Goodall ,  1977) .  Primat e 
alliance s ar e forme d an d maintaine d o n th e basi s o f 
reciproca l  obligation s (se e Harcour t  &  d e Waal ,  1992) .  Fo r 
example ,  Chene y an d Seyfart h (1990 )  repor t  tha t  verve t 
monkey s ar e mor e likel y t o com e t o th e ai d o f  a n individua l 
durin g a n agonisti c encounte r  i f  tha t  individua l  ha s groome d 
the m recently ,  d e Waa l  (1992 )  reporte d observin g a 
subordinat e mal e terminat e hi s long-ter m allianc e wit h a n 
alph a mal e i n respons e t o th e alph a male' s increasingl y 
frequen t  refusal s t o suppor t  hi m i n contest s wit h anothe r 
mal e ove r  acces s t o estru s females .  Formin g an d 
maintainin g alliances ,  therefore ,  require s effectiv e reasonin g 
abou t  obligations .  Take n together ,  thi s evidenc e fro m 
primat e fiel d studie s strongl y suggest s tha t  deonti c 
reasonin g strategie s emerge d prio r  t o th e divisio n o f 
hominid s withi n th e primat e line . 

Finally ,  ther e i s  reaso n t o believ e tha t  thi s typ e o f 
reasonin g ma y b e supporte d b y functionall y distinc t  neura l 
substrates .  Damag e t o th e ventro-media l  prefronta l  corte x i n 
bot h huma n an d non-huma n primate s ha s bee n foun d t o 
produc e a  syndrom e i n whic h socio-emotiona l  reasonin g i s 
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impaire d whil e leavin g othe r  type s o f  intelligen t  reasoning 
untouche d (se e Damasio ,  1994 )  Ther e i s als o som e 
evidenc e tha t  patient s sufferin g fro m thi s syndrom e d o no t 
sho w th e typica l  deonti c reasonin g effect s observe d i n 
norma l  subject s (Adolphs ,  Tranel ,  Bechara .  Damasio ,  & 
Damasio ,  1996) .  Althoug h fa r  fro m conclusive ,  thes e dat a 
sugges t  tha t  deonti c reasonin g migh t  b e selectivel y 
dissociate d fro m othe r  type s o f  reasoning  a t  th e neurologica l 
level . 

I n summary ,  th e robustnes s o f  th e deonti c effec t  i n adul t 
reasoning,  it s  earl y emergenc e i n huma n development ,  th e 
centra l  rol e playe d b y deonti c reasonin g i n primat e 
dominanc e hierarchies ,  an d th e neuiologica l  dissociabilit y  o f 
socio-emotiona l  reasonin g fro m othe r  type s o f  intelligen t 
reasonin g strongl y sugges t  tha t  som e aspec t  o f  ou r 
reasonin g architectur e i s devote d specificall y t o problem s o f 
deonti c content . 
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Some theorist s hav e argue d tha t  th e evolutionar y 
developmen t  o f  huma n languag e lie s burie d wit h ou r 
homini d ancestor s an d tha t  th e searc h fo r  precursor s o f 
languag e i n nonhuma n animal s i s misguide d (Pinke r 
1994) .  Thi s vie w i s  supporte d b y a  c o m m o n 
conceptio n o f  anima l  communicatio n accordin g t o 
wh i c h signa l  productio n i s a n involuntar y 
manifestatio n o f  emotiona l  arousal ,  s o tha t  signal s 
conve y n o independen t  informatio n abou t  referent s 
externa l  t o th e signaller .  I n contrast ,  huma n languag e 
i s though t  t o b e unde r  voluntar y contro l  an d capabl e o f 
referrin g t o object s regardles s o f  th e emotiona l  stat e o f 
th e speaker . 

Recen t  comparativ e studie s o f  specie s includin g 
chicken s an d monkey s provid e e\idenc e t o suppor t  th e 
vie w tha t  th e vocalization s o f  nonhuma n animal s ar e 
unde r  a  greate r  degre e o f  voluntar y contro l  tha n 
previousl y believe d (Chene y &  Seyfart h 1990 ;  Evan s & 
Marle r  1995 ;  Marle r  &  Evan s 1996 )  an d tha t  the y ar e 
"functionall y referential "  i n tha t  the y provid e specifi c 
informatio n abou t  event s externa l  t o th e signalle r 
(Macedoni a &  Evan s 1993) .  Thes e studie s sugges t 
close r  similaritie s betwee n certai n aspect s o f  huma n 
languag e an d anima l  communicatio n system s tha n wa s 
previousl y recognized .  I t  i s  stil l  unclea r  whethe r  thes e 
similaritie s reflec t  c o m m o n ancestr y (homology )  o r 
convergen t  evolutionar y processe s (analogy )  an d 
broade r  comparativ e studie s ar e necessai y t o resolv e 
thes e issues .  Nonetheless ,  th e availabl e dat a d o allo w 
fo r  som e interestin g comparison s tha t  ma y allo w u s t o 
understan d som e puzzlin g aspect s o f  huma n languag e 
acquisition . 

Th e concep t  o f  a  "medium-sized "  o r  "basic-level " 
categoi y specifie d i n term s o f  perceive d similarit y t o a 
morphologically-identifie d prototyp e (Rosc h e t  al . 
1976 )  i s  ofte n appeale d t o b y languag e learnin g 
theorist s t o accoun t  fo r  th e abilit y o f  huma n childre n 
t o identif y th e correc t  referenc e o f  learne d coun t  noun s 
suc h as  "dog "  o r  "bird "  (Hal l  1994) .  Bu t  thi s 
designatio n seem s suspiciousl y a d ho c fo r  i n som e 
case s th e categor y i s a t  th e taxonomi c leve l  o f  specie s 
or  famil y (e.g .  "dog" )  an d sometime s a t  th e leve l  o f  a 
clas s (e.g .  "bird") .  Th e degre e o f  abstractio n i n thes e 
categorie s does ,  however ,  correspon d closel y t o thos e 
identifie d b y Chene y &  Seyfart h a s th e referent s o f 
verve t  monke y alar m call s (e.g. ,  "leopard" ,  "snake" ,  o r 
"eagle" )  whic h als o correspon d t o differen t  taxonomi c 
levels .  Thes e differentiation s ar e considerabl y les s 
abstrac t  tha n th e categorie s identifie d b y Marle r  & 
Evan s a s referent s o f  th e alar m call s o f  chicken s (e.g. , 
"avia n predator "  an d "terrestria l  predator") .  I t  i s possibl e 

tha t  thes e translationa l  difference s reflec t  nothin g mor e 
tha n a  lac k o f  knowledg e abou t  th e vocalization s o f 
chicken s an d vervets .  Bu t  i f  th e difference s ar e real , 
the n som e availabl e dat a abou t  th e ontogen y o f  verve t 
alar m call s sugges t  a n interestin g hypothesi s abou t  th e 
evolutio n o f  communicatio n system s an d th e abilit y  t o 
conceptualiz e object s independentl y o f  thei r  typica l 
behaviors .  Th e hypothesi s would ,  i f  correct ,  hav e 
consequence s fo r  understandin g th e acquisitio n o f 
human language . 

Infan t  vervet s begi n b y givin g recognizabl e "eagle " 
alar m call s t o a  variet y o f  bird s an d eve n t o leave s 
fallin g fro m trees ,  bu t  a s the y ge t  olde r  th e call s 
become mor e specifi c t o thos e specie s o f  eagl e tha t 
pre y o n vervet s (Seyfart h e t  al .  1980) .  Analysi s o f  th e 
ontogen y o f  eagl e alar m call s show s tha t  infants ' 
"mistakes "  ar e mos t  c o m m o n fo r  nonpredatoi y specie s 
divin g rapidl y fro m th e sk y o r  closel y approachin g th e 
vervets ,  an d tha t  suc h error s no t  associate d merel y wit h 
morphologica l  similarit y (Chene y &  Seyfart h 1986) . 
Becaus e thes e ar e behavior s tha t  ma y reasonabl y b e 
associate d wit h predation ,  an d becaus e movin g object s 
ar e mor e easil y discriminate d fro m backgroun d tha n 
stati c objects ,  i t  make s sens e tha t  vervet s woul d b e 
innatel y dispose d t o reac t  t o suc h events .  Thi s 
suggest s th e hypothesi s tha t  insofa r  as  thes e call s refe r 
t o objects ,  th e object s ar e initiall y  classifie d i n term s o f 
thei r  behavio r  o r  actions .  Thi s i s  consisten t  wit h 
discover y b y Evan s &  Marie r  (1995 )  tha t  a  movin g 
imag e o f  a  raccoo n show n t o a  chicken s o n a  vide o 
monito r  mounte d overhea d wil l  elici t  aeria l  predato r 
call s a t  a  highe r  rat e tha n terrestria l  predato r  call s 
(althoug h suc h call s wer e les s reliabl y elicite d tha n b y 
vide o footag e o f  a  rapto r  o n th e overhea d monitor) . 

The evidenc e fro m chicken s suggest s tha t  whil e thei r 
signal s ar e referential ,  th e categorie s referre d t o ar e 
action-oriente d (predatio n fro m th e ai r  versu s predatio n 
fro m th e ground )  althoug h morphologica l  feature s ar e 
als o importan t  i n affectin g cal l  frequenc y (Evan s & 
Marle r  1995) .  Th e evolutio n o f  functiona l  referenc e t o 
thes e categorie s ma y hav e bee n drive n b y th e differen t 
anti-predator y strategie s tha t  ar e appropriat e fo r 
chicken s face d b y thes e differen t  predator s (Macedoni a 
& Evan s 1993) .  Similarly ,  infan t  vervet s see m t o 
begi n wit h a n action-oriente d classificatio n scheme .  I n 
vervets ,  refinement s du e t o adul t  reinforcemen t  o f 
infan t  vocalization s ma y lea d t o a  classificatio n schem e 
tha t  i s  base d mor e o n perceptua l  characteristic s 
abstracte d awa y fro m behavior .  Th e abilit y t o 
categoriz e an d refe r  t o object s independentl y o f 
behavio r  woul d b e a n adaptiv e trai t  whe n th e cost s o f 
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reqwnding  t o fals e positive s (suc h a s no n predator s 
behavin g i n a  predator y fashion )  o r  o f  failin g t o 
respon d t o fals e negative s (suc h a s predator s behavin g 
i n non-typica l  ways )  ar e relativel y high . 

I f  th e ontogei ^  o f  sophisticate d referentia l  skill s 
recapitulate s th e plQ l̂ogen y i n a  transitio n fro m action -
base d categorie s t o feature-base d categories ,  the n i t 
may no t  b e necessar y t o postulat e moiphologically -
specified ,  iruiat e "middle-sized "  o r  "basic-level " 
categorie s t o explai n ho w childre n settl e o n a  reasonabl e 
leve l  o f  interpretatio n fo r  coun t  nouns .  Th e behaviora l 
difference s betwee n dog s an d cow s (althoug h 
belongin g t o th e sam e taxonomi c order )  ma y hav e bee n 
evolutionaril y  salien t  t o human s i n way s tha t 
difference s betwee n behavio r  i n differen t  specie s o f 
bird s wa s no t  an d thu s human s migh t  innatel y b e 
dispose d t o categoriz e initiall y  accordin g t o suc h 
behaviorall y specifie d categories .  A n evolutionar y an d 
comparativ e approac h t o th e notio n o f  referenc e an d 
similaritie s t o variou s nonhuma n communicatio n 
system s ma y thu s hel p provid e a  specificatio n o f  th e 
basi c categorie s tha t  facilitat e th e earlies t  stage s o f 
languag e acquisition . 
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y u l y a « b r i s s u n . u i n d . e d u ,  s u p p e s » o c k h a m . s t a n f o r d . e d u 

The field  o f  ey e movemen t  researc h i s ver y versatile .  I t  i s 
of  interes t  t o scientist s fro m a  broa d rang e o f  disciplines .  A 
partia l  lis t  o f  fields  m whic h ey e movement s hav e bee n stud -
ie d an d lea d t o usefu l  insight s include s Psychology ,  Neuro -

science ,  Artificia l  Intelligence ,  Compute r  Visio n an d H u m a n 
Factors .  Al l  o f  thes e discipline s ar e likel y t o b e represente d 
at  thi s Cognitiv e Scienc e Conference . 

Cognitively-oriente d researc h involvin g ey e movement s 

has proceede d i n tw o directions :  (i )  b y finding  ou t  h o w per -
ceptua l  an d cognitiv e factor s influenc e ey e movemen t  pat -
terns ,  an d (ii )  b y usin g ey e movemen t  dat a t o gai n insight s 

abou t  perceptua l  an d cognitiv e processes .  Speakers  i n thi s 
symposiu m wil l  describ e researc h comin g fro m bot h direc -
tions .  Specifically ,  the y wil l  tal k abou t  th e rol e tha t  ey e move -
ment s pla y i n variou s perceptua l  an d cognitiv e tasks ,  an d the y 
wil l  als o describ e eye-movemeni-base d model s o f  ho w suc h 
task s ar e performed . 

The talk s wil l  b e ordere d i n a  "bottom-up "  manner :  start -
in g wit h sensor y an d oculomoto r  processe s an d movin g u p t o 
high-leve l  reasoning .  Th e first  speake r  wil l  tal k abou t  cogni -
tiv e an d sensor y processe s involve d i n scannin g comple x vi -
sual  scenes .  Th e secon d speake r  wil l  focu s o n a  higher-leve l 
task ,  visua l  search .  H e wil l  describ e mode l  o f  visua l  searc h 
strateg y base d o n ey e movemen t  data .  Th e las t  speake r  wil l 
addres s a  ver y high-leve l  task ,  solvin g geometr y problems . 
She wil l  describ e th e ey e movemen t  pattern s observed ,  an d 
a mode l  o f  menta l  operation s base d o n thes e ey e movemen t 

patterns . 
Followin g th e thre e speakers .  Prof .  Patric k Suppes ,  th e 

symposiu m chair ,  wil l  commen t  o n th e significan t  insight s 
tha t  ey e movemen t  dat a ca n provid e t o th e stud y o f  cognitiv e 
and perceptua l  processing ,  an d conside r  theoretica l  issue s in -
volve d i n modelin g ey e movemen t  data . 

Eac h speake r  wil l  hav e 1 7 minute s fo r  th e tal k an d ,  3  min -
ute s fo r  questions .  Ther e wil l  b e a  1 0 minut e perio d fo r  gen -

era l  discussion ,  lea d b y th e chair ,  a t  th e en d o f  th e sympo -

sium . 
Th e abstract s o f  th e talk s o f  th e thre e mai n speaker s follow . 
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{ k o w l e r / b a h c a l l , c a r a u j o } a p s y c h . r u t g e r s . e d u 
j  a m e s m a f r i t h . r u t g e r s . e d u ,  i n e l c h e r « r u c c s . r u t g e r s . e d u 

Th e abilit y  t o us e saccadi c ey e movement s t o brin g th e 

lin e o f  sigh t  t o target s o f  choic e i n natura l  visua l  scene s i s 
trul y on e o f  th e mos t  remarkabl e moto r  skill s  huma n be -
ing s possess .  W e manag e t o loo k precisel y wher e w e wan t 
whil e scarcel y bein g awar e o f  makin g an y effor t  t o contro l 
th e movements .  H o w d o w e d o it ? Conside r  th e specifi c  chal -
lenge s presente d b y an y scannin g task : 

The natura l  target s fo r  saccade s ar e spatially-extende d ob -
jects .  A t  th e sam e time ,  th e lin e o f  sigh t  mus t  lan d a t  a  singl e 
spatia l  positio n withi n th e object .  Thi s singl e landin g posi -
tio n i s no t  determine d b y deliberat e effort :  whe n w e sca n a 
scen e it' s  object s w e thin k abou t  lookin g a t  -  faces ,  flowers 
or  coffe e cup s -  no t  tip s o f  noses ,  petal s o r  rims.  Presumably , 
some involuntar y sensor y o r  sensorimoto r  proces s operate s 
on th e visua l  informatio n withi n th e chose n targe t  an d com -
pute s a  singl e saccadi c landin g position .  Yet ,  computatio n o f 
th e landin g positio n canno t  b e completel y immun e t o volitio n 
becaus e fo r  u s t o b e abl e t o loo k wher e w e wish ,  an y influ -
enc e o f  visua l  signal s fro m irrelevan t  background s mus t  b e 
eliminated . 

Recent  researc h i n ou r  laborator y ha s she d ligh t  o n h o w vo -
litiona l  an d involuntar y mechanism s wor k togethe r  t o direc t 
saccade s accuratel y i n natura l  visua l  scenes .  Thi s wor k ha s 
supporte d a  two-stag e mode l  o f  saccadi c control ,  i n whic h 
selectio n o f  th e targe t  objec t  b y mean s o f  attentiona l  alloca -
tio n precede s a  spatial-poolin g proces s tha t  compute s a  cen -
tra l  locatio n withi n th e attende d object .  Thi s centra l  locatio n 
the n serve s a s th e targe t  fo r  th e saccade .  Thes e assertion s ar e 
supporte d b y th e followin g experimenta l  results : 

(1 )  Saccade s ar e precede d b y a  shif t  o f  spatia l  attentio n t o 
th e target .  Concurren t  measurement s o f  saccadi c an d percep -
tua l  performance ,  analyze d b y mean s o f  attentiona l  operatin g 
characteristic s (AOCs) ,  hav e show n tha t  makin g a  saccad e 
t o on e locatio n impair s th e perceptibilit y  o f  target s a t  othe r 
locations .  Th e attentiona l  cos t  o f  saccade s prove d t o b e sur -
prisingl y modest ;  accurat e perceptua l  identificatio n o f  target s 
at  non-goa l  location s require d onl y a  1 0 - 2 0 % increas e i n th e 
latenc y o f  saccade s (Kowler ,  Anderson ,  Doshe r  an d Blaser , 
1995) .  Analogou s experiment s requirin g th e concurren t  per -
ceptua l  identificatio n o f  tw o target s showe d comparabl e in -
terference ,  whic h increase d th e close r  th e target s wer e t o on e 
anothe r  Suc h interferenc e woul d ai d saccadi c localizatio n 
becaus e i t  show s tha t  attendin g t o on e targe t  effectivel y in -

hibit s th e processin g o f  nearb y target s an d reduce s thei r  po -

tentia l  fo r  attractin g th e lin e o f  sigh t  (Bahcal l  an d Kowler , 
1995) . 

(2 )  Saccade s lan d a t  precis e location s withi n spatially -
extende d targets .  Thi s leve l  o f  precisio n ha s bee n demon -
strate d whe n subject s direc t  saccade s t o th e "targe t  a s a 
whole "  rathe r  tha n t o an y specifi c  plac e withi n it .  Saccadi c 
precisio n i s excellent ,  wit h standar d deviation s o f  landin g po -
sition s equa l  t o abou t  6 % o f  eccentricity ,  a  valu e onl y slightl y 
greate r  tha n th e S D s observe d i n analogou s perceptua l  local -
izatio n tasks .  Th e precisio n o f  saccade s i s unaffecte d b y in -
crease s i n targe t  siz e (Kowle r  an d Blaser ,  1995 )  an d decrease s 
i n targe t  contrast . 

(3 )  Saccade s directe d t o spatially-extende d target s lan d 
clos e t o (bu t  no t  precisel y at )  th e center-of-gravity .  Thi s wa s 
observe d fo r  differen t  type s o f  targets ,  i.e. ,  pattern s o f  ran -
d o m dot s ( M c G o w a n e t  al ,  1996) ,  an d outlin e drawing s o f  a 
variet y o f  simpl e shapes .  Statistica l  analyse s o f  landin g posi -
tion s obtaine d wit h th e rando m do t  pattern s sho w tha t  land -
in g positio n wa s determine d b y poolin g informatio n acros s 
th e form ,  wit h n o differentia l  weightin g o f  dot s accordin g t o 
locatio n (i.e. ,  nea r  vs .  fa r  eccentricities ;  boundar y vs .  centra l 
locations) .  Differentia l  spatia l  weightin g di d no t  accoun t  fo r 
th e smal l  bu t  reliabl e departure s o f  landin g positio n fro m th e 
center-of-gravity . 

We conclud e tha t  effective ,  an d relativel y effortless ,  sac -
cadi c localizatio n o f  target s i n natura l  scene s i s accomplishe d 
by allocatio n o f  attentio n t o th e targe t  objec t  followe d b y a 
spatial-poolin g proces s tha t  compute s th e target' s cente r  o f 
gravity .  Th e lin k betwee n saccade s an d attentio n mean s tha t 
no specia l  selectio n proces s i s neede d t o determin e th e sac -
cadi c goal .  Saccade s wil l  b e directe d t o th e objec t  yo u ar e 
intereste d i n a t  th e tim e th e movemen t  i s triggered ,  wit h n o 
additiona l  se t  o f  decision s required .  Th e modes t  attentiona l 
cost s o f  saccade s mean s tha t  saccadi c localizatio n wil l  inter -
fer e onl y minimall y wit h th e concurren t  perceptua l  o r  cogni -
tiv e processin g o f  object s a t  location s othe r  tha n th e saccadi c 
goal .  Th e hig h leve l  o f  saccadi c precisio n observe d wit h a 
wid e variet y o f  spatially-extende d target s show s tha t  lower -
leve l  sensor y an d sensorimoto r  mechanism s conuibut e negli -
gibl e nois e t o th e localizatio n process .  Thi s lo w leve l  o f  nois e 
open s th e wa y fo r  cognitiv e decision s (conveyed ,  perhaps ,  b y 
shift s i n th e distributio n o f  attention )  t o pla y th e majo r  rol e 
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i n determinin g landin g position .  Al l  i n all ,  th e mechanism s 

responsibl e fo r  directin g saccade s appea r  t o be  remarkabl y 
suite d t o mee t  th e requirement s o f  natura l  scanning :  accurat e 

and precis e localizatio n achieve d wit h minima l  deman d o n 

cognitiv e resources . 
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The proces s b y whic h w e locat e a  targe t  i n a  cluttere d vi -
sual  scen e ha s bee n th e topi c o f  fierc e debat e fo r  th e pas t 
severa l  decades .  Whil e th e obviou s reaso n fo r  thi s debat e 
i s tha t  man y competin g model s d o a n excellen t  jo b o f  de -
scribin g th e basi c searc h phenomeno n (a n increas e i n manua l 
reactio n tim e [RT ]  wit h th e numbe r  o f  object s i n th e display) , 
a mor e dista l  caus e m a y b e linke d t o a  limitatio n o f  th e de -
penden t  measure s commonl y use d t o stud y search .  Fo r  ex -
ample ,  on e popula r  clas s o f  model s like n searc h behavio r  t o 
th e movement s o f  a  fixed-diamete r  bea m o r  spodigh t  (Treis -
man e t  al ,  1980 ,  Treisman ,  1988) .  Th e mor e item s i n a  dis -
play ,  th e mor e time s thi s spotligh t  mus t  move ,  resultin g i n 
longe r  searc h times .  Not e howeve r  tha t  thi s ver y specifi c  the -
or y abou t  th e spatia l  evolutio n o f  searc h ove r  tim e i s bein g 
inferre d from  a  R T resul t  withou t  an y direc t  measur e o f  thi s 
spotUgh t  o r  it s movements .  Thi s failur e t o directl y measur e 
th e theoretica l  construc t  i n questio n open s th e doo r  fo r  othe r 
model s o f  searc h t o offe r  thei r  o w n explanation s fo r  wh y RT s 
increas e wit h se t  size .  I n thi s sens e a  R T measur e simpl y lack s 
th e resolutio n neede d t o unambiguousl y describ e th e spatio -
tempora l  change s occurrin g durin g search . 

I n respons e t o thi s resolutio n problem ,  thre e experiment s 
use d th e sequenc e o f  saccade s an d fixation s accompanyin g 
searc h t o mor e directl y describ e th e searc h process .  Stim -
ul i  fo r  th e first  experimen t  wer e colo r  image s o f  eithe r  1 ,  3 , 
or  S  realisti c object s arrange d o n a n appropriat e surfac e (i.e. , 
toy s o n a  crib ,  tool s o n a  workbench ,  etc.) .  Eac h o f  thes e 
object s subtende d abou t  2. S degree s o f  visua l  angle ,  an d ap -
peare d initiall y  a t  7  degree s eccentricit y from  a  fixation  cross . 
The entir e scen e subtende d 1 6 degrees .  Th e si x subject s par -
ticipatin g i n thi s experimen t  ha d t o indicat e th e presenc e o r 
absenc e o f  a  designate d targe t  objec t  i n 36 0 o f  thes e scene s 
by makin g a  speede d keypres s response . 

Based solel y o n th e R T data ,  i t  woul d b e possibl e t o frame 
a fairl y  stron g argumen t  fo r  a  seria l  searc h proces s underly -
in g thi s task .  Increasin g th e numbe r  o f  object s i n th e searc h 
displa y yielde d a  concomitan t  increas e i n RT ,  an d th e rat e o f 
thi s increas e fo r  th e target-absen t  trial s wa s abou t  1. 5 time s 
th e slop e observe d i n th e target-presen t  data .  However ,  whe n 
th e patter n o f  ey e movement s ar e considered ,  evidenc e fo r 
a differen t  searc h proces s emerges .  Rathe r  tha n a  sequenc e 
of  saccade s directe d t o individua l  item s i n th e display ,  initia l 
saccad e landin g position s clustere d nea r  th e cente r  o f  th e im -

ages ,  eve n thoug h n o object s eve r  appeare d a t  thi s location . 
Thi s center-of-gravit y averagin g behavio r  (Core n &  Hoenig , 
1972 ,  Findley ,  1982 )  wa s mos t  pronounce d i n th e 3  an d 5 
ite m display s wher e th e mea n distanc e betwee n th e endpoint s 
of  thes e saccade s an d th e targe t  wa s approximatel y 5  degrees . 
I n th e singl e ite m trials ,  thi s measur e o f  initia l  oculomoto r  er -
ro r  decrease d significantl y t o 3. 1 degrees .  Targetin g accurac y 
improve d markedl y b y th e secon d saccades ,  mainl y du e t o 
gaz e shiftin g t o th e sid e o f  th e displa y containin g th e target . 
Secon d saccad e endpoin t  erro r  a t  a  se t  siz e o f  I  wa s 0. 8 de -
gree s an d increase d linearl y t o 2. 7 degree s a t  th e larges t  se t 
size .  Th e slop e o f  thi s erro r  functio n flattened  b y th e third , 
and typicall y last ,  fixations. 

Instea d o f  th e seria l  movement s o f  a  spotlight ,  w e inter -
pre t  thi s ey e positio n dat a a s evidenc e fo r  a  global-lo-loca l 
searc h strategy .  Accordin g t o thi s interpretation ,  th e inaccu -
rat e first  saccade s reflec t  a n initia l  distributio n o f  th e searc h 
proces s ove r  a  broa d regio n o f  th e scene ,  wit h eac h subse -
quen t  saccad e describin g a  mor e restricte d regio n unti l  onl y 
th e targe t  i s selected .  Recen t  wor k i n ou r  la b ha s show n h o w a 
simpl e colo r  an d spatia l  filtering  computatio n als o unfoldin g 
ove r  tim e ca n implemen t  suc h a  searc h dynami c an d parsi -
moniousl y accoun t  fo r  th e ey e dat a result s (Ra o e t  al ,  1995) . 
Earl y i n th e searc h proces s ther e m a y b e man y part s o f  a  real -
isti c  scen e tha t  ca n b e easil y confuse d wit h th e target ,  thereb y 
forcin g th e searc h computatio n t o b e distribute d ove r  m u c h 
of  th e image .  Programmin g a n ey e movemen t  a t  thi s stag e i n 
th e searc h proces s woul d allo w eac h o f  thes e spuriou s candi -
date s t o contribut e (weighte d b y targe t  similarity )  t o th e spa -
tia l  computation ,  givin g rise  t o th e averagin g tendenc y ob -
serve d i n th e initia l  saccades .  Ove r  time ,  a s th e decisio n pro -
ces s converge s an d les s likel y candidate s dro p ou t  o f  th e com -
putation ,  th e searc h regio n narrow s an d gaz e move s steadil y 
toward s th e target . 

To tes t  thi s interpretation ,  tw o additiona l  experiment s var -
ie d th e signal-to-nois e characteristic s o f  thes e searc h display s 
whil e agai n monitorin g ey e movements .  W e predicte d tha t 
a lowe r  signal-to-nois e rati o woul d caus e mor e point s i n th e 
scen e t o matc h th e target ,  yieldin g increase d averagin g be -
havio r  an d a  mor e difficul t  searc h task .  Likewise ,  removin g 
backgroun d nois e from  th e scen e shoul d reduc e th e numbe r  o f 
matchin g point s an d attenuat e oculomoto r  averaging .  T o cre -
at e stimul i  wit h a  lowe r  signal-to-nois e ratio ,  w e simpl y re -
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moved chromati c informatio n fro m th e origina l  colo r  scenes . 

To mak e stimul i  wit h a  mor e favorabl e signal-lo-nois e ratio , 
th e comple x background s fro m th e origina l  scene s wer e re -

place d wit h unifor m colore d fields.  A s predicted ,  thes e ma -
nipulation s ha d opposin g effect s o n oculomoto r  averaging . 

Initia l  saccade s i n th e singl e ite m grayscal e trial s lande d al -
most  a  degre e furthe r  fro m th e targe t  tha n i n th e correspond -
in g colo r  scenes ,  wherea s makin g th e backgroun d unifor m 

resulte d i n a  1. 5 degre e increas e i n first  saccad e accurac y rel -

ativ e t o th e origina l  singl e ite m data .  Initia l  saccad e endpoin t 

error s fo r  th e 3  an d 5  ite m display s remaine d essentiall y  un -
change d acros s al l  thre e experiments ,  demonstratin g th e ro -

bustnes s o f  thi s averagin g tendency . 
To conclude ,  th e greate r  spatio-tempora l  resolutio n o f  a n 

oculomoto r  measur e allow s th e searc h proces s t o b e viewe d 
mor e directl y an d i n finer  detai l  tha n wha t  i s possibl e fro m a 
manual  RT .  Not e als o tha t  thi s direc t  assessmen t  o f  searc h be -
havio r  make s i t  unnecessar y t o speculat e abou t  a n ill-define d 
attentiona l  process .  Th e onl y assumptio n bein g mad e her e i s 
tha t  ey e movement s ar e aligne d wit h searc h durin g fre e view -
in g (Gould ,  1973 ,  Jacobs ,  1986 ,  Zelinsk y &  Sheinberg ,  i n 
press) .  Base d o n thi s oculomoto r  evidence ,  searc h i n thes e 
realisti c task s ca n b e bette r  describe d a s a  global-to-loca l  be -
havio r  rathe r  tha n a  seria l  process .  Furthermore ,  th e exten t 
t o whic h searc h i s globall y distribute d ove r  th e displa y an d 
th e timecours e ove r  whic h thi s proces s become s mor e loca l 
appear s t o b e influence d b y th e signal-to-nois e characteristic s 
of  th e scene . 
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Geometrica l  concept s involv e a n intimat e mixtur e o f  per -
ceptio n an d cognition .  Mos t  geometr y problem s ar e eithe r 
pose d i n th e for m o f  a  diagram ,  o r  requir e constructio n o f 
a diagra m fo r  a  successfu l  solution .  Yet ,  unlik e th e cas e 
fo r  readin g an d arithmetic ,  a  seria l  algorith m fo r  scannin g 
or  constructin g diagram s i s no t  taugh t  t o student s o f  geom -
etry .  Specifically ,  whe n learnin g t o read ,  student s ar e taugh t 
t o procee d fro m wor d t o word ,  fro m lef t  t o right.  Whe n learn -
in g colum n arithmetic ,  the y ar e taugh t  t o procee d fro m righ t 
t o lef t  throug h th e columns ,  an d fro m to p t o botto m withi n 
each column .  Whe n taugh t  geometry ,  o n th e othe r  hand ,  stu -
dent s ar e no t  taugh t  ho w t o loo k a t  th e diagram s — the y mus t 
lear n a n efficien t  ey e movemen t  patter n o n thei r  own .  Em -
pirica l  studie s o f  ey e movemen t  pattern s durin g readin g an d 
arithmeti c sho w tha t  individual s performin g thes e task s suc -
cessfull y indee d follo w a n orderl y ey e movemen t  patter n wit h 
ver y fe w deviation s (Epelboim ,  Boot h &  Steinman ,  1994 ; 
Suppes ,  1990) .  Th e natur e o f  ey e movement s performe d i n 
orde r  t o solv e geometr y problem s i s no t  known .  Thes e ey e 
movements an d wha t  the y ca n tel l  u s abou t  th e underlyin g 
menta l  operation s ar e th e topi c o f  ou r  study . 

We aske d subject s t o solv e simpl e geometr y problems , 
each presente d t o the m i n th e for m o f  a  diagra m o n a  com -
pute r  screen .  Thei r  ey e movement s wer e recorded ,  wit h ex -
ceptiona l  precisio n an d accuracy ,  usin g th e Th e Marylan d 
Revolving-Fiel d monitor .  Thre e subject s participated .  Tw o o f 
th e subject s wer e skille d a t  solvin g geometr y problems .  The y 
had graduat e trainin g i n Physics ,  an d encountere d problem s 
simila r  t o thos e use d i n th e experimen t  i n thei r  professiona l 
life .  Th e thir d subjec t  ha d las t  solve d geometr y problem s i n 
hig h school ,  ove r  5 0 year s prio r  t o th e experiment .  H e re -
porte d tha t  h e ha d "n o clue "  a s t o wha t  t o d o o n mos t  o f  th e 
problems .  Th e subject s wer e no t  allowe d t o writ e o r  sketc h 
anything ,  bu t  th e problem s wer e simpl e enoug h t o solv e men -
tally .  Th e subject s wer e aske d t o reaso n aloud ,  an d thei r 
speec h wa s recorded . 

Figur e 1  show s typica l  ey e movement s o f  on e o f  th e skille d 
subjects .  Pane l  (a )  show s th e proble m a s i t  appeare d t o th e 
subject .  Panel s (b-f )  sho w th e subject' s  fixations  a s h e wa s 

solvin g th e problem .  Eac h symbo l  i s  on e fixation.  Eac h pane l 
shows 2 5 fixations.  Eac h fixation  i s represente d b y a  cir -
cle ,  a  square ,  o r  a  rhombus ,  whic h contain s thi s  fixation's  se -
quentia l  number .  Circle s sho w brie f  fixations  ( < 30 0 msec) . 

Square s sho w fixations  tha t  laste d longe r  tha n 30 0 mse c bu t 
les s tha n 80 0 msec .  Rhomb i  sho w lon g fixations  tha t  laste d 
ove r  80 0 msec .  Th e subject' s reasonin g alou d fo r  thi s prob -
le m wa s a s follow s (number s i n parenthesi s indicat e th e se -
quentia l  number s o f  fixations  tha t  occurre d whil e th e phras e 
was bein g spoken) : 

A B CD i s a  parallelogram .  (1-11 ) 
Ok,  s o wher e i s  th e unknow n angle ? (12-20 ) 
th e unknow n angl e i s AE C (21-31 ) 
.. .  the n sinc e .. .  (32-68 ) 
oh,.. .  it' s  trivia l  (69-80 ) 
th e line s A D an d E C ar e paralle l  (8 1 -92 ) 
and therefor e th e angl e A E C (93-105 ) 
i s alternat e interio r  t o th e angl e D A E (106-110 ) 
whic h i s labele d 6 0 degree s (110-120 ) 
The answe r  i s  6 0 degree s (121-122 ) 

The reade r  i s invite d t o examin e Figur e 1  an d th e protoco l 
abov e an d propos e a  sequenc e o f  menta l  operation s tha t  fit 
thes e data . 

Quantitativ e analyse s an d modelin g o f  th e ey e movemen t 
dat a an d spoke n protocol s o f  th e 3  subject s ar e no w i n 
progress .  Th e result s o f  thes e analyse s wil l  b e presente d a t 
th e symposium . 
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Introductio n 

Any theor y o f  developmen t  mus t  specif y it s positio n o n 
thre e crucia l  assumptions : 
1.  Th e natur e o f  th e star t  stat e o f  th e organism . 

2.  Th e effectiv e learnin g environmen t  tha t  th e organis m 
occupies . 

3.  Th e learnin g procedur e tha t  enable s th e organis m t o alte r 
it s  star t  stat e vi a interaction s wit h th e learnin g 
environment . 

Once committe d t o thes e assumptions ,  th e 
developmentalis t  ca n mak e prediction s abou t  th e trajector y 
of  learnin g tha t  th e organis m mus t  follo w i n orde r  t o 
achiev e matur e level s o f  performance .  Thes e prediction s ca n 
be compare d t o th e actua l  behaviour s tha t  th e organis m 
produce s e n rout e t o masterfu l  behaviour .  A  certai n amoun t 
of  slac k i s permitte d i n th e fi t  o f  th e prediction s t o actua l 
behaviou r  dependin g o n th e manne r  i n whic h th e origina l 
assumption s hav e bee n stipulated—som e theorie s wil l 
permi t  a  greate r  degre e o f  individua l  variatio n tha n others .  I n 
principle ,  th e outcom e o f  th e compariso n o f  th e predicte d 
developmenta l  trajector y t o th e organism' s actua l 
developmenta l  trajector y wil l  lea d t o a n acceptanc e o r 
rejectio n o f  th e theory .  I n th e cas e o f  rejection ,  on e o r  mor e 
of  th e origina l  assumption s ma y requir e modiflcado n an d th e 
proces s o f  predictio n an d compariso n reiterate d unti l  a 
successfu l  matc h ca n b e achieved . 

Thi s idealise d proces s o f  theor y buildin g an d evaluatio n i s 
rarel y achieve d fo r  comple x organism s lik e hom o sapien s 
becaus e o f  th e difficultie s involve d i n stipulatin g th e conten t 
of  th e thre e assumption s outline d above :  W e stil l  kno w ver y 
littl e abou t  th e geneti c cod e an d neura l  architecture s tha t 
specif y th e star t  stat e o f  huma n development .  Th e natur e o f 
th e learnin g environmen t  fo r  youn g human s ma y see m self -
evident .  However ,  etholog y ha s taugh t  u s t o b e war y o f 
equalin g environmenta l  inpu t  wit h perceptua l  uptake .  Th e 
sensitivitie s o f  youn g human s t o feature s o f  th e 
environmen t  ma y var y considerabl y eve n fro m thei r  matur e 
caregivers .  Som e succes s ha s bee n achieve d i n discoverin g 
neura l  mechanism s o f  learning ,  suc h a s lon g ter m 
potentiatio n i n th e mammalia n brain .  However ,  i t  i s 
unlikel y tha t  thi s Hebbian-styl e learnin g i s th e onl y learnin g 
mechanis m availabl e t o humans .  Ignoranc e a s t o wha t  get s 
learnin g of f  th e groun d i n human s undermine s th e 
consuaint s necessar y fo r  theor y buildin g an d evaluation . 

W h en ther e ar e s o man y under-specified ,  fre e parameter s i n 
th e theory ,  th e reason s fo r  failur e t o predic t  a  developmenta l 
trajector y becom e unfathomable . 

Ther e are ,  nevertheless ,  ground s fo r  optimis m fo r  theor y 
buildin g i n developmenta l  cognitiv e science .  First , 
significan t  progres s i s bein g mad e i n decodin g th e huma n 
genome an d neuro-physiologist s ar e makin g dramati c 
headway i n identifyin g th e neura l  circuitr y an d constraint s o n 
neura l  plasticit y i n developin g organisms .  Thes e advance s 
ar e likel y t o hav e a  majo r  impac t  o n developmenta l 
psycholog y ove r  th e nex t  decade .  Second ,  developmenta l 
psychologist s themselve s ar e makin g enormou s headwa y i n 
understandin g th e sensor y an d perceptua l  sensitivitie s o f 
human newborns .  W e kno w a  lo t  mor e abou t  th e infant' s 
effectiv e learnin g environmen t  tha n w e di d jus t  on e decad e 
ago .  Thirdly ,  th e adven t  o f  compute r  modellin g i n 
developmenta l  psycholog y permit s th e rapi d evaluatio n o f 
theorie s s o tha t  a  wid e rang e o f  configiuation s o f  start-states , 
effectiv e learnin g environment s an d learnin g procedure s ca n 
be explored .  I n thi s symposium ,  w e focu s o n th e thir d o f 
thes e advances—th e applicado n o f  computationa l  modellin g 
t o theor y buildin g i n developmenta l  cognitiv e science .  W e 
evaluat e an d compar e som e o f  th e lesson s w e hav e learn t 
fro m th e stud y o f  tw o particula r  classe s o f  m o d e l s — 
symboli c an d neura l  networ k simulation s o f  development . 

The Role of Modelling 

I n orde r  t o buil d a  compute r  mode l  o f  a  developmenta l 
process ,  yo u nee d a  precisel y formulate d theory—precis e 
enoug h t o specif y i n a  compute r  programme .  Thi s deman d 
fo r  precisio n force s th e theor y t o b e coherent .  I t  ma y b e th e 
wron g theory ,  bu t  a t  leas t  i t  wil l  b e internall y consistent .  I f 
i t  i s  not ,  i t  won' t  ru n properl y o n th e computer .  Th e 
modellin g endeavou r  force s a n elaboratio n o f  th e 
fundamenta l  principle s underlyin g th e developmenta l 
process .  Th e mode l  canno t  encompas s th e whol e child ,  s o 
th e modelle r  mus t  decid e whic h part s o f  th e chil d ar e crucia l 
fo r  th e proble m o f  interest .  Thi s i s  par t  o f  th e theor y 
buildin g proces s itself ,  bu t  a  par t  tha t  i s  enforce d b y th e 
decisio n t o implemen t  th e theor y o n a  computer . 

Once thes e part s o f  th e mode l  buildin g proces s ar e 
complete ,  th e nex t  ste p i s t o determin e whethe r  th e 
programm e produce s th e kin d o f  behaviou r  produce d b y 
developin g children .  Thi s i s no t  alway s a  straightforwar d 
par t  o f  th e process .  Childre n var y i n thei r  behaviou r  s o on e 
must  decid e whethe r  an y observe d deviatio n fro m th e 
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model' s performanc e constitute s a  refutatio n o f  th e model .  I t 
i s  bes t  i f  th e mode l  ca n var y i n it s  performanc e to o an d thes e 
variation s ar e cause d b y factor s tha t  migh t  b e relate d t o 
factor s underlyin g variatio n i n children .  Th e thew y embodie d 
i n th e mode l  mus t  b e abl e t o mak e nove l  prediction s tha t 
ca n b e teste d empirically .  I n othe r  words ,  i t  i s  no t  enoug h 
fo r  th e mode l  t o mimi c children' s behaviour .  I t  mus t  b e abl e 
t o generat e testabl e hypotheses . 

Connectionist and Symbolic Modelling 

Al l  th e paper s i n thi s symposiu m presen t  workin g model s 
of  s o m e aspec t  o f  th e child' s linguisti c o r  cognitiv e 
developmen t  firom a  connectionis t  o r  symboli c perspective . 
Bot h classe s o f  mode l  m a k e thei r  o w n characteristi c 
assumption s abou t  th e natur e o f  th e star t  state ,  learnin g 
algorithm s an d effectiv e learnin g environments .  Al l  th e 
model s assum e a  se t  o f  pattern s t o b e processe d b y som e 
computationa l  architecture .  Th e fundamenta l  differenc e 
betwee n th e tw o classe s o f  mode l  i s th e natur e o f  th e 
processin g an d inferenc e procedure s employed .  Fo r 
connectionis t  models ,  pattern s ar e manipulate d b y a  se t  o f 
adaptabl e weighte d connection s tha t  ar e sensitiv e t o th e 
conten t  o f  th e form s encountered .  Learnin g amount s t o a 
proces s o f  statistica l  inference .  I n symboli c models ,  pattern s 
ar e manipulate d b y a  se t  o f  rule s tha t  m a y b e imperviou s t o 
certai n detail s o f  th e patterns .  I f  a  patter n i s identifie d a s a 
certai n type ,  the n i t  i s  handle d accordin g t o th e rule s 
specifie d fo r  tha t  type ,  irrespectiv e o f  an y idiosyncrasie s 
concernin g th e particula r  toke n o f  th e type .  Learnin g i s ofte n 
handle d b y th e constructio n o f  decisio n tree s tha t  classif y th e 
pattern s i n term s o f  thei r  symboli c attributes . 

Nativism and Empiricism 

A c o m m o n poin t  o f  contentio n betwee n connectionis t  an d 
symboli c model s o f  developmen t  concern s th e amoun t  o f 
structur e tha t  i s  require d t o ge t  learnin g of f  th e ground .  Fro m 
th e symboli c perspective ,  i t  i s  sometime s hel d tha t  stimul i 
(o r  trainin g patterns )  ar e to o impoverishe d t o accoun t  fo r  th e 
richness  o f  huma n cognition—^Plato' s well-know n "Shadow s 
i n th e cave "  problem .  Learnin g i s ofte n see n a s a  proces s o f 
triggerin g innat e knowledg e bases ,  wher e th e trigge r  operate s 
i n a  domain-specifi c  fashion .  M a n y connectionist s maintai n 
tha t  symboli c theorist s hav e underestimate d th e structura l 
complexit y o f  informatio n availabl e i n th e environmen t  an d 
th e capacit y o f  domain-genera l  learnin g algorithm s t o induc e 
domain-specifi c  knowledg e base s fro m thi s complexity . 

Th e inpu t  sensitivit y o f  connectionis t  system s make s 
the m obviou s tool s fo r  explorin g empiricis t  account s o f 
linguisti c an d cognitiv e developmen t  However ,  i t  shoul d b e 
emphasize d tha t  connectionis m an d empiricis m ar e no t 
necessar y bedfellows .  I n fact ,  connectionis m offer s a  too l  fo r 
examinin g th e trade-of f  betwee n th e rol e o f  th e inpu t  an d th e 
rol e o f  pre-adapte d structure s an d processe s i n developmen t 
Althoug h th e representation s forme d b y connectionis t 
system s ar e indee d highl y sensitiv e t o inpu t  parameters ,  i t  i s 
th e architecture s an d learnin g algorithm s o f  connectionis t 
system s themselve s tha t  affor d thi s sensitivity .  Becaus e 
connectionis t  architecture s diffe r  i n term s o f  thei r  networ k 
structure s an d learnin g algorithms ,  the y als o diffe r  i n th e 

manner  i n whic h the y respon d t o th e sam e inputs .  Th e 
potentia l  variet y o f  networ k architecture s thereb y conuibute s 
t o th e rang e o f  hypothese s tha t  migh t  describ e th e initia l 
stat e o f  th e learnin g devic e befor e i t  i s  expose d t o an y input . 
Consequently ,  connectionis m ca n als o b e use d t o explor e 
interactionis t  an d nativis t  account s o f  linguisti c an d 
cognitiv e development . 

Symboli c model s als o offe r  considerabl e flexibilit y  i n 
explorin g a  rang e o f  developmenta l  hypotheses .  Althoug h 
symboli c model s necessaril y  postulat e a  se t  o f  symboli c 
primitives ,  th e granularit y o f  thes e atomi c buildin g block s 
ca n var y ca n var y dramaticall y fro m on e theor y t o th e next . 
The commitmen t  t o th e software-hardwar e distinctio n tha t 
commonl y goe s hand-in-han d wit h th e symboli c approach , 
doe s no t  preclud e th e exploratio n o f  minimalis t  programme s 
of  innat e structure s an d processes . 

Biological Plausibility and Levels of 
E x p l a n a t i o n 

Connectionis t  model s clearl y hav e a  neurologica l  appeal . 
But  ar e connectionis t  system s constraine d t o providin g 
model s a t  th e neurologica l  leve l  o f  explanation ? M a n y 
researcher s workin g widii n th e classica l  symboli c approac h 
t o cognitiv e scienc e argu e tha t  functione d account s o f  th e 
cognitiv e leve l  mus t  b e couche d i n term s o f  discrete , 
categorical ,  symbo l  processin g systems .  Furthermore ,  the y 
argu e tha t  curren t  connectionis t  model s d o no t  behav e i n th e 
necessar y symboli c fashion .  Accordin g t o thi s argument , 
connectionis t  model s wil l  no t  b e abl e t o provid e 
explanation s an d description s a t  th e cognitiv e level .  I t  i s 
conceded ,  however ,  tha t  connectionis t  models ,  appropriatel y 
hard-wired ,  m a y b e abl e t o implemen t  th e foundation s o f  a 
cognitiv e syste m i n muc h th e sam e wa y tha t  di e hardwar e o f 
a compute r  jwovide s th e necessar y workin g environmen t  fo r 
symboli c programmes .  Indeed ,  i t  i s  widel y acknowledge d 
tha t  somethin g lik e a  connectionis t  syste m mus t  provid e th e 
neurologica l  foundation s fo r  th e £q}paren t  symboli c mind . 
On thi s view ,  a  symbo l  processin g machin e sit s o n to p o f  a 
connectionis t  implementatio n o f  th e neurologica l  system .  I t 
makes sens e t o tal k abou t  a  two-leve l  syste m wher e th e 
symboli c machin e operate s accordin g t o it s o w n 
autonomou s se t  o f  principles . 

M a ny developmenta l  connectionist s resis t  thi s relegatio n 
of  thei r  explanation s t o th e implementationa l  level .  On e o f 
th e primar y motivation s fo r  buildin g connectionis t  model s 
of  cognitiv e processe s i s tha t  symboli c approache s see m t o 
lac k certai n characteristic s tha t  ar e neede d a t  precisel y th e 
cognitiv e leve l  o f  functionin g (paralle l  processing ,  gracefu l 
degradation ,  learning) . 

A compromis e solution ,  i n whic h connectionis t 
mechanism s an d symbo l  manipulatin g device s wor k side-by -
sid e i n a n harmoniou s cognitiv e system ,  i s currentl y 
fashionable—so-calle d hybri d systems .  D o thes e offe r  th e 
way forwar d o r  ar e the y merel y a  confusio n i n level s o f 
description ? 

Th e presen t  symposiu m feature s modellin g approache s 
tha t  ar e eiUie r  purel y symboli c o r  purel y connectionist . 
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Ob jec t  P e r m a n e n c e 

Accordin g t o Piage t  (e.g. ,  Piaget ,  1958 )  objec t  permanenc e 
form s th e basi s o f  ou r  understandin g o f  objectiv e space . 
Throug h gainin g th e understandin g tha t  object s continu e t o 
exis t  independentl y o f  direc t  perception ,  infant s als o begi n t o 
understan d tha t  the y themselve s ar e independen t  object s 
withi n a n objectiv e space .  Whil e man y woul d agre e tha t 
havin g a  notio n o f  objec t  permanenc e i s essentia l  fo r  a n adul t 
understandin g o f  spatia l  relations ,  ther e i s les s agreemen t  o n 
what  shoul d constitut e evidenc e o f  objec t  permanenc e an d 
ho w i t  shoul d b e measured . 

Piaget' s no w classi c studie s relie d o n activ e retrieva l  o f  a 
hidde n objec t  a s th e measur e o f  knowledge .  Tha t  is ,  th e 
infant s ha d t o b e abl e t o ac t  o n th e knowledg e o f  hidde n 
object s tha t  the y ma y have .  I n th e las t  1 5 years ,  a  differen t 
researc h paradig m ha s appeared .  Thes e studie s hav e use d 
passiv e response s suc h a s surpris e a s a  measur e o f  th e infant s 
knowledg e (se e Baillargeon ,  199 3 fo r  a  review).  Th e ke y ide a 
i n thes e studie s i s t o violat e som e physica l  propert y o f  a 
hidde n object .  I f  th e infant s sho w surpris e a t  th e violation , 
the n i t  i s inferre d tha t  the y remembe r  th e hidde n objec t  an d 
understan d tha t  th e objec t  ha s maintaine d th e physica l 
propert y tha t  wa s violated .  Th e ne w methodolog y reveale d 
tha t  infant s hav e muc h greate r  knowledg e o f  hidde n object s 
tha n tha t  whic h the y ar e abl e t o demonstrat e i n retrieva l 
tasks .  Thi s apparen t  developmenta l  la g betwee n infant' s 
knowledg e o f  hidde n object s an d thei r  abilit y  t o ac t  o n tha t 
knowledg e i s a  ke y questio n o f  infan t  cognitiv e development . 

A thir d researc h paradig m wa s pioneere d b y T .  G .  R .  Bowe r 
(1974) .  Thi s approac h relie d o n observin g infan t  response s t o 
visua l  trackin g event s i n whic h a n objec t  passe d temporaril y 
behin d a n occludin g screen .  Knowledg e o f  th e hidde n objec t 
was inferre d fro m th e infant' s respons e t o surreptitiou s 
change s i n th e object' s feature s an d spatia l  tempora l 
propertie s whil e i t  wa s behin d th e screen .  Bowe r  argue d tha t 
visua l  trackin g wa s a n activ e respons e wit h minima l  moto r 
tas k demands .  Howeve r  th e reliabilit y  o f  th e result s obtaine d 
throug h thi s metho d i s stil l  ope n t o question . 

Computational Models 
A numbe r  o f  computationa l  model s hav e bee n buil t  t o 
explor e th e developmen t  o f  objec t  permanence .  Thes e ar e 
proces s model s o f  infants '  performanc e o n objec t  permanenc e 
tasks .  Th e goa l  i s  t o describ e th e natur e o f  th e knowledg e 
representation s an d th e mechanism s whic h operat e o n thes e 
representation s durin g th e tasks .  A s model s o f  developmen t 
the y shoul d no t  onl y describ e performance ,  bu t  als o provid e 
an accoun t  i n term s o f  th e mechanism s o f  development . 

Ideally ,  the y migh t  als o incorporat e genera l  principle s whic h 
woul d b e extendibl e t o aspect s o f  cognitio n othe r  tha n th e 
immediat e tas k bein g modeled . 

I n thi s talk ,  I  wil l  discus s thre e models .  Th e first  tw o ar e 
symboli c rul e base d model s an d th e thir d i s a  connectionis t 
model .  Th e symboli c model s (e.g .  Prazdny ,  1980 ,  Luger , 
Bower ,  an d Wishart ,  1983 ;  Luger ,  Wishart ,  an d Bower ,  1984 ) 
wer e develope d t o accoun t  f w th e visua l  pursui t  dat a describe d 
by T .  G .  R .  Bowe r  (Bower ,  1974) .  Th e symboli c model s 
diffe r  i n tha t  the y bas e thei r  explanatio n o f  th e infan t 
behavior s o n differen t  imderlyin g theorie s o f  informatio n 
processing . 

Prazdny (1980) 
Prazdn y suggeste d tha t  ther e ar e thre e level s o f  representatio n 
fo r  objects .  Th e highes t  leve l  i s a  conceptua l  leve l  an d th e 
othe r  tw o ar e perceptua l  levels .  Th e conceptua l  leve l  i s th e 
onl y leve l  t o hav e acces s t o bot h featur e an d spatial-tempora l 
information .  A n Object-Descriptio n (OD )  i s generate d b y th e 
conceptua l  level .  Th e O D bind s togethe r  attribute s (e.g. , 
color ,  size ,  position ,  trajectory )  int o a  singl e structur e an d 
label s i t  wit h a  name .  I f  ne w perceptua l  informatio n arrive s 
whic h i s inconsisten t  wit h th e existin g O D ,  a  secon d O D i s 
generated .  Prediction s (expectations )  base d o n bot h O D s ar e 
the n teste d i n orde r  t o selec t  th e bes t  description . 

Knowledg e i s store d i n th e for m o f  IF-THE N assertions .  I n 
particular ,  IF -ADDE D an d I F - R E M O V E D procedure s ar e use d 
t o implemen t  expectatio n behavior s whe n th e stat e o f  a n 
objec t  change s (e.g. ,  i t  disappear s afte r  occlusion) .  Althoug h 
th e perceptua l  level s ar e no t  actuall y implemented ,  i t  i s 
suggeste d tha t  sensor y informatio n enter s th e syste m i n th e 
for m o f  a  snapsho t  o f  th e visua l  scene .  Th e lowes t  perceptua l 
leve l  processe s th e scen e ove r  a  singl e snapsho t  interval .  Th e 
nex t  perceptua l  leve l  abstract s acros s severa l  snapshot s 
thereb y generatin g trajector y representations .  Pa n o f  th e 
infant' s quirk y behavio r  i s explaine d i n term s o f  competitio n 
betwee n thi s perceptuii l  leve l  representatio n o f  u-ajector y an d 
th e conceptua l  leve l  representation .  Finally ,  althoug h n o 
direc t  mechanis m fo r  developmen t  i s  implemented ,  i t  i s 
suggeste d tha t  developmen t  i s  drive n b y a  streamlinin g 
proces s i n whic h specifi c  rule s ar e combine d t o produc e a 
singl e mor e efficien t  rule . 

Luger et al. (1983, 1984) 
Luger' s model s implement s Bower' s Identit y Theor y o f 
objec t  permanenc e (Luger .  Bower ,  an d Wishart ,  1983 ;  Luger , 
Wishart .  an d Bower ,  1984) .  Thi s theor y suggest s tha t  youn g 
infant s understan d tha t  object s continu e t o exist ,  bu t  tha t  the y 
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hav e difficult y keepin g trac k o f  objects .  Youn g infant s 
generat e a  larg e numbe r  o f  separat e objec t  representation s fo r 
what  adult s woul d encod e a s a  singl e objec t  Th e mai n ide a o f 
thi s mode l  i s tha t  infan t  behavior s ca n b e describe d b y th e us e 
of  5  actio n rule s subsume d unde r  3  conceptua l  rules .  Luge r  e t 
al .  describ e th e thre e conceptua l  rules ,  bu t  remai n non -
committa l  abou t  ho w th e actio n rule s migh t  interac t  Henc e 
thes e author s believ e tha t  ther e i s a  complet e dissociatio n 
betwee n th e conceptua l  leve l  an d th e respons e level .  Th e 
conceptua l  rule s are : 
Rul e 1 :  A n objec t  i s  a  bounde d volum e o f  spac e i n a 
particula r  plac e O R o n a  particula r  pat h o f  movement . 
Rul e 2 :  A n objec t  i s a  bounde d volum e o f  spac e o f  a  certai n 
size ,  shape ,  an d colo r  whic h ca n mov e fro m plac e t o plac e 
among it s trajectories .  (Not e tha t  thi s rul e no w integrate s 
featur e informatio n wit h spatia l  tempora l  information ) 
Rul e 3 :  T w o o r  mor e object s canno t  b e i n th e sam e plac e O R 
on th e sam e pat h o f  movemen t  simultaneousl y U N L E S S 
the y shar e a  c o m m o n boundary . 

Thi s mode l  i s implemente d a s a  P R O L OG program .  A  se t 
of  fact s i s use d t o mak e u p a n objec t  knowledg e structur e 
fro m eac h tempora l  snapshot .  Eac h o f  th e conceptua l  rule s i s 
embedded i n a  separat e recursiv e P R O L OG statement .  Th e 
goal  o f  th e statemen t  i s t o asser t  th e permanenc e o f  a n objec t 
T o d o this ,  th e mode l  test s th e validit y o f  a  numbe r  o f  facts . 
The las t  o f  it s conditional s i s t o mov e ove r  an d tes t  again . 
The leve l  1  rul e test s for .  th e location ,  whethe r  th e objec t  ha s 
volume ,  an d whethe r  i t  i s  occluded .  I t  the n move s o n t o th e 
nex t  position .  Th e leve l  2  rul e add s i n a  tes t  fo r  th e object' s 
feature s befor e testin g fo r  intac t  boundaries .  Finall y th e leve l 
3 rul e add s anothe r  tes t  o f  feature s afte r  testin g fo r  intac t 
boundaries .  A s a  result ,  th e Leve l  1  mode l  set s u p a  ne w 
representatio n o f  th e objec t  ever y tim e ther e i s a  chang e i n 
spatia l  tempora l  information .  Th e Leve l  2  mode l  onl y set s u p 
a ne w objec t  toke n whe n ther e ar e change s i n th e featur e 
representation .  Finall y th e Leve l  3  model s d o no t  se t  u p a 
ne w objec t  representatio n whe n tw o object s ar e contiguous . 
Again ,  n o specifi c  developmenta l  mechanis m i s proposed , 
but  i t  i s though t  t o b e drive n b y th e acquisitio n o f  procedure s 
tha t  lea d t o mor e cos t  efficien t  representations . 

Mareschal, Piunkett, and Harris (1995) 

Marescha l  e t  al .  describ e a  connectionis t  mode l  o f  th e 
developmen t  o f  objec t  permanence .  Th e mode l  i s i n th e for m 
of  a  modula r  network .  Unit s tha t  ar e share d b y module s ac t  a s 
gateway s throug h whic h informatio n ca n flo w fro m on e 
modul e t o th e other .  Informatio n enter s th e networ k throug h 
a retin a tha t  i s homogeneousl y covere d wit h featur e detectors . 
Base d loosel y o n neuropsychologica l  data ,  th e mode l 
implement s tw o informatio n pathways :  (a )  a  featur e pathway , 
and (b )  a  spatial-tempora l  pathway .  Th e Objec t  Recognitio n 
Modul e use s a n unsupervise d algorith m t o develo p a 
spatiall y  invarian t  featur e representatio n o f  th e objec t  whos e 
imag e i s projecte d o n th e retina .  Th e Trajector y Predictio n 
Modul e processe s th e spatial-tempora l  propertie s o f  th e objec t 
image .  Thi s modul e learn s t o predic t  wha t  th e nex t  positio n 
of  th e objec t  imag e wil l  be .  Finally ,  Th e Respons e 
Integratio n Modul e recruit s an d integrate s th e interna l 
representation s develope d b y th e othe r  module s a s an d whe n 
require d b y a n appropriat e respons e task . 

Knowledg e o f  pas t  event s i s store d graduall y i n th e 
connectio n weight s betwee n th e units .  A  representatio n o f  th e 
curren t  objec t  even t  i s store d i n th e for m o f  a  patter n o f 
activatio n acros s a  ban d o f  units .  Developmen t  occur s 
thoroug h th e gradua l  accumulatio n o f  knowledg e (smal l 
change s i n connectio n weights) .  A n implicatio n o f  th e mode l 
i s tha t  performanc e o n objec t  permanenc e task s reflect s th e 
abilit y  t o internall y represen t  a n event ,  bu t  als o th e abilit y  t o 
decod e successfull y tha t  representatio n int o a n appropriat e 
action .  Bot h informatio n processin g step s nee d t o b e learned . 

Discussion 

The mos t  immediat e differenc e betwee n thes e model s i s tha t 
th e existin g symboli c model s d o no t  provid e a  transitio n 
mechanism .  I n contrast ,  i t  i s th e essenc e o f  th e connectionis t 
model  t o describ e developmen t  Representation s i n th e 
networ k emerg e throug h learning .  However ,  i t  i s  importan t 
t o understan d tha t  th e connectionis t  network s ar e no t  jus t 
tabul a ras a learners .  Th e representation s tha t  ar e develope d 
depen d bot h o n th e natur e o f  th e interaction s wit h th e 
environment ,  bu t  als o o n innat e knowledg e constraint s i n th e 
for m o f  architectura l  constraint s (determinin g ho w 
informatio n i s segregate d an d recombined )  a s wel l  a s 
mechanism s (determinin g th e typ e o f  informatio n tha t  ca n b e 
extracte d firom  th e environment) . 

The symboli c model s ar e descriptiv e model s o f  competenc e 
at  an y on e stage .  The y ar e no t  model s o f  th e processe s o f 
development .  Eve n i f  a  mechanis m fo r  rul e developmen t  wa s 
devised ,  i t  woul d hav e t o b e mor e tha n jus t  a  mean s o f 
passin g fro m on e leve l  o f  descriptio n t o th e nex t  fo r  th e 
model  t o b e a  meaningfu l  mode l  o f  infan t  development .  A 
connectionis t  mode l  i s a  mode l  o f  th e mechanism s involve d 
i n changin g th e knowledg e representations .  I n som e sens e th e 
knowledg e representation s ar e almos t  secondar y t o th e 
developmenta l  process . 
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C o n s e r v a t i o n 

One of the most well studied phenomena in cognitive 
developmen t  i s conservation .  Conservatio n involve s th e 
belie f  i n th e continue d equivalenc e o f  tw o physica l 
quantitie s ove r  a  transformatio n tha t  appear s t o alte r  on e 
of  them .  A n exampl e o f  conservatio n presoit s a  chil d wit h 
tw o identica l  row s o f  evenl y space d objects .  Onc e th e 
chil d agree s tha t  th e tw o row s hav e th e sam e numbe r  o f 
objects ,  th e experimente r  transform s on e o f  th e rows ,  e.g. , 
by pushin g it s  item s close r  together .  The n th e 
experimente r  ask s th e chil d whethe r  th e tw o row s stil l 
hav e th e sam e amoun t  o r  whethe r  on e o f  the m no w ha s 
more .  Piage t  (196S )  an d othe r  researcher s found  tha t 
childre n belo w abou t  si x year s o f  ag e respon d tha t  on e o f 
th e tw o rows ,  usuall y th e longe r  row ,  no w ha s mor e tha n 
th e other .  I n contrast ,  childre n olde r  tha n si x year s respon d 
tha t  th e tw o row s stil l  hav e equa l  amounts ,  i.e. ,  the y 
conserv e th e equivalenc e o f  th e tw o amount s ove r  th e 
compressin g transfcxrnation . 

Despit e th e man y empirica l  studie s o f  conservation ,  th e 
cognitiv e mechanism s underlyin g conservatio n acquisitio n 
remai n obscure .  O n e wa y t o explor e suc h cognitiv e 
mechanism s i s wit h compute r  simulation s i n whic h th e 
detail s o f  knowledg e representation s an d processin g 
mechanism s mus t  b e full y specified . 

Cascade-correlation 

A successful modeling algorithm for cognitive 
developmenta l  phenomen a i s cascade-correlation .  Thi s i s a 
generativ e algorith m fo r  learnin g i n feed-forwar d neura l 
network s (Fahlma n &  Lebiere .  1990) .  I t  build s it s o w n 
topolog y a s i t  leams ,  b y recruitin g ne w hidde n unit s int o 
th e networ k a s i t  need s them .  Suc h network s underg o no t 
onl y quantitativ e adjustment s i n connectio n weight s bu t 
als o qualitativ e adjustment s i n networ k topology .  Ther e 
hav e bee n cascade-correlatio n model s o f  balanc e scal e 
phenomena ,  causa l  prediction s o f  potenc y an d resistance , 
sedation ,  integratio n o f  velocity ,  time ,  an d distanc e cues , 
and acquisitio n o f  persona l  pronoun s (Shultz ,  Schmidt , 
Buckingham ,  &  Mareschal ,  1995) . 

Simulations 

Here I report on the simulation of five well known 
conservatio n phenomen a wit h neura l  network s constructe d 
by th e cascade-correlatio n algorithm :  (1 )  shif t  fro m 
nonconservatio n t o conservatio n belief s (acquisitio n 
effect) ,  (2 )  emergenc e o f  correc t  conservatio n judgment s 
fo r  smal l  quantitie s befor e large r  quantitie s (proble m siz e 
effect) ,  (3 )  conservatio n o f  discret e quantitie s befor e 

continuou s quantitie s (discret e advantag e effect) ,  (4 ) 
nonconservers '  choic e o f  th e longe r  ro w a s havin g mor e 
item s tha n th e shorte r  ro w (lengt h bia s effect) ,  an d (5 ) 
younge r  childre n conservin g unti l  the y se e th e result s o f 
th e transformatio n (screenin g effect) . 

Training 

Networks were trained in an environment with very few 
constraints .  Input s describe d equivalenc e conservatio n 
problem s i n whic h row s o f  object s wer e describe d i n term s 
of  thei r  perceptua l  characteristics ,  namel y lengt h an d 
density .  Targe t  feedbac k supplie d t o th e networ k concerne d 
relativ e equalit y judgment s comparin g th e tw o rows . 
Transformation s include d thos e tha t  alte r  numbe r  (additio n 
an d subtraction )  an d thos e tha t  preserv e numbe r 
(elongatio n an d compression) .  Additio n an d subtractio n 
transformation s eac h altere d a  ro w b y on e item . 
Elongatio n an d compressio n transformation s decrease d o r 
increase d th e densit y o f  th e ro w b y on e level ,  respectively . 
See Tabl e 1  fo r  som e exampl e transformations .  I n th e 
standar d rows ,  ther e wer e thre e level s o f  length ,  rangin g 
from  2-6 ,  an d tw o level s o f  density ,  rangin g fro m 2-4 . 
Conservatio n experiment s typicall y presen t  onl y a  fe w 
densit y level s bu t  severa l  level s o f  length .  Th e quantitie s 
fo r  numerica l  comparison s wer e compute d a s numbe r  = 
lengt h x  density .  I n thi s way ,  network s coul d lear n abou t 
number  fro m th e perceptua l  characteristic s o f  item s 
arrange d i n row s wit h a  constan t  within-ro w density . 

Testing 

A randomly selected 1/4 of the problems were excluded 
from  trainin g fo r  us e a s tes t  patterns .  Mos t  assessment s 
wer e performe d o n tes t  pattern s rathe r  tha n trainin g 
pattern s i n orde r  t o insulat e networ k performanc e fro m th e 
particular s o f  training . 

Acquisition 

Networks learned the training problems and generalized 
wel l  t o th e tes t  problems ,  no t  merel y memorizin g th e 
problems ,  bu t  abstractin g a n underlyin g function . 

Problem Size 

Networks showed a problem size effect by performing 
bette r  o n problem s i n whic h th e numbe r  o f  th e smalle r 
ro w wa s les s tha n 9  tha n o n problem s i n whic h th e 
number  o f  th e smalle r  ro w wa s greate r  tha n 15 .  Thi s wa s 
eviden t  a t  al l  phase s o f  training ,  excep t  ver y early ,  wher e 
network s ha d no t  learne d enough ,  an d ver y late ,  wher e 
network s ha d reache d a  ceilin g o f  performanc e o n al l 
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proble m sizes .  Proble m siz e effect s ar e pervasiv e i n 
human quantitativ e judgments ;  simulation s sugges t  tha t 
the y resul t  fro m a n analo g representatio n o f  number . 

Discrete Advantage 

The discrete advantage effect was captured by adding small 
amount s o f  rando m nois e t o output s i n th e trainin g an d 
tes t  pattern s fo r  continuou s quantities ,  whic h ar e 
considere d difficul t  t o estimat e accurately .  I t  too k longe r 
fo r  network s t o lear n wit h nois y tha n wit h noiseles s 
outputs .  Also ,  excep t  earl y an d lat e i n training ,  network s 
performe d wors e o n nois y tha n o n noiseles s problems . 
Thus ,  th e network s wer e sensitiv e t o noise ,  bu t  no t  fatall y 
so.  Th e absenc e o f  a  nois e effec t  a t  th e beginnin g o f 
trainin g reflect s inabilit y  t o solv e eithe r  typ e o f  problem . 
The disappearanc e o f  th e nois e effec t  a t  th e en d o f  trainin g 
reflect s ceilin g level s o f  performance . 

Length Bias 

The network s showe d biase s lik e thos e observe d i n 
children .  The y learne d t o us e th e dominan t  dimensio n o f 
length ,  an d the n notice d th e compensatin g dimensio n o f 
density ,  befor e correctl y integratin g th e tw o dimensions . 

The initia l  lengt h bia s wa s du e t o learnin g tha t  longe r 
row s ofte n hav e mor e item s tha n shorte r  rows ,  particularl y 
i n additio n an d subtractio n transformation s whe n densit y 
i s hel d constant .  Thi s explanatio n i s consisten t  wit h th e 
ide a tha t  ver y youn g childre n d o no t  sho w a  lengt h bia s 
becaus e the y hav e no t  ye t  learne d tha t  lengt h i s a  correlat e 
of  numbe r  (Miller ,  Grabowski ,  &  Heldmeyer ,  1973) . 
Lengt h bia s di d no t  occu r  i n a n alternat e environmen t  i n 
whic h length ,  rathe r  tha n density ,  wa s hel d constan t 
durin g transformations .  Thes e bia s result s underscor e th e 
tensio n betwee n perceptio n an d cognitio n i n conservatio n 
tasks .  Wha t  th e chil d know s (e.g. ,  tha t  a  transformatio n 
does no t  chang e a  quantity )  appear s t o conflic t  wit h wha t 
she see s (e.g. ,  tha t  on e ro w i s longer ,  an d thu s seem s 
mor e numerou s tha n th e other) . 

Screening 

The screening effect refers to young children conserving 
onl y unti l  the y se e th e result s o f  a  transformatio n (Mille r 
& Heldmeyer ,  1975) .  A s lon g a s th e effect s o f  th e 
transformatio n ar e screene d fro m view ,  the y conserve ,  bu t 
w h en th e scree n i s removed ,  the y rever t  t o 
nonconservation .  Thi s wa s simulate d b y removin g 
informatio n abou t  th e appearanc e o f  th e transforme d ro w 
afte r  i t  wa s transformed ,  causin g mor e conservatio n earl y 
i n training . 

Networ k Analysi s 

T o determin e th e role s o f  particula r  hidde n units , 
informatio n critica l  t o perceptua l  an d cognitiv e solution s 
was delete d firom  th e tes t  problems .  Missin g inpu t  critica l 
t o a  perceptua l  solutio n involve d th e lengt h an d densit y o f 
th e post-transformatio n row ,  wherea s missin g inpu t 
critica l  t o a  cognitiv e solutio n involve d th e natur e o f  th e 
transformation .  Analysi s o f  error s cause d b y thes e 
deletion s indicate d tha t  mos t  hidde n unit s playe d a  rol e i n 
eithe r  perceptua l  o r  cognitiv e solution s an d a  fe w o f  the m 
playe d a  rol e i n bot h solutio n types . 

Conclusions 

Thes e simulation s capture d a  variet y o f  effect s i n th e 
conservatio n literatur e an d supporte d th e correlation -
learnin g explanatio n o f  lengt h bias .  The y achieve d bette r 
and mor e comprehensiv e coverag e o f  natura l  conservatio n 
phenomena tha n hav e previou s simulations . 
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Transformatio n Lengt h Densit y Row 
Pre-transformatio n 
Add 
Subtrac t 
Elongat e 
Compres s 

2 
2. 5 
1.5 
4 
1.3 3 

2 
2 
2 
1 
3 

G O O 
G O G 
G G  G 
O G 
O O  G  G 

G 
G 

Tabl e 1 :  Exampl e transformations . 
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Abstrac t 

Symbolic decision-lice leaxning algorithms can provide 
a powerfu l  an d accurat e transitio n mechanis m fo r  mod -
eUng cognitiv e development .  The y ar e vali d alternative s 
t o connectionis t  models . 

S y m b o l i c D e c i s i o n - T r e e L e a r n i n g 

I n general ,  a  learnin g algorith m i s "symbolic "  i f  i t  di -
rectl y operate s o n a  symboli c representatio n durin g th e 
learnin g period ,  an d generate s a  dat a processin g struc -
tur e base d directl y o n th e symboli c representation .  Ad -
ditionally ,  on e migh t  wis h t o requir e tha t  attribute s de -
scribin g trainin g example s shoul d b e specifie d a t  a  sym -
boli c leve l  tha t  correspond s directl y t o symboli c descrip -
tion s i n th e learnin g domain .  Accordin g t o thi s def -
inition ,  decision-tre e learnin g algorithms ,  suc h a s ID 3 

(Quinlan ,  1986 )  an d C4. 5 (Quinlan ,  1993) ,  operatin g 
on letter s an d phoneme s i n modelin g pas t  tens e acqui -
sitio n o f  Englis h verb s i s  symboli c (Lin g k  Marinov , 
1993 ;  Ling ,  1994) .  Similarly ,  decision-tre e learnin g oper -
atin g o n descriptiv e informatio n base d o n balanc e scal e 
problem s i s symboli c (Schmid t  &  Ling ,  1996a,  1996b) . 
On th e othe r  hand ,  a  decisio n tre e whic h utilize s "sub -
symbolic "  informatio n (i.e. ,  distribute d representation ) 
m ay no t  b e calle d symbolic .  Connectionis t  model s o f 

thes e sam e task s ar e no t  either . 

Becaus e o f  continuou s weigh t  modificatio n Eind/o r 
gradua l  structur e chang e (i.e. ,  generativ e connectionis t 

algorithms )  durin g learning ,  connectionis t  method s ar e 

ofte n regarde d a s a  natura l  approac h t o modelin g de -
velopmenta l  proces s o f  cognition ,  an d ofte n perceive d 
as superio r  t o thei r  symboli c counterparts .  Ou r  wor k 
demonstrate s tha t  symboli c decision-tre e learnin g algo -
rithm s ca n provid e a  powerfu l  an d accurat e transitio n 
mechanis m fo r  modelin g cognitiv e development .  There -
fore ,  symboli c learnin g method s an d model s ar e vali d 
alternative s t o connectionis t  approaches . 

Incremental and Developmental 

Ther e ar e tw o independen t  dimension s o n whic h w e 
can classif y decision-tre e learnin g fo r  modelin g devel -
opment .  On e i s  calle d incremental ,  an d th e othe r  i s 

developmenial .  Thes e combin e t o produc e fou r  pos -
sibl e classe s o f  model :  {incremental ,  non-incremental } 

X {developmental ,  non-developmental} .  Not e tha t  thi s 
classificatio n o f  mode l  i s applicabl e t o othe r  learnin g al -
gorithm s a s well . 

Incrementa l  learnin g ( a ter m ofte n use d i n th e machin e 

learnin g community )  require s tha t  th e eilgoritbm s tak e 

trainin g example s on e a t  a  time ,  an d onl y updat e th e de -

cisio n tree s whe n ne w example s ar e receive d (rathe r  tha n 
constructin g a  ne w on e base d o n a  singl e expande d se t  o f 
examples) .  Althoug h th e well-know n decision-tre e learn -
in g algorithm s ID 3 an d C4. 5 ar e non-incremental ,  ther e 
ar e incrementa l  versions ,  suc h a s ID 5 (Utgoff ,  1989) ,  tha t 
ar e guarantee d t o produc e th e sam e result s a s th e non -
incrementa l  versions ,  i f  applie d t o th e identica l  se t  o f 
examples .  Becaus e o f  this ,  an d becaus e o f  hig h compu -
tationa l  efficienc y (takin g jus t  minute s o n dataset s o f 
thousand s o f  examples) ,  non-incrementa l  decision-tre e 
learnin g edgorithm s ar e ofte n preferre d i n developmenta l 
modelin g fo r  th e eas e o f  implementatio n (Lin g i t  Mari -
nov ,  1993 ;  Schmid t  &  Ling ,  1996a) . 

Incrementa l  learnin g i s desirabl e fo r  constructin g de -
tailed ,  interna l  proces s o f  learnin g an d development . 
However ,  incrementalit y play s littl e rol e i n demonstrat -
in g en d result s an d mode l  predictions . 

Developmenta l  learnin g i s t o construc t  a  serie s o f  deci -
sio n tree s i n whic h successor s expan d upo n predecessors , 
base d o n a  fixe d se t  o f  trainin g example s (whic h m a y 

hav e accumulate d incrementally) .  Earl y decisio n tree s i n 
th e serie s ar e small ,  an d ca n onl y accommodat e a  rela -

tivel y smal l  numbe r  o f  examples .  T h e decisio n tree s lat e 
i n th e serie s ar e larger ,  an d th e overal l  erro r  rate s ar e 
generall y reduced .  Ther e ar e severa l  possibl e method s 
fo r  decision-tre e developmenta l  modeling .  O n e obviou s 
approac h i s t o limi t  th e m a x i m u m dept h o f  th e decisio n 
tree s constructed ,  an d t o increas e thi s limi t  graduall y 
Thi s metho d produce s tree s o f  unifor m depth ,  bu t  th e 
erro r  rate s associate d wit h differen t  leave s ar e uneven . 
Anothe r  approac h i s t o limi t  th e numbe r  (o r  percent ) 
of  error s tha t  leave s ca n tolerate ,  an d t o decreas e tha t 
limi t  gradually .  I n thi s case ,  error s a t  differen t  leave s 
woul d b e uniform ,  an d part s o f  tree s wit h highe r  error s 
woul d b e expande d mor e deepl y first.  A  simpl e wa y t o 
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accomplis h thi s wit h C4. 5 i s t o manipulat e a  built-i n pa -
ramete r  m ,  whic h ha s th e effec t  o f  limitin g th e numbe r 

of  error s allowe d i n leaves .  Not e tha t  on e ca n easil y com -

bin e thes e strategies .  Fo r  example ,  on e coul d graduall y 
decreas e th e percen t  o f  error s allowe d o n leaves ,  an d i f 

th e growt h o f  th e nex t  decisio n tre e i s abrupt ,  contro l  th e 
m a x i m u m dept h o f  th e tree s an d produc e severa l  tree s 

wit h a n incresisin g depth . 
We propos e th e followin g hypothesi s fo r  modelin g 

cognitiv e developmen t  wit h developmenta l  decision-tre e 

learning .  Earl y i n development ,  childre n hav e limite d 
menta l  abilities ,  whic h includ e learnin g capacit y an d 

memory capacity :  the y canno t  explai n a  lug e numbe r 

of  example s observed ,  an d a t  th e sam e time ,  thei r  m e m-
or y fo r  storin g learne d hypothesi s i s limited .  Youn g 
children' s poo r  performanc e ca n b e modele d wit h th e 
smal l  decisio n tree s earl y i n th e serie s b y developmenta l 
decision-tre e learnin g algorithms .  Not e tha t  sinc e mos t 

decision-tre e algorithm s (suc h a s C4.5 )  choos e th e mos t 
discriminan t  attribut e a s th e roo t  o f  (sub)trees ,  suc h 

smal l  decisio n tree s ar e likel y th e bes t  smal l  tree s tha t 

get  a s muc h regularit y ou t  o f  th e trainin g example s a s 
possible .  Thi s reflect s tha t  childre n maximiz e learning , 

eve n wit h thei r  limite d menta l  capacity .  Lat e i n devel -

opment ,  mor e example s ca n b e accommodate d (learnin g 

capacit y i s improved )  a s mor e comple x regularitie s ar e 
learne d (an d memor y capacit y i s  increased) .  Thi s ca n 
be modele d b y larg e decisio n tree s lat e i n th e serie s gen -
erate d b y th e developmenta l  strategie s discusse d above . 

We hav e successfull y use d th e developmenta l  strate -
gie s discusse d t o mode l  cognitiv e developmen t  o n th e 

balance-scal e tas k (Schmid t  k  Ling ,  1996a ,  1996b) .  Th e 
set  o f  C4. 5 decision-tree s demonstrate d th e majo r  psy -
chologica l  phenomen a (orderl y stag e progression ,  U -
shape d development ,  an d torqu e diflierenc e effect )  ob -
serve d i n children ,  thereb y providin g evidenc e tha t  C4. 5 

ca n ac t  a s a  transitio n mechanis m fo r  modelin g develop -
menta l  phenomena . 

Competence and performance models 

Incrementa l  an d developmenta l  decision-tre e learnin g al -
gorithm s stil l  lac k certai n feature s a s developmen t  mod -
els .  Fo r  example ,  decision-tre e learnin g algorithm s ar e 
deterministic ,  an d the y fai l  t o produc e individua l  varia -
tions .  I n th e balanc e scal e model ,  fo r  example ,  stag e 
skipping ,  regression ,  an d individua l  differences ,  whic h 
mar k th e huma n developmenta l  data ,  di d no t  exhibite d 
i n C4. 5 modeling .  I t  appear s to o "precise" ,  producin g 
perfec t  stag e progressin g eac h run . 

To answe r  thi s criticism ,  w e nee d t o firs t  revie w th e 

differenc e betwee n competenc e an d performanc e model s 
(Chomsky ,  1968) .  Competenc e i s th e abilit y  o f  a n ide -

alize d subjec t  t o execut e th e tas k a t  hand .  Thi s idea l 
i s  no t  affecte d b y situationa l  variables ,  memor y span ,  o r 
perceptua l  limitations .  I n reality ,  competenc e i s reveale d 
onl y indirectl y throug h a  subject' s performance ,  whic h 

i s alway s influence d b y situationa l  factors .  Th e de -
velopmen t  mode l  o n th e balanc e scal e tas k usin g C4. 5 

i s intende d a s a  competenc e model .  I t  i s  mor e con -

cerne d wit h characterizin g th e knowledg e structure s an d 

th e learnin g proces s underlyin g huma n performance . 

Simpl e measure s coul d b e take n t o augmen t  th e com -
petenc e mode l  t o mak e i t  accountabl e fo r  th e intricacie s 

of  th e huma n performanc e data .  Fo r  example ,  rando m 
ssunplingca n b e take n fro m th e entir e trainin g set .  I n ad -

dition ,  on e ca n ad d probabilit y  i n buildin g decisio n tree s 

(b y no t  alway s choosin g th e bes t  nodes) .  Thi s adde d 
variabilit y  woul d stil l  clearl y b e base d o n th e data ,  an d 

can mode l  huma n performanc e (wit h non-deterministi c 
behavior ,  ignorance ,  an d individua l  differences) . 

Summary 

Symboli c decision-tre e learnin g algorithm s ar e incremen -
ta l  an d developmental ,  an d ar e adequat e fo r  competenc e 
modelin g o f  cognitiv e development .  The y ca n als o b e 
augmente d t o reflec t  individua l  huma n performance . 
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Abstrac t 

B> computationalism in cognitive science I mean the view 
tha t  cognitio n essentiall y  i s  a  matte r  o f  th e computation s tlia t 
a cognitiv e syste m perform s i n certai n situations .  Th e m a m 
thesi s 1  a m goin g t o defen d i s tha t  computationalis m i s onl y 
consisten t  wit h symboli c modelin g or ,  mor e generally ,  wit h 
any othe r  typ e o f  computationa l  modelm g I n particular , 
thos e scientifi c  explanation s o f  cognitio n whic h ar e base d o n 
n)  a n importan t  clas s o f  connectionis t  model s o r 
(ii )  nonconncctionis t  continuou s model s canno t  b e 
computational ,  fo r  thes e model s ar e no t  th e kin d o f  syste m 
whic h ca n perfor m computation s i n th e sens e o f  standar d 
computatio n theory .  Arguin g fo r  thi s negativ e conclusio n 
require s a  forma l  explicatio n o f  th e intuitiv e notio n o f 
computationa l  syste m Thus ,  i f  my thesi s i s correct ,  w e ar e 
lef i  wit h th e followin g alternative .  Eithe r  w e constru e 
computationalis m b y explicitl y  rcfemn g t o som e 
nonstandar d notio n o f  computation ,  o r  w e simpl y abando n 
th e ide a tha t  computationalis m b e a  basi c hypothesi s share d 
by al l  curren t  researc h i n cognitiv e science .  1  wil l  finally 
sugges t  tha t  a  differen t  hypothesis ,  dynamicism ,  ma y 
represen t  a  viabl e alternativ e t o computationalism . 
Accordin g t o it ,  cognitio n essentiall y  i s a  matte r  o f  th e stat e 
evolution s tha t  a  cognitiv e syste m undergoe s i n certai n 
situations . 

Introductio n 

By computationalism in cognitive science I mean the view 
tha t  cognitio n essentiall y  i s a  matte r  o f  th e computation s 
tha t  a  cogniti\ c  syste m perform s i n certai n situations .  Th e 
mai n goa l  o f  thi s pape r  i s t o asses s whethe r  thi s vie w ma y 
represen t  a  basi c hypothesi s share d b y th e thre e curren t 
approache s t o cognition ;  th e symboli c (o r  classic )  approach , 
connectionism ,  an d nonconncctionis t  dynamics . 

I f  w c loo k a t  th e model s actuall y use d i n cognitiv e 
science ,  w e se e tha t  a  differen t  typ e o f  mode l  correspond s t o 
eac h approach .  Th e symboli c approac h (Newel l  an d 
Simon ,  1972 ;  Newell .  1980 ;  Pylyshyn .  1984 ;  Johnso n 
Laird .  1988 )  employ s symboli c processor s a s models .  A s a 
first  approximation ,  w e ma y tak e a  symboli c processo r  t o b e 
any de\ic e tha t  operate s effectiv e transformation s o f 
appropriatel y define d symbo l  structiu-es .  Th e connectionis t 
approac h (Rumclhar t  an d McClelland .  1986) ,  o n th e othe r 
hand .  employ s connectionis t  networks ,  whil e 
nonconncctionis t  dynamicist s us e othe r  kind s o f  continuou s 
system s specifie d b y differentia l  (o r  difference )  equations . 
Nonconncctionis t  researcher s favorin g a  dynamica l 

perspecti\ e ar e activ e i n man y fields.  Fo r  example s se e 
Por t  an d va n Geldc r  (1995) . 

The mai n thesi s I  a m goin g t o defen d i s  tha t 
computationalis m i s  onl y consisten t  wit h symboli c 
modelin g or .  mor e generally ,  wit h an y othe r  typ e o f 
computationa l  modeling .  I n particular ,  thos e scientifi c 
explanation s o f  cognitio n whic h ar e base d o n (i )  a n 
importan t  clas s o f  connectionis t  model s o r 
(ii )  nonconncctionis t  continuou s model s canno t  b e 
computational ,  fo r  thes e model s ar e no t  th e kin d o f  syste m 
whic h ca n perfor m computation s i n th e sens e o f  standar d 
computatio n theory . 

The thesi s tha t  computationalis m i s onl y consisten t  wit h 
computationa l  modelin g i s  empt y unles s on e give s a 
sufficientl y precis e characterizatio n o f  wha t  a 
computationa l  mode l  o f  a  cognitî • e syste m is .  B y thi s 
term ,  I  mea n an y computationa l  syste m tha t  describe s (or , 
at  least ,  i s  intende d t o describe )  som e cognitiv e aspec t  o f 
th e cognitiv e system .  Intuitively ,  b y th e ter m 
computationa l  syste m 1  refe r  t o an y devic e o f  th e kin d 
studie d b y standar d computatio n theory .  Thus ,  fo r 
example ,  Turin g machines ,  registe r  machines ,  an d finite 
stat e automat a ar e thre e differen t  type s o f  computationa l 
systems .  B y contrast ,  so-calle d analo g computer s ar e no t 
computationa l  systems .  I  wil l  propos e late r  a  forma l 
explicatio n o f  thi s intuitiv e notio n o f  a  computabona l 
system . 

Thus ,  i f  m y thesi s i s  correct ,  w e ar e lef t  wit h th e 
followin g alternative .  Eithe r  w e constru e computationalis m 
by explicitl y  referrin g t o som e nonstandar d notio n o f 
computation ,  o r  w e simpl y abando n th e ide a tha t 
computationalis m b e a  basi c hypothesi s share d b y al l 
curren t  researc h i n cognitiv e science .  I n th e las t  sectio n o f 
thi s paper ,  I  wil l  als o sugges t  tha t  a  differen t  hypothesis , 
dynamicism ,  ma y represen t  a  viabl e alternativ e t o 
computationalism .  Accordin g t o it ,  cognitio n essentiall y  i s 
a matte r  o f  th e stat e evolution s tha t  a  cognitiv e syste m 
undergoe s i n certai n situation s 

The Argument 

The main thesis of this paper is that computationalism is 
onl y consisten t  wit h symboli c modelin g or .  mor e generally , 
wit h an y othe r  typ e o f  computationa l  modeling .  Th e 
argumen t  I  a m goin g t o propos e i s base d o n tw o premises . 
The first  on e affirm s tha t  al l  model s currentl y employe d i n 
cognitiv e scienc e ar e mathematica l  dynamica l  systems . 
The secon d premise ,  o n th e othe r  hand ,  affirm s tha t  a 
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computatio n (i n th e sens e o f  standar d computatio n theory ) 
ca n onl y b e performe d b y tha t  specia l  typ e o f  mathematica l 
dynamica l  syste m whic h I  hav e calle d a  computationa l 
system .  Havin g establishe d thes e tw o premises ,  I  wil l  the n 
sho w tha t  (a )  a n importan t  clas s o f  connectionis t  models , 
an d (b )  nonconnectionis t  continuou s model s ar e no t 
computationa l  systems .  Hence ,  thes e model s camio t 
perfor m computation s i n th e standar d sense .  Bu t  then ,  i f 
our  scientifi c  explanation s o f  cognitio n ar e base d o n thes e 
models ,  w e canno t  maintai n tha t  cognitio n is ,  essentially ,  a 
matte r  o f  th e computation s performe d b y th e cognitiv e 
syste m whic h thes e model s ar e intende d t o describe .  O n 
th e othe r  hand ,  (c )  al l  symboli c model s ar e computationa l 
systems .  Therefore ,  computationalis m i s onl y consisten t 
wit h syinboli c modelin g or ,  mor e generally ,  wit h an y othe r 
approac h whic h employ s computationa l  system s a s model s 
of  cognition . 

The First Premise 

Th e first  premis e o f  m y argumen t  i s tha t  al l  model s 
currentl y employe d i n cognitiv e scienc e ar e mathematica l 
dynamica l  systems .  A  mathematica l  dynamica l  syste m i s 
an abstrac t  mathematica l  structur e tha t  ca n b e use d t o 
describ e th e chang e o f  a  rea l  syste m a s a n evolutio n 
throug h a  serie s o f  states .  I f  th e evolutio n o f  th e rea l 
syste m i s deterministic ,  tha t  is ,  i f  th e stat e a t  an y futur e 
tim e i s determine d b y th e stat e a t  th e presen t  time ,  the n th e 
abstrac t  mathematica l  structur e consist s o f  thre e elements . 
Th e first  elemen t  i s a  se t  T  tha t  represent s time .  T  m a y b e 
eithe r  th e reals ,  th e rationals ,  th e integers ,  o r  th e 
noimegativ e portion s o f  thes e structures .  Dependin g o n th e 
choic e o f  T ,  then ,  tim e i s represente d a s continuous ,  dense , 
or  discrete .  Th e secon d elemen t  i s a  nonempt y se t  M tha t 
represent s al l  possibl e state s throug h whic h th e syste m ca n 
evolve ;  A /  i s calle d th e stat e spac e o f  th e system .  Th e thir d 
elemen t  i s a  se t  o f  function s {g' }  tha t  tell s  u s th e stat e o f  th e 
syste m a t  an y instan t  t  provide d tha t  w e k n o w th e initia l 
state ;  eac h functio n i n {g' }  i s calle d a  stat e transitio n o f  th e 
system .  Fo r  example ,  i f  th e initia l  stat e is x e M ,  th e stat e 
at  tim e /  i s  give n l ^  ̂ (x) ,  th e stat e a t  tim e m >  /  i s give n b y 
g"(x) ,  etc .  Th e function s i n th e se t  {^ }  mus t  onl y satisf y 
tw o conditions .  First ,  th e fimction  g  mus t  tak e eac h stat e 
t o itsel f  and ,  second ,  th e compositio n o f  an y tw o fimction s 
g*  an d g" "  mus t  b e equa l  t o th e functio n g"̂ * " 

A n importan t  sulxlas s o f  th e mathematica l  dynamica l 
system s i s tha t  o f  al l  system s wit h discret e time .  An y suc h 
syste m i s calle d a  cascade .  Mor e precisely ,  a  mathematica l 
(fynamica l  syste m <T ,  M ,  {gf} > i s a  cascad e jus t  i n cas e T 
i s equa l  t o th e nonnegativ e integer s (o r  t o th e integers) . 

As mentioned ,  th e model s currentl y employe d i n 
cognitiv e scienc e ca n basicall y b e classifie d int o thre e 
differen t  types :  (1 )  symboli c processors ,  (2 )  neura l 
networks ,  an d (3 )  othe r  continuou s system s specifie d b y 
differentia l  (o r  difference )  equations .  Tha t  a  syste m 
specifie d b y differentia l  o r  differenc e equation s i s a 
mathematica l  dynamica l  syste m i s obvious ,  fo r  thi s concep t 
i s expressl y designe d t o describ e thi s clas s o f  system s i n 
abstrac t  term s Tha t  a  neura l  networ k i s a  mathematica l 
dynamica l  syste m i s als o no t  difficul t  t o show .  A  complet e 

slat e o f  th e syste m ca n i n fac t  b e identifie d wit h th e 
activatio n level s o f  al l  th e unit s i n th e network ,  an d th e se t 
of  stat e transitions ,  o n th e othe r  hand ,  i s determine d b y th e 
dififerentia l  (o r  difference )  equation s tha t  specif y h o w eac h 
uni t  i s  updated .  T o sho w tha t  al l  symboli c processor s ar e 
mathematica l  dynamica l  system s i s a  bi t  mor e complicated . 

Th e argumentativ e strateg y 1  prefe r  consider s first a 
specia l  clas s o f  symboli c processor s (suc h a s Turin g 
machines ,  o r  monogeni c productio n systems ,  etc. )  an d i t 
the n show s tha t  th e system s o f  thi s specia l  typ e ar e 
mathematica l  dynamica l  system s wit h discret e time ,  i.e. , 
cascades .  Give n th e stron g similaritie s betwee n differen t 
type s o f  symboli c processors ,  i t  i s  the n no t  difficul t  t o se e 
h o w th e argumen t  give n fo r  on e typ e coul d b e modifie d t o 
fit  an y othe r  typ e (Giunti ,  1992 ,  1996) .  W e m a y thu s 
conclud e tha t  al l  model s currentl y employe d i n cognitiv e 
scienc e ar e mathematica l  dynamica l  systems . 

The Second Premise 

Th e secon d premis e o f  m y argumen t  affirm s tha t  a 
computatio n (i n th e sens e o f  standar d computatio n theory ) 
ca n onl y b e performe d b y a  computationa l  system . 
Intuitively ,  b y thi s ter m I  refe r  t o an y devic e o f  th e kin d 
studie d b y standar d computatio n theor y (e.g. ,  Turin g 
machines ,  registe r  machines ,  cellula r  automata ,  etc. )  I  cal l 
any computatio n performe d b y an y suc h devic e a  standar d 
computation .  Accordin g t o thi s terminology ,  then ,  m y 
secon d premis e affirm s tha t  a  standar d computatio n ca n 
onl y b e performe d b y a  computationa l  system .  I t  i s  thu s 
clea r  tha t  I  i n fac t  tak e thi s premis e t o b e tru e b y definition . 

Someone migh t  objec t  that ,  give n m y definitions ,  m y 
secon d premis e i s no t  onl y true ,  bu t  als o trivial .  Accordin g 
t o m y imaginar y critic ,  th e importan t  questio n i s no t 
whethe r  a  standar d computatio n ca n b e performe d b y a 
noncomputationa l  syste m but ,  rather ,  whethe r  standar d 
computationa l  method s ar e sufficien t  t o accuratel y describ e 
th e behavio r  o f  al l  model s employe d i n cognitiv e scienc e 
(b e thes e model s computationa l  o r  not) .  1  wil l  giv e a n 
answe r  t o thi s kin d o f  objectio n later .  Before  I  ca n procee d 
wit h m y argument ,  however ,  1  nee d t o giv e a  forma l 
explicatio n o f  th e intuitiv e concep t  o f  a  computationa l 
system . 

A Formal Definition of a Computational System 

To this extent, let us first of all consider the mechanisms 
studie d b y standar d computatio n theoi y an d as k (i )  wha t 
typ e o f  syste m the y are ,  an d (ii )  wha t  specifi c  featur e 
distinguishe s thes e mechanism s from  othe r  system s o f  th e 
same type . 

As mentioned ,  standar d computatio n theor y studie s man y 
differen t  kind s o f  abstrac t  systems .  A  basi c propert y tha t  i s 
share d b y al l  thes e mechanism s i s tha t  the y ar e 
mathematica l  dynamica l  system s wit h discret e time ,  tha t  i s 
cascades .  However ,  standar d computatio n theor y doe s no t 
stud y al l  cascades .  Th e specifi c  featur e tha t  distinguishe s 
computationa l  system s from  othe r  mathematica l  dynamica l 
system s wit h discret e tim e i s tha t  a  computationa l  syste m 
ca n alway s b e describe d i n a n effectiv e way .  Intuitively , 
thi s mean s tha t  th e constitutio n an d operation s o f  th e 
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s>ste m ar e purel > mechanica l  o r  tha t  th e syste m ca n alway s 
be identifie d wit h a n idealize d mechanism .  Howe\er .  sinc e 
we wan t  t o a m \ e a t  a  forma l  definitio n o f  a  computationa l 
s>stem .  w c canno t  limi t  ourselve s t o thi s intuitiv e 
characterization .  Rather ,  w e mus t  tr > t o pu t  i t  i n a  precis e 
for m 

Sinc e 1  ha\ e informall y characterize d a  computationa l 
s>ste m a s a  cascad e tha t  ca n b e effectivel y described ,  le t  u s 
ask firs t  wha t  a  descriptio n o f  a  cascad e is .  I f  w e tak e a 
structuralis t  viewpoint ,  thi s questio n ha s a  precis e answer . 
A descriptio n (o r  a  representation )  o f  a  cascad e consist s o f 
a secon d cascad e isomorphi c t o i t  where ,  b y definition ,  a 
cascad e M D S ,  ''T,\f, .  {h'} > i s isomorphi c t o a  give n 
cascad e M D S < T . M . { ^ } > jus t  i n cas e ther e i s a 
bijectio n f : M - ^ M ,  suc h that ,  fo r  wi y t  e T an d an y 
xGMJ(^(x))~h'(f(x)) . 

I n th e secon d place .  le t  u s as k wha t  a n effectiv e 
descriptio n o f  a  cascad e is .  Sinc e I  hav e identifie d a 
descriptio n o f  a  cascad e M D S T ,  M ,  {g'} -  wit h a  secon d 
cascad e M D S ,  T ,  Mi ,  (h'} ^  isomorplii c  t o M D S .  a n 
effectiv e descriptio n o f  M D S wil l  b e a n effectiv e cascad e 
M DS I  isomorphi c t o M D S.  Th e proble m thu s reduce s t o a n 
analysi s o f  th e concep t  o f  a n effectiv e cascade .  N o w .  i t  i s 
natura l  t o analyz e thi s concep t  i n term s o f  tw o conditions : 
(a )  ther e i s a n effectiv e procedur e fo r  recognizin g th e state s 
of  th e syste m or ,  i n othe r  words ,  th e stat e spac e M ,  i s a 
decidahl e set ;  (b )  eac h stat e transitio n fiinction  h '  i s 
effectiv e o r  computable .  A s i t  i s  wel l  known ,  thes e tw o 
condition s ca n b e mad e precis e i n severa l  way s whic h tur n 
out  t o b e equivalent .  Th e on e 1  prefe r  i s b y mean s o f  th e 
concep t  o f  Turin g computability .  I f  w e choos e thi s 
approach ,  w e wil l  the n requir e tha t  a n effectiv e cascad e 
satisfy :  (a' }  th e stat e spac e M i  i s a  subse t  o f  th e se t  P(.\ )  o f 
al l  finite  string s buil t  ou t  o f  som e finite  alphabe t  A ,  an d 
ther e i s a  Turin g machin e tha t  decide s whethe r  a n arbitrar y 
finite  strin g i s member  o f  A/; ;  (b' )  fo r  an y stat e transitio n 
functio n /»' ,  ther e i s a  Turin g machin e tha t  compute s h' . 

Finally ,  w c ar e i n th e positio n t o formall y defin e a 
computationa l  system .  Th e followin g definitio n expresse s 
i n a  precis e vsa y th e informa l  characterizatio n o f  a 
computationa l  s>ste m a s a  cascad e tha t  ca n b e effectivel y 
described . 

Definition (computational system) 
M DS i s a  computationa l  syste m if f  A/A V T ,  A/ ,  {^ }  ̂  i s 
a cascade ,  an d ther e i s a  secon d cascad e 
\tDS i  -T.M, .  {h'} r  suc h tha t  M D S ,  i s isomorphi c t o 
A/D.Van d 
(1 )  i f  P(A )  i s th e se t  o f  al l  finite  string s buil t  ou t  o f  som e 

finite  alphabe t  A ,  M ,  c P ( A )  an d ther e i s a  Turin g 
machin e tha t  decide s whethe r  a n arbitrar y finite  strin g 
i s member  o f  A/; . 

(2 )  fo r  an y t  e  T .  ther e i s a  Turin g machin e tha t  compute s 
h' 

It is tedious but not difficult to show that all systems that 
hav e bee n actuall y studie d b y standar d computatio n theor y 
(Turin g machines ,  registe r  machines ,  monogeni c 
productio n systems ,  cellula r  automata ,  etc. )  satisf y th e 
definitio n (Giunti .  1992 .  1996) . 

T w o Sufficien t  Condition s fo r  a  Sys te m no t  t o B e 
Computat iona l 

The definition of a computational system allows us to 
deduc e tw o sufficien t  condition s fo r  a  mathematica l 
dynamica l  syste m no t  t o b e computational .  Namely ,  a 
mathematica l  dynamica l  syste m A /D S =  <T ,  M ,  (^} > i s no t 
computationa l  i f  i t  i s  continuou s i n eithe r  tim e o r  stat e 
spac e or ,  mor e precisely ,  i f  eithe r  (i )  it s tim e se t  T  i s th e se t 
of  th e (nonnegative )  rea l  numbers ,  o r  (ii )  it s  stat e spac e M 
i s no t  denumerable . 

A n immediat e consequenc e o f  condifio n (ii )  i s  tha t  an y 
finit e neura l  networ k whos e unit s hav e continuou s 
activatio n level s i s no t  a  computationa l  system .  Als o not e 
tha t  th e sam e conclusio n hold s fo r  an y continuou s syste m 
specifie d b y differentia l  (o r  difference )  equations .  Sinc e al l 
thes e system s ar e continuou s (i n tim e o r  stat e space) ,  non e 
of  the m i s computational . 

Summing up the Argument 

We have thus seen that (I) all models currently employed in 
cognitiv e scienc e ar e mathematica l  dynamica l  systems ; 
(II )  a  standar d computatio n ca n onl y b e performe d b y a 
computationa l  system ;  (III )  an y finite  neura l  networ k whos e 
unit s hav e continuou s activatio n level s or ,  mor e generally , 
any continuou s syste m specifie d b y differentia l  (o r 
difference )  equation s i s no t  a  computationa l  system . 
Hence ,  al l  connectionis t  model s i n thi s clas s an d al l 
noncormcctionis t  continuou s model s canno t  perfor m 
standar d computations .  Bu t  then ,  i f  ou r  scientifi c 
explanation s o f  cognitio n ar e base d o n thes e models ,  w e 
canno t  maintai n tha t  cognitio n is ,  essentially ,  a  matte r  o f 
th e standar d computations  performe d b y th e cogrutiv e 
syste m whic h thes e model s ar e intende d t o describe .  O n 
th e othe r  hand ,  i t  i s  obviou s tha t  (IV )  al l  symboli c model s 
ar e computationa l  systems .  Therefore ,  computationalis m i s 
onl y consisten t  wit h symboli c modelin g or ,  mor e generally , 
wit h an y othe r  approac h whic h employ s computationa l 
system s a s model s o f  cognition . 

A wor d o f  cautio n i s neede d here .  Somebod y migh t 
objec t  t o thi s conclusio n i n th e followin g way .  I t  i s  wel l 
know n tha t  th e behavio r  o f  virtuall y al l  continuou s system s 
considere d b y physic s ca n b e simulated ,  t o a n aititrar y 
degre e o f  precision ,  b y a  computationa l  system ,  eve n 
thoug h thes e system s ar e no t  computationa l  system s 
themselve s (Kreisel .  1974) .  W h y shoul d th e continuou s 
system s considere d i n cognitiv e scienc e b e differen t  i n thi s 
respect ? A s lon g a s th e behavio r  o f  a  continuou s mode l  o f 
a cognitiv e syste m ca n b e simulate d (t o a n arbitrar y degre e 
of  precision )  b y a  computationa l  system ,  ther e i s nothing ,  i n 
th e model ,  whic h i s beyon d th e reac h o f  standar d 
computationa l  methods .  Therefore ,  i t  i s  fals e tha t 
computationalis m i s onl y consisten t  wit h computationa l 
modeling . 

Thi s objectio n i s confuse d becaus e i t  blur s th e distinctio n 
betwee n th e standar d computation s performe d b y a  system , 
an d th e simulatio n o f  it s  behavio r  b y mean s o f  standar d 
computation s performe d b y a  differen t  system .  I n th e first 
place ,  thi s distinctio n i s essentia l  fo r  th e formulatio n o f  th e 
computationa l  hypothesi s itself .  I f  computationalis m i s 
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intende d a s a  ver y genera l  h>pothesi s tha t  indicate s th e 
appropriat e st>l c o f  explanatio n o f  cognitiv e phenomen a 
(namel> .  a  computationa l  style) ,  i t  i s  crucia l  t o affir m tha t 
cognitio n depend s o n th e standar d computation s performe d 
by th e cognitiv e s>ste m w e ar e studying ,  fo r  i t  i s  precisel y 
b)  understandin g th e particula r  natur e o f  thes e 
computation s tha t  w e ca n produc e a  detaile d explanatio n o f 
cognition .  Bu t  then ,  i n formulatin g th e computationa l 
hypothesis ,  w e ar e i n fac t  implicitl y  assumin g tha t  th e 
cognitiv e syste m i s a  computationa l  system ,  w e ar e no t  jus t 
claimin g tha t  it s behavio r  ca n b e simulate d b y a 
computationa l  system .  I n th e secon d place ,  I  hav e argue d 
tha t  a m continuou s mode l  i s no t  a  computationa l  system , 
an d thu s i t  canno t  perfor m standar d computations .  Bu t 
then ,  i f  ou r  scientifi c  explanation s o f  cognitio n ar e base d o n 
continuou s models ,  w e canno t  maintai n tha t  cognitio n is , 
essentially ,  a  matte r  o f  th e standar d computation s 
performe d b y th e cognitiv e s\ste m whic h thes e model s ar e 
intende d t o describe .  Therefore ,  computationalis m i s 
indee d inconsisten t  wit h continuou s modeling . 

Concluding Remarks 

My argument shows that, unless we construe 
computationalis m b y explicitl y  referrin g t o som e 
nonstandar d notio n o f  computation ,  w e canno t  maintai n 
tha t  computationalis m i s a  basi c hypothesi s share d b y al l 
curren t  researc h i n cognitiv e science .  I n vie w o f  thi s fact . 
howe\er .  w e shoul d conside r  a t  leas t  tw o furthe r  questions . 

First ,  wha t  kin d o f  nonstandar d notio n o f  computatio n 
woul d b e neede d fo r  a n adequat e generalizatio n o f  th e 
computationa l  hypothesis ? And .  second ,  i s ther e som e 
othe r  hypothesi s tha t  migh t  pla y thi s unifyin g rol e a s wel P 

As regard s th e firs t  question ,  1  wil l  limi t  m j  sel f  t o jus t 
on e preliminar > remark ,  fo r  a  critica l  discussio n i s beyon d 
th e scop e o f  thi s paper .  E\e n withi n thes e limits ,  however , 
i t  seem s quit e reasonabl e t o maintai n tha t  a  generalize d 
\  ersio n o f  th e computationa l  hypothesi s shoul d b e base d o n 
a theor y o f  computatio n tha t  (i )  applie s t o continuou s 
system s an d standar d computationa l  system s a s well :  (ii )  i n 
th e specia l  cas e o f  standar d computationa l  systems ,  thi s 
mor e genera l  theor y reduce s t o th e standar d one ,  an d thu s 
(Hi )  al l  th e standar d computabilit y  result s shoul d tur n ou t  t o 
be specia l  case s o f  th e mor e genera l  theory .  1  leav e i t  u p fo r 
furthe r  discussio n whethe r  thes e condition s ar e indee d wel l 
chosen ,  o r  whethe r  the y ar e i n fac t  satisfie d b y som e 
theorie s whic h inten d t o generaliz e variou s aspect s o f 
standar d computatio n theor y (Blum ,  Shub .  an d Smale , 
1989 ;  Friedman .  1971 ;  Shepherdson ,  1975 ,  1985 ,  1988 ; 
Montague ,  1962) . 

As fo r  th e secon d question ,  w e ha\' c see n tha t  al l  model s 
currentl y employe d i n cognitiv e scienc e ar c mathematica l 
dynamica l  systems .  Furthermore ,  i n general ,  a 
mathematica l  dynamica l  syste m change s it s behavio r 
accordin g t o th e particula r  stat e evolutio n tha t  th e syste m 
undergoes .  Bu t  then ,  i f  ou r  ai m i s t o mode l  cognitio n b y 
means o f  appropriat e mathematica l  dynamica l  systems ,  w e 
m ay ver y wel l  clai m tha t  cognitio n is ,  essentially ,  a  matte r 
o f  th e particula r  stat e evolution s tha t  a  cognitiv e syste m 
undergoe s i n certai n situations .  I  cal l  thi s hypothesi s 

dynamicism .  Fo r  two ,  quit e different ,  articulation s an d 
defense s o f  dynamicis m se e va n Geldc r  an d Por t  (1995 )  an d 
Giunti(1995 ,  1996) . 

I t  i s  thu s clea r  tha t  dynamicism .  unlik e (standard ) 
computationalism ,  i s consisten t  wit h symbolic , 
connectionist ,  an d nonconnectionis t  continuou s modelin g 
as well .  Therefore ,  al l  researc h o n cognitio n migh t  en d u p 
sharin g thi s ne w hypothesis ,  independentl y o f  th e typ e o f 
model  employed .  Th e questio n remains ,  however ,  whethe r 
thi s possibilit y  wil l  reall y obtain .  I  believ e tha t  th e answe r 
t o thi s questio n depend s o n whethe r  th e explici t  assumptio n 
of  a  dynamica l  perspectiv e ca n sharpl y enhanc e ou r 
understandin g o f  cognition .  Thi s issue ,  however ,  wil l 
ultimatel y b e settle d b y detaile d empirica l  investigation ,  no t 
by abstrac t  argument . 

On th e othe r  hand ,  i t  i s  als o quit e obviou s tha t  th e 
dynamica l  hypothesis ,  a s state d above ,  onl y give s u s a n 
extremel y genera l  methodologica l  indication .  Essentially , 
i t  onl y tell s  u s tha t  cognitio n ca n b e explaine d b y focusin g 
on th e clas s o f  th e dynamica l  model s o f  a  cognitiv e system , 
wher e a  dynamica l  mode l  i s an y mathematica l  dynamica l 
syste m tha t  describe s som e cognitiv e aspec t  o f  th e cognitiv e 
system .  N o w ,  a  standar d objectio n agains t  thi s versio n o f 
dynamicis m i s tha t  thi s methodologica l  indicatio n i s s o 
genera l  a s t o b e virtuall y empty .  Unfortunately ,  a  detaile d 
rebutta l  t o thi s charg e goe s beyon d th e scop e o f  thi s paper . 
Therefore ,  I  mus t  limi t  mysel f  t o briefl y outlin e th e thre e 
defense s tha t  hav e bee n adopte d b y th e proponent s o f  th e 
dynamica l  approach . 

The first  lin e o f  defens e point s ou t  tha t  dynamicism ,  jus t 
lik e computationalism .  ha s i n fac t  tw o aspects .  Th e first 
one i s th e specificatio n o f  a  particula r  clas s o f  model s 
(dynamica l  vs .  computationa l  models) ,  whil e th e secon d i s 
th e proposa l  o f  a  conceptua l  framewor k (dynamica l  system s 
theor y vs .  computatio n theory )  tha t  shoul d b e use d i n th e 
stud y o f  thes e models .  Therefore ,  i f  w e als o conside r  thi s 
secon d aspect ,  w e se e tha t  th e mathematica l  tool s o f 
dynamica l  system s theor y provid e dynamicis m wit h a  ric h 
methodologica l  content ,  whic h clearl y distinguishe s thi s 
approac h fro m th e computationa l  on e (Giunt i  1995 ,  1996 ; 
va n Gelde r  an d Por t  1995 ;  va n Gelde r  1995) . 

Second ,  som e proponent s o f  th e dynamica l  approac h (va n 
Gelde r  an d Por t  1995 ;  va n Gelde r  1995 )  hav e i n fac t 
restricte d th e clas s o f  model s allowe d b y th e dynamica l 
hypothesis .  Accordin g t o thei r  proposal ,  dynamica l  model s 
includ e mos t  connectionis t  model s an d al l  nonconnectionis t 
continuou s models ,  bu t  the y exclud e computationa l  models . 

Thus ,  unde r  thi s interpretatio n o f  dynamicism ,  i t  i s  n o 
longe r  tru e tha t  th e dynamica l  hypothesi s i s consisten t  wit h 
symboli c modeling .  Thes e authors ,  however ,  d o no t  tak e 
thi s t o b e a  drawback ,  fo r  the y maintai n tha t  al l  symboli c 
model s giv e a  grossl y distorte d pictur e o f  rea l  cognition . 

Finally ,  m y lin e o f  defens e (Giunt i  1995 ,  1996 )  als o 
restrict s th e clas s o f  th e dynamica l  models ,  bu t  i n a 
differen t  way .  Th e hear t  o f  m y proposa l  lie s i n th e 
distinctio n betwee n tw o differen t  kind s o f  dynamica l 
models :  simulatio n model s an d Galilea n ones .  Thi s 
distinctio n i s a n attemp t  t o se t  apar t  two ,  quit e different , 
modelin g practices .  Simulatio n model s ar e mathematica l 
dynamica l  system s which ,  t o a  certai n extent ,  ar e abl e t o 

74 



reproduc e availabl e dat a abou t  certai n task s o r  domains . 
Beside s thi s empirica l  adequac y (whic h sometime s i s itsel f 
quit e weak )  i t  i s  ver> '  difBcult ,  i f  no t  impossible ,  t o fin d a n 
interpretatio n whic h assign s a  featur e (aspect ,  property )  o l 
th e rea l  syste m t o eac h componen t  o f  th e model .  B y 
contrast ,  Galilea n model s ar e buil t  i n suc h a  wa y tha t  n o 
componen t  o f  th e mode l  i s arbitrary .  Rather ,  eac h 
componen t  mus t  correspon d t o a  magnitud e o f  th e rea l 
syste m Galilea n modelin g i s i n principl e consisten t  wit h 
symbolic ,  connectioms U an d nonconnectionis t  continuou s 
modelin g a s well .  Wha t  I  hav e bee n arguin g fo r  i s  tha t  w e 
shoul d tak e th e idea l  o f  Galilea n modelin g mor e seriousl y 
for ,  i f  w e ar e successful ,  w e ar e goin g t o buil d a  bette r 
scienc e o f  cognition . 
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Abstrac t 

One issue that has been raised time and again in 
philosoph y o f  min d an d mor e recentl y i n cognitiv e 
scienc e i s th e questio n o f  qualia ,  o r  "ra w feels. "  Wha t 
ar e quali a an d h o w d o the y fit  int o th e cognitiv e scienc e 
conceptio n o f  mind ? W e conside r  som e o f  th e classi c 
quali a though t  experiment s an d tw o propose d solution s 
t o th e quali a problem ,  eliminativis m an d content -
dependence .  Whi l e neithe r  o f  thes e solution s ar e 
actuall y abl e t o dismis s o r  explai n quali a a s claimed , 
th e content-base d solutio n doe s clarif y th e relatio n 
betwee n cognitiv e scienc e an d qualia .  Becaus e quali a 
ar e precisel y th e par t  o f  ou r  experience s tha t  ar e no t 
relate d t o informationa l  conten t  (an d therefor e inter -
subjective) ,  an d cognitiv e scienc e i s primaril y base d o n 
informatio n content ,  quali a ar e no t  withi n th e domai n 
of  cognitiv e science . 

Introduction 

Th e natur e o f  quali a o r  "ra w feels "  ha s alway s bee n a 
philosophica l  issu e a t  leas t  implicitly ,  an d recentl y 
cognitiv e scienc e ha s trie d it s han d a t  th e problem .  I n thi s 
pape r  w e argu e tha t  th e rea l  issu e o f  quali a i s no t  a n issu e 
fo r  cognitiv e scienc e a s i t  presentl y exists ,  bu t  remain s a 
strictl y philosophica l  issue .  Quali a i s th e ter m whic h i s 
applie d t o indivisibl e primar y feeling s suc h a s th e feelin g o f 
seein g re d i n a n appl e o r  th e feelin g o f  pai n i n one' s foot . 
Traditionall y quali a ar e considere d t o b e purel y first-person 
or  subjectiv e i n nature .  Today ,  however ,  wit h th e ai d o f 
neuroscienc e som e researcher s i n cognitiv e scienc e hav e 
claime d t o hav e solve d th e quali a proble m i n a n objectiv e 
sense .  W e disagree . 

Th e proble m o f  quali a i s a  proble m o f  where .  Wher e d o 
quali a reside ? I t  i s  th e centra l  questio n o f  th e 
dualist/materialis t  debat e an d a  cor e issu e i n th e philosoph y 
of  mind .  Thi s questio n als o reduce s th e questio n o f 
consciousnes s t o it s  primitives ,  e.g .  wher e i s m y sensatio n 
of  pain ,  o f  red ,  etc .  Th e proble m i s bes t  illustrate d throug h 
an example :  Suppos e tha t  I  tak e a  pi n an d pus h i t  int o m y 
finge r  ( O K ,  s o I' m no t  to o bright) .  Thi s actio n i s 
objectivel y observabl e b y norma l  means .  A s th e pi n enter s 
my finge r  chemical s i n th e damage d tissu e aroun d m y 
finge r  ar e released ,  whic h caus e nerve s t o fir e impulse s t o 
my brain .  Thi s to o i s a n objectivel y observabl e 
phenomenon ,  albei t  no t  b y norma l  means .  N o w le t  u s 
suppos e tha t  w e trac e thes e event s ful l  circle .  W e can ,  i n 
theor y a t  least ,  objectivel y observ e al l  th e neuron s firing 

throughou t  m y brai n i n a  causa l  series ,  eventuall y endin g i n 
a signa l  fro m m y brai n t o m y han d causin g i t  t o move . 
Brea k th e phenomeno n d o w n a s yo u prefer ;  perhap s t o 
chemica l  reaction s o r  quantu m phenomena .  Th e questio n i s 
still :  Where' s th e pain ? 

I s th e pai n reducibl e t o m y behavior ? Clearl y not ,  give n 
tha t  I  ca n conceiv e o f  a  situatio n wher e I  woul d behav e 
similarl y withou t  experiencin g th e pai n (e.g .  refle x action s 
wor k eve n o n anesthetize d patients ,  an d simpl e robot s reac t 
t o negativ e stimuli) .  Th e proble m i s tha t  quali a canno t  b e 
reduce d t o a  third-perso n perspective .  Searl e (1992 )  attack s 
materialis m b y arguin g tha t  th e first  perso n poin t  o f  vie w 
canno t  b e ignored ,  e.g .  m y pai n i s clearl y mine ,  an d al l  pai n 
i s clearl y someone's .  Nagel' s (1974 )  ide a o f  "wha t  i t  i s  lik e 
t o be "  somethin g als o come s t o mind .  Searl e point s ou t  tha t 
th e insistenc e o n objectiv e criteri a fo r  trut h i s misplace d 
when on e i s talkin g abou t  menta l  activity .  Menta l  activit y 
has a  characte r  tha t  i s  outsid e th e scop e o f  objectiv e 
observatio n ye t  i s  stil l  clearl y true .  I t  i s  th e "terror "  o f  th e 
subjectiv e tha t  ha s le d t o man y o f  th e curren t  materialis t 
position s i n th e philosoph y o f  mind . 

T wo n o w classi c though t  experiment s hav e bee n 
presente d whic h illustrat e som e o f  th e difficul t  issue s 
regardin g th e natur e o f  qualia :  T h o m a s Nagel' s (1974 ) 
"What  i s i t  lik e t o b e a  bat? "  an d th e inverte d spectrum . 
Nagel  argue s tha t  consciousnes s i s a n issu e o f  "wha t  i t  i s 
lik e t o be "  something .  H e present s th e argumen t  tha t  give n 
a complet e neurophysiologica l  accoun t  o f  th e working s o f  a 
bat' s brai n woul d no t  i n an y wa y enabl e u s t o kno w wha t  i t 
i s  lik e t o b e tha t  bat .  S o eve n i f  w e hav e a  complet e 
neurophysiologica l  trac e o f  a  ba t  chasin g a  fly ,  w e stil l  hav e 
no wa y o f  knowin g wha t  i t  i s  lik e t o b e tha t  ba t  observin g 
tha t  fly.  Thu s objectiv e knowledg e ca n no t  provid e u s wit h 
acces s t o th e bat' s qualia .  Thi s o f  cours e translate s t o yo u 
and I .  I  canno t  k n o w you r  quali a an d yo u ca n no t  kno w 
mine .  Quali a ar e i n som e sens e perfectl y subjective .  Th e 
inverte d spectru m though t  experimen t  als o argue s tha t  i t  i s 
not  necessaril y  th e cas e tha t  m y quali a ar e lik e yours .  Th e 
experimen t  goe s somethin g lik e this :  suppos e tha t  whe n I 
see re d I  ge t  th e sam e experienc e a s whe n yo u se e violet .  I n 
fact ,  suppos e tha t  fo r  th e entir e colo r  spectru m m y 
experienc e i s completel y inverte d wit h respec t  t o yours . 
W h at  w e bot h cal l  "red, "  fo r  example ,  wil l  b e a  qual e 
(singula r  o f  qualia )  o f  viole t  fo r  me ,  an d re d fo r  you .  This 
experimen t  show s tha t  ther e i s n o logica l  necessit y tha t  ou r 
subjectiv e experience s ar e th e sam e fo r  th e sam e stimulus . 
I t  raise s th e question :  i s  ther e an y wa y t o kno w tha t  w e 

76 

mailto:griffith@cc.gatech.edu


experienc e th e sam e things ? Thes e though t  experiment s 
captur e th e difficul t  issue s wit h regar d t o quali a tha t 
cognitiv e scienc e doe s no t  hav e th e tool s t o address . 

W hy ar e cognitiv e scientist s concerne d wit h th e issu e o f 
quaha ? Ther e ar e a t  leas t  tw o importan t  reasons :  th e firs t  i s 
tha t  quali a ar e directl y tie d t o consciousness ,  whic h man y 
clai m i s directl y relate d t o behavio r  an d action .  Th e secon d 
i s tha t  i n man y way s quali a represen t  th e bras s ring .  I f  w e 
ca n scientificall y characteriz e subjectiv e feeling s suc h a s 
pain ,  fear ,  o r  th e smel l  o f  bakin g bread ,  w e ar e ver y clos e t o 
understandin g a  centra l  aspec t  o f  h u m a n cognition . 
Unfortunatel y th e curren t  tool s o f  cognitiv e scienc e ar e no t 
up t o th e task .  Curren t  solution s eithe r  leav e th e difficul t 
problem s totall y untouche d o r  discoun t  the m a s fictitious , 
bot h o f  whic h ar e inadequate . 

P r o p o s e d Solut ion s t o th e Q u a l i a P r o b l e m 

The fac t  tha t  w e lac k a n adequat e accoun t  o f  wha t  quali a 
actuall y ar e doe s no t  mea n tha t  ther e hav e no t  bee n 
approache s fro m a  cognitiv e scienc e perspectiv e t o solvin g 
th e quali a problem .  Th e tw o mor e prominen t  solution s ar e 
eliminativis m an d th e quali a vs .  conten t  argument .  Eac h o f 
thos e wil l  b e considere d here ,  beginnin g wit h 
eliminativism .  Eliminativism ,  i n particula r  "eliminativ e 
materialism, "  i s mos t  strongl y associate d wit h Churchlan d 
(e.g .  1988 ,  1989) .  Th e eliminativis t  perspectiv e o n quali a 
mirror s th e eliminativis t  argument s fo r  essentiall y  al l 
menta l  phenomen a fo r  whic h eliminativist s currentl y lac k a 
stron g neura l  explanation :  quali a d o no t  nee d t o b e 
explaine d becaus e the y d o no t  reall y exist .  Th e belie f  tha t 
ther e ar e quali a i s a  vestig e o f  th e "fol k psychological " 
viewpoin t  whic h wil l  ultimatel y b e eliminate d whe n w e 
develo p a  complet e neuroscientifi c  accoun t  o f  mind/brain . 
Th e concep t  o f  qualia—alon g wit h a  hos t  o f  othe r 
mind^rai n concepts—wil l  simpl y no t  b e a  par t  o f  thi s mor e 
matur e understandin g o f  neuroscience . 

Ther e ar e (a t  least )  tw o problem s wit h thi s propose d 
solutio n t o th e quali a problem .  First ,  ther e i s n o guarante e 
whatsoeve r  tha t  th e proble m wil l  simpl y g o awa y i f  w e d o 
th e right  thing s i n neuroscience .  What ,  exactly ,  i s  th e basi s 
fo r  th e belie f  tha t  ever y singl e extan t  mind/brai n concep t 
wil l  necessaril y  b e eliminated ,  othe r  tha n th e fac t  tha t  som e 
concept s i n som e othe r  fields  hav e bee n eliminated ? Thi s 
questio n ha s neve r  bee n satisfactoril y  answered . 
Furthermore ,  th e eliminaUvis t  c a m p ha s ye t  t o eve n 
approach  lettin g th e worl d k n o w whic h thing s an d whic h 
thing s wil l  no t  b e eliminated—i t  ha s bee n implie d tha t  al l 
curren t  concept s o f  mind/brai n wil l  b e eliminated ,  bu t  thi s 
seems unreasonable .  Certai n concept s i n othe r  discipline s 
hav e bee n eliminate d b y lower-leve l  reduction s (e.g . 
impetus )  bu t  other s hav e no t  (e.g .  force ,  time) .  Despit e wha t 
eliminativist s (an d member s o f  Congress )  migh t  believe , 
problem s ten d no t  t o simpl y vanis h whe n vagu e promise s o f 
late r  solution s ar e proposed . 

Second ,  thi s neuroscientifi c  promissor y not e provide s 
littl e satisfyin g information .  B y wha t  wil l  quali a b e 
eliminated ? Fo r  tha t  matter ,  wha t  woul d a  neuroscientifi c 
accoun t  o f  whateve r  wil l  replac e quali a eve n loo k like ? 

W h en wil l  suc h a n accoun t  b e developed ? I n th e wak e o f 
proposin g th e eliminatio n o f  quali a an d jus t  abou t 
everythin g els e i n menta l  life ,  eliminativis m leave s jus t  a s 
many unanswere d question s a s i t  starte d with . 

A somewha t  mor e constructiv e approac h t o th e quali a 
proble m i s th e conten t  vs .  quali a argumen t  offere d i n 
slightl y differen t  way s b y Akin s an d Tye .  Akins' s pape r  i s 
an attemp t  t o rebu t  th e "wha t  i s i t  lik e t o b e a  bat? " 
argument .  T o m a k e th e argument ,  Akin s (1994 )  ha s th e 
reade r  conside r  th e followin g though t  experiment :  A 
neuroscientis t  travel s t o th e futur e an d return s wit h th e 
authoritative ,  future-neuroscience-approve d "film "  o f  wha t 
it' s  lik e t o b e a  bat .  Thi s film  contains : 

a kaleidoscopi c displa y o f  vibran t  colou r  forms .  Swirlin g 
and pulsatin g i n thre e dimensions ,  th e colore d form s danc e 
acros s th e screen ,  collidin g an d dispersing ,  suddenl y 
appearin g o r  vanishing .  That' s  all .  That ,  I  claim ,  i s wha t  it' s 
like .  (p .  262 ) 

Obviously ,  somethin g i s amis s h e r e — h o w ca n tha t  b e al l 
ther e is ? Akins' s clai m i s tha t  th e entir e quali a enterpris e i s 
mistake n jus t  fo r  th e sam e reaso n tha t  th e ba t  fil m i s 
nonsensical ,  becaus e i t  assume s tha t  "separatio n o f  ou r 
consciou s experienc e int o tw o parts ,  th e representativ e an d 
qualitativ e aspects "  i s  possible .  Th e poin t  o f  th e ba t  film  i s 
tha t  th e qualitativ e aspect s o f  th e bat' s experienc e ar e 
meaningles s t o u s becaus e w e lac k th e perceptua l  an d 
representationa l  capacitie s o f  th e bat .  Ther e i s n o quali a 
proble m becaus e th e mer e ide a o f  separatio n o f  th e qualit y 
of  th e experienc e fro m th e conten t  o f  th e experienc e i s 
nonsensical .  However ,  th e fac t  tha t  th e quali a woul d b e 
unintelligibl e hardl y constitute s proo f  tha t  th e quali a d o no t 
exist . 

Ty e (1991 )  present s a  simila r  argumen t  directe d a t  visua l 
qualia .  Argument s hav e bee n m a d e tha t  th e differenc e 
betwee n certai n visua l  experience s (e.g .  th e differenc e 
betwee n seein g blu e an d seein g red )  i s a  differenc e i n th e 
quali a o f  th e tw o experiences .  Ty e argue s tha t  i n al l  suc h 
examples ,  ther e i s i n fac t  a  differenc e i n th e informatio n 
content s o f  th e tw o experience s an d tha t  th e experience s 
fee l  differen t  no t  becaus e ther e ar e an y quali a involved ,  bu t 
becaus e o f  thi s differenc e i n content .  H e maintain s tha t 
"[t]h e 'felt '  aspec t  simpl y canno t  b e divorce d fro m th e 
representationa l  aspect "  (p .  133) .  Tha t  is ,  th e quali a fo r 
seein g re d i s perfectl y correlate d wit h th e informatio n tha t 
th e visua l  stimulu s reflect s re d light .  I n essence ,  thi s i s th e 
same argumen t  a s Akins's—quali a d o no t  exis t  independen t 
of  content . 

Thi s i s a  muc h mor e clearl y elucidate d an d convincin g 
argumen t  tha n th e eliminativis t  argument .  Rathe r  tha n 
ignorin g th e proble m an d hopin g i t  wil l  g o away ,  thi s 
solutio n attempt s t o locat e th e sourc e o f  th e proble m i n 
somethin g familia r  t o th e cognitive/computationa l 
perspective :  informatio n content .  I f  th e quali a issu e i s a 
conten t  issue ,  i t  lend s itsel f  t o analysi s b y th e traditiona l 
method s o f  cognitiv e science .  I n tha t  case ,  ther e i s nothin g 
tha t  i s i n principl e unexplainabl e abou t  quali a an d a n 
account ,  thoug h w e m a y no t  hav e i t  i n hand ,  shoul d 
certainl y b e reachable . 

Whil e thi s i s a  compellin g perspective ,  i t  stil l  fall s  shor t 
of  th e goa l  o f  eliminatin g o r  explainin g qualia .  Whil e i t 
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m ay b e th e cas e tha t  al l  intra-individua l  difference s i n 
quali a ar e associate d wit h difference s i n content ,  thi s doe s 
not  provid e a  guarante e tha t  th e subjectiv e fee l  o f  th e 
experience s i s th e sam e fo r  differen t  people .  Conside r  agai n 
th e inverte d spectru m problem ;  tha t  is ,  person s A  an d B  ca n 
bot h accuratel y discriminat e an d nam e differen t  color s bu t 
thei r  subjectiv e experience s ar e reversed .  Tha t  is ,  "seein g 
red "  fo r  A  feel s lik e "seein g violet "  fo r  B  an d vic e versa . 
Th e conten t  perspectiv e doe s no t  eliminat e thi s possibility . 
Bot h A  an d B  hav e th e sam e rod s an d cone s (i.e .  Akins' s 
perceptua l  machinery )  an d bot h A  an d B  hav e th e sam e 
colo r  distinction s an d categorie s (i.e .  representationa l 
content) .  A s Ty e suggests ,  withi n a n individual ,  th e quali a 
ar e perfectl y paire d wit h informationa l  content .  Perso n A 
alway s ha s a  "red "  qual e whe n seein g a  re d object—th e 
informatio n conten t  determine s whic h quale .  Perso n B  als o 
alway s ha s a  "red "  qual e whe n seein g a  re d objec t  fo r  th e 
same reason .  However ,  ther e i s n o wa y t o guarante e tha t  th e 
subjectiv e fee l  o f  seein g re d i s th e sam e fo r  bot h A  an d B . 
Nothin g i n TVe' s accoun t  guarantee s inter-individua l 
agreemen t  o n subjectiv e feel .  T h e inverte d spectru m 
proble m clearl y remains ,  eve n i f  w e assum e tha t  a  particula r 
qual e i s tie d t o particula r  informatio n conten t  fo r  a  give n 
observer .  T h e proble m o f  inter-subjectivit y i s simpl y no t 
solve d b y invokin g association s betwee n quali a an d 
contents . 

N o t  a  Cogn i t i v e Sc ienc e P r o b l e m 

Whil e th e associatio n betwee n conten t  an d quali a doe s not , 
as th e author s claim ,  solv e th e quali a proble m i n tha t  i t  doe s 
not  explai n wha t  an d wher e quali a are ,  th e "conten t 
solution "  ha s importan t  implication s wit h respec t  t o th e 
natur e o f  quali a an d inquir y i n cognitiv e science .  Th e 
failur e o f  th e conten t  solutio n t o actuall y d o awa y wit h 
quali a clearl y demarcate s th e boundarie s betwee n wha t  i s 
conten t  an d wha t  i s quale .  Tha t  whic h ha s informationa l 
conten t  i s no t  quale ,  and ,  importantly ,  vic e versa :  tha t 
whic h i s qual e ha s n o informationa l  content .  Content , 
specificall y informationa l  content ,  i s  th e objectiv e 
substanc e o f  cognitiv e science .  Conductin g experiment s 
withou t  thi s substanc e i s futil e becaus e th e experimente r 
ca n neve r  k n o w tha t  th e "subjectiv e content "  o f  hi s o r  he r 
inquir y i s remotel y simila r  a s th e "inverte d spectrum " 
proble m clearl y illustrates . 

Example s ma y hel p illustrate .  Conside r  agai n th e inverte d 
spectru m problem .  W h e n perceivin g ligh t  o f  som e 
wavelength ,  bot h perso n A  an d perso n B ,  ther e i s indee d 
informationa l  conten t  t o th e sensatio n o f  seein g th e color , 
whic h woul d b e somethin g lik e "ligh t  o f  wavelengt h X. " 
Thi s i s th e informatio n conten t  o f  th e seein g experience , 
and bot h A  an d B  woul d ge t  thi s informatio n fro m th e 
sensation—jus t  a s Ty e point s out .  However ,  i n th e cas e o f 
inverte d spectra ,  A  an d B  wil l  no t  hav e th e sam e subjectiv e 
fee l  o f  th e experience .  W h a t  "feels "  re d t o A  m a y wel l 
"feel "  blu e t o B ,  despit e th e identica l  informatio n conten t  o f 
th e experience .  W e defin e quali a b y wha t  the y ar e not : 
quali a ar e wha t  i s lef t  o f  sensation s afte r  th e objectiv e 
informatio n conten t  i s  removed .  A s ly e suggests ,  ther e ma y 

be a  perfec t  correspondenc e betwee n whic h quali a wil l  b e 
fel t  whe n certai n informatio n i s conveyed ,  bu t  thi s doe s no t 
eliminat e th e qualia . 

We d o no t  den y tha t  sensation s hav e informationa l 
content-droppin g a  h a m m e r  o n one' s foo t  make s thi s 
immediatel y clear. '  Informatio n abou t  a n impact ,  suc h a s 
roug h estimate s o f  th e weight ,  hardness ,  an d velocit y o f  th e 
objec t  strikin g th e foot ,  i s  qui t  available ,  an d thi s i s  indee d 
informatio n i n th e objectiv e sense .  I f  on e wer e t o hoo k u p 
sophisticate d neuro n recordin g devices ,  a  third-part y 
observer  coul d als o likel y ge t  m u c h o f  thi s informatio n 
base d o n whic h neuron s fir e an d a t  wha t  rate .  Bu t  thi s 
observe r  woul d mis s th e "feel "  o f  th e h a m m er  strikin g hi s 
or  he r  foot .  Th e sensatio n contain s tw o things :  objectiv e 
information ,  an d somethin g tha t  i s  no t  objectiv e 
information .  Th e latte r  ar e qualia . 

Thi s distinctio n i s o f  paramoun t  importanc e t o cognitiv e 
science .  Whil e ther e ar e probabl y fe w thing s tha t  al l 
practitioner s o f  cognitiv e scienc e agre e on ,  th e centralit y o f 
informatio n processin g i s almos t  certainl y on e o f  them . 
Take ,  fo r  example ,  th e lis t  o f  keyword s fo r  th e 199 6 
Cognitiv e Scienc e Annua l  Conference—almos t  ever y 
singl e on e o f  thes e researc h categorie s implicitl y  o r 
explicitl y  relie s o n information-processin g account s o f  on e 
for m o r  another .  I f  on e wer e goin g t o selec t  th e singl e 
identifyin g characteristi c o f  researc h i n cognitiv e science , 
informatio n processin g woul d b e a n excellen t  candidate .  I t 
i s  th e informatio n i n th e stimul i  tha t  concer n th e 
experimenta l  psychologist ,  i t  i s  th e informatio n tha t  i s 
handle d i n th e program s o f  compute r  scientists ,  i t  i s  th e 
informatio n i n languag e tha t  concern s th e linguist .  Scienc e 
i n genera l  i s  a n enterpris e o f  explainin g th e observe d an d 
objectiv e informatio n abou t  th e natura l  world .  Thus ,  quali a 
do no t  fal l  unde r  th e domai n o f  cognitiv e science .  Quali a 
ar e precisel y th e aspect s o f  ou r  experienc e tha t  d o no t  hav e 
th e kin d o f  informatio n conten t  whic h i s a t  th e cor e o f 
cognitiv e science .  I f  ther e i s n o suc h objectiv e 
informationa l  conten t  t o study ,  i t  i s  surel y impossibl e t o 
make a  scienc e ou t  o f  th e endeavor .  H o w coul d scientifi c 
metho d b e appropriat e i n domain s lackin g informationa l 
content ? 

As pointe d ou t  earlier ,  quali a ar e a  proble m o f  inter -
subjectivity .  Issue s regardin g quali a fal l  int o th e domai n o f 
th e philosophica l  phenomenologist ,  no t  th e cognitiv e 
scientist .  Cognitiv e scienc e i s materialisti c  i n orientation , 
and clearl y s o i n scope .  Ye t  phenomenolog y an d "thing s 
wit h n o content "  see m mor e alon g th e line s o f  dualism . 
However ,  base d o n ou r  curren t  knowledg e o f  th e material , 
ther e m a y b e n o othe r  approach ,  despit e th e fac t  tha t 
dualis m ha s bee n rejecte d eve n b y critic s o f  traditiona l 
cognitiv e scienc e suc h a s Searle . 

Eve n Searle ,  however ,  doe s no t  adequatel y answe r  th e 
dualist .  H e claim s tha t  dualis m ha s bee n "thoroughl y 
discredited, "  an d therefor e shoul d no t  b e considered .  W e 
see onl y thre e possibilitie s fo r  hi s dismissa l  o f  th e dualis t 
perspective .  1 )  H e i s terrifie d lik e hi s peer s tha t  ther e i s 
somethin g beyon d th e physical .  2 )  H e i s makin g a 

'  W e woul d lik e t o than k a n anonymou s reviewe r  fo r  th e 
suggestio n tha t  w e conduc t  thi s particula r  experiment .  However , 
we conducte d i t  a s a  though t  experimen t  only . 
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Lakatosia n clai m tha t  dualis m ha s cease d t o provid e 
interestin g scientifi c  problem s t o wor k on .  3 )  H e i s 
claimin g tha t  dualis m ha s bee n discredite d b y th e 
materialis t  position s whic h h e himsel f  tear s down .  O f  thes e 
we believ e th e answe r  mus t  b e th e second .  "Dualis m i n an y 
for m i s toda y generall y regarde d a s ou t  o f  th e questio n 
becaus e i t  i s  assume d t o b e inconsisten t  wit h th e scientifi c 
worl d view. "  (p .  3 )  Unlik e Einstein ,  however ,  wh o 
eliminate d th e concep t  o f  "aether "  fro m scientifi c  discours e 
by subsumin g thos e aspect s accessibl e t o scientifi c 
investigatio n int o th e concep t  o f  "field, "  dualis m continue s 
t o escap e subsumption . 

I t  i s  th e subjectiv e aspect s o f  quali a tha t  remai n 
untouche d b y curren t  attempt s t o solv e th e quali a problem . 
Thes e attempt s attac k wha t  Davi d Chalmer s (1995b )  call s 
th e eas y problem s o f  consciousness ,  suc h a s "ho w ca n a 
human subjec t  discriminat e sensor y stimul i  an d reac t  t o 
the m appropriately? "  (p .  81 )  Th e har d proble m i s "th e 
questio n o f  ho w physica l  processe s i n th e brai n giv e rise  t o 
subjectiv e experience "  (p.81) .  Th e difficult y lie s i n th e fac t 
tha t  norma l  scientifi c  measure s o f  objectiv e fac t  fai l  t o hav e 
an impac t  i n thi s domain .  I n thi s respec t  Searl e provide s u s 
wit h a t  leas t  a  startin g point .  H e argue s tha t  th e evidenc e fo r 
th e natur e o f  quali a wil l  no t  b e i n th e real m o f  th e objectiv e 
but  i n th e equall y rea l  real m o f  th e subjective .  Thu s 
objectiv e scientifi c  technique s wil l  no t  suffice .  I t  i s fo r  thi s 
reaso n tha t  th e quali a proble m i s a  purel y philosophica l 
issu e an d no t  a  cognitiv e scienc e issue .  Fo r  unti l  w e hav e 
th e scientifi c  tool s t o handl e subjectiv e evidence ,  th e stud y 
of  quali a wil l  remai n squarel y i n th e real m o f 
phenomenology . 

Thi s i s no t  t o sa y tha t  th e issue s surroundin g quali a ar e 
unimportant ,  bu t  simpl y tha t  the y ar e no t  issue s fo r 
cognitiv e science .  W e expec t  reaction s t o ou r  conclusion s t o 
be varied .  On e o f  u s ( M B )  believe s tha t  thi s mean s quali a 
ar e reall y o f  n o concern ,  whil e th e othe r  (TG )  believe s thi s 
makes dualis m an d phenomenolog y attractiv e alternative s 
t o mainstrea m cognitiv e science .  W e ar e i n agreement , 
however ,  tha t  quali a li e outsid e th e domai n o f  inquir y i n 
cognitiv e science . 
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Abstrac t 

I n thei r  provocativ e 198 8 paper ,  Fodo r  an d Pylyshy n issue d 
a formidabl e challeng e t o connectionists ,  viz. ,  t o provid e a  non -
classica l  explanatio n o f  th e empirica l  phenomeno n o f  system -
aticit y i n cognitiv e agents .  Sinc e th e appearanc e o f  FfcP' s 
challenge ,  a  numbe r  o f  connectionis t  system s hav e emerge d 
whic h prim a faci e mee t  thi s challenge .  However ,  Fodo r  an d 
McLaughh n (1990 )  advanc e a n eirgument ,  base d upo n a  genera l 
principl e o f  nomologica l  necessity ,  t o sho w tha t  on e o f  thes e sys -
tem s (Smolensky's )  coul d no t  satisf y th e Fodor-Pylyshy n chal -
lenge .  Yet ,  i f  Fodo r  an d McLaughlin' s anzJysi s i s correct ,  i t  i s 
doubtfu l  whethe r  an y existin g connectionis t  syste m woul d fjir e 
bette r  tha n Smolensky's .  I n th e vie w o f  Fodo r  an d McLaugh -
lin ,  humcin s an d classica l  architecture s displa y systematicit y a s 
a matte r  o f  nomologica l  necessit y (necessit y b y virtu e o f  nat -
UTcJ law) ,  bu t  connectionis t  eirchitecture s d o not .  However , 
I  argu e tha t  th e Fodor-Pylyshyn-McLaughh n appea l  t o nomo -
logica l  necessit y i s  untenable .  Ther e i s a  sens e i n whic h neithe r 
classica l  no r  connectionis t  architecture s posses s nomologica l 
(o r  'nomic' )  necessity .  However ,  th e sens e i n whic h classica l 
architecture s d o posses s nomi c necessit y applie s equall y wel l 
t o a t  leas t  som e connectionis t  architectures .  Representationa l 
constituent s ca n hav e causa l  efficac y withi n bot h classica l  eui d 
coimectionis t  architectures . 

1.  Introduct io n 

I n thei r  provocativ e 198 8 paper ,  Fodo r  an d Pylyshy n 
issue d a  formidabl e challeng e t o connectionists ,  viz. ,  t o 
provid e a  non-classica l  explanatio n o f  th e empirica l  phe -
nomenon o f  systematicit y i n cognitiv e agents .  Fodo r  an d 
Pylyshy n ( F & P )  acknowledg e tha t  connectionis m migh t 
provid e a n implementationa l  foundatio n fo r  a  c/assica/ex -
planatio n o f  systematicity ,  bu t  that ,  the y observe ,  woul d 
not  provid e a n alternativ e t o th e classica l  account . 

Althoug h th e precis e definitio n o f  systematicit y i s  a 
matte r  o f  som e disput e (se e below) ,  w e may ,  fo r  th e m o -
ment ,  ignor e subtletie s an d assum e tha t  'systematicity ' 
refer s t o th e fac t  tha t  cognitiv e capacitie s ar e systemati -
call y related ,  an d com e i n 'clumps' .  A s F & P insist ,  'yo u 
don' t  find  peopl e w h o ca n thin k th e though t  tha t  Joh n 
love s th e gir l  bu t  can' t  thin k th e though t  tha t  th e gir l 
love s John' .  F & P maintai n tha t  systematicit y occur s no t 
onl y i n thought ,  bu t  i n languag e understandin g an d pro -
duction . 

Sinc e th e appearanc e o f  F&P' s challenge ,  a  numbe r  o f 
connectionis t  system s hav e emerge d whic h prim a faci e 
meet  thi s challeng e (cf .  Chalmers ,  1990 ;  E lman ,  1990 ; 

Smolensky ,  1990 ;  St .  Joh n an d McClelland ,  1990 ;  Niklas -
so n an d va n Gelder ,  1994) .  However ,  Fodo r  an d McLaugh -
li n (1990 )  advanc e a n argument ,  base d upo n a  genera l 
principl e o f  nomologica l  necessity ,  t o sho w tha t  Smolen -
sky' s method s i n particula r  coul d no t  satisf y F&P' s chal -
lenge .  I f  Fodo r  an d McLaughlin' s ( F & M c )  analysi s i s cor -
rect ,  i t  i s  doubtfu l  whethe r  an y o f  th e connectionis t  sys -
tem s jus t  cite d woul d far e bette r  tha n Smolensky's .  I n 
fact ,  McLaughli n late r  argue s (1993a )  tha t  neithe r  th e re -
sult s o f  Chalmer s no r  E lma n constitut e counterexample s 
t o th e F & P positio n (contrar y t o th e explici t  claim s o f 
Chalmers ,  1990) . 

N o w,  th e cru x o f  F & M c ' s argument ,  an d indee d o f 
F&P' s origina l  thesis ,  lie s i n thei r  appea l  t o nomologi -
cal  necessity .  I n thei r  view ,  h u m a n s an d classica l  archi -
tecture s displa y systematicit y a s a  matte r  o f  nomologica l 
necessit y (necessit y b y virtu e o f  natura l  law) ,  bu t  connec -
tionis t  architecture s d o not .  I n wha t  follows ,  I  argu e tha t 
th e Fodor-Pylyshyn-McLaughli n appea l  t o nomologica l 
necessit y i s untenable .  Ther e i s a  sens e i n whic h neithe r 
classica l  no r  connectionis t  architecture s posses s nomolog -
ica l  (o r  'nomic' )  necessity .  However ,  th e sens e i n whic h 
classica l  architecture s d o posses s nomi c necessit y applie s 
equall y wel l  t o a t  leas t  som e connectionis t  architectures . 
Moreover ,  Fodor ,  Pylyshyn ,  an d McLaughli n al l  stres s th e 
causa l  efficac y o f  constituent s (atomi c elements )  i n com -
ple x classica l  representations .  The y maintai n tha t  com -
ple x connectionis t  representation s (suc h a s Smolensky' s 
tensor-produc t  representations )  lac k atomi c constituents , 
an d so ,  the y believ e tha t  connectionist s canno t  appea l  t o 
constituen t  structur e t o explai n wh y systematicit y shoul d 
be nomicall y necessary .  B y contrast ,  I  argu e (i n sectio n 
4)  tha t  F & M c ignor e th e manne r  i n whic h atomi c con -
stituent s ca n causall y determin e mathematica l  propertie s 
of  comple x connectionis t  representations .  Yet ,  thos e ver y 
propertie s ca n engende r  systematicit y withi n th e contex t 
of  som e particula r  connectionis t  architecture .  T h e F & M c 
stanc e seem s t o aris e fro m th e fac t  tha t  the y regar d par -
ticula r  connectionis t  system s a s nomicall y arbitrary ,  whil e 
the y regar d classica l  architecture s a s nomicall y necessary . 

2. Systematicity. 

Before proceeding, it would be well to have in mind 
some mor e definit e notio n o f  systematicit y tha n describe d 
above .  However ,  a s va n Gelde r  an d Niklasso n (1994 )  hav e 
observed ,  F & P d o no t  oflFe r  a  precis e definitio n o f  system -
aticity .  Instead ,  the y provid e example s t o suppor t  thei r 
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contentio n tha t  certai n importan t  cognitiv e capacitie s ar e 
systematicall y related .  Mos t  o f  thei r  example s follo w th e 
patter n describe d above ;  th e capacit y t o thin k (o r  iiii<l(- r 
stand )  aR b i s systematicall y relate d t o th e capacit y t o 
thin k (o r  understand )  bRa ,  wher e a  an d 6  ar e referentia l 
terms ,  an d R  i s som e relation ,  e.g. ,  'loves' .  However ,  F&^ P 
als o includ e systemattctt y o f  inferenc e i n thei r  discussio n 
of  systematicity .  The y contend ,  fo r  example ,  tha t  'it' s 
a psychologica l  la w tha t  thought s tha t  P  (5 i  Q  ten d t o 
caus e thought s tha t  P  an d thought s tha t  Q ,  al l  els e be -
in g equal' .  F&P' s example s o f  systematicit y i n inferenc e 
al l  involv e rathe r  immediat e inferences ,  an d i t  i s  unclea r 
whethe r  the y woul d agree ,  fo r  example ,  tha t  thought s 
of  th e for m P  —> Q  ten d t o caus e thought s o f  th e for m 
-< Q — -<P .  I n an y case ,  va n Gelde r  an d Niklasso n hav e 
take n F k P t o tas k o n th e questio n (a )  whethe r  human s d o 
i n fac t  exhibi t  systematicit y i n inference ,  an d (b )  whethe r 
F &P hav e produce d a  workabl y clea r  conceptio n o f  sys -
tematicity .  I n ligh t  o f  problem s raise d b y va n Gelde r  an d 
Niklasson ,  an d becaus e th e issue s whic h her e concer n u s 
do no t  obviousl y involv e systematicit y i n inference ,  an d 
I  shal l  no t  addres s thi s aspec t  o f  FfcP' s discussion .  I t  i s 
noteworth y tha t  bot h Fodo r  an d McLaughli n (1990 )  an d 
McLaughli n (1993a )  focu s almos t  entirel y upo n th e aRb , 
bRa clas s o f  menta l  capacitie s whe n presentin g thei r  cas e 
regardin g nomi c necessity . 

Once w e se t  asid e concern s abou t  systematicit y i n in -
ference ,  othe r  question s arise .  Fo r  example ,  i t  i s  no t  clea r 
whethe r  F k P inten d thei r  observation s o n systematicit y 
t o appl y t o childre n i n th e earl y stage s o f  languag e learn -
ing .  A t  on e point ,  the y remar k tha t  grammaticall y compe -
ten t  (m y emphasis )  human s displa y systematicit y i n lan -
guag e use ,  bu t  i n a  footnot e citin g Pinke r  (1984 )  the y see m 
t o sugges t  tha t  childre n neve r  lac k th e combinatoria l  ar -
chitectur e whic h engender s systematicity .  Give n Fodor' s 
repeate d stres s o n th e nomi c necessit y o f  systematicity , 
i t  woul d see m incumben t  upo n him ,  a t  least ,  t o presen t 
a mor e carefu l  examinatio n o f  th e empirica l  evidenc e rel -
evan t  t o thes e claims .  Fo r  ther e i s substantia l  evidenc e 
tha t  childre n d o no t  exhibi t  stron g form s o f  systematic -
it y i n ver y earl y stage s o f  languag e learnin g (se e Ingram , 
1985) . 

Now,  i n Hadle y (1992 ,  1994a )  a  learning-base d hier -
arch y o f  degree s o f  systematicit y i s  defined ,  wher e lev -
el s ar e distinguishe d accordin g t o th e degre e o f  novelt y 
of  sentence s whic h th e learnin g agen t  ca n interpret .  In -
gra m ha s informe d m e (persona l  communication )  tha t 
childre n d o indee d pas s throug h stage s o f  systematicit y 
whic h correspon d fairl y closel y t o th e level s distinguishe d 
i n thos e publications .  Havin g note d this ,  I  propos e fo r  th e 
presen t  t o ignor e thes e complications ,  an d t o focu s upo n 
FiiP' s approac h t o systematicity ,  sinc e tha t  i s  th e basi s o f 
F&Mc' s claim s regardin g nomi c necessity . 

The questio n w e shoul d no w conside r  i s whethe r  FfeP' s 
conceptio n o f  systematicity ,  vis-a-vi s th e abilit y t o repre -
sent  an d proces s object s o f  th e for m aR b an d bRa ,  ca n 
be clearl y defined .  McLaughli n (1993a )  provide s a n anal -
ysi s o f  systematicity ,  which ,  I  believe ,  provide s a n affir -
mativ e answer .  Fo r  brevity ,  I  offe r  th e followin g glos s o n 
McLaughlin' s analysis .  I n doin g so ,  I  omi t  certai n detail s 
of  McLaughlin' s presentatio n whic h see m t o m e t o g o be -
yon d F&P' s origina l  conception . 

1.  Systematicity :  A  cognitiv e agent ,  C ,  exhibit s system -
aticit y jus t  i n cas e it s cognitiv e architectur e causall y 
ensure s tha t  C  ha s th e capacit y t o b e i n a  proposi -
tiona l  attitud e (A )  toward s propositio n (o r  sentence ) 
aRb i f  an d onl y i f  C  ha s th e capacit y t o b e i n attitud e 
(A )  toward s propositio n (sentence )  bRa . 

McLaughlin' s example s o f  propositiona l  attitude s (A ) 
ar e 'thinks' ,  'believes' ,  'prefer s that' ,  an d 'understands' . 
By contrast ,  I  propos e t o restric t  th e scop e o f  (A )  t o 
'thinks '  an d 'understands' ,  becaus e thes e ar e th e attitude s 
tha t  F ^ P emplo y i n thei r  examples .  Also ,  t o exten d (A ) 
t o includ e 'believes' ,  an d 'prefer s that '  woul d see m t o rais e 
unwante d complications .  Fo r  example ,  it' s  fa r  fro m clea r 
tha t  agent s w h o hav e th e capacit y t o believe ,  say ,  tha t 
K i m see s a  tre e als o hav e th e capacit y t o believ e tha t  a 
tre e see s Ktm .  O f  course ,  eve n whe n w e replac e 'believes ' 
wit h 'understands' ,  difficultie s m a y arise .  However ,  i t  i s 
arguabl e tha t  anyon e wh o understand s K i m see s th e tre e 
ca n mak e sufficien t  sens e o f  A  tre e see s K i m t o realiz e 
tha t  i t  describe s a  factuall y impossibl e situation .  Also , 
one ca n stil l  understan d th e individua l  word s i n th e latte r 
sentenc e an d imagin e a  cartoon  tha t  woul d illustrat e th e 
factuall y problemati c situation . 

3.  N o m i c Necessity . 

A crucia l  aspec t  o f  FfcP' s vie w o f  systematicity ,  whic h i s 
expresse d i n (I) ,  i s  th e ide a tha t  a n integrate d underlyin g 
mechanis m explain s th e fac t  tha t  certai n cognitiv e capac -
itie s 'com e i n pairs' .  I  hav e followe d McLaughli n (1993a ) 
i n buildin g int o th e definitio n o f  systematicit y a  presup -
positio n abou t  th e causa l  genesi s o f  systematicall y relate d 
capacities .  I n Fodo r  an d McLaughli n ( F & M c ,  1990) ,  thi s 
presuppositio n i s no t  a  matte r  o f  definition ,  bu t  i s  de -
scribe d a s a  separat e assumption .  However ,  take n eithe r 
way,  th e assumptio n i s crucia l  t o th e argument s presente d 
i n F<^M c (1990 )  an d McLaughli n (1993a) .  I n FfeMc ,  th e 
assumptio n i s phrase d i n term s o f  nomi c necessit y (natura l 
law) . 

Th e Fodor-McLaughli n stance ,  whic h re-emerge s i n 
McLaughli n (1993a) ,  i s  tha t  withi n human s an d classica l 
architecture s i t  i s a  matte r  o f  nomi c necessit y tha t  cog -
nitiv e capacitie s ar e systematicall y related .  B y contrast , 
the y hol d tha t  i n connectionis t  architecture s i t  i s a t  bes t 
an acciden t  o f  natur e (i.e. ,  nomicall y arbitrary )  i f  cogni -
tiv e capacitie s ar e s o related .  I  shal l  argue ,  however ,  tha t 
neithe r  F & M c no r  McLaughli n (1993a )  succee d i n estab -
lishin g a  relevan t  asymmetr y betwee n classica l  an d con -
nectionis t  architectures .  Bot h architecture s can ,  i n prin -
ciple ,  exhibi t  th e relevan t  causa l  powers ,  an d bot h archi -
tecture s depen d upo n processin g mechanism s whic h (sinc e 
the y migh t  hav e arise n throug h evolution )  m a y b e viewe d 
as nomicall y arbitrar y t o th e sam e degree . 

To begin ,  le t  u s conside r  wh y F & M c regar d systematic -
it y a s a  nomicall y necessar y consequenc e o f  classica l  ar -
chitecture .  I n (1990 )  the y say : 

Whereas ,  a s w e kee p o n saying ,  i n th e Classi -
cal  architecture ,  i f  yo u mee t  th e condition s fo r 
bein g abl e t o represen t  aRb ,  Y O U C A N N OT 
B UT M E E T T H E CONDITION S FO R BEIN G 
ABLE T O REPRESENT bRa ;  th e architectur e 
won' t  le t  yo u d o s o becaus e (i )  th e representa -
tio n o f  a ,  R  an d b  ar e constituent s o f  th e repre -
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sentatio n o f  aRb ,  an d (ii )  yo u hav e t o toke n th e 
constituent s o f  th e representation s tha t  yo u to -
ken ,  s o Classica l  constituent s can' t  b e jus t  imagi -
nary .  S o then ,  i t  i s  buil t  int o th e Classica l  pictur e 
tha t  yo u can' t  thin k aR b unles s yo u ar e abl e t o 
thin k bRa ,  bu t  th e Connectionis t  pictur e i s neu -
tra l  o n whethe r  yo u ca n thin k aR b eve n i f  yo u 
can' t  thin k bRa .  Bu t  i t  i s  a  la w o f  natur e tha t 
yo u can' t  thin k aR b i f  yo u can' t  thin k bRa .  S o 
th e Classica l  pictur e explain s systematicit y an d 
th e Connectionis t  pictur e doesn't .  S o th e Clas -
sica l  pictur e wins . 

Now, this passage contains at least two tendentious 
claims .  Thes e are :  (a )  'Bu t  i t  i s  a  la w o f  natur e tha t 
yo u can' t  thin k aR b i f  yo u can' t  thin k bRa' ,  an d (b )  'i t  i s 
buil t  tnt o th e Classica l  pictur e tha t  yo u can' t  thin k aR b 
unles s yo u ar e abl e t o thin k bRa. ' 

Regardin g (a) ,  i t  i s  no t  clea r  whethe r  F & M c tak e thi s 
'la w o f  nature '  t o b e a  fundamenta l  psychologica l  la w 
abou t  cognitiv e agents ,  o r  t o b e a  derive d la w o f  som e 
kind .  I n eithe r  case ,  (a )  i s  likel y t o b e conteste d b y anyon e 
w ho believe s (i )  tha t  languag e acquisitio n i s a  precondi -
tio n fo r  th e capacit y t o think ,  o r  (ii )  tha t  childre n exhibi t 
onl y partia l  systematicit y i n th e earl y stage s o f  languag e 
learning .  Bot h (i )  an d (ii )  rais e comple x an d interestin g 
issues ,  bu t  I  propos e t o focu s instea d upo n wha t  seem s t o 
me th e mor e centra l  issue ,  namel y (b) .  I s i t  clearl y tru e 
that ,  o n th e Classica l  picture ,  'yo u can' t  thin k aR b unles s 
yo u ar e abl e t o thin k bRa' ? Granted ,  i n a  classica l  sym -
bol  system ,  yo u canno t  toke n aR b withou t  tokenin g th e 
constituents ,  'a' ,  'R' ,  an d 'b' .  But ,  ho w i s thi s fac t  sup -
pose d t o causall y ensur e tha t  yo u ca n thin k bRa .  FfcM c 
do no t  explai n i n an y detail ,  bu t  the y occasionall y allud e 
t o structure-sensitiv e processes ,  whic h ar e a  topi c o f  em -
phasi s i n F & P ,  1988 . 

N o w,  Smolensk y (1994 )  maintain s tha t  classica l  theo -
rist s hav e n o explanatio n o f  ho w th e capacit y t o thin k 
aRb i s suppose d t o entai l  th e capacit y t o thin k bRa .  H e 
says . 

The point here is that systematicity is a ba-
si c par t  o f  th e definitio n o f  a  symbo l  system ;  th e 
Classica l  theor y get s systematicit y b y assumin g 
it ,  no t  b y derivin g i t  fro m mor e fundamenta l 
principles .  T h e necessit y o f  systematicit y i s no t 
explaine d b y th e classica l  theor y i n an y sense ,  i t 
i s  simpl y describe d b y it .  (origina l  emphasis ) 

Later, Smolensky says that systematicity 'is achieved 
by stipulatio n i n th e Classica l  theory ,  which ,  o n princi -
ple ,  refuse s t o posi t  lower-leve l  principle s fro m whic h sys -
tematicit y migh t  b e derived. '  Give n th e incompletenes s 
of  Fodor's ,  Pylyshyn' s an d McLaughlin' s remark s abou t 
how,  o n th e Classica l  theory ,  systematicit y i s suppose d 
t o arise ,  i t  i s  no t  surprisin g tha t  Smolensk y shoul d con -
clud e tha t  systematicit y 'i s  achieve d b y stipulatio n i n th e 
Classica l  theory' .  However ,  I  believ e tha t  Smolensky' s 
analysi s i s no t  accurate .  For ,  give n F&P' s repeate d ref -
erenc e t o structure-sensitiv e processes ,  an d tokenin g o f 
constituents ,  th e outlin e o f  a  theor y ca n b e discerned . 
I n McLaughli n (1993a ,  p .  170) ,  th e theor y i s succinctl y 
stated ,  bu t  onl y i n th e mos t  genera l  terms .  McLaughli n 
assert s that ,  'classica l  architecture s hav e comple x symbol s 

an d algorithmi c operation s o n th e constituen t  structure s 
of  suc h symbols .  Eve n thoug h th e symbol s d o no t  partic -
ipat e i n th e algorithmi c operation s i n virtu e o f  thei r  se -
manti c properties ,  th e algorithm s wil l  b e suc h tha t  symbo l 
transition s mak e sens e give n th e meaning s o f  th e symbols' . 

N o w,  althoug h detail s ar e no t  provide d b y FAc P o r 
McLaughli n abou t  th e natur e o f  th e relevan t  algorithmi c 
operation s (i.e. ,  th e structure-sensitiv e processes) ,  i t  i s  no t 
difficul t  t o imagin e th e kin d o f  algorithm s tha t  migh t  serv e 
th e purpose .  Th e fields  o f  natura l  languag e 'comprehen -
sion '  an d generatio n (i n AI )  ar e rif e wit h example s o f  al -
gorithm s tha t  posses s th e kin d o f  combinatoria l  propertie s 
tha t  could ,  i n principle ,  explai n th e syn<ac/t c requirement s 
of  systematicity .  T o b e sure ,  thes e algorithm s hav e onl y 
bee n applie d t o comparativel y smal l  languages ,  an d thei r 
adequac y fo r  th e totalit y o f  natura l  languag e an d menta l 
representatio n remain s uncertain .  Nevertheless ,  i t  i s  rea -
sonabl e t o suppos e tha t  Fodor ,  Pylyshyn ,  an d McLaugh -
li n m a y hav e ha d algorithm s o f  thi s genera l  typ e i n min d 
when the y refe r  t o 'algorithmi c operations '  an d 'structure -
sensitive '  processes .  Th e fac t  tha t  thes e author s wis h t o 
remai n neutra l  o n th e detail s o f  suc h algorithms ,  an d upo n 
ho w suc h algorithm s migh t  b e realize d i n th e brain ,  merel y 
reflect s goo d judgmen t  o n thei r  part .  I t  doe s not ,  I  think , 
reflec t  a  refusa l  't o posi t  lower-leve l  principle s fro m whic h 
systematicit y migh t  b e derived' ,  a s Smolensk y suggests . 
Th e genera l  natur e o f  th e lower-leve l  principle s i s no t  har d 
t o surmise .  Onl y th e detail s o f  suc h principle s remain s un -
specified . 

However ,  th e crucia l  poin t  I  wis h t o underscor e her e i s 
that ,  o n th e classica l  account ,  th e systematicit y o f  rep -
resentation s arise s onl y i n th e presenc e o f  assume d algo -
rithmi c processes .  Whateve r  'causa l  powers '  classica l  con -
stituent s m a y possess ,  an d whateve r  nomologica l  necessit y 
m ay resid e i n som e classica l  architecture ,  thes e exis t  onl y 
agains t  a  backgroun d o f  algorithms .  I t  follows ,  then ,  tha t 
when th e nomologica l  characteristic s o f  a  connectionis t 
architectur e ar e considered ,  w e mus t  permi t  th e connec -
tionis t  t o assum e tha t  correspondingl y genera l  processin g 
mechanism s ar e i n place .  (Withi n connectionism ,  set s o f 
weighte d link s betwee n nodes ,  activatio n functions ,  an d 
firing  threshold s ca n al l  ente r  int o thes e processin g mech -
anisms. )  Yet ,  F & M c ,  an d late r  McLaughli n (1993a )  see m 
unwillin g t o allo w Smolensk y th e connectionis t  mecha -
nism s whic h woul d permi t  a  networ k t o proces s hi s tensor -
produc t  representation s (activatio n vectors ,  fo r  presen t 
purposes )  i n a  manne r  tha t  woul d engende r  systemati c 
relation s betwee n thos e representations .  Fo r  example , 
F & Mc say . 

No doubt it is possible for Smolensky to wire 
a networ k s o tha t  i t  support s a  vecto r  tha t  rep -
resent s aR b i f  an d onl y i f  i t  support s a  vecto r 
tha t  represent s bRa ;  an d perhap s i t  i s  possibl e 
fo r  hi m t o d o tha t  withou t  makin g th e imaginar y 
unit s explici t  (thoug h ther e is ,  s o far ,  n o proposa l 
abou t  ho w t o ensur e thi s fo r  arbitrar y a ,  R  an d 
b) .  T h e troubl e i s that ,  althoug h th e architec -
tur e permit s this ,  i t  equall y permit s Smolensk y 
t o wir e a  networ k s o tha t  i t  support s a  vecto r 
tha t  represent s aR b i f  an d onl y i f  i t  support s a 
vecto r  tha t  represent s zSq ;  or ,  fo r  tha t  matter , 
i f  an d onl y i f  i t  support s a  vecto r  tha t  repre -
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sent s T h e Las t  o f  T h e Mohicans .  T h e architec -
tur e woul d appea r  t o b e absolutel y indifferen t  a s 
a m o ng thes e options . 

Fic'Mc seem willing, for the sake of argument, to grant 
tha t  Smolensk y coul d 'wir e a  networ k s o tha t  i t  support s 
a vecto r  tha t  represent s aR b i f  an d onl y i f  i t  support s a 
vecto r  tha t  represent s bRa \  fo r  arbitrar y a ,  R ,  an d 6 . 
Moreover ,  result s reporte d i n Chalmer s (1990) ,  Phillip s 
(1994) ,  an d Miyata ,  Smolensky ,  Legendr e (1993 )  establis h 
tha t  suc h genera l  purpose ,  holisti c wirin g i s no t  merel y a 
theoretica l  possibility ,  bu t  i s  n o w a  reality. '  Give n this , 
i t  seem s od d tha t  F & M c shoul d insis t  upo n th e arbitrari -
nes s o f  th e wirin g (weighte d links )  tha t  Smolensk y woul d 
need t o employ .  For ,  i t  i s  difficul t  t o se e ho w th e algorith -
mi c operation s presuppose d b y classica l  theorist s ar e an y 
les s arbitrar y tha n th e genera l  purpos e processin g mech -
anism s (o r  unifie d weighte d lin k structures )  tha t  Smolen -
sky ,  Chalmers ,  an d othe r  connectionist s hav e employed . 
Presumably ,  bot h th e clcissica l  an d th e connectionis t  pro -
Cfssin g mechanism s coul d (fo r  al l  Fodo r  o r  McLaughli n 
say t o th e contrary )  b e th e product s o f  natura l  selection . 
Moreover ,  onc e eithe r  o f  thes e kind s o f  mechanism s i s in -
tegrate d withi n it s respectiv e architecture ,  th e causa l  ef -
fect s produce d b y representation s vi a thos e mechanism s 
woul d b e nomicall y necessar y i n precisel y th e sam e sense . 
Th e representation s (classica l  o r  connectionist) ,  togethe r 
wit h th e processin g mechanisms ,  caus e th e entir e syste m 
t o behav e i n a  systemati c fashion .  So ,  unles s F & M c ca n 
provid e som e reason ,  beyon d natura l  selectio n (an d be -
yon d verba l  stipulation )  fo r  sayin g tha t  clcissica l  architec -
ture s mus t  hav e th e algorithmi c mechanism s tha t  the y d o 
i n fac t  have ,  i t  i s  difficul t  t o se e tha t  the y hav e uncovere d 
any relevan t  asymmetr y betwee n classica l  an d connection -
is t  architectures . 

Now,  F & M c migh t  rejoi n tha t  tw o relevan t  asymmetrie s 
can ye t  b e found .  Thes e are :  (1 )  tha t  th e actua l  physica l 
presenc e o f  classica l  constituent s i n comple x representa -
tion s make s i t  possibl e t o explai n ho w systematicit y arise s 
withi n classica l  architectures ,  wherea s n o analogou s expla -
natio n i s possibl e withi n connectionis t  architectures ;  (2 ) 
tha t  distribute d activatio n pattern s tha t  represen t  com -
ple x meaning s i n a  connectionis t  syste m ar e onl y arbi -
traril y  relate d t o th e representation s o f  thei r  constituents , 
wherea s jus t  th e opposit e i s tru e i n classica l  architectures . 
Let  u s conside r  thes e tw o possibl e rejoinder s i n turn . 

Concernin g (1) ,  i t  m a y wel l  b e tru e tha t  c/as5«ca/con -
stituen t  structur e lead s t o transparent ,  obviou s explana -
tion s o f  systematicity .  T h e fac t  tha t  cleissica l  algorith -
mi c operation s ca n (amon g othe r  things )  simpl y recom -
bin e atomi c constituent s i n differen t  ordering s yield s a n 
elegan t  explanatio n o f  systematicity .  However ,  som e con -
nectionist s (e.g. ,  va n Gelde r  an d Niklasson ,  1994 )  hav e ar -
gued tha t  suc h classica l  explanation s ar e simplisti c an d fai l 
t o accoun t  fo r  th e subtl e departure s fro m straightforwar d 
systematicit y tha t  h u m a n s exhibit .  I n an y case ,  th e mos t 
elegan t  an d obviou s explanatio n o f  a  natura l  phenomeno n 
m ay no t  b e th e mos t  accurate ,  an d connectionist s hav e 
argue d tha t  i t  i s  indee d possibl e t o explai n systematicit y 
withi n connectionis t  architecture s (cf .  Chalmers ,  1990 ; 

Smolensky ,  1994 ;  Niklasso n an d va n Gelder ,  1994) .  A t 
present ,  th e connectionis t  accoun t  m a y b e ver y abstrac t 
an d schematic ,  but ,  a s w e hav e seen ,  th e sam e i s presentl y 
tru e o f  th e classica l  explanation .  A s McLaughli n (1993a ) 
observes ,  'Ther e ar e a  numbe r  o f  promissor y note s i n clas -
sicism' s proposa l  fo r  explainin g systematicity' . 

Withi n connectionism ,  th e explanatio n appeal s t o tw o 
fundamenta l  truths :  (a )  i t  i s  possibl e t o generat e dis -
tribute d representation s i n suc h a  wa y tha t  strikin g math -
ematica l  regularitie s exis t  betwee n thos e distribute d pat -
tern s tha t  w e woul d wan t  t o describ e a s systematicall y 
relate d (e.g. ,  th e pattern s fo r  'dog s chas e cats '  an d 'cat s 
chas e dogs') ;  (b )  i t  i s  possibl e t o creat e holisti c (o r  uni -
fied)  weigh t  vector s (set s o f  weighte d links )  whic h exploi t 
thos e mathematica l  regularitie s i n a  wa y tha t  causall y en -
sure s tha t  aR b i s representabl e i f  an d onl y i f  bR a i s rep -
resentable .  Clea r  verificatio n o f  bot h (a )  an d (b )  ca n b e 
foun d i n Chalmer s (1990) ,  Phillip s (1994) ,  an d Miyata , 
Smolensky ,  Legendr e (1993) .  I n addition ,  cluste r  analyse s 
of  distribute d representation s reporte d b y E lma n (1991 ) 
an d other s dramaticall y underscor e th e trut h o f  (a). ^ 

I  wil l  no t  attemp t  t o recapitulat e argument s alread y 
provide d b y Chalmers ,  Niklasso n an d va n Gelder ,  Phillips , 
an d Smolensky .  However ,  th e trut h o f  (a )  an d (b )  i s im -
plici t  i n th e fac t  tha t  a  singl e unifie d weigh t  vecto r  i s ca -
pabl e o f  transformin g distribute d representation s o f  nove l 
sentence s (bot h activ e an d passiv e voice )  i n th e sam e fash -
io n tha t  i t  transform s representation s o f  syntacticall y  iso -
morphic ,  previousl y encountere d sentences .  Thi s poin t 
emerge s clearl y fro m Chalmers '  discussio n o f  hi s active -
passiv e transformatio n network .  McLaughli n (1993a )  dis -
pute s Chalmers '  clai m t o systematicity ,  bu t  h e doe s so ,  i n 
my view ,  b y raisin g th e hurdle .  McLaughli n doe s no t  dis -
put e th e fac t  tha t  Chalmers '  networ k i s capable ,  i n effect , 
of  re-orderin g constituents .  Rather ,  hi s complain t  center s 
upo n th e fac t  tha t  Chalmer s ha s no t  deal t  wit h certai n 
subtl e aspect s o f  th e active-passiv e transformatio n (suc h 
as th e fac t  tha t  verb s acquir e pas t  tens e ending s durin g 
passivization) .  However ,  FiiP' s example s o f  systematic -
it y d o no t  involv e suc h subtleties ;  the y focu s upo n th e 
reorderin g an d decompositio n o f  representations .  I t  i s  th e 
reorderin g proble m tha t  Chalmer s addressed .  Whethe r 

' I  a m assumin g tha t  'a' ,  'R' ,  an d 'b' ,  thoug h arbitrary ,  ar e 
not  entirel y nove l  t o th e agent . 

Î n a  199 1 paper ,  Elma n describe s cluste r  cuiadyse s o f  dis -
tribute d activatio n pattern s whic h appeju -  on  th e hidde n laye r 
of  th e recursiv e backpropagatio n network s h e employs .  Thes e 
pattern s ar e quit e complex ,  an d contcii n informatio n no t  onl y 
abou t  th e mos t  recen t  inpu t  word ,  bu t  abou t  th e syntacti c 
contex t  i n whic h tha t  wor d occurs .  Elman' s cinalyse s clearl y 
revea l  tha t  distribute d patterns ,  whic h represen t  a  wor d i n 
one syntcicti c  context ,  cluste r  ver y close ,  i n vecto r  space ,  t o 
pattern s representin g th e sam e wor d i n othe r  syntacti c con -
texts .  Moreover ,  Elma n discovere d tha t  no t  onl y d o noun s for m 
sepcirat e cluster s fro m verbs ,  bu t  subclasse s ca n b e discovere d 
withi n thes e clusters ,  correspondin g t o animat e nouns ,  transi -
tiv e verbs ,  etc .  Thi s clusterin g establishe s beyon d doub t  tha t 
significan t  mathematica l  regularitie s ca n exis t  i n distribute d 
connectionis t  representations .  I n th e cas e o f  Smolensky' s 
tensor-produc t  representations ,  whic h ar e define d b y mathe -
matica l  formulae ,  ther e ca n b e n o doub t  whatsoeve r  tha t  im -
portan t  mathematica l  regularitie s exist .  Thes e regularitie s ar e 
exploite d bot h i n th e Jictive-pjissiv e transformation s reporte d 
i n Miyata ,  Smolensky ,  Legendr e (1993 )  £in d i n th e systematic -
it y result s o f  Phillip s (1994) . 83 



connectionist n ca n explai n al l  linguisti c phenomena ,  in -
cludin g languag e acquisition ,  remain s unclear ,  bu t  tha t 
i s  no t  th e poin t  a t  issue .  I t  i s  tru e tha t  McLaughli n als o 
object s t o Chalmers '  us e o f  trainin g t o produc e a n associa -
tio n betwee n activ e an d passiv e representations .  However , 
eve n ignorin g th e empirica l  likelihoo d tha t  systematicit y 
i s partiall y  a  resul t  o f  learning ,  Chalmer s coul d ver y wel l 
repl y tha t  certai n weigh t  vectors ,  whic h ar e produce d b y 
trainin g i n artificia l  networks ,  migh t  b e innatel y wire d i n 
creature s whic h hav e evolve d naturally . 

Let  u s no w retur n t o th e secon d possibl e rejoinde r  (2) , 
introduce d above .  Th e rejoinde r  was :  'tha t  distribute d 
activatio n pattern s tha t  represen t  comple x meaning s i n 
a connectionis t  syste m ar e onl y arbitraril y  relate d t o th e 
representation s o f  thei r  constituents ,  wherea s jus t  th e op -
posit e i s tru e i n classica l  architectures ' 

N o w,  a  connectionis t  migh t  respon d t o thi s clai m i n a 
number  o f  ways .  O n e approac h woul d b e t o challeng e 
it s relevanc e For ,  a s lon g a s distribute d connection -
is t  representation s ca n b e transformed ,  vi a weighte d lin k 
structures ,  int o systematicall y relate d ne w representations , 
what  doe s i t  matte r  whethe r  activatio n pattern s fo r  com -
ple x representation s ar e arbitraril y  relate d t o representa -
tion s o f  constituents ? Systematicit y an d decomposabilit y 
must  b e present ,  bu t  th e shape s o f  th e representation s in -
volve d ar e no t  importan t  a s lon g a s transformation s ca n 
be achieve d i n a  holisti c (non-piecemeal )  fashion . 

Perhap s a  deepe r  repl y t o (2 )  woul d b e t o not e tha t 
withi n th e contex t  o f  th e processin g mechanism s tha t  coul d 
generat e distribute d representation s o f  th e typ e employe d 
by Chalmer s (1990 )  an d Pollac k (1990) ,  comple x repre -
sentation s ar e no t  arbitraril y  relate d t o representation s 
of  thei r  constituents .  For ,  b y mean s o f  Recursiv e Auto -
Associativ e Memorie s ( R A A M ) ,  on e ca n generat e comple x 
distribute d representation s tha t  ar e functionall y relate d 
i n a  systemati c fashio n t o representation s o f  thei r  con -
stituent s (cf .  va n Gelder ,  1990) .  Indeed ,  i t  i s  fo r  thi s ver y 
reaso n tha t  comple x distribute d representation s exhibi t 
thos e mathematica l  regularitie s whic h enabl e systemati c 
transformation s o f  th e activatio n pattern s t o occur ;  wit -
nes s th e transformation s describe d b y Chalmer s (1990) . 

T h e classicis t  migh t  no w objec t  that ,  althoug h dis -
tribute d representation s ca n b e generate d i n a  systemati c 
fashion ,  th e connectionis t  network s whic h generat e thos e 
representation s ar e themselve s nomicall y arbitrary .  How -
ever ,  th e sam e ca n b e sai d o f  clcissica l  algorithm s whic h 
generat e comple x phrase s fro m atomi c constituents .  T h e 
eleganc e an d simplicit y o f  th e rule s o f  formatio n fo r  well -
forme d formula e i n predicat e logic ,  say ,  ca n scarcel y b e 
take n a s evidenc e tha t  natura l  la w force s ou r  brain s t o 
emplo y thes e rules .  Th e onl y argumen t  s o fa r  advance d 
by classicists ,  t o suppor t  th e clai m tha t  ou r  brain s (nomi -
cally )  mus t  emplo y classica l  rule s o f  formation ,  i s  tha t  n o 
othe r  explanatio n o f  systematicit y i s possible .  Bu t  that , 
we hav e seen ,  i s a n argumen t  unsupporte d b y th e facts . 

4.  T h e Causa l  P o w e r  o f  Constituents . 

Bot h F & P an d FAcM c m a k e m u c h o f  th e causa l  powe r 
of  constituent s i n classica l  representations .  I n thei r  view , 
i t  i s  becaus e classica l  constituent s ar e physicall y presen t 
i n comple x constituent s tha t  the y ca n hav e causa l  efficacy . 
Sinc e constituent s o f  distribute d representation s (includ -
in g thos e o f  Smolensky ,  E lman ,  an d Chalmers )  ar e no t 

physicall y presen t  i n thos e representations ,  the y canno t 
hav e causa l  power s (o r  s o i t  i s  argued) .  Fo r  thi s rea -
son ,  FfcM c hav e conclude d tha t  an y connectionis t  syste m 
whic h doe s no t  implemen t  a  classica l  architectur e canno t 
creat e systematicit y a s a  matte r  o f  nomi c necessity . 

I n th e precedin g section ,  I  argue d tha t  F & M c fai l  t o 
establis h an y relevan t  asymmetr y betwee n classica l  an d 
connectionis t  architecture s t̂ js-a-t)t s nomi c necessity .  Bot h 
kind s o f  architecture s ca n achiev e suc h necessit y onl y 
i n th e presenc e o f  backgroun d algorithm s o r  processin g 
mechanisms .  I n th e presen t  sectio n I  pursu e th e Fodor -
Pylyshyn-McLaughli n clai m tha t  constituent s ca n hav e 
causa l  power s onl y i f  the y ar e physicall y presen t  i n com -
ple x representations .  T h e issu e seem s worth y o f  pursui t 
fo r  a  coupl e o f  reasons .  First ,  a s suggeste d above ,  i t  ap -
pear s tha t  confusio n o n thi s issu e ha s increase d confu -
sio n abou t  th e allege d lac k o f  nomi c necessit y i n connec -
tionis t  systems .  Second ,  I  believ e tha t  Smolensk y con -
cede s to o muc h whe n h e say s (1988) ,  'I t  m a y b e tha t  a 
goo d wa y t o characteriz e th e differenc e [betwee n classi -
cal  an d connectionis t  architectures ]  i s  i n term s o f  whethe r 
th e constituent s i n a  menta l  structur e ar e causall y effica -
ciou s i n menta l  processing' .  Althoug h Smolensky' s repre -
sentation s ca n b e define d i n term s o f  equation s involvin g 
th e identit y o f  atomi c constituent s i n essentia l  ways ,  an d 
thoug h h e ha s show n tha t  hi s composit e (tensor-product ) 
representation s ar e decomposabl e int o thei r  constituent s 
unde r  certai n assumptions ,  Smolensk y view s th e presenc e 
of  atomi c constituent s i n th e composit e representation s 
as merel y imaginary .  F & M c ,  o f  course ,  welcom e thi s de -
scription ,  fo r  wha t  i s merel y imaginar y canno t  hav e causa l 
efficac y (o r  s o i t  woul d seem) . 

However ,  conside r  fo r  a  m o m e n t  th e phenomeno n o f 
implici t  information .  I  hav e argue d elsewher e (Hadley , 
1995 )  tha t  informatio n whic h i s recoverabl e fro m comple x 
structures ,  eve n whe n backgroun d mechanism s mus t  b e 
cissumed ,  m a y b e regarde d a s implici t  i n a  specia l  sense . 
O ne coul d argu e furthe r  tha t  informatio n whic h i s implici t 
i n thi s sens e i s no t  merel y imaginary ,  sinc e th e comple x 
structure s i n questio n mus t  posses s specifi c  propertie s tha t 
reflec t  th e derivabl e information .  Analogously ,  Smolen -
sky' s tensor-produc t  representation s posses s specia l  prop -
ertie s tha t  revea l  th e identit y o f  thei r  (purportedly )  'imag -
inary '  atomi c constituents .  Thus ,  som e <rac e o f  th e atomi c 
constituent s i s presen t  eve n i n th e comple x representa -
tions .  I n thi s sens e thos e constituent s migh t  b e regarde d 
as implicitl y  present .  However ,  I  shal l  no t  insis t  upo n thi s 
view ,  sinc e I  thin k a  stronger ,  relate d argumen t  exists . 
For  th e crucia l  poin t  i s  tha t  certai n comple x (distributed ) 
connectionis t  representation s ca n no t  onl y b e decompose d 
int o thei r  atomi c constituents ,  vi a assume d backgroun d 
processes ,  bu t  ca n b e generate d fro m thei r  atomi c con -
stituent s i n a  systemati c fashion .  Tha t  the y ca n b e s o 
generate d i s eviden t  fro m result s reporte d i n Chalmer s 
(1990) ,  E lma n (1990) ,  Niklasso n an d va n Gelde r  (1994) , 
Pollac k (1990) ,  an d Smolensk y (1990 )  (se e previou s foot -
note) . 

N o w,  suppos e tha t  a  give n connectionis t  syste m em -
ploy s bot h atomi c representation s (fo r  'cat' ,  "sees' ,  etc. ) 
an d comple x distribute d representation s tha t  ar e gener -
ate d fro m thos e atomi c constituents .  W e hav e see n tha t 
suc h comple x representation s can ,  i f  the y ar e suitabl y gen -
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crated ,  exhibi t  strikin g mathematica l  regularities .  Also , 
as argue d i n th e precedin g section ,  thes e mathematica l 
regularitie s ca n engende r  pattern s exhibitin g systematic -
ity ,  provide d backgroun d processe s ar e i n plac e (an d w e 
kno w tha t  classicist s mus t  assum e comparabl e backgroun d 
processes) .  So ,  atomi c constituent s ca n (i n th e pres -
ence o f  backgroun d structures )  caus e comple x represen -
tation s t o exhibi t  mathematica l  regularities .  Thes e regu -
larities ,  i n turn ,  caus e systemati c relationship s t o aris e 
i n th e presenc e o f  suitabl e processin g mechanisms .  I t 
woul d seem ,  therefore ,  tha t  withi n som e connectionis t  net -
works ,  atomi c constituent s ca n caus e mathematica l  prop -
ertie s whic h entai l  systematicity .  I n suc h systems ,  atomi c 
constituent s d o hav e causa l  efficac y becaus e causalit y i s 
a transitiv e relation." '  Moreover ,  whateve r  causa l  efficac y 
classica l  constituent s posses s i n a  classica l  system ,  the y 
posses s onl y i n th e presenc e o f  assume d backgroun d pro -
cesses .  So ,  again ,  ther e appear s t o b e n o relevan t  asym -
metr y betwee n classica l  an d connectionis t  architecture s 
vts-a-vi s th e causa l  efficac y o f  constituents .  I n bot h cases , 
much depend s upo n th e natur e o f  th e backgroun d process -
in g mechanism s tha t  ar e i n place . 

I t  might ,  perhaps ,  b e objecte d tha t  connectionis t  con -
stituent s hav e a  les s direc t  causa l  efficac y tha n classica l 
constituents .  However ,  eve n i f  thi s wer e true ,  i t  i s  fa r  fro m 
obviou s tha t  thi s i s a  relevan t  difference .  Moreover ,  it' s 
not  clea r  tha t  an y appreciabl e differenc e i n th e directnes s 
of  th e causa l  relationship s actuall y exists .  For ,  a  classica l 
constituen t  i n a  comple x structur e ma y hav e efficac y onl y 
afte r  som e algorith m analyse s th e entir e structur e an d de -
termine s bot h th e identit y o f  it s  constituent s an d thei r 
relationshi p t o on e another .  I t  ma y ofte n happe n tha t 
neithe r  th e connectionis t  no r  th e classica l  constituen t  wil l 
hav e a n immediat e causa l  effec t  i n producin g som e sys -
tematicall y relate d effect . 

6. Summary. 

In the foregoing, I have argued that, contrary to the 
claim s o f  Fodor ,  Pylyshyn ,  an d McLaughlin ,  ther e i s n o 
relevan t  asymmetr y betwee n classica l  an d connectionis t 
architecture s wit h regar d t o (a )  th e nomi c necessit y o f  th e 
systematicit y o f  cognitiv e capacities ,  o r  (b )  th e potentia l 
fo r  thos e architecture s t o explai n systematicity .  W e hav e 
seen tha t  th e mer e presenc e o f  classica l  representation s 
withi n a  syste m doe s not ,  b y itself ,  entai l  systematicity ; 
appropriat e processin g mechanism s mus t  b e i n place .  Yet , 
th e situatio n appear s t o b e precisel y analogou s withi n con -
nectionism .  Provide d th e righ t  kind s o f  representation s 
ar e employed ,  an d tha t  appropriat e weigh t  vector s (pro -
cessin g mechanisms )  ar e i n place ,  connectionis t  system s 
exhibi t  systematicit y a s a  matte r  o f  nomi c necessity .  Fur -
thermore ,  a n explanatio n o f  systematicit y appear s feasibl e 
withi n bot h architectures .  I n bot h cases ,  th e explanatio n 
appeal s t o ho w th e processin g mechanism s (whethe r  al -
gorithmi c o r  weigh t  vectors )  exploi t  th e structur e presen t 
withi n th e representations . 
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Abstrac t 

In his new book. The Elm and the Expert, Fodor attempts 
t o reconcil e th e computationa l  mode l  o f  huma n cognitio n wit h 
information-theoreti c semantics ,  th e vie w tha t  semanti c 
conten t  consist s o f  nothin g mor e tha n causa l  o r  nomi c 
relationship s betwee n word s an d th e world ,  an d intentiona l 
conten t  o f  nothin g mor e dia n causa l  o r  nomi c relationship s 
betwee n brai n state s an d th e world .  W e d o no t  challeng e th e 
project ,  no t  i n thi s paper .  No r  d o w e sho w tha t  Fodo r  ha s 
faile d t o carr y i t  out .  Instead ,  w e urg e tha t  hi s analysis ,  whe n 
made explicit ,  turn s ou t  rathe r  differentl y tha n h e thinks .  I n 
particular ,  where  h e see s problems ,  h e sometime s show s tha t 
ther e i s n o problem .  An d whil e h e say s tw o conception s o f 
informatio n com e t o muc h th e sam e thing ,  hi s analysi s show s 
tha t  the y ar e ver y different . 

1. Introduction 

T wo ol d friend s sho w u p earl y i n Fodor' s ne w boo k Th e 
El m an d th e Exper t  (hereafte r  E & E ) .  Firs t  ol d fiiend : 
psycholog y mus t  emplo y intentiona l  concept s suc h a s belie f 
and desire .  Secon d ol d friend :  cognitiv e processe s consis t  o f 
computation s an d "computationa l  processe s ar e one s define d 
ove r  syntacticall y structure d objects "  (Fodor ,  1994 ,  p .  8) . 
What' s ne w i s Fodor' s vie w o f  intentiona l  content .  Narro w 
conten t  i s out ;  informatio n theoreti c semantic s i s in. ' 

As w e rea d it ,  E & E i s abou t  on e centra l  proble m brough t 
abou t  b y thi s change :  whethe r  th e ol d pictur e o f  cognitio n 
as a  computationa l  proces s ca n b e mad e t o jib e wit h th e ne w 
vie w tha t  conten t  i s information ,  tha t  conten t  consist s i n a 
brain-worl d relationship .  Coul d computationa l  processe s 
correctl y 'track '  conten t  thu s understood ? W e d o no t  wan t 
t o challeng e th e project .  No r  d o w e ai m t o sho w tha t  Fodo r 
has faile d t o carr y i t  out .  Instead ,  w e urg e tha t  hi s analysis , 
when mad e explicit ,  turn s ou t  rathe r  differentl y tha n h e 
thinks .  Firs t  w e wil l  tr y t o ge t  th e proble m a  littl e clearer , 
the n w e wil l  conside r  peculiaritie s i n Fodor' s propose d 
resolutio n o f  it . 

2. The Problem: The Argument for Incompa-
tibilit y 

By computationalis m w e mea n th e vie w tha t  psychologica l 
state s an d processe s ar e implemente d computationally , 
wher e a  computatio n i s a n operatio n ove r  syntacti c objects : 
a mappin g fro m symbol s t o symbols ,  suc h tha t  th e trans -
formation s pa y attentio n onl y t o form ,  neve r  t o content .  Le t 

intentionalis m b e th e vie w tha t  psychologica l  state s ar e 
ineliminabl y content-bearing .  Intentionalis m ca n b e man y 
differen t  things ,  dependin g o n h o w 'intentional '  i s  read .  I n 
particular :  combinin g intentionalis m wit h th e vie w tha t 
conten t  i s  informatio n yield s wha t  migh t  b e calle d 
informationa l  intentionalism .  T o avoi d suc h a n ugl y label , 
we wil l  spea k o f  'info-intentionalism' .  It' s  di e vie w tha t 
psychologica l  state s an d processe s ar e ineliminabl y inten -
tional ,  i n th e sens e o f  bein g information-bearing . 

Wit h thes e roug h an d read y definition s i n hand ,  le t  u s 
n o w pos e Th e Question :  ar e computationalis m an d info -
intentionalis m compatible ? Here' s a n argument ,  recon -
structe d fro m E & E ,  tha t  the y ar e not .  W e cal l  i t  th e Argu -
ment  fo r  Incompatibility . 

Premis e One :  I f  psychologica l  state s an d processe s ar e 
ineliminabl y intentiona l  an d psychologica l  state s an d 
processe s ar e implemente d computationall y the n ther e 
must  b e computationall y sufficien t  condition s fo r  th e 
instantiatio n o f  intentiona l  properties . 

Premis e Two :  Content ,  bein g information ,  i s  relational . 

Premis e Three :  I f  conten t  i s  relationa l  the n dier e aren' t 
any computationall y sufficien t  condition s fo r  di e 
instantiatio n o f  intentiona l  properties . 

N o w,  th e anteceden t  o f  Premis e O n e follow s directl y from 
intentionalism ,  an d therefor e from  info-intentionalism ,  whe n 
conjoine d wit h computationalism .  So ,  computationalis m plu s 
info-intentionalis m plu s Premis e O n e entai l  dia t  ther e mus t 
be computationall y sufficien t  condition s fo r  th e instantiatio n 
of  intentiona l  properties .  Premis e T w o als o follow s from 
info-intentionalism .  An d from  Premise s T w o an d Thre e i t 
follow s tha t  ther e aren' t  an y computationall y sufficien t 
condition s fo r  th e instantiatio n o f  intentiona l  properties . 
Evidently ,  thes e tw o conclusion s ar e inconsistent .  I t  begin s 
t o look ,  then ,  a s thoug h on e mus t  giv e a  negativ e answe r  t o 
The Question :  info-intentionalis m an d computationalis m ar e 
not  consistent . 

'  Incidentally ,  Fodo r  underplay s th e attraction s o f  narro w content . 
Far  fro m bein g som e unwelcom e stepchil d t o b e embrace d onl y i n 
theoreti '  -'remis ,  narro w conten t  i s a n intuitivel y plausibl e 
notion .  First ,  i t  seem s tha t  ou r  content s sta y wit h u s n o matte r 
what  causa l  environmen t  w e find  ourselve s in .  Second ,  w e ar e 
awar e o f  man y o f  ou r  menta l  content s i n a  wa y tha t  seem s incon -
sisten t  wit h menta l  conten t  bein g broad .  Ther e seem s t o b e a n 
interestin g asymmetr y her e betwee n menta l  conten t  an d semanti c 
content ,  however .  I t  i s  easie r  t o diin k o f  di e laue r  a s relationa l 
dia n di e former .  Amon g odie r  reasons ,  w e ofte n d o no t  kno w di e 
meanin g o f  a  wor d bu t  i t  i s  no t  eas y t o thin k o f  ourselve s no t 
knowin g th e content s o f  ou r  thoughts ,  desires ,  perceptions ,  etc . 
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But  ther e m a y b e hop e ye t  fo r  th e vie w tha t  cognitio n i s 
a matte r  o f  computation s whic h trac k information .  Perhap s 
one couJ d rejec t  on e o f  th e Premises .  Premis e T w o ,  w e 
repeat ,  i s  entaile d b y info-intentionalisra .  An d Premis e 
Thre e i s motivate d a s follows :  compuutiona l  properties , 
bein g syntactic ,  ar e internal .  Bu t  n o interna l  propert y i s suc h 
tha t  satisfyin g i t  i s  sufficien t  fo r  havin g a n externa l  relation . 
(Thi s i s  presumabl y wha t  Fodo r  ha s i n min d whe n h e re -
mark s that ,  "It' s  a s thoug h one' s havin g ear s shoul d some -
h o w guarante e tha t  on e ha s siblings. "  [Fodor ,  1994 ,  p .  14] ) 
Applyin g thi s t o th e cas e o f  computationa l  an d intentiona l 
states/processes ,  i t  seem s tha t  computationa l  propertie s 
canno t  possibl y guarante e intentiona l  properties—th e forme r 
ar e interna l  whil e (e x hypothesi )  th e latte r  ar e relational . 
Hence Premis e Three .  Give n th e solidit y o f  Premise s T w o 
and Three ,  then ,  Fodo r  goe s afte r  Premis e One . 

The appea l  o f  Premis e O n e reside s i n ou r  nee d fo r  wha t 
Fodo r  call s " a propert y theory "  connectin g intentiona l  law s 
wit h thei r  computationa l  implementations .  A s Fodo r  put s it . 

I f  th e implementin g mechanism s fo r  intentiona l  law s 
ar e computational ,  the n w e nee d a  propert y theor y tha t 
provide s fo r  computationall y sufficien t  condition s fo r 
th e instantiatio n o f  intentiona l  properties .  (Fodor , 
1994 ,  p .  12 ;  hi s emphasis ) 

To thi s Fodo r  give s a  natura l  reply :  tli e deman d i s to o 
strong .  I n fact ,  h e urges ,  psychologica l  state s an d processe s 
coul d b e ineliminabl y intentiona l  an d b e implemente d 
computationally ,  eve n i f  ther e wer e n o computationall y 
sufficien t  condition s fo r  th e instantiatio n o f  intentiona l 
properties .  I f  so ,  the n despit e th e nee d fo r  th e theor y t o 
whic h Fodo r  refers .  Premis e O n e i s to o strong ;  indeed .  No t 
True .  I n sum :  th e consequen t  o f  Premis e On e i s inconsisten t 
wit h th e consequen t  o f  Premis e T w o ,  an d th e antecedent s o f 
bot h ar e true .  Bu t  Premis e O n e i s no t  true .  So ,  a s fa r  a s th e 
foregoin g argumen t  shows ,  th e answe r  t o Th e Questio n m a y 
wel l  b e 'yes' :  computationalis m an d info-intentionalis m ar e 
compatible . 

3. The Revised Argument for Incompatibility 

So fa r  s o good .  Bu t  a  stil l  smal l  voic e i s insistentl y asking , 
'Doe s th e nee d fo r  a  propert y theor y no t  commi t  u s t o any -
thing? '  Indee d i t  does .  However ,  Fodo r  urges ,  al l  i t  com -
mit s u s t o is : 

Premis e On e (Revised) :  I f  psychologica l  state s an d 
processe s ar e ineliminabl y intentiona l  an d psycho -
logica l  state s an d processe s ar e implemente d computa -
tionally ,  the n th e co-instantiatio n o f  di e computationa l 
iniplemente r  an d intentiona l  implemente d mus t  b e 
reliable . 

Her e i s  di e argumen t  tha t  Premis e On e (Revised )  i s 
stron g enoug h t o allo w fo r  intentiona l  psychologica l  laws . 
One conditio n sufficien t  fo r  computation s t o trac k conten t 
correctl y woul d b e supervenience :  al l  difference s o f  conten t 
bein g reflecte d i n a  differenc e withi n th e computationa l 
system ,  acros s al l  possibl e worlds .  Tha t  somethin g thi s 
stron g woul d suffic e i s presumabl y wha t  motivate s premise s 
lik e ou r  origina l  Premis e One .  But ,  argue s Fodor ,  al l  w e 
requir e fo r  psycholog y ar e condition s tha t  reliabl y lin k 

intentiona l  conten t  t o syntacti c states .  Exception s ar e quit e 
al l  righ t  s o lon g a s the y ar e (just )  exceptions ,  no t  counter -
examples :  dia t  i s t o say ,  s o lon g a s the y ar e infrequen t  an d 
unsystematic—panicularl y unsystematic .  (Psychology ,  goe s 
th e mantra ,  i s  a  ceteri s paribu s science ,  no t  a  basi c one. ) 
Moreover ,  thes e condition s nee d b e reliabl e onl y i n thi s 
worl d an d world s nomologicall y lik e dii s one .  Psycholog y 
i s beholde n t o world s wiU i  th e psychologica l  (an d related ) 
law s o f  o« r  world ;  othe r  Homologie s nee d no t  concer n it .  I n 
sum:  fo r  a  propert y theor y t o b e i n th e offing ,  ther e mus t  b e 
somethin g tha t  keep s computatio n an d conten t  i n phase ,  suc h 
tha t  computationa l  states/processe s trac k intentiona l 
states/processe s mos t  o f  th e time—bu t  th e ti e nee d no t  b e 
perfec t  no r  hol d i n al l  possibl e worlds .  Thes e condition s ca n 
be me t  fa r  shor t  o f  sufficien t  condition s a s conceive d i n 
classica l  conceptua l  analysis . 

Unfortunately ,  th e revise d Premis e O n e immediatel y 
suggest s a  revise d Argumen t  fo r  Incompatibility .  Freg e 
case s (suc h a s 'di e Mornin g Star '  an d 'th e Evenin g Star' , 
'Mar k Twain '  an d 'Samue l  Clemens' )  appea r  t o b e 
example s o f  computationa l  type-distinction s t o whic h n o 
conten t  distinctio n corresponds ;  Putnam' s Tw i n Eart h an d 
Exper t  ('elm'/'beech' )  case s appea r  t o b e example s o f 
conten t  type-distinction s t o whic h n o computationa l  distinc -
tio n corresponds .  (Fodo r  als o discusse s wha t  h e call s 'Quin e 
cases' :  'rabbit '  an d 'undetache d rabbi t  part' ,  fo r  example . 
We'l l  introduc e Quin e case s later. )  Becaus e o f  Frege ,  Twi n 
Earth ,  Exper t  an d othe r  cases ,  i t  i s  temptin g t o thin k that : 

Premis e Thre e (Revised) :  I f  conten t  i s  relationa l  the n 
di e co-instantiatio n o f  th e computationa l  iniplemente r 
and intentiona l  implemente d wil l  no t  b e reliable . 

Premis e T w o an d Premis e Thre e (Revised )  entai l  tha t  co -
instantiatio n wil l  no t  b e reliable .  Info-intentionalism , 
computationalis m an d Premis e O n e (Revised )  togedie r  entai l 
tha t  co-instantiatio n mus t  b e reliable .  Th e ancillar y premise s 
see m solid .  S o i t  appears ,  onc e again ,  dia t  info-intention -
alis m an d computationalis m ar e no t  consistent . 

I n respons e t o dii s varian t  o f  th e Argumen t  fo r  Incompati -
bility ,  Fodo r  goe s afte r  Premis e Thre e (Revised) .  Roughl y 
speaking ,  Fodo r  argue s that—Frege ,  Twin ,  Exper t  an d othe r 
case s notwithstanding—computationa l  states/processe s an d 
intentiona l  states/processe s d o reliabl y co-instantiate ,  a t  leas t 
when i t  matters .  S o di e revise d Argumen t  fo r  Incompatibil -
it y  i s  als o unsound .  W e turn ,  a t  last ,  t o Fodor' s defenc e o f 
dii s  claim . 

4. Complications: Tying Content to Computa-
tio n 

W h en conten t  i s construe d informationally—tha t  i s t o say , 
as a  matte r  o f  syntacti c form s bein g i n relationship s t o 
externa l  objects—dier e ar e tw o broa d way s i n whic h conten t 
and computatio n coul d com e apart ,  Fodo r  suggests . 

1.  Ther e coul d b e computationa l  distinction s tha t  d o no t 
reflec t  difference s o f  informationa l  conten t  (Freg e cases) , 
and , 

2.  Ther e coul d b e difference s o f  informationa l  conten t  dia t 
ar e no t  reflecte d i n differenc e o f  computationa l  state . 

Th e latte r  i n tur n migh t  happe n i n tw o ways : 
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2a.  Th e ditierenc e o f  conten t  i s no t  availabl e t o th e cogni -
tiv e system ,  a s i n T w i n Eart h (an d als o Expert )  cases ,  (i n 
Exper t  case s i t  i s  availabl e t o a n expert :  Fodo r  canno t  tel l 
a beec h fro m a n el m bu t  a n exper t  can .  I n Tw i n Eart h 
cases ,  i t  i s  no t  availabl e t o anyone. ) 

2b .  Th e differenc e i s availabl e t o th e cognitiv e system ,  bu t 
i t  canno t  b e capture d i n a  purel y informationa l  theory ,  a s i n 
th e cas e o f  Quine' s rabbit/undetache d rabbi t  part . 

For  eac h o f  thes e way s i n whic h disconnectio n migh t 
see m possible ,  1 ,  2a ,  an d 2b ,  Fodo r  tell s  u s tha t  ther e i s a 
mechanis m tyin g conten t  an d computatio n together .  T o 
explai n wha t  h e ha s i n mind ,  h e offer s a n analogy .  W h y ar e 
appearin g t o b e a  dolla r  bil l  an d actuall y bein g a  dolla r  bil l 
tie d together—no t  perfectl y bu t  very ,  ver y reliably ? Becaus e 
of  di e mechanis m o f  di e polic e stampin g ou t  counterfeiting . 
We woul d the n expec t  Fodo r  t o say ,  'An d her e ar e th e 
mechanism s fo r  conten t  an d computatio n fo r  eac h o f  th e 
tlire e kind s o f  case' .  Bu t  tha t  i s  no t  wha t  h e doe s a t  all . 
Instead ,  Ui e analysi s goe s of f  i n a  curiou s direction ,  indee d 
i n tw o curiou s directions . 

i .  Instea d ofidentifyin g thre e police-lik e mechanisms ,  Fodo r 
offer s u s i n effec t  a  serie s o f  explanation s o f  wh y w e d o no t 
nee d one ,  a t  leas t  i n tw o o f  di e thre e kind s o f  case .  (Tli e 
proble m i n hi s treatmen t  o f  th e thir d i s eve n bigger ,  a s w e 
wil l  see. ) 

Th e secon d curiosit y arise s fro m di e fac t  tha t  Fodo r  use s 
at  leas t  tw o variation s o n th e content-as-infomiatio n theme , 
whic h h e call s causa l  an d nomic .  (We'l l  untangl e thes e 
term s shortly. )  But , 

ii .  Th e explanation s mentione d i n (i. )  g o throug h straight -
forwardl y onl y fo r  th e causa l  variant . 

4(1). Mechanism or Explanation? 

Th e first  curiosit y  is :  instea d o f  mechanisms ,  i n tw o o f  th e 
thre e case s Fodo r  offer s u s explanation s o f  w h y w e d o no t 
nee d any .  Thes e ar e di e Freg e an d Twi n Eart h cases .  (A s 
we said ,  di e proble m wid i  hi s treamien t  o f  Quin e case s i s 
different. )  Le t  u s begi n wid i  Freg e cases .  Tak e Oedipu s an d 
hi s unformnat e affai r  wit h hi s mother .  Fodo r  say s that ,  s o 
fa r  a s conten t  i s concerned ,  di e propositio n though t  b y 
Oedipu s t o b e true—tha t  h e wa s marryin g Jocasta—an d th e 
propositio n though t  b y Oedipu s t o b e false—tha t  h e wa s 
(gasp! )  marryin g hi s mother—ar e th e same :  the y hav e th e 
same referenc e s o carr y th e sam e information .  Nevertheless , 
diey'r e computationall y distinc t  an d clearl y ha d o r  woul d 
hav e ha d differen t  effect s o n Oedipus .  I f  so ,  conten t  doesn' t 
m ap one-to-on e wit h computationa l  state . 

But  case s lik e Oedipu s ar e no t  a  problem ,  say s Fodor , 
becaus e die y ar e unsystemati c accidents ;  i f  i t  happene d 
regularl y dia t  w e di d no t  k n o w dia t  co-referrin g term s 
referre d t o th e sam e object ,  practica l  reasonin g woul d 
become useless .  Indeed ,  i t  take s suc h complicate d circum -
stance s t o mak e a  stor y lik e Oedipus' s plausibl e tha t  suc h 
case s woul d hav e t o b e rare .  I f  thes e case s ar e rar e acci -
dents ,  however ,  al l  die y sho w i s dia t  conten t  an d computa -
tiona l  stat e ar e no t  perfectl y linked .  The y d o no t  sho w tha t 
th e tw o ar e no t  reliabl y linked ,  an d dii s i s al l  w e need .  S o 
fa r  s o good .  Bu t  n o w ask :  where' s di e mechanism ? I f  acci -

dent s ar e allowed ,  w e d o no t  nee d t o bloc k diem .  S o w 
not  nee d a  content-computatio n mechanism ;  dier e wou l 
nothin g fo r  suc h a  mechanis m t o do .  Curious . 

'Surely. '  i t  wil l  b e protested ,  "yo u hav e misse d Fo < 
point .  W e als o nee d somethin g t o explai n h o w i t  i s 
Oedipu s case s ar e unsystematic ,  tha t  w e d o generall y k 
dia t  ou r  co-referrin g term s refe r  t o di e sam e object .  7 7 
di e mechanis m Fodo r  ha s i n mind' .  Tha t  thi s i s  wha t  F 
has i n min d is ,  a t  th e ver y least ,  no t  obvious .  Le t  u s f o 
hi s analysis .  H e start s b y sayin g that , 

'Intentiona l  systems '  invariabl y incorporat e mec l 
anism s whic h insur e dia t  die y generall y kno w th e fa c 
upo n whic h th e succes s o f  thei r  behaviou r  depen c 
(Fodor ,  1994 ,  p .  48 ) 

I s dii s  th e mechanis m w e ar e lookin g for ? N o ;  fo r  "rat i 
agents "  t o "reliabl y mak e a  poin t  o f  knowin g th e fact s 
di e succes s o f  diei r  behaviou r  depend s upon "  (Fodor ,  1 
p.  46) ,  th e fact s hav e t o cooperate .  W e hav e t o hav e i 
poo r  Oedipu s lacked ,  informatio n adequat e t o kno w th e i 
of  th e relevan t  identity-statements .  A s i t  happens . 
generall y do ,  becaus e "th e syntacti c structur e o f  a  mo d 
presentatio n reliabl y carrie s informatio n abou t  it s c a 
history "  (Fodor ,  1994 ,  p .  54) .  An d d o the y als o c 
informatio n abou t  othe r  syntacti c structures ,  tha t  the y i 
t o th e sam e object? ,  w e migh t  ask .  Bu t  tha t  i s  no t  th e 
question .  Th e vita l  questio n i s this :  Doe s an y niecha i 
guarante e thi s reliability ? Indeed ,  doe s anythin g guar a 
it ? Fodo r  say s nothin g t o sugges t  tha t  i t  i s  mor e th ; 
happ y accident ,  thoug h on e essentia l  t o practica l  reaso n 
indee d probabl y t o lif e itself . 

I f  ther e i s a  mechanis m producin g th e happ y covaria t 
tha t  ar e suppose d t o allo w u s t o know ,  mos t  o f  th e time , 
identit y o f  referenc e ofourcoreferrin g expressions ,  the i 
candidat e tha t  w e ca n thin k o f  i s  natura l  selection .  I n s 
contexts ,  Fodo r  expresse s a  distinc t  lac k o f  enthusias m 
evolutionar y argument s (1994 ,  p .  2 0 fo r  example) ,  bu t 
may b e on e plac e wher e die y ca n d o som e work .  What e 
i t  woul d b e peculia r  t o cal l  anydiin g dia t  coul d b e inv o 
her e a  mechanism ,  certainl y i f  th e polic e arrestin g cou i 
feiter s i s a n exampl e o f  a  mechanism .  Compare :  " > 
aren' t  ther e lot s o f  elephant s o n Lak e Ontari o today ? ̂ ^ 
yo u see ,  diere' s a  mechanism... '  . 

We discove r  th e sam e patter n eve n mor e clearl j 
Fodor' s treatmen t  o f  Twi n Eart h cases .  Fodor' s respon i 
the m i s t o clai m tha t  the y d o no t  occu r  i n ou r  worl d 
wil l  no t  occu r  i n an y nomicall y nea r  on e (Fodor ,  1994 , 
38-9) .  H e m a y wel l  b e right ;  bu t  i f  h e is .  w e d o no t  i 
any mechanis m t o dea l  wit h them .  Onc e again ,  inste a 
identifyin g a  mechanism ,  Fodo r  ha s show n tha t  w e d o 
need one . 

That  leave s th e Quin e cases .  ( W e wil l  no t  conside r  E x 
cases. )  The y nee d a  wor d o f  explanation .  Th e proble m 
•  rabbit"/'undetache d rabbi t  part '  ('urp' )  case s pos e 
informatio n semantic s Fodor-styl e i s important .  Th e t e 
'rabbit "  an d 'urp '  clearl y hav e differen t  contents .  In d 
sinc e a  rabbi t  i s  mor e tha n a n urp ,  i f  on e o f  the m corr e 
applies ,  the n th e othe r  doe s not .  Ye t  die y ar e alway s 
instantiated .  Give n that ,  th e informatio n containe d i n 'ra t 
and urp '  i s  th e same ,  o n Fodor' s stringen t  notio i 
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information .  Fro m thi s i t  follow s tha t  n o semantic s base d 
purel y o n suc h a  notio n o f  informatio n i s goin g t o captur e 
th e differenc e o f  conten t  betwee n th e tw o terms .  Fodor' s 
suggestio n i s tha t  w e ca n captur e th e differenc e betwee n 
rabbit '  an d 'urp '  i f  w e ad d a  notio n o f  "inferenc e potential " 

(shade s o f  conceptua l  role!) .  I n particular ,  b y checkin g 
whethe r  a n Informan t  (In O wil l  accep t  o r  rejec t  certai n 
conjunctio n reductions ,  w e ca n tel l  whethe r  sh e use s "rabbit ' 
t o mea n rabbi t  o r  urp ,  'urp "  t o mea n ur p o r  rabbit . 

Her e i s h o w th e stor y goes .  (Fodo r  tell s  i t  i n term s o f 
triangle s an d triangl e part s bu t  w e wil l  tel l  i t  i n it s rabbi t 
and ur p version. )  I n additio n t o a  rabbi t  an d a n urp ,  con -
side r  also ,  say ,  th e fron t  hal f  o f  a  rabbit .  A n appropriatel y 
locate d ur p coul d b e par t  o f  bot h a  rabbi t  an d th e fron t  hal f 
of  a  rabbi t  (a n undetache d ear .  eye ,  o r  nos e woul d b e som e 
examples) .  N o w w e ask ,  doe s 'rabbit '  mea n rabbi t  o r  urp ? 
Does 'urp '  mea n a n undetache d rabbi t  par t  o r  rabbit ? Bein g 
th e fron t  hal f  o f  a  rabbi t  exclude s bein g a  rabbi t  bu t  bein g 
an (appropriate )  ur p i s compatibl e wit h bein g par t  o f  bot h a 
rabbi t  an d th e fron t  hal f  o f  a  rabbit .  Thus ,  i f  "rabbit '  an d 
'fron t  hal f  o f  a  rabbit '  mea n rabbi t  an d fron t  hal f  o f  a 
rabbit ,  In f  wil l  accep t  ' A i s a  rabbit '  an d ' A i s a  fron t  hal f 
of  rabbit '  i n certai n circumstance s bu t  never ,  i t  seems ,  ' A 
i s a  rabbi t  an d a  fron t  hal f  o f  a  rabbit" .  O n th e otiie r  hand . 
i f  'rabbit '  an d 'fron t  hal f  o f  a  rabbit '  mea n rabbi t  par t  an d 
par t  o f  th e fron t  hal f  o f  a  rabbit ,  In f  wil l  accep t  ' A i s a 
rabbit '  an d ' A i s a  fron t  hal f  o f  rabbit '  an d als o ' A i s a 
rabbi t  an d a  fron t  hal f  o f  a  rabbit '  i n certai n circumstances . 
So al l  w e hav e t o d o i s chec k an d se e whic h conjunctio n 
reduction s In f  accept s an d w e ca n determin e wha t  sh e mean s 
by 'rabbit '  an d 'urp '  (1994 ,  p .  73) .  S o fa r  s o good . 

But  n o w a  proble m appears :  Wha t  i n Inf s computationa l 
structur e coul d implemen t  th e differenc e o f  conten t  betwee n 
'rabbit '  an d 'urp'—a s th e cas e ha s bee n described ? I t  canno t 
be anythin g informationa l  becaus e Inf s informatio n abou t 
rabbit s an d abou t  urp s i s th e same ;  'rabbit '  an d "urp '  co -
var y perfectl y wit h bot h rabbit s an d urps .  S o i t  ha s t o b e 
somethin g syntactic .  A n d th e proble m i s this :  wha t  coul d 
anythin g purel y syntacti c hav e t o d o wit h conten t  here ? 
Notice :  her e Fodo r  i s no t  demandin g merel y tha t  synta x co -
var y wit h content .  Her e synta x i s t o b e par t  o f  content . 

I n th e stor y abou t  rabbit' ,  'urp" ,  an d 'fron t  hal f  o f  a 
rabbit "  w e told ,  mos t  peopl e woul d b e incline d t o thin k tha t 
Inf s conjunctio n reductio n predilection s ar e drive n b y 
information :  sh e reduce s o r  refuse s t o refus e i n accor d wit h 
what  satisfie s thes e term s an d he r  belief s abou t  thes e items . 
But  tha t  canno t  b e Fodor' s story ;  fo r  him ,  dier e i s n o 
differenc e i n Inf s informatio n abou t  rabbits ,  fron t  halve s o f 
rabbits ,  an d urps .  S o wha t  drive s In f  t o reduc e o r  no t 
reduc e ha s t o b e sometliin g purel y syntactic ,  som e computa -
tiona l  rule s fo r  uninterprete d symbol-set s i n Mentales e 
burie d i n her .  Thi s sharpen s th e problem .  Wha t  coul d 
anythin g purel y syntacti c i n thi s wa y hav e t o d o wit h 
content ? 

We tliin k th e mos t  probabl e answe r  is :  nothing .  I f  wha t 
govern s Inf s reductio n predilection s i s somethin g purel y 
syntactic ,  rule s fo r  th e manipulatio n o f  uninterprete d 
symbols .  In f  coul d jus t  a s wel l  reduc e sentence s th e conten t 
of  whos e predicate s ar e incompatibl e a s compatible ,  sen -

tence s whos e subject s ar e satisfie d b y differen t  object s a s b y 
th e sam e one .  I n short ,  o n a  purel y syntacti c account , 
conjunctio n reductio n seem s t o tel l  u s nothin g abou t  content . 
And th e Quin e case s remain ,  aliv e an d well . 

Does Fodo r  hav e an y escape ? I f  conjunctio n reductio n 
proclivitie s ar e t o b e par t  o f  content ,  the y mus t  a t  leas t  co -
var y wid i  th e relevan t  difference s o f  content .  W e ca n thin k 
of  tw o possibilities : 

(i )  Fodo r  coul d simpl y defin e incompatibilit y  o f  satisfactio n 
as a n Inf s unwillingnes s t o conjunctio n reduce .  Thi s seem s 
a desperat e expedient :  wha t  doe s th e fac t  tha t  'rabbit '  i s 
satisfie d onl y whe n "urp "  i s no t  hav e t o d o wit h som e rul e 
fo r  transformin g uninterprete d symbol s burie d dee p i n th e 
brain ? Bu t  ou t  o f  desperatio n grow s a n idea .  W h a t  if , 

(ii )  w e coul d fin d a  mechanis m tha t  tie d th e computationa l 
reductio n t o th e semanti c difference ? Thi s shoul d b e th e 
escap e Fodo r  wants ,  give n tli e res t  o f  E & E .  C a n w e thin k 
of  one ? 

I t  doe s no t  loo k promising .  Strangel y enough .  Fodo r  i s n o 
hel p here ;  indeed ,  h e doe s no t  eve n mentio n a  mechanis m 
i n comiectio n wit h Quin e cases !  Thi s ga p an d th e difficult y 
of  bridgin g i t  m a y b e a n instanc e o f  a  wide r  problem .  A t  th e 
beginnin g o f  E & E ,  Fodo r  tell s  u s tha t  i f  computation s ar e t o 
hous e content ,  computation s mus t  trac k trud i  i n th e wa y tha t 
our  reasoning s do .  T o se e th e bigge r  proble m first ,  suppos e 
tha t  Fodo r  i s righ t  abou t  everythin g an d tlier e i s n o wa y i n 
whic h symbo l  structure s an d content s migh t  systematicall y 
come apart ,  no t  i n thi s an d nea r  world s a t  an y rate .  Wou l d 
tha t  b e enoug h t o ensur e tha t  computatio n wil l  trac k trut h 
reliably ? I t  i s  no t  clea r  tha t  i t  would ;  eve n i f  computationa l 
and contentfu l  node s lin e u p correctly ,  th e relationship s 
among the m coul d stil l  c o m e apart . 

N o w appl y thi s bigge r  proble m t o conjunctio n reductio n 
and th e proble m o f  covaryin g term s tha t  ar e no t  jointl y 
satisfiable .  Th e proble m her e i s t o fin d somethin g t o ensur e 
tha t  a  purel y computationa l  m o v e track s mutua l  nonsatisfi -
abilit y  correcdy .  It' s  no t  th e sam e problem ,  bu t  i t  i s  a 
closel y relate d one .  A n d Fodo r  say s a s m u c h abou t  it . 
namely ,  nothing . 

Tlii s  proble m i s fa r  mor e seriou s tha n th e problem s w e 
identifie d earlie r  i n comiectio n wit h Freg e an d Tw i n Eard i 
examples .  Tlier e Fodo r  promise d u s mechanism s an d instea d 
gav e u s argument s fo r  w h y w e don' t  nee d t h e m — a fairl y 
parochia l  failing .  Her e h e produce s n o mechanis m an d n o 
argumen t  tha t  w e d o no t  nee d one .  Thi s look s mor e serious . 

Th e sourc e o f  th e proble m seem s t o b e a s follows :  T o 
discriminat e rabbit s fro m urps .  w e woul d hav e t o us e 
somediin g dia t  come s t o u s fro m thes e items .  O r  s o i t  woul d 
seem.  Bu t  Fodo r  think s tha t  ther e i s n o suc h information .  S o 
he ha s t o g o shoppin g fo r  somethin g purel y syntactic ,  purel y 
internal .  Onc e w e se e this ,  a  solutio n t o th e Quin e case s 
becomes readil y apparent .  T h e relationship s o f  rabbit s an d 
our  syntacti c structure s an d urp s an d ou r  syntacti c structure s 
differ ,  i n lot s o f  relevan t  ways ,  i n fact ,  an d way s a s natural -
isti c  a s covariance ;  al l  th e causa l  relationship s ar e different , 
as differen t  a s th e ver y differen t  causa l  power s o f  rabbit s 
and urps .  Thes e difference s ar e jus t  a s goo d candidate s t o 
groun d difference s o f  informatio n i n connectio n wit h 'rabbit ' 
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and 'urp '  a s co-variance ,  th e on e Fodo r  chooses . 

Fodo r  caiuio t  avai l  himsel f  o f  thi s solutio n onl y becaus e 
he adopt s a n excessivel y stringen t  notio n o f  information .  Fo r 
him ,  th e onl y wa y i n whic h th e informatio n carrie d b y tw o 
term s ca n var y i s i f  ther e ar e context s i n whic h th e term s d o 
not  co-vary ;  an d th e onl y wa y the y ca n d o tha t  i s i f  the y 
refe r  t o object s tha t  d o no t  alway s co-vary .  I n short ,  Fodo r 
seems t o thin k tha t  th e onl y lin k betwee n word s an d th e 
worl d tha t  count s i s covariance .  Conten t  i s  als o determine d 
by wha t  undergird s th e covariance ,  however :  'dog '  ha s th e 
conten t  i t  ha s no t  simpl y becaus e i t  co-varie s wit h dogs ,  bu t 
becaus e token s o f  i t  ar e cause d b y dog s (se e Quine ,  1960 , 
p.  30) .  Thi s i s entirel y compatibl e wit h a  naturalistic , 
externalis t  accoun t  o f  content .  Assiuning—a s seem s plaus -
ible—tha t  i t  i s  di e causa l  power s o f  rabbit s tha t  maintai n th e 
co-varianc e betwee n "rabbit '  an d rabbit y stuf f  an d tha t  di e 
causa l  power s o f  urpsar e relevantl y different ,  'rabbit '  wil l 
mean rabbit ,  no t  urp .  I n whic h case ,  'rabbit '  meanin g ur p 
i s exclude d withou t  appea l  t o conjunctio n reductio n o r  an y 
othe r  kin d o f  'inferenc e potential' .  An d th e Quin e case s 
woul d n o longe r  b e a  problem .  Tru e enough ,  conten t  s o 
construe d wil l  g o beyon d covariance ,  bu t  w e canno t  imagin e 
w hy thi s shoul d concer n Fodor . 

The introductio n of'inferenc e potential '  o f  an y kin d a s a n 
elemen t  o f  conten t  als o raise s troublin g issue s al l  it s  own . 
For  example ,  thoug h Fodo r  argue s tha t  thi s mov e invite s 
onl y a  benig n for m o f  holism ,  it' s  surel y ver y har d t o hel p 
onesel f  t o jus t  a  soupgo n o f  conceptua l  rol e semantics . 
Fodo r  say s dia t  h e ca n isolat e th e "logica l  syntax "  o f  con -
junctio n reductio n fro m th e res t  o f  language,  bu t  hi s treat -
ment  o f  thi s seem s a  littl e blas6 .  I n particular ,  t o mak e th e 
separation ,  Fodo r  woul d hav e t o b e abl e t o separat e con -
junction-reduction s base d o n synta x fro m reduction s base d 
on evidence ,  i.e ,  purel y o n information .  Perhap s h e can ;  bu t 
give n Quine' s worrie s abou t  th e ver y possibilit y  o f  doin g 
suc h things ,  we' d lik e t o se e th e argument . 

4(ii). Variations on the Notion of Information 

Abov e w e urge d that ,  jus t  whe n Fodo r  seem s poise d t o 
describ e th e police-lik e 'mechanism '  tha t  keep s conten t  an d 
computatio n reliabl y i n phase ,  hi s discussio n goe s of f  i n 
peculia r  directions .  Havin g explore d on e o f  d i e m — n o mech -
anism ,  jus t  explanation ,  an d i n Quin e case s n o explanatio n 
eiUier- ,  w e tur n n o w t o th e othe r  one .  Fodo r  acknowledge s 
tw o variation s o n th e content-as-informatio n theme :  causa ! 
and nomic .  Here' s what' s strange :  th e explanation s Fodo r 
give s i n connectio n wit h Freg e an d Twi n Eart h case s g o 
diroug h straight-forwardl y onl y fo r  di e first. 

Fodo r  call s th e tw o conception s di e causa l  informationa l 
and di e nomi c informational .  Notice  first  dia t  the y ar e bod i 
quit e differen t  fro m di e biographical-historica l  conceptio n 
propounde d b y Dretsk e (1993 )  an d odiers .  Dretsk e argue s 
dia t  A I  system s d o no t  an d coul d no t  hav e content ,  inten -
tionality ,  etc. ,  simpl y becaus e the y hav e th e wron g kin d o f 
history .  O n thi s view ,  eve n i f  a  syste m wer e t o b e built ,  t o 
th e appropriat e fineness  o f  grain ,  exactl y lik e u s i n al l  rel -
evan t  respects ,  an d eve n i f  i t  behave d exactl y lik e us ,  di e 
differenc e i n it s histor y woul d ensur e dia t  i t  doe s no t  hav e 
content—eve n dioug h w e do .  Fo r  Fodor ,  however ,  histor y 

of  th e syste m ha s littl e t o d o wid i  content . 

Fodo r  call s th e causa l  informationa l  notio n o f  conten t  th e 
vie w that ,  "th e conten t  o f  menta l  representation s i s consti -
tute d b y diei r  etiology "  (Fodor ,  1994 ,  p .  82) .  A s we'v e 
seen ,  Fodo r  goe s a  lon g wa y towar d showin g dia t  dii s 
simpl e littl e notio n i s adequat e (thoug h perhap s no t  quit e i n 
th e directio n h e thinks) .  However ,  ther e i s als o a  nomi c 
notio n o f  content-as-informatio n a t  wor k i n di e book . 

On th e causa l  story ,  a  computationa l  stat e come s t o carr y 
informatio n b y enterin g a  causa l  relationshi p wit h som e 
object :  a  toke n o f  'dog '  come s t o carr y th e informatio n con -
taine d i n di e concep t  D O G b y bein g i n a  causa l  relationshi p 
wid i  a  dog .  O n th e nomi c informationa l  story ,  i n contrast , 
a computationa l  stat e come s t o carr y informado n b y satisfy -
in g certai n counter-factuals :  a  toke n o f  'dog '  a s foun d i n m e 
carrie s th e informatio n dog ,  fo r  example ,  i f  1  woul d sa y o r 
odierwis e toke n 'dog '  wer e I  t o b e i n th e presenc e o f  a  dog . 
I t  i s  no t  necessar y tha t  m y toke n o f  'dog '  wa s eve r  actuall y 
i n a  causa l  relationshi p wit h a  dog . 

On di e fac e o f  it ,  thes e see m t o b e quit e differen t  concep -
tion s o f  content .  Abou t  al l  tha t  immediatel y hold s die m to -
gethe r  i s tha t  the y ar e bod i  develope d i n term s o f  informa -
tion .  Strangel y enough ,  Fodo r  seem s t o thin k dia t  the y ar e 
quit e similar—simila r  enoug h t o b e roughl y substitutabl e on e 
fo r  th e odier .  Thus ,  h e tell s u s a t  on e poin t  dia t  h e prefer s 
th e nomic-informationa l  notio n bu t  fo r  th e sak e o f  simplicit y 
of  expositio n ha s tol d hi s stor y i n term s o f  di e causal -
informadona l  on e (Fodor ,  1994 ,  p .  54 )  an d fro m the n o n 
switche s bac k an d fort h betwee n the m prett y muc h a t  will , 
embracin g di e causa l  stor y o n pp .  52 ,  8 2 an d 86 ,  an d di e 
nomi c stor y o n pp .  72 ,  90 ,  an d 116 .  fo r  example .  (Fodo r 
eve n make s us e o f  concept s tha t  coul d onl y b e par t  o f  di e 
nomi c stor y befor e h e formall y introduce s di e notion .  Fo r 
example ,  h e speak s o f  conten t  a s disposition s o n p .  3 0 an d 
as specifie d b y counter-facmal s o n p .  37. ) 

Contrar y t o Fodo r  an d anyon e els e w h o m a y suppos e tha t 
dies e notion s o f  broa d conten t  ar e quit e similar ,  di e tw o ar e 
ver y different .  Conside r  Davidson' s (1987 )  ol d frien d th e 
S w a m p m a n,  th e molecul e fo r  molecul e duplicat e o f  David -
so n w h o spring s t o lif e ('life'? )  on e da y i n a  swamp .  Intui -
uvely ,  S w a m p m an seem s t o hav e conten t  a t  th e ver y sta n o f 
hi s ne w life ,  i.e. ,  prio r  t o enterin g int o causa l  relationship s 
wit h objects .  N o w ,  thi s i s  als o wha t  di e nomi c stor y woul d 
entail ,  an d it' s  di e stor y Fodo r  embraces .  However ,  o n di e 
causa l  story ,  w e woul d hav e t o den y dia t  th e S w a m p m an 
had content—an d a  numbe r  o f  dieorist s hav e don e so .  Thi s 
i s enoug h b y itsel f  t o sho w dia t  di e tw o concepdon s ar e 
quit e differen t  fro m on e another .  W e s o conclude ;  an d tun i 
t o di e implication s fo r  Fodor . 

Fodor ,  a s we'v e seen ,  argue s diat—Twin ,  Freg e an d 
Quin e case s notwidistanding—di e lin k betwee n conten t  an d 
computationa l  implementatio n i s reliable .  However ,  th e 
nomi c stor y goe s quit e differentl y fo r  som e o f  thes e case s 
fro m th e causa l  one .  Fodo r  give s n o indicatio n tha t  h e se e 
diis . 

However  wel l  hi s stor y abou t  w h y Freg e case s ar e n o 
proble m work s o n th e causa l  informationa l  account ,  fo r 
example ,  i t  doe s no t  wor k a t  al l  o n th e nomi c informadona l 
version .  Her e i s why .  I f  conten t  i s  a  matte r  o f  actua l  causa l 
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connectio n t o a n object ,  the n i t  i s  perfectl y possibl e t o locat e 
what  i s commo n t o Oedipus' s tw o beliefs—i t  consist s i n 
thei r  bein g linke d causall y t o th e sam e object .  The n thi s 
becomes th e conten t  o f  bot h 'Jocasu '  an d 'Mom' .  Becaus e 
thes e tw o ar e syntacticall y distinct ,  w e hav e a  cas e o f 
computation-conten t  disconnection ,  bu t  that' s oka y becaus e 
it' s  accidental .  Trea t  conten t  a s a  matte r  o f  som e kin d o f 
disposition ,  however ,  an d thi s stor y utterl y collapses .  Wha t 
coul d b e common t o th e dispositio n activate d i n Oedipu s b y 
th e woma n presente d a s Jocast a an d th e on e activate d b y th e 
woman presente d a s M o m? Certainl y no t  a  dispositio n t o ge t 
married !  An d not ,  t o b e mor e serious ,  th e respectiv e word -
tokenin g disposition s either .  Eve n mor e seriously ,  wha t 
motiv e coul d on e hav e fo r  splittin g th e disposition s int o tw o 
element s i n th e first  place ,  a  par t  commo n t o bot h an d a  par t 
distinctiv e t o each ? I n s o fa r  a s ther e i s n o goo d answe r  t o 
thi s question ,  Fodor' s stor y abou t  Freg e case s doe s no t 
wor k o n th e nomi c accoun t  o f  information . 

What  abou t  Twi n Eart h cases ? Agai n a  problem .  Wher e 
infomiatio n derive s fro m etiology ,  th e apparen t  differenc e 
i n conten t  betwee n (say )  Ada m an d Twada m i s tha t  Adam' s 
token s o f  'water '  ar e causall y linke d t o HjO ,  Twadam' s t o 
X Y Z —a substanc e phenomenall y indistinguishabl e bu t  chem -
icall y (o r  something )  distinc t  fro m HjO .  Her e ther e i s a 
clea r  sens e i n whic h th e tw o token s o f  'water '  hav e differen t 
contents ,  eve n thoug h elicite d b y indistinguishabl e environ -
ments :  on e i s causall y linke d t o HjO ,  th e othe r  t o X Y Z . 
Differen t  contents ,  sam e computationa l  state .  (And ,  say s 
Fodor ,  i t  doesn' t  matte r  becaus e Twi n Eart h isn' t  'nearby'. ) 

As wit h Freg e cases ,  however ,  thing s tur n sou r  whe n w e 
go nomic .  O n th e nomi c story ,  th e differenc e i n conten t 
betwee n Ada m an d Twada m ha s t o b e tha t  Ada m woul d 
toke n 'water '  i n th e presenc e o f  H j O whil e Twada m woul d 
toke n 'water "  i n th e presenc e o f  X Y Z .  Th e troubl e is , 
Adam' s dispositio n woul d als o lea d hi m t o toke n 'water '  i n 
tli e presenc e o f  X Y Z an d Twadam' s t o toke n "water '  i n th e 
presenc e o f  H^O .  Tha t  i s t o say ,  o n th e nomi c theory ,  ther e 
i s n o differenc e o f  conten t  betwee n Ada m an d Twada m i n 
th e first  place .  Whic h woul d impl y that ,  fo r  th e nomi c 
versio n o f  informationa l  content .  Twi n Eart h case s d o no t 
pose a n eve n apparen t  proble m fo r  Fodo r  i n th e first  place . 

For  Twi n Eart h cases ,  then ,  thing s ar e easie r  fo r  Fodo r 
on th e nomi c vie w tha n th e causa l  one .  Bu t  i f  h e want s hi s 
stor y o f  Freg e case s t o wor k fo r  th e nomi c vie w a s wel l  a s 
th e causa l  one ,  h e owe s u s a n argimient .  Fodor' s treatmen t 
of  Quin e case s seem s t o wor k equall y well ,  o r  equall y 
badly ,  o n eithe r  view . 

I n sum :  Fodor' s strateg y i n E & E i s t o urg e tha t  psycho -
logica l  state s an d processe s ca n b e bod i  ineliminabl y inten -
tiona l  (infoimation-bearing )  an d implemente d computational -
ly—withou t  ther e bein g computationall y sufficien t  condition s 
fo r  th e instantiatio n o f  intentiona l  properties .  Al l  w e nee d i s 
tha t  computationa l  states/processe s reliabl y co-instantiat e 
wit h intentiona l  sutes/processe s i n ou r  worl d an d world s 
nomicall y nea r  t o ours .  Which ,  despit e th e problem s wit h 
Fodor' s arguments ,  the y ma y do .  Bu t  Fodo r  argue s fo r  th e 
thesi s i n som e strang e way s an d owe s u s som e additiona l 
arguments . 
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Andre w Broo k woul d lik e t o than k hi s fello w participant s i n 
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woul d lik e t o than k Trac y Isaacs ,  Danie l  Stoljar ,  an d th e 
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Abstrac t 

The work presented in this article builds on the account of 
cognitiv e parsin g give n b y th e S O U L syste m (Konieczn y & 
Strube ,  1995) ,  a n object-oriente d implementatio n o f  Param -
eterize d Hea d Attachmen t  (Konieczn y e t  ai ,  1991 )  base d 
on Head-Drive n Phrase-Structur e Grammar  (Pollar d &  Sag , 
1994) .  W e describ e ho w th e initia l  semanti c representatio n 
propose d b y th e parse r  i s translate d int o a  logica l  for m suit -
abl e fo r  inference ,  thu s makin g i t  possibl e t o integrat e worl d 
knowledg e wit h cognitiv e parsing .  A s a  semanti c an d knowl -
edge representatio n syste m w e us e th e mos t  expressiv e im -
plemente d logi c fo r  natura l  languag e understanding .  Episodi c 
Logi c (Hwan g &  Schubert ,  1993) ,  an d it s computationa l  im -
plementation .  Epilo g (Schaeffe r  e t  ai ,  1991) . 

In t roduc t io n 

The wor k reporte d i n thi s articl e ca n b e see n a s a  continuatio n 

of  psycholinguisticresearc h i n sentenc e parsin g (Strubeera/. , 
1990 ;  Konieczn y e t  ai ;  Hemfort h e t  ai ,  1993 )  an d computa -
tiona l  model s o f  huma n parsin g (Konieczn y &  Strube ,  1995) . 
Thi s forme r  wor k ha s resulte d i n a  psycholinguisti c theor y o f 
sentenc e parsin g calle d Parameterize d Hea d Attachmen t  an d 
i n th e S O U L parse r  a s a  compute r  mode l  tha t  implement s 
th e theory .  S O U L make s us e o f  type d featur e formalism s 
t o describ e th e synta x o f  natura l  language ,  especiall y Head -
Drive n Phrase-Structur e Grammar ,  H P S G (Pollar d &  Sag , 
1994) .  S O U L operate s i n a  word-by-wor d incrementa l  fash -
ion ,  computin g a  H P S G structur e accordin g t o huma n parsin g 
preference s tha t  hav e bee n identifie d i n guidin g th e first  syn -
tacti c analysis . 

This model of human parsing has to be complemented by 
processe s o f  semanti c interpretatio n fo r  tw o reasons .  O n th e 
on e hand ,  S O U L need s t o judg e th e appropriatenes s o f  th e 
analyse s give n b y th e parse r  base d o n worl d knowledg e i n 
orde r  t o trigge r  reanalysi s wheneve r  necessary .  O n th e othe r 
hand ,  th e preliminar y logica l  for m propose d b y S O U L ha s t o 
be transforme d int o a  logica l  for m tha t  allow s fo r  inference s 
t o b e draw n i n th e knowledg e base .  Ou r  mode l  enable s th e in -
tegratio n o f  worl d knowledg e wit h cognitiv e parsin g an d ben -
efit s fro m usin g Episodi c Logic ,  th e mos t  expressiv e forma l 
computationa l  logi c fo r  genera l  natura l  languag e understand -
ing .  Th e objectiv e o f  th e presen t  articl e i s t o sho w h o w th e 
outpu t  o f  th e S O U L parse r  ca n b e semanticall y interprete d 

int o a n initia l  representation ,  whic h i s furthe r  transforme d re -
movin g scop e ambiguitie s an d context-dependency .  Th e fi-
nal  resul t  i s a  logica l  for m i n Episodi c Logi c (Hwang ,  1992 ; 
H w a ng &  Schubert ,  1993 )  tha t  i s  suitabl e fo r  inference .  W e 
als o sho w ho w thi s final  logica l  for m account s fo r  semanti c 

biasin g o f  syntacti c analyses . 

Parameterized Head Attachment 

Cognitiv e parsin g i n th e S O U L system ,  Semantics-Oriente d 
Unification-Base d Languag e Processin g (Konieczn y & 
Strube ,  1995) ,  i s  base d o n th e Parameterize d Hea d Attach -
ment  Principl e o f  sentenc e processin g (Konieczn y e t  ai , 
1991) ,  P H A henceforth .  P H A i s a  theor y o f  sentenc e 
processin g tha t  originate d i n recen t  psycholinguisti c inves -
tigation s o f  PP-attachmen t  an d othe r  phenomen a i n Ger -
man,  usin g self-pace d readin g an d eye-movemen t  experi -
ment s (Strub e e t  ai ,  1990 ;  Konieczn y etal ,  1991 ;  Hemfort h 
et  ai ,  1993 ;  Konieczn y e t  ai ,  1994) .  Thoug h a  seria l  mode l 
i n th e traditio n o f  th e Garden-Pat h Theor y (Frazie r  &  Fodor , 
1978) ,  P H A i s a  mode l  o f  sentenc e processin g whos e result s 
diffe r  fro m thos e predicte d b y Minima l  Attachmen t  an d Lat e 
Closure ,  an d b y th e principle s pu t  fort h wit h th e Construa l 
Theor y (Frazie r  &  Clifton ,  1996) . 

PHA consists of the following principles: 

• Head attachment: Prefer to attach an item to a phrasal 
uni t  whos e lexica l  hea d ha s alread y bee n read . 

• Preferred-role attachment: Prefer to attach an item to a 
phrasa l  uni t  whos e hea d preferentiall y  subcategorize s fo r 
it . 

• Most recent head attachment: Prefer to attach an item to 
a hea d tha t  wa s rea d mos t  recently . 

• Parameterized head attachment: Attempt to apply Head 
Attachmen t  befor e Preferre d Rol e Attachmen t  befor e 
Most  Recen t  Hea d Attachment . 

SOUL is a cognitive parser that functions complying with 
th e principle s describe d abov e an d ha s bee n implemente d us -
in g HPSG. '  W e wil l  no w concentrat e o n th e syntax/semantic s 

'Th e intereste d reade r  i s referre d t o Konieczn y &  Strub e (1995 ) 
fo r  a  descriptio n o f  th e S O U L system . 
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interfac e use d i n th e system ,  calle d th e preliniinar y logica l 
form ,  an d th e translatio n proces s o f  thi s initia l  representatio n 

int o a  representatio n suitabl e fo r  inferenc e usin g Episodi c 
Logi c (Hwang ,  1992 ,  H w a n g &  Schubert ,  1993) . 

Incremental semantic interpretation, scoping, 

a n d d e i n d e x i n g 

Conside r  th e natura l  languag e sentenc e (1) ,  a s presente d be -
low : 

(1 ) Mario n ̂ ,  watche d ̂ b th e ̂ c hors e t̂ d wit h ̂ e th e ̂ f 
whit e | g fleck  ft, .  | i 

Usin g thi s expression ,  w e illustrat e th e proces s o f  incre -

menta l  semanti c interpretation ,  scoping ,  an d deindexin g b y 
virtu e o f  whic h th e preliminar y logica l  for m i s transforme d 
int o a  so-calle d episodi c logica l  for m suitabl e fo r  inferenc e i n 
Epilo g (Schaeffe r  e t  ai ,  1991) ,  th e computationa l  syste m fo r 
Episodi c Logic ,  E L henceforth . 

The extended syntax/semantics interface 

We conside r  th e pars e obtaine d b y S O U L a t  point/ ,  onc e th e 
secon d definit e articl e th e ha s bee n absorbe d fro m th e inpu t 
string .  Usin g subcategorizatio n informatio n fo r  th e preferre d 
lexica l  entr y o f  watch ,  a  transitiv e ver b wit h a n instrumenta l 
complement ,  S O U L propose s a  pars e i n whic h th e exjjecte d 
prepositiona l  phras e attache s t o th e mai n ver b o f  th e sentence . 
The semanti c informatio n i s give n i n H P S G unde r  th e fea -
tur e content .  Du e t o it s restricte d expressivenes s w e hav e de -
fined  a  mor e expressiv e syntax/semantic s interfac e i n S O U L , 
whic h w e hav e terme d preliminar y logica l  form ,  V C T fo r 
short ,  a s show n below . 

VCT, -

pre d watc h 
argagtn t  Mario n 

in d ind i 
spe c th e 

argthem e 

arg,„,tr 

a-mod 

e-mod 

mood 

con d pre d hors e 
argin, ,  Q j 

in d ind ^ 
spe c th e 

pre d con d 

op 

pred 

arg.na t  D2 J 

adv-a 

pre d with-inat r 
argthem e D 2 

op pas t 

op decl 

I n V C T ] ,  th e actio n o f  Mario n watchin g a  hors e an d be -
in g modifie d s o a s t o b e performe d wit h a n instrumen t  ha s 
been represented .  Thi s representatio n i s base d o n th e formal -
is m use d t o represen t  th e syntax/semantic s interfac e i n H P S G 

(Pollar d &  Sag ,  1994) .  I n V C T } ,  th e predicat e watc h take s 
thre e arguments .  Th e first  argumen t  correspond s t o th e agen t 

of  th e even t  described ,  th e secon d argumen t  correspond s t o 

th e them e o f  th e actio n bein g described ,  an d th e thir d argu -
ment  correspond s t o a n instrumen t  wit h whic h th e actio n i s 
performed .  Th e forma t  o f  th e preliminar y logica l  for m i s 
borrowe d fro m Fensta d e t  at .  (1987) .  Th e featur e con d in -
troduce s a  well-forme d formul a an d th e feature s spe c an d in d 
introduc e th e quantificationa l  forc e o f  a  determine r  an d th e 
variabl e quantifie d over ,  respectively .  I n V C T j ,  th e argu -
ment  position s ar e filled  wit h variables ,  bu t  th e scop e o f  th e 
quantifier s i s lef t  underspecified ,  muc h a s i n Schuber t  &  Pel -
letie r  (1982) ,  Fensta d e t  al .  (1987 )  an d Pollar d &  Sa g (1994) . 

Pollard & Sag (1994) assume a situation-theoretic frame-
wor k fo r  semanti c representation .  Unfortunately ,  Situatio n 
Semantic s (Barwise ,  1987 ;  Devlin ,  1991 )  doe s no t  ye t  offe r  a 
framewor k fo r  representin g a  variet y o f  semanti c phenomena . 
Not e fo r  exampl e tha t  i n V C T j  th e expecte d prepositiona l 
phras e i s syntacticall y analyze d a s a n adverbial .  Th e exten -
sio n propose d her e fo r  th e representatio n o f  adverbial s dis -
tinguishe s betwee n thos e tha t  operat e o n sentence s an d thos e 
tha t  operat e o n monadi c predicates .  W e tak e advantag e o f 
th e representationa l  framewor k pu t  fort h wit h E L (Hwang , 
92 ;  H w a n g &  Schubert ,  1993 )  an d adop t  th e function s adv- e 
and adv-a ,  whic h m a p predicate s ove r  episodes/action s int o 
predicat e modifiers .  I n E L ,  (adv- e it) ,  wit h 7 r  a  predicat e 
ove r  episodes ,  i s a n episod e modifier ,  an d (adv- a n) ,  wit h n  a 
monadi c predicat e ove r  attributes/actions ,  i s a n actio n modi -
fier,  with-inst r  i s  a  relationa l  predicat e takin g i n ou r  exampl e 
th e monadi c predicat e P  an d mappin g i t  int o a  monadi c pred -
icat e ove r  actions .  I n V C T j ,  th e tens e operato r  pas t  an d th e 
m o od operato r  dec l  hav e als o bee n introduce d unde r  th e fea -
ture s e-mo d an d mood ,  respectively . 

Incremental semantic interpretation 

Afte r  th e parse r  ha s generate d thi s initia l  representation ,  th e 
preliminar y attribute-valu e representatio n V C T j  i s  trans -
late d int o a  se t  o f  fact-schemat a usin g recursiv e procedure s 
tha t  operat e directl y o n th e attribute-valu e matrice s unde r  th e 
featur e cond .  Then ,  ful l  schemat a ar e constructe d fo r  th e ful l 
sentence .  Fo r  V C T j ,  w e obtai n th e followin g se t  o f  fac t 
schemata : 

(C \  :  horse,indi ,  1 ) 

(C 2 :  P ,  ind2,1 ) 

{C 3 :  watch ,  Ma r i on ,  indi,ind2,1 ) 

(1 ) 

Incrementa l  scopin g 

I n H P S G th e featur e Q S T O RE give s th e scop e disambigua -
tio n information .  Ou r  approac h t o scop e disambiguatio n con -
sist s i n generatin g a  scope d logica l  for m accordin g t o psy -
cholinguisticall y plausibl e heuristic s fo r  scop e disambigua -
tio n (Kurtzma n &  MacDonald ,  1993) .  I n ou r  example ,  th e 
surfac e speec h ac t  operato r  dec l  i s  assigne d scop e ove r  th e 
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whol e sentence ,  th e tens e operato r  pas t  i s  assigne d scop e 
withi n speec h ac t  operator s an d wide r  scop e tha n al l  othe r 

operators .  Th e tw o definite s ar e assigne d scop e throug h al l 
barrier s onl y i f  the y ar e salien t  i n th e curren t  context ,  other -

wis e the y ar e scope d withi n tens e operators . 

We obtain the set of scoped fact schemata in (2): 

(Th e {{ind ,  I  Ci) ) 

{{ind i  I  T h e ({ind 2 \  C2))((mc/ 2 |  C3)))) ) 

(2 ) 

Replacin g C i ,  C 2 .  an d C 3 i n (2 )  an d incorporatin g th e 

action-modifyin g operato r  ((adv- a {with-inst r  indi)) ,  th e 
tens e operato r  past ,  an d th e m o o d operato r  decl ,  w e obtai n 
th e parameterize d indexica l  logica l  for m V X C T j  ? 

VICT, : 

(dec l  (pas t  (Th e x:\ x horse ] 
(Th e y:[ y P \ 

[Mario n ((adv- a (with-inst r  y) ) 
(watc h x))]))) ) 

Incrementa l  de indexin g 

To be suitable for inference in Epilog, the computational sys-
te m fo r  E L ,  th e final  logica l  for m ha s t o b e independen t  o f 

context .  Thus ,  th e indexica l  informatio n conveye d b y th e 
tens e operato r  pas t  an d th e m o o d operato r  dec l  ha s t o b e 
brough t  int o th e final  representation .  Th e incrementa l  dein -
dexe r  applie s th e compositiona l  deindexin g rule s fo r  translat -
in g th e indexica l  logica l  form s pu t  fort h i n H w a n g &  Schuber t 
(1992) .  Thes e rule s transfor m th e indexica l  logica l  for m con -
tainin g tens e operator s an d adverbial s int o a  so-calle d param -
eterize d episodi c logica l  form ,  V C C T fo r  short. ^  A t  poin t 
/ ,  th e resul t  o f  thi s deindexin g proces s i s th e parameterize d 
episodi c logica l  for m V S C T j . 

VeCTf . 

(3ui:[[u i  same-tim e N o w l ]  a 
[u o immediately-precede s ui] ] 
[[Speake r  tel l  Heare r  (Tha t 

(3e i  :[[e i  befor e u\ \  A  [e o orient s ei] ] 
[[(Th e x\ x horse ] 

(Th e y:[ y P ] 
[[Mario n |  ei ] 

((with-inst r  y)(watc h x))])) ] 
-  e,))) ] 

Expressin g k n o w l e d g e i n E L 

Knowledg e i n Epilo g take s th e for m o f  meanin g postu -
late s an d worl d knowledg e axioms .  Thes e ar e expresse d a s 

probabilisti c  conditional s o f  for m 0  ->p,a,, .  ,a „  V* .  wher e 
«!,... ,  a „  ar e controlle d variable s an d p  i s a  statistica l  prob -
ability . 

We now introduce the following meaning postulates and 
worl d knowledg e axiom s abou t  peopl e seein g objects.' ' 

Meaning postulates about people seeing objects: 

If a person watches a thing, then that person sees that 

thing. ^ 

MV 1: (3x:[x person] 
(3y:[ y thing ] 

(3ei:[[[[ x I  e, ]  P ]  A  [ x watc h y] ]  * *  ei])) ) 
- > (3e2:[e i  : < 62 ] 

[[[[x|e2]P]A[xseey]]**e2] ) 

If a person sees something with something, then she/he is 
seein g i t  wit h a  viewin g instrument . 

MV 2: (3x:[x person] 
(3y:[ y thing ] 

(3z:[ z thing ] 
(3ei:[[[[ x I  ei )  (with-inst r  z) ]  A 

[xseey]]**e,]))) ) 
- ^  [ 2 ((n n viewing )  instrument)] ) 

Meaning postulate about unlocated formulas: 

MV 3: (Ve,:[[[.^ A V] ** ei] ^ [</. A (3e2:[e2 < ei][t/' ** ej])]]) 

World knowledge axiom about people seeing things 
wit h viewin g instruments : 

If someone sees something with a viewing instrument, then 
she/h e probabl y see s i t  clearly . 

WK 1: (3x:[x person] 
(3y:[ y thing ] 

(3z:[ y ((n n viewing )  instrument) ] 
(3e,:[[[[ x I  ei ]  (with-inst r  z) ]  A 

[xseey]]**e,]))) ) 
0̂.85,e,.i, y  (3e2:[e i  <  62 ] 

l[[[ x I  6 2 ](in-manne r  clear) ]  a 
[ x se e y] ]  * » 62] ) 

We assum e tha t  th e definite s i n questio n ar e no t  salien t  i n th e 
curren t  context . 

^Due t o spac e limitations ,  w e d o no t  presen t  th e deindexin g rule s 
iiere .  Th e intereste d reade r  i s referre d t o Hwan g (1992 )  an d Hwan g 
& Schuber t  (1992 )  fo r  a  detaile d description . 

*  I n th e meanin g postulate s above ,  th e operato r  X  i s a  metalogi -
cal  operato r  tha t  correspond s t o th e operato r  coextensive-part-o f  i n 
EL.  e i  ̂  6 2 indicate s tha t  situatio n e j  i s  coextensiv e wit h situatio n 
62,  tha t  is ,  6 1 an d 6 2 hav e th e sam e spatiotempora l  location .  Finally , 
th e moda l  operator s *  an d * *  ar e introduce d wit h th e followin g innj -
itiv e meanings :  [4 > * *  rj ]  =  cj )  describe s r )  as a whol e an d [<j > *  rj ]  = 
<t> describe s som e par t  o f  rj . 

^Here ,  P  i s a  paramete r  tha t  stan d fo r  a  monadi c predicat e ove r 
actions/attributes . 
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Triggerin g inference s i n Epilo g 

Afte r  a  formul a i s asserte d i n Epilog ,  a  proces s o f  input -
drive n inferenc e triggerin g vi a rul e instantiatio n usin g mean -
in g postulate s an d worl d knowledg e axiom s i s started .  Thi s 

proces s consist s o f  th e followin g si x steps :  existentiali y 
quantifie d variable s ar e skolemized ,  top-leve l  conjunct s ar e 
split ,  simplificatio n schema s ar e applied ,  th e ne w formula s 
ar e checke d fo r  thei r  consistenc y wit h th e previousl y store d 
knowledge ,  th e ne w formula s ar e classifie d an d store d i n 
th e knowledg e base ,  an d a  proces s o f  input-drive n inferenc e 

chainin g i s starte d usin g th e meanin g postulate s an d worl d 
knowledg e axiom s i n th e knowledg e base . 

For our example above we define the following simplifica-
tio n schema : 

/̂ i 2 [[[[Mario n |  £3 ]  (with-inst r  Y) ]  A  [Mario n se e X] ]  * •  E3 ] 

F12 matches the antecedent of MVa- This accounu for 

obtainin g th e followin g formulas : 

F,3 [£4 X Ea] 

Fu [[Marion see X] *• Ei] 

F3, Fg, Fio, and F12 match the antecedent of MT'2^ 
a meanin g postulat e abou t  seein g thing s wit h instruments . 
Thus ,  w e obtai n th e followin g additiona l  formula : 

5 5 1 :  Fo r  F  a  parameter :  (Vx:[ x P ]  - ^  [ x thing] ) 

Skolemizing ei/Eu x/X, and y/Y in VSCJ^j, splitting 
conjunctions ,  an d applyin g th e simplificatio n schem a abov e 
we obtain: ^ 

Fi  [E l  befor e C/. ] 

F2 [ X horse ] 

Fa [ y thing ] 

Ft  [[Mario n |  Fi ]  (with-inst r  Y) ] 

Fi  [[[[Mario n |  £, ]  (with-inst r  Y) ]  A  [Mario n watc h X] ]  * *  Fi ] 

The described episode Fi is characterized by the action 
of  Mario n watchin g a  hors e an d bein g modifie d s o a s t o b e 
performe d wit h a n instrument .  F 5 matche s th e anteceden t  o f 
M'Ps. 'W e obtai n th e followin g additiona l  formulas : 

Fe IE2 :< El] 

Ft  [[Mario n watc h X ]  * *  £2 ] 

Episode £2 is coextensive with episode £1 and is charac-
terize d b y th e actio n o f  Mario n watchin g a  horse .  Le t  u s n o w 
assume th e followin g facts : 

Fs [Marion woman] 

Fi  [Mario n person ] 

Fi o [ X thing ] 

Fg and Fio are obtained by type-hierarchical knowledge. 
F3,  F5 ,  Fg ,  an d Fi o matc h th e anteceden t  o f M V i J a  mean -
in g postulat e connectin g watchin g wit h seein g events .  Thus , 
th e followin g formula s ca n b e obtained : 

Fi 5 [ Y ((n n viewing )  instrument) ] 

At point /, we are able to make the prediction that y is a 
viewin g instrument. ® Finally ,  b y a  proces s o f  input-drive n 
inferenc e chainin g usin g VV/Ci ,  a  worl d knowledg e axio m 
abou t  seein g thing s wit h viewin g instruments ,  w e obtai n fro m 

Fg,  Fio ,  F12 ,  an d F1 5 th e followin g inferences: ^ 

/. [£5 < £3] 

I 2 [[[[Mario n |  £5 ]  (in-manne r  clear) ]  a 
[Mario n seeX]]o8 s * *  £5 ] 

Incremental interpretation 

Althoug h inference s ca n b e triggere d a t  an y poin t  b y th e pro -
ces s describe d above ,  w e conten d tha t  ful l  inference s ar e no t 
require d t o b e triggere d o n a  word-by-wor d incrementa l  ba -
sis .  Ou r  clai m i s base d o n th e assumptio n tha t  th e numbe r  o f 
inference s mad e durin g on-lin e sentenc e comprehensio n i s t o 
be constraine d b y computationa l  resources ,  an d o n th e obser -
vatio n tha t  th e inference s draw n durin g incrementa l  on-lin e 
sentenc e comprehensio n ar e a  functio n o f  th e rhetori c aspect s 
use d b y th e writer/speaker .  T o accoun t  fo r  thi s i n ou r  mode l 
we introduc e th e notio n o f  restricte d inference . 

Restricted inference 

We defin e restricte d inferenc e a s a  proces s o f  hierarch y 
climbing ,  logica l  for m patter n matching ,  an d inferenc e trig -
gerin g usin g onl y meanin g postulate s i n th e knowledg e base . 
For  semanti c biasin g th e parse r  use s thi s restricte d for m o f 
inference s o n a  word-by-wor d incrementa l  basis .  W e believ e 
tha t  th e us e o f  a  restricte d for m o f  inferenc e base d o n meanin g 
postulat e inferenc e i s quit e plausible .  O n th e on e hand ,  ther e 

''W e neglec t  th e relatio n orient s tha t  ma y relat e th e reporte d 
episod e £ 1 t o a  prio r  episod e £0 . 

^Wit h P  =  (with-inst r  Y )  i n th e anteceden t  o f  A17> i 

*I n formul a F15 ,  n n i s a  functio n introduce d i n E L t o ma p 1 -
plac e nomina l  predicate s int o predicat e modifiers . 

*We writ e F  fo r  inference s draw n b y meanin g postulate s an d / 
fo r  inference s draw n b y worl d knowledge  axioms .  Th e probabilit y 
attache d t o h  tell s  u s tha t  inferenc e / j ,  thoug h uncertain ,  i s  quit e 
likely .  I t  ca n b e paraphrase d a s "Mario n probabl y see s th e hors e 
clearly. " 
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i s  enoug h empirica l  evidenc e suggestin g tha t  lexica l  infer -
ence s base d o n bot h th e meanin g o f  ope n clas s words' "  an d 

th e lin k betwee n th e meanin g o f  a  ver b an d it s syntacti c char -
acteristic s becom e availabl e t o huma n comprehender s a s soo n 

as th e ope n clas s wor d o r  ver b i n questio n ha s bee n absorbe d 
fro m th e inpu t  string .  O n th e othe r  hand ,  ther e i s a  natu -
ral ,  thoug h no t  ultimate ,  distinctio n betwee n knowledg e abou t 

lexica l  meaning s an d knowledg e abou t  th e world .  Thes e ob -
servation s lea d t o makin g th e distinctio n betwee n tw o mode s 
of  inference :  (i )  restricte d inferenc e fo r  semanti c biasin g vi a 
meanin g postulate s an d (ii )  ful l  inferenc e fo r  tex t  understand -
in g base d o n worl d knowledg e axiom s an d meanin g postu -
lates .  Whil e th e forme r  wil l  b e use d i n a  word-by-wor d incre -
menta l  fashion ,  th e latte r  wil l  b e use d onl y a t  certai n points , 

essentiall y  wher e ther e i s a  singl e pars e an d th e nee d fo r  ful l 
inferentia l  activit y arises .  Thi s m a y b e th e cas e whe n resolv -
in g anaphori c antecedents ,  establishin g causa l  an d explana -
tor y relation s a m o n g events ,  o r  whe n a  prosodi c cu e arise s 
durin g on-lin e speec h comprehension . 

Fine-grained, weak interaction 

Th e interfac e betwee n th e parse r  an d th e incrementa l  inter -
prete r  correspond s t o a  structur e calle d analysi s tha t  con -
tain s informatio n concernin g th e analysi s currentl y bein g pur -
sue d b y th e parser .  Thi s structur e contain s thre e fields  cor -
respondin g t o th e to p nod e o f  th e partia l  pars e tre e fo r  th e 
analysi s i n question ,  a  field  tha t  indicate s whethe r  o r  no t  th e 
analysi s ha s jus t  bee n repaire d b y th e parser ,  an d a  field  tha t 
indicate s whethe r  th e se t  o f  inference s draw n fo r  th e interpre -
tatio n obtaine d s o fa r  i s  consisten t  o r  no t  wit h th e previousl y 
asserte d inference s i n th e knowledg e base .  Thi s interfac e i s 
weak i n tha t  th e informatio n neede d b y th e parse r  fo r  seman -
ti c biasin g correspond s t o jus t  on e bit ,  namely ,  t o whethe r  o r 
not  th e formula s store d i n th e knowledg e bas e ar e consisten t 
wit h th e ne w formula s asserte d b y th e incrementa l  interpreter , 
or  wit h th e inference s derive d fro m them . 

Restricted inference for semantic biasing 

We n o w illustrat e h o w th e proces s o f  incrementa l  interpreta -
tio n interact s wit h th e parse r  fo r  purpose s o f  semanti c biasing . 

After incremental semantic interpretation, scoping, and 
deindexin g o f  th e analysi s preferre d b y S O U L a t  poin t  h  w e 

obtai n S L T h ^  a  show n below : 

(3wi:[[ui same-time Now\\ a 
[u o immedlately-precedesui] ] 
[[Speake r  tel l  Heare r  (Tha t 

(3e ,  :[[e i  befor e ui ]  A  [e o orient s d] ] 
[[(Th e x\ x horse ] 

(Th e y:[[ y fleck ]  a  [ y white] ] 
[[Mario n |  ei]((with-inst r  y ) 

(vifatc h x ) 
**  ei])) ]  * *  ui] ) 

Afte r  assertin g E C T h w e obtain: " 

F,6 [y fleck] 

F,7 [y white] 

By type-hierarchical knowledge, an inconsistency arises 

betwee n Fi e an d F\ ^  an d th e predicte d formul a F15 .  Th e in -
consistenc y i s reported ,  an d th e conflictin g formul a i s store d 

i n th e knowledg e base .  Th e incrementa l  interprete r  set s th e 
field  analysi s .consisten t  t o th e valu e fals e an d return s th e 
structur e analysi s t o S O U L .  A t  poin t  h ,  S O U L propose s 
as preferre d continuatio n th e analysi s i n whic h th e preposi -

tiona l  phras e attache s t o th e nou n "th e horse, "  set s th e field 
analysis.just-repaire d t o th e valu e tru e an d send s th e re -
paire d analysi s t o th e incrementa l  interpreter .  Th e incremen -
ta l  interprete r  drop s th e se t  o f  formula s obtaine d fo r  th e first 
analysis ,  set s th e field  analysis.just-repaire d t o th e valu e 
false ,  obtain s th e ne w episodi c logica l  form ,  an d finally  as -
sert s i t  i n Epilog . 

The resulting episodic logical form for the repaired analy-
si s a t  poin t  h  i s show n below : 

(3ui:[[ui same-time A'^oiyl] A 
[u o immediately-precedesui] ] 
[[Speake r  tel l  Heare r  (Tha t 

(3ei:[[e i  befor e ui ]  a  [e o orient s ej ] 
[[(Th e r:[[ x horse ]  a  (Th e y:[[ y fleck ]  a  [ y white] ] 

[ x with-par t  y]) ] 
[Mario n watc h x]) ]  * *  ei])) ]  * + ui] ) 

Skolemizing ei/Ei, xlX, and yfY in SCThi and splitting 
conjunction s w e obtai n a  ne w se t  o f  formula s a t  poin t  h : 

Fx [£ i  befor e t/i ] 

F2 [A: horse] 

Fz [y fleck] 

F4 [y white] 

Fs [A: with-part y] 

Fe [[Marion watch X] ** Fi] 

The described episode Ei is characterized by the action of 
Mario n watchin g a  hors e wit h a  whit e fleck. 

'"Example s o f  ope n clas s word s ar e adjectives ,  verbs ,  nouns , 
and adverbs .  Example s o f  close d clas s word s ar e preposition s an d 
determiners . 

' '  I n Epilog ,  th e skole m constan t  introduce d fo r  a n existentiall y 
quantifie d variabl e i s kep t  o n th e propert y lis t  o f  th e variable .  Thus , 
fiiture  reference s t o th e variabl e ar e replace d b y th e constan t  withi n 
futur e formulas . 
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C o n c l u s i o n s 

The wor k reporte d i n thi s articl e present s a  forma l  computa -
tiona l  framewor k fo r  integratin g worl d knowledg e wit h cog -
nitiv e parsing ,  th e cente r  piec e o f  whic h i s a  computationa l 
model  o f  incrementa l  semanti c interpretation ,  scoping ,  an d 

deindexing .  Th e mode l  i s incrementa l  i n tha t  a  partia l  pars e 
tre e i s transforme d int o a  complet e preliminar y logica l  for m 
i n whic h parameter s construe d a s metalogica l  variable s ar e 

introduce d i n th e logica l  for m fo r  th e missin g constituent s 
i n th e inpu t  sentence ,  thu s enablin g furthe r  semanti c pro -

cessin g i n a  word-by-wor d incrementa l  fashion .  Th e mode l 
i s compositiona l  i n tha t  eac h syntacti c rul e come s equippe d 
wit h a  semanti c annotation .  Thus ,  th e semantic s o f  a  sen -
tenc e a t  an y poin t  durin g incrementa l  semanti c interpretatio n 
i s a  functio n o f  th e semantic s o f  th e constituent s absorbe d 
so fa r  plu s th e semantic s o f  th e parameter s introduce d fo r 
th e missin g constituent s i n th e correspondin g partia l  pars e 
tree .  Th e psycholinguisti c plausibilit y  o f  th e mode l  i s no t 
onl y grounde d i n S O U L ,  bu t  als o i n th e us e o f  psycholin -
guisti c well-founde d heuristic s fo r  scop e disambiguation .  I n 
our  curren t  implementation,^ ^  w e hav e define d a  se t  o f  heuris -
tic s base d o n recen t  empirica l  result s reporte d i n Kurtzma n & 
MacDonal d (1993 )  t o transfor m th e preliminar y logica l  for m 
int o a  singl e parameterize d indexica l  logica l  for m tha t  i s sco -
pall y unambiguous ,  bu t  stil l  context-dependent . 

Finally, we have described how our model of incremen-
ta l  semanti c interpretation ,  scoping ,  an d deindexin g ca n b e 
use d fo r  fine-grained,  weakl y interactiv e incrementa l  inter -
pretation .  W e thin k tha t  th e distinctio n betwee n tw o form s 
of  inference ,  restricte d inferenc e fo r  semanti c biasin g base d 
on lexica l  inferenc e throug h meanin g postulate s an d ful l  in -
ferenc e fo r  tex t  understandin g throug h input-drive n inferenc e 
chainin g usin g bot h meanin g postulate s an d worl d knowledg e 
axioms ,  give s a  plausibl e accoun t  o f  th e incrementa l  infer -
enc e process .  I n thi s vie w o f  sentenc e comprehensio n usin g 
a first-analysis  parse r  lik e S O U L ,  incrementa l  interpretatio n 
i s construe d a s a  questio n answerin g proces s (Sanford ,  1990) . 
Thus ,  reanalysi s i s no t  triggere d o n accoun t  o f  whethe r  o r  no t 
th e first  analysi s reache s a  certai n plausibilit y  threshold ,  bu t 
rathe r  o n whethe r  o r  no t  th e expectation s tha t  aris e durin g 
incrementa l  interpretatio n ar e confirme d o r  refute d a s mor e 
informatio n become s availabl e fro m th e inpu t  string . 
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Abstrac t 

Successful creative understanding requires that a reasoner be 
abl e t o manipulat e know n concept s i n orde r  t o understan d nove l 
ones .  A  majo r  proble m arises ,  however ,  whe n on e consider s 
exactl y ho w thes e manipulation s ar e t o b e bounded .  I f  a  boun d 
i s impose d whic h i s to o loose ,  th e reasone r  i s likel y t o creat e 
bizarr e understanding s rathe r  tha n usefu l  creativ e ones .  O n 
th e othe r  hand ,  i f  th e boun d i s to o tight ,  th e reasone r  wil l  no t 
hav e th e flexibilit y  neede d t o dea l  wit h a  wid e rang e o f  creativ e 
understandin g experiences .  Ou r  approac h i s t o mak e us e o f 
a principle d ontolog y a s on e sourc e o f  reasonabl e bounding . 
Thi s allow s ou r  creativ e understandin g theor y t o hav e goo d ex -
planator y powe r  abou t  th e proces s whil e allowin g th e compute r 
implementatio n o f  th e theor y (th e ISAA C system )  t o b e flexi-
bl e withou t  bein g bizarr e i n th e tas k domai n o f  readin g scienc e 
fiction  shor t  stories . 

I n t r oduc t i o n 

Over  th e las t  severa l  years ,  w e hav e bee n developin g a  func -
tiona l  theor y o f  creativ e readin g (see ,  e.g. ,  M o o r m a n &  R a m , 
1994a ;  M o o r m a n &  R a m ,  1994b) .  Th e theor y i s bein g im -
plemente d i n th e I S A A C readin g system ,  whic h read s shor t 
science-fictio n stories .  A n importan t  portio n o f  th e theor y in -
volve s th e abilit y  t o understan d nove l  concepts ,  whic h w e cal l 
creativ e understanding .  Th e theor y ha s n o w bee n develope d 
t o a  poin t  tha t  w e ar e abl e t o carefull y evaluat e th e precis e rol e 
tha t  ontolog y i s playin g i n th e proces s o f  creativ e understand -
ing .  Th e question s t o answe r  include :  Wha t  ar e th e theory' s 
ontologica l  commitments? ;  Wher e d o the y com e from? ;  Wha t 
power  d o the y impar t  o n th e theory? ;  an d Wha t  limitation s d o 
the y create? . 

The Creative Understanding Process 

I n orde r  t o comprehen d text s wit h nove l  concepts ,  w e hypoth -
esiz e th e us e o f  a  creativ e understandin g proces s (Moorma n 
& R a m ,  1994c) ,  m a d e u p o f  fou r  tasks :  memor y retrieval , 
analogy ,  base-constructiv e analogy ,  an d proble m reformula -
tion .  W h e n a  concep t  i s  presente d t o th e reasoner ,  th e m e m o r y 
tas k i s use d t o discove r  i f  i t  i s  previousl y known .  I f  i t  i s  an d i f 
th e preexistin g knowledg e i s sufficien t  t o allo w th e concep t  t o 
be explaine d o r  t o m a k e prediction s abou t  th e concept ,  the n 
understandin g i s successful .  I f  ther e i s n o existin g concep t 
or  i f  existin g concept s d o no t  allo w explanatio n an d predic -
tion ,  the n th e remainin g thre e task s ar e calle d upo n t o pro -
duc e a  creativ e understandin g o f  th e nove l  concept .  Analog y 
attempt s t o find  a  functionally-consisten t  mappin g betwee n 
concept s whic h wer e retrieve d an d th e on e bein g considered . 

Base-constructiv e analog y i s calle d upo n i f  n o concept s ex -
is t  wit h whic h t o dra w a n analog y from ;  i n thi s case ,  a  ne w 
bas e m a y b e dynamicall y create d fo r  us e i n a n analog y b y 
appealin g t o know n concepts .  I f  th e reasone r  realize s tha t  th e 
curren t  understandin g focu s i s no t  th e correc t  one ,  proble m 
reformulatio n i s invoked ;  thi s act s t o refocu s th e reasone r  s o 
tha t  successfu l  understandin g i s mor e likel y t o occur .  Th e 
proces s iterativel y continue s unti l  eithe r  a  successfu l  under -
standin g i s achieve d o r  th e reasone r  i s willin g t o "giv e up "  o n 
understanding . 

Whil e performin g th e creativ e understanding ,  th e reasone r 
m ay nee d t o manipulat e existin g concept s i n orde r  t o achiev e 
success .  I t  i s  her e tha t  som e constrain t  mus t  b e maintaine d 
t o avoi d th e proble m o f  bizarreness .  Bizarr e understandin g 
occur s whe n a n understandin g i s reache d whic h i s no t  usefu l 
t o th e reasoner .  Fo r  example ,  suppos e a  reade r  begin s a  stor y 
whic h start s wit h a  character ,  John ,  slappin g anothe r  character , 
Mary .  O n e predictiv e questio n whic h coul d b e generate d i s 
w hy Joh n woul d d o suc h a  thing .  O n e understandin g o f 
th e even t  i s tha t  i t  occurre d becaus e spac e alien s fro m th e 
Vega syste m ha s controlle d John' s min d i n a n experimen t  t o 
tes t  h u m a n reactio n t o violen t  behavior .  And ,  i n th e scop e 
of  a  science-fictio n story ,  thi s migh t  eve n b e th e eventua l 
solution .  However ,  assumin g thi s a t  thi s poin t  i n th e stor y 
wit h th e informatio n provide d i s prematur e an d no t  usefu l  fo r 
comprehendin g th e res t  o f  th e narrative .  Thus ,  w e classif y 
thi s understandin g a s bizarre . 

Ther e ar e tw o primar y element s whic h w e us e t o guid e 
th e modificatio n process :  satisfactio n an d ontology .  Th e sat -
isfactio n solutio n bound s th e creativ e understandin g proces s 
by virtu e o f  i t  existin g withi n a  large r  cognitiv e task—i n ou r 
case ,  reading .  Understandin g ca n b e sai d t o b e successfu l  a s 
soo n a s th e qualit y o f  explanatio n o r  predictio n provide d i s 
hig h enoug h t o allo w th e readin g proces s t o continue .  A s a n 
example ,  conside r  th e worl d o f  Sta r  Trek .  Th e war p driv e i s 
an exampl e o f  a  concep t  whic h mus t  b e understoo d t o com -
prehen d th e stories .  But ,  i f  a  particula r  stor y ha s th e war p 
driv e functionin g normally ,  the n th e reade r  ca n b e satisfie d 
by simpl y understandin g tha t  i t  provide s a  wa y t o ge t  fro m 
poin t  A  t o poin t  B  really ,  reall y quickly .  O n th e othe r  hand ,  i f 
a stor y involve s th e breakdow n o f  th e antimatte r  i n th e war p 
core ,  a  reade r  ha s t o reac h a  highe r  leve l  o f  understandin g wit h 
respec t  t o th e war p drive ,  o r  th e comprehensio n o f  th e stor y 
wil l  b e impaired .  I n thi s fashion ,  th e reade r  wil l  neve r  pus h a 
concep t  t o th e leve l  a t  whic h i t  become s bizarre. '  However , 

'Not e tha t  w e ar e no t  sayin g tha t  thi s i s  th e onl y strateg y tha t  a 
reade r  ma y use .  Reader s wit h a n interes t  i n faster-than-ligh t  travel . 
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th e satisfactio n solutio n i s onl y par t  o f  th e answer .  Adde d 
t o i t  i s  th e ontolog y solution ;  tha t  is ,  i t  i s  necessar y t o cre -
at e a  knowledg e organizatio n whic h reflect s th e worl d o f  th e 
reasoner ,  allow s creativ e manipulation s t o occur ,  an d act s t o 
prohibi t  bizarr e ones .  Thi s aspec t  i s th e focu s o f  th e remainde r 
of  thi s paper . 

Motivating Examples 

Conside r  th e sentence ,  Joh n wa s a  bear ,  whic h coul d b e th e 
openin g lin e o f  a  story .  Sinc e ther e i s n o additiona l  infor -
mation ,  a t  thi s point ,  fro m th e tex t  itself ,  ther e ar e numerou s 
interpretations : 

•  Joh n ( a human )  act s lik e a  bear . 

•  Joh n ( a human )  ha s bee n transforme d int o a  bear . 

•  Joh n (a n agent )  i s a  were-bear . 

•  Joh n ( a bear )  i s a  bear . 

For  comprehensio n t o b e successful ,  a  reade r  mus t  formulat e 
an interpretatio n whic h i s consisten t  give n othe r  informatio n 
possesse d b y th e reasoner .  Althoug h al l  o f  th e abov e interpre -
tation s ar e possible ,  som e ma y b e mor e probabl e tha n other s 
i n a  give n context .  H o w i s a  reasone r  t o selec t  th e "best " 
interpretatio n give n al l  othe r  informatio n available ? 

A reade r  coul d simpl y "skip "  thi s sentenc e an d assum e tha t 
late r  sentence s wil l  disambiguat e th e confusion .  Unfortu -
nately ,  thi s simpl y pushe s th e proble m bac k a  level—a t  som e 
point ,  a n interpretatio n mus t  b e create d (give n th e problem s 
of  keepin g al l  possibl e option s simultaneousl y activ e i n m e m-
ory) .  Also ,  huma n reader s ar e abl e t o mak e a  choic e betwee n 
th e alternative s i f  yo u sto p th e readin g proces s an d quer y them . 
Some mechanis m mus t  b e allowin g th e selectio n o f  a  "best " 
choic e a t  som e poin t  i n th e readin g process . 

One optio n i s simpl y t o allo w a n arbitrar y choice .  O n 
th e othe r  en d o f  possibilities ,  a  designe r  o f  a  readin g syste m 
coul d encod e a  se t  o f  rule s whic h woul d allo w th e syste m t o 
selec t  on e choic e ove r  th e other .  Unfortunately ,  th e forme r 
of  thes e option s lead s t o potentiall y  bizarr e result s occurrin g 
(ho w often ,  afte r  all ,  i s  a  stor y beginnin g wit h th e exampl e 
sentenc e goin g t o b e abou t  were-bears?) ;  th e latte r  optio n lead s 
t o a  hug e knowledg e engineerin g proble m an d th e potentia l 
t o overloo k possibilitie s whic h woul d the n caus e les s tha n 
optima l  performance .  W e follo w a  mor e genera l  approac h 
of  allowin g a  basi c ontolog y t o constrai n th e problem .  Thi s 
allow s creativ e understandin g o f  concept s t o occur ,  whil e 
preventin g bizarr e interpretation s fro m bein g formed . 

The Ontological Grid 

Al l  knowledg e withi n th e I S A A C syste m i s organize d b y a 
top-leve l  ontologica l  grid ,  consistin g o f  twent y ontologica l 
categorie s (Figur e 1  show s thi s breakdow n an d exampl e con -
cept s fro m eac h category) .  O n e axi s o f  th e ontolog y gri d 
represent s th e typ e o f  a  concept :  action ,  agent ,  state ,  an d 
objec t  (Domeshek ,  1992 ;  Schan k &  Abelson ,  1977) .  Th e 
othe r  dimensio n represent s th e domai n o f  a  concept :  phys -
ical ,  mental ,  social ,  emotional ,  an d temporal .  A  reasone r 
possesse s k n o w l e d g e conce rn in g th e cell s o f  th e gri d t h e m -
selves ,  a s wel l  a s k n o w l e d g e a b o u t  th e particula r  r o w s a n d 

for instance, may try to extend their understanding of the warp drive 
eve n i f  a  m o r e in-dept h understandin g i s no t  neede d fo r  a  particula r 
story . 
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Figur e 1 :  Knowledg e gri d 

column s (e.g. ,  knowledg e abou t  physica l  type s i n general ,  o r 
knowledg e o f  object s i n general) .  Whil e performin g creativ e 
understanding ,  a  concep t  m a y nee d t o b e transitione d fro m 
on e cel l  t o another .  I f  a  principle d metho d ca n b e develope d 
t o boun d thes e transition s base d o n th e ontology ,  the n a  rea -
sonabl e boun d o n th e creativ e understandin g proces s wil l  the n 
exist . 

Representation of Concepts 

The movement s o f  concept s withi n th e gri d i s partiall y  de -
penden t  o n th e representatio n forma t  w e mak e use  o f  i n th e 
theory .  Concept s mus t  b e capabl e o f  bein g combine d wit h 
othe r  concept s (o r  part s o f  concepts) ,  whic h mean s a  fairl y 
flexible  knowledg e representatio n syste m i s required .  Thi s 
aspec t  o f  th e wor k draw s heavil y fro m researc h i n artificia l 
intelligenc e concernin g exactl y wha t  elements  shoul d mak e 
up a  "proper "  knowledg e representation .  Althoug h th e idea s 
of  bot h semanti c network s an d fram e representation s g o bac k 
decade s (see ,  fo r  example ,  Quillian ,  196 6 an d Minsky ,  1975 , 
respectively) ,  th e structur e o f  knowledg e withi n man y artifi -
cia l  intelligenc e system s i s ad-hoc .  A  notabl e exceptio n i s tha t 
of  Wilensky' s wor k (1986 )  wit h K O D I A K ,  whic h motivate d 
much o f  ou r  curren t  approach . 

Whil e a  concep t  i s physicall y create d an d store d withi n th e 
syste m a s a  frame-lik e entity ,  thi s i s mor e fo r  retrieva l  eas e 
tha n anythin g else .  Th e prope r  abstractio n o f  th e storag e use d 
i s tha t  a  concep t  i s represente d a s a  nod e i n a  graph-lik e sunc -
tur e (Barsalou ,  1992 ;  Wilensky ,  1986) .  Th e traditiona l  rol e o f 
slot s exist s i n th e syste m a s dat a object s o n th e node ,  whic h 
contai n pointer s t o othe r  node s i n th e memory .  Thes e desig n 
decision s wer e drive n t o allo w flexible  storag e an d retrieva l  o f 
concept s vi a a  spreadin g activatio n mode l  o f  m e m o r y (Franci s 
& R a m ,  1993) . 

Conside r  th e robo t  exampl e i n Figur e 2 .  HEIGHT- I S i s a 
pointe r  t o a  relationshi p schem a containin g genera l  informa -
tio n abou t  height .  I n particular ,  al l  suc h relationship s wil l 
contai n a  domai n an d codomain ,  represente d i n th e framelik e 
representatio n a s simpl y th e frame-nam e an d th e filler  fo r  th e 
indicate d slot .  Furthermore ,  th e rol e o f  traditiona l  slot-names , 
whic h ar e assume d t o b e relationship s i n ou r  approach ,  ca n 
be describe d a s states .  Thus ,  HEIGHT- I S i s par t  o f  th e stat e 
descriptio n fo r  a n object . 
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Figur e 2 :  Represente d concep t 

Additionally ,  eac h concep t  i s tagge d wit h th e curren t  func -
tio n i t  i s  bein g viewe d a s performing ,  a s wel l  a s a  se t  o f  possi -
bl e function s i t  i s  know n t o b e capabl e o f  performing .  Thi s fac t 
i s  utilize d t o achiev e flexible  memor y retrieval—durin g on e 
searc h throug h memory ,  a  ca r  an d a  hors e migh t  b e similar ; 
wit h a  differen t  functio n i n mind ,  a  hors e an d a  zebr a woul d 
be mor e closel y related .  Th e proces s o f  functio n taggin g 
follow s th e wor k o f  Barsalo u o n a d ho c categorie s (1989) ; 
rathe r  tha n havin g al l  categorie s predefined ,  a  reasone r  ca n 
creat e temporar y categorie s b y collectin g concept s wit h sim -
ila r  functions .  Th e primar y attribute s o f  a  concep t  determin e 
h o w i t  achieve s it s function ,  whil e th e secondar y attribute s 
represen t  additiona l  information .  I f  th e curren t  functio n o f  a 
concep t  i s  change d (fo r  example ,  a  reasone r  stop s viewin g th e 
hors e a s a n anima l  an d start s viewin g i t  a s a  mod e o f  trans -
portation) ,  i t  migh t  b e necessar y t o repartitio n th e primar y 
and secondar y attributes .  And ,  b y considerin g nove l  combi -
nation s o f  primar y an d secondar y attributes ,  i t  i s  possibl e t o 
hypothesiz e nove l  function s fo r  a  concept . 

Manipulations of Concepts 

W h en a n existin g concep t  need s t o b e manipulate d durin g th e 
cours e o f  a  creativ e understandin g episode ,  ther e ar e thre e 
basi c outcome s wit h respec t  t o th e grid .  Th e concep t  ca n 
be manipulated ,  ye t  remai n i n th e sam e gri d cel l  a s whe n i t 
started .  Fo r  example ,  a  reasone r  m a y us e a  hors e t o understan d 
th e concep t  o f  azebra .  Second ,  a  concep t  ma y transitio n alon g 
a ro w o r  a  column .  I f  a  reasone r  use s thei r  knowledg e o f 
physica l  concept s i n orde r  t o understan d socia l  one s ( a bos s 
blockin g you r  promotion) ,  thi s i s a n exampl e o f  thi s shift . 
Finally ,  a  transitio n m a y occu r  whic h move s th e concep t  i n 
term s o f  bot h axes .  A  reasone r  understandin g somethin g 
lik e Hi s min d wa s a  stee l  tra p i s makin g us e o f  thi s dua l 
transition— a physica l  objec t  i s  transitione d t o a  menta l  state . 
Thes e thre e possibilitie s represen t  a  simpl e orderin g o f  th e 
amount  o f  cognitiv e wor k require d t o manipulat e an y give n 
concept .  Finally ,  a  se t  o f  high-leve l  heuristic s i s neede d t o 
boun d th e possibl e motio n withi n th e grid .  Thes e are : 

•  Physica l  type s ca n becom e transitione d t o othe r  domain s 
mor e easil y tha n othe r  domai n type s ca n b e transitione d t o 
physical .  Thi s wa s a  recen t  empirica l  discover y resultin g 
fro m experimentatio n performe d o n th e system .  W e the -
oriz e tha t  sinc e human s ar e physica l  entitie s wit h a  grea t 

deal  o f  experienc e wit h othe r  physica l  entities ,  i t  i s  "'easier " 
t o believ e i n th e existenc e o f  a  novel ,  non-physica l  entit y 
forme d fro m a  physica l  analogu e tha n i t  i s  t o accep t  di e 
creatio n o f  a  ne w typ e o f  physica l  entity .  Consider ,  Joh n 
sa w th e day s fly  by .  I s thi s a  nove l  us e o f  sa w an d fly  create d 
by alterin g physica l  concept s int o th e tempora l  domain ,  o r 
i s i t  a  nove l  us e o f  day s create d b y considerin g a  tempora l 
objec t  a s a  physica l  one ? 

•  A n objec t  ma y transitio n t o a n actio n b y creatin g a n actio n 
whic h capture s a  functio n o f  tha t  objec t  an d vic e versa . 
English ,  i n particular ,  tend s t o hav e man y lexica l  example s 
of  this .  A  fa x i s th e thin g yo u sen d whe n yo u fa x someone . 
A (Sta r  Trek )  transporte r  i s th e devic e use d t o transpor t 
materia l  fro m on e locatio n t o another . 

•  A n objec t  ma y transitio n t o a  stat e b y creatin g a  stat e whic h 
capture s a  primar y attribut e fo r  tha t  object ,  an d vic e versa . 
Throug h thi s transition ,  w e ge t  man y c o m m o n simile s an d 
metaphors ,  suc h a s Hungr y a s a  bea r  an d A s goo d a s gold . 

•  Agent s an d object s ca n easil y transitio n betwee n eac h other . 
Thi s result s fro m tw o observations .  First ,  agent s exis t  a s 
embodie d entitie s i n th e worl d (Johnson ,  1987) ,  explainin g 
th e agen t  t o objec t  transition .  Fo r  example ,  on e ma y u-ea t 
Joh n a s a  physica l  object .  Second ,  i t  i s  possibl e t o vie w 
object s a s thoug h the y posses s intentio n (Newell ,  1981) , 
enablin g th e objec t  t o agen t  transition .  Fo r  instance ,  a 
thermosta t  ma y b e though t  o f  i n term s o f  agency ,  i.e. ,  i t 
want s t o kee p th e hous e a t  a  constan t  temperature . 

•  M a k e th e minima l  change s necessary .  Thi s i s simpl y a 
genera l  rule ,  al a Occam' s Razor .  I t  result s fro m th e earlie r 
discusse d ide a o f  satisfactio n ultimatel y drivin g th e creativ e 
understandin g process—sto p th e proces s onc e yo u hav e a 
"goo d enough "  understandin g t o allo w th e highe r  cognitiv e 
tas k t o continue . 

By combinin g th e thre e basi c movemen t  type s wit h th e 
high-leve l  heuristics ,  w e ge t  a n orderin g o f  th e amoun t  o f 
cognitiv e effor t  require d t o manipulat e concept s (fro m easies t 
t o mos t  difficult) : 

I .  Concept s ma y transitio n withi n a  singl e cell . 

2.  Agent s ma y b e treate d a s object s an d object s ma y b e treate d 
as agents . 

3.  Concept s ma y verticall y transitio n accordin g t o th e modi -
ficatio n heuristics . 

4.  Physica l  type s ma y transitio n t o othe r  domain s (horizonta l 
motion) . 

5.  Othe r  domai n type s ma y u-ansitio n t o th e physica l  domai n 
(horizonta l  motion) . 

6.  Combination s o f  2- 5 ma y occur . 

Withi n thi s ordering ,  however ,  operation s whic h resul t  i n th e 
minima l  change s ar e preferre d ove r  thos e whic h ar e mor e 
complex . 

Implementation Details and Examples 

The I S A A C syste m i s th e a  compute r  syste m whic h instanti -
ate s ou r  creativ e readin g theory .  I S A A C i s writte n i n C o m m on 
Lisp ,  usin g th e K R fram e packag e (Giuse ,  1990 )  fo r  knowl -
edg e representation ,  di e Garne t  packag e (Myers ,  1988 )  fo r 
graphica l  inpu t  an d output ,  an d th e C O M P E RE syste m (Ma -
hesh ,  1993 )  fo r  comprehendin g individua l  sentences .  Whil e 

100 



th e syste m i s specificall y designe d t o b e a  testbe d fo r  ou r 
theor y o f  creativ e understanding ,  th e complet e readin g the -
or y i s implemented .  Th e theor y describe s readin g a s bein g 
made u p o f  si x supertasks ,  o r  larg e collection s o f  function -
all y relate d tasks ,  includin g stor y structur e comprehension , 
scenari o comprehension ,  memor y management ,  sentenc e pro -
cessing ,  explanation ,  an d metacontrol .  Mor e informatio n o n 
th e readin g aspect s o f  th e mode l  ca n b e foun d i n Moorma n 
and R a m (1994b) .  I S A A C i s currentl y capabl e o f  readin g 
thre e short ,  previousl y published ,  scienc e fictio n storie s (on e 
t o thre e pages) ,  a s wel l  a s severa l  paragrap h synopse s o f  Sta r 
Trek :  Th e Origina l  Serie s episode s (Asherman ,  1989) .  I n 
addition ,  severa l  smal l  example s hav e bee n studied ,  outsid e 
th e contex t  o f  readin g complet e stories .  W e no w presen t  sev -
era l  o f  thes e t o sho w th e exten t  whic h th e ontolog y aid s th e 
creativ e understandin g process . 

First ,  w e retur n t o th e origina l  example :  Joh n wa s a  bea r 
Wit h al l  th e possibilities ,  th e leas t  movemen t  occur s i f  w e sim -
pl y allo w Joh n t o b e th e nam e o f  a  particula r  bear .  Thus ,  thi s 
i s  th e versio n tha t  I S A A C prefers ,  i f  n o additiona l  informatio n 
fro m th e stor y i s provided. ^ 

A secon d exampl e come s fro m th e M e t a - A Q U A syste m 
(Ra m &  Cox ,  1994 )  whic h read s a  stor y involvin g a  drug -
snifhn g dog .  M e t a - A Q U A initiall y  know s onl y tha t  dog s wil l 
bar k a t  agent s whic h threate n them .  But ,  i n th e story ,  a  do g 
i s barkin g a t  a  suitcase .  I n I S A A C ,  th e syste m i s presente d 
wit h tw o possibilities—it s knowledg e o f  dog s i s wron g o r 
it s knowledg e o f  suitcase s is .  Th e first  involve s alterin g a n 
existin g physica l  agen t  t o creat e a  varian t  o f  it ,  a n intracellula r 
movement .  Th e secon d involve s shiftin g a  physica l  objec t  t o 
th e physica l  agen t  cell ,  a  vertica l  movement .  Th e intracellula r 
movement  i s preferred . 

I n th e stor y M e n Ar e Differen t  (Bloch ,  1963) ,  a  roboti c ar -
chaeologis t  i s  studyin g th e destroye d civilizatio n o f  mankind . 
The stor y i s presente d a s a  first-person  narrative .  I S A A C i s 
awar e tha t  narrators ,  archaeologists ,  an d protagonist s ar e al l 
known t o b e human ;  robot s ar e industria l  tools ;  bu t  th e nar -
rator ,  archaeologist ,  an d protagonis t  o f  th e stor y i s know n t o 
be a  robot .  I S A A C ca n creat e a  ne w typ e o f  robo t  whic h 
embodie s agent-lik e aspects ,  o r  i t  ca n chang e th e definition s 
of  narrators ,  archaeologists ,  protagonists ,  an d th e action s i n 
whic h the y ma y participate .  Th e ne w robo t  concep t  represent s 
a mor e minima l  change . 

The final  exampl e involve s th e stor y Zo o (Hoch ,  1978) ,  i n 
whic h th e reade r  i s presente d wit h a n intergalacti c zo o whic h 
travel s fro m plane t  t o planet ,  givin g th e inhabitant s o f  thos e 
planet s a  chanc e t o vie w exoti c creatures .  A t  th e en d o f 
story ,  however ,  th e reade r  i s show n tha t  th e tru e natur e o f  th e 
intergalacti c ship—i t  i s a n opportunit y fo r  th e "creatures "  o n 

T̂hi s ma y see m counter-intuitive ;  t o mos t  people ,  thi s exam -
pl e woul d mak e mor e "sense "  i f  interprete d a s Joh n i s bear-like . 
a metaphorica l  usage .  Remember ,  however ,  tha t  thes e ontologica l 
constraint s hav e th e mos t  effec t  whe n n o othe r  informatio n i s known . 
Thi s informatio n ca n b e backgroun d knowledg e o r  stor y knowledge , 
so a  reasone r  alread y familia r  wit h th e bea r  metapho r  ma y retriev e 
tha t  interpretatio n instea d o f  thi s defaul t  one .  I t  i s  importan t  t o 
not e tha t  ou r  approac h handle s metapho r  a s a  norma l  par t  o f  th e un -
derstandin g cycle .  Sinc e metaphor s ar e pervasiv e i n languag e (se e 
Carbonell ,  1982 ;  Johnson ,  1987 ;  Lakof f  &  Johnson ,  1980 .  fo r  ex -
ample) ,  w e conside r  thi s "unified "  handlin g o f  non-metaphor s an d 
metaphor s t o b e a n importan t  featur e o f  ou r  overal l  theory . 

th e shi p t o visi t  exoti c planets ,  protecte d fro m th e dangerou s 
inhabitant s b y th e cage s the y ar e in .  T o understan d th e ne w 
zoo ,  th e syste m draw s a n analog y betwee n th e know n zo o an d 
th e nove l  one .  Th e result ,  then ,  i s simpl y a  shif t  fro m on e 
physica l  objec t  t o anothe r  physica l  one . 

Drawbacks and Limitations 

Extra Knowledge Engineering 

There are three known problems with the approach which 
we ar e currentl y pursuing .  Th e first  i s  simpl y th e nee d t o 
correctl y mar k eac h concep t  i n memor y a s belongin g t o on e o f 
th e twent y top-leve l  categories .  Thi s mean s som e additiona l 
wor k i s require d whe n knowledg e i s bein g represente d fo r 
I S A A C initially .  However ,  th e leve l  o f  increase d wor k ha s 
not  bee n prohibitiv e t o th e project . 

Origin of the Categories 

There is some concern that the ontological categories being 
use d ma y b e to o limite d t o allo w a n accurat e mode l  o f  th e 
world .  But ,  w e hav e bee n drive n b y functiona l  constraint s o n 
th e creativ e understandin g process ,  s o w e ca n sa y tha t  ou r  on -
tolog y i s sufficien t  fo r  th e cognitiv e task s i n th e theory .  Adde d 
t o this ,  w e hav e als o bee n motivate d b y prio r  psychologica l 
researc h concernin g ontology .  Thi s ha s mainl y bee n studie d 
by developmenta l  psychologist s w h o attemp t  t o explai n th e 
change s whic h tak e plac e t o a  child' s ontolog y a s the y mature , 
as wel l  a s attemptin g t o explai n what ,  i f  any ,  ontolog y ma y 
exis t  fro m birth . 

The first  are a t o conside r  i s tha t  o f  wha t  ontologie s exist . 
T wo importan t  ontologica l  distinction s hav e bee n studie d b y 
a numbe r  o f  researchers .  Th e physical-immateria l  distinc -
tio n i s a n importan t  on e whic h arise s relativel y earl y i n th e 
developmen t  patter n o f  norma l  children ,  althoug h i t  contin -
ues t o b e refine d an d sophisticate d a s the y ag e (Carey ,  1992 ; 
Care y &  Speike ,  1994) .  Anothe r  majo r  ontologica l  divisio n 
i s th e object-even t  distinction—som e thing s i n th e worl d ar e 
object s (lik e rocks ,  people ,  etc. )  whil e othe r  thing s ar e event s 
(suc h a s walking )  (Carey ,  1992) . 

The secon d aspec t  o f  th e previou s researc h t o not e i s th e 
recognitio n tha t  shiftin g basi c ontologica l  categorie s i s diffi -
cult .  Numerou s researcher s hav e notice d an d theorize d abou t 
thi s (e.g. ,  Carey ,  1992 ;  Chi ,  1993) ,  bu t  on e o f  th e bes t  descrip -
tion s o f  th e possibl e rang e o f  change s come s fro m Thagar d 
(1992) .  I n hi s framework ,  ther e ar e nin e degree s t o conceptua l 
change ,  rangin g fro m th e simpl e additio n o f  ne w instance s o f 
know n concept s t o th e complet e reorganizatio n o f  th e onto -
logica l  hierarchy .  Th e lowe r  level s ar e fa r  easie r  t o perform ;  i t 
i s  onl y wit h growin g abilit y  an d sophisticatio n tha t  a  reasone r 
wil l  achiev e th e reorganizatio n level . 

Finally ,  viewin g variou s ontologica l  experiment s ove r  th e 
cours e o f  th e researc h ha s prompte d som e researcher s t o clai m 
tha t  certai n type s o f  ontologica l  categorie s ar e fundamenta l 
t o huma n reasonin g an d would ,  therefore ,  nee d t o b e accu -
ratel y modeled .  Fo r  example .  Brewe r  (1993 )  suggest s tha t  a 
ric h ontolog y i s needed ,  consistin g o f  (a t  least )  natura l  kinds , 
nonexistin g natura l  kinds ,  artifacts ,  socia l  entities ,  psycholog -
ica l  entities ,  an d abstrac t  entities .  Whil e ou r  approac h doe s 
not  duplicat e thi s exactly ,  th e basi c idea s ar e consistent . 
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Finally ,  ther e i s potentiall y  th e mos t  dangerou s proble m facin g 
th e theory—th e proble m o f  decidin g categor y membershi p fo r 
a concep t  i f  th e syste m ha s manipulate d it .  Whil e i t  i s eas y 
i n theor y t o sa y tha t  a  concep t  ma y shif t  acros s conceptua l 
gri d cel l  boundaries ,  i t  i s  sometime s difficul t  i n practic e t o 
determin e wher e it s ne w locatio n shoul d be. '  Conside r  th e 
concep t  o f  tim e travel ,  fo r  a  moment .  A  reasone r  wit h n o prio r 
knowledg e ca n utiliz e informatio n concernin g physica l  trans -
por t  action s an d th e tempora l  colum n t o transfor m a  physica l 
transpor t  concep t  int o a  tempora l  transpor t  actions ;  i.e. ,  a 
horizonta l  shif t  from  th e physica l  actio n cel l  t o th e tempora l 
actio n cell .  Notic e tha t  bot h action s hav e physica l  agent s fo r 
thei r  initiatin g actor s an d physica l  object s fo r  thei r  transporte d 
objects .  Now ,  conside r  a  devic e capabl e o f  performin g tim e 
travel ,  namel y a  tim e machine .  Again ,  a  reasone r  ca n star t 
wit h knowledg e o f  physica l  transpor t  machine s an d th e tem -
pora l  domai n an d develo p th e concep t  o f  a  tim e machine .  But , 
i n thi s case ,  a  physica l  objec t  ha s remaine d a  physica l  object . 
Bot h manipulation s use d simila r  knowledge ;  on e resulte d i n a 
horizonta l  shif t  whil e th e othe r  resulte d i n a n intracellula r  one . 
For  th e moment ,  th e proble m i s circumvente d b y appealin g 
t o th e minimu m chang e heuristic ,  bu t  i t  i s  certainl y a n are a o f 
researc h t o b e explored . 

Conclusion 

The knowledg e representatio n an d ontologica l  commitment s 
of  th e I S A A C framework  allow s u s t o reasonabl y boun d th e 
creativ e understandin g proces s withou t  havin g t o resor t  t o a 
larg e lis t  o f  rule s an d thei r  exceptions .  Additionally ,  ther e 
i s th e adde d knowledg e engineerin g benefi t  o f  no t  havin g t o 
worr y abou t  th e precis e placemen t  o f  concept s withi n th e im -
plemente d system—a s lon g a s th e top-leve l  ontologica l  cat -
egor y i s correct ,  th e theor y enable s th e syste m t o functio n 
wit h a  grea t  dea l  o f  flexibility  an d robustness .  A s large r  arti -
ficial  intelligenc e system s ar e develope d whic h ar e expecte d 
t o b e robust ,  real-worl d reasoners ,  i t  wil l  becom e importan t 
fo r  researcher s t o b e awar e o f  th e ontologica l  realit y o f  th e 
worl d i n whic h thei r  theorie s exist .  Indeed ,  b y takin g advan -
tag e o f  th e ontology ,  researcher s ma y discove r  tha t  th e tas k o f 
engineerin g large ,  robus t  system s i s mad e somewha t  easier . 
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Abstrac t 

Wc compare the effects of interrupting text dealing with 
famiha r  o r  unfamilia r  domain s wit h eithe r  arithmeti c o r 
sentenc e readin g task s Reader s wer e interrupte d afte r  eac h 
of  th e eigh t  sentences ,  a t  th e en d o f  eac h sentence ,  o r  i n th e 
middl e o f  eac h sentenc e Previou s findings  o f  minima l 
effect s o f  interruptiv e task s o n comprehensio n measure s 
(e g .  fllanzer  &  Nolan ,  1986 )  wer e replicate d i n thi s study . 
Also ,  a s foun d b y Glanze r  an d hi s colleagues ,  interruption s 
afte r  eac h sentenc e o f  a  familia r  tex t  b y a n unrelate d 
sentenc e increase d readin g time s b y approximatel y 40 0 m s 
per  sentenc e I n contrast ,  fo r  difficult ,  unfamilia r  texts . 
mid-scnienc e interruption s significantl y lengthene d 
readin g time s b y 126 2 m s fo r  sentenc e an d 178 4 m s fo r 
arithmeti c interruption s Thes e finding s ar c explaine d i n 
term s o f  liricsso n an d Kintsch' s (1995 )  memor y mode l 
whic h propose s tha t  skille d memor y performanc e relie s o n 
th e us e o f  long-ter m memor y a s a n extensio n o f  workin g 
memory,  o r  long-ter m workin g memor y 

I n t r oduc t i o n 

Reading is by its very nature sequential. The glue of 
memory i s needed ,  therefore ,  t o hol d th e variou s element s o f 
th e sequenc e together .  Th e ey e move s fro m wor d t o word , 
<md i n genera l  eac h wor d i s integrate d w  it h th e previou s one s 
as rapidl y a s possibl e (e.g. .  Jus t  &  Carpenter ,  1987) . 
.\ccordin g t o Kintsc h an d va n Dijk' s (1978 )  mcxle l  o f  tex t 
comprehension ,  sentence s o r  phrase s als o for m processin g 
units ,  whic h ar e linke d togethe r  vi a a  short-ter m memor y 
buffe r  1 A idenc e fo r  th e operatio n o f  suc h a  buffe r  ha s bee n 
obtaine d i n variou s experiment s (eg ,  Fletcher ,  1981 ; 
(ii;ui/er<f e Ra/el ,  1974 )  However ,  readin g comprehensio n i s 
stil l  possibl e whe n th e us e o f  th e short-ten n memor y buffe r 
IS prevenle d lo r  instance .  Glan/.e r  an d hi s colleague s (e.g. , 
1 ische r  &  Glanzer ,  1986 ;  Glanzer ,  Dorfman .  &  Kaplan , 
1981 ;  Glanzer ,  lischer ,  &  Dorfman ,  1984 ,  Glanze r  & 
Nolan ,  1986 )  hav e use d a n interruptio n procedur e t o interfer e 
w it h short-ter m memor y processe s durin g reading .  The y di d 
thi s b > insertin g unrelate d materia l  (e.g. ,  unrelate d sentence s 
or  iunthineti c problems )  afte r  eac h sentenc e o f  a  paragraph . 
The purpos e o f  th e intervemn g matena l  wa s t o interfer e wit h 
th e short-ter m retentio n o f  th e just-rea d sentence .  Thi s 
interruptio n procedur e produce d fa r  fro m dramati c effects . 
Althoug h readin g tim e fo r  th e nex t  sentenc e i n th e paragrap h 
was slowe d b y 3(X)-40 0 ms ,  comprehensio n wa s totall y 
unaffected . 

Sinc e th e mtervenin g sentenc e (o r  arithmeti c problem ) 
certainl y mus t  hav e interfere d wit h integratio n processe s i n 
th e short-ter m memor y buffer ,  Glanzer' s subject s mus t  hav e 
foun d som e wa y t o continu e readin g withou t  th e us e o f  tha i 
buffer .  Glanze r  an d hi s colleague s interprete d thei r  result s a s 
evidenc e tha t  reader s hav e acces s t o a  verbati m memor y trac e 
of  th e text ,  eve n afte r  a n interruption ,  tha t  allow s the m t o 
resum e norma l  processing .  A n alternativ e explanatio n o f 
Glanzer' s finding s i s provide d b y a  recen t  theor y o f  memor y 
propose d b y Fxicsso n an d Kintsc h (1995) .  Accordingly , 
subjects '  abilit y  t o successfull y rea d an d comprehen d 
interrupte d tex t  i s  attributabl e t o th e us e o f  long-ter m 
workin g memory .  Ericsso n an d Kintsc h asser t  tha t  skille d 
memory performanc e suc h a s readin g relie s o n th e us e o f 
long-ter m memor y a s a n extensio n o f  workin g memor y 
(i.e. ,  consciousnes s o r  focu s o f  attention) .  Informatio n i n 
long-ter m memor y tha t  i s  linke d b y retrieva l  structure s t o 
cue s i n workin g memor y form s a n extended ,  long-ter m 
workin g memory .  Th e theor y o f  long-ter m workin g memor y 
maintain s tha t  al l  matena l  i n long-ter m memor y tha t  i s 
comiecte d vi a retrieva l  structure s t o cue s availabl e i n 
workin g memor y i s directl y accessibl e vi a a  singl e retrieva l 
operation . 

Retrieva l  structure s ar e generate d dunn g comprehensio n a s 
an integra l  par t  o f  th e comprehensio n process . 
Comprehensio n consist s o f  formin g menta l  representation s 
(textbase s an d situatio n model s i n th e theor y o f  va n Dij k & 
Kintsch ,  1983 )  whic h connec t  th e vanou s element s o f  th e 
tex t  representatio n i n network-lik e strucnires .  Thus , 
generatin g a  tex t  representatio n i n itsel f  create s a  retrieva l 
structure .  Eac h successiv e sentenc e o f  a  coheren t  tex t 
normall y contain s retrieva l  cues ,  suc h a s relate d o r  repeate d 
informatio n (i.e. ,  argumen t  overlap) ,  tha t  provid e acces s t o 
tha t  structure .  Hence ,  th e whol e previou s tex t  structur e i s 
but  a  singl e retrieva l  operatio n away .  Retrieva l  fro m long -
ter m memory ,  i f  th e retrieva l  cue s ar e presen t  i n short-ter m 
memory,  take s abou t  40 0 m s (e.g. .  Anderson ,  1990 ;  Y u e t 
al. ,  1985) .  Indeed ,  Glanzer' s interruptio n procediu e cost s th e 
reade r  n o mor e tha n a  singl e retrieva l  operation ,  tha t  is , 
abou t  40 0 ms . 

A long-ter m workin g memor y (Encsson  &  Kintsch , 
1995 )  explanatio n o f  th e result s obtaine d wit h th e 
interruptio n procedur e use d b y Glanze r  (e.g. ,  Glanze r  & 
Nolan ,  1986 )  implie s tha t  mor e seriou s disruption s o f 
readin g shoul d b e foun d (a )  i f  ther e ar e n o retrieva l  structure s 
available ,  o r  (b )  i f  ther e ar e n o retrieva l  cue s accessibl e i n 
short-ter m memory .  I n th e presen t  experiment ,  a n attemp t 
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was mad e t o prevent ,  o r  a t  leas t  interfer e with ,  th e fonnatio n 
of  relneva l  stnictiire s dunn g comprehension .  Fo r  thi s 
purpose ,  th e interruptio n procedur e use d b y Glanze r  wa s 
elaborate d i n tw o ways .  Brst ,  i n on e condition ,  sentence s 
wer e mtenupte d i n mid-sentenc e rathe r  tha n a t  th e end .  Sinc e 
th e sentenc e i s incomplet e a t  thi s point ,  i t  i s  mor e likel y 
tha t  th e partiall y  constructe d menta l  representatio n woul d 
not  connec t  t o th e earUe r  portio n o f  th e text .  Second ,  fo r 
some subjects ,  difficul t  text s fro m unfamiha r  domain s wer e 
use d instea d o f  easy ,  familia r  texts .  Sinc e th e constructio n o f 
a situatio n mode l  i s  strongl y dependen t  o n th e availabilit y  o f 
relevan t  backgroun d knowledge ,  th e us e o f  unfamilia r  text s 
furthe r  decrease s th e likelihoo d tha t  a  workabl e retrieva l 
suiictur e ca n b e generated .  Neithe r  on e o f  thes e 
manipulation s wil l  completel y preven t  reader s fro m som e 
understandin g -  eve n difficul t  half-sentence s wil l  b e 
understoo d t o som e degree .  Nevertheless ,  a  signiilcan t 
deterioratio n o f  understandin g woul d b e expected .  T o th e 
degre e tha t  thi s happens :  (a )  n o retrieva l  structur e wil l  b e 
available ,  (b )  th e succeedin g sentenc e fragmen t  wil l  no t 
reinstat e th e previou s tex t  i n long-ter m workin g m e m o r y 
wit h a  single ,  40 0 m s retrieva l  operation ;  an d (c )  mor e 
complex ,  tim e consuming ,  retrieva l  processe s (e.g. , 
deliberat e search ,  constructio n o f  retrieval  cues )  wil l  b e 
required .  I f  thes e retrieva l  processe s ar e no t  successful , 
comprehensio n difficultie s a s wel l  a s longe r  readin g time s 
wil l  result .  If ,  o n th e othe r  hand ,  thes e retrieva l  processe s ar e 
successful ,  th e readin g tim e fo r  th e secon d sentenc e hal f  wil l 
be lengthene d b y mor e tha n 40 0 ms . 

Method 

Subjects and Design 

The subjects were 72 undergraduate students at the 
Universit y o f  Colorad o w h o participate d f w cours e credit .  A 
2 X  2  X  (3 )  mixe d factoria l  desig n wa s employed ,  wit h tw o 
betwee n subject s factors ,  tex t  domai n (famihar ,  unfamiliar ) 
and mlerferenc e tas k (sentence ,  arithmetic) ,  an d on e within -
subjcct s factor ,  interruptio n typ e (control ,  end ,  middle) . 
i  jghtee n subject s wer e assigne d t o eac h o f  th e fou r  between -
subject s conditions . 

T o obtai n a  mor e sensitiv e tes t  o f  comprehension ,  a  fre e 
recal l  tes t  wa s use d i n th e presen t  experimen t  instea d o f 
comprehensio n questions ,  a s i n th e origina l  wor k b y Glanze r 
and hi s collegues . 

Apparatus and Materials 

Text. The texts were presented either with Zenith Data 
System s o r  IBM/P C computers .  Th e experimenta l  text s 
mclude d te n paragraph s comprise d o f  eigh t  sentences ,  a s wel l 
as 10 0 unrelate d sentence s obtaine d fro m variou s source s 
(e g ,  encyclopedias ,  journals ,  books) .  Th e paragraph s wer e 
fro m domain s tha t  accordin g t o pilo t  studie s wer e eithe r 
highl y familia r  t o undergraduat e student s (e.g. ,  "bod y fat" )  o r 
quit e uiiiamilia r  (e.g. ,  "Fourie r  transformations") .  S o m e o f 
th e paragraph s wer e reworde d o r  altere d t o improv e coherenc e 
or  reduc e length .  Th e mea n numbe r  o f  word s pe r  sentenc e [o r 
th e familia r  paragraphs ,  unfamilia r  paragraphs ,  an d unrelate d 
sentence s wer e 18.47 ,  16.12 ,  an d 17.0 2 words ,  respectively . 

Unrelate d sentence s wer e presente d i n rando m order ,  an d eac h 
sentenc e wa s presente d onl y onc e durin g a n experimenta l 
session . 

Arithmetic problems The problems presented to the 
subject s i n th e arithmeti c conditio n wer e presente d i n thre e 
possibl e randoml y chose n formats :  addition ,  subtraction ,  o r 
multiplication .  T h e integer s o f  th e arithmeti c p roUem s wer e 
randcMnl y chose n wit h constraint s s o tha t  al l  answer s t o th e 
thre e type s o f  problem s consiste d o f  tw o o r  thre e digits . 

Interruption types. There were three internqjtion types: 
control ,  end ,  an d middle .  A  tota l  o f  1 0 interferenc e task s 
(i.e. ,  1 0 uruelate d sentence s o r  1 0 arithmeti c problems )  wer e 
presente d i n al l  thre e conditions .  T h e p-ocedur e o f  th e 
contro l  an d en d condition s repUcate d tha t  reporte d b y Glanze r 
an d hi s colleague s (e.g. ,  Glanze r  &  Nolan ,  1986) .  I n th e 
contro l  condition ,  th e paragrap h sentence s wer e presente d i n 
immediat e succession ,  followe d b y a  bloc k o f  1 0 interferenc e 
tasks .  I n th e en d interruptio n condition ,  eac h sentenc e wa s 
followe d b y 1  interferenc e task ,  excep t  fo r  th e las t  sentence , 
whic h wa s followe d b y th e remaining 3  interferenc e tasks . 

I n th e middl e interruptio n condition ,  eac h sentenc e wa s 
interrupte d i n th e middl e b y a n interferenc e task ;  th e 
remainin g 2  interferenc e task s the n followe d th e las t 
sentenc e o f  th e paragraph .  Th e interruptio n wa s place d 
betwee n th e subjec t  an d ver b o f  th e sentence ,  wit h th e 
constrain t  tha t  n o fewe r  tha n thre e word s (an d a t  leas t  tw o 
conten t  words )  precede d th e brea k i n th e sentence .  Sentence s 
whic h bega n wit h "I t  is "  wer e interrupte d a t  a  poin t  suc h 
tha t  ther e wa s a n equa l  numbe r  o f  word s i n eac h o f  th e tw o 
parts .  I f  ther e wer e tw o equall y importan t  verb s i n th e 
sentence ,  th e interruptio n wa s place d befcM^ e th e ver b whic h 
resulte d i n th e mos t  equa l  divisio n i n th e numbe r  o f  conten t 
word s i n th e sentence .  A n exampl e o f  a  tex t  fro m a n 
unfamilia r  domai n wit h th e interuptio n location s indicate d 
wit h asterisk s i s presente d belo w i n Tabl e 1 . 

Metamorphi c rock s ar e thos e tha t  remai n i n th e 
soli d stat e * *  whil e bein g change d b y hea t  and/o r 
pressure ,  wit h o r  withou t  overal l  chemica l  change . 

Most metamorphic rocks crystalhze under stress, 
* *  resultin g i n diaracteristi c foUatio n o r 
parallelis m o f  th e constituen t  grains ,  especiall y 
micas . 

The contact metamorphic rocks, however, more 
common l y * *  for m withou t  deformation ,  resulting 
i n a  massiv e texture . 

Their proximity to a heat source and their 
characteristi c spotte d appearanc e resultin g fro m th e 
growt h o f  ne w mineral s * *  ai d i n thei r  recognition . 

Table 1: Text example from an unfamiliar domain 
wit h asterisk s markin g th e brea k fo r  th e middl e 

interruptio n condition .  Onl y th e firs t  fou r  o f 
th e eigh t  tex t  sentence s ar e shown . 

105 



P r o c e d u r e 

Subjects were tested individually. All subjects read a series 
of  1 0 piiragraphs ,  eac h consistin g o f  8  sentences .  Th e firs t 
was a  practic e paragraph ,  presente d i n th e middl e condition . 
Th e remainin g 9  paragraph s wer e equall y distribute d acros s 
th e thre e condition s accordin g t o a  Latin-squar e desig n an d 
presente d i n a  rando m orde r 

Subject s wer e instructe d t o rea d th e text s a t  thei r  norma l 
readin g pac e an d no t  t o attemp t  t o memoriz e th e sentences . 
Subject s rea d alou d bot h th e text s an d th e interferenc e tasks . 
Subject s wer e tol d tha t  interruptions ,  eithe r  arithmeti c 
problem s o r  uiu'elate d sentences ,  woul d occu r  alternativel y 
alte r  th e las t  sentenc e i n th e paragraph ,  betwee n eac h 
sentenc e i n th e paragraph ,  an d i n th e middl e o f  eac h 
sentence .  The y wer e informe d tha t  afte r  the y ha d rea d al l  o f 
th e sentence s i n a  paragraph ,  the y woul d b e aske d t o writ e 
d o wn a s m u c h o f  th e tex t  a s the y coul d remember .  I n th e 
sentenc e interferenc e tas k conditio n the y wer e aske d t o recal l 
bot h th e sentence s fro m th e paragrap h an d th e unrelate d 
sentences . 

Th e subject s i n th e arithmeti c interferenc e conditio n wer e 
iiliowe d t o us e pape r  an d penci l  t o solv e th e problems .  A s 
soo n a s a n answe r  t o th e proble m wa s entered ,  th e nex t 
sentenc e o f  th e tex t  wa s presented .  I f  the y answere d a 
proble m incorrecU y i n les s tha n 3 0 seconds ,  the y wer e 
instructe d o n th e compute r  monito r  tha t  thei r  solutio n wa s 
incorrec t  an d t o tr y again ;  afte r  3 0 seconds ,  the y wer e 
inlbnne d tha t  th e answe r  wa s incorrec t  an d wer e presente d 
\Mt h th e nex t  sentenc e o f  th e text . 

R e s u l t s 

Tex t  Recal l 

I  o r  th e purpos e o f  scorin g recal l  protocol s eac h tex t  wa s 
divide d int o ide a units .  Fo r  eac h uni t  subject s wer e give n 1 
pt)in t  i f  the y recalle d th e mai n gis t  o f  th e uni t  an d hal f  o f  a 
poin t  i f  the y recalle d onl y a  fractio n o f  th e ide a unit .  A n 
analysi s o f  varianc e wa s performe d o n proportio n recal l 
includin g th e tw o between-subject s factors ,  tex t  domai n 
(familiar ,  unfamiliar) ,  an d interferenc e tas k (sentence , 
arithmetic) ,  an d on e within-subject s factor ,  interruptio n typ e 
(control ,  end .  middle) ,  llier e wa s a  mai n effec t  o f  th e 
familiarit y o f  th e text ,  F(l,68 )  =  61.2 ,  p  <  .001 ,  reflectin g 
greate r  recal l  fo r  th e familia r  tex t  ( M =  0.30 )  tha n fo r  th e 
unfamilia r  tex t  ( M =  0.16) .  Ther e wa s als o a  mai n effec t  o f 
interterenc c task ,  F (  1,68 )  =  42.0 ,  p < (X)l ,  reflectin g greate r 
recal l  whe n th e text s wer e interrupte d b y th e mat h problem s 
( M =  0  29) ,  tha n b y th e sentence s ( M =  0.18) .  Th e 
interactio n betwee n tex t  an d interferenc e tas k wa s no t 
statisticall y significant ,  F(l,68 )  =  2.1 ,  p  =  .  157 .  Ther e wa s 
no effec t  o f  interruptio n type ,  F(2,67 )  <  1 ,  no r  di d 
interruptio n typ e interac t  wit h eithe r  o f  th e between-subject s 
\  iuiables .  Thus ,  subject s recalle d th e sam e amoun t  o f  tex t 
regardles s o f  whethe r  th e interferenc e task s occurre d a t  th e 
end o f  th e paragrap h ( M -  0.23) ,  a t  th e en d o f  eac h sentenc e 
( M =  0.24) ,  o r  i n th e middl e o f  eac h sentenc e ( M =  0.24) . 

I n summary ,  subject s recalle d mor e fro m th e familia r  llia n 
th e unJamilia r  texts ,  an d recalle d mor e whe n th e text s wer e 
interrupte d b y th e mat h problem s tha n b y sentences .  Thes e 
result s wer e no t  affecte d b y interruptio n types ,  an d 
interruption s ha d n o effec t  o n tex t  recall . 

Sentence reading time 

Sentence reading times by text domain (familiar, 
unfamiliar) ,  interferenc e tas k (sentence ,  arithmetic) ,  an d 
interruptio n typ e (control ,  end ,  middle )  ar e presente d i n 
Tabl e 2 .  A n analysi s o f  varianc e wa s performe d o n sentenc e 
readin g time s includin g th e tw o between-subject s factors , 
tex t  domai n (familiar ,  unfamiliar) ,  an d interferenc e tas k 
(sentence ,  arithmetic) ,  an d th e tw o within-subject s factors , 
interruptio n typ e (control ,  end ,  middle) ,  an d sentenc e 
positio n (sentenc e 1  -  sentenc e 8) .  Neithe r  tex t  domain , 
F(l,68 )  <  2 ,  no r  interferenc e task ,  F(l,68 )  =  2.4 ,  p  =  .126 , 
nor  th e interactio n o f  th e two ,  F (  1,68 )  <  1 ,  ha d reliabl e 
effect s o n sentenc e readin g times . 

Contro l 

End 

Middl e 

Contro l 

End 

Middl e 

Familia r  Tex t 

Sentenc e 

8.70 0 

9.11 0 

9.24 3 

Arithmeti c 

9.78 5 

10.78 5 

10.91 7 

Unfamilia r  Tex t 

Sentenc e 

9.64 2 

9.89 1 

10.90 4 

.Arithmeti c 

10.02 8 

10.88 7 

11.81 2 

Tabl e 2 ;  Averag e sentenc e readin g time s i n second s b y tex t 
(familiar ,  unfamiliar) ,  interferenc e tas k (sentence , 

arithmetic) ,  an d interruptio n conditio n 
(control ,  end ,  middle) . 

There was, however, a significant main effect of 
interruptio n type ,  F(2,67 )  =  21.2 ,  p  <  .001 .  Thi s findin g 
reflect s bot h longe r  sentenc e readin g time s fo r  sentence s 
interrupte d i n th e middl e ( M =  10.7 2 s) ,  compare d t o bot h 
th e en d an d contro l  interruptio n condition s ( M =  9.85) , 
F(l,68 )  -  25.6 ,  p  <  .001 ,  an d longe r  sentenc e readin g time s 
fo r  thos e interrupte d a t  th e en d o f  eac h sentenc e ( M =  10.17 ) 
compare d t o thos e whic h wer e no t  interrupte d a t  al l  ( M = 
9.54) ,  F(l,68 )  =  12.0 ,  p  <  .001 .  Thus ,  th e averag e 
interruptio n effec t  (i.e. ,  th e overal l  increas e i n readin g tim e 
compare d t o th e contro l  condition )  wa s 118 0 m s whe n th e 
sentence s wer e interrupte d i n th e middle ,  versu s 63 0 m s 
when th e sentence s wer e interrupte d a t  th e end .  Neithe r  tex t 
domain ,  F(2,67 )  =  2.5 ,  p  =  .095 ,  no r  interferenc e task , 
F(2,67 )  <  2 ,  reliabl y interacte d wit h interruptio n type . 
However ,  a  planned-compariso n tes t  showe d tha t  th e contras t 
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betwee n th e nuddl e interruptio n an d th e tw o othe r 
intemipuo n type s (i.e. ,  coniro i  an d end )  interacte d 
significanU y wit h text ,  F(l,67 )  =  5  0 .  p  =  .030 .  reflectin g 
th e findin g tha t  th e middl e interruptio n ha d a  greate r  effec t 
on readin g tim e fo r  th e unfamilia r  te.xt s tha n fo r  th e f;unilia r 
text s (se c Figur e 1) .  T h e contras t  orthogona l  t o thi s 
comparison ,  betwee n th e en d an d contro l  interruptio n 
conditions ,  di d no t  rehabl y interac t  wit h tex t  famiUarity , 
F(l,68) < 1 

I n summary ,  fo r  familia r  text s interrupte d b y sentences , 
we foun d a  41 0 m s increas e i n readin g time .  Thi s result ,  i n 
conjunctio n wit h ou r  findin g littl e effec t  o f  interruption s o n 
recall ,  replicate s Glanzer' s earlie r  findings .  W e als o foun d 
tha t  interruptin g sentence s i n th e middl e ha d a  greate r  impac t 
on readin g time s tha n di d interruptin g a t  th e en d o f  th e 
sentence .  Moreover ,  thi s differenc e depende d o n th e 
familiarit y o f  th e text s -  subjects '  readin g lime s wer e mos t 
affecte d whe n readin g unfamilia r  text s wit h a n interruptio n 
i n th e middl e o f  eac h sentence . 

I'her e wa s als o a  significan t  mai n effec t  o f  sentenc e 
posiuon .  F(7,62 )  =  34.8 ,  p < .001 ,  reflectin g greate r 
sentenc e readin g time s fo r  th e sentence s a t  th e beginmn g 
tha n a t  th e en d o f  th e paragraph .  Sentenc e positio n di d no t 
reliabl y interac t  wit h interferenc e task ,  F(7.62 )  <  2 ,  no r  wit h 
interruptio n type .  F (  14,55 )  <  2 ,  bu t  di d significantl y interac t 
wit h tex t  familiarity ,  1(7,62 )  =  12.8 ,  p < .001 .  A s ca n b e 
see n i n Figur e 2 ,  whic h present s sentenc e readin g time s fo r 
unfamilia r  an d familia r  texts ,  i t  take s longe r  t o rea d 
sentence s a t  th e beginnin g o f  a  tex t  dealin g w  it h a n 
unfamilia r  domai n tha n wit h a n easier ,  mor e familia r  tex t 
domain ,  w  herca s thes e difference s diminishe d toward s th e en d 
ot  th e paragraph . 
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Text 

I-'i<;ur e I  Inlcmiptio n effect s i n readin g lim e 
(i. e ,  differenc e fro m contro l  readin g times )  fo r  th e middl e 
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Figure 2: vSentence reading times b\ text 

For  th e conditio n i n whic h sentence s wer e interrupte d i n 
th e middle ,  w e wer e intereste d i n whethe r  ther e wer e 
difference s i n readin g tim e fo r  th e tw o part s o f  th e sentence . 
Th e beginnin g o f  th e sentenc e wa s uninterrupted ,  an d thu s 
shoul d tak e les s tim e t o read ,  tha n th e second ,  interrupte d 
par t  o f  th e sentence .  W e wer e jUs o intereste d i n whethe r  thi s 
differenc e wa s augmente d b y th e familiarit y o f  th e tex t  o r  b \ 
th e typ e o f  interferenc e task .  A  separat e analysi s o f  varianc e 
was performe d fo r  onl y th e middl e interruptio n condiUo n 
includin g tw o bctween-subject s factors ,  tex t  domai n iin d 
interferenc e task ,  an d on e withi n subject s factor ,  sentenc e 
par t  (interrupted ,  uninterrupted) .  Ther e wa s neithe r  a  mai n 
effec t  o f  text ,  F (  1,68 )  =  2.7 ,  p  =  .  110 ,  no r  a n effec t  o f 
interferenc e task ,  F (  1.68 )  =  2.7 ,  p  =  .  106 .  A s predicted ,  ther e 
was a n effec t  o f  sentenc e part ,  F (  1,68 )  =  8 9 8 ,  p  <  (K)I , 
reflectin g shorte r  readin g time s fo r  th e beginmn g o f  th e 
sentenc e ( M -  477 0 m s )  tha n fo r  th e las t  interrupte d par t  o f 
th e sentenc e ( M =  594 9 ms) .  Thi s differenc e di d no t  depen d 
on th e familiarit y o f  th e text ,  F (  1,68 )  <  1 ,  bu t  di d interac t 
wit h th e typ e o f  interferenc e task ,  F(l,68 )  -  12.7 ,  p  <  OOI 
I t  too k longe r  t o rea d th e secon d par t  o f  th e sentenc e 
followin g a n arithmeti c tas k ( M =  649 4 m s )  tha n afte r 
readin g a n unrelate d sentenc e ( M =  540 4 m s )  Thes e result s 
indicat e tha t  th e effec t  o f  th e middl e interruptio n tas k i s 
greates t  fo r  th e claus e followin g th e interruption ,  an d tha t 
thi s increas e i s augmente d fo r  th e arithmeti c tas k compare d 
t o th e sentenc e readin g task . 

Interference tasks 

An analysi s o f  varianc e wa s performe d o n tas k completio n 
lime s includin g th e tw o between-subject s factors ,  tex t 
domain ,  an d interferenc e task ,  an d tw o wiihin-subject s 
factors ,  interruptio n type ,  an d tas k orde r  (1-10) .  Th e 
madiematic s problem s require d significand y mor e tim e t o 
complet e ( M =  14. 8 s )  tha n th e sentence s ( M =  8  4  s) . 
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F(  1.68 )  =  153.5 .  p  <  .001 ;  an d ther e wa s a n effec t  o f  th e 
orde r  o f  th e tasks ,  F(9,60 )  =  4.2 .  p  <  .001 .  reflectin g a 
greate r  amoun t  o f  tim e spen t  o n th e first  tas k ( M =  12. 9 sec ) 

compare d t o th e remainin g nin e task s ( M =  11.5) .  N o othe r 
effect s o r  interaction s wer e significan t  (al l  F s <  2) . 

General Discussion 

The main findings of Glanzer and his collegues (e.g.. 
Glanze r  &  Nolan .  1986 )  wer e replicate d i n th e presen t  study : 
Interruption s b y a n unrelate d sentenc e followin g eac h 
sentenc e o f  a  familia r  paragrap h ha d n o effec t  o n 
comprehensio n (her e measure d b y a  free-recal l  test) ,  bu t 
increase d readin g time s b y 41 1 m s pe r  sentence .  Placin g th e 
interruption s i n th e middl e o f  eac h sentenc e di d no t  greatl y 
chang e th e results ,  a s lon g a s th e readin g materia l  wa s 
familiar .  However ,  fo r  unfamilia r  texts ,  mid-sentenc e 
interruption s significantl y lengthene d readin g time s b y 126 2 
ms fo r  sentenc e an d 178 4 m s fo r  arithmeti c interruptions . 
withou t  affectin g fre e recall. 

Th e patter n o f  result s remaine d th e sam e whe n th e text s 
wer e interrupte d b y arithmeti c operation s instea d o f  umelate d 
sentences ,  excep t  tha t  considerabl y large r  increase s i n readin g 
time s wer e obtained .  I t  m a y b e th e cas e tha t  switchin g fro m 
arithmeti c t o readin g require s a  constan t  switchin g tim e 
whic h i s responsibl e fo r  thi s increase .  Recal l  wa s m u c h 
bette r  i n th e arithmeti c conditio n tha n i n th e sentenc e 
condition ,  i n spit e o f  th e fac t  tha t  th e arithmeti c task s 
actuall y loc k longe r  o n th e averag e tha n readin g th e 
interpolate d sentences .  Thi s resul t  ha s t o b e expected ,  i n par t 
becaus e readin g unrelate d sentence s produce s mor e verba l 
interference ,  an d i n par t  becaus e i n th e sentenc e tas k subject s 
had t o recal l  bot h th e mai n paragrap h an d th e interpolate d 
sentences . 

We als o foun d tha t  i t  take s l(Mige r  t o rea d th e initia l 
sentence s o f  a  text .  I n term s o f  theorie s o f  tex t 
comprehensio n thi s result  implie s tha t  th e formatio n o f  th e 
initia l  textbas e (Kintsch .  1988 ;  va n Dij k an d Kintsch ,  1983 ) 
or  th e layin g o f  th e tex t  structures '  foundatio n (Gemsbacher , 
1990 )  require s mor e menta l  processe s tha n doe s addin g o n t o 
thi s structure .  M o r e importantly ,  th e readin g time s a t  th e 
beginnin g o f  th e paiagrafh s wer e significantl y greate r  fo r 
unfamilia r  tha n familia r  texts .  Thi s resul t  implie s tha t  th e 
formatio n o f  th e initia l  textbas e foundatio n require s a  greate r 
amount  o f  tim e fo r  unfamilia r  text s tha n i t  doe s fo r  text s 
dealin g wit h mor e familia r  information . 

Th e presen t  stud y confirm s previou s result s obtaine d wit h 
th e interruptio n procedur e o f  Glanzer .  I t  als o extend s thes e 
result s b y testin g a  critica l  predictio n o f  th e long-ter m 
workin g m e m o r y thew y o f  Ericsso n an d Kintsc h (1995 ) 
agains t  th e alternativ e interpretatio n o f  thes e dat a offere d b y 
Glanze r  (e.g. ,  Glanze r  &  Nolan .  1986) .  T h e readin g 
interruptio n pa-ocedur e use d b y Glanze r  doe s no t  impai r 
comprehensio n an d merel y result s i n a  relativel y modes t 
increas e i n reading  time .  Glanze r  explaine d thi s finding  b y 
assumin g tha t  reader s hav e acces s t o a  verbati m m e m o r y 
trac e (an d no t  themati c information) ,  eve n afte r  a n 
interruption ,  tha t  allow s the m t o resum e noima Y ptocessmg, . 
Thi s interpretatio n canno t  accounlto r  the  sigmfican l 
interactio n betwee n tex t  familiarit y an d mid-sentenc e 

interruption :  I f  wha t  i s reinstate d afte r  th e interruptio n wer e 
a raw ,  uninterpreted ,  verbati m trac e o f  th e sentence ,  thi s 
trac e woul d b e equall y availabl e fo r  familia r  an d unfamilia r 
texts .  O n th e othe r  hand ,  th e theor y o f  long-ter m workin g 
m e m o ry predict s jus t  suc h a n interaction . 

Accordin g t o model s o f  tex t  an d discours e comprehensio n 
(e.g. ,  Kintsch ,  1988 ;  va n Dij k &  Kintsch .  1983) .  a s wel l  a s 
othe r  structure-buildin g model s (e.g. ,  Gemsbacher ,  1990) , 
comprehendin g a  tex t  involve s th e constructio n o f  a  coheren t 
menta l  tex t  representation .  Ericsso n an d Kintsc h (1995 ) 
postulat e tha t  thi s tex t  representatio n allow s th e tex t  t o b e 
accesse d i n long-ter m workin g m e m o r y vi a a  singl e reuieva l 
operation .  Thi s retrieva l  operatio n take s abou t  40 0 m s i f  th e 
appropriat e retrieva l  cue s ar e presen t  i n workin g memor y 
Bicsso n an d Kintsc h (1995 )  hav e reviewe d dat a indicatin g 
tha t  retrieva l  fro m long-ter m m e m o r y require s 1  t o 2  second s 
when th e appropriat e cue s ar e no t  i n th e focu s o f  attentio n 
(e.g. ,  Chamess ,  1976 ;  Ericsso n &  Staszewsky ,  1989) .  I n 
th e presen t  experiment ,  th e mid-sentenc e interruptio n effec t 
fo r  unfamilia r  text s wa s 1. 3 second s i n th e sentenc e 
conditio n an d 1. 8 second s i n th e arithmeti c condition .  Thus , 
thi s dela y i s abou t  wha t  on e woul d expec t  fo r  long-ter m 
m e m o ry retrieva l  -  i n contras t  t o th e 40 0 m s observe d fo r 
retrieva l  usin g long-ter m workin g memory .  I f  reader s ar e 
interrupte d i n mid-sentenc e whe n the y ar e reading  a n 
unfamiUa r  tex t  fo r  whic h the y lac k th e knowledg e t o readil y 
acces s th e informatio n need« i  t o construc t  a  situatio n model , 
the y caimo t  generat e a  coheren t  tex t  representatio n an d henc e 
do no t  hav e a  retrieva l  structur e t o reinstat e th e previou s tex t 
afte r  di e interruption .  The y must ,  Uierefore ,  us e strategi c 
retrieva l  operations .  O n e exampl e o f  suc h a  retrieva l 
operatio n woul d b e a  deliberat e searc h fo r  backgroun d 
knowledg e (i.e. ,  situatio n knowledge )  and/o r  previou s 
sentenc e fragment s t o b e integrate d wit h th e ne w sentenc e 
fragment .  Skille d readers  ar e generall y quit e capabl e o f 
adoptin g suc h strategies ,  bu t  thes e menta l  operation s ar e 
m u ch mor e tim e consumin g tha n th e 40 0 m s retrieval s 
involvin g long-ter m workin g memory . 

Interruptin g readin g wit h a n unrelate d sentenc e o r 
arithmeti c proble m mus t  interfer e wit h th e short-ter m 
m e m o ry buffer .  Nevertheless ,  a s lon g a s reader s ar e abl e t o 
imderstan d a  tex t  (i.e. .  for m a  coheren t  menta l  representation 
of  th e text) ,  interruptin g readin g merel y lengthen s reading 
tim e fo r  th e nex t  sentenc e b y th e amoim t  require d fo r  a 
singl e long-ter m workin g m e m o r y retrieva l  operation .  Thi s 
i s tru e eve n w h e n subject s rea d unfamilia r  texts ,  o r  whe n th e 
interruptio n occur s i n mid-sentenc e rather  tha n a t  th e en d o f 
eac h sentence .  I n eithe r  case ,  apparently ,  readers  ar e stil l 
capabl e o f  formin g menta l  representations  o f  di e sentenc e (o r 
sentenc e fragment )  tha t  ca n serv e a s effiaen t  retrieva l 
structures .  Onl y whe n reader s wer e give n unfamilia r  text s 
ccMnbine d wit h mid-sentenc e interruption s wa s thei r 
comprehensio n impede d t o suc h a n exten t  tha t  th e 
precondition s fo r  retrieval  fro m long-ter m workin g memor y 
wer e n o longe r  present .  I n thi s case ,  subject s ha d t o rely 
upo n strategi c retrieva l  operation s t o acces s informatio n 
fro m long-ten n m e m o r y ,  reĉ uiravg ,  s\̂ fvcan!(l'« i  mor e time . 
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Abstrac t 

In reading multiple texts, a reader must integrate 
informatio n fro m th e text s wit h hi s o r  he r  backgroun d 
knowledge .  Th e resultin g situatio n mode l  represent s a  ric h 
elaborate d structur e o f  events ,  actions ,  objects ,  an d peopl e 
involve d i n th e tex t  organize d i n a  manne r  consisten t  wit h 
th e reader' s knowledge .  I n orde r  t o evaluat e a  reader' s 
situatio n model ,  a  reader' s summar y mus t  b e analyze d i n 
relatio n t o text s th e subjec t  ha s rea d a s wel l  a s t o mor e 
genera l  knowledg e suc h a s a n expert' s  knowledge . 
However ,  thi s analysi s ca n b e bot h time-consumin g an d 
difficult .  I n thi s paper ,  w e us e a n automati c approac h 
calle d Laten t  Semanti c Analysi s (LSA )  fo r  evaluatin g th e 
sinjatio n mode l  o f  reader s o f  multipl e documents .  L S A i s a 
statistica l  mode l  o f  wor d usag e tha t  generate s a  high -
dimensiona l  semanti c spac e tha t  model s th e semantic s o f 
th e text .  Thi s pape r  describe s thre e experiments .  Th e first 
tw o describ e method s fo r  analyzin g a  subject' s essa y t o 
determin e fro m wha t  tex t  a  subjec t  learne d th e informatio n 
and fo r  gradin g th e qualit y o f  informatio n cite d i n th e 
essay .  Th e thir d experimen t  analyze s th e knowledg e 
structure s o f  novic e an d exper t  reader s an d compare s the m 
t o th e knowledg e structure s generate d b y th e model .  Th e 
experiment s illustrat e a  genera l  approac h t o modelin g an d 
evaluatin g readers '  situatio n models . 

Introduction 

I n orde r  t o comprehen d a  text ,  a  reade r  mus t  integrat e th e 
informatio n containe d i n th e tex t  wit h hi s o r  he r  backgroun d 
knowledg e o f  th e world .  Thi s integration ,  o r  situatio n 
model  (e.g. ,  va n Dij k &  Kintsch ,  1984) ,  i s a  ric h elaborate d 
structur e o f  events ,  actions ,  objects ,  an d peopl e involve d i n 
th e tex t  organize d i n a  manne r  consisten t  wit h th e reader' s 
knowledg e o f  th e domain .  I n th e domai n o f  history ,  a  reade r 
wil l  typicall y rea d multipl e account s o f  th e sam e historica l 
even t  i n orde r  t o generat e a n understandin g o f  th e event . 
Thes e text s ca n includ e primar y sources ,  participant' s an d 
historian' s accounts ,  an d textbooks .  Th e tas k fo r  th e reade r  i s 
t o the n integrat e thi s informatio n int o a  coheren t  cognitiv e 
representation . 

Studyin g reasonin g fro m histor y text s provide s a  realisti c 
approac h t o examinin g learnin g fro m texts .  I n th e rea l 
world ,  text s w e rea d wil l  b e relate d t o othe r  text s w e hav e 

read ,  a s wel l  a s t o experience s an d knowledg e w e hav e 
acquire d earlier .  Nevertheless ,  th e researc h approac h raise s a 
hos t  o f  discours e processin g issue s tha t  ar e no t  typicall y 
foun d i n studie s o f  learnin g from  individua l  texts .  Thes e 
issue s include :  D o reader s for m a n integrate d situatio n mode l 
of  th e text s o r  ar e text s represente d separately ? D o certai n 
text s hav e mor e influenc e o n th e reader' s situatio n mode l 
tha n others ? W h a t  feature s o f  text s ar e th e majo r  source s o f 
influence ? H o w d o expert s an d novic e situatio n model s o f 
differ ? Althoug h w e ca n no t  answe r  thes e question s 
decisivel y i n thi s paper ,  w e demonstrat e som e approache s t o 
thes e question s throug h evaluatin g readers '  situatio n models . 

T o evaluat e a  reader' s situatio n model ,  i t  i s  necessar y t o 
deriv e a  representatio n o f  th e reader' s knowledge .  Typically , 
a reade r  provide s writte n summaries ,  take s test s assessin g 
thei r  knowledge ,  o r  i s aske d t o judg e relationship s betwee n 
concepts .  T h e primar y theoretica l  approac h ha s bee n t o 
develo p cognitiv e model s o f  th e reader' s representatio n o f  th e 
tex t  (e.g. ,  va n Dij k &  Kintsch ,  1983 ;  Kintsch ,  1988) .  I n 
suc h a  model ,  semanti c informatio n from  bot h th e tex t  an d 
th e reader' s summar y ca n b e represente d a s propositions . 
Thi s permit s th e experimente r  t o m a k e a  compariso n o f  th e 
semanti c conten t  containe d i n th e tex t  t o tha t  i n th e 
subject' s s u m m a r y .  Th e advantag e o f  mak in g th e 
compariso n a t  th e semanti c leve l  i s  tha t  th e compariso n i s 
not  dependen t  o n surfac e features ,  suc h a s th e choic e o f 
words .  Nevertheless ,  propositionalizin g text s ca n b e ver y 
tim e consumin g an d requir e a  lo t  o f  effort ,  ofte n limitin g th e 
siz e o f  text s tha t  ar e analyzed . 

I n thi s paper ,  w e describ e a n automati c metho d tha t 
analyze s text s an d generate s a  semanti c spac e tha t  capture s 
m a ny o f  th e semanti c association s foun d i n a  reader' s 
situatio n model .  Th e method .  Laten t  Semanti c Analysi s 
( L S A )  ca n b e applie d i n th e fiel d o f  tex t  comprehensio n t o 
evaluat e a  reader' s situatio n model ,  providin g result s simila r 
t o prepositiona l  analyses .  Thi s pape r  describe s som e 
approache s t o analyzin g th e essay s o f  reader s o f  multipl e 
text s a s wel l  a s demonstratin g tha t  th e representatio n o f 
L S A i s simila r  t o tha t  generate d b y reader s o f  th e texts . 

Laten t  Semanti c Analysi s ( LSA )  i s a  statistica l  mode l  o f 
wor d usag e tha t  model s semanti c relationship s betwee n 
piece s o f  textua l  information .  A  brie f  technica l  overvie w o f 
L S A wil l  b e provide d here ,  whil e m o r e complet e 
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description s o f  L S A ma y b e foun d i n Deerweste r  Dumais , 
Furnas ,  Landaue r  &  Harshma n (1990 )  an d Fol U (I n press) . 
The primar y assumptio n o f  L S A i s tha t  ther e i s  som e 
underlyin g o r  "latent "  structur e i n th e patter n o f  wor d usag e 
acros s documents ,  an d tha t  statistica l  technique s ca n b e use d 
t o estimat e thi s laten t  structure .  Th e ter m "documents "  i n 
thi s case ,  ca n b e though t  o f  a s context s i n whic h word s 
occu r  an d coul d b e considere d als o t o b e smalle r  tex t 
segment s suc h a s individua l  paragraph s o r  sentences . 
Throug h a n analysi s o f  th e association s amon g word s an d 
documents ,  th e metho d produce s a  representatio n i n whic h 
word s tha t  ar e use d i n simila r  context s wil l  b e mor e 
semanticall y associated . 

I n orde r  t o analyz e a  text ,  L S A firs t  generate s a  matri x o f 
occurrence s o f  eac h wor d i n eac h documen t  (sentence s o r 
paragraphs) .  L S A the n decompose s th e matri x usin g 
singular-valu e decompositio n (SVD) ,  a  techniqu e closel y 
relate d t o eigenvecto r  decompositio n an d facto r  analysis . 
The S V D decompose s th e wor d b y documen t  matri x int o a 
set  o f  k ,  typicall y 10 0 t o 300 ,  orthogona l  factor s fro m 
whic h th e origina l  matri x ca n b e approximate d b y linea r 
combination .  Instea d o f  representin g document s an d term s 
directl y a s vector s o f  independen t  words ,  L S A represent s 
the m a s continuou s value s o n eac h o f  th e i t  orthogona l 
indexin g dimension s derive d fro m th e S V D analysis .  Sinc e 
th e numbe r  o f  factor s o r  dimension s i s muc h smalle r  tha n 
th e numbe r  o f  uniqu e terms ,  word s wil l  no t  b e independent . 
For  example ,  i f  tw o term s ar e use d i n simila r  context s 
(documents) ,  the y wil l  hav e simila r  vector s i n th e reduced -
dimensiona l  L S A representation .  A n advantag e o f  th e 
approac h i s tha t  matchin g ca n b e performe d betwee n tw o 
piece s o f  textua l  information ,  eve n i f  the y hav e n o word s i n 
common.  T o illustrate ,  i f  L S A wer e traine d o n a  larg e 
number  o f  documents ,  including : 

1)  Th e U.S.S .  Nashvill e arrive d i n Colo n harbo r 
wit h 4 2 marine s 

2)  Wit h th e warshi p i n Colo n harbor ,  th e 
Colombia n troop s withdrew . 

The vecto r  fo r  th e wor d "warship "  woul d b e simila r  t o tha t 
of  th e wor d "Nashville "  becaus e bot h word s occu r  i n th e 
same contex t  o f  othe r  word s suc h a s "Colon "  an d "harbor" . 
Thus ,  L S A automaticall y capture s a  deepe r  associativ e 
structur e tha n simpl e term-ter m correlation s an d clusters . 

One ca n interpre t  th e analysi s performe d b y S V D 
geometrically .  Th e resul t  o f  th e S V D i s a  <:-dimensiona l 
vecto r  spac e containin g a  vecto r  fo r  eac h ter m an d eac h 
document .  Th e locatio n o f  ter m vector s reflect s th e 
correlation s i n thei r  usag e acros s documents .  Similarly ,  th e 
locatio n o f  documen t  vector s reflect s correlation s i n th e 
term s use d i n th e documents .  I n thi s spac e th e cosin e o r  do t 
produc t  betwee n vector s correspond s t o thei r  estimate d 
semanti c similarity .  Thus ,  b y determinin g th e vector s o f 
tw o set s o f  textua l  information ,  w e ca n determin e th e 
semanti c similarit y betwee n them . 

I n recen t  years ,  a  variet y o f  researc h approache s t o 
generatin g high-dimensiona l  semanti c space s hav e develope d 
model s tha t  captur e semanti c meanin g base d o n analyzin g 
larg e amount s o f  textua l  informatio n (e.g. ,  Landaue r  & 
Dumais ,  1994 ;  Lund ,  Burges s &  Atchley ,  1995 ;  Schutze , 
1992) .  L S A ha s bee n use d i n a  variet y o f  application s fo r 

representin g semanti c knowledgebase s fo r  modelin g result s 
fro m tex t  an d memor y experiments .  Landaue r  an d Dumai s 
applie d L S A fo r  modelin g th e semanti c association s 
necessar y fo r  takin g vocabular y test s an d fo r  predictin g 
result s fro m studie s o f  semanti c primin g (Se e als o Lund , 
Burges s &  Atchle y fo r  a  relate d approach) .  Foltz ,  Kintsc h 
& Landaue r  (1993 )  an d Folt z (I n press )  modele d th e 
coherenc e o f  text s wit h L S A t o mak e prediction s o f  reader' s 
comprehension .  Thi s pape r  describe s result s fro m thre e 
experiment s tha t  us e L S A t o evaluat e readers '  situatio n 
models .  Th e first  tw o experiment s analyz e subjects '  essay s 
t o determin e fro m wha t  tex t  a  subjec t  learne d th e 
informatio n an d t o grad e ho w muc h relevan t  informatio n i s 
cite d i n th e essay .  Th e thir d experimen t  analyze s th e 
knowledg e structure s o f  subject s an d compare s the m t o th e 
knowledg e structure s generate d b y LSA . 

Predicting the source of the subjects' 
k n o w l e d g e 

I n researc h o n th e subject' s reasonin g afte r  readin g 
multipl e documents ,  i t  i s  importan t  t o kno w whic h 
document s hav e th e mos t  influenc e o n th e subject' s recall . 
Recent  studie s o f  learnin g fro m histor y document s hav e 
shown tha t  differen t  type s o f  document s hav e differin g 
amount s o f  influenc e o n a  subjects '  reasonin g an d recal l 
(Britt ,  Rouet ,  Georg i  &  Perfetti ,  1994 ;  Perfetti ,  Britt , 
Rouet ,  Georgi ,  &  Mason ,  1994).  A s par t  o f  on e o f  th e 
experiment s describe d b y Brit t  e t  al. ,  2 4 colleg e student s rea d 
21 text s relate d t o th e event s leadin g u p t o th e buildin g o f 
th e Panam a Canal .  Th e text s include d excerpt s fro m 
textbooks ,  historians '  an d participants '  accounts ,  an d primar y 
document s suc h a s treatie s an d telegrams .  Th e tota l  lengt h 
of  tex t  wa s 609 7 words .  Afte r  readin g th e texts ,  subject s 
wrot e a n essa y o n "T o wha t  exten t  wa s th e U.S . 
interventio n i n Panam a justified? "  I n th e origina l  analysi s 
describe d b y Brit t  e t  al. ,  th e essay s wer e propositionalize d 
and proposition s fro m th e essa y wer e matche d agains t  thos e 
i n th e origina l  text s i n orde r  t o determin e whic h text s 
showe d th e mos t  influenc e i n th e subjects '  essays .  I n thi s 
experiment ,  w e reanalyze d th e essays ,  usin g L S A t o predic t 
whic h text s influence d th e subjects '  essays .  Th e goa l  wa s t o 
matc h individua l  sentence s fro m th e subjects '  essay s agains t 
th e sentence s i n th e origina l  text s rea d b y th e subjects . 
Sentence s i n th e essay s tha t  wer e highl y semanticall y 
simila r  t o thos e i n th e origina l  text s woul d likel y indicat e 
th e sourc e o f  th e subject' s knowledge . 

To perfor m th e L S A analysis ,  th e text s wer e first  ru n 
throug h th e S V D scalin g t o generat e a  semanti c spac e o n th e 
topi c o f  th e Panam a canal .  Th e 2 1 text s th e subject s rea d 
(609 7 words) ,  alon g wit h paragraph s fro m 8  encyclopedi a 
article s o n th e Panam a Cana l  (-480 0 words )  an d excerpt s 
fro m 2  book s (-1700 0 words )  wer e include d i n th e scaling . 
Becaus e th e semanti c spac e derive d b y L S A i s dependen t  o n 
havin g man y example s o f  th e co-occurrence s o f  words ,  th e 
additio n o f  thes e othe r  textua l  material s helpe d t o provid e th e 
L S A analysi s wit h additiona l  example s o f  Panam a Cana l 
relate d word s t o hel p bette r  defin e th e semantic s o f  th e 
domain .  Th e L S A analysi s resulte d i n a  10 0 dimensiona l 
spac e mad e u p o f  60 7 tex t  unit s b y 482 9 uniqu e words . 
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For  th e analysi s o f  th e essays ,  th e vecto r  fo r  eac h sentenc e 
fro m eac h subject' s essa y wa s compare d agains t  th e vector s 
fo r  eac h o f  th e sentence s fro m th e origina l  text s rea d i n th e 
derive d semanti c space .  Fo r  eac h sentence ,  th e analysi s 
returne d a  ran k ordere d lis t  o f  th e sentence s tha t  bes t  matche d 
alon g wit h a  cosin e indicatin g th e degre e o f  similarit y o n a 
scal e o f  0  t o 1 .  Fo r  example ,  performin g a n analysi s o f  th e 
sentenc e fro m on e o f  th e subject' s  essays :  "Onl y 4 2 marine s 
wer e o n th e U.S.S .  Nashville." ,  th e bes t  tw o matche s 
returne d woul d b e th e followin g tw o sentences : 

MF.2. 1 Nov .  2 .  5:3 0 P.M. :  U.S.S. .  Nashvill e arrive s i n 
Colo n Harbo r  wit h 4 2 marines ,  {cosine :  0.640 ) 

PI.2.1 .  T o Hubbard ,  commande r  o f  th e U.S.S. . 
Nashville ,  fro m th e Secretar y o f  th e Nav y (Nov .  2 ,  1903) : 
Maintai n fre e an d uninterrupte d transit ,  (cosine :  0.556 ) 

Th e code s a t  th e beginnin g o f  returne d sentence s (MF.2. 1 
an d PI.2.1 )  indicat e whic h documen t  an d whic h sentenc e 
withi n th e documen t  wa s matched ,  whil e th e cosine s indicat e 
th e degre e o f  semanti c similarity .  A s ca n b e seen ,  th e firs t 
documen t  ( M F )  contain s m u c h o f  th e sam e semanti c 
informatio n a s expresse d i n th e sentenc e fro m th e subject' s 
sentence ,  an d i t  i s  highl y likel y tha t  thi s documen t  wa s th e 
sourc e o f  th e subject' s knowledg e expresse d i n tha t  sentence . 

I n orde r  t o determin e th e effectivenes s o f  L S A ' s 
prediction s abou t  th e sourc e o f  eac h subject' s knowledge , 
the y wer e compare d agains t  th e prediction s m a d e b y tw o 
h u m an raters .  Th e raters ,  w h o wer e highl y familia r  wit h th e 
topi c o f  th e P a n a m a Cana l  an d wit h th e 2 1 texts , 
independentl y rea d throug h th e essay s an d fo r  eac h sentence , 
the y identifie d whic h o f  th e 2 1 text s wa s th e likel y sourc e o f 
th e informatio n expresse d i n th e sentence .  Becaus e 
sentence s i n th e essay s wer e complex ,  ofte n expressin g 
multipl e piece s o f  information ,  th e experimenter s coul d 
identif y multipl e text s a s th e source s fo r  an y sentence .  O n 
average ,  th e rater s identifie d th e sourc e o f  informatio n a s 
comin g fro m 2. 1 documents ,  wit h a  rang e o f  0  t o 8 .  Th e 
percen t  o f  agreemen t  betwee n th e rater s wa s calculate d b y 
usin g a  criterio n tha t  fo r  eac h sentence ,  i f  an y o f  th e 
document s chose n b y on e o f  th e rater s agree d wit h an y o f  th e 
document s chose n b y th e secon d rater ,  the n i t  wa s considere d 
tha t  th e tw o rater s agree d o n th e source .  Usin g thi s method , 
th e agreemen t  betwee n th e rater s wa s 6 3 percent .  Th e fac t 
tha t  th e agreemen t  betwee n tw o human s wa s no t  tha t  hig h i s 
not  surprising .  M a n y o f  th e document s containe d simila r 
piece s o f  information ,  sinc e al l  wer e o n th e sam e topi c bu t 
ofte n jus t  differe d o n thei r  interpretatio n o f  th e sam e 
historica l  events . 

Sinc e th e rater s picke d o n averag e tw o document s fo r  eac h 
sentence ,  th e bes t  tw o matche s b y L S A fo r  eac h sentenc e 
wer e use d fo r  makin g predictions .  Th e percen t  agreemen t 
betwee n th e raters '  prediction s an d LSA' s prediction s wa s 
calculate d i n th e sam e manne r  a s betwee n th e tw o raters . 
Th e agreemen t  betwee n eac h rate r  an d L S A wa s 5 6 percen t 
an d 4 9 percent .  Whil e no t  a s hig h a s th e inter-rate r 
agreement ,  th e fac t  tha t  th e L S A prediction s ca n ge t  withi n 
7 percen t  o f  th e agreemen t  betwee n rater s indicate s tha t  L S A 
i s abl e t o mak e man y o f  th e sam e prediction s a s thos e o f  th e 
raters . 

By analyzin g th e sentence s from  subjects '  s u m m a r y o f 
knowledg e gaine d from a  se t  o f  texts ,  L S A ca n predic t  whic h 

document s ar e reflecte d i n thei r  sentences .  Thes e prediction s 
ar e clos e t o thos e mad e b y h u m a n raters .  Thi s permit s a 
characterizatio n o f  whic h text s ar e havin g th e greates t 
influenc e o n a  subject' s situatio n mode l  a s reflecte d i n thei r 
summary . 

Characterizing the quality of essays 

Gradin g ca n b e characterize d a s a  proces s o f  determinin g 
whethe r  a  reader' s situatio n mode l  i s  appropriat e compare d t o 
a tex t  tha t  wa s rea d o r  compare d t o th e situatio n mode l  o f  a 
grader .  Fo r  characterizin g th e qualit y o f  essays ,  on e ca n 
thin k o f  th e degre e o f  semanti c similarit y betwee n wha t  wa s 
rea d i n th e text s an d wha t  wa s writte n i n th e essa y a s a 
measur e o f  h o w m u c h informatio n wa s learne d from  th e 
texts .  Thus ,  subject s w h o writ e highe r  qualit y essay s 
shoul d hav e capture d mor e o f  th e semanti c informatio n from 
th e texts . 

Unlik e th e first  experimen t  whic h jus t  use d th e 
informatio n o n whic h tex t  wa s th e mos t  similar ,  thi s 
experimen t  use d informatio n o n h o w semanticall y simila r  i s 
what  a  subjec t  wrot e i n a n essa y t o wha t  th e subjec t  read . 
For  gradin g essays ,  th e cosine s betwee n a  subject' s sentence s 
an d sentence s i n th e origina l  text s wer e use d a s a 
characterizatio n o f  qualit y o f  th e essay .  Th e mor e simila r 
sentence s i n a n essa y ar e t o th e origina l  texts ,  th e highe r  th e 
score .  Thus ,  thi s approac h ca n b e though t  o f  a s a  measur e 
of  retentio n o f  information .  I t  shoul d reflec t  th e degre e t o 
whic h subject s ca n recal l  an d us e th e semanti c informatio n 
from  th e text s the y rea d i n thei r  essay . 

The sam e 2 4 essay s a s i n th e previou s experimen t  wer e 
used .  Fou r  graduat e student s i n histor y w h o ha d al l  serve d 
as insunctor s an d teachin g assistant s wer e recruited .  Afte r 
becomin g familiarize d wit h th e 2 1 text s tha t  th e subject s ha d 
read ,  the y grade d th e essay s base d o n wha t  informatio n wa s 
cite d an d th e qualit y o f  th e informatio n cited ,  usin g a  10 0 
poin t  scale .  The y wer e instructe d t o trea t  th e gradin g o f  th e 
essay s m u c h i n th e sam e w a y a s the y woul d fo r 
undergraduat e classe s the y ha d taught .  I n addition ,  th e 
grader s rea d throug h th e origina l  2 1 text s an d choos e th e te n 
most  importan t  sentence s tha t  wer e i n th e text s tha t  woul d 
be helpfu l  i n writin g th e essay . 

T wo measure s o f  th e qualit y o f  th e essay s wer e compute d 
usin g L S A .  Th e firs t  examine d th e amoun t  o f  semanti c 
overla p o f  th e essay s wit h th e origina l  texts .  Eac h sentenc e 
i n eac h essa y wa s compare d agains t  al l  sentence s i n th e 
origina l  text s an d a  scor e wa s assigne d base d o n th e cosin e 
betwee n th e essa y sentenc e an d th e closes t  sentenc e i n th e 
origina l  texts .  Thus ,  i f  a  subjec t  wrot e a  sentenc e tha t  wa s 
exactl y th e sam e a s a  sentenc e i n th e origina l  text ,  the y 
woul d receiv e a  cosin e o f  1.0 ,  whil e a  sentenc e tha t  ha d n o 
semanti c overla p wit h anythin g i n th e origina l  text s woul d 
receiv e a  cosin e o f  0.0 .  A  grad e wa s assigne d t o th e 
subject' s essa y base d o n th e mean s o f  th e cosine s fo r  al l  th e 
sentence s i n th e essay .  Whil e thi s measur e capture s di e 
degre e t o whic h th e semanti c informatio n i n th e subject' s 
essa y i s simila r  t o tha t  o f  th e origina l  texts ,  i t  ca n b e 
though t  o f  a s a  measur e o f  plagiaris m o r  rot e recall .  I f  a 
subjec t  wrot e sentence s tha t  wer e exactl y th e sam e a s th e 
origina l  texts ,  th e assigne d grad e woul d b e ver y high . 
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Th e secon d measur e determine d th e semanti c similarit y 
betwee n wha t  a  subjec t  wrot e an d th e te n sentence s th e 
exper t  grade r  though t  wer e mos t  important .  I n thi s way .  i t 
capture s th e degre e o f  overla p wit h a n expert' s  mode l  o f  wha t 
i s importan t  i n th e origina l  texts .  Fo r  thi s analysis ,  a  grad e 
was assigne d t o eac h essa y base d o n th e mea n o f  th e cosine s 
betwee n eac h sentenc e i n th e essa y an d th e closes t  o f  th e te n 
sentence s chose n b y th e exper t  grader . 

The grade s assigne d fo r  th e essay s b y th e grader s wer e 
correlate d betwee n th e grader s an d als o wit h th e tw o 
measure s o f  th e qualit y o f  th e essays .  Th e correlation s ar e 
show n i n Tabl e 1 . 

Grader 2 
Grader 3 
Grader 4 
L S A overla p 
wit h text s 
L S A exper t 
model  matc h 

Grade r  1 

.57 5 * * 

.76 8 « * 

.38 1 

.41 8 * 

.58 9 * * 

Grader 2 

.58 2 • * 

.412 * 

.55 2 * * 

.62 6 * * 

Grade r  3 

.36 7 

.31 7 

.38 4 t 

Grader 4 

.11 7 

.24 0 
*p<.0 1 *  p<.0 5 T  p<.0 6 

Tabl e 1 .  Correlatio n o f  grade s betwee n exper t  grader s an d 
th e L S A method s 

The correlation s betwee n grader s range s fro m .36 7 t o 
.768 ,  indicatin g som e variabilit y  i n th e consistenc y o f  th e 
grade s assigne d b y th e graders .  Th e grade s assigne d b y th e 
firs t  L S A measure ,  whic h examine d th e amoun t  o f  overla p 
wit h texts ,  correlate d significantl y wit h tw o o f  th e fou r 
graders .  Thi s indicate s tha t  th e grade s assigne d b y huma n 
grader s depen d greatl y o n whethe r  th e essa y capture s a  lo t  o f 
th e semanti c informatio n o f  th e origina l  texts .  Th e grade s 
assigne d b y th e secon d L S A measure ,  whic h capture s th e 
similarit y betwee n wha t  a  subjec t  wrot e an d th e sentence s 
tha t  th e exper t  grade r  though t  wer e mos t  important , 
correlate d wel l  wit h thre e o f  th e fou r  grader s and ,  overal l  th e 
correlation s wer e stronge r  tha n th e firs t  L S A measure .  Thi s 
indicate s tha t  th e quaUt y o f  a n essa y ca n b e characterize d a s a 
matc h betwee n th e expert' s  mode l  o f  th e domai n an d wha t 
was writte n i n th e essay .  Indeed ,  th e graders '  correlation s 
wit h L S A exper t  mode l  ar e wel l  withi n th e rang e o f  th e 
correlation s betwee n th e graders ,  demonstratin g tha t  th e 
automati c gradin g don e b y L S A wa s abou t  a s reliabl e a s tha t 
of  th e graders .  Additiona l  analyse s usin g a  weighte d mea n 
grad e o f  th e expert s ca n improv e LSA' s correlatio n o f  grade s 
t o expert s t o 0.68 ,  whic h i s a s good ,  i f  no t  bette r  tha n th e 
grader s correlatio n wit h eac h other . 

The result s indicat e tha t  th e represenutio n generate d b y 
L S A i s sufficientl y simila r  t o th e readers '  situatio n mode l  t o 
be abl e t o characteriz e th e qualit y o f  thei r  essays . 
Calculatin g th e amoun t  o f  similarit y betwee n wha t  wa s rea d 
and wha t  wa s writte n provide s a  goo d measur e o f  th e amoun t 
of  learnin g b y th e subject .  Th e result s als o hav e 
implication s fo r  understandin g wha t  i s involve d i n gradin g 
essays .  Th e L S A exper t  mode l  result s indicate d tha t  u p t o 
abou t  4 0 percen t  o f  th e varianc e i n subjects '  essay s ca n b e 
explaine d b y jus t  th e amoun t  semanti c overla p o f  sentence s 
i n th e essay s wit h 1 0 sentence s i n th e text s tha t  a  grade r 
think s ar e important .  Thus ,  grader s ma y b e lookin g t o se e 
i f  th e essa y cite s jus t  a  fe w importan t  piece s o f  information . 

Whil e L S A characterize s th e degre e t o whic h th e subjects ' 
situatio n mode !  matche s tha t  o f  th e tex t  o f  a n expert ,  ther e 
stil l  remai n question s a s t o th e degre e t o whic h othe r  factor s 
suc h a s th e qualit y o f  th e writin g an d th e abilit y  t o writ e a 
coheren t  essa y ar e correlate d wit h o r  ar e independen t  o f  th e 
subjects '  situatio n model . 

Comparing reader's knowledge structures 
t o L S A ' s s e m a n t i c d i s t a n c e s 

O ne o f  th e assumption s o f  usin g L S A t o mode l  subjects ' 
situatio n model s i s tha t  th e semanti c structure s generate d b y 
LSA' s analysi s o f  th e tex t  correspon d t o th e knowledg e 
structure s o f  th e reader s o f  th e text .  Th e successfu l  result s 
fro m th e firs t  tw o experiment s indicat e tha t  thes e semanti c 
structure s d o captur e usefu l  feature s o f  th e reader' s 
representation .  Th e thir d experimen t  provide s a  mor e direc t 
investigatio n o f  thes e knowledg e structure s b y havin g 
subject s m a k e explici t  rating s o f  th e semanti c similarit y 
betwee n concept s mentione d i n th e text s an d comparin g 
the m t o th e semanti c similarit y predicte d b y L S A . 

Ninetee n undergraduate s rea d th e sam e text s o n th e 
Panama cana l  a s i n th e abov e experiments .  Afte r  readin g th e 
texts ,  the y wer e presente d wit h a  lis t  o f  1 6 concept s 
mentione d i n th e texts .  Th e concept s covere d a  wid e rang e 
of  issue s fro m th e text ,  includin g peopl e (Presiden t 
Roosevelt ,  U.S .  Marines) ,  event s (U.S .  recognize s Panama) , 
and ke y object s an d concept s fro m th e stor y (Th e righ t  o f 
transit .  Th e Bidlac k Treaty) .  Th e subject s rate d al l  12 0 
possibl e pair s o f  th e concept s a s t o h o w relate d th e tw o 
concept s wer e o n a  7  poin t  scale .  I n addition ,  th e tw o 
expert s from  Experimen t  1  bot h performe d th e ratin g task . 
Eac h exper t  performe d th e tas k twice ,  separate d b y a  on e 
mont h interval ,  i n orde r  t o characteriz e h o w stabl e thei r 
knowledg e o f  th e domai n was .  Prediction s o f  th e 
similaritie s betwee n concept s wer e als o m a d e b y L S A b y 
determinin g th e cosin e betwee n eac h pai r  o f  concepts . 

To determin e th e similarit y i n knowledg e structures ,  th e 
similarit y rating s betwee n concept s wer e correlate d betwee n 
th e experts ,  th e novic e subject s an d LSA .  Th e tw o expert s 
ha d correlation s wit h themselve s o f  0.8 6 an d 0.63 , 
indicatin g s o m e variabilit y  i n eve n th e experts ' 
characterizatio n o f  th e relationshi p betwee n concepts .  (Fo r 
al l  analyses ,  an y correlatio n abov e 0.1 8 i s significan t  a t  th e 
.0 1 level. )  Th e correlation s o f  rating s betwee n th e expert s 
range d fro m 0.3 9 t o 0.62 ,  whil e th e novice s correlate d wit h 
themselve s wit h a n averag e o f  0.2 6 an d a  rang e from  -0.1 2 
t o 0.48 . 

Becaus e o f  th e variabilit y  i n bot h th e experts '  an d th e 
novices '  ratings ,  tw o set s o f  rating s wer e derived ,  on e 
representin g a  genera l  expert' s  knowledg e structures ,  b y 
averagin g th e experts '  ratings ,  th e othe r  representin g a 
genera l  novices '  knowledg e structure s b y averagin g th e 
novices '  ratings .  Th e correlatio n o f  th e averag e exper t  ratin g 
wit h th e averag e novic e ratin g wa s 0.75 ,  whil e th e 
correlatio n o f  L S A wit h th e averag e exper t  ratin g wa s 0.4 1 
and wit h th e averag e novic e ratin g wa s 0.36 .  Th e fac t  tha t 
th e correlatio n o f  L S A t o th e human s i s no t  a s hig h a s th e 
correlatio n betwee n th e expert s an d novice s i s no t 
surprising .  Averagin g th e huma n judgment s remove s a  lo t 
of  th e variabilit y  i n thei r  data ,  bu t  sinc e th e L S A prediction s 
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wer e base d o n a  singl e se t  o f  judgments ,  n o averagin g coul d 
be done .  Thus ,  ther e woul d likel y b e mor e variabilit y  i n th e 
L S A predictions ,  resultin g i n lowe r  correlation s wit h 
humans tha n th e correlation s betwee n th e average d humans . 
Whil e th e L S A correlatio n i s no t  a s stron g a s th e correlatio n 
betwee n th e expert s an d novices ,  L S A manage s t o captur e 
many o f  th e sam e semanti c relationship s a s thos e identifie d 
by bot h th e expert s an d th e novices .  Th e abov e correlation s 
als o indicat e tha t  LSA' s representatio n i s somewha t  close r  t o 
tha t  o f  a n exper t  i n th e domai n tha n tha t  o f  a  novice . 

I n additio n t o calculatin g correlation s betwee n th e L S A 
and th e exper t  an d novic e ratings ,  Pathfinde r  analyse s 
(Schvaneveldt ,  1990 )  wer e performe d o n th e similarit y 
matrice s fo r  th e experts ,  novice s an d LSA .  Th e Pathfinde r 
analyse s derive s a  networ k structur e whic h represent s 
concept s a s node s an d distance s betwee n concept s a s th e 
number  o f  intervenin g link s betwee n th e nodes .  Networ k 
similarit y scores ,  whic h indicat e th e degre e t o whic h tw o 
network s shar e simila r  link s o n a  scal e o f  0  t o 1 ,  wer e 
computed .  Th e compariso n o f  pair s o f  network s indicate d 
tha t  th e exper t  an d novic e network s wer e mor e simila r  tha n 
expecte d b y chanc e (SIM=0.48 ,  ExpectedSIM=0.14 ,  p<.01 ) 
as wel l  a s th e exper t  an d L S A network s (SIM=0.32 , 
ExpectedSIM=0.14 ,  p<.01) .  However ,  th e L S A networ k 
w as no t  significantl y simila r  t o th e novic e networ k 
(SIM=0.21 ,  ExpectedSIM=0.14 ,  p>.l) .  A s i n th e 
correlatio n results ,  thes e result s indicat e tha t  th e structure s 
produce d b y L S A wer e simila r  t o thos e produce d b y th e 
experts . 

Sinc e th e correlatio n an d networ k similarit y score s 
betwee n L S A an d th e expert s wer e lowe r  dia n thos e betwee n 
expert s an d novices ,  a n analysi s o f  th e pair s o f  concept s wa s 
don e i n orde r  t o determin e o n whic h pair s L S A wa s makin g 
prediction s tha t  differe d greatl y fro m th e experts .  Th e 
experts '  average d rating s an d th e L S A cosine s wer e converte d 
t o Z-score s an d th e difference s betwee n Z-score s wa s 
computed .  Thi s permitte d a  characterizatio n o f 
overpredictions ,  wher e th e mode l  predicte d tha t  relationshi p 
betwee n tw o concept s wa s close r  tha n th e actua l  prediction s 
made b y th e experts ,  an d underpredictions ,  wher e th e mode l 
predicte d tha t  relationshi p betwee n tw o concept s wa s no t  a s 
clos e a s th e prediction s mad e b y th e experts . 

T h e Z-scor e analyse s indicate d tha t  L S A tende d t o 
overpredic t  th e relationshi p betwee n pair s o f  concept s whe n 
th e tw o concept s occurre d exclusivel y togethe r  i n th e text s 
or  i n case s whe n th e tw o concept s share d term s (e.g. ,  "U.S . 
Marines "  an d "U.S .  recognize s Panama") .  Thi s indicate s 
tha t  LSA' s representatio n o f  th e text s wa s sometime s overl y 
contextuall y based .  Give n tha t  th e L S A scalin g wa s base d 
on onl y a  smal l  sampl e o f  tex t  (60 7 tex t  units) ,  ther e woul d 
be certai n word s tha t  woul d occu r  i n onl y on e contex t  an d 
thu s woul d no t  hav e a s rich a  semanti c representation .  Thi s 
proble m coul d b e alleviate d b y providin g a  large r  trainin g se t 
fo r  L S A ,  suc h a s usin g mor e encyclopedi a articles ,  whic h 
woul d provid e mor e context s fo r  word s t o occur . 

The underprediction s mad e b y L S A occurre d i n case s whe n 
th e concept s represente d mor e globa l  event s an d player s suc h 
as "Presiden t  Roosevelt "  an d "U.S .  recognize s Panama "  a s 
wel l  a s "Presiden t  Roosevelt "  an d "U.S .  Marines" .  Thes e 
pair s wer e neve r  describe d togethe r  i n th e text ,  ye t  thei r 

relationship s ca n b e inferre d i f  a  reade r  ha s enoug h genera l 
knowledg e abou t  th e rol e o f  president s i n fomentin g 
revolution s o r  havin g c o m m a n d ove r  th e Marines .  Sinc e 
L S A wa s onl y traine d o n semanti c association s abou t 
Panama,  i t  lacke d m u c h o f  thi s deepe r  situationa l 
knowledge .  Thus ,  i n thi s case ,  L S A ha d a  somewha t 
limite d situatio n mode l  i n tha t  i t  wa s effectiv e a t 
representin g semanti c relationship s abou t  th e Panam a cana l 
situation ,  bu t  di d no t  hav e mor e domai n genera !  histor y 
knowledg e a s d o bot h th e expert s an d novices .  Again ,  thi s 
proble m coul d b e remedie d b y providin g a  large r  trainin g se t 
fo r  L S A ,  suc h a s usin g mor e encyclopedi a article s coverin g 
a wid e rang e o f  topic s i n history . 

Discussion 

W h en readin g multipl e text s a  reade r  mus t  integrat e th e 
informatio n acros s th e text s a s wel l  a s combin e i t  wit h thei r 
previou s knowledge .  L S A capture s thi s integratio n o f 
information ,  representin g concept s i n a  semanti c spac e i n 
whic h vecto r  similarit y betwee n concepts  represent s a 
characterizatio n o f  semanti c relatedness .  Th e primar y 
propertie s o f  L S A tha t  permi t  thi s representatio n i s throug h 
performin g a n analysi s o f  co-occurrenc e o f  word s an d the n a 
statistica l  reductio n o f  th e analysi s t o captur e hig h leve l 
association s betwee n term s an d documents .  Thus ,  L S A 
capture s a  featur e inheren t  i n textua l  information :  word s tha t 
ten d t o co-occu r  togethe r  o r  ten d t o occu r  i n th e sam e 
context s wil l  b e mor e semanticall y related .  Base d o n th e 
result s o f  thes e studies ,  th e statistica l  approximatio n o f 
semanti c relatednes s generate d b y L S A correspond s t o th e 
knowledg e structure s generate d b y reader s o f  multipl e texts . 
I n thi s manner ,  L S A ha s simila r  propertie s t o tha t  o f  a 
reader' s situatio n model .  I t  generate s a  semanti c 
representatio n o f  textua l  informatio n tha t  integrate s th e 
informatio n acros s texts .  I n addition ,  i t  ca n als o integrat e 
tha t  informatio n wit h outsid e informatio n (e.g. ,  previou s 
knowledge )  a s lon g a s th e mode l  ha s bee n traine d o n tha t 
information .  Base d o n thi s representation ,  L S A ca n b e use d 
as a  too l  fo r  evaluatin g readers '  summarie s an d a s a  wa y o f 
modelin g readers '  knowledg e structures . 

Th e firs t  tw o experiment s demonstrat e tha t  L S A provide s 
a representatio n i n whic h comparison s ca n b e mad e betwee n 
readers '  summarie s o f  thei r  knowledg e an d th e origina l  text s 
the y hav e read .  Thes e comparison s permi t  a  variet y o f 
characterization s o f  a  reader' s situatio n model .  B y 
comparin g sentence s i n a  reader' s summar y t o sentence s 
fro m th e text s tha t  wer e read ,  L S A provide s a  measur e a s t o 
whic h text s ha d th e greates t  influenc e o n th e reader .  I n 
addition ,  th e degre e o f  semanti c similarit y betwee n th e 
reader' s summar y an d th e origina l  text s provide s a  measur e 
of  th e amoun t  o f  informatio n th e reade r  learne d fro m th e 
texts .  B y comparin g th e reader' s summar y t o sentence s tha t 
an exper t  though t  wa s important .  L S A provide s a  measur e 
of  th e degre e t o whic h th e reader' s situatio n mode l  matche s 
tha t  o f  th e expert .  Sinc e essay s provid e a  rich  sourc e o f 
information  abou t  a  reader' s knowledge ,  bu t  ar e ofte n 
difficul t  t o analyze ,  thi s approac h permit s automati c 
analyse s o f  th e reader' s knowledge . 

Becaus e th e derivatio n o f  th e semanti c spac e i s base d o n 
an analyse s o f  multipl e texts ,  L S A generate s a  rich  semanti c 
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representation .  I n th e cas e o f  th e abov e experiments ,  th e 
spac e wa s derive d base d o n abou t  2300 0 words ,  althoug h th e 
same metho d ha s bee n applie d t o corpor a wit h million s o f 
word s (e.g. ,  Landaue r  &  Dumais ,  1994) .  Th e thir d 
experimen t  demonstrate s tha t  distance s betwee n concept s i n 
th e semanti c spac e correspon d t o conceptua l  distance s i n th e 
readers '  representatio n o f  th e texts .  Thi s indicate s tha t  L S A 
capture s a  dee p associationa l  structur e betwee n concept s tha t 
i s  simila r  t o th e reader' s situatio n mode l  o f  th e texts .  Th e 
type s o f  error s tha t  LS A mad e i n it s prediction s o f  concep t 
similaritie s sho w tha t  bot h novice s an d expert s ar e 
incorporatin g informatio n i n th e tex t  wit h thei r  globa l 
knowledg e o f  politica l  roles .  Sinc e L S A wa s no t  traine d 
wit h text s tha t  provid e thi s information ,  i t  lacke d a s globa l  a 
situationa l  representatio n compare d t o humans .  Thu s L S A 
i s dependen t  o n th e typ e o f  text s provide d i n orde r  t o 
successfull y mimi c a  huma n situatio n model .  Fo r  th e 
presen t  experiments ,  th e situatio n mode l  generate d wa s 
limite d onl y t o knowledg e abou t  th e Panam a Cana l 
situation .  Wit h a  large r  corpus ,  suc h a s tha t  use d i n th e 
Landaue r  an d Dumai s research ,  L S A woul d hav e a  mor e 
genera l  representation ,  capturin g mor e globa l  association s 
tha t  ar e mad e b y human s whe n integratin g informatio n from 
th e tex t  wit h thei r  backgroun d knowledge .  Futur e researc h 
wil l  addres s thes e issue s as ,  wel l  a s continu e t o evaluat e th e 
boundarie s o f  wher e th e representatio n generate d b y L S A 
successfull y capture s o r  differ s fro m th e reader' s 
representation . 

I n summary ,  LS A ca n serv e bot h a s a  too l  an d a s a 
modelin g techniqu e fo r  tex t  researchers .  A s a  too l  i t  ca n b e 
applie d a s a  metho d t o analyz e readers '  summarie s an d 
characteriz e bot h th e sourc e an d qualit y o f  a  reader' s 
knowledge .  A s a  mode l  o f  readers '  comprehension ,  i t  ca n b e 
used t o generat e a  semanti c representatio n tha t  capture s 
imponan t  feature s o f  a  reader' s simatio n model . 
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Abstrac t 

This paper introduces an approach to modeUng the inteq^reta-
tio n o f  semanticall y underspecifie d logica l  metonymies ,  suc h 
as Joh n bega n th e book .  A  distinctiv e featur e o f  th e theor y 
presente d i s it s emphasi s o n accountin g fo r  thei r  behavio r  i n 
discoursecontexts .  Th e approac h dependso n th e definitio n o f  a 
pragmati c componen t  whic h interact s i n th e appropriat e manne r 
wit h lexicosynlacti c informatio n t o establis h th e coherenc e o f  a 
discourse .  Th e infelicit y o f  certai n logica l  metonym y construc -
tion s i n som e discourse s i s show n t o ste m fro m th e non-defaul t 
natur e o f  th e lexicosyntacticall y determine d interpretatio n fo r 
suc h constructions .  Th e exten t  o f  th e influenc e o f  contextua l 
informatio n fiw m th e discours e o n th e interpretatio n o f  logica l 
metonymie s i s therefor e constraine d b y th e lexica l  propertie s 
of  th e constituent s o f  th e metonymies .  Contextually-cue d in -
terpretation s ar e show n t o b e unattainabl e whe n indefeasibl e 
lexica l  informatio n conflict s wit h thes e interpretations . 

Introduction 

[t  i s  sometime s assume d tha t  wit h a  sufficientl y stron g contex t 
ui y interpretatio n o f  a  semanticall y underspecifie d sentenc e 
îa n b e coerced .  I f  w e consider ,  fo r  example ,  th e sentenc e (la ) 
independen t  o f  a  contex t  w e ar e likel y t o interpre t  i t  a s (lb ) 
ar  possibl y (Ic) .  I f  w e the n inser t  th e prio r  contex t  Joh n i s 
ti y  pe t  goat ;  h e love s eatin g thing s w e suddenl y prefe r  th e 
interpretatio n i n (Id) . 

[1) a. John enjoyed the book. 

b.  Joh n enjoye d readin g th e book . 

c.  Joh n enjoye d writin g th e book . 

d.  Joh n enjoye d eatin g th e book . 

rhis strong influence from context does not, however, operate 
ivithou t  limits .  Ther e ar e underspecifie d construction s which , 
perhap s surprisingly ,  appea r  t o disallo w an y interpretatio n 
3the r  tha n th e conventional ,  context-independen t  possibili -
;ies .  Thes e con.struction s ar e infelicitou s i n a  contex t  whic h 
ivoul d see m t o requir e a n interpretatio n a t  varianc e wit h thes e 
^inventions . 

I n thi s paper ,  I  wil l  focu s o n on e suc h ainstruction ,  tha t 
Df  logica l  metonymies ,  fo r  whic h mor e meanin g tha n i s di -
ectl y attributabl e t o sententia l  component s arises .  Logica l 
netonymie s generall y occu r  w h e n a  ver b ha s alternat e syn -
acti c complemen t  forms ,  wit h onl y a  singl e semanti c interpre -
atio n fo r  al l  forms .  Fo r  example ,  th e sentence s i n (la-b )  an d 
X)  ca n b e viewe d a s expressin g th e sam e meaning ,  althoug h 
n th e (a )  sentence s n o readin g even t  i s explicitl y  mentioned . 

2) a. John began the book. 

b.  Joh n bega n reading/t o rea d th e book . 

Th e systemati c syntacti c ambiguit y o f  aspectua l  verb s an d 
verb s lik e enjo y ha s bee n handle d i n existin g approache s t o 
logica l  me tonym y vi a a n operatio n o f  typ e coercio n (eithe r 
triggere d b y constraint s o n th e logica l  typ e o f  th e verba l  com -
plement ,  e.g .  Pustejovsk y (1991 ,  1995) ,  o r  internalize d i n 
th e ver b semantics ,  e.g .  Copestak e an d Brisco e (1995) )  suc h 
tha t  th e logica l  form s fo r  eac h verb+complemen t  for m wil l 
be identical .  Th e coercio n whic h mus t  occu r  t o ge t  th e ap -
propriat e reading s o f  (l-2a )  require s tha t  a  missin g elemen t 
of  meaning ,  i.e .  th e readin g event ,  b e introduced .  F*uste -
jovsk y (1991 )  ha s propose d tha t  thi s elemen t  correspond s t o 
on e o f  th e role s i n Ui e lexica l  semanti c structur e o f  th e nou n i n 
th e complement ,  th e quali a structure .  Typ e coercio n look s t o 
th e quali a structur e fo r  a n elemen t  o f  meanin g wit h th e logica l 
typ e require d b y th e semantic s o f  th e verb . 

I t  coul d als o b e argue d tha t  th e missin g elemen t  i s filled 
i n fro m contex t  vi a pragmati c processin g rathe r  tha n fro m a 
richly  structure d lexica l  representation .  Ther e ar e stron g ar -
guments ,  however ,  fo r  lexica l  specificatio n o f  som e aspect s 
of  me tonym y (se e e.g .  Copestak e (1992 )  fo r  discussion) .  A n 
additiona l  argument ,  whic h wil l  b e provide d i n thi s p^)er ,  i s 
tha t  a  purel y pragmati c approac h woul d fai l  t o constrai n th e 
possibl e interpretation s o f  logica l  metonymie s an d therefor e 
woul d fai l  t o accoun t  fo r  th e ful l  rang e o f  data .  Conside r  th e 
discours e i n (3) ,  fo r  example .  T h e contex t  clearl y cue s a n in -
terpretatio n o f  th e sentenc e (3b )  o f  Joh n wil l  begi n destroyin g 
th e book s tomorrow .  However ,  thi s sentenc e i s infelicitou s i n 
thi s discourse .  I n contrast ,  (3c )  i s felicitou s i n th e discours e 
an d ha s th e expecte d interpretation . 

(3 )  a .  Joh n wil l  b e audite d b y th e IRS ,  s o h e ha s bee n de -
stroyin g thing s whic h migh t  incriminat e him .  H e ha s 
destroye d th e files  an d th e compute r  disks . 

b. *  H e wil l  begi n th e book s tomorrow . 

c.  H e wil l  begi n on/wit h th e book s tomorrow . 

A purel y pragmati c approac h woul d fai l  t o constrai n th e 
pt)ssibl e interpretation s o f  logica l  metonymies ,  whil e a  purel y 
lexica l  approac h fail s t o accommodat e th e potentia l  contex -
tua l  influenc e o n the.s e interpretation s (a s require d t o explai n 
th e possibilit y  o f  (la )  bein g interprete d a s (Id)) .  A  combina -
tio n o f  th e tw o approache s i s necessar y t o explai n th e rang e 
of  logica l  me tonym y data .  I n thi s paper ,  I  wil l  sho w tha t  in -
formatio n derive d i n th e lexico n ca n b e use d t o constrai n th e 
possibl e interpretation s o f  a  phras e i n suc h a  w a y tha t  eve n a 
stron g contex t  canno t  overrid e th e lexica l  specifications .  Fur -
thermore ,  I  wil l  argu e tha t  thes e specification s coul d no t  b e 
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relegated  t o th e pragmati c componen t  withou t  a  reductio n i n 
th e generalit y o f  th e treatmen t  o f  logica l  metonym y phenom -
ena.  Thus ,  lexica l  specificatio n o f  convention s ar e necessary , 
and th e pragmati c componen t  mus t  b e abl e t o utiliz e th e in -
formatio n comin g fro m th e lexico n i n th e appropriat e ways . 

Interpretation of Logical Metonymies 

Lexical Approaches 

As introduced above, the lexically-based explanations of log-
ica l  metonym y depen d o n th e representatio n o f  cor e lexica l 
semanti c informatio n fo r  nominal s i n th e fon n o f  quali a struc -
ture .  Thi s structur e specifie s fou r  essentia l  aspect s o f  a  word' s 
meaning ,  describe d wit h respec t  t o th e denotatio n o f  th e wor d 
(Pustejovsky ,  1991,1995 )  — constitutive :  th e relatio n be -
twee n th e objec t  an d it s constituen t  parts ;  formal :  tha t  whic h 
distinguishe s objec t  withi n a  large r  domain ;  TELIC ;  th e func -
tio n o f  th e object ,  wha t  i s don e wit h it ;  an d AGENTIVE:  h o w 
th e objec t  cam e int o being . 

The role s i n quali a structur e relevan t  t o logica l  metonym y 
ar e th e teli c  an d agentiv e roles ,  a s thes e tw o role s wil l  specif y 
eventualitie s involvin g th e denotatio n o f  th e nou n i n th e N P 
complement .  Fo r  example ,  th e predicat e i n th e teli c rol e o f 
book ,  i s  reading ,  whil e th e predicat e i n it s agentiv e rol e i s writ -
ing .  Mos t  existin g approache s assum e tha t  al l  concret e noun s 
alway s hav e bot h th e teli c an d agentiv e role s .specified ,  an d 
thu s th e eventualitie s specifie d tlier e ar e alway s availabl e t o 
th e proces s o f  typ e coercio n whe n establishin g th e interpreta -
tio n o f  a  logica l  metonym y structure .  N o othe r  interpretation s 
wil l  b e available ,  correctl y rulin g ou t  th e specifie d interpreta -
tion s o f  th e sentence s (4) ,  sinc e th e desire d eventualitie s d o 
not  fill  a  rol e i n th e quali a structur e o f  th e nomina l  objects . 

(4) John began the stone (*moving) I the b(X)k (*clestroying) 
I  th e deser t  (*crossing ) 

Typeaiercion, however, must be constrained in some way, 
as ther e ar e interpretation s o f  metonymie s predicte d o n th e 
basi s o f  th e eventualitie s i n quali a structur e whic h ar e actuall y 
ungnimmatical ,  suc h a s tho.s e i n (5) .  Th e constraint s whic h 
must  b e adde d t o a  quali a structur e approac h t o typ e coercio n 
t o rul e ou t  suc h example s hav e bee n di.scus.se d b y Godar d an d 
Jaye z (1993 )  an d Pustejovsk y an d Bouillo n (1995) . 

(5) John began the highway (*driving on) I the dictionary 
(̂ consulting ) 

The constraint which Godard and Jayez (1993) pn)po.se to 
rul e ou t  thes e case s i s tha t  th e reconstructe d even t  shoul d b e 
a kin d o f  modificatio n (expressin g a n intuitio n tha t  th e ob -
jec t  usuall y come s int o being ,  i s consumed ,  o r  undergoe s a 
chang e o f  state) .  Pustejovsk y an d Bouillo n (1995 )  develo p 
conswaint s o n typ e coercio n i n term s o f  th e aspectua l  prop -
ertie s o f  th e reconstructe d event .  Thei r  accoun t  relie s o n a 
structure d representatio n o f  events ,  i n whic h subevent s ar e 
represente d an d th e "focus "  o f  th e even t  i s  marke d a s th e hea d 
of  th e even t  structure .  Left-heade d structure s correspon d t o 
accomplishments ,  whil e right-headed  structure s correspon d 
t o achievements .  Th e aspectua l  constrain t  o n typ e coercion , 
then ,  i s tha t  th e complemen t  o f  begi n mus t  b e a  left-heade d 
TRANSITION.  Sentence s lik e (5 )  ar e therefor e rule d ou t  be -
cau.s e drivin g o n th e highway ,  etc .  ar e activitie s withou t  a 
definit e endpoint ,  rathe r  tha n left-heade d transitions . 

Thes e constraints ,  however ,  d o no t  rul e ou t  al l  implausibl e 
metonymies ,  an d rul e ou t  som e plausibl e ones .  Th e sentence s 
i n (6 )  shoul d b e rule d ou t  o n th e specifie d interpretations , 
despit e th e associate d event s al l  bein g left-beade d transition s 
specifie d i n quali a structure .  I n contrast ,  thos e i n (7 )  woul d 
incorrectl y b e rule d ou t  sinc e th e interpretation s conve y activ -
ities . 

(6) John began the film (*watching) I the nails (*hammering 
in )  I  th e doo r  (*opening .  *walkin g through ) 

(7 )  Joh n bega n daycar e a t  hi s m o m ' s wor k (attending )  I  th e 
violi n whe n h e wa s five  (playing )  I  acupunctur e i n Apri l 
and homeopath y i n Augus t  (undergoing ) 

The solutio n t o thi s argue d fo r  i n Verspoo r  (1996 )  reject s th e 
assumptio n tha t  al l  noun s hav e teli c role s specifie d i n quali a 
structur e an d reject s th e effectivenes s o f  th e propose d aspec -
tua l  consuaint s i n capturin g th e rang e o f  logica l  metonym y 
data ,  whil e acceptin g tha t  th e context-independen t  natura l  in -
terpretatio n o f  logica l  metonyniie s doe s appea r  t o correspon d 
t o eithe r  th e teli c o r  agentiv e rol e o f  th e nou n i n th e N P 
complement .  I t  i s  therefor e propose d i n tha t  i>spe i  tha t  no t 
al l  artifact s hav e a  conventionalize d teli c even t  i n th e quali a 
structure .  Thos e tha t  d o no t  hav e thi s conventionalize d even t 
ar e infelicitou s i n logica l  metonymi c constructions .  Exam -
ple s suc h a s (5 )  an d (6 )  ar e rule d ou t  becaus e th e relevan t 
eventualitie s ar e no t  specifie d i n th e quali a structure ,  whil e 
the y ar e fo r  (7) . 

Combined Lexical and Pragmatic Approaches 

Lascaride s an d Copestak e (1995 )  ( L & C )  exten d th e lexica l 
approache s t o logica l  metonym y t o develo p a  syste m whic h 
take s int o accoun t  th e potentia l  influenc e o f  contex t  o n th e 
reconstructio n o f  a n even t  i n a  coerciv e environment .  The y 
utiliz e th e ide a tha t  lexica l  default s — default s specifie d i n 
quali a structur e — persis t  beyon d th e lexico n int o th e prag -
mati c component ,  an d ar e therefor e potentiall y  overridde n b y 
defaul t  pragmati c information . 

L & C formaliz e thei r  approac h i n a  unification-base d frame -
work ,  wid i  a  theor y o f  lexica l  structur e i n whic h th e lexica l  en -
trie s ar e type d defaul t  featur e structure s (TDFSs) ,  an d whic h 
utilize s persisten t  defaul t  unificatio n ( P D U )  (Lascaride s e t  a l 
1996) .  Th e lexico n i s hierarchicall y ordere d (a s describe d i n 
e.g .  Copestak e (1992)) .  The y adop t  Pustejovsky' s notio n o f 
quali a sUnicture ,  whic h provide s lexica l  defaults .  Fo r  exam -
ple ,  th e teli c rol e o f  boo k i s rea d b y default .  Othe r  aspect s 
of  lexica l  representatio n follo w th e lexica l  representatio n lan -
guag e (LRL )  (Copestake ,  1993b) . 

I n th e pragmati c componen t  D I C E (Lascaride s an d Asher , 
1991) ,  L & C propos e tw o axioms ,  i )  D e f a u l t s S u r v i v e : 
lexica l  generalisation s normall y appl y i n a  discours e contex t 
and ii )  D i s c o u r s e W i n s :  conflictin g discours e informa -
tio n win s ove r  lexica l  defaults .  Thes e axiom s togethe r  ca n 
be u.se d t o explai n w h y (8a )  ha s th e interpretatio n (8b )  rathe r 
tha n (8c) ,  eve n thoug h th e teli c  rol e o f  boo k i s read . 

(8 )  a .  M y goa t  eat s anything .  H e reall y enjoye d you r  book . 

b.  Th e goa t  enjoye d eatin g you r  book . 

c.  Th e goa t  enjoye d readin g you r  book . 

Sinc e L & C buil d o n th e Pustejovsk y  ̂ proac h t o logica l 
metonymy ,  the y adop t  th e assumptio n o f  ful l  representatio n o f 

117 

http://tho.se
http://cau.se


quali a structur e an d rel y o n constraint s applie d prio r  t o prag -
mati c processin g t o rul e ou t  implausibl e metonymies .  Th e 
approac h therefor e suffer s fro m th e sam e over -  an d under -
generatio n a s purel y lexica l  approaches ,  bu t  i t  i s  full y  com -
patibl e wit h th e Verspoo r  (1996 )  vie w o n wha t  informatio n i s 
lexicall y specified .  I  n o w tur n t o th e interactio n o f  tha t  lexica l 
informatio n wit h th e pragmati c component ,  an d sho w h o w 
thi s ca n b e use d t o accoun t  fo r  incoheren t  discourse s suc h a s 
tha t  i n (3a,b) . 

Lexical Constraints Interacting with Context 

A n E x a m p l e 

Th e discours e i n (9 )  exemplifie s a  contras t  betwee n th e behav -
io r  o f  begi n (o r  an y aspectua l  ver b whic h m a y b e substituted ) 
and othe r  verbs .  Th e sentenc e (9c(i) )  i s  infelicitou s a s a  con -
tinuatio n o f  th e discours e (9a,b) ,  while  th e sentence s (9c(ii -
iii) )  ar e not .  Thi s parallel s th e distinctio n i n (3) .  Assumin g 
tha t  defaul t  interpretation s fo r  begi n (on )  you r  boo k an d enjo y 
you r  boo k ar e predicte d fro m th e lexicon ,  th e exampl e sug -
gest s tha t  th e defaul t  interpretatio n o f  begin+N P canno t  b e 
overridde n b y contextua l  cue s fo r  it s interpretation ,  whil e th e 
defaul t  interpretation s o f  begi n o n + N P an d enjoy+N P ca n be . 

(9 )  a  M y goa t  wen t  nut s las t  night . 

b.  H e at e everythin g i n hi s cage . 

c.  i. *  H e bega n you r  boo k a t  9pm . 
ii .  H e bega n o n you r  boo k a t  9pm . 
iii .  H e particularl y enjoye d you r  book . 

Thi s contras t  wa s modele d i n Verspoo r  (1996 )  b y havin g a  syn -
tacti c rul e associate d wit h th e structur e aspectua l  verb+N P t o 
trigge r  th e operatio n DefFil l  (define d i n Lascaride s e t  a l  1996) . 
Thi s operatio n convert s th e tyi>e d defaul t  featur e structur e 
( T D F S )  representin g th e lexicall y specifie d defaul t  interpre -
tatio n o f  th e aspectua l  ve rb+N P phras e t o a  non-defaul t  type d 
featur e structur e (TFS )  prio r  t o pragmati c processing ,  thu s 
restrictin g th e interpretation s whic h persis t  int o th e pragmati c 
componen t  t o thos e tha t  ar e lexicall y specified .  Thi s opera -
tio n i s no t  triggere d i n th e case s o f  begi n o n o r  enjo y o r  simila r 
verbs ,  an d thu s i n thes e case s di e lexicall y .specifie d defaul t 
interpretatio n remain s defaul t  an d ca n b e overridde n b y con -
textua l  informatio n vi a th e axio m D i s c o u r s e W i n s . 

I t  wa s claime d i n Verspoo r  (1996 )  dia t  th e conflic t  i n prag -
madcs betwee n th e non-defaul t  informatio n comin g fro m th e 
lexical/grammadca l  component s an d th e interpretado n sug -
geste d b y contex t  ca n resul t  i n a  judgemen t  o f  th e sentenc e i n 
questio n a s infelicitous ,  bu t  di e proces s underlyin g Uii s judge -
ment  wa s no t  explained .  I  wil l  outlin e i t  here ,  showin g h o w 
di e judgemen t  cruciall y depend s o n th e non-defaul t  natur e o f 
th e lexicall y specifie d interpretatio n fo r  begi n th e book ,  whic h 
lead s t o a n inabilit y  t o connec t  di e sentenc e coherend y t o di e 
precedin g discourse . 

The Analysis 

D I C E i s a  theor y whic h allow s u s t o comput e rhetorica l  link s 
betwee n segment s o f  discours e o n di e basi s o f  di e speaker' s 
backgroun d semanti c an d pragmad c knowledge .  Discours e 
representation s produce d b y D I C E ar e i n th e for m o f  seg -
mente d D R S s (SDRSs )  (Asher .  1993) ,  i n whic h discourse s 
ar e represente d a s D R S s plu s discours e relations .  Thes e dis -
cours e relation s ac t  a s constraint s o n discours e coherenc e b y 

r-

e, e ,x, y 
goat(x ) 
bc'gin{e ,  x ,  e' ) 
book{y ) 
read{e' ,  x,y ) 

8: 

e, e ,x, y 
goat{x ) 
begin{e ,  x ,  e' ) 
book{y ) 
acl-on-pred(e' ,  x ,  y ) 

e, e ,x, y 
goat(x ) 
enjoy{e ,  x ,  e' ) 
book(y ) 
acl-on-pred(e' ,  x ,  y ) 
*read(e' ,  i ,  y ) 

Figur e 1 :  Logica l  form s as.sociate d wit h th e thre e discours e 
continuation s i n (9c) . 

constrainin g di e semanti c conten t  o f  th e D R S s die y connect . 
For  example ,  i f  di e discours e relatio n Narration ,  whic h con -
vey s tha t  on e constituen t  o f  di e discours e i s a  consequen t  o f  a 
previou s constituent ,  i s  t o bold ,  i t  mus t  b e possibl e t o comput e 
a c o m m o n topi c betwee n th e tw o consdtuents .  Thi s explain s 
di e incoherenc e o f  th e discours e i n (10 )  — dier e i s n o topi c 
share d betwee n th e tw o sentence s i n th e discourse . 

(10)*Ma x cam e in .  Mary' s hai r  i s black . 

For  reason s o f  space ,  I  wil l  no t  b e abl e t o giv e a  forma l 
accoun t  o f  th e analysi s o f  th e discourse s i n (9) .  Rather ,  I 
wil l  giv e a n informa l  descriptio n o f  th e analysis .  Th e reade r 
i s referre d t o Lascaride s an d Ashe r  (1991 ,  1993) ,  Lascaride s 
and Copestak e (1995) ,  an d Lascaride s e t  a l  (1995 )  fo r  detail s 
of  di e fonnfia l  applicatio n o f  D I C E . 

I  labe l  di e D R S s representin g (9a,b )  a s a ,  j 8 an d di e D R S s 
representin g (9c(i-iii) )  a s 7,5 ,  e  respectivel y i n Figur e 1 .  Th e 
D RS 7  wil l  represen t  th e indefeasibl e interpretation// e bega n 
readin g you r  boo k a t  9 p m fo r  (9c(i)) ,  becaus e di e sentenc e 
has di e for m begin+N P an d s o th e defaul t  teli c  even t  rea d i s 
promote d t o indefeasibl e vi a DefFil l  i n thi s case .  I n contrast , 
S wil l  represen t  th e interpretatio n H e bega n doin g somethin g 
wit h you r  boo k (ther e i s n o defaul t  interpretatio n fo r  wha t  di e 
even t  don e wit h th e boo k i s i n di e cas e o f  begi n on )  an d t 
represent s di e defeasibl e interpretatio n H e enjoye d readin g 
you r  book .  T h e *  i n di e D R S e  mark s di e fac t  tha t  th e teli c 
even t  i s a  defaul t  specification .  I t  ha s remaine d defaul t  afte r 
lexicosyntacti c processin g du e t o di e natur e o f  enjoy+NP . 
Th e proces s b y whic h dies e interpretation s ar e determine d i s 
describe d i n detai l  i n Verspoo r  (1996) . 

Le t  u s conside r  h o w th e rule s appl y t o di e discours e 
(9a,b,c(i)) .  / ? mus t  b e attache d t o a .  Assumin g dia t  D I C E 
calculate s tha t  eatin g everythin g i n hi s cag e i s a  subtyp e o f 
goin g nuts ,  w e ca n attac h a  t o f i  wit h th e discours e relado n 
Elaboration ,  whic h conveys ,  a s intuition s woul d dictate ,  dia t 
th e even t  i n / 3 i s a  par t  o f  th e even t  i n a .  N o w w e mus t  incor -
porat e 7  int o th e S D R S Elaboration{a ,  (3) .  W e ca n attemp t 
t o attac h 7  t o eithe r  a  o r  / ? wit h a  discours e reladon . 

Attachin g 7  direcd y t o a  doe s no t  see m t o b e possible . 
Intuitively ,  ther e i s n o generalizado n betwee n a:goin g nut s 
and y.beginnin g t o rea d you r  book ,  an d s o ther e doe s no t  see m 
t o b e a  topi c c o m m o n t o di e tw o structure s whic h i s consisten t 
wit h worl d knowledg e abou t  ̂oin ;  nuts .  Attachin g 7  t o a  wid i 
Narratio n i s therefor e no t  possible .  Furthermore ,  th e latte r 
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even t  i s  no t  a  subtyp e o f  th e former ,  an d s o Elaboratio n i s no t 
possibl e either .  Indeed ,  th e rule s i n D I C E wil l  comput e tha t 
no discours e relatio n ca n adequatel y relat e the m o n th e basi s 
of  semanti c an d pragmati c knowledge .  Attachin g 7  t o / ? iUs o 
fail s  i n a  simila r  manner .  Thus ,  ther e i s n o wa y t o mak e sens e 
of  (9c(i) )  give n th e precedin g contex t  an d th e indefeasibl e 
interpretatio n resultin g fro m lexicosyntacti c processing ,  a s 
(9a,b,c(i) )  i s  predicte d i n D I C E t o b e a n incoheren t  discourse . 

We ca n contras t  thi s wit h th e discourse s (9a,b,c(ii) )  an d 
(9a,b,c(iii)) .  I n bot h discourses ,  w e hav e th e sam e first  ste p a s 
above :  P  i s attache d t o a  wit h th e relatio n Elaboration .  Sub -
sequently ,  th e DRS s fo r  th e continuatio n o f  th e discourses , 
6 an d f  respectively ,  mus t  b e attached .  Thi s i s don e i n bot h 
case s accordin g t o th e analysi s i n L & C (1995 )  (fo r  detail s se e 
tha t  paper) .  Sinc e 6  provide s onl y a n underspecifie d inter -
pretation ,  th e contex t  serve s t o specif y act-on-pred{e' ,  x ,  y ) 
t o eat{e',x,y) .  Thi s occur s a s a  resul t  o f  th e constraint s 
impose d b y th e rhetorica l  relations ;  th e stronges t  coherenc e 
fo r  th e discours e result s whe n J  i s i n a  clea r  rhetorica l  rela -
tio n t o th e previou s discourse .  Here ,  doin g somethin g wit h 
you r  boo k ha s n o clea r  relatio n t o eatin g everythin g i n hi s 
cag e wherea s eatin g you r  boo k i s a  subtyp e o f  tha t  even t  an d 
so th e doin g somethin g wit h you r  boo k even t  i s specifie d t o 
eatin g you r  book .  Similarly ,  fo r  f  th e contex t  override s th e 
defaul t  interpretatio n read(e',x ,  y )  wit h eat{e',x ,  y) ,  vi a th e 
axio m D iscours e W i n s combine d wit h th e preferenc e fo r 
a strongl y coheren t  discourse .  I n thi s case ,  eatin g you r  boo k 
i s i n a  muc h stronge r  rhetorica l  relatio n t o eatin g everythin g 
i n hi s cag e tha n readin g you r  boo k i s an d s o th e forme r  i s  pre -
ferred .  Fo r  eac h o f  thes e discourses ,  then ,  a n interpretatio n 
of  th e continuin g sentenc e i s establishe d whic h woul d allo w 
DIC E t o attac h th e sentenc e t o th e discours e vi a a  clea r  rhetor -
ica l  relation .  Thi s explain s th e felicit y o f  thes e discourse s i n 
contras t  t o th e discours e (9a,b,c(i)) . 

Infeasibility of a purely pragmatic explanation 

I  hav e show n tha t  lexica l  specificatio n o f  default s combine d 
wit h syntacti c contro l  ove r  th e persistenc e o f  thes e default s 
int o th e pragmati c componen t  facilitate s interpretatio n o f  log -
ica l  metonymie s i n a  discours e context .  A  purel y pragmati c 
explanatio n (e.g .  Hobb s e t  al ,  1993 )  o f  suc h data ,  i.e .  a n 
explanatio n no t  relyin g o n lexicosyntacti c factor s bu t  onl y 
on worl d knowledg e an d contextua l  influences ,  woul d fai l 
t o accoun t  fo r  th e incoherenc e o f  th e discourse s (3a,b )  an d 
(9a,b,c(i) )  i n contfas t  t o th e coherenc e o f  th e discourse s (3a,c ) 
and (9a,b,c(ii)) . 

The semanti c representation s fo r  begi n th e boo k an d be -
gi n on/wit h th e boo k i n suc h a n approac h woul d b e identica l 
— the y woul d bot h correspon d t o th e logica l  for m 6  i n Fig -
ur e 1 ,  a s ther e woul d b e n o lexica l  specificatio n o f  defaul t 
interpretation s assumed .  Ther e woul d therefor e b e n o basi s 
fo r  distinguishin g thei r  behavio r  wit h respec t  t o th e influenc e 
of  discourse ,  eve n i f  on e wante d t o assum e tha t  th e abilit y  o f 
discours e informatio n t o influenc e th e interpretatio n o f  a  par -
ticula r  constructio n wer e specifie d pragmatically .  On e prob -
abl y doe s no t  wis h t o mak e suc h a n assumptio n i n an y cas e 
sinc e th e primar y determinin g facto r  o f  thi s behavio r  seem s t o 
be syntactic .  Furthermore ,  th e specificatio n o f  defaul t  inter -
pretation s o f  logica l  metonymie s i n th e pragmati c componen t 
woul d resul t  i n a  grea t  los s o f  generality ,  becaus e informatio n 
suc h a s th e relationshi p betwee n possibl e defaul t  interpreta -

tion s an d th e semantic s o f  th e nou n i n th e N P complemen t 
(i.e .  th e fac t  tha t  defaul t  interpretation s correspon d t o th e teli c 
or  agentiv e roles )  coul d no t  b e capture d i n an y straightfor -
war d way ,  an d als o becau.s e ther e ar e severa l  differen t  type s 
of  metonymie s (no t  onl y verb+N P Ini t  als o adjective+noun ) 
whic h displa y th e sam e interpretatio n patterns .  A  pragmati c 
approac h woul d b e force d t o specif y  th e defaul t  interpretatio n 
of  eac h individua l  logica l  metonym y i n a n a d ho c manner . 

Conclusions 

A lexically-drive n approac h t o logica l  metonym y allow s pre -
diction s abou t  th e rang e o f  interpretation s fo r  thes e construc -
tion s an d th e defeasibilit y  o r  indefeasibilit y  o f  thos e inter -
pretation s t o b e capture d i n a  genera l  way .  Th e definitio n 
of  a  pragmati c componen t  whic h ha s acces s t o thi s lexica l 
informatio n i s critica l  t o th e modelin g o f  th e behavio r  o f  log -
ica l  metonymie s i n discours e contexts .  I  hav e show n tha t 
th e infelicit y o f  certai n logica l  metonym y construction s i n 
some discourse s depend s o n th e non-defaul t  natur e o f  th e lex -
icosyntacticall y determine d interpretatio n fo r  suc h construc -
tions .  W h e n a  non-defaul t  interpretatio n fo r  a  sentenc e canno t 
be coherentl y tie d i n t o th e discours e i n whic h th e sentenc e 
appears ,  discours e informatio n canno t  overrid e tha t  interpre -
tatio n wit h a  mor e coheren t  one .  an d s o th e sentenc e i s judge d 
infelicitou s i n tha t  discours e — th e discours e a s a  whol e i s 
weak.  Thi s wor k emphasize s th e comple x natur e o f  th e in -
teractio n betwee n lexicosyntacti c an d pragmati c processing ; 
discourse-leve l  analysi s i s ofte n constraine d b y lexica l  prop -
ertie s o f  th e constituent s o f  th e discourse . 

An ope n issu e whic h remain s i s wh y i t  i s  tha t  ver b phrase s 
diffe r  i n th e persistenc e o f  thei r  defaul t  interpretation s int o th e 
pragmati c component . 
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Abstrac t 

The induction of rules by making queries is a dynamical 
proces s base d o n seekin g information .  Experimenter s 
typicall y loo k fo r  on e dominan t  strateg y tha t  i s use d b y 
subjects ,  whic h ma y o r  ma y no t  agre e wit h normativ e 
model s o f  thi s psychologica l  process .  I n thi s stud y w e 
approac h thi s proble m fro m a  differen t  perspective ,  re -
late d t o wor k i n learnin g theor y (se e fo r  exampl e Bau m 
1991,  Freun d e t  al .  1995) .  Usin g informatio n theor y 
i n a  Bayesia n framework ,  w e estimate d th e informatio n 
gaine d b y querie s whe n th e tas k i s t o find  a  specifi c  rul e 
i n a  hypothesi s space .  Assumin g tha t  a t  eac h poin t  sub -
ject s hav e a  preferre d workin g hypothesis ,  w e considere d 
severa l  possibl e strategies ,  an d determine d th e bes t  on e 
so tha t  informatio n gai n b  maximize d a t  eac h step .  W e 
foun d tha t  whe n th e confidenc e i n th e preferre d hypoth -
esi s i s weak ,  "Confirmatio n Queries "  resul t  i n maximu m 
informatio n gain ;  th e informatio n gaine d b y "Investiga -
tio n Queries "  i s highe r  whe n th e confidenc e i n th e pre -
ferre d hypothesi s i s high .  Considerin g th e dynamica l 
proces s o f  searchin g fo r  th e rule ,  startin g wit h lo w con -
fidence  i n th e preferre d hypothesi s an d graduall y raisin g 
confidence ,  ther e shoul d b e a  transitio n fro m th e "Con -
firmation  Strategy "  t o th e "Investigativ e Strategy" ,  a s 
th e searc h proceeds .  I f  w e assum e tha t  subject s up -
dat e thei r  belief s regardin g th e task ,  whil e performing , 
we woul d expec t  tha t  th e "Positiv e Confirmatio n Strat -
egy "  woul d yiel d mor e informatio n a t  lo w confidenc e 
leve b whil e th e "Negativ e Confirmatio n Strategy "  (sim -
pl e elimination )  woul d b e mor e informativ e a t  highe r 
confidenc e levels . 
We teste d subject s performanc e i n suc h a  task ,  usin g a 
paradig m introduce d b y Waso n (1960) .  Al l  subject s first 
assumed a  hypothesi s an d the n mad e positiv e confirma -
tio n queries .  Upo n receivin g confirmation ,  hal f  th e sub -
ject s presente d negativ e confirmatio n querie s an d later , 
hal f  switche d int o investigativ e querie s befor e attempt -
in g t o gues s th e experimenter' s rule .  Also ,  th e frequenc y 
of  querie s i n th e mor e 'advanced '  strategie s wen t  dow n 
as th e confidenc e leve l  require d t o evok e th e strateg y 
went  up .  W e conclud e tha t  subject s appea r  t o b e us -
in g differen t  strategie s a t  differen t  stage s o f  th e search , 
whic h i s theoreticall y optima l  whe n querie s ar e guide d 
by a  paradig m tha t  maximize s informatio n gai n a t  eac h 
step . 

I n t r o d u c t i o n 

Investigatin g th e inductio n o f  rule s b y makin g querie s i s 
an activ e are a o f  research .  O n e o f  th e pioneerin g studie s 
i n thi s field  wa s b y Waso n (1960 )  w h o presente d sub -
ject s wit h a  rul e inductio n tas k an d foun d tha t  subject s 
tende d t o mak e querie s tha t  conformme d t o th e rul e the y 
hav e i n mind ,  counte r  t o th e 'normative '  approac h sug -
gestin g tha t  subject s shoul d tr y t o -lâ r̂ov e thei r  hy -
potheses .  Mor e recen t  studie s (Klayma n &  Ha ,  1987) , 
(Oaksfor d k  Chater ,  1994 )  suggeste d tha t  unde r  som e 
condition s i t  m a y b e bette r  t o us e a  confirmatio n strat -
egy rathe r  tha n th e disprovin g one . 

I n general ,  th e informatio n gaine d a t  eac h ste p o f  th e 
searc h depend s o n th e hypothesi s spac e i n whic h th e 
searc h i s  conducte d an d o n th e aprior i  belief s regard -
in g th e probabilit y  fo r  eac h hypothesi s i n thi s spac e t o 
be th e targe t  hypothesis .  A n additiona l  facto r  i s ho w 
th e belief s ar e update d give n ne w information .  I n thi s 
study ,  w e presen t  a  theoretica l  framewor k fo r  a  searc h 
i n a  larg e hypothesi s spac e an d stud y th e informatio n 
gaine d b y severa l  searc h strategies .  Althoug h th e spac e 
i s large ,  w e stud y strategie s tha t  conside r  explicitl y a 
smal l  numbe r  o f  workin g hypotheses ,  whil e makin g ver y 
genera l  assumption s regardin g th e res t  o f  th e space . 

We predic t  tha t  differen t  strategie s wil l  b e adopte d a t 
differen t  stage s o f  th e search ,  a s th e confidenc e i n th e 
workin g hypothese s increases .  W e compar e ou r  theo -
retica l  result s wit h behavio r  o f  subject s i n a  modifie d 
experimen t  alon g th e line s o f  th e 'triple s guessin g game ' 
suggeste d b y Waso n (1960) . 

Theory 

Her e w e presen t  an d analyz e a  theoretica l  mode l  fo r  th e 
rul e inductio n problem .  W e sugges t  a n optima l  behav -
io r  base d o n maximizatio n o f  th e informatio n gaine d b y 
individua l  queries .  W e defin e fou r  type s o f  querie s an d 
find  unde r  whic h condition s i t  i s  bes t  t o us e whic h strat -
egy .  W e begi n wit h definitions .  Th e searc h i s conducte d 
i n a  hypothesi s spac e { H ]  whic h w e assum e contain s N 
independen t  hypotheses .  Eac h hypothesis ,  h„ ,  define s a 
uniqu e subset s ove r  a  dat a spac e { D } .  Eac h hypothe -
si s ca n b e represente d b y a  binar y functio n whic h ha s 
valu e 1  a t  dat a point s tha t  li e withi n th e specifi c  sub -
set ,  an d valu e 0  a t  othe r  dat a point s i n { D } .  On e o f 
th e hypotheses ,  ht ,  i s  chose n t o b e th e targe t  hypoth -
esi s whic h a n 'optima l  seeker '  need s t o find  b y makin g 
queries .  Wit h eac h query ,  th e seeke r  choose s a  poin t  d 
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i n {D }  an d i s the n informe d whethe r  thi s dat a poin t 
belong s t o th e targe t  subspac e o r  not .  A t  eac h poin t 
i n th e search ,  th e knowledg e tha t  th e seeke r  ha s abou t 
th e solutio n i s represente d b y assignin g eac h on e o f  th e 
hypothese s a  probabilit y  tha t  i t  i s  th e targe t  hypoth -
esis ,  p[h„ ]  =  p[h n =  ht] -  Th e resul t  i s  a  probabilit y 
distributio n ove r  th e hypothesi s spac e whic h reflect s th e 
knowledg e o r  uncertaint y o f  th e seeker .  Th e entrop y S 
of  th e probabilit y  distributio n ove r  th e hypothese s spac e 
i s a  measur e o f  uncertainty : 

N 
5(P )  =  - E p [ M i o g ( p [ M ) (1 ) 

n =  l 

wher e P  i s th e probabilit y  distributio n P  =  {p(/in)} -
The entrop y increase s wit h th e uncertainty ,  whic h ca n 
be easil y demonstrate d b y tw o extrem e cases :  (a )  Whe n 
th e targe t  hypothesi s i s know n an d ther e i s n o uncer -
tainty ,  p[ht ]  =  1  an d al l  othe r  probabilitie s ar e 0 .  I t  i s 
easy t o se e tha t  i n thi s cas e th e entrop y i s 0 .  (b )  Whe n 
th e uncertaint y i s a t  it s  maximum ,  al l  hypothese s ar e 
equiprobable ,  p[/»„ ]  =  l/N .  Th e correspondin g entrop y 
i s log(iV) ,  whic h i s th e maximu m valu e th e entrop y ca n 
have i n thi s case .  Normally ,  ther e i s som e knowledg e re -
gardin g th e probabilit y  distributio n an d th e entrop y wil l 
have intermediat e values .  Prio r  t o choosin g a  quer y d , 
ther e i s a  prio r  probabilit y  distributio n ove r  th e hypothe -
ses space ,  P °  =  {p''[hn] }  wit h a  correspondin g entrop y 
SiP" )  a s define d b y (1) .  Upo n receivin g th e informa -
tio n ht{d) ,  th e seeke r  update s th e probabilitie s an d th e 
resul t  i s  a  se t  o f  posterio r  probabilitie s P P =  {p''[/in]} -
Basically ,  an y hypothesi s h „  suc h tha t  hn{d )  ̂  ht{d )  i s 
rule d out ,  i.e .  f̂ [/i„' ]  =  0 .  We assum e tha t  th e proba -
bilitie s o f  th e remainin g (surviving )  hypotheses ,  ar e up -
date d accordin g t o Baye s rule .  Th e uncertaint y change s 
t o S{P'') .  Thi s chang e depend s o n th e valu e tha t  wil l 
be obtaine d i n repl y t o th e query ,  whic h i s no t  know n i n 
advance .  Thus ,  th e expecte d uncertaint y afte r  makin g 
th e quer y i s give n b y th e expecte d entrop y 

E S i P n =  p M d )  ̂  ^siP^htid )  =  I ) 
+p[h,id )  =  0]SiPP\htid )  =  0 ) (2 ) 

The differenc e betwee n th e prio r  entrop y an d th e poste -
rio r  expecte d entrop y i s th e informatio n gaine d b y th e 
query : 

E I G =  S{P ' ) -  ESiP" )  (3 ) 

The posterio r  probabilitie s ma y b e update d usin g dif -
feren t  rules ,  bu t  i n thi s stud y w e choos e t o updat e th e 
belief s usin g Bayes '  rule .  Therefore , 

pP[h„Md) ]  = 
p[ht{d)\h„]p[h„ ] 

p M d ) ] 
(4 ) 

wher e ht{d )  ca n b e equa l  t o 1  o r  0 .  Unde r  thes e condi -
tion s i t  i s  eas y t o se e tha t  th e expecte d informatio n gai n 
i s equa l  t o th e entrop y o f  th e informatio n sourc e ht{d) , 
sinc e th e hypothese s ar e deterministi c function s ove r  th e 
dat a se t  {D} : 

EI G =  - p M d )  =  1 
- p M d )  =  o : 

log( p 
log( p 

M d)  =  1] ) 
M d)  =  0]) . 

(5 ) 

I n orde r  t o comput e th e expecte d informatio n gaine d 
by an y query ,  on e need s t o estimat e th e prio r  probabil -
it y  o f  th e possibl e value s o f  ht{d )  an d th e bes t  strateg y 
woul d b e t o choos e querie s tha t  ar e expecte d t o yiel d 0 
or  1  wit h probabilit y  o f  0.5 .  I n othe r  word s choosin g th e 
quer y tha t  i s  leas t  predictabl e wil l  yiel d th e maxima l  in -
formatio n gain .  I n orde r  t o d o so ,  however ,  on e need s t o 
kno w th e value s o f  man y hypothese s a t  eac h dat a point , 
an abilit y  tha t  require s a  larg e memor y capacit y whe n 
dealin g wit h a  larg e space ,  se e (Freun d e t  al .  1995) . 
Sinc e human s hav e a  limite d capacit y fo r  workin g mem-
ory ,  th e strategie s use d b y subject s wil l  probabl y no t  b e 
optimal ,  leadin g perhap s t o th e us e o f  mor e tha n on e 
strateg y a t  differen t  times ,  i n a  wa y tha t  approximate s 
th e optima l  strategy . 

We no w appl y thi s fo r  th e specia l  cas e o f  rul e induc -
tion .  On e o f  th e mai n limitin g factor s i s th e memor y 
capacity ,  whic h translate s i n thi s cas e t o th e numbe r 
of  hypothese s subject s ca n conside r  simultaneously .  We 
conside r  strategie s tha t  involv e a  smal l  numbe r  o f  ex -
plici t  workin g hypotheses ;  othe r  hypothese s ar e consid -
ere d implicitl y  b y assumin g tha t  ther e i s som e averag e 
probabilit y  fo r  a  'random '  hypothesi s t o hav e a  valu e 1 
at  an y specifi c  dat a poin t 

r=p[/»„(d )  =  l] .  (6 ) 

Thi s i s equivalen t  t o assumin g tha t  ther e i s a  typica l 
siz e o f  th e subset s correspondin g t o th e hypothese s i n 
th e space .  We defin e fou r  differen t  strategies ,  bu t  ou r 
analysi s coul d b e easil y expande d t o more . 

The first  tw o type s o f  strategie s ar e th e "Confir -
matio n Strategies" ,  whic h ca n b e positiv e o r  negative . 
When subject s hav e on e workin g hypothesis ,  an d d o no t 
conside r  an y alternatives ,  the y ca n mak e tw o type s o f 
queries .  Th e "Positiv e Confirmatio n Strategy "  (PCS ) 
querie s ar e thos e dat a point s tha t  confor m t o th e work -
in g hypothesis ,  i n othe r  words :  these s ar e th e 'classical ' 
confirmatio n querie s (se e [Waso n I960]) .  Th e "Negativ e 
Confirmatio n Strategy "  (NCS )  querie s ar e thos e whic h 
yiel d a  negativ e repl y wit h respec t  t o th e workin g hy -
pothesis .  I n bot h cases ,  subject s conside r  onl y T H E 
WORKing hypothesis ,  an d n o alternativ e hypotheses , 
as a  guid e t o th e querie s tha t  the y make . 

Let  h w b e th e workin g hypothesis ,  the n thi s implie s 
tha t 

p̂ /iu ,  =  ht ]  >  p'lhr ,  =  ht] ,  ni^w .  (7 ) 

Sinc e w e assum e tha t  al l  othe r  hypothese s ar e equi -
probable ,  th e probabilit y  o f  al l  othe r  hypothese s i s 

Pn=(l-P«.)/(A^-1) ,  n i^ w (8 ) 

Ther e ar e tw o possibl e type s o f  queries :  th e Positiv e 
Confirmatio n query ,  wit h a  dat a poin t  dp c fo r  whic h 
hw{dpc )  =  1  an d th e Negativ e Confirmatio n query ,  wit h 
a poin t  dn c fo r  whic h hw{dpc )  =  0 .  Whe n choosin g a 
Positiv e Confirmatio n query ,  dpc ,  w e ca n estimat e th e 
prio r  probabilit y  p[/i((<fpc )  =  1] .  I f  th e workin g hypothe -
si s i s correct ,  ĥ ,  =  ht ,  th e repl y wil l  b e 1 .  Ther e i s als o 
a fractio n r  o f  th e hypothese s fo r  whic h /in'(rfpc )  =  1 
define d i n (6) .  Th e probabilit y  tha t  th e repl y wil l  b e 1 
is : 

p[ht{dpc )  =  1 ]  =  p ^  -I -  ( 1 -  p„) r  (9 ) 
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A simila r  analysi s hold s fo r  th e negativ e confirmatio n 
query ,  fo r  whic h 

p[htidnc )  =  0 ]  =  { l -Pw) r (10 ) 

T wo othe r  type s o f  strategie s considere d her e ar e "In -
vestigativ e Strategies "  i n whic h th e seeke r  consider s a 
workin g hypothesi s an d a n alternativ e hypothesi s simul -
taneously .  An y quer y whic h conform s t o on e hypothe -
si s bu t  doe s no t  confor m t o th e other ,  wil l  enabl e th e 
subjec t  t o rul e ou t  on e o f  thes e hypotheses .  W e de -
fine  th e "Positiv e Investigatio n Strategy "  (PIS )  whe n 
a quer y conform s t o th e workin g hypothesi s an d doe s 
not  confor m t o h e alternativ e hypothesis .  Similarly ,  de -
fine  th e "Negativ e Investigatio n Strategy "  (NIS )  whe n a 
quer y conform s t o th e alternativ e hypothesi s an d doe s 
not  confor m t o th e workin g hypothesis .  Not e tha t  th e 
onl y differenc e betwee n th e Confirmatio n Strategie s an d 
th e Investigativ e Strategie s i s th e existanc e o f  a n alter -
nativ e hypothesis . 

Formally ,  w e defin e th e alternativ e hypothesis ,  ha ,  a s 
th e hypothesi s whic h i s les s favorabl e tha n h^ ,  bu t  i s 
preferabl e t o othe r  hypothese s i n th e space . 

pIM > P'iha] > P'lh„] n^w,a. (11) 

The Positive Investigation query dpi is defined by 
hw(dpi )  =  l./»o(<̂ pi )  =  0 .  Th e probabilit y  tha t  th e repl y 
wil l  b e 1  is : 

p[ht{dpi )  =  1 ]  =  ( 1 -  p ^  -  pa) r  +  p u (12 ) 

The Negativ e Investigatio n i s simila r  t o th e Positiv e In -
vestigatio n onl y i t  ha s th e opposit e value s wit h respec t 
t o /lu ,  an d h a an d th e probabilit y  tha t  th e repl y wil l  b e 
1 is : 

P[ht{dni )  =  I ]  =  { I  -  Pu ,  -  Pa) r  +  P a (13 ) 

One ca n generaliz e ou r  analysi s t o th e cas e wher e ther e 
i s mor e tha n on e alternative ;  th e result s d o no t  chang e 
significantly . 

I n summary ,  th e strategie s ar e define d b y tw o criteria : 
First ,  ho w man y favorabl e hypothese s ar e bein g consid -
ere d simultaneously ? A  workin g hypothesi s i s alway s 
considered ,  bu t  subject s ma y o r  ma y no t  conside r  a n 
alternativ e hypothesis .  Secondly ,  I s th e favorabl e hy -
pothese s positiv e o r  negativ e a t  th e quer y point ? 
The facto r  tha t  determine s th e informativenes s o f  th e 
quer y i s th e predictabilit y  o f  th e reply ,  whic h w e ca n es -
timat e fo r  eac h strategy .  Th e averag e informatio n gaine d 
by th e differen t  queries ,  usin g eqs .  (3 )  &  (5 )  is : 

EIG = p[h,id) = \]\og{p[htid) = I]) 
+{ 1 -  p M d )  =  l])\og{ l  -  p[h,{d )  =  I] ) 

(14 ) 
wher e p[ht{d )  =  1 ]  i s  th e probabilit y  o f  th e repl y t o quer y 
d t o b e 1 ,  an d th e close r  p[ht(d )  =  1 ]  i s  t o 0.5 ,  th e mor e 
informativ e th e quer y is .  W e summariz e th e result s i n 
th e followin g table : 

Quer y Typ e 

Pos.  Conf . 

Neg.  Conf . 

Pos.  Inv . 

Neg.  Inv . 

Dat a Poin t 

d =  dp . 

d =  dn c 

d =  dp i 

d =  d„ i 

p M d )  =  I J 

( 1 -pu;) r  +  pu , 

(l-Pu/)* -

( I  -pu ,  -Pa) r  +  P w 

( 1 - P m -Pa) r  +  P a 

Tabl e 1 .  Predictabilit y  o f  queries :  probabilit y  o f  repl y 
equal s 1 . 

Thes e condition s lea d t o a  numbe r  o f  predictions ,  as -
sumin g tha t  th e optima l  strateg y i s adopted .  Regard -
les s o f  wha t  r  is ,  th e confirmatio n strategie s ar e al -
ways preferabl e t o th e investigativ e strategie s a t  lo w con -
difenc e p ^  <  0. 5 -| -  Par/ 2 an d th e othe r  wa y aroun d 
when th e confidenc e i s high .  U p t o thi s critica l  value , 
\p[htidpc,nc )  =  1 ]  -  0.5 |  <  |p[/i,(dp.,„. )  =  1 ]  -  0.5| ,  an d 
the n th e relatio n i s reversed .  Fro m a  simila r  compari -
son o f  th e positiv e an d negativ e confirmatio n strategies , 
when r  <  0. 5 th e positiv e confirmatio n i s alway s bet -
te r  tha n th e negativ e confirmatio n an d whe n r  >  0. 5 
th e negativ e confirmatio n i s preferabl e t o th e positiv e 
confirmation .  Althoug h w e hav e n o direc t  measur e o f 
th e subjectiv e valu e o f  r  usin g th e curren t  experimenta l 
paradigm ,  w e assum e tha t  subject s updat e thei r  subjec -
tiv e estimat e o f  r  alon g th e search ,  fro m a  lo w valu e 
at  th e star t  t o a  highe r  valu e afte r  receivin g frequen t 
replie s o f  1 ,  du e t o th e specifi c  desig n o f  th e Waso n test . 
I n summary ,  w e predict : 

•  Differen t  strategie s wil l  b e use d b y subject s accordin g 
t o th e followin g order :  positiv e confirmation ,  negativ e 
confirmatio n an d last ,  investigatio n 

•  Th e late r  strategies ,  correspondin g t o highe r  confi -
denc e levels ,  wil l  b e les s frequen t  sinc e subject s gues s 
th e rul e a t  differen t  subjectiv e confidenc e levels , 

•  Confirmatio n strategie s shoul d b e correlate d wit h lo w 
confidence ,  an d investigativ e strategie s wit h hig h con -
fidence. 

Experimental Paradigm 

Subject s wer e aske d t o discove r  a  mathematica l  rul e tha t 
applie s t o triple s o f  number s b y writin g dow n set s o f 
thre e number s alon g wit h th e reason s fo r  th e choice . 
The y wer e als o aske d t o writ e dow n thei r  bes t  gues s o f 
th e unknow n rul e a t  thi s poin t  an d thei r  confidenc e tha t 
thi s ma y b e th e correc t  rule .  I n addition ,  the y wer e 
aske d t o not e thei r  predictio n o f  wha t  wil l  b e th e experi -
menter' s repl y an d thei r  confidenc e i n thei r  bes t  gues s a s 
wel l  a s th e predicte d reply .  Th e confidenc e wa s rate d a s 
Low,  Medium ,  Hig h o r  Ver y High .  Subject s wer e give n 
one confirmin g exampl e t o begi n th e process ,  an d al l 
replie s wer e kep t  o n a  for m (Figur e 1) .  Subject s wer e 
give n onl y on e chanc e t o explicitl y  gues s th e rule ,  afte r 
whic h th e proces s terminated .  W e analyze d th e dat a ac -
cordin g t o th e definition s o f  th e strategie s give n i n Tabl e 
1.  whic h ar e demonstrate d i n Figur e 2 .  W e assume d tha t 
th e bes t  gues s a t  eac h poin t  wa s th e workin g hypothesi s 
of  subjects . 
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R e s u l t s 

We analyze d dat a fro m 2 0 subjects ,  generatin g a  tota l 
of  9 9 queries .  W e considerie d th e bes t  gues s t o b e th e 
workin g hypothesis . 

Confidenc e level s wer e transforme d t o number s be -
twee n 1-4 .  Th e mos t  frequen t  strateg y wa s th e posi -
tiv e confirmation :  19/2 0 subject s use d i t  a t  som e point . 
Th e secondar y mos t  frequen t  wa s th e negativ e confirma -
tion :  10/2 0 subject s use d it .  Th e leas t  frequentl y use d i s 
th e investigatio n strategy :  5/20 .  Thi s perfectl y matche d 
our  theoretica l  predictions ,  althoug h othe r  explanation s 
can b e give n fo r  th e sam e data .  Sinc e th e Investigativ e 
strategie s wer e muc h rarel y used ,  w e poole d dat a fro m 
th e Positiv e an d Negativ e Investigatio n querie s together . 

We conside r  eac h quer y t o b e a n independen t  event . 
Th e confidenc e leve l  wa s foun d t o b e correlate d wit h 
th e differen t  type s o f  strategie s tha t  ar e use d (Figur e 
3) .  However ,  th e tw o confirmatio n strategie s wer e no t 
significantl y different ,  probabl y du e t o a  smal l  sampl e 
size .  Th e investigativ e strategie s wer e foun d t o b e use d 
at  significantl y highe r  confidenc e level s wit h p  <  0.05 . 

A simila r  analysi s wa s performe d fo r  th e orderin g o f 
th e differen t  strategies .  Eac h quer y wa s give n a n order -
in g labe l  withi n eac h subject' s  game ,  accordin g t o it s se -
quentia l  numberin g normalize d b y th e numbe r  o f  querie s 
aske d b y eac h individual .  Tha t  is ,  eac h quer y receive d 
a labe l  betwee n 0  an d 1 .  Ther e i s a  correlatio n betwee n 
th e typ e o f  strateg y an d th e orderin g (Figur e 4) .  Th e 
Positiv e Confirmatio n strateg y whic h i s mor e commonl y 
use d i n th e beginnin g o f  th e game ,  wa s foun d signifi -
cantl y differen t  fro m th e Negativ e Confirmatio n whic h i s 
use d a t  mor e advance d sequencing ,  wit h p  <  0.06 .  Th e 
investigativ e strateg y wa s foun d t o b e use d a t  highe r 
sequencing ,  an d i s significantl y distinc t  fro m th e Confir -
matio n strategie s wit h p  <  0.05 . 

I t  wa s interestin g tha t  16/2 0 subject s starte d thei r 
guesse s b y a  positiv e confirmatio n quer y t o whic h the y 
expecte d a  negativ e reply .  Thi s suggest s tha t  subject s 
initiall y  expec t  tha t  th e probabilit y  o f  a  rando m quer y t o 
yiel d a  positiv e repl y i s low ,  i n accordanc e wit h ou r  as -
sumptio n tha t  r  ̂  0.5 .  2/ 8 subject s wh o foun d th e cor -
rec t  rul e use d onl y positiv e confirmatio n queries .  Thes e 
subject s performe d a  serie s o f  spontaneou s change s i n 
thei r  workin g hypothesis . 

Summary 

We hav e presente d a  theoretica l  analysi s o f  informa -
tio n searc h i n a  larg e hypothesi s space .  W e hav e show n 
tha t  subject s use d differen t  searc h strategie s a t  differen t 
stage s o f  th e search ,  i n a  wa y tha t  wa s correlate d wit h 
confidenc e i n thei r  workin g hypothesis .  Th e confidenc e 
leve l  appear s a s a  significan t  paramete r  i n theoreticall y 
determinin g th e bes t  searc h strategy ,  a s wel l  a s i n pre -
dictin g th e behavio r  o f  subjects . 

An importan t  facto r  i n ou r  analysi s i s th e assumptio n 
tha t  subject s update d thei r  subjectiv e belief s regardin g 
th e repl y t o a  rando m query ,  a  directio n w e inten d t o 
explor e i n th e future . 

I n addition ,  on e ca n easil y show ,  usin g th e paradig m 
we hav e presented ,  tha t  a s th e hypothesi s spac e become s 

larger ,  i t  i s les s valuabl e t o conside r  alternativ e hypothe -
ses .  Evidenc e fo r  thi s notio n wa s foun d b y (Va n Wal -
lendaelan d an d Hastie ,  1990 )  wh o showe d tha t  whe n th e 
number  o f  possibl e alternativ e hypothese s wa s large ,  sub -
ject s tende d t o updat e thei r  belief s regardin g on e work -
in g hypothesi s only .  A s th e spac e siz e wa s reduce d (i n 
tha t  stud y th e spac e i s quit e small) ,  subject s bega n t o 
updat e thei r  belie f  i n mor e tha n on e hypothesis . 

I n ou r  theoretica l  analysi s w e assume d tha t  th e sub -
ject s update d thei r  belief s abou t  th e likelihoo d o f  receiv -
in g positiv e (o r  negative )  answer s durin g th e task ,  whic h 
i s equivalen t  t o th e presume d siz e o f  th e targe t  subset . 
Thi s correlate s wit h th e anchorin g effec t  (Kahnema n an d 
Tversky ,  1974) :  informatio n tha t  i s explicitl y  no t  rele -
van t  t o th e tas k subject s ar e require d t o perfor m stil l 
affect s th e behavio r  o f  subjects . 
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Thre e 

Nnmbei s 

eumple : 

2,4, 6 

Piedcle d 

Repl y 

Confidenc e 

i n reply; 
UM,H. v 

Reasons fo r 

Choic e 

Be$t;ijessofnil e 

I t  thi s poin t 

Confidenc e 

i n bes t  guess : 
UM,H, V 

REPLY 

YES 

3 

COD f i  deuc e 

leve l  ^ 

1. 

Strategy : 

1 

1 

positiv e negativ e -^^^^^^^^ 

confirmatio n confirmatio n 

n = 7 4 n = 1 2 n = 1 3 

Figur e 1 :  T h e for m use d i n th e experiment . Figur e 3 :  Correlatio n betwee n strateg y an d confidenc e 
level ,  n  i s th e n u m b e r  o f  querie s tha t  correspon d t o 
eac h strategy .  T h e erro r  bar s represen t  th e standar d 
deviatio n o f  th e distribution s an d no t  th e deviation s o f 
th e m e a n s . 

Query Typ e 

1 Positiv e 
Confiiraatio n 

2 Negativ e 
Conrnraatio n 

•1 Positiv e 
Investigatio n 

^  Negativ e 
Investigatio n 

Thre e 
Numben 

6,8.1 0 

1.3. 5 

8,10.1 2 

2,6,1 0 

Reasons fo r 
Choio e 

confir m 

les t 

rul e ou t  possbilil y  tha t 
nurabei s ar e multiple s 
of  th e firel  numbe r 

pertiap s al l  triple s 
of  increasin g even s 

Best  gues s o f 
Rul e a t  thi s poin t 

eve n number s 
increasin g b y 2 

eve n number s 
increasin g b y 2 

eve n number s 
Increasin g b y 2 

eve n number s 
increasin g b y 2 

1. 0 

relativ e 

positio n 

i n th e o 5 _ 

sequenc e 

Strategy : 

r- -| 

r- -1 
-- | 

positiv e negativ e i„^g^ig3,.p „ 

confirmatio n confirmatio n 

n=74 n=1 2 n=1 3 

Figur e 2 :  Definitio n o f  fou r  differen t  type s o f  queries . Figur e 4 :  Orde r  o f  strategies ,  n  i s th e n u m b e r  o f  querie s 
tha t  correspon d t o eac h strategy .  T h e erro r  bar s repre -
sen t  th e standar d deviatio n o f  th e distribution s an d no t 
th e deviation s o f  th e m e a n s . 
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{ h o f  f r a g e , g i g e r e n z e r } @ m p i p f - m u e n c h e n . m p g . d e 

Abst rac t 
Previou s researc h o n Bayesia n inference ,  reportin g poo r 
performanc e b y student s an d expert s alike ,  ha s ofte n le d t o 
th e conclusio n tha t  th e min d lack s th e appropriat e 
cognitiv e algorithm .  W e argu e tha t  thi s conclusio n i s 
unjustifie d becaus e i t  doe s no t  tak e int o accoun t  th e 
informatio n forma t  i n whic h thi s cognitiv e algorith m i s 
designe d t o operate .  W e demonstrat e tha t  a  Bayesia n 
algorith m i s  computationall y simple r  whe n th e 
informatio n i s  represente d i n a  frequenc y rathe r  tha n a 
probabilit y  forma t  tha t  ha s bee n use d i n previou s research . 
A frequenc y forma t  correspond s t o th e wa y informatio n i s 
acquire d i n natura l  sampling—sequentiall y an d withou t 
constraint s o n whic h observation s wil l  b e include d i n th e 
sample .  Base d o n th e assumptio n tha t  performanc e wil l 
reflec t  computationa l  complexity ,  w e predic t  tha t  a 
frequenc y forma t  yield s mor e Bayesia n solution s tha n a 
probabilit y  format .  W e teste d thi s predictio n i n a  stud y 
conducte d wit h 4 8 physicians .  Usin g outcom e an d proces s 
analysis ,  w e categorize d thei r  individua l  solution s a s 
Bayesia n o r  non-Bayesian .  Whe n informatio n wa s 
presente d i n th e frequenc y format ,  4 6 % o f  thei r  inference s 
wer e obtaine d b y a  Bayesia n algorithm ,  a s compare d t o 
onl y 1 0 % whe n th e problem s wer e presente d i n th e 
probabilit y  format .  W e discus s th e impac t  o f  ou r  result s o n 
teachin g statistica l  reasoning . 

I s th e mind ,  b y design ,  predispose d agains t  performin g 
Bayesia n inference ? Th e classica l  probabilist s o f  th e 
Enlightenment ,  includin g Condorcet ,  Poisson ,  an d Laplace , 
w ho equate d probabilit y  theor y wit h th e c o m m o n sens e o f 
educate d people ,  woul d hav e sai d th e answe r  i s  no .  An d 
when War d Edward s an d hi s  colleague s (Edwards ,  1968 ) 
starte d t o tes t  experimentall y whethe r  huma n inferenc e 
follow s Hayes '  theorem ,  the y gav e th e sam e answer : 
althoug h "conservative, "  inference s wer e usuall y 
proportiona l  t o thos e calculate d fro m Hayes '  theorem . 
Kahneman an d Tversk y (1972 ,  p .  450) ,  however ,  arrive d a t 
th e opposit e conclusion :  "I n hi s evaluatio n o f  evidence ,  m a n 
i s apparentl y no t  a  conservativ e Bayesian :  h e i s no t  a 
Hayesia n a t  all. "  I n th e 1970 s an d '80s ,  proponent s o f  thei r 
"heuristics-and-biases "  progra m amasse d a n apparentl y 
damnin g bod y o f  evidenc e tha t  peopl e systematicall y neglec t 
bas e rate s i n Hayesia n inferenc e problems .  Thi s coul d b e 
show n no t  onl y wit h students ,  bu t  als o wit h expert s i n thei r 
fields,  fo r  instance ,  wit h physician s (Casscells , 
Schoenberger ,  &  Grayboys ,  1978 ;  Eddy ,  1982) . 

Thus ,  ther e ar e tw o contradictor y claim s a s t o whethe r 
peopl e naturall y reaso n accordin g t o Hayesia n inference .  I n 

thi s pape r  w e argu e tha t  bot h view s ar e base d o n a n 
incomplet e analysis :  The y focu s o n cognitiv e processes , 
Bayesia n o r  otherwise ,  withou t  makin g th e connectio n 
betwee n wha t  w e wil l  cal l  a  cognitiv e algorith m an d a n 
informatio n format .  W e (a )  provid e a  theoretica l  framewor k 
(base d o n Gigerenze r  an d Hoffrage ,  1995 )  tha t  specifie s wh y 
a frequency  forma t  shoul d improv e Hayesia n reasonin g an d 
(b )  presen t  a  stud y tha t  test s thi s hypothesis . 

Algorithms Are Designed for 
I n f o r m a t i o n F o r m a t s 

Our argument centers on the intimate relationship between a 
cognitiv e algorith m an d a n informatio n format .  Thi s poin t 
was mad e i n a  mor e genera l  for m b y th e physicis t  Richar d 
Feynman .  I n hi s classi c Th e Characte r  o f  Physica l  U w 
(1967) ,  Feynma n place s grea t  emphasi s o n th e importanc e 
of  derivin g differen t  formulation s fo r  th e sam e physica l  law , 
eve n i f  the y ar e mathematicall y equivalen t  (e.g. ,  Newton' s 
law ,  th e loca l  field  method ,  an d th e m i n i m u m principle) . 
Differen t  representation s o f  a  physica l  law ,  Feynma n 
remind s us ,  ca n evok e varie d menta l  picture s an d thu s assis t 
i n makin g ne w discoveries :  "Psychologicall y the y ar e 
differen t  becaus e the y ar e completel y unequivalen t  whe n yo u 
ar e tryin g t o gues s ne w laws "  (p .  53) .  Likewise ,  Stephe n 
Palme r  (1978 )  point s ou t  i n hi s analysi s o f  differen t  mode s 
of  representatio n "tha t  n o for m o f  representationa l 
equivalenc e guarantee s tha t  performanc e characteristic s wil l 
be th e sam e fo r  tw o representation s embedde d i n proces s 
models "  (p .  272) . 

Conside r  numerica l  informatio n a s on e exampl e o f  a n 
externa l  representation .  Number s ca n b e represente d i n 
R o m a n,  Arabic ,  an d binar y systems ,  a m o n g others .  Thes e 
representation s ca n b e mappe d one-to-on e ont o eac h othe r 
and ar e i n thi s sens e mathematicall y equivalent .  Bu t  th e 
for m o f  representatio n ca n m a k e a  differenc e fo r  a n algorith m 
tha t  does ,  say ,  multiplication .  Th e algorithm s o f  ou r  pocke t 
calculators ,  fo r  instance ,  ar e tune d t o Arabi c number s a s 
inpu t  dat a an d woul d fai l  badl y i f  on e entere d binar y 
numbers . 

Our  genera l  argumen t  i s tha t  mathematicall y equivalen t 
representation s o f  informatio n entai l  algorithm s tha t  ar e no t 
necessaril y  computationall y equivalent .  Thi s poin t  ha s a n 
importan t  corollar y fo r  researc h o n inductiv e reasoning . 
Suppos e w e ar e intereste d i n figuring  ou t  wha t  algorith m a 
syste m uses .  W e wil l  no t  detec t  th e algorith m i f  th e 
representatio n o f  informatio n w e provid e th e syste m doe s 
not  matc h th e representatio n wit h whic h th e algorith m 
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works .  Fo r  instance ,  assum e tha t  i n a n effor t  t o find  ou t 
whethe r  a  system ,  suc h a s a  pocke t  calculator ,  ha s a n 
algorith m fo r  multiplication ,  w e fee d tha t  syste m binar y 
numerals .  Th e observatio n tha t  th e syste m produce s mostl y 
garbag e doe s no t  entai l  th e conclusio n tha t  i t  lack s a n 
algorith m fo r  multiplication .  W e wil l  n o w appl y thi s 
argumen t  t o Bayesia n inference . 

Probability Format 

In this paper we focus on an elementary form of Bayesian 
inferenc e tha t  ha s bee n th e subjec t  o f  almos t  al l 
experimenta l  studie s o n Bayesia n inferenc e i n th e las t  2 5 
years .  Th e followin g "mammograph y problem "  (adapte d 
fro m Eddy ,  1982 )  i s on e example : 

Mammography problem (probability format) 
The probabilit y  o f  breas t  cance r  i s 1 % fo r  a  w o m a n a t  ag e 
fort y w h o participate s i n routin e screening .  I f  a  w o m a n 
has breas t  cancer ,  th e probabilit y i s  8 0 % tha t  sh e wil l 
hav e a  positiv e mammography .  I f  a  w o m a n doe s no t  hav e 
breas t  cancer ,  th e probabilit y i s  1 0 % tha t  sh e wil l  als o 
hav e a  positiv e mammography . 
A w o m a n i n thi s ag e grou p ha d a  positiv e mammograph y 
i n a  routin e screening .  Wha t  i s th e probabilit y  tha t  sh e 
actuall y ha s breas t  cancer ? % 

There are two mutually exclusive and exhaustive 
hypothese s (H :  breas t  cance r  an d - H :  n o breas t  cancer )  an d 
one observatio n (D :  positiv e test) .  Al l  informatio n (bas e 
rate ,  hi t  rate ,  an d fals e alar m rate )  i s represente d i n term s o f 
single-even t  probabilitie s attache d t o a  singl e person .  (Here , 
the y ar e expresse d a s percentages ;  alternatively ,  the y ca n b e 
presente d a s number s betwee n zer o an d one. )  Th e tas k i s t o 
estimat e a  single-even t  probability .  Th e algorith m neede d t o 
calculat e th e Bayesia n posterio r  probabilit y 
p(cancerlpositive )  fro m thi s forma t  ca n b e see n i n Figur e 1 
(lef t  side) ,  wher e th e informatio n i s  alread y inserte d int o 
Bayes '  rule .  Th e resul t  i s  .075 . 

We kno w fro m severa l  studie s tha t  physicians ,  colleg e 
student s (Eddy ,  1982) ,  an d staf f  a t  Harvar d Medica l  Schoo l 
(Casscells ,  Schoenberger ,  &  Grayboys ,  1978 )  al l  hav e 
equall y grea t  difficultie s wit h thi s an d simila r  medica l 
diseas e problems .  Fo r  insunce ,  Edd y (1982 )  reporte d tha t  9 5 
out  o f  10 0 physician s estimate d th e posterio r  probabilit y t o 
be betwee n 7 0 % an d 8 0 % ,  rathe r  tha n 7.5% . 

I n th e las t  fe w decades ,  thi s probabilit y  forma t  ha s becom e 
a c o m m o n wa y t o communicat e information ,  foun d 
everywher e fro m medica l  an d statistica l  textbook s t o 
psychologica l  experiments .  No t  surprisingly ,  th e 
experimenter s w h o hav e amasse d th e evidenc e tha t  human s 
fai l  t o mee t  th e norm s o f  Bayesia n inferenc e hav e usuall y 
give n thei r  subject s informatio n i n th e probabilit y  forma t 
(o r  it s variant ,  i n whic h on e o r  mor e o f  th e thre e percentage s 
ar e relativ e frequencies) .  Bu t  i t  i s  onl y on e o f  man y 
mathematicall y equivalen t  way s o f  representin g information . 
I t  is ,  moreover ,  a  recentl y invente d notation :  Percentage s 
became c o m m o n notatio n onl y durin g th e 19t h century . 
H o w di d organism s acquir e informatio n befor e tha t  time ? 

Probabilit y  F o r m a t  F r e q u e n c y F o r m a t 

P(H) 

p(D|H ) 

p(D|-H ) 

p (diseas e |  symptom ) 

.0 1 X  .8 0 

.01X.8 0 +  .99X.1 0 

p (diseas e |  symptom ) 

8 

8 +  9 9 

Figur e 1 :  Bayesia n inferenc e an d informatio n representatio n 
(probabilit y  forma t  an d frequenc y forma t  wit h 
frequencie s a s obtaine d b y natura l  sampling) . 

Natura l  S a m p l i n g o f  Frequenc ie s 

We assume that as humans evolved, the "natural" format 
was frequenc y a s actuall y experience d i n a  serie s o f  events , 
rathe r  tha n probabilit y o r  percentage .  F ro m animal s t o 
neura l  networks ,  system s see m t o lear n abou t  contingencie s 
throug h sequentia l  encodin g an d updatin g o f  even t 
frequencies.  Thi s sequentia l  acquisitio n o f  informatio n b y 
updatin g even t  frequencies  withou t  grtifipiall y  fixin g th e 
margina l  frequencies  (e.g. ,  o f  diseas e an d no-diseas e cases )  i s 
what  w e refe r  t o a s natura l  samplin g (Kleiter ,  1994) . 
Brunswik' s "representativ e design "  i s  a  specia l  cas e o f 
natura l  samplin g (Brunswik ,  1955) .  I n contrast ,  i n 
experimenta l  researc h th e margina l  frequencies  ar e typicall y 
fixed  a  priori .  Fo r  instance ,  a n experimente r  m a y wan t  t o 
investigat e 10 0 peopl e wit h diseas e an d a  contro l  grou p o f 
100 peopl e withou t  disease .  Thi s kin d o f  samplin g wit h 
fixed  margina l  frequencies  i s no t  wha t  w e refe r  t o a s natura l 
sampling . 

Th e evolutionar y argumen t  tha t  cognitiv e algorithm s wer e 
designe d fo r  frequency  information ,  acquire d throug h natura l 
sampling ,  ha s implication s fo r  th e computation s a n 
organis m need s t o perfor m whe n makin g Bayesia n 
inferences .  Imagin e a n old ,  experience d physicia n i n a n 
illiterat e society .  Sh e ha s n o book s o r  statistica l  survey s an d 
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therefor e mus t  rel y solel y o n he r  experience .  He r  peopl e 
hav e bee n afflicte d b y a  previousl y unknow n an d sever e 
disease .  Fortunately ,  th e physicia n ha s discovere d a 
sympto m tha t  signal s th e disease ,  althoug h no t  wit h 
certainty .  I n he r  lifetim e sh e ha s see n 1,00 0 people ,  1 0 o f 
w h o m ha d th e disease .  O f  thos e 10 ,  8  showe d th e symptom ; 
of  th e 99 0 no t  afflicted ,  9 5 did .  N o w a  ne w patien t  appears . 
He ha s th e symptom .  Wha t  i s th e probabilit y  tha t  h e 
actuall y ha s th e disease ? 

The physicia n i n th e illiterat e societ y doe s no t  nee d a 
pocke t  calculato r  t o estimat e th e Bayesia n posterior .  Al l  sh e 
need s i s th e numbe r  o f  case s tha t  ha d bot h th e sympto m an d 
th e diseas e (here :  8 )  an d th e numbe r  o f  sympto m case s (here : 
8 +  95) .  Th e Bayesia n algorith m fo r  computin g th e 
posterio r  probabilit y  fro m th e frequency  forma t  ca n b e see n 
i n Figur e 1  (righ t  side) .  Th e physicia n doe s no t  nee d t o kee p 
trac k o f  th e bas e rat e o f  th e disease .  He r  mode m counterpart , 
th e medica l  studen t  wh o struggle s wit h single-even t 
probabilitie s presente d i n medica l  textbooks ,  ma y o n th e 
othe r  han d hav e t o rely  o n a  calculato r  an d en d u p wit h littl e 
understandin g o f  th e result 

So far ,  w e hav e see n tha t  Bayesia n algorithm s ar e 
computationall y simple r  whe n informatio n i s encode d i n a 
frequency  forma t  rathe r  tha n a  probabilit y  format .  B y 
"computationall y simpler "  w e mea n tha t  (a )  fewe r  operation s 
(multiplication ,  addition ,  o r  division )  nee d t o b e performe d 
i n th e friequency  format ,  an d (b )  th e operation s ca n b e 
performe d o n natura l  number s (absolut e frequencies)  rathe r 
tha n fractions  (suc h a s percentages) .  Fro m thi s observation , 
we deriv e th e predictio n tha t  a  frequencv  forma t  elicit s a 
substantiall y  highe r  proportio n o f  B^yesi ^  algorithm ? tha n 
a probabilit y  format .  Henceforth ,  whe n w e us e th e ter m 
"frequenc y format, "  w e alway s refer  t o frequencies  a s define d 
by th e natura l  samplin g tre e i n Figur e 1 . 

Study: Frequency Formats Improve 
B a y e s i a n R e a s o n i n g 

In a study previously conducted with 60 subjects from the 
Universit y o f  Salzburg ,  Austri a (se e Gigerenze r  &  Hoffrage , 
1995 ,  Stud y 1) ,  w e demonstrate d tha t  th e frequency  forma t 
elicite d a  substantiall y  highe r  proportio n o f  Bayesia n 
algorithm s tha n th e probabilit y  format .  I n 1 5 differen t 
inferentia l  problems ,  includin g th e mammograph y problem , 
Bayesia n reasonin g wen t  u p from  1 6 % i n th e probabilit y 
forma t  t o 4 6 % an d 5 0 % i n tw o version s o f  th e frequency 
format .  N o instructio n o r  feedbac k wa s given ;  th e 
informatio n forma t  b y itsel f  improve d Bayesia n reasoning . 
Simila r  result s wer e obtaine d b y Christensen-Szalansk i  an d 
Beach (1982 )  an d Cosmide s an d Toob y (1996) .  Now , 
remember  tha t  bot h Casscell s e t  al .  (1978 )  an d Edd y (1982 ) 
reported  poo r  performance s from  th e physician s the y 
investigated .  Becaus e Bayesia n reasonin g i s o f  grea t 
importanc e i n medicine ,  th e goa l  o f  th e curren t  stud y wa s t o 
see whethe r  no t  onl y student s bu t  als o physician s coul d gai n 
fro m a  frequentistic  representatio n o f  th e information .  On e 
migh t  suspec t  tha t  thi s metho d onl y work s wit h student s 
who lac k experienc e i n diagnosti c inference ,  bu t  no t  wit h 
physician s wh o mak e diagnosti c inference s ever y day .  O n 
th e othe r  hand ,  medica l  textbook s typicall y presen t 

informatio n abou t  bas e rates ,  hi t  rates ,  an d fals e alar m rates 
i n a  probabilit y  forma t  (a s i n Figur e I ,  lef t  side) .  Jus t  a s a 
pocke t  calculato r  i s unabl e t o proces s binar y numeral s 
adequately ,  physician s ma y b e unabl e t o proces s statistica l 
informatio n i f  i t  i s  presente d i n a  forma t  fo r  whic h thei r 
mind s wer e no t  designed . 

Method 

Participants. We investigated 48 Munich physicians, 18 
from  universit y hospitals ,  1 6 from  privat e o r  publi c 
hospitals ,  an d 1 4 from  privat e practice .  Mea n ag e wa s 4 2 
year s an d mea n tim e o f  professiona l  servic e wa s 1 4 year s 
wit h a  rang e o f  on e mont h t o 3 0 year s (ou r  sampl e include d 
beginner s a s wel l  a s director s o f  clinics) .  The y wer e studie d 
individually . 

Materials. We used four medical problems, including the 
mammography proble m adapte d from  Edd y (1982) .  Th e 
othe r  thre e problem s concerne d (1 )  colo n cance r  an d positiv e 
haemoccul t  bloo d test ,  (2 )  Bechterew' s diseas e an d HL -
Antige n B27 ,  an d (3 )  Phenylketonuri a an d positiv e Guthrie -
tes t  a s diseas e an d symptom ,  respectively .  W e consulte d 
expert s an d th e literatur e t o determin e th e bes t  statistica l 
informatio n availabl e fo r  th e bas e rates ,  hi t  rates ,  an d fals e 
alar m rates . 

Design and Procedure. For each problem we 
constructe d tw o versions :  on e i n th e probabilit y  forma t  an d 
one i n th e frequency  format .  Participant s receive d a  bookle t 
containin g al l  fou r  problems ,  tw o o f  the m i n probabilit y 
forma t  an d tw o i n frequency  format .  Assignmen t  o f 
problem s t o formats ,  a s wel l  a s orde r  o f  format s an d 
problem s wer e completel y counterbalanced . 

The physician s worke d o n th e bookle t  a t  thei r  ow n pac e 
(o n averag e 7  minute s pe r  problem) .  Eac h proble m wa s o n 
one sheet ,  followe d b y a  separat e shee t  wher e th e physician s 
wer e aske d t o mak e notes ,  calculations ,  o r  drawings .  Afte r 
filling  ou t  th e bookle t  the y wer e interviewe d abou t  thei r 
menta l  processes . 

Results 

We classified an inferential process as a Bayesian algorithm 
onl y i f  (a )  th e estimate d probabilit y  o r  frequency  wa s th e 
same a s th e valu e calculate d from  applyin g Bayes '  theore m 
t o th e informatio n give n (outcom e criterion) ,  w d th e note s 
th e physician s mad e whil e solvin g th e problem s and/o r  th e 
follow-u p interview s suggeste d tha t  th e answe r  wa s no t  jus t 
a gues s bu t  a  Bayesia n computatio n a s define d b y th e 
equation s i n Figur e 1  (proces s criterion) ,  q t  i f  (b )  th e 
solutio n wa s obtaine d b y a  shortcu t  algorith m tha t  stil l 
provide d th e correc t  answe r  plu s o r  minu s 5  percentag e 
points . 

The result s confirme d ou r  prediction :  Acros s al l  9 6 
individua l  proble m solution s fo r  th e probabilit y  forma t  (4 8 
physician s time s tw o problems) ,  1 0 % wer e correct ,  wherea s 
fo r  th e frequenc y format ,  4 6 % wer e correc t  (tdf=i9o=5-5 , 

p<0.001) .  Figur e 2  show s th e absolut e frequencie s o f 

Bayesia n solution s fo r  th e fou r  problems . 
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Figur e 2 :  Numbe r  o f  Bayesia n algorithm s i n th e fou r 
problems .  ( M a x i m u m numbe r  possible :  24. ) 

This  difference in performance is reflected in the remarks the 
physician s mad e whil e workin g o n th e problems .  Fo r 
instance ,  whe n workin g o n probability-forma t  problems , 
severa l  mad e complaint s suc h a s " I  simpl y can' t  d o that . 
Mathematic s i s no t  m y forte, "  o r  "Ther e i s a  formula ,  bu t  a t 
th e moment  I  can' t  deriv e it. "  However ,  wit h a  frequency 
format ,  som e typica l  remark s were ,  " N o w it' s  different .  It' s 
quit e eas y t o imagine .  Ther e i s a  frequency;  that' s mor e 
visual, "  o r  "Oh ,  h o w nice-thi s i s  jus t  lik e th e woc d 
problem s w e di d i n elementar y school .  A  first  grade r  coul d 
do this .  W o w ,  i f  someon e can' t  solv e this...! "  Lik e th e 
Bayesia n algorithms ,  th e non-Bayesia n algorithm s wer e als o 
format-specific :  I n 1 8 (5 )  ou t  o f  th e 9 6 probabilit y 
(frequency )  versions ,  ou r  physician s gav e th e hi t  rate . 
p(DIH) ,  a s th e posterior .  Fo r  th e algorith m tha t  w e tenme d 
likelihoo d subtraction .  p(DIH )  p(DI-H) ,  th e correspondin g 
number s wer e 2 0 (5 )  ou t  o f  96 .  T w o o f  th e algorithm s tha t 
wer e dominan t  i n th e frequency  forma t  wer e bas e rat e only . 
p(H) ,  whic h wa s applie d i n 1  (15 )  ou t  o f  9 6 case s i n th e 
probabilit y  (frequency )  format ,  an d percentag e positive . 
p(D) ,  wher e frequency  o f  us e wa s 0  (9 )  ou t  o f  96 , 
respectively .  (Les s frequent  algorithm s ar e no t  reporte d here) . 
For  2 8 (12 )  ou t  o f  th e 9 6 proble m solution s i n th e 
probabilit y  (frequency )  versio n w e wer e unabl e t o identif y 
any algorith m a t  all . 

The physician s spen t  abou t  2 5 % mor e tim e o n th e 
probabilit y  problems ,  whic h reflect s tha t  the y foun d thes e 
mor e difficul t  t o solve .  M a n y o f  the m reacte d ~  cognitively , 
emotionally ,  an d physiologicall y -  differentl y t o probabilit y 
and frequency  formats .  The y wer e mor e ofte n nervou s whe n 
informatio n wa s presente d i n probabilities ,  an d the y wer e 
les s skeptica l  o f  th e relevanc e o f  statistica l  informatio n t o 
medica l  diagnosi s whe n th e informatio n wa s i n frequencies. 
Bayesia n response s wer e ag e correlated :  Th e olde r  hal f  o f  th e 
physician s (mor e tha n 4 0 year s old )  contribute d onl y 3 7 % o f 
th e Bayesia n solutions ,  th e younge r  hal f  6 3 % . 

Discussion 

We return to our initial question: Is the mind, by design, 
predispose d agains t  performin g Bayesia n inference ? Th e 
conclusio n o f  2 5 year s o f  heuristics-and-biase s researc h 
woul d sugges t  a s much .  Thi s previou s research ,  however . 

has consistentl y neglecte d th e insigh t  tha t  mathematicall y 
equivalen t  informatio n format s nee d no t  b e psychologicall y 
equivalent .  A n evolutionar y poin t  o f  vie w suggest s tha t  th e 
min d i s  tune d t o a  frequency  format ,  whic h i s th e 
informatio n forma t  human s encountere d lon g befor e th e 
adven t  o f  probabilit y  theory .  W e hav e show n tha t 
mathematicall y equivalen t  representation s o f  informatio n ca n 
entai l  computationall y differen t  Bayesia n algorithm s an d w e 
reporte d a  stud y conducte d wit h physician s tha t  demonstrate d 
h o w performanc e ca n b e improve d b y presentin g th e 
informatio n i n th e frequency  rathe r  tha n th e probabilit y 
format . 

Thi s strikin g resul t  ca n b e usefu l  fo r  teachin g statistica l 
reasoning~ a field  tha t  i s  stil l  neglected ,  no t  onl y i n hig h 
schoo l  mathematic s educatio n bu t  ofte n i n researc h a s well . 
Up unti l  now ,  onl y a  fe w studie s hav e attempte d t o teac h 
Bayesia n inference ,  mainl y b y outcom e feedback ,  an d wit h 
littl e o r  n o success .  Th e presen t  framework  suggest s a n 
effectiv e wa y t o teac h Bayesia n inferenc e an d statistica l 
reasonin g i n general :  Instea d o f  teachin g rule s an d h o w t o 
inser t  probabilitie s int o them ,  i t  seem s t o b e mor e 
promisin g t o teac h representation s an d h o w t o translat e 
probabilitie s int o frequency  representations .  Sedlmeie r  an d 
Gigerenze r  (1996 )  implemente d bot h method s i n a 
computerize d tutoria l  system .  A n d indee d the y coul d sho w 
tha t  teachin g representation s yielde d performance s mor e tha n 
twic e a s goo d a s thos e obtaine d b y rul e training .  Moreover , 
th e advantag e remaine d stabl e 5  week s afte r  training ,  wherea s 
th e effec t  o f  th e rule-learnin g progra m ha d show n th e usua l 
rapi d decay . 

However ,  beside s teachin g statistica l  reasoning ,  ther e i s a 
m u ch mor e direc t  impac t  o f  ou r  results .  Physician s ar e ofte n 
reporte d t o becom e uneas y o r  eve n angr y whe n aske d fo r 
statistica l  informatio n (Eddy ,  1988) ,  an d t o believ e tha t  thei r 
patient s d o no t  understand ,  o r  d o no t  wan t  t o understand ,  th e 
uncertaintie s inheren t  i n diagnosi s an d therap y (Katz ,  1988) . 
We imagin e tha t  a  frequency  forma t  migh t  hel p improv e th e 
communicatio n betwee n patient s an d physician s (Bursztaj n 
et  al. ,  1981 )  an d provid e a  too l  fo r  helpin g th e patien t  t o 
become a  mor e ap t  decisio n maker . 
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Abstrac t 

We report empirical results on factors that influence how 
peopl e reaso n wit h defaul t  rule s o f  th e for m "Mos t  x' s hav e 
propert y P" ,  i n scenario s tha t  specif y informatio n abou t 
exception s t o thes e rule s an d i n scenario s tha t  specif y 
default-rul e inheritance .  Thes e factor s includ e (a )  whethe r 
th e individual ,  t o whic h th e defaul t  rul e migh t  apply ,  i s 
simila r  t o a  know n exception ,  whe n tha t  similarit y ma y 
explai n wh y th e exceptio n di d no t  follo w th e default ,  an d 
(b )  whethe r  th e proble m involve s classe s o f  naturall y 
occurrin g kind s o r  classe s o f  artifacts .  W e conside r  ho w 
thes e finding s migh t  b e integrate d int o forma l  approache s 
t o defaul t  reasonin g an d als o conside r  th e relatio n o f  thi s 
sor t  o f  qualitativ e defaul t  reasonin g t o statistica l 
reasoning . 

I n t roduc t i o n 
Defaul t  reasonin g occur s wheneve r  th e evidenc e availabl e 

t o th e reasone r  doe s no t  guarante e th e trut h o f  th e conclusio n 
bein g drawn ;  tha t  is ,  doe s no t  deductively/orc c th e reasone r 
t o dra w th e conclusio n unde r  consideration .  Fo r  example , 
fro m th e statement s 'Mos t  linguist s spea k mor e tha n thre e 
languages '  an d 'Ki m i s a  linguist' ,  on e migh t  dra w th e 
conclusion ,  b y default ,  'Ki m speak s mor e tha n thre e 
languages' .  Subsequen t  informatio n ma y forc e th e reasone r 
t o withdra w tha t  conclusion ;  defaul t  reasonin g i s als o terme d 
non-monotonic ,  becaus e th e sentence s hel d tru e a t  tim e 1 
may no t  b e tru e a t  tim e 2 .  W e wil l  cal l  "Mos t  linguist s 
spea k mor e tha n thre e languages "  a  defaul t  rule . 

I f  a n artificia l  agen t  wer e t o wai t  fo r  th e informatio n 
necessar y t o dra w a n inferenc e sanctione d b y classica l 
deductiv e logic ,  the n n o conclusio n migh t  eve r  b e drawn . 
Much o f  wha t  i s considere d t o tru e i n th e worl d i s tru e onl y 
most  o f  th e time :  ther e ar e exception s an d sometime s 
interactin g defaul t  assumption s tha t  ca n lea d t o conflictin g 
conclusions .  A  goo d dea l  o f  wor k ha s bee n don e i n th e A I 
communit y a t  formalizin g defaul t  reasoning ,  eithe r  throug h 
qualitativ e approache s usin g conditiona l  logic s (e.g. , 
Delgrande ,  1987) ,  probabilisti c  approache s (e.g. ,  Bacchus , 
1991) ,  o r  approache s tha t  attemp t  t o captur e quantitativ e 
notion s withi n a  qualitativ e framewor k (Gefner ,  1992 ;  Pearl , 
1989) .  I n th e las t  severa l  years ,  ther e ha s bee n a n increasin g 
attentio n i n th e default-reasonin g communit y give n t o 
formalizin g th e notion s o f  relevanc e an d irrelevance ,  i.e. , 
what  informatio n woul d b e (ir)relevan t  t o decidin g whethe r  a 
defaul t  rul e applie s i n a  particula r  cas e (se e Greine r  & 

Subramanian ,  1994) .  Fo r  example ,  thes e framework s 
propos e way s o f  assessin g th e (ir)relevanc e o f  Kim' s 
membershi p i n th e clas s o f  "red-haire d people "  t o th e 
applicatio n o f  th e three-language s defaul t  rul e an d similarly , 
of  Kim' s membershi p i n th e clas s o f  "graduate s o f 
Universit y X"—abou t  whic h ther e ma y b e a  conflictin g 
defaul t  rul e abou t  languag e skills .  I n th e latte r  case ,  defaul t 
reasonin g theorie s ai m t o identif y genera l  an d consisten t 
means o f  specifyin g whic h o f  possibl y severa l  conflictin g 
defaul t  rule s shoul d appl y t o a n individual . 

Generall y speaking ,  th e knowledg e o f  othe r  exception s t o 
a defaul t  rul e ha s no t  ye t  bee n a  facto r  i n whethe r  a  particula r 
defaul t  rul e applie s i n a  give n case .  A s w e se e below , 
informatio n abou t  know n exception s t o a  defaul t  rul e ar e no t 
"suppose d to "  influenc e th e applicatio n o f  tha t  rul e i n a 
particula r  case .  Th e studie s w e repor t  ar e a  continuatio n o f 
previou s wor k (Eli o &  Pelletier ,  1993 )  aime d a t 
understandin g ho w peopl e reaso n wit h rule s tha t  hav e 
exceptions ,  an d wha t  factor s influenc e people' s applicatio n 
of  thos e rules .  H o w peopl e reaso n wit h defaul t  rule s an d 
exception s pe r  s e ha s no t  receive d muc h attentio n withi n th e 
cognitiv e psycholog y communit y (see ,  however ,  Collin s & 
Michalski ,  1989) .  However ,  ther e ar e overlap s betwee n th e 
issue s w e investigat e i n thi s wor k an d thos e tha t  hav e bee n 
considere d i n th e literature s o n statistica l  an d inductiv e 
reasonin g b y people .  W e highligh t  som e o f  th e relationship s 
we se e i n th e section s tha t  follow . 

B e n c h m a r k P r o b l e m s o n De fau l t 
R e a s o n i n g 

Tabl e 1  present s th e a  subse t  o f  th e proble m type s tha t  w e 
used i n thi s study .  Thes e problem s wer e take n fro m th e so -
calle d "Nonmonotoni c Benchmar k Problems "  (Lifschitz , 
1989) .  Thes e benchmark s formalize d type s o f  non -
monotoni c reasonin g an d specifie d th e answer s generall y 
accepte d b y A I  researcher s i n th e are a an d whic h an y non -
monotoni c theor y wa s suppose d t o validate .  Pu t  anothe r 
way,  thes e ar e th e define d "correc t  answers "  fo r  problem s 
tha t  tak e thi s form ,  despit e som e acknowledge d difficultie s 
i n decidin g jus t  wha t  th e correc t  answer s shoul d b e 
(Touretsky ,  Horty ,  &  Thomason ,  1987) .  Elsewhere ,  w e 
hav e argue d that ,  unlik e huma n performanc e o n symboli c 
deductiv e logi c problems ,  th e kind s o f  defaul t  conclusion s 
peopl e dra w actuall y define s phenomeno n o f  interes t  t o b e 
achieve d b y artificia l  agents ;  an d thu s empirica l  dat a o n 
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1 Block s X  an d Y  ar e heavy . 
Heavy block s ar e normall y o n th e table . 
X i s no t  o n th e tabl e 

2 Block s X  an d Y  ar e heavy . 
Heavy block s ar e normall y o n th e table . 
X i s no t  o n th e table .  Y  i s red . 

Q:  Wher e i s Bloc k Y ? A:  o n tabl e 

Block s X  an d Y  ar e heavy . 
Heavy block s ar e normall y o n th e table . 
Most  heav y block s ar e red . 
X i s no t  o n th e table .  Y  i s no t  red . 

Q:  Wher e i s Bloc k Y ? A:  o n tabl e 

Block s X  an d Y  ar e heavy . 
Heavy block s ar e normall y o n th e table . 
Bloc k X  migh t  b e a n exceptio n t o thi s rule . 

C:  Wha t  colo r  i s Bloc k X ? A :  re d 
Q:  Wher e i s Bloc k Y ? A :  o n tabl e 

Q:  Wher e i s Bloc k Y ? A:  o n tabl e 

Tabl e 1 :  Fou r  defaul t  reasonin g problem s an d benchmar k answer s 

human defaul t  reasonin g ha s a n importan t  rol e t o pla y i n 
validatin g defaul t  reasonin g theorie s an d i n identifyin g 
principle s b y whic h defaul t  answer s ca n b e assesse d 
(Pelletie r  &  Elio ,  1995) .  I t  i s  thi s rational e tha t  motivate s 
our  interes t  i n understandin g factor s tha t  influenc e people' s 
defaul t  conclusion s o n eve n thes e simpl e problems . 

We cal l  th e fou r  problem s i n Tabl e 1  th e "basi c defaul t 
reasonin g problems. "  The y concer n tw o object s governe d b y 
one o r  mor e defaul t  rules .  Additiona l  informatio n i s give n t o 
indicat e tha t  on e o f  th e object s (a t  least )  doe s no t  follo w on e 
of  th e defaul t  rules .  W e refe r  t o thi s a s th e exceptio n objec t 
(fo r  tha t  defaul t  rule )  o r  defaul t  violator .  Th e problem s the n 
ask fo r  a  conclusio n abou t  th e remainin g object .  W e refe r  t o 
thi s a s th e object-in-question .  I t  i s  apparen t  fro m th e 
sanctione d benchmar k answer s fo r  thes e problem s tha t  th e 
existenc e o f  know n defaul t  violator ,  o r  an y additiona l 
informatio n abou t  th e object-in-questio n (e.g. ,  Proble m 2  i n 
Tabl e 1) ,  shoul d hav e n o bearin g o n a  conclusio n draw n 
abou t  th e object-in-questio n whe n usin g tha t  rule . 

Experiments on Basic Default Reasoning 
P r o b l e m s 

I n previou s studie s o n thes e sort s o f  problem s (Eli o & 
Pelletier ,  1993) ,  w e reporte d evidenc e suggestin g tha t 
people' s plausibl e conclusion s abou t  default s an d exception s 
ar e influence d b y th e apparen t  similarit y betwee n a  give n 
defaul t  violato r  an d th e object-in-question .  W e wer e naturall y 
lea d t o wonde r  jus t  wha t  kin d o f  similarit y mattere d t o 
decidin g whethe r  o r  no t  som e objec t  follow s a  defaul t  rul e o r 
instea d behave s lik e a  know n exception .  Ou r  conjectur e wa s 
tha t  th e similarit y t o a  defaul t  violato r  ma y b e relevan t  whe n 
th e share d feature s coul d accoun t  fo r  wh y th e exceptio n 
objec t  violate d th e defaul t  rul e i n th e firs t  place .  I f  th e 
object-in-questio n als o ha s thos e features ,  the n i t  to o ma y 
behav e lik e th e know n exceptio n an d als o violat e th e defaul t 
rule .  Th e result s w e repor t  belo w ar e furthe r  investigation s 
of  thos e flndings. 

Design 

We defined three conditions in which to present the four 
canonica l  defaul t  reasonin g problem s give n i n Tabl e 1 :  (a )  a 

no-share d feature s condition ,  (b )  a  superficia l  shared-feature s 
condition ,  an d (c )  a n explanator y shared-feature s condition . 
I n th e superficia l  case ,  th e object s wer e describe d a s havin g 
certai n feature s i n common ;  thes e feature s corresponde d t o 
thos e give n b y subject s i n a  separat e normin g stud y a s 
irrelevan t  t o th e conclusio n offere d b y a  defaul t  rule . 
Typically ,  thes e wer e physica l  feature s fo r  th e actua l  cove r 
storie s (exampl e below )  tha t  w e use d fo r  th e problems .  Th e 
explanator y shared-feature s corresponde d t o feature s give n b y 
subject s i n th e normin g stud y a s relevan t  t o th e conclusio n 
implicate d b y a  defaul t  rule ;  thes e explanator y feature s 
typicall y concerne d a n object' s us e o r  function .  Th e 
hypothesi s wa s tha t  subject s woul d appl y th e defaul t  rul e t o 
th e object-in-questio n mos t  ofte n whe n ther e wa s n o 
informatio n abou t  it s similarit y t o th e defaul t  violator ,  an d 
leas t  ofte n whe n th e commo n feature s betwee n th e object-in -
questio n an d th e defaul t  violato r  coul d suppor t  a n 
explanatio n o f  wh y th e default-violato r  itsel f  di d no t  obe y 
th e defaul t  rule .  Th e superficia l  conditio n shoul d li e 
somewher e in-between . 

Figur e I  illustrate s thi s manipulatio n fo r  Proble m 1 .  Fo r 
al l  problems ,  th e orde r  o f  informatio n was :  th e set-u p 
sentences ,  marke d (a )  i n Figur e 1 ;  th e sentence s 
correspondin g t o th e similarit y informatio n (i f  any) ,  whic h 
ar e marke d (b' )  an d (b" )  fo r  th e tw o similarit y 
manipulations ;  th e defaul t  rule ,  marke d (c) ;  th e sentenc e 
marke d (d )  indicatin g th e rul e violato r  di d no t  follo w th e 
defaul t  rule ;  an d finally  th e questio n (e )  askin g fo r  a 
plausibl e conclusio n abou t  th e object-in-question .  I n 
additio n t o th e medica l  journal s scenario ,  ther e wer e cove r 
storie s abou t  membershi p i n universit y clubs ,  distributio n 
of  studen t  I D cards ,  an d operation s o f  campu s parkin g lots . 
Similarit y wa s a  between-subject s facto r  an d proble m typ e 
was a  within-subject s factor .  Subject s sa w eac h o f  th e fou r 
benchmar k problem s unde r  on e typ e o f  similarity ,  wit h eac h 
benchmar k havin g on e o f  th e fou r  possibl e cove r  stories . 
The assignmen t  o f  cover-stor y t o eac h proble m typ e wa s 
counterbalance d acros s subjects . 

Subjects and Procedure 

Seventy-two subjects were randomly assigned to one of the 
thre e similarit y conditions .  Th e problem s wer e randoml y 
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No Similant v 
(a )  Cardia c N e w s an d Dru g Developmen u ar e medica l  journal s yo u nee d fo r  a  researc h paper . 
(c )  Medica l  journal s ar e usuall y locate d i n th e Healt h Science s library . 
(< ^  Cardia c N e w s i s a n exception :  I t  i s no t  i n th e Healt h Science s library—I t  i s kep t  i n th e Departmen t  o f  Medicin e 

Readin g R o o m . 
Superficia l  Similarit y Addition s 

(b* )  Bot h Cardia c N e w s an d Dru g Development s ar e publishe d i n Canada .  N e w issue s o f  bot h journal s c o m e ou t  ever y 
month .  The y ar e boun d i n light-blu e covers . 

Explanatio n Similarit y Addition s 
(b" )  Bot h Cardia c N e w s an d Dru g Development s ar e amon g th e mos t  expensiv e journal s th e universit y purchases .  Ther e 

hav e bee n problem s wit h stole n o r  missin g copie s o f  thes e journal s ove r  th e years .  Bot h o f  the m ar e consulte d o n a 
dail y basi s b y graduat e student s i n Medicine . 

Questio n 

(e ) W h at  woul d b e reasonabl e t o conclud e abou t  wher e Dru g Development s i s located ? 

Figure 1: Components of alternative similarity versions for problem type 1 

ordere d i n bookle t  form .  Eac h problem' s questio n (se e Figur e 
1)  wa s followe d b y fou r  possibl e answers ,  correspondin g t o 
thes e option s (tailore d t o eac h cove r  story) :  (a )  th e object-in -
questio n followe d th e defaul t  rule ,  (b )  th e object-in-questio n 
violate d th e defaul t  rule ,  (c )  n o conclusio n wa s possibl e ( a 
"can' t  tell "  option) ,  an d (d )  "other" ,  fo r  whic h subject s coul d 
writ e i n anothe r  conclusion .  Th e instruction s emphasize d 
tha t  w e wer e intereste d i n common-sens e conclusions ,  an d 
tha t  ther e wer e n o righ t  o r  wron g answers . 

Results 

The data from three of the 72 subjects had to be discarded, 
due t o a  mis-assignmen t  o f  experimenta l  materials .  Thi s lef t 
a tota l  o f  6 9 subjects ,  2 3 i n eac h o f  th e thre e similarit y 
conditions .  Tabl e 2  show s th e proportion s o f  eac h answe r 
categor y a s a  functio n o f  answe r  categor y an d similarit y 
level . 

Becaus e th e dat a w e collecte d ar e interva l  data ,  i.e. , 
answer s fallin g int o on e o f  fou r  respons e categories ,  the y d o 
not  necessaril y  follo w a  norma l  distribution .  O n e 
appropriat e treatmen t  o f  suc h dat a i s a  loglinea r  analysi s o f 
model s define d b y particula r  combination s o f  mai n effec t  an d 
interactio n terms .  Unde r  thi s approach ,  w e evaluat e whethe r 
a give n model' s predicte d dat a i s significantl y differen t  fro m 

th e observe d data ,  usin g a  j }  likelihoo d rati o statistic .  A 
model  wit h fewe r  term s (an d mor e degree s o f  freedom )  i s 
preferre d t o a  mode l  wit h mor e terms ,  provide d tha t  th e 
predicte d dat a doe s no t  diffe r  significantl y fro m th e observe d 
data .  Th e simples t  mode l  w e identifie d include d a  main -
effec t  ter m fo r  answe r  categor y an d a n answer-categor y b y 

similarit y interactio n ter m (  x ^  =  32.48 ,  df=3 8 ,  p  =  .722) . 
I f  th e interactio n ter m i s removed ,  th e differenc e betwee n 

observe d an d predicte d dat a approache s significanc e ( x = 
72.53 ,  df=56 ,  p  =  .068) . 

I t  i s  clea r  fro m Tabl e 2  that ,  mos t  o f  th e time ,  subject s 
applie d th e defaul t  rul e t o th e objec t  i n questio n (th e model' s 
main-effec t  ter m fo r  answe r  category )  an d i t  i s als o apparen t 
tha t  thi s decisio n wa s influence d b y th e apparen t  similarit y 
t o anothe r  objec t  tha t  violate d th e rul e (th e model' s 
interactio n term) .  Th e tren d i n th e frequencie s o f  applyin g 
th e defaul t  rul e t o th e object-in-questio n wa s i n lin e wit h ou r 
predictions ,  occurrin g leas t  ofte n i n th e explanator y 
condition .  W e not e tha t  subject s wer e conservativ e i n thei r 
reluctanc e t o appl y th e defaul t  rul e i n thi s case ,  choosin g th e 
"can' t  tell "  (.21 )  optio n rathe r  tha n th e explici t  rule-violatio n 
option .  W e canno t  accoun t  fo r  th e tendenc y fo r  subject s i n 
th e superficia l  conditio n t o provid e s o m a n y "other " 
conclusions .  Althoug h th e superficia l  feature s wer e identifie d 
fro m a  normin g stud y a s bein g irrelevan t  t o th e propert y 
implicate d i n th e defaul t  rule ,  i t  i s  possibl e the y wer e not . 
Hence ,  a  possibilit y  remain s tha t  subject s tende d t o rejec t 
th e defaul t  rul e give n an y informatio n the y coul d us e t o 
construc t  a n alternativ e predictio n abou t  th e object-in -
question .  A  laborator y manipulatio n o f  inter-objec t 
similarit y m a y b e weake r  tha n tappin g int o extan t 
knowledg e o f  similarit y betwee n objec t  classes ;  thi s  i s a  lin e 
of  investigatio n w e ar e currentl y following .  Still ,  thes e 
result s ar e consisten t  wit h ou r  previou s finding s tha t  th e 
applicatio n o f  a  defaul t  rul e m a y b e influence d b y 
informatio n abou t  othe r  exception s t o th e rule . 

Similarity : 

Answer  Categor y 

FqIIow? Default Violate? Default 

non e 
superficia l 
causa l 

.7 0 

.5 4 

.4 5 

.1 2 

.1 8 

.1 9 

Othe r 
.1 1 
.2 5 
.1 5 

Can' t  Tg U 
.0 7 
.0 3 
.2 1 

Tabl e 2 :  Proportio n o f  Response s a s a  Functio n o f  Similarit y an d Respons e Typ e 
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Birds-Fl v Contex t 

Animal s normall y d o no t  fly 
Bird s ar e animals .  Bird s normall y fly. 
Ostriche s ar e birds . 
Ostriche s d o no t  fly. 

Q: Do birds other than ostriches fly? A; Yes 
Q:  D o animal s othe r  tha n bird s fly?  A :  N o 

Birds-&-Bat s Fl y Contgx t 

Animal s normall y d o no t  fly. 
Bird s ar e animals .  Bird s normall y fly. 
Bat s ar e animals .  Bat s normall y fly. 
Ostriche s ar e birds .  Ostriche s d o no t  fly. 

Q: Do birds other than ostriches fly? A: Yes 
Q:  D o animal s othe r  tha n bird s &  bat s fly?  A :  N o 

Tabl e 3 :  T w o defaul t  inheritanc e problem s 

R e a s o n i n g a b o u t  Inher i te d De fau l t 
P r o p e r t i e s 

I n Tabl e 3 ,  w e presen t  tw o additiona l  problem s fro m 
Lifschitz' s (1989 )  nonmonotoni c benchmar k set .  Thes e 
problem s ar e easil y recognize d a s canonica l  example s o f 
conflictin g defaul t  knowledg e abou t  classe s relate d i n a 
class-subclas s hierarchy .  Thes e problem s wer e include d i n 
Lifschitz' s benchmar k se t  becaus e the y captur e severa l 
essentia l  question s tha t  hav e bee n centra l  t o reasonin g 
theorie s abou t  classes ,  subclasses ,  an d individuals ,  namel y 
h o w shoul d properties—som e o f  whic h ar e definitiona l  an d 
some o f  whic h ar e prototypical — b e "inherited "  b y th e nex t 
elemen t  d o w n th e hierarchy ? Othe r  mor e comple x 
inheritanc e scenario s ar e accommodate d b y differen t  forma l 
defaul t  reasonin g theories ,  bu t  thes e problem s presen t 
simpl e case s o f  conflictin g defaul t  rules . 

I n som e previou s pilo t  work ,  w e foun d tha t  subject s 
generall y allowe d th e defaul t  propertie s t o b e inherited ,  a s 
per  th e "correct "  answer s give n i n Tabl e 3 .  I n thi s study ,  w e 
examine d whethe r  thi s applicatio n o f  defaul t  propertie s wa s 
sensitiv e t o th e kind  o f  taxonomi c categorie s bein g 
considered ,  namel y natura l  kin d categorie s o r  artifac t 
categories .  Th e notio n tha t  "kinds "  influence s reasonin g ha s 
bee n considere d i n bot h th e inductiv e inferenc e an d th e 
statistica l  reasonin g literature s (Thagar d &  Nisbelt ,  1993) . 
People' s tendenc y t o reaso n statisticall y ca n als o b e 
influence d b y perceive d variabilit y  an d homogeneit y i n th e 
classe s the y ar e considering .  Fo r  example ,  Nisbet t  e l  al . 
(1983 )  report s tha t  peopl e expec t  a  lowe r  variabilit y  fo r 
natura l  classe s tha n fo r  classe s o f  huma n behaviors .  Hence , 
i t  seeme d t o u s tha t  thi s kin d o f  metaknowledge ,  implicate d 
i n som e statistica l  reasonin g studies ,  m a y als o impac t  upo n 
qualitativ e judgment s concernin g th e inheritanc e o f  defaul t 
properties . 

Th e secon d facto r  w e manipulate d wa s whethe r  th e 
problem s include d class-siz e informatio n fo r  th e classe s an d 
subclasse s tha t  forme d th e inheritanc e hierarchy .  Ou r 
inclusio n o f  thi s facto r  wa s als o motivate d b y ou r  desir e t o 
bridg e thes e qualitativ e defaul t  reasonin g decision s wit h 
some statistica l  reasonin g results ,  tha t  hav e indicate d tha t 
peopl e ar e influence d b y clas s siz e informatio n i n makin g 
some kind s o f  inference s (Nisbet t  e t  al. ,  1983) .  Fo r  thi s 
initia l  study ,  w e contraste d a  clas s siz e absen t  case ,  i n whic h 
ther e wa s n o mentio n o f  h o w larg e th e subclasse s were ,  wit h 
a clas s siz e presen t  case .  I n thi s latte r  condition ,  th e proble m 
mentione d particula r  figures  fo r  clas s sizes ,  fallin g withi n 
th e 20-8 0 range .  Ou r  contras t  o f  thes e tw o case s her e wa s 
not  t o asses s h o w particula r  class-siz e value s woul d lea d t o 

differen t  conclusions ;  rather ,  w c wante d first  t o asses s 
whethe r  framin g thes e qualitativ e inheritanc e problem s i n a 
somewhat  mor e quantitativ e guis e woul d influenc e people' s 
tendenc y t o ascrib e th e inheritabl e defaul t  propertie s t o 
particula r  subclasses . 

Design 

Each subject received each of the two inheritance problems 
wit h bot h a  natura l  kind s cove r  stor y an d a n artifac t  cove r 
story .  Fo r  th e natura l  categories ,  w e use d storie s abou t  tree s 
and snakes ;  th e artifac t  categorie s concerne d taxatio n law s fo r 
cigarette s an d feature s o f  medieva l  musica l  instruments .  N o 
cove r  stor y wa s repeate d i n an y o f  th e problem s tha t  a 
subjec t  saw ,  an d th e assignmen t  o f  cove r  storie s t o problem s 
was counterbalance d acros s subjects .  I n additio n t o thes e fou r 
problems ,  subject s solve d tw o othe r  inheritanc e problem s 
tha t  wer e par t  o f  a  differen t  study . 

Subjects and Procedure 

Sixty-four subjects were randomly assigned to receive either 
th e class-siz e presen t  problem s o r  th e class-siz e absen t 
problems .  Th e problem s wer e presente d t o subject s a s "shor t 
paragraph s tha t  wer e extracte d an d adapte d fro m newspaper s 
and popula r  scienc e article s [whic h presented ]  som e fact s bu t 
lef t  othe r  informatio n unstated. "  Subject s wer e tol d tha t  thei r 
tas k wa s t o specif y th e reasonable ,  common-sens e 
conclusio n o r  inferenc e the y woul d draw ,  base d strictl y o n 
th e informatio n give n t o th e reade r  i n th e excerpt s presented . 
Belo w i s th e tex t  o f  a  birds-fl y contex t  problem ,  usin g 
natura l  categorie s an d includin g clas s siz e information : 

....Th e kin d o f  tree s yo u plan t  ca n als o hel p 
attrac t  bird s yea r  round .  Coniferou s tree s d o 
wel l  i n ou r  region .  Unfortunately ,  mos t  o f  th e 
63 specie s o f  coniferou s tree s produc e a  bitte r 
sap .  A n exampl e i s th e subclas s "cedrus " 
(cedar) :  tast e th e sa p fro m an y typ e o f  ceda r  tre e 
and yo u wil l  b e unpleasantl y surprise d a t  ho w 
bitte r  i t  is... . 

Ther e is ,  however ,  a  subclas s o f  coniferou s 
tree s calle d "Pinaecea "  tha t  an y goo d garde n 
nurser y wil l  kno w about .  Mos t  o f  th e 2 2 
Pinaece a specie s giv e swee t  sap  tha t  attrac t 
squirrel s an d certai n type s o f  birds... .  [however ] 
one Pinaece a tre e t o b e avoide d i s pice a 
mariana :  i t  give s bitte r  sap .  A n attractiv e an d 
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Clas s Siz e Presen t  Clas s Siz e Absen t Mean 

Do bird s othe r  tha n ostriche s fly?(yes) 

Do animals other than birds fly?(no) 

Do birds other than ostriches fly?(yes) 

Do animals other than birds fly ?(no) 

birds-tl y  contex t 
birds-A-bats-fl y  contex t 

birds-fl y contex t 
birds-&-bats-fl y contex t 

birds-fl y contex t 
birds-&-bats-fl y contex t 

birds-fl y contex t 
birds-&-bats-fl y contex t 

.7 2 

.6 9 

.6 9 

.5 9 

.4 7 

.4 1 

.5 9 

.6 3 

Natura l  Classe s 

.7 2 

.6 9 

.7 1 

.5 6 

Artifac t  Classe s 
.6 9 
.6 9 

.6 3 

.7 2 

.7 2 

.6 9 

.7 1 

.5 8 

.5 8 

.5 5 

.6 1 

.6 8 

Tabl e 4 :  Proportio n o f  "Correct "  Answer s Give n fo r  Inheritanc e Problem s fro m Tabl e 3 

hard y pin e tree ,  mak e sur e you r  loca l  garde n 
nurser y doesn' t  tr y t o sel l  yo u thi s on e i f 
yourai m i s t o attrac t  loca l  wildlife... . 

The class-size absent versions of these problems replaced 
reference s t o statement s lik e "Mos t  o f  th e 6 3 species "  wit h 
"Mos t  species "  T w o question s the n followe d abou t 
subclasse s tha t  th e allege d articl e di d no t  mention .  Fo r  th e 
abov e example ,  thes e question s were : 

z(a) "The article mentioned one subclass of 
conifers—Pinaece a — b u t  di d no t  discus s a 
secon d subclas s calle d Juniperous .  Fro m th e 
informatio n presente d i n th e article ,  wha t  i s 
you r  common-sens e conclusio n abou t  whethe r 
specie s withi n th e Juniperou s subclas s produce s 
sweet  sa p o r  bitte r  sap? "  [d o animal s othe r  tha n 
bird s fly?] 

(b )  "Th e articl e faile d t o mentio n anothe r 
Pinaece a tre e calle d liban i  chrysolitis .  Fro m th e 
informatio n presente d i n th e article ,  wha t  i s 
you r  reasonabl e conclusio n abou t  th e k m d o f 
sap i t  produces? "  [d o bird s othe r  tha n ostriche s 

flyn 

Subjects selected their answer to each question from one of 
thre e possibilitie s tha t  corresponded ,  i n essence ,  t o "ye s [i t 
can fly]",  "n o (i t  can' t  fly]"  an d "can' t  tell. " 

Results 

Even though subjects did not solve problems mentioning 
birds ,  bats ,  an d flying,  i t  i s  easies t  t o tal k abou t  th e result s 
by referrin g t o thes e canonica l  terms .  Tabl e 4  present s th e 
proportio n o f  subject s choosin g th e prescribe d defaul t  answe r 
fo r  eac h o f  th e tw o possibl e questions .  A  loglinea r  analysi s 
of  th e dat a identifie d a  mode l  define d b y thre e interactio n 

terms :  categor y typ e X  quantifie r  X  questio n X  answe r 
category ;  categor y typ e X  contex t  typ e X  answe r  category , 

and contex t  typ e X  questio n X  answe r  categor y (  x }  -  2.89 , 
df  =  15 ,  p  =  1.0) .  W e canno t  a t  thi s stag e propos e a n 
accoun t  fo r  al l  thes e interactions ,  particularl y thos e 
involvin g th e birds-fl y  vs .  birds-plus-bat s fly  contex t  effect . 
However ,  th e respons e pattern s tha t  giv e ris e t o thi s mode l 
ar e eviden t  i n Tabl e 4 .  First ,  th e proportio n o f  prescribe d 
default-inheritanc e answer s wa s highe r  whe n subject s wer e 
reasonin g abou t  natura l  categorie s an d lowe r  whe n the y wer e 
reasonin g abou t  artificia l  categories .  Second ,  subject s wer e 
les s likel y t o allo w th e defaul t  propert y t o b e inherite d fo r 
artifac t  classe s tha n fo r  natura l  classes ,  particularl y whe n th e 
problem s mentione d clas s siz e information .  Thi s finding  i s 
consisten t  wit h th e notio n tha t  peopl e m a y perceiv e 
artifact/artificia l  classe s a s inherentl y mor e variabl e tha n 
natura l  kind s an d tha t  thi s impact s thei r  willingnes s t o 
ascrib e defaul t  properties .  Th e impac t  o f  merel y mentionin g 
clas s size s ma y hav e triggere d thi s consideratio n o f 
variability .  Unfortunately ,  thi s sor t  o f  conjectur e doe s no t 
see m entirel y consisten t  wit h th e effec t  o f  th e birds-fl y 
versu s birds-&-bats-fl y contex t  fo r  th e natura l  classe s 
condition .  Fo r  thos e problems ,  subject s wer e les s likel y t o 
appl y th e defaul t  rul e t o conclud e tha t  animals-other-tha n 
bird s don' t  fly,  whe n bat s wer e include d a s a  secon d 
exception .  Thi s di d no t  occu r  wit h th e non-natura l  stimuli ; 
whethe r  th e numbe r  o f  know n (o r  salient )  exception s 
influence s th e applicatio n o f  a  defaul t  rul e need s furthe r 
study . 

Discussion 
Thes e result s sugges t  a n aspec t  o f  plausibl e reasonin g tha t  i s 
missin g fro m curren t  non-monotoni c theories ,  namel y tha t 
ther e ar e certai n kind s o f  informatio n tha t  ar e relevan t  t o 
applyin g defaul t  rules .  Th e findings  outline d abov e sugges t 
some consideration s abou t  wha t  i s relevan t  i n non -
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monotoni c reasoning :  inter-objec t  similarity ,  natura l  vs . 
artificia l  categories ,  an d class-siz e information .  I f  a n 
unknow n cas e i s simila r  t o a n understoo d exception ,  the n a 
plausibl e conclusio n ma y no t  b e t o appl y th e defaul t  rule , 
but  instea d t o predic t  tha t  th e unknow n cas e behave s instea d 
lik e th e exception .  Th e influenc e o f  th e latte r  tw o factor s 
borde r  o n a  meta-knowledg e effect :  peopl e ma y wor k certai n 
assumption s abou t  clas s variabilit y  int o thei r  defaul t 
conclusions ,  e.g. ,  ther e i s greate r  regularit y t o ho w default s 
and exception s operat e i n th e "natural "  worl d tha n ther e i s 
fo r  non-natura l  classe s an d subclasses .  Othe r  researcher s hav e 
appeale d t o thi s distinctio n i n th e real m o f  inductiv e 
reasonin g (e.g. ,  Thagar d &  Nisbett ,  1993 )  an d statistica l 
reasonin g (Nisbet t  e t  al. ,  1983) .  Ou r  result s i n thi s stud y ar e 
suggestive ,  thoug h b y n o mean s conclusive ,  tha t  thi s 
distinctio n ma y com e int o pla y i n th e sor t  o f  qualitativ e 
defaul t  reasonin g scenario s w e hav e studie d here .  Indeed , 
anothe r  interpretatio n from  th e inheritanc e problem s i s that , 
i n som e arenas ,  huma n reasoner s ar e muc h mor e cautiou s i n 
thei r  attributio n o f  defaul t  propertie s tha n w e migh t 
otherwis e believe . 

H ow ca n ou r  findings ,  tha t  knowledg e abou t  know n 
default-rul e exception s ma y influenc e th e applicatio n o f 
defaul t  rule s t o simila r  cases ,  b e worke d int o a  specificatio n 
fo r  non-monotoni c reasoning ? On e ide a migh t  b e calle d 
'explanation-base d defaul t  reasoning" ,  i n th e sam e sens e o f 
thi s notio n use d i n th e machin e learnin g literature .  Tha t  is ,  a 
reasone r  attempt s t o explai n wh y som e defaul t  rul e doe s no t 
appl y t o th e know n exception ,  an d the n evaluate s whethe r 
tha t  explanatio n applie s t o th e objec t  unde r  consideration . 
Thi s emphasi s o n reasonin g abou t  on e know n individua l 
cas e i n orde r  t o mak e a  decisio n abou t  anothe r  cas e ma y 
soun d lik e ther e ca n b e n o formalize d rule s fo r  defaul t 
reasoning .  Bu t  thi s accoun t  nee d no t  b e take n a s a 
prescriptio n fo r  a  strictl y case-base d approac h t o defaul t 
reasoning .  First ,  th e influenc e o f  a  simila r  objec t  migh t  b e 
used t o direc t  th e selectio n o f  a n appropriat e "referenc e 
class, "  abou t  whic h som e statistica l  propertie s coul d b e 
inherited .  Second ,  som e forma l  theorie s alread y appea l  t o th e 
notion s o f  causality ,  explanation ,  o r  argumentatio n 
processe s t o construct ,  an d the n selec t  among ,  alternativ e 
model s tha t  ar e define d b y conflictin g defaul t  rule s (e.g. . 
Pollock ,  1987 ;  Gefner ,  1992) .  Alon g thes e lines ,  w e not e 
tha t  th e presenc e o f  a  know n rul e violato r  i n th e problem s 
we investigate d her e ma y b e a  re d herring ,  insofa r  a s th e 
importan t  aspec t  fo r  subject s ma y hav e bee n th e availabilit y 
of  informatio n tha t  coul d suppor t  a n explanatio n abou t  wh y 
a defaul t  rul e ma y no t  appl y (quit e independen t  o f  whethe r 
some othe r  know n violato r  wa s salient) .  I n general ,  i t  doe s 
not  see m plausibl e tha t  additiona l  informatio n abou t  a n 
individua l  shoul d necessaril y  hav e n o impac t  o n determinin g 
whethe r  i t  follow s a  defaul t  rul e (e.g. ,  whethe r  a  block' s 
colo r  influence s whethe r  i t  is ,  b y default ,  locate d o n a  table) . 
One interpretatio n o f  ou r  findings  i s tha t  suc h informatio n i s 
relevan t  t o th e exten t  i t  support s explanation s fo r  (o r 
against )  a  defaul t  assumption ;  a  know n exceptio n t o a 
defaul t  ma y serv e a s a  touchston e fo r  constructin g thes e 
explanations . 
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g o l d s t e i n S m p i p f - m u e n c h e n . m p g . d e 

Abst rac t 

Most  approache s t o modelin g rationa l  inferenc e d o no t 
tak e ini o accoun t  tha t  i n th e rea l  world ,  organism s mak e 
inference s unde r  limite d tim e an d knowledge .  I n thi s 
tradition ,  th e min d i s  treate d a s a  calculatin g demo n 
equippe d wit h unlimite d time ,  knowledge ,  an d 
computationa l  might .  W e propos e a  famil y o f  satisficin g 
algorithm s base d o n a  simpl e psychologica l  mechanism : 
one-reaso n decisio n making .  Thes e fas t  an d fruga l 
algorithm s violat e fundamenta l  tenet s o f  classica l 
rationality ,  fo r  example ,  the y neithe r  loo k u p no r  integrat e 
al l  information .  B y compute r  simulation ,  w e hel d a 
competitio n betwee n th e satisficin g Tak e Th e Bes t 
algorith m an d variou s mor e optimal "  decisio n procedures . 
The Tak e Th e Bes t  algorith m matche d o r  outperforme d al l 
competitor s i n inferentia l  spee d an d accuracy .  Mos t 
interestin g wa s th e flnding  tha t  th e bes t  algorithm s i n th e 
competition ,  thos e whic h use d a  for m o f  one-reaso n 
decisio n making ,  exhibite d a  startlin g "less-is-more " 
effect :  the y performe d bette r  wit h missin g knowledg e tha n 
wit h complet e knowledge .  W e discus s th e less-is-mor e 
effec t  an d presen t  evidenc e o f  i t  i n huma n reasoning .  Thi s 
counter-intuitiv e effec t  demonstrate s tha t  th e min d ca n 
satisfic e an d seiz e upo n regularitie s i n th e environmen t  t o 
th e exten t  tha t  i t  ca n exploi t  eve n th e absenc e o f 
knowledg e a s knowledge . 

Toward Satisflcing 

H o w doe s a n organis m m a k e inference s abou t  unknow n 
aspect s o f  th e environment ? Thre e direction s hav e bee n 
searche d i n th e hop e o f  a n answer .  Th e first,  whic h w e 
migh t  cal l  th e computationa l  demo n approach ,  equate s 
reasonin g wit h extensiv e calculation .  I t  applie s t o model s 
of  min d whic h describ e basi c cognitiv e processes ,  suc h a s 
estimation ,  inference ,  o r  categorization ,  a s resultin g fro m 
sophisticate d computations .  Example s o f  thi s ar e model s o f 
estimatio n base d o n multipl e regression ,  o r  model s o f 
foragin g behavio r  base d o n Bayes '  Theorem .  H o w ca n th e 
min d carr y ou t  suc h toug h statistica l  problem s tha t  too k 
millenni a o f  cultura l  evolutio n t o conquer ? Thi s i s  wher e 
th e demo n come s in .  Th e computationa l  demon ,  c o m m o n 
t o al l  suc h models ,  i s a  consultan t  t o th e reasonin g agent , 
capabl e computin g al l  possibl e future s base d o n it s 
extensiv e an d infallibl e m e m o r y o f  al l  thing s past .  Whil e 
thi s approach  i s  flatterin g t o th e organis m doin g th e 

reasoning ,  i t  m a y posi t  mor e computationa l  powe r  tha n i s 
plausibl e t o assum e exist s i n ordinar y minds .  Yet ,  suc h 
model s aboun d i n h u m a n an d anima l  psychology . 

Anothe r  w a y t o loo k a t  reasonin g cam e abou t  i n th e pas t 
fe w decade s an d ha s ha d a  powerfu l  impac t  o n psycholog y 
eve r  since .  Thi s i s  th e heuristics-and-biase s approac h 
(Kahneman ,  Slovi c &  Tversky ,  1982) ,  whic h suggest s tha t 
reasonin g i s governe d b y simpl e heuristic s tha t  generall y d o 
th e righ t  thing ,  bu t  tha t  m a y b e systematicall y an d wholl y 
misled .  I n principle ,  i t  i s  a  goo d idea :  d o awa y wit h 
computationa l  demons ,  an d replac e the m wit h simpl e 
principle s whic h m a y d o th e jo b equall y well .  A  proble m 
wit h th e heuristics-and-biase s approac h come s i n practic e 
wher e mos t  o f  th e researc h focuse s mor e o n biase s tha n 
heuristic s an d th e heuristic s offere d ar e notoriousl y vagu e 
(Gigerenze r  &  Goldstein ,  i n press) . 

Th e thir d an d mos t  promisin g vie w come s fro m Herber t 
S imo n (1956) .  Thi s vie w state s tha t  goo d reasonin g ca n 
c o me abou t  b y simpl e algorithm s tha t  "satisfice" .  Th e 
wor d satisficin g i s  a  blen d o f  th e word s satisfyin g an d 
sufficing ,  an d mean s jus t  that :  finding  near-optima l 
solution s t o difficul t  problem s unde r  th e limite d 
computationa l  constraint s o f  ordinar y minds .  A s wit h th e 
heuristics-and-biase s approach ,  th e computationa l  d e m o n i s 
replace d wit h somethin g mor e psychologicall y plausible , 
thoug h her e th e resultan t  reasonin g i s quic k an d clean ,  a s 
oppose d t o quic k an d dirty .  Anothe r  goo d featur e o f  Simon' s 
satisficin g ide a i s  tha t  i t  stem s fro m a  computationa l 
traditio n whic h favor s using  algorithm s a s models ,  instea d 
of  jus t  simpl e heuristic s i n isolation .  Algorithm s ar e easil y 
code d u p a s compute r  program s tha t  a  researche r  ca n us e t o 
put  a  mode l  throug h it s paces . 

W h at  ar e thes e simple ,  intelligen t  satisficin g algorithm s 
capabl e o f  makin g near-optima l  inferences ? H o w fas t  an d 
h o w accurat e ar e they ? I n thi s research ,  w e loo k a t  th e 
effectivenes s o f  a  satisficin g algorith m tha t  operate s wit h 
simpl e psychologica l  principle s tha t  satisf y th e constraint s 
of  limite d time ,  knowledge ,  an d computationa l  might .  A t 
th e sam e time ,  i t  i s  designe d t o b e fas t  an d fruga l  withou t  a 
significan t  los s o f  inferentia l  accurac y sinc e i t  ca n exploi t 
th e structur e o f  environments .  Fo r  instance ,  thi s algorith m 
use s th e "recognitio n principle" ,  a  simpl e for m o f  one -
reaso n decisio n making ,  whic h seem s a t  first  a  liabilit y bu t 
turn s ou t  t o a n effectiv e an d efficien t  heuristic .  I n 
simulatin g thi s an d othe r  algorithm s computationally ,  w e 
c a me acros s a  surprisin g "less-is-more "  effect :  a  certai n clas s 
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of  satisficin g algorithm s mad e bette r  inference s unde r 
condition s o f  missin g knowledg e tha n wit h complet e 
knowledge .  Thi s effec t  i s  discusse d an d it s existenc e i s 
prove n t o b e tie d t o th e recognitio n principle .  W e begi n 
wit h th e inferenc e tas k w e use d t o measur e th e effectivenes s 
of  variou s algorithms . 

The Task 

We dea l  wit h inferentia l  task s i n whic h a  choic e mus t  b e 
made betwee n tw o alternative s o n a  quantitativ e dimension. 
Conside r  th e followin g example :  Whic h cit y ha s a  large r 
population ? (a )  Hambur g (b )  Cologne .  Assum e tha t  a 
subjec t  doe s no t  kno w o r  canno t  deduc e th e answe r  t o th e 
question ,  bu t  need s t o mak e a n inductiv e inferenc e from 
relate d real-worl d knowledge .  H o w i s thi s inferenc e derived ? 
H o w ca n w e predic t  choic e (Hambur g o r  Cologne )  fro m a 
person' s stat e o f  knowledge ? 

We assum e tha t  t o mak e a n inferenc e abou t  whic h o f  tw o 
object s ha s a  highe r  value ,  knowledg e abou t  a  referenc e clas s 
i s searched .  I n ou r  example ,  knowledg e abou t  th e referenc e 
clas s "citie s i n Germany "  coul d b e searched .  Th e knowledg e 
coul d consis t  o f  probabilit y  cues .  Fo r  instance ,  whe n 
makin g inference s abou t  population s o f  Germa n cities ,  th e 
fac t  tha t  a  cit y ha s a  professiona l  socce r  tea m i n th e majo r 
leagu e ("Bundesliga" )  m a y com e t o a  person' s min d a s a 
potentia l  cue .  Tha t  is ,  whe n considerin g pair s o f  Germa n 
cities ,  i f  on e cit y ha s a  socce r  tea m i n th e majo r  leagu e an d 
th e othe r  doe s not ,  the n th e cit y wit h th e tea m i s likely ,  bu t 
not  certain ,  t o hav e th e large r  population .  I t  ma y b e usefu l 
t o thin k o f  a  knowledg e stat e o f  a  matri x o f  object s an d 
cues . 

Recognitio n 
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Figur e 1 :  Possibl e knowledg e stat e fo r  4  object s (a-d) ,  5 
cues ,  an d recognitio n knowledge . 

Figure 1 models a possible limited knowledge state of a 
person .  Limite d knowledg e mean s tha t  th e matri x o f  object s 
by cue s ha s missin g entrie s (tha t  is ,  objects ,  cues ,  o r  cu e 
value s m a y b e unknown) .  Sh e ha s hear d o f  thre e Germa n 
cities ,  a ,  b ,  an d c ,  bu t  no t  o f  d  (represente d b y thre e positiv e 
and on e negativ e "Recognition "  values) .  Sh e know s som e 
fact s (cu e values )  abou t  thes e citie s wit h respec t  t o five 
binar y cues .  Fo r  a  binar y cue ,  ther e ar e tw o cu e values , 
"positive "  (e.g. ,  th e cit y ha s a  socce r  team) ,  o r  "negative "  (i t 

does not) .  "Positive "  refer s t o a  cu e valu e tha t  signal s a 
highe r  valu e o n th e targe t  variabl e (fo r  example ,  havin g a 

socce r  tea m i s correlate d wit h hig h population) .  Unknow n 
cu e value s ar e show n b y a  questio n mark .  Sinc e sh e ha s 
neve r  hear d o f  objec t  d ,  th e recognitio n valu e o f  t /  i s  negativ e 
and al l  it s  othe r  cu e value s ar e necessaril y  unknown . 

The Environment 

We teste d th e performanc e o f  th e Tak e Th e Bes t  algorith m 
on ho w accuratel y i t  mad e inference s abou t  a  real-worl d 
environmen t  (fo r  a  mor e complet e descriptio n o f  thes e 
simulations ,  se e Gigerenze r  &  Goldstein ,  i n press) .  Th e 
environmen t  wa s th e se t  o f  al l  citie s i n German y wit h mor e 
tha n 100,00 0 inhabitant s (8 3 citie s afte r  Germa n 
reunification) ,  wit h populatio n a s th e targe t  variable .  Th e 
model  o f  th e environmen t  consiste d o f  9  binar y ecologica l 
cue s (suc h a s th e socce r  tea m cue) ,  an d th e actua l  9  x  8 3 cu e 
values . 

Each cu e ha d a n associate d ecologica l  validit y whic h i s 
indicativ e o f  it s  predictiv e power .  Th e ecologica l  validit y o f 
a cu e i s th e relativ e frequency,  i n a  referenc e class ,  tha t 
object s wit h positiv e cu e value s hav e highe r  targe t  variabl e 
value s tha n object s wit h negativ e cu e value s (e .  g. ,  th e 
relativ e frequenc y tha t  citie s wit h socce r  team s ar e mor e 
populou s tha n citie s withou t  team s i n al l  possibl e pairs) . 
The ecologica l  validit y o f  th e 9  cue s w e chos e range d ove r 
th e whol e specmim :  fro m .5 1 (onl y slightl y bette r  tha n 
chance )  t o 1. 0 (certainty) . 

We simulate d subject s wit h varyin g degree s o f  knowledg e 
abou t  thi s environment .  T o mode l  limite d recognido n 
knowledge ,  w e create d subject s w h o recognize d betwee n 0 
and 8 3 Germa n cities .  Fo r  eac h o f  thes e type s o f  subject , 
we create d 50 0 simulate d individuals ,  w h o differe d randoml y 
fro m on e anothe r  i n th e particula r  citie s the y knew .  Th e 
simulatio n neede d t o b e realisti c i n th e sens e dia t  peopl e ar e 
mor e likel y t o recogniz e larg e citie s tha n smal l  ones .  W e 
performe d a  surve y t o ge t  a n empirica l  estimat e o f  th e actua l 
covariatio n betwee n recognitio n o f  citie s an d cit y 
populations .  I n a  pilo t  stud y o f  2 6 undergraduate s a t  th e 
Universit y o f  Chicago ,  w e foun d tha t  th e citie s the y 
recognize d (withi n th e 8 3 larges t  i n Germany )  wer e large r 
tha n th e citie s the y di d no t  recogniz e i n abou t  8 0 % o f  al l 
possibl e comparisons .  W e refe r  t o thi s valu e a s th e 
"recognitio n validity" .  Thi s valu e wa s incorporate d int o ou r 
simulation s b y choosin g set s o f  citie s (fo r  eac h knowledg e 
state ,  tha t  is ,  fo r  eac h numbe r  o f  citie s recognized )  wher e th e 
know n citie s wer e large r  tha n th e unknow n citie s i n abou t 
8 0 % o f  al l  cases .  Thus ,  th e citie s know n b y di e simulate d 
subject s ha d th e sam e relationshi p betwee n recognitio n an d 
populatio n a s di d thos e o f  di e huma n subjects . 

Algorithms 

We hel d a  competitio n i n whic h five  decisio n algorithms , 
speciall y designe d fo r  two-alternativ e inferenc e tasks ,  wer e 
matche d agains t  eac h othe r  i n a  contest .  Th e winne r  woul d 
be th e algorith m whic h mad e th e mos t  correc t  inference s i n 
th e leas t  amoun t  o f  time .  Th e first  competito r  i s  calle d th e 
Tak e Th e Bes t  algorith m (Gigerenze r  &  Goldstein ,  i n press) , 
becaus e it s polic y i s "tak e th e best ,  ignor e th e rest" . 

The Tak e Th e Bes t  algorith m assume s a  subjectiv e ran k 
orde r  o f  cue s accordin g t o thei r  validities .  W e cal l  th e 
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highes t  rankin g cu e th e "best "  cue .  Her e ar e th e step s o f  th e 
algorithm : 

(1 )  Recognitio n principle :  Th e recognitio n principl e i s 
invoke d whe n th e mer e recognitio n o f  a n objec t  i s  a 
predicto r  o f  th e targe t  variabl e (here ,  population) .  Th e 
recognitio n principl e states :  i f  onl y on e o f  th e tw o object s i s 
recognized,  the n choos e th e recognize d object .  I f  neithe r  o f 
th e tw o object s i s recognized ,  the n choos e randoml y betwee n 
them .  I f  bot h o f  th e object s ar e recognized ,  the n procee d t o 
Ste p 2 . 

(2 )  Searc h fo r  th e value s o f  th e bes t  cue :  Fo r  th e tw o 
objects ,  retrieve  th e cu e value s o f  th e bes t  cu e fi-om 
memory. 

(3 )  Discriminatio n rule :  Decid e whethe r  th e cu e 
discriminates .  T h e cu e i s sai d t o discriminat e betwee n tw o 
object s i f  on e ha s a  positiv e cu e valu e an d th e othe r  doe s 
not . 

(4 )  C u e substitutio n principle :  I f  th e cu e discriminates , 
the n sto p searchin g fo r  cu e values .  Else ,  g o bac k t o Ste p 2 
and continu e wit h th e nex t  bes t  cu e unti l  a  cu e tha t 
discriminate s i s found . 

(5 )  Maximizin g rul e fo r  choice :  Choos e th e objec t  wit h 
th e positiv e cu e value .  I f  n o cu e discriminates ,  the n choos e 
randomly . 

O ne importan t  featur e o f  thi s algorith m i s  tha t  searc h 
extend s throug h onl y a  portio n o f  th e tota l  knowledg e i n 
memory (a s show n b y th e shade d part s o f  Figur e 1) ,  an d 
stop s immediatel y whe n th e first  discriminatin g cu e i s 
found .  Thus ,  th e algorith m i s wel l  suite d t o situation s o f 
limite d tim e o r  knowledge .  A  seemingl y irrationa l  featur e 
of  th e algorith m i s  tha t  i t  doe s no t  attemp t  t o integrat e 
information ,  bu t  use s cu e substitutio n instead .  Thi s ide a o f 
basin g a n entir e decisio n o n on e singl e cu e i s wha t  w e cal l 
one-reaso n decisio n making .  Not e tha t  th e recognitio n 
principl e (Ste p 1) ,  i s a  for m o f  one-reaso n decisio n making . 
We shal l  late r  se e h o w thi s satisficin g mechanis m ca n 
actuall y improv e inferentia l  accuracy . 

Testing the Algorithms 

Wit h th e hel p o f  som e o f  ou r  colleague s an d statisticia n 
friends ,  w e create d five,  mor e traditiona l  competitor s t o 
compar e t o th e Tak e Th e Bes t  algorithm .  I n Tallying ,  th e 
number  o f  positiv e cu e value s fo r  eac h objec t  i s  tallie d 
acros s al l  cue s an d s u m m e d t o giv e a  scor e fo r  eac h city . 
The cit y wit h th e larges t  numbe r  o f  positiv e cu e value s i s 
chosen .  Weighte d Tallyin g i s  identica l  t o tallyin g excep t 
tha t  th e value s adde d t o eac h city' s scor e ar e weighte d b y th e 
respectiv e ecologica l  cu e validities .  Th e Unit-Weigh t  Linea r 
Model  add s on e poin t  t o a  city' s scor e fo r  eac h positiv e 
value ,  bu t  subtract s on e poin t  fo r  eac h negativ e cu e value , 
and choose s th e cit y wit h th e bes t  score .  Finally ,  th e 
Weighte d Linea r  Mode l  i s  simila r  it s  unit-weighte d 
counterpart ,  excep t  tha t  i t  add s an d subtract s weighte d value s 
(th e ecologica l  cu e validities )  instea d o f  whol e points . 

We teste d h o w wel l  subject s usin g th e variou s algorithm s 
di d a t  answerin g question s o f  th e kind ,  "Whic h cit y ha s mor e 
inhabitants ? (a )  Heidelber g (b )  Bonn. "  Eac h o f  th e 50 0 
simulate d subject s i n eac h o f  th e 8 4 type s wa s teste d o n th e 
exhaustiv e se t  o f  340 3 cit y pair s resultin g i n a  tota l  o f  50 0 
X 8 4 X  340 3 tests ,  tha t  is ,  abou t  14 3 millio n fo r  eac h 

algorithm .  Th e numbe r  o f  correc t  inferences ,  an d th e 
amount  o f  cu e value s looke d u p wer e reconie d fo r  eac h 
subjec t  an d algorithm . 

Results 

Th e competitio n ha d tw o quit e surprisin g results .  Firs t  o f 
all ,  eve n thoug h th e Tak e th e Bes t  algorith m used  fa r  les s 
informatio n tha n th e othe r  algorithm s (o n average ,  les s tha n 
a thir d o f  al l  availabl e cu e values) ,  i t  matche d o r 
outperforme d al l  othe r  algorithm s i n th e proportio n o f 
correc t  inference s (Figur e 2) . 
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Weighte d Linea r  Mode l 
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Number  o f  Cit ie s Recognize d 

Figure 2: Less-is-more effect appearing for a variety of 
decisio n algorithms . 

The second, very surprising result was that the best 
algorithm s i n th e competitio n performe d bette r  wit h missin g 
knowledg e tha n wit h complet e knowledge ,  a s th e non -
monotoni c uppe r  curve s suggest .  Notic e h o w fo r  thes e 
curves ,  a t  an y leve l  o f  limite d recognitio n knowledg e o f 
cities ,  learnin g mor e Germa n citie s wil l  eventuall y caus e a 
decreas e i n proportio n correct .  W e cal l  thi s intriguin g 
finding  th e "less-is-mor e effect" . 

The Less-is-More Effect 

W h at  i s behin d th e less-is-mor e effect ? Th e mos t  importan t 
facto r  i s th e recognitio n principle .  Al l  th e algorithm s whic h 
exhibi t  th e less-is-mor e effec t  follo w th e recognitio n 
principle .  I n th e cas e o f  Tak e Th e Best ,  i t  i s  a  definin g 
characteristi c o f  th e model ,  i n th e tallyin g variants ,  i t  arise s 
as a  side-effect .  Th e linea r  model s violat e th e recognitio n 
principl e regularly ;  the y ofte n predic t  a n unrecognize d cit y t o 
be large r  tha n a  recognize d on e (t o understan d why ,  se e 
Gigerenze r  &  Goldstein ,  i n press) .  Onc e thi s i s realized ,  th e 
reaso n fo r  th e effec t  ca n b e see n analytically .  W e wil l  buil d 
up t o th e mor e complicate d analyti c resul t  fro m a  simpl e 
though t  experiment . 
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Imagin e thre e brother s wh o si t  dow n t o tak e a  qui z o n th e 
100 larges t  Germa n cities .  Th e younges t  brothe r  i s 
ignorant :  h e ha s neve r  eve n hear d o f  German y before .  Th e 
middl e brothe r  i s savvy :  h e recognize s 2 5 o f  th e 5 0 larges t 
citie s fro m wha t  h e ha s overhear d fro m da y t o day .  Th e 
eldes t  brothe r  i s quit e th e scholar :  on e da y h e too k i t  upo n 
himsel f  t o memoriz e th e name s o f  al l  th e citie s o n hi s ma p 
of  Germany .  Non e o f  th e brother s know s anythin g 
significan t  abou t  th e citie s othe r  tha n thei r  names .  N o w 
suppos e al l  thre e brother s adop t  th e sam e strateg y fo r  takin g 
th e test .  Eac h decide s tha t  h e wil l  us e th e recognitio n cu e 
whereve r  h e can :  i n situation s wher e h e i s give n on e cit y h e 
recognize s an d on e cit y h e doe s not ,  h e wil l  alway s pic k th e 
cit y h e recognizes .  I n al l  othe r  situation s ~  tw o 
unrecognize d o r  tw o recognize d citie s -  h e wil l  jus t  guess . 

Conside r  ho w th e brother s wil l  perform .  Clearly ,  th e 
younges t  brothe r  wil l  hav e t o gues s o n ever y questio n ~  hi s 
long-ru n scor e wil l  b e 5 0 % correct .  T o th e middl e brother , 
th e tes t  wil l  loo k a  littl e different .  I n 5 0 % o f  th e question s 
he wil l  b e abl e t o us e th e recognitio n cu e an d i n th e othe r 
5 0 % h e wil l  not .  A s luc k woul d hav e it ,  th e recognitio n 
validit y fo r  th e middl e brothe r  i s  8 0 % ( a realisti c 
assumption ,  a s ou r  surve y showed) .  B y guessin g o n hal f 
th e question s an d usin g th e 8 0 % successfii l  recognitio n cu e 
on th e othe r  half ,  a  simpl e calculatio n show s tha t  th e middl e 
brothe r  wil l  en d u p gettin g 6 5 % o f  al l  question s correct . 
The eldes t  an d mos t  knowledgeabl e brother ,  neve r  bein g abl e 
t o activat e th e recognitio n cue ,  wil l  hav e t o gues s o n ever y 
questio n an d thu s scor e 5 0 % correct .  Figur e 3  show s ho w 
th e thre e brothers ,  an d al l  intermediat e knowledg e states , 
woul d perfor m i n thi s domain . 
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brothe r 
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Proportio n o f  object s recognize d 

Figure 3; Performance for the three brothers and all 
intermediat e knowledg e states . 

It becomes clear that the less-is-more effect is brought 
abou t  b y th e variabl e applicabilit y o f  th e recognitio n 

principl e i n variou s knowledg e states .  Whe n th e recognitio n 

cue i s no t  abl e t o b e activated ,  th e syste m i s force d t o guess . 

Thi s though t  experimen t  ma y explai n wh y a n elde r  brothe r 

wit h n o rea l  knowledg e beyon d recognitio n ma y perfor m s o 
poorly ,  bu t  wha t  abou t  th e simulatio n results ,  wher e a  less -
is-mor e effec t  persiste d eve n whe n th e simulate d subject s ha d 
knowledg e i n th e for m o f  actua l  cu e values ? Th e followin g 

proo f  explains . 
Suppos e th e numbe r  o f  object s (e.g. ,  cities )  i n th e 

referenc e clas s i s N .  Le t  n  b e th e numbe r  o f  object s 

recognize d b y a  subject .  Thes e tw o variable s determin e th e 
proportion s o f  questio n type s tha t  wil l  appea r  o n a  quiz .  I n 

2 -̂ [ 1 ̂ \~ ^  I  o f  al l  possibl e questions ,  on e cit y wil l  b e 

In N - n \ 
N 

lN-n-\ \ 
[  N- l  I 

of  th e recognize d an d th e othe r  not . 

questions, both cities will be unrecognized, whereas in 

•w)("^I^ of the questions, both cities will be recognized. 

When both cities are unrecognized, there is nothing to do 
but  guess ,  an d i n th e lon g run ,  hal f  o f  thes e guesse s wil l  b e 
correct .  I f  on e cit y i s  recognize d an d th e othe r  not ,  th e 
recognitio n principl e say s t o pic k th e recognize d city .  Le t  a 
be th e probabilit y o f  choosin g th e righ t  answe r  vi a th e 
recognitio n principle .  I f  bot h citie s ar e recognized ,  th e 
inferenc e ha s t o b e mad e usin g knowledg e othe r  tha n mer e 
recognition .  Le t  / ? b e th e probabilit y o f  gettin g th e righ t 
answer  i n thi s case .  I f  a  an d / ? ar e bot h roughl y constan t 
and independen t  o f  n ,  th e followin g functio n y(« )  give s th e 
expecte d proportio n o f  correc t  inferences : 

/(« )  =  2 n 
[N l 

(N-n \ 
a + 

IN-n]lN-n-l\ \  .  I  n  ] [  n- l  U 
\  N  A  N- l  1 2 XNAN-i r \N-i r 

By analyzin g th e grap h o f  (pin) ,  th e continuou s versio n o f 
y(n) ,  on e see s tha t  th e less-is-mor e effec t  occur s i f  thi s curv e 
has a  maximu m betwee n n  =  0  an d n  = N  -  111 .  Solvin g th e 
equatio n (p\n )  =  0 ,  whe n (p\n )  i s simpl y th e first  derivativ e 
of  0(n) ,  on e locate s th e maximu m o f  0(n )  at : 

-( 1 -2P-2 N +  4aN ) 
2 ( 1 - 4 a + 2)3 )  (» ) 

A simpl e calculatio n show s tha t  whe n a=)3 ,  th e locatio n 
of  th e curve' s maximu m i s  equa l  t o N-l/2 .  Eithe r 
increasin g a  o r  decreasin g j 3 fro m thi s poin t  cause s th e 
fractio n (* )  t o decrease ,  whic h implie s th e maximu m o f  (j){n ) 
wil l  b e displace d t o th e left .  Fro m this ,  w e ca n conclud e tha t 
ther e wil l  b e a  less-is-mor e effec t  wheneve r  a  >  p ,  tha t  is , 
wheneve r  th e accurac y o f  mer e recognitio n i s greate r  tha n th e 
accurac y achievabl e whe n bot h object s ar e recognized . 

Discussion 

T wo surprisin g result s cam e ou t  o f  thi s competitio n 
betwee n algorithms .  On e i s tha t  a  non-standard ,  satisficin g 
algorith m f)erforme d a s wel l  a s o r  bette r  tha n al l  othe r 
algorithm s i n th e competition ,  whil e lookin g u p onl y one -
thir d o f  th e knowledg e use d b y th e competitors .  Th e secon d 
was tha t  th e bes t  algorithm s i n th e competitio n di d bette r 
wit h missin g knowledg e tha n wit h complet e knowledge . 
The stron g forc e mos t  accountabl e fo r  bot h thes e result s wa s 
th e simpl e an d bol d recognitio n principle ,  a  for m o f  one -
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reaso n decisio n making .  Th e firs t  resul t  i s  a n existenc e 
proo f  tha t  a  satisficin g algorith m ca n d o a s wel l 
computationally-expensiv e model s tha t  us e mor e 
information .  Th e secon d suggest s that ,  give n th e correc t 
environmen t  an d a n organis m tha t  follow s th e recognitio n 
principle ,  th e less-is-mor e effec t  ough t  t o emerg e i n th e rea l 
world . 

H ow difficul t  i s  i t  t o find a  less-is-mor e effec t  i n rea l 
human behavior ? E>oin g s o depend s o n finding  a n 
environmen t  wit h th e correc t  structure ,  an d peopl e wh o 
appl y th e recognitio n principle .  I t  i s  a  relativel y simpl e 
matte r  t o find a  reference  clas s wher e a  less-is-mor e effec t 
shoul d occur :  simpl y find  on e wher e recognitio n i s a  bette r 
predicto r  tha n th e environmenta l  cues ,  an d wher e th e 
ecologica l  validitie s o f  recognitio n an d th e cue s d o no t 
chang e drasticall y a s a  mor e an d mor e object s becom e 
recognized .  Thi s informatio n abou t  environmen t  structure s 
coul d b e obtaine d fro m survey s an d interview s abou t  wha t 
object s peopl e recognize ,  an d ho w goo d the y ar e a t  makin g 
inference s abou t  thes e objects .  Severa l  experimenta l  studie s 
(Goldstein ,  1994 ;  Goldstei n &  Gigerenzer ,  1996) ,  sho w 
subject s exhibi t  a  hig h degre e o f  recognitio n principl e 
adherence ,  eve n i n case s wher e the y ar e give n informatio n 
whic h suggest s doin g otherwise .  Th e analyti c result s w e 
hav e derive d allo w on e t o predic t  whe n an d t o wha t  exten t 
th e less-is-mor e effec t  wil l  occur . 

The result s o f  thi s stud y pain t  a  ne w pictur e o f  th e mind , 
not  a  pictur e wher e th e min d i s a  computationa l  demon ,  an d 
not  on e wher e i t  i s doome d t o follo w shodd y heuristic s tha t 
lea d i t  astray .  Rather ,  i t  paint s th e min d a s a  time-presse d 
scavenger ,  on e whic h use s th e structure s o f  natura l 
environment s t o th e degre e tha t  i t  ca n depen d o n a  single , 
well-chose n cu e a s oppose d t o th e costl y aggregatio n o f 
many,  an d on e tha t  ca n exploi t  an y informatio n ~  eve n th e 
ver y absenc e o f  knowledg e -  t o mak e accurat e inference s 
abou t  unknow n feature s o f  th e world . 

Acknowledgments 
Much o f  thi s researc h wa s complete d a t  Th e Universit y o f 
Chicag o i n partia l  fulfillmen t  o f  th e first  author' s Maste r  o f 
Art s degree .  W e woul d lik e t o than k Jea n Czerlinsk i  an d 
Laur a Martigno n fo r  thei r  assistanc e o n thi s paper . 

References 

Gigerenzer ,  G. ,  &  Goldstein ,  D .  G .  (i n press) .  Reasonin g 
th e fas t  an d fruga l  way :  Model s o f  bounde d rationality . 
Psychologica l  Review . 

Goldstein ,  D .  G .  (1994) .  Th e less-is-mor e effec t  i n 
inference .  M .  A .  thesis ,  Th e Universit y o f  Chicago . 

Goldstein ,  D .  G. ,  &  Gigerenzer ,  G .  (1996) .  Th e recognitio n 
principl e an d th e less-is-mor e effect .  Manuscrip t  submitte d 
fo r  publication . 

Kahneman.  D. ,  Slovic ,  P. ,  &  Tversky ,  A .  (Eds.) .  (1982) . 
Judgment  unde r  uncertainty :  Heuristic s an d biases . 
Cambridge :  Cambridg e Universit y Press . 

Simon ,  H .  A .  (1956) .  Rationa l  choic e an d th e structur e o f 
th e environment .  Psychologica l  Review ,  63 ,  129-138 . 

141 



A Connectionis t  T r e a t m e n t  o f  Negat io n a n d Inconsistenc y 

Lokendr a Shastr i  an d Dea n J .  Granne s 
Internationa l  Compute r  Scienc e Institut e 

1947 Cente r  St. ,  Ste .  60 0 
Berkeley .  C A 9470 4 

shastri@icsi.berkeley.edu ,  grannes@icsi.berkeley.ed u 

Abstrac t 

A connectionist model capable of encoding positive as well 
as negate d knowledg e an d usin g suc h knowledg e durin g rapi d 
reasonin g i s described .  Th e mode l  explain s ho w a n agen t 
ca n hol d inconsisten t  belief s i n it s long-ter m memor y with -
out  bein g "aware "  tha t  it s belief s ar e inconsistent ,  bu t  detec t 
a contradictio n wheneve r  inconsisten t  belief s tha t  ar e withi n a 
certai n inferentia l  distanc e o f  eac h othe r  becom e co-activ e dur -
in g a n episod e o f  reasoning .  Thu s th e mode l  i s no t  logicall y 
omniscient ,  bu t  detect s contradiction s wheneve r  i t  trie s t o us e 
inconsisten t  knowledge .  Th e mode l  als o explain s ho w limite d 
attentiona l  focu s o r  actio n unde r  tim e pressur e ca n lea d a n agen t 
t o produc e a n erroneou s response .  A  biologicall y significan t 
featur e o f  th e mode l  i s tha t  i t  use s onl y loca l  inhibitio n t o en -
cod e negate d knowledge .  Th e mode l  encode s an d propagate s 
dynami c binding s usin g tempora l  synchrony . 

Introduction 

T h e abilit y  t o perfor m inference s i n orde r  t o establis h refer -
entia l  an d causa l  coherenc e an d generat e expectation s play s a 
crucia l  rol e i n understandin g languag e (e.g. ,  M c K o o n &  Rat -
cliff ,  1981) .  Give n tha t  w e ca n understan d languag e a t  th e rat e 
of  severa l  hundre d word s pe r  minute ,  i t  i s  als o apparen t  tha t 
we ca n perfor m th e requisit e inference s rapidl y — a s thoug h 
the y wer e a  refle x respons e o f  ou r  cognitiv e apparatus .  I n vie w 
of  this ,  w e hav e describe d suc h reasonin g a s reflexiv e (Shastri , 
1991). '  Certai n type s o f  negate d knowledg e als o play s a  rol e 
i n suc h reasoning .  I f  w e wer e tol d "Joh n ha s bee n t o Canada " 
an d "Joh n ha s no t  bee n t o Europe" ,  w e coul d readil y answe r 
th e question s (i )  "Ha s Joh n bee n t o Nort h America?" ,  (ii ) 
"Ha s Joh n bee n t o France? "  an d (iii )  "Ha s Joh n bee n t o Aus -
tralia? "  wit h "yes" ,  "no" ,  an d "don' t  know" ,  respectively .  W e 
ca n als o reaso n reflexivel y wit h rule s involvin g certai n type s 
of  negate d conditions .  S o give n "Joh n i s a  bachelor" ,  w e 
ca n readil y answe r  "no "  t o "I s Joh n marrie d t o Susan? "  Ob -
serv e tha t  answerin g thi s questio n involve s th e us e o f  negate d 
knowledg e tha t  m a y b e approximate d a s " A bachelo r  i s no t 
marrie d t o anyone "  (i.e. ,  bachelor(x )  ̂  -^married(x,y}) ? 

D ue t o th e complexit y i t  add s t o th e inferenc e process , 
knowledg e representatio n system s ofte n d o no t  dea l  explic -
itl y  wit h negation .  S o m e model s dea l  partiall y  wit h negatio n 

' a forma l  characterizatio n o f  reflexiv e reasonin g appear s i n 
(Shastri ,  1993) . 

^We ar e usin g th e notatio n o f  first-order  logi c fo r  convenience . 
Thi s doe s no t  mea n tha t  w e vie w deductio n t o b e th e sol e basi s 
of  reflexiv e reasoning .  Al l  variable s ar e assume d t o b e universall y 
quantified . 

by adoptin g th e close d worl d assumptio n i n AI .  Th e intuitio n 
behin d thi s assumptio n i s a s follows :  I f  a n agen t  know s al l 
th e relevan t  fact s abou t  som e domain ,  the n i t  m a y assum e tha t 
any fac t  i t  doe s no t  k n o w i s false !  I n vie w o f  thi s assumption , 
th e agen t  ca n trea t  "don' t  k n o w "  answer s a s "no "  answers . 
Th e us e o f  th e close d worl d assumption ,  however ,  ha s lim -
ite d applicabilit y  an d canno t  b e a  substitut e fo r  th e abilit y 
t o explicitl y  dea l  wit h negate d informatio n an d distinguis h 
betwee n th e epistemi c state s "don' t  k n o w "  an d "no" . 

Th e encodin g o f  negate d knowledg e raise s th e possibilit y 
of  inconsistencie s i n a n agent' s long-ter m m e m o r y (LTM) . 
We ofte n hol d inconsisten t  belief s i n ou r  L T M withou t  bein g 
explicitl y  awar e o f  suc h inconsistencies .  Bu t  a t  th e sam e time , 
we ofte n recogniz e contradiction s i n ou r  belief s whe n w e tr y 
t o brin g inconsisten t  knowledg e t o bea r  o n a  particula r  task . 
I n vie w o f  this ,  a  cognitivel y plausibl e mode l  o f  memor y 
an d reasonin g shoul d allo w inconsisten t  fact s an d rule s t o 
co-exis t  i n it s L T M ,  bu t  i t  shoul d b e capabl e o f  detectin g 
contradiction s wheneve r  inconsisten t  belief s tha t  ar e withi n 
a certai n inferentia l  distanc e o f  eac h othe r  becom e co-activ e 
durin g a n episod e o f  reasoning . 

Finally ,  an y agen t  wit h limite d resource s mus t  sometime s 
act  wit h onl y limite d attentiona l  focu s an d ofte n unde r  tim e 
pressure .  Thi s mean s tha t  a n agen t  m a y sometime s over -
loo k relevan t  informatio n an d ac t  i n a n erroneou s manner . 
Extende d evaluatio n o r  a n appropriat e cue ,  however ,  migh t 
m a ke th e necessar y informatio n availabl e an d lea d t o a  cor -
rec t  response .  Severa l  interestin g aspect s o f  suc h a  situatio n 
ar e capture d i n th e followin g scenari o (whic h w e wil l  refe r  t o 
as th e Pos t  Offic e Example) : 

Joh n run s int o Mar y o n th e street .  "Wher e ar e yo u go -
ing? "  ask s John .  'T o th e pos t  office, "  replie s Mary .  "Bu t 
isn' t  toda y Presidents '  D a y ? "  remark s John .  "Oops !  I 
forgo t  tha t  toda y wa s a  federa l  holiday, "  say s Mar y afte r 
a momentar y paus e an d head s back . 

Clearly ,  M a r y ha d sufficien t  knowledg e t o infe r  tha t  "today " 
was a  posta l  holiday .  Bu t  th e fac t  tha t  sh e wa s goin g t o th e 
pos t  offic e indicate s tha t  sh e ha d assume d tha t  th e pos t  offic e 
was open .  S o i n a  sense ,  Mar y hel d inconsisten t  beliefs . 
John' s questio n serve d a s a  trigge r  an d brough t  th e relevan t 
informatio n t o th e surfac e an d m a d e Mar y realiz e he r  mistake . 
A cognitivel y plausibl e mode l  shoul d b e capabl e o f  modelin g 
suc h situations . 

Thi s pape r  describe s a  connectionis t  mode l  tha t  ca n encod e 
positiv e a s wel l  a s negate d rule s an d facts ,  rapidl y perfor m a 
clas s o f  inferences ,  an d exhibi t  th e desirabl e propertie s dis -
cusse d above .  Thi s wor k extend s ou r  wor k o n SHRim ,  a 
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Figur e 1 ;  Th e structur e o f  a  predicat e cluster . 

connectionis t  mode l  o f  reflexiv e reasonin g (Ajjanagadd e & 
Shastri ,  1991 ;  Shastr i  &  Ajjanagadde ,  1993 ;  Man i  &  Shastr i 
1993 )  an d i s partl y influence d b y (Cottrell ,  1985) .  A  de -
taile d descriptio n o f  th e extende d mode l  appear s i n (Shastr i 
& Grannes ,  1995) . 

System Overview 

Thi s sectio n present s a  brie f  summar y o f  th e system .  D u e t o 
limite d spac e w e wil l  no t  describ e th e encodin g o f  multipl e 
instantiations ,  typ e hierarchy ,  an d context-sensitiv e rules . 

General Representation 

Figur e 1  illustrate s th e representatio n o f  a  predicat e an d en -
tities .  A  nod e suc h a s Joh n correspond s t o &  foca l  nod e o f 
th e representatio n o f  th e entit y "John" .  Informatio n abou t  th e 
variou s feature s o f  Joh n an d th e role s h e fills  i n variou s event s 
i s encode d b y linkin g th e foca l  nod e t o appropriat e node s 
distribute d throughou t  th e networ k (se e Shastr i  &  Feldman , 
1986 ;  Feldman ,  1989) . 

Encoding of Predicates: Predicate Clusters as 
Convergenc e Z o n e s 

Conside r  th e encodin g o f  th e binar y predicat e lov e wit h tw o 
roles :  love r  an d lovee .  Thi s predicat e i s encode d b y a  cluste r 
of  node s consistin g o f  tw o rol e node s depicte d a s circula r 
node s an d labele d love r  an d lovee ;  a n enable r  nod e depicte d 
as a  pentago n pointin g upward s an d labele d e:love ;  an d tw o 
collecto r  node s depicte d a s pentagon s pointin g downward s 
and labele d +ciov e an d -c:lov e respectively .  I n general , 
th e cluste r  fo r  a n n-ar y predicat e contain s n  rol e nodes ,  on e 
enable r  node ,  an d tw o collecto r  nodes .  Th e circula r  node s 
ar e p-bt u node s whil e th e pentago n shape d node s ar e r-an d 
nodes .  Th e computationa l  behavio r  o f  thes e node s wil l  b e 
describe d shortly . 

The cluste r  o f  node s describe d abov e ac t  a s a n ancho r  fo r 
th e complet e encodin g o f  a  predicate .  Al l  rule s an d fact s tha t 
involv e a  predicat e converg e o n it s cluster ,  an d al l  rule s an d 
fact s involvin g a  predicat e ca n b e accesse d b y fannin g ou t 
fro m th e predicate' s cluster .  Thi s representatio n o f  a  predi -
cat e i s closel y relate d t o th e notio n o f  "convergenc e zones " 
(Damasio .  1989) . 

Let  u s examin e th e semanti c impor t  o f  th e enable r  an d 
collecto r  nodes .  Assum e tha t  th e role s o f  a  predicat e P  ar e 
dynamicall y boun d t o som e filler s thereb y representin g a  dy -
nami c instanc e o f  P  (w e wil l  se e how ,  shortly) .  Th e con -
comitan t  activatio n o f  th e enable r  e: P mean s tha t  th e syste m 
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Figur e 2 :  Th e rhythmi c patter n o f  activatio n representin g th e 
dynami c binding s love(Mary,Tom) . 

i s  tryin g t o explai n whethe r  th e currentl y activ e dynami c in -
stanc e o f  P  i s supporte d b y th e knowledg e i n th e memory . 
Th e reques t  fo r  suc h a n explanatio n migh t  b e generate d in -
ternall y b y th e reasonin g system ,  o r  b e conmiunicate d t o i t 
by som e othe r  subsyste m (e.g. ,  th e plannin g module) .  Th e 
semanti c impor t  o f  th e tw o collector s +c: P an d -c: P i s th e 
complemen t  o f  tha t  o f  th e enable r  node .  Th e syste m activate s 
th e positiv e collecto r  +c: P whe n th e currentl y activ e dynami c 
instanc e o f  P  i s supporte d b y th e knowledg e encode d i n th e 
system .  I n contrast ,  th e syste m activate s th e negativ e collec -
tor-c. P whe n th e negatio n o f  th e activ e instanc e i s supporte d 
by th e system' s knowledge .  Neithe r  collecto r  become s activ e 
i f  th e syste m doe s no t  hav e sufficien t  informatio n abou t  th e 
currentl y activ e dynami c instance .  Th e collector s ca n als o 
be use d b y a n externa l  process .  Fo r  example ,  th e languag e 
understandin g proces s migh t  activat e clov e an d establis h th e 
binding s (lover=John ,  lovee=Mary )  upo n hearin g th e utter -
anc e "Joh n love s Mary" .  Sinc e th e tw o collector s encod e 
mutuall y contradictor y informatio n the y hav e mutuall y in -
hibitor y links .  Observ e tha t  thi s inhibitio n i s loca l  t o th e tw o 
collector s withi n a  predicat e cluster . 

Detecting a Contradiction 

The levels of activation of the positive and negative collectors 
of  a  predicat e measur e th e effectiv e degre e o f  suppor t  offere d 
by th e syste m t o th e currentl y activ e predicat e instance .  Thes e 
level s o f  activatio n ar e th e resul t  o f  th e activatio n inciden t  o n 
th e collector s fro m th e res t  o f  th e networ k an d th e mutua l  in -
hibitio n betwee n th e tw o collectors .  Th e tw o activatio n level s 
encod e a  grade d belie f  rangin g continuousl y fro m "no "  o n th e 
one extrem e — wher e onl y th e negativ e predicat e i s active ,  t o 
"yes "  o n th e othe r  — wher e onl y th e positiv e collecto r  i s ac -
tive ,  wit h "don' t  k n o w "  i n betwee n — wher e neithe r  collecto r 
i s ver y active .  I f  bot h th e collector s receiv e comparabl e an d 
stron g activatio n the n bot h collector s ca n b e i n a  hig h stat e 
of  activity ,  i n spit e o f  th e mutua l  inhibitio n betwee n them . 
W h en thi s happens ,  a  contradictio n i s detected .  I n th e curren t 
implementatio n thi s i s don e b y a n additiona l  nod e withi n eac h 
predicat e cluste r  (no t  show n i n Figur e 1 )  tha t  ha s a  threshol d 
of  1. 5 an d receive s excitator y input s fro m bot h th e collectors . 
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Significanc e o f  Collecto r  t o Enable r  Connection s 

The weighte d link s betwee n th e collector s an d th e enable r  o f 
a predicat e conver t  a  dynami c assertio n int o a  quer y abou t  th e 
assertion .  Thu s th e syste m ca n constantl y evaluat e (o r  see k 
an explanatio n for )  incomin g knowledg e i n th e contex t  o f 
existin g knowledge .  Th e weight s o n link s fro m collector s t o 
enabler s ca n b e viewe d a s a  measur e o f  th e system' s propensit y 
fo r  seekin g suc h evaluations .  A  syste m wit h a  hig h weigh t 
on thes e link s ca n b e viewe d a s a  highl y critica l  an d skeptica l 
system ,  whil e on e wit h ver y lo w weight s ca n b e viewe d a s a 
credulou s syste m — on e whic h accept s incomin g informatio n 
withou t  activel y seekin g a n explanatio n o r  determinin g ho w 
wel l  i t  cohere s wit h prio r  knowledge . 

The system' s abilit y  t o evaluat e incomin g informatio n en -
able s i t  t o detec t  inconsistencie s betwee n incomin g informa -
tio n an d prio r  knowledge .  Thi s evaluatio n proces s i s fas t  an d 
automati c  bu t  th e scop e o f  inconsistenc y detectio n i s bounde d 
by th e constrain t  o n th e max imu m dept h o f  reflexiv e reasonin g 
(Shastr i  &  Ajjanagadde ,  1993) .  Observ e tha t  her e w e ar e re -
ferrin g t o a  reflexiv e proces s o f  evaluatio n an d no t  a  deliberat e 
searc h fo r  inconsistencies . 

The link s fro m th e collector s o f  a  predicat e t o it s enable r 
als o serv e t o creat e positiv e feedbac k loop s o f  spreadin g ac -
tivatio n an d thereb y creat e stabl e coalition s o f  activ e node s 
unde r  appropriat e circumstances .  Assum e tha t  th e syste m i s 
seekin g a n explanatio n abou t  th e currentl y activ e instanc e o f 
P,  an d therefore ,  th e enable r  o f  P  i s active .  I f  th e memor y 
support s thi s instanc e o f  P  i t  wil l  activat e th e positiv e collecto r 
of  P .  Thi s wil l  creat e a  feedbac k loo p — o r  a  stabl e coalitio n 
— consistin g o f  e:P ,  th e enabler s o f  othe r  predicate s partic -
ipatin g i n th e explanatio n o f  P ,  th e appropriat e collector s o f 
thes e predicates ,  +c:P ,  an d e:P . 

Computational Behavior of Idealized Nodes 

I f  a  p-bt u nod e A  i s connecte d t o anothe r  p-bt u nod e B  the n th e 
activit y o f  B  synchronize s wit h th e activit y oiA .  I n particular , 
a periodi c firin g o f  A  lead s t o a  periodi c an d in-phas e firin g 
of  5 . 

A r-an d nod e become s activ e o n receivin g a  puls e (o r  a 
burs t  o f  activity )  exceedin g a  minimu m duration ,  ?r .  Thu s a 
r-an d nod e behave s lik e a  tempora l  an d node .  O n becomin g 
active ,  i t  produce s a n outpu t  puls e simila r  t o th e inpu t  pulse . 

A threshold ,  n  (defaul t  valu e 1) ,  associate d wit h a  nod e 
indicate s tha t  th e nod e wil l  fir e upo n receivin g n  o r  mor e 
input s simultaneousl y (se e Shastr i  &  Ajjanagadde ,  1993) . 

Encoding Dynamic Bindings: 

Dynami c binding s ar e represente d b y th e synchronou s firin g 
of  appropriat e rol e an d fille r  nodes .  Wit h referenc e t o Fig -
ur e 1 ,  th e rhythmi c patter n o f  activit y show n i n Figur e 2  rep -
resent s th e dynami c binding s (lover=Mary,lovee=Tom )  (i.e. , 
th e dynami c fac t  love(Mary,Tom)) .  Observ e tha t  Mar y an d 
love r  ar e firin g i n synchron y an d To m an d love e ar e firin g i n 
synchrony .  Th e absolut e phas e o f  firin g o f  node s i s no t  sig -
nificant .  Als o sinc e e:lov e i s firing ,  th e syste m i s essentiall y 
"asking "  whethe r  i t  believe s tha t  Mar y love s Tom . 

As discusse d a t  lengt h i n (Shastr i  &  Ajjanagadde ,  1993) , 
ther e exist s substantia l  neurophysiologica l  evidenc e t o sug -
gest  tha t  th e propagatio n o f  synchronou s activit y  i s neurall y 
plausible .  A  detaile d revie w o f  synchronou s cortica l  activ -
it y appear s i n (Singer ,  1993) .  Th e ide a tha t  synchronou s 

love r  love e 
o o 

Figur e 3 :  Th e encodin g o f  facts :  love(John,Mary )  an d 
-ilove(Tom,Susan) . 

activit y ca n bin d feature s durin g visua l  processin g ha d bee n 
suggeste d b y vo n de r  Malsbur g (1986 )  (als o se e Bienenstoc k 
& Geman ,  1995) ,  bu t  SHRirr i  i s  perhap s th e firs t  mode l  t o 
demonstrat e ho w synchronou s activatio n ca n b e harnesse d t o 
solv e comple x problem s i n th e representatio n an d processin g 
of  conceptua l  knowledge . 

Encoding Long-Term Facts: Memory as a 

Tempora l  Patter n Matche r 

A long-term fact behaves like a temporal pattern matcher 
tha t  become s activ e wheneve r  th e stati c binding s i t  encode s 
matc h th e dynami c binding s represente d i n th e system' s stat e 
of  activation .  Figur e 3  illustrate s th e encodin g o f  th e long -
ter m fact s love(John,Mary )  an d -'love(Tom,Susan) .  Observ e 
tha t  eac h long-ter m fac t  i s  encode d usin g a  distinc t  r-an d nod e 
whic h receive s a  lin k firo m th e enable r  nod e o f  th e associate d 
predicat e an d send s a  lin k t o th e positiv e o r  negativ e collecto r 
of  th e predicat e dependin g o n whethe r  th e fac t  encode s a 
positiv e o r  a  negativ e fact .  Th e lin k from  th e enable r  t o 
th e fac t  nod e i s modifie d b y inhibitor y link s from  rol e node s 
of  th e associate d predicate .  I f  a  rol e i s boun d t o a n entity , 
th e modifie r  inpu t  from  thi s rol e nod e i s i n tur n modifie d 
by a n inhibitor y lin k from  th e appropriat e entity .  Give n th e 
quer y love(John,Mary) l  th e fac t  nod e F 2 wil l  becom e activ e 
and activat e th e collecto r  +c:lov e indicatin g a  "yes "  answer . 
Similarly ,  give n th e quer y love(Tom,Susan)l ,  th e fac t  nod e F l 
wil l  becom e activ e an d activate s th e -c: P collecto r  indicatin g 
a "no "  answer .  Finally ,  give n th e quer y love(John,Susan)? , 
neithe r  +c:lov e no r  -c.lov e woul d becom e active ,  indicatin g 
tha t  th e syste m ca n neithe r  affir m no r  den y whethe r  Joh n love s 
Susan . 
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marrie d 

Figur e 4 :  Encodin g o f  th e rule :  bachelor(x )  ̂ -^married(x,y } 

Encod in g o f  Rule s 

A rul e i s encode d b y (i )  linkin g th e role s o f  th e anteceden t 
and consequen t  predicate s s o a s t o reflec t  th e correspondenc e 
betwee n thes e role s specifie d b y th e rule ,  (ii )  connectin g th e 
enable r  o f  th e consequen t  predicat e t o th e enable r  o f  th e an -
teceden t  predicate ,  an d (iii )  connectin g th e appropriat e collec -
tor s o f  th e anteceden t  predicate s t o th e appropriat e collecto r 
of  th e consequen t  predicate .  Th e collecto r  lin k originate s 
fro m th e positiv e (negative )  collecto r  o f  a n anteceden t  pred -
icat e i f  th e predicat e appear s i n it s positiv e (negated )  for m 
i n th e antecedent .  Similarly ,  th e lin k terminate s a t  th e pos -
itiv e (negative )  collecto r  o f  th e consequen t  predicat e i f  th e 
predicat e appear s i n a  positiv e (negated )  for m i n th e conse -
quent .  Figur e 4  show s th e encodin g o f  th e rul e bacheloiix ) 
^  ->nuirried(x,y) .  Observ e tha t  th e syste m doe s no t  encod e 
th e contrapositiv e o f  a  rul e b y fiat.  I n ou r  model ,  a  rul e an d it s 
contrapositiv e ar e tw o distinc t  rules .  Thu s th e contrapositiv e 
for m o f  a  rul e may ,  o r  ma y not ,  b e presen t  i n th e L T M . 

The encodin g o f  rule s make s us e o f  weighte d link s betwee n 
predicates .  Thes e weight s distinguis h categorica l  rule s fro m 
sof t  (default )  rule s an d als o lea d t o a  gradua l  weakenin g o f 
activatio n alon g a  chai n o f  inference .  Eventuall y th e chai n o f 
inferenc e terminate s whe n activatio n fall s  belo w a  threshold . 

The solutio n t o th e proble m o f  negatio n an d inconsistenc y 
propose d abov e i s simple r  tha n th e on e suggeste d i n (Cottrell , 
1993) .  Th e latte r  suggest s duplicatin g th e entir e predicat e 
ban k fo r  eac h predicate .  I n thi s scheme ,  eac h predicat e P 
woul d hav e tw o separat e bank s o f  role ,  enable r  an d collecto r 
nodes :  on e fo r  positiv e knowledg e abou t  P  {+P) ,  an d anothe r 
fo r  negativ e knowledg e abou t  P  {-P) .  Suc h a  schem e woul d 
hav e require d a  mechanis m fo r  comparin g binding s acros s th e 
+ P an d - P bank s i n orde r  t o detec t  a  contradiction . 

Three Examples 

I n thi s sectio n w e presen t  thre e examples .  Thes e hav e bee n 
greatl y simplifie d i n orde r  t o focu s o n th e ke y propertie s o f 
th e model . 

First ,  assum e tha t  th e syste m ha s th e followin g rul e an d fac t 
i n it s  L T M :  bacheloiix )  = > ̂ married{x,y )  an d bachelor(John) . 
N ow th e syste m i s tol d "Joh n i s marrie d t o Susan "  b y ac -
tivatin g +c:marrie d an d establishin g th e dynami c binding s 

(husband=John,wife=Susan) .  Activatio n propagate s fro m 
+c:marrie d t o e:married ,  an d becaus e o f  th e rule ,  fro m 
e.manie d t o e.bachelor .  Th e husban d rol e o f  marrie d als o 
synchronize s wit h th e rol e o f  bachelo r  (refe r  t o Figur e 4) . 
At  thi s time ,  th e fac t  bacheloiiJohn )  matche s th e dynami c 
bindin g a t  bachelo r  an d activate s +c:bachelo r  (th e fac t  i s  no t 
show n i n Figur e 4) .  Th e activatio n fro m +c:bachelo r  propa -
gate s dow n t o -c :  married .  Thu s bot h th e collector s o f  marrie d 
become activ e an d signa l  a  contradictio n betwee n th e agent' s 
existin g belief s an d th e ne w information .  Th e syste m ha s 
th e optio n o f  rejectin g th e incomin g informatio n a s spuriou s 
or  updatin g it s existin g belief s abou t  John .  H o w th e syste m 
exercise s it s option s i s beyon d th e scop e o f  thi s work . 

Inconsistencie s i n existin g knowledg e ar e als o detecte d i n 
an analogou s manne r  whe n inconsisten t  knowledg e i s acti -
vated .  Thi s ca n happe n durin g th e processin g o f  a  quer y o r 
durin g th e assimilatio n o f  ne w information .  Fo r  example ,  as -
sume tha t  th e followin g (inconsistent )  knowledg e reside s i n 
th e L T M : 

1. P(x,y) ^ R(x,y) 

2.  Q(x,y )  = > ̂ R(x.y ) 

3.  P(a.b ) 

4.  Q(a.b ) 

N o w assum e tha t  th e executio n o f  som e cognitiv e tas k result s 
i n th e quer y R(a,b) ? t o th e memor y an d reasonin g system . 
As a  resul t  o f  rule s (1 )  an d (2) ,  thi s quer y lead s t o th e querie s 
P(a.b) ? an d Q(a.b)? .  Th e fact s (3 )  an d (4 )  matc h th e tw o 
queries ,  respectively ,  an d activat e +c: P an d +c:Q .  Thes e col -
lector s i n tur n activat e +c: R an d -c: R respectively .  Th e acti -
vatio n o f  th e positiv e an d negativ e collector s of/ ? lead s t o th e 
detectio n o f  a  contradiction .  Thu s th e propose d encodin g al -
low s inconsisten t  knowledg e t o resid e i n th e agent' s memory , 
but  detect s a n inconsistenc y wheneve r  th e agen t  trie s t o brin g 
some inconsisten t  knowledg e t o bea r  o n a  particula r  task . 

Next ,  w e describ e a  simulatio n o f  th e Pos t  Offic e Exampl e 
introduce d earlie r  t o illustrat e h o w a n agen t  m a y overloo k rel -
evan t  informatio n an d ac t  i n a n erroneou s manner .  Extende d 
evaluatio n — o r  a n appropriat e cue ,  however ,  ca n mak e th e 
relevan t  informatio n accessibl e an d lea d t o th e correc t  re -
sponse .  W e mode l  th e agent' s knowledg e a s follow s (refe r  t o 
Figur e 5) : 

(i )  presidents-day(day )  = > federal-holiday(day ) 
(ii )  3rd-Mon-Feb(day )  = > presidents-day(day) , 
(iii )  3rd-Mon-Feb(20-Feb-95 ) 
(iv )  ̂ 3nl-Mon-Feb(21-Feb-95 ) 
(v )  weekday(day )  A  post-qffice(x )  ̂  open(x,day)  (wit h a 

med iu m weight ) 
(vi )  weekend(day )  A  post-office(x )  = > -'open(x,day ) 
(vii )  federal-holiday(day )  A  post-office(x )  => •  ->open(x,day ) 
l\m)post-office(PO ) 
Th e significanc e o f  item s (i) ,  (v) ,  (vi) ,  an d (vii )  i s  fairi y 

obvious .  Ite m (ii )  specifie s tha t  thir d Monday s i n Februar y 
ar e Presidents '  Days .  Ideall y 3rd-Mon-Fe b woul d b e realize d 
as a  menta l  process .  W e ar e indirectl y simulatin g suc h a 
procediu- e b y assumin g tha t  suc h a  menta l  proces s i s accesse d 
vi a th e predicat e 3rd-Mon-Fe b i n orde r  t o determin e whethe r 
th e da y boun d t o it s rol e i s a  thir d Monda y i n February .  I n thi s 
example ,  thi s menta l  "calendar "  consist s o f  tw o fact s state d i n 
item s (iii )  an d (iv) .  Ite m (viii )  state s tha t  P O i s a  particula r  pos t 
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withdra w th e query .  S o Mar y wil l  se t  of f  t o th e pos t  office. ' 

Figur e 5 :  Th e networ k representatio n o f  th e Pos t  Offic e Ex -
ample .  Link s betwee n roles ,  detaile d encodin g o f  facts ,  th e 
relatio n weeken d an d th e encodin g o f  rul e (vi )  i s no t  shown . 
Rule s (v )  an d (vii )  ar e multipl e anteceden t  rules .  Threshold s 
othe r  tha n 1  ar e show n insid e nodes . 

office .  Item s (i) ,  (ii) ,  (vi) ,  an d (vii )  ar e categorica l  rule s abou t 
th e domai n an d hav e a  hig h weight ,  bu t  ite m (v )  correspond s 
t o defaul t  an d defeasibl e informatio n an d hence ,  ha s a  med iu m 
weight .  I n th e curren t  implementation ,  defaul t  rule s hav e a 
weigh t  o f  0.7 0 whil e categorica l  rule s hav e a  weigh t  o f  1 . 
We assum e tha t  'Today "  i s a  concep t  whic h i s boun d eac h 
day t o th e appropriat e dat e an d t o "weekday "  o r  "weekend " 
dependin g o n th e day .  Thes e binding s ar e assume d t o b e 
availabl e a s fact s i n th e agent' s memory . 

Imagin e i t  i s  20-Feb-95 ,  whic h i s Presidents '  Day ,  an d 
Mar y i s plannin g a  tri p t o th e pos t  offic e (PO) .  He r  "go-to -
post-office "  schem a ha s th e preconditio n tha t  th e pos t  offic e 
must  b e ope n s o i t  pose s th e quer y open(PO,Today) ? Assum e 
tha t  afte r  posin g th e quer y th e schem a monitor s th e activit y 
of  +c:ope n an d -c.ope n an d accept s a n answe r  base d o n th e 
criterion :  Accep t  a  "yes "  ("no" )  answe r  i f  th e positiv e (neg -
ative )  collecto r  stay s ahea d an d exceed s a  threshold ,  Oaeeept -
fo r  som e min imu m lengt h o f  time .  At .  Onc e th e schem a ac -
cept s a n answer ,  i t  terminate s th e quer y an d proceed s wit h it s 
execution . 

Sinc e 'Today "  i s boun d t o 20-Feb-95 ,  th e fac t  weekday(20 -
Feb-95 )  i s presen t  i n Mary' s memory .  W h e n th e schem a 
ask s th e quer y open(PO,Today)? ,  th e defaul t  rul e abou t  pos t 
office s remainin g ope n o n weekday s become s activ e first  an d 
activate s th e positiv e collecto r  +c:ope n (refe r  t o Figure s 5  an d 
6) .  I f  w e assum e 9accep t  t o b e 0.5 ,  th e activatio n o f  +c:ope n 
exceed s 6accep t  afte r  1 2 cycle s an d stay s abov e threshol d fo r 
abou t  2 0 cycles .  Durin g thi s time ,  th e negativ e collecto r  doe s 
not  receiv e an y activatio n an d stay s a t  0 .  I f  w e assum e tha t  A f 
i s 1 0 cycles ,  th e schem a wil l  accep t  +c:ope n a s a n answe r  an d 
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Figur e 6 :  T h e activatio n trac e fo r  th e quer y o p e n ( P O ,  Today )  ? ; 
w h e r e toda y i s 20-Feb-95 .  T h e vertica l  axi s denote s activatio n 
leve l  an d ha s a  scal e facto r  o f  1000 .  T h e horizonta l  axi s 
denote s n u m b e r  o f  simulatio n steps . 

H a d th e quer y remaine d active ,  th e inferenc e proces s woul d 
hav e eventuall y inferre d tha t  th e pos t  offic e i s no t  ope n to -
day .  T h e resul t  o f  th e inferentia l  process ,  i f  th e quer y 
open (PO,Today ) ? ha d no t  bee n terminate d b y th e schema , 
i s s h o w n i n Figur e 7 .  T h e dar k line s s h o w th e activatio n o f 
th e collector s o f  o p e n whi l e th e dotte d line s s h o w th e activa -
tio n o f  th e collector s o f  s o m e othe r  relevan t  predicates .  Firs t 
i t  i s  inferre d tha t  toda y i s a  weekday .  N e x t  i t  i s  inferre d tha t 
toda y i s th e thir d M o n d a y i n February .  A s a  result ,  th e in -
ferenc e tha t  toda y i s  Presidents '  D a y ,  an d hence ,  a  federa l 
holiday ,  follows .  Thi s i n tur n lead s t o th e inferenc e tha t  th e 
pos t  offic e i s no t  o p e n today . 
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Figur e 7 :  T h e activatio n trac e fo r  th e quer y o p e n ( P O ,  Today) ? 
— toda y bein g 20-Feb-9 5 — allowe d t o ru n it s ful l  course . 

Subsequently ,  Joh n ask s M a r y :  "Isn' t  toda y Presidents ' 
D a y ? " .  Thi s cause s th e languag e proces s t o activat e 
e:Presidents-da y an d bin d th e rol e o f  Presidents '  D a y t o 20 -
Feb-95 .  Thi s lead s t o th e activatio n o f  e:3rd-Mon-Fe b an d 
the n +c :3 rd -Mon-Fe b (vi a th e iac\.3rd-Mon-Feb(20-Feb-95)) . 
T h e activatio n f r o m + c : 3 r d - M o n - F e b w o r k s  it s w a y bac k an d 
activate s -c.open .  Sinc e thi s activatio n i s d u e t o categorica l 
rule s (rule s  ii ,  i ,  an d vii) ,  i t  i s  stronge r  tha n tha t  arrivin g a t 
+c :ope n from  th e defaul t  rul e (ite m v ) .  T h e mutua l  inhibitio n 
be twee n th e highl y activate d -c .ope n an d th e moderatel y acti -
vate d +c :ope n result s i n th e suppressio n o f  +c:open ,  mak in g 
M a r y realiz e tha t  th e pos t  offic e i s no t  o p e n (se e Figur e 8) . 

'Th e value s o f  dacc^p t  an d A t  cite d abov e ar e th e one s use d i n 
th e simulation . 
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Figur e 8 :  T h e activatio n trac e fo r  th e quer y "Isn' t  toda y Presi -
dents '  D a y ? "  pose d t o M a r y o n 20-Feb-9 5 lon g afte r  he r  "go -
to-post-office "  s c h e m a ha s pose d th e quer y open (PO,Today ) ? 
an d accepte d a  ye s answer . 

Conc lus io n 

Thi s pape r  describe s a n extensio n o f  th e structure d connec -
tionis t  mode l  SHRi m tha t  ca n dea l  wit h positiv e a s wel l  a s 
negate d form s o f  fact s an d rules .  Th e mode l  explain s ho w a n 
agent  ca n hol d inconsisten t  belief s withou t  bein g "aware "  tha t 
it s  belief s ar e inconsistent ,  bu t  detec t  a  contradictio n whe n 
tw o conuadictor y belief s tha t  ar e withi n a  smal l  inferentia l 
distanc e o f  eac h othe r  becom e co-activ e durin g a n episod e 
of  reasoning .  Th e mode l  als o show s ho w limite d attentiona l 
focu s o r  actio n unde r  tim e pressur e ma y lea d t o a n erroneou s 
response . 

The significanc e o f  thi s wor k extend s beyon d reasoning . 
I n essence ,  SHRUTI  demonstrate s ho w connectionis t  network s 
can represen t  relationa l  structure s an d perfor m certai n type s o f 
computation s ove r  suc h structure s i n a n efficien t  manner .  Thi s 
involve s th e representatio n o f  stati c  a s wel l  a s dynami c bind -
ings ,  interaction s betwee n thes e tw o type s o f  bindings ,  an d 
th e systemati c bu t  contex t  sensitiv e propagatio n o f  dynami c 
binding s fro m on e relationa l  structur e t o another .  Henc e th e 
significanc e o f  th e representationa l  an d inferentia l  mecha -
nism s develope d i n SHRu n extend s t o an y cognitiv e tas k tha t 
involv e computation s ove r  relationa l  structure s suc h a s frame s 
and schemas .  Fo r  example ,  Henderso n (1994 )  ha s show n tha t 
th e SHRUTI  architectur e i s als o appropriat e fo r  supportin g real -
tim e parsin g o f  English . 

I n futur e wor k w e pla n a  detaile d investigatio n o f  th e in -
teraction s betwee n defaul t  an d categorica l  rules .  I n doin g s o 
we wil l  dra w upo n earlie r  wor k o n connectionis t  treatmen t 
of  exceptions ,  multipl e inheritance ,  an d defaul t  informatio n 
(Cottrell ,  1985 ;  Shastri .  1988) . 
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Abstrac t 

Many guitarists learn to play by imitating recordings. This 
styl e o f  learnin g allow s guitarist s t o maste r  bot h ne w song s 
and ne w techniques .  T o imitat e a  song ,  a  guitaris t 
repeatedl y listen s t o a  son g recordin g unti l  th e entir e song ,  o r 
th e desire d portio n o f  tha t  song ,  ca n b e reproduce d b y th e 
guitarist .  Thi s kin d o f  imitatio n ca n b e a  ver y difficul t 
proces s particularl y i f  th e recorde d guitaris t  play s fas t  an d 
othe r  instrument s ar e involved .  Beside s th e difficult y i n 
hearin g th e guita r  music ,  th e man y differen t  way s t o finger 
and articulat e th e sam e note s an d chord s o n a  guitar ,  ca n als o 
make playin g th e musi c difficult .  I n thi s paper ,  w e describ e 
some o f  th e knowledg e guitarist s us e t o minimiz e thes e 
difficulties .  W e the n propos e a n externa l  representatio n tha t 
guitarist s ca n us e t o unloa d som e o f  th e cognitiv e burde n 
impose d b y th e imitatio n process .  Thi s externa l 
representatio n — th e ba r  chor d — transfor m man y o f  th e 
imitatio n activitie s fro m thos e requirin g bot h interna l 
computation s an d memor y t o thos e tha t  requir e th e guitaris t 
t o merel y loo k an d se e th e desire d results .  Moreover ,  ba r 
chord s facilitat e th e socia l  distributio n o f  thes e individua l 
benefits .  Thi s researc h contribute s t o th e growin g field  o f 
distribute d cognitio n an d t o ou r  understandin g o f  bot h 
interna l  an d externa l  representation s use d durin g musi c 
learnin g an d improvisation . 

Introduction 

Ther e ar e man y way s o f  learnin g ho w t o pla y guitar . 
A m o ng classical-styl e guitarists ,  th e mos t  c o m m o n mean s 
of  learnin g i s b y practicin g shee t  musi c — musi c encode d 
on pape r  i n a  standar d notatio n — unde r  th e guidanc e o f  a n 
instructor .  Th e typica l  novic e guitaris t  practice s a  piec e fo r 
abou t  a  week ,  the n visit s th e instructo r  fo r  mor e fine-
graine d instruction .  Th e instructo r  sit s t o th e sid e o f  th e 
buddin g guitarist ,  correctin g mistakes ,  providin g playin g 
tips ,  offerin g encouragement ,  an d a t  time s administerin g a 
scolding .  However ,  amon g guitarists ,  i t  i s  well-know n tha t 
many o f  th e founder s o f  moder n roc k guita r  (suc h a s Jim i 
Hendri x an d Eri c Clapton )  coul d no t  rea d standar d musi c 
notation ,  viz. ,  coul d no t  sight-read .  Eve n toda y i t  i s 
c o m m on t o find  well-know n roc k guitarist s tha t  canno t 
sight-read .  Suc h musician s learne d t o pla y b y imitatin g th e 
guita r  player s o n recorde d songs . 

Thi s pape r  i s a n attemp t  t o understan d thi s uniqu e kin d 
of  learnin g fro m a  distribute d cognitio n perspective .  First , 
we describ e th e dat a collectio n metho d an d th e ke y feature s 
of  th e distribute d cognitio n framework .  Thi s i s followe d b y 
a shor t  tutoria l  o n th e guita r  an d music .  W e the n describ e 
why imitatin g recorde d musi c ca n b e complex ,  followe d b y 
an analysi s o f  som e o f  th e musica l  regularitie s an d specia l 
knowledg e tha t  guitarist' s  posses s whic h minimize s thi s 
complexity .  Finally ,  w e perfor m a  cognitiv e analysi s o f  a n 
externa l  representatio n — th e ba r  chor d — whic h ca n 
furthe r  reduc e th e complexit y o f  imitatin g recorde d songs , 
by transformin g man y o f  th e imitatio n relate d task s fro m 
"in-the-head "  conceptua l  task s int o perceptua l  o r  "looking " 
tasks . 

Method, background, and review 

Thi s pape r  report s o n a  on e an d a  hal f  yea r  stud y o f  rock -
and-rol l  styl e guita r  (hereafter ,  roc k guitar )  playing .  Bot h 
author s ar e traine d i n classica l  guitar ,  hav e ove r  five  year s 
of  playin g experience ,  an d ar e proficien t  a t  sight-reading . 
However ,  roc k guita r  i s  ver y differen t  fro m classical ,  i n 
bot h trainin g methods ,  techniques ,  an d terminology .  Th e 
primar y autho r  spen t  ove r  a  yea r  an d a  half :  (a )  examinin g 
th e availabl e printe d material ;  (b )  interviewin g guitarist s 
fro m th e undergraduate ,  graduate ,  an d staf f  population s a t 
Carnegi e Mello n University ;  an d (c )  sittin g in ,  wheneve r 
possible ,  i n informa l  "ja m sessions "  wit h existin g bands . 
Althoug h w e di d no t  d o a  traditiona l  field  study ,  w e believ e 
th e abov e activitie s provide d th e sam e end-resul t  — a n 
understandin g o f  th e guita r  an d musi c fro m th e perspectiv e 
of  a  roc k guita r  player . 

The distribute d cognitio n framewor k (Hutchins ,  1995) , 
was use d t o acquir e furthe r  insight s int o th e interna l  an d 
externa l  structure s rock-guitarist s emplo y durin g son g 
imitation .  Briefly ,  thi s framewor k view s th e boundar y o f 
cognitio n a s dynami c an d flexible;  th e boundar y ca n 
expan d beyon d th e individual' s skul l  t o includ e thos e 
externa l  structure s participatin g i n a  task' s performanc e a s 
cognitiv e structures ,  an d no t  merel y a s input s int o a 
cognitiv e proces s insid e th e skull .  Moreover ,  a s Hutchin s 
(1995 )  demonstrates ,  thes e externa l  structure s ca n ac t  a s 
mor e tha n jus t  externa l  memory .  The y ca n encod e comple x 
computation s i n thei r  surfac e structure ,  whic h ca n 
transfor m certai n task s requirin g interna l  memor y an d 
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Figure 1. An electric guitar 

processing, into tasks which instead use simple physical 
manipulatio n o f  externa l  artifact s an d th e readin g of f  o f 
results .  Thi s framewor k focuse d ou r  effort s o n 
characterizin g th e cognitiv e consequence s o f  externa l 
structure s use d b y guitarists ,  suc h a s th e particula r  wa y th e 
guitarist s finger  chords . 

Ther e i s a  surprisin g lac k o f  studie s o n musi c imitatio n 
and improvisation .  Th e ke y studies ,  ar e b y Johnson-Lair d 
(1988) ,  Pressin g (1988) ,  an d Slobod a (1985) ,  w h o focuse d 
on characterizin g interna l  processin g capacit y constraint s 
on musi c improvisation .  Johnson-Lair d an d Slobod a argu e 
tha t  th e structur e o f  improvise d musi c i s constraine d (i n 
term s o f  genres ,  son g forms ,  an d individua l  styles )  s o tha t 
les s interna l  cognitiv e processin g i s  require d durin g 
performanc e tim e However ,  neithe r  Johnson-Lair d (1988 ) 
nor  Slobod a (1985 )  offe r  empirica l  evidenc e t o suppor t  th e 
vie w tha t  improvise d performance s ar e s o constraine d o r 
tha t  cognitiv e capacit y i s limited .  Pressin g (1988 )  develop s 
a psychologica l  mode l  o f  improvisation ,  bu t  focuse s o n 
interna l  cognitiv e constraint s o n th e process ;  externa l 
factor s ar e no t  considered .  Thi s stud y bot h support s an d 
augment s thes e studie s b y focusin g o n h o w guitarist s ca n 
self-impos e constraint s ove r  song-for m constraint s b y usin g 
externa l  structures .  Althoug h thi s stud y focuse s o n externa l 
structure s use d durin g son g imitation ,  th e externa l 
structure s describe d ca n als o b e use d t o facilitat e guita r 
improvisatio n a s well . 

External structures: Guitar and Music 

From a guitar player's perspective, the typical guitar 
consist s o f  th e followin g component s (se e Figur e I) :  si x 
meta l  strings ,  attache d a t  on e en d t o tunin g peg s locate d o n 
th e guitar' s head ,  an d attache d a t  th e othe r  en d t o a  bridg e 
on th e guitar' s body .  Th e guitar' s hea d an d bod y ar e 

connecte d vi a a  neck ;  th e nec k i s c o m m o n l y divide d int o 
19-2 2 differen t  region s k n o w n a s frets .  Collectively ,  th e 
fret s m a k e u p th e fretboard .  T h e guita r  bod y ca n b e 
hollow ,  semi-hollow ,  o r  solid-bod y wood .  Acoustic ,  an d 
classica l  styl e guitar s hav e hollo w o r  semi-hollo w bodies , 
an d on e o r  mor e soun d hole s whic h serv e t o amplif y th e 
soun d o f  th e vibratin g strings .  Electri c guitar s hav e soli d 
bodies ,  an d generat e soun d throug h a  comple x process : 
string s vibratin g ove r  on e o r  mor e electromagneti c pickups , 
attache d t o th e body ,  creat e a n electrica l  signa l  whic h 
travel s ove r  a  cabl e t o a n amplifie r  whic h finally  convert s 
th e electrica l  signa l  int o soun d wave s (se e Figur e 3) . 

Guitaris t  creat e musi c b y playin g individua l  notes ,  o r 
combination s o f  note s k n o w n a s chords .  Guitarist s pla y 
note s an d chord s b y usin g thei r  lef t  han d t o depres s certai n 
fre t  region s whil e thei r  righ t  han d simultaneousl y pluck s o r 
stru m th e string s alon g th e bod y o f  th e guitar .  T h e guitaris t 
ca n pla y 1 2 basi c sound s (notes )  — A ,  A # ,  B .  C ,  C # ,  D , 
D #,  E ,  F ,  F# ,  G ,  G # — a n d a t  leas t  3  differen t  variation s (o r 
octaves )  o f  th e basi c notes .  Eac h guita r  strin g i s tune d t o a 
differen t  not e E ,  A ,  D ,  G ,  B ,  an d E  ( 2 octave s highe r  tha n 
th e first-E),  s o tha t  pluckin g a  strin g withou t  pressin g o n 
th e fretboar d produce s tha t  correspondin g note .  Othe r 
note s ar e create d b y depressin g string s ove r  differen t  frets , 
wit h fret s close r  t o th e bod y producin g highe r  frequenc y 
note s tha n thos e clos e t o th e hea d (se e Figur e 2) . 

Internal structures: Knowledge for 
SONG imitatio n 

I n th e typica l  imitatio n process ,  th e guitaris t  alternate s 
betwee n tw o activities ;  playin g an d listenin g t o a  son g 
fragment ;  an d attemptin g t o duplicat e tha t  fragmen t  o n th e 
guita r  (se e Figur e 3) .  T h e activitie s continu e unti l  th e 
guitaris t  learn s th e entir e son g o r  th e desire d fragment . 
However ,  ther e ar e severa l  factor s whic h m a k e th e 
imitatio n proces s difficult . 

First ,  o n an y give n song ,  ther e ar e multipl e instrument s 
playin g a t  th e sam e time ,  e.g. ,  a  d ru m an d a  bass .  T h e 
guitaris t  need s t o lear n h o w t o identif y th e guita r 
independen t  o f  th e othe r  instruments .  Thi s m a y see m 
straightforward ,  bu t  m a n y m o d e m guitarist s attac h special -
effect s instrument s t o thei r  guitar s suc h a s fuzz ,  wah ,  an d 
distortion ,  whic h ca n mak e i t  eve n mor e difficul t  t o pic k 
out  th e guita r  part s i n th e recording .  Eve n i f  th e guitaris t 
ca n pic k ou t  th e guita r  parts ,  a  give n not e ca n b e playe d o n 
multipl e place s o n th e fretboard .  Furthermore ,  ther e ar e 
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Ĝ  

17 
a 
e 
c 

9 
D 
A 

18 
a# 
1 
c# 
g# 
D# 
A# 

19 
b 
W 
d 
a 
e 
B 

20 
c 
9 
d# 
a# 
f 
C 

21 
c# 
.9* 
e 
b 
f# 
at 

22 
d 
a 
t 
c 

9 
D 

Figur e 2 .  Sideway s depictio n o f  th e firs t  2 2 keyboar d fret s wit h th e 1 2 differen t  tone s superimpose d (doubl e vertica l  line s 
iiKJicat e wher e th e nu t  is) .  Co lum n heading s denot e fre t  numbers .  Th e to p ro w correspond s t o th e fret s unde r  strin g 1 ,  wit h 
th e las t  ro w strin g 6 .  Differen t  octave s o f  th e sam e not e ar e depicte d wit h differen t  fonts ,  e.g. ,  th e E  not e i s represente d 4 
differen t  time s (E ,  £ ,  e ,  e) .  Not e th e redundancy ;  £  ca n b e playe d o n th e (12t h fret ,  6t h string) ,  (7t h fret ,  5t h string) ,  o r 
(2n d fret ,  4t h string) .  Bullete d fret s cell s depic t  note s i n th e C  pentatoni c scale . 
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Figur e 3 .  T h e guitarist' s  typica l  setu p fo r  imitatin g a 
recorde d song .  Th e arrow s denot e trajectorie s fo r  movin g 
informatio n acros s differen t  media .  Th e guitaris t  use s th e 
left-mos t  loo p t o m o v e a  son g fragmen t  int o memory .  Th e 

rightmos t  "loop "  i s use d durin g th e imitatio n process .  Th e 
arro w wit h th e questio n mar k denote s a  possibl e visua l 
pathwa y tha t  ca n b e exploite d t o assis t  th e imitatio n 
process ,  a  centra l  topi c o f  thi s paper . 

multiple ways to play a note. For example, a given note 
m ay b e playe d soft ,  loud ,  o r  dampene d (palm-muted) ;  o r  i t 
m ay b e sustaine d fo r  severa l  beat s wit h o r  withou t  a 
tremolo .  Moreover ,  instea d o f  simpl y depressin g a  fre t 
location ,  a  guitaris t  m a y depres s a  lowe r  fre t  locatio n an d 
m o ve th e strin g sideways ,  a n actio n know n a s bending . 
Bendin g simulate s playin g a  highe r  fre t  locatio n (fo r 
example ,  instea d o f  playin g a  "b "  b y depressin g th e 7t h 
fret ,  1s t  string ;  a  guitaris t  ca n depres s th e strin g ove r  th e 
5t h fret ,  a n "a" ,  an d ben d u p t o a  " b " ) .  Finally ,  mos t  song s 
hav e a  comple x an d length y melody ,  an d reproducin g th e 
melod y require s tha t  th e guitaris t  remember s a  length y 
sequenc e o f  note s (se e Tabl e 1) .  Assumin g al l  th e note s 
an d chord s ar e hear d an d remembere d correctly ,  th e 
guitaris t  mus t  stil l  ge t  th e timin g right ;  th e note s an d 
chord s mus t  b e played ,  i n th e correc t  sequence ,  wit h a 
certai n tempora l  spacing ,  an d fo r  a  certai n length .  Th e 
followin g section s loo k a t  som e o f  th e way s guitaris t  wor k 
aroun d thes e difficultie s durin g son g imitation . 

Knowledge 1 & 2: The importance of chord changes 
a n d th e song' s ke y 

Non-musician s thin k o f  th e changin g melod y a s th e 
definin g characteristi c fo r  a  song .  However ,  guitarist s vie w 
a song' s chor d change s a s it s definin g characteristi c an d 
thu s focu s o n imitatin g chor d change s instea d o f  melod y 
changes .  A n analysi s o f  4 5 Jim i  Hendri x son g 
transcription s i n th e Interne t  guita r  archiv e 
(ftp.nevada.edu) ,  sho w tha t  3 1 o f  th e song s include d chor d 
changes ,  an d n o explici t  melod y transcriptions .  Imitatin g 
chor d changes ,  instea d o f  melod y changes ,  ha s importan t 
implication s fo r  wha t  need s t o b e remembered .  A  son g ca n 
hav e a  fairl y  comple x an d changin g melody ,  bu t  th e chor d 
change s underlyin g th e melod y ar e les s complex .  Conside r 
th e c o m m o n nurser y son g "Twinkl e twinkl e littl e star " 
(hereafter .  Twinkle* )  b y Hayde n i n th e ke y o f  C  (se e Tabl e 
I) .  Thi s son g use s onl y thre e chords :  C ,  F ,  an d G . 
However ,  th e melod y use s si x o f  th e seve n note s i n th e C -
majo r  scale .  A  son g i n th e ke y o f  C  mean s tha t  C  i s th e 
roo t  sound .  Th e roo t  soun d give s th e son g a  sens e o f 

completion ,  an d mos t  othe r  chord s i n th e son g mov e 
toward s th e roo t  (not e tha t  i n Twinkle *  th e C  chor d mor e 
tha n doubl e th e othe r  chords ,  1 1 ou t  o f  20) .  Th e notio n o f 
"sens e o f  completion "  i s difficul t  t o operationalize ,  bu t  th e 
analog y i s tha t  o f  th e las t  wor d i n a  sentence .  I f  th e son g 
doe s no t  en d wit h tha t  chord ,  th e son g doe s no t  see m 
finished.  Mos t  song s i n th e ke y o f  X .  star t  of f  i n X  an d en d 
i n X .  Thus ,  bot h Houn d D o g (se e Tabl e 2 )  an d Twinkle * 
star t  of f  wit h a  C  chor d an d en d wit h a  C  chord . 

Table 1. Twinkle Twinkle Little Star by Hayden (in the 
key o f  C ) 

Chord * 
Malod y 
Lyric * 
Chord s 
Malod y 
Lyric B 
Chord B 
Melod y 
Lyric B 

C F  C 
c c  g  g  a  a  g 
Twinkl e twinkl e littl e star . 

F C  G 
g g £ £  e  e  d 
Up abov e th e worl d s o high . 
C F  C 
c c  g  g  a  a  g 
Twinkl e twinkl e littl e star . 

Tabl e 2 .  Houn d D o g b y Elvi s 

Chord s 
Melod y 
Lyric s 
Chord s 
Melod y 
Lyric s 
Chord s 
Melod y 
Lyric s 

G C  G  C 
f  f  e  e  d  d  c 
How I  wonde r  wha t  yo u ar e 
C F  C  G 
g g i t  e  e  d 
Lik e a  diamon d i n th e sk y 
G C  G  C 
f  £  e  e  d  d  c 
How I  wonde r  wha t  yo u ar e 

Presle y (i n th e ke y o f  C ) 

1 
d» d « d i  d « d i  d « c 
You ain t  nothin g bu t  a  houn c 

F 
d» d » d « d « d « d » c 
You ain t  nothin g bu t  a  houn c 

G 
d« d » d  d  d  d  d  d 
You ain t  neve r  caugh t  a  rab b 

c d » g  a c e 
dog,  Scratchin g al l  th e tim e 

C 
d# d* t  g  a c e 
dog,  Scratchin g al l  th e tim e 

F C 
d d  d # d  d  c  c 

i t  S.  yo u ain' C a  frien d o f  min e 
O ne m a y thin k a  roc k an d rol l  son g i s mor e comple x 

tha n a  c o m m o n nurser y song ,  bu t  whe n comparin g Houn d 
Dog,  b y Elvi s Presle y wit h Twinkle *  b y Hayden .  th e 
complexit y o f  th e nurser y son g become s apparent .  Lik e 
Twinkle* .  Houn d D o g utilize s onl y thre e chord s (C .  F ,  G ) , 
an d five  differen t  tone s (c ,  d ,  d# ,  g ,  a) .  However ,  th e 
chord s chang e les s ofte n si x time s fo r  Houn d Do g (C .  F ,  C , 
G,  F ,  C )  a s oppose d t o twent y time s fo r  Twinkl e Twinkl e 
Littl e Sta r  (C ,  F ,  C ,  G ,  C ,  G ,  C ,  F .  C ,  G ,  C ,  F .  C .  G .  C .  F . 
C,  G ,  C ,  G ,  C ) .  I n eithe r  case ,  th e guitaris t  ca n reduc e th e 
memory requirement s fo r  imitatin g a  song .  b > onl > 
imitatin g chor d changes . 

Knowledge 3: Many songs conform to stiindard 
chor d progression s (I-IV-V ) 

The imitatio n tas k i s furthe r  simplifie d b y th e l.>li..\nnj. ' 
regularity :  man y roc k an d rol l  songs ,  an d almos t  al l  hlut- s 
styl e songs ,  follo w a  I-IV- V progression ,  fo r  i-xampl t 
Hound Do g i s i n th e ke y o f  C ,  whic h mean s tha i  ih c rm w 
chor d i s C .  Assig n C  th e valu e on e (usuall > writte n a v ih c 
roma n numeral ,  I) .  Countin g up ,  D  woul d b e aNMj:nci )  j 
tw o (II) ,  E  thre e (III) ,  F  fou r  (IV) ,  G  five  (V) ,  A  m \  .\Ii . 
and B  seve n (VII) .  Houn d Dog' s chor d change s onl v 
involv e C  (I) ,  F  (IV) ,  an d G  (V) .  Thus ,  i t  i s  a  I-IV- V 
progression ,  eve n thoug h th e actua l  change s d o no i  g o 
strictl y fro m I  t o I V t o V .  Twinkle *  i s als o a  I-IV- V 
progression .  Thu s a  guitaris t  ca n classif y song s base d o n 
chor d progressions ,  furthe r  reducin g th e memor y 
requirement s fo r  imitatin g a  song . 

Furthermore ,  durin g th e initia l  stage s o f  imitatin g chor d 
progressions ,  knowin g th e ke y an d a  se t  o f  standar d chor d 
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s 

1 

i 

key  ̂ ^ ^  chord s 

key: tonality. 

song 
for m •  ^  lo m 

, modality ^^^ scal d 

Figur e 4 .  T w o commonl y use d pentatoni c scale s i n th e ke y 
of  A .  Thes e scale s ar e represente d a s lightly-fille d circles . 
The dark-fille d circle s denot e othe r  pentatoni c scal e 
members redundantl y distribute d acros s th e fretboard . 
Almos t  al l  thes e note s soun d "good "  whe n improvise d ove r 
a I-IV- V progressions . 

progressions reduces the space of chords that need to be 
tried .  Give n tha t  th e guitaris t  ha s determine d on e o f  th e 
chords ,  b e i t  th e I ,  IV ,  o r  th e V ,  th e nex t  possibl e chor d i s 
limite d t o on e o f  th e othe r  tw o chords .  A s a  final  note , 
spac e limitation s onl y allo w u s t o describ e on e o f  th e 
common chor d progressions ,  I-IV-V .  Ther e ar e als o man y 
othe r  progression s suc h a s th e ii-V ,  I-vi-IV-V ,  an d als o 
regularitie s i n change s betwee n thes e chord s tha t  reduce s 
th e spac e o f  chord s th e guitaris t  ha s t o conside r  durin g th e 
imitatio n process .  However ,  th e basi c ide a i s th e same . 
Give n tha t  th e guitaris t  knows :  th e song' s key ,  ha s 
categorize d th e son g a s fitting  a  c o m m o n progression ,  an d 
knows a t  leas t  on e o f  th e chords ,  th e nex t  chor d i s likel y t o 
be on e o f  th e remainin g chord s i n th e chor d progression . 
Thus th e decisio n spac e fo r  th e chord s whic h th e guitaris t 
shoul d tr y i s  reduced . 

Knowledge 4: Pentatonic scales and Improvising 

The typica l  roc k son g include s a  guita r  solo ,  whic h 
guitarist s ofte n imitat e i n additio n t o th e chor d changes . 
The guita r  sol o i s usuall y playe d ove r  a  song' s chor d 
change s an d substitute s fo r  th e melod y line .  Guita r  solos ,  i f 
imitate d a t  all ,  ar e usuall y learne d afte r  th e chor d changes . 
W h en quizze d a s t o why ,  on e informan t  explained : 
"Becaus e yo u nee d t o kno w th e ke y th e son g i s in. "  Recal l 
tha t  th e ke y i s usuall y associate d wit h th e las t  o r  first  chor d 
i n a  song .  Onc e th e ke y i s know n th e guitaris t  ca n usuall y 
coun t  o n th e solo' s note s comin g fro m a  pentatoni c scal e 
whose roo t  not e i s th e sam e a s th e song' s key .  I n th e ke y o f 
C,  thos e note s ar e C ,  D# ,  F ,  G ,  an d A # (se e Figur e 1) ;  i n 
th e ke y o f  A ,  the y ar e A ,  B# ,  D ,  E ,  G  (se e Figur e 4) . 
However ,  guitaris t  d o no t  normall y thin k o f  th e pentatoni c 
scal e a s a  particula r  collectio n o f  notes .  Instea d the y vie w 
th e pentatoni c scal e a s a  particula r  patter n o n th e fretboar d 
of  th e guita r  startin g o n a  give n fre t  (se e Figur e 1  fo r  a 
pentatoni c scal e i n th e ke y o f  C ,  startin g o n fre t  8) .  Thi s 
same patter n i s transposabl e t o othe r  key s a s well ,  thu s 
eliminatin g th e nee d t o remembe r  differen t  scale s fo r 
differen t  keys .  Fo r  example ,  th e pentatoni c scal e i n A  i s 
th e exac t  sam e patter n a s C ,  onl y shifte d u p 3  fret s (startin g 
on fre t  5) .  A s anothe r  example ,  th e pentatoni c scal e i n th e 
key o f  D  i s th e exac t  sam e patter n bu t  shifte d dow n tw o 

8 

Figur e 5 .  Som e o f  th e ke y piece s o f  knowledg e possesse d 
by roc k guitarists .  Ca n thes e structure s b e distributed ? 

frets (starting on fret 10). Another interesting scale 
property ,  relevan t  t o improvising ,  i s  tha t  mos t  o f  th e note s 
i n th e scal e soun d goo d ove r  th e chor d changes .  Eve n a 
rando m selectio n o f  note s fro m th e correc t  pentatoni c scal e 
soun d good .  Thi s reduce s th e space s o f  note s tha t  hav e t o 
be trie d durin g improvisation ,  an d ca n hid e error s whic h 
th e guitaris t  make s durin g improvisation . 

Many guitarist s d o no t  imitat e a  song' s guita r  solo . 
Instead ,  th e guitarist s improvis e thei r  ow n solo s b y playin g 
note s fro m a  pentatoni c scale .  I n fact ,  mos t  guitarist s thin k 
of  improvisatio n a s simpl y playin g th e correc t  scal e ove r  a 
sequenc e o f  chor d changes .  Fo r  roc k an d rol l  an d blue s 
songs ,  knowledg e o f  pentatoni c scale s an d a  song' s ke y i s 
usuall y sufficien t  fo r  improvising .  However ,  wit h mor e 
complicate d songs ,  a  guitaris t  need s t o know :  (a )  th e tona l 
cente r  o f  th e song ;  an d (b )  th e modalit y o f  th e song . 
Collectively ,  thes e tw o item s denot e th e song' s key ,  whic h 
subsequentl y constrain s differen t  kind s o f  scal e patterns . 

RE-DISTRIBUTING COGNITION: CHANGING THE 
S O NG I M I T A T I O N T A S K I N T O A  L O O K I N G T A S K 

A centra l  imitatio n activit y i s determinin g chor d changes . 
The chor d change s constrai n a  key ,  whic h i n tur n 
constrain s a  scale ,  whic h ca n the n b e use d fo r  improvisin g 
or  t o hel p wit h imitatin g a  guita r  sol o (se e Figur e 5) . 
Moreover ,  th e roc k guitaris t  ca n rel y o n mos t  song s 
belongin g t o a  se t  o f  c o m m o n chor d progressions ,  suc h a s 
th e I-IV-V .  Wha t  wa s no t  discusse d wa s ho w guitarist s 
determin e th e othe r  chord s i n a  progressio n onc e th e ke y 
(again ,  usuall y th e first  chor d i n a  song )  wa s known .  Tak e 
fo r  example ,  a  I-IV- V progressio n i n th e ke y o f  C .  B y 
definition ,  th e I-chor d i s a  C-chord ,  bu t  ho w doe s th e 
guitaris t  determin e tha t  th e I V chor d an d V  chord s ar e F 
and G ,  respectively .  On e wa y i s fo r  th e guitaris t  t o 
mentall y coun t  upward s fro m C .  Alternatively ,  th e 
guitaris t  ca n als o memoriz e al l  twelv e I-IV- V patterns . 
Bot h approache s ca n b e difficult ,  th e forme r  require s 
interna l  computin g effor t  whil e th e latte r  require s memor y 
(se e Figur e 6) .  However ,  a n alternativ e approac h base d o n 

151 



• x i s 1 ,  d  i s 2 , 

e i s 3 ,  f  i s 4 , 

g i s 5 

Figur e 6 .  Th e guitaris t  usin g open-chord s eithe r  ha s t o 
remember  th e chord s relativ e t o th e root ,  o r  mentall y 
calculat e them . 

the distributed cognition frameworic, is to redistribute the 
cognitio n s o tha t  instea d o f  relyin g o n interna l 
computation s o r  interna l  memory ,  th e tas k i s transforme d 
int o on e wher e mor e perceptua l  mechanism s ar e employed . 
Fortunately ,  th e structur e o f  th e guitar' s fretboar d allow s 
suc h a  redistributio n o f  cognition .  T o understan d thi s 
redistribution ,  conside r  th e us e o f  open-chord s versu s ba r 
chords . 

Guitarist s typicall y lear n onl y th e ope n chord s whe n the y 
star t  playing .  Suc h chord s ar e fingered  withi n th e first five 
fret s o f  th e guitar ,  an d the y ar e use d b y novice s becaus e 
the y ar e easie r  t o for m tha n ba r  chord s (se e Figur e 7 ,  row s 

1 an d 2) .  Not e h o w th e roo t  chor d i n th e ke y o f  C  (Figur e 
7,  ro w I ,  co l  I )  look s differen t  fro m th e roo t  chor d i n th e 
ke y o f  D  (Figur e 7 ,  ro w 2 ,  co l  1) .  I f  a  son g doe s no t  follo w 
th e rul e o f  th e "firs t  o r  las t  chor d bein g th e key, "  the n ther e 
i s n o visua l  indicatio n o f  th e root .  Th e guitaris t  mus t  rel y 
on th e interna l  notio n o f  "sens e o f  completion "  t o 
determin e th e key .  Moreover ,  th e guitaris t  mus t  memoriz e 
12 differen t  open-chor d fingerings  an d give n a  roo t  chor d 
(I) ,  mus t  mentall y calculate ,  o r  remembe r  wha t  th e I V an d 
V chord s ar e fo r  al l  twelv e keys . 

Bar-chord benefits 1 and 2: Seeing the root, and 
lookin g w h e r e th e othe r  chord s shoul d b e 

Consider ,  however ,  th e us e o f  bar-chords .  Ther e ar e tw o 
basi c types ,  root- 6 ba r  chord s (se e Figur e 7 ,  row s 3  &  4 , 
col .  1) ,  an d root- 5 ba r  chord s (se e Figur e 7 ,  row s 3  &  4 , 
col .  1  &  2) .  Ba r  chord s typicall y us e th e inde x finger  t o 
depres s al l  th e string s o n a  give n fret ,  whil e th e othe r 
fingers  depres s lowe r  fre t  region s (se e Figur e 7 ,  row s 3  an d 
4) .  Not e h o w th e roo t  chor d i n th e ke y o f  C  (Figur e 7 ,  ro w 
3,  col .  1 )  look s th e sam e a s th e roo t  chor d i n th e ke y o f  D 
(Figur e 7 ,  ro w 4 ,  col .  I) .  Beside s a  structura l  regularit y fo r 
th e I-chord ,  th e us e o f  ba r  chord s als o introduc e a  spatia l 
regularity .  T h e fou r  an d five  chords ,  however ,  loo k th e 
same i n bot h key s (Figur e 7 ,  row s 3  &  4 ,  cols .  2  &  3) . 
Thus ,  th e guitaris t  doe s no t  nee d t o remembe r  differen t 
fingerings  fo r  th e I V an d V  chords ;  onl y thei r  ba r  locatio n 
— th e fre t  wher e th e inde x finger  make s a  ba r  — changes . 

Figur e 7 .  Open-chord s an d bar-chord s fo r  a  I-IV- V 

progressio n i n th e key s o f  C  an d D 
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I n fact ,  b y movin g th e root- 6 an d root- 5 bar s u p an d dow n 
th e fret s al l  1 2 differen t  possibl e chord s ca n b e generated , 
thu s th e guitaris t  onl y need s t o remembe r  2  chor d 
fingerings.  N o w on e ma y complai n tha t  th e guitaris t  stil l 
need s t o remembe r  th e 1 2 differen t  location s t o plac e th e 
bar  fo r  th e 1 2 differen t  chords .  However ,  th e fretboar d 
impose s som e spatia l  regularitie s whic h reduc e th e 
guitarist' s  nee d t o remembe r  wher e t o plac e th e ba r  chord . 
Th e I V chor d i s alway s t o th e lef t  o f  th e I-chord ,  an d th e V 
chor d i s alway s tw o fret s belo w th e I V chord .  Ther e ar e 
othe r  spatia l  regularitie s fo r  th e othe r  nin e chords .  Thus , 
give n a  key ,  th e guitaris t  ca n rel y o n thes e spatia l 
regularities ,  an d jus t  loo k an d se e wher e th e othe r  chord s 
shoul d be . 

Finally ,  thi s spatia l  regularit y mean s tha t  give n tha t  th e 
guitaris t  know s th e ke y (root-chord) ,  th e guitaris t  ca n 
dispens e wit h rememberin g th e label s (C ,  F ,  G )  fo r  th e 
variou s chords .  Th e I V chord s i s jus t  a  positio n t o th e right 
of  th e root-chord ,  an d th e V  chor d i s jus t  a  positio n t o th e 
righ t  an d d o w n severa l  fret s fro m th e roo t  chord . 

Bar-chord benefit 3: The similarity of external and 
interna l  representation s 

Ther e ar e othe r  benefit s t o usin g ba r  chords .  T o se e this , 
conside r  a  son g wit h a  I-IV- V chor d progressio n (e.g. , 
"Wil d Thing "  b y th e Troggs) ,  playe d i n bot h th e key s o f  C 
and D .  Mos t  listener s wil l  immediatel y recogniz e tha t  th e 
song s ar e th e same ,  excep t  tha t  on e (ke y o f  D  song )  sound s 
"higher "  tha n th e othe r  (ke y o f  C  song) .  However ,  th e I -
IV- V open-chord s i n th e ke y o f  C ,  loo k ver y differen t  fro m 
th e I-IV- V open-chord s i n th e ke y o f  D  (se e Figur e 7 ,  row s 
1 an d 2) .  Thi s differenc e o f  open-chor d appearanc e 
contradict s a  person' s interna l  sens e tha t  th e song s ar e 
similar .  Moreover ,  th e relationshi p betwee n th e song s — 
tha t  on e sound s "higher "  tha n th e othe r  — i s no t  preserve d 
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when usin g th e ope n chords .  However ,  whe n usin g bar -
chords ,  th e exac t  sam e chor d fingering s ar e use d excep t 
tha t  on e (ke y o f  D ,  roo t  a t  fret  10 )  star u tw o frets  belo w th e 
othe r  (ke y o f  C ,  roo t  a t  fret  8) .  Thus ,  usin g ba r  chord s 
preserve s a n individual' s sens e o f  similarit y betwee n th e 
same son g playe d i n tw o differen t  key s (se e Figur e 7 ,  row s 
3 an d 4) .  Moreover ,  th e relationshi p tha t  on e sound s 
highe r  tha n th e othe r  i s als o depicte d visuall y whe n usin g 
bar  chords ;  i n th e ke y o f  D ,  th e son g i s playe d tw o fret s 
highe r  tha n whe n playe d i n th e ke y o f  C . 

Lastly ,  ther e ar e als o socia l  implication s fro m usin g bar -
chords .  Fo r  example ,  a  guita r  teache r  tha t  use s bar-chord s 
makes th e regularitie s an d benefit s describe d abov e 
availabl e t o th e student .  A s anothe r  example ,  tak e a 
guitaris t  "sittin g in "  — a  gues t  musicia n — durin g a  ja m 
session .  I f  th e guitaris t  sittin g i n forget s th e chor d change s 
t o a  song ,  an d ther e i s anothe r  guitaris t  i n th e ban d usin g 
bar  chords ,  the n th e guitaris t  sittin g i n ca n watc h th e othe r 
guitaris t  fo r  a  whil e an d mor e easil y se e wha t  th e chor d 
change s are .  Bot h example s illustrat e h o w externall y 
observabl e representation s ca n provid e socia l  benefit s a s 
well . 

Pressing ,  J .  (1988) .  Improvisation :  Method s an d models . 
I n J .  A .  Slobod a (Ed ) .  Generativ e processe s i n 

music :  Th e psycholog y o f  performance . 

improvisation ,  an d composition .  Oxford .  U.K. : 

Clarendo n Press . 
Sloboda .  J .  A .  (1985) .  Th e musica l  mind :  Th e cognitiv e 

psycholog y o f  music .  Oxford ,  U.K. :  Carendo n 

Press . 

Summary 
Guitarist s ca n rel y o n bot h interna l  an d externa l  structure s 
t o hel p the m imitat e songs .  Th e dat a fro m ou r  stud y 
suggest s tha t  guitarist s first  imitat e a  song' s chor d 
progressions .  Th e chor d progression s defin e a  key ,  whic h 
the n constrain s a  scal e whic h ca n b e use d eithe r  fo r 
improvisin g o r  t o facilitat e imitatin g th e song' s guita r  solo . 
The imitatio n proces s ca n b e difficult ,  bu t  thi s difficult y ca n 
be alleviate d b y usin g th e prope r  externa l  structures ,  w e 
propose d on e suc h externa l  structure ,  th e ba r  chord ,  an d 
showe d h o w th e ba r  chor d coul d transfor m man y o f  th e 
imitatio n subtask s fro m one s whic h requir e interna l 
processin g an d memory ,  t o subtask s whic h involv e merel y 
lookin g i n th e worl d an d readin g a  solutio n of f  th e guitar' s 
fretboard .  Moreover ,  becaus e bar-chord s ar e visuall y 
availabl e t o othe r  guitarists ,  the y ca n facilitat e learnin g an d 
rememberin g i n a  socia l  context ,  suc h a s durin g a  ban d ja m 
session .  W e hop e ou r  researc h encourage s other s t o 
understan d naturall y occurrin g cognitiv e activit y a s a 
distribute d phenomenon . 
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Abst rac t 

The goal of the research reported in this paper is to uncover 
th e cognitiv e processe s involve d i n designin g comple x 
experiment s i n contemporar y biology .  Model s o f 
scientifi c  reasonin g ofte n assum e tha t  th e experimenta l 
desig n proces s i s  primaril y theoreticall y constrained . 
However ,  designin g a n experimen t  i s  a  ver y comple x 
proces s i n whic h man y step s an d decision s mus t  b e mad e 
eve n whe n th e theor y i s  full y  specified .  W e uncove r  a 
number  o f  crucia l  cognitiv e step s i n experimenta l  desig n 
by analyzin g th e desig n o f  a n experimen t  a t  a  meetin g o f 
an immunolog y laboratory .  Base d o n ou r  analysis ,  w e 
argu e tha t  experimenta l  desig n involve s th e followin g 
processes :  unpackin g an d specifyin g slot s i n possibl e 
experimenta l  designs ,  locall y evaluatin g specifi c 
component s o f  propose d designs ,  an d coordinatin g an d 
globall y evaluatin g possibl e experimenta l  designs .  Fou r 
set s o f  criteri a guid e loca l  an d globa l  evaluation :  ensurin g a 
robus t  interna l  structur e t o th e experiment ,  optimizin g th e 
likelihoo d experiment s wil l  work ,  performin g 
costs/benefit s analyse s o n possibl e desig n components , 
and ensurin g acceptanc e o f  result s b y th e scientifi c 
community .  CXi r  analyse s demonstrat e tha t  experimenta l 
desig n i s constraine d b y man y non-theoretica l  factors .  I n 
particular ,  th e constan t  threa t  o f  erro r  i n experimenta l 
result s lie s behin d man y o f  th e strategie s scientist s use . 

Introduction 

Th e specificatio n o f  th e cognitiv e processe s underlyin g 
scientifi c  thinkin g ha s bee n a  centra l  concer n o f  cognitiv e 
theorie s (e.g. ,  Dunbar ,  1995 ,  1996 ;  Klah r  &  Dunbar ,  1988 ; 
Langley ,  S imon ,  Bradshaw ,  &  Zytkow ,  1987 ;  Nersessian , 
1992 ;  Thagard ,  1992) .  Th e mai n focu s o f  researc h o n 
scientifi c  thinkin g ha s bee n o n inductiv e reasonin g an d 
hypothesi s formation ;  ther e ar e n o w m a n y model s o f  th e 
cognitiv e processe s involve d i n relatin g theor y t o data . 
However ,  fe w model s addres s anothe r  importan t  aspec t  o f 
scientifi c  work ,  th e experimenta l  desig n process .  Mos t 
cognitiv e researc h tha t  ha s addresse d experimenta l  desig n ha s 
focuse d o n th e relationshi p betwee n theor y an d experimen t 
(e.g. ,  Klah r  &  Dunbar ,  1988 ;  K layma n &  Ha ,  1987 ; 
Kulkam i  &  S imon ,  1988) .  However ,  ther e i s a  ric h se t  o f 
reasonin g processe s tha t  real-worl d scientist s us e t o desig n 
experiment s tha t  refer s onl y tangentiall y t o theory .  Thes e 

cognitiv e processe s "internal "  t o experimenta l  desig n 
exemplif y th e ric h heuristic s tha t  reasoner s construc t  ami d 
th e constraint s o f  complex ,  real-worl d environments .  Th e 
goa l  o f  thi s researc h i s t o presen t  a  mode l  o f  th e heuristic s 
use d fo r  designin g experiment s i n real-worl d science . 

Followin g th e researc h strateg y develope d b y Dunba r 
(Dunbar ,  1995 ,  1996) ,  w e wil l  investigat e th e wa y tha t 
scientist s desig n experiment s b y usin g dat a tha t  w e hav e 
recentl y collecte d fro m a n immunolog y laborator y a t  a  majo r 
Canadia n university .  W e hav e foun d tha t  on e plac e tha t 
scientist s desig n an d modif y experiment s on-lin e i s a t  th e 
weekl y laborator y meetin g (Dunbar ,  1996) .  Thus ,  th e dat a 
tha t  w e wil l  discus s i n thi s pape r  consist s o f  audi o 
recording s o f  a  laborator y meeting .  Th e advantag e o f  usin g 
laborator y meeting s a s ou r  sourc e o f  dat a i s tha t  w e obtai n 
spontaneou s statement s abou t  th e desig n o f  experiment s b y 
real-worl d scientist s i n a  natura l  way ,  rathe r  tha n usin g 
verba l  protocols ,  o r  a  microworld ,  t o investigat e th e 
experimenta l  desig n process . 

Method 

Thi s stud y i s par t  o f  a n ongoin g researc h projec t  initiate d b y 
Dunbar  tha t  ha s investigate d variou s aspect s o f  reasonin g 
and proble m solvin g usin g dat a fro m real-worl d scienc e 
laboratorie s (e.g. .  Bake r  &  Dunbar ,  i n preparation ;  Dunbar , 
1995 ,  1996 ;  Dunba r  &  Baker ,  1994 ;  Dunbar ,  Patel ,  Baker , 
& D a m a ,  1995) .  Th e dat a fo r  thi s stud y wa s draw n fro m a 
laborator y meetin g o f  a n immunolog y laborator y (excerpt s 
fro m th e meetin g ar e show n i n Tabl e 1) .  Whil e th e 
laborator y wa s guarantee d confidentiality ,  w e wer e give n 
broa d acces s t o meetings ,  papers ,  gran t  proposals ,  an d othe r 
laborator y records .  A t  meeting s o f  thi s laboratory ,  graduat e 
student s an d othe r  laborator y member s tak e turn s presentin g 
recen t  experimenta l  result s an d discussin g wha t  experiment s 
the y pla n t o d o next .  Laborator y member s w h o wer e presen t 
at  th e meetin g w e analyze d includ e th e principa l  investigato r 
(PI) ,  a  postdoctora l  fello w (Victoria') ,  thre e graduat e 
student s (includin g Elle n an d Monica) ,  on e undergraduat e 
honor s student ,  an d tw o technicians .  Th e entir e meetin g wa s 
tap e recorded  an d transcribed ,  an d the n a  segmen t  o f  thi s 

'Al l  name s an d som e identifyin g feature s o f  th e experiment s 
hav e bee n changed . 
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Ellen :  [I ]  A n d u h I  als o pla n t o d o i n sit u wit h th e X  probes ,  [2 ]  an d u h wit h eac h on e I  wil l  tr y a  differen t  modificatio n t o 
th e initia l  protocol s s  u h [3 ]  thos e modification s woul d b e aime d a t  increasin g th e accessibilit y  o f  th e u h probe s t o th e 
targe t  an d reducin g th e background .  [4 ]  S o tha t  th e overal l  ai m woul d b e t o increas e th e signa l  ove r  u h th e nois e ratio .  [5 ] 
O K,  s o exampl e o f  th e modic a u h modificatio n tha t  I  wil l  d o i s lik e t o us e fres h froze n tissue s instea d o f  u h perfuse d 
tissue s .  .  . 

PI :  [6 ]  Ar e yo u goin g t o b e abl e t o d o al l  thi s i n th e nex t  tw o weeks ? 
Ellen :  [7 ]  Wel l  I  wil l  tr y fres h froze n tissues ,  that' s fo r  sure .  [8 ]  Perfuse d tissues ,  yes .  [9 ]  U m mayb e I  don' t  k n o w i f  i f  I  wil l 

lik e t o trea t  wit h u h chloroform .  [10 ]  Bu t  R N A a s e I  woul d lik e t o d o tha t  a s well .  [11 ]  Becaus e i n on e experimen t  i n on e i n 
sit u w e ca n combin e al l  thes e thing s together . 

PI :  [12 ]  Al l  thi s i s goin g int o on e experiment ? 
Ellen :  [13 ]  Yes . 
PI :  [14 ]  What' s th e tissue ? 
Ellen :  [15 ]  U m hamste r  live r  an d splee n .  .  . 
PI :  [16 ]  There' s a  positiv e contro l  i n thi s experiment ? 
Ellen :  [17 ]  Positiv e contro l  woul d b e T R X cell s bu t  tha t  [18 ]  I  wil l  I  woul d mainl y concentrat e o n tissue s firs t 
PI :  [19 ]  I  thin k a t  th e ver y ver y leas t  an d we'r e reall y I' m talkin g abou t  th e botto m befor e w e star t  discussin g th e experimen t 

properly ,  [20 ]  ther e ough t  t o b e T R X induce d versu s uninduced .  [21 ]  Whic h yo u kno w alread y give s yo u a  signa l  versu s n o 
signal .  [22 ]  I  thin k that' s go t  t o b e ther e m in imu m [23 ]  an d the n w e ca n interpre t  fro m ther e .  .  . 

[othe r  aspect s o f  experiment s ar e discussed ] 
PI :  [24 ]  And,amongs t  al l  th e treatment s tha t  yo u describ e . .  .  whic h on e correspond s t o th e industr y standard ,  [25 ]  an d h o w 

ofte n hav e yo u trie d tha t  one ? 
Ellen :  [26 ]  Uh ,  I  wil l  I  wil l  tr y i t  fo r  th e first  tim e th e th e fresh  froze n tissue s [27 ]  ar e wha t  the y used . 
PI :  [28 ]  S o that' s th e industr y standard ? [29 ]  I  mea n th e th e likelies t  wa y t o mak e i n sit u hybridizatio n wor k o n tissues ? 
Ellen :  [30 ]  N o ther e ar e ther e ar e peopl e usin g perfuse d tissue s a s well .  [31 ]  I  thin k published .  [32 ]  Fres h frozen  tissue s it' s 

harde r  t o ge t  [33 ]  especiall y whe n it' s  spleen .  [34 ]  I  thin k u h thi s treatmen t  an d [35 ]  an d the n i f  w e don' t  fi x  befor e i t  it' s 
ver y har d t o t o get . 

PI :  [36 ]  H o w m a n y peopl e ar e publishin g tha t  the y ca n ge t  R P A F signa l  o n fixe d tissue ? I s i t  i s  i t  mor e dia n on e lab ? 
Ellen :  [37 ]  Yes ,  yes ,  ye s .  .  . 
PI :  [38 ]  I  wonde r  whethe r  yo u shouldn't ,  whethe r  yo u nee d to ,  inves t  a  hug e amoun t  o f  effor t  o n fresh frozen  tissu e tha t  [39 ] 

no w tha t  peopl e ca n tel l  m e thi s u h wha t  the y thin k .  .  . 
Ellen :  [40 ]  I  hav e th e tissues . 
PI :  [41 ]  Yo u hav e th e tissues ? [42 ]  The n mos t  o f  th e effor t  i s  alread y take n car e of ? .  .  .  O K . .  . 
Monica :  [43 ]  Bu t  i f  yo u wer e t o ge t  th e sam e result s fro m fixed  an d fro m fresh  froze n [44 ]  probabl y yo u woul d choos e t o us e 

fixed  i n th e futur e becaus e fixed  i s easie r  fo r  yo u t o wor k with . 
Ellen :  [45 ]  O K .  .  . 
PI :  [46 ]  Th e impressio n I  ge t  i s  tha t  fixed  tissu e [47 ]  I  mea n I  hav e m y o w n favorite s i n th e busines s O K ? [48 ]  A n d it' s 

partl y bia s [49 ]  an d it' s  partly ,  I  se e thei r  paper s around .  [50 ]  Bu t  on e o f  m y favorite s i s th e Y  la b .  .  .  [51 ]  ITie y wor k o n 
fixed  tissu e [52 ]  an d they'r e doin g a  lo t  o f  stuf f  tha t  interest s u s [53 ]  an d w e woul d like ,  i n fact ,  t o b e wher e the y are .  [54 ] 
So I  hav e thi s persona l  bia s tha t  i f  the y ca n d o i t  w e ca n d o it ,  [55 ]  an d i t  look s lik e easie r  wor k tha n usin g fresh  tissue . 
[56 ]  S o wha t  I' m tryin g t o d o i s t o reduce  th e amoun t  o f  wor k yo u hav e t o d o t o ge t  a  result ,  [57 ]  an d what' s frustratin g 
m e,  o f  course ,  a s i t  alway s doe s i n i n sit u [58 ]  i s  th e lengt h o f  tim e befor e w e kno w h o w it' s  gone .  [59 ]  A n y experimen t 
most  experiment s en d u p gettin g don e a  fe w time s befor e yo u ge t  a  goo d result ,  an d man y ther e m a n y m a n y failure s alon g 
th e wa y .  . .  [60 ]  Bu t  I  gues s wha t  you'r e tellin g m e i s tha t  you'r e goin g t o d o experiment s blindl y fo r  a  whil e unti l  yo u 
star t  reelin g i n th e data . 

Monica :  [61 ]  Eve n fro m molecula r  biolog y thoug h yo u hav e t o .  . .  tes t  a  coupl e o f  differen t  way s [62 ]  an d the n a s soo n a s 
yo u hi t  o n th e on e tha t  work s O K the n yo u kno w g o tha t  way .  [63 ]  A n d tha t  that' s wha t  i t  sound s lik e Ellen' s tryin g t o d o 
.  .  .  [64 ]  Unfortunatel y i t  take s five  week s t o ge t  th e answe r  [65 ]  bu t  sh e say s tha t  she' s gonn a d o a  numbe r  o f  differen t 
test s i n th e i n th e sam e experimen t  [66 ]  an d the n a t  th e en d o f  tha t  five  week s 

PI :  [67 ]  Withi n th e sam e experimen t  I  hadn' t  pic k u p o n that' s wher e I  starte d askin g 1 1 wa s afrai d tha t  w e wer e talkin g abou t 
te n differen t  experiments . 

Ellen :  [68 ]  I t  woul d i t  woul d b e i n int o tw o experiment s .  .  . 
Monica :  [69 ]  Al l  right.  Bu t  yo u coul d d o on e on e wee k an d on e th e next.. .  A n d s o i t  woul d b e withi n si x week s yo u woul d 

yo u woul d go ,  [70 ]  O h th e fixed  way...works . 
PI :  [71 ]  S o th e compariso n i s goin g t o be...fres h tissu e versu s 
Ellen :  [72 ]  Fixe d .  .  .  Yes . 

Tabl e 1 :  Meetin g excerpt s referrin g t o possibl e us e o f  fresh  frozen  tissue . 
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meetin g wa s selecte d fo r  analysi s becaus e i t  involve d a n 
extende d discussio n o f  possibl e experimenta l  designs . 
Protoco l  analysi s technique s wer e use d t o analyz e comment s 
relate d t o th e desig n o f  futur e experiments .  Thes e comment s 
wer e analyze d t o determin e th e genera l  structur e o f  th e 
experimenta l  desig n proces s an d th e particula r  issue s 
researcher s too k int o accoun t  i n designin g expenments . 

Analyses 

Summary of the Meeting 

I n th e meetin g segmen t  analyzed ,  a  graduat e student ,  Ellen , 
and othe r  laborator y member s discusse d severa l  possibl e 
modification s Elle n migh t  mak e t o a  particula r  experimenta l 
approach .  W e hav e analyze d th e entir e segment ;  however ,  fo r 
explanator y clarity ,  her e an d i n Tabl e 1  w e wil l  presen t  al l 
reference s t o a  particula r  problem ,  th e issu e o f  wha t  typ e o f 
tissu e preparatio n metho d Elle n wil l  use . 

Ellen' s goa l  a t  thi s poin t  i n he r  researc h i s t o ge t  a n 
experimenta l  techniqu e calle d i n sit u hybridizatio n t o work . 
I n sit u hybridizatio n involve s placin g a  "probe "  (i n thi s 
case ,  a  D N A prob e fo r  th e enzym e R P A F )  o n a  tissu e 
sampl e an d observin g wher e o n th e tissu e th e prob e adheres . 
Elle n hypothesize s tha t  R P A F i s involve d i n a  particula r 
disease .  I f  specifi c  adherenc e o f  th e prob e i s achieved ,  Elle n 
wil l  b e abl e t o se e which ,  i f  any ,  cell s i n th e tissu e ar e 
bindin g t o R P A F .  U p t o th e tim e o f  thi s meeting ,  Elle n ha s 
faile d t o ge t  th e i n sit u hybridizatio n techniqu e t o work . 

Wit h respec t  t o th e particula r  issu e addresse d i n thes e 
meetin g excerpts ,  Elle n i s considerin g tw o possibl e tissu e 
preparatio n methods .  Th e first,  whic h sh e ha s use d i n th e 
past ,  involve s "fixing "  th e anima l  tissu e chemicall y s o tha t 
experiment s ca n b e don e o n it .  Th e alternat e metho d tha t 
Elle n i s considerin g i s t o freez e th e tissue . 

At  th e beginnin g o f  th e meetin g segmen t  analyze d (item s 
[1-5 ]  i n Tabl e 1 ;  al l  subsequen t  brackete d numeral s wil l  refe r 
t o item s i n Tabl e 1) ,  Elle n i s discussin g experimenta l 
manipulation s sh e m a y d o t o tr y t o ge t  i n sit u hybridizatio n 
t o work .  I n particular ,  sh e say s [5 ]  sh e m a y tr y usin g "fres h 
frozen"  tissu e i n he r  nex t  experiment s instea d o f  th e fixed , 
perfuse d tissu e sh e ha s use d i n th e past . 

Afte r  Elle n describe s he r  possibl e experiments ,  th e P I  ask s 
[6 ]  whic h o f  th e experimenta l  manipulation s sh e intend s t o 
do immediately ,  an d Elle n respond s [7 ]  tha t  (amon g othe r 
thing s [8-10] )  sh e wil l  definitel y d o th e fresh frozen  tissu e 
manipulation .  Th e P I  nex t  ask s Elle n [14 ,  16 ]  t o specif y 
othe r  component s o f  he r  propose d experiment ,  includin g 
what  "positiv e control "  sh e wil l  use .  I n usin g th e ter m 
"positiv e control, "  th e P I  appear s t o sugges t  tha t  Elle n 
shoul d includ e a s a  contro l  a  typ e o f  cel l  t o whic h sh e 
know s bindin g shoul d occur ,  s o tha t  sh e wil l  b e abl e t o tel l 
whethe r  th e i n sit u procedur e i s workin g properly .  Usin g 
onl y th e experimenta l  cells ,  i f  ther e i s n o bindin g Elle n wil l 
not  b e abl e t o tel l  whethe r  he r  hypothesi s i s wron g o r 
whethe r  th e techniqu e i s no t  working .  A t  thi s poin t  Elle n 
say s tha t  sh e plan s [17-18 ]  t o tr y onl y th e tissu e 
manipulatio n wit h he r  experimenta l  cell s an d no t  t o us e 
contro l  cells .  However ,  th e P I  argue s [19-23 ]  tha t  sh e shoul d 
us e contro l  cell s i n th e experiment . 

Late r  i n th e meeting ,  afte r  othe r  aspect s o f  Ellen' s 
experiment s hav e bee n discussed ,  th e P I  trie s t o evaluat e 
[24 ]  th e experimen t  a s a  whol e wit h respec t  t o curren t 
standard s o f  scientifi c  practice .  Elle n claim s [27 ]  tha t  fresh 
frozen  tissu e preparatio n i s th e standar d o f  th e field ,  bu t 
unde r  questionin g fro m th e P I  [28 ,  36 ]  sh e the n admit s [30 -
31 ,  37 ]  tha t  som e laboratorie s als o us e fixed  tissue .  Sh e 
say s [32-35 ]  tha t  th e fresh frozen  metho d i s mor e difficul t 
tha n th e fixed  tissu e method .  Monic a the n argue s [43-44 ] 
tha t  Elle n shoul d favo r  th e fixed  metho d becaus e i t  i s  easier . 
The P I  als o argue s [46-56 ]  tha t  Elle n shoul d no t  tr y t o us e 
fresh  frozen  tissue ,  sinc e i t  i s  bot h harde r  t o wor k wit h tha n 
fixed  tissu e an d no t  clearl y th e standar d o f  th e laboratorie s 
doin g thi s kin d o f  work . 

Th e ensuin g discussio n [57-70 ]  i s par t  o f  a n effor t  t o 
coordinat e al l  th e experiment s Elle n want s t o do .  Becaus e i n 
sit u hybridizatio n require s a  wai t  o f  si x week s t o obtai n 
results ,  sh e plan s t o d o multipl e experiment s soo n withou t 
waitin g t o find  ou t  th e result s o f  eac h one .  Becaus e o f  thes e 
tim e frame  issues ,  Elle n wil l  g o ahea d [71-72 ]  wit h th e fres h 
frozen  manipulatio n despit e laborator y members ' 
reservation s abou t  th e fres h frozen  preparatio n method . 

Analysis of the Experimental Design Process 

Th e previou s sectio n outline d th e proces s scientist s wen t 
throug h i n on e portio n o f  thi s meetin g t o develo p a  piec e o f 
an experimenta l  design .  Beginnin g wit h a n experimenta l 
approac h tha t  wa s no t  workin g (i n sit u hybridization) ,  Elle n 
and othe r  laborator y member s examine d an d evaluate d 
variou s alteration s i n method s an d material s tha t  sh e coul d 
implemen t  i n orde r  t o ge t  th e i n sit u techniqu e t o work .  Th e 
excerpt s analyze d i n th e las t  sectio n focuse d o n on e onl y 
particula r  issue :  whethe r  Elle n shoul d us e fresh frozen  rathe r 
tha n fixed  perfuse d tissue .  However ,  a  mor e complet e 
analysi s o f  th e entir e meetin g segmen t  indicate d tha t 
processe s presen t  i n thi s segmen t  occurre d throughou t  th e 
meeting .  I n thi s section ,  w e analyz e th e genera l 
experimenta l  desig n proces s use d i n thi s laboratory .  Thi s 
proces s i s depicte d i n Figur e 1 .  Figur e 1  doe s no t  specif y a 
tempora l  orde r  o f  events ;  rather ,  i t  portray s a n overal l 
structur e tha t  control s th e experimenta l  desig n process . 
Often ,  event s move d temporall y fro m lef t  t o right  t o botto m 
i n Figur e 1 ,  bu t  element s from  th e thre e differen t  section s 
wer e intermixe d throughou t  thi s meetin g segment . 

At  th e tim e thi s meetin g occurred ,  Elle n ha d alread y 
chose n t o th e us e th e i n sit u hybridizatio n experimenta l 
approac h o r  paradigm .  Experimenta l  paradigm s ar e rarel y 
constructe d from  scratch ;  rather ,  the y m a y b e retrieve d from 
experiment s previousl y don e b y th e particula r  scientist ,  i n 
th e sam e laboratory ,  o r  i n othe r  laboratorie s (c f  Dunbar , 
1996) .  Th e choic e o f  a  particula r  experimenta l  paradig m 
constitute s th e creatio n o f  a  frame  wit h particula r  slot s 
correspondin g t o feature s i n th e experimenta l  desig n (c f 
Friedlan d &  Iwasaki ,  1985 ;  Schun n &  Klahr ,  1995) . 

Unpack/specify slots in experimental design. The 
first  par t  o f  th e experimenta l  desig n proces s exhibite d b y th e 
scientist s wa s "unpacking "  th e desig n an d specifyin g 
componen t  element s o f  th e experiment .  Tha t  is ,  a t  th e 
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Techniqu e 
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Coordination ,  globa l  evaluatio n 

Relativ e 
merit s 

Coheren t 
overal l 
structur e 

Timefram e 
issue s 

Figur e 1 ;  Diagra m o f  genera l  experimenta l  desig n process . 

beginning of the meeting Ellen had specified that she would 
continu e t o us e th e i n sit u hybridizatio n techniqu e an d tha t 
she woul d attemp t  th e fres h froze n metho d o f  tissu e 
preparation .  However ,  ther e wer e stil l  man y element s o f  th e 
experimenta l  desig n tha t  ha d no t  bee n specified ,  an d th e P I 
and othe r  laborator y member s prompte d Elle n t o specif y 
thes e [14 ,  16] .  Th e scientist s ar e abl e t o unpac k th e 
experimenta l  desig n i n thi s wa y becaus e the y kno w th e 
"slots "  i n th e experimenta l  desig n tha t  nee d t o b e fille d fo r 
any give n experimenta l  approach . 

Local evaluation of design elements. Subsequent 
to ,  o r  simultaneou s with ,  th e unpackin g an d specificatio n 
process ,  th e scientist s ofte n evaluate d specifi c  element s o f 
th e propose d design .  Thi s typ e o f  evaluation ,  whic h wa s 
constraine d t o onl y on e o r  a  fe w element s o f  th e propose d 
design ,  ma y b e though t  o f  a s "loca l  evaluation. "  Evaluatio n 
i s guide d b y a t  leas t  fou r  set s o f  criteria .  First ,  th e scientist s 
attemp t  t o desig n experiment s tha t  wil l  b e "interpretable; " 
tha t  is ,  tha t  hav e a  robus t  interna l  structure .  Thi s i s  ofte n 
achieve d throug h th e us e o f  contro l  condition s (e.g. ,  [16-23] ) 
tha t  enabl e th e scientis t  t o interpre t  th e meanin g o f  result s 
on non-control ,  o r  experimental ,  conditions .  Second ,  th e 
scientist s tr y t o optimiz e th e chance s tha t  th e experimen t 
wil l  "work; "  tha t  is ,  tha t  result s wil l  no t  b e throw n of f  b y 
experimenta l  error .  I n thi s meetin g th e scientist s trie d t o 
make sur e th e experimen t  woul d wor k b y evaluatin g Ellen' s 
leve l  o f  expertis e wit h th e fres h froze n tissu e preparatio n 
metho d [25 ]  an d usin g method s tha t  ha d a  prove n trac k 
recor d (i.e. ,  ha d bee n use d successfull y i n othe r  laboratorie s 
[24 ,  28 ,  36 ,  46-54]) .  Third ,  th e scientist s performe d wha t 
migh t  b e considere d a  costs/benefit s analysis .  Fo r  instance , 
the y considere d ho w eas y o r  difficul t  differen t  method s woul d 
be t o implemen t  [32-35 ,  40-44 ,  55-56] .  Fourt h an d finally , 
th e scientist s trie d t o desig n experiment s whos e result s 
woul d b e accepte d a s vali d b y th e large r  scientifi c 

community .  Fo r  instance ,  elsewher e i n thi s meetin g th e P I 
urge d Elle n t o includ e a  particula r  prob e becaus e i t  wa s "a n 
industr y standar d o f  somethin g tha t  yo u ough t  t o fin d .  .  . 
everybod y agree s i t  ough t  t o b e there. " 

Coordination and global evaluation. The final step 
i n th e experimenta l  desig n proces s i s  coordinatio n o f 
differen t  possibl e experiment s an d a  globa l  evaluatio n o f 
ho w differen t  approache s fi t  togethe r  an d whic h experiment s 
shoul d b e don e i n wha t  orde r  (e.g. ,  [57-70]) .  Globa l 
evaluation s ar e stil l  guide d b y th e sam e criteri a describe d i n 
th e las t  paragraph ,  bu t  the y ar e use d t o judg e th e merit s o f 
differen t  desig n element s an d approache s relativ e t o eac h 
other . 

Discussion 

The finding s reporte d i n th e previou s sectio n indicat e tha t 
scientist s hav e well-develope d strategie s fo r  designin g an d 
choosin g amon g possibl e experiments .  Th e analysi s o f  thes e 
strategie s suggest s interestin g theoretica l  interpretations , 
some o f  whic h ar e explore d i n thi s section . 

Experimental Design: Beyond the Hypothesis 

As w e argue d i n th e introduction ,  experimenta l  desig n ha s 
most  ofte n bee n portraye d i n th e cognitiv e literatur e a s a 
proces s o f  instantiatin g variable s o f  a  hypothesi s i n th e 
feature s o f  a n experiment .  W e d o no t  den y tha t  th e scientists ' 
curren t  hypothese s constrai n th e typ e o f  experiment s the y 
choose .  However ,  w e argu e tha t  hypothese s d o no t 
completel y constrai n th e desig n o f  experiments .  Tha t  is , 
ther e ar e man y possibl e experiment s tha t  coul d b e use d t o 
tes t  an y give n hypothesis .  Eve n afte r  th e hypothesi s i s 
determined ,  th e scientis t  stil l  ha s t o choos e amon g 
experimenta l  techniques ,  protoco l  steps ,  contro l  conditions , 
and man y othe r  element s befor e th e experimenta l  desig n i s 
complete . 

I n th e exampl e analyze d fo r  thi s cas e study ,  Elle n ha d 
forme d he r  hypothesi s man y month s befor e th e meeting ,  an d 
yet  sh e wa s continuin g t o struggl e wit h th e experimenta l 
componen t  o f  he r  work .  Ellen' s hypothesis ,  i n fact ,  i s  onl y 
obliquel y referred  t o i n th e entir e tex t  o f  thi s meeting .  L n 
part ,  thi s ma y b e becaus e sh e ha s alread y chose n th e 
experimenta l  paradig m sh e wil l  us e {i n sit u hybridization) ; 
choic e o f  experimenta l  paradig m i s perhap s mor e likel y t o 
involv e reference  t o theor y tha n late r  step s i n th e desig n 
proces s (c f  Friedlan d &  Iwasaki ,  1985) . 

Instea d o f  translatin g hypothesi s t o experiment ,  th e 
laborator y member s focu s o n solvin g a  technica l  proble m 
(gettin g a  ne w techniqu e t o work )  an d ho w t o desig n 
experiment s usin g thi s techniqu e tha t  wil l  giv e interpretabl e 
results .  Th e fou r  set s o f  criteri a tha t  guid e evaluatio n hav e 
littl e t o d o wit h th e constraint s impose d b y th e scientist' s 
hypothesis .  Tha t  is ,  a  goo d experimen t  wil l  no t  onl y tes t 
th e scientist' s  theory ,  bu t  wil l  als o b e robus t  i n interna l 
structur e (i.e .  th e result s ar e expecte d t o b e interpretable) , 
wil l  involv e methodologie s a t  whic h ar e likel y t o work ,  wil l 
be optima l  fro m a  costs/benefit s standpoint ,  an d wil l 
produc e result s tha t  wil l  b e accepte d b y th e large r  scientifi c 
community .  I t  i s  particularl y interestin g t o not e tha t  ther e 
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ar e comple x reasonin g processe s involve d i n experimenta l 
desig n eve n afte r  th e proces s o f  translatin g fro m theor y t o 
experimen t  ha s bee n completed .  Experimenta l  desig n ha s it s 
o wn "internal "  heuristic s an d reasonin g processe s separat e 
fro m th e tas k o f  relatin g hypothesi s t o experiment . 

Ther e i s a  limite d amoun t  o f  earlie r  researc h tha t 
considere d element s o f  th e desig n proces s independen t  o f 
theory-experimen t  coordination .  Ou r  result s correspon d t o 
thi s earlie r  wor k i n s o m e ways .  Th e interpretabilit y  criteri a 
highlighte d i n ou r  analysi s correspon d t o th e notio n o f 
"observability "  o f  experiment s develope d i n Klahr ,  Dunbar , 
and Fa y (1990) .  I n bot h cases ,  th e scientist s an d subject s 
trie d t o desig n experiment s whos e result s coul d b e 
interprete d unambiguously .  Th e genera l  structur e o f  ou r 
model  o f  experimenta l  design ,  i n whic h slot s i n a  frame  ar e 
unpacke d an d specified ,  i s  simila r  to.Friedlan d an d Iwasaki' s 
(1985 )  mode l  o f  experimenta l  desig n a s refinemen t  o f 
skeleta l  plans .  Therefore ,  ou r  wor k i s consisten t  wit h earlie r 
researc h tha t  investigate d aspect s o f  experimenta l  desig n 
othe r  tha n theory-to-experimen t  translation .  Thi s researc h 
m ay b e see n a s th e beginnin g o f  a  bod y o f  wor k tha t  goe s 
beyon d th e hypothesi s an d investigate s th e comple x 
processe s "internal "  t o th e experimenta l  desig n task . 

Effect of Potential Error on Experimental Design 

I n mos t  cognitiv e model s o f  science ,  includin g psycholog y 
laborator y experiments ,  artificia l  intelligenc e models ,  an d 
normativ e philosophica l  models ,  th e subject/scientis t  run s 
on e experimen t  (wit h on e experimenta l  conditio n an d n o 
contro l  conditions )  an d obtain s on e outcome ,  whic h i s 
presume d t o b e correct .  I n othe r  words ,  experimentatio n i n 
most  cognitiv e model s appear s unproblemati c compare d t o 
th e elaborat e processe s w e hav e uncovere d i n real-world 
science ,  wher e scientist s struggl e t o choos e betwee n 
alternat e method s an d material s an d desig n multi-conditio n 
experiment s wit h numerou s controls .  Th e questio n w e 
addres s i n thi s sectio n is :  W h y i s th e real-worl d proces s s o 
m u ch mor e comple x tha n tha t  depicte d i n earlie r  cognitiv e 
models ? 

We argu e tha t  th e issu e o f  "potentia l  error "  i s  wha t 
underlie s m a n y o f  th e criteri a real-worl d scientist s tak e int o 
accoun t  w h e n designin g experiments .  I t  i s  a  commonplac e 
a m o ng practicin g biologist s tha t  a t  leas t  a s m a n y 
experiment s "don' t  work "  a s "d o work "  (c f  [59]) .  Technique s 
tha t  appea r  straightforwar d i n th e biolog y textboo k o r  th e 
equipmen t  manua l  ar e i n practic e difficul t  t o implement . 
A m o ng othe r  potentia l  problems ,  material s m a y b e 
contaminated ,  cell s m a y di e i f  no t  maintaine d i n precis e 
growin g conditions ,  reagent s m a y fai l  t o adher e t o o r  interac t 
wit h othe r  materials ,  and/o r  equipmen t  m a y no t  b e calibrate d 
properl y o r  m a y malfunction .  Scientist s i n th e laboratorie s 
studie d ofte n spen t  week s o r  month s attemptin g t o "ge t  a 
syste m working, "  an d eve n the n degradatio n o f  material s o r 
problem s implementin g protocol s coul d caus e som e 
experiment s no t  t o work . 

T h e issu e o f  erro r  i n experimenta l  result s ha s bee n 
addresse d befor e i n th e psychologica l  literamr e (e.g .  Gorman , 
1986) .  However ,  potentia l  erro r  ha s generall y bee n treate d a s 
a probabilisti c  issu e i n th e psycholog y laboratory ;  tha t  is , 
o n an y give n experimen t  ther e i s som e percentag e chanc e 

tha t  th e resul t  wil l  b e reporte d incorrectly ,  an d subject s ar e 
expecte d t o tak e thi s possibilit y  o f  erro r  int o accoun t  whe n 
evaluatin g experimenta l  results .  I n th e real-worl d biolog y 
laboratory ,  erro r  i s no t  treate d a s a  probabilisti c  construct . 
W h en experiment s "don' t  work, "  th e biologist s rarel y 
conside r  i t  a  chanc e occurrence .  Rather ,  the y believ e th e 
failur e ca n b e causall y attribute d t o somethin g tha t  wen t 
wron g durin g th e runnin g o f  th e experiment .  B y usin g th e 
appropriat e experimenta l  controls ,  th e scientist s hop e t o tel l 
whethe r  th e experimen t  faile d an d als o wha t  wen t  wron g t o 
caus e i t  t o fail .  Hence ,  thi s nee d t o contro l  fo r  possibl e erro r 
drive s th e strategie s involve d i n designin g experiment s wit h 
robus t  interna l  structure .  Th e secon d se t  o f  criteria ,  directe d 
towar d gettin g th e experimen t  t o "work, "  explicitl y  addres s 
thi s issu e o f  possibl e error .  I n addition ,  i t  m a y b e thi s 
possibilit y  o f  erro r  tha t  i s  behin d th e developmen t  o f 
scientifi c  communit y standard s fo r  wha t  i s accepte d a s a 
vali d experimenta l  finding :  b y settin g standards ,  th e 
communit y ensure s tha t  scientist s ca n evaluat e th e 
possibilit y  o f  erro r  i n othe r  laboratories '  reporte d results . 
Thu s th e possibilit y  o f  erro r  factor s int o th e fourt h se t  o f 
criteri a a s well . 

I n short ,  wha t  wa s unproblemati c i n mos t  cognitiv e 
models—trustin g th e result s o f  experiments—become s 
highl y problemati c i n th e real-worl d scienc e laboratory .  Th e 
criteri a scientist s tak e int o accoun t  whe n designin g an d 
evaluatin g potentia l  experimenta l  design s ca n b e see n a s a 
well-develope d se t  o f  heuristic s tha t  hav e arise n t o dea l  wit h 
th e constraint s o f  thi s tas k environment ,  i n particula r  th e 
potentia l  fo r  erro r  i n experimenta l  results . 

Toward a General Model of Experimental Design 

Researcher s buildin g model s o f  h u m a n proble m solvin g 
hav e lon g recognize d tha t  th e tas k environmen t  severel y 
constrain s th e type s o f  strategie s tha t  th e problem-solve r 
wil l  emplo y (e.g. ,  Newel l  &  Simon ,  1972) .  Experimenta l 
desig n i s n o exception :  Designin g a n experimen t  i n a 
scienc e laborator y i s a  comple x proble m wit h multipl e 
constraints .  T h e experimenta l  desig n proces s depicte d i n 
Figur e 1  i s i n fac t  a  collectio n o f  strategie s use d b y 
scientist s i n on e laborator y t o solv e a  portio n o f  th e 
experimenta l  desig n problem .  T o th e exten t  tha t  thes e 
strategie s hav e bee n develope d b y scientist s i n respons e t o a 
tas k environment ,  i t  i s  probabl e tha t  simila r  strategie s wil l 
be manifeste d i n laboratorie s confronte d wit h simila r  tas k 
environments .  I n othe r  words ,  th e proces s depicte d i n Figur e 
1 wil l  likel y lea d towar d a  genera l  mode l  o f  th e experimenta l 
desig n proces s throughou t  scienc e i f  laboratorie s i n othe r 
scienc e discipline s fac e simila r  constraint s t o thos e face d i n 
thi s immunolog y laboratory . 

We argu e tha t  th e tas k environmen t  fo r  experimenta l 
desig n i n mos t  scienc e domain s i s mor e simila r  tha n 
differen t  from  disciplin e t o disciplin e an d fro m laborator y t o 
laboratory .  Fo r  example ,  th e particula r  slot s scientist s mus t 
fil l  i n t o complet e a n experimenta l  desig n wil l  var y 
dramaticall y fro m disciplin e t o discipline ,  bu t  th e strateg y o f 
"unpacking "  th e desig n s o a s t o m a k e particula r  component s 
of  i t  availabl e fo r  analysi s i s likel y t o b e use d i n scienc e 
laboratorie s o f  m a n y disciplines ,  becaus e th e structur e o f 
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experiment s i n m o d e m scientifi c  discipline s i s  almos t 
alway s ver y complex . 

Similariy ,  th e criteri a use d t o locall y evaluat e element s o f 
an experimenta l  desig n ar e a  respons e t o th e genera l  natur e 
of  20th-centui y scientifi c  practice ,  an d no t  a d ho c heuristic s 
usefu l  onl y i n a  particula r  laboratory .  Th e standard s o f 
experimenta l  scienc e a s i t  currentl y exist s require  tha t 
scientist s ensur e a  robus t  interna l  structur e t o thei r 
experiments .  Likewise ,  th e extensiv e socia l  structur e o f 
scienc e toda y require s tha t  scientist s kee p i n min d th e likel y 
communit y respons e t o thei r  reporte d results .  Particula r 
issue s withi n thes e categorie s ma y var y i n differen t  scientifi c 
domains ,  bu t  practitioner s i n al l  m o d e m scienc e laboratorie s 
must  tak e int o accoun t  thes e genera l  criteria .  Similarly , 
cuttin g edg e scienc e i n al l  discipline s require s th e us e o f 
new,  imperfec t  techniques ;  indeed ,  i t  i s  th e us e o f  thes e 
technique s tha t  ofte n define s "cuttin g edge "  science .  Thu s 
costs/benefit s decision s an d concem s abou t  individua l 
expertis e ar e alway s present ,  and ,  mor e generally ,  whe n eac h 
experimen t  represent s a  larg e commitmen t  o f  time ,  effort , 
and money ,  ther e i s a  nee d t o prioritiz e an d coordinat e 
differen t  experiments .  Fo r  thes e reasons ,  i t  i s  no t  unlikel y 
tha t  th e basi c feature s o f  th e mode l  presente d i n Figur e 1 
woul d b e presen t  i n an y genera l  mode l  o f  real-world 
experimenta l  design . 
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Abstrac t 

It is widely acknowledged that teaching and learning are 
organize d quit e differentl y i n an d ou t  o f  schoo l  settings .  Thi s 
pape r  describe s tw o strip s o f  interaction ,  selecte d from a  dat a 
corpu s tha t  document s naturally-occurrin g wor k i n adul t 
setting s ofte n considere d t o b e target s fo r  scienc e an d 
mathematic s education .  I n th e firs t  stri p (civi l  engineering) , 
we follo w ho w engineer s wit h differen t  level s o f 
organizationa l  responsibilit y  us e a n evaluativ e term ,  "brutal, " 
i n relatio n t o feature s o f  a  propose d roadwa y design .  I n th e 
secon d stri p (fiel d biology) ,  w e follo w participants '  initiall y 
conflictin g use s o f  th e registe r  terms ,  "difference "  an d 
"distance, "  a s the y collaborat e acros s disciplinar y specialties . 
I n bot h cases ,  disagreement s abou t  th e us e o f  term s ar e 
detecte d i n ongoin g interaction ,  alternativ e meaning s ar e 
activel y assemble d acros s differen t  type s o f  media ,  an d 
disagreement s ar e resolve d aroun d pre-existin g organizationa l 
asymmetries .  W e rais e thre e genera l  question s abou t 
teaching/learnin g i n th e workplace :  (i )  Wha t  i s accessibl e t o 
participant s a s teachers/learner s unde r  differen t  organizationa l 
conditions ;  (ii )  H o w ar e disagreement s abou t  share d meanin g 
managed,  give n asymmetrie s betwee n participant s i n thes e 
events ;  an d (iii )  Wha t  d o thes e kind s o f  studie s tel l  u s abou t 
th e acquisitio n o f  wor d meanin g a s a n unproblemati c relatio n 
betwee n ter m an d referent ? 

Introduction 
I t  ha s bee n widel y acknowledge d fo r  severa l  decade s tha t 
teachin g an d learnin g ar e organize d quit e differentl y i n an d 
out  o f  schoo l  setting s (Becker ,  1986 ;  Collins ,  B r o w n & 
N e w m a n,  1989 ;  L a v e & Wenger ,  1991 ;  Resnick ,  1987 ; 
Rogoff ,  1990) .  I n addition ,  mos t  contemporar y theorie s o f 
learnin g an d developmen t  clai m tha t  learning ,  a s a  process , 
occur s continuousl y i n people' s activit y (Case ,  1992 ; 
Newell ,  1990) .  Despit e th e fac t  tha t  instructiona l  practice s 
ove r  th e pas t  severa l  decade s hav e proceede d a s i f  teaching , 
learning ,  an d doin g wer e separat e activities ,  i t  i s no t  th e cas e 
tha t  peopl e lear n exclusivel y i n schoo l  an d the n us e wha t 
the y hav e learne d i n othe r  setting s (e.g. ,  a t  h o m e o r  i n th e 
workplace) . 

I t  m a y b e obviou s tha t  peopl e lear n outsid e o f  schoo l 
settings ,  bu t  w e hav e relativel y fe w studie s o f  h o w teachin g 
an d learnin g ge t  organize d i n th e ongoin g practica l  activitie s 
of  workplace s (Hutchins ,  1995 ;  Saxe ,  1991 ;  Traweek ,  1988 ; 
Wenger ,  1990) .  Thi s i s particularl y tru e o f  technica l  o r 
scientifi c  wor k setting s tha t  compris e th e propose d 

"application "  o f  m u c h mathematic s an d scienc e i n secondar y 
an d undergraduat e education .  Thi s pape r  present s a 
comparativ e cas e stud y o f  teachin g an d learnin g event s i n 
tw o suc h places :  a  civi l  engineerin g fir m an d a  fiel d 
biologica l  researc h station .  I n eac h setting ,  w e us e 
observation ,  interviewing ,  collecte d documents ,  an d vide o 
record s o f  naturall y occurrin g workplac e activit y a s ou r 
primar y data .  Observationa l  note s an d interview s ar e use d t o 
identif y "typica l  chunk s o f  work "  ( a ter m w e us e wit h 
researc h participants )  fo r  recording ,  an d thes e record s the n 
provid e a  corpu s fo r  mor e detaile d interactiona l  analysi s o f 
h o w peopl e wor k together .  Fo r  th e purpose s o f  thi s paper , 
we hav e selecte d wha t  w e thin k ar e representativ e teachin g 
an d learnin g events ,  base d o n ou r  analysi s o f  th e entir e 
recorde d corpu s an d ou r  understandin g o f  th e broade r 
organizationa l  structur e o f  wor k i n thes e settings .  W e us e 
thes e case s a s on e approac h t o documentin g an d analyzin g 
h o w teachin g an d learnin g happen s betwee n peopl e i n 
specifi c  organizationa l  circumstances .  (Hall ,  1995) . 

I n th e firs t  tw o section s o f  thi s paper ,  w e loo k closel y a t 
strip s o f  interactio n i n whic h peopl e wor k ou t  th e meaning s 
o f  seemingl y simple ,  technica l  terms .  Hilar y Putna m (1988 ) 
argue s tha t  reference ,  a s a  socia l  phenomena ,  involve s a 
"linguisti c divisio n o f  labor "  wher e meaning s ar e 
differentiall y  distribute d acros s a  languag e community .  Th e 
implicatio n o f  thi s vie w i s tha t  meaning s i n us e ca n com e 
int o conflict .  Thi s pape r  document s tw o suc h case s an d 
demonstrate s h o w thes e conflict s ar e worke d throug h b y 
interactants .  I n th e civi l  engineerin g firm,  w e follo w th e 
conteste d referentia l  scop e o f  a n evaluativ e term ,  "brutal, " 
as i t  i s use d t o describ e roadwa y desig n alternatives .  I n th e 
field  biolog y researc h station ,  w e follo w h o w a  coordinated , 
across-disciplin e meanin g o f  registe r  term s lik e "difference " 
an d "distance "  i s develope d t o analyz e potentiall y  differen t 
sample s fro m insec t  populations . 

By followin g thes e interaction s int o surroundin g 
organizationa l  conditions ,  w e sho w tha t  eve n thes e simpl e 
negotiation s ar e significan t  teachin g an d learnin g events . 
Thes e interaction s ar e difficul t  t o recogniz e fro m a 
traditiona l  cognitiv e scienc e perspectiv e a s "teaching "  o r 
"learning "  events .  Bu t  the y ar e precisel y th e kind s o f 
interactio n tha t  compris e workplac e teachin g an d learning , 
at  leas t  outsid e o f  forma l  trainin g program s i n th e workplac e 
setting s w e hav e studied .  I n ou r  view ,  thes e kind s o f  event s 
fill  i n th e theoretica l  landscap e tha t  other s hav e calle d form s 
of  "legitimat e periphera l  participation "  (Lav e &  Wenger , 
1991 )  o r  "guide d participation. "  (Rogoff ,  1990 )  Ou r  analysi s 
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of  thes e event s work s a t  two ,  interdependen t  levels :  (1 )  th e 
routin e organizationa l  structur e o f  activit y i n thes e 
workplaces ,  whic h i s availabl e t o u s throug h ethnographi c 
observatio n an d interviewing ,  an d (2 )  th e interactiona l 
structur e o f  participants '  wor k wit h site -  an d discipline -
specifi c  form s o f  representation ,  whic h i s availabl e t o u s 
throug h analysi s o f  vide o records .  Together ,  thes e level s o f 
analysi s allo w u s t o describ e discursiv e o r  representationa l 
practice s i n thes e workplaces ,  an d base d o n recurren t 
asymmetrie s i n thes e practices ,  th e kind s o f 
teaching/learnin g event s throug h whic h the y ar e reproduce d 
(i.e. ,  h o w peopl e lear n t o participat e i n practices ,  an d i n th e 
process ,  generat e thos e ver y practices) . 

Strip 1: Evaluating Roadway Design 
Al ternat ive s i n a  Civi l  E n g i n e e r i n g F i r m 

Ther e i s a  stron g argumen t  t o b e m a d e tha t  agreement s i n 
judgmen t  ar e particularl y indicativ e o f  a  sens e o f  share d 
understandin g betwee n peopl e (Bourdieu ,  1984 ; 
Wittgenstein ,  1958) .  Differin g judgment s abou t  whethe r 
somethin g i s "good "  o r  "bad, "  "to o m u c h "  o r  "jus t  right, " 
etc .  divid e people .  I n thi s example ,  w e follo w h o w differen t 
use s o f  a  singl e evaluativ e term ,  "brutal, "  divid e tw o 
engineer s workin g togethe r  t o desig n a  networ k o f 
roadways .  Furthermore ,  w e analyz e h o w thes e differen t  use s 
occasio n a  situate d teachin g an d learnin g event ,  b y whic h 
we mea n a n even t  tha t  i s marke d a s explicitl y  pedagogica l 
by neithe r  participan t  an d tha t  occur s i n th e flow  o f  ongoin g 
practica l  activity .  I n thi s event ,  w e find  (i )  a n initia l  us e o f 
th e evaluativ e ter m "brutal "  b y th e senio r  engineer ,  (ii )  it s 
re-us e b y th e junio r  enginee r  t o evaluat e a  differen t  desig n 
feature ,  (iii )  a  challeng e b y th e senio r  enginee r  t o th e junio r 
engineer' s usage ,  an d (iv )  a n accoun t  o f  why ,  i n th e curren t 
desig n context ,  th e junio r  engineer' s usag e i s no t 
aporopriate . 

m 

m m ^^ 
Figur e 1 .  A  senio r  enginee r  evaluate s tw o alternative s fo r 

a propose d roadwa y usin g a  sectio n vie w 

To understand how their joint activity is sn^ctured to 
produc e thi s teachin g an d learnin g moment ,  w e first 
describ e relevan t  organizationa l  details .  Wit h respec t  t o th e 
participants '  identities ,  thes e detail s includ e a  pai r  o f 
potentiall y  relevan t  (Schegloff ,  1992) ,  institutionally -
organize d asymmetries :  Jak e i s th e mor e experience d 
practitioner ,  an d h e maintain s a  highe r  statu s withi n th e firm 
and withi n th e project .  Wit h highe r  statu s come s bot h a 

power  differentia l  betwee n Jak e an d Eva n an d a  differen t 
responsibilit y  fo r  detail s o f  th e project' s development .  Thes e 
detail s includ e a  genera l  engineerin g strictur e t o "balanc e 
th e site, "  whic h mean s organizin g th e remova l  an d 
replacemen t  o f  dir t  acros s th e entir e constructio n sit e s o tha t 
th e tota l  amoun t  o f  dir t  "imported "  o r  "exported "  i s 
minimized .  The y als o mus t  "mee t  code "  a t  al l  govermnenta l 
level s o r  develo p rationale s fo r  cod e violation s tha t  wil l 
allo w the m t o argu e fo r  "variances "  t o officials .  Finally , 
wit h respec t  t o thi s specifi c  projec t  an d it s client' s needs , 
Jak e an d Eva n ar e developin g thei r  roadwa y pla n fo r  a  hill y 
an d foreste d site ;  thes e feature s o f  th e lan d presen t 
environmenta l  concern s tha t  require ,  prio r  t o othe r 
considerations ,  the y avoi d denudin g foreste d region s o f  th e 
site . 

Th e ecolog y o f  representation s (Goodwin ,  1995 ;  Hall , 
1990 ;  Star ,  1995 )  i n thes e engineers '  workspac e i s densel y 
symboli c an d computational .  A t  thi s meeting ,  withi n Jake' s 
partitione d offic e space ,  th e tw o engineer s gathe r  a t  a  tabl e 

layere d wit h two-dimensiona l  "pape r  space "  views '  tha t 
model  bot h th e sit e an d th e propose d design .  Thes e views , 
al l  partia l  wit h respec t  t o th e wor k the y mus t  do ,  ar e use d i n 
coordinatio n t o provid e fo r  relevan t  activities ,  suc h as ,  i n 
thi s example ,  th e productio n o f  a  desig n rationale .  Th e pape r 
view s ar e produce d fro m a  C A D system ,  bu t  mos t  o f  th e 
relevan t  desig n i s don e wit h an d ove r  th e pape r  views ;  onl y 
late r  ar e th e C A D document s updated .  A  coordinate d 
readin g involve s comple x tempora l  an d spatia l  pattern s o f 
activit y tha t  combin e th e verba l  narratio n o f  desig n feature s 
wit h displa y an d us e o f  deictic ,  gestural ,  an d graphica l 
space s (Goodwin ,  1994 ;  Hanks ,  1990 ;  McNeill ,  1992) . 

Afte r  a  numbe r  o f  month s awa y fi-om  thi s project ,  Jak e 
and Eva n ar e refamiliarizin g themselve s wit h th e desig n an d 
it s overal l  rationale .  Inspectin g a  se t  o f  plans ,  the y notic e 
tha t  Roa d Fou r  (designe d m a n y month s prior )  ha s a  "grade " 
tha t  violate s cit y code ;  th e roa d i s abou t  five  percen t  to o 
steep .  Afte r  Jak e coordinate s a  readin g o f  Roa d Four' s 
mathematica l  slop e fro m th e vertica l  an d horizonta l  margi n 
quantitie s o n th e profil e view ,  h e consider s th e implication s 

of  thi s slop e fo r  th e road^ . 

Jake: Yeah, (1 )this huh road (laughing) is a, is a . .. 
S T R E T C H.  Y o u k n o w ? ( 6 sec. )  It' s gonn a b e bruta l 

1 Fo r  a  ful l  descriptio n o f  th e variet y o f  representation s use d b y 
thes e engineer s t o "see "  th e sit e an d t o "project "  potentia l  desig n 
features ,  se e (Hal l  &  Stevens ,  1995) .  Generally ,  thes e engineer s 
shar e a  se t  o f  "views "  tha t  resembl e thos e o f  othe r  desig n 
professional s (topographi c maps ,  pla n views ,  sectio n views ,  an d 
profiles) .  Thes e tw o dimensional ,  metricize d representation s ar e 
used i n coordinatio n t o pla n an d desig n fo r  thre e dimensiona l 
space . 
^Transcript conventions include: turns at talk start with named 
speakers ;  embodie d actio n description s appea r  i n italic s belo w eac h 
turn ;  th e onse t  o f  embodie d actio n i s indexe d b y number s i n 
parenthese s withi n th e tum ;  spoke n E M P H A S I S i s show n b y uppe r 
case ;  stretch:::e d word s ar e show n wit h repeate d colons ;  a  questio n 
mark precede s ?word s tha t  wer e difficul t  t o hea r  durin g 
transcription ;  an d matchin g lef t  bracket s [  sho w th e onse t  o f 
overlappin g tal k acros s turns . 

161 



m a n,  (2)twent y percen t  fo r  .. .  fo r  a h .. .  fiftee n 
hundre d feet ,  (laughs ) 

1( R han d point s belo w roa d i n profil e view ) 
2(write s 400 .  450 ,  350 .  50 0 a t  cente r  o f  profil e 
view ) 

"Brutal" is a negative evaluation that refers to the road being 
excessivel y stee p ove r  a  lon g distance .  I n thi s instance ,  Jak e 
appear s t o m e a n th e roa d wil l  b e bruta l  wit h respec t  t o som e 
h u m an activity ,  probabl y drivin g emergenc y vehicles . 
Becaus e thi s evaluatio n appear s i n th e natura l  cours e o f  thei r 
ongoin g work ,  w e interpre t  Evan' s subsequen t  tur n i n th e 
conversatio n a s a  taci t  acceptanc e o f  thi s usag e o f  "brutal " 
as a  negativ e evaluation . 

Evan: Other(l)wise you'd be up here and (2)you'd have 
t o cu t  w a y acros s [  sho::o o 

I( R han d t o uppe r  lef t  o f  th e profil e view ) 
2( R han d sweep s righ t  the n lef t  abov e th e 
propose d road ) 

Jake: [Ri::ght. 

Within the materials jointly at hand, Evan begins to 
assembl e a  rational e fo r  thi s bruta l  grad e tha t  contrast s thei r 
desig n choic e wit h a n eve n les s desirabl e alternativ e 
("Otherwis e [... ]  you' d hav e t o cu t  wa y across") .  Jake' s 
collaborativ e completio n ("[Ri::ght" )  indicate s the y bot h 
judg e thi s desig n featur e t o b e "brutal. "  Ove r  th e nex t 
severa l  conversationa l  turns ,  Jak e lead s a  coordinate d 
narrativ e an d gestura l  tou r  throug h multipl e pape r  view s o f 
th e regio n surroundin g Roa d Four .  W h e n h e reache s a 
particula r  sectio n vie w (se e Figur e I )  i n thi s developin g 
rational e fo r  a n overl y stee p road ,  Eva n point s t o th e sectio n 
and agai n use s th e evaluativ e term ,  "brutal. "  Bu t  i n thi s 
instance ,  Eva n refer s t o wha t  h e project s a s a n excessiv e 
amount  o f  dir t  neede d t o fill  unde r  thi s par t  o f  th e propose d 
road . 

Evan: (laughs) (l)That's brutal, huh? Well, I don't know. 
. .  [mayb e not . 

1( L han d point s belo w roadbe d i n sectio n view ) 

Jake: [Yeah ... well, but... look at it THIS way ... 

Evan's use of "brutal" is tentatively offered ("Well, I 

don' t  know") ,  an d a s Jak e begin s t o disagree- '  ("Yeah.. . 
well") ,  Eva n retreat s eve n furthe r  from  th e evaluatio n 
("mayb e not") .  Bot h participant s orien t  t o a  contende d usag e 
of  th e evaluativ e term :  Jak e becaus e h e challenge s Evan' s 
evaluation ,  an d Eva n becaus e h e retreat s whe n Jak e begin s 
t o disagree .  A t  a n interactiona l  level ,  thes e ar e th e dynamic s 
of  asymmetr y a t  th e organizationa l  leve l  (se e Rogoff ,  1990 , 
pp .  204-205) ,  an d the y ar e centra l  i n determinin g whos e 
term s ar e appropriate d an d h o w thos e term s ar e use d t o 

refer .  W e understan d Eva n t o b e appropriatin g a  ter m an d 
improvisin g it s us e i n participatio n wit h a  differently -
knowledgeabl e other ;  a  commonplac e typ e o f  learnin g i n 
practic e (Cole ,  1985 ;  Lav e &  Wenger ,  1991 ;  Rogoff ,  1990) . 

We tak e thi s t o b e a  teaching/learnin g even t  tha t  emerge s 
i n th e ongoin g wor k o f  a  civi l  engineerin g project .  A s the y 
continue ,  Jak e doe s mor e tha n simpl y rejec t  Evan' s 
evaluation ;  h e agai n explains ,  usin g a  coordinate d assembl y 
of  narrative ,  drawing ,  an d deicti c pointin g w h y th e amoun t 
of  fill  require d i n thi s sectio n i s bette r  tha n th e existin g 
alternatives .  B y sketchin g on e o f  thes e alternative s (Figur e 
I )  h e show s tha t  i t  woul d sav e littl e an d requir e "rippin g 
d o wn th e whol e sid e o f  th e hillside. "  I n thi s implici t 
moment  o f  situate d teaching ,  Jak e assemble s a  broade r 
rational e o f  thi s featur e fo r  Evan ,  bu t  h e als o strengthen s hi s 
o wn convictio n ("it' s  perfect" )  tha t  a  twent y percen t  grad e 
on Roa d Fou r  i s necessar y t o sav e a  hillsid e fiill  o f  trees .  A s 
thei r  projec t  move s toward s municipa l  approval ,  thi s 
argumen t  m a y suppor t  a  reques t  fo r  a  variance . 

Strip 2: Analyzing Chemical Differences 
B e t w e e n Insect s i n a  Fiel d B io log y 

R e s e a r c h Stat io n 
Our  secon d stri p come s from a  regularl y schedule d meetin g 
among a n interdisciplinar y tea m o f  scientist s i n a  field 
biolog y researc h statio n .  Thei r  wor k o n thi s projec t 
concern s wha t  the y cal l  th e "chemica l  ecolog y o f  fores t 
insects. "  I n thi s meeting ,  tw o entomologist s (Mar k an d 
Gary) ,  a  chemis t  (Leah) ,  an d a  visitin g biostatisticia n (Bill ) 
discus s h o w t o analyz e difference s i n th e chemica l  makeu p 
of  a  wax y residu e strippe d of f  o f  termites '  exoskeletons . 
The y us e thes e chemica l  difference s t o classif y termit e 
specie s an d t o m a p th e geographi c boundarie s o f  termit e 
colonie s (insect s i n a  colon y ar e al l  o f  th e sam e species) . 
Thi s kin d o f  informatio n i s helpfii l  fo r  developin g an d 
assessin g th e effect s o f  new ,  "environmentall y softer " 
pesticides ,  bu t  i t  i s als o centra l  t o basi c researc h question s 
abou t  th e distributio n an d ecologica l  rol e o f  a  variet y o f 
insects . 

•̂ Thi s for m o f  challeng e i s describe d b y conversatio n analyst s a s 
disagreemen t  expresse d wit h a  dispreferre d form .  I t  i s  offere d wit h 
hesitatio n an d wit h a n affiliativ e "Yeah.. .  but "  rathe r  tha n a  bal d 
"no "  (Goodwi n &  Heritage ,  1990 ;  Pomerantz ,  1984) . 

Figur e 2 .  A  biostatisticia n illustrate s a  possibl e distanc e 
measur e usin g tw o C G s . 

Two organizational features of this setting are important 
fo r  ou r  analysi s o f  teachin g an d learning .  First ,  ther e ar e 
asymmetrie s i n th e hierarchica l  positio n o f  participant s 
withi n th e projec t  an d acros s disciplines .  Mar k i s a  senio r 
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researc h entomologis t  an d thi s projects '  leader ,  Gar y i s als o 
an entomologis t  (h e an d M a r k hold  Ph.D.'s) ,  an d Lea h i s a 
staf f  biologis t  wit h specialize d post-baccalaureat e trainin g i n 
chemistry .  Bill ,  o n th e othe r  hand ,  attend s th e meetin g a s a 
consultin g biostatisticia n (h e als o hold s a  Ph.D.) ,  bu t  h e 
work s o n a  variet y o f  project s acros s th e surroundin g field 
researc h station .  S o w e fin d relevan t  asymmetrie s bot h i n 
what  peopl e ar e expecte d t o contribut e acros s disciplinar y 
specialtie s (e.g. ,  entomology ,  chemistry ,  an d biostatistics) , 
and becaus e participant s i n thi s meetin g hav e quit e differen t 
responsibilitie s fo r  differen t  aspect s th e project' s ongoin g 
activities .  Th e secon d relevan t  organizationa l  featur e 
concern s th e routin e structur e o f  wor k o n thi s project .  Thi s 
meetin g i s on e typ e o f  activit y withi n a  broade r  structur e 
whic h th e entomologist s cal l  a  "biogeographi c study. "  Thes e 
studie s regularl y tak e projec t  participant s throug h distinc t 
type s o f  activity :  (i )  fro m field  site s wher e the y subdivid e 
th e fores t  floor  int o rectilinea r  "plots "  an d the n 
systematicall y collec t  insect s fro m a  grid-lik e structur e o f 
"traps, "  (ii )  t o a  chemistr y laborator y i n th e researc h statio n 
wher e the y extrac t  an d identif y hydrocarbon s fro m thes e 
insects '  bodie s usin g a  gas-chromatography/mass -
spectroscop y ( G C / M S )  device ,  an d finally  (iii )  int o projec t 

meeting s lik e thi s one ,  wher e th e resultin g chromatograms ^ 
(CG's ,  se e Figur e 2 )  ca n b e use d t o identif y termit e specie s 
and t o follo w th e movin g boundar y o f  termit e colonies . 

The stri p w e examin e i n thi s sectio n come s a t  th e en d o f  a 
biogeographica l  stud y o f  termites ,  an d th e consultin g 
biostatisticia n i s helpin g th e projec t  develo p a  statistica l 
measur e tha t  ca n compar e tw o CG' s an d suppor t  judgment s 
abou t  differen t  specie s o r  colonies .  Th e secon d 
organizationa l  featur e i s importan t  becaus e activit y an d tal k 
i n thi s meetin g (e.g. ,  choosin g pair s o f  CG' s an d announcin g 
a "difference "  betwee n them )  need s t o b e hel d accountabl e 
t o th e broade r  chai n o f  activitie s i n a  biogeographi c study . 
The CG' s show n i n Figur e 1  ar e th e final  poin t  i n a  proces s 
tha t  convert s bug s int o graph s tha t  th e entomologist s cal l 
"hydrocarbo n phenotypes. "  Sinc e ther e ar e marke d 
asymmetrie s betwee n participant s i n thei r  disciplinar y 
backgrounds ,  thei r  responsibilitie s withi n th e project ,  an d 
thei r  actua l  wor k acros s differen t  aspect s o f  th e 
biogeographica l  study ,  eac h participan t  ca n tak e o n th e rol e 
of  a  "teacher "  o r  a  "learner "  durin g thi s meeting . 

At  th e outse t  o f  th e meeting ,  Gar y an d Bil l  (th e 
biostatistician )  disagre e ove r  whethe r  t o us e a  standardize d 
statistica l  clusterin g algorith m t o aggregat e termit e samples , 
but  Mar k interrupts ,  enlistin g Lea h (th e chemist )  t o hel p 
arrang e a  colum n o f  fou r  CG' s tha t  the y plac e i n front  o f  Bil l 
t o demonstrat e wha t  Mar k call s " a goo d comparing. "  Mar k 
shows tha t  tw o o f  th e CG' s ar e "radicall y different "  an d s o 
probabl y com e from  differen t  species ,  anothe r  pai r  "don' t 
loo k tha t  different "  an d s o m a y com e from  th e sam e colony , 
but  a  final  pai r  (show n i n Figur e 2 )  hav e th e sam e type s o f 
hydrocarbon s i n slightl y differen t  relativ e proportion s an d 

'*Chromatogram s ar e graph s tha t  sho w G C / M S retentio n tim e 
alon g th e horizonta l  axi s (i.e. ,  hydrocarbon s pas s throug h th e 
devic e a t  specifi c  times )  an d relativ e abundanc e alon g th e vertica l 
axi s (i.e. ,  th e heigh t  o f  a  pea k show s ho w muc h o f  a  specifi c 
hydrocarbo n i s present) . 

so probabl y c o m e from  differen t  termit e colonies .  Eac h o f 
Mark' s pairwis e judgment s i s accomplishe d usin g deicti c 
point s t o specifi c  peak s bein g compare d acros s CG's ,  the n 
Gar y an d Mar k collaborativel y summariz e th e final 
compariso n a s havin g "n o QUALitativ e differenc e betwee n 
here ,  jus t  quantitativ e difference "  (i.e .  sam e specie s bu t 
differen t  colony) .  Acros s multipl e occasion s i n whic h w e 
hav e observe d projec t  member s usin g CG's ,  thi s i s a  typica l 
discursiv e practice :  narrativ e judgment s o f  qualitativ e an d 
quantitativ e differenc e ar e m a d e a s th e entomologist s us e 
thei r  hand s t o selec t  specifi c  peak s that ,  a s the y pu t  it , 
" J U M P ou t  a t  you. " 

I n ou r  analysis ,  thi s collaborativ e summar y mark s th e en d 
of  a  teachin g even t  stage d fo r  th e benefi t  o f  Bil l  (th e 
biostatistician) ,  w h o i s a  newcome r  (i.e. ,  asymmetricall y 
located )  bot h i n thes e entomologists '  discursiv e practice s fo r 
comparin g C G graph s an d i n th e routin e organizatio n o f 
thei r  projec t  work .  I n thi s sense ,  h e need s t o lear n enoug h 
abou t  thei r  activitie s t o b e abl e t o giv e advic e abou t 
constructin g a  statistica l  measur e tha t  wil l  behav e sensibly . 
So a s Bil l  take s th e nex t  tur n i n thi s conversation ,  h e ha s 
bee n positione d b y member s o f  th e projec t  tea m a s a  learne r 
w ho need s t o displa y hi s understandin g o f  " a goo d 
comparing "  o f  CG's ,  bu t  h e simultaneousl y take s th e rol e o f 
a consultan t  w h o need s t o teac h thes e projec t  member s 
abou t  a  statistica l  approac h t o thei r  differences .  A t  th e first 
tur n boundar y o f  Bill' s  carefull y worde d opening ,  M a r k 
emphaticall y disagree s wit h Bill' s  usag e o f  th e ter m 
"distance. " 

Bill: You know the (l)part, part of the thing is, is how 
yo u define ,  agai n h o w wil l  w e g o abou t  definin g a 
distanc e ?u p here .  (2)You'r e tryin g t o us e you r  eye s 
to ,  to ,  t o (3)matc h thes e tw o u p an d se e wher e ther e 
ar e difference s an d wher e ther e aren't ? 

I( R poin t  circle s ove r  tw o CG's ) 
2( R poin t  trace s u p vertical ,  acros s horizonta l  o f 
aCG) 
3(ope n R  hand ,  tap s thum b o n botto m display . 
middl e finger  o n to p display ) 

Mark: DIFFERENCES, not distances, differences. 

Bill repairs in his next turn, reiterating that what "we're 
tryin g t o get "  i s  a  w a y t o combin e al l  th e "differences "  use d 
by thes e entomologist s int o "on e number, "  somethin g tha t 
Mar k the n say s h e woul d " L O V E . "  Bil l  goe s o n t o describ e 
variou s approache s t o combinin g thes e differences , 
sweepin g hi s hand s ove r  a  pai r  o f  CG' s t o sho w h o w the y 
woul d b e aggregated ,  bu t  h e continue s t o us e wha t  appear s 
t o b e a  specific ,  statistica l  meanin g fo r  "distance. "  A s Bil l 
fmishe s narratin g an d manuall y illustratin g thi s se t  o f 
statistica l  possibilities ,  Mar k agai n challenge s thi s us e o f  th e 
ter m "distance, "  referrin g t o a  drawin g o f  a  field  samplin g 
plo t  t o sho w Bil l  wha t  h e mean s b y "distance. " 

Mark: What I'd like to do is, sort of., (l)get rid of the 
distance .  I  don' t  k n o w wha t  you'r e talkin g about . 
W h en I' m talkin g abou t  distance ,  (2)r m talkin g 
abou t  geography ,  (j: :  ?linea r  ?measur e 

163 



1 (hand s up ,  pushin g awa y toward s Bill ) 
2( R poin t  t o whit e board ,  the n trace s an d shift s 
gaz e t o Bill ) 

Bill: [And I'm, but I'm talking about (1 )some sort of 
measure ,  t o say.. .  h o w di::fferen t  these ,  [two.. .  uh:: : 

I  (hand s flat  ove r  tw o CG's ,  the n R  han d rocker s 
betwee n them ) 

Mark: [Yeh, ok. And that's what you're calling a distance? 

Following this relatively direct disagreement. Bill repeats 
hi s offe r  t o produc e "on e number "  tha t  ca n b e use d t o judg e 
whethe r  CG' s ar e fro m th e sam e colony .  Mar k nod s i n 
agreement ,  the n begin s usin g Bill' s  statistica l  meanin g fo r 
"distance "  a s a  "statistic "  fo r  comparin g CG's .  A s th e 
meetin g continues ,  bot h o f  thes e participant s manag e a 
coordinate d use ,  acros s disciplines ,  o f  "differences "  (i.e. , 
entomologica l  judgments )  an d "distance "  (i.e. ,  a  statistica l 
aggregat e ove r  thos e judgments) .  A s thi s stri p ends ,  Mar k 
jokingl y suggest s tha t  thi s ne w distanc e measur e migh t  b e 
named afte r  him .  W e tak e thi s t o b e en d o f  a  mutua l 
teaching/learnin g event ,  i n whic h Bil l  an d Mar k eac h 
appropriat e aspect s o f  th e other' s meaning s fo r  registe r 
terms . 

Discussion 
Thi s pape r  give s a  clos e descriptio n o f  tw o strip s o f 
interaction ,  selecte d from a  dat a corpu s tha t  document s 
naturally-occurrin g wor k i n setting s ofte n considere d t o b e 
target s fo r  educatio n i n scienc e an d mathematics .  Ou r  ai m 
has bee n t o giv e sufficien t  ethnographi c backgroun d abou t 
th e organizationa l  condition s o f  people' s wor k t o suppor t  a 
detaile d analysi s o f  th e interactiona l  structur e o f 
teaching/learnin g events .  Th e interactiona l  detail s o f  h o w 
thes e event s emerg e an d ar e carrie d ou t  nee d t o b e hel d 
accountabl e (i n ou r  analysis ,  a s i n thei r  work )  t o th e ver y 
condition s tha t  brin g th e event s about .  W e tak e a  narro w 
focu s o n learning ,  askin g h o w peopl e outsid e o f  schoo l  o r 
laborator y condition s lear n th e meanin g o f  term s tha t  ar e 
importan t  i n thei r  wor k (i.e. ,  evaluativ e an d registe r  terms) . 
I n bot h cases ,  disagreement s abou t  th e us e o f  term s ar e 
detecte d i n ongoin g interaction ,  alternativ e meaning s ar e 
activel y assemble d acros s differen t  type s o f  media ,  an d 
disagreement s ar e resolve d aroun d pre-existin g 
orgar'ntiona l  asymmetries . 

We clos e b y raisin g thre e genera l  question s about 
teaching/learnin g i n th e workplace :  (i )  Wha t  i s accessibl e t o 
participant s a s teachers/learner s unde r  differen t 
organizationa l  conditions ;  (ii )  H o w ar e disagreement s about 
share d meanin g managed ,  give n asymmetrie s betwee n 
participant s i n thes e events ;  an d (iii )  Wha t  d o thes e kind s o f 
studie s tel l  u s abou t  th e acquisitio n o f  wor d meanin g a s a n 
unproblemati c relatio n betwee n ter m an d referent ? 

i n th e event s w e hav e analyzed ,  peopl e lear n b y 
participatin g i n th e activitie s tha t  establis h meaning s fo r 
words ,  s o the y mus t  hav e acces s t o thes e activities .  Simila r 
t o Hutchin s (1995 )  analysi s o f  observationa l  "horizons "  i n 
th e wor k o f  navigation ,  w e find  tha t  acces s t o discursiv e 
practice s occur s a t  tw o levels .  First ,  th e organizationa l 

structur e o f  wor k i n larg e measur e determine s w h o wil l  b e 
presen t  whe n critica l  activitie s ar e undertaken .  Th e civi l 
engineer s w e studie d wor k togethe r  o n mos t  phase s o f  a 
desig n project ,  bu t  i n th e biolog y researc h station ,  th e 
biostatisticia n (Bill )  di d no t  wor k i n field  collectio n site s o r 
th e chemistr y la b wher e a n articulate d chai n o f  activitie s 
produc e th e CG' s h e i s aske d t o compare .  A s a  result ,  th e 
projec t  tea m need s t o m a k e part s o f  thi s chai n o f  wor k 
visibl e t o Bill ,  an d th e meanin g o f  registe r  term s withi n thi s 
chai n o f  activit y i s  hotl y contested .  Second ,  th e type s o f 
representationa l  medi a bein g use d i n th e contex t  o f 
teaching/learnin g event s (Hutchin s call s thes e "ope n tools" ) 
greatl y influence s th e visibilit y  o f  meaning ,  a s a n 
accomplishment ,  withi n ongoin g discursiv e practices .  Thi s 
i s particularl y vivi d i n ou r  analysi s o f  civi l  engineers ,  w h o 
must  wor k togethe r  t o "see "  specifi c  region s i n thei r  ongoin g 
desig n (i.e. ,  tw o hand s an d on e pai r  o f  eye s canno t  manag e 
some aspect s o f  thei r  wor k i n "pape r  space") . 

On th e issu e o f  difference s o f  meanin g an d h o w the y ar e 
recognize d an d managed ,  i t  m a y b e tha t  teaching/learnin g 
event s outsid e o f  school s an d psychologica l  laboratorie s ar e 
densel y clustere d aroun d breakdown s (d e l a Rocha ,  1986) , 
some o f  whic h ar e marke d i n conversatio n a s disagreement s 
about  otherwis e share d meanings .  Followin g disagreement s 
at  a n interactiona l  leve l  o f  analysi s the n provide s a  windo w 
ont o potentia l  teaching/learnin g events .  I n ou r  comparativ e 
analysis ,  w e identif y disagreement s an d the n follo w thei r 
consequence s fo r  evidenc e tha t  someon e ha s "taught "  an d 
someone els e ha s "learned "  (e.g. ,  Mark' s appropriatio n o f 
Bill' s  usag e o f  "distance") .  Conversationa l  form s (se e Engl e 
& Greeno ,  1994 ,  o n "intellectua l  conversations" )  an d thei r 
entailment s fo r  learnin g wil l  likel y chang e unde r  differen t 
condition s o f  asymmetr y (e.g. ,  projec t  hierarchies ,  level s o f 
schooling ,  gender ,  o r  disciplinar y specialization) . 

Finally ,  whe n followin g people' s activitie s ou t  o f  schoo l 
or  laborator y situation s tha t  'freeze '  th e organizatio n an d 
intende d meanin g o f  "tasks "  (se e N e w m a n ,  Griffi n &  Cole , 
198 9 fo r  a  simila r  critique) ,  traditiona l  notion s abou t  wor d 
meanin g a s a  relatio n betwee n term  an d referen t  nee d t o b e 
reconsidere d an d empiricall y grounde d i n people' s situate d 
activities .  Here ,  w e find  term s (evaluativ e an d register ) 
bein g deploye d i n situation s wher e thei r  referent s ar e 
activel y assemble d an d frequently  contested .  Havin g a 
"meaning "  a t  an y give n poin t  require s th e abilit y  t o 
participat e i n a  coordinate d se t  o f  representationa l  practice s 
acros s narratio n (e.g. ,  " a goo d comparing") ,  inscription s 
(e.g. ,  a n ordere d colum n o f  CG's) ,  an d embodie d actio n 
(e.g. ,  deicti c point s selectin g C G peak s tha t  "jum p ou t  a t 
you") .  If ,  i n representin g huma n action ,  w e delet e thes e 
interactiona l  resource s an d thei r  coordinate d assembly ,  w e 
likewis e delet e centra l  phenomen a i n th e creatio n an d 
circulatio n o f  meaning . 
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Abstrac t 

The goa l  o f  thi s pape r  wa s t o examin e th e influenc e o f 
socia l  an d cognitiv e factor s o n distribute d reasonin g 
withi n th e contex t  o f  scientifi c  laborator y meetings .  W e 
investigate d whethe r  a  socia l  factor ,  status ,  an d cognitiv e 
factor s suc h a s discussio n topi c an d tim e orientatio n o f  th e 
researc h influence d distribute d reasoning .  Th e impac t  o f 
statu s o n distribute d reasonin g wa s examine d usin g 3  la b 
meeting s i n whic h a  technicia n presente d (lo w status )  an d 3 
la b meeting s i n whic h a  graduat e studen t  presente d (hig h 
status) .  Tw o cognitiv e variable s wer e als o examined ;  focu s 
of  discussio n topi c (theory ,  method ,  findings ,  an d 
conclusions )  an d th e tim e orientatio n o f  th e distribute d 
reasonin g (past ,  curren t  an d futur e research) .  Poole d (cros s 
sectional/tim e series )  analysis ,  a  regressio n technique ,  wa s 
used t o perfor m th e analyses .  W e foun d tha t  statu s o f  th e 
presente r  influence d th e structur e o f  distribute d reasoning : 
When th e presente r  wa s o f  hig h status ,  th e principa l 
investigato r  wa s a n importan t  influenc e o n distribute d 
reasoning .  I n contrast ,  whe n th e presente r  wa s o f  lo w 
status ,  othe r  la b member s wer e mor e likel y t o contribut e t o 
distribute d reasoning .  Ou r  analyse s als o sho w tha t 
distribute d reasonin g i s no t  influence d b y th e discussio n 
topi c bu t  appear s t o focu s o n th e discussio n o f  futur e 
research . 

Distributed Reasoning: 

An Analysis of Where Social and 
C o g n i t i v e W o r l d s F u s e 

Contemporar y model s o f  huma n reasonin g hav e focuse d o n 
th e reasonin g processe s tha t  individua l  subject s engag e i n 
whil e the y perfor m a  tas k i n a  psychologica l  experimen t 
(e.g. ,  Anderson ,  1993 ;  Newel l  &  Simon ,  1972) .  Whil e 
thes e model s hav e bee n ver y successfu l  i n accountin g fo r 
subject' s performanc e i n psycholog y experiments ,  a  numbe r 
of  researcher s hav e turne d t o understandin g th e type s o f 
reasonin g strategie s tha t  peopl e us e i n real-worl d situation s 
(e.g. ,  Dunbar ,  1995 ,  1996 ;  Hutchins ,  1990 ;  Olso n e t  al . 
1992) .  Al l  o f  thes e researcher s hav e foun d tha t  a  larg e 
amount  o f  reasonin g i n real-worl d context s occur s i n group s 
rathe r  tha n i n individuals .  Th e finding  tha t  reasonin g occur s 

i n group s raise s a  numbe r  o f  importan t  question s concernin g 
th e natur e o f  grou p reasoning .  On e questio n tha t  w e hav e 
been investigatin g i s th e wa y component s o f  reasonin g ar e 
share d amon g member s o f  a  group .  W e hav e foun d tha t 
reasonin g i n group s i s distribute d ove r  individual s rathe r 
tha n residin g withi n on e individual' s hea d (Dunbar ,  1995 , 
1996) .  Tha t  is ,  differen t  component s o f  a  reasonin g process , 
suc h a s a n induction ,  ca n b e performe d b y a  numbe r  o f 
individuals .  U p unti l  now ,  w e hav e no t  investigate d th e 
constraint s o n cognitio n impose d b y socia l  factor s i n 
distribute d reasoning .  Th e goa l  o f  th e researc h reporte d i n 
thi s pape r  i s investigat e th e influenc e o f  socia l  an d cognitiv e 
factor s o n distribute d reasoning . 

For  th e pas t  5  year s w e hav e bee n investigatin g th e 
reasonin g processe s tha t  scientist s us e i n thei r  day-to-da y 
researc h an d hav e foun d tha t  distribute d reasonin g play s a 
crucia l  rol e (Dunba r  1995 ,  1996 ;  Dunbar ,  Patel ,  Bake r  & 
Dama,  1995) .  On e plac e wher e distribute d reasonin g i s 
particularl y importan t  i s i n th e weekl y laborator y meeting s 
tha t  scientist s have .  W e hav e foun d tha t  distribute d 
reasonin g help s scientist s quickl y solv e problems ,  propos e 
hypotheses ,  an d desig n experiments .  Analyse s o f  distribute d 
reasonin g episode s reveal s tha t  on e o f  th e mai n cognitiv e 
event s tha t  occur s durin g distribute d reasonin g i s th e paralle l 
generatio n o f  multipl e representations .  Havin g multipl e 
representation s availabl e make s i t  possibl e fo r  a  scientis t  t o 
quickl y searc h fo r  a  representatio n tha t  wil l  solv e thei r 
curren t  problem .  I n thi s presentation ,  w e wil l  tur n t o th e 
socia l  mechanism s involve d i n distribute d reasoning .  Muc h 
researc h o n group s i n socia l  psycholog y ha s show n tha t  th e 
statu s o f  member s i n a  group ,  an d th e compositio n o f  a 
grou p influence s grou p acceptanc e an d discussio n o f  idea s 
(e.g. ,  Sha w 1981 ;  Weisband ,  Schneider ,  &  Connolly , 
1995) .  However ,  thi s typ e o f  researc h ha s no t  addresse d th e 
issu e o f  distribute d reasoning .  Furthermore ,  give n tha t 
distribute d reasonin g i s th e plac e tha t  th e cognitiv e an d 
socia l  world s fuse ,  i t  i s importan t  t o discove r  th e impac t  o f 
socia l  variable s o n distribute d reasoning .  Wha t  w e wil l  d o i s 
analyz e laborator y meeting s t o discove r  whethe r  socia l 
factor s suc h a s statu s hav e a n effec t  o n distribute d reasonin g 
and als o wha t  th e cognitiv e component s o f  distribute d 
reasonin g are .  W e wil l  als o introduc e a  ne w statistica l  too l 
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Graduat e Studen t 
Meetin g 

1 
2 
3 

1 — 
Total s 

N o f  2  Minut e segment s 
17 
22 
28 
67 

Technicia n | 

Meetin g 
1 
2 
3 

N o f  2  Minut e segment s 
12 
12 
38 

1 

Tabl e 1 :  N u m b e r  o f  observation s fo r  eac h meetin g 

int o th e analysi s o f  distribute d reasonin g tha t  make s i t 
possibl e t o investigat e thes e issues . 

Thi s pape r  wil l  b e divide d int o fou r  mai n sections .  Firs t 
we wil l  giv e backgroun d informatio n o n th e meeting s tha t 
we analyze .  Second ,  w e wil l  provid e a n overvie w o f  th e 
statistica l  techniqu e tha t  w e us e t o analyz e distribute d 
reasoning .  Thir d w e wil l  presen t  ou r  analyse s o f  distribute d 
reasoning .  Finall y w e wil l  addres s th e issu e o f  h o w socia l 
and cognitiv e processe s interac t  t o produc e distribute d 
reasoning . 

Distributed Reasoning in Scientific 
L a b o r a t o r i e s 

The analysi s o f  distribute d reasonin g i s a  componen t  o f  a 
researc h progra m tha t  i s concerne d wit h understandin g th e 
cognitiv e an d socia l  processe s underlyin g scienc e a s i t  i s 
practiced .  Ove r  th e pas t  fiv e year s w e hav e collecte d dat a 
fro m si x biologica l  laboratorie s a t  tw o renowned 
universities ,  fou r  i n th e Unite d States ,  an d tw o i n Canad a 
(se e Dunba r  1995 ,  199 6 fo r  overview s o f  th e researc h 
program) .  Th e actua l  dat a tha t  w e hav e bee n analyzin g 
consist s o f  th e weekl y laborator y meeting s tha t  occu r  i n al l 
th e labs .  W e us e la b meeting s a s ou r  dat a sourc e a s th e la b 
meeting s ar e on e o f  th e mai n source s o f  proble m solving , 
reasoning ,  an d hypothesi s generatio n i n th e laboratories . 
For  th e purpos e o f  thi s pape r  w e wil l  focu s o n distribute d 
reasonin g i n thre e molecula r  biolog y laboratories .  Al l  thre e 
laboratorie s ar e o f  simila r  siz e an d us e simila r  techniques . 
One laborator y i s conceme d wit h understandin g h o w a  gen e 
i n th e H I V viru s functions ,  anothe r  la b wit h understandin g 
ho w a  gen e work s o n a  parasite ,  an d th e thir d laborator y 
investigate s th e functio n o f  a  particula r  gen e i n causin g a 
certai n typ e o f  cancer .  Al l  thre e o f  th e lab s us e simila r 
researc h method s an d question s regardin g th e function s o f 
thei r  respectiv e genes . 

Method 

Data 
The dat a consiste d o f  6  audiotape d laborator y meetings . 
Thre e o f  th e meeting s wer e wher e th e presente r  wa s o f  lo w 
statu s ( a technician) ,  an d thre e wer e wher e th e presente r  wa s 
of  highe r  statu s ( a graduat e student) .  B y havin g presenter s 
of  differen t  status ,  i t  i s  thu s possibl e t o investigat e th e rol e 
of  presente r  statu s i n distribute d reasoning .  I n eac h meeting , 
curren t  researc h wa s presente d b y eithe r  a  graduat e studen t  o r 
technician .  Eac h audiotape d meetin g wa s transcribe d an d 
divide d int o consecutiv e 2  minut e tim e segments .  Fo r  eac h 
tw o minut e segment ,  th e numbe r  o f  statement s (regardles s 

of  whethe r  th e statemen t  wa s code d a s on e o f  th e variables ) 
wer e counted .  Additionally ,  withi n eac h 2  minut e segment , 
th e numbe r  o f  statement s wer e counte d fo r  eac h variable . 
Each o f  th e variable s wa s converte d t o a  percentag e b y 
dividin g it s coun t  fo r  a  tim e segmen t  b y th e tota l  numbe r  o f 
statement s fo r  th e tim e segment .  Fo r  example ,  i f  i n a 
particula r  tim e segmen t  3  distribute d reasonin g statement s 
occurre d ou t  o f  1 0 tota l  statement s fo r  th e tim e segment ,  3 0 
percen t  o f  th e tim e segmen t  wa s score d a s distribute d 
reasoning .  Tabl e 1  show s th e numbe r  o f  2  minut e segmen u 
fo r  eac h o f  th e si x meetings . 

C o d i n g o f  Variable s 

Th e variable s o f  interes t  wer e generate d b y codin g eac h 
statemen t  fro m th e transcribe d meetings .  Statement s 
consiste d o f  sentence s an d simpl e yes/n o comment s b y 
laborator y members .  Eac h statemen t  wa s code d fo r  th e 
presenc e o f  th e following . 

(I) Distributed Reasoning. A statement in which a 
perso n adde d a  ne w elemen t  t o th e reasonin g o f  anothe r 
speake r  wa s code d a s distribute d reasoning .  I n addition ,  an y 
one reasonin g episod e tha t  wa s par t  o f  a  distribute d 
reasonin g bloc k wa s code d a s distribute d reasoning . 

(II) Participation of Principal Investigator/ 
Others .  Statement s m a d e b y th e principa l  investigato r  wer e 
code d a s participatio n o f  principa l  investigator .  Statement s 
made b y al l  othe r  participant s (excludin g th e presenter )  wer e 
code d a s participatio n o f  others . 

(Ill) Discussion Topic. Four discussion topics were 
coded .  Statement s involvin g backgroun d informatio n an d 
curren t  understandin g wer e code d a s theory .  A  statemen t 
focusin g o n h o w a n experimen t  wa s conducte d wa s code d a s 
method .  Statement s involvin g experimenta l  result s wer e 
code d a s findings.  Statement s i n whic h th e speake r  gav e a n 
opinio n abou t  a n experimenta l  resul t  wer e code d a s 

congiusion? . 

(IV) Time Orientation of Research. Statements 
focusin g o n th e discussio n o f  researc h performe d i n th e pas t 
wer e code d a s pas t  research.  Statement s focusin g o n th e 
discussio n o f  researc h i n progres s o r  recentl y complete d b y 
th e presente r  wer e code d a s curren t  research.  Statement s i n 
whic h th e speake r  propose d a  methodology ,  resul t  o r  a 
conclusio n fo r  a  stud y no t  ye t  underwa y wer e code d a s futur e 
research . 
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II  Statu s 

PI  (high ) 

Other s Oower ) 

11 

Presente r 

Grad Studen t 
Technicia n 
Grad Studen t 

Technicia n 

R Squar e 

.31* * 

.16 * 

.21* * 

.50* * 

B 
1.1 4 

.6 5 

.9 3 

.6 7 

Bet a 

.56* * 

.42* * 

.50* * 

.72* *  1 

* I 1 < 0 5 .  * * c < . 0 1 . 
Tabl e 2 :  Distribute d Reasonin g 

Predicte d Fro m Hig h an d Lowe r  Statu s La b Member s 

T h e P C S T S Statistica l  Techniqu e 

Poole d (cros s sectional/tim e series )  analysi s wa s use d t o 
analyz e distribute d reasoning .  A  parametri c regressio n 
techniqu e use d i n econometric s an d politica l  scienc e (e.g. , 
Stimson ,  1985 ;  Kmenta .  1986) ,  poole d (o r  PCSTS) 
analysi s wa s develope d t o examin e dat a tha t  consist s o f 
measuremen t  o f  variable s ove r  tim e (i.e. ,  a  tim e series )  fo r 
a numbe r  o f  cros s section s o r  unit s (e.g. ,  la b meetings) . 
The rational e behin d PCST S analysi s i s tha t  th e researche r 
may no t  hav e enoug h tim e serie s dat a t o warran t  th e us e o f 
most  tim e serie s models .  Additionally ,  th e researche r  ma y 
not  hav e sufficien t  cros s sectio n dat a t o analyz e difference s 
betwee n cros s sections .  Fo r  example ,  assum e w e hav e a 
dat a se t  consistin g o f  1 0 tim e measurement s fo r  eac h o f  5 
units .  Te n tim e measurement s ar e no t  enoug h t o perfor m a 
tim e series .  Additionally ,  5  unit s ar e no t  enoug h t o 
compar e units .  I n comparison ,  sinc e PCST S analysi s use s 
bot h th e tim e measurement s an d cros s sectio n information ,  a 
P C S TS analysi s woul d hav e 5 0 observation s fo r  analysis , 
(1 0 tim e measurement s fo r  eac h o f  5  units) .  Thus ,  a 
P C S TS analysi s o f  tim e serie s an d cros s sectiona l  dat a 
makes i t  possibl e t o increas e th e numbe r  o f  observation s i n 
th e analyses .  Thi s techniqu e therefor e allow s u s t o perfor m 
statistica l  analyse s o n smal l  dat a set s suc h a s th e dat a tha t 
we analyz e i n thi s paper . 

Results 

P C S TS analysi s wa s performe d separatel y o n th e graduat e 
studen t  an d technicia n dat a set s t o examin e i f  ther e wer e 
difference s i n th e factor s predictin g distribute d reasonin g fo r 
graduat e student s an d technicians .  T o addres s thi s question ,  a 
regressio n equatio n wit h dummy variable s wa s used .  I n th e 
d u m my variable s model ,  N  -  1  dummy variable s ar e entoe d 
fo r  th e uni t  o f  interest ,  t o contro l  fo r  dependen t  variabl e 
difference s betwee n unit s (Stimson ,  1985) .  Thu s fo r  eac h 
regressio n equation ,  2  d u m my variable s wer e entere d t o 
contro l  fo r  distribute d reasonin g difference s betwee n th e 3 
meetings .  Fo r  a  particula r  equation ,  th e calculate d 
percentage s fo r  th e variable s a t  eac h tim e segmen t  wer e 
entere d a s separat e observation s i n th e regressio n equation . 
For  example ,  i n predictin g distribute d reasonin g from 
principa l  investigato r  comments ,  th e 6 7 disuibute d 
reasonin g percentage s an d thei r  correspondin g principa l 
investigato r  percentage s wer e treate d a s separat e observation s 
fo r  th e graduat e studen t  meetings . 

Questio n I :  Doe s th e statu s o f  th e presente r 
influenc e th e structur e o f  distribute d reasoning ? 

The purpos e o f  ou r  first  se t  o f  analyse s wa s t o determin e 
whethe r  th e structur e o f  distribute d reasonin g wa s influence d 
by th e statu s o f  th e presenter .  Specifically ,  w e wer e 
intereste d i n whethe r  th e statu s o f  th e presente r  interacte d 
wit h th e contributio n b y hig h an d lo w statu s la b member s 
durin g distribute d reasoning .  Fo r  a  hig h statu s presenter , 
(i.e. ,  a  graduat e student )  tw o regressio n equation s wer e run . 
I n th e first  equation ,  distribute d reasonin g wa s predicte d from 
statement s b y a  hig h statu s perso n (i.e. ,  principa l 
investigator) ,  whil e i n th e secon d equation ,  distribute d 
reasonin g wa s predicte d from  statement s b y lowe r  statu s la b 
members (i.e. ,  al l  othe r  la b members) .  I n addition ,  th e sam e 
regressio n equation s wer e ru n fo r  a  lo w statu s presente r  (i.e. , 
a technician) .  Th e R  square s an d unstandardize d (B )  an d 
standardize d (Beta )  regressio n weight s fo r  th e regression 
equation s ar e give n i n Tabl e 2 . 

Examinatio n o f  th e bet a weight s indicate s tha t  statement s 
made b y bot h th e principa l  investigato r  an d other s ar e 
positivel y related  t o distribute d reasonin g fo r  th e graduat e 
studen t  an d technicia n presentations .  However ,  examinatio n 
of  th e R  square s demonstrate s difference s betwee n th e 
graduat e studen t  an d technicia n presentations .  Specifically , 
statement s mad e b y th e principa l  investigato r  accoun t  fo r 
more distribute d reasoning  i n th e graduat e studen t 
presentation s tha n i n th e technicia n presentations .  I n 
contrast ,  statement s mad e b y other s accoun t  fo r  mor e 
distribute d reasonin g i n th e technicia n presentation s tha n i n 
th e graduat e studen t  presentations .  Overal l  thes e analyse s 
sugges t  tha t  th e statu s o f  th e presente r  doe s influenc e th e 
structur e o f  distribute d reasoning . 

Question II: Are some topics more likely to be 
discusse d durin g distribute d reasonin g tha n others ? 

We wer e intereste d i n determinin g whic h o f  4  topic s (i.e. , 
theory ,  method ,  findings,  an d conclusions )  wer e discusse d 
durin g distribute d reasoning .  Thi s questio n wa s analyze d b y 
predictin g distribute d reasonin g from  discussio n o f  th e 4 
topic s (i.e. ,  theory ,  method ,  findings,  an d conclusions ) 
usin g separat e regressio n equation s fo r  eac h o f  th e topics . 

As ca n b e see n from  Tabl e 3 ,  th e R  square s sugges t  tha t 
none o f  th e 4  discussio n topic s ar c stron g predictor s o f 
distribute d reasoning ;  onl y on e regressio n equatio n ha s a n R 
squar e abov e .20 .  Whil e examinatio n o f  th e significan t  bet a 
weight s indicate s tha t  discussio n o f  findings  ar e negativel y 
relate d t o distribute d reasonin g an d discussio n o f 
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1 Topi c 
Theor y 

Metho d 

Finding s 

L 

Conclusion s 

Presente r 
Grad Studen t 

Technicia n 

Grad Studen t 

Technicia n 
Grad Studen t 
Technicia n 

Grad Studen t 
Technicia n 

R Squar e 
.0 3 
,0 6 
.01 
.0 6 
.1 0 

.13 * 

.12 * 
.21* * 

B 
.7 0 

-.5 4 

.1 0 

.1 8 
-.3 4 

-.3 3 
.7 5 
.8 1 

Bet a 
.1 7 

-.1 9 

.0 9 

.2 0 
-.32* * 
-.34* * 

.37* * 

-  -^^ ^ 
*p<.05 .  * * c < .01 . 

Tabl e 3 :  Distribute d Reasonin g Predicte d Fro m Discussio n Topic s 

conclusion s ar e positivel y related  t o distribute d reasoning , 
th e R  square s ar e fairl y  low .  Th e reaso n fo r  th e negativ e 
relationshi p betwee n discussio n o f  finding s an d distribute d 
reasonin g i s tha t  a  numbe r  o f  tim e segment s ha d hig h level s 
of  discussio n o f  fmding s i n th e absenc e o f  distribute d 
reasoning .  Thi s resulte d i n a  negativ e relationshi p betwee n 
discussio n o f  findings  an d distribute d reasoning . 

Question III: Is distributed reasoning related to the 
discussio n o f  past ,  curren t  o r  futur e research ? 

We wer e intereste d i n determinin g whethe r  th e discussio n o f 
past ,  curren t  o r  futur e researc h wa s related  t o distribute d 
reasoning .  Thi s questio n wa s analyze d b y predictin g 
distribute d reasonin g fro m discussio n o f  pas t  research , 
curren t  research  an d fiitur e research ,  usin g separat e regressio n 
equation s fo r  eac h o f  th e 3  tim e orientation s (se e Tabl e 4  fo r 
th e results) . 

Examinatio n o f  th e R  square s indicate s tha t  discussio n o f 
futur e researc h account s fo r  mor e distribute d reasonin g tha n 
discussio n o f  curren t  research .  A n inspectio n o f  th e bet a 
weight s indicate s tha t  discussio n o f  curren t  researc h i s 
negativel y relate d t o distribute d reasoning ,  whil e discussio n 
of  futur e researc h i s positivel y related  t o distribute d 
reasoning .  Th e reaso n fo r  th e negativ e relationshi p betwee n 
discussio n o f  curren t  researc h an d distribute d reasonin g i s 
tha t  a  numbe r  o f  tim e segment s ha d hig h level s o f 
discussio n o f  curren t  researc h i n th e absenc e o f  distribute d 
reasoning .  Thi s resulte d i n a  negativ e relationshi p betwee n 
discussio n o f  curren t  researc h an d distribute d reasoning . 

Conclusion 

The goa l  o f  th e analyse s performe d i n thi s pape r  wa s t o 
investigat e th e interactio n o f  cognitiv e an d socia l  processe s 
i n disuibute d reasoning .  W e hav e foun d tha t  socia l  statu s 
docs indee d hav e a n effec t  o n whe n an d ho w distribute d 

reasonin g occurs .  I n contrast ,  i n th e technicia n 
presentations ,  th e principa l  investigato r  makin g comment s 
does no t  lea d t o mor e distribute d reasoning .  Th e presente r 
statu s thu s influence s th e flo w an d structur e o f  distribute d 
reasoning .  Currentl y w e ar e investigatin g factor s whic h 
may b e responsibl e fo r  th e structur e o f  distribute d reasoning . 
For  example ,  th e complexit y o f  th e experiment s performe d 
by th e presente r  an d presente r  expertis e ma y influenc e th e 
structur e o f  distribute d reasoning. 

A secon d finding  arisin g ou t  o f  ou r  analyse s i s tha t  tha t 
none o f  th e 4  topic s (theory ,  method ,  findings,  an d 
conclusions )  wer e strongl y related  t o distribute d reasoning . 
Thi s resul t  wa s surprisin g i n tha t  w e expecte d mor e 
distribute d reasoning  t o occu r  whe n th e scientist s wer e 
discussin g th e findings  o f  experiments .  W e ar e no w 
conductin g mor e detaile d analyse s wher e w e ar e examinin g 
whethe r  mor e distribute d reasonin g occur s durin g discussio n 
of  unexpecte d findings  a s compare d t o expecte d findings. 

Finally ,  ou r  analysi s demonstrate d tha t  a n importan t 
component  o f  distribute d reasonin g i s futur e research  rathe r 
tha n pas t  o r  curren t  research .  Again ,  thi s resul t  wa s 
surprising .  W e expecte d tha t  muc h o f  distribute d reasonin g 
woul d focu s o n curren t  research  rathe r  tha n o n researc h no t 
yet  conducted . 

On the use of Pooled Cross-Sectional 
T i m e serie s Analys i s ( P C S T S ) 

We hav e introduce d PCST S analysi s a s a  statistica l  too l 
i n ou r  examinatio n o f  th e laborator y meetings .  I n 
particular ,  w e hav e use d a n Ordinar y Leas t  Square s mode l 
wit h dummy variable s t o contro l  fo r  distribute d reasonin g 
difference s betwee n la b meetings .  Us e o f  P C S T S analysi s 
allowe d u s t o examin e relationship s amon g variable s withi n 
a limite d numbe r  o f  la b meetings . 

Tim e 
Past 

Curren t 

Futur e 

Presente r 
Grad Studen t 
Technicia n 
Grad Studen t 
Technicia n 
Grad Studen t 
Technicia n 

R Squar e 
.0 1 
.0 3 
.18* * 
.32* * 
.34* * 
.56* * 

B 
-.1 5 
-.0 7 
-.4 3 
-.4 4 
.7 4 
.7 1 

Bet a 1 
-.1 3 
-.0 6 
-.51* * 
-.58* * 
.59* * 
.73* * 

1 
*I2<.05 .  **]2<.01 . 

Tabl e 4 :  Disuibute d Reasonin g Predicte d Fro m Discussio n o f  Past ,  Curren t  an d Futur e Researc h 
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However ,  P C S T S ha s th e potentia l  t o b e use d t o addres s 
many differen t  type s o f  question s tha t  ar e o f  interes t  t o 
cognitiv e scientists .  Fo r  example ,  som e P C S T S model s 
allo w fo r  th e us e o f  variable s from  earlie r  tim e interval s 
(i.e. ,  lagge d predictors )  an d curren t  tim e intervals ,  givin g th e 
researche r  a  metho d o f  examinin g ho w precedin g event s 
influenc e curren t  event s (Sayrs ,  1989) .  W e pla n t o us e suc h 
model s t o examin e ho w precedin g laborator y meetin g event s 
impac t  late r  occurrence s o f  distribute d reasoning . 
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Abst rac t 

When peopl e read ,  the y classif y a  relativel y lon g strin g 
of  character s i n parallel .  Machin e learnin g principle s 
predic t  tha t  classificatio n learnin g wit h suc h hig h di -
mensiona l  input s an d output s wil l  fai l  unles s biase s ar e 
impose d t o reduc e inpu t  an d outpu t  variabilit y  and/o r 
th e numbe r  o f  candidat e input/outpu t  mappin g func -
tion s evaluate d durin g learning .  Th e presen t  pape r 
draw s insigh t  fro m observe d readin g behavior s t o pro -
pos e som e potentia l  source s o f  suc h biases ,  an d demon -
strates ,  throug h neura l  networ k simulation s o f  letter -
sequenc e classificatio n learnin g that :  (1 )  Increasin g di -
mensionalit y doe s hinde r  lette r  classificatio n learnin g 
and (2 )  th e propose d source s o f  bia s d o reduc e dimen -
sionalit y problems .  Th e resul t  i s a  mode l  tha t  explain s 
wor d superiorit y an d wor d frequenc y effects ,  a s wel l  a s 
consistencie s i n ey e fixatio n position s durin g reading , 
solel y i n term s o f  lette r  classificatio n learning . 

Introduction 

Model s o f  wor d recognitio n an d readin g typicall y focu s 
on processe s tha t  occu r  afte r  letter s ar e classified .  The y 
explai n readin g behavior s i n term s o f  th e processe s tha t 
act  o n th e output s o f  lette r  detectors ,  rathe r  tha n i n 
term s o f  th e processe s tha t  conver t  th e imag e o f  a  lette r 
strin g t o th e correspondin g output s o f  th e lette r  detec -
tors .  Fo r  example ,  Morton' s Logoge n mode l  (Morton , 
1969 )  focuse s o n word-leve l  representations ,  an d explain -
8 wor d frequenc y effect s  ̂  i n term s o f  lowere d activatio n 
threshold s fo r  wor d detectors .  Similarly ,  McClellan d k 
Rumelhart' s (1981 )  Interactiv e Activatio n mode l  focuse s 
on association s an d interaction s betwee n lette r  detector s 
and wor d detectors ,  an d explain s wor d frequenc y an d 
wor d superiorit y effect s  ̂  b y proposin g tha t  thes e asso -
ciation s amplif y th e activatio n comin g fro m lette r  detec -
tors .  Th e presen t  pape r  depart s fro m thi s traditio n b y 
proposin g a  mode l  o f  lette r  classificatio n learning .  T h e 
model  explain s wor d frequenc y an d wor d superiorit y ef -
fects ,  a s wel l  a s certai n regularitie s i n ey e fixation  po -
sition s solel y i n term s o f  factor s tha t  determin e lette r 
classificatio n learning . 

Th e mode l  wa s suggeste d b y a n interestin g differ -
enc e betwee n h u m a n readin g an d machine-base d Opti -

' People identify high frequency words faster than low fre-
quenc y word s 

^Peopl e identif y letter s withi n word s an d pronounceabl e 
non-word s faste r  tha n the y identif y isolate d letter s an d letter s 
withi n unpronounceabl e non-word s 

ca l  Characte r  Recognitio n ( O C R )  system s (se e Figur e 
1) .  W h e r e a s O C R system s classif y individua l  letters ; 
h u m an reader s classif y lette r  sequences .  T h a t  is ,  peopl e 
classif y a  sequenc e o f  a s m a n y a s 8-1 3 character s withi n 
a singl e fixation  (Rayner ,  1979 )  a n d withi n suc h a  fixa-
tion ,  th e classificatio n occur s i n paralle l  (Reicher ,  1969 ; 
Blanchard ,  M c C o n k i e ,  Zol a &  Wolver ton ,  1984) . 

O ne reaso n w h y thi s i s a n interestin g differenc e i s tha t 
i f  peopl e classif y a  sequenc e o f  letter s together ,  with -
i n essentiall y on e operation ,  the n w e migh t  expec t  tha t 
th e familiarit y o f  th e lette r  sequenc e wou l d impac t  lette r 
classificatio n operations ,  a s wel l  a s subsequentl y occur -
rin g processes .  I n othe r  words ,  w e migh t  expec t  genera l 
readin g behavior s t o b e determine d b y lette r  classifica -
tio n processes ,  a s wel l  a s processe s tha t  involv e higher -
leve l  representations . 

OCR (Lo w Dimcnsionilit; ) Hamin Rtadii g (Hî h Dimendoulity ) 

DoroSi y livt d i n Ki t Dorolh y liv( d i n th t  mid a o f  t x 

0 -

0-
0 -

iDocolli y  i 

->.-R -
livt d m Ki t  -

- > "DOROTHY LI -
- > -LIVE D I N THE-

[mdaofllw l  -  - •  -MIDS T O F THE" 

Figur e 1 :  Characte r  classificatio n versu s characte r  se -
quenc e classification . 

A second reason why the difference between OCR sys-
tem s an d h u m a n readin g i s  interestin g i s  tha t  O C R sys -
t em s ar e designe d t o classif y singl e character s t o m in -
imiz e th e so-calle d curs e o f  dtmenstonalit y (Denker ,  e t 
al ,  1987) .  Thi s mach in e learnin g principl e predict s tha t 
hig h dimensionalit y (fo r  example ,  large ,  hig h detai l  in -
puts )  wil l  caus e classificatio n learnin g t o fail .  I f  n o con -
straint s ar e place d o n inputs ,  outputs ,  a n d input-outpu t 
m a p p i n g functions ,  increase d dimensionalit y lead s t o ex -
ponentia l  increase s i n th e n u m b e r  o f  differen t  inputs , 
outputs ,  an d m a p p i n g functions .  Classificatio n learn -
in g correspond s t o approximatin g a  particula r  m a p p i n g 
functio n b y samplin g f ro m it s populatio n o f  input-outpu t 
pairs .  Learnin g wil l  fail ,  wit h hig h dimensiona l  input s 
an d outputs ,  because :  (1 )  th e syste m ca n no t  samp l e e -
noug h pair s t o captur e th e ful l  variabilit y o f  input s an d 
outputs ;  thereb y causin g lo w generalization ,  and/o r  (2 ) 
i t  ha s insufficien t  capacit y t o describ e eve n th e sample d 
trainin g pairs .  G e m a n ,  Bienenstoc k &  Doursa t  (1992 ) 
poin t  ou t  tha t  th e answe r  t o thi s d i l e m m a i s no t  t o pu t 
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one' s energie s int o developin g ye t  anothe r  ne w learnin g 
algorithm ,  becaus e al l  classificatio n learnin g algorithm s 
wil l  b e subjec t  t o th e curse .  Instea d the y recommen d de -
velopin g a n understandin g o f  ho w t o appropriatel y bia s 
learnin g i n give n domadns .  Biasin g correspond s t o im -
plementin g a  prior i  assumption s tha t  rul e out ,  o r  rende r 
les s likely ,  som e portio n o f  th e se t  o f  al l  possibl e inputs , 
outputs ,  and/o r  mappin g functions . 

Thi s machin e learnin g perspective ,  combine d wit h th e 
psychologica l  evidenc e tha t  peopl e d o lear n t o classif y 
hig h dimensiona l  image s o f  lette r  sequences ,  suggest -
s tha t  i t  migh t  b e usefu l  t o vie w readin g behavior s i n 
term s o f  biase s tha t  m a k e accurat e lette r  classificatio n 
possible .  T h e mode l  propose d her e assume s tha t  peo -
pl e woul d fai l  t o lear n t o classif y hig h dimensiona l  lette r 
sequence s unles s suc h learnin g wa s biased ,  an d tha t  spec -
ifyin g thes e biase s m a y hel p explai n a  variet y o f  readin g 
behaviors .  Thre e source s o f  bias ,  o r  method s fo r  reduc -
in g learnin g complexity ,  ar e propose d here :  (1 )  Limitin g 
mappin g function s t o thos e base d o n position-invarian t 
loca l  featur e detectors ,  an d limitin g th e rang e o f  input s 
and output s b y limitin g th e rang e of ,  o r  variabilit y  in , 
(2 )  ey e fixation  positions ,  an d (3 )  allowe d characte r  se -
quences .  Thi s pape r  describe s thre e experiment s tha t 
suppor t  th e model .  Eac h consist s o f  a  se t  o f  backprop -
agatio n (Rumelhart ,  Hinton ,  &  Williams ,  1986 )  neu -
ra l  ne t  simulation s o f  lette r  classificatio n learning ,  i n 
whic h th e input s ar e image s o f  individua l  letter s o r  let -
te r  string s an d th e output s ar e th e correspondin g lette r 
categories . 

Materials and Network Architectures 

lYaining and testing materials came from the story The 
Wonderfu l  Wizar d o f  O z b y L .  Fran k Baum .  Tex t 

lin e image s wer e create d fro m 12 0 page s o f  tex t  (abou t 
160,00 0 characters ,  33,00 0 tota l  words ,  o r  2,60 0 differen t 
words) ,  divide d int o 6  set s o f  2 0 page s each .  Eac h se t 
was printe d i n 1  o f  3  fonts ,  an d i n eithe r  al l  uppe r  cas e 
character s o r  th e origina l  mi x o f  lowe r  an d uppe r  cas e 
(se e Figur e 2) .  T w o o f  th e thre e fon t  type s ha d variable -
widt h characters ,  an d on e ha d constant-widt h charac -
ters .  I t  wa s importan t  t o includ e variation s i n characte r 
width s becaus e classifyin g lette r  sequence s involve s lo -
catin g th e relativ e position s o f  eac h characte r  identified . 
Each imag e wa s labele d wit h th e categorie s an d horizon -
ta l  position s o f  th e letter s depicted .  Tex t  lin e image s 
wer e normalize d wit h respec t  t o height ,  bu t  no t  width . 
Trainin g an d tes t  set s containe d a n equa l  mi x o f  th e si x 
font/cas e conditions .  T w o generalizatio n set s wer e used , 
fo r  tes t  an d cross-validation ,  an d eac h consiste d o f  abou t 
14,00 0 characters .  Trainin g performanc e wa s measure d 
by tw o metrics :  (1 )  Asymptoti c accurac y o n th e train -
in g data ,  an d (2 )  amoun t  o f  trainin g require d t o reac h 
asymptote .  Generalizatio n performanc e wa s measure d 
by accurac y o n tes t  set ,  an d o n th e cross-validatio n set . 

Th e neura l  networ k architecture s use d her e ar e exten -
sion s o f  th e loca l  receptiv e field,  share d weigh t  architec -
ture s (se e Figur e 3 )  use d i n som e O C R system s (LeCun , 
et  al ,  1990 ;  Marti n k  Pittman ,  1991) .  I n thi s earlie r 
version ,  th e inpu t  i s th e imag e o f  a  singl e letter ,  an d th e 

Doroth y live d i n th e midi t  o f  th e grei t  Kinsi i  Priiriei . 
DOROTHY LIVE D I N TH E MIDS T O F TH E GREAT KANSAS PRAIRIES . 
Doroth y livs d I n th e mids t  o f  th e grea t  Kansa s Prairies . 
DOROTHY LIVE D I N TH E MIDS T O F TH E GREAT KANSAS PRAIRIES , 
Doroth y live d I n the  mids t  o f  th e grea t  Kansa s Prairies . 
DOROTHY LIVE D I « TH E MIDS T O F TH E GREAT KAHSAS PRAIRIES . 

Figure 2: Samples of type font and case conditions 

outpu t  a  vecto r  representin g th e lette r  category .  H idde n 
node s receiv e inpu t  f ro m a  loca l  regio n (e.g. ,  a  6x 6 area ) 
i n th e laye r  below .  H i d d e n layer s ar e visualize d a s cubes , 
m a de u p o f  separat e planes .  H i d d e n node s withi n a  plan e 
shar e weights .  Correspondin g weight s i n th e nodes '  re -
ceptiv e fields  ar e r a n d o m l y initialize d t o th e s a m e valu e 
an d update d b y th e s a m e error ,  s o tha t  differen t  hidde n 
node s withi n a  plan e lear n t o detec t  th e s a m e featur e 
at  differen t  locations .  Differen t  featur e detector s emerg e 
f r o m hidde n node s withi n differen t  plane s du e t o differ -
en t  r a n d o m initializations .  O u t p u t  node s ar e connecte d 
t o al l  node s i n th e previou s layer ,  bu t  no t  eac h other . 

Hidde n layer M 

Locai ,  ghand-wtig ^  ncepti n field * 

Figur e 3 :  Local ,  share d weigh t  architectur e c o m m o n i n 
O CR systems . 

The extension to an architecture that classifies char-
acte r  sequence s i s illustrate d i n Figur e 4 ,  fo r  th e cas e 
i n whic h k ,  th e numbe r  o f  to-be-classifie d characters ,  i s 
equa l  t o 4 .  Th e inpu t  windo w i s expande d horizontall y 
t o cove r  k  o f  th e wides t  character s ( " W W W W " ) .  Th e 
imag e o f  a  strin g o f  narrowe r  character s wil l  depic t  addi -
tiona l  character s t o th e right ,  whic h th e ne t  mus t  lear n 
t o ignore .  Hidde n layer s ar e als o expande d horizontally . 
Networ k capacit y i s describe d b y th e dept h (th e num -
ber  o f  differen t  featur e detectors ,  o r  planes )  an d widt h 
of  eac h hidde n layer .  Eac h outpu t  nod e represent s a 
characte r  categor y i n on e o f  th e ^ h ordina l  position s 
i n th e string .  Network s wer e traine d unti l  th e trainin g 
set  accurac y faile d t o improv e b y a t  leas t  . 1 % acros s 5 
passe s throug h th e trainin g set .  Net s wer e monitore d fo r 
overfittin g usin g th e tes t  set ,  bu t  suc h overfittin g neve r 
occurred . 

Thi s architectur e biase s learnin g b y selectivel y reduc -
in g networ k capacit y relativ e t o tha t  o f  a  comparabl e 
globall y connecte d net .  Th e bia s seem s t o b e favorable , 
i n tha t  thes e net s coul d b e traine d wit h a t  leas t  moder -
at e success ;  wherea s attempt s t o trai n globall y connect -
ed net s o n characte r  sequenc e image s faile d miserably . 
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abcfcpohijklmnopqrstuvwxy z 
abcdefohijklmnBpqrstuvwxyz , abcdefohijklmn^pq^tuvwxy z 
abcdbfohuklmnBpqrstuvwxy z 

Laxi .  ikatd-weig m ircepnv c /ItU i 

Figure 4: Net architecture for parallel character sequence 
classification ,  il:= 4 characters . 

A limited claim can also be made that the biases im-
pose d ar e simila r  t o thos e impose d b y mammal ia n visu -
al  systems .  Lik e th e locd ,  shared-weigh t  architecture , 
mammal ia n visua l  system s appeai r  t o us e spatiall y  loca l 
featur e detector s tha t  ar e replicate d acros s th e visua l 
arra y (Hube l  &  Wiesel ,  1979) .  Ther e i s als o som e ver y 
roug h similarit y betwee n th e oriente d edg e an d ba r  de -
tector s tha t  emerg e i n bot h system s (Hube l  &  Wiesel , 
1979 ;  Marti n &  Pittman ,  1991) ,  a s illustrate d i n Fig -
ur e 5 ,  whic h depict s som e receptiv e field s tha t  develope d 
i n first  hidden-laye r  node s wit h th e local ,  shared-weigh t 
network s traine d o n lette r  image s (Marti n &  Pittman , 
1991) .  Thes e receptiv e fields  indicat e tha t  th e corre -
spondin g featur e detectin g node s discriminat e o n th e 
basi s o f  oriente d edge s an d bars ,  bu t  beyon d this ,  an y 
similarit y t o h u m a n o r  mammal ia n visio n system s i s un -
known . 

H B U n C Q 

Figur e 5 :  Featur e detector s tha t  emerge d i n O C R neura l 
net s 

C u r s e o f  D i m e n s i o n a l i t y Ef fect s 

The purpos e o f  Experimen t  1  wa s t o tes t  whethe r  hig h 
dimensionalit y  i s associate d wit h decrease d trainin g an d 
generalizatio n accuracy ,  eve n whe n learnin g i s biase d 
throug h th e us e o f  th e local ,  shared-weigh t  architecture . 
Tha t  is ,  th e goa l  wa s t o determin e i f  classificatio n learn -
in g become s increasingl y difficul t  a s w e mov e fro m th e 
situatio n i n whic h onl y singl e character s ar e classified ,  t o 
tha t  i n whic h a  lette r  sequenc e i s classified .  Fou r  level s 
of  dimensionalit y wer e examine d (se e Figur e 6) ,  rangin g 
fro m a  20x2 0 inpu t  window ,  A:=l ;  t o a n 80x2 0 inpu t  win -
dow,  it=4 .  Inpu t  image s wer e generate d b y startin g th e 
windo w a t  th e lef t  edg e o f  th e tex t  line ,  wit h th e first 
characte r  centere d 1 0 pixel s fro m th e lef t  o f  th e window , 
and the n successivel y scannin g t o th e right ,  pausin g a t 
eac h characte r  position .  Fiv e differen t  trainin g se t  size s 

2)x2 0 -  1  dKOtt o 
i ••D-

0 -*'0 ' 

40x20 
1^-

2 ClMQCt m 
-•••DO-
-*  -OR -

loi t 

60x20 -  3  Chancto s 
pori j  —*  'DOR " 

|orou )  -* •  "ORO" 

9iiaih i 

80x20 -  4  ClMOCt m 

iDoroth J -  *"*DORO " 
|ocothy|-».-ORO r 

*•  Hig h 

Figur e 6 :  Fou r  level s o f  input/outpu t  dimensionalit y 
use d i n th e experiment . 

wer e use d (roughl y 70 0 sample s t o 50,000) ,  a s wel l  a s a 
lowe r  an d highe r  capacit y versio n o f  eac h networ k (1 5 v s 
18 differen t  featur e detector s i n eac h hidde n layer) .  4 0 d -
ifferen t  network s wer e trained ,  on e fo r  eac h combinatio n 
of  dimensionality ,  trainin g se t  siz e an d relativ e networ k 
capacit y  (4x5x2) .  S o m e net s require d severa l  month s t o 
train . 

Accurac y i s reporte d a s percen t  o f  fields  i n whic h al -
1 character s wer e correctl y classified .  T h e result s (se e 
Figur e 7 )  confir m th e curs e o f  dimensionalit y predictio n 
tha t  increasin g dimensionalit y hinder s bot h trainin g an d 
generalization .  Increasin g dimensionalit y lower s asymp -
toti c accurac y achieve d o n th e trainin g se t  (f(3,27 )  = 
15.15, p <  .01) ,  an d increase s th e numbe r  o f  train -
in g passe s require d t o reac h th e asymptot e (F(3,27 )  = 
14.44,p < .01) .  I t  als o decrease s generalizatio n accurac y 
rate s o n bot h th e tes t  se t  (F(3,27 )  =  33.9, p <  .01 )  an d 
th e validatio n se t  (F(3,27 )  =  61.38 ,  p  <  .001) .  Thes e 
result s sugges t  that ,  eve n wit h th e constraine d archi -
tecture ,  hig h dimensionalit y lead s t o inadequat e classi -
fication  learning .  Sinc e h u m a n readin g appear s t o in -
volv e eve n highe r  dimensionalit y tha n tha t  modele d here , 
thes e result s argu e fo r  th e nee d fo r  factor s tha t  reduc e 
variance . 

Constraints on Fixation Positions 

O ne metho d fo r  reducin g th e varianc e i n to-be-classifie d 
image s i s t o constrai n th e variabilit y  i n fixation  posi -
tion s withi n a  word .  T h e inpu t  image s i n Experimen t  1 
wer e generate d fro m fixations  a t  eac h characte r  positio n 
withi n a  word ,  an d thu s wer e highl y variable .  However , 
peopl e fixat e mos t  ofte n a t  a  preferre d viewin g location -
slightl y t o th e lef t  o f  th e middl e o f  a  wor d (Rayner ,  1979) . 
Th e non-randomnes s o f  ey e fixation  position s woul d hav e 
th e effec t  o f  reducin g imag e variability ,  an d henc e shoul d 
ai d classificatio n learning .  Accordingly ,  peopl e d o iden -
tif y a  wor d mor e quickl y whe n th e eye s ar e fixated  nea r 
thi s locatio n (O'Rega n &  Jacobs ,  1992) .  Beside s th e 
benefi t  o f  consistency ,  th e locatio n m a y b e optima l  i n 
tha t  th e averag e variabilit y  i n th e distanc e o f  character -
s fro m fixation  i s minimize d whe n a  poin t  towar d th e 
middl e o f  a  wor d i s fixated. 

Experimen t  2  use d fou r  differen t  condition s t o exam -
in e whethe r  suc h consisten t  an d optima l  positionin g re -
duce s dimensionalit y problems .  T h e consisten t  an d op -
tima l  positionin g conditio n use d a n 80x2 0 inpu t  windo w 
positione d wit h respec t  t o th e 3r d characte r  o f  eac h wor d 
of  3  o r  mor e character s (se e Figur e 8 ) ^  an d th e ne t  wa s 
traine d t o classif y th e first  4  character s i n th e word .  T h e 

Thi s i s a  simplificatio n o f  th e fixatio n positio n consisten -
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Figur e 8 :  W i n d o w positionin g a n d dimensionalit y m a -
nipulation s i n Expe r imen t  2 

f ( 3 , 3 2 ) = 1 0 2 2 . 6 , p < .001) .  Subsequen t  <-test s reveale d 
tha t  th e hig h dimensiona l  contro l  conditio n network s di d 
wors e tha n th e net s i n th e othe r  thre e condition s acros s 
al l  thre e o f  th e metric s wh ic h resulte d i n significan t  anal -
ysi s o f  varianc e results .  Moreover ,  th e consisten t  an d 
opt ima l  positionin g network s yielde d bette r  asymptoti c 
trainin g an d generalizatio n accuracie s tha n thos e i n th e 
consisten t  positionin g onl y condition ,  a n d bette r  tha n o r 
equivalen t  t o thos e i n th e lo w dimensionalit y contro l  con -
dition .  T h e consisten t  positionin g onl y conditio n gener -
all y per fo rme d bette r  tha n th e hig h dimensionalit y con -
trol .  T h e s e result s suppor t  th e valu e o f  bo t h consisten t 
positionin g a n d opt ima l  positionin g i n reducin g th e neg -
ativ e effect s o f  dimensionalit y o n classificatio n learning . 
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Figur e 7 :  I m p a c t  o f  dimensionalit y o n trainin g a n d gen -
eralization . 

consisten t  positionin g onl y conditio n differe d f r o m thi s 
onl y i n tha t  positionin g w a s wit h respec t  t o th e first 
characte r  o f  a  w o r d .  T h e hig h dimensionalit y contro l 
conditio n use d th e s a m e input /outpu t  dimensionality , 
bu t  th e w i n d o w w a s positione d a t  al l  characte r  position s 
dur in g training ,  a n d a t  th e first  characte r  i n a  w o r d dur -
in g testing .  T h e lo w dimensionalit y contro l  use d a  2 0 x 2 0 
inpu t  w i n d o w ,  wi t h A:=l ,  a n d th e ne t  traine d a n d teste d 
onl y o n th e first  4  characters .  Fou r  level s o f  trainin g se t 
siz e wer e used ,  w i t h thre e replication s o f  eac h trainin g 
se t  siz e x  w i n d o w condition ,  resultin g i n 4  x  4  x  3  =  4 8 
network s traine d a n d tested .  Al l  network s e m p l o y e d 1 8 
differen t  featur e detector s fo r  eac h h idde n layers . 

T h e result s suppor t  th e valu e o f  bo t h consisten t  a n d 
op t ima l  positionin g i n reducin g dimensionalit y p rob lem s 
(se e Figur e 9 ) .  T h e effect s o f  positionin g wer e signif -
ican t  w i t h respec t  t o asymptot i c accurac y (F (3 ,32 )  = 
71.83 ,  p  <  .001) ,  a n d generalizatio n i n bo t h th e tes t 
a n d validatio n set s ( F ( 3 , 3 2 )  =  861.9 ,  p  <  .001 ;  a n d 
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cie s i n huma n reading ,  whic h ar e bette r  describe d i n term s 
of  a  probabilit y  distribution ,  th e mea n o f  whic h fall s towar d 
th e cente r  o f  a  word . 

Figur e 9 :  Impac t  o f  consisten t  k  optima l  windo w posi -
tions . 

C h a r a c t e r  S e q u e n c e Regu la r i t i e s 

Anothe r  facto r  tha t  m a y reduc e th e complexit y o f  classi -
fication  learnin g stem s fro m th e fac t  tha t  Englis h word s 
constitut e a  subse t  o f  al l  possibl e lette r  sequences ,  an d o f 
thi s subset ,  no t  al l  sequence s hav e a n equa l  likelihoo d o f 
bein g encountered .  Peopl e appea r  t o tak e advantag e o f 
suc h constraint s whe n the y read ,  i n tha t  the y ar e bette r 
at  readin g familiar ,  a s compare d t o unfamiliar ,  lette r  se -
quences .  The y identif y letter s withi n word s faste r  tha n 
letter s withi n non-words ,  an d letter s withi n pronounce -
abl e no n word s faste r  tha n letter s withi n rando m charac -
te r  string s (Baro n k  Thuston ,  1973 ;  Reicher ,  1969) ,  an d 
the y identif y hig h frequenc y word s mor e quickl y tha n 
lo w frequenc y word s (Solomo n k  Postman ,  1952) .  Not e 
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tha t  th e readin g syste m coul d tak e advantag e o f  th e non -
randomnes s o f  lette r  sequence s a t  th e lette r  classificatio n 
learnin g level ,  t o improv e classificatio n accuracy ;  and/o r 
at  subsequen t  processin g levels ,  t o correc t  lette r  classi -
ficatio n errors .  A s note d i n th e introduction ,  mos t  con -
ception s o f  readin g an d wor d recognitio n focu s o n th e 
latte r  processin g levels .  Th e presen t  focu s i s o n th e im -
pac t  o f  lette r  sequenc e familiarit y o n lette r  classification , 
exclusiv e o f  mor e abstrac t  level s o f  processing . 

I t  i s  als o importan t  t o poin t  ou t  tha t  th e feedforwar d 
network s use d her e ca n no t  reflec t  processin g time s di -
rectly ,  sinc e eac h forwar d pas s i n th e ne t  take s th e sam e 
amount  o f  time .  Therefore ,  i n modelin g wor d superior -
it y an d wor d frequenc y effects ,  i t  i s  assume d tha t  lowe r 
eiccurac y rate s translat e t o slowe r  performance ,  eithe r 
becaus e lowe r  accurac y rate s woul d requir e additional , 
time-consumin g post-processin g mechanism s t o correc t 
classificatio n error s o r  because ,  i n a n interactiv e activa -
tio n network ,  th e reduce d activatio n associate d wit h les s 
certai n response s woul d b e reflecte d i n longe r  time s t o 
reac h threshold s o f  activation . 

Experimen t  3  involve d seein g i f  th e thre e bes t  consis -
ten t  an d optima l  positionin g net s fro m Exp .  2  exhib -
i t  human-lik e wor d superiorit y an d frequenc y effect s i n 
th e sens e o f  exhibitin g lowe r  accurac y fo r  th e les s fa -
milia r  lette r  sequences .  T h e contro l  conditio n use d th e 
net s traine d i n th e lo w dimensiona l  contro l  conditio n t o 
distinguis h betwee n effect s du e t o individua l  lette r  fa -
miliarit y an d effect s du e t o lette r  sequenc e familiarity . 
New tex t  image s wer e create d t o produc e th e followin g 
set s o r  conditions .  Th e wor d se t  ha d 3 0 4-lette r  word -
s,  draw n fro m th e O z text ,  o f  whic h 1 5 occurre d ver y 
frequentl y i n th e tex t  (e.g. ,  S A I D ) ,  an d 1 5 occurre d in -
frequentl y (e.g. ,  PA ID) .  Th e pronounceabl e non-wor d se t 
had 3 0 4-lette r  pronounceabl e non-word s (e.g. ,  T O I D ) . 
Th e rando m non-word s ha d 3 0 4-lette r  rando m string s 
(e.g. ,  SDIA) .  Th e alternatin g cas e word s use d th e wor d 
set  bu t  th e letter s wer e printe d i n A lTeRnAt In G cas -
es.  Thi s latte r  se t  wa s create d t o se e i f  th e net s exhibi t 
human-lik e behavio r  i n bein g abl e t o rea d despit e suc h 
manipulation s (McClelland ,  1976) .  W o r d superiorit y re -
sult s wer e analyze d i n term s o f  a  split-plo t  analysi s o f 
varianc e wit h lette r  sequenc e typ e an d dimensionalit y a s 
factors ,  an d associate d <-tests .  W o r d frequenc y result s 
wer e analyze d wit h /-tests . 

Wotd Prtqumc y B(I( « Woid SifOiirll y  Effe d 

Hyi  Fii q u » Fti q 
•  Oiiacta-StqutTcc-Btsn l 

Cmsljttr t  h  Opumi l  fosiOonJn g 

H U B 
wvdi  PrmNonWcrfeRrm n «.Cjt«Tf q 
• Comol ctnliQan, 

20x2 0 sin|l c 

Figur e 10 :  Sensitivit y t o wor d frequenc y an d characte r 
sequenc e regularitie s 

As shown in Figure 10, the consistent and optimal 
positionin g net s mimi c wor d frequenc y an d wor d supe -

riorit y effects .  I n th e cas e o f  wor d superiorit y effects , 
significan t  mai n effect s wer e foun d fo r  lette r  sequenc e 
typ e (F(3,12 )  =  181.8, p <  .001 )  an d dimensionalit y 
(f(l,4 )  =  77.4, p <  .001) .  T h e interactio n wa s als o 
significan t  (^(3,12 )  =  80.2 ,  p  <  .001) .  Paire d com -
pariso n test s confirme d th e advantag e fo r  word s ove r 
th e othe r  lette r  sequenc e types ;  an d fo r  pronounceabl e 
non-word s an d aLtErNaTiN g cas e word s ove r  rando m 
non-words .  Lette r  classificatio n accurac y remain s hig h 
i n spit e o f  th e word s bein g printe d i n alternatin g cases , 
whic h i s presumabl y du e t o th e local ,  shared-weigh t  ar -
chitectur e biasin g th e syste m towar d local ,  rathe r  tha n 
word-level ,  featur e detectors .  T h e consisten t  an d opti -
mal  positionin g net s als o showe d a  tendenc y t o classif y 
hig h frequenc y word s mor e accuratel y tha n lo w frequen -
cy word s ( p =  .05) .  Thes e result s ar e interestin g becaus e 
the y suppor t  th e notio n tha t  wor d superiorit y an d wor d 
frequenc y effect s ca n b e explaine d withou t  referenc e t o 
highe r  level s o f  processing . 

Discussion 

More generally, the results presented here support the 
valu e o f  viewin g readin g behavior s i n term s o f  biase s tha t 
make i t  possibl e t o lear n t o accuratel y classif y letters . 
Experimen t  1  demonstrate d tha t  classificatio n accurac y 
drop s dramaticall y wit h increase s i n th e siz e o f  th e to-be -
classifie d imag e an d th e numbe r  o f  to-be-classifie d letter -
s.  Experimen t  2  demonstrate d tha t  thes e negativ e effect s 
of  dimensionalit y ca n b e offset ,  a t  leas t  t o som e exten -
t ,  throug h th e us e o f  a  simplifie d for m o f  th e consisten t 
fixation  position s use d i n h u m a n reading .  Experimen -
t  3  demonstrate d tha t  th e lette r  classificatio n learnin g 
syste m exhibite d wor d superiorit y an d wor d frequenc y 
effect s simila r  t o thos e o f  h u m a n readers ,  eve n thoug h 
ther e wer e n o highe r  leve l  representation s suc h a s word s 
or  phonologica l  code s i n th e system . 

Th e result s als o rais e severa l  issue s fo r  discussion .  O n e 
of  thes e i s th e questio n o f  whethe r  o r  no t  additiona l  pro -
cessin g level s als o determin e wor d frequenc y an d wor d 
superiorit y effects .  I t  migh t  b e argue d o n th e ground s 
of  parsimon y tha t  ther e i s n o nee d t o mode l  addition -
al  processin g mechanisms ,  sinc e th e relativel y lo w level , 
classificatio n mechanis m ca n accoun t  fo r  th e findings. 
However ,  i t  seem s mor e reasonabl e t o assum e tha t  learn -
in g act s a t  multipl e level s becaus e lette r  classificatio n 
processe s ar e likel y t o nee d al l  th e hel p the y ca n get . 
Curren t  extension s o f  th e wor k reporte d her e involv e ex -
pandin g th e inpu t  windo w t o cove r  8  o r  mor e letters , 
as wel l  a s requirin g th e networ k t o lear n t o classif y 8 
or  mor e letters .  Thi s wor k indicate s tha t  classificatio n 
accurac y drop s considerabl y wit h suc h extensions ,  an d 
therefor e i t  seem s reasonabl e t o propos e tha t  word-leve l 
or  phonological-leve l  codin g woul d stil l  pla y a  critica l 
rol e i n improvin g lette r  classificatio n accuracy . 

T h e result s als o rais e th e questio n o f  whethe r  o r 
not  factor s tha t  determin e lette r  classificatio n learn -
in g als o determin e readin g disabilitie s an d developmen -
ta l  stage s o f  reading .  T h e presen t  wor k demonstrate s 
th e importanc e o f  consistencie s i n ey e fixation  position -
s.  S o m e readin g problem s ar e associate d wit h reduce d 
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input/outpu t  dimensionality ,  a s measure d b y perceptua l 
spa n (Rayner ,  1986 ;  Rayner ,  e t  al. ,  1989 )  an d wit h ir -
regul w ey e fixatio n pattern s (Rayne r  &  PoUatsek ,  1989) . 
Such irregularitie s woul d increas e input/outpu t  variabil -
ity ,  eui d henc e reduc e th e dimensionalit y a t  whic h hig h 
accurac y level s coul d b e maintained .  Thi s patter n sup -
port s th e relevanc e o f  lette r  classificatio n learnin g factor s 
t o readin g disabilitie s an d developmenta l  differences . 
PerceptUEi l  an d classificatio n processe s hav e sometime s 
bee n discounte d a s cause s o f  readin g disabilitie s o n th e 
ground s tha t  readin g disabilitie s an d developmenta d dif -
ference s becom e mor e apparen t  wit h mor e difficul t  con -
tent .  Conten t  factor s hav e traditionall y bee n associate d 
wit h processe s beyon d lette r  classification .  Th e presen t 
result s sugges t  tha t  thi s assumptio n warrant s furthe r 
consideratio n sinc e a  facto r  tha t  i s ofte n dissociate d wit h 
conten t  difficulty-wor d frequency-wa s show n t o impac t 
classificatio n accuracy . 

A thir d issu e pertain s t o th e questio n o f  wh y th e hu -
msi n readin g syste m doesn' t  avoi d al l  o f  thes e dimen -
sionalit y problem s b y takin g th e sam e approac h chose n 
by developer s o f  optica l  characte r  recognitio n systems -
classifyin g individua l  letter s rathe r  tha n lette r  sequences . 
O ne possibilit y  i s  tha t  th e brai n can' t  easil y separat e s -
mal l  (lette r  sized )  individua l  part s o f  a n image ,  classif y 
eac h an d retai n th e origina l  orde r  o f  th e image s t o in -
fe r  lette r  sequenc e information ,  an d s o i t  i s  force d int o 
dealin g wit h th e hig h dimensionality .  I n thi s case ,  th e 
h u m an mechanism s woul d b e les s optima l  tha n th e cor -
respondin g machine-base d mechanisms .  Alternatively ,  i t 
i s  possibl e tha t  incorporatin g lette r  sequenc e familiarit y 
at  multipl e stage s o f  processing ,  a s i s possibl e i n th e cur -
ren t  system ,  woul d lea d t o highe r  overal l  accurac y rates . 
I n thi s case ,  th e h u m a n mechanism s woul d b e superio r 
t o th e machine-base d mechanisms . 

Th e final  issu e pertain s t o th e directio n o f  futur e re -
search .  A s note d earlier ,  th e curren t  focu s i s o n develop -
in g a  mode l  tha t  ca n a t  leas t  partiall y  classif y betwee n 8 
t o 1 3 letter s withi n a  singl e "fixation. "  Onc e thi s mode l 
has reache d som e degre e o f  stabl e performance ,  th e focu s 
wil l  shif t  t o incorporatin g additiona l  aspect s o f  reading . 
O ne o f  thes e aspect s i s th e contro l  o f  ey e movements . 
Previou s wor k (Martin ,  Rashi d &  Pittman ,  1993 )  indi -
cate s tha t  i t  i s possibl e t o trai n network s t o generat e bal -
listi c  an d correctiv e saccade s t o navigat e alon g a  pat h o f 
text .  Othe r  aspect s includ e integratin g th e informatio n 
obtaine d fro m successiv e fixations ,  an d usin g word-leve l 
informatio n t o improv e classificatio n accuracy . 
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Abstrac t 

The Gennan plural system has become a focal point for con-
flicting  theorie s o f  language ,  bot h linguisti c an d cognitive .  W e 
presen t  simulatio n result s wit h thre e simpl e classifier s -  a n or -
dinar y neares t  neighbou r  algorithm .  Nosofsky' s 'Generalize d 
Contex t  Model '  ( G C M )  an d a  standard ,  three-laye r  backpro p 
netwod c -  predictin g th e plura l  clas s fipom  a  phonologica l  rep -
resentatio n o f  th e singula r  i n German .  Thoug h thes e ar e ab -
solutel y 'minimal '  models ,  i n term s o f  architectur e an d inpu t 
information ,  the y nevertheles s d o remarkabl y well .  TTi e near -
est  neighbou r  predict s th e correc t  plura l  clas s wit h a n accurac y 
of  7 2 % fo r  a  se t  o f  24,64 0 noun s from  th e C E L E X database . 
Wit h a  subse t  o f  8,59 8 (non-compound )  nouns ,  th e neares t 
neighbour ,  th e G C M an d th e networi c scor e 71.0% ,  75.0 % an d 
83.5% ,  respectively ,  o n nove l  items .  Furthermore ,  the y out -
perfor m a  hybrid ,  'pattem-associato r  +  defaul t  rule' ,  model ,  a s 
propose d b y Marcu s e t  al .  (1995) ,  o n thi s dat a se t 

I n t r o d u c t i o n 

Th e Germa n plura l  syste m ha s bee n th e subjec t  o f  a  wid e vari -
et y o f  theoretica l  account s rangin g fro m traditiona l  'Ite m an d 
Proces s accounts '  (Mugdan ,  1977 )  t o schem a theorie s (Bybe e 
(1995) ;  KOpck e (1988 ;  1993) )  an d recen t  'defaul t  rul e - h pat -
ter n associator '  account s (Marcu s e t  al. ,  1995) .  Furtho-more , 
i t  ha s bee n chan^jione d a s a  crucia l  tes t  cas e (Marcu s e t  al , 
1995 )  i n th e debat e o n th e psychologica l  realit y o f  linguisti c 
rule s triggere d b y Rumelhar t  an d McClelland' s (1986 )  mode l 
of  th e Englis h pas t  tense . 

Decisio n betwee n th e variou s theoretica l  account s is ,  a t 
present ,  difficult ;  thoug h the y hav e th e virtu e o f  dealin g wit h 
a wid e rang e o f  phenomena ,  the y ar e no t  explici t  enoug h 
t o allo w suitabl y fine-grained  evaluation .  Extan t  computa -
tiona l  models ,  o n th e othe r  hand ,  neitha "  dea l  wit h th e Ger -
man plural ^  no r  atten^ t  t o captur e th e ful l  rang e o f  phenom -
ena suc h a s pluralizatio n o f  truncations ,  acronyms ,  quote s etc . 
compile d b y Marcu s e t  al .  (1995) .  Wha t  i s n o w require d i s 
th e developmen t  o f  exphci t  con^utationa l  model s whic h al -
lo w quantitativ e assessmen t  agains t  rea l  data .  A s a  startin g 
point ,  w e hav e implemente d an d teste d thre e 'minima l  mod -
els '  -  simple ,  off-the-shel f  classifier s -  which ,  give n phono -
logica l  informatio n abou t  th e singula r  alone ,  predic t  th e cor -
rec t  plura l  clas s wit h surprisin g accuracy .  Thes e ar e no t  ad -
vance d a s full-blow n cognitiv e model s o f  th e Goina n plu -

ral ,  bu t  rathe r  a s benchmark s agains t  whic h mor e comple x ac -
count s mus t  b e compared .  A s a n exan^)l e o f  this ,  w e als o pit -
te d thes e model s agains t  thre e vision s o f  a  hybrid ,  'associa -
tiv e memory+defaul t  rule '  mode l  (Marcu s etal ,  1995) ,  whic h 
subsume s the m i n th e associativ e component . 

The Task 

The Dat a Set s Ou r  datase t  i s draw n fro m th e 30,10 0 Germa n 
noun s i n th e C E L E X database. ^  Sinc e th e C E L E X classifica -
tio n i s fraught  wit h error ,  w e automaticall y classifie d noun s 
accordin g t o th e natur e o f  th e transformatio n from  singula r  t o 
plura l  phonology .  Fou r  genera l  type s o f  transformatio n occur : 
identit y mappings ,  suffixation ,  umlau t  (vowe l  change )  an d 
rewritin g o f  th e final  phoneme(s) .  Th e classificatio n yield s ap -
proximatel y 6 0 categorie s (som e o f  whic h contai n onl y on e 
membo- ) . 

We the n discar d categorie s wit h a  typ e frequency  o f  les s 
tha n 0. 1 % resultin g i n a  databas e o f  24,64 0 noun s wit h 1 5 dif -
feren t  plura l  categorie s (se e tabl e 1). ^  Thi s stq )  remove s pri -
maril y latinat e an d Gree k word s an d a  smal l  numbe r  o f  Ger -
m an word s wit h arbitrar y plural s (suppletion ,  o r  singl y occur -
rin g transformations) .  I n effec t  thi s bring s ou r  classificatio n 

int o accor d wit h th e pliua l  type s describe d i n standar d linguis -
ti c  analysi s (KOpcke ,  1988) .  Th e onl y furthe r  amendmen t  i n 
thi s directio n wa s tha t  th e umlaut s (a ,  o ,  ii )  wct c treate d a s on e 
as i s consensua l  i n th e Uta-ature . 

For  computationa l  reason s thi s se t  wa s furthe r  reduce d t o 
a se t  o f  8,59 8 "non-compound "  nouns .  A  "non-compound " 
nou n wa s define d a s a  nou n tha t  di d no t  contai n anothe r  nou n 
from  th e databas e a s it s rightmos t  lexeme. *  Thi s i s justifie d 
by th e fac t  that ,  i n Gorman ,  th e plura l  o f  a  noun-compoun d i s 
determine d exclusivel y b y th e right-mos t  lexeme ,  makin g th e 
remainde r  o f  th e wor d redundant .  Tha t  thi s reductio n doe s no t 
distor t  th e similarit y structur e o f  th e Germa n lexico n i s born e 
out  b y th e fac t  tha t  th e performanc e o f  th e neares t  neighbou r 
classifie r  o n th e entir e dat a se t  an d th e subse t  wer e virtuall y 
identica l  ( 7 2 % an d 7 1 % respectively) .  Thi s datase t  o f  8,59 8 

'  wit h th e exceptio n o f  Goebe l  an d Indefre y (1994) . 

^  C E L E X ca n b e obtaine d b y contactin g celex@mpi.nl . 
^  4 5 word s an d 2  duplicate s wer e manuall y remove d becaus e the y 

wer e obviousl y incorrec t  (e.g .  incorrectl y pluralize d prope r  name s 
and entrie s wit h error s i n phonologica l  form) . 

*Thi s leave s comple x noun s whic h ar e no t  noun-compounds , 
and noun-compound s fo r  whic h th e right-most  lexem e i s no t  liste d 
individually . 
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noun s wa s spli t  roughl y i n hal f  t o giv e a  trainin g se t  (4,27 3 
words )  an d a  testin g se t  (4,32 5 words) .  A  cop y o f  th e train -
in g se t  whic h ha d al l  28 2 word s tha t  too k a  + s suffi x remove d 

(leavin g 3,99 1 trainin g words )  wa s use d t o trai n th e hybri d 

rule-associativ e models . 

Inpu t  Representatio n A  phonologica l  rq)resentatio n o f 

th e noun s wa s create d b y takin g th e phoneti c singula r  an d 

plura l  form s o f  eac h wor d a s give n i n th e C E L E X databas e 

and rewritin g the m a s a  bundl e o f  1 5 phoneti c feature s take n 

from  Wurze l  (1981) .  Sixtee n phoneti c slot s wer e used ,  s o 
eac h wor d wa s rqjresente d a s a  vecto r  wit h 24 0 elements . 
Sinc e word s var y i n length ,  thei r  representation s mus t  b e 
zero-padded .  Vector s wer e right-justifie d sinc e wor d ending s 
ar e mos t  saUen t  fo r  determinin g th e plura l  typ e o f  Germa n 
nouns. ® 

Outpu t  I n al l  case s a  mode l  wa s require d t o produc e th e 
correc t  plura l  categor y fo r  a  give n input .  T w o o f  th e model s 

( G C M an d th e network )  produc e grade d response s (probabil -
itie s o r  activations) .  Th e singl e highes t  probability/activatio n 
was take n t o b e th e output .  Onl y exac t  matche s wer e score d 
as correct .  I n th e followin g simulation s th e simpl e patter n 
classifier s wct c traine d o n th e trainin g dat a se t  o f  4,27 3 non -
compoun d nouns .  Performanc e wa s the n assesse d o n th e tes t 
dat a se t  o f  4,32 5 words . 

Associative Model Performance 

Nearest Neighbour Classifier A nearest neighbour classi-
fiCT  simpl y adopt s th e classificatio n o f  th e ite m i n memor y 
most  simila r  t o th e n e w item .  I t  i s  th e simples t  kin d o f  ex -
empla r  model .  I n linguisti c  tams ,  i t  constitute s a  'wea k anal -
ogy '  mode l  i n KOpcke' s (1988 )  sense .  I t  coul d als o straight -
forwardl y for m th e hear t  o f  a n associativ e memor y syste m 
(Pinker ,  1993) ;  al l  tha t  woul d b e require d i n additio n i s a  com -
ponen t  whic h genwate s th e ̂ propriat e phonologica l  for m ac -
cordin g t o th e compute d plura l  class .  Th e neares t  neighbou r 
algorith m simpl y states :  fo r  a  nove l  exempla r  e ,  find  th e mos t 
simila r  (nearest )  neighbou r  n  an d adop t  it s plura l  class .  A s a 
similarit y metri c w e use d Euclidea n distance .  Teste d o n th e 
4,32 5 wor d testin g set ,  th e neares t  neighbou r  classifiC T score d 
7 1 %.  Th e patter n o f  errors ,  whic h wa s basicall y th e sam e fo r 
al l  models ,  reveal s a n interactio n betwee n type-frequenc y an d 
clas s topology .  Geno-all y peformanc e decline s wit h droppin g 
frequency,  bu t  particula r  lo w frequency  classe s ca n nevCTthe -
les s b e classifie d ver y acciu-ateiy. ^  I n addition ,  thi s classifie r 
was als o teste d o n th e entir e dat a set .  Hctc ,  eac h nou n wa s in -
dividuall y "removed "  from  th e dat a se t  an d classifie d accord -
in g t o th e remainin g neares t  neighbour s givin g a  classificatio n 
accurac y o f  7 2 % . 

*Thi s wa s detennine d b y compariso n o f  perfonnanc e o n left -
justified ,  centre-justifie d an d right-justifie d word s usin g ID 3 (Quin -
tan ,  1992) . 

*Th e networ k deviate s slightl y fiwm  thi s patter n insofa r  a s th e 
lowe r  frequency  classe s -  from  Um-^g n onwar d -  ar e highl y sen -
sitiv e t o th e initia l  rando m seed ,  s o tha t  perfomanc e ca n var y drasti -
call y betwee n networks . 

Nosofsky' s Generalize d Contex t  Mode l  Nosofsky' s well -

know n 'Generalize d Contex t  Model '  (Nosofsky ,  1990) , 
whic h accuratel y fits  huma n performanc e dat a o n a  rang e o f 

classificatio n tasks ,  i s a  mor e sophisticate d exemplar-model , 
providin g a  probabihsti c response .  Here ,  th e sfrengt h o f  mak -

in g a  categor y J  respons e (Rj )  give n presentatio n o f  stimulu s 
t  (5j )  i s  foun d b y summin g th e (weighted )  similarit y o f  stimu -

lu s i  t o al l  presente d exemplar s o f  categor y J  (Cj )  the n multi -
plyin g b y th e respons e bia s fo r  categor y J .  Th e denominato r 

normalise s b y summin g th e strength s ove r  al l  categories . 

P(H,,5o  =  ^^;^--^^;^)^  (1) 

In equation 1 tj,j (tjjj = rfji, rja = 1) gives the similarity 

betwee n exemplar s i  an d j ,  6 j  ( 0 <  b j  <  1,J2^ k =  1 )  i s 
th e bia s associate d wit h categor y J  an d L{j ,  J )  i s th e relativ e 
frequency  (likelihood )  wit h whic h exempla r  ;  i s  presente d 

durin g fraining  i n conjunctio n wit h categor y J .  Th e distanc e 
di j  i s  scale d an d converte d t o a  similarit y measur e usin g th e 
fransformation  t;, j  =  exp-{dij/s)''wher e p  =  1  yield s 
an exponentia l  deca y similarit y fiinctio n an d p  =  2  give s 
a gaussia n similarit y function.' '  W h e n th e scalin g paramete r 
s wa s optimise d fo r  th e gaussia n similarit y functio n (iĵ j  = 
exp-{dij/s)^ )  th e performanc e wa s 7 5 . 0 % ( s =  1.46) . 
W h en optimise d fo r  th e exponentia l  (»7, j  =  exp(-d,j/s )  ac -
curac y wa s 74 .4 % ( s =  0.35) .  Th e gaussia n similarit y fiinc-
tio n wa s use d i n th e following . 

Neura l  Networ k Th e neura l  networ k mos t  directl y resem -
ble s th e pattCTn-associato r  posite d a s a  modul e necessar y fo r 
inflectiona l  morpholog y b y Pinke r  (1993) ,  an d Marcu s e t  al . 
(1995) ,  wit h on e exception ;  ou r  networ k classifie s th e inpu t 
as belongin g t o on e o f  th e 1 5 plura l  type s (se e tabl e 1 )  instea d 
of  directl y producin g th e plura l  form ,  i n orde r  t o allo w com -
pariso n vnt h th e neares t  neighbou r  an d th e G C M.  Fo r  a  ful l 
model ,  a  componen t  producin g thi s for m o n th e basi s o f  clas s 
must  b e assumed . 

Th e networ k wa s a  three-layer ,  feed-forwar d networ k wit h 
24 0 inpu t  an d 1 5 outpu t  units .  Differen t  number s o f  hidde n 
unit s -  10 ,  20 ,  30 ,  4 0 an d 5 0 -  wer e tried .  Trainin g use d 
back-propagation ,  duratio n bein g varie d from  5  t o 5 0 q)och s 
i n step s o f  5  epoch s an d usin g 3  differen t  initia l  rando m seeds . 
The bes t  se t  o f  weight s (define d b y generahsatio n accurac y o n 
th e testin g set )  wa s used .  I t  wa s foun d tha t  fo r  al l  numbo- s 
of  hidde n unit s th e scor e wa s a t  roughl y 8 0 % afte r  5  qjoch s 
and remaine d abov e 8 0 % u p t o 5 0 epochs .  Th e accurac y o f 
th e bes t  networ k (wit h 5 0 hidde n unit s an d afte r  3 5 trainin g 
qjochs )  wa s 83.5% . 

Comparing Associative and Rule-Associative 

Model s 

Definin g Interactio n o f  Associativ e an d Rul e 
Component s 

The mos t  recen t  accoun t  o f  th e Gaman plura l  syste m b y Mar -
cu s e t  al .  (1995 )  argue s tha t  + s i s th e 'regular '  plura l  i n Gct -

^Bia s term s wer e omitte d t o limi t  th e numbe r  o f  free  parameters . 
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Plura l 
Typ e 

+3n 
+n 
+s 
Identit y 
Umlaut+ 3 
+s 
Umlaut+9 r 
+3T 
Umlau t 
um->^an 
a-^a n 
us->3 n 
um^a 
+t9 n 

+is n 

Al l  Noun s 
Frequenc y 

701 2 
447 7 
446 0 

420 1 
201 7 

978 
692 
289 
255 
135 
121 
88 
45 
27 
25 

% o f  Tota l 

28.10 9 
17.94 7 

17.87 9 
16.84 0 
8.08 5 
3.92 0 
2.77 4 
1.15 9 
1.02 2 
0.54 1 
0.48 5 
0.35 3 
0.18 0 
0.10 8 
0.10 0 

Non-Compoun d Noun s 

Frequenc y 

264 6 
155 5 

117 8 
199 2 
239 
571 

54 
36 
35 
95 
81 
69 
40 

1 
6 

% o f  Tota l 

30.77 5 

18.08 6 
13.70 1 

23.16 8 
2.78 0 
6.64 1 

0.62 8 

0.41 9 
0.40 7 
1.10 5 
0.94 2 

0.80 3 
0.46 5 
0.01 2 
0.07 0 

Tabl e 1 :  Frequencie s o f  differen t  plura l  type s i n th e complet e se t  o f  noiui s i n C E L E X an d fo r  th e non-compoun d nouns .  Suffix -

atio n i s indicate d b y +suffix ,  rewrite s ar e indicate d a s "phonemes"- ^  "phoneme s " . 

man;  i t  i s  produce d b y a  (cognitivelyreal )  defaultrul e 'adds ' 
whic h i s applie d wheneve r  'memor y fails' .  Thi s lexica l  m e m-
or y i s though t  t o includ e a  phonologically-based ,  possibl y 
connectionist ,  pattem-associato r  a s a  subcomponent ,  henc e 
explainin g th e limite d productivit y o f  th e 'irregulars' . 

The inflectio n o f  th e 'regulars '  o n thi s account ,  i s  inde -
penden t  o f  th e lexicon ,  resultin g fro m th e 'rule-route' .  Thi s 
suggest s a  simpl e compariso n between  patter n associators , 
whic h trea t  th e 'regulars '  lik e ever y othe r  group ,  an d a  hybri d 
rule+patter n associato r  model ,  i n whic h th e 'regulars '  ar e re -
moved fro m th e patto-n-associato r  an d inflecte d vi a th e rule -
rout e i f  'memor y fails' .  A s outlined ,  al l  thre e model s abov e 
can for m th e hear t  o f  a n associativ e memor y system ,  and , 
thus ,  ca n b e use d fo r  suc h a  comparison .  Thi s con )̂ariso n re -
quire s tha t  Marcu s e t  al.' s  notio n o f  memor y failur e mus t  b e 
made computationall y explicit .  W e di d thi s throug h th e defi -
nitio n o f  a  threshol d { ,  a s follows : 

(1 )  fo r  neares t  neighbou r  'memor y failure '  occur s i f  th e 
neares t  neighbou r  i n th e phonologica l  spac e i s a t  a  distanc e 
greate r  tha n t .  I n thi s cas e th e defaul t  inflectio n + s i s used . 

it y P j  wa s les s tha n a  threshol d value . 

i f  distance(e -  n )  <  t inflec t  a s n 
otherwis e us e defaul t  inflectio n 

(2 ) 

Thi s means ,  tha t  fo r  ver y lo w value s o f  t  th e neares t  neigh -
bour  memor y alway s fail s becaus e ther e i s neve r  a  neigh -
bour  clos e enoug h s o tha t  ever y singula r  i s  classifie d a s a  +s . 
For  ver y larg e value s o f  t  ther e i s alway s a  neares t  neighbou r 
close r  tha n t  s o th e defaul t  rul e i s neve r  use d an d th e singula r 
i s  classifie d usin g th e plura l  typ e o f  it s  neares t  neighbour .  I n 
othe r  words ,  a s t  increases ,  th e algorith m i n equatio n 2  asymp -
toticall y revert s t o th e neares t  neighbou r  algorithm . 

(2 )  I n th e G C M memor y 'fails '  i f  th e larges t  clas s probabil -

i f  M A X ( F j )  >  t inflec t  a s mos t  probabl e clas s 
otherwis e us e defaul t  inflectio n 

(3 ) 

Pj  i s lo w an d memor y failur e occur s i f  th e nou n i s sur -
rounde d b y roughl y equa l  number s o f  tw o o r  mor e classe s o f 
nou n o r  i s i n a  sparsel y populate d regio n o f  th e phonologica l 
space . 

(3 )  Fo r  th e neura l  network ,  finally,  memor y 'fails '  i f  th e 
greates t  outpu t  uni t  activit y M A X { o i )  wa s les s tha n a  thresh -
ol d value* . 

i f  MAX(o j )  >  t  inflec t  a s clas s o f  mos t  activ e uni t 
otherwis e us e defaul t  inflectio n 

(4 ) 

For  testing ,  w e comput e value s fo r  t  throughou t  th e entir e 
intCTval(0. 0 <  t  <  1. 0 fo r  G C M an d networ k an d 0. 0 < 
t  <  o o fo r  neares t  neighbour )  i n searc h o f  a n optima l  value , 
and compar e th e performanc e o f  th e hybri d wit h th e simpl e 
classifie r  a t  eac h point . 

Rule-Associative Model Performance 

The hybri d model s wer e assesse d o n th e sam e tes t  se t  o f  4,32 5 
noun s a s th e sin̂ il e classifio-s .  I n thes e hybri d models ,  how -
ever ,  th e trainin g se t  ha d th e + s noun s removed ,  sinc e th e hy -
bri d mode l  require s tha t  thes e ar e deal t  wit h b y th e rul e alone . 
Performance s ar e compare d wit h tha t  o f  th e respectiv e simpl e 
classifie r  traine d o n th e se t  tha t  include d + s nouns . 

Neares t  Neighbou r  Classifie r  I n orde r  fo r  th e additio n o f 
a defaul t  rul e t o improv e po-formanc e th e singula r  form s o f 
th e noun s tha t  tak e + s woul d hav e t o b e fa r  awa y fro m othe r 
singula r  form s i n sparsel y populate d area s o f  th e phonologica l 
space .  HowevCT ,  th e result s i n figure  1  clearl y sho w tha t  thi s i s 
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not  th e case :  th e classificatio n accurac y increase s monotoni -
call y wit h increasin g t .  I n othe r  words ,  a s th e frequenc y o f 

usin g th e defaul t  rul e increase s from  zero ,  i t  alway s deterio -

rate s th e performanc e o f  th e system .  A t  n o valu e o f  t  doe s th e 

defaul t  improv e th e paformanc e abov e tha t  o f  th e purel y as -
sociativ e neares t  neighbou r  classifier ,  makin g th e defaul t  rul e 
rout e completel y redundant . 

Distanc e "nreshol d fo f  Usmg DelaiJ t 
A l w a y s U s e Defaul t Neve r  Us e Defaul t 

Figur e 1 :  Performanc e o f  neares t  neighbou r  classifiC T o n 

4,32 5 G w m an nouns .  Horizonta l  lin e show s th e peformanc e 
of  a  neares t  neighbou r  classifie r  wit h n o defaul t  rul e an d + s 

plural s include d i n th e trainin g set .  Curv e show s th e pafor -
raance  o f  a  hybri d rule-associativ e classifie r  wit h + s plural s 
exclude d fro m th e trainin g set .  Increasin g us e o f  th e defaul t 
rul e fro m nevC T bein g use d (threshol d =  10 )  t o alway s bein g 
use d (threshol d =  0 )  monotonicall y reduce s classificatio n ac -
curacy . 

Nosofsky's GCM Tlie removal of the +s singulars from the 
trainin g se t  change d th e optima l  valu e o f  s ,  s o th e mode l  wa s 
re-optimise d usin g th e trainin g se t  withou t  + s plurals .  Tli e er -
ro r  surfac e wa s sample d i n th e rang e s  =  1. 4 t o s  =  1. 5 i n 
step s o f  0.0 1 and t  =  Oto t  =  1.0instq)sof0.01 .  I t  wa s foun d 
tha t  th e optima l  valu e o f  s  wa s change d slightl y t o s  =  1.4 8 
and th e optima l  valu e of t  wa s t  =  0.2 9 givin g a  classificatio n 

accurac y o f  74.6% . 
Unlik e th e neares t  neighbour ,  thi s patter n associato r  ha d a n 

opt imu m valu e fo r  th e threshold. ® Ther e wa s a  0.2 % increas e 
i n performanc e t o 74 .6 % correc t  a t  a  probabilit y  threshol d o f 
0.2 9 fro m 7 4 . 4 % correc t  a t  probabilit y  threshol d 0. 0 (se e fig-
ur e 2) .  Performanc e o f  th e rule-associativ e classifie r  neve r 
reache d tha t  o f  th e purel y associativ e classifier . 

Ne twor k Classifie r  Fo r  th e rule-associato r  classifier ,  th e 
networ k wa s traine d o n th e trainin g se t  wit h + s noun s remove d 

*  Notic e tha t  th e threshol d valu e i s  ̂ probability ,  fo r  thi s model ,  s o 
th e performanc e drop s a s th e threshol d valu e increases ,  wherea s fo r 
th e neares t  neighbou r  th e threshol d wa s th e distanc e o f  th e neares t 
neighbou r  s o tha t  performanc e increase d wit h increasin g threshol d 
values . 

0 0 2 

Never Use Default 

0. 4 0 6 
ProbaMlt y TTvesiw M k x Usin g DelaiJ t 

06 1 

^- Always Use Defalk' 

Figur e 2 :  Po-formanc e o f  th e G C M o n 4,32 5 Genna a nouns . 
Horizonta l  lin e show s th e performanc e o f  th e similarit y base d 
classifiC T wit h n o defaul t  rul e an d + s plural s include d i n th e 
trainin g set .  Curv e show s th e performanc e o f  a  hybri d rule -
associativ e classifie r  wit h + s plural s exclude d fi:om  th e train -
in g set . 

and  tested on the standard testing set. Results for this model 
agai n showe d a  deaeas e i n performanc e o n th e additio n o f 
a rul e (se e figure  3) .  Tlia- e wa s a  1.2 % increas e i n accurac y 
t o 8 2 . 4 % correc t  a t  a n activit y threshol d o f  0.2 2 fi-om  81.2 % 
correc t  a t  a n activit y threshol d 0.0 .  Thi s remaine d belo w th e 
83 .5 % accurac y o f  a  purel y associativ e classifier . 

Patter n Associato r 

Neares t  Neighbou r 
Nosofsk y G C M 
Three-IayC T Perceptro n 

Simpl e 

71. 0 
75. 0 
83. 5 

Hybri d 

70. 2 
74. 6 
81. 4 

Tabl e 2 :  S u m m a r y o f  associativ e an d rule-associativ e mode l 
evaluations .  Th e performanc e o f  th e associativ e classifiC T wa s 
great s tha n tha t  o f  th e hybri d rule-associativ e classifier s fo r 
al l  thre e type s o f  pattOT i  associator . 

Where a Default Would Help 

Th e failur e o f  th e hybri d model s t o outpo-for m th e simpl e 

model s reflect s a n in )̂ortan t  distributiona l  fac t  abou t  th e lan -
guage .  Performanc e i s neve r  superio r  becaus e eve n fo r  th e 
opt imu m valu e o f  t  th e rul e produce s fals e positives .  In -
creasin g pCTformanc e o n th e regular s decrease s th e system s 
performanc e o n th e irregulars .  Thi s i s becaus e th e distance s 
betwee n th e regular s ar e no t  sufficientl y diffCTen t  fro m th e 
within-grou p distance s o f  th e irregulars .  I f  the y w w e ,  the n i t 
woul d b e possibl e t o "driv e a  wedge "  betwee n the m i.e .  selec t 
a valu e of t  tha t  correctl y classifie s regular s whils t  leavin g th e 
irregular s untouched .  Thes e consido-ation s sugges t  tha t  dis -
tribution s ar e possibl e fo r  whic h a  defaul t  wou ldhdp . 
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04 0 6 
ActMf y TTrerfioi a (o f  Udn g Defaul t Neve r  Us e Defaul t A l w a y s Us e Defaul t 

Figur e 3 :  Performanc e o f  3  laye r  networ k classifie r  o n 4,32 5 
Go-man nouns .  Horizonta l  lin e show s th e performanc e o f  th e 
networ k classifie r  wit h n o defaul t  rul e an d + s plural s include d 
i n th e trainin g set .  Curv e show s th e performanc e o f  a  hybri d 
rule-associativ e classifie r  wit h + s plural s exclude d fro m th e 
trainin g set . 

We generated two simple artificial languages to illustrate 
this .  Bot h language s consiste d o f  five  plura l  type s distribute d 
i n a  two-dimensiona l  "phonological "  space .  Eac h nou n clas s 
was generate d aroun d a  centroi d wit h a  gaussia n distribution . 
For  th e first  language ,  al l  five  plura l  type s ha d th e sam e vari -
ance ,  wherea s fo r  th e second ,  on e group ,  th e "default" ,  wa s 
explode d t o occup y th e entir e spac e homogeneously .  Bot h 
distribution s ar e depicte d i n figure  4 . 

For  th e first  language ,  wher e th e "default "  plura l  typ e ha d 
th e sam e varianc e a s th e othe r  types ,  th e simpl e neares t  neigh -
bou r  classifie r  outperforme d th e hybri d classifier .  B y contrast , 
i n th e secon d language ,  th e hybri d neares t  neighbou r  classi -
fier  outperforme d th e simpl e nearest-neighbou r  classifiw .  Fo r 
a distributio n wher e th e irregular s ar e relativel y compac t  an d 
th e regula r  i s homogeneousl y distributed ,  addin g a  defaul t  ca n 
be beneficia l  fo r  generalization . 

The defaul t  help s b y increasin g accurac y o n a  particula r 
subse t  o f  th e regulars .  I t  i s th e regular s formin g a  shel l  aroun d 
eac h o f  th e irregula r  cluster s tha t  ar e correctl y classifie d b y th e 
hybri d mode l  bu t  no t  b y th e simpl e classifier .  W e cal l  thes e 
regular s "interfacial "  becaus e the y ar e distribute d o n th e sur -
fac e o f  th e irregula r  clusters .  Regular s i n isolate d region s o f 
th e space ,  "isolate d regulars" ,  ar e equall y wel l  classifie d b y 
hybri d an d simpl e models .  Thus ,  increasin g th e rati o o f  "in -
terfacial "  t o "isolated "  regular s increase s th e benefi t  o f  th e de -
fault .  Thi s ca n b e achieve d bot h b y increasin g th e numbe r  o f 
irregula r  plura l  type s an d (or )  b y increasin g th e surfac e are a 
of  irregula r  plura l  types . 

I t  i s no t  jus t  th e fac t  tha t  regular s ar e distribute d homoge -
neousl y throughou t  phonologica l  spac e (Marcu s e t  al. ,  1995 ) 
tha t  matters ,  bu t  th e existenc e o f  intCTfacia l  regular s tha t  i s 

crucial .  Isolate d regular s alon e onl y allo w a  threshol d t  a t 
whic h th e hybrid' s po-formanc e i s no t  worse ,  the y d o no t  en -
abl e i t  t o d o better .  I n suimnary ,  fo r  particula r  distribution s 

a defaul t  rul e ca n help .  Ou r  result s sugges t  tha t  th e G e n m n 
plura l  syste m i s no t  o f  thi s kind . 

Discussion 

It is hard to estimate the maximal score any model pCTforming 
predictio n coul d hop e t o achieve .  Germa n ha s lexica l  item s 
wit h conflictin g plura l  entrie s an d th e syste m a s a  whol e i s 
generall y no t  presume d t o b e completel y deterministic ,  al -
lowin g a  cma i n degre e o f  arbitrar y exceptions .  Whethe r  thi s 
means a  maxima l  scor e shoul d b e place d a t  8 5 o r  9 9 % ,  th e 
performanc e o f  al l  thre e purel y associativ e model s seem s re -
markabl y high ;  non e ar e i n an y w a y specificall y designe d 
or  adjuste d fo r  th e task ,  an d th e inpu t  informatio n i s  mini -
mal .  Otho -  source s o f  informatio n whic h hav e bee n advance d 
as detCTminant s o f  Germa n plura l  morpholog y ar e semantic s 
(Mugdan ,  1977 )  an d gende r  (Mugdan ,  1977 ;  KOpcke ,  1988) ; 
additionally ,  syllabl e structure ,  stres s an d toke n frequenc y ar e 
likel y contributors .  Futur e wor k wil l  see k t o determin e ex -
actl y wha t  additiona l  benefit s thes e source s provide . 

For  genCTalisatio n accurac y o n tes t  item s draw n fi-om  th e 
extan t  G w m an lexicon ,  then ,  a  'defaul t  rule '  mode l  ha s n o 
gai n whatsoever ,  and ,  i n fact ,  slightl y decrease s performanc e 
(se e tabl e 2  fo r  summary). '  O f  course ,  th e primar y motiva -
tio n fo r  th e 'defaul t  rule '  accoun t  i s th e fac t  tha t  i t  parsimo -
niousl y unifie s 2 1 otherwis e seemingl y heterogeneou s phe -
nomena t o whic h th e s-plura l  i s exclusivel y o r  predominantl y 
applie d -  suc h a s quotations ,  acronyms ,  truncations ,  prope r 
names -  (Marcu s e t  al. ,  1995) ,  whic h ar e no t  capture d i n ou r 
dat a set .  However ,  th e sam e threshol d t ,  whic h bes t  fits  th e 
c o m m on noun s investigate d her e mus t  als o giv e th e righ t  mix -
ture s betwee n 'regula r  inflection '  an d 'irregulars '  fo r  eac h o f 
th e remainin g phenomena .  Thi s m a y o r  m a y no t  b e possible ; 
ther e i s n o a  prior i  reaso n t o believ e tha t  i t  is .  Thi s ca n onl y 
be resolve d b y furthe r  empirica l  work .  I n th e meantime ,  thes e 
result s war n o f  th e w a y i n whic h th e genial ,  theoretica l  ac -
count s mentione d i n th e introductio n ar e pron e t o takin g com -
putationall y consequentia l  detail s fo r  granted . 
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Figur e 4 :  T w o pseudolanguage s (left )  an d thei r  correspondin g simpl e an d hybri d classifio '  po-fonnance s (right) .  Th e regula r 
clas s i n bot h language s i s show n a s diamonds .  Th e to p languag e (languag e 1 )  ha s equa l  variance s fo r  al l  plura l  types ,  wherea s 
th e botto m languag e (languag e 2 )  ha s  th e "regular "  clas s explode d t o occup y  th e entir e spac e homogeneously . 
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Abstrac t 

It is well known that children generally exhibit a "U-
shaped "  patter n o f  developmen t  i n th e proces s o f  acquirin g 
th e pas t  tense .  Piunket t  &  Marchma n (1991 )  showe d tha t  a 
connectionis t  network ,  traine d o n th e pas t  tense ,  woul d 
exhibi t  U-shape d learnin g effects .  Thi s networ k di d no t 
completel y maste r  th e pas t  tens e mapping ,  however . 
Piunket t  &  Marchma n (1993 )  showe d tha t  a  networ k 
traine d wit h a n incrementall y expande d trainin g se t  wa s 
abl e t o achiev e acceptabl e level s o f  mastery ,  a s wel l  a s 
sho w th e desire d U-shape d pattern .  I n thi s paper ,  w e poin t 
out  som e problem s wit h usin g a n incrementall y expande d 
trainin g set .  W e propos e a  mode l  o f  selectiv e attentio n 
tha t  enable s ou r  networ k t o completel y maste r  th e pas t 
tens e mappin g an d exhibi t  U-shape d learnin g effect s 
withou t  requirin g externa l  manipulatio n o f  it s trainin g set . 

Introduction 

I t  i s  wel l  know n tha t  i n th e proces s o f  acquirin g th e pas t 
tense ,  childre n generall y exhibi t  a  "U-shaped "  patter n o f 
development .  Th e first  pas t  tens e form s produce d ar e 
generall y correct ,  regardles s o f  whethe r  o r  no t  thos e form s 
ar e regular .  Afte r  thi s perio d o f  correc t  performance ,  childre n 
go throug h a  perio d o f  overgeneralizatio n i n whic h irregula r 
form s ar e incorrectl y inflecte d (e.g .  goed) .  Finally ,  childre n 
see m t o identif y som e form s a s exception s t o th e genera l 
regula r  pattern ,  an d th e overgeneralizatio n error s decrease . 
Piunket t  &  Marchma n (1991 )  ( P & M hereafter )  showe d tha t 
U-shape d learnin g effect s ca n emerg e i n connectionis t 
network s i n th e absenc e o f  an y discontinuitie s i n th e 
trainin g regime .  P & M showe d tha t  suc h network s g o 
throug h "micr o U-shape d development. "  Thi s i s contraste d 
wit h th e idealize d visio n o f  "macr o U-shape d development " 
tha t  predominate s i n anecdota l  description s o f  children' s 
pattern s o f  acquisition .  Macr o U-shape d developmen t  refer s 
t o a  rapi d an d sudde n chang e fro m th e memorizatio n stage , 
wher e regula r  an d irregula r  form s ar e reproduce d wit h 
relativel y equa l  level s o f  error ,  t o a  stag e wher e th e /-ed / 
suffi x i s  applie d indiscriminately ,  resultin g i n 
overgeneralizatio n fo r  al l  irregula r  verbs .  Micr o U-shape d 

See Pinke r  an d Prince' s (1988 )  critiqu e o f  Rumelhar t  & 
McClellan d (1986) .  The y argu e tha t  Rumelhar t  &  McClelland' s 
model  exhibite d U-shape d learnin g effect s becaus e o f 
discontinuitie s i n it s trainin g set . 

development ,  o n th e othe r  hand ,  i s characterize d b y selectiv e 
applicatio n o f  th e /-ed /  suffix ,  resultin g i n a  perio d i n whic h 
some irregula r  verb s ar e regularized ,  whil e other s ar e 
produce d correctly .  Althoug h mos t  anecdota l  description s o f 
children' s acquisitio n o f  th e pas t  tens e hav e implie d macr o 
U-shape d development ,  studie s o f  naturalisti c pas t  tens e 
productio n (e.g .  Marcu s e t  al .  (1992) )  an d studie s usin g 
elicitatio n procedure s (e.g .  Marchma n (1988) )  sho w tha t 
micr o U-shape d developmen t  i s a  bette r  descriptio n o f  h o w 
childre n lear n th e pas t  tense . 

Althoug h P & M (1991 )  wer e successfu l  i n showin g tha t 
connectionis t  network s g o throug h a  micr o U-shape d patter n 
of  development ,  non e o f  th e network s the y traine d achieve d 
master y o f  al l  o f  th e pas t  tens e mappings .  I n particular ,  th e 
mean performanc e o n th e regula r  (ad d /-ed/ )  mappin g wa s 
8 4 % ( P & M (1991) ,  p .  71) ,  whic h i s  wel l  belo w th e 
percentag e o f  regular s tha t  mos t  adul t  human s ar e abl e t o 
inflec t  correctl y (nea r  100%) . 

P & M (1993 )  demonstrate d tha t  network s ca n achiev e 
acceptabl e level s o f  master y an d stil l  sho w U-shape d 
learnin g effect s i f  thei r  trainin g se t  i s  expande d 
incrementally .  Unlik e Rumelhar t  &  McClellan d (1986) , 
the y di d no t  introduc e a  discontinuit y i n th e trainin g regime . 
Rather ,  the y traine d thei r  network s o n a  smal l  numbe r  o f 
verb s a t  first,  an d the n graduall y expande d th e trainin g set . 
Traine d i n thi s way ,  th e network s describe d b y P & M (1993 ) 
wer e abl e t o maste r  th e give n vocabular y (correctl y 
inflectin g 97 -98 % o f  th e regulars )  afte r  a  perio d o f  micr o U -
shape d development . 

Thi s i s  a n interestin g result ,  bu t  th e us e o f  a n 
incrementall y expandin g trainin g se t  mus t  b e justified . 
P & M (1993 )  not e tha t  "ver b acquisitio n i n childre n i s a 
gradua l  proces s whic h follow s a n incrementa l  learnin g 
trajector y (p .  27), "  an d g o o n t o mentio n Elman' s (1991 ) 
applicatio n o f  incrementa l  trainin g t o th e acquisitio n o f 
simpl e an d comple x syntacti c forms .  Ther e are ,  however , 
some crucia l  difference s betwee n th e accoun t  o f  languag e 
acquisitio n implie d b y Elman' s mode l  an d tha t  implie d b y 
P & M (1993) . 

Elman' s recurren t  networ k wa s unabl e t o lear n adequatel y 
i f  i t  wa s traine d o n th e entir e se t  o f  simpl e an d comple x 
sentence s a t  once .  H e showe d tha t  i t  coul d lear n i f  i t  wa s 
traine d o n a n incrementall y expande d trainin g set ,  beginnin g 
wit h th e simpl e sentences ,  an d workin g u p t o th e comple x 
ones .  Nevertheless ,  h e argue d explicitl y  agains t  usin g a n 
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incrementall y expande d trainin g se t  i n model s o f  languag e 
acquisition ,  claimin g tha t  "childre n hea r  exemplar s o f  al l 
aspect s o f  th e adul t  languag e fro m th e beginnin g (p .  6). "  H e 
the n trie d expandin g hi s network' s memor y capacity ,  rathe r 
tha n incrementall y expandin g it s trainin g set .  Durin g th e 
first  phas e o f  training ,  th e recurren t  feedbac k wa s eliminate d 
afte r  ever y thir d o r  fourt h word .  A s trainin g progressed ,  th e 
network' s memor y windo w wa s graduall y increase d unti l  th e 
feedbac k wa s n o longe r  interfere d wit h a t  all . 

Usin g thi s schedul e o f  expandin g memory ,  Elma n wa s 
abl e t o ge t  th e networ k t o lear n th e entir e u-ainin g set .  Thi s 
i s a  reasonabl e accoun t  o f  languag e acquisitio n becaus e w e 
k n o w tha t  childre n hav e limite d memor y capacit y earl y i n 
development ,  an d tha t  thi s capacit y increase s a s developmen t 
continues .  Furthermore ,  th e networ k i s expose d t o th e 
entir e adul t  language ,  whic h i s mor e realisti c tha n usin g a 
subse t  o f  th e languag e fo r  training . 

P & M ' s (1993 )  mode l  di d no t  hav e a  limite d memory-i t 
was no t  a  recurren t  network ,  an d di d no t  hav e a  memor y i n 
th e sens e tha t  Elman' s (1991 )  mode l  did .  P & M ha d t o 
resor t  t o limitin g it s trainin g set ,  whic h wa s the n graduall y 
expanded .  P & M (1993 )  clai m tha t  i t  i s  "unlikel y tha t 
childre n attemp t  t o lear n a n entir e lexico n al l  o f  a  piec e (p . 
27). "  Perhap s wha t  the y ha d i n min d wa s tha t  childre n hav e 
acces s t o th e entir e vocabulary ,  bu t  onl y pa y attentio n t o a 
limite d numbe r  o f  words .  I n thi s case ,  th e wa y the y hav e 
modele d attentio n i s questionable .  A t  th e outse t  o f  training , 
th e networ k wa s give n 2 0 verbs ,  o n whic h i t  i s  traine d t o 
1 0 0 % accurac y befor e expansio n began .  I n effect ,  th e 
networ k wa s bein g tol d whic h verb s t o pa y attentio n t o a t 
th e outset ,  an d traine d o n the m t o perfectio n befor e i t  coul d 
star t  attendin g t o othe r  verbs .  B y th e en d o f  training ,  th e 
networ k ha d th e entir e vocabular y i n it s trainin g set-i t  wa s 
payin g attentio n t o eac h elemen t  o f  th e vocabular y t o th e 
same degree .  Clearly ,  w e nee d a  bette r  wa y t o mode l 
attention . 

I n thi s paper ,  w e examin e th e effec t  o f  selectiv e attentio n 
on a  network' s abilit y  t o lear n th e pas t  tens e mappings .  W e 
d o no t  specif y th e example s t o whic h th e networ k shoul d 
pa y attention ,  an d w e d o no t  restric t  th e se t  o f  example s t o 
whic h th e networ k ca n b e exposed .  Lik e Elman ,  w e believ e 
tha t  i n orde r  fo r  ou r  mode l  t o b e realistic ,  th e entir e 
vocabular y mus t  b e accessibl e t o th e networ k fro m th e start . 
We sho w tha t  network s wit h thi s mechanis m o f  selectiv e 
attentio n maste r  th e pas t  tens e mappin g an d exhibi t  micr o 
U-shape d learnin g effect s i n th e absenc e o f  an y externa l 
manipulatio n o f  thei r  trainin g set . 

Selective Attention Model 

Our  mode l  o f  selectiv e attentio n i s base d o n th e metho d o f 
activ e selectio n (Plutowsk i  &  Whit e (1993)) .  Thi s metho d 
was originall y use d fo r  incrementall y growin g a  trainin g se t 
by usin g a  partiall y  traine d networ k t o guid e th e selectio n o f 
ne w examples .  Plutowsk i  e t  a l  (1993 )  introduce d th e ide a o f 
usin g m a x i m u m erro r  a s th e criterio n fo r  selection .  I n ou r 
implementation ,  thi s criterio n i s use d fo r  selectin g example s 
fo r  weigh t  adjustmen t  (cf .  Baluj a &  Pomerlea u (1994) , 
whos e networ k ignore s section s o f  th e inpu t  wit h hig h 
predictio n error) .  Instea d o f  usin g activ e selectio n fo r 
incrementall y growin g th e trainin g set ,  w e assum e a  fixed 

siz e trainin g queu e o f  siz e N  correspondin g t o th e child' s 
workin g o r  perhap s episodi c memory .  A s th e chil d sample s 
th e environment ,  w e assum e th e chil d compute s hi s erro r  o n 
any verb ,  an d the n compare s thi s erro r  wit h wha t  i s currentl y 
i n th e trainin g queue .  I f  th e erro r  o n th e sample d exampl e i s 
wors e tha n wha t  i s currentl y i n th e queue ,  th e exampl e i s 
inserte d i n th e queu e an d th e bes t  exampl e i n th e queu e i s 
"forgotten. "  W e ma y vie w thi s erro r  a s a  measur e o f  th e 
novelt y o r  salienc e o f  th e verb . 

T o simulat e this ,  a t  th e beginnin g o f  a n epoc h th e 
simulato r  randoml y select s a  windo w o f  W example s fro m 
th e vocabular y an d test s th e networ k o n them .  Th e 
likelihoo d o f  an y particula r  exampl e bein g chose n fo r  th e 
sampl e windo w depend s o n it s frequenc y i n th e vocabulary . 
The abov e procedur e i s applie d t o updat e th e queue .  Thus , 
th e entir e se t  o f  example s ma y chang e fro m on e epoc h t o th e 
nex t  dependin g o n N ,  W ,  an d th e erro r  o n th e samples . 

Th e network' s initia l  exposur e t o a  for m result s i n it s 
bein g place d i n th e sampl e window .  Weigh t  adjustmen t 
doe s no t  occu r  unti l  th e for m ha s bee n pu t  int o th e trainin g 
queue .  Trainin g o n a  ver b i s therefor e "off-line "  i n th e sens e 
tha t  i t  occur s som e tim e afte r  th e ver b i s initiall y 
encountered . 

I t  i s  reasonabl e t o suppos e tha t  childre n ar e no t  abl e t o 
cycl e throug h ever y ver b i n th e languag e i n orde r  t o choos e 
th e one s the y nee d t o pa y attentio n t o fo r  th e purpose s o f 
synapti c adjustment ,  s o i t  wa s importan t  t o limi t  th e siz e o f 
th e sampl e window .  W e migh t  thin k o f  th e windo w a s th e 
network' s short-ter m memor y (fo r  recentl y hear d verbs) .  I t 
need s t o hol d a  limite d numbe r  o f  item s i n memor y s o tha t 
i t  ca n compar e the m t o choos e th e queu e elements  whe n 
updatin g th e queue . 

Methods 

Our  input-outpu t  pair s wer e take n fro m th e databas e use d b y 
P & M.  Th e intereste d reade r  shoul d refe r  t o P & M (1991 , 
1993 )  fo r  detail s abou t  th e representations .  Th e networ k i s 
give n a  ver b ste m a s inpu t  an d mus t  produc e th e inflecte d 
ver b a s it s output .  Th e transformation s fro m th e stem s t o 
th e pas t  tens e form s ar e classifie d int o fou r  possibl e classes : 
arbitrary ,  identity ,  vowe l  change ,  an d regular .  Eac h o f  thes e 
cortespond s t o a  possibl e Englis h pas t  tens e transformation . 

Typ e 
Frequenc y 

Toke n 
Frequenc y 

Arbitrar y 

2 

100 

Identit y 

20 

2 

Vowel 
Change 

68 

5 

Regula r 

410 

1 

Tabl e 1 :  Typ e an d Toke n frequencie s o f  th e pas t  tens e 
mapping s 

For the arbitraries, there is no relation between the stem 
and th e pas t  tens e form ,  e.g .  'go^went. '  Fo r  th e identities , 
th e pas t  tens e for m i s identica l  t o th e ver b stem .  Thi s 
mappin g require s tha t  th e ver b ste m en d i n a  denta l 
consonan t  (/t /  o r  /d/) ,  e.g .  'hit—>hit. '  Fo r  th e vowe l 
changes ,  a  vowe l  i n th e ste m m a y b e replace d b y a  differen t 
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Figure 1: Performance on regular verbs after 120,000 weight 
update s a s a  functio n o f  queu e an d windo w size . 

vowel in the inflected form of the verb, depending on the 
origina l  vowe l  an d th e consonan t  tha t  follows .  W e ha d 1 0 
differen t  type s o f  vowe l  change s i n ou r  vocabulary , 
analogou s t o •ring->rang, '  'blow-»blew, '  etc .  Finally ,  fo r 
th e regulars ,  a  suffi x i s appende d t o th e ver b stem .  Th e 
for m o f  th e suffi x  depend s upo n th e final  vowel/consonan t 
i n th e stem .  I f  th e ste m end s i n a  denta l  (/t /  o r  /d/) ,  the n th e 
suffi x i s  /-id/ ,  e.g .  'pat-»pat-id. '  I f  th e ste m end s i n a  voice d 
consonan t  o r  vowel ,  the n th e suffi x i s  voice d /d/ ,  e.g . 
'dam^dam-d. '  I f  th e ste m endin g i s unvoiced ,  th e suffi x i s 
unvoice d /t/ ,  e.g .  'pak->palc-t. ' 

The typ e an d toke n frequencie s o f  eac h o f  thes e classe s i n 
our  vocabular y ar e show n i n Tabl e 1 .  Th e typ e fi"equencies 
ar e identica l  t o thos e use d b y P & M (1991) ,  bu t  th e toke n 
frequencie s ar e somewha t  different .  Fo r  eac h typ e o f  pas t 
tens e mapping ,  w e too k th e average s o f  a  small ,  bu t 
representativ e sampl e o f  ver b frequencie s fro m Kucer a & 
Franci s (1967) ,  an d the n normalize d the m b y th e frequenc y 
of  th e regulars . 

Our  network s wer e traine d wit h th e bac k propagatio n 
algorithm .  Th e networ k architectur e consiste d o f  1 8 inpu t 
unit s (eac h ver b ste m wa s forme d fro m 3  phoneme s eac h 
requirin g 6  unit s t o represent) ,  3 0 hidde n unit s an d 2 0 outpu t 
unit s ( 2 suffi x unit s wer e neede d i n additio n t o th e 
transforme d stem) .  Th e choic e o f  3 0 hidde n unit s wa s mad e 
t o paralle l  th e architectur e use d b y P & M (1993) .  Th e 
learnin g rat e an d momentu m wer e als o se t  accordin g t o th e 
value s use d b y P & M (1993) ,  namel y a  learnin g rat e o f  0. 1 
and a  momentu m o f  0.0 .  T o evaluat e networ k performance , 
th e outpu t  fo r  eac h phonem e i n th e ste m wa s mappe d t o th e 
closes t  lega l  phonem e (usin g Euclidea n distance) .  The n th e 
outpu t  wa s compare d wit h th e target . 

We investigate d th e effect s o f  differen t  sampl e windo w an d 
trainin g queu e size s b y lettin g W an d N  tak e o n th e value s 
1,  2 ,  4  o r  8  an d trainin g network s wit h al l  sixtee n possibl e 
combinations .  Fiv e set s o f  network s wer e trained ,  wit h 
initia l  weigh t  value s th e sam e withi n eac h set ,  bu t  varyin g 
betwee n them . 

Results 

Figur e 1  show s th e effec t  o f  usin g differen t  trainin g queu e 
and sampl e windo w sizes .  Th e averag e performanc e fo r  eac h 
combinatio n o f  W an d N  i s  plotte d i n Figur e 1 ,  wit h 
standar d deviatio n indicate d b y erro r  bars .  Th e network s tha t 
performe d bes t  wer e th e one s tha t  ha d larg e sampl e window s 
and smal l  trainin g queues .  Th e large r  th e sampl e window , 
th e mor e example s th e networ k ha s t o choos e from .  Onc e 
an exampl e i s chose n an d traine d on ,  however ,  th e network' s 
erro r  wil l  chang e no t  onl y fo r  tha t  verb ,  bu t  fo r  othe r  verb s 
as well .  I f  th e networ k train s o n a  regula r  verb ,  fo r 
example ,  w e expec t  it s erro r  o n othe r  regula r  verb s t o g o 
down slightly ,  a s well .  Thus ,  i t  i s  bette r  fo r  th e networ k t o 
"pa y attentio n t o on e thin g a t  a  time, "  becaus e thi s allow s i t 
t o choos e it s trainin g exampl e base d o n it s erro r  o n tha t 
exampl e immediatel y prio r  t o training ,  rathe r  tha n usin g a n 
erro r  valu e tha t  ma y hav e change d du e t o trainin g o n anothe r 
ver b i n th e queue . 

Figur e 2  show s th e averag e performanc e o f  5  network s 
traine d usin g th e selectiv e attentio n mechanis m wit h sampl e 
window s o f  siz e 8  an d trainin g queue s o f  siz e 1 .  Becaus e o f 
th e metho d o f  trainin g w e ar e using ,  i t  i s  mor e meaningfu l 
t o analyz e th e network s accordin g t o th e numbe r  o f  weigh t 
update s the y hav e undergone .  Thi s make s i t  difficul t  t o 
compar e ou r  result s wit h thos e o f  P & M ,  however ,  becaus e 
the y grap h result s i n term s o f  epochs ,  an d th e siz e o f  th e 
trainin g se t  change s wit h eac h epoch .  Fo r  th e purpose s o f 
comparison ,  therefore ,  w e ra n 5  network s usin g th e 
traditiona l  metho d fo r  selectin g trainin g example s (th e on e 
use d b y P & M (1991) )  o n th e sam e data .  Th e averag e 
performanc e o f  thes e network s o n regula r  verb s i s show n i n 
figure  3 . 

The network s wit h selectiv e attentio n performe d ver y 
well .  B y 125,00 0 weigh t  updates ,  al l  5  network s ha d 
mastere d al l  o f  th e pas t  tens e mapping s (wit h a  standar d 
deviatio n o f  0.0) .  W h e n th e network s withou t  selectiv e 
attentio n ha d reache d 125,00 0 weigh t  updates ,  the y onl y 
inflecte d a n averag e o f  8 5 % o f  th e regular s correctl y (wit h a 
standar d deviatio n o f  0.013) .  Thi s i s  th e leve l  o f 
performanc e reache d b y P & M ' s (1991 )  bes t  networ k a t  th e 
end o f  trainin g (p .  71) .  Eve n afte r  500,00 0 weigh t  updates , 
thes e network s onl y go t  a n averag e o f  9 5 % correc t  (wit h a 
standar d deviatio n o f  0.007) .  I n summary ,  th e networ k wit h 
selectiv e attentio n wa s bette r  bot h i n final  performanc e an d 
learnin g speed . 

Figur e 4  show s th e networks '  abilit y  t o generalize .  Th e 
firs t  grap h show s th e averag e performanc e o f  th e fiv e 
network s o n nove l  verb s tha t  di d no t  fal l  int o an y o f  th e 
vowel  chang e classe s o r  en d i n a  denta l  consonant-th e 
indeterminates .  Th e erro r  bar s indicat e standar d deviation . 

185 



R e g u l a r 
1.0 0 

0.80 -

0.60 -

0.40 -

0.20 -

Fractio n Correc t 

Standar d Deviatio n 

0.0 0 1 1  r^^'^r^—• -

0 5 0 10 0 15 0 

Weigh t  Update s (thousands ) 

A r b i t r a r y 

0.80 -

0.60 -

0.40 -

0.2 0 -  .'"••̂t :  : 

Fractio n Correc t 

Standar d Deviatio n 

0 5 0 10 0 15 0 

Weigh t  Update s (thousands ) 

Vowel  Chang e 
1.0 0 

0.80 -

0.60 -

0.40 -

0.20 -

Fractio n Correc t 

Standar d Deviatio n 

0 5 0 10 0 15 0 

Weigh t  Update s (thousands ) 

1.0 0 
I d e n t i t y 

0.80 -

0.60 -

0.40 -

' < - : M H L . . 
0.20 -

Fractio n Correc t 

Standar d Deviatio n 

0 5 0 10 0 15 0 

Weigh t  Update s (thousands ) 

Figur e 2 :  Averag e fractio n correc t  an d standar d deviatio n fo r  th e five  selectiv e attentio n network s teste d o n al l  o f  th e regular , 
arbitrary ,  vowe l  chang e an d identit y verb s i n th e trainin g set . 

As ca n b e see n i n th e graph ,  th e network s generaliz e fairl y 
well .  Th e dashe d lin e show s th e fractio n o f  indeterminat e 
nove l  verb s th e network s inflecte d wit h a  suffi x (aroun d 
9 0 % ) ,  irrespectiv e o f  whethe r  th e for m o f  th e ste m wa s 
correct .  Th e dashe d lin e show s th e fractio n o f  indeterminat e 
nove l  verb s th e network s inflecte d a s regular s wit h n o 
change s t o th e ste m (aroun d 7 0 % ) . 

Th e nove l  denta l  an d vowe l  chang e graph s sho w tha t  th e 
regula r  mappin g i s no t  applie d indiscriminatel y t o nove l 
forms—th e fractio n o f  verb s inflecte d a s regular s i s lowe r  i n 
thes e graphs .  Th e network s hav e learne d somethin g abou t 
th e phonologica l  regularitie s inheren t  i n th e vocabulary .  I n 
particular ,  th e nove l  vowe l  chang e grap h show s tha t  verb s 
tha t  ar e phonologicall y simila r  t o th e vowe l  chang e verb s i n 
th e trainin g se t  ar e a s likel y t o b e inflecte d wit h a  vowe l 
chang e a s the y ar e t o b e regularized . 

Figur e 5  show s th e numbe r  o f  time s eac h ver b toke n wa s 
i n th e trainin g queu e fo r  a  particula r  simulation .  Not e tha t 
some regula r  verb s neve r  mak e i t  int o th e queue ,  i.e .  ar e 
neve r  traine d on .  Sinc e w e happe n t o kno w al l  verb s wer e 
sampled ,  th e networ k mus t  hav e ha d lo w erro r  o n thes e 
verb s whe n the y wer e i n th e window .  Thi s i s  furthe r 
evidenc e tha t  th e networ k ha s learne d th e regula r  rule ,  an d 
shows tha t  ou r  procedur e avoid s unnecessar y computation . 

D i s c u s s i o n 

We hav e presente d a  mode l  o f  selectiv e attentio n whic h 
choose s trainin g example s fro m a  rando m sampl e o f  th e 
trainin g set .  Th e siz e o f  th e w indo w fro m whic h th e 
trainin g exampl e ca n b e chose n i s limite d an d th e trainin g 
queu e itsel f  i s  limited .  Whethe r  onl y on e o r  bot h o f  thes e 
shoul d b e considere d "memory "  i s  a  questio n o f 
interpretation ,  bu t  her e w e hav e suggeste d tha t  th e queu e ca n 
be considere d th e memory .  O n e coul d als o brea k th e 
processin g dow n int o tw o stages ,  on e wher e sample s ar e pu t 
int o memor y fo r  late r  processing ,  an d the n a  stag e i n whic h 
the y ar e organize d accordin g t o salience ,  an d the n practiced . 

The ide a tha t  childre n proces s a  significan t  amoun t  o f  th e 
linguisti c inpu t  the y receiv e afte r  th e fac t  i s  corroborate d b y 
dat a concernin g cri b speech-monologue s an d languag e 
practic e (includin g grammatica l  modification s an d 
imitation/repetition )  tha t  childre n engag e i n whe n the y ar e 
alon e i n thei r  be d befor e goin g t o slee p (Jesperse n (1922) , 
Wei r  (1962) ,  Kucza j  (1983)) .  Cri b speec h i s characterize d 
by a  freedo m (becaus e o f  th e lac k o f  communicativ e intent ) 
t o us e fre e associatio n t o generat e sequence s o f  sound s an d 
words ,  th e association s bein g eithe r  phonological ,  syntacti c 
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Figur e 3 :  Averag e fractio n correc t  an d standar d deviatio n fo r 
fiv e network s withou t  selectiv e attentio n teste d o n regula r 

verbs . 

or semantic (Britten (1970)). Probably because of this 
freedom ,  childre n ar e m o r e likel y t o engag e i n languag e 
practic e i n cri b speec h tha n i n social-contex t  speec h (i n 
term s o f  relativ e frequency )  (Blac k (1979) ,  Britto n (1970) , 
Kuczaj(1983)) . 

As Kucza j  writes : 

...children process linguistic information at (at least) 
tw o levels :  (a )  th e leve l  o f  initia l  processing ,  whic h occur s 
i n short-ter m memor y shortl y afte r  childre n hav e bee n 
expose d t o th e input ,  an d (b )  th e leve l  o f  post-initia l 
processing ,  whic h occur s a t  som e late r  tim e whe n childre n 
ar e attemptin g t o interpret ,  organize ,  an d consolidat e 
informatio n tha t  the y hav e experience d ove r  som e longe r 
perio d o f  time...childre n ar e mos t  likel y t o notic e 
discrepancie s betwee n thei r  knowledg e o f  languag e an d 
linguisti c inpu t  a t  th e leve l  o f  post-initia l  processing , 
and...cri b speec h i s a  contex t  i n whic h childre n ma y freel y 
engag e i n over t  behavior s tha t  facilitat e bot h post-initia l 
processin g an d th e successfu l  resolutio n o f  moderatel y 
discrepan t  events .  Althoug h olde r  childre n an d adult s ma y 
be abl e t o notic e discrepancie s durin g th e initia l 
processin g o f  linguisti c information ,  i t  i s  unlikel y tha t 
youn g childre n ar e abl e t o d o so...Childre n ma y initiall y 
stor e ne w form s an d ne w meaning s an d late r  compar e thes e 
ne w acquisition s wit h previou s one s i n post-initia l 
processin g (Kucza j  (1983) ,  pp .  167-168) . 

The model we have presented is completely compatible 
wit h thes e observations ,  i f  on e assume s bot h th e queu e an d 
th e w indo w ar e par t  o f  th e m e m o r y .  T h e "discrepancies "  i n 
thi s cas e ar e th e erro r  signal s th e networ k generate s fo r  eac h 
ver b i n th e sampl e w indow .  T h e networ k ca n generat e th e 
for m i t  expect s t o se e i n a  particula r  context ,  an d compar e 
thi s wit h wha t  i t  actuall y heard .  I n thi s way ,  th e networ k 
supplie s itsel f  wit h indirec t  negativ e evidenc e (E lma n 
(1991)) ,  whic h i s use d i n th e adjustment s o f  it s  weights .  A s 
Kucza j  suggest s i s tru e fo r  children ,  ou r  network s coul d no t 
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"notice "  th e discrepancie s durin g th e initia l  processin g o f  th e 
linguisti c information .  Th e initia l  processin g occur s whe n 
th e ver b i s pu t  int o th e sampl e window .  Later ,  whe n th e 
tim e come s t o updat e a  network' s weights ,  th e mechanis m 
of  selectiv e attentio n come s int o play .  A t  thi s point ,  th e 
networ k generate s erro r  signal s an d choose s th e ver b wit h 
th e highes t  erro r  fo r  th e purpose s o f  weigh t  adjustment . 

I n futur e work ,  w e m a y tr y t o develo p a  connectionis t 
implementatio n o f  th e trainin g queue .  W e woul d als o lik e 
t o investigat e othe r  strategie s fo r  decidin g wha t  th e networ k 
shoul d pa y attentio n to .  Finally ,  w e pla n t o us e ou r  mode l 
of  selectiv e attentio n i n mor e primar y tasks ,  suc h a s 
learnin g wor d meaning . 

Conclusion 

The mechanis m o f  selectiv e attentio n w e introduce d allowe d 
th e network s t o guid e thei r  ow n training .  Th e network s 
focuse d o n th e example s fo r  whic h the y neede d th e mos t 
training .  A s a  result ,  the y performe d extremel y well .  The y 
completel y mastere d th e regular ,  identity ,  vowe l  chang e an d 
arbitrar y pas t  tens e mapping s an d showe d th e abilit y  t o 
generalize .  The y als o showe d micr o U-shape d learnin g 
effects .  Mos t  importantly ,  ou r  network s achieve d thei r  hig h 
leve l  o f  performanc e withou t  requirin g u s t o externall y 
manipulat e thei r  trainin g sets . 
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Abstrac t 

Recent behavioral evidence suggests that human vocabulary 
acquisitio n processe s an d verba l  short-ter m memor y abilitie s 
may b e relate d (Gathercol e &  Baddeley ,  1993) .  Investigatio n 
of  thi s relationshi p ha s considerabl e significanc e fo r  under -
standin g o f  huma n language ,  o f  workin g memory ,  an d o f  th e 
relationshi p betwee n short -  an d long-ter m memor y systems . 
Thi s pape r  present s a  computationa l  mode l  o f  wor d learning , 
nonwor d repetition ,  an d immediat e seria l  recall .  B y provid -
in g a n integrate d accoun t  o f  thes e thre e abilities ,  th e mode l 
provide s a  specificatio n o f  ho w th e mechanism s o f  immediat e 
seria l  recal l  ma y b e relate d t o mechanism s o f  languag e pro -
cessin g mor e generally .  Furthermore ,  th e mode l  provide s fres h 
insigh t  int o th e observe d behaviora l  correlation s betwee n wor d 
teamin g an d immediat e seria l  recall .  Accordin g t o th e model , 
thes e correlation s ca n aris e becaus e o f  th e commo n depen -
denc e o f  thes e tw o abilitie s o n cor e phonologica l  an d semanti c 
processin g mechanisms .  Thi s contrast s wit h th e explanatio n 
propose d i n th e workin g memor y literature ,  viz. ,  tha t  wor d 
learnin g i s dependen t  o n verba l  short-ter m memor y (Gather -
col e e t  al. ,  1992) .  I t  i s  discusse d ho w bot h explanation s ca n b e 
reconcile d i n term s o f  th e presen t  model . 

Introduction 

A variet y o f  recen t  evidenc e suggest s tha t  huma n vocabular y 
acquisitio n processe s an d aspect s o f  huma n verba l  short-ter m 
memory ma y b e related .  I n children ,  reliabl e correlation s 
hav e bee n obtaine d betwee n digi t  span ,  nonwor d repetitio n 
ability ,  an d vocabular y achievement ,  eve n whe n othe r  pos -
sibl e factor s suc h a s ag e an d genera l  intelligenc e hav e bee n 
factore d ou t  (e.g. ,  Gathercol e &  Baddeley ,  1989 ;  Gathercol e 
et  al. ,  1992) .  Studie s o f  norma l  adult s sugges t  tha t  factor s 
know n t o affec t  verba l  short-ter m m e m o r y als o interfer e wit h 
wor d learnin g abilit y  (e.g. ,  Papagn o e t  al. ,  1991) .  I t  als o 
appear s tha t  ther e i s a  populatio n o f  neuropsychologicall y 
impaire d patient s i n w h o m languag e functio n i s largel y pre -
served ,  bu t  w h o exhibi t  selectiv e deficit s i n verba l  short-ter m 
memory an d i n wor d learnin g abilit y  (Baddele y e t  al. ,  1988) . 
I t  i s  no t  possibl e t o describ e thes e studie s i n detai l  her e (se e 
Gathercol e &  Baddeley ,  1993 ,  fo r  a  review) .  Th e poin t  i s tha t 
ther e i s no w a  considerabl e bod y o f  evidenc e t o sugges t  tha t 
wor d learning ,  verba l  short-ter m memory ,  an d nonwor d rep -
etitio n ar e a  relate d tria d o f  abilities . 

The studie s mentione d abov e hav e bee n conducte d withi n 
th e framewor k o f  th e workin g memor y mode l  (Baddeley , 
1986) .  I n tha t  model ,  on e subsyste m o f  workin g m e m o r y i s 

verba l  short-ter m memory .  Thi s subsyste m ha s bee n terme d 
th e "articulator y loop" ,  an d it s stud y ha s relie d o n immediat e 
seria l  recal l  (ISR )  tasks ,  i n whic h a  subjec t  i s  presente d wit h 
sequence s o f  unrelate d verba l  item s (suc h a s digit s o r  words) , 
and i s require d t o recal l  th e sequenc e i n correc t  order ,  im -
mediatel y followin g it s presentation .  Th e articulator y loo p 
consist s o f  tw o parts .  O n e par t  consist s o f  a  phonologica l 
stor e fo r  verba l  material ,  withi n whic h memor y trace s deca y 
withi n 1- 2 seconds .  Th e secon d par t  consist s o f  mechanism s 
tha t  enabl e rehearsal ,  a  proces s tha t  ca n "refresh "  decayin g 
trace s i n th e phonologica l  stor e (Baddeley ,  1986) . 

Withi n thi s paradigm ,  th e relationshi p betwee n wor d learn -
in g an d verba l  short-ter m memor y ha s bee n interprete d a s 
indicatin g tha t  th e articulator y loop ,  an d i n particular ,  th e 
phonologica l  store ,  underlie s vocabular y learnin g (e.g. ,  Gath -
ercol e e t  al. ,  1992) .  However ,  thi s conjectur e ha s no t  bee n 
elaborate d i n processin g terms ,  an d i t  i s unclea r  wha t  th e na -
tur e o f  suc h share d processin g migh t  be .  Thi s pape r  present s 
a computationa l  mode l  tha t  attempt s t o specif y i n detai l  wha t 
th e relationshi p migh t  b e betwee n wor d learning ,  nonwor d 
repetition ,  an d immediat e seria l  recall . 

Such investigatio n o f  share d mechanism s underlyin g ver -
bal  short-ter m m e m o r y an d vocabular y acquisitio n i s impor -
tan t  fo r  a t  leas t  tw o reasons .  First ,  i t  offer s a  ne w processing -
oriente d approac h t o examinin g vocabular y acquisition .  Sec -
ond ,  exploratio n o f  thi s connectio n ca n illuminat e th e rela -
tion s betwee n short -  an d long-ter m m e m o r y systems . 

A Computational Model 

Architecture and computational mechanisms. The goal 
of  th e mode l  describe d i n thi s pape r  i s t o examin e th e com -
putationa l  basi s o f  th e relationshi p betwee n wor d learning , 
nonwor d repetition ,  an d immediat e seria l  recall .  Th e task s 
fo r  th e model ,  therefore ,  ar e t o simulat e (1 )  immediat e rep -
etitio n o f  nove l  wor d forms ,  (2 )  th e learnin g o f  nove l  wor d 
forms ,  an d (3 )  immediat e seria l  recal l  o f  list s o f  k n o w n wor d 
forms .  I n attemptin g this ,  th e mode l  build s o n man y previ -
ou s idea s (Burges s &  Hitch ,  1992 ;  Grossberg ,  1978 ;  Hartle y 
& Houghton ,  i n press ;  Houghton ,  1990) ,  eac h o f  whic h ad -
dresse s certain ,  bu t  no t  all ,  aspect s o f  th e targe t  phenomena . 

Th e mode l  i s depicte d i n Figur e 1(a) .  Ther e ar e thre e cru -
cia l  level s o f  representation .  Th e Phonem e Laye r  i s a  leve l  o f 
outpu t  phonolog y a t  whic h phoneme s ar e represented .  A t  thi s 
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Figur e 1 :  A  mode l  o f  wor d learnin g an d immediat e seria l  recall ,  (a )  Architectur e o f  th e model ,  (b )  Sequencin g mechanisms . 

level ,  fo r  example ,  ther e ar e representation s o f  th e phoneme s 
/a/ ,  /t/ ,  an d s o on .  Second ,  ther e i s a  leve l  a t  whic h wor d 
form s ar e represente d (th e Phonologica l  C h u n k Layer) .  A t 
thi s level ,  ther e ar e representation s fo r  wor d forms ;  thes e rep -
resentation s ar e share d b y inpu t  an d outpu t  phonology .  A 
thir d leve l  represent s semanti c and/o r  contextua l  informatio n 
abou t  wor d forms ,  an d i s designate d th e Semantics/Contex t 
Layer .  Informatio n abou t  th e meanin g o f  th e wor d for m do g 
i s represente d a t  thi s level ,  a s als o informatio n abou t  context s 
of  usag e i n whic h th e wor d for m do g ha s bee n encountered . 
I n fact ,  semantic s i s viewe d loosel y a s a  specia l  cas e o f  con -
text . 

Thes e level s o f  representatio n ar e relate d vi a connectio n 

weights .  T h e Semantics/Contex t  Laye r  i s bidirectionall y con -
necte d t o th e Phonologica l  C h u n k Layer ,  s o tha t  represen -
tation s a t  thes e tw o level s influenc e eac h othe r  interactively . 
Th e Phonologica l  C h u n k Laye r  ha s connectio n weight s t o th e 
P h o n e me Layer .  Productio n o f  a  wor d for m i s a  seriall y  or -
dere d process ,  therefor e th e representatio n o f  a  wor d for m a t 
th e Phonologica l  C h u n k Laye r  ha s t o b e abl e t o produc e a 
specifi c  sequenc e o f  phoneme s a t  th e P h o n e m e Layer .  Eac h 
of  thes e level s o f  representatio n i s comprise d o f  a  poo l  o f 
units ,  eac h o f  whic h receive s inpu t  fro m othe r  units ,  sum -
mate s it s input ,  an d produce s a n outpu t  whic h i s a  sigmoida l 
functio n o f  it s s u m m e d input .  T h e mode l  als o incorporate s 
a syllabl e templat e betwee n th e P h o n e m e Laye r  an d C h u n k 
Layer ,  whic h function s a s a  parser ,  assignin g syllabl e struc -
tur e t o th e incomin g strea m o f  phonemes ,  an d als o imposin g 
syllabl e structur e o n th e outpu t  o f  wor d form s fro m th e sys -

te m (Hartle y &  Houghton ,  i n press) . 
Ther e i s a  genera l  sequencin g mechanis m (designate d a s 

th e Sequenc e M e m o r y )  tha t  provide s immediat e m e m o r y fo r 
sequence s o f  wor d forms .  T h e Sequenc e M e m o r y ha s con -
nection s t o th e Phonologica l  C h u n k Layer ,  whic h enabl e i t  t o 
repla y a  sequenc e o f  activation s tha t  hav e occurre d recentl y 

at  th e Phonologica l  C h u n k Layer .  T h e connectio n weight s 
fro m th e Sequenc e M e m o r y ar e subjec t  t o decay ,  an d there -
for e th e m e m o r y fo r  specifi c  sequence s i s short-lived .  Th e Se -
quenc e M e m o r y i s th e presen t  model' s versio n o f  ihephono -

logica l  stor e postulate d b y th e workin g m e m o r y mode l  (Bad -
deley ,  1986) .  T h e basi c mechanis m I  adop t  fo r  suc h sequenc e 
m e m o ry i s th e avalanch e (Grossberg ,  1978) .  A  varian t  o f 
thi s mechanis m ha s bee n incorporate d i n Houghton' s (1990 ) 
Competitiv e Queuein g ( C Q )  architecture ,  an d use d i n it s C Q 
for m b y Burges s &  Hitc h (1992) ,  Hartle y &  Houghto n (i n 

press) ,  an d others . 
A n avalanch e i s compose d o f  a n arra y o f  units ,  a s show n 

fo r  th e Sequenc e M e m o r y i n Figur e 1(a) .  A  crucia l  propert y 
of  a n avalanch e i s tha t  a  wav e o f  activatio n propagate s alon g 
thi s poo l  o f  units ,  activatin g the m i n a  specifi c  an d replica -
bl e sequence .  Presentatio n o f  a  sequenc e o f  wor d form s t o 
th e syste m i s modele d a s a  sequenc e o f  activation s o f  th e ap -
propriat e wor d for m unit s a t  th e Phonologica l  C h u n k Layer . 
Concurrentl y wit h th e sequenc e o f  activation s a t  th e Chun k 
Layer ,  th e wav e o f  activatio n propagate s alon g th e Sequenc e 
M e m o ry avalanche ,  an d a t  eac h tim e step ,  connectio n weight s 
fro m th e avalanch e unit s t o th e C h u n k Laye r  ar e adjuste d b y 
a Hebbia n process .  Thi s mean s tha t  eac h Sequenc e M e m-
or y avalanch e uni t  encode s whateve r  patter n o f  activatio n wa s 

presen t  ove r  th e C h u n k Laye r  a t  th e tim e step(s )  whe n tha t 
avalanch e uni t  wa s active .  T h e proces s o f  recal l  require s 
tha t  th e wav e o f  activatio n mus t  trave l  alon g th e avalanch e 
onc e again .  W h e n i t  does ,  eac h avalanch e uni t  wil l  recre -
at e it s encode d patter n o f  activation s ove r  th e C h u n k Layer , 
provide d th e connection s weight s fro m th e avalanch e t o th e 
C h u n k Laye r  hav e no t  decaye d to o much . 

Figur e 1(b )  depict s severa l  tim e step s o f  processin g durin g 
presentatio n o f  a  sequenc e o f  input s t o th e C h u n k Layer .  Th e 
figure  show s th e wav e o f  activatio n propagatin g alon g th e Se -
quenc e M e m o r y avalanch e unit s ove r  severa l  tim e step s o f 
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presentation .  A t  eac h tim e step ,  Hebbia n adjustmen t  occur s 
on th e connectio n weight s fro m th e avalanch e t o th e Chun k 
Layer .  A t  recall ,  reinstantiatio n o f  th e wav e o f  activatio n ove r 
th e avalanch e unit s wil l  lea d t o productio n o f  th e sequenc e o f 

Chunk Laye r  activations . 
Thus th e Sequenc e M e m o r y ( S M )  show n a t  th e to p o f  Fig -

ur e 1(a )  i s implemente d a s a n avalanch e tha t  encode s se -
quence s o f  wor d forms .  I n addition ,  eac h nod e a t  th e Phono -
logica l  Chun k Laye r  als o represent s a n avalanche .  Thu s 
phonemes ar e boun d t o a  Chun k Laye r  avalanch e i n muc h 
th e sam e wa y a s Chun k Laye r  node s ar e boun d t o th e S M 
avalanche .  Thi s constitute s a  secon d leve l  o f  sequencing , 
whereb y th e Chun k Laye r  representatio n o f  a  particula r  wor d 
for m ca n encod e an d reproduc e th e seria l  orderin g o f  it s  con -
stituen t  phonemes . 

The mode l  assume s th e existenc e o f  wor d recognitio n pro -
cesses ,  inpu t  fro m whic h cause s activatio n o f  on e Phonem e 
Laye r  nod e a t  a  time ,  an d on e Chun k Laye r  nod e a t  a  time , 
at  eac h tim e poin t  i n processing ,  durin g presentatio n o f  wor d 
forms . 

Simulations 

Simulatio n o f  wor d learning .  A s a n exampl e o f  wor d 
learnin g i n th e model ,  le t  u s conside r  ho w th e nove l  wor d 
for m /zaet /  i s  learne d (i t  ma y b e helpfu l  t o refe r  t o Fig -
ur e 1(a )  a s needed) .  Learnin g occur s durin g presentatio n o f 
th e wor d form ,  a s follows .  Propagatio n o f  activatio n alon g 
th e Sequenc e M e m o r y ( S M )  avalanch e unit s i s initiated .  A t 
tim e ste p 1 ,  th e phonem e uni t  fo r  /z /  i s  activate d (a t  th e 
Phoneme Layer) .  Th e appropriat e Syllabl e Templat e nod e 
i s activated .  A  ne w nod e i s allocate d a t  th e Phonologica l 
Chunk Layer .  A  ne w nod e i s als o allocate d a t  th e Seman -
tics/Contex t  Layer .  Th e followin g automati c processe s occur : 
(1 )  Hebbia n adjustmen t  o f  Chun k - ¥ Phonem e weights ,  an d 
Chunk - f  Templat e weights .  (2 )  Hebbia n adjustmen t  o f  S M 
- ^  Chun k weights .  (3 )  Hebbia n adjustmen t  o f  Chun k f > Se -
mantics/Contex t  weights .  (4 )  Deca y o f  Chun k - ^  Phonem e 
weight s an d Chun k - ¥ Templat e weights .  (5 )  Deca y o f  S M 
- ^  Chun k weights . 

At  th e nex t  tim e step ,  th e phonem e uni t  fo r  /z /  i s  inacti -
vated ,  an d th e phonem e uni t  fo r  /ae /  i s activated .  Th e sam e 
automati c processe s tak e place .  Thi s procedur e i s repeate d a t 
presentatio n of/t/ .  Thes e processe s provid e th e basi s fo r  wor d 
learning .  Not e tha t  ther e ar e tw o aspect s o f  learning .  First , 
learnin g increase s th e Chun k f 4 Semantics/Contex t  weights . 
For  nove l  words ,  thes e weight s ar e develope d o n th e fl y dur -
in g presentation ,  an d wil l  b e lowe r  tha n thos e tha t  hav e de -
velope d (ove r  multipl e exposures )  fo r  know n words .  Second , 
learnin g result s i n th e developmen t  o f  Chun k -» •  Phonem e 
weight s an d Chun k - ¥ Templat e weights .  Fo r  nove l  wor d 

forms ,  thes e weight s ar e als o develope d onlin e durin g pre -
sentation .  Ther e i s n o differenc e i n th e magnitud e o f  thes e 
weight s fo r  know n an d nove l  wor d forms .  However ,  fo r 
known words ,  thes e weight s ar e assume d t o hav e saturated , 
and neithe r  increas e no r  deca y durin g presentation .  Fo r  nove l 
wor d forms ,  thes e weight s ar e subjec t  t o decay .  Thu s know n 

word s hav e highe r  Chun k f- ^  Semantics/Contex t  tha n d o non -
words ;  an d th e Chun k - f  Phonem e weight s an d Chun k - > 

Templat e weight s d o no t  change ,  fo r  know n words ,  wherea s 
the y deca y fo r  nonwords .  Thes e tw o effect s characteriz e th e 
differenc e betwee n word s an d nonword s i n th e model . 

Not e als o tha t  th e automati c processe s describe d abov e oc -
cur  irrespectiv e o f  whethe r  /zaet /  i s  a  know n o r  nove l  wor d 
form .  Tha t  is ,  processin g durin g presentatio n o f  a  know n 
wor d for m i s identica l  t o tha t  durin g presentatio n o f  a  non -
wor d -  excep t  that ,  a s note d above ,  fo r  th e alread y know n 

word ,  th e Chun k - ^  Phonem e weight s an d Chun k - ^  Tem -
plat e weight s wil l  neithe r  increas e no r  decay . 

Simulation s o f  wor d learnin g wer e se t  u p t o mode l  a  cued -
recal l  task .  Te n two-syllable ,  three-syllable ,  an d four-syllabl e 
wor d form s wer e used ,  take n fro m th e Children' s Tes t  o f  Non -
wor d Repetitio n (Gathercol e e t  al. ,  1994) .  3 0 simulation s 
wer e ru n a t  eac h wor d length .  Durin g presentatio n o f  eac h 
set  o f  wor d form s (i.e. ,  al l  th e wor d form s a t  a  particula r  wor d 
length) ,  wor d learnin g occurred ,  a s describe d above .  A s par t 
of  thi s process ,  a  semantic s nod e wa s create d fo r  eac h wor d 
form .  Afte r  al l  th e wor d form s ha d bee n presente d once ,  cue d 
recal l  wa s tested .  Th e semantic s node s associate d wit h eac h 
wor d i n th e se t  wer e activated ,  on e a t  a  time ,  representin g th e 
cuein g o f  a  wor d wit h it s semantics .  Interactiv e activatio n 
the n resulte d i n th e activatio n o f  chun k nodes .  A t  eac h tim e 
ste p durin g recall ,  activation s o f  th e semantics/contex t  units , 
th e chun k units ,  an d th e phonem e unit s wer e updated .  Cor -
rec t  recal l  o f  a  wor d woul d requir e tha t  th e correc t  sequenc e 
of  phoneme s b e produced . 

Al l  th e word s wer e learne d o n th e first  presentation .  A t 
al l  thre e wor d lengths ,  performanc e wa s perfec t  o n th e ver y 
first  cue d recal l  trial .  Thu s th e mode l  exhibit s wor d learn -
in g performanc e correspondin g t o huma n subjects '  abilitie s 
t o lear n word s withi n a  ver y fe w presentation s (Carey ,  1978 ; 
Dollaghan ,  1985) . 

Simulatio n o f  nonwor d repetition.  Th e automati c pro -
cesse s tha t  occu r  whe n a  nove l  wor d for m i s presente d t o 
th e syste m hav e alread y bee n describe d a s par t  o f  th e fore -
goin g discussio n o f  wor d learning .  Testin g whethe r  tha t 
nove l  wor d ha s bee n learne d involve s testin g whethe r  th e 
Semantics/Contex t  - > Chun k weight s ar e sufficientl y stron g 
t o produc e th e correc t  Chun k Laye r  patter n o f  activation , 
i n th e absenc e o f  an y suppor t  fro m th e Sequenc e Memory , 
whose weight s ar e assume d t o hav e decaye d beyon d th e poin t 
wher e the y ca n contribut e t o th e chun k retrieva l  process ;  an d 
whethe r  th e retrieve d Chun k Laye r  patter n ca n spel l  ou t  it s 
constituen t  sequenc e o f  phoneme s a t  th e Phonem e Layer . 
Testin g immediat e repetitio n o f  th e nonword ,  b y contrast ,  in -

volve s testin g whethe r  th e S M - ^  Chun k weight s ar e stil l 
stron g enoug h t o allo w retrieva l  o f  th e correc t  Chun k Laye r 
patter n o f  activation ,  an d henc e activatio n o f  th e correc t  se -
quenc e o f  phoneme s a t  th e Phonem e Layer . 

Simulation s wer e ru n o f  immediat e repetitio n o f  th e sam e 
30 nonw6rd s use d i n th e wor d learnin g simulations ,  wit h 3 0 
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Figur e 2 :  Performanc e o n IS R o f  list s o f  know n words ,  (a )  Percen t  list s correctl y recalled :  simulation ,  an d behaviora l  dat a (Guildfor d & 
Dallenbach ,  1925) .  (b )  Seria l  positio n curve s (simulation) . 

attempt s t o repea t  eac h se t  o f  1 0 nonwords .  Repetitio n per -
formanc e wa s 1 0 0 % correc t  a t  al l  thre e syllabl e lengths .  Thi s 
correspond s t o essentiall y  error-fre e performanc e i n norma l 

adul t  huma n subjects .  Th e error s tha t  adult s d o mak e i n non -
wor d repetitio n ar e du e t o uncertaintie s i n th e perceptio n o f 
nonwords ,  rathe r  tha n tha n t o an y difficult y i n bein g abl e t o 
repea t  them .  Th e mode l  ha s n o analogu e o f  imperfec t  per -
ception ,  an d s o doe s no t  mak e an y error s i n repetition ,  eve n 
of  unfamilia r  wor d forms . 

Simulatio n o f  immediat e seria l  recall .  Immediat e seria l 
recal l  wa s simulate d b y presentin g sequence s o f  wor d form s 
t o th e model ,  an d the n examinin g recall ,  whe n th e Sequenc e 
Memory avalanch e wa s re-activate d immediatel y followin g 
presentation .  Figur e 2(a )  show s th e simulate d proportio n o f 
list s correctl y recalle d a t  eac h lis t  length ,  a s wel l  a s th e huma n 
dat a (Guildfor d &  Dallenbach ,  1925) .  Figur e 2(b )  show s sim -
ulate d seria l  positio n curve s fo r  IS R o f  list s o f  know n words , 
fo r  lis t  length s 1  throug h 7 .  Fo r  lis t  length s 5  an d above , 
th e curve s sho w th e characteristi c primac y an d recenc y ef -
fects .  Not e tha t  th e model' s performanc e i s  perfec t  fo r  lis t 
length s 1  throug h 4,  a s show n i n Figur e 2(a) ;  therefor e i n Fig -
ur e 2(b) ,  th e seria l  positio n curve s fo r  thes e fou r  lis t  length s 
sho w 1 0 0 % correc t  performanc e a t  al l  seria l  positions ,  an d 
ar e superimposed . 

I t  shoul d b e note d tha t  wha t  th e mode l  simulate s i s seria l 
recal l  abilitie s tha t  ar e automati c an d non-strategic .  Thes e ar e 
th e abilitie s involve d whe n subject s repor t  "readin g out "  th e 
recal l  sequenc e fro m memory ,  a s the y commonl y d o fo r  list s 
of  u p t o 5  digits .  Suc h memor y involve s n o rehearsal .  I t  cor -
respond s t o th e initia l  par t  o f  th e seria l  recal l  curve ,  wher e 
performanc e i s almos t  perfec t  fo r  u p t o approximatel y 5  dig -

it s (Guildfor d &  Dallenbach ,  1925) .  A s ca n b e see n fro m 
Figur e 2(a) ,  th e model' s performanc e drop s belo w tha t  o f  hu -
man subject s fo r  list s beyon d lengt h 4 .  Thi s reflect s th e fac t 
tha t  huma n performanc e beyon d lis t  lengt h 4  o r  5  i s increas -

ingl y dependen t  o n strategie s tha t  ar e no t  incorporate d i n th e 
curren t  model . 

Word Learning and Serial Recall: The 

Relat ionshi p 

We hav e see n tha t  th e model' s performanc e o f  immedi -
at e seria l  recal l  (ISR) ,  nonwor d repetitio n ( N W R ) ,  an d wor d 
learnin g ( W L )  i s i n agreemen t  wit h huma n behaviora l  data . 
Let  u s no w examin e th e relationshi p betwee n thes e abilitie s 
i n greate r  detail .  Ther e ar e fou r  structura l  component s o f  th e 
model :  (1 )  th e Sequenc e Memor y (SM) ;  (2 )  th e Chun k Layer ; 
(3 )  th e Phonem e Laye r  an d Syllabl e Templat e (whic h I  clas -
sif y  a s on e component) ;  an d (4 )  th e Semantics/Contex t  Layer . 
The model' s performanc e i n ISR ,  N W R,  an d W L depend s o n 
th e effectivenes s o f  th e mapping s betwee n thes e components . 

I n th e model ,  th e effectivenes s o f  thes e mapping s depend s 
on th e strength s o f  connectio n weight s betwee n thes e compo -
nents ,  an d th e magnitud e o f  th e weight s i n tur n depend s o n 
th e rat e o f  weigh t  chang e (th e learnin g rate )  fo r  eac h o f  thes e 
set s o f  connections .  Thes e learnin g rate s ar e parameter s o f 
th e mode l  tha t  hav e bee n se t  s o tha t  th e mode l  approximate s 
norma l  adul t  huma n performance ,  a s describe d i n th e variou s 
simulation s s o far .  Th e learnin g rate s wil l  b e denote d b y a 
fo r  th e weight s fro m th e Chun k Laye r  t o th e Phonem e Laye r 
and Syllabl e Template ,  togethe r  designate d a s th e Chun k - ^ 
Phoneme weights ;  9  fo r  th e S M - ¥ Chun k weights ;  an d 7  fo r 
th e Chun k <- ^  Semantics/Contex t  weights . 

To understan d ho w N W R,  W L ,  an d IS R migh t  b e differen -
tiall y  dependen t  o n th e variou s component s o f  th e model ,  th e 
effectivenes s o f  eac h componen t  wa s varied ,  b y varyin g th e 
associate d learnin g rate .  I n al l  simulation s describe d earlier , 

th e value s o f  learnin g rate s wer e a  =  0.43, 5 =  1.06, 7 — 
0.3 .  Th e valu e o f  eac h o f  thes e learnin g rat e parameter s wa s 
no w varied ,  on e a t  a  time .  Fo r  example ,  Figur e 3(a )  show s th e 
effec t  o f  varyin g a ;  th e seve n combination s o f  learnin g rat e 
shown wer e obtaine d b y combinin g seve n differen t  level s o f 

a wit h th e fixed  value s 5  =  1.06, 7 — 0-3 .  Th e seve n learnin g 
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Figur e 3 :  Effec t  o f  variou s learnin g rate s o n Nonwor d Repetition ,  Wor d Learning ,  an d Immediat e Seria l  Recall ,  (a )  Effec t  o f  learnin g rat e a 
of  weight s fro m Chun k Laye r  t o Phonem e Laye r  an d Syllabl e Template ,  (b )  Effec t  o f  learnin g rat e 7  o f  bidirectiona l  weight s betwee n Chun k 
Laye r  an d Semantics/Contex t  Layer ,  (c )  Effec t  o f  learnin g rat e 9  o f  weight s fro m S M t o Chun k Layer . 

rat e combination s i n Figure s 3(b )  an d (c )  wer e constructe d i n 
analogou s fashion ,  varyin g eithe r  7  o r  0  respectively ,  i n com -
binatio n wit h fixed  value s o f  th e othe r  tw o parameters . 

For  N W R,  eac h dat a poin t  represent s th e proportio n o f  4 -
syllabl e nonword s repeate d correctly ,  average d ove r  3 0 sim -
ulation s o f  N W R a t  th e particula r  combinatio n o f  learnin g 
rates .  Fo r  W L ,  eac h dat a poin t  represent s th e proportio n o f 
nove l  4-syllabl e wor d form s produce d correctl y i n cue d re -
call ,  average d ove r  3 0 simulation s a t  th e particula r  combina -
tio n o f  learnin g rates .  Fo r  ISR ,  eac h dat a poin t  represent s th e 
proportio n o f  list s o f  5  know n word s correctl y recalled ,  aver -
aged ove r  3 0 simulations . 

As ca n b e see n fro m Figur e 3 ,  nonwor d repetitio n i s de -
penden t  o n th e rat e o f  chang e (q )  o f  weight s fro m th e Chun k 
Laye r  t o th e Phonem e Laye r  an d Syllabl e Template .  H o w -
ever ,  i t  i s unaffecte d b y th e othe r  learnin g rates .  Wor d learn -
in g i s sensitiv e t o a ,  an d als o t o th e rat e o f  chang e (7 )  o f  bidi -
rectiona l  weight s betwee n th e Chun k Laye r  an d th e Seman -
tics/Contex t  Layer .  However ,  i t  i s  unaffecte d b y th e rat e o f 
chang e {6 )  o f  weight s fro m th e S M t o th e Chun k Layer .  Im -
mediat e Seria l  Recal l  i s dependen t  o n al l  thre e rate s o f  weigh t 
change .  Thes e dependencie s ar e summarize d i n Tabl e 1 . 

To conside r  wha t  thes e dependencie s indicate ,  i t  i s  wort h 
reiteratin g wha t  th e variation s i n "learnin g rates "  repre -
sent .  Th e Chun k - > Phonem e mappin g represent s long-ter m 
phonologica l  knowledg e (knowledg e abou t  th e seria l  orde r  o f 
phonemes withi n words) .  Th e effectivenes s o f  thi s knowl -
edge i s represente d b y th e strengt h o f  connectio n weight s 
i n thi s componen t  o f  th e model .  I n th e model ,  th e strengt h 
of  thes e connectio n weight s depend s o n th e learnin g rat e q . 
Variatio n i n th e learnin g rat e paramete r  a  i s thu s a  short -
hand fo r  variatio n i n th e strengt h o r  effectivenes s o f  long -
ter m phonologica l  knowledg e i n th e system .  Similarly ,  vari -
atio n o f  th e learnin g rat e paramete r  7  represent s variatio n i n 
th e strengt h o f  long-ter m knowledg e abou t  th e semantic s o f 

Abilit y 

Nonwor d repetitio n 
Word Leamin g 
Immediat e Seria l  recal l 

1 Abilit y  i s affecte d by :  | 
Chunk 
-> • 
Phoneme 
leam -
in g rat e 
(a ) 
n/ 
V 
>/ 

Contex t 
<-> 
Chunk 
learn -
in g rat e 
(7 ) 
X 
V 
V 

SM ^ 
Chunk 
leam-
in g rat e 
i6 ) 

X 
X 
/̂ 

Tabl e 1 :  Analysi s o f  dependencie s i n th e model :  Factor s influenc -
in g Nonwor d Repetitio n ( N W R ) ,  Wor d Leamin g (WL) ,  an d Imme -
diat e Seria l  Recal l  (ISR) . 

word s i n th e system .  Variatio n i n th e learnin g rat e paramete r 
6 represent s variatio n i n th e inheren t  capacit y o f  th e short -
ter m Sequenc e Memory . 

The dependencie s i n Tabl e 1  thu s indicat e tha t  IS R abil -
it y  i s affecte d b y th e effectivenes s o f  long-ter m phonologica l 
knowledge ,  long-ter m semanti c knowledge ,  an d short-ter m 
phonologica l  stor e capacity .  Wor d learnin g abilit y  i s affecte d 
by th e strengt h o f  long-ter m phonologica l  knowledg e an d 
long-ter m semanti c knowledge .  Nonwor d repetitio n abilit y 
i s affecte d b y th e strengt h o f  long-ter m phonologica l  knowl -
edge . 

Conclusions 

Thes e result s sugges t  a  mor e precis e specificatio n o f  th e re -
lationshi p betwee n N W R,  W L ,  an d ISR .  I n th e model ,  thes e 
abilitie s ar e relate d becaus e the y ar e al l  dependen t  o n th e ef -
fectivenes s o f  th e Chun k - ^  Phonem e mapping .  Tha t  is ,  th e 
model  ascribe s th e relationshi p betwee n thes e thre e abilitie s 
t o thei r  c o m m o n relianc e o n long-ter m phonologica l  knowl -
edg e abou t  phonem e seria l  ordering . 

Thu s on e o f  th e way s i n whic h wor d learnin g an d immedi -
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at e seria l  recal l  ar e relate d i s throug h thei r  c o m m o n relianc e 
on thi s long-ter m phonologica l  knowledge .  I n additio n (se e 

Tabl e 1) ,  thes e tw o abilitie s ar e als o relate d throug h thei r  re -

lianc e o n th e Semantics/Contex t  f ^  Chun k mapping ,  i.e. ,  o n 
long-ter m semanti c knowledge .  Bot h th e Chun k —^  Phonem e 
mappin g an d th e Semantics/Contex t  f + Chun k mappin g rep -
resen t  fundamenta l  aspect s o f  phonological/linguisti c pro -

cessing ,  an d represen t  long-ter m knowledge . 
I t  i s  importan t  t o not e h o w thi s accoun t  differ s fro m on e 

tha t  ascribe s a  causa l  rol e t o th e workin g memor y model' s 

Phonologica l  Stor e (cf .  Gathercol e e t  al. ,  1992) .  I n th e 
presen t  model ,  th e relationshi p betwee n IS R an d W L arise s 
not  becaus e o f  th e Sequenc e Memory/Phonologica l  Store ,  bu t 
becaus e IS R i s dependen t  o n cor e phonological/semanti c pro -
cesse s tha t  underli e wor d learning .  A s w e hav e seen ,  wor d 
learnin g i s unaffecte d b y th e rat e o f  chang e 9  o f  weight s fro m 
th e S M t o th e Chun k Layer ,  wherea s IS R i s affecte d b y th e 
effectivenes s o f  th e Chun k —> Phonem e mapping ,  an d b y th e 
effectivenes s o f  th e Semantics/Contex t  f ^  Chun k mapping . 

I f  th e presen t  mode l  wer e t o incorporat e connectivit y fro m 
th e Sequenc e M e m o r y directl y t o th e Phonem e Layer ,  i t  i s 
likel y tha t  thi s woul d ai d th e effectivenes s o f  N W R,  W L ,  an d 
ISR .  Al l  thre e abilitie s woul d the n b e dependen t  o n a  mech -
anis m (th e Sequenc e Memory/Phonologica l  Store )  tha t  pri -
maril y subserve s ISR .  Thu s th e presen t  mode l  doe s no t  rul e 

out  th e possibilit y  o f  a  causa l  rol e fo r  th e phonologica l  stor e 
i n wor d learning .  Rather ,  i t  suggest s tha t  N W R,  IS R an d W L 
may b e relate d eve n i n th e absenc e o f  suc h a  connection . 

I t  i s  perhap s mos t  likel y tha t  thes e abilitie s ar e relate d i n 
bot h ways .  Thi s woul d hel p t o explai n th e finding s that , 
wherea s nonwor d repetitio n abilit y  i s  mor e predictiv e o f  vo -
cabular y abilit y  (tha n vic e versa )  a t  earlie r  ages ,  vocabular y 
abilit y  become s mor e predictiv e o f  nonwor d repetitio n abil -
it y  an d IS R abilit y  (tha n vic e versa )  b y abou t  8  year s o f  ag e 
(Gathercol e e t  al. ,  1992) .  Thi s woul d b e explicabl e i n th e 
presen t  mode l  i n tha t  wor d learnin g migh t  benefi t  fro m th e 
suppor t  o f  Sequenc e M e m o r y - ^  Phonem e Laye r  connection s 
mor e whe n th e effectivenes s o f  th e Chun k —^  Phonem e map -
pin g i s lo w tha n whe n i t  i s  high .  A  simila r  explanatio n ha s 
bee n propose d b y Gathercol e e t  al .  (1992) .  Th e presen t  mode l 
provide s a  computationa l  basi s fo r  seein g wh y thi s migh t  b e 
so. 

Of  course ,  wor d learnin g an d IS R ma y als o b e relate d 
throug h thei r  c o m m o n relianc e o n rehearsa l  mechanisms .  Ac -
cordin g t o thi s view ,  i n immediat e seria l  recall ,  rehearsa l  ca n 

hel p maintai n phonologica l  representation s o f  th e recal l  stim -
ul i  i n a n activ e state .  I n vocabular y acquisition ,  likewise ,  re -
hearsa l  ma y ai d th e formatio n o f  ne w phonologica l  represen -

tations ,  b y allowin g th e learne r  repeate d acces s t o th e wor d 
for m s o a s t o consolidat e th e ne w memory . 

I n conclusion ,  i n it s presen t  form ,  th e mode l  make s th e 
importan t  demonstratio n tha t  wor d learnin g an d immediat e 

seria l  recal l  ma y b e relate d a t  th e leve l  o f  cor e phonologica l 
processing .  Usin g th e mode l  t o investigat e ho w thes e abilitie s 
migh t  b e relate d vi a th e phonologica l  stor e an d vi a rehearsa l 

i s a  goa l  fo r  furthe r  research . 
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Abstrac t 

We present the results of a study of spatial cognition and 
it s relationshi p t o hypermedi a navigation .  Th e result s 
sho w tha t  a  distinctio n ca n b e mad e betwee n tw o kind s o f 
spatia l  cognition .  On e tha t  concern s th e concomitan t 
actin g i n th e physica l  world ,  an d o n tha t  i s a  pur e interna l 
menta l  activity .  Thi s conclusio n i s supporte d b y tw o kind s 
of  data .  First ,  a  facto r  analysi s o f  th e subtest s use d i n thi s 
stud y group s the m int o thes e tw o categories ,  an d second ,  i t 
i s  show n tha t  onl y th e interna l  on e o f  thes e factor s i s 
relate d t o th e subject s performanc e i n usin g a  hypertext -
base d on-lin e hel p system .  I n th e fma l  sectio n w e poin t  t o 
th e theoretica l  connection s betwee n thi s wor k an d wor k i n 
area s o f  situate d cognitio n an d o n differen t  kind s o f  menta l 
representations ,  an d discus s variou s possibilitie s tha t  th e 
result s from  thi s stud y sugges t  fo r  th e developmen t  o f 
interfac e tool s tha t  wil l  hel p user s wit h lo w spatia l 
abilitie s t o us e hypermedi a systems . 

Introduction 

The presen t  stud y investigate s th e relatio n betwee n spatia l 
abili ^  an d th e abilit y  t o navigat e i n hypermedia .  I t  ha s on e 
applie d an d on e theoretica l  foci .  O n th e ̂ plie d side ,  i t  ca n 
be see n a s a n attemp t  t o diagnos e th e reason s behin d 
differentia l  difficultie s i n usin g hypermedia ,  wit h th e goa l  o f 
suggestin g improvement s i n th e desig n o f  these .  O n th e 
theoretica l  sid e i t  ca n b e see n a s a  contributio n t o th e 
clarificatio n o f  differen t  aspect s o f  spatia l  an d graphica l 
reasoning ,  an d henc e t o th e clarificatio n o f  th e concept s 
involved . 

The pape r  i s structure d a s follows .  Firs t  w e discus s som e 
apphe d motivation s fo r  th e presen t  work .  W e the n repor t  o n 
an experimenta l  stud y o n th e relationshi p betwee n individua l 
difference s i n spatia l  cognitio n an d th e abilit y t o us e a 
hypertex t  base d on-lin e manual .  I n th e fina l  sectio n w e 
discus s th e implication s o f  th e result s obtaine d fo r  th e 
developmen t  o f  user-friendl y hypermedi a system s an d 
mentio n som e o f  th e theoretica l  question s whic h w e sugges t 
emerg e from  thi s study . 

Navigatio n i n th e W o r l d a n d i n C o m p u t e r  Sys tem s 

Navigatio n i n larg e hypermedi a informatio n structure s ha s 
lon g bee n recognize d a s a  difficul t  task .  TTi e expressio n 'los t 
i n hyperspace '  t o describ e wha t  h^pen s whe n user s loos e 
trac k o f  wher e the y ar e an d wher e t o g o nex t  i n th e 
hypertext ,  se e fo r  exampl e (Nielsen ,  1990) .  Navigatio n i n 
hypermedi a an d larg e informatio n space s i n general ,  ma y b e 
compare d t o navigatio n i n citie s an d natura l  surroundings , 
althoug h i t  i s  no t  obviou s tha t  the y ar e comparabl e 
situations .  Still ,  w e nee d t o fm d tool s an d design s tha t  hel p 
user s t o fm d thei r  wa y jus t  a s maps ,  sign s an d othe r  device s 
hav e helpe d navigatio n i n general .  I n orde r  t o d o so ,  w e 
must  fin d ou t  mor e abou t  whe n navigatio n i s  difficult ,  t o 
w h o m an d why ? 

Whil e ther e ar e similaritie s betwee n navigatio n i n th e rea l 
worl d an d navigatio n i n th e virtua l  worl d o f  hypermedia , 
ther e i s als o a t  leas t  on e importan t  difference .  I n th e forme r 
cas e peopl e liv e i n th e worl d an d the y ca n mov e physicall y 
i n it ,  wherea s i n th e latte r  th e groundednes s i s mor e limited , 
we canno t  mov e wit h ou r  bodie s an d physicall y manipulat e 
object s i n th e virtua l  hypermedi a world .  Th e questio n the n 
arise s whethe r  th e sam e tool s (map s etc. )  ca n b e use d t o hel p 
user s navigatin g i n hypermedi a systems ,  a s wel l  a s whethe r 
th e sam e cognitiv e abilitie s ar e use d i n th e tw o kind s o f 
navigation . 

Individual Differences 

Individua l  difference s appea r  t o hav e a  bi g impac t  o n human -
compute r  interactio n (Ega n 1988) .  W h e n designin g tool s fo r 
navigatio n i n hypermedia ,  individua l  difference s ca n b e on e 
crucia l  facto r  tha t  a  syste m shoul d accommodat e to .  Vicent e 
and Willige s foun d tha t  spatia l  abilit y  coul d b e linke d wit h 
whethe r  user s ge t  los t  i n a  hierarchica l  fil e syste m (1988) . 
Benyo n an d Murra y (1993 )  foun d tha t  spatia l  abilit y 
determine d ho w wel l  user s performe d wit h differen t  interface s 
t o a  databas e system .  User s wit h lo w spatia l  abilit y 
performe d bette r  wit h a  aided-navigatio n interfac e wit h a 
constraine d dialogue ,  whil e user s wit h hig h abilit y  mad e 
bette r  us e o f  a  non-aide d navigatio n interfac e wit h a  flexibl e 
command-base d dialogue .  I n on e o f  ou r  previou s studie s 
(Blad h an d Hdd k 1995 )  o n a  hypermedi a documentatio n 
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Figur e 1  A  schemati c pictur e o f  th e on-lin e manual .  Th e tw o overvie w picture s sho w th e proces s structur e an d th e 
objec t  hierarchy .  F r o m those ,  eac h proces s an d objec t  descriptio n ca n b e reached . 

syste m (describe d i n sectio n two) ,  w e foun d tha t  th e use r 
grou p coul d b e divide d int o tw o sub-groups .  O n e foun d th e 
graph s provide d b y th e syste m helpKi l  a s tool s fo r 
navigatin g t o documents .  Th e othe r  grou p wa s annoye d b y 
th e g r^hs ,  an d woul d hav e prefeire d othe r  way s t o navigat e 
and searc h fo r  information .  W e beUev e tha t  i t  i s  importan t 
tha t  thes e kind s o f  individua l  preferentia l  difference s ai e 
catere d fo r  i n th e desig n o f  compute r  system s an d thei r 
interfaces .  Whil e m a n y user s toda y appreciat e an d find 
graphica l  interface s eas y t o use ,  th e curren t  'on e siz e fit s 
air-approac h t o interface s ris k leavin g a  larg e subse t  o f  th e 
use r  populatio n behind .  A n d w e believ e tha t  di e mor e 
comple x th e systems '  domai n space s become ,  th e mor e 
importan t  become s thi s issue . 

Th e initia l  ai m o f  th e presen t  stud y wa s t o investigat e 
whethe r  th e observe d difference s i n interfac e preference s ca n 
be relate d t o spatial ,  visua l  o r  othe r  cognitiv e factors . 

Characteristics of the Hypermedia Tool Studied 

Befor e presentin g th e detail s o f  th e study ,  w e giv e i n thi s 
sectio n a  shor t  descriptio n o f  th e hel p syste m an d th e 
domai n i t  i s  use d in .  Th e hypermedi a too l  use d a s th e targe t 
domai n i n thi s smd y contain s informatio n abou t  a  softwar e 
developmen t  method ,  S D P .  Th e metho d consist s o f  pro -

cesse s whic h ar e activitie s don e durin g th e projec t  phases , 
and object s whic h ar e specifications ,  codes ,  etc .  produce d a s 
a resul t  o f  th e mediod .  Processe s an d object s ar e related, 
object s ar e relate d t o object s an d processe s t o processes . 

Th e use r  o f  th e on-lin e documentatio n o f  S D P tha t  w e 
studie d ha s n o othe r  mean s o f  findin g a  particula r  document , 
but  throug h clickin g i n severa l  graph s unti l  th e documen t  i s 
reached .  A  schemati c pictur e o f  th e structur e o f  th e on-lin e 
manual  ca n b e foun d i n figur e 1 .  Th e proces s structur e an d 
th e objec t  hierarch y functio n a s map s t o th e tw o mai n 
structur e i n th e domain :  th e proces s structur e an d th e objec t 
structure .  F r o m th e proces s structur e i t  i s  possibl e t o reac h 
description s o f  eac h process ,  th e proces s graphs .  Fro m th e 
proces s graph s i n turn ,  textua l  description s o f  eac h proces s 
ca n b e reached.  F r o m th e objec t  hierarch y th e objec t  graph s 
ca n b e reached ,  an d fro m thos e th e textua l  description s o f 
eac h object . 

So,  i n orde r  t o ge t  t o a  textua l  descriptio n o f  a  proces s o r 
object ,  i t  i s  necessar y t o navigat e vi a a  se t  o f  graph s unti l 
th e desire d proces s o r  objec t  grap h i s reached .  F ro m there , 
and onl y fro m there ,  i s  i t  possibl e t o ge t  t o th e textua l 
description . 

Not e tha t  ther e ar e tw o aspect s o f  th e domai n studie d 
whic h ar e spatia l  i n thei r  nature .  First ,  th e domai n itsel f  i s 
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an abstrac t  structur e wit h relation s betwee n th e domain' s 
concept s o f  processe s an d object s (se e sectio n 1. 4 fo r  a 
deschptio D d  th e domain) .  S^xnd ,  th e on-lin e manua l  i s 
structure d i n a  se t  o f  document s wit h specifie d relation s 
betwee n th e documents' .  Th e structur e o f  th e on-lin e manua l 
i s  onl y partl y base d o n th e structur e o f  th e domain .  Hence ,  i t 
i s  no t  sufficien t  t o b e knowledgeabl e i n th e domai n t o b e 
abl e t o us e th e on-lin e manual .  Knowledg e o f  bot h domain s 
i s required ,  a s wel l  a s bein g abl e t o m a p betwee n these , 
probji>l y makin g th e us e o f  th e syste m a  tas k requirin g hig h 
level s ( k spatia l  competence . 

Method 

Subjects 

Ther e wher e 2 3 subject s i n th e experiment ,  1 9 mal e an d 4 
female ,  al l  employe d a t  a  telecommunication s compan y i n 
Sweden.  Th e subject s wher e i n a  rang e o f  20-5 5 year s ol d 
(m-3 4 years) .  Al l  ha d som e compute r  training ,  bu t  no t  al l 
had gon e throug h highe r  academi c trainin g (1 8 wit h highe r 
academi c trainin g an d 5  wit h n o highe r  academi c training) . 
Al l  ha d recentl y gon e throug h a  fou r  da y cours e o n th e 
metho d tha t  wa s describe d i n th e informatio n bas e tha t  w e 
teste d the m on ,  bu t  the y ha d receive d littl e o r  n o trainin g o n 
ho w t o us e th e on-lin e manual . 

Materials and Procedure 

The experimen t  consiste d o f  thre e parts .  Th e firs t  teste d 
differen t  cognitiv e abilities ,  th e secoK l  wa s a  questionnair e 
on th e subjects '  previou s knowledg e i n th e domain ,  an d th e 
thir d wa s a  se t  o f  navigatio n task s i n th e hypertext-base d on -
lin e manual .  Th e subject s wer e teste d i n individua l  session s 
whic h laste d approximatel y 3  hours . 

Cognitive Abilities. We used 6 tests from the 
Dilremann-Sald e tes t  batter y (Psykologifdrlage t  1971) .  Thi s 
i s a  widel y use d Swedis h standardize d tes t  o f  cognitiv e 
abilities .  Thes e cognitiv e test s too k approximatel y 2  hour s 
per  subjec t  an d th e teste d abilitie s a s describe d i n th e tes t 
manual  were : 

•  verba l  abilit y  whic h wa s teste d i n a  synony m tes t  wher e 
th e subjec t  shoul d choos e on e o f  fiv e word s iha t  mean t  th e 
same a s th e wor d i n th e task . 

•  logical-inductiv e abilit y  whic h wa s teste d throug h 
classificatio n o f  image s wher e on e o f  five  shoul d b e chose n 
on base s o f  it s  difference s firom  th e others . 

•  perceptua l  analysi s abilit y  whic h wa s teste d throug h 
drawin g imitatio n o f  image s 

•spatia l  abilit y  whic h wa s teste d wit h thre e differen t  tests : 
•  rotatio n o f  image s wher e th e subjec t  shoul d 
choose ,  b y turnin g th e image s i n thei r  head,  th e 
image s tha t  wer e identica l  wit h th e imag e i n th e 
task .  Th e numbe r  o f  correc t  chose n image s differe d 
i n eac h task ,  bu t  the y alway s cam e fro m a  grou p o f 
seven . 

•  lef t  o r  righ t  han d identificatio n i n picture s o f 
hand s tha t  wer e turne d i n differen t  way s 
•  a  bloc k tes t  (Kohs '  block s test )  wher e th e subjec t 
shoul d m a k e a  patter n wit h blocks ,  witc h shoul d b e 
identica l  wit h a  patter n o n a  car d tha t  th e subject s 
wer e shown . 

Th e result s fro m th e cognitiv e test s w o e transfonne d int o 
stanine-score s base d o n th e standardizatio n o f  th e test s o n a 
sampl e o f  16 6 person s balance d fo r  ag e (betwee n 1 5 an d 64 ) 
and sex .  I n som e case s standardizatio n dat a fro m a  grou p o f 
subject s wit h highe r  educatio n wer e used . 

Questionnaire 

I n nin e question s subject s wer e aske d t o estimat e thei r  o w n 
knowledge ,  o n a  scal e from 0  t o 5 ,  o f  th e S D P metho d ao d 
th e on-lin e manual ,  o f  computer s i n general ,  o f  othe r 
hypermedi a systems ,  o f  poin t  an d clic k interface s an d o f 
thei r  o w n judge d spatia l  abilit y  (i f  the y wer e goo d usin g 
maps,  i f  the y ha d goo d sens e o f  directio n etc.) . 

Hypermedia Navigation Task 

Finall y th e subject s wer e aske d t o complet e a  se t  o f  si x 
informatio n seekin g task s an d afte r  eac h t o evaluat e thei r 
o wn performance ,  a s whethe r  the y though t  the y ha d foun d 
th e answe r  an d whethe r  the y foun d i t  i n th e mos t  efficien t 
way.  Th e si x task s t o b e solve d wit h th e on-lin e manua l  an d 
th e evaluatio n o f  th e o w n performanc e too k approximatel y 
1/ 2 -  1  hou r  pe r  subject .  T o ensur e th e ecologica l  validit y 
and relevance  o f  th e task s use d i n th e study ,  w e onl y use d 
question s tha t  w e ha d collecte d i n a  previou s stud y fro m 
user s actuall y workin g wit h th e method . 

Th e informatio n seekin g task s wer e designe d t o hav e th e 
followin g properties :  1 .  The y shoul d forc e th e subject s t o 
navigat e betwee n th e differen t  graphs ,  tha t  t o se e i f  ̂  h o w 
th e subject s use d a  menta l  mode l  o f  th e informatio n space . 
2.  S o m e o f  th e question s solution s wer e i n th e object-vie w 
and som e i n th e process-view ,  tha t  t o se e i f  ther e wer e an y 
difference s i n th e wa y o f  seekin g informatio n i n th e differen t 
view s (se e figure  1) .  ( A numbe r  o f  othe r  requirement s no t 
relevant  t o th e result s presente d i n th e presen t  pape r  wer e 
als o considered. )  Th e on-lin e manua l  wa s availabl e o n Su n 
workstations . 
Th e performanc e o n th e solvin g o f  th e si x task s wa s recorde d 
on vide o an d analyzed .  Tas k completio n tim e wa s calculate d 
from  th e first  "click "  t o th e las t  writte n letter s i n th e answer . 
N u m b er  o f  "clicks "  i n th e graph s wa s counte d fo r  eac h task , 
and a  m a p depictin g h o w a  particula r  use r  ha s move d i n th e 
on-lin e manua l  betwee n graph s an d text s wa s drawn .  Afte r 
eac h tas k th e subject s wer e aske d a  numbe r  o f  questions ,  i.e . 
h o w certai n the y wer e tha t  the y ha d foun d th e correc t  answer , 
i f  the y ha d foun d i t  usin g th e shortes t  pat h etc . 

Results and Discussion 

Th e result s wil l  b e presente d i n tw o steps^ .  Firs t  w e sho w 
th e analysi s o f  th e patter n o f  differen t  cognitiv e abilities .  W e 

'  'Spatial '  i s  her e use d t o denot e relations  betwee n object s i n 
a spac e tha t  nee d no t  necessaril y  b e visuall y presente d o r 
represented . 

'  W e wil l  her e onl y presen t  result s relevant  t o th e issu e o f 
differen t  kind s o f  spatia l  cogniton .  Fo r  a  complet e descriptio n 
of  thi s study ,  se e SjOlinde r  (1996 )  an d H60k ,  Dahlback , 
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Cognitiv e tes t 
S y n o n y m tes t 
I m a g e classificatio n 
F i g w e drawin g 
Figur e rotatio n 
H a n d tes t 
Bloc k tes t 

Facto r  1 

-.16 4 
.28 4 
.95 8 
.22 7 

.0000 1 
.79 2 

Facto r  2 

.84 3 

.81 0 

.07 1 
-.39 3 

.06 7 
-.00 1 

Facto r  3 

-.04 6 
-.04 1 
-.07 1 
.65 4 
.94 0 
.37 6 

Figur e 2 :  Result s from  th e facto r  analysi s o f  th e cognitiv e test s 

the n illustrat e th e relationshi p betwee n thes e identifie d 
factor s an d th e performanc e whe n usin g th e on-lin e manual . 

Patterns of Cognitive Abilities 

A n orthogona l  facto r  analysi s o f  th e result s o f  th e si x 
cognitiv e test s reveale d thre e underlyin g factors ,  wit h tw o 
test s wit h hig h loadio g i n eac h facto r  (se e fig  2) .  Facto r  1 
wit h hig h loadin g o n figure  drawin g tes t  an d th e bloc k test , 
facto r  2  wit h hig h loadin g o n th e test s o f  synonym s an d th e 
classificatio n o f  images ,  an d facto r  3  wit h hig h loadin g o n 
th e test s o n rotatio n o f  image s an d o f  han d identification . 

What  i s especiall y noteworth y her e i s tha t  th e patter n 
obtaine d see m t o pu t  i n questio n th e tes t  manual' s 
classificatio n o f  thes e tests .  W e fin d tw o factor s ( 1 an d 3 ) 
whic h bot h see m t o relat e t o visual-spatia l  cognition ,  bu t 
wit h th e facto r  loading s ver y differenfl y distributed ^  Wha t 
seems t o b e th e critica l  differenc e her e i s tha t  th e tes t  tha t 
hav e hig h loading s o n facto r  1  bot h concer n th e activ e 
manipulatio n o f  physica l  objects ,  wherea s th e test s wit h 
hig h loading s o n facto r  3  ar e requir e a  purel y menta l  effor t  t o 
obtai n th e correc t  answer .  Thi s coul d indicat e tha t  from a 
psychologica l  poin t  o f  vie w ther e i s a  differenc e betwee n th e 
manipulatio n o f  spatia l  informatio n i n th e min d an d th e 
actin g i n th e world ,  eve n i f  bot h from a  superficia l  poin t  o f 
vie w see m t o concer n th e sam e kin d o f  informatio n 
processing . 

Havin g show n tha t  i t  i s  possibl e t o grou p th e test s int o 
thes e group s doe s no t  o f  cours e entai l  tha t  th e distinctio n i s 
of  an y theoretica l  o r  practica l  relevance .  Followin g th e pat h 
set  b y recen t  wor k b y Stennin g an d Oberlande r  (1995 , 
Stenning ,  Cox ,  an d Oberlander ,  1995) ,  w e wil l  instea d tr y t o 
see whethe r  th e suggeste d theoretica l  distinctio n ca n b e 
relate d t o performanc e i n othe r  tasks ,  i n ou r  cas e hypermedi a 
navigation .  I f  i t  ca n b e show n tha t  th e subject s differen t 
abilitie s i s correlate d wit h differentia l  performanc e i n othe r 
tasks ,  th e validit y o f  th e distinctio n i s give n som e furthe r 
credence ,  somethin g whic h seem s necessar y befor e 
discussin g connection s t o othe r  theoretica l  constructs . 

SjOlinde r  (1996) .  Fo r  a  descriptio n o f  th e PUS H project ,  se e 
Hddk,  Karlgren ,  W a e m,  DahlbSck ,  Jansson ,  Karlgren ,  an d 
Lrmair e (forthcoming ) 

'  Not e tha t  whil e th e imag e classificatio n tes t  use s pictoria l 
material ,  thi s i s primaril y a  tes t  o f  logic-inductiv e ability . 

Cognitiv e Abilitie s a n d T a s k Per fo rmanc e 

T o ge t  a  simpl e measur e o f  th e factor s w e adde d th e 
standardize d stanin e point s fo r  th e tw o test s mos t  strongl y 
associate d wit h eac h factor .  Th e correlatio n betwee n th e 
differen t  factor s an d th e tas k performanc e a s measure d b y th e 
tim e t o complet e th e 6  task s wa s the n computed .  Thes e test s 
showe d tha t  th e onl y significan t  correlatio n wa s wit h th e 
interna l  spatia l  abilit y  a s measure d wit h th e tw o test s i n 
facto r  3 .  ( r  -  .56 ,  p  <  .  005) .  N o othe r  correlation s achieve d 
or  eve n approache d significance .  (Facto r  1  r  -  .04 ,  facto r  2  r 
-  .13 )  Th e sam e patter n i s reveale d whe n lookin g a t  th e 
correlation s betwee n th e dependen t  variabl e an d th e si x 
differen t  test s take n separately .  Th e stronges t  correlation s 
wer e wit h th e tw o test s o f  interna l  spatia l  cognition , 
wherea s th e correlatio n betwee n th e completio n tim e an d th e 
block s tes t  wa s fo r  instanc e onl y r  -  .  04 . 

There  ar e tw o conclusion s tha t  ca n b e draw n from  this . 
First ,  thi s analysi s support s th e validit y o f  th e distinctio n 
bein g mad e her e betwee n spatia l  task s tha t  als o involv e 
some extema l  physica l  manipulatio n o r  transformatio n o f 
th e objects ,  an d wher e therefor e visua l  feedbac k i s available , 
and task s wher e th e entir e transformatio n i s don e i n di e min d 
withou t  an y extema l  support . 

Second ,  tha t  ther e i s a  correlatio n betwee n users '  spatia l 
abilitie s an d thei r  abilit y  t o us e di e hypertex t  base d system . 
But  thi s i s onl y tru e fo r  a  subse t  o f  th e differen t  spatia l  test s 
use d i n thi s study ,  namel y th e one s measurin g intema l 
spatia l  cognition .  Anothe r  illustratio n o f  thi s connectio n ca n 
be mad e b y first  dividin g th e subject s int o tw o groups ,  on e 
wit h hig h score s o n th e spatia l  test s an d on e wit h lo w 
scores ,  an d the n compar e th e tim e use d fo r  solvin g th e task s 
fo r  th e tw o groups .  TTii s differenc e l)etwee n th e group s wit h 
hig h an d lo w intema l  spatia l  abilit y  i s  16.9 4 minute s vs . 
25.4 7 minutes .  Thi s differenc e i s statisticall y significan t 
(F(l,21)-5.53 ,  p<0.05) .  W h e n dividin g th e group s o n ho w 
wel l  the y perfcame d o n th e extema l  spatia l  tasks ,  th e 
differenc e betwee n th e groups '  tas k completio n tim e i s muc h 
smalle r  (20.1 8 vs .  22.1 0 minutes )  an d no t  statisticall y 
significant . 

I n ou r  questionnaire ,  w e aske d th e subject s t o estimat e 
thei r  o w n abilit y  t o rea d an d us e map s an d thei r  "sens e o f 
location" .  Thi s i s o f  cours e a  ver y indirec t  measur e o f  thi s 
ability .  Bu t  i t  ha s bee n show n b y Streete r  an d Vitell o (1985 ) 
tha t  subject s abilit y  t o rea d an d us e map s wa s strongl y 
correlate d wit h thei r  actua l  map-readin g ability .  I t  i s  als o th e 
cas e tha t  thos e w h o ten d t o lik e map s wil l  us e map s mor e 
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ofte n an d thereb y improv e thei r  performance .  So ,  ou r 
subject s ow n estimat e o f  th e map-readin g abilit y ca n wit h 
some cautio n b e take n a s a  measur e o f  thei r  actua J ability . 

We foun d tha t  th e subject s map-readin g abilit y wa s 
correlate d wi A facto r  1  (th e "external "  spatia l  ability )  i n ou r 
cognitiv e tests ,  r-.42 ,  P<.05 ,  whil e ther e wa s n o correlatio n 
betwee n m2q>-readin g abilit y an d facto r  3  (th e "internal " 
spatia l  ability) . 

Again ,  thi s woul d indicat e tha t  ther e i s a  differenc e 
betwee n spatia l  abilit y  fo r  solvin g problem s i n th e worl d 
(wher e groundednes s i s  possible )  an d spatia l  abilit y  fca -
abstrac t  structure s i n non-groimde d domains . 

Concluding Remarks 

On th e theoretica l  sid e w e hav e argue d tha t  a  distinctio n 
could ,  an d perhap s should ,  b e mad e betwee n spatia l  task s 
tha t  ar e performe d a s bodil y action s i n th e worl d an d thos e 
tha t  tak e plac e solel y i n th e mind .  Th e crucia l  differenc e 
betwee n thes e i s probabl y tha t  i n th e forme r  bu t  no t  th e 
latte r  task s continuou s visua l  feedbac k o n th e result s o f  th e 
transformation s (actions )  performe d i s  available .  Ou r 
analysi s o f  th e subjects '  respons e patter n o n th e cognitiv e 
abilitie s tes t  gav e som e suppor t  fo r  tha t  notion .  Furthe r 
suppor t  wa s gaine d fro m th e fac t  tha t  th e onl y cognitiv e 
abiUtie s test s tha t  correlate d wit h th e perfcxmanc e i n usin g 
th e hel p syste m wa s thos e tha t  seeme d t o measur e intema l 
spatia l  tasks .  W e ar e awar e o f  th e fac t  tha t  i t  i s  possibl e t o 
make connection s betwee n th e patter n obtaine d her e an d 
recen t  discussion s o n simate d cognition ,  an d o n menta l 
imager y an d othe r  aspect s o f  menta l  representations .  A  ful l 
treatmen t  o f  th e issue s involve d her e woul d tak e u s beyon d 
th e scop e (an d th e spac e limitations )  o f  th e curren t  paper , 
not  th e leas t  sinc e bot h th e concept s o f  'menta l  imagery '  an d 
'spatia l  cognition *  fo r  a  lon g tim e hav e bee n subjec t  t o 
intens e theoretica l  discussions .  Le t  u s instea d jus t  mentio n 
one issu e whic h w e wil l  conside r  i n ou r  futur e wor k i n thi s 
area ;  wha t  i s th e relationshi p betwee n th e 'internal '  spatia l 
abilit y  discusse d her e an d th e abilit y t o us e visua l  imagery ? 
Do th e subject s tha t  perfor m wel l  o n ou r  intema l  task s us e 
menta l  imager y t o a  large r  exten t  tha n th e lo w performers ? 
Our  curren t  dat a d o no t  mak e i t  possibl e t o answe r  thi s 
question ,  sinc e w e di d no t  as k th e subject s ho w the y 
performe d thei r  tasks ,  no r  dk l  w e includ e an y tes t  o n 
imaginability . 

On th e applie d side ,  w e foun d tha t  user s differe d i n thei r 
navigatio n performance ,  an d tha t  thi s coul d b e relate d t o th e 
abilit y t o perfor m spatia l  task s whic h dk l  no t  hav e an y 
externa l  support ,  bu t  no t  t o othe r  kind s o f  spatia l  o r  othe r 
cognitiv e abilities .  Th e questio n the n arise s whethe r  i t  i s 
possibl e t o devic e suppor t  fo r  th e user s wh o fin d th e 
navigatio n task s difficult .  Som e wor k b y (Vicent e an d 
Willige s 1988 )  suggest s tha t  thi s ca n b e th e case .  The y hav e 
shown tha t  user s wit h lo w spatia l  abilit y ar e helpe d b y 
syste m wher e part s o f  th e previou s stat e o f  th e interfac e i s 
visibl e afte r  th e use r  ha s mad e a n actio n a t  th e interface . 
Thei r  explanatio n fo r  thi s i s  b y creatin g wha t  the y cal l  a 
visua l  momentu m th e interfac e provide s memor y suppor t  fo r 
th e users ,  sinc e i t  i s  n o longe r  require d tha t  die y recal l  wher e 
the y ar e an d wher e the y shoul d g o nex t  i n th e hyperspace . 
Instea d the y ca n recogniz e th e structur e an d th e link s an d 

basin g thei r  decision s o n tha t  recognition .  A n alternativ e o r 
complementar y hypothesis ,  base d o n th e result s fro m th e 
presen t  study ,  woul d b e tha t  th e visua l  informatio n o n th e 
scree n transform s a n intema l  spatia l  tas k t o a n externa l  one . 

I t  coul d o f  cours e b e th e cas e tha t  m a p readin g abilit y i s 
relate d t o th e intema l  spatia l  abilit y  describe d here ,  i n whic h 
cas e i t  woul d probabl y b e difficul t  t o hel p th e lo w 
performin g subject s wit h som e kin d o f  map-lik e too l  fo r 
navigatio n support . 

We hav e n o dat a tha t  ca n giv e a  definit e answe r  t o thi s 
question .  Bu t  sinc e w e foun d tha t  subjects *  ow n judgmen t 
on diei r  ma p readin g abilit y  correlate d onl y wit h thei r  result s 
on Facto r  1 ,  i.e .  externa l  spatia l  tasks ,  an d sinc e i t  ha s bee n 
shown b y Streete r  an d Vitell o (1986 )  tha t  people' s ow n 
judgmen t  o f  thei r  abilit y o n thi s i s  rathe r  accurate ,  w e a t 
leas t  conside r  i t  a  hypothesi s wort h explorin g further . 
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Abstrac t 

We have been studying how students respond to multimodal 
logi c teachin g wit h Hyperproof .  Performanc e measure s hav e 
alread y indicate d tha t  students '  pre-existin g cognitiv e style s 
hav e a  significan t  impac t  o n teachin g outcome .  Furthermore , 
a substantia l  corpu s o f  proof s ha s bee n gathere d vi a automati c 
loggin g o f  proo f  development .  W e repor t  result s fro m ana -
lyse s o f  final  proo f  structure ,  exploitin g (i )  'proofograms' ,  a 
nove l  metho d o f  proo f  visualisation ,  an d (ii )  corpus-linguisti c 
higra m analysi s o f  rul e use .  Result s sugges t  tha t  students '  co -
gnitiv e style s d o indee d influenc e th e structur e o f  thei r  logica l 
discourse ,  an d tha t  th e effec t  ma y b e attributabl e t o th e relativ e 
skil l  wit h whic h student s manipulat e graphica l  abstractions . 

Introduction: multimodal logical discourse 

Computer-base d multimoda l  tool s ar e givin g peopl e th e free -
d o m t o expres s themselve s i n bran d ne w ways .  Bu t  wha t  d o 
peopl e actuall y d o w h e n give n thes e tools ? Doe s everyon e 
end u p generatin g th e sam e form s o f  multimoda l  discourse ? 
Do multimoda l  system s lea d t o bette r  performanc e tha n m o -
nomodal  systems ? 

Thes e question s aris e i n m a n y area s relate d t o human -
compute r  interaction ,  bu t  the y ar e particularl y importan t  i n 
educationa l  applications ,  sinc e multimodalit y i s believe d t o 
be especiall y helpfu l  t o novice s (d i  Sess a 1979 ,  Schwar z an d 
Dreyfu s 1993) .  Hyperproo f  i s a  progra m create d b y Bar -
wis e an d Etchemend y (1994 )  fo r  teachin g first-orde r  logi c 
(se e Figur e 1) .  Inspire d b y a  situation-theoreti c approac h t o 
heterogeneou s reasoning ,  i t  use s multimoda l  (graphica l  an d 
sentential )  methods ,  allowin g user s t o transfe r  informatio n t o 
and fro ,  betwee n modalitie s (se e Figur e 2) . 

We hav e bee n carryin g ou t  a  serie s o f  experiment s o n Hy -
perproof ,  t o hel p evaluat e it s effect s o n student s learnin g logic . 
The stud y ha s establishe d tha t  ther e ar e importan t  individua l 
difference s i n th e w a y student s respon d t o logi c taugh t  multi -
modall y  (Cox ,  Stennin g an d Oberlande r  1994 ;  Stenning ,  C o x 
and Oberlande r  1995) .  I n th e cours e o f  thi s large r  study ,  w e 
hav e buil t  u p a  substantia l  corpu s o f  proofs .  Thes e 'hyperpro -
ofs '  ar e a n unusua l  for m o f  discourse ,  fo r  tw o mai n reasons . 
Firstly ,  the y ar e primaril y use d fo r  5c//-communication :  a 
studen t  arrange s proo f  step s an d rule s i n a n externa l  represen -
tatio n a s a n ai d t o thei r  individua l  problem-solvin g activities . 
Secondly ,  hyperproof s  are ,  o f  course ,  multimoda l  discourse : 
the y involv e bot h languag e an d graphics ,  an d ar e therefor e i n 
some way s mor e comple x tha n tex t  o r  speech . 

We believ e tha t  th e corpu s o f  hyperproof s ca n provid e a 
detaile d insigh t  int o th e path s whic h student s follo w i n thei r 
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Figur e 1 :  Th e Hyperproo f  Interface .  T h e mai n w i n d o w (to p 
left )  i s  divide d int o a n uppe r  graphica l  pane ,  an d a  lowe r 
calculu s pane .  Th e too l  palett e i s floatin g nex t  t o th e mai n 
window ,  an d othe r  w indow s ca n po p u p t o revea l  a  se t  o f  goal s 
whic h hav e bee n posed . 

Appl y Extract s informatio n fro m a  se t  o f  sententia l  premises ;  ex -
presse s  i t  graphicall y 

A s s u m e Introduce s a  ne w assumptio n int o a  proof ,  eithe r  graphi -
call y o r  sententiall y 

Observ e Extract s informatio n fro m th e situation ;  expresse s  i t  sen -
tentiall y 

Inspec t  Extract s commo n informatio n fro m a  se t  o f  cases ;  expres -
ses  i t  sententiall y 

M e r g e Extract s commo n informatio n fro m a  se t  o f  cases ;  expresse s 
i t  graphicall y 

Clos e Declare s tha t  a  sentenc e i s inconsisten t  wit h eithe r  anothe r 
sentence ,  o r  th e curren t  graphica l  situatio n 

C TA (Chec k trut h o f  assumptions )  Declare s tha t  al l  sententia l  an d 
graphica l  assumption s ar e tru e i n th e curren t  situatio n 

Exhaus t  Declare s tha t  a  par t  o f  a  proo f  exhaust s al l  th e relevan t 
case s 

Figure 2: A set of relevant Hyperproof rules. 
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pursui t  o f  proo f  goals .  I n thi s paper ,  w e therefor e firs t  fram e 
some hypothese s concernin g th e relatio n betwee n th e indivi -
dual  difference s i n teachin g outcom e whic h w e found ,  an d th e 
structure s t o b e foun d i n students '  proofs .  W e the n outlin e 
th e relevan t  aspect s o f  th e desig n o f  th e mai n study ,  indi -
catin g ho w i t  distinguishe s tw o style s o f  student .  W e the n 
describ e (i )  th e wa y 'proofograms '  ar e use d t o trac k th e wa y 
student s dea l  wit h abstractions ;  an d (ii )  th e applicatio n o f  bi -
gra m an d trigra m analyse s o f  rul e us e pattern s i n th e dat a 
corpus ,  demonstratin g tha t  th e differin g style s o f  studen t  en d 
up producin g multimoda l  proof s o f  distinctiv e types . 

Hypotheses 

The observatio n tha t  graphica l  system s requir e certai n classe s 
of  informatio n t o b e specifie d goe s bac k a t  leas t  t o Bisho p Ber -
keley .  Elsewhere ,  w e hav e terme d thi s propert y 'specificity' , 
and argue d tha t  i t  i s  usefu l  becaus e inferenc e wit h specifi c 
representation s ca n b e ver y simpl e (Stennin g an d Oberlan -
der  1991 ,  1995) .  W e hav e als o urge d tha t  actua l  graphica l 
system s d o allo w abstraction s t o b e expressed ,  an d i t  i s  thi s 
tha t  endow s the m wit h a  usabl e leve l  o f  expressiv e power . 
Thus ,  Hyperproo f  maintain s a  se t  o f  abstractio n convention s 
fo r  objects '  spatia l  o r  visua l  attributes .  A s wel l  a s concret e 
depiction s o f  objects ,  ther e ar e "graphica l  abstractio n sym -
bols' ,  whic h leav e attribute s under-specified :  th e cylinder ,  fo r 
instance ,  depict s object s o f  unknow n siz e (se e Figur e 1) .  A 
key step ,  then ,  i n masterin g a n actua l  graphica l  syste m i s t o 
lear n whic h abstraction s ca n b e expressed ,  an d how . 

As w e describ e below ,  ou r  pre-test s independentl y allowe d 
us t o divid e subject s int o tw o cognitiv e styl e groups ,  o n th e 
basi s o f  thei r  performanc e o n a  certai n typ e o f  proble m item . 
Loosely ,  on e grou p i s 'goo d wit h diagrams' ,  an d th e othe r 
les s so .  Th e goo d diagrammer s turne d ou t  t o benefi t  mor e 
fro m Hyperproof-base d teachin g tha n th e others .  Ou r  belie f 
i s  tha t  thos e wh o benefi t  mos t  from  Hyperproo f  d o s o becaus e 
the y ar e bette r  abl e t o manipulat e th e graphica l  abstraction s i t 
offers .  Cal l  thi s vie w th e abstractio n abilit y  hypothesis . 

A secondar y issu e concern s th e relatio n betwee n ou r  binar y 
distinctio n i n cognitiv e style s an d mor e traditiona l  dimension s 
of  individua l  difference—suc h a s th e "visualiser-verbaliser ' 
dimension .  On e hypothesi s i s tha t  th e goo d diagrammer s ar e 
simpl y thos e subject s wh o hav e a  preferenc e fo r  th e visua l 
modality .  Cal l  thi s vie w th e visua l  preferenc e hypothesis . 

I n wha t  follows ,  w e ai m t o sho w tha t  th e first  hypothesi s i s 
vindicate d b y th e analysis ,  bu t  tha t  th e secon d i s not ,  an d tha t 
a riva l  vie w migh t  fit  th e dat a better . 

Method 

I n th e ful l  study ,  tw o group s o f  subject s wer e compared ;  on e 
( n =  2 2 a t  cours e end )  attende d a  one-quarte r  duratio n cours e 
taugh t  usin g th e multimoda l  Hyperproof .  A  compariso n grou p 
( n =  1 3 a t  cours e end )  wer e taugh t  fo r  th e sam e period ,  bu t  i n 
th e traditiona l  syntacti c manne r  supplemente d wit h exercise s 
usin g a  graphics-disable d versio n o f  Hyperproof . 

Distinguishing cognitive styles 

Subject s wer e administere d tw o kind s o f  pre -  an d post-cours e 
paper  an d penci l  tes t  o f  reasoning .  Th e first  o f  thes e i s mos t 
relevan t  t o th e curren t  discussion .  I t  teste d 'analytica l  reaso -
ning '  ability ,  wit h tw o kind s o f  ite m derive d fro m th e O R E 

scal e o f  tha t  nam e (Duran ,  Power s an d Swinto n 1987) .  On e 
subscal e consist s o f  verba l  reasoning/argumen t  analysis .  Th e 
othe r  subscal e consist s o f  item s ofte n bes t  solve d b y construc -
tin g a n externa l  representatio n o f  som e kin d (suc h a s a  tabl e o r 
a diagram) .  W e labe l  thes e subscale s a s 'indeterminate '  an d 
'determinate' ,  respectively .  Score s o n th e latte r  subscal e wer e 
used t o classif y subject s withi n bot h Hyperproo f  an d Syntacti c 
group s int o DetH i  an d DetL o sub-groups .  Th e scor e reflect s 
subjects '  facilit y  fo r  solvin g a  typ e o f  ite m tha t  ofte n i s bes t 
solve d usin g a n externa l  representation ;  DetH i  score d wel l  o n 
thes e items ;  DetL o les s well .  Fo r  th e moment ,  w e ma y con -
side r  DetH i  subject s t o b e mor e 'diagrammatic' ,  an d DetL o 
t o b e les s so .  Obviously ,  th e relatio n betwee n diagrammati c 
abilit y  an d th e visualiser-verbalise r  dimensio n i s a n issu e t o 
whic h w e retur n below . 

Computer-based protocols 

Bot h th e Hyperproo f  an d Syntacti c group s containe d DetH i 
and DetL o sub-groups .  Al l  subject s sa t  post-course , 
computer-base d exams ,  althoug h th e question s differe d fo r 
th e tw o groups ,  sinc e th e Syntacti c grou p ha d no t  bee n taugh t 
t o us e Hyperproof' s system s o f  graphica l  rules .  Student -
compute r  interaction s wer e dynamicall y logged—thi s ap -
proac h migh t  b e terme d 'computer-base d protoco l  taking' . 
The log s wer e tim e stampe d an d permitte d a  full ,  step-by-step , 
reconstructio n o f  th e tim e cours e o f  th e subject' s reasoning . 

Here ,  w e discus s onl y th e dat a fro m th e 2 2 Hyperproo f 
subjects ,  al l  o f  w h o m complete d th e exams .  Th e fou r  questi -
ons tha t  thes e student s wer e se t  containe d tw o type s o f  item : 
determinat e an d indeterminate .  Here ,  determinat e problem s 
wer e take n t o b e thos e whos e proble m statemen t  di d no t  uti -
lis e Hyperproof' s abstractio n conventions .  Tha t  is :  determi -
nat e problem s containe d onl y concret e depiction s o f  object s i n 
thei r  initiall y  give n graphica l  situation ,  wherea s indeterminat e 
problems—suc h a s tha t  i n Figur e I—coul d contai n graphica l 
abstractio n symbol s i n th e initia l  situation . 

Results 

A proo f  lo g capture s bot h th e proces s o f  proo f  development , 
and it s product—th e final  proo f  submitte d b y th e subject . 
Her e w e discus s th e dat a extracte d fro m th e latter . 

Proofograms 

What  evidenc e i s ther e fo r  th e abstractio n abilit y  hypothesis ? 
Among th e Hyperproo f  students ,  d o th e tw o sub-groups — 
DetHi  an d DetLo—us e graphica l  abstractio n symbol s i n cha -
racteristicall y differen t  ways ? T o investigat e this ,  w e score d 
eac h ste p o f  eac h proo f  o n th e basi s o f  numbe r  o f  concret e 
situation s compatibl e wit h th e graphica l  depiction .  W e giv e 
eac h graphica l  symbo l  i n a  situatio n a  score :  fo r  eac h visibl e 
attribut e (size ,  shape ,  an d location )  a  symbo l  score s 1  i f  tha t 
attribut e i s specified ,  an d 0  otherwise .  B y totallin g th e score s 
fo r  th e individua l  symbols ,  w e ca n giv e eac h situatio n i n a 
proo f  a  score .  Fo r  example ,  i n Figur e 3 ,  th e tota l  concretenes s 
scor e fo r  th e situatio n show n woul d b e 9 ,  sinc e eac h objec t  i s 
full y  specified ;  i n Figur e 5 ,  th e scor e woul d b e jus t  6 ,  sinc e 
one objec t  i s  specifie d onl y fo r  location ,  an d anothe r  onl y fo r 
siz e an d location .  A  lo w scor e indicate s mor e abstracfion ;  a 
highe r  scor e indicate s mor e concreteness . 

We ca n explor e th e wa y concretenes s varie s throug h th e 
cours e o f  a  proo f  b y graphin g i t  agains t  th e hierarchica l  struc -
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Figur e 4 :  Proofogra m fo r  C 2 attemptin g Q 4 .  Proo f  step s ar e 
plotte d o n th e i-axis ;  th e concretenes s o f  th e curren t  graphi -
cal  situatio n i s compu te d fo r  eac h ste p o f  th e proof ,  an d i s 
plotte d o n th e y-axis .  Horizonta l  line s indicat e dependenc y 
structure ;  vertica l  line s indicat e use s o f  A s s u m e ;  slopin g line s 
indicat e use s o f  Appl y o r  Merge .  C2" s proofogra m i s "spikey' , 
indicatin g a  serie s o f  independent ,  concret e cases . 

Figur e 3 :  Submitte d proo f  fo r  a  D e t L o subjec t  (C2 )  attemptin g 
an indeterminat e questio n (Q4 ) .  T h e situatio n o n vie w i s fro m 
th e 9t h ste p o f  th e proof . 

tur e o f  th e proof .  W e cal l  suc h graph s 'proofograms' .  Figu -
re s 3  an d 5  s h o w h o w subject s C 2 an d C I 4 tackl e a n indeter -
minat e e x a m question ;  Figure s 4  an d 6  giv e thei r  proofograms . 

T h e visua l  difference s betwee n proofogram s ar e quit e stri -
king :  on e grou p i s "spikey'—a s i n Figur e 4 ;  an d th e othe r 
i s layered'—a s i n Figur e 6 .  T h e difference s ar e mos t  pro -
nounce d o n th e 2  indeterminat e e x a m questions .  T h e visua l 
groupin g o f  proofogram s suggest s th e existenc e o f  a  "stagin g 
phenomenon ' :  DetH i  introduc e concretenes s b y stages ,  w h e -
rea s De tL o introduc e i t  m o r e immediately .  I n term s o f  proo f 
structure ,  DetH i  ten d t o produc e structure d set s o f  cases ,  wit h 
superordinat e case s involvin g graphica l  abstraction ;  D e t L o 
len d t o produc e set s o f  case s withou t  suc h over t  superordinat e 
structure . 

T o asses s whethe r  thi s apparen t  patternin g w a s reliable ,  th e 
88 proofogram s ( 4 e x a m question s fo r  eac h o f  th e 2 2 H y -
perproo f  subjects )  wer e printed .  T h e proofogram s wer e ran -
doml y ordered ,  an d t w o prototype s (on e spikey ,  on e layered ) 
wer e selecte d a s categor y exemplars .  T w o independen t  ra -
ter s the n assigne d eac h proofogra m t o eithe r  th e 'spikey '  o r 
'layered '  category ,  unde r  a  force d choic e regime .  Ther e w a s 
a hig h degre e o f  inter-rate r  agreement ,  wit h a  discrepanc y o n 
onl y 2  o f  th e 8 8 proofograms .  A  thir d observe r  w a s emp loye d 
t o resolv e th e tw o categorisatio n disagreements . 

To tes t  fo r  existenc e o f  th e stagin g p h e n o m e n o n ,  th e con -
cordanc e betwee n subjec t  typ e (DetLo/Hi )  an d proofogra m 
styl e wa s analysed .  Fo r  eac h o f  th e 4  e x a m questions ,  2 
X 2  table s wer e produced ,  showin g th e n u m b e r  o f  item s 
i n eac h cel l  (DetLo/spikey ;  DetLo/layered ;  DetHi/spikey ; 
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y InapacI Figur e 5 :  Submitle d proo f  fo r  a  De lH i  subjec t  ( C I 4 )  attemp -

tin g a n indeterminat e questio n ( Q 4 ) .  T h e situatio n o n vie w i s 
f ro m th e 9t h ste p o f  th e proof . 

203 



I -

S 5 

,<L . - t — I — 1 ^ — t — I — I — t — t — I — I — I — t — 1 — t — t — I — I — I — I — I — 1 — I — I —I 
S l e p 

PTT 

(1 - "  '-' • 

^ 

FTfi i m m 

71 

•  DetHi ,  Q4 

EH OelLo,Q4 

1 2  1  4  , S ( i 
magnitude of concreteness change 

Figur e 6 :  Proofogra m fo r  C 1 4 attemptin g Q 4 .  C14' s proofo -
gra m i s layered" ,  indicatin g paralle l  sub-cas e structure s wit h 
abstrac t  superordinat e cases . 

DetHi/layered) .  A  nonparametri c measur e o f  associatio n (</ > 
coefficient )  wa s calculate d fo r  eac h table .  Th e result s indi -
cate d tha t  th e hypothesise d associatio n onl y hel d o n indeter -
minat e question s (o n questio n 2 ,  0  =  .43* ;  o n questio n 4 , 
(p =  .28) .  O n question s  1  an d 3  (determinat e questions) ,  bot h 
rater s assigne d al l  proofogram s t o th e spike y category . 

I t  seems ,  then ,  tha t  o n indeterminat e questions ,  DetH i  sub -
ject s d o diffe r  fro m DetL o subjects ,  i n tha t  the y ar e mor e 
pron e t o develo p layere d proofs ,  introducin g concretenes s b y 
stages .  Evidenc e fo r  th e stagin g phenomeno n therefor e pro -
vide s suppor t  fo r  th e abstractio n abilit y  hypothesis :  th e tw o 
group s ar e certainl y usin g abstraction s i n differen t  ways . 

I t  would ,  o f  course ,  b e convenien t  t o b e abl e t o encapsu -
lat e th e graphica l  attribute s o f  th e proofogra m i n numerica l 
form .  Ou r  first  attempt s t o d o s o hav e involve d computin g 
mean chang e i n concretenes s pe r  proo f  ste p pe r  proof .  H o w e -
ver ,  th e chang e onl y exceed s unit y o n th e mos t  indeterminat e 
exa m problem—questio n 4 .  I n fact ,  w e ca n conside r  th e fre -
quenc y wit h whic h subject s emplo y change s i n concretenes s 
of  varyin g magnitude .  Figur e 7  graph s th e differin g beha -
viou r  o f  th e subjec t  group s o n questio n 4 .  Thi s reinforce s 
th e ide a tha t  DetH i  subject s ten d t o mak e smal l  change s i n 
concreteness ,  wherea s DetL o subject s m a k e large r  changes . 

Corpus analysis 

Of  Hyperproof' s rules ,  onl y Assume ,  Appl y an d Merg e in -
creas e concreteness .  W e therefor e examine d th e kin d o f  pat -
tern s i n whic h the y occu r  throug h proof-corpu s analysis .  Th e 
proofogra m result s alread y indicat e tha t  DetH i  an d DetL o dif -
fe r  i n th e wa y the y handl e concreteness .  Sinc e Assum e i s b y 
fa r  th e mos t  frequen t  mean s o f  addin g concretenes s  (see ,  fo r 
instance .  Tabl e 3  below) ,  th e corpu s analysi s distinguishe s 
betwee n use s o f  th e rul e whic h introduc e totall y concret e gra -
phica l  situations ,  an d thos e whic h leav e som e abstractnes s i n 
th e graphic .  Th e ter m Fullassum e denote s th e forme r  typ e o f 
use ,  an d assum e denote s th e latter . 

Usin g technique s develope d originall y fo r  th e analysi s 
of  linguisti c corpora ,  w e hav e carrie d ou t  bigra m an d tri -
gra m analyse s o f  rul e use ,  utilisin g Dunning' s (1993 )  'Log -

Figur e 7 :  Frequencie s wit h whic h DetH i  an d DetL o subjec t 
group s emplo y change s i n proo f  concretenes s o f  varyin g ma -
gnitude ,  whe n attemptin g Questio n 4 .  Th e frequenc y  i s nor -
malise d t o tak e int o accoun t  th e differin g siz e o f  th e subjec t 
group s (DetH i  n  =  13 ,  DetL o n  =  9) . 

Likelihoo d Test' ,  whic h ca n b e applie d t o relativel y smal l 
corpora .  Th e tes t  i s designe d t o "highligh t  particula r  A' s an d 
B' s tha t  ar e highl y associate d i n text "  (p.71) .  Rankin g th e 
bigram s accordin g t o thi s tes t  provide s a  goo d pmfil e o f  th e 
individual's ,  o r  th e group's ,  rul e us e i n th e corpus .  W e ca n 
the n compar e th e profile s fo r  th e sub-group s o n th e tw o que -
stio n types ,  assessin g th e significanc e o f  a  give n bigra m b y 
usin g th e x ^  tes t  o n th e log-likelihoo d value . 

Table s 1  an d 2  illustrat e th e natur e o f  th e resultin g profiles , 
and sho w th e mos t  importan t  part s o f  th e bigra m profile s fo r 
DetH i  an d DetL o o n indeterminat e an d determinat e questions , 
respectively .  Takin g th e profile s fo r  th e tw o groups ,  w e ca n 
conside r  difference s bot h between-group s an d within-groups ; 
th e forme r  ar e th e mos t  interesting . 

On indeterminat e questions ,  w e find  tha t  th e bigram s as -
s u me Apply ,  Merg e Inspect ,  C T A Observe ,  assum e Close ,  Gi -
ve n assume ,  an d assum e Fullassum e ar e significan t  i n DetH i 
proofs ,  bu t  no t  i n DetL o ones .  Conversely ,  onl y th e bigra m 
Inspec t  Merg e i s significan t  i n DetL o proofs ,  bu t  no t  i n DetH i 
ones .  Th e profile s ar e weakl y bu t  significantl y correlate d 
( r  =  0.167*). ^  W h e n takin g int o accoun t  onl y thos e bigram s 
tha t  ar e significantl y associate d i n th e profiles ,  th e correlatio n 
i s higher ,  bu t  no t  significan t  ( r  =  0.315 ,  ns) . 

On determinat e questions ,  th e bigram s assum e Apply ,  CT A 
Observ e an d Clos e Fullassum e ar e significan t  i n DetH i  proofs , 
but  no t  i n DetL o ones .  Conversely ,  a s wit h th e indeterminat e 
questions ,  th e onl y bigra m significan t  i n DetL o proofs ,  bu t 
not  i n DetH i  ones ,  i s  Inspec t  Merge .  Here ,  th e tw o subjec t 
group' s profile s ar e significantl y correlate d ( r  =  0.537**) . 
Th e correlatio n betwee n significantly-associate d bigram s i s 
eve n stronge r  an d stil l  highl y significan t  ( r  =  0.918**) . 

Thi s finding  accord s wit h th e proofograms '  indicatio n tha t 
i t  i s  indeterminat e question s whic h bes t  discriminat e th e tw o 
subjec t  groups .  Recal l  tha t  thes e ar e th e question s  i n whic h th e 

'Correlation s reporte d her e ar e non-parametri c (Spearman' s  p) . 
Significanc e a t  th e p  <  .0 5 leve l  i s denote d b y  ' ;  significanc e a t  th e 
p <  .00 1 leve l  b y " 
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Tabl e I :  Digra m profile s fo r  subjects '  indeterminat e que -
stions :  (a )  DetHi ;  (b )  DetLo .  Th e first  colum n indicate s 
Dunning' s 'log-likelihood* ;  th e highe r  th e number ,  th e mor e 
natural '  th e association .  k { A B )  i s a  coun t  o f  th e numbe r 

ot  time s th e bigra m A B occurs ,  k { A ~  5 )  i s a  coun t  o f  th e 
number  o f  time s A  i s followe d b y a  rul e othe r  tha n B ,  an d s o 
on.  Fo r  reason s o f  space ,  w e sho w onl y thos e bigram s tha t 
ar e significantl y associate d ( p <  .05) . 

DetH i 
-2l0i! > 
I4.'i.4 3 
123.5 2 
78.7 2 
69.4 7 
.S3.6 3 
36.4 6 
26.1 6 
26.0 1 
25.CX ) 
\9.f-( > 
19.5 5 

k(AB)  k(A~B )  k(~AB )  k(~A~B )  A 
57 
26 
33 
17 
39 
2 
14 
12 
15 
17 
6 

22 
13 
85 
II 
43 
77 
68 
27 
103 
9 

112 

29 
5 
3 
12 
40 
116 
7 
17 
4 

101 
73 

355 
419 
342 
423 
341 
268 
374 
407 
341 
336 
272 

1 
Fullassum e C I A 1 
Exhaus t 
assum e 
Merg e 
CTA 

Merg e 
Appl y 
Inspec t 
Fullassum e 

Fullassum e assum e 
CTA 
Exhaus t 
assum e 
Give n 
assum e 

Observ e 
Inspec t 
Clos e 
assum e 
Fullassum e 

DetL o 
•:io!! A 
1.34.9 0 
78.7 0 
.•?6.7 5 
.34.4 8 
33.0 9 
27.9 7 

k(AB )  k(A~B )  k(~AB )  k ( ~ A ~ B )  A  B  | 
67 
19 
10 
1 

45 
11 

33 
13 
8 

99 
35 
21 

15 
5 
11 
54 
55 
10 

221 
299 
307 
182 
201 
294 

Fullassum e CT A 
Exhaus t  Inspec t 
Inspec t  Merg e 
Fullassum e assum e 
CTA Fullassum e 
Exhaus t  Merg e 

Tabl e 2 :  Bigra m profile s fo r  subjects '  determinat e questions : 
(a )  DetHi :  (b )  DetLo .  Fo r  reason s o f  space ,  w e agai n sho w 
onl y thos e bigram s tha t  ar e significantl y associate d ( p <  .05) . 

DetH i 
•2loi: A 
112.3 7 
72.8 2 
65.0 0 
36.3 9 
26.7 9 
26.1 6 
23.0 8 
20.1 9 
13.6 5 
10.7 8 

k(AB)  k(A~B ) 
24 
48 
15 
35 
10 
16 
11 
32 
10 
26 

11 
73 
13 
86 
16 
36 
27 
25 
47 
26 

k(~AB )  k(~A~B )  A 
5 
14 
6 
17 
15 
19 
14 
89 
12 
95 

366 
271 
372 
268 
365 
335 
354 
260 
337 
259 

Exhaus t 
B 
Merg e 

Fullassum e CT A 
Merg e Inspec t 
Fullassum e Clos e 
Give n 
Clos e 
assum e 
CTA 
CTA 
Clos e 

Appl y 
Exhaus t 
Appl y 
Fullassum e 
Observ e 
Fullassum e 

DetL o 
•2IP1! A k(AB )  k(A~B )  k(~AB )  k(~A~ B 
51.4 9 1 3 
50.0 3 2 8 
41.3 5 1 0 
38.0 5 9 
24.9 3 2 3 
19.2 0 1 1 
13.9 9 4 
12.5 9 1 8 

8 
47 
8 
6 
52 
21 
2 
11 

5 
4 
4 
5 
9 
11 
14 
57 

207 
154 
211 
213 
149 
190 
213 
147 

)  A  B 
Exhaus t  Merg e 
Fullassum e C T A 
Give n Appl y 
Merg e Inspec t 
Fullassum e Clos e 
Clos e Exhaus t 
Inspec t  Merg e 
CTA Fullassum e 

initia l  graphica l  situatio n i s abstract ,  s o tha t  al l  concretenes s 
must  b e introduce d explicitl y  b y th e subjects . 

Discussion 

The proofogra m an d corpu s analyse s provid e evidenc e tha t 
subject s diffe r  i n th e wa y tha t  the y us e th e graphica l  abstrac -
tio n convention s o f  Hyperproof .  O n question s wher e th e sub -
jec t  mus t  construc t  th e concret e graphic ,  i t  seem s tha t  DetH i 
subject s exhibi t  stagin g behaviour ,  an d buil d thei r  graphic s 
incrementally ,  wherea s DetL o subject s ar e pron e t o construc t 
thei r  concret e graphic s i n on e go .  Th e abstractio n abilit y  hy -
pothesi s thu s seem s plausible ,  sinc e th e 'stagers '  ar e exactl y 
thos e w h o m ou r  mai n stud y showe d benefi t  mos t  fro m tea -
chin g wit h Hyperproo f  (Stenning,Co x an d Oberlander ,  1995) . 

Sno w (1987 )  an d colleagues ,  i n thei r  studie s o f  aptitude -
treatmen t  interaction s (ATI) ,  characteris e suc h within-perso n 
adaptation s an d flexibilities  a s a n importan t  sourc e o f  indivi -
dual  difference s i n comple x skil l  performance .  S n o w (1987 ) 
report s tha t  subjects '  abilit y  t o "strategy-shift '  i s  particularl y 
detectabl e o n test s o f  comple x spatia l  visualizatio n suc h a s 
th e paper-foldin g tes t  (Tes t  V Z 2 i n Ekstrom ,  Frenc h an d Har -
mon,  1976) .  Suc h test s involv e menta l  manipulation s tha t  ar e 
ver y simila r  t o thos e require d fo r  skille d us e o f  a  multimoda l 
syste m suc h a s Hyperproof . 

However ,  t o characteris e th e differenc e betwee n subject s 
solel y i n term s o f  visuo-spatia l  abilit y  differences—o r  i n term s 
of  cognitiv e styl e difference s alon g a  •visualiser-vcrbaliser ' 
dimension—ma y b e to o hasty .  T o b e sure ,  th e visua l  prefe -
renc e hypothesi s ha s som e initia l  plausibility :  i f  th e DetH i  ar e 
'goo d wit h diagrams' ,  perhap s the y ar e simpl y th e visualisers , 
and hav e a  preferenc e fo r  th e visua l  modality .  However ,  th e 
evidenc e fro m th e corpu s goe s agains t  th e hypothesis . 

First ,  conside r  th e wa y tha t  us e o f  assum e an d Fullassum e 
varie s betwee n th e DetH i  an d DetL o groups ,  a s show n i n Ta -
bl e 3 .  DetH i  mak e mor e us e o f  assum e tha n DetLo ,  whil e 
th e latte r  mak e mor e us e o f  Fullassum e tha n th e former .  Th e 
bigra m assum e Fullassum e i s foun d t o b e significan t  i n DetH i 
indeterminat e proofs ,  bu t  no t  i n DetL o proofs .  However ,  thes e 
fact s d o no t  suppor t  th e hypothesi s tha t  DetH i  prefe r  visua l 
ove r  verbal .  O n th e contrary ,  DetL o subjects '  favourin g o f 
Fullassum e ove r  assum e confirm s tha t  the y ar e no t  'stagers' : 
i n a  sense ,  i t  i s the y w h o exhibi t  a  preferenc e fo r  th e graphica l 
modality .  B y contrast ,  DetH i  subjects '  us e o f  assum e indica -
te s gradua l  additio n o f  informatio n t o th e graphica l  windo w 
pane ,  eithe r  b y assumption ,  o r  b y transfe r  fro m th e sententia l 
pan e (vi a Apply) .  Th e differenc e seem s t o b e tha t  th e DetH i 
grou p operat e ove r  th e graphica l  situations ,  frequentl y usin g 
a graphi c a s inpu t  t o furthe r  stage s o f  proo f  construction .  Th e 
DetLo ,  o n th e othe r  hand ,  see m jus t  t o outpu t  graphics ,  with -
out  subsequentl y usin g them . 

Tabl e 3 :  Occurrence s o f  Assume ,  Apply ,  an d Observe . 

R U LE 

assume 
Fullassum e 

Appl y 
Observ e 

frequenc y pe r  grou p 
DetH i 

143 
22 2 
61 
27 

\  DetL o 
62 
186 
24 
9 

frequenc y pe r  subjec t 
DetH i 

11 
17 

4. 7 
2. 1 

DetL o 
6. 9 

20. 7 
2. 7 

1 
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I n addition .  Tabl e 3  indicate s tha t  DetH i  subject s mak e mor e 
use o f  rule s tha t  transfe r  informatio n betwee n th e modahties . 
DetH i  mak e th e bigra m assum e Appl y a  significan t  componen t 
of  al l  thei r  proofs ,  an d us e i t  mor e frequentl y tha n DetLo :  4 4 
time s t o jus t  7 .  B y contrast ,  DetL o exhibi t  a  tendenc y t o 
invok e Appl y a s th e first  rul e i n thei r  proof s (givin g ris e t o 
th e bigra m Give n Apply) .  Subsequen t  interactio n betwee n th e 
modalitie s i s thereb y reduced ,  wit h cas e constructio n bein g 
performe d onl y withi n th e graphica l  window . 

Thus ,  DetH i  subject s d o no t  sho w a  simpl e preferenc e fo r 
th e visual-graphica l  modality .  Rather ,  wha t  distinguishe s th e 
DetH i  subject s i s thei r  greate r  tendenc y t o translat e betwee n 
graphica l  an d sententia l  modalitie s i n bot h directions . 

Perhaps ,  a s Monagha n (1995 )  ha s suggested ,  th e indivi -
dua l  difference s betwee n subject s migh t  b e bette r  capture d 
by tw o o r  mor e cognitiv e styl e dimensions .  Ther e may ,  fo r 
example ,  b e a n interactio n betwee n individuals '  processin g 
styl e an d th e preference s tha t  the y m a y exhibi t  fo r  informa -
tio n representation .  O n e promisin g candidat e fo r  th e secon d 
facto r  i s th e field-dependence  an d field-independence  dimen -
sion .  Field-independen t  individual s hav e bee n foun d t o prefe r 
mor e forma l  method s o f  insUTJCtion ,  t o rel y mor e upo n inter -
nal  frame s o f  reference ,  an d t o perfor m bette r  o n task s tha t 
requir e cognitiv e re-structuring .  The y als o see m bette r  abl e 
tha n field-dependents  t o represen t  concepts  analyticall y rathe r 
tha n takin g o n idea s a s presente d (Jonasse n an d Grabowski , 
1993 ;  Witki n an d Goodenough ,  1981) .  So ,  DetH i  individu -
al s migh t  wel l  b e mor e field  independent—bu t  w e shoul d no t 
immediatel y conclud e tha t  th e difference s ar e purel y repre -
sentational ,  a s oppose d t o operational . 

Anothe r  possibilit y  i s  tha t  DetH i  subject s m a y jus t  hav e 
highe r  level s o f  expertise .  Researc h i n th e physic s domai n 
(suc h a s Chi ,  Feltovic h an d Glaser ,  1981 ;  Larkin ,  McDer -
mott ,  Simo n an d Simon ,  1980 )  ha s show n tha t  expertis e i s 
characterise d b y greate r  domai n knowledge ,  wit h a n abilit y 
t o classif y problem s accordin g t o dee p structur e an d physica l 
principles ,  wherea s novice s ten d t o classif y problem s o n th e 
basi s o f  surfac e features .  Expert s als o ten d t o spen d mor e 
tim e tha n novice s o n analysin g an d understandin g problems , 
but  produc e faste r  solutions .  Workin g forwar d i s typica l  o f 
experts ,  wherea s novice s ten d t o wor k backwards . 

An accoun t  o f  th e difference s i n term s o f  expertis e seem s 
implausible ,  however ,  fo r  a t  leas t  tw o reasons .  First ,  subject s 
i n bot h group s receive d equa l  exposur e t o Hyperproo f  an d i t 
i s  difficul t  t o se e h o w th e DetH i  coul d hav e acquire d mor e 
domai n knowledg e tha n th e DetLo .  Secondly ,  th e expertis e 
literatur e woul d predic t  tha t  DetH i  produc e faste r  solutions . 
However ,  th e tw o group s di d no t  diffe r  significantl y  i n term s o f 
solutio n time s o n an y o f  th e fou r  Hyperproo f  exa m questions . 

Traditiona l  psychometri c approache s t o th e measuremen t 
of  cognitiv e an d learnin g style s contribut e detaile d an d usefu l 
characterisatio n o f  huma n behaviour ,  bu t  a t  th e leve l  o f  de -
scriptio n an d taxonomy .  Micro-analyse s o f  process ,  o f  rul e 
usag e patterns ,  i s a  methodolog y tha t  promise s t o exten d suc h 
account s an d i s on e tha t  w e expec t  t o pursue .  Th e nex t  phas e 
wil l  involv e th e buildin g o f  computationa l  models ,  testin g th e 
theoreticall y importan t  paramete r  o f  abstractio n ability .  Thi s 
approac h shoul d m a k e a  usefu l  contributio n t o th e develop -
ment  o f  a  cognitiv e characterisatio n o f  jus t  wha t  i t  mean s i n 
computationa l  term s t o b e a  'verbal *  o r  'visual '  thinker . 
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Abstrac t 

This paper proposes that a novel form of cognitive analysis 
fo r  diagrammati c representation s i s i n term s o f  th e functiona l 
role s tha t  the y ca n pla y i n proble m solving .  Functiona l  role s 
ar e capacitie s o r  feature s tha t  a  diagra m ma y possess ,  whic h 
can suppor t  particula r  form s o f  reasonin g o r  specifi c  proble m 
solvin g tasks .  A  perso n ma y exploi t  severa l  functiona l  role s 
of  a  singl e diagra m i n on e problem .  A  doze n functiona l  role s 
hav e bee n identified ,  whic h ca n b e considere d a s a  framewor k 
t o bridg e th e gul f  betwee n (i )  studie s o f  th e propertie s o f 
diagram s i n themselve s an d (ii )  investigation s o f  huma n 
reasonin g an d proble m solvin g wit h diagrammati c representa -
tions .  Th e utilit y  o f  th e framewor k i s demonstrate d b y 
examinin g ho w th e functiona l  role s ca n explai n wh y certai n 
diagram s facilitat e proble m solvin g i n thermodynamics .  Th e 
thermodynamic s diagram s ar e interesting ,  i n themselves ,  a s 
example s o f  comple x cognitiv e artefact s tha t  suppor t  a  variet y 
of  sophisticate d form s o f  reasoning . 

Introduction 

Work on the nature and use of diagrammatic representations 
i n cognitiv e scienc e an d relate d field s ca n b e roughl y 
divide d int o tw o quit e genera l  approaches .  First ,  ther e i s 
empirica l  an d computationa l  modellin g wor k tha t  examine s 
cognitiv e processe s involve d i n reasonin g wit h diagrams . 
For  instance ,  Larki n &  Simo n (1987 )  demonstrate d tha t 
diagram s ca n (sometimes )  b e mor e effectiv e tha n informa -
tionall y equivalen t  sententia l  representation s fo r  proble m 
solving .  Koedinge r  an d Anderso n (1990 )  hav e show n tha t 
exper t  knowledg e i n s o m e domain s m a y us e diagram s 
encode d i n perceptua l  chunks ,  o r  diagrammati c configura -
tio n schema .  Chen g (Chen g &  Simon ,  1995 ;  Cheng ,  i n 
press )  ha s suggeste d tha t  diagram s m a y hav e ha d a 
significan t  rol e i n s o m e importan t  historica l  episode s o f 
scientifi c  discoveries .  (Se e Kulpa ,  1994 ,  fo r  furthe r 
examples. )  Th e secon d approac h involve s th e theoretica l 
and empirica l  stud y o f  th e propertie s o f  diagram s i n 
themselves ,  withou t  specia l  regar d t o th e proble m solvin g 
context s i n whic h the y m a y b e found .  Fo r  instance ,  Berti n 
(1981 )  provide s a  taxonom y o f  graphica l  object s an d thei r 
relations .  B y askin g subject s t o ran k diagram s o n a  numbe r 
of  dimensions ,  Lohs e e t  al .  (1994 )  hav e obtaine d a 
taxonom y o f  visua l  representations .  (Se e Wickens ,  1992 , 

fo r  furthe r  examples. ) 
However ,  ther e i s a  nee d fo r  wor k i n th e middl e groun d 

betwee n th e tw o approaches ,  whic h attempt s t o giv e s o m e 
understandin g o f  h o w propertie s o f  diagram s ar e relate d t o 
th e cognitiv e processe s embedde d i n differen t  diagrammati c 
representations .  Diagram s ar e no t  a  homogenou s clas s o f 
representations ,  bu t  hav e divers e format s an d uses .  M a n y 
studie s o f  diagram s fro m a  cognitiv e perspectiv e hav e 
tende d t o focu s o n a  particula r  typ e o f  diagra m fo r  on e kin d 
of  problem ,  a s i n som e o f  example s mentione d above .  A s 
yet ,  ther e i s n o systemati c wa y t o judg e whethe r  particula r 
findings  fo r  on e typ e o f  diagra m ar e applicabl e t o othe r 
diagrammati c formats ,  withou t  merel y repeatin g th e studie s 
wit h thos e formats . 

For  example ,  Larki n an d Simon' s (1987 )  semina l  wor k 
analyse d th e computationa l  benefi t  o f  diagrammati c versu s 
sententia l  representations ,  comparin g representation s tha t 
ar e informationall y equivalent ;  informatio n i n on e represen -
tatio n ca n b e directl y translate d o r  mappe d int o th e other . 
However ,  i n rea l  proble m domain s th e availabl e alternativ e 
representation s ar e rarel y equivalen t  i n thi s sense .  So ,  a n 
alternativ e wa y t o analys e aspect s o f  differen t  representa -
tion s m a y b e useful ,  servin g a s a  basi s fo r  comparison s an d 
t o explai n difference s betwee n diagrams .  Give n a  particula r 
domai n an d som e characterizatio n o f  diagrams ,  h o w ca n w e 
determin e wha t  wil l  b e usefu l  an d effectiv e diagram s fo r 
particula r  problems ? T h e desig n o f  diagrammati c 
representation s i s a n issu e i n cognitiv e scienc e an d relate d 
fields,  suc h a s learnin g an d instruction ,  progra m visual -
ization ,  an d huma n compute r  interaction . 

Ther e ar e m a n y way s i n whic h comple x phenomen a o r 
artefact s ca n b e decomposed ,  wit h differen t  unit s o f  analysi s 
givin g insight s o n differen t  levels .  Previou s studie s o f  th e 
propertie s o f  diagram s hav e tende d t o focu s o n eithe r  (i ) 
whol e diagram s (e.g. ,  Lohs e e t  a l ,  1994 )  o r  (ii )  o n dia -
grammati c element s (lines ,  angles ;  e.g. ,  Bertin ,  1981) . 
Here ,  th e propertie s o f  diagram s wil l  b e considere d a t  a n 
intermediat e leve l  tha t  i s  m o r e directl y suite d t o 
consideration s o f  th e form s o f  informatio n processin g tha t 
m ay b e don e wit h them . 

Functiona l  role s o f  diagram s wil l  b e th e unit s o f  analysis . 
The y ar e capacitie s o r  feature s tha t  diagram s m a y have , 
whic h suppor t  particula r  form s o f  reasonin g o r  specifi c 
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proble m solvin g tasks ,  b y makin g relevan t  informatio n 
availabl e t o reasoner s wit h littl e symboli c computatio n an d 
onl y mino r  addition s o r  change s (i f  any )  t o th e diagram s 
themselves .  Differen t  functiona l  role s mak e differen t  kind s 
of  informatio n readil y accessible . 

A perso n m a y exploi t  severa l  functiona l  role s o f  a  singl e 
diagra m i n on e problem ,  o r  m a y us e alternat e one s i n 
differen t  problems .  Th e role s ar e distinc t  bu t  ar e naturall y 
dependen t  o n eac h other .  The y shoul d hav e a  familia r  feel , 
eve n thoug h the y m a y no t  hav e bee n explicitl y  recognise d 
before .  A  doze n functiona l  role s hav e bee n identifie d an d 
constitut e a  framewor k linkin g propertie s o f  diagram s t o 
cognitiv e processes ,  whic h begin s t o addres s th e proble m o f 
h o w t o desig n effectiv e diagram s fo r  particula r  proble m 
domains . 

Th e paf)e r  ha s thre e mai n sections .  I n th e firs t  sectio n a 
doze n role s o f  diagram s ar e described .  I n th e followin g 
sectio n th e framewor k i s use d t o explai n th e occurrenc e o f 
particula r  diagram s i n thermodynamic s t o illustrat e th e 
functiona l  role s an d t o begi n t o demonstrat e th e utilit y  o f  th e 
framework .  Th e fina l  discussio n sectio n consider s som e 
implication s o f  th e framework . 

Functional Roles of Diagrams 

The following list of functional roles was compiled by 
examinin g m a n y diagram s fro m a  variet y o f  domain s 
(engineering ,  physica l  science ,  socia l  science ,  an d 
medicine) .  Source s included :  collection s o f  diagrams ,  tex t 
books ,  instructio n manuals ,  publishe d papers ,  desig n plans , 
and laborator y not e books .  S o m e diagram s hav e multipl e 
functiona l  roles .  Th e type s o f  informatio n processin g asso -
ciate d wit h eac h diagra m wa s studied ,  an d 1 2 functiona l 
role s wer e identifie d (althoug h n o clai m i s mad e abou t  th e 
completenes s o f  thi s  list) . 

Fl Showing spatial structure and organization. A func-
tiona l  rol e o f  som e diagram s i s t o depic t  th e spatia l  feature s 
of  object s an d th e arrangemen t  o f  thei r  components ,  wit h 
some fidelity .  Suc h diagram s hav e clos e spatia l  mapping s 
fro m th e shap e an d locatio n o f  targe t  object s t o th e shap e 
and positio n o f  symbol s representin g them .  Capturin g spa -
tia l  structur e i s a n importan t  functio n o f  engineerin g an d 
architectura l  drawing s o r  "blu e prints" .  Suc h drawing s sho w 
loca l  an d globa l  structur e o f  object s symbolically ,  rathe r 
tha n pictorially .  Detail s hidde n b y intervenin g materia l  ma y 
be show n b y cut-awa y section s an d symboli c convention s 
use d t o hid e unnecessar y detai l  o r  provid e extr a informatio n 
(e.g. ,  centr e lines) . 

F2 Capturing physical relations. Diagrams can be used 
t o highligh t  selecte d physica l  relation s tha t  ar e o f  impor -
tanc e i n a  targe t  domain ,  withou t  showin g th e spatia l 
structur e o f  object s an d th e spatia l  relation s amon g thei r 

Figur e 1 :  Towe r  o f  Hanoi . 

components .  I n schemati c diagram s o f  electrica l  circuits , 
fo r  instance ,  th e inter-connectivit y an d sequenc e o f  th e 
component s i s shown ,  bu t  th e locatio n o f  symbol s i n th e 
diagra m ma y bea r  littl e relatio n t o th e physica l  locatio n o f 
th e component s o n th e circui t  board . 

F3 Showing physical assembly. A functional role of some 
diagram s i s t o sho w h o w a n objec t  i s  physicall y assemble d 
fro m components ;  wha t  part s ther e ar e an d ho w the y g o 
together .  Thi s ma y b e achieve d b y explicitl y  showin g a 
serie s o f  subassemblie s o r  depictin g th e objec t  a s i f  i t  ha d 
bee n systematicall y dismantled .  Showin g subassemblie s i s 
c o m m on i n engineerin g "blu e prints "  an d ofte n use d i n 
instructio n manual s fo r  constructio n toy s (e.g. .  Lego , 
Mechano) .  Wher e suc h diagram s provid e informatio n abou t 
th e orde r  o f  assembl y the y ar e als o depictin g a  proces s (se e 
F8) . 

F4 Defining and distinguishing variables, terms and 
components .  S o m e diagram s ar e use d t o defin e o r  identif y 
components ,  variable s an d feature s pertainin g t o a  targe t 
domain .  Writte n label s m a y b e use d t o nam e o r  specif y 
particula r  component s o r  features .  Diagrammati c element s 
m ay themselve s b e specia l  symbols ,  whic h hav e conven-
tiona l  meaning s i n particula r  domains ,  suc h a s th e 
componen t  symbol s i n electrica l  circui t  diagrams . 

F5 Displaying values. A function of some diagrams is to 
depic t  value s o f  variable s i n a  manne r  tha t  facilitie s qualita -
tiv e an d quantitativ e reasonin g abou t  them ,  usuall y i n th e 
for m o f  comparisons .  Ofte n standar d format s o r  referenc e 
system s wil l  b e used ,  suc h a s Cartesia n graphs ,  histogram s 
and pi e charts .  Proble m solver s us e thei r  knowledg e o f  th e 
convention s governin g th e format s whe n reasoning . 

F6 Depicting states. Some diagrams depict the state a 
system ,  withou t  specia l  referenc e t o transition s fro m on e 
stat e t o another .  Fo r  example ,  som e operatin g manual s fo r 
electroni c equipmen t  includ e schemati c diagram s o f  factor y 
set  position s o f  interna l  (DIP )  switches .  B y comparin g th e 
diagra m t o th e actua l  switches ,  w e ca n se e whethe r  th e 
equipmen t  i s i n it s defaul t  state .  Weathe r  chart s hav e th e 
depictio n o f  state s a s on e o f  thei r  mai n functions .  Figur e 1 
shows a  familia r  diagram ,  a  singl e stat e o f  th e Towe r  o f 
Hanoi  problem . 
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F7 Depictin g stat e spaces .  A  functiona l  rol e o f  som e dia -
grams ,  whic h logicall y follow s th e previou s one ,  i s th e 
depictio n o f  stat e space s (bu t  no t  necessaril y  proble m 
spaces) .  Thes e diagram s hav e severa l  component s depictin g 
tw o o r  mor e states ,  wit h adjacen t  component s normall y 
representin g closel y relate d states .  Th e Periodi c tabl e o f 
chemica l  element s i s a n example .  Eac h elemen t  ma y b e 
considere d a s a n individua l  state ,  wit h it s horizonta l  an d 
vertica l  positio n bein g meaningfu l  i n chemica l  terms .  Th e 
transitio n stat e spac e fo r  th e 3-dis c Towe r  o f  Hano i  proble m 
i s show n i n Figur e 2 .  Eac h nod e represent s on e state ;  a t  th e 
corner s al l  th e disc s ar e o n on e o f  th e pegs .  Th e line s 
represen t  lega l  tfansitions  betwee n states ;  on e dis c move d 
betwee n pegs . 

F8 Encoding temporal sequences and processes. 
Diagram s m a y illustrat e th e tempora l  orde r  o r  flo w o f  a 
process ,  b y depictin g state s an d th e change s t o thos e states . 
Some o f  th e way s thi s i s  don e are :  (i )  placin g diagrammati c 
element s i n an  ordere d sequence ;  (ii )  usin g arrow s t o sho w 
progres s o r  movement ;  and ,  (iii )  havin g contour s labelle d 
wit h tim e increments . 

One purpos e o f  thi s functiona l  rol e i s t o provid e som e 
kinestheti c sens e o f  th e processe s bein g depicted ,  perhap s a s 
an ai d t o generatin g a  menta l  model .  Th e pat h o f  a  particu -
la r  proble m solve r  throug h th e proble m spac e o f  th e Towe r 
of  Hano i  ca n b e show n b y addin g arrow s o r  numberin g th e 
link s i n Figur e 2 . 

F9 Abstracting process flow and control. A functional 
rol e o f  som e diagram s i s t o abstractl y represen t  th e flo w o f 
comple x non-linea r  processes .  Suc h processe s m a y includ e 
cycles ,  iterativ e loops ,  contingen t  branchin g an d paralle l 
tasks .  Thes e diagram s us e conventiona l  symbol s (icons )  t o 
represen t  proces s stage s withou t  depictin g th e state s them -
selves . 

Traditiona l  compute r  progra m dat a flo w diagram s hav e 
thi s a s on e o f  thei r  mai n functions .  Differen t  processe s ar e 
named an d thos e o f  simila r  typ e shar e th e sam e symbo l 
shape ;  fo r  example ,  diamond s t o depic t  decisions .  Th e flo w 
of  informatio n i s shown ,  bu t  th e stat e o f  th e informatio n i s 
not  usuall y depicted .  Gant t  chart s perfor m a  simila r  func -
tio n b y namin g stage s an d showin g th e orde r  an d depen -
denc y o f  processes . 

Figur e 2  A  stat e space . 

FI O Capturin g laws .  A  functiona l  rol e o f  som e diagram s 
i s t o captur e a  la w b y th e mean s o f  it s  interna l  structure , 
suc h tha t  th e diagra m doe s no t  merel y displa y value s o f 
variables ,  bu t  embodie s th e law .  Fo r  example ,  i n physics , 
th e resultan t  o f  tw o force s actin g a t  a  poin t  m a y b e foun d b y 
constructin g a  parallelogra m (tw o adjacen t  side s represen t 
th e give n forces ,  an d th e lin e fro m th e give n poin t  t o th e 
opposit e come r  provide s th e resultan t  force) .  Suc h diagram s 
capture ,  an d happe n t o operationalize ,  vecto r  addition . 

Capturin g law s i s on e o f  th e distinguishin g characteristic s 
of  L a w Encodin g Diagrams ,  L E D s ,  (Cheng .  1994 ,  1995) . 
L E Ds hav e geometric ,  spatia l  o r  topologica l  constraint s tha t 
gover n thei r  structure ,  suc h tha t  th e for m o f  th e diagra m i s 
alway s consisten t  wit h th e targe t  law s o f  a  domain . 

Fll Doing computations. Computations can to be done di-
rectl y usin g th e structur e o f  som e diagrams .  Th e prim e 
exampl e fo r  numerica l  calculation s ar e nomograms ,  whic h 
ar e closel y relate d t o slide-rules .  L a w Encodin g Diagram s 
als o allo w computation s t o b e mad e usin g thei r  structure . 

F12 Computation sequencing. Diagrams can help organ-
ise ,  pla n an d trac k comple x sequence s o f  computations.  Fo r 
example ,  whe n doin g numerica l  integration ,  sa y b y th e 
Simpson' s method ,  a  diagra m ca n b e use d t o explai n w h y 
th e calculatio n take s th e for m tha t  i s  does .  Tabachneck , 
Leonard o an d Simo n (1994 )  describ e h o w an  exper t  i n eco -
nomic s use d a  grap h a s a  plac e holde r  durin g reasonin g an d 
as a  summary . 

The twelv e functiona l  role s hav e bee n describe d an d brie f 
example s given .  Th e nex t  sectio n provide s a  singl e inte -
grate d exampl e coverin g mos t  o f  th e functiona l  roles . 

Diagrams in Thermodynamics 

To demonstrate the use of the proposed framework and to 
furthe r  clarif y som e o f  th e functiona l  roles ,  thi s sectio n 
consider s diagram s foun d i n thermodynamics .  Th e domai n 
was chose n becaus e i t  ha s comple x diagram s tha t  ar e o f 
interes t  i n thei r  o w n right ,  whic h proble m solver s us e i n 
sophisticate d ways .  Th e diagram s m a y b e considere d a s 
cognitiv e artefacts ,  whic h hav e evolve d ove r  th e histor y o f 
th e field  a s effectiv e cognitiv e tool s fo r  proble m solving . 

Diagram s i n thermodynamic s text s ar e mainl y o f  tw o 
kinds :  (i )  componen t  diagrams ,  whic h sho w th e structur e o f 
particula r  piece s o f  equipmen t  o r  th e part s o f  a  plant ;  and , 
(ii )  propert y diagrams ,  whic h ar e graph s showin g th e 
thermodynami c propertie s o f  th e flui d i n th e plant .  Figure s 
3a an d 3 b ar e typica l  examples .  A n interestin g observatio n 
regardin g thes e diagram s i s thei r  occurrenc e i n complemen -
tar y pair s whe n comple x hea t  engin e cycle s o r  refrigeratio n 
cycle s ar e bein g considered .  I n othe r  circumstance s the y 
ten d t o b e foun d alone .  Figure s 3 a an d 3 b ar e suc h a  pai r  fo r 
a particula r  stea m powe r  cycle .  Th e diagram s ar e use d t o 
explai n th e operatio n o f  th e cycl e an d t o solv e problems , 
suc h a s determinin g th e powe r  outpu t  an d efficienc y o f  a 
stea m plant ,  give n a  fe w fixed  values . 

Roger s an d M a y h e w (1980 )  i s a  popula r  standar d 
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Figure 3a: Steam Plant Component Diagram. Figur e 3b :  Stea m Cycl e Propert y Diagram . 

undergraduat e tex t  i n thermodynamic s ( a fourt h editio n wa s 
publishe d i n 1992) .  I t  ha s thre e chapter s o n comple x powe r 
an d refrigeratio n cycles ,  i n whic h 2 3 o f  th e 5 6 (41% ) 
diagram s ar e complementar y pair s o f  componen t  an d 
propert y diagrams .  T h e res t  o f  th e boo k (2 4 chapters ) 
contain s nearl y 20 0 diagrams ,  bu t  fewe r  tha n 1 0 ( < 5 % )  ar e 
complementar y pairs .  Further ,  observation s o f  experience d 
instructors ,  exper t  i n thermodynamic s proble m solving , 
showe d tha t  the y usuall y dra w complementar y pair s o f 
diagram s a s th e first  ste p w h e n solvin g problem s o f  thi s 
kind .  Clearly ,  som e benefi t  i s  gaine d b y usin g th e comple -
mentar y pai r  o f  diagram s i n proble m solvin g o n comple x 
thermodynami c cycles . 

Explanation s o f  th e benefit s tha t  proble m solver s gai n b y 
usin g thes e diagram s ca n b e give n i n term s o f  existin g 
theorie s o r  hypotheses .  Fo r  example ,  Larki n an d Simo n 
(1987 )  hav e show n h o w diagram s simila r  t o th e componen t 
diagra m ca n hel p i n th e processe s o f  searc h an d recognitio n 
durin g proble m solving .  Similarly ,  i t  i s  conceivabl e tha t 
expert s m a y hav e perceptua l  schema s fo r  differen t  part s o f 
propert y diagrams ,  i n th e for m o f  diagrammati c configura -
tio n schema s (Koedinge r  an d Anderson ,  1990) .  However , 
thes e theorie s ar e no t  wel l  suited ,  no r  intended ,  t o explai n 
phenomen a lik e th e complementar y diagra m pair s i n ther -
modynamics . 

T h e functiona l  role s framewor k provide s a n analysi s o f  a 
differen t  kind ,  whic h i s m o r e suite d t o explainin g th e 
diagra m pair s phenomen a — th e tw o diagram s hav e differ -
ent  bu t  complementar y set s o f  functiona l  roles .  F ro m in -
forma l  observation s o f  exper t  proble m solver s i n thermo -
dynamic s workin g o n a  rang e o f  differen t  problems ,  an d 
fro m th e stud y o f  worke d example s fro m thermodynamic s 
texts ,  th e functiona l  role s possesse d b y th e tw o kind s o f 
diagram s wer e identified .  Bot h th e componen t  diagra m an d 
th e propert y diagram ,  Figur e 3 ,  identif y an d defin e thing s 
tha t  ar e importan t  fo r  proble m solvin g (functio n F4) .  Th e 
plan t  diagra m use s label s an d conventiona l  symbol s t o 
indicat e wha t  item s ar e par t  o f  th e plant ;  e.g. ,  th e p u m p i s a 
circl e wit h line s representin g it s inle t  an d outlet .  Location s 

of  propertie s o f  interes t  ar e indicate d b y th e diagram ;  fo r 
instanc e W 2 3 i s th e powe r  outpu t  o f  th e turbin e an d Q5 2 i s 
th e hea t  neede d t o chang e th e wate r  t o stea m i n th e boiler . 

Th e propert y diagra m i s a  Cartesia n graph ,  wit h tem -
peratur e (T )  an d entrop y (s )  o n th e ordinat e an d abscissa , 
respectively .  Th e "bell "  curv e show s th e boundar y betwee n 
differen t  phase s o f  wate r  an d i s k n o w n a s th e saturatio n 
curve .  T o it s lef t  th e wate r  i s liquid .  T o it s righ t  th e wate r 
i s  a  vapour .  Unde r  th e curv e th e wate r  i s  a  mixtur e o f  liqui d 
an d vapour .  Thi s i s basi c backgroun d knowledg e fo r 
proble m solver s i n thi s domain .  Th e number s i n th e 
diagra m indicat e point s i n th e cycl e correspondin g t o th e 
numbere d location s i n th e componen t  diagram ,  whic h i s th e 
onl y direc t  mean s tha t  proble m solver s hav e o f  interrelatin g 
th e tw o diagrams .  Ther e i s n o '1 '  i n th e componen t 
diagram ,  becaus e ther e i s n o uniqu e locatio n i n th e boile r 
tha t  ha s propertie s correspondin g t o tha t  poin t  i n th e 
propert y diagram .  Th e line s betwee n numbere d point s i n 
th e propert y diagram s ar e change s tha t  occu r  withi n th e 
component s o f  th e plant . 

Th e componen t  diagra m show s h o w th e part s o f  th e stea m 
plan t  ar e physicall y connecte d (F2 )  (bu t  doe s no t  sho w no t 
tru e spatia l  locations ,  F l ) .  A n importan t  functio n o f  th e 
propert y diagra m i s t o sho w th e value s o f  th e temperatur e 
and entrop y aroun d th e cycl e (F5) .  Thi s define s th e thermo -
dynami c characte r  o f  cycl e an d allow s comparison s t o b e 
made;  fo r  exampl e T j  = T 2 an d S2=S3 .  Th e propert y diagra m 
m ay als o b e considere d a s a  depictin g on e o f  man y possibl e 
State s (F6) ,  othe r  state s bein g alternativ e cycle s tha t  hav e 
differen t  shape s i n th e T- s space .  Th e componen t  diagra m 
aid s visualizatio n o f  th e proces s (F8) ,  showin g th e directio n 
of  flow  o f  th e fluid  aroun d th e circui t  an d th e exchange s o f 
hea t  an d wor k t o an d fro m th e system .  Th e propert y 
diagra m als o support s visualization ,  bu t  i n term s o f  th e 
thermodynami c propertie s o f  th e syste m an d wit h regar d t o 
th e physica l  state s o f  th e fluid  i n th e cycl e (usin g th e 
saturatio n curve) . 

Th e developmen t  o f  temperatur e an d entrop y graph s i n 

210 



thermodynamic s i s significant ,  becaus e the y capture s som e 
usefu l  law s i n diagrammati c for m (FIO) .  (Pressure-volum e 
graph s ar e mor e easil y conceptualize d bu t  the y ar e les s 
usefu l  i n proble m solving. )  I n T- s graphs ,  th e are a directl y 
unde r  an y curv e (t o th e s  axis )  represent s a  quantit y o f  heat ; 
fo r  example ,  th e are a unde r  line3 4 i s th e hea t  los t  i n th e 
condenser ;  tha t  i s  Q 3 4 i n th e componen t  diagram .  Similarly , 
th e siz e o f  th e are a enclose d b y a  loo p o r  cycle ,  suc h a s 
loo p 1234 5 i n Figur e 3b ,  indicate s th e ne t  amoun t  o f  hea t 
receive d b y th e system ,  an d henc e fro m th e first  la w o f 
thermodynamics ,  th e are a represent s th e ne t  amoun t  o f 
mechanica l  energ y produce d b y th e system .  Th e directio n 
of  cycl e i s significant ;  clockwis e mean s th e syste m produce s 
usefu l  power ,  an d anti-clockwis e mean s tha t  i t  consume s 
energ y (refrigerators) .  Becaus e th e propert y grap h capture s 
thes e importan t  relation s i n a  simpl e diagrammati c fashion , 
th e grap h i s a  usefu l  mode l  fo r  proble m solving .  Fo r  exam -
ple ,  a  proble m solve r  ca n visualiz e h o w t o increas e th e 
power  outpu t  o f  th e cycl e b y increasin g th e enclose d area , 
withou t  changin g it s  shape .  Thi s ma y b e don e b y increasin g 
bot h T ]  an d T 2 o r  reducin g bot h T 3 an d T4 ,  bu t  no t  b y 
independentl y increasin g S 3 (a s i t  woul d n o longe r  equa l  S2) . 

Further ,  i t  i s  possibl e t o d o calculation s wit h th e propert y 
grap h (F l  1) .  W h e n calculatin g th e outpu t  condition s o f  th e 
turbine ,  poin t  3 ,  i t  i s  necessar y t o kno w h o w muc h o f  th e 
flui d i s vapou r  an d ho w muc h i s liquid ,  th e drynes s fraction . 
Thi s ca n b e foun d fro m th e length s o f  line4 3 an d line4g . 
The rati o o f  thei r  respectiv e length s equal s th e drynes s 
fractio n (becaus e o f  it s  definitio n wit h respec t  t o change s i n 
entropy) .  A t  poin t  4  th e fractio n i s zer o (al l  liquid )  an d a t  3 
th e fractio n i s approximatel y 0. 8 (largel y vapour) .  Th e 
propert y diagra m allow s perceptua l  inference s t o b e mad e 
abou t  th e equalit y o f  m a n y o f  th e variables ,  becaus e th e 
cycl e i s represente d b y severa l  vertica l  an d horizonta l  lines . 
For  example ,  give n T 2 th e valu e o f  S 2 ca n b e foun d fro m 
standar d stea m tables ,  becaus e poin t  2  i s o n th e saturatio n 
line .  The n b y inspectio n w e se e tha t  S 3 equal s S2 .  Knowin g 
th e drynes s fraction ,  th e temperatur e T 4 ca n b e foun d b y 
calculatio n an d henc e T 3 i s known .  Thi s sequenc e o f  infer -
ence s als o illustrate s h o w th e propert y diagra m ca n b e use d 
t o hel p pla n an d execut e a  serie s o f  computation s (F12) . 

I n thi s example ,  th e componen t  diagra m an d propert y 
diagra m share d fe w functiona l  roles ,  an d whe n the y di d the y 
involve d differen t  set s o f  information .  Thus ,  a  possibl e 
explanatio n o f  w h y bot h diagram s ar e neede d fo r  effectiv e 
proble m solving ,  o n comple x thermodynami c cycles ,  i s  tha t 
betwee n the m the y suppor t  a  broa d rang e o f  th e kind s o f 
problem s solvin g task s tha t  ar e required . 

Discussion 

The concept of functional roles and the identifying of actual 
function s show s tha t  ther e ma y b e a  usefu l  leve l  o f  analysi s 
of  th e propertie s o f  diagram s tha t  fall s  betwee n genera l 
characterisation s o f  whol e diagram s an d analyse s o f  th e 
propertie s o f  elementar y diagrammati c components . 
Differen t  combination s o f  functiona l  role s wil l  determin e 

th e overal l  characte r  o f  a  diagram ,  b y makin g differen t  kind s 
of  informatio n mor e readil y accessible ;  a s see n i n th e tw o 
thermodynami c diagrams .  Thi s final  sectio n o f  th e pape r 
consider s issue s raise d b y th e functiona l  role s framework , 
beginnin g wit h th e mor e specifi c  questions . 

The nex t  stag e i n thi s researc h wil l  b e t o appl y th e frame -
wor k t o a n interestin g clas s o f  diagrams .  L a w Encodin g 
Diagrams ,  whic h appea r  t o b e effectiv e representation s fo r 
some form s o f  proble m solvin g an d fo r  learnin g (Cheng , 
1994 ,  1995 ,  1996 ,  i n press) .  A  possibl e explanatio n o f  thei r 
advantag e i s tha t  the y manag e t o combin e m a n y functiona l 
role s i n a  singl e diagram . 

I t  wil l  b e interestin g t o stud y whethe r  expert s exploi t 
mor e o f  th e availabl e functiona l  role s o f  diagram s tha n 
novices .  Larki n an d Simo n (1987 )  conside r  a  pulle y syste m 
problem ,  i n whic h th e diagra m o f  th e physica l  arrangemen t 
of  th e syste m provide s usefu l  locationa l  informatio n fo r 
proble m solving .  Thi s i s appear s t o b e a  facto r  tha t  under -
pin s bot h th e functiona l  role s o f  depictin g physica l  relations , 
F2 ,  an d sequencin g computations ,  F12 .  Althoug h Larki n 
and Simon' s computatio n model s d o no t  dea l  wit h learning , 
i t  i s  th e cas e tha t  a s proble m solver s becom e mor e experi -
ence d o n pulle y problems ,  the y ca n solv e the m b y inspect -
in g th e diagra m withou t  recours e t o writte n calculations . 
Thi s migh t  b e explaine d b y hypothesizin g tha t  the y hav e 
learne d tha t  diagram s o f  pulle y sub-assemblie s captur e a 
specifi c  versio n o f  th e leve r  law ,  perhap s i n th e for m o f  a 
diagrammati c configuratio n schem a (Koedinge r  & 
Anderson ,  1990) .  Thi s mor e expert-lik e us e o f  th e diagra m 
coul d b e see n i n terms  o f  exploitin g th e functiona l  rol e o f 
capturin g law s b y mean s o f  th e structur e o f  th e diagram , 
FIO .  Detaile d stud y o f  exper t  versu s novic e proble m solv -
in g i n thermodynamic s woul d b e a  suitabl e plac e t o begi n 
th e examinatio n o f  thi s issue . 

Wicken s (1992 )  effectivel y demonstrate s th e nee d fo r 
compatibilit y  betwee n visua l  display s o f  informatio n wit h 
proble m solvers '  menta l  models ;  a n importan t  issu e fo r 
human compute r  interaction .  Th e framewor k o f  functiona l 
role s ma y b e considere d a s providin g a  furthe r  compatibilit y 
dimensio n fo r  th e desig n o f  suc h displays .  A  diagra m o r 
displa y ha s greate r  compatibility ,  i n terms  o f  th e framework , 
when mor e o f  th e proble m solvin g task s ar e directl y 
supporte d b y functiona l  role s o f  th e diagram(s )  bein g used . 
I n th e thermodynamic s example ,  i f  eithe r  diagra m wer e 
absent ,  i t  i s  likel y tha t  th e solution s t o problem s woul d b e 
harder ,  becaus e ther e i s les s informatio n availabl e t o con -
strai n proble m solver s menta l  model s o f  processe s tha t  ar e 
happenin g i n th e plant . 

The effectivenes s o f  a  diagra m fo r  a  particula r  functiona l 
rol e will ,  i n part ,  depen d o n th e wa y informatio n i s 
embodie d b y particula r  form s an d combination s o f  elemen -
tar y diagrammati c components .  Clevelan d an d McGil l 
(1985 )  hav e studie d th e perceptua l  processe s involve d i n 
qualitativ e an d quantitativ e judgement s usin g traditiona l 
graphica l  representations .  Thi s m a y b e considere d a s a n 
analysi s o f  th e cognitiv e processe s neede d t o exploi t  th e 
displayin g value s functiona l  role ,  F5 .  Simila r  studie s coul d 
be conducte d fo r  th e othe r  fiinctiona l  roles ;  fo r  example , 
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what  cognitiv e processe s tha t  ar e implicate d i n th e us e o f  a 
diagra m tha t  capture s a  la w i n it s interna l  structure ,  (FIO) ? 

The emphasi s o f  th e functiona l  role s framewor k i s o n th e 
kind s o f  informatio n ar e availabl e fo r  reasonin g an d 
proble m solvin g tasks ,  rathe r  tha n th e wa y i n whic h 
informatio n i s structure d an d processed .  Th e kind s o f  ques -
tion s tha t  thi s approac h aim s t o addres s concer n th e type s o f 
problem s t o whic h particula r  diagram s ar e wel l  suited .  Thi s 
i s different ,  bu t  complementary ,  t o th e previou s work , 
describe d i n th e introduction ,  tha t  consider s th e cognitiv e 
processe s foun d i n reasonin g wit h diagrams ,  withou t  specia l 
attentio n t o th e semanti c conten t  o f  th e informatio n bein g 
processed .  Th e motivation ,  i n part ,  fo r  th e presen t  approac h 
i s t o provid e a  principle d metho d fo r  th e selectio n an d 
desig n o f  effectiv e diagram s fo r  particula r  problems .  B y 
focusin g o n th e functiona l  role s o f  diagrams ,  whic h directl y 
relat e t o th e kind s o f  informatio n tha t  ar e easil y accessibl e i n 
diagrams ,  th e framewor k ma y provid e a  lin k betwee n th e 
tas k requirement s o f  problem s an d th e type s o f  activit y 
supporte d b y differen t  diagrams .  Wor k i s progressin g o n 
th e specificatio n o f  a  methodolog y fo r  th e selectio n an d 
desig n o f  diagram s usin g th e framework . 

Investigatio n o f  th e framewor k i n relatio n t o representa -
tion s i n genera l  i s  als o currentl y bein g pursued .  Th e 
concep t  o f  functiona l  role s i s applicabl e t o othe r  graphica l 
representations ,  suc h a s tables ,  a s wel l  a s t o characte r  strin g 
notations ,  suc h a s algebr a an d writte n English .  Th e centra l 
issu e i n thi s regar d i s t o devis e principle d way s t o identif y 
and differentiat e differen t  th e kind s o f  informatio n tha t  ma y 
be availabl e i n a  representation .  Th e wor k i s concentratin g 
on forma l  approache s t o th e classificatio n o f  type s o f  in -
formation ,  wit h th e examinatio n o f  ontologie s o f  proble m 
solvin g task s an d methods . 
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Abstrac t 

The purpose of this paper is to describe experimental work 
conducte d i n th e are a o f  diagnosti c radiology ,  wit h a n emphasi s 
on ho w perceptio n an d proble m solvin g interac t  i n thi s typ e 
of  task .  Thi s wor k wa s par t  o f  a  large r  projec t  whos e goal s 
include d th e developmen t  o f  a n infomiation-processin g mode l 
of  visua l  interaction ,  an d th e subsequen t  desig n o f  a n intelligen t 
cooperativ e assistan t  fo r  thi s domain . 
Verba l  protoco l  dat a wa s collecte d fro m eigh t  radiologist s (si x 
resident s an d tw o experts )  whil e the y examine d seve n differ -
ent  computer-displaye d ches t  x-rays .  A  brie f  overvie w o f  th e 
methodolog y an d analysi s technique s i s presented ,  togethe r 
wit h specifi c  result s fro m on e x-ra y case .  Mor e genera l  result s 
ar e the n discusse d i n th e framewor k o f  issue s importan t  t o th e 
late r  modeUn g effort . 

I n t r o d u c t i o n 

The curren t  tren d toward s telemedicin e diagnosi s ha s create d 
a nee d fo r  enhance d softwar e capabilitie s whic h no t  onl y en -
abl e high-spee d imag e transmission ,  bu t  whic h ca n als o sup -
por t  th e visua l  reasonin g neede d bot h a t  th e loca l  an d remot e 
sites .  Th e cognitiv e loa d stil l  remain s squarel y o n th e huma n 
expert' s  shoulder s w h o mus t  examin e thes e image s an d m a k e 
diagnosti c evaluations ,  ofte n withou t  th e benefi t  o f  an y fur -
the r  tools ,  an d wit h th e disadvantag e tha t  thes e image s m a y b e 
bot h spatially -  an d contrast-degrade d fro m th e origina l  film. 
The importanc e o f  A I  tool s t o suppor t  suc h activitie s i s there -
for e increasing .  However ,  i n orde r  t o buil d thes e tools ,  huma n 
capabilitie s i n thes e task s mus t  b e bette r  understood ,  an d thi s 
require s extensiv e cognitiv e stud y an d engineering . 

The stud y describe d i n thi s pape r  wa s par t  o f  a  large r  projec t 
whic h wa s conducte d i n collaboratio n wit h th e Radiolog y De -
partmen t  o f  Emor y Universit y Hospital .  Thi s projec t  ha d thre e 
majo r  goals :  1 )  t o explor e th e natur e o f  radiologica l  diagnosi s 
wit h a  vie w t o understandin g h o w perceptio n an d proble m 
solvin g exchang e informatio n i n thi s typ e o f  visua l  reasonin g 
task :  2 )  t o incorporat e thi s knowledg e int o a n information -
processin g typ e o f  mode l  o f  visua l  interaction ;  an d 3 )  t o uti -
liz e thi s cognitiv e foundation  fo r  th e desig n o f  a n intelligen t 
cooperativ e assistant .  Th e purpos e o f  thi s pape r  i s t o describ e 
some o f  th e initia l  experimenta l  work ,  an d t o sho w h o w i t  le d 
t o insight s abou t  visua l  reasonin g activities . 

Studie s o f  th e radiologica l  proces s hav e varie d fro m ey e 
movement  studie s (Kunde l  &  Nodine ,  1975) ,  t o task-relate d 
han d movement s (McNeil l  e t  al. ,  1988) ,  t o cognitiv e model -
in g studie s o f  expertis e involvin g think-alou d verba l  protocol s 
(Lesgol d e t  al. ,  1981) .  Whil e th e latte r  provide d th e stronges t 

methodologica l  guideline s fo r  th e stud y describe d i n thi s pa -
per ,  mor e emphasi s wa s place d o n th e rang e o f  novice-expei t 
performanc e rathe r  tha n o n th e differences .  Also ,  th e mai n 
par t  o f  thi s stud y utilize d digitize d computer-displaye d x-ra y 
image s rathe r  tha n films,  sinc e th e ultimat e goa l  o f  th e projec t 
was t o desig n a  computer-base d assistant .  A  preliminar y stud y 
on th e effect s o f  th e laborator y environmen t  an d th e comput -
erize d image s showe d n o noticeabl e impac t  o n th e subjects ' 
abilit y  t o perfor m diagnosi s (Rogers ,  1992) ,  an d therefor e th e 
nex t  phas e proceede d wit h mor e extensiv e think-alou d proto -
col  collection . 

Data Collection and Analysis 

T h e goa l  o f  th e verba l  protoco l  dat a collectio n wa s t o obtai n 
in-depth ,  detaile d dat a fro m th e subject s whil e the y wer e in -
terpretin g an d diagnosin g a  selectio n o f  computer-displaye d 
ches t  x-rays .  Eigh t  participant s wer e recruite d fro m th e 
E m o r y Universit y Hospita l  radiolog y program ,  an d include d 
tw o experts ,  plu s tw o eac h fro m second -  t o fourth-yea r  res -
idency .  Seve n case s wer e selecte d fo r  displa y an d include d 
on e norma l  ches t  x-ra y a s wel l  a s th e followin g abnormalities : 
lun g lesio n du e t o bronchogeni c carcinoma ,  hila r  adenopa -
thy ,  tuberculosis ,  lun g mas s wit h appearanc e o f  elevate d di -
aphragm ,  an d mitra l  stenosis .  Thre e o f  th e seve n image s ha d 
a briefcas e histor y associate d wit h them ,  an d th e image s wer e 
presente d i n th e Imagin g Science s laborator y a t  th e hospital . 

For  eac h case ,  th e subject s viewe d th e imag e a s lon g a s 
desired ,  whil e concurrentl y articulatin g thei r  thoughts .  W h e n 
examinatio n o f  th e imag e wa s completed ,  a  forma l  diagnos -
ti c repor t  wa s produced ,  an d eac h cas e wa s conclude d b y a 
set  o f  clarifyin g questions ,  subjec t  rating s fo r  imag e quality , 
confidenc e i n diagnosi s an d cas e difficulty ,  a s wel l  a s som e 
retrospectiv e question s fo r  archiva l  purposes .  Al l  seve n case s 
wer e complete d i n on e session ,  whic h wa s videotape d an d 
subsequentl y transcribed . 

I n th e analysi s o f  thi s data ,  th e focu s wa s primaril y o n th e 
function s o r  characteristi c action s tha t  coul d b e attribute d t o 
perception ,  proble m solving ,  an d th e interactio n betwee n th e 
two .  Therefore ,  th e first  goa l  wa s t o develo p a n appropriat e 
encodin g schem e whic h woul d enabl e thes e kind s o f  concept s 
t o b e extracte d fro m th e verba l  reports . 

A preliminar y tas k analysi s combine d som e o f  th e earlie r 
experimenta l  result s wit h Lesgold' s tas k descriptio n o f  radi -
ologica l  diagnosi s (Lesgol d e t  al. ,  1981 )  an d othe r  proble m 
solvin g concept s i n medica l  diagnosis .  A  subse t  o f  th e actua l 
protocol s (thre e o f  th e seve n cases )  wa s the n use d t o refin e 
thi s genera l  concep t  lis t  int o a  mor e comprehensiv e encodin g 
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Medica l  Concept s 
A n a t o m y Findin g Diagnosi s 

Descri p 
Spatia l  Reference s 

tiv e Concept s 
Feature s Classificatio n 

Cognitiv e Concept s 
Visual/Physica l 1 Menta l  |  Additiona l 

Figur e 1 :  Concep t  Categorie s o f  Encodin g Scheme . 
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Primar y Abnormalit y 

lX)Olt-AT (  ANATOMY) 
LOOK-AT(FINDINGl.l ) 
DESCRIBE(SIZE) 
DESCRIBE(EDGE) 
DESCRIBE(SHAPE).. . 

Secondar y Abnormalit y 

LOOK-AT(ANATOMY) 
SEEK(FrNDING2.1 ) 
NOT-FOUND(SEEK) 

Othe r  Concept s 

LOOK-AT(ANATOMY) 
CLASSIFY(NORMAL) 

Figur e 2 :  Exampl e o f  Contextua l  Encodin g o f  Statements . 

scheme ,  consistin g o f  thre e majo r  categorie s an d a  numbe r  o f 
mino r  categorie s a s show n i n Figur e 1 .  Thi s encodin g schem e 
was the n applie d t o al l  o f  th e remainin g thirty-tw o verba l 
protoco l  reports' .  Th e full y encode d protocol s wer e the n an -
alyze d wit h respec t  t o task-relate d an d time-relate d patterns , 
as show n i n Figur e 2 .  (Experience-relate d difference s wer e 
not  studie d a t  thi s time. ) 

I t  wa s foun d tha t  simila r  cluster s o f  concept s di d occu r  a t 
correspondin g time s fo r  particula r  cases ,  tha t  th e grouping s 
withi n th e cluster s o r  pattern s showe d tendencie s toward s per -
ceptua l  o r  proble m solvin g compositions ,  an d tha t  ther e ap -
peare d t o b e a n orderin g o f  activitie s i n th e movemen t  toward s 
a diagnosti c solution . 

A summar y o f  th e bronchogeni c carcinom a cas e i s n o w 
presente d togethe r  wit h th e expert' s  diagnosti c repor t  i n Fig -
ur e 3  t o illustrat e som e o f  th e feature s o f  th e analysi s process . 
Thi s cas e provide d th e richest  sourc e o f  informatio n du e t o 
th e perceptua l  feature s o f  th e imag e a s wel l  a s th e proble m 
solvin g complexitie s o f  th e diagnosi s itself . 

Figur e 4  show s th e subjects '  rating s o f  thi s cas e accordin g 
t o imag e quality ,  overal l  confidenc e i n diagnosis ,  an d cas e 
difficulty .  Th e imag e qualit y wa s considere d t o b e adequat e 
or  bette r  b y th e majorit y o f  th e subjects ,  an d therefor e thi s 
di d no t  see m t o impai r  th e examinatio n o f  th e case .  Thi s 
cas e wa s considere d t o b e challengin g b y five  o f  th e subjects , 
eve n thoug h th e overal l  averag e assessmen t  o f  difficult y fel l 
somewher e betwee n eas y an d challengin g (2.4/5.0) .  Over -
al l  confidenc e tende d t o b e fairl y  hig h (3.8/5.0 )  wit h onl y tw o 
subject s registerin g m e d i u m o r  lowe r  confidenc e i n thei r  diag -
noses .  (I n thi s cas e i t  wa s interestin g t o not e tha t  th e subjec t 
wit h th e lowes t  confidenc e als o ha d th e wors t  performanc e 

'A n independen t  observe r  wa s recruite d t o participat e i n a  relia -
bilit y  study .  Detail s ca n b e foun d i n (Rogers ,  1992 ) 

wit h respec t  t o noticin g th e critica l  secondar y abnormalit y 
and producin g a  correc t  diagnosis) . 

Almos t  al l  o f  th e subject s notice d an d labelle d th e abnor -
malit y i n th e lun g immediatel y upo n viewin g th e x-ra y image . 
Thi s abnormalit y wa s the n describe d b y differen t  descriptiv e 
and spatia l  feature s includin g (i n orde r  o f  frequency) :  size , 
horizonta l  localization ,  edge ,  vertica l  localization ,  shape ,  tex -
ture ,  out-of-plan e localizatio n an d configuration .  O n th e aver -
age ,  th e subject s mentione d si x o f  th e abov e categories ,  whic h 
m a de thi s typ e o f  finding  th e mos t  detaile d i n descriptio n fro m 
al l  o f  th e case s examined . 

O ne particularl y noteworth y aspec t  o f  thi s cas e concerne d 
th e us e o f  secondar y findings  i n th e diagnosti c process .  Th e 
bon e lesio n i n th e lef t  posterio r  fifth rib  wa s a n importan t 
piec e o f  evidence ,  a s explaine d i n th e expert' s  report .  O f 
th e eigh t  subjects ,  five  sa w th e bon y abnormality ,  thre e o f 
thes e correctl y identifie d i t  a s a  bon e lesion ,  an d tw o actuall y 
use d th e correc t  identificatio n i n th e formulatio n o f  th e correc t 
diagnosti c hypothesis . 

Th e activit y o f  localizin g th e primar y finding  als o appeare d 
t o b e ver y important ,  althoug h i t  wa s perhap s mad e somewha t 
mor e difficul t  i n th e tes t  situatio n becaus e onl y on e vie w o f 
th e patien t  wa s presented .  I t  i s  mor e c o m m o n t o hav e tw o 
view s (fronta l  an d lateral )  available ,  an d thi s provide s mor e 
information ,  particularl y fo r  anterior-posterio r  localization . 

Results 

Th e followin g discussio n present s a n overvie w o f  som e o f 
th e result s o f  th e protoco l  analysi s wit h respec t  t o th e role s 
of  description ,  level s o f  abstraction ,  context ,  attentio n an d 
expectation .  Thes e wer e considere d t o b e ke y issue s whic h 
woul d impac t  th e subsequen t  developmen t  o f  th e information -
processin g model . 
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Report :  A  fronta l  fil m o f  th e ches t  show s a  laî e ,  lobulate d mas s i n th e uppe r  right  hemithorax ,  abuttin g o n th e mediastinum . 
I t  doe s no t  obliterat e th e silhouett e o f  th e superio r  ven a cav a an d ascendin g aort a an d probabl y He s posterio r  i n th e chest . 
No othe r  lesion s ar e see n i n th e lungs .  Th e right  hilu m appear s normal .  Ther e i s n o hila r  o r  mediastina l  adenopath y o n 
th e lef t  side .  However ,  ther e i s a  destructiv e lesio n o f  th e lef t  St h rib.  Ther e i s n o evidenc e o f  pleura l  effusion .  Th e hear t 
appear s normal . 

Impression :  Bronchogeni c carcinom a wit h distan t  metastasi s t o th e lef t  St h rib. 
Comments:  Th e presenc e o f  a  lobulate d mas s i n a  patien t  o f  thi s ag e shoul d mak e carcinom a th e firs t  diagnosis .  However , 

conceivabl y anothe r  lesio n suc h a s a  hamartom a coul d produc e a  simila r  appearance .  I  di d no t  mentio n tha t  ther e i s n o 
calcificatio n withi n th e lesio n althoug h I  shoul d have .  Wha t  make s thi s diagnosi s unequivoca l  i n thi s cas e i s th e destructio n 
of  th e rib  o n th e lef t  side .  Thi s ma y b e difficul t  t o se e a s th e are a o f  destructio n i s cause d b y th e anterio r  en d o f  th e 2n d 
rib  an d unles s the y loo k carefiill y  the y wil l  no t  pic k i t  up .  Th e othe r  description s ar e simpl y pertinen t  negative s i n a  patien t 
who i s suspecte d o f  havin g carcinoma .  Ke y word s -  mass ,  lobulated ,  rib  destruction ,  hamartoma ,  carcinoma ,  adenopathy . 
Becaus e o f  th e rib  lesio n no t  bein g obvious ,  thi s shoul d b e considere d a  media n difficul t  cas e unles s yo u giv e i t  a  histor y 
pointin g t o th e correc t  area . 

Figur e 3 :  Expert' s  Repor t  fo r  Cas e 3  -  Bronchogeni c Carcinoma . 
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Figur e 4 :  Subjec t  Rating s fo r  Cas e 3 . 

Descriptio n 

For  all the cases considered, the characterization of abnormali-
tie s i n term s o f  distinc t  descriptiv e feature s wa s accomplishe d 
usin g a  relativel y smal l  numbe r  o f  categories .  Size ,  shape , 
edge ,  texture ,  an d quantit y description s wer e use d i n varyin g 
degrees ,  dependin g upo n th e typ e o f  abnormalit y presented . 
Sometime s feature s o f  th e primar y findin g figure d notabl y i n 
th e diagnosti c process ,  whil e a t  othe r  times ,  th e finding s wer e 
describe d i n les s detail ,  an d othe r  informatio n suc h a s cas e his -
tor y figure d mor e prominentl y i n elicitin g accurat e diagnosti c 
hypotheses .  Thi s suggeste d ̂ a t  th e importanc e o f  particula r 
feature s m a y var y dependin g upo n th e typ e o f  abnormalit y un -
der  consideration ,  an d a n accurat e perceptua l  characterizatio n 
of  a  findin g m a y stil l  no t  b e sufficien t  t o produc e a  distinc t 
diseas e diagnosis . 

Abnormalitie s wer e als o describe d i n term s o f  spatia l  re -
lations ,  wit h reference s t o horizonta l  an d vertica l  direction s 
most  prevalent .  Th e out-of-plan e thir d dimensio n appeare d t o 

be importan t  i n case s wher e ther e wa s a  mas s tha t  appeare d 
t o spa n mor e tha n on e anatomica l  landmark .  I n thes e cases , 
shadow s o n th e fronta l  two-dimensiona l  vie w coul d giv e s o m e 
clue s t o location ,  i f  th e fil m wa s o f  relativel y goo d quality ,  bu t 
often ,  a  latera l  vie w woul d hav e serve d t o disambiguat e thes e 
cases . 

Levels of Abstraction 

T h e characterizatio n o f  finding s (i.e. ,  abnormalitie s i n th e 
image )  a t  differen t  level s o f  abstractio n provide s a n importan t 
transitio n betwee n low-leve l  perceptua l  detectio n an d highe r 
leve l  proble m solvin g activities .  Fo r  example ,  th e statemen t 
"ther e i s a  density "  reall y onl y mean s " I  hav e detecte d a  ligh t 
area" ,  withou t  conveyin g an y furthe r  semanti c informatio n 
regardin g wha t  thi s objec t  migh t  represent .  O n th e othe r  hand , 
a ter m suc h a s "ther e i s a  mass "  implie s certai n associate d 
feature s suc h a s size ,  shap e an d edge ,  whil e a  statemen t  abou t 
a "malignan t  tumor "  suggest s no t  onl y specifi c  features ,  bu t 
specifi c  diagnosti c hypothese s a s well . 
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15.  Now...let' s  see ,  th e heart' s  nonnal . 
16.  Th e hila r  structure s ar e nonnal . 
17.  Th e aorta' s normal . 
18.  Th e trachea' s normal . 
19.  Th e right  para...stripe ,  trachea l  wal l  seem s t o b e normal . 
20.  Th e bon y structure s ar e normal . 

Figur e 5 :  Landmar k Search . 

Not  onl y i s th e typ e o f  labelin g activit y important ,  bu t  th e 
manner  i n whic h th e labele d percept s ar e use d ca n seriousl y 
affec t  th e outcom e o f  th e diagnosti c process .  Differen t  level s 
of  oversight s ocurre d i n th e transitio n betwee n perceptio n an d 
proble m solving .  A t  th e perceptua l  level ,  a  detectio n oversigh t 
occurre d w h e n th e subjec t  di d no t  notic e o r  se e th e abnorma l 
objec t  o r  featur e a t  all .  O n th e othe r  hand ,  a t  th e identifica -
tio n level ,  a  labelin g erro r  occurre d w h e n th e subjec t  sa w th e 
abnormalit y i n question ,  bu t  labele d i t  incorrectly .  Finally ,  a t 
th e proble m solvin g level ,  difficult y wit h integratio n wa s en -
countere d w h e n th e subjec t  sa w an d labele d th e abnormalit y 
correctly ,  bu t  faile d t o us e thi s informatio n i n th e generatio n o f 
diagnosti c hypotheses .  A n implicatio n o f  thes e result s  i s tha t 
th e desig n o f  computerize d assistanc e reall y shoul d spa n th e 
visua l  interactio n spectru m betwee n perceptio n an d proble m 
solving ,  an d no t  jus t  addres s th e pole s o f  th e problem ,  fo r  ex -
ample ,  throug h eithe r  imag e enhancement s t o ai d perceptio n 
or  exper t  system s t o ai d decision-making . 

Context 

When the radiologist begins a diagnostic session, the infor-
matio n availabl e prio r  t o viewin g an y o f  th e image s include s 
th e knowledg e o f  th e particula r  anatomica l  regio n unde r  con -
sideratio n an d th e particula r  imagin g modalit y use d t o collec t 
th e imag e data .  Th e anatomica l  regio n normall y implie s a 
certai n se t  o f  anatomica l  object s i n a  particula r  configuratio n 
(e.g. ,  a  ches t  normall y contain s tw o lungs ,  a  hear t  o n th e 
lowe r  lef t  side ,  etc.) ,  whil e th e imagin g modalit y call s int o 
pla y knowledg e o f  th e kind s o f  perceptua l  cue s tha t  ar e t o b e 
expected . 

Thi s knowledg e i s typicall y organize d int o a  kin d o f  check -
lis t  tha t  lead s t o a  relativel y orderl y pla n fo r  examination .  A n 
exampl e o f  thi s i s see n i n Figur e 5 ,  whic h show s a  sequentia l 
set  o f  statement s b y a  subjec t  lookin g a t  th e norma l  ches t  case . 

Unlik e th e landmar k search ,  whic h ca n b e sai d t o alway s 
be o f  a  top-dow n nature ,  th e searc h fo r  secondar y abnormal -
itie s m a y b e eithe r  bottom-u p o r  top-down .  I f  n o diagnosti c 
hypothesi s ha s bee n invoked ,  an d th e subjec t  i s stil l  gatherin g 
data ,  the n th e searc h fo r  suc h abnormalitie s m a y appea r  a s 
a subpla n withi n th e landmar k search .  Figur e 6  illustrate s 
suc h a  bottom-u p searc h i n th e sarcoidosi s case .  O n th e othe r 
hand ,  top-dow n reasonin g implie s tha t  on e o r  mor e diagnosti c 
hypothese s ar e currentl y active ,  an d tha t  particula r  secondar y 
findings  migh t  suppor t  thes e hypotheses .  A n exampl e o f  thi s 
i s see n i n Figur e 7 ,  whic h i s a n excerp t  fro m th e mitra l  stenosi s 
case . 

Furthe r  suggestion s o f  plan-lik e activit y ca n b e foun d i n 
th e descriptio n o f  a  primar y finding  i n term s o f  it s  feature s 
an d location .  Fo r  som e type s o f  findings,  a  larg e numbe r  o f 
characteristi c feature s ar e expresse d an d utilize d i n th e diag -

6.  Lookin g a t  th e res t  o f  th e lungs ,  I  don' t  se e an y 
area s o f  consolidatio n o r  evidenc e o f  pneumoni a there . 

7.  I  don' t  se e an y effusions . 
8.  I' m goin g t o loo k a t  th e remainde r  o f  th e superio r 

mediastinu m 
9.  t o se e i f  I  se e an y othe r  adenopath y 
10.  an d sor t  o f  i n th e lef t  hear t  borde r  I  se e a  kin d o f 

a doubl e bulg e 

Figur e 6 :  Bot tom-U p Secondar y Findin g Search . 

7.  bu t  th e first  thin g I  sa w wa s th e heart , 
8.  an d I ,  it' s  jus t  a  littl e bi t  big . 
9.  N o w patient s wit h hear t  failur e ca n ge t  somethin g lik e a 

coug h wit h a  littl e bi t  o f  pin k froth y sputum . 
10,  It' s no t  reall y sputum ,  it' s jus t  sometime s the y ca n 

coug h u p som e pin k stuff . 
11.  S o I' m goin g t o thin k abou t  hear t  failure , 
12.  an d loo k fo r  pulmonar y edema , 
13.  o r  sign s o f  hear t  failure . 

Figur e 7 :  T o p - D o w n Secondar y Findin g Search . 

nosti c process .  A n exampl e i s show n i n Figur e 8 ,  take n fro m 
a subject' s repor t  o n th e tuberculosi s case .  I n othe r  cases , 
feature s wer e sough t  whic h le d t o eithe r  mor e specifi c  find-
in g hypotheses ,  o r  eve n diagnosti c hypotheses .  Thu s th e dat a 
support s th e clai m tha t  th e "directio n o f  reasonin g provide s 
th e procedura l  context "  (Evan s &  Gadd ,  1989) ,  an d tha t  ther e 
ar e differen t  type s o f  plans ,  an d differen t  level s o f  planning . 
Furthermore ,  th e directio n o f  reasonin g affecte d th e differen t 
type s o f  perceptua l  informatio n use d t o suppor t  th e diagnosti c 
stages .  Bottom-u p o r  data-drive n reasonin g wa s supporte d b y 
us e o f  secondar y findings  t o generat e diagnosti c hypotheses , 
us e o f  feature s o f  primar y findings  t o specializ e labelin g o f 
primar y findings,  an d us e o i  feature s o f  primar y findings  t o 
generat e diagnosti c hypotheses .  O n th e othe r  hand ,  top-dow n 
or  expectation-drive n reasonin g involve d confirmatio n o f  ex -
pectatio n o f  secoT\dar y findings  t o suppor t  diagnosti c hypothe -
ses ,  us e o f  feature s o f  primar y findings  t o rul e ou t  competin g 
findings  an d diagnosti c hypotheses ,  an d us e o f  feature s o f 
primar y findings  t o matc h o r  contradic t  expectations . 

Attention 

I n th e case s reviewed ,  a t  leas t  tw o differen t  type s o f  attentio n 
activit y wer e noted .  T h e first,  characterize d b y a  relativel y 

5.  I' m kin d o f  focussin g i n o n th e mai n abnormality , 
whic h i s  i n th e right  uppe r  lobe , 

6.  an d I  se e a  cavitar y lesio n i n th e right  uppe r  lobe , 
wit h som e atelectati c changes . 

13. The lesion is poorly defined, and has a cavitary area 
i n th e center ,  an d th e wal l  i s probabl y abou t  3  t o 4 
millimeter s thick ,  an d it' s irregulai \ 

14.  Ther e ar e som e linea r  densitie s leadin g fro m th e hila r 
regio n t o th e mass . 

Figur e 8 :  Feature s o f  Primar y Finding . 
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...I t  look s lik e th e mas s itsel f  i s  no t  a s dens e a s yo u migh t 
expec t  fo r  somethin g tha t  large . 

...I'm thinking in terms of a neurogenic tumor, and you might 
expec t  t o see...som e involvemen t  o f  th e vertebra l  bodies.. . 

...Ah, in a young person, you really wouldn't be expecting to 
see somethin g lik e tha t  anyway .  I t  woul d b e unlikely . 

...I looked at the ribs. 1 didn't see anything and I wasn't 
expectin g t o se e anythin g there . 

Figur e 9 :  Expectations . 

fas t  noticin g an d labelin g o f  a n abnormalit y a s soo n a s th e 
x-ra y imag e appeare d wa s calle d "immediat e visua l  capture" , 
and i t  wa s ofte n couple d wit h a  brie f  descriptio n o f  th e abnor -
malit y i n questio n (fo r  example ,  siz e an d shape) .  Thi s typ e o f 
attentiona l  behavio r  ha s als o bee n describe d b y Kunde l  an d 
Nodin e w h o showe d tha t  eve n unde r  restricte d conditions ,  se -
lectiv e attentio n wa s draw n t o th e are a o f  th e ches t  havin g th e 
greates t  abnormalit y (Kunde l  &  Nodine ,  1975) . 

I n mor e genera l  experiment s o n attention ,  Treisma n showe d 
tha t  simpl e propert y difference s (e.g. ,  color ,  brightness ,  o r  lin e 
orientation )  woul d b e seize d upo n b y th e initia l  stag e o f  visua l 
processin g s o tha t  the y appea r  t o "po p out "  o f  a  scen e (Treis -
man,  1982) .  Immediat e visua l  captur e appear s t o b e consisten t 
wit h thes e findings :  i f  a n objec t  compose d primaril y o f  wate r 
(suc h a s a  tumor )  overlie s a n objec t  compose d primaril y o f  ai r 
(suc h a s lung) ,  the n th e firs t  objec t  wil l  appea r  brighter .  I f  th e 
same objec t  overlie s bone ,  i t  wil l  appea r  darker .  Thu s certai n 
type s o f  brightnes s feature s i n th e x-ra y imag e m a y b e mor e 
conduciv e t o suc h preattentiv e visua l  pop-out . 

Treisma n als o require d subject s t o fin d a  targe t  distin -
guishe d b y th e lac k o f  a  featur e presen t  i n th e distractor .  Sh e 
foun d tha t  pop-ou t  occurre d whe n th e targe t  ha d th e feature , 
and seria l  searc h occurre d whe n th e targe t  lacke d th e feature . 
I n ou r  dat a analysis ,  attentio n wa s focuse d purposefull y an d 
seriall y  i n th e activitie s o f  deliberat e landmar k searc h an d se -
ria l  searc h fo r  secondar y abnormalitie s whic h migh t  o r  migh t 
not  b e i n th e image .  Althoug h Treisman' s wor k emphasize s 
simpl e object s an d features ,  i t  i s  possibl e tha t  simila r  behavio r 
may occu r  i f  someon e ha s bee n traine d t o recogniz e partic -
ula r  object s an d feature s i n a  manne r  tha t  i s meaningfu l  t o a 
proble m solvin g tas k suc h a s diagnosti c radiology . 

Expectation 

Throughou t  th e report s o f  th e subjects ,  ther e wa s evidenc e 
tha t  prio r  experienc e an d medica l  knowledg e wer e ofte n use d 
i n conjunctio n wit h curren t  observation s t o produc e anticipa -
tio n o f  particula r  kind s o f  relate d informatio n fro m th e image . 
Thes e anticipation s includ e presenc e o r  absenc e o f  feature s 
relate d t o a  finding,  finding s relate d t o a  diagnosis ,  an d find -
ing s o r  diagnose s relate d t o cas e history .  Thes e ar e calle d 
expectations ,  an d Figur e 9  show s example s o f  excerpt s fro m 
th e ra w dat a o f  a  numbe r  o f  subject s tha t  len d suppor t  t o thi s 
idea . 

Expectation s m a y b e use d b y th e proble m solve r  t o opti -
miz e plan s fo r  th e gatherin g o f  informatio n tha t  wil l  converg e 
on a  solution .  Fo r  example ,  i f  a  diagnosti c hypothesi s i s cur -

rentl y active ,  i t  m a y b e mor e efficien t  t o explor e finding s an d 
feature s tha t  ar e usuall y expecte d t o b e associate d wit h tha t 
hypothesi s first ,  rathe r  tha n jus t  gathe r  unstructure d percep -
tua l  informatio n i n th e hop e tha t  s o m e o f  i t  m a y b e useful . 
Expectation-drive n exploratio n i s th e hallmar k o f  top-dow n 
processing .  W h e n observation s matc h expectations ,  confi -
denc e i n th e originatin g hypothesi s shoul d increase .  O n th e 
othe r  hand ,  whe n observation s fai l  t o mee t  expectations ,  a 
decisio n mus t  b e m a d e a s t o whethe r  thi s informatio n ca n b e 
overlooked ,  o r  whethe r  i t  signal s tha t  th e hypothesi s shoul d b e 
abandoned .  I n th e tas k o f  diagnosti c radiology ,  i t  appear s tha t 
expectation s ar e largel y perceptua l  i n nature ,  especiall y i n th e 
absenc e o f  othe r  informatio n abou t  th e patient ,  suc h a s tes t 
results ,  o r  physica l  examination .  Tha t  is ,  mos t  expectation s 
hav e t o d o wit h anticipation s abou t  wha t  ca n b e see n i n th e 
image .  I n thi s sense ,  th e expectation s generate d i n thi s tas k 
appea r  t o b e dua l  i n nature ,  i n tha t  the y ca n originat e wit h a n 
abstrac t  statemen t  o f  intent ,  suc h a s "I' m goin g t o loo k fo r 
pleura l  effusions" ,  tha t  m a y b e par t  o f  a  large r  pla n t o distin -
guis h betwee n som e hypotheses ,  bu t  the y resul t  i n a n ac t  o f 
looking :  " I  don' t  se e any. "  Thus ,  expectatio n m a y b e on e o f 
th e mechanism s tha t  bridge s th e ga p betwee n perceptio n an d 
proble m solving . 

Discussion 

Al l  o f  th e abov e issue s ar e closel y couple d i n th e visua l  reason -
in g tas k o f  ches t  x-ra y diagnosis .  Contex t  set s th e scen e fo r  a 
particula r  collectio n o f  declarativ e an d procedura l  knowledg e 
t o b e retrieve d fro m m e m o r y an d brough t  t o bea r  o n th e prob -
lem .  Thi s knowledg e create s expectation s o f  wha t  th e practi -
tione r  i s likel y t o see ,  an d plan s t o explore  thes e expectation s 
emerge ,  tha t  the n guid e th e attentio n proces s i n deliberat e 
search .  However ,  ther e ar e ofte n unexpecte d phenomen a i n 
th e image ,  whic h see m t o captur e attentio n immediately ,  an d 
caus e currentl y activ e plan s t o b e interrupte d o r  abandone d i n 
favo r  o f  n e w explorator y activitŷ .  Descriptiv e feature s ar e 
use d t o characteriz e findings ,  which ,  i n turn ,  ar e labelle d a t 
differen t  level s o f  abstraction . 

I n th e interpla y betwee n thes e issues ,  a  patter n o f  inter -
actio n betwee n perceptio n an d proble m solvin g begin s t o 
emerge .  Descriptiv e feature s ca n b e sai d t o li e close r  t o th e 
perceptua l  side ,  whil e contex t  seem s t o originat e wit h mor e 
abstrac t  though t  relate d t o proble m solving .  Expectation s ap -
pear  t o li e betwee n thes e tw o poles ,  originatin g wit h proble m 
solving ,  bu t  resultin g i n th e activatio n o f  perceptua l  schema s 
throug h focu s o f  attention ,  whic h direc t  act s o f  looking .  Thes e 
schema s allo w perceptua l  informatio n t o b e delivere d back , 
and th e level s o f  abstractio n mentione d abov e provid e a  wa y 
t o transfor m th e informatio n betwee n expectatio n an d percep -
tua l  schema ,  s o tha t  i t  ca n b e use d b y th e proces s concerne d 
wit h achievin g a  solutio n t o th e problem . 

Thes e result s m a y als o provid e a  perceptua l  foundatio n fo r 
th e diagnosti c strategie s employe d b y th e radiologists ,  an d 
an indicatio n o f  w h y suc h strategie s migh t  succee d o r  fail . 
For  example ,  i n th e cas e presente d earlier ,  on e o f  th e subject s 
exhibite d a  ver y typica l  hypothetico-deductiv e strategy ,  wher e 
immediat e visua l  captur e provide d initia l  data ,  som e searc h o f 

^Thi s i s als o consisten t  wit h Lesgol d e t  al' s  (1988 )  contentio n 
tha t  exper t  radiologist s ar e opportunisti c planners .  However ,  w e sa w 
thi s kin d o f  activit y i n les s experience d radiologist s a s well . 
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th e primar y finding  provide d mor e evidence ,  an d a  diagnosti c 
hypothesi s wa s the n produced .  However ,  particula r  evidenc e 
was the n obtaine d whic h contradicte d th e ensuin g expectation , 
causin g th e origina l  hypothesi s t o b e abandone d i n favo r  o f  a 
ne w (mor e accurate )  one .  Base d o n thi s ne w hypothesis ,  th e 
subjec t  the n looke d fo r  supportin g evidence ,  foun d i t  i n th e 
image ,  an d thereb y increase d confidence .  O n th e othe r  hand . 
a secon d (mor e experienced )  subjec t  examine d th e sam e case , 
but  spen t  mos t  o f  th e diagnosti c perio d gatherin g perceptua l 
evidenc e abou t  th e primar y finding,  an d neve r  reall y generate d 
a diagnosti c hypothesi s a t  all . 

A thir d exampl e involve d a  cas e wit h a n ambiguou s primar y 
finding  ̂ .  Fo r  thi s case ,  som e subject s wh o generate d diag -
nosti c hypothese s base d o n th e incorrec t  finding,  neve r  di d 
recove r  fro m th e origina l  error ,  whil e othe r  subject s wh o ap -
peare d t o engag e i n a  mor e deliberat e prolonge d collectio n o f 
perceptua l  informatio n (no t  specificall y relate d t o a  diagnosti c 
hypothesis) ,  eventuall y "saw "  a  clue ,  whic h le d t o th e correc t 
labellin g o f  th e finding.  Thi s cas e i s interestin g from  th e poin t 
of  vie w tha t  ther e i s n o reall y accurat e diagnosi s associate d 
wit h th e x-ray .  However ,  th e correc t  labellin g o f  th e finding 
i s th e bes t  solutio n tha t  ca n b e attained ,  an d i s importan t  t o 
direc t  th e nex t  ste p i n th e patien t  care .  I t  als o suggest s tha t 
a "not-enough-information "  strateg y migh t  hav e bee n mor e 
appropriat e i n thi s case ,  rathe r  tha n th e hypothetico-deductiv e 
reasonin g whic h generate d early ,  bu t  inaccurat e diagnosti c 
hypotheses . 

I n th e absenc e o f  immediat e visua l  capture ,  deliberat e 
searc h o f  landmark s appear s t o b e th e commo n strateg y em -
ployed .  I t  i s  ofte n repeate d a t  leas t  onc e i f  th e patien t  appear s 
t o hav e a  norma l  chest .  I t  ma y als o b e a  usefu l  strateg y whe n 
ther e i s ambiguit y i n th e x-ra y imag e tha t  migh t  b e remove d 
by a  mor e thoroug h investigatio n o f  th e landmarks .  Fo r  ex -
ample ,  i n th e previousl y describe d ambiguou s case ,  th e visua l 
clu e concerne d a  par t  o f  th e lun g whic h wa s har d t o see ,  bu t 
visibl e nonetheless .  Th e subject s wh o looke d specificall y a t 
tha t  landmar k are a sa w th e clue . 

Conclusion 

The results from this work have been incorporated into a 
model  o f  visua l  interactio n betwee n perceptio n an d proble m 
solving ,  describe d i n (Rogers ,  1995a) .  Thi s mode l  ha s bee n 
furthe r  use d a s th e basi s fo r  th e desig n o f  a  blackboard-base d 
compute r  syste m calle d V I A (Visua l  Interactio n Assistant) . 
whic h incorporate s th e user ,  th e imag e displa y an d th e pro -
gra m module s int o a  cooperative ,  proble m solvin g system . 
The desig n ha s bee n instantiate d int o a  prototyp e syste m fo r 
diagnosti c radiolog y calle d V IA -RAD ,  an d wa s teste d i n a 
smal l  observationa l  stud y wit h radiologis t  subject s (Rogers , 
1995b) .  I t  i s fel t  tha t  th e pronusin g result s o f  thi s wor k ar e 
due largel y t o th e in-dept h stud y o f  ho w practitioner s actuall y 
perfor m thei r  task .  Thi s approac h provide s no t  onl y furthe r 
insigh t  int o visua l  diagnosti c reasonin g bu t  als o establishe s a 
firm  cognitiv e foundatio n fo r  th e developmen t  o f  intelligen t 
computerize d assistants . 
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Abstrac t 

Models of spoken word recognition vary in the ways in 
whic h the y captur e th e relationshi p betwee n speec h inpu t 
and meaning .  Modula r  account s prohibi t  a  word' s meanin g 
from  affectin g th e computatio n o f  it s  form-base d 
representation ,  wherea s interactiv e model s allo w semanti c 
activatio n t o affec t  phonologica l  processing .  T o tes t  thes e 
competin g hypothese s w e manipulate d wor d &miliarit y an d 
imageability ,  usin g auditor y lexica l  decisio n an d repetitio n 
tasks .  Response s t o hig h imageabilit y  word s wer e 
significantl y faste r  tha n t o lo w imageabilit y  wwds .  Respons e 
latencie s wer e als o analyse d a s a  fimctio n o f  cohor t 
variables ;  cohor t  siz e an d frequency  o f  cohor t  members .  H i ^ 
and lo w imageabl e word s wer e divide d int o 2  sets :  (a )  larg e 
cohort s wit h man y hig h frequency  competitors ,  (b )  smal l 
cohort s wit h fe w hig h frequency  competitors .  Analyse s 
showed tha t  ther e wa s onl y a  significan t  imageabilit y  effec t 
fo r  th e word s whic h wer e member s o f  larg e cohorts .  Thes e 
dat a sugges t  tha t  whe n th e mappin g fixnn  phonolog y t o 
semantic s i s difiBcul t  (whe n a  spoke n wor d activate s a  larg e 
cohor t  consistin g o f  man y h i ^  frequency  competitors) , 
semanti c informatio n ca n hel p th e discriminatio n process . 
Becaus e highl y imageabl e word s ar e "semanticall y richer " 
and/o r  mor e context-independent ,  the y provid e mor e 
activatio n t o phonolog y tha n d o lo w imageabilit y  words . 
Thus,  thes e dat a provid e stron g suppcn t  fo r  interactiv e 
model s o f  spoke n wor d recognition . 

Introduction 

Model s o f  spoke n wor d recognitio n var y i n th e way s i n 
whic h the y captur e th e relaticmshi p betwee n phraiolog y an d 
semantics .  Account s assumin g a  modula r  structure ,  wit h 
th e speec h inpu t  passin g throug h a  serie s o f  stage s unti l  th e 

meanin g o f  th e wor d i s accesse d (e.g .  Forster ,  1979) ,  shar e 
th e vie w tha t  th e speec h inpu t  i s initiall y  mappe d ont o a 
leve l  o f  for m representation .  Onl y whe n thi s proces s i s 
complete d ca n meanin g b e accessed ;  th e meanin g o f  a  wor d 
canno t  affec t  th e computatio n o f  it s  form-base d 
representation .  I n contrast ,  interactiv e model s o f  wor d 
recognitio n (e.g .  McClellan d &  Ehnan ,  1986 )  assum e 
feedbac k betwee n differen t  level s o f  processing .  Althoug h 
ther e i s n o extan t  interactiv e mode l  whic h capture s th e 
entir e proces s o f  spoke n wor d recognition ,  from  analysin g 
th e speec h inpu t  t o accessin g meaning ,  w e ca n extrapolat e 
from  existin g model s whic h captur e par t  o f  th e wor d 
recognitio n process .  I n T R A C E,  fo r  example ,  th e speec h 
inpu t  i s  initiall y  mappe d ont o a  featura l  leve l  o f 
representatioi ,  the n (mt o a  phonem e leve l  an d finally  ont o 
a wor d leve l  (McClellan d &  Ehnan ,  1986) .  Interactio n i s 
achieve d b y feedforwar d an d feedbac k betwee n levels .  I f 
thi s mode l  wa s extende d beyon d th e word-for m leve l  t o 
semantics ,  an d assumin g th e sam e structure ,  semanti c 
infOTmatio n woul d fee d bac k t o th e word-for m level .  Thus , 
thi s kin d o f  mode l  woul d predic t  tha t  th e computatio n o f  a 
word' s for m coul d b e affecte d b y it s meaning . 

Experimenta l  investigation s o f  th e relationshi p betwee n 
for m an d meanin g hav e ofte n exploite d imageability *  (se e 
Balota ,  Ferrar o &  Connor ,  199 1 fo r  a  review) .  Th e 
imageabilit y  o f  a  wor d i s th e degre e t o wiiic h it s referen t 
can b e perceive d throug h th e senses ;  fo r  example ,  tabl e i s 
highl y imageabl e wlierea s hop e i s lo w i n imageability .  Th e 
empirica l  issu e i s  whethe r  a  purel y semanti c variabl e -
imageabilit y -  ca n affec t  phonologica l  processing .  I f  i t  does . 

1 W e us e th e term s imageabilit y an d concretenes s 
interchangeabl y her e 
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thi s migh t  resul t  i n hig h imageabilit y  word s bein g 
recognise d mor e easil y tha n lo w imageabilit y  words ;  thi s 
woul d b e evidenc e tha t  meanin g variable s affec t  wor d 
identification . 

However ,  testin g thi s clai m cruciall y require s a  tas k 
whic h tap s int o th e earl y stage s o f  wor d recognition ;  a  tas k 
whic h reflect s th e automati c activatio n o f  phonologica l  an d 
semanti c infcwmatio n durin g th e proces s o f  recognisin g a 
spoke n word .  Ther e ar e tw o primar y candidates :  wor d 
namin g an d lexica l  decisio n (c f  Balot a e t  al ,  1991) .  Namin g 
i s generall y ccHisidere d t o ta p earl y aaivatic m processes , 
wiierea s lexica l  decisicH i  m a y includ e a  post-acces s decisio n 
stage ,  makin g i t  les s suitabl e fo r  probin g earl y wor d 
recognitio n processes . 

Althoug h fe w studie s hav e dirertl y  explore d th e 
relationshi p betwee n phonolog y an d meaning ,  a  numbe r  o f 
experiment s hav e focusse d o n a  relate d issu e -  >*iiethe r 
meanin g ha s a n earl y influenc e o n wor d recognition .  Thes e 
experiment s typicall y involv e subject s makin g lexica l 
decisioi s t o writte n word s o f  varyin g degree s o f 
imageability .  Some ,  althoug h no t  all ,  hav e reporte d a n 
advantag e fo r  highl y imageabl e word s i n lexica l  decisio n 
(e.g .  Rubenstein ,  Garfiel d &  Millikan ,  1970 ;  d e Groot , 
1989 ;  Schwanenflugel ,  Hamishfege r  &  Stowe ,  1988) ,  bu t  i t 
i s  difBcul t  t o argu e o n th e basi s o f  L D dat a alon e (o r  th e 
earl y influenc e o f  semantics ,  give n th e possibilit y  tha t  L D 
latencie s m a y involv e post-acces s phenomena . 

A mor e direc t  tes t  o f  th e relationshi p betwee n phonolog y 
and meanin g involve s subject s namin g writte n words . 
Semanti c effect s i n wor d namin g ar e eve n mor e elusive , 
wit h studie s showin g eithe r  ver y smal l  (deOroot ,  1989 )  o r 
n o effect s o f  imageabilit y  (Brow n &  Watson ,  1987) . 
Recently ,  however .  Strain ,  Patterso n &  Seidenber g (1995 ) 
hav e reporte d a n imageabilit y  effec t  fo r  lo w fi-equency 
exceptio n word s wit h naming ,  arguin g tha t  whe n th e 
orthographi c t o phonologica l  mappin g i s slow ,  inefiBcien t 
or  erro r  prone ,  meanin g play s a  large r  rol e i n wor d naming . 

Th e semantics/phonolog y interactio n i s mos t  directl y 
studie d b y investigatin g imageabilit y  effect s i n spoke n w w d 
recognitiMi .  Thi s avoid s an y problem s wit h th e 
orthography-phonolog y mapping .  Th e questio n w e as k i n 
th e studie s repeate d her e i s whethe r  imageabilit y  affect s th e 
computatio n o f  a  phonologica l  representatio n durin g th e 
processin g o f  a  spoke n word .  I f  i t  does ,  thi s i s evidenc e fo r 
a highl y interactiv e wor d recognitio n system . 

Experiments 

I n thi s researc h w e manipulat e imageabilit y  an d us e tw o 
task s -  wor d repetitio n an d auditor y lexica l  decisio n -  i n 
CM-der  t o prob e th e effec t  o f  semantic s o n phonology .  Usin g 
L D allow s a  direc t  compariso n wit h researc h i n th e visua l 
dcMnai n lookin g a t  imageabilit y  effects ,  an d repetitio n i s 
COTsidere d t o b e a  mor e direc t  reflectic m o f  th e automati c 
activatic m o f  phonologica l  infcMinatic m withou t 
acccHnpanyin g post-acces s processe s (Balot a e t  al ,  1991) . 

Auditory lexical decision 

I n thi s study ,  subject s hear d a  mixe d lis t  o f  word s an d non -
word s an d m a d e a  lexica l  decisio n t o eac h item .  Th e se t 

was comprise d o f  4 6 hig h imageabilit y  word s (imageabilit y 
and concretenes s ratings>540 )  an d 4 6 lo w imageabilit y 
word s (<400) ,  whic h wer e fijrther  groupe d int o 2  equal -
size d &miliarit y  bands ;  hig h familiarit y (fomiliarit y ratin g 
>550 )  an d lo w femiliarity  (<420) .  Hig h an d lo w 
imageabilit y  word s withi n th e sam e familiarit y ban d wer e 
matche d a s closel y a s possibl e i n term s o f  fi-equency  an d 
femiliarity,  numbe r  o f  syllables ,  numbe r  o f  phoneme s an d 
phoneme onse t  (Tabl e 1) .  Familiarit y an d imageabilit y 
rating s wer e fi-om  th e M R C databas e (Coltheart ,  1981) ; 
frequencies  wer e calculate d usin g th e L O B norm s 
(Johansso n &  Hofland ,  1989) .  W e coul d no t  perfectl y 
matc h th e frequencies  o f  th e tw o set s o f  hig h frequency 
words ,  bu t  th e highe r  frequency  o f  th e lo w imageabilit y 
word s i s a  conservativ e solutio n sinc e i t  shoul d increas e th e 
probabilit y  o f  fester  response s t o lo w imageabilit y  words , 
thu s loadin g th e dic e agains t  ou r  pedicte d outcome .  Th e 
words ,  al l  o f  \^ic h wer e 1- 2 sjdlabl e nouns ,  wer e pseudo -
rand(xnl y mixe d wit h a n equa l  numbe r  o f  non-words . 

Familiarit y 
Imageabilit y 
M e an concretenes s 
M e an imageabilit y 
M e an familiarit y 
M e an frequency 
M e an No .  syllable s 
M e an No .  phoneme s 

Hig h 
Low 
314 
351 
578 
222 
1.5 
4. 4 

Hig h 
600 
600 
588 
90 
1.5 
4. 2 

Low 
Low 
314 
331 
353 

6 
1.8 
4. 7 

Hig h 
594 
571 
373 

2 
1.6 
4. 6 

Tabl e 1 :  Statistic s o f  th e hig h an d lo w imageabilit y  wwds . 

The results given below die (or 14 subjects, all native 
speaker s o f  Britis h English .  A n A N O V A showe d a  mai n 
effec t  o f  imageabilit y  (Fltl,l3]=53.18 ,  p<.001 ; 
f2[1,84]=5.49 ,  p<.02) ,  wit h L D latencie s bein g fester  t o 
hig h (81 7 m s )  compare d t o lo w imageabilit y  word s 
(854ms) .  Highl y familia r  word s (79 8 m s )  wer e als o 
identifie d significantl y fester  tha n lo w femiliarity  word s 
(87 7 ms ) .  Imageabilit y  di d no t  interac t  wit h femiliarity. 

Imageabilit y 
Low 
Hig h 
Differenc e 

Familiarit y 
Hig h 
829 
769 
60 

Low 
881 
872 
9 

Tabl e 2 :  Lexica l  decisio n latencie s (ms) . 

Repetitio n 

Th e sam e rea l  word s wer e the n ru n m a  repetitic m study , 
wit h subject s repeatin g eac h wor d a s rapidl y a s possible . 
Repetitio n latencie s fo r  1 2 subject s wer e significantl y fester 
fo r  hig h imageabilit y  (39 7 m s )  compare d t o lo w 
imageabilit y  (44 2 m s )  word s (F1 [  1,11] = 10.63 ,  p<.001 ; 
f2[1,84]=5.43 ,  p<.02) .  Onc e again ,  ther e wa s a  significan t 
effec t  o f  femiliarity  (high :  39 6 m s ;  low:44 1 m s )  an d n o 
interacticHis . 
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Imageabilit y 
Low 
Hig h 

Differenc e 

Familiarit y 
Hig h 
424 
371 
53 

Low 
456 
428 
28 

Tabl e 3 :  Rqjetitio a latencie s (ms) . 

Cohor t  analyse s 

Becaus e w e wer e dealin g wit h spc*e n rathe r  tha n writte n 
words ,  w e als o analyse d repetitic m an d lexica l  decisic m 
latencie s a s a  functio n o f  ccrfior t  variable s whic h m a y affec t 
th e recognitiw i  o f  spdce n words ;  ccho n siz e an d frequency 
of  cdior t  competitors .  CcAort s wer e define d a s thos e word s 
sharin g th e initia l  coisonant-vowe l  o r  consonant-vowe l 
cluster .  W e als o measure d th e frequency  o f  th e targe t  wor d 
i n relatic m t o th e frequency  o f  it s  cohor t  competitor s 
[frequenc y o f  target/tota l  frequency  o f  cohor t  member s x 
100] .  H i ^  an d lo w imageabl e word s wer e divide d int o 2 
set s accwdin g t o whethe r  the y wer e member s o f  larg e 
cohort s wit h man y hig h frequency  awapetitOT S o r  smal l 
cohort s wit h fe w hig h frequency  ampetitors .  (Tabl e 4) . 

Imageabilit y 
Cohor t  siz e 
Mean concretenes s 
Mean cohor t  siz e 
Mean % cohort * 

Hi 
Larg e 
587 
236 
3. 5 

gh 
Smal l 
597 
22 
22 

L o w 1 
Larg e 
317 
280 

6 

Smal l 
311 
40 
22 

•th e smallC T th e value ,  th e greate r  th e competitio n 

Table 4: Cohort variables. 

We included the cohort variable in further ANOVAs and 
foun d tha t  ther e wa s (ml y a  significan t  imageabilit y  effec t 
fo r  th e word s whic h wer e member s o f  larg e cdiorts .  Thes e 
result s ar e show n i n Table s 5  &  6 . 

Imageabilit y 
Low 
Hig h 
Differenc e 

Cdior t  siz e 
Larg e 
898 
794 
104 * 

Smal l 
812 
829 
-1 7 

•  f '  &  F ^  significan t  a t  th e .0 5 leve l  o r  beyon d 

Table 5: Lexical decision latencies (ms). 

Imageabilit y 
Low 
Hig h 
Differenc e 

Cohor t  siz e 
Larg e 
438 
367 
71* 

Smal l 
438 
423 
15 

•  f '  &  f 2 significan t  a t  th e .0 5 leve l  o r  bQ'on d 

Table 6: Repetition latencies (ms). 

Discussio n 

Our  result s ar c compatibl e wit h interartionis t  model s i n 
which :  (a )  ther e i s paralle l  activatio n o f  multipl e candidate s 
initiate d b y th e speec h input ,  an d (b )  wher e phoiologica l 
and semanti c representation s intaa a wit h eac h other .  Thi s 
include s hiaardiicall y structure d model s i n whic h ther e i s 
continuou s feedbac k an d feedfcn v̂ar d throughou t  th e 
syston ,  a s wel l  a s interacticmis t  model s i n whic h ther e i s 
no hio-archica l  structure ,  suc h a s tha t  o f  Gaskel l  & 
Marslen-Wilson ,  1995 .  I n thei r  model ,  phonologica l  an d 
semanti c representation s resid e a t  th e sam e leve l  i n th e 
system ,  an d ar e simultaneousl y co-activate d b y th e speec h 
input . 

Our  dat a sugges t  tha t  whe n a  spdcc n wor d activate s a 
larg e cohor t  consistin g o f  man y hig h frequency  competitor s 
th e mappin g from  phonolog y t o semantic s become s mor e 
difficult ;  highl y activate d word s compet e wit h th e les s 
highl y activate d targe t  vrord .  Althoug h ther e i s cwitinuou s 
interactio n betwee n phonolog y an d semantic s fo r  al l  words , 
irrespectiv e o f  imageability ,  semanti c informatic m ha s a 
large r  rol e t o pla y a s th e discriminatio n proces s become s 
mor e difficult .  Highl y imageabl e word s provid e mor e 
activatio n t o phonolog y tha n d o lo w imageabilit y  words . 
Thi s m a y b e becaus e the y ar e "semanticall y richer "  i n tha t 
the y hav e mor e an d varie d semanti c representations ,  a s 
Plau t  &  Shallic e (1993 )  hav e suggested ,  o r  becaus e thei r 
representation s ar e mor e context-independent . 

Our  data ,  an d th e accoun t  w e provid e o f  them ,  i s 
amsisten t  wit h th e recen t  findings  o f  Strai n e t  a l  (1995) .  I n 
a wor d namin g tas k i n ̂\4lic h subject s wer e aske d t o n a m e 
regula r  an d exceptio n word s varyin g i n imageabilit y  an d 
familiarity ,  the y oil y foun d a n advantag e fo r  hig h 
imageabilit y  lo w frequency  exceptio n w w d s .  Strai n e t  a l 
(1995 )  argu e tha t  semanti c representation s hav e thei r 
greates t  influenc e vAie a th e mappin g frcxn  orthograph y t o 
phonolog y i s mos t  difficult .  Similarly ,  w e argu e tha t  a s i t 
becomes mor e difficul t  t o discriminat e betwee n a  wor d an d 
it s cfflnpetitor s (whe n cohor t  member s increas e i n numbe r 
and frequency),  semantic s become s inaeasingl y influential . 
I n general ,  thes e dat a ar e incompatibl e wit h model s whic h 
assume a  stric t  separatio n betwee n ph(xiologica l  an d 
semanti c levels ,  an d instea d provid e stron g suppor t  fo r 
interactiv e model s o f  spoke n wor d recognition . 

References 

Balota ,  D. ,  Ferraro ,  R. ,  &  Connor ,  L .  (1991 )  O n th e earl y 
influenc e o f  meanin g i n wor d recognition :  A  revie w o f 
th e literature .  In :  P .  Schwanenfluge l  (Ed. )  TTi e 
Psycholog y o f  Wor d Meanings .  L E A :  Hillsdale . 

Brown, G.D. & Watson, F. L. (1987) First in, last out: 
Word learnin g ag e an d spoke n wor d frequency  a s 
predictor s o f  wor d familiarit y an d wor d namin g latency . 
Memory an d Cognition ,  15,208-216 . 

Coltheart, M. (1981) The MRC psycholinguistic database. 
Quarterl y Journa l  o f  Experimenta l  Psychology ,  33a , 
497-505 . 

dcGroot, A.M.B. (1989) Representational aspects of word 
imageabilit y  an d wor d frequency  a s assesse d throug h 

221 



wor d associations .  Journa l  o f  Experimenta l  Psychology : 
Learning ,  Memor y &  Cognition ,  15 ,  824-845 . 

McClelland, J. & Elman, J. (1986) The TRACE model of 
speec h perception .  I n McClelland ,  J.L .  &  Rumelhart ,  D . 
(Eds )  Paralle l  distribute d processing :  Exploration s i n 
th e microstructur e o f  cognition .  Camto'idge ,  Mass : 
Bradfor d Books . 

Forster, K. (1979) Levels of processing and the structure of 
th e languag e processor .  I n W.E .  Coope r  &  E .  Walke r 
(Eds )  Sentenc e processing :  Psychologica l  studie s 
presente d t o Merril l  Garrett ,  Hillsdale ,  NJ :  L E A 

Gaskell, G. & Marslen-Wilson, W.D. (1995) Modelling the 
perceptio n o f  spoke n words .  Proceeding s o f  th e 17t h 
Annua l  Cognitiv e Scienc e Conference ,  Hillsdale ,  NJ : 
Erlbaum . 

Johansson, S. & Hofland, K. (1989) Frequency analysis of 
Englis h vocabular y an d grammar .  Oxford :  Oxfcff d 
Universit y Press . 

Rubenstein, H. Garfield, L. &. Millikan, J. (1970) 
nomographi c entrie s i n th e interna l  lexiccm .  Journa l  o f 
Verba l  Learnin g an d Verba l  Behaviour ,  9,487-494 . 

Schwanenflugel, P. Hamishfeger, K. & Stowe, R. (1988) 
Contex t  availabilit y  an d lexica l  decision s fo r  abstrac t  an d 
concret e words .  Journa l  o f  Memor y an d Language ,  27 , 
499-520 . 

Strain, E., Patters<m, K.E & Seidenberg, M. (1995) 
Semanti c effect s i n singl e wor d naming .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memor y & 
Cognition . 

222 



T h e combinatoria l  lexicon :  Primin g derivationa l  affixe s 

Willia m D .  Marslen-Wilson ,  Mik e Ford ,  Liann e Older ,  an d Zho u Xiaoli n 
Centr e fo r  Speec h an d Languag e 

Birkbec k Colleg e 
London WCI E 7H X Englan d 

w.marslen-wilson@psyc.bbk.ac.u k 

Abstrac t 

In earlier research we argued for a morphemically 
decompose d accoun t  o f  th e menta l  representatio n o f 
semanticall y transparen t  derive d forms ,  suc h a s 
happiness ,  rebuild ,  an d punishment .  W e propose d tha t 
suc h form s wer e represente d a s stem s linke d t o 
denvationa l  affixes ,  a s m {happy }  +  {-ness }  o r  {re- }  + 
{build} .  A  majo r  sourc e o f  evidenc e fo r  thi s wa s th e 
patter n o f  primin g effects ,  betwee n derive d form s an d 
thei r  stems ,  i n a  cross-moda l  repetitio n primin g task .  I n 
tw o ne w experiment s w e investigate d th e predictio n o f 
thi s accoun t  tha t  derivationa l  affixes ,  suc h a s {-ness }  o r 
{re-} ,  shoul d als o exis t  a s independen t  entitie s i n th e 
menta l  lexicon ,  an d shoul d als o b e primable .  W e teste d 
bot h prefixe s an d suffixes ,  spli t  int o productiv e an d 
unproductiv e group s (\\̂ er e "unproductive "  mean s n o 
longe r  use d t o for m ne w words) ,  an d foun d significan t 
primin g effect s i n th e sam e cross-moda l  task .  Thes e 
elTect s wer e stronges t  fo r  th e productiv e suffixe s an d 
prefixes ,  a s i n prime-targe t  pair s suc h a s 
darkness/toughnes s an d rearrange/rethink ,  wiier e th e 
overal l  eflecl s wer e a s stron g a s thos e fo r  derived/ste m 
pair s suc h a s absurdity/absurd ,  an d wher e possibl e 
phonologica l  effect s ar e rule d ou t  b y th e absenc e o f 
primin g i n phonologica l  contro l  an d pseudo-affi x 
conditions .  W e interpre t  thi s a s evidenc e fo r  a 
combinatoria l  approac h t o lexica l  representation . 

I n t roduc t i o n 

In previous papers delivered to this society, and 
elsewhere ,  w e hav e argue d fo r  a  morphologica l  approac h 
t o th e menta l  lexico n (e.g. ,  Marslen-Wilson ,  Tyler , 
Waksler ,  &  Older ,  1992 ;  1994) .  I n particular ,  w e hav e 
argue d tha t  morphologicall y comple x word s i n English , 
suc h a s happiness ,  disconnect ,  breakable ,  etc. ,  ar e 
mentall y represente d a s tw o o r  mor e morpheme s -  happ y 
'  ness ,  di s +  connect ,  brea k +  abl e -  rathe r  tha n a s 

singl e units .  Th e researc h w e repor t  her e take s thi s wor k 
a significan t  ste p further ,  showin g primin g betwee n 
derivationa l  affixes .  Thi s i s  stron g evidenc e no t  onl y fo r 
th e combinatoria l  natur e o f  th e menta l  computation s 
underlyin g lexica l  representatio n an d processing ,  bu t  als o 
fo r  th e tml y morphologica l  -  an d no t  simpl y semanti c -
n.ilur c o f  th e effect s w e ar e dealin g with . 

We wil l  begi n b y outlinin g ou r  basi c claim s abou t  th e 
propertie s o f  lexica l  representations ,  summarisin g th e 

kind s o f  evidenc e an d th e experimenta l  technique s 
involve d i n establishin g thes e claims .  T h e firs t  poin t  t o 
m a ke clea r  i s  tha t  wha t  w e ar e talkin g abou t  i s  th e 
propertie s o f  th e lexica l  entr y -  o f  th e modality -
independen t  centra l  representatio n o f  a  word' s semantic , 
syntactic ,  an d morphologica l  properties .  W e distinguis h 
thi s fro m an y modality-specifi c  acces s representation s 
involve d i n th e initia l  mappin g fro m speec h o r  tex t  ont o 
th e lexica l  entry . 

We ar e concerned ,  then ,  wit h thes e cor e structure s o f 
th e menta l  lexicon .  T o ensur e tha t  thi s i s th e leve l  tha t 
we ar e tappin g int o experimentally ,  w e hav e mainl y use d 
a cross-moda l  repetitio n primin g tas k (whic h w e als o us e 
i n th e experiment s reporte d here) .  Thi s i s a  tas k wher e 
subject s hea r  a n auditoril y  presente d prim e word ,  an d 
immediatel y a t  th e offse t  o f  thi s wor d the y se e a  visua l 
targe t  -  a  wor d o r  nonwor d t o whic h the y hiav e t o m a k e a 
lexica l  decision . 

Th e advantag e o f  thi s tas k i s  tha t  i t  allow s u s t o ta p 
directl y int o th e stat e o f  representation s a t  th e leve l  o f  th e 
lexica l  entry .  Cross-moda l  primin g reflect s repeate d 
acces s t o lexica l  representation s share d b y prim e an d 
target .  Th e wor d happiness ,  fo r  example ,  prime s th e 
wor d happ y (relativ e t o som e contro l  prime) ,  becaus e 
bot h prim e an d targe t  hav e i n c o m m o n th e m o r p h e m e 
{happy} .  Th e activatio n o f  thi s morpheme ,  a s a 
consequenc e o f  hearin g th e prime ,  speed s u p subsequen t 
recognitio n (an d henc e lexica l  decision )  fo r  th e sam e 
morpheme w h e n presente d a s a  wor d o n it s own . 

On th e basi s o f  severa l  experiment s lookin g a t 
derivationall y suffixe d an d prefixe d word s i n English ,  w e 
hav e argue d fo r  a  morphologicall y decompose d menta l 
lexicon .  Specifically ,  w e propos e a  mode l  wher e 
morphologicall y comple x form s ar e mentall y represente d 
i n a  {ste m +  affix }  format .  Eac h comple x wor d i s  m a d e 
u p o f  a  ste m an d on e o r  mor e affixes .  Thes e stem s ar e 
alway s fre e morpheme s -  tha t  is ,  the y ca n stan d alon e a s 
individua l  word s i n English .  Fo r  example ,  th e m o r p h e m e 
{govern }  fimction s i n thi s framewor k bot h a s a  wor d o n 
it s own ,  an d a s a  ste m i n form s lik e government , 
misgovern ,  ungovernable ,  an d s o on . 

Crucially ,  thi s decompose d {ste m +  affix }  arrangemen t 
onl y applie s t o semanticall y transparen t  derive d forms .  A 
wor d lik e department ,  fo r  example ,  canno t  b e 
meaningfiill y  decompose d int o th e ste m depar t  plu s th e 
affi x  -ment ,  an d mus t  b e represente d a t  th e leve l  o f  th e 
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lexica l  entr y a s a  simpl e form ,  withou t  an y interna l 
slruclurc ,  jus l  a s i f  i t  wer e a  monomorphemi c word . 

Her e w e se e a n importan t  contras t  betwee n store d 
lexica l  representations ,  whic h ar e i n som e sens e hoke d 
up ,  becaus e the y alread y exis t  i n th e syste m a s complet e 
structures ,  a s oppose d t o th e representatio n o f  mor e 
transparen t  words ,  lik e rebuil d o r  lateness .  These ,  w e 
argue ,  ar e no t  store d i n th e sam e way .  Thei r  meanings , 
and thei r  grammatica l  properties ,  hav e t o b e compute d a s 
th e wor d i s hear d o r  read ,  b y combinin g th e propertie s o f 
ih c ste m wit h th e propertie s o f  th e affix . 

Thi s i s a  strongl y combinatoria l  vie w o f  lexica l 
representatio n an d processing ,  an d i t  assign s a  crucia l 
rol e no t  jus t  t o th e ste m morpheme s bu t  als o t o th e 
affixes ,  th e derivationa l  suffixe s an d prefixe s i n Englis h 
whic h combin e wit h stem s t o for m ne w words ,  ofte n wit h 
\cr y differen t  syntacti c an d semanti c properties . 
C o m b i n mg th e affi x {-ness }  wit h th e ste m {dirty} ,  fo r 
example ,  convert s a n adjectiv e int o a n abstrac t  nou n 
(dirtiness) .  Combinin g th e affi x {-er }  wit h th e ste m 
I  build} ,  convert s a  ver b int o a  nou n {builder) ,  an d s o on . 

Thes e ar e powerfu l  operations ,  an d an y 
morphologicall y base d theor y o f  lexica l  representatio n 
wil l  hav e t o hav e som e wa y o f  accommodatin g them .  Bu t 
althoug h linguisti c account s o f  morpholog y hav e ha d a 
io i  t o sa \  abou t  affixes ,  ther e ha s bee n ver y littl e 
experimenta l  wor k o n thei r  menta l  representation . 
Ps>cholinguisti c work ,  our s included ,  ha s bee n muc h 
mor e intereste d i n th e propertie s o f  stems .  Bu t  unti l  w e 
understan d mor e abou t  affixes ,  an d abou t  ho w the y fulfi l 
thei r  centra l  rol e i n lexica l  representatio n an d processing , 
any theor y o f  th e menta l  lexico n wil l  b e incomplete ; 
especiall y an y theor y arguin g fo r  a  morphemicall y 
decompose d lexico n organise d aroun d combinatoria l 
operation s 

As a  first  ste p i n thi s direction ,  w e addres s her e th e 
questio n o f  whethe r  derivationa l  affixe s ar e independen t 
cntititie s i n th e lexica l  system .  Th e affixe s w e ar e dealin g 
wit h ar c al l  boun d morphemes .  Thi s mean s tha t  the y 
cannot ,  unlik e fre e morphemes ,  stan d alon e a s word s i n 
English .  Ther e i s n o wor d ness ,  correspondin g t o th e -
/;ei i  i n darkness ,  ther e i s n o wor d ment ,  correspondin g t o 
ih c -men t  i n punishment ;  ther e i s n o wor d re , 
correspondin g t o th e re -  i n rebuil d o r  reopen .  Thes e ar e 
al l  boun d morpheme s tha t  ca n onl y occu r  i n conjunctio n 
w uh a  stem .  Bu t  doe s thi s als o mea n tha t  the y canno t 
stan d alon e a s cognitiv e elements ,  represente d separatel y 
fro m th e stem s t o whic h the y apply ? 

i t  follow s fro m ou r  decompositiona l  approac h t o lexica l 
representatio n tha t  thi s shoul d b e th e case ;  tha t  affixe s 
shoul d b e independentl y represente d a s morphemi c 
element s O n a  strongl y combinatoria l  view ,  th e -nes s i n 
happines s shoul d b e th e sam e a s th e -nes s i n darkness ; 
th e re -  i n rejil l  shoul d b e th e sam e a s th e re -  i n rebuild , 
and s o on .  Thi s predict s tha t  w e shoul d b e abl e t o ge t 
primin g betwee n thes e forms .  Darknes s shoul d prim e 
happiness ,  i n m u c h th e sam e way ,  an d fo r  th e sam e 
reasons ,  a s tw o form s sharin g th e sam e stem .  I f  w e d o ge t 
priming ,  thi s woul d b e a  stron g confirmatio n o f  th e 
approac h w e hav e bee n developin g 

I n contrast ,  o n a n approac h wher e morphologicall y 
comple x word s ar e separatel y represented ,  s o tha t 
happines s doe s no t  shar e a  morphem e wit h happy ,  an d 
wher e th e nes s i n happines s i s no t  th e sam e processin g 
entit y a s th e nes s i n darkness ,  the n ther e shoul d b e n o 
primin g betwee n item s whic h shar e th e sam e affix .  W e 
repor t  her e tw o experiment s designe d t o tes t  thes e 
questions . 

Experiment 1 

The first goal of the experiment is to compare affix 
primin g wit h ste m priming .  Wil l  w e ge t  affi x  primin g a t 
all ? Wil l  i t  b e comparabl e t o typica l  ste m primin g 
effects ? 

I n thi s first  experimen t  w e includ e th e tw o majo r  affi x 
type s i n English :  suffixe s an d prefixes .  Suffixe s i n 
English ,  suc h a s -ment ,  -ness ,  -ation ,  typicall y hav e 
majo r  syntacti c an d semanti c effect s o n thei r  stems , 
convertin g the m int o quit e differen t  linguisti c objects . 
Englis h prefixes ,  suc h a s un- ,  re- ,  -dis ,  typicall y hav e 
mor e restricte d effects .  The y normall y d o no t  chang e 
syntacti c clas s -  rebuil d i s stil l  a  ver b -  bu t  introduc e 
notion s suc h a s negatio n o r  repetition .  Wher e ther e i s n o 
a prior i  reaso n t o expec t  primin g result s t o var y a s a 
functio n o f  affi x  type ,  i t  i s  stil l  a n importan t  variabl e t o 
kee p controlled . 

Th e secon d importan t  facto r  i s affi x  productivit y • 
whethe r  a n affi x  i s stil l  bein g use d i n ordinar y speec h t o 
for m ne w words .  Thi s m a y wel l  interac t  wit h possibl e 
primin g effects .  Productiv e affixe s lik e -nes s o r  re -  ar e 
mor e likel y t o b e independentl y represente d -  an d 
therefor e primabl e -  tha n affixe s lik e en -  (a s i n enslave ) 
or  -t h (a s i n depth )  whic h ar e n o longe r  productiv e i n th e 
language . 

Th e desig n o f  th e resultin g cross-moda l  primin g 
experimen t  (auditor y primes ,  visua l  targets )  i s  outline d i n 
Tabl e 1 .  Th e tw o variable s o f  affi x  typ e an d productivit y 
giv e u s 4  set s o f  2 4 affixe d prime-targe t  pairs ,  wit h a 
furthe r  compariso n se t  o f  2 4 prime-targe t  word s sharin g 
th e sam e stems .  Al l  stimuli ,  whethe r  prime s o r  targets , 
wer e semanticall y transparent ,  a s establishe d o n th e basi s 
of  th e appropriat e pretests .  Eac h relate d prim e wa s paire d 
wit h a n unrelate d contro l  prime ,  matche d i n frequenc y 
an d numbe r  o f  syllables ,  t o provid e a  baselin e fo r 
measurin g possibl e primin g effects . 

Suffixe s 
Productiv e 
Unproductiv e 

Prefixes 
Productiv e 
Unproductiv e 

Pr im e 
darkness 
developmen t 

rearrang e 
enslav e 

Taree t 
toughnes s 
governmen t 

rethin k 
encircl e 

Stem s absurdit y absur d 

Table 1. Experiment 1: Design and sample stimuli 
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The productiv e suffixe s include d affixe s suc h a s -ation , 
hie .  an d -ness ,  contrastin g wit h nonproductiv e suffixe s 
ic h a s -iiient ,  -at ,  an d -ate .  Productiv e prefixe s include d 
-.  pre- ,  an d dis- ,  contrastin g wit h unproductiv e prefixe s 
cc en- ,  in- ,  an d mis- . 
Th e results ,  liste d i n Tabl e 2 ,  ar e straightforwar d 
her e i s a  significan t  primin g fo r  productiv e suffixe s an d 
efixes ,  an d thi s i s o f  th e sam e orde r  o f  magnitud e a s 
l e effect s obtaine d fo r  th e compariso n grou p o f  ste m 
•imin g stimul i  I n contrast ,  effect s ar e reduce d fo r  th e 
iproductiv e affixes ,  wit h n o significan t  effec t  fo r  th e 
ifTixes ,  an d onl y margina l  effect s fo r  th e prefixes .  Ther e 
.  however ,  n o overal l  statistica l  interactio n betwee n 
roduclivit y an d primin g effects ;  jus t  th e overal l  mai n 
Tect  o f  prim e typ e (Fl[l,25 ]  =  30.2 .  p<.001 ;  F2[l,82 ]  = 
3.4 .  p<.001) . 

i f  th e primin g effect s i n Experimen t  1  ca n b e reduce d to , 
or  ar e contribute d to ,  b y for m similaritie s betwee n prim e 
an d target ,  w e shoul d als o se e primin g betwee n stimul i  o f 
thi s type . 

Suffixe s 
Productiv e 
Unproductiv e 
Prefixe s 
Productiv e 
Unproductiv e 

Stems 

Tes t 
569 
554 

566 
589 

533 

Contro l 
596 
566 

597 
612 

563 

Primin e 
27* 
12 

31* * 
23(* ) 

30* * 

**p<.01,*p<.05 ,  (*)p<.1 0 

Tabic 2. Experiment 1: Lexical decision RTs (ms) 

Wc lake this to be strong preliminary evidence for the 
idcpcndcn t  statu s i n th e lexica l  syste m no t  jus t  o f  stem s 
ut  als o o f  boun d morphemes ,  suc h a s th e derivationa l 
(Ti.xe s teste d here .  Thi s is ,  however ,  a  resul t  whic h need s 
3 b e replicated ,  no t  onl y t o confir m th e existenc e o f  affi x 
riming ,  bu t  als o t o exclud e th e possibilit y  tha t  th e 
csult s ar e du e t o th e phonologica l  overla p betwee n prim e 
nd target .  Althoug h cross-moda l  primin g i s a  tas k wher e 
ar m similarit y ha s generall y playe d littl e rol e i n 
Ictcrminin g primin g effects ,  i t  i s  importan t  t o exclud e 
hi s possibilit y  fo r  thes e type s o f  stimulus . 

Experiment 2 

The second experiment included two new kinds of 
omparison ,  bot h designe d t o tes t  fo r  th e possibilit y  o f 
ilionologica l  effect s (se e Tabl e 3  below) .  Th e first  wa s a 
ct  o f  pseudo-affi x  conditions ,  wher e th e sam e prime s 
\cr c use d a s i n th e suffi x an d prefi x experiments ,  bu t 
\hcr e th e target s wer e n o w pseudo-affixe d word s lik e 
logger ,  carnation ,  o r  region .  I f  th e reaso n tha t  swimme r 
»rime s gamble r  i s becaus e o f  phonologica l  overla p i n th e 
;is t  syllable ,  the n th e sam e amoun t  o f  primin g shoul d b e 
oun d fo r  pair s lik e swimme r  an d dagger ,  whic h shar e 
i.sactl y th e sam e phonologica l  material . 

The secon d compariso n control s directl y fo r 
)honologica l  overlap ,  wit h pair s tha t  overla p eithe r  wor d 
niliall y  (lik e pilgrim/pilfe r  o r  vintage/vindicate )  o r  wor d 
inall y (lik e jacket/bucke t  o r  volcano/casino) ,  an d wher e 
10 potentia l  morphologica l  relation s ar e involved .  Again , 

Pr im e Targe t 
Suffixe s 
Productiv e 
Unproductiv e 
Prefixe s 
Productiv e 
Unproductiv e 
Pseudo-Suffixe s 
Productiv e 
Unproductiv e 
Pseudo-Prefixe s 
Productiv e 
Unproductiv e 
Phonoloeica l 
Overla p 
Initia l  Overla p 
Fina l  Overla p 

Stem s 

darknes s 
adjustmen t 

reanang e 
misfir e 

darknes s 
adjustmen t 

rearrang e 
misfir e 

vintag e 
purita n 

absurdit y 

toughnes s 
governmen t 

rewrit e 
misbehav e 

harnes s 
garmen t 

recen t 
mistres s 

vindicat e 
charlata n 

absur d 

Tabl e 3 .  Experimen t  2:  Desig n an d stimul i 

Turning to the affixed prime/target pairs, these again 
wer e broke n d o w n b y affi x  typ e an d productivity ,  wit h 
thes e division s mirrore d i n Ui e desig n fo r  th e pseudo -
affi x  set s (se e Tabl e 3) .  Eac h tes t  prim e wa s paire d wit h 
an unrelate d contro l  prime ,  matche d fo r  frequenc y an d 
number  o f  syllables .  Ther e wer e 2 0 prime-targe t  pair s i n 
eac h conditio n (affixed ,  pseudo-affixed ,  phonologica l 
overiap ,  stem) . 

Th e cross-moda l  primin g results ,  a s summarise d i n 
Figiu-e s 1  an d 2 ,  ar e clear-cut ,  an d comprehensivel y rul e 
out  an y interpretatio n i n term s o f  phonologica l  relation s 
betwee n prime s an d targets .  First ,  a s show n i n Figur e 1 , 
ther e i s stron g primin g fo r  productiv e suffixe s an d 
prefixes ,  averagin g 3 1 msec ,  whic h agai n parallel s th e 
ste m primin g effect s (2 4 msec) .  Primin g fo r  unproductiv e 
suffixe s an d prefixes ,  whil e stil l  significant ,  i s  somewha t 
weaker ,  averagin g 1 5 msec .  Thi s patter n generall y 
replicate s th e findings  fo r  Experimen t  1 ,  wit h simila r 
affi x  an d ste m effects . 

Turnin g t o th e Pseudo-affi x an d Phonologica l 
Overla p conditions ,  non e o f  thes e sho w an y significan t 
facilitation .  Th e word-initia l  overla p conditio n 
(yintageA'indicate )  i n fac t  generate s a  significan t 
interferenc e effec t  o f  -3 2 msec .  I n th e final  overla p 
^jacket^uckef )  conditio n ther e i s a  mino r  overal l  effec t  o f 
- 5 msec . 

Mor e importantly ,  th e compariso n betwee n Affixe d 
and Pseudo-affixe d condition s no t  onl y rule s ou t 
phonologica l  effects ,  bu t  also ,  a s illustrate d i n Figur e 2 , 
clarifie s th e importanc e o f  affi x  productivity .  Collapsin g 
ove r  affi x  type ,  sinc e prefixe s an d suffixe s behav e 
similarl y throughout ,  i t  i s  clea r  tha t  ther e i s littl e 
differenc e (averagin g 8  msec )  betwee n Affixe d an d 
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Pscudo-affixe d item s whe n the y involv e Unproductiv e 
affixes .  I n contrast ,  ther e i s a  highl y significan t 
difTercnc c o f  3 6 mse c fo r  th e Productiv e item s (p<.OI) , 
wher e th e Affi x stimul i  sho w a n increas e i n primin g 
wherea s th e Pseudo-affi x pair s sho w a  tendenc y t o 
interference ,  especiall y i n th e Pseudo-Suffi x condition . 

Thes e effect s ar e reflecte d i n th e interactio n betwee n 
Productivity ,  Targe t  Typ e (Affix/Pseudo-aflSx) ,  an d 
Prim e Typ e (Test/Control )  i n th e analyse s o f  varianc e 
conducte d o n thes e data .  (Fl[l ,  43 ]  =  5.36 ,  p  =  .03 ;  F2[l , 
124 ]  =  3.19, p =  .0 7 

(/ ) 

35 n 

25 -

^  1 5 

E 

5 -

- 5 J 

•  Suffi x 

H Prefix 

DS te m 

Unproductiv e Productiv e 

Figur e 1 :  Primin g effect s fo r  Suffixes ,  Prefixes ,  an d Stem s 

(/ ) 

30 -

20 -

CO 

I  1 0 H 

0 

-10 J 

I  Affi x 

I Pseudoaffix 

Unproductiv e Productiv e 

Figur e 2 :  Productivit y effect s fo r  Affixe d an d Pseudoaffixe d stimulu s pair s 

C o n c l u s i o n s 

The important result is that we have clear evidence that 
boun d morpheme s -  Englis h derivationa l  affixe s -  ar e 
isolabl e an d independen t  processin g structure s i n th e 
menta l  lexicon .  W e find  primin g acros s th e boar d fo r 

prefixe s an d suffixes ,  unde r  th e sam e condition s an d a t 
th e sam e leve l  tha t  w e find  primin g betwee n word s 
sharin g th e sam e stem .  I t  i s  har d t o se e ho w thi s ca n b e 
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explaine d excep t  i n term s o f  a  strongl y combinatorial , 
morphemicall y decompose d vie w o f  th e menta l  lexicon , 
w her e th e representatio n an d acces s o f  morphologicall y 
comple x form s involve s computationa l  processe s tha t 
c o m b me stem s an d affixes ,  an d wher e bot h partner s i n 
thes e computation s •  fre e an d boun d morpheme s -  hav e 
underlyingl y equa l  statu s a s processin g agents . 

The pictur e i s strengthene d b y th e effect s o f 
productivity .  Afii x  productivit y i s a  gradien t 
phenomenon ,  bu t  nonetheles s primin g i s consistentl y 
stronge r  fo r  productiv e affixe s lik e -ness ,  re -  an d -able . 
Thes e ar e th e affixe s tha t  ar e cunenll y i n productiv e us e 
i n formin g ne w word s i n th e language ,  an d the y coul d 
not  perfor m thi s function ,  eithe r  fo r  th e speake r  coinin g 
a ne w for m o r  fo r  th e listene r  interpretin g it ,  unles s the y 
had a n independen t  cognitiv e status .  A s ne w word s 
come int o th e languag e (lik e microwaveabl e an d 
downloadabl e i n th e 1980's )  thei r  interpretabilit y 
depend s o n th e availabilit y  t o th e perceive r  o f  th e 
syntacti c an d semanti c propertie s o f  th e affix ,  an d o n 
th e successfu l  combinatio n o f  thes e propertie s wit h 
thos e o f  th e ste m morpheme . 

Thes e ar e als o result s tha t  ar e hard  t o explai n o n an y 
simpl e semanti c story ,  whic h seek s t o explai n primin g 
betwee n morphologicall y relate d word s a s a  for m o f 
semanti c priming ,  alon g th e line s o f  th e primin g foun d 
betwee n otherwis e unrelate d pair s lik e cell o an d violin . 
The boun d morpheme s tha t  prim e her e d o no t  hav e 
clearl y definabl e semanti c identities .  The y ar e 
fundamentall y morphologica l  entities ,  functionin g i n 
productiv e combinatoria l  linguisti c processes ,  an d i t  i s 
unlikel y tha t  primin g relation s betwee n the m ca n b e 
accounte d fo r  i n term s whic h d o no t  tak e int o accoim t 
thei r  rol e a s par t  o f  a  linguistic ,  morphologica l  system . 

Thi s is ,  finally ,  th e beginnin g o f  a  stor y rathe r  tha n 
th e en d o f  one .  Give n thei r  eviden t  statu s a s activ e 
component s o f  lexica l  processing ,  h o w ar e thes e boun d 
morphemes represente d an d processe d i n th e languag e 
system ? Wha t  i s th e basi s o f  th e primin g effect s w e 
obtaine d -  re-activatio n o f  th e sam e structtu-e ,  o r 
repetitio n o f  th e sam e cluste r  o f  processin g procedures ? 
And ho w ar e w e t o interpre t  thes e result s unde r  th e 
assumptio n tha t  th e computationa l  infrastructiu- e fo r 
human languag e processin g i s distribute d an d sub -
s> mbolic ? H o w doe s a  syste m o f  thi s type ,  expose d t o 
th e comple x patter n o f  phonologica l  an d semanti c 
regularitie s an d irregularitie s i n th e languag e input , 
conver t  thi s int o a  for m o f  interna l  representatio n wit h 
th e morphologica l  an d combinatoria l  propertie s 
apparent! )  expose d b y th e researc h here ? 

Marslen-Wilson ,  W.D. ,  Tyler ,  L.K. ,  Waksler ,  R. ,  & 
Older ,  L .  Morpholog y an d meanin g i n th e Englis h 
menta l  lexicon .  Psychologica l  Review ,  101 ,  3-33 , 
1994 . 
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Abstrac t 

Chinese is a language that is extensively ambiguous on a 
lexical-morphemi c level .  I n thi s study ,  w e examine d th e 
effect s o f  prio r  context ,  frequency ,  an d densit y o f  a 
homophone o n spoke n wor d recognitio n o f  Chines e 
homophones i n a  cross-moda l  experiment .  Result s indicat e 
tha t  prio r  contex t  affect s th e acces s o f  th e appropriat e 
meanin g fro m earl y on ,  an d tha t  contex t  interact s wit h 
frequenc y o f  th e individua l  meaning s o f  a  homophone .  Thes e 
result s  ar e consisten t  wit h th e context-dependenc y hypothesi s 
whic h argue s tha t  ambiguou s meaning s o f  a  wor d ma y b e 
selectivel y accesse d a t  a n earl y stag e o f  recognitio n accordin g 
t o sententia l  context .  However ,  th e result s d o no t  suppor t  a 
pre-selectio n proces s i n whic h th e contextuall y appropriat e 
meanin g ca n b e activate d prio r  t o th e perceptio n o f  th e 
relevan t  acousti c signal . 

Introductio n 

Lexical ambiguity has been the focus for the study of 
contex t  effect s i n wor d recognitio n i n th e pas t  2 0 year s 
(Onife r  &  Swinney ,  1981 ;  Small ,  Cottrell ,  &  Tanenhaus , 
1988 ;  Simpso n &  Krueger ,  1991 ;  Swinney ,  1979 ;  Tabossi , 
1988) .  Result s fro m thes e studie s poin t  t o tw o majo r 
hypothese s o f  lexica l  access .  Th e exhaustiv e acces s 
hypothesi s argue s tha t  al l  meaning s o f  a  homophon e wil l  b e 
accesse d momentaril y  followin g th e occurrenc e o f  th e word ; 
semanti c contex t  ca n onl y hel p t o selec t  th e appropriat e 
meanin g a t  a  post-acces s decision/selectio n stage .  Thi s 
hypothesi s assume s a  modula r  accoun t  o f  lexica l  processin g 
i n whic h contex t  doe s no t  penetrat e lexica l  acces s (Fodor , 
1983) .  I n contrast ,  th e context-dependenc y hypothesi s 
argue s tha t  th e contextuall y appropriat e meanin g o f  a 
homophon e ca n b e selectivel y accesse d earl y on ,  i f  prio r 
contex t  provide s stron g bia s t o on e o f  th e meanings .  I t 
assumes a n interactiv e proces s i n whic h lexica l  an d 
contextua l  informatio n ca n mutuall y influenc e eac h othe r  a t 
a ver y earl y stag e (McClelland ,  1987) . 

Fe w studie s hav e examine d thes e hypothese s i n Chinese , 
a languag e tha t  i s  extensivel y ambiguou s o n a  lexical -
morphemi c level .  Accordin g t o th e Moder n Chines e 
Dictionar y (Institut e o f  Linguistics ,  1985) ,  8 0 % o f  th e 
monosyllable s ar e ambiguous ,  an d hal f  o f  the m hav e five  o r 

more homophones .  Fo r  example ,  th e syllabl e "yi "  (wit h th e 
dippin g tone )  ha s u p t o 9 0 homophone s (e.g. ,  skill ,  justice , 
benefit ,  discuss ,  intention ,  translate ,  hundred-million ,  etc.) , 
and thi s numbe r  woul d increas e t o 17 1 i f  identica l  syllable s 
wit h differen t  tone s wer e considere d a s homophones . 
Shoul d w e assum e tha t  upo n hearin g "yi" ,  Chines e listener s 
activat e al l  9 0 o r  mor e meaning s o f  th e syllable ? W e should , 
i f  w e accep t  th e exhaustiv e acces s hypothesi s i n it s stric t 
sense :  accordin g t o thi s hypothesi s lexica l  acces s i s a n 
autonomou s an d capacity-fre e process .  However ,  i f  w e 
follo w th e context-dependenc y hypothesis ,  onl y th e 
contextuall y appropriat e meanin g wil l  b e activate d whe n 
listener s hea r  th e syllable . 

The presen t  stud y i s designe d t o investigat e ho w context , 
frequency ,  an d homophon e densit y informatio n constrai n 
th e acces s o f  lexica l  meanings ,  usin g Chines e homophone s 
as a  crucia l  tes t  case . 

Method 

Subjects 
Sixt y nativ e Cantones e speaker s (3 8 female s an d 2 2 males , 
mean ag e =  19.6 )  wh o reporte d n o speec h o r  hearin g deficit s 
participate d i n th e experiment .  Al l  subject s wer e student s a t 
th e Chines e Universit y o f  Hon g Kong .  The y too k par t  i n th e 
experimen t  a s a  laborator y requiremen t  fo r  credi t  i n a n 
introductor y psycholog y course . 

Materials 

Thirt y spoke n homophone s (al l  nouns ,  se e Appendix )  wer e 
selected ,  eac h wit h a t  leas t  tw o differen t  meaning s i n th e 
same ton e (syllable s i n differen t  tone s ar e no t  considere d 
homophone s i n thi s study) .  Eac h homophon e wa s embedde d 
i n tw o sentence s wit h prio r  contex t  biasin g eithe r  o f  th e tw o 
selecte d meanings .  A  separat e grou p o f  2 0 bilingua l 
speaker s wa s aske d t o judg e th e degre e o f  constrain t  o f  th e 
prio r  contex t  o n th e targe t  homophone .  The y wer e give n th e 
60 tes t  sentence s wit h th e prio r  contex t  bu t  withou t  th e 
homophone ,  an d wer e aske d t o fill  i n th e word .  The y wer e 
tol d t o thin k o f  a  Chines e wor d tha t  woul d naturall y 
complet e th e sentence .  Thei r  response s wer e score d o n a  1- 4 
scale ,  base d o n th e scal e propose d b y Marslen-Wilso n an d 
Wels h (1978) :  1  wa s give n fo r  a  wor d identica l  t o th e tes t 
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word ,  2  fo r  a  synonym ,  3  fo r  a  relate d word ,  an d 4  fo r  a n 
unrelate d word .  Response s wer e poole d acros s th e 2 0 
judges ,  an d th e mea n ratin g wa s 1.6 .  Thi s scor e wa s abov e 
th e hig h constrain t  conditio n i n Marslen-Wilso n an d Wels h 
(1978) .  A n effor t  wa s als o mad e t o hav e prio r  contex t  o f 
equal  length ,  an d th e averag e lengt h o f  th e tes t  sentence s 
(countin g th e targe t  homophone )  wa s 1 4 word s (rangin g 
fro m 1 2 t o 1 7 words) . 

Four  independen t  variable s wer e manipulate d i n thi s 
experiment : 

(1 )  Prob e Type .  Th e visua l  prob e wa s (a )  biased ,  whic h 
was relate d t o th e contextuall y biase d meanin g o f  a 
homophone ,  o r  (b )  unbiased ,  whic h wa s relate d t o a  secon d 
meanin g no t  biase d b y th e context ,  o r  (c )  unrelate d control . 

(2 )  Dominance .  Th e prio r  contex t  biase d eithe r  th e 
dominan t  meanin g (mor e frequent )  o r  th e subordinat e 
meanin g (les s frequent )  o f  a  homophone .  Th e frequenc y 
count s wer e base d o n H o &  Jian g (1994) . 

(3 )  Homophon e Density .  A  give n homophon e ha d eithe r 
many potentia l  competitor s (fou r  o r  more )  o r  fe w (tw o t o 
three) .  N o previou s studie s hav e examine d thi s variabl e t o 
our  knowledge . 

(4 )  S O A (stimulus-onset-asynchrony) .  Th e visua l  prob e 
occurre d a t  a  give n S O A relativ e t o th e spoke n homophone , 
eithe r  a t  th e onse t  o r  a t  th e offse t  o f  th e homophone . 

A homophon e exampl e (zeong )  an d th e tw o 
correspondin g tes t  sentence s ar e give n below . 

(1) Sentence: 
Ngo na m ha i  dungmatjyu n leoi-mi n zeo i  daa i  g e za u ha i 
zeong . 
I  thin k tha t  th e bigges t  i n a  zo o i s th e elephant . 
(literally :  I  thin k i n zo o insid e mos t  bi g ' s the n i s elephant. ) 

Probes : 
(a )  sy u "mouse "  (biased ) 
(b )  gwa n "rod "  (unbiased ) 
(c )  za t  "quality "  (unrelate d control ) 

(2) Sentence: 
Popo wa a keo i  hanglo u mfongbi n soen g ji u jat-z i  zeong . 
Grandma say s tha t  sh e ha s troubl e walkin g an d want s t o 
hav e a  stick . 
(literally :  grandm a say s sh e wal k no t  convenien t  thin k 
want  on e stick. ) 

Probes : 
(a )  gwa n "rod "  (biased ) 
(b )  sy u "mouse "  (unbiased ) 
(c )  za t  "quality "  (unrelate d control ) 

All the visual probes were based on a semantic 
relatednes s judgmen t  tas k wit h a  separat e grou p o f  2 0 nativ e 
Cantones e speakers .  The y wer e aske d t o thin k o f  thre e 
noun s tha t  hav e th e sam e o r  closel y relate d meanin g t o eac h 
homophone ,  an d thei r  mos t  frequen t  respons e wa s selecte d 
as th e visua l  prob e fo r  th e homophon e (se e Appendi x fo r  a 
complet e lis t  o f  th e probe s use d i n th e experiment) . 

Design 
Subject s wer e divide d int o tw o group s o f  3 0 accordin g t o 
tw o differen t  S O A conditions .  Withi n eac h S O A condition , 
th e 3 0 subject s wer e agai n randoml y assigne d t o si x group s 

of  five .  Eac h grou p randoml y receive d a n equa l  numbe r  o f 
sentence s fo r  eac h S O A conditio n i n th e 2  (Dominance )  x  2 
(Homophon e Density )  x  3  (Prob e Type )  design .  Thi s 
yielde d a  tota l  o f  1 2 differen t  experimenta l  conditions .  Th e 
orde r  o f  presentatio n fo r  th e sentence s wa s pseudorandoml y 
arrange d suc h tha t  th e visua l  probe s di d no t  consecutivel y 
bia s spoke n homophones .  Th e orde r  o f  presentatio n wa s 
counterbalance d acros s subjects .  N o subjec t  hear d th e sam e 
targe t  homophon e twice . 

Experimental Apparatus 

The tes t  sentence s wer e rea d b y a  nativ e Cantones e speake r 
at  a  norma l  conversatio n rate ,  an d wer e tape-recorde d an d 
digitize d int o a  PowerMa c computer .  A  samplin g rat e o f 
2 2 k H Z wit h a  16-bi t  soun d forma t  wa s use d fo r  digitizing . 
Th e presentatio n o f  auditor y an d visua l  stimul i  wa s 
controlle d b y th e PsyScop e progra m (Cohen ,  MacWhinney , 
Flatt ,  &  Provost ,  1993) .  Subjects '  namin g latencie s wer e 
recorde d b y th e C M U button-bo x (Cohe n e t  al. ,  1993) .  A 
unidirectiona l  microphon e t o registe r  listeners '  voca l 
respons e wa s connecte d t o th e button-bo x throug h th e box' s 
voice-activate d relay . 

Procedure 
A cross-moda l  namin g techniqu e (e.g. ,  Li ,  i n press ; 
Seidenberg ,  Tanenhaus ,  Leiman ,  &  Bienkowski ,  1982 )  wa s 
used .  Subject s sa w a  fixatio n point ,  an d immediatel y hear d 
on a  pai r  o f  headphon e th e sentenc e i n whic h th e 
homophon e wa s embedded .  A  visua l  prob e the n occurre d o n 
th e compute r  scree n accordin g t o th e S O A condition .  Thei r 
tas k wa s to ,  a s accuratel y an d quickl y a s possible ,  nam e th e 
visua l  prob e alou d int o a  microphone .  Subject s wer e give n a 
m a x i m u m o f  tw o second s t o respond ,  countin g fro m th e 
onse t  o f  visua l  probe .  Thi s lengt h o f  tim e wa s sufficien t  fo r 
most  subject s t o giv e thei r  response s whil e a t  th e sam e tim e 
puttin g the m unde r  tim e pressure . 

Al l  subject s di d th e experimen t  individually .  Befor e th e 
tes t  began ,  the y wer e give n a  practic e sessio n i n whic h the y 
hear d a  se t  o f  separat e bu t  simila r  sentences .  Th e 
experimen t  too k abou t  twent y minutes . 

Data Analysis 
The dependen t  variabl e wa s subjects '  respons e latencie s t o 
eac h visua l  probe .  Th e latenc y wa s measure d fro m th e onse t 
of  th e visua l  prob e t o th e subject' s voca l  response . 

Results 

A2x3x2x2 (SOA x Probe Type x Dominance x 
Homophone Density )  A N O V A reveale d tw o mai n effects : 
S OA (F|,5 9 =  94.41 ,  p  <  .001) ,  an d Prob e Typ e (F2.5 8 =  5.13 , 
p <  .01) .  Ther e wa s als o a n interactio n betwee n S O A an d 
Dominanc e (F1.11 9 =  4.78 ,  p  <  .05) .  Th e mai n effec t  o f 
Prob e Typ e indicate s tha t  th e contextuall y biase d meanin g 
affecte d subjects '  namin g o f  th e visua l  probe .  I t  show s tha t 
contex t  effect s coul d tak e plac e immediatel y followin g th e 
occurrenc e o f  th e homophone ,  o r  eve n withi n th e acousti c 
boundar y o f  th e spoke n word .  Thes e effect s occurre d muc h 
earlie r  i n ou r  experimen t  tha n wha t  ha s bee n previousl y 

229 



argue d to r  (e.g. ,  abou t  1. 5 second s followin g th e occurrenc e 
of  th e ambiguou s word ,  se e Onife r  &  Swinney ,  1981 ; 
Swinney ,  1979) .  Th e mai n effec t  o f  S O A show s tha t 
althoug h contex t  di d no t  pre-selec t  th e meanin g befor e an y 
acousti c informatio n o f  th e homophon e (i n th e Onse t  S O A 
condition) ,  listener s di d sho w sensitivit y t o th e contextuall y 
biase d meanin g wit h minima l  acousti c informatio n (i n th e 
Offse t  S O A condition) .  Th e interactio n effec t  o f  S O A b y 
Dominanc e wa s du e t o th e fac t  tha t  th e frequenc y o f  th e 
meaning s o f  a  homophon e wa s reflecte d onl y i n th e Onse t 
S OA condition .  I n orde r  t o se e mor e clearl y th e variou s 
mai n effect s an d interaction s i n eac h S O A condition ,  w e 
conducte d tw o separat e 3 x 2 x 2 (Prob e Typ e x  Dominanc e 
X H o m o p h o n e Density )  A N O V A s . 

Figur e 1  present s th e result s fo r  respons e latencie s a s a 
functio n o f  Prob e Type ,  Dominance ,  an d H o m o p h o n e 
Densit y i n th e Onse t  S O A condition .  A N O V A show s tha t 
onl y th e mai n effec t  o f  Dominanc e (F |  2 9 =  4.91 ,  p  <  .05 ) 
was significant .  Individua l  comparison s reveale d tha t  thi s 
effec t  wa s du e t o difference s i n th e unbiased ,  lo w densit y 
item s (F ]  2 9 =  4.89 ,  p  <  .05) .  Thi s effec t  indicate s tha t  whe n 
ther e wer e fe w competitor s withi n a  homophone ,  frequenc y 
was th e mai n facto r  fo r  determinin g subjects '  respons e 
spee d i n th e unbiase d condition .  However ,  whe n contex t 
provide s a  bias ,  the n frequenc y effec t  becam e weaker . 

Dominan t Subordinat e 

850 

800 -  -

r  750 -  . 
g 
s 

700 . . 

650 . . 

600 . -

550 

a Biase d 

• Unbiased 

D Unrelated 

Hig h 
H 

Lo w Hig h 

Homophone density 

Low 

Figur e 1 :  Mea n Respons e Latencie s (ms )  a s a  functio n o f  Prob e 
Type ,  Dominance ,  an d Homophon e Densit y i n th e Onse t  S O A 
conditio n 

Figure 2 presents the results for response latencies as a 
functio n o f  Prob e Type ,  Dominance ,  an d H o m o p h o n e 
Densit y i n th e Offse t  S O A condition .  A N O V A show s tha t 
ther e wa s a  mai n effec t  o f  Prob e Typ e (F2,2 8 =  8.8 4 ,  p  < 
.001) ,  indicatin g tha t  contex t  ha d a n effec t  i n listeners ' 
identificatio n o f  th e contextuall y biase d meanin g o f  a 

homophone ,  whic h i n tur n facilitate s th e namin g o f  th e 
correspondin g visua l  probe .  Ther e wa s als o a  significan t 
interactio n betwee n Prob e Typ e an d Dominanc e (F2,5 8 = 
4.62 ,  p  <  .05) ,  showin g tha t  durin g recognitio n contex t 
interacte d wit h th e frequenc y o f  individua l  meaning s o f  a 
homophone .  I n general ,  dominan t  meaning s wer e accesse d 
faste r  tha n subordinat e meaning s (F i  5 9 =  4.83 ,  p  <  .05) . 

However ,  whe n contex t  provide d a  stron g bias ,  the n the y 
di d no t  diffe r  (F |  5 9 =  2.65 ,  n.s.) . 
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BBiase d 
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•Unrelate d 

800 . . 
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5 65 0 -  -
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Hig h Lo w Hig h Lo w 
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Figure 2: Mean Response Latencies (ms) as a function of Probe 
Type ,  Dominance ,  an d Homophon e Densit y i n th e Offse t  S O A 
conditio n 

Note that in both SOA conditions, there was no clear 
mai n effec t  o f  H o m o p h o n e Density ,  no r  clea r  interaction s 
betwee n Dominanc e an d Density .  Th e absenc e o f  thes e 
effect s i n ou r  experimen t  coul d b e du e t o tw o confoundin g 
factors .  First ,  i n thi s stud y w e use d writte n frequenc y t o 
approximat e th e frequenc y difference s fo r  th e spoke n 
homophones ,  du e t o th e unavailabilit y  o f  spoke n frequenc y 
informatio n fo r  Cantonese .  Second ,  w e suspec t  tha t  th e 
frequenc y o f  th e visua l  probe s coul d confoun d th e results . 
We di d no t  contro l  fo r  th e frequenc y o f  th e visua l  probe s 
becaus e th e visua l  probe s wer e derive d fro m independen t 
evidenc e i n a  semanti c relatednes s judgmen t  tas k (se e 
Method) ,  a s ther e hav e bee n n o semanti c associat e norm s 
fo r  Cantonese .  Ou r  suspicio n wa s confirme d i n a  separat e 
analysi s treatin g th e frequenc y o f  th e visua l  probe s a s a n 
independen t  variabl e (Fi,5 9 =  5.97 ,  p  <  .05) . 

T o summarize ,  th e abov e result s provid e a  time-cours e 
pictur e o f  th e contex t  effec t  i n spoke n wor d recognitio n o f 
homophones .  I n th e Onse t  S O A condition ,  ther e i s n o effec t 
of  contex t  a s a  functio n o f  Prob e Type ,  wherea s i n th e 
Offse t  S O A condition ,  contextuall y appropriat e probe s ar e 
named significantl y faste r  tha n contextuall y inappropriat e 
probes .  Dominanc e o f  th e homophon e meaning s als o play s 
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an importan t  rol e i n th e recognitio n process ,  an d i t  interact s 
wit h contex t  i n affectin g listeners '  respons e speed .  I n othe r 
words ,  whe n contex t  provide s n o clea r  bia s t o th e individua l 
meaning s o f  a  homophone ,  dominan t  meaning s i n genera l 
ar e activate d faster ;  whe n contex t  provide s a  clea r  bias , 
dominan t  an d subordinat e meaning s elici t  simila r  namin g 
latencies . 

General Discussion 

This study attempts to provide new evidence on an old 
problem .  Chines e represent s a  significantl y differen t 
languag e fro m Indo-Europea n languages ,  an d it s lexica l 
propertie s mak e th e languag e idea l  fo r  testin g th e lexica l 
ambiguit y issue .  Ou r  result s indicat e tha t  give n a  visua l 
prob e a t  th e offse t  o f  a  spoke n homophone ,  listener s sho w 
sensitivit y t o th e contextuall y biase d meaning .  Thes e 
result s ar e consisten t  wit h th e context-dependenc y 
hypothesi s whic h argue s tha t  ambiguou s meaning s o f  a 
wor d ma y b e selectivel y accesse d a t  a n earl y stag e o f 
recognitio n accordin g t o prio r  sententia l  contex t  (Simpson , 
1981 ;  Simpso n &  Krueger ,  1991 ;  Tabossi ,  1988) .  The y 
poin t  t o a  muc h earlie r  contex t  effec t  tha n wha t  ha s bee n 
previousl y assume d i n modula r  account s (e.g. ,  Onife r  & 
Swinney ,  1981) .  Recently ,  Mos s an d Marslen-Wilso n 
(1993 )  argu e tha t  th e offse t  o f  a n ambiguou s wor d ma y no t 
be th e critica l  poin t  fo r  tappin g int o th e locu s o f  contex t 
effect ,  becaus e man y word s i n contex t  coul d b e recognize d 
befor e th e wor d offset .  The y sugges t  tha t  th e initia l  acces s 
fo r  semanti c informatio n abou t  a  wor d coul d occu r  muc h 
earlier ,  an d tha t  th e selectio n o f  th e contextuall y appropriat e 
meanin g nee d no t  occu r  afte r  th e word .  Ou r  result s ar e 
consisten t  wit h thes e accounts ,  i n tha t  contex t  effect s ca n b e 
clearl y observe d a t  th e offse t  o f  a  spoke n homophone , 
withi n th e tempora l  acousti c boundar y o f  th e word . 

Althoug h ou r  result s suppor t  th e context-dependenc y 
hypothesi s i n general ,  the y d o no t  provid e suppor t  fo r  a  top -
down proces s o f  pre-selectio n o f  th e contextuall y 
appropriat e meanin g withou t  an y acousti c information .  I n 
our  experimen t  whe n th e listene r  see s a  visua l  prob e a t  th e 
onse t  o f  th e spoke n homophone ,  th e contex t  show s n o clea r 
effect .  Thi s resul t  i s  consisten t  wit h th e "bottom-u p priority " 
principl e o f  th e cohor t  mode l  (Marslen-Wilson ,  1987 ) 
whic h argue s tha t  i n orde r  fo r  lexica l  acces s t o tak e place , 
ther e ha s t o b e limite d bottom-u p acousti c information .  Ou r 
result s fro m th e Onse t  S O A conditio n see m t o sugges t  tha t 
ther e i s a  ver y brie f  moment  o f  lexica l  acces s o f  multipl e 
meaning s followin g th e onse t  o f  th e acousti c signal . 
However ,  thi s moment  i s short-lived ,  an d othe r  informatio n 
suc h a s frequenc y coul d star t  t o pla y a  rol e rapidl y 
thereafter . 

The curren t  stud y als o indicate s th e importanc e o f 
frequenc y o r  dominanc e informatio n i n spoke n wor d 
recognitio n o f  homophones .  Althoug h th e frequenc y 
informatio n use d i n thi s stud y i s onl y a n approximatio n 
becaus e the y ar e base d o n writte n norms ,  th e result s d o 
sugges t  a n interactiv e pictur e i n general ,  i n whic h frequenc y 
and contex t  ca n mutuall y interac t  fo r  th e identificatio n o f 
th e correc t  meaning .  Fo r  example ,  frequenc y o f  th e 

individua l  meaning s o f  a  homophon e show s a n effec t  i n th e 
lo w densit y item s i n th e Onse t  S O A condition ,  counte r  t o 
hypothese s whic h argu e tha t  frequenc y effect s ca n onl y 
occu r  late r  o n i n th e selectio n stag e (e.g. ,  Onife r  & 
Swinney ,  1981) .  Ongoin g experiment s wit h severa l 
paradigm s ar e bein g designe d i n ou r  laboratorie s t o examin e 
context ,  frequency ,  an d homophon e densit y i n greate r  detai l 
so tha t  w e ma y provid e a  mor e comprehensiv e accoun t  o f 
contex t  effect s i n spoke n wor d recognition . 
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Appendix :  H o m o p h o n e s an d Probe s 

Used i n th e Experimen t 

Homophone 

baanl 
baan2 
bol 
bou3 
ci 4 
coeng l 
coeng 4 
dou2 
fo 3 
gau2 
jyun 4 
kei 4 
kwan4 
maa5 
min 6 
mou6 
ping 4 
saaml 
sau2 
seoi 3 
si l 
sin 3 
soeng l 
tong 4 
waa6 
wan4 
wol 
wu4 
zoeng 3 
zoeng 6 

;  DOM 

clas s 
boar d 
bal l 
clot h 
pon d 
gun 
wal l 
islan d 
good s 
dog 
circl e 
fla g 
dres s 
hors e 
fac e 
fo g 
vas e 
clothe s 
hand 
ta x 
sil k 
threa d 
containe r 
suga r 
languag e 
clou d 
nest 
lak e 
debi t 
elephan t 

Prob e 

zu3 
yi 3 
qiu 2 
mian 2 
he2 
dan 4 
zhuan l 
hai 3 
cang l 
maol 
fang l 
jun l 
yi l 
niu 2 
yan 3 
yu3 
zun l 
wa4 
tui 3 
qian 2 
tiao 2 
you 4 
he2 a 
tian 2 
shu l 
tian l 
bei 4 
shui 3 
zhai 4 
shu 3 

SUB 

dot 
editio n 
slop e 

Prob e 

zi 4 
yin 4 
cao 3 

newspape r  shi 4 
pros e 
windo w 

zi 4 
men2 

playgroun d cheng 2 
gambl e 
lesso n 
nin e 
ape 
dat e 
grou p 
yar d 
noodl e 
tom b 
platea u 
thre e 
Unker 
yea r 
poe m 
fa n 
fros t 
lesso n 
paintin g 
sou l 
wok 
arc 
curtai n 
stic k 

shu l 
shu l 
shu 4 
hou 2 
ri4 
ji 2 
chi 3 
fen 3 
si 3 
di 4 
si 4 
chuan 2 
nian 2 
wen2 
liang 2 
xue 3 
xue 2 
se4 
gui 3 
huo 4 
wanl 
ying 2 
gun 4 

Note :  D O M -  Donunan t  meamng ;  S U B -  Subord i 
meaning .  Th e probe s ar e semanticall y relate d t o th e 
correspondin g meanings . 
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Abstrac t 

Phonological reduction and assimilation are intrinsic to 
speech .  W e repor t  a  statistica l  exploratio n o f  a n idealise d 
phonologica l  versio n o f  th e London-Lun d Corpu s an d 
describ e th e computationa l  consequence s o f  phonologica l 
reductio n an d assimilation .  I n term s o f  intra-wor d 
informatio n structure ,  th e overal l  effec t  o f  thes e processe s 
i s t o flatte n ou t  th e redundanc y curv e calculate d ove r 
consecutiv e segment-positions .  W e sugges t  tha t  thi s effec t 
represent s a  genera l  principl e o f  th e presentatio n o f 
informatio n t o th e brain :  informatio n shoul d b e sprea d a s 
evenl y a s possibl e ove r  a  representationa l  surfac e o r  acros s 
time .  W e als o demonstrat e tha t  th e effec t  i s  partiall y  du e t o 
th e fac t  tha t  whe n assimilatio n introduce s phonologica l 
ambiguity ,  a s in/<3 /  ma n comin g t o resemble/a p man ,  the n 
th e ambiguit y introduce d i s alway s i n th e directio n o f  a  les s 
trcquen i  segment :  /p /  i s  les s frequen t  tha n /{/ .  W e sho w tha t 
thi s observation ,  th e "Mov e t o Markedness" ,  i s  tru e acros s 
th e boar d fo r  change s i n segmen t  identit y i n English .  Thi s 
distributio n o f  segment s mean s tha t  th e numbe r  o f 
erroneou s lexica l  hypothese s introduce d b y segment -
changin g processe s suc h a s assimilatio n i s minimised .  W e 
sugges t  tha t  th e Mov e t o Markednes s withi n th e lexico n i s 
th e resul t  o f  pressur e fro m th e requirement s o f  a  ver y 
efficien t  wor d recognitio n devic e tha t  i s  sensitiv e t o 
change s o f  individua l  phonologica l  features . 

Production of Fast, Continuous Speech 

Normal speech is fast, casual, continuous and 
situationall y located .  Thes e feature s m e a n tha t  th e 
pionunciatio n o f  an y on e w o r d i s  likel y t o diffe r 
substantiall y  fro m th e w a y tha t  i t  migh t  b e produce d i n 
"citatio n form "  -  th e careful ,  ideal ,  isolate d "dictionary " 
pionunciatio n o f  tha t  word .  First ,  th e wor d m a y refe r  t o a 
give n i n th e discours e o r  th e environmen t  o f  th e discourse , 
i n whic h cas e eve n a  poorl y specifie d wordfor m m a y b e 
sufficien t  fo r  th e listene r  t o recognis e th e intende d word . 
Second ,  th e wor d m a y b e a  functio n wor d lik e which ,  i s  o r 
the ,  whos e identit y i s i n par t  predictabl e fro m th e syntacti c 
context .  I n thi s case ,  top-dow n processin g m a y augmen t  th e 

perceptio n o f  th e wor d (Shillcoc k &  Bard ,  1993) .  Third ,  th e 
articulator s mus t  m o v e betwee n th e physica l  position s 
require d t o produc e consecutiv e speec h segment s and , 
particularl y i n faste r  speech ,  thi s m a y m e a n tha t  th e 
articulator s d o no t  reac h th e opt imu m positio n fo r  an y on e 
segment  befor e bein g require d t o m o v e t o n e w position s 
appropriat e t o th e productio n o f  th e nex t  segment .  Thi s 
means tha t  th e pronunciatio n o f  an y segmen t  m a y b e 
influence d b y adjacen t  an d nearb y segments ,  eve n i f  thos e 
segment s ar e o n th e othe r  sid e o f  a  wor d boundary .  I n thi s 
pape r  w e develop ,  fro m a n informatio n processin g 
perspective ,  a  genera l  principl e concernin g th e productio n o f 
fas t  speec h an d w e revea l  a  strikin g generalisatio n abou t  th e 
distributio n o f  segment s i n relatio n t o thes e fas t  speec h 
processe s an d th e proble m o f  wor d recognition' . 

T h e processe s w e describe ,  suc h a s assimilation ,  ar e 
determine d a t  leas t  partl y b y th e physica l  structur e o f  th e 
articulators .  Th e lexico n o f  curren t  Englis h ha s develope d 
agains t  th e backdro p o f  thes e physica l  constraints .  W e 
assum e tha t  th e vocabular y o f  Englis h ha s accommodate d 
thes e physica l  constraint s i n term s o f  an y implication s the y 
m ay hav e fo r  informatio n processing ,  intelligibilit y  o r  eas e 
of  production . 

Producin g speech ,  a t  norma l  rate s o f  perhap s 100-12 0 
word s a  minute ,  i s  th e mos t  comple x muscula r  activit y i n 
ou r  repertoire .  Similarly ,  listenin g t o speec h an d derivin g 
message-leve l  interpretation s virtuall y instantaneously ,  i s 
arguabl y a s comple x a  computationa l  tas k a s w e undertak e 
i n suc h a  timescale.  I n "fas f  (tha t  is ,  normal )  speec h 
processes ,  thes e pressure s o n speake r  an d listene r  ar e bot h 
present .  W e migh t  expec t  th e phonologica l  conten t  o f 
speec h t o hav e bee n shape d s o a s t o b e readil y speede d u p 
wit h a s littl e lac k o f  intelligibilit y  a s possible .  Be low ,  w e 
adop t  a  corpus-base d approac h t o demonstrat e th e trut h o f 

'Phonetician s contras t  "citatio n form "  pronunciatio n wit h "fas t 
speech "  pronunciation .  Th e poin t  w e emphasis e her e i s tha t 
normal ,  conversationa l  speec h i s "fast" ,  i n thes e terms . 
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thi s claim .  W e wil l  describe ,  i n informatio n theoreti c terms , 
th e result s o f  buildin g fas t  speec h processe s int o a 
phonologica l  transcriptio n o f  a  corpu s o f  conversationa l 
speech .  First ,  w e describ e th e generatio n o f  th e corpu s an d 
the n w e presen t  statistica l  analyse s o f  th e implication s fo r 
wor d recognition . 

Generating a Realistic Speech Corpus 

We describe in detail elsewhere the generation of an idealised 
phonologica l  transcriptio n o f  th e London-Lun d Corpu s 
(LLC )  (Svartvi k &  Quirk ,  1980 ;  Shillcock .  Hicks ,  Cairns , 
Lev y &  Chater .  1995) .  Th e L L C i s a  corpu s o f 
orthographicall y transcribe d conversationa l  Englis h speech , 
containin g som e 494,00 0 wor d tokens .  Th e speec h contain s 
th e fals e starts ,  fille d pauses ,  repetition s an d pausin g tha t 
characteris e norma l  speech .  S o m e 1 9 % o f  th e wor d 
boundarie s i n th e L L C ar e explicitl y  marke d b y pause s o r 
speake r  changeovers .  Th e res t  i s  continuou s speech .  W e 
summaris e belo w th e procedur e b y whic h a n idealise d 
phonologica l  transcriptio n o f  thi s corpu s wa s generated .  Th e 
goal  wa s t o develo p a  phonologica l  corpu s tha t  retaine d th e 
psychologicall y importan t  scal e an d representativenes s o f  th e 
origina l  orthographi c corpus . 

First ,  th e corpu s wa s strippe d o f  al l  annotation s pertainin g 
t o speake r  identity ,  prosody ,  pausing ,  an d othe r 
paralinguisti c information .  Second ,  th e orthographi c wor d 
token s wer e replace d b y thei r  respectiv e citatio n forms , 
derive d fro m th e C E L E X database^ .  A  minorit y o f  token s 
wer e transcribe d a s exceptions ,  eithe r  becaus e the y di d no t 
occu r  i n C E L E X ,  o r  the y wer e fragment s o f  words ,  o r  the y 
had bee n give n a  phonologica l  transcriptio n i n th e origina l 
L L C.  Third ,  phonologica l  reduction s an d assimilation s wer e 
introduced ,  a s describe d below . 

I t  i s  no t  possibl e t o recreat e th e ful l  richnes s o f  th e 
phonologica l  reductio n o f  th e origina l  speech ,  whic h woul d 
diffe r  betwee n speakers ,  betwee n utterances ,  an d betwee n 
differen t  token s o f  th e sam e word .  However ,  i t  i s possibl e t o 
creat e a  versio n o f  th e entir e corpu s tha t  i s rathe r  mor e 
representativ e o f  norma l  speec h tha n a  simpl e concatenatio n 
of  citatio n forms .  O n e indicato r  o f  th e validit y o f  th e 
transcriptio n i s th e degre e t o whic h th e resultin g globa l 
statistic s predic t  rea l  processin g behaviour .  I n thi s respect , 
ther e i s reaso n t o believ e tha t  th e overal l  statistic s w e hav e 
extracte d fro m th e phonologica l  versio n o f  th e L L C ar e 
psychologicall y realistic .  W e hav e use d thes e statistic s 
successfull y t o mode l  p h o n e m e restoratio n an d th e 
acquisitio n o f  expressiv e phonolog y (see ,  e.g. ,  Chater , 
Shillcock ,  Cairn s &  Levy ,  1995 ;  Shillcock ,  Chater ,  Lev y & 
Hicks ,  1996) . 

We incorporate d phonologica l  reductio n int o th e corpu s 
fo r  th e functio n word s only .  I n rea l  speech ,  thi s clas s o f 
word s i s disproportionatel y affecte d b y phonologica l 
reduction ,  reflectin g th e fac t  tha t  suc h word s m a y b e 
perceptuall y restore d b y thei r  syntacti c context .  A  singl e 
reduce d versio n o f  eac h functio n wor d wa s take n fro m th e 

-CELE X Lexica l  Databas e o f  Englis h (Versio n 2.5) .  Dutc h 
Centr e to r  Lexica l  Information ,  Nijmegen . 

reduce d form s liste d i n th e C E L E X database ,  an d wa s 
substitute d fo r  th e citation-for m versio n i n al l  instance s 
wher e thi s wa s appropriat e t o th e phonologica l  context .  Fo r 
instance ,  ha d wa s transcribe d a s /had/ ,  an d an d a s /and/ . 
Elsewher e w e lis t  al l  o f  th e relevan t  functio n word s an d thei r 
reduce d form s (Shillcoc k et .  al. ,  1995) .  Thes e functio n 
word s accounte d fo r  som e 5 3 % o f  th e wor d tokens . 

Afte r  th e functio n wor d reduction s ha d bee n made ,  w e 
adde d t o ou r  phonologica l  transcriptio n a n approximatio n o f 
th e effect s o f  assimilation .  Thes e effect s wer e applie d acros s 
al l  word s i n th e corpus ,  functio n an d content .  I n rea l  speech , 
consonant s ma y b e assimilate d t o th e plac e o f  articulatio n o f 
th e followin g segment ;  fo r  instance ,  th e /t /  i n fa t  m a n ma y 
be assimilate d t o th e labia l  plac e o f  articulatio n o f  th e 
followin g / m /  s o tha t  th e /t /  acquire s som e o f  th e 
characteristic s o f  a  /p/ .  I n th e extrem e cas e th e /t /  ma y 
become a  /p/ ,  givin g fa p man ,  bu t  i n othe r  case s th e /t / 
become s ambiguou s betwee n a  /t /  an d a  /p/ .  I n ou r 
phonologica l  transcriptio n o f  th e L L C ,  w e hav e adopte d a n 
idealise d cas e i n whic h th e /t /  i s  change d int o a  /p/ . 
Specifically ,  /d /  befor e a  labia l  becam e /b/ ,  /t /  befor e a  labia l 
became /p/ ,  /d /  befor e a  vela r  becam e /g/ ,  /t /  befor e a  vela r 
became /k/ .  I n addition ,  th e si x consonant s wer e replace d b y 
thei r  unrelease d version s whe n the y occurre d befor e anothe r 
consonant .  Al l  o f  th e rule s regardin g assimilatio n an d th e 
inclusio n o f  th e unrelease d version s o f  th e consonant s wer e 
applie d regardles s o f  an y wor d boundar y information .  Thus , 
assimilatio n coul d occu r  acros s th e syllabl e boundarie s 
withi n a  polysyllabi c word ,  an d th e firs t  consonant s i n al l 
consonan t  cluster s becam e unreleased . 

The procedur e sketche d abov e produce d a  phonologica l 
versio n o f  th e L L C tha t  i s psychologicall y realisti c i n term s 
of  th e distributiona l  statistic s o f  it s segments ,  i n spit e o f  th e 
relativ e crudenes s o f  suc h a n automate d procedur e compare d 
wit h a  clos e transcriptio n mad e b y a  traine d phonetician . 

The Information Structure of Words 

We now consider each segment position in all the words of a 
particula r  length ,  an d w e calculat e th e predictabilit y  o f  th e 
content s o f  tha t  segmen t  position .  A t  on e extrem e i s th e 
cas e i n whic h ever y possibl e segmen t  occur s wit h exactl y 
equa l  probabilit y  i n th e Mt h positio n i n al l  word s o f  lengt h n 
or  more :  thi s segmen t  positio n i s therefor e maximall y 
informativ e an d minimall y redundant .  A t  th e othe r  extrem e 
i s th e cas e i n whic h onl y on e particula r  segmen t  eve r  occur s 
i n th e nt h positio n i n word s o f  lengt h n  o r  more :  thi s 
segment  positio n i s minimall y informativ e an d maximall y 
redundant .  I n reality ,  practicall y al l  case s fal l  betwee n thes e 
tw o extremes .  I n th e discussio n below ,  w e wil l  b e concerne d 
wit h redundancy ,  s o tha t  th e greate r  th e redundancy ,  th e mor e 
predictabl e i s th e processin g o f  tha t  particula r  segmen t 
position . 

Redundanc y wa s calculate d a s follow s (see ,  e.g. , 
Yannakoudaki s &  Hutton ,  1992) : 

Let  5  =  Se t  o f  allowe d phoneme s 
= {s ,̂s ,̂s ,̂...,s j 

P =?T(s)/'LPTis ) 
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W-max =  log, n 

w = - i : _ ,  p iog, p 
Entrop y E  =  /////-ma x 
Redundanc y / ? = ! - £ 

Redundanc y range s betwee n 0  an d 1 .  Figur e 1  show s an 
exampl e redundanc y curv e calculate d ove r  th e fou r  segmen t 
position s fo r  al l  o f  th e four-lette r  word s i n th e fina l 
phonologica l  versio n o f  th e L L C .  Thi s show s tha t  th e 
genera l  shap e o f  th e redundanc y curve s i s on e whic h rise s 
ove r  time :  th e earl y segment s o f  spoke n word s ar e mor e 
informativ e tha n th e late r  ones .  Thi s i s i n agreemen t  wit h 
th e upwar d slop e o f  th e curve s reporte d b y Yannakoudaki s 
and Hutto n fo r  corpor a derive d fro m text ,  an d follow s thei r 
conventio n o f  plottin g redundancy ,  rathe r  tha n entropy , 
agains t  segmen t  position .  Not e tha t  th e measur e o f 
redundanc y use d her e i s concerne d onl y wit h th e distributio n 
of  segment s withi n a  particula r  segmen t  position ,  an d no t 
wit h th e phonologica l  informatio n accumulate d u p t o tha t 
poin t  i n a  particula r  word .  I n thi s analysis ,  redundanc y a t 
any on e segmen t  positio n i s i n n o wa y conditiona l  o n wha t 
has occurre d earlier ;  late r  segment s ar e no t  redundan t  becaus e 
th e identit y o f  a  particula r  wor d i s constraine d b y wha t  ha s 
gon e before . 

0. 3 

0.25 -

0 . 2 -

0 .15 -

1 2  3 

S e g m e nt  positio n 

Figur e 1 :  Th e redundanc y curv e acros s th e fou r  segmen t 
position s fo r  al l  o f  th e four-lette r  word s i n th e L L C . 

Figure 2 shows the aggregate redundancy curve for all of 
th e word s i n th e L L C o f  lengt h 1- 9 segments .  Th e soli d 
lin e i s th e redundanc y curv e fo r  th e word s i n citatio n form , 
befor e phonologica l  reductio n an d assimilation .  Th e dotte d 
lin e i s th e redundanc y curv e fo r  th e word s afte r  th e operatio n 
ol  thes e fas t  speec h processes . 

As Figur e 2  shows ,  phonologica l  reductio n an d 
assimilatio n increase d th e leve l  o f  redundanc y i n th e earl y 
part s o f  word s an d decrease d i t  i n th e late r  part s o f  words . 
The overal l  effec t  i s  o f  a  flattenin g o f  th e curve ,  whic h w e 
explor e further ,  below .  W e hav e replicate d thi s resul t  wit h a 
differen t  corpu s o f  orthographicall y transcribe d speech . 

whic h w e hav e converte d int o a  phonologica l  transcriptio n 
usin g th e procedur e describe d above .  Figur e 3  show s th e 
correspondin g dat a fo r  a  comparabl e amoun t  o f  speech ,  th e 
speec h addresse d t o childre n age d 0-2 8 month s i n th e 
C H I L D ES corpu s (MacWhinney ,  1991) . 
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Figure 2: The effects of phonological reduction and 
assimilatio n o n redundancy ,  fo r  word s o f  lengt h 1- 9 

i n th e L L C . 
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Figure 3; The effects of phonological reduction and 
assimilatio n o n redundancy ,  fo r  word s o f  lengt h 1- 9 

i n th e C H I L D E S Corpus . 

The increase in redundancy in the earlier part of the curves 
i n Figure s 2  an d 3  i s principall y du e t o th e replacemen t  o f 
th e closed-clas s word s b y thei r  reduce d forms .  Thes e word s 
ar e typicall y shor t  an d thei r  phonologica l  reductio n involve s 
th e replacemen t  o f  citatio n for m vowel s b y /a/ ,  a s i n ha d an d 
and .  Thi s cause s th e distributio n o f  segment s i n th e earlie r 
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position s t o becom e mor e skewed ,  increasin g redundancy . 
Thi s increas e i n redundanc y i s reverse d i n th e late r  par t  o f  th e 
curv e i n bot h th e L L C an d th e C H I L D E S corpora ,  wit h 
redundanc y generall y lowe r  fro m th e thir d segmen t  on , 
followin g th e applicatio n o f  fas t  speec h rule s (i n Wilcoxo n 
signe d rank s tests ,  i  =  -2.197 ,  p  <  .03 ;  z  =  2.366 ,  p  <  .02 , 
respectively) .  Thi s reductio n i n redundanc y i s th e resul t  o f 
assimilatio n introducin g les s frequen t  segment s a t  th e end s 
of  syllable s an d words ,  an d i s discusse d belo w i n term s o f 
th e implication s fo r  wor d recognition . 

The dat a show n i n Figure s 2  an d 3  ar e consisten t  wit h 
what  ma y b e a  genera l  principl e o f  informatio n processin g 
i n th e brain ,  tha t  incomin g informatio n shoul d b e sprea d a s 
evenl y a s possibl e ove r  th e relevan t  representationa l  surface . 
Thi s i s illustrate d i n topographi c mapping ,  a s i n Penfield' s 
h o m u n c u l u s ,  fo r  instance .  M o r e somati c 
stimulation/informatio n a t  on e particula r  regio n compare d t o 
anothe r  lead s t o mor e extensiv e cortica l  representatio n o f  th e 
former .  Equa l  representationa l  spac e fo r  bot h woul d resul t  i n 
an uneconomica l  us e o f  computationa l  resources .  (Fo r 
furthe r  discussion ,  see ,  e.g. .  Smith ,  1996. )  W e propos e tha t 
th e effec t  demonstrate d i n Figure s 2  an d 3  reflect s th e 
tempora l  analogu e o f  thi s principle :  th e optima l  profil e o f 
informatio n ove r  tim e i s flat ,  th e processo r  shoul d no t  b e 
subjec t  t o fluctuations  i n th e informativenes s o f  th e speec h 
signa l  a t  th e phonologica l  level .  I n informatio n theoreti c 
terms ,  th e functiona l  motivatio n fo r  thi s phenomeno n i s 
tha t  th e frequenc y o f  occurrenc e o f  segment s i s evene d out , 
thu s allowin g m a x i m u m transfe r  o f  informatio n i n a n 
increasingl y nois y channel . 

The increasin g redundanc y curve s i n Figure s 1- 3 reflec t  a 
broader ,  communicativ e pressur e o n th e structur e o f  th e 
lexicon ,  i n tha t  i t  i s  desirabl e fo r  word s t o b e distinguishe d 
earl y i n thei r  acousti c lifetimes .  (W e se e thi s sam e pressur e 
reflecte d a t  th e morphologica l  leve l  i n term s o f  a 
crosslinguisti c preferenc e fo r  suffixin g ove r  prefixin g 
(Hawkin s &  Cutler ,  1985). )  Thi s i s  a n abstrac t 
characterisatio n o f  th e problem ,  appropriat e t o centra l 
processin g i n a  lexico n o f  idealise d forms .  I n contrast ,  th e 
flattened  redundanc y curve s reflec t  th e exigencie s o f  mor e 
periphera l  processing ,  i n whic h segmen t  identit y mus t  b e 
determine d unde r  tim e pressur e i n a  nois y signal . 

Althoug h w e onl y presen t  dat a concernin g across-the-boar d 
replacemen t  b y phonologicall y reduce d form s fo r  th e closed -
clas s words ,  th e effect s o f  reductio n o f  th e open-clas s word s 
may b e see n t o b e i n lin e wit h th e overal l  flattening  o f  th e 
redundanc y curv e describe d above .  Open-clas s word s 
predominantl y hav e metricall y stron g initia l  syllable s 
(Cutle r  &  Carter ,  1987) ,  containin g ful l  vowel s an d no t 
attractin g th e degre e o f  phonologica l  reductio n tha t  fall s t o 
th e metricall y wea k late r  syllables .  Th e los s o f  segments ,  i n 
perceptio n an d production ,  fro m th e late r  part s o f  word s -  a s 
i n th e secon d syllabl e o f  statio n bein g replace d b y a  syllabi c 
/n/ ,  fo r  instanc e -  wil l  remov e fro m th e statistic s th e ver y 
frequent ,  vulnerabl e segment s suc h a s h /  an d /t/ ,  an d 
contribut e t o th e furthe r  lowerin g o f  th e high-redundanc y 
par t  o f  th e curve . 

Conventionally ,  phonologica l  reductio n i n th e les s 
informative ,  late r  part s o f  open-clas s word s i s  see n a s 
reflectin g th e fac t  tha t  a  particula r  wor d ma y b e expecte d t o 
hav e bee n recognise d b y thi s point .  W e presen t  a 
complementary ,  alternativ e analysi s here :  thes e segment s ar e 
more affecte d becaus e the y ar e mor e predictabl e simpl y o n 
th e basi s o f  distanc e fro m th e beginnin g o f  th e word . 
Naturall y ther e ar e othe r  influence s o n intelligibilit y an d 
informativeness ,  apar t  fro m thos e w e hav e considere d above : 
prosod y i s on e suc h example .  Th e tendenc y o f  fas t  speec h 
processe s t o produc e flatter  redundanc y curve s i s see n her e a s 
a genera l  tendenc y tha t  interact s wit h othe r  factors . 

Implications for Word Recognition 

The effects of assimilation are generally taken to be 
deleteriou s t o wor d recognition :  th e identit y o f  a  segmen t  i s 
bein g compromised ,  eithe r  b y makin g i t  ambiguou s wit h 
anothe r  segmen t  or ,  a s i n ou r  idealisatio n o f  th e effect ,  b y 
changin g it s identit y completel y t o tha t  o f  anothe r  segment . 
Assimilatio n migh t  b e expecte d t o impai r  wor d recognitio n 
by excludin g th e intende d wor d fro m th e cohor t  o f  lexica l 
candidate s and/o r  b y introducin g erroneou s candidate s int o 
th e cohort .  Fo r  instance ,  i n th e phras e stree t  ca r  th e 
assimilatio n o f  th e /t /  t o th e followin g /k /  appear s t o 
introduc e th e erroneou s candidat e streak .  (Fo r  furthe r 
psycholinguisti c an d modellin g exploration s o f  assimilation , 
see Marslen-Wilson ,  Ni x &  Gaskell ,  1995 ;  Gaskell ,  1993 ; 
Gaskell ,  Har e &  Marslen-Wilson ,  1995) .  However ,  th e 
globa l  statistic s derive d fro m th e corpu s revea l  tha t 
assimilatio n ca n hav e implication s fo r  wor d recognitio n tha t 
ar e ver y differen t  fro m thi s pessimisti c picture .  Figur e 4 
shows th e percentage s o f  word s i n th e L L C tha t  ar e no t 
uniquel y specifie d i n segmenta l  term s befor e thei r  offsets . 
Thes e word s ar e lik e m a r  o r  part ,  whic h ca n g o o n t o 
become longe r  words ,  mar k an d partner . 
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Figur e 4 :  Percentage s o f  uniquel y specifie d word s i n th e 
L L C,  prio r  t o applicatio n o f  th e fas t  speec h processes . 
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The 8 0 % o f  non-uniqu e token s i s doubl e tha t  reporte d b y 
Luc e (1986 )  i n a  similar ,  bu t  dictionary-based ,  study ,  du e t o 
th e inclusio n i n th e curren t  stud y o f  inflecte d forms , 
involvin g pair s suc h a s thei r  an d theirs ,  an d wal k an d 
walked .  Compar e Figur e 4  wit h Figur e 5 ,  whic h show s th e 
effect s o f  applyin g phonologica l  reductio n an d assimilatio n 
t o th e corpus ,  th e resul t  i s a  considerabl e reductio n i n th e 
ambiguit y introduce d b y th e non-uniqu e forms .  Thes e 
figures  ar e base d o n th e assumptio n tha t  assimilate d form s 
of  word s ar e lexicalise d an d coun t  a s lexica l  items ,  s o tha t 
las t  expand s int o thre e lexica l  entries ,  endin g wit h /t/ ,  /k / 
and /p /  respectively ,  th e las t  tw o resultin g fro m 
conjunction s lik e las t  cal l  an d las t  place . 
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Figur e 5 :  Percentage s o f  uniquel y specifie d word s i n th e 
LLC,  followin g applicatio n o f  th e fas t  speec h processes . 

The "iexicalisation solution" of simply storing the 
assimilate d form s a s legitimat e word s i s unlikel y t o b e a n 
adequat e complet e solutio n t o th e processin g o f  assimilate d 
forms ;  indeed ,  Gaskel l  e t  al .  provid e evidenc e agains t  thi s 
solutio n an d i n favou r  o f  onlin e inferencin g t o "undo "  th e 
assimilation ,  fo r  certai n stimulu s materials .  However , 
Iexicalisatio n doe s no t  emerge ,  i n th e curren t  study ,  a s suc h 
a clums y o r  expensiv e optio n a s migh t  hav e bee n thought . 
I n thi s instance ,  i t  cause s a n overal l  increas e fro m 18,67 1 
word-type s t o 20,630 ,  a n increas e o f  9.5% ,  t o achiev e a 
7.7 % increas e i n uniqu e tokens' .  Lexicalisatio n o f  frequentl y 
encountere d assimilate d wordform s an d onlin e inferencin g a s 
a parallel/back-u p proces s ma y b e a n attractiv e compromise . 

The Distribution of Segments 

We have seen in Figures 2 and 3 that fast speech processes 
increas e redundanc y i n earl y segmen t  position s an d decreas e 
it  i n late r  segmen t  positions .  Th e phonologica l  reductio n o f 

the ,  predominantl y short ,  functio n word s i s  primaril y 
responsibl e fo r  th e earl y increas e i n redundancy .  Althoug h 
assimilatio n wa s applie d acros s al l  th e word s i n th e corpu s 
irrespectiv e o f  wor d boundaries ,  i t  ha s it s effec t  a t  th e end s 
of  syllable s an d word s an d i s therefor e primaril y responsibl e 
fo r  th e decreas e i n redundanc y i n th e late r  part s o f  th e curves . 
We hav e alread y briefl y allude d t o th e fac t  tha t  thi s effec t  i s 
du e t o assimilatio n replacin g frequentl y occurrin g segment s 
by les s frequentl y occurrin g ones .  W e n o w elaborat e upo n 
thi s observatio n concernin g segmen t  distribution ,  whic h w e 
ter m th e " M o v e t o Markedness" ,  whic h i s tru e o f  Englis h 
and whic h w e predic t  wil l  hol d fo r  othe r  languages : 

"If segment x is influenced by the following segment 
t o resembl e segmen t  y ,  the n x  wil l  occu r  mor e 
frequentl y i n th e languag e tha n >. " 

For example. III may be influenced by a following /p/ to 
resembl e /p /  itself ,  a s i n las t  place ,  an d statistica l  analysi s o f 
our  phonologica l  versio n o f  th e L L C reveal s tha t  /t /  occur s 
mor e frequentl y tha n /p/ .  Thes e sam e overal l  frequencie s (se e 
Shillcoc k e t  al. ,  1995 )  sho w tha t  thi s relatio n hold s fo r  al l 
of  th e segmen t  change s w e lis t  below ,  whic h includ e som e 
assimilation s no t  instantiate d i n th e versio n o f  th e L L C w e 
hav e describe d above ,  a s wel l  a s change s involvin g 
unrelease d consonants :  /d /  - > /b/ ,  l\ J - ^  /p/ ,  Id l  —> /g/ .  II I 
- » /k/ ,  /n /  - ^  Iml ,  In l  - ^  /q/ ,  /s /  ̂  /J/ ,  Ib l  - ^  /b7 ,  /d /  ^ 
/dV .  /k /  ̂  /kV ,  /g /  - ^  /gV .  /p /  - ^  Ipl ,  / t / ^  /tV .  Th e fac t 
tha t  al l  1 3 o f  thes e change s ar e i n th e directio n o f  a  les s 
frequen t  segmen t  -  toward s markednes s -  i s significan t  b y 
th e binomia l  test ,  p  <  .001 ;  fo r  th e seve n assimilation s 
alone ,  p  <  .008 " 

T h e functiona l  motivatio n tha t  w e clai m fo r  thi s 
distributiona l  constrain t  i s  tha t  i t  offset s interferenc e wit h 
spoke n wor d recognitio n fro m th e effect s o f  assimilation . 
Assimilatio n cause s segment s t o becom e mor e ambiguou s 
or  t o chang e thei r  identity .  Thes e effect s ar e potentiall y 
disruptiv e t o wor d recognition ,  give n tha t  th e processo r 
seems t o b e sensitiv e t o singl e change s a t  th e featur e leve l 
(see ,  e.g. ,  Marslen-Wilson ,  1993) :  a  chang e fro m II I  to/d / 
at  th e en d o f  th e wor d aprico t  i s  sufficien t  t o switc h of f 
primin g b y tha t  word .  Th e processo r  need s t o preven t  a 
chang e i n segmen t  fro m causin g th e activatio n o f  a  larg e 
ne w cohor t  o f  erroneou s lexica l  candidate s a t  th e sam e tim e 
as th e correc t  candidat e i s  apparentl y disqualified .  Fo r 
instance ,  i f  th e correc t  candidat e i s  b a t m a n ,  i t  m a y b e 
exclude d fro m th e cohor t  o f  activ e lexica l  candidate s b y 
assimilatio n producin g bap- .  Thi s candidat e ca n b e rescue d 
eithe r  b y th e lexicalisatio n accoun t  discusse d above ,  i n 

'Not e tha i  (her e i s margina l  evidenc e fo r  th e lexicalisatio n o f 
tas i  speec h form s i n thos e individual s wh o miswrit e coul d hav e 
as coul d of .  o r  handba g a s hambag . 

"Not e tha t  thi s i s a  conservativ e tes t  o f  th e observation ,  i n tha t 
th e judgement s wer e mad e o n a  versio n o f  th e corpu s i n whic h 
th e fas t  speec h processe s ha d alread y bee n modelled ,  an d i n 
whic h th e number s o f  th e les s frequen t  segment s ha d therefor e 
been increased .  Tha t  is ,  th e disparit y betwee n th e frequencie s o f 
/t /  an d /p /  i s  somewha t  offse t  b y assimilation ,  i n whic h th e 
forme r  ar e turne d int o th e tatter .  I f  an y aspec t  o f  wor d 
recognitio n employ s pre-assiilation ,  citation-for m templates , 
the n th e observatio n i s tru e i n eve n mor e strikin g form ,  wit h 
greate r  frequenc y disparities . 
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whic h bapniu n i s stored ,  o r  b y a n onlin e proces s o f  inferenc e 
onc e th e followin g /m /  i s  encountered .  Bot h o f  thes e 
solution s m a y exis t  i n huma n listeners ,  an d ma y b e 
determine d b y th e frequenc y o f  th e assimilate d wordform . 
The othe r  aspec t  o f  th e proble m i s th e possibl e inclusio n o f 
erroneou s candidate s i n th e cohort .  Th e M o v e t o Markednes s 
ensure s tha t  th e numbe r  o f  erroneou s candidate s i s 
minimised ;  thi s i s  th e motivatio n fo r  th e constraint .  It s 
efficac y i s ensure d b y th e fac t  tha t  th e ne w segmen t  identit y 
i s lowe r  i n frequenc y tha n th e segmen t  i t  replaces .  Thi s i s 
illustrate d b y ou r  example :  i f  th e 1x 1 i n batma n become s a 
/p/ ,  the n b a p ,  bapt ism ,  baptister y an d baptis e ar e 
erroneousl y adde d t o th e word s alread y activated ,  bu t  batch , 
batchy ,  bateau ,  bateleur ,  batik ,  batiste ,  baton ,  batsman , 
battels ,  batten ,  batter ,  battery ,  batting ,  battle ,  battledore , 
battlement ,  battue ,  batt y an d batwoma n wil l  b e deactivate d 
(word s take n fro m th e Concis e Oxfor d Dictionary) .  I t  i s 
impossibl e t o ensur e tha t  n o erroneou s candidate s a t  al l  ar e 
activated ,  bu t  th e fac t  tha t  th e ne w segmen t  identit y  i s lowe r 
i n frequenc y tha n th e segmen t  i t  replace s reduce s th e numbe r 
of  ne w an d erroneou s candidates .  Thi s argumen t  applie s eve n 
i f  assimilatio n onl y make s th e segmen t  ambiguou s betwee n 
tw o segment s a s oppose d t o completel y switchin g it s 
identity ;  i n thi s case ,  th e M o v e t o Markednes s limit s th e 
confusio n sow n rathe r  tha n actuall y reducin g it . 

Finally ,  th e M o v e t o Markednes s ha s implication s fo r 
speec h segmentation .  Th e probabilit y o f  th e transitio n 
betwee n consecutiv e segment s i s  potentiall y  valuabl e 
informatio n fo r  decidin g tha t  tw o segment s straddl e a  wor d 
boundar y (see ,  e.g. .  Cairns ,  Shillcock ,  Chate r  &  Levy , 
1994) ;  mor e unlikel y transition s ar e bette r  candidate s fo r 
boundaries .  Movement s toward s markednes s mak e suc h 
segmentatio n decision s mor e likely ,  i n tha t  the y wil l  ten d t o 
produc e les s frequen t  transitions . 

Conclusions 

A corpus-based approach can reveal novel aspects of 
languag e structur e an d processing .  O n th e basi s o f  empirica l 
exploratio n o f  th e London-Lun d Corpus ,  w e sugges t  a 
genera l  goa l  o f  fas t  speec h processes :  producin g a  flatte r 
redundanc y curv e ove r  segmen t  position s i n words .  W e als o 
repor t  a  functiona l  constrain t  o n th e distributio n o f 
phonologica l  segments ,  th e M o v e t o Markedness .  Thi s 
constrain t  i s  motivate d b y th e requirement s o f  th e wor d 
recognitio n process ,  i n whic h ther e i s a  virtuall y 
instantaneou s sensitivit y t o individua l  featur e changes .  W e 
clai m tha t  th e M o v e t o Markednes s i s th e resul t  o f  eas e o f 
intelligibilit y  selectin g fo r  a  particula r  distributio n i n th e 
lexicon ,  give n th e presenc e o f  physicall y determine d effect s 
suc h a s assimilation .  Thi s analysi s reveal s th e informatio n 
theoreti c consequence s o f  thes e effects . 
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Abstrac t 

A critical aspect of early visual processes is to extract 
shap e dat a fo r  matchin g agains t  memor y representation s 
fo r  recognition .  Man y theorie s o f  recognitio n assum e tha t 
thi s i s bein g don e o n luminanc e information .  However , 
studie s i n psychophysic s hav e reveale d tha t  colo r  i s bein g 
used b y man y low-leve l  visua l  module s suc h a s motion , 
stereopsis ,  texture ,  an d 2 D shapes .  Shoul d colo r  reall y b e 
discarde d fro m theorie s o f  recognition ? I n thi s paper ,  w e 
presen t  tw o studie s whic h see k t o understan d th e rol e o f 
chromati c informatio n fo r  th e recognitio n o f  rea l  scen e 
pictures .  W e use d thre e version s o f  scen e picture s (gray -
levels ,  normall y colore d an d abnormall y colored )  comin g 
fro m tw o broa d classe s o f  categories .  I n th e first  category , 
colo r  wa s diagnosti c o f  th e categor y (e.g. ,  beach ,  fores t 
and valley) .  I n th e secon d categor y colo r  wa s no t 
diagnosti c (e.g. ,  city ,  roa d an d room) .  Result s reveale d 
tha t  chromati c informatio n i s  bein g registere d an d 
facilitate s recognitio n eve n afte r  a  3 0 m s exposur e t o th e 
scen e stimuli .  Simila r  result s wer e recorde d wit h exposure s 
of  12 0 ms .  However ,  influence s o f  colo r  o n speede d 
categorization s wer e onl y observe d wit h th e color -
diagnosti c categories .  N o influenc e o f  colo r  wa s observe d 
wit h th e othe r  categories . 

Introduction 

Ther e i s  littl e doubt s tha t  shap e i s a  critica l  aspec t  o f 
recognition .  I n fact ,  mos t  recognitio n theorie s assum e tha t 
shap e serve s a s th e basi s o f  objec t  an d scen e representation s 
(e.g. ,  Biederman ,  1987 ;  Mar r  &  Nishihara ,  1978 ;  Tar r  & 
Pinker ,  1989) .  Consequently ,  a  critica l  aspec t  o f  earl y 
visua l  processe s i s t o extrac t  shap e dat a fo r  matchin g agains t 
memory representations .  Thi s i s accomplishe d b y earl y 
visua l  module s suc h a s edg e detection ,  dept h perception , 
motio n an d stere o whic h ar e ofte n assume d t o operat e o n 
achromati c information-th e luminance ,  o r  gray-level s o f  th e 
image .  However ,  ther e i s  a  wealt h o f  psychophysica l 
evidenc e suggestin g tha t  earl y visio n operate s 
simultaneousl y i n luminanc e an d chromati c pathway s fo r 
motio n (e.g. ,  Cavanag h &  Ramachandran ,  1988) ,  simpl e 
shape s (Damasio ,  Y a m a d a ,  Damasio ,  Corbett ,  M c K e e , 
1980) ,  textur e (Mcllhaga ,  Hine ,  Col e &  Schneider ,  1990 ) 
and stere o (Logothetis ,  Schiller ,  Charle s &  Hurlbert ,  1990) . 
I n ligh t  o f  thes e evidence ,  shoul d chromati c informatio n 
reall y b e discarde d fro m recognitio n theories ? 

Th e influenc e o f  chromati c informatio n o n objec t  an d 
scen e recognitio n ha s bee n littl e studied ,  an d result s ar e 
ofte n contradictory .  Fo r  example ,  Biederma n an d J u (1988 ) 
hav e argue d tha t  colo r  ha d n o impac t  o n th e identificatio n o f 
an object .  Thei r  experiment s compare d th e namin g o f 
colore d objec t  photograph s an d lin e drawing s o f  th e sam e 
objects .  N o namin g advantag e wa s reporte d fo r  colore d 
object s (a t  presentation s time s o f  S O m s an d 10 0 m s ) ,  eve n 
when th e colo r  wa s characteristi c (diagnostic )  o f  th e objects . 
Thi s contrast s wit h th e earlie r  wor k o f  Ostergaar d an d 
Davidof f  (1985 )  w h o reporte d tha t  object s lik e fruit s an d 
vegetable s wer e name d faste r  whe n th e stimul i  wer e colore d 
slide s the n whe n the y wer e gray-leve l  slide s (se e als o W u r m , 
Legge ,  Isenberg ,  &  Luebker ,  1993) .  Recently ,  Tanak a & 
Bunosk y (1996 )  hav e show n tha t  colo r  influence s object s 
tha t  hav e a  characteristi c color . 

T wo factor s coul d accoun t  fo r  thes e conflictin g data .  Thi s 
first  facto r  i s th e diagnosticit y o f  chromati c informatio n fo r 
a categorizatio n (se e Tanak a &  Bunoski ,  1996) .  Fo r 
example ,  i n th e lemo n category ,  th e distributio n o f  colo r  i s 
clustere d aroun d onl y tw o mode s (yello w an d green) .  I n 
contrast ,  th e distributio n o f  colo r  i s multi-moda l  i n th e ca r 
category .  Thus ,  a n effec t  o f  chromati c informatio n o n 
recognitio n migh t  onl y b e observe d whe n colo r  predict s th e 
categorization ,  insistin g fo r  th e requiremen t  t o contro l  fo r 
colo r  diagnosticity .  Th e secon d facto r  i s th e contro l  o f 
luminanc e acros s condition s o f  stimulation .  T o o ofte n 
(e.g. ,  Biederma n &  Ju ,  1988 ;  Ostergaar d &  Davidoff ,  1985) , 
comparison s ar e m a d e betwee n stimul i  whos e luminanc e 
differ s acros s conditions ,  makin g i t  difficul t  t o k n o w 
whethe r  th e absenc e o f  effec t  o f  chromaticit y i n on e 
conditio n result s fro m a n enhance d luminanc e i n th e othe r 
condition . 

Whil e i t  i s  probabl y tru e tha t  colo r  i s no t  diagnosti c o f 
many rea l  worl d objec t  categorie s (wit h th e exceptio n o f 
fruit s an d vegetables) ,  littl e i s k n o w n abou t  th e possibl e 
effect s o f  colo r  o n th e recognitio n o f  rea l  worl d scenes . 
Real-worl d scene s ar e arguabl y mor e diagnose d b y thei r 
color s tha n ar e object s (thin k fo r  exampl e o f  beaches ,  seas , 
mountains ,  fields,  an d s o forth .  Unfortunatel y th e littl e 
researc h existin g o n th e categorizatio n o f  rea l  worl d scen e 
has mostl y focuse d o n luminanc e informatio n (e.g. ,  Oliv a 
& Schyns ,  1995 ;  Schyn s &  Oliva ,  1994) .  However ,  a 
recen t  wor k o f  Gegenfurtner ,  Sharpe ,  &  W i c h m a n n (1995 ) 
showe d tha t  colo r  entere d th e wa y scene s wer e represente d i n 
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memory.  Thei r  stud y aske d subject s t o lear n colore d an d 
blac k an d whit e scen e picture s t o b e late r  teste d o n thei r 
familiarit y wit h thes e scenes .  I t  wa s foun d tha t  subject s 
performe d significantl y bette r  fo r  memorize d colore d images , 
suggestin g tha t  thei r  memor y o f  scene s containe d chromati c 
information . 

Thi s pape r  present s tw o studie s whic h see k t o understan d 
th e respectiv e rol e o f  luminanc e an d chromati c informatio n 
i n speede d scen e categorizations .  On e coul d clai m tha t  th e 
additio n o f  colo r  ha s a  relativel y low-leve l  contributio n 
whic h facilitate s segmentatio n processes .  I n thi s cas e a 
beac h scen e whos e sk y wa s painte d red ,  th e beac h blue ,  an d 
th e se a pin k shoul d b e categorize d faste r  tha n it s gray-leve l 
counterpart .  A n alternativ e clai m i s tha t  colo r  exert s a  high -
leve l  influenc e o n processing .  Fo r  example ,  recognitio n 
coul d operat e independentl y i n luminanc e an d colo r 
pathways ,  bot h o f  whic h woul d provid e source s o f  cue s fo r 
recognition .  I n thi s case ,  th e beac h woul d b e recognize d 
faste r  whe n th e luminanc e an d chromati c cue s bot h represen t 
a beach .  However ,  thi s shoul d onl y hol d whe n chromati c 
informatio n i s diagnosti c o f  a  category .  Tha t  is ,  i t  shoul d 
hol d onl y fo r  categorie s wit h fe w dominan t  color s (e.g. , 
beac h o r  forest) ,  bu t  no t  fo r  categorie s wit h man y variabl e 
color s (e.g. ,  roo m o r  city) . 

Our  experiment s wer e designe d t o ge t  a  bette r 
understandin g o f  thes e issues .  I n a  categorizatio n task ,  al l 
subject s wer e expose d t o thre e version s o f  12 0 differen t 
scen e stimuli :  normall y colored ,  abnormall y colore d an d 
gra y levels .  Precaution s wer e take n t o insur e tha t  th e thre e 
version s o f  a  scen e ha d a n identica l  luminance .  I n 
Experimen t  1 ,  th e stimul i  wer e presente d fo r  12 0 m s an d w e 
measure d subjects '  reactio n time s o f  denomination .  I n 
Experimen t  2 ,  scene s wer e presente d fo r  onl y 3 0 ms .  Bot h 
experiment s use d th e sam e scen e categories .  T o contro l  fo r 
diagnosticity ,  tw o classe s o f  categorie s wer e used :  natura l 
{beach ,  fores t  an d valley )  an d artifac t  (room ,  roa d an d city) . 
Natura l  categorie s hav e fewe r  colo r  mode s tha n artifac t 
categories ,  an d colo r  i s therefor e mor e diagnosti c o f  th e 
categories .  W e expecte d chromati c informatio n t o facilitat e 
recognitio n onl y whe n i t  wa s diagnosti c o f  a  category . 
Conversely ,  w e expecte d chromati c informatio n t o impai r 
recognitio n i f  th e color s wer e abnorma l  o f  th e category . 
Th e differenc e i n presentatio n time s betwee n th e tw o 
experiment s wa s ther e t o infor m abou t  th e tim e cours e o f 
luminanc e an d chromati c processing . 

E x p e r i m e n t  1 

M e t h o d 

Subjects .  Twent y Glasgo w Universit y student s wit h 
norma l  o r  correcte d visio n wer e pai d t o participat e t o th e 
experiment . 

Stimuli. We chose 120 high quality color scene pictures 
fro m th e Core l  C D Phot o Library .  Thes e image s forme d 
tw o categories :  natura l  an d artifac t  scenes .  Natura l  an d 
artifac t  scene s wer e themselve s subdivide d int o 3 

subcategorie s {beach ,  forest ,  valle y an d city ,  road ,  room ) 
wit h a n equa l  numbe r  o f  exemplar s pe r  category .  Ou r 
experiment s involv e transformation s o f  chromati c 
information .  A  colore d image s ha s tw o mai n components : 
luminanc e (th e gra y level s o f  th e image )  an d chromaticit y 
(th e colo r  itself) .  A  standar d 3  dimensiona l  encodin g o f 
colo r  i n Re d Gree n Blu e ( R G B )  spac e doe s no t  separat e 
luminanc e fro m chromaticity .  Thus ,  change s o f  colo r  affec t 
luminance .  T o contro l  thi s potentia l  confoun d w e 
transforme d R G B dat a i n a  spac e (L*a*b* )  whic h represent s 
luminanc e (L* )  an d colo r  (a*b* )  independently .  W e the n 
obtaine d thre e differen t  version s o f  th e sam e scene .  Th e firs t 
version ,  th e Norma l  Colo r  (NC )  scen e simpl y corresponde d 
t o th e origina l  image .  Th e Incongruen t  Colo r  (IC )  wa s 
compute d b y changin g th e a *  an d b *  axi s i n L*a*b* .  Ther e 
ar e thre e way s t o chang e color ,  becaus e th e a *  an d b *  axi s 
ca n b e swappe d an d inverted .  T o illustrate ,  i f  a *  represent s 
th e re d t o gree n spectru m an d b *  represent s th e yello w t o 
blu e spectrum ,  a  swa p o f  a *  an d b *  (L*b*a* )  change s th e 
colo r  o f  a  banan a fro m yello w t o red .  A  swa p o f  th e axi s 
plu s a n inversio n o f  thei r  value s woul d creat e a  blu e banana . 
For  eac h o f  th e 12 0 scenes ,  3  I C image s wer e compute d a s 
Jus t  explained .  A  pane l  o f  thre e independen t  judge s wa s 
aske d t o rat e h o w atypica l  thes e image s appeare d o f  th e 
category .  W e kep t  th e mos t  atypica l  colo r  transformatio n 
fo r  th e I C condition .  Th e final  versio n o f  a  scen e (LU ) 
simpl y discarde d al l  colo r  information ,  onl y keepin g th e L * 
componen t  o f  L*a*b *  (th e LUminance ,  o r  gra y levels) . 
Stimul i  wer e presente d o n a  compute r  monitor ;  image s 
subtende d 6. 4 x  4. 4 degree s o f  visua l  angle .  A s ther e wer e 
120 origina l  pictures ,  together ,  N C ,  I C an d L U compose d a 
set  o f  36 0 experimenta l  stimuli . 

Procedure. The experiment was composed of 360 trials: 
120 N C ,  12 0 I C an d 12 0 L U .  Eac h tria l  use d a  differen t 
scen e picture .  A  tria l  consiste d o f  th e presentatio n o f  a 
fixatio n square ,  followe d b y a  mid-gra y imag e presente d fo r 
50 0 ms ,  immediatel y followe d b y a  targe t  imag e (NC ,  I C o r 
L U)  presente d fo r  12 0 ms .  Subject s wer e instructe d t o nam e 
th e scen e a s quickl y an d a s accuratel y a s the y possibl y 
could .  Reactio n Time s (RTs )  wer e measure d wit h a  voca l 
key .  Prio r  t o th e experiment ,  subject s wer e tol d tha t  al l 
scen e stimul i  belonge d t o on e o f  si x possibl e categorie s 
(beach ,  city ,  forest ,  room ,  roa d an d valley )  an d wer e aske d t o 
categoriz e th e picture s wit h thes e names .  Si x practic e trial s 
wer e give n t o familiariz e subject s wit h th e experimenta l 
apparatus ,  an d t o calibrat e th e sensitivit y o f  th e voca l  key . 
Trial s wer e randoml y assigne d int o 1 0 block s o f  3 6 trials . 
Subject s wer e allowe d a  on e minut e paus e betwee n eac h 
block . 

Results and Discussion 

The analysis was only performed on correct categorizations 
when namin g latencie s wer e withi n 2. 5 standar d deviation s 
of  th e means .  Figur e 1  summarize s th e results .  A  two -
way,  within-subject s A N O V A wit h typ e o f  scene s (natura l 
vs .  artifact )  an d stimulu s condition s ( N C ,  I C an d L U ) 
reveale d a  mai n effec t  o f  scen e type ,  F(l,19 )  =  131.71 ,  p  < 
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.0001 ,  a  mai n effec t  o f  stimulu s condition ,  /='(2,38 )  =  24.62 , 
p <  .0001 ,  an d a  significan t  interactio n F(2,38 )  =  24.76 ,  p 
<.0O01 .  Ou r  result s demonstrat e tha t  chromati c 
manipulation s affec t  recognitio n performance .  However ,  th e 
interactio n reveal s tha t  thi s influenc e wa s differen t  fo r 
differen t  categories .  W e hypothesize d tha t  chromati c 
informatio n woul d onl y b e usefu l  fo r  recognitio n whe n i t 
was diagnosti c o f  a  category .  Tha t  is ,  categorizatio n time s 
shoul d b e significantl y faste r  fo r  a  chromati c N C scen e tha n 
fo r  it s  gray-leve l  L U equivalent .  Indeed ,  mea n RT s wer e 
significantl y highe r  whe n chromati c informatio n wa s 
remove d fro m a  natura l  scene .  F(l,38 )  =  54.755 ,  p  <.001 , 
(respectively ,  L U =  81 6 m s an d N C =  78 6 ms )  bu t  th e L U 
and N C version s o f  artifac t  scene s elicite d almos t  identica l 
RTs (74 2 m s an d 73 8 m s ,  respectively) .  Anothe r 
consequenc e o f  processin g chromati c informatio n fo r 
recognitio n i s tha t  a  chang e o f  colo r  coul d i n principl e 
impai r  recognition .  However ,  thi s shoul d onl y appl y whe n 
colo r  i s diagnosti c o f  a  categorization .  T o tes t  thi s 
hypothesis ,  w e compare d categorizatio n latencie s o f  I C an d 
RC stimuli .  W e foun d tha t  I C scene s too k 4 6 m s longe r  t o 
be categorize d tha n N C scenes ,  F(l,38 )  =  124.56,/x.OOOl , 
and als o tha t  I C wer e slowe r  t o nam e tha t  L U ,  F(l,38 )  = 
14.14 ,  p  <.001 .  N o suc h differenc e wa s observe d fo r  artifac t 
scene s (se e Figur e 1) . 
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E x p e r i m e n t  2 

The result s o f  Experimen t  1  wer e gathere d i n condition s o f 
120 m s presentation s o f  scenes .  Othe r  studie s hav e show n 
tha t  comple x scene s ma y b e recognize d wit h ver y fas t 
accurac y eve n afte r  shorte r  presentatio n time s (Schyn s & 
Oliva ,  1994) .  However ,  thes e studie s di d no t  distinguis h 
betwee n th e relativ e contributio n o f  luminanc e an d 
chromati c cue s fo r  recognition .  A n argumen t  coul d b e mad e 
tha t  th e tim e cours e o f  luminanc e an d chromati c pathway s 
ar e differen t  (Billock ,  1995 )  an d tha t  on e (e.g. ,  chromaticity ) 
i s  systematicall y dependen t  o n processin g bein g initialize d 
i n th e othe r  (e.g. ,  luminance) .  Thus ,  a  12 0 m s presentatio n 
of  th e stimul i  coul d i n fac t  mas k th e fac t  tha t  on e sourc e o f 
cue s i s bein g registere d muc h late r  tha t  th e othe r  cues . 
Experimen t  2  replicate d Experimen t  1 ,  usin g identica l 
stimuli ,  bu t  w e no w presente d the m fo r  3 0 ms .  Althoug h 
change s o f  presentatio n time s d o no t  tes t  tim e cours e o f 
processin g pe r  se ,  thi s experimen t  coul d revea l  whethe r  a 
ver y shor t  presentatio n tim e wa s sufficien t  t o registe r 
chromati c informatio n sufficientl y wel l  t o late r  spee d u p 
recognition . 

Method 

Subjects. Twenty Glasgow University students with 
norma l  o r  correcte d visio n wer e pai d t o participat e t o th e 
experiment . 

Stimuli. The same 120 color scenes as in Experiment 1, 
subdivide d int o natura l  an d artifac t  scenes ,  wer e use d i n 
Experimen t  2 .  Th e experimen t  wa s compose d o f  th e sam e 
36 0 trial s (12 0 N C ,  12 0 I C an d 12 0 L U ) . 

Procedure. The procedure was identical to Experiment 1, 
excep t  tha t  th e presentatio n tim e o f  th e scene s wa s no w 3 0 
ms.  Subject' s tas k wa s t o nam e th e inpu t  a s fas t  a s the y 
possibl y could ,  usin g on e o f  th e possibl e categor y name s 
(beach ,  city ,  forest ,  room ,  road  an d valley) . 

Results and Discussion 

Figur e 1 :  Mea n reactio n time s a s a  functio n o f  typ e o f 
categor y (Natura l  vs .  Artefact )  an d colo r  conditio n (I C = 

Incongruen t  Color ,  L U =  Luminance ,  N C =  Norma l  Color ) 
fo r  a  stimulu s presentatio n o f  12 0 ms . 

In sum, in opposition to the general conclusions of 
Biederma n an d J u (1988) ,  colo r  i s bein g use d fo r 
recognition--a t  leas t  fo r  th e fas t  identificatio n o f  scenes . 
However ,  i n agreemen t  wit h Ostergaar d an d Davidof f  (1985 ) 
thi s influenc e i s limite d t o categorie s whic h ar e 
distinguishabl e o n th e basi s o f  thei r  color .  Ou r  dat a sugges t 
tha t  colo r  an d luminanc e ar e tw o independen t  cue s availabl e 
fo r  fas t  scen e recognition .  However ,  w e als o foun d tha t 
colo r  ha s n o effec t  whe n i t  i s  no t  diagnosti c o f  a  category . 

Subjects '  mea n R T s wer e collecte d fo r  correc t 
categorizations .  A  two-wa y within-subject s A N O V A wit h 
typ e o f  scen e (natura l  vs .  artifact )  an d stimulu s conditio n 
(NC,  I C an d L U )  reveale d a  significan t  o f  th e mai n effec t  o f 
scen e type ,  F(l ,  19 )  =  24.10 ,  p  <  .0001 ,  stimulu s conditio n 
F(2 ,  38 )  =  19.30 ,  p  <  .0001 ,  an d a  significan t  interaction , 
F(2 ,  38 )  =  4.87 ,  p  <.02 .  Figur e 2  summarize s th e results . 
Globally ,  th e pattern s o f  result s afte r  a  3 0 m s presentatio n 
ar e simila r  t o thos e reporte d fo r  Experimen t  1  wit h a  12 0 
ms presentation :  W h e n i t  i s  diagnostic ,  chromati c 
informatio n exert s a  stron g influenc e o n scen e recognition . 
Thi s i s observe d fo r  natural ,  N C categorie s whic h wer e 
recognize d significantl y faste r  the n thei r  L U versions , 
F(l,38 )  =  21.96 ,  p  <.0001 ,  bu t  n o suc h effec t  wa s observe d 
fo r  artifac t  scene s (L U =  77 2 m s an d N C =  76 7 ms) . 
Locally ,  th e categorizatio n time s o f  natura l  scene s reveale d 

241 



an interestin g differenc e wit h th e result s observe d i n 
Experimen t  1 :  I C scene s wer e categorize d 3 6 m s slowe r 
tha n N C scenes ,  F(l,38 )  =  22.21 ,  p  <.0001 ,  bu t  no t  slowe r 
tha n thei r  gray-leve l  counterparts .  N o suc h differenc e 
existe d fo r  artifac t  scenes . 
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Figur e 2 :  Mea n R T a s a  functio n o f  typ e o f  categor y an d 
colo r  conditio n fo r  a  stimulu s presentatio n o f  3 0 ms . 

Thes e result s confir m tha t  chromati c informatio n i s use d 
fo r  speede d scen e recognition .  W h y w e di d no t  obtai n a n 
interferenc e o f  incongruen t  color s whe n th e stimul i  wer e 
presente d ver y briefl y deserve s furthe r  studies .  Clearly ,  i t  i s 
not  tha t  colo r  registratio n i s impoverishe d b y o f  a  brie f 
presentation ,  a s colo r  facilitate s recognitio n i n th e N C 
condition .  I t  coul d b e tha t  ver y brie f  presentation s di d n o 
leav e enoug h tim e fo r  suc h a n interferenc e t o develop . 

General Discussion 

Experimen t  1  an d 2  showe d tha t  colo r  influence s th e 
speede d recognitio n o f  scen e categories ,  bu t  onl y whe n colo r 
i s  diagnostic .  Thi s effec t  ha s no t  bee n reporte d befor e i n th e 
scen e recognitio n literatur e (bu t  se e Tanak a &  Bunoski , 
1996 ,  fo r  objec t  recognition) ,  an d doubt s hav e bee n raise d 
abou t  th e contro l  o f  diagnosticit y an d luminanc e i n objec t 
recognitio n studies .  Ou r  result s als o sugges t  tha t  colo r 
attribute s ar e store d i n memor y alon g wit h luminanc e 
attribute s (se e Gegenfurtne r  e t  al. ,  1995) .  O f  course ,  th e 
absenc e o f  a n effec t  fo r  artifac t  scene s doe s no t  mea n tha t 
colo r  i s no t  represented ,  bu t  tha t  i t  i s  les s effectiv e i n thi s 
cas e a s a  categorizatio n cu e fo r  recognitio n a t  a  glance . 

Thes e result s shoul d hav e a  stron g impac t  o n 
computationa l  model s o f  scen e recognitio n whic h ar e mor e 
traditionall y base d o n luminanc e (thoug h se e Li u &  Yang , 
1994 ;  Uchiyam a &  Arbib ,  1994) .  Speede d recognitio n o f 
natura l  scene s require s a n efficien t  encodin g o f  differen t 
scen e aspects .  Th e result s sugges t  tha t  colo r  shoul d no w b e 
use d a s a  supplementar y categorica l  cu e fo r  comple x imag e 
recognition .  Th e integratio n o f  colo r  an d luminanc e 
informatio n ove r  tim e wil l  b e th e topi c o f  furthe r  studies . 
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Abstrac t 

Categorical perception is a phenomenon in which people 
ar e bette r  abl e t o distinguis h betwee n stimul i  alon g a 
physica l  continuu m whe n th e stimul i  com e fro m differen t 
categorie s tha n whe n the y com e & o m th e sam e category . 
I n a  laborator y experimen t  wit h huma n subjects ,  w e find 
evidenc e fo r  categorica l  perceptio n alon g a  nove l 
dimensio n tha t  i s create d b y interpolatin g (i.e .  morphing ) 
betwee n tw o randoml y selecte d bezie r  curves .  A  neura l 
networ k qualitativel y model s th e empirica l  result s wit h th e 
followin g assumptions :  1 )  hidde n "detector "  unit s becom e 
specialize d fo r  particula r  stimulu s region s wit h a 
topologicall y structure d competitiv e learnin g algorithm ,  2 ) 
simultaneously ,  association s betwee n detector s an d 
categor y unit s ar e learned ,  an d 3 )  feedbac k fro m th e 
categor y unit s t o th e detector s cause s th e detector s t o 
become concentrate d nea r  categor y boundaries .  Th e 
particula r  feedbac k used ,  implemente d i n a n "S.O.S . 
network, "  operate s b y increasin g th e learnin g rat e o f 
weight s connectin g input s t o detector s tha t  ar e neighbor s t o 
a detecto r  tha t  produce s a n imprope r  categorization . 

In t roduc t io n 

Models of category learning typically assume that the stimuli 
t o b e categorize d ca n b e describe d i n term s o f  perceptua l 
feature s o r  dimensions ,  an d tha t  concep t  learnin g involve s 
linkin g thes e perceptua l  description s t o categorie s (e.g . 
Kruschke ,  1992) .  A s such ,  i n thes e "feed-forward "  models , 
processin g start s wit h a  perceptua l  input ,  an d outpu t  i s i n th e 
for m o f  a  categorization . 

Althoug h categorizatio n i s  clearl y dependen t  o n 
perceptua l  input ,  man y researcher s hav e als o argue d fo r  a 
reciproca l  influenc e o f  concep t  learnin g o n th e developmen t 
of  percept s (e.g .  Goldstone ,  1995) .  Th e notio n tha t  concept s 
can influenc e perceptio n ca n b e trace d bac k a t  leas t  a s fa r  a s 
th e Sapir-Whor f  hypothesi s (Whorf ,  1941) .  T h e curren t 
wor k explore s a  versio n o f  thi s hypothesis ,  an d provide s a 
computationa l  mechanis m fo r  simultaneous ,  reciproca l 
influence s betwee n perceptua l  input s an d acquire d concepts . 
The particula r  variet y o f  conceptua l  influenc e o n perceptio n 
explore d her e concern s whethe r  specifi c  region s o f  a  nove l 
perceptua l  dimensio n ca n becom e perceptuall y sensitize d i f 
th e regio n i s importan t  fo r  a  learne d categorization .  O u r 
modellin g approac h fo r  accountin g fo r  th e observe d effect s i s 
t o develo p topologicall y ordere d "detectors "  tha t  ten d t o b e 
densel y clustere d a t  th e boundar y betwee n categories . 

Categor ica l  Pe rcep t i o n 

The most relevant empirical support for categorical 
influence s o n perceptua l  sensitivit y come s fro m wor k o n 
•'categorica l  perception "  (fo r  a  review ,  se e H a m a d ,  1987) . 

Accordin g t o thi s phenomenon ,  peopl e ar e bette r  abl e t o 
distinguis h betwee n physicall y differen t  stimul i  w h e n th e 
stimul i  com e from  differen t  categorie s tha n whe n the y c o m e 
fro m th e sam e category .  Fo r  example ,  Liberman ,  Harris , 
Hoffman ,  an d Griffit h (1957 )  generate d a  se t  o f  vowel -
consonan t  syllable s goin g fro m /be /  t o /de /  t o /ge /  b y varyin g 
a particula r  physica l  valu e alon g a  dimension .  Result s 
showe d tha t  w h e n th e physica l  differenc e betwee n speec h 
sound s wa s equated ,  subject s wer e bette r  abl e t o discriminat e 
betwee n tw o sound s tha t  belonge d t o differen t  phonemi c 
categorie s suc h a s /be /  an d /de /  tha n the y wer e abl e t o 
discriminat e betwee n tw o sound s tha t  belonge d withi n th e 
/be /  category . 

Researc h i n ou r  laborator y ha s explore d th e 
developmen t  o f  categorica l  perceptio n durin g a n 
experimenta l  sessio n (Goldstone ,  1994) ,  Goldston e firs t 
traine d subject s i n on e o f  severa l  categorizatio n condition s i n 
whic h on e physica l  dimensio n (e.g .  siz e o r  brightness )  wa s 
relevan t  an d anothe r  wa s irrelevant .  Subject s wer e the n 
transferre d t o same/differen t  judgment s ("Ar e thes e tw o 
square s physicall y  identical?") .  Abilit y t o discriminat e 
betwee n square s i n th e same/differen t  judgmen t  task , 
measure d b y Signa l  Detectio n Theory' s d' ,  wa s greate r  whe n 
th e square s varie d alon g dimension s tha t  wer e relevan t 
durin g categorizatio n training .  Mo r e relevan t  t o categorica l 
perceptio n effects ,  region s withi n a  dimensio n wer e 
selectivel y sensitize d i f  the y occurre d a t  th e boundar y 
betwee n categories .  Fo r  example ,  i f  object s les s tha n 2. 5 c m 
belonge d t o Categor y A  an d object s greate r  tha n 2. 5 c m 
belonge d t o Categor y B  durin g training ,  the n transfe r  result s 
indicate d heightene d sensitivit y t o thi s particula r  regio n o f 
th e siz e dimensio n relativ e t o othe r  siz e values . 

Sensitizatio n v e r s u s C o n s t r u c t i o n o f  D i m e n s i o n s 

The above experiments indicate that laboratory experience 
ca n perceptuall y sensitiz e dimension s an d loca l  region s 
withi n a  dimension .  T h e experimentall y explore d 
dimension s tha t  displa y categorica l  perceptio n hav e bee n pre -
existin g dimensions .  Fo r  example ,  althoug h laborator y 
trainin g ca n sensitiz e siz e o r  region s o f  th e siz e dimension , 
nobod y doubt s tha t  ou r  subject s hav e a  notio n o f  siz e a s a 
dimensio n b y Ui e time  the y participat e i n th e experiment . 
Althoug h Goldston e (1994 )  foun d categorization-dependen t 
sensitizatio n withi n th e integra l  dimension s o f  colo r 
brightnes s an d saturation ,  categorica l  perceptio n fo r  trul y 
arbitrar y dimension s ha s no t  ye t  bee n found .  Suc h a 
demonstratio n woul d argu e fo r  tw o level s o f  perceptua l 
learning .  I n th e first,  particula r  value s o f  existin g dimension s 
ar e sensitize d du e t o categorizatio n demands .  I n th e second , 
n e w dimension s ar e develope d fo r  describin g stimul i  becaus e 
of  thei r  diagnosticity ,  o r  abilit y  t o cove r  th e rang e o f  stimuli . 
S o me researcher s hav e speculate d tha t  thi s secon d typ e o f 
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learnin g ha s bee n severel y underestimate d b y th e us e o f 
laborator y stimul i  tha t  ar e clearl y delineate d int o preexistin g 
dimension s suc h a s orientation ,  number ,  an d siz e (e.g . 
Schyns .  Goldstone ,  &  Thibaut ,  1995) .  Th e curren t 
experimen t  explore s whethe r  learne d categorie s ca n caus e 
sensitizatio n o f  specifi c  value s alon g nove l  dimensions . 

Experiment in Concept Learning Along an 
A r b i t r a r y D i m e n s i o n 

In this experiment, a categorization is created that depends on 
th e valu e o f  a  stimulu s alon g a  n e w dimension .  Th e ne w 
dimensio n i s create d b y selectin g tw o similar ,  arbitraril y 
curve d objects ,  an d treatin g thes e object s a s endpoint s o n a 
continuum .  Intermediat e object s ar e the n create d b y blendin g 
thes e endpoint s i n varyin g proportions .  Thus ,  a  negativ e 
contingenc y betwee n th e proportio n o f  tw o shape s i s formed : 
th e greate r  th e percentag e o f  Shap e A  i n a n object ,  th e les s 
Shape B  wil l  b e present .  Th e arbitrar y dimensio n ca n b e 
considere d a s "th e proportio n o f  A  relativ e t o B "  dimension , 
althoug h subject s m a y atten d t o a  smal l  regio n o f  th e shape s 
durin g categorization .  Subject s lear n on e o f  tw o 
categorization s base d o n differen t  cut-of f  value s alon g thi s 
dimension ,  an d the n ar e transferre d t o a  tas k tha t  measure s 
thei r  perceptua l  sensitivit y a t  variou s point s alon g thi s 
dimension . 

Method 

Subjects^ One hundred and forty undergraduate students 
fro m Indian a Universit y serve d a s participant s i n orde r  t o 
fulfil l  a  cours e requirement ,  no t  includin g 1 2 subject s whos e 
dat a wa s exclude d fo r  failin g t o mee t  a  learnin g criterio n o f 
7 0 % correc t  categorizations .  Forty-nin e student s wer e i n th e 
lef t  spli t  categorizatio n condition ,  4 5 student s wer e i n th e 
righ t  spli t  condition ,  an d 4 6 student s wer e i n th e irrelevan t 
categorizatio n condition . 

Materials. Stimuli were bezier curves based on 9 control 
points .  Bezie r  curve s ar e constructe d b y smoothl y passin g 
curve s throug h o r  nea r  a n ordere d se t  o f  contro l  points .  T w o 
rando m bezie r  curve s wer e constructed ,  an d 6 0 intermediat e 
curve s wer e generate d b y linearl y interpolatin g betwee n th e 
tw o rando m endpoints .  Fro m thes e 6 0 curves ,  th e centra l  7 
curve s wer e selecte d a s th e stimul i  t o b e displaye d durin g 
categorization .  A n additiona l  se t  o f  7  othe r  curves ,  t o b e 

use d i n th e contro l  categorizatio n condition ,  wer e create d i n 
th e sam e manne r  fro m tw o differen t  randoml y chose n 
rando m curves .  I n thi s manner ,  th e 7  curve s withi n a 
dimensio n ca n b e considere d a s intermediat e frame s fro m a 
movi e tha t  morph s fro m on e arbitrar y shap e t o another .  Th e 
7 stimul i  use d ar e show n i n Figur e 1 .  B y choosin g onl y th e 
centra l  7  stimul i  fro m th e A-to- B continuum ,  th e 
categorizatio n an d perceptua l  discriminatio n task s ar e se t  t o a 
reasonabl y hig h leve l  o f  difficulty .  Eac h stimulu s wa s 
approximatel y 9  c m wid e b y 7  c m tall ,  an d wa s displaye d a t  a 
distanc e o f  2 5 c m fro m th e subject . 

Procedure. There were two tasks in the hour-long 
experimen t  -  categor y learnin g followe d b y same-differen t 
judgments .  Ther e wer e thre e categorizatio n conditions :  lef t 
split ,  right  split ,  an d irrelevan t  categorization .  A s show n i n 
Figur e 1 ,  fo r  th e lef t  spli t  group ,  th e first  thre e curve s t o th e 
lef t  belonge d t o Categor y 1 ,  an d th e las t  fou r  curve s belonge d 
t o Categor y 2 .  Fo r  th e right  spli t  group ,  th e first  fou r  curve s 
t o th e lef t  belonge d t o Categor y 1 ,  an d th e remainin g curve s 
belonge d t o Categor y 2 .  Fo r  th e irrelevan t  categorizatio n 
group ,  th e firs t  thre e curve s fro m a  dimensio n wit h 
completel y differen t  endpoin t  shape s belonge d t o Categor y 1 , 
and th e remainin g curve s belonge d t o Categor y 2 . 

Durin g th e categorizatio n training ,  4 0 repetition s o f 
th e seve n curve s wer e show n i n rando m order .  O n a n 
individua l  trial ,  a  curv e wa s show n i n a  randoml y generate d 
locatio n o n th e screen .  Th e curv e remaine d o n th e scree n 
unti l  th e subjec t  presse d a  ke y correspondin g t o thei r  gues s a s 
t o th e curve' s category .  Categor y response s wer e mad e b y 
pressin g th e key s " 1 "  an d "2. "  Afte r  a  respons e wa s made , 
feedbac k wa s give n a s t o th e correctnes s o f  th e response ,  an d 
th e conec t  categor y labe l  wa s displayed .  Afte r  1. 5 sec ,  th e 
scree n wa s erased ,  an d afte r  anothe r  1  sec ,  th e nex t  tria l 
began . 

Al l  thre e categorizatio n trainin g group s receive d th e 
identica l  subsequen t  discriminatio n experiment ,  usin g th e 
seve n curve s show n i n Figur e 1 .  Subject s wer e show n pair s 
of  adjacen t  curve s a s ordere d i n Figur e 1 ,  o r  th e identica l 
curve s repeate d twice ,  an d responde d eithe r  "same "  o r 
"different "  Subject s wer e instructe d t o pres s th e " S "  ke y o n 
th e keyboar d i f  the y believe d th e tw o curve s t o b e physicall y 
identical ,  an d t o pres s th e " D "  ke y i f  the y believe d th e tw o 
curve s t o diffe r  i n an y w a y excep t  location .  Th e interva l 
betwee n trial s wa s 150 0 msec .  Subject s mad e 15 0 
same/differen t  judgment s i n all . 

Lef t  R fgh t 

Sp l i t  Sp l i t 

Figur e 1 
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Result s 

The data of principle interest are subjects' sensitivities at 
discriminatin g betwee n variou s pair s o f  curves ,  broke n dow n 
as a  functio n o f  thei r  categorizatio n condition .  A  d '  measur e 
of  sensitivit y wa s calculated .  A  d '  o f  0  indicate s a  complet e 
lac k o f  sensitivit y i n distinguishin g "Same "  fro m "Different " 
trials ;  d '  value s increas e a s sensitivit y increases . 

O Lef t  Spli t 

X Righ t  Spli t 

Irrelevan t  Spli t 

1- 2 2- 3 3- 4 4- 5 5- 6 6- 7 

Tested Stimulus Pair 

Figure 2 

With 7 curves there are 6 pairs of adjacent curves. 
The d '  fo r  eac h o f  thes e 6  pair s i n eac h categorizatio n 
conditio n i s show n i n Figur e 2 .  Overall ,  ther e wer e mai n 
effect s du e t o bot h teste d pair ,  F(5 ,  122 )  =  4.3 ,  c  <  .01 ,  an d 
categorizatio n condition ,  F(2 ,  122 )  =  6.5 ,  t  <  .01 .  Th e 
forme r  effec t  seem s t o b e attributabl e t o subjects *  abilit y t o 
discriminat e betwee n stimul i  3  an d 4  (fro m Figur e 1 )  mor e 
easil y tha n othe r  pairs .  Th e latte r  effec t  i s du e t o subject s i n 
th e lef t  an d righ t  spli t  group s havin g elevate d sensitivit y 
relativ e t o th e contro l  groups .  Thi s effec t  i s consisten t  wit h a 
larg e literatur e showin g tha t  preexposur e t o stimul i  lead s t o 
thei r  heightene d discriminabilit y  (Hall ,  1991) . 

Most  relevan t  t o learne d categorica l  perception ,  a 
significan t  interactio n betwee n categorizatio n conditio n an d 
teste d pai r  wa s found .  F(10,122 )  =  2.9 ,  p  <  .01 .  A s such ,  th e 
categorizatio n uainin g i n th e first  stag e o f  th e experimen t 
altere d th e discriminabilitie s o f  stimul i  i n th e experiment' s 
secon d stage .  T o bette r  visualiz e th e exac t  effec t  o f  thi s 
influence .  Figur e 3  plot s th e sensitivit y  (d' )  obtaine d from  th e 
righ t  spli t  grou p minu s th e sensitivit y fro m th e lef t  spli t 
group ,  fo r  eac h o f  th e si x pair s o f  adjacen t  curves .  A s such , 
positiv e value s signif y greate r  sensitivit y fo r  th e right  spli t 
grou p tha n fo r  th e lef t  spli t  group .  Althoug h th e effect s o f 
th e split s ar c no t  symmetric ,  th e genera l  effec t  o f 
categorizatio n uainin g seem s t o b e tha t  discriminabilit y i s 
relativel y hig h fo r  stimul i  tha t  fal l  nea r  th e categor y 
boundary .  Eve n i f  w e restric t  ou r  attentio n jus t  t o th e 3- 4 an d 
4- 5 pairs ,  significantl y highe r  d' s ar e foun d whe n th e pai r 
rest s o n a  boundar y tha t  wa s influentia l  fo r  categorizatio n (d ' 
= 2.54 )  tha n whe n i t  doe s no t  (d '  =2.08) ,  F(l,122)=2.5 ,  e  < 
.01 . 
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The patter n o f  sensitivit y  t o region s o f  th e continuu m forme d 
by interpolatin g betwee n tw o randoml y selecte d bezie r 
curve s varie s acros s th e thre e categorizatio n groups .  Thi s 
patter n i s mos t  accuratel y describe d a s follows :  abilit y t o 
discriminat e betwee n tw o physicall y differen t  curve s i s 
relativel y hig h whe n th e boundar y betwee n laboratory -
traine d categorie s fall s  relativel y clos e t o th e pai r  o f  curves . 
Althoug h ther e i s onl y a  substantia l  differenc e betwee n th e 
categorizatio n group s fo r  thre e pairs ,  thi s generalizatio n 
applie s t o al l  si x pair s i n Figur e 3  -  sensitivit y i s highe r  fo r 
th e right  spli t  categorizatio n grou p when ,  an d onl y when ,  th e 
teste d pai r  i s  close r  t o th e right  spli t  tha n th e lef t  split . 

Modelling Learned Categorical Perception 
A l o n g a  N o v e l  D i m e n s i o n 

One useful property of neural networks for 
modelin g learne d categorica l  perceptio n i s tha t  hidde n unit s 
tha t  interven e betwee n inpu t  an d outpu t  representation s ar e 
capabl e o f  creatin g interna l  representation s tha t  captur e 
importan t  regularitie s i n th e inputte d materials .  Severa l 
model s develo p hidde n unit s tha t  ca n b e interprete d a s 
learne d featur e detector s (e.g .  Schyns ,  1992) .  Ou r  mode l  wil l 
use thi s techniqu e i n orde r  t o creat e topologicall y ordere d 
featur e detector s tha t  ten d t o respon d t o specifi c  value s alon g 
a arbitrar y continuum . 

Empirical and Theoretical Constraints on Modeling 

There are several empirical results, with respect to 
bot h categorizatio n an d subsequen t  perceptua l  sensitivity , 
tha t  a  mode l  o f  learne d categorica l  perceptio n shoul d sho w 
(Hamad ,  1987) .  First ,  categorizatio n judgment s shoul d 
rapidl y chang e a s th e boundar y betwee n categorie s i s 
crossed .  Second ,  categorizatio n o f  "caricatured "  item s 
(displace d awa y fro m a  category' s centra l  tendenc y i n th e 
directio n opposit e t o th e boundar y betwee n th e categories ) 
shoul d b e a t  leas t  a s good ,  an d ofte n time s better ,  tha n 
categorizatio n o f  th e centra l  tendencie s o f  th e categorie s 
(Goldstone ,  i n press) .  Third ,  sensitivit y fo r  discriminatin g 
physicall y differen t  stimul i  shoul d b e highe r  whe n th e item s 
straddl e tw o categorie s tha n whe n the y fal l  i n a  singl e 



category .  Fourth ,  th e curren t  result s sugges t  tha t  elevate d 
sensitivit y shoul d als o exten d t o th e region s nex t  t o th e 
categor y boundary . 

Whil e constraine d b y th e abov e empirica l  findings , 
our  mode l  i s  als o constraine d b y tw o theoretica l  motivations . 
Firs t  an d foremost ,  w e wante d t o supplemen t  th e 
unsupervise d learnin g o f  featur e detector s wit h feedbac k 
regardin g categorization .  Th e developmen t  o f  input-to -
detecto r  weight s i s constraine d b y a  competitiv e learnin g 
algorith m (Kohonen ,  1982 )  suc h tha t  detector s becom e 
specialize d fo r  particula r  inputs ,  bu t  i s  als o influence d b y th e 
categor y units .  I n essence ,  i f  a  detecto r  predict s a n incorrec t 
categorizatio n fo r  a n item ,  the n i t  send s ou t  a n "S.O.S . 
signal "  callin g fo r  it s  neighborin g unit s t o quickl y m o v e int o 
th e sam e are a a s th e detector .  Becaus e detector s tha t 
incorrectl y categorize d wil l  attrac t  othe r  units ,  th e boundar y 
betwee n tw o categorie s wil l  b e particularl y wel l  populate d b y 
featur e detectors ,  an d consequentl y th e "S .  O .  S .  network " 
ca n predic t  flexible ,  learne d categorica l  perceptio n effects . 

Th e secon d theoretica l  motivatio n fo r  ou r  mode l  i s 
t o develo p categorica l  perceptio n startin g fro m relativel y 
raw ,  perceptua l  inputs .  A s such ,  th e firs t  stag e o f  ou r 
networ k convert s gray-scal e two-dimensiona l  drawing s o f 
curve s t o Gabo r  filter  representation s tha t  describ e th e input s 
i n term s o f  spatiall y  organize d lin e segments .  Th e detector s 
ar e traine d upo n thes e Gabo r  filter  representations . 

Details of the S.O.S. Network 

The classification part of the model is a neural 
networ k simila r  t o A L C O V E (Kruschke ,  1992) .  Th e hidde n 
laye r  o f  detector s ar e radia l  basi s exempla r  node s maximall y 
sensitiv e t o stimul i  a t  th e positio n o f  thes e exempla r  nodes . 
Th e outpu t  laye r  consist s o f  node s tha t  classif y th e activatio n 
patter n o f  thes e exempla r  nodes .  Th e crucia l  difference s wit h 
A L C O VE ar e tha t  th e exempla r  node s ar e topologicall y 
arrange d i n a  one-dimensiona l  lattice ,  an d exempla r  node s 
ca n m o v e thei r  positio n i n inpu t  spac e throug h competitiv e 
learning .  Thes e feature s allo w th e mode l  t o self-organiz e th e 
exempla r  node s alon g th e inpu t  dimensions .  M o r e 
importantly ,  becaus e th e learnin g rat e i s se t  proportiona l  t o 
th e classificatio n error ,  greate r  sensitivit y nea r  th e categor y 
boundar y ca n b e predicted . 

We use d material s o f  th e sam e typ e a s thos e used  i n 
th e experiment .  A  morphin g sequenc e o f  2 8 bezie r  curve s 
was created ,  wit h eac h pictur e havin g 128x12 8 pixels .  Eac h 
stimulu s wa s filtered  throug h Gabo r  filters  (Daugman ,  1985 ) 
wit h overlappin g receptiv e fields  t o extrac t  loca l  features . 
Gabor  filters  wit h orientation s o f  0 ,  45 .  9 0 an d 13 5 degree s 
operate d o n 6  x  6  overlappin g receptiv e fields  tha t  wer e 

regularl y space d ove r  th e inpu t  picture .  I n tota l  then ,  th e 
Gabor  filter  outpu t  vecto r  o ,  ha s 14 4 components .  I n figure 
4a ,  on e bezie r  curv e i s shown .  Figure s 4b ,  c ,  d  an d e ,  sho w 
th e filtered  activation s ove r  th e receptiv e fields  i n th e fou r 
orientation s fo r  thi s bezie r  curve .  Th e transformatio n fro m 
th e stimul i  i n pixe l  spac e t o th e Gabo r  filter  spac e preserve d 
th e loca l  similarit y relation s o f  th e stimulu s sequence ;  th e 
distanc e betwee n th e Gabo r  vector s fo r  stimul i  k  an d k+ I 
was alway s smalle r  tha n th e distanc e o f  th e Gabo r  vector s fo r 
stimul i  k  an d k-t-2 .  Th e input s t o th e networ k ar e th e 
component s a /  o f  th e filte r  vecto r  a .  Th e hidden ,  detecto r 

nod e activation ,  a j ,  i s  determine d b y th e radia l  basi s 
function : 

,1/2 ' 
hi d 

a J  = e x p - c i « - a r ) (1 ) 

(2 ) 

Th e weights ,  wj i  ar e th e position s o f  th e detecto r  node s i n th e 
inpu t  space .  Th e dro p of f  i n sensitivit y fo r  pattern s awa y 
fro m Wj i  i s  determine d b y c .  Fo r  eac h categor y k ,  ther e i s a n 
associate d classificatio n nod e k ,  wit h activation ,  a ^  give n by : 

V J y 
Th e weight s wk j  connec t  hidde n an d outpu t  layer s an d f  i s  th e 
sigmoi d discriminan t  function .  Th e probabilit y  o f  respondin g 
wit h categor y k  i s determine d b y th e Luc e choic e rule , 

P,^(k) = ^,^. (3, 

K 
The su m o f  square d error . 

(4 ) 

i s  base d o n th e teache r  signa l  t ^  fo r  nod e k  whic h i s 1  i f  th e 
inpu t  stimulu s belong s t o categor y k ,  an d 0  otherwise . 
Gradien t  descen t  i s  use d t o updat e th e weights .  Th e 
weights,wjt/ ,  fro m hidde n t o outpu t  node s ar e determine d by : 

A<'=Aar(l-0(^-ar)«> 
wher e X  i s th e learnin g rate .  Th e positio n weights ,  wji ,  o f  th e 
hidde n node s ar e update d wit h a  competitiv e learnin g rule . 

A w « = £ r , A , , 4 a f - 0 , (6 ) 
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wher e th e learnin g rat e i s proportiona l  t o a  constan t  h  an d 
tw o tenns :  th e neighborhoo d functio n A(jj« )  ,  an d th e 
classificalio n erro r  E .  I n th e functio n A( j  j * ) ,  j *  i s  th e hidde n 
detecto r  tha t  ha s th e smalles t  Euclidia n distanc e t o th e inpu t 
pattern .  A( j  j* )  i s  1  fo r  j=j *  an d fall s of f  a s a  powe r  functio n 
of  distanc e I  j-j*l .  Thi s learnin g rul e typicall y lead s t o a 
partia l  o r  complet e topologica l  orderin g o f  th e positio n 
weight s wj i  i n inpu t  spac e (Kohonen ,  1982) .  Th e importan t 
facto r  i n thi s mode l  i s  tha t  th e learnin g rat e i n th e competitiv e 
learnin g rul e i s als o proportiona l  t o th e classificatio n erro r  E . 
Thi s lead s t o a  distributio n o f  detecto r  position s tha t  i s  mor e 
dens e i n region s wher e classificatio n erro r  i s  greatest . 

Results of Simulation 

We performed simulations with 28 input patterns, 
14 hidde n detectors ,  an d tw o outpu t  nodes .  I n on e 
simulation ,  th e spli t  betwee n th e tw o categorie s wa s place d 
betwee n pattern s 1 0 an d 1 1 (lef t  split) .  I n anothe r  simulation , 
i t  wa s place d betwee n 1 8 an d 1 9 (righ t  split) .  I n figures  5 a 
and b ,  th e probabilitie s o f  respondin g wit h eithe r  categor y ar e 
show n fo r  th e lef t  an d righ t  splits ,  respectively .  T h e 
classificatio n probabilitie s ar e highes t  betwee n th e extreme s 
and th e prototype s o f  th e categories ;  thus ,  th e mode l  exhibit s 
th e ofte n observe d caricatur e effec t  whereb y respons e i s 
maxima l  no t  a t  th e prototyp e o f  th e categor y (e.g .  th e 
stimulu s S. 5 fo r  th e lef t  categor y i n th e lef t  spli t  condition ) 
but  a t  a  poin t  displace d fro m th e prototyp e i n th e directio n 
opposit e t o th e othe r  category .  I n figures  5 c an d d ,  th e 
response s a j  fo r  eac h o f  th e 1 4 detecto r  node s ar e show n fo r 
eac h stimulu s value .  Eac h curv e correspond s t o th e respons e 
profil e fo r  on e detector .  Thes e figures  giv e som e insigh t  int o 
th e distribution s o f  th e positio n weight s wj j  o f  th e hidde n 
node s i n inpu t  space ,  becaus e activatio n a j  i s  maxima l  fo r 
inpu t  a t  th e positio n weigh t  wji .  Th e figures  sho w tha t  th e 
hidde n node s ar e mor e densel y distribute d aroun d th e 

categorizatio n boundar y a s a  resul t  o f  th e feedbac k o f 
classificatio n erro r  i n th e learnin g rul e (6) .  Thes e figures  als o 
s h o w tha t  th e detecto r  nod e response s fo r  pattern s 
surroundin g th e max ima l l y respondin g detecto r 
monotonicall y decreas e wit h distanc e fro m thi s detector . 
Thi s reflect s th e preservatio n o f  th e loca l  similarit y relation s 
by th e spatia l  topolog y o f  th e detectors . 

A sensitivit y measur e fo r  same/differen t  judgement s 
i n th e mode l  wa s constructe d b y takin g th e Euclidia n distanc e 
betwee n th e hidde n nod e activatio n pattern s fo r  th e tw o 
pattern s t o b e judged .  I n figure  5 e an d f ,  sensitivit y i s show n 
fo r  comparison s o f  pattern s 1  an d 3 ,  3  an d 5 ,  5  an d 7  etc . 
Th e pea k sensitivit y occur s approximatel y a t  th e categor y 
boundary .  Thi s occur s becaus e slightl y differen t  stimul i  tha t 
occu r  nea r  th e categor y boundar y wil l  caus e substantiall y 
differen t  activatio n pattern s o n th e detecto r  units ,  give n th e 
dens e concentratio n o f  detector s i n thi s region . 

Discussion 

The experiment and computer simulation support 
th e possibilit y  tha t  categor y learnin g ca n entai l  no t  onl y th e 
sensitizatio n o f  region s o f  a  preexistin g dimensions ,  bu t  ca n 
als o sensitiz e region s o f  n e w dimensions .  Th e dimension s 
ar e unlikel y t o hav e existe d befor e th e experimen t  becaus e 
the y wer e create d b y interpolatin g betwee n arbitrar y curves . 
Th e dimensio n i s eiUie r  interpretabl e a s "Proportio n o f  S h £ ^ 
A relativ e t o Shap e B "  o r  i n term s o f  s o m e smalle r  sub -
componen t  tha t  continuousl y change s from  Shap e A  t o B .  A s 
wit h standar d categorica l  perceptio n effects ,  sensitizatio n 
relativ e t o th e contro l  conditio n i s greates t  fo r  stimul i  a t  th e 
boundar y betwee n th e categories . 

T h e simulatio n provide s insight s int o th e 
p h e n o m e n o n o f  categorica l  perceptio n alon g n e w 
dimensions .  First ,  Kohonen' s self-organizin g featur e m a p 
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algorith m i s typicall y understoo d a s developin g detector s fo r 
specifi c  stimuli .  Althoug h thi s i s certainl y on e wa y t o 
understan d ou r  network' s behavior ,  i t  ca n als o b e understoo d 
as creatin g detector s fo r  region s alon g a  dimension .  Second , 
th e networ k show s h o w th e structur e implici t  i n stimul i  tha t 
fal l  alon g a  n e w dimensio n ca n b e capture d b y th e 
topologica l  position s o f  detector s units .  Th e natura l 
similarit y relation s betwee n adjacen t  stimul i  (i n Figur e 1 ) 
leads ,  withou t  supervision ,  t o th e constructio n o f  a  locall y 
and globall y well-ordere d set s o f  detecto r  units .  Onc e th e 
networ k ha s settled ,  th e detector s o n th e lef t  an d righ t  end s 
wil l  b e specialize d fo r  th e tw o extrem e curves ,  an d th e 
detector s i n betwee n wil l  handl e th e intermediat e curve s i n 
prope r  order . 

The final  majo r  insigh t  o f  th e network' s treatmen t  o f 
categorica l  perceptio n effects ,  embodie d b y th e S.O.S . 
principle ,  i s  tha t  thes e effect s ca n b e modelle d b y creatin g 
relativel y dens e representation s o f  item s a t  th e borde r 
betwee n categories .  Thi s treatmen t  o f  categorica l  perceptio n 
differ s fro m othe r  neura l  networ k implementation s 
(Anderson ,  Silverstein ,  Ritz ,  &  Jones ,  1977 ;  Hamad ,  Hanson . 
& Lubin ,  1994) .  I n thes e othe r  approaches ,  eac h categor y 
has it s o w n attractor ,  an d th e stimul i  tha t  fal l  int o on e 
categor y wil l  al l  b e propelle d towar d th e category' s attractor . 
Categorica l  perceptio n occur s becaus e input s tha t  ar e ver y 
clos e bu t  fal l  int o differen t  categorie s wil l  b e drive n t o highl y 
separate d attractors .  I n contrast ,  i n ou r  S.O.S .  network , 
categorica l  perceptio n emerge s becaus e man y detector s wil l 
congregat e a t  th e categor y boundary ,  an d thu s smal l 
difference s a t  thi s boundar y wil l  b e reflecte d b y differen t 
pattern s o f  detecto r  activity .  Ther e ar e tw o potentia l 
advantage s o f  ou r  account .  First ,  categorica l  perceptio n 
effect s ca n aris e eve n whe n ther e i s n o deman d t o categoriz e 
th e stimuli ,  onc e th e detector s hav e move d towar d th e 
boundary .  Thi s fit s  th e requirement s o f  th e same/differen t 
tas k wel l  becaus e physica l  identity ,  no t  categor y identity ,  i s 
th e basi s fo r  thes e judgments .  Second ,  ou r  accoun t  explain s 
ho w stimul i  fallin g o n th e sam e sid e o f  a  categor y boundar y 
may als o becom e mor e discriminabl e afte r  categorizatio n 
training ,  i f  the y ar e sufficientl y clos e t o th e categor y 
boundary .  Th e result s fro m th e huma n experimen t  sugges t 
tha t  thi s i s th e cas e fo r  people .  I n network s tha t  explai n 
categorica l  perceptio n b y creatin g differen t  attractor s fo r 
differen t  categories ,  uniqu e item s tha t  ar e clos e t o th e 
boundar y bu t  fal l  i n th e sam e categor y becom e mor e simila r 
wit h processing ,  no t  mor e distinctive . 

I n conclusion ,  categor y learnin g ca n lea d t o th e 
developmen t  o f  ne w dimensions .  Onc e developed ,  region s 
withi n thes e dimension s ca n b e selectivel y sensitize d i f  the y 
ar e importan t  fo r  determinin g categor y boundaries .  Th e 
qualitativ e effec t  o f  categor y learnin g o n perceptua l 
sensitivit y ca n b e modele d b y a  neura l  networ k tha t 
simultaneousl y develop s detector s fo r  dimensio n value s an d 
association s betwee n detector s an d categories .  Withi n thi s 
framework ,  ther e i s a  top-dow n influenc e o f  categorizatio n 
tha t  give s ris e t o categorica l  perceptio n -  whe n a  detecto r 
produce s a n imprope r  categorization ,  the n learnin g rate s fo r 
it s  neighborin g detector s ar e momentaril y  increased .  I n thi s 
manner ,  th e difficult-to-categoriz e region s o f  a  dimensio n 
wil l  game r  a  hig h densit y o f  detectors ,  thereb y permittin g 
sensitiv e discrimination s a t  th e categw y boundaries . 
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Abstrac t 

We present an automated emotion recognition system that is 
capabl e o f  identifyin g si x basi c emotion s (happy ,  surprise ,  sad , 
angry ,  fear ,  disgust )  i n nove l  fac e images .  A n ensembl e o f  sim -
pl e feed-forwar d neura l  network s ar e use d t o rat e eac h o f  th e 
images .  Th e output s o f  thes e network s ar e the n combine d t o 
generat e a  scor e fo r  eac h emotion .  Th e network s wer e traine d 
on a  databas e o f  fac e image s tha t  huma n subject s consistentl y 
rate d a s portrayin g a  singl e emotion .  Suc h a  syste m achieve s 
8 6 % generalizatio n o n nove l  fac e image s (individual s th e net -
work s wer e no t  traine d on )  draw n fro m th e sam e database . 
The neura l  networ k mode l  exhibit s categorica l  perceptio n be -
twee n som e emotio n pairs .  A  linea r  sequenc e o f  morp h image s 
i s create d betwee n tw o expression s o f  a n individual' s fac e an d 
thi s sequenc e i s analyze d b y th e model .  Shar p transition s i n th e 
outpu t  respons e vecto r  occu r  i n a  singl e ste p i n th e sequenc e 
fo r  som e emotio n pair s an d no t  fo r  others .  W e pla n t o u s th e 
model' s respons e t o limi t  an d direc t  testin g i n detenninin g i f 
human subject s exhibi t  categorica l  perceptio n i n morp h imag e 
sequences . 

Introduction 

I n thi s paper ,  w e describ e a  neura l  networ k mode l  tha t  clas -
sifie s stati c fac e image s base d o n thei r  emotiona l  conten t  an d 
examin e th e behavio r  o f  th e mode l  ove r  a  sequenc e o f  lin -
earl y interpolate d image s betwee n tw o differin g emotion s o f 
th e sam e face .  W e ar e specificall y lookin g fo r  emotio n pair s 
wher e th e transitio n i n th e outpu t  respons e o f  th e networ k i s 
abrupt .  Tha t  is ,  prio r  t o th e transition ,  th e mode l  classifie s al l 
th e image s i n th e sequenc e a s example s o f  th e first  categor y 
and al l  th e subsequen t  image s a s example s o f  th e secon d emo -
tion .  Suc h transition s ar e k n o w n a s categorica l  perceptio n an d 
ar e know n t o occu r  i n man y perceptua l  task s [9] .  Th e model' s 
prediction s ca n the n b e compare d wit h a  simila r  se t  o f  task s 
performe d o n h u m a n subjects .  F ro m thi s interactio n w e hop e 
t o discer n th e functiona l  organizatio n o f  th e visua l  emotio n 
recognitio n system . 

The neura l  networ k mode l  consist s o f  a n ensembl e o f  tw o 
layer ,  feed-forwar d network s traine d wit h bac k propagation . 
The face s ar e represente d t o th e networ k a s projection s o f 
seve n 32x3 2 pixe l  block s fro m featur e region s (bot h eye s an d 
mouth )  ont o th e principa l  componen t  spac e generato i  fro m 
randoml y locate d blocl ^  i n th e imag e dat a se t  (se e Figur e 1) . 
Thi s techniqu e i s siniila r  t o th e eigen-face/featur e recognitio n 
wor k o f  Tur k an d Pentlan d [14 ]  an d Pentlan d et .  al .  [13 ] 
wher e projection s o f  face s o r  feature s ar e use d t o reduc e th e 
dimensionalit y o f  th e image .  However ,  wher e thei r  wor k use s 
fixed  location s o n th e fac e t o generat e th e eigen-spac e (result -

Figur e 1 :  Th e figure  show s th e locatio n o f  th e 32x3 2 pixe l 
block s i n th e featur e region s (onl y on e ey e regio n i s shown , 
bot h ar e used) .  Eac h bloc k i s projecte d ont o th e to p 1 5 eigen -
vectors ,  resultin g i n a  10 5 dimensiona l  vecto r  fo r  eac h face . 

in g i n a  face -  o r  feature-lik e appearanc e o f  the  templates) ,  w e 
us e imag e area s draw n randoml y s o tha t  ou r  templates  ar e o f 
a mor e non-specifi c  natur e (se e Figur e 2) . 

I n previou s wor k w e hav e show n tha t  the  generalizatio n 
obtaine d wit h thi s representatio n i s superio r  t o thos e obtaine d 
usin g th e eigen-face/featur e strateg y [12] .  T h e expecte d gen -
eralizatio n rat e o n nove l  individual s presente d t o th e networ k 
makin g us e o f  th e rando m bloc k representatio n i s 8 6 % whil e 
humans d o nearl y 9 2 % o n th e sam e database .  Thes e result s ar e 
comparabl e wit h emotio n recognitio n rate s obtaine d b y othe r 
automate d visio n system s whic h requir e a  neutra l  t o emotio n 
tempora l  sequence s fo r  trainin g an d evaluatio n [11 ,  15 ,  1] . 

Face Data 

I n workin g wit h emotion s i n fac e images ,  car e mus t  b e take n 
t o insur e tha t  th e particula r  emotio n bein g portraye d i s correct . 
Feigne d emotion s b y untraine d individual s exhibi t  significan t 
difference s wit h th e prototypica l  fac e expressio n [7] .  Thes e 
difference s ofte n resul t  i n disagreemen t  betwee n th e observe d 
emotio n an d th e expressio n th e acto r  i s attemptin g t o feign . 
I n previou s work ,  Cottrel l  an d Metcalf e ha d undergraduate s 
feig n emotions .  Whil e thei r  networ k performe d well  o n iden -
tit y an d gende r  classification ,  i t  neve r  di d well  o n emotion . 
Cottrel l  an d Metcalf e speculate d tha t  thei r  result s wer e du e t o 
poo r  portraya l  o f  th e emotion s b y thei r  subject s [5] . 
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Figur e 2 :  Th e to p 2 5 eigenvector s fro m P C A o f  32x3 2 pixe l 
patche s draw n randoml y ove r  th e fac e database . 

To reduc e thi s possibility ,  w e mak e us e o f  a  validate d fa -
cia l  emotio n databas e (Picture s o f  Facia l  Affect )  assemble d 
by E k m a n an d Friese n [6] .  Eac h o f  th e fac e image s i n thi s se t 
exhibit s a  substantia l  agreemen t  betwee n th e labele d emotio n 
and th e observe d respons e o f  huma n subjects .  Th e actor s use d 
i n thi s databas e wer e traine d t o reliabl y produc e emotion s us -
in g F A C S [7 ]  an d thei r  image s wer e presente d t o undergradu -
ate s fo r  testing .  Th e agreemen t  betwee n th e emotio n th e acto r 
was require d t o expres s an d th e students '  observation s wa s a t 
leas t  7 0 % o n al l  th e image s incorporate d int o th e database . 

Twelv e o f  th e fourtee n individual s containe d i n th e Picture s 
of  Facia l  Affec t  databas e wer e use d i n thi s study ,  6  mal e an d 
6 femal e (th e tw o remainin g se t  o f  image s wer e inadvertentl y 
corrupte d durin g imag e capture) .  A  tota l  o f  9 7 image s eac h 
portray s on e o f  7  emotions -  happy ,  sad ,  fear ,  anger ,  surprise , 
disgus t  o r  neutral .  Wit h th e exceptio n o f  th e neutra l  faces , 
eac h imag e i n th e se t  i s labele d wit h a  respons e vecto r  o f 
th e remainin g si x emotion s indicatin g th e fractio n o f  tota l 
respondent s classifyin g th e imag e wit h a  particula r  emotion . 

Althoug h car e wa s take n i n collectin g th e origina l  images , 
natura l  variation s i n lighting ,  hea d siz e an d th e mouth' s ex -
pressio n mus t  b e accounte d for .  Th e origina l  image s exhibite d 
significan t  variatio n i n th e distanc e betwee n th e eye s (2. 7 pix -
els )  an d i n th e vertica l  distanc e fro m th e eye s t o th e mout h (5. 0 
pixels) .  T o achiev e scal e invariance ,  eac h imag e wa s scale d 
so tha t  prominen t  facia l  feature s wer e locate d i n th e sam e im -
age region .  Ey e an d mout h template s wer e constructe d fro m a 
number  o f  image s an d th e mos t  correlate d templat e wa s use d 
t o localiz e th e respectiv e feature .  Illuminatio n variance s wer e 
minimize d b y individuall y stretchin g eac h o f  th e image s t o en -
compas s th e ful l  gre y scal e range .  Simila r  technique s hav e 
bee n employe d i n previou s wor k o n face s [3 ,  4 ,  14 ,  13] .  Fig -
ur e 3  show s example s o f  som e o f  th e normalize d fac e image s 
use d i n th e study . 

Classifier design and training 

Th e model s use d t o conduc t  thi s stud y consis t  o f  ensemble s 
of  feed-forward ,  full y  connecte d neura l  network s eac h con -
tainin g a  singl e hidde n laye r  wit h 1 0 nodes .  Eac h networ k i s 
traine d independentl y usingon-lin e bac k propagatio n wit h th e 
respons e vector s fro m th e Picture s o f  Facia l  Affec t  databas e 

flii  ̂  i » p y ^  | n f < 

B U J E s J W t * l  L ^ ^ 

rra u 

Figur e 3 :  Example s fro m th e Picture s o f  Facia l  Affec t 
databas e normalize d an d cropped . 

servin g a s th e target .  Th e inpu t  t o eac h networ k i s th e projec -
tio n o f  th e seve n location s o f  th e face s show n i n Figur e 1  ont o 
th e to p 1 5 eigenvector s o f  90 0 rando m 32X3 2 block s (th e to p 
3 row s o f  Figur e 2 .  Th e projection s ont o eac h eigenvecto r  ar e 
normalize d int o Z  score s o n a  per-eigenvalu e basis . 

Sinc e w e ha d a  smal l  datase t  o f  twelv e individuals ,  fo r 
eac h individual ,  w e traine d a n ensembl e o f  network s o n th e 
remainin g 1 1 individuals ,  an d the n combine d th e score s o f 
th e ensembl e member s t o ge t  a  generalizatio n scor e o n th e 
one individua l  th e ensembl e ha d no t  see n durin g training .  T o 
minimiz e th e impac t  o f  choosin g a  poo r  hol d ou t  se t  fro m 
th e trainin g set ,  eac h o f  th e 1 1 individual s i n th e trainin g se t 
was i n tur n use d a s a  hol d out .  I f  th e erro r  o n th e hol d ou t 
set  wen t  u p ove r  thre e trainin g epochs ,  trainin g wa s stopped . 
Thi s procedur e i s illustrate d i n Figur e 4 .  Thu s w e en d u p wit h 
12 independen t  ensembl e networ k models . 

To combin e th e score s o f  th e 1 1 networks ,  a  numbe r  o f 
differen t  technique s ar e possible :  winne r  tak e all ,  weighte d 
averag e output ,  voting ,  etc .  Th e metho d tha t  w e foun d t o con -
sistentl y giv e th e highes t  generalizatio n rat e involve d usin g Z 
score s fro m th e 1 1 network s fo r  eac h individual .  Th e averag e 
outpu t  fo r  eac h possibl e emotio n acros s al l  th e network s wa s 
calculate d alon g wit h it s  deviatio n ove r  th e entir e trainin g set . 
Thes e value s wer e use d t o normaliz e th e summe d outpu t  o f 
th e 1 1 networks .  Th e highes t  outpu t  Z  scor e fo r  a  particula r 
inpu t  wa s considere d t o b e th e emotio n foun d b y th e ensem -
ble .  Fo r  an y inpu t  pattern ,  w e calculat e th e averag e o f  al l  1 1 
networ k output s fo r  emotio n j : 

. - S i 
'̂ -  1 1 
a,  = 

Oij 

11 
wher e o, j  i s  th e outpu t  o f  net ,  o n emotio n ;  fo r  tha t  pattern . 
The n w e conver t  thi s t o a  Z  score : 

a,  = 
<Ti 

wher e O j  an d a j  ar e th e averag e an d deviatio n fo r  outpu t  uni t 
i  acros s al l  th e patter n output s ove r  th e entir e 1 1 networks . 
The averag e generalizatio n rat e achieve d b y th e classifier s i s 

i(±0.2) . 

M o r p l i  S e q u e n c e 

A larg e bod y o f  literatur e i n cognitiv e psycholog y ha s demon -
strate d tha t  certai n stimuli ,  suc h a s phonemes ,  ar e perceive d 
categoricall y b y huma n subject s [10 ,  9] .  Categorica l  per -
ceptio n i s sai d t o occu r  whe n stimul i  ca n b e discriminate d n o 
bette r  tha n the y ca n b e labeled ,  althoug h i n practic e somewha t 
mor e relaxe d criteri a ar e ofte n take n a s evidenc e o f  categorica l 
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Figure 4: Structure ol' training sets used lor creating ensemble network. 
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Figur e 5 :  Typica l  example s o f  th e morph in g process .  T h e origina l  expression s ar e a t  th e extreme s o f  th e sequence s whil e th e 
interio r  image s ar e linea r  interpolation s o f  th e tw o images . 

perception .  Al thoug h th e evidenc e fo r  certai n "lo w level "  cat -
egoiica l  perceptio n i s stron g (e.g .  phonemes ,  colors) ,  m u c h 
les s i s k n o w n abou t  h o w w e categoriz e m o r e comple x stim -
uli .  T w o recen t  studie s sugges t  tha t  s o m e o f  th e informatio n 
signale d b y faces ,  notabl y thei r  emotiona l  expressio n [8 ]  an d 
thei r  uniqu e identit y  [2] ,  i s  perceive d categorically . 

T h e presen t  stud y concentrate s o n th e perceptio n o f  e m o -
tiona l  facia l  expressions .  W e ar e awar e o f  onl y a  singl e stud y 
tha t  ha s provide d evidenc e fo r  categorica l  perceptio n o f  e m o -
tio n i n facia l  expression s [8] .  Tha t  stud y use d lin e drawing s 
of  faces ,  an d m o r p h s o f  thos e lin e drawings ,  a s th e stimuli . 
Transition s betwee n certai n emotiona l  expression s appeare d 
t o b e perceive d categorically ,  whil e othe r  transition s di d no t 
sho w suc h a n effect .  G ive n thes e intriguin g finding s obtaine d 
wit h lin e drawing s o f  faces ,  w e wante d t o approac h th e issu e 
usin g image s o f  actua l  facia l  expression s o f  emotion . 

T o determin e th e typ e o f  transition s tha t  th e neura l  net -
wor k mode l  exhibits ,  w e linearl y transfor m a  fac e imag e o f 
an individua l  expressin g o n e emotio n t o th e s a m e individua l 
expressin g anothe r  a t  fixe d intervals .  T h e resultan t  m o r p h e d 
imag e sequenc e ca n the n b e transforme d int o th e inpu t  repre -
sentatio n an d presente d t o th e classifie r  i n a  norma l  manner . 

Figur e 5  s h o w s typica l  imag e sequence s generate d b y thi s 
process . 

Fo r  th e networ k mode l ,  thre e distinc t  type s o f  respons e vec -
tor s ar e generate d ove r  th e cours e o f  th e transitio n sequences . 
At  eithe r  en d o f  th e m o r p h transitio n sequence ,  th e networ k 
model  respond s correctl y t o th e origina l  image .  W h e n th e 
m a x i m u m outpu t  respons e change s f ro m th e firs t  t o th e sec -
o n d emotion ,  thi s i s terme d th e crossove r  point . 

A Typ e 1  transitio n i s wher e th e networ k respons e a t  th e 
crossove r  poin t  i s  hig h wit h respec t  t o a  threshol d respons e -
tha t  is ,  bot h emotion s ar e abov e threshold .  W e se t  th e thresh -
ol d a t  0. 5 standar d deviation s abov e th e averag e response , 
wh ic h i s th e m a x i m u m valu e tha t  maintain s th e 8 6 % gener -
alizatio n rat e o f  th e networ k (i n th e origina l  wo rk ,  a  correc t 
respons e w a s take n a s th e m a x i m u m Z  scor e [12]) .  Fo r  T y p e 
1 transitions ,  bot h emotion s elici t  hig h response s ove r  a  larg e 
portio n o f  th e sequenc e indicatin g similarit y betwee n th e t w o 
emotion s i n th e transitio n sequence . 

A Typ e 2  transitio n i s w h e n bot h emot io n response s ar e 
belo w threshol d a t  th e crossove r  point .  Thi s typ e o f  transitio n 
ha s a  larg e portio n o f  th e m o r p h sequenc e withou t  an y promi -
nen t  emotions .  Thi s indicate s tha t  th e categorie s ar e quit e 
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Figur e 6 :  Th e graph s sho w th e outpu t  respons e o f  th e tw o emotion s o f  th e neura l  networ k mode l  fo r  th e morp h imag e sequences . 
Graph s a  an d b  ar e example s o f  Typ e 1  an d 2  transition s respectively ,  whil e c  an d d  illustrat e Typ e 3 . 

distan t  i n th e mode l  space . 
A Typ e 3  transitio n occur s whe n th e crossove r  poin t  i s  nea r 

th e threshold .  Thi s indicate s a  shar p transitio n i n classifica -
tio n o f  th e morp h image s s o tha t  al l  (o r  most )  image s prio r 
t o th e crossove r  ar e classifie d th e sam e a s th e origina l  imag e 
an d thos e subsequen t  t o it ,  th e sam e a s th e morphed-t o image . 
I t  i s  thi s typ e o f  transitio n w e associat e wit h categorica l  per -
ception .  Figur e 6  present s example s o f  th e outpu t  response s 
of  th e associate d emotion s tha t  illustrat e th e thre e type s o f 
transitions . 

Results 

To examine the type of transitions between emotion pairs, 
morp h sequence s betwee n differin g emotion s i n eac h o f  th e 
12 ensembl e network' s tes t  se t  wer e generate d an d presente d 
t o th e appropriat e ensembl e networ k fo r  evaluation .  A  morp h 
sequenc e o f  9  image s (plu s th e 2  originals )  wa s constructe d 
fo r  eac h distinc t  emotio n pai r  o f  th e individua l  (fea r  t o fea r 
morph s fo r  example ,  wer e no t  examined) .  Th e tota l  numbe r 
of  morp h sequence s wa s 250 ,  approximatel y 1 7 sequence s fo r 
eac h o f  th e 1 5 possibl e emotio n combinations . 

A simpl e scor e wa s use d t o evaluat e th e typ e o f  th e tran -
sitio n fo r  eac h o f  th e morp h sequences .  A s th e chang e i n 
th e ensembl e network' s outpu t  acros s th e sequenc e wa s eithe r 
monotonicall y increasin g o r  decreasing ,  simpl y countin g th e 
number  o f  output s greate r  tha n th e threshol d of+0. 5 standar d 
deviation s i s sufficien t  i n determinin g th e typ e o f  th e transi -
tion .  I f  w e simpl y ad d th e numbe r  o f  instance s wher e emotio n 

1 i s abov e th e threshol d t o th e numbe r  o f  instance s emotio n 2 
i s abov e th e threshol d an d subtrac t  th e lengt h o f  th e sequenc e 
fro m th e total ,  th e sig n an d magnitud e o f  th e resultan t  valu e 
provide s a  simpl e scor e indicatin g th e transitio n type .  Hig h 
positiv e score s indicat e tha t  th e ensembl e networ k outpu t  wa s 
responsiv e t o bot h emotion s ove r  a  larg e numbe r  o f  image s 
(Typ e 1  transition )  whil e larg e negativ e score s indicat e tha t 
th e respons e vector s o f  bot h emotion s wer e belo w th e thresh -
ol d fo r  a  numbe r  o f  image s (Typ e 2  transition) .  Score s nea r 
zer o ar e th e Typ e 3  transition s tha t  indicat e categorica l  percep -
tion .  Figur e 7  present s th e experimenta l  result s from  lowes t 
t o highes t  scores . 

The ensembl e network s prediction s abou t  th e typ e o f  re -
lationship s betwee n th e emotio n categorie s tha t  exis t  i n th e 
fac e imag e dat a i s presente d i n Figur e 8 .  Th e entrie s i n th e 
tabl e ar e arrange d s o tha t  th e emotio n pair s a t  th e to p o f  th e 
column s hav e th e score s mos t  representativ e o f  tha t  type .  A 
cut  of f  o f  ±  1. 5 step s wa s use d t o delimi t  th e rang e o f  value s 
associate d wit h Typ e 3  behavio r  (i.e .  th e transitio n are a score s 
wer e withi n 1. 5 step s o f  0) . 

Th e ensembl e models '  prediction s see m reasonabl e give n 
th e natur e o f  th e categories .  Fo r  instance ,  happ y faces ,  th e 
onl y positiv e emotio n examined ,  d o no t  see m particularl y 
clos e t o an y o f  th e othe r  fiv e emotions .  Happ y ha s n o positiv e 
score s an d th e transition s betwee n i t  an d th e othe r  emotion s 
consis t  solel y o f  Type s 2  an d 3 .  Typ e 1  transition s ar e exhib -
ite d b y th e emotio n pair s tha t  ar e neighbor s whe n th e huma n 
dat a fro m th e Picture s o f  Facia l  Affect s databas e i s subjecte d 
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Emotio n Pai r 
Fear-Disgus t 

Surprise-Disgus t 
Happy-Sa d 
Fear-Ange r 

Happy-Ange r 
Sad-Fea r 

Happy-Surpris e 
Sad-Surpris e 
Happy-Fea r 
Sad-Ange r 

Anger-Surpris e 
Happy-Disgus t 

Sad-Disgus t 
Anger-Disgus t 
Fear-Surpris e 

Averag e 
-4. 1 
.̂ 0 

-3. 0 
-2. 7 
-2. 5 
-2. 0 
-2. 0 
-1. 9 
-1. 3 
-0. 4 
-0. 1 
-0. 1 
2. 7 
4. 4 
8. 9 

Deviatio n 
04 
0. 3 
1.3 
0. 8 
0. 9 
1.0 
0. 5 
1.8 
0. 8 
0. 9 
1.3 
1.0 
2. 3 
1.6 
1.0 

Figur e 7 :  Average s an d deviation s o f  emotio n pai r  score s o f 
th e neura l  networ k model . 

Type l 
Fear-Surp r 
Anger-Dis g 

Sad-Dis g 

Typ e 2 
Fear-Dis g 

Surprise-Dis g 
Happy-Sa d 
Fear-Ange r 

Happy-Ange r 
Sad-Fea r 

Happy-Surp r 
Sad-Surp r 

Typ e 3 
Happy-Dis g 
Anger-Surp r 
Sad-Ange r 
Happy-Fea r 

Figur e 8 :  Th e ensembl e network' s prediction s o f  th e typ e 
classification s fo r  th e variou s emotio n pairs . 

t o Multi-Dimensiona l  Scalin g ( M D S )  (dat a no t  shown) .  TVp e 
2 transition s ar e th e mos t  common ,  indicatin g significan t  sep -
aratio n betwee n mos t  emotio n pair s (agai n simila r  t o th e cir -
cula r  arrangemen t  foun d usin g M D S ) .  Finally ,  th e Typ e 3 
transition s ar e fro m emotio n pair s tha t  ar e quit e opposite . 

Conclusion 

We have demonstrated that a relatively simple neural network 
model  i s abl e t o recogniz e emotion s an d mak e prediction s 
about  ho w visua l  categorie s ar e relate d t o on e another .  W e in -
ten d t o us e thes e result s t o guid e u s i n testin g huma n subject s 
i n orde r  t o determin e i f  categorica l  perceptio n occur s i n morp h 
imag e sequence s o f  actua l  images .  A n exhaustiv e searc h o f 
al l  possibl e morp h combination s i s difficul t  (tim e consumin g 
and costly )  whe n testin g human s bu t  th e models '  prediction s 
shoul d b e abl e t o significantl y reduc e th e numbe r  an d typ e o f 
combination s tested .  W e hav e begu n huma n test s t o validat e 
th e prediction s o n th e Typ e 1  an d Typ e 3  transitions .  Subject s 
ar e randoml y show n eac h imag e 1 0 time s an d mak e a  force d 
choic e betwee n th e endpoin t  emotions .  Althoug h ou r  n  o f 
2 i s no t  larg e enoug h t o b e reliable ,  bot h subject s showe d 
ver y shar p (sigmoidal )  transition s fo r  TVp e 3 ,  an d ver y linea r 
u-end s fo r  TVp e 1 ,  a s predicte d b y th e model .  I f  a  compariso n 
of  th e mode l  an d huma n dat a i s favorable ,  w e ca n begi n t o us e 
thi s typ e o f  mode l  t o investigat e th e performanc e change s en -
countere d i n emotio n recognitio n (an d othe r  stati c recognitio n 

tasks )  fo r  patient s wit h brai n lesions . 
Our  result s provid e specifi c  avenue s fo r  furthe r  research , 

and mak e prediction s abou t  ho w huma n subject s ma y perceiv e 
blend s o f  differen t  emotion s signale d b y a  face .  Sinc e i t  i s  jus t 
suc h blend s o f  emotio n tha t  ar e mos t  typicall y encountere d i n 
everyda y life ,  thi s lin e o f  researc h wil l  contribut e t o huma n 
socia l  cognitio n i n general . 
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Abstrac t 

An important function of human visual perception is to 
permi t  objec t  classificatio n a t  multipl e level s o f 
specificity .  Fo r  example ,  w e ca n recogniz e a n objec t  a s a 
"car, "  (th e basi c level )  a  "For d Mustang "  (subordinat e 
level) ,  an d "Joe' s Mustang "  (instanc e level) .  Althoug h thi s 
capacit y i s fundamenta l  t o huma n objec t  perception ,  mos t 
computationa l  model s o f  objec t  recognitio n eithe r  focu s 
exclusivel y o n basic-leve l  classificatio n (e.g. ,  Biederman , 
1987 ;  H u m m el  &  Biederman ,  1992 ;  H u m m el  & 
Stankiewicz ,  1996 )  o r  exclusivel y o n instance-leve l 
classificatio n (e.g. ,  Ullma n &  Basri ,  1991 ;  Edelma n & 
Poggio ,  1990) .  A  computationa l  accoun t  tha t  naturall y 
integrate s bot h level s o f  classificatio n remain s elusive . 
We describ e a  genera l  approac h t o representin g numerica l 
propertie s (e.g. ,  thos e tha t  characteriz e objec t  shape )  tha t 
simultaneousl y support s bot h basi c an d 
subordinate/instance-leve l  recognition .  Th e accoun t  i s 
base d o n a  genera l  nonlinea r  codin g fo r  numerica l 
quantitie s describin g bot h featura l  variable s (suc h a s degre e 
of  curvatur e an d aspec t  ratio )  an d configura l  variable s (suc h 
as relativ e position) .  Use d a s th e inpu t  t o a  classifie r  wit h 
Gaussia n receptiv e fields ,  thi s representatio n support s 
recognitio n a t  multipl e level s o f  specificity ,  an d suggest s 
an accoun t  o f  th e rol e o f  attentio n an d tim e i n th e 
classificatio n o f  object s a t  differen t  level s o f  abstraction . 

Introduction 

O ne o f  th e mos t  notabl e propertie s o f  h u m a n visua l 
perceptio n i s ou r  capacit y t o recogniz e object s despit e 
variation s i n th e viewin g condition s unde r  whic h th e imag e 
i s presente d t o th e retin a (e.g. ,  viewin g angle) .  Numerou s 
model s hav e bee n propose d i n th e attemp t  t o accoun t  fo r  thi s 
propert y o f  h u m a n objec t  recognition .  Thes e model s ca n b e 
divide d int o tw o broa d classe s accordin g t o th e genera l 
strateg y the y adop t  t o attac k thi s proble m (se e Liu ,  Knil l  & 
Kersten ,  1995 ;  Tarr ,  1995) .  O n e clas s (typicall y associate d 
wit h structura l  descriptio n theorie s o f  recognition )  exploit s 
categorica l  imag e propertie s a s th e primar y basi s fo r  objec t 
recognitio n (e.g. ,  Biederman ,  1987 ;  H u m m el  &  Biederman , 
1992 ;  H u m m el  &  Stankiewicz ,  1996) .  O n thi s account , 
object s ar e represente d i n term s o f  categorica l  feature s 
(includin g th e categorica l  relation s a m o n g thos e features ) 
tha t  remai n unchange d a s a n object' s distanc e o r  orientatio n 
relativ e t o th e viewe r  varies :  Becaus e th e feature s remai n th e 
same i n m a n y views ,  recognitio n i s unaffecte d b y m a n y 

change s i n viewpoint .  Th e othe r  clas s o f  model s use s 
alignmen t  (e.g. ,  Ullman .  1989) ,  vie w interpolatio n (e.g. , 
Poggi o &  Edelman ,  1990 )  o r  othe r  normalization s (se e 
H u m m el  &  Stankiewicz ,  1995 )  t o brin g n e w objec t  view s 
int o correspondenc e wit h store d views :  Here ,  th e 
normalizatio n serve s t o correc t  fo r  variation s i n th e location s 
of  a n object' s feature s (i n th e image )  tha t  resul t  fro m 
variation s i n viewpoint . 

O ne notabl e differenc e betwee n thes e approache s i s tha t 
th e forme r  emphasize s th e rol e o f  categorica l  imag e 
propertie s (suc h a s categorica l  feature s an d relations) , 
wherea s th e latte r  emphasize s th e rol e o f  holisti c metri c 
propertie s (specifically ,  th e numerica l  coordinate s o f  objec t 
features) .  I n additio n t o supportin g differen t  algorithm s fo r 
discountin g variation s du e t o viewpoint ,  thes e differin g 
approache s t o objec t  representatio n als o giv e ris e t o differen t 
"expertise "  a t  differen t  level s o f  classificatio n (Bulthof f  & 
Edelman ,  1992) :  Categorica l  model s m a y provid e a  bette r 
accoun t  o f  recognitio n a t  th e basi c leve l  (e.g. ,  recognizin g 
an objec t  a s a  "car" ;  Rosch ,  Mervis ,  Johnson ,  &  Boyes -
Braem ,  1976) ,  whil e metri c model s m a y provid e a  bette r 
accoun t  o f  recognitio n a t  th e subordinat e o r  instanc e leve l 
(e.g. ,  recognizin g a n objec t  a s a  "Mustang "  o r  "Joe' s 
Mustang") . 

Th e huma n i s exper t  a t  bot h basic -  an d subordinate-leve l 
classification .  I t  i s  temptin g t o speculat e tha t  thi s dua l 
expertis e reflect s th e simultaneou s operatio n o f  bot h 
approache s t o recognition :  Perhap s categorica l  feature s o r 
structura l  description s allo w u s t o classif y object s a t  th e 
basi c leve l  whil e metrically-specifi c  holisti c representation s 
allo w u s t o classif y object s a t  th e subordinat e o r  instanc e 
leve l  (Bulthof f  &  Edelman ,  1992 ;  Farah ,  1992) .  Whil e thi s 
accoun t  i s  almos t  certainl y correc t  fo r  som e case s o f 
subordinate-leve l  recognitio n (e.g. ,  fac e recognition) ,  i t  i s 
likel y inadequat e a s a  complet e accoun t  o f  h u m a n multi -
leve l  classification .  O n e proble m wit h thi s accoun t  i s tha t 
i t  predict s tha t  peopl e wil l  classif y object s a t  th e 
subordinate-leve l  faste r  tha n the y classif y object s a t  th e 
basic-leve l  (holisti c representation s ca n b e generate d muc h 
faste r  tha n categorica l  structura l  descriptions ;  se e H u m m el  & 
Stankiewicz ,  1996) ,  wherea s peopl e ar e fastes t  t o classif y 
object s a t  th e basi c leve l  (e.g. ,  Rosch ,  et .  al ,  1976) .  A 
secon d limitatio n o f  thi s accoun t  i s tha t  i t  predict s tha t 
subordinat e leve l  recognitio n shoul d b e mor e holisti c tha n 
basic-leve l  classification .  Whil e thi s i s  tru e fo r  fac e 
recognitio n (Tanak a &  Farah ,  1993) ,  i t  i s  no t  tru e fo r  al l 
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subordinate-leve l  classificatio n task s (e.g. ,  Biederma n & 
Schiffrar ,  1987) .  Give n thes e considerations ,  i t  seem s likel y 
tha t  th e huma n visua l  syste m achieve s multi-leve l 
classificatio n o n th e basi s o f  somethin g mor e sophisticate d 
tha n a  simpl e hybri d holistic-categorica l  representatio n o f 
shape . 

liii s  p )̂e r  present s ou r  progres s towar d a  mode l  o f  multi -
leve l  classificatio n base d o n a  differen t  kin d o f  hybri d metric -
categorica l  representatio n o f  objec t  shape .  Followin g th e 
structura l  approac h o f  H u m m el  an d Biederma n (1992 ; 
Hummel  &  Stankiewicz ,  1996) ,  w e assum e tha t  independen t 
attribute s ar e represente d o n independen t  unit s (i.e. ,  rathe r 
tha n representin g attribute s an d thei r  location s holisticall y a s 
complet e "views") .  Bu t  i n contras t  t o thes e models ,  w e 
assume tha t  shap e attribute s ar e no t  code d i n a  strictl y 
categorica l  fashio n (e.g. ,  "straigh t  vs .  curved" ,  "paralle l  vs . 
non-parallel, "  etc.) .  Rather ,  w e adop t  a  representatio n o f 
numerica l  quantitie s (suc h a s degre e o f  curvatur e an d degre e 
of  parallehsm )  tha t  capture s bot h th e metri c an d categorica l 
aspect s o f  thos e quantities .  Lik e a  categorica l 
representation ,  th e propose d representatio n change s fastes t 
acros s categorica l  boundarie s (suc h tha t  th e representatio n o f 
curvatur e 0. 1 [slightl y curved ]  differ s mor e fro m curvatur e 0 
[su-aight ]  tha n i t  differ s fro m curvatur e 0. 2 [mor e curved]) . 
But  lik e a  metri c representation ,  i t  als o capture s difference s 
betwee n numerica l  value s o n th e sam e sid e o f  a  categorica l 
boundar y (e.g. ,  betwee n curvatur e 0. 1 an d curvatur e 0.2) .  I n 
combinatio n wit h a n architectur e fo r  classifyin g object s o n 
th e basi s o f  thes e metric-categorica l  ("MetriCat" ) 
representations ,  th e resul t  i s  a  mode l  tha t  ca n classif y 
object s a t  multipl e level s o f  abstractio n simultaneously . 
The mode l  als o suggest s a  natura l  accoun t  o f  th e rol e o f 
attentio n an d tim e i n classificatio n a t  differen t  level s o f 
specificity ,  an d th e relationshi p betwee n vie w specificit y an d 
level s o f  classification . 

The MetriCat Representation of Numerical 
V a l u e s 

As describe d here ,  th e mode l  i s addresse d onl y t o th e 
representatio n o f  propertie s tha t  ca n b e characterize d a s rea l 
value s (o r  difference s o f  rea l  values )  alon g a  singl e 
dimension .  Fo r  example ,  loca l  curvatur e ca n b e 
characterize d i n term s o f  a  rea l  numbe r  rangin g fro m -° ° 
(infinitel y curve d i n on e direction )  t o 0  (straight )  t o ° ° 
(infinitel y curve d i n th e opposit e direction) .  Similarly ,  th e 
expansio n i n th e axi s betwee n tw o straigh t  line s ca n b e 
describe d b y a  rea l  numbe r  i n th e rang e -<»...«« ,  wher e 
negativ e value s indicat e tha t  th e axi s narrow s fro m en d A  t o 
end B ,  positiv e value s indicat e tha t  i t  expand s fro m en d A  t o 
end B ,  an d zer o indicate s tha t  th e i t  remain s a  constan t  widt h 
alon g it s lengt h (i.e. ,  th e line s ar e parallel) .  A  strictl y 
categorica l  representatio n o f  thes e value s migh t  represen t 
curvatur e =  0  a s "straight "  an d al l  curvature s  ̂  0  a s "curved" ; 
likewise ,  th e axe s migh t  b e represente d a s simpl y "parallel " 
(expansio n =  0 )  o r  "non-parallel "  (non-zer o expansion) . 
Such code s chang e rapidl y a t  a  singl e poin t  (th e transitio n 
poin t  betwee n adjacen t  values) ,  an d d o no t  chang e a t  al l  i n 
betwee n thos e values .  Thi s propert y i s responsibl e fo r  th e 
utilit y  o f  categorica l  code s fo r  clas s recognitio n an d fo r 
discountin g variation s i n viewpoin t  (see ,  e.g. ,  Biederman , 

1987) ,  bu t  i t  i s  a  liabilit y  a s a  basi s fo r  instance-leve l 
recognition :  T w o shape s tha t  ca n onl y b e distinguishe d by , 
say ,  th e degre e o f  curvatur e o n a  give n edg e wil l  b e identica l 
i n a  strictl y categorica l  code . 

MetriCa t  represent s numerica l  value s i n a n intermediat e 
fashion ,  i n tha t  i t  emphasize s difference s acros s categorica l 
boundarie s (e.g. ,  straigh t  vs .  curved. )  withou t  completel y 
discardin g difference s o n th e sam e sid e o f  a  categorica l 
boundar y (e.g. ,  differen t  degree s o f  curvature) .  Specifically , 
we represen t  numerica l  variable s a s a  logisti c functio n o f 
thei r  ra w numerica l  valu e (se e als o Hummel  &  Stankiewicz , 
1995) : 

^ = ^' (^) 

where C is the represented value, R is the raw numerical 
value ,  an d ffi s  a  constant .  Lik e a  categorica l  code ,  C(R )  ha s 
th e propert y tha t  i t  change s fastes t  acros s categorica l 
boundarie s i n R .  Fo r  example ,  i f  R  i s loca l  curvature ,  the n 
addin g a  smal l  degre e o f  curvature ,  sa y 1 ,  t o / ? =  0  ( a 
straigh t  line )  ha s a  greate r  impac t  o n th e valu e o f  C  tha n 
addin g th e sam e amoun t  o f  curvatur e t o R  =  1 0 ( a curve d 
line )  (C(0 )  -  C(l )  =  0. 5 0.73 1 =  -0.231 ,  wherea s C(10 )  -
C(ll )  =  0.9995 4 -  0.999 8 =  -0.00044) .  Thus ,  lik e a 
categorica l  variable ,  C  change s fastes t  whe n th e ra w value , 
R,  crosse s a  categorica l  boundary ;  bu t  unlik e a  purel y 
categorica l  variable ,  C  continue s t o chang e eve n withi n 
categorica l  boundarie s o f  R . 

We assum e tha t  object s ar e visuall y represente d i n term s 
of  th e MetriCa t  value s o f  eac h o f  severa l  numerica l 
quantitie s (suc h a s th e aspec t  rati o an d cross-sectio n 
curvatur e o f  eac h o f  thei r  parts ;  se e Biederman ,  1987) .  Th e 
valu e o f  eac h variable ,  C ,  i s code d a s a  vecto r  c' ,  wher e th e 
j  t h elemen t  o f  c *  i s a  unit,.c'y ,  wit h receptiv e fiel d i n C 
tha t  ha s a  specifi c  center ,  n'j ,  an d a  specifi c  width ,  w'j .  I n 
th e cunen t  model ,  th e width s an d center s wer e se t  t o rando m 
value s i n th e range s 0  <  w  <  0. 5 an d 0  <  / x <  1.0 , 
respectively . 

Figur e 1 :  Illustratio n o f  th e MetriCa t  representatio n o f  a 
specifi c  valu e o f  R .  C  i s a  logisti c functio n o f  R  an d unit s 
(righ t  side )  respon d t o specifi c  value s o f  C . 

The bottom-u p inpu t  t o uni t  c' j  a t  tim e t  is : 

/( =G(C'-/I. y . ) . (2 ) 
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wher e G  i s th e Gaussian ,  C  i s th e inpu t  rea l  valu e inpu t  o n 
dimensio n i ,  H j  i s  th e cente r  o f  receptiv e field  ; ,  an d w' j  i s 
th e widt h (standar d deviation )  o f  receptiv e field  ; .  Fo r  th e 
purpose s o f  th e simulation s reporte d here ,  w e assum e tha t 
ever y objec t  i s  represente d b y tw o MetriCa t  vectors ,  c '  an d 
c^ ,  wher e eac h vecto r  encode s th e MetriCa t  representatio n o f 
on e numerica l  variable .  Fo r  ou r  curren t  purposes ,  th e 
precis e meaning s o f  thes e vector s (e.g. ,  "c ^  code s 
curvature" ,  etc. )  i s  unimportant .  Rather ,  w e ar e intereste d i n 
th e propertie s o f  th e collectio n o f  vector s a s a  basi s fo r 
classifyin g arbitrar y object s whos e similarit y relation s ar e 
define d t o correspon d t o differen t  basic-leve l  classe s (i.e. , 
lo w similarity ,  o r  ver y differen t  vecto r  representations )  an d 
differen t  member s o f  thos e classe s (i.e. ,  hig h similarity ,  o r 
simila r  bu t  no n identica l  vecto r  representations) :  Wil l  th e 
model  trea t  differen t  member s o f  th e sam e "class "  a s simila r 
but  no t  identical ? 

Classification Based on MetriCat Values 

T o answe r  thi s question ,  i t  i s first  necessar y t o specif y a n 
appropriat e algorith m t o perfor m classificatio n o n th e basi s 
of  th e vector s generate d b y an y give n object .  Fo r  thi s 
purpose ,  th e mode l  use s Gaussia n radia l  basi s function s 
(e.g. ,  Poggi o &  Girosi ,  1990 ;  Poggi o &  Edelman ,  1990 )  i n 
th e 5 0 dimensional  spac e give n b y th e tw o MetriCa t  vector s 
(c ^  an d c^) ,  eac h wit h 2 5 units ,  c' j  ( j  =  1..25) .  Ever y 
objec t  i s  code d i n th e model' s m e m o r y a s a  collectio n 
classifie r  unit s wit h Gaussia n receptiv e fields  i n thi s 5 0 
dimensiona l  space .  Th e cente r  o f  a  give n unit' s  receptiv e 
fiel d correspond s t o th e preferred "  patter n fo r  th e 
correspondin g object .  Eac h object ,  k ,  i s  code d b y 3 
classifie r  unit s wit h th e sam e cente r  bu t  wit h differen t 
standar d deviations ,  a  ( a tak e value s o f  0.02 ,  0.0 1 an d 
0.0066) .  Smal l  a  allo w unit s t o tolerat e onl y smal l 
deviation s fro m thei r  preferre d patterns ;  suc h unit s thu s 
perfor m instance-leve l  classification .  Large r  a  permi t  large r 
deviation s fro m th e preferre d pattern ,  an d permi t  a  uni t  t o 
perfor m clas s recognitio n (respondin g t o multiple ,  simila r 
patterns) .  Th e inpu t  value ,  /̂ ,  o f  classifie r  uni t  k  i n 
respons e t o th e vecto r  representation ,  s ,  o f  a  give n stimulu s 
i s give n by : 

/ , = G ( P t - s ,CTp , (3 ) 

wher e G  i s th e Gaussian ,  an d p k i s Id s preferre d vector . 
Th e activatio n o f  a  give n classifie r  uni t  k  a t  tim e t 

change s as : 

A Af  = 0 . 9 \ - A /f-0.25Af . 
k k 

(4 ) 

A lgo r i t h m 

I n additio n t o it s bottom-u p inpu t  (Eq .  1) ,  eac h MetriCa t 
unit ,  c'y ,  als o receive s latera l  excitatio n fro m othe r  unit s i n 
c* .  Uni t  J  excite s uni t  i  t o th e exten t  tha t  it s cente r  lie s 
withi n i' s  receptiv e field.  Th e inpu t  from y t o i  is : 

LE..=A.G{\^.-H , ,yv.) . (5 ) 

wher e G  i s th e Gaussian ,  an d m an d // /  ar e th e center s o f 
receptiv e field s i  an d j  an d A i  i s  th e activatio n o f  unit; . 
Broa d units ,  whic h wil l  ten d t o hav e man y othe r  unit s i n 
thei r  receptiv e fields ,  wil l  ten d t o receiv e mor e latera l 
excitatio n tha n narro w units ,  whic h wil l  hav e fewe r  othe r 
unit s i n thei r  receptiv e fields.  A s a  result ,  MetriCa t  unit s 
wit h broa d receptiv e fields  ten d t o becom e activ e faste r  tha n 
unit s wit h narro w receptiv e fields:  Coars e informatio n abou t 
an object' s shap e become s availabl e earlie r  tha n informatio n 
abou t  it s fine  metri c details .  Th e utilit y  o f  thi s propert y i s 
tha t  th e coars e informatio n i s mor e robus t  t o nois e tha n i s 
fine  information .  Nois e ma y originat e i n bot h th e stimulu s 
and th e system .  Stimulus-induce d nois e ma y resul t  fro m 
change s i n viewpoin t  (i.e. ,  producin g sligh t  deviation s fro m 
th e expecte d value s o f  a n object' s metri c properties) ;  system -
induce d nois e m a y resul t  fro m rando m variation s i n th e 
magnitud e o f  neura l  impulse s (o r  myria d othe r  sources) .  A t 
th e MetriCa t  leve l  o f  representation ,  latera l  excitatio n make s 
coars e noise-toleran t  informatio n availabl e rapidly ;  a t  th e 
classifie r  level ,  th e initia l  absenc e o f  fine  metri c informatio n 
has a  greate r  advers e impac t  o n classifie r  unit s wit h narro w 
receptiv e fields  tha n i t  ha s o n unit s wit h wid e receptiv e 
fields.  A s a  result ,  clas s recognitio n precede s instanc e 
recognition .  Thi s propert y i s apparen t  i n th e simulatio n 
results . 

Simulations 

Simulation s wer e ru n wit h fou r  one-par t  objects ,  A l ,  A2 , 
B l ,  an d B2 .  Eac h objec t  wa s define d b y rea l  value s o n tw o 
dimensions ,  C ^  an d C^ .  Object s wer e create d i n pair s ( A 
and B )  suc h tha t  member s o f  th e sam e pai r  wer e mor e 
simila r  t o on e anothe r  tha n t o eithe r  member  o f  th e othe r 
pair .  Object  A l  ha d value s [0.25 ,  0.1 ]  (o n C ^  an d C^ , 
respectively) ,  A 2 ha d [0.25 ,  0.3] ,  B l  ha d [0.75 ,  0.1) ,  an d B 2 
had [0.75 ,  0.3] .  Not e tha t  member s o f  th e sam e pai r  hav e 
identica l  value s o n C I  and ,  an d eac h member  o f  on e pai r 
share s th e sam e valu e o f  C 2 wit h on e member  o f  th e othe r 
pair .  Bu t  overall ,  object s ar e mor e simila r  withi n tha n 
betwee n pairs .  Thi s arrangemen t  permitte d u s t o observ e 
thre e propertie s o f  th e model :  (1 )  Ca n i t  distinguis h highl y 
simila r  objects ? (2 )  Wil l  classifie r  unit s wit h broa d receptiv e 
fields  respon d t o bot h member s o f  a  class ? an d (3 )  Wha t  i s 
th e tim e cours e o f  th e model' s abilit y t o mak e within -  vs . 
between-clas s distinctions ? 

Simulation s wer e ru n i n tw o phases :  20(X )  (unsupervised ) 
learnin g iteration s followe d b y 100 0 tes t  iterations .  Object s 
wer e presente d t o th e mode l  b y mean s o f  oscillator y gate s 
(Hummel  &  Stankiewicz ,  1996 )  tha t  controlle d th e inpu t  t o 
th e MetriCa t  units .  Eac h gat e wa s associate d wit h on e 
objec t  (i.e. ,  part) ,  wit h th e resul t  tha t  (a )  th e propertie s o f 
on e objec t  "fired "  (wer e passe d t o MetriCat )  ou t  o f 
synchron y wit h th e propertie s o f  othe r  objects ,  an d (b )  ther e 
was rando m nois e i n input s t o th e MetriCa t  units ,  especiall y 
durin g transition s betwee n differen t  object s (se e Figur e 3 , 
lowe r  frame) .  Durin g learning ,  ne w classifie r  unit s wer e 
recruite d wheneve r  (i )  th e averag e M /  ove r  al l  o f  MetriCa t 
units ,  j ,  wa s les s tha n 0.03 ,  an d (ii )  th e Euclidea n distanc e 
betwee n th e curren t  MetriCa t  patter n o f  activatio n an d tha t 
of  al l  preferre d classifie r  pattern s wa s greate r  tha n 0.1 . 
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Figur e 2 :  M o d e l  response s (ove r  t ime )  o n a 
representativ e tes t  run .  Upper :  Activatio n o f  thre e 
classifie r  unit s (on e wide ,  on e m e d i u m ,  an d on e 
narrow) .  L o w e r :  Activatio n o f  th e correspondin g 
oscillator . 

Thre e differen t  classifie r  unit s wer e recruite d i n respons e t o 
eac h learne d MetriCa t  pattern .  T h e thre e unit s fo r  a  patter n 
hav e th e sam e p  (preferre d pattern )  bu t  differen t  a  (receptiv e 
field  width) .  Tes t  iteration s wer e ru n i n th e s a m e m a n n e r  a s 
th e trainin g iteration s excep t  tha t  n o learnin g too k place . 
Figure s 2  an d 3  s h o w activatio n a s a  functio n o f  tim e fo r 
thre e classifie r  unit s wit h th e s a m e preferre d patter n bu t 
differen t  a  (to p r o w )  an d th e correspondin g oscillato r 
activation s (botto m r o w ) .  T h e tempora l  orderin g o f 
classifie r  response s i s  apparen t  i n Figur e 2 .  Not e tha t  th e 
classifie r  wit h th e wides t  receptiv e field  reache s asymptot e 
first,  followe d b y th e m e d i u m uni t  an d finally  th e narro w 
units . 

T h e coars e classificatio n behavio r  o f  th e w id e unit s i s 
apparen t  i n Figur e 3 .  T h e wid e classifie r  s h o w n i n th e 
figure  w a s recruite d t o respon d primaril y t o A 2 .  Not e tha t 
thi s classifie r  respond s mos t  strongl y t o A 2 bu t  als o 
respond s t o A l .  Althoug h i t  doe s no t  appea r  i n th e figure, 
th e wid e uni t  recruite d fo r  A I  s h o w e d th e complementar y 
respons e pattern .  Neithe r  uni t  responde d t o B l  o r  B 2 .  T h e 
m e d i u m an d narro w unit s responde d ver y littl e t o non -
preferre d input s (e.g. ,  th e narro w unit s fo r  A l  di d no t 
respon d a t  al l  t o A 2 ) .  A s apparen t  i n Figure s 2  an d 3 ,  th e 
model  classifie s it s input s a t  a  coarses t  leve l  first  an d late r  a t 
finer  level :  Thos e unit s tha t  b e c o m e activ e rapidl y (Figur e 2 ) 
ar e th e sam e a s thos e tha t  respon d t o pattern s tha t  deviat e 
fro m thei r  preferre d pattern s (Figur e 3) . 
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Figur e 3 :  M o d e l  response s (ove r  t ime )  o n a 
representativ e tes t  run .  Upper :  Activatio n o f  thre e 
classifie r  unit s tha t  respon d preferentiall y t o A 2 . 
Lower :  Activatio n o f  th e A l  an d A 2 oscillators . 

D i s c u s s i o n 

The MetriCa t  mode l  represent s numerica l  value s a t  multipl e 
level s o f  specificit y an d combine s th e propertie s o f  bot h 
categorica l  an d metri c representation s o f  numerica l  variables . 
Couple d wit h a n appropriat e classifyin g routin e (e.g. , 
Gaussia n basi s functions) ,  thi s approac h t o th e 
representatio n o f  numerica l  value s ha s a  numbe r  o f  desirabl e 
propertie s a s a  basi s fo r  multi-leve l  classification .  T h e 
preliminar y simulation s reporte d her e ar e consisten t  wit h 
thi s claim .  First ,  informatio n abou t  th e genera l  propertie s 
of  a  stimulu s ar e m a d e availabl e faste r  tha n specifi c 
information .  Th e utilit y  o f  thi s propert y i s tha t  coars e 
information ,  whic h become s availabl e first ,  i s  als o mor e 
robus t  t o nois e (e.g. ,  resultin g fro m change s i n viewpoint ; 
Biederman ,  1987 )  tha n i s metricall y precis e information . 
Thi s propert y permit s rapi d recognitio n tha t  i s robus t  t o 
nois e i n th e inpu t  (e.g. ,  a s a  resul t  o f  variation s i n 
viewpoint )  an d nois e i n th e syste m (e.g. ,  a s a  resul t  o f  th e 
oscillators) .  Th e rapi d availabilit y  o f  coars e informatio n 
als o suggest s a n accoun t  o f  ou r  abilit y  t o categoriz e a n 
objec t  a t  th e basic-leve l  (e.g. ,  "car" )  faste r  tha n w e ca n 
classif y i t  a t  th e subordinate-leve l  (e.g. ,  " M u s t a n g " ) . 

A secon d importan t  propert y o f  thi s architectur e i s it s 
abilit y t o captur e th e hierarchica l  similarit y relation s a m o n g 
differen t  stimuli .  I n s o m e w a y s thi s capacit y i s  propert y o f 
an y vecto r  codin g o f  a  populatio n o f  stimuli .  H o w e v e r ,  th e 
architectur e her e take s thi s capacit y o n e ste p furthe r  an d (b y 
th e activit y o f  th e classifie r  a t  differen t  scales )  explicitl y  tag s 
th e leve l  a t  w h i c h t o stimul i  ar e simila r  o r  different .  I t  i s i n 
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thi s respec t  tha t  th e mode l  perform s multi-leve l 
classification .  A s visibl e i n Figur e 3 ,  th e broa d classifie r 
responsiv e t o A 2 respond s t o bot h A l  an d A 2 ,  bu t  mor e 
strongl y t o A 2 .  Suc h broa d unit s ma y b e usefu l  fo r  genera l 
(e.g. ,  basi c level )  classification .  However ,  th e mediu m an d 
narro w classifier s responsiv e t o A 2 respon d onl y t o A 2 . 
Such unit s m a y b e usefu l  fo r  subordinate -  an d instance-leve l 
classification . 

I n answe r  t o th e question s pose d above :  (1 )  Th e mode l  ca n 
distinguis h highl y simila r  object s o n th e basi s o f  th e 
classifie r  unit s wit h narro w receptiv e fields  (A l  fro m A 2 an d 
Bl  fro m B 2 ;  se e Figur e 3) .  (2 )  Classifie r  unit s wit h broa d 
receptiv e field s respon d t o bot h member s o f  a  class .  An d (3 ) 
as illustrate d i n Figur e 2 ,  th e mode l  categorize s object s a t  a 
genera l  leve l  (vi a unit s wit h wid e receptiv e fields )  befor e i t 
classifie s the m a t  th e subordinat e o r  instanc e leve l  (unit s 
wit h med iu m an d narro w receptiv e fields).  Usin g a  unifie d 
representatio n o f  numerica l  variable s a t  differen t  level s o f 
specificit y (e.g. ,  "categorical "  an d "metric") ,  th e mode l 
suggest s a n accoun t  o f  wh y basic-leve l  classificatio n i s 
faste r  tha n subordinate -  o r  instance-leve l  classificatio n 
(Rosc h et .  al. ,  1976) . 

The model' s accoun t  o f  thi s finding  relate s t o th e rol e o f 
nois e i n th e stimulu s an d i n th e classifyin g system .  Coars e 
MetriCa t  unit s ar e bot h faste r  t o respon d an d mor e robus t  t o 
deviation s fro m thei r  preferre d input s (e.g. ,  a s resultin g fro m 
noise )  tha n ar e fin e units .  A s a  result ,  coars e (roughl y 
categorical )  informatio n become s availabl e earlie r  tha n fine 
(mor e metric )  information .  Th e classifie r  unit s exploi t  thi s 
difference :  Becaus e broa d classifier s ar e mor e robus t  t o 
deviation s fro m thei r  preferre d pattern s tha n narro w 
classifiers ,  the y ar e les s sensitiv e t o th e initia l  absenc e o f 
activit y i n th e fin e MetriCa t  units .  Broa d classifier s 
therefor e respon d earlie r  i n processin g tha n narro w 
classifiers .  A s processin g proceeds ,  th e fine  MetriCa t  unit s 
begi n t o respond ,  s o th e resultin g patter n bette r  fits  an y 
narro w classifie r  unit s tha t  ar e tune d t o respon d t o it .  Nois e 
i s inevitabl e unde r  realisti c assumption s abou t  th e worl d an d 
neura l  informatio n processing .  Th e curren t  approac h 
provide s a  basi s fo r  rapi d genera l  classificatio n an d 
subsequen t  detaile d classificatio n eve n i n th e presenc e o f 
suc h noise . 

Th e mode l  als o suggest s a n accoun t  o f  th e rol e o f 
attentio n i n subordinate-leve l  classification .  Mor e tim e i s 
require d t o activat e fine  MetriCa t  unit s tha n coars e MetriCa t 
units .  Attentio n m a y serv e i n par t  t o devot e th e necessar y 
processin g tim e t o diagnosti c element s o f  a n object' s shape . 
Thu s rathe r  tha n generatin g a  holisti c representatio n o f  a n 
objec t  fo r  th e purpose s o f  subordinate-leve l  classification , 
th e curren t  mode l  suggest s tha t  attentio n ma y instea d direc t 
processin g t o diagnosti c elements .  Althoug h thi s ide a i s 
intuitive ,  th e curren t  mode l  provide s th e firs t  computationa l 
accoun t  o f  th e representation s tha t  ma y serv e a s th e basi s fo r 
thi s selectiv e processing ,  an d th e classificatio n routine s tha t 
m ay exploi t  it . 

Th e simplifie d simulation s reporte d her e wer e ru n wit h 
MetriCa t  a s a  stand-alon e system .  However ,  th e utilit y  o f 
th e MetriCa t  approac h lie s i n it s propertie s a s a  componen t 
of  a  mor e genera l  objec t  recognitio n system .  I n particular , 
MetriCa t  ca n easil y b e incorporate d a s a  componen t  o f  a 

more complet e mode l  o f  objec t  recognition .  Th e proble m o f 
objec t  recognitio n ca n b e broke n dow n int o tw o questions : 
What  genera l  propertie s doe s th e visua l  syste m mak e 
explici t  a n object' s image ? an d H o w doe s i t  represen t  thos e 
propertie s an d matc h the m t o memor y fo r  th e purpose s o f 
recognition ? Th e MetriCa t  mode l  i s addresse d t o th e secon d 
question .  MetriCa t  differ s fro m othe r  genera l  classificatio n 
system s (suc h a s Poggio' s G R B F s )  i n tha t  i t  i s addresse d no t 
onl y t o th e proble m o f  ho w t o classif y a  stimulu s give n a 
particula r  numerica l  inpu t  ( a tas k fo r  whic h G R B Fs ar e 
extremel y wel l  suited )  bu t  als o t o th e questio n o f  ho w t o 
represen t  tha t  numerica l  input . 
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Abstrac t 

We present a unified approach to visual representation, ad-
dressin g bot h th e need s o f  superordinat e an d basic-leve l  cate -
gorizado n an d o f  identificatio n o f  specifi c  instance s o f  famil -
ia r  categories .  Accordin g t o th e propose d theory ,  a  shap e i s 
represente d b y it s similarit y t o a  numbe r  o f  referenc e shapes , 
measure d i n a  high-dimensiona l  spac e o f  elementar y features . 
Thi s amount s t o embeddin g th e stimulu s i n a  low-dimensiona l 
proxima l  shap e space .  Tha t  spac e turn s ou t  t o suppor t  repre -
sentatio n o f  dista l  shap e similaritie s whic h i s veridica l  i n th e 
sens e o f  Shepard' s (1968 )  notio n o f  second-orde r  isomorphis m 
(i.e. ,  correspondenc e betwee n dista l  an d proxima l  similaritie s 
among shapes ,  rathe r  tha n betwee n dista l  shape s an d thei r  prox -
ima l  representations) .  Furthermore ,  a  genera l  expressio n fo r 
similarit y betwee n tw o stimuli ,  base d o n comparison s t o ref -
erenc e shapes ,  ca n b e use d t o deriv e model s o f  perceive d sim -
ilarit y rangin g fro m continuous ,  symmetric ,  an d hierarchical , 
as i n th e multidimensiona l  scalin g model s (Shepard ,  1980) ,  t o 
discret e an d non-hierarchical ,  a s i n th e genera l  contras t  model s 
(Tversky .  1977 ;  Shepar d an d Arabic ,  1979) . 

I n t r o d u c t i o n 

Al l  bu t  a  fe w curren t  theoretica l  treatment s o f  visua l  represen -
tatio n stil l  adher e t o th e Aristotelia n doctrin e o f  representatio n 
by similarity ,  accordin g t o whic h a n interna l  entit y represent s 
an externa l  objec t  b y virtu e o f  resemblanc e betwee n th e two. ' 
Simpl y put ,  th e origina l  versio n o f  tha t  doctrin e hold s tha t  th e 
representatio n o f  a  tomat o ha s somethin g o f  th e rednes s an d 
of  th e roundnes s o f  th e rea l  thing .  T h e predominan t  theorie s 
of  visua l  shap e representatio n stil l  spea k abou t  isomorphism : 
typically ,  i t  i s  assume d tha t  structura l  (Biederman ,  1987 )  o r 
metri c (Ullman ,  1989 )  informatio n store d i n th e brai n reflect s 
correspondin g propertie s o f  shape s i n th e world .  I n compar -
ison ,  n o studen t  o f  colo r  visio n seriousl y believe s tha t  rep -
resentation s o f  tomatoe s ar e red ,  o r  eve n tha t  th e reflectanc e 
spectr a o f  tomatoe s ar e explicitl y  stored ;  thi s ha s bee n sup -
plante d b y th e featur e detecto r  theory ,  accordin g t o whic h th e 
respons e o f  interna l  mechanism s tune d t o particula r  sensor y 
stimul i  constitut e th e basi c representatio n fo r  thos e stimuU . 
A majo r  goa l  o f  th e presen t  pape r  i s t o sho w tha t  shap e too , 
ove r  an d abov e colo r  o r  loca l  orientation ,  ca n b e encode d i n a 
low-dimensiona l  featur e space . 

A n importan t  ste p toward s tha t  goa l  ha s bee n m a d e b y 
Roger  N .  Shepard ,  w h o pointe d ou t  tha t  instea d o f  a  first-order 
isomorphis m betwee n th e shape s an d thei r  representations ,  i t 

'"Representatio n o f  somethin g i s a n image ,  model ,  o r  reproduc -
tio n o f  tha t  thing, "  (Suppes ,  Pavel ,  an d Falmagne ,  1994) . 

makes mor e sens e t o expec t  a  second-orde r  isomorphis m be -
twee n similaritie s o f  shape s an d similaritie s o f  th e interna l 
representation s the y induc e (Shepard ,  1968) .  Essentially ,  thi s 
i s a  cal l  fo r  representatio n o/similarit y instea d o f  representa -
tio n b y similarity . 

A representatio n o f  a  collectio n o f  shape s i s veridica l  i n 
Shepard' s sense ,  i f  th e mappin g i t  implie s betwee n (som e 
parameterizatio n o O th e dista l  shap e spac e an d th e internal , 
or  proximal ,  representatio n spac e preserve s similarit y ranks . 
Elsewhere ,  w e sho w tha t  a  dista l  t o proxima l  mappin g realize d 
by a  ban k o f  typica l  connectionis t  classifiers ,  eac h tune d t o a 
particula r  shape ,  i s likel y t o satisf y th e requirement s fo r  simi -
larit y ran k preservatio n generically ,  ove r  appropriatel y limite d 
region s o f  th e dista l  spac e (Edelman ,  1995b ;  Duvdevani-Ba r 
and Edelman ,  1995) . 

Here ,  w e exten d thi s theor y o f  representatio n i n tw o direc -
tions .  First ,  w e outlin e a  c o m m o n framewor k fo r  treatin g cate -
gorization ,  recognitio n an d identificatio n a s measurement s o f 
similaritie s t o subspace s o f  th e imag e space .  Second ,  w e sho w 
h o w similarit y ca n b e define d i n suc h a  manne r  a s t o for m a 
bridg e betwee n theorie s o f  representatio n base d o n continuou s 
featur e spaces ,  an d thos e base d o n list s o f  discrete-value d fea -
tures .  W e conclud e wit h a  brie f  mentio n o f  som e o f  th e result s 
supportin g th e theory ,  i n area s rangin g fro m psychophysic s 
and physiolog y t o computatio n an d philosophy . 

Representation = measurement + 

d i m e n s i o n a l i t y r e d u c t i o n 

I n an y cognitiv e system ,  th e interna l  representation s ar e con -
structe d b y subjectin g th e inpu t  t o a  se t  o f  measurements , 
whos e ai m i s t o provid e a n efficien t  descriptio n o f  th e stim -
uli ,  e.g. ,  a s point s i n som e low-dimensiona l  paramete r  space . 
Becaus e suc h a  spac e i s neithe r  directl y accessibl e no r  know n 
a priori ,  an d becaus e differen t  task s m a y cal l  fo r  differen t 
aspect s o f  th e stimul i  t o b e represented ,  i t  i s a  goo d strateg y t o 
carr y ou t  a s man y measurement s a s possible ,  t o increas e th e 
likelihoo d o f  correspondenc e betwee n som e subspac e o f  th e 
measuremen t  spac e M an d th e relevan t  par t  o f  th e parame -
te r  space .  Thi s make s M high-dimensional ,  an d necessitate s 
subsequen t  dimensionalit y reduction ,  whos e ai m i s t o recove r 
th e relevan t  subspac e o f  M .  Likewise ,  th e inpu t  t o a n objec t 
recognitio n syste m -  a n n  x  n  imag e -  ca n b e considere d a s 

a poin t  i n a  n^-dimensiona l  imag e o r  raste r  spac e H  =  R "  , 
whic h w e identif y wit h th e measuremen t  spac e M (i n biolog -
ica l  vision ,  on e m a y thin k o f  th e spac e o f  pattern s transmitte d 
by th e opti c nerv e t o th e brain) .  T h e tas k o f  recognitio n is , 
give n X  €  72̂ ,  t o determin e whethe r  X  i s a n imag e o f  a n 
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Figur e 1 :  Th e imag e space ,  T Z (depicte d her e a s 3-dimensional ,  t o facilitat e visuahzation) ,  an d som e o f  it s  subspaces .  Th e V , 
(show n a s dashe d lines )  ar e th e vie w space s fo r  th e thre e exemplar s E j ,  (marke d b y fille d circles) ,  al l  o f  whic h belon g t o th e 
same clas s C \  (th e clas s o f  4-legge d animal  shapes) .  S o m e o f  th e differen t  view s o f  E n ar e show n (marke d b y ope n circles) . 
The surfac e patc h represent s a  par t  o f  th e shap e spac e <S ,  an d th e vecto r  n  -  a  norma l  t o it .  Movemen t  alon g thi s directio n i n 
Tl  correspond s t o a  reductio n i n th e resemblanc e betwee n th e resultin g imag e an d th e image s o f  coherentl y lookin g objects . 
Imag e X  shoul d b e classifie d a s belongin g t o exempla r  E n ,  clas s C\ ,  and ,  o f  course ,  t o th e shap e spac e S . 

objec t  ( a coheren t  entity ,  which ,  i n intuitiv e terms ,  look s lik e 
something ,  rathe r  tha n lik e rando m pixe l  noise) ,  and ,  i f  i t  is , 
t o establis h th e categor y t o whic h th e objec t  belongs ,  and ,  i f 
possible ,  th e object' s identity .  I t  i s  convenien t  t o cas t  thi s 
proble m i n term s o f  attributin g t o X  a  prope r  location ,  re -
spectively ,  i n th e shap e spac e S ,  th e clas s spac e C ,  an d th e 
exempla r  spac e £ ,  wher e T l  D  S  D  C ,  an d £  =  £{C )  (se e 
Figur e 1) .  A  complet e characterizatio n o f  a n inpu t  call s fo r 
determinin g i ,  j ,  k ,  suc h tha t  X  G  E /̂t ,  an d S .  C  S ,  C j  C  C , 
E, k  C  £ ,  (£ ,  ̂  £{C,)) . 

Basic level. Consider first the basic-level categorization 
problem :  give n X ,  fin d j  suc h tha t  X  €  C j .  Th e majo r 
obstacl e t o b e overcom e her e i s th e dependenc e o f  th e appear -
anc e o f  X  6  C j  o n factor s suc h a s illuminatio n an d viewpoint , 
i n additio n t o th e categor y identit y  j .  I f  C j  i s  take n t o cor -
respon d t o th e imag e o f  a  member  o f  j  i n som e canonica l 
orientation ,  th e viewin g condition s ca n b e see n t o spa n a  vie w 
spac e Vj ,  whic h is ,  t o a  first  approximation,  orthogona l  t o 
th e clas s spac e C ,  an d pierce s i t  a t  C  =  C_, .  B y trainin g a 
general-purpos e functio n approximatio n modul e t o perfor m 
th e mappin g T{ j )  :  V ,  —» C j ,  on e ca n largel y eliminat e th e 

dependenc e o f  categorizatio n o n viewin g condition s (Poggi o 
and Edelman ,  1990) .  Th e normalizin g transformatio n T{ j ) 
ca n wor k eve n fo r  input s no t  previousl y encountere d b y th e 
syste m (tha t  is ,  fo r  differen t  instance s Ejk) ,  provide d tha t  the y 
belon g t o th e clas s j  (Land o an d Edelman ,  1995) . 

Subordinat e levels .  Th e centra l  proble m i n determinin g 
th e identit y A;  lie s i n th e fine  resolutio n tha t  mus t  b e attaine d 
withi n th e instanc e spac e £j ,  i n th e fac e o f  th e residua l  mis -
alignmen t  lef t  ove r  fro m th e actio n o f  th e normalizin g transfor -
matio n T .  Thi s proble m ca n b e approache d b y learnin g hyper -
acuit y i n th e instanc e space ,  a s i t  i s  don e i n othe r  hyperacuity -
relate d task s (Poggio ,  Fahle ,  an d Edelman ,  1992) ;  experienc e 
shows tha t  hyperacuit y ca n b e attaine d despit e considerabl e 
misalignmen t  o f  th e stimulu s a s a  whole ,  relativ e t o it s  "home " 
or  trainin g pose . 

Superordinat e levels .  Th e mos t  challengin g proble m 
arise s whe n th e syste m encounter s a n unfamilia r  shape ,  be -
longin g t o non e o f  th e classe s fo r  whic h speciall y traine d cat -
egorizatio n module s ar e available .  Th e ke y t o a  solutio n her e 
lie s i n considerin g th e population  respons e a t  th e basi c cat -
egorizatio n leve l  (Edelman ,  1995b) .  I f  th e existin g module s 
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hav e sufficientl y wid e respons e profile s i n th e shap e spac e iS , 
a numbe r  o f  module s wil l  respond ,  effectivel y representin g 
th e similaritie s betwee n th e inpu t  an d th e preferre d shaf) e o f 
eac h module .  Thi s highl y informativ e patter n o f  similaritie s i s 
los t  i f  th e classificatio n decisio n i s mad e i n a  winner-take-al l 
manner  amon g th e respondin g modules ,  rathe r  tha n base d o n 
th e ensembl e respons e o f  severa l  module s (Edelman ,  Reisfeld , 
and Yeshurun ,  1992) . 

A Chorus of Prototypes 

A collectio n o f  module s {p,} ,  eac h traine d t o recogniz e a 
basi c shap e category ,  provide s a  representationa l  substrat e 
tha t  i s suitabl e fo r  eac h o f  th e thre e level s o f  categoriza -
tio n liste d above .  W e refe r  t o th e categorie s fo r  whic h suc h 
module s ar e availabl e a s prototypes ;  thes e ar e define d a s 
C,  =  ar g m a x Q ^ ^  P.(C) .  Becaus e a  numbe r  o f  module s 
respon d fo r  an y give n input ,  th e resultin g schem e i s calle d 
a Choru s o f  Prototype s (Edelman ,  1995b) .  Th e patter n o f 
response s o f  th e module s t o a  stimulu s X  i s th e ordere d lis t 
p ( X )  =  {pi(X)} ,  i  -  l...k .  Not e thatp,(X )  depend s no t 
on th e point-to-poin t  distanc e betwee n X  an d som e X, ,  bu t 
rathe r  o n th e distanc e betwee n X  an d tha t  member  C ,  o f  th e 
clas s spac e C  t o whic h p i  i s  tuned .  I n th e remainde r  o f  thi s 
paper ,  w e concentrat e o n tw o aspect s o f  th e Choru s scheme : 
(1 )  th e characterizatio n o f  th e shap e spac e S  i n term s o f  th e 
prototyp e respons e vecto r  p ,  an d (2 )  th e us e o f  p  i n task s tha t 
involv e judgmen t  o f  similarity . 

Similarities to prototypes and the shape space S 

Th e natur e o f  dimensionalit y reductio n performe d b y Choru s 
ca n b e characterize d b y describin g th e relationshi p betwee n 
th e shap e spac e S  an d th e vecto r  o f  response s o f  th e prototyp e 
modules ,  p .  O n e wa y t o d o tha t  i s b y viewin g th e actio n 
of  Choru s a s interpolation :  intuitively ,  on e woul d expec t  th e 
shap e spac e t o b e a  (hyper)surfac e tha t  passe s throug h th e 
referenc e classe s {Ci }  an d behave s reasonabl y i n betwee n 
(se e Figur e 1) .  N o w ,  differen t  task s carr y wit h the m differen t 
notion s o f  reasonabl e behavior .  Conside r  first  th e leas t  specifi c 
leve l  i n a  hierarch y o f  recognitio n tasks :  decidin g whethe r  X 
i s th e imag e o f  som e (familiar )  object .  Fo r  thi s purpose ,  i t 
woul d suffic e t o represen t  < S a s a  scala r  field  ove r  th e imag e 
spac e 5 ( X )  :  1 Z - *  R ,  whic h woul d expres s fo r  eac h X  it s 
degre e o f  membershi p i n S .  Fo r  example ,  w e ma y se t  S  = 
max,{p, }  (th e activit y o f  th e strongest-respondin g prototyp e 
module) ,  o r  shap e =  JZ ,  P i  (th e tota l  activity ;  cf .  Nosofsky , 
1988) .  W e remar k tha t  i t  shoul d b e possibl e t o characteriz e 
a superordinate-leve l  categor y o f  th e inpu t  image ,  an d no t 
merel y decid e whethe r  i t  i s  likel y t o b e th e imag e o f  a  familia r 
object ,  b y determinin g th e identitie s o f  th e prototyp e module s 
tha t  respon d abov e som e threshol d (i.e. ,  if ,  say ,  th e cat ,  th e 
shee p an d th e C O W module s ar e th e onl y one s tha t  respond , 
th e stimulu s i s probabl y a  four-legge d animal) . 

At  th e basi c an d th e subordinat e categor y levels ,  w e ar e in -
tereste d i n th e locatio n o f  th e inpu t  withi n 5 ,  which ,  therefore , 
ca n n o longe r  b e considere d a  scalar .  Not e tha t  parametri c 
interpolatio n i s no t  possibl e i n thi s case ,  a s th e intrinsi c di -
mensionalit y o f  S  i s no t  give n a  priori }  N o w ,  th e prototyp e 

respons e field  p  induce d b y th e referenc e classe s {C, }  con -
stitute s a  nonparametricall y interpolate d vector-value d repre -
sentatio n o f  5 ,  i n th e followin g sense :  (1 )  changin g th e shap e 
("morphing" )  C ,  int o C j ,  correspondin g t o a  movemen t  o f 
th e poin t  i n S ,  make s th e vecto r  p  rotat e smoothl y betwee n 
p(C, )  an d p (C j ) ;  th e representationa l  valu e o f  thi s prop -
ert y o f  th e Choru s transfor m i s discusse d i n (Duvdevani-Ba r 
and Edelman ,  1995) ;  (2 )  th e interio r  o f  th e conve x hul l  o f 
th e referenc e classe s {Ci }  i s mappe d ont o th e interio r  o f  th e 
conve x hul l  o f  {p(Ci)} ;  moreover ,  th e mappin g i s one-to -
one i f  a  minimum-nor m (i.e. ,  m in imu m s u m m e d distanc e t o 
th e prototypes )  requiremen t  i s impose d o n it s inverse ;  (3 )  th e 
Vorono i  tessellatio n induce d over C b y {C, }  i s  preserve d b y 
th e mappin g p . 

Similarities to prototypes and similarities between 

stimul i 

In Chorus, each pi is, in a sense, a feature, whose value 
fo r  A  6  7? ^  i s signifie d b y th e activatio n p,(A) .  Conside r 
th e similarit y structur e induce d b y thi s featur e spac e ove r 
th e univers e o f  stimuli .  A  natura l  wa y t o measur e similar -
it y betwee n tw o stimuli ,  A  an d B ,  i s b y th e Euclidea n dis -
tanc e betwee n th e correspondin g featur e vectors ,  p ( A )  an d 

p ( B ) :  5 £ ( A , B ) - '  ~  E L i  [p>(A)-p,(B)] ' .  However , 
a unifor m scalin g i n th e response s o f  al l  prototyp e detector s 
p —» c  p  (a s i n seein g throug h fog )  shoul d no t  b e interprete d 
as a  chang e i n th e shap e o f  th e stimulu s object .  T o mak e th e 
similarit y insensitiv e t o suc h scaling ,  w e defin e similarit y b y 
th e cosin e o f  th e angl e betwee n p ( A )  an d p ( B ) ,  i n th e spac e 
spanne d b y th e prototyp e responses : 

5 „ ( A , B )  ~  ^ p , ( A ) p . ( B )  =  (p(A),p(B) )  (1 ) 
.= 1 

This definition of similarity must, however, be further mod-
ified ,  fo r  tw o reasons .  First ,  S a i s independen t  o f  context , 
wherea s perceive d similarit y depend s o n th e "contras t  set " 
agains t  whic h i t  i s  t o b e judged .  Second ,  S q i s symmet -
ric ,  wherea s huma n perceptio n o f  similarit y appear s t o b e 
asymmetri c i n man y case s (Tversky ,  1977) .  T o mak e S a de -
pen d o n th e context ,  w e introduc e a  vecto r  o f  weights ,  on e 
per  prototype ,  suc h tha t  Wi  =  Wi  { {A ,  B ,  C,.. .}) .  Thus , 
comparin g A  an d B  i n tw o contexts ,  { A ,  B  |  C ,  D ,  E }  an d 
{ A ,  B  I  F ,  G ,  H } ,  ma y resul t  i n differen t  value s o f  similarit y 
betwee n A  an d B .  T o mode l  th e asymmetr y whic h frequend y 
arise s whe n subject s ar e require d t o estimat e th e similarit y o f 
some stimulu s A  t o anothe r  stimulu s B ,  w e observe ,  follow -
in g Mumford ,  tha t  subject s i n thi s cas e behav e a s i f  the y tak e 
" A i s simila r  t o B "  t o mea n " B i s som e kin d o f  prototyp e i n a 
categor y whic h include s A .  Thus ,  th e stimulu s inpu t  A  bein g 
analyze d i s treate d differentl y fro m th e memor y benchmar k 
B "  (Mumford ,  1991) .  T o giv e B  th e require d distinction , 
eac h featur e p,(B )  ca n b e weighte d i n proportio n t o it s long -
ter m salienc y sal(p, ,  B )  i n distinguishin g betwee n B  an d th e 
othe r  stimuli .  Th e resultin g expressio n fo r  similarity ,  whic h 
provide s fo r  th e effect s o f  contex t  an d fo r  asymmetry ,  i s ^Thi s i s unlik e th e cas e o f  th e three-dimensiona l  vie w space ,  pa -

rameterize d b y th e Eule r  angles .  However ,  i t  ma y stil l  b e possibl e t o 
estimat e th e dimensionalit y o f  5  b y examinin g th e neighbo r  structur e o f  th e referenc e points ;  see ,  e.g. ,  (Tversk y an d Hutchinson ,  1986) . 
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Figur e 2 :  Th e respons e o f  a  radia l  basi s functio n module ,  traine d o n 1 0 rando m view s o f  a  parametricall y define d object ,  t o 
stimul i  differin g fro m a  referenc e vie w o f  tha t  objec t  (marke d b y th e bi g circle) ,  i n thre e ways :  (1 )  b y progressiv e vie w change , 
marke d b y o's ;  (2 )  b y progressiv e shap e change ,  marke d b y x's ;  (3 )  b y combine d shap e an d vie w change ,  marke d b y  *'s . 
The point s alon g eac h curv e hav e bee n sorte d b y pixel-spac e distanc e betwee n th e tes t  an d th e referenc e stimul i  (show n alon g 
th e abscissa) .  Point s ar e mean s ove r  1 0 repetition s wit h differen t  rando m view-spac e an d shape-spac e direction s o f  change ; 
a typica l  erro r  ba r  ( ± standar d erro r  o f  th e mean )  i s show n fo r  eac h curve .  Not e th e insensitivit y o f  th e module' s outpu t  t o 
view-spac e changes ,  relativ e t o shape-spac e changes .  Thus ,  th e outpu t  ca n b e interprete d a s signallin g th e proximit y o f  th e 
stimulu s t o th e vie w spac e o f  th e referenc e object . 

. (A ,B)~ | :» ,P , (A) (^ )  (2 , 

Not e tha t  thi s definitio n ha s th e sam e for m a s th e additiv e clus -
terin g ( A D C L U S )  similarit y measur e o f  (Shepar d an d Arabic , 
1979) ,  which ,  i n turn ,  instantiate s Tversky' s (1977 )  discret e 
contras t  mode l  o f  feature-base d similarity .  A t  th e sam e time , 
i t  i s buil t  o n to p o f  a  continuou s metri c representationa l  sub -
.strat e -  th e shap e spac e spanne d b y proximitie s t o prototypes . 
The degre e o f  compromis e betwee n thes e tw o approache s t o 
similarit y ma y depen d o n th e demand s o f  th e tas k a t  hand ,  vi a 
th e parameter s o f  equatio n 2 .  A t  th e on e extreme ,  a  Chorus -
base d syste m ma y behav e a s i f  i t  map s th e stimul i  pertainin g 
t o a  tas k int o a  metri c space ,  wit h th e ensuin g symmetri c sim -
ilarit y an d possibl e interactio n amon g differen t  dimensions ; 
th e othe r  extrem e ma y involv e discret e all-or-non e features , 
as i n th e example s surveye d b y Tversk y (1977) . 

Similaritie s t o prototype s a s a  basi s fo r  veridica l 
perceptio n 

The veridicality of representation of parametrically defined 
shape s i n huma n subject s ha s bee n teste d i n tw o recen t  stud -
ie s (Edelman ,  1995a ;  Cutz u an d Edelman ,  1995) .  I n eac h 
of  a  serie s o f  experiments ,  whic h involve d pairwis e simi -
larit y judgmen t  an d delaye d matchin g t o sample ,  subject s 
wer e confronte d wit h severa l  classe s o f  computer-rendere d 
3 D animal-lik e shapes ,  arrange d i n a  comple x patter n i n a 
c o m m on paramete r  space .  Respons e tim e an d erro r  rat e dat a 
wer e combine d int o a  measur e o f  subjectiv e shap e similarity , 
and th e resultin g proximit y matri x wa s submitte d t o non -
metri c multidimensiona l  scalin g ( M D S ;  Shepard ,  1980) .  I n 
th e resultin g solution ,  th e relativ e geometrica l  arrangemen t 
of  th e point s correspondin g t o th e differen t  object s invariabl y 
reflecte d th e comple x low-dimensiona l  structur e i n parame -
te r  spac e tha t  define d th e relationship s betwee n th e stimul i 
classe s (se e Figur e 3) . 

Compute r  simulation s showe d tha t  th e recover y o f  th e low -
dimensiona l  structur e fro m image-spac e distance s betwee n 
th e stimul i  wa s impossible ,  a s expected .  I n comparison ,  th e 
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F igu r e 3 :  Left :  th e p a r a m e t e r - s p a c e configuratio n use d fo r  generat in g th e s t i m u h i n o n e o f  th e e x p e r i m e n t s descr ibe d i n (Cutz u 
and Edelman ,  1995) .  Middle :  th e 2 D M D S solutio n fo r  al l  subjects .  Symbols :  o  -  tru e configuration ;  x  -  configuraUo n 
derive d b y M D S fro m th e subjec t  data ,  the n Procrustes-transforme d (Bor g an d Lingoes ,  1987 )  t o fit  th e tru e one .  Line s connec t 
correspondin g points .  Th e coefficien t  o f  congruenc e betwee n th e MDS-derive d configuratio n an d th e tru e on e wa s 0.99 .  I n 
comparison ,  th e expecte d rando m value ,  estimate d b y bootstra p (Efro n an d Tibshirani ,  1993 )  fro m th e data ,  wa s 0.8 6 ±  0.0 3 
(mean an d standar d deviation) ;  10 0 permutation s o f  th e poin t  orde r  wer e use d i n th e bootstra p computation .  Th e Procruste s 
distanc e betwee n th e MDS-derive d configuratio n an d th e tru e on e wa s 0.6 6 (expecte d rando m value :  3.1 4 ±  0.15) .  Right : 
th e 2 D M D S solutio n fo r  th e R B F model ;  coefficien t  o f  congruence :  0.9 8 (expecte d rando m value :  0.8 6 ±  0.03) ;  Procruste s 
distance :  1.1 1 (expecte d rando m value :  3.1 4 ±0.17) . 

psychophysica l  result s wer e full y  replicate d b y a  mode l  pat -
terne d afte r  a  highe r  stag e o f  objec t  processing ,  i n whic h 
nearl y viewpoint-invarian t  representation s o f  individua l  ob -
ject s ar e available ;  a  roug h analog y i s t o th e inferotempora l 
visua l  are a IT ;  see ,  e.g. ,  (Tanaka ,  1993 ;  Logothetis ,  Pauls , 
and Poggio ,  1995) .  Suc h a  representatio n o f  a  3 D objec t  ca n 
be easil y formed ,  i f  severa l  view s o f  th e objec t  ar e available , 
by trainin g a  radia l  basi s functio n (RBF )  networ k t o interpo -
lat e a  characteristi c functio n fo r  th e objec t  i n th e spac e o f  al l 
view s o f  al l  object s (Poggi o an d Edelman ,  1990) .  Followin g 
th e Choru s approach ,  w e chos e a  numbe r  o f  referenc e object s 
(i n Figur e 3 ,  th e corner s o f  th e parameter-spac e CROSS),  an d 
traine d a n R B F networ k t o recogniz e eac h suc h objec t  (i.e. ,  t o 
outpu t  a  constan t  valu e fo r  an y o f  it s views ,  encode d b y th e 
activitie s o f  th e underlyin g receptiv e field  layer) .  A t  th e R B F 
level ,  th e similarit y betwee n tw o stimul i  wa s define d a s th e 
cosin e o f  th e angl e betwee n th e vector s o f  output s the y evoke d 
i n th e R B F module s traine d o n th e referenc e object s (equa -
tio n 1) .  Th e MDS-derive d configuration s obtaine d wit h thi s 
model  showe d significan t  resemblanc e t o th e tru e parameter -
spac e configuration s (se e Figur e 3 ,  right) . 

Conclusion 

Because the reference shapes can be considered complex fea-
tures .  Choru s effectivel y extend s th e notio n o f  representatio n 
by featur e detectio n fro m simpl e "primary "  perceptua l  qual -
itie s suc h a s colo r  t o al l  visua l  dimensions ,  includin g shape . 
Thi s make s i t  possibl e t o us e multidimensiona l  featur e space s 
i n whic h differen t  dimension s correspon d t o radicall y differ -
ent  qualities ,  no t  al l  o f  whic h nee d eve n b e visual .  Moreover , 
th e syste m ca n maintai n a  hig h degre e o f  plasticity ,  a s ne w 
comple x feature s ca n b e learne d b y memorization ,  withou t 
payin g fo r  versatilit y  b y th e nee d fo r  dynami c binding ,  a s i n 
structura l  representatio n involvin g generi c features . 

The ensembl e o f  featur e detector s respond s (J .  J .  Gibso n 
woul d say ,  resonates )  t o th e environmen t  (whil e extractin g 
task-specifi c  information) ,  withou t  reconstructin g i t  inter -
nally .  B y merel y mirrorin g proximall y  th e similarit y structur e 
of  a  dista l  shap e space .  Choru s embodie s th e idea s o f  thos e 
philosopher s wh o argue d tha t  "meanin g ain' t  i n th e head " 
(Putnam ,  1988 )  an d tha t  "cognitiv e system s ar e largel y i n th e 
world "  (Millikan ,  1995) ,  circumvent s th e sever e difficultie s 
encountere d b y th e reconstructionis t  approache s i n compute r 
vision ,  an d ma y explai n th e impressiv e performanc e o f  bio -
logica l  visua l  systems ,  which ,  i n an y case ,  appea r  t o b e to o 
slopp y t o d o a  goo d jo b o f  reconstructin g th e worl d (O'Regan , 
1992) .  Thus ,  i n a n importan t  sense .  Choru s let s th e worl d b e 
it s ow n representation . 
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Abstrac t 
We conducte d sentenc e completio n an d eye-trackin g readin g 
experiment s t o examin e th e interactio n o f  multipl e constraint s 
i n th e resolutio n o f  a  lexica l  themati c ambiguity .  Th e 
ambiguit y wa s introduce d wit h prepositiona l  "b y "-phrase s i n 
passiv e constructions ,  whic h ca n b e ambiguou s betwee n 
agentiv e an d locativ e interpretation s (e.g. ,  "buil t  b y th e 
contractor "  versu s "buil t  b y th e corner") .  Th e temporaril y 
ambiguou s sentence s wer e embedde d i n context s tha t  create d 
expectation s fo r  on e o r  th e othe r  interpretation .  Th e 
constraint s involved ,  includin g discourse-base d expectations , 
ver b biases ,  an d contingen t  lexica l  frequencies ,  wer e 
independentl y quantifie d wit h a  corpu s analysi s an d a  ratin g 
experiment .  Ou r  result s indicat e tha t  ther e wa s a n interactio n 
of  contextua l  an d mor e loca l  factor s suc h tha t  th e 
effectivenes s o f  th e context s wa s mediate d b y th e loca l  biases . 
Applicatio n o f  a n explici t  integration-competitio n mode l  t o 
th e off-hn e (sentenc e completion )  an d on-lin e (eye-tracking ) 
result s suggest s that ,  durin g th e processin g o f  thes e 
ambiguou s prepositiona l  phrases ,  ther e wa s a n immediat e an d 
simultaneou s integratio n o f  th e relevan t  constraint s resultin g 
i n competitio n betwee n partiall y  activ e alternativ e 
interpretations . 

Introduction 

Constraint-base d mode l s o f  sentenc e processin g 
(MacDonald ,  Pearlmutte r  &  Seidenberg ,  1994 ;  Trueswel l  & 
Tanenhaus ,  1994 )  propos e tha t  th e comprehensio n syste m 
continuousl y integrate s informatio n fro m a  numbe r  o f 
source s i n orde r  t o converg e o n a  consisten t  interpretation . 
Withi n thi s framework ,  ambiguit y resolutio n i s viewe d a s a 
proces s i n whic h informatio n fro m contextua l  an d mor e 
loca l  source s combine s t o provid e suppor t  fo r  competin g 
alternatives . 

Recen t  studie s hav e s h o w n tha t  discourse-base d 
informatio n ca n rapidl y combin e wit h loca l  (withi n 
sentence )  factor s t o influenc e ambiguit y resolutio n (fo r  a 
recen t  review ,  se e Tanenhau s &  Trueswell ,  1995) . 
Moreover ,  th e effectivenes s o f  discours e contex t  i s mediate d 
by loca l  constraints ,  suc h tha t  contex t  effect s ar e stronges t 
w h en loca l  biase s ar e relativel y wea k (MacDonal d e t  al. , 
1994 ;  Spivey-Knowlton ,  Trueswel l  &  Tanenhaus ,  1993) . 
However ,  u p t o thi s point ,  constraint-base d model s o f 
ambiguit y resolutio n hav e bee n criticize d a s vagu e wit h 
regar d t o th e sjjccifi c  constraint s involved ,  thei r  strength , 
and th e exac t  time-cours e an d natur e o f  thei r  integration .  I n 
addition ,  i t  i s  c o m m o n l y assume d that ,  whil e multipl e 
constraint s m a y b e integrate d i n off-lin e processin g task s 
wher e ther e i s  sufficien t  tim e t o comput e comple x 
contextua l  biases ,  th e architectur e o f  th e languag e 
processin g syste m impose s restriction s o n th e time-cours e 

wit h whic h differen t  classe s o f  constraint s ca n b e use d i n 
on-lin e processing . 

I n ligh t  o f  thes e considerations ,  th e researc h reporte d 
her e ha d tw o primar y goals .  Th e firs t  wa s t o furthe r  tes t  th e 
clai m tha t  discours e contex t  effect s ar e mediate d b y within -
sentenc e constraints ,  includin g contingen t  lexica l  frequenc y 
an d lexica l  themati c preferences .  Th e secon d wa s t o 
independentl y quantif y loca l  an d contextua l  constraint s i n 
orde r  t o examin e thei r  integratio n i n bot h off-lin e an d on -
lin e comprehension ,  i n particula r  b y applyin g a n explici t 
integration-competitio n mode l  t o th e result s (e.g. ,  Spivey -
Knowl ton ,  1994 ;  Spivey-Knowlto n &  Tanenhaus , 
submitted) . 

M u ch o f  th e researc h investigatin g th e effect s o f 
discours e contex t  ha s focuse d o n th e effect s o f  referentia l 
presupposition s i n syntacti c ambiguit y resolutio n (e.g. , 
Altman n &  Steedman ,  1988 ;  Britt ,  1994) .  However ,  th e 
referentia l  manipulation s i n thes e experiment s m a y hav e 
bee n confounde d wit h th e discourse-base d expectation s the y 
creat e (cf .  Spivey-Knowlto n &  Sedivy ,  1995) .  Additionally , 
th e focu s o n syntacti c attachmen t  ambiguitie s ha s tende d t o 
ignor e case s wher e th e indeterminac y hinge s o n th e lexica l 
ambiguit y o f  th e prepositio n itself ,  includin g wha t  themati c 
rol e i s assigne d t o th e objec t  o f  th e preposition . 

I n orde r  t o addres s th e goal s state d above ,  th e 
experiment s reporte d her e m a d e us e o f  contextuall y create d 
expectation s whic h wer e non-referentia l  i n nature ,  an d 
investigate d th e resolutio n o f  a  (non-syntactic )  lexica l 
themati c ambiguity .  Th e temporar y ambiguit y occurre d 
withi n passiv e targe t  sentence s wit h th e prepositio n "by. " 
Thi s prepositio n i s lexicall y ambiguous ,  introducin g a  nou n 
phras e tha t  ca n b e assigne d di e themati c rol e o f  a n agen t 
(e.g. ,  "buil t  b y th e contractor" )  o r  a  locatio n (e.g. ,  "buil t  b y 
th e comer" )  a m o n g others .  Discours e constraint s wer e 
manipulate d b y usin g embedde d question s t o establis h a n 
expectatio n fo r  receivin g informatio n abou t  a n agen t  o r 
location ,  withou t  differin g i n thei r  referentia l  complexity . 
Exampl e stimu h ar e show n i n (1) : 

(1) a. Agent Context/Agent Target Noun: 
T h e artis t  decide d t o g o t o th e gallery .  Onc e h e go t 
ther e h e wante d t o k n o w w h o ha d hun g hi s priz e 
painting .  H e wa s please d t o discove r  Uia t  hi s paintin g 
ha d bee n hun g b y th e directo r  earlie r  i n th e week . 

b. Location Context/Location Target Noun: 
Th e artis t  decide d t o g o t o di e gallery .  Onc e h e go t 
ther e h e wante d t o se e wher e hi s priz e paintin g ha d 
bee n hung .  H e wa s please d t o discove r  tha t  hi s paintin g 
ha d bee n hun g b y th e entranc e earlie r  i n th e week . 

266 

mailto:hanna@bcs.rochester.edu
mailto:mjsk@cornell.edu
mailto:mtan@bcs.rochester.edu


We repor t  a  corpu s analysi s an d off-lin e ratin g an d 
completio n experiment s usin g thes e material s whic h 
quantlHe d th e constraint s involve d i n th e resolutio n o f  thi s 
ambiguit y an d gav e a  measur e o f  thei r  integratio n i n off-lin e 
performance .  W e als o repor t  a n eye-trackin g readin g 
experimen t  whic h demonstrate d tha t  discourse-base d 
expectotion s ca n affec t  th e resolutio n o f  lexica l  themati c 
ambiguities .  Furthermore ,  w e sho w tha t  discours e 
constraint s interacte d wit h mor e loca l  source s o f 
information ,  includin g ver b preference s an d co-occurrenc e 
frequencies ,  i n a  competitiv e manne r  predicte d b y th e off -
lin e rating s an d applicabl e t o bot h off-lin e an d on-lin e 
processing . 

Rating and Completion Experiments 

A ratin g tas k wa s conducte d o n 2 4 subject s t o obtai n rating s 
fo r  th e importanc e o f  receivin g informatio n abou t  th e agen t 
and th e locatio n o f  th e relevan t  even t  (e.g. ,  "O n a  scal e fro m 
1 t o 5 ,  ho w importan t  i s  i t  fo r  yo u t o find  ou t  who/wher e th e 
paintin g wa s hung?") .  Rating s wer e elicite d fo r  th e agen t 
and locatio n biasin g context s alon e (th e first  tw o sentence s 
of  th e stimuli) ,  a s wel l  a s fo r  th e targe t  passiv e sentence s 
alon e (e.g. ,  Th e paintin g ha d bee n hun g ...) .  Thes e 
importanc e rating s independentl y quantifie d th e strengt h o f 
tw o constraints :  the y indicate d ho w stron g th e discours e 
expectation s wer e fo r  individua l  item s a s wel l  a s fo r  agen t 
and locatio n biasin g context s i n general ;  the y als o quantifie d 
th e biase s fo r  individua l  passiv e verb s (i n conjunctio n wit h 
thei r  subjec t  nouns) . 

An analysi s o f  th e Treeban k Corpu s wa s performe d i n 
orde r  t o quantif y th e frequenc y wit h whic h agentiv e an d 
locativ e "by"-phrase s occu r  i n passiv e consOiictions .  Ou t  o f 
over  3(X )  passiv e sentence s containin g "by"-phrases ,  no t  a 
singl e on e introduce d a  location ,  whil e agent s wer e frequen t 
(Hanna ,  Barke r  &  Tanenhaus ,  1995) .  Thi s contingen t 
frequenc y bia s indicate s tha t  a  "by"-phras e followin g a 
passiv e ver b provide s overwhelmin g suppor t  fo r  th e 
agentiv e interpretation . 

Finally ,  gate d sentenc e completion s wer e collecte d i n 
an experimen t  conducte d o n a  differen t  se t  o f  3 6 subjects . 
The percentag e o f  agentive ,  locative ,  an d othe r  completion s 
wer e recorde d fo r  eac h o f  th e 2 4 stimul i  i n si x conditions , 
crossin g th e presenc e o f  eithe r  contex t  o r  thei r  absenc e (3 ) 
wit h th e presenc e o r  absenc e o f  th e prepositio n (2) .  Tabl e 1 
shows a  summar y o f  th e completio n result s wit h sentenc e 
fragment s u p t o an d includin g "by" . 

Withou t  th e "by" ,  (fragment s lik e "Th e paintin g ha d 
been hun g ..." ;  th e N o Contex t  conditio n withou t  th e "by") , 

ther e wa s i n fac t  a  preferenc e fo r  locativ e ove r  agentiv e 
completions ;  thi s reflect s a  genera l  ver b preferenc e i n th e 
stimulu s se t  fo r  location s ove r  agent s a s wa s indicate d b y 
th e importanc e ratings .  Wit h th e additio n o f  th e prepositio n 
t o th e fragments ,  a n agentiv e preferenc e wa s foun d (Tabl e 
1) ,  a s i s consisten t  wit h th e bia s reveale d b y th e corpu s 
analysis .  Followin g a n Agen t  Context ,  agentiv e 
completion s wer e eve n mor e frequent ;  followin g Locatio n 
Context s however ,  agentiv e an d locativ e completion s wer e 
equall y probable ;  Fl(2.72)=70.55 ,  p<.001 ;  F2(2,46)=18.13 , 
p<.001 .  Thes e result s clearl y indicat e tha t  th e discours e 
contex t  wa s interactin g wit h th e contingen t  "by "  frequenc y 
bia s t o produc e th e off-lin e performance .  However ,  th e 
patter n o f  result s ove r  al l  th e verb s i n th e stimulu s se t 
obscure s th e differentia l  effect s o f  individua l  ver b biases . 
Usin g th e importanc e ratings ,  th e stimulu s item s wer e 
divide d int o th e mos t  strongl y agen t  an d locatio n biasin g 
verb s (a s wel l  a s a n intermediat e group) .  Agent-biasin g 
verb s strengthene d th e preferenc e fo r  a n agen t  completio n i n 
al l  conditions ,  bu t  stil l  showe d a n effec t  o f  context ; 
F2(2,14)=7.58 ,  p<.01 .  Likewise ,  location-biasin g verb s 
strengthene d th e preferenc e fo r  a  locatio n completio n i n al l 
conditions ,  an d als o showe d a n effec t  o f  context ; 
F2(2,14)=9.01.p<.00 5 

Thes e off-lin e result s wer e modele d withi n a n 
integration-competitio n framewor k (Spivey-Knowlto n & 
Tanenhaus ,  submitted )  tha t  implement s competitio n 
betwee n possibl e alternativ e interprelation s usin g recurren t 
feedbac k an d normalization .  I n th e Normalize d Recurrenc e 
competitio n algorithm ,  constraint s ar e define d i n term s o f 
thei r  suppor t  fo r  th e possibl e alternativ e interpretation s (i n 
thi s case ,  a n Agentiv e o r  Locativ e interpretatio n o f  th e "by" -
phrase) .  Se e Figur e 1 .  Activation s o f  th e nod e pair s fo r 
eac h constrain t  (Cn )  ar e firs t  normalized : 
Cn(norm)=Cn/2^Cn .  Then ,  activation s fo r  th e provisiona l 
interpretation s (I )  ar e calculate d a s weighte d sum s o f  thei r 
correspondin g constrain t  node s (wher e th e weight s c o mus t 
su m t o one) :  l=ZQ)nCn .  Fo r  th e final  operatio n withi n a 
cycle ,  th e activatio n o f  a n interpretatio n nod e i s multiplie d 
by th e inpu t  tha t  travele d u p a  particula r  pathwa y an d adde d 
t o th e correspondin g constrain t  node' s curren t  activation : 
Cn=Cn(norm)+la)nCn .  Th e mode l  cycle s throug h thes e 
operations ,  allowin g convergin g biase s amon g th e 
constraint s t o caus e th e interpretatio n node s t o graduall y 
setU e towar d on e provisiona l  (probabilistic )  interpretatio n o f 
th e "by"-phrase . 

For  simulatin g th e sentenc e completion s (Tabl e 1) ,  wit h 

No contex t 
Verb+"bv " 

Agent  Contex t 
Verb4-"bv " 

Locatio n Contex t 
Verb+"b v 

Completion : 

All Verbs 

Agent-Biasing Verbs 

Agentiv e Locativ e 

77% 23% 

100% 0% 

Location-Biasin e Vgrb s 2 2 % 6 1 % . 

Agentiv e Locativ e 

92% 8% 

100% 0% 

J2%. 23% 

Agentiv e Locativ e 

47% 53% 

67% 33% 

20% 

Tabl e 1 :  Percentag e o f  Agen t  an d Locatio n Completion s 
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Provisiona l  Inteqiretatio n o f  "by"-phras e 

fAgentive) (Locative) 

Constrain t  2 : 
Contextua l  Bia s 

Figur e 1 ;  Integration-competitio n architectur e fo r 
combinin g constraint s t o resolv e th e "by"-phras e 
ambiguity .  Al l  connection s ar e bidirectional .  Th e 
heavie r  weightin g o f  Constrain t  2  retlect s th e stron g 
expectation s create d b y th e stimulu s contexts . 

sentence fragments up to and including "by", the quantified 
constraint s fro m eac h contex t  an d targe t  sentenc e (provide d 
by rating s an d corpu s data )  wer e entere d int o th e model , 
whic h wa s allowe d t o iterat e fo r  1 0 cycles .  Afte r  1 0 cycles , 
th e activatio n o f  th e Agentiv e Interpretatio n nod e indicate d 
th e percentag e (o r  probability )  o f  Agentiv e completion s fo r 
tha t  stimulu s item .  Weight s fo r  th e differen t  constraint s 
wer e varie d unti l  a  se t  wa s foun d tha t  approximate d th e 
sentenc e completio n data .  (However ,  onc e thes e weight s 
wer e set ,  the y wer e kep t  constan t  fo r  th e res t  o f  th e 
simulations. ) 

Item-by-ite m variatio n i n th e dat a wa s accounte d fo r  b y 
th e simulatio n results .  Individua l  stimulu s item s tha t 
elicite d hig h percentage s o f  Agentiv e completion s tende d t o 
hav e hig h activatio n o f  th e Agentiv e Interpretatio n nod e 
afte r  1 0 cycles .  Likewise ,  stimulu s item s tha t  elicite d lo w 
percentage s o f  Agentiv e completion s tende d t o hav e lo w 
activatio n o f  th e Agentiv e Interpretatio n nod e afte r  1 0 
cycles .  Se e Figur e 2 . 

Thi s initia l  simulatio n demonstrate s h o w th e mode l  ca n 
accoun t  fo r  grade d effect s i n subjects '  biase s regardin g th e 
lexica l  themati c ambiguit y introduce d b y th e "by"-phrase . 
M o r e importantly ,  however ,  thi s simulatio n provide d a  se t 
of  weight s fo r  th e differen t  constraint s tha t  w e coul d the n 
use i n attemptin g t o simulat e on-lin e readin g data ,  wher e th e 
duratio n o f  competitio n (numbe r  o f  cycles )  shoul d 
correspon d t o m e a n readin g time s i n th e variou s 
experimenta l  conditions . 

Eye-Tracking Reading Experiment 

The result s o f  th e sentenc e completion s clearl y indicat e tha t 
context ,  a s wel l  a s ver b bias ,  play s a  stron g rol e i n resolvin g 
th e lexica l  themati c ambiguit y o f  th e "by"-phrase .  However , 
i t  i s  frequentl y argue d tha t  multipl e constraint s fro m 
discours e an d loca l  source s hav e a  length y amoun t  o f  tim e 
t o b e integrate d i n a n off-lin e tas k completion ,  wherea s i n a n 
on-lin e tas k suc h a s eye-trackin g reading ,  th e processin g 
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Figure 2: Item-by-item variation in sentence completion 
dat a an d simulatio n result s fro m Normalize d Recurrence . 

syste m impose s restriction s o n th e source s o f  informatio n 
tha t  ca n b e integrate d immediatel y (Rayner ,  Sereno ,  Morris , 
Schmauder ,  &  Clifton ,  1989) .  I n orde r  t o investigat e th e 
time-cours e o f  constrain t  integratio n i n a n on-lin e task ,  th e 
same material s wer e use d i n a n eye-trackin g readin g stud y 
i n whic h Agen t  an d Locatio n Context s wer e crosse d wit h 
congruen t  an d incongruen t  Targe t  Noun s (see ,  fo r  example , 
th e tw o congruen t  condition s i n (l) a an d b) .  Ey e 
movement s an d fixation  duration s wer e recorde d fro m 2 4 
subject s readin g on e versio n o f  eac h stimulu s (fro m th e 2  X 
2 factoria l  o f  Contex t  b y Targe t  N o u n )  amids t  3 6 filler 
stimuli .  Fo r  eye-movemen t  analysis ,  th e targe t  sentence s 
wer e segmente d int o fou r  regions :  Initia l  N P /  Ver b 
(includin g th e auxiliary )  /  "by"-phras e /  Nex t  tw o words . 
Th e "by"-phras e regio n i s th e poin t  o f  bot h th e ambiguit y 
an d it s potentia l  resolutio n give n th e appropriat e 
interpretatio n o f  th e targe t  noun . 

Figur e 3  show s th e tota l  readin g time s fo r  eac h 
recordin g region ,  includin g bot h first  pas s an d regressiv e 
fixations .  Overall ,  tota l  readin g time s a t  bot h th e "by" -
phras e an d th e nex t  regio n wer e slowe r  fo r  Locatio n Target s 
tha n Agen t  Targets ;  a t  th e "by"-phrase ,  Fl(1.20)=14.13 , 
p<.01 ;  F2(l,20)=6.76,p<.02 ;  a t  th e nex t  region , 
Fl(l,20)=14.47 ,  p<.01 ;  F2(l,20)=12.40,p<.01 .  I n addition , 
Uier e wa s a  clea r  interactio n o f  Contex t  an d Targe t  Nou n a t 
th e "by"-phras e region ,  suc h tha t  fo r  Agen t  Contexts , 
agentiv e "by"-phrase s wer e processe d m u c h faste r  tha n wer e 
locativ e "by"-phrases ,  whil e fo r  Locatio n Contexts,  bot h 
wer e processe d equall y quickl y a t  a n intermediat e rate ; 
Fl(l,20)=13.23 ,  p<.01 ;  F2(l,20)=11.47,p<.01 .  Thi s patter n 
was repeate d bu t  onl y marginall y significan t  a t  th e Nex t 
region ;  Fl(l,20)=3.65 ,  p=.07 ;  F2(l,20)=3.38 ,  p=.08 .  Thes e 
result s paralle l  thos e obtaine d wit h th e off-lin e sentenc e 
completio n task . 

Thi s genera l  patter n o f  result s i s consisten t  wit h 
account s tiiat  postulat e a  parsin g preferenc e fo r  argument s 
ove r  adjunct s (assumin g agentiv e "by"-phrase s constitut e 
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argument s an d locativ e one s adjuncts) :  location s shoul d b e 
harde r  t o proces s tha n agent s regardles s o f  contex t  (cf. , 
Liversedge ,  Pickerin g &  Branigan ,  1995) .  However ,  th e 
dat a patter n ove r  al l  th e stimul i  conceal s differentia l  effect s 
tha t  emerg e whe n ver b biase s ar e take n int o account .  Th e 
stimulu s item s wer e divide d int o strongl y agen t  an d locatio n 
biasin g verb s an d tw o differen t  pattern s emerged ,  jus t  a s i n 
th e completio n data .  A m o n g th e eigh t  Agen t  Biasin g Verbs , 
tota l  readin g time s a t  th e "by"-phras e wer e fastes t  fo r  Agen t 
Target s an d slowes t  fo r  Locatio n Targets ,  regardles s o f 
context ;  F2(l,4)=30.10,p<.01 .  However ,  amon g th e eigh t 
Locatio n Biasin g Verbs ,  ther e wa s a  Contex t  b y Targe t 
interactio n suc h tha t  readin g time s wer e slowes t  fo r  target s 
tha t  wer e incongruen t  wid i  th e context ,  i.e .  Agen t  Contex t  -
Locatio n Targe t  an d Locatio n Contex t  -  Agen t  Target ; 
F2(l,4)=18.10,p<.02 .  I n othe r  words ,  followin g Locatio n 
Context s an d Locatio n Biasin g Verbs ,  subject s actuall y 
foun d i t  easies t  t o proces s Locatio n Targets ,  a  resul t  tha t 
argument/adjunc t  proposal s canno t  accoun t  for . 

Althoug h th e tota l  readin g tim e result s showe d a 
reliabl e interactio n betwee n contex t  an d target ,  i t  i s 
commonl y argue d tha t  tota l  readin g times,  i n general ,  d o no t 
provid e evidenc e regarding  th e initia l  moment s o f  ambiguit y 
resolutio n (Rayne r  e t  al. ,  1989) .  Firs t  pas s readin g times , 
wher e fixatio n duration s fro m regressiv e ey e movement s ar e 
exclude d fro m th e analysis ,  m a y provid e a  mor e accurat e 
measur e o f  initia l  processe s durin g ambiguit y resolution . 
Figur e 4  show s first  pas s readin g time s acros s critica l 

region s o f  di e targe t  sentence .  Th e result s exhibi t  wha t 
look s lik e a n interactio n betwee n contex t  an d targe t  a t  tiie 
"by"-phra.se ,  bu t  thi s interactio n (wher e Agen t  Target s wer e 
rea d slightl y faste r  i n Agen t  Context s an d Locatio n Target s 
wer e rea d slightl y faste r  i n Locatio n Contexts )  di d no t 
achiev e statistica l  significance ;  Fl(l,20)=1.4 ,  p>.l ; 
F2(  1,20) = 1.55 ,  p>.l .  Result s suc h a s thes e (firs t  pas s 
readin g times  failin g t o sho w a  reliabl e contex t  effect )  ar e 
typicall y interprete d a s clea r  evidenc e fo r  a  seria l 
applicatio n o f  constraint s i n whic h contex t  i s  no t  use d 
durin g initia l  ambiguit y resolutio n (e.g. ,  Rayner ,  Garro d & 
Perfeui ,  1992) , 

However ,  i n a  competitio n mode l  usin g Normalize d 
Recurrenc e (se e Figur e 1) ,  subU e grade d effect s o f  contex t 
ca n b e accounte d fo r  b y conflictin g bia,se s arisin g fro m th e 
relevan t  consti-aints .  I n thi s model ,  ambiguit y resolutio n i s 
not  a  proces s o f  categoricall y selectin g on e alternativ e an d 
possibl y havin g t o revis e tiiis  discret e interpretatio n a t  a 
late r  tim e (e.g. ,  Frazier ,  1987) .  Instead ,  thi s mode l  allow s 
th e alternativ e interpretation s t o b e simultaneousl y partiall y 
active ,  an d compet e agains t  on e anothe r  ove r  lime .  Thus , 
slo w readin g time s ar e a n indicatio n o f  length y competitio n 
(du e t o conflictin g constraints) ,  rathe r  tha n initia l 
misinterpretatio n followe d b y revision . 

Most  importantly ,  i n th e mode l  describe d here ,  al l 
informatio n source s (contex t  an d loca l  constraints )  ar e 
integrate d simultaneously .  Therefore ,  i f  tiiis  paralle l  mode l 
can simulat e th e first  pas s readin g times  a t  th e "by"-phras e 
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Figur e 3 :  Tota l  readin g times  fo r  Ui e recordin g region s o f  di e agen t  an d locatio n targe t  sentence s i n agen t  an d 
locatio n biasin g contexts .  Th e Locatio n Targe t  Noun s caus e mor e processin g difficult y tha n Agen t  Targe t  Nouns , 
but  thi s interact s wit h Contex t  a t  th e "by"-phrase . 
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Figur e 4 :  Firs t  pas s readin g time s fo r  th e agen t  an d locatio n targe t  sentence s i n agen t  an d locatio n biasin g contexts . 

(Figur e 4 ) ,  i t  woul d pos e a s a n existenc e proo f 
demonstratin g tha t  th e dat a patter n doe s no t  provid e "clea r 
evidenc e fo r  a  seria l  syste m i n whic h contex t  i s  no t  use d 
durin g initia l  ambiguit y resolution. " 

Th e sam e computationa l  architectur e (wit h th e sam e 
input s an d weights )  use d t o simulat e th e sentenc e 
completio n dat a wa s allowe d t o iterat e unti l  eithe r 
interpretatio n nod e reache d a  dynami c criterio n o f  activatio n 
tha t  decrease d ove r  tim e (l-.Olt ,  wher e t  i s th e numbe r  o f 
cycle s tha t  hav e elapsed) .  Th e numbe r  o f  cycle s i t  too k fo r  a 
stimulu s ite m t o reac h criterio n wa s a n indicatio n o f  h o w 
m u ch competitio n shoul d tak e plac e a t  th e "by"-phras e i n 
tha t  stimulu s item .  Figur e 5  show s th e mea n firs t  pa.s s 
readin g time s a t  th e "by"-phras e combine d wit h th e m e a n 
number  o f  competitio n cycle s fo r  item s i n thos e conditions . 

I n th e simulation ,  th e lengthies t  competitio n occurre d 
when a  strongl y weighte d constrain t  (sentenc e completion s 

wer e bes t  fit  wit h Contex t  give n a  weigh t  o f  2/3 )  wa s pitte d 
agains t  a  strongl y biase d constrain t  (base d o n th e corpu s 
data ,  "by "  i s give n a  .9 8 bia s fo r  AgenUv e an d .0 2 bia s fo r 
Locative) ;  thi s i s th e Locatio n Contex t  -  Agen t  Targe t  N o u n 
condition .  Th e briefes t  competitio n occurre d whe n thos e 
tw o stron g constraint s bot h converge d o n a n Agentiv e 
interpretation ;  thi s i s th e Agentiv e Contex t  -  Agen t  Targe t 
N o un condition .  Se e Figur e 5 .  Intermediat e degree s o f 
conflic t  betwee n constraint s elicite d intermediat e 
competitio n durations ,  an d readin g times ;  thes e ar e bot h 
Locatio n Targe t  N o u n conditions .  I n particular ,  reader s di d 
not  hav e a s m u c h difficult y a s migh t  b e expecte d i n th e 

Agen t  Contex t  -  Locatio n Targe t  N o u n condition .  Thi s 
coul d b e interprete d a s evidenc e fo r  th e delaye d us e o f 
contextua l  information .  However ,  th e model ,  whic h use s al l 
informatio n source s immediately ,  showe d exactl y thi s 
pattern .  I n addition ,  i n thi s conditio n th e mode l  wa s actuall y 
frequentl y convergin g relativel y quickl y (a t  tha t  poin t  i n th e 
.sentence )  towar d a n Agentiv e interpretatio n o f  th e "by" -
phrase .  Thus ,  i n thi s condition ,  th e mode l  generall y predict s 
tha t  late r  o n i n th e sentence ,  a s furthe r  informatio n provide s 
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suppor t  i n favo r  o f  th e Locativ e interpretation ,  ther e woul d 
be especiall y lon g readin g times ,  an d a  hig h probabilit y o f 
regressiv e ey e movements ,  a s th e constraint s graduall y 
overthro w th e supremac y o f  th e Agentive  interpretatio n (o r 
probabilisticall y "revise "  th e interpretation) .  Indeed ,  (hi s 
Agent  Contex t  Locatio n Targe t  Nou n conditio n showe d 
th e longes t  tota l  readin g lime s (Figur e 3) ,  a s wel l  a s th e kin d 
of  regressiv e ey e movement s tha t  woul d accompan y a 
probabilisti c  "revision "  o f  thi s sort .  Figur e 6  show s th e 
probabilit y o f  a  regressiv e eye-movemen t  fro m th e Nex t 
Regio n (th e tw o word s followin g th e "by"-phrase) ,  overlai d 
wit h th e absolut e differenc e betwee n th e activatio n o f  th e 
Agentiv e Interpretatio n nod e afte r  competitio n a t  "by" ,  an d 
th e inpu t  fro m th e Targe t  Noun' s suppor t  fo r  th e Agentiv e 
interpretation .  Thi s metri c provide s a n indicatio n o f  th e 
degre e t o whic h th e model' s "current "  interpretatio n wa s 
incompatibl e wit h th e ne w input . 
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Figur e 6 :  Regressiv e eye-movement s ou t  o f  th e Nex t  regio n 
and mode l  simulatio n o f  inleipretalio n incompatibility . 

General Discussion 

The result s presente d her e provid e evidenc e tha t  discours e 
contex t  effect s ar e mediate d b y loca l  (within-sentence ) 
constraints .  Specifically ,  contextuall y create d expectation s 
interacte d wit h a  contingen t  lexica l  frequenc y bia s an d ver b 
preference s durin g th e resolutio n o f  a  lexica l  themati c 
ambiguity .  Thi s point s t o th e importan t  an d immediat e rol e 
of  bot h discours e an d lexica l  representation s durin g 
ambiguit y resolutio n (MacDonal d e t  al. ,  1994 ;  Spivey -
Knowlto n e t  al. ,  1993 ;  Trueswel l  &  Tanenhaus ,  1994) . 
Furthermore ,  b y independentl y quantifyin g th e relevan t 
constraint s an d examinin g thei r  interactio n withi n a 
framewor k tha t  utilize s a n explici t  competitio n algoridi m t o 
model  processin g difficulty ,  a  cleare r  pictur e o f  th e time -
cours e an d natur e o f  constrain t  integratio n an d ambiguit y 
re.solutio n emerges .  Th e relevan t  constraint s ar e 
immediatel y an d simultaneousl y integrated ,  resultin g i n 
competitio n betwee n partiall y  activ e alternativ e 
interpretations .  Thi s metho d o f  independen t  constrain t 
quantificatio n an d explici t  modelin g o f  off-lin e an d on-lin e 
dat a demonstrate s tha t  constraint-base d modelin g ca n b e 
pursue d i n a  principle d fashion .  Moreover ,  thi s accoun t 
suggest s tha t  pattern s o f  loca l  processin g difficult y tha t  hav e 

previousl y bee n interprete d a s evidence  fo r  architecturall y 
impose d delay s i n th e us e o f  certai n constraint s ar e i n fac t  a 
natura l  consequenc e o f  competitio n amon g alternative s i n a 
p<u-alle l  constraint-base d system . 
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Abstrac t 

We investigate the explanatory power of very simple 
statistica l  mechanism s withi n a  modula r  mode l  o f  th e Huma n 
Sentenc e Processin g Mechanism .  I n particular ,  w e borro w th e 
ide a o f  a  'part-of-speec h tagger '  fro m th e field  o f  Nanira l 
Languag e Processing ,  an d us e thi s t o explai n a  numbe r  o f 
existin g experimenta l  result s i n th e are a o f  lexica l  categor y 
disambiguation .  No t  onl y ca n eac h b e explaine d withou t  th e 
need t o posi t  extr a mechanism s o r  constraints ,  bu t  th e exercis e 
als o suggest s a  nove l  accoun t  fo r  som e establishe d data . 

In t roduc t ion . 

Much recent research into human sentence processing has 
concentrate d o n th e us e o f  experience-base d statistica l 
knowledg e i n makin g initia l  decision s (Mitchel l  &  Cuetos , 
1991 ;  MacDonald ,  Pearlmutte r  &  Seidenberg ,  1994 ; 
Tanenhau s & .  Trueswell ,  1994 ;  Corley ,  Mitchell ,  Brysbaert , 
Cueto s &  Corley ,  1995) .  W e formzdis e thi s tendenc y b y 
introducin g th e "Statistica l  Hypothesis" : 

Statistical mechanisms play a central role in the 
H u m an Sentenc e Processor . 

It is worth establishing this as a very broad hypothesis, 
whic h avoid s makin g a  numbe r  o f  claim s tha t  ar e th e subjec t 
of  debat e i n th e curren t  literatur e whil e encompassin g a 
rang e o f  model s tha t  do .  I n particular ,  i t  doe s no t  clai m tha t 
all ,  o r  indee d any ,  initia l  decision s ar e m a d e o n th e basi s o f 
statistics ,  no r  tha t  statistic s pla y a  rol e a t  an y particula r  leve l 
of  processing .  Issue s o f  granularit y ar e als o unspecifie d b y 
th e hypothesis . 

A numbe r  o f  statistica l  model s hav e alread y bee n 
propose d an d therefor e fal l  withi n th e Statistica l  Hypothesis . 
Thes e includ e Mitchel l  an d Cuetos '  (1991 )  "Tuning" ,  an d 
constraint-base d model s fro m MacDonal d e t  al .  (1994 )  an d 
Trueswel l  an d Tanenhau s (1994) .  Thes e model s shar e a 
c o m m on assumptio n -  tha t  al l  tha t  statistic s offe r  u s i s a n 
improve d heuristi c fo r  makin g decision s i n th e fac e o f 
ambiguit y an d (i n th e cas e o f  th e constraint-base d models ) 
fo r  discardin g paralle l  analysis .  Tha t  is ,  statistic s supplemen t 
a viable ,  non-statistica l  architecture . 

We argu e tha t  statistica l  mechanism s ar e mos t  suitabl e fo r 
simpl e low-leve l  processe s tha t  d o no t  for m par t  o f 
traditiona l  model s o f  th e huma n sentenc e processin g 
mechanis m { H S P M ) .  W e als o sugges t  tha t  a  statistica l  mode l 
shoul d diffe r  fro m traditiona l  approache s i n architecture ,  a s 
wel l  a s i n decisio n procedures .  Evidenc e fo r  thes e view s 

comes fro m th e A.I .  literature ,  wher e statistica l  mechanism s 
hav e bee n use d i n traditiona l  task s suc h a s parsin g 
(Magerma n &  Marcus ,  1991) ,  bu t  hav e bee n mos t 
successfu l  i n mor e constrained ,  low-leve l  task s suc h a s 
lexica l  categor y disambiguatio n an d nou n phras e boundar y 
detectio n (Church .  1988) . 

I n thi s paper ,  w e propos e a  distinc t  statistica l  proces s 
performin g lexica l  categor y disambiguatio n withi n a 
modula r  H S P M.  W e briefl y touc h o n th e mathematic s o f 
suc h a  model ,  an d the n g o o n t o tes t  th e prediction s o f  ou r 
model  agains t  som e establishe d experimenta l  data .  Th e 
resul U no t  onl y demonstrat e th e powe r  o f  suc h a  simpl e 
statistica l  technique ,  bu t  als o cas t  ne w ligh t  o n th e 
experimenta l  data .  W e conclud e wit h a  fe w wide r 
consideration s an d lesson s learnt . 

Lexical Category Disambiguation. 

If we are to design a lexical category disambiguation 
module ,  th e first  questio n mus t  b e wha t  statistic s shoul d i t 
use ? 

I t  seem s likel y tha t  th e H S P M coul d gathe r  statistic s 
relatin g individua l  word s t o thei r  lexica l  categor y (e.g .  ho w 
ofte n "post "  appear s a s a  nou n o r  verb) .  Beyon d that , 
experimenta l  evidenc e support s th e us e o f  limite d 
contextua l  informatio n (Julian o &  Tanenhaus ,  1993) .  Th e 
simplest ,  mos t  coarse-grained ,  contextua l  statistic s ar e 
lexica l  categor y co-occurrenc e statistic s (e.g .  h o w ofte n a 
nou n follow s a  preposition) .  Give n n o compellin g evidenc e 
fo r  finer-grained  information ,  w e limi t  ourselve s t o thes e 
tw o statistics . 

I t  happen s tha t  a  simpl e proces s usin g exactl y thes e 
statistic s ha s bee n wel l  explore d i n th e A.I .  literature .  I t  i s 
calle d a  part-of-speec h "tagger" .  It s jo b i s t o determin e a 
preferre d se t  o f  part-of-speec h "tags "  fo r  a  give n se t  o f 
words .  Equatio n I  i s  use d t o assig n a  probabilit y  t o eac h 
possibl e ta g se t  (o r  "ta g path")' . 

n 
P{to .  ...t„,Wo,...w„ )  =  f lP(w, I  ti)Pit i  I  f,-, )  (1 ) 

This equation can be applied incrementally. That is, after 
eac h wor d w e m a y calculat e a  contingen t  probabilit y fo r 
eac h ta g pat h terminatin g a t  tha t  word ;  a n initia l  decisio n 
m ay b e mad e a s soo n a s th e wor d i s seen .  However ,  thi s 

'  H' ,  i s  th e wor d a t  positio n i  i n th e sentence ,  r ,  i s  a  possibl e ta g fo r 
tha t  word . 
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decisio n m a y b e altere d b y th e tagge r  w h e n late r  word s ar e 
encountere d (se e sectio n 4  fo r  furthe r  discussion) . 

Figur e 1  depict s taggin g th e tw o word s "som e men" . 
Supposin g w e akead y k n o w th e probabilit y o f  "'some " 
occurrin g a s a  determiner ,  nou n o r  adjective .  W e ca n the n 
wor k ou t  th e probabilit y o f  eac h ta g pat h i n whic h " m e n "  i s 
a nou n b y multiplyin g th e relevan t  probabilit y fo r  "some " 
by th e word-ta g (P(w i  |  r,) ,  wher e w ,  i s  "men" )  an d bigra m 
{P(ti\ii.\) )  probabilities .  Simila r  calculation s ca n b e 
performe d fo r  U g path s i n whic h th e ta g fo r  " m e n "  ha s som e 
othe r  valu e -  fo r  instanc e adjectiv e o r  verb .  Th e mos t  likel y 
ta g fo r  " m e n "  i s th e on e tha t  occur s i n th e mos t  probabl e ta g 
path . 

P =  0. 1 X  P(menlN )  X  P(NIN ) 

Figur e 1 :  Taggin g th e word s "som e men". ^ 

As stated, this algorithm is expensive in a real world 
situation ,  a s i t  involve s rememberin g al l  possibl e ta g path s 
throug h a n arbitraril y  lon g inpu t  sentence .  However ,  a  larg e 
number  o f  clea r  loser s ca n rapidl y b e discarded .  Wit h thi s 
simplification ,  th e algorith m i s linea r  (Viterbi ,  1967) . 

Taggers ,  i n general ,  ar e extremel y accurat e (ofte n 9 5 % -
see Chamiak ,  1993) .  However ,  the y hav e distinctiv e 
breakdow n an d repai r  patterns ,  whic h w e wil l  argu e ar e 
simila r  t o thos e show n b y humans . 

We propos e tha t  a  lexica l  categor y disambiguatio n 
module ,  functionall y equivalen t  t o a  tagger ,  occur s a s a 
distinc t  proces s wit h h u m a n lexica l  acces s -  prio r  t o a 
modular '  syntacti c component .  It s purpos e i s t o m a k e 'quic k 
and dirty '  decision s base d o n limite d statistica l  information . 
Thes e decision s m a y the n b e altere d a t  "higher "  level s o f 
processing .  I n section s 3  an d 4  w e presen t  existin g 
experimenta l  evidenc e whic h support s thi s claim . 

Tagging and Initial Decisions. 

Noun-Verb Ambiguities. 

Followin g Frazie r  an d Rayne r  (1987) ,  MacDonal d (1993 ) 
investigate d processin g o f  sentence s wher e a  wor d i s 
ambiguou s betwee n nou n an d ver b readings ,  followin g 
anothe r  noun . 

1.  Th e unio n tol d reporter s tha t  th e warehous e fires 
many worker s eac h spring.. . 

'  Th e number s i n thi s figur e ar e invente d fo r  th e sak e o f  expositio n 
and ar e no t  intende d t o represen t  rea l  probabilities . 

'  B y 'modular' ,  w e mea n tha t  processe s an d knowledg e ar e 
somehow distinct ,  bu t  w e leav e fo r  late r  researc h th e issu e o f  th e 
natur e an d degre e o f  thei r  communication . 

2.  Th e unio n tol d reporter s tha t  th e corporatio n fires 
many worker s eac h spring.. . 

In 1, the two words form a plausible noun compound 
("warehous e fires").  A s al l  he r  disambiguation s favou r  a 
ver b readin g fo r  th e ambiguou s word ^  MacDonal d call s thi s 
an "unsupportiv e bias" .  I n contrast ,  th e potentia l  nou n 
compoun d i n 2  ("corporatio n fires")  i s implausible ,  an d s o 
ther e i s a  supportiv e bias . 

The experimen t  als o include d tw o unambiguou s 
condition s i n whic h th e nou n compoun d wa s rule d ou t  o n 
syntacti c grounds .  3  an d 4  ar e sampl e material s fo r  th e 
unsupportiv e an d supportiv e bia s version s o f  thi s condition . 

3. The union told reporters that the warehouses fire 
many worker s eac h spring.. . 

4.  Th e unio n tol d reporter s tha t  th e corporation s fire 
many worker s eac h spring.. . 

MacDonald found that bias did appear to influence the 
initia l  decisio n o f  th e H S P M.  Ther e wa s a  significan t 
increas e i n readin g tim e fo r  th e disambiguatin g regio n i n 
unsupportiv e bia s condition s (compare d t o th e analogou s 
unambiguou s condition) ,  bu t  almos t  n o differenc e afte r  a 
supportiv e bias .  Tha t  is ,  th e evidenc e suggest s tha t  1  i s th e 
onl y cas e i n whic h th e H S P M make s a n initia l  decisio n i n 
favou r  o f  th e nou n compoun d reading . 

MacDonal d goe s o n t o correlat e "supportiv e bias "  wit h 
some fine-grained  statistica l  measures ,  includin g word-wor d 
co-occurrenc e frequencie s an d th e head-modifie r  preferenc e 
of  th e first  nou n ("corporation "  o r  "warehouse "  above) .  Th e 
tagge r  mode l  doe s no t  includ e suc h fine-grained  statistics , 
and i t  i s  therefor e clea r  tha t  ou r  prediction s wil l  b e 
substantiall y  different .  I t  s o happen s tha t  th e frequenc y wit h 
whic h a  nou n follow s anothe r  nou n i s ver y clos e t o tha t  wit h 
whic h a  ver b follow s a  nou n i n al l  corpor a w e hav e 
examined .  Tha t  is ,  ther e i s unlikel y t o b e an y stron g 
contextua l  bias .  Th e behaviou r  o f  th e tagge r  wil l  therefor e 
depen d largel y o n th e categor y bia s o f  th e individua l 
ambiguou s word s used . 

Figur e 2  represent s th e noun-ver b bia s o f  eac h o f  th e 
ambiguou s word s i n MacDonald' s experiment^ .  Th e dat a 
was obtaine d fro m a  corpu s coun t  an d equatio n 2  wa s use d 
t o calculat e eac h word' s "bias "  fro m th e count . 

bia s =  lo g 
tnouncount \ 

\  ver b coun t 
(2 ) 

*  W e refe r  t o MacDonald' s secon d experiment .  Th e first  i s  largel y 
concerne d wit h refutin g Frazie r  an d Rayner' s (1987 ) 
experimenta l  materials ,  an d i s therefor e o f  littl e relevanc e here . 

'  Th e mea n bia s i s 3.6 9 an d th e standar d deviatio n i s  1.97 .  Thi s 
dat a wa s obtaine d fro m th e Britis h Nationa l  Corpu s (BNC) , 
whic h contain s ove r  10 0 millio n word s o f  Britis h English .  Th e 
dat a onl y include s th e plura l  ("-s" )  for m o f  th e wor d (th e 
alternativ e spellin g "programmes "  wa s include d i n th e coun t  fo r 
"progranjs") .  However ,  eve n i f  w e includ e bot h bas e an d plura l 
forms ,  th e result s ar e simila r  (mea n 2.66 ,  standar d deviatio n 
1.79) .  Searchin g smalle r  corpor a o f  America n Englis h 
( S U S A N NE an d par t  o f  th e TreeBan k Corpus )  als o give s ver y 
simila r  results . 

273 



+ 1 0 • 

V) 

-1 0 

"  -  -  •  -  -  — -  — -  "  0 )  0 )  4 )  Q)  c 
•-  W >r  . t  ! = 

05 

» £  „ 

•o 

E «  g 

J3 
3 

in 9> 

i n 
as 
S 
€ 
0) 

Figur e 2 :  Bia s o f  ambiguou s word s i n MacDonald' s (1993 ) 
experiment . 

It should be clear that the vast majority of MacDonald's 
experimenta l  material s wer e strongl y biase d toward s a 
nomina l  reading .  Th e initia l  decisio n o f  th e tagge r  depend s 
on tw o probabilitie s -  P(ri|f,_i) .  th e contextua l  bia s 
(roughl y equa l  fo r  th e nou n an d ver b readings) ,  an d 
Pi^ i  I  ^ ) .  th e wor d bias ,  represente d i n figure  2 .  Th e tagge r 
model  therefor e predict s a n initia l  decisio n i n favou r  o f  th e 
nou n readin g fo r  al l  o f  MacDonald' s experimenta l  item s 
(wit h th e possibl e exceptio n o f  thos e base d o n th e wor d 
"returns") .  Thi s decisio n wil l  b e rapidl y revise d followin g 
syntacti c analysi s i n 3  an d 4 ,  an d m a y b e revise d followin g 
pragmati c analysi s i n 2 .  W e woul d expec t  thes e revision s t o 
caus e processin g delay s a s th e wor d i s read . 

Thi s partiall y  agree s wit h MacDonald' s reporte d findings. 
We predic t  a  simila r  patter n o f  result s i n th e disambiguatin g 
region .  However ,  w e als o predic t  processin g delay s o n th e 
ambiguou s word .  Fortunately ,  MacDonal d reporte d th e 
readin g time s fo r  th e ambiguou s wor d (show n i n figure  3) . 

ms 

2 5 • 
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Supportiv e Bia s Unsupportiv e Bia s 

Figur e 3 :  Length-Adjuste d Readin g Time s fo r  th e 
Ambiguou s Wor d fro m MacDonal d (1993) . 

In conditions 2, 3 and 4, there is a significant processing 
dela y o n th e ambiguou s wor d compare d t o conditio n 1 . 
MacDonal d attribute s thi s t o th e overhea d o f  buildin g th e 
mor e comple x ver b phras e structur e an d call s i t  a  "revers e 
ambiguit y effect "  (MacDonald ,  1994) .  However ,  thi s 
processin g dela y i s directl y predicte d b y ou r  model ,  withou t 
introducin g complexit y measure s an d usin g a  simple r 
statistica l  model . 

"That" Ambiguity. 

Juliano and Tanenhaus (1993, experiment 1) investigated the 

initia l  decision s o f  th e H S P M whe n face d wit h th e 
ambiguou s wor d "that "  i n tw o context s -  sentenc e initiall y 
and followin g a  verb .  The y force d disambiguatio n b y 
manipulatin g th e numbe r  o f  th e followin g noun . 

5. The lawyer insisted that experienced diplomat 
woul d b e ver y helpful . 

6.  Th e lawye r  insiste d tha t  experience d diplomat s 
woul d b e ver y helpful . 

7.  Tha t  experience d diploma t  woul d b e ver y helpfu l  t o 
th e lawyer . 

8.  Tha t  experience d diplomat s woul d b e ver y helpfu l 
made th e lawye r  confident . 

In 5 and 7, "that" must be a determiner as the following 
nou n i s singular .  I n contrast ,  th e plura l  nou n i n 6  an d 8 
force s th e complementise r  reading . 

Julian o an d Tanenhau s foun d a n initia l  preferenc e fo r  th e 
complementise r  readin g followin g a  ver b ( 5 an d 6) ,  bu t  fo r 
th e determine r  readin g sentenc e initiall y  ( 7 an d 8) .  Thi s wa s 
demonstrate d b y greate r  readin g time s i n th e disambiguatin g 
regio n i n 5  (compare d t o 6 )  an d i n 8  (compare d t o 7) . 

I t  woul d appea r  tha t  thes e result s ca n easil y b e explaine d 
i n term s o f  th e tagge r  architecture .  The y rel y o n a  regula r 
patter n i n th e languag e -  tha t  complementiser s ar e mor e 
frequen t  followin g verb s tha n sentenc e initiall y  -  whic h i s 
capture d b y th e lexica l  categor y co-occurrenc e statistic s 
employe d b y th e tagger .  Tabl e 1  list s th e relevan t  statistics . 

Prob .  o f  C o m p . 

Sentenc e Initia l 

Followin g Ver b 

0.000 3 

0.023 4 

Prob.ofDet . 

0.065 2 

0.029 6 

Tabl e 1 :  Estimate d probabilitie s o f  complementise r  an d 
determine r  i n tw o context s (fro m B N C ) . 

In both cases the preference is in favour of the determiner 
reading .  However ,  th e tagge r  als o make s us e o f  word-ta g 
statistics ,  an d thes e ar e biase d th e othe r  wa y (P(tha t  |  comp ) 
= 1.0 ,  P(that\det )  =  0.171) .  Thi s bia s i s stron g enoug h t o 
overcom e th e comparativel y wea k contextua l  bia s followin g 
a verb ,  bu t  no t  th e fa r  stronge r  sentenc e initia l  bias .  S o th e 
prediction s fo r  th e tagge r  mode l  matc h Julian o an d 
Tanenhaus' s dat a -  a n initia l  decisio n i n favou r  o f  a 
determine r  a t  th e beginnin g o f  a  sentence ,  bu t  a 
complementise r  readin g i s preferre d immediatel y followin g 
a verb . 

The Tagger's Role in Reanalysis. 

The results reported so far demonstrate that the initial 
decision s mad e b y a  taggin g mode l  matc h som e establishe d 
experimenta l  results .  However ,  i n th e taggin g literatur e 
ther e ar e als o goo d an d efficien t  mechanism s fo r  reassignin g 
tag s downstream ;  tha t  is ,  reanalysi s withi n th e tagger .  Thi s 
sectio n explore s whethe r  th e tagger' s limite d reanalysi s 
capabilitie s m a y b e sufficien t  t o explai n som e experimenta l 
data . 
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H o w Tagge r  Reanalysi s W o r k s . 

We have already discussed how the tagger assigns a 
probabilit y  t o a  ta g path .  Returnin g t o figur e 1 ,  suppos e tha t 
P( N I  A )  -  th e probabilit y  o f  a  nou n followin g a n adjectiv e -
was mor e tha n twic e P ( N |  D )  -  th e probabilit y  o f  a  nou n 
followin g a  determiner .  Th e ta g pat h i n whic h "men "  i s a 
nou n an d "some "  i s a n adjectiv e woul d the n hav e a  highe r 
contingen t  probabilit y  tha n tha t  i n whic h "some "  i s a 
determiner .  S o th e tagge r  woul d hav e altere d it s previou s 
decisio n abou t  th e mos t  likel y ta g fo r  "some" . 

Such reanalysi s mus t  involv e a  chang e i n th e previou s ta g 
(i n a  bigra m model) .  However ,  i t  i s  possibl e (thoug h 
extremel y unlikely )  tha t  th e previou s tw o o r  mor e tag s wil l 
be revised .  Figur e 4  depict s taggin g th e tw o contrastin g 
sentence s "withou t  he r  h e wa s lost "  an d "withou t  he r 
conuibution s wer e lost" .  W e plo t  th e probabilitie s assigne d 
by th e tagge r  t o th e tw o mos t  likel y ta g path s afte r  eac h 
word . 

prob . - -  Possessiv e 
— Persona l  Pronou n 

>•-  « 

withou t  he r 

prob. 

10 ^ X-

he wa s 

__. . * - - - - - « 

withou t  he r  contribution s wer e 

Figur e 4 :  Taggin g T w o Contrastin g Sentences. * 

The tagger's initial decision when it encounters the word 
"her "  i s  t o favou r  th e possessiv e reading .  However ,  "he "  i s 
unambiguousl y a  persona l  pronou n an d th e sequenc e 
possessiv e followe d b y persona l  pronou n i s extremel y 
unlikely .  Th e tagger' s analysi s rapidl y changes . 

I n contrast ,  reanalysi s doe s no t  occu r  i n th e 
"contributions "  cas e (possessiv e remain s th e preferre d 
reading) ,  s o w e predic t  a  garde n pat h effec t  o n 
disambiguation .  Accordin g t o Pritchet t  (1992) ,  thi s sentenc e 
produce s a  consciou s garde n path .  However ,  w e kno w o f  n o 
publishe d experimenta l  evidenc e t o confir m thi s prediction . 

Post-Ambiguity Constraints. 

MacDonal d (1994 )  investigate d a  numbe r  o f  contextua l 

"̂  Thes e probabilities ,  an d thos e i n figur e S .  hav e bee n scale d t o 
add u p t o 1 . 

manipulation s whic h ca n mak e mai n verb/reduce d relativ e 
ambiguitie s easie r  t o parse .  A m o n g thes e wer e "post -
ambiguit y constrainU" . 

9. The sleek greyhound raced at the track won four 
trophies . 

10.  Th e slee k greyhoun d admire d a t  th e trac k w o n fou r 
trophies . 

11.  Th e slee k greyhoun d show n a t  th e trac k w o n fou r 
trophies . 

12.  Th e slee k greyhoun d admire d al l  da y lon g w o n fou r 
trophies . 

MacDonald discovered that sentences such as 9 result in 
greate r  readin g tim e fo r  th e disambiguatin g regio n ("wo n 
fou r  trophies" )  tha n eithe r  1 0 o r  1 1 (th e unambiguou s 
control) .  However ,  th e ambiguou s regio n o f  1 0 ("admire d a t 
th e track" )  i s slowe r  t o rea d tha n th e sam e regio n i n 9 . 

MacDonal d argue s tha t  th e differenc e occur s a s 
"admired "  i s strongl y biase d toward s a  transitiv e reading . 
W h en a  transitiv e ver b i s no t  immediatel y followe d b y a 
nou n phrase ,  a  stron g constrain t  i s  violate d an d a n 
alternativ e analysi s m a y b e sought .  I n thi s case ,  th e reduce d 
relativ e readin g become s th e preferre d analysis ,  a s th e 
intransitiv e readin g i s unlikely .  Thi s "post-ambiguit y 
constraint "  doe s no t  ai d i n processin g 9  a s "raced "  i s mor e 
frequently  intransitive ,  an d thi s readin g i s consisten t  wit h a 
followin g prepositiona l  phrase . 

The constrain t  MacDonal d propose s her e i s on e o f  lexica l 
categor y co-occurrence .  Sh e als o demonstrate s tha t  a  "poo r 
constraint "  -  wher e th e constituen t  followin g th e ver b i s 
initiall y  ambiguou s betwee n nou n phras e an d othe r  readin g 
(a s i n 12 )  -  i s les s helpfu l  t o th e reader .  Thes e observation s 
appea r  t o matc h th e reanalysi s behaviou r  o f  a  tagger . 

prob . 
1. 0 • 

0. 5 • 

Past  Participl e 
Transitiv e 
Intransitiv e 

m an hel d a t  th e polic e 

1. 0 • 

M It -

m an fough t  a t  th e polic e 

Figur e 5 :  B e h a v i o u r  o f  T a g g e r  wi t h Transitiv e a n d 
Intransitiv e B iase d Verbs . 

In  order to simulate this behaviour, we must train a tagger to 
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assig n transitivit y informatio n a s par t  o f  th e lexica l  category . 
We achieve d thi s b y automaticall y markin g al l  verb s i n th e 
S U S A N NE corpus  fo r  transitivity .  Unfortunately ,  thi s 
markin g ca n onl y b e don e fo r  thi s particula r  corpus ,  whic h 
i s rathe r  small .  Whil e w e obtaine d reliabl e ta g co -
occurrenc e statistics ,  w e di d no t  hav e sufficien t  lexica l 
statistic s t o ta g th e sam e sentence s a s MacDonal d used .  W e 
therefor e tagge d th e tw o sentence s "th e ma n hel d a t  th e 
polic e statio n fainted "  an d "th e ma n fough t  a t  th e polic e 
statio n fainted "  -  whic h happened ,  i n ou r  corpus ,  t o b e 
biase d toward s transitiv e an d intransitiv e respectively .  Th e 
result s ar e show n i n figur e 5 . 

I n th e "held "  case ,  th e tagge r  initiall y  prefer s th e 
u-ansitiv e readin g bu t  reject s thi s i n favou r  o f  th e reduce d 
relativ e readin g o n encounterin g th e followin g preposition . 
I n thi s case ,  w e predic t  increase d readin g tim e i n th e 
ambiguou s region .  I n contrast ,  th e intransitiv e readin g i s 
preferre d an d ther e i s n o reanalysi s i n th e cas e o f  "fought" , 
so w e predic t  increase d readin g tim e i n th e disambiguatin g 
region .  Thi s agree s wit h MacDonald' s (1994 )  results ,  an d s o 
th e tagge r  offer s a  simple r  explanatio n o f  he r  "post -
ambiguit y constraint" . 

Conclusions. 

The primary conclusion of this work is that a tagger model 
ca n accoun t  fo r  som e psychologica l  data .  Th e inclusio n o f  a 
tagge r  withi n a  modula r  mode l  o f  th e H S P M provides ,  a t 
ver y lo w cost ,  a  significan t  ai d i n ambiguit y resolution .  Thi s 
initia l  stud y suggest s suc h a  mode l  ma y b e psychologicall y 
plausible . 

Why not a Constraint-Based Model? 

We have argued that our "tagger" account may be a 
plausibl e mode l  o f  par t  o f  th e H S P M.  However ,  th e 
experimenta l  result s w e explai n ar e take n fro m researc h int o 
constraint-base d model s (MacDonald ,  Pearlmutte r  & 
Seidenberg ,  1994 ;  Trueswel l  &  Tanenhaus ,  1994) .  Clearly , 
thes e ca n accoun t  fo r  th e sam e data .  W h y shoul d ou r  mode l 
be preferred ? 

Our  argumen t  i s tha t  a  modula r  mode l  suc h a s th e on e w e 
ar e proposin g i s "simpler" .  Advocate s o f  constraint-base d 
approache s hav e argue d tha t  thei r  model s ar e structurall y 
simple r  (MacDonald ,  Pearlmutte r  &  Seidenberg ,  1994) . 
However ,  withi n a  probabilisti c  framework ,  structura l 
simplicit y doe s no t  see m t o b e th e correc t  metric . 

•  I n a  consU-aint-base d model ,  a  larg e numbe r  o f 
parameter s ma y effec t  a n initia l  decisio n durin g 
sentenc e processing .  I n ou r  model ,  initia l  decision s 
ar e mitigate d b y tw o simpl e statistica l  counts ,  ye t  w e 
ca n stil l  accoun t  fo r  th e sam e data . 

• The range of information types that effect initial 
decision s i n constraint-base d model s mea n tha t  a 
hug e amoun t  o f  statistica l  informatio n mus t  b e 
gathere d durin g languag e learning .  Ou r  mode l  i s fa r 
mor e "compact" . 

• Due to the sparsity of some statistical data, it can be 
difficul t  t o reliabl y estimat e th e parameter s require d 
by constraint-base d models .  Th e interactio n o f  thes e 

parameter s als o tend s t o b e underspecified ,  makin g i t 
difficul t  t o produc e concret e predictions .  Th e simple r 
statistic s use d b y ou r  mode l  mea n tha t  i t  i s  predictive . 

• Constraint-based models allow statistical information 
t o cros s level s o f  representatio n -  fo r  instance ,  th e 
previou s phonem e ma y b e use d a s a  predicto r  fo r  th e 
nex t  word .  W e argu e tha t  th e bes t  predictor s ten d t o 
occu r  o n th e sam e leve l  o f  representation .  Thi s i s 
buil t  i n t o ou r  mode l  -  again ,  reducin g th e numbe r  o f 
parameters .  Suc h behaviou r  may ,  a t  best ,  b e emergen t 
from  constraint-base d models ,  whil e i t  i s  predicte d b y 
ours . 

In summary, our model uses simpler statistics, and therefore 
les s parameters ,  tha n constraint-base d models ,  an d make s 
no appea l  t o additiona l  mechanisms ,  ye t  stil l  predict s th e 
same data . 

Further Conclusions and Lessons Learnt. 

We have argued that our model is simpler than a constraint-
base d model ,  bu t  ca n accoun t  fo r  th e sam e data .  However , 
th e implication s ar e fa r  wide r  tha n this . 

We ar e no t  jus t  usin g statistic s t o supplemen t  th e decisio n 
makin g proces s o f  a n existin g model .  Instead ,  th e us e o f 
statistic s ha s informe d th e architectur e o f  th e model .  Th e 
inclusio n o f  low-leve l  statistica l  mechanism s coul d 
significantl y reduc e th e workloa d o f  th e structur e buildin g 
componen t  o f  th e H S P M.  Withi n a  statistica l  approach ,  th e 
syntacti c modul e nee d no t  b e unitary . 

We hav e als o learn t  tw o lesson s from  undertakin g thi s 
work .  Th e first  i s  tha t  i t  ca n b e ver y difficul t  t o intui t  th e 
behaviou r  o f  a  particula r  statistica l  system .  I n orde r  t o 
furthe r  th e argument ,  w e mus t  buil d explici t  mathematica l 
model s a s wel l  a s argu e genera l  principles .  Th e secon d 
lesso n i s tha t  th e complexit y o f  behaviou r  possibl e wit h 
ver y simple ,  coarse-graine d statistica l  model s ca n b e 
surprising . 
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A b s t r a c t 

Recen t  researc h o n visua l  wor d recognitio n ha s foun d tha t 
word s tha t  ar e simila r  i n meanin g bu t  ar e no t  associate d d o 
not  automaticall y prim e on e anothe r  (Moss ,  Ostrin ,  Tyler , 
& Marslen-Wilson ,  1995 ;  Shelto n &  Martin ,  1992) . 
Thes e result s hav e le d t o th e clai m tha t  automati c primin g 
tap s wor d form ,  bu t  no t  meaning .  Furthermore ,  the y 
directl y contradic t  prediction s o f  distribute d model s o f 
semanti c memory .  I n thes e models ,  word s wit h simila r 
meanin g automaticall y prim e on e another ,  regardles s o f 
whethe r  the y ar e associativel y related .  I n Experimen t  1 , 
automati c semanti c relatednes s primin g wa s obtaine d 
when prime-targe t  pair s wer e mor e simila r  tha n thos e use d 
i n previou s studies .  Single-presentatio n an d shor t 
stimulu s onse t  asynchon y ( S O A )  method s wer e use d wit h 
bot h lexica l  an d semanti c decisio n tasks .  Experimen t  2 
rule d ou t  th e possibilit y  tha t  thes e result s migh t  hav e 
bee n du e t o difference s i n filler  item s o r  subjec t 
population s b y replicatin g Shelto n an d Martin' s nul l  effec t 
usin g thei r  stimuli .  I t  wa s conclude d tha t  automati c 
primin g doe s indee d ta p wor d meaning .  Furthermore ,  a s i n 
distribute d models ,  featura l  similarit y  i s a  primar y 
dimensio n alon g whic h semanti c memor y i s organize d an d 
an importan t  aspec t  o f  semanti c relatedness . 

Introduction 

Th e semanti c primin g tas k an d th e notio n o f  semanti c 
relatednes s hav e bee n use d i n man y investigation s o f 
languag e processin g (se e Neely ,  1991 ,  fo r  a  recen t 
review) ,  a s wel l  a s studie s o f  Alzheimer' s Dementi a (e.g. , 
Nebes e t  al. ,  1989) ,  amnesi a (e.g. ,  Shimamur a &  Squire , 
1984) ,  an d implici t  m e m o r y (e.g. ,  Schacter ,  1992) . 
Althoug h semanti c primin g ha s bee n use d t o stud y a 
number  o f  phenomena ,  ther e i s n o genera l  accoun t  o f  th e 
dimension s o f  prime-targe t  relatednes s tha t  ar e responsibl e 
fo r  th e obtaine d effects .  Thus ,  semanti c relatednes s ha s 
typicall y bee n varie d o n a n intuitiv e basis ,  makin g i t 
difficul t  t o dra w clea r  conclusion s fro m thes e studies .  Th e 
experiment s describe d i n thi s articl e wer e designe d t o 

examin e semanti c m e m o r y b y focusin g o n on e importan t 
aspec t  o f  semanti c relatedness ,  featura l  similarit y betwee n 
lexica l  concepts .  I n particular ,  the y wer e designe d t o 
conclusivel y demonstrat e th e existenc e o f  automati c 
semanti c relatednes s primin g withou t  association ,  a 
predictio n tha t  i s centra l  t o distribute d model s o f  semanti c 
memory. 

Automatic Semantic Priming 

Neel y (1977 )  distinguishe d betwee n automati c an d 
strategi c processe s involve d i n semanti c priming . 
Automati c primin g i s assume d t o ta p lexical-interna l 
processin g withou t  bein g influence d b y participants ' 
su-ategies .  Ther e ar e tw o mai n strategies ,  expectanc y 
generatio n an d retrospection .  Wit h a  lon g S O A , 
participant s ten d t o notic e tha t  som e prime-targe t  pair s ar e 
relate d an d the n begi n t o generat e potentia l  target s whe n 
presente d wit h a  prime .  A n S O A o f  25 0 m s o r  les s ha s 
bee n show n t o eliminat e thi s strateg y (d e Groot ,  1984 ; 
Neely ,  1977 ,  de n Heye r  e t  al. ,  1983) .  Retrospectiv e 
processin g involve s th e participan t  evaluatin g th e 
relationshi p betwee n th e prim e an d targe t  subsequen t  t o 
th e target' s presentatio n bu t  prio r  t o responding .  Fo r 
lexica l  decisions ,  i f  a  relationshi p exists ,  th e targe t  mus t 
be a  word .  Thre e method s hav e bee n use d t o contro l  fo r 
retrospectiv e priming .  A  numbe r  o f  studie s hav e use d th e 
namin g tas k becaus e i t  i s believe d t o b e les s sensitiv e t o 
strategi c processin g i n general ,  an d retrospectiv e primin g 
i n particula r  (e.g. ,  Lupker ,  1984 ;  Seidenber g e t  al. ,  1984) . 
However ,  i t  wa s no t  use d i n th e presen t  stud y becaus e th e 
degre e t o whic h wor d meanin g influence s th e computatio n 
of  phonolog y fro m orthograph y i s unclear .  Th e secon d 
metho d i s t o us e a  semanti c decisio n tas k suc h a s "i s i t  a 
concret e object? "  (McRa e e t  al. ,  1996) ,  whic h allow s fo r 
fillers  suc h a s L I K E - L O V E t o b e included .  Thes e fillers 
ar e relate d bu t  requir e a  "no "  response .  Th e thir d method , 
know n a s single-presentation ,  avoid s over t  pairin g o f 
prim e an d targe t  b y requirin g th e participan t  t o respon d t o 
ever y wor d i n th e lis t  (Shelto n &  Martin ,  1992) .  Becaus e 
participant s ar e les s likel y t o notic e relationship s amon g 
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adjacen t  words ,  strategi c effect s ar e reduced  o r  eliminated . 
The presen t  research  use d bot h shor t  S O A an d single -
presentatio n methods . 

Lack of Evidence for Featural Overlap Priming 

A fe w studie s hav e worke d towar d understandin g th e 
factor s underlyin g semanti c primin g b y distinguishin g 
betwee n semanti c an d associativ e relations.  Associativ e 
relatednes s i s typicall y viewe d a s tempora l  contiguit y i n 
speec h o r  tex t  (Plaut ,  1995) ,  o r  wor d co-occurrenc e withi n 
a propositio n (McNamara ,  1992) .  Effect s o f  associatio n 
hav e bee n foun d i n a  larg e numbe r  o f  primin g 
experiment s (Neely ,  1991) .  I n contrast ,  semanti c 
relatednes s i s typicall y viewe d a s resultin g fro m featura l 
overla p i n semanti c representation s (Shelto n &  Martin) . 
Onl y fou r  publishe d studie s hav e use d a  shor t  S O A o r 
single-presentatio n paradig m t o stud y semanti c relatednes s 
primin g withou t  association .  Usin g simultaneou s 
presentatio n o f  prim e an d target ,  Fischle r  (1977 )  foun d 
reliabl e primin g effects .  However ,  i t  i s probabl e tha t 
Fischler' s doubl e lexica l  decisio n tas k encouraged 
participant s t o evaluat e prime-targe t  relationships , 
resultin g i n larg e retrospectiv e primin g effects .  Hodgso n 
(1991 )  examine d th e informationa l  base s o f  semanti c 
primin g a t  shor t  S O A s an d foun d consisten t  effect s usin g 
lexica l  decision .  Unfortunately ,  h e informe d participant s 
of  th e relate d natur e o f  som e o f  th e pairs ,  whic h likel y 
encourage d su-ategi c processing .  Furthermore ,  Hodgson' s 
effect s wer e smal l  an d homogeneou s acros s th e type s o f 
relationship s tha t  h e studie d (categor y coordinates , 
antonyms ,  synonyms ,  subordinate-superordinat e pairs , 
conceptua l  associates ,  an d phrasa l  associates) ,  promptin g 
hi m t o clai m tha t  th e effect s wer e du e t o reu^ospection . 

The remainin g tw o studies ,  Shelto n an d Marti n 
(Experimen t  4 )  an d Mos s e t  al .  (1995 ,  Experimen t  3) , 
use d single-presentation .  However ,  i n bot h cases ,  n o 
primin g wa s foun d i n visua l  lexica l  decision ,  promptin g 
Shelto n an d Marti n t o clai m tha t  "word s tha t  ar e ver y 
simila r  i n meanin g o r  sharin g man y feature s wil l  no t 
sho w automati c semanti c primin g i f  the y ar e no t  als o 
associated "  (p .  1204) .  Thes e nul l  result s ar e importan t  fo r 
a fe w reasons .  First ,  the y ar e confusin g becaus e the y 
appea r  t o b e inconsisten t  wit h lon g S O A studie s i n whic h 
semanti c relatednes s primin g withou t  associatio n ha s bee n 
foun d (althoug h thes e lon g S O A result s coul d b e du e 
solel y t o strategies ,  Lupker ,  1984 ;  Seidenber g e t  al. , 
1984) .  I n fact ,  becaus e o f  th e peculia r  natur e o f  thes e 
results ,  the y hav e cas t  int o doub t  whethe r  automati c 
primin g tap s wor d meanin g a t  all ;  Shelto n an d Marti n 
conclude d tha t  automati c primin g i s du e instea d t o 
associativ e relationship s a t  th e wor d for m level .  I n 
addition ,  th e thre e mai n theorie s o f  automati c priming , 
distribute d memor y (e.g. ,  Masson ,  1995 ;  Plaut ,  1995) , 
spreadin g activatio n (Collin s &  Loftus ,  1975) ,  an d 
compoun d cu e (Ratclif f  &  M c K o o n ,  1988) ,  predic t  tha t 
automati c semanti c relatednes s primin g shoul d occur ,  bu t 
wit h differin g degree s o f  conviction .  Th e failure s t o find 
primin g hav e no t  bee n viewe d a s damagin g t o spreadin g 
activatio n no r  compoun d cu e theor y becaus e i t  i s possibl e 
t o incorporat e th e assumptio n tha t  activatio n spread s 

solel y o n th e basi s o f  associativ e links ,  o r  tha t  th e 
familiarit y o f  a  c o m p o u n d cu e i s influence d solel y b y 
associativ e relationships .  I n contrast ,  th e existenc e o f 
automati c semanti c relatedness  primin g i s critica l  t o 
distribute d model s o f  semanti c memory .  A  cenlra J 
representationa l  assumptio n o f  thes e model s i s tha t 
simila r  concept s ar e encode d a s overlappin g pattern s o f 
activation ,  typicall y acros s microfeatur e nodes .  I n 
simulation s o f  automati c priming ,  whe n computin g th e 
meanin g o f  a  targe t  word ,  th e syste m begin s i n th e stat e 
representin g th e prime .  Thus ,  primin g necessaril y  result s 
becaus e man y o f  th e node s ar e alread y i n thei r  appropriat e 
state s o f  activation .  I n summary ,  th e recen t  failure s t o fin d 
automati c primin g base d o n simila r  concept s severel y cas t 
doub t  ufx) n th e primar y representationa l  assumptio n o f 
distribute d models . 

Experiment 1 

Moss e t  al .  an d Shelto n an d Marti n chos e thei r  prime -
targe t  pair s o n th e basi s o f  thei r  intuitio n tha t  th e 
concept s possesse d sufficien t  featura l  overla p t o produc e a 
primin g effect .  Thi s relianc e o n intuitio n i s particularl y 
problemati c give n tha t  thei r  conclusion s wer e base d o n 
nul l  effects .  I n orde r  t o provid e a  stronge r  test ,  th e targe t 
item s fo r  Experimen t  1  wer e highl y similar ,  a s measure d 
ove r  thei r  featura l  representation s fro m M c R a e e t  al . 

(1996)' ,  bu t  wer e no t  associate d accordin g t o fre e 
associatio n norms .  Th e greate r  similarit y amon g ou r 
item s wa s demonstrate d i n a  similarit y ratin g stud y i n 
whic h participant s wer e asked ,  " H o w simila r  ar e th e 
thing s tha t  thes e word s refe r  to ,  o n a  scal e o f  I  t o 9?" . 
The item s o f  Experimen t  1  wer e rate d a s mor e simila r 
(6.4 )  tha n thos e o f  Shelto n an d Marti n (3.6 )  an d Mos s e t 
al .  (4.5) . 

Becaus e ther e ar e question s abou t  th e appropriatenes s o f 
th e differen t  task s an d presentatio n schemes ,  bot h single -
presentatio n an d shor t  S O A method s wer e use d wit h bot h 
lexica l  an d semanti c decisio n tasks .  Th e lexica l  decisio n 
tas k wa s use d becaus e i t  i s th e mos t  c o m m o n tas k i n th e 
literature .  Th e semanti c decisio n tas k (i s i t  a n object? )  wa s 
include d becaus e i t  unambiguousl y require s th e us e o f 
semanti c informatio n an d i t  discourage s retrosf)ectiv e 
processing .  I t  wa s predicte d tha t  primin g effect s woul d b e 
obtaine d i n bot h th e semanti c an d lexica l  decisio n task s 
and i n bot h th e single-presentatio n an d shor t  S O A 
conditions . 

Method 

Participants. One hundred, sixty-eight native English 
speakin g psycholog y student s a t  th e Universit y o f 
Wester n Ontari o participate d fo r  cours e credit ,  4 2 i n eac h 
presentatio n b y tas k condition . 

'i n th e McRa e e t  al .  (1996 )  study ,  participant s wer e give n th e 
name o f  a n objec t  concep t  (e.g. ,  truck )  an d wer e aske d t o writ e 
down a s man y o f  it s  feature s a s the y could .  Similarit y wa s 
compute d a s th e cosin e o f  th e resultin g featur e vectors . 
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Materials .  Th e 3 8 prime-targe t  pair s (se e Appendix ) 
wer e chose n fro m M c R a e e t  al .  (1996 )  an d wer e th e sam e 
fo r  al l  4  conditions .  Al l  word s ha d concret e referents .  Fre e 
associatio n wa s use d t o rul e ou t  prim e <= > targe t 
associations .  Fo r  al l  3 8 items ,  0  o f  th e 2 0 participant s 
gav e th e targe t  a s a  respons e t o th e prime .  Anothe r  2 0 
participant s fre e associate d t o th e targets .  Fo r  2 3 o f  th e 3 8 
items ,  th e prim e wa s neve r  given .  Fo r  th e othe r  15 ,  1  o f 
2 0 participant s responde d wit h th e prime .  Thi s ite m 
selectio n procedur e wa s slightl y mor e stringen t  tha n thos e 
use d b y Shelto n an d Marti n an d Mos s e t  al . 

A separat e se t  o f  2 8 participant s rate d th e similarit y o f 
th e prime-targe t  pair s from  Shelto n an d Martin ,  Mos s e t 
al. ,  an d Experimen t  1  o n a  scal e fro m 1  t o 9 ,  wit h 9  bein g 
highl y similar .  Th e rating s were :  Experimen t  I ,  M =  6.2 , 
S E =  0.2 ;  Shelto n an d Martin ,  M =  3.6 ,  S E =  0.2 ;  an d 
M o ss e t  al. ,  M =  4.5 .  S E =  0.2 .  Ther e wa s a  significan t 
mai n effec t  o f  ite m source ,  F/(2,54 )  =  256.12 ,  p  <  .0001 , 
F2(2,99 )  =  60.34 ,  p  <  .0001 .  Planne d comparison s 
showe d tha t  ou r  item s wer e mor e simila r  tha n Shelto n an d 
Martin's ,  ̂ 7(1,54 )  =  500.44 ,  p  <  .0001 ,  F2 (  1,99 )  = 
117.91 ,  p  <  .0001 ,  an d M o s s e t  al.'s ,  F/(l,54 )  =  200.49 , 
p <.0001 ,  F2(l,99 )  =  41.19 ,  p  <  .0001 . 

T wo list s wer e create d s o tha t  subject s sa w n o prim e o r 
targe t  twice .  Fo r  eac h list ,  1 9 target s wer e paire d wit h 
relate d primes ,  an d 1 9 wit h unrelate d primes .  Fo r  th e 
semanti c decisio n task ,  15 2 filler  trial s wer e adde d t o eac h 
lis t  i n orde r  t o hav e 5 0 % "yes "  trial s an d 2 5 % relate d 
trials .  Thes e include d 3 8 unrelate d nonobject-objec t  pair s 
(e.g. ,  T R E N D - C A R D ) ,  3 8 unrelate d object-nonobjec t 
pair s (e.g. ,  C A C T U S - A P O L O G Y ),  1 9 unrelate d 
nonobject-nonobjec t  pair s (e.g. ,  H A S S L E - M I D N I G H T ) , 
and 1 9 relate d nonobject-nonobjec t  trial s (e.g. ,  L IKE -
L O V E ) .  Fo r  th e lexica l  decisio n task ,  th e filler s differe d 
onl y i n tha t  th e nonobject s wer e replace d b y 
orthographicall y lega l  an d pronounceabl e nonwords .  Fo r 
bot h tasks ,  ther e wer e 3 2 practic e trial s tha t  wer e 
constructe d t o preserv e th e proportion s o f  eac h ite m typ e 
use d i n th e experimenta l  trials . 

Procedure. Participants were tested individually using 
PsyScop e (Cohe n e t  al. ,  1993 )  o n a  Macintos h LC630 . 
For  al l  conditions ,  participant s wer e instructe d t o rea d "th e 
first  word "  an d respon d "onl y t o th e secon d word "  b y 
pressin g th e "yes "  o r  "no "  butto n o n a  respons e bo x 
positione d i n fron t  o f  them .  Th e inde x finger  o f  th e 
dominan t  han d wa s use d fo r  th e "yes "  response . 

A shor t  S O A tria l  consiste d o f  a  fixation  poin t  '+ "  fo r 
25 0 m s ,  followe d b y th e prim e fo r  20 0 m s ,  a  mas k 
( & & & « & & & & &)  fo r  5 0 m s ,  an d th e target ,  whic h 
remaine d o n scree n unti l  th e participan t  responded .  Th e IT I 
was 150 0 ms .  I n a  single-presentatio n trial ,  a  prim e o r 
targe t  wa s presente d unti l  th e participan t  responded , 
followe d b y a  20 0 m s ISI .  Thus ,  th e S O A wa s th e 
decisio n latenc y t o th e prim e plu s 20 0 ms .  I n th e lexica l 
decisio n task ,  participant s judge d whethe r  o r  no t  th e lette r 
strin g wa s a n Englis h word .  I n th e semanti c decisio n task , 
participant s judge d whethe r  o r  no t  th e wor d referre d t o a n 
object ,  wher e a n objec t  wa s define d a s somethin g concret e 

and touchable .  Participant s too k approximatel y 2 0 
minute s t o complet e th e task . 

Design. The independent variables were relatedness 
(relate d vs .  unrelated) ,  presentatio n (singl e vs .  shor t 
S O A ) ,  an d decisio n (semanti c vs .  lexical) .  A  lis t  facto r  (o r 
ite m rotatio n group )  wa s included .  Relatednes s wa s withi n 
participant s (F/) ,  bu t  presentatio n an d decisio n wer e 
between .  Al l  variable s wer e withi n item s (F2) .  Th e 
dependen t  measure s wer e decisio n latenc y an d accuracy . 

Results 

Because the error rates were quite low (3% for related 
targets ,  4 % fo r  unrelate d targets) ,  the y wer e no t  furthe r 
analyzed .  Decisio n latencie s greate r  tha n 3  standar d 
deviation s abov e th e mea n fo r  tha t  presentatio n b y 
decisio n conditio n wer e replace d b y th e cutof f  valu e ( 2 % 
of  th e scores) .  M e a n decisio n latencie s ar e show n i n Tabl e 
1.  Decisio n latencie s fo r  semanticall y relate d item s wer e 
46 m s faste r  tha n fo r  unrelate d items ,  F/(l,160 )  =  86.67 , 
/ ? <  .0001 ,  F2 (  1,37 )  =  40.76 ,  p  <  .0001 .  Critically ,  th e 
primin g effect s fo r  relate d item s wer e significan t  i n al l 
fou r  conditions .  Ther e wa s a  6 7 m s primin g effec t  i n 
single-presentatio n semanti c decision ,  F/(1,I60 )  =  45.30 , 
p <  .0001 ,  F2(l,36 )  =  66.95 ,  p  <  .0001 ;  a  4 1 m s effec t  i n 
shor t  S O A semanti c decision ,  F/(1,I60 )  =  17.33 ,  p  < 
.0001 ,  F2 (  1,36 )  =  26.89 ,  p  <  .0001 ;  a  4 7 m s effec t  i n 
single-presentatio n lexica l  decision ,  F/(l,160 )  =  2235, p 
< .0001 ,  F2(l,36 )  =  39.52 ,  p  <  .0001 ;  an d a  2 9 m s effec t 
i n shor t  S O A lexica l  decision ,  F/(l,160 )  =  8.99 ,  p  < 
.004 ,  F2 (  1,36 )  =  17.75 ,  p  <  .0002 . 

Becaus e ther e wa s a  5 7 m s primin g effec t  fo r  th e single -
presentatio n conditio n versu s a  3 5 m s effec t  fo r  paired -
presentation ,  th e interactio n betwee n relatednes s an d 
presentatio n wa s marginal ,  F/(l,160 )  =  4.61, p <  .04 , 
F2(  1,36 )  =  3.54 ,  p  <  .07 .  Decisio n latencie s wer e 10 2 m s 
faste r  fo r  th e lexica l  decisio n tas k tha n fo r  th e semanti c 
decisio n task ,  F/(I,I60 )  =  33.90 ,  p  <  .0001 ,  F2(l,36 )  = 
201.41 ,  p  <  .0001 .  Al l  othe r  effect s wer e nonsignificant . 

Discussion 

Experimen t  1  cleari y demonstrate s automati c semanti c 
similarit y primin g wit h highl y simila r  prime-targe t  pair s 
and re-establishe s tha t  automati c primin g tap s wor d 
meaning .  Furthermore ,  i t  provide s evidenc e fo r  th e centra l 
representationa l  assumptio n o f  distribute d model s o f 
semanti c memory ,  namely ,  tha t  concep t  similarit y (i n 
term s o f  featura l  overlap )  i s  a  primar y organizin g principl e 
of  semanti c memory .  Th e presen t  result s ar e consisten t 
wit h thos e o f  M c R a e e t  al .  (1996) ,  w h o use d regressio n 
analyse s t o demonstrat e tha t  a  measur e o f  featura l 
similarit y ca n predic t  shor t  S O A primin g effects . 
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Semanti c Decisio n Lexica l  Decisio n 

Singl e Siior t  S O A Singl e Shor t  S O A 

Relate d 

Unrelated 

69 5 (21 ) 

762(21) 

69 9 (24 ) 

740 (22) 

592(12 ) 

639(14) 

613(13 ) 

642(15) 

Primin g Effec t 67 41 47 29 

Tabl e 1 .  M e a n Decisio n Latenc y (an d standar d error )  i n m s fo r  Experimen t  1 

Experimen t  2 

To ensur e tha t  th e result s wer e no t  du e t o peculiaritie s i n 
our  fillers  o r  subjec t  population ,  w e replicate d Shelto n an d 
Martin' s Experimen t  4 .  Th e 3 8 prime-target-pair s fro m 
Experimen t  1  wer e replace d b y thei r  3 6 nonassociate d 
semanticall y relate d items .  S o m e o f  th e fillers  wer e als o 
droppe d t o preserv e th e ratio s o f  Experimen t  1 .  I t  wa s 
predicte d tha t  th e primin g effec t  woul d b e non-significant , 
as the y ha d found . 

Method 

Participants. Forty-two native English speaking 
psycholog y student s a t  th e Universit y o f  Wester n Ontari o 
participate d fo r  cours e credit . 

Materials. The items were the 36 nonassociated related 
pair s use d i n Shelto n an d Marti n (Experiment s 3  an d 4) . 
T wo list s wer e created .  Fo r  each ,  1 8 target s wer e paire d 
wit h relate d prime s an d 1 8 wit h unrelate d primes .  Th e 
filler  item s differe d fro m th e lexica l  decisio n condition s i n 
Experiment  1  onl y i n tha t  1  o r  2  wer e remove d fro m eac h 
cel l  i n orde r  t o preserv e th e proportio n o f  relate d trial s an d 
th e probabilit y  o f  a  "yes "  response .  Th e sam e practic e 
item s wer e used . 

Procedure. The procedure was the same as Shelton and 
Martin' s Experimen t  4  an d th e single-presentatio n lexica l 
decisio n i n Experimen t  1  (20 0 m s ITI) . 

Design .  Th e independen t  variable ,  relatednes s (relate d vs . 
unrelated) ,  wa s withi n participant s an d items .  Lis t  (o r 
ite m rotatio n group )  wa s agai n included . 

Results 

Becaus e th e erro r  rate s wer e quit e lo w ( 2 % fo r  relate d 
targets ,  3 % fo r  unrelate d targets) ,  the y wer e no t  furthe r 
analyzed .  Decisio n latencie s greate r  tha n 3  standar d 
deviation s abov e th e mea n fo r  tha t  presentatio n b y 
decisio n conditio n wer e replace d b y th e cutof f  valu e ( 2 % 
of  th e scores) .  Decisio n latencie s wer e nonsignificantl y 
faste r  fo r  semanticall y relate d item s (A /  =56 4 m s ,  S E = 
12)  tha n fo r  unrelate d item s ( M =  57 4 ms ,  5 £ =  11) , 
Fy(1.40 )  =  2.73 ,  p > A ,  F2(I,34 )  =  1.46 ,  p  >  .2 . 

General Discussion 

The replicatio n o f  th e nul l  effec t  foun d b y Shelto n an d 
Marti n indicate s tha t  th e differenc e betwee n Experimen t  1 
and thei r  stud y i s du e t o difference s i n th e targe t  items . 
Simpl y put ,  th e item s used  b y Shelto n an d Marti n (an d 
presumabl y Mos s e t  al. )  di d no t  posses s sufficien t  featura l 
overla p t o produc e priming . 

Th e existenc e o f  automati c semanti c similarit y primin g 
provide s evidenc e fo r  th e assumptio n tha t  patter n 
similarit y i s  a  centra l  organizafiona l  principl e o f  semanti c 
memory.  Becaus e thi s i s a  primar y representationa l 
assumptio n o f  distribute d model s o f  semanti c memory , 
th e importanc e o f  th e curren t  researc h fo r  the m canno t  b e 
overstated .  Al l  distribute d model s o f  semanti c m e m o r y 
must  predic t  semanti c similarit y primin g i f  the y us e 
patter n overla p t o cod e similarity .  Th e previou s failure s o f 
Moss e t  al .  an d Shelto n an d Marti n t o find  thi s effec t  wer e 
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stron g indication s tha t  th e curren t  metho d o f  encodin g 
meanin g wa s incorrect ,  bu t  th e presen t  researc h resolve d 
and explaine d thi s inconsistency . 

Experiment s 1  an d 2  ar e als o consisten t  wit h th e 
prediction s o f  spreadin g activatio n models .  Fo r  example , 
Collin s an d Loftu s (1975 )  explicitl y  state d tha t  thei r 
semanti c networ k i s organize d b y similarity ;  concept s 
wit h numerou s share d feature s ar e linke d throug h them . 
The result s ar e als o compatibl e wit h Ratclif f  an d 
McKoon' s (1988 )  compound-cu e theory .  Item s wit h a 
number  o f  share d feature s shoul d provid e stron g compoun d 
cues ,  thu s facilitatin g th e respons e t o th e target .  I t  i s no w 
no longe r  necessar y fo r  thes e theorie s t o incorporat e th e 
questionabl e pos t  ho c assumption s tha t  onl y associate d 
concept s ar e linke d (spreadin g activation )  o r  onl y 
associate d concept s for m a  stron g compoun d cue . 

Finally ,  th e nul l  result s o f  Shelto n an d Marti n an d 
Moss e t  al .  ha d spawne d explanation s o f  primin g effect s 
i n term s o f  spreadin g activatio n i n a  wor d for m network , 
implyin g tha t  automati c primin g doe s no t  ta p semanti c 
memory.  However ,  th e presen t  researc h conclusivel y 
demonstrate d tha t  wor d meanin g i s tapped ,  thu s providin g 
stron g suppor t  fo r  th e utilit y o f  automati c semanti c 
primin g a s a  metho d fo r  revealin g th e natur e o f  th e 
semanti c informatio n tha t  i s mad e availabl e whe n a  wor d 
i s rea d o r  heard .  I t  i s no w tim e fo r  furthe r  researc h t o tak e 
advantag e o f  this ,  a s Hodgso n (1991) ,  McRa e e t  al . 
(1996) ,  an d Mos s e t  al .  hav e begu n t o do . 
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Append i x 
Prime-targe t  Pair s fo r  Experimen t  1 

Unrelate d 
Prim e 
bottl e 
rifl e 
jee p 
lam p 
close t 
microwav e 
bus 
missil e 
swor d 
crayo n 
cano e 
ti e 
hoe 
plu m 
coconu t 
peas 
finch 
whal e 
parakee t 
slingsho t 
axe 
motorcycl e 
wagon 
canno n 
cushio n 
yach t 
mat 
she d 
bra 
slipper s 
file 
radis h 
pumpk i n 
duc k 
goos e 
eagl e 
moose 
truc k 

Relate d 
Pr im e 
parakee t 
whal e 
finch 
pea s 
coconu t 
plu m 
hoe 
ti e 
crayo n 
cano e 
swor d 
missil e 
bus 
microwav e 
close t 
lam p 
jee p 
rifie 
bottl e 
eagl e 
goos e 
duc k 
pumpki n 
radis h 
file 
she d 
slipper s 
bra 
mat 
yach t 
cushio n 
canno n 
wagon 
motorcycl e 
axe 
slingsho t 
truc k 
moose 

Targe t 
budgi e 
dolphi n 
canar y 
bean s 
pineappl e 
prun e 
shove l 
bel t 
penci l 
raf t 
spea r 
b o mb 
subwa y 
toaste r 
dresse r 
chandelie r 
dunebugg y 
pisto l 
ja r 
hawk 
turke y 
chicke n 
squas h 
beet s 
sandpape r 
bam 
sandal s 
camisol e 
carpe t 
shi p 
pillo w 
bazook a 
car t 
scoote r 
tomahaw k 
catapul t 
van 
caribo u 
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Abstrac t 

An investigatio n o f  th e capacit y o f  distribute d system s t o 
represen t  pattern s o f  activatio n i n paralle l  i s  presented . 
Connectionis t  model s o f  lexica l  ambiguit y hav e capture d 
thi s capacit y b y activatin g th e arithmeti c mea n o f  th e 
vector s representin g th e relevan t  meaning s t o for m a  lexica l 
blend .  However ,  a  mor e extrem e tes t  o f  thi s syste m occur s 
i n a  distribute d mode l  o f  lexica l  acces s i n speec h 
perception ,  whic h ma y requir e a  lexica l  blen d t o represen t 
transientl y th e meaning s o f  hundred s o f  words .  I  sho w tha t 
ther e i s a  stric t  limi t  o n th e numbe r  o f  distribute d pattern s 
tha t  ca n b e represente d effectivel y b y a  lexica l  blend .  Thi s 
limi t  i s  dependen t  t o som e exten t  o n th e structur e an d 
conten t  o f  th e distribute d space ,  whic h i n th e cas e o f  lexica l 
acces s correspond s t o structur e an d conten t  o f  th e menta l 
lexicon .  Thi s limitatio n implie s tha t  distribute d model s 
canno t  b e simpl e re-implementation s o f  paralle l  localis t 
model s an d offer s a  valuabl e opportunit y t o distinguis h 
experimentall y betwee n localis t  an d distribute d model s o f 
cognitiv e processes . 

Introduction 

O ne o f  th e cornerstone s o f  th e connectionis t  enterpris e i s 
th e representatio n o f  informatio n i n a  distribute d fashion : 
Eac h patter n i s represente d ove r  m a n y processin g unit s an d 
eac h processin g uni t  form s par t  o f  m a n y patterns .  Thi s 
contrast s directl y wit h localis t  systems ,  i n whic h eac h 
concep t  i s represente d b y th e activatio n o f  a  singl e word . 
Localis t  model s hav e bee n valuabl e i n modelin g perceptua l 
processe s i n whic h th e degre e o f  matc h betwee n sensor y 
inpu t  an d a  se t  o f  possibl e candidate s fo r  identificatio n ca n 
be represente d i n term s o f  a  se t  o f  activatio n values ;  eac h 
candidat e havin g a  separat e activatio n (e.g. ,  Morton , 
1969) .  T h e essentia l  poin t  abou t  thi s typ e o f  syste m i s tha t 
ther e i s n o limi t  t o th e numbe r  o f  candidate s tha t  ca n b e 
activate d i n parallel ,  sinc e eac h i s  independentl y 
represented . 

Activatio n o f  multipl e candidate s i n distribute d network s 
has bee n achieve d b y averagin g o r  "blending "  th e relevan t 
vector s t o for m a  patter n simila r  t o al l  it s  constituents . 
Multipl e candidate s ca n b e sai d t o b e activate d t o th e 
exten t  tha t  the y ar e nea r  t o th e blen d i n vecto r  spac e (e.g. , 
K a w a m o t o ,  1993) .  However ,  i t  i s  no t  clea r  whethe r  thi s 
approac h represent s a  litera l  re-implementatio n o f  localis t 

activation s o r  whethe r  i t  i s  merel y a n approximatio n t o th e 
localis t  systems ,  wit h inheren t  limitations . 

I n thi s article ,  I  pu t  th e distribute d blendin g approac h 
throug h it s  paces ,  examinin g a  variet y o f  lexica l 
representations .  I  tackl e thi s proble m fro m a n abstrac t 
perspective ,  rejectin g actua l  networ k simulation s i n favo r 
of  simpl e mathematica l  an d statistica l  analyse s o f  vecto r 
spaces .  Thi s allow s a  wid e rang e o f  relevan t  parameter s t o 
be explore d withou t  restrictin g th e scop e o f  th e analysi s t o 
on e particula r  networ k architectur e o r  learnin g algorithm . 

Thes e analyse s ar e discusse d wit h referenc e t o localis t 
and distribute d model s o f  h u m a n speec h perception . 
Speec h perceptio n provide s a n importan t  test-be d fo r 
question s o f  paralle l  activation ,  partl y becaus e th e field  ha s 
bee n dominate d b y model s i n whic h wor d candidate s ar e 
represente d i n a  localis t  fashio n (e.g. ,  Marslen-Wilson , 
1987 ;  McClellan d &  Ehnan ,  1986) .  M o r e importantly , 
however ,  th e tempora l  natur e o f  speec h allow s u s t o 
examin e paralle l  activatio n durin g th e time-cours e o f 
perceptio n o f  word s (e.g. ,  Zwitserlood ,  1989) .  Thi s create s 
th e potentia l  fo r  experimentall y distinguishin g betwee n 
localis t  an d distribute d model s o f  cognitiv e processing . 

A Distributed Model of Speech Perception 

Paralle l  model s o f  speec h perceptio n suc h a s Cohor t 
(Marslen-Wilson ,  1987 )  an d T R A C E (McClellan d & 
Ehnan ,  1986 )  assum e tha t  a s a  wor d i s heard ,  m a n y wor d 
candidate s ar e assesse d simultaneously .  Th e Cohor t  mode l 
goe s further ,  arguin g tha t  a s thes e wor d candidate s ar e 
evaluate d thei r  meaning s als o becom e activated . 
Experimenta l  evidenc e fo r  thi s behavio r  come s fro m 
primin g studie s (e.g. ,  Zwitserlood ,  1989) ,  i n whic h a n 
ambiguou s wor d onse t  (e.g. ,  /kaept/ )  facilitate s th e 
recognitio n o f  target s relate d i n meanin g t o mor e tha n on e 
possibl e continuatio n o f  th e stimulu s (e.g. ,  shi p relate d t o 
captain ,  priso n relate d t o captive) .  However ,  th e exten t  t o 
whic h paralle l  activatio n occur s (i.e. ,  whethe r  i t  extend s t o 
larg e cohorts )  remain s unknown . 

Cohor t  an d T R A C E ar e essentiall y  localis t  models ,  i n 
whic h th e goodnes s o f  fit  betwee n eac h wor d candidat e an d 
th e incomin g speec h i s represente d b y a  separat e activatio n 
value .  Gaskel l  &  Marslen-Wilso n (1995 )  examine d th e 
effect s o f  implementin g th e lexica l  acces s proces s fo r 
speec h i n a  distribute d learnin g system .  The y traine d a 
simpl e recurren t  networ k t o lea m th e mappin g from  a 
strea m o f  phoneti c feature s (segmente d int o phoneme-lik e 
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units )  ont o distribute d representation s encompassin g th e 
meanin g an d phonologica l  for m o f  words .  Lexica l  acces s i s 
interprete d i n term s o f  movemen t  throug h a  multi -
dimensiona l  space ,  wit h wor d representation s bein g fixe d 
point s i n thi s spac e (se e Figur e 1) .  Th e outpu t  o f  th e 
networ k plot s th e cours e o f  thi s movement :  A s speec h 
informatio n graduall y enter s th e network ,  th e activatio n o f 
matchin g word s i s reflecte d b y constructin g a  blen d o f  thei r 
distribute d representations .  W h e n th e onse t  o f  a  wor d i s 
presente d a t  th e input ,  th e networ k output s a  blen d o f  th e 
representation s o f  al l  th e word s containin g tha t  onset .  A s 
mor e speec h come s in ,  thi s blen d ca n b e refine d t o 
represen t  th e reduce d se t  o f  word s tha t  stil l  matc h th e 
speec h inpu t  Thi s refinemen t  continue s unti l  th e numbe r 
of  word s matchin g th e inpu t  reduce s t o 1 .  A t  thi s poin t  (th e 
uniquenes s point )  th e networ k ca n isolat e th e ful l 
distribute d representatio n o f  th e remainin g word :  I t  ha s 
reache d a n endpoin t  i n th e lexica l  space . 

at  bes t  outpu t  a  valu e hal f  wa y betwee n th e correspondin g 
point s i n lexica l  space .  W h e n mor e word s ar e par t  o f  a 
lexica l  blend ,  th e distanc e betwee n th e blen d an d tJi e 
componen t  word s i s greate r  (an d thu s i n localis t  terms , 
lliei r  activation s ar e smaller) . 

Figur e 2  (bol d line )  illustrate s thi s patter n usin g a 
randoml y define d lexica l  spac e wit h 20 0 binar y 
dimensions .  Eac h wor d i s represente d b y a  vector ,  wit h 
eac h elemen t  o f  th e vecto r  havin g a  5 0 % chanc e o f  bein g 
on o r  off .  Set s o f  targe t  pattern s wer e randoml y selecte d 
and a  blen d vecto r  wa s calculate d b y takin g th e m e a n ove r 
al l  targe t  value s fo r  eac h element .  Th e root-mea n square d 
( R M S)  distanc e fro m thi s blen d vecto r  wa s the n calculate d 
fo r  al l  th e targe t  vectors .  Eac h poin t  i n Figur e 2  i s base d o n 
th e mea n o f  6 4 values .  A s th e numbe r  o f  targe t  pattern s 
increases ,  tliei r  distanc e fro m th e blen d als o increases . 
Thus ,  wor d activatio n a s modele d b y proximit y i s highl y 
dependen t  o n th e numbe r  o f  candidate s remainin g active . 

C a p t a i n 
/kaeptm / 

/kaepti / 

C a p t i v e 

/ks / 

a 
v> 
S 
cc 

Cap( 

0. 6 : : 

Competito r 

Figur e 1 .  Lexica l  acces s a s a  trajector y throug h lexica l 
space .  T h e dot s m a r k w o r d representation s an d th e lin e 

mark s th e pat h o f  th e networ k outpu t  vecto r  a s speec h i s 
processed . 

Lexical Distance and Activation 

Localis t  model s o f  auditor y lexica l  acces s us e th e 
activatio n metapho r  t o indicat e th e statu s o f  recognitio n 
process—th e degre e o f  matc h betwee n eac h wor d an d th e 
incomin g speec h i s reflecte d i n th e word' s activatio n value . 
I n th e distribute d model ,  thi s activatio n i s encode d 
implicitl y  b y th e positio n o f  th e outpu t  vecto r  i n lexica l 
space—th e degre e t o whic h an y word' s lexica l 
representatio n ha s bee n retrieve d depend s o n th e proximit y 
of  th e representatio n t o th e outpu t  o f  th e network .  Thi s 
proximit y valu e i s highl y dependen t  o n th e numbe r  o f 
word s tha t  mus t  b e activated .  I f  th e uniquenes s poin t  o f  a 
wor d ha s bee n reached ,  th e networ k merel y ha s t o 
reproduc e th e lexica l  representatio n o f  tha t  wor d an d s o th e 
distanc e betwee n th e outpu t  o f  th e networ k an d th e 
representatio n o f  tha t  wor d i s likel y t o b e small .  Thi s 
correspond s t o a  hig h degre e o f  activatio n fo r  th e wor d i n a 
localis t  model .  I f  (a s i n th e captain/captiv e case )  th e inpu t 
i s temporaril y  consisten t  wit h tw o words ,  th e networ k ca n 

Figur e 2 .  Mean ,  m a x i m u m an d m i n i m u m distance s fro m 
blend s o f  target s t o targe t  an d competito r  populations . 

It is important to relate the distance of these lexical 
blend s fro m targe t  representation s t o th e overal l  populatio n 
of  distances .  T o b e a n effectiv e representatio n o f  it s 
component s a  blen d shoul d no t  onl y b e clos e t o th e 
components ,  i t  shoul d als o b e relativel y distan t  fro m othe r 
words .  I t  follow s tha t  representationa l  effectivenes s ca n b e 
evaluate d i n signa l  detectio n terms :  a  blen d i s a n effectiv e 
representatio n o f  it s component s (th e targets )  i f  th e targe t 
and competito r  population s ca n b e separate d o n th e basi s o f 
lexica l  distanc e alone .  Figur e 2  als o plot s th e distance s 
fro m th e lexica l  blend s t o a  se t  o f  vector s representin g 
unrelate d word s i n th e network' s menta l  lexicon :  300 0 
randoml y chose n vector s wit h th e sam e propertie s a s th e 
targe t  vectors . 

W h en th e numbe r  o f  targe t  pattern s i s small ,  lexica l 
blend s ar e m u c h close r  t o thos e targe t  vector s tha n t o an y 
of  th e competito r  words .  Fo r  example ,  whe n th e lexica l 
blen d i s base d o n tw o targe t  patterns ,  th e R M S distanc e 
betwee n thos e pattern s an d th e blen d i s 0.36 .  Thi s i s 
comfortabl y close r  tha n th e neares t  competitor ,  whic h i s 
0.5 3 fro m th e blend .  HowevCT ,  a s th e numbe r  o f  targe t 
pattern s increases ,  th e signa l  begin s t o merg e wit h th e 
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nois e an d th e blend s becom e les s informative .  I t  soo n 
becomes impossibl e t o wor k ou t  whic h o f  th e word s th e 
blen d i s intende d t o represen t  o n th e basi s o f  proximity .  I t 
seems tha t  modelin g paralle l  activatio n i n thi s wa y impose s 
a limi t  o n th e numbe r  o f  word s tha t  ca n b e usefull y 
activated .  I f  to o m a n y distribute d pattern s ar e blende d 
together ,  th e interferenc e betwee n the m become s larg e an d 
ther e i s a  goo d chanc e o f  som e spuriou s patter n fallin g 
close r  t o th e blen d tha n m a n y o f  th e targe t  patterns .  Hinto n 
an d Shallic e (1991 )  sho w tha t  a  blen d o f  tw o vector s i n thi s 
typ e o f  syste m wil l  alway s b e a s clos e t o thos e vector s a s 
an y othe r  vecto r  (i f  no t  closer) .  However ,  fo r  blend s o f  a 
large r  numbe r  o f  word s thi s i s no t  th e case :  i t  become s 
possibl e (an d eve n probable )  tha t  othe r  vector s wil l  fal l 
close r  t o th e blen d tha n on e o r  mor e o f  th e targe t  vectors . 

I t  follow s tha t  a  distribute d syste m canno t  implemen t 
localis t  activatio n model s literally .  Suc h model s m a y 
permi t  m a n y thousand s o f  candidate s t o b e activ e earl y i n 
th e processin g o f  a  stimulus .  Becaus e representation s ar e 
localist ,  thes e candidate s ca n b e simultaneousl y activate d 
withou t  an y dange r  o f  confusin g th e activ e candidate s fro m 
th e inactiv e ones .  Th e distribute d equivalen t  ca n reac h th e 
same endpoin t  a s a  localis t  mode l  (th e correc t 
identificatio n o f  a  perceptua l  stimulus) ,  bu t  i n th e earl y 
stage s o f  processin g it s stat e doe s no t  completel y 
distinguis h betwee n matchin g an d mismatchin g candidates . 
Th e numbe r  o f  candidate s a  distribute d networ k ca n 
activat e effectivel y i n paralle l  i s  limited . 

Thi s conclusio n seem s reasonable ,  bu t  sinc e th e assume d 
lexica l  syste m involve s a  numbe r  o f  arbitrar y parameter s i t 
shoul d b e treate d wit h som e caution .  I n th e followin g 
sections ,  I  explor e th e exten t  t o whic h usin g differen t 
lexica l  system s alte r  th e propertie s o f  a  distribute d lexica l 
acces s process . 

Dimensionality of Lexical Space 

Th e exten t  t o whic h multipl e lexica l  representation s ca n b e 
activate d simultaneousl y i n a  distribute d lexico n depend s 
i n par t  o n th e numbe r  o f  dimension s i n tha t  lexica l  space . 
I n orde r  t o discriminat e betwee n th e component s o f  a 
lexica l  blen d (th e "active "  words )  an d thei r  competitor s 
(al l  othe r  word s i n th e menta l  lexicon) ,  th e component s 
must  matc h th e blen d o n mor e feature s tha n th e 
competitors .  Again ,  assumin g competitor s ar e randoml y 
distribute d throug h th e lexica l  space ,  thi s mean s tha t  eac h 
competito r  wil l  hav e a  certai n chanc e o f  matchin g th e 
blen d o n eac h feature .  I f  ther e i s a  smal l  numbe r  o f 
feature s an d a  larg e numbe r  o f  competitors ,  the n th e lexica l 
spac e become s crowde d an d ther e i s a  goo d chanc e o f  a t 
leas t  on e competito r  bein g sufficientl y simila r  t o a  lexica l 
blen d t o caus e interference .  A s th e numbe r  o f  dimension s 
or  feature s rises ,  thi s likelihoo d diminishe s an d th e 
capabilit y  o f  th e lexica l  syste m t o accommodat e multipl e 
representation s increases . 

Thi s wa s demonstrate d usin g randoml y chose n 
competito r  sets ,  agai n wit h binar y dimension s an d a  5 0 % 
chanc e o f  eac h elemen t  bein g se t  t o 1 .  W e define d th e 
separabilit y  o f  targe t  an d competito r  population s t o b e th e 
differenc e betwee n th e mea n targe t  distanc e an d th e 

m i n i m u m competito r  distance .  Thi s give s a  simpl e measur e 
of  th e representationa l  effectivenes s o f  th e blend .  A  hig h 
separabilit y  valu e implie s tha t  th e tw o population s ar e 
separabl e o n th e basi s o f  distanc e fro m th e blen d vecto r 
and indicate s tha t  th e syste m i s adequatel y representin g th e 
targe t  pattern s i n parallel . 

For  eac h lexica l  space ,  consistin g o f  betwee n 5 0 an d 80 0 
dimensions ,  th e separabilit y  o f  th e targe t  an d competito r 
set s decrease s a s th e numbe r  o f  pattern s i n th e targe t 
increase s (se e Figur e 3) .  However ,  a s th e dimensionalit y o f 
th e spac e rises ,  th e targe t  representation s becom e easie r  t o 
separat e fro m th e noise .  Thi s effec t  i s  mos t  obviou s i n th e 
x-axi s zero-crossin g point s fo r  eac h space ,  whic h ca n b e 
though t  o f  a s a  measur e o f  th e capacit y o f  th e syste m fo r 
simultaneou s representatio n o f  distribute d forms .  Thi s 
capacit y rise s fro m abou t  4  t o 3 2 a s th e dimensionalit y o f 
th e spac e ris e fro m 5 0 t o 800 .  Thus ,  increasin g th e numbe r 
of  dimension s i n th e lexica l  spac e improve s th e capacit y 
fo r  activatin g multipl e representation s i n parallel .  I t  i s 
difficul t  t o determin e wher e th e huma n syste m lie s alon g 
thi s continuu m o f  dimensionality ,  bu t  i t  m a y b e bes t  t o 
thin k o f  dimensionalit y a s a  measur e o f  richnes s o r  degree s 
of  freedo m i n lexica l  representations .  Eac h wa y o f 
distinguishin g betwee n tw o word s add s a n extr a dimensio n 
or  featur e t o th e representatio n an d mor e obliquel y add s t o 
th e capacit y o f  th e syste m t o represen t  multipl e lexica l 
entrie s i n parallel . 
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Figure 3. Effect of dimensionality on separability of target 
and competito r  populations .  Th e y-axi s plot s th e min imu m 

competito r  distanc e minu s th e mea n targe t  distance . 

Sparseness of Lexical Representations 

M a ny model s o f  cognitiv e functionin g (e.g. ,  Hinto n & 
Shallice ,  1991 ;  Plau t  &  Shallice ,  1993 )  hav e assume d tha t 
distribute d lexica l  representation s ar e sparse ,  meanin g tha t 
eac h word' s representatio n wil l  involv e th e activatio n o f 
onl y a  smal l  numbe r  o f  elements .  Th e nee d fo r  spars e 
representation s i s mos t  obviou s wit h binar y micro-featura l 
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representation s o f  wor d meaning ,  wher e eac h featur e i s 
onl y relevant  t o a  smal l  minorit y o f  words .  I n les s litera l 
representations ,  sparsenes s m a y translat e t o a  hig h degre e 
of  correlatio n betwee n th e distribute d vector s representin g 
words .  Thi s facto r  seem s boun d t o affec t  th e capacit y fo r 
simultaneou s activation—^afte r  al l  th e localis t  position , 
whic h i s ideall y suite d t o paralle l  activation ,  occupie s on e 
end o f  th e continuu m o f  sparseness .  Th e representation s 
examine d s o far ,  i n whic h 5 0 % o f  al l  element s wer e 
randoml y se t  t o 1 ,  li e a t  th e opposit e en d o f  thi s continuum . 

Figur e 4  show s th e effect s o f  manipulatin g sparseness , 
usin g th e separabilit y  measur e define d earlier .  Target s an d 
competito r  set s i n a  20 0 dimensiona l  spac e wer e assigne d 
distribute d representation s randomly ,  bu t  th e probabilit y  o f 
any elemen t  bein g se t  t o 1  (p„ )  varie d fro m 0.0 5 t o 0.5 . 
Competito r  se t  siz e wa s fixed  a t  300 0 words .  Als o plotte d 
i s th e sam e measur e fo r  a  se t  o f  localis t  representation s 
(local )  an d fo r  a  "near-Iocalist "  syste m o f  2  element s o n 
per  wor d (2feat) .  Fo r  th e localis t  representation ,  th e 
number  o f  competitor s i s limite d b y th e numbe r  o f 
element s i n th e vector ,  bu t  sinc e eac h competito r  i s 
equidistan t  from  th e blends ,  thi s ha s n o effec t  o n th e 
results . 
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Figur e 4 .  Effec t  o f  sparsenes s o f  representatio n o n 
separability .  Th e ke y give s th e mea n percentag e o f 

element s se t  t o 1  pe r  pattern .  Th e loca l  an d 2fea t  curve s ar e 
explaine d i n th e text . 

The pattern that emerges from this manipulation is 
complex .  Thi s i s partl y becaus e a s sparsenes s decrease s th e 
rang e o f  possibl e distance s i n th e lexica l  spac e i s reduced , 
whic h ha s th e effec t  o f  flattening  th e curve s fo r  th e sparse r 
representations .  Th e mos t  salien t  featur e o f  eac h curv e i s 
th e X-axi s zero-crossin g poin t  Thi s mark s th e poin t  a t 
whic h th e neares t  competito r  i s  a s clos e t o th e blend s a s th e 
averag e targe t  an d give s a n indicatio n o f  th e poin t  a t  whic h 
th e signa l  disappear s int o th e noise .  A s p „  reduce s from  0. 5 

t o 0.05 ,  thi s zero-CTOssin g drop s from  roughl y 8  t o 2 
patterns .  Thi s implies ,  perhap s surprisingly ,  tha t  th e 
capacit y fo r  multipl e representatio n drop s a s sparsenes s 
increases .  Th e curv e fo r  th e 2-featur e representatio n fits  i n 
wit h thi s pattern ,  crossin g th e x-axi s a t  roughl y 2  patterns . 
However ,  th e curv e fo r  th e localis t  representatio n i s ver y 
different :  i t  i s  stil l  (minimally )  abov e th e x-axi s fo r  a  blen d 
of  6 4 pattern s an d i n fac t  shoul d neve r  cros s th e x-axis . 

I n summary ,  increasin g sparsenes s i n a  distribute d 
representatio n deepen s th e proble m o f  representin g word s 
simultaneously ,  despit e th e fac t  tha t  th e sparse r 
representation s see m mor e simila r  t o a  localis t 
representation ,  whic h i s onl y limite d b y th e numbe r  o f 
element s i n th e vector .  Th e spars e representation s ar e 
problemati c becaus e the y plac e a  restrictio n o n th e 
position s i n lexica l  spac e tha t  word s ca n occupy .  Thi s i s 
simila r  t o reducin g th e dimensionalit y o f  th e space ,  whic h 
als o reduce s th e capacit y o f  th e system .  Th e localis t  syste m 
i s cruciall y different :  i t  als o restrict s th e lexica l  spac e bu t  i t 
guarantee s tha t  eac h wor d i s orthogona l  t o an d equidistan t 
fro m ever y othe r  word .  Thi s compartmentalize s th e space , 
meanin g tha t  a  blen d o f  an y numbe r  o f  word s wil l  alway s 
be close r  t o thos e word s tha n t o al l  others . 

Non-random Distribution in Lexical Space 

Th e lexica l  system s examine d s o fa r  hav e assume d tha t 
wor d representation s ar e randoml y distribute d throug h 
lexica l  space .  Thi s assumptio n seem s implausibl e i f  lexica l 
spac e encode s an y kin d o f  similarit y betwee n words . 
Gaskel l  &  Marslen-Wilso n (1995 )  describ e lexica l  acces s 
as a  mappin g ont o wor d representation s i n a  combine d 
phonologica l  an d semanti c space .  Eac h o f  thes e type s o f 
knowledg e provide s structure ,  whic h shape s th e lexica l 
spac e an d m a y alte r  th e natur e o f  th e blendin g o f 
representation s a s speec h i s perceived . 

T o addres s thi s issue ,  w e nee d a  distribute d 
representatio n tha t  encode s th e similarit y structur e bot h o f 
th e meaning s an d th e phonologica l  form s o f  words .  Lund , 
Burges s &  Atchle y (1995 )  hav e argue d tha t  similarit y i n 
meanin g ca n b e capture d usin g co-occurrenc e statistic s 
draw n fro m larg e corpor a o f  language .  Thi s metho d relie s 
on th e assumptio n tha t  word s wit h simila r  meaning s wil l 
occu r  i n simila r  contexts .  Althoug h thi s approac h i s 
unlikel y t o captur e th e ful l  richness  o f  wor d meanings ,  i t  i s 
a simpl e an d convenien t  wa y t o captur e som e aspect s o f 
semanti c similarit y i n a  distribute d system . 

Figur e 5  compare s a  rando m lexica l  spac e t o tw o set s o f 
mor e structure d representation s take n fro m Lun d e t  al . 
(1995) .  Th e structure d representation s ar e o f  a  se t  o f  277 9 
wor d representation s (mostl y o f  monosyllabi c words) .  Eac h 
one i s a  20 0 elemen t  vecto r  wit h value s rangin g from 0  t o 
645 .  Th e 20 0 dimension s wer e selecte d fro m a  large r 
matri x o f  co-occurrenc e statistic s i n orde r  t o captur e th e 
m a x i m u m varianc e betwee n th e vector s fo r  th e chose n 
words .  Th e 6 4 targe t  word s wer e selecte d randoml y fro m 
thi s set ,  wit h al l  othe r  word s actin g a s competitors .  A 
secon d analysi s use d a  binar y for m o f  thes e vectors ,  i n 
whic h eac h elemen t  wa s se t  t o eithe r  1  o r  0  dependin g o n 
whethe r  i t  wa s abov e o r  belo w th e m e a n valu e acros s al l 
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words .  T h e rando m spac e als o ha d 20 0 binar y dimensions , 
wit h eac h elemen t  havin g a  5 0 % chanc e o f  bein g se t  t o 1 . 
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Figur e 5 .  Effec t  o f  semanti c clusterin g o n separability .  T h e 
R MS score s fo r  th e continuou s spac e ar e normalized . 

The separability curves show that both forms of 
structure d vector s suffe r  m o r e fro m th e proble m o f 
blendin g tha n th e rando m vectors .  T h e zer o crossin g fo r 
th e rando m vector s i s a t  roughl y 1 6 patterns ,  wherea s fo r 
th e binar y structure d vector s i t  i s  betwee n 2  an d 4 ,  an d fo r 
th e continuou s structure d syste m i t  i s  belo w 2 .  Thi s implie s 
tha t  fo r  th e latte r  syste m ther e i s a  fai r  chanc e o f  a  blen d o f 
eve n 2  vector s fallin g close r  t o som e othe r  wor d tha n t o th e 
constituent s o f  th e blend . 

T h e m o r e realisti c spac e ha s mor e problem s 
distinguishin g signa l  from  nois e becaus e group s o f  word s 
for m tigh t  cluster s i n th e space .  Fo r  example , 
representation s o f  foo d word s m a y b e highl y simila r  t o 
eac h othe r  bu t  ver y differen t  t o al l  othe r  representations . 
Thi s m e a n s tha t  w h e n on e o f  thes e representation s i s 
blende d wit h th e representatio n o f  a n unrelate d wor d ther e 
i s a  goo d chanc e o f  on e o f  th e othe r  word s i n th e cluste r 
bein g a s clos e o r  close r  t o th e blen d tha n th e target .  T h e 
non-binar y for m o f  thi s representatio n fare s eve n wors e 
becaus e Uier e ar e n o restriction s o n th e position s wor d 
representation s ca n occup y i n th e space .  I n particular , 
word s m a y wel l  occup y position s clos e t o th e middl e o f  th e 
space ,  whic h i s  wher e th e blends ,  bein g arithmeti c means , 
ten d t o sit . 

I n general ,  therefore ,  addin g mo r e realisti c clusterin g 
worsen s th e proble m o f  activatin g distribute d 
representation s simultaneously .  However ,  ther e i s on e cas e 
i n whic h m o r e realisti c clusterin g lessen s thi s problem .  Fo r 
model s o f  speec h perceptio n thi s i s th e cas e wher e lexica l 
dimension s reflec t  similaritie s i n th e phonologica l  for m o f 
words .  Thi s i s  becaus e th e phonologica l  representation s o f 
word s tha t  mus t  b e activate d i n paralle l  (i.e. ,  cohor t 
m e m b e r s )  wil l  b e m o r e simila r  t o eac h othe r  tha n t o 
unrelate d words .  Alon g th e dimension s tha t  encod e th e 
similarities ,  th e blen d wil l  matc h th e targe t  representation s 
exactly ,  bu t  wil l  mismatc h competitors .  Thi s give s th e 
target s a  hea d star t  i n term s o f  thei r  overal l  distanc e t o th e 
blen d i n lexica l  space ,  an d decrease s th e chance s o f  non -
cohor t  m e m b e r s fallin g clos e t o th e blen d vector . 

T o illustrat e thi s effect ,  targe t  an d competito r  wor d set s 
wer e selecte d usin g cohor t  grouping s fo r  a  wor d chose n 

randoml y from  th e 262 8 monosyllable s i n th e Lund , 
Burges s an d Atchle y (1995 )  se t  (th e wor d bound) .  Th e 22 3 
word s wit h /b /  a s initia l  segmen t  forme d th e targe t  se t  fo r 
th e first  blend ,  wit h al l  othe r  word s treate d a s competito r 
set ;  th e secon d blen d use d onl y th e 2 5 word s wit h onse t 
/ba /  a s target s an d s o on .  T h e lexica l  spac e consiste d o f  5 2 
phonologica l  dimensions ,  whic h encode d a  modifie d for m 
of  th e Plant .  McClelland ,  Seidenber g &  Patterso n (1996 ) 
monosyllabi c representation ,  an d 5 2 semanti c dimensions , 
whic h wer e random ,  binar y an d matche d th e phonologica l 
representation s o n sparsenes s (p „  =  0.08) .  Thi s spac e wa s 
compare d t o a  contro l  spac e i n whic h al l  10 4 dimension s 
wer e rando m (se e Figur e 6) .  Fo r  bot h lexica l  spaces ,  th e 
abilit y t o separat e cohor t  (target )  fro m competito r  set s 
increase s furthe r  int o th e word ,  a s th e cohor t  se t  siz e 
decreases .  However ,  th e spac e incorporatin g phonologica l 
structur e i s  mor e abl e t o separat e cohor t  from  competito r 
set s a t  al l  points ,  reflectin g th e similarit y betwee n cohor t 
m e m b e rs alon g th e phonologica l  dimension s o f  th e lexica l 
space . 
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Figur e 6 .  Effec t  o f  phonologica l  clusterin g o n separability . 
Th e targe t  set s represen t  th e word-initia l  cohor t  group s a t 

eac h poin t  i n th e word . 

Discussion 

Th e previou s section s hav e attempte d t o quantif y th e 
effectivenes s o f  th e blendin g approac h t o multipl e 
representation s i n a  distribute d space .  I t  seem s tha t  ther e i s 
quit e a  stric t  limi t  o n th e numbe r  o f  distribute d pattern s 
tha t  ca n b e usefull y combine d int o a  singl e blend .  I n 
general ,  combinin g mor e tha n a  handfu l  o f  representation s 
result s i n a n unsatisfactor y blend ,  fo r  whic h simpl e 
distanc e i n lexica l  spac e doe s no t  properl y distinguis h th e 
component s o f  th e blen d from  thei r  competitors .  Thi s 
means tha t  distribute d network s d o no t  simpl y re -
implemen t  localist ,  activatio n based  system s suc h a s th e 
Cohor t  (Marslen-Wilson ,  1987 )  o r  logoge n (Morton ,  1969 ) 
models .  Thi s conclusion ,  althoug h introduce d wit h 
referenc e t o model s o f  speec h perception ,  m a y hav e 
implication s fo r  man y domain s o f  cognitiv e processing , 
suc h a s short-ter m m e m o r y capacit y (e.g. .  Miller ,  1956 )  o r 
conceptua l  combination . 

Variou s structura l  factor s affec t  th e capacit y fo r  multipl e 
representation .  I t  correlate s positivel y wit h th e numbe r  o f 
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dimension s o r  degree s o f  freedo m i n th e lexica l  space . 
Similarly ,  th e sparsenes s o f  lexica l  representation s ha s 
some effect ,  wit h mor e spars e representation s decreasin g 
th e capacit y t o accommodat e multipl e distribute d 
representations ,  despit e thei r  surfac e similarit y t o localis t 
representations .  Th e additio n o f  structur e t o th e distributio n 
of  word s i n lexica l  spac e generall y increase s th e proble m 
of  multipl e disuibute d representation ,  becaus e word s tha t 
ar e closel y packe d togethe r  i n spac e ar e difficul t  t o 
discriminat e o n th e basi s o f  lexica l  distanc e alone .  Thi s 
proble m become s mor e acut e whe n th e dimension s o f 
lexica l  spac e ar e continuou s rathe r  tha n binary .  Th e on e 
cas e i n whic h th e additio n o f  structur e doe s hel p i s whe n 
th e targe t  pattern s ar e al l  simila r  alon g certai n dimensions . 
I n th e cas e o f  speec h perception ,  thi s occur s whe n 
phonolog y i s adde d t o lexica l  space . 

A potentia l  criticis m o f  thes e finding s i s tha t  the y hav e 
al l  bee n base d o n a  distanc e measure .  Althoug h thi s ha s 
been th e dominan t  too l  fo r  explorin g distribute d 
representations ,  i t  i s  possibl e tha t  som e othe r  measur e 
woul d b e mor e discriminating .  I n particular ,  i t  ma y b e 
more usefu l  t o examin e spars e representation s b y lookin g 
at  th e angl e betwee n th e relevan t  vectors .  A  reanalysi s o f 
th e sparsenes s investigatio n di d remov e th e comparativ e 
disadvantag e foun d fo r  th e mor e spars e representations ,  bu t 
i f  anythin g i t  emphasize d th e gul f  betwee n localis t  an d 
distribute d representation s i n term s o f  thei r  capacit y t o 
represen t  activatio n pattern s i n parallel . 

An alternativ e i s tha t  lexica l  spac e shoul d no t  b e treate d 
uniformly ,  s o fo r  example ,  paralle l  activatio n o f  cohor t 
members ma y reflec t  onl y th e phonologica l  dimensions , 
whic h ar e mor e abl e t o distinguis h cohor t  fro m non-cohor t 
members an d ar e mor e interpretabl e whe n partiall y 
activated .  Similarly ,  give n th e freedo m t o construc t  thei r 
own distribute d spac e (e.g. ,  i n th e hidde n units) , 
connectionis t  network s ca n ensur e tha t  word s tha t  ar e 
frequend y coactivate d (suc h a s cohor t  competitor s i n 
speec h perception )  hav e simila r  representations .  However , 
th e distribute d spac e mus t  als o b e abl e t o accommodat e 
unlikel y o r  infrequen t  combination s o f  item s (perhaps ,  fo r 
example ,  t o entertai n th e notio n o f  a  concret e cow) .  Also , 
th e distribute d spac e ma y b e subjec t  t o separat e constraint s 
tha t  d o no t  allo w suc h reorganizatio n o f  representations . 
Some o f  th e stronges t  evidenc e fo r  earl y multipl e 
activatio n i n speec h perceptio n come s fro m experiment s 
involvin g semanti c primin g (Zwitserloo d &  Schriefers , 
1995) .  I f  disuibute d model s ar e t o acconmiodat e thes e 
data ,  the n th e domai n o f  multipl e activatio n mus t  b e a 
disuibute d semanti c space ,  whic h b y definitio n doe s no t 
permi t  clusterin g o n th e basi s o f  phonologica l  form . 

At  th e moment ,  th e experimenta l  dat a o n th e exten t  o f 
paralle l  activatio n i n speec h perceptio n ar e equivocal .  W e 
do no t  kno w ho w man y lexica l  representation s ca n b e 
activate d i n parallel ,  no r  whethe r  th e numbe r  o f 
representation s activate d affect s thei r  degre e o f  activation . 
Maybe di e mos t  profitabl e reactio n t o thi s finding  i s t o 
accep t  i t  a s a  limitatio n o f  distribute d connectionis m an d 
conduc t  furthe r  experiment s t o se e whethe r  i t  correspond s 
t o a  simila r  propert y o f  th e huma n system .  Connectionis t 
model s ar e ofte n accuse d o f  bein g to o powerful ,  bu t  her e 

we hav e a  clea r  cas e o f  somethin g distribute d 
representation s find  difficult .  I f  thi s limitatio n turne d ou t  t o 
be on e tha t  huma n system s share ,  i t  woul d b e a  powerfu l 
argumen t  fo r  th e validit y o f  modelin g cognitiv e processe s 
usin g th e distribute d metaphor . 
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Abstrac t 

In recent years, a number of models of lexical access based 
on attracto r  network s hav e appeared .  Thes e model s reproduc e 
a numbe r  o f  effect s see n i n psycholinguisti c experiments ,  bu t 
al l  suffe r  fro m unrealisti c representation s o f  lexica l  semantics . 
I n a n effor t  t o improv e thi s siOiatio n w e ar e lookin g a t  tech -
nique s develope d i n th e informatio n retrieva l  literatur e tha t  us e 
th e statistic s foun d i n larg e corpor a t o automaticall y produc e 
vecto r  representation s fo r  larg e number s o f  words .  Thi s pape r 
concentrate s o n th e proble m o f  transformin g th e real-value d 
cooccurrenc e vector s produce d b y thes e statistica l  technique s 
int o th e binary -  o r  bipolar-value d vector s require d b y attracto r 
networ k models ,  whil e maintainin g th e importan t  inter-vecto r 
distanc e relationships .  W e describ e a n algorith m w e cal l  dis -
cret e multidimensiona l  scalin g whic h accomplishe s this ,  an d 
presen t  th e result s o f  a  se t  o f  experiment s usin g thi s algorithm . 

Introduction 

O ur  goa l  i s t o develo p a  connectionis t  mode l  o f  lexica l  acces s 
and wor d sens e disambiguatio n tha t  incorporate s a  mor e re -
alisti c mode l  o f  lexica l  semantic s tha n curren t  models .  Fo r 
th e mos t  part ,  curren t  connectionis t  model s rel y eithe r  o n 
hand-crafte d vecto r  representation s o f  th e meaning s o f  word s 
(Kawamoto ,  1993;Plaut&Shallice ,  1993 )  o r  randoml y gener -
ate d vecto r  representation s (Cottrel l  &  Plunkett ,  1995 ;  Plaut , 
1995) . 

Hand-crafte d representation s m a y impos e som e structur e 
on th e fields  o f  th e vecto r  (Gallant ,  1991 ;  Plau t  &  Shallice , 
1993 )  i n a n attemp t  t o provid e consistency ,  o r  the y m a y b e 
buil t  a d ho c (Kawamoto ,  1993) .  Thes e technique s ar e moti -
vate d b y th e desir e t o relat e th e lexica l  representation s use d i n 
th e simulatio n t o rea l  words ,  s o tha t  parallel s m a y b e draw n 
t o psycholinguisti c experiments ,  an d t o th e intuition s o f  re -
searchers .  Ther e ar e tw o mai n problem s wit h hand-crafte d 
representations .  First ,  the y requir e lot s o f  wor k t o develop ,  s o 
tha t  th e numbe r  o f  word s use d i n a  simulatio n i s limited .  Sec -
ond ,  i t  i s  eas y t o develo p a  representatio n withou t  specifyin g 
what  principle s wer e importan t  i n it s design . 

Randomly-generate d representation s m a y b e use d t o avoi d 
bot h o f  thes e problems .  Th e motivatio n her e i s usuall y t o 
generat e representation s whic h maintai n som e interestin g se t 
of  distanc e relationships .  Th e parameter s ca n b e adjuste d t o 
achiev e th e se t  o f  relationship s desired .  Th e metho d i s prin -
ciple d an d reproducible .  Also ,  th e numbe r  o f  vector s whic h 
ca n b e generate d usin g thi s metho d i s essentiall y  unlimited . 
Unfortunately ,  usin g thi s techniqu e i t  i s  no t  possibl e t o re -
lat e th e representation s t o rea l  words ,  s o parallel s t o specifi c 
psycholinguisti c stimul i  ar e no t  possible . 

Recently ,  a  thir d metho d fo r  generatin g vecto r  represen -
tation s o f  lexica l  semantic s ha s bee n gainin g acceptanc e 
(Schutze ,  1993) .  Thi s metho d involve s gatherin g wor d cooc -
currenc e statistic s fro m a  larg e tex t  corpus .  Acros s al l  oc -
currence s i n th e corpu s o f  wor d X ,  w e ca n coun t  h o w man y 
time s wor d Y  occur s nearby .  Thi s numbe r  i s th e cooccurrenc e 
coun t  fo r  X  an d Y .  I f  w e gathe r  cooccurrenc e count s fo r  al l 
pair s o f  word s whic h occu r  abov e a  certai n frequency ,  w e ar e 
lef t  wit h a  larg e cooccurrenc e matrix .  Th e ro w o f  thi s matri x 
correspondin g t o wor d X  i s a  vecto r  containin g th e numbe r 
of  time s eac h othe r  wor d occurre d nea r  wor d X  i n th e cor -
pus .  Insofa r  a s contex t  ca n b e represente d b y suc h a  "ba g 
of  words, "  thi s ro w capture s th e averag e contex t  i n whic h 
wor d X  i s seen .  Variou s researcher s hav e propose d method s 
fo r  refinin g an d reducin g th e siz e o f  th e initia l  cooccurrenc e 
vectors .  Ou r  metho d o f  refinemen t  i s t o replac e eac h coun t  i n 
th e matri x wit h th e mutua l  informatio n betwee n th e ro w wor d 
and colum n word ,  the n us e principa l  component s analysi s t o 
shorte n th e vector s t o a  reasonabl e size . 

Th e clai m ha s bee n m a d e tha t  cooccurrenc e vector s captur e 
somethin g o f  th e semantic s o f  words .  Thi s clai m i s supporte d 
by a  numbe r  o f  experiments .  Landaue r  &  Dumai s (1994) , 
use d cooccurrenc e vector s t o pas s a  portio n o f  th e T O E F L 
(Tes t  o f  Englis h a s a  Foreig n Language )  exam ,  a  tes t  use d 
t o evaluat e a  foreig n student' s c o m m a n d o f  Englis h fo r  entr y 
t o U.S .  college s an d universities .  Th e portio n o f  th e tes t 
attempte d require s th e studen t  t o choose ,  fro m a  shor t  lis t  o f 
words ,  th e wor d whic h i s mos t  simila r  i n meanin g t o som e cu e 
word .  T o pas s th e tes t  usin g cooccurrenc e vectors ,  thedistanc e 
betwee n th e cooccurrenc e vector s fo r  eac h pai r  o f  word s wa s 
calculated ,  an d th e wor d whic h wa s closes t  t o th e cu e wor d 
was chosen .  S o th e distanc e betwee n th e representation s o f 
tw o word s serve s a s a  measur e o f  semanti c distance . 

Schutz e (1993 )  use d cooccurrenc e vector s t o ta g th e sense s 
of  ambiguou s word s i n a  corpu s o f  text .  Fo r  eac h occurrenc e 
of  a n ambiguou s wor d o f  interes t  i n th e text ,  th e cooccurrenc e 
vecto r  representation s fo r  al l  nearb y word s ar e summe d to -
gethe r  t o produc e a  contex t  vector .  A n automati c clusterin g 
techniqu e i s use d t o separat e thes e contex t  vector s int o groups . 
Al l  occurrence s o f  th e ambiguou s wor d correspondin g t o con -
tex t  vector s i n a  singl e grou p ar e tagge d wit h th e sam e sense . 
Thi s techniqu e work s a s wel l  a s an y automati c wor d disam -
biguatio n techniqu e i n th e literatur e (8 9 t o 9 5 percen t  correc t 
on a  shor t  lis t  o f  words) ,  competin g favorabl y wit h technique s 
whic h star t  wit h a  mor e refine d sourc e o f  semanti c informatio n 
suc h a s a n on-lin e thesauru s o r  dictionary . 

Cooccurrenc e vector s hav e als o bee n use d t o mode l  se -
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manti c priming .  Lund ,  Burges s &  Atchle y (1995 )  presen t  th e 
result s o f  a  compariso n betwee n a  predictio n o f  th e siz e o f  th e 
semanti c primin g effec t  derive d usin g th e distance s betwee n 
cooccurrenc e vectors ,  an d a  semanti c primin g experimen t  us -
in g huma n subjects .  Bot h th e predictio n an d th e experimen t 
use d th e sam e se t  o f  materials ,  an d sho w strikingl y simila r 
results . 

The succes s o f  cooccurrenc e vector s i n a  variet y o f  semanti c 
task s suggest s the m a s a  goo d representatio n i n th e develop -
ment  o f  a  mode l  o f  lexica l  access .  Th e metho d o f  generatin g 
the m i s principle d an d reproducible ,  th e representation s ca n 
be linke d t o specifi c  words ,  an d th e numbe r  o f  word s fo r  whic h 
suc h vector s ca n b e generate d i s potentiall y unlimited .  S o thi s 
metho d appear s t o combin e th e bes t  o f  bot h th e hand-crafte d 
and randomly-generate d vecto r  representations . 

Unfortunately ,  ther e i s a  proble m wit h th e us e o f  cooc -
currenc e vector s fo r  connectionis t  modeling .  A  numbe r  o f 
recent ,  successfu l  model s o f  lexica l  phenomen a (Kawamoto , 
1993 ;  Plau t  &  Shallice ,  1993 ;  Plaut ,  1995 )  emplo y attracto r 
network s i n thei r  simulations .  I n thes e networks ,  th e curren t 
outpu t  doe s no t  rel y solel y o n th e inpu t  a t  th e curren t  tim e 
step ,  bu t  ma y b e influence d b y interna l  stat e whic h ha s devel -
oped ove r  th e cours e o f  man y earlie r  tim e steps .  Th e network s 
ar e traine d t o buil d stabl e attractor s int o whic h activatio n wil l 
settl e ove r  time .  Th e tim e t o settl e ca n b e measure d i n differ -
ent  conditions ,  an d compare d t o reactio n tim e performanc e o f 
human subjects .  Thi s settlin g performanc e ha s bee n use d t o 
accoun t  fo r  a  numbe r  o f  huma n primin g results :  frequency , 
tim e cours e o f  activatio n o f  ambiguou s word s (Kawamoto , 
1993) ,  an d semanti c versu s associativ e primin g (Plaut ,  1995) . 
Simila r  model s als o exis t  t o explai n th e effect s o f  neurologica l 
damage suc h a s dee p dyslexi a (Plau t  &  Shallice ,  1993) . 

Attracto r  network s ten d t o wor k muc h bette r  whe n th e rep -
resentation s t o whic h the y ar e traine d t o settl e ar e bi t  vector s 
rathe r  tha n real-value d vectors .  W e wil l  us e th e ter m bi t  vecto r 
t o refe r  t o a  vecto r  whos e element s ma y tak e o n tw o values . 
Most  often ,  th e tw o value s ar e eithe r  0  an d 1 ,  resultin g i n a  bi -
nar y vector ,  or- I  an d \,Tesu\ungi n a  bipola r  vector^ .  W h e n 
th e representation s t o b e store d ar e bi t  vectors ,  th e extrem e 
value s allowe d b y th e squashin g functio n ca n b e chose n t o 
matc h thos e o f  th e bi t  representation .  I n th e extrem e range , 
a larg e chang e i n th e inpu t  t o a  nod e ha s littl e effec t  o n th e 
outpu t  o f  th e node .  Thu s thes e extrem e range s mak e goo d 
place s t o buil d stabl e attractors . 

So now ,  w e finally  ge t  t o th e mai n poin t  o f  thi s paper !  I f 
cooccurrenc e vector s ar e t o b e use d a s th e semanti c represen -
tatio n i n a n attracto r  networ k model ,  w e nee d a  wa y t o trans -
for m th e real-value d cooccurrenc e vector s int o bi t  vectors . 
Thi s transformatio n mus t  b e accomplishe d whil e maintainin g 
th e origina l  distance s betwee n vector s i n th e rea l  space .  Th e 
remainde r  o f  thi s pape r  i s a  repor t  o n ou r  attempt s t o develo p 
an algorith m whic h perform s thi s transformation ,  an d th e per -
formanc e result s o f  th e metho d whic h w e hav e foun d mos t 
effective .  I n th e nex t  sectio n w e loo k a t  possibl e cos t  func -
tion s t o b e use d b y a n optimizatio n algorithm .  Th e followin g 
sectio n discusse s optimizatio n algorithms .  Next ,  w e presen t 
result s o f  runnin g ou r  algorith m o n a  numbe r  o f  problems . 

Finally ,  w e presen t  ou r  conclusions . 

Cost Functions 

An importan t  constrain t  o n th e final  representatio n i s tha t  i t 
contai n a s fe w bit s a s possibl e whil e stil l  maintainin g th e 
origina l  distance s betwee n vectors .  Thu s w e share ,  wit h th e 
multidimensiona l  scalin g ( M D S )  literatur e (Shepard ,  1962 ; 
Kruskal ,  1964 ;  Bor g &  Lingoes ,  1987 )  th e desir e t o represen t 
a larg e amoun t  o f  dat a i n a  smalle r  space .  M D S reproduce s 
a se t  o f  proximitie s (similaritie s o r  dissimilarities )  define d o n 
some unknow n spac e d o w n t o a  lowe r  numbe r  o f  dimensions . 
M DS method s ca n b e divide d int o metri c an d non-metri c tech -
niques .  Metri c M D S assume s tha t  th e give n se t  o f  proximitie s 
ar e take n fro m a  metri c space .  Non-metri c M D S make s th e 
weake r  assumptio n tha t  th e dat a wa s take n fro m a  semi-metri c 
spac e (i.e .  th e triangl e inequalit y doe s no t  necessaril y  hold) . 

The M D S formulatio n differ s fro m ou r  proble m i n that , 
wit h M D S ,  th e targe t  spac e i s real-valued ,  an d th e numbe r  o f 
dimension s i n th e targe t  spac e i s small .  I n ou r  problem ,  th e 
targe t  spac e i s a  bi t  space ,  an d th e numbe r  o f  bi t  dimension s 
require d t o buil d a n accurat e reproductio n o f  th e origina l  spac e 
may b e quit e large .  Despit e th e differences ,  w e ca n easil y stat e 
our  proble m i n th e term s use d i n thi s literature . 

Let  P  =  {(i ,  j ) ,  1  <  i, j  <  n }  b e a n ordere d se t  o f  (i,j ) 
pair s tha t  designate s th e vecto r  pair s fo r  whic h w e hav e prox -
imities .  W e wil l  inde x th e element s o f  P  b y subscrip t  a s pjt . 
Let  6  =  {S k :  6 k =  prox{wi,Wj),p k — {i,j)(P }  b e th e 
set  o f  proximitie s betwee n item s Wi  an d Wj  i n th e origina l 
space ,  wher e i  an d j  ar e designate d b y P .  Then ,  give n a  dis -
tanc e metri c i n s-dimensiona l  bi t  space ,  dis t  :  B '  x  B '  y- ^  11 , 
B =  {0,1 }  o r  {-1 ,  1} ,  ou r  goa l  i s  t o produc e a  se t  o f  n 
vectors ,  V ,  suc h tha t  C{8 ,  d )  i s  minimized ,  wher e d  =  {d k : 
dk =  dist{vi,Vj),p k =  {i,j)eP }  isthesetofdistancesinth e 
ne w spac e correspondin g t o th e 8s ,  an d C  i s a  cos t  functio n 
whic h tell s  h o w goo d i s th e matc h betwee n th e 6 s an d th e ds . 
The cos t  function ,  C  determine s wha t  i t  mean s fo r  th e origina l 
distance s t o b e preserve d i n bi t  space .  Therefore ,  ou r  choic e 
of  a  cos t  functio n i s ver y important . 

One fairl y genera l  specificatio n o f  a n M D S cos t  functio n i s 
th e following . 

Kid,6) ^ 
Ek{dk-dk) ' 

'similarly ,  w e wil l  us e th e ter m bi t  spac e t o refe r  t o th e spac e 
spanne d b y a  se t  o f  eithe r  binar y o r  bipola r  axe s withou t  specifyin g 
which . 

I f  th e origina l  proximities ,  6k ,  ar e sorte d s o tha t  Vfc ,  6 *  < 
6jfe+i ,  an d d k i s chose n t o b e th e monotonicall y increasin g 
functio n o n 6 k whic h produce s th e smalles t  possibl e valu e i n 
th e numerato r  o f  K ,  the n K  i s th e non-metri c cos t  functio n 
knownsi s Kruskal' s stres s {Kiuskal ,  1964) .  Thi s cos t  functio n 
i s on e o f  th e bes t  know n i n th e M D S literature ,  an d m a y serv e 
as a  goo d choic e i n non-metri c applications . 

I f  d k i s chose n t o b e th e regressio n function ,  whic h serve s 
as th e bes t  su m o f  square s predictio n o f  d k give n 6k ,  the n A ' 
i s  a  metri c cos t  functio n (Bor g &  Lingoes ,  198 7 p.42) ,  whic h 
we wil l  refe r  t o a s metri c stress ,  o r  K m -  Fo r  ou r  problem , 
th e proximitie s ar e derive d fro m a  metri c space ,  s o i t  make s 
sens e t o us e a  metri c cos t  function .  W e hav e foun d K m t o b e 
usefu l  whe n th e distanc e metri c i n bi t  space ,  dist ,  i s  chose n 
t o b e Euclidea n distance .  Thi s shoul d als o wor k wel l  wit h 
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othe r  Minkowsk i  metric s (includin g H a m m i n g o r  city-bloc k 
distance) ,  bu t  w e hav e no t  trie d usin g these . 

If ,  instea d o f  usin g th e regressio n function ,  w e defin e 

dk =  f>k ,  the n A '  i s  stil l  a  metri c cos t  function ,  bu t  con -
strain s th e final  distance s t o matc h th e origina l  distance s a s 
closel y a s possible .  W e wil l  refe r  t o thi s a s th e exac t  matc h 
cos t  function ,  o r  A'̂ .  A' ^  ha s prove n t o b e a  usefu l  cos t 
functio n whe n bot h th e distanc e metri c i n th e origina l  rea l 
space ,  prox ,  an d i n bi t  space ,  dist ,  ar e th e cosin e o f  th e angl e 
betwee n tw o vectors^ .  Thi s distanc e metri c i s use d exten -
sivel y i n th e informatio n retrieva l  literature ,  an d work s wel l 
wit h ou r  cooccurrenc e vectors .  W e hav e foun d tha t  K m onl y 
work s wel l  wit h th e cosin e metri c whe n th e numbe r  o f  bit s i n 
th e final  representatio n i s smal l  compare d t o th e numbe r  o f 
vector s bein g reproduced .  I f  th e numbe r  o f  bit s i n th e final 
representatio n i s large .  K m ca n b e minimize d b y makin g al l 
th e outpu t  vector s orthogona l  t o eac h other .  K ^  avoid s thi s 
proble m wit h th e cosin e metri c b y settin g th e slop e o f  th e re -
gressio n lin e t o a  constan t  1 .  Thi s i s essentiall y  equivalen t  t o 
minimizin g th e su m o f  square d errors^ .  Th e result s reporte d 
i n th e Result s sectio n ar e generate d usin g A'̂ . 

O ne advantag e tha t  K m an d A' l  hav e ove r  Kruskal' s stres s 
i s tha t  the y ca n easil y b e compute d incrementally .  Thoug h th e 
tim e t o calculat e an y o f  thes e cos t  function s fro m scratc h i s 
O(r)^m )  wher e n  i s th e numbe r  o f  vectors ,  an d m i s th e widt h 
of  a  vector ,  th e tim e t o calculat e th e chang e i n cos t  whe n a 
singl e bi t  i s  change d i s 0 { n )  fo r  K m an d K^ .  Thi s i s a  hug e 
advantag e fo r  algorithm s whic h searc h b y changin g a  singl e 
bi t  a t  a  time ,  suc h a s thos e presente d i n th e nex t  section .  I t 
may b e tha t  a  simila r  saving s ca n b e achieve d wit h Kruskal' s 
stress ,  bu t  th e implementatio n i s no t  obvious . 

Search Algorithms 

The cos t  function s describe d i n th e previou s sectio n allo w u s 
t o evaluat e h o w goo d a  se t  o f  bi t  vector s ar e i n reproducin g 
th e distanc e relationship s i n th e origina l  se t  o f  rea l  vectors . 
I n thi s sectio n w e loo k a t  tw o algorithm s fo r  searchin g th e 
spac e o f  possibl e bi t  vector s fo r  a n optima l  solution .  Bot h o f 
thes e ar e discrete-spac e algorithms ,  meanin g onl y point s i n th e 
final  bit-spac e ar e considere d a s candidat e solutions .  W e ar e 
als o considerin g continuous-spac e algorithms ,  whic h conside r 
point s i n rea l  spac e a s intermediat e candidat e solutions ,  bu t 
we hav e ha d littl e succes s wit h these ,  t o date . 

The simples t  discrete-spac e searc h metho d w e hav e looke d 
at  i s  a  Monte-Carl o metho d w e wil l  cal l  r a n d o m - w a l k . 
Thi s algorith m maintain s a  curren t  se t  o f  bi t  vectors ,  whic h 
we wil l  cal l  th e curren t  configuration .  A t  al l  times ,  th e curren t 
configuratio n contain s th e se t  o f  bi t  vector s whic h produc e th e 
bes t  cos t  functio n valu e s o far .  Fro m th e curren t  configuration , 

-Instea d o f  cos{v,w) ,  w e actuall y us e ''""̂ "'"' ^  Usin g thi s 
function ,  larg e number s mea n th e tw o vector s ar e fa r  apart ,  whic h i s 
an assumptio n use d i n th e denominato r  o f  K . 

Mn th e formul a fo r  K  an d K m ,  th e d  functio n i s chose n wit h 
knowledg e o f  th e dk -  I f  al l  outpu t  vector s ar e identical ,  an d thu s 
al l  (/( ,  =  0 ,  i t  i s  simpl e t o choos e a  i  functio n whic h minimize s th e 
numerator .  Th e denominato r  i s  include d t o penaliz e thes e degenerat e 
solutions .  Wit h A'l ,  th e d  functio n i s  fixed,  s o ther e i s n o longe r  an y 
need fo r  th e denominato r  Withou t  th e denominator ,  K x i s exactl y 

th e su m o f  square d error s (̂ ^  (d k -  dk )  ) .  Th e result s reporte d i n 
thi s pape r  includ e th e vestigia l  denominator . 

we searc h fo r  a  bette r  configuratio n b y randoml y choosin g a 
singl e bi t  o f  a  singl e vecto r  an d seein g wha t  happen s t o th e 
cos t  functio n i f  tha t  bi t  i s flipped.  I f  flipping  th e bi t  result s 
i n a n improvemen t  i n th e cos t  function ,  the n th e flipped  bi t  i s 
accepte d int o th e curren t  configuratio n an d th e searc h contin -
ues fro m thi s ne w point .  I f  flipping  th e bi t  doe s no t  resul t  i n 
an improvement ,  w e sta y wit h th e curren t  configuratio n an d 
continu e lookin g a t  othe r  randoml y chose n bits .  Thi s kin d 
of  iterativ e improvemen t  continue s unti l  ther e exist s n o bi t 
whic h improve s th e curren t  configuration .  A t  thi s poin t  th e 
algorith m halts ,  an d th e curren t  configuratio n i s returne d a s 
th e optima l  se t  o f  bi t  vectors . 

Thoug h yo u ca n us e a  rando m bi t  vecto r  a s th e initia l  con -
figuration,  thi s algorith m run s faste r  i f  th e initia l  configuratio n 
i s a  fairl y  goo d one .  Fo r  bipola r  bits ,  w e designat e a  field  o f 
bit s t o correspon d t o eac h real-value d elemen t  o f  th e origina l 
vectors ,  an d se t  ever y bi t  i n th e field  t o th e sig n o f  it s  ele -
ment .  Similarl y fo r  binar y bits ,  w e se t  t o 1  al l  bit s whos e 
correspondin g elemen t  i s greate r  tha n 0.5 ,  an d th e res t  t o 0 . 
This ,  the n serve s a s ou r  initia l  configuration .  Ther e i s n o con -
strain t  i n th e algorith m t o maintai n a  correspondenc e betwee n 
element s i n th e origina l  vector s an d particula r  fields  i n th e 
ne w vectors .  Nevertheless ,  imposin g suc h a  correspondenc e 
provide s a  usefu l  metho d fo r  generatin g th e initia l  configu -
ration .  A s a n exampl e o f  ho w muc h differenc e th e initia l 
configuratio n makes ,  fo r  th e 14 4 bi t  proble m presente d i n th e 
Result s section ,  startin g fro m a  rando m initia l  configuratio n 
require d almos t  twic e a s muc h computatio n a s startin g usin g 
th e metho d presente d here ,  an d produce d essentiall y th e sam e 
cos t  functio n value . 

A relate d algorith m i s th e o p t i m a l - w a l k algorithm .  I n 
thi s algorithm ,  th e curren t  configuratio n i s no t  change d unti l 
al l  possibl e bi t  change s hav e bee n evaluated .  Th e singl e bi t 
chang e whic h result s i n th e larges t  improvemen t  i n th e cos t 
functio n i s accepte d int o th e curren t  configuration ,  an d th e 
searc h continue s fro m thi s ne w point .  Lik e r a n d o m - w a l k , 
th e algorith m complete s whe n n o mor e improvement s ca n b e 
found .  A s yo u migh t  expect ,  o p t  im a 1  -w a 1  k  require s mor e 
tim e t o ru n tha n r a n d o m - w a l k .  W e ha d hope d tha t  th e th e 
solution s i t  foun d migh t  b e bette r  tha n r a n d o m - w a l k ,  bu t 
thi s doe s no t  appea r  t o b e th e case .  I n on e trial ,  w e foun d 
tha t  o p t i m a l - w a l k flipped  abou t  1/ 3 th e numbe r  o f  bit s 
as r a n d o m - w a l k i n th e cours e o f  finding a  solution ,  bu t 
require d 5 0 time s a s muc h tim e overal l  t o run .  Th e final 
cos t  functio n valu e o f  th e tw o solution s wer e almos t  iden -
tical ,  s o r a n d o m - w a l k appear s t o perfor m wel l  compare d 
t o o p t i m a l - w a l k whil e requirin g muc h les s computation . 
The result s reporte d i n th e Result s sectio n ar e generate d usin g 
r a n d o m - w a l k . 

Results 

In this section, we present the results of running the 
r a n d o m - w a l k algorith m usin g th e cosin e A' ^  cos t  functio n 
on a  se t  o f  cooccurrenc e vector s fo r  23 3 word s whic h wer e 
use d a s stimul i  i n Chiarell o e t  al .  (1990) .  W e starte d wit h a 
233 b y 30(X) 0 matri x o f  cooccurrenc e count s collecte d fro m 
Interne t  new s group s b y Keve n Lun d an d Cur t  Burgess .  W e 
refine d thi s matri x b y replacin g eac h cooccurrenc e coun t  b y 
it s mutua l  informatio n value ,  the n use d principa l  component s 
analysi s t o reduc e eac h o f  th e 23 3 vector s t o 3 6 elements .  W e 
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Figure 1: (a) Final Stress at Various Bit Sizes (b) Bit Tests 
Require d 

hav e ru n th e algorith m o n othe r  set s o f  vector s a s wel l  wit h 
simila r  results . 

Figur e 1  (a )  plot s th e m i n i m u m valu e o f  A'̂ -  achieve d h y a 
singl e ru n o f  th e r a n d o m - w a l k algorith m a t  fiv e differen t 
bi t  vecto r  sizes .  Th e x-axi s plot s th e numbe r  o f  bit s i n eac h 
outpu t  vecto r  pe r  origina l  real-value d vecto r  element .  Sinc e 
ther e wer e 3 6 rea l  element s i n th e origina l  vectors ,  ther e wer e 
18,  36 ,  72 ,  14 4 an d 28 8 bit s respectivel y i n th e outpu t  vector s 
portraye d i n thi s graph .  Not e tha t  h y addin g mor e bit s t o 
th e outpu t  representation ,  w e ca n reduc e A' r  d o w n t o a  valu e 
somewhat  abov e zero . 

Figur e 1  (b )  plot s th e numbe r  o f  calculation s o f  th e cos t 
functio n require d t o generat e th e stres s value s i n figure I  (a) . 
Thi s provide s a  goo d measur e o f  h o w th e algorith m i s affecte d 
by th e outpu t  vecto r  size .  Usin g ou r  incrementa l  technique . 
th e tim e require d fo r  on e calculatio n o f  th e cos t  functio n doe s 
not  depen d upo n h o w man y bit s ar e include d i n th e outpu t 
representation ,  s o th e dependenc y o n outpu t  vecto r  siz e i s 
simpl y a n indicatio n tha t  tha t  ther e ar e mor e bi t  combination s 
t o tr y ou t  wit h th e large r  outpu t  sizes .  O n ou r  SparcStatio n 
20 ,  th e 1 8 bi t  proble m require d 2 4 second s o f  C P U tim e t o 
solve .  Th e 28 8 bi t  proble m require d 3 0 minute s o f  C P U time . 

Figur e 2  show s scatte r  plot s o f  th e final  configuratio n fo r  th e 
36 an d 28 8 bi t  solutions .  Her e w e plo t  th e distance s betwee n 
ever y pai r  o f  vector s i n th e origina l  vecto r  spac e versu s th e 
distance s betwee n th e correspondin g vector s i n th e outpu t 
space .  Th e horizonta l  line s i n th e plot s occu r  becaus e onl y 
a limite d numbe r  o f  distance s ar e possibl e betwee n vector s 
i n bi t  space .  Regressio n line s ar e als o plotte d here .  Not e 
tha t  a s /\. r  i s  reduced ,  th e point s plotte d ar e pulle d i n tighte r 
t o th e regressio n line .  Th e tightnes s o f  th e 28 8 bi t  solutio n 
serve s a s fairl y  convincin g evidenc e tha t  w e ar e reproducin g 
th e origina l  distances . 

We ca n visualiz e th e succes s o f  ou r  algorith m b y lookin g 
at  cluste r  diagrams .  Th e additiv e cluste r  tree s (Sattat h & 
Tversky ,  1977 ;  Corter ,  1982 )  show n i n figure  3  ar e take n fro m 
th e origina l  vecto r  space ,  an d th e 28 8 bi t  vecto r  space .  Th e 
tre e fro m th e origina l  spac e i s o n th e left .  Thes e cluster s ar e 
extracte d fro m th e large r  tree s whic h eac h contai n 23 3 words . 
Not e tha t  th e algorith m ha s maintaine d th e structur e o f  th e 
origina l  tree s a t  tw o levels .  First ,  thes e 1 3 word s clustere d 
togethe r  i n bot h trees .  Second ,  a t  a  finer  level ,  eac h tre e 
contain s 3  subclusters .  Onl y tw o words ,  G O WN an d SILK , 
hav e change d subcluster s betwee n th e tw o trees . 

Conclusions 

We hav e demonstrate d a n algorith m whic h i s capabl e o f  trans -
formin g real-value d vecto r  representation s int o bi t  vecto r  rep -
resentation s whil e maintainin g th e intervecto r  distanc e rela -
tionships .  Thi s algorith m i s capabl e o f  generatin g bot h bi -
nar y an d bipola r  vecto r  representations .  I t  als o work s wit h a 
number  o f  distanc e metrics ,  includin g cosin e an d Euclidea n 
distance .  Th e algorith m i s acceptabl y fast ,  and ,  a s w e hav e 
shown ,  i s capabl e o f  finding  goo d solutions .  W e inten d t o 
us e thi s algorith m t o hel p develo p realisti c semanti c repre -
sentation s toward s th e developmen t  o f  a n improve d attracto r 
networ k mode l  o f  lexica l  access .  O n e drawbac k t o th e cur -
ren t  metho d i s tha t  i f  ne w word s ar e added ,  th e algorith m 
must  b e reapplied .  W e ar e currentl y investigatin g learnin g 
maps betwee n th e tw o space s tha t  woul d generaliz e t o nove ! 

293 



«!  0.0 -

0. 0 
0 rigina l  Distanc e 

One Bi t  Pe r  Rea l  Elemen t 
(a ) 

1.0 

«!  0.0 -

0. 0 0. 5 1. 0 
Origina l  Distanc e 

Eieh t  Bit s Pe r  Rea l  Elemen t 
(b ) 

Figure 2: Scatter Plots for Solutions of Different Vector Size 
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Abstrac t 

We have been studying collaboration in the context of 
childre n conductin g scienc e investigation s i n Britis h 
primar y classrooms .  Th e classroo m i s th e sit e o f  actio n 
wher e learnin g occur s an d i t  i s  th e teache r  wh o play s th e 
key rol e i n manipulatin g th e learnin g environmen t  an d 
selectin g an d structurin g task s t o achiev e th e bes t 
learnin g effec t  fo r  al l  children .  I n thi s pape r  w e describ e 
our  genera l  approac h an d focu s i n particula r  o n th e dat a 
we collec t  t o explor e ho w children' s conceptua l 
understandin g o f  evaporatio n progresses .  Th e pape r 
highlight s som e o f  th e message s emergin g abou t  ho w 
collaboratio n ca n sometime s enhanc e learning ,  an d 
sometime s thwar t  it . 

I n t r o d u c t i o n 

Collaboration is a key fact of school life for primary 
childre n (age d 5 - 1 2 year s old )  i n th e U K .  W e hav e bee n 
studyin g h o w suc h collaboratio n mediate s th e scienc e 
learnin g o f  childre n o f  a  rang e o f  age s workin g i n group s 
i n a  variet y o f  classe s i n a  numbe r  o f  primar y school s a s 
par t  o f  th e Collaborativ e Learnin g i n Primar y Scienc e 
(CLAPS)  project .  S o m e othe r  worker s (e.g .  H o w e ,  1992 ) 
use a  laborator y settin g an d stud y children' s performanc e 
on scienc e task s separat e fro m specifi c  topic s bein g 
studie d b y th e childre n i n thei r  norma l  clas s work .  I t  i s 
ver y importan t  i n ou r  vie w tha t  ou r  researc h i s base d i n 
th e classroom .  Ther e ar e tw o reason s fo r  this -  on e th e 
influenc e o f  contex t  o n learnin g an d th e othe r  tha t  th e 
comple x phenomeno n w e wis h t o understan d onl y occur s 
i n th e classroom .  Artificia l  context s onl y replicat e aspect s 
of  thi s phenomeno n divorce d fro m th e mediatin g 
influence s o f  teachers '  an d childrens '  agendas . 

The cor e o f  thi s stud y involve s videoin g childre n an d 
teacher s a t  wor k i n th e classroo m o n investigativ e scienc e 
tasks .  T o complemen t  thi s observation ,  a  rang e o f 
interview s o f  teacher s an d childre n an d probe s o f  cognitiv e 
and affectiv e outcome s o f  th e grou p wor k wer e conducted . 
We hav e carrie d ou t  studie s i n fou r  schools .  Childre n age d 
from  8  t o 1 2 year s hav e bee n observed .  Th e situation s 
observe d rang e fro m a  singl e grou p i n on e session ,  i.e .  a 
snapsho t  o f  collaborativ e learning ,  t o mor e extende d 
observation s o f  group s lastin g a  numbe r  o f  weeks .  W e 

use d radi o microphone s wit h targe t  group s o f  childre n 
identifie d b y th e teache r  a s collaboratin g wel l  an d 
develope d an d use d som e questionnaire s an d intervie w 
schedule s wit h childre n an d teacher s whic h focu s o n thei r 
view s o f  scienc e learning ,  th e rol e o f  grou p wor k an d 
pupi l  attitude s t o it .  Thi s pape r  concentrate s o n a n accoun t 
of  certai n feature s o f  a  par t  o f  on e cas e stud y o f  yea r  5 
childre n ( 8 an d 9  -year-olds) ,  studyin g evaporation .  Thi s 
approac h t o studyin g knowledg e aquisitio n i n authenti c 
context s result s i n ric h dat a an d i s  simila r  t o tha t 
advocated  b y Brown ,  1992 .  It s distinctiv e featur e lie s i n 
th e approac h require d t o captur e th e effect s o f  th e 
distinctiv e investigativ e curriculu m involvin g childre n i n 
practica l  scienc e activitie s i n U K schools . 

Th e focu s o n investigativ e learnin g i n scienc e i n th e 
U K school s ha s it s root s i n th e researc h o f  th e influentia l 
Assessmen t  o f  Performanc e Unit' s  scienc e projec t  whic h 
identifie d practica l  scienc e investigativ e activit y a s th e 
synthesi s o f  scientifi c  skills ,  processes ,  procedure s an d 
concept s (se e e.g .  Murph y &  Scanlon ,  1993) .  Variable -
base d practica l  investigation s hel p childre n develo p thei r 
scientifi c  knowledg e an d understandin g an d engag e the m i n 
authenti c activit y (se e e.g .  Brow n e t  al ,  1989 )  whic h lead s 
t o a n understandin g o f  scientifi c  evidence .  A s childre n 
engag e i n investigativ e tasks ,  the y us e an d develo p bot h 
thei r  conceptua l  an d procedura l  understandin g (Got t  & 
Murphy ,  1987) ,  s o i t  i s  necessar y w h e n examinin g 
childre n collaboratin g o n th e task s describe d belo w t o 
conside r  thei r  procedura l  competenc y i n orde r  t o full y 
understan d thei r  conceptua l  development .  So ,  i n wha t 
follow s w e describ e bot h th e outcome s i n term s o f 
conceptua l  understandin g an d th e probe s use d t o elici t 
procedura l  competency . 

Learning about Evaporation 

The work on evaporation occupied the middle two weeks 
of  a  seve n wee k cas e stud y o n th e topi c o f  water .  I n ou r 
first  observation s o f  thi s class ,  th e teache r  ha d switche d 
th e compositio n o f  th e group s o n a  wee k b y wee k basis . 
For  th e wor k o n water ,  tw o group s wer e selecte d b y th e 
teache r  t o wor k togethe r  throughou t  th e period ,  partl y 
becaus e o f  hi s concer n tha t  mixe d gende r  group s shoul d 
develo p way s o f  workin g together ,  an d partl y because , 
havin g trie d a  variet y o f  grouping s th e teache r  fel t 
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confiden t  i n hi s knowledg e o f  th e individua l  children' s 
strength s an d weaknesses .  Th e targe t  group s wer e Grou p 
1,  a  grou p o f  thre e children ,  tw o boy s an d on e girl ,  an d 
Grou p 2 ,  a  grou p o f  fou r  children ,  tw o boy s an d girls . 

Data Collected. The data collected about the teacher's 
and th e children' s view s an d attitude s i s extensive .  Fo r  thi s 
paper ,  w e focu s o n th e specifi c  probe s use d t o ascertai n 
th e teacher' s approac h an d th e children' s conceptua l 
understandin g i n relatio n t o evaporatio n an d view s o f 
grou p work .  I n collectin g th e dat a abou t  children' s 
understandin g w e adop t  a  specifi c  approach .  First ,  w e us e 
th e teacher' s source s o f  information-i n thi s cas e children' s 
annotate d drawing s an d accompanyin g discussion s o f  the m 
-  togethe r  wit h th e dialogu e betwee n childre n a s the y pla n 
thei r  investigatio n o f  th e phenomeno n an d carr y i t  out , 
and teacher' s an d childrens '  account s o f  th e outcome s o f 
th e investigations .  Secondly ,  w e collec t  informatio n 
independentl y t o elaborat e th e classroo m base d source s o f 
data .  Thes e independen t  observation s includ e a  simpl e 
prob e prio r  t o th e investigatio n involvin g a  relate d 
activit y whic h demonstrate s th e phenomenon .  I n thi s cas e 
we use d a  we t  han d prin t  o n a  pape r  towe l  whic h th e 
childre n wer e aske d t o observ e ove r  a  perio d o f  tim e a s th e 
towe l  drie d (Russel l  an d Watt ,  1990) .  Th e children' s 
explanation s o f  th e phenomeno n wer e recorde d an d probe d 
t o se e i f  the y linke d thei r  initia l  understandin g o f 
evaporatio n t o thi s ne w context .  Afte r  th e childre n ha d 
complete d thei r  investigatio n w e probe d i n recorde d 
interview s wha t  thei r  hypothese s were ,  wha t  the y foun d 
out  an d wha t  the y n o w understoo d abou t  th e proces s o f 
evaporation .  A t  thi s poin t  w e als o returne d t o th e 
children' s annotate d diagram s an d questione d whethe r  dies e 
n o w represente d thei r  thinkin g an d discusse d agai n th e 
'handprint '  phenomenon .  Th e fina l  dat a collectio n occure d 
severa l  week s afte r  th e completio n o f  th e overal l  wor k o n 
water .  I n thi s delaye d probe ,  w e looke d i n particula r  a t 
whethe r  childre n ca n appl y thei r  understandin g o f 
evaporatio n t o n e w contexts .  Fo r  thes e reason s w e 
supplie d the m wit h clothe s whic h wer e we t  a s the y ha d 
jus t  bee n washe d an d aske d fo r  explanation s o f  h o w 
clothe s dr y an d an d th e factor s tha t  influenc e this . 
Evaporatio n i s no t  mentione d a t  thi s point .  Afte r  this ,  w e 
aske d childre n t o writ e an d dra w abou t  evaporation . 
Finally ,  w e use d a  serie s o f  photograph s o f  everyda y 
phenomen a wher e evaporatio n i s involve d t o prob e furthe r 
children' s thinking . 

The Teacher's View of the Investigations. W e 
interviewe d th e teache r  abou t  hi s approac h t o scienc e 
generally ,  hi s approac h t o specifi c  tasks ,  hi s view s o f 
what  woul d b e achieve d b y th e childre n an d h o w th e wor k 
turne d out .  W e als o aske d abou t  hi s reason s fo r  groupin g 
childre n an d hi s view s o n h o w th e group' s wor k ha d 
progressed .  Hi s tacti c wa s t o grou p childre n wit h simila r 
ideas .  W h e n aske d abou t  wh y h e di d thi s h e said : 

becaus e the n the y wil l  b e doin g wha t  scientist s d o 
reall y basicall y whic h i s tes t  thei r  ow n idea s t o se e 
i f  the y ar e vali d rathe r  than ,  say ,  giv e a  genera l 
questio n t o th e whol e clas s wher e everyon e 
investigate s th e sam e thin g regardles s o f  thei r 
conceptua l  understanding . 

T h e Investigations .  Grou p 1  investigate d wha t 

happene d whe n container s wer e pu t  i n ho t  an d col d places . 
I n th e word s o f  on e gir l  i n th e grou p (IG) : 

We put a container into an incubator that was hot 
an d on e containe r  o f  wate r  int o a  fridg e .. .  W e 
though t  th e on e o n th e fridg e woul d evaporat e th e 
quickes t  bu t  afte r  w e don e th e tes t  an d w e wer e hal f 
way throug h i t  w e though t  o h n o whe n puddle s ar e 
out  i n th e roa d an d it' s  sunn y the y dr y u p an d the y 
evaporat e quicke r  bu t  w e couldn' t  sto p anythin g 
the n becaus e th e tes t  wa s carryin g o n ? 

The children's accounts of their expectations differ 
slightly ,  bu t  al l  mentio n th e fac t  tha t  originall y the y 
intende d t o stud y th e effec t  o f  moistur e o n th e rat e o f 
evaporation .  Thi s extrac t  from  th e conversatio n betwee n 
interviewe r  an d th e gir l  quote d abov e show s th e rol e 
playe d b y moistur e i n he r  thinkin g abou t  evaporation . 

Interviewer:Can you remember your original ideas 
the n abou t  wh y th e fridg e woul d b e quicke r 

IG Em., because it had less moisture in there 
and ther e wa s mor e roo m fo r  i t  t o g o u p int o 

Int: Less moisture in the fridge so more room for 
th e wate r  i n 

IG And then we thought if there wasn't as much 
moistur e i n ther e an d ther e wasn' t  an y moistur e 
goin g u p the n nothin g wa s evaporatin g 

This notion of the influence of moisture does reappear in 
thei r  discussio n o f  results . 

I n thi s classroom ,  a  particula r  focu s wa s mad e o f 
childre n decidin g fo r  themselve s wha t  feature s t o 
investigate .  Howeve r  th e teache r  mad e stron g suggestion s 
abou t  th e importanc e o f  th e variabl e surfac e are a whic h 
was take n u p b y on e o f  th e targe t  group s (Grou p 2) .  The y 
decide d t o find  ou t  whic h container s los t  th e mos t  amoun t 
of  water ,  comparin g a  numbe r  o f  roun d container s o f 
varyin g height s an d surfac e areas .  A s a  bo y from  grou p 2 , 
2 B describe s 

We expected that the biggest one would lose the 
most  amoun t  o f  water.. .  Becaus e it' s  go t  a  bigge r 
surfac e are a 
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However ,  th e experimen t  hi t  a  sna g becaus e th e container s 
wer e place d i n a  greenhouse ,  an d anothe r  clas s watere d th e 
plants . 

The teache r  commente d later; /  kne w thi s woul d happe n 
.. .  s o I  wa s goin g t o le t  the m trac k thei r  resul t  an d se e i f 
the y actuall y notice d somethin g wa s wron g .. .  bu t  th e 
goo d thin g abou t  tha t  wa s the y decide d t o star t  again' . 

I n fac t  h e ha d switche d hi s intention s fo r  th e activit y 
hopin g tha t  thes e childre n wer e learnin g som e usefu l 
lesson s abou t  scientifi c  procedures .  Thi s provide s 
interestin g evidenc e abou t  th e potentia l  o f  a n investigatio n 
t o progres s children' s conceptua l  understanding .  T o 
understan d h o w surfac e are a affect s evaporatio n i s a 
comple x ide a beyon d mos t  childre n o f  thi s age .  A t  n o 
poin t  d o th e childre n i n grou p 2  refe r  t o surfac e are a i n 
thei r  late r  account s o f  evaporation .  Furthermore ,  th e 
teache r  switche s t o a  procedura l  focu s whic h influence s hi s 
late r  interaction s wit h them . 

Bot h group s o f  childre n planne d thei r  investigatio n an d 
the n carrie d i t  ou t  ove r  a  numbe r  o f  sessions ,  producin g a 
repor t  o f  wha t  the y foun d ou t  a t  a  grou p feedbac k session . 

Group Influences. There were a number of differences 
i n th e wa y tha t  th e tw o group s approache d an d reacte d t o 
th e tasks .  On e ke y differenc e wa s di e amoun t  o f  agreemen t 
abou t  wha t  woul d b e th e outcom e o f  thei r  investigations . 
Grou p 1  share d th e hypothesi s tha t  hea t  woul d alte r  th e 
rat e o f  evaporation ^  However ,  the y ha d differin g view s 
abou t  effect s o f  humidit y e.g .  th e boy s fel t  lo w humidit y 
woul d enabl e mor e wate r  t o evaporate ,  whil e th e gir l  fel t 
th e opposit e an d the y argue d thi s through .  I n thi s case ,  th e 
differenc e di d no t  alte r  thei r  abilit y  t o desig n togethe r  a n 
investigatio n t o hel p the m explor e th e issue ,  the y stil l 
share d a  c o m m o n tas k an d ha d develope d individua l  view s 
of  it .  The y di d howeve r  refe r  i n differen t  way s t o thei r 
origina l  idea s abou t  th e rol e o f  moisture .  I n Grou p 2 ,  i n 
contrast ,  al l  th e childre n share d th e hypothesi s tha t  wate r 
fro m th e wide r  containe r  woul d evaporat e mor e quickl y 
but  i t  wa s a  hypothesi s provide d b y th e teacher .  I t  i s  als o 
unclea r  t o wha t  exten t  th e childre n coul d understan d th e 
surfac e are a a s thei r  origina l  idea s an d discussio n di d no t 
tak e an y accoun t  o f  it .  I n contrast ,  th e 'sun '  ha d feature d 
strongl y i n mos t  children' s prio r  explanations . 

Othe r  difference s betwee n th e group s wa s tha t  grou p 1 
i n th e pas t  ha d experience d mor e conflic t  betwee n grou p 
members.  I n fact ,  i n a  prio r  investigation ,  th e grou p ha d 
experience d enormou s difficult y du e t o differin g 
perception s o f  wha t  th e tas k se t  implie d fo r  th e desig n o f 
an activit y (se e Murph y e t  al. ,  199 4 fo r  a n account) .  A s a 
consequenc e the y argue d throug h thei r  individua l  view s o f 
th e tas k an d wer e continuall y attemptin g t o mak e explici t 
thei r  thinking . 

Outcomes. We used previous research into children's 
idea s abou t  evaporatio n t o infor m ou r  analysi s (Russel l 
and Watt ,  1990) .  Th e categorie s use d t o classif y children' s 
response s include d th e vocabular y use d (e.g .  whethe r  th e 
wor d evaporate d wa s used ,  o r  som e othe r  lik e disappeared , 

gone ,  dissolves ,  soake d in ,  pulled ,  drie s up) ,  th e locatio n 
of  th e wate r  transfe r  (t o air ,  t o sky ,  t o cloth,l o clouds,t o 
sun ,  t o ground) ,  th e agen t  o f  chang e (e.g .  heat ,  sun ,  wind , 
gravity) ,  view s abou t  th e reversibilit y  o f  th e proces s (a s i n 
rain ,  a s i n condensation) ,  th e physica l  stat e th e wate r  i s 
sai d t o hav e (e.g .  whethe r  i t  ha s disappeared ,  o r  turne d 
int o wate r  vapou r  ) ,  an d th e natur e o f  th e transformatio n 
involve d (e.g .  n o conservation ,  chang e o f  location ,  chang e 
of  locatio n plu s physica l  change) .  Beveridg e (1985 ) 
report s tha t  children' s prio r  conception s o f  evaporatio n ar e 
resistan t  t o chang e o n instruction .  Levin s (1992 ) 
suggeste d tha t  i t  i s  necessar y t o stud y th e instructiona l  an d 
developmenta l  sequenc e furthe r  t o properl y understan d h o w 
childre n develo p thes e concepts.W e constructe d learnin g 
trajectorie s fo r  eac h chil d i n term s o f  th e informatio n 
elicite d a t  eac h stag e o f  th e cas e study .  Thes e sho w wha t 
progres s eac h chil d ha d mad e a t  eac h stage . 

We focu s first  o n th e view s o f  on e chil d firom  grou p 1 
(IB )  a t  eac h stag e o f  th e dat a collection ,  an d Figur e 1 
show s hi s descriptio n o f  evaporation .  Befor e th e 
investigation ,  whe n discussin g th e han d print ,  h e ha d th e 
ide a tha t  th e wate r  woul d hav e gon e bot h int o th e ai r  an d 
int o th e cloth .  H e the n too k par t  i n th e investigatio n 
lookin g a t  th e influenc e o f  hea t  i n th e proces s o f 
evaporation .  B y th e delaye d pos t  experimen t  prob e h e wa s 
abl e t o discus s evaporatio n i n th e followin g terms :  We/ / 
first  i t  lik e get s s o ho t  an d i t  turn s int o wate r  vapour. ,  ye s 
i t  jus t  lik e .. .  th e su n make s i t  stea m an d th e stea m i s lik e 
wate r  vapou r  s o the n i t  goe s up ,  rise s int o th e cloud s an d 
the n yo u ge t  rai n again . 

Figur e 1  a ;  Drawing s o f  evaporatio n mad e b y a 
boy i n grou p 1  befor e conductin g th e 

investigatio n (IB ) 
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Figur e 1  b :  Writin g o n evaporatio n b y a  bo y i n 
grou p 1  afte r  conductin g th e investigatio n (IB ) 

This child was also able to understand that evaporation 
coul d occu r  i n a  rang e o f  circumstances .  Fo r  example ,  h e 
was abl e t o sa y tha t  a  perso n perspirin g wa s a  cas e o f 
evaporatio n fro m th e skin' s surface .  H e als o unprompte d 
bega n t o speculat e o n th e lin k betwee n evaporatio n an d 
dissolving . 

Th e constructio n o f  learnin g trajectorie s fo r  eac h chil d 
made heav y us e o f  dat a lik e th e extrac t  quote d above .  Th e 
rang e o f  dat a collecte d i s wid e an d interpretatio n o f  it ,  a s i t 
must  alway s be ,  i s subjective .  However ,  w e hav e th e 
benefi t  o f  triangulatio n fro m informatio n fro m mor e tha n 
on e sourc e t o ai d u s i n th e interpretation .  I n thes e 
trajectories ,  w e find  som e suppor t  fo r  th e Piagetia n pictur e 
(1974 )  of'th e pathwa y whic h lead s fro m th e child' s refusa l 
t o accep t  an y 'passag e o f  matter' ,  t o a n intuitiv e chang e o f 
state ,  an d finally  t o th e leve l  i n whic h childre n describe d 
stea m a s tin y "piece s o f  water "  '  (Levins ,  1992 ,  p .  263 ) 
By constructin g suc h learnin g trajectorie s fo r  al l  th e targe t 
pupil s w e begi n t o buil d u p a  pictur e o f  th e overal l  resul t 
of  th e children' s investigation s o f  evaporation . 

For  a  chil d i n grou p 2 ,  however ,  (2G )  investigatin g 
surfac e are a progres s wa s limited .  Fo r  thi s chil d th e wate r 
i n th e pape r  han d towe l  drie d u p bu t  ha d 'gon e bac k ont o 
th e pape r  an d the n it s jus t  staye d ther e .. .  bu t  it s al l  drie d 
up. '  W h e n aske d agai n abou t  th e wate r  afte r  he r 
investigatio n o f  evaporatio n sh e repeate d tha t  'i t  [th e 
water ]  drie s u p insid e th e paper. '  Thi s child' s initia l  vie w 
of  evaporatio n (show n i n Figur e 2a )  wa s ver y simila r  t o 
her  final  drawin g o f  th e proces s sh e provide d i n th e delaye d 
pos t  prob e (show n i n Figur e 2b) . 
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Figur e 2  a :  Drawing s o f  evaporatio n m a d e b y a  gir l  i n 
grou p 2  ( 2 G )  befor e conductin g th e investigatio n 
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1Mb Ŵfi .  s ^ ^ 

- * 

S^Sci . 

\»;v-\̂ ^ 

Figur e 2  b :  Drawing s o f  evaporatio n mad e b y a  gir l  i n 
grou p 2  (2G )  afte r  conductin g th e investigatio n 

When asked about washing drying she replied. 

Int: So when the washing dries where do you 
thin k th e wate r  goes ? 

2 G E m ,  jus t  thin k i t  wil l  evaporat e o 

Int :  Yo u thin k i t  wil t  evaporate ,  s o whe n th e 
wate r  evaporate s wher e d o yo u thin k i t  goe s 

2G It goes up into the sun and then into the 
sea 

For others in this group, the investigations had 
produce d mor e tangibl e outcomes . 

It  i s  no t  possibl e t o conclud e tha t  i t  wa s th e influenc e 
of  th e particula r  investigatio n performe d b y a n individua l 
chil d whic h change d thei r  view s o n evaporation ,  becaus e 
the y wil l  hea r  account s o f  othe r  children' s result s o f  thei r 
mvestigation s an d hea r  an d se e thing s outsid e th e 
classroo m whic h the y tr y t o interpre t  i n term s o f  thei r 
curren t  conceptua l  framework .  However ,  ou r  evidenc e 
suggest s tha t  mos t  childre n mad e som e progres s (Scanlo n 

et  al. ,  1995) .  Th e mos t  marke d progres s wa s fo r  grou p 1 
w ho explore d thei r  o w n perceptio n o f  th e task .  O u r  initia l 
analysi s suggest s tha t  progres s i s affecte d b y th e leve l  o f 
tas k engagemen t  whic h ca n b e influence d b y th e grou p 
composition .  I n th e cas e o f  grou p 1  th e childre n ha d 
stron g view s whic h the y argue d through .  I t  i s  als o notabl e 
tha t  marke d progres s wa s mad e betwee n th e pos t  prob e an d 
th e delaye d pos t  probe .  Thi s i s i n lin e wit h finding s b y 
H o we (1992 )  an d Scanlo n e t  al .  (1993 )  whic h sugges t  tha t 
th e result s o f  collaborativ e activit y i n scienc e ofte n appea r 
later . 

Conclusion and Discussion 

By combining observational data from the groups at work, 
intervie w dat a fro m childre n an d teacher s abou t  thei r 
intention s an d action s an d probe s o f  conceptua l  an d 
procedura l  understandin g w e ca n buil d u p ric h picture s o f 
h o w grou p compositio n influence s th e grou p proces s an d 
h o w thi s i n tur n influence s th e learnin g o f  individua l 
children .  W e hav e illustrate d h o w dat a o f  a  variet y o f  type s 
i s necessar y t o c o m e t o a n understandin g o f  th e w a y 
teache r  intention s fo r  th e activitie s ar e develope d an d als o 
th e wa y i n whic h investigation s impac t  o n children' s 
developin g ideas .  I t  i s  ou r  intentio n t o refin e suc h 
account s a s thes e t o enabl e u s t o bette r  understan d th e 
ways i n whic h classroo m conducte d scienc e investigation s 
ca n ai d learning ,  an d th e influenc e o f  grou p processe s o n 
this . 

A ke y aspec t  o f  thos e grou p processe s i s th e effec t  the y 
hav e o n th e tas k childre n agree  t o pursu e an d thei r 
individua l  engagemen t  wit h it .  Ou r  finding s sugges t  tha t 
conflic t  play s a  comple x rol e i n children' s learnin g i n 
groups .  W e hav e see n example s o f  children' s behaviou r 
whic h suggest s tha t  conflict ,  eithe r  betwee n grou p 
members abou t  wha t  outcom e i s expected ,  o r  abou t  h o w 
t o pla n o r  conduc t  a n in.estigatio n ca n engende r  tas k 
engagement .  I n relatio n t o th e wor k o n evaporation ,  on e 
grou p disagree d abou t  thei r  expectation s o n th e influenc e 
of  hea t  becaus e o f  conflictin g view s abou t  th e rol e o f 
humidit y i n th e process .  I n th e pos t  investigatio n 
interview s on e chil d remembere d th e outcom e an d he r 
surpris e a t  it ,  ye t  anothe r  declare d tha t  al l  tha t  ha d 
happene d wa s wha t  h e expected .  I n thi s cas e th e conflic t  i n 
view s seeme d t o b e beneficial ,  enhancin g children' s 
engagemen t  bot h wit h th e tas k an d th e phenomeno n o f 
evaporation .  Sometime s conceptua l  conflic t  ca n b e les s 
beneficial .  W e hav e see n occasion s i n othe r  scienc e 
lesson s wher e disagreement s i n group s hav e compromise d 
th e conduc t  o f  th e investigation .  Also ,  perception s o f  th e 
task s se t  ca n var y amon g member s o f  group s s o tha t 
progres s i s difficul t  (se e Scanlo n e t  al. ,  199 4 an d Murph y 
et  al. ,  199 4 fo r  a n accoun t  o f  this. ) 

Our  observation s confir m th e enormou s influenc e o f  th e 
teache r  i n mediatin g investigativ e wor k i n science .  Th e 
way i n whic h teacher s selec t  an d resourc e tasks ,  monito r 
progres s an d facilitat e children' s collaboratio n i s o f  ke y 
importance .  W e wer e intereste d i n th e wa y tha t  th e teache r 
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i n th e evaporatio n cas e stud y shifte d hi s focu s toward s 
procedura l  matters ,  an d fel t  th e nee d t o impor t  certai n 
variable s fo r  th e childre n t o study ,  du e t o a n uneas e i n th e 
th e distanc e neede d t o trave l  t o w ^ s th e accepte d scientifl c 
view .  Teacher s i n genera l  valu e grou p work .  W e ar e 
consciou s tha t  thi s i s ofte n fo r  th e developmen t  o f  socia l 
skill s  rathe r  tha n th e specifi c  scienc e outcomes . 

Th e natur e o f  collaboratio n o n primar y scienc e 
investigation s i n classroom s i s no t  clearl y deflne d an d 
subjec t  t o a  numbe r  o f  influences .  W e hav e observe d thre e 
aspect s i n particula r  tha t  see m t o matter .  Thes e ar e tha t 
participant s (bot h pupil s an d teacher )  hav e a  share d tas k 
and hav e develope d a n explici t  individua l  vie w o f  i t  i n 
relatio n t o thei r  o w n thinkin g abou t  th e concept s 
involved ;  tha t  participant s hav e agree d plan s fo r  th e 
investigatio n an d ar e awar e o f  th e consequence s o f  thei r 
decisions ;  an d tha t  the y develo p way s o f  managin g 
conflic t  ove r  h o w t o proceed .  W e hav e see n i n th e 
evaporatio n cas e stud y tha t  conflic t  ca n sometime s 
engende r  tas k engagement .  Teacher s nee d t o b e awar e o f 
th e issu e o f  h o w t o ensur e tha t  pupil s ar e engage d i n th e 
investigativ e tas k the y wor k on .  On e o f  th e dilemma s i s 
tha t  someho w the y nee d t o manag e suc h conflic t  whil e 
protectin g tas k engagement .  W e hav e see n example s o f 
pupil s themselve s managin g conflic t  abou t  th e natur e o f 
th e task ,  b y developin g hybri d investigation s whos e 
result s the y canno t  understan d (Scanlo n e t  al. ,  1994) . 

Our  intentio n i s t o abstrac t  furthe r  example s fro m ou r 
collectio n o f  ric h dat a i n orde r  t o explor e furthe r  th e wa y 
i n whic h collaboratio n o n investigation s i n primar y 
scienc e classroom s influence s learning . 
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Abstrac t 

Labeling and elaboration manipulations were used in 
example s t o affec t  th e likelihoo d o f  student s learnin g t o 
represen t  workers '  rate s an d time s i n algebr a wor d 
problem s dealin g wit h work .  Learner s studyin g 
example s wit h label s fo r  rate s an d time s wer e mor e 
likel y t o transfe r  an d correctl y modif y th e 
representation s compare d t o learner s wh o di d no t  se e th e 
labels .  A n elaborativ e statemen t  describin g th e 
possibl e representation s fo r  th e differen t  term s i n th e 
wor k equatio n di d no t  reliabl y affec t  performance .  Thes e 
result s exten d prio r  wor k (Catrambone ,  1994 ,  1995 )  o n 
subgoa l  learnin g b y demonstratin g tha t  representations , 
not  jus t  set s o f  steps ,  ca n b e successfull y transferre d an d 
modifie d throug h a  manipulatio n (labeling )  tha t  ha s 
been show n t o ai d subgoa l  learning . 

Introduction 

A goo d dea l  o f  researc h ha s examine d th e transfe r  succes s 
peopl e hav e afte r  studyin g trainin g material s suc h a s thos e 
containin g step-by-ste p instruction s (Kiera s &  Bovair , 
1984 ;  Smit h &  G o o d m a n ,  1984) ,  example s (e.g. ,  Ross , 
1987 ,  1989) ,  o r  bot h (Fong ,  Krantz ,  &  Nisbett ,  1986) . 
Althoug h ther e hav e bee n som e exception s (e.g. ,  Fon g e t 
a!. ,  1986 ;  Zh u &  Simon ,  1987) ,  th e usua l  finding  fro m 
suc h researc h i s tha t  peopl e ca n carr y ou t  ne w procedure s 
or  solv e ne w problem s tha t  ar e quit e simila r  t o thos e o n 
whic h the y wer e trained ,  bu t  hav e difficult y whe n th e 
nove l  case s involv e mor e tha n mino r  change s fro m wha t 
the y ha d previousl y studied . 

Thi s transfe r  difficult y seem s t o ste m fro m a  tendenc y 
by man y learner s t o memoriz e a  solutio n procedur e fro m 
example s tha t  consist s o f  a  linea r  serie s o f  step s rathe r 
tha n a  mor e meaningfu l  organization .  A  linea r  serie s o f 
step s provide s a  learne r  wit h littl e guidanc e fo r  modifyin g 
th e solutio n procedur e fo r  problem s tha t  ca n no t  b e solve d 
jus t  lik e th e examples .  O n e potentiall y  usefu l 
organizatio n fo r  a  solutio n procedur e woul d b e a  se t  o f 
goal s an d subgoal s wit h method s fo r  achievin g the m (e.g. , 
Anza i  &  Simon ,  1979 ;  Card ,  Moran ,  &  Newell ,  1983 ; 
Catrambon e &  Holyoak ,  1990 ;  Newel l  &  Simon ,  1972 ; 
Single y &  Anderson ,  1989) . 

Problem s withi n a  domai n typicall y shar e th e sam e se t 
of  subgoals ,  althoug h th e method s fo r  achievin g th e 
subgoal s migh t  var y fro m proble m t o problem .  Fo r 
instance ,  i n th e material s use d i n th e presen t  study ,  th e 

subgoal s t o represen t  eac h worker' s rat e an d tim e ar e i n 
eac h exampl e an d tes t  problem ,  ye t  th e representation s fo r 
wor k an d tim e var y (e.g. ,  a  constant ,  a  variable) . 

Prio r  wor k wit h subgoa l  learnin g ha s demonstrate d tha t 
i f  a  studen t  learn s th e subgoa l  structur e fo r  solvin g 
problem s i n a  domain ,  the n h e o r  sh e i s mor e likel y t o 
adap t  ol d procedure s fo r  nove l  problems ,  wher e nove l 
problem s ar e thos e involvin g th e sam e subgoal s a s th e 
example s bu t  requirin g n e w o r  modifie d method s (set s o f 
steps )  t o achiev e th e subgoal s (Catrambone ,  1994 ,  1995) . 
Th e presen t  stud y extend s th e subgoal-learnin g wor k b y 
examinin g th e likelihoo d o f  learner s transferrin g an d 
modifyin g representation s fo r  conceptua l  entitie s i n 
equation s a s a  functio n o f  whethe r  the y studie d trainin g 
material s emphasizin g th e subgoal s achieve d b y thos e 
representations . 

T wo manipulation s wer e use d t o conve y subgoal s i n th e 
presen t  study :  1 )  th e us e o f  example s tha t  containe d o r  di d 
not  contai n descriptiv e label s fo r  th e term s i n th e 
equation ,  an d 2 )  th e us e o f  introductor y elaboratio n prio r 
t o th e example s tha t  describe d th e possibl e representation s 
fo r  th e differen t  term s i n th e wor k equation . 

Related Work 

The justificatio n fo r  th e labelin g manipulatio n i s base d o n 
a serie s o f  studie s (Catrambone ,  1994 ,  1995 ,  i n press )  tha t 
develo p th e subgoal-learnin g model .  I n brief ,  thi s mode l 
propose s that : 

1)  A  labe l  lead s learner s t o grou p a  se t  o f  steps ; 
2 )  Afte r  groupin g th e steps ,  learner s ar e likel y t o 

tr y t o self-explai n w h y thos e step s g o together ; 
3 )  Th e resul t  o f  th e self-explanatio n proces s i s 

th e formatio n o f  th e goa l  tha t  represent s th e 
purpos e o f  tha t  se t  o f  steps . 

Th e presen t  stud y exploit s th e labelin g methodolog y i n 
orde r  t o exten d th e scop e o f  th e model . 

Earlie r  studie s involvin g algebr a wor d problem s foun d 
tha t  learner s wer e relativel y unlikel y t o successfull y 
modif y ol d representation s fo r  term s i n equation s (Reed , 
Dempster ,  &  Ettinger ,  1985) .  Rather ,  the y tende d t o rel y 
on a  syntacti c approach ,  tha t  is ,  learner s frequentl y trie d t o 
m ap ol d equation s fro m example s t o ne w problem s a t  a 
symbo l  b y symbo l  leve l  rathe r  tha n i n term s o f  th e 
conceptua l  entitie s tha t  group s o f  symbol s represente d (se e 
als o Ross ,  1987 ,  1989) .  I n addition .  Reed ,  an d Bolsta d 
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(1991 )  foun d tha t  providin g learner s wit h rule s fo r  solvin g 
algebr a wor d problem s di d no t  hav e a  larg e effec t  o n 
performance . 

Whil e som e studie s hav e show n tha t  learner s ca n benefi t 
fro m rule-base d instructio n fo r  solvin g problem s (e.g. , 
Fon g e t  al. ,  1986) ,  i n genera l  learner s see m t o prefe r  an d 
frequentl y deriv e mor e fro m examples .  Fo r  instance ,  Chi , 
Bassok ,  Lewis ,  Reimann ,  an d Glase r  (1989 )  foun d tha t 
afte r  studyin g a  tex t  o n mechanics ,  goo d an d poo r  student s 
(a s define d b y a  subsequen t  proble m solvin g test )  seeme d 
t o posses s simila r  declarativ e knowledge .  However ,  afte r 
studyin g worke d examples ,  goo d student s wer e mor e 
likel y t o acquir e knowledg e about ,  amon g othe r  things , 
th e condition s fo r  applyin g actions/operator s an d th e 
consequence s o f  thos e actions .  I n th e framewor k o f  th e 
presen t  study ,  the y wer e bette r  a t  determinin g th e subgoal s 
bein g achieve d b y thos e action s i n th e examples . 

Overview of Study 

The presen t  stud y ha s tw o mai n purposes .  On e i s t o 
examin e whethe r  th e benefit s o f  subgoa l  learnin g tha t 
hav e bee n previousl y foun d fo r  modifyin g set s o f  step s fo r 
nove l  problem s (Catrambone ,  1994 ,  1995 )  wil l  als o appl y 
t o transferrin g an d modifyin g th e term s use d t o represen t 
conceptua l  entitie s i n equations .  Whil e som e prio r  wor k 
has foun d tha t  learner s ca n transfe r  ol d component s int o 
n e w structure s (Elio ,  1986) ,  tha t  wor k focuse d o n 
reasonabl y well-practice d procedure s rathe r  tha n transfe r 
afte r  jus t  a  smal l  amoun t  o f  exposur e t o th e trainin g 
materials .  Th e secon d purpos e i s t o compar e th e relativ e 
effectivenes s o f  label s (i n examples )  versu s elaboration s o r 
rule s fo r  representin g term s i n algebr a wor d problems . 
Prio r  wor k ha s suggeste d tha t  example s ar e mor e effectiv e 
tha n rule s i n producin g knowledg e tha t  help s learner s t o 
solv e nove l  problem s (e.g. ,  Ree d &  Bolstad ,  1991) . 

Conside r  th e algebr a exampl e i n Figur e 1  i n whic h on e 
has t o determin e ho w lon g i t  woul d tak e someon e t o d o a 
jo b give n tha t  certai n informatio n abou t  thei r  wor k rat e 
and tim e an d anothe r  person' s wor k rat e an d tim e ar e 
given .  Thi s proble m involve s usin g a n equatio n fo r 
determinin g wor k tha t  require s representin g eac h worker' s 
wor k rat e an d time :  (Rate i  x  Time] )  +  (Rate 2 x  Time2 ) 
= 1 . 
Learner s ar e goo d a t  memorizin g ho w t o solv e problem s 
isomorphi c t o th e on e i n Figur e 1 .  I n thi s problem ,  bot h 
workers '  rate s ar e represente d a s constants .  Th e tim e spen t 
workin g b y worke r  1  i s represente d a s a  variabl e an d 
worke r  2' s tim e i s represente d a s a  functio n o f  tha t 
variable .  However ,  learner s ma y no t  encod e th e exampl e 
solutio n i n term s o f  determinin g a  representatio n fo r  eac h 
rat e an d tim e an d the n insertin g thes e representation s int o 
th e equation ,  bu t  rathe r  hav e a  mor e superficia l 
understandin g o f  th e solutio n procedur e tha t  involve s 
matchin g th e for m use d i n th e example ,  findin g simila r 
value s i n th e proble m statement ,  an d insertin g the m int o 
th e equation .  A s a  result ,  i f  a  ne w proble m require s a 
differen t  representatio n o f  th e rate s an d times ,  thes e 
learner s migh t  b e unabl e t o solv e th e problem . 

For  instance ,  th e first  proble m i n Figur e 2  require s tha t 
worke r  2' s rat e b e represente d a s a  variable .  I n addition , 
instea d o f  havin g th e workers '  time s b e represente d a s a 
variabl e an d a  functio n o f  tha t  variabl e (a s the y wer e i n th e 
exampl e i n Figur e 1) ,  th e time s ar e no w represente d a s a 
constan t  an d a  functio n o f  tha t  constant .  Nevertheless ,  th e 
ne w representation s ca n b e inserte d int o th e sam e equatio n 
as th e on e use d fo r  th e exampl e i n Figur e 1 .  Similarly , 
th e secon d proble m i n Figur e 2  require s tha t  on e worker' s 
rat e b e represente d a s a  variabl e an d th e othe r  worker' s rat e 
be represente d a s a  functio n o f  tha t  variable .  Thei r  time s 
ar e bot h represente d a s constants .  Thes e representation s 
ar e differen t  tha n thos e use d i n th e examples . 

Mar y ca n rebuil d a  carbureto r  i n 3  hour s an d Mik e ca n rebuil d on e i n 4  hours .  H o w lon g woul d i t  tak e Mar y t o rebuil d a 
carbureto r  i f  sh e an d Mik e wor k together ,  bu t  Mik e work s fo r  1/ 2 hou r  mor e tha n Mary ? 

Solution 

J- = Mary's rate 

t = time Mary spent rebuilding carburetor 

-L =  Mike' s rat e 
4 

t  +  ̂  =  tim e Mik e spen t  rebuildin g carbureto r 
2 

(i * t) + (1 * (t + J-)) = 1 
3 4  2 

i * t = l - l 
12 8 
t  =  Z  *  12 .  =  3 .  hour s =  tim e Mar y spen t  rebuildin g carbureto r 

S 7  7 

Figur e 1 :  Trainin g examples . 
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1.  Mr .  Jone s ca n refinis h a  dresse r  i n 5  hours .  Afte r  workin g fo r  2  hour s h e i s joine d b y Mrs .  Jones .  Togethe r  the y finis h 
th e jo b i n 1  hour .  H o w muc h o f  th e jo b coul d Mrs .  Jone s d o i n 1  hou r  whe n workin g alone ? 

(i*(2+l) )  +  (MrsJ* l )= l 

-  +  MrsJ= l 

Solutio n (no t  see n b y participants ) 

l 

5 
i_ 

5 
2 2 

w =  -  =  Mrs .  Jones '  rate ;  so ,  i n 1  hou r  Mrs .  Jone s coul d d o -  o f  jo b 
5 5 

2. Barbara and Connie can finish a job in 6 hours when they work together. Barbara works twice as fast as Connie. How 
much o f  th e jo b coul d Conni e d o i n I  hou r  whe n workin g alone ? 

Solution (not seen by participants) 

(2 c *  6 )  +  ( c *  6 )  =  1 

12c +  6 c =  1 
18c =  I 

c = —= Connie's rate; so, in 1 hour Connie could do — of job 
18 1 8 

3. Joe can stack a shelf of groceries in 3 hours. Sheila can stack a shelf of groceries twice as fast as Joe. If Joe works for 1 
hour  alon e stackin g a  shel f  an d the n Sheil a start s t o hel p him ,  ho w lon g wil l  Sheil a b e workin g wit h Jo e unti l  th e shel f  i s 
stacked ? 

Solution (not seen by participants) 

i * (t + 1) + (2*i) • (t) = 1 
3 3 

3 3 3 

t.i= l 
3 
2 2 

t  =  - ;  so .  Sheil a wil l  b e workin g wit h Jo e fo r  — o f  a n hou r 
3 3 

Figur e 2 :  Sampl e tes t  problems . 

The followin g equatio n ca n ofte n b e use d t o solv e thes e problems : 
(Rate i  X  Timei )  +  (Rate 2 x  Time2 )  =  Task s Complete d 

wher e (Rate j  x  Timei )  i s  th e amoun t  o f  wor k complete d b y th e firs t  worker ,  (Rate 2 x  Time2 )  i s th e amoun t  o f  wor k 

complete d b y th e secon d worker ,  an d Task s Complete d i s th e tota l  wor k complete d b y bot h workers .  Th e Rat e o f  a  worke r 
can b e represente d a s a  constant ,  a  functio n o f  a  constant ,  a  variable ,  o r  a  functio n o f  a  variable .  Similarly ,  th e Tim e a  worke r 
work s ca n b e represente d a s a  constant ,  a  functio n o f  a  constant ,  a  variable ,  o r  a  functio n o f  a  variable .  Th e particula r 
representatio n use d depends ,  o f  course ,  o n th e given s i n th e proble m an d th e questio n tha t  i s  bein g aske d b y th e problem . 

Figur e 3 :  Supplementa l  tex t  see n b y elaboratio n groups . 

Learning was assessed by how successfully learners representations for at least one of the terms from the 
coul d transfe r  o r  modif y representation s fo r  term s i n th e equation .  T w o transfe r  situation s fo r  nove l  problem s wer e 
wor k equation .  Learner s studie d example s tha t  use d a  examined .  Th e firs t  wa s th e transfe r  o f  ol d 
subse t  o f  th e possibl e representation s fo r  th e term s an d representations .  Th e secon d wa s ho w successfull y learner s 
the n the y solve d on e isomorp h an d thre e nove l  problems .  coul d creat e a  ne w representatio n fo r  a  term .  Not e tha t  fo r 
Novel  problem s wer e define d a s thos e tha t  require d ne w purpose s o f  th e presen t  study ,  a  "new "  representatio n fo r  a 
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ter m mean s tha t  th e representatio n ha d no t  bee n use d fo r 
tha t  ter m (e.g. ,  rate )  i n a n exampl e eve n i f  i t  ha d bee n 
use d fo r  a  differen t  ter m (e.g. ,  time) .  Fo r  instance ,  eve n 
thoug h tim e wa s represente d a s a  variabl e i n th e trainin g 
example s (suc h a s th e on e i n Figur e 1) ,  i f  a  tes t  proble m 
require d rat e t o b e represente d a s a  variable ,  thi s woul d b e 
considere d a  ne w representatio n fo r  rat e sinc e rat e ha d bee n 
represente d onl y a s a  constan t  i n th e trainin g examples . 

The subgoal s i n th e presen t  stud y involv e findin g th e 
correc t  representation s fo r  workers '  rate s an d time s fo r 
algebr a wor d problems .  Th e assumptio n i s tha t  a  learne r 
coul d lear n a  particula r  superficia l  synta x fo r  th e wor k 
equatio n withou t  learnin g th e subgoal s fo r  representin g 
workers '  rate s an d times .  Thus ,  whe n face d wit h a 
proble m tha t  involve s ne w representation s fo r  rat e an d 
time ,  th e learne r  migh t  hav e difficulty .  However ,  i f  th e 
learne r  ha s learne d th e subgoal s t o represen t  eac h worker' s 
rat e an d time ,  the n th e learne r  migh t  hav e a  bette r  chanc e 
of  producin g th e correc t  representation s i n th e nove l 
problems .  Tha t  is ,  th e learne r  wil l  b e mor e likel y t o 
correctl y us e ol d representation s fo r  rate s o r  time s i n th e 
contex t  o f  ne w representation s fo r  rate s an d time s an d als o 
tha t  h e o r  sh e wil l  b e abl e t o determin e ne w 
representation s fo r  rate s an d times .  Th e labelin g an d 
elaboratio n manipulation s wer e use d t o affec t  th e 
likelihoo d o f  learner s acquirin g th e subgoal s t o represen t 
workers '  rate s an d times . 

E x p e r i m e n t 

M e t h o d 

Participants .  Participant s wer e 8 0 student s recruite d fro m 
severa l  Atlanta-are a college s wh o receive d cours e credi t  o r 
payment  fo r  thei r  participation .  I n orde r  t o participat e i n 
th e experiment ,  a  studen t  coul d no t  hav e take n a  college -
leve l  calculu s course . 

Materials and Procedure. Participants studied three 
isomorphi c exampl e wor d problem s dealin g wit h work , 
includin g th e exampl e i n Figur e 1 .  A  cove r  pag e include d 
th e followin g statement :  "O n th e nex t  tw o page s yo u 
wil l  find  thre e exampl e algebr a problem s dealin g wit h 
work .  Wor k problem s typicall y describ e a  situatio n i n 
whic h tw o peopl e wor k togethe r  t o complet e a  task. " 

T wo factor s wer e manipulated :  label s an d elaborations . 
The Labe l  group s studie d example s wit h description s fo r 
rate s an d time s o f  eac h worke r  (se e th e first  fou r  line s 
unde r  th e wor d "Solution "  fo r  th e exampl e i n Figur e 1) . 
The N o Labe l  group s studie d example s tha t  di d no t 
contai n thes e description s (i.e. ,  line s 1- 4 wer e no t 
present) .  Th e Elaboratio n group s receive d a  supplemen t 
t o th e statemen t  o n th e cove r  pag e tha t  liste d th e differen t 
representation s tha t  coul d b e use d fo r  rat e an d tim e (se e 
Figur e 3) .  Th e N o Elaboratio n group s di d no t  receiv e thi s 
supplement .  Th e tw o manipulation s wer e crosse d creatin g 
fou r  group s wit h 2 0 participant s pe r  group . 

Afte r  studyin g th e example s participant s receive d fou r 
problem s t o solve .  Th e first  wa s isomorphi c t o th e 
trainin g examples .  Th e nex t  thre e involve d bot h ne w an d 
ol d way s o f  representin g rat e and/o r  tim e fo r  eac h worke r 
(se e Figur e 2) .  Participant s coul d no t  loo k bac k a t  th e 
example s whe n workin g o n th e tes t  problems . 

Results 

Al l  participant s solve d th e isomorphi c tes t  proble m 
correctly . 

Performanc e o n th e thre e nove l  tes t  problem s wa s 
score d i n th e followin g ways .  First ,  eac h proble m wa s 
score d a s correc t  o r  incorrect .  Eac h participan t  wa s the n 
assigne d a  proportio n correc t  score . 

Second ,  participant s wer e score d o n whethe r  the y 
correctl y represente d th e rat e an d tim e fo r  eac h worke r  fo r 
eac h o f  th e thre e nove l  problems .  Acros s th e thre e 
problem s ther e wer e a  tota l  o f  fou r  opportunitie s t o us e a n 
ol d representatio n fo r  rat e o r  tim e (i.e. ,  R A T E : 
represente d a s a  constant ;  T IME :  represente d a s a  variabl e 
or  a  variabl e plu s a  constant) .  Ther e wer e a  tota l  o f  eigh t 
opportunitie s t o us e a  ne w representatio n fo r  rat e o r  tim e 
(i.e. ,  R A T E :  represente d a s a  variable ,  a  variabl e 
multiplie d b y a  constant ,  o r  a  constan t  multiplie d b y a 
constant ;  T IME :  represente d b y a  constan t  o r  th e su m o f 
constants) .  Participant s wer e assigne d a  proportio n correc t 
fo r  ol d representation s an d a  proportio n correc t  fo r  ne w 
representations . 

Ther e wa s a  significan t  effec t  o f  label ,  bu t  no t 
elaboration ,  o n th e proportio n o f  nove l  tes t  problem s 
solve d correctly-label :  F(l .  76 )  =  8.17 .  p  =  .006 ,  M S E = 
0.16 ;  elaboration :  F(l ,  76 )  =  1.44 ,  p  =  .2 3 (se e Tabl e 1) . 
The interactio n wa s no t  significant . 

Proportio n o f  Problem s 
Solve d Correctl y 

Proportion Correct 
Ol d Representation s 

Proportion Correct 
N ew Representation s 

Elabpratio p 

Labe l 

<n =  20 ) 

.7 0 

.9 2 

No Labe l 
( n =  20 ) 

.4 2 

.8 1 

No Elaboratio n 

Ubel 
( n =  20 ) 

.5 7 

.8 4 

No Labe l 

(f t  =  20 ) 

.3 3 

.6 9 

.7 3 .5 2 .6 8 .5 1 

Table 1: Performance on novel test problems. 

304 



An analysi s o f  varianc e wa s conducte d o n th e proportio n 
of  correc t  representation s fo r  rate s an d time s usin g label s 
and elaboratio n a s groupin g factor s an d typ e o f 
representatio n (ol d o r  new )  a s a  within-subject s factor . 
Ther e wa s a  significan t  effec t  o f  label ,  F(l .  76 )  =  6.40 .  p 
= .01 .  M S E =  0.16 .  bu t  no t  o f  elaboration ,  F(l ,  76 )  = 
1.15 ,  p  =  .2 9 (se e Tabl e 1) .  Ther e wa s als o a  significan t 
effec t  o f  typ e o f  representatio n (ol d v s new) ,  F(l ,  76 )  = 
43.77 ,  p  <  .0001 ,  M S E =  0.04 .  Ther e wer e n o 
significan t  interactions . 

Acros s th e problems ,  th e mos t  c o m m o n error s tha t 
participant s mad e wer e t o inappropriatel y represen t  eithe r 
rat e o r  tim e i n th e equatio n o r  t o writ e tha t  no t  enoug h 
informatio n wa s give n i n th e problem . 

Discussion 

The result s fro m th e presen t  experimen t  ar e consisten t 
wit h th e hypothesi s tha t  student s w h o learne d th e 
subgoal s o f  representin g workers '  rate s an d time s woul d 
represen t  the m mor e successfull y o n nove l  problems . 
Thi s occurre d bot h fo r  ol d representation s i n ne w context s 
(i.e. ,  problem s tha t  require d ne w representation s fo r  a t 
leas t  on e term )  a s wel l  a s fo r  ne w representations . 
Learner s wer e mor e successfu l  transferrin g ol d 
representation s t o nove l  problem s tha n creatin g ne w 
representations .  Thi s i s a  reasonabl e findin g sinc e th e 
first  typ e o f  transfe r  essentiall y  involve s th e learne r 
recognizin g tha t  th e ol d representatio n i s appropriat e whil e 
th e secon d typ e o f  transfe r  involve s th e learne r  creatin g a 
representation . 

The labelin g manipulatio n affecte d performanc e whil e 
th e elaboratio n manipulatio n appeare d t o b e ineffective . 
Thi s finding  i s consisten t  wit h prio r  wor k suggestin g tha t 
example s pla y a  large r  rol e tha n explanator y tex t  o n th e 
proble m solvin g knowledg e student s acquir e (Ch i  e t 
al.,1989 ;  LeFevr e &  Dixon ,  1986) . 

The overal l  patter n o f  result s i s  consisten t  wit h th e 
clai m tha t  whe n learner s ar e helpe d t o for m subgoal s fo r 
solvin g problem s i n a  domain ,  the y ar e mor e likel y t o 
successfull y achiev e thos e subgoal s i n nove l  problem s 
tha t  requir e ne w o r  modifie d methods .  Th e twis t  i n th e 
presen t  stud y i s th e demonstratio n tha t  subgoa l  learnin g 
does no t  benefi t  jus t  method s tha t  involv e a  serie s o f 
steps ,  bu t  ca n als o benefi t  a  metho d tha t  i s essentiall y a 
representatio n fo r  a  conceptua l  entit y i n a n equation .  Thi s 
finding  suggest s tha t  th e subgoal-leamin g framewor k ma y 
be applicabl e t o a  variet y o f  proble m solvin g situation s 
includin g thos e involvin g change s i n representation s a s 
wel l  a s thos e involvin g change s i n steps . 

Acknowledgements 

Thi s researc h wa s supporte d b y Offic e o f  Nava l  Researc h 
Grant  NOOO14-91-J-1137 . 

References 

Anzai ,  Y. ,  &  Simon ,  H.A .  (1979) .  Th e theor y o f 
learnin g b y doing .  Psychologica l  Review ,  8 6 (2) ,  124 -
140. 

Card ,  S.K. ,  Moran ,  T.P. ,  &  Newell .  A .  (1983) .  Th e 
psycholog y o f  human-compute r  interaction .  Hillsdale , 
NJ:  Eribaum . 

Catrambone ,  R .  (1995) .  Aidin g subgoa l  learning :  Effect s 
on transfer .  Journa l  o f  Educationa l  Psychology ,  5 7 (1) , 
5-17 . 

Catrambone ,  R .  (i n press) .  Generalizin g solutio n 
procedure s learne d fro m examples .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition . 

Catrambone ,  R .  (1994) .  Improvin g example s t o improv e 
transfe r  t o nove l  problems .  Memor y &  Cognition ,  2 2 
(5) ,  606-615 . 

Catrambone ,  R. ,  &  Holyoak ,  K.J .  (1990) .  Learnin g 
subgoal s an d method s fo r  solvin g probabilit y  problems . 
Memory &  Cognition ,  1 8 (6) ,  593-603 . 

Chi ,  M.T.H. ,  Bassok .  M. .  Lewis ,  R. ,  Reimann ,  P. .  & 
Olaser ,  R .  (1989) .  Self-explanations :  H o w student s 
stud y an d us e example s i n learnin g t o solv e problems . 
Cognitiv e Science ,  13 ^  145-182 . 

Elio ,  R .  (1986) .  Representatio n o f  simila r  well-learne d 
cognitiv e procedures .  Cognitiv e Science ,  70,41-73 . 

Fong ,  G.T. ,  Krantz ,  D.H. ,  &  Nisbett .  R.E .  (1986) .  Th e 
effect s o f  statistica l  trainin g o n thinkin g abou t  everyda y 
problems .  Cognitiv e Psychology ,  18 ,  253-292 . 

Kieras ,  D.E. ,  &  Bovair ,  S .  (1984) .  Th e rol e o f  a  menta l 
model  i n learnin g t o operat e a  device .  Cognitiv e 
Science ,  8 ,  255-273 . 

LeFevre ,  J. ,  &  Dixon ,  P .  (1986) .  D o writte n instruction s 
need examples ? Cognitio n an d Instruction ,  3 ^  1  -30 . 

Newell ,  A. .  &  Simon ,  H.A .  (1972) .  H u m a n proble m 
solving .  Englewoo d Cliffs ,  NJ :  Prentice-Hall . 

Reed,  S.K. ,  &  Bolstad ,  C.A .  (1991) .  Us e o f  example s 
and procedure s i n proble m solving .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition ,  7 7 (4) ,  753-766 . 

Reed,  S.K. ,  Dempster ,  A. ,  &  Ettinger ,  M .  (1985) . 
Usefulnes s o f  analogou s solution s fo r  solvin g algebr a 
wor d problems .  Journa l  o f  Experimenta l  Psychology : 
Learning ,  Memory ,  an d Cognition ,  1 1 (I) ,  106-125 . 

Ross ,  B .  (1987) .  Thi s i s  lik e that :  Th e us e o f  earlie r 
problem s an d th e separatio n o f  similarit y effects . 
Journa l  o f  Experimenta l  Psychology :  Learning , 
Memory,  an d Cognition ,  1 3 (4) ,  629-639 . 

Ross ,  B .  (1989) .  Distinguishin g type s o f  superficia l 
similarities :  Differen t  effect s o n th e acces s an d us e o f 
earlie r  problems .  Journa l  o f  Experimenta l  Psychology : 
Learning ,  Memory ,  an d Cognition ,  1 5 (3) ,  456-468 . 

Singley ,  M.K. ,  &  Anderson ,  J.R .  (1989) .  Th e transfe r  o f 
cognitiv e skill .  Cambridge ,  M A :  Harvar d Universit y 
Press . 

Smith ,  E.E. ,  &  Goodman ,  L .  (1984) .  Understandin g 
writte n instructions :  Th e rol e o f  a n explanator y 
schema.  Cognitio n an d Instruction ,  1  (4) ,  359-396 . 

Zhu ,  X. ,  &  Simon ,  H.A .  (1987) .  Learnin g mathematic s 
fro m example s an d b y doing .  Cognitio n an d 
Instruction ,  4  (3) ,  137-166 . 

305 



Understandin g Constraint-Base d Processes : 

A Precurso r  t o Conceptua l  C h a n g e i n Physic s 

James D .  Slott a 
Graduat e Schoo l  o f  Educatio n 

461 1 Tolma n Hal l 
Universit y o f  California ,  Berkele y 

Berkeley ,  C A 94720-167 0 
s l o t t a S v i o l e t . b e r k e l e y . e d u 

Abstrac t 

Chi (1992; Chi and Slotu, 1993; Slotta, Chi and Joram, 
1995 )  suggest s tha t  student s experienc e difficult y i n 
learnin g certai n physics  concept s becaus e the y 
inappropriatel y attribut e thes e concept s wit h th e ontolog y 
of  materia l  substances(MS) .  Accordin g t o accepte d physic s 
theory ,  thes e concept s (e.g. ,  light ,  heat ,  electri c current ) 
ar e actuall y a  specia l  typ e o f  proces s tha t  Ch i  (1992 )  call s 
"Constraint-Base d Interactions "  (CBI) .  Student s canno t 
understan d th e process-lik e natur e o f  thes e concept s 
becaus e o f  thei r  bia s toward s substance-lik e conceptions , 
and als o becaus e the y ar e unfamilia r  wit h th e CB I 
ontology .  Thus ,  conceptua l  chang e ca n b e facilitate d b y 
providin g student s wit h som e knowledg e o f  th e CB I 
ontolog y befor e the y receiv e th e relevan t  physic s 
instruction .  Thi s CB I  trainin g wa s provide d b y mean s o f  a 
computer-base d instructiona l  modul e i n whic h student s 
manipulate d simulation s a s the y rea d a n accompanyin g tex t 
concernin g fou r  attribute s o f  th e CB I  ontology .  A  contro l 
grou p simpl y rea d a  (topicall y similar )  tex t  fro m th e 
compute r  screen .  Th e tw o group s the n studie d a  physic s 
textboo k concernin g concept s o f  electricity ,  an d performe d 
a post-tes t  whic h wa s assesse d fo r  evidenc e o f  conceptua l 
change .  A s a  resul t  o f  thei r  trainin g i n th e CB I  ontology , 
th e experimenta l  grou p showe d significan t  evidenc e o f 
conceptua l  chang e wit h regard s t o th e CB I  concep t  o f 
electri c current . 

I n t r o d u c t i o n 

Toward a cognitive theory of instruction 
For  decades ,  researcher s hav e studie d th e scienc e knowledg e 
of  novices  an d expert s i n a  widesprea d effor t  t o identif y an d 
characteriz e misconception s o f  a  broa d arra y o f  scienc e 
concepts .  A t  th e sam e time ,  researc h ha s als o explore d 
differen t  approache s t o scienc e instructio n whic h attemp t  t o 
tak e thes e misconception s int o account .  Pfun d an d Duit t 
(1988 )  hav e produce d a  catalo g o f  nearl y 200 0 publishe d 
studie s o f  students '  physic s misconception s an d instructiona l 
attempt s a t  thei r  removal .  O n e importan t  goa l  o f  thi s 
researc h (Resnick ,  1983 )  ha s bee n t o develo p a  cognitiv e 
theor y o f  instruction ,  whic h woul d provid e a  detaile d 
descriptio n o f  learnin g i n term s o f  th e student' s initia l 
knowledge ,  an d h o w tha t  knowledg e interact s wit h th e 
instructiona l  message .  T o date ,  however ,  ther e i s  n o 
instructiona l  theory ,  no r  an y methodolog y whic h assure s 
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Learnin g Researc h an d Developmen t  Cente r 
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Universit y  o f  Pittsburg h 
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that  students entering the science classroom will not finish 
th e semeste r  wit h th e sam e misconception s the y ha d o n th e 
firs t  da y o f  class . 

A ny instructiona l  theor y require s a  theor y o f  conceptua l 
change ,  whic h provide s a  cognitiv e accoun t  o f  students ' 
initia l  conception s an d th e rol e the y pla y i n th e learnin g 
processes .  Ch i  (1992 ;  Chi ,  Slott a an d deLeeuw ,  1993 ; 
Slott a an d Chi ,  1995) ,  ha s propose d a  theor y o f  conceptua l 
chang e (describe d below )  tha t  i s  abl e t o accoun t  fo r  severa l 
importan t  phenomen a i n th e misconception s literature .  A 
secon d requiremen t  i s a  vali d mean s o f  assessin g studen t 
conception s an d conceptua l  change ,  whic h i s th e focu s o f 
recen t  wor k b y Slotta ,  Ch i  an d Jora m (1995) .  Th e presen t 
stud y build s o n thi s backgroun d b y implementin g a n 
instructiona l  approac h tha t  follow s fro m Chi' s theory ,  an d 
assessin g it s effectivenes s i n term s o f  conceptua l  chang e a t 
an ontologica l  level . 

Researcti on student misconceptions 
I n reviewin g researc h o n scienc e misconceptions ,  Ch i  (1992 ) 
has observe d tha t  som e misconception s ar e easil y remove d 
i n th e cours e o f  instruction ,  whil e other s ar e 
characteristicall y robust ,  meanin g tha t  the y surviv e eve n 
w h en directl y confronte d b y instruction .  I n on e stud y 
(McCloskey ,  1982) ,  mor e tha n hal f  o f  th e universit y 
engineerin g student s wer e stil l  plague d b y misconception s o f 
th e basi c concep t  o f  force .  Thes e "robus t  misconceptions " 
ar e typica l  o f  certai n physic s concepts ,  an d m a y b e partl y 
responsibl e fo r  th e difficult y perceive d b y student s an d 
teacher s i n th e physic s classroom .  I n reviewin g th e 
literatur e o n physics  misconceptions ,  Reiner ,  Slotta ,  Ch i 
and Resnic k (i n press )  foun d tha t  student s ofte n attribut e 
difficul t  concept s suc h a s force ,  heat ,  light ,  an d electricit y 
wit h materialisti c  properties .  Slotta ,  Ch i  an d Jora m (1995 ) 
aske d physic s novice s t o solv e conceptua l  problem s 
involvin g light ,  heat ,  an d electri c current ,  an d observe d a 
clea r  bia s toward s materialisti c  menta l  model s (e.g. , 
reasonin g abou t  electri c curren t  i n a  wir e a s i f  i t  wer e a  flui d 
flowing  insid e a  hose) .  A n y theor y o f  instructio n whic h 
hope s t o accoun t  fo r  thes e robus t  naiv e conception s mus t  b e 
sensitiv e t o thi s apparen t  materialisti c  commitment . 

A theory of conceptual change 
Chi  (1992 ;  Chi ,  Slott a an d deLeeuw ,  1993 ;  Slott a an d Chi , 
1995 )  ha s advance d a  theor y o f  conceptua l  chang e tha t  i s 
abl e t o accoun t  fo r  w h y som e physic s misconception s ar e 
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robus t  (an d other s ar e not) ,  an d w h y ther e i s a n apparen t 
preferenc e fo r  materialisti c  misconceptions .  Th e theor y als o 
afford s som e prediction s abou t  h o w instructio n ca n bes t 
procee d i n addressin g persisten t  misconceptions .  I t  i s  upo n 
one suc h predictio n tha t  th e presen t  researc h i s founded . 

The theor y begin s wit h th e assumptio n tha t  peopl e 
associat e al l  concept s wit h distinc t  ontologie s (whic h ca n b e 
though t  o f  a s fundamenta l  categories) ,  suc h a s processes , 
ideas ,  o r  materia l  substance s (throughou t  th e paper ,  an y 
referenc e t o suc h ontologica l  categorie s wil l  b e italicized) . 
W h en a  ne w concep t  i s learned ,  i t  i s  associate d wit h som e 
ontology ,  whic h help s th e learne r  understan d wha t  kin d o f 
concep t  i t  is ,  an d wha t  attribute s i t  m a y possess .  Thus ,  i n 
learnin g abou t  a  ne w concep t  suc h a s "osmosis" ,  i f  perso n 
recognize s i t  (fo r  an y reason )  a s a  sor t  o i  process ,  the n suc h 
attribute s a s "take s s o m e tim e t o occur" ,  an d "ha s a 
chronologica l  sequence "  wil l  becom e implicitl y  associate d 
wit h th e concept .  Misconception s aris e whe n a  perso n 
associate s a  n e w concep t  wit h th e wron g ontology .  I n 
learnin g abou t  th e concep t  o f  "heat" ,  fo r  example ,  m a n y 
childre n wrongl y assum e a  materia l  substanc e ontology , 
perhap s becaus e o f  languag e convention s suc h a s "clos e th e 
door ,  you'r e lettin g al l  th e hea t  out "  (Reine r  e t  al. ,  i n press) . 
I n fact ,  th e concep t  o f  hea t  i s  mor e appropriatel y associate d 
wit h a  proces s ontology ,  a s i t  i s  bes t  though t  o f  i n term s o f 
th e ttansfiet  o f  molecula r  kineti c energy . 

Specifically ,  Ch i  ha s propose d tha t  a  particula r 
ontologica l  clas s o f  scienc e concepU ,  whic h sh e ha s calle d 
constraint-base d interaction s ( a typ e o f  Process) ,  ar e 
characteristicall y mistake n b y novice s a s possessin g th e 
ontolog y o f  materia l  substances .  Thes e ar e concept s whic h 
typicall y involv e constraint s suc h a s th e equilibratio n o f 
certai n syste m propertie s (e.g. ,  insid e an d outsid e 
temperature ;  voltages ;  ai r  pressures ;  etc. )  -  propertie s tha t 
ar e ofte n difficul t  fo r  a  physic s novic e t o perceive .  W h e n 
Slott a e t  al .  (1995 )  aske d physic s expert s t o solv e th e sam e 
conceptual  problem s tha t  wer e give n t o th e novice s 
(concerne d wit h topic s o f  light ,  hea t  an d electricity) ,  thei r 
explanation s o f  thes e problem s wer e consisten t  wit h a 
constraint-base d interactio n ontology ,  an d no t  a  materia l 
substanc e on e (i n contras t  wit h th e novices) .  Thes e 
observe d ontologica l  difference s betwee n th e conception s o f 
novice s an d expert s suggest s tha t  Chi' s accoun t  m a y b e 
accurate :  novice s m a y clin g t o thei r  misconception s becaus e 
the y ar e unabl e t o sto p thinkin g o f  thes e concept s a s 
materia l  substances . 

For  example ,  a  studen t  migh t  tal k abou t  electri c curren t  a s 
"shootin g ou t  o f  th e battery" ,  o r  "leakin g ou t  o f  th e wires" , 
eve n w h e n tol d explicitl y  tha t  suc h description s ar e 
incorrect .  Becaus e o f  thi s misconception ,  th e studen t  wil l 
experienc e difficult y i n learnin g abou t  electri c curren t  i n it s 
scientifi c  sense ;  a s a  typ e o f  proces s wher e al l  o f  th e free 
electron s i n th e circui t  acquir e a  unifor m velocit y 
component ,  resultin g i n a  ne t  flo w o f  electri c charg e throug h 
any give n poin t  aroun d th e circuit .  Thi s bia s toward s th e 
materia l  substanc e ontolog y m a y resul t  from a  variet y o f 
differen t  causes :  materialisti c  biase s i n language ,  suc h a s i n 
th e hea t  exampl e above ;  th e dominanc e o f  th e materia l 
substanc e ontolog y i n ou r  conceptua l  knowledge ,  suc h tha t 
i t  become s a  "default "  fo r  nove l  concept s (i.e. ,  mos t  o f  ou r 

earl y experienc e i s wit h materia l  substance s an d thei r 
observe d behavior) ;  o r  th e paucit y o f  example s fro m 
alternativ e ontologie s (suc h a s tha t  o f  constraint-base d 
interaction s ontology) .  Whateve r  th e origi n o f  thi s bias ,  th e 
challeng e o f  teachin g certai n physic s concept s apparentl y 
involve s convincin g student s t o eithe r  relinquis h thei r  initis d 
ontologica l  associations ,  o r  els e graduall y forge t  them . 

Method s 

Design 
Th e presen t  researc h applie s Chi' s theor y i n a  metho d o f 
instructio n whos e focu s i s ontologica l  training .  Th e theor y 
suggest s tha t  student s m a y b e facilitate d i n learnin g process -
lik e conception s i f  the y ar e first  (befor e an y physic s 
instruction )  provide d wit h s o m e knowledg e o f  th e 
Constraint-Base d Interaction s (CBI )  ontology .  W e develope d 
a computer-base d trainin g modul e whic h provide s instructio n 
i n th e C B I  ontolog y b y mean s o f  tex t  an d simulations ,  wit h 
no mentio n o f  an y concept s i n electricity .  W e hypothesiz e 
tha t  subject s w h o receiv e thi s C B I  trainin g wil l  gai n som e 
knowledg e o f  th e process-lik e natur e o f  electri c curren t  from 
subsequen t  instructio n i n electricit y topics .  Befor e receivin g 
th e C B I  training ,  subject s wer e pre-teste d fo r  misconception s 
of  electri c current ,  usin g material s derive d from  Slott a e t  a l 
(1995) .  Afte r  th e trainin g session ,  the y wer e provide d wit h 
instructio n i n electricit y topics ,  take n directl y fro m a 
popula r  conceptua l  physic s tex t  (Hewitt ,  1987) .  Finally , 
the y receive d th e pretes t  question s a  secon d time ,  t o tes t  fo r 
improvemen t  i n proble m solving ,  a s wel l  a s difference s i n 
th e ontologica l  natur e o f  thei r  explanations .  Performanc e o f 
th e experimenta l  subject s wa s contraste d wit h tha t  o f  a 
contro l  grou p w h o di d no t  receiv e th e trainin g module ,  bu t 
instea d reviewe d a  tex t  simila r  i n domai n content . 

Assessmen t  o f  conceptua l  chang e wa s performe d accordin g 
t o th e metho d develope d b y Slott a e t  a l  (1995) ,  wher e verba l 
explanatio n dat a i s analyze d fo r  it s conten t  o f  a  specifi c  se t 
of  conceptua l  attribute s tha t  ar e determined ,  a  priori ,  t o 
indicat e ontologie s o f  materia l  substanc e ( M S )  o r  C B I , 
respectively .  I f  a  subjec t  talk s abou t  electri c curren t  i n 
materialisti c  terms ,  thi s i s take n t o reflec t  a n underlyin g 
conceptio n o f  electri c curren t  a s a  materia l  substance^ . 
Similarly ,  th e us e o f  verba l  predicate s whic h reflec t 
ontologica l  attribute s o f  constraint-base d interaction s ar e 
take n t o reflec t  th e presenc e o f  a  C B I  association .  W e 
hypothesiz e tha t  th e experimenta l  grou p wil l  s h o w a 
transitio n from  th e pretes t  (wher e the y explai n problem s i n 
term s o f  th e M S ontology) ,  t o th e post-tes t  (wher e the y wil l 
dra w upo n mor e C B I  predicate s i n thei r  explanations) . 

'Note :  th e us e o f  materialisti c  word s o r  phrase s i s no t 
sufficien t  evidenc e o f  a  materia l  substanc e conception .  Th e 
subjec t  i s  require d t o us e thes e word s o r  phrase s i n suc h a 
way tha t  s/h e predicate s th e concep t  wit h the m 
meaningfully .  S o th e subject' s explanatio n won' t 
necessaril y  b e score d a s "materialistic "  i f  sh e use s th e wor d 
"moves" ,  wherea s i f  sh e use d th e phras e "th e electri c curren t 
moves ' ,  thi s woul d b e code d a s evidenc e o f  a  materia l 
substanc e conception . 
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A p p a r a t u s a n d Material s 

CBI training module. This training module consisted 
of  a  computer-presente d text ,  whic h subject s rea d a t  thei r 
o wn pace ,  an d whic h periodicall y referre d t o on e o f  severa l 
runnin g simulation s o n th e to p portio n o f  th e screen . 
Subject s wer e tol d tha t  the y wer e learnin g abou t  " a specia l 
typ e o f  scienc e concept "  calle d Equilibratio n Processe s 
(whic h wa s determine d t o b e a  mor e tenabl e nam e tha n 
"constraint-base d interactions") .  Th e trainin g focuse d o n 
tw o example s o f  th e C B I  categor y -  Ai r  Expansio n an d 
Liqui d Diffusion .  Th e tex t  wa s organize d aroun d fou r 
"specia l  qualities "  o f  thes e equilibratio n processes ,  whic h 
wer e describe d a s applyin g t o m a n y difficul t  scienc e 
concepts . 

1.  Equilibratio n Processe s hav e n o clea r  cause -
and-effec t  explanation . 

2.  Equilibratio n Processe s involv e a  syste m o f 
interactin g component s seekin g equilibriu m 
amongst  severa l  constraints . 

3.  I n a n Equilibratio n Process ,  certai n 
constraint s behav e a s the y d o becaus e the y 
ar e actuall y th e combine d effec t  o f  man y 
smalle r  processe s occurrin g simultaneousl y 
and independentl y withi n th e system . 

4.  Equilibratio n Processe s hav e n o beginnin g 
or  ending ,  eve n i f  the y arriv e a t  a n 
equilibriu m position . 

For  bot h topic s (Ai r  Expansio n an d Liqui d Diffusion) ,  eac h 
of  th e fou r  attribute s wa s describe d an d illustrate d (b y mean s 
of  a  simulation) .  T h e trainin g tex t  conclude d wit h a 
summary o f  al l  fou r  attributes . 

As th e reade r  progresse d throug h th e trainin g module ,  eac h 
exampl e (Ai r  Expansio n an d Liqui d Diffusion )  wa s presente d 
i n term s o f  thes e fou r  attributes ,  whic h wer e illustrate d b y a 
runnin g simulation .  Fo r  th e concep t  o f  Ai r  Expansion ,  th e 
simulatio n consiste d o f  a  cylinder-pisto n syste m ( a rectangl e 
wit h a  moveabl e "ceiling" )  wit h movin g ai r  molecule s 
(circles )  tha t  collid e wit h th e wall s o f  th e cylinde r  an d wit h 
th e piston .  W h e n mor e molecule s o f  ai r  ar e pumpe d int o 
th e syste m (b y a n animate d p u m p whic h inject s mor e circle s 
int o th e cylinder) ,  th e pisto n i s see n t o rise .  Th e first 
attribut e ("n o clea r  cause-an d effec t  explanation" )  wa s 
illustrate d b y showin g student s a  fault y mode l  tha t  woul d 
hav e provide d a  clea r  casua l  accoun t  o f  th e piston' s rising : 
marble s (packe d circles )  wer e arrange d withi n th e cylinde r  s o 
tightl y tha t  the y force d agains t  on e another ;  newl y adde d 
marble s ha d n o room ,  an d thu s force d th e uppe r  marble s 
agains t  th e piston ,  whic h rose .  I t  wa s pointe d ou t  tha t  n o 
suc h clea r  chai n o f  caus e an d effec t  exist s t o explai n th e 
risin g o f  a  pisto n i n a  cylinde r  ful l  o f  air ,  an d tha t  thi s 
specia l  qualit y i s c o m m o n t o al l  Equilibratio n Processe s 
(Constraint-Base d Interactions) .  Eac h o f  th e fou r  attribute s 
was the n discusse d i n turn ,  definin g th e syste m (attribut e 
number  2 )  an d it s ques t  fo r  equilibrium ,  the n enumeratin g 
th e constraint s o n thi s proces s (attribut e 3) ,  an d stressin g th e 
fac t  tha t  i t  neve r  arrive s a t  a n end-point ,  bu t  jus t 
continuousl y pursue s th e equiUbriu m stat e (attribut e 4) . 

Pr e an d pos t  tests .  T h e pre -  an d post-test s wer e 
identical ,  wit h eigh t  conceptua l  problems ,  eac h consistin g o f 
a simpl e electri c circui t  an d a  questio n abou t  it s behavior . 
Typically ,  th e subjec t  woul d b e aske d whethe r  al l  th e bulb s 
i n a  paralle l  o r  serie s circui t  woul d illimiinat e a t  exactl y th e 
same tim e whe n a  switc h wa s closed ,  o r  whethe r  a n 
illuminate d bul b i n a  circui t  woul d di m o r  remai n th e sam e 
when a  secon d bul b wa s adde d (eithe r  i n serie s o r  paralle l 
wit h th e first)  b y closin g a  switch .  Afte r  choosin g a n 
answe r  fo r  a  problem ,  th e subjec t  wa s aske d t o explai n he r 
response ,  wit h frequen t  promptin g t o ensur e a  detaile d 
explanatio n o f  wha t  wa s happenin g i n th e problem . 

Electricity Text. These materials were seen by both 
experimenta l  an d contro l  groups ,  an d consiste d o f 
approximatel y thirt y paragraph s o f  tex t  draw n fro m a 
popula r  conceptua l  physic s textboo k (Hewitt ,  1987 )  an d 
presente d i n it s intende d sequence ,  wit h th e exceptio n tha t 
any referenc e t o th e famou s wate r  analog y fo r  electri c 
circuit s wa s removed . 

Subjects 
Subject s wer e 2 2 universit y undergraduat e student s recruite d 
fro m th e Universit y o f  Pittsburg h an d pai d fo r  thei r 
participation .  Mal e an d femal e student s wer e roughl y equa l 
i n number ,  an d n o subjec t  ha d an y university-leve l  scienc e 
background ,  no r  an y forma l  trainin g i n electricity . 

Procedure 

Session 1. The study consisted of two sessions, each 
lastin g approximatel y tw o hours .  I n th e first  session , 
universit y student s wit h n o scienc e backgroun d complete d a 
pre-tes t  consistin g o f  8  qualitativ e problem s abou t  simpl e 
electri c  circuits .  Subject s i n th e experimenta l  grou p the n 
receive d th e C B I  Ontolog y Training_Module ,  whic h 
consiste d o f  approximatel y 2 S double-space d page s o f  tex t 
an d tw o animate d simulations ,  whos e purpos e wa s t o 
illustrat e element s withi n th e text .  A s th e reade r  progresse d 
throug h th e trainin g modul e text ,  sh e wa s occasionall y 
instructe d t o "clic k o n th e simulatio n button" ,  resultin g i n 
some behavio r  fro m on e o f  th e simulation s tha t  wa s furthe r 
describe d an d referre d t o b y th e text .  Subject s i n th e trainin g 
modul e wer e interrupte d periodicall y b y computer-presente d 
explanatio n prompts ,  whic h assure d thei r  attentio n t o th e 
content .  A t  th e en d o f  th e trainin g module ,  experimenta l 
subject s receive d th e trainin g modul e post-tes t  ,  whic h 
consiste d o f  five  broa d question s concernin g th e definitio n 
and applicatio n o f  equilibriu m processe s (CBI) .  Subject s 
wer e awar e o f  thi s tes t  a t  th e outse t  o f  th e trainin g module , 
whic h provide d som e motivatio n fo r  the m t o atten d t o th e 
material .  Mos t  importantly ,  i t  provide d a  mean s o f 
assessin g th e exten t  t o whic h subject s assimilate d th e 
materia l  i n th e trainin g module . 

Contro l  subject s di d no t  receiv e th e C B I  Trainin g Module , 
and spen t  th e firs t  sessio n readin g a  completel y differen t  tex t 
fi-om  th e compute r  scree n (althoug h th e sam e interfac e wa s 
used) .  Thi s contro l  tex t  wa s selecte d fro m a n existin g 
publishe d scienc e tex t  (Hewitt ,  1987 )  s o tha t  i t  wa s roughl y 
equivalen t  t o th e trainin g modul e text ,  bot h i n topi c (gase s 
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and fluids)  an d leve l  o f  difficulty .  Subject s w h o receiv e thi s 
contro l  tex t  wer e als o occasionall y interrupte d b y computer -
presente d explanatio n prompts .  A t  th e en d o f  th e session , 
al l  contro l  subjec u receive d th e contro l  tex t  post-test ,  whic h 
consiste d o f  qualitativ e question s concernin g th e definitio n 
and propertie s o f  th e materia l  describe d i n th e contro l  text . 
Subject s wer e awar e o f  thi s tes t  a t  th e beginnin g o f  th e 
session ,  s o tha t  i t  provide d som e motivatio n fo r  the m t o 
atten d t o th e material . 

Session 2. All subjects received the same materials and 
procedur e i n sessio n 2 ,  whic h consiste d o f  a  physic s tex t 
concernin g electricit y an d electri c circuits .  Thi s wa s a 
conceptua l  treatmen t  o f  electricity ,  selecte d fro m a  well -
know n publishe d physic s tex t  (Hewitt ,  1987) .  I n th e cours e 
of  readin g throug h thi s text ,  subject s (bot h contro l  an d 
experimental )  encountere d occasiona l  explanatio n prompts . 
Afte r  completin g th e transfe r  text ,  al l  subject s receiv e th e 
post-test ,  whic h wa s identica l  t o th e pre-test .  I n parting , 
subject s wer e aske d t o complet e a n exi t  surve y i n whic h 
the y provide d informatio n concernin g thei r  hig h schoo l 
achievemen t  (grad e poin t  averag e an d S A T scores) , 
universit y grad e poin t  average ,  etc . 

Analysis of Conceptual Change 

Conceptua l  chang e wa s assesse d b y analyzin g subjects ' 
verba l  explanation s o f  pr e an d pos t  tes t  problem s accordin g 
t o th e presenc e o f  attribute s fro m eithe r  th e M S o r  C B I 
ontology .  Th e attribute s wer e selecte d base d o n previou s 
wor k b y Slotta ,  Chi ,  an d Jora m (1995) ,  w h o measure d th e 
pattern s o f  verba l  predicatio n i n explanation s generate d b y 
physic s novice s an d expert s i n respons e t o a  se t  o f  simila r 
conceptua l  problems .  Slott a et .  a l  interprete d thi s predicate -
use a s evidenc e o f  ontologica l  commitments .  Tha t  is ,  i f  a 
subjec t  said ,  "Th e curren t  come s dow n th e wir e an d get s use d 
UC b y th e first  bulb ,  s o ver v litd e o f  i t  make s it s wa y t o th e 
secon d bulb" ,  the n thes e fou r  (underUned )  predicate s wer e 
take n a s evidenc e tha t  sh e conceptualize d curren t  a s a 
substance-lik e entit y whic h (I )  M o v e s ,  (2 )  ca n b e 
C o n s u m e d ,  (3 )  ca n b e Quantified ,  an d (4 )  M o v e s , 
respectively .  Slott a et .  a l  foun d tha t  expert s use d 
predominantl y proces s attribute s fo r  thei r  description s o f 
electri c current ,  wherea s novice s relie d o n substanc e 
attribute s almos t  exclusively . 

The si x mos t  c o m m o n attribute s o f  electri c curren t  wer e 
chose n fro m th e Slott a e t  al .  (1995 )  novic e explanation s a s a 
basi s Sg t  fo r  th e S U b n m c ^  predipat̂ S i n th e presen t  analysis : 
M o v es ,  i s Supplie d ,  i s  Quantifie d ,  come s t o Rest ,  i s 
Absorbe d ,  an d i s Consume d .  Similarly ,  th e si x mos t 
c o m m on attribute s o f  electri c curren t  i n th e explanation s o f 
physic s expert s wer e chose n a s a  basi s se t  fo r  th e proces s 
predicate s i n th e presen t  analysis :  System-Wid e ,  Movemen t 
Proces s ,  Unifor m Stat e ,  Equilibriu m Stat e ,  Simultaneit y , 
and Independenc e .  Give n a  complet e codin g o f  al l  subjects ' 
explanatio n dat a (codin g eac h explanatio n fo r  th e presenc e o f 
al l  si x attribute s i n eac h o f  th e tw o basi s sets) ,  w e ca n 

quantitativel y addres s suc h question s as ,  (1 )  T o wha t  exten t 
do subjec u attribut e th e concep t  o f  electri c curren t  wit h 
substance-lik e qualitie s versu s process-lik e qualities ? (2 )  I s a 
subject' s choic e o f  attribute s affecte d b y th e C B I  categor y 
trainin g (i.e. ,  i s  ther e conceptua l  change) ? an d (3 )  D o 
subject s w h o score d highl y o n th e trainin g post-tes t  sho w 
mor e conceptua l  chang e tha n thos e w h o di d not ,  a s measure d 
by increase s i n proces s predicatio n o r  decrease s i n substanc e 
{H^dication ? 

Once al l  explanation s hav e bee n code d fo r  th e presenc e o f 
substanc e an d proces s attributes ,  a  measur e ca n b e derive d b y 
simpl y tabulatin g th e numbe r  o f  predicate s fro m eac h basi s 
set  tha t  wer e presen t  i n a n explanation .  Thi s sor t  o f 
"binary "  measur e lose s som e frequency  information ,  bu t 
avoid s man y possibl e distortions ,  an d th e nee d t o normaliz e 
fo r  protoco l  length .  Thus ,  i f  a  subjec t  use d th e M o v e s 
predicat e 1 5 time s i n a n explanation ,  i t  woul d onl y b e 
counte d once .  Thi s result s i n a  m a x i m u m scor e o f  6  fo r 
bot h th e Proces s an d Substanc e attribute s (subject s 
occasionall y î iplie d bot h proces s an d substanc e predicate s t o 
th e concep t  o f  electri c curren t  i n th e sam e explanation) . 
Thes e measure s ca n the n b e use d i n quantitativ e analyse s 
(discusse d i n Result s section :  Conceptua l  Change ,  below) . 

Results 

P r o b l e m Solvin g Ga in s 
A startlin g resul t  wa s tha t  th e experimenta l  grou p showe d 
significan t  gain s i n th e proble m solvin g tas k (pre-pos t  tes t 
gains) ,  eve n thoug h thi s wa s no t  a  stron g goa l  o r  predictio n 
of  th e study .  I t  wa s no t  anticipate d tha t  a  singl e trainin g 
sessio n ( 2 hours )  followe d b y a  singl e sessio n o f  topi c stud y 
( 2 hours )  woul d hav e a  noticeabl e impac t  o n students '  abilit y 
t o solv e eve n simpl e conceptua l  problems .  Thes e tes t  item s 
wer e intende d fo r  us e mainl y a s a  mean s o f  evokin g 
conceptua l  discussion s an d explanations ,  whic h ar e th e focu s 
of  ou r  analysi s o f  conceptua l  change .  Howeve r , 
experimenta l  subject s showe d pre-pos t  tes t  gain s o f  2 9 % 
compare d t o th e contro l  group' s gai n o f  onl y 8 % .  Thi s 
differenc e wa s significant ,  wit h F(l,20 )  =  6.97 ,  p  =  0.017 . 

Conceptual Change 
Bot h contro l  an d experimenta l  group s relie d almos t  entirel y 
on substanc e predicate s i n explainin g thei r  pretes t  solutions , 
replicatin g Slott a e t  al .  (1995) .  Analysi s o f  post-tes t 
explanation s reveale d th e hypothesize d conceptua l  chang e i n 
th e experimenta l  group ,  w h o relie d greatl y o n proces s 
predicates ,  an d ver y seldo m dre w upo n th e substanc e 
predicate s (thu s resemblin g th e expert s i n th e Slott a e t  al . 
study) .  Bot h th e increas e i n proces s predicatio n (F(l,10 )  = 
39.05 ,  p  =  0.000 2 )  an d th e decreas e i n substanc e predicatio n 
(F(l,10 )  =  28.5 ,  p  =  0.0007 )  wer e significant .  Contro l 
subject s showe d n o suc h transitio n i n thei r  preferenc e o f 
conceptua l  attributes ,  wit h n o significan t  difference s i n leve l 
of  processo r  substanc e pitdiciAion .  Figur e 1  (to p o f  nex t 
page )  show s a  grap h o f  th e proces s an d substanc e predicatio n 
fo r  th e experimenta l  an d contro l  groups . 
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Contro l  Ss :  Substanc e Predicate s 

Experimental Ss: Process Predicates 

• Experimental Ss: Substance Predicates 

Contro l  Ss :  Proces s predicate s 

Pre-tes t 

r 

Post-tes t 

Figur e 1 .  Us e o f  Substanc e (squares )  an d Proces s (triangles )  predicate s i n pre -  an d post-tes t  explanations . 

Becaus e a  post-tes t  wa s administere d afte r  th e trainin g 
modul e (t o asses s comprehensio n of .  an d transferabilit y  o f 
th e trainin g content) ,  i t  wa s possibl e t o spli t  th e 
experimenta l  grou p int o hig h an d lo w scorer s o n thi s test . 
Figur e 2  show s tha t  successfu l  trainin g wa s indee d a 
requiremen t  fo r  conceptua l  change ,  wit h th e hig h scorin g 
subject s responsibl e fo r  nearl y al l  th e gain s o f  th e 
experimenta l  group .  Th e interactio n suggeste d b y Figur e 2 
-  betwee n Trainin g Spli t  (high ,  low ,  control )  an d decreas e 
i n substanc e predicatio n - -  i s significan t  (F(2 ,  20 )  =  4.5 ,  p  = 
0.0200 ,  a s i s th e interactio n betwee n Trainin g Spli t  an d 
increas e i n proces s predicatio n (F2 ,  20 )  =  24. 7 ,  p  = 
0.0001) .  Th e low-scorin g experimenta l  grou p di d sho w a 
reductio n i n substanc e predicatio n an d a n increas e i n proces s 
predicatio n compare d t o th e contro l  group ,  bu t  significantl y 
les s s o tha n th e high-scorin g trainin g group .  I n general ,  al l 
apparen t  difference s betwee n hig h an d lo w scorer s ar e 
significan t  a t  leas t  t o p=0.05 . 

Discussion 

These findings are quite novel to the literature on conceptual 
chang e a s wel l  a s instruction .  M a n y researcher s hav e 

explore d intervention s t o confron t  robus t  physic s 
misconceptions .  Ye t  mos t  hav e offere d intervention s whic h 
directl y targe t  th e misconceptions ,  a s i f  tryin g t o construc t 
th e scientifi c  conceptio n fro m th e naiv e one .  Chi' s (1992 ) 
theor y argue s tha t  th e naiv e substance-base d conception s 
shoul d b e ignored ,  an d tha t  physic s instructio n wil l  succee d 
onl y t o th e exten t  tha t  th e studen t  comprehend s th e nove l 
ontologie s involved .  W e hav e foun d tha t  whe n student s ar e 
traine d i n th e onto log y o f  C o n s t r a i n t - B a s e d Interactions , 
the y sho w immediat e impressiv e gain s i n learnin g th e 
desire d conceptions .  Wit h onl y a  singl e focuse d trainin g 
session ,  experimenta l  subject s wer e abl e t o dra w enoug h 
ne w insigh t  fro m a  standar d physic s tex t  tha t  the y 
substantiall y  revise d thei r  response s t o conceptua l  physic s 
problem s an d (mor e importantly )  offere d explanation s tha t 
wer e qualitativel y distinc t  from  thei r  naiv e pre-tes t  accounts . 
Perhap s mos t  importan t  i s th e fac t  tha t  th e physic s trainin g 
material s wer e completel y unmodifie d fo r  th e purpose s o f 
thi s intervention .  Bot h experimenta l  an d contro l  group s 
receive d th e exac t  sam e physic s materials ,  ye t  contro l 
subject s wer e unabl e t o achiev e an y substantia l  progres s 
away from  thei r  prio r  misconceptions . 
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lo w hig h 

Trainin g Spli t 
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Figur e 2 .  Us e o f  Substanc e (left )  an d Proces s (right )  predicate s i n pre -  an d post-tes t  explanation s (Hig h v s Low-traine d 
experimenta l  subject s v s controls ) 
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The implication s o f  thi s researc h fo r  instructio n i s tha t 
ther e ma y b e certai n type s o f  scienc e concept s whic h ar e 
inherentl y difficul t  fo r  th e novic e becaus e the y ar e s o 
completel y foreig n -  student s hav e neve r  encountere d a 
concep t  lik e the m befor e ~  an d becaus e th e student s ar e 
alread y possesse d o f  ver y familia r  an d comfortabl e 
preconception s whic h ar e qualitativel y o n th e wron g track . 
Conceptua l  chang e i n thes e case s ma y bes t  b e serve d b y 
earl y trainin g i n th e natur e (i.e. ,  ontology )  o f  thes e 
concepts ,  followe d b y norma l  physic s instruction . 
Additionally ,  i t  i s  perhap s mor e clea r  n o w tha t  i n som e 
(perhap s th e mos t  difficult )  cases ,  student s canno t  mak e 
gradua l  facilitate d transitio n from  thei r  preconceptio n t o th e 
"scientific "  conception ,  becaus e th e tw o endpoint s ar e 
separate d b y a  profoun d ontologica l  barrier . 
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Abstrac t 

We hypothesize generic models to be central in conceptual 
chang e i n science .  Thi s hypothesi s ha s it s  origin s i n tw o 
theoretica l  sources .  Th e firs t  source ,  constructiv e modeling , 
derive s fro m a  philosophica l  theor y tha t  synthesize s 
analyse s o f  historica l  conceptua l  change s i n scienc e wit h 
investigation s o f  reasonin g an d representatio n i n cognitiv e 
psychology .  Th e theor y o f  constructiv e modelin g posit s 
generi c menta l  model s a s productiv e i n conceptua l  change . 
Th e secon d source ,  adaptiv e modeling ,  derive s fro m a 
computationa l  theor y o f  creativ e design .  Th e theor y o f 
adaptiv e modelin g use s generi c menta l  model s t o enabl e 
analogica l  transfer .  Bot h theorie s posi t  situatio n 
independen t  domai n abstractions ,  i.e .  generi c models . 
Usin g a  constructiv e modelin g interpreutio n o f  th e 
reasonin g exhibite d i n protocol s collecte d b y Joh n Clemen t 
(1989 )  o f  a  proble m solvin g sessio n involvin g conceptua l 
change ,  w e emplo y th e representationa l  construct s an d 
processin g structure s o f  th e theor y o f  adaptiv e modelin g t o 
develo p a  ne w computationa l  model ,  T o R Q U E.  Her e w e 
describ e a  piec e o f  ou r  analysi s o f  th e protoco l  t o illustrat e 
h o w ou r  synthesi s o f  th e tw o theorie s i s  bein g use d t o 
develo p a  syste m fo r  articulatin g an d testin g T o R Q U E.  Th e 
result s o f  ou r  researc h sho w ho w generi c modelin g play s a 
centra l  rol e i n conceptua l  change .  The y als o demonstrat e 
h o w suc h a n interdisciplinar y synthesi s ca n provid e 
significan t  insight s int o scientifi c  reasoning . 

1. Conceptual Change in Science 

I n m a n y instances ,  solvin g nove l  o r  difficul t  problem s 
lead s t o conceptua l  change .  Suc h conceptua l  chang e ca n 
rang e firom  mino r  change s i n existin g concept s t o th e 
radica l  kin d o f  chang e on e associate s wit h "scientifi c 
revolutions" .  A  significan t  issu e i n modelin g conceptua l 
chang e i s h o w existin g knowledg e ca n b e use d i n creatin g 
genuinel y nove l  understandings .  W e hypothesiz e tha t 
generi c model s pla y a  ke y rol e i n creatin g thes e ne w 
understandings .  Thes e model s encompas s domai n 
properties ,  relations ,  principles ,  an d mechanisms . 

T o explor e thi s hypothesi s w e analyz e th e rol e o f 
generi c model s i n a  proble m solvin g protoco l  collecte d b y 
Joh n Clemen t  (1989) .  Ou r  analysi s make s us e o f  th e 
"cognitive-historical "  theor y o f  constructiv e modelin g 
(Sectio n 3 )  t o provid e a  conceptua l  interpretatio n o f  th e 

problem-solvin g sessio n (Sectio n 4) .  W e the n joi n thi s 
analysi s wit h th e computationa l  theor y o f  adaptiv e 
modelin g (Sectio n 5 )  tha t  w e believ e provide s th e 
representationa l  construct s an d processin g structure s 
necessar y t o mode l  th e protoco l  a s s o analyzed .  Together , 
th e conceptua l  interpretatio n an d th e computationa l  theor y 
enabl e th e developmen t  o f  a  ne w computationa l  theor y w e 
cal l  T o R Q U E (Theor y Revisio n throug h Questions , 
Understanding ,  an d Evaluation )  an d a  syste m whic h 
instantiate s thi s model .  (Sectio n 7) . 

2. The Clement Protocol 

The proble m pose d i n th e Clemen t  protoco l  i s  a s 
follows : 

".. .  a  weigh t  i s hun g fro m a  spring .  Th e origina l  sprin g 
i s replace d wit h a  sprin g mad e o f  th e sam e kin d o f  wire ; 
wit h th e sam e numbe r  o f  coils ;  bu t  wit h coil s tha t  ar e 
twic e a s wid e i n diameter .  Wil l  th e sprin g stretc h for m 
it s natura l  lengt h more ,  less ,  o r  th e sam e amoun t  unde r 
th e sam e weight ? (Assum e th e mas s o f  th e sprin g i s 
negligibl e compare d t o th e mas s o f  th e weight. )  W h y d o 
yo u thin k so? "  (Figur e 1  a  &  b ) 

In the study, subjects were asked to assess their confidence 
i n thei r  answe r  an d i n thei r  understanding .  W e focu s o n 
on e subject ,  S2 ,  w h o change d hi s concep t  o f  a  sprin g b y 
incOTporatin g th e physica l  principl e o f  torqu e int o hi s 
understandin g o f  h o w spring s function . 

Unabl e t o solv e th e proble m directly ,  S 2 bega n b y 
reasonin g tha t  a  sprin g w h e n i t  i s  u n w o u n d i s lik e a  flexibl e 
ro d (Figur e Ic) .  H e the n reasone d tha t  a  sprin g o f  twic e th e 
diamete r  ca n b e u n w o u n d int o a  longe r  rod ,  whic h wil l 
ben d farthe r  give n equa l  forc e (Figur e Id) .  F r o m thi s h e 
conclude d (correctly )  tha t  a  sprin g o f  twic e th e diamete r 
wil l  stretc h farthe r  give n equa l  force .  S2 ,  however ,  unlik e 
most  o f  th e participant s i n th e study ,  wa s no t  confiden t  o f 
thi s answer .  H e notice d tha t  a  significan t  differenc e 
betwee n th e stretche d sprin g an d th e ben t  ro d i s  tha t  th e 
ben t  ro d ha s a  varyin g slope ,  whil e th e sprin g ha s a 
constan t  slope ,  i.e. ,  th e spac e betwee n th e coil s i s  unifor m 
bot h befor e an d afte r  th e sprin g i s  stretched .  A t  thi s poin t 
S2 constructe d th e model s tha t  ar e th e primar y focu s o f  ou r 
modelin g effor t  (Figur e le-i) .  Thes e model s wer e 
constructe d base d o n salien t  difference s betwee n th e sprin g 

'  Thi s researc h wa s funde d i n par t  b y NS F Gran t  No .  IRI-92-1092 5 an d i n par t  b y O N R Gran t  No .  N00014-92-J-1234 .  W e than k Joh n Clemen t  fo r  th e us e o f 
hi s protoco l  transcript ,  Jame s Green o fo r  hi s contributio n t o developin g ou r  constructiv e modelin g intetpfctatio n o f  it ,  an d Rya n Twene y fo r  hi s helpfu l  comment s 
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and th e flexibl e rod ,  an d ar e designe d t o resolv e wha t  S 2 
regarde d a s a n anomaly :  th e nonunifor m slop e o f  th e 
bendin g ro d (se e Darde n 199 1 o n anomal y resolution) .  H e 
eventuall y constructe d a  mode l  o f  a  hexagona l  coi l  (Figur e 
Ig )  tha t  le d t o th e understandin g tha t  a  sprin g maintain s it s 
constan t  slop e throug h th e twis t  o f  th e coi l  wir e durin g 
stretching .  Th e notio n o f  torqu e wa s no t  presen t  i n S2' s 
origina l  mode l  o f  spring ,  s o w e conten d tha t  S2' s concep t  o f 
a sprin g i s change d i n th e proble m solvin g process . 
Althoug h w e ar e modelin g th e whol e protood ,  give n spac e 
limitation s w e wil l  focu s o n jus t  thi s fina l  piec e o f 
reasonin g an d h o w w e interpre t  i t  a s employin g "generi c 
models" . 

Figur e 1 :  Clemen t  Figure s 

3. Constructive Modeling 

Nersessia n (1992 ,  1995 ,  i n press )  ha s argue d tha t 
genera l  mode s o f  reasonin g suc h a s visua l  reasoning , 
though t  experiment ,  analogy ,  an d generi c abstractio n pla y 
significan t  role s i n scientifi c  conceptua l  change .  Thes e 
variou s mode s ofte n ar e employe d togethe r  i n a n iterativ e 
reasonin g proces s w e cal l  "constructiv e modeling. " 
Constructiv e modelin g i s a  semanti c proces s i n whic h th e 
model s produce d ar e propose d a s interpretation s o f  th e 
targe t  satisfyin g specifi c  constraints .  Figur e 2  provide s a 
schemati c representatio n o f  suc h a  process .  Constructin g a 
model  start s wit h propertie s an d relation s o f  a  targe t  syste m 
tha t  serv e a s constraint s t o b e satisfie d b y th e initia l  model . 
A sourc e domai n satisfyin g som e initia l  targe t  constraint s i s 
selected .  Fro m thi s domai n a n initia l  analo g mode l  i s 
retrieve d o r  i s constructe d i n th e cas e wher e n o direc t 
analog y exists .  Thi s initia l  mode l  -  an d eac h constructe d 
model  serve s a s a  sourc e o f  additiona l  constraint s tha t 
interac t  wit h thos e provide d b y th e targe t  syste m t o creat e 
an enhance d understandin g o f  th e target ,  i n particula r  b y 
makin g explici t  furthe r  targe t  constraints .  Th e constraint s 
ca n b e supplie d i n differen t  informationa l  formats , 
includin g equations ,  texts ,  kinesthetic ,  diagrams ,  pictures , 
maps,  an d physica l  models .  Th e mode l  constructio n 
proces s involve s differen t  form s o f  abstractio n (limitin g 
case ,  idealization ,  generalization ,  generi c abstraction) , 
constrain t  satisfaction ,  adapution ,  simulation ,  an d 

evaluation .  Additiona l  sourc e domain s m a y b e calle d upo n 
throughou t  th e iterations .  Thi s cycl e i s repeate d unti l  a 
satisfactor y representatio n o f  th e targe t  proble m i s 
achieved .  Thi s representatio n i s a  mode l  o f  th e sam e typ e 
as th e targe t  proble m wit h respec t  t o th e salien t  targe t 
constraints .  W e interpre t  S2' s reasonin g t o b e a  cas e o f 
constructiv e modeling . 

appl y 
Gencnc 
Model 

Targe l 

derive d 
constraint s 

Enhance d denve d Model 

Initia l  Mode l 

Domai n rovide 

Constraint s 

Figur e 2 :  Constructiv e Modelin g 

Clearly, to engage in constructive modeling the 
reasone r  need s t o k n o w th e generativ e principle s an d 
constraint s fo r  physica l  model s i n on e o r  mor e domains . 
Thi s i s w h y analog y play s suc h a  significan t  rol e i n th e 
constructiv e modelin g process .  O n ou r  account ,  th e 
functio n o f  analogie s i s t o provid e constraint s an d 
generativ e principle s f w buildin g models .  Thi s vie w i s i n 
contras t  t o th e direc t  transfe r  vie w o f  mos t  computationa l 
model s (Se e fo r  exampl e Falkenhaine r  e t  al. ,  1989 ; 
Holyoa k &  Thagar d 1989 )  Thu s w e vie w relation s betwee n 
domain s i n term s o f  th e constraint s the y share .  Thes e 
constraint s an d principle s m a y b e represente d i n th e 
differen t  informationa l  format s an d knowledg e structure s 
tha t  ac t  eithe r  a s explici t  o r  taci t  assumption s employe d i n 
constructin g an d adaptin g model s durin g proble m solving . 
Sinc e thes e constraint s ar e domain-specifi c  the y nee d t o b e 
understoo d a t  a  sufficien t  leve l  o f  abstractio n i n orde r  fo r 
retrieval ,  transfer ,  an d integratio n t o b e possible .  W e cal l 
thi s leve l  o f  abstractio n "generic" . 

W h at  w e mea n ca n easil y b e conveye d b y lookin g a t  a 
simpl e exampl e take n fro m Poly a (1954) .  Poly a considere d 
tw o cases ,  abstractin g fro m a n equilatera l  triangl e t o a 
triangle-in-genera l  an d fro m i t  t o a  polygon-in-genera l 
(Figur e 3) .  Los s o f  specificit y i s th e centra l  aspec t  o f  thi s 
kin d o f  abstractio n process .  W e cal l  thi s proces s "generi c 
abstraction. "  T h e generi c triangl e create d i n thi s 
abstractio n proces s i s understoo d t o represen t  thos e feature s 
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tha t  al l  kind s o f  triangle s hav e i n c o m m o n .  Althoug h th e 
figure  entertaine d b y th e min d i s specific ,  som e o f  it s 
salien t  features ,  th e length s o f  th e side s an d th e degree s o f 
th e angles ,  mus t  b e take n b y th e reasone r  t o b e unspecified . 
I n contras t  t o this ,  a  logica l  generalizatio n fro m on e 
equilatera l  triangl e t o al l  equilatera l  triangle s maintain s th e 
specificit y o f  thes e salien t  aspect s o f  "equilateral" .  I n 
abstractin g from  th e generi c triangl e t o th e generi c 
polygon ,  additiona l  feature s ar e lef t  unspecified ,  viz. ,  th e 
number  o f  side s an d th e numbe r  o f  angle s o f  th e figure.  W e 
hypothesiz e tha t  a  reasone r  ca n emplo y generi c abstractio n 
t o creat e a  generi c menta l  mode l  durin g a  constructiv e 
modelin g proces s o r  ca n appl y store d model s create d i n 
previou s reasoning . 

Figur e 3 :  Generi c abstractio n 

Generi c model s ar e commonl y employe d i n solvin g 
physic s problems .  F w example ,  i n modelin g a  proble m 
abou t  a  pendulu m b y mean s o f  a  spring ,  th e scientis t 
understand s th e sprin g mode l  a s generic ,  tha t  is ,  a s 
representin g th e clas s o f  simpl e harmoni c oscillator s o f 
whic h th e pendulu m i s a  member .  W e interpre t  muc h o f  th e 
researc h i n exper t  physic s proble m solvin g a s 
demonstratin g thi s (se e f w exampl e Ch i  e t  al. ,  1981) . 
Further ,  w e believ e generi c model s facilitat e analogica l 
retrieval ,  mapping ,  an d adaptatio n i n th e constructiv e 
modelin g process .  Thi s i s exemplifie d i n th e psychologica l 
literatur e b y Holyoa k an d collaborator s (se e fo r  exampl e 
Gic k &  Holyoa k 1983) .  Throug h th e mediatio n o f  generi c 
models ,  knowledg e from  multipl e domain s ca n b e brough t 
t o bea r  o n a  proble m an d ca n b e transforme d t o suc h a n 
exten t  tha t  somethin g trul y nove l  emerges ,  a s i s th e cas e i n 
conceptua l  change . 

Goel  ha s develope d a  theor y o f  generi c model s i n th e 
contex t  o f  desig n (se e Strouli a &  Goe l  199 2 an d Bhatt a & 
Goel  1993) .  I n hi s work ,  generi c model s ar e learne d from 
specifi c  domai n experience s an d ar e use d fo r  analogica l 
transfe r  acros s desig n domain s (Sectio n 5) . 

Ther e ar e severa l  way s i n whic h w e interpre t  generi c 
model s a s playin g a  rol e i n S2' s constructiv e modelin g 
process :  generi c abstractio n i s employe d t o creat e model s 
tha t  incorporat e constraint s from  multipl e domains ; 
generi c adaptatio n strategie s ar e employe d t o m a k e change s 
t o models ,  an d knowledg e o f  generi c transformation s an d 
principle s i s use d i n mode l  constructio n an d adaptation . 

4. A Constructive Modeling Interpretation of 
S2' s R e a s o n i n g 

S2 wa s a  compute r  scientis t  wit h extensiv e trainin g i n 
topology .  I n th e protoco l  session ,  h e spen t  considerabl e 

tim e considerin g hi s "physica l  imagisti c intuition "  (025) ^ 
abou t  th e slop e o f  th e bendin g rod .  W e begi n her e a t  th e 
poin t  h e claime d t o hav e a  visua l  experienc e tha t 
"expresse d wha t  [h e was ]  thinking "  (049 )  Wit h th e ro d on e 
"i s alway s measurin g i n th e vertica l  — mayb e someho w th e 
way th e - -  th e coile d sprin g unwinds ,  make s fo r  a  differen t 
frame  o f  reference. "  (()49 )  Thi s insigh t  woul d lead ,  thoug h 
not  immediately ,  t o a  mode l  o f  th e sprin g a s a n ope n 
horizonta l  (3-d )  coi l  (Figur e Ig) .  Thi s par t  o f  th e sessio n 
generate d a  targe t  constrain t  tha t  wa s salien t  i n thi s an d th e 
final  tw o model s (le,i )  :  sprin g coilin g i s i n th e horizonta l 
plane . 

At  thi s poin t  S 2 wa s seekin g t o reconcil e th e ro d (Ic ) 
and circula r  coi l  (Ig )  models .  H e achieve d reconciliatio n b y 
integratin g th e ro d mode l  wit h targe t  constraint s derive d 
durin g th e proble m solvin g process :  circularity ,  lyin g i n 
th e horizonta l  plane ,  an d unifor m distortio n durin g 

s 

^ a 

Figur e 4 :  Progressio n o f  Model s 

stretching. S2 recognized that transmitting the force 
incrementall y alon g th e circl e i n th e horizonta l  plan e 
stretche s i t  bi t  b y bit ,  a s thoug h i t  ha d joints ,  bu t  wit h eve n 
distribution .  H e n o w recalle d a n earlie r  ide a tha t  a  "squar e 
i s sor t  o f  lik e a  circle" .  (117 )  W e interpre t  hi m t o mea n 
tha t  squares ,  considere d genericall y ar e polygon s an d 
polygon s approximat e circle s i n th e limit .  H e immediatel y 
considere d bendin g u p th e ro d int o a n approximatio n o f  th e 
circl e t o creat e " a continuou s bridge "  betwee n th e tw o 
paradigmati c cases .  W e tak e thi s a s hi s attemp t  t o 
ascertai n i f  a  ro d ben t  i n a  joint-lik e fashio n i n th e 
horizonta l  plan e an d a  circl e bendin g unde r  a  forc e 
transmitte d incrementall y ar e o f  th e sam e typ e wit h respec t 
t o th e mechanis m o f  bending .  Thi s interactio n betwee n th e 
enhance d targe t  (unfoldin g circle )  an d th e initia l  sourc e 
model  (flexibl e rod )  le d t o hi s consfructin g a  serie s o f 
generi c polygona l  model s w e hav e represente d i n Figur e 4 . 

S2 firs t  dre w a  pictur e o f  a  horizonta l  hexago n (Figur e 
Ih )  an d sa w immediatel y tha t  th e hexagona l  mode l  i s a 
model  o f  a  differen t  typ e from  an y considere d befor e fo r 
h o w th e consfraint s woul d interac t  i n th e dynami c cas e 
wher e th e sprin g i s sfretched .  S2' s nex t  statemen t  describe d 
a simulatio n tha t  provide d a  crucia l  insight :  "Jus t  lookin g 
at  thi s [Ih ]  i t  occur s t o m e tha t  whe n forc e i s applie d here , 
yo u no t  onl y ge t  a  ben d o n thi s segment ,  bu t  becaus e there' s 
a pivo t  her e ['X '  i n Ih] ,  yo u ge t  a  torsio n effec t  -  aroun d 
here. "  (121 )  H e wen t  on ,  "Aha !  -  Mayb e th e behavio r  o f 
th e sprin g ha s somethin g t o d o wit h th e twis t  force s ... . 

•  Thes e number s ar e lin e number s from  th e origina l  protocol . 
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tha t  migh t  b e th e ke y differenc e betwee n thi s [flexibl e rod] , 
whic h involve s n o torsion ,  an d thi s [hexagona l  coil]. "  (122 ) 
Finally ,  S 2 constructe d th e las t  model ,  drawin g a  squar e 
coi l  (li )  i n orde r  t o exaggerat e th e torsio n effec t  an d 
considere d th e possibilit y  tha t  torsio n i s  wha t  "stop s th e 
sprin g from  - -  from  flopping. "  (126) . 

We interpre t  thes e step s i n S2' s proble m solvin g a s 
employin g generi c model s o f  th e relationa l  structure s an d 
physica l  propertie s o f  th e polygona l  models .  Bot h th e 
hexago n an d th e squar e model s incorporat e feature s o f  th e 
ro d becaus e th e straight-lin e segment s ca n bend .  However , 
i n thi s orientatio n an y polygona l  mode l  wil l  localiz e th e 
torsio n a t  th e corners ,  s o tha t  th e motio n i n stretchin g i s 
tha t  o f  twistin g rathe r  tha n bendin g a t  th e joints .  Thu s 
ther e i s torsio n plu s bendin g i n thi s stretchin g process .  Th e 
squar e coi l  mode l  o r  th e hexagona l  coi l  mode l  o r  an y 
polygona l  mode l  wil l  provid e a  generi c mode l  o f  th e sprin g 
coi l  wit h respec t  t o th e mechanis m o f  torsion .  T h e ke y 
differenc e betwee n th e polygona l  model s (Ig-i )  an d earlie r 
model s w e hav e no t  discusse d her e (le,f )  i s  tha t  whe n th e 
wir e i s coile d i n th e horizonta l  plan e th e bendin g segmen t 
does no t  hav e t o chang e directions ,  s o th e ben d i s i n th e 
same relatio n t o eac h piec e an d th e springines s i s 
distribute d evenly ,  satisfyin g th e targe t  constraints .  Tha t 
th e distributio n o f  th e twis t  woul d b e eve n ca n b e see n b y 
extrapolatin g th e polygo n t o th e limi t  o f  a  circle ,  wher e 
bendin g goe s t o zero .  Althoug h thes e step s ar e no t  i n th e 
protocol ,  w e interpre t  generi c model s a s havin g enable d S 2 
t o gras p immediatel y th e m o v e backward s from  th e squar e 
coi l  t o th e hexago n throug h th e intermediat e extrapolation s 
t o th e limi t  o f  th e circula r  coi l  i n whic h th e torsio n tha t  i s 
localize d a t  th e corner s spread s itsel f  ou t  i n suc h a  wa y tha t 
i t  become s a  unifor m propert y o f  th e sprin g (Figur e 4b) . 

5. Adaptive Modeling 

Sinc e w e vie w mode l  constructio n an d adaptatio n a s 
centra l  i n conceptua l  change ,  w e hav e chose n t o star t  wit h 
an A I  theor y tha t  view s desig n i n a  simila r  fashio n fo r 
identifyin g representationa l  construct s an d processin g 
structure s fo r  buildin g computationa l  account s o f 
constructiv e modelin g i n science .  I n a n independen t  lin e o f 
research ,  Goe l  an d collaborator s hav e develope d a n A I 
thew y o f  conceptua l  desig n o f  physica l  device s tha t  view s 
devic e desig n a s mode l  constructio n an d adaptatio n .  Thi s 
theory ,  calle d "adaptiv e modeling "  ,  aros e from  wOTk o n 
th e Kriti k  projec t  (Goe l  1991) .  A  designer' s comprehensio n 
of  th e functionin g o f  a  know n devic e i s represente d i n th e 
form  o f  a  structure-behavior-functio n (SBF )  mode l  tha t 
provide s a  functiona l  an d causa l  explanatio n o f  h o w th e 
structur e o f  th e devic e deliver s it s  functions .  Figur e 5 
illustrate s th e mai n element s o f  a n S B F mode l  an d th e 
interdependencie s betwee n them .  Th e computationa l 
syste m design s ne w device s b y constructin g S B F model s 
fo r  them ,  an d ne w devic e model s ar e constructe d b y 
adaptin g th e S B F model s o f  know n devices .  Th e S B F 
model s o f  th e ne w devic e design s ar e verifie d throug h a 
for m o f  qualitativ e simulation ,  and ,  i f  needed ,  revised . 

Recent  wor k alon g thi s lin e o f  researc h ha s le d t o a 
theor y o f  creativ e conceptua l  design .  Thi s theor y extend s 

and expand s Kritik' s theor y o f  adaptiv e modelin g b y 
incorporatin g analogica l  transfe r  a s anothe r  famil y o f 
adaptatio n strategies .  I t  posit s generi c model s fo r 
mediatin g th e analogica l  transfer .  I n particular ,  i t 
identifie s tw o kind s o f  generi c models :  generi c teleologica l 
mechanism s ( G T M s )  an d genera l  physica l  processe s 
(GPPs)  (Strouli a &  Goe l  1992 ;  Bhatt a &  Goe l  1993) .  A 
G T M specifie s a  patter n o f  functiona l  an d causa l  structur e 
suc h a s feedbac k whil e a  G P P capture s a  patter n o f 
behaviora l  an d causa l  structur e suc h a s hea t  flow.  T h e 
generi c model s ar e abstracte d from  th e S B F devic e 
representation s o f  a  know n desig n situation ,  indexe d b y th e 
functional/behaviora l  abstractions ,  an d store d i n memory . 
Give n a  ne w desig n situation ,  th e store d generi c model s ar e 
accesse d an d instantiate d t o hel p creat e S B F 
representation s fo r  th e ne w situation .  Th e I D e A L syste m 
(Bhatt a &  Goe l  1993 )  instantiate s thi s theor y o f  model -
base d analogy .  Dependin g o n th e desig n situatio n 
presente d t o i t  an d it s relatio n t o th e availabl e knowledge , 
I D e A L ca n us e differen t  mode l  adaptatio n strategie s 
rangin g from  incrementa l  revisio n o f  know n S B F 
representation s withi n th e proble m domai n t o cross -
domai n analogica l  transfe r  o f  modelin g knowledg e i n th e 
for m o f  generi c models .  Th e S B F theor y o f  devic e 
comprehensio n an d th e adaptiv e modelin g theor y o f  solvin g 
desig n problem s togethe r  provid e u s wit h th e representatio n 
an d processin g structure s fo r  beginnin g t o buil d a 
computationa l  accoun t  o f  th e constructiv e modelin g 
reasonin g proces s i n science . 
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Figur e 5 :  SB F Mode l 

6. Synthesis of Theories 

By itsel f  "constructiv e modeling "  provide s a n outlin e 
fo r  a  proces s o f  scientifi c  reasonin g tha t  result s i n 
conceptua l  change .  I n orde r  t o acquir e a  mor e specifi c 
understandin g w e hav e bee n developin g a  computationa l 
theor y base d o n th e principle s o f  adaptiv e modelin g t o 
explor e an d tes t  ou r  interpretatio n o f  th e Clemen t  protocol . 
Thi s collaborativ e effor t  engage s a  proble m centra l  t o 
cognitiv e scienc e a s a n interdisciplinar y researc h field: 
H o w ca n theorie s from  differen t  discipline s b e synthesize d 
t o provid e a  riche r  understandin g o f  reasonin g processes ? 
A n d h o w migh t  a  synthesi s b e utilize d t o develo p 
computationa l  system s fo r  experimentation ? I n thi s projec t 
we hav e a  cognitive-historica l  theor y o f  constructiv e 
modelin g paire d wit h th e computationa l  theor y o f  adaptiv e 
modeling .  T h e resul t  o f  thi s pairin g i s tha t  w e ar e provide d 
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wit h 2  kind s o f  constraint s fo r  th e choice s w e mak e i n 
modeling .  Th e firs t  ar e cognitiv e constraint s dra w fro m a 
•'cognitive-historical "  synthesi s o f  philosophical ,  historical , 
and psychologica l  studie s o f  h u m a n reasoning .  Thes e 
includ e bot h interpretiv e constraint s fo r  analyzin g dat a an d 
processin g constraint s i n th e for m o f  coarse-graine d 
commitments .  Th e secon d ar e computationa l  constraint s 
draw n from  compute r  scienc e an d theorie s o f  cognitio n 
whic h includ e tractability ,  inferencin g capability ,  an d 
representationa l  adequacy .  Thu s th e choice s w e hav e 
made i n developin g T o R Q U E garne r  suppor t  from  bot h 
theorie s an d th e interactio n betwee n them .  I n th e nex t 
sectio n w e explai n an d justif y som e o f  th e choice s tha t  w e 
hav e m a d e i n th e developmen t  o f  T o R Q U E wit h respec t  t o 
th e computationa l  an d cognitiv e constraint s o f  thes e 
theories . 

7. Computational Analysis 

I n ou r  computationa l  analysi s w e hav e develope d a 
preliminar y computationa l  mode l  o f  S2' s reasoning .  Thi s 
analysi s model s a  smalle r  piec e tha n ou r  constructiv e 
modelin g interpretatio n o f  th e protoco l  i.e .  w e hav e no t 
focuse d o n ever y aspec t  o f  S2' s reasonin g bu t  hav e focuse d 
instea d o n specifi c  issue s suc h a s hi s us e o f  generi c 
models .  Ou r  computationa l  mode l  i s describe d i n th e 
S BF languag e o f  th e theor y o f  adaptiv e modeling .  Thu s 
fa r  i n ou r  researc h th e computationa l  model ,  T o R Q U E,  ha s 
bee n instantiate d i n a  partia l  experimenta l  system . 

¥( X S2' s reasonin g th e choic e o f  adaptiv e modelin g i s 
particularl y ap t  computationall y fo r  tw o reasons :  ther e i s a 
goo d matc h betwee n th e S B F formalis m an d th e physica l 
system s i n questio n (i.e .  springs ,  flexibl e rods ,  etc. )  and , 
mor e importantly ,  S B F representation s provid e significan t 
benefit s wit h respec t  t o th e kind s o f  inference s available , 
an d th e spee d wit h whic h thos e inference s ar e carrie d out . 
T h e structur e (S )  o f  S2' s initia l  mode l  o f  a  sprin g i s clearl y 
on e o f  multipl e coi l  component s tha t  interac t  wit h on e 
anothCT .  Thi s interpretatio n i s supporte d b y S2' s 
simplifyin g th e representatio n b y reducin g th e sprin g t o a 
singl e coil :  "I t  occur s t o m e tha t  a  singl e coi l  o f  a  sprin g 
wrappe d onc e aroun d i s th e sam e a s a  whol e spring. "  (023 ) 
Th e inferenc e i s no t  tha t  a  coi l  i s  equivalen t  t o a  spring ,  bu t 
tha t  i t  ha s th e sam e basi c functio n (F )  a s a  spring ,  becaus e 
i n mos t  respect s a  coi l  i s  no t  th e sam e a s a  spring ,  (e.g .  i t 
doe s no t  loo k lik e a  sprin g o r  hav e th e sam e structur e a s a 
spring) .  Thi s inferenc e provide s evidenc e tha t  S 2 use d 
separat e notion s o f  functio n (F )  an d structur e (S) .  A  sprin g 
an d a  coi l  ca n b e "th e same "  fiinctionall y whil e no t  bein g 
th e sam e structurall y o r  topologically .  I t  als o show s tha t 
S2 considere d th e sprin g a s divide d int o multipl e coi l 
components . 

Th e tas k tha t  S 2 complete d involve s assessin g th e 
behavio r  (B )  o f  a  particula r  physica l  syste m wit h regar d t o 
it s structur e (S) .  Give n a  particula r  propert y o f  th e spring' s 
structure ,  e.g .  th e diamete r  value ,  h o w wil l  th e behavio r  o f 
th e sprin g b e affected ? S2' s attemp t  t o solv e thi s proble m 
require s havin g a  representatio n o f  th e behavio r  i n questio n 
or  bein g abl e t o generat e on e quickly .  O n e o f  th e 
advantage s o f  adaptiv e modelin g i s tha t  th e explici t  storag e 

of  thi s behavio r  provide s a  significan t  computationa l 
advantag e ove r  th e generatio n o f  th e behavior .  Th e kin d o f 
inference s tha t  ca n b e m a d e give n th e store d behavio r  ar e 
als o important .  Fo r  example ,  whe n S 2 notice d th e 
differenc e (chang e i n slop e i n th e flexibl e ro d vs .  unifor m 
slop e i n th e spring) ,  h e di d s o becaus e th e behavio r  show s 
thi s differenc e t o b e salient .  B y separatin g structure , 
behavior ,  an d functio n int o separatel y analyzabl e units ,  th e 
S BF formalis m prune s awa y difference s tha t  ar e irrelevan t 
t o th e task ,  an d make s i t  easie r  t o targe t  area s o f  significan t 
difference .  Thu s onc e th e mode l  i s paire d wit h a  tas k  i t  i s 
possibl e t o se e th e salien t  difference s withou t  bein g 
distracte d b y ontologicall y distinc t  kind s o f  differences . 

Once S 2 considere d a  singl e coi l  i n plac e o f  a n entir e 
sprin g w e se e tha t  h e bega n t o focu s o n th e topologica l 
featur e o f  circularity .  A t  thi s poin t  i n th e protoco l  h e ha s 
alread y considere d th e behaviora l  an d structura l 
differences ,  an d ha s mad e som e adaptation s wit h respec t  t o 
thes e part s o f  th e model .  Th e differenc e betwee n th e 
behavio r  o f  th e flexibl e ro d an d th e sprin g provide d th e 
initia l  se t  o f  salien t  differences ,  an d th e structura l 
adaptatio n from  m a n y coil s t o on e coi l  allowe d S 2 t o focu s 
hi s attentio n o n wha t  turne d ou t  t o b e th e mos t  importan t 
differences :  circularit y an d orientation . 

At  thi s stag e i n th e protoco l  ToRQUE ' s S B F mode l  o f  a 
coi l  an d th e S B F mode l  o f  a  flexibl e ro d eac h hav e a  singl e 
componen t  whic h ha s th e functio n o f  providin g a  restorin g 
force .  Becaus e "Structure "  refer s t o component s an d th e 
connection s o f  components ,  th e structure s o f  tw o device s 
wit h a  singl e simila r  componen t  ar e necessaril y  th e same . 
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The topologie s o f  thes e devices ,  however ,  m a y stil l  b e 
significantl y different .  Tha t  S 2 addresse d th e difference s i n 
thi s orde r  provide s furthe r  suppor t  tha t  S B F structure s ar e a 
usefu l  ontolog y fo r  focusin g inferences .  Problem s suc h a s 
S2' s tha t  involv e behaviora l  aspect s o f  th e physica l  syste m 
ar e handle d bes t  b y focusin g o n behaviora l  difference s first. 
Thu s S 2 i s require d t o m a k e us e o f  th e topologica l 
difference s betwee n th e coi l  an d th e flexibl e rod ,  onl y afte r 
he ha s prune d awa y thos e difference s whic h ar e presente d 
by th e behavio r  an d structure . 

Jus t  a s I D e A L use s G T M s an d G P P s i n adaptin g 
models ,  T o R Q U E use s generi c topologica l  transformation s 
(GTTs )  fo r  adaptin g models .  Her e w e describ e th e us e o f 
thes e transformation s wit h respec t  t o S2' s reasonin g i n th e 
final  insigh t  sectio n interprete d i n Sectio n 3 .  I n T o R Q U E, 
th e "Reduce-Repeating-Components "  transfOTmatio n i s 
use d t o reduc e th e sprin g t o a  singl e coi l  (Figur e 6c) .  Th e 
'Transform-Segment-to-Closed-Figure "  an d 'Transform -
Planar-Orientation "  ben d th e ro d int o a  coi l  (6d) .  W e 
assume her e wit h S 2 tha t  a  coi l  "i s  a  circl e wit h a  brea k i n 
it" .  Figur e 6 e show s th e progressio n o f  closed-figur e 
transformations ,  whic h lead s t o th e hexagona l  coil ,  th e 
discover y o f  torque ,  an d th e exaggeratio n o f  th e effec t  b y 
th e squar e coi l  model .  B y adaptin g th e coi l  firo m a  circl e t o 
a polygon ,  S 2 wa s abl e t o introduc e ne w component s int o 
th e mode l  structure .  Eac h sid e o f  th e square ,  e.g. ,  coul d 
no w b e treate d a s a  flexible  ro d component ,  bu t  wit h th e 
significan t  chang e i n orientatio n tha t  n o w make s fo r 
twistin g rathe r  tha n bendin g a t  th e joints .  Thu s a  smal l 
topologica l  chang e ca n resul t  i n a  fairl y  larg e behaviora l 
change ,  makin g ne w knowledg e availabl e fro m whic h t o 
make inferences . 

Th e mos t  importan t  inferenc e occur s i n evaluatin g th e 
squar e coil .  S 2 ha d recognize d th e generi c physica l 
principl e (GPP )  o f  torsio n i n th e hexagona l  coi l  an d 
constructe d th e squar e coi l  t o examin e it .  H e wa s 
reminde d o f  thi s principl e becaus e o f  th e behaviora l  an d 
structura l  similaritie s betwee n th e G P P an d th e polygona l 
models .  I n Sectio n 3  w e interprete d S 2 a s makin g a  final 
serie s o f  inference s onl y implici t  i n th e protoco l  tha t 
involv e th e generi c abstractio n o f  th e squar e coi l  wit h 
respec t  t o torsion .  T o b e satisfie d tha t  h e ha d solve d th e 
problem ,  h e neede d t o hypothesiz e tha t  i f  torsio n i s tru e o f 
squar e coils ,  perhap s i t  i s  tru e o f  al l  coil s an d t o mak e th e 
appropriat e extrapolation .  T o R Q U E incorporate s th e G P P 
int o th e circula r  coi l  mode l  throug h th e 'Transform -
Discrete-to-Continuous "  G T T ,  whic h depend s upo n a 
knowledg e o f  limit s whic h w e k n o w S 2 possesses :  A 
continuou s shap e suc h a s a  circl e ca n b e though t  o f  a s 
containin g a n infinit e numbe r  o f  infinitesimall y smal l 
segments .  Figur e 6( 0 show s th e transformation s fto m th e 
squar e coi l  bac k t o a n adapte d mode l  o f  th e circula r  coi l 
tha t  captur e ou r  interpretation . 

Conclusion 

Our  conceptua l  analysi s provide s a  plausibl e 
interpretatio n o f  S2' s reasonin g a s relyin g significantl y o n 
generi c models .  Ou r  computationa l  analysi s show s h o w 
generi c model s suc h a s G P P s (e.g. ,  torque )  an d G T T s (e.g. . 

Transform-Planar-Orientation )  ca n hel p t o achiev e 
conceptua l  change .  Her e w e highligh t  tw o significan t 
conclusion s tha t  sho w th e synerg y o f  ou r  interdisciplinar y 
collaboration : 
•  A n importan t  issu e i n generi c modelin g i s h o w t o 

make th e righ t  inference s a t  th e righ t  times .  S B F 
model s enabl e an d constrai n thes e inferences . 

•  I n analyzin g protoco l  an d historica l  dat a ther e ar e 
place s wher e th e reasonin g proces s i s no t  explicit ,  a s i n 
th e portio n o f  S2' s reasonin g w e examine d here . 
Interpretation s o f  thes e gap s gai n plausibilit y  throug h 
computationa l  models ,  whic h lik e T o R Q U E hav e 
develope d ou t  o f  a n interdisciplinar y analysi s o f 
creativ e reasoning . 
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Abstrac t 

Certai n model s o f  bilingua l  memor y base d o n parallel , 
activation-drive n self-terminatin g searc h throug h 
independen t  lexicon s ca n reconcil e bot h interlingua l 

primin g dat a (whic h see m t o suppor t  a n overlappin g 

organizatio n o f  bilingua l  memory )  an d homogr^ h 
recognitio n dat a (whic h see m t o fevor  a  separate-acces s 

dual-lexico n approach) .  Bu t  th e dual-lexico n mode l 

makes a  predictio n regardin g recognitio n time s fo r 
nonword s tha t  i s  no t  supporte d b y th e data .  Th e 

nonword s tha t  violat e thi s predictio n ar e produce d b y 

changin g a  singl e lette r  o f  non-cognat e interlexica l 
homograph s (word s lik e appoint ,  legs ,  an d minc e tha t 
ar e word s i n bot h Frenc h an d English ,  bu t  hav e 
completel y differen t  meaning s i n eac h language) , 
thereb y producin g regula r  nonword s i n bot h language s 
(e.g. ,  appoint ,  ligs ,  monce) .  Thes e nonword s ar e the n 

classifie d accordin g t o th e comparativ e size s o f  thei r 
orthographi c neighborhood s i n eac h language .  A n 
interactive-activatio n model ,  unlik e th e dual-lexico n 
model ,  ca n accoun t  fo r  reactio n time s t o thes e 
nonword s i n a  relativel y straightforwar d marmer .  Fo r 
thi s reason ,  i t  i s  argue d tha t  a n interactive-activatio n 
model  i s th e mor e appropriat e o f  th e tw o model s o f 
bilingua l  memory . 

Introductio n 

The tw o opposin g camp s i n th e bilingua l  memor y debat e 
are ,  i n essence ,  comprise d o f  thos e wh o adher e t o a 
"separat e storage "  dual-lexico n vie w an d thos e wh o favo r  a 
more homogeneou s memor y organization ,  rathe r  lik e 
monolingua l  memory ,  bu t  wid i  twic e th e numbe r  o f  words . 
Evidenc e from  bilingua l  aphasi a (Paradis ,  1977 ;  Alber t  & 
Obler ,  1978 ,  ch .  4 ;  ) ,  wher e brai n injur y wil l  caus e th e 

bilingua l  patien t  t o completel y los e on e o f  hi s o r  he r 
languages ,  woul d als o see m t o argu e fo r  modula r  languag e 
organization .  I n addition ,  "separat e storage "  dual-lexico n 
model s hav e a  certai n intuitiv e appeal ,  i n particular . 

becaus e proficien t  bilingual s wil l  repor t  littl e inter-lexica l 
interference .  Ther e hav e bee n a  numbe r  o f  studie s 
(Grosjean ,  1989 ;  Grosjea n &  Soares ,  1986 ;  Macnamar a & 
Kushnir ,  1971 ;  Gerar d &  Scarborough ,  1989 ;  etc. )  tha t 

see m t o suppor t  a  compartmentalize d language-specifi c 
vie w o f  bilingua l  memor y organization . 

On th e othe r  hand ,  cross-lingua l  primin g effect s hav e 

been repeatedl y demonstrate d i n th e las t  twent y year s and , 
i n certai n cases ,  interlingua l  primin g effect s ma y b e a s 
larg e a s intralingua l  primin g effect s (Kolers ,  1966 ;  M^^e r 
& Ruddy ,  1974 ;  Schwanenfluge l  &  Rey ,  1986 ;  Beauvillai n 

& Grainger ,  1987 ;  Beauvillain ,  1992 ;  Che n &  Ng ,  1989 ; 
De Groo t  &  Nas ,  1991 ;  Hernandez ,  Bates ,  &  Avila ,  1995 ; 

etc.) .  Recently ,  Neumann ,  McCloskcy ,  an d Feli o (1994 ) 
eve n claime d t o hav e foun d condition s unde r  whic h 
interlingua l  excitator y effect s disappea r  bu t  wher e 
interlingua l  inhibitor y effect s persist . 

Frenc h &  Ohnesorg e (1995 )  propose d a  mode l  o f 
bilingua l  memor y base d o n parallel ,  self-terminatin g searc h 

throug h independen t  lexicon s i n whic h th e searc h spee d 
depend s o n th e overal l  activatio n o f  th e lexicon .  Thi s 
model  di d a  goo d jo b o f  reconcilin g bot h interlingua l 
primin g dat a tha t  woul d see m t o suppor t  a n overlappin g 
bilingua l  memor y organizatio n (Beauvillai n &  Grainger , 
1987 )  an d homogr^h-recognitio n dat a tha t  woul d see m t o 
favo r  a  separate-acces s dual-lexico n approac h (specifically , 
Gerar d &  Scarborough ,  1989) . 

I n thi s article ,  however ,  w e wil l  presen t  specifi c  nonwor d 
reaction-tim e dat a tha t  canno t  b e readil y explaine d b y th e 
parallel-searc h dual-lexico n model .  W e wil l  the n sho w tha t 
thes e dat a are ,  i n fact ,  compatibl e wit h a n interactive -
activatio n model .  Becaus e a n interactive-activatio n mode l 
lik e thos e propose d b y McClellan d an d Riunelhar t  (1981 ) 
and ,  mor e recentl y i n th e contex t  o f  bilingua l  memory ,  b y 
Grainge r  (1992) ,  ar e als o abl e t o accoun t  fo r  th e 

homograph-recognitio n dat a i n Frenc h &  Ohnesorg e 
(1995) ,  w e conclud e tha t  bilingua l  memor y organizatio n 
may actuall y tur n ou t  t o b e a  lo t  lik e distributed , 
overlappin g monolingua l  memor y organization . 
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Inteiiexica l  h o m o g r a p h dat a suppor t  bot h 

typt s o f  bilingua l  m e m o r y model s 

Non-cognat e interlexica l  homograph s ar e word s tha t  hav e 
th e sam e spellin g bu t  completel y differen t  meaning s i n tw o 
separat e languages .  Fo r  exaiiq>le ,  i n French ,  word s suc h a s 
fin  ( = "end "  i n French) ,  pai n ( = "bread "  i n French) ,  minc e 

( = "thin "  i n French) ,  etc .  Th e mos t  interestin g se t  o f  thes e 

word s consist s o f  "imbalanced "  homographs ,  i.e. ,  thos e 

wit h a  hig h printed-wor d frequenc y i n on e languag e an d a 
lo w frequency  i n th e othe r  (e.g. ,  fin  i s a  low-frequenc y wor d 
i n English ,  hig h frequency  i n French) . 

Gerar d &  Scarboroug h (1989 )  mad e us e o f  unbalance d 

non-cognat e Spanish-Englis h homogr^h s t o suppor t  th e 

hypothesi s tha t  "lexica l  informatio n i s represente d i n 
language-specifi c  lexicon s an d tha t  wor d recognitio n 
require s searchin g th e language-appropriat e lexicon. " 
Spanish-EngUs h bilingual s wer e adce d t o loo k 

word/nonwor d discriminatio n tas k i n a  singl e targe t 

language .  Mixe d int o th e single-languag e lis t  o f  word s 

wer e unbalance d English-Spanis h non-cognat e bilingua l 
homographs .  Thei r  result s sho w tha t  wor d fi^equency  i n th e 
currentl y activ e languag e — an d no t  th e overal l  frequency 
of  usag e i n bot h language s — predict s homograp h 
recognitio n time ,  thu s lendin g suppor t  t o th e language -
specifi c  dual-lexico n hypothesis .  So ,  eve n thoug h re d ( = 
'net "  i n Spanish )  i s a  hig h frequency  wor d i n English , 
Spanish-Englis h bilingual s wer e n o £aste r  i n th e Spanish -
onl y conditio n tha t  Spanis h monolingual s i n recognizin g it . 
The numbe r  o f  time s th e bilingual s ha d see n th e ite m i n 
Englis h wa s o f  n o hel p i n it s  recognitio n i n th e All-Spanis h 
conditio n O n th e othe r  hand ,  severa l  studie s usin g target s 
prime d b y non-cognat e interlexica l  homograph s (i n 
particular ,  Beauvillai n &  Grainge r  (1987) )  indicat e tha t 
CToss-Ungua l  primin g doe s occur .  Thi s woul d see m t o 

contradic t  th e vie w o f  independen t  language-specifi c 
lexicon s supporte d b y Gerar d &  Scarborough . 

Parallel, activation-driven search 

t h r o u g h separat e lexicon s 
Frenc h &  Ohnesorg e (1995 )  propose d a  mode l  tha t 
employe d paralle l  searc h throug h independen t  lexicon s 
wit h th e searc h spee d throug h eac h lexico n dependin g o n 
th e overal l  activatio n o f  tha t  lexicon .  Thi s mode l  seeme d t o 
reconcil e th e appaieali y contradictor y findings  o f 
Beauvillai n &  Grainge r  an d Gerar d &  Scarborough . 

W h en onl y a  singl e lexico n wa s activ e (fo r  example , 
when bilingual s sa w onl y word s i n on e language) ,  a s i n 
Gerar d &  Scarboroug h (1989) ,  thi s mode l  prediae d wor d 
recognitio n reactio n times  tha t  woul d correspon d t o thos e 
of  a  monohngua l  sinc e th e searc h spee d throug h (h e 
inactiv e lexico n woul d b e extremel y slow ,  slo w enoug h tha t 
th e versio n o f  th e bilingua l  h o m o g r ^ h store d i n th e 
inactiv e lexico n woul d neve r  b e reached .  Th e searc h spee d 
woul d throug h th e activ e lexico n woul d therefor e 

correspon d roughly  t o th e monolingua l  searc h spee d 

Uiroug h a n equivalen t  lexicon . 

Th e cross-lingua l  primin g result s obtaine d b y Beauvillai n 
& Grainge r  (1987 )  ca n als o b e accounte d fo r  b y thi s typ e o f 
model .  I n thei r  experimen t  al l  prim e word s wer e i n Frenc h 
and al l  targe t  word s wer e i n English .  Th e Frenc h prime s 

wer e presente d fo r  10 0 ms .  Since  respons e time s t o th e 

Englis h word s wer e approximatel y 60 0 ms. ,  w e ca n 

conclud e that ,  o n average ,  th e subject s sa w Englis h word s 
si x time s a s lon g a s Frenc h words .  A s a  result ,  i t  i s 
reasonabl e t o conclud e tha t  th e Englis h lexico n woul d b e 
considerabl y mor e activ e tha n th e Frenc h lexicon . 
Consequently ,  whe n subject s sa w th e prim e wor d "four "  ( = 

"oven "  i n French) ,  i t  i s  quit e possibl e tha t  i t  wa s frequentiy 
perceive d no t  a s a  Frenc h word ,  bu t  rathe r  a s a n Englis h 
word ,  du e t o th e fac t  tha t  th e Englis h lexico n wa s s o muc h 
mor e activ e tha n th e Frenc h lexicon .  I t  i s  therefor e no t 
surprisin g tha t  ther e woul d hav e bee n som e primin g o f  th e 

Englis h targe t  "five, "  whic h i s wha t  th e author s reported . 

I n short ,  th e dual-lexico n parallel-searc h mode l  doe s a 
remarkably  goo d jo b a t  accountin g fo r  th e apparentl y 
contradictor y dat a o f  Gerar d &  Scarboroug h (1989 )  an d 
Beauvillai n &  Grainge r  (1987) .  Frenc h &  Ohnesorg e 
(1995 )  als o showe d tha t  thi s mode l  correctl y predicte d 
reaction-tim e shift s fo r  recognitio n times  o f  interlexica l 
homograph s whe n movin g from a  monolingua l  t o a  mixed -
languag e condition .  Unfortunately ,  thi s mode l  caimo t 
accoun t  fo r  certai n nonwor d reaction-tim e data .  Fo r  thi s 
reason ,  w e introduc e interactive-activatio n models .  First , 
we wil l  clai m tha t  thes e model s ar e fimctionall y equivalent , 
i f  intuitivel y les s appealing ,  t o th e dual-lexico n parallel -
searc h mode l  fo r  wor d recognition .  W e wil l  the n g o o n t o 
presen t  th e problemati c nonwor d recognitio n dat a an d sho w 
h o w a n interactive-activatio n mode l  ca n handl e thi s data . 

Th e result s reported  i n thi s pape r  ar e based  o n 
previousl y unexamine d dat a from  Frenc h &  Olmesorg e 
(1995) .  Thi s ne w stud y wa s undertake n becaus e o f  wor k 
reporte d i n Grainge r  (1992 )  an d Grainge r  an d Dijkstr a 
(1992 )  o n th e us e o f  orthographi c neighborhood s 
(Coltheart ,  1977 )  t o stud y bilingua l  memor y organization . 
Usin g a n orthographic-neighborhoo d techniqu e simila r  t o 
th e on e employe d b y Grainge r  &  Dijkstra ,  w e examine d a 
set  o f  non-cognat e interlexica l  nonword s (nonword s create d 
from  homogr^h s tha t  produce d regula r  nonword s i n bot h 
languages )  containe d i n ou r  origina l  se t  o f  stimuli . 

We ha d anticipate d a  straightforwar d confirmatio n o f  th e 
predictio n ou r  parallel-searc h dual-lexico n mode l  mad e 
wit h regar d t o nonword s — namely ,  tha t  thes e nonword s 
woul d b e recognize d a s no t  bein g a  wor d eithe r  i n Frenc h 
or  i n Englis h faste r  i n th e \fixe d Conditio n (i.e. ,  wher e 
bot h lexicon s ar e active )  tha n i n th e All-Frenc h Conditio n 
(i.e. ,  wher e onl y th e Frenc h lexico n i s active) .  Thi s 
predictio n wa s based  o n th e fac t  tha t  i n orde r  t o recogniz e 
an ite m a s a  nonwor d (i.e. ,  no t  a  wor d i n eithe r  language) , 
bot h lexicon s hav e t o b e "exhaustively "  searched .  Thi s 
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search ,  eve n thoug h i t  i s  a  paralle l  searc h o f  th e lexicons , 
woul d conclud e mor e quickl y — thu s allowin g th e 

determinatio n tha t  a n ite m i s a  nonwor d — whe n bot h 

lexicon s wer e activ e (Mixe d condition) ,  tha n whe n onl y on e 

was (All-Frenc h condition) . 

T o ou r  surprise ,  w e foun d tha t  certai n type s o f  nonword s 
wer e actuall y recognize d a s nonword s mor e slowl y i n th e 

Mixe d Conditio n tha n i n th e All-Frenc h Condition .  Afte r 

attemptin g t o fit  thes e result s int o th e fiamework  o f  a 
parallel-search ,  dual-lexico n model ,  w e conclude d that : 

•  distribute d interactive-activatio n model s giv e a 

bette r  accoun t  o f  thi s dat a tha n th e independent -
lexico n model ; 

•  interactive-activatio n model s ca n als o accoun t  fo r 

th e homograph-recognitio n dat a tha t  th e parallel -
searc h dual-lexico n mode l  handle d s o well . 

I n wha t  follow s w e wil l  concentrat e o n th e forme r  poin t 

becaus e th e nonwor d reactio n tim e dat a i s th e ke y t o 

distinguishin g thes e tw o type s o f  models .  A  parallel-searc h 
dual-lexico n mode l  canno t  explai n nonwor d reactio n tim e 
data ;  a n interactive-activatio n mode l  can .  Spac e limitation s 

do no t  allo w u s t o explai n h o w interactive-activatio n 

model s ca n als o accoun t  fo r  th e homograp h reaction-tim e 
dat a presente d i n Frenc h &  Ohnesorg e (1995) . 

Experimental design 

Participant s 
Th e participant s wer e 4 8 bilingua l  male s an d female s 
recruite d fix>m  th e Universit y o f  Wisconsi n (Madison ,  W I ) 
and th e surroundin g community .  Virtuall y al l  wer e i n dail y 
contac t  wit h bot h Frenc h an d Englis h an d judge d 
themselve s highl y fluent  i n bot h Frenc h an d English .  Th e 
poo l  wa s mad e u p o f  professor s an d graduat e student s i n 

th e Frenc h department ,  translators ,  an d nativ e Frenc h 
speaker s havin g live d fo r  man y year s i n th e U S ,  etc . 
Twenty-fiv e o f  th e subject s wer e nativ e Frenc h speakers . 
Th e participant s wer e randoml y assigne d t o th e tw o 
condition s o f  th e experiment . 

Stimuli 
Th e critica l  stimul i  consiste d o f  a  se t  o f  2 7 non-cognat e 

interlexica l  nonwords .  Thes e nonword s wer e produce d b y 
changin g a  singl e lette r  o f  a  non-cognat e interlexica l 
homograp h (i.e. ,  word s lik e appoint ,  legs ,  mince ,  etc. ,  al l  o f 
whic h hav e distinc t  meaning s i n Frenc h an d English) . 
Thi s produce d regula r  nonword s i n bot h Frenc h an d 
English .  Fo r  example ,  startin g wit h th e non-cognat e 
interlexica l  homograp h minc e ( = "thin "  i n French) ,  w e 
produc e th e non-cognat e nonwor d monc e b y changin g th e 
"i "  i n minc e t o a n "o" .  Thi s give s a  regula r  nonwor d i n 

bot h Frenc h an d English . 

Procedure 
Th e experimen t  consiste d o f  tw o conditions ,  a n All-Frenc h 
conditio n i n whic h participant s sa w onl y Frenc h 

words/nonwords ,  an d a  Mixe d conditio n i n whic h the y sa w 
hal f  Frenc h an d hal f  Englis h words/nonwords .  I n th e 
conditio n i n whic h participant s sa w word s onl y i n French , 

th e instruction s wer e als o orall y explaine d i n French .  I n 

th e conditio n i n whic h subject s sa w hal f  Frenc h an d hal f 

Englis h item s durin g th e tes t  procedure ,  th e instruction s 
wer e first  explaine d i n English .  Subsequently ,  th e sam e 

instruction s i n Frenc h wer e the n rea d b y th e participant s o n 
th e compute r  SCTeen . 

All-French Condition Participants did the experiment 

individuall y i n 45-nunut e session s i n whic h the y responde d 
t o 45 0 experimenta l  trials .  Th e experimen t  wa s ru n o n 
PsyScop e (Cohe n e t  al ,  1993 )  o n a  Powe r  Macintos h 

computer .  Participant s wer e seate d approximatel y 20 " 
fi-om  th e compute r  monitor .  Th e instruction s indicate d tha t 

the y woul d se e lette r  string s an d wer e t o classif y the m a s 

word s (i f  the y wer e rea l  word s i n Frenc h o r  i n English )  o r 

nonwords .  Include d i n th e lis t  o f  lexica l  item s wer e th e 
critica l  non-cognat e nonwords .  Reactio n tim e t o thes e 
nonword s wa s th e critica l  dependen t  variable .  O f  particula r 

interes t  wer e "unbalance d nonwords "  tha t  ha d a  larg e 
orthographi c neighborhoo d i n on e languag e an d a  smal l 
orthographi c neighborhoo d i n th e othe r  language .  Afte r 
readin g th e instructions ,  th e participant s initiate d a  bloc k o f 
40 practic e trials .  U p o n completio n o f  th e practic e block , 
the y bega n th e experimenta l  trials .  O n eac h tria l  a  lette r 
strin g wa s presente d an d remaine d o n th e scree n unti l  a 
respons e wa s made .  Afte r  a  50 0 m s interva l  th e nex t 
stimulu s wa s presented .  Feedback ,  i n th e for m o f  a  beep , 
indicate d whe n a  word/nonwor d ha d bee n misclassified . 
Altogether ,  participant s responde d t o a  tota l  o f  45 0 lette r 
strings :  18 0 Frenc h words ,  18 0 French-base d nonwords ,  4 5 

regula r  French/Englis h nonword s an d 4 5 homographs . 

Mixed Condition Identical to the All-French condition, 
excep t  tha t  th e "filler "  stimul i  consiste d o f  a n equa l  mixtur e 
of  Frenc h an d Englis h word s an d nonwords .  Th e 
word/nonwor d lexica l  decisio n tas k wa s th e sam e a s i n th e 
All-Frenc h condition . 

Results 
Frenc h &  Ohnesorg e (1995 )  showe d tha t  a n activation -

drive n parallel-searc h dual-lexico n mode l  coul d accoun t  fo r 
dat a reporte d b y Gerar d &  Scarboroug h (1989) ,  whic h 
seemed t o favo r  a  separate-acces s dual-lexico n model ,  an d 
Beauvillai n &  Grainge r  (1987) ,  whic h seeme d t o siq>por t 
an overlapping ,  distribute d model .  Bu t  a  ke y predictio n o f 
thei r  parallel-searc h dual-lexico n mode l  i s tha t  nonword s 

wil l  b e rejecte d faste r  i n th e Mixe d Conditio n tha n i n th e 

All-Frenc h Condition .  Thi s turne d ou t  no t  t o b e th e case . 
I n wha t  follow s w e discus s thi s ke y predictio n an d explai n 
h o w i t  ca n b e accounte d fo r  b y a n interactive-activatio n 

model  simila r  t o th e Grainger' s (1992 )  Bilingua l 
Interactiv e Activatio n (BIA )  model ,  itsel f  base d o n th e 
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McClellan d an d Rumelhait' s  (1981 )  Interactive-Activatio n 

model . 

The key prediction for nonword data 

The dual-lexico n parallel-searc h mode l  make s a  clea r 

predictio n fo r  al l  nonwords :  reactio n time s wil l  b e faste r  i n 
th e Mixe d conditio n tha n i n th e All-Frenc h condition .  Thi s 
i s becaus e i n th e Mixe d conditio n bot h lexicon s ar e fiill y 
activ e an d ar e therefor e bot h bein g searche d i n paralle l  a t 
ful l  speed .  B y contrast ,  i n th e All-Frenc h condition ,  th e 
searc h spee d throug h th e Englis h lexico n i s les s tha n i t 

woul d b e i n th e Mixe d conditio n (becaus e th e Englis h 
lexico n i s les s activ e tha n i n th e Mixe d conditio n sinc e th e 

participan t  ha s see n onl y Frenc h word s durin g th e 

experiment) .  Therefore ,  i t  shoul d tak e les s tim e t o 
recogniz e a  nonwor d a s bein g neithe r  a  rea l  wor d i n Frenc h 

nor  i n Englis h i n th e Mixe d condition .  W e wil l  se e tha t 
thi s predictio n i s no t  supporte d b y th e data . 

Non-cognate interlexical nonwords 
The stimul i  tha t  w e wil l  examin e ar e nonword s produce d 
by changin g a  singl e lette r  o f  a  non-cognat e interlexica l 
homogr^hs ,  t h e r ^  producin g regula r  nonword s i n bot h 
Frenc h an d English .  Fo r  example ,  startin g wit h th e non -
cognat e interlexica l  homograp h leg s ( = "legacy "  i n 
French) ,  th e non-cognat e nonwor d lig s i s produce d b y 
changin g th e "e "  i n leg s t o a n "i" .  Thi s give s a  regula r 
nonwor d i n bot h Frenc h an d English . 

Non-cognat e bilingua l  nonword s ca n b e classifie d b y 
means o f  a n orthographi c neighborhoo d techniqu e simila r 
t o th e on e use d b y Colthear t  e t  a l  (1977 )  an d Grainge r  & 
Dijkstr a (1992) .  Word s ar e sai d t o b e orthographi c 
neighbor s i f  al l  o f  thei r  letter s bu t  on e matc h up .  (Thus , 

"mare "  i s  a n orthogr^hi c neighbo r  o f  "more "  sinc e th e tw o 
word s matc h u p excep t  a t  thei r  secon d position. )  Th e 
nonword s ar e classifie d a s High-English-Neighborhood / 
Low-French-Neighborhoo d (HEN/LFN )  o r  Low-English -
Neighborhood/High-French-Neighborhoo d (LEN/HFN) , 
accordin g t o th e numbe r  an d word-fiiequenc y o f  thei r 
respectiv e orthographi c neighbor s i n th e tw o languages . 
Thus lig s i s a  High-English-Neighborhood/Low-French -
Neighborhoo d nonwor d becaus e i t  ha s mor e Englis h 
neighbor s tha n Frenc h neighbors .  It s Englis h 
neighborhoo d consist s o f  {digs ,  figs,  jigs ,  pigs ,  rigs ,  wigs , 
lags ,  logs ,  lugs ,  lugs ,  lids ,  lies ,  lips }  an d it s Frenc h 
neighborhoo d i s {lits ,  lige} .  Incorporatin g fivquency 
informatio n allow s u s t o classif y nonword s suc h a s appoin t 
— derive d fro m th e interlexica l  homograp h appoin t  ( = 
"additiona l  contribution "  i n French )  — a s havin g a  High -
English-Ncighborhood/Low-French-Ncighborhood ,  eve n 
thoug h appoin t  has ,  strictl y speaking ,  n o French-onl y o r 
English-onl y neighbors ;  it s  onl y neighbo r  i s th e homograp h 
appoint .  I t  i s  classifie d a s H E N / L F N becaus e appoin t  ha s a 
considerabl y highe r  frequency  i n Englis h tha n i n French . 
Al l  nonword s ha d a t  leas t  fou r  letters . 

(Thi s i s certainl y no t  th e onl y wa y tha t  neighborhood s 
coul d hav e bee n defined .  Fo r  exaiiq>le ,  anothe r  techniqu e 

migh t  hav e determine d neighborhood s o n th e basi s o f  lette r 

clusters .  S o fo r  example ,  al l  word s sharin g th e endin g 
"tion "  o r  beginnin g witt i  "st "  migh t  hav e bee n considere d 

t o b e par t  o f  a  neighborhood .  W e felt ,  however ,  tha t  fo r  ou r 
purpose s th e essenc e o f  orthographi c proximit y wa s 
adequatel y capture d b y Coltheart' s  (1977 )  technique. ) 

An analysi s o f  th e H E N / L F N an d L E N / H F N non -
cognat e nonword s produce s a  strikin g resul t  (Fig .  I) . 
W h en goin g fro m th e All-Frenc h t o th e Mixe d Condition , 

th e tim e require d t o recogniz e High-English -
Neighborhood/Low-French-Neighborhoo d (HEN/LFN ) 

nonword s a s bein g nonword s actuall y increase s b y 6 2 m s 
fi'om  80 5 t o 86 7 ms .  (Interactio n effec t  o f  Neighborhood -
Type(HEN/LFN ,  L E N / H F N )  X  Language-Condition(All -

French ,  Mixed) :  ove r  subjects :  F(l,45)=6.3 ,  /7=0.015 ; 
marginall y significan t  ove r  items :  F(l,24)=3.25 ,  p = O M . 
The derivativ e simpl e effec t  o f  Conditio n o n H E N / L F N 
nonwords :  Tuke y HSD(O.Ol )  =  60. 2 ms. )  Fo r  Low -
English-Neighborhood/High-French-Neighborhoo d nonword s 
ther e i s n o significan t  reactio n tim e differenc e betwee n th e 
tw o condition s (85 3 vs .  85 0 ms. ) 

900 t 

850 • 

800 -

HEN/ 

I  All-Frenc h 
•  Mixe d 

LEN/ 
HFN 

Nonword typ e 

Figure 1. Reaction times to reject non-cognate 
bilingua l  nonword s accordin g t o th e typ e o f 
neighborhoo d ( H E N / L F N o r  L E N / H F N )  o f  th e 
nonwords . 

Interactive-activation model explanation 

o f  non -cogna t e n o n w o r d reactio n t im e da t a 
Even thoug h th e dual-lexico n parallel-searc h mode l 
accuratel y predict s shift s i n reactio n tim e fiom  th e All -
Frenc h t o th e Mixe d conditio n fo r  non-cognat e interlexica l 
homograph s (Frenc h &  Ohnesorge ,  1995) ,  Figur e 1  show s 
tha t  i t  give s a  highl y inaccurat e predictio n fo r  th e shift s 
tha t  occu r  fo r  non-cognat e interlexica l  nonwords . 

To understan d wh y a n interactive-activatio n mode l  i s 
abl e t o provid e a  goo d explanatio n fo r  th e observe d shift s i n 
H E N / L F N an d L E N / H F N non-cognat e nonwords ,  le t  u s 
star t  wit h th e followin g observation :  th e mor e closel y a 
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nonwor d resemble s on e o r  man y rea l  words ,  th e longe r 

peopl e wil l  tak e t o recogniz e i t  a s a  nonword .  This ,  o f 

course ,  i s wh y done d look s mor e lik e a  rea l  wor d than ,  say , 

ptunx ,  eve n though ,  technicall y speakin g bot h ar e regula r 

nonword s i n Englis h (eve n thoug h p t  an d n x ar e rar e 
bigram s i n English ,  the y ar e certainl y legal ;  wha t  chil d 
does no t  kno w abou t  pterodactyl s o r  sphinxes?) .  Ther e ar e 

many rea l  word s tha t  loo k a  lo t  lik e done d (e.g. ,  boned , 

toned ,  stoned ,  cloned ,  dined ,  t o sa y nothin g o f  th e fact  tha t 

th e wor d contain s done ,  etc.) ,  whil e ther e i s almos t  nothin g 

whatsoeve r  tha t  look s lik e ptunx .  I n short ,  t o recogniz e 
done d a s a  nonword ,  w e mus t  someho w overcom e th e 
competitio n fro m rea l  word s tha t  ar e simila r  t o it .  A n d thi s 
i s w h y  i t  wil l  generall y tak e longe r  t o realiz e tha t  done d i s a 

nonwor d tha n ptunx .  Thi s observatio n form s th e basi s o f 
th e interactive-activatio n mode l  explanatio n o f  th e reactio n 

time s t o th e H E N / L F N an d L E N / H F N non-cognat e 
nonword s i n Figur e 1 . 

Let  u s tak e a  close r  loo k a t  nonwor d recognitio n fo r  th e 

particula r  cas e o f  High-English-Neighborhood/Low -

French-Neighborhoo d (HEN/LFN )  nonwords .  First , 
conside r  th e All-Frenc h conditio n (Figur e 2a) .  Fo r  th e 
purpose s o f  ou r  explanation ,  w e wil l  conside r  th e nonwor d 
ligs .  A s indicate d above ,  lig s ha s a  larg e Englis h 
neighborhoo d an d a  smal l  Frenc h neighborhood .  I n th e 

All-Frenc h condition ,  1-i-g- s wil l  sen d activatio n t o it s 
French-wor d neighbor s lit s ( = "beds" )  an d lig e ( = "liege" ,  a 
ver y lo w frequency  word) .  Thes e word s wil l  als o receiv e 
mutua l  reinforcemen t  from  th e activatio n i n th e Frenc h 
lexica l  syste m (bas e activation) ,  sinc e thi s lexicon ,  an d onl y 

thi s lexicon ,  i s  activ e i n th e All-Frenc h condition .  A t  th e 

same time ,  1-i-g- s wil l  sen d activatio n t o it s English-wor d 

neighbor s digs ,  jigs ,  lids ,  etc .  However ,  thes e Englis h 

neighbors ,  whil e the y wil l  b e somewha t  activ e (sinc e 
subject s ar e tol d t o repl y "Nonword "  i f  th e ite m the y se e i s 
not  a  wor d i n eithe r  Frenc h o r  i n English) ,  the y wil l  no t  b e 

(ver y littl e activit y he re ) 

Englis h 

Frenc h 

•ctlvat i 
activatio n 

Figur e 2a .  Non-cognat e interlexica l  nonwor d 

recognitio n i n th e All-Frenc h condition .  Th e word s i n 

th e Englis h orthographi c neighborhoo d ar e no t  a s 
activ e a s i n th e Mixe d Condition . 

as active as they would be if the English lexical system 
wer e highl y active ,  a s i n th e Mixe d condition .  Th e mor e 

numerou s an d th e mor e highl y activ e th e real-wor d 

neighbor s o f  a  nonwor d are ,  th e longe r  i t  wil l  tak e t o decid e 

—jus t  a s i n th e cas e o f  done d an d ptun x — tha t  th e ite m is , 

i n fact ,  a  nonword .  I n th e Mixe d conditio Q (Figur e 2b) ,  al l 

of  th e Englis h neighbor s wil l  b e considerabl y mor e active . 

Englis h Frenc h 

Figur e 2b .  Non-cognat e interlexica l  nonwor d 
recognitio n i n th e Mixe d condition .  Th e word s i n th e 

Englis h orthographi c neighborhoo d ar e considerabl y 

mor e activ e tha t  i n th e All-Frenc h condition .  Thi s 
additiona l  activatio n mus t  b e overcom e befor e th e 

H E N / L F N nonwor d "L IGS "  ca n b e determine d t o b e a 
nonword .  Thi s result s i n th e longe r  reactio n time s i n 
th e Mixe d Condition . 

In other words, in the Mixed condition, a greater 
number  o f  word s wil l  b e somewha t  neare r  perceptua l 
threshol d tha n i n th e All-Frenc h condition ,  producin g a 
stronge r  feelin g o f  "knowing "  th e nonword .  Unti l  al l  o f  th e 

activ e real-wor d "competitors "  ca n b e inhibite d (o r  retur n 

t o baselin e activation) ,  on e wil l  no t  judg e th e ite m t o b e a 

nonword .  Since ,  i n th e Mixe d condition ,  ther e ar e a  greate r 

number  o f  activ e competitors ,  th e interactive-activatio n 
model  woul d predic t  tha t  a  nonwor d decisio n fo r  High -
English-Neighboihood/Low-French-Neigbboihoo d nonword s 
wil l  tak e longe r  i n th e Mixe d conditio n tha n i n th e All -
Frenc h condition .  Thi s correspond s t o th e data . 

A simila r  argumen t  ca n b e use d t o explai n wh y reactio n 
time s t o Low-English-Neighborhood/High-French -
Neighborhoo d nonword s sho w littl e chang e betwee n th e 
tw o conditions . 

Conclusion 

Frenc h &  Ohnesorg e (1995 )  showe d ho w a  simpl e dual -
lexico n mode l  usin g differentiall y  active ,  paralle l  searc h 
coul d b e use d t o accoun t  fo r  homograp h recognition-tim e 
dat a i n bilinguals .  Thi s mode l  seemed ,  i n addition ,  t o 
reconcil e a n apparen t  conflic t  betwee n th e result s o f  tw o 

wel l  know n experiment s (Gerar d &  Scarborough ,  198 9 an d 
Beauvillai n &  Grainger ,  1987) .  W e claim ,  bu t  fo r  reason s 
of  limite d spac e d o no t  show ,  tha t  a n interactive-activatio n 
model  ca n als o accoun t  fo r  thi s homograp h recognitio n 
data .  Bu t  mos t  importantly ,  i n thi s pape r  w e uncove r  wha t 
seems t o b e a  majo r  flaw  i n independent-acces s dual -
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lexico n model s — namely ,  the y mak e a  clearl y inaccurat e 

predictio n regardin g reactio n time s fo r  a  clas s o f  non -
cognat e inteilexica l  nonwords .  W e the n sho w ho w a n 
interactive-activatio n mode l  coul d explai n th e nonwor d 
dat a tha t  th e dual-lexico n mode l  coul d no t  I n conclusion ,  i t 

i s  reasonabl e t o assume ,  i n ligh t  o f  thes e arguments ,  tha t  a n 

interactive-activatio n mode l  i s  likel y t o b e a  bette r  mode l  o f 

bilingua l  memoi y tha n th e intuitivel y mor e appealin g dual -
lexico n parallel-searc h model . 

Acknowledgments 

Thi s wor k wa s supporte d i n par t  b y a  gran t  from  th e 

Belgia n Nationa l  Scientifi c  Res«u-c h Foundation ,  F N R S 
Gran t  No .  D.4S16.93 .  Th e author s woul d lik e t o than k 
Annett e d e Groot ,  Jane t  va n Hell ,  Richar d Shiffirin ,  Joh n 
Theios ,  an d especially ,  Ji m Friedric h an d Serg e Br6dar t  fo r 
thei r  man y helpfu l  suggestion s concernin g thi s research . 

Bibliography 
Albert ,  M .  «f e K .  Obler .  (1978 )  "Neuropsychologica l  studie s 

of  bilingualism "  i n Th e Bilingua l  Brain .  N e w York : 

Academi c Press . 
Beauvillain ,  C .  (1992 )  Orthographi c an d Lexica l 

Constraint s i n Bilingua l  Wor d Recognition .  I n Cognitiv e 
Processin g i n Bilingual s b y R .  Harri s (ed. )  Amsterdam : 
Elsevie r  Scienc e Publishers .  221-235 . 

Beauvillain ,  C .  &  J .  Grainger .  (1987 )  Accessin g 
Interlexica l  Homographs :  Som e Limitation s o f  a 
Language-selectiv e access .  Journa l  o f  Memor y an d 

Language ,  26 ,  658-672 . 
Chen,  H .  &  Y .  Leung .  (1989 )  Semanti c facilitatio n an d 

translatio n primin g effect s i n Chinese-Englis h bilinguals . 
Memory an d Cognition ,  17 ,  454-462 . 

Cohen,  J. ,  B .  MacWhinney ,  M .  Flatt ,  &  J .  Provost .  (1993) . 
PsyScope :  A  ne w graphi c interactiv e environmen t  fo r 
designin g psycholog y experiments .  Behaviora l  Researc h 
Methods ,  Instrument s &  Computers ,  25(2) ,  257-271 . 

Coltheart ,  M. ,  E .  Davelaar ,  J .  Jonasson ,  &  D .  Besner . 
(1977 )  Acces s t o th e Interna l  Lexicon "  i n Attentio n an d 
Performanc e V I  b y S .  Domi c (ed.) .  N e w York ,  N Y : 
Academi c Press ,  535-555 . 

De Groot ,  A .  &  G .  Nas .  (1991 )  Lexica l  representatio n o f 
cognate s an d non-cognate s i n compoun d bilinguals . 
Journa l  o f  Memor y an d Language ,  30 ,  90-123 . 

French ,  R .  &  C .  Ohnesorge .  (1995 )  Usin g non-cognat e 

interlexica l  homograph s t o stud y bilingua l  memoi y 
organization .  I n Proceeding s o f  th e 17t h Annua l 
Conferenc e o f  th e Cognitiv e Scienc e Society .  Hillsdale , 
NJ:Erlbaum .  31-36 . 

(jerard ,  L .  &  D .  Scaitorough .  (1989 )  Language-specifi c 
lexica l  acces s o f  homograph s b y bilinguals .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition .  15(2) ,  305-315 . 

Grainger ,  J .  (1992 )  Visua l  Wor d Recognitio n i n Bilinguals . 

I n Th e Bilingua l  Lexico n (ed. )  R .  Schreuder ,  B .  Weltens . 

Amsterdam :  Joh n Benjamin s Publishin g Co . 
Grainger ,  J .  &  T .  Dijkara .  (1992 )  O n th e Rq)resentatio n 

and Us e o f  Languag e Informatio n i n Bilinguals. "  I n 
Cognitiv e Processin g i n Bilingual s (ed. )  R .  J .  Harris , 

207-220 .  Amsterdam :  Nort h Holland . 
Grosjean ,  F .  (1989) .  Neurolinguists ,  Beware !  Th e Bilingua l 

i s  No t  T w o Monolingual s i n O n e Person .  Brai n an d 
Language ,  36 ,  3-15 . 

Grosjean ,  F .  &  C .  Soares ,  (1986 )  "Processin g Mixe d 

Language :  Som e Preliminar y Findings "  I n Languag e 

Processin g i n Bilinguals .  Jyotsn a Voi d (ed. )  Hillsdale , 

NJ:  Lawrenc e Erlbaum ,  Inc . 
Hernandez ,  A. ,  E .  Bate s &  L .  Avila .  (1995 )  Processin g 

acros s th e languag e boundary :  A  cross-moda l  primin g 
stwf y o f  Spanish-Englis h bilinguals .  U C S D Cente r  fo r 

Researc h i n Languag e Technica l  Repor t  (unde r  review) . 
Kolers ,  P .  (1%6) .  Interlingua l  Facilitatio n o f  Short-ter m 

Memoiy .  Journa l  o f  Verba l  Learnin g an d Verba l 
Behavior .  5,214-319 . 

McClelland ,  J .  &  D .  Rumelhart .  (1981 )  A n Interactive -
Activatio n mode l  o f  Contex t  Effect s i n Lette r  Perception , 

Par t  1 :  A n Accoun t  o f  Basi c Findings .  Psychologica l 
Revie w Vol.  88 ,  375-405 . 

Macnamara ,  J .  &  S .  Kushnir .  (1971) .  Linguisti c 
Independenc e o f  Bihnguals :  Th e Inpu t  Switch .  Journa l 
of  Verba l  Learnin g an d Verba l  Behavior ,  10 ,  480-487 . 

Meyer ,  D .  &  M .  Ruddy .  (1974) .  Bilingua l  word -
recognition :  Organizatio n an d retrieva l  o f  alternat e 

lexica l  codes .  Pape r  presente d a t  th e meetin g o f  th e 
Easter n Psychologica l  Association ,  Philadelphia . 

Neumann E. ,  M .  McCloske y &  A .  Felio .  (1994) .  Prime d 
lexica l  decisio n tasks :  Cross-languag e positiv e primin g 
disappears ,  negativ e primin g doesn't .  N I M H Laborator y 
of  Socio-Environmenta l  Studie s Technica l  Repor t 
presente d a t  th e Thir d Practica l  Aspect s o f  M e m o o ' 
Confemcc ,  Colleg e Park ,  M D (Aug .  1994) . 

Paradis ,  M. ,  (1977) .  BiUngualis m an d Aphasia .  I n 
Whitaker ,  H .  A .  &  Whitaker ,  H .  (eds. )  Studie s i n 
neurolinguistics ,  3 .  N e w York :  Academi c Press . 

Schwanenflugel ,  P .  &  M .  Rey .  (1986 )  Interlingua l  semanti c 
facilitation :  Evidenc e fo r  a  c o m m o n representations l 
syste m i n th e bilingua l  lexicon .  Journa l  o f  M e m o r y an d 
language ,  25 ,  605-618 . 

323 



Consciou s an d Unconsciou s Perception :  A  Computationa l  Theor y 

Donald W. Mathis and Michael C. Mozer 

Departmen t  o f  Compute r  Scienc e &  Institut e o f  Cognitiv e Scienc e 
Universit y  o f  Colorad o a t  Boulde r 

Boulder .  C O 80309-043 0 
m a t h i s e c s . C o l o r a d o . e d u ,  m o z e r S c s . C o l o r a d o . e d u 

Abstrac t 

We propose a computational theory of consciousness and 
model  da u from  thre e experimen U i n visua l  perception .  Th e 
centra l  ide a o f  ou r  theor y i s tha t  th e content s o f  consciousnes s 
correspon d t o temporall y stabl e state s i n a n interconnecte d 
networi c o f  specialize d computationa l  modules .  Eac h modul e 
incorporate s a  relaxatio n searc h tha t  i s concerne d wit h achiev -
in g semanticall y well-forme d states .  W e clai m tha t  bein g a n 
attracto r  o f  th e relaxatio n searc h i s a  necessar y conditio n fo r 
awareness .  W e sho w tha t  th e mode l  provide s sensibl e explana -
tion s fo r  th e result s o f  thre e experiments ,  an d make s testabl e 
predictions .  Th e first  experimen t  (Marcel ,  1980 )  foun d tha t 
masked ,  ambiguou s prim e word s facilitat e lexica l  decisio n fo r 
target s relate d t o eithe r  prim e meaning ,  wherea s consciousl y 
perceive d prime s facilitat e onl y th e meanin g tha t  i s  consisten t 
wit h prio r  contex t  Th e secon d experimen t  (Fehre r  an d Raab , 
1962 )  foun d tha t  subject s ca n mak e detectio n response s i n 
constan t  tim e t o simpl e visua l  stimul i  regardles s o f  whethe r 
the y ar e consciousl y perceive d o r  maske d b y metacontras t  an d 
rvo t  consciousl y perceived .  Th e thir d experimen t  (Lev y an d 
Pashler ,  1996 )  foim d tha t  visua l  wor d recognitio n accurac y i s 
lowe r  tha n baselin e whe n a n earlie r  speede d respons e wa s 
incorrect ,  an d highe r  tha n baselin e whe n th e earl y respons e 
was correct ,  consisten t  wit h a  causa l  relationshi p betwee n con -
sciou s perceptio n an d subsequen t  processing . 

I n t r o d u c t i o n 

In recent years there has been a resurgence of interest in the 
scientifi c  stud y o f  consciousness .  Experimenta l  £q)proache s 
hav e studie d sublimina l  perceptio n (e.g. ,  Greenwal d e t  al , 
1995) ,  implici t  m e m o r y an d learnin g (e.g. ,  Hintzman ,  1990) , 

neuropsychologica l  dissociation s betwee n knowledg e an d 
awarenes s (e.g. ,  Shallice ,  1988) ,  an d mos t  recently ,  th e prob -
le m o f  finding  th e neura l  correlate s o f  consciousnes s (Cric k 
& Koch ,  1990) .  I n contrast ,  w e tak e a  computationa l 
£q7proach ,  askin g th e question :  W h a t  happen s differentl y i n 

th e brai n w h e n on e i s  pirxessin g informatio n consciousl y 
versu s unconsciously ? W e propos e a  computationa l  corre -
lat e o f  consciousness ,  a s par t  o f  a  cognitiv e architecture ,  an d 
evaluat e th e theor y b y accountin g fo r  experimenta l  data .  Th e 
theor y i s  motivate d b y severa l  basi c experimenta l  findings, 
including :  (1 )  consciou s percept s ar e interpretation s o f  stim -
ulu s informatio n (Kanizsa ,  1979 ;  Koler s &  Vo n Grunau , 

1976 ;  Warren ,  1970) ;  (2 )  peopl e ar e awar e o f  th e result s o f 
higher  cognitiv e jH-ocesses ,  no t  th e processe s themselve s 
(Nisbet t  &  Wilson ,  1977) ;  (3 )  corte x appear s t o b e function -

all y modula r  (Fellema n &  Va n Essen ,  1991) ,  bu t  con -

sciousnes s appear s t o b e distribute d i n th e brai n (e.g. , 
Youn g &  DeHaan ,  1991) . 

The Stability Theory of Consciousness 

We propose a stability theory of consciousness that is 
base d o n a  fe w simpl e principles .  First ,  th e huma n cogni -

tiv e architectur e consist s o f  a  se t  o f  functionall y special -
ized ,  interconnecte d computationa l  modules .  Eac h modul e 
function s a s a n associativ e m e m o r y i n it s domain ,  output -
tin g th e best-fittin g interpretatio n o f  it s input ,  subjec t  t o a 
set  o f  constraint s tha t  defin e reasonabl e entitie s i n th e 
domain .  Fo r  example ,  a  visua l  object-recognitio n modul e 
migh t  outpu t  interpretation s consisten t  wit h constraint s 
governin g realizabUit y i n three-dimensiona l  space .  Sec -
ond ,  th e operatio n o f  a  modul e i s a  two-stag e process . 
Eac h modul e first  m a p s it s inpu t  t o a n initia l  outpu t  i n a 
fas t  mappin g process .  The n a  slower ,  iterativ e relaxatio n 
searc h proces s transform s thi s outpu t  t o on e tha t  i s  well -
formed—i.e. ,  satisfie s th e domai n constraints .  Third ,  th e 
centra l  hypothesi s i s  tha t  temporall y stabl e state s ente r 
consciousness .  Tha t  is ,  th e stabl e outpu t  o f  th e relaxatio n 

searc h proces s o f  an y modul e enter s consciousness .  This 
implie s tha t  ther e i s n o specia l  "consciousnes s module" ; 
th e content s o f  consciousnes s ar e distribute d amongs t  th e 
modules . 

We embod y th e theor y i n a  connectionis t  mode l  (Figur e 
1) .  T h e mappin g proces s i s implemente d b y a  feedforwar d 
network ,  whic h ha s th e desire d propert y o f  producin g a n 

outpu t  quickly ,  withou t  iteration .  T h e relaxatio n searc h 
proces s i s implemente d b y a n attracto r  o r  constraint-satis -
factio n network .  Attractor s o f  th e ne t  ar e th e well-forme d 
states ,  i.e. ,  interpretation s produce d b y th e module .  Full y 
distribute d attracto r  network s hav e bee n use d fo r  simila r 
purpose s (e.g. ,  Hinto n &  Shallice ,  1991) ,  bu t  fo r  simplic -
it y w e emplo y a  localist-attracto r  architectur e wit h a  laye r 
of  stat e unit s an d a  laye r  o f  radia l  basi s functio n (RBF ) 
units ,  on e R B F uni t  pe r  attractor .  T h e stat e unit s receiv e 
inpu t  fro m th e mappin g networ k an d fro m th e R B F units , 
an d ar e update d wit h a n incrementa l  activatio n rul e 

5.(1 + 1) = h(siU) + o«.(0 - Pro(») + Y X rj(t)a^ 
^  JeRB F ' 

llA , 



wher e 5 ,  e  [-1.1 ]  i s th e activit y o f  th e it h stat e unit ,  e -  i s th e 
iapa t  t o tha t  uni t  from  th e mappin g net ,  r j  i s th e activit y o f 
R BF unity ,  Oj -  i s  th e valu e o f  componen t  1  o f  the;'t h attraclo r 

state ,  a ,  p  an d y  ar e smal l  positiv e constants ,  an d h(. )  i s a 
functio n tha t  simpl y bound s activit y betwee n - 1 an d +1 .  Th e 
zno't h rb f  unit ,  r^ ,  correspond s t o a  specia l  res t  slat e 
locate d a t  th e cnigi n o f  th e stat e space ,  i n whic h th e syste m 
resides  a t  th e star t  o f  eac h simulation .  T h e R B F unit s us e th e 
updat e rule : 

r.(/) = «p(-|5(0-fljVp) 

where p is the widih of the RBF. We quantify stability as an 
exponentially-decayin g time-averag e o f  th e reciprocal  o f  th e 
spee d o f  th e stat e vecto r 

T 
stabilityiT )  =  J^(X^'^-'^exp(-ls(t)-s{t-l)\\) ) 

1- 0 
wher e 0  <  X  <  1  i s a  paramete r  controllin g th e windo w o f  th e 
tim e average .  W h e n thi s quantit y exceed s a  threshold ,  w e 
say tha t  th e stat e ha s stabilized . 

modul e outpu t 

eithe r  presente d fo r  50 0 m s (th e consciou s condition )  o r 

fo r  roughly  1 0 m s an d backward-maske d t o preven t  aware -
nes s (th e unconsciou s condition) . 

Tabl e 1 :  Result s fo r  simulatio n o f  Marce l  (1980 ) 

ATTRACTOR 
N E T W O RK 

MAPPING 
N E T W O RK 

stat e 
unit s 

R BF 
unit s 

inpu t 
unit s 

outpu t  o f 
mappin g ne t 

modul e mpu t 

Figur e 1 :  Architectur e o f  a  module .  Heav y line s denot e ful l 
connectivit y betwee n unit s i n tw o layers .  Thi n line s denot e 

copyin g o f  activity . 

Modeling Experimental Data 

Subliminal Semantic Priming & Lexical Ambiguity 

Marcel (1980) showed subjects a sequence of three words— 
th e context ,  prim e an d target—an d instructe d the m t o per -
for m lexica l  decisio n o n th e target .  Th e prim e wa s ambigu -
ous ,  wit h tw o unrelate d meanings .  Ther e wer e thre e 
experimenta l  condition s relevant  t o ou r  theory .  I n th e con -
gruen t  condition ,  th e contex t  wor d wa s semanticall y related 
t o on e meanin g o f  th e prime ,  an d th e targe t  wor d wa s related 
t o tha t  sam e meaning .  Th e incongruen t  conditio n i s th e sam e 
excep t  th e targe t  i s  related  t o th e othe r  meanin g o f  th e prime . 
I n th e unassociate d condition ,  th e contex t  an d targe t  word s 
ar e unrelate d t o eithe r  meanin g o f  th e prime .  Th e prim e wa s 

congruen t 

Incongruen t 

unassociate d 

human dat a 

consciou s 

499 m s 

547 ms 

541ms 

unconsc . 

511 m s 

520 m s 

548 m s 

simuiaUo n 

consdou s 

44. 6 
cycle s 

47. 9 
cycle s 

48. 0 
cycle s 

unconsc . 

46. 0 
cycle s 

46. 8 
cycle s 

47. 9 
cycle s 

W h en th e prim e i s consciousl y perceived .  Marce l  foun d 
facilitatio n fo r  th e congruen t  conditio n relative  t o th e 
unassociate d condition ,  bu t  no t  fo r  th e incongruen t  condi -
tion .  However ,  i f  th e prim e i s no t  consciousl y perceived , 
ther e i s facilitatio n i n bot h th e congruen t  an d incongruen t 
cases .  Thus ,  i n th e unconsciou s case ,  bot h meaning s o f  th e 
prim e ar e availabl e t o facilitat e targets ,  bu t  i n th e con -
sciou s case ,  onl y th e meanin g consisten t  wit h th e prio r 
contex t  i s  available .  Thes e result s sho w a  correlatio n 
betwee n th e onse t  o f  awarenes s an d th e selectio n o f  on e 
meaning . 

Modeling Word Reading, Ambiguity Resolution, 
Masking ,  an d Priming .  Befor e describin g ou r  accoun t  o f 

th e data ,  w e explai n h o w w e mode l  wor d readin g an d 
inimin g i n general .  A  singl e modul e i s  use d t o m a p 
(Hlhograph y t o meanin g (Hinto n &  Shallice ,  1991) . 
Attracto r  state s i n thi s modul e ccsrespon d t o meaning s o f 
know n words ,  an d th e res t  stal e i s  use d t o represent  th e 
stat e "n o meaningfu l  input "  T h e time-cours e o f  process -
in g i s a s follows :  Wit h th e relaxation  ne t  initialize d t o th e 
rest  state ,  a n inpu t  i s presented ,  an d activit y flows  throug h 
th e mappin g net ,  providin g inpu t  t o th e stat e units .  Thi s 
inpu t  cause s th e stat e unit s t o m o v e int o th e attracto r  repre-
sentin g th e meanin g o f  th e inpu t  word .  Simpl e one-wor d 
disambiguatio n occur s a s follows :  W e assum e tha t  ambig -
uou s wor d pattern s ar e associate d wit h multipl e attractors , 
an d tha t  th e mappin g networi c output s a  semanti c patter n 
tha t  fall s  betwee n the m i n semanti c space .  I n th e proces s 
of  settlin g t o on e attractor ,  th e relaxation  ne t  wil l  effec -
tivel y selec t  on e o f  th e meanings . 

We mode l  th e effec t  o f  backwar d maskin g b y removin g 
inpu t  fro m th e wor d recognitio n module .  I f  a n inpu t  i s  pre -
sente d briefly ,  th e relaxation  ne t  wil l  settl e bac k t o th e res t 
state .  Sinc e stabl e (an d non-rest )  stale s correspon d t o con -
sciou s perceptio n i n ou r  theory ,  thi s woul d corespon d t o 
no consciou s perceptio n o f  th e input . 

To mode l  priming ,  w e adop t  a  varian t  o f  th e metho d 
use d b y Becke r  e t  al .  (1993 )  o f  strengthenin g atffactor s 
tha t  th e syste m visit s durin g processing .  Afte r  th e networ k 
setUes ,  w e increas e th e p  (width )  paramete r  o f  eac h R B F 
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uni t  i n rough  proportio n t o it s  activity : 

wher e 

Ap.  =  eligibility /  £  eligibility ^ 
JeRBF 

eligibility .  =  5;«/>[-||s(0-«.fl . 

Th e eligibilit y  o f  eac h R B F i s normalize d t o preven t  th e 

amount  o f  primin g t o increas e withou t  boun d fo r  lon g expo -
sures . 

Simulation. For simplicity, we simulated only the attractor 

networ k o f  th e module .  Twent y attracto r  state s representin g 
differen t  semanti c concept s wer e randoml y chosen .  Thes e 
state s wer e comer s o f  a  SO-dimensiona l  hypercube .  Seman -
ti c relatednes s wa s achieve d vi a overla p i n th e stat e vectors . 
Th e overla p betwee n semanticall y unrelate d state s wa s 2 5 
bits ,  an d betwee n semanticall y relate d state s 4 8 bits .  Th e 
twent y attnK;tor s wer e groupe d int o fou r  classe s o f  five  pat -
tems .  W e refe r  t o tw o pattern s i n th e sam e clas s a s neigh -
bors . 

A sequenc e o f  thre e pattern s representin g th e context , 
prim e an d targe t  word s wa s presente d t o th e networ k vi a 
externa l  inpu t  t o th e stal e units .  Nois e wa s adde d b y ran -
doml y removin g input s wit h probabilit y 0.03 .  Afte r  eac h pat -
ter n wa s processed ,  attractor s wer e strengthene d accordin g 
t o th e rul e above .  Th e networ k wa s allowe d t o settl e t o a n 
attracto r  fo r  eac h input ,  excep t  i n th e unconsciou s prim e 
condition ,  i n whic h th e inpu t  wa s remove d afte r  5  cycles , 
and wit h thi s shor t  stimulu s exposur e th e networ k alway s 
settle d bac k t o th e res t  state . 

Tabl e 1  show s th e averag e result s obtaine d firom  severa l 
repetition s o f  th e simulatio n usin g differen t  set s o f  rando m 

attracto r  states .  Th e result s qualitativel y matche d th e experi -
menta l  results :  i n th e consciou s condition ,  statisticall y sig -
nifican t  facilitatio n wa s observe d onl y fo r  congruen t 
contexts ,  wherea s i n th e unconsciou s condition ,  significan t 
facilitatio n wa s observe d fo r  bot h congruen t  an d incongruen t 
contexts .  T h e reaso n fo r  thi s i s  a s follows :  W h e n th e prim e i s 
processe d i n th e consciou s condition ,  th e attracto r  ne t  settle s 
t o th e attracto r  rejs-esentin g th e meanin g o f  th e prim e tha t  i s 
relate d t o th e contex t  (becaus e th e contex t  attractcx -  an d 
relate d attractor s hav e bee n strengthene d b y iwesentatio n o f 
th e context) .  Thi s attracto r  i s strengthene d muc h mor e tha n 
th e attracto r  representin g th e othe r  meanin g o f  th e prim e 

(du e t o th e normalizatio n o f  eligibility) ,  resultin g i n facilita -
tio n o f  onl y congruen t  targets .  I n contrast ,  i n th e unconsciou s 
condition ,  bot h meaning s o f  th e prim e ar e transientl y acti -

vate d befor e th e stat e vecto r  settle s bac k t o th e res t  state ; 
consequently ,  bot h attractor s ar e strengthened ,  resultin g i n 
facilitatio n o f  congruen t  an d incongruen t  targets . 

Discussion. The Marcel experiment showed a correlation 

betwee n th e onse t  o f  awarenes s an d selectio n o f  a  word' s 

meaning .  W e modele d thi s correlation ,  bu t  ou r  theor y 

makes a  stronge r  claim :  selectio n i s a  necessar y precurso r 
t o awareness .  Thi s i s becaus e th e stat e stabilize s onl y afte r 

selection ,  an d awarenes s requires  stability . 
O ne interestin g predictio n arise s ftom  ou r  model . 

Althoug h bot h meaning s o f  th e prim e wer e facilitate d 
equall y i n th e unconsciou s condition ,  thi s i s  no t  absolutel y 
necessary .  I f  th e contex t  coul d b e mad e t o strengthe n it s 

attracto r  l o a  greate r  degree ,  th e processin g o f  th e prim e 

coul d b e biase d t o th e exten t  tha t  onl y on e meanin g woul d 
be significantl y activated .  Consequently ,  on e migh t 
observ e facilitatio n o f  onl y on e meanin g eve n i n th e 

unconsciou s condition .  Thi s lead s t o th e as-yet-unteste d 

predictio n tha t  a s contex t  i s  "strengthened" ,  th e amoun t  o f 
primin g o f  noncontextua l  meaning s shoul d decrease . 

Metacontrast Masking and Response Time 

Alpem (1953) described a metacontrast masking effect in 
whic h a  squar e o f  ligh t  i s flashed  fo r  5 0 ms .  Afte r  a  vari -
abl e stimulu s onse t  asynchron y ( S O A ) ,  a  pai r  o f  flanker 
square s appear s o n eithe r  sid e o f  th e cente r  square ,  als o fo r 
5 0 m s .  A s th e S O A i s increase d fro m zero ,  subject s first 

report  a  soli d ba r  o f  ligh t  a t  shor t  S O A s (-1 0 ms) ,  th e 
flankers  alon e a t  intermediat e S O A s (-7 5 m s ) ,  an d the n 
th e cente r  squar e followe d b y th e flankers  a t  lon g S O A s 
(-12 0 m s ) .  Thus ,  subject s wer e unawar e o f  th e cente r 
squar e a t  intermediat e S O A s .  Fehre r  an d Raa b ( 1 % 2 )  per -
forme d a  varian t  o f  thi s experimen t  i n whic h subject s wer e 
instructe d t o respond  a s soo n a s an y stimulu s wa s 
detected .  Subject s too k th e sam e amoun t  o f  tim e t o 
respond  a t  ever y S O A (-16 0 ms) .  Ther e wa s a  dissociatio n 
betwee n awarenes s an d reactio n time ,  becaus e i f  subject s 
wer e respondin g t o thei r  percept ,  the n a t  intermediat e 

S O As the y shoul d b e substantiall y  slowe d sinc e the y d o 
not  perceiv e th e cente r  squar e i n tha t  case' . 

Simulation. To model these data, we use a simple two-
modul e architectur e tha t  c£q)ture s th e essenc e o f  th e task . 
Th e perceptua l  modul e take s visua l  pattern s a s inpu t  an d 
produce s object s a s outpu t  Thi s modul e ha s tw o inpu t 
units ,  on e fo r  th e cente r  squar e an d on e fo r  th e flanker 
stimuli .  Ther e ar e thre e outpu t  units ,  on e fo r  eac h o f  thre e 
competin g percepts—th e cente r  squar e alone ,  th e flankers 
alone ,  an d th e cente r  squar e an d flankers  togethe r  ( a soli d 
bar)—an d thre e correspondin g R B F units .  Th e outpu t 
unit s o f  th e perceptua l  modul e fee d int o th e input s o f  a 
respons e modul e i n a  1- 1 manner ,  an d thi s modul e make s a 
presence/absenc e decisio n abou t  th e input .  It s m^^pin g 
networ k simpl y sum s th e activit y o f  th e inpu t  unit s an d 

passe s thi s t o a  singl e outpu t  uni t  whos e well-forme d 
state s ar e 0  an d 1 . 

We d o no t  mode l  th e low-leve l  mechanis m tha t  giv e rise 

1.  Kol b &  Brau n (199S )  provid e a  recen t  exampl e o f  a  simila r 
dissociatio n betwee n awarenes s an d abilit y  t o respond . 
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t o th e maskin g effect̂ .  W e simpl y assum e tha t  thi s mecha -
nis m operate s insid e th e mappin g networ k o f  th e perceptua l 

module ,  an d ha s th e effec t  o f  suppressin g activit y stemmin g 

fro m th e cente r  square . 
We use d 5  cycle s a s th e shor t  S O A .  3 5 a s th e iniermediai e 

S O A,  an d 6 0 a s th e lon g S O A .  Th e tw o inpu t  unit s wer e acti -
vate d an d deactivate d appropriatel y t o matc h th e experimen -
ta l  conditions .  Th e degre e o f  stabilit y  o f  th e outpu t  o f  th e 
perceptua l  modul e wa s use d a s a  measur e o f  awareness ,  an d 
th e respons e module' s settlin g tim e rqKtsente d th e R T fo r 
th e detectio n response .  Th e result s closel y matche d thos e o f 
th e experimen t  a t  th e shor t  S O A ,  th e perceptua l  modul e sta -
bilize s o n th e ba r  patton ;  thi s occur s becaus e th e cente r  an d 
flanker  pattern s overla p substantiall y  i n time ,  providin g 
enoug h activit y t o th e combine d "bar "  patter n t o wi n th e 
competition .  A t  th e intermediat e S O A ,  th e perceptua l  mod -
ul e stabilize s o n onl y th e flanke r  pattern ;  i n thi s case ,  th e 
inpu t  stimul i  d o no t  overla p temporally ,  bu t  th e cente r  squar e 
i s remove d befor e th e perceptua l  modul e ha s tim e t o stabi -
liz e o n it .  A t  lon g S O A s ,  th e perceptua l  modul e stabilize s 
first  o n th e cente r  pattern ,  an d the n o n th e flanker  pattern ;  i n 
thi s case ,  th e perceptua l  modul e ha s tim e t o stabiliz e befor e 
th e flanker  patter n appears .  Th e detectio n R T s fo r  th e thre e 
S O As wer e no t  substantiaU y different :  54,51 ,  an d 5 1 cycles . 
The detectio n respons e i s triggere d b y th e initia l  flow  o f 
activit y fro m th e presentatio n o f  th e cente r  square .  Th e dis -
sociatio n betwee n awarenes s an d detectio n R T come s abou t 
becaus e th e tw o processe s ar e base d o n differen t  informa -
tion—detectio n o n activit y an d awarenes s o n stabilit y  o f 
activity . 

Discussion. In the detection task, responses can be accu-
ratel y initiate d base d o n ver y coars e information .  Bu t  i f  th e 
tas k require d finer  detail ,  e.g. ,  discriminatin g a  cente r  squar e 
fro m a  cente r  circle ,  th e evidenc e tha t  accumulate d befor e 
th e flankers  maske d th e cente r  stimulu s migh t  no t  b e suffi -
cien t  t o for m a  response .  I n earlie r  simulations ,  w e foun d 
tha t  stabilit y  wa s require d t o initiat e discriminatio n 
response s (Mathi s an d Mozer ,  1995) .  Thus ,  th e dissociatio n 
betwee n awarenes s o f  a  stimulu s an d abilit y  t o respon d 
migh t  no t  b e absolute ;  i t  migh t  depen d o n th e respons e task . 
Thi s lead s t o th e predictio n tha t  th e presen t  dissociatio n 
shoul d weake n o r  disappea r  fo r  mor e comple x discrimina -
tio n tasks . 

The Effect of Conscious States on Cognition 

Philosophers raise the issue of whether consciousness is just 
a "rea d out "  proces s o r  whethe r  consciou s state s affec t  sub -
sequen t  processin g (Flanagan ,  1992)^ .  Ther e i s n o stron g 
experimenta l  tes t  o f  thi s hypothesi s yet ,  bu t  a n experimen t 

providin g som e evidenc e wa s conducte d b y Lev y an d 

Pashk r  (1996) ,  w h o examine d th e effect s o f  speede d per -

ceptua l  decision s o n subsequen t  perceptua l  processing . 

Subject s viewe d a  visuall y degrade d wor d stimulus ,  an d 
m a de eithe r  a  singl e unspeede d identificatio n respons e 
(verball y rqxMtin g th e word )  o r  tw o responses :  a  speede d 
respons e i n a  600-9(X )  m s window ,  followe d b y a n 
unspeede d response .  Lev y an d Pashle r  foun d tha t  i n bod i 
th e single -  an d dual-respons e conditions ,  th e probabilit y  o f 
a correc t  unspeede d respons e wa s .97 .  Bu t  i n th e dual -
respons e conditio n thi s probabilit y  depende d o n th e accu -
rac y o f  th e (recedin g speede d response .  Th e probabilit y  o f 
a correc t  unspeede d respons e give n a  correc t  speede d 
respons e wa s .99 .  Bu t  th e probabilit y  o f  a  correc t 
unspeede d respons e give n a n incorrec t  speede d respons e 
was .93 .  O n e possibl e explanatio n fo r  thi s i s tha t  th e pro -
ces s o f  makin g th e speede d decisio n affect s subsequen t 
processing ,  increasin g performanc e w h e n th e speede d 
decisio n i s correct ,  an d hurtin g i t  w h e n incorrec t 

Simulation. The simulation consisted of the attractor 
componen t  o f  a  w(Hti-recognitio n module ,  a s describe d 
eariier .  Sinc e identifyin g a  visua l  wor d require s a  fine  dis -
crimination ,  th e perceptua l  modul e mus t  settl e t o a n attrac -
to r  befor e a  respons e ca n b e made .  Speede d responses 
wer e modele d b y forcin g th e attracto r  ne t  t o settl e t o th e 
neares t  attracto r  state *  afte r  a  certai n numbe r  o f  cycles , 
chose n suc h tha t  th e probabilit y  o f  a  correc t  speede d 
response  matche d tha t  o f  th e experimen t  (0.61) .  I n th e sin -
gle-respons e condition ,  th e ne t  wa s allowe d t o settl e t o a n 
attractor ,  an d percen t  correc t  wa s recorded .  I n th e dual -
response  condition ,  th e ne t  wa s force d t o settl e afte r  2 0 
cycles ,  an d wa s the n allowe d t o resume  processin g fro m 
tha t  stat e unti l  settled .  Th e result s qualitativel y matc h th e 
data ;  se e Tabl e 2 .  I n th e simulatio n colum n o f  th e table ,  al l 

Table 2: Simulation of Levy & Pashler (1996) 

ProbCunspeede d correc t  | 
dua l  response ) 

Prob(unspeede d correc t  | 
singl e response ) 

Prob(unspeede d correc t  | 
speede d correct ) 

ProbCunspeede d correc t  | 
speede d Incorrect ) 

human 
dat a 

.96 7 

.97 0 

.99 2 

.92 5 

simulatio n 

.96 2 

.96 5 

1.00 0 

.90 1 

2.  Ther e i s stil l  n o agreemen t  a s t o a n adequat e mode l  o f  metacon -
tras t  maskin g (e.g. ,  se e d i  Loll o et .  al. ,  1993) . 

3.  A  stronge r  versio n o f  th e issu e ask s whethe r  quali a ca n affec t 
cognition ,  bu t  w e addres s th e materialis t  version . 

difference s wer e statisticall y significan t  excep t  tha t 

4. Computationally, there are several ways this could be done, for 
example ,  settin g th e P  paramete r  t o a  valu e clos e t o zero . 
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betwee n row s on e an d two .  Th e basi c patter n o f  result s i s  du e 

t o a  kin d o f  perseverativ e effec t  i n th e netwwk .  Forcin g th e 
net  t o settl e earl y ma y eithe r  hel p o r  hinde r  th e network .  I t 

help s i f  th e networ k passe s throug h th e neighborhoo d o f  th e 

correc t  attractOT ,  an d i s force d t o settl e ther e early ,  instea d o f 
possibl y continuin g o n t o a n erroneou s attracto r  (du e t o th e 
nois y inpu t  an d brie f  exposure) .  I t  hurt s i f  th e stat e vecto r 

passe s nearb y incorrec t  state s o n th e wa y t o th e correc t  state , 
and i s force d t o settl e t o a n incorrec t  stale . 

Discussion.  In our model there is both a benefit in accuracy 
and a  cos t  i n accurac y o f  speede d settling ,  bu t  i n thi s experi -
ment  th e benefi t  an d cos t  balanc e eac h other .  However ,  thi s 
balanc e ma y no t  hol d fo r  othe r  measures ,  suc h a s reactio n 

time ,  whic h ou r  mode l  i s well-suite d t o generate .  Thi s exper -
imen t  provide s suppor t  fo r  ou r  model ,  bu t  i t  i s  consisten t 
wit h othe r  model s a s well .  I t  i s  possible ,  fo r  example ,  tha t 
th e correlatio n betwee n speede d an d unspeede d respons e 

accurac y i s du e t o a  thir d facto r  tha t  bot h accuracie s depen d 
on ,  an d tha t  ther e i s n o causa l  relationship  betwee n th e tw o 
responses .  I t  woul d b e a  challeng e t o experimentalist s t o 
devis e a  wa y t o tes t  th e causalit y issue . 

Conclusion 

Our aim in this work is to account qualitatively for bfx>ad 
variet y o f  data ,  rathe r  tha n t o mode l  th e ful l  dept h o f  detai l  i n 
any give n experiment .  I n doin g s o w e hop e t o contribut e 
idea s tha t  m a y hel p constrai n th e developmen t  o f  mor e 
detaile d models . 

The particula r  choic e o f  module s use d i n ou r  simulation s 
and th e typ e o f  informatio n processe d i n the m depend s o n 
th e particula r  domai n bein g modeled .  However ,  ou r  theor y 
IHopose s tha t  ther e i s on e c o m m o n se t  o f  module s tha t 
underli e al l  cognitiv e behavior ,  an d tha t  eac h modul e take s 
pa n i n man y cognitiv e tasks .  I t  i s th e subjec t  o f  futur e wor k 
t o attemp t  t o bett ^  identif y th e se t  o f  modules ,  an d thei r  spe -
cifi c  locatio n an d connectivit y i n th e brain . 
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Abstrac t 

Recurrent attractor networks offer many advantages over feed-
forwar d network s fo r  th e modelin g o f  psychologica l  phenom -
ena.  Thei r  dynami c natur e allow s the m t o captur e th e tim e 
cours e o f  cognitiv e processing ,  an d thei r  learne d weight s ma y 
ofte n b e easil y interprete d a s sof t  constraint s betwee n repre -
sentationa l  components .  Perhap s th e mos t  significan t  featur e 
of  suc h networks ,  however ,  i s thei r  abiUt y t o facilitat e gener -
alizatio n b y enforcin g "wel l  formedness "  constraint s o n inter -
mediat e an d outpu t  representations .  Attracto r  network s whic h 
lear n th e systemati c regularitie s o f  wel l  forme d representation s 
by exposur e t o a  smal l  numbe r  o f  example s ar e sai d t o posses s 
articulate d attractors .  Thi s pape r  investigate s th e condition s 
unde r  whic h articulate d attractor s aris e i n recurren t  network s 
traine d usin g variant s o f  backpropagation .  Th e result s o f  com -
putationa l  experiment s demonstrat e tha t  suc h structure d attrac -
tor s ca n spontaneousl y appea r  i n a n emergenc e o f  systematic -
ity ,  i f  a n appropriat e erro r  signa l  i s  presente d directl y t o th e 
recurren t  processin g elements .  W e show ,  however ,  tha t  dis -
ta l  erro r  signals ,  backpropagate d throug h intervenin g weights , 
pos e seriou s problem s fo r  network s o f  thi s kind .  W e presen t 
simulatio n results ,  discus s th e reason s fo r  thi s difficulty ,  an d 
sugges t  som e direction s fo r  futur e attempt s t o surmoun t  it . 

Introduction 

Recurren t  attracto r  network s hav e bee n studie d b y cognitiv e 
modeler s sinc e th e onse t  o f  th e recen t  connectionis t  renais -
sance .  Th e hallmar k o f  thes e network s i s th e comple x evolu -
tio n o f  thei r  processin g elemen t  activit y ove r  time .  Thoug h 
dynami c b y nature ,  thes e network s hav e bee n applie d t o m a n y 
associationa l  mappin g task s whic h posses s n o inheren t  tempo -
ra l  component .  I n domain s a s divers e a s content-addressabl e 
memory (Hopfield ,  1982) ,  schem a formatio n (Rumelhar t  e t 
al. ,  1986b) ,  an d wor d namin g (Plau t  &  McClelland ,  1993) , 
recurren t  network s whic h settl e ove r  tim e t o som e stabl e ac -
tivatio n stat e hav e displaye d som e noteworth y advantage s 
ove r  feed-forwar d models .  Th e attracto r  network s directl y 
exhibi t  time-varyin g processing ,  allowin g the m t o captur e th e 
dynamic s o f  cognitio n i n a  manne r  whic h m a y b e validate d 
agains t  c o m m o n psychologica l  measures ,  suc h a s reactio n 
times .  Also ,  learne d connectio n weight s i n suc h recurren t 
network s ofte n len d themselve s t o interpretatio n a s sof t  con -
straint s betwee n representationa l  units ,  facilitatin g analysis . 
Perhap s th e mos t  interestin g potentia l  advantag e o f  suc h net -
works ,  however ,  i s  th e manne r  i n whic h attracto r  basi n for -
matio n m a y ai d i n generalizatio n t o nove l  inputs . 

Attracto r  network s ca n encourag e generalizatio n b y en -
forcin g "wel l  formedness "  constraint s o n th e intermediat e 

an d outpu t  representation s produce d b y a n otherwis e feed -
forwar d proces s (Mathi s &  Mozer ,  1995) .  Suc h constraint s 
ar e embodie d i n thes e network s a s distinc t  fixed-point  attrac -
tor s fo r  ever y possibl e wel l  forme d representation .  Pattern s 
m ay b e "cleane d up "  b y suc h a  networ k vi a a  proces s o f 
settlin g ove r  tim e t o on e o f  thes e meaningful ,  wel l  formed , 
an d stabl e activatio n states .  Th e potentiall y  combinatori c 
spac e o f  vali d attracto r  basin s nee d no t  b e explicitl y  trained , 
however ,  bu t  m a y aris e i n th e compositiona l  interactio n o f 
traine d attractor s (Plau t  &  McClelland ,  1993) .  I t  ha s lon g 
bee n k n o w n tha t  th e trainin g o f  recurren t  network s m a y resul t 
i n spuriou s attracto r  basins :  fixed-poin t  attractor s whic h ar e 
not  explicitl y  traine d (Hopfield ,  1982) .  Unde r  appropriat e 
conditions ,  however ,  thes e spuriou s attractor s m a y actuall y 
aris e i n a  systemati c manner ,  producin g serendipitou s basin s 
whic h encod e nove l  bu t  meaningfu l  pattern s o f  activation .  W e 
refe r  t o th e dynamic s o f  suc h network s a s containin g articu -
late d attractor s -  meaningfu l  attracto r  basin s arisin g fro m th e 
compositiona l  interactio n o f  explicitl y  traine d attractors . 

Thi s pape r  provide s a n empirica l  analysi s o f  th e condition s 
unde r  whic h articulate d attractor s for m i n recurren t  neura l 
network s traine d usin g variou s version s o f  backpropagatio n 
(Rumelhar t  etal. ,  1986a) .  Thi s wor k s temme d fro m ou r  initia l 
attempt s t o incorporat e a n attracto r  networ k o f  thi s kin d int o 
our  connectionis t  mode l  o f  instructio n followin g (Noell e & 
Cottrell ,  1995) ,  a  mode l  whic h develop s a n interna l  represen -
tatio n o f  verba l  instruction s i n th e servic e o f  a  tas k (St .  John , 
1992) .  W e discovere d tha t  articulate d attractor s di d no t  ap -
pea r  i n thi s model ,  an d thi s pape r  spran g fro m ou r  attemp t  t o 
explai n why .  I n hope s o f  acquirin g a  dee p understandin g o f 
th e learnin g difficultie s experience d b y ou r  model ,  w e bega n 
wit h th e mos t  simpl e attracto r  networ k architectur e possibl e 
-  a  singl e recurren t  laye r  o f  processin g elements .  W e in -
crementall y augmente d thi s networ k wit h furthe r  layer s o f 
units ,  expandin g th e complexit y o f  th e architectur e toward s 
th e configuratio n o f  ou r  instructio n followin g model .  Thi s 
investigatio n reveale d tha t  articulate d attractor s for m readil y 
when th e network' s recurren t  laye r  i s directl y provide d wit h 
a teachin g signal ,  bu t  suc h systemati c dynamic s d o no t  ap -
pea r  w h e n recurren t  weight s ar e shape d b y backpropagate d 
error .  I n additio n t o demonstratin g thi s finding,  thi s pape r 
als o present s som e possibl e explanation s fo r  w h y thi s i s so . 

We begi n b y describin g th e simpl e structure d m e m o r y tas k 
whic h w e use d t o examin e attracto r  formatio n i n a  numbe r  o f 
recurren t  networ k architectures .  W e the n presen t  simulatio n 
result s fo r  thre e successivel y mor e comple x architectures ,  an d 
we clos e wit h a  discussio n o f  thes e results . 
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Figur e 1 :  Th e Slot-Fille r  Structur e M e m o r y Tas k 

A S t r u c t u r e d M e m o r y T a s k 

I n hope s o f  facilitatin g analysis ,  w e selecte d a n extremel y 
simpl e tas k fo r  ou r  attracto r  networks .  Eac h networ k wa s 
presented ,  fo r  a  singl e tim e ste p only ,  wit h a n encodin g o f  a 
simpl e slot-fille r  structure .  Th e goa l  o f  th e networ k wa s t o 
"clea n up "  an y nois e i n thi s representatio n an d t o retai n th e 
resul t  a t  th e network' s outpu t  indefinitely ,  eve n afte r  th e inpu t 
patter n wa s removed .  Thus ,  throug h training ,  th e networ k 
neede d t o acquir e a  distinc t  fixed-point  attracto r  fo r  eac h vali d 
inpu t  slot-fille r  structure .  Thes e attracto r  basin s ha d t o b e 
sufficientl y wid e t o captur e slightl y nois y patterns ,  an d th e 
fixed-points  neede d t o b e sufficientl y stabl e t o remembe r  th e 
inpu t  fo r  a n indefinit e period . 

To b e specific ,  eac h patter n represente d a  structur e contain -
in g tw o slots ,  eac h holdin g exactl y on e o f  five  distinc t  fillers. 
The content s o f  th e slot s wer e considere d independent ,  wit h 
th e specifi c  filler  i n on e slo t  i n n o wa y constrainin g th e filler 
fo r  th e other .  Th e whol e wa s encode d a s a  1 0 elemen t  binar y 
vector ,  divide d int o tw o group s o f  five.  Sinc e eac h slo t  coul d 
contai n onl y a  singl e filler,  exactl y on e elemen t  i n eac h grou p 
of  five  wa s turne d "on "  i n eac h vali d pattern .  Th e networks , 
then ,  wer e t o lear n a n attracto r  fo r  eac h inpu t  patter n involv -
in g exactl y on e o f  th e first  five  element s "on "  an d exactl y on e 
of  th e las t  five  element s "on" .  Thus ,  wit h five  possibilitie s 
fo r  eac h o f  tw o slots ,  ther e wer e onl y 5 ^  =  2 5 pattern s con -
sidere d "wel l  formed "  ou t  o f  th e 2' °  =  102 4 possibl e binar y 
inpu t  vectors .  Thi s tas k i s depicte d schematicall y i n Figur e 1 . 
The diagra m o n th e lef t  sid e o f  tha t  figure  depict s th e mappin g 
bein g performe d a s th e networ k settles ,  an d th e tabl e o n th e 
righ t  provide s a n exampl e o f  th e tim e cours e o f  inpu t  activity , 
expecte d outpu t  activity ,  an d th e targe t  output .  Not e tha t  th e 
inpu t  patter n i s mad e availabl e t o th e networ k fo r  th e first 
tim e ste p only ,  requirin g th e networ k t o bot h "clea n up "  an d 
remember  th e patter n ove r  time . 

Systemati c generalizatio n wa s th e focu s o f  thes e experi -
ments .  Th e goa l  wa s t o produc e a  fixed-point  attracto r  fo r  ev -
er y vali d slot-fille r  structure ,  give n trainin g o n onl y a  fractio n 
of  thes e vali d patterns .  T o thi s end ,  eac h networ k wa s explic -
itl y  traine d o n som e subse t  o f  th e allowabl e inpu t  patterns , 
encouragin g th e formatio n o f  attractor s fo r  thes e pattern s b y 
th e presentatio n o f  a n erro r  signa l  o n ever y tim e ste p fo r  a 
fixed  settlin g period .  Onc e trained ,  eac h networ k wa s the n 
teste d o n al l  vali d slot-fille r  representations ,  an d th e numbe r 
of  fixed-point  attractor s correspondin g t o thes e vali d pattern s 
was determined .  Th e dynami c behavio r  o f  eac h traine d net -
wor k wa s als o examine d t o locat e an y spuriou s attractor s 
correspondin g t o il l  forme d patterns . 

For  smal l  trainin g sets ,  consistin g o f  onl y a  fe w vali d pat -

terns ,  w e expecte d th e network s t o simpl y memoriz e th e train -
in g instance s -  t o buil d attractor s onl y fo r  th e presente d pat -
terns .  W e predicted ,  however ,  tha t  beyon d som e threshol d i n 
trainin g se t  siz e th e network s woul d generaliz e t o al l  vali d 
structures .  I n orde r  t o tes t  thi s hypothesis ,  w e traine d eac h 
networ k architectur e o n multipl e trainin g sets ,  varyin g i n size . 
Each traine d networ k wa s examine d t o determin e th e attrac -
to r  structur e resultin g fro m it s training .  A t  leas t  five  pattern s 
wer e presen t  i n eac h trainin g set ,  a s thi s wa s th e minimu m 
number  neede d t o tur n eac h inpu t  elemen t  "on "  a t  leas t  onc e 
ove r  a  trainin g set .  Th e larges t  trainin g se t  consiste d o f  al l 
25 wel l  forme d patterns .  Th e frequenc y o f  eac h filler  i n eac h 
trainin g se t  wa s balance d a s muc h a s wa s possibl e give n th e 
smal l  siz e o f  th e trainin g sets .  Nois e wa s adde d t o inpu t  el -
ement s durin g training ,  bu t  thi s nois e neve r  exceede d 5 % o f 
th e activatio n rang e o f  th e element s (i.e. ,  0.0 5 fo r  binar y unit s 
and 0.1 0 fo r  bipola r  units) .  Networ k outpu t  target s consiste d 
of  th e "clean "  pattern s ove r  th e entir e tim e cours e o f  networ k 
settling ,  a s show n i n Figur e 1 .  A  settlin g perio d o f  1 0 tim e 
step s wa s use d durin g training ,  an d 10 0 tim e step s wer e use d 
durin g testing . 

The Emergence Of Systematicity 

The first  architectur e examine d wa s a  singl e recurren t  laye r  o f 
sigmoida l  processin g elements .  Th e entir e networ k consiste d 
of  te n unit s whic h acte d a s bot h inpu t  an d outpu t  fo r  th e net -
work .  Thi s singl e laye r  wa s provide d wit h complet e recurren t 
connection s t o itself .  Eac h uni t  als o ha d a  bia s weight ,  re -
sultin g i n a  tota l  o f  11 0 adaptabl e connections .  Unlik e som e 
singl e laye r  network s o f  thi s kind ,  thi s weigh t  matri x wa s no t 
constraine d t o b e symmetric .  Th e architectur e i s show n i n 
Figur e 2 ,  o n th e left .  Th e networ k receive d a n inpu t  patter n 
by clampin g th e activatio n stat e o f  th e processin g element s 
t o th e inpu t  value s fo r  a  singl e tim e step .  Afte r  thi s initia l 
tim e step ,  th e activatio n stat e o f  th e networ k wa s allowe d t o 
freel y evolv e accordin g t o th e connectio n weights .  Train -
in g wa s provide d b y a  versio n o f  backpropagatio n throug h 
tim e (BPTT )  (Rumelhart  e t  al. ,  1986a )  i n whic h erro r  i s  back -
propagate d fo r  onl y a  singl e tim e step ,  muc h a s i s don e fo r 
Simpl e Recurren t  Network s (Elman ,  1990) .  A n illustratio n o f 
h o w thi s wa s implemente d i s als o show n i n Figur e 2 .  Binar y 
sigmoida l  unit s wer e used ,  wit h a  learnin g rat e o f  0.01 ,  n o mo -
mentu m term ,  an d a  mea n square d erro r  objectiv e function . 
Connectio n weight s wer e initialize d t o smal l  rando m values , 
normall y distribute d abou t  0  wit h a  varianc e o f  0.5 .  Fo r  eac h 
trainin g se t  size ,  trainin g wa s conducte d fo r  400 0 epoch s (i.e. , 
passe s throug h th e entir e trainin g set )  wit h pattern s randoml y 
reordere d o n eac h epoch . 
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Figur e 2 :  Singl e Laye r  Network :  Th e Architecture ,  Unrolle d I n Time ,  A n d Generalizatio n Performanc e 

A summar y o f  th e result s ove r  al l  trainin g se t  size s i s show n 
on th e right  sid e o f  Figur e 2 .  Tha t  g r ^ h display s th e numbe r 
of  wel l  forme d attractor s foun d i n a  traine d networ k a s a  func -
tio n o f  th e trainin g se t  size .  Th e plo t  als o include s a  referenc e 
lin e whic h depict s th e hypothetica l  cas e o f  « o generalizatio n 
outsid e o f  th e trainin g set .  Notic e tha t  smal l  trainin g set s 
resulte d i n th e simpl e memorizatio n o f  th e traine d attractors , 
but  network s tha t  sa w a t  leas t  hal f  o f  al l  vali d pattern s consis -
tentl y generalize d t o al l  2 5 allowabl e structures .  Furthermore , 
non e o f  thes e network s constructe d spuriou s attracto r  basin s 
correspondin g t o il l  forme d patterns .  Th e weight s o f  thes e 
successfu l  network s too k th e unsurprisin g for m o f  tw o un -
couple d winner-take-al l  networks .  Eac h uni t  ha d a  highl y 
weighte d self-connectio n an d inhibite d th e othe r  fou r  unit s 
i n it s grou p o f  five.  Weight s o n connection s betwee n unit s 
fo r  differen t  slot s (i.e. ,  betwee n th e tw o group s o f  five  units ) 
remaine d clos e t o zero . 

Give n a  sufficientl y larg e trainin g set ,  thes e network s con -
sistentl y exhibite d a n emergenc e o f  systematicity .  General -
izatio n wa s perfect ,  wit h a  fixed-point  attracto r  forme d fo r 
ever y vali d pattern . 

Input Preprocessing 

The nex t  architectura l  varian t  w e considere d involve d th e in -
clusio n o f  a  matri x o f  weight s betwee n th e networ k inpu t  an d 
th e recurren t  outpu t  layer .  Instea d o f  providin g inpu t  pattern s 
by clampin g uni t  activation s fo r  th e initia l  tim e step ,  nois y 
input s wer e provide d a t  a n inpu t  laye r  fo r  th e first  tim e step , 
and activit y  a t  thi s laye r  wa s se t  t o zer o fo r  al l  remainin g tim e 
steps .  Activatio n level s a t  th e recurren t  outpu t  laye r  wer e 
initialize d t o zero .  Thi s networ k containe d th e sam e recurren t 
connectio n architectur e a s i n th e singl e laye r  cas e bu t  als o in -
clude d a  complet e se t  o f  connection s fro m th e inpu t  layer ,  fo r 
a tota l  o f  21 0 adaptabl e weights .  Th e sam e learnin g parame -
ter s wer e used ,  an d trainin g continued ,  onc e again ,  fo r  400 0 
epochs .  A s i n th e singl e laye r  model ,  weigh t  modificatio n wa s 
performe d b y B F T T ,  wit h th e networ k unrolle d i n tim e fo r  a 
singl e tim e step .  Th e basi c architectur e o f  thi s network ,  a s 
wel l  a s h o w i t  appear s whe n "unrolled" ,  i s  sho w i n Figur e 3 . 
Summarize d result s  ar e als o graphe d i n tha t  figure.  Notic e tha t 
systemati c performanc e aros e fro m eve n smalle r  trainin g set s 
tha n i n th e singl e laye r  case .  A s before ,  n o spuriou s attractor s 
wer e found .  Th e recurren t  weights ,  onc e again ,  embodie d 

tw o separat e five-unit  winner-take-al l  networks .  Systemati c 
generalizatio n appear s t o aris e spontaneousl y unde r  thi s ar -
chitecture ,  a s well . 

I t  i s  fairl y  clea r  w h y th e inclusio n o f  inpu t  weight s intro -
duce d n o additiona l  difficult y fo r  th e learnin g o f  articulate d 
attractors .  Th e trainin g o f  th e inpu t  weight s wa s essentiall y 
decouple d i n tim e fro m th e trainin g o f  th e recurren t  weights . 
Durin g th e initia l  tim e step ,  outpu t  activit y wa s a t  th e initial -
ize d leve l  o f  zero ,  whic h implie d n o chang e t o th e recurren t 
weight s sinc e thi s activit y play s a  multiplicativ e rol e i n th e 
backpropagatio n weigh t  updat e equation .  I n othe r  words ,  onl y 
th e inpu t  weight s coul d b e update d o n th e first  tim e step .  O n 
th e othe r  hand ,  o n ever y subsequen t  tim e ste p th e inpu t  laye r 
activit y wa s clampe d t o zero ,  directin g al l  weigh t  update s t o 
th e recurren t  connections .  I n short ,  eac h o f  th e weigh t  m a -
trice s wa s provide d wit h it s o w n direc t  erro r  signa l  a t  regula r 
time s durin g training . 

An Indirect Error Signal 

Th e final  architectur e examine d her e differe d fro m th e previ -
ous tw o i n tha t  a n erro r  signa l  wa s no t  provide d directl y t o 
th e recurren t  laye r  bu t  wa s backpropagate d throug h a n inter -
venin g matri x o f  weights .  Th e basi c architectur e i s show n 
i n Figur e 4 .  Unlik e th e las t  model ,  activit y wa s propagate d 
forwar d beyon d th e recurren t  laye r  t o a  separat e outpu t  laye r 
of  sigmoida l  units .  Erro r  wa s compute d a t  thi s final  outpu t 
laye r  an d wa s backpropagate d t o influenc e th e modificatio n o f 
th e recurren t  an d inpu t  weights .  Thi s additiona l  laye r  raise d 
th e numbe r  o f  adaptabl e parameter s t o 320 .  Th e networ k wa s 
traine d a s a  Simpl e Recurren t  Networ k ( S R N )  (Elman ,  1990) , 
unrollin g th e recurren t  hidde n laye r  fo r  a  singl e tim e step .  A s 
i n th e previou s architecture ,  nois y inpu t  pattern s wer e pre -
sente d a t  th e inpu t  laye r  fo r  th e first  tim e ste p only ,  an d inpu t 
activit y wa s se t  t o zer o durin g th e res t  o f  th e settlin g period . 
Th e sam e learnin g parameter s wer e used ,  bu t  trainin g tim e 
was extende d t o 600 0 epochs . 

Th e performanc e o f  thi s configuration ,  show n i n th e cen -
te r  o f  Figur e 4 ,  i s  grim .  Thes e network s no t  onl y faile d t o 
generalize ,  bu t  the y ofte n faile d t o for m attractor s fo r  trainin g 
set  patterns .  Also ,  severa l  spuriou s attractor s (a s m a n y a s 8 
fo r  som e trainin g se t  sizes )  aros e fo r  il l  forme d patterns .  Th e 
introductio n o f  a n indirec t  erro r  signa l  presente d a  seriou s 
obstacl e t o th e formatio n o f  articulate d attractors . 
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Figur e 3 :  Networ k Wit h Inpu t  Layer :  Th e Architecture ,  Unrolle d I n Time ,  A n d Generalizatio n Performanc e 

I n hope s o f  remedyin g thi s situation ,  th e trainin g procedur e 
fo r  thi s architectur e wa s modifie d i n a  numbe r  o f  substantia l 
ways .  T h e firs t  modificatio n involve d th e numbe r  o f  tim e 
step s experience d b y th e networ k durin g training .  A n exam -
inatio n o f  th e dynamic s associate d wit h wel l  forme d pattern s 
reveale d that ,  w h e n presente d wit h a  vali d pattern ,  th e acti -
vatio n stat e o f  th e networ k ofte n drifte d awa y fro m tha t  wel l 
forme d configuration ,  bu t  i t  di d s o onl y ver y slowly .  Afte r 
10 tim e step s o f  settlin g (whic h wa s th e settlin g perio d durin g 
networ k training )  almos t  al l  trainin g se t  pattern s appeare d in -
tac t  a t  th e outpu t  layer .  Thi s observatio n suggeste d tha t  th e 
number  o f  settlin g tim e step s experience d b y th e networ k dur -
in g trainin g wa s sufficien t  t o kee p th e networ k firo m driftin g 
away fro m th e trainin g pattern s to o quickl y bu t  wa s insuffi -
cien t  t o construc t  th e neede d stabl e fixed-point  attractors .  T o 
correc t  fo r  thi s problem ,  w e retraine d thes e network s usin g 
incrementall y large r  settlin g time s durin g training .  I n othe r 
words ,  wheneve r  a  networ k successfull y retaine d th e trainin g 
pattern s fo r  t  tim e step s durin g training ,  th e settlin g tim e wa s 
advance d t o ( f  -I -  1 )  fo r  th e nex t  trainin g epoch .  Unfortu -
nately ,  thi s strateg y di d no t  work .  Invariably ,  som e settlin g 
tim e threshol d woul d b e reached ,  pas t  whic h th e network s 
woul d no t  learn . 

O ur  nex t  modificatio n involve d usin g a  mor e robus t  esti -
mat e o f  th e erro r  gradien t  b y backpropagatin g erro r  throug h 
tim e al l  th e w a y t o th e firs t  tim e step .  Usin g complet e B P T T 
instea d o f  th e S R N trainin g metho d showe d n o significan t 
improvemen t  b y itself ,  bu t  w h e n couple d wit h a  switc h t o a 
bipola r  activatio n functio n (unit s whic h range d i n activatio n 
betwee n - 1 an d 1 )  an d wit h a  reduce d learnin g rat e (0.001) , 
thi s architectur e bega n t o successfull y memoriz e th e trainin g 
set  attractors .  Systemati c generalizatio n remaine d elusive , 
however .  Thi s performanc e i s show n i n Figur e 4 ,  o n th e 
right. 

I n th e previou s tw o networ k architectures ,  th e patter n o f  ac -
tivatio n a t  th e recurren t  laye r  wa s consistentl y bot h polarize d 
an d sparse .  Unit s tende d t o b e eithe r  al l  th e w a y "on "  o r  al l 
th e w a y "off' ,  an d onl y tw o o f  th e te n unit s wer e "on "  fo r  an y 
give n vali d pattern .  Thes e propertie s o f  th e recurren t  laye r 
activatio n pattern s wer e directl y enforce d b y th e erro r  signa l 
provide d a t  th e output .  I n th e cas e o f  a n indirec t  erro r  signal , 
however ,  thes e propertie s ar e n o longe r  directl y determine d 
by training .  Sinc e th e recurren t  laye r  i s a  hidde n laye r  i n thes e 

networks ,  othe r  pattern s o f  activatio n ar e fre e t o aris e there . 
Indeed ,  th e activatio n pattern s a t  th e recurren t  hidde n layer s 
of  thes e network s wer e quit e distributed ,  wit h approximatel y 
hal f  o f  th e hidde n unit s bein g highl y positiv e fo r  an y give n 
trainin g pattern .  Thes e recurren t  laye r  pattern s stil l  tende d t o 
be polarized ,  however ,  presumabl y becaus e i t  i s easie r  t o con -
struc t  stabl e fixed-point  attractor s i n th e comer s o f  activatio n 
space. '  Still ,  thes e network s apparentl y include d a  sufficien t 
number  o f  fre e parameter s (weights )  t o associat e a  fairi y  ar -
bitrar y distribute d hidde n laye r  attracto r  wit h eac h trainin g 
pattern .  Unlik e th e dua l  winner-take-al l  structur e learne d b y 
th e previou s tw o architectures ,  thes e attractor s showe d fe w 
sign s o f  compositionality . 

Thi s proble m o f  hidde n laye r  representatio n i s serious .  I t  i s 
quit e possibl e fo r  a  networ k t o lear n a  hidde n laye r  encodin g 
of  inpu t  pattern s whic h i s consisten t  wit h th e trainin g item s bu t 
i s inherentl y incapabl e o f  generalizin g t o othe r  vali d patterns . 
Thi s proble m m a y b e illustrate d b y th e simpl e exampl e sho w 
i n Figur e 5 .  Thi s diagra m display s a  smal l  piec e o f  a  network , 
includin g tw o hidde n unit s an d tw o outpu t  units .  T w o possibl e 
configuration s o f  weight s betwee n thes e processin g element s 
ar e shown ,  wit h th e outpu t  bia s weight s alway s bein g slightl y 
negative .  Bot h configuration s ca n produc e th e give n trainin g 
set  target s  a t  thei r  outputs ,  bu t  onl y  th e configuratio n o n th e lef t 
i s capabl e o f  producin g th e generalizatio n target .  Th e weight s 
i n th e righ t  networ k fragmen t  fai l  becaus e the y collaps e to o 
m a ny distinc t  hidde n laye r  pattern s t o singl e outpu t  patterns . 
For  generalizatio n t o hav e an y hop e o f  occurring ,  hidde n laye r 
activatio n spac e mus t  retai n distinc t  correlate s t o th e entir e 
rang e o f  vali d outputs . 

O ne w a y t o avoi d thi s "collapsing "  o f  hidde n laye r  spac e 
i s t o driv e th e weigh t  vector s comin g ou t  o f  eac h hidde n uni t 
toward s mutua l  orthogonality .  Thi s constrain t  make s th e con -

'Nea r  th e comer s o f  th e 1 0 dimensiona l  activatio n spac e o f  th e 
recurren t  layer ,  th e derivativ e o f  th e sigmoida l  activatio n fiinctio n o f 
eac h recurren t  uni t  i s clos e t o zero .  Thi s mean s tha t  a  larg e weigh t 
chang e i s typicall y neede d t o chang e th e fixed-point  o f  a  come r 
attractor .  B y comparison ,  a  fixed-point  attracto r  i n th e middl e o f  thi s 
10 dimensiona l  spac e ma y drif t  significantl y a s th e resul t  o f  eve n a 
smal l  weigh t  change .  I n general ,  wit h sigmoida l  units ,  fixed-point 
attractor s  i n th e comer s o f  activatio n spac e ar e muc h les s sensitiv e t o 
smal l  pemirbation s i n weigh t  value s tha n fixed-points  i n th e middl e 
of  activatio n space . 
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Figur e 4 :  Networ k Wit h Indirec t  Error :  Th e Architecture ,  S R N Results ,  A n d B P T T Result s 

tributio n o f  eac h hidde n uni t  t o th e formatio n o f  a n outpu t 
patter n orthogona l  t o th e contribution s o f  th e othe r  hidde n 
units .  Not e tha t  th e weigh t  se t  schematicall y show n o n th e 
lef t  i n Figur e 5 ,  whic h effectivel y copie s th e hidde n laye r  ac -
tivatio n patter n t o th e outpu t  layer ,  i s  on e exampl e o f  a  se t 
of  orthogona l  outgoin g weigh t  vector s whic h i s capabl e o f 
appropriat e generalization .  T o tes t  thi s ide a o f  a n orthogonal -
it y constraint ,  w e adde d a  ter m t o ou r  square d erro r  objectiv e 
functio n o f  th e form : 

^± = $^^cos2^ai 
a b 

... where a and b are hidden unit indices and 9ah is the angle 
betwee n thei r  outgoin g weigh t  vectors .  Unfortunately ,  de -
pendin g o n th e proportio n wit h whic h E ^  wa s mixe d wit h 
square d error ,  orthogonalizatio n eithe r  interfere d wit h th e 
learnin g o f  eve n trainin g se t  pattern s o r  ha d littl e effec t  a t 
all .  W e notice d tha t  th e orthogonalizatio n ter m ofte n move d 
th e hidde n laye r  representation s awa y fro m th e comer s o f  ac -
tivatio n space ,  wher e attractor s wer e typicall y constructed , 
so w e als o adde d a  polarizatio n erro r  ter m whic h encourage d 
bipola r  vector s a t  th e hidde n layer .  Thi s ter m too k th e for m 
of : 

a 

.. .  wher e Oa i s th e activatio n leve l  o f  hidde n uni t  a .  Eve n 
when th e objectiv e functio n wa s augmente d wit h bot h o f  thes e 
terms ,  th e bes t  network s stil l  di d littl e mor e tha n memoriz e 
u-ainin g patterns . 

Discussion 

Thes e result s sugges t  tha t  systemati c generalizatio n m a y aris e 
easil y  i n recurren t  attracto r  network s whe n the y ar e presente d 
wit h a  direc t  erro r  signal .  Dista l  erro r  signals ,  backpropagate d 
throug h intervenin g weights ,  however ,  appea r  t o presen t  a 
profoun d obstacl e t o th e formatio n o f  articulate d attractors . 
Thi s findin g i s disconcertin g sinc e man y cognitiv e model s 
incorporatin g recurren t  attracto r  network s implicitl y  assum e 
an erro r  signa l  conceptuall y "backpropagated "  throug h som e 
othe r  psychologica l  proces s while ,  i n actua l  simulations ,  the y 
utiliz e a n erro r  signa l  applie d directl y t o th e recurren t  laye r 
(Mathi s &  Mozer ,  1995 ;  Plau t  &  McClelland .  1993) .  Fo r  th e 
theorie s underlyin g thes e model s t o b e valid ,  ther e mus t  b e 

some learnin g mechanis m throug h whic h articulate d attractor s 
m ay b e shape d b y a  dista l  teachin g signal . 

Thi s proble m m a y b e viewe d a s on e o f  findin g a  w a y t o bia s 
th e learnin g o f  a  multi-laye r  networ k i n a  w a y whic h encour -
age s th e genera l  formatio n o f  articulate d attractor s withou t 
essentiall y  "har d wiring "  th e structur e o f  th e inpu t  patterns . 
Th e mai n questio n tha t  ha s ye t  t o b e answere d is :  W h a t  i s 
th e correc t  inductiv e bia s fo r  thi s task ? W e sugges t  tha t  thi s 
bia s shoul d encourag e recurren t  hidde n laye r  representation s 
whic h us e polarize d activatio n level s an d shoul d driv e hidde n 
t o outpu t  weight s toward s configuration s whic h preserve ,  a s 
m u ch a s possible ,  accessibilit y  t o th e whol e rang e o f  poten -
tia l  outpu t  patterns .  Polarizatio n i s take n a s a  goa l  fo r  th e 
sak e o f  th e stabilit y  o f  attracto r  learning .  Eve n wit h "cor -
ner  attractors" ,  however ,  thes e network s stil l  nee d t o avoi d 
hidde n t o outpu t  mapping s whic h restric t  generalization .  A 
techniqu e suc h a s activatio n sharpenin g (French ,  1991 )  coul d 
potentiall y  produc e th e kind s o f  representation s needed ,  bu t 
thi s woul d requir e a n a  prior i  specificatio n o f  th e numbe r  o f 
hidde n element s "on "  fo r  eac h pattern .  Still ,  a n inductiv e bia s 
of  thi s sor t  m a y b e th e bes t  tha t  i s possibl e unde r  a n indirec t 
erro r  signal . 

Our  futur e wor k wil l  focu s o n solvin g thi s indirec t  erro r  sig -
nal  proble m usin g tw o distinc t  approaches :  b y modifyin g th e 
inpu t  patter n encodin g an d b y modifyin g th e networ k archi -
tecture .  Th e firs t  o f  thes e approache s involve s encodin g slo t 
filler s  i n a  non-localis t  fashion .  Rathe r  tha n assignin g a  singl e 
inpu t  an d outpu t  uni t  t o eac h filler ,  a  mor e distribute d repre -
sentatio n coul d b e use d fo r  fille r  values .  Thi s migh t  involv e 
a les s spars e binar y cod e i n whic h differen t  filler s shar e "on " 
elements ,  o r  i t  migh t  involv e a  rea l  vecto r  encodin g whic h 
retain s th e orthogonalit y o f  fille r  representation s presen t  i n 
our  localis t  code .  Usin g a  mor e distribute d representatio n 
woul d caus e weights/ro m individua l  input s an d t o individua l 
outpu t  unit s  t o pla y a  significan t  processin g rol e ove r  multipl e 
fille r  values .  Th e additiona l  utilizatio n o f  thes e weight s m a y 
facilitat e generalizatio n t o nove l  slot-fille r  patterns . 

We wil l  als o conside r  encouragin g articulate d attractor s b y 
constrainin g th e networ k architecture .  I n particular ,  w e pla n 
t o investigat e th e possibilit y  o f  initializin g weight s a t  th e re -
curren t  laye r  t o a  configuratio n whic h embodie s a  collectio n 
of  winner-take-al l  networks .  Thes e wil l  b e implemente d us -
in g a  softma x constrain t  (Bridle ,  1990) ,  s o backpropagate d 
erro r  ca n stil l  successfull y reac h weight s feedin g int o th e at -
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Figur e 5 :  Exampl e O f  Weigh t  Vecto r  Orthogonalit y &  It s Impac t  O n Generalizatio n 

tracto r  network .  Also ,  restricte d receptiv e fields  amon g th e 
hidde n t o outpu t  connection s migh t  b e use d t o approximat e a n 
orthogonalit y constrain t  o n thi s mapping .  Suc h stron g archi -
tectura l  constraint s ma y b e necessar y t o consistentl y produc e 
articulate d attractor s from  dista l  error . 

I f  furthe r  investigatio n reveal s tha t  th e learnin g o f  system -
ati c attracto r  structure s from a  dista l  teachin g signa l  require s 
specifi c  constraint s o n networ k architecture ,  cognitiv e mod -
el s whic h utiliz e suc h attracto r  network s wil l  nee d t o assum e 
some significan t  innat e constraint s o n learning .  Thi s doe s 
not  mea n tha t  a n architectur e specificall y tune d t o a  particu -
la r  task ,  suc h a s readin g alou d o r  prope r  productio n o f  ver b 
tense ,  i s necessary .  Th e require d innat e constraint s ma y sim -
pl y involv e th e earl y presenc e o f  latera l  inhibitio n betwee n 
processin g element s groupe d int o cluster s o r  th e existenc e o f 
map-lik e structure s arisin g fro m topologicall y regula r  connec -
tio n patterns .  Th e learnin g bia s introduce d b y suc h genera l 
connectio n pattern s ma y b e al l  tha t  i s needed .  Still ,  th e wor k 
presente d i n thi s pape r  suggest s tha t  th e simpl e presenc e o f 
recurren t  connection s i s no t  enoug h t o produc e systemati c 
attracto r  dynamics .  Learnin g t o enforc e "wel l  formedness " 
constraint s o n interna l  representation s ma y requir e somewha t 
structure d networ k architectures . 

Conclusion 

Connectionist attractor networks have shown much promise 
as a  mechanis m fo r  improvin g generalizatio n performanc e 
by enforcin g wel l  formednes s constraint s o n representations . 
Attracto r  network s whic h successfull y lear n a  systemati c col -
lectio n o f  suc h constraint s give n a  smal l  trainin g se t  ar e sai d 
t o embod y articulate d attractor s -  meaningfu l  attracto r  basin s 
arisin g fro m th e compositiona l  interactio n o f  explicitl y  traine d 
stabl e fixed-points.  W e hav e show n tha t  articulate d attractor s 
can readil y aris e i n suc h network s whe n a n erro r  signa l  i s 
applie d directl y t o th e recurren t  processin g elements .  Dista l 
erro r  signals ,  however ,  pos e surprisingl y profoun d difficultie s 
fo r  suc h networks .  A  stron g prio r  inductiv e bias ,  perhap s bes t 
see n a s geneti c  i n origin ,  toward s compositiona l  structur e ma y 
be neede d t o produc e articulate d attractor s a t  hidde n layer s i n 
backpropagatio n networks . 
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Abstrac t 

We address the problem of processing a context-sensitive lan-
guage wit h a  recurren t  neura l  networ k (RN) .  S o far ,  th e lan -
guage processin g capabilitie s o f  RN s hav e onl y bee n investi -
gate d fo r  regula r  an d context-fre e languages .  W e presen t  a n 
extremel y simpl e R N wit h onl y on e paramete r  z  fo r  it s tw o 
hidde n node s tha t  ca n perfor m a  predictio n tas k o n sequence s 
of  symbol s fro m th e languag e {(fca*) "  |  fc  >  0 ,  n  >  0} ,  a  lan -
guage tha t  i s  context-sensitiv e bu t  no t  context-free .  Th e inpu t 
t o th e R N consist s o f  an y strin g o f  th e language ,  on e symbo l 
at  a  time .  Th e networ k shoul d then ,  a t  al l  times ,  predic t  th e 
symbol  tha t  shoul d follow .  Thi s mean s tha t  th e networ k mus t 
be abl e t o coun t  th e numbe r  o f  a' s i n th e firs t  subsequenc e an d 
t o retai n thi s numbe r  fo r  futur e use .  W e presen t  a  valu e fo r  th e 
paramete r  z  fo r  whic h ou r  R N ca n solv e th e tas k fo r  fc  =  1  u p t o 
fc  =  120 .  A s w e d o no t  giv e an y metho d t o find  a  goo d valu e fo r 
z,  thi s doe s no t  sa y anythin g abou t  th e learnin g capabilitie s o f 
our  network .  I t  does ,  however ,  sho w tha t  context-sensitiv e in -
formatio n (th e coun t  o f  a's )  ca n b e represente d b y th e network ; 
we analys e i n detai l  ho w thi s i s  done .  Henc e ou r  wor k show s 
that ,  a t  leas t  fro m a  representationa l  poin t  o f  view ,  connection -
is t  architecture s ca n handl e mor e comple x forma l  language s 
tha n wa s previousl y known . 

Introduction 

An importan t  issu e whe n modelin g grammar s an d grammat -
ica l  inferenc e wit h recurren t  neura l  network s (RNs )  i s t o de -
termin e wha t  kin d o f  forma l  language s a  recurren t  neura l 
networ k ca n proces s an d generate .  I n thi s pape r  w e sho w tha t 
a ver y simpl e recurren t  networ k o f  a  kin d tha t  ha s ofte n bee n 
studie d befor e i s abl e t o proces s a  fairl y  comple x language :  a 
languag e tha t  i s neithe r  regula r  no r  context-free . 

Regula r  language s represen t  th e simples t  clas s o f  forma l 
language s i n th e Chomsk y hierarch y (Hopcrof t  &  UUman, 
1979) .  Regula r  language s ar e generate d b y regula r  grammars . 
Each regula r  languag e L  ha s a h associate d deterministi c finite 
stat e automato n (DFA )  M an d vic e versa :  M accept s al l 
correc t  sentence s o f  L  an d reject s al l  incorrec t  sentences .  A 
more comple x clas s i n th e Chomsk y hierarch y i s tha t  o f  th e 
context-fre e languages ;  th e regula r  language s ar e a  prope r 
subse t  o f  thi s class .  Fo r  eac h context-fre e languag e ther e i s a n 
associate d push-dow n automato n (an d vic e versa) .  A n eve n 
more comple x languag e clas s i s tha t  o f  th e contex t  sensitiv e 
language s wit h th e associate d linea r  bounde d automata .  Thi s 
clas s properl y include s al l  context-fre e languages . 

The theor y o f  thes e language s an d automat a fro m a  sym -
bol  processin g perspectiv e i s wel l  establishe d (Hopcrof t  & 
Ullman ,  1979) .  I t  i s  no t  clea r  however ,  wha t  kin d o f  automat a 

R Ns ca n implement .  S o far ,  onl y performanc e o n regula r 
and context-fre e language s ha s bee n reporte d (Cleeremans , 
Servan-Schreiber & McClelland ,  1989 ;  Gile s etai ,  1992 ;  Su n 
etal ,  1993 ;  Wile s &  Elman ,  1995) .  Thi s situatio n le d u s t o 
investigat e whethe r  i t  i s  possibl e t o g o beyon d thes e languag e 
classes ;  i n thi s paper ,  w e com e u p wit h a  R N tha t  perform s a 
predictio n tas k o n th e symbol s o f  a  context-sensitiv e languag e 
tha t  i s no t  context-free .  T o th e bes t  o f  ou r  knowledge ,  thi s 
has neve r  bee n attempte d befor e -  a s R N s alread y hav e grea t 
difficultie s i n handlin g simpl e context-fre e languages ,  w e tak e 
our  tas k t o b e quit e challengin g fo r  RNs .  Ou r  wor k als o ha s 
repercussion s fo r  th e rol e o f  connectionis m i n psychology .  I n 
our  view ,  i n orde r  fo r  connectionis m t o b e a  seriou s paradig m 
fo r  psychology ,  i t  shoul d b e clea r  wha t  it s capabilitie s ar e 
when dealin g wit h forma l  language s whic h li e a t  th e hear t  o f 
'symbol-oriented '  model s (Wile s &  Elman ,  1995) . 

We wil l  conside r  a  typ e o f  recurren t  neura l  networ k tha t  ha s 
initiall y  bee n explore d b y Jorda n (1986 )  an d mor e recentl y b y 
Elma n (1990 )  an d Pollac k (1991) .  Mor e specifically ,  w e us e 
a secon d orde r  recurren t  networ k (Gile s e t  al ,  1992 ;  Omli n 
& Giles ,  1992 )  simplifie d t o havin g onl y on e parameter ,  an d 
we sho w b y simulatio n tha t  it s node s ca n represen t  th e inpu t 
t o th e networ k i n a  wa y tha t  capture s th e essentia l  structur e o f 
our  contex t  sensitiv e language . 

W h en R N s ar e applie d t o processin g languages ,  th e solu -
tion s provide d b y th e networ k ar e ofte n bes t  understoo d fro m 
a dynamica l  system s perspectiv e (Omli n &  Giles ,  1994) .  Thi s 
perspectiv e ca n sometime s offe r  ne w insight s an d provid e ne w 
mechanism s fo r  solvin g task s tha t  ar e usuall y deal t  wit h fro m 
a mor e traditiona l  symboli c framework .  Fro m thi s poin t  o f 
view ,  th e proble m w e wil l  hav e t o fac e her e i s t o contro l  th e 
non-linea r  dynamic s o f  th e networ k i n suc h a  wa y tha t  th e 
region s i n stat e spac e tha t  correspon d t o th e variou s symbol s 
t o b e predicte d ar e linearl y separable . 

The Task 

Conside r  al l  sequence s o f  th e form : 

6(a)*6(a) *  .. .  fo r  integer s A;  >  0  (1 ) 

I n an y suc h sequenc e symbo l  b  i s followe d b y k  symbol s a 
afte r  whic h thi s subsequenc e repeat s itself .  Eac h valu e o f  k 
define s a  uniqu e sequenc e whic h w e wil l  cal l  th e A;-sequence . 
For  example ,  her e ar e th e initia l  segment s o f  th e l-,2 -  an d 
3-sequences : 

bababababa.. .  (f c =  1 ) 

baabaabaab.. .  (f c =  2 ) 

baaabaaaba.. .  ( k =  3 ) 
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The tas k w e wan t  ou r  networ k t o perfor m i s th e following :  fo r 
any sequenc e o f  th e for m (1) ,  afte r  havin g bee n presente d th e 
firs t  n  symbol s o f  th e sequence ,  th e networ k shoul d correctl y 
predic t  th e n  +  1-s t  symbo l  o f  th e sequence .  Th e symbol s 
ar e presente d i n order :  a t  tim e t  =  1  th e firs t  symbo l  i s 
presented ,  a t  t  =  2  th e secon d an d s o on .  Not e tha t  befor e 
th e secon d b  ha s bee n presented ,  th e nex t  symbo l  ma y tur n 
out  t o b e eithe r  o  o r  6  a s i t  i s  no t  clea r  ye t  whic h sequenc e 
th e networ k i s dealin g with .  Bu t  afte r  th e secon d 6 ,  ther e i s 
onl y on e possibl e sequenc e left ,  an d al l  futur e symbol s ar e 
unambiguousl y determined .  Therefore ,  i f  th e actua l  sequenc e 
turn s ou t  t o b e 6(a)*fe.. .  fo r  som e particula r  k ,  the n w e wan t 
our  networ k t o correctl y predic t  al l  futur e symbol s a t  al l  time s 
t > k +  2 . 

Complexity of the Task 

Consider the language Lcs = {(6a*)" | it > 0,n > 0}. 
Thu s fo r  example ,  babababab a an d baaaabaaa a ar e correc t 
sentence s o f  th e languag e whil e babaaa ,  baba b an d baab a ar e 
not .  I t  i s  clea r  tha t  ou r  tas k ca n b e reinterprete d a s follows : 
afte r  havin g bee n presente d a  fe w initia l  symbol s (th e first 
'run '  o f  a's )  on e mus t  correctl y predic t  wha t  th e nex t  symbol s 
i n th e sequenc e mus t  be ,  suc h tha t  a t  som e poin t  i n th e future , 
th e par t  o f  th e sequenc e see n unti l  the n wil l  b e a  correc t 
sentenc e o f  th e languag e Lcs -

N o w Lc s i s a  context-sensitiv e languag e which ,  moreover , 
i s  no t  context-free .  Thi s ca n b e prove n usin g standar d tech -
nique s o f  forma l  languag e theory ;  a n exac t  proo f  ca n b e foun d 
i n th e appendix .  Intuitively ,  on e ca n understan d wh y Lc s i s 
not  context-fre e i f  on e trie s t o recogniz e Lc s usin g a  push -
down automaton .  A  push-dow n automato n i s roughl y jus t 
a non-deterministi c finit e stat e automato n wit h a  stack ;  i t  i s 
clea r  tha t  th e onl y wa y t o coun t  th e numbe r  o f  a' s tha t  hav e 
bee n see n ab-ead y i s t o us e thi s stack .  Afte r  th e first  6  symbol , 
on e ca n fill  th e stac k wit h th e first  k  a  symbols .  Then ,  afte r 
th e secon d 6 ,  on e ca n empt y th e stac k again ,  t o produc e th e 
nex t  k  a  symbols ,  bu t  sinc e th e content s o f  th e stac k ar e the n 
empty ,  th e informatio n abou t  k  i s  lost ,  an d furthe r  processin g 
of  ttie  sequenc e i s impossible .  Therefore ,  a  singl e stac k i s no t 
sufficien t  t o solv e thi s task .  Wha t  w e reall y nee d t o d o i s t o 
implemen t  a  counte r  tha t  count s th e numbe r  o f  consecutiv e a 
symbol s afte r  whic h i t  retain s thi s valu e t o proces s th e nex t 
(mor e tha n one! )  subsequence s o f  a-symbols . 

Jus t  a s on e canno t  us e a  push-dow n automato n t o recogniz e 
a languag e tha t  i s no t  context-free ,  on e canno t  us e i t  t o pre -
dic t  th e consecutiv e symbol s o f  th e correc t  string s o f  suc h a 
languag e eithe r  (Hopcrof t  &  Ullman ,  1979) .  I t  i s  i n thi s sens e 
tha t  th e powe r  o f  a  recurren t  networ k tha t  woul d perfor m wel l 
on ou r  predictio n tas k goe s beyon d th e powe r  o f  context-fre e 
granmiar s or ,  equivalently ,  push-dow n automata . 

The Network 

We use a second-order recurrent network with two input 
nodes ,  I ]  an d I2 ,  tw o hidde n node s H \  an d H 2 an d a n outpu t 
uni t  O .  x \  denote s th e activatio n o f  nod e X i  a t  tim e t .  W e 
emplo y a  unar y encodin g o f  ou r  symbols :  a  i s encode d a s 
t i  =  1  an d 1 2 =  0 ,  6  a s i i  = 0 an d 1 2 =  1 .  Th e hidde n nod e 
activation s h \  an d /1 2 a t  tim e t  ar e mappe d int o thos e a t  tim e 

t  +  1  accordin g to : 

h ^  = 

h r  = 

/ ( 

/ ( 

i\h\w \  + i \h\w z + (2 ) 

(3 ) 

wher e /  i s  th e sigmoi d discriminan t  function :  f{x )  =  1/(1-1 -
e~ ' ) .  W e simplifie d thi s networ k b y removin g som e o f  th e 
recurren t  connections :  W2 =  w ^ = w ^  =  W( ,  =  w ^  =  0 .  Th e 
substitution s w \  =  •w ^  =  Wi  =  z  an d 10 5 =  w\ q =  —zjl , 
simplif y th e networ k to : 

/i{+ '  =  f{ i \h\z-zl2 ) 

/4+ '  =  f{i\h\ z +  i \h^z-zl l ) 

(4 ) 

(5 ) 

The outpu t  O  i s a  linea r  threshol d uni t  tha t  output s predictio n 
symbol s o  an d 6 : 

^  I  a  i f  wo\h \  +  woih ^  +  Oo < 0 

*  ~  \  6  ifwo2h \  +  woih \  +  ̂ o >  0 
(6 ) 

A singl e parameter ,  th e weigh t  z  determine s th e representatio n 
of  th e inpu t  symbol s i n hidde n stat e space .  Th e weight s 
v^ox .  W 0 2 an d 6 0 determin e th e linea r  equation '  tha t  divide s 
th e hidde n stat e spac e i n region s wher e th e predicte d symbo l 
i s  a  o r  6 . 

Wit h compute r  studies ,  w e wante d t o find  a  2  suc h tha t  ther e 
i s a  combinatio n o f  wq x ,  W 0 2 an d 0 o suc h tha t  th e prediction s 
of  th e symbol s o f  th e sequence s fo r  fc  =  I  u p t o a  maximu m 
of  m ar e correct .  Therefore ,  fo r  thes e sequences ,  th e hidde n 
nod e activation s correspondin g t o a  processe d inpu t  sequenc e 
wher e th e nex t  symbo l  i s  a  a  o r  6  shoul d b e linearl y separable . 

For  z  =  3.9924 ,  w e foun d tha t  th e prediction s fo r  th e first 
m =  12 0 sequence s o f  thi s tas k ar e linearl y separable .  I n 
figure  1 ,  th e trajectorie s i n hidde n nod e spac e ar e show n fo r 
th e first  6  sequences .  Thes e trajectorie s g o from  th e lef t  t o th e 
right;  th e successiv e point s o f  th e map s ar e connecte d b y line s 
(th e retur n trajectorie s t o th e lef t  ar e omitted) .  Th e point s 
indicate d b y filled  circle s ar e th e point s wher e k  symbol s a 
ar e received ,  s o a t  thes e points ,  th e outpu t  symbo l  shoul d b e 
b.  Th e point s indicate d b y ope n circle s ar e th e point s wher e 
a symbo l  a  shoul d b e predicted .  Th e dashe d Un e show s th e 
linea r  equatio n tha t  separate s th e a  an d b  predictio n symbols . 
Figur e 2  show s th e trajectorie s fo r  al l  12 0 sequences . 

How the Network Does It 

The behavio r  o f  th e networ k ca n bes t  b e understoo d from a 
dynamica l  system s viewpoint .  A s al l  sequence s consis t  o f 
perpetuall y self-repeatin g subsequences ,  i t  i s  clea r  tha t  fo r 
eac h valu e o f  fc,  th e networ k eventuall y goe s int o a n associ -
ate d limi t  cycle .  Th e rea l  difficult y o f  ou r  tas k i s t o combin e 

'Notic e tha t  w e coul d jus t  a s wel l  hav e take n th e sigmoi d dis -
criminan t  functio n /  agai n t o determin e th e outpu t  activatio n a s 
O =  f{woih \  -( -  woih i  -I -  6o) -  I f  w e the n interprete d O  <  0. 5 a s 
o an d O  >  0. 5 a s 6 ,  thi s woul d alway s yiel d th e sam e prediction s a s 
our  threshol d unit .  Fo r  recurren t  neura l  networks ,  usuall y thi s latte r 
approac h i s take n (Omli n &  Giles ,  1994) .  W e hav e opte d fo r  th e 
equivalen t  threshol d approac h i n orde r  t o clarif y th e analysi s o f  th e 
hidde n nod e activatio n space . 
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Figur e 1 :  Th e trajectorie s o f  h ]  an d /1 2 i n th e networ k wit h 
z =  3.992 4 ar e show n fo r  fc  =  1  t o 6 . 

Figur e 2 :  Al l  point s o f  th e trajectorie s i n hidde n stat e spac e 
fo r  th e sequence s A;  =  1  t o 120 . 

0 X  1 

Figur e 3 :  Th e ma p g  :  x  >- > 1/( 1 +  e'^ ^  (̂ -'/̂ )) )  i s  show n 
fo r  z  — 3 .  Thi s ma p ha s onl y on e attracto r  x  =  1/2 .  Fiv e 
iteration s o n thi s ma p ar e show n startin g o n i  =  0 . 

th e dynamic s o f  ever y limi t  cycl e i n suc h a  wa y tha t  i t  i s  pos -
sibl e t o extrac t  usefu l  informatio n fro m th e cycl e trajectorie s 
i n hidde n nod e stat e space .  Th e non-linea r  natur e o f  limi t 
cycl e trajectorie s make s i t  difficul t  t o b e combine d wit h th e 
linea r  natur e o f  th e separatio n function s provide d b y thresh -
ol d outpu t  units .  Ou r  mai n ide a i s t o simplif y th e networ k b y 
introducin g a  rese t  mechanis m fo r  ever y limi t  cycle .  Th e end -
point s o f  th e trajectorie s (befor e rese t  again )  ar e the n linearl y 
separabl e fro m al l  othe r  point s o f  th e differen t  trajectories ; 
as wil l  b e see n below ,  thi s i s exactl y wha t  i s neede d fo r  ou r 
predictio n task .  Fo r  a  mor e detaile d analysi s o f  th e network' s 
performance ,  w e nee d t o loo k a t  th e followin g function : 

<,(x )  =  /( z . (1 -1 /2 ) ) (7 ) 

Her e /  i s  th e sigmoi d functio n again .  W e wil l  writ e g^^Kx )  = 

x,9^^Kx )  =  9{x),g^^Hx )  =  gigix) )  etc .  For O <  z  <  4 ,  5 
has onl y on e fixed  point :  5(1/2 )  =  1/ 2 (figur e 3) .  Thi s poin t 

i s  a n attractor̂ ;  a s n  increases ,  g^"\x )  converge s t o 1/ 2 fo r 
al l  startin g value s x .  Als o show n i n figure  3  ar e th e iteration s 

fromflW(0)tO5(')(0) . 
N ow le t  u s suppos e tha t  w e fee d ou r  networ k a  sequenc e 

consistin g onl y o f  a' s  (i.e .  t {  =  l.i j  = 0 ) .  Then ,  i f  w e star t  a t 
tim e t  an d se t  x  equa l  t o h\ ,  w e ca n se e fro m (4 )  tha t  updatin g 
h\  become s identica l  t o iteratin g g : 

h\+ '  =  g'''\x )  f o r a l H > 0 (8 ) 

Exactl y th e sam e applie s t o H i :  i f  w e ha d se t  i  =  ftj,  the n /1 2 
woul d hav e evolve d accordin g t o g ,  a s ca n b e see n fro m (5) . 

But  wha t  happen s t o h \  whe n a  symbo l  b  arrive s a t  tim e t ? 
(i.e .  i \  =  0 .  t ^  =  1) .  W e se e tha t 

/i;+ '  =  f { 0 h \ - z - z / 2 ) 

= p(')(0) (9 ) 

Thu s eac h tim e a  6  arrive s (i n particular ,  a t  tim e t  =  1  whe n 
th e first  on e arrives) ,  h \  wil l  b e "reset '  t o g{0) .  This ,  togethe r 
wit h (8 )  impUe s tha t  if ,  fo r  an y t ,  th e previou s i  -I -  1  symbol s 
wer e o f  th e for m ba' ,  the n h \  wil l  alway s b e equa l  t o </('•'• '  ̂  (0) . 

I n wha t  follows ,  w e wil l  writ e ̂^'^O )  simpl y a s g '̂ K 
H2 i s influence d i n a  differen t  manne r  whe n a  5  arrives .  I f 

a b  arrive s i n a  fc-sequence  a t  a  tim e t  wit h t  >  1  (w e wil l  no t 
conside r  th e first  6  here) ,  the n /ij"*" '  i s  change d a s follows : 

/i*+' = f{l.h\z + 0hJ^-z-z/2) 

= 9{h\) 

= p(5(*+')(0) ) 

= (,(*+2 )  (10 ) 

Here h\ is equal to g(*+') because we are in a A:-sequence, 

and thu s th e 6  tha t  arrive s a t  tim e t  ha s bee n precede d b y 6a* . 
I n othe r  words ,  wheneve r  a  symbo l  b  i s processe d a t  tim e 

t  i n a  fc-sequence,  th e activatio n o f  H i  i s  rese t  t o g(' \  whil e 
H2 'take s over '  fro m H, :  /ii"*" '  i s  se t  t o g *̂"*"̂ ) .  Returnin g 
t o figure  2 ,  w e ca n se e tha t  i n betwee n tw o 6's ,  nod e H ] 
iterate s g  startin g fro m p O t o p̂ *''"' ^  whil e H 2 iterate s g  fro m 
5(*+2 )  t o 5(^*+2) .  Thu s th e point s ih\,h\ )  i n hidde n nod e 

^One can actually prove this; see the work of Omlin & Giles 
(1994 )  wher e th e sam e functio n i s use d fo r  a  differen t  purpose . 
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activatio n spac e wil l  alway s b e o f  th e for m (ĝ ''''' \  ĝ '̂''*''''̂ ) 

fo r  som e 0  <  i  <  k .  Also ,  th e point s ((?('+*),s^^^") ) 
coincid e exactl y wit h th e hidde n nod e activation s whe n al l 
*:  a' s o f  th e fc-sequence  hav e bee n presented ,  i.e .  whe n a  6 
shoul d b e predicted .  O n th e othe r  hand ,  al l  point s a t  whic h a n 

a shoul d b e predicte d mus t  b e o f  th e for m iĝ '̂*'*\ĝ '̂̂ '''̂ *̂ ) 

wit h t  <  fc.  A s ff^*^  increase s wit h t ,  thi s mean s tha t  i t 
i s  enoug h t o mak e sur e fo r  al l  t  >  0  tha t  {g '̂Kg^ *̂̂ )  lie s 

beneat h th e separatin g lin e whil e {g^* \  ĝ '̂'̂ ^̂ )  lie s abov e it ; 
see figure  1  an d 2  again .  A s ca n b e see n there ,  fo r  increasin g i , 

g(' )  goe s t o 1/2 ,  bu t  (fo r  ou r  choic e o f  z )  th e point s (s '̂̂ s^ '̂) ) 
ar e connecte d throug h a n almos t  linea r  function .  Thi s partiall y 

explain s w h y th e point s ig '̂\g^^*^ )  an d (ff('',5(̂ *+'̂ )  ar e 
linearl y separabl e fo r  suc h a  larg e rang e o f  i . 

Related Work 

Concernin g rc^ufa r  languages ,  Omli n &  Gile s (1994 )  provid e 
an algorith m that ,  give n an y D F A M a s input ,  output s ( a 
descriptio n o O a n equivalen t  second-orde r  recurren t  networ k 
R.  Her e 'equivalent '  mean s tha t  R  output s a  1  i f  an d onl y i f 
it s  inpu t  i s a  strin g o f  th e regula r  languag e correspondin g t o 
M. 

For  context-fre e languages ,  thing s ge t  mor e complicated . 
A\̂ ile s &  Elma n (1995 )  studie d th e behavio r  o f  a  R N o n th e 
language  a"6 "  whic h i s context-fre e bu t  no t  regular .  The y 
traine d a  smal l  R N t o predic t  th e symbol s from  string s from 
thi s languag e wit h n  rangin g from 1  t o 12 .  I n on e o f  severa l 
trainin g sessions ,  the y foun d a  R N tha t  exhibite d generaliza -
tio n t o n  =  18 .  Th e similarit y  t o ou r  wor k consist s i n th e fac t 
tha t  bot h a"b "  an d Lc s ca n b e processe d usin g onl y a  counte r 
rathe r  tha n a  complet e stac k o r  tape ;  however ,  i n Elma n & 
Wiles '  wor k th e traine d networ k turne d ou t  t o coun t  i n a  com -
pletel y differen t  manne r  from  ours ,  namel y b y combinin g th e 
dynamic s o f  attractor s an d repellor s tha t  implemen t  count -
in g u p an d dow n respectively ;  lik e a  stack ,  M s mechanis m 
'forgets '  th e numbe r  o f  a' s afte r  processin g th e 6's . 

Sun etal .  (1993 )  als o studie d R N s whe n traine d o n context -
free  language s bu t  thei r  R N s wer e augmente d wit h a  stack . 
Here ,  th e tas k fo r  th e R N wa s t o accep t  o r  rejec t  a  strin g 
as belongin g t o th e traine d language .  The y achieve d ver y 
goo d generalizatio n performanc e whe n trainin g thei r  networ k 
wit h shor t  exampl e string s o f  som e context-fre e language s 
includin g a"6" .  Th e advantag e o f  providin g th e R N wit h a 
rea l  stac k i s tha t  differen t  symbol s ca n b e writte n o n th e stac k 
and rea d of f  again ,  whil e i t  remain s t o b e see n whethe r  tha t 
ca n b e achieve d wit h technique s lik e thos e use d b y Wile s & 
Elma n (1995 )  an d us .  O n th e othe r  hand ,  th e stac k extensio n 
canno t  b e o f  an y hel p i n representin g language s lik e lie s tha t 
ar e no t  context-sensitive ,  an d doe s no t  sho w whethe r  R N s b y 
themselve s ar e mor e powerfu l  tha n DFA's . 

Discussion and Conclusion 

I t  i s  importan t  t o realiz e tha t  w e di d no t  us e learnin g algorithm s 
fo r  th e networ k itsel f  t o com e u p wit h solutions ;  instead ,  w e 
'hard-wired '  th e weight s t o solv e th e task .  W e fel t  th e nee d 
t o separat e th e possibilitie s o f  learnin g a  languag e a s difficul t 
as a  context-sensitiv e on e from  th e possibilit y  o f  representin g 
i t  wit h a  R N .  I t  coul d tur n ou t  tha t  ther e ar e weight s fo r  th e 
R N whic h mak e fo r  a  goo d representatio n o f  th e language , 
whil e non e o f  th e know n learnin g algorithm s fo r  R N s wil l 

eve r  find  thes e weights .  O n th e othe r  hand ,  i t  coul d b e tha t  th e 
representationa l  capabilit y  o f  th e R N wa s no t  powerfu l  enoug h 
t o star t  with .  I n th e word s o f  Minsk y &  Paper t  (1988) :  'n o 
machin e ca n lear n t o recogniz e X  unles s i t  possesses ,  a t  leas t 
potentially ,  som e schem e fo r  representin g X' .  I n thi s work , 
we showe d tha t  a t  leas t  som e R N s d o hav e th e representationa l 
capabilitie s t o dea l  wit h a t  leas t  som e language s tha t  ar e no t 
context-free .  W e certainl y d o no t  thin k tha t  R N s wil l  tur n ou t 
t o b e capabl e o f  handlin g an y context-sensitiv e language ;  w e 
do thin k howeve r  tha t  the y ca n provid e a  ne w an d interestin g 
manner  t o proces s som e language s tha t  ar e rathe r  comple x 
from  th e poin t  o f  vie w o f  forma l  languag e theory . 
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P r o o f  tha t  L c s I s N o t  Con tex t -F re e 

We wan t  t o prov e th e following : 

Theore m 1  77t c languag e Lc s define d b y Lc s =  {(^a*) "  I 
k > 0 , n > 0 }  i s no t  context-free . 

We wil l  prov e thi s theore m usin g th e pumpin g lemm a fo r 
context-fre e languages ,  a  standar d too l  fo r  provin g certai n 
language s no t  t o b e context-fre e (Hopcrof t  &  Ullman ,  1979) . 
Befor e givin g th e actua l  proof ,  w e wil l  first  stat e th e pumpin g 
lemma an d explai n th e proo f  techniqu e used .  I n th e follow -
ing ,  i,j ,  k ,  m an d n  wil l  b e variable s takin g o n non-negativ e 
intege r  values ,  t ,  u ,  v ,  w ,  x ,  y  an d z  wil l  b e variable s takin g 
on strin g values .  A  strin g i s a  concatenatio n o f  zer o o r  mor e 
symbol s take n fro m th e alphabe t  Z  =  {a ,  b} .  Fo r  an y strin g 
z,\z \  denote s th e lengt h o f  (numbe r  o f  symbol s appearin g in ) 
strin g z .  x y stand s fo r  th e concatenatio n o f  string s x  an d y . 
We ar e no w read y t o stat e th e pumpin g lemm a (fo r  a  proo f  o f 
th e pumpin g lemm a itsel f  an d detail s abou t  th e notation ,  se e 
fo r  exampl e Hopcrof t  &  Ullma n (1979)) : 

L e m ma 1  (Pumpin g L e m m a fo r  Context-Fre e Languages ) 
Let  L  b e an y context-fre e language .  The n ther e i s a  constan t 
n,  dependin g onl y o n L ,  suc h tha t  i f  z  i s i n L  an d \z \  >  n , 
the n w e ma y writ e z  =  u v w x y suc h tha t 

(fca*')"' ,  an d thu s u w v i s no t  i n Lcs -  Bu t  b y th e pumpin g 
lemma u w y =  uv^wx° y mus t  b e i n Lcs ;  a  contradiction . 

I n cas e 2) ,  th e strin g u w y contain s onl y 2  b'a .  Suppos e 
first  tha t  th e leftmos t  b  i s missin g i n u w y (I.e .  u  i s th e empt y 
strin g an d v x =  b t  fo r  som e strin g t) .  The n u w y i s o f  th e 
for m o'"6a"6a" .  Thi s strin g ca n onl y b e i n Lc s i f  m =  0 . 
But  the n |ui |  =  |ut;«;xy (  — \uwy \  =  n  - H 1 ,  whil e \vx \  <  n ; 
a contradiction .  S o suppos e tha t  th e middl e b  i s missing ;  the n 
u wy i s o f  th e for m ba'"ba'* .  Thi s strin g ca n onl y b e i n Lc s 
i f  m =  n .  Again ,  i t  follow s tha t  |vx |  =  n  - H 1  s o onc e more , 
we hav e arrive d a t  a  contradiction .  Finally ,  suppos e tha t  th e 
rightmost  6  i s  missing .  Again ,  thi s woul d lea d t o |vx |  =  n + 1 ; 
anothe r  contradiction . 

We thu s se e tha t  supposin g tha t  Lc s i s a  context-fre e lan -
guag e inevitabl y lead s t o a  contradiction .  Therefore ,  Lc s i s 
not  a  context-fre e language .  • 

1.  \vx \  >  1 , 

2.  \vwx \  <  n ,  an d 

3.  fo r  al l  i  >  0 ,  uv'wx* y i s i n L . 

The general idea behind the proof of theorem 1 is as follows: 
we first  suppos e tha t  Lc s wer e context-free .  The n th e pumpin g 
lemma holds ,  s o th e constan t  n  mentione d i n th e pumpin g 
lemma exists .  Th e tric k i s t o cleverl y pic k a  strin g z  i n Lc s 
wit h lengt h \z \  >  n  suc h tha t  an y choic e o f  u,v,w, x an d 
y wit h 2  =  uvwx y wil l  violat e a t  leas t  on e o f  th e thre e 
condition s i n th e pumpin g lenmia .  A s th e pumpin g lemm a 
state s tha t  th e thre e condition s hol d fo r  an y z  i n Lc s wit h 
lengt h |z |  >  n ,  thi s show s tha t  th e pumpin g lemm a doe s no t 
hol d afte r  all .  Thu s assumin g Lc s i s context-fre e lead s t o 
a contradiction ;  Lc s i s therefor e not-contex t  free.  W e no w 
procee d t o th e actua l  proof : 

Proof of Theorem 1: Suppose that Lcs were context-free. 
Let  n  b e th e constan t  o f  th e pumpin g lemma .  Conside r  th e 
strin g z  =  ba"ba"bd^ .  I t  i s  clea r  tha t  z  i s i n Lc s an d tha t 
\z \  >  n .  Writ e z  =  uvwxi/suc h tha t  i t  satisfie s th e condition s 
of  th e pumpin g lemma .  W e mus t  no w find  ou t  wher e v  an d 
X,  th e string s tha t  ca n ge t  "pumped" ,  li e i n ba"ba"ba" .  Sinc e 
|vi |  <  \vwx \  <  n ,  v x contain s a t  mos t  on e b .  W e ca n 
distinguis h tw o cases :  1 )  v x contain s n o 6' s a t  al l  ;  2 )  v x 
contain s exactl y on e 6 . 

I n cas e 1) ,  a s \vwx \  <  n ,  w e mus t  hav e tha t  \u \  -\ -  \v \  > 
I n -I -  3 .  Thi s mean s tha t  eithe r  u  ca n b e writte n a s u  =  5a" t 
fo r  som e t  o r  y  ca n b e writte n a s y  =  tba "  fo r  som e t .  N o w 
conside r  th e strin g u w y (th e strin g uv^wx^ y wit h t  =  0) .  A s 
|vx |  >  1  an d v x contain s n o 6's ,  th e strin g u w y contain s les s 
tha n 3 n a' s bu t  stil l  thre e 6's .  However ,  eithe r  u  start s wit h 
6a "  o r  y  end s wit h 6a" .  S o u w y i s o f  th e for m 6a*6a^6a* , 
wher e eithe r  i  o r  k  mus t  b e equa l  t o n  an d a t  leas t  on e o f  t ,  j 
and k  i s les s tha n n .  Thi s mean s tha t  u w y i s no t  o f  th e for m 
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Abstrac t 

This study investigated competition in analogical transfer 
t o a  proble m solution .  I n tw o experiments ,  subject s rea d 
tw o stories ,  the n attempte d t o solv e Duncker' s (1945 ) 
radiatio n problem ,  whic h ha s bot h a  convergenc e an d a n 
open-passag e solution .  Storie s wer e constructe d tha t 
suggeste d eac h o f  thes e solutions ;  a  thir d stor y wa s 
irrelevant .  Subject s i n th e competitiv e condition s rea d 
bot h solution-suggestin g stories ,  an d subject s i n th e tw o 
noncompetitiv e condition s rea d on e o f  thes e an d th e 
irrelevan t  story .  I n Experimen t  1 ,  th e noncompetitiv e 
condition s convergenc e solution s an d open-passag e 
solution s wer e produce d a t  comparabl e rates ,  bu t  i n th e 
competitiv e condition ,  convergenc e solution s 
overwhelme d open-passag e solutions .  Thi s asymmetr y i s 
to o larg e t o b e explaine d b y unidimensiona l  model s o f 
retrieva l  an d reflect s th e multidimensiona l  natur e o f 
retrievability .  I n Experimen t  2 ,  th e sourc e storie s 
suggestin g eac h solutio n typ e wer e reversed ,  an d th e open -
passag e solutio n rat e wa s highe r  tha n th e convergenc e 
solutio n rat e i n al l  thre e conditions .  I n bot h experiments , 
subject s wer e abl e t o successfull y appl y bot h sourc e storie s 
onc e cue d t o d o so ,  indicatin g tha t  th e competitio n i s a t  th e 
retrieva l  stag e o f  transfer ,  no t  a t  th e mappin g stage . 
Computationa l  model s o f  analogica l  transfe r  (e.g. ,  A R C S 
and M A C / F A C )  predic t  som e competitio n bu t  ma y hav e 
difficult y explainin g th e extrem e natur e o f  thes e results . 

Analogica l  transfe r  occur s w h e n a  perso n draw s upo n 
knowledg e abou t  a  familia r  situatio n t o m a k e inference s 
abou t  a  new ,  les s familiar ,  situation .  T w o situation s ar e 
analogou s w h e n the y contai n paralle l  set s o f  causa l 
relationships .  Often ,  nove l  solution s t o problem s ar e 
initiall y  generate d base d o n analogies ,  whic h make s a n 
understandin g o f  thi s proces s critica l  t o a  theor y o f  proble m 
solving . 

Th e experimenta l  procedur e use d t o stud y analogica l 
transfe r  i n proble m solvin g i s fo r  subject s t o first  rea d a  tex t 
passage ,  o r  sourc e stor y i n whic h a  proble m i s describe d an d 
solved .  Later ,  subject s ar e aske d t o solv e a  ne w targe t 
problem .  Th e basi c transfe r  effec t  i s  tha t  subject s ar e mor e 
likel y t o solv e th e targe t  proble m whe n th e situatio n i n th e 
sourc e stor y i s  analogou s t o th e situatio n i n th e targe t 
proble m tha n whe n i t  i s  no t  (e.g. ,  Gic k &  Holyoak ,  1980) . 

Th e degre e o f  transfe r  betwee n analogou s proble m 
solution s (i.e. ,  problem s wit h identica l  causa l  structure ) 

depend s o n relationship s amon g th e analogou s problem s an d 
condition s o f  analo g presentation .  Similarit y betwee n 
sourc e analo g an d targe t  i s a  crucia l  determinan t  o f  transfC T 
i n severa l  majo r  model s o f  analogica l  transfe r  (Centner , 
1983 ;  Holyoak ,  1985 ;  Hintzman ,  1986 ;  Ross ,  1984) .  Th e 
highe r  th e similarity ,  th e mor e transfe r  i s observed ,  whethe r 
tha t  similarit y  i s o n th e surfac e o r  a t  a  deepe r  structura l  leve l 
(Holyoa k &  Koh ,  1987 ;  Centner ,  1989) .  However ,  differen t 
type s o f  similarit y pla y differen t  role s i n transfer .  Surfac e 
similarity ,  similarit y i n noncausa l  aspect s o f  stor y suc h a s 
relate d semanti c content ,  appear s t o hav e it s primar y rol e i n 
analo g retrieval ,  tha t  is ,  i n th e identificatio n o f  th e sourc e a s 
a potentia l  analog ;  Structura l  similarity ,  similarit y i n causa l 
structure ,  appear s t o hav e it s  primar y rol e i n analo g 
mapping ,  tha t  is ,  i n th e wa y tha t  th e individua l  element s o f 
th e analog s ar e linke d t o eac h othe r  (Holyoa k &  Koh ,  1987 ; 
Centner ,  1989) .  S o m e theorie s o f  analog y sugges t  tha t 
surfac e similarit y i s th e first  featur e use d i n accessin g a n 
appropriat e analogy ,  an d structura l  similarit y onl y come s 
int o th e retrieva l  proces s whe n a  syste m choose s amon g 
analogie s o f  comparabl e surfac e similarit y o r  whe n n o goo d 
surfac e matc h i s  foun d (Centner ,  Ratterman ,  &  Forbus . 
1993 ;  Reed ,  Ackinclose ,  &  Voss ,  1990) . 

T h e numbe r  o f  presente d analog s als o affect s th e 
likelihoo d o f  transfer .  Th e rat e o f  transfe r  i s highe r  whe n 
subject s lear n severa l  sourc e analogs ,  eac h illustratin g a 
c o m m on solutio n t o th e targe t  problem ,  tha n whe n the y 
lear n onl y on e sourc e analo g (Catrambon e &  Holyoak , 
1989 ;  Cic k &  Holyoak ,  1980) . 

S o me problem s ca n b e solve d i n mor e tha n on e way ,  i n 
whic h cas e th e ̂ proac h take n depend s o n wha t  analogou s 
situatio n i s retrieve d fro m m e m o r y .  Cic k an d Holyoa k 
(1980 )  showe d tha t  th e typ e o f  solutio n produce d i n respons e 
t o a  targe t  proble m depende d o n th e approac h o f  a  previousl y 
learne d sourc e analog .  W h e n a  proble m solve r  ha s learne d 
mor e tha n on e kin d o f  sourc e analog ,  i t  i s  no t  clea r  ho w th e 
memory syste m choose s betwee n them . 

Numerou s studie s i n th e m e m o r y literature ,  goin g bac k 
mor e tha n 5 0 years ,  hav e show n that ,  i n general ,  retrieva l  o f 
informatio n fro m m e m o r y i s competitiv e (McCeoch ,  1932 ; 
Melto n &  Irwin ,  1940) .  O n e metho d use d t o demonstrat e 
thi s competitio n ha s bee n t o sho w tha t  within-subject s 
design s o r  mixed-lis t  presentation s yiel d mor e dramati c 
strengt h effect s tha n between-subject s design s o r  pure-lis t 
presentations .  Th e difference s reporte d ar e no t  jus t  i n 
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statistica l  sensitivit y (du e t o reduce d within-subjec t 
variability) ;  th e absolut e magnitud e o f  th e difference s 
change s substantially .  Fo r  example ,  th e magnitud e o f 
transfer-appropriat e processin g effect s ha s bee n show n t o b e 
large r  fo r  mixed-conditio n list s tha n fo r  pur e list s (e.g. ,  i n 
pictur e an d wor d naming .  Brown ,  e t  al. ,  1991) . 

Wharto n (1993 ;  Wharton ,  e t  al. .  1994 )  investigate d 
competitio n i n analogica l  reminding .  Afte r  readin g a  serie s 
of  stories ,  subject s wer e aske d t o tel l  whic h storie s the y 
wer e reminde d o f  whe n presente d wit h eithe r  relate d 
sentence s (Experimen t  1 )  o r  relate d ne w storie s (Experimen t 
3) .  H e demonstrate d tha t  whil e effect s o f  structura l 
consistenc y wer e minima l  i n noncompetitiv e remindin g 
condition s (thos e i n whic h onl y on e relate d stor y ha d bee n 
presented) ,  a  marke d advantag e fo r  consisten t  ove r 
inconsisten t  analogie s wa s repeatedl y observe d whe n thos e 
tw o type s o f  analogie s wer e pu t  i n competitio n wit h eac h 
other . 

Analogica l  transfe r  differ s fro m othe r  memor y test s (an d 
fro m th e analogica l  remindin g paradigm )  i n tw o importan t 
ways .  First ,  subject s ar e no t  specificall y cue d t o recal l 
item s fro m th e previously-learne d set .  Second ,  th e memor y 
i s applie d t o a  ne w situatio n instea d o f  bein g reproduce d i n 
it s origina l  form .  A  convenien t  featur e o f  thi s paradig m i s 
tha t  i t  allow s examinatio n o f  competitio n i n bot h 
spontaneou s an d directe d transfer . 

Competitio n i n transfe r  o f  sourc e analog s fo r  proble m 
solvin g i s a  little-teste d predictio n o f  som e model s o f 
analogica l  retrieval .  Fo r  exampl e th e A R C S (Analogica l 
Retrieva l  b y Constrain t  Satisfaction ,  Thagard ,  e t  al. ,  1990 ) 
model  use s inhibitor y link s t o pressur e one-to-on e mappin g 
betwee n analogies .  Whicheve r  analog y i s mos t  highl y 
activate d (i.e. .  matche s th e targe t  situatio n th e best ) 
suppresse s activatio n o f  othe r  candidat e analogies .  Thus , 
thi s mode l  discourage s retrieva l  o f  multipl e analogie s an d 
predict s retrieva l  competition .  I n M A C / F A C (Man y Ar e 
Calle d bu t  F e w Ar e Chosen ;  Forbus ,  Centner ,  &  L a w , 
1995) ,  th e se t  o f  potentia l  sourc e analog s wit h th e highes t 
similarit y t o th e targe t  ar e activate d i n th e first  stage ,  M A C ; 
The secon d stage ,  F A C ,  alway s retrieve s th e bes t  structura l 
matc h ou t  o f  tha t  set .  Thus ,  thi s mode l  als o predict s 
retrieva l  competition ,  bu t  withou t  inhibitor y mechanisms . 
(I n M A C / F A C ,  th e bette r  matc h outshine s it s competitors . 
I n A R C S,  th e bette r  matc h no t  onl y outshines ,  bu t  obscure s 
it s competitors. ) 

By analog y t o th e othe r  memor y effects ,  whe n ther e ar e 
severa l  analog s (items )  i n memory ,  an y difference s betwee n 
the m tha t  ten d t o mak e on e mcn- e salien t  tha n anothe r  shoul d 
hav e greate r  effect s i n thi s competitiv e situatio n tha n whe n 
ther e i s onl y on e sourc e analog .  Th e presen t  stud y 
investigate s wha t  wil l  happe n whe n multipl e analogou s 
solutio n type s ar e simultaneousl y availabl e i n memory .  D o 
the y cooperate ,  o r  d o the y compete ? 

E x p e r i m e n t  1 

The firs t  experimen t  examine d competitio n i n transfe r  o f 
analogou s proble m solution s usin g a  procedur e i n whic h 
subject s rea d tw o storie s an d the n solve d a  problem .  Th e 

tw o storie s wer e eithe r  (1 )  bot h analogou s t o th e targe t 
proble m bu t  suggestiv e o f  differen t  solutio n method s o r  (2 ) 
one analogou s stor y an d on e irrelevan t  story . 

Method 

Materials. The target problem in this experiment was 
Duncker' s (1945 )  Ra y problem ,  i n whic h th e subjec t  i s 
aske d a s a  docto r  t o find a  w a y t o us e ray s t o destro y a 
patient' s stomac h tumo r  withou t  harmin g th e surroundin g 
health y tissue .  T w o analogie s tha t  eac h suggeste d a  differen t 
solutio n t o thi s proble m wer e selecte d fro m previou s 
studies .  Th e first  analog y wa s a  versio n o f  th e Lightbul b 
stor y (ultrasoun d version ,  Holyoa k &  K o h .  1987) ,  whic h 
suggeste d a  convergenc e solutio n t o th e Ra y proble m (i.e. , 
usin g severa l  low-intensit y ray s comin g fro m differen t 
direction s simultaneously) .  Th e secon d analog y wa s a 
versio n o f  th e Genera l  stor y (ope n supply-rout e version , 
Gic k &  Holyoak ,  1980) ,  whic h suggeste d a n open-passag e 
solutio n t o th e Ra y proble m (i.e. .  finding  a n ope n passag e 
suc h a s th e esophagu s throug h whic h t o sen d high-intensit y 
ray s directl y t o th e tumor) .  A  thir d stor y tha t  wa s no t 
analogou s t o th e Ra y problem ,  th e W in e Merchant s (Gic k & 
Holyoak ,  1980) ,  wa s use d a s a  fille r  stor y i n th e non -
competitiv e conditions . 

Procedure. Sixty-eight students from an introductory 
psycholog y clas s a t  U C L A participate d fo r  cours e credit . 
T wo othe r  subject s wer e disqualifie d becaus e the y ha d prio r 
experienc e wit h th e Ra y problem .  Participant s wer e teste d 
individuall y o r  i n smal l  groups .  I n th e firs t  phas e o f  th e 
experiment ,  tw o sourc e storie s wer e presented .  Subject s ha d 
3 minute s t o rea d an d 5  minute s t o summariz e eac h o f  thes e 
stories .  Betwee n th e first  an d secon d experimenta l  phases , 
subject s wer e give n 5  minute s t o complet e a  two-pag e 
questionnair e abou t  thei r  language-learnin g experiences . 

I n th e secon d phas e o f  th e experiment ,  participant s wer e 
give n fou r  opportunitie s t o writ e a  solutio n t o th e targe t 
problem .  First ,  subject s wer e tol d tha t  the y woul d hav e 5 
minute s t o writ e possibl e solution s t o th e problem ;  n o 
instruction s wer e give n t o refe r  bac k t o eithe r  sourc e story . 
Next ,  a  non-specifi c  hin t  wa s give n b y sayin g tha t  other s 
had foun d i t  helpfu l  t o conside r  on e o f  th e storie s the y rea d 
earlier .  Th e particula r  stor y tha t  migh t  b e helpfu l  wa s lef t 
(^n .  The y wer e give n 4  mor e minute s t o writ e a  solution . 
On th e thir d an d fourt h opportunities ,  subject s wer e t o writ e 
th e solution s suggeste d b y th e firs t  an d secon d sourc e 
stories ,  respectively . 

Design. The crucial manipulation was the combination of 
sourc e stories .  Ther e wer e 3  stor y combinations .  I n th e 
tw o noncompetitiv e conditions ,  on e o f  th e analogou s storie s 
(th e Lightbul b o r  th e General )  wa s presente d i n combinatio n 
wit h th e nonanalogou s stor y (th e W i n e Merchants) .  I n th e 
competitiv e conditions ,  bot h o f  th e analogou s sourc e storie s 
wer e presented .  Approximatel y hal f  o f  th e participant s wer e 
assigne d t o a  competitiv e condition ,  an d hal f  wer e assigne d 
t o on e o f  th e noncompetitiv e conditions ,  distributin g 
subject s a s evenl y a s possibl e acros s specifi c  forms .  Th e 
orde r  o f  source-stor y presentatio n wa s counterbalaiKed . 
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Result s 

Each problem-solving response was coded as a convergence 
solution ,  a n ope n passag e solution ,  o r  neithe r  o f  th e targe t 
solutio n types ,  usin g a  lenien t  codin g system .  Convergenc e 
solution s require d aimin g low-intensit y ray s fro m differen t 
directions ,  bu t  di d no t  requir e simultaneity .  Open-passag e 
solution s require d th e us e o f  high-intensit y ray s tha t  di d no t 
come int o contac t  wit h health y tissue ,  bu t  th e ope n passag e 
coul d eithe r  b e a  pre-existin g on e (e.g. ,  th e esophagus )  o r  a 
newl y create d on e (e.g. ,  a n incisio n o r  tube) .  Nontarge t 
solution s wer e pu t  i n a n othe r  category .  Severa l  subject s 
gav e bot h th e convergenc e an d open-passag e solution s an d 
wer e s o coded .  Codin g o f  before-hin t  an d nonspecific-hin t 
solution s wa s blin d t o th e sourc e stor y condition .  Becaus e 
specific-hin t  solution s usuall y include d th e titl e o f  th e 
correspondin g sourc e story ,  codin g wa s onl y blin d t o th e 
identit y o f  th e othe r  stor y presented .  T w o independen t  rater s 
code d eac h respons e ( 8 2 % agreement ,  Cohen' s k  =  .70) ,  an d 
consensu s wa s reache d o n al l  discrepancies .  Subject s w h o 
had give n targe t  solution s o n th e firs t  attemp t  ofte n gav e 
les s complet e answer s o n thei r  secon d attemp t  (wit h th e 
nonspecifi c  hint) .  Accordingly ,  categorie s o f  solution s 
give n befor e th e hin t  an d afte r  th e nonspecifi c  hin t  wer e 
combine d t o for m th e codin g categor y fo r  th e tota l  solutio n 
fo r  eac h participant ,  a s i n th e analysi s o f  Holyoa k &  K o h 
(1987) . 

No presentatio n orde r  effect s wer e observed ,  s o dat a fro m 
th e tw o order s o f  eac h stor y combinatio n wer e pooled . 
Tabl e 1  show s th e solutio n classification s fo r  th e befwe-hin t 
an d nonspecific-hin t  solutions .  A s i s  obviou s fro m th e 
table ,  th e rows  ar e no t  homogeneou s eithe r  befor e th e hin t 
(X.H6 )  =  33.77 ,  £  <  .001 )  o r  afte r  th e nonspecifi c  hin t 
(2L^(6 )  =  47.91 ,  £  <  .001) .  Befor e th e hint ,  i n th e 
noncompetitiv e conditions ,  th e convergenc e solutio n rat e 
( 7 7 % ,  convergenc e an d bot h categories ,  combined )  i n th e 
Lightbul b stor y conditio n onl y ha d a  sligh t  advantag e ove r 

th e open-passag e solutio n rat e (59% ,  open-passag e an d bot h 
categories ,  combined )  i n th e Genera l  stor y condition . 
However ,  i n th e competitiv e condition ,  convergenc e 
solution s (68% )  outnumbere d convergenc e solution s (9% ) 
ove r  7  t o 1 .  I n fact ,  open-passag e solution s wer e n o mor e 
frequen t  i n th e competitiv e situatio n tha n whe n th e open -
passag e analog y wa s no t  presented .  Th e patter n wa s simila r 
fo r  th e tota l  (befor e hin t  -i -  nonspecifi c hint )  solutio n rates . 

Th e lo w us e o f  th e open-passag e solutio n i n th e 
competitiv e conditio n i s no t  becaus e subject s wer e unabl e t o 
m ap th e Genera l  stor y ont o th e Ra y proble m an d construc t 
an open-passag e solution .  W h e n subject s wer e give n a  hin t 
specificall y identifyin g th e sourc e stor y suggestin g tha t 
solutio n type ,  th e advantag e fo r  convergenc e solution s 
(85% )  ove r  open-passag e solution s (68% )  i n th e competitiv e 
condition s wa s simila r  t o tha t  i n th e noncompetitiv e 
condition s (1(X) % an d 8 2 % fo r  convergenc e an d c^n-passag e 
solutions ,  respectively) .  Th e effec t  i s clearl y a t  th e retrieva l 
stag e rathe r  tha n th e mappin g stag e o f  transfe r  (se e Holyoa k 
& Koh ,  1987) .  Fo r  th e sam e reason ,  th e lo w rat e o f  open -
passag e solution s canno t  b e attribute d t o failur e t o properl y 
encod e th e Genera l  stor y an d it s solution . 

Discussion 

Th e mos t  strikin g findin g i n thi s stud y i s  tha t  th e 
noncompetitiv e solutio n rate s ar e fairl y  balance d fo r  th e tw o 
analogies ,  bu t  ar e strongl y asymmetri c i n th e competitiv e 
condition .  Model s o f  choic e tha t  depen d o n a  singl e strengt h 
paramete r  [e.g. ,  a  relativ e rati o model ;  mor e generally , 
model s wit h simpl e scalabilit y  (Luc e &  Suppes ,  1%5) ] 
canno t  b e use d t o explai n thes e results .  Thes e model s 
canno t  explai n simultaneousl y th e larg e asymmetr y i n 
convergenc e an d ope n passag e solution s i n th e competitiv e 
conditio n an d th e mor e equivalen t  us e o f  thes e solution s i n 
th e noncompetitiv e conditions .  Eithe r  a  multidimensiona l 
representatio n o r  a  stage d mode l  [e.g. ,  aki n t o Tversky' s 
(1972 )  eliminatio n b y attribute s model ]  i s needed . 

Sourc e Stor y Conditio n 

Solutio n Typ e 

Conv .  Bot h O.P . OthCT n 

Befor e Hin t 
Noncompetitiv e 

Lightbul b -  Conv . 
Genera l  -  O.P . 

Competitiv e 

.5 9 .1 8 .0 6 

.0 6 .0 0 .5 9 

.6 5 .0 3 .0 6 

.1 8 

.3 5 

.2 6 

17 
17 
34 

1 Afte r  Hin t  (Total ) 
Noncompetitiv e 

Lightbul b -  Conv . 
Genera l  -  OJ> . 

Competitiv e 

.7 6 .2 4 .0 0 

.0 0 .1 8 .6 5 

.6 2 .2 6 .0 0 

.0 0 

.1 8 

.1 2 

17 
17 
34 

Tabl e 1 :  Proportion s o f  subject s givin g eac h solutio n typ e i n Experimen t  1 
Conv.  =  convergence ;  O.P .  =  open-passag e 
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E x p e r i m e n t  2 

The high frequency of convergence solutions in Experiment 
1 occurre d i n condition s i n whic h i t  wa s analogou s t o th e 
Lightbul b sUxy .  Th e effectivenes s o f  thi s analo g coul d b e 
due t o eithe r  th e [vesenc e o f  th e convergenc e solutio n pe r  s e 
or  t o th e surfac e similarit y o f  th e Lightbul b story .  Th e 
secon d experimen t  reverse d th e solutio n type s suggeste d b y 
eac h contex t  t o disentangl e thes e possibilities .  Thus ,  a 
convergenc e versio n o f  th e Genera l  stor y an d a n open -
passag e versio n o f  th e Lightbul b stor y wer e used . 

Method 

Materials. Two major changes were made from 
Experimen t  1 .  First ,  th e Lightbul b stor y wa s rewritte n s o 
as t o sugges t  a n open-passag e solutio n (Se e Appendi x  A ) . 
Second ,  a  convergenc e versio n o f  th e Genera l  stor y (Gic k & 
Holyoak ,  1980 )  wa s used .  Th e targe t  proble m wa s th e sam e 
as i n Experimen t  1 . 

Design and Procedure. The design and procedure were 
identica l  t o thos e o f  Experimen t  1 .  Fifty-on e student s from 
an introductor y psycholog y clas s a t  U C L A participate d fo r 
cours e credit .  Thre e othe r  subject s wer e disqualified , 
becaus e the y ha d prio r  experienc e wit h th e Ra y problem . 

Results 

The coding criteria were also the same as in Experiment 1. 
Again ,  n o orde r  effect s wer e observed ,  s o dat a fro m th e tw o 
order s o f  eac h stor y combinatio n wer e pooled .  Tabl e 2 
shows th e solutio n classification s fo r  th e before-hin t  an d 
nonspecific-hin t  solutions .  Th e patter n i s ver y differen t 
from  tha t  o f  Experimen t  1 .  N o inhomogeneit y o f  th e row s 

ca n b e identifie d befor e th e hin t  (X^(6 )  =  4.73 ,  c  >  .50 )  bu t 
one i s presen t  afte r  th e nonspecifi c  hin t  (X^(6 )  =  16.53 ,  c  < 
.05) .  I n contras t  t o Experimen t  1 ,  th e before-hin t  patter n 
was almos t  completel y dominate d b y th e solutio n type ,  wit h 
open-passag e solution s m u c h mor e likel y i n ever y 
condition .  I n th e noncompetitiv e conditions ,  th e ope n 
passag e solutio n rat e i n th e Lightbul b conditio n (53% )  ha d a 
hug e advantag e ove r  th e convergenc e solutio n rat e i n th e 
Genera l  conditio n (6% )  befor e th e hint .  I n th e competitiv e 
condition ,  open-passag e solution s (65% )  outnumbere d 
convergenc e solution s (24% )  b y a  smalle r  margin .  Th e 
convergen t  Genera l  sourc e analo g wa s unabl e t o attrac t 
convergenc e solution s i n th e w a y tha t  th e convergen t 
Lightbul b sourc e analo g i n Experimen t  1  did . 

Afte r  th e nonspecifi c  hint ,  th e noncompetitiv e conditio n 
advantag e fo r  open-passag e ove r  convergenc e solutio n rate s 
( 8 2 % an d 4 1 % ,  respectively )  wa s stil l  greate r  tha n th e 
competitiv e conditio n advantag e (open-passag e an d 
convergenc e rate s o f  8 3 % an d 6 5 % ,  respectively) .  M a n y 
subject s ca n construc t  a  convergenc e solutio n afte r  th e 
nonspecifi c  hint ,  bu t  i n thi s contex t  the y d o s o onl y afte r 
producin g th e ope n passag e solution .  I n thi s respect ,  th e 
presen t  experimen t  differ s markedl y from  Experimen t  1 . 

Althoug h open-passag e solution s predominat e i n Tabl e 2 , 
subject s wer e nevertheles s abl e t o m a p th e Genera l  stor y 
ont o th e Ra y proble m b y constructin g a  convergenc e 
solution .  W h e n subject s i n th e competitiv e conditio n wer e 
tol d t o us e a  specifi c  story ,  bot h th e percentag e o f 
convergenc e solution s derive d fro m th e Genera l  stor y an d th e 
percentag e o f  open-passag e solution s derive d fro m th e 
Lightbul b stor y wer e 8 8 % .  Similarly ,  i n th e 
noncompetitiv e conditions ,  ther e wa s n o advantag e fo r  open -
passag e solution s ( 6 5 % ope n passage ,  7 6 % convergence) . 

Sourc e Stor y Conditio n 

Solutio n Typ e 

Conv .  Bot h O.P . Othe r n 

Befor e Hin t 
Noncompetitiv e 

Lightbul b -  O.P . 
Genera l  -  Conv . 

Competitiv e 

.0 6 .0 6 

.0 6 .0 0 

.0 6 .1 8 

.4 7 

.4 1 

.4 7 

.4 1 

.5 3 

.2 9 

17 
17 
17 

Afte r  Hin t  (Total ) 
Noncompetitiv e 

Lightbul b -  O.P . 
Genera l  -  Conv . 

Competitiv e 

.0 0 .1 2 

.1 2 .2 9 

.0 6 .5 9 

.7 0 

.7 4 

.2 4 

.1 8 

.3 5 

.1 2 

17 
17 
17 

Tabl e 2 :  Proportion s o f  subject s givin g eac h solutio n typ e i n Experimen t  2 
Conv .  =  convergence ;  O.P .  =  open-passag e 
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Discussio n 

The pattern of results in this study differs from that of 
Experimen t  1 .  O n e solutio n type ,  th e open-passag e 
solution ,  dominate d i n bot h noncompetitiv e an d competitiv e 
conditions ,  eve n w h e n i t  wa s no t  presente d i n a  sourc e 
analog .  Th e convergen t  for m o f  th e Genera l  stor y wa s no t 
abl e t o dra w subject s awa y fro m th e more-dominan t  open -
passag e solution .  Th e cleares t  differenc e betwee n th e tw o 
sourc e analog s i s tha t  th e Lightbul b story ,  bein g i n a 
scientifi c  setting ,  i s a  bette r  surfac e matc h o r  conten t  matc h 
t o th e medica l  settin g o f  th e Ra y proble m tha n i s th e 
Genera l  story .  I t  appear s tha t  t o elici t  retrieva l  o f  a  less -
dominan t  solution ,  i t  i s  necessar y t o hav e hig h surfac e 
similarit y betwee n sourc e an d target ,  suc h a s tha t  betwee n 
th e Lightbul b stor y an d th e Ra y problem .  Th e dominanc e 
of  th e open-passag e solutio n coul d no t  b e attribute d t o eithe r 
failur e t o encod e o r  failur e t o m ^  th e convergenc e solution , 
becaus e th e convergenc e analog y wa s successfull y retrieve d 
an d m ^ p e d onc e a  specifi c  hin t  wa s give n t o us e it s sourc e 
story . 

General Discussion 

As is clear from Experiment 2, the open-passage solution 
has a  highe r  bas e rat e tha n th e convergenc e solution , 
consisten t  wit h pas t  result s (Gic k &  Holyoak ,  1980) . 

Bot h ex()eriment s demonstrat e tha t  th e Lightbul b stor y i s 
mor e readil y retrieve d fo r  analogica l  mappin g tha n th e 
Genera l  story ,  indicatin g tha t  surfac e similarit y o f  th e sourc e 
stor y i s importan t  i n analogica l  retrieval .  Fro m Experimen t 
1 t o Experimen t  2 ,  th e solution s suggeste d b y eac h sourc e 
stor y wer e reversed .  I n th e competitiv e condition s o f  bot h 
experiments ,  th e solutio n suggeste d b y th e Lightbul b stor y 
was mor e dominan t  (th e convergenc e solutio n i n Experimen t 
1,  an d th e open-passag e solutio n i n Experimen t  2) .  Thi s 
solution-typ e reversa l  patter n i s significan t  (X^(3 )  =  21.66 , 
fi  <  .001) ,  wherea s th e patter n o f  sourc e stor y used  i s no t 
Q^ {3 )  =  3.76 ,  E  >  .25) .  Thi s patter n show s th e importanc e 
of  source-stor y similarit y i n retrieval .  Specifically ,  th e 
result s coul d b e explaine d b y a  multidimensiona l  concep t  o f 
similarity .  Surfac e similaritie s an d structura l  similaritie s 
pla y differen t  role s i n transfer .  Bot h th e Lightbul b slor y an d 
th e Genera l  stor y ar e goo d structura l  matche s t o th e Ra y 
problem . 

Bot h experiment s indicat e tha t  difference s i n spontaneou s 
retrieval ,  no t  i n encodin g o r  mapping ,  mak e on e sourc e 
stor y o r  solutio n typ e dominant .  I n bot h experiments , 
subject s wer e abl e t o successfull y m a p bot h o f  th e sourc e 
storie s w h e n give n specifi c  instruction s t o d o so .  W h e n 
appropriatel y cued ,  the y coul d direc t  thei r  retrieva l  towar d 
relevan t  aspect s o f  th e sourc e analo g fo r  mapping . 

Th e presen t  stud y complement s th e effect s o f  analogica l 
remindin g foun d b y Wharto n (1993 ;  Wharto n e t  al. ,  1994) . 
Th e result s o f  Experimen t  1  ar e simila r  t o his ,  i n tha t 
retrieva l  difference s tha t  wer e undetectabl e i n th e 
noncompetitiv e condition s wer e m u c h large r  i n th e 
competitiv e conditions .  M o r e broadly ,  th e result s 
demonstrat e tha t  competitio n i n retrieva l  fro m long-ter m 
m e m o ry extend s t o situation s i n whic h th e informatio n i s t o 
be retrieve d an d applie d i n a  ne w contex t  rathe r  tha n simpl y 

repeated .  A s i t  happened ,  th e result s o f  Experimen t  2  d o no t 
bear  o n thi s issue ,  becaus e th e convergen t  Genera l  stor y wa s 
not  use d a t  a  hig h rat e eve n i n th e absenc e o f  a  competin g 
open-passag e sourc e analog . 

Thi s stud y show s tha t  retrieva l  competitio n betwee n 
differen t  sourc e analogie s fo r  transfe r  i n proble m solvin g ca n 
sho w a n asymmetr y tha t  i s  a t  odd s wit h th e degre e o f 
noncompetitiv e transfer .  Althoug h th e basi c competitio n 
effect s ar e consisten t  wit h prediction s o f  theorie s suc h a s 
A R CS an d M A C / F A C ,  i t  i s  no t  clea r  h o w thes e model s 
woul d handl e th e extrem e magnimd e o f  th e competitio n tha t 
we observed .  Th e patter n o f  result s suggest s a n activ e 
suppressio n proces s i n whic h stronge r  competitor s suppres s 
weake r  ones ,  rathe r  tha n a  competitio n i n whic h stronge r 
competitor s merel y enjo y a  relativ e advantage .  Th e A R C S 
model  doe s hav e activ e suppressio n o f  competitors ,  whic h 
suggest s tha t  i t  m a y b e abl e t o accommodat e ou r  findings , 
althoug h w e hav e no t  ye t  attempte d t o ge t  i t  t o matc h ou r 
particula r  pattern . 

The result s o f  Experimen t  1 ,  i f  reproducible ,  considerabl y 
constrai n th e clas s o f  possibl e model s o f  analogica l  retrieva l 
i n proble m solving .  A s w e note d above ,  th e asymmetr y o f 
competitiv e choic e combine d wit h th e symmetr y o f 
noncompetitiv e choic e i s inconsisten t  wit h a  unidimensiona l 
representatio n (i.e. ,  on e wit h simpl e scalability) .  An y 
model  show n t o hav e th e propert y o f  simpl e scalabilit y  ca n 
be rule d out .  I n particular ,  thes e result s preclud e an y mode l 
i n whic h spontaneou s retrievabilit y  o f  a n ite m i s 
independen t  o f  contex t 
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Appendix A 

Lightbulb Story (open-passage version) 

In a physics lab at a major university a very expensive lamp 
whic h woul d emi t  controlle d quantitie s o f  ligh t  wa s bein g 
use d i n som e experiments .  Th e researc h assistan t 
responsibl e fo r  operatin g th e sensitiv e equipmen t  cam e int o 
th e la b on e mornin g an d foun d tha t  th e lightbul b n o longe r 
worked .  Th e researc h assistan t  realize d tha t  i t  wa s probabl y 
becaus e sh e ha d accidentall y knocke d i t  ove r  th e previou s 
night .  A s a  result ,  th e wire s connectin g th e lightbul b t o it s 
power  sourc e ha d fuse d together ,  bu t  th e plac e wher e th e 
wire s ha d fuse d togethe r  wa s insid e th e lam p casing .  Th e 
surroundin g casin g wa s completel y sealed ,  s o ther e wa s n o 
way t o ope n it .  Th e lam p coul d b e repaire d i f  a  brief ,  high -
intensit y ultrasoun d wav e coul d b e us& l  t o ja r  apar t  th e fuse d 
parts .  Furthermore ,  th e la b ha d th e necessar y equipmen t  t o 
do th e job . 

However ,  a  high-intensit y ultrasoun d wav e woul d als o 
brea k th e fragil e casin g surroundin g th e lightbul b an d wires . 
At  lowe r  intensitie s th e ultrasoun d wav e woul d no t  brea k th e 
casing ,  bu t  neithe r  woul d i t  ja r  apar t  th e fuse d parts .  S o i t 
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seemed tha t  th e lam p coul d no t  b e repaired ,  an d a  costl y 
replacemen t  woul d b e required . 

The researc h assistan t  wa s abou t  t o giv e u p whe n sh e ha d 
an idea .  Althoug h th e casin g coul d no t  b e opened ,  sh e 
reasone d tha t  becaus e th e lightbul b generate d s o muc h heat . 
th e casin g mus t  hav e a  ven t  t o le t  th e ho t  ai r  out .  S o sh e 
vx k i t  dow n of f  o f  it s  stand ,  an d sur e enough ,  ther e wa s a n 
openin g o n top .  B y carefull y insertin g a  tub e throug h th e 
vent  an d alignin g th e ultrasoun d machin e t o g o throug h th e 
tube ,  sh e wa s abl e t o sen d th e ultrasoun d wav e directl y t o 
th e broke n wire s an d ja r  the m apart .  Sinc e n o spo t  o n th e 
fragile  casin g wa s expose d t o th e wave ,  th e glas s wa s lef t 
intact .  Ther e wa s a  grea t  relie f  tha t  th e lam p wa s repaired , 
and i t  wa s possibl e t o successfull y complet e th e experiment . 
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Abstrac t 

Analog y ha s traditionall y bee n define d b y us e o f  a  contras t 
definition :  analogie s represen t  association s o r 
connection s betwee n thing s distinc t  fro m th e 'normal ' 
association s o r  connection s determine d b y ou r  'ordinary ' 
concept s an d categories .  Researc h int o analogy ,  however , 
i s  als o distinc t  fro m researc h int o concept s an d categorie s 
i n term s o f  th e richnes s o f  it s proces s models .  A  numbe r  o f 
detailed ,  plausibl e model s o f  th e analogica l  proces s exis t 
(Forbus ,  Centne r  an d Law ,  1995 ;  Holyoa k an d Thagard , 
1995) :  th e sam e canno t  b e sai d o f  categorisation . 

I n thi s pape r  w e argu e tha t  i n th e absenc e o f  a n 
acceptabl e accoun t  o f  categorisation ,  thi s contras t 
definitio n amount s t o littl e mor e tha n a  convenien t  fictio n 
which ,  whils t  usefu l  i n constrainin g th e scop e o f  cognitiv e 
investigations ,  confuse s th e relationshi p betwee n analog y 
and categorisation ,  an d prevent s model s o f  thes e processe s 
fro m informin g on e another .  W e presen t  a  stud y whic h 
addresse s directl y th e questio n o f  whethe r  analog y ca n b e 
distinguishe d fro m categorisatio n b y contrastin g 
categorisationa l  an d analogica l  processes ,  an d followin g 
fro m this ,  whethe r  theorie s o f  analogy ,  notabl y Centner' s 
structur e mappin g theor y (Centner ,  1983 ;  Forbu s e t  al , 
ibid.) ,  ca n als o b e use d t o mode l  part s o f  th e categorisatio n 
process . 

Introduction 

Ordinaril y on e accept s a  distinctio n betwee n categor y 
membersh i p an d analog y accordin g t o realis t  terms .  I n 
categorica l  judgements ,  relatin g a  n e w representatio n o f  a n 
objec t  t o s o m e kin d o f  store d categor y representation , 
object s ar e fel t  t o b e simila r  t o on e anothe r  i n a  w a y i n 
whic h thos e object s i n judgement s o f  analogica l  associatio n 
ar e not .  I f  tw o object s ar e considere d t o b e member s o f  a 
category ,  th e classificatio n i s  real ;  i f  the y ar e considere d t o 
be analogous ,  i t  i s  not .  Consider ,  fo r  exampl e a n analog y 
betwee n a  theor y an d a  buildin g (Lakof f  an d Johnso n 1980) : 
we migh t  tal k o f  "th e foundation s o f  a  theory" ;  " w e migh t 
wis h t o buttres s a  theor y wit h mor e facts" ;  "theorie s tha t  w e 
construc t  ca n als o col lapse" .  F r o m a n everyday , 
psychologicall y realis t  viewpoint ,  a n iglo o an d a  castl e an d a 
skyscrape r  reall y ar e simila r  i n a  w a y tha t  similaritie s 
betwee n building s an d theorie s ar e not . 

Researc h int o analog y an d metapho r  ha s accepte d thi s taci t 
realism .  Holyoa k an d Thagar d (1995 )  describ e a  worl d i n 
whic h " w e Uiin k w e se e thing s a s the y reall y are" ,  an d 
analog y i s used  i n orde r  t o recycl e ou r  existin g knowledg e o f 
th e rea l  worl d t o formulat e n e w bit s o f  'real '  knowledge . 
Similarly ,  i n th e cas e o f  metaphor ,  O n o n y (1979 )  make s a 
distinctio n betwee n litera l  an d non-litera l  similarities : 
'encyclopaedia s ar e lik e dictionaries '  i s tru e i n a  litera l  (real ) 
way ,  wherea s 'encyclopaedia s ar e lik e goldmines '  i s  onl y 
tru e i n a  metaphorica l  (non-real )  way .  Whethe r  th e notio n o f 
litera l  similarit y migh t  b e problemati c o r  no t  i s  barel y 
examined ,  sinc e th e rea l  proble m t o b e addresse d i s 
metaphor .  Holyoa k an d Thagar d (1995 )  offe r  th e commen t 
" A metapho r  alway s connect s tw o domain s i n a  wa y tha t 
goe s beyon d ou r  norma l  categor y structure "  (p p 217) ,  whils t 
givin g littl e indicatio n a s t o wha t  migh t  constitut e thi s 
'norma l  categor y structure' .  Analogie s ar e define d a s bein g 
distinc t  fro m categories ,  th e natur e o f  whic h ar e lef t 
unexamined ,  presume d real . 

Once th e difficultie s o f  givin g a n accoun t  o f  categorisatio n 
ar e admiue d int o th e picture ,  distinction s betwee n analog y 
an d metapho r  relian t  upo n a  contras t  wit h categorisatio n 
ceas e t o distinguis h a t  all .  Analog y i s consistentl y define d i n 
contras t  t o categorisatio n (Clemen t  an d Centner ,  1991 ; 
Holyoa k an d Thagard ,  1995) ;  ye t  i n orde r  t o mak e a  contras t 
definitio n on e need s a n accoun t  o f  a t  leas t  on e o f  th e 
conu-astin g elements .  Thi s w e don' t  have .  A n analog y i s 
define d a s a n associativ e judgemen t  betwee n tw o thing s tha t 
ar e i n differen t  categories ,  ye t  a n accoun t  o f  wha t  constitute s 
an associatio n betwee n tw o thing s suc h tha t  the y ar e 
members o f  th e sam e categor y rathe r  tha n differen t  categorie s 
i s no t  availabl e (Medin ,  Goldston e an d Centner ,  1993)' . 
Moreover ,  o n th e bes t  account s o f  categorisation ,  th e 
questio n o f  whethe r  tw o thing s ar e member s o f  th e sam e 
categor y m a y no t  b e amenabl e t o an y straightforwar d answe r 
(Medi n an d Ortony ,  1989 ;  Ramscar ,  1996) .  Thu s analog y 

'  Similarly ,  Clucksber g an d Keysa r  (1990 )  argu e tha t 
metaphorica l  judgement s ar e th e s a m e a s categorisationa l 
judgement s ("metaphor s ar e understoo d a s the y ar e a s clas s 
inclusio n statements" ,  ppl7) .  I t  i s  har d t o se e ho w 
categorisatio n i s t o illuminat e metaphor ,  sinc e the y conclude : 
'Th e centra l  proble m i s t o understan d categorization. "  (  p p 17) . 
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tend s t o b e deflne d i n contras t  t o wha t  i s i n itsel f  a  largel y 
undefine d process .  I n th e ligh t  o f  this ,  a  deHnitio n suc h as : 

"I n a n analogy ,  a  familia r  domai n i s use d t o undertlan d •  nove l 
domai n i n orde r  t o highligh t  importan t  similaritie s betwee n th e 
domains ,  o r  t o predic t  ne w feature s o f  th e nove l  domain. "  (W e 
interpre t  domai n her e t o b e equivalen t  t o category ]  (Clemen t  an d 
Centner .  1991 ) 

migh t  b e mor e accuratel y reformulate d alon g th e line s of :  'i n 
analogy ,  a  store d representatio n i s use d i n orde r  t o highligh t 
importan t  similaritie s betwee n i t  an d a  ne w representatio n o f 
an objec t  o r  concept ,  o r  t o predic t  n e w feature s i n th e ne w 
representatio n o f  a n objec t  o r  concept' .  Non e o f  thi s woul d 
be ou t  o f  plac e i n a  definitio n o f  categorisation .  Th e 
distinctio n betwee n categorisatio n an d analog y i s difficul t  t o 
draw :  her e w e explor e th e hypothesi s tha t  a t  cognitiv e level s 
of  descriptio n ther e m a y n o clea r  distinctio n t o b e mad e a t 
all . 

Models of analogy and categorisation 

Anothe r  facto r  whic h favour s th e abandonin g o f  traditiona l 
distinction s betwee n categorisatio n an d analog y ar e th e 
stron g parallel s whic h ca n b e draw n betwee n theorie s o f 
analog y an d th e mos t  plausibl e model s o f  categorisation .  I t 
i s  becomin g mor e widel y accepte d tha t  structur e play s a 
majo r  rol e i n categor y formatio n (Boyd ,  1984 ;  Goldstone , 
1994 ;  Kiel ,  1989 ;  Medi n an d Ortony ,  1989) :  analogica l 
reasonin g researc h directl y addresse s a  proces s whic h reason s 
amongst  suuctura l  network s (Falkenhainer ,  Forbu s an d 
Centner ,  1989 ;  Holyoa k an d Thagard ,  1995) .  Forbus , 
Centne r  an d L a w (1995 ;  p p 145-6 )  propos e th e followin g 
theoretica l  mode l  o f  analogica l  reasoning : 

•  initia l  selectio n dependan t  upo n surfac e similarit y 
•  analogica l  similarit y i s  determine d b y deepe r  structure s 

thi s i s strikingl y simila r  t o Medi n an d Ortony' s (1989 ;  p p 
185-6 )  knowledg e representatio n schem e fo r  categorisation : 

•  identificatio n procedur e base d upo n surfac e feature s 
•  classificatio n i s determine d b y deepe r  structures . 
Where researc h int o analog y differ s fro m researc h int o 

categorisatio n i s i n th e richnes s o f  it s  proces s models .  A 
number  o f  detailed ,  plausibl e model s o f  th e analogica l 
proces s exis t  (Forbus ,  Centne r  an d Law ,  1995 ;  Holyoa k an d 
Thagard ,  1995) :  th e sam e canno t  b e sai d o f  categorisation . 
Medi n an d Orton y offe r  littl e detai l  a s t o th e mechanism s b y 
whic h surfac e identificatio n i s governe d b y deepe r  structures , 
or  indee d th e compositio n o f  thes e deepe r  structures .  I n th e 
curren t  stud y w e addres s directl y th e questio n discusse d 
above ,  o f  whethe r  analog y ca n b e distinguishe d fro m 
categorisatio n b y contrastin g categorisationa l  an d analogica l 
processes ,  an d followin g fro m this ,  whethe r  theorie s o f 
analog y ca n als o b e use d t o mode l  part s o f  th e categorisatio n 
process . 

Centner's structure mapping theory 

Gcnuier' s (1983 )  Suuctur e Mappin g Theor y i s a n attemp t  t o 
explai n h o w i t  i s  tha t  tw o domain s ca n b e considere d 
analogous ,  an d i n particula r  h o w i t  i s  tha t  correspondence s 
betwee n analogue s fro m tw o domain s ca n b e mapped . 
Structur e mappin g propose s tha t  th e mappin g an d inferenc e 
betwee n tw o domain s ca n b e achieve d b y assignin g 
correspondence s betwee n object s an d attribute s an d the n 
mappin g predicate s wit h identica l  names .  I n orde r  t o d o this . 

Centne r  assume s a  predicat e lik e representatio n 
distinguishin g betwee n objects ,  object-attribute s a n d 
relations .  Object-attribute s ar e thos e predicate s tha t  hav e on e 
argumen t  an d describ e objec t  properties ,  e.g .  re d (lobster) . 
Relation s ar e divide d int o a  hierarch y o f  orders ,  wit h thos e 
predicate s wit h tw o o r  mor e argument s whic h ar e use d t o 
describ e relation s betwee n objects ,  fo r  examp l e 
UPSETS (stomach ,  lobster )  formin g th e lowes t  order ,  an d 
thos e predicate s describin g differen t  level s o f  relationship s 
betwee n relation s formin g th e highe r  order s e.g. :  caus e ( 
UPSETS(stomach ,  lobster )  ,  DRINKS(seltzer,diner) )  . 

The theor y itsel f  comprise s tw o parts :  mappin g rules ,  an d 
th e systematicit y principle .  Mappin g rule s stat e tha t  (a ) 
attribute s o f  object s ar e no t  mappe d an d (b )  relation s 
betwee n object s ar e preserved .  Th e systematicit y principl e 
require s tha t  highe r  orde r  relation s (e.g .  caus e above )  ar e 
mapped preferentially ,  followe d b y th e relation s tha t 
constitut e th e highe r  orde r  arguments . 

Th e questio n o f  h o w analogie s ar e accessed ,  i.e .  h o w 
representation s ar e selecte d i n orde r  t o allo w analogica l 
mappin g t o tak e place ,  wa s addresse d experimentall y b y 
Centner ,  Rauerma n an d Forbu s (1993) .  Thei r  stud y showe d 
tha t  analogica l  acces s relie d primaril y upo n surfac e (feature ) 
matches ,  an d the y propos e tha t  judgement s o f  analogica l 
similarit y ca n b e decompose d int o tw o sub-processes : 

•  Accessin g a  simila r  (base )  situatio n fro m memory ,  base d 
primaril y o n surfac e similarit y 
•  Creatin g a  mappin g fro m bas e t o targe t  usin g structura l 
commonalities . 

Structural systematicity and categorisation 

Sinc e th e Centner ,  Ratterma n an d Forbu s (1993 )  studie s di d 
not  directl y addres s categorisation ,  a  tacitl y  realis t  positio n 
was adopte d i n respec t  o f  th e categorie s amongs t  whic h 
subject s wer e t o analogis e (Ramscar ,  1996) .  T h e mos t 
obviou s w a y i n whic h thi s realis t  assumptio n manifest s 
itsel f  i s  i n th e classificatio n o f  matc h item s (th e individua l 
storie s withi n th e "Kari a th e hawk "  stor y set s (Centner , 
Ratterma n an d Forbu s 1993)) .  T h e questio n o f  th e 
categorica l  statu s o f  matc h items  i s determine d i n advance . 
thu s stor y 1  i n figur e 1  i s classifie d a s a  bas e story ,  whils t 
stor y 3  i s define d a s it s analogue .  I t  i s  tacitl y  assume d tha t 
th e tw o storie s ar e member s o f  distinc t  an d separat e 
categories ,  an d tha t  the y shar e som e kin d o f  analogou s link . 
Whils t  th e stud y aime d t o explor e a  wide r  rang e o f 
determinant s o f  similarity ,  th e particula r  correspondence s 
determine d b y structura l  systematicit y wer e considere d t o b e 
indicativ e o f  analogou s similaritie s (similaritie s betwee n 
rathe r  tha n withi n categories) .  Thes e assumption s determine d 
th e prediction s tha t  Centne r  e t  a l  mad e fo r  thei r  experiments , 
and th e evidenc e the y sough t  wit h whic h t o tes t  them . 

Centne r  e l  al' s  stud y explore d criteri a o f  similarity ,  an d 
discovere d tha t  th e preferre d determinan t  o f  analogica l 
similarit y i n subject s wa s share d structura l  systematicity .  A s 
a consequenc e o f  ou r  hypothesi s w e predicte d tha t  i f  w e wer e 
t o us e Centne r  e t  al' s  method s an d material s t o explor e 
categorisatio n rathe r  tha n analogy ,  structura l  systematicit y 
migh t  als o serv e a s a  criterio n fo r  th e determinin g categor y 
membership .  Stor y 3  i n figur e 1  wa s assume d b y Centne r  e t 
al  t o b e a n analogu e o f  stor y 1 .  Analogues ,  a s posite d i n 
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traditiona l  account s o f  analogy ,  ar e define d i n contras t  t o 
categor y m e m b e r s .  I f  subject s wer e t o us e structura l 
systematicit y a s a  categorisatio n determinant ,  the n 
deflnition s o f  analog y whic h rel y o n share d structur e t o 
contras t  analog y wit h categorisatio n migh t  nee d s o m e 
reflnement .  I f  bot h analog y an d categorisatio n produc e th e 
same results ,  the n thi s migh t  impl y som e shared ,  structur e 
base d mechanism ,  o r  tha t  on e proces s i s supervenien t  upo n 
th e other .  Accordingly ,  w e experimente d b y presentin g 
subject s wit h Centne r  e t  al' s  material s an d askin g the m t o 
categoris e them .  Give n tha t  Centne r  e t  a l  defin e th e 
analogica l  mechanis m i n term s o f  structur e mapping ,  w e 
accordingl y expecte d structur e mapp in g t o determin e 
categorisation :  i.e .  Centne r  e l  a l  assum e tha t  matc h item s 
wit h onl y structura l  similaritie s (i.e .  analogues )  belon g t o 
differen t  categories :  w e predic t  tha t  the y wil l  b e categorise d 
together . 

The Experiment 

Subjects 

Th e subject s wer e 2 0 volunteers ,  a  mixtur e o f  postgraduat e 
and undergraduat e student s fro m th e Artificia l  Intelligenc e 
Departmen t  a t  th e Universit y o f  Edinburgh . 

Materials 

The basi c material s use d i n thi s stud y wer e th e 2 0 set s o f 
"Karl a th e hawk "  storie s (Centner ,  Ratterma n an d Forbus , 
1993). 2 

Centne r  define s th e followin g taxonom y o f  similarit y 
relationship s betwee n th e stories : 

•  Litera l  similarit y matche s includ e bot h c o m m o n 
relationa l  structur e an d c o m m o n objec t  descriptions ; 
•  Surfac e matches :  base d upo n c o m m o n objec t 
descriptions ,  plu s som e firs t  orde r  relations ; 
•  Structura l  similarity ,  a  matc h base d upo n a  c o m m o n 
syste m o f  interna l  relations ; 
•  Firs t  orde r  matches ,  wher e th e onl y c o m m o n featur e i s 
firs t  orde r  relations ; 
•  Objec t  onl y matches ,  wher e storie s hav e onl y objec t 
matche s i n c o m m o n . 
Eac h se t  consist s o f  a  bas e (B) ,  a  literall y simila r  stor y 

(LS) ,  a n analogu e ( T A -  wit h onl y su-uctura l  similaritie s 
wit h th e base) ,  a  mere-appearanc e stor y ( M A wit h surfac e 
an d first  orde r  commonalitie s wit h th e base) ,  a  fals e analog y 
(F A a n analogu e o f  M A ) ,  an d a n objec t  onl y matc h stor y 
( O O -  wit h onl y surfac e commonalitie s wit h th e base) .  Thi s 
allowe d fo r  a  numbe r  o f  potentia l  grouping s accordin g t o th e 
classificatio n strateg y adopted .  O u r  predictio n wa s tha t 
subject s woul d us e structura l  similarit y a s thei r  categorica l 
similarit y determinant ,  puttin g analogue s an d base s int o th e 
s a me categorie s (i.e .  B ,  L S an d T A together) ,  rathe r  tha n 
groupin g matc h item s a t  th e objec t  leve l  (i.e .  groupin g B , 
L S ,  M A an d O O together) . 

T h e set s wer e modifie d slightly :  i n Centne r  e t  al' s  analog y 
researc h question s o f  th e asymmetr y an d directio n o f 
comparison s wer e clearl y fixed  (al l  comparison s wer e i n 

relatio n t o th e bas e story) .  Extr a feature s ( a varie d mi x o f 
objects ,  attribute s an d relationships )  wer e adde d t o (o r 
remove d from )  th e bas e stor y representation s (Figur e 1 ,  bol d 
face )  whic h di d littl e t o affec t  analogica l  similarit y 
judgements .  I n categorisatio n judgements ,  aspect s suc h a s 
symmetr y an d directionalit y m a y b e m o r e fluid .  A s w e 
predicte d tha t  structur e woul d b e a n importan t  determinan t  o f 
categorica l  similarit y judgements ,  an d notin g tha t  th e 
directionalit y o f  similarit y judgement s canno t  b e fixed  i n 

Stor y I  •  Bas e stor y 
Once ther e wa s i  teache r  name d Mr s Jackso n wh o wante d a  Mlar y 

increase .  On e day ,  th e principa l  sai d tha t  h e wa s increasin g hi s ow n 
salar y b y 2 0 percent .  However ,  h e sai d ther e wa s no t  enoug h mone y t o 
giv e th e teacher s a  salar y increase . 

When Mr s Jackso n hear d thi s sh e becam e s o angr y tha t  sh e decide d t o 
tak e revenge .  Th e nex t  day ,  Mr s Jackso n use d gasolin e t o se t  fir e t o th e 
principal' s  office . 

Then sh e wen t  t o a  ba r  an d go t  drunk . 

Story 2 • Literal similarity 
Professo r  Rosi e McGhe e ver y muc h wante d a  raise .  On e da y th e 

provos t  announce d tha t  h e wa s givin g himsel f  a  raise .  However ,  h e sai d 
tha t  sinc e mone y wa s short ,  n o on e els e woul d ge t  a  rais e thi s year . 

Afte r  Professo r  McGhe e hear d thi s sh e becam e s o upse t  tha t  sh e 
decide d t o ge t  even .  On e hou r  later .  Professo r  McGhe e ble w u p th e 
administratio n buildin g wit h dynamite . 

Story 3 - True Analogy 
McGhee wa s a  sailo r  wh o wante d a  fe w day s o f  vacatio n o n land . 

One day ,  th e capui n announce d tha t  h e woul d b e ukin g a  vacatio n i n th e 
mountains .  However ,  h e sai d everyon e els e woul d hav e t o remai n o n th e 
ship . 

Afte r  McGhe e hear d thi s h e becam e s o upse t  tha t  h e decide d t o ge t 
revenge .  Withi n a n hou r  McGhe e ble w u p th e captain' s cabi n wit h 
dynamite . 

Story 4 - Mere appearance: (First order commoruilities) 
Professo r  McGhe e ver y muc h wante d a  raise .  On e da y sh e becam e s o 

unpatien t  tha t  sh e use d kerosen e t o bu m dow n th e administratio n building . 
Afte r  th e fire ,  th e provos t  announce d tha t  h e wa s givin g himsel f  a 

raise .  However ,  h e sai d tha t  du e t o th e fire ,  ther e wa s no t  enoug h mone y 
t o giv e on e t o anyon e else . 

Story 5 - False Analogy 
McGhee wa s a  sailo r  wh o wante d a  fe w day s o f  vacatio n o n land . 

One da y McGhe e becam e s o impatien t  tha t  h e trie d t o blo w u p th e 
captain' s cabi n usin g dynamite . 

Afte r  thi s incident ,  th e captai n announce d tha t  h e woul d b e takin g a 
vacatio n i n th e mountains .  However ,  h e sai d everyon e els e woul d hav e t o 
remain  o n boar d t o repai r  th e ship . 

Story 6 • Mere appearance: (Object commonalilies only) 
A teache r  onc e though t  tha t  sh e deserve d a  pa y rise .  Sh e aske d th e 

principa l  whe n he r  ris e wa s due .  Sh e wa s wearin g he r  bes t  suit .  Th e 
principa l  tol d he r  tha t  rises  wer e decide d b y th e governors . 

Many thank s t o Dedr e Centne r  fo r  providin g th e stor y sets . 

Figur e 1 :  Sampl e storie s fro m Cenmer ,  Ratterma n an d 
Forbu s (1993 )  -  th e tex t  i n bol d typ e illustrate s extr a 

structur e adde d b y Centne r  a t  a l  t o th e bas e storie s only . 
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categorisation ,  w e accordingl y remove d Gentne r  e t  al' s  extr a 
feature s fro m 6 5 % o f  th e stor y set s (G -  sets :  i n these ,  fo r 
example ,  th e bas e /  litera l  similarit y relationshi p wer e 
symmetrical) ,  an d retaine d th e extr a feature s (an d an y 
attendan t  asymmetries )  i n 3 5 % o f  storie s (G + sets) . 

Procedure 

Subject s wer e give n 1 0 mixe d set s o f  6  stories'an d aske d t o 
wori c throug h the m a  se t  a t  a  time .  Bot h set s an d storie s 
wer e presente d i n randomise d order .  Fo r  eac h set ,  the y rea d 
throug h eac h stor y a  numbe r  o f  time s i n orde r  t o familiaris e 
themselve s wit h it s content .  Subject s wer e the n asked  t o 
"Grou p th e storie s int o th e categorie s tha t  seeme d mos t 
natura l  an d appropriat e t o you .  Thes e group s ca n rang e fro m 
puttin g ever y member  o f  th e stor y se t  int o th e sam e group , 
t o puttin g eac h stor y int o a  grou p o n it s own. "  W h e n 
subject s ha d mad e thei r  categorisatio n decisions ,  the y 
physicall y groupe d eac h se t  o f  storie s b y pastin g the m ont o 
a larg e shee t  o f  pape r  an d encirclin g eac h grou p i n ink . 
Subject s wer e the n re-presente d wit h thei r  grouping s a  se t  a t 
a time ,  aske d t o giv e eac h grou p wit h tw o o r  mor e member s 

Classificatio n Criterio n % o f  Tota l 

Systemati c networ k o f  relation s i n common -  Typ e 1 
IBLST A 2FAMA 30 0 

Systemati c networ k o f  relation s i n common -  Typ e 2 
(Bas e classifie d separately ) 
ILST A 2  FAMA 3 B 40 0 

Firs t  orde r  relation s i n common -  Typ e 3 
IBLSTAFAMA 20 0 

Onl y objec t  similaritie s i n common 
IMALSBOO 2FAMA 

IBOO 

No classificatio n 
IBLSMA 

IBT A 

1 B  M A F A 

IBLSTAOO 

IFABTAMA 

2LSMA 

possibl e -  Type s 
2 FAT A 

2FAMA 

2LSTA 

2 F A M A 

2LS 

-  Type s 6  &  7 

3TAFA 

*,  5 ,  8  .  9  1 0 
3.0 0 

3LS 40 0 

300 

79. 5 % 

8 % 

4 % 

5 % 

3. 5 % 

Figur e 2 :  Outpu t  pattern s fro m th e categorisatio n task , 
showin g th e group s forme d an d criteri a established .  Th e 
storie s ar c labelle d accordin g t o Genmer' s taxonom y o f 

similarit y (define d above) :  B  =  Base ;  L S =  Litera l 
Similarity ;  T A =  Tru e Analogy ;  F A =  Fals e Analogy ; 

M A =  Mer e Appearance ;  O O =  Objec t  Onl y match . 

a simpl e descriptiv e name ,  an d the n t o writ e a  fe w sentence s 
explainin g wha t  cause d the m t o classif y eac h name d grou p 
of  storie s together* . 

Results 

For  eac h stor y se t  th e group s forme d b y eac h subject' s 
classification s wer e analysed .  Th e patter n o f  grouping s 
whic h emerge d fel l  broadl y int o 5  type s (figur e 2) . 
Similaritie s acros s grouping s (i.e .  similarit y share d b y ever y 
member  o f  a  tw o o r  mor e member  grou p acros s a  categorise d 
stor y set )  accordin g t o Gentne r  e t  al' s  taxonom y o f 
similaritie s coul d b e identifie d i n 9 6 . 5 % o f  groupings .  O f 
these ,  i n 5 % o f  case s th e storie s wer e groupe d accordin g t o 
type s 6  an d 7 .  Th e onl y similaritie s acros s grouping s i n 
thes e type s ar e tha t  th e storie s i n th e individua l  group s ha d 
onl y object s i n c o m m o n .  I n 4 % th e storie s wer e classifie d 
accordin g t o typ e 3 ,  wher e th e acros s groupin g similarit y 
was share d first  orde r  relations .  I n 79 .5 % o f  case s subject s 
groupe d usin g typ e I .  Her e th e onl y similarit y acros s 
grouping s wa s a  networ k o f  systemati c causa l  relations .  Th e 
ful l  outpu t  an d incidenc e o f  th e type s i s give n i n Tabl e 1 . 

1 stor y Se t  Typ e | 
Groupin g 
T y p e 
Type I 
Type 2 
Othe r 

G+ 
68 % 
20 % 
12% 

G-
86.5 % 
0.5 % 
13% 

% o f  tote d 
79.5 % 
8?o 
12.5 % 

Figur e 3 :  Classificatio n strategie s accordin g t o se t  type . 

8% of groupings were according to type 2, where the base 
was pu t  int o a  categor y o n it s own ,  wit h th e onl y similarit y 
acros s othe r  grouping s bein g share d structure .  Thi s typ e wa s 
onl y found  onc e amongs t  thos e set s fro m whic h Gentne r  e t 
al' s  extr a feature s ha d bee n remove d (0.5 % o f  G -  sets ;  figure 
3) .  Th e G + sets ,  thos e wit h adde d feature s i n th e base ,  wer e 
set s 5 ;  7 ;  10 ;  12 ;  15 ;  17 ;  an d 20 .  O f  these :  i n se t  5  an d se t 
2 0 th e extr a feature s involve d highe r  orde r  relations ;  i n set s 
7 10,1 5 the y involve d first  orde r  relations ;  an d i n set s 1 2 1 7 
th e extr a feature s wer e objects .  2 0 % o f  thes e set s wer e 
classifie d a s typ e 2 ,  wit h th e bul k o f  thes e classification s 
bein g i n th e set s wit h extr a highe r  orde r  relation s (figur e 4) . 

Type l 
Typ e 2 
Typ e 3 
Type s 6  &  7 
Type s 4 ,  5 , 
8,  9  &  1 0 
Total s 

Higher-orde r 
relation s 

Set s 
5 2 0 
7 2 
9 2 
1 1 
2 

19 5 

Object s 
onl y 
Set s 

12 
7 

17 
7 

1 

8 7 

1st  orde r 
relation s 

Set s 
7 1 0 I S 
11 9  5 
2 
1 2 

1 

14 1 1 6 

Figur e 4 :  Classificatio n dat a fo r  th e G + sets . 

'Give n th e sampl e size ,  w e concentrate d o n set s 1  10 ;  set s 
11 2 0 wer e use d t o a  mor e limite d exten t  t o chec k fo r  an y 
marke d variation s i n th e dat a bein g produced . 

*Thi s dat a i s  currentl y bein g analysed ,  an d wil l  no t  b e 
considere d here . 
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stor y Set s 

Subject s 

1 
A 
B 3 
C 1 
D 1 
E 1 
F 4 
G 
H 5 
I  1 

J 1 
K 
L 7 
M 1 
N 1 
O 
P 6 

Q 
R 1 
S 1 
T 

2 3 

3 1 

10 1 

4 5 + 
1 

1 2 
1 2 
1 2 
1 2 
1 2 

6 
1 2 
1 1 

8 

1 2 
1 1 
1 5 

1 
1 1 

2 
1 1 
1 1 

3 

6 
1 
1 

1 

1 
1 
7 

1 

1 
1 
2 
1 

1 
1 
1 
7 

7+ 

2 

2 

3 

1 
1 

8 
1 
1 
1 

1 

1 

1 
1 
1 

1 

1 
1 
1 
9 

9 
1 
1 
1 

1 

1 

1 
1 
1 

1 

1 
1 
1 
1 

10+ 1 1 

1 
1 
1 

3 

1 
1 

1 

1 
1 
1 
3 

1 

1 

1 
1 
1 

1 
1 

7 

12+ 1 3 

1 

1 

1 

1 

1 

2 

7 

14 
1 

6 

1 

1 

1 

15+ 1 6 

1 

1 

1 

1 

1 

7 

1 

7 

17 + 1 8 

1 

1 

1 

5 
1 

1 

1 
1 

1 

1 

19 

1 

1 
1 

1 
1 

20+ 

2 

1 
2 

1 

3 

Tabl e 1 :  Outpu t  incidenc e o f  subjec t  groupings .  Eac h subjec t  wa s give n 1 0 stor y set s (eac h ro w represent s on e subject) :  th e 
typ e o f  groupin g i s indicate d b y th e typ e numbe r  i n th e stor y se t  colum n (se e als o figur e 2) . 

Subjec t  T  produce d som e rathe r  strang e results :  thi s wa s explaine d b y examinin g th e reason s T  gav e fo r  he r  groupings ,  i 
whic h sh e explaine d tha t  sh e wa s explorin g a  differen t  heuristi c fo r  eac h stor y set . 

m 

D i s c u s s i o n 

O ur  stud y explore d th e hypothesi s tha t  mechanism s 
nonnall y considere d t o b e analogica l  coul d i n fac t  suppor t 
categorisatio n tasks .  Th e mos t  importan t  finding  her e i s th e 
rol e tha t  share d structur e play s i n categorisatio n judgements . 
7 9 . 5 % o f  th e grouping s forme d b y ou r  subject s ha d onl y 
share d systemati c structur e (traditionall y define d a s analogy ) 
as a  c o m m o n featur e amongs t  member s o f  th e categorie s 
formed .  I n contrast ,  onl y 5 % o f  grouping s produce d ha d 
c o m m on objec t  description s a s th e c o m m o n similarit y 
acros s categories .  Traditionall y categorisatio n model s hav e 
concentrate d o n objec t  descriptions ,  makin g us e o f  ver y 
representationally-simpl e attribute-valu e list s (Murph y an d 
Medin ,  1985) ,  wherea s analog y researc h ha s examine d 
relationship s betwee n highl y structure d representation s 
(considerin g th e influenc e o f  attributes ,  relation s an d higher -
orde r  relation s i n judgement s o f  similarity) . 

Th e argumen t  fo r  abandonin g th e curren t  d e fact o 
distinctio n betwee n categorica l  an d analogica l  association s o f 
object s i s  twofold :  firstly,  tha t  th e standar d distinction s 
(Clemen t  an d Centner ,  1991 ;  Holyoa k an d Thagard ,  1995 ) 
betwee n analog y an d categorisatio n actuall y faile d t o 
distinguis h betwee n them ;  an d secondly ,  tha t  b y removin g 
th e distinction ,  understandin g o f  th e factor s whic h gover n 
mapping s betwee n representation s tha t  hav e bee n gleane d 

fro m analog y researc h migh t  hel p illuminat e categorisatio n 
question s (Ramscar ,  Le e an d Pain ,  i n press) .  Ou r  result s 
provid e evidenc e tha t  structures ,  an d mor e pertinentl y 
Centner' s structura l  systematicity ,  rathe r  tha n features ,  ar e 
th e ke y t o categorica l  similarit y i n thi s instance :  thi s tallie s 
wit h othe r  evidence ,  suc h a s Rip s (1989 )  w h o foun d tha t 
subject s wer e reluctan t  t o chang e classification s a s a  resul t 
of  featur e change s alone . 

Our  argumen t  i s supporte d no t  onl y b y th e proportio n o f 
categorisation s tha t  wer e determine d b y commonalitie s 
betwee n interna l  structure s i n th e stories ,  bu t  als o b y th e 
effect s o f  adde d structur e i n th e G + set s wher e th e adde d 
structur e wa s a  higher-orde r  structure .  Thes e migh t  a t  first 
appea r  t o presen t  a  proble m fo r  ou r  attemp t  t o us e a 
structur e mappin g analysi s t o mode l  thes e categorisatio n 
judgements .  I n thes e cases .  Centner' s bas e storie s wer e pu t 
int o separat e categorie s fro m storie s t o whic h the y wer e 
suppose d t o b e literall y similar ,  whic h wer e i n tur n 
categorise d alongsid e thei r  suppose d analogue s (bot h o f 
whic h wer e supfwse d t o shar e structure s wit h th e base) . 

Thes e result s ca n b e attribute d t o th e effect s o f 
directionalit y an d symmetr y upo n similarit y judgements . 
Whils t  Centner ,  Ratterma n an d Forbu s (1993 )  foun d tha t 
subject s judge d literall y simila r  (LS )  storie s t o b e ver y 
simila r  t o bases ,  an d analogue s les s so ,  the y di d no t  conside r 
th e effec t  o f  reversin g th e directionalit y an d symmetr y o f  th e 
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comparisons ,  fo r  exampl e comparin g th e bas e an d analogu e 
storie s similarit y t o th e LS .  Neithe r  di d the y conside r  th e 
judgin g o f  cumulativ e similarity ,  wher e dissimilaritie s ar e 
als o take n int o account .  Durin g thi s process ,  th e structura l 
dissimilaritie s o f  th e bas e versu s th e L S an d analogu e appea r 
fro m ou r  result s t o b e clearl y relevant ,  wherea s th e objec t 
difference s o f  th e analogu e versu s th e L S an d bas e d o not . 
Thi s maximisatio n o f  importan t  similaritie s (i.e .  structur e 
matches )  relativ e t o lesse r  dissimilaritie s (i.e .  objec t 
matches )  amongs t  grouping s appear s t o pla y a  crucia l  rol e i n 
categorisatio n i n thi s study .  Whils t  i t  migh t  b e argue d tha t 
al l  w e hav e show n her e i s tha t  subject s wil l  for m categorie s 
of  analogies ,  suc h a n interpretatio n (i n s o fa r  a s w e ca n 
make sens e o f  it )  doe s no t  affec t  ou r  argumen t  tha t  i t  i s 
structur e tha t  determine s th e conten t  o f  thes e categories . 

Al l  o f  thi s strengthen s ou r  dubiet y wit h respec t  t o th e 
separatio n o f  analog y fro m categorisation .  W e shoul d note , 
however ,  tha t  assertin g tha t  analog y canno t  b e distinguishe d 
fro m categorisatio n a t  a  cognitiv e leve l  i s  no t  th e sam e 
thin g a s arguin g tha t  analog y i s th e sam e thin g a s 
categorisation .  Categorisatio n i s  suc h a  centra l  cognitiv e 
proces s tha t  i t  i s  har d t o se e ho w i t  can  b e reduce d t o a 
singl e proces s (c.f .  Goldstone ,  1994) .  I t  ma y wel l  b e tha t 
any give n manifes t  reasonin g proces s -  suc h a s rul e 
followin g o r  metapho r  -  migh t  b e abl e t o illuminat e som e 
aspec t  o f  categorisation :  i.e .  ca n provid e th e constraint s 
necessar y t o determinin g certai n categorica l  similarities .  W e 
argu e tha t  th e analogica l  proces s canno t  b e distinguishe d 
fro m th e 'categorisatio n process '  a t  a  cognitiv e level .  Ou r 
hypothesi s i s  tha t  analog y i s  supervenien t  upo n a n 
importan t  par t  o f  th e classificatio n process ,  an d tha t  a s suc h 
analog y researc h i s  capabl e o f  illuminating ^  som e 
categorisatio n tasks ,  fo r  instance ,  th e wa y i n whic h 
sUTictura l  systematicit y ca n determin e bot h analogica l  an d 
categor y judgements . 
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F̂or  example ,  on e proble m face d b y al l  cognitiv e theorie s o f 
categorisatio n i s  explainin g typicalit y effect s (e.g .  Rosch , 
1978) ;  ho w the y occur ,  o r  even ,  ho w th e existenc e o f  typicalit y 
effect s ca n b e accommodate d b y a  give n model .  Centne r  e t  a l 
(1993 )  hav e show n ho w differin g aspect s o f  similarit y 
structura l  versu s surfac e affec t  recall ,  soundnes s rating s an d 
judgement s o f  similarity .  B y showin g tha t  judgement s o f 
categorica l  similarit y an d th e recal l  o f  categor y member s ca n b e 
relian t  upo n differen t  representationa l  feature s (surfac e 
attribute s fo r  recall ,  structura l  systematicit y fo r  similarit y an d 
typicality) ,  w e migh t  b e abl e t o begi n t o presen t  a  mode l  o f  th e 
categorisatio n proces s whic h ca n explai n an d accoun t  fo r  a t 
leas t  som e typicalit y effects . 
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Abstrac t 

The relationship between analogy and schema induction is 
widel y acknowledge d an d constitute s a n importan t 
motivatio n fo r  developin g computationa l  model s o f 
analogica l  mapping .  However ,  mos t  model s o f  analogica l 
mappin g provid e n o clea r  basi s fo r  supportin g schem a 
induction .  W e describ e LIS A (Humme l  &  Holyoak ,  1996) , 
a recen t  mode l  o f  analo g retrieva l  an d mappin g tha t  i s 
explicitl y  designe d t o provid e a  platfor m fo r  schem a 
inductio n an d othe r  form s o f  inference .  LIS A represent s 
predicate s an d thei r  argument s (i.e. ,  object s o r 
propositions )  a s pattern s o f  activatio n distribute d ove r 
unit s representin g semanti c primitives .  Thes e 
representation s ar e activel y (dynamically )  boun d int o 
proposition s b y synchronizin g oscillation s i n thei r 
activation :  Argument s fir e i n synchron y wit h th e cas e role s 
t o whic h the y ar e bound ,  an d ou t  o f  synchron y wit h othe r 
cas e role s an d arguments .  B y activatin g proposition s i n 
L T M,  thes e pattern s driv e analo g retrieva l  an d mapping . 
Thi s approac h t o analo g retrieva l  an d mappin g account s fo r 
numerou s fmding s i n huma n analogica l  reasonin g (Humme l 
& Holyoak ,  1996) .  Augmente d wit h a  capacit y fo r 
intersectio n discover y an d unsupervise d learning ,  th e 
architectur e support s analogica l  inferenc e an d schem a 
inductio n a s a  natura l  consequence .  W e describ e LISA' S 
accoun t  o f  schem a inductio n an d inference ,  an d presen t 
some preliminar y simulatio n results . 

Schemas, Induction and Analogy 

Cognitive scientists have long appealed to the notion of 
schema s t o explai n man y aspect s o f  huma n thinkin g (se e 
Rumelhart ,  1980) .  A  schem a i s a  generalize d knowledg e 
structur e tha t  characterize s th e relationship s applicabl e t o 
some clas s o f  object s o r  events .  Fo r  example ,  a 
"permissio n schema "  (Chen g &  Holyoak ,  1985 )  migh t 
describ e th e clas s o f  situation s i n whic h som e preconditio n 
must  b e satisfie d befor e permissio n t o perfor m a n ac t  i s 
grante d (e.g. ,  on e mus t  b e ove r  2 1 t o drin k alcohol) ;  a 
"combustio n engin e schema "  migh t  specif y th e genera l 
relationship s amon g th e part s an d operatio n o f  a  combustio n 
engine .  Schema s suppor t  inferences .  Fo r  example ,  a 
reasone r  coul d us e th e permissio n schem a t o infe r  tha t  a 
teenag e bee r  drinke r  woul d b e i n violatio n o f  th e rule ;  a 
reasone r  coul d us e th e combustio n engin e schem a t o 
anticipat e tha t  a  Hond a L 6 lite r  engin e wil l  no t  ru n afte r  th e 
gas lin e ha s bee n cu t  (eve n i f  tha t  perso n ha s neve r  actuall y 
cut  th e ga s lin e o f  a  Hond a 1. 6 lite r  engine) .  A n essentia l 
propert y o f  schema s i s tha t  the y ar e relationa l  structure s 
rathe r  tha n simpl e list s o f  feature s o r  properties .  Tha t  is . 

the y explicitl y  specif y h o w th e propertie s o f  a  clas s ar e 
relate d t o on e another :  th e (legal )  drinkin g o f  alcoho l  i s 
contingen t  upo n bein g ove r  21 ;  th e ga s lin e carrie s th e 
gasolin e t o th e carburetor . 

An importan t  questio n regardin g schema s concern s thei r 
origin :  H o w d o w e induc e a  genera l  schem a fro m experienc e 
wit h specifi c  object s an d events ? A s Holland ,  Holyoak , 
Nisbet t  an d Thagar d (1986 )  hav e emphasized ,  inductio n 
canno t  procee d b y blin d search .  Rather ,  i t  entail s 
discoverin g systemati c correspondence s amon g th e element s 
of  specifi c  know n instance s (object s o r  events )  an d usin g 
thos e correspondence s t o guid e th e inductio n o f  generalize d 
schemas .  Fo r  example ,  conside r  inducin g a  simpl e schem a 
describin g situation s i n whic h a  ma n love s a  woman ,  th e 
w o m an like s flowers ,  an d th e ma n give s th e woma n flowers , 
base d o n th e examples :  (1 )  Ji m love s Mary ,  Mar y like s 
roses ,  an d Ji m give s Mar y roses ,  an d (2 )  Bil l  love s Susan , 
Susan like s tulips ,  an d Bil l  give s Susa n tulips .  T o generat e 
th e schem a fro m th e examples ,  i t  i s  firs t  necessar y t o 
appreciat e tha t  Ji m correspond s t o Bil l  rathe r  tha n Mary ,  tha t 
love s correspond s t o love s rathe r  tha n gives ,  an d s o forth . 
Knowledg e o f  thes e correspondence s i s crucia l  fo r  knowin g 
whic h element s t o generaliz e over . 

One wa y t o discove r  th e appropriat e correspondence s i s t o 
dra w a n analog y betwee n th e instances .  Fo r  thi s reason ,  i t 
has bee n argue d tha t  analogica l  reasonin g play s a n importan t 
rol e i n schem a inductio n (Centner ,  1989 ;  Holyoa k & 
Thagard ,  1995) .  Analogica l  reasonin g generall y involve s 
usin g a  relativel y well-understoo d sourc e analo g t o guid e 
inference s abou t  a  les s familia r  targe t  analog .  Thi s proces s 
has fou r  majo r  components :  (1 )  usin g th e targe t  t o retriev e a 
potentiall y  usefu l  sourc e fro m memory ;  (2 )  mappin g 
element s o f  th e sourc e ont o element s o f  th e targe t  t o identif y 
systemati c correspondences ;  (3 )  usin g th e mappin g t o dra w 
inference s abou t  th e target ;  an d (4 )  inducin g a  generalize d 
schema tha t  capture s th e commonaltie s betwee n th e sourc e 
and targe t  (e.g. ,  Carbonell ,  1983 ;  Centner ,  1989 ;  Gic k & 
Holyoak ,  1983) . 

Numerou s model s o f  analog y hav e bee n develope d tha t 
collectivel y addres s th e stage s o f  analo g retrieval ,  mapping , 
and inferenc e (e.g. ,  Falkenhainer ,  Forbu s &  Centner ,  1989 ; 
Forbus ,  Centne r  &  L a w ,  1995 ;  Halfor d e t  al. ,  1994 ; 
Hofstadte r  &  Mitchell ,  1994 ;  Holyoa k &  Thagard ,  1989 ; 
Thagard ,  Holyoak ,  Nelso n &  Gochfeld ,  1990) .  O n th e fac e 
of  it ,  suc h model s provid e a  basi s fo r  modelin g schem a 
inductio n (becaus e the y provid e a  computationa l  accoun t  o f 
h o w t o determin e th e correspondence s betwee n elements) . 
However ,  thi s apparen t  connection ,  whil e widel y recognized . 
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has generall y no t  bee n computationall y realized .  I n part , 
thi s shortcomin g reflect s th e wa y thes e model s represen t 
analo g element s (Humme l  &  Holyoak ,  1996) .  Mos t  model s 
of  analogica l  mappin g represen t  analog s eithe r  a s collection s 
of  symbol s compose d int o proposition s (e.g. .  Falkenhaine r 
et .  al .  1989 :  Keane .  1995 )  o r  a s localis t  unit s i n a 
connectionis t  networ k (e.g. ,  Holyoa k &  Thagard ,  1989 ; 
Thagar d et .  al ,  1990) .  Representation s o f  thi s typ e ca n 
readil y captur e structure ,  makin g the m ver y attractiv e a s a 
basi s fo r  analogica l  mappin g (a n inherentl y structura l 
problem) .  Bu t  lackin g an y detaile d semanti c decomposition , 
suc h representation s ar e inadequat e fo r  generalizatio n an d 
buildin g abstraction s (basi c component s o f  schem a 
induction) .  I n general ,  th e twi n requirement s o f  structur e 
sensitivit y an d flexible  generalizatio n pos e a  seriou s 
challeng e t o th e desig n o f  a n architectur e tha t  aim s t o 
integrat e analogica l  mappin g wit h schem a induction . 

We hav e recentl y develope d a  computationa l  mode l  o f 
analog y base d o n ver y differen t  assumption s abou t  th e 
representatio n o f  analo g element s an d th e operation s tha t 
discove r  correspondence s betwee n the m (Humme l  & 
Holyoak ,  1996 :  se e H u m m el  &  Holyoak ,  1992 ,  an d 
Humme l,  Meltz ,  Thompson ,  &  Holyoak ,  1994 ,  fo r 
precursors) .  Th e hear t  o f  th e mode l  i s a n architectur e fo r 
representin g structure d informatio n i n a  distribute d fashion , 
capturin g bot h th e structure-sensitivit y o f  a  localis t  o r 
symboli c representatio n an d th e flexible  generalizatio n 
provide d b y a  distribute d connectionis t  representation .  Th e 
model ,  calle d U S A {Learnin g an d Inferenc e wit h Schema s 
and Analogies) ,  i s  designe d t o provid e a n integrate d accoun t 
of  al l  fou r  majo r  component s o f  analog y use ,  fro m retrieva l 
t o schem a induction .  W e hav e recentl y show n tha t  LIS A 
account s fo r  numerou s finding s concernin g huma n analo g 
retrieva l  an d mappin g (Humme l  &  Holyoak ,  1996) .  Thi s 
pape r  describe s som e preliminar y result s usin g LIS A fo r 
schema inductio n an d inference . 

The LISA Model 

Analog Representation, Retrieval and Mapping 

We wil l  briefl y sketc h th e LIS A mode l  an d it s approac h t o 
analo g retrieva l  an d mapping .  Thes e operation s ar e describe d 
i n detai l  (alon g wit h simulatio n results )  b y H u m m el  an d 
Holyoa k (1996) .  Th e cor e o f  LISA' S architectur e i s a 
syste m fo r  activel y (i.e. ,  dynamically )  bindin g role s t o thei r 
filler s i n workin g memor y ( W M )  an d encodin g thos e 
binding s i n L T M .  L IS A use s synchron y o f  firin g fo r 
dynami c bindin g i n W M (Humme l  &  Holyoak ,  1992 ; 
Shastr i  &  Ajjenagadde ,  1993) .  Cas e role s an d object s ar e 
represente d i n W M a s distribute d pattern s o f  activatio n o n a 
collectio n o f  semanti c unit s (smal l  circle s i n Figur e 1) ;  cas e 
role s an d object s fire  i n synchron y whe n the y ar e boun d 
togethe r  an d ou t  o f  synchron y whe n the y ar e no L 

Ever y propositio n i s encode d i n L T M b y a  hierarch y o f 
structur e unit s (se e Figure s 1  an d 2) .  A t  th e botto m o f  th e 
hierarch y are/̂ redicfl̂ e wy A objec t  units .  Eac h predicat e uni t 
locall y code s on e cas e rol e o f  on e predicate .  Fo r  example , 
love l  represent s th e first  (agent )  rol e o f  th e predicat e "love" , 
and ha s bidirectiona l  excitator y connection s t o al l  th e 
semanti c unit s representin g tha t  rol e (e.g. ,  emotion! . 

strongl ,  positiv e 1 ,  etc.) ;  love l  represent s th e patien t  rol e 
and i s connecte d t o th e correspondin g semanti c unit s (e.g. , 
emotion! ,  strongl ,  positive! ,  etc.) .  Semantically-relate d 
predicate s shar e unit s i n correspondin g roles  (e.g. ,  love l  an d 
like l  shar e man y units) ,  makin g th e semanti c similarit y o f 
differen t  predicate s explicit .  Objec t  unit s ar e jus t  lik e 
predicat e unit s excep t  tha t  the y ar e connecte d t o semanti c 
unit s describin g thing s rathe r  tha n roles.  Fo r  example ,  th e 
objec t  uni t  M a r y migh t  b e connecte d t o unit s fo r  human , 
adult ,  female ,  etc. ,  wherea s ros e migh t  b e connecte d t o 
plant ,  flower ,  zb A fragrant . 

lov e (Ji m Mary ) propositio n 

s u b -
propositio n 

predicate 
& objec t 

semantic 

Figur e 1 :  Illustratio n o f  th e L IS A representatio n 
of  th e propositio n "lov e (Ji m Mary)" . 

Sub-proposition units {SPs) bind roles to objects in 
L T M.  Fo r  example ,  "lov e (Ji m M a r y ) "  woul d b e 
represente d b y tw o SPs ,  on e bindin g Ji m t o th e agen t  o f 
loving ,  an d th e othe r  bindin g Mar y t o th e patien t  rol e 
(Figur e 1) .  Th e Jim+agen i  S P ha s bidirectiona l  excitator y 
connection s wit h Ji m an d lovel ,  an d th e Mary+palien t  S P 
has connection s wit h Mar y an d lovel .  Propositio n (/* )  unit s 
resid e a t  th e to p o f  th e hierarch y an d hav e bidirectiona l 
excitator y connection s wit h th e correspondin g S P units .  P 
unit s serv e a  dua l  rol e i n hierarchica l  structure s (suc h a s 
"Sa m know s tha t  Ji m love s Mary") ,  an d behav e differentl y 
accordin g t o whethe r  the y ar e currentl y servin g a s th e 
"parent "  o f  thei r  o w n propositio n o r  th e "child "  (i.e. , 
argument )  o f  anothe r  (se e H u m m el  &  Holyoak ,  1996) .  I t  i s 
importan t  t o emphasiz e tha t  structur e unit s d o no t  encod e 
semanti c conten t  i n an y direc t  way .  Rather ,  the y serv e onl y 
t o stor e tha t  conten t  i n L T M ,  an d t o generat e (an d respon d 
to )  th e correspondin g synchron y pattern s o n th e semanti c 
units . 

The final  componen t  o f  LISA' S architectur e i s a  se t  o f 
mappin g connection s betwee n structur e unit s o f  th e sam e 
typ e i n differen t  analogs .  Ever y P  uni t  i n on e analo g share s 
a mappin g connectio n wit h ever y P  uni t  i n ever y othe r 
analog ;  likewise ,  SP s shar e connection s acros s analogs ,  a s 
do object s an d predicates .  Fo r  th e purpose s o f  mappin g an d 
retrieval ,  analog s ar e divide d int o tw o mutuall y exclusiv e 
sets :  a  drive r  an d on e o r  mor e recipients .  Retrieva l  an d 
mappin g ar e controlle d b y th e driver .  (Ther e i s n o necessar y 
linkag e betwee n th e driver/recipien t  distinctio n an d th e mor e 
familia r  sourceAarge t  distinction. )  L IS A perform s mappin g 
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as a  for m o f  guide d patter n matching .  A s P  unit s i n th e 
drive r  becom e active ,  the y generat e (vi a thei r  SP ,  predicat e 
and objec t  units )  pattern s o n th e semanti c unit s (on e patter n 
fo r  eac h role-argumen t  binding) .  Th e semanti c unit s ar e 
share d b y al l  propositions ,  s o th e pattern s generate d b y on e 
propositio n wil l  activat e on e o r  mor e simila r  proposition s 
i n L T M (analogica l  access )  o r  i n W M (analogica l  mapping) . 
Mappin g differ s fro m retrieva l  solel y b y th e additio n o f  th e 
modifiabl e mappin g connections .  Durin g mapping ,  th e 
weight s o n th e mappin g connection s gro w large r  whe n th e 
unit s the y lin k ar e activ e simultaneously ,  permitin g L IS A 
t o lear n th e correspondence s generate d durin g retrieval . 
Thes e connectio n weight s als o serv e t o constrai n subsequen t 
m e m o ry access .  B y th e en d o f  a  simulatio n run , 
correspondin g structur e unit s wil l  hav e larg e positiv e 
weight s o n thei r  mappin g connections ,  an d non -
correspondin g unit s wil l  hav e strongl y negativ e weights . 

Inference and Schema Induction 

Augmented with intersection discovery and unsupervised 
learning ,  LISA' S approac h t o mappin g support s inferenc e 
and schem a inductio n a s a  natura l  consequence .  Conside r  th e 
previou s "lov e an d flowers "  analog s (Figur e 2) .  Durin g 
mapping ,  correspondin g element s i n th e tw o analog s wil l 
become activ e simultaneously .  Fo r  instance ,  "lov e (Ji m 
Mary) "  i n th e driver ,  wil l  activat e "lov e (Bil l  Susan) "  i n th e 
recipient .  Correspondin g element s (suc h a s Ji m an d Bill ) 
wil l  fir e i n synchron y wit h on e another ,  an d non -
correspondin g element s (Ji m an d Susan )  wil l  fir e ou t  o f 
synchron y (Figur e 3a) .  Ji m share s mal e wit h Bill ,  an d Mar y 
share s femal e wit h Susan ,  s o a  natura l  propositio n t o 
induc e fro m thes e correspondence s i s "love s (male ,  female) " 
(Figur e 3b) .  T o induc e thi s par t  o f  th e schema ,  i t  i s 
necessar y t o (a )  mak e explici t  wha t  correspondin g element s 
hav e i n c o m m o n ,  an d (b )  encod e thos e c o m m o n element s 
int o L T M a s a  ne w proposition . 

love(Ji m 
Mary ) 

A n a l o g 1 

like(Mary 
roses ) 

(give(Jin i  ' 
Mary 

roses ) 

loveCBi U 
Susan ) 

AnalQg 2 

like(Sus. 
tulips ) 

(give(Bi U 
Susan 
tulips ) 

o o o o o o o o 5 o c 5 o c 5 o o 
Semanti c 

Figur e 2 :  Representatio n o f  th e "love s an d flowers " 
analogy .  Shape s (triangle ,  rectangle ,  etc. )  correspon d t o 
classe s o f  unit s a s i n Fig .  1 .  No t  al l  connection s ar e 
shown . 

LISA performs (a) by means of a simple type of 
intersectio n discovery .  Althoug h w e hav e describe d th e 
activatio n o f  semanti c unit s onl y from  th e perspectiv e o f  th e 

driver ,  th e recipien t  analo g als o feed s activatio n t o th e 
semanti c units .  Th e activatio n o f  a  semanti c uni t  i s a  linea r 
functio n o f  it s inputs ,  s o an y semanti c uni t  tha t  i s commo n 
t o bot h th e drive r  an d recipien t  wil l  receiv e inpu t  fro m bot h 
and becom e roughl y twic e a s activ e a s an y semanti c uni t 
receivin g inpu t  fro m onl y on e analog .  C o m m on semanti c 
element s ar e thu s tagge d a s suc h b y thei r  activatio n values . 

(a )  '  A n a l o g 1 
/ '  love(Ji m Mary ) 

Ana lo g 2 
love(Bil l  Susan ) 

o o o o 

Schema 

(b )  '  Analo g 1 
,  '  love(Ji m Mary ) 

Analo g 2 
love(Bil l  Susan ) 

m mm m^Kî ^m S 

Figur e 3 :  (a )  Jim+love-agen t  i n Analog l  activate s 
BiU+love-agen t  i n A n a l o g 2 .  I n th e S c h e m a ,  predicat e 
uni t  1  i s  recruite d fo r  lov e agent ,  an d objec t  uni t  3  i s 
recruite d fo r  th e intersectio n o f  J i m an d Bil l  ("human " 
an d "male") .  S P 4  i s recruite d fo r  h u m a n mal e (objec t 
3 )  b o u n d t o love-agen t  (predicat e 1) .  lYopositio n uni t  3 
begin s t o b e recruited ,  (b )  Mary+love-patien t  i n 

Ana lo g 1  activate s Susan+love-patien t  i n Analo g 2 . 
Predicat e 4  i s  recruite d fo r  love-patient ;  objec t  1  i s 
recruite d fo r  " h u m a n "  an d "female" .  S P 7  i s recruite d 
fo r  th e bindin g o f  predicat e 4  an d objec t  1 .  Propositio n 
uni t  3  n o w code s " love(huma n male ,  h u m a n female)" . 
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Thes e c o m m o n element s ar e encode d int o L T M b y mean s 
of  a n unsupervise d learnin g algorithm .  I n additio n t o 
structur e unit s representin g th e k n o w n sourc e an d targe t 
analogs ,  LIS A ha s a  collectio n o f  unrecruile d structur e unit s 
(i.e. ,  unit s wit h rando m connection s t o on e anothe r  an d t o 
th e semanti c units )  tha t  reside  togethe r  i n a  thir d "schem a 
analog "  (Figur e 3) .  Unrecruite d predicat e an d objec t  unit s 
hav e inpu t  threshold s tha t  onl y allo w the m t o receiv e inpu t 
fro m highl y activ e semanti c unit s -  tha t  is ,  semanti c unit s 
tha t  ar e c o m m o n t o bot h th e drive r  an d recipien t  analogs . 
Such semanti c unit s ar e depicte d i n dar k gra y i n Figur e 3 . 
Withou t  th e ai d o f  a n externa l  teacher ,  thes e unrecruite d 
schema unit s lear n t o respond  t o thes e c o m m o n element s o f 
th e know n analogs .  Simultaneously ,  unrecruite d S P unit s 
lear n t o respon d t o specifi c  conjunction s o f  predicate ,  object , 
and (i n th e cas e o f  hierarchica l  propositions )  P  units ,  an d 
unrecruite d P  unit s lear n t o respond  t o specifi c  combination s 
of  S P units .  Th e resul t  i s  tha t  proposition s describin g th e 
common element s o f  th e know n analog s ar e encode d int o 
L T M a s a  thir d analo g -  a  schema .  Figur e 3  illustrate s thi s 
proces s fo r  on e propositio n i n th e "lov e an d flowers " 
analogy . 

As w e wil l  describ e mor e full y  below ,  L IS A accomplishe s 
analogica l  inferenc e b y th e sam e unsupervise d learnin g 
algorith m a s use d fo r  schem a induction ,  excep t  tha t  th e 
unrecruite d unit s resid e no t  i n a  completel y separat e analo g 
(th e to-be-induce d schema) ,  bu t  i n th e targe t  itself . 

Simulations 

Schema Induction 

To simulat e th e inductio n o f  th e "lov e an d flowers "  schema , 
we gav e L IS A th e followin g analog s (schematize d i n 
Figure s 2  an d 3) : 

Analo g I : 
lov e (Ji m Mary ) 
lik e (Mar y roses ) 
giv e (Ji m Mar y roses ) 

Analo g 2 : 
lov e (Bil l  Susan ) 
lik e (Susa n tulips ) 
giv e (Bil l  Susa n tulips ) 

Ever y objec t  (perso n o r  flower )  wa s represente d b y fiv e 
semanti c units .  Al l  peopl e share d th e feature s person ,  Ji m 
and Bil l  share d male l  an d male! ,  an d Mar y an d Susa n share d 
femal e 1  an d female2 .  Eac h perso n als o ha d tw o uniqu e 
features ,  s o tha t  n o tw o peopl e wer e identical .  Th e flower s 
(rose s an d tulips )  wer e eac h connecte d t o five  semanti c units , 
thre e o f  whic h the y shared .  Th e predicate s wer e represented 
by fou r  semanti c unit s eac h pe r  cas e role .  Lov e share d tw o 
unit s wit h lik e (emotio n an d positive )  bu t  onl y on e wit h 
giv e (positive) .  Ther e wa s als o a  thir d analo g containin g 
onl y "unrecruited "  unit s ~  i.e. ,  unit s wit h initiall y  rando m 
connection s t o on e anothe r  an d (i n th e cas e o f  objec t  an d 
predicat e units )  t o th e semanti c units .  Thi s analo g serve d a s 
th e schema-learnin g analog .  I t  ha d 1 0 objec t  units ,  1 5 
predicat e units ,  1 5 S P units ,  an d 1 0 P  units . 

Ever y propositio n i n Analog s I  an d 2  wa s selecte d 
(activated )  twic e durin g th e simulatio n run .  A s indice s o f 
mappin g an d schem a induction ,  w e recorde d bot h th e final 
value s o f  th e cross-analo g mappin g weight s an d th e fina l 
value s o f  th e (initiall y  random )  connection s i n th e third . 

schema analog .  B y th e en d o f  th e run ,  ther e wa s on e objec t 
uni t  i n th e schem a analo g tha t  ha d learne d larg e positiv e 
weight s (i.e. ,  >  0.7 )  t o th e semanti c unit s person ,  male l  an d 
male2 ,  an d ver y smal l  weight s ( < 0.2 )  t o al l  othe r  semanti c 
units .  Thi s uni t  ha d bee n recruite d t o represen t  "mal e 
person "  an d accordingl y ha d develope d stron g mappin g 
weight s t o Ji m an d Bil l  an d negativ e weight s t o al l  othe r 
objects .  A  differen t  uni t  ha d bee n recruite d t o represen t 
"femal e person "  an d a  thir d t o represent  "generi c flower. " 
Thes e unit s ha d stron g mappin g weight s t o Mar y an d Susa n 
and t o rose s an d tulips ,  respectively .  Th e predicate s recruite d 
unit s i n a n analogou s fashion ,  a s di d th e S P an d P  units . 
Althoug h thi s wa s onl y a  "toy "  example ,  LISA' S 
performanc e wit h i t  suggest s tha t  i t  ca n induc e a  relationa l 
schema give n specifi c  analog s a s examples . 

As a  mor e challengin g tes t  o f  LISA' S abilit y  t o induc e 
schema s fro m examples ,  w e gav e i t  simplifie d description s 
of  Gic k an d Holyoak' s (1980 )  "tumor "  an d "fortress "  stories . 
Thes e storie s describe ,  respectively ,  situation s i n whic h a 
docto r  use s man y wea k ray s (rathe r  tha n a  singl e powerfu l 
one )  t o destro y a  stomac h tumor ,  an d a  genera l  deploy s 
severa l  smal l  group s o f  soldier s (rathe r  tha n on e larg e group ) 
t o captur e a  fortress .  Presente d wit h storie s o f  thi s typ e an d 
give n a  tas k i n whic h the y mus t  m a p the m ont o on e 
another ,  people  wil l  induc e a  mor e genera l  "convergenc e 
schema "  describin g wha t  th e storie s hav e i n c o m m o n (Gic k 
& Holyoak .  1983) . 

We gav e L I S A thes e storie s i n a  simplifie d eight -
propositio n forma t  an d ra n the m i n th e sam e genera l  manne r 
as fo r  th e "love s an d flowers"  analogy .  A s wa s th e cas e fo r 
th e previou s example ,  L IS A induce d a  schem a b y recruitin g 
on e structur e uni t  fo r  eac h elemen t  o f  th e tw o analogs , 
abstractin g ove r  c o m m o n element s (e.g. ,  recruitin g a  singl e 
ne w uni t  fo r  bot h "tumor "  an d "fortress" ,  whic h pla y 
analogou s role s i n th e tw o stories) ,  an d mappin g th e 
abstracte d (schema )  element s t o th e correspondin g origina l 
stor y elements . 

Analogical Inference 

Th e sam e unsupervise d learnin g algorith m tha t  support s 
schema inductio n ca n b e use d i n L IS A t o perfor m inductiv e 
inferenc e b y a  for m o f  "cop y wit h substitutio n an d 
generation "  (Falkenhaine r  e t  al. ,  1989 ;  Holyoak ,  Novic k & 
Melz ,  1994) .  Here ,  know n element s o r  relation s i n on e 
analo g ar e use d t o "fil l  gaps "  i n a  les s familia r  analog . 
Consider ,  fo r  example ,  thi s "uncle "  analogy ,  whic h w e gav e 
LISA : 

Analo g 1 : 
fathe r  (Ab e Bill ) 
brothe r  (Charle s Abe ) 
uncl e (Charle s Bill ) 

Analo g 2 : 
fathe r  (Ada m Bob ) 
brothe r  (Car y A d a m ) 

I n Analo g 1 ,  Charle s i s Bill' s  uncle ,  a  fac t  tha t  i s  explicitl y 
stated .  I n Analo g 2 ,  Car y i s likewis e th e uncl e o f  Bob ,  bu t 
thi s fac t  i s  no t  explicitl y  stated .  W e allowe d L IS A t o m a p 
th e tw o proposition s i n Analo g 2  ont o Analo g 1 , 
establishin g th e correspondence s (a s mappin g connectio n 
weights )  betwee n A d a m an d Abe ,  Bo b an d Bill ,  an d Car y an d 
Charles . 
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We the n allowe d L IS A t o ma p Analo g 1  bac k ont o 
Analo g 2 .  W h e n th e fathe r  an d brothe r  proposilion s i n 
Analo g 1  becam e active ,  the y simpl y activate d th e 
correspondin g proposition s i n Analo g 2 ,  reinforcin g th e 
establishe d mappings .  Bu t  whe n th e uncl e propositio n 
became activ e i n Analo g 1 ,  ther e wa s n o correspondin g 
propositio n i n Analo g 2 .  Instead ,  Analo g 2  ha d a  collectio n 
of  unrecruite d unit s o f  th e typ e use d fo r  schem a inductio n i n 
th e previou s examples .  Becaus e ther e wer e n o predicat e 
unit s pre-dedicate d fo r  th e uncl e relation ,  tw o unrecruite d 
predicat e unit s learne d (withou t  supervision )  t o respon d t o 
th e tw o place s o f  th e uncl e relation .  Th e uni t  recruite d fo r 
uncle l  (th e agen t  o f  th e uncl e relation )  fire d i n synchron y 
wit h th e Car y uni t  (becaus e Gar y wa s bein g drive n b y 
Charles ,  whic h wa s firin g i n synchron y wit h uncle l  i n 
Analo g 1) .  A s a  result ,  a n S P uni t  wa s recruite d t o respon d 
t o th e conjunctio n o f  Car y an d unclel .  Similarly ,  a 
predicat e uni t  wa s recruite d fo r  uncle l  an d a n S P uni t  wa s 
recruite d fo r  th e conjunctio n Bob-uncle2 .  Finally ,  a  P  uni t 
was recruite d t o respon d t o thes e tw o ne w SPs .  Eac h o f 
thes e unit s develope d stron g mappin g connectio n weight s t o 
th e correspondin g unit s i n Analo g 1 .  Th e resul t  o f  thes e 
operation s wa s tha t  LIS A "inferred "  tha t  Car y i s th e uncl e o f 
Bob an d store d thi s inferenc e i n L T M a s a  ne w propositio n 
i n Analo g 2 . 

Conclusion 

LIS A provide s a  solutio n t o th e proble m (forcefull y pose d 
by Fodo r  &  Pylyshyn ,  1988 )  o f  representin g knowledg e 
ove r  a  distribute d se t  o f  unit s whil e preservin g systemati c 
relationa l  structure .  Lik e previou s model s base d o n 
symboli c o r  localist-connectionis t  representations ,  LIS A i s 
abl e t o retriev e an d m a p analog s base d i n larg e par t  o n 
structura l  constraints .  Bu t  i n addition ,  L IS A i s  abl e t o 
capitaliz e o n it s distribute d representation s o f  meanin g t o 
integrat e analogica l  mappin g wit h a  flexibl e generalizatio n 
mechanism .  Thi s inductio n engin e ca n mak e analogica l 
inference s abou t  a  specifi c  targe t  analog ;  th e sam e basi c 
mechanis m ca n creat e ne w schema s b y finding  an d codin g 
th e structure d intersectio n betwee n multipl e analogs .  LIS A 
thu s provide s a n explanatio n o f  wh y peopl e appea r  t o induc e 
generalize d schema s a s a  natura l  consequenc e o f  usin g 
analogie s (e.g. ,  Novic k &  Holyoak ,  1991 ;  Ros s & 
Kennedy ,  1990) .  Analogica l  reasonin g provide s bot h th e 
inpu t  an d th e trigge r  fo r  inductiv e learning . 
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Abstrac t 

When people choose between two alternatives, like 
betwee n tw o colleges ,  som e o f  th e availabl e informatio n i s 
comparabl e acros s th e alternative s (alignable )  an d som e i s 
noncomparabl e (nonalignable) .  Fo r  example ,  whe n 
comparin g colleges ,  th e academi c reputatio n o f  bot h 
school s ma y b e know n (alignable) ,  whil e th e qualit y o f 
teachin g m a y onl y b e know n fo r  on e schoo l 
(nonalignable) .  Recen t  researc h ha s show n tha t  peopl e 
use mor e alignabl e tha n nonalignabl e informatio n i n 
decisio n making .  I n thi s experiment ,  w e conside r  whethe r 
alignabl e informatio n i s preferre d eve n whe n nonalignabl e 
informatio n i s important .  I n th e study ,  som e participant s 
rate d th e importanc e an d valenc e o f  a  serie s o f  statement s 
abou t  college s tha t  differe d i n alignability .  Othe r 
participant s mad e choice s betwee n pair s o f  college s whos e 
description s incorporate d thes e statements .  Th e result s 
indicat e tha t  alignabl e informatio n i s  preferre d t o 
nonalignabl e informatio n eve n whe n th e nonalignabl e 
informatio n i s  important .  Result s als o showe d tha t  th e 
interpretatio n o f  attribut e valenc e depend s o n alignability . 
Thes e observation s sugges t  tha t  alignabilit y i s  mor e 
influentia l  tha n attribut e importanc e i n th e processin g o f 
choic e informatio n an d tha t  th e us e o f  alignabl e 
informatio n ma y facilitat e th e interpretatio n o f  attribut e 
information . 

Imagin e tha t  yo u ar e a  senio r  i n hig h schoo l  beginnin g th e 
proces s o f  applyin g t o college .  T o hel p yo u m a k e th e 
decision ,  yo u gathe r  a  tremendou s amoun t  o f  information . 
Y o u rea d brochure s an d books .  Y o u tal k t o friends ,  parents , 
teacher s an d counselors .  I n th e en d yo u mus t  evaluat e th e 
informatio n yo u hav e gathere d an d m a k e a  decision .  You r 
collectio n o f  informatio n abou t  th e characteristic s o f 
college s contain s tw o type s o f  information .  O n som e topic s 
(e.g. ,  schoo l  locatio n an d academi c reputation )  yo u hav e 
correspondin g value s fo r  al l  o f  th e school s yo u ar e intereste d 
in .  O n othe r  topic s (e.g. ,  stud y abroa d program s an d 
availabilit y o f  extracurricula r  activities )  yo u hav e 
informatio n fro m s o m e o f  th e school s bu t  no t  others . 
S o m e h ow yo u mus t  combin e thi s informatio n i n orde r  t o 
m a ke you r  fma l  decision . 

We sugges t  tha t  th e structura l  alignmen t  proces s o f 
compariso n i s a  ke y elemen t  i n determinin g h o w 
informatio n i s  use d i n choic e (Medin ,  Goldston e & 
M a r k m a n ,  1995) .  Structura l  alignmen t  ha s bee n identifie d 

as a  critica l  facto r  i n th e psycholog y o f  similarit y (Gentner , 
1983 ,  1989 ;  Gentne r  &  Markman ,  1994 ;  Medin ,  Goldston e 
& Gentner ,  1993) .  O n thi s vie w similarit y comparison s 
involv e thre e type s o f  informatio n -  commonalitie s betwee n 
th e items ,  difference s relate d t o th e commonalitie s (i.e . 
correspondin g o r  alignabl e differences) ,  an d difference s 
unrelate d t o commonalitie s (i.e .  noncorrespondin g o r 
nonalignabl e differences) .  T o illustrate ,  conside r  th e 
compariso n o f  a  do g an d a  cat .  I n thi s comparison ,  th e fac t 
tha t  dog s an d cat s ar e bot h pet s i s a  commonality ,  th e fac t 
tha t  a  do g bark s an d a  ca t  m e o w s i s a n alignabl e differenc e 
(relate d t o th e commonalit y tha t  bot h animal s mak e noise ) 
and th e fac t  tha t  th e do g fetche s an d th e ca t  doesn' t  i s a 
nonalignabl e difference .  I n on e study ,  M a r k m a n &  Gentne r 
(1993 )  aske d subject s t o lis t  th e commonalitie s an d 
difference s o f  pair s o f  item s o f  varyin g level s o f  similarity . 
Overall ,  participant s liste d mor e alignabl e difference s tha n 
nonalignabl e differences .  Furthermore ,  mor e alignabl e 
difference s wer e liste d fo r  simila r  pair s tha n fo r  dissimila r 
pair s an d mor e nonalignabl e difference s wer e liste d fo r 
dissimila r  pair s tha n fo r  simila r  pairs .  Thi s resul t 
demonstrate s tha t  alignabl e difference s ar e th e centra l  outpu t 
of  th e compariso n process .  I t  als o suggest s tha t  alignabl e 
and nonalignabl e difference s ar e processe d differendy . 

Thi s theor y ca n b e applie d straightforwardl y t o decisio n 
making .  I n th e colleg e exampl e presente d above ,  th e 
alignabl e difference s ar e th e correspondin g propertie s an d th e 
nonalignabl e difference s ar e th e noncorrespondin g properties . 
Jus t  a s th e researc h i n similarit y suggest s tha t  th e alignabl e 
difference s ar e mor e importan t  fo r  comparison s tha n ar e 
nonalignabl e differences ,  previou s researc h i n choic e ha s 
demonstrate d tha t  decisio n maker s ten d t o focu s mor e o n 
correspondin g piece s o f  informatio n tha n o n 
noncorrespondin g informatio n (Markma n &  Medin ,  1995 ; 
Slovi c &  MacPhillamy ,  1974) .  Similarly ,  i n consume r 
choice ,  w h e n decidin g betwee n highl y differen t  type s o f 
product s (e.g .  a  toaste r  an d a  smok e alarm )  consumer s 
attemp t  t o abstrac t  correspondin g qualitie s (Johnson ,  1988) , 
whic h ca n b e viewe d a s a n attemp t  t o m a k e th e propertie s o f 
dissimila r  item s mor e comparable . 

T h e selectiv e us e o f  alignabl e difference s ove r 
nonalignabl e difference s raise s th e possibilit y  tha t  decisio n 
maker s systematicall y ignor e informatio n the y believ e t o b e 
importan t  simpl y becaus e i t  i s  nonalignabl e wit h 
informatio n from  anothe r  option .  I n thi s study ,  w e examin e 
thi s possibilit y  directly .  I n thi s decisio n task ,  w e as k 
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subject s t o choos e whic h o f  tw o universitie s the y prefe r  afte r 
readin g shor t  description s o f  th e schools .  Th e description s 
ar e designe d s o tha t  hal f  o f  th e relevan t  informatio n i s o f 
hig h importanc e an d hal f  i s o f  lo w importance .  B y varyin g 
th e alignabilit y o f  thes e items ,  w e wil l  b e abl e t o se e 
whethe r  alignabilit y  influence s th e decisio n maker' s us e o f 
bot h importan t  an d unimportan t  information .  W e predic t 
tha t  subject s wil l  focu s mor e o n importan t  informatio n tha n 
on unimportan t  information ,  bu t  tha t  the y wil l  us e mor e 
ahgnabl e information.fo r  bot h importan t  an d unimportan t 
items .  I n orde r  t o asses s th e informatio n bein g use d b y 
subjects ,  w e wil l  analyz e bot h justification s o f  choice s 
give n b y subject s a s wel l  a s think-alou d protocol s fro m a 
separat e grou p o f  subjects .  Becaus e w e ar e intereste d i n th e 
impac t  o f  alignabilit y o n th e us e o f  informatio n i n choice , 
we focu s o n processin g measure s (e.g. ,  justification s an d 
protocols )  rathe r  tha n outcom e measure s (e.g. ,  choices) . 

Thi s stud y wil l  als o loo k a t  th e w a y tha t  alignabilit y 
influence s th e processin g an d interpretatio n o f  th e statement s 
use d i n th e decisio n task .  Thi s questio n wil l  b e addresse d 
wit h a  rating s task .  S o m e subject s wil l  b e give n 
correspondin g pair s o f  statement s (i.e. ,  alignabl e statements ) 
t o rate ,  whil e other s wil l  rat e th e s a m e statements , 
individuall y (i.e. ,  nonalignabl e statements) .  W e wil l 
examin e thes e result s t o se e i f  the y ca n hel p explai n th e bia s 
towar d usin g alignabl e difference s i n decisio n making . 

Method 

Participant s 

Sixt y subject s (2 0 pe r  group )  participate d i n th e rating s 
task .  Fifty-si x subject s participate d i n th e decisio n makin g 
tas k (3 2 wit h writte n tas k an d 2 4 wit h verba l  protoco l  task) . 
Al l  subject s wer e recruite d fro m th e Columbi a Universit y 
communit y an d wer e pai d o r  receive d cours e credi t  fo r  thei r 
participation . 

Materials 

Rating s T a s k .  Fo r  th e rating s task ,  stimul i  wer e 
statement s abou t  colleges .  T h e statement s wer e lik e thos e 
i n th e description s o f  school s i n variou s guidebook s t o 
college s an d universities .  Ther e wer e 1 6 pair s o f  statements . 
Bot h o f  th e statement s i n eac h pai r  focuse d o n th e sam e 
topi c (e.g. ,  housin g options ,  academi c reputation ,  etc.) .  I n 
eac h pair ,  on e o f  th e statement s wa s positiv e (e.g. ,  'Ther e 
i s a  goo d amoun t  o f  housin g availabl e i n a  variet y o f 
configuration s an d mos t  o f  th e student s w h o wan t  t o liv e i n 
single s ar e abl e to." )  an d th e othe r  wa s neutra l  (e.g. , 
"Student s ar e generall y house d i n doubl e room s wit h som e 
singl e room s availabl e t o senior s w h o reques t  them.") .  Hal f 
of  th e pair s focuse d o n topic s tha t  w e believe d Columbi a 
Universit y student s woul d conside r  t o b e importan t  colleg e 
characteristic s (e.g. ,  housin g options ,  academi c reputatio n o f 
th e school ,  etc. )  an d hal f  o f  th e pair s focuse d o n topic s tha t 
we believe d Columbi a Universit y student s woul d thin k o f  a s 
unimportan t  (e.g. ,  qualit y o f  th e g y m ,  attractivenes s o f  th e 

campus ,  etc.) .  Statement s wer e importan t  o r  unimportan t 
an d positiv e o r  neutral .  Negativ e statement s wer e no t 
included .  Negativ e statement s wer e omitte d becaus e w e 
wante d th e description s create d fro m th e statement s t o b e 
generall y attractive . 

Ther e wer e thre e group s o f  subjects .  O n e grou p o f 
subject s sa w al l  o f  th e statements ,  presente d i n pair s (th e 
alignabl e group) .  Eac h o f  th e othe r  tw o group s sa w onl y 
hal f  o f  th e statements ,  on e fro m eac h pai r  (th e nonalignabl e 
group s A  an d B ) .  Nonalignabl e grou p A  sa w hal f  o f  th e 
positiv e statement s an d hal f  o f  th e neutra l  statements . 
Nonalignabl e grou p B  sa w th e remainin g positiv e an d 
neutra l  statements .  T h e material s wer e presente d i n booklet s 
wit h th e appropriat e rating s scal e appearin g a t  th e to p o f 
eac h pag e (i.e. ,  fo r  importance ,  1  (no t  a t  al l  important )  t o 5 
(extremel y important )  an d fo r  valence ,  1  (extremel y 
negative )  t o 7  (extremel y positive)) .  T h e orde r  o f  th e item s 
i n eac h bookle t  wa s determine d randomly .  Ther e wer e five 
or  si x pair s o f  statement s pe r  pag e fo r  th e alignabl e grou p 
an d fiv e o r  si x  singl e statement s pe r  pag e fo r  th e 
nonalignabl e groups .  T h e page s o f  eac h bookle t  wer e 
randoml y ordere d fo r  eac h subject . 

Decision Task. For the decision task, the stimuli were 
pair s o f  paragrap h description s o f  fictitiou s college s an d 
universities .  Eac h descriptio n wa s m a d e u p o f  a  cove r  stor y 
(fille r  sentences )  an d mai n sentences .  Th e description s wer e 
set  u p s o tha t  s o m e propertie s wer e directl y comparabl e 
acros s th e tw o description s i n a  pai r  (alignable) .  Fo r 
example ,  bot h description s migh t  tal k abou t  availabl e 
housin g option s wit h on e schoo l  havin g m o r e option s tha n 
th e other .  Othe r  propertie s wer e no t  directl y comparabl e 
acros s th e tw o alternative s (nonalignable) .  Fo r  example , 
onl y on e o f  th e colleg e description s migh t  includ e 
informatio n abou t  th e qualit y o f  teachin g a t  th e school . 

Th e material s wer e constructe d i n th e followin g way .  W e 
first  wrot e fou r  "bas e pairs "  o f  correspondin g descriptions . 
T h e bas e pair s wer e the n use d t o creat e th e stimulu s set s 
use d i n th e decisio n task .  I n a  bas e pair ,  eac h sentenc e i n 
on e descriptio n ha d a  correspondin g sentenc e i n th e othe r 
description .  T h e description s i n a  bas e pai r  consiste d o f  tw o 
correspondin g cove r  storie s (makin g u p th e tw o initia l 
"filler "  sentence s an d th e final  "filler "  sentenc e i n eac h 
description )  an d fou r  correspondin g mai n sentenc e slots ,  a s 
show n i n Tabl e 1 . 

Sentenc e Typ e 
1 
2 
3 
4 
5 
6 
7 

-  cove r  stor y 
-  cove r  stor y 
-  mai n sentenc e 
-  mai n sentenc e 
•  mai n sentenc e 
-  mai n sentenc e 
-  cove r  stor y 

Colleg e A 
filler 
filler 

positiv e 
neutra l 

positiv e 
neutra l 

filler 

Colleg e B 
filler 
filler 

neutra l 
positiv e 
neutra l 

positiv e 
filler 

Tabl e 1  Listin g o f  al l  sentence s i n a  bas e pai r 
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Sentenc e Typ e 

1 -  cove r  stor y 
2 -  cove r  stor y 
3 -  mai n sentenc e 
4 -  ma i n sentenc e 
5 -  mai n sentenc e 
6 -  mai n sentenc e 
7 -  cove r  stor y 

Colleg e A 

filler 
filler 

positiv e 
neutra l 
positiv e 
neutra l 

filler 

Colleg e B 

filler 
filler 

neutra l 
positiv e 
neutra l 

positiv e 
filler 

Compariso n Typ e 

commonalit y 
commonalit y 

nonalignabl e differenc e 
nonalignabl e differenc e 

alignabl e differenc e 
alignabl e differenc e 

commonalit y 

Tabl e 2  -  Removin g 2  noncorrespondin g positiv e sentence s 
leave s 2  alignabl e an d 2  nonalignabl e difference s 

I n eac h bas e pair ,  th e correspondin g filler  sentence s wer e 
approximatel y equivalen t  i n meanin g (conunonalities) .  Th e 
correspondin g mai n sentenc e slot s wer e filled  a t  rando m 
usin g th e 1 6 correspondin g pair s from  th e rating s tas k wit h 
th e restrictio n tha t  tw o positiv e an d tw o neutra l  sentence s 
wer e inserte d i n eac h description .  Eac h o f  th e 1 6 pair s wa s 
use d onc e withi n a  se t  o f  bas e pairs .  T w o differen t  set s o f 
bas e pair s wer e create d i n thi s way .  Th e writte n tas k use d 
stimul i  constructe d from  bot h set s o f  bas e pairs ,  whil e th e 
protoco l  tas k onl y use d stimul i  constructe d from  th e first 
set . 

F r o m eac h se t  o f  bas e pairs ,  fou r  differen t  stimulu s set s 
wer e create d b y selectivel y removin g individua l  sentence s 
from  eac h description .  T o creat e eac h stimulu s set ,  tw o non -
correspondin g sentence s o f  th e sam e valenc e wer e remove d 
fro m eac h pai r  o f  description s leavin g tw o alignabl e 
difference s (th e remainin g correspondin g sentences )  an d tw o 
nonalignabl e difference s (th e remainin g non-correspondin g 
sentences) .  Thi s i s illustrate d i n Tabl e 2  wher e tw o 
noncorresponding ,  positive ,  mai n sentence s hav e bee n 
remove d (sentenc e 3  fro m colleg e A  an d sentenc e 4  fro m 
colleg e B ,  a s indicate d b y th e X's) .  I n thi s example ,  tw o 
nonalignabl e difference s remai n (sentenc e 3  from  colleg e B 
an d sentenc e 4  from  colleg e A  -  tw o noncorrespondin g 
neutra l  statements )  an d tw o alignabl e difference s remai n 
(sentenc e 5  from  bot h school s an d sentenc e 6  fro m bot h 
schools). .  Differen t  pair s o f  sentence s wer e remove d fro m 
th e bas e pair s t o creat e th e fou r  differen t  stimulu s sets .  I n 
thi s way ,  eac h sentenc e wa s use d a s a n alignabl e differenc e 
an d a s a  nonalignabl e differenc e acros s th e fou r  stimulu s 
sets .  Thi s structurin g o f  material s i s simila r  t o tha t  use d b y 
M a r k m a n an d Med i n (199S )  fo r  th e description s o f  vide o 
games i n thei r  secon d experiment . 

Procedure 

Rating s Task .  Participant s i n th e rating s tas k wer e 
randoml y assigne d t o on e o f  th e thre e condition s -  alignabl e 
(wher e al l  th e statement s wer e presente d i n correspondin g 
pairs )  o r  nonalignabl e A  o r  B  (wher e hal f  o f  th e statements , 
on e from  eac h pai r  wer e presented) .  Subject s i n th e alignabl e 
conditio n wer e tol d t o rea d bot h item s i n a  pai r  befor e ratin g 
the m an d t o conside r  th e item s a s thoug h the y referre d t o 
tw o differen t  universities .  Th e valenc e rating s tas k wa s don e 
first .  Fo r  thi s task ,  subject s considere d eac h statemen t  a s 
thoug h i t  cam e from a  descriptio n o f  a  colleg e an d rate d it s 
positivity/negativity .  Afte r  thi s wa s completed ,  the y di d th e 
importanc e rating s task .  Fo r  thi s tas k subject s wer e tol d t o 

imagin e tha t  the y wer e givin g advic e t o a  younge r  brodie r  o r 
siste r  applyin g t o colleg e an d t o rat e h o w importan t  thei r 
younge r  siblin g shoul d conside r  eac h statemen t  whe n 
decidin g wher e t o g o t o school . 

Decision Task. Participants in the decision tasks were 
tol d t o imagin e tha t  the y wer e helpin g a  younge r  siblin g t o 
decid e wher e t o s^pl y t o college .  The y rea d a  serie s o f  pair s 
of  description s o f  college s an d ha d t o choos e whic h schoo l 
thei r  siblin g shoul d appl y to .  Fo r  th e writte n task ,  subject s 
rea d a  pai r  o f  storie s o n a  compute r  screen ,  selecte d on e 
schoo l  an d the n type d a  justificatio n fo r  thei r  selection .  Fo r 
th e verba l  protocol ,  subject s firs t  participate d i n a  fe w warm -
up tasks .  The n th e material s wer e presente d o n sheet s o f 
pape r  an d subject s rea d th e storie s alou d an d though t  alou d 
whil e makin g thei r  choices .  Verba l  protocol s wer e recorde d 
o n audi o tape .  Fo r  bot h th e writte n an d verba l 
presentations ,  th e orde r  o f  presentatio n o f  th e fou r  pair s o f 
school s wa s randoml y determine d an d right/lef t  presentatio n 
of  th e description s wa s varie d betwee n subjects . 

Scoring 

T h e writte n justificatio n fo r  eac h choic e wer e score d b y 
countin g separatel y th e numbe r  o f  reference s t o th e ahgnabl e 
and nonalignabl e propertie s fro m th e relevan t  colleg e 
descriptions .  Onl y statement s tha t  clearl y referre d t o th e 
specifi c  informatio n i n th e description s wer e counted .  W h e n 
on e justificatio n include d multipl e reference s t o a  singl e 
alignabl e o r  nonalignabl e property ,  i t  wa s counte d a s on e 
reference .  A n y singl e justificatio n coul d b e counte d a s 
mentionin g a  m a x i m u m o f  tw o alignabl e an d tw o non -
alignabl e properties .  Th e verba l  protocol s wer e transcribe d 
and the n score d i n th e sam e wa y a s th e writte n justifications . 

Results 

Firs t  w e examin e th e result s from  th e importanc e rating s 
tas k i n orde r  t o determin e whic h o f  th e 1 6 pair s o f  propertie s 
use d wer e considere d importan t  an d whic h wer e unimportant . 
Next  w e evaluat e th e result s o f  th e decisio n task s t o loo k a t 
th e influenc e o f  alignabilit y  an d importanc e o n choice . 
Finally ,  w e presen t  evidenc e from  th e rating s task s whic h 
suggestin g tha t  th e availabilit y  o f  correspondin g (alignable ) 
statement s influence s th e wa y peopl e evaluat e propertie s o f 
options . 
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Propertie s Mentione d 

Metho d 

Writte n 
Veiba l 

Alignabl e 
Hig h Importanc e 

1.7 2 
3.1 7 

Nonalignabl e Alignabl e 
Hig h Importanc e L o w Importanc e 

0.9 1 1.2 2 
1.5 8 2.9 2 

Nonalignabl e 
L o w Importanc e 

0.8 7 
2.0 8 

Tabl e 3  -  M e a n Alignabl e an d Nonalignabl e Propertie s use d pe r  subjec t  i n Writte n Justification s 
and Verba l  Protocol s broke n dow n b y importanc e level . 

Importanc e o f  Individua l  I tem s 

Mean importance ratings for the pairs of items were 
calculate d b y averagin g th e importanc e rating s fo r  bot h 
item s i n eac h pai r  i n th e alignabl e an d nonalignabl e 
conditions .  Th e rang e o f  mea n value s fo r  th e importanc e 
rating s wa s somewha t  restricte d (2.7 2 -  4.4 0 o n a  1  t o 5 
scale) .  Thi s reflect s th e fac t  tha t  th e participant s tende d no t 
t o us e th e lowe r  en d o f  th e scale :  1 8 o f  3 0 subject s (60% ) 
neglecte d t o us e th e ratin g " 1 "  ("no t  a t  al l  important") ,  eve n 
thoug h hal f  o f  th e item s wer e designe d t o b e o f  littl e o r  n o 
importance .  Th e eigh t  item s wit h th e lowes t  m e a n 
importanc e rating s wer e considere d t o b e th e lo w importanc e 
item s (Rang e o f  means :  2.7 3 -  3.60 )  an d th e eigh t  item s 
wit h th e highes t  mea n importanc e rating s wer e considere d t o 
be th e hig h importanc e item s (Rang e o f  means :  3.7 5 -
4.40) . 

Decision Making Tasks 

The number of alignable and nonalignable differences 
mentione d i n th e justification s an d protocol s wer e tabulate d 
usin g th e scorin g metho d outline d above .  Thes e tabulation s 
wer e furthe r  broke n d o w n fo r  lo w an d hig h importanc e 
items .  Thes e result s ar e presente d i n Tabl e 3  an d wer e 
analyze d wit h a  2  X  2  A N O V A. 

As predicted ,  mor e alignabl e difference s tha n nonalignabl e 
difference s wer e mentione d i n bot h th e writte n justification s 
( m =  2.94 ,  alignable ;  m =  1.8 1 nonalignable ;  F  (1 ,  31 )  = 
11.06 ,  p  <  0.01 )  an d th e protocol s ( m =  5.96 ,  alignable ;  m 
= 3.66 ,  nonalignable ;  F  (1 ,  23 )  =  31.87 ,  p  <  0.01) .  Thes e 
result s confir m th e patter n foun d b y M a r k m a n &  Medi n 
(1995) .  Thi s patter n wa s obtaine d bot h fo r  th e hig h 
importanc e item s an d fo r  th e lo w importanc e item s i n bot h 
th e writte n an d protoco l  tasks .  Thi s findin g i s critica l 
becaus e i t  show s tha t  nonalignabl e feature s m a y receiv e les s 
attentio n tha n alignabl e features ,  eve n whe n the y ar e 
considere d t o b e important . 

Thi s genera l  tren d ca n als o b e foun d a t  th e leve l  o f 
individua l  subject s an d individua l  items .  A t  th e subjec t 
level ,  i n th e writte n task ,  2 0 o f  3 2 subject s (63.0% )  referre d 
t o mor e alignabl e differences ,  ther e wer e 6  tie s an d 6 
subject s showin g th e revers e patter n (18.5 % each) .  Fo r  th e 
protoco l  task ,  2 0 o f  2 4 subject s (83.3% )  mentione d mor e 
alignabl e properties ,  wit h 2  tie s an d 2  showin g th e revers e 
patter n (8.3 % each) .  A t  th e ite m level ,  i n th e writte n tas k 
10 o f  1 6 item s (62.5% )  wer e liste d mor e ofte n i n th e 
alignabl e condition ,  ther e wer e 5  tie s (31.2% )  an d 1  ite m 
showe d th e revers e patter n (6.3%) .  I n th e protoco l  task ,  1 5 
of  1 6 item s (93.7% )  wer e mentione d mor e ofte n i n th e 
alignabl e conditio n an d ther e wa s 1  ti e (6.3%) . 

I t  i s importan t  t o not e her e tha t  th e verba l  protocol s wer e 
unplanned ,  length y response s whil e th e writte n justification s 
wer e planne d an d short ,  typicall y onl y on e o r  tw o sentences . 
Thi s differenc e help s t o explai n w h y th e participant s 
performin g th e protoco l  tas k mentione d twic e a s m a n y 
alignabl e an d nonalignabl e difference s a s thos e performin g 
th e writte n task . 

Th e followin g example ,  take n fro m on e o f  th e verba l 
protocols ,  illustrate s th e typ e o f  response s give n b y ou r 
subjects .  I n thi s example ,  th e subjec t  i s  choosin g betwee n 
tw o school s wher e "facult y accessibility "  an d "th e variet y o f 
majo r  programs "  wer e alignabl e propertie s an d "academi c 
reputatio n o f  th e school "  an d "teachin g quality "  wer e 
nonalignabl e properties .  Th e subjec t  said ,  " U m .  .  .  wel l 
Mountwel l  Universit y seem s t o b e probabl y smalle r  becaus e 
th e teacher s ar e mor e accessibl e an d mor e enthusiasti c an d 
Hillsdal e howeve r  ha s a  lo t  o f  program s an d independen t 
peopl e ca n mak e u p thei r  o w n program s whic h i s a  goo d 
thin g .  .  .  som e reaso n I  kee p pickin g al l  th e universitie s o n 
th e righ t  han d sid e .. .  bu t  I  don' t  kno w thes e ar e jus t  reall y 
similar ,  bu t  I  gues s I' d g o wit h Hillsdal e becaus e it' s  no t 
tha t  importan t  t o m e t o hav e accessibl e professors. " 

I n thi s example ,  th e subjec t  mention s bot h o f  th e 
alignabl e propertie s -  facult y accessibilit y  an d th e variet y o f 
majors .  Furthermore ,  th e informatio n abou t  facult y 
accessibilit y  i s  the n use d t o m a k e a n inferenc e abou t  th e 
relativ e size s o f  th e universities .  Th e subjec t  doe s no t 
mentio n th e nonalignabl e fact s tha t  teachin g i s strongl y 
emphasize d a t  Mountwel l  an d tha t  Hillsdal e ha s a n excellen t 
academi c reputation ,  eve n thoug h thes e ar e considere d t o b e 
a m o ng th e mos t  importan t  colleg e characteristic s t o 
Columbi a Universit y students .  Thi s subjec t  doe s no t  fill-i n 
th e missin g informatio n an d m a k e eithe r  o f  th e plausibl e 
inference s tha t  Hillsdale' s reputatio n i s bette r  o r  tha t  th e 
teachin g a t  Mountwel l  i s  better .  I n fac t  th e subjec t  seem s 
somewhat  a t  a  los s t o com e u p wit h difference s betwee n th e 
school s statin g tha t  "the y ar e jus t  reall y similar" .  Thi s i s 
illustrativ e o f  participants '  stron g tendenc y t o favo r 
alignabl e ove r  nonalignabl e differences . 

Fro m thi s illustration ,  i t  i s  eas y t o se e h o w thi s typ e o f 
dat a (i.e. ,  protocol s an d justifications )  allow s u s t o examin e 
th e wa y subject s proces s informatio n relevan t  t o a  decision . 
We ca n evaluat e whic h informatio n i s considere d i n th e 
decisio n proces s an d h o w i t  i s  used .  W e ca n als o evaluat e 
whic h informatio n doe s no t  ente r  int o consideration . 
Outcom e dat a (i.e. ,  subjects '  choices) ,  o n th e othe r  hand , 
doe s no t  provid e thi s benefit .  I t  i s  fo r  thi s reaso n tha t  w e 
favo r  analyzin g justification s an d protocol s a s a  metho d fo r 
learnin g abou t  th e processin g o f  decisio n information . 
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Statemen t  Typ e 

Positiv e 
Neutra l 

Valenc e Rating s 
Alignabl e Nonalignabl e 

5.8 6 6.1 7 
4.0 4 4.8 1 

Importanc e Rating s 

Alignabl e Nonalignabl e 
3.9 1 3.7 7 
3.5 8 3.5 5 

Tabl e 4  -  Valenc e an d Importanc e rating s o f  Alignabl e an d Nonalignabl e Propertie s 
fo r  bot h positiv e an d neutra l  statement s 

Finall y ther e i s on e surprisin g result .  Contrar y t o ou r 
expectation ,  th e hig h importanc e item s wer e no t  use d mor e 
ofte n tha n th e lo w importanc e items .  I n th e writte n task , 
th e effec t  o f  importanc e wa s onl y marginall y significan t  ( m 
= 2.69 ,  hig h importance ;  m =  2.06 ,  lo w importance ; 
F(l,31 )  =  3.54 ,  p  <  0.07 )  an d i n th e protoco l  tas k ther e i s 
was n o effec t  o f  importanc e ( m =  4.62 ,  hig h importance ;  m 
= 5.00 ,  lo w importance ,  F  (1 ,  23 )  <  1) .  I n part ,  thi s m a y 
be du e t o som e o f  th e material s bein g insufficientl y differen t 
i n perceive d importance .  However ,  thi s resul t  provide s 
some indicatio n tha t  th e importanc e o f  informatio n i s les s 
crucia l  t o choic e tha n othe r  factor s lik e alignability . 

Importance and Valence Ratings 

Th e m e a n importanc e an d valenc e rating s ar e presente d i n 
Tabl e 4 .  Ther e wer e n o significan t  effect s o f  alignabilit y  o r 
ite m typ e (positiv e o r  neutral )  o n th e importanc e ratings . 

Th e valenc e rating s showe d a  differen t  pattern .  A s 
expected ,  subject s gav e highe r  valenc e rating s t o positiv e 
statement s ( m =  6.02 )  tha n t o neutra l  statement s ( m =  4.43) , 
wher e 4. 0 wa s th e neutra l  poin t  o n th e rating s scale ,  F(l , 
30 )  =  62.78 ,  p  <  0.01 .  Alignabilit y  als o influence d valenc e 
ratings ,  wit h nonalignabl e statement s ( m =  5.49 )  rate d 
highe r  tha n alignabl e statement s (m=4.95) ,  F(l,30 )  =  11.02 , 
p<.01 .  Thi s suggest s tha t  statement s wer e perceive d mor e 
positivel y whe n the y wer e presente d withou t  a  correspondin g 
alternativ e value . 

Ther e i s a  tren d toward s a n interaction ,  althoug h i t  i s  no t 
significant .  Th e patter n o f  mean s suggest s tha t  ther e m a y 
be a  greate r  differenc e betwee n th e valenc e rating s o f  th e 
positiv e an d neutra l  item s whe n the y ar e alignabl e tha n 
when the y ar e nonalignable .  Thi s patter n ca n b e clearl y see n 
i n a  post-ho c analysi s i n whic h w e eliminate d fro m 
consideratio n pair s o f  statement s wher e th e positiv e 
statemen t  wa s no t  rate d mor e positivel y tha n th e neutra l 
statemen t  b y ou r  subjects .  W e onl y examine d th e 1 2 pair s 
of  statement s fo r  whic h a  paire d t-tes t  o n th e alignabl e 
valenc e rating s foun d th e positiv e item s t o b e o f 
significantl y highe r  valenc e tha n th e neutra l  items .  Fo r  thi s 
analysi s th e mai n effect s tha t  wer e foun d i n th e origina l 
analysi s wer e agai n obtained .  Th e perceive d valenc e o f 
positiv e statement s ( m =  6.17 )  wa s highe r  tha n tha t  o f 
neutra l  statement s ( m =  4.51) ,  F  (1 ,  22 )  =  60.44 ,  p  <  0.01 . 
Th e perceive d valenc e o f  nonalignabl e propertie s (  m =  5.68 ) 
was highe r  tha n alignabl e propertie s ( m =  5.01) ,  F(l ,  22 )  = 
37.77 ,  p  <  0.01 .  Finally ,  th e interactio n i s als o significant , 
F (1 ,  22 )  =  25.71 ,  p  <  0.01 ,  reflectin g th e patter n describe d 
above .  Th e differenc e betwee n th e mea n perceive d valenc e o f 
positiv e an d neutra l  propertie s wa s greate r  fo r  th e alignabl e 
propertie s (diff .  =  2.22 )  tha n fo r  th e nonalignabl e (diff .  = 

1.11 )  properties .  Thi s effec t  m a y reflec t  tha t  i t  i s  mor e 
difficul t  t o determin e th e absolut e valenc e o f  a n isolate d fac t 
tha n i t  i s  t o determin e th e valenc e o f  tha t  sam e fac t  relativ e 
t o a n alignabl e fact . 

General Discussion 

These results demonstrate that people tend to focus more 
strongl y o n alignabl e difference s tha n o n nonalignabl e 
difference s durin g choic e regardles s o f  th e importanc e o f  th e 
information .  Thu s subject s m a y ignor e importan t 
informatio n simpl y becaus e i t  i s  nonalignable ,  an d ma y us e 
unimportan t  informatio n simpl y becaus e i t  i s  alignable . 
Surprisingly ,  w e foun d n o evidenc e tha t  importanc e 
influence d th e selectio n o f  informatio n use d t o mak e 
decisions .  Thi s patter n o f  dat a wa s obtaine d bot h i n a n on -
lin e think-alou d protoco l  tas k an d i n a  post-ho c writte n 
justificatio n task . 

Th e result s replicat e an d exten d M a r k m a n &  Medin' s 
(1995 )  studie s i n whic h mor e alignabl e informatio n tha n 
nonalignabl e informatio n appeare d i n subjects '  post-ho c 
justification s o f  choice s betwee n vide o games .  Further ,  thi s 
stud y introduce d th e think-alou d methodolog y t o th e stud y o f 
alignabilit y  i n decisio n making .  Althoug h thi s chang e i n 
methodolog y increase d th e amoun t  o f  informatio n 
contribute d b y eac h subject ,  i t  di d no t  alte r  th e patter n o f 
results .  Thu s th e tendenc y t o us e alignabl e informatio n i n 
choic e doe s no t  see m t o b e a n artifac t  o f  th e justificatio n 
method .  Further ,  th e think-alou d metho d i s importan t 
becaus e i t  enable s u s t o identif y mor e o f  th e informatio n 
tha t  subject s us e an d t o loo k a t  h o w i t  i s  used .  I n particular , 
i t  wil l  allo w fo r  a  mor e detaile d analysi s o f  th e us e o f 
inferences ,  abstraction s an d th e fiUing-in  o f  missin g value s 
i n choice . 

Th e rating s task s she d ligh t  o n w h y peopl e prefe r  t o us e 
alignabl e information .  Th e valenc e rating s indicat e tha t 
peopl e chang e thei r  interpretation s o f  informatio n dependin g 
on whethe r  th e informatio n i s presente d alon e o r  i n 
correspondenc e wit h othe r  information .  Peopl e ma y prefe r 
t o us e alignabl e informatio n whe n the y hav e difficult y 
determinin g th e absolut e valu e o f  a n attribute .  Alignabl e 
informatio n ease s interpretatio n becaus e i t  provide s th e 
decisio n make r  wit h a  poin t  o f  comparison . 

Ther e i s som e reaso n t o believ e tha t  novice s an d expert s 
may diffe r  i n thei r  relianc e o n alignabl e information .  Expert s 
ca n fill-in  missin g value s b y usin g thei r  domai n knowledg e 
(Cardia l  &  Biehal ,  1991) .  Sanbonmatsu ,  Karde s &  Her r 
(1992 )  foun d tha t  bicycl e expert s wer e mor e likel y t o tak e 
missin g informatio n int o accoun t  tha n wer e les s 
knowledgeabl e subjects .  Apparentl y th e les s knowledgeabl e 
subject s di d no t  k n o w th e absolut e valenc e o f  th e missin g 
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propertie s au d s o the y coul d no t  incorporat e tha t  informatio n 
int o thei r  decisions .  Thi s findin g suggest s tha t  expert s ma y 
be les s dependen t  o n alignabl e informatio n becaus e the y ar e 
bette r  abl e t o evaluat e attributes .  W e ar e currentl y 
examinin g thi s issu e b y lookin g a t  th e decisio n makin g 
processe s o f  student s wit h differen t  level s o f  expertis e abou t 
colleg e life . 
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Abstrac t 

The bases of developmental dyslexia were explored using 
connectionis t  models .  Th e behaviora l  literatur e suggest s 
tha t  ther e ar e tw o dyslexi c subtypes :  "phonological " 
dyslexi a involve s impairment s i n phonologica l  knowledg e 
wherea s i n "surfac e "  dyslexi a phonologica l  knowledg e i s 
apparentl y intac t  an d th e defici t  ma y instea d reflec t  a  mor e 
genera l  developmenta l  delay .  W e examine d possibl e 
computationa l  base s fo r  thes e impairment s withi n 
cormectionis t  model s o f  th e mappin g fro m spellin g t o 
sound .  Phonologica l  dyslexi a wa s simulate d b y reducin g 
th e capacit y o f  th e model s t o represen t  thi s typ e o f 
information .  Th e surfac e patter n wa s simulate d b y reducin g 
th e numbe r  o f  hidde n units .  Performanc e o f  th e model s 
capture d th e majo r  behaviora l  phenomen a tha t  distinguis h 
th e tw o subtypes .  Phonologica l  impairmen t  ha s a  greate r 
impac t  o n generalizatio n (readin g nonword s suc h a s 
N U S T );  th e hidde n uiu t  limitatio n ha s a  greate r  impac t  o n 
learnin g exceptio n word s suc h a s PINT .  Mor e sever e 
impairment s produc e mixe d case s i n whic h bot h nonword s 
and exception s ar e impaired .  Thus ,  th e simulation s captur e 
th e effect s o f  differen t  type s an d degree s o f  impairmen t 
withi n a  majo r  componen t  o f  th e readin g system . 

1. Introduction 

O ne o f  th e attraction s o f  th e connectionis t  o r  paralle l 
distribute d processin g approac h i s tha t  i t  ca n b e use d t o 
develo p unifie d account s o f  norma l  an d disordere d behavior . 
Effect s o f  brai n injur y o r  developmenta l  anomal y ca n b e 
simulate d b y "damaging "  component s o f  a  neura l  networ k 
model  o f  norma l  performance .  A  prominen t  exampl e o f  thi s 
approac h i s provide d b y researc h o n readin g an d dyslexia . 
Becom in g a  skille d reade r  involve s masterin g th e 
correspondence s betwee n spellin g an d pronunciation . 
Sejnowsk i  an d Rosenber g (1987 )  develope d a  neura l  networ k 
model  o f  thi s process ,  an d Seidenber g an d McClellan d 
(1989 ;  hereafte r  S M 8 9 )  use d a  simila r  mode l  t o accoun t  fo r 
detaile d aspect s o f  behavior .  Dyslexia-failure s t o acquir e 
age-apfx-opriat e readin g skill s  despit e norma l  intelligenc e an d 
adequat e opportunit y t o learn—i s ofte n associate d wit h 
impairment s mappin g fro m spellin g t o soun d (Casde s & 
Coltheart ,  1993) .  Ou r  goa l  wa s t o se e i f  th e behaviora l 
impairment s associate d wit h dyslexi a coul d b e explaine d i n 
term s o f  damag e t o a  mode l  o f  skille d reading . 

Ther e i s a n emergin g consensu s tha t  ther e ar e tw o 
prominen t  subtype s o f  developmenta l  dyslexi a (Castle s & 
Coltheart ,  1993 ;  Murph y &  PoUatsek ,  1994 ;  Mani s e t  al. . 
1996) .  Th e readin g impairmen t  observe d i n phonologica l 
dyslexi a i s apparentl y secondar y t o impaire d processin g o f 

spoke n language .  Suc h childre n perfor m poorl y o n spoke n 
languag e task s suc h a s countin g th e numbe r  o f  syllable s i n a 
wor d o r  decidin g i f  tw o word s rhym e (se e Farme r  &  Klein , 
1995 ,  fo r  review) .  I n readin g the y ar e markedl y impaire d i n 
thei r  abilit y t o us e thei r  knowledg e o f  spelling-soun d 
correspondence s t o pronounc e nove l  lette r  string s (nonword s 
suc h a s N U S T ) .  Thes e childre n d o no t  resembl e younge r 
childre n w h o ar e learnin g t o rea d normally.  Th e secon d 
subtyp e ha s bee n terme d developmenta l  surfac e dyslexi a 
(Castle s &  Coltheart ,  1993) .  Suc h childre n ar e als o impaire d 
i n readin g bu t  thei r  phonologica l  processin g capacitie s 
appea r  t o b e intact .  The y hav e particula r  difficult y learnin g 
t o rea d word s wit h irregula r  spelling-soun d correspondences , 
suc h a s G I V E an d PINT .  Thes e children' s performanc e 
closel y resemble s tha t  o f  m u c h younge r  norma l  readers ; 
henc e the y exhibi t  a  developmenta l  delay . 

Ther e ar e tw o theoretica l  account s o f  thes e phenomena , 
tie d t o model s o f  norma l  wor d recognition .  I n th e dual-rout e 
model  (Colthear t  e t  al. ,  1993) ,  ther e ar e separat e "lexical " 
and "nonlexical "  mechanism s fo r  pronouncin g leue r  strings . 
Th e "lexical "  mechanis m involve s knowledg e associate d 
wit h specifi c  words ;  i t  provide s th e onl y wa y o f 
pronouncin g irregula r  word s suc h a s P I N T an d canno t  b e 
use d t o pronounc e nove l  string s suc h a s N U S T .  Surfac e 
dyslexi a i s though t  t o involv e a n impairmen t  i n acquirin g 
thi s mechanism .  Th e "nonlexical "  mechanis m consist s o f 
rule s governin g correspondence s betwee n grapheme s an d 
phonemes ;  i t  ca n b e use d t o pronounc e nove l  lette r  string s 
but  no t  irregula r  words .  Phonologica l  dyslexi a i s though t  t o 
involv e a n impairmen t  i n acquirin g th e pronunciatio n rules . 
Not e tha t  Pinker' s (1991 )  theor y o f  th e pas t  tens e i s als o a 
dual-rout e model ,  wit h a  rul e componen t  distinc t  fro m a 
word-specifi c  componen t 

A numbe r  o f  behaviora l  phenomen a relate d t o norma l 
performanc e an d effect s o f  brai n injur y o n readin g presen t 
difficultie s fo r  th e dual-rout e theor y (Seidenberg ,  1995 ;  Plau t 
et  al. ,  1996) .  Severa l  aspect s o f  developmenta l  dyslexi a 
presen t  furthe r  challenge s fo r  thi s approach .  Th e ide a tha t 
phonologica l  dyslexi a involve s a n impairmen t  i n squirin g 
gr!q)heme-phonem e correspondenc e rule s misse s th e fac t  tha t 
thes e childre n hav e broade r  phonologica l  impairment s tha t 
ar e manifeste d i n task s othe r  tha n reading .  Th e ide a tha t  a n 
impairmen t  i n th e lexica l  mechanis m underlie s th e surfac e 
patter n fail s  t o explai n th e fac t  tha t  suc h childre n ten d t o 
exhibi t  a  broa d developmenta l  dela y tha t  affect s al l  aspect s o f 
readin g (Mani s e t  al. ,  1996) ,  no t  jus t  exceptio n words . 
Finally ,  i t  i s a n embarrassmen t  fo r  th e dual-rout e theor y tha t 
selectiv e impairment s i n th e tw o processin g subsystem s ar e 
rarel y i f  eve r  observed .  Mos t  dyslexic s ar e impaire d i n 
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readin g bot h exceptio n w w d s an d nonwords ;  th e dual-rout e 
theor y ca n onl y explai n thi s b y assumin g tha t  bot h route s 
happe n t o b e impaire d i n mos t  cases ,  bu t  ther e i s n o 
independen t  evidenc e tha t  thi s i s s o (Mani s e t  al. ,  1996) . 

An alternativ e t o th e dual-rout e accoun t  i s provide d b y 
connectionis t  model s i n whic h ther e i s a  single , 
homogeneou s mechanis m fo r  mappin g betwee n spelling s 
and pronunciations .  Suc h model s provid e a  goo d accoun t  o f 
a broa d rang e o f  phenomen a concerne d skille d performanc e 
and breakdow n followin g brai n injur y (SM89 ;  Plau t  e t  al. . 
1 9 % ) .  Th e differen t  pattern s o f  developmenta l  dyslexi a 
migh t  b e explaine d withi n suc h model s i n term s o f  differen t 
type s o f  damag e t o a  singl e underlyin g mechanism ,  rathe r 
tha n damag e t o differen t  pronunciatio n mechanisms .  Fo r 
example ,  Mani s e t  al .  (1996 )  sugges t  tha t  th e phonologica l 
subtyp e coul d resul t  fro m impairment s i n phonologica l 
representatio n i n a n S M 8 9 styl e model .  Suc h degrade d 
representation s woul d mak e i t  harde r  t o acquir e spelling -
soun d correspondence s an d als o interfer e wit h performanc e 
on othe r  task s involvin g phonologica l  information . 
Similarly ,  th e surfac e for m coul d deriv e fro m a  limitatio n o n 
th e capacit y o f  th e networ k t o encod e information-fo r 
example ,  limitin g th e numbe r  o f  hidde n units .  Thi s woul d 
affec t  th e learnin g o f  exceptio n word s (se e S M 8 9 fo r  details ) 
but  a  sever e enoug h impairmen t  woul d affec t  regula r  word s 
and generalizatio n a s well . 

The purpos e o f  th e presen t  researc h wa s t o asses s th e 
adequac y o f  th e connectionis t  accoun t  b y seein g i f  w e coul d 
accoun t  fo r  majo r  aspect s o f  th e distinc t  dyslexi c subtypes . 
We implemente d a  versio n o f  a n SM89-styl e mode l  o f  th e 
min in g fro m spellin g t o soun d an d the n ra n version s wit h 
eithe r  phonologica l  o r  capacit y limitations .  Th e model s wer e 
assesse d i n term s o f  thei r  capacitie s t o lear n word s wit h 
regula r  an d irregula r  pronunciation s an d t o pronounc e nove l 
items . 

2. Model Architecture 

The phonologica l  representatio n use d i n th e simulation s 
consiste d o f  6  slots ,  eac h slo t  correspondin g t o a  phonem e 
i n a  monosyllabi c word ,  an d consistin g i n tur n o f  1 1 
phoneti c features :  sonorant ,  consonantal ,  voiced ,  nasal , 
degree ,  labial ,  palatal ,  pharyngeal ,  lower_lip ,  tongu e an d 
radical .  Thes e feature s coul d tak e o n a  continuu m o f  value s 
rangin g fro m betwee n - 1 an d +1 .  Th e slo t  arrangemen t  wa s 
vowel  centered ,  an d coul d encod e syllable s o f  C C V V CC 
forma t  A  wor d coul d hav e a t  mos t  tw o consonant s befor e 
th e vowel ,  an d tw o after .  Norma l  vowel s wer e encode d a s a 
singl e vowe l  phonem e an d a  secon d empt y slot ;  diphthong s 
wer e encode d a s pair s o f  vowe l  slots .  Th e orthographi c 
representation s consiste d o f  8  slots ,  representin g lette r 
positions .  Letter s wer e encode d usin g a  localis t 
representation ,  wit h 2 6 unit s pe r  position ,  an d wer e als o 
vowel  centered .  U p t o 3  consonant s coul d b e represente d 
befor e th e initial ,  centere d vowel ,  an d u p t o 4  letter s 
(consonant s o r  vowels )  afte r  th e vowel . 

The 6 6 phonologica l  unit s wer e full y connecte d t o on e 
anothe r  wit h initiall y  rando m weight s rangin g fro m -0.00 1 
t o 0.001 .  A n additiona l  se t  o f  2 0 cleanu p unit s wer e added , 
wit h initiall y  rando m weight s goin g fro m eac h o f  th e 
phonologica l  unit s t o eac h cleanu p unit ,  an d bac k fro m th e 

cleanu p unit s t o th e phonologica l  unit s (se e Figur e 1) . 
Thes e unit s ar e analogou s t o th e cleanu p unit s use d i n 
semanti c attracto r  network s (e.g. ,  Plau t  &  Shallice ,  1993) . 
Th e direc t  connection s betwee n featura l  unit s withi n a 
phoneme wer e abl e t o encod e intraphonemi c constraints ; 
thos e betwee n slot s encode d constraint s relate d t o th e 
sequenc e o f  phonemes .  Th e cleanu p unit s allowe d highe r 
orde r  dependencie s amon g feature s t o b e represented . 

PhOODlOtlCll 
Cleini^Uiy u 

o o o o o o 

G ^ o o o o o o o o o o 
nuoDlotica l  Ouq u Unit t 

Figure 1: The Phonological Component 

The schematic architecture of the "normal" reading model 
i s show n i n Figur e 2 .  Orthographi c unit s projecte d ont o a 
set  o f  10 0 hidde n units ,  whic h i n tur n projecte d ont o th e 
phonologica l  unit s o f  th e phonologica l  component .  T h e tas k 
of  th e readin g m o d e l  w a s t o m a p orthographi c 
representation s o f  word s ont o th e correc t  phonologica l  units . 

We the n modifie d thi s architectur e t o examin e th e effect s 
of  phonologica l  impairment s o n readin g acquisition .  T w o 
condition s wer e use d whic h impose d differen t  limitation s o n 
th e exten t  t o whic h phonologica l  informatio n coul d b e 
encoded .  T h e firs t  mode l  w a s identica l  t o th e norma l 
unimpaire d mode l  excep t  tha t  th e weight s i n th e 
phonologica l  networ k wer e subjec t  t o weigh t  deca y (se e 
Hinion ,  1989) .  Th e effec t  o f  thi s deca y i s t o appl y pressur e 
t o th e networ k t o avoi d larg e value s o n th e weights .  T h e 
networ k ca n stil l  encod e highe r  orde r  relationship s betwee n 
th e units ,  bu t  th e strengt h o f  thes e encoding s i s curtailed .  A 
weigh t  deca y constan t  o f  0.0000 5 wa s used . 

I n th e second ,  mor e severel y impaire d simulatio n th e 
cleanu p unit s wer e delete d fro m th e phonologica l  attracto r 
network .  B y removin g th e cleanu p units ,  w e disable d th e 
network' s abilit y  t o encod e highe r  orde r  relationship s a m o n g 
th e phonologica l  units .  Thi s impaire d phonologica l 
componen t  ha d onl y direc t  connection s betwee n th e 
phonologica l  units ,  an d henc e wa s limite d i n th e complexit y 
of  computation s i t  coul d perfor m (se e Minsk y &  Papert , 
1969) .  Bot h o f  thes e simulation s ha d 10 0 hidde n units ,  th e 
same numbe r  a s th e norma l  model . 

I n eac h conditio n w e firs t  traine d th e phonologica l 
componen t  o n a  se t  o f  phonologica l  wor d forms .  T h e 
weight s tha t  resulte d fro m thi s pretrainin g wer e use d w h e n 
eac h phonologica l  componen t  wa s incorporate d i n a  mode l 
tha t  learne d t o pronounc e writte n words .  T h e goa l  w a s t o 
determin e h o w reduction s i n th e capacit y t o represen t 
phonologica l  informatio n woul d affec t  performanc e o n th e 
spelling-soun d mappin g task . 

T o asses s th e effec t  o f  reducin g th e computationa l 
resource s availabl e t o th e readin g tas k whil e preservin g 
phonologica l  knowledg e a n additiona l  pai r  o f  simulation s 
wer e run .  The y wer e identica l  i n architectur e t o th e norma l 
model ,  excep t  tha t  on e model s ha d onl y 3 5 hidde n units ,  an d 
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a secon d on e ha d onl y 20 .  Thes e model s ha d th e sam e 
phonologica l  representatio n a s use d i n th e norma l  condition . 

K ? ' - o o o o o o 
Net 

( ^ o o o o o o o o o o 

o o o p o o 
r Hidde n Uni u 

O O O O O O O O OO 
Onhogriphi c Uni u 

Figure 2: The reading model, with phonological output 
netwoi k i n plac e 

3. Training The Models 

Phonological Pretraining 

Th e phonologica l  componen t  wa s traine d o n a  corpu s o f 
312 3 monosyllabi c word s usin g backpropagatio n throug h 
tim e (Rumelhart ,  Hinto n &  Williams ,  1986) .  Th e weight s 
from  eac h phonologica l  uni t  t o itsel f  wer e se t  t o 0.7 5 an d 
frozen .  Thi s gav e th e phonologica l  unit s a  tendenc y t o hol d 
ont o thei r  curren t  value ,  bu t  deca y slowl y t o zero .  Othe r 
weight s wer e initiall y  randomized .  Eac h wor d wa s give n a 
probabilit y o f  presentatio n accordin g t o it s  estimate d 
frequenc y o f  occurrenc e usin g a  sampl e o f  3 0 millio n word s 
fro m th e Wal l  Stree t  Journal .  Th e probabilit y  fo r  eac h wor d 
was se t  t o th e logarith m o f  tha t  word' s frequenc y i n th e W SJ 
divide d b y th e logarith m o f  th e frequenc y o f  th e mos t 
frequen t  w w d ("the") .  Trainin g proceede d a s follows .  A  wor d 
was probabilisticall y chose n fro m th e trainin g set .  Fo r  tic k 
0,  th e phonologica l  unit s wer e se t  t o th e value s 
correspondin g t o it s phonologica l  form .  Th e networ k wa s 
allowe d t o ru n fo r  5  ticks ,  wit h al l  unit s undampe d fo r  th e 
las t  4  ticks .  Th e outpu t  o f  th e networ k durin g tick s 2 
throug h 4  wa s compare d t o th e origina l  phonologica l  for m 
of  th e word .  Erro r  wa s injecte d int o th e networ k base d o n th e 
differenc e betwee n outpu t  value s an d th e targets ,  an d th e 
weight s wer e adjuste d s o a s t o reduc e thi s error .  The n 
anothe r  wor d wa s chose n randoml y an d th e proces s repeated . 
Th e overal l  effec t  o f  thi s trainin g regim e i s t o forc e th e 
weight s t o encod e statistica l  relationship s betwee n th e 
phonologica l  units .  Trainin g wa s halte d afte r  1  millio n 
trainin g trials .  A t  th e conclusio n o f  training ,  th e baselin e 
network' s mea n su m square d erro r  wa s 0.05 ,  th e networ k 
wit h weigh t  deca y o n th e phonologica l  weight s ende d wit h a 
mean erro r  o f  1.8 ,  an d th e networ k wit h n o cleanu p 
connection s ende d wit h a  mea n erro r  o f  0.8 .  Thes e erro r 
score s ar e th e averag e summe d erro r  ove r  6 6 outpu t  units ,  s o 
th e averag e devianc e fro m uni t  outpu t  t o targe t  fo r  th e 3 
simulation s was ,  respectively ,  0.001 ,  0.02 7 an d 0.012 . 

T o furthe r  asses s th e qualit y o f  th e phonologica l 
representations ,  a  simpl e patter n completio n tas k wa s 
devised .  I n thi s task ,  fo r  eac h o f  th e word s i n th e trainin g 

set  wit h a n initia l  consonan t  cluster ,  th e feature s o f  th e 
secon d consonan t  slo t  wa s lef t  unspecifie d whil e th e 
remainde r  o f  th e wor d for m wa s clampe d t o tha t  word' s 
phonologica l  form .  Th e networ k wa s the n ru n fo r  6  ticks , 
and th e valu e whic h th e unspecifie d phonem e wa s draw n int o 
was assessed .  Th e wor d wa s scor& d correc t  i f  th e segmen t 
tha t  wa s produce d (evaluate d b y th e neares t  neighbo r 
criterion ,  describe d i n sectio n 4 )  wa s a  lega l  segmen t  fo r 
Englis h i n tha t  environment .  Fo r  instance ,  fo r  th e wor d 
/b/l/u/ ,  i f  th e ne t  outpu t  /b/r/u /  tha t  woul d als o b e score d a s 
acceptable .  Th e norma l  networ k wa s abl e t o inser t  a  lega l 
phoneme int o th e slo t  7 5 % o f  th e time .  Th e deca y networ k 
coul d onl y produc e a  lega l  phonem e 4 6 % o f  th e time ,  an d 
th e networ k withou t  cleanu p unit s coul d onl y produc e a 
lega l  outpu t  1 0 % o f  th e time . 

Thi s tes t  i s  no t  mean t  t o b e a  ful l  tes t  o f  th e networks ' 
phonologica l  competency ,  bu t  rathe r  a  gros s measur e o f  th e 
qualit y o f  th e phonologica l  atlracto r  basin s tha t  th e differen t 
condition s represent .  Th e networ k wit h weigh t  deca y i s 
impaire d relativ e t o th e norma l  networ k du e t o th e downwar d 
pressur e o n th e magnitud e o f  th e weight s durin g u îning . 
The networ k withou t  cleanu p unit s i s eve n mor e impaired , 
becaus e thi s task ,  lik e th e X O R task ,  relie s o n th e 
conjunctiv e us e o f  othe r  feature s i n th e word' s environment , 
and no t  simpl y direc t  relationship s betwee n features . 

Training on Reading Task 

The pretraine d phonologica l  component s wer e the n use d i n 
model s tha t  wer e traine d o n th e readin g task .  I n bot h th e 
norma l  mode l  an d th e reduce d resourc e model s th e standar d 
phonologica l  componen t  U'ainin g metho d wa s used .  Th e 
phonologicall y impaire d condition s utilize d representation s 
uaine d wit h weigh t  deca y o r  cleanu p uni t  deletion ,  a s 
describe d above .  I n eac h case ,  weight s wer e initialize d t o th e 
fina l  value s fro m th e relevan t  pretrainin g phase .  Th e 
remainin g weight s i n th e networ k (orthographi c t o hidden ; 
hidde n t o phonological )  wer e initialize d t o smal l  rando m 
values .  Th e mode l  wa s the n traine d o n th e sam e corpu s o f 
312 3 words ,  agai n usin g lo g frequenc y t o determin e 
probabilitie s o f  bein g selecte d fo r  training .  Fo r  eac h wor d 
chosen ,  th e orthographi c unit s wer e clampe d wit h th e 
appropriat e value s fo r  tick s 0-6 .  A t  tic k 6 ,  th e phonologica l 
outpu t  wa s compare d wit h th e phonologica l  target ,  eno r  wa s 
injecte d int o th e network ,  an d th e weight s wer e updated . 

Four  replication s wer e ru n fo r  eac h conditio n (normal ,  th e 
2 reduce d resourc e conditions ,  an d th e tw o phonologicall y 
impaire d conditions) .  Fo r  eac h simulatio n run ,  a  differen t 
rando m numbe r  see d wa s used ,  resultin g i n differen t 
distribution s o f  initia l  rando m weights ,  an d a  differen t 
orderin g o f  th e fM-esentatio n o f  words . 

4. Results 

T wo scorin g method s wer e used .  I n th e nearest-neighbo r 
method ,  th e phonologica l  outpu t  o f  eac h 1 1 unit s withi n a 
phoneme slo t  i s  compare d t o th e representation s fo r  eac h o f 
th e phoneme s tha t  exis t  i n th e u^inin g set .  Th e phonem e 
tha t  i s  closes t  i n euclidea n distanc e t o th e outpu t  i s  th e on e 
tha t  i s take n t o b e th e output .  A  second ,  mor e stringen t 
threshol d metho d wa s als o used ,  an d unles s otherwis e note d 
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wil l  b e th e on e reporte d below .  Fo r  ihi s measure ,  eac h 
featur e o f  a  phonem e ha d t o b e withi n a  specifie d distanc e o f 
th e targe t  fo r  th e phonem e t o b e counte d a s correct .  A 
threshol d valu e o f  O. S wa s used ,  coverin g 2 5 % o f  th e units ' 
activatio n rang e o f  - 1 t o 1 .  I n bot h cases ,  a  wor d wa s score d 
as correc t  onl y i f  al l  o f  it s  phoneme s wer e correct .  T o 
evaluat e th e networks '  performanc e o n words ,  w e use d a  se t 
of  frequenc y 9 3 regula r  item s suc h a s B A C K ,  an d 9 2 
exceptions ,  suc h a s C O M B,  take n fro m th e "surfac e list " 
devek)pe d b y Patterso n & .  Hodge s (1992). !  Fo r  nonword s w e 
constructe d a  se t  o f  36 7 item s (e.g. ,  C O M B,  S O A D,  F A U E ) 
take n fro m item s use d b y M c C a n n &  Besne r  (1987) , 
Glushk o (1979 )  an d Seidenber g e t  al .  (1994) .  Regula r  word s 
follo w th e putativ e spelling-soun d correspondenc e rule s o f 
th e language ,  an d exception s violat e them .  Nonword s asses s 
th e abilit y  t o generaliz e t o untraine d forms . 

Al l  model s wer e evaluate d afte r  runnin g fo r  8. S millio n 
words .  I n almos t  al l  cases ,  learnin g ha d cease d lon g befor e 
thi s poin t  (se e Figure s 3-6) .  Asymptotically ,  th e norma l 
model s go t  a n averag e o f  9 8 % o f  th e trainin g se t  correc t 
when score d wit h th e nearest-neighbo r  metho d an d 8 3 % o f 
th e nonwords^ .  Usin g th e threshol d method ,  th e averag e 
result s wer e 9 7 % an d 7 5 % ,  respectively .  N o n w o r d 
performanc e i s somewha t  lowe r  tha n level s reporte d fo r 
people ,  particularl y wit h th e threshol d method .  Thi s measur e 
i s quit e conservative ,  however ;  fo r  example ,  som e smal l 
deviation s fro m targe t  value s tha t  ar e score d a s incorrec t 
woul d no t  b e perceivabl e i n humans .  Also ,  w e hav e mad e n o 
attemp t  t o improv e nonwor d performanc e usin g variou s 
technique s know n t o facilitat e generalizatio n (e.g. ,  pruning , 
noise) .  Plau t  e t  al .  (1996 )  discus s othe r  factor s tha t  aff°.c t 
nonwor d generalization . 

Phonological Impairments 

Figure s 3  an d 4  sho w th e developmenta l  curve s fo r  th e 
impaire d phonologica l  knowledg e condition s compare d wit h 
th e norma l  condition .  Al l  plot s sho w th e averag e o f  fou r 
simulatio n runs .  Wit h mil d level s o f  phonologica l 
impairmen t  (i.e. ,  weigh t  decay ,  Figur e 3) ,  ther e ar e 
decrement s o n bot h th e rat e o f  acquisitio n an d asymptoti c 
performanc e o n nonwords .  bu t  ver y littl e effec t  o n regular s 
and exception s (se e Figur e 7  fo r  a  summar y o f  th e 
asymptoti c conditions) .  Wit h th e nocleanu p ne t  (Figur e 4) , 
th e exception s als o begi n t o sho w a  decremen t  i n rat e o f 
acquisitio n relativ e t o th e norma l  network .  Acquisitio n o f 
th e capacit y t o generaliz e i s als o bein g slowed ,  thoug h les s 
tha n i n th e deca y condition .  Mil d phonologica l  impairmen t 
has littl e effec t  o n th e rat e o f  acquisitio n fo r  regula r  an d 
exceptio n items .  Wit h th e mor e extrem e impairment ,  ther e 
i s slowe r  acquisitio n o f  exception s i n additio n t o poo r 
performanc e o n nonword s throughou t  developmen t 

Thes e simulation s captur e th e basi c characteristi c o f 
phonologica l  dyslexia ,  tha t  nonwor d generalizatio n i s 
impaire d mor e tha n performanc e o n vocabular y words .  I n th e 

'  Some item s from  thei r  lis t  wer e exclude d becaus e the y 
canno t  b e represente d i n ou r  scheme . 

^ A ful l  listin g o f  th e items ,  wit h networ k outputs ,  i s 
availabl e o n a  we b pag e a t  http://maestro.usc.edu:8080 / 
mwhann/cogsci96.htm l 

relativel y pur e case s o f  phonologica l  dyslexia ,  subjects ' 
performanc e o n regula r  an d exceptio n word s i s clos e t o 
normal ,  while  nonwor d generalizatio n i s poo r  (Castle s & 
Coltheart .  1993) .  Thi s resul t  i s  produce d b y th e deca y 
condition .  M a n y othe r  phonologica l  dyslexic s exhibi t  a 
"mixed "  patter n i n whic h performanc e o n exceptio n word s 
begin s t o b e affecte d a s well .  Thi s outcom e wa s observe d i n 
th e nocleanu p condition . 

The Reduced Resource Conditions 

Figure s 5  an d 6  summariz e th e tim e cours e o f  trainin g i n 
th e reduce d resourc e condition s relativ e t o th e norma l 
baselin e model .  A t  th e en d o f  training ,  th e reductio n t o 3 5 
H Us ha d almos t  n o effec t  o n regula r  word s o r  o n nonwor d 
generalizatio n (se e Figur e 7) .  However ,  fo r  exceptions ,  th e 
35 H U cas e show s a  dro p fro m 9 1 % t o 8 3 % correc t  i n 
asymptoti c performance ,  relativ e t o th e norma l  network . 
Decreasin g th e numbe r  o f  H U s slow s learnin g fo r  al l  type s 
of  item s (Figure s 4  an d 5) ,  bu t  th e effec t  i s  bigges t  fo r  th e 
exceptions .  Wit h onl y 2 0 hidde n units ,  ther e i s a  bigge r 
effec t  o n exceptions ,  an d th e developmenta l  curve s fo r 
nonword s an d regular s begin s t o b e affecte d a s well . 

Thes e simulation s captur e basi c characteristic s o f  th e 
surfac e dyslexi a pattern .  I n relativel y pur e cases ,  readin g o f 
regula r  word s an d nonword s i s intact ,  bu t  exceptio n word s 
ar e impaired .  Wit h mor e sever e deficits ,  th e regular s an d 
nonword s star t  t o b e affected ,  wit h exception s mos t 
vulnerable . 

5. Discussion 

The simulation s sho w tha t  deficit s associate d wit h tw o 
majo r  pattern s o f  developmenta l  dyslexi a ca n b e produce d b y 
differen t  type s o f  impairment s t o a  mode l  o f  norma l 
performance .  Th e phonologica l  patter n derive s fro m 
impairment s i n th e capacit y t o represen t  thi s typ e o f 
information .  Thi s accoun t  ca n explai n w h y phonologica l 
dyslexic s ar e als o impaire d o n spoke n languag e task s suc h a s 
rhym e detection .  Th e phonologica l  represenution s i n 
questio n ar e no t  specifi c  t o reading ;  the y ar e als o use d i n th e 
perceptio n o f  spoke n language .  Thi s patter n o f  correlate d 
readin g an d spoke n languag e deficit s i s mor e difficul t  t o 
explai n withi n th e dual-rout e model ,  whic h attribute s 
phonologica l  dyslexi a t o a n impairmen t  i n learnin g 
grapheme-phonem e correspondenc e rules .  W h y thi s shoul d 
als o affec t  spoke n languag e task s i s no t  clear . 

We hav e derive d th e surfac e patter n fro m a  resourc e 
limitation ,  whic h slow s learnin g acros s th e board .  Th e 
model  retain s th e capacit y t o encod e th e simpl e an d 
consisten t  spelling-soun d correspondence s an d eventuall y 
master s the m wit h sufficien t  training ;  however ,  it s capacit y 
t o encod e irregula r  word s i s limited .  Thi s represent s a n 
alternativ e t o th e standar d dual-rout e account ,  whic h hold s 
tha t  th e surfac e patter n result s fro m damag e t o a  "lexical " 
processin g mechanis m tha t  encode s th e pronunciation s o f  al l 
words .  Thi s approac h ha s difficult y accountin g fo r  th e 
prevalenc e o f  th e mixe d pattern ,  i n whic h performanc e i s 
impaire d o n bot h word s an d nonwords .  Thus ,  o n ou r  vie w 
th e surfac e patter n represent s a  kin d o f  genera l  developmenta l 
dela y tha t  ha s broa d effect s o n acquisitio n bu t  especiall y o n 
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learnin g exceptions .  Althoug h w e hav e derive d th e surfac e 
patter n b y manipulatin g th e numbe r  o f  hidde n units ,  othe r 
type s o f  anomalie s coul d b e expecte d t o produc e simila r 
effects .  Fo r  example ,  a  visual-perceptua l  impairmen t  tha t 
had th e effec t  o f  degradin g th e inpu t  orthographi c pattern s 
woul d als o caus e broa d learnin g delay s wit h th e larges t 
impac t  o n th e word s wit h unusua l  spelling s o r 
pronunciations . 

Why d o th e differen t  type s o f  anomalie s hav e differen t 
effect s o n networ k behavior ? Degradin g th e phonologica l 
capacit y o f  th e networ k b y eliminatin g th e cleanu p unit s an d 
interconnection s betwee n featura l  unit s force s th e networ k t o 
memoriz e th e trainin g set ,  yieldin g poo r  generalization . 
Wit h th e additiona l  units ,  th e networ k ca n encod e aspect s o f 
th e structur e o f  phonologica l  spac e independentl y o f  ho w 
thi s informatio n relate s t o orthography .  A n analogou s 
conditio n exist s wit h th e weigh t  deca y simulation :  th e 
phonologica l  networ k i s prevente d fro m full y developin g 
hig h qualit y representations .  Th e norma l  network ,  havin g 
develope d ric h attractor s i n th e phonologica l  component ,  ca n 
be mor e slopp y i n it s conversio n fro m orthograph y t o 
phonology ,  whic h discourage s overfittin g o f  th e trainin g se L 
I n effect ,  i t  i s les s likel y t o becom e a  whole-wor d reade r 
becaus e i t  ha s th e phonologica l  safet y ne t  i n place .  Becaus e 
th e hidde n unit s hav e a  highe r  deman d place d o n the m i n th e 
fac e o f  phonologica l  impairment ,  exceptio n word s ar e 
secondaril y  impaired :  th e networ k ha s effectivel y fewe r 
hidde n unit s t o lear n exceptio n items ,  becaus e i t  need s t o 
recrui t  mor e t o produc e a n accurat e phonologica l  output .  I n 
contrast ,  th e reduce d resourc e simulation s d o no t  hav e th e 
capacit y t o memoriz e th e trainin g set ,  an d focuse s instea d o n 
th e redundan t  correspondence s tha t  characteriz e th e "regular " 
or  "rule-governed "  words .  A t  asymptot e performanc e o n 
regular s an d nonword s i s relativel y spared ,  wit h a n 
impairmen t  o n th e exceptio n words .  Wit h mor e sever e 
restriction s o n computationa l  resources ,  th e net' s capacit y t o 
encod e eve n th e relativel y simpl e an d consisten t  spellin g t o 
sound corrê K)ndence s woul d b e impaired . 

I n conclusion ,  thes e simulation s provid e furthe r  insigh t 
int o th e natur e an d cause s o f  th e tw o dissociabl e form s o f 
developmenta l  dyslexia ,  whil e demonstratin g th e vahdit y o f 
a mode l  o f  wor d recognitio n tha t  employ s a  singl e 
pronunciatio n mechanis m rathe r  tha n th e tw o "routes "  o f  th e 
dual-rout e model .  Ther e i s stron g independen t  evidenc e 
concernin g th e existenc e o f  phonologica l  processin g 
impairment s i n childre n wh o exhibi t  th e behaviora l  proFil e 
terme d phonologica l  dyslexi a (se e Farme r  &  Klein ,  1995) , 
and therefor e ou r  simulatio n o f  thi s defici t  patter n b y 
degradin g th e phonologica l  componen t  ha s considerabl e fac e 
validity .  Th e surfac e patter n i s les s common an d ther e i s n o 
independen t  evidenc e whethe r  i t  arise s fro m a  resourc e 
limitation ,  a  visua l  processin g deficit ,  o r  som e othe r  cause . 
The kind s o f  computationa l  impairment s tha t  coul d giv e ris e 
t o tha t  behaviora l  patter n ca n b e see n i n th e presen t  work , 
motivatin g furthe r  investigation s o f  thei r  base s i n huma n 
developmen t 
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Abstrac t 

Children  appear to be sensitive to a variety of partially infor-
mativ e "cues "  durin g languag e acquisition ,  bu t  littl e attentio n 
has bee n pai d t o ho w thes e cue s ma y b e integrate d t o ai d learn -
ing .  Borrowin g th e notio n o f  learnin g wit h "hints "  firom  th e 
engineerin g literature ,  w e emplo y neura l  network s t o explor e 
th e notio n tha t  suc h cue s ma y serv e a s hint s fo r  eac h other .  A 
first  se t  o f  simulation s show s tha t  whe n tw o equall y complex , 
but  related ,  function s ar e learne d simultaneousl y rathe r  tha n in -
dividually ,  the y ca n hel p bootstra p on e anothe r  (a s hints) ,  re -
sultin g i n faste r  an d mor e unifor m learning .  I n a  secon d se t 
of  simulation s w e appl y th e sam e principle s t o th e proble m o f 
wor d segmentation ,  integratin g tw o type s o f  informatio n hy -
pothesize d t o b e relevan t  t o thi s task .  Th e integratio n o f  cue s 
i n a  singl e networ k lead s t o a  sharin g o f  resource s tha t  permit s 
thos e cue s t o serv e a s hint s fo r  eac h other .  Ou r  simulatio n re -
sult s sho w tha t  suc h sharin g o f  computationa l  resource s allow s 
eac h o f  th e task s t o facilitat e th e learnin g (i.e. ,  bootstrapping ) 
of  th e other ,  eve n whe n th e cue s ar e no t  sufficien t  o n thei r  own . 

I n t r o d u c t i o n 

A theor y languag e o f  acquisitio n require s a n explanatio n fo r 

h o w an d w h y childre n lear n th e complexitie s o f  thei r  nativ e 

language s s o quickly ,  effortlessl y an d uniformly .  Mos t  tradi -
tiona l  answer s t o thi s questio n hav e take n th e for m o f  claim s 
tha t  childre n ar e b o m wit h languag e specifi c  constraints ,  i n 
par t  becaus e o f  a  ga p betwee n th e inpu t  t o whic h th e chil d i s 
expose d an d th e competenc e late r  exhibite d b y th e adult .  Th e 
problem ,  a s uaditionall y characterized ,  i s  tha t  th e dat a alon e 
ar e insufficien t  t o determin e th e natur e o f  th e underlyin g sys -
tem ,  an d tha t  therefor e additiona l  source s o f  informatio n ar e 
necessar y fo r  successfu l  acquisitio n t o occur .  Interestingly ,  a 
ver y simila r  proble m ha s bee n face d b y th e engineerin g ori -
ente d branc h o f  th e neura l  networ k community ,  i n whic h th e 
proble m i s construe d a s learnin g a  functio n fro m a  limite d se t 
of  examples .  F r o m thes e investigation s hav e emerge d a  num -
ber  o f  alternativ e method s fo r  incorporatin g informatio n no t 
presen t  i n th e exampl e se t  int o th e learnin g process .  Thes e ad -
ditiona l  source s o f  information ,  man y base d o n non-intuitiv e 
propertie s o f  neura l  networks ,  hav e c o m e t o b e referre d t o a s 
"hints" .  I n thi s paper ,  w e presen t  a  nove l  wa y o f  lookin g a t 
learnin g wit h hint s withi n th e settin g o f  connectionis t  model -
in g o f  language . 

Hint s facilitat e learnin g b y reducin g th e numbe r  o f  candi -
dat e solution s fo r  a  give n tas k (Abu-Mostafa ,  1990 )  an d hav e 

bee n show n t o resul t  i n bette r  generalizatio n (Al-Mashou q & 
Reed,  1991 ;  Suddart h &  Kergosien ,  1991 )  a s wel l  a s faste r 
learnin g (Abu-Mostafa ,  1990 ;  Al-Mashou q &  Reed ,  1991 ; 
Gai lm o &  CarlstrOm ,  1995 ;  Oml i n &  Giles ,  1992 ;  Suddart h 
& Kergosien ,  1991) .  Th e introductio n o f  hint s int o neu -
ra l  network s ha s take n variou s forms ,  rangin g fro m explici t 
rul e insertio n vi a th e pre-settin g o f  weight s (Omli n &  Giles , 
1992) ,  t o tas k specifi c  change s i n th e learnin g algorith m (Al -
Mashou q &  Reed ,  1991) ,  t o perhap s th e mos t  interestin g kin d 
of  hint :  th e additio n o f  extf a "catalyst "  outpu t  units .  Catalys t 
unit s ar e use d t o represen t  additiona l  targe t  value s expressin g 
a functio n correlate d with ,  bu t  simple r  than ,  th e origina l  tar -
get  function .  T h e us e o f  catalys t  unit s force s th e netwoii c t o 
find  a n interna l  representatio n whic h approximate s bot h th e 
targe t  an d th e relate d catalys t  function .  Suddart h &  Kergosie n 
(1991 )  lis t  a  numbe r  o f  simulatio n experiment s i n whic h thi s 
approac h resulte d i n faste r  learnin g an d bette r  generalization . 
Th e us e o f  catalys t  unit s ha s als o foun d it s wa y int o engi -
neerin g applications—e.g. ,  controllin g lin k admission s A T M 
telecommunicatio n network s (Gailm o &  CarlstrOm ,  1995) . 

Th e ide a o f  insertin g informatio n int o a  networ k befor e 
trainin g ha s receive d som e attentio n withi n cognitiv e scienc e 

(albei t  no t  understoo d i n term s o f  hints) .  Fo r  instance .  Harm , 
Altman n &  Seidenber g (1994 )  demonstrate d h o w pretrain -
in g a  networ k o n phonolog y ca n facilitat e th e subsequen t  ac -
quisitio n o f  a  mappin g fro m orthograph y t o phonolog y (thu s 
capturin g th e fac t  tha t  childre n normall y hav e acquire d th e 
phonolog y o f  thei r  nativ e language—tha t  is ,  the y ca n talk -
befor e the y star t  learnin g t o read) .  However ,  catalys t  hint s 
hav e no t  bee n explore d a s a  mean s o f  improvin g connection -
is t  model s o f  language .  I n particular ,  ther e i s th e possibilit y 
(no t  investigate d i n th e engineerin g hin t  literature )  tha t  suc h 
hint s coul d becom e mor e tha n jus t  a  catalyst ;  tha t  is ,  ther e ma y 
be case s wher e th e learnin g o f  tw o o r  mor e function s b y th e 
same syste m m a y b e superio r  t o tryin g t o lear n eac h functio n 
individually .  Childre n appea r  t o integrat e informatio n fro m a 
variet y o f  sources—i.e. ,  fro m multipl e "cues"—durin g lan -
guag e acquisitio n (Morgan ,  Sh i  &  Allopenna ,  1 9 % ) ,  bu t  littl e 
attentio n ha s bee n pai d t o potentia l  mechanism s fo r  suc h in -
tegration .  W e sugges t  tha t  cue s m a y serv e a s "hints "  fo r  eac h 

other ,  i n tha t  eac h tas k constrain s th e se t  o f  solution s availabl e 
fo r  th e othe r  lask(s) . 

I n wha t  follows ,  w e sho w tha t  whe n tw o relate d function s 
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ar e learne d togclhe r  eac h i s learne d faste r  an d mor e uniformly . 

We first  provid e a  simpl e illustratio n o f  th e advantag e o f  th e 
integrate d learnin g o f  tw o simpl e functions ,  X O R an d EVE N 
PARITY,  ove r  learnin g eac h o f  the m separately .  Next ,  th e 
same ide a i s applie d t o a  mor e language-lik e task :  th e inte -
grate d learnin g o f  wor d boundarie s an d sequentia l  regularitie s 
give n a  snuil l  vocabular y o f  trisyllabi c nonsens e words .  Fi -
nally ,  i n th e conclusion ,  w e discus s possibl e implication s fo r 
model s o f  languag e acquisition . 

The integrated learning of xoR and even 

P A R I T Y 

I n orde r  t o provid e a  simpl e exampl e o f  th e advantag e o f  al -
lowin g tw o function s t o interac t  durin g learning ,  w e carrie d 
out a serie s o f  simulation s involvin g th e tw o simpl e non-linea r 
functions :  x o R an d EVE N parity .  Th e x o r  functio n ha s 
been use d befor e t o demonstrat e h o w learnin g wit h a n ex -
tr a catalys t  uni t  ca n decreas e convergenc e tim e significantl y 
(Gallm o &  CarlstrOm ,  1995 :  Suddart h &  Kergosien ,  1991) . 
but  thes e studie s use d simple r  linea r  function s (suc h as ,  a n d ) 
t o provid e hint s abou t  th e mor e comple x function .  I n contrast , 
we us e tw o function s o f  equa l  computationa l  complexity . 

mput 

00 
11 
10 
01 

XOR(l ) 

0 
0 
1 
1 

EP(1 ) 

1 
1 
0 
0 

XOR-EP 

10 
10 
01 
01 

XOR(2) 

00 
00 
01 
01 

EP(2 ) 

10 
10 
00 
00 

Tabl e 1 :  Th e inpu t  an d require d outpu t  fo r  th e five  trainin g condi -
tions . 

Given two inputs, t'l and 12. xoR is true (i.e., 1) when 
(t' l  -t -  12 )  m o d 2 = 1 .  EVE N PARIT Y i s th e logica l  negatio n 
of  XO R an d i s tru e whe n ( n -I-12 )  m o d 2  =  0  (i n fact ,  x o R 
i s als o know n a s o d d parity) .  Th e outpu t  o f  th e x o R an d 
EVEN PARIT Y function s give n th e fou r  possibl e binar y inpu t 
combination s i s displaye d i n Tabl e 1  a s XOR(I )  an d EP(1) , 
respectively .  Thes e tw o function s ca n b e learne d b y a  2-2- 1 
multi-laye r  feedforwar d network .  Learnin g x o R an d eve n 
PARITY simultaneousl y require s tw o outpu t  unit s (i.e. ,  a  2-2- 2 
net) ,  an d th e require d outpu t  i s show n a s xor-e p i n Tabl e 1 . 
For  comparison ,  tw o additiona l  2-2- 2 net s wer e als o traine d 
on th e individua l  function s fro m whic h th e outpu t  i s labele d 
X0R(2 )  an d EP(2) . 

A tota l  o f  10 0 network s (wit h differen t  initia l  weigh t  ran -
domizations )  wer e traine d fo r  eac h o f  th e five  input/outpu t 
combinations *  .  Figur e 1  illustrate s th e Roo t  Mea n Squar e 
(RMS)  erro r  histor y a s a  functio n o f  th e numbe r  o f  iteration s 
fo r  net s traine d o n th e xor-ep ,  xor(1) ,  an d EP(1 )  trainin g 
conditions .  Give n th e assumptio n tha t  a  ne t  ha s converge d 

'Identica l  learnin g parameter s wer e applie d i n al l  trainin g condi -
tions :  learnin g rat e =  .1 ;  momentu m =  .95 ;  initia l  weigh t  randomiza -
tio n =  [-.l;.l] ;  numbe r  o f  trainin g iteration s =  2000 . 

a) X OR an d Eve n Parit y 

UJ 0. 3 

20 0 40 0 60 0 80 0 100 0 120 0 1400160 0 180 0 200 0 

Iteration s 

b)  0 . 8 ^ 
0.7- = 
0. 6 4 

50.5 4 
fc  0.4 -
UJ 0. 3 4 

0. 2 4 
0.1 4 0 
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Figure 1: RMS error for 100 sessions of learning a) XOR and 
EVEN PARIT Y i n a  2-2- 2 net ,  b )  X O R i n a  2-2- 1 net ,  an d c ) 
eve n PARIT Y i n a  2-2- 1 net . 
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when th e averag e R M S erro r  fo r  th e fou r  input/outpu t  com -
binatio n i s .1 5 o r  below ,  w e ca n provid e a  quantitativ e anal -

ysi s o f  th e performanc e o f  th e net s i n th e differen t  trainin g 
conditions .  Th e result s i n Tabl e 2  clearl y sho w tha t  th e net -
work s traine d simultaneousl y o n bot h X O R an d e v e n par -
it y (se e Figur e la )  reac h convergenc e significantl y faste r 
tha n eithe r  th e 2-2- 1 x o R net s (se e Figur e lb) :  <(184 )  = 
17.589 ,  p  <  .0001 ;  o r  th e 2-2- 1 e v e n parit y net s (se e Fig -

ur e Ic) :  <(184 )  =  20.056 ,  p  <  .0001 .  Thi s i s als o th e 
cas e i n compariso n wit h th e 2-2- 2 net s traine d o n x o R alone : 

<(189 )  =  42.797, p <  .0001 ;  an d E V E N PARIT Y alone : 
<(189 )  =  38.876 ,  p  <  .0001 .  Thus ,  th e decreas e i n conver -
genc e tim e fo r  th e xo r -e p traine d network s i s no t  a  conse -
quenc e o f  havin g additiona l  weight s du e t o th e extr a outpu t 
unit .  A s wa s t o b e expected ,  ther e wa s n o significan t  differ -

enc e betwee n th e mea n numbe r  o f  iteration s t o convergenc e 
fo r  th e singl e functio n traine d 2-2- 1 nets :  <(184 )  =  .610 ,  p  = 
.542 ;  an d betwee n th e likewis e traine d 2-2- 2 nets :  t(194 )  = 
1.581 ,  p  =  .115 .  Notic e als o tha t  th e net s traine d simulta -
neousl y o n X O R an d e v e n parit y exhibite d a  mor e unifor m 
patter n o f  learnin g (i.e. ,  les s variation )  tha t  an y o f  th e othe r 
trainin g conditions . 

Trainin g 
Conditio n 

X OR -1 -  E P 
X OR (2-2-1 ) 
EP (2-2-1 ) 
X OR (2-2-2 ) 
EP (2-2-2 ) 

Convergenc e 
Rat e 

93 % 
93 % 
93 % 
98 % 
98 % 

M e an no .  o f 
Iteration s 

710.9 6 
1063.8 7 
1077.8 4 

1519.6 9 
1483.5 7 

Standar d 
Deviatio n 

99.4 7 
165.9 5 
145.6 9 
154.3 2 
165.3 3 

Tabl e 2 :  Convergenc e rate ,  mea n numbe r  o f  iteration s t o con -
vergence ,  an d th e standar d deviatio n o f  thi s mea n fo r  eac h o f 
th e five  trainin g condition s (onl y dat a fro m net s convergin g 
withi n 200 0 iteration s ar e include d i n th e table) . 

The results from the above simulation experiments confirm 
tha t  ther e ar e case s wher e th e integrate d learnin g o f  tw o func -
tion s o f  equa l  complexit y i s  bette r  tha n seekin g t o lear n eac h 
of  th e function s individually .  A  possibl e explanatio n ca n b e 
foun d i n Suddart h &  Kergosie n (1991 )  w h o analyze d weigh t 
change s durin g th e learnin g o f  x o R wit h an d withou t  hints . 
The y foun d tha t  hint s allo w network s t o escap e loca l  minim a 
positione d a t  th e origi n o f  weigh t  space .  W h a t  w e hav e show n 
her e i s tha t  a  hin t  nee d no t  b e a  simple r  functio n tha n th e 
origina l  targe t  function .  Th e result s indicat e tha t  i f  tw o func -
tion s ar e equall y complex ,  bu t  sufficientl y correlated ,  the n i t 
m ay b e advantageou s t o hav e a  singl e networ k lear n the m to -
gether .  Eve n thoug h x o R an d e v e n parit y ar e negation s o f 
eac h other ,  the y ar e simila r  i n tha t  successfu l  learnin g o f  eithe r 
functio n require s partitionin g th e stat e spac e i n th e sam e wa y 
(wit h th e inpu t  " 1 0 "  an d " 0 1 "  bein g treate d differen t  fro m 

" 1 1 "  an d " 0 0") .  Th e tw o function s m a y thu s hel p "boot -
strap "  eac h othe r  b y forcin g thei r  share d resource s (i n thi s 
cas e th e hidde n units )  towar d a  c o m m o n organizatio n o f  th e 

input .  A  mechanis m whic h allow s tw o o r  mor e function s t o 
bootstra p eac h othe r  i s  o f  potentia l  relevanc e t o th e stud y o f 
languag e acquisitio n sinc e childre n appea r  t o b e sensitiv e t o 

multipl e speec h cue s whic h b y themselve s d o no t  appea r  t o 
be sufficien t  t o bootstra p language .  O f  course ,  learnin g x o R 
and EVE N PARIT Y i s a  fa r  cr y fro m th e tas k facin g childre n 
acquirin g thei r  nativ e language .  W e therefor e tur n t o a  mor e 
language-lik e applicatio n o f  th e ide a o f  bootstrappin g vi a th e 
integrate d learnin g o f  multipl e functions . 

Integrating Cues in Word Segmentation 

I n orde r  t o understan d a n utteranc e a  chil d mus t  first  b e abl e 
t o segmen t  th e speec h strea m int o words .  Whil e i t  i s  likel y 
tha t  adul t  wor d leve l  speec h segmentatio n occur s partl y a s a 

byproduc t  o f  wor d recognition ,  infant s lac k th e lexica l  knowl -
edg e whic h i s a  pre-requisit e t o thi s procedure .  A  numbe r 
of  proposal s regardin g botto m u p exploitatio n o f  sub-lexica l 
cue s hav e bee n pu t  forwar d t o explai n th e onse t  o f  thi s ca -
pacit y (e.g. ,  Jusczyk ,  1993) .  Thes e proposal s woul d requir e 
infant s t o integrat e distributional ,  phonotactic ,  prosodi c an d 
rhythmi c informatio n i n th e segmentatio n process .  I n thi s 

connection ,  Bren t  &  Cartwrigh t  (i n press )  hav e show n tha t 
a statisticall y base d algorith m utilizin g distributiona l  regu -
laritie s (includin g utteranc e boundar y information )  i s  bette r 
abl e t o segmen t  word s whe n provide d wit h phonotacti c rules . 
Wherea s th e proces s o f  identifyin g an d verifyin g th e existenc e 
and potentia l  o f  variou s cue s i s receivin g considerabl e effort , 
ther e ha s bee n littl e attentio n pai d t o psychologicall y plausi -
bl e mechanism s potentiall y  responsibl e fo r  integratin g thes e 
cues .  A n understandin g o f  possibl e integratin g mechanism s 
i s importan t  fo r  evaluatin g claim s abou t  th e potentia l  valu e o f 
cues .  Eac h o f  di e cue s t o basi c grammatica l  categor y mea -
sure d b y Morgan ,  Sh i  &  Allopenn a (1995) ,  fo r  example ,  ha d 
lo w validit y wit h respec t  t o distinguishin g betwee n th e cate -
gorie s the y considered ,  bu t  take n togethe r  th e se t  o f  cue s wa s 
show n t o b e sufficien t  i n principl e t o allo w a  naiv e learne r  t o 
assig n word s t o rudimentar y grammatica l  categorie s wit h ver y 
hig h accuracy . 

Previou s connectionis t  exploration s o f  wor d segmentatio n 
hav e mainl y focuse d o n singl e cues .  Thus ,  Aslin ,  Wood -
ward ,  LaMendol a &  Beve r  (1996 )  demonstrate d tha t  utter -
anc e final  pattern s (o r  boundaries )  coul d b e use d b y a  back -
propagatio n networ k t o identif y wor d boundarie s wit h a  hig h 
degre e o f  accuracy .  Cairns ,  Shillcock ,  Chate r  &  Lev y (1994) , 

on th e othe r  hand ,  showe d tha t  sequentia l  phonotacti c struc -
tur e coul d serv e a s a  cu e t o th e boundarie s o f  words .  I n con -
trast ,  ou r  investigatio n concentrate s o n th e integrationo f  thes e 
tw o cue s t o wor d segmentation .  Th e purpos e o f  ou r  simu -
lation s i s t o demonstrat e h o w distributiona l  informatio n re -
flecting  phonotacti c regularitie s i n th e languag e ma y interac t 
wit h informatio n regardin g th e end s o f  utterance s t o infor m 
th e wor d segmentatio n tas k i n languag e acquisition .  I n partic -
ular ,  w e appl y th e principl e o f  catalys t  learnin g t o as k whethe r 
learnin g distributiona l  regularitie s wil l  assis t  i n th e discover y 
of  wor d boundaries ,  an d whethe r  th e learnin g o f  wor d bound -
arie s facilitate s th e discover y o f  wor d interna l  distributiona l 
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regularities .  A s a n initia l  hypothesis ,  w e propos e tha t  a s a 
propert y o f  th e integratin g mechanism ,  th e languag e acquisi -
tio n syste m make s us e o f  th e efficienc y provide d b y th e shar -
in g c f  resource s demonstrate d i n th e X O R - E V E N pari t y sim -
ulation s abov e t o facilitat e th e tas k o f  segmentin g th e speec h 

strea m prio r  t o lexica l  acquisition . 

Saffian ,  Newpcv t  &  Asli n (i n press )  sho w tha t  adult s ar e ca -
pabl e o f  acquirin g sequentia l  informatio n abou t  syllabl e com -

bination s i n a n artificia l  languag e suc h tha t  the y ca n reliabl y 
distinguis h word s tha t  confor m t o th e distributiona l  regulari -
tie s o f  suc h a  languag e fro m thos e tha t  d o not .  Fo r  ou r  sim -
ulation s w e constructe d a  languag e whos e basi c constituent s 
wer e fou r  consonant s ("p" .  "t" .  "b" ,  "d" )  an d thre e vow -
el s {"a" ,  "i" ,  " u " ) .  Thes e wer e use d t o creat e tw o vocabu -
lar y sets .  Th e first  omsiste d o f  fifteen  trisyllabi c word s (e.g. , 
"tibupa") .  Becaus e w e hypothesiz e (lik e SafTra n e t  al. )  tha t 
variabilit y  i n th e wor d interna l  transitiona l  probabilitie s be -
twee n syllables ^  serve s a s a n informatio n sourc e regardin g 
th e structur e o f  th e inpu t  language ,  s o m e syllable s occurre d i n 
mor e words ,  an d i n mor e location s withi n words ,  tha n others . 
Buil t  int o thi s vocabular y wer e a  se t  o f  additiona l  restrictions . 
For  example ,  ther e ar e n o word s tha t  begi n wit h "b " ,  an d n o 
word s endin g i n "u" .  W e wil l  refer  t o thi s vocabular y se t  a s 
"vip "  (fo r  variabl e transitiona l  probability) .  A  "flai "  vocab -
ular y set ,  consistin g o f  1 2 items ,  wa s m a d e u p o f  word s wit h 
no "peaks "  i n th e wor d interna l  syllabi c probabilit y  distribu -
tion ;  tha t  is ,  th e probabilit y  o f  a  give n consonan t  followin g a 
vowe l  wa s th e sam e fo r  al l  consonant s (an d vic e vers a fo r  th e 
vowels)^ .  Th e flat  vocabular y se t  di d no t  contai n an y addi -
tiona l  restrictions . 

Trainin g corpor a wer e create d b y randoml y concatenatin g 
12 0 instance s o f  eac h o f  th e word s (i n a  particula r  vocabular y 
set )  int o utterance s rangin g betwee n tw o an d si x words .  A n 
additiona l  symbo l  markin g th e utteranc e boundar y w a s adde d 
t o th e en d o f  eac h utterance ,  bu t  wor d boundarie s wer e no t 
marked .  Th e utterance s wer e concatenate d int o a  singl e larg e 
inpu t  string .  Simpl e recurren t  networks ^  (Elman ,  1990 )  wer e 
traine d o n thes e corpor a b y presentin g letter s on e a t  a  time . 
The tas k o f  th e network s wa s t o predic t  th e nex t  ite m i n th e 
string .  Fo r  th e testin g phase ,  version s o f  th e inpu t  corpor a 
withou t  utteranc e boundar y marker s wer e presente d onc e t o 

>)  B o u n d a r y Uni t  Activatio n 

fla t  an d vt p vocabularie s 

^Th e transitiona l  probabilit y  betwee n syllable s i s define d a s num -
ber  o f  occurrence s o f  syllabl e X  befor e syllabl e V  i n proportio n t o 
th e numbe r  o f  occurrence s o f  syllabl e X ;  i.e. .  ']ll°lf x • 

'Fo r  th e vt p vocabular y set ,  transitiona l  probabilitie s betwee n 
syllable s wor d internall y range d from  . 3 t o .7 .  Th e transitiona l  proba -
bilitie s betwee n syllable s acros s wor d boundarie s wer e lower ,  rang -
in g betwee n . 1 an d .3 .  Fo r  th e flat  vocabular y set ,  th e wor d inter -
nal  transitiona l  probabilitie s betwee n syllable s wa s .667 ,  an d di d no t 
diffe r  from  on e another .  Th e transitiona l  probabilitie s acros s wor d 
boundarie s i n th e ful l  corpu s range d betwee n .00 7 an d .18 . 

^Th e networ k architectur e consiste d o f  8  input/outpu t  units ,  (eac h 
representin g a  singl e letter ,  plu s on e representin g th e boundar y 
marker) ,  3 0 hidde n unit s an d 3 0 contex t  units .  Identica l  learnin g 
parameter s wer e applie d i n al l  trainin g conditions :  learnin g rat e .1 ; 
momentum .95 ;  initia l  weigh t  randomizatio n [-.25 ;  .25] ;  numbe r  o f 
trainin g iteration s =  7 . 
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Figur e 2 :  Averag e activatio n o f  th e boundar y uni t  from  eac h lette r 
positio n fo r  a )  net s trained ,  respectively ,  o n th e flat  an d th e vt p vo -
cabularies ,  an d b )  th e ne t  traine d o n th e vt p vocabular y an d teste d o n 
non-word s (nw )  an d pseudo-word s (pw) . 

th e networks . 

A compariso n betwee n th e network s traine d respectivel y o n 
th e vt p an d flat  vocabularie s i s give n i n Figur e 2(a) ,  whic h 
show s th e averag e activatio n o f  th e boundar y uni t  fro m eac h 
position ^  i n a  wor d acros s th e tw o tes t  corpora .  T h e vt p 
traine d networ k predict s a  boundar y wit h significantl y highe r 
confidenc e a t  wor d lx)undarie s tha n a t  no n wor d boundarie s 
(<(12598 )  =  87.059, p <  .0001) .  Fo r  th e vt p traine d 
net ,  averag e activatio n o f  th e boundar y uni t  fro m th e end s o f 
word s wa s .204 ,  whil e averag e activatio n o f  th e boundar y uni t 
fro m position s withi n word s w a s .04 .  T h e networ k traine d o n 
th e flat  vocabulary ,  o n th e othe r  hand ,  show s almos t  n o dis -
criminatio n betwee n end-of-wor d an d non-end-of-wor d posi -
tions .  Thu s th e ne t  traine d o n lx)t h th e vocabular y wit h m u c h 
variatio n i n th e syllabi c distributiona l  regularitie s (vtp )  an d 
utteranc e boundar y informatio n differentiate s end s o f  word s 
fro m othe r  part s o f  words ,  wherea s a  networ k traine d onl y o n 
boundar y marker s (an d th e flat  vocabular y wit h littl e variatio n 

*Sinc e eac h networ k i s face d wit h a  predictio n task ,  activatio n 
fro m a  positio n i n Figur e 2  correspond s t o th e network' s predictio n a s 
t o th e nex t  ite m i n th e string ;  e.g. ,  th e network' s predictio n fo r  lette r 
positio n 2  i s plotte d abov e lette r  positio n 1 . 
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i n syllabi c probabilit y  dislribution )  fail s  t o d o so . 

I n orde r  t o asses s generalization ,  w e teste d th e vt p traine d 

networ k o n pseudo-word s an d non-words .  Fo r  ou r  pseudo -
wor d trials ,  w e presente d th e vt p traine d networ k wit h a  se t  o f 
nove l  word s tha t  wer e lega l  i n ou r  languag e (e.g. ,  "tubipa") . 
For  ou r  non-wor d trials ,  w e create d a  se t  o f  word s violatin g 

th e built-i n constraint s o f  ou r  language .  I n thi s case ,  w e use d 

word s endin g i n "u "  (e.g. ,  "tudadu") .  Figur e 2(b )  show s th e 
averag e activatio n leve l  o f  th e boundar y uni t  fro m eac h po -
sitio n i n th e non-wor d an d pseudo-wor d trials .  Th e activa -
tio n o f  th e boundar y uni t  stay s lo w fo r  al l  position s fo r  bot h 

type s o f  word s excep t  fro m th e final  positio n o f  th e pseudo -
words ,  wher e th e activatio n leve l  jumps .  T h e averag e activa -
tio n o f  th e boundar y uni t  fro m th e en d o f  pseudo-word s wa s 
.26,  wherea s i t  onl y reache d .(X) 6 fro m th e en d o f  non-words . 
Thus ,  th e vt p traine d ne t  i s  abl e t o discriminat e betwee n (im -

possible )  non-word s an d (possible )  pseudo-words—a s di d hu -
m a ns w h e n traine d o n th e simila r  nonsens e languag e o f  Saf -
fra n e t  al .  (i n press) . 

T h e suggestio n tha t  th e vt p traine d ne t  i s  treatin g sequence s 
at  th e end s o f  word s differentl y fro m thos e a t  th e beginnin g 
of  word s i s supporte d b y additiona l  simulation s tha t  manipu -
late d th e locu s o f  th e violatio n i n non-words .  W h e n th e viola -
tio n occurre d a t  th e beginnin g o f  word s (e.g. ,  a  wor d startin g 
wit h "b" .  whic h wa s no t  a  par t  o f  th e vt p language )  th e differ -

enc e i n activatio n pattern s betwee n word s an d non-word s wa s 
not  a s readil y apparen t  a s w h e n th e violatio n occurre d a t  th e 
end s o f  words .  Thi s resul t  m a y correspon d t o th e fac t  tha t  hu -
m an subject s i n th e Saffra n e t  al .  experiment s confuse d lega l 
word s wit h non-word s mor e ofte n whe n th e non-word s wer e 
m a de u p o f  th e end s o f  (legal )  word s tha n w h e n th e non-word s 
wer e m a d e u p o f  th e beginning s o f  (legal )  words . 

T h e result s presente d abov e sho w tha t  i f  a  networ k learn -
in g a  simpl e languag e wit h stron g variatio n i n th e transitiona l 
probabilitie s betwee n syllable s ha s acces s t o th e additiona l  in -
formatio n provide d b y th e silence s a t  th e end s o f  utterances , 
i t  ca n us e thos e probabilitie s t o m a k e bette r  hypothese s abou t 
th e location s o f  likel y wor d boundarie s tha n a  networ k traine d 
o n a  languag e wit h flat  transitiona l  probabilitie s betwee n syl -
lables .  Thi s suggest s tha t  th e variabilit y  i n transitiona l  prob -
abilitie s betwee n syllable s m a y pla y a n importan t  rol e i n al -
lowin g learner s t o identif y probabl e point s a t  whic h t o posi t 
wor d boundaries .  I n othe r  words ,  a  networ k wit h acces s t o 
bot h transitiona l  probabilitie s an d utteranc e boundar y infor -
matio n perform s bette r  o n a  measur e o f  identifyin g likel y 
wor d boundarie s tha n a  networ k wit h acces s t o onl y utteranc e 
boundar y information .  W e ca n als o measur e th e reverse ,  i.e. , 
th e exten t  t o whic h utteranc e boundar y informatio n i s helpfu l 
t o learnin g distributiona l  regularities .  I n orde r  t o d o so ,  w e 
n o w tur n t o a  simulatio n tha t  compare s th e vt p ne t  traine d wit h 
an d withou t  utteranc e boundar y information . 

Th e tw o net s wer e teste d o n a  strin g consistin g o f  th e origi -

nal  1 5 word s i n th e vocabular y se t  (wit h n o wor d o r  utteranc e 
boundarie s marked) .  T h e tes t  reveale d onl y mino r  difference s 
betwee n th e tw o networks ,  i n al l  likelihoo d becaus e th e built -

i n distributiona l  regularitie s ar e s o stron g i n th e smal l  lan -

guag e a s t o creat e a  ceilin g effect .  Thi s interpretatio n i s cor -

roborate d b y a  repetitio n o f  th e experimen t  usin g th e flat  vo -
cabulary :  th e networ k traine d wit h boundar y mailcer s showe d 
significantl y bette r  performanc e (measure d i n term s o f  R M S 

error )  tha n tha t  traine d withou t  boundar y marker s (<(142 )  = 

2.012 ,  p  <  0.05) .  T h e presenc e o f  boundar y marker s i n th e in -
put  significantl y altere d th e outcom e o f  learning ,  suc h tha t  th e 
net  traine d wit h boundar y marker s wa s bette r  abl e t o lear n th e 
sequentia l  regularitie s whic h wer e presen t  i n th e flat  corpus^ . 
Tha t  is ,  th e integrate d learnin g o f  tw o function s agai n result s 
i n bette r  performance .  I f  a  networ k ha s acces s t o sequentia l  in -
formatio n an d utteranc e markers ,  i t  learn s th e sequentia l  reg -
ularitie s bette r  tha n a  networ k wit h acces s onl y t o sequentia l 
information .  Thi s resul t  i s  consisten t  wit h th e hypothesi s tha t 
th e silence s a t  th e end s o f  utterance s m a y pla y a n importan t 
rol e i n th e discover y o f  languag e specifi c  phonotacti c regular -

ities . 

D i scuss io n 

I n th e serie s o f  simulation s reporte d her e w e adapte d th e cat -
alys t  hin t  mechanis m previousl y employe d i n th e engineer -
in g literatur e t o th e learnin g o f  tw o sufficientl y relate d func -
tions .  W e demonstrate d tha t  th e integrate d learnin g o f  tw o 
suc h function s m a y resul t  i n faste r  an d bette r  learnin g b y com -

binin g th e wel l  k n o w n X O R an d e v e n pari t y function s int o 
a singl e 2-2- 2 network .  T h e sam e ide a wa s the n applie d t o 
tw o o f  th e form s o f  informatio n hypothesize d t o b e relevan t 
t o th e wor d segmentatio n proble m b y combinin g strongl y con -
straine d disuibutiona l  informatio n wit h informatio n abou t  th e 
location s o f  utteranc e boundarie s i n a  corpu s o f  utterance s 
generate d fro m a n artificia l  vocabular y o f  trisyllabi c nonsens e 
words .  Result s sugges t  tha t  th e simultaneou s presenc e o f  bot h 
type s o f  informatio n i n th e sam e syste m m a y allo w the m t o 
interac t  i n suc h a  w a y a s t o facilitat e th e acquisitio n o f  bot h 
phonotacti c knowledg e an d th e abilit y  t o segmen t  speec h int o 
words . 

Ther e ar e severa l  apparen t  difference s betwee n th e X O R 
an d E V E N PARIT Y simulation s i n sectio n 2  an d th e simula -
tion s presente d i n sectio n 3 .  First ,  th e forme r  simulation s ar e 
of  independen t  functions ,  bot h o f  whic h ca n b e learne d o n 
thei r  o w n withou t  th e presenc e o f  th e other .  Th e predictio n 
of  boundar y marker s reporte d i n sectio n 3 ,  o n th e othe r  hand , 
i s  no t  independen t  o f  th e lette r  sequence s i n whic h the y wer e 
embedded .  Tha t  is ,  althoug h th e X O R an d e v e n parit y task s 
m ay b e learne d separately ,  learnin g whic h o f  th e lette r  se -
quence s predict s a  boundar y canno t  b e learne d independentl y 
fro m leamir. g th e lette r  sequence s themselves .  However ,  al -
thoug h a s ob '  rver s w e ca n se e x O R an d e v e n parit y a s in -
dependen t  problems ,  th e network ,  o f  course ,  doe s no t  d o so . 
I t  i s  treatin g bot h (sub)task s a s a  par t  o f  th e large r  tas k t o b e 

*  Althoug h th e flat  vocabular y di d no t  diffe r  wit h respec t  t o th e 
transitiona l  probabilitie s betwee n syllables ,  th e transitiona l  probabil -
itie s betwee n letter s (an d sequence s longe r  tha n th e syllable )  di d dif -
fer .  W e tak e thes e t o b e th e sourc e o f  regularit y use d b y th e network s 
i n learnin g th e structur e o f  th e flat  vocabular y set . 
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solved .  I n th e xor-e p simulations ,  th e requirement s o f  eac h 
tas k constrai n th e solutio n fo r  th e other .  A  simila r  clai m hold s 

fo r  th e simulation s presente d i n sectio n 3 .  A s th e simulation s 
themselve s verify ,  thes e tw o informatio n source s ca n b e see n 
as distinct ,  an d ca n b e manipulate d independently .  Bu t  th e 
networ k i s treatin g bot h part s o f  th e proble m together ,  an d 
shows a n advantag e fo r  eac h tas k unde r  thes e conditions . 

Althoug h th e tw o set s o f  simulation s diffe r  i n importan t 
ways ,  w e sugges t  tha t  th e sam e mechanis m i s responsibl e fo r 
th e result s i n bot h sectio n 2  an d 3 .  Jus t  a s XO R an d EVE N PAR-

IT Y ca n b e viewe d a s independen t  problems ,  w e ca n se e th e 
predictio n o f  wm- d boundarie s a s a  separat e tas k fro m tha t  o f 
predictin g th e nex t  lette r  i n th e sequence .  Becaus e th e task s 
ar e learne d together ,  th e presenc e o f  a  secondar y tas k alter s 
th e solutio n applie d t o th e primar y task .  Specifically ,  suc -
cessfull y predictin g boundarie s require s th e networ k t o rel y 
on longe r  sequence s tha n a  networ k require d onl y t o predic t 
th e nex t  letter .  Fo r  example ,  eve n thoug h consonant s ca n b e 
predicte d largel y o n th e basi s o f  th e preceedin g lette r  ("a "  im -
plie s "b" ,  "d" .  "t "  an d "p "  roughl y equally) ,  th e en d o f  a n 
utteranc e i s  no t  predictabl e unles s large r  sequence s ar e take n 
int o accoun t  (e.g. ,  "a "  predict s a n utteranc e boundar y onl y 
when preceede d b y "ub" ,  etc) .  Th e architectur e o f  th e net -
wor k allow s i t  t o discove r  th e particula r  distributiona l  windo w 
by whic h i t  ca n perfor m th e entir e tas k optimally .  Th e pres -
ence o f  th e wor d boundar y predictio n tas k encourage s th e ne t 
t o find  a n overal l  solutio n base d o n longe r  lette r  sequences , 
jus t  a s th e presenc e o f  th e XO R proble m encourage s th e XOR-
EP ne t  t o find  a  solutio n t o th e eve n parit y proble m com -
patibl e wit h tha t  whic h wil l  solv e XOR. 

Althoug h w e hav e concentrate d her e o n onl y a  fe w source s 
of  informatio n relevan t  t o th e initia l  wor d segmentatio n prob -
lem ,  man y additiona l  cue s t o thi s tas k hav e bee n propose d 
(Jusczy k 1993) .  Ou r  mode l  i s  not ,  o f  course ,  mean t  a s a  com -
plet e accoun t  o f  th e acquisitio n o f  thes e skills .  Admittedly , 
prio r  connectionis t  investigation s o f  th e wor d segmentatio n 
proble m b y Asli n e t  al .  (1996 )  an d Cairn s e t  al .  (1994 )  use d 
more realisti c trainin g sample s tha n ou r  artificia l  language . 
However ,  w e hav e concentrate d her e o n th e advantage s pro -
vide d b y a  connectionis t  integratio n mechanism ,  an d hav e 
successfull y extende d ou r  approac h t o a  corpu s o f  phoneti -
call y transcribe d chil d directe d speec h (Christiansen ,  Alle n & 
Setdenberg ,  i n submission) .  I n thi s connection ,  a  fundamen -
ta l  questio n fo r  languag e acquisitio n theor y i s wh y languag e 
developmen t  i s s o fast ,  an d s o uniform ,  acros s children .  Al -
thoug h mos t  u-aditiona l  answer s t o thi s questio n hav e bee n 
base d o n th e ide a tha t  childre n ar e bo m wit h languag e specifi c 
constrainu ,  th e spee d an d uniformit y provide d b y simultane -
ous learnin g o f  relate d function s ma y als o provid e constraint s 
on th e developmen t  o f  comple x linguisti c  skills . 
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Abstrac t 

A critical component of language acquisition is the ability 
t o lear n fro m th e informatio n presen t  i n th e languag e 
input .  I n particular ,  youn g languag e learner s woul d benefi t 
fro m leamin g mechanism s capabl e o f  utilizin g th e myria d 
statistica l  cue s t o linguisti c structur e availabl e i n th e input . 
The presen t  stud y examine s eight-month-ol d infants '  us e o f 
statistica l  cue s i n discoverin g wor d boundaries . 
Computationa l  model s sugges t  tha t  on e o f  th e mos t  usefu l 
cue s i n segmentin g word s ou t  o f  continuou s speec h i s 
distributiona l  information :  th e detectio n o f  consisten t 
ordering s o f  sounds .  I n thi s paper ,  w e presen t  result s 
suggestin g tha t  eight-month-ol d infant s ca n i n fac t  mak e 
use o f  th e orde r  i n whic h sound s occu r  t o discove r  word-lik e 
sequences .  Th e implication s o f  thi s earl y abilit y  t o detec t 
statistica l  informatio n i n th e languag e inpu t  wil l  b e 
discusse d wit h regar d t o theoretica l  issue s i n th e fiel d o f 
languag e acquisition . 

Introduction 

While it is widely acknowledged that language acquisition is 
accomplishe d b y a n interactio n between  innat e constraint s 
and leaming ,  surprisingl y littl e researc h ha s focuse d o n th e 
leamin g mechanism s whic h ar e a  critica l  componen t  o f  thi s 
interaction .  Eve n th e riches t  inpu t  imaginabl e woul d no t 
allo w th e chil d t o lea m languag e unles s sh e possesse d th e 
mechanism s require d t o extrac t  pertinen t  informatio n fro m 
thi s input .  Similarly ,  innat e linguisti c knowledg e woul d b e 
of  n o us e withou t  mechanism s relatin g i t  t o linguisti c 
experience .  Fo r  thes e reasons ,  a  numbe r  o f  researcher s o n 
bot h side s o f  th e nature/nurtur e debat e hav e begu n t o 
investigat e th e kind s o f  leamin g mechanism s possesse d b y 
youn g languag e leamers . 

One clas s o f  leamin g mechanism s whic h ha s recentl y 
returne d t o prominence '  i s  distributiona l  learnin g devices , 
whic h utiliz e th e statistica l  propertie s inheren t  i n linguisti c 
input .  Th e renewe d interes t  i n distributiona l  leamin g i n 
languag e acquisitio n result s i n par t  fro m th e contribution s o f 
recen t  connectionis t  models .  Importantly ,  thi s interes t  ha s 
als o bee n generate d b y researc h suggestin g tha t  human s 
extrac t  an d remembe r  informatio n abou t  th e statistica l 
structur e o f  thei r  nativ e language .  Adult s posses s ric h 

^Once greatl y popula r  amon g Bloomfieldia n linguist s (see , 
e.g. ,  Harris ,  195S) ,  distributiona l  analyse s o f  linguisti c 
structur e fel l  int o disfavo r  wit h th e birt h o f  Chomskia n 
generativ e syntax . 

representation s o f  far-flun g statistica l  feature s o f  thei r 
language ,  rangin g fro m word-frequenc y effect s t o 
probabilisti c  prosodi c expectancie s t o frequency-base d 
contingenc y effect s i n parsin g (e.g. ,  Kelly ,  1988 ; 
MacDonald ,  Pearlmutter ,  &  Seidenberg ,  1994 ;  Morton , 
1969) ,  an d ca n readil y lear n distributiona l  regularitie s i n 
laborator y task s (e.g. ,  Morgan ,  Meier ,  &  Newport ,  1987 ; 
Saffran ,  Newport ,  &  Aslin ,  i n press) . 

Thes e abilitie s ar e no t  confine d t o adults .  First-grad e 
children ,  fo r  example ,  ar e a t  leas t  a s goo d a s adult s a t 
discoverin g distributiona l  regularitie s i n th e la b (Saffra n e t 
ai ,  unde r  review) .  Infant s als o demonstrat e knowledg e o f 
some o f  th e statistica l  regularitie s o f  thei r  nativ e language . 
For  example ,  whe n nine-month-ol d infant s ar e presente d 
wit h phonotacticall y lega l  phoneti c pattem s whic h ar e eithe r 
firequen t  o r  infrequen t  i n thei r  nativ e language ,  the y prefe r  t o 
liste n t o th e frequen t  pattern s (Jusczyk ,  Luce ,  &  Charles -
Luce ,  1994) .  Thi s knowledg e mus t  aris e throug h leamin g 
fro m th e linguisti c environment ,  suggestin g tha t  statistica l 
leamin g mechanism s exis t  and ,  moreover ,  pla y a  fa r  greate r 
rol e i n languag e acquisitio n tha n mos t  contemporar y 
theorie s suggest . 

The presen t  researc h seek s t o elucidat e th e natur e o f  th e 
leamin g mechanism s underlyin g th e acquisitio n o f  language . 
Our  strateg y i n thi s researc h i s t o focu s o n aspect s o f 
languag e tha t  ar e undeniabl y discovere d i n th e languag e 
input ,  rathe r  tha n potentiall y a n expressio n o f  innat e 
knowledge .  I n particular ,  w e hop e t o begi n t o discove r  ho w 
infants '  leamin g mechanism s ar e structure d t o mak e us e o f 
th e enormou s volum e o f  statistica l  informatio n availabl e i n 
th e languag e input .  T o d o so ,  w e investigate d th e leamin g 
mechanism s underlyin g wor d segmentation . 

Word Segmentation 
One o f  th e earlies t  an d mos t  impressiv e feat s o f  leamin g b y 
infant s i s  th e discover y o f  wor d boundaries .  Speec h i s 
essentiall y  continuous ,  withou t  pause s o r  othe r  consisten t 
acousti c cue s presen t  t o mar k wor d boundaries .  Infant s mus t 
thu s someho w brea k int o th e speec h strea m t o discove r  wor d 
boundarie s withou t  recours e t o silence s analogou s t o th e 
whit e space s betwee n printe d words .  Despit e th e difficult y o f 
thi s leamin g proble m (Col e &  Jakimik ,  1980) ,  experimenta l 
evidenc e indicate s tha t  infant s ca n succee d a t  wor d 
segmentatio n task s b y eigh t  month s o f  age ,  wel l  befor e th e 
onse t  o f  wor d productio n (Jusczy k &  Aslin ,  1995) . 

Ther e ar e man y possibl e cue s t o wor d boundarie s tha t 
migh t  b e exploited ,  includin g prosodi c regularities ,  a s wel l 
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as th e occasiona l  occurrenc e o f  utterance-fina l  pause s an d 
word s spoke n i n isolatio n (see ,  e.g. ,  Christoph e e t  al. , 
1994 ;  Jusczyk .  Cutler .  &  Redanz .  1993) .  Whil e al l  o f  thes e 
type s o f  informatio n ar e likel y t o b e helpful ,  non e alon e i s 
sufficien t  t o solv e th e wor d segmentatio n proble m (se e 
Saffra n e t  al. ,  i n press ,  fo r  discussion) .  However ,  on e 
importan t  sourc e o f  potentia l  informatio n lie s i n th e 
distributiona l  informatio n offere d b y th e sequence s o f  sound s 
withi n an d betwee n word s (Bren t  &  Cartwright ,  i n press ; 
Hayes &  Clark ,  1970 ;  Harris ,  1955 ;  Saffra n etai ,  i n press) . 
A wor d m a y b e define d a s a  fixed  serie s o f  sounds .  Th e 
learner ,  however ,  doe s no t  hav e direc t  acces s t o thi s 
information .  Rather ,  wha t  th e learne r  experience s i n th e 
inpu t  i s comple x statistica l  informatio n ove r  a  corpu s o f 
utterance s resultin g fro m th e concatenatio n o f  subwor d 
units .  Thi s informatio n wil l  tak e th e for m o f  relativel y 
stron g correlation s betwee n sound s foun d withi n words , 
contraste d wit h weake r  correlation s acros s wor d boundarie s 
(Haye s &  Clark ,  1970 ;  Saffra n e t  al ,  i n press) .  O n thi s 
view ,  on e migh t  discove r  word s i n linguisti c inpu t  i n m u c h 
th e sam e wa y tha t  on e discover s object s i n th e visua l 
environmen t  vi a motion :  th e spatial-tempora l  correlation s 
betwee n th e differen t  part s o f  th e movin g objec t  wil l  b e 
stronge r  tha n thos e betwee n th e movin g objec t  an d th e 
surroundin g visua l  environment . 

Severa l  recen t  computationa l  model s hav e illustrate d th e 
efficac y o f  distributiona l  cue s i n wor d segmentation .  O n e 
suc h mode l  demonstrate s tha t  distributiona l  informatio n ca n 
provid e appropriat e segmentation s whe n th e algorith m use d 
i s th e min imu m descriptio n lengt h principle ,  a n evaluatio n 
functio n whic h minimize s th e amoun t  o f  memor y neede d t o 
represen t  a  lexico n derive d fro m a  previousl y unsegmente d 
corpu s o f  speec h (Bren t  &  Cartwright ,  i n press) .  Othe r 
model s indicat e tha t  class-base d n-gra m an d feature-base d 
neura l  networ k model s ca n segmen t  speec h usin g 
transitiona l  probabilitie s (Cairn s e t  al ,  1994) ;  similarly , 
Elma n (1990 )  describe s a  simpl e recurren t  networ k abl e t o 
discove r  writte n word s i n unsegmente d tex t  b y computin g 
grade d co-occurrenc e statistic s (se e Wolff ,  1975 ,  fo r  simila r 
findings  usin g a  non-connectionis t  architecture) .  Thes e 
corpus-base d models ,  alon g wit h m a n y other s i n th e 
machin e speec h recognitio n literature ,  demonstrat e tha t 
statistica l  informatio n i s sufficien t  i n principl e fo r 
rudimentar y wor d segmentation^ . 

Can huma n learner s mak e us e o f  statistica l  cue s t o wor d 
boundaries ? I f  not ,  the n thi s wealt h o f  informatio n woul d b e 
of  littl e us e t o human s confronte d wit h continuou s speec h i n 
an unfamilia r  language .  Saffra n e t  a l  (i n press )  aske d 
whethe r  adul t  subject s wer e abl e t o us e difference s i n th e 

^No suc h algorith m i s error-free ;  neither ,  however ,  ar e youn g 
children ,  wh o ver y commonl y mak e segmentatio n error s ( a 
common undersegmentatio n erro r  i s treatin g a  phras e lik e 
"ham'ncggs "  a s a  singl e word) .  Suc h errors ,  however ,  ar e no t 
random ,  bu t  rathe r  reflec t  th e distributiona l  characteristic s o f 
th e inpu t  (e.g. .  Brown ,  1973) .  Recover y fro m segmentatio n 
error s occur s wit h mor e extensiv e inpu t  an d th e detectio n o f 
othe r  cue s correlate d wit h th e correc t  wor d boundaries . 
^Th e transitiona l  probabilit y  o f  Y/ X =  frequenc y o f  X Y 

frequency  o f  X 

transitiona l  probabilitie s betwee n sound s t o discove r  wor d 

boundaries ^  Acros s a  languag e corpus ,  th e transitiona l 
probabilit y  fro m on e soun d t o th e nex t  wil l  generall y b e 
greates t  whe n th e tw o sound s follo w on e anothe r  word -
internally ;  transitiona l  probabilitie s spannin g wor d 
boundarie s wil l  ten d t o b e relativel y low .  Afte r  onl y twent y 
minute s o f  exposure ,  adult s wer e abl e t o lear n th e 
multisyllabi c word s o f  a  nonsens e languag e presente d a s a 
synthesize d speec h strea m containin g n o cue s t o wor d 
boundarie s excep t  fo r  transitiona l  probabilitie s (Saffra n e t 
al ,  i n press) .  Moreover ,  thi s sam e resul t  wa s obtaine d wit h 
first-grad e childre n a s wel l  a s adults ,  eve n w h e n th e 
presentatio n o f  th e speec h strea m occurre d i n th e 
background ,  whil e subject s wer e engage d i n anothe r  tas k an d 
neithe r  tol d t o liste n no r  t o lear n (Saffra n e t  a l ,  unde r 
review) .  Th e abilitie s o f  h u m a n learner s t o perfor m suc h 
statistica l  computation s implicitly ,  durin g mer e exposure , 
ar e quit e impressive .  Thi s suggest s tha t  thi s learnin g 
mechanis m operate s automatically ,  m u c h a s on e woul d 
expec t  fro m a  learnin g mechanis m hypothesize d t o underli e 
learnin g i n childre n to o youn g t o engag e i n consciou s 
hypothesi s testing . 

Th e crucia l  subject s fo r  suc h investigation s ar e infant s o f 
th e ag e a t  whic h rudimentar y wor d segmentatio n first  occurs . 
Languag e learnin g task s ar e ofte n see n a s to o difficul t  fo r  th e 
limite d abilitie s o f  infants ;  indeed ,  ou r  lac k o f  knowledg e 
regardin g infan t  learnin g ha s ofte n le d theorist s t o assum e 
tha t  becaus e a  learnin g tas k seem s difficult ,  i t  mus t  b e 
solve d innately .  However ,  th e shee r  volum e o f  informatio n 
tha t  infant s d o i n fac t  lear n abou t  thei r  nativ e language , 
m u ch o f  whic h coul d no t  possibl y b e encode d innately , 
suggest s tha t  youn g infant s m a y i n fac t  b e fa r  bette r  a t 
extractin g statistica l  regularitie s fro m th e inpu t  tha n ha s 
generall y bee n assumed . 

Recen t  researc h suggest s tha t  infant s m a y i n fac t  b e 
attune d t o th e kind s o f  distributiona l  informatio n whic h 
serv e t o cu e wor d boundaries .  Fo r  example ,  infant s a s youn g 
as tw o month s o f  ag e ar e abl e t o remembe r  th e orde r  o f 
spoke n words ,  a s lon g a s th e word s ar e spoke n wit h norma l 
sententia l  prosod y (Mandel ,  Kemle r  Nelson ,  &  Jusczyk ,  i n 
press) .  B y eigh t  month s o f  age ,  infant s ar e abl e t o detec t 
consistentl y ordere d two-syllabl e unit s presente d i n brie f 
repetitiv e utterance s (Goodsitt ,  Morgan ,  &  Kuhl ,  1993) .  Th e 
nex t  ste p i s t o determin e whethe r  infant s ar e abl e t o kee p 
trac k o f  th e arra y o f  probabilitie s foun d i n multisyllabi c 
sequence s t o discove r  wor d boundaries ,  i n th e absenc e o f  an y 
othe r  cue s t o wor d boundaries .  Th e presen t  stud y provide s 
some preliminar y indication s tha t  infant s ca n i n fac t  us e th e 
orde r  o f  th e sound s tha t  the y hea r  t o extrac t  word-lik e units . 

Method 

This study used a brief familiarization period combined with 
th e headtur n preferenc e procedur e widel y use d i n infanc y 
researc h (Jusczy k &  Aslin ,  1995) .  I n thi s methodology , 
infant s ar e first  expose d t o a n auditor y stimulu s whic h 
serve s a s a  potentia l  learnin g experience .  Followin g thi s 
exposure ,  th e infan t  i s presente d wit h tw o type s o f  auditor y 
stimuli :  familia r  stimuli ,  lik e thos e presente d durin g th e 
familiarizatio n period ,  an d nove l  stimuli .  Th e infant' s 
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listenin g preference s ar e the n assessed .  T w o possibl e 
outcome s sugges t  tha t  learnin g ha s occurred .  Infant s o f  thi s 
age generall y prefe r  t o liste n t o somewha t  familia r  items ;  i n 
thi s case ,  th e infant s shoul d prefe r  t o liste n t o th e item s 
simila r  t o thos e hear d durin g th e familiarizatio n period ,  i f 
learnin g di d i n fac t  occur .  However ,  th e opposit e effec t 
woul d als o signa l  learning :  i f  th e infant s ha d learne d an d 
habituate d t o th e familiarizatio n stimuli ,  the n a  nove l 
stimulu s woul d b e mor e engaging .  N o preferenc e would ,  o f 
course ,  fai l  t o indicat e tha t  an y learnin g ha d occurred . 

I n th e presen t  study ,  infant s wer e familiarize d wit h a n 
artificia l  speec h stream ,  consistin g o f  fou r  trisyllabi c 
nonsens e word s repeate d i n rando m orde r  b y a  speec h 
synthesizer .  Th e synthesize r  wa s give n n o informatio n 
regardin g wor d boundaries ,  an d thu s spok e th e speec h strea m 
continuousl y i n a  monotone ,  withou t  an y acousti c cue s t o 
wor d boundaries .  Th e onl y cue s t o wor d boundarie s wer e 
statistical ;  th e transitiona l  probabilitie s betwee n syllable s 
withi n word s wer e greate r  tha n th e transitiona l  probabilitie s 
betwee n syllable s spannin g wor d boundaries .  Followin g a 
two-minut e exposure ,  th e infants '  learnin g wa s assesse d b y 
determinin g whethe r  the y preferre d t o liste n t o 'words '  fro m 
th e nonsens e language ,  o r  'nonwords' ,  whic h consiste d o f  th e 
s a me syllable s tha t  th e infant s ha d hear d durin g 
familiarizatio n bu t  n o w presente d i n a  nove l  order .  A 
significan t  preferenc e fo r  eithe r  word s o r  nonword s would ,  a s 
discusse d above ,  signa l  tha t  th e syllabl e order s hear d durin g 
familiarizatio n ha d bee n learne d t o th e exten t  tha t  th e infant s 
coul d distinguis h the m fro m nove l  syllabl e orders . 
Sub jec ts .  1 6 infant s (nin e male ,  seve n female) , 
approximatel y eigh t  month s o f  age ,  participate d i n th e 
study .  Thre e additiona l  infant s wer e teste d bu t  no t  include d 
i n th e analysi s fo r  th e followin g reasons :  experimente r  erro r 
(2) ,  an d cryin g (1) . 
Stimuli .  T w o counterbalance d stimulu s condition s wer e 
generated .  Fo r  eac h condition ,  4 5 token s o f  eac h o f  fou r 
trisyllabi c nonsens e word s (Conditio n A :  tupiro ,  golabu , 
bidaku ,  padoti ;  Conditio n B :  dapiku ,  tilado ,  burobi ,  pagotu ) 
wer e digitize d t o creat e two-minute-lon g speec h su-eams .  Th e 
word s wer e spoke n i n rando m order ,  wit h th e stipulatio n tha t 
th e sam e wor d neve r  occurre d twic e i n a  row .  A  speec h 
synthesize r  (MacinTalk )  generate d th e speec h strea m a t  a  rat e 
of  2 7 0 syllables/minut e wit h equivalen t  level s o f 
coarticulatio n betwee n al l  syllables ;  n o pause s o r  an y othe r 
acousti c o r  prosodi c cue s t o wor d boundarie s wer e present .  A 
sampl e o f  th e speec h strea m use d i n Conditio n A  wa s 
analogou s t o th e followin g orthographi c representation : 
bidakupadotigolabubidakutupiro.. .  Th e onl y cue s t o wor d 
boundarie s wer e th e transitiona l  probabilitie s betwee n 
syllabl e pair s ove r  th e languag e corpus ,  whic h wer e highe r 
withi n word s (al l  1.0 )  tha n acros s wor d boundarie s (al l  .33) . 

T o asses s learning ,  eac h infan t  wa s presente d wit h 
repetition s o f  fou r  trisyllabi c string s {tupiro ,  golabu ,  dapiku , 
tilado )  durin g th e tes t  phase .  Fo r  th e infant s i n Conditio n A , 
th e firs t  tw o tes t  string s wer e words '  whic h ha d bee n playe d 
durin g familiarization ,  an d th e las t  tw o tes t  string s wer e 
'nonwords' ,  tha t  is ,  syllable s whic h the y ha d hear d durin g 
familiarizatio n bu t  n o w presente d i n a  nove l  orde r  (th e 
transitiona l  probabilitie s betwee n th e syllable s i n th e 
nonword s wer e al l  zer o relativ e t o th e familiarizatio n 

corpus) .  Fo r  infant s i n Conditio n B ,  th e firs t  tw o tes t 
string s wer e 'nonwords '  an d th e las t  tw o tes t  string s wer e 
'words' .  Thi s between-subject s counterbalance d desig n 
ensure d tha t  an y observe d preference s fo r  word s o r  nonword s 
acros s bot h condition s woul d no t  b e artifact s o f  an y genera l 
preference s fo r  certai n syllabl e strings .  A  tes t  tria l  consiste d 
of  repetition s o f  a  tes t  string .  Eac h o f  th e fou r  tes t  string s 
wer e presente d o n thre e differen t  trials ,  resultin g i n a  tota l  o f 
12 tes t  trial s pe r  infant .  Not e tha t  th e string s use d i n th e tes t 
wer e generate d i n citatio n for m b y th e speec h synthesizer , 
and thu s ha d acousti c propertie s quit e differen t  fro m th e sam e 
string s presente d i n th e continuou s speec h stream . 
Des ign .  Hal f  o f  th e infant s wer e assigne d t o eac h 
familiarizatio n condition .  Durin g th e tes t  phase ,  al l  infant s 
hear d th e sam e 1 2 tes t  trials ,  randomize d fo r  eac h subject . 
Procedure .  Durin g a n experimenta l  session ,  th e infan t  wa s 
seate d o n a  parent' s la p i n a  soun d attenuate d booth .  A  vide o 
camer a wa s place d directl y i n front  o f  th e infant ,  allowin g 
th e experimente r  t o observ e th e sessio n vi a a  vide o monito r 
outsid e th e booth .  Als o directl y i n fron t  o f  th e infan t  wa s a 
blinkin g re d light ,  use d t o brin g th e infant' s gaz e bac k t o 
midlin e betwee n trials .  Blinkin g yello w light s wer e mounte d 
on th e right  an d lef t  side s o f  th e booth ,  alon g wit h hidde n 
speakers .  Bot h th e paren t  an d th e experimente r  wor e 
headphone s playin g lou d maskin g music .  Becaus e th e 
differen t  tes t  trial s wer e randoml y assigne d t o th e righ t  o r 
lef t  speaker ,  an d th e experimente r  coul d no t  hea r  th e stimuli , 
th e experimente r  wa s blin d t o whic h stimulu s wa s bein g 
presente d o n an y give n trial . 

Durin g th e familiarizatio n phase ,  th e tw o minut e speec h 
strea m wa s playe d continuousl y throug h bot h speakers . 
Blinkin g light s wer e use d t o hel p maintai n infants '  interest ; 
th e lights ,  bu t  no t  th e speech ,  wer e contingen t  upo n th e 
infant' s lookin g behavior .  Eac h tria l  bega n wit h th e blinkin g 
cente r  light .  Onc e th e infan t  ha d fixate d o n th e cente r  light , 
th e experimente r  signale d th e Macintos h Quadr a 65 0 runnin g 
th e stud y t o tur n of f  th e cente r  ligh t  an d blin k on e o f  th e 
sid e lights ,  whereupo n th e infan t  woul d tur n t o fixat e th e 
n o w blinkin g sid e light .  Th e sid e ligh t  woul d continu e t o 
blin k unti l  th e infan t  ha d looke d awa y fro m i t  fo r  tw o 
seconds .  A t  tha t  point ,  th e cente r  ligh t  woul d begi n 
flashing ,  an d a  ne w tria l  woul d begin . 

Th e tes t  phas e wa s similar ,  excep t  tha t  th e numbe r  o f 
repetition s o f  th e tes t  stimul i  wa s contingen t  upo n th e 
infants '  listenin g preferences .  W h e n th e infan t  turne d t o loo k 
at  th e blinkin g sid e light ,  on e o f  th e fou r  tes t  string s wa s 
repeate d fro m th e speake r  o n tha t  side ,  unti l  th e infan t 
looke d awa y fo r  a  prese t  criterio n o f  tw o second s (o r  unti l 
th e tes t  strin g ha d bee n repeate d 1 5 times) .  Th e lookawa y 
criterio n signalle d a  los s o f  interes t  i n tha t  particula r  tes t 
string .  Eac h infan t  thu s onl y hear d eac h tes t  strin g a s lon g 
as i t  remaine d interestin g t o him/her .  Listenin g time s t o 
eac h typ e o f  tes t  stimulu s reflecte d eac h infant' s listenin g 
preferences ;  thes e wer e tabulate d on-Hn e b y th e computer . 

Results 

We first compared the listening patterns of infants in the 
tw o counterbalance d condition s wit h on e anothe r  t o ensur e 
tha t  ther e wer e n o overal l  preference s fo r  an y particula r  tes t 
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item s regardles s o f  familiarization .  Thi s wa s don e b y 
computin g a  differenc e scor e betwee n mea n listenin g time s 
fo r  word s an d nonword s fo r  eac h infant ,  an d comparin g th e 
infant s fro m th e tw o condition s wit h a  t-test .  A s n o 
difference s wer e foun d (/(14 )  =  1.3 ,  n.s.) .  dat a fro m th e tw o 
condition s wer e combine d i n th e primar y analysis . 

We the n compare d listenin g time s t o th e 'words '  versu s 
th e 'nonwords' .  A  matched-pair s t-tes t  reveale d tha t  th e nove l 
'nonwords '  wer e listene d t o significantl y longe r  tha n th e 
famiUa r  'words' :  f(15 )  =  2.8 ,  p  <  .02 .  Mea n hstenin g score s 
ar e presente d i n Figur e 1 .  Twelv e o f  th e 1 6 infant s listene d 
longe r  t o th e nove l  stimuli .  Thi s novelt y preferenc e (o r 
dishabituatio n effect )  indicate s tha t  th e infant s clearl y 
recognize d tha t  th e nove l  ordering s o f  tes t  syllable s wer e i n 
fac t  nove l  an d distinc t  fro m th e order s tha t  die y ha d learne d 
durin g th e familiarizatio n phase .  Moreover ,  thi s effec t  coul d 
not  hav e bee n simpl y du e t o memor y fo r  th e low-leve l 
acousti c pattern s presente d durin g familiarization ,  a s th e 
acousti c propertie s o f  th e tes t  words '  wer e quit e differen t 
fro m th e sam e words '  presen t  i n th e speec h stream .  Rather , 
th e infant s appea r  t o hav e learne d an d remembere d a  mor e 
abstrac t  representatio n o f  th e string s o f  sound s tha t  the y 
hear d durin g familiarization . 
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Figur e 1 :  Mea n listenin g time s t o th e familia r  (words )  an d 
nove l  (nonwords )  stimuli . 
Erro r  bar s =  1  standar d error . 

Discussion 

Despite the impoverished state of the speech stream used in 
thi s stud y -  a  learnin g stimulu s devoi d o f  prosody ,  pauses , 
or  an y othe r  cue s t o wor d boundarie s sav e statistica l  cue s -
eight-month-ol d infant s nevertheles s succeede d a t  learnin g 
th e word s o f  th e languag e t o whic h the y wer e exposed ,  a t 
leas t  t o th e exten t  tha t  the y coul d distinguis h the m fro m th e 
same syllable s i n nove l  orders .  Thi s i s b y n o mean s a  trivia l 
accomplishment .  Despit e th e ubiquit y o f  event s whic h 
unfol d i n time ,  th e discover y an d representatio n o f  seria l 
orde r  i s generall y considere d t o b e a  difficul t  technica l 
proble m (e.g. ,  Elman ,  1990) .  Moreover ,  infant s i n thi s 
stud y ha d n o particula r  incentiv e t o kee p trac k o f  co -

occurrences .  Rather ,  th e discover y o f  th e word s withi n th e 
continuou s speec h strea m appear s t o b e a  natura l  outcom e o f 
exposur e t o patterne d input .  Thi s proces s i s particularl y 
impressiv e give n th e brevit y o f  exposur e necessar y fo r 
learning ;  th e infant s i n thi s stud y wer e familiarize d wit h th e 
speec h fo r  a  mer e tw o minutes . 

Of  course ,  i n actua l  languag e learning ,  othe r  cue s ar e 
likel y t o b e presen t  an d use d b y infant s discoverin g th e wor d 
boundarie s o f  thei r  nativ e language .  Suc h cue s ar e likel y t o 
be particularl y effectiv e whe n use d i n tande m wit h 
distributiona l  cues .  Fo r  example ,  Bren t  &  Cartwrigh t  (i n 
press )  demonstrate d tha t  phonotacti c informatio n make s a n 
additiv e contributio n t o distributiona l  informatio n i n thei r 
computationa l  mode l  o f  wor d segmentation .  Alle n an d 
Christianse n (1996 )  argu e tha t  th e integratio n o f  suc h cue s 
allow s fo r  a n interactio n whic h i n itsel f  i s  a  powerfu l 
catalys t  fo r  learning .  Thes e modelin g result s ar e supporte d 
by behaviora l  dat a whic h sugges t  tha t  9-month-ol d infant s 
ar e sensitiv e t o mismatche s o f  distributiona l  an d prosodi c 
regularitie s (e.g. ,  Morga n &  Saffiran ,  1995) . 

The result s presente d her e indicat e tha t  infant s posses s a t 
leas t  th e minima l  computationa l  machiner y neede d t o 
discove r  th e regularitie s o f  thei r  language :  th e abilit y  t o 
detec t  an d represen t  seria l  orde r  information .  Thi s i n itsel f  i s 
not  sufficien t  fo r  wor d segmentation ,  whic h require s th e 
extractio n o f  relativ e frequencie s o f  ordere d string s t o 
comput e transitiona l  probabilities ,  bu t  i t  i s  a  necessar y 
prerequisit e fo r  thi s process .  I n fact ,  recen t  researc h i n ou r 
laborator y ha s demonstrate d tha t  eight-month-ol d infant s ca n 
use th e relativ e frequencie s o f  co-occurrenc e o f  soun d pair s t o 
detec t  wor d boundarie s (Saffran ,  Aslin ,  &  Newport ,  unde r 
review) ,  lendin g furthe r  suppor t  t o th e presen t  results . 

Mo r e generally ,  futur e researc h mus t  continu e t o 
investigat e th e mean s b y whic h youn g learner s mak e us e o f 
th e wealt h o f  statistica l  informatio n availabl e t o the m i n th e 
languag e input .  Th e combinatio n o f  innatel y constraine d 
learnin g mechanism s an d statisticall y ric h inpu t  i s 
potentiall y  immensel y powerful ,  an d i t  i s imperativ e dia t  w e 
gai n a  greate r  understandin g o f  th e way s i n whic h thi s 
interactio n render s youn g human s suc h super b languag e 
learners .  Th e presen t  experimen t  i s on e o f  a  fe w recen t 
studie s whic h hav e begu n t o documen t  th e rapidit y an d 
exten t  o f  infan t  learnin g usin g carefull y controlle d exposure s 
i n th e laborator y (se e als o Goodsit t  e t  al ,  1993 ;  Jusczy k & 
Aslin ,  1995 ;  Morga n &  Saffran ,  1995) .  I t  ma y therefor e b e 
prematur e t o assume ,  a s man y researcher s have ,  tha t  th e 
prodigiou s abilitie s o f  youn g infant s necessaril y  reflec t 
innatel y specifie d knowledge .  Rather ,  wha t  ma y b e innat e i s 
th e huma n capacit y t o lear n an d reorganiz e th e regularitie s 
whic h structur e ou r  environment ,  thereb y allowin g infant s 
t o mak e sens e o f  wha t  m a y initiall y  b e a  "blooming , 
buzzing ,  confusion" . 
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Abstrac t 

This paper illustiates how the statistical structure of 
natura l  signal s ma y hel p understan d cognitiv e phenom -
ena.  W e focu s o n a  regularit y foun d i n audi o visua l 
speec h perception .  Experiment s b y Massar o an d col -
league s consistentl y sho w tha t  opti c an d acousti c speec h 
signal s hav e separabl e influence s o n perception .  Fro m a 
Bayesia n poin t  o f  vie w thi s regularit y reflect s a  percep -
tua l  syste m tha t  treat s opti c an d acousti c speec h a s i f 
the y wer e conditionall y independen t  signals .  I n thi s pa -
per  w e perfor m a  statistica l  analysi s o f  a  databas e o f 
audiovisua l  speec h t o chec k whethe r  opti c an d acous -
ti c speec h signal s ar e indee d conditionall y independent . 
I f  so ,  th e regularitie s foun d b y Massar o an d colleague s 
coul d b e see n a s a n optima l  processin g strateg y o f  th e 
perceptua l  system .  W e analyz e a  smal l  databas e o f  au -
di o visua l  speec h usin g hidde n Marko v models ,  th e mos t 
successfu l  model s i n automati c speec h recognition .  Th e 
result s sugges t  tha t  acousti c an d opti c speec h signal s 
ar e indee d conditionall y independen t  an d tha t  therefore , 
th e separabilit y  foun d b y Massar o an d colleague s ma y 
be explaine d i n term s o f  optima l  perceptua l  processing : 
Independen t  processin g o f  opti c an d acousti c speec h re -
sult s i n n o significan t  los s o f  information . 

Introduction 

Thi s pape r  illustrate s ho w th e analysi s o f  th e statistica l 
structur e o f  natura l  signal s m a y provid e a  rationa l  ba -
si s fo r  understandin g h u m a n cognition .  Thi s approac h i s 
not  new ,  an d i n ou r  cas e i t  wa s inspire d o n Davi d Marr' s 
idea s abou t  th e importanc e o f  a  functiona l  leve l  o f  anal -
ysis ,  Joh n Anderson' s view s o n rationa l  analysis ,  an d 
by Davi d Field' s wor k relatin g earl y visua l  processin g t o 
th e statistic s o f  natura l  image s (Marr ,  1982 ;  Field ,  1987 ; 
Anderson ,  1990) .  I n thi s pape r  w e analyz e a  regularit y 
foun d i n a  wid e variet y o f  experiment s o n audiovisua l 
speec h perception . 

Researc h o n audiovisua l  speec h perceptio n show s tha t 
visua l  signal s modulat e th e perceptio n o f  auditor y sig -
nals .  Fo r  example ,  M c G u r k an d MacDonal d (McGur k & 
MacDonald ,  1976) ,  showe d tha t  whe n subject s hea r  "ba " 
whil e seein g "ga" ,  the y perceiv e "da" ,  a  percep t  whic h 
i s jointl y influence d b y th e opti c an d th e acousti c speec h 
signals .  Extensiv e researc h ha s bee n don e t o understan d 
ho w opti c an d acousti c speec h signal s combin e int o a 
unifie d percep t  (Massar o &  Cohen ,  1983 ;  Massaro ,  1987 ; 
Braida ,  1991) .  Fo r  concreteness ,  conside r  th e followin g 
hypothetica l  experiment ,  whic h illustrate s a  c o m m o n de -

sig n i n thi s are a o f  research .  Subject s ar e repeatedl y pre -
sente d wit h 9  opto-acousti c speec h signal s obtaine d b y 
combining ,  i n a  full y factoria l  design ,  th e acousti c artic -
ulation s /6a/ ,  Igal ,  an d /da /  wit h opti c articulation s o f 
th e sam e alternatives .  Subject s ar e the n presente d wit h 
thes e signal s an d asked  t o repor t  wha t  the y heard .  T h e 
response s ar e the n organize d int o a  stimulus-respons e 
matri x i n whic h eac h entr y indicate s th e probabilit y  o f  a 
particula r  perceptua l  respons e whe n th e subjec t  i s  pre -
sente d wit h on e o f  th e 9  possibl e signa l  combinations . 
Let  {wi,a;2 ,  •  •  • ,  w „ } ,  represen t  th e respons e alternatives , 
'̂ '  th e opti c signa l  an d ̂ ^  th e acousti c signals .  Massar o 
an d colleague s (Massar o k  Cohen ,  1983 ;  Massaro ,  1987 ) 
hav e repeatedl y show n tha t  i n a  wid e variet y o f  exper -
iment s o f  thi s type ,  respons e probabilit y  ratio s factor -
iz e int o independen t  component s on e controlle d b y th e 
acousti c signa l  an d on e b y th e opti c signal . 

(1 ) PrCu-jlee )  ^n(e,u;;)^^F<.(e,a>,) ^ 

wher e Prii^iMkif )  i s  th e probabilit y  o f  subject s choos -
in g respons e alternativ e Wj  whe n presente d wit h th e opti c 
signa l  ̂ ^  synchronize d wit h th e acousti c signa l  ̂'' .  T h e 
ter m 

(2 ) 

i s  interprete d a s th e relativ e suppor t  o f  th e opti c signa l 
'̂ '  fo r  th e tw o respons e alternative s unde r  consideration , 
an d th e ter m 

F.(r,w. ) 

Fa(e,U'i )  ' 
(3 ) 

i s  interprete d a s th e relativ e suppor t  o f  th e acousti c 
signa l  ̂ ^  fo r  th e tw o respons e alternative s unde r  consid -
eration . 

T h e crucia l  aspec t  o f  thi s resul t  i s  tha t  respons e prob -
abilitie s ratio s ar e separabl e int o independen t  factors . 
Thi s typ e o f  factorizatio n wa s firs t  notice d b y Morto n 
(Morton ,  1969 )  an d thu s i t  i s a t  time s recognize d a s Mor -
ton' s law .  Movella n an d McClellan d (Movella n &  M c -
Clelland ,  199 5 submitte d fo r  publication )  showe d tha t 
Morton' s la w i s th e signatur e o f  a  perceptua l  syste m tha t 
processe s signal s a s i f  the y wer e conditionall y indepen -
dent .  I f  th e acousti c an d opti c speec h signal s wer e indee d 
conditionall y independent ,  Morton' s la w woul d reflec t  a n 
optima l  processin g strateg y o f  multimoda l  speech . 
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To investigat e thi s point ,  w e analyz e th e statistica l 
structur e o f  a  smal l  databas e o f  audio-visua l  speec h sig -
nals .  Ou r  goa l  i s  t o tes t  whethe r  naturall y occurrin g 
acousti c an d visua l  speec h signal s ar e conditionall y in -
dependent . 

At  a  forma l  level ,  conditiona l  independenc e i s define d 
as follows , 

p(mw>)  =  p ( rk )p rk ) (4 ) 

indicatin g tha t  th e likelihoo d o f  eac h perceptua l  al -
ternativ e uij ,  i s  separable .  Intuitively ,  conditiona l  inde -
pendenc e tell s u s tha t  i f  w e analyz e signal s belongin g t o 
a perceptua l  categor y W; ,  w e wil l  find  tha t  th e acous -
ti c an d opti c signal s withi n tha t  grou p ar e statisticall y 
independent .  Fro m a  Bayesia n poin t  o f  vie w th e likeli -
hoo d i s th e onl y sourc e o f  data-drive n informatio n abou t 
th e perceptua l  alternative s an d thus ,  conditiona l  inde -
pendenc e allow s separabl e processin g o f  th e opti c an d 
acousti c signals . 

Due t o th e larg e dimensionalit y o f  th e opto-acousti c 
signal s w e analyz e thei r  statistica l  structur e i n a n indi -
rec t  manner ,  b y modelin g th e speec h signa l  usin g hidde n 
Marko v model s ( H M M ) ,  th e mos t  successfu l  model s fo r 
automati c speec h recognition .  W e trai n H M Ms t o recog -
niz e audiovisua l  speech .  Som e o f  thes e model s ar e con -
straine d t o assum e conditiona l  independenc e som e ar e 
not .  Th e constraine d model s ar e a  restricte d versio n o f 
th e unconstraine d models .  W e the n optimiz e th e en -
tir e famil y o f  constraine d an d unconstraine d models .  I f 
th e audi o an d visua l  speec h signal s ar e conditionall y in -
dependent ,  th e bes t  constraine d mode l  shoul d perfor m 
abou t  a s wel l  a s th e bes t  unconstraine d model .  Other -
wise ,  th e bes t  unconstraine d model s shoul d outperfor m 
th e bes t  constraine d models . 

Database 

We use d Talipsl ,  a  databas e compile d b y Movella n 
(Movellan ,  1995 )  an d consistin g o f  9  mal e an d 3  femal e 
undergraduat e student s fro m th e Cognitiv e Scienc e De -
partmen t  a t  th e Universit y o f  California ,  Sa n Diego .  Fo r 
eac h o f  these ,  tw o sample s wer e take n fo r  eac h o f  th e 
digit s "one "  throug h "four" .  Thus ,  th e tota l  databas e 
consist s o f  9 6 digi t  utterances .  Th e audi o samplin g rat e 
i s 11. 1 kHz ,  an d eac h sampl e ha s a n 8-bi t  representa -
tion .  Eac h fram e i n th e vide o trac k o f  a  movi e i s a n 
8-bi t  grey-scale ,  100x7 5 pixe l  image ,  an d eac h movi e i s 
sample d a t  a  visua l  fram e rat e o f  3 0 frame s pe r  second . 
Th e subject s wer e aske d t o cente r  an d alig n thei r  lip s i n 
th e camer a durin g th e sampling . 

Signal processing. 

Our  signa l  processin g philosoph y i s t o preserve ,  a s muc h 
as possible ,  th e informatio n i n th e origina l  frames .  Eac h 
fram e fro m th e vide o trac k i s symmetrize d alon g th e ver -
tica l  axis ,  an d a  tempora l  differenc e fram e i s the n ob -
taine d b y subtractin g th e previou s symmetrize d fram e 
fro m th e curren t  symmetrize d frame .  Th e symmetrize d 
and differentia l  symmetrize d frame s ar e the n low-pas s 
filtere d an d soft-thresholde d (Movellan ,  1995) ,  an d th e 
lef t  sid e o f  th e forme r  an d th e righ t  sid e o f  th e latte r 

^ f m 

Figur e 1 :  Visua l  Preprocessing :  1 )  R a w Image .  2 )  Sym -
metrize d Image .  3 )  Differenc e Image .  4 )  Fina l  Compos -
ite . 

ar e combine d t o for m th e fina l  featur e frame .  Eac h o f 
thes e fina l  frame s ha s 30 0 dimension s (20x1 5 pixels) .  N o 
har d featur e detectio n procedure s ar e use d t o avoi d los s 
of  potentiall y  importan t  information .  Th e approac h i s 
illustrate d i n Figur e 1 . 

LPC/cepstra l  analysi s i s use d fo r  th e auditor y front -
end .  Thi s i s a  fairl y  standar d techniqu e whic h param -
eterize s a n estimat e o f  th e huma n voca l  tract' s transfe r 
function .  First ,  th e auditor y signa l  i s  passe d throug h 
a first-order  emphasize r  t o spectrall y flatten  it .  The n 
th e signa l  i s  separate d int o non-overlappin g frame s a t 
30 frame s pe r  second .  Thi s i s  don e s o tha t  ther e ar e 
an equa l  numbe r  o f  visua l  an d auditor y featur e vec -
tor s fo r  eac h utterance ,  an d thes e wil l  b e i n sync h wit h 
eac h other .  O n eac h fram e w e perfor m th e standar d 
LPC/cepstra l  analysis .  Eac h 3 0 mse c auditor y fram e 
i s characterize d b y 2 6 features :  1 2 cepstra l  coeflScients , 
12 delta-cepstrals ,  1  log-power ,  an d 1  delta-log-power . 
Each o f  th e 2 6 feature s i s encode d wit h 8-bi t  accuracy . 
The cepstra l  coefficient s ar e a  compac t  representatio n o f 
th e loca l  powe r  spectru m o f  th e speec h signal .  Th e loca l 
phas e spectru m i s los t  i n thi s representation .  However , 
loosin g loca l  phas e doe s no t  affec t  th e intelligibilit y o f 
th e acousti c signal . 

Statistical modeling of the speech signal. 

We mode l  th e speec h signa l  usin g hidde n Marko v model s 
( H M M s ) ,  on e pe r  wor d category ,  independentl y tradne d 
on signal s fro m th e correspondin g wor d categorie s (se e 
Figur e 2) .  Th e H M Ms wer e continuou s densit y left-to -
righ t  model s wit h a  fixed  numbe r  o f  states .  Th e proba -
bilit y  distributio n generate d b y a  stat e i s modele d a s a 
mixtur e o f  multivariat e Gaussia n distributions .  A  diago -
nal  covarianc e matri x  i s used ,  wit h th e variance s o f  eac h 
Gaussia n i n a  particula r  stat e tie d together .  Th e num -
ber  o f  state s an d numbe r  o f  Gaussia n mixture s pe r  stat e 
wer e systematicall y varie d t o find  th e bes t  combinatio n 
of  state s an d mixtures . 

Afte r  eac h mode l  i s traine d o n exemplar s fro m it s cor -
respondin g wor d category ,  classificatio n o f  a n unknow n 
observatio n proceed s b y calculating ,  fo r  eac h model ,  th e 
log-likelihoo d o f  th e mode l  give n th e observation .  The n 
th e classificatio n correspondin g t o th e mode l  wit h th e 
highes t  log-likelihoo d i s chose n a s th e winner . 
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Winner-Takes-Al l 
Respons e Functio n 

k 

Bank o f  H M Ms 

^  ^  ^ \  ^ 

^ — - - - ^  ^'^ ^  i k 4 M 

Figur e 2 :  Th e signa l  i s  modele d wit h a  ban k o f  H M M s. 

We us e tw o type s o f  models ,  whic h w e wil l  refe r  t o a s 
constraine d an d unconstrained .  Th e constraine d mod -
el s implemen t  th e assumptio n o f  conditiona l  indepen -
dence .  Eac h constraine d mode l  consis t  o f  tw o indepen -
dent  sub-models ,  on e auditor y an d on e visual .  Thes e ar e 
traine d o n thei r  respectiv e dat a sets ,  an d durin g test -
ing ,  th e combine d respons e i s obtaine d b y addin g th e 
log-likelihoo d o f  th e auditor y an d visua l  model s give n 
th e observations .  Thi s operatio n enforce s th e assump -
tio n o f  conditiona l  independence.  Classificatio n proceed s 
by pickin g th e mode l  wit h th e highes t  combine d log -
likelihood . 

The unconstraine d model s ar e traine d o n th e com -
bine d opto-acousti c signal .  Thes e model s ar e mor e gen -
era l  tha n th e unconstraine d models .  I f  th e signal s ar e 
conditionall y independen t  thes e model s shoul d lear n t o 
combin e thei r  output s additivel y thu s performin g a s wel l 
as th e previou s models .  However ,  i f  th e signal s ar e no t 
conditionall y independen t  thes e model s shoul d perfor m 
better . 

Results 

We teste d th e tw o type s o f  model s wit h a  variet y 
of  signal-to-nois e ratio s (SNR )  i n th e acousti c signal . 
Trainin g wa s don e wit h clea n auditor y samples ,  an d test -
in g wit h a  variabl e (SNR) .  N o nois e wa s adde d t o th e im -
ages eithe r  fo r  trainin g o r  testing .  Th e jack-knif e metho d 
was use d fo r  obtainin g eac h generalizatio n performanc e 
estimate .  Trainin g wa s don e leavin g ou t  th e utterance s 
of  on e o f  th e 1 2 subjects ,  an d testin g wa s don e o n th e 
utterance s o f  th e exclude d subject .  Thi s wa s repeate d 
12 times ,  leavin g ou t  a  differen t  subjec t  eac h time .  Jack -
knif e estimate s ar e base d o n th e averag e generalizatio n 
obtaine d wit h thes e 1 2 samples . 

For  eac h o f  th e tw o type s o f  model s (constraine d 
and unconstrained) ,  w e systematicall y teste d 4 5 dif -
feren t  architecture s b y varyin g th e numbe r  o f  state s 
(2,3,4,5,6 )  an d th e numbe r  o f  Gaussian s pe r  stat e 
(2,3,4,5,6,7,8,9,10) .  W e chos e th e bes t  2  constraine d an d 

Model 
Unconstraine d 

Constraine d 
Auditor y Onl y 

Visua l  Onl y 

Acousti c Signa l  t o Nois e Rati o | 
OdB 
94. 2 
92 

75. 4 
89. 4 

6d B 
95. 2 
95. 2 
84. 6 
89. 4 

12 d B 
94. 5 
96. 4 
89. 1 
89. 4 

18 d B 
93. 9 
98. 7 
92. 6 
89. 4 

Clea n 
95. 5 
98 

92. 3 
89. 4 

Tabl e 1 :  Performanc e a t  differen t  signa l  t o nois e ratios . 

th e bes t  2  unconstraine d architectures . 
Tabl e 1  show s th e performanc e o f  th e bes t  constraine d 

and unconstraine d models .  Fo r  completenes s w e als o 
sho w th e performanc e o f  th e bes t  Auditory-onl y an d th e 
bes t  Visual-onl y models .  I n mos t  case s th e constraine d 
architectur e perform s marginall y bette r  tha n th e uncon -
straine d architecture .  Thus ,  assumin g conditiona l  inde -
pendenc e doe s no t  resul t  i n los s o f  information . 

Conclusions 

Th e result s o f  thi s explorator y stud y sugges t  tha t  th e op -
ti c an d acousti c speec h signal s ar e indee d conditionall y 
independent .  Thus ,  th e emergenc e o f  Morton' s la w i n 
audiovisua l  speec h perceptio n experiments ,  m a y reflec t 
an optima l  functiona l  organizatio n o f  th e perceptua l  sys -
tem . 

We nee d t o b e cautiou s abou t  thes e result s sinc e ou r 
analysi s ha s importan t  limitations :  1 )  Ou r  wor k i s base d 
on a  smal l  databas e an d i t  i s  unclea r  whethe r  i t  woul d 
generaliz e t o othe r  databases .  2 )  Sinc e ou r  databas e i s 
small ,  i t  i s  possibl e tha t  th e potentia l  bia s introduce d b y 
th e assumptio n o f  conditiona l  independenc e m a y b e com -
pensate d b y th e fac t  tha t  i t  allow s a  significan t  reductio n 
i n th e numbe r  o f  trainin g parameters .  3 )  W e mode l  th e 
speec h signa l  usin g H M Ms an d i t  i s  possible ,  tha t  differ -
ent  approache s woul d hav e produce d differen t  results .  4 ) 
Differen t  result s m a y perhap s b e obtaine d usin g differ -
ent  signa l  processin g strategie s (e.g .  featur e detectors , 
Gabor  filters  ... )  5 )  Ou r  result s d o no t  clarif y a t  whic h 
leve l  independenc e holds .  I t  i s  possibl e tha t  th e indepen -
denc e obtaine d whe n conditionin g o n word s i s du e t o th e 
existenc e o f  lowe r  leve l  independenc e (e.g .  whe n condi -
tionin g ove r  sub-wor d units) .  Ou r  result s ca n onl y b e 
use d a s evidenc e tha t  independenc e hold s a t  som e leve l 
but  w e canno t  specif y wher e thi s leve l  i s  located . 

We ar e currentl y workin g t o overcom e thes e limita -
tion s bu t  w e believ e thi s explorator y wor k illustrate s ho w 
curren t  technique s o n artificia l  patter n recognitio n m a y 
be use d t o analyz e th e structur e o f  natura l  signal s an d 
t o establis h a  statistica l  approac h t o h u m a n cognition . 
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A b s t r a c t 
I n thi s pape r  w e revie w th e benefit s o f  abstrac t  compu -
tationa l  model s o f  cognitio n an d presen t  on e suc h mode l 
of  behavio r  i n a  flight-control  domsiin .  Th e model' s cen -
tra l  assumption s air e tha t  difference s amon g subject s ar e 
due t o difference s i n sensin g skills ,  an d tha t  th e mju n 
for m o f  learnin g involve s updatin g statistic s t o distin -
guis h relevjm t  fro m irrelevan t  features .  W e repor t  a n 
implementatio n o f  thi s abstrac t  mode l  o f  sensor y learn -
ing ,  £don g wit h a  syste m tha t  searche s th e spac e o f  pa -
ramete r  setting s i n orde r  t o fit  th e mode l  t o observations . 
We compar e th e sensory-learnin g frjimewor k t o a n alter -
nativ e base d o n th e powe r  law ,  finding  tha t  th e latte r  fits 
th e dat a slightl y bette r  bu t  tha t  i t  require s m a n y mor e 
parameters . 

Computational Models of Behavior 

Computationa l  model s o f  huma n cognitio n dat e bac k 
t o th e 1950s ,  soo n afte r  researcher s reedize d tha t  com -
puter s hji d genera l  symbol-processin g capability .  Earl y 
compute r  model s lik e G P S (Newell ,  Shaw ,  &  Simon , 
1960 )  an d E p a m (Feigenbaum ,  1963 )  wer e implemente d 
i n basi c list-processin g language s lik e IPL- V an d the n 
i n Lisp .  Late r  model s o f  huma n behavio r  wer e cas t 
i n mor e theory-lade n formaJism s lik e production-syste m 
and schem a language s (Newell ,  1973 ;  No rma n &  Rumel -
hart ,  1975) .  Ensuin g architecture s suc h a s A C T (Ander -
son ,  1983 )  an d S o a r  (Newell ,  1990 )  incorporate d addi -
tiona l  knowledg e abou t  th e huma n informatio n proces -
sor ,  forcin g model s state d withi n thos e framework s t o 
satisf y furthe r  theoretica l  constraints . 

Many cognitiv e scientist s vie w thi s progressio n a s 
a positiv e development ,  leadin g towar d wha t  Newel l 
(1990 )  ha s calle d unifie d theorie s o f  cognition .  Never -
theless ,  computationa l  model s stil l  requir e developer s t o 
introduc e man y assumptions ,  man y no t  centra l  t o thei r 
theories ,  befor e the y ca n produc e behavior s an d predic -
tions .  Moreover ,  feature s o f  model s tha t  developer s d o 
hol d centra l  ar e ofte n no t  th e sourc e o f  thei r  models '  abil -
it y t o explai n psychologica l  data .  On e exampl e come s 
fro m Richma n an d Simo n (1989) ,  wh o argu e tha t  connec -
tionis t  an d discrimination-networ k explanation s o f  word -
recognitio n findings  ar e du e no t  t o thes e models '  cor e 
assumption s o f  paralle l  versu s sequentia l  processing ,  bu t 
fro m th e wa y bot h model s structur e th e task . 

'Als o affiliate d wit h th e Institut e fo r  th e Stud y o f  Learn -
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Thes e observation s sugges t  tha t  detaile d compute r 
model s o f  huma n behavior ,  thoug h interestin g from  a n 
AI  perspective ,  m a y b e misleadin g o r  a t  leas t  unneces -
sar y t o explai n m a n y interestin g phenomena .  A t  first 
glance ,  mathematica l  model s see m a  natura l  alternative , 
i n tha t  the y describ e behavio r  a t  a  muc h mor e abstrac t 
level .  However ,  computationa l  model s wer e originall y 
develope d i n respons e t o perceive d limitation s o f  suc h 
mathematiczi l  methods ,  whic h wer e constraine d t o sim -
pl e behavior s em d ofte n mad e restrictiv e assumption s o f 
thei r  ow n fo r  th e sak e o f  analyticii l  trjictability . 

Recently ,  Ohlsso n an d Jewet t  (1995 ;  i n press )  hav e 
propose d a  promisin g compromis e betwee n thes e tw o 
paradigms ,  whic h the y refe r  t o a s abstrac t  models .  I n 
thi s framework,  th e scientis t  stil l  implement s a  runnin g 
compute r  progra m tha t  generate s behavior ,  bu t  th e sys -
te m omit s detail s tha t  ar e no t  essentia l  t o th e phenom -
en a on e aim s t o explain .  Fo r  examiple ,  t o mode l  learnin g 
i n problem-solvin g domains ,  the y sugges t  retainin g th e 
ide a o f  searc h throug h a  proble m space ,  bu t  removin g 
detail s abou t  th e state s an d operator s tha t  defin e th e 
space .  Rather ,  on e ca n describ e th e structur e o r  connec -
tivit y o f  th e space ,  an d mode l  th e learnin g proces s usin g 
mechanism s tha t  ad d connection s o r  alte r  th e probabil -
it y  o f  movin g towar d a  goci l  state . 

Th e ide a o f  abstrsic t  computationa l  model s i s no t  en -
tirel y new .  Fo r  instance ,  Shrager ,  Hogg ,  an d Huber -
mci n (1988 )  presen t  a n explanatio n ver y simila r  t o Ohls -
so n an d Jewett' s fo r  th e powe r  la w o f  learning ,  whic h 
the y couple d wit h a  mathematica l  analysis .  Rosenbloo m 
an d Newel l  (1987 )  presen t  a  differen t  accoun t  o f  power -
la w learning ,  describin g bot h a  detaile d compute r  mode l 
an d a n abstrac t  mode l  o f  thi s well-know n phenomenon . 
Ohlsso n an d Jewett' s  contributio n i s th e realizatio n tha t 
neithe r  th e mathematicz d analysi s no r  th e detaile d mode l 
ar e necessary ,  em d tha t  researcher s m a y ofte n find  i t  use -
fu l  t o wor k entirel y a t  th e leve l  o f  abstrac t  models . 

However ,  wor k o n abstrac t  model s remain s rare ,  an d 
Ohlsso n cin d Jewett' s  researc h progra m ha s focuse d o n 
cognitiv e tasks .  I n thi s paper ,  w e adap t  th e approac h 
t o domain s tha t  hav e a  significan t  sensory-moto r  com -
ponent .  Belo w w e outlin e th e Phoen i x domain ,  whic h 
involve s contro l  o f  a  simulate d airplane .  Afte r  this ,  w e 
briefl y revie w ICARUS ,  a  theor y o f  th e h u m a n cognitiv e 
architecture ,  ain d incorporat e it s cor e tenet s int o a n ab -
strau; t  mode l  o f  behavio r  o n th e Phoen i x task .  Nex t 
we describ e a  varian t  mode l  tha t  addresse s th e influenc e 
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of  domai n knowledg e o n sensin g strategies ,  alon g wit h a 
simpl e accoun t  o f  sensor y learning .  Finally ,  w e conside r 
th e model' s fi t  t o huma n behavio r  an d compar e it s accu -
rac y t o tha t  o f  a n alternativ e accoun t  o f  le£irning ,  the n 
discus s som e broade r  issue s tha t  ou r  approac h raises . 

The Sensory-Rich Phoenix Domain 

Goettl (1993, 1994) has described the Phoenix domain, 
a simulate d trainin g environmen t  tha t  involve s flyin g a 
simulate d airplan e throug h a  serie s o f  rectangula r  gate s 
tha t  constitut e a  three-dimensiona l  slalo m course .  Th e 
ai m i s t o navigat e th e plan e throug h thes e gates ,  prefer -
abl y followin g a s direc t  a  rout e a s possible .  A  cockpi t 
windo w give s subject s informatio n abou t  th e size ,  loca -
tion ,  an d orientatio n o f  th e neares t  gate s a s the y woul d 
appea r  fro m a n actua l  pl?ine ,  alon g wit h a  horizo n lin e 
tha t  reflect s th e plane' s pitc h an d roll .  Th e consol e dis -
pla y als o give s numeri c informatio n o n th e flight  speed , 
thrust ,  an d altitude . 

Th e gate s ar e suspende d i n air ,  perpendicula r  t o th e 
groun d cm d paralle l  t o eac h other .  Th e PHOENI X tas k 
begin s wit h th e plan e facin g an d headin g roughl y i n th e 
directio n o f  th e neares t  gate ,  bu t  th e subjec t  mus t  al -
te r  th e plane' s cours e t o accomplis h th e tas k o f  flying 
throug h th e gate s i n sequence .  A  joystic k let s th e sub -
jec t  affec t  th e plane' s pitc h an d roll ,  an d thu s it s altitud e 
and heading ;  additiona l  control s ca n chang e thrus t  an d 
thu s flight  speed ,  bu t  thi s i s les s centra l  t o th e basi c task . 

Goett l  (1993 )  ha s analyze d th e Phoeni x tas k int o 1 9 
separat e componen t  skills ,  whic h involv e subtask s suc h 
as changin g headin g an d changin g altitude ,  whic h i n tur n 
brea k dow n int o eve n mor e basi c skill s  lik e alterin g th e 
plane' s pitc h an d roll .  Hi s experiment s reveale d a  num -
ber  o f  regularitie s i n subjects '  behavio r  o n thi s task .  Fo r 
instance ,  h e foun d tha t  abilit y  o n mos t  o f  th e componen t 
skill s  identifie d durin g th e tas k analysi s wer e closel y as -
sociate d wit h abilit y  o n th e overal l  slalo m task .  H e als o 
note d majo r  difference s i n performance ,  especiall y be -
twee n me n an d women ,  bu t  als o amon g subject s o f  th e 
same sex .  Determinant s o f  tas k difficult y include d th e 
siz e o f  th e gate s an d thei r  distanc e apart . 

Naturally ,  subject s improv e thei r  abilit y  t o fly  th e 
slalo m cours e wit h practice .  However ,  Goett l  als o foun d 
tha t  part-tas k subject s (traine d o n th e componen t  skills ) 
learne d mor e slowl y tha n thos e i n th e whole-tas k grou p 
(traine d o n th e overal l  task) ,  thoug h th e forme r  di d sho w 
positiv e transfe r  fro m practic e o n th e componen t  prob -
lems .  I n studie s o f  a  relate d tas k tha t  involve s shoot -
in g stationar y targets ,  Goett l  (1994 )  foun d tha t  subject s 
traine d o n componen t  task s outperforme d thos e traine d 
on th e whol e task ,  provide d the y ge t  interleave d practic e 
on th e component s (i.e. ,  on e tria l  o n eac h componen t  pe r 
block) ,  bu t  no t  whe n the y ge t  segregate d practice . 

We wil l  no t  attemp t  t o explai n al l  o f  th e abov e phe -
nomena here ;  fo r  no w w e wil l  focu s o n th e basi c fac t  o f 
improvemen t  wit h experience .  However ,  th e variet y o f 
result s suggest s th e fertilit y  o f  thi s domai n fo r  explorin g 
behavio r  o n comple x sensory-moto r  tasks ,  whic h recom -
mends i t  a s a  testbe d fo r  ou r  idea s o n abstrac t  models . 

A M o d e l  o f  Unsk i l l e d S e n s i n g 

Our approach to modeling humsm behavior in the 
Phoeni x domai n build s o n th e Icaru s architectur e 
(Langley ,  1996) ,  i n whic h th e basi c uni t  o f  knowledg e 
i s th e qualitativ e state .  Eac h stat e 5  specifie s a  se t  o f 
condition s tha t  mus t  hol d fo r  5  t o b e active ,  alon g wit h 
optiona d informatio n abou t  action s t o b e performe d dur -
in g S ,  th e effect s o f  thes e actions ,  an d likel y successo r 
states .  Th e architectur e operate s i n cycles ,  checkin g th e 
condition s o f  th e curren t  stat e i f  on e i s activ e an d se -
lectin g a  ne w stat e fro m long-ter m memor y otherwise . 
Constraint s o n perceptua l  attentio n limi t  th e numbe r  o f 
sensor s update d o n eac h cycle ,  wit h th e syste m assumin g 
tha t  th e value s o f  unsense d feature s remai n unchanged . 
W h en Icaru s detect s tha t  th e activatio n condition s fo r 
th e curren t  stat e n o longe r  hold ,  i t  check s t o determin e 
whic h successo r  stat e shoul d becom e activ e or ,  i f  non e 
hold ,  whic h othe r  stat e seem s mos t  appropriate . 

For  thi s study ,  w e assum e tha t  th e agen t  ha s alread y 
mastere d th e basi c skil l  o f  flying  throug h a  serie s o f  gates , 
whic h involve s bot h knowledg e o f  th e componen t  skill s 
(states )  an d th e orde r  i n whic h the y shoul d occur .  Fig -
ur e 1  show s on e possibl e sequenc e o f  state s involve d i n 
traversin g a  singl e gate ,  an d th e resultin g flight  pat h see n 
fro m abov e th e plane .  Thi s sequenc e involve s rollin g th e 
plan e t o th e left ,  continuin g th e rol l  a t  th e maximu m 
allowe d fo r  som e period ,  unrollin g th e plan e right ,  an d 
takin g n o actio n onc e th e plan e i s aligne d wit h th e gate . 
Thi s sequenc e assume s th e plan e i s alread y aligne d ver -
tically ;  i f  th e plan e wer e belo w th e gate ,  th e sequenc e 
woul d als o includ e state s fo r  alterin g th e pitc h t o ascen d 
followe d b y anothe r  stat e t o leve l  out .  Alternativ e lo -
cation s relativ e t o th e gat e woul d produc e similai r  path s 
base d o n analogou s states ,  suc h a s decreasin g pitc h an d 
rollin g right .  W e wi U no t  assum e thi s precis e decompo -
sitio n o f  th e slalo m task ,  a s othe r  decomposition s int o 
state s ar e possible ,  bu t  w e wil l  posi t  a  smal l  numbe r  o f 
state s fo r  eac h gat e traversed . 

Our  mode l  o f  behavio r  o n th e slalo m tas k abstract s 
away fro m th e detail s o f  Icaru s an d th e domain ,  an d 
focuse s o n onl y a  fe w essentia l  parameters .  I n particu -
lar ,  w e suppos e tha t  flying  throug h eac h gat e require s 
a sequenc e o f  s  state s an d tha t  eac h stat e ha s r  -I- 1 ac -
tivatio n condition s tha t  involv e sensing ,  bu t  tha t  onl y 
r  o f  thes e condition s actuall y diffe r  betwee n eac h stat e 
and it s successor .  Thi s mean s that ,  i n orde r  t o detec t 
tha t  th e curren t  stat e i s n o longe r  active ,  th e agen t  nee d 
onl y sens e on e o f  thes e r  relevan t  features .  However ,  i f 
th e agen t  doe s no t  kno w whic h feature s t o sense ,  it s  de -
tectio n o f  stat e failur e ma y b e delayed ,  an d thu s i t  ma y 
continu e carryin g ou t  th e curren t  action s longe r  tha n 
appropriate . 

Our  explanatio n o f  error s i n thi s framewor k revolve s 
aroun d th e ide a tha t  th e agen t  mus t  reac h th e final  'Fl y 
Toward '  state ,  i n whic h th e plan e i s aligne d wit h th e 
gate ,  befor e pcissin g th e gate' s location .  Fo r  a  give n lo -
catio n o f  th e plan e wit h respec t  t o th e gat e a t  th e outse t 
of  th e stat e sequence ,  ther e wil l  b e a  minimu m numbe r 
of  tim e steps ,  ignorin g tim e fo r  sensing ,  fo r  th e agen t 
t o ente r  thi s final  state .  W e wil l  us e t  t o represen t  th e 

386 



FI v Towar d 
X Unrol l  Righ t 

Gat e 

X 

/  Maximu m 
'  Rol l 

Sta n I  "' ' 
Rol l  Lef t 

Figur e 1 :  A  four-stat e sequenc e tha t  take s a  plan e throug h a  gat e whe n alread y verticall y aligned .  Eac h stat e 
continue s fo r  a  numbe r  a  tim e steps ,  unti l  it s  activatio n condition s ar e n o longe r  satisfied . 

number  o f  additiona l  tim e step s available ,  beyon d thi s 
min imum ,  befor e th e plan e passe s th e gate .  Thus ,  th e 
paramete r  t  correspond s t o th e amoun t  o f  'slack '  i n a 
particula r  slalo m task ,  wit h smalle r  value s makin g th e 
proble m harde r  an d large r  one s makin g i t  easier . 

Accordin g t o thi s account ,  a n agen t  tha t  know s h o w 
t o fl y  throug h a  gat e ca n stil l  m a k e error s becaus e th e 
number  o f  tim e step s neede d t o detec t  a  stat e shif t  m a y 
excee d th e slac k paramete r  f ,  causin g th e plan e t o mis s 
th e gate .  W e assum e tha t  th e agen t  ca n sense  onl y on e 
featur e o n eac h tim e step ,  s o tha t  whethe r  i t  notice s a 
stat e shif t  depend s o n whethe r  i t  sense s relevan t  o r  irrel -
evan t  features .  Lackin g an y knowledg e o f  whic h feature s 
ar e relevant ,  w e assum e tha t  th e tru e novic e ha s a  prob -
abilit y 

P = 
r  -t- i 

of  selectin g a  relevan t  featur e o n eac h tim e step ,  an d thu s 
th e sam e probabilit y  o f  noticin g a  stat e shift ,  onc e suc h 
a chang e occurs . 

Thi s mode l  appear s t o hav e fou r  parameter s bu t  ac -
tuall y ha s fewer .  Not e tha t  th e importan t  facto r  i s no t 
th e overcil l  slac k paramete r  t ,  bu t  rathe r  tha n amoun t 
of  slac k pe r  state ,  d  =  t/s .  Also ,  th e actua l  numbe r 
of  relevan t  feature s r  an d irrelevan t  one s i  matter s les s 
tha n p ,  th e probabilit y  o f  detectin g a  stat e shif t  whe n 
one occurs .  However ,  thi s quantit y i s determine d no t  b y 
r  an d i  bu t  b y thei r  ratio ,  u  =  i/r ,  whic h give s 

P = 
1 

l-t- u 

Take n together ,  th e parameter s d  an d u  specif y ou r 
abstrac t  mode l  o f  novic e behavio r  o n th e P h o e n i x 
slalo m task ,  thoug h i t  shoul d appl y equall y wel l  t o othe r 
sensory-ric h domains . 

A M o d e l  o f  Skille d Sensin g a n d Learnin g 

The abov e mode l  posit s tha t  th e agen t  sample s fro m 
among th e r  -I -  i  stat e activatio n condition s fro m a  uni -
for m distribution ,  whic h produce s th e probabilit y 

P = 
1 

r  +  i 1 + u 

of  detectin g a  stat e shif t  o n eac h tim e ste p afte r  th e shif t 
occurs .  However ,  i f  th e agen t  ha s additiona l  knowledg e 
abou t  th e probabilit y  o f  eac h conditio n ceasin g t o hold , 
i t  ca n us e a  mor e selectiv e strategy ,  base d o n nonunifor m 
sensing ,  tha t  produce s a  highe r  probabiht y o f  detectin g 
a stat e chang e whe n on e occurs . 

I n orde r  t o mode l  suc h skille d sensin g behavior ,  w e 
nee d som e additiona l  assumptions .  T h e Ica ru s archi -
tectur e assume s tha t  th e agen t  associate s a  probabilit y 
wit h eac h activatin g conditio n /  o f  a  stat e s ,  suc h that , 
when s  i s activ e an d /  i s  true ,  /  wil l  stil l  hol d o n th e nex t 
tim e step .  Base d o n thes e estimates ,  I caru s compute s 
th e probabilit y  tha t  eac h activatio n conditio n (feature ) 
of  th e curren t  stat e ha s changed .  Havin g limite d at -
tentiona l  resources ,  th e architectur e mus t  choos e whic h 
feature s t o sense .  Her e w e assum e tha t  subject s us e a 
•probability  matchin g strategy ,  whic h sample s fro m a m o n g 
th e availabl e feature s i n direc t  proportio n t o thei r  esti -
mate d probabilit y  o f  changin g w h e n a  stat e shif t  occurs . 
Probabilit y  matchin g ha s bee n implicate d i n a  variet y o f 
decisio n tasks ,  makin g i t  a  plausibl e candidat e here . 

We ca n mode l  a  subject' s knowledg e abou t  th e rele -
vanc e o f  feature s wit h on e additiona l  parameter ,  k ,  tha t 
represent s th e numbe r  o f  time s th e subjec t  ha s observe d 
a particula r  stat e transitio n i n whic h th e relevan t  fea -
ture s hav e change d an d th e irrelevan t  one s hav e not .  W e 
ca n incorporat e thi s informatio n int o th e probabilit y o f 
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Figur e 2 ;  T h e probabilit y  o f  detectin g a  stat e shif t  a s a  functio n o f  (a )  parameter s k  an d u  i n th e novic e mode l  an d 
(b )  parameter s n  a n d c ,  w h e n u  =  4 ,  i n th e skille d mode l . 

selectin g a  relevan t  feature ,  wh ic h b e c o m e s 

P = 
k - r  +  i k  +  u 

Thi s expressio n i s equivalen t  t o th e novic e quantity , 
1/(1 + u) ,  whe n k  =  1 ,  bu t  th e rati o approache s 1  a s 
k goe s t o infinity .  Figur e 2  (a )  show s th e effec t  o f  k  o n 
p fo r  differen t  value s o f  i/ r  =  u . 

Naturzdly ,  w e d o no t  clai m tha t  k  remain s constant , 
sinc e subject s lear n fro m thei r  experienc e i n th e domain . 
Her e w e assum e tha t  th e subjec t  simpl y increment s th e 
valu e fo r  A;  b y 1  eac h tim e h e observe s a  shif t  fro m on e 
stat e t o auiother ,  thu s increasin g th e probabilit y  p  o f 
sensin g a  relevan t  feature .  Thi s suggest s tha t  w e le t 
k =  n ,  wher e n  i s th e numbe r  o f  time s th e subjec t  ha s 
encountere d th e task .  However ,  inspectio n o f  dat a fo r 
th e slalo m tas k reveal s tha t  som e subject s star t  wit h 
much highe r  succes s rate s tha n others .  W e ca n mode l 
thes e difference s b y introducin g anothe r  parameter ,  c , 
tha t  determine s eac h subject' s initia l  probabilit y  o f  sens -
in g irrelevan t  features .  I n thi s revise d mode l ,  w e hav e 
k — c  +  n ,  s o tha t 

P = 
( c +  n )  •  r  _  c  +  n 

{ c +  n )  r  +  i  c  +  n  +  u 

wher e th e valu e fo r  c  partl y determine s th e intercep t  i n 
eac h subject' s learnin g curve .  Figur e 2  (b )  show s th e 
effec t  o f  n  o n p  fo r  differen t  value s o f  c  whe n u  =  4 . 

Let  u s revie w th e mode l  an d it s structure .  W e hav e 
one parameter ,  d  =  t/s ,  tha t  represent s th e difficult y o f 
th e task .  W e hav e a  secon d parameter ,  u  =  i/r ,  tha t  in -
dicate s th e rati o o f  irrelevan t  t o relevan t  features .  Bot h 
d an d u  tak e o n th e sam e valu e fo r  al l  subjects ,  sinc e the y 
ar e characteristic s o f  th e domain .  However ,  w e hav e a 
thir d parameter ,  c ,  tha t  i s specifi c  t o eac h subject ,  repre -
sentin g tha t  person' s initia l  bia s towar d sensin g relevan t 
features .  Th e variabl e n  als o play s a  rol e i n th e model , 
but  w e assum e thi s represent s th e numbe r  o f  problem s 

th e subjec t  ha s solved. ^  Thus ,  give n v  subject s wit h w 
observation s each ,  w e mus t  fit  a  mode l  wit h v  +  2  param -
eter s t o i > •  u ;  dat a points .  Fo r  th e slalo m task ,  w e hav e 
46 subject s an d 8  measurement s each ,  givin g 46- 8 =  36 8 
value s t o constrai n 4 6 +  2  =  4 8 overal l  parameters . 

Fitting the Model to Observations 

I n principle ,  w e migh t  deriv e a  se t  o f  equation s tha t  fol -
lo w fro m ou r  mode l  an d us e establishe d statistica l  meth -
ods t o determin e th e best-fittin g value s fo r  eac h param -
eter .  However ,  w e hav e no t  foun d an y closed-for m solu -
tion s fo r  th e model ,  whic h rule s ou t  thi s approach .  Bu t 
i t  doe s no t  preclud e u s fro m incorporatin g th e model' s 
assumption s int o a n abstrac t  compute r  program ,  usin g 
thi s progra m t o predic t  result s fo r  give n paramete r  set -
tings ,  an d searchin g th e spac e o f  setting s t o find  a  goo d 
fit  t o th e data . 

We implemente d th e assumption s o f  th e mode l  i n suc h 
a program ,  whic h w e embedde d i n anothe r  progra m de -
signe d t o searc h th e spac e o f  paramete r  settings .  Th e 
runnin g mode l  accepte d th e fou r  variable s describe d ear -
lie r  -  d ,  u ,  c ,  a n d n  -  a s inpu t  a n d applie d th e strateg y fo r 
selectiv e sensin g 100 0 time s t o estimat e th e probabilit y 
of  successfull y traversin g a  gate .  T h e higher-leve l  syste m 
c o m p u t e d th e square d differenc e betwee n th e predicte d 
a n d observe d probabilit y fo r  eac h combinatio n o f  sub -
jec t  a n d practic e level .  Fo r  th e paramete r  d  w e tol d th e 
syste m t o conside r  onl y setting s betwee n 1  a n d 3 ;  fo r  u 
i t  exam ine d setting s f ro m 1  t o 20 ;  a n d fo r  c  i t  considere d 
value s f ro m 1  t o 10 . 

T h e searc h p rog ra m involve s a  n u m b e r  o f  iterativ e 
loops ,  th e outermos t  devote d t o finding  th e bes t  d  valu e 
an d th e nex t  t o finding  th e u  setting .  T h e thre e inner -
m o st  level s iterat e throug h th e se t  o f  subjects ,  throug h 

^Actually ,  eac h subjec t  scor e i s a n averag e ove r  1 6 three -
minut e trial s tha t  involve d separat e passe s throug h th e 
slalo m course ,  bu t  thes e hol d acros s subject s an d thu s ar e 
constan t  factors . 
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Tabl e 1 :  (a )  Sampl e paramete r  setting s fo r  th e abstrac t 
sensory-learnin g mode l  an d th e varianc e the y explai n 
(r̂ )  o n dat a from  th e slalo m task ,  alon g wit h (b )  th e 
parameter s an d r ^  fo r  th e power-la w model .  Th e bes t 
fit  fo r  th e sensory-leJimin g mode l  ( d =  2 ,  u  =  19 )  a< -
count s fo r  les s varianc e tha n th e powe r  la w bu t  involve s 
many fewe r  parameters . 

(a) Sensory-learning Model 

Difficulty d Ratio u Init. bias c r^ 

1 
1 
2 
2 
3 
3 

4 
12 
12 
19 
12 
20 

fl-8 1 
1-1 0 
1-1 0 
1-1 0 
fl-7 1 
1-1 0 

0.11 1 
0.65 1 
0.58 0 
0.68 0 
0.31 7 
0.65 2 

(b )  Power-la w Mode l 

Slop e a Intercep t  b 

[-1.17-0.07 ]  [-1.63-0.57 ] 0.82 7 

value s o f  n ,  an d throug h setting s fo r  c .  Inspectio n o f  th e 
model' s behavio r  ove r  thi s paramete r  spac e suggeste d 
that ,  whe n onl y on e paramete r  varies ,  th e model' s fit  t o 
th e dat a follow s a  U-shape d curve .  Thus ,  th e syste m lim -
ite d searc h somewha t  b y startin g wit h a  smal l  paramete r 
valu e an d incrementin g i t  onl y a s lon g a s thi s improve d 
th e fit,  a t  whic h poin t  i t  halted ,  havin g reache d a  loca l 
optimu m give n th e value s o f  othe r  parameters . 

Tabl e 1  show s th e varianc e explaine d (r̂ )  fo r  a  num -
ber  o f  paramete r  settings ,  includin g th e on e tha t  pro -
vide s th e bes t  fit  fo r  Goettl' s  46-subjec t  data .  Th e tabl e 
include s a  rang e o f  Vcdue s fo r  c ,  sinc e thi s paramete r  var -
ie d acros s differen t  subjects .  Not e tha t  th e bes t  settin g 
fo r  u  i s 19 ,  accountin g fo r  6 8 percen t  o f  th e variance , 
whic h implie s tha t  subject s considere d 1 9 time s a s man y 
irrelevan t  feature s a s relevan t  ones .  Th e Phoeni x flight 
simulato r  doe s hav e a  comple x display ,  s o thi s valu e i s 
not  impossible ,  thoug h i t  i s  highe r  tha n w e expected . 

One natura l  issu e concern s ho w wel l  ou r  sensory -
learnin g mode l  compare s t o alternativ e explanation s o f 
th e data .  W e pla n t o explor e thi s questio n a t  lengt h 
i n futur e work ,  bu t  w e hav e alread y don e som e initia l 
studie s alon g thes e line s wit h a  popula r  mode l  tha t  as -
sumes learnin g obey s a  negativel y accelerate d powe r  law . 
Rosenbloo m an d Newel l  (1987 )  an d Shrage r  e t  al .  (1988 ) 
hav e show n tha t  on e ca n deriv e thi s la w fro m assump -
tion s abou t  th e tas k environmen t  cm d learner ,  bu t  bot h 
Emalyse s dea l  wit h reactio n time s rathe r  tha n erro r  rates . 

Her e w e simpl y assum e tha t  learnin g follow s a  powe r 
la w o f  th e for m E  =  bN~'' ,  wher e E  i s th e percen t  erro r 
afte r  N  trainin g experiences ,  an d wher e a  an d b  ar e pa -
rameter s specifi c  t o eac h subject .  Takin g th e lo g o f  bot h 
side s give s th e linea r  relatio n log{E )  =  log{b)-alog{N) , 
whic h w e ca n fit  t o th e dat a usin g linea r  regression . 

Tabl e 1  als o show s th e paramete r  range s an d th e r ^ 
tha t  resul t  fro m thi s process .  Th e powe r  la w explain s 
somewhat  mor e varianc e (8 3 percent )  tha n th e sensory -
learnin g mode l  bu t  include s ne2irl y twic e a s man y param -
eters ;  thus ,  w e canno t  clai m tha t  eithe r  i s  superio r  t o th e 
othe r  o n thes e data ,  an d cidditiona l  studie s woul d appea r 
necessar y befor e w e ca n dra w an y firm  conclusions . 

Preliminar y analyse s o f  result s fro m anothe r  Phoeni x 
study ,  involvin g pju-t-tas k training ,  sugges t  tha t  rapi d 
learner s ar e les s affecte d b y th e introductio n o f  irrelevan t 
feature s the m slo w learner s (Goettl ,  persona l  communi -
cation ,  1996) .  Thi s appezir s consisten t  wit h ou r  sensory -
learnin g theory ,  bu t  developin g a  detaile d mode l  fo r  thi s 
experimenta l  situation ,  an d fitting  i t  t o th e data ,  mus t 
awai t  futur e work . 

Discussion 

Before closing, we should reexamine the theoretical sta-
tu s o f  ou r  mode l  an d it s relatio n t o alternativ e frame -
works .  W e hav e note d ou r  deb t  t o Ohlsso n an d Jew -
et t  fo r  th e notio n o f  a n abstrac t  computationa l  model , 
but  ou r  applicatio n o f  thi s ide a differ s somewha t  fro m 
thei r  own .  W e hav e use d ou r  abstrac t  model ,  combine d 
wit h a  searc h engine ,  t o fit  dat a o n particula r  subjects , 
wherea s Ohlsso n an d Jewet t  instea d explor e ho w alter -
nativ e model s reac t  t o variation s i n paramete r  values , 
i n orde r  t o determin e whethe r  thei r  abilit y  t o cove r  phe -
nomena depend s o n th e underlyin g mechanis m o r  o n for -
tuitou s paramete r  settings .  Thes e tw o approache s ar e 
not  antithetical ,  bu t  the y d o emphasiz e differen t  issues . 

Some reader s wil l  detec t  tha t  ou r  mode l  o f  sensor y 
learnin g ha s feature s i n commo n wit h Estes '  stimulu s 
samplin g theory ,  th e basi s fo r  a  wid e variet y o f  math -
ematica l  learnin g models.  Th e tw o account s bot h as -
sume tha t  subjects '  decision s ar e probabilisti c  i n nature , 
tha t  the y invok e a  probabilit y  matchin g strategy ,  an d 
tha t  learnin g follow s fro m simpl e change s t o probabilit y 
distributions .  However ,  th e detail s o f  th e equation s fo r 
performanc e an d learnin g diffe r  considerably ,  a s d o th e 
underlyin g account s tha t  accompan y th e expressions . 

Anothe r  issu e concern s th e degre e t o whic h ou r  model , 
and other s lik e it ,  explain s th e dat a o r  merel y describe s 
it .  W e hol d tha t  th e model' s processe s an d associate d 
equation s provid e explanator y structure ,  wherea s th e pa -
ramete r  setting s handl e descriptio n withi n th e structure . 
A mor e interestin g questio n concern s th e exten t  t o whic h 
variou s mode l  assumption s ar e necessar y o r  merel y suf -
ficient  t o produc e th e data .  A  suflScien t  assumptio n ca n 
be replace d b y anothe r  on e that ,  wit h differen t  parame -
te r  values ,  give s nearl y th e sam e results .  I n contrast ,  a 
necessar y assumptio n seem s required ,  i n tha t  n o alterna -
tive s ca n fit  th e data ,  regardles s o f  paramete r  settings . 
We hav e no t  ye t  attempte d t o analyz e ou r  accoun t  i n 
thi s fashion ,  bu t  abstrac t  model s see m wel l  suite d fo r 
suc h studies ,  a s Ohlsso n an d Jewet t  hav e shown . 

A final  matte r  involve s th e generalit y o f  th e abstrac t 
approac h t o modelin g behavior .  Ou r  treatmen t  ha s ig -
nore d man y detail s o f  th e Phoeni x task ,  suc h a s par -
ticula r  sensor y vjuriable s an d componen t  skill s  (states) , 
and Ohlsso n an d Jewet t  hav e followe d a  simila r  line . 
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However ,  w e migh t  instea d hav e develope d a n abstrac t 
model  tha t  include d a  separat e paramete r  fo r  eac h skill , 
provide d dat a wer e availabl e (e.g. ,  fro m part-tas k stud -
ies )  t o estimat e expertis e o n each .  Thi s approac h t o 
content-oriente d abstrac t  model s migh t  eve n le t  on e dis -
tinguis h betwee n classe s o f  knowledge ,  suc h a s functiona l 
and structura l  (e.g. ,  Strouli a &  Goel ,  1992) ,  give n thes e 
classe s hav e differen t  implication s fo r  subject' s behavior . 

Concluding Remarks 

In  this paper we reviewed an approach to cognitive sim-
ulatio n tha t  Ohlsso n an d Jewet t  (1995 )  hav e calle d ab -
strac t  models .  W e considere d th e advantage s o f  thi s ap -
proac h ove r  traditiona l  A I  model s o f  huma n behavior , 
whic h forc e on e t o specif y a  complet e procedur e tha t  op -
erate s i n th e tas k domai n eve n whe n th e dat a provid e in -
sufficien t  constraint s t o justif y suc h detail .  We describe d 
a domai n o f  thi s sort ,  studie d b y Goett l  (1993 ,  1994) ,  i n 
whic h subject s mus t  fl y  a  simulate d aircraf t  throug h a 
three-dimensiona l  slalo m course .  Althoug h w e hav e im -
plemente d a n A I  syste m fo r  thi s task ,  cas t  withi n th e 
framewor k o f  a  cognitiv e architecture ,  w e foun d thi s sys -
te m to o comple x fo r  usefu l  modelin g o f  availabl e data . 

I n response ,  w e develope d a n abstrac t  mode l  o f  behav -
io r  o n thi s tas k tha t  incorporate d parameter s fo r  tas k 
difficulty ,  th e rati o o f  irrelevan t  t o relevan t  features ,  an d 
initij J  subjec t  knowledge .  Th e model' s centra l  assump -
tion s ai e tha t  skille d performanc e o n thi s tas k involve s 
selectiv e sensin g o f  relevan t  rathe r  tha n irrelevan t  fea -
tures ,  an d tha t  improvemen t  come s fro m simpl e statisti -
cal  learnin g abou t  featur e relevance .  W e implemente d a 
progrcu n t o searc h th e spac e o f  paramete r  settings ,  an d i n 
thi s wa y foun d a n instantiate d for m o f  th e mode l  whic h 
approache d th e fit  fo r  a  power-la w mode l  tha t  ha d twic e 
as man y parameters .  Thes e result s d o no t  prov e tha t 
our  sensory-learnin g accoun t  i s  th e correc t  one ,  bu t  the y 
encourag e u s t o continu e explorin g thi s clas s o f  models . 

I n futur e work ,  w e pla n t o evaluat e ou r  abstrac t  mode l 
on mor e detaile d dat a tha t  Goett l  ha s collecte d fo r  th e 
Phoeni x domciin ,  a s wel l  a s compar e i t  t o othe r  alter -
native s beside s th e powe r  law .  We als o pla n t o dra w o n 
more sophisticate d methods ,  som e availabl e i n th e sta -
tistica l  literature ,  fo r  searchin g th e spac e o f  paramete r 
settings ,  an d t o produc e mor e genera l  tool s tha t  ca n b e 
used wit h a  broa d clas s o f  abstrac t  models .  I n th e longe r 
term ,  w e hop e t o us e th e resultin g syste m t o develo p an d 
evaluat e abstrac t  model s fo r  a  vziriet y o f  learnin g tasks , 
i n a n effor t  t o understan d th e potentia l  o f  thi s approac h 
t o cognitiv e simulation . 
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Abstrac t 

On most accounts of expertise, as agents increase their skill, 
the y ar e assume d t o m a k e fewe r  mistake s an d t o tak e fewe r 
redundan t  o r  backtrackin g actions .  Contrar y t o suc h accounts , 
i n thi s pape r  w e presen t  dat a collecte d fro m peopl e learnin g t o 
pla y th e videogam e Tetri s whic h sho w tha t  a s skil l  increases ,  th e 
proportio n o f  g a m e action s tha t  ar e late r  undon e b y backtrack -
in g als o increases .  Nevertheless ,  w e als o foun d tha t  a s g a m e 
skil l  increases ,  player s spee d u p a s predicte d b y th e powe r  la w 
of  practice .  W e explai n th e observe d increas e i n backtrackin g 
as th e resul t  o f  a n interactiv e searc h proces s i n whic h agent -
intema l  an d agent-externa l  action s ar e interleaved ,  makin g th e 
cognitiv e computatio n mor e efficien t  (i.e. ,  faster) .  W e refe r 
t o extema i  action s whic h simplif y a n agent' s computatio n a s 
epistemi c actions . 

Introductio n 

I n thi s paper ,  w e presen t  experimenta l  dat a whic h run s counte r 
t o a n assumptio n tha t  underlie s mos t  theorie s o f  skil l  learning : 
tha t  mor e skille d agent s tak e fewe r  redundan t  o r  backtrackin g 
action s tha n les s skille d agent s (e.g. .  Anderson ,  1982 ;  Lo -
gan,  1988 ;  Newel l  &  Rosenbloom ,  1981) .  Intuitively ,  skille d 
agent s ough t  t o mak e fewe r  mistake s tha n unskille d agent s 
and therefor e ough t  t o backtrac k les s an d tak e fewe r  redun -
dant  actions .  However ,  ou r  studie s o f  ho w peopl e improv e 
at  playin g th e videogam e Tetri s revea l  tha t  sometime s gettin g 
bette r  mean s backtrackin g more .  Bette r  player s us e th e worl d 
better ,  eve n i n th e limite d worl d o f  a  Tetri s board .  Conse -
quently ,  w e explai n th e observe d increas e i n backtrackin g a s 
th e resul t  o f  interactiv e searc h i n whic h agent s reduc e cogni -
tiv e loa d b y interleavin g interna l  an d extema i  actions . 

Previously ,  w e introduce d th e ter m epistemi c actio n t o de -
scrib e extema i  action s tha t  ca n b e use d t o reduc e th e memory , 
time ,  an d probabilit y  o f  erro r  o f  agent-interna l  computatio n 
(Kirs h &  Maglio ,  1994) .  W e justifie d ou r  vie w b y presentin g 
dat a collecte d fro m Tetri s player s a t  al l  skil l  level s i n whic h 
many example s o f  recurrin g backtrackin g behavior s coul d b e 
found .  W e coul d not ,  however ,  prov e tha t  bette r  player s per -
forme d mor e epistemi c actions .  Her e w e presen t  longitudina l 
dat a o n th e acquistio n o f  Tetri s skil l  whic h sho w that :  (a ) 
Certai n sort s o f  backtrackin g increas e a s skil l  develops ;  an d 
(b )  despit e thi s increase ,  Tetri s skil l  resemble s othe r  skill s  i n 
followin g th e powe r  la w o f  practic e (Newel l  &  Rosenbloom , 
1981) .  Take n together ,  thes e result s suppor t  ou r  clai m tha t 
epistemi c action s pla y a  substantia l  rol e i n skille d behavior . 

I n wha t  follows ,  w e first  briefl y describ e Tetris ,  an d the n 
presen t  analysi s an d discussio n o f  ou r  behaviora l  data . 

i: : 

Tclrj s Scen e Drop 

New 
-  Shap e 

Descend s 

Unfille d Rows Mov e Down 

Figur e 1 :  I n Tetris ,  shape s fal l  on e a  tim e f ro m th e to p o f  th e 
screen ,  eventuall y landin g o n th e bot to m o r  o n to p o f  shape s 
tha t  hav e alread y landed .  A s a  shap e falls ,  i t  ca n b e rotated , 
an d m o v e d t o th e righ t  o r  left .  T h e objectiv e i s fill  r ow s o f 
square s al l  th e w a y acros s th e screen .  Complete l y filled  row s 
dissolv e an d al l  partiall y filled  r o w s abov e m o v e d o w n . 

H o w t o Pla y Tetri s 

Tetris is a popular videogame in which players maneuver 
fallin g shape s int o specifi c  arrangement s o n th e compute r 

screen .  Ther e ar e seve n shape s (whic h w e cal l  zoids) :  i  ,  ffl  , 

cBd ,'- & ,  cE P ,  m ,  m .  Thes e fal l  on e a t  a  tim e fro m th e to p 
of  a  scree n tha t  i s 1 0 square s wid e an d 3 0 square s hig h (se e 
Figur e 1) .  Eac h zoi d freel y fall s  unti l  i t  land s o n th e botto m 
edge o f  th e scree n o r  o n to p o f  th e square s o f  a  zoi d tha t  ha s 
alread y landed .  Onc e a  zoi d come s t o rest ,  anothe r  begin s 
fallin g firom  th e top ,  startin g th e nex t  Tetri s episode .  Whil e 
a zoi d falls ,  th e playe r  ca n contro l  it ,  eithe r  rotatin g i t  90 ° 
counterclockwis e wit h a  singl e keystroke ,  o r  translatin g i t  t o 
th e righ t  o r  t o th e lef t  on e squar e wit h a  singl e keystroke .  T o 
gai n points ,  th e playe r  mus t  carefull y lan d zoid s s o tha t  row s 
fill  u p wit h square s al l  th e wa y acros s th e screen .  Fille d row s 
the n disappea r  an d al l  filled  square s abov e i t  dro p down .  Thi s 
proces s i s calle d clearin g rows .  A s mor e row s ar e cleared , 
th e gam e speed s up ,  an d controllin g ho w zoid s lan d become s 
more difficult .  Fille d square s pil e u p a s unfilled ,  uncleare d 
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row s becom e burie d unde r  poorl y place d zoids .  Th e gam e 
end s whe n th e scree n become s clogge d wit h incomplet e row s 
and ne w zoid s canno t  descend .  Thus ,  clearin g row s serve s th e 
purpose s bot h o f  scorin g point s an d o f  delayin g th e game' s 
end. ' 

We recorde d dat a fro m tw o player s w h o practice d Tetri s 
fo r  abou t  2 0 hour s each ,  encompassin g approximatel y 40,00 0 
keystrok e interaction s wit h th e game .  Neithe r  participan t  ha d 
playe d th e gam e before ,  an d bot h agree d no t  t o pla y excep t 
unde r  compute r  observatio n durin g th e cours e o f  th e study.W e 
n o w tur n t o thes e data . 

How Players Improve With Practice 

As player s practic e more ,  th e numbe r  o f  row s the y clear — 
thei r  gam e score—increases .  A s Tetri s player s know ,  th e rat e 
of  improvemen t  i s misleading ,  fo r  th e gam e speed s u p a s row s 
ar e cleared .  Hence ,  player s encounte r  differen t  tas k demand s 
durin g th e cours e o f  a  singl e game . 

To ensur e tha t  w e di d no t  compar e expert s i n hig h spee d 
games wit h novice s i n slo w spee d game s i n ou r  study ,  w e 
controlle d fo r  th e effect s o f  gam e spee d durin g analysi s b y 
separatin g episode s int o thre e speeds ,  slow ,  medium ,  an d fast , 
a divisio n roughl y followin g skill :  everyon e play s a t  slo w 
speeds ,  bette r  player s attai n med iu m speeds ,  an d onl y th e bes t 
player s achiev e fas t  speeds .  Becaus e bot h participant s alway s 
playe d par t  o f  thei r  game s a t  slo w speeds ,  w e wil l  compar e 
behavio r  base d solel y o n dat a gathere d fro m th e slo w portion s 
of  th e games . 

Speed-ups Follow the Power Law of Practice 

Typically ,  practic e improve s performan e i n accordanc e wit h 
a powe r  functio n o f  practic e tim e o r  practic e trial s (Newel l 
& Rosenbloom ,  1981 )  eithe r  b y decreasin g th e tim e t o reac t 
t o stimul i  b y takin g a  singl e actio n (Seibel ,  1963) ,  o r  b y 
decreasin g th e overal l  tim e i t  take s t o perfor m a  tas k tha t 
require s a  sequenc e o f  action s (Grossman ,  1959) .  I n Tetris ,  th e 
tim e t o perfor m a  sequenc e o f  action s ca n b e measure d withi n 
an individua l  episod e a s th e interva l  betwee n th e tim e th e 
fallin g zoi d firs t  become s visibl e an d th e tim e o f  th e las t  actio n 
tha t  th e playe r  take s (se e Figur e 2) .  Th e tim e t o tak e a  singl e 
actio n ca n b e measure d a s th e interva l  betwee n consecutiv e 
keypresse s i n episode s i n whic h mor e tha n on e actio n wa s 
take n (se e Figur e 3) .  I n addition ,  anothe r  componen t  o f  th e 
overal l  tim e t o plac e a  zoi d i s th e latenc y o f  th e player' s firs t 
action ,  tha t  is ,  th e interva l  betwee n th e tim e th e fallin g zoi d 
becomes visibl e i n a n episod e an d th e tim e o f  th e player' s first 
keypres s (se e Figur e 4) . 

I n al l  thre e cases ,  ou r  dat a indicat e tha t  performanc e speed s 
up accordin g t o th e powe r  la w o f  practice .  Figur e 5  show s 
on e example :  whe n plotte d o n a  log-lo g scale ,  th e tim e be -
twee n keypresse s follow s a  straigh t  line .  T o se e tha t  al l  ou r 
dat a ar e bette r  fi t  b y powe r  curve s tha n b y othe r  curves ,  con -
side r  Tabl e 1 .  Followin g Newel l  an d Rosenbloo m (I98I) , 
we compare d th e correlation s o f  th e best-fi t  regression s fo r 

'I n additio n t o rotatio n an d u-anslation ,  th e playe r  ca n d m p a 
fallin g zoi d instantl y t o th e bottom ,  effectivel y placin g i t  i n th e po -
sitio n i t  woul d eventuall y lan d i n i f  n o additiona l  key s wer e pressed . 
Droppin g i s a n optiona l  maneuver ,  an d no t  al l  player s us e it .  Drop -
pin g speed s u p th e pac e o f  th e game ,  creatin g shorte r  episode s with -
out  affectin g th e free-fal l  rate .  W e wi U no t  discus s dropping . 

LL w Ro 
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± 1 

inslat e 

"fl r 
. . . 1 

Drop X 

i 

Zoi d Appear s Serie s o f  Action s Fina l  Actio n 

'I ^ • '2 
Time t o Plac e th e Zoi d 

Figure  2: The time to place a zoid is defined as the interval 
betwee n th e tim e th e zoi d firs t  appear s o n th e boar d an d th e 
tim e o f  th e las t  actio n tha t  th e playe r  take s t o maneuve r  it . 
I n thi s case ,  th e zoi d appear s a t  tim e i \  an d th e las t  actio n i s 
take n a t  tim e tz -  T h e overal l  time ,  then ,  i s  th e interva l  t i - U . 

Rotat e Translat e 
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Dfop j 

Firs t  Actio n Second Actio n 

—•12-4-

Thir d Actio n 

-• '3 
Time Betwee n Action s 

Figur e 3 :  T h e tim e betwee n action s i s define d a s th e interva l 
betwee n consecutiv e keypresses .  Thi s figure  illustrate s tw o 
intervals :  < 2 -  ^ i  an d t j  -  t2 . 

¥ Rotat e 

^ W 

Zoi d Appear s 

'1 -4— 

Firs t  Actio n 

—• '2 
Tim e o f  Firs t  Actio n 

Figur e 4 :  T h e tim e o f  th e first  actio n i n a n episod e i s measure d 
fro m w h e n th e zoi d first  appear s o n th e board .  I n thi s figure, 
th e zoi d first  appear s a t  tim e t \  an d th e firs t  actio n occur s a t 
tim e t2 .  T h e tim e o f  th e first  action ,  then ,  i s t 2 -  ti . 
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Figur e 5 :  Th e tim e betwee n consecutiv e action s decrease s followin g a  powe r  functio n o f  practice .  Th e dat a plotte d o n thi s grap h 
ar e draw n fro m slo w episode s only .  Th e line s ar e th e best-fi t  linea r  regression s o f  th e dat a i n log-lo g space . 

Tim e t o Plac e 
a Zoi d (s ) 

L A 
TM 

Time Betwee n 
Action s (ms ) 

LA 
TM 

Tim e o f  Firs t 
Actio n (ms ) 

L A 

TM 

r  = 
A 

4.08 7 
5.19 5 

370. 2 
392. 6 

936. 8 
1117 

Linea r 

--A-B N 
B 

47.7 8 
53.8 2 

4.69 3 
4.74 3 

12.2 3 
12.2 7 

r ' 

.771 1 

.678 1 

.772 1 

.811 7 

.723 4 

.533 2 

Exponentia l 

B 

5.01 9 
5.20 1 

374. 2 
396. 6 

975. 2 
1106 

a 

0.01 2 
0.01 2 

0.01 6 
0.01 5 

0.01 6 
0.01 3 

r ' 

.802 0 

.716 2 

.843 9 

.878 9 

.742 4 

.522 4 

Power  La w 
T =  BAT- " 

B 

6.01 0 
6.50 8 

488. 1 
510. 0 

1253 
1436 

a 

0.14 9 .830 6 
0.17 1 .848 1 

0.21 4 .910 8 
0.20 2 .955 7 

0.21 0 .751 5 
0.18 9 .690 6 

Tabl e 1 :  Powe r  curve s fit  th e dat a bette r  tha n line s o r  exponentials .  T o determin e tha t  th e player s spee d u p accordin g t o th e powe r 
law ,  w e followe d Newel l  an d Rosenbloom' s (1981 )  metho d o f  comparin g variou s regressions— a straigh t  line ,  a n exponential , 
and a  simpl e powe r  function—o n th e data .  Fo r  th e equation s show n i n th e table ,  T  i s th e performanc e measur e (time) ,  N  i s 
practic e bloc k (30-minut e intervals) ,  a  i s th e rat e o f  decreas e determine d b y th e regression ,  an d B  i s a  constan t  als o determine d 
by th e regression .  Fo r  bot h participant s an d fo r  eac h measure ,  a  powe r  functio n fits  th e dat a bette r  tha n a  lin e o r  a n exponential . 
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lines ,  exponentials ,  an d simpl e powe r  functions. ^  A s th e 
tabl e shows ,  i n eac h case ,  th e dat a ar e fit  bes t  b y a  powe r 
functio n o f  practice .  Thi s mean s tha t  Tetri s skil l  i s  lik e mos t 
othe r  skill s  becaus e power-la w improvemen t  i s universa l  (se e 
Newel l  &  Rosenbloom ,  1981) . 

Becaus e player s becom e faste r  wit h practice ,  on e migh t 
expec t  tha t  players '  action s als o becom e mor e precise .  Tha t 
is ,  Tetri s expert s shoul d no t  onl y tak e actio n faste r  tha n be -
ginners ,  bu t  the y shoul d tak e onl y th e action s necessar y t o 
maneuve r  th e fallin g zoi d t o it s final  positio n an d orienta -
tio n becaus e expert s mak e fewe r  mistakes ,  backtrac k less ,  o r 
simpl y se e th e solutio n soone r  tha n beginner s do .  A s w e 
wil l  show ,  ou r  dat a indicat e jus t  th e opposite :  th e numbe r  o f 
apparentl y extraneou s action s increase s wit h practice .  Thi s 
resul t  i s  surprisin g becaus e theorie s tha t  explai n power-la w 
improvement ,  fo r  instance ,  b y accumulatin g chunk s (Newel l 
& R o s e n b l o o m ,  1981 )  o r  case s (Logan ,  1988) ,  assum e tha t  be -
havio r  become s mor e efficien t  an d economica l  wit h practic e 
(Grossman ,  1959) . 

Backtracking Increases With Skill 

As stated ,  w e foun d tha t  sometime s mor e skille d Tetri s player s 
actuall y tak e mor e extr a actions—tha t  is ,  action s tha t  ar e late r 
undon e b y backtracking—tha n les s skille d players .  T o se e tha t 
backtrackin g increase s wit h skill ,  le t  u s defin e backtrackin g 
or  extr a action s i n Tetri s t o b e action s tha t  d o no t  li e o n 
th e shortes t  pat h fro m th e fallin g zoid' s initia l  locatio n an d 
orientatio n t o it s final  locatio n an d orientatio n (se e Figur e 6) . 

Usin g thi s definitio n o f  backtracking ,  w e calculate d th e 
m e an numbe r  o f  extr a rotations .  Fo r  analysis ,  w e groupe d 
th e dat a int o thre e consecutiv e six-hou r  intervals .  W e first 
calculate d th e mea n numbe r  o f  extr a rotation s pe r  episod e fo r 
eac h game ,  an d the n use d thes e average s a s th e ra w score s fo r 
analysis .  Figur e 7  illustrate s th e result s fo r  LA. ^  A s shown , 
th e averag e numbe r  o f  extr a rotation s pe r  episod e i s signif -
icantl y greate r  i n exper t  game s tha n i n intermediat e games . 
Backb-ackin g increase s wit h practice . 

N o w i t  m a y b e objecte d tha t  becaus e th e averag e numbe r 
of  extr a rotation s fo r  L A i s onl y aroun d 0. 2 pe r  epsiode ,  extr a 
rotation s mus t  occu r  relativel y infrequently .  Extr a rotation s 
occu r  i n 7 % o f  th e episode s i n whic h L A wa s a n expert ,  i n 5 % 
of  th e episode s i n whic h h e wa s a n intermediate ,  an d i n 4 % o f 
th e episode s i n whic h h e wa s a  beginner .  Thes e frequencie s 
diffe r  significantl y ( p <  .01) ,  bu t  extr a rotation s ar e clearl y th e 
exceptio n rathe r  tha n rule ,  an d therefor e i t  migh t  b e illustrativ e 
t o investigat e th e context s i n whic h the y occur . 

Figur e 8  reveal s tha t  th e percentag e o f  episode s containin g 
extr a rotation s varie s b y zoi d type ,  an d tha t  th e numbe r  o f 

^Newel l  an d Rosenbloo m (1981 )  als o discus s fitting  dat a t o gen -
eralize d curve s b y addin g a n additiona l  paramete r  t o accoun t  fo r 
prio r  experience .  I n particular ,  the y conside r  fitting  exponential s 
of  th e fom i  T  =  Be~''' ^  +  E ,  an d powe r  function s o f  th e for m 
T =  B N ' "  +  E ,  wher e E  i s th e additiona l  constan t  use d t o rep -
resen t  prio r  experience .  B y incorporatin g additiona l  parameters , 
bette r  fitting  regression s ca n alway s b e found .  Bu t  becaus e ou r  dat a 
contai n onl y 3 8 point s fo r  eac h participant ,  ther e i s th e dange r  o f 
overfittin g th e points .  Therefore ,  w e use d th e simples t  function s i n 
eac h case ,  tha t  is ,  th e function s containin g tw o (rathe r  tha n three ) 
fre e parameters . 

^Becaus e o f  spac e limitations ,  th e res t  o f  th e discussio n wil l  focu s 
on LA' s data .  Se e Magli o (1995 )  fo r  discussio n o f  TM' s data . 
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Figur e 6 :  Backtrackin g action s d o no t  li e o n th e shortes t  pat h 
betwee n a  zoid' s initia l  locatio n an d orientatio n an d it s final 
position .  T h e trajector y s h o w n i n (b )  i s a  shortes t  path .  Th e 
trajectorie s s h o w n i n (c )  an d (d )  contai n backtracking . 
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Figure 7: Extra rotations increase with expertise for LA. More 
precisely ,  th e m e a n n u m b e r  o f  extr a rotation s wa s greate r 
w h en L A playe d a t  th e exper t  leve l  tha n w h e n h e playe d a t 
th e beginne r  level . 
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Figur e 8 :  Th e percentag e o f  episode s containin g extr a rota -
tion s varie s bot h b y skil l  an d b y zoi d type .  Th e dat a plotte d 
i n thi s grap h sho w tha t  th e extr a rotation s occu r  mor e fre -

quentl y  fo r  B d an d cf i  tha n fo r  othe r  zoid s a t  al l  skil l  levels ,  bu t 
especiall y a t  th e exper t  level .  Althoug h th e numbe r  o f  extr a 
rotation s increase s wit h skil l  fo r  al l  zoi d type s excep t  ffl,  th e 

number  o f  extr a rotation s increase s mos t  f o r m an d cfl . 

extr a rotation s increase s mos t  fo r  o d an d m .  Thes e dat a 
sugges t  tha t  althoug h extr a rotation s occu r  infrequently ,  the y 
canno t  b e th e resul t  o f  simpl e moto r  errors .  Thi s follow s 
becaus e moto r  mistake s ough t  t o affec t  eac h typ e o f  zoi d 
equally .  I f  extr a rotation s resul t  from a  baselin e erro r  i n moto r 
contro l  processe s (i.e. ,  expert s ca n recove r  from  overshootin g 
th e desire d orientatio n bu t  beginner s cannot) ,  ther e i s n o a 

prior i  reaso n t o suppos e tha t  th e frequenc y o f  error s fo r  i 
woul d b e les s tha n th e th e frequency  o f  error s fo r  "ft .  Error s 
shoul d b e distribute d randomly .  Becaus e th e percentag e o f 
extr a rotation s differ s a m o n g zoi d types ,  th e conjectur e tha t 
extr a rotation s ar e th e resul t  o f  recoverin g fro m simpl e moto r 
mistake s mus t  b e rule d out . 

Perhaps ,  however ,  extraneou s rotation s resul t  from  percep -
tua l  errors .  Fo r  example ,  perceptua l  confusio n migh t  resul t 

when th e fallin g zoi d i s cf l  bu t  ther e i s a  natura l  plac e t o pu t 

B:  an d no t  m .  M o r e precisely ,  le t  u s defin e a  mirro r  episod e 
t o b e a  boar d configuratio n i n whic h an y placemen t  o f  th e 
fallin g zoi d wil l  creat e a  hole ,  bu t  i n whic h som e placemen t 
of  th e fallin g zoid' s mirro r  imag e doe s no t  (se e Figur e 9) . 
Obviously ,  mirro r  episode s ca n onl y occu r  fo r  th e zoid s wit h 

mirro r  images :  "ftcf f  an d ftm.  I n thi s case ,  th e percentag e 
of  exu- a rotation s i n mirro r  episode s doe s no t  diffe r  from  th e 
percentag e o f  extr a rotation s i n non-mirro r  episode s fo r  th e 
relevan t  type s o f  zoid s (se e Figur e 10) .  Thus ,  backtrackin g 
rotation s ar e no t  th e resul t  o f  thi s typ e o f  perceptua l  error . 

Early Rotations Aid Decision Making 

We conjectur e tha t  rathe r  tha n bein g th e resul t  o f  moto r  o r 
perceptua l  errors ,  extr a rotation s ar e computationall y efificien t 
epistemi c actions .  Fo r  instance ,  extr a rotation s migh t  hel p th e 
playe r  decid e wher e t o plac e th e fallin g zoid .  I f  thi s i s  th e case . 

n 

-

-1 

] 

/ 

-J 

y' / 

Mirro f  Imii e 

Figur e 9 :  I n mirro r  episodes ,  ther e i s a  g o o d plac e t o pu t  th e 
fallin g zoid' s mirro r  imag e bu t  n o g o o d plac e t o pu t  th e fallin g 
zoi d itself .  I f  player s backtrac k m o r e becaus e the y m a k e 
perceptua l  mistakes ,  extr a rotations  migh t  b e m o r e frequen t 
i n mirro r  episodes . 
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Figur e 10 :  T h e frequenc y o f  extr a rotation s doe s no t  depen d o n 
mirro r  episode s fo r  L A .  Withi n eac h skil l  level ,  th e percentag e 
o f  extr a rotation s doe s no t  diffe r  significantl y betwee n th e 
mirro r  an d non-mirro r  condition s (x ^  <  1  i n al l  cases) . 

w e w o u l d expec t  extr a rotation s generall y t o occu r  befor e th e 
playe r  ha s decide d wher e t o pu t  th e zoid .  I n particular ,  i f  a 
zoi d i s  rotate d int o it s  fina l  orientatio n befor e a  playe r  ha s 
m a de a  final  decisio n abou t  orientation ,  the n th e playe r  m igh t 
continu e t o rotat e th e zoi d t o assis t  decisio n mak ing .  Thi s 
implie s tha t  extr a rotation s shoul d occu r  m o s t  ofte n w h e n th e 
zoi d i s i n it s  final  orientatio n befor e th e playe r  i s  read y t o 
judg e whethe r  th e orientatio n i s  correct .  Thi s m igh t  happe n 
i n t w o w a y s :  eithe r  becaus e th e playe r  rotate s th e zoi d ver y 
rapidl y soo n afte r  i t  appears ,  o r  becaus e th e zoi d appear s o n 
th e boar d clos e t o it s final  orientation .  A n d i n fact ,  th e dat a 
fo r  L A s h o w tha t  extr a rotation s d o occu r  primaril y w h e n th e 
zoi d i s i n it s  final  orientatio n earl y i n th e decision-makin g 
proces s (se e Figur e 11) .  I n general ,  th e final  decisio n abou t 
orientatio n i s no t  m a d e m u c h befor e 1 1 3 0 milliseconds .  Fo r 
cfi] ,  th e m e a n tim e t o pu t  th e zoi d int o it s final  orientatio n i s 

112 7 m s ( S D =  9 9 m s ) ,  an d fori ]  an d c§th e mea n i s 112 2 
ms ( S D =  7 1 ms) .  A s Figur e I I  shows ,  however ,  th e mea n 
tim e tha t  thes e zoid s ar e rotate d int o thei r  final  orientatio n 
an d the n late r  unnecessaril y  rotate d i s 4(X)-50 0 millisecond s 
earlier .  Fo r  cfti ,  th e mea n tim e i s 67 6 m s ( S D =  14 9 m s ) , 

an d fo r  E :  an d cf i  th e mea n tim e i s 75 4 m s ( S D — 29 6 m s ) .  I f 
extr a rotation s wer e th e resul t  o f  moto r  o r  perceptua l  mistakes , 
however ,  ther e i s n o reaso n t o suppos e tha t  the y woul d occu r 
most  ofte n earl y i n a n episode .  Thus ,  i t  seem s tha t  externa l 
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Figur e 11 :  Th e mea n tim e a t  whic h th e fallin g zoi d i s first 
rotate d int o it s targe t  orientatio n i s les s whe n ther e ar e extr a 
rotation s tha n whe n ther e ar e n o extr a rotations .  Th e dat a 
shown ar e fro m slo w episode s i n whic h L A wa s a n expert . 
The mea n tim e wit h extr a rotation s differ s significantl y fro m 
th e mea n tim e withou t  i n bot h cases :  fo r  cfi :  ,  <(198 )  = 

2.82,p < .005 ;  fori :  [fi,t(293 )  =  2.24,p < .026 . 

rotatio n i s bein g use d t o hel p mak e a  placemen t  decision . 
To summarize ,  th e numbe r  o f  extraneou s rotation s per -

forme d b y L A increase d wit h skill .  Thi s finding  i s coun -
terintuitiv e becaus e skille d player s woul d b e expecte d t o hea d 
mor e precisel y towar d thei r  goals .  Ye t  becaus e Tetri s perfor -
mance improve s accordin g t o a  powe r  functio n o f  practice , 
Tetri s skil l  mus t  b e lik e mos t  othe r  skills .  Take n together , 
we believ e thes e result s suppor t  ou r  hypothesi s tha t  redundan t 
action s ar e epistemi c action s whic h bot h simplif y perceptua l 
computatio n an d pla y a  natura l  rol e i n skille d behavio r  (Kirs h 
& Maglio ,  1994) .  W e conclud e wit h a  brie f  discussio n o f 
some implication s o f  thi s view . 

Epistemic Actions Simplify Perception 

I t  i s n o surprise ,  o f  course ,  tha t  peopl e offloa d symboli c com -
putatio n (e.g. ,  preferrin g pape r  an d penci l  t o menta l  arith -
metic ;  Hitch ,  1978) ,  bu t  i t  i s a  surpris e t o discove r  tha t  peopl e 
offloa d perceptua l  computatio n a s well .  I n Tetris ,  w e conjec -
tur e tha t  extr a rotation s ar e use d t o simplif y th e searc h fo r  th e 
best  zoi d placemen t  b y cuein g retrieva l  fro m a n orientation -
specifi c  inde x o f  zoid s an d boar d configuration s (Maglio , 
1995) .  I n thi s way ,  w e believ e Tetri s player s se t  u p thei r 
externa l  environment s t o facilitat e perceptua l  processing — 
much a s gi n r u m m y player s physicall y organiz e th e card s 
the y hav e bee n deal t  (Kirsh ,  1995) ,  an d muc h a s airlin e pilot s 
plac e externa l  marker s t o hel p kee p trac k o f  appropriat e spee d 
and flap  setting s (Hutchins ,  1995) . 

Ther e i s empirica l  evidenc e tha t  peopl e minimiz e thei r  us e 
of  perceptua l  computationa l  resources .  Fo r  example ,  Ballard , 
Hayho e an d Pel z (1995 )  foun d tha t  peopl e performin g a  block -
arrangin g tas k organize d thei r  action s an d ey e movement s s o 
as t o minimiz e thei r  workin g memor y load .  Rathe r  tha n usin g 
memory o f  th e visua l  scen e t o guid e thei r  actions ,  participant s 
tende d instea d t o mov e thei r  eye s t o gai n jus t  th e informatio n 
neede d fo r  thei r  nex t  action .  Thes e findings  sugges t  tha t  th e 

cos t  o f  movin g th e eye s t o gathe r  informatio n i s lo w relativ e 
t o th e cos t  o f  usin g short-ter m memory .  I t  follow s tha t  seria l 
processin g (i.e. ,  interposin g ey e movement s betwee n interna l 
computations )  i s mor e computationall y efficien t  tha n paralle l 
processin g (takin g i n al l  th e informatio n a t  onc e an d calculat -
in g a  plan )  becaus e o f  th e hig h cos t  o f  internall y holdin g an d 
usin g partia l  results . 

But  w e believ e th e ide a tha t  agent s ca n rel y o n th e worl d 
t o provid e a n externa l  memor y whic h substitute s fo r  inter -
nal  memor y (e.g. ,  O'Regan ,  1992 )  i s onl y par t  o f  th e story . 
Whereas ey e movement s ar e activ e fro m th e poin t  o f  vie w o f 
th e visua l  system—the y serv e t o chang e th e focus ,  an d there -
for e t o ac t  o n th e agent' s perceptua l  input—the y ar e passsiv e 
fro m th e poin t  o f  vie w o f  th e tas k environment .  B y contrast , 
skille d Tetri s players '  extr a rotation s ar e activ e i n th e tas k en -
vironmen t  ye t  chang e th e perceptua l  inpu t  i n muc h th e sam e 
way tha t  ey e movement s do .  Externa l  rotation s d o mor e wor k 
tha n ey e movement s becaus e rotatio n i s a  domai n action .  Ro -
tatin g th e zoi d actuall y change s th e stimulus ,  wherea s movin g 
th e eye s doe s not .  TTius ,  whe n physicall y rotatin g th e zoi d 
fo r  it s computationa l  effect ,  th e externa l  wori d function s no t 
as a  passiv e memor y buffer ,  simpl y holdin g informatio n t o b e 
picke d u p b y looking ,  bu t  th e worl d i n interactio n wit h th e 
agen t  function s mor e lik e a  workin g memor y system ,  tha t  is , 
lik e a n interactiv e visuo-spatia l  sketchpad . 
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Abstrac t 

Perseverative subgoaling, the repeated successful solution of 
subgoals ,  i s a  commo n featur e o f  muc h proble m solving ,  an d 
it s pervasiv e natur e suggest s tha t  i t  i s  a n emergen t  propert y 
of  a  proble m solvin g architecture .  Thi s pape r  present s a  se t 
of  minima l  requirement s o n a  productio n syste m architectur e 
fo r  proble m solvin g whic h wil l  allo w perseverativ e subgoalin g 
whils t  guaranteein g th e possibilit y  o f  recover y fro m suc h situ -
ations .  Th e fundamenta l  clai m i s tha t  perseverativ e subgoalin g 
arise s durin g proble m solvin g whe n th e result s  o f  subgoal s ar e 
forgotte n befor e the y ca n b e used .  Thi s prompt s furthe r  at -
tempt s a t  th e offendin g subgoals .  I n orde r  fo r  suc h attempt s t o 
be effective ,  however ,  th e productio n syste m mus t  satisf y thre e 
requirement s concernin g workin g memor y structure ,  produc -
tio n structure ,  an d memor y decay .  Th e minima l  requirement s 
ar e embodie d i n a  mode l  (develope d withi n th e COGENT mod -
ellin g software )  whic h i s explore d wit h respec t  t o th e tas k o f 
multicolum n addition .  Th e inter-relationshi p betwee n memor y 
deca y an d tas k difficult y withi n thi s tas k (measure d i n term s o f 
th e numbe r  o f  columns )  i s discussed . 

Introduction 

Sinc e th e wor k o f  Newel l  &  Simo n (1972) ,  productio n syste m 
model s hav e bee n successfull y use d t o accoun t  fo r  a  numbe r 
of  aspect s o f  huma n proble m solving .  M u c h o f  thi s wor k ha s 
been brough t  togethe r  withi n Soa r  (Laird ,  Newel l  &  Rosen -
bloom ,  1987 ;  Newell ,  1990) ,  a  researc h programm e aime d a t 
modellin g al l  aspect s o f  cognitio n withi n a  singl e productio n 
syste m architecture .  Centra l  t o th e Soa r  productio n syste m 
approac h i s  th e p m b l e m spac e computationa l  mode l  (Newell , 
1990) ,  a  mode l  o f  cognitiv e processin g whic h embodie s a 
number  o f  finding s concernin g h u m a n proble m solving .  Ac -
cordin g t o thi s model ,  proble m solvin g (an d cognitio n i n gen -
eral )  involve s th e sequentia l  applicatio n o f  operator s t o a  state , 
successivel y modifyin g tha t  stat e unti l  a  goa l  stat e i s reache d 
or  som e goa l  conditio n i s satisfied . 

Withi n th e proble m spac e computationa l  mode l  i t  i s  as -
sumed that ,  du e t o capacit y limitations ,  onl y a  singl e stat e ca n 
be represente d withi n workin g m e m o r y a t  a  time .  Thi s singl e 
stat e principl e i s hel d t o accoun t  fo r  on e strateg y c o m m o n 
i n searc h intensiv e proble m solving :  progressiv e deepenin g 
(see ,  e.g. ,  Newell ,  1990) .  Progressiv e deepenin g i s charac -
terise d b y th e initia l  shallo w investigatio n o f  alternativ e solu -
tio n paths ,  followe d b y th e eliminatio n o f  som e solutio n path s 
and th e furthe r  investigatio n o f  thos e remaining .  Criticall y 
t o th e curren t  work ,  progressiv e deepenin g typicall y involve s 
th e repeate d solutio n o f  th e sam e subgoal s a s th e searc h spac e 
i s explored .  W e refe r  t o th e proces s o f  solvin g a  subgoa l  re -

peatedl y a s perseverativ e subgoaling .  Not e that ,  a s define d 
here ,  perseverativ e subgoalin g i s no t  th e sam e a s progressiv e 
deepening .  Perseverativ e subgoalin g i s a  phenomeno n tha t  oc -
cur s a s a  consequenc e o f  progressiv e deepening ,  bu t  ther e i s 
mor e t o progressiv e deepenin g tha n perseverativ e subgoaling , 
and ,  crucially ,  ther e i s n o a  prior i  reaso n w h y perseverativ e 
subgoalin g shoul d b e restricte d t o situation s involvin g pro -
gressiv e deepening .  Wit h thi s i n mind ,  i t  i s clea r  that ,  despit e 
th e wel l  establishe d natur e o f  progressiv e deepenin g a s a  cog -
nitiv e searc h strategy ,  i t  ca n onl y accoun t  fo r  perseverativ e 
subgoalin g unde r  condition s whic h involv e s o m e degre e o f 
searc h o r  look-ahead .  Thoug h empirica l  evidenc e i s scarce , 
th e researc h reported ,  an d mode l  developed ,  her e ar e founde d 
on th e clai m tha t  perseverativ e subgoalin g occur s i n situation s 
whic h d o no t  involv e searc h (bu t  whic h ar e nevertheles s work -
in g m e m o r y intensive) ,  an d a s such ,  i n a t  leas t  s o m e cases , 
perseverativ e subgoalin g canno t  b e explaine d b y a n appea l  t o 
th e singl e stat e principle .  W h e n perseverativ e subgoaUn g oc -
cur s i n search-fi'e e tasks ,  a n alternat e explanatio n i s required . 

Th e fac t  tha t  th e Soa r  researc h communit y appeal s t o th e 
singl e stat e principl e i n orde r  t o accoun t  fo r  progressiv e deep -
enin g indicate s tha t  the y ar e sensitiv e t o th e issu e o f  workin g 
m e m o ry capacity .  However ,  th e singl e stat e principl e oper -
ate s a t  th e leve l  o f  th e proble m spac e computationa l  model .  I t 
doe s no t  operat e a t  th e leve l  o f  th e productio n syste m archi -
tectur e whic h i s hel d t o implemen t  th e proble m spac e com -
putationa l  model .  Th e underlyin g productio n syste m archi -
tectur e i s assume d t o hav e a  workin g m e m o r y whic h i s no t 
capacit y bound .  Thi s assumptio n o f  a n unlimite d workin g 
m e m o ry withi n Soar' s productio n syste m bas e i s on e archi -
tectura l  assumptio n whic h ha s bee n challenge d o n th e ground s 
tha t  i t  lack s psychologica l  plausibilit y  (cf .  Coope r  &  Shallice , 
1995) . 

I n orde r  t o explor e th e exten t  t o whic h unlimite d work -
in g m e m o r y i s critica l  t o Soar' s performance ,  earlie r  wor k 
(Cooper ,  Fox ,  Farringdo n &  Shallice ,  i n press )  explore d 
a numbe r  o f  potentia l  mechanism s fo r  reducin g th e work -
in g m e m o r y requirement s o f  th e underlyin g productio n sys -
tem .  Severa l  sof t  constraint s o n workin g m e m o r y capac -
it y (generall y form s o f  m e m o r y decay )  wer e implemente d 
and th e resultin g performanc e compare d withi n a n empiri -
cal/computationa l  methodolog y (cf .  Cohen ,  1995) .  I t  wa s 
observe d tha t  on e suc h mechanis m (probabilisti c  deca y o f 
refractor y m e m o r y elements )  lea d t o a  syste m which ,  o n oc -
casions ,  exhibite d perseverativ e subgoaUn g (independentl y o f 
progressiv e deepening) .  However ,  unlik e h u m a n proble m 
solvers ,  onl y rarel y wa s th e modifie d Soa r  syste m abl e t o 
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recove r  fro m thi s subgoalin g an d solv e th e origina l  task .  In -
stead ,  proble m solvin g woul d ofte n breakdow n irrecoverably , 
wit h th e syste m resortin g t o it s defaul t  behaviour . 

Th e wor k reporte d her e fiuthe r  investigate s perseverativ e 
subgoalin g i n productio n syste m architectures .  However , 
rathe r  tha n adoptin g th e Soa r  researc h strateg y o f  develop -
ing ,  exploring ,  an d possibl y extending ,  a  comple x productio n 
syste m i n orde r  t o generalis e th e domain s tha t  i t  m a y accoun t 
fo r  ( a strateg y whic h ha s receive d substantia l  criticism :  se e 
Coope r  &  Shallic e (1995 )  an d reference s cite d therein) ,  a n 
alternat e strateg y — tha t  o f  attemptin g t o determin e mini -
mal  requirement s fo r  th e behaviou r  i n questio n — ha s bee n 
adopted .  Thi s strateg y i s founde d o n th e fac t  that ,  give n th e 
leve l  a t  whic h psychologica l  theorisin g take s place ,  an y com -
putationa l  mode l  wil l  necessaril y  includ e aspect s whic h ar e 
not  theoreticall y motivate d (i.e. ,  implementatio n details) .  I t 
i s  therefor e no t  sufficien t  t o simpl y demonstrat e tha t  a  par -
ticula r  mode l  m a y simulat e interestin g behaviour .  Rather ,  i t 
i s  necessar y t o k n o w whic h aspect s o f  tha t  mode l  lea d t o th e 
interestin g behaviour ,  an d whic h aspect s ar e necessar y onl y 
fo r  th e purpose s o f  implementation .  (Fo r  mor e detail s an d jus -
tifie d o f  thi s strategy ,  se e Coope r  e t  al .  (i n press). )  Th e ai m 
of  thi s work ,  then ,  i s t o determin e minima l  requirement s o n a 
productio n syste m architectur e (irrespectiv e o f  thei r  manifes -
tatio n i n an y particula r  productio n system )  whic h wil l  allo w 
recoverabl e perseverativ e error s withou t  substantiall y  increas -
in g th e likelihoo d o f  proble m solvin g failure . 

"Di e assumptio n o f  a  productio n syste m architectur e a s a n 
appropriat e startin g poin t  i s justifie d b y th e succes s o f  suc h 
architecture s i n modellin g othe r  aspect s o f  proble m solvin g 
behaviou r  (a s note d above) .  T w o obviou s competitor s t o thi s 
startin g poin t  ar e analogica l  approache s an d connectionis t  ap -
proaches .  Connectionis t  approaches ,  highl y popula r  i n othe r 
domain s o f  cognitiv e science ,  hav e offere d fe w insight s int o 
proble m solving ,  bein g limite d mainl y t o th e implementatio n 
of  productio n system s (e.g. ,  Touretzk y &  Hinton ,  1988 )  an d 
analogica l  model s (e.g. ,  Holyoa k &  Thagard ,  1989) .  Ana -
logica l  approache s t o proble m solvin g (e.g. ,  Centner ,  1983 ; 
Keane ,  1988 )  offe r  a  mor e seriou s alternative .  Thoug h the y 
hav e generall y onl y bee n applie d withi n proble m solvin g sit -
uation s wher e som e varian t  o f  case-base d reasonin g i s suf -
ficient  (i.e. ,  wher e a  sequenc e o f  proble m solvin g decision s 
i s no t  required) ,  perseverativ e subgoalin g shoul d fal l  withi n 
thei r  remit ,  an d ftiture  wor k m a y explor e h o w perseverativ e 
subgoalin g migh t  aris e i n suc h systems . 

Requirements for Perseverative Subgoaling 

In order to develop a minimal model of perseverative subgoal-
in g i t  i s necessar y t o understan d w h y thi s behaviou r  occurre d 
when Soa r  wa s modifie d a s mentione d above .  I t  i s als o nec -
essar y t o understan d w h y perseverativ e subgoalin g wa s onl y 
observe d relativel y rarel y i n th e modifie d system .  Eac h o f 
thes e issue s ca n b e understoo d i n th e contex t  o f  a  simpler , 
mor e standard ,  productio n system . 

A typica l  productio n syste m (see ,  fo r  example ,  Chamia k 
& McEtermott ,  1985 )  employ s tw o primar y m e m o r y compo -
nents :  a  productio n m e m o r y (whic h contain s schemati c con -
dition/actio n rule s correspondin g t o proble m solvin g knowl -
edge )  an d a  workin g m e m o r y (whic h contain s a  representatio n 
of  th e curren t  proble m solvin g stat e an d whic h ca n trigge r  in -

stance s o f  rule s i n productio n memory ) .  Processin g i s cycli c 
and consist s o f  repeatedl y selectin g a  rul e fro m productio n 
memory whos e condition s ar e satisfie d b y th e content s o f 
workin g memory ,  an d executin g tha t  rule .  Thi s typicall y re -
sult s i n th e additio n o r  deletio n o f  element s fro m workin g 
memory,  an d henc e lead s t o furthe r  productio n rule s becom -
in g applicable .  Mos t  productio n system s als o emplo y a  thir d 
memory component ,  a  refractor y memory .  Thi s memor y con -
tain s th e se t  o f  instance s o f  rul e whic h hav e alread y bee n 
employe d i n th e curren t  episod e o f  proble m solving ,  an d i s 
necessar y becaus e i t  prevent s a  singl e se t  o f  workin g memor y 
element s from  causin g a  singl e productio n rul e t o b e execute d 
mor e tha n once .  T o accommodat e a  refractor y memor y th e 
processin g cycl e mus t  b e modifie d slightly :  selectio n o f  a n 
applicabl e rul e from  productio n m e m o r y mus t  b e limite d t o 
instance s o f  rule s whic h hav e no t  previousl y bee n executed , 
and whe n a n instanc e o f  a  productio n rul e i s executed ,  ele -
ment s shoul d b e adde d t o an d delete d from  workin g memor y 
as usual ,  bu t  th e instanc e o f  th e rul e mus t  als o adde d t o re -
fractory  memory . 

Withi n Soar ,  thi s pictur e i s somewha t  mor e complicated . 
Variou s processe s exis t  whic h modulat e th e effect s o f  pro -
ductio n firing  o n workin g memor y (mos t  notabl y th e decisio n 
phase) .  Thes e complications ,  however ,  ar e no t  german e t o th e 
issu e o f  perseverativ e subgoaling ,  an d ar e avoide d her e i n th e 
interest s o f  clarity . 

Returnin g the n t o th e issu e o f  perseverativ e subgoaling , 
th e for m o f  memor y deca y i n Soa r  unde r  whic h lea d t o thi s 
phenomeno n consiste d o f  a  probabilisti c  deca y o f  refractor y 
memory elements ,  togethe r  wit h th e remova l  from  workin g 
memory o f  an y element s tha t  wer e adde d b y th e executio n 
of  th e decaye d refractor y memor y elements .  Thus ,  o n eac h 
proble m solvin g cycle ,  ther e wa s a  smal l  chang e (typicall y 
of  th e orde r  o f  1  chanc e i n 500 )  tha t  eac h refractor y memor y 
elemen t  woul d deca y (i.e. ,  vanis h from  refractor y memory) . 
I f  a  refractor y memor y elemen t  r  di d decay ,  the n al l  thos e ele -
ment s whic h wer e i n workin g m e m o r y a t  th e tim e o f  th e deca y 
and whic h ha d bee n adde d b y th e rul e firing  correspondin g t o 
r  wer e als o remove d from  workin g memory .  Thi s mechanis m 
was designe d t o enforc e som e kin d o f  deca y o n workin g mem-
or y element s (a s i s ofte n argue d fo r  o n psychologica l  grounds) , 
but  a t  th e sam e tim e t o allo w decaye d element s t o b e replace d 
i f  necessar y b y th e repeate d firing  o f  th e instantiatio n o f  th e 
productio n rul e whic h originall y lea d t o thei r  creation .  Th e 
constrain t  i s  a  sof t  constrain t  o n workin g memor y size .  I t 
doe s no t  strictl y limi t  th e capacit y o f  workin g memory ,  bu t 
shoul d effectivel y reduc e th e cardinalit y o f  workin g memor y 
by implementin g th e psychologicall y plausibl e assumptio n 
tha t  workin g memor y i s a n imperfec t  storag e device . 

I t  shoul d b e clea r  tha t  perseverativ e subgoalin g i s a  con -
ceivabl e consequenc e o f  refractor y memor y decay .  If ,  afte r 
a subgoa l  ha s bee n solved ,  th e refractor y memor y elemen t 
whic h lea d t o th e subgoal' s answe r  wer e t o decay ,  the n th e 
subgoal' s answe r  woul d disappea r  fro m workin g memor y an d 
i t  woul d b e necessar y t o repea t  th e proble m solvin g necessar y 
t o determin e tha t  answer .  Thi s woul d b e possibl e becaus e th e 
refractor y memor y element s whic h woul d normall y preven t 
repetitio n wil l  als o b e absent .  Perseverativ e subgoalin g wa s 
not ,  however ,  th e origina l  intentio n (o r  eve n a  prediction )  o f 
th e introductio n o f  thi s for m o f  decay .  I t  wa s observe d pos t 
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hoc t o aris e o n a  smal l  numbe r  o f  trails .  Mor e frequently , 
refractor y memor y deca y wa s observe d t o lea d t o complet e 
proble m solvin g breakdown .  Oetaile d analysi s o f  th e cause s 
of  suc h breakdown s indicate s tha t  tw o additiona l  propertie s 
ar e require d o f  a  productio n syste m i f  i t  i s t o b e subjec t  t o re -
coverabl e perseverativ e subgoaling :  firstly ,  productio n rule s 
must  b e "fine-grained "  (i n a  sens e t o b e elaborate d below) , 
and secondly ,  memor y deca y mus t  no t  resul t  i n disconnecte d 
subgoals . 

The requiremen t  o n th e granularit y o f  productio n rule s m a y 
be state d mor e formall y  a s th e requiremen t  tha t  n o productio n 
may ad d mor e tha n on e elemen t  t o workin g memory ,  an d tha t 
al l  production s mus t  explicitl y  lis t  i n thei r  condition s eac h 
workin g memor y elemen t  whic h mus t  b e presen t  fo r  thei r 
application .  Thes e restriction s m a y b e rationalise d informall y 
by notin g tha t  th e condition s o f  al l  rule s mus t  b e sensitiv e t o th e 
possibilit y  tha t  workin g memor y m a y no t  b e complete .  Rule s 
can therefor e no t  assum e tha t  th e presenc e o f  on e workin g 
memory elemen t  wil l  guarante e tha t  othe r  workin g memor y 
element s wil l  necessaril y  b e present .  Indeed ,  th e frequen t 
breakdow n o f  proble m solvin g withi n Soa r  wit h refractor y 
memory deca y ca n b e trace d t o suc h dependencie s i n Soar' s 
defaul t  production s (th e production s whic h contro l  standar d 
proble m solvin g heuristics) .  Thi s  i s no t  intende d a s a  criticis m 
of  Soar :  th e assumption s embodie d i n th e defaul t  rule s ar e 
vali d i n th e normall y functionin g system ,  althoug h leavin g 
the m implici t  doe s mea n tha t  eac h rul e canno t  b e understoo d 
i n purel y declarativ e terms . 

The prohibitio n o n disconnecte d subgoal s i s necessar y t o 
preven t  proble m solvin g fro m stallin g afte r  successfu l  com -
pletio n o f  a  disconnecte d subgoal .  Effectivel y th e constrain t 
state s tha t  th e syste m canno t  forge t  w h y i t  i s  attemptin g t o 
solv e a  subgoal. *  Withou t  thi s constrain t  (an d assumin g tha t 
proble m solvin g i s unde r  th e servic e o f  a  goa l  stack) ,  situa -
tion s coul d aris e i n whic h n o goa l  woul d b e withi n th e curren t 
focus .  Th e syste m coul d successfull y solv e a  subgoal ,  bu t 
the n b e lef t  no t  knowin g wha t  t o d o next .  I n Soar ,  wit h 
refractor y memor y decay ,  thi s constrain t  i s satisfie d becaus e 
goal/subgoa l  relation s ar e no t  create d b y productio n firing.  A s 
such ,  thos e relation s canno t  b e delete d whe n refractor y m e m-
or y element s decay .  However ,  i n mor e standar d productio n 
system s (i n whic h production s ca n explicitl y  se t  subgoals )  thi s 
constrain t  coul d b e violated . 

A Model of Perseverative Subgoaling 

C O G E N T:  T h e Model l in g Enviroimien t 

The mode l  presente d her e wa s develope d usin g th e cogen t 
modellin g software .  C O G E NT (previousl y know n a s GOOSE: 
cf .  Cooper ,  1995 )  wa s develope d firom  th e Scepti c executabl e 
specificatio n languag e (Hajnal ,  Fo x &  Krause ,  1989 ;  Coope r 
& Farringdon ,  1993 )  i n wor k aime d a t  improvin g th e method -
olog y o f  computationa l  modellin g (cf .  Cooper ,  etai ,  i n press) . 
I t  provide s a  se t  o f  cognitiv e "objects "  (i n th e object-oriente d 
sense )  an d a  graphica l  editor .  Together ,  thes e allo w th e spec -
ificatio n o f  executabl e model s i n th e box/arro w style .  Thi s 
style ,  i t  i s  argued ,  i s mor e aki n t o tha t  use d b y experimen -
ta l  psychologist s i n outlinin g thei r  theorie s o f  processin g tha n 
traditiona l  programmin g languages ,  an d a s suc h allow s a  mor e 

direc t  an d perspicuou s mappin g betwee n theor y an d imple -
mentation .  I n addition ,  CXXDENT i s a  ste p toward s reducin g th e 
compute r  skill s  require d o f  psychologist s w h o wis h t o develo p 
thei r  o w n computationa l  models . 

The specificatio n o f  a  mode l  i n C O G E NT involve s firstly 
drawin g th e appropriat e box/arro w diagra m (wit h th e ai d o f 
th e graphica l  editor )  an d the n specifyin g propertie s an d othe r 
detail s fo r  th e individua l  boxe s employe d i n th e diagram . 
The provisio n o f  a  se t  o f  basi c bo x classe s (represente d b y 
differen t  shape d boxes) ,  togethe r  wit h th e us e o f  technique s 
fro m object-oriente d programming ,  minimise s th e effor t  i n 
specifyin g propertie s an d standardise s th e definition s o f  th e 
fundamenta l  bo x classe s employe d i n a  mode l  (cf .  Cooper , 
1995) .  Apar t  fro m th e wor k reporte d here ,  th e environmen t 
has bee n employe d i n th e developmen t  o f  model s o f  concep t 
combinatio n (Coope r  &  Franks ,  1996) ,  prospectiv e m e m o r y 
(Ellis ,  ShalUc e an d Cooper ,  i n submission) ,  th e interactio n o f 
memory recal l  an d decisio n makin g (cf .  Fox ,  1980) ,  an d th e 
creatio n o f  lon g ter m m e m o r y record s (cf .  Morton ,  H a m m e r -
sle y &  Bekerian ,  1985) .  Detail s o f  C O G E NT availabilit y  an d 
syste m requirement s ar e availabl e fro m th e author . 

The Functional Modules 

The basi c uni t  o f  COGENT i s th e cognitiv e object .  Thi s i s th e 
software' s equivalen t  o f  a  psychologist' s  functiona l  module . 
I n th e productio n syste m mode l  reporte d here ,  fou r  majo r 
functiona l  module s wer e employed :  Tas k Control ,  Workin g 
M e m o r y ,  Perceptua l  Buffer ,  an d M e m o r y Decay .  A  fifth  ob -
ject ,  Transcript ,  w a s use d t o recor d th e model' s behaviour . 
Figur e 1  show s th e connectivit y o f  th e modules . 

Bufft r  \ 
Perceptua l  J 

Task 
Contro l 

Transcrip t 

Workin g 
Memory 

Memory 
Decay 

CD 
<=̂  
O 

= buffe r 
= proces s 
= dat a sin k 

Legen d 
A —B =  A  sends/write s t o B 
A — <B =  A  read s fio m B 

M a m indebte d t o a n anonymou s reviewe r  fo r  thi s locution . 

Figur e 1 :  T h e simplifie d productio n syste m i n C O G E NT 

Refractory memory and refractory memory decay were not 
explicitl y  modelled .  Instead ,  a  simple r  alternativ e w a s e m -
ploye d i n whic h productio n rule s wer e no t  refracte d (an d s o 
an y instantiatio n o f  a  productio n rul e coul d fir e an y n u m b e r  o f 
times) ,  bu t  wer e modifie d s o a s t o includ e i n thei r  condition s 
th e logica l  negatio n o f  thei r  actions .  T h u s a  rul e whic h adde d 
an elemen t  t o workin g m e m o r y w a s modifie d t o includ e a n 
explici t  chec k tha t  th e elemen t  i n questio n w a s no t  alread y i n 
workin g m e m o r y .  Deca y w a s the n impose d o n workin g m e m -
ory .  Thi s scheme ,  whic h wit h th e productio n rule s emp loye d 
i n th e curren t  mode l  i s equivalen t  t o refractor y m e m o r y decay , 
lead s t o a  numbe r  o f  simplification s i n th e basi c productio n 
syste m architectur e (suc h a s removin g th e requiremen t  fo r  a 
refractor y m e m o r y an d a n associate d tes t  agains t  thi s m e m o r y 
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durin g th e selectio n o f  production s t o execute) ,  an d i s consis -
ten t  wit h th e goa l  o f  demonstratin g minima l  requirement s fo r 
perseverativ e subgoaling . 

Tas k Contro l  Mos t  o f  th e standar d productio n syste m pro -
cessin g i s performe d b y a  singl e COGENT object :  a  rule-base d 
process .  Thi s objec t  i s  a n instanc e o f  a  standar d objec t  clas s 
provide d b y COGENT,  an d it s behaviou r  i s full y  determine d b y 
a se t  o f  production-lik e rule s whic h rea d fro m an d writ e t o 
othe r  object s i n th e mode l  (i n particular ,  Workin g Memory) . 
Th e proces s operate s i n a  cycli c manne r  bu t  withou t  an y for m 
of  conflic t  resolution .  Thu s severa l  rule s may ,  i n principle , 
fire  o n a  singl e cycle . 

Task Contro l  contain s five  declarativ e rules ,  eac h o f  whic h 
i s tas k independent .  Togethe r  the y embod y a  genera l  approac h 
t o task s wit h a  fixed  (an d known )  goal/subgoa l  structure .  I n 
summary ,  th e function s o f  th e rule s are : 

1.  focu s o n th e firs t  unresolve d chil d o f  th e lowes t  unresolve d 
goal ; 

2.  directl y execut e a  childles s goa l  (i.e. ,  a  primitiv e operator) ; 

3. merge the results of a goal's subgoals to give the results of 
th e goal ; 

4.  delet e intermediat e subgoa l  result s i f  a  goal' s resul t  i s 
known ;  an d 

S.  delet e intermediat e subgoal s i f  a  goal' s resul t  i s  known ; 

Al l  rule s modif y Workin g M e m o r y b y addin g o r  deletin g in -
formatio n abou t  goal/subgoa l  relationship s o r  goal/resul t  rela -
tionships .  Th e rule s ar e no t  refracted ,  bu t  ar e full y  declarative , 
so fir e onl y unde r  appropriat e condition s (includin g whe n thei r 
consequen t  element s deca y fro m workin g memory ) . 

Thre e additiona l  piece s o f  informatio n ar e require d i n orde r 
t o execut e a  specifi c  task :  th e task' s goal/subgoa l  structure , 
th e mean s o f  effectin g al l  lowes t  leve l  goals ,  an d th e mean s 
of  assemblin g th e resolutio n o f  a  goal' s subgoal s int o th e 
resolutio n o f  tha t  goal .  Thi s additiona l  informatio n i s als o 
associate d wit h Tas k Contro l  i n th e for m o f  Prolo g conditions . 

Work in g M e m o r y Workin g m e m o r y i s modelle d b y a n un -
limite d capacit y (symbolic )  buffe r  — anothe r  standar d clas s 
of  objec t  provide d b y COGENT.  Element s ar e adde d to ,  an d 
delete d from ,  thi s buffe r  b y Tas k Control ,  whic h als o matche s 
informatio n i n th e buffe r  whe n determinin g whic h rule s t o 
fire.  Not e tha t  n o explici t  constrain t  i s  place d o n th e buffe r 
capacity .  A  fixed  capacit y workin g m e m o r y woul d b e n o mor e 
psychologicall y plausibl e tha n a n unlimite d capacit y workin g 
memory.  Th e curren t  wor k therefor e employ s a  sof t  constrain t 
derive d fi-om  workin g m e m o r y deca y (explicitl y  modelle d b y 
anothe r  process) .  Assumin g ̂ a t  element s ca n onl y b e adde d 
t o Workin g M e m o r y a t  a  finite  rate ,  a  hig h deca y rat e wil l 
naturall y lea d t o a  lo w (bu t  variable )  capacity . 

M e m o ry Deca y Eac h C O G E NT objec t  ha s a  se t  o f  proper -
tie s whic h determin e it s precis e behaviour .  Symboli c buffers , 
suc h a s Workin g Memory ,  hav e tw o propertie s whic h gover n 
deca y (on e specifyin g a  deca y function ,  an d on e specifyin g a 
deca y rate) .  However ,  thi s built-i n functionaUt y doe s no t  tak e 
accoun t  o f  structur e o n th e content s o f  th e buffe r  i n question , 
and s o specifyin g deca y from  Workin g M e m o r y i n thi s wa y i n 
th e curren t  mode l  coul d lea d t o disconnecte d subgoals .  There -

fore ,  i n th e mode l  reporte d her e deca y o f  Workin g Memor y i s 
explicitl y  effecte d b y a  separat e rule-base d process ,  Memor y 
Decay .  O n eac h productio n cycle ,  thi s proces s m a y randoml y 
delet e som e termina l  workin g memor y elements .  Thi s be -
haviou r  i s programme d b y a  singl e rul e whic h generate s a 
rando m numbe r  (uniforml y distribute d betwee n 0  an d 1 )  fo r 
eac h termina l  workin g memor y element ,  and ,  i f  tha t  numbe r 
i s les s tha n a  prese t  threshold ,  delete s th e correspondin g ele -
ment  from  Workin g Memory .  Th e probabilit y  o f  deletio n (i.e. , 
th e prese t  threshold )  i s independen t  o f  th e workin g memor y 
elemen t  (provide d i t  i s  a  termina l  element )  an d give n b y a 
separat e paramete r  o f  th e process . 

Th e us e o f  a  separat e proces s governin g th e deca y o f  work -
in g memor y i s a n unsatisfactor y aspec t  o f  th e model ,  an d 
reflect s a n inadequac y i n th e cogen t  modellin g environment . 
Ideally ,  memor y deca y shoul d b e a n intrinsi c propert y o f  th e 
buffe r  concerned ,  no t  th e resul t  o f  som e explici t  decay  pro -
ces s actin g o n th e buffer .  Thus ,  i t  shoul d b e possibl e t o stat e 
th e appropriat e for m o f  deca y a s a  propert y o f  th e buffe r  (a s 
discusse d i n th e precedin g paragraph) .  Thi s coul d b e don e 
wit h cogen t  i n it s curren t  for m i f  1 )  refractor y memor y wa s 
explicitl y  modelle d (a s i n Soar) ,  2 )  subgoal s wer e create d 
by som e mechanis m othe r  tha n productio n syste m firin g (a s 
i n Soar) ,  an d 3 )  deca y wa s impose d o n refractor y memor y 
(contrar y t o Soar) . 

Perceptua l  Buffe r  I n mos t  proble m solvin g situation s i t  i s 
possibl e t o distinguis h betwee n tw o sort s o f  information :  in -
formatio n generate d an d maintaine d b y interna l  processe s (i n 
thi s cas e th e content s o f  Workin g Memory) ,  an d perceptua l 
information .  Perceptua l  informatio n i s alway s immediatel y 
availabl e t o th e proble m solver .  A s suc h ther e i s n o clea r  sens e 
i n whic h i t  decays .  Th e curren t  mode l  therefor e make s us e 
of  on e furthe r  unlimite d capacit y symboli c buffer .  Perceptua l 
Buffer ,  whic h contain s a  representatio n o f  informatio n avail -
abl e i n th e externa l  world .  Th e precis e content s o f  thi s buffe r 
wil l  depen d o n th e externa l  environmen t  o f  th e proble m solv -
in g agent ,  bu t  th e buffer s existenc e i s crucia l  t o th e agent' s 
proble m solvin g behaviour . 
TVanscrip t  Th e las t  functiona l  modul e employe d i n th e 
model  i s Transcript ,  a  dat a sin k whic h i s use d t o recor d th e 
model s behaviour ,  includin g th e element s whic h deca y from 
workin g memor y an d th e model s final  solutio n t o it s proble m 
solvin g task .  Thi s modul e ha s n o theoretica l  import . 

The Task: Multicoliunn Addition 

Th e origina l  wor k o n refractor y memor y deca y i n Soa r  wa s 
base d o n tw o version s o f  a  standar d A I  task ,  th e monke y an d 
banana s task .  Thi s tas k ha s man y interestin g features ,  bu t  i s 
mor e comple x tha n necessar y t o sho w recoverabl e persevera -
tiv e subgoaling .  A  differen t  tas k i s therefor e considere d here . 
Th e multicolum n additio n tas k (see ,  e.g. ,  Anderson ,  1993 , 
pp.  4-6 )  involve s addin g tw o "large "  integer s usin g th e stan -
dar d algorith m taugh t  i n mos t  Wester n schools :  firs t  su m th e 
unit s column ,  recordin g th e unit s digi t  o f  th e su m an d carryin g 
th e ten s digi t  (i f  any )  t o th e nex t  column ,  the n su m th e ten s 
column ,  recordin g th e unit s digi t  o f  th e su m an d carryin g th e 
ten s digi t  (i f  any )  t o th e nex t  column ,  an d s o on .  Th e tas k ha s 
th e advantag e o f  havin g a  clea r  goal/subgoa l  structure ,  viz : 
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Goal 
multicolumn-ad d 

process-column(N ) 

Subgoab 
pn>cess-column (  1 ) 
pn)cess-column(2 ) 

pmcess-remaimng-carr y 

get-digits(N) 
add-digit s 
add-previous-carr y 
split-answer-units-and-can y 

Furthermore ,  th e tas k ca n b e mad e t o plac e heav y demand s 
on workin g memor y b y requirin g tha t  intermediat e result s 
(i.e. ,  th e sum s o f  individua l  columns )  b e remembere d durin g 
th e computatio n (rathe r  tha n bein g writte n dow n a s th e com -
putatio n progresses) ,  an d thos e demand s wil l  increas e a s th e 
number  o f  column s i n th e su m increases .  A s discusse d below , 
thi s make s th e tas k idea l  fo r  empirica l  investigation . 

Multicolum n additio n wa s therefor e modelle d i n C O G H^ 
by th e inclusio n o f  tas k specifi c goal/subgoa l  informatio n i n 
th e Tas k Contro l  object .  I n addition ,  th e Perceptua l  Buffe r 
was initialise d wit h th e stimulu s informatio n ( a representa -
tio n o f  th e integer s t o b e summed) .  A s note d above ,  n o deca y 
was specifie d fo r  thi s buffer ,  modellin g th e fac t  tha t  thi s infor -
matio n woul d alway s b e availabl e throughou t  th e task .  T w o 
experimenta l  condition s wer e examine d i n th e simulations .  I n 
th e first ,  intermediat e result s wer e no t  adde d t o th e Perceptua l 
Buffer ,  bu t  wer e instea d store d i n Workin g Memor y fo r  th e 
duratio n o f  th e task ,  thu s modellin g th e situatio n wher e th e 
subjec t  i s  require d t o perfor m th e entir e calculatio n withou t 
th e ai d o f  a n externa l  memory .  I n thi s condition ,  intermediat e 
result s ar e subjec t  t o potentia l  decay .  I n th e secon d condition , 
th e result s o f  summin g individua l  column s wer e adde d t o th e 
Perceptua l  Buffer ,  an d Tas k Contro l  wa s abl e t o freel y consul t 
thi s buffer .  Thi s conditio n model s th e tas k wer e th e subjec t  i s 
abl e t o recor d his/he r  result s a s proble m solvin g progresses . 

An additiona l  rul e wa s adde d t o Tas k Contro l  t o detec t 
when th e tas k wa s complet e an d prin t  th e answe r  containe d i n 
Workin g Memory . 

Simulation Results 

We conside r  firs t  th e result s o f  th e "difficult "  conditio n i n 
whic h intermediat e result s ar e store d i n Workin g Memory . 
Figur e 2  show s a  trac e o f  th e primitiv e operator s invoke d b y 
th e mode l  o n on e particula r  tria l  whe n workin g wit h a  deca y 
rat e o f  0.03 .  Th e mode l  wa s attemptin g th e sum : 

89 5 + 
26 7 

Of  principa l  concer n i s th e perseverativ e subgoalin g occur -
rin g betwee n cycl e 2 5 an d cycl e 31 .  Durin g thi s period ,  th e 
model  i s solvin g th e fou r  subgoal s whic h compris e process -
column(l) .  Thes e subgoal s wer e originall y solve d durin g 
cycle s 4-10 ,  afte r  whic h thei r  result s wer e assemble d t o pro -
duc e a  resul t  fo r  process-column(l) .  However ,  b y cycl e 25 , 
thi s resul t  wa s n o longe r  i n Workin g Memor y (du e t o Workin g 
Memory decay) ,  promptin g th e mode l  t o automaticall y repea t 
it s  prio r  proble m solving .  Th e mode l  recover s afte r  thi s bou t 
of  perseverativ e subgoaling ,  an d produce s th e correc t  answer , 
althoug h it s solutio n tim e (measure d i n numbe r  o f  cycle s t o 
completion )  i s  sub-optimal . 

Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 

4 
6 
8 

10 
15 
17 
19 
22 
25 
27 
29 
31 
36 
38 
40 
42 
47 
49 

get-digits(column(l) ) 
add-digits(column(l) ) 
add-previous-carry(column(l) ) 
split-answericolumn (  I) ) 
get-digits(column(2) ) 
add-digits(column(2) ) 
add-previous-caiTy(column(2) ) 
splil-answer(column(2) ) 
get-digits(column (  I) ) 
add-digits(column(l) ) 
add-previous-catTy(column(J) ) 
split-answer(column (  1) ) 
get-digits(column(3) ) 
add-digits(column(3) ) 
add-previous-carry(column(3) ) 
split-answer(column(3) ) 
process-carry(column(4) ) 
S T O P:  answe r  =  116 2 

Figur e 2 :  Perseverativ e subgoalin g i n 3-colum n additio n 

Figur e 2  shows ,  then ,  tha t  th e mode l  i s indee d subjec t  t o 
perseverativ e subgoaling .  Perhap s surprisingly ,  i t  i s  robus t 
agains t  substantiall y  greate r  deca y rate s tha n Soa r  wa s i n th e 
origina l  experiments .  A  deca y rat e o f  0.0 3 (whic h lea d t o th e 
transcrip t  i n Figur e 2 )  i s thre e time s greate r  tha n th e highes t 
rat e fo r  whic h Soar' s behaviou r  wa s examine d (an d foun d 
wanting) ,  an d ye t  performanc e i s onl y moderatel y impaired , 
showin g slowin g bu t  no t  error . 

Extensiv e experimentatio n ha s show n tha t  th e mode l  i s  abl e 
t o recove r  fro m an y failur e excep t  prematur e deca y o f  th e roo t 
of  th e goa l  stack .  Provide d tha t  deca y doe s no t  occu r  ove r  th e 
first  cycl e o f  proble m solving ,  th e mode l  wil l  alway s solv e 
th e task ,  thoug h th e numbe r  o f  cycle s require d t o solv e th e 
proble m wil l  var y dependin g o n th e deca y rat e an d th e com -
plexit y o f  th e tas k (whic h i s her e determine d b y th e numbe r 
of  columns) .  However ,  an d i n spit e o f  thi s apparen t  robust -
ness ,  th e syste m i s pron e t o error .  I n particular ,  th e operato r 
add-previous-carr y assume s tha t  i f  a  carr y shoul d b e added ,  i t 
wil l  b e i n Workin g Memory .  Deca y o f  carr y informatio n ca n 
therefor e lea d t o errors. ^ 

Als o worth y o f  not e i s tha t  th e effec t  o f  deca y o n solutio n 
tim e increase s super-linearl y wit h th e numbe r  o f  column s i n 
th e sum .  A  deca y rat e o f  0.1 0 workin g m e m o r y element s pe r 
cycl e le d o n averag e t o a  1. 6 time s increas e i n solutio n tim e 
fo r  tw o colum n sums .  Thi s gre w t o 3. 2 fo r  thre e colum n sum s 
and 13. 5 fo r  fou r  colum n sums .  Th e numbe r  o f  incorrec t 
solution s (du e t o failur e t o carry )  increase s i n a  simila r  wa y 
wit h th e numbe r  o f  colunm s i n th e sum . 

W ît h regar d t o th e secon d experimenta l  condition ,  wher e 
th e sum s o f  column s wer e store d i n th e Perceptua l  Buffe r 
(an d henc e no t  subjec t  t o decay) ,  solutio n time s a s measure d 
i n numbe r  o f  cycle s were ,  a s expected ,  generall y shorte r  tha n 
i n th e firs t  condition ,  an d ther e wa s substantiall y les s variance . 

*Thi s sourc e o f  error ,  deca y o f  carr y information ,  i s no t  a  nec -
essar y aspec t  o f  th e model .  Th e rule s coul d b e designe d t o trea t 
a missin g can y a s a  decaye d subgoa l  result .  However ,  thi s erro r 
appear s t o b e consisten t  wit h huma n performanc e o n th e task ,  an d s o 
no attemp t  wa s mad e t o avoi d it . 
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Over  te n trial s o f  a  4-colum n tas k wit h a  deca y rat e o f  0.03 , 
th e averag e numbe r  o f  cycle s t o solutio n wa s 47. 1 (s.d .  =  2.5) . 
Thi s compare s wit h 59. 1 (s.d .  =  12.5 )  fo r  th e equivalen t  tas k 
i n th e difficul t  condition . 

Future Developments 

The simulatio n result s sugges t  tha t  perseverativ e subgoalin g 
wil l  occu r  mos t  frequentl y whe n workin g memor y capacit y 
i s stretche d (e.g. ,  i n multicolum n additio n involvin g man y 
columns) .  Futur e wor k wil l  empiricall y explor e th e natur e 
of  perseveratio n i n proble m solvin g wit h differen t  workin g 
memory requirements .  Multicolum n additio n i s a n idea l  tas k 
fo r  thi s wor k a s th e demand s o n workin g memor y ca n b e 
easil y varie d b y varyin g th e numbe r  o f  column s i n th e sum . 
Alternately ,  th e tas k ca n b e couple d wit h som e othe r  concur -
rent ,  workin g memor y intensive ,  tas k i n orde r  t o investigat e 
th e effect s o f  workin g memor y load . 

One hypothesi s t o b e addresse d b y thi s wor k i s tha t  perse -
verativ e subgoalin g wil l  b e greate r  whe n memor y resource s 
ar e i n hig h demand .  Thi s hypothesi s i s motivate d b y a 
strengthenin g o f  th e putativ e relationshi p betwee n workin g 
memory loa d an d workin g memor y deca y — tha t  th e rat e o f 
deca y i s dependen t  o n th e load ,  bein g greate r  whe n th e loa d i s 
greater .  Shoul d empirica l  wor k confir m thi s hypothesis ,  th e 
COGENT modellin g softwar e wil l  facilitat e th e exploratio n o f 
capacit y sensitiv e alternative s t o th e rule s governin g workin g 
memory deca y presente d here . 

A secon d are a o f  futur e wor k concern s use s o f  th e un -
derlyin g mechanis m whic h lead s t o recoverabl e persevera -
tiv e subgoaling ,  i.e. ,  non-refracte d fine-grained  production s 
alon g wit h refractor y memor y decay .  Together ,  thes e produc e 
a mechanis m whic h effectivel y refreshe s workin g memor y 
when critica l  element s decay .  On e clea r  theoretica l  domai n 
wher e suc h a  refreshin g mechanis m ma y b e appropriat e i s th e 
articulator y loo p (see ,  e.g. ,  Baddeley ,  1986) ,  a n are a i n whic h 
networ k model s (notabl y tha t  o f  Burges s &  Hitch ,  1992 )  hav e 
shown som e success .  Th e mechanis m presente d her e of -
fer s th e promis e o f  a  symboU c alternativ e t o suc h networ k 
approaches .  Mor e generally ,  th e introductio n o f  stochasti c 
element s int o symboli c model s ma y allo w th e developmen t  o f 
semanticall y perspicuou s model s wit h sufficien t  plasticit y t o 
rival  thei r  connectionis t  counterparts . 

Conclusions 

We hav e isolate d thre e requirement s whic h wil l  lea d a  pro -
ductio n syste m t o exhibi t  recoverabl e perseverativ e subgoal -
ing :  refractor y memor y decay ,  fine-grained  productions ,  an d 
a decay-fre e goa l  stack .  Non e o f  th e thre e requirement s alon e 
i s sufficien t  i f  th e resultan t  syste m i s t o exhibi t  th e effect .  Th e 
conjunctio n o f  th e three ,  however ,  canno t  b e claime d t o b e 
necessar y conditions .  Wit h sufficien t  ingenuity ,  alternat e sys -
tems coul d undoubtabl y achiev e th e sam e effect .  Th e clai m 
her e i s tha t  n o simple r  syste m coul d d o so . 
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Abstrac t 

Interpreting the student's actions and inferring the student's 
solutio n pla n durin g proble m solvin g i s on e o f  th e mai n chal -
lenge s o f  tutorin g base d o n cognitiv e apprenticeship ,  especiall y 
i n domain s wit h larg e solutio n spaces .  W e presen t  a  studen t 
modelin g framewor k tha t  perform s probabilisti c  pla n recogni -
tio n b y integratin g i n a  Bayesia n networ k knowledg e abou t  th e 
availabl e plan s an d thei r  structur e an d knowledg e abou t  th e 
student' s action s an d menta l  state .  Beside s prediction s abou t 
th e mos t  probabl e pla n followed ,  th e Bayesia n networ k pro -
vide s probabilisti c  knowledg e tracing ,  tha t  i s  assessmen t  o f  th e 
student' s domai n knowledge .  W e sho w ho w ou r  studen t  mode l 
can b e use d t o tailo r  scaffoldin g an d fadin g i n cognitiv e ap -
prenticeship .  I n particular ,  w e describ e ho w th e informatio n 
i n th e studen t  mode l  an d knowledg e abou t  th e structur e o f  th e 
availabl e plan s ca n b e use d t o devis e heuristic s t o generat e 
effectiv e hintin g strategie s whe n th e studen t  need s help . 

Introduction 

The overal l  goa l  o f  ou r  researc h i s t o develo p a  tutorin g syste m 
tha t  teache s proble m solvin g skill s  throug h cognitiv e appren -
ticeshi p [Collin s e t  a). ,  1989] .  I n cognitiv e apprenticeshi p th e 
tuto r  model s fo r  th e student s ho w t o solv e problems ,  scaf -
fold s student s a s the y firs t  tr y t o solv e problem s o n thei r  own , 
the n graduaW y fade s th e scaffolding .  Scaffoldin g take s man y 
forms .  Fo r  instance ,  student s ca n b e le d t o solv e th e proble m 
by usin g a n optima l  solutio n an d b y explicitl y  performin g al l 
th e step s i n th e solution .  W h e n thi s kin d o f  scaffoldin g ha s 
fade d out ,  student s ca n solv e problem s a s the y please .  I n 
addition ,  scaffoldin g require s th e tuto r  t o provid e hel p an d 
unsolicite d hint s whe n th e studen t  i s lost .  Virtuall y ever y 
pedagogica l  activit y involve d i n scaffoldin g face s th e difficul t 
proble m o f  interpretin g th e student' s actions .  Fo r  instance ,  i n 
orde r  t o respon d t o a  student' s reques t  fo r  hel p o r  t o provid e 
unsolicite d hints ,  th e coac h mus t  determin e wha t  lin e o f  rea -
sonin g th e studen t  ha s bee n followin g s o tha t  i t  ca n construc t 
an appropriat e hint . 

The proble m o f  inferrin g fro m a n agent' s action s th e 
pla n o r  lin e o f  reasonin g bein g followe d i s know n i n A I 
as pla n recognitio n [Kaut z an d Allen ,  1986] .  Pla n recogni -
tio n usuall y involve s inheren t  uncertaint y [Carberry ,  1990 , 
Charnia k an d Goldman ,  1993 ,  Hube r  e t  al. .  1994 ]  an d i n cog -
nitiv e apprenticeshi p i t  i s  a n especiall y har d proble m 
[Self ,  1988] ,  sinc e cognitiv e apprenticeship s teac h intellectua l 
skill s  wher e mos t  o f  th e importan t  activit y  i s hidde n fro m th e 
coaches '  view .  I n thi s pape r  w e describ e a n evolvin g studen t 
modelin g framework ,  base d o n [Conat i  an d Vanlehn ,  1996 , 
Marti n an d VanLehn ,  1995] ,  tha t  perform s pla n recognitio n 

by integratin g probabilisti c  reasonin g an d informatio n o n th e 
student' s menta l  stat e wit h knowledg e o f  availabl e plans . 

Ver y littl e researc h ha s bee n devote d t o pla n recogni -
tio n i n studen t  modeling ,  non e o f  whic h include s prob -
abilisti c  pla n recognition .  Probabilisti c  reasonin g ha s 
been applie d i n studen t  modelin g onl y t o perfor m knowl -
edg e tracin g [Anderso n e t  al. ,  1995] ,  tha t  i s  t o asses s th e 
student' s domai n knowledg e an d possibl e misconception s 
fro m proble m solvin g performanc e [Corbette t  al. ,  1995 , 
Marti n an d VanLehn .  1995 ,  Mislevy ,  1995 .  Petrushin .  1993) . 
Most  o f  th e attempt s t o appl y pla n recognitio n t o intel -
ligen t  tutorin g system s rel y onl y o n th e librar y o f  th e 
availabl e plans ,  withou t  takin g int o consideratio n th e stu -
dent' s degre e o f  master y i n th e targe t  domai n assesse d b y 
knowledg e tracin g t o hel p discriminat e amon g alternativ e 
interpretation s o f  th e students '  action s [Genesereth .  1982 , 
Kohe n an d Greer ,  1993 ,  Ros s an d Lewis ,  1988] .  Th e Ander -
sonia n tutor s [Anderso n e t  al. ,  1995 ]  perfor m bot h knowledg e 
tracin g an d mode l  tracing ,  a  ver y simpl e for m o f  pla n recog -
nition ,  bu t  the y d o no t  integrat e th e tw o kind s o f  assessment . 
Instead ,  the y reduc e th e complexit y o f  pla n recognitio n b y 
restrictin g th e numbe r  o f  acceptabl e solution s tha t  th e stu -
dent  ca n follo w an d b y askin g th e studen t  whe n ther e i s stil l 
ambiguit y amon g tw o o r  mor e solutions . 

I n th e firs t  par t  o f  th e pape r  w e describ e h o w ou r  stu -
dent  mode l  use s a  compact ,  graph-base d representatio n o f 
plan s tha t  encode s th e plausibl e line s o f  reasonin g fo r  solv -
in g a  proble m i n th e targe t  tas k domai n (Newtonia n physic s 
i n thi s application )  an d ho w th e grap h an d th e student' s ac -
tion s ar e use d t o dynamicall y generat e a  Bayesia n networ k 
[Pearl ,  1988 ]  tha t  perform s pla n recognitio n an d knowledg e 
tracing .  I n th e secon d par t  o f  th e pape r  w e describ e h o w a 
tutorin g syste m base d o n cognitiv e apprenticeshi p ca n us e th e 
studen t  mode l  t o tailo r  scaffoldin g an d fading .  I n particula r 
we describ e ho w w e integrat e probabilisti c  pla n recognition , 
knowledg e tracin g an d hin t  selectio n rule s t o generat e effec -
tiv e hint s whe n a  studen t  need s help . 

A graph based model of the problem solving 

proces s 

I n orde r  t o decid e whic h lin e o f  reasonin g underlie s a  stu -
dent' s actio n th e syste m mus t  hav e a  se t  o f  line s o f  reasonin g 
tha t  student s ma y pursue .  Thi s se t  represent s th e solutio n 
spac e o f  a  proble m an d i n domain s lik e physic s ca n b e quit e 
large .  Th e dat a structur e tha t  w e us e t o represen t  th e solutio n 
spac e o f  a  proble m i s th e solutio n graph .  Th e solutio n grap h 
i s automaticall y buil t  fro m a  knowledg e bas e o f  productio n 
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"BOY+FLOUR"  PROBLEM 
A bo y havin g a  mas s o f  75k g (Mb) ,  hold s i n hi s hand s 
a ba g o f  flour  weighin g 40N(Wf) . 
Wit h wha t  forc e N  doe s th e doo r  pus h u p o n th e boy' s feet ? 

SOLUTION PLA N 
"SummWeight " 
Mb=75; 
Wf  =  40 ; 
G =  9.8 ; 
Wb =  Mb'G ; 
Wa =  W« +  Wb; 
N =  Wa; 

SOLUTION PLA N 
"SummMaaa" 
Mb=75; 
Wt  =  40 ; 
G =  9.8 ; 
Mf  =  Wf/G ; 
Ma =  Mf  +  Mb ; 
Wa =  Ma'G ; 
N =  Wa; 

(Wi  =  lou l  weigh t  o f  bo y an d Hour ;  M a =  to(a l  mass o f  bo y an d flour) 

Figur e 1 :  A  simpl e proble m an d it s correc t  solutio n plan s 

rule s tha t  contain s th e physic s principle s necessar y t o solv e 
Newton ia n physic s problems .  I t  ca n compactl y represen t  th e 
solutio n spac e fo r  an y give n physic s problem . 

T h e solutio n grap h contain s thre e type s o f  information , 
wh i c h represen t  (1 )  al l  th e plan s t o solv e th e prob le m tha t  ca n 
b e derive d b y th e rule s i n th e physic s know ledg e base ;  (2 ) 
al l  th e algebrai c solutio n path s tha t  develo p thes e plans ;  (3 ) 
th e reasonin g behin d eac h ste p i n a  plan .  Let' s consider ,  fo r 
example ,  th e solutio n grap h fo r  th e physic s prob le m i n Figur e 
1.  Ther e ar e t w o differen t  plan s fo r  thi s problem :  eithe r  find 
th e weigh t  o f  th e flour  an d ad d th e weight s o r  find  th e m a s s o f 
th e boy ,  ad d th e masses ,  the n conver t  t he m t o weight .  T h e n 
equat e th e tota l  weigh t  o f  th e bo y an d th e flour  t o th e sough t 
norma l  force .  Thes e t w o plan s ar e represente d b y th e t w o set s 
o f  primitiv e equation s " S u m m W e i g h t "  an d " S u m m M a s s "  i n 
Figur e 1 .  W e defin e a s primitiv e equation s thos e equation s 
tha t  ar e direc t  application s o f  physica l  law s o r  mathematica l 
principles ,  o r  quantitie s give n i n th e proble m statement . 

T h e primitiv e equation s fo r  a  pla n ca n b e generate d an d 
c o m b i n e d i n m a n y differen t  w a y s ,  generatin g a  larg e n u m b e r 
o f  solutio n paths .  Solutio n path s ca n b e generated ,  fo r  ex -
ample ,  b y forwar d chaining ,  backwar d chaining ,  dept h first, 
breadt h first  o r  an y combinatio n o f  thes e strategies .  Existin g 
tutorin g system s tha t  provid e suppor t  durin g proble m solvin g 
reduc e th e n u m b e r  o f  th e acceptabl e solutio n path s b y forcin g 
th e student s t o follo w a  particula r  prob le m solvin g strateg y 
[Anderso n e t  al. .  1995 ,  Derr y an d Hawkes ,  1993] .  Ou r  solu -
tio n graph ,  o n th e othe r  hand ,  provide s a  compac t  represen -
tatio n o f  al l  th e possibl e solutio n path s tha t  develo p a  give n 
pla n an d support s tutoria l  interactio n tha t  i s mor e flexible  an d 
simila r  t o thos e generate d b y huma n physic s tutors . 

A simplifie d solutio n grap h fo r  th e proble m i n Figur e 1  i s 
represente d i n Figur e 2A .  I t  contain s node s representin g prim -
itiv e equation s an d proble m variable s (ellipse s an d diamond s 
respectivel y i n Figur e 2 A ) .  Primitiv e equation s correspon d 
t o th e applicatio n o f  rule s o f  th e knowledg e bas e tha t  en -
cod e quantitativ e physic s principles .  W h e n a  rul e i s applie d 
an applicatio n nod e representin g th e correspondin g primi -
tiv e equatio n i s entere d i n th e solutio n graph ,  alon g wit h it s 
paren t  node s representin g th e k n o w n variable s an d it s chil d 
nod e representin g th e compute d variable .  Give n th e solu -
tio n graph ,  eac h equatio n entere d b y th e use r  i s interprete d 
by decomposin g i t  int o primitiv e equation s an d b y markin g 

th e correspondin g applicatio n node s i n th e solutio n graph ,  a s 
show n i n Figur e 2A . 

Behin d eac h applicatio n nod e stand s a  dependenc y net -
wor k tha t  record s th e derivatio n o f  th e correspondin g primi -
tiv e equation .  Fo r  instance ,  a  simplifie d dependenc y networ k 
fo r  th e equatio n N  =  W a i s show n i n Figur e 3 .  Ther e i s on e 
dependenc y networ k fo r  eac h applicatio n node ,  bu t  th e depen -
denc y network s o f  differen t  node s ofte n shar e larg e sub-nets . 
For  simplicity ,  i n th e solutio n grap h o f  Figur e 2 A th e complet e 
dependenc y network s ar e represente d b y singl e physic s rules , 
th e rectangle s i n th e graph .  Th e dependenc y network s ar e 
neede d i n orde r  t o interpre t  action s tha t  ar e no t  equations .  Fo r 
instance ,  suppos e th e studen t  initialize s a  forc e diagra m fo r 
th e compoun d objec t  consistin g o f  th e bo y an d th e bag .  Thi s 
actio n correspond s t o th e darkene d nod e labelle d "boy-ba g i s 
an object "  i n Figur e 3 . 

Th e solutio n grap h allow s th e tuto r  t o accep t  th e student' s 
actionsinanyorder.a s lon g a s the y belongtoaknow n plan .  I n 
fac t  an y traversa l  o f  th e grap h tha t  connect s sought s t o given s 
represent s a  lega l  solutio n pat h withi n a  specifi c  plan ,  an d vic e 
vers a ever y correc t  solutio n pat h correspond s t o a  traversa l  o f 
th e solutio n graph .  Th e solutio n grap h als o allow s t o kee p 
trac k o f  th e action s tha t  th e student' s ha s performe d s o far . 

Bayesian interpretation of student actions 

Afte r  a  student' s actio n ha s bee n mappe d o n th e solutio n 
graph ,  th e syste m use s th e mappin g an d th e structura l  infor -
matio n encode d i n th e solutio n grap h t o updat e a  Bayesia n 
networ k i n charg e o f  pla n recognition .  A  Bayesia n networ k 
[Pearl ,  1988 ]  i s a  directe d acycli c grap h wher e node s repre -
sen t  rando m variable s an d arc s represen t  probabilisti c  depen -
dencie s amon g th e variables .  I n ou r  Bayesia n network ,  th e 
rando m variable s represen t  piece s o f  domai n knowledge ,  pos -
sibl e plan s t o solv e a  problem ,  th e student' s action s an d th e 
possibl e inference s tha t  migh t  hav e generate d th e actions . 

Figur e 2 B show s th e stat e o f  th e Bayesia n networ k afte r  i t 
has bee n incrementall y update d wit h th e tw o equation s N  = 
Wa an d M f  =  4 0 / G .  Th e node s a t  th e botto m o f  th e 
network ,  calle d actio n nodes ,  represen t  th e entere d equations . 
For  eac h actio n node ,  ther e i s a  derivatio n nod e fo r  an y wa y 
foun d i n th e grap h t o deriv e th e equatio n (node s der ]  an d der 2 
i n Figur e 2 B )  an d a n additiona l  derivatio n nod e tha t  represent s 
any othe r  wa y i n whic h th e actio n coul d hav e bee n derived ,  fo r 
exampl e b y guessin g o r  b y copyin g fro m a  previou s proble m 
(node s other !  an d other !  i n Figur e 2B) .  Th e tw o equation s i n 
our  exampl e ca n b e derive d i n onl y on e way ,  therefor e onl y 
on e derivatio n nod e (beside s th e othe r  node )  i s inserte d fo r 
eac h o f  them .  I f  th e studen t  type d th e equatio n W a =  77 5 
th e syste m woul d find  i n th e grap h tw o way s t o generat e it , 
and tw o derivatio n node s woul d b e inserte d i n th e network . 
Bot h actio n an d derivatio n node s hav e value s T R U E / F A L S E 
representin g th e probabilit y  tha t  th e action s o r  th e derivation s 
hav e (o r  hav e not )  bee n performed . 

A n actio n nod e i s linke d t o th e correspondin g derivatio n 
node s vi a a n O R lin k matrix ,  whic h define s th e conditiona l 
probabilit y  distributio n o f  th e actio n nod e give n th e probabil -
it y distributio n o f  it s  parent s a s a  logica l  O R .  Tha t  is ,  a n actio n 
nod e i s T R U E i f  a t  leas t  on e o f  it s paren t  derivatio n node s i s 
T R UE an d F A L S E otherwise .  Eac h derivatio n nod e i s linke d 
throug h a n A N D lin k matri x t o it s paren t  nodes ,  correspond -
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Figur e 2 :  Exampl e o f  solutio n grap h an d Bayesia n networ k fo r  th e proble m i n Figur e 1 

in g t o th e applicatio n node s marke d i n th e solutio n grap h a s 
generatin g th e derivation .  I n Figur e 2B ,  fo r  example ,  th e 
paren t  applicatio n node s o f  th e derivatio n nod e der 2 ar e th e 
applicatio n node s labele d W f  =  4 0 an d W f  =  M f * G .  Th e 
A ND lin k matri x betwee n derivatio n an d applicatio n node s 
represen t  th e fac t  tha t  a  derivatio n occur s i f  an d onl y i f  al l  th e 
necessar y rule s an d given s hav e bee n applied . 

Each application node is linked to a node that represents 
th e correspondin g rul e an d t o a  nod e representin g th e pla n 
t o whic h th e rul e applicatio n belongs .  Th e solutio n grap h 
indicate s t o whic h pla n eac h applicatio n nod e belong s an d 
th e correspondin g link s ar e inserte d i n th e Bayesia n network . 
The probabilit y  o f  th e T R U E valu e fo r  a  pla n nod e represent s 
th e probabilit y  tha t  th e studen t  i s followin g tha t  plan .  Th e 
probabilit y  o f  th e T R U E valu e fo r  a  rul e nod e represent s th e 
probabilit y  tha t  th e studen t  know s tha t  rule .  Th e lin k matri x 
betwee n a n applicatio n nod e an d it s parent s i s a  leaky-AND , 

t o represen t  th e fac t  tha t  whe n a  studen t  generate s a  rul e 
applicatio n sh e almos t  alway s know s th e paren t  rul e an d i s 
followin g th e paren t  plan ,  althoug h ther e i s a  smal l  probabilit y 
tha t  sh e generate d th e applicatio n withou t  actuall y knowin g 
th e rul e o r  withou t  havin g tha t  pla n i n mind . 

Al l  th e pla n node s i n th e Bayesia n networ k ar e linke d t o a 
c o m m on ancestor ,  th e nod e labele d a s redundanc y i n figur e 
figur e 2B .  Th e value s o f  thi s nod e allow s t o explicitl y  rep -
resen t  th e probabilit y  tha t  th e studen t  i s followin g onl y on e 
of  th e availabl e plan s (value s S W an d S M i n figur e 2 B )  o r 
mor e the n on e pla n a t  a  tim e (valu e bot h i n figur e 2 B ) . 

Th e actio n node s a t  th e botto m o f  th e networ k represen t  ev -
idenc e comin g fro m th e student ,  therefor e thei r  T R U E valu e 
i s clampe d t o 1  an d tha t  evidenc e i s propagate d upwar d i n 
th e networ k vi a a  Bayesia n updat e algorith m (w e us e th e 
Lauritzen-Spiegelhalte r  algorith m [Pearl ,  1988]) .  I n Figur e 
2 B th e highe r  probabilit y  o f  th e " S u m m M a s s "  nod e reflect s 
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th e fac t  that ,  althoug h th e equatio n N  =  W a belong s t o bot h 
solutions ,  th e equatio n M f  =  4 0 / G provide s clea r  evidenc e 
fo r  th e pla n " S u m m M a s s " .  I n addition ,  th e propagatio n o f 
evidenc e t o rul e node s i n th e networ k provide s assessmen t  o n 
th e student' s knowledg e o f  th e correspondin g physic s prin -
ciples .  Afte r  th e studen t  ha s finishe d wit h th e problem ,  th e 
probabilitie s o f  th e rul e node s an d th e dependencie s betwee n 
rule s ar e rea d ou t  o f  th e Bayesia n networ k an d becom e th e 
update d studen t  mode l  [Marti n an d VanLehn ,  1995 ]  tha t  wil l 
be use d t o ai d pla n recognitio n i n futur e interaction s wit h th e 
student ,  a s w e wil l  se e i n th e nex t  section . 

Using the student model to tailor the scaffolding 

O ne for m o f  scaffoldin g i n cognitiv e apprenticeshi p consist s 
of  forcin g th e studen t  t o explicitl y  perfor m al l  th e step s i n 
a solution ,  fo r  exampl e t o dra w al l  th e force s involve d i n 
a physic s proble m befor e enterin g equations .  Thi s kin d o f 
scaffolding ,  calle d reification ,  i s  usuall y applie d t o novic e 
student s an d fade d whe n th e student s becom e mor e skille d 
i n th e targe t  domain .  Fadin g make s th e interpretatio n o f  th e 
student' s action s mor e difficult ,  becaus e mor e o f  th e studen t 
reasonin g i s hidde n fro m th e tutor .  Ou r  studen t  mode l  allow s 
th e syste m t o handl e th e increase d ambiguit y generate d b y 

fadin g an d t o mak e mor e flexibl e decision s abou t  whe n t o 
fad e th e scaffolding ,  instea d o f  relyin g o n fixe d rule s suc h 
as "fad e reificatio n afte r  th e studen t  ha s solve d 5  problem s 
correctly "  Let' s suppose ,  fo r  example ,  tha t  afte r  solvin g th e 
proble m i n th e previou s sectio n wit h reificatio n turne d o n ou r 
studen t  start s solvin g th e proble m i n th e uppe r  lef t  windo w i n 
Figur e 4 .  TTi e studen t  type s th e equatio n i n th e right  windo w 
i n Figur e 4 ,  withou t  drawin g force s i n th e botto m lef t  window . 
Shoul d th e tuto r  kee p reificatio n turne d o n an d as k th e studen t 
t o dra w th e forces ? Th e tuto r  use s th e probabilitie s i n th e 
Bayesia n networ k generate d afte r  th e student' s actio n t o mak e 
th e decision . 

Th e equatio n tha t  th e studen t  type d ca n b e generate d eithe r 
by th e correc t  versio n o f  Newton' s Secon d Law ,  F  =  m a ,  i n 
whic h F  i s th e su m o f  al l  th e thre e force s actin g o n th e bod y 
(show n b y th e vector s i n th e botto m lef t  w indow )  o r  b y a n 
incorrec t  versio n i n whic h F  i s an y forc e applie d t o th e body . 
I f  thi s incorrec t  versio n o f  Newton' s Secon d L a w i s include d 
i n th e system' s knowledg e base ,  a  correspondin g incorrec t 
pla n wil l  b e include d i n th e problem' s solutio n grap h an d th e 
Bayesia n networ k generate d afte r  th e equatio n 5  =  2 * a wil l 
be th e on e i n Figur e 5 .  I f  th e onl y informatio n availabl e t o 
th e syste m wa s th e entere d equation ,  the n propagatio n o f  thi s 
evidenc e i n th e networ k woul d assig n equa l  probabilit y  t o th e 
tw o possibl e derivation s an d t o th e tw o possibl e plan s an d th e 
onl y wa y fo r  th e tuto r  t o understan d i f  th e studen t  followe d th e 
correc t  o r  th e incorrec t  pla n woul d b e t o forc e th e studen t  t o 
dra w th e force s i n th e fre e bod y diagram .  However ,  sinc e th e 
studen t  mode l  generate d b y th e previou s interactio n wit h th e 
studen t  report s a  hig h probabilit y  tha t  th e studen t  know s al l 
th e piece s o f  knowledg e require d t o correctl y appl y Newton' s 
Secon d L a w (th e rul e node s i n Figur e 3) ,  the n th e Bayesia n 
networ k assign s a  hig h probabilit y  t o th e correc t  derivatio n 
and t o th e correc t  pla n an d th e tuto r  ca n avoi d imposin g th e 
reificatio n o f  forces . 

Anothe r  fundamenta l  componen t  o f  scaffoldin g i s th e capa -
bilit y  t o provid e help .  Providin g hel p durin g proble m solvin g 
i s a  delicat e pedagogica l  problem .  A  reques t  fo r  hel p in -
dicate s tha t  th e studen t  reache d a n impass e i n th e proble m 
solvin g process .  Th e impass e ca n b e turne d int o a  learnin g 
episod e i f  th e tuto r  help s th e studen t  generat e th e inference s 
necessar y t o fil l  th e knowledg e ga p tha t  create d th e impasse . 
Hintin g i s on e o f  th e strategie s ofte n use d b y huma n tutor s 
t o provid e constructiv e hel p [ H u m e e t  al. ,  1996] .  O f  course , 
th e necessar y conditio n t o provid e usefu l  hint s i s tha t  th e tu -
to r  understand s w h y th e impass e happened .  Sometime s th e 
studen t  ca n articulat e fo r  th e tuto r  wha t  he r  proble m is ,  bu t 
ofte n th e studen t  i s to o confuse d t o b e abl e t o tel l  wh y sh e i s 
unabl e t o continu e an d th e tuto r  mus t  us e alternativ e criteri a 
t o decid e wha t  i s th e bes t  wa y t o hel p th e studen t  solvin g th e 
impasse . 

Th e structura l  informatio n i n th e solutio n grap h an d th e 
probabilitie s generate d b y th e Bayesia n networ k ca n b e use d 
t o devis e strategie s fo r  selectin g wha t  t o hin t  fo r  (i. e th e hin t 
target) .  Th e Bayesia n networ k generate s prediction s abou t 
what  pla n th e studen t  i s  following .  Give n th e plan ,  a  hin t 
generatio n modul e determine s fro m th e solutio n grap h wha t 
step s hav e alread y bee n performe d alon g thi s pla n an d wha t 
step s ar e left .  TTi e step s lef t  t o b e performe d becom e th e 
hintin g se t  withi n whic h th e hin t  generato r  choose s th e targe t 
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of  th e nex t  hint .  Let' s suppose ,  fo r  example ,  tha t  th e studen t 
ask s fo r  hel p afte r  typin g th e t w o equation s i n Figur e 2 A .  A t 
thi s poin t  S u m m M a ss i s th e mos t  probabl e plan ,  a s s h o w n i n 
th e networ k i n Figur e 2 B ,  an d th e hintin g se t  consist s o f  th e 
followin g primitiv e equations : 

{ G =  9.8 .  M b =  75 ,  M a = M b +  Mf ,  W a = M a*  G } 
Severa l  heuristic s ca n b e use d t o selec t  amon g equation s i n th e 
hintin g set .  O n e heuristi c give s minima l  priorit y t o hint s tha t 
simpl y remin d th e studen t  o f  value s tha t  ar e proble m givens . 
I n ou r  exampl e thi s heuristi c woul d rul e ou t  usin g th e step s 
G =  9. 8 an d M 6 =  7 5 a s hints .  T w o differen t  heuristic s 
can b e base d o n th e probabilisti c  assessmen t  o f  th e student' s 
knowledg e o f  physic s rules .  Th e remindin g heuristi c select s 
step s relate d t o physic s knowledg e tha t  ha s hig h probabil -
it y  o f  bein g mastered .  Th e hint s generate d b y thi s heuristi c 
ar e analogou s t o thos e categorize d i n [ H u m e e t  al. ,  1996 ]  a s 
poinlin g hints ,  tha t  i s  hint s pointin g t o well-know n informa -
tio n tha t  th e studen t  doesn' t  realiz e i s relevan t  i n th e curren t 
situation .  I n ou r  exampl e thi s heuristi c woul d selec t  th e ste p 
Wa -  M a *  G ,  sinc e i t  i s  relate d t o th e rul e W =  M * G (se e 
solutio n grap h Figur e 2 A )  whic h ha s reache d a  hig h probabil -
it y o f  bein g know n (se e Bayesia n networ k i n Figur e 2 3 )  afte r 
th e studen t  type d M f  =  40 /G . 

The secon d heuristic ,  th e lo w knowledg e heuristic ,  select s 
fo r  hintin g a  ste p relate d t o physic s knowledg e tha t  i s no t  ev -
identl y know n b y th e student .  Thi s heuristi c generate s hint s 
analogou s t o thos e classifie d i n [Humee t  al. ,  1996 ]  a s con -
veyin g informatio n hints ,  tha t  sugges t  informatio n promptin g 
th e studen t  t o infe r  a n answe r  o r  th e nex t  ste p o f  a  solution . 
I n ou r  example ,  thi s heuristi c woul d selec t  fo r  hintin g th e ste p 
M a -  M b +  M f ,  sinc e ther e i s n o direc t  evidenc e fro m th e 

student' s action s tha t  th e studen t  know s th e relate d rul e "th e 
tota l  mas s o f  a  syste m i s th e su m o f  th e masse s o f  th e system' s 
components" . 

A third heuristic that can be combined with either of the 
tw o abov e i s  th e adjacenc y heuristic .  I t  select s a  ste p adjacen t 
i n th e solutio n grap h t o th e las t  ste p performe d b y th e student . 
I n ou r  example ,  th e onl y ste p adjacen t  t o th e las t  performed , 
M f  =  4 0 / G ,  i s M a =  M b +  M f .  H o w t o combin e thes e 
heuristic s an d h o w t o se t  thei r  prioritie s whe n the y provid e 
conflictin g suggestion s i s a n ope n researc h issue ,  sinc e no t 
many result s ar e availabl e abou t  h o w huma n tutor s selec t 
thei r  hint s an d h o w effectiv e the y ar e [Humeetal. ,  1996] . 
O ne o f  ou r  hypothese s i s tha t  th e adjacenc y heuristi c shoul d 
hav e hig h priorit y sinc e i t  i s importan t  tha t  th e conten t  o f  th e 
hin t  preserve s a  discernibl e connectio n wit h wha t  th e studen t 
i s tryin g t o do .  A  secon d hypothesi s i s tha t  th e remindin g 
heuristi c shoul d b e use d wit h care ,  t o avoi d suggestin g t o th e 
studen t  somethin g tha t  sh e alread y know s h o w t o perform .  T o 
thi s regard ,  a  variatio n o f  th e remindin g heuristi c woul d b e t o 
conside r  whethe r  th e hig h probabilit y  o f  th e targe t  knowledg e 
derive s fro m recen t  studen t  action s (a s i n ou r  example )  o r  fro m 
action s tha t  th e studen t  ha s performe d i n previou s problems . 
I f  th e targe t  knowledg e ha s bee n use d recently ,  i t  i s les s likel y 
tha t  th e studen t  need s t o b e reminde d o f  it .  Fo r  instance ,  i n 
our  exampl e th e studen t  ha s jus t  applie d th e rul e W =  M * G 
t o generat e M f  =  4 0 / G ,  therefor e i t  i s  no t  ver y plausibl e 
tha t  n o w sh e i s havin g problem s i n applyin g th e rul e t o fin d 
W a.  Give n thi s variatio n th e remindin g heuristi c al l  th e 
thre e heuristic s liste d abov e poin t  t o th e selectio n o f  M a = 
M f  +  M b a s th e hin t  target .  W e ar e plannin g t o tes t  thes e 
and additional/alternativ e hypothese s an d heuristic s b y usin g 
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the m t o implemen t  differen t  hin t  selectio n strategie s an d b y 
testin g thes e strategic s wit h rea l  students . 

Conclusions 

I n thi s pape r  w e hav e describe d a  studen t  modelin g framewor k 
tha t  perform s knowledg e tracin g an d pla n recognitio n whil e 
student s solv e problem s i n Newtonia n physics .  Ou r  approac h 
t o pla n recognitio n i s innovativ e i n tha t  w e us e a  Bayesia n 
Networ k t o integrat e i n a  principle d wa y knowledg e abou t  th e 
student' s behavio r  an d menta l  stat e wit h knowledg e abou t  th e 
availabl e plans .  Th e availabl e plan s ar e encode d i n a  graph -
base d representatio n tha t  compactl y represent s al l  th e differen t 
order s i n whic h eac h pla n ca n b e implemente d an d allow s 
m a x i m u m flexibility  whe n acceptin g th e students '  solutions . 
We hav e presente d example s o f  ho w ou r  studen t  mode l  ca n 
be use d t o tailo r  cognitiv e apprenticeship ,  i n particula r  t o 
generat e effectiv e hint s whe n th e studen t  need s help . 

We hav e starte d t o evaluat e th e accurac y o f  th e predic -
tion s generate d b y ou r  mode l  o n th e solution s generate d b y 
thre e student s solvin g th e proble m presente d i n thi s pape r  an d 
on th e solution s generate d b y tw o student s solvin g a  mor e 
comple x proble m involvin g 4  differen t  solutio n plan s an d 1 8 
primitiv e equations .  Th e prediction s generate d b y th e mode l 
afte r  eac h ste p o f  th e 5  solution s hav e bee n consisten t  wit h 
th e pla n tha t  eac h studen t  actuall y followed .  W e pla n t o per -
for m a  mor e extensiv e evaluatio n afte r  w e hav e formalize d 
th e hintin g rule s an d reimplemente d a  mor e efficien t  C + + 
versio n o f  th e updat e algorith m fo r  th e Bayesia n network , 
currentl y implemente d i n Lisp .  Th e result s o f  th e evaluatio n 
wil l  decid e whethe r  w e wil l  nee d t o switc h t o approximat e up -
dat e algorithms[Cousin s e t  al. ,  1993 ]  t o maintai n acceptabl e 
performance s o n mor e comple x problems . 
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Abstrac t 

This paper presents a follow-up to the ATM-Soar models 
presente d a t  199 3 Meetin g o f  th e Cognitiv e Scienc e 
Societ y an d th e CH I  199 4 Researc h Symposium .  Th e 
origina l  wor k describe d th e us e o f  th e Soa r  cognitiv e 
architectur e t o simulat e use r  learnin g wit h differen t  A T M 
interfaces .  I n particular ,  i t  focuse d o n th e relativ e effect s 
of  interfac e instruction s (e.g. ,  "Inser t  car d int o slot" )  an d 
perceptua l  attentiona l  cue s (e.g. ,  a  flashin g are a aroun d th e 
car d slot )  o n learnin g an d performance .  Th e stud y 
describe d her e involve s gettin g huma n dat a o n th e sam e 
task s t o tes t  th e prediction s o f  th e computationa l  models . 
The A T M tas k i s simulate d o n a  P C i n orde r  t o contras t 
thre e type s o f  interfac e conditions :  jus t  instructions , 
instruction s plu s flashing ,  an d jus t  flashing .  Subject s 
must  inser t  a  ban k card ,  chec k th e accoun t  balance ,  an d 
withdra w money .  The y ar e aske d t o repea t  th e tas k fou r 
time s s o tha t  th e effect s o f  trainin g o n performanc e an d 
teamin g ca n b e observed .  Th e dat a suggest s tha t  subject s 
lear n t o perfor m th e tas k faste r  wit h attentiona l  attractors , 
as th e Soa r  mode l  {̂ -edicted .  Mor e interestingly ,  th e Soa r 
model  als o p-edicte d tha t  peopl e woul d d o bette r  withou t 
instruction s whe n ther e ar e attentiona l  attractors .  Ibi s 
predictio n wa s supporte d a s well . 

I n recen t  years ,  w e hav e see n th e ris e o f  a  numbe r 
of  A l  cognitiv e architecture s (e.g. .  Soa r  (Newell ,  1990 )  an d 
ACT- R (Anderson ,  1993) )  whic h attemp t  t o provid e 
unifie d theorie s o f  psychologica l  phenomena .  W e hav e als o 
seen th e growin g us e o f  thes e architecture s i n th e fiel d o f 
Human-Compute r  Interactio n (HCI) .  Perhap s th e primar y 
scientifi c  motivatio n fo r  studyin g H C I  i s t o provid e a 
testin g groun d fo r  ou r  computationa l  model s o f  cognition , 
particularl y thos e tha t  describ e learnin g an d performanc e i n 
interactiv e tasks .  Thi s pape r  report s o n a  se t  o f  studie s 
currentl y  i n progres s t o empiricall y evaluat e th e prediction s 
of  a  Soa r  mode l  originall y presente d a t  th e 199 3 Meetin g o f 
th e Cognitiv e Scienc e Societ y (Vera ,  Lewi s an d Lerch , 
1993) . 

I n th e 199 3 paper ,  w e describe d a  Soa r  mode l  tha t 
simulate d a  use r  learnin g t o interac t  wit h differen t  A T M 
interfaces .  I n particular ,  w e focuse d o n th e relativ e effect s 

of  interfac e instruction s (e.g. ,  "Inser t  car d int o slot" )  an d 
perceptua l  attentiona l  cue s (e.g. ,  flashin g are a aroun d th e 
car d slot )  o n learnin g rat e fo r  th e task .  I n Soar ,  th e numbe r 
of  mem(H y chunk s fotme d wa s take n a s th e measur e o f  eas e 
or  difficult y o f  learnin g i n th e differen t  conditions .  O n e o f 
th e basi c outcome s o f  th e ATM-Soa r  mode l  wa s tha t  bette r 
interface s lea d t o les s learnin g durin g tas k performance . 
Thi s resul t  need s t o b e evaluate d empirically .  Th e follow -
up stud y presente d her e involve s gettin g huma n dat a o n 
thes e tasks . 

The ATM-Soar Models 

Ther e wer e tw o relate d goal s i n buildin g th e ATM-Soa r 
model .  Hi e firs t  goa l  wa s t o answe r  a  se t  o f  question s 
abou t  th e cognitiv e processe s an d representation s o f  th e use r 
i n th e A T M scenario .  I n particular ,  w e wer e intereste d i n 
ho w th e tas k wa s mentall y represente d an d accomplished , 
and ho w tha t  representatio n evolve d a s a  functio n o f 
learning .  A  goo d cognitiv e mode l  shoul d answe r  th e 
followin g questions : 
•  H o w i s behavio r  initiall y  guide d i n th e task ? 
•  Wha t  determine s th e sequenc e o f  action s take n b y th e 

user ? 
•  Wha t  exactl y  i s learne d a s a  resul t  o f  performin g th e task ? 
•  H o w doe s th e learnin g affec t  performanc e o n late r  trials ? 
•  Wha t  constitute s exper t  o r  optima l  performanc e o n thi s 

task ? 
The secon d an d relate d goa l  o f  th e modeUn g wa s t o 
understan d ho w aspect s o f  th e interfac e affec t  performanc e 
and learning ,  an d t o us e tha t  understandin g t o sugges t 
change s i n th e interfac e design .  Th e cognitiv e mode l 
shoul d hel p answe r  th e followin g questions : 
•  Wha t  computational ,  functional ,  an d knowledg e demand s 

does th e interfac e an d tas k plac e o n th e user ? 
•  H o w doe s th e interfac e desig n affec t  learning ? 
•  H o w ca n th e interfac e b e change d t o decreas e bot h th e 

tim e t o accomplis h th e task ,  an d th e tim e require d t o 
reac h exper t  performance ? 

The Soa r  modelin g effor t  wa s primaril y focuse d o n 
cognitiv e skil l  acquisitio n an d th e cognitiv e demand s o f  th e 
task .  W e wer e no t  concerne d wit h detail s o f  moto r 
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behavior ,  o r  th e interleavin g o f  moto r  executio n wit h 
cognitiv e processing .  W e di d no t  mode l  behavio r  a t  th e 
key-strok e leve l  (e.g. ,  John ,  Ver a &  Newell ,  1994) ,  no r  di d 
we presen t  detaile d perceptua l  model s (e.g. ,  Wiesmeyer , 
1992) .  Al l  o f  thes e approache s ar e importan t  an d useful , 
and complemen t  th e approac h w e hav e take n here . 

Soar ,  a s a n architectura l  theory ,  bring s wit h i t 
independentl y motivate d principle s o f  tas k performanc e an d 
acquisitio n (Newell ,  1990) .  A  numbe r  o f  othe r 
architecture s coul d hav e als o bee n adopte d (e.g. ,  A C T - R ) ; 
th e m i n i m u m requirement s fo r  ou r  presen t  purpose s ar e tha t 
th e architectur e specifie s exactl y b o w goal-directe d tas k 
behavio r  unfolds ,  an d h o w tha t  behavio r  ca n chang e ove r 
tim e a s a  resul t  o f  s o m e kin d o f  learning . 

Adoptin g Soa r  a s th e underlyin g theor y ha s a  numbe r  o f 
importan t  implication s fo r  ou r  tas k tha t  ar e apparen t  eve n 
befor e specifyin g a  detaile d model .  Th e representatio n o f 
th e tas k mus t  consis t  o f  a  se t  o f  independen t  association s i n 
lon g ter m memory ,  cue d b y di e content s o f  workin g 
memory.  Tas k behavio r  i s no t  fixed  i n advanc e b y a  pla n 
structur e o r  rigi d progra m i n memory ;  rather ,  behavio r  i s a 
functio n o f  whateve r  knowledg e i s immediatel y cue d an d 
assemble d a t  th e tim e o f  action .  Finally ,  becaus e chunkin g 
i s a n experientia l  learnin g mechanism ,  th e tas k mus t  b e 
learne d b y doin g th e task .  Althoug h prio r  preparatio n (e.g. , 
instructions )  m a y b e helpful ,  ther e i s n o substitut e fo r 
practice . 

Cognitiv e architecture s ar e programmabl e -  tha t  i s  thei r 
primar y functiona l  feature .  A n architectur e widiou t  conten t 
wil l  no t  yiel d behavior .  Behavio r  i s a  functio n o f  th e fixed 
architectura l  mechanisms ,  th e content s o f  th e memories , 
and th e curren t  situation .  Thi s mean s tha t  t o develo p a 
complet e model ,  th e Uieoris t  mus t  posi t  th e knowledg e tha t 
a subjec t  bring s t o th e task .  (Reducin g th e degree s o f 
freedo m i n thi s ste p i s a n importan t  methodologica l  issu e 
fo r  cognitiv e science ;  se e Newell ,  1990 ;  an d Lewis ,  Newel l 
& Polk ,  1989 ,  fo r  mor e discussion) . 

H o w d o w e specif y th e conten t  o f  th e A T M models ? Th e 
guidin g principl e i s t o m a k e plausibl e assumption s abou t 
th e knowledg e an d skill s  tha t  a  use r  wil l  brin g t o th e A T M 
tas k fo r  th e first  time .  Al l  user s brin g t o th e tas k a  se t  o f 
genera l  cognitiv e capabilitie s suc h a s languag e 
comprehensio n an d th e abiUt y t o direc t  attentio n t o differen t 
region s i n space .  Thes e capabilitie s ar e functionall y 
require d fO T th e task ,  bu t  th e detail s o f  thei r  implementatio n 
ar e no t  ou r  concer n here . 

The model s develope d posite d a  se t  o f  abstrac t  functiona l 
capabilitie s tha t  wer e realize d i n th e Soa r  mode l  b y a  se t  o f 
operator s tha t  serve d a s plac e holder s fo r  th e mor e detaile d 
mechanisms .  I n particular ,  th e model s assum e pre-existin g 
(q>erator s tha t  comi»-ehende d language ,  shifte d attentio n an d 
intende d moto r  behavior .  Whil e thi s di d no t  permi t  u s t o 
explor e th e effect s o f  th e interfac e o n th e interna l  structur e 
of  thes e operations ,  i t  permitte d askin g critica l  question s 
abou t  h o w thes e give n cognitiv e function s ar e deploye d t o 
accomplis h th e task . 

I n additio n t o thes e genera l  c^abilities ,  w e mus t  posi t 
some task-specifi c  knowledg e a s well .  Althoug h i t  woul d 

be possibl e t o simpl y posi t  expert-leve l  m e m o r y structures , 
we ar e intereste d i n h o w dies e structure s arise .  Thus ,  w e 
make fairl y minima l  assumption s abou t  th e knowledg e a 
use r  bring s t o th e tas k initially : 
1.  Knowledg e o f  tas k objects .  Th e use r  know s h e ha s a n 
accoun t  wit h a  balance ,  loiow s h e ha s a  plasti c car d tha t  i s 
require d t o operat e th e device ,  an d know s h e ha s a  persona l 
identificatio n numbe r  (an d know s wha t  i t  is) . 
2.  Knowledg e o f  physica l  devices .  Th e use r  know s ho w t o 
pus h button s an d inser t  card s int o slots ,  an d furthermor e ca n 
m a ke som e simpl e association s betwee n aspect s o f  th e 
devic e an d possibl e task-relate d action s (fo r  example ,  th e 
slo t  m a y b e goo d fo r  insertin g th e card ,  th e numeri c keypa d 
m ay b e goo d fo r  specifyin g dolla r  amount s o r  PINs) . 
3.  Minima l  tas k strategy .  Th e use r  doe s jus t  wha t  i s neede d 
t o accomplis h th e task ,  an d n o more .  W e assum e tha t  th e 
basi c strateg y guidin g behavio r  i s simpl y lookin g aroun d 
th e devic e fo r  cue s abou t  wha t  t o d o next ,  whic h ma y tak e 
th e for m o f  explici t  tas k instructions .  Th e user' s goa l  i s 
not  t o lear n h o w t o us e th e machine ,  bu t  t o ge t  th e accoun t 
balanc e (o r  whatever )  an d leave . 

Th e basi c principle s o f  th e A T M - S o a r  mode l  hav e alread y 
bee n describe d i n Ver a e t  al. ,  (1993) .  A n extensio n t o tha t 
model ,  presente d a t  a  Researc h Symposiu m followin g 
C H r 9 4 ,  showe d Uia t  usin g perceptua l  cue s i n th e interfac e 
t o attrac t  th e model' s attentio n t o th e relevan t  locatio n 
greaU y reduce d th e numbe r  o f  chunk s buil t  durin g learning . 
I n othe r  words ,  m u c h o f  wha t  th e Soa r  mode l  learne d i n th e 
origina l  versio n wa s a  consequenc e o f  havin g t o searc h 
aroun d th e interfac e i n orde r  t o find  th e nex t  relevan t 
information .  Th e secon d mode l  assume d tha t  attentio n 
coul d b e draw n t o th e relevan t  par t  o f  th e interfac e wit h 
perceptua l  cues . 

Thi s secon d mode l  achieve d th e sam e leve l  o f 
performanc e a s th e original ,  bu t  learne d m u c h les s becaus e 
i t  di d no t  hav e t o memoriz e th e sequenc e o f  place s i n th e 
interfac e t o whic h i t  neede d t o attend .  Th e argumen t 
presente d i n thi s pape r  i s tha t  th e sam e i s basicall y tru e fo r 
human users .  T o th e exten t  tha t  di e interfac e ha s t o b e 
searche d t o find  th e nex t  relevan t  actio n t o execute ,  mor e 
learnin g i s require d i n orde r  t o improv e performance .  If ,  o n 
th e othe r  hand ,  searchin g i s reduce d o r  remove d completel y 
by havin g attentio n draw n t o th e relevan t  par t  o f  th e 
interface ,  the n performanc e improves ,  bu t  di e amoun t  o f 
informatio n th e use r  ha s t o lear n shoul d no t  increase .  Here , 
we presen t  a  stud y tha t  explore s thes e prediction s b y havin g 
subject s perfor m di e A T M tas k o n simulate d interface s wit h 
and withou t  perceptua l  cues . 

The ATM Study 

The Soar model predicts diat attentional-cues should make a 
bi g differenc e i n di e performanc e o f  peopl e usin g A T M s 
widiou t  instructions .  Th e attentiona l  cue s shoul d spee d u p 
th e proces s o f  achievin g "expert-level "  performance . 
Moreover ,  thi s shoul d b e attaine d withou t  a  concomitan t 
increas e i n learning . 

Althoug h i t  m a y see m somewha t  counterintuitive ,  wha t 
i s bein g suggeste d i s Uia t  perceptua l  cue s wil l  lea d t o a 
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steepe r  perfwrnanc e improvemen t  curv e (i.e. ,  subject s wil l 
g a bette r  faster )  whil e les s actua l  learnin g i s goin g on . 
Thi s i s becaus e th e cue s wil l  guid e attentio n withou t  addin g 
cognitiv e processin g tha t  woul d increas e learning .  Thi s 
raise s a n importan t  distinction ,  sinc e learnin g i s ofte n 
measure d i n term s o f  improvement s i n performance .  A s th e 
Soar  mode l  suggests ,  th e relatio n betwee n performanc e an d 
amount  learne d (numbe r  o f  ne w chunk s i n th e Soa r  model ) 
dqjend s strongl y o n th e interface .  A  use r  w h o ha s learne d 
many ne w thing s abou t  on e interfac e m a y stil l  perfor m 
more poorl y tha n a  use r  w h o ha s learne d littl e abou t  a 
diffo-en t  interface .  Furthermore ,  i f  th e Soa r  mode l  i s 
coned ,  i t  lead s t o anothe r  counter-intuitiv e predictio n that , 
followin g a  numbe r  o f  trainin g trials ,  performanc e wit h th e 
attentio n cue s wil l  actuall y b e faste r  withou t  th e 
instruction s tha n wit h th e instructions ,  becaus e th e 
insoiiction s jus t  ge t  i n th e w a y a t  thi s point .  Possibl e 
explanation s fo r  thi s ar e discusse d i n th e Result s section . 

A flashin g borde r  aroun d th e relevan t  interfac e objec t  wa s 
selecte d a s th e perceptua l  cu e t o b e use d i n thes e studie s 
althoug h a  numbe r  o f  othe r  alternative s wer e available . 
Othe r  variable s tha t  migh t  hav e th e prc^rt y o f  cuein g 
perceptio n i n 2- D environment s ar e thing s lik e change s i n 
s h ^  an d size ,  appearance/disappearanc e o f  objects , 
movement  o f  objects ,  an d coordinate d movemen t  o f  mor e 
tha n on e object .  Ther e ar e als o othe r  candidate s suc h a s 
colo r  changes ,  soun d fro m a  particula r  par t  o f  th e interface , 
and s o on ,  bu t  thes e ar e no t  Ukel y t o b e helpfu l  give n th e 
typica l  physica l  location s o f  A T M s i n di e rea l  world . 
Thes e latte r  cue s hav e ofte n bee n use d i n interface s sinc e 

the y ten d t o b e th e easies t  an d mos t  obviou s w a y t o attrac t 
attention . 

Th e abilit y  o f  th e perceptua l  cue s t o attrac t  attentio n wa s 
measure d i n term s o f  th e tim e i t  too k t o achiev e th e nex t 
tas k actio n (i.e. ,  tim e t o th e nex t  correc t  mous e click) . 
S o me recen t  wor k ha s treate d thes e sort s o f  perceptua l  cue s 
as "affordances" ,  i n th e Gibsonia n (1979 )  sens e tha t  the y 
directl y cu e actio n (e.g. ,  H o w e s &  Young ,  i n press) .  Thi s 
i s no t  th e ide a here .  Th e onl y thin g tha t  flashin g doe s i s 
attrac t  th e user' s attentio n ~  actio n i s generate d b y 
independen t  cognitiv e processin g o f  tas k goal s an d curren t 
conditions .  Th e effec t  o f  attentio n cue s versu s instruction s 
i s thu s measure d i n term s o f  reactio n time .  Thi s i s actuall y 
a measur e o f  Attentio n +  Cognitio n (decid e wha t  t o do )  + 
Moto r  (d o it) .  Assumin g tha t  th e moto r  behavio r  itsel f 
doe s no t  chang e significantl y acros s th e conditions ,  th e 
differenc e betwee n th e tw o condition s i s du e t o difference s 
i n Attentio n +  Cognition ;  tha t  is ,  difference s i n th e tim e 
require d t o decid e wher e an d wha t  t o initiat e nex t 

Method 

Subjects were 96 undergraduate students from The 
Universit y o f  H o n g Kong .  Simulatio n interface s wer e buil t 
and ru n o n a  48 6 P C platform .  A  high-resolutio n digitize d 
photograp h o f  a n A T M w a s use d t o generat e th e loo k o f  th e 
simulation .  Al l  o f  th e functiona l  feature s o f  th e interfac e 
worke d exactl y lik e thos e o f  a  rea l  A T M .  Subject s 
intoacte d wit h th e interfac e usin g a  mouse .  The y coul d 
dra g object s lik e th e ban k card ,  clic k o n buttons ,  dra g 
money from  th e dispensin g slot ,  an d s o o n (se e Figur e 1) . 

The simulatio n capture s 
subject' s mous e movement s 
and time-stamp s them . 

Component s o f  th e 
interfac e ca n b e 
emphasize d usin g 
flashin g borders , 
movement ,  sound s 
and siz e changes . 

The A T M scree n 
change s i n respons e 
t o use r  action s 

The simulatio n function s 
lik e a  norma l  A T M . 
Subject s interac t  wit h i t 
usin g a  mouse . 

Figur e 1 .  Characteristic s o f  th e A T M Interfac e Simulatio n 
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Ther e wer e tw o interfac e conditions .  First ,  a  n w m a l 
A T M interfac e wa s used .  Al l  th e function s o f  a  c o m m o n 
A T M wer e full y reproduced .  Subjects '  tas k wa s t o inser t 
th e ban k car d int o th e slot ,  typ e i n thei r  Persona l 
Identificatio n N u m b e r  (PEN) ,  selec t  a  functio n (ge t  thei r 
accoun t  balance) ,  selec t  a n accoun t  t o chec k (fro m tw o 
possibilities :  checkin g an d savings) ,  selec t  anothe r  functio n 
(withdrawal) ,  selec t  a n accoun t  t o debit ,  ente r  th e amount , 
and remov e th e money .  The y repeate d thi s tas k fou r  times . 

I n orde r  t o addres s th e fac t  tha t  subject s ha d previou s 
experienc e wit h A T M machines ,  th e tas k wa s als o modifie d 
i n a  separat e conditio n s o tha t  subject s wer e no t  performin g 
an A I M transactio n bu t  instea d choosin g a  n e w telephon e 
car d number .  Th e secon d interfac e conditio n wa s therefor e 
an invente d "Phon e Machine "  whic h looke d jus t  lik e a n 
A T M excep t  tha t  w e replace d th e ban k log o wit h a  H o n g 
K o n g Teleco m log o an d th e A T M car d wit h a  phon e car l 
Th e functiona l  aspect s o f  th e interfac e remaine d unchanged . 
Th e (made-up )  function s o f  th e Phon e Machin e wer e 
explaine d t o subject s a t  th e outset .  The y wer e tol d that , 
among othe r  things ,  the y coul d settl e thei r  account s wit h 
th e phon e company ,  chec k h o w m u c h the y owed ,  chang e 
thei r  persona l  phon e code ,  an d s o on .  Th e actua l  tas k the y 
performe d wa s t o fu^ t  chec k h o w m u c h mone y the y owe d 
th e phon e compan y an d the n chang e thei r  phon e code .  Th e 
individua l  step s require d the m t o inser t  th e phon e car d int o 
th e slot ,  typ e i n thei r  phon e code ,  selec t  a  functio n (ge t 
thei r  accoun t  balance) ,  selec t  a  billin g optio n (fro m tw o 
possibilities :  pa y b y chec k o r  charg e t o credi t  card) ,  selec t 
anothe r  functio n (chang e secre t  phon e code) ,  selec t  a  cod e t o 
change ,  ente r  th e n e w code ,  an d remov e a  statement . 
Subject s di d thi s fou r  times . 

Ther e wer e 1 6 subject s pe r  conditio n fo r  th e A T M tas k 
and 1 6 pe r  conditio n fo r  th e Phon e Machin e task .  Eac h 
subjec t  wa s aske d t o carr y ou t  th e sam e tas k fou r  times 
becaus e i t  wa s th e sam e numbe r  o f  trial s th e Soa r  mode l 
require d t o lear n h o w t o petfon n th e tas k withou t  usin g th e 
instructions .  Eac h tria l  wa s separate d b y th e sam e distracte r 
tas k wher e subject s wer e aske d t o coun t  backward s b y 17' s 
firom  1(XX )  fo r  tw o minutes .  Thi s wa s don e i n orde r  t o 
p)reven t  subject s from  rehearsin g th e tas k onc e the y realize d 
the y wer e doin g i t  repeatedly . 

Th e mai n manipulatio n o f  thi s stud y involve d varyin g 
perceptua l  aspect s o f  th e interfac e t o attrac t  attentio n t o 
specifi c  area s o f  th e display .  Th e functionall y relevan t  par t 
of  th e displa y ha d a  flashin g surroundin g border .  Th e 
displa y object s affecte d b y th e flashin g wer e th e car d slot , 
th e numerica l  keypad ,  th e informatio n screen ,  an d th e 
button s aroun d th e screen .  I n on e conditio n subject s sa w 
instructions ,  bu t  n o flashing ;  i n a  secon d condition ,  the y 
sa w bot h instruction s an d flashing ;  and ,  i n th e thir d 
condition ,  jus t  flashin g wit h n o instructions .  Ther e wer e 
thenefCH e 6  experimenta l  group s i n a  2  tas k ( A T M vs . 
Phone Machine )  X  3  interfac e (instruction ,  n o flashin g vs . 
instructio n an d flashin g vs .  no-instruction ,  flashing )  design . 
Th e desig n wa s between-subject s desig n an d eac h subjec t 
sa w onl y on e tas k an d on e interfac e type . 

Resu l t s 

I n orde r  t o compar e subjects '  performanc e aaos s th e thre e 
conditions ,  on e componen t  o f  th e tas k wa s chosen .  Th e 
tim e from  th e saee n chang e followin g insertio n o f  th e car d 
unti l  th e firs t  numbe r  o f  th e PI N wa s clicke d wa s measured . 
The followin g comparison s ar e base d o n performanc e o n 
thi s measur e durin g fourt h trainin g tria l  aaos s subjects . 
Performanc e wa s fastes t  i n th e conditio n wit h flashin g bu t 
no instructions ,  a s anticipated .  T-test s showe d tha t  o n th e 
fourt h trial ,  performanc e wa s significantl y faste r  i n th e 
conditio n wit h flashin g bu t  n o instruction s (1.8 3 sec )  tha n 
i n th e conditio n wit h flashin g a s wel l  a s instruction s (2.2 S 
sec) ,  t(93)=2.25 .  p<.05 .  Th e performanc e differenc e 
betwee n th e conditio n wit h flashin g bu t  n o insmiction s 
(1.8 3 sec )  an d th e conditio n wit h instruction s bu t  n o 
flashin g (2.1 3 sec )  wa s clos e t o significanc e a t  th e . 1 level . 
The analyse s sugges t  tha t  people' s fina l  performanc e i s 
faste r  whe n ther e ar e n o instruction s present .  Thi s follow s 
from  th e hypothesi s tha t  instruction s deman d cognitiv e 
resourc e eve n whe n th e use r  akead y know s h o w t o perfor m 
th e task . 

Th e tas k manipulatio n ( A T M vs .  Phon e Machine )  yielde d 
no significan t  performanc e difference s aaos s condition s an d 
trials .  Ther e ar e a t  leas t  tw o possibl e explanation s fo r  this . 
The Phon e Machin e interfac e m a y no t  hav e bee n 
sufficientl y dissimila r  t o th e A T M ' s i n terms  o f  it s physica l 
and fimctional  characteristics .  Alternatively ,  top-dow n 
knowledg e fro m th e famiUa r  A T M tas k ma y hav e 
transferre d quit e easil y t o th e nove l  Phon e Machin e task .  I f 
th e forme r  i s th e case ,  the n subjects '  performanc e o n th e 
tw o task s shoul d hav e bee n quit e simila r  fro m th e fu^ t  tria l 
onward .  I f  th e latte r  i s  true ,  the n performanc e shoul d b e 
somewhat  bette r  fo r  th e A T M conditio n i n th e firs t  tria l 
tha n fo r  th e Phon e Machin e i n th e firs t  trial ,  wit h 
performanc e evenin g ou t  ove r  th e subsequen t  trials .  Thi s 
was no t  th e cas e however ,  sinc e ther e wa s n o significan t 
differenc e betwee n th e performance s o n eac h tas k i n th e firs t 
trial ,  suggestin g tha t  th e similarit y betwee n th e tw o tas k 
condition s wa s th e mai n factor .  Thi s i s importan t  becaus e 
i t  suggest s tha t  task s variable s overrid e top-dow n 
knowledg e from  th e beginning .  I t  i s clea r  tha t  i f  th e effect s 
of  thes e manipulation s wer e du e largel y t o top-dow n 
knowledge ,  result s regardin g interfac e characteristic s woul d 
los e som e o f  thei r  meaning . 

I n summary ,  subject s perfor m th e tas k faste r  wit h 
attentiona l  attractors ,  a s th e Soa r  mode l  predicted .  Mor e 
interestingly ,  th e Soa r  mode l  als o predicte d tha t  peopl e 
woul d d o bette r  withou t  instruction s whe n ther e ar e 
attentiona l  attractors .  Thi s predictio n wa s als o supported . 
Performanc e o n th e fourt h tria l  i s  slowe r  whe n instruction s 
ar e presen t  tha n whe n the y ar e no t  Thi s i s likel y du e t o 
tw o independen t  factors .  Th e fu-s t  i s  tha t  instruction s dra w 
attentio n awa y from  th e are a o f  th e displa y whic h i s 
functionall y relevan t  t o th e nex t  task .  Fo r  example ,  A T M 
user' s attentio n m a y b e draw n towar d th e instructio n scree n 
raUie r  tha n t o th e numerica l  keypa d whe n th e PI N need s t o 
be entered .  Th e secon d reaso n i s that ,  onc e attended ,  th e 
tex t  o n th e scree n i s processe d automaticall y (see ,  e.g. , 
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Fodor  (1983 )  fo r  a  discussio n o f  thi s mandator y qualit y o f 
inpu t  systems ,  an d Newel l  (1990 )  an d Lewi s (1996 )  fo r  a 
discussio n o f  h o w Soa r  account s fo r  suc h modularit y 
effects )  an d consequentl y use s additiona l  cognitiv e 
resources . 

Discussion 

Unti l  recently ,  th e consensu s i n cognitiv e scienc e wa s tha t 
processe s suc h a s m e m o r y ,  problem-solving , 
categorization ,  an d causa l  inferenc e wer e non-optima l 
becaus e the y di d no t  perfon n maximall y i n m a n y 
conditions .  Thi s i s becaus e thes e condition s h a i ^ n t o b e 
condition s tha t  d o no t  exis t  i n th e rea l  world .  Rationa l 
analysi s (Anderson ,  1990 )  suggest s tha t  informatio n i n th e 
externa l  worl d i s structure d suc h tha t  ou r  cognitiv e system s 
can tak e maxima l  advantag e o f  it .  Ou r  system s at e 
optimall y tune d t o informatio n ou t  i n th e rea l  worl d 
becaus e the y evolve d t o predic t  no t  jus t  an y arbitrar y se t  o f 
externa l  condition s bu t  thos e tha t  actuall y hol d i n thi s 
world . 

Thi s sor t  o f  ̂ jproac h woul d sugges t  tha t  structurin g th e 
externa l  worl d (a n interface ,  i n th e cas e o f  H C I )  suc h tha t 
user s ca n interac t  c t̂imall y wit h i t  i s  no t  a  matte r  o f 
turnin g t o concept s suc h a s "affordances "  t o solv e th e 
p^oblem .  Ther e i s currentl y n o evidenc e tha t  anythin g act s 
lik e a n affoidanc e (i n th e tru e Gibsonia n sense )  i n compute r 
interfaces .  Althoug h mos t  o f  today' s GUI' s use  buttons , 
sliders ,  an d s o on ,  ther e i s littl e reaso n t o behev e tha t  thes e 
image s ar e directl y cuein g actio n i n an y way .  I t  i s  eve n 
doubtfu l  whethe r  rea l  worl d button s (e.g. ,  i n a n elevator ) 
c^or d jH-essing . 

The approac h o f  th e stud y her e wa s t o enUs t  low-leve l 
perceptua l  cue s t o guid e attentio n t o relevan t  part s o f  th e 
interface .  Thi s i s base d o n ou r  computationa l  model' s 
predictio n tha t  th e critica l  tim e bottlenec k i n thi s tas k 
comes from  searchin g th e interfac e fo r  relevan t  information . 
Thi s approac h i s quit e differen t  from  attempt s t o improv e 
performanc e b y redesignin g asj)ect s o f  th e interfac e s o tha t 
the y directl y cu e o r  affor d th e relevan t  action .  Whil e i t  m a y 
be th e cas e tha t  certai n obje a design s ar e bette r  cue s t o 
relevan t  action s tha n others ,  suc h cue s onl y solv e par t  o f 
th e problem .  I n particular ,  the y d o no t  provid e a  wa y t o 
reduc e th e tim e spen t  searchin g th e interfac e fo r  somethin g 
relevan t  becaus e the y d o no t  functio n b y explicitl y  drawin g 
attention .  The y ar e importan t  insofa r  a s the y facilitat e th e 
evaluatio n o f  relevancy ,  an d guid e actio n i n servic e o f  goal s 
onc e th e relevan t  par t  o f  th e interfac e i s attended .  Indeed ,  a s 
mentione d earUer ,  association s from  aspect s o f  th e interfac e 
t o possibl e action s wa s a n importan t  par t  o f  th e Soa r 
models '  initia l  knowledge . 

I n short ,  th e tw o approache s complemen t  eac h other . 
The goal s o f  interfac e desig n migh t  b e bes t  serve d b y 
workin g o n bot h problems :  guidin g attentio n wit h low -
leve l  perceptua l  cues ,  an d usin g objec t  design s tha t  provid e 
good cue s fo r  th e nex t  se t  o f  possibl e actions .  Th e presen t 
Soar  model s sugges t  tha t  i n certai n tasks ,  guidin g attentio n 
t o reduc e searc h m a y b e th e mos t  importan t  factw . 
Increase d searc h tim e i s detrimenta l  no t  onl y t o 

performance ,  bu t  als o t o learnin g becaus e i t  force s user s l o 
lear n mor e tha n the y hav e to . 

Th e stud y presente d her e looke d a t  th e effect s o f 
instruction s an d perceptua l  cue s o n performance ;  i t  di d no t 
evaluat e th e relativ e effect s o n learning .  Th e nex t  se t  o f 
studie s wil l  attemp t  t o sq)arat e th e learnin g component s o f 
th e task .  I t  seem s clea r  fro m th e result s alread y availabl e 
tha t  th e continue d presenc e o f  instruction s ove r  trial s Iowct s 
performance .  I t  i s  als o clea r  tha t  perceptua l  cue s improv e 
it .  Furthermore ,  performanc e i s significantl y impaire d 
when instruction s ar e removed .  W h a t  caimo t  b e determine d 
from  th e presen t  stud y i s whethe r  performanc e wil l 
deteriorat e relativel y mor e w h e n flashin g i s remove d (i.e. , 
when subject s ar e traine d o n trial s wit h flashing  an d the n 
teste d o n trial s withou t  it) .  Th e Soa r  mode l  predict s a 
greate r  dro p i n performanc e whe n flashin g i s remove d tha n 
when instruction s ar e remove d becaus e th e flashing 
conditio n lead s t o fewe r  chunk s bein g buil t  (i.e. ,  les s bein g 
learned) . 

Th e studie s presentl y bein g conducte d presen t  subject s 
wit h fou r  trainin g trials ,  hk e th e stud y describe d here ,  plu s 
thre e tes t  trial s wher e th e instructio n /  flashin g condition s 
ar e varied .  I n particula r  w e ar e intereste d i n seein g wha t 
happen s t o performanc e whe n subject s ar e traine d wit h 
flashin g bu t  n o instructions ,  an d the n teste d wit h n o 
flashin g o r  instructions .  W e expec t  tha t  perfnmanc e wil l 
deteriorat e mixe .  i n thi s conditio n an d tha n i n a  conditio n 
wher e the y g o from  instruction s wit h n o flashin g t o n o 
instruction s an d n o flashing .  Thi s i s because ,  i f  th e 
model' s predictio n tha t  flashing  lead s t o betto '  perfcamanc e 
but  les s learnin g i s correct ,  the n performanc e shoul d fal l  of f 
steq)l y whe n flashing  i s n o longe r  availabl e sinc e subject s 
wil l  hav e learne d ver y Uttl e abou t  th e task .  Th e goa l  i s 
therefor e t o demonstrat e that ,  a s predicte d b y th e A T M - S o a r 
model ,  a  bette r  interfac e i s on e tha t  require s les s learnin g i n 
orde r  t o achiev e bette r  performance . 
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Abstrac t 

Studies of coordination in rhythmic limb movement have 
establishe d tha t  certai n phas e relationship s amon g cyc -
lin g limb s ar e preferred ,  i.e .  pattern s suc h a s synchron y 
and anti-synchron y ar e produce d mor e ofte n an d mor e 
reliabl y tha n arbitrar y relations .  A  speec h experimen t  i n 
whic h subject s attemp t  t o plac e a  phrase-media l  stres s 
at  a  rang e o f  phase s withi n a n overal l  phras e repetitio n 
cycl e i s presented ,  an d einalogou s result s ar e found .  Cer -
tai n phas e relation s occu r  mor e frequentl y cin d exhibi t 
greate r  stabilit y  tha n others .  T o a  first  approximation , 
thes e phase s ar e predicte d b y a  simpl e harmoni c model . 
The observe d commonalitie s betwee n lim b movement s 
and spoke n rhyth m suppor t  Leishley' s conjectur e tha t  a 
common contro l  strateg y underlie s th e coordinatio n o f 
al l  rhythmi c activity . 

Introduction 

I n hi s famou s pape r  o n th e proble m o f  seria l  order ,  Lash -
le y (1951 )  emphasize d th e importanc e o f  rhythmi c co -
ordinatio n i n al l  integrate d movement ,  suggestin g tha t 
speec h an d othe r  form s o f  coordinate d actio n mus t  shar e 
c o m m on organizationa l  principles .  Ther e ha s bee n a 
goo d dea l  o f  researc h int o th e rhythmi c principle s tha t  fa r 
cilitat e an d constrai n coordinatio n amon g th e limb s an d 
hand s (Kels o an d Scholz ,  1985 ;  Kugle r  e t  al. ,  1980 ;  Bern -
stein ,  1967) .  Recen t  wor k ha s show n tha t  th e relativ e 
timin g o f  repeate d lim b movement s ca n b e wel l  modele d 
by low-dimensiona l  oscillato r  dynamics .  However ,  ther e 
has bee n littl e effor t  t o lin k thes e findings  t o th e produc -
tio n o f  speech . 

One lin e o f  researc h o n finger  motio n finds  tha t  whe n 
subject s ar e aske d t o wa g tw o fingers,  o r  bot h hands , 
cyclicall y towar d an d awa y fro m th e body' s midline ,  sub -
ject s hav e a  stron g preferenc e fo r  a  synchronou s phas e 
relatio n betwee n th e fingers  o r  hands ,  wher e synchron y 
means tha t  th e limb s mov e towar d an d awa y fro m th e 
midlin e simultaneously .  Th e anti-synchron y phas e rela -
tion ,  wher e bot h mov e lef t  an d the n bot h m o v e right , 
i s  les s stabl e bu t  i s muc h mor e stabl e (smal l  variance , 
insensitivit y t o perturbation )  tha n othe r  arbitrar y phas e 
angle s betwee n th e limb s (Ka y e t  al. ,  1991 ;  Kels o an d 
Kay,  1987) .  Furthermore ,  whil e bot h synchron y an d 
anti-synchron y ar e stabl e a t  slowe r  tempos ,  a n increas e 
i n temp o eventuall y lead s t o a  contro l  regim e i n whic h 

onl y synchron y i s stable .  Stud y o f  th e stabilit y  proper -
tie s o f  eac h productio n m o d e an d o f  th e phas e transitio n 
betwee n stabl e mode s suggest s th e existenc e o f  a n un -

derlyin g dynami c whic h i s parameterize d b y rate .  T h e 
syste m exhibit s tw o competin g attractor s a t  slowe r  rates , 
a singl e attracto r  a t  fas t  rates ,  an d hysteresi s observe d 
betwee n th e tw o cases .  Tha t  is ,  i f  a  subjec t  trie s t o main -
tai n anti-synchron y betwee n effectors ,  increasin g temp o 
wil l  eventuall y lea d t o a  switc h t o synchrony ,  an d o n 
temp o reduction ,  synchron y wil l  b e maintaine d beyon d 
th e temp o a t  whic h th e switc h previousl y occurred . 

I n describin g rhythmi c coordinatio n i n thi s paper ,  w e 
wil l  mar k th e timin g o f  event s relativ e t o a n overal l  cycl e 
usin g phase ,  wit h a  rang e o f  0  t o 1 .  B y arbitraril y  takin g 
one o f  th e effector s i n th e abov e studie s a s definin g th e 
cycle ,  th e stabl e pattern s observe d hav e relativ e phase s 
of  0  (synchrony )  an d 0. 5 (anti-synchrony )  betwee n th e 
hands . 

I n th e literatur e o n th e performanc e o f  rhythmi c pat -
terns ,  i t  i s  wel l  establishe d tha t  subject s perceiv e an d 
produc e pattern s i n whic h th e interval s ar e relate d a s 
simpl e integer s (1:1 ,  2:1 ,  3: 1 etc. )  wit h m u c h greate r 
facilit y  tha n pattern s i n whic h th e componen t  interval s 
hav e arbitrar y o r  comple x ratio s (e.g .  2.72:1) .  Fraiss e 
(1982 )  give s a n overvie w o f  olde r  work ,  whil e Collie r  an d 
Wrigh t  (1995 )  giv e a  mor e recen t  summary .  Thi s i s true , 
whethe r  subject s spontaneousl y ta p ou t  group s of ,  say ,  2 
t o 4  elements ,  i n whic h cas e th e intergrou p interval s ten d 
t o relat e t o th e intragrou p interval s a s 2: 1 (Essen s an d 
Povel ,  1985 ;  Fraisse ,  1956 )  o r  whethe r  the y tr y t o repro -
duc e specifi c  interva l  ratio s (Collie r  an d Wright ,  1995 ; 
Summerset  al. ,  1989 ;  Tulle r  an d Kelso ,  1989) ,  wher e th e 
interval s produce d gravitat e toward s simpl e harmoni c ra -
tios .  Expresse d usin g ou r  phas e convention ,  an d takin g 
th e larges t  repeatin g uni t  a s th e cycle ,  subject s i n bot h 
thes e case s ar e showin g stron g preference s fo r  event s a t 
phase s o f  i ,  i ,  §  etc . 

Th e investigatio n o f  globa l  speec h rhyth m ha s hau l 
much les s tangibl e results .  Pik e (1945 )  wa s th e first 
t o classif y language s a s bein g stress-time d o r  syllable -
timed .  Althoug h som e dat a ha s supporte d version s o f 
th e syllable-timin g hypothesi s fo r  language s lik e Japan -
ese (Por t  e t  al. ,  1996 ;  Por t  e t  al. ,  1987) ,  attempt s 
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t o find  evidenc e fo r  isochron y o f  stresse d syllable s fo r 

Englis h hav e bee n largel y fruitles s (Dauer ,  1983 ;  Le -

histe ,  1977) .  A  wea k tendenc y toward s equall y space d 

stresse s i s documente d fo r  som e Englis h speec h (Jasse m 

et  al. ,  1984) ,  bu t  thes e dat a d o no t  satisfactoril y  accoun t 

fo r  speaker/listene r  impression s o f  rhythmicit y (Diuier , 
1983 ;  Lehiste ,  1977) .  T o loo k jus t  fo r  isochrony ,  however , 

i s  analogou s t o lookin g onl y fo r  1: 1 interva l  ratio s i n 
spontaneou s tapping .  Littl e attentio n ha s bee n pai d t o 

interstres s interval s whic h migh t  b e relate d a s 2:1 ,  1: 2 

or  othe r  simpl e ratios .  Bot h Jone s (1960 ,  1s t  ed .  1918 ) 

and Marti n (1972 )  mak e a n explici t  connectio n betwee n 
th e rhythm s o f  musi c an d speec h b y applyin g standar d 

Wester n musica l  rhyth m notatio n t o Englis h phrases . 

The y thu s impl y tha t  interstres s interval s sho w hierarch -

ica l  organization ,  wit h lon g an d shor t  interval s i n speec h 

organize d int o tempora l  structure s base d o n harmoni c 
fractions .  Whil e neithe r  Jone s no r  Marti n specificall y 

sugges t  tha t  thi s hierarchica l  organizatio n ca n b e identi -
fied  directl y fro m th e speec h signa l  itself ,  thi s  i s certainl y 
implie d i n thes e approaches . 

I n music ,  event s ar e notate d a t  harmoni c phase s o f 
th e measur e cycle .  I f  th e descriptio n o f  speec h a s havin g 
a somewha t  music-lik e rhyth m i s accurate ,  ther e shoul d 
be som e event s whic h occu r  a t  simpl e phase s withi n a n 
overal l  cycle .  Tha t  is ,  globa l  speec h timin g shoul d b e 

harmonicall y o r  rhythmicall y constrained ,  an d shoul d ex -
hibi t  simpl e interva l  ratios ,  m u c h a s ar e foun d i n th e lit -
eratur e o n th e manua l  productio n o f  rhythmi c patterns . 
We conducte d a n experimen t  t o se e i f  stres s pleicemen t 

withi n a  repeate d phras e migh t  ac t  lik e tap s i n a  repeate d 
tapping  tas k b y exhibitin g a  bia s towar d th e occurrenc e 

of  stresse d syllabl e onset s a t  harmoni c fr2u;tion s (eg ,  g , 
| ,  | )  o f  th e perio d o f  a  repeate d text .  I n orde r  t o par -
alle l  experiment s o n th e manua l  productio n o f  rhyth m 
(Collie r  an d Wright ,  1995 ;  S u m m e r s e t  al. ,  1989 ,  etc.) , 
subject s wer e instructe d t o plac e a  phrase-media l  stres s 
at  specifie d phas e angles . 

Stress placement: An experiment 

M e t h o d s 

I n ou r  experimen t  6  subject s wer e aske d t o repea t  th e 
simpl e phras e "Tak e a  pac k o f  cards. "  T h e perio d fro m 

th e onse t  o f  "take "  t o th e nex t  onse t  o f  "take "  define d 
th e basi c phas e cycl e fro m 0  t o 1 .  Thi s interva l  wa s fixed 
at  1. 5 sec .  Auditorily ,  th e subject s wer e presente d wit h 

jus t  th e word s "take "  an d "cards "  wit h "cards "  locate d 
at  on e o f  8  phas e angle s betwee n . 3 an d .6 5 relativ e t o 
th e basi c cycle . 

I n a  singl e trial ,  subject s wer e aske d t o continuall y 
repea t  th e phras e "Tak e a  pac k o f  cards "  an d t o alig n 

th e word s "take "  an d "cards "  wit h thos e o f  th e stimu -
lu s signal ,  whic h provide d a  targe t  phas e fo r  th e place -
ment  o f  th e phrase-media l  stress .  Eac h tria l  containe d 
thre e set s o f  phras e repetitions .  Afte r  speakin g alon g 

8 

S 
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Figur e 1 :  Histogra m o f  al l  observe d phase s o f  th e me -
dia l  stresse d syllabl e "cards "  i n repetition s o f  th e phras e 
"Tak e a  pac k o f  cards. "  Targe t  phase s ar e marke d i n 
blac k o n th e abscissa .  Althoug h ther e wer e 8  targe t 
phases ,  th e overal l  distributio n i s clearl y trimodal . 

wit h th e stimulu s 7  times ,  th e stimulu s wa s turne d off , 
and subject s continue d speaking ,  attemptin g t o maintai n 
th e targe t  timin g pattern .  Afte r  anothe r  7  repetitions , 
the y pause d fo r  3  second s an d the n performe d a  thir d se t 

of  7  repetitions .  Al l  8  targe t  phas e angle s wer e teste d 
withi n a  bloc k o f  8  trials .  Ther e wer e thre e blocks ,  withi n 
whic h th e targe t  phas e give n b y th e stimulu s wa s eithe r 
increase d fro m tria l  t o tria l  withi n th e block ,  o r  wa s de -
creased ,  o r  th e orde r  wa s randomized . 

Th e tim e o f  onse t  o f  th e initici l  an d media l  stresse d 
syllable s wa s measure d automaticall y fro m audi o record -

ing s b y a n onse t  detecto r  tha t  pick s ou t  a n increas e i n 
th e smoothe d signa l  energ y envelope ,  restricte d t o a  fre -
quenc y rang e o f  abou t  300-200 0 Hz .  Thi s locate s a 
"beat "  ver y clos e t o th e vowe l  onse t  o f  eac h syllable , 

and i s thu s simila r  t o algorithm s fo r  locatin g "P-centers " 
(Scott ,  1993 ;  Marcus ,  1981) . 

Results 

Th e mai n result s poole d acros s speakers ,  repetitio n set s 
and tria l  block s ar e show n i n Figur e 1  a s a  frequenc y 
histogra m o f  th e measure d phas e angl e o f  "cards. "  Th e 
first  mai n finding  wa s tha t  subject s coul d no t  produc e 
al l  targe t  phase s equall y well .  Althoug h th e targe t  phas e 
angle s fo r  th e media l  stres s wer e equall y probabl e a t  8 
differen t  phas e angles ,  th e produce d phas e angle s exhibi t 
a stron g preferenc e fo r  phase s clos e t o 0.5 ,  an d somewha t 
weake r  preference s fo r  phase s nea r  0.3 6 an d 0.6 .  Thes e 
value s ar e clos e t o |  an d | ,  predicte d b y a  simpl e har -
moni c mode l  fo r  stres s locatio n (althoug h th e consisten t 
deviatio n awa y fro m actua l  harmoni c prediction s merit s 
furthe r  attention) .  Contrar y t o ou r  expectations ,  sub -
jects '  attempt s t o reproduc e th e targe t  phas e wer e n o 
mor e accurat e whe n speakin g simultaneousl y wit h th e 
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Figur e 2 :  Observe d phas e o f  th e vowe l  onse t  fo r  "cards " 
as a  functio n o f  targe t  phas e whe n targe t  phase s ar e in -
creasing ,  decreasin g an d randomize d acros s trials .  Th e 
lin e y  =  I  i s  als o include d fo r  reference .  Hysteresi s i s 
apparen t  i n tha t  a  sequenc e o f  trial s i n whic h phas e in -
crease s fro m tria l  t o tria l  produce s smalle r  m e a n phas e 
value s tha n a  sequenc e wit h decreasin g phase . 

promp t  tha n the y wer e immediatel y afte r  it s  cessatio n o r 
afte r  th e 3  secon d delay . 

A secon d importan t  resul t  i s  tha t  th e produce d phas e 
was influence d b y tha t  produce d o n immediatel y preced -
in g trials ,  a s show n i n Figur e 2 .  Fo r  example ,  th e targe t 
phase s o f  0. 4 an d 0.4 5 ten d t o b e produce d a t  value s 
clos e t o 0. 5 whe n performe d immediatel y afte r  target s a t 
0. 5 (tha t  is ,  o n descending )  ye t  the y ten d t o sta y clos e 
t o 0.33 3 whe n performe d afte r  target s a t  0.33 3 (i n th e 
ascendin g condition) .  R a n d o m targe t  orderin g yield s in -
termediat e value s o f  m e a n phase .  T h e effec t  o f  recen t 
target s o n th e distributio n o f  observe d phase s i s import -
ant  informatio n fo r  inferrin g th e symmetr y propertie s o f 
th e underlyin g dynamic . 

Th e dat a show n s o fa r  i s  average d acros s subjects , 
whic h obscure s considerabl e intersubjec t  variability .  T h e 
bia s fo r  harmoni c fraction s ca n b e see n mor e clearl y whe n 
individua l  speaker s ar e examined .  B y w a y o f  example . 
Figur e 3  show s som e result s fo r  a  singl e subject .  Eac h 
dat a poin t  show s th e m e a n observe d phas e an d stand -
ar d deviatio n fo r  repetition s withi n a  singl e trial .  A s i n 
th e previou s figure,  trial s ar e groupe d b y bloc k (target s 
ar e eithe r  ascendin g o r  descendin g acros s trials) .  First , 
essentiall y th e sam e pattern s a s i n th e poole d dat a ar e 
evident :  fo r  mos t  targe t  values ,  th e ascendin g functio n 
lie s t o th e righ t  o f  th e descendin g function ,  i.e .  smalle r 
mean phase s ar e produced .  A  clea r  exampl e o f  bia s fo r 
target s a t  harmoni c fraction s ca n b e see n i n th e ascendin g 
curv e fo r  target s a t  0.3 ,  0.3 5 an d 0.4 .  Al l  wer e imitate d 
wit h th e sam e outpu t  phas e a t  abou t  0.35 .  The n target s 
of  0.45 ,  0. 5 an d 0.5 5 wer e al l  produce d ver y clos e t o 0.5 . 

Figur e 3 :  Sampl e dat a fo r  on e subjec t  showin g th e m e a n 
an d standar d deviatio n fo r  eac h trial .  T h e tw o condition s 
plotte d ar e th e phas e increasin g bloc k an d th e phas e de -
creasin g block . 

As th e targe t  change d fro m 0. 4 t o 0.45 ,  th e subject' s  pro -
duction s j umpe d discretel y fro m 5  t o 5 .  I t  appear s tha t 
th e actua l  phase s produce d b y subject s ar e dependent , 
no t  onl y o n th e combinatio n o f  targe t  phas e an d nearb y 
harmoni c attractors ,  bu t  the y ar e als o influence d b y con -
tex t  (i.e .  production s an d target s o n previou s trials) . 

Discussion: Speech as harmonically timed 

I n tappin g an d lim b movemen t  studies ,  th e dependen t 
variabl e i s usuall y th e phas e o f  on e lim b wit h respec t  t o a 
cycl e define d b y th e other .  I n thi s stud y w e measure d th e 
phas e o f  a  phrase-media l  stresse d syllabl e wit h respec t 
t o a  phas e cycl e define d b y th e repetitio n o f  th e phras e a s 
a whole .  O u r  hypothesi s wa s tha t  harmoni c fraction s o f 
th e large r  cycl e shoul d serv e a s attractor s fo r  th e timin g 
of  stresse d syllable s jus t  a s simpl e harmoni c fraction s 
(ofte n expresse d a s integra l  interva l  ratio s suc h a s 2:1 ,  3: 1 
etc. )  ar e foun d t o b e attractor s i n studie s o f  manuall y 
produce d rhythmi c patterns .  T h e dat a provid e stron g 
suppor t  fo r  this . 

O ur  cor e finding  i s  tha t  subject s produce d certai n 
phase s m u c h mor e ofte n tha n other s althoug h targe t 
phase s ar e equall y distributed .  I n th e finger  waggin g 
studie s o f  Kelso ,  K a y an d colleagues ,  onl y relativ e phase s 
of  zer o an d 0. 5 wer e observe d t o b e stabl e (Ka y e t  al. , 
1991) .  W e ,  too ,  foun d a  phas e o f  0. 5 t o b e strongl y pre -
ferre d b y subjects .  Kels o an d other s hav e modele d th e 
dynamic s o f  thi s behavio r  wit h oscillator y system s de -
scribe d b y second-orde r  differentia l  equations .  Y a m a n -
ish i  e t  a l  (1980 )  suggeste d usin g tw o couple d oscillator s 
of  identica l  period s t o mode l  th e contro l  o f  tw o fingers 
i n a  bimanua l  tappin g task .  K a y e t  a l  (1991 )  likewis e 
conside r  couple d oscillator s a s a  possibl e underlyin g con -
tro l  mechanism .  I n eac h case ,  a s th e oscillator s bea t  a t 
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identica l  frequencies ,  th e onl y stabl e mode s o f  productio n 
ar e a t  synchron y (relativ e phas e =  0 )  an d anti-synchron y 

(relativ e phas e =  0.5) . 
I n ou r  speec h data ,  w e observe d weake r  attrcurtor s a t 

phase s nea r  5  an d | .  Thi s directl y parallel s th e findings 

of  tappin g studie s i n whic h subject s produc e alternatin g 
lon g an d shor t  intervals .  I n eac h case ,  th e longe r  interva l 

tend s t o b e ver y clos e t o twic e th e lengt h o f  th e smal -

le r  interval .  Thi s sor t  o f  stabilit y  ca n b e achieve d b y 

allowin g th e couplin g o f  oscillator s o f  differen t  periods , 

wit h on e cyclin g n  time s fo r  on e cycl e o f  th e other ,  wher e 

n =  2  fo r  th e observe d relativ e phas e o f  0.5 ,  an d n  =  3 
fo r  relativ e phase s o f  5  an d |  (McAuley ,  1995 ;  TYeffne r 

and Turvey ,  1993) .  Thu s a  first  pas s a t  modelin g thes e 

dat a wil l  refe r  t o tw o endogenou s oscillator s o f  differen t 

periods .  Th e slowe r  oscillato r  i s identifie d wit h th e tim -
in g o f  th e repeate d phras e a s a  whole ,  whil e th e faste r 
correspond s t o th e contro l  o f  th e metrica l  foot . 

Unpublishe d dat a fro m pilo t  studie s w e hav e conducte d 
sugges t  tha t  i n th e absenc e o f  a  targe t  tempora l  pattern , 

subject s wil l  exhibi t  a  ver y stron g tendenc y t o produc e 
approximatel y harmoni c phases .  Th e stron g preferenc e 
fo r  a  phas e o f  0. 5 m a y wel l  figure  i n a  ful l  accoun t  o f  im -
pression s o f  isochrony .  Th e evidenc e fo r  "silen t  beats, "  i n 

whic h on e inter-stres s interva l  i s observe d t o b e twic e a s 

lon g a s neighborin g intervals ,  als o suggest s tha t  harmoni c 
phase s ar e preferre d an d produce d b y speaker s (Aber -
crombie ,  1967) .  I n th e presen t  study ,  w e se t  tas k de -
mands whic h ar e a t  odd s wit h thes e intrinsi c tendencie s 

by askin g th e subject s t o produc e pattern s i n whic h th e 
tw o oscillator s coul d n o longe r  couple .  Thei r  tendenc y 
t o gravitat e toward s simpl e intege r  ratio s was ,  however , 
clearl y eviden t  i n th e resultin g data . 

Conclusions 

Together ,  thes e result s suppor t  Lashley' s conjectur e tha t 

ther e i s a  c o m m o n contro l  strateg y underlyin g th e globa l 
coordinatio n o f  speec h a s wel l  othe r  coordinate d rhythmi c 
activity .  The y sugges t  tha t  'isochronou s timing '  fo r 

stresse d syllable s i s onl y on e o f  m a n y tempora l  relation -
ship s tha t  ca n b e supporte d b y a  rhythm-baae d mode l 
fo r  speec h timing .  The y als o sugges t  th e potentia l  utilit y 
fo r  speec h researcher s o f  a  variet y o f  researc h method s 
originall y develope d fo r  wor k o n limbs .  O f  course ,  ther e 
remai n m a n y issue s whic h nee d attention ,  fo r  example , 
th e influenc e o f  phoneti c conten t  o n th e observe d phases . 
Th e stabilit y  propertie s o f  th e stabl e mode s i n speec h 

productio n likewis e remai n t o b e investigated .  Notwith -
standing ,  th e presen t  stud y appear s t o b e th e first  t o 

offe r  direc t  phoneti c timin g dat a i n suppor t  o f  music -
lik e rhythm s i n huma n speech ,  an d establishe s clea r  link s 
betwee n rhyth m i n speec h an d lim b movements . 
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Abstrac t 

The perception of beat and meter is fundamental to the percep-
tio n o f  rhythm ,  ye t  modelin g thi s phenomeno n ha s prove n a 
formidabl e problem .  Thi s pape r  outline s a  dynami c mode l  o f 
beat  perceptio n i n complex ,  metricall y structure d rhythm s tha t 
has bee n describe d i n detai l  elsewher e (Large ,  1994 ;  Larg e & 
Kolen ,  1994) .  A  stud y i s describe d i n whic h pianist s per -
forme d notate d melodie s an d improvise d variation s o n thes e 
same melodies .  Th e performance s ar e analyze d i n term s o f 
amount  o f  rubat o an d rhythmi c complexity ,  an d th e model' s 
abilit y t o simulat e bea t  perceptio n i n thes e melodie s i s 
assessed . 

Introductio n 

The ability to perceive beat and meter is, arguably, the most 
fundamenta l  perceptua l  capabilit y  underlyin g ou r  experienc e 
of  musica l  rhythm .  Simpl y put ,  bea t  perceptio n refer s t o th e 
perceptio n o f  periodicit y withi n a  comple x rhythm .  Whe n 
one tap s one' s foo t  alon g wit h a  musica l  performance ,  fo r 
example ,  on e i s physicall y markin g beat s correspondin g t o a 
perceive d periodicity .  Mete r  perceptio n ca n b e describe d i n 
simila r  terms ,  a s th e perceptio n o f  tw o o r  mor e periodicitie s 
tha t  coexis t  o n differen t  rhythmi c tim e scale s (Lerdah l  & 
Jackendoff ,  1983 ;  Yeston ,  1976) .  Relationship s amon g beat s 
of  differen t  level s defin e regula r  tempora l  structure s tha t  cap -
tur e relativ e tim e relationships .  Suc h metrica l  structure s 
describ e pattern s o f  metrica l  accent s tha t  ma y explai n rela -
tiv e prominence :  th e perceptio n o f  stron g an d wea k beat s 
tha t  characterize s th e experienc e o f  musica l  rhythm .  Thes e 
musica l  concept s als o hav e clos e correlate s i n theorie s o f  lin -
guisti c rhyth m (e.g .  Lerdah l  &  Jackendoff ,  1983 ;  Liberma n 
& Prince ,  1977) . 

Researcher s i n divers e fields  hav e explore d th e powe r  o f 
suc h theorie s t o explai n variou s phenomen a i n th e perceptio n 
of  rhythmicall y structure d acousti c signals .  A s on e migh t 
expect ,  thi s diversit y o f  interes t  ha s le d t o a  wid e diversit y o f 
propose d models ,  includin g context-fre e grammar s (e.g .  Ler -
dahl  &  Jackendoff ,  1983 ;  Longuet-Higgins ,  1987) ,  symboli c 
AI  algorithm s (e.g .  Dannenber g &  Mont-Reynaud ,  1987 ; 
Rosenthal ,  1992) ,  statistica l  approache s (e.g .  Brown ,  1992 ; 
Palme r  &  Krumhansl ,  1990 ;  Verco e &  Puckette ,  1985) ,  an d 
connectionis t  model s (e.g .  Desai n &  Honing ,  1991 ;  Scarbor -
ough ,  Miller ,  &  Jones ,  1992) .  Althoug h eac h capture s certai n 
aspect s o f  bea t  an d mete r  i n idealize d rhythm s (i.e .  rhythm s 
comprise d o f  precis e duration s a s ma y b e foun d i n a  musica l 

score) ,  varyin g level s o f  difficult y ar e encountere d whe n 
model s ar e confronte d wit h th e flexible  an d comple x 
rhythm s tha t  human s naturall y produce . 

The difficult y o f  modelin g th e perceptio n o f  tempora l 
structur e i n naturall y performe d rhythm s arise s fro m sev -

era l  sources .  On e sourc e o f  difficult y  i s rubato .  Performer s 
use rubato ,  o r  systemati c timin g deviation ,  t o communi -
cat e musica l  intentions ,  an d suc h tempora l  deviatio n give s 
ris e t o nonstationar y rhythmi c signals .  Anothe r  sourc e o f 
difficult y i s  rhythmi c complexity ,  whic h refer s t o factor s 
suc h a s th e numbe r  o f  differen t  duratio n value s presen t  i n 
a rhyth m an d th e us e o f  syncopation .  I n short ,  th e periodi c 
component s o f  rhythm s tha t  correspon d t o perceive d beat s 
ar e no t  trul y periodic ,  an d eve n i n ideall y time d rhythm s 
ther e ar e missin g event s an d extraneou s events . 

I n thi s paper ,  bea t  perceptio n i s considere d a s a  patter n 
of  coordinatio n tha t  arise s betwee n a n internall y generate d 
periodi c proces s ( a self-sustainin g oscillator )  an d a  period -
icit y withi n a  comple x externa l  rhyth m (Jones ,  1976 ; 
Large ,  1994) .  A  dynami c mode l  o f  thi s process ,  describe d 
i n detai l  elsewher e (Large ,  1994 ;  Larg e &  Kolen ,  1994) ,  i s 
first  outlined .  Briefly ,  th e coordinatio n o f  interna l  an d 
externa l  periodicitie s i s mappe d ont o th e attracto r  state s o f 
a dynamica l  syste m comprisin g a n externa l  (driving ) 
rhythm ,  an d a n interna l  (driven )  oscillato r  (cf .  Schoner , 
1991 ;  Kelso ,  DeGuzman ,  &  Holroyd ,  1990) .  Further ,  th e 
intrinsi c dynamic s o f  th e interna l  oscillato r  ar e assume d t o 
adapt  t o th e externa l  rhythm ,  accountin g fo r  th e robustnes s 
of  bea t  perceptio n t o systemati c timin g deviation s an d 
rhythmi c complexitie s foun d i n naturall y produce d 
rhythms .  Next ,  a  stud y i s describe d i n whic h pianist s per -
forme d notate d melodie s an d the n improvise d variation s 
on thes e sam e melodies .  Th e performance s ar e analyze d i n 
term s o f  rubat o an d rhythmi c complexity .  Finally ,  th e 
robustnes s o f  coordinatio n betwee n a  simulate d oscillato r 
and a  targe t  periodicit y withi n eac h rhyth m i s assessed . 

A Dynamic Model of Beat Perception 

External Rhythms and Internal Rhythms 

The current approach relies upon the notion of a (simple) 
interna l  rhyth m tha t  respond s t o on e periodicit y withi n a 
(complex )  externa l  rhythm .  A n externa l  rhyth m i s repre -
sente d a s a  sequenc e o f  discret e impulses ,  s(t) ,  eac h 
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Figur e 1 :  A  sequenc e o f  discret e impulses ,  representin g th e 

onse t  o f  event s (notes) ,  drive s a  nonlinea r  oscillator . 

denoting a single event (e.g. a note onset). Figure 1 shows a 
suc h serie s o f  impulses ,  correspondin g t o not e onse t  time s i n 
an improvise d melody ,  collecte d o n a  computer-monitore d 
piano .  T h e rhythmi c signa l  serve s a s a  driver ,  an d impulse s 
i n th e signa l  pertur b bot h th e phas e an d th e perio d o f  a 
drive n nonlinea r  oscillator ,  causin g change s t o th e oscilla -
tor' s behavior . 

T h e interna l  rhyth m i s treate d a s a  limi t  cycl e oscillator ,  a 
structurall y stabl e dynamica l  syste m exhibitin g a n asymptot -
icall y stabl e limi t  cycle .  T h e advantag e o f  thi s approac h i s 
tha t  i t  doe s no t  requir e a  grea t  dea l  o f  knowledg e abou t  th e 
stat e spac e o r  th e dynamic s o f  th e interna l  rhythmi c process . 
Rather ,  th e stat e o f  th e oscillato r  i s reduce d t o a  singl e vari -
abl e calle d phase ,  <t>W ,  representin g th e positio n o f  th e oscil -
lato r  aroun d it s limi t  cycl e a t  tim e / . 

Phas e i s use d t o mode l  expectation s regardin g w h e n futur e 
event s (impulses )  ar e likel y t o occur .  Phas e ca n b e define d 
fo r  - p / 2 <  I  <  p / 1 a s 0( 0 =  t /p ,  wher e p  i s period ,  th e tim e 
require d t o complet e on e cycl e o f  th e oscillation .  Accordin g 
t o thi s definition ,  phas e varie s fro m -0. 5 t o 0.5 .  T h e point s 
4)((̂ )  =  0  reflec t  time s a t  wh ic h th e oscillato r  maximall y 
"expects "  event s t o occur .  W h e n a n even t  occur s a t  tim e 
< <  / j ,  i t  i s  sai d t o b e early ;  w h e n i t  occur s a t  tim e /  >  r ^  i s i t 
sai d t o b e late .  Thus ,  w e hav e th e relation : 

«M0 = 
'-' . , _ ^ < , < ,  + ? . (Eqnl ) 

The notio n o f  expectatio n ca n b e furthe r  refine d b y intro -
ducin g th e notio n o f  a  puls e functio n (Larg e &  Kolen ,  1994) , 
describin g a  "soft "  expectanc y regio n aroun d (̂ {i ^  =  0 .  A 
puls e functio n ca n b e define d as : 

x( 0 =  0.5( 1 +tanhY(cos27i(t)(f)-l) ) (Eqn2 ) 

wher e th e gai n paramete r  y  describe s th e widt h o f  th e puls e 
(Larg e &  Kolen ,  1994) .  Figur e 2  show s thi s puls e functio n 
fo r  Y  =  2 .  Puls e amplitud e i s non-zer o fo r  a  relativel y smal l 
portio n o f  th e oscillator' s cycle ,  definin g a  tempora l  recep -
tiv e fiel d fo r  th e oscillator .  Th e tempora l  receptiv e field  cor -
respond s t o a  sensitiv e phas e fo r  th e oscillator ;  adaptatio n t o 
extema l  event s (below )  occur s onl y whe n event s fal l  withi n 
thi s region . 

Phase Entrainment and Adaptation of Parameters 

Coordination of the internal oscillator with an extemal peri-
odicit y i s  describe d a s phas e entrainmen t  ( a for m o f  synchro -

nization) ,  supplemente d b y adaptatio n o f  oscillato r 

parameters .  Phas e entrainmen t  i s modele d usin g a  phas e 
attractiv e circl e m a p (cf .  Kelso ,  D e G u z m a n ,  &  Holroyd , 

1990) .  Th e circl e m a p predict s th e phase ,  ()>,̂. ,  ,  a t  whic h 
th e nex t  even t  wil l  occur ,  as : 

= 4, ,  +  i + 1 -t : 
P,* \ 

n,>/(0, .  Y,) . (Eqn3 ) 

wher e (t> ,  i s  th e phas e o f  th e oscillato r  a t  whic h th e i' * 

impuls e occurs ,  /, + |-' ,  capture s th e sequenc e o f  inter -
onse t  interval s presen t  i n th e drivin g rhythm ,  an d /((>, ,  y,) , 
i s a  nonlinea r  phas e couplin g ter m tha t  describe s th e alter -
atio n o f  phas e brough t  abou t  b y th e z' *  inpu t  impulse .  Th e 
couplin g strength ,  ri,̂ ,  describe s th e amoun t  o f  influenc e 
tha t  th e drive r  ha s upo n th e attentiona l  oscillator . 

The primar y advantag e t o modelin g bea t  perceptio n i n 
thi s wa y i s tempora l  stability :  th e abilit y  o f  suc h a  syste m 
t o sustai n coordinate d pattern s i n a  th e fac e o f  a  fluctuating 
environment ,  an d t o reestablis h coordinatio n afte r  pertur -
bation s (Schoner ,  1991) .  Becaus e o f  th e specia l  complexi -
tie s o f  performe d musica l  rhythms ,  however ,  adaptatio n o f 
oscillato r  parameter s i s als o required .  First ,  becaus e per -
forme d musica l  rhythm s ar e nonstationar y (i.e .  th e perio d 
change s i n systemati c  ways) ,  th e mode l  oscillato r  als o 
adapt s it s intrinsi c period : 

/',> !  =  /' ,  +  n,A«t>,,/',,Y,) . (Eqn4 ) 

The couplin g function ,  hd̂ . ,  p. ,  y.) ,  describe s th e adapta -
tion s o f  oscillato r  perio d tha t  resul t  fro m individua l  inpu t 
impulses .  Adaptatio n rat e r i  (analogou s t o couplin g 
strengt h i n Equatio n 3 )  determine s th e rat e a t  whic h oscil -
lato r  perio d adapt s t o change s i n th e stimulu s period . 

The mode l  handle s rhythmi c complexit y b y definin g th e 
function s /(((>; ,  y, )  an d /[((J), ,  /?, ,  y, )  i n suc h a  w a y tha t  phas e 
an d perio d chang e onl y w h e n impulse s fal l  withi n th e tem -
pora l  receptiv e field.  Impulse s tha t  fal l  outsid e th e field  d o 
not  affec t  phas e an d period .  Thi s m a k e s th e siz e o f  th e 
tempora l  receptiv e field  crucial :  i f  i t  i s to o smal l  th e oscil -
lato r  wil l  no t  robustl y handl e rubato ,  ye t  i f  i t  i s  to o large , 
th e oscillato r  wil l  b e le d astra y b y comple x rhythms .  Thus , 
y als o adapt s t o th e stimulus ,  accordin g t o th e relation : 

.^  0 8 

•S 0. 6 

|Temporu l  receptiv e tield / 
sensiliv e phase ) 

0 0. 2 0  4  - 0 4  - 0 2  0  0  2  0  4  - 0 4  - 0 2  0 
phase(4 ) 

Figur e 2 :  A  puls e functio n an d it s associate d tempora l 
receptiv e field  (sensitiv e phase) . 
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It 
Yi+ 1 =  iy i  +  r\yg(̂ ,.yi)) e 

p, (Eqn5 ) 

wher e g(«t), ,  y, )  describe s adaptation s o f  gai n tha t  resul t  fro m 
individua l  inpu t  impulses ,  y  als o decay s eac h cycle ,  thu s i f 
ther e i s n o even t  i n th e oscillator' s curren t  cycle ,  y 

decreases ,  widenin g th e tempora l  receptiv e field.  Finally , 
confidence ,  c ,  a  measur e derive d fro m gain ,  varie s fro m zer o 
t o one ,  measurin g th e overal l  succes s o f  th e oscillato r  i n find-
in g a  periodicit y i n th e inpu t  signal .  Th e function s /(<>, ,  7,) , 

''(<t>, .  Pi < Y, )  -  an d g((|), ,  y, )  ar e derive d i n (Large ,  1994) . 

Performances of Notated Melodies and 

I m p r o v i s e d Var ia t ion s 

The Test Data Set 

To tes t  th e robustnes s o f  th e mode l  i n respons e t o musica l 
performances ,  a  tes t  se t  o f  sixt y melodie s wa s collecte d a s 
follow s (fo r  detaile d descriptio n o f  th e dat a collectio n proce -
dure ,  se e Large ,  Palmer ,  &  Pollack ,  1995) .  T w o pianist s per -
forme d melodie s o n a  computer-monitore d Yamah a 
Disklavie r  acousti c uprigh t  piano .  Thre e children' s melodie s 
wer e chose n a s performanc e material .  Fo r  eac h melody ,  th e 
pianist s performe d an d recorde d th e melody ,  a s presente d i n 
musica l  notation ,  five  times .  Wit h th e musica l  notatio n 
remainin g i n place ,  th e pianist s wer e the n aske d t o pla y five 
improvisations .  Al l  performance s wer e o f  a  single-lin e mel -
od y only ;  pianist s wer e instructe d no t  t o pla y harmoni c 
accompaniment . 

Next ,  skille d musician s transcribe d th e improvisation s i n 
standar d musica l  notation .  T o asses s th e amoun t  an d distri -
butio n o f  rubat o a m o n g th e performances ,  a  measur e o f  tim -
in g deviatio n wa s calculate d fo r  eac h performanc e a s a 
coefficien t  o f  variatio n o f  performe d inter-onse t  interval s 
(lOIs) ,  base d eithe r  o n th e notatio n (fo r  performances )  o r  th e 
transcription s (fo r  improvisations) .  Thi s measur e o f  devia -
tio n wa s the n average d acros s th e five  performance s o f  eac h 
melod y o r  improvisatio n b y eac h pianist .  A n analysi s o f  vari -
anc e ( A N O V A )  o n mea n rubat o b y performanc e typ e 
(notate d melod y vs .  improvise d variation) ,  subject ,  an d tun e 
was conducted .  Ther e wa s a  significan t  mai n effec t  o f  perfor -
mance typ e (F(l,4 )  =  33.46 ,  p  <  0.01) ,  indicatin g that ,  o n 
average ,  mor e rubat o wa s use d i n th e improvisatio n o f  varia -
tion s tha n i n th e performanc e o f  th e melodie s fro m notation . 
M e an rubat o wa s 0.0 5 fo r  notate d melodies ,  an d 0.1 0 fo r 
improvisations .  Ther e wa s als o a  significan t  interactio n 
betwee n tun e an d subjec t  (F(2 ,  8 )  =  13.89 ,  p  <  0.01) .  Pianis t 
1 performe d th e melodie s an d improvisation s fo r  th e first 
tw o tune s wit h littl e rubato ,  bu t  fo r  th e thir d tun e wit h hig h 
rubato .  Pianis t  2  performe d tun e thre e wit h littl e rubato ,  an d 
performe d tune s on e an d tw o wit h relativel y hig h rubato . 

Bea t  T rack in g P e r f o r m a n c e 

Next, the oscillators ability to model beat perception in 
thes e melodie s wa s assessed .  Th e respons e o f  th e oscilla -
to r  wa s intende d t o mode l  th e perceptio n o f  beat s a t  a  par -
ticula r  leve l  i n a  metrica l  structur e (Lerdah l  &  Jackendoff , 

1983) .  Fo r  eac h performance ,  th e moda l  inter-onse t  inter -
val  (lOI )  categor y wa s determine d fro m th e scor e o r  tran -
scription ,  an d chose n a s th e targe t  periodicity .  Fo r  eac h 

performance ,  th e uni t  wa s initialize d suc h tha t  0  =  0  a t 
th e initia l  onset ,  an d p  wa s se t  t o th e initia l  lO I  o f  th e tar -
get  periodicity .  Thus ,  th e oscillato r  di d no t  hav e t o cop e 

wit h finding  initia l  phas e o r  period . 
A numbe r  o f  statistica l  measure s o f  performanc e wer e 

collected .  Onl y mea n absolut e valu e o f  relativ e phase , 
(|(|»|) ,  i s  reporte d her e becaus e thi s measur e corresponde d 
most  closel y t o intuitiv e impression s o f  successfu l  coordi -
nation ,  gleane d b y listenin g t o oscillato r  output .  <|(|)| ) 
measure s performanc e a s th e mea n absolut e phas e o f  th e 
oscillato r  o n whic h event s markin g th e bea t  occurre d (a s 
determine d b y th e score s an d transcription) .  <|(t»| )  =  0 

means perfec t  performance ,  whil e <|(t>| > =  0. 5 i s th e poor -
est  performanc e possibl e (meanin g tha t  th e uni t  wa s 180 ° 
out  o f  phas e wit h th e bea t  throughou t  th e melody) ,  an d 
(14)1 )  <  0. 1 generall y corresponde d t o a  subjectiv e impres -
sio n o f  goo d performance .  Fo r  eac h melody ,  oscillato r  per -
formanc e wa s assesse d b y comparin g (|(t)| )  wit h th e mea n 
rubat o score . 

Performance s o f  notate d melodie s an d performance s o f 
improvise d variation s differe d qualitativel y i n leve l  o f 
rhythmi c complexity ,  an d differe d significantl y i n th e 
magnitud e o f  timin g deviations ,  s o result s ar e discusse d 
separately . 

Performance s o f  Notate d Melodies .  First ,  th e oscillato r 
was expose d t o th e thirt y performance s o f  notate d melo -
dies .  Performance s o f  notate d melodie s provide d a  con -
trolle d leve l  o f  rhythmi c complexity .  Eac h melod y 
containe d thre e intende d duratio n categories :  sixteent h 
note ,  eight h note ,  an d quarte r  note .  Statistic s wer e col -
lected ,  an d a n analysi s o f  varianc e ( A N O V A )  wa s con -
ducte d wit h factor s tune ,  subject ,  an d analysi s typ e (mea n 
rubat o vs .  averag e absolut e phase) .  Th e A N O V A showe d a 
mai n effec t  o f  analysi s typ e (F(l ,  4 )  =  27.73 ,  p  <  0.01) , 
wit h mea n rubat o =  0.05 ,  an d averag e phas e =  0.06 .  Thus , 
fo r  thes e performance s oscillato r  performe d slightl y wors e 
tha n mea n rubat o woul d predict .  Thi s valu e o f  (|<|)|> ,  how -
ever ,  indicate s tha t  o n averag e th e wa s abl e t o achiev e 
robus t  coordinatio n wit h targe t  periodicities . 

To illustrat e th e natur e o f  oscillato r  coordination .  Figur e 
3 give s a n exampl e o f  th e oscillator' s behavio r  i n respons e 
t o a  performanc e o f  Ba a ba a blac k sheep .  Pane l  A  pro -
vide s a  notate d versio n o f  th e melod y (transcription s o f 
improvisation s d o no t  includ e grac e note s o r  othe r  orna -
ments )  an d a  singl e ro w o f  dot s fro m a  metrica l  structur e 
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gri d (Lcrdah l  &  Jackendoff ,  1983 )  markin g th e targe t  events . 
Note s tha t  ar e no t  marke d b y dot s correspon d t o extraneou s 

events ;  dot s tha t  d o no t  correspon d t o note s mar k time s whe n 

event s ar e "missing "  fro m th e targe t  periodicity .  Pane l  B 
shows bot h inpu t  an d outpu t  o f  th e oscillator .  Th e dashe d 

line s sho w impulse s i n th e signa l  (markin g even t  onse t 
times) .  Becaus e o f  th e scale ,  fiil l  outpu t  pulse s ar e no t 
shown ,  rathe r  discret e outpu t  pulse s (show n a s soli d lines ) 
ar e displaye d a t  f  =  r̂ .  Thes e tw o line s overla p whe n a  targe t 
even t  i s f)erforme d a t  precisel y th e tim e predicte d b y th e 
oscillator ,  tha t  is ,  a t  phas e zero ,  (tK» )  =  0 ,  o f  th e drive n oscil -
lator .  Amplitud e o f  th e discret e oscillato r  pulse s correspond s 
t o confidence ,  c  .  Hig h amplitud e o f  th e discret e puls e corre -
spond s t o a  smal l  tempora l  receptiv e field,  lo w amplitud e 
correspond s t o a  wid e receptiv e field. 

Panel  C  show s a  temp o curv e fo r  th e performanc e a s a 
soli d line .  Thi s curv e wa s derive d b y extractin g th e targe t 
event s fro m th e performanc e an d graphin g lOI s fo r  thes e 
events .  Thi s curv e give s th e lOI s t o whic h th e oscillato r 
shoul d respond .  Pane l  C  show s actua l  observe d cycl e time s 
of  th e oscillato r  usin g a  dotte d line .  Observe d cycl e tim e 
take s int o accoun t  no t  onl y th e intrinsi c period ,  p ,  o f  th e 
oscillator ,  bu t  als o phas e <t>( 0 a s i t  i s  adjuste d i n eac h cycle . 
Beginnin g a t  th e initia l  tempo ,  th e uni t  effectivel y calculate s 
a loca l  tempo ,  an d follow s performanc e temp o a s th e per -
forme r  speed s u p an d slow s down . 

Improvisation of Variations. Next, oscillator performance 
on th e thirt y improvise d variation s wa s examined .  Th e 
improvisation s provide d a  mor e difficul t  situatio n tha n th e 
performance s o f  notate d melodie s fo r  tw o reasons .  T h e 
rhythm s o f  th e improvisation s wer e mor e comple x tha n th e 
rhythm s o f  th e melodies ,  makin g us e o f  syncopation ,  an d 
containin g u p t o seve n differen t  level s o f  intende d duration s 
accordin g t o th e transcriptions .  Als o th e improvisation s 
showed significantl y greate r  timin g deviatio n tha n di d th e 
performe d melodies .  Th e oscillato r  wa s expose d t o th e melo -

dies ,  statistic s wer e collected ,  an d a n analysi s o f  varianc e 

( A N O V A)  wa s conducte d wit h factor s tune ,  subject ,  an d 

analysi s typ e (mea n rubat o vs .  averag e absolut e phase) . 

The A N O V A showe d n o mai n effec t  o f  analysi s typ e (F(l , 
4 )  =  0.(X)5 ,  p  =  0.947) ,  wit h mea n rubat o =  0.10 ,  an d aver -
age phas e =  0.10 .  Thi s resul t  show s tha t  fo r  thes e perfor -
mances ,  oscillato r  performanc e i s o n pa r  wit h m e a n 

rubato .  Th e A N O V A als o indicate d a  significan t  interac -
tio n o f  tun e an d subjec t  (F(2 ,  8 )  =  4.0 ,  p  <  0.05) ,  indicatin g 
tha t  th e oscillato r  ha d mor e troubl e wit h s o m e perfor -
mances tha n wit h others .  Cas e b y cas e examinatio n 
reveale d tha t  i n 2 0 ou t  o f  th e 3 0 cases ,  th e oscillato r  coor -
dinate d wel l  wit h it s targe t  periodicit y (<|(|)| > <  0.10) .  I n 1 0 
case s th e oscillato r  ha d som e difficulty .  Th e 1 0 difficul t 
case s wer e examined ;  tw o o f  th e mos t  difficul t  ar e dis -

cusse d here . 
Pianis t  I' s  improvisation s o n M a r y ha d a  littl e lam b 

wer e performe d i n a  freel y time d blue s style .  T h e first 
improvisatio n ha d th e highes t  rubat o scor e (rubat o =  0.25) , 
and highes t  mea n phas e ((|(t)| )  =  0.17) .  T h e oscillator' s 
behavio r  i n thi s cas e wa s representativ e o f  it s performanc e 
on thi s grou p o f  melodies ,  s o i t  wa s chose n fo r  furthe r 
study .  Th e tim e serie s correspondin g t o th e performanc e o f 
th e oscillato r  ar e show n i n Figur e 4 .  Th e temp o curv e indi -
cate s th e presenc e o f  larg e timin g deviation s a t  severa l 
point s i n th e melody .  Point s o f  particula r  interes t  ar e 
aroun d t  =  3000ms ,  t = SOOOww,  t = \6000ms ,  an d t  = 
230(X)ms .  A t  thes e points ,  y  drop s (correspondingly ,  con -
fidence  drops )  allowin g th e oscillato r  t o continu e t o syn -
chroniz e wit h th e targe t  i n spit e o f  th e larg e deviations . 

I n spit e o f  thes e difficulties ,  however ,  th e figure  show s 
tha t  th e oscillato r  di d a  respectabl e jo b o f  entrainin g t o it s 
targe t  periodicit y i n thi s rhythm .  Beat s ar e outpu t  a t 
approximatel y th e correc t  time s throughou t  th e piec e -  th e 
oscillato r  i s no t  lure d awa y b y th e m a n y distracto r  event s 
i n thi s rhythmicall y comple x performance .  Anothe r  wa y t o 
see thi s i s t o not e tha t  th e valu e o f  averag e absolut e phas e 
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((I<t>| )  =  0.17 )  i s lowe r  tha n mea n rubat o (0.25) .  Addition -

ally ,  oscillato r  confidenc e i s hig h fo r  larg e section s o f  th e 

piece ;  b y th e oscillator' s interna l  measur e it s performanc e i s 
good .  9  o f  th e 1 0 proble m case s examine d fit  th e profil e o f 

thi s case .  Th e oscillato r  ha d difficult y i n certai n section s o f 
th e performances ,  bu t  alway s recovere d gracefully ,  reestab -

lishin g coordinatio n afte r  larg e perturbations . 
I n 1  o f  th e 1 0 difficul t  case s examined ,  however ,  th e resul t 

was poor .  Pianis t  2' s improvisation s o n Hus h littl e bab y wer e 
th e mos t  varie d o f  al l  th e improvisation s studie d an d mad e 

heav y us e o f  rubato .  T h e improvisatio n tha t  prove d th e mos t 
difficul t  fo r  th e mode l  t o handl e wa s th e thir d variation .  Thi s 
improvisatio n m a d e moderatel y heav y us e o f  rubat o an d ha d 
th e highes t  m e a n phase ,  (rubat o =  0.16 ,  <|())| )  =  0.30).  Thes e 
number s sugges t  extrem e difficult y i n coordination .  Figur e 5 
show s th e actua l  tim e serie s correspondin g t o th e perfor -

mance o f  th e oscillator .  Throughou t  thi s improvisatio n th e 
performe r  make s us e o f  a  sor t  o f  "jagged "  rubato .  Th e temp o 
curve ,  show n i n pane l  C ,  reveal s timin g deviation s tha t 
strictl y alternate :  slower ,  faster ,  slower ,  faster .  Pane l  C  als o 
show s th e effec t  o f  thi s patter n o n observe d cycl e times . 
Cycl e time s ar e alway s on e ste p behin d th e performe d dura -
tion s becaus e change s t o th e oscillator' s phas e an d perio d i n 
th e curren t  cycl e effec t  oscillato r  cycl e tim e fo r  th e followin g 
cycle . 

Becaus e timin g deviation s zigzagge d i n thi s fashion ,  cycl e 
tim e decrease d whe n performe d duratio n increased ,  an d 
vice-versa .  Thi s rubat o patter n occurre d i n othe r  perfor -

mances a s well ,  howeve r  i n thi s cas e th e amoun t  o f  rubat o 
was larg e enoug h t o pos e a  seriou s difficult y fo r  th e oscilla -
tor .  Th e oscillato r  respond s t o th e correc t  events ,  an d output s 
pulse s a t  more-or-les s th e correc t  location s throughou t  th e 
piece .  However ,  confidenc e i s lo w throughou t  a s th e oscilla -
to r  attempt s t o establis h a  coordinate d pattern .  Thu s large , 
alternatin g rubat o pattern s represen t  a  limitin g cas e fo r  th e 
singl e oscillato r  model . 

Discussion 
A. 

Melodie s ar e perhap s th e mos t  difficul t  case s fo r  bea t  per -
ceptio n models ,  becaus e the y provid e fewe r  reliabl e cue s 

tha n accompanie d melodies .  Bas s line s an d harmoni c 
accompanimen t  ten d t o b e mor e rhythmicall y consistent , 

providin g additiona l  information .  I n thi s study ,  perfor -

mances o f  notate d melodie s provide d a  controlle d leve l  o f 
rhythmi c complexity ,  whil e improvise d variation s pro -
vide d syncopatio n an d a  grea t  variet y o f  duratio n catego -
ries .  Bot h type s o f  performanc e containe d timin g 
deviations ,  makin g th e tas k o f  coordinatin g wit h a  singl e 

periodicit y a  challengin g one .  Yet ,  i n 4 9 ou t  o f  6 0 cases , 
th e oscillato r  performe d robustl y b y a n objectiv e measur e 

In  11 cases, difficulties were encountered ((|(t>|) > 0.10). 
Thes e difficultie s wer e cause d b y larg e tempora l  devia -
tions ,  stemmin g fro m thre e sources :  heav y us e o f  rubat o 
includin g 'phase-shifts' ,  actua l  timin g error s o n th e par t  o f 
performers ,  an d jagge d rubat o curve s resultin g fro m alter -
natin g shortene d an d lengthene d duration s (Large ,  1994) . 
I n 1 0 o f  th e 1 1 cases ,  however ,  th e oscillato r  wa s wel l 
coordinate d fo r  larg e section s o f  th e melodies ,  havin g 
troubl e i n som e area s bu t  reestablishin g coordinatio n afte r 
larg e perturbations . 

I n th e mos t  difficul t  case ,  a n improvisatio n tha t  couple d 
heav y rubat o wit h a n alternatin g temp o profile ,  th e oscilla -
to r  performe d poorl y {\̂\ }  =  0.30 .  Althoug h i t  di d no t 
los e th e bea t  altogether ,  i t  wa s no t  abl e t o adequatel y fol -
lo w th e temp o changes ,  an d it s interna l  measur e o f  perfor -
mance wa s consistentl y low .  Thi s cas e illustrate s th e limit s 
of  a  singl e oscillato r  model .  Note ,  however ,  tha t  temp o 
change s o f  approximatel y th e sam e magnitud e strictl y 
alternat e (Figur e 5 ,  Pane l  C ) .  Thi s mean s tha t  ha d th e 
oscillato r  bee n operatin g a t  th e nex t  large r  periodicity ,  i t 
woul d hav e foun d almos t  n o rubat o a t  all .  Case s suc h a s 
thi s woul d ten d t o argu e fo r  a  multipl e oscillato r  model .  I n 
a multipl e oscillato r  mode l  differen t  oscillator s operat e a t 
differen t  tim e scale s (Larg e &  Kolen ,  1994) .  Interna l  inter -
action s synchroniz e interna l  oscillators ,  an d th e perceptio n 
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of  metrica l  structur e ca n emerg e fro m th e perceptio n o f  bea t 
on multipl e levels .  Buildin g network s o f  interactin g oscilla -
tor s t o mode l  th e perceptio n o f  metrica l  structur e i s a  focu s 
of  curren t  research . 

Overall ,  th e singl e oscillato r  mode l  coordinate d remark -
abl y wel l  wit h comple x rhythm s give n n o informatio n othe r 
tha n even t  onse t  times .  Thes e analyse s sugges t  tha t  nonlinea r 
oscillators ,  drive n wit h complex ,  nonstationar y rhythm s tha t 
aris e fro m musica l  performance ,  ca n adequatel y mode l  th e 
perceptio n o f  musica l  beat ,  an d ma y ultimatel y b e use d t o 
model  th e perceptio n o f  musica l  mete r  a s well . 
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Abstrac t 

Recent  researc h ha s yielde d a n explosio n o f  literatur e tha t 
esUblishe s a  stron g connectio n betwee n emotiona l  an d 
cognitiv e processes .  Mos t  notably ,  Antoni o Damasi o 
draw s a n intimat e connectio n betwee n emotio n an d 
cognitio n i n practica l  decisio n making .  Damasi o present s 
a "somati c marker "  hypothesi s whic h explain s ho w 
emotion s ar e biologicall y indispensabl e t o decisions .  Hi s 
researc h o n patient s wit h fronta l  lob e damag e indicate s 
tha t  feeling s normall y accompan y respons e option s an d 
operat e a s a  biasin g devic e t o dictat e choice .  Wha t 
Damasio' s hypothesi s lack s i s a  theoretica l  mode l  o f 
decisio n makin g whic h ca n advanc e th e conceptua l 
connectio n betwee n emotiona l  an d cognitiv e decisio n 
makin g processes .  I n thi s pape r  w e combin e Damasio' s 
somati c marke r  hypothesi s wit h th e coherenc e theor y o f 
decisio n pu t  forwar d b y Thagar d an d Millgram .  Th e 
juxtapositio n o f  Damasio' s hypothesi s wit h a  cognitiv e 
theor y o f  decisio n makin g lead s t o a  ne w an d bette r  theor y 
of  emotiona l  decisions . 

Introduction 

Emotion s ar e ordinaril y  conceive d a s irrationa l  occurrence s 
tha t  clou d judgmen t  an d distor t  reasoning .  Thi s vie w i s wel l 
entrenched ,  despit e wor k i n bot h philosc^h y an d psycholog y 
tha t  establishe s a  stron g connectio n betwee n emotio n an d 
cognition .  Durin g recen t  year s ther e has  bee n a n explosio n 
of  researc h whic h indicate s tha t  rathe r  tha n bein g natura l 
adversaries ,  rationa l  an d emotiona l  processe s functio n 
together .  Barne s an d Thagar d (i n press )  argu e tha t  emotion s 
an d inference s ar e bot h necessar y whe n w e empathiz e wit h 
othe r  people .  Socia l  psychologist s hav e explore d th e 
functio n o f  emotion s i n socia l  perceptio n an d judgmen t 
(Forgas ,  1991) .  Bu t  th e interdqjcndenc e o f  emotiona l  an d 
cognitiv e processe s i s perhap s mos t  powerfull y presente d i n 
recen t  neurobiologica l  studie s whic h establis h tha t  emotio n 
i s indispensabl e i n rationa l  decisio n making . 

Most  notably ,  i n Descartes '  Error :  Reason ,  Emotio n an d 
th e H u m a n Brain ,  neurobiologis t  Antoni o Damasi o (1994 ) 
provide s a  "somati c marke r  hypothesis "  whic h explain s ho w 
emotion s m a k e decisio n makin g possible .  Damasio' s 
somati c marke r  hypothesi s suggest s tha t  th e rol e o f 
emotion s i n decisio n makin g i s biologicall y extensiv e an d 
complex .  W h a t  Damasio' s somati c marke r  hypothesi s 
lacks ,  w e maintain ,  i s a  theoretica l  o r  computationa l  mode l 

of  decisio n makin g whic h ca n advanc e th e conceptua l 
connectio n betwee n emotiona l  an d cognitiv e decision -
makin g processes .  W e propos e tha t  Damasio' s wor k i s bes t 
understoo d an d develope d b y th e coherenc e theor y o f  decisio n 
put  forwar d b y Thagar d an d Millgram .  Conversely , 
Damasio' s somati c marke r  hypothesi s suggest s way s tha t 
th e coherenc e theor y o f  decisio n ca n b e enhanced .  Afte r 
briefl y describin g Damasio' s hypothesi s an d th e coherenc e 
theor y o f  decision ,  w e wil l  outlin e h o w bot h project s ca n 
merg e t o for m a  ne w an d bette r  accoun t  o f  decisio n making . 
Our  juxtapositio n o f  Damasio' s neurobiologica l  hypothesi s 
wit h a  cognitiv e theor y o f  decisio n makin g i s preliminar y t o 
a possibl e theor y o f  emotiona l  decisio n making . 

Emotions and the Brain 

E)amasi o re-examines  th e cas e o f  Phinea s Ciage ,  th e victi m 
of  a n 184 8 min e explosio n tha t  hurle d a n iro n ro d throug h 
hi s skul l  an d brain .  Strangely ,  Gag e recovere d excep t  fo r  a 
sever e deficienc y i n practica l  an d socia l  decisio n making . 
Accordin g t o Damasio ,  th e cas e o f  Gag e an d othe r  patient s 
wit h simila r  fronta l  lob e damag e offe r  convincin g evidenc e 
tha t  th e huma n brain' s region s fo r  makin g decision s ar e 
strongl y connecte d t o emotiona l  centers . 

Damasi o maintain s tha t  G a g e an d othe r  fronta l  lob e 
patient s wit h fault y decisio n makin g skill s  hav e al l  th e 
informatio n require d t o m a k e decisions .  Accordin g t o 
neurologica l  studie s b y Save r  an d Damasi o (1991) ,  socia l 
knowledg e i n thes e patient s remain s intact .  Thei r 
experimenta l  subject ,  E V R ,  coul d provid e respons e option s 
t o socia l  situations ,  conside r  th e consequence s o f  thes e 
option s an d perfor m mora l  reasoning  a t  a n advance d level . 
E V R ha d norma l  o r  bette r  intelligenc e an d memory . 
Detaile d studie s b y Save r  an d Damasi o sugges t  tha t  eve n 
wit h al l  th e necessar y information ,  suc h patient s ar e unabl e 
t o implemen t  a  choic e i n everyda y life. '  Fo r  example ,  E V R 
woul d tak e hour s decidin g wher e t o din e b y obsessin g abou t 
eac h restaurant' s seatin g plan ,  m e n u an d atmosphere .  Eve n 
then ,  b e coul d no t  reac h a  fina l  decision . 

Thes e neurologica l  studie s sho w tha t  wha t  i s damage d i n 
thes e patient s i s no t  memor y o r  intelligence ,  bu t  th e neura l 
connection s betwee n th e emotiona l  an d cognitiv e center s o f 
th e brain .  Mor e specifically ,  th e ventromedia l  frontal region 

^Th e deficienc y i s typicall y confme d t o practica l  decisio n 
making .  Lik e othe r  patients ,  E V R ha d n o troubl e wit h 
hypothetica l  decisio n making . 
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i s  reporte d t o b e responsibl e fo r  emotiona l  processin g an d 
socia l  cognitio n throug h connection s wit h th e amygdal a an d 
hypothalamus .  Afte r  a  serie s o f  tests .  Save r  an d Damasi o 
conclud e tha t  i n th e absenc e o f  emotiona l  input ,  EVR' s 
decisio n makin g proces s wa s overwhelme d b y trivia l 
information .  Wit h additiona l  studies ,  th e researcher s 
conclud e tha t  E V R ha d n o interna l  goa l  representation .  I n 
orde r  fo r  goal s t o remai n stabl e fo r  E V R ,  the y ha d t o b e 
represente d externall y an d repeatedly .  Otherwise ,  "...i t  wa s 
as i f  b e forgo t  t o remembe r  short -  an d intermediate -  ter m 
goals... .  H e couldn' t  kee p a  proble m i n perspectiv e i n 
relatio n t o othe r  goals."(1985 ,  p.l737) . 

The somati c marke r  hypothesi s i s presente d b y Damasi o 
t o explai n thes e experimenta l  findings .  Th e hypothesi s i s 
tha t  bodil y feeling s normall y accompan y ou r  representation s 
of  th e anticipate d outcome s o f  options .  I n othe r  words , 
feeling s mar k respons e options  t o rea l  o r  simulate d 
decisions .  Somati c marker s serv e a s a n automati c devic e t o 
spee d on e t o selec t  biologicall y advantageou s options . 
Tlios e option s tha t  ar e lef t  unmarke d ar e omitte d i n th e 
decision-makin g process. ^  Damasi o suggest s tha t  patient s 
wit h fronta l  lob e damag e fai l  t o activat e thes e somati c 
marker s whic h ar e directl y linke d t o punishmen t  an d reward , 
and originat e i n previousl y experience d socia l  situations . 
EVR' s decisio n makin g defec t  i s explaine d b y a n inabilit y  t o 
activat e somati c state s a ^  w n ordinar y decision s arise ;  b y a n 
inabilit y  t o mar k th e im p ication s o f  a  socia l  situatio n wit h 
a signa l  tha t  woul d separa. ^  goo d an d ba d options. ^  E V R 
was therefor e trappe d i n a  never-endin g cost-benefi t  analysi s 
of  numerou s an d conflictin g options .  I n th e absenc e o f 
emotiona l  markers ,  decisio n makin g i s virtuall y impossible . 

A Coherence Theory of Decision 

Damasio' s hypothesi s invite s a  descriptio n o f  h o w decision s 
ar e ordinaril y  made .  Accordin g t o th e coherenc e theor y o f 
decisio n (Millgra m an d Thagard ,  i n press ;  Thagar d & 
Millgra m 1995) ,  peopl e m a k e decision s b y assessin g an d 
orderin g variou s competin g action s an d goals .  Fo r  example , 
someone m a y wan t  bot h t o ge t  lot s o f  researc h don e an d t o 
rela x an d hav e fu n wit h hi s o r  he r  friends .  Learnin g h o w t o 
accomplis h bot h thes e task s wil l  tak e plac e i n th e contex t  o f 
goal s tha t  canno t  b e full y realize d together .  Th e rationa l 

^Th e somati c marke r  hypothesi s originate s wit h Wall e Naut a 
(1971) .  183-184 :  "Th e norma l  individua l  decide s upo n a 
particula r  cours e o f  actio n b y a  though t  proces s i n whic h a 
large r  o r  smalle r  numbe r  o f  strategi c alternative s i s compared . 
I t  coul d b e suggested -  admittedl y o n introspectiv e grounds -  tha t 
th e compariso n i n th e fina l  analysi s i s on e betwee n th e 
affectiv e response s evoke d b y eac h o f  th e variou s 
alternatives....I f  thi s wer e indee d th e case ,  i t  woul d b e readil y 
understandabl e tha t  los s o f  th e fronta l  corte x a s a  majo r 
mediato r  o f  informatio n exchang e betwee n th e cerebra l  corte x 
and th e limbi c syste m i s followe d no t  onl y b y a n impairmen t  o f 
strategi c choic e making ,  bu t  als o b y a  tendenc y o f  projecte d o r 
cunen t  actio n system s t o 'fad e out '  o r  becom e over-ridde n b y 
interferin g influences .  " 

^Damasio ,  Trane l  an d Damasi o (1990 )  als o speculat e tha t  th e 
sociopath' s inabilit y  t o avoi d punishmen t  i s relate d t o a  failur e 

t o emotionall y anticipat e th e consequence s o f  behavior . 

decisio n make r  choose s comple x plan s tha t  ar e m o s t 
coheren t  wit h currentl y hel d goals .  Decision s aris e fro m 
principle s o f  coherenc e tha t  gover n th e relation s a m o n g 
action s an d goals .  I n thi s sense ,  a  decisio n ca n b e describe d 
as a n inferenc e t o th e bes t  pla n wher e th e desirabilit y  o f 
goal s i s determine d b y deliberativ e coherence .  Sinc e goal s 
compet e fo r  limite d resources ,  goal s tha t  han g togethe r  an d 
whic h produc e overlappin g plan s o f  actio n ten d t o b e mor e 
easil y jointl y satisfied .  Pu t  simply ,  action s an d plan s whic h 
best  satisf y existin g goal s ar e th e bes t  options . 

Conside r  Howard ,  a n academi c w h o mus t  decid e whethe r 
or  no t  t o accep t  a  teachin g positio n a t  anothe r  institution . 
W hy ar e suc h decision s s o difficult ? Importan t  lif e choice s 
suc h a s thi s on e involv e m a n y differen t  an d sometime s 
intensel y conflictin g goals .  Perhap s Howar d i s attracte d b y 
th e n e w positio n becaus e i t  offer s increase d salar y an d 
prestige ,  bu t  i s concerne d tha t  mov in g woul d involv e 
considerabl e dislocatio n an d los s o f  establishe d relation s 
wit h colleagues .  Moreover ,  h e m a y hav e a  famil y wit h 
root s i n hi s curren t  community .  H e thu s ha s t o dea l  wit h a 
plethor a o f  interconnecte d an d possibl y ill-specifie d goal s 
tha t  ar e relevan t  t o wha t  choic e h e wil l  make . 

Thagar d an d Millgra m propos e a  se t  o f  principle s designe d 
t o specif y th e kind s o f  relation s tha t  exis t  a m o n g action s an d 
goal s an d tha t  giv e rise  t o coherenc e estimation s tha t 
determin e no t  onl y choice s o f  action s t o perfor m bu t  als o 
adoptio n o f  comple x plan s an d revision s o f  goals .  The y 
make n o shar p distmctio n betwee n action s an d goals ,  sinc e 
what  i n on e contex t  i s  bes t  describe d a s a n actio n m a y b e 
bes t  describe d i n anothe r  contex t  a s a  goal .  Fo r  example ,  i f 
my mai n goa l  i s  t o trave l  fro m Waterlo o t o Sa n Diego ,  I 
wil l  se t  mysel f  th e subgoa l  o f  gettin g t o Toront o airport , 
but  thi s subgoa l  i s itsel f  a n actio n t o b e performed .  Action s 
and goal s ar e referre d t o a s factors  i n decisio n making . 
Factor s ar e action s an d goal s tha t  coher e wit h eac h othe r 
accordin g t o th e followin g si x principles . 
1.  Symmetry .  Coherenc e an d incoherenc e ar e symmetrica l 
relations :  I f  a  facto r  (actio n o r  goal )  F i  cohere s wit h a 
facto r  F2 ,  the n F 2 cohere s wit h Fi . 
2.  Facilitation .  Conside r  action s A i  .. .  A n tha t  togethe r 
facilitat e th e accomplishmen t  o f  goa l  G .  The n 

(a )  eac h A j  coheres  wit h G , 
(b )  eac h A i  cohere s wit h eac h othe r  A j ,  an d 
(c )  th e greate r  th e numbe r  o f  action s required ,  th e les s 

th e coherenc e amon g action s an d goals . 
3 .  Incompatibility . 

(a )  I f  tw o factor s canno t  bot h b e performe d o r  achieved , 
the n the y ar e strongl y incoheren t 

(b )  I f  tw o factor s ar e difficul t  t o perfor m o r  achiev e 
togedier ,  the n the y ar e weakl y incoheren t 
4.  Goa l  priority .  S o m e goal s ar e desirabl e fo r  intrinsi c o r 
othe r  non-coherenc e reasons . 
5.  Judgment .  Facilitatio n an d competitio n relation s ca n 
depen d o n coherenc e wit h judgment s abou t  th e acceptabilit y 
of  factua l  beliefs . 
6.  Decision .  Decision s ar e m a d e o n th e basi s o f  a n 
assessmen t  o f  th e overal l  coherenc e o f  a  se t  o f  action s an d 
goals . 

D E CO i s a  compute r  progra m tha t  incorporate s thes e 
principle s an d make s excellen t  decisions .  D E C O construct s 
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a connectionis t  networ k whic h represent s goal s an d action s 
by a  networ k nod e calle d a  unit .  Competin g action s ar e 
evaluate d o n th e basi s o f  h o w wel l  the y coher e wit h eac h 
othe r  an d wit h goal s whos e acceptanc e m a y b e affecte d bot h 
by coherenc e consideration s an d intrinsi c desirability .  W h e n 
tw o unit s cohere ,  D E C O place s a n excitator y lin k (wit h 
weigh t  greate r  tha n 0 )  betwee n th e unit s tha t  represen t  them . 
Whenever  tw o factor s incohere ,  D E C O place s a n inhibitor y 
lin k (wit h weigh t  les s tha n 0 )  betwee n them .  Intrinsi c 
desirabilit y  o f  som e goal s i s easil y implemente d b y linkin g 
a specia l  unit ,  whic h i s alway s active ,  t o eac h uni t 
representin g a n intrinsi c goal .  Ther e ca n b e differen t 
weight s o n th e link s representin g differen t  degree s o f 
coherenc e an d desirability .  Finally ,  wit h activatio n 
spreadin g fro m th e specia l  uni t  t o th e goal s an d the n ou t  t o 
th e subgoal s an d th e actions ,  th e networ k wil l  updat e 
activatio n o f  th e variou s unit s i n paralle l  unti l  al l  unit s 
achiev e stabl e activation .  Th e final  activatio n o f  th e unit s 
represent s eithe r  th e choic e o f  particula r  action s o r  th e 
posterio r  valu e o f  particula r  goals .  Jus t  a s som e action s ar e 
rejecte d i n favo r  o f  bette r  one s wit h whic h the y compete , 
some goal s ar e rejecte d o r  downplaye d a s par t  o f  th e overal l 
judgmen t  o f  deliberativ e coherence .  Al l  link s i n thi s syste m 
ar e symmetrical ,  reflectin g thei r  implementatio n o f 
consideration s o f  coherenc e an d incoherence .  Bu t  th e link s 
fro m som e o f  th e goa l  unit s t o th e always-activ e specia l  uni t 
introduce s a n asymmetr y o f  processing :  goa l  unit s m a y 
m u ch mor e o f  a n effec t  o n actio n unit s tha n vic e versa ,  sinc e 
activatio n ca n flo w directl y fro m th e specia l  uni t  t o th e unit s 
representin g goal s wit h inheren t  priority ,  an d onl y the n t o 
unit s representin g actions. ^  D E C O provide s a  mean s o f 
testin g ou t  whethe r  th e principle s o f  deliberativ e coherenc e 
ca n fruitfull y  b e applie d t o understan d rea l  case s o f  comple x 
decisio n making .  Fo r  a  mor e complet e descriptio n o f 
D E CO an d a  compariso n wit h classica l  decisio n theory ,  se e 
Thagar d an d MiUgra m (1995) . 

Emotional Decisions 

We ar e n o w i n a  positio n t o merg e Damasio' s hypothesi s 
wit h component s o f  th e coherenc e theor y o f  decision .  Thi s 
junctio n require s tha t  bot h Damasio' s hypothesi s an d th e 
coherenc e theor y o f  decisio n b e modified .  Thes e 
modification s produc e a  m u c h richer  outlin e o f  emotiona l 
decisions . 

Th e mos t  obviou s wa y t o modif y Damasio' s hypothesi s i s 
t o lin k somati c marker s t o goa l  priority .  Recal l  tha t 
Damasi o maintain s tha t  somati c state s mar k respons e 
options .  I f  decision-makin g i s a  matte r  o f  evaluatin g goals , 
i t  m a k e s mor e sens e t o lin k somati c state s wit h th e 
representatio n o f  goals .  Unde r  thi s modifie d hypothesis ,  ou r 
most  importan t  o r  meaningfu l  goal s ar e accompanie d b y 
somati c markers ,  th e mos t  salien t  havin g stronge r  emotiona l 
tags .  I n thi s way ,  EVR' s deficienc y coul d b e redescribe d a s a 
failur e t o dea l  wit h numerou s an d conflictin g goals .  W e can 
surmis e tha t  EVR' s goal s wer e no t  prioritize d becaus e the y 

wer e no t  accompanie d b y emotiona l  states .  Tha t  is ,  non e o f 
EVR' s goal s wer e mor e importan t  tha n th e others .  I t  wa s 
impossibl e fo r  hi m t o choos e wher e t o dine ,  w e suggest , 
precisel y becaus e goal s suc h a s savin g mone y an d bein g 
health y coul d no t  b e weighe d i n th e absenc e o f  emotiona l 
markers . 

Damasi o claim s tha t  un-marke d option s ar e no t  considwe d 
by th e decisio n maker .  Thi s biasin g functio n o f  somati c 
marker s i s reall y wha t  make s decisio n makin g possible .  I n 
th e absenc e o f  markers ,  th e decisio n make r  ha s to o muc h 
informatio n t o dea l  with .  Th e computation s involve d ar e s o 
cumbersom e tha t  the y canno t  yiel d a  final  decision .  I n 
short ,  emotion s dictat e an d constrai n whic h bit s o f 
informatio n ar e used .  Followin g Damasio ,  w e als o propos e 
tha t  un-marke d goal s ar e overridde n i n th e decision-makin g 
proces s an d d o no t  facto r  int o coherenc e calculations .  Thi s 
biasin g functio n o f  emotio n ha s bee n underline d b y variou s 
emotio n theoris u includin g d e Sous a (1990) ,  Frijd a (1986 ) 
and Oatle y (1992) . 

Fro m th e opposit e direction ,  th e coherenc e theor y o f 
decisio n gain s m u c h fro m Damasio' s somati c marke r 
hypothesis .  Somati c marker s explai n h o w goal s can  b e 
efficientl y prioritize d b y a  cognitiv e system ,  withou t  havin g 
t o evaluat e th e propositiona l  conten t  o f  existin g goals . 
Afte r  somati c marker s ar e incorporated ,  wha t  i s  compare d b y 
th e deliberato r  i s no t  th e goa l  a s such ,  bu t  it s emotiona l  tag . 
Th e biasin g functio n o f  somati c marker s explain s ho w 
irrelevan t  informatio n ca n b e exclude d fro m coherenc e 
considerations .  Wit h Damasio' s thesis ,  choic e activatio n 
ca n b e see n a s involvin g emotio n a t  th e mos t  basi c 
computationa l  level .  Inference s t o th e bes t  pla n ar e no t  onl y 
goal -  relevant ,  directe d o r  determined ;  the y ar e als o emotion -
relevant ,  directe d o r  determined . 

I n conclusion ,  th e combinatio n o f  somati c marker s wit h 
D E CO provide s th e followin g sketc h o f  a  possibl e theor y o f 
emotiona l  decisions : 
1.  Decision s aris e whe n n e w informatio n i s inconsisten t 
wit h on e o r  mor e currentl y hel d goals .  Th e mismatc h yield s 
a negativ e emotio n whic h produce s a  ruptur e i n ordinar y 
activity. 5 
2.  Th e decisio n junctur e cause s a  simulatio n t o occur ,  i n 
whic h goal s ar e reevaluate d o n th e basi s o f  ne w information . 
Thi s evaluatio n o f  goal s eUcit s somati c markers . 
3.  Onc e th e goal s ar e prioritize d b y somati c markers ,  ne w 
option s ar e simulate d an d evaluated . 
4.  Coherenc e calculation s produc e th e bes t  optio n an d 
equilibriu m i s restore d betwee n th e presen t  situatio n an d 
existin g goals . 
Thi s sketc h show s h o w emotion s hel p t o preven t  ou r 
decisio n calculation s fro m becomin g s o comple x an d 
cumbersom e tha t  decision s woul d b e impossible .  Emotion s 
functio n t o reduc e an d limi t  ou r  reasoning ,  an d thereb y mak e 
reasoning  possible . 

'*Fo r  a  mor e complet e descriptio n o f  D E C O an d a  compariso n 
wit h classica l  decisio n theor y se e Thagar d &  MiUgram , 
"Inferenc e t o th e Bes t  Plan :  A  Coherenc e Theor y o f  Decision " 
(i n press) . 

^Thi s sectio n draw s heavil y o n Frijda' s (1986 )  theor y o f 
emotion .  Frijd a define s a n emotio n a s a  chang e i n actio n 
readiness .  Emotion s ar e alway s elicite d an d resul t  fro m th e 
interactio n o f  a n even t  wit h ou r  goal s o r  concerns .  Emotion s 
ar e tendencie s t o establish ,  maintai n o r  disrup t  a  relationshi p 
wit h th e environment . 
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s i r o s h , r i s t o ® c s . u t e x a s . e d u 

Abstrac t 

Cells in the visual cortex are selective not only to ocular 
dominanc e an d orientatio n o f  th e input ,  bu t  als o t o it s siz e 
and spatia l  Aequency .  Th e simulation s reporte d i n thi s pa -
per  sho w ho w siz e selectivit y coul d develo p throug h Hebbia n 
self-organization ,  an d ho w receptiv e field s o f  differen t  size s 
coul d organiz e int o column s lik e thos e fo r  orientatio n an d ocu -
la r  dominance .  Th e latera l  connection s i n th e networ k self -
organiz e cooperativel y an d simultaneousl y wit h th e recept -
iv e fiel d sizes ,  an d produc e pattern s o f  latera l  connectivit y 
tha t  closel y follo w th e receptiv e fiel d organization .  Togethe r 
wit h ou r  previou s wor k o n ocula r  dominanc e an d orientatio n 
selectivity ,  thes e result s sugges t  tha t  a  singl e Hebbia n self -
organizin g proces s ca n giv e ris e t o al l  th e majo r  receptiv e fiel d 
propertie s i n th e visua l  cortex ,  an d als o t o structure d pattern s 
of  latera l  interactions ,  som e o f  whic h hav e bee n verifie d exper -
imentall y an d other s predicte d b y th e model . 

I n t r o d u c t i o n 

I n thei r  firs t  recording s fro m th e primar y visua l  corte x o f  th e 
cat ,  Hube l  an d Wiese l  (1959,1962 )  reporte d tha t  cortica l  cell s 
wer e mor e selectiv e t o th e widt h o f  pattern s tha n wer e retina l 
cells .  The y note d tha t  cortica l  cell s woul d giv e n o respons e 
t o a  ba r  coverin g th e whol e receptiv e fiel d (RF) ,  wherea s i n 
th e retin a an d th e L G N ,  cell s woul d typicall y respon d t o suc h 
patterns .  Subsequently ,  detaile d studie s b y Campbel l  e t  al . 
(1969) ,  D e Valoi s e t  al .  (1982 )  an d other s showe d tha t  cor -
tica l  cell s ar e narrowl y tune d t o th e spatia l  frequency  o f  in -
puts ,  an d ha d typica l  bandpas s responses ,  respondin g onl y t o 
input s i n a  specifi c  frequency  range .  A  continuu m o f  spa -
tia l  frequencie s from  lo w t o hig h wer e represente d i n th e cor -
te x (Silverma n e t  al .  1989) ,  an d cell s i n eac h rang e o f  spa -
tia l  frequenc y wer e organize d int o distinc t  spatia l  frequenc y 
column s (Tootel l  e t  al .  1981 ;  Tootel l  e t  al .  1988) .  I n essence , 
cortica l  cell s exhibite d a n organizatio n o f  spatia l  frequency 
selectivit y simila r  t o ocula r  dominanc e ( O D )  an d orientatio n 
( O R)  columns . 

Severa l  computationa l  model s hav e bee n buil t  t o demon -
strat e h o w othe r  R F propertie s suc h a s O R preference ,  O D , 
and retinotop y ca n emerg e from  simpl e self-organizin g pro -
cesses(e.g .  Goodhil l  1993;Milleretal.l989;Obermayeretal . 

'Cun^en t  address :  H N C Softwar e Inc. ,  Sa n Diego .  C A 92121 -
3728 ,  an d Sloa n Cente r  Fo r  Theoretica l  Neurobiolog y Th e Sal k In -
stimte .  L a JoUa ,  C A 92037 ;  sirosh9hr» c .  com . 

1992 ;  vo n de r  Malsbur g 1973) .  However ,  t o date ,  onl y on e 
computationa l  mode l  ha s include d th e developmen t  o f  spa -
tia l  frequenc y selectivit y (Mille r  1994) .  I n Miller' s model , 
O R preferenc e an d spatia l  frequenc y selectivit y develo p to -
gether ,  an d perhap s becaus e o f  th e interaction s betwee n thes e 
tw o domains ,  doe s no t  produc e a  clea r  columna r  organizatio n 
of  spatia l  frequenc y selectivity .  Althoug h th e abov e model s 
replicat e th e self-organizatio n o f  afferen t  structure s quit e well , 
the y ar e base d o n th e simplificatio n tha t  th e neurona l  respons e 
propertie s ar e primaril y determine d b y th e organizatio n o f  af -
feren t  synapses .  Latera l  interaction s betwee n neuron s ar e ap -
proximate d b y simpl e mathematica l  function s (e.g .  Gaussi -
ans )  an d assume d t o b e unifor m throughou t  th e network ;  th e 
structure d latera l  connectivit y o f  th e corte x i s no t  explicitl y 
take n int o account .  Suc h model s d o no t  explicitl y  replicat e th e 
activit y dynamic s o f  th e visua l  cortex ,  an d therefor e ca n mak e 
onl y limite d prediction s abou t  interaction s betwee n receptiv e 
field s an d cortica l  function . 

Recen t  experiment s hav e show n tha t  latera l  connectio n pat -
tern s closel y follo w th e neurona l  respons e propertie s (Gil -
ber t  an d Wiese l  1989 ;  Malac h e t  al .  1993) .  Fo r  example ,  i n 
th e norma l  visua l  cortex ,  long-rang e latera l  connection s lin k 
area s wit h simila r  O R preferenc e (Gilber t  an d Wiese l  1989) . 
Lik e neurona l  respons e properties ,  th e connectivit y patter n i s 
highl y plasti c i n earl y developmen t  an d ca n b e altere d b y ex -
perienc e (Kat z an d Callawa y 1992) .  Suc h patterne d latera l 
connection s develo p a t  approximatel y th e sam e tim e a s th e 
cortica l  column s (Burkhalte r  e t  al .  1993 ;  Kat z an d Callawa y 
1992) .  Together ,  thes e observation s sugges t  tha t  th e sam e 
experience-dependen t  proces s drive s th e developmen t  o f  bot h 
neurona l  respons e propertie s an d latera l  connectivity . 

Previously ,  w e hav e show n tha t  a  singl e Hebbia n self-orga -
nizin g proces s ca n accoun t  fo r  th e developmen t  o f  patterne d 
latera l  connections ,  afferen t  receptiv e fields ,  topographi c 
maps an d O D an d O R column s i n th e corte x (LISSOM , 
th e Laterall y Interconnecte d Synergeticall y Self-Organizin g 
M a p;  Siros h 1995 ;  Siros h an d Miikkulaine n 1995a ,  1995b , 
1996b ,  1996a) .  However ,  w e hav e no t  studie d th e selectivit y 
t o different-size d stimul i  wit h L I S S O M before ,  althoug h i t  i s 
a majo r  componen t  o f  cortica l  organization .  Thi s articl e in -
vestigate s whethe r  th e sam e self-organizin g proces s ca n giv e 
rise  t o R F s selectiv e t o differen t  stimulu s sizes .  Becaus e siz e 
selectivit y i s closel y relate d t o spatia l  frequency  selectivity . 
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F igur e 1 :  T h e Receptive-Fiel d L I S S O M architecture .  T h e affer -
ent  an d latera l  connection s o f  a  singl e neuro n i n th e L I S S O M net -
wor k ar e s h o w n .  T h e afferent s fo r m a  loca l  anatomica l  receptiv e 
field  o n th e retina . 

suc h self-organizatio n s h o u l d a c c o u n t  fo r  spatia l  f r e q u e n c y 
column s a s well . 

Severa l  ne w result s ar e reporte d i n thi s article .  I t  i s show n 
ho w afferen t  RF s o f  differen t  size s develo p fro m simpl e ret -
ina l  image s an d organiz e acros s th e networ k i n a  systemati c 
fashion .  I n addition ,  latera l  connection s self-organiz e cooper -
ativel y an d simultaneousl y wit h th e siz e selectivit y proper -
ties ,  producin g pattern s tha t  follo w th e receptiv e field  organ -
ization .  I n combinatio n wit h ou r  previou s work ,  thes e result s 
sugges t  tha t  a  singl e unifie d self-organizin g proces s ca n giv e 
ris e t o no t  onl y  al l  th e majo r  receptiv e field  propertie s i n th e 
visua l  cortex ,  bu t  als o th e pattern s o f  latera l  interactions . 

The Receptive Field LISSOM (RF-LISSOM) 
model 

The L I S S O M networ k i s a  shee t  o f  interconnecte d neuron s 
(figur e 1) .  Throug h afferen t  connections ,  eac h neuro n re -
ceive s inpu t  fro m a  "retina" .  I n addition ,  eac h neuro n ha s 
reciproca l  excitator y an d inhibitor y latera l  connection s wit h 
othe r  neurons .  Latera l  excitator y connection s ar e short-range , 
connectin g onl y clos e neighbors .  Latera l  inhibitor y connec -
tion s lin k neuron s ove r  bot h shor t  an d lon g distances ,  an d m a y 
eve n implemen t  ful l  connectivit y betwee n neuron s i n th e net -
work . 

Neuron s receiv e afferen t  connection s fro m broa d overlap -
pin g patche s o n th e retin a calle d anatomica l  RFs .  TTi e N  x  N 
networ k i s projecte d o n t o th e retin a o f  R x R  receptors ,  an d 
eac h neuro n i s connecte d t o receptor s i n a  squar e are a o f  sid e s 
aroun d th e projections .  Thus ,  neuron s receiv e afferent s fro m 
correspondin g region s o f  th e retina .  E>ependin g o n th e loc -
atio n o f  th e projection ,  th e numbe r  o f  afferent s t o a  neuro n 
fro m th e retin a coul d var y fro m ^ s x  ^ s (a t  th e comers )  t o 
« X  s  (a t  th e center) .  Typically ,  R  i s m u c h les s tha n N  an d 
s i s larg e enoug h t o cove r  m a n y receptors ,  resultin g i n larg e 
overla p betwee n receptiv e fields  o f  nearb y neurons . 

The inpu t  t o th e mode l  consist s o f  gaussia n spot s o f  "light " 
on th e retina : 

wher e Ca, b i s th e activatio n o f  recepto r  (a ,  b) ,  u ^  determine s 
th e widt h o f  th e spot ,  an d (Xnj/i) :  0  <  x, ,  j/, -  <  Hit s cen -

ter .  ^̂ l̂thou t  normalization ,  larger-size d spot s woul d produc e 

stronge r  activation .  Therefore ,  th e retina l  activit y vecto r  i s 
normalize d t o constan t  length .  Th e widt h u  i s chose n uni -
forml y randoml y i n a  give n range ,  s o tha t  input s o f  a  variet y 
of  size s ar e presente d t o th e network . 

Th e externa l  an d latera l  weight s ar e organize d throug h a n 
unsupervise d learnin g process .  A t  eac h trainin g step ,  neuron s 
star t  ou t  wit h zer o activity .  Th e initia l  response»/ ,  j  o f  neuro n 
(t ,  j )  i s base d o n th e scala r  produc t 

Vi j  =<' •  I  y]̂abtiij,a b (2 ) 
a,b 

wher e ̂ a b i s th e activatio n o f  retina l  recepto r  (a ,  b )  withi n th e 
anatomica l  R F o f  th e neuron ,  /i,- j  ,o 6 i s  th e correspondin g affer -
ent  weight ,  an d 0 -  i s a  piecewis e linea r  approximatio n o f  th e 
familia r  sigmoi d activatio n function .  T h e respons e evolve s 
ove r  tim e throug h latera l  interaction .  A t  eac h tim e step ,  th e 
neuro n combine s th e abov e afferen t  activatio n J 2 ̂A *  wit h lat -
era l  excitatio n an d inhibition : 

tiEk.iiijMm{t-i)), ^""^ 

where Eijki is the excitatory lateral connection weight on the 

connectio n fro m neuro n {k ,  I )  t o neuro n (i ,  j ) ,  Uĵ k i  i s th e in -
hibitor y connectio n weight ,  an d f/fcj( t  — 1 )  i s th e activit y o f 
neuro n [k ,  I )  durin g th e previou s tim e step .  Th e constant s 7 e 
and 7 j  determin e th e relativ e strength s o f  excitator y an d inhib -
itor y latera l  interactions .  Th e activit y patter n start s  ou t  diffus e 
and sprea d ove r  a  substantia l  par t  o f  th e m a p ,  an d converge s 
iterativel y int o stabl e focuse d patche s o f  activity ,  o r  activit y 
bubbles .  Afte r  th e activit y ha s settled ,  typicall y i n a  fe w iter -
ation s o f  equatio n 3 ,  th e connectio n weight s o f  eac h neuro n 
ar e modified .  Bot h afferen t  an d latera l  weight s adap t  accord -
in g t o th e sam e mechanism :  th e Heb b rule ,  normalize d s o tha t 
th e su m o f  th e weight s i s constant : 

( t  J -  f>i \  -  ^i j .mn(t)+QVijX,n n 
ffij.mni t  +  Ot )  =  =  r -  (.> .  ,  ̂ „  y  T '  ^̂ ^ 

Z^mn K j .mn l * )  +  ai]ijXr„„ ] 
wher e %•  stand s fo r  th e activit y o f  neuro n (i ,  j )  i n th e final 
activit y bubble ,  wtj^m n ' s th e afferen t  o r  latera l  connectio n 
weigh t  (ji ,  E  O T I) ,  a  i s th e learnin g rat e fo r  eac h typ e o f  con -
nectio n (ttf l  fo r  afferen t  weights ,  a e fo r  excitatory ,  an d a /  fo r 
inhibitory )  an d X ^ n i s th e presynapti c activit y ( ^  fo r  afferent , 
; ;  fo r  lateral) . 

Bot h inhibitor y an d excitator y latera l  connection s follo w 
th e sam e Hebbia n learnin g proces s an d strengthe n b y cor -
relate d activity .  A t  long-distances ,  ver y fe w neuron s hav e 
correlate d activit y an d therefor e mos t  long-rang e connection s 
eventuall y becom e weak .  Suc h wea k connection s ar e elim -
inate d periodically ,  an d throug h weigh t  normalization ,  inhib -
itio n concentrate s i n a  close r  neighborhoo d o f  eac h neuron . 
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(o )  Ocula r  dominanc e an d latera l  connection s (b )  Orientatio n column s an d latera l  connection s 

Figur e 2 :  Ocula r  dominanc e an d orientatio n columns ,  an d latera l  connectio n patterns .  I n figure  {a) ,  eac h neuro n i n a  self-organize d 
L ISSO M networ k i s labele d wit h a  grey-scal e valu e {blac k - ^  white )  tha t  represent s continuously-changin g ocula r  dominanc e fro m exlusiv e 
lef t  t o exclusiv e right .  Smal l  whit e dot s indicat e th e stronges t  latera l  inpu t  connection s t o th e neuro n marke d wit h th e bi g whit e dot ,  afte r 
self-organization .  Onl y th e long-rang e inhibitor y connection s ar e shown .  Th e connection s o f  a  monocula r  neuro n predominantl y lin k area s o f 
th e sam e ocula r  dominance .  I n figure  (b) ,  th e orientatio n preferenc e an d selectivit y  o f  eac h neuro n i s represente d i n gre y scale ,  an d th e latera l 
connection s o f  a  typica l  neuro n ar e plotte d a s i n (a) .  Th e connection s preferentiall y  lin k simila r  orientatio n columns . 

Th e radiu s o f  th e latera l  excitator y interaction s start s  ou t  large , 
but  a s self-organizatio n progresses ,  i t  i s  decrease d unti l  i t  cov -
er s onl y th e neares t  neighbor s (c.f .  Self-Organizin g M a p ;  Ko -
hone n 1982 ,  1989) .  Suc h prunin g o f  latera l  connection s pro -
duce s activit y bubble s tha t  ar e focuse d an d local .  A s a  result , 
weight s chang e i n smalle r  neighborhoods ,  an d receptiv e field s 
become bette r  tune d t o loca l  area s o f  th e retina . 

Self-Organization of Ocular Dominance and 

Or ien ta t i o n C o l u m n s a n d Latera l  C o n n e c t i o n s 

We hav e previousl y used  variation s o f  th e R F - L I S S O M net -
wor k t o mode l  th e developmen t  o f  O D an d O R column s i n 
th e primar y visua l  cortex .  Althoug h thes e phenomen a ca n b e 
modele d wit h a  variet y o f  technique s (Goodhil l  1993 ;  Mille r 
et  al .  1989 ;  Obermaye r  e t  al .  1992 ;  vo n de r  Malsbur g 1973) , 
R F - L I S S O M mode l  i s uniqu e i n tha t  i t  als o show s ho w th e 
latera l  connection s self-organiz e i n th e proces s an d wha t  rol e 
the y pla y i n self-organizatio n an d informatio n processing . 

I n th e ocula r  dominanc e stud y (Siros h an d Miikkulaine n 
1995b ;  Siros h an d Miikkulaine n 1996b) ,  tw o retina s wer e 
connecte d t o th e cortica l  network .  Uncorrelate d gaussia n 
ligh t  spot s wer e used  a s input ,  simulatin g strabismi c vision , 
whic h i s know n t o resul t  i n ver y pronounce d ocula r  domin -
anc e column s (Lowe l  an d Singe r  1992) .  Th e simulatio n res -
ult s ar e i n ver y goo d agreemen t  wit h th e biologica l  observa -
tion s (figur e 2a) .  Shar p an d intertwine d pattern s o f  ocula r 
dominanc e form ,  an d neuron s ar e predominantl y connecte d t o 
othe r  neuron s wit h simila r  selectivity . 

I n th e orientatio n colum n experimen t  (Siros h an d Miik -

kulaine n 1995a ;  Siros h an d Miikkulaine n 1996a) ,  elongate d 
gaussian s wit h variou s orientation s an d degree s o f  eccentri -
cit y wer e use d a s inpu t  instea d o f  symmetri c gaussians .  Th e 
cortica l  networ k develope d a  representatio n o f  orientatio n 
preferenc e an d selectivit y ver y simila r  t o thos e observe d i n 
th e visua l  corte x (Blasde l  an d Salam a 1986 ;  Blasde l  1992 ; 
figure  2b) .  Receptiv e fields  o f  variou s eccentricit y an d ori -
entatio n develop ,  an d neuron s ar e ordere d int o a n orientatio n 
m ap tha t  exhibit s linea r  zone s (wher e orientatio n preferenc e 
change s smoothly) ,  pinwheel s (singula r  point s aroun d whic h 
al l  orientatio n preference s appear )  an d fracture s (wher e pref -
erenc e change s abruptly) .  Th e latera l  connection s agai n con -
nec t  neuron s tha t  respon d t o simila r  inputs .  S o m e o f  th e latera l 
connectio n pattern s hav e jus t  recentl y bee n discovered ,  other s 
ar e prediction s o f  th e model . 

Self-Organization of Multisize Receptive Fields 

a n d Latera l  C o n n e c t i o n s 

The hypothesis tested in the present study was whether similar 
columna r  organizatio n an d latera l  connectio n pattern s woul d 
for m als o whe n th e siz e o f  th e gaussia n ligh t  spo t  wa s th e mai n 
dimensio n o f  variatio n i n th e input .  Simulation s wer e carrie d 
out  o n a  networ k o f  19 2 x  19 2 neurons ,  wit h input s comin g 
fro m a  2 4 X  2 4 retina .  Th e anatomica l  R F siz e wa s chose n 
t o b e 1 1 X  11 ,  s o tha t  ther e i s substantia l  overla p betwee n th e 
RFs.  Al l  th e connection s wer e initialize d t o rando m weights . 
A tota l  o f  25,00 0 trainin g step s wer e used .  A t  eac h step ,  a 
random-siz e Gaussia n spo t  wa s presente d o n th e retin a a s in -
put .  Th e latera l  excitator y radiu s o f  eac h neuro n starte d ou t  a s 
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Figur e 3 :  Self-organize d receptiv e fields.  Th e afferen t  weight s o f  neuron s a t  tw o differen t  location s i n a  192x19 2 networ k ar e show n 
afte r  self-organization .  Initiall y  th e weight s ar e completel y random ,  bu t  afte r  self-organization ,  a  smoot h hill-shape d weigh t  profil e devel -
ops .  Thoug h th e anatomica l  RF s ar e th e same ,  th e afferen t  weight s ar e organize d int o a  variet y o f  size s fro m narrow ,  highl y peake d receptiv e 
fields  t o larg e an d broa d ones . 

19 ,  bu t  a s trainin g progressed ,  i t  w a s graduall y decrease d t o 1 
(a s i n th e Self-Organizin g M a p algorith m (Kohone n 1989)) . 
Th e latera l  inhibitor y connection s ha d a  radiu s o f  47 ,  an d 
weak connection s wer e prune d a t  interval s o f  10,00 0 itera -
tions . 

Th e self-organizatio n o f  afferent s result s i n smooth ,  hill -
sh^je d RFs .  A  variet y o f  R F s o f  differen t  size s ar e produced , 
some narro w an d tune d t o smal l  stimuli ,  other s larg e an d mos t 
responsiv e t o larg e stimul i  (figur e 3) .  Simultaneousl y wit h 
th e RFs ,  eac h neuron' s latera l  connection s evolve ,  an d b y th e 
Hebbia n mechanism ,  ar e distribute d accordin g t o h o w wel l 
th e neuron' s activit y correlate s wit h th e activitie s o f  th e othe r 
neurons .  Le t  u s examin e th e natur e o f  suc h activit y correla -
tions .  T h e input s var y i n siz e fro m u  =  0.7 5 t o t i  =  8.0 , 
and ar e normalized .  Therefore ,  th e smalles t  input s produc e 
ver y brigh t  activit y i n a  fe w receptors .  T h e y ar e als o smal -
le r  tha n th e siz e o f  eac h anatomica l  receptiv e field.  Therefore , 
thes e input s predominantl y stimulat e neuron s wit h smal l  re -
ceptiv e fields  an d havin g anatomica l  R F s i n th e sam e positio n 
as th e spot .  Suc h neuron s wil l  hav e stron g activit y correla -
tion s wit h othe r  smal l  receptiv e field  neurons ,  bu t  littl e cor -
relatio n wit h neuron s havin g broade r  receptiv e fields  ̂ .  T h e 
globa l  organizatio n o f  siz e preference s an d latera l  connection s 
ca n b e visualize d b y labelin g eac h neuro n wit h a  colo r  tha t  in -
dicate s th e widt h o f  it s  R F ,  an d plottin g th e pattern s o f  latera l 
connection s o n top .  A s figure  4 a shows ,  th e R F organizatio n 
has th e for m o f  connected ,  intertwine d patches ,  simila r  t o O D 
column s (e.g .  se e Siros h an d Miikkulaine n 199Sb) ,  an d th e 
latera l  connection s o f  neuron s connec t  t o region s o f  th e sam e 
siz e preference .  T h e actua l  strength s o f  th e connection s ar e 
show n i n figure  4b . 

Neuron s wit h large r  receptiv e fields  hav e a  slightl y differ -

'Not c tha t  eve n smal l  spot s produc e quit e widesprea d activit y i n 
th e network ,  becaus e eac h retina l  recepto r  connect s t o a  larg e numbe r 
of  cortica l  neuron s 

ent  patter n o f  activit y correlations .  T h e large r  spot s ar e no t 
localize d withi n th e anatomica l  R F a s ar e th e smalle r  inputs , 
an d exten d beyon d it .  The y produc e activit y ove r  a  wide r  are a 
i n th e networ k tha n th e smaller ,  localize d spots .  A s a  res -
ult ,  th e input s tha t  bes t  stimulat e large r  R F neuron s als o caus e 
activit y i n larg e part s o f  th e network .  Therefore ,  th e activit y 
correlation s o f  suc h neuron s ar e no t  a s strongl y determine d b y 
siz e a s tha t  o f  smal l  R F neurons .  Therefore ,  th e latera l  con -
nection s o f  neuron s wit h large r  R F s ofte n lin k t o smalle r  R F 
neuron s also .  I n th e cortex ,  neurobiologistshav e no t  ye t  stud -
ie d h o w th e pattern s o f  latera l  connection s relat e t o eithe r  siz e 
or  spatia l  frequenc y preferences . 

T h e columna r  organizatio n doe s no t  develo p i n smal l  net -
works .  Simulation s s h o w that ,  fo r  a  give n varianc e o f  th e 
stimul i  size ,  th e rati o o f  neuron s i n th e networ k t o receptor s 
i n th e retin a (th e magnificatio n factor )  ha s t o b e greate r  tha n a 
threshol d valu e fo r  a  stabl e columna r  organizatio n t o appear . 
B e l o w th e threshold ,  smoot h R F s an d a n ordere d topographi c 
m ap develop ,  bu t  al l  th e R F s ten d t o hav e th e s a m e size ,  cor -
respondin g t o th e averag e widt h o f  th e inpu t  stimulus .  A b o v e 
th e threshold ,  symmetr y breakin g occurs ,  producin g a  vari -
et y o f  R F sizes .  Suc h symmetr y breakin g i s simila r  t o tha t  o f 
th e Self-Organizin g M a p (Kohone n 1982,1989) ,  wher e a n in -
pu t  featur e i s represente d i n th e networ k onl y i f  it s  varianc e 
i s greate r  tha n a  threshol d proportiona l  t o th e magnificatio n 
facto r  (Obermaye r  e t  al .  1992) . 

I t  i s  no t  k n o w n whethe r  th e long-rang e latera l  connection s 
i n th e corte x ar e organize d accordin g t o siz e o r  spatia l  fre -
quenc y selectivity .  S o far ,  th e latera l  connectio n pattern s hav e 
onl y bee n studie d i n relatio n t o th e organizatio n o f  O D an d O R 
preferenc e (Malac h e t  al .  1993 ;  L o w e l  an d Singe r  1992 ;  Gil -
ber t  an d Wiese l  1989) .  Howeve r ,  considerabl e psychophys -
ica l  an d neurobiologica l  evidenc e indicate s selectiv e latera l 
interaction s betwee n neuron s tune d t o differen t  spatia l  fre -
quencie s (D e Valoi s an d Tootel l  1983 ;  B a u m a n an d B o n d s 
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Figur e 4 :  Siz e selectiv e columns ,  an d latera l  connectio n patterns .  I n figure  (a) ,  eac h neuro n i n th e networ k i s labele d wit h a  grey-scal e 
valu e (blac k - > white )  tha i  represent s continuously-changin g siz e preferenc e fro m smal l  value s t o larg e values .  Smal l  whit e dot s indicat e th e 
latera l  inpu t  connection s t o th e neuro n marke d wit h th e bi g whit e dot .  Th e siz e preference s ar e organize d systematicall y acros s th e networ k 
int o connected ,  intertwine d patches ,  an d th e stronges t  latera l  connection s predominantl y lin k area s o f  th e sam e siz e selectivity .  Figur e (b ) 
shows th e weight s o f  th e latera l  connection s plotte d i n (a) .  Th e connectio n strength s represen t  th e activit y correlation s o f  th e neuro n wit h 
th e othe r  neuron s i n th e network .  Th e columna r  organizatio n o f  th e RF s i s reflecte d i n th e weights .  Th e connection s als o ar e stronges t  i n th e 
immediat e vicinit y o f  th e neuro n (a t  center )  an d becom e weake r  wit h distance .  Th e larg e area s o f  zer o weight s stan d fo r  th e connection s tha t 
hav e bee n prune d awa y durin g self-organization . 

1991) .  A s i n th e R F - L I S S O M model ,  thes e interaction s ar e 
als o k n o w n t o b e largel y inhibitor y (D e Valoi s an d Tootel l 
1983 ;  Vidyasaga r  an d Muelle r  1994) .  T h e mode l  suggest s 
tha t  th e long-rang e latera l  connection s coul d b e th e anatom -
ica l  substrat e fo r  inhibitio n betwee n spatia l  frequenc y chan -
nels .  T h e mode l  furthe r  predict s tha t  th e pattern s o f  latera l 
connection s i n th e corte x woul d b e influence d no t  onl y b y 
O D an d O R preference ,  bu t  als o b y selectivit y t o spatia l  fre -
quency . 

Discussion 

C o m b i n e d wit h ou r  previou s wor k o n O D an d O R m a p s 
an d latera l  connections ,  th e n e w result s sugges t  tha t  a  singl e 
Hebbia n mechanis m produce s th e receptiv e field s an d latera l 
interaction s i n th e primar y visua l  cortex .  I t  als o make s sev -
era l  prediction s o n th e latera l  connectivit y pattern s i n th e cor -
tex .  However ,  i t  i s  importan t  t o not e tha t  th e unit s an d connec -
tion s i n th e R F - L I S S O M mode l  d o no t  correspon d one-to-on e 
t o neuron s an d synapses .  Instead ,  eac h uni t  shoul d b e see n 
as a  vertica l  colum n o f  neurons ,  an d th e connection s stan d 
fo r  th e interaction s betwee n thes e columns .  O n e importan t 
predictio n o f  th e mode l  i s tha t  long-rang e latera l  interaction s 
ar e inhibitory :  Thi s i s computationall y necessar y fo r  th e self -
organizatio n o f  receptiv e fields  t o occur .  However ,  i t  doesn' t 
m e an tha t  th e synapse s o n long-rang e connection s necessar -
il y  hav e t o b e inhibitory ,  a s lon g a s thei r  overal l  effec t  o n th e 
colum n i s inhibitory . 

Perhap s mos t  significantly ,  th e R F - L I S S O M mode l  sug -
gest s a  computationa l  rol e fo r  self-organize d structure s i n th e 

primar y visua l  cortex .  Accordin g t o th e model ,  tw o differen t 
computation s ar e performe d durin g sensor y processing :  First , 
th e input s ar e projecte d ont o th e principa l  featur e dimension s 
represente d b y th e afferen t  receptiv e field  structure .  Then ,  th e 
redundancie s ar e filtered  ou t  b y th e inhibitor y latera l  interac -
tions .  Th e resul t  i s  a n efficient ,  redundancy-reduce d spars e 
codin g o f  th e visua l  inpu t  whic h i s the n passe d o n t o highe r 
processin g levels .  Thi s predictio n ca n probabl y b e verifie d ex -
perimentall y b y usin g informatio n theor y t o analyz e th e op -
tica l  image s o f  cortica l  activit y pattern s produce d i n respons e 
t o simpl e retina l  images .  I f  confirmed ,  i t  woul d constitu e 
a majo r  ste p i n understandin g th e functio n o f  th e observe d 
primar y visua l  corte x structures . 

Conclusion 

T h e R F - L I S S O M mode l  show s h o w a  columna r  organizatio n 
of  multisize d receptiv e fields  ca n develo p an d h o w latera l  con -
nectio n pattern s follo w thi s organization .  Combine d wit h ou r 
previou s work ,  thes e result s sho w h o w a  singl e loca l  an d un -
supervise d self-organizin g proces s ca n b e responsibl e fo r  th e 
developmen t  o f  bot h th e afferen t  an d latera l  connectio n struc -
ture s i n th e primar y visua l  cortex .  Th e mode l  suggest s tha t 
afferen t  receptiv e fields  develo p a  spars e codin g o f  th e visua l 
input ,  an d tha t  recurren t  latera l  interaction s eliminat e redund -
ancie s i n cortica l  activit y patterns . 
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Abstrac t 

We propose a novel mechainisin of synaptic mainte-
nance whos e goa l  i s  t o preserv e th e performanc e o f 
an associativ e memor y networ k undergoin g synap -
ti c degrzulation ,  an d t o preven t  th e developmen t 
of  pathologica l  attractors .  Thi s mechanb m i s 
demonstrate d b y simulation s performe d o n a  low -
activit y neura l  mode l  whic h implement s loca l  neu -
rona l  homeostasis .  We hypothesiz e that ,  wherea s 
Hebbia n synapti c modification s occu r  a s a  learnin g 
proces s durin g wakefulnes s an d SWS consoUdation , 
th e neural-base d regulator y mechanism s propose d 
her e tak e plac e durin g RE M sleep ,  wher e the y ar e 
drive n b y bout s o f  rando m cortica l  activity .  Th e 
rol e o f  RE M sleep ,  i n ou r  model ,  i s  no t  t o prun e 
spuriou s attracto r  states ,  a s previousl y propose d b y 
Cric k an d Mitchiso n an d b y Hopfiel d Feinstei n an d 
Palmer ,  bu t  t o maintai n synapti c integrit y i n fac e 
of  ongoin g synapti c turnover .  Ou r  mode l  provide s 
a possibl e reaso n fo r  th e segmentatio n o f  slee p int o 
repetitiv e SWS an d RE M phases . 

Introduction 

Haifa century ago, Hebb (1949) proposed his solution to 
th e proble m o f  th e neura l  organizatio n o f  memory .  Th e 
concep t  o f  Hebbia n cel l  assemblie s ha s sinc e becom e a n 
accepte d ter m i n th e neurosciences ,  an d th e ide a tha t 
learnin g take s plaw: e throug h synapti c modification s ha s 
been prove d experimentall y an d ha s bee n accepte d a s 
a basi c paradigm .  Ther e exist s howeve r  a  majo r  prob -
le m i n thi s approach :  i n orde r  t o maintai n memorie s 
synapse s hav e t o sta y unchange d whe n n o ne w learnin g 
occurs .  Ho w i s tha t  possibl e i n th e fac e o f  th e metaboli c 
turnove r  whic h the y underg o al l  th e time ? I n th e presen t 
paper  w e offe r  a  solutio n t o thi s problem .  Ou r  sugges -
tio n i s tha t  synapti c maintenanc e occur s vi a a  comple -
mentar y proces s t o Hebbia n learning .  W e propos e tha t 
i t  i s  bein g CMrie d ou t  o n th e neur d leve l  an d i s drive n 
by th e activit y o f  th e singl e neuron . 

Our  stud y i s o f  theoretica l  nature ,  base d o n numer -
ica l  simulation s o f  a  neura l  networ k tha t  serve s a s a n 
associativ e memor y model ,  incorporatin g Hebbia n cel l 
assemblies .  Th e mode l  i s  describe d i n th e nex t  section , 
wher e w e introduc e synapti c turnove r  an d sho w tha t  it s 
effect s ca n b e counteracte d b y a  neurally-base d synapti c 
compensatio n mechanism .  On e interestin g resul t  whic h 
follow s fro m thi s proces s i s tha t  i t  eillows ,  i n a  natura l 
way,  t o obtai n a  homogeneou s distributio n o f  th e basin s 

of  attractio n o f  memories .  Thi s solve s anothe r  prob -
le m whic h i s inheren t  i n th e Hebbie m approach :  Ho w i s 
i t  possibl e t o regulat e memorie s i n suc h a  fashio n tha t 
pathologica l  situation s i n whic h on e memor y overtake s 
al l  other s ca n b e avoided ? I t  turn s ou t  tha t  th e reg -
ulator y mechanis m o f  synapti c maintenanc e serve s thi s 
purpos e too . 

The regulator y proces s tha t  w e sugges t  require s a  pro -
cedur e o f  measurin g th e activit y o f  a  singl e neuro n a s a 
reactio n t o stimulatio n wit h rando m pattern s o f  activity . 
One ma y wonde r  whic h physiologica l  proces s i s respon -
sibl e fo r  it .  R E M slee p i s a  goo d candidate .  Some tim e 
ago Cric k an d Mitchiso n (1983 )  hav e propose d tha t  th e 
functio n o f  R E M slee p i s t o serv e a s a  'revers e learn -
ing '  mechanis m whos e ai m i s t o remov e 'spurious '  pat -
tern s tha t  ar e engrave d i n th e brai n a s a  byproduc t  o f 
learning .  I n a  companio n paper ,  Hopfiel d e t  al .  (1983 ) 
have examine d thes e idea s i n th e framewor k o f  a n as -
sociativ e memor y network ,  an d hav e show n tha t  revers e 
learnin g ma y indee d allo w th e networ k t o perfor m bet -
te r  o n subsequen t  learnin g an d retrieva l  trials .  I n ou r 
model  ther e i s n o proble m wit h spuriou s states ,  an d n o 
anti-Hebbia n step s ar e neede d t o guarante e memor y re -
call .  Nonetheless ,  w e ca n dra w o n th e sam e physiologica l 
mechanism ,  associatin g rando m activatio n o f  th e mode l 
wit h th e functiona l  rol e o f  R E M sleep . 

We therefor e hypothesiz e tha t  rando m activit y evoke d 
i n th e corte x durin g R E M propel s a  synapti c buildu p 
mechanis m tha t  take s plac e durin g slee p an d compen -
sate s fo r  synapse s tha t  wer e degrade d durin g th e previ -
ous day .  Thi s proposa l  complement s th e recen t  findings 
of  Wilso n an d McNaughto n (1994 )  tha t  suppor t  th e pos -
sibilit y  tha t  memor y consolidation ,  th e proces s o f  trans -
ferrin g learne d informatio n fro m hippocampa l  store s t o 
long-ter m cortica l  stores ,  occur s durin g slow-wav e slee p 
(SWS).  I n accordance ,  cortica l  memor y storag e an d cor -
tica l  synapti c maintenanc e occu r  i n th e S WS an d R E M 
stage s o f  slee p i n a  segregate d manner .  I n th e following , 
we shal l  presen t  a  fe w computationa l  insight s a s t o th e 
reason s fo r  thi s segregation ,  an d discus s thei r  implica -
tions . 

Synaptic Maintenance 

Our model is based on previous work in which we 
have studie d compensator y mechanism s i n a  mode l  o f 
Alzheimer' s disease ,  simulate d throug h rando m synap -
ti c deletio n (Hor n e t  al .  ,  1993 ;  Ruppi n k  Reggia ,  1995 ; 
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Hor n e t  al .  ,  1996) .  Fo r  ou r  presen t  stud y w e us e a n 
excitatory-inhibitor y attracto r  neura l  network ,  havin g 
M m e m o r y pattern s tha t  air e store d i n N  excitator y neu -
rons .  T h e codin g i s sparse ,  i.e .  eac h Hebbiai n cel l  assem -
bl y consist s o f  p N activ e neuron s wi t h p  < < 1 .  T h e 
synapti c efficac y 7, ;  be twee n th e jt h (presynaptic )  neu -
ro n an d th e tt h (postsynaptic )  neuro n i n thi s networ k 
i s 

•^o = ^i;yV.';''; (1) 

where t)''^ are the stored memories and allowance is made 
fo r  differen t  strength s g' '  fo r  e m b e d d i n g differen t  m e m -
ories .  T h e updat in g rul e fo r  th e activit y stat e V i  o f  th e 
it h binar y neuro n i s give n b y 

Viit-i-At) = Pihiit)-T) (2) 

where T is the threshold, P is a stochastic function and 

N 
hi(t )  =  c .  Y i  WijJijVjit )  -  7(2(t )  +  li . (3 ) 

j* i 

Thi s loca l  field,  o r  inpu t  current ,  include s th e H e b b i a n 
couplin g o f  al l  othe r  excitator y neurons ,  a n externa l  in -
pu t  /i ,  an d inhibitio n wh ic h i s  proportiona l  t o th e tota l 
activit y o f  th e excitator y neuron s 

m = ~ j : v ^ { t ) Np (4 ) 

As lon g a s it s  strengt h obey s 7  >  M p ^  thi s networ k 
perform s well . 

T h e faw;tor s c ,  an d Wi j  ar e th e compensa t io n a n d 
degradatio n terms .  T o begi n wi t h the y ar e a s s u m e d t o 
be 1 .  Degradation ,  o r  weaken in g o f  synapses ,  i s m o d e l e d 
by imposin g a  distributio n o f  wt j  <  1 ,  wh ic h serve s t o 
represen t  attenuatio n o f  th e synapses .  C o m p e n s a t i o n i s 
represente d b y th e factor s c ,  wh ic h correc t  th e value s o f 
al l  synapti c connection s o f  neuro n n u m b e r  j .  T o deter -
min e thi s facto r  w e a s s u m e tha t  a  m e a s u r e m e n t  perio d 
exists ,  i n whic h th e neuro n estimate s it s o w n activit y i n 
respons e t o th e stimulatio n o f  th e who l e ne twor k b y rjui -
d o m externa l  inputs .  I t  the n change s it s compensa t io n 
strengt h throug h 

dCi 

dt 
= KC i 1- {hijt) ) 

(5 ) 

F r o m a  biologica l  perspective ,  suc h computat iona l  al -
gorithm s m a y b e pre-wire d i n neurona l  regulator y m e c h -
anism s Indeed ,  severa l  biologica l  m e c h a n i s m s m a y tak e 
par t  i n neural-leve l  synapti c modification s tha t  self -
regulat e neurona l  activit y (se e (va n O o y e n ,  1994 )  fo r  a n 
extensiv e review) .  I n othe r  words ,  ther e exis t  feedbac k 
mechan ism s tha t  ac t  o n th e neurona l  level ,  possibl y vi a 
th e expressio n o f  i m m e d i a t e earl y genes ,  t o ensur e th e 
homeostasi s o f  neurona l  activity .  Th i s readjustmen t  pro -
ces s i s  loca l  t o eac h neuron ,  a n d i s  d o n e o n th e neural , 
an d no t  th e synaptic ,  level .  H e n c e th e pre-degradatio n 
value  o f  eac h individua l  synaps e i s no t  necessaril y  recon -
structed .  Thi s strateg y i s  adop te d becaus e i n biologicei l 

realit y eac h synaps e m a y hav e a  distinc t  valu e wh ic h 
shoul d b e allowe d t o chang e durin g th e learnin g phas e 
of  th e system .  T h u s w e hav e a  natura l  separatio n be -
twee n H e b b i a n synapti c learnin g a n d neurona l  synapti c 
regulation . 
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Figur e 1 :  Distributio n o f  th e fields  h i  i n a  networ k wit h 
a n activit y leve l  o f  p  =  0. 1 i n respons e t o th e inpu t 
of  a n encode d pattern .  T h e thre e curve s displa y th e 
case s o f  th e origina l  network ,  o f  th e on e wit h averag e 
synapti c attenuatio n o f  0.8 ,  a n d on e whe r e bo t h synapti c 
weaken in g an d compensa t io n ar e emp loyed . 

To explain why such a compensation mechanism can 
wor k w e presen t  i n Fig .  1  a n exampl e o f  th e histogra m 
of  th e loca l  input s h i  i n suc h a  network .  Thi s bimoda l 
distributio n account s fo r  th e fac t  tha t  a  fractio n p  o f  th e 
neuron s (th e 'foreground '  neuron s i n th e cue d pattern ) 
wil l  fire,  an d a  fractio n 1  -  p  (th e 'background '  neurons ) 
wil l  sta y quiescent ,  provide d w e choos e th e threshol d T 
t o li e i n betwee n th e tw o peaks .  Onc e synapti c dete -
rioratio n occurs ,  th e tw o part s o f  th e distributio n mov e 
close r  t o on e another ,  leadin g t o th e sourc e o f  error s tha t 
wil l  eventuall y caus e th e demis e o f  th e m e m o r y system . 
Compensatin g wit h a  constan t  c  =  1/u; ,  wher e t u i s th e 
averag e o f  Wij ,  shift s th e tw o average s t o thei r  origina l 
locations .  Ou r  dynamica l  compensatio n algorith m lead s 
t o simila r  results . 

I n ever y simulatio n experiment ,  a  sequenc e o f  synap -
ti c degradatio n an d compensatio n step s i s executed .  I n 
orde r  t o measur e th e averag e inpu t  field  i n eac h compen -
satio n step ,  th e syste m i s presente d wit h rando m input s 
and i t  flows  int o som e o f  it s attractors .  Afte r  averagin g 
ove r  m a n y input s on e calculate s th e ne w Cj .  The n th e 
syste m i s presente d wit h it s m e m o r y repertoir e i n orde r 
t o measur e it s performance ,  befor e anothe r  degradatio n 
ste p i s applied . 

Performanc e o f  th e networ k i s define d b y th e averag e 
recal l  o f  al l  memories .  T h e latte r  i s  measure d b y th e 
overla p m'* ,  whic h denote s th e similarit y betwee n th e 
final  stat e V  th e networ k converge s t o an d th e m e m o r y 
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pat ter n t}' '  tha t  i s  c u e d i n e a c h trial ,  define d b y 

m^it )  = 
p ( l _ p ) 7 V ^ E ( ' ? ' - p ) ^ ' ( < ) - (6 ) 

4 0.4 -

Figur e 2 :  Performanc e o f  a  networ k wit h N  =  100 0 neu -
ron s an d M = 5 0 memorie s wit h activit y leve l  o f  p=0.0 5 
i s plotte d vs .  time .  T h e dot-dashe d curv e represent s a 
cas e o f  synapti c turnove r  withou t  compensation .  Afte r 
a shor t  whil e th e networ k i s  unabl e t o perfor m m e m o r y 
retrieval .  W h e n compensatio n i s  employe d (ful l  curve ) 
th e syste m ca n continu e t o serv e a s a n attracto r  neura l 
networ k fo r  a  lon g time . 

Fig. 2 shows the performance of the network as a 
functio n o f  time .  I f  n o compensatio n i s applied ,  m e m o r y 
retrieva l  deteriorate s fast .  Wi t h ou r  algorith m perfor -
mance ca n b e maintaine d fo r  lon g times .  T h e facto r  tha t 
determine s thi s tim e spa n i s th e widt h o f  th e distribu -
tio n o f  rando m synapti c weakenin g tha t  i s employed .  Fo r 
homogeneou s weakenin g compensatio n i s  exact .  H o w -
eve r  fo r  rando m processes ,  th e widt h o f  th e distributio n 
grow s wit h time ,  and ,  a t  som e poin t  th e averag e com -
pensator y factor s canno t  overcom e th e distortio n whic h 
i s introduce s i n th e m e m o r y system .  T h e latte r  need s 
the n fres h Hebbia n learnin g t o reloa d it s  memory . 

Homogenization of the Basins of 

A t t r a c t i o n 

Our compensatory process has the characteristics of 
maintainin g th e activit y o f  singl e neurons .  A s a  resul t 
i t  strengthen s weakene d memorie s an d weaken s stron g 
memories .  Thi s lead s t o a n interestin g regulatio n pro -
ces s whic h homogenize s th e memories '  basin s o f  attrac -
tion .  Figur e 3  shoW s th e result s o f  applyin g ou r  compen -
satio n algorithm ,  withou t  an y synapti c weakening ,  t o a 
model  wit h 5 0 memories ,  o f  whic h thre e hav e strength s 
of  5  =  4 ,  3  an d 2 ,  an d al l  th e res t  hav e g  =  I .  W e se e 
ho w withi n a  shor t  whil e th e stronges t  memory ,  whic h 
has dominate d i n th e beginning ,  loose s it s bi g basi n o f 
attraction .  Afterward s al l  stron g memorie s continu e t o 
decreas e together .  Th e share s o f  th e basin s o f  attractio n 
of  al l  memorie s a t  th e beginnin g an d a t  th e en d o f  th e 
tim e scal e o f  Fig .  3  ar e presente d i n Fig .  4 . 
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Figure 3: Size of basins of attraction as measured by the 
number  o f  retrieval s o f  specifi c  memorie s fo r  20 0 rando m 
trial s a t  eac h epoch .  N o synapti c degradatio n i s  per -
formed ,  bu t  th e compensatio n mechanis m i s employed . 
I n additio n t o th e 4  memorie s show n here ,  thi s experi -
ment  ha d anothe r  4 6 memorie s wit h strengt h g  =  1 . 

Figur e 4 :  Share s o f  m e m o r y spac e i n th e exampl e stud -
ie d i n Fig .  3 ,  fo r  th e beginnin g an d th e en d o f  th e ex -
periment .  I n th e excitatory-inhibitor y mode l  tha t  w e 
investigate ,  rando m input s lea d eithe r  t o encode d m e m-
orie s o r  t o th e nul l  attracto r  (gra y shading )  i n whic h al l 
activit y stops . 
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D i s c u s s i o n 

The compensatioD mechanism presented above works 
als o whe n th e networ k i s presente d wit h memor y pat -
tern s a s input s durin g th e compensatio n measuremen t 
period .  However ,  i t  work s significantl y bette r  wit h ran -
do m inpu t  pattern s o f  activity ,  sinc e th e latte r  gaug e no t 
jnl y th e patterns '  stabilit y  bu t  als o thei r  basin s o f  attrac -
tion .  Muc h lik e Cric k an d Mitchison' s theory ,  thi s ha s 
le d u s t o postulat e th e existenc e o f  rando m cortica l  activ -
it y durin g R E M sleep ,  whic h .  rovide s th e rando m pat -
tern s o f  activit y neede d fo r  synapti c maintenance .  Thi s 
proposa l  follow s th e findings  tha t  durin g R E M slee p th e 
corte x i s periodicall y stimulate d i n a  diffuse ,  widesprea d 
manner  b y th e brainstem .  Hobso n an d McCarle y (1977 ) 
hav e postulate d th e existenc e o f  a  'drea m generator ' 
i n th e pontin e reticula r  formation ,  whic h periodicall y 
generate s ponto-geniculat e ( P G O )  waves .  Thes e pha -
si c P G O I  urstin g signal s ca n b e viewe d a s a  templat e o f 
excitator y activit y tha t  project s ont o cortica l  network s 
durin g R E M sleep .  Interestingly ,  th e activatio n o f  P G O 
waves depend s o n withdrawa l  o f  noradrenergi c inhibi -
tion ,  whos e level s ar e markedl y reduce d durin g R E M 
slee p (Jones ,  1991) .  Th e mai n functiona l  effect s o f  nore -
pinephrin e releas e ar e a n increas e i n th e signal-to-nois e 
rati o governin g neura l  dynamics ,  an d th e facilitatio n 
of  long-ter m potentiatio n (e.g. ,  (Hopkin s &  Johnston , 
1988)) .  Hence ,  it s lo w level s durin g R E M resul t  i n lo w 
signsil-to-nois e an d contribut e t o th e generatio n o f  th e 
rando m activit y tha t  i s  require d t o homogeneousl y sam -
pl e th e inpu t  space .  I n addition ,  it s  lo w level s preven t 
th e occurrenc e o f  Hebbia n cortica l  L T P change s durin g 
P GO phasi c burs t  activity ,  whic h otherwis e woul d en -
hanc e th e formatio n o f  pathologica l  attractors . 

We ar e no w i n a  positio n t o addres s severa l  interest -
in g questions .  W h y i s slee p segregate d int o distinc t  S W S 
and R E M phases ? Th e answe r  t o tha t  m a y b e tha t  th e 
task s o f  learnin g ne w pattern s (implemente d vi a Heb -
bia n synapti c change s durin g S W S)  an d synapti c main -
tenanc e (carrie d ou t  vi a neural-base d synapti c change s 
durin g R E M )  rel y o n distinc t  neurochemica l  resources . 
I f  thi s i s  th e case ,  the n th e segregatio n o f  slee p t o tw o re -
peatin g phase s m a y provid e fo r  th e nee d o f  periodicall y 
replenishin g thes e neurochemica l  resources ,  an d upreg -
ulatin g th e synapti c receptor s involve d i n on e pathwa y 
whil e th e othe r  on e i s activated .  However ,  i n ligh t  o f 
our  proposal ,  th e fundamenta l  reason s fo r  R E M / S WS 
separatio n m a y b e computational .  I n accordance ,  whil e 
learnin g involve s change s i n individua l  synapses ,  synap -
ti c maintenanc e involve s concomitant ,  uniform ,  change s 
of  al l  th e neuron' s synapses .  Obviously ,  thes e tw o pro -
cesse s canno t  occu r  together ,  bu t  nee d t o b e segregated . 
Sinc e synapti c maintenanc e depend s o n th e activatio n 
of  rando m patterns ,  Hebbia n synapti c plasticit y mus t 
be depresse d durin g tha t  perio d t o preven t  th e learnin g 
of  thes e 'nonsense '  patterns .  Hence ,  learnin g an d con -
solidatio n ar e no t  possibl e durin g R E M sleep ,  an d mus t 
occu r  i n a  separat e period .  O n th e othe r  hand ,  synapti c 
maintenanc e canno t  b e performe d durin g th e consolida -
tio n perio d ( S W S )  whe n onl y a  smal l  se t  o f  ne w pattern s 
i s presente d t o th e network ,  whic h i s insufficien t  t o ade -

quatel y sampl e th e whol e synapti c matri x an d achiev e a 
correc t  evaluatio n o f  th e neurons '  inpu t  fields. 

W hy shoul d th e S W S an d R E M slee p stage s appea r 
i n a  repetitivel y cycli c manner ? Again ,  ther e m a y b e 
severa l  reason s fo r  thi s slee p patter n whic h li e outsid e 
th e computationa l  realm .  However ,  ou r  mode l  offer s a n 
interestin g computationa l  explanatio n t o thi s repetitiv e 
pattern :  efficien t  synapti c maintenanc e require s a  cyclic , 
repetitiv e mode .  Th e reaso n i s tha t  i n an y give n msdn -
tenanc e 'epoch' ,  onl y th e stronges t  attractor s ar e coun -
teracted ,  becaus e the y overwhelmingl y attrac t  rando m 
inpu t  pattern s (see ,  e.g. ,  (Parisi ,  1986 ;  Ruppi n e t  al .  , 
1996)) .  Hence ,  th e synapti c compensatio n proces s mus t 
be performe d iteratively ,  eac h tim e removin g les s an d 
les s dee p attractors .  Suc h a  patter n i s illustrate d i n 
Figur e 3 .  A s evident ,  th e basi n o f  attractio n o f  othe r 
stron g memorie s begin s t o shrin k onl y afte r  th e initiall y 
stronges t  m e m o r y i s brough t  t o thei r  strength .  No t  onl y 
shoul d compensatio n b e performe d i n repeate d cycles , 
but  s o shoul d learning/consolidation :  Associativ e m e m-
or y network s ar e pron e t o th e formatio n o f  unbalance d 
m e m o ry storag e whe n Hebbiam-lik e activity-dependen t 
chsinge s ar e incorporate d (Ruppi n e t  al .  ,  1996) .  Du e t o 
an inheren t  positiv e feedbac k loo p whic h exist s betwee n 
th e strengt h o f  th e embeddin g o f  a  m e m o r y patter n an d 
th e probabilit y  tha t  i t  wil l  b e retrieved ,  rando m initia l 
difference s i n th e strengt h o f  th e synapti c embeddin g o f 
differen t  memorie s ten d t o b e magnified .  Hence ,  i f  lef t 
unchecked ,  a  newl y learn t  m e m o r y patter n m a y bia s th e 
learnin g o f  othe r  pattern s an d dominat e th e retrieva l  o f 
th e network ,  degradin g it s performance . 

H ow d o ou r  idea s far e whe n considerin g R E M slee p 
indice s i n neurologi c an d psychiatri c disorders ? Inter -
estingly ,  R E M slee p tim e i s diminishe d i n Alzheimer' s 
diseas e (Reynold s e t  al .  ,  1987) .  Thes e findings  rais e 
th e possibilit y  tha t  du e t o th e decreas e i n R E M dura -
tio n ther e i s les s tim e availabl e fo r  synapti c regulatio n 
t o occur ,  resultin g i n inadequat e synapti c compensation . 
As show n i n (Hor n e t  al .  ,  1993 ;  Hor n e t  al .  ,  1996) , 
insufficien t  synapti c compensatio n ca n lea d t o m e m o r y 
deterioration ,  a  clinica l  hallmar k o f  Alzheimer' s disease . 
Schizophreni a i s apparentl y no t  characterize d b y an y no -
tabl e change s i n th e duratio n o f  eithe r  R E M o r  S W S 
slee p (Benc a c t  al .  ,  1992) .  Yet ,  th e absenc e o f  suc h over t 
change s i n th e lengt h o f  slee p doe s no t  preclud e th e possi -
bilit y  tha t  slee p i s disturbe d i n a  mor e subtl e manner .  In -
crease d dopaminergi c activit y i s  b y fa r  th e mos t  notabl e 
neurochemica l  alteratio n tha t  ha s bee n implicate d i n th e 
pathogenesi s o f  schizophrenia ,  a t  leas t  wit h regar d t o th e 
formatio n o f  positiv e symptoms .  T h e neuromodulator y 
actio n o f  dopaimine ,  lik e norepinephrine ,  i s  though t  t o in -
creas e th e gai n o f  th e neuron' s activatio n function ,  i.e. , 
i n term s o f  ou r  model ,  decreas e it s stochasti c componen t 
(se e (Servan-Schreibe r  e t  al .  ,  1990 )  fo r  a  review) .  Thus , 
th e increase d dopaminergi c activit y m a y severel y reduc e 
th e fractio n o f  th e patterns '  spac e probe d durin g R E M 
sleep ,  an d combine d wit h th e enhancemen t  i n L T P pro -
duce d b y increase d dopaminergi c activit y (se e (Ruppi n 
et  al .  ,  1996)) ,  m a y resul t  i n th e formatio n o f  patholog -
ica l  attractors .  Suc h attractor s m a y contribut e t o th e 
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formatio n o f  schizophreni c positiv e symptom s suc h a s 
delusion s an d hallucinations ,  a s the y ar e repetitivel y ac -
tivate d spontemeousl y i n th e absenc e o f  a n externa l  inpu t 
trigge r  (Ruppi n e t  al .  ,  1996) .  I n summary ,  ou r  mode l 
suggest s a  lin k betwee n th e specifi c  alteration s i n R E M 
slee p observe d i n A D an d schizophrenia ,  an d som e o f 
thei r  chie f  clinica l  symptoms . 

Vaui  Ooye n (1994 )  reviewe d a  ric h bod y o f  exper -
imenta l  dat a supportin g th e existenc e o f  neural-level , 
activity-dependen t  mechanism s tha t  regulat e neura l  ac -
tivit y vi a change s o n veiriou s level s includin g synapti c 
ones .  Thes e dat a testif y t o th e plausibilit y  o f  ou r  ideas , 
but  obviousl y d o no t  constitut e a  direc t  testimon y t o 
thei r  relevance .  Ou r  mode l  put s forward ,  however ,  a 
clea r  predictio n whic h ca m b e teste d i n a  fairl y  straight -
forwar d manner :  I f  on e ask s subject s t o memoriz e a  se t 
of  item s wit h differen t  'embeddin g strengths '  (sa y dif -
feren t  frequencie s o f  presentation) ,  the n th e retrieva l  o f 
suc h freshl y learne d item s shoul d b e mor e homogeneou s 
afte r  R E M slee p tha n before .  Mor e elaborat e electro -
physiologica l  studie s i n monkey s m a y b e performe d (fol -
lowin g a  paradig m simila r  t o tha t  employe d b y Miyashit a 
and Chan g (1988) )  i n orde r  t o trac e th e detail s o f  th e ho -
mogenizatio n proces s o n th e encodin g level . 

I n thi s pape r  w e hav e raise d th e hypothesi s tha t 
th e functio n o f  R E M slee p i s t o serv e a s a  mechemis m 
fo r  maintainin g synapti c integrit y i n cortica l  associativ e 
memory networks .  W e surveye d th e biologica l  dat a tha t 
support s th e plausibilit y  o f  ou r  hypothesis ,  an d demon -
strate d it s viabilit y  b y usin g neura l  network s wit h a 
novel ,  local ,  synapti c maintenanc e algorithm .  I n ou r 
vie w slee p serve s tw o importan t  tasks ,  a t  leas t  a s fa r  a s 
learnin g zui d memor y storag e ar e concerned :  A .  Memor y 
consolidation ,  whic h occur s durin g S W S whe n th e brai n 
i s relativel y fre e fro m th e tas k o f  processin g environmen -
ta l  stimuli .  B .  Neurona l  homeostasi s throug h regulatio n 
of  synapti c replenishmen t  processe s i n a n activit y depen -
dent  manner ,  whil e th e brai n i s essentiall y  cut-of f  fro m 
th e externa l  environmen t  durin g R E M sleep . 
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Abstrac t 

When one billiard ball strikes and launches another, most ob-
server s repor t  seein g th e first  bal l  caus e th e secon d bal l  t o 
move.  Michott e (1963 )  argue d tha t  th e essenc e o f  phenomena l 
causalit y i s  "ampliation "  o f  movement ,  i n whic h th e motio n o f 
th e first  objec t  i s  perceptuall y transferre d t o th e secon d objec t 
Michott e provide d onl y phenomenologica l  evidence ,  however . 
We exten d th e reviewin g paradig m o f  Kahneman ,  Treisman , 
and Gibb s (1992 )  t o Michotte-st y l e laimchin g event s an d repor t 
response-tim e dat a consisten t  wit h Michott e * s notio n o f  ampli -
ation .  W e discus s ho w contemporar y theorie s o f  featur e bind -
in g ca n exten d t o th e domai n o f  interactin g object s an d addres s 
our  results .  W e als o sugges t  tha t  ou r  treatmen t  o f  ampliatio n 
help s clarif y controversie s regardin g whethe r  perceive d causal -
it y i s  direc t  o r  interprete d an d whethe r  i t  i s  innat e o r  learned . 

Causality Perceived 

Imagin e a  billiar d table .  Th e cu e bal l  roll s  acros s th e fel t  an d 
strike s th e 8-ball ,  launchin g th e 8-baII .  Mos t  observer s wil l 
repor t  seein g th e cu e bal l  caus e th e 8-bal I  t o move .  Th e per -
ceptio n o f  causalit y ha s bee n place d a t  th e foundatio n o f  cog -
nition :  Kan t  (1788 )  argue d tha t  causalit y wa s a n innat e an d 
fundamenta l  categor y o f  cognition ;  Piage t  (1971 )  m a d e i t  a n 
integra l  par t  o f  hi s theor y o f  development ;  and ,  mor e recentl y 
Leyto n (1992 )  ha s argue d tha t  th e extractio n o f  causalit y  i s a t 
th e cor e o f  perceptio n an d cognition . 

The Britis h empiricis t  philosophe r  Davi d H u m e (1739 )  ar -
gued tha t  impression s o f  causalit y ar e mer e fabrication s o f  a 
sophisticate d mind :  I n th e cas e o f  th e billiar d balls ,  th e ob -
serve r  see s th e cu e bal l  m o v e ,  see s th e contac t  o f  th e balls , 
and see s th e subsequen t  motio n o f  th e 8-baIl ,  bu t  doe s no t  se e 
causalit y itself .  Th e impressio n o f  causality ,  H u m e argued , 
i s a  learne d nexu s from  th e first  t o secon d ball ,  base d o n re -
peate d observation s o f  th e conjunctio n o f  th e tw o motions , 
thei r  spatio-tempora l  contiguity ,  an d th e tempora l  priorit y o f 
th e on e motio n relativ e t o th e other . 

T wo hundre d year s later ,  th e Belgia n psychologis t  Alber t 
Michott e impugne d H u m e ,  arguin g instea d tha t  th e impres -
sio n o f  causalit y  i s a  spontaneou s perceptua l  gestalt ,  whic h i s 
neithe r  learne d no r  a n interpretatio n vi a absu-ac t  knowledg e 

of  physica l  event s (Michotte ,  1941,1963) .  Michott e claime d 
tha t  th e essenc e o f  perceive d causalit y  i s "ampliatio n o f  m o -
tion. "  Th e neologism ,  "ampliation, "  refer s t o tw o aspect s o f 
th e perceive d motion .  First ,  th e motio n o f  th e approachin g ob -
jec t  i s transferre d t o th e launche d object .  Second ,  fo r  a  brie f 

tim e jus t  afte r  impac t  (approximatel y 200ms) ,  th e motio n i s 
phenomenologicall y duplicilous :  I t  belong s t o th e first  objec t 
whil e th e secon d objec t  ha s it .  Thereafter ,  th e motio n o f  th e 
secon d objec t  become s autonomous . 

Unfortunately ,  Michott e m a d e onl y phenomenologica l  ob -
servation s o f  perceive d causalit y an d gathere d n o perfor -
mance data ,  leavin g ope n th e possibilit y  tha t  ampliatio n o f 
motio n i s  merel y a n idiosyncrati c epiphenomeno n (Boyle , 

1972 ;  Joynson ,  1971) .  Nevertheless,  Michotte' s method s an d 
findings  ar e frequently  describe d i n textbook s o n perception , 
development ,  artificia l  intelligence ,  etc .  (e.g. ,  Boden ,  1977 ; 
Bower ,  1982 ;  Bruc e &  Green ,  1990 ;  Rock ,  1975) ,  an d a  com -
pilatio n o f  newl y translate d article s b y Michott e ha s recentl y 
bee n publishe d (Things ,  Costall ,  &  Butterworth ,  1991) .  I n 
thi s pape r  w e repor t  a  response-tim e experimen t  tha t  yielde d 
result s consisten t  wit h Michotte' s theor y o f  ampliation . 

We propos e tha t  th e theor y o f  ampliatio n ca n b e construe d 
t o impac t  directl y o n theorie s o f  featur e integration ;  i.e. ,  the -
orie s o f  h o w differen t  visua l  feature s o f  a n object ,  suc h a s 
shape ,  color ,  an d movement ,  ar e boun d int o a  c o m m o n iden -
tit y bu t  distinguishe d from  visua l  feature s o f  othe r  object s i n 
th e sam e field  o f  vie w (e.g. ,  Treisman ,  1986) .  Th e ke y ide a i s 
tha t  i f  th e motio n i s perceptuall y transferre d fro m on e objec t  t o 
th e next ,  the n th e featur e o f  movemen t  mus t  b e unboun d fro m 
th e launchin g objec t  an d boun d wit h th e launche d object .  W e 
discus s h o w contemporar y theorie s o f  featur e bindin g ca n ac -
coun t  fo r  Michotte' s phenomenolog y o f  perceive d causality . 

Providin g a  performanc e measur e o f  ampliatio n an d givin g 
i t  a  theoretica l  interpretatio n i n term s o f  featur e bindin g als o 
supplie s a  n e w perspectiv e o n th e relatio n betwee n ampliatio n 
an d perceive d causality .  Rathe r  tha n debat e whethe r  a  singl e 
proces s o f  perceivin g causalit y  i s eithe r  innat e o r  learned ,  w e 
sugges t  tha t  th e sub-proces s o f  ampliatio n migh t  b e perceive d 
directl y an d develope d earl y i n infancy ,  bu t  th e complet e per -
ceptio n o f  causalit y migh t  b e interprete d an d learned . 

An Empirical Approach to Measuring 

Ampl ia t io n 

Th e Reviewin g Paradig m 

The performanc e measur e o f  ampliatio n tha t  w e wil l  describ e 
i s a n extensio n o f  th e reviewin g paradig m invente d b y Kah -
neman e t  al .  (1992) .  I n thi s paradigm ,  th e observe r  i s first 
shown tw o object s o n a  compute r  screen ,  suc h a s th e triangl e 
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Previe w Fiel d Linkin g Displa y Targe t  Fiel d 

Figure 1: Example of the reviewing paradigm used by Kahneman et al. (1992). 

and squar e i n th e lef t  pane l  o f  Figur e 1 .  T w o letters ,  labele d 
"P I "  an d " P 2 "  i n Figur e 1 ,  ar e briefl y presente d ("previewed" ) 
insid e eac h object .  Afte r  th e letter s disappear ,  th e empt y ob -
ject s visibl y m o v e t o n e w locations ,  a s show n i n th e middl e 
pane l  o f  Figur e 1 .  Th e motio n o f  th e object s link s thei r  initia l 
position s t o thei r  final  positions ,  an d s o thi s motio n i s calle d 
th e "linkin g display. "  A  targe t  letter ,  labele d " T *  i n th e righ t 
pane l  o f  Figur e 1 ,  the n appear s i n on e o f  th e objects .  Th e ob -
server' s tas k i s t o identif y th e lette r  a s quickl y a s possible ,  b y 
sayin g th e letter' s nam e int o a  microphone . 

Th e ke y resul t  i s  tha t  observer s ca n identif y targe t  letter s 
tha t  matche d th e previe w lette r  fro m th e sam e objec t  faste r 
tha n the y ca n identif y targe t  letter s tha t  matche d th e previe w 
lette r  fro m th e othe r  object .  I n Figur e 1 ,  fo r  example ,  ob -
server s ar e faste r  t o identif y th e target ,  T ,  whe n i t  matche s 
P2 (whic h wa s i n th e sam e objec t  a s th e target )  tha n whe n 
i t  matche s P I  (whic h wa s i n th e othe r  object) .  Kahnema n 
et  al .  (1992 )  calle d thi s effec t  th e object-specifi c  previe w ad -

vantage . 

The Reviewing Paradigm Applied to Launching 

Kruschke (1987) applied the reviewing paradigm to Michotte-
styl e launchin g events .  Suppos e th e linkin g displa y i n th e re -
viewin g paradig m di d no t  kee p th e object s separated ,  a s i n 
Figur e 1 ,  bu t  instea d showe d on e objec t  strikin g an d launch -
in g th e other ,  a s on e billiar d bal l  ca n strik e an d launc h an -
other .  Conside r  wha t  woul d happe n i f  th e targe t  lette r  ap -
peare d i n th e launched  object .  Woul d ther e stil l  b e a  stron g 
object-specifi c  previe w advantage ,  o r  woul d th e previe w in -
formatio n fro m th e launchin g objec t  b e transfened ,  o r  am -

pliated ,  t o th e launche d object ? Kruschk e (1987 )  reporte d 
tha t  th e object-specifi c  previe w advantag e wa s significantl y 
reduce d i n launching ,  relativ e t o a  contro l  even t  i n whic h th e 
object s di d no t  interact . 

We replicate d an d extended  tha t  stud y i n ne w experiments . 

I n a n even t  w e cal l  launching ,  show n i n th e lef t  pane l  o f  Fig -
ur e 2 ,  participant s sa w on e circl e m o v e towar d an d contac t 
another ,  a t  whic h tim e th e first  circl e stoppe d an d th e sec -
on d circl e move d awa y a t  th e sam e velocit y previousl y ha d b y 
th e first  circle .  Analogou s t o th e reviewin g paradig m o f  Kah -
neman e t  al .  (1992) ,  symbol s suc h a s " @ "  o r  " & "  appeare d 
briefl y i n th e initia l  moment s o f  th e event ,  indicate d b y P I  an d 
P2 i n Figur e 2 .  The n on e empt y circl e launche d th e other ,  an d 
a targe t  symbol ,  indicate d b y T  i n Figur e 2 ,  appeare d i n th e 
launche d object ,  a t  whic h tim e th e launche d objec t  wa s sta -
tionary .  Unlik e th e identificatio n tas k use d i n th e experiment s 

of  Kahnema n e t  al .  (1992) ,  th e tas k fo r  ou r  participant s wa s 
t o indicat e a s quickl y a s possibl e whethe r  th e targe t  symbo l 
was th e sam e a s eithe r  o f  th e tw o previe w symbols .  Response s 
wer e mad e b y pressin g a  butto n whe n th e targe t  matche d ei -
the r  o f  th e previe w symbols ,  an d b y pressin g a  differen t  butto n 
when th e targe t  di d no t  matc h eithe r  o f  th e previe w symbols . 

A secon d even t  type ,  calle d delaye d motion ,  bega n an d 
ende d th e sam e wa y a s launching ,  bu t  ha d th e tw o circle s 
remai n i n contac t  wit h eac h othe r  fo r  approximatel y 890ms . 
Accordin g t o Michott e (1963 ,  Experimen t  29 ,  p .  91) ,  ob -
server s perceiv e delaye d motio n a s tw o independen t  move -
ment s withou t  ampliation .  Th e first  circl e i s see n t o sto p com -
pletely ,  an d th e secon d circl e the n appear s t o mov e awa y wit h 
it s o w n motion .  Becaus e th e tw o motion s ar e perceive d a s in -
dejjendent ,  w e woul d expec t  t o find  a  robus t  object-specifi c 
previe w advantag e i n delaye d motion .  I n launching ,  however , 
we predicte d tha t  th e object-specifi c  previe w advantag e woul d 

be diminished . 

Participant s als o sa w tw o othe r  event s i n whic h th e im -

pacte d objec t  di d no t  move .  Th e thir d pane l  o f  Figur e 2  show s 
th e even t  w e cal l  targe t  a t  contact ,  an d th e fourt h pane l  show s 
delaye d targe t  a t  contact .  I n thes e events ,  th e targe t  appeare d 
at  th e moment  correspondin g t o whe n th e first  circl e contacte d 
th e secon d circl e i n th e launchin g event .  Th e motivatio n fo r 
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Figur e 2 :  Schemati c diagra m o f  th e fou r  event s i n ou r  experimen t  (no t  draw n t o scale) . 

thes e event s wa s t o encourag e observer s t o atten d t o th e poin t 
of  impac t  (whic h i s wher e th e targe t  appear s i n thes e "contact " 
events) .  Previou s experiment s suggeste d tha t  i f  observer s se e 
onl y th e launchin g an d dela y events ,  the y migh t  immediatel y 
move thei r  attentio n afte r  th e previe w fiel d t o th e anticipate d 
locatio n o f  th e target ,  withou t  devotin g muc h attentio n t o th e 
motions  o f  th e objects .  Attendin g t o th e poin t  o f  impac t  wa s 
deemed importan t  b y Michott e fo r  elicitin g th e bes t  phenom -
enal  ampliation ;  attendin g t o th e poin t  o f  impac t  i s als o im -
portan t  t o clearl y distinguis h launchin g fro m delaye d motion . 
We anticipate d a  stron g object-specifi c  previe w advantag e fo r 
delaye d targe t  a t  contact ,  bu t  a  diminishe d advantag e i n targe t 
at  contact . 

Method 

Participants. Forty-two undergraduates at Indiana Univer-
sit y volunteere d i n partia l  fulfillmen t  o f  a  psycholog y cours e 
requirement . 

Stimuli .  Stimul i  wer e presente d o n a  PC-typ e 13 "  colo r 
monito r  i n V G A resolution .  O n ever y trial ,  ther e wa s a  yel -
lo w rectangula r  frame ,  2 5 6 m m wid e b y 6 0 m m high ,  whic h 

enclose d th e relevan t  regio n o f  th e th e display .  Th e circle s 
had a  diamete r  o f  approximatel y 2 7 m m,  an d wer e separate d 
ccnter-to-cente r  b y approximatel y 3 8 m m.  Ever y tria l  bega n 
wit h th e circle s an d thei r  previe w symbol s i n th e sam e posi -

tion ,  centere d laterall y o n th e scree n wit h a  smal l  yello w fixa-
tio n do t  centere d betwee n them .  O n e circl e an d symbo l  wer e 
red ,  th e othe r  green .  Th e fixation  do t  an d previe w symbol s 
appeare d fo r  500ms .  Th e previe w symbol s the n disappeared , 
and th e empt y circle s remaine d stationar y fo r  200ms .  Fo r 
launchin g (se e Figur e 2) ,  th e circle s remaine d stationar y fo r 
an additiona l  890m s an d the n underwen t  th e launchin g m o -
tio n fo r  230ms .  W h e n moving ,  th e spee d o f  th e circle s wa s 
approximatel y 33cm/s .  The n th e targe t  lette r  appeare d i n th e 
launche d object .  W h e n th e targe t  lette r  matche d a  previe w let -
ter ,  th e targe t  lette r  ha d th e sam e colo r  a s th e previe w lette r  i t 
matched .  Th e othe r  event s ha d th e sam e tota l  duration ,  wit h 
onl y th e linkin g displa y differin g betwee n them .  Fo r  example , 
i n delaye d motion ,  th e linkin g displa y consiste d o f  approxi -
matel y 115m s fo r  th e motio n o f  th e first  object ,  followe d b y 
890ms o f  contact ,  followin g b y 115m s fo r  th e motio n o f  th e 
secon d object . 

Design and procedure. The design consisted of five 
crosse d factors :  (1 )  typ e o f  matc h betwee n targe t  an d pre -
vie w letter s (matc h sam e object ,  matc h othe r  object ,  matc h 
neithe r  object) ;  (2 )  directio n o f  motio n (left ,  right);  (3 )  colo r 

of  th e lef t  previe w symbo l  an d circl e (red ,  green) ;  (4 )  tim e o f 
initia l  movemen t  (lat e a s i n launchin g an d targe t  a t  contact , 
earl y a s i n th e dela y events) ;  an d (5 )  tim e o f  targe t  appearanc e 
(lat e a s i n launching ,  earl y a s i n contact) .  Th e trial s i n whic h 
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Figur e 3 :  M e a n respons e time s fo r  correc t  responses . 

th e targe t  di d no t  matc h a  previe w lette r  wer e double d i n 
orde r  t o equaliz e th e tota l  numbe r  o f  matc h an d no-matc h 
trials .  Eac h bloc k consiste d o f  6 6 trials :  2  warm-u p trial s 

chose n a t  rando m fro m th e design ,  followe d b y 6 4 trial s tha t 
visite d eac h cel l  o f  th e desig n once . 

Afte r  on-scree n instruction s wit h severa l  example s o f  th e 
events ,  participant s ha d a n initia l  practic e bloc k o f  3 5 trials , 
followe d b y 8  block s o f  6 6 trial s each ,  wit h brie f  rest s betwee n 
blocks .  Th e experimen t  laste d abou t  a n hour . 

Results 

Figure 3 shows the mean response times as a function of event 
an d matc h condition .  Thes e factor s di d no t  interac t  wit h di -

rectio n o f  motio n o r  colo r  o f  symbol .  Ther e wa s indee d a 
stron g object-specifi c  previe w advantag e fo r  delaye d motio n 
an d fo r  delaye d targe t  a t  contact ,  wit h respons e time s signif -
icantl y longe r  fo r  matchin g th e targe t  t o th e othe r  objec t  tha n 

fo r  matchin g th e targe t  t o th e sam e objec t  (fo r  delaye d motion , 
RTs fo r  match-othe r  an d match-sam e wer e 7 0 3 m s vs .  646ms , 

respectively ,  F(l,41 )  =  53.71 ,  p  =  .0001) .  Th e magnitud e o f 
th e object-specifi c  advantag e wa s reduce d fo r  launching ,  al -

thoug h th e reductio n wa s statisticall y o f  margina l  significanc e 
(interactio n contras t  F(l,41 )  =  3.78 ,  p  =  .059) .  Comparabl e 
reduction s hav e bee n observe d i n severa l  othe r  experiment s 
conducte d i n ou r  laboratory ,  an d b y Kruschk e (1987) ,  s o w e 
conside r  thi s tren d towar d reductio n t o b e reliable .  Th e re -
ductio n i n object-specifi c  previe w advantag e wa s quit e stron g 
fo r  targe t  a t  contact ,  howeve r  (interactio n contras t  F(I,41 )  = 
13.50 ,  p  =  .0007) .  Thus ,  a t  th e tim e o f  impact ,  ther e wa s a 
complet e los s o f  object-specifi c  previe w advantage ,  bu t  mo -
ment s later ,  i n th e dela y events ,  th e object-specifi c  advantag e 
was regained . 

Thes e result s ar e intriguin g fo r  tw o reasons .  First ,  regard -
les s o f  thei r  theoretica l  interpretation ,  th e result s sho w tha t  th e 

object-specifi c  previe w advantag e i s influence d b y th e typ e o f 
interactio n betwee n th e objects .  I n particular ,  mer e contac t 
of  th e objects ,  a s i n delaye d motion ,  doe s no t  obliterat e th e 

object-specifi c  previe w advantage ,  bu t  contac t  wit h launch -
in g doe s diminis h th e advantage .  Moreover ,  th e reductio n i n 
object-specifi c  previe w advantag e i s temporall y localize d jus t 

afte r  th e tim e o f  impact ,  an d th e object-specifi c  advantag e i s 
regaine d moment s later .  Second ,  on e interpretatio n o f  th e re -
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suit s i s tha t  informatio n fro m th e launchin g objec t  i s  ampliate d 
t o th e launche d object ,  s o tha t  jus t  afte r  impac t  th e previewe d 
symbol  fro m th e launchin g objec t  i s a s accessibl e t o retrieva l 
as th e previewe d symbo l  fro m th e launche d object .  Thes e re -
sult s  ar e th e first  performanc e measur e directl y addressin g Mi -
chotte' s (1963 )  notio n o f  ampliatio n i n perceive d causality . 

Ampliation as Feature Re-Binding 

To explai n thei r  results ,  Kahnema n e t  al .  (1992 )  suggeste d a 
"reviewin g model, "  i n whic h th e motio n o f  th e linkin g dis -
pla y (middl e pane l  o f  Figur e 1 )  biase s whic h objec t  wil l  b e 

reviewe d first  i n memory .  Th e mode l  assume s tha t  th e motio n 
link s th e targe t  objec t  wit h th e correspondin g previe w object , 
but  th e mode l  doe s no t  incorporat e an y aspect s o f  th e dynam -
ic s o f  th e motion .  I n particular ,  th e mode l  doe s no t  sugges t 
why differen t  event s woul d hav e differen t  biasin g effect s wit h 
differen t  durations ,  a s foun d i n ou r  data .  Treisma n an d Kah -
neman (Treisman ,  1986 ;  Kahnema n e t  al. ,  1992 )  hav e als o 
suggeste d tha t  visua l  feature s ar e boun d togethe r  int o "objec t 
files"  tha t  retai n eac h object' s immediat e history .  A n objec t 
file  i s tantamoun t  t o a  tag ,  o r  label ,  o n eac h visua l  feature , 
identifyin g th e objec t  t o whic h th e featur e belongs . 

We propos e tha t  ou r  result s  ar e mediate d b y bindin g an d un -
bindin g o f  th e visua l  featur e o f  motio n wit h othe r  feature s o f 
th e objects .  O n e potentia l  (an d controversial )  mechanis m fo r 
featur e integratio n i s synchronizatio n o f  neura l  pulse s fro m 
differen t  featur e detectors .  Th e puls e trai n act s a s a n objec t  la -
bel  fo r  th e feature ,  an d synchronizatio n give s th e label s fro m 
differen t  feature s a  c o m m o n signature .  Ther e i s empirica l  ev -
idenc e tha t  neuron s us e thi s mechanis m (fo r  a  recen t  revie w 
see Singe r  &  Gray ,  1995) ,  an d severa l  researcher s hav e ap -
plie d thi s bindin g mechanis m i n model s o f  visua l  perception , 
attention ,  an d memor y (e.g .  Damasio ,  1990 ;  Grossber g & 
Sommcrs,  1991 ;  H u m m el  &  Biederman ,  1992 ;  Lumer ,  1992 ; 
Mozer ,  Zemel ,  &  Behrmann ,  1992 ;  Pabst ,  Reitboeck ,  &  Eck -
hom,  1989 ;  Spoms ,  Tononi ,  &  Edelman ,  1991) . 

Applie d t o th e scenari o o f  launching ,  thes e idea s sugges t 
tha t  a s th e launchin g objec t  approache s th e to-be-launche d ob -
ject ,  th e puls e train s o f  th e motio n detector s fo r  th e motio n 
of  th e launchin g objec t  ar e synchronize d wit h th e puls e train s 
of  th e othe r  feature s o f  th e launchin g object ,  al l  o f  whic h ar e 
desynchronize d fro m th e puls e train s o f  th e feature s o f  th e to -
be-launche d object .  Th e questio n the n becomes .  Wha t  hap -
pens 1 0 th e synchronizatio n o f  th e puls e train s whe n th e ob -
ject s com e int o contact ? 

One answe r  t o thi s questio n i s suggeste d b y th e hypothesi s 
tha t  motio n prime s othe r  motio n detector s alon g th e forwar d 
Uajectory .  Long-rang e directiona l  primin g o f  motio n detec -
tor s ha s bee n discusse d extensivel y i n model s o f  visua l  motio n 
perceptio n develope d b y Marshal l  (1990 ;  Marti n &  Marshall , 
1993) ,  an d empirica l  evidenc e o f  long-rang e directiona l  con -
nection s betwee n motion-detectin g neuron s come s fro m wor k 

by Gabbott ,  Martin ,  an d Whitteridg e (1987 )  an d other s cite d 
by Marshal l  (1990) . 

Our  result s migh t  the n b e explaine d a s follows :  I n th e 
launchin g event ,  th e tw o object s initiall y  hav e desynchronize d 

puls e trains .  A t  impact ,  th e directiona l  primin g o f  motio n de -
tector s cause s th e ne w movemen t  o f  th e launche d objec t  t o 
hav e th e sam e synchronizatio n a s th e launchin g motion ,  s o 

tha t  jus t  afte r  impac t  th e motio n o f  th e launche d objec t  i s syn -
chronize d wit h th e launchin g object ,  bu t  localize d wit h th e 
launche d objec L Thi s account s fo r  th e duplicit y o f  motio n 
i n Michotte' s phenomenology :  Th e motio n o f  th e launche d 
objec t  i s localize d wit h th e launche d object ,  bu t  stil l  belong s 
t o (i s synchronize d with )  th e launchin g object .  Thi s als o ac -
count s fo r  th e difficult y an d equalizatio n o f  accessin g th e his -
tor y o f  bot h objects :  Th e targe t  tha t  appear s i n th e launche d 
objec t  a t  th e moment  o f  impac t  i s no t  clearl y synchronize d 
wit h eithe r  puls e train ,  an d s o bot h previe w symbol s ar e re -
trieve d wit h equa l  difficulty .  Afte r  a  brie f  time ,  th e motio n 
of  th e launche d objec t  become s synchronize d wit h th e othe r 
feature s o f  th e launche d object ,  an d henc e th e object-specifi c 
previe w advantag e i s resurrected . 

Thi s explanatio n i s no t  committe d t o puls e trai n synchro -
nizatio n a s th e onl y possibl e bindin g mechanism .  Th e expla -
natio n merel y require s tha t  th e proces s o f  bindin g take s som e 
smal l  bu t  non-zer o time ,  an d tha t  th e objec t  ta g o f  th e launch -
in g objec t  prime s th e launche d objec t  a t  th e tim e o f  impact . 
Puls e trai n synchronizatio n i s j  us t  on e possibl e mechanis m fo r 
implementin g thes e principles . 

Ampliation versus Causality 

Michotte (1941, 1963) argued that the perception of causal-
it y i s no t  a n interpretatio n base d o n acquire d knowledg e o f 
mechanica l  events ,  bu t  instea d i s perceive d directly ,  wit h am -
pliatio n a s it s essence .  Ou r  result s d o no t  necessaril y  suppor t 
thi s perspective ,  i n full .  I t  i s  possibl e tha t  ampliation ,  qu a fea -
tur e unbindin g an d rebinding ,  i s a  direc t  perceptua l  mecha -
nism ,  bu t  th e perceptio n o f  causalit y  i s a n additiona l  interpre -
tiv e process .  Fo r  example .  Wei r  (1978 )  describe d a  mode l  tha t 
classifie s Michotte-styl e collisio n event s withou t  eve r  men -
tionin g ampliation ,  presumabl y becaus e o f  th e concept' s in -
tangibilit y  i n Michotte' s theories .  Reificatio n o f  ampliation , 
as suggeste d b y ou r  experiments ,  call s ou t  fo r  theorie s t o ad -
dres s it ,  an d provide s on e avenu e fo r  distillin g whic h aspect s 
of  perceive d causalit y ar e direc t  an d whic h ar e interpreted . 

Michott e als o argue d tha t  th e perceptio n o f  causalit y  i s in -
nate .  Lesli e (1982 ;  Lesli e &  Keeble ,  1987 )  provide d evidenc e 
tha t  six-mont h ol d infant s ca n distinguis h causa l  fro m non -
causa l  events ,  o r  a t  leas t  ar e sensitiv e t o reversal s o f  agenc y 
i n causa l  events .  Whethe r  th e infant s perceiv e suc h event s a s 
causa l  o r  no t  remain s a n ope n question .  I t  migh t  b e tha t  am -
pliatio n develop s rapidly ,  lik e stereopsis ,  i n respons e t o th e 
visua l  worid ,  wherea s interpretation s o f  causalit y ar e learne d 
late r  i n childhood .  Perhap s ampliatio n i s use d a s a  perceptua l 
cu e fo r  subsequent  causa l  interpretation ,  an d s o th e tw o ar e 
correlated .  Separatin g ampliatio n fro m causalit y als o allow s 
fo r  th e possibilit y  o f  universa l  sensitivit y t o ampliation ,  bu t 
individua l  difference s i n th e perceptio n o f  causalit y (Beasley , 
1968 ;  Schlottma n &  Anderson ,  1993) . 
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Abstract 
Two contingenc y judgmen t  experiment s ar e reporte d wher e 
one predictiv e cu e wa s presen t  o n ever y tria l  o f  th e task .  Thi s 
constan t  cu e wa s paire d wit h a  secon d variabl e cu e tha t  wa s 
eithe r  positivel y correlate d (Experimen t  1 )  o r  negativel y 
correlate d wit h th e outcom e even t  (Experimen t  2) .  Outcom e 
base rat e wa s independentl y varie d i n bot h experiments . 
Probabilisti c contrast s coul d b e calculate d fo r  th e variabl e cu e 
but  no t  fo r  th e constan t  cu e sinc e th e probabilit y o f  th e 
outcom e occurrin g i n th e absenc e o f  th e constan t  cu e wa s 
undefined .  Chen g &  Holyoak' s (1995 )  probabilisti c  contras t 
model  therefor e canno t  uniquel y specif y th e wa y i n whic h th e 
constan t  cu e wil l  b e judged .  I n contrast ,  judgment s o f  th e 
constan t  cu e wer e systematicall y influence d b y th e variabl e 
cue' s contingenc y a s wel l  a s b y th e outcom e bas e rate . 
Specifically ,  judgment s o f  th e constan t  cu e 1 )  wer e 
discounte d whe n th e variabl e cu e wa s a  positiv e predicto r  o f 
th e outcom e bu t  wer e enhance d whe n th e variabl e cu e wa s a 
negativ e [x-edicto r  o f  th e outcome ,  an d 2 )  wer e proportiona l  t o 
th e outcom e bas e rate .  Thes e effect s wer e anticipate d b y a 
connectionis t  networ k usin g th e Rescorla-Wagne r  learnin g 
rule . 

Introduct io n 
I n situation s wher e littl e i s  know n abou t  th e causa l  structur e 
underlyin g th e occurrenc e o f  a  predicto r  even t  followe d b y 
th e occurrenc e o f  a n outcom e event ,  thei r  covariatio n serve s 
as a n importan t  cu e tha t  inform s a  reasoner' s judgmen t  o f 
thei r  contingency .  A  measur e o f  covariatio n i s provide d b y 
th e differenc e betwee n th e conditiona l  probabilitie s o f  th e 
occurrenc e o f  th e outcom e i n th e presenc e o f  th e predictor , 
p( 0 I  P) ,  an d i n it s  absence ,  p ( 0 I  n o P) ,  a  measur e terme d 
AP. 

T wo classe s o f  models ,  namel y statistica l  an d associative , 
hav e bee n develope d t o explai n people' s abilit y  t o judg e 
inter-even t  contingency .  Th e probabilisti c  contras t  mode l 
(hencefort h P C M)  i s th e statistica l  mode l  tha t  ha s recentl y 
received  th e mos t  attentio n (Chen g &  Holyoak ,  1995) .  I n a 
judgmen t  tas k tha t  involve s onl y on e predicto r  even t  an d 
one outcome ,  th e P C M reduce s t o AP .  Tha t  is ,  i t  postulate s 
tha t  reasoner s explicitl y  conside r  th e differenc e betwee n th e 
conditiona l  probabilitie s p i O I  P )  an d p ( 0 I  n o P) .  I n 
situation s wher e tw o predictor s ( A an d B )  signa l  a  c o m m o n 
outcom e th e P C M specifie s tha t  th e derivatio n o f  th e 
conditiona l  probabilitie s fo r  an y give n cu e mus t  itsel f  b e 
conditiona l  o n th e presenc e o r  absenc e o f  anothe r  cue .  Suc h 
a conditionalizin g cu e ma y b e an y cu e tha t  covarie s wit h th e 
outcome .  Thus ,  i f  th e outcom e i s judge d t o b e contingen t  o n 
B,  B  ma y b e a  conditionalizin g cu e fo r  A .  A' s contingenc y 
wit h th e outcom e i s the n assesse d b y calculatin g a  pai r  o f 
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contrasts ,  namel y it s contingenc y i n th e presenc e o f  B ,  o r 
A P a b [>e- .  p ( 0 I  A  &  B )  -  p ( 0 I  n o A  &  B) ]  an d it s 

contingenc y i n th e absenc e o f  B  o r  A P ^ ^ q B P-̂ - '  P ( ^  '  ̂ 
& n o B )  -  p ( 0 I  n o A  &  n o B)] .  I f  B  i s perfectl y correlate d 
wit h th e outcome ,  i.e. ,  th e outcom e alway s occur s i n B' s 
presenc e bu t  neve r  i n it s absence ,  eac h contras t  fo r  A  wil l 
equa l  0 ,  namel y {(/7( 0 I  A  &  B )  =  I ]  -  [p(0 1 n o A  &  B )  =  I ] 
= 0 }  an d [\p{0 1 A  &  n o B )  =  0 ]  -  [pi O I  n o A  &  n o B )  =  0 ] 
= 0} .  I n thi s situation ,  th e conditionalize d probabilisti c 
contrast s dictat e tha t  A  shoul d no t  b e attribute d causa l 
importance ;  i t  i s a  redundan t  cause .  A n d a s m a n y hav e 
reporte d (e.g. .  Baker ,  Mercier ,  Vall6e-Tourangeau ,  Frank ,  & 
Pan,  1993 ;  Pric e &  Yates ,  1993 )  i n judgmen t  task s wher e 
A' s contingenc y i s moderatel y positiv e bu t  B' s contingenc y 
i s perfectl y positive ,  subject s discoun t  th e causa l  importanc e 
of  A  an d rat e it s contingenc y nea r  zero . 

Associativ e model s d o no t  postulat e tha t  reasoner s deriv e 
conditiona l  probabilitie s an d comput e probabilisti c  contrast s 
i n orde r  t o formulat e a  judgmen t  o f  contingency .  Rathe r 
the y assum e tha t  a  reasoner' s contingenc y intuition s reflec t 
th e associativ e strengt h betwee n a  predicto r  an d a n outcom e 
tha t  develop s o n th e basi s o f  th e contiguit y betwee n th e tw o 
events .  A n associativ e mode l  commonl y discusse d i s th e 
Rescorl a an d Wagne r  (1972 ;  hencefort h R W )  mode l  o f 
learnin g whic h i s a  singl e laye r  localis t  connectionis t 
networ k wher e th e inpu t  node s correspon d t o th e predicto r 
event s an d th e outpu t  nod e correspond s t o th e outcom e 
event .  Th e weight s betwee n eac h predicto r  an d th e outcom e 
reflec t  th e strengt h o f  th e hypothesize d association .  O n an y 
give n learnin g trial ,  th e weigh t  connectin g predicto r  j  an d 
th e outcom e i s modifie d followin g a  delt a rul e o f  th e form , 

Awj  =  ajP(A.-Iwk ) 

whic h i s th e weighte d differenc e betwee n th e targe t 
activatio n valu e o f  th e outpu t  nod e X  (whic h equal s 1  whe n 
th e outcom e i s presen t  an d 0  whe n i t  i s  absent )  an d th e su m 
of  th e weight s o f  th e k  predictor s presen t  o n tha t  tria l  (o u an d 

P ar e learnin g parameter s codin g fo r  th e associabilit y o f 
predicto r  j  an d th e outcom e respectively) .  Thi s learnin g rul e 
constrain s th e natur e o f  th e connectio n weight s i n tw o 
importan t  ways :  I .  Th e connectio n weigh t  o f  a  give n 
predicto r  i s  influence d b y th e weight s o f  th e accompanyin g 
predictor s an d 2 .  thei r  su m i s bounde d b y X  smc e whe n Iwj f 

> X ,  ( X -  2:wij )  i s  negativ e resultin g i n a  negativ e 

adjustmen t  o f  th e weights .  Th e prediction s o f  th e R W mode l 
ar e derive d b y trainin g th e networ k wit h even t  frequencie s 
tha t  correspon d t o th e contingencie s experience d b y huma n 
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subject s i n a  give n judgmen t  tas k an d comparin g th e 
magnitude ,  order ,  an d polarit y o f  th e weight s o f  eac h 
predicto r  wit h th e magnitude ,  order ,  an d polarit y o f  th e 
judgment s o f  th e contingenc y fo r  thes e sam e predictors . 

I n man y judgmen t  task s th e prediction s o f  th e P C M an d 
th e R W mode l  ar e identica l  (Baker ,  Murphy ,  &  Vall6e -
Tourangeau ,  i n press ;  Spellman ,  i n press) .  Fo r  example ,  i n 
th e situatio n describe d abov e wher e A  i s a  moderat e 
predicto r  o f  th e outcom e bu t  B  i s a  perfec t  one ,  th e R W 
model  predict s discounting :  wit h trainin g th e weigh t  o f  th e 
perfec t  predicto r  B  approximate s X ,  an d th e moderatel y 
correlate d cu e A  develop s a  connectio n weigh t  tha t 
asymptote s a t  o r  nea r  zero . 

Judgmen t  task s tha t  involv e a  constan t  cu e offe r  a n 
interestin g foru m t o asses s th e meri t  o f  bot h models .  W h e n a 
cu e i s presen t  o n ever y tria l  o f  th e task ,  an d i f  th e 
experimenta l  trial s mak e u p th e se t  o f  foca l  instance s ove r 
whic h contrast s ar e calculated ,  the n probabilisti c  contrast s 
canno t  b e calculate d fo r  tha t  cue .  Ther e i s n o 
conditionalizin g cu e whos e presenc e o r  absenc e identifie s a 
foca l  se t  o f  trial s wher e th e conditiona l  probabilit y  o f  th e 
outcom e occurrin g i n th e absenc e o f  a  constan t  cu e ca n b e 
calculated .  "Accordingly ,  subject s wil l  hav e n o positiv e 
evidenc e tha t  an y constan t  cu e i s causal "  (Melz ,  Cheng , 

Holyoak ,  &  Waldmann ,  1993 ,  p .  1404)1 .  Consequently ,  th e 
P CM i s unabl e t o specif y uniquel y h o w peopl e wil l  judg e 
th e influenc e o f  a  cu e presen t  o n ever y tria l  o f  a  judgmen t 
task .  Th e powe r  equation s i n Cheng ,  Park ,  Yarlas ,  an d 
Holyoa k (i n press ;  e.g. ,  Eq .  3 )  suffe r  th e sam e fat e sinc e 
some o f  thei r  term s ar e undefined .  I n turn ,  th e R W mode l  i s 
abl e t o formulat e prediction s abou t  h o w peopl e wil l  judg e 
relationship s involvin g constan t  cue s sinc e th e mechanis m 
underlyin g th e prediction s i s drive n b y th e contiguit y 
betwee n th e predicto r  an d th e outcom e (an d no t  thei r 
contingency )  a s wel l  a s b y th e magnitud e o f  th e weight s o f 
th e accompanyin g predictors . 

The judgmen t  tas k designe d fo r  thi s stud y involve d tw o 
predicto r  variable s an d on e outcom e variable .  On e o f  th e 
tw o predictor s (calle d X )  wa s presen t  o n ever y tria l  wherea s 
th e secon d (A )  wa s presen t  o n som e trial s an d absen t  o n 
others .  I n Experimen t  1 ,  predicto r  A  wa s eithe r  positivel y 
correlate d wit h th e outcome ,  p ( 0 I  A )  >  p ( 0 I  n o A ) ,  o r  wa s 
not  correlate d wit h th e outcome ,  p ( 0 I  A )  =  p ( 0 I  n o A ) .  I n 
Experimen t  2 ,  predicto r  A  wa s eithe r  negativel y correlate d 
wit h th e outcome ,  p ( 0 I  A )  <  p ( 0 I  n o A )  o r  wa s no t 
correlated .  Th e R W mode l  predict s tha t  judgment s o f 
predicto r  X ,  th e constan t  cue ,  wil l  b e systematicall y 
influence d b y th e natur e o f  A' s contingency .  Specifically ,  i n 
Experimen t  1  judgment s o f  X  shoul d b e lowe r  whe n A' s 
contingenc y i s positiv e tha n whe n i t  i s  zero ;  i n othe r  words , 
X wil l  hav e a  weake r  associatio n wit h th e outcom e whe n 
A' s contingenc y i s positive .  I n Experimen t  2  judgment s o f 
X shoul d b e greate r  whe n A' s contingenc y i s negativ e tha n 
when i t  i s  zero ;  tha t  is ,  X  wil l  hav e a  stronge r  associatio n 
wit h th e outcom e whe n A' s contingenc y i s negative .  Thes e 
prediction s hing e o n th e fac t  tha t  th e weigh t  o f  predicto r  A 

^  I n fact ,  eve n i f  suc h a  constan t  cu e i s par t  o f  a  know n physica l 
mechanis m involvin g th e effect ,  i t  i s  understoo d t o b e a n ''enablin g 
condition "  an d no t  a  "cause "  (Chen g &  Novick ,  1992) . 

i s  proportiona l  t o it s contingency ,  an d tha t  th e weigh t  o f  th e 
constan t  cu e X  i s inversel y proportiona l  t o th e weigh t  o f  A . 
W h en A' s contingenc y i s greate r  tha n zero ,  Iwj j  wil l  b e 

large r  tha n whe n A' s contingenc y equal s zero .  Consequentl y 
th e weigh t  o f  X  wil l  b e smalle r  whe n A' s contingenc y i s 
positiv e tha n whe n i t  i s  zero .  I n turn ,  whe n A' s contingenc y 
i s smalle r  tha n zero ,  Iw j j  wil l  b e smalle r  tha n whe n A' s 

contingenc y equal s zero .  Consequentl y th e weigh t  o f  X  wil l 
be large r  whe n A' s contingenc y i s negativ e tha n whe n i t  i s 
zero .  Thu s whil e th e R W mode l  ca n formulat e prediction s 
abou t  h o w judgment s o f  X  shoul d b e influence d b y th e 
presenc e o f  a  variabl e predictor ,  th e P C M i s unabl e t o 
formulat e an y predictio n abou t  th e judgmen t  o f  a  constan t 
cu e sinc e th e probabilisti c  contrast s pertainin g t o X  ar e 
undefined . 

I n bot h experiments ,  th e outcom e bas e rate ,  namel y Ui e 
proportio n o f  trial s wher e th e outcom e i s present ,  wa s 
manipulate d independentl y o f  th e contingenc y o f  th e 
variabl e predictor .  Thre e differen t  bas e rate s wer e created : 
.25 ,  .5 ,  an d .75 .  Th e R W mode l  predict s tha t  a s th e outcom e 
bas e rat e increases ,  judgmen t  o f  th e constan t  cu e X  shoul d 
increas e sinc e X' s contiguit y wit h th e outcom e i s directl y 
proportiona l  t o th e outcom e bas e rate .  Onc e again ,  th e P C M 
i s unabl e t o advanc e prediction s o n th e effec t  o f  outcom e 
densit y o n th e judgment s o f  a  constan t  cue . 

Method for Experiments 1 and 2 

Task Scenario and Procedure 
Subject s wer e aske d t o evaluat e th e relationship s betwee n 
eac h o f  tw o viruse s wit h a  certai n diseas e i n si x sample s o f 
fort y fictitiou s patients .  Eac h sampl e showe d ne w viruse s 
and a  ne w disease .  Fo r  eac h sampl e th e recor d o f  eac h 
patien t  wa s presente d o n a  monito r  on e a t  a  tim e informin g 
th e subject s o f  th e presenc e o r  absenc e o f  th e tw o viruses . 
Subject s wer e prompte d fo r  a  diagnosi s an d the n wer e tol d 
whethe r  o r  no t  th e diseas e wa s present .  On e o f  th e tw o 
viruse s (X )  wa s presen t  fo r  al l  patient s an d th e othe r  (A )  wa s 
sometime s presen t  an d sometime s absent .  I n eac h sampl e 
subject s wer e aske d t o rat e th e relationshi p betwee n eac h 
viru s an d th e disease ,  usin g a  scal e fro m -10 0 t o 100 ,  afte r 
20 an d 4 0 patients ;  th e analyse s reporte d belo w wer e 
conducte d onl y o n th e termina l  estimates .  A  viru s coul d b e 
negativel y correlate d wit h a  diseas e since ,  a s subjec t  rea d i n 
th e instructions ,  "som e viruse s coul d affor d immunit y 
agains t  a  disease .  Th e mor e negativ e th e rating ,  th e greate r 
th e immunity. " 

Design 

Eac h sampl e o f  patient s corresponde d t o on e o f  si x 
condition s derive d fro m a  2  b y 3  factoria l  design .  Th e fu-s t 
independen t  variabl e wa s th e contingenc y o f  th e variabl e 
viru s A  an d ha d tw o values ,  namel y . 5 an d 0  i n Experimen t 
1,  an d -. 5 an d 0  i n Experimen t  2 .  Th e secon d independen t 
variabl e wa s th e diseas e bas e rat e i n th e sampl e whic h coul d 
tak e thre e values :  .25 ,  .5 ,  an d .75 .  Th e thre e condition s 
wher e A  ha d a  zer o contingenc y wer e designe d i n bot h 
experiments :  i n th e L o w Densit y Zer o conditio n p( 0 I  A )  = 
p ( 0 I  n o A )  =  .25 ;  i n th e Eve n Densit y Zer o conditio n p(0 1 
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A)  =  p(O I  n o A )  =  .5 ;  an d i n th e Hig h Densit y Zer o 
conditio n p(0 1 A )  =  p(0 1 n o A )  =.75 . 

I n Experimen t  1  th e remainin g thre e condition s wer e th e 
thre e sample s wher e viru s A  ha d a  contingenc y o f  .5 .  I n th e 
Lo w Densit y . 5 conditio n p(0 1 A )  =  . 5 an d p(0 1 n o A )  =  .0 ; 
i n th e Eve n Densit y . 5 conditio n p ( 0 I  A )  =  .7 5 an d p{0 1 n o 
A)  =  .25 ;  an d i n th e Hig h Densit y . 5 conditio n p ( 0 I  A )  =  1 
and p ( 0 I  n o A )  =  .5 .  I n Experimen t  2 ,  th e remainin g 

bas e rate .  A  two-facto r  repeate d measure s analysi s o f 
varianc e ( A N O V A )  supporte d thes e observation s ( a .0 5 
rejectio n criterio n wa s use d i n al l  analyses) .  Th e oiai n effec t 
of  contingenc y wa s reliable ,  F(l ,  22 )  =  12.6 ,  a s wa s th e 
mai n effec t  o f  outcom e bas e rate ,  F(2 ,  44 )  =  11.9 ;  th e 
interactio n wa s no t  reliabl e [ F <  1] . 

Th e natur e o f  th e judgment s o f  th e constan t  predicto r 
seemed clearl y determine d b y th e contingenc y o f  A  a s wel l 

1 Experimen t  1  | 

Tria l  Typ e 

A X ^ O 

AX^NoO 

x-> o 

X-»No O 

Lo w Densit y 
Zer o 

5 

15 

5 

15 

Even Densit y 
Zer o 
10 

10 

10 

10 

Hig h Densit y 
Zer o 
15 

5 

15 

5 

Lo w Densit y 
Positiv e . 5 

10 

10 

0 

20 

Even Densit y 
Positiv e . 5 

15 

5 

5 

15 

Hig h Densit y 
Positiv e . 5 

20 

0 

10 

10 

1 Experimen t  2  I 

Tria l  Typ e 

AX^O 

AX^NoO 

x-> o 

X^NoO 
A =  Variab U 

Lo w Densit y 
Zer o 

5 

15 

5 

15 

Even Densit y 
Zer o 
10 

10 

10 

10 

;  Cue ;  X = Constan t  Cue ;  0  =  Out c 

Hig h Densit y 
Zer o 
15 

5 

15 

5 

ame 

Lo w Densit y 
Negativ e . 5 

0 

20 

10 

10 

Even Densit y 
Negativ e . 5 

5 

15 

15 

5 

Hig h Densit y 
Negativ e . 5 

10 

10 

20 

0 

Tabl e 1 .  Even t  frequencie s i n th e si x condition s o f  Experiment s 1  an d 2 .  Frequencie s ad d u p t o 4 0 i n eac h 
conditio n correspondin g t o th e numbe r  o f  fictitiou s patients . 

condition s wer e th e negativ e imag e o f  thes e thre e 
conditions .  Thus ,  i n th e L o w Densit y -. 5 conditio n p ( 0 I  A ) 
= 0  an d p i O I  n o A )  =  .5 ;  i n th e Eve n Densit y -. 5 conditio n 
p( 0 I  A )  =  .2 5 an d p ( 0 I  n o A )  =  .75 ;  an d i n th e Hig h 
Densit y -. 5 conditio n p(0 1 A )  =  . 5 an d p ( 0 I  n o A )  =  1 .  Th e 
frequencie s o f  th e differen t  kind s o f  trial s i n th e si x 
condition s o f  bot h experiment s ar e show n i n Tabl e 1 . 

The orde r  i n whic h thes e condition s wer e presente d t o th e 
subject s wa s randomize d withi n eac h experiment .  Th e label s 
assigne d t o th e pair s o f  viruse s an d th e si x disease s wer e 
counterbalanced . 

Subjects 
T wo differen t  group s o f  2 4 undergraduate s fro m th e 
Universit y o f  Hertfordshir e receive d cours e credit s fo r  thei r 
participatio n i n Experiment s 1  an d 2 .  Dat a fro m on e subjec t 
i n eac h experimen t  wer e onl y partiall y  recorde d du e t o a 
compute r  malfunction .  Thes e subject s wer e no t  include d i n 
th e analyses . 

Experiment 1 Results 
The mea n termina l  estimate s o f  th e variabl e predicto r  (A ) 
and o f  th e constan t  predicto r  (X )  ar e plotte d i n th e to p lef t 
and to p righ t  quadrant s o f  Figur e 1 .  Th e effect s o f  th e tw o 
independen t  variable s ca n b e clearl y observe d i n bot h 
panels .  Startin g wit h th e judgment s o f  th e variabl e predictor , 
1)  judgment s o f  A  wer e greate r  whe n A' s contingenc y wa s 
. 5 tha n whe n i t  wa s zero ,  an d 2 )  judgment s i n bot h 
contingenc y condition s wer e greate r  th e highe r  th e outcom e 

as th e outcom e density .  Thus ,  judgment s o f  X  wer e lowe r 
when A' s contingenc y wa s . 5 tha n whe n i t  wa s zer o an d 
judgment s o f  X  i n al l  condition s wer e ordere d a s a  functio n 
of  th e outcom e bas e rate .  A  tw o facto r  repeate d measure s 
A N O VA confirme d thes e impressions .  Th e mai n effec t  o f 
A' s contingenc y wa s reliable ,  F(l ,  22 )  =  11.9 ,  a s wa s th e 
mai n effec t  o f  bas e rate ,  F(2,44 )  =  39.2 ;  th e interactio n wa s 
not  reliabl e [F < 1 ] . 

Experiment 2 Results 
The botto m tw o quadrant s o f  Figur e 1  sho w th e mea n 
termina l  estimate s fo r  th e variabl e predicto r  (left )  an d th e 
constan t  predicto r  (right )  i n Experimen t  2 .  Judgment s o f  th e 
variabl e predicto r  wer e agai n determine d b y th e actua l 
contingenc y an d th e outcom e bas e rate .  Judgment s o f  A' s 
contingenc y wer e mor e negativ e whe n th e contingenc y wa s 
-. 5 tha n whe n i t  wa s 0  an d judgment s i n al l  condition s wer e 
greate r  th e highe r  th e bas e rate .  A  two-facto r  repeate d 
measur e A N O V A confirme d thes e impressions :  th e mai n 
effec t  o f  contingenc y wa s reliable ,  F(l ,  22 )  =  121 ,  a s wa s 
th e mai n effec t  o f  outcom e bas e rate ,  F(2 ,  44 )  =  13.4 ;  th e 
interactio n wa s no t  reUabl e [ F <  1] . 

The judgment s o f  th e constan t  predicto r  i n Experimen t  2 
wer e th e mirro r  imag e o f  th e judgment s o f  th e constan t 
predicto r  i n Experimen t  1 .  Tha t  is ,  wherea s A' s positiv e 
contingenc y lowere d th e judgment s o f  th e constan t  cu e i n 
Experimen t  1 ,  A' s  negativ e contingenc y increase d th e 
judgment s o f  th e constan t  cu e i n Experimen t  2 .  Again ,  i n al l 
condition s judgment s wer e greate r  th e highe r  th e outcom e 
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bas e rate .  Statistica l  analyse s agai n yielde d reliabl e mai n 
effect s o f  A' s contingency ,  F(l ,  22 )  =  25.5 .  an d o f  bas e rate , 
F(2 ,  44 )  =  64.1 ;  th e interactio n wa s no t  reliabl e [F(2,44 )  = 
1.86] . 

DPA =  0 

DPA =  0 
DPA= 5 DPA = 

DPA = 
DPA =  -. 5 

DPA =  0 
DPA =  -. 5 

O u t c o m e B a s e Rat e 

Figure 1. Mean contingency judgments for the variable 
cue A  an d th e constan t  cu e X  i n Experimen t  1  (to p lef t  an d 
to p right )  an d i n Experimen t  2  (botto m lef t  an d botto m 
right).  D P A =  Delt a P  o f  cu e A ,  o r  p( 0 I  A )  -  p( 0 I  n o A) . 

Discussion 
I n tw o contingenc y judgmen t  experiments ,  a  predicto r 
variabl e wa s presen t  o n ever y trial .  I n th e firs t  experiment , 
th e constan t  predicto r  wa s paire d wit h a  secon d predicto r 
tha t  ha d eithe r  a  positiv e o r  a  zer o correlatio n wit h th e 
outcome ,  an d i n th e secon d experimen t  i t  wa s paire d wit h a 
predicto r  tha t  ha d eithe r  a  negativ e o r  a  zer o correlatio n wit h 
th e outcome .  I n spit e o f  th e constan t  cue' s identica l 
probabilit y  o f  bein g paire d wit h th e outcom e i n eac h 
outcom e bas e rat e condition ,  judgment s o f  th e constan t  cu e 
wer e systematicall y influence d b y th e natur e o f  th e 
correlatio n betwee n th e secon d predicto r  an d th e outcome . 
Specifically ,  judgment s o f  th e constan t  cu e wer e attenuate d 
when th e secon d predicto r  wa s positivel y correlate d wit h th e 
outcom e bu t  wer e enhance d whe n th e secon d predicto r  wa s 
negativel y correlate d wit h th e outcome .  Thi s i s a  nove l 
finding  an d establishe s tha t  judgment s o f  constan t  cue s ca n 
be discounte d o r  potentiate d i n th e sam e wa y a s th e 
judgment s o f  variabl e cue s (e.g. ,  Bake r  e t  al. ,  1993) . 
Subject s coul d hav e ignore d th e constan t  cu e an d rate d it s 
relationshi p wit h th e outcom e a s zero ,  bu t  the y di d not . 
Furthermore ,  i n bot h experiments ,  judgment s o f  th e constan t 
cu e wer e determine d b y th e bas e rat e o f  th e outcome :  th e 
mor e prevalen t  th e outcome ,  th e mor e positiv e th e 
judgment s o f  th e constan t  cue .  Thus ,  th e participant s i n 
thes e experiment s ha d n o difficult y evaluatin g th e natur e o f 
a relationshi p betwee n a  constan t  cu e an d a n outcom e eve n 
i f  probabilisti c  contrast s coul d no t  b e computed . 

Importantly ,  th e dua l  influence s o f  th e contingenc y o f  th e 
accompanyin g cu e an d o f  th e outcom e bas e rat e wer e 
anticipate d b y th e R W model . 

To accoun t  fo r  th e judgment s o f  th e constan t  cu e th e P C M 
must  postulat e a  foca l  se t  o f  instance s whos e natur e i s no t 
constraine d b y th e trial s o f  th e task ,  thereb y enablin g th e 
derivatio n o f  th e probabilit y  o f  th e outcom e i n th e absenc e 
of  th e constan t  cue ,  p { 0 I  n o X ) .  Th e difficulty ,  however ,  i s 
tha t  du e t o th e natur e o f  th e judgmen t  tas k an d th e fictitious 
diseases ,  i t  i s har d t o conceiv e th e kind s o f  lif e experience s 
subject s m a y recrui t  t o defin e th e probabilit y  o f  an y o f  th e 
fictitious  disease s i n th e absenc e o f  th e constan t  cues .  Fo r 
example ,  t o us e on e se t  o f  virus-diseas e label s employe d 
here ,  wha t  experience s outsid e th e laborator y coul d subject s 
use t o defin e th e probabilit y  o f  th e occurrenc e o f  th e diseas e 
Ork' s Comple x i n th e absenc e o f  Threbbagia l  Let' s assum e 
tha t  fo r  som e subject s Ork' s Comple x reminde d the m o f  a 
rea l  worl d diseas e (an d tha t  thes e subject s migh t  hav e 
assumed als o tha t  i n thos e rea l  worl d case s Threbbagi a wa s 
absent) ,  th e probabilit y  (Ork' s Comple x I  N o Threbbagia )  i s 
no longe r  undefined .  Th e diseas e label s used  i n thes e 
experiment s (Ork' s Complex ,  N a c h m o s e A ,  Grympox , 
Melastraz ,  Trachtosis ,  Voldusis )  m a y hav e reminde d 
differen t  subject s t o differen t  degree s o f  rea l  worl d diseases , 
thereb y producin g foca l  sets ,  fo r  som e diseases ,  whic h 
define d th e probabilit y  o f  th e diseas e i n th e absenc e o f  th e 
constan t  cue .  However ,  on e migh t  predic t  tha t  subject s 
woul d produc e highl y variabl e judgment s o f  th e constan t 
cu e give n thei r  variabl e backgrounds ;  ye t  systemati c 
pattern s wer e observed . 

Mor e generally ,  i t  migh t  b e argue d tha t  peopl e us e a n 
abstrac t  reasonin g schem a whic h b y defaul t  set s th e 
probabilit y  o f  a  diseas e i n th e absenc e o f  a  viru s t o zero . 
Thi s woul d correspon d t o th e c o m m o n understandin g o f  th e 
pathogeni c qualit y o f  viruses .  Bu t  subject s woul d hav e bee n 
ill-serve d b y thi s reasonin g schem a sinc e i n thes e 
experiment s som e viruse s coul d gran t  immunit y an d indee d 
i n th e Hig h Densit y -. 5 conditio n o f  Experimen t  2 ,  th e 
probabilit y  o f  th e diseas e i n th e absenc e o f  viru s A  equalle d 
1!  Evidentl y subject s wer e awar e o f  th e differen t  kind s o f 
viruse s i n thi s judgmen t  tas k sinc e the y experience d n o 
difficult y ratin g som e virus-diseas e relationship s negatively . 
I t  i s  thu s unlikel y tha t  the y assume d b y defaul t  tha t  th e 
probabiUt y o f  th e diseas e i n th e absenc e o f  a  viru s wa s zero . 

Baker ,  Murphy ,  an d Vallte-Tourangea u (i n press )  hav e 
pointe d ou t  tha t  th e P C M ' s difficultie s wit h undefine d 
contrast s m a y b e alleviate d b y includin g th e inter-tria l 
interval s (ITI )  i n th e calculatio n o f  conditiona l  probabilitie s 
suc h a s p ( 0 I  n o X ) .  Fo r  example ,  th e tim e separatin g th e 
presentatio n o f  eac h patient' s recor d coul d b e segmente d i n 
discret e tim e interval s wher e nothin g i s happening ,  tha t  i s 
wher e non e o f  th e viruse s ar e presen t  an d wher e th e diseas e 
i s absen t  a s well .  W h e n suc h IT I  segment s ar e include d i n 
th e calculations ,  th e probabilit y  o f  th e outcom e i n th e 
absenc e o f  th e constan t  cu e i s n o longe r  undefine d an d 
equal s zero .  Followin g thi s strategy ,  th e probabilisti c 
contrast s fo r  th e constan t  cu e i n th e si x condition s o f  bot h 
experiment s accoun t  partl y fo r  th e judgmen t  o f  th e constan t 
cue .  Thi s ca n b e assesse d i n Tabl e 2  wher e th e orderin g o f 
th e mea n judgment s o f  X  parallel s loosel y th e orderin g o f 

450 



'^Xln o A -  Thi s auxiliar y assumption ,  however ,  i s  no t 
withou t  problems .  O n e m a y questio n o f  cours e th e 
plausibilit y  o f  arguin g tha t  subject s consciousl y considere d 
th e inter-tria l  interva l  whe n evaluatin g th e constan t  cue' s 
effectiveness .  M o r e importantly ,  th e medica l  contex t  i n 
whic h th e tas k i s couche d mean s tha t  th e probabilit y o f  a 
diseas e ca n onl y b e defme d wit h respec t  t o patient s tha t 
eithe r  hav e i t  o r  not ,  an d suc h patient s wer e absen t  durin g 
t h e m . 

Whil e i t  ca n b e argue d tha t  th e R W mode l  bette r  account s 
fo r  th e pattern s o f  judgment s o f  th e constan t  cue ,  neithe r 
model  fare s wel l  i n explainin g th e stron g effec t  o f  outcom e 
bas e rat e o n judgment s o f  th e variabl e predicto r  (se e th e lef t 
hal f  o f  Fig .  1) .  Probabilisti c  contrast s ar e imperviou s t o 
difference s i n outcom e densitie s i f  thes e densitie s d o no t 

Experimen t  1  an d th e thre e -. 5 condition s o f  Experimen t  2 
wer e 53. 8 an d -38. 3 respectively .  However ,  th e asymmetr y 
was no t  statisticall y significant :  Th e absolut e magnitud e o f 
th e overal l  mean s di d no t  diffe r  reliabl y (r(136 )  =  1.73) . 
Furthermore ,  symmetri c judgment s o f  positiv e an d negativ e 
contingencie s ar e routinel y observe d i n simila r  task s (e.g. , 
Vallde-Tourangeau ,  Baker ,  &  Mercier ,  1994) . 

Associativ e models ,  i n turn ,  usuall y predic t  som e effec t  o f 
outcom e densit y o n learnin g a s thi s change s th e contiguit y 
betwee n th e predicto r  an d th e outcom e a s wel l  a s th e 
associativ e strengt h o f  th e contex t  i n whic h learnin g take s 
place .  Specifically ,  th e R W mode l  predict s tha t  fo r  a 
positivel y correlate d predictor ,  lowe r  bas e rate s yiel d large r 
positiv e connectio n weights ,  an d fo r  a  negativel y correlate d 
predictor ,  lowe r  bas e rate s yiel d mor e negativ e connectio n 

1 Experimen t  1  I 

Condition s 
HDO 
HD.5 
EDO 
ED.5 
LDO 
LD5 

p( 0 1 X &  n o A ) 

0.7 5 
0.5 0 
0.5 0 
0.2 5 
0.2 5 
0.0 0 

p(0 1 n o X  &  n o A ) 

0.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 

APxin o A 

0.7 5 
0.5 0 
0.5 0 
0.2 5 
0.2 5 
0.0 0 

Mean Judgment s 

60. 2 
36. 0 
21. 1 
-3. 3 

-39. 7 
-64. 8 

1 Experimen t  2  I 

Condition s 
HD-5 
ED . 5 
HDO 
EDO 
ID-. 5 
mo 

p( 0 1 X &  n o A ) 

1.0 0 
0.7 5 
0.7 5 
0.5 0 
0.5 0 
0.2 5 

p( 0 1  n o X  &  n o A ) 

0.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 

APxin o A 

1.0 0 
0.7 5 
0.7 5 
0.5 0 
0.5 0 
0.2 5 

Mean Judgment s 

92. 4 
79. 2 
78. 7 
40. 7 
19. 9 

-10. 4 
HD =  Hig h Density ;  E D =  Eve n Density ;  L D =  Lo w Densit y | 

Tabl e 2 .  Comparison s o f  th e prediction s o f  th e P C M give n b y includin g th e inter-tria l 
interva l  i n th e foca l  se t  fo r  th e constan t  cu e X  an d th e orderin g o f  th e m e a n judgment s fo r 

X (Experimen t  1 ,  to p half ;  Experimen t  2  botto m half) . 

affec t  th e overal l  contingencies .  Again ,  th e P C M ca n resor t 
t o includin g th e IT l  i n calculatin g A' s contingencie s (th e 
conditionalizin g cu e fo r  A  i s n o longe r  th e constan t  cu e X ) : 
countin g tim e segment s wher e nothin g happen s increase s 
frequenc y o f  "n o A "  observations .  Th e greate r  th e numbe r 
of  m observation s include d i n th e calculation s o f  p ( 0 I  n o 
A ) ,  th e smalle r  p ( 0 I  n o A ) ,  an d th e mor e proportiona l  t o 
p( 0 I  A )  A' s contingenc y becomes .  I n thi s way ,  th e highe r 
p ( 0 I  A ) ,  th e highe r  th e judgments .  A n d thi s i s certainl y 
what  wa s observe d (assumin g tha t  th e sam e numbe r  o f  m 
observation s wer e include d i n th e devaluatio n o f  p(0 1 n o A ) 
i n th e positive ,  negativ e an d zero  conditions) .  Wit h thi s 
auxiliar y assumptio n however ,  th e P C M i s conunitte d t o 
predic t  a n overal l  positiv e bia s i n th e estimate s o f  A  acros s 
bot h experiments ,  namel y th e . 5 contingencie s i n 
Experimen t  1  shoul d b e judge d mor e positiv e tha n th e -. 5 
contingencie s o f  Experimen t  2  shoul d b e judge d negative . 
Such a n asymmetr y wa s observed :  Th e overal l  judgmen t 
means o f  th e variabl e cu e i n th e thre e . 5 condition s o f 

weight s (Wasserma n ,  Elek ,  Chatlosh ,  &  Baker ,  1993) ;  fo r 
a non-correlate d predictor ,  th e weights ,  a t  asymptote ,  shoul d 
equa l  zero  regardles s o f  th e bas e rates .  Ostensibly ,  th e 
rating s o f  th e varyin g cu e exhibite d non e o f  thes e predicte d 
effects .  However ,  judgment s o f  th e varyin g cu e migh t  hav e 
bee n influence d b y th e associativ e strengt h o f  th e constan t 
cue .  I n a n anima l  conditionin g preparation ,  learnin g 
supporte d b y a  conditione d stimulu s m a y b e bette r 
determine d o n tes t  trial s conducte d i n a  tes t  contex t  tha t  i s 
differen t  fro m th e trainin g context .  Analogously ,  subtractin g 
th e constan t  cu e rating s fro m th e rating s o f  th e varyin g cu e 
woul d yiel d estimate s o f  th e varyin g cu e "freed "  o f  th e 
influenc e o f  th e constan t  cue .  Thes e adjuste d rating s o f  th e 
varyin g cu e i n th e tw o contingenc y condition s o f 
Experimen t  1  an d Experimen t  2  ar e show n i n Figur e 2  (lef t 
and right  pane l  respectively) .  Th e adjuste d rating s o f  th e 
varyin g cu e i n th e positiv e contingenc y condition s o f 
Experimen t  1  sho w th e predicte d effec t  o f  outcom e bas e 
rates :  the y ar e mor e positiv e wit h smalle r  bas e rates . 
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However ,  thi s patter n hold s fo r  th e tw o zer o contingenc y 
condition s a s wel l  a s fo r  th e negativ e contingenc y conditio n 
of  Experimen t  2 .  Th e effect s i n th e noncontingen t 
condition s ar e i n fac t  preasymptoti c prediction s o f  th e 
model ,  bu t  no t  i n th e negativ e contingenc y condition .  Thus , 
whil e th e R W mode l  ca n formulat e prediction s abou t  th e 
influenc e o f  bas e rate s o n th e judgment s o f  th e varyin g cue , 
and tha t  thes e prediction s hav e ofte n bee n confirme d (e.g. , 
Wasserman e t  al. ,  1993 ,  Fig .  5) .  the y wer e onl y partiall y 
observe d i n thes e experiments .  Bas e rat e effect s o n 
contingenc y judgment s hav e importan t  implication s an d 
futur e researc h shoul d ai m t o elucidat e th e condition s unde r 
whic h the y ar e an d ar e no t  observed . 

Negativ e 
Zer o (E2 ) 

-50 -

Positrv e 
Zero (El) 

n -100 -

O u t c o m e B a s e Rat e 

Figure 2. Mean difference between ratings of the 
varyin g cu e A  an d th e constan t  cu e X  fo r  th e tw o 
contingenc y condition s i n Experimen t  1  (lef t 
panel )  an d i n Experimen t  2  (righ t  panel )  a s a 
functio n o f  outcom e bas e rate . 

In summary, the two experiments reported in this paper 
showe d tha t  discountin g an d enhancin g effect s foun d wit h 
variabl e cue s ca n als o occu r  wit h constan t  cues .  Thes e 
experiment s raise d a n importan t  concer n abou t  th e P C M, 
namel y whethe r  an y conceptuall y acceptabl e se t  o f  foca l 
instance s coul d b e derive d a  prior i  fo r  constan t  cue s tha t 
coul d predic t  th e dua l  effec t  o f  outcom e bas e rat e an d th e 
variabl e cue' s contingenc y o n th e estimate s o f  th e constan t 
cues .  Judgment s o f  th e constan t  cu e i n bot h experiment s 
wer e bette r  explaine d b y a  mechanis m operatin g o n th e 
basi s o f  th e contiguit y betwee n th e constan t  cu e an d th e 
outcome ,  a  mechanis m tha t  i s als o constraine d b y th e 
contiguit y o f  othe r  cue s present . 
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Abstrac t 

In English, causation can be expressed with either a lexical or 
periphrasti c causativ e verb .  Lexica l  causative s includ e bot h 
th e notio n o f  C A U S E an d th e notio n o f  R E S U L T (frequentl y 
change-of-state )  (e.g .  Mulde r  sun k th e boat) ;  Periphrasti c 
causative s encod e th e notio n o f  C A U S E withou t  th e notio n o f 
R E S U LT (e.g .  Mulde r  mad e th e boa t  sink) .  Accordin g t o 
many linguists ,  thes e tw o kind s o f  sentence s hav e differen t 
meanings :  lexica l  causative s ar e use d fo r  situation s involvin g 
direc t  causatio n whil e periphrasti c causative s ar e use d fo r 
situation s involvin g eithe r  direc t  o r  indirec t  causation .  Thi s 
researc h investigate d ho w thi s distinctio n migh t  b e 
cognitivcl y determined .  Subject s watche d 3 D animation s o f 
marble s hittin g on e anothe r  an d the n describe d th e scene s an d 
enumerate d th e tota l  numbe r  o f  events .  W h e n causer s wer e 
inanimate ,  lexicalizatio n an d enumeratio n wer e guide d b y 
physica l  contact .  W h e n causer s wer e animate ,  lexicalizatio n 
and enumeratio n wer e guide d b y factor s othe r  tha n physica l 
contact ,  possibl y intentio n o r  ultimat e causation .  Th e result s 
sugges t  ho w differen t  kind s o f  causatio n an d thei r  expressio n 
migh t  b e relate d t o th e perceptio n o f  events . 

Introduction 

Language s hav e multipl e way s o f  expressin g causation . 
Conside r  a  causa l  happenin g i n whic h a  torped o move s int o 
a shi p causin g i t  t o sink .  Thi s causa l  happenin g ca n b e 
decompose d int o tw o subevents :  a  causin g subevent ,  th e 
torpedo' s movemen t  thoug h th e water ,  an d a  cause d 
subevent ,  th e ship' s sinking .  I n English ,  ther e ar e tw o 
majo r  way s o f  describin g a  happenin g o f  thi s kind .  I n on e 
of  thes e ways ,  th e notion s o f  C A U S E an d R E S U L T ar e 
encode d i n differen t  verb s (se e la) .  Th e ver b carryin g th e 

notio n o f  C A U S E i s refe r  t o a s a  periphrasti c causativ e 
(e.g .  cause ,  have ,  make ,  get) .  A  secon d w a y i s b y encodin g 
th e notion s o f  C A U S E an d R E S U L T i n a  singl e ver b (se e 
lb) .  Verb s tha t  conve y bot h o f  thes e notion s ar e referre d t o 
as lexica l  causative s (e.g .  melt ,  break ,  kill ,  sink) . 

(I )  a .  Th e torped o macf e th e boa t  J//1* . 
b.  Th e torped o .sa/tA :  th e boat . 

Althoug h th e sentence s i n (la )  an d (lb )  ar e highl y 
similar ,  the y ar e no t  paraphrastic :  Lexica l  an d periphrasti c 
causative s ca n refe r  t o differen t  kind s o f  causa l  situations . 

Thei r  difference s ar e reveale d b y tha t  fac t  tha t  th e tw o kind s 

o f  expression s var y i n thei r  acceptabilit y  i n th e contex t  o f 

certai n kind s o f  causers . 

(2 )  a .  Th e crack s m a d e th e boa t  sink . 
b.  *Th e crack s san k th e boat . 

Th e periphrasti c causativ e i n 2a ,  bu t  no t  th e lexica l 
causativ e i n 2b ,  allow s crack s a s a  causer .  Thi s differenc e 
i n acceptabilit y  i s  roughl y characterize d b y th e assertio n 
tha t  th e rang e o f  situation s referre d t o b y lexica l  causative s 

i s a  subse t  o f  th e rang e o f  situation s referre d t o b y 
periphrasti c causative s (Se e Figur e 1) .  Tha t  is ,  lexica l 
causative s ar e choosie r  abou t  wha t  the y refe r  t o tha n ar e 
periphrasti c causatives . 

Periphrasti c causative s 

Lexic a causative s 

Figur e 1 .  Inclusio n relationshi p holdin g betwee n 
m a ny lexica l  an d periphrasti c causative s 

According to a number of linguists, lexical causatives 
expres s direc t  causation ,  tha t  is ,  causatio n tha t  i s 
immediate ,  strongl y coerciv e o r  unified ,  whil e periphrasti c 
causative s expres s causatio n tha t  i s eithe r  direc t  o r  indirec t 
(e.g .  Comrie ,  1985 ;  Cruse ,  1972 ;  D o w ^ ,  1979 ;  Frawley , 
1992 ;  Levi n &  Rappapor t  Hovav ,  1994 ,  Pinker ,  1989 , 
Shibatani ,  1980 ;  Wierzbicka ,  1988 ,  a m o n g others) .  Whil e 
helpful ,  thi s genera l  accoun t  o f  causative s leave s m u c h 
unsaid .  I n thi s researc h w e see k a  cognitivel y motivate d 
accoun t  o f  thi s distinctio n b y examinin g h o w th e tw o way s 
o f  expressin g causatio n migh t  b e linke d t o certai n propertie s 
i n th e externa l  world ,  namel y physica l  contac t  an d 
animacy . 

A relate d ai m o f  thi s researc h i s t o investigat e h o w thes e 
tw o way s o f  expressin g causatio n migh t  b e associate d wit h 
th e psychologica l  notio n o f  a n event .  It' s  generall y 
accepte d tha t  causative s ca n b e decompose d int o tw o 
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subevent s (e.g .  Frawley ,  1992 ;  Dowty ,  1979 ;  Parsons ,  1990 ; 
Talmy ,  1976) .  Th e questio n i s whethe r  an d w h e n thes e tw o 

subevent s ca n b e conceptualize d a s a  single ,  unifie d event . 
Accordin g t o th e unitizatio n hypothesis ,  lexica l  causatives , 

unlik e periphrasti c causatives ,  refe r  t o happening s tha t  ca n 
be conceptualize d (unitized )  a s singl e event s (fo r  simila r 

proposal s se e Croft ,  1990 ;  Delancey ,  1991 ;  Frawley ,  1992) . 
O ne w a y o f  motivatin g th e unitizatio n hypothesi s i s i n 

term s o f  iconicity .  Iconicit y i s th e genera l  clai m tha t 

feature s o r  relationship s i n th e worl d ca n b e reflecte d i n th e 

grammatica l  structur e o f  a  languag e (Haiman ,  1980 ,  1983 ; 

Giv6n ,  1990 ;  se e Fisher ,  i n press ,  fo r  a  simila r  claim) .  A n 
ofte n cite d exampl e i s th e generalizatio n tha t  concept s tha t 
ar e conceptuall y clos e ten d t o b e place d clos e togethe r  i n 
th e sentence .  Anothe r  ofte n cite d exampl e i s th e patter n i n 

whic h th e tempora l  orde r  o f  a  sequenc e o f  event s i s 
reflecte d i n th e tempora l  orde r  o f  clauses .  Case s o f 
iconicit y deserv e notice .  Onl y a  handfu l  o f  conceptua l 
distinction s ca n b e capture d i n a  language' s grammatica l 

structure ;  thos e tha t  d o ge t  capture d ar e likel y t o b e 

cognitivel y significan t  (Slobin ,  1995;Tahny ,  1983) . 
Applyin g thes e idea s t o English ,  w e ca n as k whethe r 

lexica l  an d periphrasti c causative s represen t  anothe r  kin d o f 
iconicity .  Th e pattern s ar e quit e suggestive :  Lexica l 
causative s encod e happening s withi n a  singl e claus e whil e 
periphrasti c causative s encodin g happening s ove r  tw o 
clauses .  Languag e m a y reserv e one-claus e expressions , 
lexica l  causatives ,  fo r  happening s tha t  ca n b e 
conceptualize d a s singl e events .  Conversely ,  languag e m a y 

emplo y multipl e claus e expressions ,  periphrasti c causatives , 
fo r  happening s tha t  canno t  b e conceptualize d a s singl e 
events . 

The Contact Criterion. If the distinction between 
lexica l  an d periphrasti c causative s i s conceptuall y importan t 
h o w migh t  i t  b e grounde d i n th e world ? I n ou r  first 
experiment ,  w e focuse d o n th e rol e o f  physica l  contact . 
Physica l  contac t  ha s bee n suggeste d b y a  numbe r  o f 
linguist s a s importan t  t o th e notio n o f  direc t  causatio n 
(Gergel y &  Bever ,  1986 ;  Pinker ,  1989 ;  Nedyalko v & 

Sibitsky ,  1973 ;  Shibatani ,  1980 )  an d ha s bee n studie d 
extensivel y b y psychologist s intereste d i n th e perceptio n o f 
cause .  I t  i s  generall y acknowledge d tha t  althoug h causatio n 
doe s no t  requir e physica l  contac t  (e.g .  Bullock ,  Gehnan ,  & 
Baillargeon ,  1982 ;  Shultz ,  1982 ;  Woodward ,  Phillips ,  & 
Spelke ,  1993) ,  contac t  ca n m a k e causatio n easie r  t o 
perceiv e (Cohe n &  Oaks ,  1993 ;  Leslie ,  1982 ,  Michotte , 
1963) .  I t  seem s reasonable ,  then ,  tha t  languag e migh t  us e a 
propert y lik e physica l  contac t  t o distinguis h betwee n 

differen t  kind s o f  causality .  Specifically ,  languag e migh t 

reserv e lexica l  causative s fo r  happening s i n whic h th e 

cause r  an d cause e m a k e physica l  contact ,  usin g periphrasti c 

causative s fo r  happening s i n whic h the y don't .  W e wil l 

refe r  t o thi s propose d relationshi p a s th e contac t  criterion ^ 

The principle is exemplified by the sentences in (3). 

(3 )  a .  Scull y move d th e chair . 

b.  Scull y cause d th e chai r  t o move . 

Th e sentenc e i n (3a )  strongl y suggest s physica l  contac t 
betwee n th e causer ,  Scully ,  an d th e causee ,  th e chair ,  whil e 

th e sentenc e i n (3b )  doe s not . 

Ther e i s som e empirica l  evidenc e fo r  th e lin k betwee n 

physica l  contac t  an d th e expressio n o f  causation .  I n a  stud y 
by A m m on (1980) ,  childre n an d adult s chos e on e o f  thre e 
picture s i n respons e t o a n orall y presente d sentenc e whic h 
was eithe r  a  lexica l  o r  periphrasti c causative .  Th e picture s 
depicte d thre e kind s o f  contact :  direc t  contac t  (e.g .  a  cartoo n 
characte r  bouncin g a  ball) ,  indirec t  contac t  (e.g .  a  characte r 
pointin g a  finger  a t  anothe r  characte r  bouncin g a  ball ,  a s i f 

directin g he r  t o d o so) ,  an d n o contac t  (e.g .  tw o character s 

simpl y watchin g a  bal l  bounce) .  Bot h childre n an d adult s 
preferre d th e pictur e depictin g direc t  contac t  whe n th e 

sentenc e containe d a  lexica l  causative .  W h e n th e sentenc e 
containe d a  periphrasti c causative ,  response s wer e mixed . 
A m m o n ' s findings  sugges t  tha t  physica l  contac t  ma y affec t 
h o w childre n an d adult s describ e a  causa l  happening . 
However ,  certai n aspect s o f  he r  methodolog y preclud e 
stron g conclusions :  I )  onl y thre e verb s wer e teste d unde r  al l 
sentenc e types ,  2 )  th e sentence s use d rea l  verbs ,  s o tha t 
subject' s knowledg e m a y hav e bee n specifi c  t o thes e verbs , 
and 3 )  th e causa l  happening s wer e presente d a s stati c 

picture s rathe r  tha n a s actua l  scene s involvin g motio n an d 
change .  (A s show n b y Kaiser ,  Proffitt ,  Whelan ,  an d Hech t 
(1992) ,  presentatio n metho d (eithe r  dynami c o r  static ) 
influence s h o w a n even t  i s evaluated. )  Th e firs t  stud y 
investigate d whethe r  th e propert y o f  physica l  contac t  affect s 
linguisti c expression . 

Testing the Contact Criterion. The contact criterion 
makes prediction s abou t  h o w peopl e wil l  chos e t o describ e a 
causa l  chain .  Imagin e a  scen e wher e on e marbl e (Ml ) 

bumps int o a  secon d marbl e ( M 2 )  whic h the n bump s int o a 
thir d marbl e ( M 3 )  (se e Figur e 2) .  I f  peopl e limi t  lexica l 
causative s t o happening s involvin g physica l  contact ,  the y 
shoul d b e willin g t o us e a  lexica l  causativ e t o describ e th e 
relationshi p betwee n M l  an d M 2 ,  bu t  no t  M l  an d M 3 . 

> Spelk e (1991 ;  Woodward ,  et .  al. ,  1993 )  an d he r  colleague s 
hav e argue d tha t  infant s emplo y a  constraint ,  th e principl e o f 
contact ,  i n thei r  reasonin g abou t  th e motion s o f  inanimat e objects . 
The constran t  i s simila r  t o th e contac t  criterio n (discusse d above) , 
but  no t  th e same .  Th e principl e o f  contac t  state s tha t  inanimate s 
wil l  ac t  upo n eac h othe r  i f  an d onl y i f  the y com e int o contact .  Th e 
principl e concerns ,  then ,  th e presenc e o r  absenc e o f  a  causa l 
relationship .  Th e contac t  criterion ,  i n contrast ,  concern s whethe r 
or  no t  a  causa l  relatio n i s direc t  o r  indirect ,  no t  presen t  o r  absent . 
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Causal  relationship s betwee n M l  an d M 3 shoul d onl y b e 

describabl e usin g a  periphrasti c causative . 

(m ^  i^M ^  "(ms ) 

Figur e 2 .  A  simpl e causa l  chain .  Marbl e 1  bump s int o 
marbl e 2  whic h bump s int o marbl e 3 . 

In Experiment 1, the contact criterion was tested using 

thi s logic .  Subject s watche d causa l  chain s involvin g thre e 
marbles .  The y the n chos e betwee n tw o sentences ,  a  lexica l 
and periphrasti c causative .  I n hal f  o f  th e sentenc e pairs ,  th e 
tw o marble s mad e physica l  contact .  I n th e othe r  hal f  o f  th e 
sentenc e pairs ,  th e tw o marble s di d no t  mak e physica l 
contact .  Accordin g t o th e contac t  criterion ,  subject s wil l 
choos e a  lexica l  causativ e sentenc e onl y whe n th e marble s 
i n tha t  sentenc e mak e physica l  contact .  I n case s wher e th e 
marble s don' t  mak e physica l  contact ,  subject s wil l  choos e a 
periphrasti c causativ e sentence ,  becaus e th e lexica l 
causative ,  whic h require s contact ,  i s  barred . 

Testing the Unitization Hypothesis. The unitization 
hypothesi s predict s a  stron g correlatio n betwee n happening s 
tha t  ca n b e describe d wit h a  lexica l  causativ e an d thos e tha t 
can b e counte d a s singl e events .  Th e chai n o f  marble s 
scenari o describe d abov e ca n b e use d t o tes t  thi s prediction . 
I f  th e unitizatio n hypothesi s i s correct ,  subject s wil l  repor t 
singl e event s fo r  marble s makin g physica l  contac t  mor e 
frequently  tha n fo r  marble s tha t  d o no t  mak e physica l 
contact . 

Experiment 1 

M e t h o d 

Subjects .  Th e subject s wer e 2 0 Northwester n Universit y 
students . 

Materials .  Sixtee n 3 D animation s wer e m a d e from  a n 
animatio n packag e calle d Autodes k 3 D Studio ® releas e 4 . 
Each animatio n depicte d a  sequenc e i n whic h thre e marble s 
rolle d int o on e another .  Th e sequence s followe d on e o f  fou r 
possibl e path s base d o n whethe r  th e secon d o r  thir d marble s 
hi t  hea d o n o r  a t  a n angle .  Eac h pat h wa s viewe d from  fou r 
differen t  perspectives .  Animatio n qualit y wa s nea r 
photorealistic .  Al l  colors ,  excep t  th e background ,  wer e 

don e wit h textur e mappings .  Al l  objects ,  whe n appropriate , 

cas t  shadows .  Th e marble s wer e place d o n a  gra y surfac e 

agains t  a  blu e backgroun d an d wer e colore d eithe r  red , 
yellow ,  blue ,  o r  green .  Lik e rea l  marbles ,  thes e color s 

varie d a  bi t  s o tha t  thei r  rollin g motion s coul d b e seen . 

Each animatio n wa s 5 0 frames  i n lengt h an d wa s ru n a t 
approximatel y 1 5 frames/second. 

Procedur e an d Design .  Th e animation s wer e presente d o n 
DOS-base d computer s wit h 17 "  monitors .  Th e orde r  o f  th e 
animation s wa s randomize d excep t  fo r  th e firs t  tw o whic h 
serve d a s practic e items .  Afte r  watchin g a n animation , 
subject s wer e aske d t o "choos e th e sentenc e tha t  bes t 

describes "  th e occurrence ,  base d o n "wha t  yo u se e i n th e 
animations ,  a s wel l  a s o n you r  genera l  knowledg e o f 
verbs. "  Th e choice s wer e a  lexica l  causative ,  a  periphrasti c 
causative ,  o r  neithe r  o f  thes e sentences .  T o encourag e use 
of  genera l  knowledg e w e use d nonc e verb s (e.g .  fendle , 
klop) :  Periphrasti c sentence s wer e forme d usin g th e ver b 
make alon g wit h th e sam e nonc e ver b use d i n th e lexica l 
causativ e sentences .  Withi n a  sentenc e set ,  th e marble s 

wer e th e sam e fo r  bot h sentenc e types :  e.g .  "Th e blu e 
marbl e fendle d th e gree n marble "  vs .  "Th e blu e marbl e 
made th e gree n marbl e fendle. "  Th e sentenc e set s name d 
thre e kind s o f  events :  eigh t  i n whic h th e marble s mad e 
physica l  contact ,  eigh t  i n whic h th e marble s didn' t  mak e 
physica l  contact ,  an d fou r  i n whic h th e marble s mad e 
contact ,  bu t  di d no t  agre e wit h th e sentences .  Th e las t  fou r 
event s wer e draw n systematicall y from  th e primar y sbctee n 
animations ,  an d serve d a s catc h trials ,  sinc e th e correc t 
option ,  "neithe r  o f  th e abov e sentence, "  wa s unambiguous . 
Afte r  subject s fmishe d th e sentenc e choic e task ,  the y 
watche d th e animation s agai n an d wer e tol d t o simpl y coun t 
th e numbe r  o f  events .  Th e mai n facto r  o f  interest ,  contac t 
type ,  wa s withi n subjec t  an d ha d tw o levels ,  contac t  an d 

gap-

Results 

The prediction s o f  th e contac t  criterio n an d th e unitizatio n 
hypothesi s wer e born e out .  A s predicte d b y th e contac t 
criterion ,  lexica l  causative s wer e chose n mor e frequently 
when th e marble s mad e physica l  contac t  (A/=78% )  tha n 
when the y wer e gappe d (A/=8% )  (Tabl e 1) . 

Relationship Between Marbles 

Contac t Gap 

Sentenc e 
Typ e 

Lexica l 

Periph . 

Tota l  Causa l 

78 % 

20 % 

98 % 

8 % 

63 % 

71 % 

Tabl e 1 :  Percentag e o f  sentenc e type s chose n i n 
Experimen t  1 
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Thi s differenc e wa s significan t  acros s bot h subjects ,  t , 
(19)=I3.86 ,  p  <  .001 ,  an d items ,  ti(l5)=10.2 ,  p  <  .001 . 

Subject s wer e markedl y unwillin g t o us e lexica l  causative s 
i n th e gappin g condition .  (Thei r  8 % respons e leve l  wa s 
significantl y les s tha n chanc e i f  w e assum e chanc e =  . 5 b y 

sig n test ,  p < .05. )  Thi s unwillingnes s t o us e lexica l 

causative s i n th e gappin g conditio n canno t  b e attribute d t o 

thei r  no t  perceivin g a  causa l  relationship .  Th e hig h leve l  o f 

periphrasti c response s i n thi s conditio n (63% )  indicate s tha t 
th e majorit y o f  subject s viewe d th e gappe d event s a s 

causall y connected ,  bu t  i n a  sens e differen t  fro m tha t 
implie d b y th e lexica l  causatives . 

Relationshi p Betwee n Marble s 

Contac t Gap 

Numof 

event s 

1 even t 

More than 
1 even t 

2 4 % 

76% 

3 % 

97% 

Tabl e 2 :  Percentag e choosin g on e even t  vs .  mor e tha n 
one even t  i n Experimen t 

Table 2 shows the results with respect to the unitization 
hypothesis .  Singl e event s wer e reporte d mor e frequentl y 
when th e marble s mad e physica l  contac t  (A/=24% )  tha n 

when the y wer e gappe d ( A ^ 3 % )  acros s bot h subjects ,  t , 
(19)=2.5 ,  p  <  .05 ,  an d items ,  t,(15)=13.73 ,  p  <  .001 .  Thi s 
resul t  i s  consisten t  wit h th e hypothesi s tha t  th e kind s o f 

happening s describe d b y lexica l  causative s ar e thos e tha t 
can b e conceptualize d a s singl e events . 

Discussion 

The result s ar e consisten t  wit h th e prediction s mad e b y 
th e contac t  criterio n an d th e unitizatio n hypothesis . 
However ,  problem s aris e whe n th e contac t  criterio n i s 
generalize d t o a  wide r  rang e o f  situations .  I t  i s no t  har d t o 
find  sentence s tha t  violat e th e contac t  criterion ,  a s i n (4) . 

(4 )  Th e landlor d evicte d th e tenants . 
Nixo n bombe d Cambodia . 

Bot h sentence s i n (4 )  impl y causatio n i n whic h th e cause r 
and cause e don' t  mak e physica l  contact .  Th e contac t 
criterion ,  whil e useful ,  mus t  no t  b e th e whol e story .  What , 
then ,  migh t  allo w peopl e t o grou p object s tha t  don' t  mak e 
physica l  contact ? I n term s o f  th e unitizatio n hypothesis , 
what  migh t  allo w peopl e t o vie w a n extende d chai n o f 
event s a s a  singl e event ? 

The Role of Animacy. The answer might be linked to 
animacy .  Animat e causer s hav e propertie s whic h ma y giv e 
the m specia l  statu s i n causa l  interaction s (Leslie ,  1994 ; 
Talmy ,  1976) .  On e o f  thes e propertie s i s  intention .  B y 
means o f  intention ,  object s tha t  ar e spatiall y  distan t  migh t 
be mad e psychologicall y close ,  an d a s a  consequent , 
causall y direct .  Thi s hypothesis ,  i n on e for m o r  another ,  ha s 

been linke d t o th e notio n o f  direc t  causatio n b y a  numbe r  o f 

linguist s (e.g .  Brennenstuh l  &  Wachowicz ,  1974 ;  Gergel y 
& Bever ,  1986 ;  Kozinsk y &  Polinsky ,  1994) .  Anothe r 

propert y o f  animate s i s  tha t  the y readil y ac t  a s ultimat e 

causes ,  tha t  is ,  th e ver y first  caus e o f  a  causa l  chai n 

(Delancey ,  1991 ;  Croft ,  1990) .  The y d o thi s b y bein g abl e 

t o self-initiat e thei r  ow n action s an d generat e thei r  ow n 

force s (Gelman ,  Durgin ,  Kaufinan ,  1995) .  Roughl y 

speaking ,  a n ultimat e caus e migh t  b e viewe d a s a  direc t 

caus e b y bein g th e entit y tha t  produce s th e forc e tha t  create s 

an effect .  On e nic e featur e o f  th e ultimat e caus e 

hypothesi s i s  tha t  i t  fits  nicel y wit h th e notio n o f 

'windowin g o f  attention '  discusse d b y Talm y an d 
•metonymi c clipping '  b y Wilkin s an d Va n Vali n (1993) , 
tha t  is ,  th e ide a tha t  animat e causer s ca n stan d i n fo r  th e 
entir e sequenc e o f  event s leadin g t o a  result .  I n differen t 

ways ,  then ,  bot h hypothese s explai n ho w direc t  causatio n 
migh t  occu r  b y mean s o f  animat e agents .  Linguisti c suppor t 

fo r  thi s effec t  ha s bee n suggeste d b y Schlesinge r  (1989) . 

As h e notes ,  "inanimat e object s ca n b e agent s [o f  action s 
involvin g instruments ]  onl y i f  the y ac t  withou t  mediation. " 
The sentence s i n (5 )  exemplif y thi s prediction . 

(5) a. Two bullets wounded the president. 
b.  *Th e rifl e wounde d th e presiden t  wit h tw o bullets . 
c.  Th e assassi n wounde d th e presiden t  wit h tw o bullets . 

The sentence in (5a) describes a happening involving 
physica l  contac t  betwee n th e agen t  an d patient ,  allowing ,  b y 

hypothesis ,  th e agen t  t o b e inanimate .  Th e sentence s i n (5b ) 
and (5c )  describ e happening s i n whic h th e agen t  an d patien t 
do no t  mak e physica l  contact .  A s predicted ,  a n inanimat e 
agent ,  (5b) ,  sound s od d whil e a n animat e agent ,  (5c) ,  i s 
acceptable . 

Testin g th e effec t  o f  animacy .  T o tes t  th e effec t  o f 
animacy ,  w e modifie d th e event s use d i n Experimen t  1 .  I f 
animac y allow s peopl e t o g o beyon d physica l  contact , 
replacin g th e initiatin g marbl e wit h a  han d (indicatin g a n 
animat e agent )  shoul d allo w peopl e t o for m lexica l 

causative s betwee n th e cause r  an d th e las t  marble ,  M 3 (se e 
Figur e 3) .  I f  thi s i s true ,  the n th e unitizatio n hypothesi s 
makes a  fiirther  prediction .  T o th e exten t  tha t  subject s us e 
lexica l  causative s whe n agent s ar e animate ,  the y shoul d als o 
ten d t o conceptualiz e thes e happening s a s singl e events . 

Experiment 2 

M e t h o d 

Subjects .  Th e subject s wer e 2 0 Northwester n Universit y 
students . 
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Figur e 3 .  Causa l  chai n initiate d b y inanimat e cause r 

Design and Procedure. As in Experiment 1, the main 
facto r  o f  interest ,  contac t  type ,  wa s withi n subjec t  an d ha d 
tw o levels ,  contac t  an d gap .  Th e procedure s wer e a s thos e 
used i n Experimen t  1 . 

Materials .  Th e animation s wer e a s use d i n Experimen t  1 , 
excep t  tha t  al l  o f  th e initiatin g causer s wer e animate , 
namely ,  a  han d wit h ar m an d bod y attache d i n th e 
background .  I n orde r  t o increas e th e numbe r  o f  sequences , 
th e agent s performe d tw o kind s o f  actions .  I n hal f  o f  th e 
sequences ,  a  han d flicke d a  marbl e t o anothe r  marble , 
causin g i t  t o move .  I n th e othe r  half ,  a  han d carrie d a 
marbl e t o anothe r  marble ,  causin g i t  t o move . 

Results 

The patter n o f  result s change d dramaticall y from 
Experimen t  1 .  W h e n give n animat e agents ,  subject s wer e 

willin g t o us e lexica l  causative s i n th e absenc e o f  physica l 
contac t  ( 4 2 % a s compare d t o 8 % i n Experimen t  1 )  (Tabl e 

3) . 

Relationship Between Marbles 

Contac t  G a p 

Sentenc e 
Typ e 

Lexica l 

Periph . 

Tota l  Causa l 

61 % 

23 % 

83 % 

42 % 

52 % 

94 % 

Tabl e 3 :  Percentag e o f  sentenc e type s chose n i n 
Experimen t  2 

However, even with animate agents, contact still had an 
effec t  o n lexicalization .  A s i n Experimen t  1 ,  lexica l 
causative s wer e chose n mor e frequently  whe n th e marble s 
made contac t  (A/=61% )  tha n whe n the y wer e gappe d 
(A^^2% )  (significan t  acros s items ,  ti(15)=2.6 ,  p  <  .02 ,  bu t 
not  subjects ,  t ,  (19)=1.66) . 

Causal  chai n initiate d b y animat e cause r 

Relationshi p Betwee n Marble s 

Contact Gap 

Numof 
event s 

1 even t 

More tha n 
1 even t 

29 % 

71 % 

24 % 

76 % 

Tabl e 4 :  Percentag e choosin g on e even t  vs .  mor e tha n 

one even t  i n Experimen t  2 

The results provided additional support for the unitization 
hypothesis .  Animac y appeare d t o hav e a n effec t  o n h o w th e 
event s wer e enumerated .  Subject s wer e willin g t o repor t 
singl e event s eve n whe n th e marble s di d no t  mak e physica l 
contac t  (se e Tabl e 4) .  I n contras t  wit h th e patter n i n 
Experimen t  1 ,  subject s wer e equall y likel y t o se e th e 
happenin g a s a  singl e even t  whethe r  th e marble s m a d e 
physica l  contac t  (Af=29% )  o r  wer e gappe d ( A ^ 2 4 % ) . 
Take n together ,  thes e result s suppor t  th e hypothesi s tha t  th e 
kind s o f  happening s describe d b y lexica l  causative s ar e 
thos e tha t  ca n b e conceptualize d a s singl e events . 

Conclusions 

Language may tell us something about the perception of 
cause .  Specifically ,  peopl e m a y differentiat e tw o differen t 
kind s o f  causality ,  direc t  an d indirect ,  an d peopl e m a y us e 
th e propertie s o f  physica l  contac t  an d animac y i n 
distinguishin g betwee n thes e tw o kind s o f  causality .  Th e 
rol e playe d b y thes e tw o propertie s ca n b e summarize d b y 
th e followin g conclusion s (1 )  I n mechanica l  causatio n (i.e . 
when th e causin g object s ar e inanimate) ,  lexicalizatio n i s 
guide d b y th e contac t  criterion ;  (2 )  I n agentiv e causatio n 
(i.e .  whe n th e causin g objec t  object s ar e animate) , 
lexicalizatio n i s guide d b y furthe r  factors ,  possibl y intentio n 
or  ultimat e causation ;  an d (3 )  lexicalizatio n migh t  b e a n 
inde x o f  whethe r  a  happenin g ca n b e conceptualize d 
(unitized )  a s a  singl e event .  Th e result s ar e consisten t  wit h 
th e possibilit y  tha t  th e propertie s tha t  determin e h o w a 
causa l  even t  get s expresse d ar e basi c t o th e perceptio n o f 
events .  Futur e researc h wil l  focu s o n th e natur e o f  th e 
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animac y effect ,  a s wel l  a s o n th e questio n o f  whethe r  an d 

when thes e distinction s ar e availabl e t o children . 
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Abstrac t 

Features differ in their muUbihty. For example, a robin 
coul d stil l  b e a  robi n eve n i f  i t  lacke d a  re d breast ;  bu t  i t 
woul d probabl y no t  coun t  a s on e i f  i t  lacke d bones .  I  hav e 
hypothesize d (Lov e &  Sloman ,  1995 )  tha t  feature s ar e 
immutabl e t o th e exten t  othe r  feature s depen d o n them .  W e 
can vie w a  feature' s mutabilit y a s a  measur e o f 
transformationa l  difficulty .  I n derivin g ne w concepts ,  w e 
ofte n transfor m existin g concept s (e.g .  w e ca n g o fro m 
thinkin g abou t  a  robi n t o thinkin g abou t  a  robi n withou t  a 
re d breast) .  Th e difficult y o f  thi s transformation ,  a s 
measure d b y reactio n time ,  increase s wit h th e immutabilit y 
of  th e featur e transformed .  Conceptua l  transformation s ar e 
strongl y affecte d b y context ,  bu t  i n a  principle d manner , 
als o explaine d b y featur e dependenc y structure .  A  detaile d 
accoun t  o f  context' s effec t  o n mutabilit y  i s  given ,  a s wel l 
as corroboratin g data .  I  conclud e b y addressin g ho w 
mutability-dependenc y theor y ca n b e applie d t o th e stud y 
of  similarity ,  categorization ,  conceptua l  combination ,  an d 
metaphor . 

1 Introduction: the importance of 
re lat ion s 

Cognitive scientists have begun to gain an appreciation 
tha t  concept s (i n th e psychologica l  sense )  ar e mor e tha n 
independen t  set s o f  features .  A n y accoun t  o f  concep t 
representatio n mus t  addres s th e relation s tha t  exis t  amon g 
features .  Relation s hel p explai n wh y som e feature s ar e mor e 
centra l  t o a  representation ,  whil e other s ar e easil y 
transformable .  Fo r  instance ,  relation s amon g feature s 
explai n wh y i t  i s  difficul t  t o imagin e a  norma l  robi n 
withou t  a  heart ,  whil e imaginin g a  robi n withou t  a  re d 
breas t  i s mor e plausible .  Havin g a  re d breas t  i s a  mutabl e 
featur e o f  robins ,  whil e havin g a  hear t  i s a n immutabl e 
featur e o f  robins . 

Ther e hav e bee n varyin g account s o f  wh y som e feature s 
ar e relativel y immutable ,  whil e other s ar e mutable .  O n th e 
theory-base d vie w (e.g. ,  Carey ,  1985 ;  Keil ,  1989) ,  th e 
importanc e o f  th e hear t  ca n b e explaine d b y appealin g t o a 
biologica l  theor y o f  ho w a  robi n functions .  Suc h a  theor y 
woul d dee m th e hear t  centra l  t o ou r  notio n o f  wha t  i t  mean s 
t o b e a  norma l  robin ,  base d o n th e we b o f  relation s i n whic h 
th e hear t  i s embedde d (e.g .  "th e hear t  pump s blood" ,  "bloo d 
carrie s oxygen" ,  "th e brai n need s oxygen" ,  etc) .  Th e 
relation s amon g feature s ar e labele d b y th e typ e o f  relatio n 
the y represen t  (e.g .  carries ,  pumps ,  needs) .  O n thi s vie w 
(Murph y &  Medin ,  1985 ;  Wellman ,  1990) ,  th e concep t 
robi n cohere s b y virtu e o f  th e explanator y relation s tha t  hol d 

betwee n it s  component s (an d perhap s thos e o f  othe r 
concepts) . 

I n contrast ,  th e featur e "ha s a  re d breast "  doe s no t  pla y a s 
critica l  o f  a  rol e i n th e overal l  explanator y coherenc e o f  th e 
concep t  robin ,  makin g th e featur e mor e mutable .  Tha t  is ,  i t 
i s eas y t o imagin e a  robi n no t  havin g a  re d breas t  (perhap s 
th e robi n ha s a  brow n breast) .  No t  havin g a  re d breas t  doe s 
not  hav e seriou s ramification s fo r  a  theor y o f  wha t  i t  mean s 
t o b e a  robin . 

The stor y become s mor e comple x whe n w e conside r  tha t 
th e mutabilit y o f  a  featur e ca n var y wit h context .  Fo r 
instance ,  i n certai n contexts ,  th e featur e "ha s a  re d breast " 
can becom e mor e immutable .  I f  on e i s reminde d o r  alerte d 
t o th e matin g purpose s o f  havin g a  re d breast ,  th e featur e 
wil l  becom e mor e immutable .  Effectively ,  th e contex t  o f 
matin g highlight s feature s wit h relation s i n c o m m o n wit h 
th e featur e "ha s a  re d breast" ,  makin g "ha s a  re d breast "  mor e 
immutable .  Th e effect s o f  contex t  o n categorizatio n an d 
similarit y rating s ar e wel l  documente d (Medi n et .  al. ,  1993) . 
Contex t  ca n facilitat e th e interpretatio n o f  noun-nou n 
compounds ,  analogies ,  an d nominativ e metaphor s (Gerri g & 
Murphy ,  1992 ;  Gic k &  Holyoak ,  1980 ;  Gilde a an d 
Glucksberg ,  1983) . 

2 The dependency stance: an 
i m p l e m e n t e d t h e o r y 

The theory-based view can explain why certain features are 
mor e critica l  o r  immutable ,  bu t  th e explanatio n ha s a n a d 
hoc flavo r  an d seem s overl y complex .  I t  i s  unclea r  h o w a 
theory-base d mode l  coul d b e implemente d tha t  predict s 
whic h feature s o f  a  concep t  ar e mutabl e an d whic h ar e 
immutable .  I t  i s difficul t  t o se e ho w qualitativ e statement s 
lik e "play s a  critica l  rol e i n th e overal l  explanator y 
coherenc e o f  th e concep t  "  ca n b e mad e forma l  an d yiel d 
quantitativ e predictions .  Th e proble m become s mor e acut e 
when w e allo w contex t  t o vary . 

Sinc e relation s amon g feature s ar e labele d b y thei r  type ,  i t 
i s  no t  possibl e t o emplo y a  simpl e algorith m tha t  calculate s 
th e importanc e o f  a  feature ,  sinc e differen t  type s o f  relation s 
ar e no t  directl y comparable .  O n e coul d overcom e thi s 
difficult y b y employin g a  simple r  representationa l  schem e 
tha t  stil l  capture d th e basi c intuition s o f  th e theory-base d 
view . 

I  propos e (Lov e &  Sloman ,  1995 )  tha t  al l  type s o f 
relation s ca n b e collapse d t o on e primitiv e type ,  namel y th e 
unidirectiona l  relatio n o f  depends ;  fo r  th e purpose s o f 
calculatin g featur e mutabilities .  I n suc h a  scheme ,  th e 
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Figur e 1 :  T h e ar row s poin t  f r o m a  featur e t o o n e tha t  i t  d e p e n d s 

u p o n ,  a s rate d b y subject s ( L o v e &  S l o m a n ,  1995) . 

relation s pumps ,  carries ,  an d need s woul d al l  b e collapse d t o 
th e pairwis e relatio n depends .  Face d wit h th e challeng e o f 
equatin g differen t  type s o f  relations ,  peopl e ma y resor t  t o 
usin g onl y dependenc y informatio n i n certai n tasks .  Figur e 
1 illustrate s a  dependenc y graph ,  i n whic h relation s amon g 
feature s ar e onl y represente d a s dependencies . 

Havin g man y feature s dependin g upo n a  give n featur e wil l 
make i t  mor e difficul t  t o transfor m th e give n featur e sinc e 
th e transformatio n wil l  disrup t  th e representatio n o f  th e 
concept .  Othe r  feature s tha t  depen d upo n th e immutabl e 
featur e wil l  als o chang e an d thi s ca n hav e ramification s fo r 
th e entir e representation .  Fo r  example ,  i f  yo u wer e tol d tha t 
a particula r  robi n di d no t  hav e wings ,  yo u woul d nee d t o 
updat e you r  defaul t  assumptio n tha t  th e robi n ca n fly ,  sinc e 
"ca n fly "  depend s o n "ha s wings" .  Performin g conceptua l 
transformation s acros s mutabl e feature s i s relativel y eas y 
becaus e othe r  feature s ar e unaffecte d b y change s i n mutabl e 
features .  W e woul d expec t  reactio n tim e t o b e slowe r  fo r 
transformation s performe d acros s immutabl e features .  I n 
experimen t  1, 1 tes t  thi s prediction . 

Havin g on e typ e o f  relatio n make s i t  possibl e t o compar e 
al l  relation s o n th e basi s o f  magnitude .  Th e mutabilit y  o f  a 
featur e ca n b e calculate d b y summin g th e numbe r  an d 
strengt h o f  th e othe r  feature s tha t  depen d o n it ,  whic h i s a 
straightforwar d computation ,  ye t  account s fo r  subjects ' 
mutabilit y  rating s (Lov e &  Sloman ,  1995) .  Obviously , 
ther e ar e task s tha t  requir e peopl e t o atten d t o th e label s o f 
relations ,  suc h a s som e reasonin g tasks ,  bu t  interestingly , 
suc h task s requir e considerabl y mor e effor t  an d processin g 
tim e tha n task s tha t  d o no t  deman d labele d relation s (Ratcilf f 
& Mckoon ,  1989) . 

By positin g tha t  peopl e emplo y a  dependency-lik e 
representation ,  a n explanatio n o f  h o w contex t  affect s 
perceive d mutabilit y  i s  suggested .  W h e n formin g a  concept , 
on e draw s upo n a  hug e databas e o f  knowledge ,  onl y usin g a 
fractio n o f  i t  i n formin g an y particula r  concep t  (Barsalou , 

1993) .  A n individua l  ca n conceiv e o f  a  categor y i n a 
number  o f  differen t  ways ,  dependin g o n contex t  an d curren t 
goals .  Studyin g thes e effect s i s critica l  t o ou r  understandin g 
of  concep t  representatio n a s contex t  ca n dictat e whic h 
feature s ar e include d i n formin g a  concept . 

Sinc e a  featur e i s immutabl e t o th e exten t  tha t  othe r 
feature s depen d upo n it ,  formin g a  concep t  fro m differen t 
set s o f  feature s (i n differen t  contexts )  shoul d affec t  featur e 
mutabilit y  i n a  principle d way .  Mor e precisely ,  i f  a  featur e 
i s introduce d (o r  highlighted )  tha t  depend s upo n a  give n 
feature ,  th e give n featur e wil l  becom e mor e immutable . 
Concretely ,  i f  I  spea k extensivel y o f  th e matin g practice s o f 
robins ,  an d yo u k n o w tha t  certai n aspect s o f  th e matin g 
proces s depen d upo n th e participants '  color ,  the n "ha s a  re d 
breast "  shoul d b e mor e immutabl e i n thi s contex t  tha n i n a 
contex t  centere d aroun d flight . 

3 Testing the dependency model 

Two studies were conducted to test the following 
predictions :  i .  Feature s rate d a s mutabl e shoul d b e easie r  t o 
transform .  Subject s shoul d b e faste r  a t  imaginin g derivativ e 
concept s tha t  var y i n a  mutabl e featur e tha n i n a  immutabl e 
feature .  ;  ii .  Thi s transformatio n i s affecte d b y contex t  i n a 
principle d wa y explaine d b y th e dependenc y structur e o f  th e 
representation . 

3.1 Experiment 1: Mutability as Transformation 

If subjects are performing a transformation of the concept 
robi n t o a  derivativ e representatio n o f  robi n whe n providin g 
rating s fo r  statement s like ,  " H o w easil y ca n yo u imagin e a 
robi n tha t  doe s no t  hav e wings?" ,  the n on e woul d expec t 
tha t  th e rating s fo r  suc h question s woul d correspon d t o th e 
actua l  difficult y o f  th e transformation .  Furthermore ,  th e 
difficul t  o f  a  transformatio n shoul d b e measurabl e throug h 
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reactio n time .  Transformation s o f  highl y immutabl e 
feature s shoul d tak e longe r  tha n transformation s ove r 
mutabl e features .  I n experimen t  1, 1 teste d thi s prediction . 

Method 
Subjects .  Subject s i n th e featur e mutabilit y  ratin g tas k 

wer e 2 0 undergraduate s from  Brow n University .  The y wer e 
pai d fo r  thei r  participation .  Subject s i n th e reactio n tim e 
tas k wer e 2 0 undergraduate s fro m Northwester n University . 
They receive d cours e credi t  i n a n introductor y psycholog y 
cours e fo r  thei r  participation . 

Material s an d procedure .  Th e stimul i  consiste d o f  feature s 
fro m 4  categorie s (pin e tree ,  robin ,  cucumber ,  an d apple ) 
take n fro m Dea n an d Sloma n (1995) .  Mutabilit y  rating s 
wer e collecte d b y havin g subject s answe r  question s like , 
"Ho w easil y ca n yo u imagin e a  robi n withou t  wings? " 
Subject s responde d wit h a  numbe r  betwee n 0  an d 1  tha t 
reflecte d th e eas e o f  th e transformation .  Th e numbe r  o f 
feature s pe r  categor y varie d fro m 1 7 t o 25 .  Th e 3  mos t 
mutabl e an d immutabl e feature s fro m eac h categor y wer e 
chose n fo r  th e reactio n tim e task ,  fo r  a  tota l  o f  2 4 features . 
Subject s wer e show n th e n a m e o f  th e categor y an d th e 
featur e o n a  Macintos h computer .  The y presse d th e spaceba r 
when the y coul d imagin e a  m e m b er  o f  th e categor y no t 
havin g th e liste d feature ,  bu t  bein g norma l  i n ever y othe r 
respect . 

To ensur e tha t  an y differenc e i n reactio n tim e betwee n 
mutabl e an d immutabl e feature s coul d no t  b e attribute d t o 
th e goodness ,  accessibility ,  salience ,  o r  readin g time s o f  th e 
features ;  a  featur e confirmatio n tas k wa s include d a s a 
control .  Th e sam e stimul i  wer e use d wit h th e additio n o f  2 4 
distractors .  Subject s wer e instructe d t o pres s "p "  i f  th e 
categor y ha d th e give n feature ,  an d t o pres s "q "  i f  th e 
categor y di d no t  posses s th e feature .  Sinc e al l  th e feature s o f 
interes t  clearl y belonge d t o thei r  category ,  3 2 distracto r 
feature s tha t  di d no t  belon g t o th e presente d categor y wer e 
include d t o ensur e tha t  subject s woul d no t  b e biase d toward s 
an affirmativ e response . 

Results 
Al l  observation s mor e tha n 3  standar d deviation s abov e 

th e mea n wer e discarde d (th e cutoff s wer e 1457 6 msec s fo r 
th e imaginin g task ,  an d 334 1 msec s fo r  th e featur e 
confirmatio n task) .  Fo r  analysis ,  reactio n time s wer e 
separate d int o tw o groups :  mutabl e an d immutable . 
Subject s too k longe r  t o imagin e instance s o f  a  categor y 
varyin g i n a n immutabl e featur e (t(539)=4.ll ,  p<.001 )  wit h 
a mea n o f  515 3 msec s fo r  th e immutabl e feature s an d a 
mean o f  435 5 msec s fo r  th e mutabl e features .  Th e differenc e 
was significant . 

Ther e wa s n o statisticall y significan t  effec t  i n th e contro l 
task .  Feature' s wer e confirme d wit h a  mea n respons e tim e 
of  137 3 msec s fo r  th e immutabl e features ,  compare d t o 135 5 
msecs fo r  th e mutabl e feature s (t(459)=.39 ,  p>.70) . 

Discussion 
As predicted ,  th e tim e t o perfor m a  conceptua l 

U-ansformatio n varie d wit h th e immutabilit y  o f  th e featur e 
transformed .  Th e effec t  canno t  b e accounte d fo r  b y an y 
combinatio n o f  frequency ,  accessibility ,  salience ,  readin g 

time ,  etc. ,  sinc e an y suc h effec t  woul d b e manifes t  i n th e 
featur e confirmatio n contro l  task . 

Th e result s sugges t  tha t  mutabilit y  rating s indicat e h o w 
eas y i t  i s  t o perfor m a  conceptua l  transformatio n acros s a 
feature' s dimension .  Suc h a  positio n i s consisten t  wit h th e 
findin g tha t  immutabl e feature s ten d t o hav e othe r  feature s 
dependin g o n the m (Lov e &  Sloman ,  1995) .  Performin g a 
transformatio n acros s a n immutabl e featur e i s mor e difficul t 
becaus e th e othe r  feature s dependin g o n th e immutabl e 
featur e wil l  b e affecte d b y th e transformation . 

3.2 Experiment 2: Transformation in Context 

If the immutability of a feature is determined by the other 
feature s tha t  depen d upo n it ,  the n introducin g (o r 
highlighting )  feature s tha t  depen d upo n a  featur e shoul d 
increas e th e immutabilit y  o f  th e featur e bein g depende d on . 
For  example ,  a  contex t  o f  "ca n fly "  shoul d m a k e "ha s 
wings "  mor e immutable ,  bu t  sinc e depend s i s a  directiona l 
relation ,  "ha s wings "  shoul d hav e littl e effec t  o n th e 
immutabilit y  o f  "ca n fly" .  Experimen t  2  teste d thi s 
prediction . 

Method 
Subjects .  Subject s wer e 2 0 undergraduate s fro m 

Northwester n Universit y w h o receive d cours e credi t  i n a n 
introductor y psycholog y cours e fo r  thei r  participation . 

Material s an d procedure .  Th e stimul i  consiste d o f  a  subse t 
of  feature s fro m 4  categorie s (apple ,  chair ,  guitar ,  an d robin ) 
take n fro m Rosch ,  Mervis ,  Gray ,  Johnson ,  an d Boyes-Brae m 
(1976) .  Th e subse t  wa s chose n t o allo w A - B - C featur e 
triad s t o b e forme d fro m th e sam e categor y suc h tha t  featur e 
A depend s upo n featur e B ,  bu t  featur e B  doe s no t  depen d 
upo n featur e A ,  an d featur e C  share s n o dependenc y relation s 
wit h eithe r  feature s A  o r  B .  Th e dependenc y rating s wer e 
collecte d fro m subject s b y Lov e an d Sloma n (1995) .  A n 
exampl e o f  suc h a n A-B- C tria d fo r  th e categor y robi n i s 
"ca n fly" ,  "ha s wings" ,  an d "ha s a  re d breast" . 

Subject s rate d th e mutabilit y  o f  th e feature s i n th e A  an d 
B set s b y answerin g question s o n a  Macintos h compute r 
suc h as ,  " H o w easil y ca n yo u imagin e th e robi n withou t 
wings? "  Response s wer e mad e b y pressin g a  numbe r  labele d 
key ,  wit h 1  indicatin g tha t  th e modifie d toke n wa s ver y eas y 
t o imagin e an d 9  indicatin g tha t  th e toke n wa s ver y difficul t 
t o imagine .  Th e contex t  wa s varie d b y havin g a  featur e i n 
th e tria d preced e th e rate d featur e fo r  3  second s i n a  statemen t 
like ,  "Th e robi n ca n fly. "  Eac h subjec t  sa w onl y hal f  o f  th e 
stimul i  t o avoi d havin g an y subjec t  rat e a  featur e twice . 

Results 
Th e result s ar e liste d i n tabl e 1 .  W h e n a  featur e wa s 

precede d b y anothe r  featur e tha t  depend s o n it ,  th e featur e 
was judge d mor e immutabl e tha n whe n i t  wa s precede d b y a 
featur e i t  di d no t  shar e a  dependenc y relation ,  wit h a  mea n o f 
7.3 7 compare d t o 5.5 2 (t(197)=4.85 ,  p<.001) . 

Thi s resul t  di d no t  hol d fo r  th e reversal .  W h e n a  featur e 
was precede d b y anothe r  featur e tha t  th e rate d featur e depend s 
on ,  th e featur e wa s no t  judge d mor e immutabl e tha n whe n i t 
was precede d b y a  featur e tha t  i t  share d n o dependenc y 
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relation :  m e a n o f  5.1 6 compare d t o 5.0 6 (t(198)=.25 , 
p>.80) . 

precedin g 
contex t 

A (  > ) 

C (n o relation ) 

B (  <  ) 

C (n o relation ) 

featur e rate d 

B 

B 

A 

A 

m e an o f  rate d 
feature s 

7.3 7 

5.5 2 

5.1 6 

5.0 6 

Tabl e 1 :  Featur e A  depend s upo n featur e B ,  bu t  featur e B 
doe s no t  depen d upo n featur e A .  Feature s A  an d B  shar e 
n o dependenc y relation s wit h featur e C .  Highe r  rating s 
indicat e tha t  th e featur e i s mor e immutable . 

Discussion 
Experimen t  2  support s th e predictio n tha t  mutabilit y 

contex t  effect s ar e mediate d throug h dependenc y relations . 
Furthermore ,  i t  dispel s th e notio n tha t  dependencie s ar e 
simpl e association s an d tha t  mutabilit y i s  nothin g mor e 
tha n th e connectivit y o f  relations ,  sinc e dependenc y primin g 
was show n t o b e asymmetri c (e.g .  th e contex t  o f  "ha s 
wings "  di d no t  m a k e "ca n fly "  mor e immutable ,  bu t  th e 
contex t  "ca n fly "  di d mak e "ha s wings "  mor e immutable.) . 

I t  m a y see m strang e t o som e reader s t o cal l  a  featur e 
presente d o n a  compute r  scree n a  context .  Th e rational e fo r 
thi s decisio n i s  tha t  a  riche r  contex t  woul d activat e th e 
precedin g feature .  I t  seem s reasonabl e t o assum e tha t  a  ric h 
contex t  abou t  reproductio n an d bird s woul d activat e th e 
featur e "ca n la y eggs" .  B y presentin g th e phras e "Th e robi n 
ca n la y eggs." ,  I  circumven t  th e nee d fo r  a  ric h context . 

4. The Role of Mutability and 
D e p e n d e n c y i n C o g n i t i v e P r o c e s s e s 

4.1 Categorization and Similarity 

Mutability plays a role in determining the relative 
importanc e o f  feature s i n judgment s o f  categor y 
membership .  A  toke n tha t  matche s a  categor y 
representatio n i n al l  bu t  a  mutabl e dimensio n shoul d b e a 
bette r  candidat e fo r  categor y membershi p tha n a  toke n tha t 
differ s i n a n immutabl e dimensio n (Medi n &  Shoben , 
1988) .  Fo r  example ,  w e expec t  robin s withou t  re d breast s 
t o b e categorize d a s robin s wit h highe r  probabilit y  tha n 
robin s tha t  d o no t  eat . 

Lov e an d Sloma n hav e unpublishe d result s tha t  suppor t 
thi s view .  W e aske d subject s question s like ,  "Ca n 
somethin g b e a  robi n i f  i t  doe s no t  hav e a  re d breast? "  Th e 
percentag e o f  "yes "  response s wa s highl y correlate d wit h 
mutabilit y  judgment s i n al l  fou r  categories .  I  predic t  tha t 
contex t  affect s thes e judgment s i n th e sam e wa y tha t  i t 
affect s mutabilit y  ratings . 

Result s i n a  similarit y ratin g tas k mimi c th e 
categorizatio n results .  Subject s rat e a  toke n lackin g a 

mutabl e featur e a s mor e simila r  t o a n idea l  categor y member 
tha n a  toke n lackin g a n immutabl e feature .  Thi s resul t 
hold s ove r  th e entir e continuu m o f  featur e mutabilitie s (a s i n 
th e categorizatio n result) .  Thi s resul t  suggest s tha t  model s 
of  similarit y shoul d no t  limi t  themselve s t o considerin g 
featur e matche s an d mismatche s (Tversky ,  1977) ,  bu t  shoul d 
als o tak e int o accoun t  th e mutabilit y o f  feature s whe n 
calculatin g similarity .  S o m e feature s see m t o coun t  mor e 
tha n other s i n determinin g similarity .  Commonaltie s an d 
difference s shoul d b e weighte d b y thei r  immutabilities . 

I n contrast ,  Centner ,  Markman ,  an d Medi n (submitted ) 
propos e tha t  similarit y comparison s involv e a n analogy-lik e 
proces s i n whic h representation s ar e aligne d base d o n labele d 
relations .  Distan t  analogie s d o requir e representation s tha t 
hav e labele d relations .  Calculatin g th e similarit y betwee n 
an ato m an d a  sola r  syste m m a y b e a n entirel y differen t  typ e 
of  similarit y proces s tha n calculatin g th e similarit y betwee n 
a basebal l  an d a  tenni s ball .  A  basebal l  an d a  tenni s bal l  ar e 
easil y comparabl e o n perceptua l  propertie s an d d o no t 
demand a  compariso n proces s tha t  utilize s labele d relations . 
I  woul d expec t  tha t  th e first  similarit y tas k woul d tak e 
longe r  becaus e i t  require s th e us e o f  labele d relation s fo r 
comparison .  Th e distinctio n betwee n usin g labele d relation s 
and collapsin g acros s relation s i n favo r  o f  dependencie s i s 
deepl y relate d t o dua l  processin g theorie s (Sloman ,  1996 ) 
whic h pi t  slo w symboli c processe s agains t  fas t  associativ e 
processes .  Perhaps ,  instea d o f  proposin g tw o distinc t 
reasonin g systems ,  a  theoris t  onl y need s t o outlin e th e 
condition s unde r  whic h relatio n label s ar e use d instea d o f 
bein g discarde d i n favo r  o f  dependenc y information . 

4.2 Mapping Processes in Metaphor and 
Conceptua l  C o m b i n a t i o n 

Mutability may play a key role in the mapping process 
involve d i n interpretin g nominativ e metaphor s an d noun -
nou n combinations .  O n e ca n vie w th e interpretatio n o f  a 
nominativ e metapho r  a s involvin g processe s tha t  transfe r  a 
propert y fro m th e bas e nou n t o th e targe t  noun .  Mutabilit y 
theor y consu-ain s thi s mappin g process .  Immutabl e feanire s 
of  th e targe t  nou n wil l  resis t  conceptua l  change ,  whil e 
mutabl e feature s ar e mor e likel y t o acced e t o change . 

For  instance ,  th e metapho r  "Thi s des k i s a  junkyard "  ca n 
be interprete d a s meanin g th e des k i s  mess y sinc e "i s 
orderly "  i s a  mutabl e featur e o f  desk .  Notic e th e mappin g 
doe s no t  drasticall y transfor m o r  discar d a n immutabl e 
featur e o f  desk ,  lik e "ha s a  fla t  surface" .  Potentia l  mapping s 
tha t  destro y immutabl e feature s o f  th e targe t  ar e rejected . 
Thi s applicatio n o f  mutabilit y  theor y doe s no t  sugges t 
mappings ,  bu t  constrain s whic h mapping s ca n b e actualized . 

An additiona l  constrain t  o n mappin g processe s i s tha t  th e 
dependenc y structur e o f  th e targe t  mus t  b e abl e t o suppor t 
th e featur e mappe d ove r  fro m th e base .  I t  i s  muc h mor e 
plausibl e t o interpre t  th e noun-nou n combinatio n fro g car , 
as a  gree n car ,  tha n a s a  ca r  tha t  hops ,  becaus e th e featur e 
"ca n hop "  ha s dependencie s tha t  ar e no t  satisfie d i n th e 
target .  Mos t  car s can' t  hop .  Th e dependenc y structur e o f  ca r 
canno t  suppor t  th e additio n o f  th e featur e "ca n hop" .  Thi s 
constrain t  m a y als o prov e usefu l  i n searchin g fo r  possibl e 
mappings . 
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5.  Conc lus io n 

I have given an account of how different types of relations 
can b e collapse d t o a  dependenc y relatio n fo r  th e purpose s o f 
calculatin g featur e mutability .  I  hav e als o give n a n accoun t 
of  ho w contex t  affect s th e transformatio n o f  features . 

A questio n remains :  I f  wha t  i s immutabl e varie s wit h 
context ,  the n wha t  i s th e cor e o f  a  category ,  i f  anything ? 
Everythin g i s no t  a s slipper y a s i t  seems .  Certai n feature s 
wil l  b e presen t  acros s contexts .  Workin g car s alway s hav e 
engines ,  peopl e alway s hav e brain s (eve n i f  i t  doesn' t  alway s 
appea r  tha t  way) ,  etc .  Som e feature s ar e immutabl e acros s 
contexts .  Ther e ar e als o stron g constraint s o n wha t  ca n b e 
seen a s immutable ,  suc h a s a  tempora l  orde r  constrain t 
(Byrn e et .  al. ,  1995 ;  Kahnema n &  Miller ,  1986 )  whic h ca n 
be viewe d a s anothe r  typ e o f  dependenc y (curren t  event s 
depen d o n pas t  events) .  Ah n &  Lassalin e (1995 )  hav e 
shown tha t  effect s ar e mor e mutabl e tha n causes . 

Also ,  no t  everythin g a t  th e cor e o f  a  categor y i s relate d t o 
immutability .  Som e categorie s hav e definin g properties . 
For  instance ,  a  re d truc k ha s t o b e red ,  bu t  n o feature s o f  re d 
truc k depen d o n th e featur e "i s red" .  Still ,  interna l  structur e 
and dependencie s ar e wha t  scaffold s ar e understandin g o f 
categories . 
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Abstract 

Ail existing accounts of similarity assume that it is a 
functio n o f  matchin g an d mismatchin g attribute s betwee n 
menta l  representations .  However ,  Basso k an d Medi n 
(19% )  foun d tha t  th e judge d similarit y o f  sentence s doe s 
not  necessaril y  reflec t  th e degre e o f  overla p betwee n th e 
propertie s o f  paire d stimuli .  Rather ,  similarit y judgment s 
ar e ofte n mediate d b y a  proces s o f  themati c integratio n 
and reflec t  th e degre e t o whic h stimul i  ca n b e integrate d 
int o a  commo n themati c scenario .  W e presen t  result s  o f  a 
stud y whic h exten d dii s surprisin g flnding  b y showin g tha t 
i t  als o applie s t o similarit y rating s o f  object s an d occur s 
whethe r  o r  no t  subject s explai n thei r  judgments .  Also , 
consisten t  wit h th e Basso k an d Medi n findings ,  th e 
tendenc y toward s themati c integratio n wa s mor e 
pronounce d whe n th e paire d stimu U share d fe w attributes -
-bu t  wa s stil l  a n importan t  facto r  i n similarit y judgment s 
betwee n object s whic h share d man y attributes .  W e discus s 
th e implication s o f  thes e fmding s fo r  model s o f  cognitiv e 
processe s whic h us e similarit y a s a n explanator y construct . 

Introduction 

It is taken as self evident that the similarity between two 
thing s i s a  functio n o f  thei r  matchin g an d mismatchin g 
features .  Fo r  example ,  i n judgin g h o w simila r  a  robi n i s t o a 
canar y a  perso n migh t  identif y matchin g feature s suc h a s 
"the y ar e birds, "  "the y hav e wings, "  "the y fly, "  "the y hav e 
beaks ,  "  "the y hav e feathers, "  an d mismatchin g feature s 
suc h a s "on e i s re d an d th e othe r  i s yellow, "  "on e eat s 
w o r ms an d th e othe r  eat s seeds .  "  Thi s sens e o f  similarit y 
has playe d a n extremel y importan t  rol e i n theorie s o f 
analogy ,  metaphor ,  categorization ,  concep t  learning , 
induction ,  an d conceptua l  combinatio n an d i s a  majo r 
componen t  o f  forma l  model s o f  thes e processes .  Fo r 
example ,  concep t  learnin g model s comput e th e likelih.oo d 
tha t  a  nove l  instanc e belong s t o categor y base d primaril y o n 
h o w wel l  th e feature s o f  th e instanc e matc h thos e i n th e 
category' s representation .  A s a  secon d example ,  i n model s 
of  induction ,  a  majo r  facto r  whic h determine s whethe r  a 
featur e associate d wit h on e categor y wil l  b e generalize d t o a 
secon d categor y i s th e degre e o f  featur e overla p betwee n th e 
categor y representations .  Finally ,  i n model s o f  analogy , 
interpretatio n an d inferenc e ar e largel y determine d b y th e 
overla p betwee n relationa l  feature s i n th e bas e an d targe t 
domains . 

M u c h recen t  wor k o n similarit y judgment s ha s 
investigate d h o w peopl e determin e an d weigh t  thes e 
matchin g an d mismatchin g features .  Inspire d b y strucmral -
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545 8 S .  Universit y Avenu e 

Chicago ,  I L 6063 7 
(312 )  702-196 2 

m-bassok@uchicago.ed u 

alignment models of analogy (e.g., Gentner, 1983), this 
researc h ha s characterize d similarit y a s a  compariso n 
proces s i n whic h peopl e attemp t  t o alig n o r  pu t  int o 
correspondenc e menta l  representation s (Goldstone ,  1994a ; 
M a r k m a n ,  A .  &  Gentner ,  1993 ;  Medin .  Goldstone ,  & 
Gentner ,  1993) .  Thi s wor k ha s identifie d importan t 
constraint s o n ho w thi s alignmen t  i s carrie d out . 

Thi s vie w o f  similarit y notwithstanding ,  Basso k an d 
Medi n (1996 )  foun d tha t  similarit y judgment s d o no t 
necessaril y  reflec t  th e degre e o f  overla p betwee n th e 
propertie s o f  th e paire d stimuli .  Rather ,  contrar y t o ever y 
existin g accoun t  o f  similarity ,  similarit y judgment s ar e ofte n 
mediate d b y a  proces s o f  themati c integratio n an d reflec t  th e 
degre e t o whic h paire d stimul i  ca n b e integrate d int o a 
c o m m on themati c scenario .  Specifically ,  thes e researcher s 
aske d undergraduat e student s t o rat e th e degre e o f  similarit y 
betwee n variou s pair s o f  simpl e noun-verb-nou n statement s 
and t o explai n thei r  ratings .  W h e n th e statement s ha d 
c o m m on verb s (e.g. ,  "Th e carpente r  fixe d th e chair "  an d 
"Th e electricia n fixe d th e radio" )  th e explanation s wer e 
consisten t  wit h th e prevalen t  defmitio n o f  similarit y (e.g. , 
"Simila r  becaus e i n bot h statement s a  professiona l  i s doin g 
hi s job) .  However ,  whe n th e statement s ha d c o m m o n noun s 
(e.g. ,  "Th e carpente r  fixed  di e chair "  an d "Th e carpente r  sa t 
on th e chair") .  6 1 % o f  th e explanation s generate d b y th e 
participant s wer e causa l  o r  tempora l  scenario s (e.g. , 
"Simila r  becaus e th e carpente r  sa t  o n th e chai r  t o se e 
whethe r  h e ha d fixed  i t  well") . 

Themati c similarit y ha s bee n previousl y documente d onl y 
i n youn g childre n (se e E .  Markman ,  1989 ,  fo r  a  review )  an d 
i n adult s fro m illiterat e culture s (Luria ,  1976) .  I n on e study , 
Luri a (1976 )  ha d illiterat e adult s compar e pair s o f  objects , 
askin g the m wha t  th e object s ha d i n c o m m o n an d i n wha t 
way the y wer e alike .  Thes e adult s sometime s responde d b y 
notin g themati c relation s betwee n th e objects .  Fo r  example , 
when on e illiterat e adul t  fro m Uzbekista n wa s aske d b y 
Luria ,  "wha t  d o wate r  an d bloo d hav e i n c o m m o n ? "  h e 
responded :  "What' s alik e abou t  the m i s tha t  wate r  washe s 
of f  al l  sort s o f  dirt ,  s o i t  ca n was h of f  bloo d too "  (p .  82) . 
Give n tha t  th e undergraduat e student s i n th e Basso k an d 
Medi n (1995 )  stud y wer e neithe r  youn g no r  illiterate ,  thei r 
result s ar e extremel y surprising .  Tha t  is ,  suc h result s canno t 
be simpl y explaine d awa y b y lac k o f  knowledg e o r 
insufficien t  understandin g o f  th e tas k a t  hand .  I f  thes e 
result s reflec t  a  robus t  an d prevalen t  tendenc y t o us e a 
proces s o f  themati c integratio n fo r  computin g similarit y 
the n the y shoul d b e seriousl y considere d b y theoretica l 
account s o f  similarit y an d cognitiv e processe s whic h rel y o n 
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similarit y a s a n explanator y construct .  Ou r  stud y follow s u p 
on thes e finding s i n orde r  t o examin e thei r  validit y an d 
generality .  I t  wa s designe d t o answe r  thre e interrelate d 
follow-u p questions : 

(1) .  Ar e themati c scenario s uniqu e t o compariso n o f 
statement s ?  I t  i s  possibl e tha t  themati c integratio n mediate s 
similarit y judgment s onl y whe n th e stimul i  ar e statements , 
becaus e statement s m a y induc e a  tendenc y fo r  stor y 
construction .  Ou r  stud y examine d whethe r  themati c 
integratio n als o mediate s similarit y judgment s fo r  simpl e 
pair s o f  objec t  (e.g. ,  milk-coffee ;  milk-lemonade) .  Tha t  is , 
we examine d whethe r  an d t o wha t  exten t  peopl e conside r 
tw o thing s t o b e mor e simila r  if ,  i n additio n t o havin g 
matchin g attribute s (e.g. ,  bot h ar e beverages) ,  the y ar e 
thematicall y relate d (e.g. ,  on e put s mil k int o coffee) . 

(2) .  I s themati c intergatio n mor e likel y whe n i t  i s  difficul t 
t o alig n stimuli ? I t  i s  possibl e tha t  themati c integratio n 
affect s similarit y judgment s onl y whe n th e paire d stimul i 
canno t  b e aligne d i n a  satisfactor y way .  Medi n an d Basso k 
(1996 )  foun d tha t  themati c scenario s wer e ver y rar e whe n 
th e paire d statement s coul d b e structurall y aligne d ( 6 % fo r 
matchin g verbs) .  Extendin g thi s logi c t o similarit y betwee n 
object s predict s a  greate r  tendenc y fo r  themati c integratio n 
when th e stimul i  ca n onl y b e poorl y aligne d (e.g. ,  milk-co w 
shar e ver y fe w c o m m o n attributes )  tha n whe n the y ca n b e 
readil y aligne d (e.g. ,  milk-coffe e shar e m a n y c o m m o n 
attributes) .  T o tes t  thi s possibility ,  ou r  stud y examine d th e 
relativ e effec t  o f  themati c integratio n fo r  objec t  pair s tha t 
share d eithe r  man y o r  fe w c o m m o n attributes . 

(3) .  Doe s themati c integratio n affec t  similarit y judgment s 
when peopl e d o no t  explai n thei r  ratings ? Th e result s o f 
Basso k an d Medi n (1996 )  ar e base d o n a n analysi s o f 
explanation s tha t  accompanie d similarit y ratings .  However , 
explanation s ma y chang e th e proces s b y whic h peopl e arriv e 
at  similarit y judgment s an d therefor e eithe r  ove r  o r 
underestimat e th e prevalenc e o f  themati c scenarios . 
Alternatively ,  on e coul d argu e tha t  themati c scenario s 
appea r  onl y i n post-ho c explanation s o f  judgment s bu t  d o 
not  affec t  th e proces s b y whic h peopl e constru e similarit y 
(e.g. ,  Nisbet t  &  Wilson ,  1977) .  Ou r  stud y examine d 
whethe r  themati c integratio n actuall y affect s similarit y 
ratings ,  an d whethe r  suc h effect s diffe r  whe n peopl e explai n 
and d o no t  explai n thei r  ratings . 

M e t h o d 

Participants. 128 Northwestern University undergraduates 
participate d a s par t  o f  a  cours e requirement . 

Materials .  Th e stimul i  wer e 1 2 quintuplet s o f  objects , 
eac h consistin g o f  a  bas e an d fou r  targets .  T w o target s 
share d man y attribute s wit h th e bas e ( M )  an d th e othe r  tw o 
share d fe w attribute s wit h th e bas e (F) .  Th e M an d T  target s 
i n eac h pai r  wer e chose n t o b e equall y simila r  t o th e bas e i n 
term s o f  thei r  c o m m o n attributes .  However ,  on e o f  th e 
target s i n eac h pai r  wa s thematicall y relate d t o th e bas e (T ) 
and th e othe r  wa s not .  Tha t  is ,  th e fou r  target s i n eac h 
quintuple t  ha d th e followin g structure :  M T ,  M ,  F T ,  F .  Th e 
12 quintuplet s use d i n ou r  stud y appea r  i n Tabl e 1 . 

Fou r  list s o f  1 2 base-targe t  pair s wer e create d b y 
randoml y selectin g thre e base-targe t  pair s o f  eac h o f  th e fou r 
type s ( M T ,  M ,  FT ,  F ) ,  subjec t  t o th e constrain t  tha t  onl y on e 
base-targe t  pai r  fro m eac h quintuple t  appeare d i n a  list .  Th e 
12 base-targe t  pair s o f  eac h lis t  wer e the n type d o n sheet s o f 
paper ,  eac h abov e a  seven-pon t  similarit y ratin g scale ,  tw o 
per  page ,  i n a  rando m order .  Thi s procedur e yielde d on e 
six-pag e ratin g bookle t  pe r  list .  I n addition ,  th e page s o f 
eac h for m wer e pu t  i n revers e orde r  t o yiel d tw o alternativ e 
booklet s pe r  list . 

Procedure .  Participant s rea d instruction s tellin g the m tha t 
the y woul d se e som e pair s o f  c o m m o n ,  everyda y things ,  an d 
tha t  the y woul d hav e t o rat e h o w simila r  th e tw o thing s are . 
I f  a  subjec t  though t  a  pai r  o f  thing s wa s ver y similar ,  the y 
shoul d circl e a  7 .  I f  the y though t  the y wer e no t  a t  al l  simila r 
the y shoul d circl e a  1 .  Subject s wer e instructe d t o us e th e 
othe r  number s betwee n I  an d 7  t o indicat e i n betwee n 
degree s o f  similarity .  Participant s i n th e Explanatio n 
conditio n wer e furthe r  instructe d t o writ e d o w n a n 
explanatio n fo r  thei r  ratin g i n th e spac e belo w th e ratin g 
scale ,  i.e. ,  t o explai n w h y the y though t  th e tw o thing s ha d 
th e degre e o f  similarit y tha t  the y did . 

Participant s wer e ru n i n group s o f  2-4 ,  an d eac h grou p 
was randoml y assigne d t o eithe r  th e Explanatio n ( N =  64 )  o r 
No Explanatio n conditio n ( N =  64) .  Eac h o f  th e fou r  base -
targe t  list s wa s rate d b y 1 6 participant s i n eac h conditio n ( 8 
participant s pe r  eac h orde r  o f  th e ratin g booklet) .  Th e tas k 
too k abou t  1 5 minute s t o complete . 

Base 

mil k 
shi p 
car 
chai r 
telephon e 
ti e 
chise l 
cat 
cup 
fly 
peanu t  butte r 
appl e pi e 

M T targe t 

coffe e 
lifeboa t 
to w truc k 
tabl e 
ans .  machine . 
sui t 
hammer 
mouse 
kettl e 
spide r 

jell y 
icecrea m 

M targe t 

lemonad e 
cano e 
picku p truc k 
bed 
tap e recorde r 
dres s 
screwdrive r 
hamste r 
pan 
beetl e 
crea m chees e 
jell o 

F T targe t 

cow 
sailo r 
mechani c 
carpente r 
receptionis t 
man 
sculptur e 
vetemaria n 
te a 
scree n 
knif e 
bake r 

F targe t 

hors e 
soldie r 
plumbe r 
electricia n 
waitres s 
w o m an 
paintin g 
pediatricia n 
win e 
curtai n 
for k 
tailo r 

Tabl e 1 :  Quintuplet s o f  bas e an d targe t  object s use d i n th e stud y 
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Resu l t s 

Similarity ratings. We performed a 2 X 2 X 2 mixed 
A N O VA wit h conditio n (explanatio n versu s n o explanation ) 
as th e between-subject s facto r  an d themati c relatio n (absen t 
versu s present )  an d attribut e overla p (man y versu s few )  a s 
th e within-subject s factors .  Tabl e 2  show s th e averag e 
similarit y rating s i n th e Explanatio n an d N o Explanatio n 
condition s fo r  th e fou r  type s o f  base-targe t  pair s ( M T ,  M , 
FT .F ) . 

As on e woul d expect ,  similarit y rating s fo r  target s wit h 
m a ny c o m m o n attribute s ( M an d M T )  wer e significantl y 
highe r  tha n fo r  target s wit h fe w c o m m o n attribute s ( F an d 
F T ) .  F(l .  127 )  =  399.34 ,  M S E =  642.2 ,  p  <  .001 . 
Importantly ,  consisten t  wit h th e fmding s o f  Basso k an d 
Medi n (1996) ,  th e existenc e o f  a  themati c relatio n betwee n 
th e bas e an d targe t  signifcantl y affecte d similarit y rating s 
( M T +  F T >  M +  T ) ,  F(l ,  127 )  =  66.63 ,  M S E =  81.21 ,  p  < 
.001 . 

Th e interactio n betwee n attribut e overla p an d themati c 
relatio n wa s als o highl y significan t  (F[l ,  127 ]  =  75.87 ,  M S E 
= 43.41 ,  p  <  .001) .  Tha t  is ,  th e effec t  o f  themati c relation s 
on similarit y judgment s wa s significantl y large r  whe n th e 
target s ha d fe w tha n whe n the y ha d man y attribute s i n 
c o m m on wit h th e bas e ([FT-F ]  >  [MT-M] ) ,  althoug h eve n 
th e differenc e betwee n th e rating s fo r  th e M T an d M pair s 
was statisticall y significan t  (t[127 ]  =  2.38 ,  S M E =.089 ,  p  < 
.02) .  Thes e result s indicat e tha t  themati c integratio n ca n 
mediat e similarit y judgment s eve n whe n th e bas e an d targe t 
ca n b e readil y aligne d i n term s o f  thei r  c o m m o n attributes . 

As ca n b e see n b y comparin g th e tw o column s o f  Tabl e 2 , 
ther e wa s n o reliabl e differenc e betwee n th e Explanatio n 
and N o Explanatio n condition s ( F <  1 )  an d conditio n di d no t 
interac t  wit h eithe r  attribut e overlap ,  F  (1 ,  127 )  =  1.64 ,  M S E 
= 2.64 ,  p  <  .21 ,  o r  wit h themati c relation s ( F <  1) .  O f 
importance ,  ther e wa s n o thre e wa y interactio n betwee n 
thes e variable s ( F <  1) .  Tha t  is ,  explanation s di d no t  affec t 
eithe r  th e patter n o r  th e magnitud e o f  similarit y ratings . 

I n general ,  th e finding s hel d acros s th e particula r  items . 
A n A N O V A o n th e ite m mean s reveale d th e sam e patter n o f 
significan t  an d nonsignifican t  finding s a s i n th e subjec t 
A N O V A.  W e als o compare d th e ratin g o f  eac h F T pai r  wit h 
it s correspondin g F  pai r  an d eac h M T pai r  wit h it s 
correspondin g M pair .  Ever y F T pai r  ha d a  highe r  similarit y 
ratin g tha n it s F  pair .  However ,  onl y hal f  o f  th e M T pair s 
had highe r  rating s tha n thei r  correspondin g M pairs .  Thus , 
unlik e th e subjec t  mea n ratings ,  th e differenc e betwee n th e 
ite m mea n rating s fo r  th e M T an d M pair s faile d t o reac h 
statistica l  significance ,  (t[ l  1 ]  =  1.35 ,  S M E =  .163 ,  p  <  .21) . 

Becaus e th e presenc e versu s absenc e o f  themati c relation s 
was a  within-subject s factor ,  i t  i s  possibl e tha t  th e result s 
coul d b e explaine d b y a  deman d characteristic .  I n particular , 
subject s m a y hav e notice d obviou s themati c relation s 
betwee n som e objec t  pair s an d no t  other s an d assume d tha t 
the y shoul d giv e highe r  rating s t o thos e item s whic h share d 
th e themati c relation .  I f  subject s wer e usin g thi s strategy , 
the n th e differenc e betwee n th e rating s o f  th e themati c an d 
non-themati c pair s (e.g. ,  F T vs .  F ,  betwee n subjects )  shoul d 
be relativel y highe r  i n th e secon d tha n i n th e firs t  hal f  o f  th e 
ratin g form .  Thi s finding ,  however ,  wa s no t  obtained :  Ther e 
was n o statisticall y significan t  interactio n betwee n 
presentatio n orde r  (firs t  versu s secon d half )  an d themati c 
relatio n (absen t  versu s present) . 

Justifications .  Give n tha t  ther e wa s n o differenc e betwee n 
th e Explanatio n an d N o Explanatio n conditions ,  th e 
explanation s generate d b y participant s ca n she d furthe r  ligh t 
on th e effec t  o f  themati c integratio n o n similarit y 
judgments .  Belo w w e repor t  result s fro m a  preliminar y 
analysi s o f  th e explanations .  Thi s preliminar y analysi s wa s 
performe d b y on e o f  th e author s an d await s validatio n b y 
independen t  judges . 

Th e explanation s wer e code d int o thre e categories : 
Thematic ,  Attributional ,  an d Uninformative .  Explanation s 
wer e code d a s Themati c i f  the y explicitl y  referre d t o a 
themati c relatio n betwee n th e bas e an d th e target ,  regardles s 
of  whethe r  the y als o include d reference s t o attributiona l 
matche s an d mismatches .  Example s included :  "som e peopl e 
put  mil k i n thei r  coffee "  an d "yo u don' t  mil k a  horse. "  I n 
s o me cases ,  themati c justification s als o include d 
attributiona l  matche s (e.g. ,  "mil k i s produce d fro m a  co w 
and cow s ca n b e whitis h lik e mil k i s i n color") .  I n th e 
presen t  analysi s w e d o no t  distinguis h betwee n purel y 
themati c explanation s an d mixture s o f  themati c an d 
attributiona l  explanations .  Explanation s wer e code d a s 
Attributiona l  i f  the y onl y include d reference s t o attributiona l 
matche s an d mismatches .  Example s included :  "the y (mil k 
and coffee )  ar e bot h liquid s tha t  on e ca n consum e an d 
digest, "  "bot h (mil k an d lemonade )  ar e refreshin g drinks, " 
"bot h (mil k an d cow )  ca n b e consume d an d bot h ca n b e 
white, "  "(mil k an d horse )  ar e no t  similar ,  on e i s liqui d th e 
othe r  solid ,  on e i s livin g th e othe r  inanimate. "  Explanation s 
wer e code d a s Uninformativ e whe n the y include d genera l 
statement s suc h a s "ther e ar e n o similaritie s I  ca n see, "  "the y 
ar e related. "  Blank s (i.e. ,  n o explanatio n )  wer e als o code d 
as Uninformative .  Tabl e 3  show s th e distributio n o f  thes e 
thre e type s o f  explanation s fo r  th e fou r  type s o f  base-targe t 
pair s ( M T ,  M ,  FT ,  F) . 

Base-Targe t  correspondenc e 
M T:  M a n y attr .  +  Themati c relatio n 
M:  M a n y attribute s 
F T :  F e w attrib .  +  Themati c relatio n 
F:  F e w attribute s 

Explanatio n 
4.8 8 
4.7 1 

3.1 2 
1.7 9 

No Explanatio n 
4.8 3 
4.5 4 

3.2 9 
1.8 4 

Tabl e 2 :  Averag e similarit y rating s fo r  th e fou r  type s o f  base-targe t  correspondence . 
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1 Base-Targe t  correspondenc e 
M T:  Man y attr .  +  Themati c 

1 M :  M a n y attribute s 
F T:  F e w attrib .  +  Themati c 

1 F :  Fe w attribute s 

Themati c 
29% 

2% 
71% 
32% 

Attributiona l 

69% 
96 % 
19% 
40 % 

Uninfonnativ e 1 

2 % 
2 % 

10% 
28 % 1 

Tabl e 3 :  Percentag e o f  explanatio n type s generate d fo r  th e fou r  type s o f  base-targe t  pairs . 

As show n i n Tabl e 3 ,  th e distributio n o f  th e explanation s 
i s consisten t  wit h th e patter n o f  themati c effect s documente d 
by th e rating s (se e Tabl e 2) .  First ,  ther e wer e highe r 
proportion s o f  themati c explanation s fo r  item s whic h share d 
a themati c relatio n ( 5 0 % fo r  M T an d F T )  compare d t o thos e 
whic h di d no t  ( 1 7 % fo r  M an d F) .  I n correspondin g fashion , 
th e similarit y rating s wer e highe r  fo r  item s whic h share d a 
themati c relation .  Ther e als o wa s a  genera l  tendenc y 
toward s themati c integratio n whe n item s share d fe w ( 5 2 % 
fo r  I T an d F )  versu s man y attribute s ( 1 6 % fo r  M T an d M ) . 
Finally ,  th e distributio n o f  themati c explanation s fo r  target s 
wit h man y vs .  fe w attribute s mirrore d th e interactio n 
betwee n attribut e overla p an d themati c relation s observe d 
fo r  th e ratings .  Specifically ,  th e differenc e i n frequenc y o f 
themati c explanation s betwee n th e F T an d F  target s (39% ) 
was greate r  tha n tha t  betwee n th e M T an d M target s (27%) . 

Of  interest ,  whe n th e bas e an d targe t  coul d no t  b e readil y 
aligne d i n term s o f  c o m m o n attributes ,  participant s 
generate d man y themati c explanation s eve n fo r  th e F  target s 
tha t  di d no t  bea r  a n obviou s themati c relatio n t o th e bas e 
(32%) .  Participant s wer e sometime s quit e creativ e i n 
thematicall y relatin g thes e item s t o explai n w h y the y wer e 
simila r  (e.g. ,  " a fanc y shi p coul d emplo y a  tailor") .  Thes e 
explanation s wer e th e closes t  t o thos e foun d b y Basso k an d 
Medi n (1996) ,  becaus e th e statement s use d i n thei r  stud y 
wer e no t  chose n t o b e thematicall y relate d (i.e. ,  di d no t  fit 
familia r  scripts) .  Othe r  themati c explanation s fo r  th e F 
target s seeme d t o reflec t  a n implici t  contras t  wit h familia r 
themati c relation s (e.g. ,  "yo u don' t  mil k horses, "  "wome n d o 
not  usuall y wea r  ties"). 

Of  importance ,  not e tha t  themati c explanation s wer e no t  a 
peculiarit y o f  a  fe w participants .  Rather ,  8 9 % o f  th e 6 4 
participant s i n th e Explanatio n conditio n generate d a t  leas t 
one themati c relatio n i n explainin g diei r  similarit y ratings . 
The media n numbe r  o f  themati c explanation s pe r  participan t 
(ou t  o f  1 2 response s i n thei r  ratin g booklets )  wa s 3.5 ,  an d 
th e averag e wa s 5.1 .  Moreover ,  onl y a  handfu l  o f  thes e 
matur e an d educate d participant s (abou t  5 % )  explicitl y 
pointe d ou t  tha t  thes e themati c relation s d o no t  mak e th e 
paire d object s simila r  t o eac h other . 

Discussion 

Our findings support and extend Bassok and Medin's (1996) 
surprisin g findin g that ,  i n additio n t o compariso n o f 
c o m m on an d distinctiv e attributes ,  similarit y judgment s ar e 
mediate d b y th e themati c integratio n o f  th e paire d stimul i 
int o a  c o m m o n scenario .  First ,  th e curren t  stud y show s tha t 
th e effec t  o f  themati c relation s o n similarit y judgment s i s 
not  uniqu e t o rating s o f  sentence s bu t  applie s t o rating s o f 
object s a s well .  Moreover ,  themati c integratio n i s no t  uniqu e 

t o situation s i n whic h peopl e explai n thei r  ratings .  I n fact , 
participant s w h o di d no t  explai n thei r  judgment s gav e nearl y 
identica l  rating s t o th e sam e item s (se e Tabl e 2) ,  indicatin g 
tha t  themati c relation s affecte d thei r  judgment s a s well .  Th e 
effec t  o f  themati c integratio n o n similarit y judgment s wa s 
apparen t  bot h i n th e magnitud e o f  similarit y rating s (Tabl e 
2)  an d i n th e explanation s tha t  accompanie d thes e rating s 
(Tabl e 3) . 

Also ,  consisten t  wit h th e result s whic h Basso k an d Medi n 
(1996 )  foun d fo r  sentences ,  themati c integratio n wa s m u c h 
highe r  whe n th e stimul i  coul d no t  b e readil y aligned . 
Specifically ,  themati c relation s carrie d mo r e weigh t  i n 
similarit y judgment s whe n th e paire d object s share d fe w 
tha n w h e n the y share d m a n y c o m m o n attributes . 
Nevertheless ,  ou r  findings  argu e agains t  th e vie w tha t 
themati c relation s onl y pla y a  rol e i n similarit y judgment s 
when ther e i s littl e attributiona l  similarity .  Eve n a m o n g 
item s tha t  share d m a n y attributes ,  almos t  one-thir d o f  th e 
subject s liste d themati c relations ,  an d thei r  rating s wer e 
highe r  fo r  item s whic h share d m a n y attribute s an d a 
themati c relatio n compare d t o thos e whic h onl y share d 
many attribute s (i.e. ,  th e M T versu s M pairs) .  Thi s finding 
i s especiall y strikin g whe n on e note s tha t  th e M T item s 
(e.g. ,  milk-coffee )  share d man y attribute s bu t  onl y a  singl e 
themati c relation .  Yet ,  thi s singl e themati c relatio n 
influence d similarit y rating s an d explanations . 

O ne coul d argu e that ,  despit e ou r  effort s t o equat e th e 
number  o f  c o m m o n attribute s i n th e paire d target s ( M T an d 
M,  F T an d F) ,  thos e whic h wer e thematicall y relate d t o th e 
bas e als o ha d mor e c o m m o n attribute s wit h th e base .  W e 
ar e currentl y collectin g dat a t o tes t  thi s possibility ,  bu t  w e 
believ e tha t  i t  i s  ver y unlikely .  W e hav e divide d eac h 
explanatio n int o specifi c  reason s give n t o explai n w h y th e 
pair s wer e simila r  o r  differen t  (excludin g uninformativ e 
reasons ,  w e code d 117 1 suc h reasons) .  Th e averag e numbe r 
of  attributiona l  matche s fo r  th e M T target s wa s actuall y 
slightl y lowe r  tha n fo r  th e M target s (1. 2 vs .  1. 5 matche s pe r 
item ,  suc h a s "bot h liquids") -  Similarly ,  th e averag e numbe r 
of  attributiona l  matche s fo r  th e F T target s wa s slightl y lowe r 
tha n fo r  th e F  target s (.1 9 vs .  .2 3 matche s pe r  item ,  suc h a s 
"bot h ca n b e white,") .  Thus ,  i f  ther e wer e difference s i n 
share d attribute s betwee n items ,  i t  woul d appea r  tha t  the y 
woul d wor k agains t  ou r  hypothesis .  Obviously ,  i t  i s 
difficul t  t o explai n w h y th e rating s o f  th e F T item s (e.g. , 
mil k cow )  wer e approximatel y 1.7 5 times  highe r  tha n thos e 
of  th e F  item s (e.g. ,  milk-horse )  b y suggestin g tha t  i t  wa s 
onl y du e t o difference s i n th e numbe r  o f  c o m m o n attributes . 
Recal l  als o tha t  th e ratin g o f  ever y F T ite m wa s highe r  tha n 
it s correspondin g F  item .  I t  i s  unlikel y tha t  w e 
unintentionall y chos e ever y F T ite m t o hav e mor e c o m m o n 
attribute s whe n w e purposel y attempte d t o avoi d suc h 
discrepancies . 
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Thes e finding s rais e tw o importan t  questions .  First ,  wha t 
i s th e bes t  processin g leve l  accoun t  o f  thes e results ? On e 
possibilit y  i s  tha t  peopl e easil y notic e th e salient ,  pre -
existin g themati c relation s betwee n ou r  stimuli .  Thes e 
relation s the n influenc e judgment s (perhap s becaus e th e 
meanin g o f  th e wor d "similarity "  i s  ambiguous) .  However , 
Basso k an d Medi n (1996 )  showe d tha t  i n explainin g thei r 
similarit y ratings ,  subject s actuall y constructe d nove l 
themati c relation s betwee n sentences .  Similarly ,  nove l 
themati c integration s wer e generate d fo r  th e F  target s i n ou r 
study .  Anothe r  possibilit y  i s  tha t  people' s response s reflec t 
an interactio n betwee n processe s tha t  ar e stimulus-drive n 
and thos e tha t  ar e drive n b y th e typ e o f  task .  Tha t  is , 
propertie s o f  th e stimul i  (e.g. ,  havin g c o m m o n attributes , 
bein g thematicall y related )  ma y b e difflcul t  t o overrid e eve n 
thoug h th e tas k instruction s ar e incompatibl e wit h thos e 
properties .  I n a  recen t  sud y o f  ours ,  subject s w h o wer e 
aske d t o lis t  th e commonalitie s an d difference s betwee n 
pair s o f  object s sometime s liste d themati c relation s eve n 
thoug h th e instruction s describe d a n exampl e i n whic h th e 
commonalitie s an d difference s onl y involve d attributes . 

Second ,  wha t  ar e th e theoretica l  implication s o f  thes e 
results ? Mos t  researcher s ar e intereste d i n factor s whic h 
influenc e similarit y judgment s t o th e exten t  tha t  thes e 
factor s ar e relevan t  t o cognitiv e processe s whic h rel y o n 
similarity ,  suc h a s similarity-base d learning ,  categorization , 
conceptua l  combination ,  probabilisti c  reasoning ,  etc . 
Currently ,  w e ar e examinin g whethe r  an d ho w themati c 
integratio n affect s suc h processes .  Previou s wor k suggest s 
that ,  indeed ,  probabilit y  judgment s (Tversk y &  Kahneman , 
1983 )  an d conceptua l  combinatio n (Wisniewski ,  i n press ) 
ar e sometime s mediate d b y themati c association s rathe r  tha n 
by featur e comparison .  Clearly ,  futur e wor k need s t o 
addres s thes e question s i n orde r  t o understan d th e rol e tha t 
themati c relation s pla y i n processe s tha t  us e similarit y an d 
t o clarif y th e exten t  t o whic h model s o f  thes e processe s mus t 
be extended . 
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Abstrac t 

This study examines how situation information is 
incorporate d i n concep t  learnin g an d representation . 
Unlik e mos t  concep t  learnin g studies ,  thi s stud y include s 
situatio n informatio n durin g concep t  learning .  Unlik e 
most  studie s abou t  th e influenc e o f  situation s o n episodi c 
memory,  thi s stud y investigate s ho w situation s affect s 
conceptua l  processing .  Experimen t  1  demonstrate s tha t 
peopl e rel y o n situatio n informatio n whe n processin g 
concepts .  Subject s verifie d a  concept' s propert y mor e 
quickl y i f  th e propert y wa s learne d an d teste d i n th e sam e 
situation .  Experimen t  2  show s tha t  i n orde r  fo r  a  situatio n 
t o produc e priming ,  th e situatio n mus t  b e relate d t o th e 
propert y i n a  meaningfu l  manner .  Mer e cooccurrenc e 
betwee n a  propert y an d a  situatio n i s no t  sufficient . 

Introduction 

Thoug h model s o f  concq) t  learnin g var y considerably ,  the y 
ofte n assum e tha t  concep t  structur e remain s th e sam e acros s 
contexts .  Peopl e encounte r  th e sam e kin d o f  object s i n 
variou s situations ,  bu t  the y hav e th e abilit y  t o extrac t  thes e 
object s ou t  o f  contexts ,  an d represen t  concept s a s isolate d 
entities .  Th e situatio n informatio n eithe r  cancel s itsel f  ou t 
or  i s  simpl y no t  represente d togethe r  wit h a  concep t 
Researcher s adoptin g suc h theorie s hav e focuse d mor e o n th e 
interna l  structur e o f  th e concepts ,  an d hav e almos t  alway s 
use d isolate d concq>t s a s stimul i  i n thei r  experiments ,  no t 
addressin g th e effec t  o f  situation s (e.g. ,  Estes ,  1986 ;  Hayes -
Rot h &  Hayes-Roth ,  1977 ;  Hintzman ,  1986 ;  H o m a & 
Vosburgh .  1976 ;  Kat z &  Postal .  1964 ;  Kruschke ,  1992 ; 
Medi n &  Schaffer .  1978 ;  Nosofslor .  1986 ;  Posne r  &  Keele . 
1968 ;  Reed ,  1972 ;  Rosch ,  1975 ;  Rosc h &  Mervis ,  1975) . 

I n ordinar y life ,  object s almos t  neve r  occu r  i n isolation , 
and peopl e seldo m lear n concept s ou t  o f  particula r  contexts , 
wit h th e possibl e excq)tio n o f  forma l  education .  Rather ,  i t 
seems tha t  peopl e encounte r  object s i n typica l  situations . 
Flower s usuall y appea r  o n plants ,  ar e bundle d a s a  bouquet , 
or  si t  i n a  vase .  Car s ar e observe d runnin g o n street s o r 
highways ,  parke d i n garage s o r  parkin g lots ,  o r  ar e bein g 
fille d wit h ga s a t  ga s stations .  Moreover ,  differen t  aspect s 
of  a n objec t  see m t o b e mor e salien t  i n differen t  situations . 
and thereb y associate d wit h them .  Fo r  instance ,  peopl e 
migh t  b e awar e o f  a  car' s fue l  tan k an d h o w t o fi U i t  a t  a  ga s 
station ,  bu t  m a y pa y mor e attentio n t o th e car' s spee d o n a 

highway .  I t  i s  thu s possibl e tha t  peopl e associat e a  ga s 
statio n wit h a  car' s fue l  tank ,  whil e a  highwa y wit h th e car' s 
q)eed . 

Contrar y t o th e orientatio n o f  curren t  concep t  theories . 
empirica l  studie s outsid e th e concep t  learnin g literatur e 
sugges t  tha t  peopl e d o incorporat e situatio n informatio n i n 
concep t  representations .  Contex t  effect s hav e bee n widel y 
demonstrate d i n episodi c m e m o r y (se e Davies .  198 6 fo r  a 
review) .  Peopl e encod e physica l  environmenta l  contex t 
togethe r  wit h th e to-be-remembere d words ,  an d therefor e 
restatin g th e environmen t  facilitate s th e recal l  o f  th e word s 
(Eich ,  1985 ;  Godde n an d Baddeley .  1975 ;  Smith .  Glenberg . 
& Bjork .  1978 ;  Smith ,  1979) .  Furthermore ,  researc h o n 
scene  processin g suggest s tha t  peopl e hav e a  schem a abou t 
th e situatio n i n whic h a n objec t  typicall y  occurs ,  an d 
therefor e the y expec t  t o se e certai n object s whe n give n a 
scene .  Subject s recogniz e object s faste r  i n a  typica l  scen e 
tha n i n a n atypica l  scen e o r  i n isolation ,  an d the y memoriz e 
object s bette r  whe n the y for m a  meaningfu l  an d coheren t 
scen e (Biederman ,  1972 .  1981 ;  Mandle r  &  Parker ,  1976 ; 
Palmer ,  1975) .  I n addition ,  researc h usin g word s o r 
sentence s a s semanti c context s suggest s tha t  a  concep t  i s no t 
onl y associate d wit h a  typica l  situation ,  bu t  als o migh t  b e 
associate d wit h mor e tha n on e typica l  situation .  A s th e 
situatio n varies ,  peopl e retriev e differen t  informatio n abou t 
th e sam e concept .  Tharefore ,  whe n give n differen t  sentenc e 
context s fo r  th e sam e concept ,  subject s activat e differen t 
propertie s o r  differen t  instance s o f  th e concep t  (Barsalou , 
1982 ;  Conrad ,  1978 ;  Greenspan ,  1986 ;  Rot h &  Shoben . 
1983 ;  Taboss i  &  Johnson-Laird ,  1980 ;  Tabossi .  1988 ; 
Wh imey.  M c K a y ,  Kellas .  an d Emerson ,  1985 ;  Wisniewski , 
1995) .  Finally ,  mos t  connectionist' s  model s ar e base d o n 
th e ide a tha t  i f  tw o event s cooccu r  frequently ,  th e lin k 
betwee n the m wil l  b e strengthene d (Rumelhart ,  Smolensky . 
McClelland ,  &  Hinton ,  1986) .  Therefore ,  i f  a  propert y o f  a 
concep t  alway s occur s i n on e situation ,  th e lin k betwee n th e 
propert y an d th e situatio n shoul d b e stronge r  tha n thos e 
betwee n th e propert y an d othe r  situations . 

Th e purpos e o f  Uii s stud y i s t o examin e h o w situatio n 
informatio n i s incorporate d i n concep t  learning .  A  situatio n 
i s define d a s a  relativel y well-bounde d regio n o f  spac e tha t 
contain s a  coheren t  activity .  Fo r  example ,  sittin g i n a 
livin g roo m i s a  situatio n i n whic h a  chai r  typicall y occurs . 
and paikin g i n a  garag e i s a  situatio n tha t  typicall y contain s 
a car .  Unlik e mos t  concep t  learnin g studies ,  thi s stud y 
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include s situatio n informatio n durin g concep t  learning . 
Furthermore ,  unlik e mos t  studie s reviewed  i n th e previou s 
section ,  whic h examin e th e influenc e o f  situation s o n 
episodi c m e m o r y ,  thi s stud y investigate s h o w situation s 
affect s conceptua l  piocessing . 

Experiment 1 

Experimen t  1  examine s whethe r  retrievin g informatio n 
abou t  a  concq> t  i s affecte d b y situations .  Subject s learne d a 
n e w concep t  i n tw o situations ,  wit h som e o f  th e concept' s 
propertie s occurrin g i n on e situation ,  an d wit h othe r 
propertie s occurrin g i n th e othe r  situation .  Afte r  learnin g 
th e nove l  concept' s prc^rtie s i n th e tw o situations ,  subject s 
verifie d th e propertie s i n cithe r  th e sam e o r  th e alternativ e 
situatio n i n whic h the y learne d th e properties .  Subject s als o 
performe d a  propert y listin g task ,  i n whic h the y wer e give n 
on e o f  th e learnin g situation s an d ha d t o lis t  al l  di e concept' s 
properties . 

Accordin g t o a  Situation-Indepraden t  Hypothesis ,  peopl e 
extrac t  wha t  the y lear n abou t  a  concep t  acros s situations ,  an d 
represent  th e concep t  i n a n abstrac t  way ,  no t  incorporatin g 
any specifi c  situatio n information .  Therefore ,  primin g 
subject s wit h a  scen e o f  a  situatio n wil l  no t  hel p retrieving 
th e propertie s learne d tha t  i n situation .  Subject s shoul d 
verif y propertie s learne d i n th e sam e situatio n as  quickl y a s 
thos e learne d i n a  differen t  situation .  Subject s shoul d als o 
lis t  th e propertie s fo r  th e tw o kind s o f  situation s i n n o 
particula r  order . 

I n contrast ,  a  Situation-Dependen t  Hypothesi s hold s tha t 
peopl e store ,  togethe r  wit h a  concept ,  th e situation s i n 
whic h the y typicall y encounte r  it .  Therefor e a  concep t  i s 
not  a n isolate d entity ,  bu t  rather ,  include s th e situation s i n 
whic h i t  typicall y occurs .  Furthermore ,  sinc e peopl e atten d 
t o differen t  propertie s i n differen t  situations ,  the y associat e 
differen t  propertie s wit h differen t  situations .  Hence ,  th e 
Situation-Dependen t  Hypothesi s predict s tha t  subject s wil l 
verif y propertie s learne d i n th e sam e sibiatio n mc» e quickl y 
tha n thos e learne d i n a  differen t  situation ,  an d the y wil l  als o 
lis t  propertie s learne d i n th e tes t  situatio n earlie r  tha n thos e 
learne d i n th e othe r  situation . 

Method 

Materials. Four novel concepts were used in this 
experiment ,  tw o o f  the m bein g animals ,  anothe r  a  plant ,  an d 
th e othe r  a n artifact .  A  cove r  stor y wa s create d fo r  eac h 
concep t  t o explai n h o w a  ne w concep t  wa s discovere d an d 
observed ,  an d als o t o describ e th e tw o situation s wher e th e 
concep t  i s normall y observed .  Eac h concep t  ha d si x 
properties ,  eac h bein g instantiate d b y fou r  instances .  Thre e 
of  a  concept' s propertie s alway s occurre d i n on e locatio n 
(usuall y th e plan t  o r  animal' s natura l  habitat) ,  an d th e othe r 
thre e i n anothe r  k)catio n (usuall y th e huma n contex t  wher e 
th e animals/plant s ar e studied ,  se e Tabl e 1  fo r  example s o f 
th e materials) .  Fo r  example ,  subject s observe d 2 4 instance s 
of  a  ne w kin d o f  animal ,  a  "zod, "  eithe r  100 0 fee t  unde r  th e 
Pacifi c  Ocean ,  o r  i n a  zoolog y laborator y wher e zod s wer e 
raised .  Zod s observe d i n th e ocea n exhibite d th e propert y o f 
elastic ,  blind ,  o r  stick y (fou r  zod s each) .  Zod s observe d i n 

Tabl e 1 .  Example s o f  learnin g material s i n Experimen t  1 . 

2Dd th e Pacifi c  Ocea n 
(a n animal ) 

zoology laboratory 

fous h 
( a plant ) 

smal l  villag e 

greenhous e 

elasti c 
blin d 
stick y 

yellow 
hop s 
carnivorou s 

bluish 
velvet y 
odc^es s 

flowering 
succulen t 

mgdicina l 

th e laborator y wer e carnivorous ,  yellow ,  o r  hop s (fou r  zod s 
each) .  Fo r  eac h instanc e an d it s property ,  subject s rea d a 
sentenc e instructin g the m h o w t o imagin e th e propert y i n 
th e situation .  Th e fou r  instance s tha t  share d a  c o m m o n 
propert y als o share d a  c o m m o n sentenc e wit h mino r 
modifications .  Fo r  example ,  th e sentence s describin g th e 
fou r  elasti c zod s wen t  lik e this ,  "Imagin e tha t  a  zo d 
under/beside/between/behin d th e rock s i s stretchin g it s 
E L A S T I C body... "  an d th e sentence s fo r  th e fou r 
carnivorou s zod s wer e "Imagin e tha t  th e zoologis t  give s th e 
C A R N I V O R O US zo d a  fish/ a clam/som e squid/som e 
shrimp ,  an d th e zo d eat s it... " 

I n th e propert y verificatio n test ,  eac h concep t  wa s teste d 
by si x tru e trial s an d nin e fals e trials .  Th e si x tru e 
propertie s wer e thos e learne d i n th e learnin g phase .  Th e 
nin e fals e propertie s wer e chose n from  th e othe r  thre e 
concepts '  properties .  Therefore ,  subject s wer e equall y 
familia r  wit h th e tru e an d fals e properties ,  an d ha d t o respon d 
by retrievin g informatio n from  th e correc t  concep t  Eac h 
concep t  wa s teste d i n onl y on e o f  th e tw o learnin g situation s 
(e.g. ,  100 0 fee t  unde r  th e Pacifi c  Ocean) ,  an d Uiu s hal f  o f  th e 
propertie s w ^ e learne d an d teste d i n th e sam e situatio n (e.g. , 
elasti c wa s learne d an d teste d i n th e Pacifi c  Ocea n scene) , 
whil e th e othe r  hal f  wer e teste d i n a  differen t  situatio n (e.g. , 
carnivorou s wa s learne d i n th e zoolog y laborator y scene ,  bu t 
was teste d i n th e Pacifi c  Ocea n scene) .  Th e combine d se t  o f 
6 0 tes t  propertie s wer e presente d i n a  rando m orde r  t o 
subjects . 

I n th e propert y listin g test ,  eac h concep t  wa s teste d i n th e 
learnin g scen e tha t  wa s no t  show n i n th e propert y 
verificatio n test .  Fo r  example ,  i f  zod s wer e teste d i n th e 
Pacifi c  Ocea n scen e i n th e propert y verificatio n test ,  the y 
wer e teste d i n th e zoolog y lab(xatoi y scen e i n th e propert y 
listin g test . 

Procedure. In the learning phase of the experiment, 
subject s first  rea d a  cove r  stor y abou t  a  nove l  concqH ,  the n 
the y sa w 2 4 pictures ,  eac h depictin g a n instanc e o f  thi s 
concep t  i n a  scene .  Hal f  o f  th e instance s occurre d i n on e 
scen e an d th e othe r  hal f  i n th e other .  Fo r  eac h instance , 
subject s rea d a  verba l  descriptio n o f  th e instance' s propert y 
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i n th e cente r  o f  th e pictur e fo r  2  seconds ,  an d a  descriptio n 
about  th e rol e o f  th e propert y i n th e scen e fo r  7  seconds . 

Afte r  seein g fou r  suc h concept s an d thei r  properties , 
subject s performe d a  propert y verificatio n tas k an d a  propert y 
listin g task .  I n th e verificatio n task ,  subject s wer e prime d 
wit h on e o f  th e tw o scene s an d decide d whethe r  a  propert y 
was tru e o f  a  concq M o r  not .  T o verif y a  property ,  subject s 
nrs t  sa w a  pictur e o f  a  situatio n o n a  compute r  scree n fo r 
1. 5 seconds .  Then ,  th e concept' s nam e appeare d i n th e 
cente r  o f  th e pictur e fo r  anothe r  1  second .  Afte r  a  1  secon d 
interval ,  a  Hxatio n poin t  appeare d i n th e cente r  o f  th e pictur e 
fo r  50 0 msec ,  followe d b y a  25 0 mse c interval .  The n a 
possibl e propert y appeared ,  an d subject s ha d t o verif y a s 
quickl y an d a s accuratel y a s possibl e whethe r  th e propert y 
was tru e o f  th e probe d concep t  b y pressin g on e o f  th e 
button s o n a  butto n box .  Feedbac k wa s give n i f  subject s 
responde d inconectly . 

Afte r  th e propert y verificatio n test ,  subject s performe d a 
propert y listin g task ,  i n whic h the y saw ,  o n a  pag e o f  a 
booklet ,  th e learnin g scen e tha t  wa s no t  show n i n th e 
propert y verificatio n tes t  an d th e nam e o f  a  targe t  concept , 
and the y wrot e dow n th e propertie s o f  th e concep t  Subject s 
performe d thi s procedur e fo r  al l  fou r  concq)ts ,  presente d i n a 
rando m order . 

Subjects. Subjects were 12 University of Chicago 
undergraduates ,  wh o wer e nativ e speaker s o f  America n 
English .  The y wer e pai d t o participat e i n th e experimen t 

Results and Discussion 

Property Verification Test. Only correct reaction 
time s o n th e tru e trial s wer e include d i n th e analysis . 
Reactio n time s longe r  tha n 5  second s ( 0 % o f  th e data )  wer e 
excluded .  O n average ,  subject s responde d t o propertie s 
learne d an d teste d i n th e sam e siuiation s a t  th e spee d o f  112 0 
msec,  whic h wa s 17 7 mse c faste r  tha n thos e teste d i n 
differen t  situation s (averag e reactio n tim e 129 7 msec , 
f"(l,ll)=5.93 ,  p<.05) .  Th e resul t  support s th e Situation -
Dependen t  Hypothesis .  Subject s als o mad e fewe r  error s i n 
th e sam e situation s (erro r  rat e 4.17% )  tha n i n th e differen t 
situation s (erro r  rat e 6.94%) ,  whic h indicate s tha t  th e 
difference s o f  respons e latencie s betwee n th e tw o situation s 
di d no t  resul t  from  a  trade-of f  betwee n spee d an d accuracy . 

Property Listing Test. The average positions of the 
liste d propertie s i n th e tw o situation s wer e calculated .  Eac h 
liste d jHoperty' s absolut e positio n wa s marke d fro m 0  t o 5 , 
wit h 0  bein g th e firs t  propert y listed ,  an d 5  th e sixt h 
propert y listed .  A  property' s relativ e positio n wa s the n 
calculate d b y dividin g it s absolut e positio n b y th e tota l 
number  o f  propertie s liste d fo r  th e concep t  minu s one . 
Therefore ,  a  property' s relativ e positio n bein g 0  mean s tha t 
i t  wa s liste d fu'st ,  1  mean s tha t  i t  wa s liste d last ,  an d 0. 5 
means tha t  i t  wa s i n th e middl e o f  th e list .  A s predicte d b y 
th e Situation-Dependen t  Hypothesis ,  subject s liste d th e 
propertie s learne d i n th e tes t  situation s (averag e relativ e 
positio n 0.38 )  significantl y earlie r  tha n thos e learne d i n Ui e 
othe r  situation s (averag e relativ e positio n 0.61) ,  F (  1,11 )  = 
20.75 ,  p  <.001) .  Th e positio n dat a agai n suppor t  th e 

conclusio n tha t  peopl e associat e a  concept' s propertie s wit h 
th e situation s i n whic h the y lear n th e properties ,  suc h tha t 
the y reu-iev e thos e propertie s mor e quickl y whe n prime d 
wit h Ui e learnin g situations . 

Experiment 2 

Experimen t  2  examine s ho w situation s becom e associate d 
wit h concepts .  Th e result s o f  Experimen t  1  sugges t  tha t 
appropriat e situation s facilitat e th e reti'ieva l  o f  certai n 
aspect s o f  a  concept ,  bu t  i t  i s  no t  clea r  ho w situation s 
become associate d wid i  th e concep t  t o facilitat e retrieval . 
Situatio n primin g ca n resul t  fro m simpl e cooccurrenc e 
relation s betwee n situation s an d properties ,  o r  i t  ca n resul t 
from  mor e meaningfu l  conceptua l  relations .  T w o factor s 
may determin e suc h relations :  Th e firs t  i s  whethe r  th e 
propert y i s predictabl e from  th e situatio n o r  not .  Th e secon d 
i s whethe r  th e propert y manifest s itsel f  throug h interactin g 
wit h th e situation ,  o r  merel y throug h cooccurrin g witi i  th e 
situation .  Experimen t  2  manipulate d thes e tw o factors , 
related/neutra l  an d interactive/cooccurring ,  i n a  tw o b y tw o 
between-subjec t  design . 

Based o n prio r  knowledg e abou t  a  situation ,  peopl e migh t 
expec t  certai n propertie s t o occu r  i n i t  Fo r  example ,  swim s 
and scal y ar e commo n propertie s o f  underwate r  animals . 
Therefore ,  befor e actuall y learnin g an y propertie s i n th e 
learnin g phase ,  subject s migh t  expec t  a n underwate r  anima l 
t o b e abl e t o swi m an d t o hav e scale s i n a  scen e o f  th e 
Pacifi c  Ocean .  I n contrast ,  a  propert y coul d b e neutra l  t o a 
situatio n i n th e sens e tha t  peopl e d o no t  necessaril y  expec t 
th e propert y t o occu r  i n Ui e situation .  Fo r  example ,  swim s 
and scai y ar e no t  commo n propertie s fo r  jungl e animals .  T o 
lear n tha t  a  jungl e anima l  swims ,  subject s hav e t o rel y 
completel y o n th e informatio n presente d i n th e learnin g 
phase .  Experimen t  1  employe d onl y th e latte r  typ e o f 
properties .  Experimen t  2  manipulate d bot h type s o f 
situation-propert y relations .  Subject s i n th e relate d grou p 
learne d nove l  concept s wit h propertie s predictabl e fro m 
situations ,  wherea s subject s i n th e neutra l  grou p learne d 
propertie s unpredictabl e fro m situations .  I f  meaningfu l  an d 
concepuia l  relation s ar e necessar y fo r  a  situatio n t o influenc e 
concep t  processing ,  the n subject s i n th e relate d grou p shoul d 
exhibi t  a  stronge r  situatio n effec t  tha n thos e i n th e neutra l 
group .  If ,  o n th e contrary ,  simpl e cooccurrenc e betwee n a 
situatio n an d a  propert y i s enoug h t o produc e a  situatio n 
effect ,  subject s i n bot h group s shoul d sho w th e sam e siz e o f 
situatio n effec t 

Orthogona l  t o th e related/neutra l  factOT ,  whethe r  a  propert y 
interact s wit h a  situatio n o r  no t  coul d als o influenc e ho w 
the y associat e wit h eac h other .  A  situatio n ma y becom e 
associate d wit h a  concep t  i n th e followin g tw o ways :  On e 
possibl e mechanis m i s tha t  a  situatio n cooccur s wit h a 
concept' s propert y s o man y times  tha t  whe n give n th e 
situation ,  subject s ca n mechanicall y respon d wit h th e 
property .  Suc h a  frequentl y cooccurrin g situatio n migh t  no t 
bear  an y meaningfu l  relation s wit h a  concept ,  bu t  stil l 
facilitat e th e reu-ieva l  o f  it s  relevan t  properties . 
Alternatively ,  i t  coul d b e tha t  a  propert y ha s t o interac t  i n a 
meaningfu l  wa y wit h a  situatio n i n orde r  fo r  th e situatio n t o 
prim e it .  A  situatio n migh t  bia s people' s attentio n t o 
certai n aspect s o f  a  concept ,  suc h tha t  a  propert y manifest s 
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itsel f  onl y throug h interactin g wit h th e environment .  Fo r 
example ,  t o associat e a n underwate r  anima l  wit h blind , 
subject s migh t  imagin e a  dive r  sw immin g aroun d th e 
animal ,  an d shinin g he r  spo t  ligh t  o n th e animal ,  an d no t 
seein g i t  respond .  Afte r  repeate d presentatio n o f  suc h a 
scenario ,  subject s c o m e t o associat e th e underwate r  situatio n 
wit h th e propert y blind .  Subject s i n Experimen t  1  receive d 
associate d propertie s an d situation s i n a n interactiv e way . 
because ,  i n th e learnin g phase ,  the y receive d sentence s 
instructin g the m h o w t o imagin e th e propertie s manifestin g 
themselve s i n th e situations .  Experimen t  2  examine d bot h 
interactiv e an d cooccurrin g association s b y manipulatin g th e 
existenc e o f  th e sentences . 

I f  a  propert y ha s t o bea r  a  meaningfu l  relatio n wit h a 
situatio n i n o r d ^  fo r  th e situatio n t o prim e processing ,  the n 
th e sentence s woul d b e crucial ,  especiall y whe n subject s d o 
not  expec t  th e propert y t o occu r  i n th e situation .  Therefore , 
th e situatio n effec t  shoul d b e stronge r  i n th e neutral -
interactiv e conditio n tha n i n th e neutral-cooccurrin g 
condition .  O n th e contrary ,  i f  simpl e cooccurrenc e betwee n 
a propert y an d a  situatio n i s sufficien t  t o produc e th e 
situatio n effect ,  the n i t  shoul d no t  matte r  whethe r  ther e i s a 
sentenc e i n th e learnin g phas e o r  no t 

Method 

Subjects and Design. Sixty-four University of Chicago 
undergraduate s wer e recruite d a s subjects ,  al l  o f  the m bein g 
nativ e speaker s o f  America n English ,  an d bein g pai d t o 
participat e i n th e e x p m m e n L The y wer e randoml y assigne d 
t o on e o f  th e followin g fou r  groups :  related-interactive , 
related-cooccurring .  neutral-interactive ,  an d neutral -
cooccurring .  Fo r  eac h subject ,  hal f  o f  th e propertie s wer e 
learne d an d teste d i n th e sam e situation ,  whil e th e othe r  hal f 
wer e teste d i n a  differen t  situation . 

Materials. Four novel concepts and eight situations were 
created .  Th e structur e o f  th e stimul i  wa s th e sam e a s i n 
Experimen t  1 ,  excep t  tha t  tw o type s o f  materials ,  relate d an d 
neutral ,  wer e create d (se e Tabl e 2  fo r  example s o f  th e 
materials) .  Th e propertie s an d situation s fo r  th e tw o type s 

Table 2. Examples of materials in Experiment 2. 

of  material s wer e same ,  bu t  th e situation s wer e matche d 
wit h th e propertie s i n differen t  ways .  I n th e relate d version , 
th e propertie s wer e ver y likel y t o occu r  i n th e matche d 
situation s (e.g. ,  underwater-swims ,  jungle-poisonous) .  A 
separat e grou p o f  1 6 subject s ranke d h o w likel y th e 
propertie s wer e t o occu r  i n thos e situations ,  an d th e averag e 
ran k fo r  th e relate d situation s wa s 2.4 S o n a  1  t o 1 0 rankin g 
scale .  W h e n rearrangin g th e sam e se t  o f  situation s an d 
propertie s i n a  differen t  way ,  th e propertie s wer e ranke d a s 
les s likel y t o occu r  i n th e matchei d situation s (e.g. ,  jungle -
swims ,  underwater-poisonous) .  Th e averag e ran k fo r  neutra l 
situation s wa s 6.3 .  A s i n Experimen t  1 ,  eac h propert y i n 
th e related-interactiv e an d neutral-interactiv e version s wa s 
accompanie d b y a  sentenc e instructin g subject s h o w t o 
imag e th e propert y i n th e situation .  I n contrast ,  propertie s 
i n th e related-cooccurrin g an d neutral-cooccurrin g condition s 
wer e no t  accompanie d b y an y sentences . 

Procedure. The procedure of Experiment 2 was similar to 
tha t  i n Experimen t  1 ,  excep t  tha t  i n th e learnin g phas e o f 
th e tw o interactiv e conditions ,  th e sentence s wer e presente d 
S seconds ;  whil e fo r  th e tw o cooccurrin g conditions ,  th e 
propertie s simpl y remaine d o n th e scree n fo r  5  seconds .  I n 
addition ,  th e presentatio n tim e fo r  th e nam e o f  th e concep t 
i n th e tes t  phas e wa s shortene d fro m 1  secon d t o 0. 5 second , 
and n o fixatio n poin t  wa s presente d i n thi s experiment . 

Results and Discussion 

Property Verincation Test. Reaction times longer 
tha n 5  second s wer e exclude d from  th e analysi s (0.7 2 % o f 
th e data) .  Figur e 1  depict s subjects '  mea n reactio n time s t o 
verif y tru e propertie s i n th e sam e an d differen t  situation s i n 
th e fou r  conditions .  Subject s i n th e neutral-interactiv e 
conditio n verifie d propertie s teste d i n th e sam e situatio n 19 4 
msec faste r  tha n thos e i n a  differen t  situatio n (planne d 
compariso n F(l,60)=6.74 ,  fX.OS) ,  replicatin g th e patter n i n 
Experimen t  1 .  Subject s i n th e neutral-cooccurrin g 
condition ,  o n th e contrary ,  m a d e n o suc h distinctio n 
(planne d compariso n F(l,60)=0.60 ,  n.s.) ,  suggestin g tha t 
th e sentence s instructin g subject s t o imagin e th e propert y i n 

Concep t 
7r» 1 
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fous h 
( a plant ) 

Relate d Conditio n 
Situatio n 
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1 
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Propert v 
swim s 
slim y 
scal y 
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nervou s 

lus h 
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ornamenta l 
perennia l 

Concep t 

(a n animal ) 

fous h 
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th e situatio n ar c crucia l  t o producin g th e situatio n effect . 
Simpl e cooccurrenc e betwee n a  propert y n a m e an d a 
situatio n wa s no t  su^icien t  fo r  th e situatio n t o facilitat e 
processing . 

Such a  differenc e betwee n interactiv e an d cooccurrin g 
conditions ,  however ,  wa s no t  foun d i n th e tw o relate d 
conditions .  Fo r  bot h th e related-interactiv e an d related -
cooccunin g conditions ,  subject s verifie d propertie s teste d i n 
th e sam e situatio n faste r  tha n thos e i n a  differen t  situation . 
The differenc e betwee n sam e an d differen t  sioiation s wa s 23 8 
msec fo r  th e related-interactiv e conditio n (planne d 
compariso n F(l,60)=10.24 ,  p<.Ol) ,  an d 19 3 mse c fo r  th e 
related-cooccurrin g conditio n (planne d compariso n 
F(1.60)=6.70 ,  /K.05) ,  indicatin g tha t  subject s i n th e latte r 
conditio n wer e abl e t o elaborat e relation s betwee n situation s 
and propertie s s o tha t  situation s affecte d conceptua l 
processing ,  eve n thoug h the y wer e no t  give n th e sentences . 
I n othe r  words ,  base d o n thei r  pre-existin g knowledg e abou t 
environments ,  subject s expect ^  t o se e certai n propertie s i n a 
situation ,  an d thu s overcam e th e lac k o f  th e interactiv e 
sentences . 

As i n Experimen t  1 ,  subject s i n al l  th e fou r  group s m a d e 
fewe r  error s i n th e sam e situation s (averag e erro r  rat e 4.69% ) 
tha n i n th e differen t  situation s (averag e erro r  rat e 11.33%) . 
Thi s agai n indicate s tha t  th e primin g effect s di d no t  resul t 
from  a  trade-of f  betwee n spee d an d accuracy . 

Property Listing Test. As illustrated in Figure 2, 
subject s i n al l  th e fou r  group s liste d propertie s learne d i n th e 
same situatio n earlie r  tha n thos e learne d i n th e othe r 
situation .  O n average ,  propertie s learne d i n th e sam e 
situatio n wer e liste d a t  th e relativ e positio n 0.37 ,  an d thos e 
learne d i n a  differen t  situatio n wer e liste d a t  th e positio n 

0.60 ,  whic h w a s significantl y late r  (F(l,59 )  =  67.96 , 
p<.000l) .  I n othe r  words ,  a  situatio n effec t  w a s foun d i n 
bot h th e propert y verificatio n tes t  ( a recognitio n task )  an d 
th e propert y listin g tes t  ( a recal l  task )  fo r  th e related -
interactive ,  related-cooccurring ,  an d neutral-interactiv e 
conditions ,  suggestin g agai n tha t  meaningfu l  relation s 
betwee n a  propert y an d a  situatio n i s crucia l  fo r  th e situatio n 
t o prim e conceptua l  processin g o f  th e property .  T h e neutral -
cooccurrin g condition ,  o n th e contrary ,  showe d a  situatio n 
effec t  onl y i n th e propert y listin g tes t  ( a recal l  task) ,  bu t  no t 
i n th e propert y verificatio n tes t  ( a recognitio n task) .  T h e 
lac k o f  situatio n effec t  i n a  recognitio n tas k i s a  typica l 
finding  i n researc h abou t  environmenta l  contex t  effec t  o n 
q)isodi c memor y (e.g. ,  Godde n &  Baddeley ,  1980 ;  Baddeley , 
1982 ;  Smith ,  Glenberg ,  &  Bjork ,  1978) ,  suggestin g tha t 
subject s i n th e neutral-cooccurrin g grou p di d no t  proces s th e 
material s conceptually ,  bu t  rather ,  the y simpl y remembere d 
th e contingenc y betwee n a  scen e an d a  property ,  withou t 
elaboratin g a  meaningfu l  relatio n betwee n th e two . 

Conclusion 

Experimen t  1  demonstrate s tha t  subject s verif y propertie s 
learne d an d teste d i n th e sam e situation s reliabl y mor e 
quickl y tha n thos e teste d i n differen t  situations .  I n th e 
propert y listin g task ,  subject s overwhelmingl y liste d th e 
propertie s learne d i n th e prime d situation s earlie r  tha n thos e 
i n th e unprime d situations .  T h e result s i n bot h task s 
suppor t  th e Situation-Dependen t  Hypothesis .  Peopl e no t 
onl y proces s a  concep t  bu t  als o th e situatio n i n whic h th e 
concep t  occurs ,  associatin g differen t  propertie s o f  a  concep t 
wit h differen t  situations . 

T h e result s o f  Experimen t  2  sugges t  tha t  i n orde r  fo r 
situation s t o affec t  conceptua l  processing ,  i t  i s crucia l  tha t 
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Figur e 1 .  Subjects '  mea n reactio n time s t o verif y prof)ertie s 
i n th e sam e an d differen t  situation s a s a  functio n o f 
related/neutra l  an d interactive/cooccurrin g conditions ,  an d 
whethe r  th e propert y i s learne d i n th e sam e o r  differen t 
situation . 

LJ differen t 

5 0. 3 

Figur e 2 .  Th e relativ e positio n o f  propertie s liste d i n th e 
propert y listin g tas k a s a  functio n o f  neutral/relate d situatio n 
and interactive/cooccurrin g condition s i n Experimen t  2 . 
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th e propertie s o f  a  concep t  interac t  meaningfull y wit h th e 
situations .  Subject s coul d elaborat e thes e relation s b y 
readin g sentence s tha t  specif y ho w a  propert y occur s i n a 
situation ,  o r  b y usin g thei r  pre-existin g knowledg e abou t  th e 
situation .  I f  a  propert y merel y occur s contingentl y wit h a 
situation ,  withou t  an y conceptua l  relatio n betwee n th e two , 
as i n th e neutrai-cooccuirin g condition ,  th e situatio n doe s 
not  affec t  ho w subject s verif y properties ,  bu t  rather ,  affect s 
onl y th e recal l  o f  th e properties ,  a s ha s bee n frequentl y foun d 
i n researc h o n environmenta l  contex t  effects . 
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Abstrac t 

Category learning is often seen as a process of inductive gener-
alizatio n fro m a  se t  o f  class-labele d exemplars .  H u m a n learn -
ers ,  however ,  ofte n receiv e direc t  instructio n concernin g th e 
structur e o f  a  categor y befor e bein g presente d wit h examples. 
Such explici t  knowledg e ma y ofte n b e smoothl y integrate d 
wit h knowledg e garnere d b y exposur e t o instances ,  bu t  som e 
interferenc e effect s hav e bee n observed .  Specifically ,  error s 
i n instructe d rul e followin g ma y sometime s aris e afte r  th e re -
peate d presentatio n o f  correctl y labele d exemplars .  Despit e 
perfec t  consistenc y betwee n instanc e label s an d th e provide d 
mle ,  suc h inductiv e trainin g ca n driv e categorizatio n behavio r 
away fro m ml e followin g an d toward s a  mor e prototype-base d 
or  instance-base d pattern .  I n thi s pape r  w e presen t  a  genera l 
connectionis t  mode l  o f  instructe d categor y learnin g whic h cap -
ture s thi s kin d o f  interferenc e effect .  W e mode l  instmctio n a s a 
sequenc e o f  input s t o a  networ k whic h transform s suc h advic e 
int o a  modulatin g forc e o n classificatio n behavior .  Exemplar -
base d learnin g i s modele d i n th e usua l  way :  a s weigh t  modifi -
catio n vi a backpropagation .  Th e propose d architectur e allow s 
thes e tw o source s o f  informatio n t o interac t  i n a  psychologi -
call y plausibl e manne r  Simulatio n result s ar e provide d o n a 
simpl e instructe d categor y learnin g task ,  an d thes e result s ar e 
compare d wit h huma n performanc e o n th e sam e task . 

Introduction 

Investigations into concept formation have often focused on 
th e learnin g o f  categor y structur e solel y throug h exposur e t o 
labele d exemplars .  Indeed ,  m u c h o f  th e succes s o f  connec -
tionis t  learnin g model s m a y b e attribute d t o thei r  abilit y  t o per -
for m exactl y thi s sor t  o f  statistica l  induction .  H u m a n learner s 
ofte n nee d no t  rel y solel y o n exemplars ,  however ,  t o formu -
lat e a n understandin g o f  a  concept .  Th e presenc e o f  languag e 
allow s u s t o lear n fro m th e direc t  instructio n provide d b y oth -
ers .  Suc h explici t  advic e m a y simpl y direc t  ou r  attentio n t o 
relevan t  features ,  o r  i t  m a y actuall y spel l  ou t  necessar y and/o r 
sufficien t  condition s fo r  membershi p i n a  category .  Learnin g 
"b y bein g told "  m a y facilitat e a n otherwis e exemplar-base d 
learnin g task ,  enablin g a  multistrateg y approac h integratin g 
inductio n an d instruction . 

S o me form s o f  advic e m a y b e see n a s explicitl y  providing 
categorizatio n rule s t o th e learner .  W h e n viewe d i n thi s way , 
th e integratio n o f  exemplar-base d inductio n an d direc t  instruc -
tio n begin s t o resembl e anothe r  for m o f  integratio n discusse d 
i n th e categor y learnin g literature .  Sometime s h u m a n subject s 
presente d wit h labele d exemplar s appea r  t o induc e explici t 
classificatio n rules ,  an d sometime s induce d categor y struc -
ture s ar e bette r  capture d b y prototype-base d o r  instance-base d 

representations .  M u c h evidenc e ha s bee n gathere d suggestin g 
tha t  thes e tw o kind s o f  categor y representatio n resul t  fro m tw o 
dissociabl e learnin g mechanism s (Shank s &  St .  John ,  1994) , 
so a  questio n arise s a s t o h o w thes e tw o processe s ar e in -
tegrate d i n c o m m o n learnin g tasks .  I n term s o f  instructe d 
categor y learning ,  thi s questio n become s on e o f  h o w cate -
gorizatio n rule s provide d b y direc t  instructio n interac t  wit h 
exemplar-base d knowledg e t o for m a  learne d categor y struc -
ture . 

Thi s wor k focuse s o n on e particula r  interferenc e phe -
nomenon whic h ha s manifeste d itsel f  i n instructe d categor y 
learnin g studie s (Alle n &  Brooks ,  1991 ;  Nosofsk y e t  al. , 
1989) .  Specifically ,  subject s initiall y  provide d wit h a n ex -
plici t  classificatio n rul e m a y begi n t o violat e tha t  rul e afte r 
th e presentatio n o f  correctl y labele d exemplars .  Whi l e non e 
of  th e presente d example s contradic t  th e instructe d rul e i n 
an y way ,  similarit y betwee n instance s drive s subjec t  behavio r 
away fro m rul e followin g an d toward s a  mor e prototype-base d 
or  instance-base d pattern .  I t  appears ,  i n thes e experiments , 
as i f  a n exemplar-base d inductiv e learnin g proces s i s directl y 
interferin g wit h a n instruction-base d rul e applicatio n process . 

Th e goa l  o f  thi s pape r  i s t o demonstrat e tha t  ou r  previousl y 
propose d connectionis t  mode l  o f  instructe d learnin g (Noell e & 
Cottrell ,  1995 )  m a y captur e an d accoun t  fo r  thi s interferenc e 
effect .  T o thi s end ,  w e discus s on e psychologica l  experimen t 
i n whic h thi s phenomeno n ha s appeared ,  revie w ou r  modelin g 
framewor k fo r  instructe d learning ,  an d presen t  th e result s o f 
applyin g ou r  mode l  t o th e discusse d experimenta l  domain . 

An Interference Effect 

In the category learning literature a debate has raged over 
th e interna l  representatio n o f  inductivel y learne d categories . 
S o me vie w thes e a s simpl e sententia l  rule s whic h ar e acquire d 
i n respons e t o experience .  Other s vie w categorie s a s region s 
i n som e featur e space ,  wit h regio n boundarie s determine d b y 
some similarit y measur e an d a  collectio n o f  remembere d ex -
emplar s o r  prototypes .  I n orde r  t o tes t  thes e tw o competin g 
views ,  Nosofsky ,  Clark ,  an d Shi n (1989 )  designe d an d con -
ducte d a  numbe r  o f  elegan t  experiments .  The y use d a  se t  o f 
stimul i  wit h tw o pertinen t  continuou s feature s -  th e siz e o f  a 
circl e an d th e angl e o f  rotatio n o f  a  radia l  line .  Thes e object s 
m ay b e plotte d a s point s i n a  tw o dimensiona l  featur e space , 
as i n Figur e 1 .  I n tha t  diagram ,  eac h lette r  correspond s t o 
a potentia l  stimulu s object ,  an d th e letter s enclose d b y smal l 
polygon s ar e object s whic h wer e presente d a s labele d trainin g 
exemplars .  Th e tw o enclosin g shapes ,  triangle s an d squares , 
correspon d t o categor y label s fo r  tw o disjoin t  categories .  W e 
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Figur e 1 :  T w o Categories :  Trainin g Exemplars ,  Featur e Space ,  A n d Frequenc y O f  Classificatio n Int o Th e "Triangle "  Categor y 
For  Bot h Instructe d A n d Uninstructe d Subject s 

m ay imagin e tha t  distanc e i n thi s featur e spac e correspond s t o 
perceive d "similarity "  betwee n objects .  H o w shoul d objec t 
"P "  b e classified ? I f  similarit y i s use d t o defin e categories , 
objec t  " P "  wil l  b e place d i n th e "square "  category ,  du e t o 
it s clos e proximit y t o exempla r  "K" .  I f  som e for m o f  mini -
m um descriptio n lengt h sententia l  rul e i s use d instea d (e.g. , 
a rul e fo r  th e triangl e clas s i s " t i n y o r  h u g e o r  155 ° 
r o t  a t  i o n "  -  show n a s a  dotte d box) ,  the n thi s objec t  wil l  b e 
labele d a s a  "triangle" .  Thus ,  classificatio n behavio r  o n nove l 
object s ca n infor m exploration s int o th e structur e o f  interna l 
categor y representations . 

I n on e experiment ,  Nosofsk y an d hi s colleague s compare d 
subject s w h o wer e explicitl y  tol d a  sententia l  categorizatio n 
rul e befor e bein g expose d t o th e trainin g exemplar s wit h sub -
ject s w h o depende d solel y o n th e exemplar s t o formulat e cat -
egor y boundaries .  I n general ,  th e explicitl y  instructe d sub -
ject s exhibite d rul e governe d classificatio n behavior ,  wherea s 
th e uninstructe d subject s matche d a  similarity-base d model . 
However ,  instructe d subject s sometime s deviate d fro m thei r 
rule-base d behavio r  whe n classifyin g object s highl y simila r 
t o trainin g exemplar s fro m th e opposit e category . 

Th e situatio n depicte d i n Figur e 1  produce d th e mos t  strik -
in g results .  Subject s wer e instructe d t o classif y object s a s 
bein g member s o f  th e "triangle "  categor y i f  an d onl y i f  the y 
fit  th e give n disjunctiv e rule .  Followin g thi s instruction ,  th e 
subject s receive d 30 0 rando m presentation s o f  th e seve n train -
in g exemplars ,  an d the y wer e aske d t o classif y eac h o f  them . 
Afte r  eac h selection ,  th e subject s wer e tol d th e tru e categor y 
of  th e trainin g exemplar ,  an d th e nex t  objec t  wa s presented . 
U p on completio n o f  thi s trainin g period ,  th e subject s wer e 
teste d o n th e entir e collectio n o f  1 6 objects .  Th e final  mea n 
frequencie s o f  classifyin g object s a s member s o f  th e "trian -
gle "  categor y ar e displaye d a s percentage s i n Figur e 1 ,  alon g 
wit h th e sam e frequencie s fo r  subject s w h o receive d n o ex -
plici t  classificatio n rul e befor e bein g presente d wit h labele d 

exemplars .  O f  particula r  not e her e i s objec t  "O" ,  whic h in -
structe d subject s tende d t o plac e i n th e "square "  categor y 
mor e ofte n tha n not ,  despit e th e fac t  tha t  suc h classificatio n 
violate d th e give n rule .  Not e th e lo w frequenc y wit h whic h 
uninstructe d suhiect s identifie d thi s objec t  a s a  member  o f  th e 
"triangle "  category .  I t  woul d see m tha t  th e sam e inductiv e 
proces s whic h cause d thi s respons e i n th e uninstructe d sub -
ject s ha s interfere d wit h th e rul e processin g o f  th e instructe d 
subjects .  Ou r  goa l  i s  t o sho w tha t  a n interferenc e effec t  o f 
thi s typ e m a y b e explaine d b y ou r  connectionis t  model . 

A Connectionist Model 

The modeling approach we advocate here is based on our con-
nectionis t  mode l  o f  learnin g "b y bein g told "  (Noell e &  Cot -
trell ,  1995) .  Thi s mode l  arise s fro m th e recognitio n tha t  th e 
weigh t  updat e technique s typicall y use d fo r  inductiv e learnin g 
i n artificia l  neura l  network s ar e simpl y to o slo w t o accoun t  fo r 
th e hig h spee d o f  behavio r  chang e whic h occur s i n respons e t o 
direc t  instruction .  Activatio n propagatio n i n suc h networks , 
on th e othe r  hand ,  i s quit e fast .  W e sugges t  tha t  instructe d 
learnin g i s properl y see n a s a  proces s i n whic h presente d ad -
\ic e pushe s th e activatio n stat e o f  par t  o f  th e cognitiv e syste m 
int o a  nove l  basi n o f  attractio n -  a  stabl e regio n o f  activa -
tio n spac e whic h encode s th e prope r  operationalizatio n o f  th e 
give n advice .  Suc h nove l  attractors ,  correspondin g t o newl y 
receive d instructions ,  com e int o existenc e throug h th e com -
ponentia l  interactio n o f  basin s sculpte d vi a pas t  experienc e 
wit h th e instructiona l  languag e (Plan t  &  McClelland ,  1993) . 
Under  thi s view ,  advic e i s see n a s a  sequenc e o f  inpu t  activity , 
presente d t o a  networ k whic h transform s suc h sequence s int o 
appropriat e behavior . 

Our  propose d genera l  architectur e i s show n i n Figur e 2 ,  o n 
th e left .  Th e boxe s i n tha t  diagra m represen t  layer s o f  sig -
moida l  processin g element s an d arrow s represen t  complet e 
interconnection s betwee n layers .  Categorizatio n rule s ar e en -
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Figur e 2 :  Instructabl e Network :  Genera l  Architectur e &  Isolate d Categorizatio n Networ k 

code d a s sequence s o f  instructio n token s whic h ar e presented , 
one a t  a  time ,  a t  th e advic e inpu t  layer .  Activatio n i s the n 
propagate d throug h th e recurren t  "Pla n Network "  t o produc e 
a stabl e patter n o f  activatio n a t  th e pla n layer .  Th e pla n i s 
the n use d t o modulat e th e behavio r  o f  a  simpl e feed-forwar d 
"Categorizatio n Network" ,  causin g th e mappin g fro m stim -
ulus/(?a/ure. y t o outpu t  categorie s t o exactl y matc h th e rul e 
specifie d b y th e inpu t  advice . 

Initially ,  thi s networ k mus t  b e inductivel y traine d t o un -
derstan d th e languag e o f  instruction .  Thi s m a y b e accom -
plishe d usin g a  versio n o f  backpropagatio n throug h tim e 
(BPTT )  (Rumelhar t  e t  al. ,  1986 )  i n whic h erro r  i s backpropa -
gate d fo r  onl y a  singl e tim e step ,  m u c h a s i s don e fo r  Simpl e 
Recurren t  Network s (Elman ,  1990) .  A  trainin g regime n simi -
la r  t o tha t  use d b y th e architecturall y simila r  Sentenc e Gestal t 
networ k (St .  Joh n &  McClelland ,  1990 )  m a y b e used ,  requir -
in g a n externa l  erro r  signa l  onl y a t  th e final  outpu t  layer .  Th e 
outpu t  unit s encod e categorizatio n judgement s fo r  specifi c 
inpu t  stimul i  i n th e contex t  o f  instruction s presente d a t  th e ad -
vic e layer .  B y backpropagatin g erro r  fro m th e final  categor y 
output s i n thi s way ,  th e interna l  representatio n o f  instructio n 
sequences ,  maintaine d a t  ihepla n layer ,  m a y b e learne d i n th e 
servic e o f  th e categorizatio n tas k (St .  John ,  1992) .  Onc e th e 
networ k ha s learne d t o represen t  advic e a t  th e pla n layer ,  n o 
furthe r  weigh t  modification s ar e neede d t o exhibi t  immediat e 
behavio r  chang e i n respons e t o instruction . 

Thi s i s th e poin t  a t  whic h inductio n an d instructio n be -
come integrate d i n thi s model .  Whil e furthe r  inductiv e weigh t 
update s ar e no t  neede d i n orde r  t o exhibi t  instructe d behav -
ior ,  suc h inductiv e learnin g m a y commenc e nonetheless .  In -
deed ,  inductiv e weigh t  modificatio n i n th e "Categorizatio n 
Network "  provide s a  mean s fo r  rul e followin g an d exemplar -
base d inductio n t o interact .  Modulatin g activatio n fro m th e 
pla n laye r  wil l  bia s th e networ k t o ac t  i n accordanc e wit h 
instructions ,  bu t  furthe r  exemplar-base d erro r  feedbac k m a y 
modif y weight s s o a s t o violat e th e instructe d rule . 

Whil e th e initia l  learnin g o f  a n instructiona l  languag e i s 
an importan t  componen t  o f  ou r  genera l  model ,  th e issu e o f 
interferenc e effect s betwee n exemplar-base d inductio n an d 
instructe d rul e followin g i s relativel y orthogona l  t o h o w th e 
instructiona l  languag e i s acquired .  I n orde r  t o focus ,  then , 
on interactio n effects ,  w e hav e modele d th e instructe d cate -

gor y learnin g tas k usin g th e "Categorizatio n Network "  alone . 
We hav e fabricate d a n arbitrar y representationa l  forma t  fo r 
th e pla n layer ,  allowin g u s t o replac e th e "Pla n Network " 
wit h th e direc t  presentatio n o f  encode d categorizatio n rule s t o 
th e "Categorizatio n Network" .  S o m e trainin g i n th e instruc -
tiona l  languag e i s stil l  necessar y fo r  th e networ k t o discove r 
th e "meaning "  o f  ou r  pla n laye r  encoding ,  bu t  thi s initia l 
preparatio n i s m u c h mor e rapi d tha n w h e n th e recurren t  "Pla n 
Network "  mus t  b e traine d simultaneously .  Still ,  w e assum e 
tha t  somethin g simila r  t o ou r  pla n laye r  representatio n coul d 
be generate d b y th e "Pla n Network "  fro m linguisti c input , 
give n sufficien t  training . 

The resulting categorization network is shown in Figure 2, 
on th e right .  Disjunctiv e categorizatio n rule s wer e encode d 
int o a  te n elemen t  pla n usin g a  bit-vecto r  representatio n fo r 
th e se t  o f  rul e terms .  Th e first  pla n uni t  wa s use d t o indicat e 
i f  th e give n disjunctiv e rul e wa s t o describ e th e member s o f 
th e "square "  categor y o r  o f  th e "triangle "  category .  Th e nex t 
eigh t  unit s wer e use d t o encod e th e actua l  rule ,  wit h eac h uni t 
correspondin g t o on e o f  th e fou r  level s o f  "size "  o r  t o on e o f 
th e fou r  level s o f  "angle" .  I f  a  give n "size "  uni t  wa s turne d 
on ,  thi s implie d tha t  th e rul e covere d al l  stimul i  o f  tha t  size , 
and a  simila r  cod e wa s use d ove r  th e "angle "  units .  Activat -
in g multipl e unit s produce d disjunctiv e rules ,  s o th e rul e i n 
Figur e 1  require d th e activatio n o f  th e thre e units :  "siz e = 
tiny" ,  "siz e =  huge" ,  an d "angl e =  155°" .  T h e las t  uni t  i n th e 
pla n vecto r  wa s use d t o signa l  th e absenc e o f  an y rul e -  th e 
uninstructe d case .  W h e n n o rul e wa s available ,  thi s las t  uni t 
was turne d o n an d th e activit y o f  th e othe r  nin e pla n unit s wa s 
set  t o a  media l  valu e (i.e. ,  0.5) .  Unlik e th e quasi-binar y p/a « 
laye r  encoding ,  th e tw o feature s o f  observe d stimuli ,  siz e an d 
angle ,  wer e presente d t o th e networ k i n a  continuou s fashion . 
O ne inpu t  uni t  wa s availabl e fo r  eac h o f  th e features ,  an d eac h 
uni t  coul d tak e o n on e o f  fou r  ranke d values :  0 ,  j ,  j.orl .  Th e 
networ k possesse d tw o outpu t  unit s -  on e fo r  eac h category . 
Th e activatio n level s a t  thes e output s wher e normalize d int o 
conditiona l  clas s probabilitie s usin g Luc e ratio s (Luce ,  1963) . 
Th e hidde n laye r  consiste d o f  eigh t  processin g elements .  Th e 
resul t  wa s a  networ k whic h produce d probabilisti c  categoriza -
tio n judgement s fro m tw o continuou s feature s an d a n encod -
in g o f  a n instructe d classificatio n rul e (o r  th e absenc e o f  suc h 
a rule) . 
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Figur e 3 :  Probabilit y  O f  Selectin g Th e "Triangle "  Categor y Fo r  Variou s Network s 

Thi s networ k wa s initiall y  traine d o n th e complet e col -
lectio n o f  possibl e disjunctiv e classificatio n rules ,  i n orde r 
t o encourag e th e prope r  understandin g o f  th e rul e encodin g 
format .  Th e eigh t  input s whic h corresponde d t o rul e term s 
allowe d fo r  2 *  =  25 6 possibl e disjunctiv e clauses ,  an d eac h 
of  thes e coul d b e use d t o describ e eithe r  th e "triangle "  cate -
gor y o r  th e "square "  category ,  fo r  a  tota l  o f  25 6 x  2  =  51 2 
possibl e classificatio n rules .  I n addition ,  th e networ k expe -
rience d eac h o f  thes e pattern s wit h th e rul e remove d (i.e. , 
withou t  instruction )  s o tha t  i t  associate d th e "n o rule "  inpu t 
uni t  wit h a n uninforme d 50/5 0 chanc e fo r  eithe r  category . 
Durin g thi s initia l  trainin g phas e al l  1 6 stimulu s object s wer e 
presente d alongsid e eac h categorizatio n rule ,  resultin g i n a 
tota l  o f 5 1 2 x 2 x l 6 = 1638 4 pattern s use d t o trai n th e 
networ k i n th e instructiona l  language .  Thes e pattern s wer e 
presente d t o th e networ k i n rando m ordering s fo r  20 0 epoch s 
(i.e. ,  passe s throug h th e entir e trainin g set) .  Standar d incre -
menta l  (non-batch )  backpropagatio n o f  mea n square d erro r 
was used ,  wit h activatio n level s rangin g betwee n 0. 0 an d 1.0 , 
a learnin g rat e o f  0.05 ,  an d n o m o m e n t u m .  Th e terminatio n 
at  20 0 epoch s wa s arbitrary ,  bein g a  poin t  a t  whic h instructio n 
followin g behavio r  wa s good ,  bu t  no t  perfect. ' 

I n orde r  t o observ e interactio n effects ,  thi s networ k wa s 
the n expose d t o furthe r  inductiv e trainin g i n a  particula r  clas -
sificatio n o f  th e objects .  Specifically ,  furthe r  trainin g o f  th e 
networ k involve d onl y th e seve n trainin g exemplar s show n 
i n Figur e 1 .  Thi s trainin g wa s conducte d separatel y unde r 
tw o condition s o f  instruction :  uninstructe d an d instructed .  I n 
th e uninstructe d case ,  th e inpu t  pla n laye r  wa s se t  t o th e "n o 
rule "  configuratio n fo r  th e duratio n o f  thi s training .  I n th e 
instructe d case ,  th e inputp/a n laye r  wa s se t  t o th e disjunctiv e 
rul e show n i n Figur e 1  fo r  th e duratio n o f  thi s training .  I n 
bot h cases ,  trainin g o n th e seve n exemplar s wa s conducte d 
usin g standar d incrementa l  (non-batch )  backpropagatio n o f 
mean square d erro r  wit h a  ver y hig h learnin g rat e (0.5 )  fo r 
30 0 epochs .  Th e hig h learnin g rat e wa s neede d t o produc e 
significan t  learnin g ove r  a  smal l  numbe r  o f  patter n presenta -
tions . 

Th e classificatio n performanc e wa s recorde d o n al l  1 6 stim -
ul i  i n fou r  distinc t  networ k states :  Guessin g (immediatel y 
afte r  initia l  training ,  give n n o rul e t o follo w -  shoul d b e 
guessin g 50/5 0 categor y assignments) .  Rul e Followin g (im -
mediatel y afte r  initia l  training ,  give n th e appropriat e rul e t o 
follow) ,  Uninstructe d (traine d o n th e seve n exemplars ,  bu t 

'Thi s terminatio n poin t  i s  discusse d furthe r  i n ou r  closin g 
discussion . 

give n n o explici t  rule) ,  an d Instructe d (traine d o n th e seve n 
exemplar s wit h th e appropriat e rul e a t  ih e pla n layer) .  Th e ba -
si c hypothesi s wa s tha t  th e behavio r  o f  th e instructe d networ k 
woul d deviat e fro m th e behavio r  o f  th e initia l  rul e followin g 
networ k i n a  manne r  whic h brough t  i t  close r  t o tha t  o f  th e 
uninstructe d network . 

As anothe r  baseline ,  a  networ k o f  thi s kin d wa s expose d 
t o th e seve n trainin g exemplar s withou t  an y initia l  trainin g 
i n th e instructiona l  language .  Thi s "uninstructable "  networ k 
was traine d fo r  60 0 epoch s a t  a  ver y hig h learnin g rat e (0.5 ) 
wit h th e pla n laye r  alway s se t  i n th e "n o rule "  configuration . 
Thi s provide d a  vie w o f  h o w th e categor y partition s woul d 
be forme d i f  n o knowledg e o f  th e instructiona l  languag e wa s 
availabl e a t  all . 

Modeling Results 

Th e result s o f  th e networ k simulation s ar e summarize d i n Fig -
ur e 3 .  Tha t  diagra m display s th e networ k predicte d probabil -
ities ,  expresse d a s percentages ,  o f  th e give n stimulu s object s 
bein g i n th e "triangle "  category .  Th e onl y conditio n no t  ap -
pearin g i n thi s figure  i s th e "guessing "  case ,  unde r  whic h th e 
networ k consistentl y produce d score s betwee n 4 2 % an d 4 6 % , 
showin g a  sligh t  bu t  consisten t  bia s toward s th e "square "  cat -
egory . 

A n examinatio n o f  th e resultin g probabilitie s reveal s th e 
phenomeno n o f  interes t  i n th e behavio r  o f  thes e networks . 
Th e first  cas e o f  interes t  i s  th e differenc e betwee n th e "rul e 
following "  networ k an d th e "instructed "  network .  Recal l  tha t 
th e differenc e betwee n thes e i s tha t  th e "instructed "  networ k 
receive d specifi c  trainin g o n th e 7  exemplars .  Th e classifica -
tio n probabilitie s fo r  a  numbe r  o f  th e object s m o v e markedl y 
away fro m th e "rul e following "  prediction s a s a  resul t  o f 
exemplar-base d training .  Fo r  example ,  objec t  "O" ,  whic h 
showe d th e greates t  chang e fo r  th e huma n subjects ,  drop s 
fro m 9 4 % t o onl y 6 4 % afte r  exposur e t o th e seve n trainin g 
items .  A  simila r  chang e occur s fo r  objec t  "N" ,  whic h move s 
fro m stron g "triangle-ness "  t o uncertainty .  Objec t  "L "  pro -
vide s ye t  anothe r  example ,  an d objec t  "I "  show s a  weake r 
tren d fro m "square "  t o "triangle" .  O n e thin g tha t  i s  surprisin g 
abou t  thes e probabilit y  changes ,  however ,  i s  tha t  the y ar e al l 
wors e tha n th e probabilitie s generate d b y th e "uninstructed " 
network .  Tha t  is ,  ou r  "uninstructed "  networ k follow s rule s to o 
well ,  compare d t o th e huma n data .  Th e outpu t  o f  th e "unin -
structable "  networ k appears ,  a s expected ,  m u c h les s "rule -
like" .  Thi s suggest s tha t  th e behavio r  o f  th e "uninstructed " 
networ k wa s overl y shape d b y it s non-specifi c  experienc e 
wit h th e instructiona l  language .  Tha t  is ,  it s  representationa l 
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vocabular y i s overl y rule-based . 

Discussion 

This demonstration provides some preliminary support to the 
notio n tha t  interferenc e effect s i n instructe d categor y learnin g 
may b e appropriatel y modele d usin g connectionis t  networks . 
The behavio r  o f  th e "instructed "  networ k provide d a  reason -
abl e matc h t o th e huma n data ,  wit h 7  o f  th e 9  tes t  exemplar s 
classifie d i n th e sam e way ,  o n average .  Ther e ar e a  num -
ber  o f  ways ,  however ,  i n whic h thes e simulation s coul d b e 
improved . 

Whil e th e performanc e o f  th e "instructed "  networ k dis -
playe d th e interferenc e effec t  o f  interest ,  th e behavio r  o f  th e 
"uninstructed "  networ k di d no t  matc h th e huma n subject s 
dat a ver y well .  Th e patter n o f  probabilitie s generate d b y thi s 
networ k mor e closel y matche d tha t  o f  th e "rul e following " 
networ k tha n tha t  o f  th e "uninstructable "  network .  Thi s dif -
ferenc e i s particularl y strikin g fo r  object s "L" ,  "N" ,  "O" ,  an d 
"P" .  I t  appear s a s i f  thi s networ k preferre d categorie s describ -
abl e a s disjunctiv e rules . 

I t  i s  no t  surprising ,  i n retrospect ,  tha t  th e uninstructe d net -
wor k produce d rule-lik e behavior ,  sinc e al l  categorie s pre -
sente d t o th e networ k durin g initia l  trainin g i n th e instructiona l 
languag e possesse d th e disjunctiv e rul e structure .  Durin g thi s 
initia l  trainin g phase ,  hidde n unit s wer e recruite d t o encod e 
portion s o f  th e rule-structure d categories ,  an d thes e unit s wer e 
late r  pu t  t o us e b y th e inductiv e learnin g process .  Whil e thi s 
resulte d i n a n "uninstructed "  networ k tha t  produce d behav -
io r  notabl y differen t  tha n tha t  o f  th e uninstructe d subjects ,  i t 
i s  possibl e tha t  w e ar e modelin g a  certai n clas s o f  subjects . 
Nosofsk y an d hi s colleague s note d that ,  ".. .  ther e i s suppor t 
fo r  th e ide a tha t  som e o f  th e categor y learner s di d indee d 
adop t  a  simpl e rule-base d strateg y ..." .  Indeed ,  th e huma n 
dat a ma y reflec t  a n averag e over a bimoda l  distributiono f  sub -
jects :  thos e who ,  lik e th e "uninstructed "  network ,  appeare d 
t o induc e a  rul e an d other s who ,  lik e th e "uninstructable "  net -
work ,  use d a  mor e "similarit y based "  strategy .  Notic e tha t 
an averag e o f  ou r  "uninstructed "  an d "uninstructable "  result s 
provide s a  somewha t  bette r  matc h t o th e uninstructe d huma n 
dat a tha n th e "uninstructed "  networ k alone . 

What  i s surprisin g -  an d thi s i s somethin g fo r  whic h w e 
hav e n o explanatio n -  i s  tha t  exposur e t o th e seve n exem -
plar s cause d th e instructe d networ k t o deviat e fro m th e rul e i t 
was given ,  whil e th e uninstructe d networ k foun d th e correc t 
rul e an d stuc k t o it .  Th e differenc e betwee n thes e network s 
reste d onl y i n th e patter n o f  activatio n presente d a t  th e pla n 
input s durin g exempla r  training .  Thes e input s wer e fixed  fo r 
al l  seve n exemplars ,  s o th e input s acte d lik e a  bia s durin g 
exempla r  exposure .  I n th e instructe d case ,  th e rul e patter n 
was on ,  an d i n th e uninstructe d case ,  th e "n o rule "  patter n i s 
on.  I t  coul d b e tha t  thi s representatio n actuall y cause d mor e 
interferenc e fo r  th e networ k give n a  rule ,  becaus e thes e input s 
coul d b e individuall y combinatoriall y  combine d wit h a  subse t 
of  th e possibl e rules ,  wher e th e "uninstructed "  networ k ha d a 
leve l  playin g field  fro m whic h t o selec t  th e perfec t  rule .  Ou r 
curren t  researc h i s aime d a t  understandin g thi s puzzle . 

I n an y case ,  w e woul d lik e t o ge t  somethin g lik e th e effec t 
of  combinin g th e "uninstructable "  networ k wit h th e "unin -
structed "  networ k i n a  singl e network .  Thi s migh t  b e achieve d 
i n tw o ways .  First ,  initia l  trainin g o n th e instructiona l  lan -

guag e coul d b e intersperse d wit h trainin g o n rando m "natu -
ral" ,  similarity-base d categorie s ove r  th e stimulu s space .  Th e 
networ k woul d b e equippe d wit h additiona l  outpu t  unit s t o 
represen t  th e categor y label s fo r  thes e natura l  categories .  Thi s 
modifie d initia l  trainin g regim e woul d allocat e som e hidde n 
laye r  resource s t o th e tas k o f  representin g th e similarity-base d 
categories ,  an d thes e hidde n unit s coul d the n b e redeploye d 
durin g inductiv e learnin g o n th e seve n trainin g exemplars . 
Alternatively ,  som e hidde n unit s coul d b e architecturall y iso -
late d fro m th e instructio n inputs ,  forcin g the m t o encod e onl y 
similarit y information .  Thi s woul d resul t  i n a  "dua l  route " 
mechanism ,  simila r  i n genera l  configuratio n t o th e rul e en -
hance d A L C O V E mode l  (Kruschk e &  Erickson ,  1994) .  Cat -
egorizatio n instruction s woul d b e allowe d t o modulat e onl y 
"rule-based "  hidde n units ,  leavin g othe r  hidde n unit s unaf -
fecte d b y th e structur e o f  th e instructiona l  language .  I n futur e 
wor k w e wil l  examin e bot h o f  thes e options ,  wit h th e goa l 
of  producin g a  networ k capabl e o f  inducin g bot h natura l  an d 
rule-structure d categories . 

Anothe r  issu e fo r  futur e wor k involve s h o w th e initia l  in -
structiona l  languag e trainin g i s controlled .  W e wer e require d 
t o limi t  th e accurac y o f  th e "rul e following "  networ k b y lim -
itin g th e initia l  trainin g tim e t o 20 0 epochs .  Thi s resulte d i n 
a networ k whic h followe d rule s well ,  bu t  no t  perfectly .  A n 
idea l  "rul e following "  networ k ca n b e develope d b y trainin g 
fo r  100 0 epoch s o r  more ,  bu t  thi s i s undesirable .  Th e lac k o f 
perfectio n i n rul e followin g wa s necessar y fo r  thi s mode l  t o 
work .  Th e reaso n fo r  thi s i s simpl e -  th e networ k tha t  neve r 
makes a  mistak e ha s essentiall y los t  plasticity .  Interferenc e ef -
fect s woul d onl y aris e i f  actua l  weigh t  modification s occurre d 
durin g th e exempla r  base d trainin g phase .  Suc h weigh t  mod -
ification s ar e contingen t  o n a  significan t  erro r  signal .  I f  th e 
networ k follow s rule s perfectly ,  ther e wil l  b e n o erro r  signa l 
and ,  thus ,  n o interferenc e effec t  fro m exempla r  base d training . 

Thi s "trainin g t o sligh t  imperfection "  doe s no t  see m ver y 
cognitivel y realistic .  I t  als o ha s unwante d sid e effects ,  lik e 
th e sligh t  "guessing "  cas e bia s toward s th e "square "  categor y 
whic h wa s no t  correcte d b y epoc h 200 .  Fortunately ,  ther e ar e 
a numbe r  o f  othe r  method s tha t  migh t  allo w u s t o lear n th e 
instructiona l  languag e withou t  destroyin g ou r  erro r  signal .  W e 
coul d introduc e normall y distribute d nois e int o th e networ k 
bot h durin g trainin g an d durin g regula r  use .  Thi s nois e migh t 
be localize d t o th e pla n laye r  o r  t o th e stimul i  features ,  o r 
i t  migh t  b e injecte d int o th e ne t  inpu t  o f  ever y processin g 
element .  Thi s nois e woul d generall y b e average d ou t  ove r 
th e cours e o f  learnin g th e instructiona l  language ,  bu t  i t  woul d 
stil l  introduc e a  non-zer o erro r  signa l  fo r  th e exempla r  base d 
learnin g phase . 

Conclusion 

We have provided some empirical support for the use of our 
connectionis t  mode l  o f  learnin g "b y bein g told "  a s a  mode l 
of  instructe d categor y learning .  I n particular ,  w e hav e show n 
tha t  a n observe d interferenc e effec t  betwee n instructe d rul e 
followin g an d exemplar-base d categor y learnin g arise s natu -
rall y i n thi s model .  Thes e result s als o sugges t  a  connectionis t 
mechanis m throug h whic h bot h rul e governe d categor y struc -
ture s an d "natural "  categorie s m a y b e induce d fro m examples . 
Th e observe d mismatc h betwee n th e "uninstructed "  networ k 
and th e uninstructe d subject s suggest s tha t  w e produce d a 
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model  tha t  i s  overl y biase d toward s rules .  W e ar e currentl y 
pursuin g modification s t o ou r  trainin g procedur e t o correc t 
thi s bias . 
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Abstrac t 

Thi s pape r  describe s som e preliminar y result s o f  a n 
experimen t  t o collect ,  analyz e an d compar e protocol s o f 
argument s concernin g practica l  ethica l  dilemma s prepare d 
by novic e an d mor e experience d ethica l  reasoners .  W e 
repor t  th e difference s w e observe d betwee n th e novic e an d 
experience d reasoners '  apparen t  strategie s fo r  analyzin g 
ethica l  dilemmas .  W e offe r  a n explanatio n o f  th e 
difference s i n term s o f  specifi c  difference s i n th e difficult y 
of  th e strategies '  informatio n processin g requirements . 
Finally ,  w e attemp t  t o explai n th e utilit y  o f  case-base d 
ethic s instructio n i n term s o f  th e nee d t o inculcat e 
informatio n processin g skill s  require d b y th e experience d 
reasoners '  strategy . 

Introduction 

I n thi s paper ,  w e repor t  som e preliminar y finding s o f  a n 
empirica l  investigatio n o f  differen t  strategie s fo r  analyzin g 
practica l  ethica l  dilemma s employe d b y novic e an d mor e 
experience d ethica l  reasoners .  W e undertoo k thi s researc h i n 
par t  t o identif y th e relationshi p betwee n case-base d 
instructio n i n practica l  ethic s an d ethica l  reasonin g 
strategies .  S o m e recen t  wor k ha s emphasize d th e us e o f 
case-base d instructio n t o acquir e cas e experience s fo r  us e i n 
subsequen t  case-base d reasoning .  B y contrast ,  ou r  previou s 
wor k ha s emphasize d th e rol e o f  case-base d instructio n i n 
teachin g mor e domain-specifi c  case-base d reasonin g 
strategies .  Compar e Edelson' s C R E A N I M A TE progra m 
(Edclson ,  1996 )  whic h teache s youn g elementar y student s b y 
havin g the m se e an d modif y cas e example s o f  anima l 
adaptations ,  wit h th e C A T O progra m whic h teache s first 
yea r  la w student s a  proces s o f  makin g an d respondin g t o 
case-base d lega l  argument s (Aleve n &  Ashley ,  1995) .  W e 
sough t  t o investigat e wha t  th e rol e o f  case-base d instructio n 
migh t  b e concernin g practica l  ethica l  reasoning ,  specificall y 
reasonin g abou t  dilemma s involvin g whethe r  t o tel l  th e 
trut h o r  disclos e information .  I n thi s domain ,  case-base d 
reasonin g i s les s formalize d (an d mor e controversial )  tha n i n 
lega l  argument ,  bu t  sul l  mor e structure d tha n in ,  say , 
thinkin g abou t  anima l  functio n an d adaptation . 

The pedagogica l  valu e o f  focusin g ethic s instructio n o n 
individua l  cases ,  o n case-base d comparison ,  an d o n explici t 
procedure s fo r  conductin g mora l  deliberatio n ha s bee n 
recognize d i n (Winston ,  1990 ;  Arras ,  1991) .  A  recen t 
engineerin g ethic s textboo k propose s a  casuisti c  (i.e. ,  case -
based )  mode l  fo r  resolvin g "line-drawing "  problem s (Harris , 

et  al. ,  1995 ,  pp .  127-135) .  Medica l  ethic s textbook s an d 
course s o f  instructio n focu s o n cas e studie s (see ,  e.g. , 
Beauchamp &  McCullough ,  1984) . 

Th e relationshi p betwee n case-base d ethica l  instructio n 
and ethica l  reasonin g i s mor e controversial ,  no t  leas t  becaus e 
th e natur e o f  ethica l  reasonin g i s  controversial . 
Contemporar y theorist s o f  mora l  philosoph y hav e debate d 
th e distinctio n betwee n procedura l  /  principle d approache s t o 
ethica l  reasonin g an d mor e agent-oriente d approache s (See , 
e.g. ,  Hampshire ,  1983 ;  Taylor ,  1989 ;  Maclntyre ,  1984) . 
Thes e philosopher s hav e argue d tha t  moder n mora l 
philosoph y represent s a  "shif t  awa y fro m conceivin g th e 
mora l  lif e i n accordanc e wit h th e specifi c  context s an d 
exigencie s o f  th e mora l  acto r  towar d a  focu s o n th e 
acquisitio n o f  mora l  rules ,  an d th e us e o f  rule s i n providin g 
th e standar d fo r  mora l  judgment "  (Keefer ,  1994) .  Th e 
theoretica l  an d empirica l  wor k o f  Piage t  (1932/1965 )  an d 
Kohlber g (se e Colb y &  Kohlberg ,  1987 )  ha s generall y 
supporte d thi s trend ,  describin g mora l  judgmen t  a s passin g 
throug h a  serie s o f  stage s culminatin g i n th e applicatio n o f 
hig h orde r  genera l  principle s t o practica l  judgments .  Caro l 
Gilliga n criticize d thi s vie w o f  mora l  development , 
showin g tha t  man y decisio n maker s focu s o n mor e practica l 
solutio n strategie s (Gilligan ,  1982) . 

I n reactio n t o th e procedura l  /  principle d approaches ,  a 
number  o f  ethicist s hav e develope d "ne w casuistic "  model s 
of  practica l  ethica l  decisio n makin g whic h involv e 
comparin g ethica l  dilemma s t o pas t  o r  paradigmati c ethica l 
case s (Strong ,  1988 ;  Jonsen ,  1991 ;  Jonse n an d Toulmin , 
1988 ;  Brody ,  1988 ;  Schaffner ,  1994) .  T h e casuisti c 
approache s focu s o n th e importanc e o f  th e mora l  agents ' 
gettin g th e right  descriptio n an d interpretatio n o f  a  mora l 
dilemm a fro m whic h follow s th e choic e o f  a n action .  The y 
emplo y mor e domain-specifi c  "middle-level "  principle s an d 
cas e comparison s t o fles h ou t  a  mor e adequat e descriptio n o f 
th e proble m an d it s  possibl e solutions .  Accordin g t o 
Strong' s model ,  fo r  instance ,  whe n face d wit h a  mora l 
problem ,  on e should :  first,  identif y pertinen t  middle-leve l 
principles ,  role-specifi c  duties ,  alternativ e course s o f  action , 
and morall y relevan t  way s i n whic h case s o f  thi s typ e ca n 
diffe r  fro m on e anothe r  (i.e. ,  factors) .  Then ,  fo r  eac h option , 
one identifie s paradig m rea l  o r  hypothetica l  case s i n whic h 
th e variou s option s woul d b e justifiable ,  compare s th e cas e 
at  han d wit h th e paradigm s an d determine s whic h paradigm s 
i t  i s  "closes t  to "  (Strong ,  1988) . 

We ar e intereste d i n understandin g th e use s o f  case s i n 
teachin g i n thi s domai n wher e eve n th e mode l  o f  reasonin g 
i s debated .  Ther e ar e a  numbe r  o f  possibilities .  Th e purpos e 
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of  case-base d instructio n i n ethic s migh t  b e t o teac h student s 
t o emplo y a  casuisti c mode l  lik e Strong' s and ,  perhaps ,  t o 
provid e a  menta l  databas e o f  paradigmati c case s fo r  purpose s 
of  makin g comparisons .  I t  migh t  b e t o provid e student s 
wit h practic e employin g a  procedura l  /  principle d approac h 
t o ethica l  reasonin g an d example s o f  principle s an d 
circumstance s wher e the y apply .  Alternatively ,  th e 
connectio n betwee n case-base d instructio n an d ethica l 
reasonin g m a y involv e a  comple x dialectica l  relationshi p 
betwee n principle s an d case s (Arras ,  199 1 p .  480 -

Havin g undertake n a n empirica l  investigatio n o f  ethica l 
reasonin g strategie s a m o n g novic e an d mor e experience d 
ethica l  reasoners ,  w e hav e identifie d anothe r  plausibl e 
hypothesis .  W e se e instructio n wit h case s a s a  strateg y fo r 
apprisin g novice s o f  th e importanc e o f  descriptio n an d 
interpretatio n i n ethica l  reasonin g (Geertz ,  1971 ;  Davis , 
1991 )  an d teachin g the m informatio n an d method s fo r 
meetin g th e informatio n processin g requirement s o f  a 
particula r  reasonin g strateg y w e cal l  th e R S O (fo r  Role -
Specifi c  Obligations )  Strategy .  A s w e discus s below ,  th e 
R SO Strateg y i s no t  strictl y speakin g a  case-base d strategy , 
but  case-base d instructio n i s uniquel y abl e t o inculcat e th e 
informatio n processin g skill s  th e R S O Strateg y requires . 

Collecting Ethical Argument Protocols 

Recently ,  w e hav e complete d a n analysi s o f  protocol s 
generate d i n a n experimen t  t o documen t  an d understan d th e 
processe s b y whic h subject s i n tw o group s reasone d abou t 
practica l  ethica l  issues .  Th e firs t  group ,  mean t  t o represen t 
novic e ethica l  reasoners ,  comprise d fourtee n hig h schoo l 
student s i n on e o f  th e premie r  suburba n publi c hig h school s 
of  th e Pittsburg h area .  Th e secon d group ,  mean t  t o represen t 
mor e experience d ethica l  reasoners ,  comprise d si x graduat e 
student s enrolle d i n a  medica l  ethic s graduat e progra m a t  th e 
Universit y o f  Pittsburgh .  Ou r  experimenta l  procedur e 
involve d presentin g th e novic e grou p o n thre e differen t  day s 
wit h twelv e ethica l  dilemmas .  W e sough t  t o presen t  case s 
raisin g issue s intrinsicall y interestin g t o hig h schoo l 
students ,  bu t  whic h als o fel l  withi n th e experienc e an d 
expertis e o f  th e graduat e students .  Al l  o f  th e dilemma s deal t 
wit h issue s involvin g whethe r  o r  no t  t o disclos e 
information .  Nin e case s deal t  wit h healt h car e worke r  /  clien t 
scenarios ,  whil e th e remainin g thre e deal t  wit h youn g adul t 
wor k plac e scenarios .  Fo r  th e hig h schoo l  students ,  eac h 
day' s sessio n laste d fo r  abou t  1. 5 hours .  Th e subject s woul d 
begi n b y readin g a  se t  o f  fro m thre e t o si x o f  th e case s an d 
fillin g ou t  a  questionnair e regardin g h o w the y woul d resolv e 
th e cases .  Sampl e question s are : 

"I n Cas e A ,  shoul d th e residen t  tel l  Jenny' s parent s 
abou t  he r  plan s t o leav e th e hospital ? W h y ? "  "I n Cas e B , 
shoul d Jessic a tel l  th e insuranc e agen t  tha t  he r  patien t  wa s 
on drugs ? W h y ? "  "Shoul d Dr .  Lewi s repor t  [t o Medicare ] 
tha t  hi s patien t  ha s a  mor e seriou s conditio n i n Cas e E ? 
W hy o r  w h y not? "  "Wha t  i s th e bes t  wa y t o handl e Cas e 
A ? W h y ? (i.e. .  Wha t  shoul d Victo r  do?) " 
We the n conducte d th e sam e experimenta l  procedur e o n 

thre e differen t  day s wit h th e experience d ethica l  reasone r 
group .  Th e ethic s graduat e student s rea d th e sam e case s an d 
fille d ou t  th e sam e questionnaire s a s th e hig h schoo l 
students . 

T h r e e Strategie s fo r  A n a l y z i n g D i l e m m a s 

I n thi s paper ,  w e repor t  th e preliminar y result s o f  ou r 
analysi s o f  th e students '  answer s t o th e questionnaires .  A n 
initia l  revie w o f  th e students '  response s t o th e questionnaire s 
suggeste d that ,  i n analyzin g th e dilemmas ,  th e subject s 
employe d tw o primar y strategies :  (1 )  a  Justificatio n / 
Principle d Strateg y ( P R I N C Strategy )  an d (2 )  a  Rol e 
Specifi c  Obligation s Strateg y ( R S O Strategy) . 

Th e ke y t o th e P R I N C Strateg y i s th e applicatio n o f  a 
genera l  principl e o r  rul e a s decisiv e i n determinin g wha t 
ough t  t o b e done .  Rule s dea l  wit h case s directly .  I f  th e 
condition s fo r  th e applicatio n o f  th e rul e ar e judge d t o b e 
met ,  th e actio n prescribe d b y th e rul e i s carrie d out . 
Conversely ,  i f  th e actio n i s carrie d out ,  th e actio n ma y b e 
justifie d b y appea l  t o th e rule .  A n exampl e o f  thi s strateg y 
ca n b e see n i n th e respons e o f  a  graduat e studen t  t o a 
questio n whethe r  a  physician ,  w h o feel s tha t  a n elderl y 
Medicar e patien t  wit h hypertensio n "need s mor e tha n thre e 
day s awa y fro m he r  demandin g famil y t o res t  an d recuperat e 
(thre e day s bein g th e m a x i m u m hospita l  sta y reimbursabl e 
by Medicare] ,  shoul d 'repor t  tha t  hi s patien t  ha s a  mor e 
seriou s condition. "  Th e studen t  said : 

"No .  T o d o s o i s t o chea t  al l  o f  u s w h o pa y fo r  th e 
system .  I f  th e ol d lad y ha s a  proble m famil y i t  i s  a  matte r 
fo r  socia l  services ,  a t  worst ,  o r  perhap s ligh t  persona l 
interventio n a t  best. " 
We hav e summarize d th e P R I N C Strateg y i n th e 

followin g way .  I t  shoul d b e note d tha t  whil e w e expres s 
bot h th e P R I N C an d R S O Strategie s a s processe s fo r 
explanator y convenience ,  w e ar e not ,  a s yet ,  committe d t o 
th e clai m tha t  thei r  step s ar e performe d seriall y  o r  i n a 
particula r  order .  Moreover ,  no t  al l  o f  th e step s nee d b e 
present .  I n th e nex t  section ,  w e defin e specifi c  classificatio n 
categorie s base d o n subset s o f  th e underiine d steps . 

P R I N C Strategy :  Justification/Principle d 
I .  Identif y genera l  principle s o r  norm s i n th e dilemma . 
ia .  T h e identificatio n proces s m a y involv e statin g 

hypothetica l  o r  assume d condition s necessar y fo r  th e 
applicatio n o f  th e nor m o r  principle . 

2.  Determin e whic h nor m o r  principl e i s decisive . 
2a .  Identif y action(s )  i n th e di lemm a whic h ar e 

consisten t  wit h th e decisiv e principl e o r  norm . 
3.  I f  neithe r  nor m o r  principl e i s decisive ,  rewrit e th e 

dilemm a t o accommodat e value s supporte d b y a  nor m o r 
principle . 

3a .  Propos e a  cours e o f  actio n whic h i s consisten t  wit h 
th e nor m o r  principle . 

4.  W h e n a n actio n i s chose n tha t  i s consisten t  wit h th e 
nor m o r  principle : 

4a.  Justif y action(s )  b y adducin g th e nor m o r  principle . 
4b .  (Counterfactua l  condition s justificatio n strategy )  I n 

orde r  t o justif y th e actio n chosen ,  specif y hypothetica l 
condition s whic h woul d suppor t  a n alternativ e actio n 
mandatin g a  differen t  actio n an d sho w tha t  thes e condition s 
d o no t  obtai n i n th e presen t  case , 

4c .  Identif y consequence s whic h woul d ensu e o r  b e avoide d 
by performin g th e action(s )  mandate d b y th e nor m o r 
principle . 
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iJdentif y a n actio n i n th e di lemm a whic h i s no t 
consisten t  wit h a  nor m o r  principl e and .  so ,  shoul d no t  b e 
performed .  Justif y b y adducin g th e nor m o r  principle . 
Specif y alternativ e actio n whic h i s consisten t  wit h th e nor m 
or  principle . 

Rule s an d principle s hav e bee n describe d b y som e 
philosopher s a s "preforme d decisions "  o r  "summarie s o f  th e 
outcome s o f  conflicts "  (cf .  Raz .  1990 ;  Nussbaum ,  1986 )  an d 
i n thei r  practica l  rol e provid e subjects '  wit h read y solution s 
t o difficul t  di lemma s tha t  als o carr y wit h the m a n 
intermediat e leve l  o f  justification .  Th e graduat e student' s 
respons e quote d abov e i s a n exampl e o f  how ,  i n th e exercis e 
of  th e P R I N C Strategy ,  th e determinatio n tha t  on e principl e 
i s o f  overridin g importanc e m a y invok e a n "exclusionary " 
mind-se t  tha t  ca n effectivel y eliminat e consideratio n o f 
conflictin g reasons .  I n thi s example ,  th e forc e o f  th e 
overridde n clai m (he r  stres s ove r  famil y problems )  i s 
discounte d a s a  medica l  concern ,  an d viewe d rathe r  a s a 
"matte r  fo r  socia l  services. " 

By contrast ,  th e R S O Strateg y require s recognitio n o f 
more specifi c  rol e obligation s tha t  ca n onl y b e derive d fro m 
knowledg e o f  paradigmati c scenario s o r  script s i n whic h the y 
ar e embedde d an d fro m whic h the y acquir e thei r  meaning . 
The R S O Strateg y tend s t o tak e int o accoun t  th e dilemma' s 
circumstance s i n th e identificatio n o f  th e di lemm a a s a n 
instanc e o f  a  paradig m associate d wit h th e rol e specifi c 
obligation .  Fo r  example ,  conside r  anothe r  graduat e studen t 
respons e t o th e sam e problem . 

"Dr .  Lewi s shoul d no t  repor t  a  fals e diagnosi s unles s ther e 
i s n o othe r  wa y t o provid e hi s patien t  wit h adequat e care . 
He shoul d investigat e othe r  possibilitie s ([e.g., ]  fre e car e 
fun d a t  hospita l  fo r  sta y ove r  thre e days ,  intermediat e 
option s suc h a s independen t  livin g typ e nursin g h o m e 
away fro m he r  family ,  an d alternativ e bu t  correc t 
diagnose s providin g longe r  coverage) ,  an d failin g othe r 
options ,  i f  h e feel s tha t  i t  i s  i n th e medica l  bes t  interest s 
of  hi s patien t  t o remai n hospitalized ,  h e shoul d repo n a 
more seriou s condition .  U p o n doin g so ,  however ,  h e 
shoul d attemp t  t o explai n t o hi s patien t  wh y h e i s doin g 
this ,  s o a s t o avoi d futur e confusio n abou t  he r  healt h 
status. " 
I n thi s response ,  th e studen t  clearl y state s tha t  th e 

protagonist' s  R S O shoul d b e t o "provid e hi s patien t  wit h 
adequat e medica l  care. "  Afte r  statin g thi s obligation ,  th e 
studen t  specifie s alternativ e practica l  step s tha t  woul d avoi d 
havin g t o choos e betwee n th e "horns "  o f  th e dilemm a an d 
stil l  hono r  hi s specificatio n o f  th e R S O .  I f  thos e option s ar e 
not  possible ,  th e subjec t  argues ,  th e physicia n shoul d 
perfor m th e actio n recommende d b y th e role-specifi c 
formulation .  Finally ,  th e studen t  als o attempt s t o dea l  wit h 
some o f  th e cost s o f  optin g fo r  tha t  'horn "  o f  th e dilemma , 
agai n i n a  manne r  consisten t  wit h th e R S O.  W e summariz e 
th e R S O Strateg y a s follows : 

R SO Strategy :  Rol e Specifi c  Obligation s 
1.  Identif y th e relevan t  roIe-specifi c  obligation s (RSO )  an d 

th e protagonist' s  goal s th e R S O entai l  whic h m a k e thi s 
dilemm a a n instanc e o f  a  particula r  paradigm . 

la. .  Thi s proces s m a y involv e statin g hypothetica l 
condition s consisten t  wit h th e R S O an d goals . 

2.  Determin e whic h action(s )  i n th e d i lemm a ar e 
consisten t  wit h th e R S O an d goals . 

2a.  Identif y th e action(s )  give n i n th e di lemm a whic h ar e 
consisten t  wit h th e R S O paradigm . 

3.  I f  n o actio n give n i n th e dilemm a i s consisten t  wit h th e 
R SO an d goal s rewrit e th e dilemm a t o accommodat e value s 
supporte d b y a n R S O an d goals . 

3a .  Propos e a  cours e o f  actio n consisten t  wit h th e 
preferre d R S O an d goals . 

4.  Havin g chose n a  consisten t  action : 
4a.  Justif y b y explici t  referenc e t o middle-leve l  o r  highe r 

principle s associate d wit h th e R S O paradigm . 
4b .  (Counterfactua l  condition s justificatio n strategy )  I n 

orde r  t o justif y th e R S O chosen ,  specif y hypothetica l 
condition s whic h woul d suppor t  classifyin g th e di lemm a a s 
an instanc e o f  a n alternativ e R S O paradig m mandatin g a 
differen t  actio n an d sho w tha t  thes e condition s d o no t  obtai n 
i n th e presen t  case . 

4c .  S h o w th e practica l  consequence s o f  th e actio n tha t 
woul d ensu e whic h ar e consisten t  wit h th e R S O an d goals . 

5^  Identif y a n actio n i n th e d i lemm a whic h i s no t 
consisten t  wit h a n R S O an d goal s and ,  so .  shoul d no t  b e 
performed .  Justif y b y explici t  referenc e t o middle-leve l  o r 
highe r  principle s associate d wit h th e R S O paradigm .  Specif y 
alternativ e actio n wit h i s consisten t  wit h R S O an d goals . 

Th e distinctio n betwee n th e P R I N C an d R S O strategie s 
m a ps directl y ont o th e distinctio n draw n betwee n 
justificatio n /  principle d strategie s an d thos e whic h focu s o n 
th e importanc e o f  th e mora l  agents '  gettin g th e righ t 
descriptio n an d interpretatio n o f  th e mora l  di lemm a fro m 
whic h follow s th e choic e o f  a n actio n (Walzer ,  1983 ;  1994) . 
The R S O Strategy' s identifyin g th e duties/obligation s o f  th e 
professional ,  specifyin g hypothetica l  condition s fo r  th e 
dilemma' s bein g a n instanc e o f  a  specifi c  R S O paradig m an d 
specifyin g practica l  consequence s consisten t  wit h th e R S O 
goal s ar e al l  strategie s fo r  adequatel y describin g th e dilemm a 
and accountin g fo r  it s circumstances . 

I n th e cours e o f  analyzin g th e data ,  anothe r  strateg y wa s 
identifie d tha t  wa s judge d t o b e especiall y prevalen t  amon g 
our  hig h schoo l  subjects .  Th e strateg y wa s simila r  i n for m 
t o th e P R I N C strategy ,  bu t  rathe r  tha n makin g appea l  t o 
principle s o r  norm s (4a )  i n defens e o f  th e solutio n chosen , 
thes e subject s appeale d t o mora l  consequences .  Th e strateg y 
was define d usin g th e identica l  numbe r  o f  component s a s th e 
R SO an d P R I N C .  an d differ s mainl y i n regar d t o th e conten t 
of  th e (4a )  justification .  A n exampl e o f  a  Justificatio n / 
Consequenc e o r  C O N S EQ strateg y i s a s follows : 

"Yes ,  th e residen t  shoul d tel l  Jenny' s parent s fo r  tw o 
reasons .  First ,  Jenn y coul d starv e hersel f  t o deat h whil e a t 
her  friend s house .  Second ,  i f  sh e leave s he r  parent s m a y 
su e th e hospita l  an d i f  th e residen t  i s foun d t o hav e know n 
th e plo t  th e residen t  coul d b e reprimande d b y th e 
hospital. " 

Analysis of Questionnaire Protocols 
Our  protoco l  analysi s applie s method s develope d i n 

discours e analysi s an d extend s th e wor k o f  (Keefer ,  1995) . 
Al l  protocol s wer e transcribe d an d segmente d fo r  analysis . 
We onl y score d th e underline d component s o f  th e strategies . 
As w e expected ,  no t  man y o f  ou r  subject s use d al l  th e 
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component s o f  a  give n strategy .  Th e minima l  criteri a fo r 
scorin g a  protoco l  a s R S O,  P R I N C an d C O N S EQ wa s th e 
presenc e o f  a  (2a )  o r  (3a )  simpl e actio n o r  interactiv e pla n 
followe d b y an y (4a )  justificatio n -  i.e. ,  fo r  th e P R I N C 
strategy ,  a  principl e o r  norm ,  fo r  th e C O N S EQ strategy ,  a n 
appea l  t o consequences ,  an d fo r  a n R S O protoco l  strategy , 
an appea l  t o rol e specifi c  obligations .  O f  course ,  man y 
subject s generate d mor e tha n thi s minima l  criteri a fo r 
strateg y membership .  I n orde r  t o provid e a  measur e o f 
difference s i n th e degre e o f  competenc e an d sophisticatio n i n 
subjects '  us e o f  a  strategy ,  eac h respons e wa s furthe r 
classifie d a s belongin g t o on e o f  thre e mutuall y exclusiv e 
levels ,  A  t o C .  Th e thre e level s ar e hierarchicall y ordere d an d 
define d b y rule s tha t  specif y th e (increasingl y complex ) 
component s o f  th e strateg y require d fo r  a  protoco l  t o b e 
score d a t  a  give n level .  Th e rule s tha t  defin e level s A  t o C 
ar e a s follows : 

A [Strategy ]  M i n (2 a /  3 a an d 4a ) 
B [Strategy ]  +  1  (2 a /  3 a an d 4a )  +  ( 1 a  an d /  o r  4c ) 
C [Strategy ]  +  2  (2 a /  3 a an d 4a )  +  (4 b an d /  o r  5 ) 

+ (optional )  (l a and/o r  4c ) 

Results 
Th e relationshi p betwee n experience d an d hig h schoo l 

subjects '  choic e o f  ethica l  strategie s i s show n i n Tabl e 1 .  O f 
th e 6 3 graduat e studen t  responses ,  6 8 % evidence d a  choic e o f 
an R S O strateg y (leve l  A ,  B  o r  C ) .  Th e 14 9 hig h schoo l 
response s wer e sprea d ou t  muc h mor e evenl y acros s th e 
differen t  strategies ,  wit h 3 0 % evidencin g a  choic e o f 
P R I N C,  2 8 % a  choic e o f  R S O ,  2 4 % C O N S E Q,  an d th e res t 
other .  Th e othe r  categor y include s protocol s classifie d a s 
nonmoral ,  unelaborate d (i.e. ,  uncodable) ,  an d mixed . 

Tabl e 2  show s th e leve l  o f  sophisticatio n o f  th e subjects ' 
response s a s define d b y th e level s A  t o C  provide d above . 
For  eac h o f  th e thre e majo r  strategies ,  P R I N C ,  R S O o r 
C O N S E Q,  th e Tabl e show s th e tota l  percentag e o f  hig h 
schoo l  an d graduat e studen t  response s evidencin g an y o f  th e 
thre e strateg y levels .  A ,  B  o r  C .  Thus ,  th e firs t  colum n i n 
Tabl e 2  show s tha t  onl y abou t  3 % o f  th e hig h schoo l 
response s reache d th e C  leve l  (th e mos t  comple x level )  o f 
th e R S O Strategy .  B y contrast ,  th e nex t  colum n show s tha t 
nearl y 4 0 % o f  th e graduat e studen t  response s reache d th e 
R S O -C level .  Th e percentag e o f  graduat e studen t  R S O 
response s a t  eac h leve l  o f  complexit y decrease s 
monotonically .  Th e hig h schoo l  student s us e th e othe r 
strategie s an d ten d no t  t o reac h th e comple x level s o f  eithe r 
of  them . 

I t  shoul d b e note d tha t  thes e result s ar e preliminary .  W e 
hav e not ,  a s yet ,  examine d inter-rate r  reliabilit y  fo r  codin g 
protocol s a s eithe r  P R I N C ,  R S O o r  C O N S E Q,  no r  hav e w e 
teste d whethe r  rater s ca n reliabl y differentiat e th e 
component s tha t  defin e eac h strategy . 

Discussion 
We interpre t  th e result s o f  Tabl e 1  a s indicatin g tha t 

graduat e studen t  response s evidence d greate r  relianc e o n th e 
R SO Strategy .  Th e hig h schoo l  subjects '  choic e o f  strateg y 
was sprea d mor e evenl y acros s th e thre e majo r  strategies . 

We interpre t  th e result s o f  Tabl e 2  a s indicatin g tha t  th e 
graduat e studen t  response s evidence d mor e comple x R S O 

strategie s tha n thos e o f  hig h schoo l  students .  Thi s resul t 
confirm s tha t  whil e th e hig h schoo l  student s seeme d mor e 
willin g t o recommen d simpl e action s a s solution s an d t o 
adduc e rules ,  principle s o r  mora l  consequence s i n thei r 
defense ,  th e graduat e student s seeme d bette r  abl e t o specif y 
condition s unde r  whic h action s ar e recommende d b y RSO's , 
and t o conside r  thos e consequence s o f  behavio r  i n ligh t  o f 
thei r  normativ e commitments .  Graduat e student s wer e als o 
mor e likel y t o specif y alternativ e (rewrite )  strategie s (RS O 
S)  an d t o justif y solution s usin g counter-factua l  cas e 
comparison s (RS O 4b) . 

Sinc e th e graduat e studen t  response s evidence d greate r 
relianc e o n th e R S O Strateg y an d mor e comple x strateg y 
levels ,  w e hypothesiz e tha t  th e "informatio n processin g 
requirements "  o f  th e R S O Strateg y ar e somewha t  mor e 
comprehensiv e an d exactin g tha n thos e o f  eithe r  th e PRIN C 
or  C O N S EQ Strategy .  B y "informatio n processin g 
requirements "  o f  th e strategies ,  w e mea n th e answer s t o th e 
followin g questions :  Wha t  doe s on e nee d t o kno w t o appl y 
th e strategy ? H o w ar e thes e informatio n requirement s 
differen t  fo r  eac h strategy ? Wha t  ar e th e relativ e informatio n 
cost s o f  satisfyin g th e strategies '  differin g informatio n 
requirements ? 

Fro m th e example s i n th e protocols ,  w e hav e note d tha t 
posin g hypothetica l  condition s pursuan t  t o th e R S O 
Strateg y require s mor e exper t  knowledg e i n th e relevan t 
domai n o f  practic e suc h a s medica l  practice .  Th e hig h schoo l 
student s lac k tha t  knowledge .  I s th e mer e acquisitio n o f 
knowledg e abou t  medica l  practic e sufficien t  t o enabl e a 
subjec t  t o attai n a  highe r  strateg y leve l  i n analyzin g a 
physician-patien t  situation ? I n ligh t  o f  th e perceive d nee d t o 
provid e medica l  student s wit h instructio n concernin g 
practica l  ethica l  decision-making ,  w e believ e ther e i s 
probabl y mor e t o i t  tha n this .  Domain-specifi c  knowledg e i s 
on e prerequisit e fo r  greate r  sensitivit y t o a  dilemmas ' 
circumstance s an d enable s greate r  specificit y an d articulatio n 
of  th e relevan t  RSO's .  Eve n a  subjec t  wit h th e requisit e 
technica l  medica l  expertise ,  however ,  ma y stil l  nee d t o lear n 
h o w t o pos e hypothetica l  condition s meaningfull y an d 
effectivel y i n a n ethica l  analysi s an d t o practic e doin g so . 

We hypothesiz e tha t  th e R S O Strateg y i s generall y mor e 
comple x tha n th e P R I N C o r  C O N S EQ Strategy .  Som e 
suppor t  fo r  thi s hypothesi s i s foun d i n th e highe r  leve l  o f 
sophisticatio n o f  th e graduat e students '  R S O response s i n 
contras t  t o th e hig h schoo l  subjects '  R S O responses . 

I n th e vas t  majorit y o f  example s o f  th e P R I N C Strategy , 
by contrast ,  th e subjec t  simpl y identifie s a  rul e o r  principle , 
an actio n tha t  i s  consisten t  wit h i t  an d also ,  perhaps ,  a 
justificator y appea l  t o th e mor e fundamenta l  genera l  value s 
tha t  i t  supports .  Th e comparativ e simplicit y o f  thes e 
P R I N C Strateg y examples ,  w e hypothesize ,  stem s fro m th e 
fac t  tha t  th e rule s an d principle s constitut e "exclusionar y 
reasons "  whic h allo w decisio n maker s t o ignor e 
circumstance s o f  th e dilemm a tha t  ar e no t  consisten t  wit h 
th e actio n recommende d b y th e rul e o r  overridin g principle . 
Al l  tha t  i s  necessar y i s knowin g whic h principl e o r  nor m i s 
decisiv e an d whic h action s /  interest s ar e consisten t  wit h tha t 
principle .  W e als o observe d thi s sam e relativel y simpl e 
patter n i n mos t  example s o f  th e C O N S EQ Strategy . 
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Tabl e 1 :  Cho ic e o f  Strateg y 
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Table 2: Level of Strategy 
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C a s e - B a s e d Ins t ruc t i o n 
I n designin g thi s experiment ,  ou r  initia l  hypothesi s ha d 

been tha t  mor e experience d ethica l  reasoner s woul d adop t  a 
more explicitl y  "casuistic "  reasonin g strategy .  W e expecte d 
t o se e som e evidenc e o f  explici t  comparison s t o case s alon g 
th e line s o f  Strong' s metho d describe d abov e (Strong , 
1988) .  W e had ,  moreover ,  consciousl y buil t  int o th e 
experimen t  a n opportunit y t o compar e an d contras t  cases . 
The dilemma s tha t  wer e presente d t o subject s wer e selecte d 
so tha t  the y coul d hav e draw n analogie s fro m on e proble m 
t o another ,  eithe r  t o sho w tha t  the y presente d th e sam e 
principle s and/o r  rol e specifi c  obligations ,  th e sam e conflict s 
among principles ,  o r  a n interestin g compariso n o f  factua l 
circumstances . 

I n fact ,  w e observe d i n th e students '  resix>nse s relativel y 
fe w explici t  cros s reference s t o othe r  problem s o r  cases .  Ou r 
dat a di d no t  sho w m u c h cas e compariso n eve n b y th e 
graduat e students . 

I n s o fa r  a s th e R S O Strateg y share s som e feature s wit h 
Strong' s procedure ,  however ,  i t  i s  mor e "case-based "  tha n th e 
P R I N C o r  th e C O N S EQ Strategy :  (a )  Bot h th e R S O 
Strateg y an d Strong' s procedur e focu s o n elaboratin g role -
specifi c  dutie s inheren t  i n th e situation ,  (b )  Bot h involv e 
reasoner s i n comparin g th e dilemma s t o paradigms .  R S O 
paradigms ,  however ,  wer e considerabl y mor e genera l  tha n a 
specifi c  case ,  (c )  Bot h involv e elaboratin g a  descriptio n o f 
th e proble m i n term s o f  morall y relevan t  factor s o r 
hypothetica l  conditions . 

We hypothesiz e tha t  case-base d instructio n assist s 
novice s t o acquir e th e informatio n processin g knowledg e an d 
skill s  require d t o perfor m th e R S O Strategy .  I n othe r  words , 
practic e reasonin g wit h an d comparin g specifi c  case s selecte d 
by a  teache r  fo r  pedagogica l  purposes ,  m a y appris e novice s 
of  th e informatio n require d b y th e R S O Strateg y an d hel p 
the m lear n skill s fo r  processin g th e mor e comple x 
informatio n requirements .  Comparin g an d contrastin g case s 
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ca n focu s attentio n o n th e natur e o f  RSO's ,  thei r 
relationshi p t o genera l  norms ,  morall y relevan t  factor s i n th e 
ethica l  domai n tha t  ca n mak e a n R S O paradig m mor e o r  les s 
applicable ,  an d th e existenc e o f  possibl e alternativ e actions . 

Conclusions 
Thi s pape r  ha s describe d som e preliminar y result s o f  a n 

experimen t  t o collect ,  analyz e an d compar e protocol s o f 
argument s concernin g practica l  ethica l  dilemma s prepare d b y 
novic e (hig h schoo l  students )  an d mor e experience d ethica l 
reasoner s (graduat e student s i n medica l  ethics) .  W e identifie d 
thre e strategie s fo r  ethica l  reasonin g evidence d i n th e 
subjects '  responses :  R S O,  PRINC ,  an d C O N S E Q,  an d thre e 
level s o f  complexit y o f  eac h strategy .  Th e graduat e student s 
preferre d th e R S O Strateg y an d attaine d mor e comple x level s 
of  th e R S O Strateg y tha n th e hig h schoo l  students . 

We attempte d t o explai n th e difference s i n term s o f 
specifi c  difference s i n th e difficult y o f  th e strategies ' 
informatio n processin g requirements .  Finally ,  w e attempte d 
t o explai n th e utilit y o f  case-base d ethic s instructio n i n 
term s o f  th e nee d t o inculcat e informatio n processin g skill s 
require d b y th e experience d reasoners '  R S O Strategy . 

I n relate d work ,  w e hav e buil t  a  mode l  o f  cas e compariso n 
i n practica l  ethic s i n th e T R U T H - T E L L E R progra m an d wil l 
attemp t  t o adap t  i t  t o mode l  thes e differen t  strategie s 
(McLare n &  Ashley ,  1995) .  Thi s researc h wil l  als o lea d t o 
improve d technique s fo r  representin g abstrac t  principle s an d 
gettin g interpretiv e C B R program s (Kolodner ,  1993 )  t o 
integrat e reasonin g wit h cases ,  reason s an d underlyin g 
principles . 
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Explainin g preferre d menta l  model s i n Alle n inference s 
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Abstrac t 

We present a simple metrical representation and algorithm 
t o explai n putativ e imager y processe s underlyin g th e empir -
ica l  menta l  mode l  preference s foun d b y Knauff ,  Rau h an d 
SchUeder  (1995 )  fo r  Alle n inference s (Allen ,  1983) .  Th e com -
putationa l  theor y i s compare d wit h on e base d o n ordina l  infor -
matio n onl y (Schlieder ,  i n preparation) .  Bot h provid e goo d fits 
wit h th e data .  The y diffe r  psychologicall y  i n backgroun d the -
ories ,  visualisatio n strategie s motivate d b y these ,  an d mode l 
constructio n processe s generatin g model s wit h th e propertie s 
indicate d a s desirabl e b y th e strategies .  The y diffe r  compu -
tationally  i n assumption s abou t  knowledg e strengt h (ordinal : 
weaker )  an d algorithmi c simplicit y (metrical :  simpler) .  Ou r 
theor y an d it s compariso n wit h th e ordina l  theor y provid e th e 
basi s fo r  a  discussio n o f  issue s pertainin g t o imager y i n gen -
eral :  Usin g th e assumptio n o f  imager y inexactness ,  w e develo p 
a sketc h theor y o f  menta l  image s an d motivat e a  ne w visual -
isatio n strateg y ('regularisation') .  W e demonstrat e systemati c 
method s o f  modellin g imager y processe s an d o f  analysin g suc h 
models .  W e als o outlin e som e criteri a fo r  compariso n (an d fu -
tur e integration? )  o f  cognitiv e modellin g approaches . 

Allen inferences, preferred mental models, and 

a c o m p u t a t i o n a l  t h e o r y b a s e d o n o r d i n a l 

i n f o r m a t i o n 

Alle n relation s ar e th e 1 3 'qualitative '  relation s whic h ca n 
hol d betwee n tw o intervals ,  correspondin g t o relation s be -
twee n th e start -  an d endpoint s o f  th e tw o intervals ,  betwee n 
whic h onl y th e ordina l  relation s '  i s  before/smalle r  than', '  i s 
equa l  to' ,  an d '  i s  after/large r  than '  ar e distinguished ,  se e fig. 
1.  The y hav e bee n discusse d b y Alle n (1983 )  i n a  logi c fo r 
reasonin g abou t  tempora l  event s an d hav e bee n use d als o a s 
a basi s fo r  spatia l  reasonin g calculi ,  e.g .  i n (Guesgen ,  1989 ; 
Mukerje e &  Joe ,  1990) .  Qualitativ e relation s ar e o f  inter -
est  t o Cognitiv e Scienc e becaus e the y migh t  b e employe d 
i n program s lik e Geographica l  Informatio n System s (GIS ) 
t o mode l  h u m a n temporal/spatia l  reasonin g mor e adequatel y 
tha n model s base d o n numerica l  specifications .  Alle n infer -
ence s ar e composition s o f  Alle n relation s answerin g th e fol -
lowin g question :  I f  th e Alle n relatio n betwee n interval s A  an d 
B i s R i  an d tha t  betwee n interval s 5  an d C  i s  ̂ 2 ,  the n whic h 
Alle n relation(s )  R 3 ca n hol d betwee n A  an d C ? I n som e 
cases ,  ther e i s onl y on e possibl e answe r  (relatio n ̂ 3 ) ;  i n oth -
ers ,  ther e ar e several .  Fo r  example ,  i f  A  finishes-invers e B 
and B  befor e C ,  the n A  ca n onl y b e befor e C .  I f  A  finishes -
invers e B  an d B  durin g C ,  i t  i s  possibl e tha t  A  start s C , 

name symtx) !  diagra m poin t  orderin g 
equal s A  =  B *A=sB<eB=e A 
befor e A<B sA<eA<sB<e B 
meets AmB sA<eA=sB<e B 
overlap s AoB sA<sB<eA<e B 
start s AsB sA=sB<eA<e B 
finishe s Af  B sB<sA<eA=e B 
durin g Ad B sB<sA<eA<e 8 
during-invers e A  d i  B sA<sB<eB<e A 
starts-invers e Asi B sA=sB<eB<e A 
finishes-invers e A  f i  B sA<sB<eB=e A 
overlaps-invers e A  o l  B sB<sA<eB<e A 
meets-invers e A m i B sB<eB=sA<e A 
afte r A>B sB<eB<sA<e A 

Figur e 1 :  T h e 1 3 interva l  relations ,  adapte d fro m (Schlieder , 
i n preparation) .  Whit e interva l  =  A ,  blac k interva l  =  B ; 
s A , s B , e A , e B =  Start -  an d endpoint s o f  A  an d B . 

overlap s C ,  o r  i s durin g C .  T h e secon d exampl e i s show n i n 
fig.  3 ;  th e first  ca n easil y b e reconstructe d fro m thi s drawing . 
For  ful l  details ,  se e (Allen ,  1983) . 

Thi s compositio n ca n b e see n a s a  three-ter m serie s i n th e 
sens e o f  Johnson-Lair d (1972) .  Bu t  h o w d o peopl e reaso n 
wit h Alle n relations ? Knauff ,  R a u h an d Schliede r  (1995 ) 
traine d subject s i n th e understandin g o f  Alle n relation s an d 
the n aske d the m t o provid e on e answe r  t o eac h o f  1 2 x  1 2 
Alle n inferenc e question s (the y exclude d th e trivia l  c o m p o -
sition s wit h equals) ,  i n case s wher e m o r e tha n on e Alle n 
relatio n i s a  correc t  answe r  ( '  non-uniqu e cases') ,  a  grea t  m a -
jorit y o f  subject s chos e th e sam e solution .  T h e author s inter -
pre t  thes e result s a s evidenc e o f  preferre d menta l  models : 
I n th e sequentia l  proces s o f  constructin g th e differen t  possi -
bl e menta l  model s ( = th e severa l  possibilitie s o f  arrangin g A , 
B an d C  suc h tha t  differen t  Alle n relation s R 3 hold) ,  a  strat -
eg y i s employe d whic h first  lead s t o th e constructio n o f  on e 
particula r  model ,  th e preferre d model .  Empirically ,  preferre d 
model s (aggregate d ove r  subjects )  wer e neve r  non-models ; 
i.e .  alway s yielde d correc t  solutions . 

W h en w e tr y t o find  a  computationa l  theor y o f  a  strateg y 
lik e thi s one ,  a n interestin g questio n concern s th e natur e o f 
th e knowledg e use d (cf. ,  fo r  example ,  (Huttenlocher ,  1968 ) 
vs .  (Johnson-Lair d &  Byrne ,  1991)) .  I f  on e assume s imager y 
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i n menta l  models ,  on e need s a n '  image '  a s mode l ,  wh ic h ca n 
b e model le d a s containin g metrica l  information .  T h e inpu t 

relation s R^ ,  R 2 an d th e interval s A , B , C linke d b y the m ar e 
give n a  metrica l  interpretation ,  i.e .  s o m e placemen t  i n th e 
image .  Thi s metrica l  representatio n i s the n inspecte d t o ob -
tai n th e require d answer ,  th e Alle n relatio n betwee n A  an d C . 
Thi s i s base d o n ordina l  relation s betwee n A' s an d C s start -
an d endpoints .  Considering ,  however ,  tha t  th e who l e concep t 
o f  Alle n relation s i s base d o n ordina l  information ,  o n e m a y 
w a nt  t o avoi d givin g a  metrica l  interpretatio n t o th e ordina l 

Alle n relation s an d tr y t o formulat e a  theor y withou t  imagery , 
i.e .  withou t  metrica l  representations . 

Schliede r  (i n preparation )  develop s a  computat iona l  the -
or y w h i c h operate s o n ordina l  informatio n only .  Devel -
o p m e nt  o f  th e theor y start s ou t  f ro m th e discussio n o f  forma l 
propertie s o f  Alle n inference s discusse d b y Ligoza t  (1990) , 
name l y t w o kind s o f  symmetr ie s o f  pair s o f  inferences .  Thes e 

forma l  propertie s we r e no t  satisfie d empirically :  T h e pair s o f 
inference s identifie d b y Ligoza t  ha d asymmetrica l  empirica l 
m o d el  preferences .  I t  i s  no t  importan t  t o g o int o th e detail s 
o f  th e forma l  argumen t  here ;  i t  suffice s t o not e tha t  th e obser -
vatio n o f  forma l  s y m m e t r y an d empirica l  asymmet r y implie s 
tha t  i n orde r  t o explai n th e data ,  a  m o d e l  mus t  generat e orde r 
effects :  a  relatio n R  i s somet ime s conceptualise d differentl y 
dependin g o n whethe r  i t  hold s betwee n A  an d B  o r  betwee n 
B an d C  (o r  B  an d A  0 1 C  an d B ) ,  i.e .  th e t w o interval s 
ar e place d differentl y wit h respec t  t o eac h othe r  (fo r  a n ex -
ample ,  se e fig.  2 ;  fo r  ful l  detail s o f  th e forma l  argument ,  se e 
(Ligozat ,  1990 ;  Schlieder ,  i n preparation)) .  Schliede r  gener -
ate s orde r  effect s b y assumin g a  focu s i n th e menta l  mode l , 
a poin t  wh ich ,  i n additio n t o th e start -  an d endpoint s o f  th e 
interval s alread y considered ,  i s  kep t  i n th e representation . 
Schliede r  ca n explai n al l  bu t  6  o f  th e 6 0 non-uniqu e empir -
ica l  preference s h e consider s (se e fig.  5) . ^  H e omit s c o m p o -
sition s o f  inverses ,  wh i c h ar e composition s o f  relation s lik e 
befor e an d after ,  i.e .  composition s w h o s e result s li e i n cell s 
alon g th e secondar y diagona l  o f  th e compositio n tabl e i n fig. 
5.  A  m u c h simple r  strateg y seem s t o b e applie d there :  "don' t 
think "  -jus t  assum e inverse s alway s lea d bac k t o th e original , 
i.e .  t o th e Alle n relatio n equa ls . 

H o w e v e r ,  thi s m o d e l  ha s th e d r a w b a c k o f  bein g rathe r 
complicated :  Ther e ar e 6  t o 1 4 (dependin g o n h o w 
on e counts )  scannin g rules '  an d rathe r  involve d 'insertio n 
schemes '  specifyin g differen t  processe s an d order s o f  th e in -
sertio n o f  start -  an d endpoints ,  an d th e focu s positio n ha s 
t o b e remembered .  Thes e complication s wer e ou r  motiva -
tio n t o devis e a  strateg y tha t  require s stronge r  information , 
namely ,  metrica l  know ledge ,  bu t  i s  m u c h simple r  i n term s o f 
scannin g an d insertion . 

Ati B AdI B 
BdC 

A di e nMUlt  A  d  C  .. .  comspond t  to.. . 

.. .  bu t  I n fa d tti e resul t  Is.. . A o l C 

'B y 'computationa l  theory' ,  w e mea n tha t  fo r  al l  compositions , 
model s ar e generated ,  i.e .  correc t  Alle n inferences .  B y 'canno t  ex -
plain *  ,  w e mea n tha t  th e computationa l  theor y doe s no t  generat e th e 
empiricall y preferre d menta l  mode l  fo r  a  give n composition . 

Figur e 2 :  Orde r  effect s (example) :  I f  th e Alle n relation s ar e 
alway s compute d i n th e s a m e way ,  an d invers e relation s ar e 
mirro r  image s o f  eac h other ,  i.e .  compute d b y invertin g th e 
operation s generatin g th e n e w interva l  i n a  composition ,  th e 

preferre d mode l  o f  A  finishes-invers e B  an d B  durin g C 
{ A f i B an d B d C )  implie s a  preferre d mode l  fo r  A  during -
invers e 5  an d B  finishe s C  {Adi B an d B f C ) .  However , 
empiricall y th e first  inferenc e ha s th e preferre d mode l  A  dur -

in g C  ( A d C ) ,  whil e th e secon d ha s A  overlaps-invers e 
C (AoiC) .  A n eas y explanatio n i s tha t  th e transformation s 
linke d b y th e curve d lin e ar e different :  /  i s  no t  th e mirro r 
imag e o f  fi . 

A c o m p u t a t i o n a l  t heo r y b a s e d o n metrica l 

i n fo rma t i o n 

Our main psychological background assumption is that 
menta l  image s ar e inexact .  A  simple  exampl e o f  empiri -
cal  evidenc e fo r  thi s clai m i s th e finding  tha t  discoverie s i n 
menta l  image s ar e c o m m o n i f  th e pattern s t o b e rotate d an d 
th e emergin g pattern s resultin g fro m thi s transformatio n ar e 
sufficientl y robus t  wit h respec t  t o sligh t  variation s i n shap e 
and/o r  noise ,  e.g .  (Fink e &  Slayton ,  1988) .  I f  th e give n pat -
tern s ar e mor e comple x an d emergenc e i s highl y dependen t 
on constructin g an d maintainin g a n exac t  representatio n o f 
th e give n patterns '  shape ,  however ,  menta l  discoverie s ar e 
not  th e rul e (Reisber g &  Chambers ,  1991) ;  fo r  discussion , 
see als o (Logic ,  1995) .  W e interpre t  thi s t o mea n tha t  im -
ager y canno t  represen t  and/o r  proces s fine  detail s whic h ar e 
sensitiv e t o smal l  metrica l  changes .  Imag e element s ar e rep -
resente d metrically ,  relativ e t o a  referenc e fram e specifyin g 
scal e whic h i s globa l  t o th e whol e image .  However ,  withi n 
thi s fram e o f  reference ,  the y ma y onl y b e represente d inex -
actly ,  wit h noise .  Inexactnes s m a y aris e durin g construction , 
maintenanc e and/o r  inspectio n o f  th e image . 

For  th e presen t  task ,  thi s implie s on e particula r  constrain t 
on wha t  th e image s o f  th e interval s shoul d loo k like :  The y 
shoul d b e regular .  T o understan d thi s concept ,  conside r  th e 
compositio n o f  A  finishes-invers e B  an d 5  durin g C .  On e 
solutio n i s A  Start s C .  However ,  thi s resul t  i s extremel y un -
stable :  A n y sligh t  deviatio n i n th e length s o r  placement s o f 
th e interval s create d b y imager y inexactnes s woul d lea d t o 
A overlap s C  o t  A  durin g C  (se e fig.  3) .  A s th e reade r 
m ay easil y verify ,  th e las t  tw o solution s ar e muc h mor e ro -

bus t  wit h respec t  t o change s i n metrica l  parameters .  W e cal l 
image s involvin g solution s whic h ar e 'stable '  i n thi s sens e 
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(lik e overlap s an d during )  regular ,  a s oppose d t o singula r 
image s involvin g '  unstable '  solution s lik e Starts .  Th e dat a 
can b e interprete d a s showin g a  preferenc e fo r  regula r  images : 
Out  o f  thos e composition s whos e solutio n include s a n unslu -
bl c relation ,  thi s solutio n i s th e preferre d mode l  onl y i n ver y 
fe w cases .  W e therefor e nee d a  mode l  constructio n proces s 
whic h (a )  generate s correc t  Alle n inferences ,  (b )  generate s 
orde r  effects ,  an d (c )  generate s regula r  images .  Th e easies t 
metrica l  proces s contain s 

1. distance parameters specifying the length of the 
separatio n ( < , > ) ,  th e overla p (o,ot) ,  o r  th e offse t 
(5,8i ,  f ,  fi ,  d ,  dt )  o f  th e relations ,  ( m an d m i  mus t  b e 'sep -
arated '  b y a  distanc e o f  0. )  W e us e 2  suc h parameters :  A „ 
("normal" )  an d A j  ("large") .  The y ar e associate d wit h re -
lation s dependin g o n whethe r  thes e ar e shifts '  o r  'defor -
mations '  an d prescrib e 'movements '  t o construc t  th e ne w 
interval' s  start -  an d endpoint s (se e fig.  4) . 

A model containing only distance parameters generates cor-
rec t  Alle n inferences ,  bu t  fail s  becaus e i t  canno t  generat e an y 
orde r  effect s (Schlieder ,  i n preparation) .  W e therefor e choos e 
th e secon d easiest ,  whic h als o contain s 

2.  a  correctio n paramete r  e .  Thi s i s associate d wit h re -
lation s dependin g o n h o w man y relation s hav e bee n pro -
cesse d before .  Usin g e  lead s t o slight ,  progressiv e adjust -
ment s i n th e movements '  and/o r  the  intervals '  lengths. ^ 

Thes e adjustment s generat e orde r  effects ,  becaus e Alle n 
relation s receiv e a  differen t  metrica l  interpretatio n de -
pendin g o n whe n the y ar e processed ,  i.e .  dependin g o n 
whethe r  the y hol d betwee n A  an d B  o r  betwee n B  an d 
C.  Th e adjustment s als o guarante e regularisation ,  becaus e 
newl y generate d start -  an d endpoint s canno t  b e equa l  t o 
existin g start -  an d endpoint s '  b y coincidence '  (o f  cours e 
the y mus t  b e equa l  whe n thi s i s specifie d b y relation s 
«.  si ,  f ,  fi ,  m ,  m i ) .  A s a n example ,  conside r  fig.  3  again : 
I f  A  finishes-invers e B  (A f iB )  an d B  durin g C  ( B d C ) , 
and w e move d A' s startpoin t  t o th e righ t  t o construc t  B  an d 
the n move d B' s startpoin t  t o th e lef t  b y th e sam e amoun t 
when w e construc t  C ,  w e woul d obtai n a  singula r  imag e 
wit h A  start s C .  B y movin g lef t  a  bi t  mor e tha n w e hav e 
moved right ,  w e obtai n th e empiricall y correc t  A  durin g 
C. 

By considerin g th e change s mad e t o th e interval s i n fig. 
3 a s 'shrinkin g o r  stretchin g intervals '  instea d o f  'movin g 
start -  an d endpoints' .  w e ca n se e tha t  regularisatio n an d 
(fo r  thi s composition )  th e sam e orde r  effec t  ar e generate d 
when interva l  length s instea d o f  movemen t  length s ar e in -
creased . 

I t  i s  no t  clea r  ho w t o decid e o n psychologica l  ground s 
whethe r  movement s and/o r  interval s shoul d b e shortene d 
or  lengthened .  W e shal l  therefor e motivat e th e decisio n t o 

A 

B 

CI 

C2 

C3 

Afl B 

B d C 

A s C 

AoC 

AdC 

'Whe n thi s affect s interva l  length ,  i t  correspond s t o scale d copy -
in g from  th e patter n activatio n subsyste m int o th e visua l  buffe r  i n 
(Kosslyn ,  1994) . 

Figur e 3 :  Exampl e o f  a n Alle n inferenc e wit h mor e tha n 
on e solution .  Thi s show s th e instabilit y  o f  singula r  image s 
containin g solution s lik e Start s  (s) :  Sligh t  variation s i n th e 
length s o r  placement s o f  th e interval s chang e th e obtaine d 
Alle n relation . 

lengthe n the m wit h a  computationa l  argument :  lengthenin g 
lead s t o a n algorith m satisfyin g th e specificatio n give n b y 
th e dat a best .  Computationa l  reasonin g als o make s u s pre -
fe r  movemen t  lengthenin g ove r  interva l  lengthenin g (se e 
below) . 

A„, A;, and e are defined relative to the standard interval 
length ,  i.e .  w e assum e a  scale-invarian t  imager y process . 

Th e followin g algorith m an d fig. 4  summaris e h o w th e 
thre e parameter s contro l  th e constructio n process: ^ 

X : = firs t  interva l 
inser t  X  int o th e imag e a t  th e standar d firs t  positio n 
no-of-step s : = 0 
repea t 

no-of-step s : = no-of-step s +  1 
R : *  nex t  relatio n 
If  R  mark s a  shif t  (• » t f  ft  e  {< ,  m ,  o ,  o« ,  mi ,  >} )  the n 

A : = A i  els e A  : = A „ 
adjus t  an d plac e a  cop y o f  X  accordin g t o R  an d A , 

usin g e  an d no-of-step s 
inser t  th e obtaine d interva l  int o th e imag e a s Y 
X := ¥ 

unti l  n o mor e relation s ar e lef t 
retur n th e Alle n relatio n obtaine d fro m readin g 

th e start -  an d endpoint s o f  th e firs t  an d th e las t  interva l 

This theory, despite its great simplicity, fares extremely 
wel l  whe n compare d eithe r  t o th e dat a o r  t o th e fit  o f  th e ordi -
nal  theory .  Onl y 9  empirica l  mode l  preference s ou t  o f  6 0 ar e 
not  explaine d whe n movement s ar e lengthene d (se e fig.  5) . 
W h en interval s ar e lengthened ,  anothe r  4  preference s ar e no t 
explained .  A s i n th e ordina l  model ,  composition s o f  inverse s 
wer e no t  considered . 

We performe d a  sensitivit y analysi s o f  th e result s wit h 
respec t  t o variation s i n th e 3  parameter s o f  th e algorithm . 
We define d errors(A„ ,  A j ,  e )  t o b e th e numbe r  o f  empirica l 

^  Al l  LIS P progra m cod e use d t o comput e th e result s reporte d i n 
thi s pape r  ca n b e obtaine d from  th e autho r  o n reques t 
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Figur e 4 :  Constructin g a  n e w interval :  comput in g start -  an d 
endpoint s f ro m th e previou s interval ,  th e Alle n relation ,  an d 
th e thre e parameters ,  lengthenin g m o v e m e n t .  (Alternative : 
t o lengthe n intervals ,  shif t  th e boundarie s o f  th e n e w interva l 
obtaine d i n th e firs t  ste p outward s b y e  i n th e secon d step. ) 
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Figur e 5 :  Compos i t i o n tabl e fo r  preferre d mode l s i n Alle n 
inferences :  I f  A R i B (R i  a t  lef t  en d o f  r o w i )  an d B R ^ C 
(i? 2 a t  to p o f  c o l u m n j ) ,  the n A R ^ C ( R s i n cel l  ij) .  Tabl e 
s h o w s onl y composit ion s wit h non-uniqu e solutions ,  an d n o 
composit ion s o f  inverse s (se e text) .  Cell s containin g 1  Alle n 
relation :  entr y =  empirica l  preferenc e =  preferenc e generate d 
b y th e ordina l  theor y =  preferenc e generate d b y th e metrica l 
theory .  Cell s containin g 3  Alle n relations :  to p entr y =  empir -
ica l  preference ;  bot to m lef t  entr y =  preferenc e generate d b y 
th e ordina l  theory ;  bot to m righ t  entr y =  preferenc e generate d 
b y th e metrica l  theory . 

m o d el  preference s no t  explaine d b y th e algorith m fo r  a  give n 
choic e o f  parameters ,  e r ror s yield s "- "  i f  fo r  a  give n choic e 
o f  parameters ,  non-mode l s ar e produced ,  i.e .  incorrec t  solu -
tions .  W e compu te d er ror s fo r  th e relevan t  ranges ,  plotte d 
th e results ,  an d describe d th e constraint s t o ensur e th e bes t 
result s obtainabl e geometrically.' *  Thes e geometrica l  con -
straint s turne d ou t  t o b e qualitativ e constraints : 

e >  0 :  A n y valu e be lo w 0  lead s t o a  m a r k e d decreas e i n 

fit  (u p t o 1 2 error s m o r e fo r  m o v e m e n t ,  2  fo r  intervals) .  ( A 
valu e o f  exactl y 0  lead s t o singula r  images ,  wh ic h inaease s 
th e n u m b e r  o f  error s dramatically. )  I n othe r  words ,  computa -
tiona l  reason s sugges t  tha t  th e movements/interval s ge t  pro -
gressivel y 'slightl y lenghtened' ;  i t  i s  no t  jus t  an y deviatio n 
f ro m singula r  result s tha t  happens . 

Fo r  m o v e m e n t  adjustments ,  ther e i s on e constrain t  t o guar -
ante e n o non-models :  A /  <  [ 1 — ( 3 -( -  lOe)^ ]  -  A „ .  Thi s 
coul d b e interprete d t o m e a n tha t  A ;  -I -  A „  mus t  no t  b e mo r e 
tha n 1  ( remembe r  tha t  e  i s  suppose d t o b e small) .  Ther e ar e 
3 constraint s t o guarante e no t  m o r e tha n 9  errors .  A „  <  0.3 3 
(plu s s o m e seemingl y unsystemati c variation) :  Thi s coul d b e 

interprete d a s a n uppe r  b o u n d o f  5  fo r  A „ .  A /  >  0.5 1 -  2e : 
thi s coul d b e interprete d a s a  lowe r  b o u n d o f  ̂  fo r  A ( .  A n d 
A /  >  - 0 . 0 5 -1 -  2.5 e -I -  A „ :  A ;  shoul d reall y b e a  "large r 
movement '  tha n A „ . 

Interva l  lengt h adjustment s produc e simila r  results ,  bu t  ar e 
slightl y les s robus t  an d produc e a  wors e fit  wit h th e dat a (a t 
leas t  1 3 errors) .  Her e too ,  lengthenin g i s superio r  t o short -
ening .  Fo r  reason s o f  space ,  w e d o no t  giv e detail s abou t 
constraint s an d error s here . 

T h e cas e fo r  preferrin g movemen t  adjustmen t  (lengthen -
ing )  ove r  interva l  adjustmen t  i s quit e clea r  o n computationa l 
grounds :  T h e forme r  produce s a  bette r  fit. 

What can this case study tell us about imagery 

i n g e n e r a l ? 

A s w e mentione d above ,  ou r  psychologica l  backgroun d the -

or y i s tha t  menta l  image s ar e inexact .  I t  i s  likel y tha t  peo -
pl e w h o reaso n wit h menta l  image s k n o w abou t  thi s inexact -
ness .  W e woul d therefor e wan t  t o propos e a  ne w approac h 
t o inspectio n processes ,  whic h w e cal l  th e sketc h theor y o f 
menta l  images :  Eve n thoug h everythin g i n th e pictur e i s de -
termined ,  th e pictur e a s a  whol e i s treate d a s a  sketch, '  no t 
t o b e take n literally '  . ^  I n othe r  words ,  th e meta-knowledg e 

Î t  i s  straightforwar d t o detemiin e absolut e uppe r  an d lowe r 
bound s fo r  th e A s t o ensur e tha t  adding/subtractin g the m from  start -
and endpoint s generate s th e prescribe d Alle n relations ,  e  wa s onl y 
examine d systematicall y i n th e rang e (-0.1,0.1 )  becaus e first,  i t  i s 
suppose d t o mar k a  'sligh t  adjustment '  an d second ,  becaus e large r 
value s showe d n o interestin g chang e i n behaviour . 

The constraint s shoul d b e regarde d a s approximations ,  sinc e w e 
onl y inspecte d th e value s a t  a  certai n resolutio n (dow n t o 0.00 1 fo r 
th e A s an d e )  an d di d no t  perfor m regressio n analysi s  etc .  How -
ever ,  th e demarcation s betwee n level s o f  goodness-of-fi t  wer e quit e 
regular ,  an d onl y th e qualitativ e relation s wer e o f  interes t 

^Thi s ide a originall y occurre d i n th e contex t  o f  a n exploratio n 
of  th e importanc e o f  sketche s i n interaction s betwee n architect s an d 
thei r  customers :  A  recurrin g proble m o f  preliminar y design s pre -
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'thi s i s  a  sketch '  induce s a  differen t  inspectio n process ,  whic h 
migh t  be :  'onl y notic e whic h entitie s ar e i n th e pictur e an d 
tak e thi s a s a n indicatio n o f  whic h entitie s ar e i n th e repre -

sente d scene' ,  'onl y notic e ho w entitie s ar e ordere d i n th e 
pictur e an d tak e thi s  a s a n indicatio n o f  ho w thes e entitie s ar c 
ordere d i n th e represented  scene' ,  o r  don' t  tak e metrica l  re-
lation s t o b e exact' .  I n term s o f  spatia l  knowledg e content , 
thi s correspond s to: '  extrac t  onl y containmen t  relations', '  ex -
trac t  onl y orde r  relations',  o r  'extrac t  metrica l  relations,  bu t 
at  a  relativel y coars e leve l  o f  granularity'. ® Th e thir d kin d o f 
sketc h interpretatio n i s importan t  wheneve r  metrica l  distinc -
tion s count .  I t  i s importan t  i n ou r  example ,  an d constructin g 
regular  image s aid s i n thi s process .  Fo r  i t  i s  essentia l  tha t 
th e menta l  image s ca n als o depic t  intende d equalitie s (i f  A 
finishes-invers e B ,  thei r  endpoint s ar e th e same) .  S o a  vi -
sualisatio n strateg y mus t  enabl e th e inspectio n proces s t o dis -
tinguis h betwee n entitie s intende d t o b e equa l  an d entitie s no t 
intende d t o b e equal .  Ther e ar e tw o principa l  way s o f  solv -
in g thi s problem :  (1 )  A  mode l  constructio n strateg y generat -
in g regula r  image s safeguard s agains t  inexactnes s bot h durin g 
model  constructio n an d durin g mode l  inspection :  Entitie s no t 
intende d t o b e equa l  ar e move d fa r  enoug h apar t  b y choosin g 
a larg e enoug h e .  S o eve n if ,  i n construction ,  placemen t  i s 
inexac t  (i.e .  ma y deviat e fro m th e valu e compute d wit h th e 
hel p o f  e) ,  th e relativ e placemen t  o f  entitie s no t  intende d t o b e 
equa l  wil l  stil l  diffe r  enoug h fro m th e relative  placemen t  o f 
entitie s intende d t o b e equa l  t o distinguis h non-intende d fro m 
intende d equalit y durin g inspection :  I n th e image ,  intende d 
equalitie s ar e characterise d b y n o gap s (i f  constructio n i s ex -
act )  o r  b y smal l  gap s (i f  constructio n i s  inexact) ,  othe r  rela -
tion s (no t  intende d t o b e equalities )  ar e characterise d b y larg e 
gaps .  Thi s ca n b e distinguishe d bot h b y exac t  inspectio n pro -
cesse s (th e valu e rea d i s  th e valu e depicted )  an d b y inexac t  in -
spectio n processe s (th e valu e rea d m a y deviat e fro m th e valu e 
depicted) .  (2 )  Th e alternativ e woul d b e t o annotat e intende d 
equalities .  I n th e image ,  intende d equalitie s ar e the n charac -
terise d b y annotations ,  othe r  relations  b y n o annotations ,  an d 
gaps ca n b e zero ,  smal l  o r  larg e i n bot h cases .  Obviously ,  (1 ) 
i s mor e parsimoniou s an d easil y explainabl e b y mode l  con -
suiictio n processes ,  a s w e ca n sho w i n th e presen t  cas e study . 
We woul d therefor e assum e tha t  regularit y i s  generall y a  de -
sire d propert y o f  menta l  images .  Th e imag e constructio n 
proces s take s th e easies t  rout e toward s achievin g thi s goal . 
Ther e i s a  preferenc e fo r  copyin g metrica l  prototype s fro m 
long-ter m memor y int o th e imag e o r  withi n th e image .  I f 
thi s i s recognise d a s leadin g t o undesire d imag e properties , 
movement s ar e lengthene d durin g copyin g and/o r  scale d 
copyin g i s performed ;  wit h th e adjustmen t  i n length/siz e o f 
th e movement s and/o r  imag e element s bein g a s smal l  a s pos -

sente d a s C A D graphic s i s tha t  the y conve y th e impressio n o f  bein g 
finished,  worked-ou t  designs .  Hand-draw n sketches ,  o n th e othe r 
hand,  conve y th e intende d impressio n o f  bein g unfinished ,  o f  no t 
havin g th e fixed  detail s  that ,  i f  th e sketc h wer e looke d a t  a s a  pic -
ture ,  ar e o f  cours e fixed  (StroUiott e e t  al. ,  1994) . 

^(Hobbs ,  1985) :  se e (Habel ,  1991 )  fo r  a n exampl e o f  a  computa -
tiona l  treatmen t  o f  granularit y  i n knowledg e abou t  space . 

sible . 
A secon d visualisatio n strateg y employe d i n additio n t o 

regularisation  mg\\{\x .  partitioning :  Relevan t  portion s o f  th e 

imag e ar e o f  equa l  siz e o r  smal l  intege r  multiples .  Thi s i s no t 
directl y linke d t o th e argumen t  emanatin g fro m menta l  im -

age inexactnes s an d wil l  therefor e b e discusse d i n a  separat e 
paper . 

Open questions and further research 

A ver y straightforwar d applicatio n an d tes t  wil l  b e th e com -
pariso n o f  th e theory' s result s wit h th e dat a an d th e ordina l 
theor y prediction s o f  Alie n four-ter m series .  Thes e exper -

iment s ar e currentl y carrie d ou t  b y th e author s o f  th e three -
ter m serie s paper ,  a s ar e th e generation s o f  algorithmi c pre -
diction s fro m bot h theories . 

W h at  coul d b e a  psychologica l  explanatio n fo r  con -
structio n involvin g m o v e m e n t  o r  Interva l  lengthening ? 
Thi s distinctio n reflect s a  differenc e eithe r  i n th e wa y i n 
whic h tempora l  aspect s o f  menta l  mode l  constructio n ar e re -
garded ,  o r  th e questio n wha t  ca n b e inspecte d i n a n image : 
imag e elemen t  propertie s o r  imag e elemen t  relations .  Bot h 
constructio n processe s chang e propertie s o f  imag e elements . 
Adjustin g interva l  length s i s '  static '  i n th e sens e tha t  th e in -
formatio n neede d t o construc t  th e nex t  imag e elemen t  ( = th e 
previou s interval' s length )  is '  i n th e picture' ,  i s a  propert y o f 
an imag e element .  Adjustin g movement s i s 'dynamic '  i n th e 
sens e tha t  th e informatio n neede d t o construc t  th e nex t  imag e 
elemen t  ( = th e previou s movement' s length )  i s 'betwee n th e 
pictures' ,  i s a  propert y o f  a  relatio n betwee n imag e elements . 
Onl y i f  imag e elemen t  relation s ca n b e inspecte d jus t  lik e im -
age elemen t  propertie s ca n thi s b e considere d 'static '  i n th e 
same sens e a s interva l  lengt h adjustment .  (O f  course ,  bot h 
method s als o nee d acces s t o th e parameter s A „ ,  A/ ,  e ,  whic h 
ar e no t  usuall y '  i n th e picture' .  W e assum e thi s doe s no t  cre -
at e a  problem. )  I t  woul d b e interestin g t o investigat e furthe r 
ho w possibl e dynami c effect s i n imager y coul d b e formalised . 
I n ou r  assumptio n tha t  dynami c effect s exist ,  w e follo w th e ar -
gument  o f  Logi c (1995) ,  w h o explicitl y  introduce s a  spatia l 
componen t  int o th e visuo-spatia l  scratc h pa d o f  Baddele y an d 
Lieberma n (1980) .  Logi c regard s movemen t  a s th e centra l 
featur e an d mechanis m o f  spatia l  workin g memory/imagery . 
I t  seem s plausibl e t o assum e tha t  Alle n inference s ar e a s goo d 
an exampl e o f  typica l  spatia l  task s a s i s Logic' s mai n exam -
ple ,  th e Brook s matri x tas k (Brooks ,  1967) .  However ,  thes e 
thought s d o no t  answe r  th e questio n wha t  th e psychologi -
cal  reason s coul d b e fo r  preferrin g movemen t  o r  interva l 
lengthenin g ove r  shortening . 

We shoul d als o addres s th e questio n o f  wha t  criteri a coul d 
be use d t o compar e cognitiv e modellin g approaches .  W e 
sho w h o w ou r  psychologica l  backgroun d assumption ,  tha t 
menta l  image s ar e inexact ,  motivate s ou r  visualisatio n strat -
egy 'regularise' ,  whic h i n tur n motivate s ou r  mode l  construc -
tio n proces s o f  movemen t  o r  interva l  lengthening .  Schliede r 
(i n preparation )  show s ho w hi s psychologica l  backgroun d as -
sumption ,  tha t  searc h processe s i n menta l  model s shoul d b e 
as simpl e a s possible ,  motivate s hi s visualisatio n strategy '  lin -

493 



earis e an d center' .  whic h i n tur n motivate s hi s mode l  con -
structio n proces s o f  scannin g an d insertio n i n a  memor y struc -
tur e describin g th e ordina l  position s o f  interva l  start -  an d end -
point s an d a  focus .  I t  seem s necessar y t o relat e th e ordi -
nal  an d th e metrica l  theories ,  whic h raise s psychologica l 

as wel l  a s computationa l  issues .  H o w d o th e psychologi -
cal  argument s an d thei r  stage s relate ? I n particular :  ( H o w ) 

ca n th e theorie s explai n eac h other' s visualisatio n strategy?' ^ 
By wha t  criteri a shoul d th e computationa l  tradeof f  '  knowl -
edg e strengt h vs .  computationa l  simplicity '  b e judge d i n th e 
contex t  o f  cognitiv e modelling ? Thes e issue s nee d furthe r 
discussion . 

C an w e hop e t o b e abl e t o generalis e thes e method s 
an d result s t o othe r  domain s o f  imagery ? Th e advantag e 
of  th e dat a underlyin g th e algorith m presente d her e ar e tha t 
the y provid e a  yardstic k tha t  i s  ver y eas y t o employ :  Th e 
tas k (Alle n inferences )  i s a  sufficientl y simpl e visuo-spatia l 
task ,  sinc e th e entitie s ar e abstrac t  entities .  Thei r  abstractnes s 
als o allow s u s t o assum e tha t  th e entitie s ar e conceptualise d 
i n 'screen-space '  *  an d onl y there .  Direc t  extensio n o f  th e re -
sult s an d method s coul d b e possibl e i n th e analysi s o f  simila r 
tasks .  Thi s could ,  fo r  example ,  involv e task s wit h informatio n 
learne d fro m books ,  fro m program s (scree n layout) ,  mayb e 
th e layou t  o f  machines ,  contro l  panel s an d othe r  instrument s 
(althoug h a  larg e tactil e componen t  m a y b e involve d here ) 
an d possibl y als o som e o f  th e task s designe d t o tes t  spatia l 
abilities . 

Extendin g th e result s an d method s t o a n analysi s o f  les s ab -
strac t  an d large r  space s require s som e mor e abstraction .  Thi s 
i s becaus e th e representation s ar e probably "  contaminated '  b y 
a lo t  o f  othe r  informatio n associate d wit h th e entitie s reasone d 
abou t  (e.g .  aestheti c an d functiona l  propertie s o f  landmark s 
alon g a  route) ,  becaus e i t  i s  a  generall y ope n questio n wha t 
representationa l  an d processin g assumption s m a y b e trans -
ferre d between'spaces '  (e.g .  from'screen-space '  to'large -
scal e space') ,  an d becaus e i n large-scal e spac e a t  least ,  long -
ter m m e m o r y i s involved .  Nevertheless ,  som e principle s ap -
pea r  transferable :  W e ar e currentl y investigatin g th e questio n 
of  h o w th e method s presente d i n thi s pape r  and ,  mor e gen -
erally ,  th e sketc h theor y o f  menta l  image s ca n b e use d i n th e 
analysi s o f  distanc e cognitio n i n large-scal e spac e (Berendt , 
i n preparation) .  Th e result s o f  thi s wor k wil l  b e importan t  fo r 
Alle n inference s too ,  i f  thes e inference s ar e t o b e regarde d no t 
as abstrac t  scree n tasks ,  a s the y ar e here ,  bu t  a s foundation s 
fo r  entitie s i n th e worl d t o b e reasone d about ,  e.g .  geographi c 
entitie s i n GIS . 
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Abstrac t 

In studying cognition, we infer the presence of mental 
structure s i n a n idealize d settin g fro m performanc e i n variou s 
experimenta l  settings .  Althoug h experimenta l  setting s ar e 
believe d t o ta p th e menta l  structur e o f  interest ,  the y als o 
alway s reflec t  idiosyncrati c task-specifi c  properties .  Indeed , 
distinc t  method s ofte n diverg e i n thei r  outcomes .  H o w ca n 
we asses s th e presenc e o f  th e menta l  strucnir e i n th e idealize d 
settin g give n divergen t  outcome s o f  distinc t  methods ? W e 
illustrat e thi s proble m i n a  specifi c  exampl e concernin g th e 
contributio n o f  phonolog y i n reading .  Evidenc e fo r  th e rol e 
of  phonolog y i n th e "idealized "  readin g settin g i s assesse d 
by differen t  methods .  Method s o f  maske d an d unmaske d 
displa y disagre e i n thei r  outcomes .  Th e contributio n o f 
phonolog y appear s robus t  unde r  masking ,  bu t  limite d unde r 
unmasked display .  W e outlin e tw o alternativ e explanation s 
fo r  th e robustnes s o f  phonologica l  effect s unde r  masking . 
On on e view ,  phonemi c maskin g effect s ar e a  tru e reflectio n 
of  earl y readin g stage s (Beren t  &  Perfetti ,  1995) . 
Conversely ,  Verstae n e t  al .  (1995 )  argu e (1 )  tha t  maskin g 
overestimate s th e contributio n o f  phonolog y an d (2 )  tha t 
phonemi c maskin g effect s ar e eliminate d b y a  manipulatio n 
tha t  discourage s relianc e o n phonology .  W e demonstrat e 
tha t  (2 )  i s  incorrect ,  bu t  (1 )  canno t  b e resolve d empirically . 

I n studyin g cognition ,  w e infe r  th e content s an d structur e o f 
a cognitiv e architectur e fro m observe d behavio r  i n a n 
experimenta l  setting .  O u r  interest ,  however ,  i s  rarel y 
limite d t o th e specifi c  experimenta l  setting .  Instead ,  w e wis h 
t o describ e th e menta l  structure s tha t  pertai n t o som e 
idealize d genera l  setting '  .  Ou r  empirica l  data ,  however , 
provid e u s wit h onl y partia l  informatio n fo r  makin g suc h 
generalizations .  Behavio r  observe d i n a  give n experimenta l 
settin g i s alway s a t  leas t  partl y du e t o th e idiosyncrati c 
requirement s o f  th e experimenta l  tas k whic h m a y b e 
irrelevan t  t o th e idealize d setting .  Fo r  instance ,  ou r  o w n 
researc h attempt s t o revea l  th e menta l  structure s underlyin g 
performanc e i n a n idealize d "natural"  readin g setting . 
Laborator y task s al l  maintai n som e o f  th e characteristic s o f 
thi s idealize d setting ,  but ,  i n addition ,  the y presen t  som e 
idiosyncrati c demands ,  suc h a s th e discriminatio n o f  word s 

fro m nonwords ,  speede d namin g o r  identifyin g word s w h e n 
the y ca n barel y b e see n du e t o visua l  masking .  Indeed , 
distinc t  methods ,  believe d t o ta p int o a  c o m m o n menta l 
structure ,  ofte n diverg e i n thei r  outcomes .  Suc h divergenc e 
call s fo r  a n interpretation .  Give n tha t  divergenc e o f 
outcome s i s partl y du e t o methodologica l  differences ,  h o w 
coul d on e asses s th e generalit y o f  a n inferre d menta l 
structure ? 

Consider ,  fo r  instance ,  a  cas e wher e tw o methods ,  A/ y an d 
Af  2  m a y bot h reflec t  th e presenc e o f  a  certai n menta l 
structur e a  a t  som e idealize d genera l  settin g M .  Suppose , 
however ,  tha t  thes e method s disagre e i n thei r  outcomes . 
Metho d M j  yield s positiv e evidenc e fo r  a  wherea s n o 
evidenc e fo r  a  i s detecte d b y metho d Af2 -  O n e i s the n lef t 
wit h tw o relate d questions .  ( l )Wh y d o th e method s diverg e 
i n thei r  outcomes ? (2 )  Wh ic h outcom e shoul d w e trust :  I s 
th e menta l  structur e a  presen t  i n th e idealize d settin g M ? A 
repl y t o thes e question s migh t  includ e on e o f  tw o moves^ . 
O ne m a y choos e t o reif y th e outcom e o f  metho d M ]  b y 
assumin g tha t  M j ' s outcom e (bu t  no t  M 2 ' s )  i s a  tru e 
marke r  o f  th e structur e a .  O n thi s view ,  structur e a 
generall y doe s underli e performanc e i n th e idealize d settin g 
M.  Th e failur e o f  metho d Af 2 t o reflec t  it s  presenc e i s du e 
t o som e tas k specifi c  factor s whic h reduc e it s sensitivity . 
Conversely ,  on e m a y conclud e tha t  metho d M j  induce s a n 
idiosyncrati c bia s fo r  detectin g th e presenc e o f  representatio n 
a .  Th e detectio n o f  a  b y metho d M ]  i s thu s du e t o som e 
tas k specifi c  factor s tha t  ar e unrepresentativ e o f  th e idealize d 
situation .  Thus ,  metho d A/ 2 ' s nul l  outcom e i s th e tru e 
marker ,  an d structur e a  generall y doe s no t  underli e 

'Fo r  th e presen t  discussion ,  w e disregar d th e importan t 
questio n o f  whethe r  suc h genera l  circumstance s exis t  b y 
referrin g t o a n idealized ,  rathe r  tha n real ,  genera l  circumstances . 

^Two othe r  possibl e move s ar e (3 )  Rejectin g th e outcome s o f 
bot h M ]  an d M 2 o n th e ground s tha t  thei r  context-sensitivit y 
as marker s o f  a  prevent s inferenc e regardin g th e idealize d 
settin g M an d (4 )  acceptin g th e outcom e o f  bot h M j  an d M 2 , 
assumin g strategi c contro l  ove r  a  i n th e idealize d setting . 
Neithe r  o f  thes e move s escape s th e inductio n problem . 
Practicall y al l  know n marker s o f  cognitiv e structure s ar e 
contex t  sensitive ,  s o mov e 3  entail s th e rejectio n o f  cognitiv e 
psycholog y a s a n empirica l  science .  Mov e 4  equate s th e stud y 
of  cognitio n wit h th e stud y o f  contex t  sensitiv e strategi c 
control— a rathe r  differen t  enterpris e tha n th e traditiona l  pursui t 
of  context-fre e structure s (se e Va n Orden ,  Aitchiso n & 
Podgornik ,  1996b) .  Thi s move ,  howeve r  doe s no t  escap e 
theor y drive n assumption s regardin g method s M j  an d M 2 a s 
(true )  mirror s o f  M . 
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performanc e i n th e idealize d situatio n M .  Importantly ,  eac h 
of  thes e move s regardin g th e presenc e o f  a  i n th e idealize d 
settin g require s additiona l  assumption s regardin g method s 
M ]  an d M 2 -  I f  thes e additiona l  assumption s ar e derive d 
fro m th e sam e theor y regardin g menta l  structur e a ,  the n w e 
fac e a  proble m o f  circularity :  Theory-drive n assumption s 
regardin g method-propertie s predetermin e th e acceptabilit y  o f 
evidenc e pertinen t  t o th e sam e theor y (Va n Orden , 
Penningto n &  Stone,  1996a ,  Va n Orde n e t  al. ,  1996b) .  Th e 
presen t  researc h extend s th e investigatio n o f  Va n Orde n an d 
colleague s t o a n additiona l  exampl e wher e theory-drive n 
methodologica l  assumption s determin e th e interpretatio n o f 
dat a i n readin g experiments .  W e wil l  no t  resolv e thes e 
issue s becaus e ther e doe s no t  appea r  t o b e a  simpl e correc t 
answer .  B y reportin g thi s example ,  w e hop e t o rais e specifi c 
question s regardin g readin g research ,  a s wel l  a s genera l 
question s regardin g th e large r  proble m o f  methodologica l 
divergence . 

Our  exampl e concern s th e rol e o f  phonolog y i n reading , 
undoubtedly ,  on e o f  th e mos t  controversia l  issue s i n 
psycholinguistics .  I t  i s  ofte n assume d tha t  readin g a  wor d 
entail s th e retrieva l  o f  it s meanin g fro m a  menta l  lexicon . 
H o w i s a  word' s meanin g retrieved :  I s i t  achieve d solel y 
base d o n g r a p h e m i c (letter )  information ,  o r  i s  i t 
constraine d b y phonologica l  information ,  assemble d b y 
mappin g it s letter s int o phonemes ? Th e readin g literatur e 
include s tw o contradictor y replie s t o thi s question . 
Accordin g t o th e s lo w phonolog y hypothesi s (e.g. , 
Seidenberg ,  Waters ,  Barne s &  Tanenhaus ,  1984) ,  th e 
assembl y o f  phonolog y i s to o slo w t o affec t  lexica l  access . 
It s computatio n i s resource-demandin g an d subjec t  t o 
strategi c control .  O n thi s view ,  words '  meaning s ar e 
retrieve d primaril y base d o n graphemi c information .  I n 
contrast ,  th e fas t  phonolog y hypothesi s (e.g .  Va n Orden , 
Penningto n &  Stone ,  199 0 )  assume s tha t  th e assembl y o f 
phonolog y i s ver y fas t  an d relativel y automatic .  Phonolog y 
i s thu s believe d t o b e a  general ,  perhap s mandator y 
componen t  o f  reading . 

The existing ,  ver y larg e bod y o f  evidenc e pertainin g t o 
thi s questio n i s highl y contradictory .  I n a  recen t  revie w 
paper ,  Beren t  &  Perfett i  (1995 )  suggeste d tha t  th e 
contradiction s regardin g th e natur e o f  phonolog y an d it s 
contributio n t o readin g ar e systematicall y linke d t o th e typ e 
of  metho d used .  Maskin g methods ,  displayin g th e word s fo r 
a brie f  duratio n (e.g .  1 5 m s )  followe d b y a  maskin g 
stimulus ,  typicall y portra y phonolog y a s a  fas t  an d genera l 
constrain t  o n readin g (e.g. ,  Perfett i  &  Bell ,  1991) .  I n 
contrast ,  method s i n whic h word s ar e no t  maske d depic t  th e 
assembl y o f  phonolog y a s slow ,  controlle d an d limite d i n it s 
effec t  (e.g. ,  Seidenber g e t  al. ,  1984) .  Beren t  &  Perfett i 
(1995 )  explaine d tha t  divergenc e withi n a  specifi c  theor y o f 
reading ,  th e tw o cycle s model .  Accordin g t o th e tw o cycle s 
model ,  phonolog y i s assemble d i n tw o consecutiv e stages . 
Th e firs t  consonanta l  cycl e i s fas t  an d automatic ,  followe d 
by a  second ,  vowe l  cycle ,  whic h i s slo w an d controlled .  Th e 
methodologica l  contradiction s ar e thu s addresse d b y 
assumin g tempora l  change s i n th e content s o f  phonologica l 
representation s whic h paralle l  th e tempora l  contras t  betwee n 
experimenta l  methods .  Method s usin g clearl y presented , 
unmaske d word s portra y assembl y a s slo w an d controlle d 

becaus e the y ta p primaril y int o th e lat e vowe l  cycle .  I n 
contrast ,  maskin g method s ta p int o th e earl y consonanta l 
cycle ,  an d thus ,  depic t  phonolog y a s a  fas t  an d genera l 
constraint .  I n essence ,  thi s solutio n t o th e methodologica l 
conflic t  assume s tha t  bot h method s provid e tru e reflection s 
of  th e assembl y mechanism . 

F ro m th e poin t  o f  vie w o f  th e slo w phonolog y 
hypothesis ,  Beren t  &  Perfetti' s  (1995 )  accoun t  o f  result s 
obtaine d usin g unmaske d word s i s relativel y uncontroversial . 
The ide a tha t  thes e finding s reflec t  a  slo w an d controlle d 
vowel  cycl e fits  wel l  wit h th e slo w phonolog y hypothesis . 
I t  i s  th e robustnes s o f  phonologica l  effect s foun d usin g 
maskin g method s tha t  i s th e subjec t  o f  debate .  Beren t  an d 
Perfett i  assume d tha t  maskin g procedure s provid e a  faithfu l 
reflectio n o f  th e genera l  contributio n o f  consonan t  assembl y 
t o reading .  Conversely ,  on e ma y questio n phonologica l 
effect s foun d usin g maskin g method s b y assumin g tha t 
maskin g distort s natura l  readin g processes .  Suc h a n 
explanatio n ha s bee n propose d b y Verstaen ,  Humphrey , 
Olson ,  &  D'Ydewall e (1995) .  O n thei r  view ,  phonologica l 
effect s unde r  maskin g d o no t  reflec t  a n inheren t  propert y o f 
reading ;  the y ar e induce d b y th e maskin g technique .  B y 
contrast ,  graphemi c informatio n i s th e principa l  constrain t 
on natura l  reading .  Graphemi c information ,  however ,  i s 
disrupte d b y maskin g (se e als o Hawkins ,  1976 ;  Carr , 
Davidso n &  Hawkins ,  1978 ;  Car r  &  Pollatsek ,  1985) .  Thi s 
force s th e reade r  t o rel y o n phonology ,  whic h i s otherwis e a 
rathe r  atypica l  metho d o f  derivin g a  word' s meaning . 

The previou s vie w o f  phonolog y a s a n optional ,  wea k 
constrain t  o n readin g predict s tha t  phonolog y effect s ma y b e 
eliminate d unde r  condition s discouragin g it s  use .  Verstae n 
et  al .  (1995 )  supporte d thi s clai m usin g a  maskin g method . 
I n th e cru x manipulation ,  homophon e word s (e.g .  sine )  wer e 
presente d briefl y followe d b y a  mas k compose d o f  letter s 
(e.g .  S Y N E ,  S O N E ) .  Becaus e th e meanin g an d spellin g o f  a 
homophon e i s unpredictabl e from  it s phonology ,  th e us e o f 
homophone s i s expecte d t o discourag e subjects '  relianc e o n 
phonology .  Th e contributio n o f  phonolog y t o th e 
identificatio n o f  thes e target s wa s examine d b y comparin g 
th e effect s o f  thre e masks :  A  pseudohomophone ,  e.g . 
S Y N E —a nonwor d whos e pronunciatio n matche s th e 
target's ;  a  graphemi c mask ,  e.g. ,  S O N E — a  nonwor d 
matche d t o th e pseudohomophon e i n graphemi c (bu t  no t 
phonological )  similarit y t o th e target ;  an d a  contro l  mas k 
e.g. ,  P R A F — a  nonwor d tha t  share s neithe r  phonolog y no r 
grapheme s wit h th e target .  Th e subjects '  tas k i s simpl y t o 
repor t  th e spellin g o f  th e target .  I f  subject s rel y o n 
phonolog y i n thi s task ,  the n a  pseudohomophon e mas k 
( S Y N E)  tha t  reinstate s th e target' s phonolog y ma y facilitat e 
identificatio n compare d t o a  graphemi c contro l  mask .  Th e 
differentia l  effec t  o f  th e pseudohomophon e relativ e t o th e 
graphemi c mas k i s referre d t o a s th e phonemi c maskin g 
effect .  I f  subject s m a y suppres s phonology ,  the n th e 
phonemi c maskin g effec t  m a y b e nullifie d b y th e 
conspicuou s presentatio n o f  homophon e targets .  Indeed , 
Verstae n e t  a l  (1995 )  foun d tha t  th e conspicuou s 
presentatio n o f  homophon e target s a t  th e beginnin g o f  th e 
experimen t  result s i n th e cancellatio n o f  th e phonemi c 
maskin g effec t  wherea s th e inconspicuou s presentatio n o f 
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homophone target s towar d th e en d o f  th e experimen t  yield s a 
significan t  phonemi c maskin g effect . 

The result s o f  Verstae n e t  a l  (1995 )  rais e question s a t 
severa l  levels .  Concernin g reading  specifically ,  thes e result s 
questio n Beren t  &  Perfetti' s  (1995 )  clai m tha t  th e maskin g 
metho d tap s a  mandator y componen t  o f  assembly .  Thei r 
finding s thu s challeng e bot h th e fas t  phonolog y hypothesi s 
and th e validit y o f  th e maskin g techniqu e fo r  revealin g fas t 
phonology .  A t  a  mor e genera l  theoretica l  level ,  thes e 
finding s illustrat e th e difficult y o f  interpretin g 
methodologica l  divergence .  Ou r  experimen t  concern s 
readin g specifically ,  bu t  w e retur n t o th e wide r  implication s 
i n th e discussion . 

The evidenc e supportin g th e suppressio n o f  phonolog y 
alway s rest s o n a  failur e t o observ e a  phonolog y effec t  (Va n 
Orde n e t  al. ,  1990) .  Obviously ,  th e suppor t  o f  hypothese s 
by nul l  result s i s a  questionabl e practice .  Th e specifi c  nul l 
effec t  o f  Verstae n e t  al .  (1995 )  furthe r  disagree s wit h 
existin g evidenc e demonstratin g phonologica l  effect s unde r 
maskin g despit e condition s tha t  discourag e relianc e o n 
phonolog y (e.g. ,  Berent ,  1995 ;  Va n Orden ,  1987 ;  Ziegle r  & 
Jacobs ,  1995 ;  Ziegler ,  Va n Orde n &  Jacobs ,  i n press) .  W e 
begi n ou r  investigatio n b y revisitin g thi s nul l  effect .  W e 
first  attemp t  t o replicat e th e finding s o f  Verstae n e t  al .  usin g 
thei r  homophon e targets .  Followin g thei r  design ,  w e 
manipulate d subjects '  relianc e o n phonolog y usin g tw o list s 
consistin g o f  homophon e target s an d nonhomophon e fillers . 
I n th e phonolog y encouragin g condition ,  on e grou p o f 
subject s wa s presente d wit h th e homophon e target s afte r 
seein g nonhomophon e fillers ,  an d the y wer e no t  informe d o f 
th e presenc e o f  homophone s i n th e list .  Accordin g t o 
Verstae n e t  a l  (1995),  thes e condition s shoul d encourag e th e 
relianc e o n phonology ,  yieldin g a  significan t  phonemi c 
maskin g effect .  I n contrast ,  subject s i n th e phonolog y 
discouragin g conditio n wer e presente d wit h th e homophon e 
target s a t  th e beginnin g o f  th e experiment .  Moreover ,  the y 
wer e explicitl y  warne d abou t  th e presenc e o f  homophone s 
and advise d t o rel y o n spelling .  I f  phonolog y ma y b e 
suppresse d unde r  condition s discouragin g it s  use ,  the n thi s 
conditio n shoul d produc e a  nul l  phonemi c maskin g effect ,  a s 
foun d b y Verstae n e t  al .  (1995) . 

Method 
Material s 
The homophon e target s an d thei r  mask s wer e 5 1 o f  th e 5 4 
homophones use d b y Verstae n e t  al .  (1995)^ .  T h e 
nonhomophon e fillers  wer e th e 4 8 simple-vowe l  target s use d 
i n Beren t  &  Perfetti ,  (1995 ,  Experimen t  4) .  Followin g 
Verstae n e t  al. ,  th e set s o f  homophon e an d nonhomophon e 
target s wer e arrange d i n tw o combination s designe d t o 
encourag e o r  discourag e th e relianc e o n phonology .  I n th e 
phonolog y encouragin g condition ,  th e nonhomophon e 
target s wer e presente d first  followe d b y th e homophon e 
targets .  I n th e phonolog y discouragin g condition ,  th e 
homophon e target s wer e presente d fist  followe d b y th e 

^One targe t  wa s exclude d becaus e it s pseudohomophon e faile d 
t o matc h th e target' s pronunciatio n i n America n English .  Tw o 
additiona l  target s wer e exclude d fo r  th e purpos e o f 
counterbalancing . 

nonhomophon e targets .  Withi n eac h condition ,  th e 
presentatio n o f  eac h targe t  an d it s  nonwor d mask s wa s 
counter-balanced .  Target s wer e presente d i n lowe r  cas e 
wherea s mask s wer e presente d i n uppe r  case ,  an d the y wer e 
eac h bounde d b y numbe r  sign s (# )  t o th e righ t  an d lef t  o f 
thei r  outermos t  letters . 

Procedure 
At  th e beginnin g o f  th e trial ,  a  patter n mas k (######## ) 
appeare d a s a  fixatio n a t  th e cente r  o f  th e monitor .  Subject s 
initiate d a  tria l  b y pressin g th e spac e bar .  Eac h tria l 
containe d thre e successiv e events :  A  targe t  word ,  a  nonwor d 
mask an d a  patter n mask .  Th e targe t  wa s followe d 
immediatel y b y th e nonwor d mas k an d a  patter n mas k whic h 
remaine d o n th e scree n unti l  th e subjec t  responded .  Th e 
targe t  an d mas k wer e eac h presente d fo r  tw o refres h cycle s 
(2 8 ms) .  Th e orde r  o f  trial s fo r  eac h subjec t  withi n eac h 
bloc k o f  trial s (homophon e vs.  nonhomophone )  wa s 
random .  T o reduc e th e visua l  contrast ,  al l  visua l  stimul i 
wer e presente d i n a  blu e colo r  o n a  blac k backgroun d 

Subject s wer e aske d t o writ e dow n th e target s an d mask s 
the y perceived .  I n th e phonolog y discouragin g condition , 
the y wer e warne d abou t  th e presenc e o f  homophone s an d 
advise d t o atten d t o spellin g disregardin g words ' 
pronunciations .  Thes e subject s wer e als o warme d u p wit h 
homophon e targets .  Non e o f  th e target s use d i n th e war m 
up appeare d i n th e experimenta l  session ,  an d the y wer e al l 
followe d b y a  contro l  mask . 

Subjects 
Subject s wer e Arizon a Stat e Universit y undergraduate s w h o 
wer e nativ e Englis h speaker s wit h norma l  o r  correcte d t o 
norma l  vision .  T o eliminat e floor  an d ceilin g performances , 
a cu t  of f  procedur e wa s adopted .  Th e leve l  o f  acceptabl e 
performanc e wa s se t  t o 10-90 % overal l  accurac y acros s targe t 
types .  Thi s cu t  of f  yielde d 3 6 subject s pe r  conditio n an d 
eliminate d 6  subject s fro m th e phonolog y encouragin g 
conditio n an d 4  subject s fro m th e discouragin g condition . 

Results 
H o m o p h o ne Target s 
Cor rec t  Identification .  Th e A N O V A o n th e 
identificatio n accurac y o f  homophon e target s ( 2 strateg y x  2 
mask)  reveale d a  significan t  interactio n o f  mas k b y strateg y 
(Fi(2 ,  140)=3.419 ,  MSe=.007 ,  p=.0355 ;  F2(2 ,  100)=3.042 , 
MSe=.01 2 p=.0522) .  I n th e encouragin g condition ,  th e 
pseudohomophon e (A=7.84% ,  Fi(l ,  140)=15.83 ,  p=.0001 ; 
F2( l  100)=13.256 ,  p=.0004 )  an d graphemi c mas k 
(A=5.22% ,  Fi(l ,  140)=7.02 .  p=.009 ;  F2(l ,  100)=5.894 , 
p=.017 )  eac h facilitate d recognitio n compare d t o th e contro l 
mask.  However ,  th e phonemi c maskin g effec t  wa s no t 
significant :  recognitio n wit h th e pseudohomophon e an d 
graphemi c mas k di d no t  diffe r  significantl y (A=2.62% ,  Fi(l , 
140)=1.76 6 ,  p=.1856 ;  F2(l ,  100)=1.471 ,  p=.228) .  I n 
contrast ,  th e discouragin g conditio n resulte d i n a  significan t 
phonemi c maskin g effect .  Thi s effect ,  however ,  wa s 
inhibitor y i n nature :  Identificatio n accurac y i n th e presenc e 
of  th e pseudohomophon e mas k wa s significantl y lowe r 
compare d t o th e graphemi c mas k (A=4.91% ,  Fi ( l , 
140)=6.21 ,  p=.0138 ;  F2(l .  100)=5.I55 ,  p=.0253) .  I n 
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addition ,  th e graphemi c mas k (A=8.66% ,  Fi(l .  140) = 19.32 , 
p=.0000 ;  F2(l ,  100)=16.1l ,  p=.0001) .  bu t  no t  th e 
pseudohomophon e (A=3.75% ,  Fi(l .  140)=3.62 ,  p=.059 ; 
F2(l ,  100)=3.039 ,  p=.0844 )  improve d recognitio n accurac y 
compare d t o th e contro l  mas k 

Encouraging Discouraging 

Pseudohomophon e 26.6 3 
Graphemi c 24.0 1 
Contro l  18.7 9 

24.5 0 
29.4 1 
20.7 5 

Tabl e 1 :  Targe t  identificatio n accurac y ( % correct )  a s a 
functio n o f  mas k typ e i n th e phonolog y encouragin g an d 

phonolog y discouragin g conditio n 

Homophone Errors. Of the 1836 trials involving 
homophon e targets ,  3 1 o f  th e response s give n i n th e 
phonolog y encouragin g conditio n an d 3 6 o f  th e response s i n 
th e phonolog y discouragin g conditio n wer e incorrec t  report s 
of  th e target' s homophon e (e.g. ,  sig n reporte d t o th e targe t 
sine) .  Th e A N O V A o n homophon e error s ( 2 strateg y x  2 
mask)  reveale d a  significan t  mai n effec t  o f  mas k typ e (  Fi(2 , 
140)=5.017 ,  MSe=.001,p=.0079 ;  F2(2 ,  100)=9.216 , 
MSe=.001 ,  p=.0002) .  Interestingly ,  homophon e error s 
reflecte d a  phonolog y effect .  Acros s strateg y conditions ,  th e 
pseudohomophon e mas k resulte d i n a  marginall y significan t 
increas e i n homophon e error s compare d t o th e graphemi c 
mask (A=.0098 ,  Fi( l ,  140)=2.72 ,  p=.1012 ;  F2( l , 
100)=5.005 ,  p=.0275 )  an d th e contro l  mas k (A=.0188 ,  Fi(l , 
140)=10.028 ,  p=.0019 ;  F2(l ,  100)=18.47 ,  p=.0000) .  Th e 
graphemi c mas k als o produce d a  marginall y significan t 
increas e i n homophon e error s compare d t o th e contro l  mas k 
(A=.009 .  Fi(l ,  140)=2.39 ,  p=.13 ;  F2(l ,  100)=4.225 , 
p=.04) .  A n inspectio n o f  th e cel l  means ,  however ,  reveale d 
tha t  th e phonolog y effec t  i s  mainl y du e t o th e phonolog y 
encouragin g condition .  I n th e phonolog y encouragin g 
condition ,  th e pseudohomophon e mas k resulte d i n a 
significan t  increas e i n homophon e error s compare d t o th e 
graphemi c mas k (A=.0147 ,  Fi(l ,  140)=3.95 ,  p=.049 ;  F2(l , 
100)=4.664 ,  p=.0332) .  I n contrast ,  n o suc h differenc e i n 
homophon e error s wa s foun d i n th e phonolog y discouragin g 
conditio n (A=.0048 ,  Fi(l ,  140)<1 ,  F2(l ,  100)<1) . 

Encouraging Discouraging All 

Pseudohomophon e 
Gr^hemi c 
Contro l 

.027 8 .027 8 

.013 1 .022 9 

.009 8 .008 2 

.027 8 

.018 0 

.009 0 

Tabl e 2 :  Th e mea n numbe r  o f  homophon e error s produce d 
by a  subjec t  pe r  homophon e targe t  i n th e phonolog y 
encouragin g an d phonolog y discouragin g conditions . 

Discussion 
The presen t  experimen t  wa s designe d t o asses s th e clai m o f 
Verstae n e t  a l  (1995 )  tha t  relianc e o n phonolog y ma y b e 
eliminate d b y phonolog y discouragin g conditions .  I n 
suppor t  o f  thei r  claim ,  Verstae n an d colleague s presente d a 
nul l  effec t  o f  phonemi c maskin g obtaine d whe n subject s 

wer e confronte d wit h homophon e targets .  Th e result s o f  th e 
presen t  experimen t  contradic t  th e attributio n o f  thi s nul l 
effec t  t o th e absenc e o f  phonology .  Althoug h th e 
pseudohomophon e mas k increase d homophon e error s 
compare d t o th e graphemi c mask ,  n o phonemi c maskin g 
effec t  wa s obtaine d i n correc t  targe t  identification .  Thus ,  th e 
strateg y manipulatio n i s no t  necessar y t o produc e a  nul l 
phonemi c maskin g effect .  Moreover ,  th e result s o f  th e 
phonolog y discouragin g conditio n sugges t  tha t  thei r  strateg y 
manipulatio n i s no t  sufficien t  t o eliminat e phonolog y 
either̂ .  A  stron g inhibitor y phonemi c maskin g effec t  wa s 
obtaine d unde r  condition s designe d t o discourag e relianc e 
upo n phonology .  Th e topolog y o f  effect s i n ou r  dat a i s 
identica l  t o theirs ;  A  simila r  nonsignifican t  inhibitor y tren d 
was observe d als o i n eac h o f  th e studie s o f  Verstae n e t  al . 
(1995) .  Becaus e th e pseudohomophon e an d graphemi c mas k 
diffe r  onl y i n thei r  phonologica l  similarit y t o th e target ,  an y 
differenc e i n thei r  effec t  mus t  indicat e th e presenc e o f 
phonology .  Wha t  i s th e reaso n fo r  thi s inhibitor y effect ? 
W hy di d i t  emerg e i n th e discouragin g condition ? 

By definition ,  th e pseudohomophon e provide s subject s 
wit h th e target' s correc t  phonolog y a t  th e pric e o f  incorrec t 
spelling .  I f  phonolog y feed s bac k activatio n t o spellin g 
(Stone ,  Vanho y &  V a n Orden ,  i n press) ,  the n th e 
pseudohomophon e phonolog y ma y activat e th e spellin g o f 
th e target' s homophon e competito r  (e.g .  sign) ,  introducin g 
additiona l  competition .  Th e activatio n o f  multipl e spelling s 
may resul t  i n a  competitio n whic h ultimatel y reduce s th e 
activatio n o f  th e target' s correc t  spellin g (Ziegle r  &  Jacobs , 
1995 ;  Ziegle r  e t  al. ,  i n press) .  Thus ,  i n th e presenc e o f 
homophon e targets ,  th e pseudohomophon e ma y no t  onl y 
increas e th e availabilit y  o f  incorrec t  spellin g informatio n 
(expresse d i n homophon e error s i n th e encouragin g 
condition )  bu t  als o decreas e th e activatio n o f  th e target' s 
correc t  spellin g (expresse d i n failure s o f  targe t  recognitio n i n 
th e discouragin g condition) .  Phonemi c maskin g thu s 
increase s th e uncertaint y regardin g targets '  spelling .  Give n 
th e emphasi s o n correc t  spellin g i n th e discouragin g 
condition ,  subject s ma y adap t  t o th e spellin g uncertaint y b y 
means o f  tw o strategies .  The y ma y adop t  a  cautiou s repor t 
strateg y i n case s o f  spellin g uncertainty .  I n addition , 
subject s ma y increas e thei r  toleranc e o f  incorrec t  phonemi c 
informatio n associate d wit h non-homophon e masks .  Thes e 
tw o strategie s woul d lea d t o a  decreas e i n targe t  repor t  wit h 
th e pseudohomophon e an d perhap s a n increas e i n th e 
presenc e o f  th e graphemi c mask .  Th e inhibitor y phonemi c 
maskin g effec t  i n th e phonolog y discouragin g conditio n ma y 
reflec t  th e combine d effec t  o f  thes e tw o strategies . 
Interestingly ,  a n inhibitor y phonemi c maskin g effec t  ha s 
als o bee n foun d i n th e absenc e o f  suc h a n explici t  strateg y 
manipulatio n i n Hebrew ,  a  languag e manifestin g pervasiv e 
homophon y (Beren t  &  Frost ,  i n press) .  A n inhibitio n o f 
inconsisten t  correspondence s betwee n phoneme s an d 
grapheme s ma y b e necessar y t o ensur e correc t  spellin g i n 
thi s language .  Importantly ,  however ,  inhibitor y effect s o f 

^Proponent s o f  th e slo w phonolog y hypothesi s ma y stil l 
argu e tha t  phonolog y assembl y ma y b e eliminate d b y som e 
othe r  stil l  stronge r  discouragin g manipulation .  Thi s pursui t  o f 
nul l  phonolog y effec t  woul d see m t o carr y th e burde n o f  proof . 
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phonemi c maskin g ar e stron g evidenc e fo r  th e contributio n 
of  phonology .  Thus ,  i n contras t  t o th e conclusio n o f 
Verstae n e t  al .  (1995) ,  th e presen t  result s sugges t  tha t 
relianc e o n phonolog y persist s unde r  condition s designe d t o 
suppres s it s contribution . 

What  ar e th e genera l  implication s o f  ou r  fmding s fo r  th e 
debat e regardin g th e contributio n o f  phonolog y i n reading ? 
We bega n thi s discussio n wit h a  stalemate .  O n e o f  th e 
stronges t  source s evidenc e supportin g th e fas t  phonolog y 
hypothesi s i s  th e robustnes s o f  phonolog y effect s unde r 
maskin g conditions .  Thes e finding s contras t  wit h outcome s 
of  method s o f  unmaske d display .  W e outline d tw o 
competin g account s fo r  thi s methodologica l  divergence . 
Specifically ,  thes e account s concer n th e phonemi c maskin g 
effects .  Beren t  &  Perfett i  (1995 )  attribute d th e robustnes s o f 
phonemi c maskin g effect s t o th e inheren t  propertie s o f 
consonan t  assembly ,  tappe d b y th e maskin g procedure . 
Conversely ,  Verstae n e t  al .  (1995 )  argue d tha t  maskin g 
effect s artificiall y  encourag e phonolog y b y selectivel y 
degradin g graphemi c information .  Ou r  presen t  finding s 
demonstrat e tha t  subject s rel y o n phonolog y unde r 
phonolog y discouragin g mask in g conditions . 
Unfortunately ,  however ,  thes e finding s d o no t  resolv e th e 
stalemat e wit h respec t  t o th e rol e o f  phonolog y i n reading . 
The resolutio n o f  thi s stalemat e require s a  priori ,  objectiv e 
knowledg e o f  th e maskin g procedure .  Th e falsificatio n o f 
Verstae n e t  al.' s  (1995 )  clai m tha t  assembl y ma y b e 
suppresse d unde r  maskin g doe s no t  discredi t  thei r  genera l 
contentio n tha t  th e maskin g procedur e overestimate s th e 
contributio n o f  phonology . 

I t  seem s difficult ,  perhap s impossible ,  t o determin e 
whethe r  evidenc e fo r  phonolog y fro m maskin g studie s 
reflect s th e idealize d readin g settin g o r  artifact s o f  th e 
maskin g procedure .  Evidenc e fo r  a  menta l  structur e i n a n 
experimenta l  settin g increase s ou r  certaint y tha t  thi s 
structur e i s presen t  i n th e experimenta l  setting ,  bu t  i t  doe s 
not  necessaril y  increas e certaint y abou t  it s presenc e i n th e 
idealize d setting .  Th e tighte r  th e constructio n o f  th e 
experimenta l  setting ,  th e greate r  th e difficult y i n 
generalizin g it s outcome s t o th e idealize d setting .  Thi s 
uncertaint y i s particularl y salien t  whe n outcome s o f  distinc t 
method s diverge .  Thes e problem s ar e clearl y no t  limite d t o 
any particula r  experimenta l  method ,  bu t  the y ar e especiall y 
grav e wit h respec t  t o masking .  I f  Beren t  &  Perfett i  (1995 ) 
ar e righ t  t o clai m tha t  th e content s o f  phonolog y chang e 
alon g th e tim e dimension ,  the n propertie s o f  earl y readin g 
stage s ar e full y  confounde d wit h th e maskin g paradigm . 
Onl y maskin g method s ma y revea l  th e uniqu e propertie s o f 
earl y readin g stages .  I f  so ,  the n divergenc e betwee n th e 
outcome s o f  maske d an d unmaske d setting s i s  virtuall y 
guaranteed . 

A methodologica l  divergenc e invite s th e labelin g o f 
empirica l  method s a s biase d mirror s o f  a n idealize d setting . 
Give n inheren t  uncertaint y a s t o ho w idiosyncrati c task s 
affec t  th e outcome s o f  experiments ,  th e resolutio n o f 
methodologica l  divergenc e canno t  b e achieve d i n a  theory -
independen t  fashion .  W e offe r  n o solutio n fo r  thes e 
problems .  However ,  recognizin g th e rol e o f  theor y drive n 
assumption s i n suc h interpretation s ma y reduc e th e risk  o f 
unacknowledge d circularity .  T h e illusio n tha t 

methodologica l  divergenc e ca n b e resolve d base d o n theor y 
independen t  inference s i s  dangerous ,  sinc e i t  inevitabl y 
license s theorie s t o ignor e conflictin g dat a b y stigmatizin g 
method s use d i n thei r  collectio n (Va n Orde n e t  al. ,  1996b) . 
Recognizin g th e rol e o f  theor y i n th e evaluatio n o f  empirica l 
outcome s coul d protec t  agains t  unfounde d dismissal s o f 
conflictin g data .  Pluralis m m a y wel l  b e ou r  bes t  mean s fo r 
progress . 
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Abstrac t 

Aim of our research is an analysis of the inferential 
processe s involve d i n a  speaker' s evaluatio n o f  th e 
communicaliv e effec t  achieve d o n a  hearer .  W e presen t  a 
computationa l  mode l  wher e suc h evaluatio n proces s relie s 
on tw o mai n factor s whic h ma y var y accordin g t o thei r 
strength :  1 .  th e verba l  commitmen t  o f  th e heare r  t o pla y 
hi s rol e i n th e behaviora l  gam e actuall y bi d b y th e spetdcer , 
2.  th e persona l  belief s o f  th e speake r  concernin g bearer' s 
beliefs .  Th e hypothesi s wa s teste d a s follows .  First ,  w e 
devise d a  questionnair e i n orde r  t o collec t  huma n subjects ' 
evaluation s o f  communicativ e effects .  Subject s wer e 
require d t o conside r  som e scenario s an d t o identif y 
themselve s wit h a  speaker .  Thei r  tas k wa s t o evaluate ,  fo r 
each scenario ,  th e conmiunicativ e effec t  the y ha d reache d 
on th e heare r  (acceptanc e t o pla y th e game ,  refusal ,  o r 
indecision) .  Then ,  w e implemente d ou r  computationa l 
model  i n a  connectionis t  network ;  w e chos e a  se t  o f  inpu t 
variable s whos e combinatio n describe s al l  th e scenarios , 
and w e use d par t  o f  th e experimenta l  dat a t o trai n th e 
network .  Finally ,  w e compare d th e output s o f  th e networ k 
wit h th e evaluation s performe d b y th e huma n subjects .  Th e 
result s ar e satisfactory . 1.  I n t r oduc t i o n 

The reason why a speaker communicates is to reach an effect 
on a  hearer .  However ,  th e psychologica l  literatur e i s no t 
much concerne d wit h a n analysi s o f  th e communicativ e 
effect ,  i.e .  perlocutionar y effect .  Ou r  researc h i s a n attemp t 
t o analyz e th e perlocutionar y effec t  fro m th e poin t  o f  vie w 
of  th e speaker .  I n particular ,  w e ar e intereste d i n wha t  i s 
relevan t  t o th e speake r  i n orde r  t o evaluat e th e effec t  reache d 
on th e hearer ,  an d ho w th e evaluatio n proces s i s carrie d on . 
I n wha t  follows ,  w e clai m tha t  th e speake r  take s int o 
account ,  a s pertainin g evidence ,  bot h th e engagemen t  o f  th e 
heare r  t o pla y th e game ,  an d hearer' s belief s o n th e sincerit y 
of  th e speaker .  Th e evaluatio n process ,  w e argue ,  consist s i n 
use o f  th e evidenc e t o strengthe n o r  weake n th e belie f 
concernin g th e effec t  reache d o n th e hearer .  Th e entir e 
process ,  whic h i n huma n being s seem s t o b e speed y an d 
effortless ,  i s  modele d b y a  connectionis t  network . 

The pape r  i s organize d a s follows .  Sectio n 2  i s devote d t o 
a brie f  presentatio n o f  Cognitiv e Pragmatic s Theory ,  wit h 
specia l  referenc e t o th e menta l  representation s involve d i n 
th e evaluatio n o f  th e communicativ e effect .  Ou r  mode l  i s 
introduce d i n sectio n 3 ,  wherea s sectio n 4  i s concerne d wit h 
th e questionnaire .  Th e networ k i s describe d i n sectio n 5 ,  an d 
th e result s o f  th e compariso n betwee n huma n subjects ' 
performance s an d th e performance s o f  th e networ k ar e give n 
i n sectio n 6 .  Finally ,  conclusion s ar e m sectio n 7 . 

2 .  Cogn i t i v e P r a g m a t i c s T h e o r y 

Cognitive Pragmatics Theory is concerned with an analysis 
of  th e cognitiv e processe s underlyin g h u m a n 
communication .  Th e theory ,  advance d b y Airenti ,  Bar a an d 
Colombet d (1993) ,  i s  presente d insid e th e framewor k o f 
Speec h Acts '  Theor y and ,  consistently ,  claim s tha t 
communicatio n mus t  b e considere d par t  o f  actio n (Austin , 
1962 ;  Searle ,  1969 ,  1979) .  Indeed ,  whe n acto r  A 
communicates ,  eithe r  verball y o r  not ,  sh e aim s a t  reachin g 
an effec t  o n parme r  P  b y mean s o f  changin g hi s menta l 
state s o r  inducin g hi m t o perfor m a n action .  Give n th e 
assumptio n tha t  th e sam e analysi s hold s fo r  bot h verba l  an d 
nonverba l  conmiunication ,  th e term s acto r  an d partne r  ar e 
coDunonl y use d instea d o f  th e term s speake r  an d hearer . 
Followin g th e convention ,  we'l l  als o refe r  t o acto r  A  a s a 
femal e an d t o partne r  P  a s a  male . 

One o f  th e majo r  assumptio n o f  Cognitiv e Pragmatic s i s 
that ,  i n orde r  t o cooperat e fro m th e behaviora l  poin t  o f  view , 
th e acto r  an d th e partne r  mus t  ac t  o n th e basi s o f  a  pla n a t 
leas t  partiall y  shared ,  tha t  i s  calle d behavio r  gam e betwer a A 
and P .  Consider ,  fo r  instance ,  th e followin g example . 

(context a client enters in a shoe-shop) 
[1 ]  A :  I' m lookin g fo r  a  pai r  o f  gree n shoes . 

P:  Sorry ,  bu t  the y wer e al l  sol d ou t  las t  week . 
A:  Well ,  I'l l  hav e a  loo k elsewhere .  Thanks . 

An oversimpUfication of the behavior game shared by A and 
P i n [1 ]  i s  th e following : 

[2] [BUY-SOMETHING] 
1.  P  give s a n objec t  x  t o A 
2.  A  give s a n amoun t  o f  mone y y  t o P 

A behavior game is a stereotyped pattern of interaction 
wher e th e move s o f  A  an d P  ar e specifie d an d indicat e th e 
typ e o f  contribut e tha t  eac h o f  the m i s expecte d t o provid e a t 
a certai n poin t  o f  th e gam e i n orde r  t o b e cooperative .  Th e 
moves nee d no t  b e logicall y necessar y a s the y jus t  describ e 
typica l  interaction s involvin g th e agents .  Besides ,  th e gam e 
specifie s th e situatio n i n whic h th e gam e ca n b e playe d b y 
th e agents ,  namel y it s validit y conditions .  I n ou r  example , 
th e gam e wil l  als o specifie s tha t  on e mus t  as k fo r  a n articl e 
i n th e prope r  shop ,  e.g .  A  wil l  no t  as k fo r  a  pai r  o f  shoe s i n 
a bakery ,  an d wil l  pa y th e amoun t  require d fo r  th e article . 
e.g .  A  wil l  no t  pa y $ 5 i f  th e sho p assistan t  declare s a  pric e 
of  $60 . 
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The relevance  o f  th e notio n o f  behavio r  gam e relies  o n th e 
fac t  that ,  accordin g t o Cognitiv e Pragmatic s Theory ,  a 
speec h ac t  realize s a  mov e o f  a  behavio r  game .  Therefore ,  i t 
i s  claime d that ,  i n orde r  t o deepl y understan d th e 
communicativ e intentio n o f  a n actor ,  th e partne r  mus t 
realiz e wha t  gam e sh e bid s b y mean s o f  th e utterance .  I n 
particular .  Airent i  an d colleague s analyz e th e proces s o f 
comprehensio n o f  a  communicativ e ac t  an d theoreticall y 
decompos e i t  i n fiv e phases : 

1. Literal meaning. The partner reconstructs the mental 
state s literall y expresse d b y th e actor . 
2.  Speaker' s meaning .  Th e partne r  reconstruct s th e 
communicativ e intention s o f  th e actor . 
3.  Communicativ e effect .  Th e partne r  possibl y modifie s hi s 
own belief s an d intentions . 
4.  Reaction .  Th e intention s fo r  th e generatio n o f  th e 
re^xMis e ar e produced . 
5.  Response .  A n over t  response  i s constructed . 

In phase 2 all the relevant communicative intentions of the 
acto r  ar e reconstructed  b y th e partner ;  thei r  relevance  i s 
establishe d o n th e fac t  tha t  the y manifes t  th e actor' s 
intentio n t o participat e i n a  behavio r  gam e wit h th e partner . 
Thus ,  th e uaeranc e proffere d b y A  i s reall y understoo d whe n 
i t  i s  referred  t o th e behavio r  gam e bi d b y A .  Fo r  instance ,  a n 
utteranc e Uke : 

[3] A: Can you rise your arm? 

may be interpreted by P as a request to rise his arm or as a 
request  abou t  hi s possibilit y  t o ris e th e arm .  I f  th e behavio r 
game suggeste d b y th e contex t  i s  [A T T H E TAILOR'S ]  th e 
intende d meanin g migh t  b e a  reques t  O n th e othe r  hand ,  i f 
th e gam e suggeste d b y th e contex t  i s  [ M E D I C A L 
E X A M I N A T I O N]  th e actor' s meanin g migh t  b e a  reques t 
concernin g th e physica l  possibilit y  tha t  P  ris e hi s arm . 

Our  researc h attempt s t o mode l  par t  o f  th e communicativ e 
proces s a s i t  i s  describe d b y Airent i  an d colleagues ,  namel y 
A' s evaluatio n o f  th e communicativ e effec t  reache d o n P .  I n 
term s o f  gam e biddin g an d acceptanc e th e communicativ e 
proces s ca n b e analyze d a s follow s : 
i .  A  bid s a  gam e l o P 
ii .  P  respond s 
iii .  A  evaluate s i f  P  adhere s t o th e game . 
Indeed ,  A s comprehensio n o f  th e response  produce d b y P 
can i n tur n b e theoreticall y analyze d i n th e phase s oudine d 
by Airent i  an d colleagues .  P' s respons e i s a  startin g poin t 
fo r  A' s reconstructio n o f  hi s intentio n t o pla y th e game . 

3. The computational model 

The evaluation of the perlocutionary effect consists in a 
reasonin g proces s where ,  accordin g t o Cognitiv e Pragmatics , 
tw o factor s pla y a  majo r  role . 

First ,  A  ha s t o tak e int o accoun t  th e engagemen t  o f  P  t o 
pla y th e game .  I n particular ,  th e engagemen t  t o pla y a  mov e 
of  th e gam e ma y b e considere d a n acceptanc e o f  th e gam e 
itself .  But ,  obviously ,  thi s i s no t  sufficien t  t o accoun t  fo r 
th e evaluatio n o f  th e perlocutionar y effect .  I t  i s  stil l 

possible ,  fo r  instance ,  tha t  P  lack s o f  confidenc e i n A .  I f  A 
believe s tha t  thi s i s th e case ,  sh e ma y thin k t o hav e no t 
reache d th e intende d effect ,  eve n whe n P  expresse s th e 
intentio n t o pla y th e game .  Possibilitie s o f  thi s typ e ma y 
accoun t  fo r  deceit s i n communication . 

Thus ,  th e secon d facto r  involve d i n evaluatin g th e 
perlocutionar y effec t  i s  th e se t  o f  belief s concernin g th e 
menta l  state s o f  th e partner .  I n ou r  computationa l  mode l  th e 
belief s o f  A  concernin g P' s belief s pla y a  majo r  rol e i n th e 
evaluatio n o f  th e communicativ e efifect .  Not e tha t  th e notk n 
of  share d knowledg e w e bonx) w from  Cognitiv e Pragmatic s 
i s a  one-side d deflnition .  Sinc e w e ar e concerne d wit h th e 
menta l  representations  o f  A ,  i t  woul d b e th e cas e that : 
i .  A  ma y tak e fo r  share d th e knowledg e tha t  P  doe s no t 
believe s t o shar e wit h her .  I n particular ,  A' s an d F s 
representation s o f  th e behavio r  gam e tha t  A  i s biddin g ma y 
be differen t 
ii .  A  ma y erroneousl y attribut e certai n belief s t o P . 

I n ou r  computationa l  mode l  th e attributio n o f  belief s t o 
th e partne r  heavil y influence s th e evaluatio n o f  th e 
perlocutionar y effect ,  a s muc h a s th e verba l  o r  nonverba l 
commitmen t  o f  th e partne r  t o pla y th e game .  W e refer  t o th e 
evaluatio n proces s a s evidentia l  reasoning .  Indeed ,  eac h o f 
th e possibl e evaluation s ( P accept s th e game/ P doe s no t 
accep t  th e game/i t  i s  no t  clea r  whethe r  o r  no t  P  accept s th e 
game)  i s strengthene d o r  weakene d o n th e basi s o f  th e 
evidence .  I n ou r  model ,  beUef s concernin g partner' s belief s 
and partner' s commitmen t  t o pla y a  gam e ar e th e evidenc e 
sough t  b y th e acto r  t o evaluat e th e acceptanc e o f  a  game . 
The weigh t  o f  a  give n piec e o f  evidenc e determine s ho w 
much i t  shoul d strengthe n o r  weake n th e belie f  tha t  a  parme r 
has accepte d t o pla y th e behavio r  game . 

The cognitiv e scienc e paradig m dictate s thre e step s fo r  th e 
validatio n o f  a  computationa l  model .  First ,  th e 
implementatio n o f  th e mode l  i n a  program ;  second ,  a n 
experimen t  carrie d o n huma n subject s and ,  third ,  th e 
compariso n betwee n th e performanc e o f  th e progra m an d 
thos e o f  th e huma n subjects .  A s w e implemen t  ou r  mode l 
int o a  connectionis t  networ k w e fac e th e proble m o f  bo w t o 
use th e experimenta l  data .  Indeed ,  i n a  classica l  Artificia l 
Intelligenc e progra m th e computatio n i s coiiq>letel y define d 
fro m th e begirming .  an d th e experimenta l  dat a ar e use d jus t 
fo r  th e compariso n wit h th e output s o f  th e program .  O n th e 
contrary ,  a  connectionis t  networ k is .  i n principle ,  genera l 
purpos e an d need s b e traine d o n th e experimenta l  dat a t o 
adap t  t o a  specifi c  task .  Thus ,  w e collecte d huma n subjects ' 
evaluation s o f  perlocutionar y effect s bot h t o trai n th e 
networ k t o evaluat e perlocutionar y effects ,  an d t o observ e 
th e fittin g o f  th e evaluation s o f  th e netwoil c wit h thos e o f 
th e huma n subjects . 

The nex t  sectio n i s devote d t o th e questionnair e w e 
administere d t o th e experimenta l  subjects . 

4.  T h e quest ionnair e 

Subject s 

Twenty-fou r  undergraduate s student s o f  Turi n University . 
Ibe y wer e balance d accordin g t o thei r  gender . 
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Material s a n d P rocedu r e 

Subjects  were presented individuaUy with the questionnaire 
i n a  quie t  room .  A t  th e ver y beginnin g the y wer e tol d t o rea d 
th e followin g instructions : 
"Rea d carefull y th e stoi y I'l l  giv e you ,  an d tr y t o identif y 
yoursel f  wit h th e actor .  Afte r  readin g th e story ,  you r  tas k 
wil l  b e t o evaluat e possibl e course s o f  a  specifi c  situation . 
I n particular ,  fo r  eac h course ,  yo u ar e aske d t o evaluat e 
whethe r  you r  partne r  accept s you r  p-oposa l  t o hav e dinno -  a t 
home tonigh t  Possibl e evaluation s are :  'yes '  (YES) ,  'no ' 
(NO)  o r  'I t  i s no t  clear '  (?) .  You r  evaluation s mus t  tak e int o 
accoun t  th e stor y an d th e informatio n concernin g th e specifi c 
cours e o f  th e situation. " 

The stor y tell s  abou t  th e relationship  o f  th e acto r  A  (th e 
experimenta l  subject )  wit h he r  partne r  P .  I n particular ,  i t 
specifie s on e o f  th e followin g relationships :  confidence , 
mistrus t  an d uncertaint y abou t  confidence .  T h e 
questionnaire s wer e balance d accordin g t o th e thre e types . 

Besides ,  th e stor y tell s  abou t  a  particula r  situatio n o f 
everyda y lif e involvin g th e acto r  an d th e partner .  Fo r 
instance ,  le t  u s conside r  th e stor y a s i t  i s  presente d t o a 
femal e experimenta l  subject ,  wher e th e n a m e o f  th e partne r 
i s  Paul : 
"Yo u an d Pau l  usuall y hav e dinne r  together ,  sometime s a t 
home,  sometime s a t  a  restaurant .  W h e n yo u decid e fo r  a 
home-dinne r  yo u ar e no t  satisfie d wit h a  hot-do g i n fron t  o f 
th e television ;  dinne r  i s a  rit e fo r  yo u an d th e tabl e mus t  b e 
lai d i n th e appropriat e manner . 
Paul  i s  ver y goo d a t  cooking ,  wherea s yo u ar e a  disaster : 
yo u usuall y atten d t o bu y food . 
N ow it' s 7.0 0 p m an d Pau l  canno t  g o ou t  t o bu y foo d sinc e 
he i s waitin g fo r  a  phon e call .  Th e tabl e i s no t  lai d an d yo u 
tel l  him :  "I' m goin g fo r  shopping ,  bu t  I  wil l  no t  la y th e 
table" . 
Informatio n concernin g possibl e course s o f  th e situatio n 
specify : 

i .  th e engagemen t  o f  th e partne r  t o coo k an d t o la y th e 
tabl e (engagement ,  n o engagement ,  refusal  t o engage) . 

E.g. ,  'Pau l  say s tha t  h e wil l  cook ,  bu t  b e doe s no t  inten d t o 
la y th e table" . 

ii .  th e belief s o f  th e partne r  concernin g th e effectiv e 
intention s o f  th e acto r  t o bu y foo d an d no t  la y th e tabl e 
(sincerity ,  uncertaint y o n sincerity ,  insincerity) . 
E.g. ,  'Pau l  believe s yo u ar e sincer e w h e n yo u sa y tha i  yo u 
wil l  bu y foo d an d no t  la y th e table . 

5. The network 

We implemented the model in a Radial Basis Function 
Networ k (RBFN) .  R B F N s ar e a  well-know n clas s o f 
network s that ,  give n a  se t  o f  samples ,  approximat e a n 
unknow n targe t  function .  The y naturall y exhibi t  symboli c 
propertie s (Blanzier i  &  Giordana ,  1995) .  Th e R B F N 
architectur e approximate s a  targe t  functio n wit h a  weighte d 
su m o f  receptive field  function s (hypergaussians) .  Suc h 
function s ar e loca l  i n tha t  th e point s o f  th e inpu t  spac e 
whic h activat e eac h o f  the m belon g t o a  loca l  area .  T h e 
weigh t  o f  eac h receptiv e field  ca n b e see n a s a n outpu t  valu e 
associate d t o it s o w n loca l  area .  Th e association s betwee n 
th e loca l  area s an d di e outpu t  value s ca n b e translate d int o a 
productio n rul e o f  th e type : 

i f  <th e inpu t  i s insid e th e loca l  are a o f  activation> , 
the n <tb e outpu t  i s di e on e suggested> . 

Vi a thi s propert y i t  i s  eas y t o extrac t  symboli c knowledg e 
fro m th e network .  Th e networ k compute s th e averag e o f  al l 
th e activate d rules .  Thus ,  th e rule s ar e no t  completel y 
equivalen t  t o th e network ,  raUier ,  the y ar e symboli c 
representation s o f  th e informatio n encode d int o it .  I n ou r 
model ,  th e targe t  functio n i s th e actor' s evaluatio n o f  th e 
adherenc e o f  th e partne r  t o Ui e game .  T h e functio n depend s 
on th e response  o f  th e partne r  an d o n hi s belief s abou t  th e 
sincerit y o f  th e actor . 

Our  networ k ha s thre e layers :  five  inpu t  units ,  on e outpu t 
unit ,  an d five  hidde n units ,  i. e receptiv e fields.  T h e five 
inpu t  unit s correspon d t o th e inpu t  variable s tha t  describ e 
th e scenario s presente d t o th e subject s (Figur e 1) . 

1 .Typ e o f  relationshi p 

2.Pau l  cook s 

3.Pau l  lay s th e tabl e 

4.Paul believes 
[ A wil l  bu y food ] 

5.  Pau l  believe s 
[ A wil l  no t  la y th e table ] 

Inpu t  unit s 

Paul' s adherenc e 
t o th e g a m e 

m 

# 

Hidde n unit s Outpu t  uni t 

Figur e 1 .  Th e architectur e o f  th e network . 
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The valu e o f  inpu t  1  refer s t o th e relationshi p betwee n A 
and P :  confidenc e (1) ,  mistrus t  (0 )  an d uncertaint y abou t 
confidenc e (0.5) . 

Th e value s o f  input s 2  an d 3  refe r  t o th e fac t  tha t  P  ha s 
expresse d th e intentio n t o pla y a  specifi c  m o v e (valu e 1) , 
not  t o pla y th e m o v e (valu e 0) ,  o r  h e i s uncertai n (valu e 
0.5) . 

Th e valu e o f  input s 4  an d 5  refe r  t o th e attendibilit y  o f  A' s 
engagemen t  t o pla y hi s m o v e fro m P' s poin t  o f  view ,  a s 
represente d b y A .  Valu e 1  mean s tha t  A  believe s tha t  P 
believe s tha t  A  intend s t o perfor m th e declare d m o v e 
(sincerity) .  Valu e 0  mean s tha t  A  believe s tha t  P  believe s 
tha t  A  doe s no t  inten d t o perfor m th e declare d m o v e 
(insincerity) .  Valu e 0. 5 mean s tha t  A  believe s tha t  P 
believe s tha t  A  i s no t  reliable ,  namel y A  m a y o r  no t 
perfor m th e declare d m o v e (uncertaint y o n sincerity) . 

Th e outpu t  uni t  represent s th e actor' s evaluatio n o f  th e 
degre e o f  adhesio n o f  th e partne r  t o th e game ;  h e adhere s 
(valu e 1) ,  h e doe s no t  adher e (valu e 0 )  o r  hi s adhesio n i s 
uncertai n (valu e 0.5) . 

The numbe r  o f  unit s o f  th e hidde n laye r  coincide s wit h th e 
number  o f  productio n rules .  A  numbe r  o f  hidde n unit s 
highe r  tha n necessar y lead s t o a  poo r  generalization ,  i.e . 
overfitting .  I f  thi s i s th e case ,  th e networ k perform s wel l  o n 
th e trainin g dat a set ,  bu t  ha s poo r  performance s o n th e 
remainin g data .  O n th e othe r  hand ,  a  poo r  numbe r  o f  hidden 
unit s prevent s th e learning .  Th e networ k wit h th e optima l 
number  o f  hidden  unit s perform s bette r  tha n th e others . 

Our  experimenta l  dat a bas e contain s 48 6 couple s 
scenario/actor' s evaluation .  Th e thre e differen t  type s o f 
evaluatio n occu r  a s follows :  adhesio n t o th e gam e 31.7% , 
no adhesio n 38 .5 % an d uncertai n adhensio n 29.8% .  W e 
adopte d th e metho d o f  randoml y selec t  a  populatio n o f  2 0 
pair s o f  trainin g an d tes t  set s (2/ 3 an d 1/ 3 o f  th e couple s 
respectively) .  Then ,  w e verifie d th e generalizatio n 
performanc e fo r  eac h tes t  se t  o n network s containin g 
differen t  numbe r  o f  hidde n unit s (rangin g from 4  t o 8) .  Th e 
result s sho w tha t  th e networ k wit h 5  hidde n unit s perform s 
bette r  tha n th e others .  Th e differenc e i s statisticall y 
significan t  (Wilcoxo n Test ,  p  <.05) .  Finally ,  w e traine d a 
networ k wit h 5  hidde n unit s o n th e overal l  data . 

6. Comparison between subject's 
eva lua t ion s a n d n e t w o r k ' s ou tpu t s 

The trained RBFN is a functional expression of part of the 
actor' s knowledg e o f  th e behavio r  game . 

We presente d th e networ k wit h th e 8 1 scenario s whic h 
wer e presente d t o th e experimenta l  subjects ,  an d w e collecte d 
81 differen t  outputs .  Th e outpu t  o f  th e networi c range s from 
0 t o 1 .  W e considere d a s evaluation s o f  adherenc e t o th e 
game th e output s wit h a  valu e greate r  tha n 0.66 ;  a s n o 
adhesio n th e output s wit h a  valu e lowe r  tha n 0.33 ;  a s 
uncertai n adhesio n th e output s wit h a  valu e rangin g from 
0.3 3 t o 0.66 . 

networ k 
subect s 

Figur e 2 .  Th e char t  shows ,  fo r  th e 8 1 scenarios ,  th e output s o f  th e networ k (continuou s 
line )  an d th e averag e value s o f  th e subjects '  evaluation s (dashe d line) . 
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Figur e 3 .  Percentage s o f  evaluation s reproduced  b y th e networ k fo r  eac h 
of  th e 2 4 experimenta l  subjects . 

First ,  w e presen t  th e globa l  result s concernin g th e 
compariso n betwee n overal l  subjects '  evaluation s wit h 
respect  t o al l  th e scenario s an d th e evaluation s performe d b y 
th e network .  A s eac h evaluatio n involve s th e selectio n 
among thre e alternative s th e probabilit y  o f  chance-guessin g 
th e evaluatio n o f  th e experimenta l  subject s i s .33 .  A s a 
matte r  o f  fact ,  th e correc t  previsio n rat e o f  th e networ k i s 
63. 7 %.  Th e char t  i n Figur e 2  visualize s th e approximatio n 
capabiUt y o f  th e network . 
Second ,  w e compar e th e evaluation s o f  eac h subjec t  wit h 
thos e o f  th e networ k (se e Figur e 3) .  Result s sho w tha t  th e 
networ k reproduce s mor e tha n 5 0 % o f  th e evaluation s o f  2 0 

subjects .  Th e networ k doe s no t  predi a th e evaluation s o f  th e 
remaining  4  subjects . 

Finally ,  th e rule s extracte d fro m th e networ k ar e 
summarize d i n th e Tabl e 1 . 
As a n example ,  th e St h rul e read s a s follows : 

// the type of relationship is confidence, 
P say s tha t  h e wil l  no t  cook , 
i t  i s  uncertai n i f  P  wil l  la y th e table , 
P believe s tha t  A  wil l  no t  bu y th e food , 

therefor e P  doe s no t  accep t  t o pla y th e game . 

1.  Relationshi p 

2.  P  cook s 

3.  P  lay s th e tabl e 

4.  P  believe s 
[ A buy s food ] 

5.  P  believ s 
[ A lay s th e table ] 

Paul' s adhesio n 
t o th e ̂ am e 

Rul e 1 

Confidenc e 

Abou t  ye s 

Yes 

No 

Irrelevan t 

Abou t  ye s 

Rul e 2 

Mistrus t 

Yes 

Irrelevan t 

Uncertai n 

Uncertai n 

Yes 

Rul e 3 

About  confidenc e 

Yes 

No 

Irrelevan t 

Abou t  ye s 

Abou t  n o 

Rul e 4 

Mistrus t 

Irrelevan t 

No/uncertai n 

Uncertai n 

Abou t  n o 

No 

Rul e 5 

Confidenc e 

No 

Uncertai n 

No 

Inelevan t 

Abou t  n o 

Tabl e 1 .  Th e rule s exuacte d from  th e network .  Th e ter m 'irrelevant '  indicate s tha t 
th e valu e o f  a  variabl e doe s no t  affec t  th e activatio n o f  th e rule . 
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Not e tha t  i t  i s irrelevan t  whethe r  P  believe s tha t  A  wil l  la y 
th e tabl e o r  no L 
The five  rule s ar e psychologicall y plausible .  Besides ,  a s 
predicte d b y ou r  model ,  th e thir d an d th e fourt h rule s sugges t 
tha t  th e kin d o f  relationshi p an d th e belief s o n partner' s 
belief s d o influenc e th e evaluatio n o f  th e conununicativ e 
effect ,  eve n i f  th e partne r  declare s tha t  b e intend s t o pla y hi s 
rol e i n th e game ,  i.e .  t o cook . 

7. Conclusions 

We have presented a model of the cognitive processes 
involve d i n th e evaluatio n o f  th e communicativ e effect .  Th e 
model  i s implemente d b y a  connectionis t  networ k whos e 
performance s ar e compare d wit h thos e o f  huma n subjects . 
The result s sho w tha t  th e networ k reproduce s mos t  o f  th e 
experimenta l  subjects '  evaluations .  Moreover ,  w e argu e tha t 
th e rule s extracte d fro m th e networ k she d ligh t  o n whic h 
kin d o f  evidenc e i s  relevan t  i n th e evaluatio n o f  th e 
communicativ e effec t 

Our  mode l  i s particularl y concerne d wit h th e notio n o f 
thinkin g abou t  belief s advance d b y Baro n (1988) .  Indeed ,  th e 
autho r  suggest s tha t  thinkin g i s  involve d i n beliefs * 
formation ,  namel y whe n peopl e thin k t o decid e h o w 
strongl y t o believ e something ,  o r  whic h o f  severa l 
competin g belief s i s  true .  I n thi s process ,  evidenc e consist s 
of  an y objec t  tha t  help s the m t o determin e th e exten t  t o 
whic h a  possibilit y  achieve s som e goal .  W e argu e tha t  th e 
concep t  o f  evidenc e i s particularl y suitabl e t o describ e th e 
inferentia l  processe s involve d i n communication ,  wher e 
inferentia l  bound s ar e buil t  wit h speed y an d effortless . 
Whereas symbo l  manipulatio n seem s t o accoun t  fo r  childre n 
and adult s abilit y t o dra w forma l  inference s (see ,  fo r 
instance ,  Bara ,  Bucciarell i  an d Johnson-Laird ,  199S) ,  i t  i s 
possibl e tha t  explici t  knowledg e i s no t  require d i n dealin g 
wit h th e evaluatio n o f  th e perlocutionar y effect :  th e brai n 
may us e implici t  representations ,  whic h ar e base d o n a 
paralle l  distribute d process . 

Connectionis m postulate s distribute d representation s ver y 
differen t  fro m stati c symboli c representations ,  an d th e 
dynamic s o f  th e syste m owe s mor e t o statistica l  mechanic s 
tha n t o logic .  Nevertheles s i t  m a y b e tha t  thes e 
representation s an d th e dynamic s whic h transform s on e suc h 
representatio n int o anothe r  ca n for m th e basi s o f  a  theor y o f 
inferenc e (Levesque ,  1988 ;  Oaksfor d &  Chater ,  1993) .  A s fa r 
as ou r  aim s ar e concerned ,  a  relevan t  feabir e o f  connectionis t 
netwoik s i s flexibility :  ou r  mode l  deal s wit h flexibilit y  a s i t 
claim s tha t  th e actor' s belief s ma y var y accordin g t o thei r 
strength ,  therefor e resultin g i n possibl e differen t  evaluation s 
of  th e communicativ e effect . 

We conclud e tha t  a  connectionis t  mode l  ma y giv e a n 
accoun t  o f  th e cognitiv e iwocesse s involve d i n th e evaluatio n 
of  th e perlocutionar y effect .  I t  i s  plausibl e tha t  huma n 
being s ar e endowe d wit h mechanism s tha t  allo w t o weig h 
evidenc e collecte d i n th e ligh t  o f  specifi c  behavio r  goals . 
Such mechanism s woul d underla y th e abilit y t o dra w 
inference s i n communicativ e exchanges . 
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Abstrac t 

We explore the ability of a static connectionist algorithm 
t o mode l  children' s acquisitio n o f  velocity ,  time ,  an d 
distanc e concept s unde r  architecture s o f  differen t  level s o f 
computationa l  power .  Diagnosi s o f  rule s learne d b y 
network s indicate d tha t  stati c network s wer e eithe r  to o 
powerfu l  o r  to o wea k t o captur e th e developmenta l  cours e 
of  children' s concepts .  Network s wit h to o muc h powe r 
misse d intermediat e suges ;  thos e wit h to o littl e powe r 
faile d t o reac h termina l  stages .  Thes e result s wer e robus t 
under  a  variet y o f  learnin g paramete r  values .  W e argu e tha t 
a generativ e connectionis t  algorith m provide s a  bette r 
model  o f  developmen t  o f  thes e concept s b y graduall y 
increasin g represenutiona l  power . 

I n t r o d u c t i o n 

The use of connectionist networks to model cognitive 
developmen t  ha s place d ne w emphasi s o n a  fundamenta l 
questio n i n cognitiv e development :  H o w i s transitio n from 
one stag e t o anothe r  possibl e (Bate s &  Elman ,  1993) ? 
Althoug h man y researcher s (e.g. ,  Plunket t  &  Sinha .  1992 ; 
McClelland ,  1995 )  conclud e tha t  connectio n weigh t 
adjustmen t  ca n accoun t  fo r  transition ,  th e recen t  succes s o f 
model s employin g a  generativ e algorith m question s thi s 
conclusio n (Shultz ,  Schmidt ,  Buckingham ,  &  Mareschal , 
1995) .  Shult z e t  al .  (1995 )  argu e that ,  i n additio n t o weigh t 
adjustment ,  transitio n require s increase s i n non-linea r 
computationa l  powe r  afforde d b y th e recruitmen t  o f  hidde n 
unit s int o th e networ k a s i t  learns .  T o asses s th e importanc e 
of  hidde n uni t  recruitment ,  i n dii s  articl e w e explor e th e 
abilit y o f  a  stati c connectionis t  algorith m t o mode l 
children' s acquisitio n o f  velocit y  (v) ,  tim e (t) ,  an d distanc e 
(d )  concept s an d compar e i t  t o researc h usin g a  generativ e 
connectionis t  algorith m (Buckingha m &  Shultz ,  1994) . 

Development of Velocity, Time, and Distance 

I n classica l  physics ,  velocit y i s define d a s v  =  d+t ,  tim e a s 
I  =  d+v ,  an d distanc e a s d  =  v*r .  Wilkenin g (1981 ,  1982 ) 
designe d task s i n whic h childre n wer e aske d t o infe r  velocity , 
time ,  o r  distanc e give n informatio n abou t  th e othe r  tw o 
dimensions .  Wilkenin g foun d th e followin g regularities :  (1 ) 
I n a  distance-inferenc e task ,  5-year-old s employe d a n additiv e 
rule ,  d  =  t+v ,  wherea s adult s use d th e correc t  multiplicatio n 

rule ,  d  ~  v*r ,  (2 )  i n a  time-inferenc e task ,  10-year-oId s an d 
adult s employe d th e correc t  divisio n nile .  t  =  d-tv ,  wherea s 
5-year-old s use d a  subtractio n rule ,  t  =  d-v ;  an d (3 )  i n a 
velocity-inferenc e task ,  10-year-old s an d adult s use d a 
subtractio n rule ,  v  =  d-t ,  wherea s 5-year-old s use d a n 
identit y rule ,  v  =  d . 

Simulations Using a Generative Algorithm 

Buckingha m an d Shult z (1994 )  modele d th e acquisitio n o f 
velocity ,  time ,  an d distanc e concept s usin g cascade -
correlatio n (Fahlma n &  Lebiere ,  1990) ,  a  generativ e 
connectionis t  algoridtm .  Cascade-correlatio n netwoik s begi n 
wit h a  minima l  topolog y determine d b y th e numbe r  o f  inpu t 
an d outpu t  units ,  withou t  an y hidde n units .  Durin g a n 
outpu t  trainin g phase ,  weight s fro m inpu t  unit s an d an y 
installe d hidde n unit s ar e adjuste d t o minimiz e th e su m o f 
square d erro r  betwee n actua l  an d targe t  outputs .  W h e n erro r 
ca n n o longe r  b e minimized ,  a n inpu t  trainin g phas e begin s 
i n whic h weight s fro m inpu t  unit s t o a  poo l  o f  candidat e 
hidde n unit s ar e adjuste d t o maximiz e th e correlatio n 
betwee n hidde n uni t  activatio n an d outpu t  error .  Th e hidde n 
uni t  tha t  attain s th e highes t  correlatio n i s the n installe d int o 
th e networ k an d outpu t  trainin g recommences . 

Simulatio n result s matche d thos e o f  Wilkenin g (1981 ; 
1982 )  fo r  th e mos t  part .  Fo r  distanc e inferences ,  ther e wa s a 
jwogressio n fro m th e additiv e ( d =  t+v )  t o th e multiplicativ e 
rul e ( d =  t*v) .  Fo r  tim e an d velocit y inferences ,  network s 
bega n wit h identit y rule s ( t  =  d  an d v  =  d ,  respectively) , 
p-ogiBsse d t o additiv e ( r  =  d- v an d v  =  d-t .  respectively) ,  an d 
finall y multiplicativ e rule s ( t  =  d+ v an d v  =  d-H , 
respectively) .  1  Wilkening' s participant s di d th e same ,  excep t 
tha t  the y showe d n o identit y rul e fo r  tim e inference s an d 
faile d t o us e th e multiplicativ e rul e fo r  velocit y inference s 
(Wilkening ,  1981 ,  attribute d thi s latte r  failur e t o tas k 
demands) . 

Buckingha m an d Shult z (1994 )  suggeste d tha t  th e 
transitio n fro m identit y stage s throug h intermediat e additiv e 
stage s an d finall y multiplicativ e stage s wa s m a d e possibl e 
by bot h weigh t  adjustmen t  an d hidde n uni t  recruitment .  I n 
orde r  t o tes t  thi s hypothesis ,  w e compar e th e performanc e o f 
cascade-correlatio n network s wit h tha t  o f  stati c network s 
(i.e. ,  networit s i n whic h th e architectur e i s fixed  throughou t 
training) . 

1 Exampl e result s ar e presente d i n Figur e l a fo r  compariso n 
purposes . 
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S i m u l a t i o n s U s i n g a  Stati c A l g o r i t h m 

Experiment 1 

We use d standar d back-propagatio n network s a s stati c 
network s becaus e thes e wer e use d b y McClellan d (1989 )  i n 
hi s pioneerin g wor k modelin g cognitiv e developmen t  o n th e 
balanc e scal e tas k an d ar e th e mos t  c o m m o n connectionis t 
learnin g networks .  T o maximiz e th e chance s o f  capturin g 
human performance ,  w e systematicall y sample d a  variet y o f 
back-propagatio n architecture s an d paramete r  values .  W e ra n 
simulation s usin g fou r  differentiall y  powerfu l  architectures : 
on e hidde n laye r  wit h one ,  two ,  o r  thre e hidde n units ;  an d 
tw o hidde n layer s wit h tw o hidde n unit s i n eac h layer .  I n 
eac h architectura l  condition ,  18 0 network s wer e ru n i n a 
crosse d experimenta l  desig n consistin g o f  thre e level s o f 
learnin g rat e {eta )  an d m o m e n t u m (alpha) .  Th e level s o f 
learnin g rat e wer e 0.025 ,  0.05 0 (th e defaul t  value) ,  an d 
0.100 .  Th e level s o f  m o m e n t u m wer e 0.100 .  0.450 ,  an d 
0.90 0 (th e defaul t  value) . 

Th e tas k wa s th e sam e a s i n ou r  cascade-correlatio n 
simulations .  Th e network s ha d t o predict ,  a s output ,  th e 
value  o f  on e dimensio n (e.g. ,  velocity )  give n informatio n 
abou t  th e othe r  dimension s (e.g. ,  distanc e an d time) .  I n orde r 
t o maximiz e th e abilit y  t o compar e th e performanc e o f  stati c 
network s wit h tha t  o f  generativ e networks ,  inpu t  an d outpu t 
coding ,  outpu t  uni t  type ,  weigh t  updatin g m o d e ,  an d 
trainin g an d testin g method s wer e a s the y ha d bee n i n th e 
cascade-correlatio n simulation s (Buckingha m &  Shultz , 
1994) . 

Inferenc e pattern s wer e encode d usin g nt h encodin g a s 
follows. 2 T w o inpu t  bank s receive d dimensiona l  value s 
rangin g fro m 1  t o 5 .  Th e thir d ban k receive d a n inpu t  o f  0 
indicatin g tha t  i t  wa s th e dimensio n t o b e predicted .  Eac h 
inpu t  ban k ha d fiv e inpu t  unit s fo r  a  tota l  o f  I S inpu t  units . 
A dimensiona l  valu e n  wa s encode d b y assignin g a n 
activatio n o f  1  t o th e nt h inpu t  uni t  o f  th e ban k an d 0  t o al l 
othe r  unit s i n th e bank .  Thus ,  fo r  a  give n inferenc e pattern , 
on e inpu t  ban k receive d activation s o f  0  o n al l  o f  it s  five 
inpu t  units ,  indicatin g i t  wa s unknown .  O n e uni t  o f  eac h o f 
th e othe r  tw o inpu t  bank s receive d a n activatio n o f  I .  Th e 
remainin g unit s i n thes e bank s receive d activation s o f  0 . 

As i n ou r  wor k wit h cascade-correlation ,  on e linea r 
outpu t  uni t  wa s used .  A  linea r  outpu t  wa s use d becaus e i t  i s 
th e mos t  natura l  w a y o f  producin g a  quantitativ e outpu t 
simila r  t o th e response s m a d e b y Wilkening' s participants . 
Targe t  value s fo r  th e outpu t  uni t  wer e calculate d usin g th e 
thre e Newtonia n equation s ( v =  d H ,  t  =  d+v ,  an d d  =  v*0 , 
respectively .  I n addition ,  distanc e targe t  value s wer e divide d 
by five  s o tha t  ihei r  rang e wa s identica l  t o th e range s o f  tim e 
an d velocit y targe t  values .  Twenty-fiv e instance s o f  eac h o f 
th e thre e inferenc e proble m type s wer e obtaine d b y crossin g 
th e five  level s o f  velocity ,  time ,  an d distanc e fo r  a  tota l  o f 
75 inferenc e patterns . 

At  eac h epoc h o f  training ,  al l  7 5 inferenc e problem s 

2 I n Buckingha m (1993) ,  cascade-correlatio n network s wit h nt h 
encodin g demonstrate d th e sam e qualitativ e stag e progressio n 
as thos e wit h mor e distribute d inpu t  encodings .  However , 
network s wit h nt h encodin g ha d a  decide d advantag e i n tha t  thei r 
solution s wer e mor e transparent . 

wer e presente d t o th e network .  Weigh t  update s occurre d onl y 
afte r  al l  pattern s ha d bee n presente d t o th e network .  Thi s 
batc h trainin g continue d fo r  a  m a x i m u m o f  15(X )  epochs . 

T o compar e networ k result s wit h huma n performance , 
ever y fift h epoc h o f  trainin g w e diagnose d rule s tha t  bes t 
capture d networ k performanc e o n eac h proble m type .  W e 
compute d correlation s betwee n th e network' s response s an d 
thos e predicte d b y variou s plausibl e rule s suc h a s identit y 
( v =  d ,  o r  V  =  0 .  additio n ( v =  d+ t ,  o r  v  =  d-t) ,  o r 
multiplicatio n ( v =  d*t ,  v  =  /+<i ,  o r  v  =  d+t )  rules .  T o b e 
diagnose d a s exhibitin g stag e performance ,  a  rul e ha d t o 
correlat e positivel y wit h networ k responses ,  accoun t  fo r 
mor e tha n 5 0 % o f  th e varianc e i n networ k responses ,  an d 
accoun t  fo r  mor e varianc e tha n othe r  plausibl e rule s acros s 
fou r  consecutiv e sample d epochs . 

Results. A plot of the rules diagnosed as training 
progresse d i s show n i n Figur e 1  (b-e )  fo r  on e networ k i n 
eac h o f  th e architectura l  conditions .  Thes e net s wer e chose n 
becaus e the y wer e goo d exemplar s o f  typica l  performanc e 
acros s learnin g rate s an d momen tu m values . 

For  network s wit h a  singl e hidde n uni t  (Figur e lb) ,  th e 
typica l  progressio n involve d earl y onse t  o f  tim e an d velocit y 
identit y stages ,  followe d b y onse t  o f  th e distanc e additiv e 
stag e and ,  then ,  oscillatio n betwee n th e additiv e an d 
multiplicativ e distanc e rules .  Onl y 1 9 o f  th e 18 0 network s 
attaine d a  stabl e multiplicativ e stag e o f  distanc e ( d =  t*v) . 
None o f  th e network s attaine d th e multiplicativ e stage s o f 
tim e an d velocit y (onl y fou r  network s progresse d beyon d th e 
identit y stage s t o th e additiv e stage s o f  time ,  t  =  d-v ,  an d 
velocity ,  v  =  d-t) . 

I n contras t  t o network s wit h a  singl e hidde n unit ,  th e 
majorit y o f  network s wit h tw o hidde n unit s (Figur e Ic ) 
progresse d beyon d th e identit y stage s o f  tim e an d velocity , 
attainin g th e multiplicativ e stages .  However ,  onl y 1 3 o f  th e 
180 network s demonstrate d th e intermediat e additiv e stage s 
of  bot h tim e an d velocity .  Wit h respec t  t o distanc e 
development ,  a  smal l  majorit y (94 )  demonstrate d th e 
distanc e additiv e stag e and ,  unlik e network s wit h a  singl e 
hidde n unit ,  a  larg e majorit y (166 )  o f  network s attaine d a 
stabl e distanc e multiplicativ e stage . 

Performanc e o f  network s wit h thre e hidde n unit s (Figur e 
Id )  wa s simila r  t o thos e wit h tw o hidde n unit s althoug h 
slightl y fewe r  network s demonstrate d bot h tim e an d velocit y 
identit y stage s (17 0 vs .  177 )  an d additiv e stage s ( 4 vs .  13) . 
Al l  18 0 network s attaine d th e multiplicativ e stage s o f  tim e 
and velocity .  Anothe r  differenc e wa s tha t  fewe r  network s (6 9 
vs .  94 )  demonstrate d th e distanc e additiv e stage .  Al l  bu t  on e 
of  th e 18 0 network s attaine d th e distanc e multiplicativ e 
stage . 

Finally ,  th e majorit y o f  network s wit h tw o hidde n 
layer s (Figur e le )  als o faile d t o demonstrat e th e tim e an d 
velocit y additiv e stages .  Onl y si x network s attaine d bot h 
intermediat e additiv e stage s o f  tim e an d velocity .  Th e 
majorit y o f  network s (172 )  attaine d th e multiplicativ e stage s 
of  tim e an d velocity ,  respectively .  Us e o f  a  secon d hidde n 
uni t  laye r  increase d th e numbe r  o f  network s demonstratin g 
th e distanc e additiv e stag e bu t  onl y slightl y (10 6 vs .  9 4 
network s wid i  on e hidde n laye r  o f  tw o units) .  Al l  bu t  si x o f 
th e 18 0 network s attaine d th e distanc e multiplicativ e stage . 
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Figur e 1 :  Diagnose d rule s o f  (a )  a  generativ e connectionis t  networ k fro m previou s researc h ( H indicate s hidde n uni t 
recruitment) ;  on e networ k i n experimen t  1  tha t  exemplifie s typica l  performanc e wit h on e hidde n laye r  o f  (b )  one ,  (c )  two ,  an d 
(d )  thre e hidde n units ,  an d (e )  tw o hidde n layer s wit h 2  hidde n unit s i n eac h layer ;  (f )  on e networ k i n experimen t  2  wit h on e 
hidde n laye r  containin g tw o hidde n unit s an d cross-connections . 
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I n summary ,  ver y fe w stati c network s demonstrate d th e 
entir e developmenta l  course :  tim e an d velocit y identit y 
stages ;  distance ,  time ,  an d velocit y additiv e stages ;  an d 
distance ,  time ,  an d velocit y multiplicativ e stages .  O f  th e 
network s wit h a  singl e hidde n uni t  layer ,  onl y five  ou t  o f 
18 0 network s wit h tw o hidde n unit s an d thre e ou t  o f  18 0 
network s wit h thre e hidde n unit s demonstrate d th e entir e 
developmenta l  course .  N o n e o f  th e network s wit h a  singl e 
hidde n uni t  attaine d th e multiplicativ e stage s o f  tim e an d 
velocity .  Network s wit h tw o o r  thre e hidde n unit s o n on e 
laye r  typicall y misse d th e intermediat e additiv e stages , 
particularl y fo r  tim e an d velocit y inferences .  Finally ,  onl y 
on e o f  th e 18 0 network s wit h tw o hidde n layer s 
demonstrate d th e entir e developmenta l  course ;  thes e 
network s als o misse d th e intermediat e additiv e stage s fo r 
tim e an d velocit y inferences . 

Experiment 2 

Cascade-correlatio n differ s fro m back-propagatio n no t  onl y 
i n th e progressiv e recruitmen t  o f  hidde n units ,  bu t  als o i n 
th e us e o f  cross-connection s tha t  bypas s hidde n uni t  layers . 
T o asses s th e possibilit y  tha t  th e psychologica l  realis m o f 
cascade-correlatio n simulation s migh t  b e du e t o th e us e o f 
thes e cross-connections ,  an d no t  t o generativ e hidde n uni t 
creation ,  w e ra n 2 0 stati c network s wit h a n architectur e 
consistin g o f  cross-connection s an d on e hidde n laye r  wit h 
tw o units .  O n e hidde n laye r  wit h tw o unit s wa s chose n 
becaus e i t  showe d th e mos t  promis e o f  capturin g tim e an d 
velocit y additiv e stage s i n Experimen t  1 .  I n experimen t  2 , 
we use d onl y th e defaul t  learnin g rat e (0.050 )  an d 
m o m e n t u m value s (0.900) .  Everythin g els e wa s kep t 
constan t  wit h Experimen t  1 . 

Results. A plot of the rules diagnosed in one network as 
trainin g progresse d i s show n i n Figur e If .  Thi s networ k wa s 
chose n becaus e i t  w a s a  goo d exempla r  o f  typica l 
performance .  Overal l  th e performanc e o f  thes e network s wa s 
simila r  t o thos e i n Experimen t  1 .  Tha t  is ,  th e majorit y o f 
network s (14/20 )  progresse d fro m th e identit y stage s o f  tim e 
an d velocit y t o th e multiplicativ e stage s withou t 
demonstratin g th e intermediat e additiv e stages .  O f  th e 
remainin g si x networks ,  thre e di d no t  exhibi t  eithe r  identit y 
stag e an d thre e attaine d on e identit y stag e bu t  no t  th e other . 
Al l  2 0 network s attaine d th e multiplicativ e stage s o f  tim e 
an d velocity .  O n e differenc e compare d t o network s i n 
Experimen t  1  wa s tha t  th e us e o f  cross-connection s resulte d 
i n eve n fewe r  network s (5/20 )  first  achievin g th e distanc e 
additiv e stag e befor e th e multiplicativ e stage .  Al l  2 0 
network s attaine d th e distanc e multiplicativ e stage . 

Discussion 

Stati c network s i n bot h experiment s ha d n o difficult y 
capturin g earl y tim e an d velocit y identit y stages .  Th e 
limitatio n o f  stati c network s wa s thei r  inabilit y  t o captur e 
bot h additiv e an d multiplicativ e stages ,  regardles s o f  a  wid e 
samplin g o f  networ k architectur e an d paramete r  values . 
Differen t  networ k architecture s coul d captur e on e typ e o f 
stage ,  bu t  no t  th e other ,  e.g. ,  additiv e bu t  no t 
multiplicative ,  o r  multiplicativ e bu t  no t  additive .  Thus , 

simpl e connectio n weigh t  adjustmen t  i s insufficien t  t o 
captur e al l  stag e transitions . 

The mos t  genera l  failur e o f  stati c network s wit h mor e 
tha n on e hidde n uni t  wa s t o mis s intermediat e additiv e 
stages .  Althoug h ther e remain s som e doub t  a s t o th e inter -
developmenta l  cours e o f  additiv e stage s an d whethe r  o r  no t 
th e additiv e stag e o f  velocit y i s th e termina l  stag e o f 
velocit y development ,  childre n clearl y pas s throug h thes e 
additiv e stage s (Wilkening ,  1981 ;  1982) .  Stati c network s 
wit h onl y on e hidde n laye r  consistin g o f  on e hidde n uni t 
ofte n capture d additiv e stages ,  bu t  faile d t o reac h 
multiplicativ e stages .  Stati c network s wit h th e limite d 
computationa l  powe r  provide d b y on e hidde n laye r  wit h on e 
hidde n uni t  seeme d to o wea k t o attai n multiplicativ e stages ; 
stati c network s wit h mor e computationa l  powe r  seeme d to o 
powerfu l  becaus e the y skippe d intermediat e stages .  Ther e 
seemed t o b e n o stati c back-propagatio n architectur e capabl e 
of  simulatin g th e ful l  rang e o f  stage s i n th e domai n o f 
velocity-time-distance .  I n contrast ,  al l  generativ e network s 
capture d identity ,  additive ,  an d multiplicativ e stage s 
(Buckingha m &  Shultz ,  1994) . 

Th e failur e o f  stati c network s wit h cross-connection s t o 
successfull y captur e huma n performanc e i n Experimen t  2 
suggest s tha t  th e us e o f  thes e cross-connection s b y cascade -
correlatio n i s no t  sufficien t  fo r  it s  success .  Rather , 
progressiv e recruitmen t  o f  hidde n unit s appear s necessar y fo r 
capturin g correc t  stag e progressions .  Cross-connection s ma y 
prov e t o b e necessar y a s well ,  particularl y i n capturin g earl y 
linearl y separabl e performance ,  bu t  thi s woul d nee d t o b e 
documente d i n futur e simulations . 

Other ,  les s direc t  evidenc e fo r  th e superiorit y o f 
generativ e ove r  stati c connectionis t  algorithm s a t  simulatin g 
h u m an developmen t  ha s bee n reported .  Fo r  example , 
generativ e network s (Shultz ,  Mareschal ,  &  Schmidt ,  1994 ) 
capture d th e termina l  stag e o f  balanc e scal e developmen t 
mor e successfull y tha n di d stati c network s (McClelland , 
1989 ;  1995) .  Th e presen t  result s exten d thes e findings  t o 
case s i n whic h stati c networks ,  wit h a  sufficientl y powerfu l 
architecture ,  successfull y captur e termina l  stage s 
(multiplicativ e stages )  bu t  fai l  t o captur e intermediat e 
stages .  Simulatin g th e ful l  rang e o f  psychologicall y realisti c 
stage s appear s t o rel y o n th e abilit y  o f  network s t o gro w i n 
computationa l  power .  A  simila r  poin t  i n th e real m o f 
grammar  learnin g wa s mad e b y Elma n (1993) .  T o lear n a n 
English-lik e grammar ,  recursiv e back-propagatio n network s 
had t o receiv e eithe r  progressivel y mor e comple x sentence s 
or  gro w i n workin g memor y capacity . 

Th e fac t  tha t  realisti c connectionis t  model s o f 
developmen t  nee d t o gro w i n computationa l  powe r  suggest s 
tha t  h u m a n developmen t  involve s no t  onl y incrementa l 
learnin g bu t  als o increase s i n non-linea r  representational 
abilities .  W h a t  factor s caus e th e emergenc e o f  thes e ne w 
representationa l  abilitie s i n childre n remain s a n ope n 
question . 

Thi s researc h compare s onl y a  singl e exempla r  o f  a 
stati c algorith m (back-propagation )  t o a  singl e exempla r  o f  a 
generativ e algorith m (cascade-correlation) .  Usin g othe r 
exemplar s o f  eac h clas s o f  algorith m coul d indicat e th e 
generalit y o f  th e conclusions .  I t  migh t  als o b e interestin g t o 
explor e th e capacit y o f  othe r  generativ e networ k technique s 
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t o captur e cognitiv e developmenta l  phenomena .  Fo r 
example ,  mus t  th e networi c gro w vertically ,  a s i n cascade -
correlation ,  o r  coul d i t  gro w horizontall y o n a  singl e laye r 
(e.g. .  Ash ,  1989) ? I f  cognitiv e developmen t  i s characterize d 
by th e continua l  redescriptio n o f  earlie r  knowledg e 
representation s (Karmiloff-Smith ,  1992) ,  the n vertical , 
rathe r  tha n horizontal ,  growt h woul d see m t o b e required . 
Further ,  ho w woul d networ k prunin g technique s (Hanso n & 
Pratt ,  1989 ;  L e Cun ,  Denker ,  &  Solla ,  1990 )  far e i n 
capturin g developmenta l  stages ? I f  cognitiv e developmen t  i s 
characterize d b y th e emergenc e o f  qualitativel y distinc t 
Icnowlcdg e representation s (Carey ,  1991) ,  the n recruitmen t 
ought  t o wor k bette r  tha n pruning . 
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Abstrac t 

Thi s pape r  describe s a  larg e scal e experimen t  tha t  evaluate s 
th e effectivenes s o f  La w Encodin g Diagram s (LEDs )  fo r 
learnin g qualitativ e relation s i n th e domai n o f  elasti c colli -
sion s i n physics .  A  L E D i s a  representatio n tha t  capuire s th e 
law s o r  importan t  relation s o f  a  domai n i n th e interna l  struc -
tur e o f  a  diagra m b y mean s o f  diagrammati c constraints .  Th e 
subject s wer e 8 8 undergraduat e physic s students ,  divide d int o 
thre e learnin g tria l  conditions .  On e grou p use d compute r 
base d LEDs ,  anothe r  use d conventiona l  compute r  base d 
representation s (table s an d fonnulas) ,  an d th e thir d wa s a  non -
interventio n contro l  group .  Onl y th e L E D subject s ha d a  sig -
nifican t  improvemen t  i n thei r  pre-tes t  t o post-tes t  qualitativ e 
reasoning .  Th e LED s appea r  t o mak e i t  easie r  fo r  subject s t o 
explor e mor e o f  th e spac e o f  differen t  form s o f  colUsion s an d 
henc e gai n a  bette r  quaUtativ e understandin g o f  th e domain . 

Introduction 

Law Encoding Diagrams (LEDs) are an interesting class of 
diagrammati c representations .  The y captur e th e law(s )  o f  a 
domai n b y mean s o f  thei r  interna l  structure ,  usin g geomet -
ric ,  topologica l  o r  spatia l  constraints ,  suc h tha t  eac h diagra m 
represent s a  singl e instanc e o f  th e phenomeno n o r  on e cas e 
of  th e law .  L E D s ca n b e foun d i n th e histor y o f  scienc e 
(Cheng ,  i n press )  an d m a y hav e ha d a n significan t  rol e i n 
some discoveries ,  suc h a s findin g th e la w o f  conservatio n o f 
m o m e n t u m (Chen g &  Simon ,  1992) .  A s L E D s see m t o 
hav e bee n usefu l  t o origina l  scientists ,  i t  i s possibl e tha t  the y 
m ay hel p student s lear n abou t  th e sam e domain .  Chen g 
(1994 ,  1995 )  describe s a  detaile d smal l  scal e stud y i n whic h 
subject s learn t  abou t  elasti c collision s i n physics .  Th e 
subject s use d compute r  base d L E D s i n a  syste m calle d 
R e M I S - C L .  I t  wa s foun d tha t  subjects ,  physic s students , 
coul d quickl y lear n t o us e L E D s fo r  proble m solvin g wit h 
littl e instruction .  I n post-test s hal f  th e subjec t  use d L E D s 
fo r  proble m solvin g wit h nove l  strategies ,  i n contras t  t o thei r 
o wn ineffectiv e pre-test s solutions .  Fro m th e detaile d anal -
ysi s o f  thei r  us e o f  R e M I S - C L ,  i t  appear s tha t  th e successfu l 
subject s obtaine d a  bette r  understandin g o f  th e diagrammati c 
constraint s o f  th e L E D s ,  becaus e the y comprehensivel y 
examine d th e spac e o f  structura l  form s o f  th e L E D s . 

Thi s pape r  describe s a  large r  scal e investigatio n o f 
compute r  base d L E D s fo r  learning ,  wit h 8 8 undergraduat e 
physic s students .  T h e mai n ai m wa s t o evaluat e th e 
effectivenes s o f  R e M I S - C L agains t  control s o f  tw o kinds :  (i ) 

a grou p usin g a  similar ,  bu t  non-diagrammatic ,  compute r 
base d learnin g environment ;  an d (ii )  a  non-interventio n 
group .  Th e investigatio n als o provide d furthe r  evidenc e t o 
suppor t  th e hypothesi s tha t  successfu l  learnin g wit h L E D i s 
linke d t o th e exten t  t o whic h subject s explor e th e spac e o f 
differen t  structura l  form s o f  L E D s . 

Th e nex t  sectio n o f  th e pape r  describe s th e domai n o f 
elasti c collision s an d ReMIS-CL .  Th e metho d an d result s 
ar e the n outline d i n th e followin g tw o sections .  Th e impli -
cation s o f  th e result s ar e describe d i n th e final  tw o sections , 
whic h als o contrast s th e presen t  approac h t o other s i n com -
pute r  base d physic s learning . 

Elastic Collisions and ReMIS-CL 

Elastic collisions are important in physics, because both 
m o m e n t u m an d energ y conservatio n ar e involved .  Her e 
impact s betwee n tw o bodie s (balls )  travellin g i n a  straigh t 
lin e ar e considered .  Figure s 1  an d 2  show s scree n display s 
(minu s m e n u bar )  o f  ReMIS -CL ,  a  compute r  base d discov -
er y learnin g environmen t  fo r  thi s domain .  A t  th e botto m o f 
th e screen ,  ther e i s a n animate d simulatio n o f  th e collisio n 
tha t  th e use r  ca n ru n a t  will .  Th e tw o larg e area s abov e hav e 
tw o interactiv e L E D s :  th e one-dimensiona l  propert y 
diagra m ( ID P diagram )  an d th e velocity-velocit y grap h ( W 
graph) .  Figure s 1  an d 2  sho w differen t  collision s bu t  L E D s 
withi n eac h represen t  th e sam e collision .  Th e line s i n th e 
diagram s represen t  magnitude s o f  velocitie s an d masses :  U I 
and U 2 ar e th e velocitie s befor e impact ;  and ,  V I  an d V 2 ar e 
th e velocitie s afte r  collision .  I n Figur e 1  th e bodie s 
approac h an d depar t  i n differen t  direction s bu t  wit h equa l 
speeds .  I n th e I D ? diagram ,  mas s lines ,  m l  an d m 2 ,  ar e 
(kaw n equidistan t  betwee n th e U l — U 2 an d V I — V 2 lines . 
I n th e V - V grap h th e masse s ar e represente d b y th e side s o f 
th e smal l  triangle .  Th e rati o o f  th e length s o f  th e mas s line s 
i n bot h L E D s equal s th e rati o o f  th e masse s o f  th e tw o balls . 

Bot h L E D s ca n b e directl y manipulate d t o chang e th e 
value s o f  th e variables .  Figur e 2  show s th e resul t  o f  slidin g 
th e handle ,  th e smal l  rectangle ,  a t  th e en d o f  th e U 2 arro w t o 
th e right ,  doublin g th e initia l  spee d o f  body-2 .  Th e res t  o f 
th e I D P diagram' s structur e i s automaticall y update d t o b e 
consisten t  wit h it s o w n diagrammati c constraint s an d thu s t o 
satisf y bot h conservatio n laws .  Th e L E D s ar e inter-linke d 
so tha t  th e structur e o f  V - V grap h i s als o revised .  ReMIS -
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One-Dimeasiona l  Propert y Diagra m 
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Velodt>-Velocit y Grap h 
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u7 u ,  , v 1 "  1 

ml RUN m2 

Figur e 1 :  R e M I S - C L Scree n showin g simpl e equa l  mas s collision . 

CL ensure s tha t  th e L E D s ar e alway s consisten t  wit h thei r 
diagrammati c constraints . 

The thre e mai n constraint s o f  th e I D P diagra m are :  (i )  th e 
tai l  end s o f  th e arrow s fo r  th e initia l  velocitie s an d th e point s 
of  th e correspondin g fina l  velocit y arrow s mus t  b e i n lin e 
vertically ,  makin g th e tota l  lengt h o f  th e U l — U 2 lin e equa l 
t o tha t  o f  th e V I — V 2 line ;  (ii )  th e tota l  lengt h o f  th e mas s 
lin e equal s th e lengt h o f  th e velocit y lines ;  and ,  (iii )  th e end s 
of  th e line s no t  previousl y fixed  i n (i )  an d (ii) ,  indicate d b y 

th e smal l  circles ,  mus t  li e o n a  straigh t  vertica l  o r  diagona l 
line . 

I n th e V - V grap h th e straigh t  diagona l  lin e i s constan t 
m o m e n t u m contou r  an d th e circl e (sometime s a n ellipse )  i s 
a constan t  energ y contour .  Ther e ar e 3  mai n constraints ,  (i ) 
T h e m o m e n t u m contou r  lin e passe s throug h th e point s fo r 
initia l  an d final  velocities ,  a s indicate d b y th e smal l  circles , 
an d i s paralle l  t o hypotenus e o f  th e mas s triangle ,  (ii )  T h e 
centr e o f  th e energ y circle/ellips e i s a t  th e origi n o f  th e 

One-Dimensiona l  Propert y Diagra m 
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Figur e 2 :  A n Asymmetri c collisio n i n R e M I S - C L 



grap h an d i t  als o passe s throug h th e point s fo r  initia l  an d 
final  velocities .  Th e intersection s o f  th e contour s giv e th e 
solution s t o th e tw o conservatio n laws ,  (iii )  Th e eccentricit y 
of  th e ellips e i s give n b y th e square-roo t  o f  th e rati o o f  th e 
masses ;  "vCml/ml) .  Th e la w encodin g constraint s o f  thi s 
L E D ar e mor e comple x tha n thos e fo r  th e I D P diagram . 

R e M I S - C L log s th e action s o f  th e user s o n th e syste m an d 
store s th e value s o f  variables .  Differen t  kind s o f  operation s 
ar e recorde d wit h tim e stamps ,  including :  switche s betwee n 
th e representations ;  change s t o value s o f  th e variables ;  reset s 
tha t  retur n th e variable s t o thei r  defaul t  value s (i.e. ,  Figur e 
1) ;  an d run s o f  th e simulation . 

O ne wa y t o distinguis h differen t  collision s i s i n term s o f 
configurations ,  define d a s relation s betwee n th e pair s o f 
initia l  (o r  final)  velocitie s wit h respec t  t o thei r  sign s 
(directions )  an d whethe r  the y ar e zero ,  equa l  o r  unequa l 
(Cheng ,  1995) .  Ther e ar e 7  differen t  configuration s fo r 
pair s o f  initia l  velocities ,  U-configurations .  (Th e sam e 
applie s fo r  final  velocities. )  Figure s 1  an d 2  sho w differen t 
configurations .  Fo r  differen t  ratio s o f  th e masses ,  alternat e 
final  velocit y configuration s ca n resul t  fro m eac h U-config -
uration .  Combinin g initia l  an d final  velocit y configurations , 
ther e ar e 4 1 possibl e complet e configurations .  Eac h corre -
spond s t o differen t  structura l  form s o f  th e L E D s ,  s o thi s 
provide s a  convenien t  w a y t o recor d an d asses s th e 
behaviou r  o f  subjects . 

Method 

Design. There were three experimental learning trial condi-
tions .  (1 )  Th e L E D grou p use d ReMIS-C L wit h th e tw o 
LEDs.  (2 )  Th e N u m grou p use d numerical/formul a versio n 
ReMIS-C L whic h ha d th e animate d simulatio n bu t  no t  th e 
L E D s.  I n thei r  plac e were :  (i )  a  temporall y ordere d tabl e o f 
previou s set s o f  value s fro m whic h particula r  case s coul d b e 
simpl y selected ;  and ,  (ii )  a  structurei d tabl e o f  curren t  value s 
of  th e variable s alon g wit h value s o f  m o m e n t u m an d energ y 
term s fo r  eac h bod y befor e an d afte r  collision .  Th e value s 
of  th e variable s coul d b e change d b y selectin g a  variabl e an d 
typin g a  n e w value .  (3 )  Th e C o n grou p wa s a  non-interven -
tio n contro l  group ,  s o di d no t  us e eithe r  versio n o f  th e 
system . 

Subjects. The subjects were first year undergraduate 
physic s student s a t  th e Universit y o f  Nottingham .  The y 
participate d i n th e experimen t  durin g a  weekl y compute r 
programmin g class .  Give n th e constraint s o n th e organiza -
tio n o f  th e class ,  whic h wa s ru n i n si x  separat e groups ,  i t 
was no t  possibl e t o randoml y assig n subject s t o th e thre e 
experimenta l  conditions .  Pair s o f  clas s group s mad e u p 
eac h o f  th e thre e experimenta l  groups . 

Materials and Procedure. The experiment included: a pre-
tes t  o f  th e subject s knowledg e o f  th e domain ;  a  learnin g trai l 
on th e syste m (no t  wit h th e C o n group) ;  and ,  a  post-tes t 
simila r  t o th e pre-test .  Th e tria l  immediatel y followe d th e 
pre-tes t  an d th e post-tes t  followe d a  fortnigh t  later .  Pre-tes t 
and post-test s laste d 2 0 minute s an d th e tria l  3 0 minutes . 

A Co n 

Pr» Post 
T»st 

Figur e 3 :  M e a n Score s 

The pre-test had four sections. The first asked the subjects 
t o stat e th e law s an d writ e th e equation s governin g elasti c 
collisions .  Th e secon d sectio n ha d thre e qualitativ e ques -
tion s i n whic h th e on e o r  mor e outcome s o f  particula r 
collision s ha d t o b e given .  Fo r  example ,  wha t  ar e th e possi -
bl e outcome s whe n th e ball s hav e differen t  masse s bu t  the y 
approac h fro m opposit e direction s wit h th e sam e speed ? 
Th e thir d sectio n include d tw o question s abou t  extrem e 
cases ,  i n whic h outcome s o f  collision s wit h larg e speed s o r 
masses wer e considered .  Th e final  sectio n wa s a  quantita -
tiv e questio n i n whic h a n exac t  solutio n ha d t o b e calcu -
lated .  Th e question s wer e writte n i n Englis h an d accompa -
nie d b y a  simpl e diagra m depictin g th e situatio n (no t  a 
L E D ) .  Subject s responde d b y makin g annotate d sketches . 
Most  subject s ha d insufficien t  tim e t o complet e th e las t 
(quantitative )  section ,  s o i t  wil l  no t  b e considere d here .  Th e 
post-tes t  wa s simila r  t o th e pre-test ,  excep t  th e first  sectio n 
was replace d b y a  genera l  questio n abou t  wha t  the y ha d 
though t  the y ha d learn t  usin g th e system .  Th e L E D an d 
N u m group s wer e als o give n a  pictur e o f  th e ReMIS-C L in -
terfac e the y ha d used . 

Durin g th e trial s th e L E D an d N u m group s worke d i n 
pairs .  The y wer e give n a  shee t  tha t  describe d ho w t o us e th e 
system .  Fo r  th e L E D grou p thi s include d a  brie f  descriptio n 
of  th e I D P diagra m an d th e V - V graph .  Th e subject s wer e 
tol d t o us e th e syste m t o find  ou t  a s m u c h a s the y coul d 
abou t  elasti c collision s an d give n a  lo g shee t  o n whic h t o 
recor d thei r  discoveries .  R e M I S - C L logge d th e action s 
performe d b y th e subjects . 

For  th e purpose s o f  analysis ,  onl y thos e subject s wh o di d 
bot h th e pre-tes t  an d post-tes t  ar e considered .  Th e group s 
number s were :  L E D = 2 5 .  N u m = 2 7 an d Con=36 . 

Results 

The subjects had reasonable conceptual understanding of the 
domain ,  wit h 9 7 % an d 7 6 % knowin g tha t  m o m e n t u m an d 
energ y conservatio n laws ,  respectively .  Ther e wer e n o 
apparen t  difference s amon g th e thre e experimenta l  group s i n 
thi s respect . 
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Grou p 

L E D 

N um 

LED/Nu m 

p (/test ) 

Operation s 

132 

52. 5 

2.5 1 

<.00 1 

Proportio n o f 
simulation s 

0.2 6 

0.4 4 

0.6 0 

<.00 1 

Rati o o f  sim -
ulatio n serie s 

0.04 0 

0.09 2 

0.4 4 

<.00 1 

Proportio n o f 
valu e change s 

0.5 6 

0.4 7 

1.2 1 

<.00 1 

Rati o o f  valu e 
chang e serie s 

0.1 3 

0.09 3 

1.3 7 

<0.0 1 

Tabl e 1 :  Number s an d Type s o f  Operation s 

Figur e 3  contrast s th e averag e pre-tes t  an d post-test s 
score s fo r  al l  thre e group s o n th e qualitativ e problems .  Th e 
score s wer e th e sum ,  fo r  al l  thre e questions ,  o f  th e numbe r 
of  correc t  outcome s les s th e numbe r  o f  incorrec t  outcomes . 
The lowes t  an d highes t  score s observe d wer e - 5 an d +5 . 
Ther e wa s a  significan t  increas e i n th e L E D group' s scor e 
pre-tes t  t o post-tes t  (r = 2.66 ,  p=0.014) ,  bu t  th e scor e fo r 
N um grou p wa s unchange d an d th e sligh t  decreas e o f  th e 
Con grou p wa s no t  significan t  (r=0.80 ,  p>.l) .  Th e differ -
ence i n th e pre-tes t  score s o f  th e L E D grou p an d th e Co n 
grou p wa s significan t  (r=2.4 ,  p<.05) .  I n a  3 X 2 mixe d 
A N O VA o f  th e 3  group s an d th e 2  tests ,  ther e wer e n o 
significan t  effect s o f  grou p o r  tim e o f  test ,  bu t  ther e wa s a 
significan t  interactio n (F2,85=3.66 ,  p<.05) .  Ther e wer e 
stron g an d significan t  correlation s betwee n pre-tes t  an d 
post-tes t  score s o f  th e N u m an d Co n subject s (Pearson ; 
r=0.75 ,  p<.001 ,  an d r=0.62 ,  p<.001 ,  respectively) ,  bu t  th e 
L ED grou p ha d a  wea k (no n significant )  correlatio n (r=0.17 , 
p>.05) .  Th e L E D group' s qualitativ e reasonin g ha s 
improved .  Th e N u m an d Co n groups '  hav e not ,  an d i t 
appear s tha t  ther e ha s bee n littl e chang e i n performanc e a t 
th e leve l  o f  individua l  subjects . 

Tabl e 1  show s variou s averag e measure s o f  th e behaviou r 
of  th e L E D an d N u m group s i n th e trials .  Th e L E D grou p 
performe d 2. 5 time s mor e operation s tha n th e N u m group . 
Value s change s an d simulatio n run s wer e th e mos t  commo n 
operations .  However ,  a s a  proportio n o f  th e numbe r  o f 
operation s o f  eac h subject ,  th e L E D grou p di d significantl y 
more valu e change s an d ra n fewe r  simulation s tha n th e N u m 
group .  N u m subject s ofte n performe d serie s o f  tw o o r  mor e 
consecutiv e operation s o f  th e sam e kind ;  e.g. ,  runnin g th e 
simulatio n thre e time s i n a  row ,  wit h th e sam e values .  Th e 
rati o o f  th e number s o f  suc h serie s o f  operation s t o th e tota l 
number  o f  operations ,  pe r  subject ,  ar e als o show n i n Tabl e 
1.  Fo r  example ,  o n average ,  1 3 % o f  operation s b y L E D 
subject s wer e change s t o th e value s followe d b y a  serie s o f 
at  leas t  on e mor e chang e i n th e values .  Th e L E D grou p ha d 
significantl y fewe r  simulatio n serie s an d significantl y mor e 

serie s o f  change s o f  value s tha n th e N u m group .  Th e L E D 
grou p ha d thre e time s th e rafi o o f  valu e chang e serie s t o 
simulatio n series ,  wherea s th e N u m grou p ha d nearl y equa l 
ratios .  Thi s implie s tha t  th e tw o group s ma y b e doin g 
differen t  kind s o f  reasoning ,  whils t  usin g th e system . 

Simpl e measure s o f  th e distributio n o f  U-configuration s 
and complet e configuration s wer e devised ,  suc h tha t  unit y 
indicate s a n eve n distributio n i n whic h ther e ar e equa l 
number s o f  al l  th e differen t  configuration s an d zer o indi -
cate s a  maximall y skewe d distributio n i n whic h onl y on e 
configuratio n i s present .  Large r  value s (approachin g 1 ) 
indicat e tha t  a  subjec t  ha s explore d mor e o f  th e spac e o f 
configurations .  Tabl e 2  show s th e score s fo r  th e tw o 
groups ,  obtaine d b y analysin g th e log s o f  subject s o n 

Grou p U Complet e 
L E D 

N um 

0.5 6 

0.4 7 

0.3 0 

0.2 0 

LED/Nu m 1.1 9 1. 5 

p(nest )  .l>p>.0 5 <.00 1 

Table 2: Measures of configuration distributions 

ReMIS-CL. Both scores for the LED group were higher 
tha n thos e o f  th e N u m group ,  althoug h onl y th e differenc e i n 
th e complet e configuratio n score s wa s significant .  L E D 
subject s ar e explorin g a  greate r  rang e o f  th e possibl e 
configuration s o f  collisions . 

Tabl e 3  show s correlation s fo r  comparison s o f  U-configu -
ration s wit h othe r  measure s o f  performanc e o n th e systems . 
The L E D grou p seem s t o hav e mor e thoroughl y explore d 
th e spac e o f  differen t  configuration s b y concentratin g o n 
valu e change s a s oppose d t o run s o f  th e simulation ,  show n 
by th e significan t  posifiv e correlation s betwee n th e U -
configuratio n distributio n an d valu e changes ,  bot h 
proportio n an d serie s measures .  Ther e ar e wea k negativ e 
correlation s fo r  simulatio n measure s an d U-configuration s 

L E D 

P 
N um 

P 

Complet e configuratio n 
distributio n 

0.8 6 

<.00 1 

0.7 9 

<.00 1 

Proportio n o f 
simulation s 

0.1 9 

>.0 5 

-0.3 3 

>.0 5 

Rati o o f  sim -
ulatio n serie s 

-0.0 6 

>.0 5 

-0.3 0 

>.0 5 

Proportio n o f 
valu e change s 

0.6 2 

<.0 1 

0.2 3 

>.0 5 

Rati o o f  valu e 
change s serie s 

0.6 8 

<.00 1 

0.1 8 

>.0 5 

Tabl e 3 :  Correlation s betwee n U-configuratio n distributio n an d othe r  tria l  measure s 
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fo r  th e N u m group ,  whic h implie s tha t  runnin g mor e 
simulation s coincide s wit h les s exploratio n o f  th e spac e o f 
configurations . 

The result s fo r  th e tw o extrem e problem s wer e similar , 
wit h a  significan t  improvemen t  i n L E D subject' s scor e pre -
tes t  t o post-test ,  bu t  n o significan t  improvement s i n eithe r 
th e C o n o r  th e N u m groups .  However ,  th e detail s o f  th e 
result s o f  th e extrem e cas e question s ar e consisten t  wit h th e 
qualitativ e question s results ,  the y ad d littl e t o th e interpreta -
tio n o f  th e result s (i n th e nex t  section) ,  s o ar e no t  reporte d 
here ,  du e t o limite d space . 

Discussion of Results 

The experiment has shown that LEDs implemented as 
interactiv e diagram s ca n b e effectiv e fo r  learnin g abou t 
qualitativ e relation s an d extrem e case s i n th e domai n o f 
elasti c collisions .  Thi s outcom e i s noteworthy ,  becaus e th e 
duratio n an d for m o f  th e intervention .  Th e subject s ha d a 
shor t  tim e o n th e system ,  3 0 minutes .  The y wer e no t  give n 
a carefull y designe d serie s o f  activities ,  bu t  merel y tol d t o 
loo k fo r  interestin g relation s o r  patterns .  A s th e L E D grou p 
was th e onl y on e t o improve ,  i t  appear s tha t  th e gai n ca n b e 
attribute d t o th e rol e o f  th e L E D s .  Alternativ e explanation s 
wil l  b e considere d an d show n t o b e implausible . 

Compariso n o f  th e N u m an d L E D group s show s tha t  th e 
mer e us e o f  a  compute r  base d syste m wit h a n animate d 
simulatio n i s no t  responsibl e fo r  th e gain .  Th e N u m grou p 
use d th e simulatio n mor e tha n th e L E D group .  Th e 
differenc e betwee n th e pre-tes t  score s o f  th e C o n an d th e 
L E D group s wa s likel y du e t o th e non-rando m assignmen t 
of  th e subject s t o th e experimenta l  conditions ,  whic h wa s 
beyon d th e contro l  o f  th e experimenter .  Thus ,  i t  i s  possibl e 
t o argu e tha t  th e effec t  i s  du e t o repeate d testing ,  i f  tw o 
assumption s ar e made .  First ,  th e Co n grou p ar e experienc -
in g a  ceilin g effect ,  s o repeate d testin g wil l  no t  resul t  i n a n 
improvement .  Second ,  th e N u m grou p doe s improv e du e t o 
repeate d testing ,  bu t  thi s i s matche d b y a n equa l  degradatio n 
du e t o th e us e o f  th e numerical/formul a versio n o f  th e 
system ,  fo r  som e unknow n reason .  Thi s alternativ e i s les s 
likel y tha n th e explanatio n tha t  th e improvemen t  i s du e t o 
th e L E D s ,  becaus e i t  i s  mor e convolute d an d th e assump -
tion s ar e no t  secure .  First ,  i t  i s  unlikel y tha t  th e Co n grou p 
i s experiencin g a  ceilin g effect ,  becaus e thei r  averag e scor e 
of  1. 2 i s m u c h les s tha n th e m a x i m u m qualitativ e proble m 
scor e o f  5 .  Th e secon d assumptio n i s als o weak ,  becaus e i t 
require s tw o independen t  processe s simultaneousl y workin g 
t o produce d effect s tha t  cance l  eac h othe r  out .  Th e stron g 
and highl y significan t  correlatio n betwee n th e N u m subjects ' 
pre-tes t  an d post-test s score s suggest s tha t  n o processe s ar e 
at  work ,  rathe r  tha n tw o independen t  ones . 

The improvemen t  i n th e L E D group' s scor e fro m signifi -
cantl y belo w t o jus t  abov e th e C o n grou p migh t  b e 
explaine d b y contendin g tha t  th e L E D grou p wa s mor e 
highl y motivated ,  becaus e the y kne w less .  Thi s i s unlikel y 
give n th e lac k o f  chang e i n th e N u m grou p an d th e smal l 
absolut e (thoug h significant )  differenc e betwee n th e L E D 
and N u m pre-tes t  scores . 

Further ,  ther e ar e goo d reason s t o positivel y attribut e th e 
improvemen t  o f  th e L E D subject s t o th e LEDs .  Par t  o f  th e 
explanatio n o f  w h y th e L E D grou p improved ,  bu t  th e N u m 
grou p di d not ,  ma y b e th e shee r  number s o f  operation s tha t 
th e L E D grou p di d compare d t o th e N u m group ,  tw o an d a 
hal f  time s a s many .  Thi s differenc e ca n itsel f  b e explaine d 
i n a t  leas t  tw o ways .  First ,  th e L E D versio n o f  th e syste m i s 
easie r  t o use ;  a  huma n compute r  interactio n factor .  Th e 
ID P diagra m an d th e V - V grap h ca n b e quickl y change d b y 
re-sizin g a  line .  Wit h th e numerical/formul a syste m i t  wa s 
necessar y t o selec t  th e variabl e an d the n typ e th e require d 
valu e a t  th e keyboard ,  a  slowe r  process .  However ,  thi s 
operationa l  facto r  i s no t  sufficien t  t o explai n th e whol e 
difference . 

The secon d explanation ,  whic h i s itsel f  a n explanatio n o f 
th e relativ e succes s o f  th e L E D group ,  i s i n term s o f 
difference s i n th e type s o f  reasonin g tha t  th e L E D an d N u m 
subject s wer e doing .  Th e N u m subject s appea r  t o hav e bee n 
spendin g tim e relatin g th e value s o f  th e variable s t o th e 
simulations ,  i n th e case s the y examined .  Th e N u m group' s 
greate r  proportio n o f  simulation s an d rati o o f  th e simulatio n 
serie s ar e indication s o f  th e loa d impose d b y th e nee d t o 
interpre t  eac h se t  o f  values .  Fo r  a  particula r  case ,  N u m 
subject s wer e mor e likel y t o ru n th e simulatio n severa l 
times ,  seemingl y i n a n attemp t  t o gai n a n appreciatio n o f  th e 
for m o f  th e collision .  Th e L E D subjects ,  o n th e othe r  hand , 
ca n quickl y ge t  a n appreciatio n o f  th e for m o f  a  collisio n b y 
lookin g a t  th e I D ? diagram .  Th e directio n o f  th e arrow s 
and thei r  length s make s th e for m o f  th e collisio n availabl e 
by mean s o f  a  quic k perceptua l  inferences .  Thus ,  i t  appear s 
tha t  L E D s subject s m a y hav e bee n comparin g successiv e 
collisions ,  rathe r  tha n individua l  cases ,  give n thei r  greate r 
proportio n o f  valu e change s an d rati o o f  valu e chang e series . 

Th e explanatio n o f  th e differenc e betwee n th e L E D grou p 
and th e N u m grou p goe s deepe r  tha n th e fac t  tha t  th e L E D 
subject s coul d mor e quickl y examin e a  greate r  numbe r  o f 
collisions .  Remember  tha t  th e measure s o f  valu e change s 
and run s o f  th e simulation s ar e relativ e t o th e tota l  numbe r 
of  operation s execute d b y eac h subject ;  thu s th e rat e a t 
whic h L E D subject s examine d differen t  collision s wa s 
greate r  tha n th e N u m subjects .  This ,  an d th e fac t  tha t  th e 
L E D grou p examine d a  greate r  numbe r  o f  differen t 
collision s (highe r  configuratio n distributio n measures) , 
implie s tha t  th e L E D s see m t o mak e i t  easie r  fo r  th e subject s 
t o conside r  differen t  form s o f  collisions .  I n th e ID P 
diagra m an d th e V - V graph ,  th e differen t  collisio n ar e 
distinc t  pattern s o r  shapes ,  s o considerin g differen t  form s o r 
configuration s require s relativel y les s cognitiv e effor t  tha n 
attemptin g t o distinguis h differen t  case s fro m set s o f  numer -
ica l  values .  Not e tha t  th e availabilit y  o f  a  tabl e o f  previou s 
value s di d no t  appea r  t o hel p th e N u m group .  T o som e 
extent ,  th e L E D s appea r  t o m a k e mor e o f  th e spac e o f 
configuration s o f  collisio n accessibl e t o th e syste m users . 

General Discussion 

Some general implications for instruction and learning in 
technica l  domain s follow s fro m th e finding s o f  thi s study . 
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Providin g compute r  base d diagram s tha t  mak e th e underly -
in g relation s o f  a  domai n mor e accessibl e t o proble m solver s 
may b e a n effectiv e wa y t o facilitat e th e learnin g o f  qualita -
tiv e relations .  L E D s mak e th e underlyin g law s o f  a  domai n 
more accessibl e b y ciq>turin g the m i n th e interna l  structur e 
of  diagram s an d b y havin g eac h diagra m represen t  on e 
instanc e o f  th e phenomenon .  Thi s mean s tha t  th e learne r  i s 
les s burdene d wit h th e tas k o f  interpretin g individua l  cases , 
so i s free r  t o examin e successiv e case s o r  t o conside r 
extrem e an d specia l  cases .  Suc h case s usuall y correspon d t o 
distinctiv e an d unexpected  pattern s i n L E D s ,  whic h wil l 
challeng e an d hel p refin e th e learner s understandin g o f  th e 
rule s governin g th e for m o f  th e LEDs .  Hence ,  ther e seem s 
t o b e a  doubl e benefi t  i n makin g th e relation s readil y 
accessible . 

The findings  o f  thi s experimen t  ar e consisten t  wit h th e 
previou s smal l  scal e experimen t  o n R e M I S - C L (Cheng , 
1994 ,  1995) .  I n tha t  experimen t  th e subject s w h o success -
full y use d th e L E D s i n th e post-tes t  wer e th e one s wh o ha d 
obtaine d th e mos t  complet e understandin g o f  th e constraint s 
of  th e LEDs .  The y achieve d thi s b y explorin g mor e o f  th e 
spac e o f  possibl e configuration s o f  th e LEDs .  Bot h experi -
ment s sugges t  th e importanc e o f  examinin g a  wid e rang e o f 
case s durin g learnin g wit h L E D s ,  bu t  thi s sam e approac h 
may b e effectiv e wit h othe r  representations .  B y explorin g 
more o f  th e spac e o f  possibl e configuration s o f  th e 
phenomenon ,  th e learne r  wil l  se e a  greate r  variet y o f  th e 
correc t  form s o f  expression s i n a  representatio n an d thu s 
hav e greate r  variet y o f  distinc t  case s ove r  whic h t o induc e 
th e relation s underlyin g th e phenomenon .  Investigatin g 
extrem e case s i s mor e likel y t o provid e usefu l  informatio n 
fo r  establishin g th e boundar y condition s o f  a  la w tha n 
merel y examinin g norma l  o r  typica l  cases . 

The L E D approac h i s no w briefl y contraste d wit h som e 
example s o f  othe r  researc h o n compute r  base d system s fo r 
physic s learning .  Whiteloc k e t  al .  (1993 )  hav e als o studie d 
learnin g abou t  collision s an d hav e show n tha t  fault y causa l 
model s ca n b e challenge d wit h a  compute r  simulation .  Thi s 
i s  consisten t  wit h White' s (1993 )  findings.  Althoug h no t  i n 
th e sam e domain .  White' s approac h i s interestin g becaus e i t 
provide s learner s wit h correc t  intermediat e causa l  model s 
(ICMs) ,  i n additio n t o animate d compute r  simulations . 
ICMs ac t  a s bridg e fo r  th e conceptua l  gul f  betwee n abstrac t 
genera l  law s an d observation s o f  phenomena .  Childre n 
hav e successfull y learn t  abou t  Newtonia n dynamic s wit h 
ICMs ,  achievin g a  leve l  o f  understandin g matchin g student s 
beginnin g undergraduat e scienc e programs . 

L E Ds ma y als o b e considere d a s representation s a t  a n 
intermediat e leve l  o f  abstraction .  However ,  L E D s captur e 
th e forma l  relation s define d b y th e law s o f  a  domai n i n a 
constrain t  base d manner ,  rathe r  tha n portrayin g causation . 

Ploetzne r  e t  ai' s  (1990 )  DiB i  syste m i s a n intelligen t 
tutorin g syste m fo r  elasti c collision s tha t  aim s t o suppor t 
and guid e student s i n thei r  constructio n o f  soun d domai n 
representations .  I n contrast ,  R e M I S - C L i s a  discover y 
learnin g environmen t  tha t  ha s n o buil t  i n intelligenc e o r 
studen t  model ,  bu t  i t  explicitl y  provide s correc t  domai n 
representations  i n th e fon n o f  LEDs . 

The presen t  stud y ha s demonstrate d th e effectivenes s o f 
L E Ds fo r  learnin g abou t  som e qualitativ e relation s an d 
exu-em e case s i n th e domai n o f  elasti c collisions .  I t  ha s als o 
provide d a  bette r  understandin g o f  som e o f  th e processe s 
involve d i n effectiv e learnin g wit h LEDs .  However ,  man y 
issue s ar e raise d b y thi s an d th e researc h mentione d above . 
Wil l  L E D s b e usefu l  t o student s attemptin g t o develo p 
conceptua l  understandin g o f  a  domain ? Ca n L E D s b e 
effectiv e fo r  student s w h o hav e les s experienc e i n physic s 
and w h o ar e muc h younger ? H o w importan t  i s i t  t o hav e 
tw o complementar y L E D s ,  suc h a s th e ID P diagra m an d th e 
V - V graph ,  i n a  singl e system ? Ongoin g researc h i s 
attemptin g t o addres s thes e questions . 
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Abstrac t 

We show how an agent can acquire conceptual knowledge by 
sensorimoto r  interactio n wit h it s environment .  Th e metho d ha s 
much i n common wit h th e notio n o f  image-schemas ,  whic h ar e 
centra l  t o Mandler' s theor y o f  conceptua l  development .  W e 
sho w tha t  Mandler' s approac h i s feasibl e i n a n artificia l  agent . 

Introduction 

I t  i s a  grea t  myster y h o w adul t  concept s ca n develo p fro m in -
fan t  sensorimoto r  activity .  Th e titl e o f  thi s pape r  borrow s fro m 
tw o paper s b y Jea n Mandle r  i n whic h sh e discusse s h o w thi s 
developmen t  migh t  work .  Centra l  t o he r  theor y i s perceptua l 
analysi s b y image-schema s (Mandler ,  1988 ;  Mandler ,  1992 ; 
Johnson ,  1987 ;  Lakof f  an d Johnson ,  1980 ;  Lakoff ,  1984) :  " I 
propos e tha t  perceptua l  analysi s result s i n redescription s o f 
spatia l  structur e i n th e for m o f  image-schemas .  Thes e re -
description s constitut e th e meaning s tha t  infant s us e t o creat e 
concept s o f  objects ,  suc h a s animat e an d inanimat e things , 
and relationa l  concepts ,  suc h a s containmen t  an d support. " 
(Mandler ,  1992 ,  p .  587) .  A s fa r  a s w e know ,  nobod y ha s 
demonstrate d b y mean s o f  a  runnin g compute r  progra m tha t 
image-schemati c redescription s ca n produc e conceptua l  struc -
ture s fro m sensorimoto r  interactions .  Thi s i s th e purpos e o f 
th e researc h reporte d here .  A  secon d ai m o f  th e researc h i s 
t o sho w tha t  ver y littl e prio r  structur e i s sufficien t  t o acquir e 
conceptua l  structures .  Thi s resul t  cause s u s t o thin k tha t  th e 
"models "  o f  th e physica l  worl d attribute d t o infant s b y Spelke , 
Carey ,  Baillargeon ,  an d others ,  migh t  b e learned ,  no t  innate . 

What  ar e image-schemas ? Thin k o f  the m a s patter n de -
tector s o r  filters  tha t  ma p sensor y stream s ont o redescription s 
or  partia l  representations .  Fo r  example ,  whe n w e se e a  ca t 
wal k acros s th e room ,  ou r  animat e motio n image-schem a 
produce s a  partia l  representatio n o f  th e scene ;  similarl y whe n 
we se e a  perso n walkin g dow n th e road .  Bu t  whe n w e se e 
a ca r  zoo m past ,  th e ANIMAT E MOTION image-schem a stay s 
quiet . 

As minimalist s w e ar e leer y o f  image-schemati c theorie s 
of  conceptua l  developmen t  becaus e the y ar e unconstrained . 
H o w man y image-schema s ar e required ? Ar e the y al l  innat e 
or  ar e som e learned ? Whic h aspect s o f  sensor y experienc e 
shoul d image-schema s analyze ? On e purpos e o f  thi s pape r 
i s t o propos e a  ver y few ,  well-motivate d imag e schemas ,  an d 
sho w tha t  a n artificia l  agen t  ca n us e the m t o lear n a  lo t  abou t 
th e states ,  object s an d processe s i n it s environment . 

We hav e implemente d a  simulate d agen t  calle d Ne o tha t 
learn s representation s o f  objects ,  state s an d activities ,  an d i s 
poise d t o lear n categories ,  b y a  proces s o f  perceptua l  analysis , 

usin g severa l  version s o f  a  singl e learnin g rul e tha t  ha s man y 
of  th e propertie s claime d fo r  imag e schemas .  A s i t  happens , 
Neo' s analysi s i s o f  temporal ,  no t  spatial ,  structure .  Eve n so , 
we presen t  Ne o a s evidenc e tha t  Mandler' s theor y o f  infan t 
conceptua l  developmen t  is ,  i n it s broa d outlines ,  sufficien t  fo r 
an artificia l  agen t  t o lear n concepts . 

Baby World 

Neo live s i n a  simulate d environmen t  calle d BabyWorld , 
whic h implement s Neo' s sensations ,  menta l  representations , 
menta l  an d physica l  activities ,  an d th e behavio r  o f  object s an d 
othe r  agent s tha t  interac t  wit h Neo .  BabyWorl d ha s tw o parts : 
one ,  Neo ,  implement s everythin g tha t  Ne o does ,  includin g 
learning ,  moving ,  mouthing ,  looking ,  crying ,  an d s o on .  Th e 
othe r  part ,  calle d StreamsWorld ,  represent s Neo' s environ -
ment ,  an d i t  implement s event s tha t  happe n aroun d Ne o an d 
i n respons e t o Neo' s actions . 

Neo sense s it s environmen t  throug h a  collectio n o f  streams , 
whic h ar e divide d int o discret e tim e steps .  I n eac h tim e ste p 
a strea m hold s a  token .  Token s represen t  sensation s o r  pro -
cesse d percepts .  Fo r  example ,  on e toke n i s rattle-shap e an d 
i t  i s  place d i n th e appropriat e strea m wheneve r  Neo' s eye s 
poin t  a t  a n objec t  tha t  i s  shape d lik e a  rattle .  Th e stream s tha t 
represen t  Neo' s interna l  sensation s includ e a n affec t  strea m 
tha t  contain s token s suc h a s happ y an d sad ,  a  pai n stream ,  a 
hunge r  stream ,  an d somati c an d hapti c stream s tha t  ar e activ e 
when Ne o move s an d grasps . 

The Bab y worl d simulato r  i s  simpl e an d probabilistic .  Fo r 
example ,  Ne o get s hungr y som e tim e afte r  eating ,  i t  crie s 
when i t  i s  unhapp y o r  i n pain ;  whe n Ne o cries .  M o m my 
usuall y visits ,  unles s sh e i s angr y a t  Ne o fo r  crying ,  i n whic h 
cas e sh e stay s away .  Ne o fall s aslee p intermittently ;  i t  ca n 
move it s ar m an d head ,  an d gras p severa l  objects ,  includin g 
thre e rattles ,  a  bottle ,  a  mobile ,  key s an d a  knife .  Th e latte r 
cause s pain .  Th e rattle s mak e nois e whe n shaken .  Currently , 
Neo i s incapabl e o f  anythin g w e woul d cal l  volition .  I f  Neo' s 
eye s aligh t  o n a  rattl e the n Ne o wil l  gras p th e rattl e wit h som e 
probability .  Howeve r  goal-directe d thi s migh t  appear ,  Neo' s 
min d contain s nothin g tha t  coul d b e interprete d a s a  goal . 

Redescription of Sensations 

W h en Ne o start s t o ru n it s experienc e i s "blooming ,  buzzin g 
confusion, "  wit h n o apparen t  structure .  (W e kno w thi s i s 
probabl y no t  tru e o f  neonates ,  bu t  w e don' t  wan t  t o assum e 
prio r  menta l  model s o f  th e physica l  worl d i f  thes e migh t  b e 
acquire d throug h interaction ,  a s w e believ e the y can .  Thu s 
we star t  wit h ver y minima l  prio r  structure. )  Ne o goe s throug h 
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five  level s o f  redescriptio n o f  it s  experience :  1 )  Change s i n 
toke n values :  Token s i n stream s ar e augmente d b y noticin g 
when the y chang e value .  2 )  Scopes :  N e o find s pair s o f  cor -
relate d stream s calle d scopes .  3 )  Bas e fluents :  N e o finds 
c o m m on token-valu e pair s withi n scopes .  4 )  Contex t  fluents: 
Neo finds  bas e fluents  tha t  ten d t o follo w eac h othe r  i n time . 
5)  Chains :  Thes e tempora l  dependencie s ar e combine d int o 
tempora l  chains ,  whic h represen t  activities .  Chain s ar e use d 
fo r  activity-base d categorization . 

Each leve l  o f  redescriptio n produce s a n intermediat e rep -
resentation .  Representation s ar e interne d i n Neo' s memor y 
when the y hav e accrue d sufficien t  evidenc e from  Neo' s ex -
perience .  Th e example s i n thi s pape r  ar e from a  singl e ru n 
of  Neo ,  lastin g 30,00 0 tim e steps ,  durin g whic h i t  create d 
thousand s o f  intermediat e representations .  A  singl e countin g 
mechanis m i s responsibl e fo r  decidin g whe n t o inter n a  rep -
resentation .  N e o engage s i n al l  five  level s o f  redescriptio n a s 
soo n a s i t  i s  able ,  bu t  becaus e eac h instanc e o f  intermediat e 
representatio n require s statistica l  support ,  instance s o f  deepe r 
level s o f  representatio n ar e ofte n create d befor e instance s o f 
shallowe r  levels . 

Noticing When Token Values Change 

A strea m cT i  i s  sai d t o chang e stat e a t  tim e t ,  denote d A(i ,  t) , 
when ffi,«_i  ̂  o-i,t ;  tha t  is ,  a ^  change s stat e a t  tim e t  whe n i t 
contain s a  differen t  toke n a t  tim e t  tha n i t  di d a t  tim e t  -  1 . 
Conversely ,  A(i ,  t )  mean s th e strea m doesn' t  chang e state : 
o'i.t- i  =  cTi,t -  A t  thi s leve l  o f  redescription ,  w e don' t  car e 
what  th e toke n value s actuall y  are ,  w e onl y car e whethe r  the y 
change .  A s i t  happens ,  thi s reductio n i n informatio n serve s 
t o reduc e th e combinatoria l  spac e o f  representation s a t  deepe r 
level s (i.e. ,  scopes ,  bas e fluents,  contex t  fluents  an d chains ) 
and s o i s a n essentia l  first  leve l  o f  redescription . 

Scopes 

Neo learn s a  scope ,  Sij ,  whe n stream s a t  an d <t j  chang e 
togethe r  often .  Sai d differently ,  N e o learn s 5j j  whe n th e join t 
even t  A(i ,  t )  k  A { j ,  t )  occur s frequentl y relativ e t o th e join t 
event s A(i ,  t )  k  A { j ,  t )  an d A(i ,  t )  k  A ( j ,  t) .  T o asses s th e 
relativ e frequencie s o f  thes e events ,  N e o use s contingenc y 
table s lik e thi s one : 

A(sight-color,t )  A(sight-color,t )  tote d 
A($ight-$hape,t )  299 6 94 5 394 1 
A(sight-shape,t )  82 6 2523 2 2605 8 
tota l  382 2 2617 7 2999 9 

This says that the streams sight-shape and sight-color 
change d stat e simultaneousl y 299 6 times ,  an d on e change d 
when th e othe r  didn' t  94 5 +  82 6 =  177 1 times .  T o asses s th e 
strengt h o f  associatio n betwee n sight-shap e an d sight-colo r 
Neo square s th e frequency  i n th e first  cel l  o f  th e contingenc y 
tabl e (2996 )  an d divide s b y th e produc t  o f  th e first  ro w an d 
first  colum n margin s (394 1 an d 3822 ,  respectively) .  Th e max -
imu m valu e fo r  thi s statisti c i s 1.0 ,  an d fo r  th e tabl e abov e i t 
i s  2996V(394 1 x  3822 )  =  .596 .  ̂  

'Neo could use other statistics, such as x' and G, provided the 
contingenc y tabl e i s scale d t o a  constan t  total ,  preservin g th e propor -
tions .  (Scalin g i s necessar y becaus e x '  an d G  ar e no t  independen t 
of  sampl e size. )  I n practice ,  Ne o leam s th e sam e scopes ,  an d rank s 
the m similarly ,  irrespectiv e o f  ho w i t  measure s associatio n i n it s 
contingenc y tables . 

Scope s provid e a  mechanis m fo r  cross-moda l  perception : 
th e sam e contingenc y tabl e mechanis m wil l  detec t  cooccur -
rence s i n th e visua l  an d tactil e streams ,  fo r  exampl e Ros e 
(1990 )  an d Spelke (  1987) . 

Fluents 

Fluent s represen t  thing s tha t  don' t  change ,  o r  tha t  chang e i n 
highl y regular ,  predictabl e ways .  Th e soun d m a d e b y a  rattl e 
i s a  fluent,  s o i s th e sensatio n o f  holdin g th e rattle ,  an d s o 
ar e th e visua l  sensation s o f  th e shap e an d colo r  o f  th e rattle . 
Of  course ,  th e concep t  "rattle "  ha s al l  thes e components ,  s o 
fluents  fo r  th e color ,  shape ,  soun d an d textur e o f  a  rattl e mus t 
be linke d u p i n a  singl e fluent. 

Althoug h th e simples t  fluents  represen t  sensations ,  fluents 
ar e no t  identica l  wit h sensations .  Thi s i s a n importan t  point , 
becaus e th e distinctio n betwee n stream s an d fluents  i s h o w 
we implemen t  th e distinctio n betwee n sensor y experienc e an d 
cognitiv e experience .  N e o ca n experienc e th e sensation s as -
sociate d wit h lookin g a t  a  re d rattl e withou t  saying ,  mentally , 
"Ah ,  I  recogniz e a  re d rattle. "  Th e sensor y experienc e i s 
implemente d a s token s fo r  re d an d rattle-shape d i n th e ap -
propriat e streams ,  wherea s th e cognitiv e experienc e o f  a  re d 
rattl e involve s activatin g a  fluent  tha t  represent s th e re d rattle . 

Base Fluents 

Neo' s smalles t  fluents,  calle d bas e fluents,  represen t  cooccur -
ring  token s withi n scopes .  Suppos e strea m a i  contain s a  a t 
tim e t  - 1 an d 6  a t  tim e t .  The n w e sa y toke n o  stop s i  n  strea m i 
at  tim e t  - 1 ,  denote d H(i,a,t-1) ,  an d toke n b  start s i n strea m i  a t 
tim e t ,  denote d l-(i,b,t) .  N o w suppos e N e o turn s it s hea d an d 
it s eye s aligh t  o n a  re d rattle .  N e o wil l  detec t  tw o simultaneou s 
events ,  l-(sight-color,red,t )  an d l-(sight-shape,rattle-shape,t) . 
Sometim e later ,  N e o migh t  loo k somewher e else ,  whic h wil l 
generat e tw o simultaneou s sto p events ,  H(sight-color,red,v ) 
and ̂ (sight-shape ,  rattle-shape,v) .  Simultaneou s star t  event s 
and sto p event s ar e evidenc e tha t  a  singl e object—i n thi s cas e 
a re d rattle—o r  a  singl e activity ,  i s  makin g it s presenc e fel t 
i n tw o streams .  O f  course ,  tw o unrelate d event s coul d occu r 
simultaneousl y i n tw o streams ,  bu t  thi s sor t  o f  coincidenc e i s 
les s likel y tha n thecoincidenceo f  relate d events .  Contingenc y 
table s lik e th e on e describe d earlie r  coun t  th e cooccurrence s 
of  star t  an d sto p events ,  an d asses s whethe r  star t  an d sto p 
event s happe n simultaneousl y significantl y often .  Significan t 
association s creat e bas e fluents. 

S o me o f  th e bas e fluents  discovere d b y N e o ar e show n i n 
tabl e 1 .  The y mak e sense ,  give n wha t  w e k n o w abou t  th e 
N eo simulator .  Th e first  bloc k o f  fluents  i n tabl e 1  deal s wit h 
mouthing :  W h e n N e o i s mouthing ,  it s  ar m i s restin g ((mout h 
mouthing )  (ar m resting) )  an d it s voic e i s quie t  ((mout h 
mouthing )  (voic e quiet)) .  W h e n i t  isn' t  mouthing ,  N e o ca n 
make noises—crying ,  gurglin g an d screaming—an d it s ar m 
ca n move . 

Th e nex t  bloc k o f  bas e fluents  i n tabl e 1  represent s object s 
i n Neo' s environment ,  includin g th e gree n rattle ,  th e gree n 
mobile ,  th e metalli c  keys ,  th e knife ,  an d s o on .  No t  al l  th e ob -
ject s hav e bee n learne d becaus e N e o ra n fo r  onl y 30,00 0 tim e 
steps .  Th e las t  fluent  i n thi s bloc k ((sight-colo r  dark )  (sight -
shap e none) )  represent s wha t  happen s whe n N e o close s it s 
eyes . 

I t  i s  apparen t  t o us ,  thoug h no t  t o Neo ,  tha t  bas e fluents 
collectivel y hav e structure .  Not e tha t  th e bloc k o f  ((soun d 
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((mout h mouthing )  (ar m resting) ) 
((mout h not-mouthing )  ( a m move-lf) ) 
((mout h not-mouthing )  (voic e gurgle) ) 

((sight-color green) (sight-shape rattle-like)) 
((sight-colo r  metallic )  (sight-shap e blob-like) ) 
((sight-colo r  orange )  (sight-shap e blob-like) ) 
((sight-colo r  red )  (sight-shap e rattle-like) ) 
((sight-colo r  white )  (sight-shap e crib-like) ) 

((sound cry) (mouth not-mouthing)) 
((soun d cry )  (voic e cry) ) 

((sound guigle) (mouth not-mouthing)) 
((soun d gurgle )  (voic e gurgle) ) 

((sound quiet) (arm resting)) 
((soun d quiet )  (mout h mouthing) ) 
((soun d quiet )  (tactile-mout h plastic) ) 

((tactile-hand none) (hand open)) 
((tactile-han d wood )  (han d close) ) 

((mout h mouthing )  (voic e quiet) ) 
((mout h not-mouthing )  (voic e cry) ) 
((mout h not-mouthing )  (voic e scream) ) 

((sight<olor green) (sight-shape mobile-like)) 
((sight-colo r  metallic )  (sight-shap e knife-like) ) 
((sight-colo r  orange )  (sight-shap e rattle-like) ) 
((sight-colo r  white )  (sight-shap e rattle-like) ) 
((sight-colo r  dark )  (sight-shap e none) ) 

((sound cry) (tactile-mouth none)) 

((soun d gui:gle )  (tactile-mout h none) ) 

((soun d quiet )  (arm-spee d resting) ) 
((soun d quiet )  (tactile-mout h skin) ) 
((soun d quiet )  (voic e quiet) ) 

((tactile-hand plastic) (hand close)) 

Tabl e 1 :  S o m e o f  Neo' s Bas e Fluent s 

cry)... )  bas e fluents  ha s exactl y th e sam e structur e a s th e bloc k 
of  ((soun d gurgle)... )  fluents :  N e o i s no t  mouthing ,  i t  ha s n o 
tactil e sensation s i n it s mouth ,  an d i t  i s doin g somethin g wit h 
it s  voice .  Regularitie s lik e thi s ar e th e basi s fo r  categorization , 
as w e describ e below .  T h e ((tactil e hand)... )  fluents  illustrat e 
simila r  regularities . 

Context Fluents 

Suppose Neo is holding a rattle, and then it starts to mouth the 
rattle .  Whi l e i t  i s holdin g th e rattle ,  th e fluent  ((tactile-han d 
wood) (han d dose) )  i s  active ,  an d w h e n i t  start s mouthing , 
th e fluent  ((tactile-mout h wood)(do-mout h mouth) )  wil l  be -
c o me active .  T h e latte r  fluent  start s i n th e contex t  o f  th e for -
mer .  I f  thi s happen s signiflcaittl y  ofte n the n N e o wil l  for m 
th e contex t  fluent, 

(CONfTEXT ((tactile-hand wood)(hand close)) 
((tactile-mout h wood)(do-mout h mouth))) . 

T h e contingenc y tabl e mechanis m tha t  learn s scope s an d 
bas e fluents  als o learn s contex t  fluents.  Specifically ,  w h e n 
fluent  F 2 start s a t  tim e t  +  i ,  N e o check s t o se e whethe r 
fluent  F i  i s  active ,  an d i f  so ,  i t  update s th e first  cel l  o f  th e 
contingenc y table ,  ( h Fi, i  & \ -  Fi, t  +  i).  I f  F 2 start s an d 
Fi  isn' t  active ,  the n N e o update s th e thir d cel l  o f  th e table , 

( h Fi, t  &  h  F2, t  +  i).  I f  F i  i s  activ e bu t  F 3 doesn' t  star t 
withi n a  w i n d o w o f  i  tim e steps ,  the n N e o increment s th e 

secon d cel l  o f  th e table ,  (\ -  F i , t & h  F2, t  +  i). 
What' s missin g fro m thi s accoun t  i s wha t  i t  mean s fo r  a 

fluent  t o b e "active. "  I n fact ,  w e finessed  thi s proble m earlier , 
w h en w e describe d h o w N e o learn s bas e fluents,  implyin g 
tha t  ever y star t  an d sto p even t  withi n a  scop e i s "active, " 
tha t  is ,  contribute s t o th e contingenc y tabl e fo r  s o m e bas e 
fluent.  A  mor e psychologicall y plausibl e mechanis m migh t 
includ e s o m e sor t  o f  selectiv e attention ,  s o no t  al l  scope s 
ar e monitore d fo r  star t  an d sto p event s al l  th e time .  Th e 

proble m o f  attentio n i s eve n cleare r  w h e n w e contemplat e 
buildin g contex t  fluents  fro m othe r  fluents,  becaus e fluents  ar e 
representation s i n memory .  Th e star t  even t  I -  F i  reall y means , 
"somethin g happen s i n th e streams ,  an d a s a  result ,  th e fluent 
f  1  i s retrieve d fro m memory. "  W e haven' t  explaine d exactl y 
h o w th e even t  h  F i  i s  implemented .  I t  i s  reall y to o simple : 
W h en al l  th e toke n value s i n a  scop e chang e simultaneously , 
N eo compare s th e n e w value s t o th e bas e fluents  i t  ha s learned , 
an d i f  i t  finds  a  match ,  i t  "activates "  th e associate d bas e fluent. 
I t  activate s a  contex t  fluent  wheneve r  on e o f  it s componen t 
fluents  i s activated .  A s soo n a s a  fluent  i s activated ,  it s "leve l 
of  activation "  begin s t o decline ,  an d afte r  a  perio d o f  tim e 
i t  become s inactiv e eve n i f  th e sensor y event s tha t  activate d 
i t  ar e stil l  present .  Thi s i s h o w w e implemen t  a  crud e for m 
of  habituation .  W e ar e unabl e t o mode l  comple x pattern s o f 
habituatio n an d dishabituation .  Neo' s attentiona l  mechanis m 
i s th e focu s o f  ongoin g work . 

Some of Neo's context fluents are illustrated in table 2. 
Th e first  bloc k o f  fluents  begin s wit h th e fluent  ((sight -
m o v e m e nt  resting )  (a r m resting)) .  I n thi s context ,  N e o ver y 
ofte n observe s th e star t  o f  th e fluents  ((do-han d close )  (han d 
dose)) ,  ((tactile-han d plastic )  (han d dose)) ,  an d ((tactile -
h a n d w o o d )  (han d dose)) .  Tha t  is ,  N e o ha s learne d thre e 
activitie s tha t  begi n w h e n it s ar m i s resting .  Th e first  is ,  "expe -
rienc e th e intentio n t o clos e th e han d an d th e sensatio n o f  th e 
close d hand" ;  th e secon d an d thir d are ,  "experienc e th e tactil e 
sensatio n o f  wood/plasti c i n th e han d an d th e sensatio n o f  th e 
han d closed. "  Th e nex t  tw o contex t  fluents  i n tabl e 2  hav e th e 
same endpoints—th e han d closing ,  an d tactil e sensation s i n 
th e h a n d — b u t  the y begi n wit h N e o cryin g an d no t  mouthing . 
T h e final  tw o contex t  fluents  begi n wit h th e tactil e sensatio n 
i n th e han d an d en d wit h quie t  soun d an d a  tactil e sensatio n 
i n th e mouth ,  an d wit h th e tactil e sensatio n an d mouthing , 
respectively . 
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( C O N T E XT ((sight-movemen t  resting)  (ar m resting)) 
((do-han d close )  (han d close)) ) 

((TONTEX T ((sight-movemen t  resting)  (an n resting)) 
((tactile-han d plastic )  (han d close)) ) 

( C O N T E XT ((sight-movemen t  resting)  (ar m resting)) 
((tactile-han d wood )  (han d close)) ) 

(CONTEXT ((sound cry) (mouth not-mouthing)) 
((do-han d close )  (han d close)) ) 

( C O N T E XT ((soun d cry )  (mout h not-mouthing) ) 
((tactile-han d plastic )  (han d close)) ) 

(CONTEXT ((tactile-hand plastic) (hand close)) 
((soun d quiet )  (tactile-mout h plastic)) ) 

( C O N T E XT ((tactile-han d plastic )  (han d close) ) 
((tactile-mout h plastic )  (mout h mouthing)) ) 

Tabl e 2 :  S o m e o f  Neo' s Contex t  Fluent s 

Chains and Classification 

Neo aggregate s contex t  fluents  int o chains .  Fo r  example , 
give n th e contex t  fluents, 

(CONTEXT ((tactile-moulh none) (voice cry)) 
((tactile-han d wood )  (han d close) ) 

( C O N T E XT ((tactile-han d wood)(han d close) ) 
((tactile-mout h woodHdo-mout h mouth))) , 

Neo forms the chadn, 

(CHAIN ((tactile-mouth none) (voice cry)) 
((tactile-han d wood )  (han d close) ) 
((tactile-mout h wood)(do-mout h mouth))) . 

Her e i s another ,  ver y simila r  chai n tha t  N e o learned : 

(CHAIN ((tactile-mouth none) (voice cry)) 
((tactile-han d plastic )  (han d close) ) 
((tactile-mout h plastic)(do-mout h mouth))) . 

The onl y differenc e betwee n thes e chain s i s th e objec t  tha t 
Neo grab s an d mouths :  i n th e firs t  cas e i t  i s  wooden ,  i n th e 
second ,  plastic .  W e ma y for m a  clas s o f  thing s tha t  N e o ca n 
gra b an d mouth .  Th e chain s don' t  sa y exactl y whic h object s 
ar e i n th e class ,  bu t  w e kno w the y ar e eithe r  woo d o r  plastic , 
and the y ar e graspable ,  an d mouthable . 

Graspabl e an d MOUTHABI- E ar e interactiona l  propertie s 
(Johnson ,  1987 )  tha t  characteriz e Neo' s activitie s i n it s  envi -
ronment .  Unlik e T E X T U R E — w o od o r  plastic—the y ar e i n a 
sens e subjective :  What' s graspabl e b y on e agen t  isn' t  neces -
saril y  graspabl e b y another .  Wherea s textur e i s a n inheren t 
propert y o f  a n object ,  GRASPABLE i s a  propert y o f  th e objec t 
and th e agen t  w h o ma y tr y t o gras p it .  Interactiona l  proper -
tie s lik e GRASPABLE ar e th e basi s fo r  categorie s i n Lakof f  an d 
Johnson' s theor y o f  categorizatio n (Johnson ,  1987 ;  Lakoff , 
1984 ;  Lakof f  an d Johnson ,  1980 )  an d als o i n Mandler' s  the -
or y o f  conceptua l  developmen t  (Mandler ,  1992) .  However , 
we believ e categorie s ar e bes t  define d i n term s o f  activities , 
and th e attractivenes s o f  interactiona l  feature s i s du e t o the m 
describin g activitie s bette r  tha n objectiv e feature s suc h a s tex -
tur e (Cohen ,  Oate s an d Atkin .  1996) . 

I n fact ,  althoug h N e o learn s activities ,  represente d a s 
chains ,  w e ar e responsibl e fo r  usin g thes e chain s t o identif y 

feature s an d for m classe s (Cohen ,  Oate s an d Atlcin .  1996) . 
Th e firs t  ste p i s t o matc h u p chain s tha t  hav e th e sam e strea m 
names i n th e sam e order ,  creatin g a n abstrac t  chai n o f  scopes . 
For  example ,  th e chain s abov e ar e bot h describe d b y th e ab -
strac t  chai n (tactile-mout h voice )  - ¥ (tactile-han d h a n d )  - ¥ 
(tactile-mout h mou th ) .  N o w w h e n w e loo k a t  th e toke n 
value s tha t  ca n instantiat e thi s abstrac t  chain ,  w e fin d tha t  th e 
tactile-han d an d tactile-mout h stream s contain s eitho -  none , 
w o od o r  plastic .  I n othe r  words ,  th e abstrac t  chai n identifie s 
an activit y i n whic h N e o ha s nothin g i n it s mout h an d i s cry -
ing ,  an d the n ha s somethin g w o o d o r  plasti c i n it s  han d an d it s 
mouth .  W e know ,  becaus e w e buil t  th e N e o simulator ,  tha t  th e 
w o od o r  plasti c object s includ e Neo' s rattle s an d bottles ,  bu t 
not  th e mobile ,  M o n m i y ,  o r  Neo' s o w n hand .  Currently ,  thi s 
clas s i s "implicit. "  N e o doesn' t  hav e a n ontolog y i n it s  head , 
nor  declarativ e definition s o f  categories .  Still ,  ther e i s a n im -
plici t  clas s o f  object s tha t  ca n participat e i n th e abstrac t  chain . 
(Se e Cohen ,  Oate s an d Atkin ,  1996 ,  fo r  fvirthe r  examples. ) 

Discussion 

We have illustrated five levels of redescription of Neo's sen-
sor y exp)erience ,  an d suggeste d h o w th e regularitie s i n thes e 
redescription s ca n b e th e basi s o f  classification .  Eac h leve l 
of  redescriptio n provide s th e opportunit y t o lear n represen -
tations ,  an d on e simpl e mechanis m produce s al l  thes e repre -
sentation s bu t  chains .  Th e mechanis m maintain s condngenc y 
table s fo r  pjur s o f  star t  (h )  o r  sto p (H )  events ,  an d whe n a 
measur e o f  associatio n fo r  th e tabl e achieve s significance , 
N eo intern s a  representation .  Th e onl y thin g tha t  changes , 
fro m on e leve l  o f  representatio n t o th e next ,  i s  wha t  start s an d 
stops ,  an d whethe r  a  la g i s allowe d betwee n thes e events . 

Eac h versio n o f  thi s basi c condngency-tabl e mechanis m 
ca n b e viewe d a s a n image-schema ,  i n th e sens e Mandle r 
(1992 )  intends :  I t  produce s a  redescriptio n an d a n intermedi -
at e leve l  representatio n o f  ra w sensor y experience .  I t  happen s 
tha t  al l  Neo' s redescriptio n take s plac e i n th e tempora l  do -
main ,  bu t  thi s i s appropriat e fo r  a n agen t  tha t  i s  biitse d t o lear n 
a predictiv e mode l  o f  event s i n it s environment .  Althoug h 
Mandle r  present s image-schema s a s processor s o f  spatia l  in -
formation ,  the y ar e equall y wel l  describe d i n tempora l  terms . 
Mandle r  cites ,  fo r  instance ,  S E W MOTION,  ANIMAT E MOTION, 
CAUSED MOTION,  an d AGENCY a s imag e schemas .  W e woul d 
argu e tha t  N e o ha s learne d som e o f  thes e predicates .  Fo r  ex -
ample ,  th e abstrac t  chai n (do-ar m a r m )  - ¥ (sight-movemen t 
arm-speed )  define s a  clas s o f  action s i n which ,  i n th e contex t 
of  a n ar m movement ,  N e o see s th e ar m movin g fast .  Arguably , 
thi s i s  a  SEL F MOTIO N image-schema . 

Thi s exampl e raise s th e questio n o f  h o w man y image -
schemas i s a  bab y b o m with ,  an d whethe r  mor e ar e learned . 
Mandle r  list s man y imag e schema s i n he r  paper ;  w e sugges t 
on e fo r  scopes ,  on e fo r  bas e fluents,  an d on e fo r  contex t  fluents 
(implie d recursivel y t o produc e chains) .  Anothe r  mechanis m 
i s require d t o produc e abstrac t  chains .  Still ,  w e tak e a  dis -
tinctly  minimalis t  position :  I f  a n image-schem a suc h a s SEL F 
MOTION ca n b e learne d a s describe d above ,  w e prefe r  no t  t o 
assume babie s ar e b o m wit h it .  W e thin k i t  i s  ver y valuabl e 
t o implemen t  agent s suc h a s N e o t o find  ou t  h o w m u c h o r 
litti e i s  require d i n th e wa y o f  innat e structure ,  especiall y a s 
image-schema s an d th e kind s o f  "models "  discusse d b y Lesli e 
(1988) ,  Spelk e (1988) ,  Care y an d Spelk e (1994) ,  Kei l  (1994) , 
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and other s ar e informa l  (lackin g interpretatio n a s dat a struc -
ture s an d processes )  an d thei r  interaction s wit h memor y an d 
attentio n ar e largel y unspecified . 

A relate d questio n i s w h y particula r  relationship s ar e image -
schemas .  W e offe r  tw o kind s o f  explanation .  Scope s serv e t o 
reduc e th e combinatoria l  spac e o f  potentia l  fluents,  s o perhap s 
some image-schema s hav e evolve d fo r  computationa l  reasons . 
Base Huent s ar e learne d whe n token s star t  an d sto p simultane -
ously .  Simultaneit y i s rar e amon g independen t  events ,  s o a n 
image-schem a tha t  detect s simultaneit y i s idea l  fo r  associat -
in g part s o f  a  whole .  (Thu s i t  ma y no t  b e necessar y t o posi t  a n 
innat e an d sophisticate d understandin g o f  th e physica l  world , 
e.g. ,  Spelke ,  1988. )  Contex t  fluents  ar e learne d whe n on e 
fluent  follow s anothe r  mor e ofte n tha n woul d b e expecte d b y 
chance ,  whic h i s a  necessar y thoug h no t  sufficien t  conditio n 
t o infe r  caus e (Suppes ,  1970 ;  Cohen ,  1995) .  S o Ne o ha s th e 
image-schema s i t  ha s becaus e the y hel p Ne o identif y states , 
object s an d potentiall y  causa l  sequences . 

Conclusion 

Let  u s revie w wha t  N e o learned :  I t  learne d tha t  mos t  o f  th e 
regularit y  i n it s  environmen t  take s plac e i n 3 0 pair s o f  streams , 
les s tha n 1 0 % o f  th e (2 6 x  25)/ 2 =  32 5 pair s o f  stream s tha t  i t 
migh t  hav e focuse d on .  I t  learne d bas e fluents  correspondin g 
t o th e shap e an d colo r  o f  mos t  object s i n it s environment .  I t 
learne d th e permanen t  location s o f  th e gree n mobil e (directl y 
overhead )  an d th e cri b bar s (t o th e extrem e lef t  an d righ t  o f 
it s field  o f  view) .  I t  learne d activities ,  suc h a s graspin g a n 
objec t  an d mouthin g it ,  o r  movin g it s ar m an d seein g it s ar m 
move.  I t  almos t  learne d conditions .  Fo r  example ,  i t  learne d a 
chai n tha t  include s ...((do-han d open)(han d open))((tactile -
m o u t h skin)(mout h mouthing)) ,  bu t  i t  ha s n o wa y t o lear n 
tha t  th e first  fluent  i s  a  conditio n fo r  th e second—tha t  th e han d 
must  b e ope n t o b e mouthed .  I t  learne d chain s fro m whic h 
we abstracte d classe s tha t  mak e sens e i n Neo' s environment , 
suc h a s th e clas s o f  object s tha t  ca n b e graspe d an d mouthed , 
and th e clas s o f  activitie s tha t  en d i n seein g th e ar m movin g 
fast . 

Keep i n min d tha t  Neo' s action s ar e largel y random :  whe n 
i t  grab s a n objec t  i t  ca n mout h it ,  bu t  it' s jus t  a s likel y t o 
dro p it ,  o r  m o v e it s head .  Th e onl y structur e i n Neo' s action s 
i s provide d b y condition s (e.g. ,  i t  canno t  mout h a n objec t  i t 
hasn' t  grasped ,  an d i t  canno t  mout h it s han d unles s th e han d 
i s open )  an d b y a  handfu l  o f  simpl e behaviora l  dependencie s 
buil t  int o th e simulato r  (e.g. ,  i t  sometime s grab s wha t  i t  look s 
at ,  an d i t  crie s i f  i t  get s hungry) .  Keepin g i n min d als o tha t 
Neo ra n fo r  onl y 30,(XX )  tim e steps ,  i t  seem s t o u s tha t  i t 
learne d quit e a  lot . 

I n conclusion ,  Ne o provide s preliminar y evidenc e tha t 
image-schemati c redescriptio n o f  ra w sensation s i s probabl y 
sufficien t  t o for m implicit ,  activity-base d categories .  Ver y 
fe w image-schema s ar e required ;  mor e ma y b e learned . 
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Abstrac t 

We report work in progress on the computational modelling 
of  a  theor y o f  concept s an d concep t  combination .  Th e sens e 
generatio n approac h t o concept s provide s a  perspicuou s wa y 
of  treatin g a  rang e o f  recalcitran t  concep t  combinations :  priva -
tiv e combination s {e.g. ,  fak e gun ,  ston e lion ,  apparen t  friend) . 
We argu e tha t  a  prope r  treatmen t  o f  concep t  combinatio n mus t 
respec t  importan t  syntacti c constraint s o n th e combinatio n pro -
cess ,  th e simples t  bein g th e priorit y o f  syntacti c modifie r  ove r 
th e hea d i n cas e o f  conflicts .  W e presen t  a  mode l  o f  privativ e 
concep t  combination s base d o n th e sens e generatio n approach . 
The mode l  wa s develope d usin g cogent ,  a n object-oriente d 
modelhn g environmen t  designe d t o simpUf y an d clarif y th e 
implementatio n proces s b y minimisin g th e 'distance '  betwee n 
th e box/arro w 'language '  o f  psychologica l  theorisin g an d th e 
theory' s implementation .  I n additio n t o simpl e privative s (i.e. , 
ones wit h a  singl e modifier ,  hk c fak e gun )  th e mode l  als o han -
dle s iterated ,  o r  complex ,  privativ e combination s (i.e. ,  one s 
wit h mor e tha n on e modifier ,  like/oA e ston e lion) ,  an d reflect s 
thei r  associate d modificatio n ambiguities .  W e sugges t  tha t  th e 
succes s o f  thi s mode l  reflect s bot h th e utiUt y o f  COGENT a s a 
modellin g framewor k an d th e adequac y o f  sens e generatio n a s 
a theor y o f  concep t  combination . 

Introduction 

Concept s ar e usuall y take n t o hav e thre e basi c function s i n 
menta l  lif e (see ,  e.g. ,  Franks ,  1992 ;  Rips ,  1995) :  a  repre -
sentatio n functio n (th e representationa l  content s ove r  whic h 
though t  an d inferenc e abou t  th e worl d take s place) ,  a  clas -
sificatio n (o r  referring )  functio n (th e content s employe d i n 
determinin g whethe r  object s fal l  unde r  th e denotatio n o f  a 
term) ,  an d a  linguisti c functio n (th e content s accesse d i n un -
derstandin g languag e an d concatenate d accordin g t o linguis -
ticall y appropriat e rule s t o compris e a  menta l  representatio n 
of  th e meanin g o f  a  sentenc e o r  utterance) .  TTi e firs t  tw o 
function s hav e bee n th e primar y concer n o f  investigation s o f 
concept s i n cognitiv e science . 

I t  i s widel y accepte d tha t  insight s abou t  th e representatio n 
and classificatio n function s o f  concept s ca n b e obtaine d from 
an understandin g o f  th e wa y i n whic h the y combin e t o for m 
comple x concept s (e.g. ,  Medi n &  Shoben ,  1988 ;  Smith ,  Osh -
erson ,  Rip s &  Keane ,  1988) .  W e sugges t  tha t  constraint s o n 
th e proces s o f  combinatio n itsel f  shoul d b e forthcomin g from 
an understandin g o f  th e linguisti c function .  Hence ,  account s 
of  concept s i n genera l  ca n b e constraine d b y ascertainin g th e 
exten t  t o whic h the y respec t  critica l  factor s concernin g th e 
linguisti c function .  I n orde r  t o begi n t o mak e progres s o n 
thi s question ,  th e wor k reporte d her e focuse s o n th e effect s o f 

aspect s o f  th e linguisti c functio n o n th e representationa l  func -
tio n o f  concept s (since ,  arguably ,  th e classificatio n functio n i s 
parasiti c  o n th e representationa l  function) . 

We presen t  a  computationa l  mode l  o f  concep t  combinatio n 
from  withi n th e sens e generatio n framewor k develope d else -
wher e (e.g. ,  Franks ,  1995) ,  employin g a  computationa l  frame -
wor k develope d i n orde r  t o clarif y  th e relationshi p betwee n th e 
specificatio n o f  theoretica l  commitment s an d thei r  implemen -
tatio n (Cooper ,  Fox ,  Farringdo n &  Shallice ,  i n press) .  Thi s 
i s a n essentiall y  symboli c framework  fo r  modellin g cognitiv e 
phenomena :  sinc e ou r  focu s wa s o n modellin g th e effec t  o f 
syntacti c relation s o n concep t  combinatio n (rathe r  tha n mod -
ellin g thos e syntacti c relation s pe r  se) ,  th e necessar y perspicu -
it y an d clarit y o f  th e sequentia l  orderin g i n th e implementatio n 
of  th e synta x i s mor e directl y len t  b y a  symboli c implemen -
tatio n tha n a  connectionis t  on e (suc h a s Miikkulainen ,  1993) . 
We presen t  a  basi c mode l  o f  concep t  combination s first  ( a 
hea d nou n combinin g wit h a  singl e modifier) ,  an d the n sho w 
h o w thi s ca n b e extende d t o handl e a  simpl e for m o f  syn -
tacti c influenc e o n combinatio n — th e iteratio n o f  modifiers , 
wit h attendan t  scopin g o r  modificatio n ambiguitie s tha t  aris e 
fo r  thei r  representation .  Th e mode l  presente d i s a n aspec t  o f 
wor k i n progress .  Thi s wor k ha s a  goa l  o f  locatin g a  mode l  o f 
concep t  combinatio n withi n a  perspectiv e gaine d from  syntac -
ti c constraint s o n combinatio n an d from  wide r  consideration s 
of  cognitiv e modelling . 

Sense Generation and Concept Combination 

Sense generation is an approach to concepts and concept 
combinatio n tha t  attempt s t o respec t  psychologica l  evidenc e 
abou t  classificatio n an d representatio n i n th e contex t  o f  prag -
mati c factor s concernin g communication .  I t  postulate s 'quasi -
classical '  lexica l  concep t  representation s whic h expres s th e 
defaul t  conten t  fo r  a  concept,  comprisin g attribute-valu e struc -
ture s wher e eac h attribut e take s onl y on e value ,  an d wher e 
thos e value s ca n b e overridde n b y contextua l  dictate s (Frank s 
& Braisby ,  1990 ;  Franks ,  1995) .  Thes e representation s ar e 
quasi-classica l  i n that ,  althoug h the y ac t  a s i f  the y wer e neces -
sar y an d sufficien t  condition s fo r  categor y membershi p withi n 
a singl e context ,  acros s differen t  context s thei r  content s ar e de -
feasibl e an d s o ar e no t  classica l  definitions .  A  critica l  distinc -
tio n betwee n type s o f  attribute s i s m a d e o n th e basi s o f  thei r 
relationshi p t o categor y membership :  'central '  attribute s ar e 
one s tha t  reflec t  deep ,  theoretica l  assumption s abou t  th e fac -
tor s tha t  ar e presume d essentia l  fo r  categor y membershi p (se e 
Medi n &  Ortony ,  1989 ;  Braisby ,  Frank s &  Hampton ,  1994 ,  i n 
press) ;  b y contrast ,  'diagnostic '  attribute s ar e thos e aspect s o f 
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th e surfac e appearanc e o f  object s tha t  m a y b e use d fo r  rough -
and-read y identification ,  bu t  ar e no t  infalhbl e guides .  Sens e 
generatio n postulate s a  generativ e proces s tha t  take s bottom -
u p inpu t  fro m lexica l  concept s associate d wit h th e constituent s 
of  a  phrase ,  an d output s a  sens e fo r  th e phras e tha t  provide s 
a close r  fi t  t o th e pragmati c contex t  tha n woul d th e defaul t 
conten t  o f  lexica l  concepts . 

I t  ca n b e argue d (Franks ,  199S )  tha t  a  clas s o f  combination s 
k n o w n a s 'privatives '  constitut e a  test-cas e fo r  theorie s o f  con -
cep t  combination ,  i n tha t  the y exhibi t  particularl y strong ,  ye t 
predictable ,  form s o f  context-sensitivity .  Privativ e adjective s 
ar e analyse d b y K a m p (1975 )  a s one s fo r  whic h th e followin g 
inferenc e i s a  logica l  truth :  If x  i s a  privativ e adjective-nou n 
the n X  i s no t  a  noun :  fo r  example ,  i f  x  i s a  fak e gun ,  the n i  i s 
not  a  gun . 

Frank s (1995 )  argue s tha t  thi s analysi s shoul d b e extende d 
i n thre e ways .  First ,  th e characteristi c inferenc e shoul d b e 
weakened ,  t o allo w fo r  th e cognitivel y plausibl e classifica -
tion ,  i f  I  i s  a  fak e gun ,  the n x  i s a  gu n i n som e sens e — 
onl y wit h respec t  t o appearance .  Second ,  suc h a n inferenc e 
i s characteristi c no t  onl y o f  th e effec t  o f  a  particula r  se t  o f 
adjective s o n al l  noun s tha t  the y modify ,  bu t  als o o f  th e in -
teractio n o f  th e content s o f  hea d noun s wit h modifier s tha t 
ar e no t  themselve s intrinsicall y privative .  Third ,  'proper ' 
privatives ,  i n whic h privativ e behaviou r  result s fro m a n intrin -
si c propert y o f  th e adjectiv e type ,  i n fac t  c o m e i n tw o kind s 
— 'negating '  privative s (e.g. ,  fak e gu n — where ,  intuitively , 
th e modifie r  negate s th e centra l  attribute s o f  th e head) ,  an d 
"equivocating '  privative s (e.g. ,  apparen t  frien d — wher e th e 
modifie r  cast s doub t  o n th e head' s centra l  attributes ,  bu t  doe s 
not  completel y negat e them) .  I n bot h cases ,  th e diagnosti c 
attribute s o f  th e hea d nou n concep t  ar e no t  denie d i n an y w a y 
— thu s preservin g th e characteristi c classificatio n inferenc e 
base d o n appearance s only ,  note d above .  Thes e type s o f  pri -
vativ e hav e analogue s i n whic h privativ e behaviou r  result s no t 
from  th e particula r  semanti c typ e o f  th e modifier ,  bu t  from  th e 
interactio n o f  th e content s o f  th e concept s o f  hea d an d mod -
ifier .  Suc h 'functional '  privative s includ e combination s lik e 
ston e lio n o r  chocolat e teapo t  (negatin g privativ e analogue s 
of  fak e gun) ,  an d woode n skille t  o r  blu e orang e (equivocatin g 
privativ e analogue s o f  apparen t  friend) .  I t  i s  clea r  that ,  fo r 
thes e cases ,  ther e i s n o intrinsi c propert y o f  eithe r  th e hea d 
or  modifie r  tha t  produce s th e privativ e behaviou r  (e.g. ,  whe n 
ston e modifie s bridge ,  an d w h e n lio n i s modifie d b y brown , 
th e resultin g behaviou r  i s no t  privative) .  Hence ,  privative s 
e m b o dy a  particularl y stron g for m o f  context-sensitivit y o f 
concep t  representations .  Producin g th e sens e fo r  a  privativ e 
combinatio n denie s attribute s o f  th e hea d noun ,  requirin g a 
proces s tha t  i s no t  rigidly  (i.e. ,  monotonically )  compositiona l 
(fo r  example ,  a s i n feature-addition ;  se e Hampton ,  1987) . 
Thi s doe s no t  preclud e a  compositiona l  account ,  however , 
sinc e th e sens e produce d fo r  a  combinatio n i s stil l  predictabl e 
fro m th e concept s o f  th e part s an d thei r  m o d e o f  combination . 

Despit e thei r  constitutin g a  tes t  cas e fo r  theorie s o f  concept s 
an d concep t  combination ,  i t  i s no t  clea r  tha t  privative s ca n b e 
handle d in ,  fo r  example ,  prototyp e theor y (Hampton ,  1992) , 
schem a theor y (Murphy ,  1988) ,  o r  theorie s tha t  assum e tha t 
combinatio n operate s b y a  proces s o f  eithe r  propert y mappin g 
or  slo t  fillin g (cf. ,  Wisniewsk i  &  Centner ,  1991) .  Moreover , 
th e requisit e marke d conflic t  betwee n attribute s o f  th e hea d 

and modifie r  m a y als o b e difficu U t o expres s i n conneclionis t 
terms .  B y contrast ,  a  unified ,  compositiona l  accoun t  o f  pri -
vative s withi n th e sens e generatio n framework  i s presente d i n 
Frank s (1995) .  Th e accoun t  employ s unification-base d oper -
ation s t o captur e th e variou s aspect s o f  concep t  combinatio n 
(e.g. ,  priorit y unificatio n (Kaplan ,  1987) ,  i n whic h th e sens e 
fo r  th e combinatio n inherit s  ̂ 1 o f  th e attribute-valu e pair s o f 
th e constituen t  lexica l  concept ,  wit h th e exceptio n tha t  wher e 
th e tw o concept s conflic t  o n on e o f  th e value s o f  a  c o m m o n 
attributes ,  th e valu e o f  th e priorit y constituen t  — th e modi -
fie r  — i s inherited) .  Th e critica l  differenc e betwee n negatin g 
and equivocatin g privative s i s expresse d i n term s o f  differen t 
metonymi c typ e coercio n operator s (cf. ,  Klei n &  Sag ,  1985 ; 
Pustejovsky ,  1991) :  fo r  negators ,  th e operato r  take s a s inpu t 
th e hea d noun' s lexica l  concep t  (comprisin g bot h centra l  an d 
diagnosti c atuibutes) ,  an d output s a  coerce d representatio n 
comprisin g th e head' s diagnosti c attribute s an d th e negatio n 
of  it s  centra l  attributes ;  fo r  equivocators ,  th e operato r  output s 
th e diagnosti c attribute s o f  th e hea d an d neithe r  th e centra l  at -
tribute s no r  thei r  negation ,  bu t  rathe r  thei r  bein g onl y possibl y 
tru e o f  th e objec t  bein g referre d to .  Thi s correspond s t o treat -
in g th e attribute-valu e smicture s a s potentiall y  havin g thre e 
truth-value s — a  valu e o f  a n attribut e m a y b e tru e o f  a  typ e 
of  object ,  fals e o f  it ,  o r  neither .  Fo r  functiona l  privatives ,  th e 
conflic t  betwee n centra l  attribute s fo r  ston e an d lio n result s i n 
thos e o f  th e latte r  bein g negated ,  whils t  th e conflic t  betwee n 
diagnosti c attribute s fo r  w o o d an d skille t  result s i n th e cen -
tra l  attribute s o f  th e latte r  no t  bein g negate d bu t  bein g onl y 
possibl y tru e o f  th e typ e o f  objec t  describe d b y th e phrase . 

Thi s treatmen t  capture s definin g semanti c intuition s abou t 
object s describe d b y privatives ,  an d henc e thei r  characteris -
ti c  classificatio n inferences .  Fo r  example ,  a  ston e lio n pos -
sesse s centra l  attribute s o f  ston e objects ,  bu t  onl y diagnosti c 
attribute s o f  rea l  lions .  Similarly ,  fak e gun s d o no t  posses s 
th e centra l  attribute s o f  guns ,  bu t  onl y thei r  diagnosti c at -
tributes .  B y contrast ,  a n apparen t  frien d perform s diagnosti c 
behaviour s o f  a  friend ,  bu t  thi s i s consisten t  wit h onl y pos -
sibl y possessin g centra l  motivationa l  attribute s o f  friendship ; 
similarly ,  a  woode n skille t  look s lik e a  rea l  skille t  bu t  m a y o r 
m ay no t  b e abl e t o suppor t  th e centra l  functio n o f  a  skillet .  I n 
al l  cases ,  th e initial ,  bottom-u p combinatio n stag e leave s th e 
elaboratio n an d specificatio n o f  th e detail s o f  th e combinatio n 
unspecifled ,  producin g schemati c sense s whic h ar e consisten t 
wit h a  rang e o f  furthe r  possibl e specification s tha t  depen d o n 
informationa l  an d pragmati c contex t  (e.g. ,  resultin g i n th e ad -
ditio n o f  th e informatio n tha t  th e ston e lio n i s a  statue ,  an d 
so ha s centra l  attribute s o f  a  statue ,  o r  tha t  a n apparen t  frien d 
reall y  i s o r  i s  no t  a  friend,  wit h appropriat e centra l  attributes) . 

Th e mode l  discusse d her e seek s t o tes t  thi s accoun t  i n tw o 
ways .  Firs t  o f  all ,  t o ascertai n whethe r  th e accoun t  o f  sim -
pl e privativ e concep t  combination s (i.e. ,  one s i n whic h ther e 
i s a  singl e modifie r  fo r  th e head )  i s coheren t  b y modellin g 
it .  Secondly ,  t o ascertai n whethe r  th e particula r  combinatio n 
operation s ar e adequat e fo r  handlin g iterate d o r  comple x con -
cep t  combination s (i n whic h ther e i s mo r e tha n on e modifier) . 
Thi s als o provide s a  wa y o f  beginnin g t o incorporat e syntacti c 
constraint s int o concep t  combination . 

N o un phrase s ofte n incorporat e multipl e modifier s o f  th e 
hea d noun .  Th e multiplicatio n o f  modifier s raise s th e possi -
bilit y  o f  ambiguit y i n th e scop e o f  th e modification ,  an d thi s 
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proble m i s rendere d especiall y comple x whe n th e multiplie d 
modifier s ar e privatives ,  an d henc e whe n a  privativ e combi -
natio n i s itsel f  modifie d b y a  privative .  Fo r  example ,  fak e 
ston e lio n coul d hav e tw o distinc t  readings ,  on e i n whic h th e 
firs t  modifie r  ha s 'wide '  scop e ove r  th e secon d modifie r  an d 
th e hea d {}.t.,fak e (ston e lion) ,  a  ston e lio n tha t  i s a  fake) , 
and on e i n whic h th e firs t  modifie r  ha s 'narrow '  scop e ove r 
th e secon d modifie r  only ,  an d the y bot h modif y th e hea d (i.e. , 
{fak e stone )  lion :  a  lio n tha t  i s  mad e o f  fak e stone) . 

I n essence ,  i n orde r  t o arriv e a t  a n appropriat e representatio n 
fo r  suc h comple x combinations ,  th e head-modifie r  relation -
ship s — tha t  is ,  th e scop e o f  th e first  modifie r  — mus t  b e 
disambiguated .  Th e disambiguatio n o f  suc h relationship s i s 
take n t o b e provide d b y a  synta x parse r  tha t  provide s inpu t 
t o a  conceptua l  interpreter .  Thi s doe s no t  imply ,  o f  course , 
tha t  n o semanti c o r  themati c lexica l  informatio n i s involve d i n 
th e proces s o f  syntacti c disambiguation ,  merel y tha t  detaile d 
conceptua l  informatio n i s no t  (see ,  e.g. ,  Trueswell ,  Tanenhau s 
& Kello ,  1993) .  Th e questio n o f  interes t  fo r  ou r  purpose s i s 
then ,  give n tha t  th e head-modifie r  relationship s hav e bee n 
disambiguated ,  doe s th e sens e generatio n accoun t  o f  simpl e 
privativ e combination s generalis e t o comple x privatives ? 

The COGENT Modelling Environment 

Our model was constructed in CCX}ENT (Cognitive Objects 
withi n a  Graphica l  EnviroNmenT) ,  a  developin g cognitiv e 
modellin g tool .  Thi s syste m gre w ou t  o f  independen t  wor k 
aime d a t  clarifyin g th e relationshi p betwee n psychologica l 
theor y an d computationa l  implementatio n withi n cognitiv e 
modelling .  I n particular ,  i t  seek s t o mak e explici t  th e rang e 
of  actua l  architectura l  commitment s mad e b y a  psychologi -
cal  theory ,  a s distinc t  fro m mer e implementatio n detail s (cf . 
Cooper  etal. ,  i n press ;  Cooper ,  1995) . 

The COGENT modellin g environmen t  provide s a  se t  o f  con -
figurabl e cognitiv e "objects "  (suc h a s rule-base d processes , 
and buffer s wit h o r  withou t  capacit y limitation s an d conten t 
decay) .  Centra l  t o th e environmen t  i s a  graphica l  interfac e 
whic h allow s th e specificatio n o f  executabl e model s i n th e 
box/arro w style .  Differen t  shape d boxe s correspon d t o dif -
feren t  type s o f  object ,  an d a  complet e executabl e mode l  ca n 
be develope d b y specifyin g appropriat e propertie s an d con -
tent s fo r  al l  object s i n th e model .  Thi s minimise s th e distanc e 
betwee n th e model s traditionall y develope d b y psychologist s 
and thei r  implementations ,  simplifyin g th e relatio n betwee n 
th e two .  A t  present ,  onl y symboli c object s ar e provided ,  bu t 
anticipate d futur e development s includ e extendin g th e envi -
ronmen t  b y incorporatin g connectionis t  an d networ k objects . 
Extan t  use s includ e th e implementatio n o f  productio n syste m 
model s (Cooper ,  1996) ,  model s o f  decisio n makin g (Uia t  o f 
Fox ,  1980) ,  an d model s o f  prospectiv e memor y (Ellis ,  Shallic e 
and Cooper ,  i n submission) .  Detail s o f  COGENT availabilit y 
and syste m requirement s ar e availabl e fro m th e authors . 

I t  i s  importan t  t o emphasis e tha t  COGENT i s a n environment , 
not  a n architecture .  A s suc h th e intentio n i s tha t  th e syste m 
shoul d impos e fe w (i f  any )  constraint s o n th e precis e for m o f 
a model' s implementation .  I n general ,  i t  i s  th e particula r  the -
orist' s  responsibilit y  t o provid e suc h constraints .  Thi s i s no t 
t o sa y tha t  architecture s suc h a s Soa r  (Newell ,  1990 )  hav e n o 
rol e i n computationa l  wor k o n cognitio n (thoug h se e Coope r 
& Shallic e (1995 )  fo r  a  discussio n o f  som e potentia l  short -

coming s o f  architecture-drive n modelling) ,  bu t  t o provid e fo r 
theorist s wh o d o no t  subscrib e t o al l  o f  th e assumption s em -
bodie d i n an y extan t  architecture . 

I n spit e o f  th e abov e intention ,  on e constrain t  whic h i s im -
pose d b y COGENT,  an d whic h impact s o n th e curren t  domain ,  i s 
th e preclusio n o f  recursiv e procedure s (i.e. ,  procedure s whic h 
cal l  themselves) .  Mos t  curren t  programmin g language s allo w 
recursiv e procedures ,  an d suc h procedure s ar e o f  tremendou s 
utilit y  whe n processin g tree-structure d dat a suc h a s natura l 
language .  However ,  tru e recursio n require s a  processin g stac k 
t o maintai n th e trac e o f  executio n throughou t  recursiv e call s 
(i n orde r  t o recove r  fro m th e recursio n onc e i t  bottom s out) , 
and associate d dynami c memor y allocatio n fo r  independen t 
copie s o f  loca l  variable s use d withi n eac h recursiv e call . 

Whil e ther e i s n o prohibitio n o n a  COGENT proces s uigger -
in g itself ,  ther e i s n o processin g stac k withi n COGENT s o ther e 
i s n o possibilit y  that ,  o n completion ,  a  proces s coul d retur n 
contro l  t o th e proces s tha t  triggere d it .  (I n fact ,  processin g 
withi n COGENT i s base d o n a  paralle l  mode l  i n whic h al l  boxe s 
ar e constantl y potentiall y  active :  se e Coope r  (1995 )  fo r  mor e 
details. )  Furthermore ,  COGENT's assume d correspondenc e be -
twee n cognitiv e object s (i.e. ,  boxes )  an d functiona l  cognitiv e 
structure s mean s that ,  fo r  example ,  a  proces s requirin g loca l 
variable s wil l  requir e a n associate d buffe r  i n whic h t o stor e 
thos e variables .  A  trul y recursiv e proces s woul d requir e a  sep -
arat e cop y o f  thi s buffe r  fo r  eac h recursiv e call .  Again ,  thi s 
dynami c memor y allocatio n i s no t  availabl e withi n COGENT. 
Notic e tha t  th e preclusio n o f  recursio n i n COGENT arise s no t 
fro m an y prio r  prejudic e agains t  recursiv e procedures ,  bu t 
fro m th e directnes s o f  th e mappin g betwee n functiona l  unit s 
and COGENT objects ,  an d fro m th e underlyin g (parallel )  pro -
cessin g model . 

I n ligh t  o f  th e above ,  comple x modifie d noun-phrase s can -
not  b e processe d i n COGENT b y recursivel y processin g thei r 
parts . 

Sense Generation in COGENT 

The model consists of a set of interconnected boxes (see Fig-
ur e 1 )  o f  tw o principa l  kinds :  buffer s an d rule-base d pro -
cesses .  A  parsin g proces s break s inpu t  int o a  se t  o f  lo -
cal  tree s (i.e. ,  binar y branchin g node s whic h disambiguat e 
head/modifie r  relationships )  an d add s it s outpu t  t o a  tempo -
rar y storag e buffe r  {Loca l  Pars e Trees) .  W e ar e no t  her e 
concerne d wit h th e interna l  detail s o f  thi s parsin g process .  A 
secon d process .  Conceptua l  Access ,  i s  triggere d b y element s 
i n th e store ,  processin g the m (i.e. ,  accessin g th e conceptua l 
conten t  associate d wit h thei r  constituents )  on e a t  a  time .  Thes e 
content s compris e th e single-value d attribut e valu e structure s 
(wit h th e majo r  divisio n betwee n centra l  an d diagnosti c at -
tributes )  note d earlier .  Th e orde r  o f  thi s processin g i s con -
straine d b y th e requiremen t  tha t  th e conceptua l  conten t  o f  th e 
constituent s (i.e. ,  hea d an d modifier )  i s  immediatel y availabl e 
(eithe r  from  th e Menta l  Lexico n o r  fro m a  shor t  ter m stor e t o 
whic h earlie r  processin g ma y hav e writte n it s  results) .  A s a 
consequence ,  processin g i s bottom-up . 

Once th e initia l  conten t  fo r  bot h th e hea d an d modifie r  ha s 
been obtained ,  th e generatio n o f  th e schemati c sens e fo r  th e 
phras e proceed s vi a tw o furthe r  processes .  Thes e ar e als o 
controlle d i n a  bottom-u p manner ,  sinc e the y onl y depen d 
upo n th e typ e o f  operato r  o r  upo n whethe r  conflict s occu r 
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Figur e 1 :  Sens e Generatio n i n C O G E NT 

at  diagnosti c o r  centra l  levels .  T h e particula r  detaile d con -
tent s o f  lexica l  concept s ar e no t  critica l  t o th e generatio n o f 
a schemati c sense .  Firstly ,  th e conten t  o f  th e hea d i s coerce d 
i n on e o f  tw o way s (se e above) :  eithe r  th e head' s centra l 
attribute s ar e negate d (i f  th e modifie r  i s  a  negatin g privativ e 
adjective ,  o r  i f  th e hea d an d modifie r  conflic t  o n centra l  at -
tributes) ,  o r  th e head' s centra l  attribute s ar e undercu t  o r  cas t 
int o doub t  (i f  th e modifie r  i s  a n equivocatin g privativ e ad -
jective ,  o r  i f  th e hea d an d modifie r  conflic t  o n diagnosti c 
attributes) .  Followin g this ,  th e coerce d centra l  an d diagnosti c 
attribute s o f  th e hea d ar e priorit y unifie d wit h th e correspond -
in g attribute s o f  th e modifier ,  wit h th e modifier' s attribute s 
takin g priority .  Thi s produce s a  schemati c sens e fo r  th e com -
bination ,  whic h i s temporaril y  store d i n a  conceptua l  stor e (cf. , 
Potter ,  1993) .  Ifthi s sens e i s associate d wit h a  constituen t  par t 
of  a  comple x nou n phrase ,  the n it s arriva l  i n th e conceptua l 
stor e wil l  allo w processin g o f  it s super-ordinat e constituen t  t o 
proceed :  generatin g a  sens e fo r  th e comple x nou n phras e a s 
a whol e wil l  the n tak e input s bot h from  th e Menta l  Lexico n 
(fo r  lexica l  sub-constituents )  an d from  th e Short-ter m Con -
ceptua l  Stor e (fo r  non-lexica l  sub-constituents) .  T h e sens e 
produce d i n thi s bottom-u p manne r  i s onl y schematic .  A n y 
post-combinatio n specificatio n o r  elaboratio n o f  thi s sens e i s 
viewe d a s involvin g a n interactio n betwee n bottom-u p an d 
top-dow n influence s an d no t  modelle d here . 

T h e fiil l  specificatio n o f  th e mode l  i n C O G E NT consist s o f 
Figur e 1  togethe r  wit h a  specificatio n o f  th e configurabl e prop -
ertie s o f  eac h bo x i n tha t  figure.  Th e theoretica l  difference s 
betwee n th e Menta l  Lexico n an d th e Short-ter m Conceptua l 
Store ,  fo r  example ,  ar e reflecte d i n differen t  configuration s o f 
th e correspondin g boxes .  I n particular ,  th e Menta l  Lexico n 
i s modelle d a s a  lon g ter m stor e wit h n o deca y an d n o ca -
pacit y limitations ,  wherea s th e Short-ter m Conceptua l  Stor e 
i s modelle d a s a  temporar y o r  workin g stor e wit h fixed  deca y 
an d capacit y limitations .  Eac h proces s i s full y  specifie d i n 

term s o f  a  se t  o f  condition/actio n rule s (on e rul e pe r  proces s 
fo r  thi s model )  an d som e declarativ e Prolo g conditions .  Th e 
condition s o f  th e rule s eithe r  matc h element s fro m variou s 
buffer s o r  perfor m logica l  operation s (suc h a s priorit y unifi -
cation ,  specifie d i n Prolog )  o n thei r  data .  Th e rules '  action s 
modif y buffe r  content s o r  trigge r  furthe r  processes . 

Th e thre e rule s ar e presente d i n Figur e 2 .  C H an d d h rep -
resen t  th e centra l  an d diagnosti c attribute s o f  th e hea d (re -
spectively) .  Similarl y c m an d d m represen t  th e centra l  an d 
diagnosti c attribute s o f  th e modifier .  I n Rul e 1 ,  th e conditio n 
concep tua l_ l ooku p querie s th e Menta l  Lexico n an d Short -
ter m Conceptua l  Stor e t o determin e th e conten t  o f  th e phrase' s 
head .  Th e conditio n con f  l i c t_ typ e serve s a  simila r  pur -
pos e fo r  th e modifier ,  bu t  als o take s accoun t  o f  adjective s 
whic h serv e a s operator s (an d s o hav e n o independen t  con -
ceptua l  conten t  — e.g. ,  prope r  privative s lik e fake) .  I f  thes e 
condition s ar e met ,  th e rul e fires,  deletin g th e loca l  pars e tre e 
from  it s buffer ,  an d triggerin g Coercio n wit h th e messag e 
coe rce (Ph rase ,  T y p e ,  C H ,  CM,  DH ,  D M ) . 

W h en Rul e 2  i s triggered ,  i t  coerce s th e typ e o f  th e 
centra l  attribute s o f  th e hea d accordin g t o tha t  speci -
fied  b y th e triggerin g process ,  producin g CC H (i.e. ,  co -
erce d centra l  hea d attributes) .  T h e proces s the n trig -
ger s Priorit y Unificatio n (Rul e 3 )  wit h th e messag e 
un i f y_con ten t (Ph rase ,  CCH,  CM,  D H ,  D M ) . 

Th e triggerin g o f  Rul e 3  priorit y unifie s  th e centra l  attribute s 
of  th e coerce d hea d an d modifier ,  producin g th e centra l  at -
tribute s o f  th e combinatio n (c) ,  an d th e diagnosti c attribute s 
of  th e hea d an d modifier ,  producin g th e diagnosti c attribute s o f 
th e combinatio n (d) .  Th e conceptua l  conten t  o f  th e combina -
tio n i s the n adde d t o th e Short-ter m Conceptua l  Store ,  wher e i t 
m ay contribut e t o th e constructio n o f  th e conceptua l  conten t  o f 
a large r  constituen t  (vi a th e conditio n coiiceptual_loo)cu p 
calle d b y Conceptua l  Acces s (Rul e 1)) . 

To illustrate ,  conside r  first  a  simpl e privative ,  suc h a s ston e 
lion .  Ther e i s n o syntacti c ambiguity ,  an d jus t  on e loca l  tree . 
Processin g therefor e require s jus t  on e cycl e throug h th e dia -
gra m i n Figur e 1 .  Onc e th e loca l  tre e appear s i n th e Loca l 
Pars e Tree s store .  Short-ter m Conceptua l  Acces s i s triggered , 
thu s accessin g th e lexica l  concept s  fo r  bot h ston e an d lio n from 
th e Menta l  Lexicon :  bot h lexica l  concept s compris e centra l 
and diagnosti c attributes .  Conceptua l  Acces s als o determine s 
th e natur e o f  th e combinatio n i n term s o f  an y conflic t  o f  at -
tribute s (i.e. ,  negatin g o r  equivocatin g privativ e fo r  conflict s 
on centra l  o r  diagnosti c attribute s respectively ,  o r  affirmativ e 
combinatio n fo r  n o conflict) .  I n th e cas e o f  ston e lion ,  a 
conflic t  o f  centra l  attribute s wil l  b e detected ,  fulfillin g th e 
requirement s fo r  a  negatin g typ e coercion .  Conceptua l  Ac -
ces s passe s thi s informatio n t o th e Coercio n process ,  whic h 
negate s th e centra l  attribute s o f  th e hea d (lion) .  Th e outpu t  co -
erce d representatio n the n comprise s th e diagnosti c attribute s 
and th e negate d centra l  attribute s fro m th e lexica l  concep t  fo r 
lion .  Th e coerce d representatio n o f  lio n an d th e representatio n 
of  th e lexica l  concep t  fo r  ston e ar e the n inpu t  t o th e Priorit y 
Unificatio n process ,  whic h combine s the m (givin g precedenc e 
t o stone )  t o yiel d a  representatio n o f  a  typ e o f  objec t  tha t  pos -
sesse s al l  o f  th e centra l  an d diagnosti c attribute s o f  stone ,  an d 
some o f  th e coerce d centra l  an d diagnosti c attribute s o f  lion , 
wit h th e provis o that ,  wher e th e value s o f  attribute s conflict , 
th e value s o f  ston e tak e priority .  Th e resultin g representatio n 
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Rul e 1 :  Conceptua l  Acces s 
IF : 

THEN: 

once local_tre e (Phrase ,  Mod i  f  ier ,  Head )  i s i n Loca l  Pars e Tree s 
conceptual_lookup(Head ,  CH,  DH) 
conflict_type(Modifer ,  Type ,  CH,  DH,  CM,  DM) 

delet e local_tree (  Phrase ,  Modifier ,  He&d )  fro m Loca l  Pars e Tree s 
send coerc e (Phrase ,  Type ,  CH,  CM,  DH,  UU)  t o Coercio n 

Rul e 2 :  Coercio n 
T R I G G E R:  coerc e (Phrase ,  Type ,  CH ,  CM,  DH ,  DM) 
IF :  type_coerce(Type ,  CH ,  CCH) 
T H E N:  sen d unify_content(Phrase ,  CCH,  CM,  DH ,  DM)  t o Priorit y Unif y 

Rule 3: Priority Unification 
T R I G G E R:  unify_conten t  (Phrase ,  CH ,  CM,  DH ,  DM) 
IF :  priority_\inify(CM ,  CH ,  C ) 

prior i ty_unify(DM ,  DH ,  D ) 
T H E N:  ad d conceptual_conten t  (Phrase ,  C ,  D )  t o Short-ter m Conceptua l  Stor e 

Upper-case identifiers correspond to variables which are instantiated when the rule fires. 

Figur e 2 :  C O G E NT rule s fo r  Sens e Generatio n 

i s o f  a  typ e o f  objec t  tha t  ha s centra l  attribute s o f  ston e (e.g. , 
inorganic )  an d ha s negate d centra l  attribute s o f  lio n (e.g. ,  in -
organic ,  geneti c structur e no t  o f  a  lion) ;  i t  als o ha s diagnosti c 
attribute s o f  ston e (e.g. ,  a  gre y colour ,  har d texture) ,  an d some , 
but  no t  all ,  o f  lio n (e.g. ,  i t  has  a  lio n shape ,  bu t  no t  lio n colou r 
or  lio n habitat) . 

The cas e o f  comple x nou n phrase s involvin g iterate d mod -
ifier s i s analogous ,  excep t  tha t  alternat e possibl e syntacti c 
structure s (reflecte d i n alternat e loca l  pars e trees )  lea d t o al -
ternat e possibl e senses .  Fo r  fak e ston e lion ,  a  sens e o f  ston e 
lio n ma y b e determine d a s above .  Th e negatin g pmativefak e 
may the n operat e o n thi s sens e (temporaril y  availabl e i n th e 
Short-ter m Conceptua l  Store )  t o yiel d a  representatio n fo r  a 
typ e o f  objec t  tha t  doe s no t  hav e th e centra l  attribute s o f  ston e 
lio n (e.g. ,  inorganic )  bu t  doe s hav e th e diagnosti c attribute s o f 
thi s combination .  Th e secon d readin g o f  fak e ston e lio n cor -
respond s t o th e cas e wher e th e comple x nomina l  fak e ston e 
modifie s lio n (correspondin g t o a  lio n whic h i s mad e fro m 
some kin d o f  fak e stone ,  suc h a s a  har d plastic) .  I n thi s case , 
th e conten t  o f  fak e ston e wil l  first  b e determined .  Th e rele -
vant  representatio n wil l  hav e a s centra l  feature s th e negatio n 
of  th e centra l  feature s o f  ston e (bu t  th e diagnosti c feature s o f 
stone) .  Th e resul t  o f  combinin g thi s wit h th e conten t  o f  lio n 
wil l  depen d o n th e precis e for m o f  centra l  feature s o f  each .  I f 
th e centra l  feature s o f  fak e ston e d o no t  conflic t  wit h thos e o f 
lion ,  the n a n affirmativ e combinatio n wil l  b e invoked ,  an d al l 
centra ]  attribute s wil l  b e unified .  Th e resultin g sens e allow s 
tha t  a  fak e ston e lio n i s actuall y a  rea l  lio n (perhap s pretendin g 
t o b e a  statue) .  Equivocatin g o r  negatin g privativ e reading s 
may als o b e license d i f  ther e i s conflic t  o n diagnosti c o r  centra l 
attribute s respectively .  I n thi s way ,  th e mode l  demonstrate s 
tha t  th e sens e generatio n accoun t  o f  simpl e privative s ca n 
generalis e t o complex ,  iterated ,  concep t  combinations . 

Future Developments 

Futur e researc h wil l  focu s o n fou r  mai n areas .  Firstly ,  al -
thoug h thi s wor k ha s show n tha t  sens e generatio n ca n provid e 
an adequat e accoun t  o f  iterate d privativ e combinations ,  th e 

model  ma y als o b e use d t o asses s th e generalit y o f  th e sens e 
generatio n theor y i n term s o f  affirmativ e (i.e. ,  non-privative ) 
form s o f  combinatio n (e.g. ,  predicatin g adjective s lik e re d an d 
non-predicatin g adjective s lik e criminal) . 

The scopin g ambiguitie s inheren t  i n modifie r  iteratio n are , 
of  course ,  jus t  on e o f  a  rang e o f  syntacti c phenomen a tha t  fall s 
withi n th e scop e o f  th e sens e generatio n theory .  A  secon d 
stran d o f  furthe r  wor k wil l  therefor e involv e developin g th e 
model  itsel f  b y addressin g furthe r  syntacti c phenomena .  Fo r 
example ,  combination s ma y involv e syntacti c form-clas s am -
biguities .  Thus ,  whe n interpreting ,  say ,  ston e lion ,  a  strictl y 
bottom-u p parse r  woul d initiall y  interpre t  ston e a s a  hea d 
noun ,  onl y t o find  tha t  i t  i s  i n fac t  a  modifier .  A  fulle r  treat -
ment  o f  synta x woul d als o incorporat e th e interactio n betwee n 
conceptua l  conten t  an d mor e coarse-graine d conten t  (suc h a s 
themati c roles )  relevan t  t o resolvin g ambiguity . 

A somewha t  differen t  are a i n whic h th e mode l  i s  underde -
velope d concern s th e classificatio n an d representationa l  func -
tion s o f  concepts .  Th e curren t  mode l  simpl y take s concep t 
representation s t o compris e tw o differen t  type s o f  attribute . 
The combinatio n operation s ar e sensitiv e t o thes e type s o f  at -
tribute s bu t  no t  t o th e particula r  attribute s themselves .  Thi s al -
low s a  relativel y schemati c treatmen t  o f  representation .  H o w -
ever ,  i n orde r  t o provid e a  ful l  mode l  o f  tfie  representationa l 
and classificatio n functions ,  mor e detai l  concernin g th e post -
combinatio n specificatio n o f  th e sense s i s necessary .  Thi s 
i s addresse d withi n th e sens e generatio n theor y (se e Frank s 
(1995 )  fo r  a  ful l  account) ,  accordin g t o whic h an y suc h speci -
fication  i s consisten t  wit h th e result s o f  th e initia l  (schematic ) 
combinatio n stage .  Thes e development s wil l  therefor e aug -
ment  (rathe r  tha n negate )  th e curren t  model . 

Lastly ,  i t  i s  anticipate d tha t  development s i n th e COGENT 
softwar e wil l  allo w furthe r  refinemen t  o f  th e model .  Mor e 
detaile d modellin g o f  th e classificatio n an d representationa l 
function s o f  concept s may ,  fo r  example ,  b e bette r  handle d i n 
a hybri d symboli c +  connectionis t  mode l  i n whic h th e Menta l 
Lexico n (currentl y modele d a s a  static ,  symbolic ,  store) ,  an d 
it s access ,  i s  handle d b y a  connectionis t  component .  Affir -
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mativ e combination s i n suc h a  mode l  migh t  b e handle d b y a 
purel y connectionis t  "route" ,  bu t  thi s rout e woul d b e inter -
rupte d (i n th e sens e o f  Coope r  &  Franks ,  1993 )  i n th e cas e o f 
privativ e combinations ,  wher e attribut e conflict s woul d trigge r 
typ e coercio n prio r  t o combination . 

Conclusions 

We hav e suggeste d tha t  a  plausibl e accoun t  o f  concep t  com -
binatio n mus t  b e constraine d b y a n understandin g o f  th e lin -
guisti c functio n o f  concepts ,  an d tha t  thi s ca n begi n t o b e 
handle d b y modellin g complex ,  iterate d combinations .  Give n 
tha t  simpl e privative s ar e themselve s a  comple x se t  o f  combi -
nation s tha t  ca n provid e a  tes t  cas e fo r  a  theor y o f  concepts ,  th e 
abilit y  t o mode l  comple x privative s provide s a n eve n stronge r 
criterio n fo r  an y account' s adequacy .  W e sugges t  tha t  th e find-
ing s reporte d her e indicat e tha t  sens e generatio n ca n provid e a 
framewor k fo r  developin g a  plausible ,  generalisabl e accoun t 
of  concept s an d concep t  combination . 

The developmen t  o f  th e mode l  withi n th e COGENT mod -
ellin g environmen t  ha s als o demonstrate d th e utilit y  o f  co -
gen t  a s a  genera l  modellin g resource .  W e argu e tha t  th e di -
agrammati c representatio n (Figur e 1) ,  togethe r  wit h th e thre e 
rule s whic h gover n th e behaviou r  o f  th e thre e processes ,  clar -
ifie s th e sens e generatio n theor y withou t  obscurin g essentia l 
aspect s wit h implementatio n detail .  I n thi s sense ,  w e aver , 
bot h sens e generatio n an d COGENT hav e profite d (an d wil l 
continu e t o profit )  fro m thei r  interactio n i n th e developmen t 
of  thi s mode l 
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Abstrac t 

This paper considers whether a sociocultural theory of 
cognitio n ca n suppl y a  suitabl e perspectiv e fo r  analyzin g th e 
natur e o f  interdisciplinar y collaboratio n withi n group s i n th e 
Nationa l  Institut e fo r  Scienc e Educatio n (NISE) .  W e discus s 
th e metaphor s o f  apprenticeshi p an d voic e i n conversatio n t o 
identif y relevan t  element s o f  analysi s i n grou p discourse . 
The NIS E grou p show s evidenc e o f  cognitiv e apprenticeshi p 
and o f  multipl e voicedness ,  bu t  th e theorie s d o no t  full y 
explai n th e impac t  o f  interdisciplinar y interactio n o n grou p 
cognitiv e development .  Althoug h bot h th e apprenticeshi p 
metapho r  an d th e voic e metapho r  provid e usefu l  tool s fo r 
analysis ,  i t  woul d b e usefu l  t o hav e a  metapho r  tha t  deal s 
more directl y wit h interactio n amon g member s o f  equa l 
statu s fro m matur e communitie s o f  practice . 

Introduction 

One activit y withi n th e Nationa l  Institut e fo r  Scienc e 
Educatio n (NISE )  i s  th e Cognitiv e Studie s o f 
Interdisciplinar y Communication s project .  T h e goa l  o f  thi s 
projec t  i s  t o understan d factor s affectin g interdisciplinar y 
collaboratio n s o a s t o facilitat e mor e productiv e 
communicatio n an d bette r  design s fo r  team-base d 
organization s an d conferences .  Thi s issu e i s o f  importanc e 
not  onl y t o th e NISE ,  bu t  t o th e scientifi c an d busines s 
communit y a t  large ,  a s m a n y significan t  problem s an d 
product s requir e contribution s fro m specialist s wit h variou s 
backgrounds . 

The purpos e o f  thi s pape r  i s  t o conside r  whethe r  a 
sociocultura l  theor y o f  cognitio n ca n suppl y a  suitabl e 
perspectiv e fo r  analyzin g th e natiu e an d productivit y o f 
interdisciplinar y conversatio n tha t  occur s withi n th e NISE . 
Accordin g t o Wertsc h (1991) ,  sociocultura l  studie s provid e 
an accoun t  o f  h u m a n menta l  processe s 'tha t  recognize s th e 
essentia l  relationshi p betwee n thes e processe s an d thei r 
cultural ,  historical ,  an d institutiona l  settings "  (Wertsch , 
1991 ,  p .  6) .  F ro m a  sociocultura l  perspective , 
interdisciplinar y interactio n i s  viewe d a s cormnunicatio n 
acros s cultura l  boundaries ,  an d attendin g t o h o w suc h 
boundarie s ar e reveale d an d bridge d i n conversatio n shoul d 
lea d t o importan t  insight s abou t  tea m functionin g an d 
growt h o f  tea m knowledge . 

Alternative s t o adoptin g a  sociocultura l  viewpoin t 
includ e (a )  avoidin g perspective-base d bia s altogether ,  (b ) 

adoptin g a n alternativ e theory ,  o r  (c )  usin g a n inductiv e 
researc h metho d tha t  admit s m a n y differen t  theoretica l 
perspective s int o th e analysis .  Base d o n philosophica l 
argument s tha t  al l  observation s ar e theory-lade n (e.g. , 
K u h n ,  1979 ,  Lakatos ,  1978 ;  Popper ,  1959) ,  w e rejec t  th e 
ide a tha t  theoretica l  bia s ca n b e avoided .  Concernin g optio n 
b,  w e accep t  th e likelihoo d tha t  alternativ e suitabl e 
analytica l  perspective s m a y exist ;  however ,  consideratio n o f 
othe r  theorie s i s outsid e th e boundar y o f  thi s paper ,  whic h 
seek s onl y t o asses s th e applicabilit y o f  sociocultura l 
theories .  Regardin g optio n c ,  w e ar e attracte d t o th e ide a o f 
a n inductive ,  interdisciplinar y methodolog y suc h a s 
Interactio n Analysi s (lA )  (Jorda n &  Henderson ,  1995 )  tha t 
doe s no t  privileg e on e particula r  theoretica l  perspective . 
We ar e employin g l A approache s i n som e o f  ou r  work ,  bu t 
th e availabilit y  o f  multipl e perspective s i s limite d an d w e 
canno t  no t  rel y o n i t  entirely .  I n addition ,  eve n fo r 
interactio n analysis ,  w e nee d a  theor y t o insur e 
systematicit y i n ou r  o w n observations . 

Sociocultural Theories of Cognition 

T h e perspectiv e fro m whic h w e wil l  examin e dat a borrow s 
from  severa l  sociocultura l  theories :  Lav e an d Wenger' s 
situate d socia l  cognitio n theor y (e.g. .  Lave ,  1991 ;  Lav e & 
Wenger ,  1991 ;  Wenger ,  1990) ,  Vygotskia n developmenta l 
psycholog y (e.g. ,  Vygotsky ,  1978) ,  an d Bakhtin' s semioti c 
activit y theor y (a s cite d i n Wertsch ,  1991) .  Thes e 
viewpoint s ar e highl y compatibl e an d eve n borro w fro m 
on e another ,  thoug h eac h contribute s uniqu e concept s tha t 
ar e usefu l  fo r  ou r  analyses .  Al l  lea d t o th e insigh t  tha t  tea m 
productivit y an d growt h o f  tea m discours e wil l  b e highl y 
intertwined . 

Knowledge Building 

I f  th e purpos e o f  a n N I S E tea m i s t o integrat e an d creat e 
knowledg e tha t  ca n b e brough t  t o bea r  o n difficul t  an d 
importan t  issues ,  the n a  team' s productivit y i s  largel y 
determine d b y h o w wel l  i t  carrie s ou t  processe s tha t  driv e 
knowledg e construction .  Sociocultura l  theorie s assum e tha t 
knowledg e constructio n i s  essentiall y  socia l  i n nature . 
Lave' s viewpoin t  i s  tha t  knowledg e iives "  withi n 
communitie s o f  practic e wher e i t  develop s an d thrive s 
throug h socia l  discourse .  Individua l  participatio n i n thi s 
discours e require s knowledg e o f  languag e an d othe r 
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conceptua l  tool s o f  though t  tha t  ar e share d b y othe r 
members o f  th e community .  Share d communit y knowledg e 
ca n chang e an d gro w w h e n ne w languag e an d concept s ar e 
assimilate d o r  constructe d b y th e discours e 

Th e insigh t  tha t  conceptua l  tool s (suc h a s language )  an d 
physica l  tool s (suc h a s whit e board s o r  flip  charts )  bot h 
shap e an d compris e th e evolvin g communit y knowledg e 
bas e i s attribute d t o Vygotsk y (1978) .  However ,  physica l 
tool s hav e no t  ye t  bee n a  significan t  facto r  fo r  th e grou p 
unde r  observation ,  whic h t o thi s poin t  ha s conducte d 
meeting s withou t  th e ai d o f  physica l  props . 

Cognitive Apprenticeship 

Centra l  t o Lave' s vie w i s th e notio n tha t  tea m surviva l  an d 
growt h depen d upo n a  continuin g proces s o f  apprenticin g 
ne w members .  Intellectua l  wor k involve s cognitiv e 
apprenticeshi p (e.g. ,  Collins ,  Brown ,  an d N e w m a n ,  1991) , 
whereb y experience d communit y member s shar e proble m 
solvin g an d othe r  conversatio n wit h les s experience d 
'Novices, "  supportin g thei r  acquisitio n o f  communit y tools , 
especiall y language .  Lave' s vie w als o indicate s tha t  tea m 
surviva l  an d growt h depen d o n a  continuin g proces s o f 
apprenticin g ne w members .  N e w member s participat e i n 
tea m activitie s peripherall y a t  first  but ,  throug h graduall y 
increasin g participatio n ca n eventuall y becom e full y 
participatin g member s o f  th e discourse . 

Multiple Voices 

I n orde r  t o buil d knowledg e a s a  group ,  tea m member s nee d 
t o b e abl e t o communicat e effectively .  Thi s activit y ma y b e 
particxilarl y difficul t  i n ne w interdisciplinar y groups ,  sinc e 
members represen t  differen t  professiona l  communitie s o f 
practic e tha t  var y i n term s o f  valu e systems ,  professiona l 
languages ,  an d cultxira l  histories .  Fro m Wenger' s 
perspectiv e (1990) ,  communicatio n acros s cultiue s ca n b e 
imtiate d b y seekin g an d usin g boundar y concepts-languag e 
subset s tha t  ar e share d acros s cultures .  A n excellen t 
exampl e o f  a  cross-disciplinar y boundar y languag e i s basi c 
statistics .  A s ne w boundar y concept s ar e locate d an d 
develope d throug h interdisciplinar y discourse ,  a  c o m m o n 
tea m languag e begin s t o emerg e an d grow . 

Communicatio n ca n als o b e initiate d b y finding  c o m m o n 
'Voice. "  Th e Bakhtinia n (a s cite d i n Wertsch ,  1991 )  notio n 
of  voic e refer s t o th e persona l  perspectiv e tha t  i s adopte d b y 
a speaker .  Fo r  example ,  a  chemistr y professo r  m a y spea k a s 
a scientis t  o n on e occasion ,  a s a  teache r  o n anothe r 
occasion ,  an d a s a  paren t  o n ye t  another .  Us e o f  les s 
technica l  languages ,  whic h ar e mor e widel y understood , 
m ay facilitat e interdisciplinar y communication .  Voice s ca n 
als o b e combine d i n discourse .  Fo r  example ,  th e chemis t 
ca n tal k t o a  nonscientis t  b y filtering  th e voic e o f  th e 
chemis t  throug h th e voic e o f  a  layperson .  Fro m th e 
perspectiv e o f  Lav e an d Wenger ,  individual s ar e capabl e o f 
multipl e voice s becaus e the y belon g t o multipl e 
communitie s o f  discoiu-se .  Share d voice s ca n provid e 
c o m m on groim d fo r  grou p cohesio n an d th e beginnin g o f 
technica l  exchange . 

G r o u p C o m p o s i t i o n 

I n thi s stud y w e conside r  a  sampl e o f  conversation s fro m 
earl y meeting s o f  on e N IS E team ,  askin g whethe r  th e kind s 
of  analyse s suggeste d b y a  sociocultura l  approac h provid e a 
usefu l  conceptua l  fit  t o th e data .  Th e grou p unde r 
observatio n meet s ever y othe r  mont h fo r  severa l  hour s t o 
examin e th e issu e o f  ho w t o evaluat e systemi c educationa l 
refor m (SER )  program s funde d b y th e Nationa l  Scienc e 
Foundatio n Whil e w e pla n t o continu e researchin g thi s 
grou p throughou t  it s development ,  ou r  curren t  findings  ar e 
base d o n audi o recording s an d field  note s collecte d durin g 
th e secon d an d thir d semimonthl y tea m meetings . 

Th e regularl y participatin g member s o f  th e tea m includ e 
fou r  mal e ful l  professor s representin g th e discipline s o f 
politica l  science ,  astronomy ,  chemistry ,  an d mathematic s 
education ;  tw o femal e professor s o f  engineering ;  on e 
femal e Ph.D.-leve l  anthropologis t  w h o hold s a  nonteachin g 
academi c staf f  position ;  an d a  femal e representativ e o f  th e 
Nationa l  Cente r  fo r  Improvin g Scienc e Educatio n wit h a 
Ph.D.-leve l  backgroun d i n chemistr y an d scienc e education . 
A mal e professo r  o f  mathematic s ha s participate d 
occasionally .  Invitation s t o joi n thi s grou p wer e issue d b y 
th e team' s leade r  an d manager ,  a  nonteachin g senio r 
scientist .  Hi s disciplinar y backgroun d i s primaril y 
mathematic s an d mathematic s education ,  wit h a  specialt y 
i n educationa l  assessment .  Approximatel y 3 5 % o f  th e tea m 
leader' s full-tim e researc h positio n i s devote d t o wor k 
relate d t o thi s team' s mission . 

Applying the Apprenticeship Metaphor 

Initiall y  thi s metapho r  seeme d inappropriat e fo r  th e S E R 
team ,  primaril y becaus e thi s tea m i s a  newl y forme d 
community ,  makin g i t  impossibl e fo r  senio r  mentor s t o 
induc t  novice s int o tea m membership .  I n addition ,  eve n 
ne w member s ar e ful l  participant s fro m th e start ,  s o Lave' s 
concep t  o f  periphera l  participatio n doe s no t  apply . 
However ,  th e metapho r  ca n b e insightfu l  i f  w e vie w th e 
team' s practic e a s a n extensio n o f  a n establishe d practicin g 
commimit y o f  educationa l  researcher s an d practitioner s 
intereste d i n systemi c reform .  Th e rhetori c o f  S E R i s indee d 
presen t  i n initia l  explanator y material s give n t o member s o f 
th e newl y forme d team ,  a s wel l  a s i n th e initia l  charg e 
presente d verball y t o th e tea m b y it s leader .  Thi s 
community-specifi c  rhetori c result s i n som e differentiatio n 
betwee n relativ e newcomer s an d old-timers ;  fo r  example , 
th e ter m '^stemi c reform "  itsel f  wa s mysteriou s t o som e 
and highl y familia r  t o others . 

Th e apprenticeshi p metapho r  als o seem s appropriat e 
give n tha t  interview s an d grou p discussion s revea l  evidenc e 
of  novice-leve l  confiisio n an d deliberat e 
self-apprenticeship s o f  som e member s no t  verse d i n th e 
rhetori c o f  educationa l  reform .  Fo r  example ,  on e scientis t 
acknowledge d feelin g lik e a  relativ e newcomer ; 

I feel like a student in the freshman chemistry 
course .  .  Y o u sens e tha t  yo u don' t  reall y hav e 
an appreciatio n fo r  th e significanc e [o f  principle s 
bein g presented ]  an d yo u don' t  hav e th e 
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perspectiv e t o allo w yo u t o as k th e question s tha t 
reall y nee d t o b e aske d 

Another scientist new to the rhetoric of SER admitted some 
confusio n 

I haven't the foggiest notion of what you're 
talkin g about .  Thi s systemi c refor m i s 
repeale d ove r  an d ove r  agai n lik e a  mantra ,  an d I 
don' t  kno w wha t  yo u thin k i s wrong ! 

Mentorship on the part of more experienced members 
was evidence d b y th e fa a tha t  tea m member s involve d i n 
th e S E R communit y explaine d term s an d concept s tha t 
wer e unfamilia r  t o othe r  member s A t  time s thes e 
explanation s wer e i n respons e t o direc t  question s from 
relativ e novice s (e.g. ,  'Wha t  doe s syste m alignmen t 
mean''') ,  whil e a t  othe r  time s the y responde d t o th e overal l 
directio n o f  anothe r  tea m member .  Fo r  instance ,  whe n on e 
scientis t  indicate d tha t  effectiv e S E R researc h shoul d 
involv e isolatin g variable s b y lookin g fo r  reform s changin g 
a singl e par t  o f  th e system ,  a  colleagu e replie d wit h th e 
perspectiv e o f  someon e experience d wit h SER : 

Let me give you one qualification on that; . 
historically ,  whe n peopl e hav e trie d t o d o on e 
thing ,  quit e ofte n becaus e o f  othe r  thing s i n th e 
syste m the y jus t  haven' t  bee n abl e t o d o tha t  [on e 
thing ]  ver y well . 

We observed that the team leader also monitored the 
proces s o f  educatin g al l  member s i n th e rhetori c o f  systemi c 
reform .  I n a n interview ,  h e describe d h o w h e trie d t o ensur e 
tha t  everyon e understoo d th e concepts  bein g discussed : 

I'm sure not everybody understands 'Chapter 
One, "  s o let' s  as k tha t  question ,  free  tha t  up .  I 
reall y appreciate d i t  w h e n [anothe r  member ] 
said ,  ' 1 don' t  kno w wha t  summative/formativ e 
evaluatio n is. "  1  kne w tha t  tha t  wa s a  trad e 
term ,  an d tha t  h e probabl y didn' t  understand 
that ,  tha t  i t  neede d t o b e qualified . 

As the above data illustrate, there is evidence that during 
eari y developmen t  o f  th e S E R team ,  a  typ e o f  cognitiv e 
apprenticeshi p i s occurrin g a s tea m member s unfamilia r 
wit h systemi c refor m ar e introduce d t o th e communit y o f 
SER practice .  Member s experience d i n refor m serv e a s 
mentor s i n th e group ,  an d newcomer s recogniz e tha t  i n 
some way s the y ar e bein g inducte d int o a  ne w field ,  i n 
whic h the y nee d t o acquir e knowledg e a s the y contribut e 
thei r  ow n point s o f  vie w 

Interaction of Multiple Voices 

The Bakhtinia n perspectiv e focuse s no t  onl y o n th e 
predominan t  voic e o f  th e communit y o f  S E R bu t  als o o n 
voice s fro m othe r  communities .  Th e N I S E grou p 
discussion s sho w evidenc e tha t  multipl e voice s ar e shapin g 
th e conversation ,  an d tha t  peopl e see m t o b e awar e o f  th e 

nee d t o creat e a  c o m m o n voic e i n th e discours e t o facilitat e 
grou p discussio n an d tea m building . 

As w e discus s us e o f  c o m m o n o r  discipline-specifr c 
voices ,  w e recogniz e th e difficult y i n categonzin g 
individua l  statement s a s onginatin g from  o r  belongin g t o a 
particula r  voice .  Occasionally ,  participant s explicitl y 
distinguishe d betwee n voice s b y associatin g themselve s an d 
thei r  statement s wit h particula r  disciplines ,  thu s helpin g t o 
identif y th e speaking  voic e Fo r  instance ,  a  c o m m e n t 
preface d b y th e statemen t  ' ^  a  physica l  scientist "  coul d 
probabl y b e attribute d t o th e voic e o f  th e natura l  scientists . 

Th e mos t  clearl y identifie d voice s i n th e conversatio n 
wer e thos e o f  th e natural/applie d science s an d th e socia l 
sciences .  Althoug h thi s classificatio n i s usefii l  fo r  analyzin g 
th e voice s tha t  contribut e t o th e grou p understandin g an d 
grou p products ,  i t  i s  possibl e tha t  othe r  classification s m a y 
als o b e appropriate . 

Discussion Among Different Voices 

As state d above ,  th e grou p conversatio n a t  time s seeme d t o 
be a  dialogu e betwee n voice s from  tw o disciplines ,  th e 
natiura l  science s an d th e socia l  sciences .  A  subse t  o f  th e 
natura l  scientist s repeatedl y calle d fo r  'talibratio n control " 
an d separatio n o f  influences ,  suggestin g tha t  th e grou p 
follo w a  proces s simila r  t o tha t  use d i n th e natura l  sciences : 

[The group should identify reforms] that are 
tryin g differen t  approache s t o th e sam e 
particula r  proble m an d the n devis e measure s fo r 
th e evaluation ,  tryin g t o separat e i t  from  al l 
myria d othe r  influences .  Tha t  seem s lik e a 
natura l  t o m e ;  that' s wha t  w e woul d d o wit h a 
populatio n o f  twenty-fou r  galaxies . 

The voice of the social scientists, however, indicated that 
socia l  system s diffe r  fiindamentall y fro m physica l  systems , 
so differen t  type s o f  analyse s migh t  b e required .  O n e socia l 
scientis t  pointe d ou t  a  distinctio n betwee n th e natura l 
science s an d educatio n a s 

that which you want to know [in physical 
systems ]  i n orde r  t o measur e doesn' t  chang e i n 
th e proces s o f  bein g measure d .  .  .  bu t  i t  change s 
hugel y i n socia l  systems . 

Later, another social scientist compared control groups in 
schoo l  refor m t o politica l  changes : 

[In certain cases] the scientific approach is fine 
[But ]  i f  yo u pas s a  la w lik e a  gi m contro l  law ,  yo u 
don' t  sa y thi s hal f  o f  th e peopl e hav e t o dea l  wit h i t 
an d thes e don't ,  an d we'l l  compar e th e results .  .  .  . 
That' s no t  th e wa y a  lo t  o f  thing s i n politic s work ,  an d 
i n schoo l  system s [too] ,  [I n thos e systems ]  the y 
al l  wan t  t o b e a  par t  o f  th e change . 

Another team member who was experienced in educational 
polic y agree d wit h th e difficult y o f  isolatin g variable s i n 
educationa l  systems ,  saying , 
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Y o u ca n lis t  systemwid e indicators ,  .  bu t  th e 

causalit y link s there ,  (question s suc h as) ,  i s  i t  a 

curriculum?" ,  i s i t  a  ne w assessmen t  process? " 

'Whic h componen t  o f  [th e syste m changes ) 

produce s thes e results? "  Thos e ar e th e thing s 

tha t  I  find  t o b e very ,  ver y difficul t  t o measure . 

A n d that' s wher e th e strategie s reall y hav e t o be , 

an d that' s wher e th e scienc e come s in . 

The discourse between these two voices is just beginning. It 
wil l  b e interestin g t o se e h o w th e conversatio n a m o n g 
conflictin g voice s wil l  chang e a s th e grou p develops . 

Influences of Multivoicedness 

Ther e i s alread y evidenc e tha t  grou p product s ar e bein g 
influence d b y voice s fi-om  severa l  disciplines .  S o m e 
participants-typicall y natura l  scientists-requeste d a 
rigorous  an d specifi c  definitio n o f  systemi c reform .  A s on e 
scientis t  stated . 

When I'm called upon to make a measurement, I 
hav e t o k n o w wha t  I' m measuring .  ...  I  don' t 
nee d th e sam e thin g t o measur e th e polarizatio n 
of  a  galax y tha t  I  d o t o measur e th e temperatur e 
of  th e planetar y atmosphere . 

Another scientist agreed, saying that for 

all of us physical scientists . . the general 
pictur e i s alway s anchore d i n ver y specifi c 
things . 

A third team member identified these requests for a 
systemati c approac h t o analysi s a s bein g th e voic e o f 
natura l  science . 

As the physical scientists are saying, we have to 
sor t  o f  defin e wha t  w e mean ,  star t  ou t  fro m a 
baselin e tha t  w e al l  understand . 

This voice was officially recognized when a social scientist 
experience d i n S E R suggeste d tha t  on e produc t  fo r  th e 
grou p coul d b e a  pape r  summarizin g curren t  reforms .  Thi s 
pape r  topi c reflecte d th e influenc e o f  th e voic e o f  th e 
natura l  sciences . 

I n additio n t o multipl e voice s influencin g th e grou p 
products ,  ther e i s evidenc e tha t  th e voice s als o m a y 
contribut e t o h o w individua l  participant s conceptualiz e 
systemi c reform ,  supportin g Vygotsky' s vie w tha t  socia l 
interactio n influence s individua l  cognition .  A t  on e point , 
th e tea m leade r  mentione d th e ide a o f  'kistainability "  a s 
bein g relevan t  t o th e evaluatio n o f  a  refor m effort .  Late r  i n 
th e meeting ,  a  natura l  scientis t  conunented ,  i  lik e tha t 
sustainability .  Tha t  i s a  goo d point. "  Th e issu e o f 
sustainabilit y  als o wa s mentione d b y severa l  peopl e i n 
subsequen t  interviews .  A s on e scientis t  explained . 

[On e thing )  whic h wasn' t  somethin g I  woul d 
hav e eve r  though t  o f  o n m y o w n i s thi s ide a tha t 
systemi c refor m ough t  t o b e self-sustaining . 

These excerpts show the begiiming of the knowledge 
negotiatio n process .  Th e interactio n o f  voice s o f  differen t 
discipline s ha s starte d t o influenc e th e directio n o f  th e 
group ,  defin e concret e grou p product s suc h a s pape r  topics , 
an d als o hel p shap e th e view s tha t  grou p member s hold . 

Evidence of Common Voices 

Althoug h difference s betwee n voice s shap e th e grou p 
discussion ,  sociocultura l  theor y predict s th e developmen t  o f 
commonalit y i n grou p voices .  Th e existenc e o f 
communitie s o r  voice s c o m m o n t o th e grou p member s wa s 
recognize d explicitl y  b y th e tea m leade r  i n a n introductio n 
t o th e secon d meeting : 

We also view each of you as . . . taxpayers, 
parent s possibly ,  teacher s also .  You'r e als o 
consumer s o f  th e syste m i n tha t  yo u ar e usin g 
product s [students ]  tha t  hav e .  .  com e fi-om 
othe r  part s o f  th e system . 

Team members also seemed to recognize that they share a 
c o m m on community .  Durin g interviews ,  on e scientis t 
explicitl y  recognize d a  share d practic e o f  teachin g faculty , 
statin g Uia t  grou p member s contribut e no t  s o muc h thei r 
specifi c  disciplinar y expertis e bu t  als o 

their experience as teachers and as consumers of 
students ,  an d als o mor e specificall y jus t 
familiarit y o r  awarenes s wit h genera l  researc h 
methods . 

The discussion reveals some common voices that are 
bein g use d o r  develope d b y th e N IS E participants .  O n e sig n 
of  communit y wa s reflecte d b y point s i n meeting s wher e 
conversatio n usin g S E R rhetori c wa s interrupte d b y 
comment s i n a  mor e informa l  language .  W e believ e tha t 
thes e comment s represen t  a n informa l  socia l  languag e tha t 
i s c o m m o n t o universit y facult y an d researcher s acros s 
disciplines .  Fo r  instance ,  a t  on e poin t  i n a  discussio n abou t 
fimding,  on e tea m member  likene d th e amoun t  i n questio n 
t o bein g equivalen t  t o 'tw o janitors, "  an d a  differen t 
amount  wa s late r  represente d a s 'hal f  a  janitor. "  Thi s 
diversio n o f  th e discussio n fro m domain-specifi c  rhetori c t o 
term s tha t  ar e understoo d immediatel y b y everyon e i n th e 
roo m indicate s th e existenc e o f  a  c o m m o n overlappin g 
practic e an d relate d 'boundar y language "  tha t  i s  use d t o 
infus e humo r  int o conversatio n an d serve s t o creat e a  sens e 
of  cohesio n an d community . 

I n additio n t o th e tea m implicitl y  recognizin g an d usin g 
area s o f  commonalit y i n th e discussion ,  ther e wa s som e 
evidenc e o f  tea m member s consciousl y stnvin g t o creat e 
link s acros s discipline s b y identifyin g certai n idea s o r 
approache s a s n e w boundar y concepts .  Fo r  example ,  on e 
natura l  scientis t  (no t  a n astronomer )  compare d th e proble m 
of  evaluatin g S E R t o a n astronomer' s tas k o f  interpretin g 
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dat a fro m distan t  star s 

It s kind of like our problem in asUonomy, isn't if 
Becaus e w e ar e studyin g [ a reform )  an d w e tak e 
what  fe w thing s the y [teformers ]  sen d out ,  the n loo k 
at  the m an d ti y  t o dissec t  al l  o f  th e informatio n tha t 
we ge t  from  them .  A n d wha t  the y ar e sendin g isn' t 
ver y definitive . 

Another scientist tried to draw a hnk between the natural 
and socia l  science s b y notin g tha t 

(Natural scientists and educators] can't do 
experiments .  Yo u can' t  tel l  the m wha t  t o d o i n 
schools ,  astronomer s can' t  twea k galaxies . 

Sociocultural theories would indicate that, as the group 
coalesces ,  thes e link s betwee n communitie s wil l  strengthen . 
As show n above ,  conversatio n dat a indicat e tha t  c o m m o n 
voice s ar e developin g i n thre e ways :  (a )  ne w member s 
gainin g expertis e i n th e dominan t  rhetoric ,  (b )  th e grou p 
identifyin g naturall y occurrin g concept s belongin g t o 
communitie s i n whic h al l  participant s shar e membershi p 
(e.g. ,  teachers ,  parents ,  taxpayers) ,  an d (c )  grou p member s 
drawin g explici t  link s betwee n concept s tha t  originall y 
belonge d t o differen t  communities .  Thes e processe s fo r 
expandin g socia l  an d technica l  vocabularie s ca n b e 
observe d i n actio n an d see m importan t  t o tea m functioning . 

Conclusions 

Sociocultura l  theorie s o f  cognitio n suc h a s thos e presente d 
by Lav e an d Wenge r  (1991 )  an d Wertsc h (1991 )  provid e 
usefu l  insight s o n ho w t o examin e developin g cognitio n i n 
an interdisciplinar y team .  T e a m interactio n reveal s a  typ e 
of  apprenticeship ,  an d differen t  voice s ar e emergin g from 
th e discourse . 

However ,  theorie s o f  cognitiv e apprenticeshi p d o no t 
fiill y  explai n interactio n amon g member s o f  matur e 
communitie s o f  practice .  I n th e N IS E group ,  establishe d 
members o f  differen t  discipline s wer e invite d t o th e grou p 
t o contribut e knowledge ,  no t  merel y t o b e assimilate d b y 
th e systemi c refor m community .  I n thi s respec t  th e team , 
lackin g th e periphera l  participatio n o f  tru e novices ,  doe s 
not  mes h wit h Lave' s theory .  Lave' s metapho r  doe s no t 
full y  explai n th e dynamic s i n a  learnin g environmen t  tha t 
expect s th e dominan t  communit y t o us e knowledg e 
provide d b y othe r  communities .  W e see k t o develo p a 
metapho r  tha t  full y  describe s h o w expert s i n differen t 
domain s ca n shar e informatio n an d develo p knowledg e 
apar t  fro m on e dominan t  communit y o f  practice . 

Applicatio n o f  sociocultura l  theorie s o f  cognitio n t o thes e 
firs t  fe w meeting s o f  a n N IS E grou p als o raise s th e 
followin g question s abou t  futur e tea m development :  A s th e 
grou p gain s cohesiveness ,  ho w doe s th e emergin g c o m m o n 
voic e incorporat e idea s from  severa l  disciplines ? Wil l  th e 
qualit y o f  discours e i n th e N IS E grou p b e dependen t  o n 
ne w member s continuall y bein g introduce d int o th e group , 
as Lave' s theor y o n communitie s o f  practic e migh t  suggest ? 
I f  so ,  ho w migh t  activitie s suc h a s conference s o r  gues t 

speaker s hel p rene w th e community ? 
We wil l  explor e thes e question s i n mor e dept h a s w e 

continu e t o observ e th e group' s development .  Th e 
analytica l  unit s o f  voice ,  communitie s o f  practic e an d 
discourse ,  an d boundar y object s shoul d hel p u s t o bette r 
understan d th e h o w interdisciplinar y collaboratio n work s i n 
orde r  t o develo p method s t o potentiall y  improv e it . 
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Abstrac t 
Symmetr y perceptio n i s a n importan t  cognitiv e proces s acros s 
many area s o f  cognition .  Thi s researc h explore s symmetr y a s 
a specia l  cas e o f  similarity—self-similarity—an d propose s 
tha t  qualitativ e relationship s pla y a  rol e i n th e earl y 
perceptio n o f  symmetry .  T o suppor t  thi s claim ,  w e presen t 
evidenc e fro m tw o psychologica l  studie s wher e subject s 
performe d synmietr y judgment s fo r  randoml y constructe d 
polygons .  Subject s wer e faste r  and/o r  mor e accurat e a t 
detectin g asymmetr y fo r  stimul i  wit h qualitativ e asymmetrie s 
tha n fo r  stimul i  wit h equivalen t  quantitativ e asymmetries . 
Aspect s o f  thi s effec t  ar e replicate d usin g th e M A GI 
computationa l  model ,  whic h detect s symmetr y usin g a  metho d 
of  structura l  alignment .  Th e result s o f  thi s stud y sugges t  tha t 
qualitativ e informatio n influence s earl y perceptio n o f 
symmetry ,  an d provide s furthe r  suppor t  fo r  th e M A GI  model . 

I n t r o d u c t i o n 

Synunetry serves as an organizing principle in several 
differen t  area s o f  perceptio n an d cognition ,  includin g th e 
Gestal t  notio n o f  figura l  goodnes s (Gamer ,  1974 ;  Palmer , 
1991) ,  th e visua l  reconstructio n o f  3 D shap e (McBeath , 
Schiano ,  &  Tversky ,  1994) ,  an d th e computatio n o f  object -
centere d referenc e frames  (Palmer ,  1989) .  Th e breadt h o f 
thes e phenomen a suggest s tha t  symmetr y perceptio n i s a n 
importan t  an d fundamenta l  cognitiv e process . 

Our  researc h make s tw o distinctiv e claim s abou t  th e 
perceptio n o f  symmetry .  First ,  w e propos e tha t  earl y 
symmetr y detectio n i s a  proces s o f  self-compariso n tha t  ca n 
be modele d a s a n alignmen t  o f  maximall y simila r  subset s o f 
perceive d structura l  relation s i n a  figure .  Thi s assertio n i s 
supporte d b y recen t  evidenc e suggestin g tha t  perceptua l 
similarit y ca n b e modele d usin g th e sam e kind s o f  structure -
mappin g processe s tha t  ar e use d t o mode l  analog y 
(Falkenhainer ,  Forbu s &  Gentner ,  1989 ;  Goldstone ,  Medi n 
& Gentner ,  1991 ;  M a r k m a n &  Gentner ,  1993 ;  Medin , 
Goldston e &  Gentner ,  1993) .  Wit h thi s i n mind ,  w e hav e 
implemente d a  computationa l  mode l  o f  symmetr y detectio n 
calle d M A G I  (Ferguson ,  1994) ,  whic h use s structure -
mappin g t o detec t  symmetr y i n a  wa y tha t  ha s man y o f  th e 
characteristic s o f  analogy ,  includin g robustnes s ove r 
incomplet e o r  inexac t  descriptions .  M A G I  als o ha s th e 
abilit y  t o detec t  multipl e axe s o f  symmetr y an d repetition , 
and t o spontaneousl y mak e inference s from  on e hal f  o f  a 
figur e t o another . 

Th e secon d clai m o f  thi s researc h i s tha t  earl y symmetr y 
processe s ac t  ove r  representation s tha t  includ e qualitativ e 
relations .  Qualitativ e relation s hav e bee n theorize d t o 
provid e a  foundatio n fo r  ou r  initia l  partitionin g o f  th e 
physica l  worl d (Forbus ,  1984) .  Qualitativ e spatia l  relation s 
hav e bee n show n t o b e importan t  i n huma n processin g o f 
spatia l  scene s (Glenber g &  McDaniel ,  1992 ;  Palmer ,  1989 , 
1991) .  Qualitativ e difference s ar e importan t  i n visua l 
similarit y comparison s (Goldmeier ,  1936/1972) . 

I n thi s paper ,  w e summariz e recen t  wor k (Aminoff , 
Ferguso n &  Gentner ,  i n preparation )  indicatin g tha t  human s 
utiliz e qualitativ e relationship s i n symmetr y judgments .  W e 
the n describ e a  replicatio n o f  thes e psychologica l  result s 
usin g th e M A G I  compute r  model .  Finally ,  th e implication s 
of  thi s proposa l  ar e discussed . 

Detecting the Effect of Qualitative Differences 

i n Symmetr y Judgment s 

If we assume that symmetry involves a structural alignment 
of  perceive d qualitativ e relations ,  w e ca n tes t  thi s hypothesi s 
by observin g h o w th e misalignmen t  o f  qualitativ e relation s 
affect s symmetr y judgment .  Qualitativ e differences — 
mismatche d o r  misaligne d relationship s betwee n side s o f  a 

symmetri c 

(1) 

qualitativel y symmetri c 

(2) 

qualitativel y asymmetri c 

(4) i'"""^ \ (5) 

ncav c ncav e 

concavit y numbe r  o f  vertice s orientatio n 
differenc e differenc e differenc e 

Figur e 1 :  Symmetric ,  quantitativel y asymmetric ,  an d 
qualitativel y asymmetri c polygon s 
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figure—shoul d therefor e affec t  synunetr y judgmen t  mor e 
tha n woul d b e predicte d b y o f  th e degre e o f  quantitativ e 
differenc e betwee n th e side s o f  a  figure. 

Previou s researc h gaine d insigh t  int o h o w human s 
proces s symmetr y b y examinin g th e condition s unde r  whic h 
symmetr y i s mor e easil y perceived .  Fo r  example ,  a  larg e 
bod y o f  researc h show s tha t  human s detec t  vertica l 
symmetr y mor e easil y  (i.e. ,  mor e quickl y o r  mor e 
accurately )  tha n eithe r  horizonta l  o r  obliqu e symmetr y 
(Corballi s  &  Roldan .  1975 ;  Palme r  &  Hemenway ,  1978 ; 
Rock ,  1983) .  Thu s symmetr y detectio n i s no t  orientation -
invariant ,  bu t  depend s o n a  fram e o f  reference . 

We ar e approachin g thi s issu e b y askin g whe n 
asymmetr y i s eas y t o perceive .  Specifically ,  w e hypothesiz e 
tha t  figures  containin g qualitativ e difference s shoul d b e 
easie r  t o judg e a s asymmetri c tha n figure s withou t  suc h 
differences ,  independen t  o f  an y quantitativ e metri c tha t  w e 
migh t  us e t o measur e asymmetr y i n a  figure. 

Althoug h i t  i s  difficul t  t o enumerat e th e fiil l  se t  o f 
perceive d qualitativ e differences ,  i t  i s  straightforwar d t o 
choos e viabl e candidates ,  a s demonstrate d b y th e polygon s 
i n Figur e 1 .  Thi s figure  als o illustrate s a  terminologica l 
distinctio n betwee n qualitativ e an d quantitativ e symmetry . 
The first  polygo n i s exactl y symmetric ,  wit h th e lef t  an d 
right  side s sharin g equa l  dimensions .  Thu s i t  i s 
quantitativel y symmetric .  I n th e secon d polygon ,  th e lef t 
sid e i s structurall y simila r  t o th e right,  bu t  th e length s o f 
correspondin g line s differ .  Becaus e th e side s diffe r 
quantitativel y bu t  no t  qualitatively ,  w e cal l  suc h object s bot h 
quantitativel y asymmetri c an d qualitativel y symmetric . 

Finally ,  th e botto m thre e polygon s i n Figur e 1  ar e 
qualitativel y asymmetric ,  containin g thre e differen t  type s o f 
qualitativ e difference .  Th e first  o f  thes e polygon s contain s a 
concavit y difference .  Th e polygon' s lef t  an d righ t  side s 
alig n somewhat ,  bu t  ther e i s a  clea r  differenc e betwee n th e 
circle d vertices—on e i s concav e whil e th e othe r  i s convex . 
The nex t  polygo n ha s a  number-of-vertice s difference , 
wher e a  concavit y o n on e sid e i s missin g o n th e other .  Th e 
las t  o f  th e thre e polygon s ha s a n orientatio n difference , 
wher e on e lin e segmen t  lean s int o th e polygo n an d th e othe r 
lean s away .  (Not e tha t  whil e orientatio n difference s ofte n 
co-occu r  wit h concavit y differences ,  the y ar e no t 
equivalent. ) 

Al l  o f  thes e qualitativ e difference s coul d caus e a 
misalignmen t  o r  mismatc h betwee n opposin g side s o f  th e 
shapes .  Jus t  a s vertica l  symmetr y i s easie r  t o detec t  tha n 
horizonta l  symmetry ,  figures  containin g an y o f  thes e 
qualitativ e difference s shoul d b e easie r  t o judg e asymmetri c 
tha n figures  withou t  them .  W e n o w summariz e recen t 
experiment s tha t  tes t  thi s assumption . 

Psychological Evidence 

We tested these predictions in two experiments (Aminoff, 
Ferguson ,  &  Gentner ,  i n preparation) .  W e presente d 
polygona l  stimul i  t o huma n subjects ,  an d aske d the m t o 

quickl y judg e whethe r  eac h figure  wa s symmetric .  Th e 
crucia l  independen t  variabl e wa s th e typ e o f  a s y m m e t r y — 
bot h quantitativel y an d qualitativel y asynmietri c object s 
wer e include d i n th e stimulu s set . 

Of  course ,  car e mus t  b e take n t o ensur e tha t  i f  th e greate r 
perceive d asynmietr y i s foun d fo r  qualitativ e difference s tha t 
i t  i s  no t  th e resul t  o f  a  correlate d increas e i n quantitativ e 
difference .  I n orde r  t o contro l  fo r  quantitativ e differences , 
th e stimul i  wer e selecte d s o tha t  th e mos t  importan t 
quantitativ e metric ,  th e su m o f  square d difference s o f  radii , 
was equa l  acros s conditions .  Becaus e som e variation s i n 
quantitativ e parameter s wa s unavoidable ,  w e als o compute d 
th e correlatio n o f  ou r  result s wit h 2 6 othe r  quantitativ e (an d 
qualitative )  measure s o f  asymmetry .  Ove r  th e tw o 
experiments ,  thre e type s o f  qualitativ e differenc e wer e used : 
concavit y differences ,  orientatio n differences ,  an d number -
of-vertice s differences .  Th e ke y measur e i s subjects '  spee d 
and accurac y a t  detectin g asymmetry .  (Se e Aminof f 
Ferguson ,  &  Gentne r  (i n preparation )  fo r  mor e detail s o n 
thes e experiments. ) 

Experiment 1 

I n experimen t  1 ,  sixtee n subject s wer e sequentiall y  show n 
fort y 16-side d polygon s fro m a  stimulu s se t  o f  eighty .  Afte r 
a ver y brie f  maske d presentatio n (5 0 ms. )  subject s indicate d 
i f  th e polygo n wa s symmetri c b y pressin g on e o f  tw o 
compute r  keys .  Th e stimulu s se t  wa s evenl y divide d betwee n 
symmetri c an d asymmetri c stimuli ,  wit h th e latte r  evenl y 
divide d betwee n qualitativel y an d quantitativel y asymmetri c 
polygons .  Qualitativel y asymmetri c polygon s wer e furthe r 
subdivide d b y qualitativ e differenc e type .  Th e form s o f 
qualitativ e differenc e use d wer e concavit y difference s an d 
number-of-vertice s differences . 

Althoug h experimen t  1  showe d n o significan t  effec t  o f 
qualitativ e differenc e o n reactio n time ,  i t  di d sho w a 
significan t  effec t  fo r  accurac y (Figur e 2) .  Subject s wer e 
much mor e accurat e fo r  polygon s tha t  containe d eithe r 
concavit y o r  number-of-vertice s differences .  Thi s effec t  wa s 
roughl y additive :  subject s wer e mos t  accurat e a t  stimul i  tha t 
had bot h concavit y an d number-of-vertice s differences . 
Subject s wer e als o mor e accurat e a t  correctl y classifyin g 
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Figur e 2 :  H u m a n accurac y result s fro m experimen t 
(asymmetri c figure s only) . 
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polygon s wit h number-of-vertice s difference s tha n thos e 

wit h concavit y differences ,  an d a t  accuratel y classifyin g 
symmetri c polygon s tha n asynmietri c polygons . 

Experiment 2 

Experiment 2 used the same method as Experiment 1 with a 
slightl y easie r  perceptua l  task .  Simple r  12-side d polygon s 
wer e displaye d a t  brighte r  contras t  level s i n on e o f  tw o 
conditions— a fas t  conditio n i n whic h th e polygo n wa s 
displaye d fo r  5 0 ms ,  an d a  slo w conditio n i n whic h th e 
stimulu s remaine d o n th e scree n unti l  th e subjec t  presse d a 
key .  Th e numbe r  o f  stimul i  wa s double d t o 160 .  O f  8 9 
subject s i n thi s study ,  5 4 wer e assigne d t o th e fas t  conditio n 
and 3 5 t o th e slo w condition .  Th e qualitativ e difference s 
use d wer e concavit y difference s an d orientatio n differences . 

Again ,  subject s wer e significantl y bette r  a t  stimul i 
containin g qualitativ e differences .  Subjects '  accurac y fo r 
asymmetri c stimul i  wa s unifomil y hig h i n th e slo w 
condition ,  bu t  i n th e fas t  conditio n showe d a  significan t 
effec t  fo r  th e presenc e o f  eithe r  concavit y o r  orientatio n 
difference s (Figur e 3) .  Subject s wer e no t  significantl y mor e 
accurat e fo r  figure s wit h concavit y difference s ove r  thos e 
wit h orientatio n differences ,  o r  fo r  symmetri c ove r 
asymmetri c figures. 

Th e reactio n tim e dat a fro m experimen t  2  showe d a n 
effec t  fo r  figures  wit h concavit y differences ,  bu t  n o 
significan t  effec t  fo r  figure s wit h orientation s differences . 
The effec t  wa s mos t  significan t  i n th e slo w conditio n (Figur e 
4) ,  bu t  wa s als o marginall y significan t  i n th e fas t  condition . 

Results 

Across two experiments, as predicted by the MAGI model, 
significan t  effect s wer e foun d fo r  qualitativ e difference s i n 
symmetr y judgment .  Fo r  asymmetri c objects ,  subject s wer e 
faste r  and/o r  mor e accurat e whe n th e asymmetr y wa s 
manifeste d i n a  qualitativ e differenc e betwee n th e halve s o f 
th e figure.  Subject s responde d slowe r  and/o r  les s accuratel y 
fo r  asymmetri c object s withou t  suc h qualitativ e differences . 
( We hav e n o principle d reaso n t o predic t  whethe r  th e earl y 
advantag e o f  qualitativ e asymmetr y ove r  quantitativ e 
asymmetr y shoul d sho w u p i n greate r  accurac y o r  i n faste r 
processing. )  Alon g wit h supportin g th e effec t  o f  qualitativ e 
difference s i n symmetr y detection ,  thes e experiment s als o 
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sugges t  tha t  s o m e kind s o f  difference s ar e m o r e importan t  t o 
s y m m e t r y detectio n tha n others . 

I n experimen t  1 ,  number-of-vertice s difference s ha d a 
greate r  effec t  o n accurac y tha n concavit y differences ,  whil e 
experimen t  2  i n tur n s h o w e d a  greate r  o r  equa l  effec t  fo r 

concavit y difference s ove r  orientatio n difference s i n reactio n 
tim e measurements .  Symmet r i c figures  wer e classifie d mor e 
accuratel y and/o r  m o r e quickl y tha n asymmetr i c figures  i n 
bot h experiments . 

Testing the Results Using the MAGI Model 

If MAGI is an accurate model of symmetry detection, it 
shoul d b e abl e t o replicat e th e result s o f  thes e experiments , 
not  onl y i n term s o f  highe r  accurac y fo r  asymmetrica l 
figures  wit h qualitativ e differences ,  bu t  als o i n term s o f 
whic h qualitativ e difference s ar e mos t  important . 

The MAGI Model of Symmetry Detection 

MAGI (Ferguson, 1994) models symmetry detection as a 
relationa l  self-similarit y mappin g tha t  align s a  qualitativ e 
representatio n o f  a  figure  wit h itself .  M A GI  ha s bee n 
implemente d a s a  computationa l  mode l  usin g a n extensio n 
of  th e Incrementa l  Structur e Mappin g Engin e (I-SME ; 
Falkenhainer ,  Forbu s &  Gentner ,  1989 ;  Forbus ,  Ferguso n & 
Gentner ,  1994) .  I n essence ,  M A GI  compute s a  structura l 
alignmen t  betwee n tw o side s o f  a  figure. 

I n constructin g a  mapping ,  M A GI  follow s th e constraint s 
of  I-SME' s analogica l  mapping .  Matche s mus t  b e one-to -
one ,  an d argument s o f  matche d expression s mus t  matc h a s 
well .  Onl y expression s wit h identica l  predicate s (o r  non -
identica l  function s tha t  ar e argument s o f  othe r  matche d 
expressions )  ca n match .  A  scorin g mechanis m encourage s 
relationall y dee p interconnecte d system s o f  matche d 
expressions .  I n addition ,  becaus e M A GI  map s a  descriptio n 
t o itself ,  i t  block s expression s fro m matchin g t o themselves , 
allowin g i t  onl y whe n th e self-matc h i s a n argumen t  o f  tw o 
differen t  matchin g parents .  M A GI  the n analyze s th e 
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Figur e 3 :  Exper imen t  2 ,  fas t  condition .  H u m a n accurac y 
fo r  asymmetr i c figure s 

Figur e 4 :  Exper imen t  2 ,  s lo w condition .  H u m a n reactio n tim e 
fo r  symmetr i c an d asymmetr i c stimuli . 
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a)  symmetri c figur e wit h axi s b)  symmetri c figur e withou t  axi s c)  figur e labelle d asymmetri c 

Figur e 5 :  Representativ e outpu t  M A G I  fo r  experimen t  2 .  Mappe d part s o f  figure s ar e indicate d b y a n 
equa l  numbe r  o f  has h marks .  Gra y line s indicat e th e axi s an d referenc e fram e suggeste d b y M A G I . 

mappin g t o detemiin e i f  th e mappin g merel y foun d a 
repeate d pattern ,  o r  foun d a  cor e o f  symmetrica l  matche s 
tha t  make s th e whol e mappin g symmetric . 

By mappin g qualitativ e relationships ,  M A G I  ca n greatl y 
constrai n th e quantitativ e calculation s an d comparison s tha t 
i t  performs .  I f  th e mappin g i s symmetrical ,  M A G I  ca n 
comput e a n axi s b y usin g a  Houg h transfor m ove r  al l  th e 
bisectin g line s betwee n mappe d line s i n th e figure .  Sinc e 
MAGI' s axis-detectio n onl y consider s a  potentia l  axi s 
betwee n symmetricall y mappe d lines ,  i t  i s  bot h extremel y 
efficien t  an d robus t  i n th e presenc e o f  distracters . 

To tes t  whethe r  M A G I  fits  th e huma n results ,  w e ra n 
M A GI  o n th e sam e stimulu s set s use d i n experiment s 1  an d 
2.  Th e versio n o f  M A G I  use d th e sam e constraint s describe d 
i n Ferguso n (1994) ,  bu t  als o containe d a n extensio n 
allowin g mappin g o f  commutativ e relationship s (suc h a s 
corne r  relation s an d lin e groups) . 

Representations Used 

Any relational model of perception must make assumptions 
about  type s o f  visua l  relation s tha t  ar e perceive d (Pinker , 
1984) .  Th e representation s give n t o M A G I  ar e generate d 

usin g a  geometri c representatio n syste m calle d GeoRep . 
GeoRep i s no t  strictl y a  mode l  o f  th e perceptio n process ,  bu t 
i s  designe d t o produc e plausibl e visua l  representation s give n 
simpl e vecto r  drawings .  F ro m th e origina l  stimulu s dat a 
files  use d i n th e tw o experiments ,  whic h giv e eac h polygo n 
as a  se t  o f  lin e segments ,  G e o R e p generate s th e followin g 
polygona l  relations :  comers ,  come r  concavit y o r  convexity , 
th e presenc e o f  perpendicular ,  obtuse ,  o r  acut e corners ,  th e 
presenc e o f  protrusion s o r  indentation s i n th e figure 
(defined ,  respectively ,  a s adjacen t  set s o f  conve x o r  concav e 
corners) ,  an d th e relativ e positio n o f  protmsion s relativ e t o 
th e gravitationa l  referenc e firame.  Relationship s ar e 
compute d onl y betwee n proximat e objects ,  usin g a  simpl e 
proximit y metri c base d o n objec t  siz e an d distance .  Sinc e 
some relationship s (suc h a s comer s o r  protrusions )  ca n als o 
be th e argument s o f  othe r  geometri c relations ,  th e 
representation s ten d t o b e hierarchic . 

Figur e 6  contain s a  prototypica l  subse t  o f  a n actua l 
representation .  Not e tha t  althoug h th e A B O V E relationship s 
fo r  protmsion s i n th e figure  impl y a  gravitationa l  fi-ame  o f 
reference ,  M A G I  doe s no t  assum e a  vertica l  axi s i n th e 
figure,  althoug h i t  doe s encourag e vertica l  ove r  horizonta l 
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(CONCAVE (CORNER [L8 
(OBTUSE (CORNER [L8 ] 
(CONVEX (CORNER [LI ] 
(ACUTE (CORNER [LI ] 
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(INDENTATIO N [POLYGON:! ] 

(SET (CORNER [L4 ]  [L5] ) 
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(PROT-ABOVE 
(PROTRUSION [POLYGON:! ] 

(SET (CORNER [L2 ]  [L3] ) 
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Figur e 6 :  Representativ e relationship s fro m descriptio n o f  experimen t  2  stimulu s 
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stimul i  i n eac h conditio n i s give n i n parentheses . 

symmetry .  However ,  thi s i s a  preferenc e i t  share s wit h 
humans ,  an d s o i t  carrie s som e cognitiv e validity .  However , 
M A GI  ca n stil l  find  horizonta l  symmetr y whe n a  figure  ha s a 
goo d intrinsi c horizonta l  axis . 

Qualitativ e difference s clearl y hav e a n effec t  upo n 
mappin g i n representatio n produce d b y GeoRep ,  an d s o 
affec t  th e mappin g don e b y M A G I .  Number-of-vertice s an d 
orientatio n difference s ca n caus e change s i n th e alignmen t  o f 
th e tw o sides ,  an d affec t  th e perceive d protrusion s i n th e 
figure.  Sinc e th e representatio n directl y represent s 
concavity ,  a  concavit y differenc e remove s a n incentiv e t o 
matc h correspondin g comer s fro m th e tw o sides . 

Becaus e M A G I  use s a  Houg h transfor m t o comput e a n 
axis ,  i t  ha s a  possibl y uniqu e characteristi c amon g 
symmetry-detectio n algorithms ,  whic h i s tha t  i t  ca n find  a n 
objec t  qualitativel y symmetric ,  bu t  the n fai l  t o find  a  straigh t 
axis .  Fo r  thi s reason ,  M A G I  i s equippe d wit h tw o criteri a 
fo r  judgin g i f  a  figure  i s symmetric .  A  presente d stimulu s 
passe s th e mappin g criterio n fo r  symmetr y i f  mor e tha n hal f 
th e line s i n th e figure  ca n b e mappe d symmetricall y an d i f 
onl y a  smal l  subse t  o f  th e mappin g (les s tha n 2 0 % ,  i n term s 
of  it s  structura l  score )  i s mappe d non-symmetrically .  A 
figure  ca n pas s th e axis-detectio n criterio n fo r  symmetr y i f 
th e correspondin g line s actuall y produc e a  vertica l  axi s 
compute d usin g a  Houg h transform . 

Figur e 5  show s th e outpu t  b y M A GI  fo r  thre e o f  th e 
figures  fi-om  th e study .  Figur e 5(a )  map s symmetricall y an d 
produce s a n axis ,  thu s passin g bot h th e mappin g an d axis -
detectio n criteria .  I n contrast .  Figur e 5(b )  passe s onl y th e 
mappin g criteria ,  becaus e M A G I  finds a  synrunetri c 
alignmen t  o f  th e part s o f  th e figure  (a s indicate d b y th e has h 
marks) ,  bu t  canno t  find a  straigh t  axi s base d o n tha t 

alignmen t  (althoug h i t  doe s find a  referenc e orientation ,  a s 
indicate d b y th e gra y line s t o th e botto m an d lef t  i n th e 
figure).  Figur e 5(c )  passe s neithe r  criterion ,  an d i s judge d 
asymmetri c b y M A G I . 

Results 

The results for running MAGI on the stimuli sets from 
experiment s 1  an d 2  ar e show n i n Figur e 7  an d Figur e 8 . 
For  th e 8 0 figures  use d i n experimen t  1 ,  th e result s wer e 
suggestive ,  bu t  no t  conclusive .  M A GI  performed  extremel y 
wel l  o n th e symmetri c stimuli ,  classifyin g ove r  9 0 % o f  the m 
correctly .  Also ,  a s expected ,  i t  performe d significantl y 
bette r  o n asymmetri c figures  wit h qualitativ e difference s 
(judgin g the m asymmetri c i n 5 6 % o f  al l  instance s base d o n 
th e mappin g criterion ,  an d 9 2 % o f  al l  instance s base d o n th e 
axi s criterion )  tha n o n asymmetri c figures  wit h onl y 
quantitativ e difference s (judgin g the m asymmetri c vi a 
mappin g 1 3 % o f  th e time ,  an d asymmetri c vi a th e axi s 
criterio n 6 0 % o f  th e time) .  However ,  whil e huma n subject s 
clearl y wer e abl e t o us e som e combination s o f  qualitativ e 
difference s bette r  tha n others ,  M A GI  wa s unabl e t o replicat e 
tha t  resul t  fro m experimen t  1 .  W e suspec t  tha t  th e lac k o f 
stron g congruenc e wit h th e huma n result s migh t  b e du e t o 
th e varianc e resultin g fro m havin g a  ver y smal l  numbe r  o f 
stimuli .  Experimen t  2 ,  wit h a  large r  numbe r  o f  stimuli , 
remedie s thi s problem . 

On experimen t  2' s stimul i  (Figur e 8) ,  M A GI  performe d 
i n a  wa y tha t  wa s mor e congruen t  wit h th e huma n data , 
producin g th e sam e orderin g amon g figures'  concavit y 
difference s an d orientatio n difference s tha t  wa s foun d i n th e 
tw o psychologica l  experiments .  Symmetri c figures  wer e 
classifie d mor e accuratel y tha n asymmetri c figures,  an d 
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Figur e 8 :  M A G I ' s accurac y o n stimul i  set s fro m experimen t  2  fo r  symmetrica l  figures,  an d figures  wit h concavity ,  orientation , 
and number-of-vertice s differences .  Numbe r  o f  stimul i  i n eac h se t  i s give n i n parentheses . 
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concavit y difference s affecte d accurac y mor e tha n 
orientatio n difference s did .  M A GI  wa s als o teste d o n a 
subse t  o f  experimen t  2' s stimul i  tha t  ha d margina l  number -
of-vertice s differences ,  showin g tha t  suc h difference s ha d a 
more significan t  effec t  tha n eithe r  concavit y difference s o r 
orientatio n differences ,  whic h matche s th e result s from 
experimen t  1 . 

Thes e result s sugges t  tha t  th e huma n dat a ca n b e 
accounte d fo r  withi n th e M A GI  model .  W e se e thes e result s 
as a  promisin g lea d fo r  futur e research .  Fo r  example ,  th e 
relativel y larg e effec t  fo r  number-of-vertice s difference s i n 
MAGI' s replicatio n o f  experimen t  2  (Figur e 8) ,  lead s u s t o 
conjectur e tha t  figures  wit h number-of-vertice s difference s 
may b e easie r  t o detec t  a s asymmetri c tha n figures  wit h 
eithe r  concavit y o r  orientatio n differences . 

Conclusion 

Qualitative relations are central to human symmetry 
perception .  Jus t  a s vertica l  synunetr y i s easie r  t o detect , 
asymmetri c figures  wit h qualitativ e difference s ar e mor e 
easil y judge d asymmetri c tha n figures  wit h quantitativ e 
differences .  Further ,  som e type s o f  qualitativ e difference s 
ar e easie r  t o detec t  tha n others . 

Thi s preferenc e fo r  qualitativ e difference s i n symmetr y 
judgment s implie s a  mode l  tha t  utilize s qualitativ e 
perceptua l  relationships .  M A GI  currentl y ca n mode l  man y 
aspect s o f  thi s preference ,  includin g th e distinction s betwee n 
differen t  kind s o f  qualitativ e relations .  Mor e researc h i s 
neede d t o understan d th e limitation s o f  th e mode l  (whic h 
does no t  ye t  includ e perceptua l  grouping) ,  an d t o validat e 
GeoRep' s assumption s abou t  perceptua l  representation . 
MAGI' s abilit y  t o ru n o n moderatel y comple x lin e drawing s 
identica l  t o thos e give n huma n subject s sugges t  tha t  i t  i s  no t 
onl y a  viabl e psychologica l  model ,  bu t  als o a  usefu l  too l  fo r 
conductin g furthe r  researc h int o symmetry' s fundamenta l 
rol e i n cognition . 
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Abstrac t 

Cognitive agents often acquire knowledge of how devices 
wor k b y readin g a  book .  W e desaib e a  computationa l  theor y 
of  understandin g a  namra l  languag e descriptio n o f  a  device . 
comprehendin g ho w th e devic e works ,  an d acquirin g a  devic e 
model .  Th e theor y posit s a  comple x interpla y betwee n lan -
guage ,  memory .  comprehension ,  problem-solvin g an d learnin g 
faculties .  Long-ter m memor y contain s case s o f  previousl y en -
countere d device s an d associate d structure-behavior-functio n 
(SBF )  model s tha t  explai n ho w th e know n devic e works .  Lan -
guag e processin g i s bot h bottom-u p an d top-down .  Bottom -
up processin g i s don e throug h spreading-activatio n networks . 
wher e th e semantic s o f  th e node s an d link s i n th e networ k arise s 
from  th e SB F ontology .  Th e comprehensio n proces s construct s 
a SB F mode l  fo r  th e ne w devic e b y adaptin g th e know n devic e 
model s -  w e cal l  thi s proces s adaptiv e modeling .  Thi s multi -
facult y computationa l  theor y i s instantiate d i n a n operationa l 
compute r  syste m calle d K  A  tha t  (i )  read s an d understand s En -
glis h languag e description s o f  device s from  Davi d Macaulay' s 
popula r  scienc e boo k Th e Way Thing s Work ,  (ii )  comprehend s 
ho w th e describe d devic e works ,  an d (iii )  acquire s a  SB F mode l 
fo r  th e device . 

1. Motivations and Background 

Cognitiv e agent s ofte n acquir e knowledg e o f  comple x phe -
nomena b y readin g a  book .  Fo r  example ,  a  naiv e cognitiv e 
agen t  m a y acquir e knowledg e o f  h o w air-conditioner s wor k 
by readin g a  popula r  scienc e boo k suc h a s Th e W a y Thing s 
W o rk b y Davi d Macaula y [1988] .  I n general ,  understandin g 
th e natura l  languag e descriptio n o f  a  device ,  con^rehend -
in g b o w th e devic e works ,  an d acquirin g a  devic e model . 
involve s a  comple x interpla y betwee n language ,  comprehen -
sion ,  memory ,  proble m solvin g an d learnin g processes .  I n 
addition ,  thes e processe s us e man y differen t  kind s o f  knowl -
edg e includin g semanti c knowledg e o f  th e domain ,  episodi c 
knowledg e from  pas t  experience s i n th e domain ,  an d th e 
informatio n provide d i n th e text . 

But  mos t  con^utationa l  model s o f  tex t  interpretatio n dea l 
wit h languag e understandin g i n vacuum ,  i n mor e o r  les s com -
plet e isolatic m from  othe r  processes .  Typically ,  die y eithe r 
propos e a  largel y bottom-u p proces s i n whic h di e interpreta -
tio n i s construae d from  th e tex t  alone ,  o r  a  largel y top-dow n 
proces s i n whic h a  precompile d knowledg e structur e help s t o 
generat e expectation s an d provide s a  ten̂ )lat e fo r  filling  i n 
specifi c  detail s give n i n th e text .  I n interpretin g rea l  texts , 
however ,  neithe r  th e tex t  alway s provide s sufficien t  informa -
tio n t o oiabl e th e constructio n o f  a  satisfactor y interpreutio n 
nor  doe s th e reade r  alway s hav e a  precompile d knowledg e 

structur e tha t  matche s th e text .  Ou r  theor y o f  languag e un -
derstandin g fo r  devic e comprehensio n an d knowledg e acqui -
sitio n no t  onl y combine s bottom-u p an d top-dow n strategie s 
fo r  languag e processing ,  bu t  i t  als o integrate s th e languag e 
proces s wit h memory ,  comprehension ,  problem-solvin g an d 
learnin g processes . 

I n contras t  t o multi-strateg y o r  multi-tas k theories ,  w e cal l 
our  theor y multi-facult y becaus e i t  unifie s multipl e cognitiv e 
faculties ,  no t  jus t  multipl e task s o r  strategie s withi n a  specifi c 
cognitiv e facult y suc h a s language .  Tli e multi-facult y theor y 
i s embodie d i n a n operational ,  bu t  stil l  evolving ,  compute r 
progra m calle d K A . 

I n DPittge s et .  al .  1993] .  w e describe d a n earl y versio n 
of  th e K A syste m tha t  unifie d language ,  memor y an d com -
prehensi(x i  processe s i n th e servic e o f  imderstandin g a  ne w 
desig n proble m state d i n English .  W e als o showe d ho w pas t 
problem-solvin g experience s retrieve d from  long-ter m mem-
or y enabl e th e understandin g o f  ne w problems .  I n [Peterso n 
et .  al .  1994] ,  w e describe d a  ne w versio n o f  th e K A syste m 
tha t  no t  onl y integrate d language ,  memor y an d comprehen -
sio n processe s bu t  als o unifie d the m wit h proble m solvin g 
.  W e als o showe d h o w proble m solvin g help s t o evaluat e 
th e outpu t  o f  th e language ,  memor y an d oomprehoision  pro -
cesses .  Th e abov e wor k gre w ou t  o f  ou r  earlie r  dieor y o f 
adaptiv e desig n i n whic h ne w desig n problem s ar e solve d an d 
ne w design s ar e construae d b y adaptin g pas t  desig n case s 
[Goe l  1991a ,  1991b] . 

I n thi s article ,  w e describ e ne w wor k o n th e K A projec t  tha t 
differ s from  an d add s t o earlie r  wor k i n tw o aspects .  Hntly , 
th e inpu t  t o K A n o w i s no t  a  descriptio n o f  a  desig n problem . 
but  a n Englis h languag e descriptio n o f  a  devic e from  th e boo k 
'"Di e W a y Tiling s Work. "  Secondly ,  th e ne w versio n o f 
K A no t  onl y unifie s language ,  memory ,  comprehension ,  an d 
problem-solvin g processe s bu t  als o integrate s learnin g wit h 
them .  Thi s ne w wor k grow s ou t  o f  a n evolvin g theor y o f 
adaptiv e modelin g i n whic h conqirehensio n o f  th e wwking s 
of  a  syste m i s represente d an d organize d i n th e for m o f  a 
structure-behavior-functio n (SBF )  model ,  an d SB F mode l  o f 
a ne w devic e i s constructe d b y adaptin g ol d model s o f  familia r 
device s [Goe l  1991b ,  1 9 % ] . 

Sinc e w e alread y hav e describe d th e proces s o f  languag e 
understandin g i n K A i n earlie r  papers ,  w e wil l  no t  repea t  i t 
here :  [Peterson ,  Mahes h an d Goe l  1994 ]  provide s a  detaile d 
account .  Instead ,  w e (i )  describ e ou r  framing  o f  th e proble m 
of  devic e comprehensio n a s a n abductio n task ,  (ii )  presen t  a 
high-leve l  accoun t  o f  th e knowledg e an d strategie s K A use s 
fo r  addressin g thi s task ,  an d (iii )  discus s ho w K A acquire s a 
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SBF mode l  o f  ne w device s from  Englis h languag e descriptioo . 

2. Case Study: Comprehending the Fire 

Extinguishe r 

Let  u s conside r  th e tas k o f  comprehendin g ho w a  fire  extin -
giiish w work s from  di e followin g descriptio n dia t  appear s o n 
page 14 7 o f  Th e Way Thing s Worlr . 

An extinguisher puts out a fire by excluding oxygen so 
tha t  combustio n (se e p .  154 )  ca n n o longe r  continue .  Th e 
extinguishe r  mus t  smothe r  th e whol e fire  a s quickl y a s 
possible ,  an d therefor e produce s a  powerfu l  spra y o f 
water ,  foam ,  o r  powder .  S o m e extinguishe n produc e a 
je t  o f  carbo n dioxide ,  a  heav y ga s tha t  prevent s burning . 
A fire  extinguishe r  woric s i n m u c h th e sam e wa y a s a 
spra y can .  Th e extinguishin g substance ,  suc h a s water . 
i s pu t  unde r  hig h pressur e insid e th e extinguisher ,  an d 
th e pressur e force s th e substanc e ou t  o f  th e nozzle . 

This text is accompanied widi a cutaway diagram of a fire 
extinguishe r  revealin g it s structure ,  an d som e brie f  descrip -
tion s o f  th e individua l  component s suc h a s th e ga s cartridg e 
and th e releas e valve .  Hgur e 1  illustrate s thi s diagram .  Not e 
tha t  th e annotation s o n th e diagra m ar e mor e specifi c t o th e 
structur e o f  th e extinguishe r  show n i n th e diagra m tha n t o an y 
par t  o f  th e tex t  itself .  Th e tex t  describe s th e behavio r  o f  th e 
fire  extinguisher ,  makin g explici t  referenc e t o th e description s 
of  combustio n an d spra y cans .  Th e referenc e t o th e concep t 
of  combustio n i s a  forwar d reference :  presumabl y th e reade r 
has no t  ye t  rea d i t  bu t  m a y d o s o fo r  furthe r  elaboratio n an d 
specification .  Bu t  th e spra y ca n i s describe d o n th e previou s 
page o f  th e boo k (p .  146) .  jus t  opposit e t o th e descriptio n o f 
th e fire  extinguisher . 

Framing the Comprehension Problem as an 
Abductio n T a s k 

The inpu t  t o th e tas k o f  comprehendin g h o w a  fire  extinguishe r 
work s i n K A i s  constitute d o f  dire e elements :  th e abov e 
text ,  th e annotation s o n th e accompanyin g diagram ,  an d 
a symboli c representatio n o f  th e diagram .  Th e symboli c 
r^resentatio n o f  th e diagra m constitute s a  structura l  mode l 
whic h specifie s onl y th e structura l  element s an d th e topolog y 
of  thei r  connection s i n th e fire  extinguisher . 

But  wha t  characterize s acceptabl e outpu t  o f  th e task ? W e 
vie w th e tas k o f  comprehendin g h o w a  devic e work s from  a 
natura l  languag e descriptio n o f  th e devic e a s a n instanc e o f 
th e ver y genera l  abductio n task .  Th e abductio n tas k take s a 
give n se t  o f  dat a a s inpu t  an d give s a  "best "  explanatio n fo r 
th e dat a a s outpu t  [Josephso n an d Josq>hso n 1994] .  Bu t  n o w 
th e questio n become s wha t  characterize s a  bes t  explanation ? 

The explanatio n o f  a  devic e mus t  no t  onl y specif y th e 
strucmra l  element s an d th e function s o f  th e device ,  bu t  i t 
must  als o specif y h o w th e structur e result s i n th e functions . 
That  is .  i t  mus t  specif y h o w th e devic e strucmr e give s ris e 
t o th e causa l  processe s tha t  resul t  i n th e devic e fimctions. 
Thus w e charaaeriz e a  devic e explanatio n a s a  functiona l  an d 
causa l  mode l  o f  th e interna l  working s o f  th e device .  A  bes t 
explanatio n o f  a  devic e mus t  satisf y thre e properties .  First . 
th e explanatio n mus t  accoun t  fo r  a s m u c h o f  th e inpu t  a s 
possibl e •  ideally ,  i t  woul d cove r  th e whol e input .  Second . 
th e explanatio n mus t  b e consisten t  wit h th e input .  Tha t  is . 

L Handl e Presse d 

2.  Valv e Open * 

The rtltase valve 
adirui s th e ga s t o 
th e spac e abov e 
th e tvaier . 

3.  Ga s Ewaipe * 
The gaj then pushes 
down o n ih e waier . 
whic h i s dnve n u p 
th e sipho n tub e t o a 
hose connecte d 
to th e nozzle . 

Gas Cartridg e —' 
A cartridge conlaimng 
carbo n dtoxui e ga s a t 
hig h pressur e provide s 
th e pressur e neede d t o 
wor t  th e ezungmsher . 

Noul e 
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Figur e 1 :  T h e Fu- e Extinguisher . 

n o elemen t  o f  th e explanatio n ca n b e inconsisten t  wit h an y 
elemen t  i n th e input .  Third ,  th e explanatio n m u s t  b e internall y 
consistent .  Tha t  is .  n o t w o element s o f  th e explanatio n ca n b e 
mutuall y inconsistent .  I n s u m .  i n K A a n accqitabl e outpu t  o f 
th e tas k o f  comprehend in g h o w a  devic e w o r k s from  a  natura l 
languag e descriptio n o f  th e devic e i s a  functiona l  an d causa l 
m o d el  o f  th e work in g o f  th e devic e tha t  account s fo r  a s m u c h 
o f  th e descripticH i  a s possible ,  i s  consisten t  wit h th e entir e 
description ,  an d als o i s internall y consistent . 

3. KA at Work 

H g u r e 2  illustrate s th e genera l  functiona l  architectur e o f  K A . 
H e r e w e onl y describ e di e processe s linke d b y bold-face d 
arrow s i n th e figure. 

T h e long-ter m m e m o r y contain s episodi c k n o w l e d g e o f 
previousl y encountere d devices .  E a c h devic e cas e ha s a n 
associate d case-specifi c  structure-behavior-fimctio n ( S B F ) 
m o d el  tha t  explain s h o w th e devic e w o r k s [Goe l  1991a . 
1991b ] .  T h e S B F m o d e l  o f  a  devic e explicitl y  represent s th e 
structura l  element s an d thei r  configuration ,  th e functions ,  a n d 
th e interna l  behavira s o f  th e device .  E a c h behavio r  specifie s 
a causa l  proces s i n th e device :  th e causa l  processe s specif y 
h o w th e devic e structtir e result s i n it s  functions .  I n particular . 
the y specif y h o w th e devic e fimction s ar e c o m p o s e d o f  th e 
function s o f  th e structura l  element s o f  th e device .  T h e S B F 
m o d el  fo r  eac h devic e cas e i s expresse d i n a  c o m m o n ontol -
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Figur e 2 :  Th e K A Architecture . 

ogy tha t  arise s ou t  o f  earlie r  wor k o n devic e representation s 
[Bylande r  an d Chandrasekara n 1985 ;  Sembugamoorth y an d 
Chandrasekara n 1986 ;  Chandrasekaran .  Goe i  an d Iwasak i 
1993] .  Th e SB F ontolog y define s th e domai n concept s an d 
th e relation s betwee n them ,  an d constitute s th e conceptua l 
knowledg e o f  th e K A system . 

The languag e proces s use s lexica l  an d conceptua l  knowl -
edge t o generat e cue s io c th e memor y proces s a s wel l  a s 
preliminar y interpretation s fo r  th e comprehensio n process . 
Conceptua l  knowledg e refer s t o knowledg e o f  th e domai n 
concept s an d th e relation s betwee n the m a s characterize d 
by th e SB F ontology .  Th e languag e proces s contain s a 
larg e semanti c networ k tha t  take s th e outpu t  o f  di e parse r 
as inpu t  an d produce s conceptua l  interpretations .  Th e node s 
and th e link s i n th e networ k ar e base d o n th e SB F ontol -
ogy o f  domai n concept s an d th e relation s betwee n them .  Th e 
spreading-activatio n mechanism  i n th e networ k use s a n early -
commitmen t  processin g strateg y wit h robus t  error-recover y 
t o resolv e word-sens e ambiguitie s [Eselt ,  1987] . 

The mechanis m resolve s word-sens e ambiguide s b y con -
siderin g processin g choice s i n parallel ,  selectin g th e alterna -
tiv e tha t  i s consisten t  wit h th e cunen t  context ,  an d deacd -
vatin g bu t  retainin g th e unchose n alternative s fo r  a s lon g a s 
spac e an d tim e resource s permit .  I f  som e late r  contex t  prove s 
th e inida l  decisio n t o b e incorrect ,  retaine d altemadve s ar e 
reactivate d withou t  reaccessin g th e lexico n o r  reprocessin g 
th e text .  [Peterson .  Mahes h an d Goe l  1994 ]  provide s detail s 
of  languag e processin g i n KA . 

The memor y proces s use s cue s generate d b y languag e pro -
ces s a s probe s int o th e long-ter m memory .  I t  accesse s devic e 
case s an d associate d case-spedfi c SB F devic e model s an d 
put s die m int o a  workin g memor y fo r  us e b y di e comprehen -
sio n an d problem-solvin g processes .  Th e memor y proces s 
als o store s newl y learne d model s i n di e Icmg-ter m memory . 
The devic e case s ar e indexe d b y th e fimcdon s o f  di e store d 
devices ;  di e SB F model s ar e indexe d b y di e cases .  Thi s in -
dexin g schem e i s borrowe d from  ou r  earlie r  wor k m adapdv e 
desig n [Goe l  1991a .  1991b] . 

The comprehensio n proces s construct s a  SB F mode l  fo r 
di e ne w devic e b y adapun g th e SB F devic e model s accesse d 
by di e memor y process .  I t  use s generi c (abstract ,  skeletal ) 
modificado n plan s fo r  di e tas k o f  adaptin g SB F model s o f 
known device s t o constru a a  mode l  o f  di e ne w device . 
The selecdo n o f  relevan t  modificado n plan s i s base d o n di e 
functiona l  an d structura l  difference s betwee n di e SB F mode l 
of  di e know n devic e an d di e descripdo n o f  di e ne w device . 
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KA' s metho d axistnictin g th e ne w S B F mode l  i s identica l  t o 
dia t  o f  adaptiv e modelin g [Goe l  1991b .  1996] . 

The learnin g proces s use s th e S B F mode l  o f  th e ne w 
devic e t o lear n appropriat e indice s fo r  storin g th e mode l  i n 
th e long-ter m memory .  Th e ne w indice s depen d bot h o n th e 
content s an d cvganizatio n o f  th e memor y an d th e functiona l 
and causa l  explanatio n provide d b y th e S B F model .  Again . 
KA' s metho d o f  inde x learnin g i s identica l  t o tha t  o f  adaptiv e 
modelin g Phatt a an d Goe l  1995] .  (TTi e problem-solvin g 
proces s i n Figur e 2  play s n o direc t  rol e i n thi s proces s o f 
acquirin g a  S B F mode l  o f  a  ne w devic e from  a n Englis h 
languag e description. ) 

The Case Study 

Let  u s conside r  th e coiiq)reheDsio a proces s i n th e cas e stud y 
of  th e fire  extinguisher .  A t  thi s stag e o f  processing .  KA ' s 
workin g memor y contain s thre e elements :  th e interpretation s 
of  th e sentence s i n th e tex t  generate d b y th e languag e process . 
th e S B F mode l  o f  th e spra y ca n retrieve d from  th e long-ter m 
memory,  an d th e symbolically-represente d structura l  mode l 
of  th e fire  extinguishe r  give n a s par t  o f  th e inpu t  t o th e system . 
The curren t  tas k i s t o adap t  th e S B F mode l  o f  th e spra y ca n 
t o constru a a  mode l  o f  th e fir e extinguisher . 

The comprehensio n proces s note s th e sentenc e interpreta -
ticm s i n th e workin g memor y an d th e difference s betwee n 
thes e interpretation s an d th e S B F mode l  o f  th e spra y can . 
For  example ,  i t  note s tha t  th e fir e extinguishe r  an d th e spra y 
can contai n differen t  substance s unde r  pressure .  I n addition . 
th e comprehensio n proces s note s th e structura l  difference s 
betwee n structura l  model s o f  th e fire  extinguishe r  an d th e 
spra y can .  ¥c x example ,  i t  note s tha t  th e tw o contai n differen t 
Idnd s o f  nozzles .  I t  use s thes e difference s t o sele a generi c 
model-modificatio n plan s tha t  hel p t o reduc e specifi c  differ -
ence s an d ar e indexe d b y th e difference s the y ca n hel p t o 
reduce .  Example s o f  model-modificatio n plan s includ e th e 
substance-substitutio n pla n an d th e component-replacemen t 
plan .  Give n a  specifi c  ifferenc e betwee n a  componen t  i n th e 
spra y ca n an d a  componen t  i n th e fir e extinguisher ,  instanti -
atin g th e latte r  pla n i n th e contex t  o f  th e S B F mode l  o f  spra y 
can .  fo r  example ,  result s i n replacin g eac h occurrenc e o f  th e 
spray-ca n componen t  i n th e S B F mode l  b y th e correspondin g 
coo^Mnen t  i n th e fir e extinguisher .  Th e applicatio n o f  thi s 
pla n als o result s  i n th e propagatio n o f  th e causa l  effect s o f  th e 
ne w component .  Th e structura l  model s hel p t o establis h cor -
respondence s betwee n th e component s i n th e spra y ca n an d 
th e fire  extinguisher .  Tli e S B F mode l  o f  th e spra y ca n help s 
t o focu s th e proces s o f  pla n instantiatio n an d application .  Th e 
invcxatio n an d applicatic m o f  selecte d model-modificatio n 
plans ,  on e fo r  eac h differenc e betwee n th e fire  extinguishe r 
and th e spra y can ,  result s  i n th e generatio n o f  a  S B F mode l  fo r 
th e fire  extinguisher .  Thi s preliminar y S B F mode l  provide s a 
functiona l  an d causa l  explanatio n o f  th e workin g o f  th e fire 
extinguisher . 

Next ,  K A evaluate s th e preliminar y mode l  o f  th e fir e 
extinguishe r  fo r  bot h interna l  an d externa l  consistency .  I n 
referenc e t o interna l  consistency ,  th e comprehensio n proces s 
makes sur e dia t  n o ne w elemen t  introduce d int o th e S B F 
model  i s inconsisten t  wit h an y othe r  element .  Thi s i s don e 
by systematicall y tracin g throug h th e causa l  behavior s o f 
th e ne w S B F model .  I f  a n inconsisten t  elemen t  i s deteaed , 
the n th e proces s retract s th e correspondin g modificatio n from 

di e S B F model .  I n referenc e t o externa l  consistency ,  th e 
comprehensio n proces s make s sur e tha t  n o demen t  i n th e 
S BF mode l  i s inconsisten t  wit h th e outpu t  o f  th e languag e 
process .  Thi s i s don e b y cross-checkin g o f  th e S B F mode l 
and th e sentenc e interpretation s generate d b y th e languag e 
process .  Again ,  i f  a n inconsisten t  elemen t  i s detected ,  the n 
th e comprehensio n proces s retract s i t  from  th e S B F model . 
Th e final  S B F mode l  i s KA ' s bes t  explanatio n o f  th e workin g 
of  th e fire  extinguisher . 

4. Relations 

Our work on KA builds on many lines of research in cognitive 
scienc e includin g natura l  languag e understanding ,  devic e 
comprehension ,  knowledg e acquisition ,  menta l  model s an d 
model-base d reasoning ,  case-base d reasonin g an d learning . 
and abductiv e explanations .  EHi e t o limitation s o f  space , 
however ,  her e w e onl y outlin e it s relationshi p t o earlie r  wor k 
tha t  lie s a t  th e intersectio n o f  languag e understanding ,  devic e 
comprehension ,  an d acquisitio n o f  devic e models . 

Lebowitz' s [1983 ]  R E S E A R C H ER progra m rea d natural -
languag e text s i n th e for m o f  paten t  abstracts ,  specificall y 
dis k driv e patents ,  an d update d it s long-ter m memor y wit h 
generalization s mad e from  thes e texts .  It s knowledg e rq) -
resentatio n schem e wa s oriente d towar d devic e object s an d 
thei r  structura l  relationships ,  whic h wa s a  departur e from 
most  natura l  languag e understandin g system s o f  tha t  tim e 
whic h ha d typicall y focuse d o n intentiona l  aaor s an d events . 
Tli e outpu t  o f  th e processin g wa s a  generalize d representatio n 
i n th e for m o f  a  structura l  mode l  o f  th e dis k driv e whic h 
specifie d it s component s an d di e topologica l  relationship s 
among them .  Th e syste m store d thi s structura l  mode l  i n it s 
long-ter m memor y an d late r  use d thi s knowledg e t o ai d i n th e 
top-dow n understandin g o f  additiona l  paten t  texts .  However . 
R E S E A R C H E R 'S emphasi s o n component s an d structura l 
relationship s lef t  i t  unabl e t o buil d functiona l  an d causa l 
model s o f  th e mechanism s described .  I n othe r  words ,  th e 
syste m effectivel y kne w h o w a  dis k driv e wa s constructed . 
but  i t  di d no t  kno w h o w i t  worked .  I n shar p contrast ,  K A 
take s a  structura l  mode l  o f  di e ne w devic e a s pa n o f  it s  input . 

Dyer ,  Hodges ,  an d Hower s [1987 ]  describ e E D C A .  a 
concq}tua l  analyze r  whic h serve s a s a  natura l  languag e front-
end fo r  E D I S O N ,  a  naiv e desig n proble m solver .  E D C A use s 
knowledg e o f  th e fimction  o f  physica l  device s t o produc e a n 
episodi c descriptio n o f  a  device' s behavio r  a s describe d b y 
an inpu t  text .  Thi s episodi c descriptio n ca n the n b e use d 
t o generat e a  ne w devic e mode l  t o b e integrate d int o long -
ter m memory .  Ih e resul t  i s  a  muc h mor e comprehensiv e 
understandin g o f  th e device' s functionalit y tha n wa s possibl e 
wit h R E S E A R C H E R,  bu t  E D C A ' s analysi s o f  di e devic e 
descriptio n i s no t  fiill y  integrate d wit h th e processe s fo r 
generatin g ne w devic e model s an d incorporatin g the m int o 
memory.  E D C A ,  i n othe r  words ,  i s  bu t  a  front  en d t o 
E D I S O N. 

As Selfridg e [1989 ]  notes ,  separatin g th e proces s o f  ana -
lyzin g th e languag e inpu t  from  constructin g an d incorporatin g 
th e ne w mode l  i s  misguide d — th e proces s o f  imderstandin g a 
devic e descriptio n i j  di e proces s o f  constructin g a  functiona l 
and causa l  mode l  o f  tha t  device .  Thi s i s di e approac h tha t 
we hav e followe d i n ou r  wor k o n K A .  W e believ e tha t  thi s 
approac h enable s K A t o correc t  th e shoncoming s o f  bod i 
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5. Discussion 

KA is a compuudonal theory of a complex cognitive phe-
nomenon.  Fro m th e viewpoin t  o f  cognitiv e science ,  on e o f 
th e majo r  advantage s o f  buildin g comple x an d elaborate ,  ye t 
detaile d an d precise ,  computationa l  theorie s suc h a s K A i s th e 
identificatio n o f  interestin g interaction s amon g th e differen t 
processes .  A t  th e star t  o f  th e K A projea .  w e enumerated 
a se t  o f  te n high-leve l  hypothese s abou t  thes e interaction s 
[Goe l  an d Eisel t  1991] :  (i )  understandin g natura l  languag e 
description s o f  physica l  device s enable s acquisitio n o f  devic e 
models ,  (ii )  situatin g languag e processin g i n proble m solvin g 
idoitifie s th e meanin g o f  die '  'meaning' '  o f  a  devic e descrip -
don .  (iii )  pas t  case s an d case-specifi c  models ,  tha t  originall y 
provide d th e knowledg e structure s fo r  addressin g a  clas s o f 
desig n problems ,  als o provid e th e knowledg e stnictiu'e s fo r 
languag e processing ,  (iv )  th e S B F languag e fo r  represent -
in g devic e models ,  originall y develope d t o addres s desig n 
problems ,  provide s th e conceptua l  knowledg e neede d fo r  tex t 
interpretadon .  (v )  th e model-base d schem e fo r  indexin g th e 
store d case s an d case-specifi c  model s i n l<Mig-ter m m e m-
ory ,  agai n originall y develope d t o addres s desig n problems . 
i s appropriat e fo r  supportin g languag e processing ,  (vi )  th e 
languag e proces s generate s adequat e cue s fo r  probin g th e 
long-ter m memory ,  (vii )  th e memor y proces s retrieve s rele -
van t  case s an d associate d model s from  th e long-ter m memor y 
int o th e workin g memory ,  (viii )  th e retrieve d case-spedfi c 
model s a a a s expectado n generators ,  (ix )  th e model-base d 
expectadon s guid e th e languag e process ,  an d (x )  th e languag e 
proces s generate s adequat e cue s fo r  guidin g th e comprehen -
sio a proces s i n adaptin g th e retrieve d model s t o construc t  a 
model  fo r  th e ne w device . 

N o w a t  th e en d o f  thi s project ,  w e ca n confidend y asser t 
dia t  th e K A theor y help s t o gread y refin e thes e hypodieses . 
t o mak e die m mor e precis e an d explicit .  W e conclud e thi s 
articl e wit h a  brie f  discussio n o f  h o w th e K A dieor y ha s 
helpe d t o refin e th e las t  o f  th e te n hypothese s abov e becaus e 
thi s initiall y  surprise d us .  W e foun d tha t  languag e processin g 
provide s onl y limite d guidanc e t o th e con:q)rehensio n proces s 
i n adaptin g th e S B F mode l  o f  a  know n devic e (e.g. .  th e 
spra y can )  t o cwistruc t  a  mode l  o f  th e n e w devic e (e.g. . 
th e fire  extinguisher) .  Th e product s o f  th e languag e proces s 
d o indicat e som e o f  di e man y difference s betwee n di e tw o 
devices .  Bu t  mos t  o f  th e importan t  difference s com e from 
th e structura l  model s o f  di e tw o devices .  Also ,  di e tex t  doe s 
enabl e limite d verificatio n o f  th e modifie d mode l  t o insur e 
tha t  th e ne w mode l  i s consisten t  wid i  th e text .  Bu t  w e wer e 
initiall y  surprise d t o find  dia t  languag e processin g doe s no t 
dearl y indicat e di e preds e conten t  an d for m o f  di e ne w devic e 
m o d d.  Ther e ar e tw o apparen t  explanation s fo r  diis .  First . 
di e devic e description s i n Macaulay' s Th e W a y Thing s Wor k 
ar e coarse-graine d whil e ou r  S B F models ,  whic h nee d t o 
suppor t  multipl e reasonin g processes ,  ar e fine-grained .  Thi s 
m i ^ t  b e resultin g i n a  mismatc h betwee n th e tex t  an d th e 
m o dd s o dia t  tex t  ca n provid e onl y limite d h d p i n adaptin g 
di e model .  Second ,  di e diagra m tha t  accompanie s di e texma l 
descriptio n o f  a  devic e i s give n t o K A i n th e for m o f  a 
symbolicall y represente d structura l  m o d d o f  di e device .  Thi s 
migh t  b e resultin g i n som e los s o f  information .  Perhap s mor e 

importandy .  dii s  ma y impl y dia t  di e visua l  process ,  an d no t 
di e languag e process ,  mig^ t  b e espedall y importan t  fo r  m o d d 
adaptatio n an d construction . 
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Abstrac t 

Our goal is to develop a hybrid cognitive model of how 
humans acquir e skill s o n comple x cognitiv e tasks .  W e 
ai e pursuin g thi s goa l  b y designin g hybri d computa -
tiona l  architecture s fo r  th e N R L Navigatio n task ,  whic h 
require s competen t  sensorimoto r  coordination .  I n thi s 
paper ,  w e describ e result s o f  directl y fittin g huma n ex -
ecutio n dat a o n thi s task .  W e nex t  presen t  an d the n 
empiricall y compar e tw o method s fo r  modelin g con -
tro l  knowledg e acquisitio n (reinforcemen t  learnin g an d 
a nove l  varian t  o f  actio n models )  wit h huma n learnin g 
on th e task .  Th e pape r  conclude s wit h a n experimen -
ta l  demonstratio n o f  th e impac t  o f  backgroun d knowl -
edge o n syste m performance .  Ou r  result s indicat e tha t 
th e performanc e o f  ou r  actio n model s approac h mor e 
closel y approximate s th e rat e o f  huma n learnin g o n thi s 
tas k tha n doe s reinforcemen t  learning . 

Introduction 

Our  goa l  i s  t o develo p a  hybri d cognitiv e mode l  o f  h o w 
humein s acquir e skill s b y explici t  instructio n an d re -
peate d practic e o n comple x cognitiv e tasks .  W e ar e pur-
suin g thi s goa l  b y designin g hybri d computationa l  ar -
chitecture s fo r  th e N R L Navigatio n task ,  whic h require s 
sensorimoto r  coordinatio n skill .  I n thi s paper ,  w e de -
velo p a  nove l  metho d base d o n pa^amet^ic^actio n mod -
el s fo r  activel y learnin g visual-moto r  coordination .  Al -
thoug h similci r  t o previou s wor k o n actio n models ,  ou r 
metho d i s nove l  becaus e i t  capitalize s o n availabl e back -
groun d knowledg e regardin g senso r  relevance .  W e hav e 
confirme d th e existenc e an d us e o f  suc h knowledg e wit h 
extensiv e verba J protoco l  dat a collecte d fro m h u m a n sub -
jects .  I n ou r  actio n model s approach ,  th e agen t  activel y 
interact s wit h it s  environmen t  b y gatherin g executio n 
trace s (time-indexe d stream s o f  visua l  input s an d moto r 
outputs )  an d b y learnin g a  compac t  representatio n o f  a n 
effectiv e polic y fo r  actio n choic e guide d b y th e actio n 
model . 

Thi s pape r  begin s b y describin g th e N R L Navigatio n 
task ,  a s wel l  a s th e type s o f  dat a collecte d fro m h u m a n 
subject s performin g th e task .  W e nex t  presen t  th e re -
sult s o f  fitting  th e dat a directly .  Then ,  tw o learnin g 
method s ar e described :  ou r  model-base d metho d an d a 
benchmar k reinforcemen t  learnin g algorith m tha t  doe s 
not  hav e a n explici t  model .  Prio r  result s reporte d i n 
th e literatur e o f  empirica l  comparison s o f  actio n mod -
el s versu s reinforcemen t  learnin g ar e mixe d (Lin ,  1992 ; 
Mahadevan ,  1992) ;  the y d o no t  clearl y indicat e tha t  on e 

metho d i s superior .  Her e w e compar e thes e tw o meth -
od s empiricall y o n th e Navigatio n tas k usin g a  larg e col -
lectio n o f  executio n traces .  Ou r  primar y goa l  i n thi s 
compariso n i s t o determin e whic h perform s mor e lik e 
h u m an learnin g o n thi s task .  Bot h method s includ e sen -
sor  relevanc e knowledg e fro m th e verba l  protocols .  Th e 
result s o f  thi s empirica l  compariso n indicate s tha t  ou r 
actio n model s metho d mor e closel y approximate s th e 
time-scale s sui d trend s i n h u m a n learnin g behavio r  o n 
thi s task . 

The NRL Navigation and Mine 

Avoidanc e Doma i n 

The NR L navigatio n an d min e avoidanc e domain ,  devel -
ope d b y Ala n Schult z a t  th e Nava l  Researc h Laborator y 
an d hereafte r  abbreviate d th e "Navigatio n task, "  i s a 
simulatio n tha t  ca n b e ru n eithe r  b y humein s throug h 
a graphica l  interface ,  o r  b y a n automate d agent .  Th e 
tas k involve s learnin g t o navigat e throug h obstacle s i n 
a two-dimensiona l  world .  A  singl e agen t  control s a n au -
tonomou s underwate r  vehicl e ( A U V )  tha t  ha s t o avoi d 
mine s an d rendezvou s wit h a  stationar y tairge t  befor e ex -
haustin g it s  fuel .  Th e mine s m a y b e stationary ,  drifting , 
or  seeking .  T im e i s divide d int o episodes .  A n episod e 
begin s wit h th e agen t  o n on e sid e o f  th e min e field,  th e 
targe t  place d randoml y o n th e othe r  sid e o f  th e min e 
field,  an d rando m min e locations *  withi n a  bounde d re -
gion .  A n episod e end s wit h on e o f  thre e possibl e out -
comes:  th e agen t  reache s th e goa l  (success) ,  hit s a  min e 
(failure) ,  o r  exhaust s it s fue l  (failure) .  Reinforcement ,  i n 
th e for m o f  a  binair y rewar d dependen t  o n th e outcome , 
i s receive d a t  th e en d o f  eac h episode .  A n episod e i s 
furthe r  subdivide d int o decisio n cycle s correspondin g t o 
action s (decisions )  take n b y th e agent . 

Th e agen t  ha s a  limite d capacit y t o observ e th e worl d 
i t  i s  in ;  i n particular ,  i t  obtedn s informatio n abou t  it s 
proxima l  environ s throug h a  se t  o f  seve n consecutiv e 
sona r  segment s tha t  giv e i t  a  9 0 degre e forwar d field  o f 
vie w fo r  a  shor t  distance .  Obstacle s i n th e field  o f  vie w 
caus e a  reductio n i n sona r  segmen t  length ;  on e min e ma y 
appea r  i n multipl e segments .  Th e agen t  als o ha s a  rang e 
senso r  tha t  provide s th e curren t  distanc e t o th e target ,  a 
bearin g senso r  tha t  indicate s th e directio n i n whic h th e 
targe t  lies ,  an d a  tim e senso r  tha t  measure s th e remain -
in g fuel .  A  h u m a n subjec t  performin g thi s tas k see s vi -
sua l  gauge s correspondin g t o eac h o f  thes e sensors .  Th e 
tur n an d spee d action s ar e controlle d b y joystic k mo -
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tions .  Th e tur n an d spee d chose n o n th e previou s deci -
sio n cycl e ar e eulditionall y availabl e t o th e agent .  Give n 
it s delaye d rewar d structur e an d th e fac t  tha t  th e worl d 
i s presente d t o th e agen t  vi a sensor s tha t  ar e inadequat e 
t o guarante e correc t  identificatio n o f  th e curren t  state , 
th e Navigatio n worl d i s a  partiall y  observabl e Marko v 
decisio n proces s ( P O M D P ) . 

Data from Human Subjects 

I n th e experiment s wit h humans ,  seve n subject s wer e 
used ,  an d eac h ra n fo r  tw o o r  thre e 45-minut e session s 
wit h th e simulations .  W e instrumented ^  th e simulatio n 
t o gathe r  executio n trace s fo r  subsequen t  analysi s (Gor -
don e t  o/. ,  1994) .  W e a,]s o obtaine d verba l  protocol s b y 
recordin g subjec t  utterance s durin g pla y cin d b y collect -
in g answer s t o question s pose d a t  th e en d o f  th e individ -
ual  sessions . 

Fitting the Human Data 

Our  first  tas k wa s t o directl y fit  th e executio n trac e dat a 
fro m a  huma n subjec t  wh o ha d becom e a n exper t  a t  th e 
task .  I n othe r  words ,  ou r  goa l  wa s t o lear n a  stimulus -
respons e controlle r  tha t  represent s th e exper t  polic y use d 
by th e subject .  Thi s contro l  polic y cei n b e expresse d a s 
th e functio n F ,  where : 

F : sensors —>• actions 

The task was configured with a small (5%) amount 
of  senso r  nois e an d 2 5 stationar y mines .  W e use d 31 2 
time-indexe d executio n trac e snapshot s collecte d fro m 
an exper t  subject .  Eac h snapsho t  ha d th e senso r  val -
ues plu s th e correspondin g actio n take n b y th e subjec t 
unde r  thes e conditions .  Fou r  supervise d inductiv e learn -
in g paradigm s induce d controller s fro m thi s data :  C A R T 
(Breima n e t  ai ,  1984) ,  C4. 5 (Quinlan ,  1986) ,  M D L (Ris -
sanen ,  1983) ,  an d backpropagatio n i n neura l  network s 
(Rumelhar t  t  McClelland ,  1986) .  Fo r  al l  o f  thes e meth -
ods th e 1 2 input s wer e th e senso r  value s plu s th e valu e 
of  th e las t  tur n an d las t  speed ,  an d th e outpu t  wa s a n 
actio n chose n b y ou r  subject .  On e decisio n tre e o r  neu -
ra l  ne t  wa s constructe d fo r  predictin g th e subject' s nex t 
turn .  A  compariso n o f  th e accuracie s o f  th e fou r  method s 
on thi s predictio n tas k i s show n i n Tabl e 1 .  Th e neura l 
networ k functio n fitter  ha d th e smalles t  mean-square d 
error .  W e experimente d wit h a  wid e rang e o f  parame -
ter s fo r  th e neura l  network s an d repor t  th e result s wit h 
th e bes t  setting s (sweep s =  10^ ,  9  hidde n units ,  learnin g 
rat e a  =  0.1) .  Althoug h th e mean-square d erro r  o f  fit 
fo r  th e symboli c learnin g method s wa s higher ,  th e struc -
ture s produce d b y the m (especiall y C4.5 )  reveale d inter -
estin g aspect s o f  th e contro l  strateg y use d b y th e subjec t 

Metho d 
CART 
C4.5 
MDL 
NN 

Accurac y 
85. 3 
87. 8 
82.0 5 
92. 0 

MSE 
0.2 5 
0.2 2 
0.2 7 
0.1 1 

Rep.  Complexit y 
5 leave s i n tre e 
10 leave s i n tre e 
17 leave s i n tre e 
9 hidde n unit s 

'Not e tha t  althoug h huma n subject s us e a  joystic k fo r 
actions ,  w e d o no t  mode l  th e joystic k bu t  instea d mode l  ac -
tion s a t  th e leve l  o f  discret e turn s an d speed s (e.g. ,  tur n 3 2 
degree s t o th e lef t  a t  spee d 20) .  Huma n joystic k motion s 
ar e ultimatel y translate d t o thes e tur n an d spee d value s be -
for e bein g passe d t o th e simulate d task .  Likewise ,  th e learn -
in g agent s w e construc t  d o no t  "see "  gauge s bu t  instea d ge t 
th e numeri c senso r  value s directl y fro m th e simulatio n (e.g. , 
rang e i s  500) . 

Tabl e 1 :  Result s o f  th e constructio n o f  stimulus-respons e 
controller s fro m executio n trac e dat a collecte d fro m hu -
m an subjects . 

that were remarkably consistent with the subject's ver-
hal  protoco l  data .  Fo r  instance ,  i t  demonstrate d tha t  th e 
subject s di d no t  giv e equa l  importance  t o al l  th e sona r 
information .  I n addition ,  th e las t  tur n actio n playe d a 
crucia l  rol e i n determinin g curren t  turn .  Th e insight s 
abou t  th e differentia l  relevanc e o f  variou s piece s o f  in -
formation ,  whic h wa s obtaine d b y examinin g thes e deci -
sio n tree s inspire d u s t o continu e workin g wit h C4. 5 fo r 
modelin g actio n choic e (se e below) . 

Methods for Modeling Action Selection 

L e a r n i n g 

Afte r  havin g fit  th e dat a fro m a  huma n exper t  a t  th e 
task ,  ou r  nex t  goa l  i s t o buil d a  mode l  tha t  mos t  closel y 
duplicate s th e huma n subjec t  dat a i n learnin g perfor -
mance,  i.e. ,  i n transitionin g fro m a  novic e t o a n ex -
pert .  Wit h n o senso r  nois e an d onl y 2 5 mines ,  al l  o f 
our  subject s becam e expert s a t  thi s tas k afte r  onl y a 
fe w episodes .  Modehn g suc h a n extremel y rapi d learn -
in g rat e present s a  challenge .  I n developin g ou r  learnin g 
methods ,  w e hav e draw n fro m bot h th e machin e learnin g 
and cognitiv e scienc e literature .  B y fa r  th e mos t  widel y 
use d machin e learnin g metho d fo r  task s lik e our s i s re -
inforcemen t  learning .  Reinforcemen t  learnin g i s mathe -
maticall y sufficien t  fo r  learnin g policie s fo r  ou r  task ,  ye t 
has n o explici t  worl d model .  Mor e c o m m o n i n th e cog -
nitiv e scienc e literatur e ar e actio n models ,  e.g. ,  (Arbib , 
1972) ,  whic h requir e buildin g explici t  representation s o f 
th e dynamic s o f  th e worl d t o choos e actions . 

Reinforcement learning 

Reinforcemen t  learnin g ha s bee n studie d extensivel y i n 
th e psychologica l  literature ,  e.g. ,  (Skinner ,  1984) ,  an d 
has recentl y becom e ver y popula r  i n th e machin e learn -
in g literature ,  e.g. ,  (Sutton ,  1988 ;  Lin ,  1992 ;  Gordo n k 
Subramanian ,  1993) .  Rathe r  tha n usin g onl y th e differ -
enc e betwee n th e predictio n an d th e tru e rewar d fo r  th e 
error ,  a s i n traditiona l  supervise d learning ,  (tempora l 
difference )  reinforcemen t  learnin g method s us e th e dif -
ferenc e betwee n successiv e prediction s fo r  error s t o im -
prov e th e learning .  Reinforcemen t  learnin g provide s a 
metho d fo r  modelin g th e acquisitio n o f  th e functio n F , 
describe d above . 

Currently ,  th e mos t  popula r  typ e o f  reinforcemen t 
learnin g i s  q-leaming ,  develope d b y Watkins ,  whic h i s 
base d o n idea s fro m tempora l  differenc e learning ,  a s wel l 
as conventiona l  dynami c programmin g (Watkins ,  1989) . 
I t  require s estimatin g th e 9-valu e o f  a  senso r  configura -
tio n s ,  i.e. ,  q{8 ,  a )  i s a  predictio n o f  th e utilit y  o f  takin g 
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actio n a  i n a  worl d stat e represente d b y s .  T h e 9-value s 
Me update d durin g learnin g base d o n minimizin g a  tem -
pora l  diflferenc e error .  Actio n choic e i s typicall y stochas -
tic ,  wher e a  highe r  ̂ -valu e implie s a  highe r  probabilit y 
tha t  actio n wil l  b e chose n i n tha t  state . 

Whil e -̂learnin g wit h explici t  stat e representation s 
addresse s th e tempora l  credi t  assignmen t  problem ,  i t  i s 
stsmdar d practic e t o us e inpu t  generalizatio n an d neura l 
network s t o als o addres s th e structurs J credi t  assignmen t 
problem ,  e.g. ,  (Lin ,  1992) .  T h e ^-valu e outpu t  nod e o f 
th e contro l  neura l  networ k correspondin g t o th e chose n 
actio n a  i s give n a n erro r  tha t  reflect s th e differenc e be -
twee n th e curren t  predictio n o f  th e utility ,  fl(«i,a,),  an d 
a bette r  estimat e o f  th e utilit y  (usin g th e reward )  o f  wha t 
thi s predictio n shoul d be : 

error,- = 

f {r + y max{q{s2,k)\keA})-q{si,ai) ifa, = a 
(̂  0  otherwis e 

where r is the reward, A is the set of available actions, a 
i s th e chose n action ,  8 2 i s th e stat e achieve d b y perform -
in g actio n a  i n stat e si ,  i  indexe s th e possibl e actions , 
an d 0  <  7  <  1  i s a  discoun t  facto r  tha t  control s th e 
learnin g rate .  Thi s erro r  i s use d t o updat e th e neura l 
networ k weight s usin g stcindar d backpropagation .  Th e 
resul t  i s  improve d 9-value s a t  th e outpu t  nodes . 

We selecte d 9-learnin g a s a  benchmar k algorith m wit h 
whic h t o compar e becaus e th e literatur e report s a  wid e 
rang e o f  successe s wit h thi s algorithm ,  includin g o n task s 
wit h aspect s simila r  t o th e N R L Navigatio n task ,  e.g. , 
see (Lin ,  1992) .  Ou r  implementatio n use s standar d q -
learnin g wit h neura l  networks .  O n e networ k correspond s 
t o eac h actio n (i.e. ,  ther e ar e thre e tur n network s corre -
spondin g t o tur n left ,  tur n right ,  an d g o straight ;  spee d 
i s fixe d a t  a  leve l  frequentl y foun d i n th e h u m a n exe -
cutio n traces ,  i.e. ,  20/40) .  Eac h tur n networ k ha s on e 
inpu t  nod e fo r  ever y on e o f  th e 1 2 senso r  input s (e.g. , 
on e fo r  bearing ,  on e fo r  eac h sona r  segment ,  etc.) ,  on e 
hidde n layer ^  consistin g o f  1 0 hidde n units ,  an d a  singl e 
outpu t  nod e correspondin g t o th e 9-valu e fo r  tha t  action . 
A Boltzmsm n distributio n i s use d t o stochasticall y maJc e 
th e fina l  tur n choice : 

probability{a\8) = e«('-")/^/ ^ c'^'-"')/^ (1) 
i 

wher e s  i s a  stat e an d th e temperatur e T  control s th e 
degre e o f  randomnes s o f  actio n choice . 

We us e a  rewar d r  compose d o f  a  weighte d s u m o f 
th e senso r  values. ^  Ou r  rewar d model s senso r  relevanc e 

^We ra n initia l  experiment s t o tr y t o optimiz e th e rein -
forcemen t  learnin g parameters .  Fo r  th e neura l  networks ,  th e 
chose n learnin g rat e i s 0.5 ,  momentu m 0.1 ,  1 0 hidde n units , 
and 1 0 trainin g iteration s fo r  th e neura l  network s an d a  dis -
coun t  facto r  o f  0.9 . 

^Ron Su n suggeste d a  rewar d o f  senso r  value s fo r  thi s tas k 
(persona l  communication) .  Ou r  choic e o f  senso r  weight s fo r 
th e rewar d i s 3 0 fo r  bearin g an d 1 0 fo r  eac h o f  th e thre e mid -
dl e son u segments ,  an d th e scal e fo r  th e rewar d i s betwee n 
-1. 0 an d 0 . 

informatio n derive d fro m th e h u m a n subject s dat a w e 
collected .  Thes e subject s appeare d t o lear n relevanc e 
knowledg e an d actio n selectio n knowledg e simultane -
ously .  Here ,  w e assum e th e relevanc e i s known .  Futur e 
wor k wil l  involv e method s fo r  acquirin g relevanc e knowl -
edge . 

Th e verba l  protocol s fro m h u m a n subject s revea l  tha t 
th e sona r  an d bearin g sensor s appea r  t o b e critica l  fo r 
actio n selection .  Furthermore ,  th e middl e thre e sona r 
segment s (whic h sho w wha t  i s directl y ahead )  appea r 
t o b e th e mos t  critica l  o f  th e sona r  segments .  Thi s i s 
logical :  afte r  all ,  th e middl e thre e sona r  segment s sho w 
a min e straigh t  ahea d s o yo u ca n avoi d collisions ,  an d th e 
bearin g tell s yo u whethe r  yo u ar e navigatin g towar d o r 
away fro m th e target .  Base d o n th e verba l  protoco l  data , 
we hav e implemente d a  rewar d functio n tha t  weight s th e 
bearin g equall y t o th e thre e sona r  segment s an d give s 
othe r  sensor s zer o weight .  Thus ,  i f  th e bearin g show s 
th e targe t  straigh t  ahea d an d th e middl e thre e sona r 
segment s sho w n o obstacles ,  the n th e rewar d i s highest . 

Th e verba l  protocol s als o indicat e heuristic s fo r  focus -
in g attentio n o n differen t  sensor s a t  differen t  times .  Thi s 
knowledg e i s implemente d i n ou r  nove l  varian t  o f  actio n 
models ,  describe d next .  Nevertheles s i t  i s  no t  imple -
mente d i n th e g-learne r  becaus e t o d o s o woul d requir e a 
departur e fro m th e standar d 9-leeirnin g architectur e re -
porte d i n th e literature ,  wit h whic h w e wis h t o compar e 
as a  benchmark . 

Learning action models 

One of the more striking aspects of the verbal pro-
tocol s w e collecte d wa s tha t  subject s exhibite d a  ten -
denc y t o buil d interna l  model s o f  action s an d thei r  con -
sequences ,  i.e. ,  forwar d model s o f  th e world .  Thes e ex -
pectation s produce d surprise ,  disappointment ,  o r  pos -
itiv e reinforcement ,  dependin g o n whethe r  o r  no t  th e 
prediction s matche d th e actua l  result s o f  performin g th e 
action .  Fo r  example ,  on e subjec t  ha d a n expectatio n 
of  th e result s o f  a  certai n joystic k motion :  " W h y a m I 
turnin g t o th e lef t  whe n I  don' t  fee l  lik e I  a m movin g th e 
joystic k m u c h t o th e left? "  Anothe r  expresse d surprise : 
"I t  feel s strang e t o hi t  th e targe t  whe n th e bearin g i s no t 
directl y ahead. "  Ye t  a  thir d subjec t  develope d a  specifi c 
model  o f  th e consequence s o f  hi s movements :  "On e smal l 
movement  righ t  o r  lef t  seem s t o j um p yo u ove r  on e bo x 
t o th e righ t  o r  left, "  wher e eac h bo x refer s t o a  visua l 
depictio n o f  a  singl e sona r  segmen t  i n th e graphica l  in -
terface . 

Actio n model s (i.e. ,  forwar d models )  hav e appeare d i n 
multidisciplinar y source s i n th e literature .  Arbi b (1972 ) 
and Dresche r  (1991 )  provid e example s i n th e psychologi -
cal  literature ,  S T R I P S (Nilsson ,  1980 )  i s a  classi c exam -
pl e i n th e A I  literature ,  an d Sutto n use s the m i n D Y N A 
(Sutton ,  1988) .  Th e learnin g o f  actio n model s ha s bee n 
studie d i n th e neura l  network s (Moore ,  1992) ,  machin e 
learnin g (Sutton ,  1990 ;  Mahadevan ,  1992) ,  an d cogni -
tiv e scienc e (Munro ,  1987 ;  Jorda n &  Rumelhart ,  1992 ) 
communities . 
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Our  algorith m use s tw o functions : 

A : sensors x actions —• sensors 
P :  sensor s —•  3 ? 

i4 is an action model, which our method represents as 
a decisio n tree .  T h e decisio n tree s ar e learne d usin g 
Quinlan'sC4. 5 syste m (Quinlan ,  1986). ^  P  rate s th e de -
Birabilit y o f  variou s senso r  configurations .  P  embodie s 
backgroun d (relevance )  knowledg e abou t  th e task .  Fo r 
sonars ,  hig h utilitie s ar e associate d wit h larg e value s (n o 
or  distan t  mines) ,  an d fo r  th e bearin g senso r  hig h utili -
tie s ar e associate d wit h value s close r  t o th e targe t  bein g 
straigh t  ahead .  Currently ,  P  i s supplie d b y us .  A t  eac h 
tim e step ,  action s ar e selecte d usin g P  an d A  b y perform -
in g a  l-ste p lookahea d wit h mode l  A  an d ratin g sensor y 
configuration s generate d usin g P .  T h e au:tio n model s 
algorith m ha s th e sam e actio n se t  a s th e g-learnin g algo -
rithm ,  i.e. ,  tur n right ,  tur n left ,  o r  g o straigh t  a t  a  fixe d 
spee d (20/40) . 

First ,  ou r  algorith m goe s throug h a  trainin g phase , 
durin g whic h rando m turn s ar e take n am d th e executio n 
trace s save d a s inpu t  fo r  C4.5 .  C4. 5 model s th e learnin g 
of  th e functio n A .  I n particular ,  i t  construct s tw o deci -
sio n tree s fro m th e data :  on e tre e t o predic t  (fro m (s ,  a) ) 
th e nex t  composit e valu e o f  th e middl e thre e sona r  seg -
ment s (predictio n choice s ar e no-mines ,  mine-far ,  mine -
mid ,  mine-fairly-close ,  o r  mine-close ,  wher e thes e nomi -
nal  value s ar e translation s fro m th e numeri c sona r  read -
ings )  an d on e tre e t o predic t  th e bearin g o n th e nex t  tim e 
step .  Not e tha t  th e choic e o f  thes e tw o tree s employ s 
th e sam e relevanc e informatio n use d i n th e reinforcemen t 
learnin g rewar d function ,  namely ,  tha t  th e middl e thre e 
sona r  segment s an d bearin g ar e th e relevan t  sensors .  T h e 
trainin g phas e conclude s afte r  C4. 5 construct s thes e tw o 
decisio n trees . 

Durin g th e testin g phase ,  thes e tree s representin g th e 
worl d dynamic s {A )  ar e consulte d t o m a k e prediction s 
and selec t  turns .  Give n th e curren t  state ,  a  tre e i s cho -
sen .  Th e tre e selectio n heuristi c fo r  focu s o f  attentio n 
states :  i f  th e middl e thre e sona r  segment s ar e belo w a 
certai n empiricall y determine d threshol d (150/220) ,  th e 
sona r  predictio n tre e select s th e nex t  turn .  Otherwise , 
th e bearin g predictio n tre e select s th e nex t  turn .  T o 
make a  prediction ,  th e agen t  feed s th e curren t  senso r 
reading s (whic h includ e th e las t  tur n an d speed )  an d a 
candidat e nex t  tur n t o th e decisio n tre e ein d th e tre e re -
turn s th e predicte d sona r  o r  bearin g value .  T h e agen t 
choose s th e nex t  tur n whic h maximize s P. ^ 

I t  i s  unlikel y tha t  human s recomput e th e consequence s 
of  action s whe n th e curren t  stat e i s simila r  t o on e see n 
i n th e past .  Therefore ,  ou r  futur e wor k wil l  focu s o n 

*We are not claiming humans use decision trees for ac-
tio n models ;  however ,  w e us e thi s implementatio n becaus e 
i t  appezir s t o hav e a  computationa l  spee d tha t  i s neede d fo r 
modelin g huma n learning .  W e ar e als o investigatin g connec -
tionis t  model s a s i n Jorda n &  Rumelhar t  (1992) .  Currently , 
C4. S learnin g i s i n batch .  T o mor e faithfull y mode l  huma n 
learning ,  w e ar e plannin g t o us e a n incrementa l  versio n o f 
decisio n tre e learnin g i n futur e implementations . 

*I f  th e nex t  tur n i s considere d irrelevan t  b y th e decisio n 
tree ,  a  rando m actio n choic e i s made . 

memorizin g case s o f  successfu l  actio n mode l  us e s o tha t 
m e m o ry ca n b e invoked ,  rathe r  tha n th e trees ,  fo r  som e 
predictions . 

Empirical Evaluation of the Methods 

To mak e ou r  comparison s fair ,  w e includ e a  trainin g 
phas e fo r  th e reinforcemen t  learne r  wit h Boltzman n tem -
peratur e a t  0.5 ,  whic h result s i n rando m eictions. ® A 
testin g phas e follow s i n whic h th e tur n wit h th e bes t 
^-valu e i s  selecte d deterministicaJl y a t  eac h tim e step . 
I n suimnary ,  th e reinforcemen t  learne r  take s rando m eic -
tion s an d learn s it s  9-value s durin g training.' ^  I t  use s 
thes e learne d g-vadue s fo r  actio n selectio n durin g test -
ing .  T h e actio n model s metho d take s th e sam e rando m 
action s a s th e 5-learne r  durin g trainin g (i.e. ,  i t  experi -
ence s exactl y th e Scmi e senso r  an d £u:tio n trainin g dat a 
as th e 9-learner) ,  an d the n fro m thi s trainin g dat a i t 
leau'n s decisio n tre e actio n models .  A  heuristi c use s th e 
learne d tree s fo r  actio n selectio n durin g testing .  Neithe r 
of  th e tw o method s leetrn s durin g testing .  Bot h method s 
hav e th e sam e knowledg e regardin g whic h sensor s ar e 
relevant . 

We denot e th e g-learnin g schem e describe d abov e a s 
Qre i  an d th e actio n mode l  schem e wit h decisio n tree s 
describe d abov e a s Arei -  T w o scheme s i n whic h w e hav e 
remove d senso r  releveinc e knowledg e ar e denote d Qremre i 
an d Aremre i  respectivel y an d ar e describe d below . 

We empiricall y tes t  th e followin g hypotheses : 

•  Hypothesi s 1 :  T h e slop e o f  Ard' s learnin g curv e i s 
close r  tha n Qre/' s t o th e slop e o f  th e h u m a n learnin g 
curve ,  fo r  th e Navigatio n task . 

•  Hypothesi s 2 :  T h e slop e o f  Artmrei' s  learnin g curv e 
(respectively ,  Qremrei )  i s  lowe r  tha n tha t  o f  Art i  (re -
spectively ,  Qrti) ,  fo r  th e Navigatio n task . 

Th e justificatio n fo r  Hypothesi s 1  i s tha t  ou r  actio n mod -
el s metho d use s a n actio n choic e polic y speciall y de -
signe d t o capitaliz e o n senso r  relevanc e knowledge .  T h e 
justificatio n fo r  Hypothesi s 2  i s tha t  remove d o f  relevanc e 
knowledg e shoul d degrad e performance . 

I n ou r  experimenta l  test s o f  thes e hypotheses ,  th e 
trainin g phas e lengt h i s  varie d methodicall y a t  25 ,  50 , 
75 ,  an d 10 0 episodes .  T h e testin g phas e remain s fixe d a t 
40 0 episodes. ® Eac h episod e ca n las t  a  m a x i m u m o f  20 0 
tim e steps ,  i.e. ,  decisio n cycles .  I n al l  experiments ,  th e 
number  o f  mine s i s fixe d a t  25 ,  ther e i s a  smal l  amoun t 
of  min e drift ,  an d n o senso r  noise .  Thes e tas k param -
ete r  setting s matc h exeictl y thos e use d fo r  th e h u m a n 
subjec t  whos e learnin g w e wis h t o model. ® Performanc e 
i s average d ove r  1 0 experiment s becaus e th e algorithm s 

*We also tried an annealing schedule but performance did 
not  improve . 

'Arbi b (1972 )  provide s convincin g cognitiv e justificatio n 
fo r  th e rol e o f  rando m exploratio n o f  action s i n th e acquisitio n 
of  moto r  skill . 

' W e experimente d wit h th e numbe r  o f  episode s an d chos e 
a settin g wher e performanc e improvemen t  levele d of f  fo r  bot h 
jjgorithms . 

'Bot h algorithm s g o straigh t  ( 0 turn )  fo r  th e firs t  thre e 
tim e step s o f  ever y episod e durin g training .  Thi s no t  onl y 
matche s performanc e w e observe d i n th e executio n trace s 
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% Succes s 

o n Tes t 
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— h u m a n subjec t 

\  \  I 
0 2 5 5 0 7 5 10 0 

Trainin g 

Episode s 

Figur e 1 :  Th e grap h represent s th e learnin g curve s fo r 
Are i  an d Qrei -  Not e th e learnin g curv e o f  a  huma n sub -
jec t  superimpose d o n thi s graph . 

ar e stochasti c durin g training ,  an d testin g result s de -
pen d upo n th e dat a see n durin g training .  Graph s sho w 
mean performance ,  an d erro r  beir s denot e th e standar d 
deviation . 

To tes t  Hypothesi s 1 ,  w e use d dat a fro m a  typica l  (th e 
varianc e betwee n subject s wa s surprisingl y low )  subjec t 
fo r  a  singl e 45-minut e session .  Not e tha t  w e canno t  di -
vid e th e huma n learnin g int o a  trainin g phas e an d a 
testin g phas e durin g whic h th e huma n stop s learning . 
Therefore ,  w e hav e average d performanc e ove r  a  slidin g 
windo w o f  1 0 previou s episodes .  W e considere d averag -
in g performanc e ove r  multipl e subjects ,  bu t  tha t  woul d 
entzd l  significan t  informatio n loss . 

Figur e 1  show s th e result s o f  testin g Hypothesi s 1 .  Th e 
actio n model s metho d outperform s reinforcemen t  learn -
in g a t  a  statisticeJl y significan t  leve l  (usin g a  pciired , 
two-taile d t-tes t  wit h a  =  0.05) .  Thus ,  Hypothesi s 1 
i s confirmed.* °  Apparently ,  ou r  nove l  metho d fo r  cou -
plin g actio n model s wit h a n actio n choic e polic y tha t 
exploit s senso r  relevanc e ha s tremendou s valu e fo r  thi s 
task .  W e beUev e tha t  on e o f  th e chie f  reason s fo r  th e su -
perio r  performanc e o f  th e actio n model s metho d i s th e 
actio n choic e heuristi c fo r  decidin g whe n t o pa y attentio n 
t o whic h sensor .  Anothe r  likel y reaso n fo r  th e dominanc e 
of  actio n model-base d method s i s tha t  neura l  network s 
wit h backpropagatio n ten d t o lear n slowl y (Chapma n & 
KaelbUng ,  1991) . 

To tes t  Hypothesi s 2 ,  w e mad e al l  seven ,  rathe r  tha n 

fro m huma n subjects ,  bu t  als o aid s th e learnin g proces s b y 
quickl y movin g th e A U V int o th e min e field . 

'̂'I t  i s unclea r  wh y th e performanc e o f  th e 9-learne r  drop s 
slightl y wit h mor e trednin g episodes ,  thoug h perhap s overfit -
tin g explain s this . 
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Figur e 2 :  Th e grap h represent s th e learnin g curve s fo r 

^remre l  an d Qremrel -

jus t  th e thre e middle ,  sona r  segment s relevan t  fo r  bot h 
algorithms ,  thereb y creatin g Aremre i  an d Qremrei -  Fig -
ur e 2  show s th e result s o f  testin g Hypothesi s 2 .  Qremre l 
perform s slightl y wors e tha n Qrei -  T h e performanc e 
dro p i s no t  statisticall y significan t  ( a =  0.10 )  fo r  trainin g 
length s o f  25 ,  50 ,  an d 100 ,  bu t  i s significan t  ( a =  0.10 ) 
wit h a  trainin g lengt h o f  75 .  T h e surpris e i s tha t  Aremre i 
outperform s Arei -  T h e difference s Jir e statisticall y signif -
ican t  a t  a  =  0.0 5 fo r  trainin g length s o f  7 5 an d 100 ,  bu t 
onl y a t  a  =  0.2 0 fo r  trainin g length s o f  2 5 an d 50 .  Ou r 
result s refut e Hypothesi s 2 .  Apparently ,  bot h method s 
ar e knowledg e sensitive ,  thoug h actio n model s i s mor e 
sensitive .  W e conjectur e tha t  th e reaso n th e actio n mod -
el s m e t h o d improve s wit h m o r e sensor y informatio n i s 
tha t  th e extr a sona r  segment s carr y som e usefu l  infor -
mation .  T h e actio n model s heuristic ,  whic h separate s 
sona r  an d bearin g information ,  i s  abl e t o tak e advantag e 
of  th e adde d sona r  information .  Becaus e th e ̂-learnin g 
m e t h o d lump s al l  knowledg e int o on e rewar d i t  prob -
abl y need s longe r  trainin g t o d o likewise .  Furthe r  ex -
periment s ai e neede d t o tes t  thi s hypothesis .  (Althoug h 
thes e result s wit h Aremre i  an d Qremre i  refut e Hypoth -
esi s 2 ,  the y provid e furthe r  confirmatio n o f  Hypothesi s 
1 becaus e th e performanc e improvemen t  o f  Aremre i  ove r 
tha t  o f  Qremre i  i s  Statisticall y significam t  wit h a  =  0.05) . 

Discussion and Future Work 

The most immediate pressing question is: why are both 
method s slowe r  learner s tha n th e human ? W e believ e hu -
mans hav e mor e knowledg e whe n the y begi n thi s task , 
perhap s fro m drivin g o r  walkin g experience .  W e ar e 
presentl y workin g t o mak e thes e form s o f  knowledg e 
explicit ,  s o w e ca n mor e closel y matc h huma n perfor -
mance usin g ou r  computationa l  models .  Anothe r  issu e 
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tha t  w e ar e currentl y investigatin g i s whethe r  th e powe r 
la w o f  practic e hold s fo r  huma n subject s i n thi s task ,  an d 
whethe r  ou r  model s confor m t o it .  Performanc e level s of f 
rathe r  quickl y bot h fo r  human s an d ou r  models ,  makin g 
thi s determinatio n challenging . 

Futur e wor k wil l  als o focu s o n studie s t o determin e th e 
sourc e o f  powe r  o f  ou r  actio n model s approac h ove r  th e 
qi-learne r  fo r  thi s task .  A s mentione d above ,  stron g can -
didat e explanation s ar e (1 )  th e focu s o f  attentio n knowl -
edge i n th e actio n model s heuristic ,  (2 )  th e us e o f  a n 
actio n mode l  pe r  se ,  an d (3 )  th e decisio n tre e represen -
tation . 
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Abstrac t 

This  study examined the eOects of selection instruction and 
thentati c conten t  o n subjects '  reasonin g performanc e o n th e 
Wason car d selectio n task .  Facilitatio n ha s frequentl y bee n 
demonstrate d whe n subject s ar c  instructe d t o chec k fo r 
violation s o f  a  conditiona l  rul e tha t  involve s themati c content . 
We note d tha t  th e themati c rule s previousl y use d ar e als o 
pragmati c rule s tha t  expres s regulations .  W e compare d 
reasoning  abou t  tw o kind s o f  themati c rules :  pragmati c an d non -
pragmatic .  Subject s wer e instructe d eithe r  t o determin e i f  th e 
rul e ha s bee n violate d o r  t o determin e i f  th e rul e i s tru e o r  false . 
The result s indicat e a n interactio n betwee n instructio n typ e an d 
themati c rul e type .  Contrar y t o previou s finding s o f  facilitatio n 
on themati c material s wit h violatio n instructions ,  w e foun d 
facilitatio n fo r  true/fals e instruction s relativ e t o violatio n 
instruction s o n non-pragmati c conten t  rules .  Thes e result s stan d 
i n contras t  t o previou s description s o f  true/fals e instruction s a s 
more diCficu U an d cognitivel y demandin g tha n violatio n 
instructions .  W e explai n ou r  findings  i n term s o f  difference s i n 
th e inheren t  statu s o f  th e tw o type s o f  themati c rules . 

I n t r o d u c t i o n 

This paper is concerned with subjects' performance <mi Wasrai's 
four-car d selectio n tas k (Wason ,  1966) .  I n it s origina l  fonn ,  th e 
selectic m tas k involve d presentatio n o f  a  pac k o f  card s t o 
subjects ,  eac h car d havin g a  lette r  o n on e sid e an d a  numbe r  o n 
th e othe r  side .  Subject s wer e presente d fou r  cards ,  showin g E , 
K,  4 ,  an d 7 .  o r  th e P ,  Not-P ,  Q ,  an d Not- Q conditions , 
respectively .  Th e subjects '  tas k wa s t o selec t  whic h card s the y 
woul d nee d t o tur n ove r  i n orde r  t o decid e i f  th e followin g rul e 
was tru e o r  false ;  "I f  a  car d ha s a  vowe l  o n on e side ,  the n i t  ha s 
an eve n numbe r  o n th e othe r  side. " 

Normatively ,  subject s shoul d selec t  th e P  an d Not- Q card s 
becaus e thes e ar e th e onl y card s tha t  ca n falsif y th e rule .  Tha t  is , 
i f  Not- Q lie s o n th e otho "  sid e o f  th e P  card ,  o r  P  he s c m th e othe r 
sid e o f  th e Not- Q card ,  the n on e ca n b e certai n tha t  th e rul e i s 
false .  However ,  th e majorit y  o f  subject s selec t  eithe r  P  alcMi e o r 
P a n d Q. 

Sinc e it s inception ,  th e tas k ha s bee n investigate d wit h 
numerou s pixwedura l  variations .  Researcher s hav e examine d th e 
efifect s o f  themati c versu s abstrac t  content ,  rul e expUcation , 
selectio n instructions ,  an d selectio n justificatio n (Johnson-Laird , 
Legrenzi ,  &  Legrenzi ,  1972 ;  Grigg s &  Cox ,  1982 ;  Hoc h & 
Tschirgi,1983 ;  Yadianin ,  1986) .  Th e curren t  stud y concern s th e 
effect s o f  selectio n instruction s an d themati c content . 

Wason an d Shapir o (1971 )  reporte d bette r  performanc e o n a 

conditiona l  r\il e involvin g famiha r  content .  Thei r  subject s 
showe d facilitatio n whe n reasonin g abou t  th e rule ,  "Ever y tim e 
I  g o t o Manchester ,  I  trave l  b y train. "  W h e n reasonin g abou t  th e 
themati c transpor t  r\ile ,  sixty-tw o percen t  o f  subject s chos e th e 
correc t  P  an d Not- Q combination .  Othe r  themati c conten t  rule s 
fo r  whic h facilitatio n wa s subsequentl y demonstrate d includ e th e 
posta l  rul e (Johnson-Laird .  Legrenzi ,  &  Legrenzi ,  1972) ,  th e 
drinkin g ag e rul e (Grigg s &  Cox ,  1982) ,  an d th e Sear s proble m 
(D'Andrade ,  describe d b y Griggs ,  1983) . 

A numbe r  o f  e)q)lanation s fo r  superio r  performanc e o n 
themati c conten t  rule s hav e bee n advance d (e.g. ,  Chen g & 
Holyoak ,  1985 ;  Cosmides ,  1989 ;  Gigerenze r  &  Hug ,  1992 ; 
Grigg s &  Cox ,  1982) .  Fo r  example .  Chen g an d Holyoa k (1985 ) 
«q>laine d perfonnano e o n th e drinkin g age ,  postal ,  an d a  numbe r 
of  origina l  rule s i n term s o f  pragmati c reasonin g schem a theory . 
Pragmati c reasonin g schema s concer n regulation s tha t  involv e 
permissio n o r  obligation .  Thes e schema s ma y b e triggere d b y 
conditi(Hia l  rule s tha t  expres s a  preconditio n an d a n acticx i 
(Chen g &  Holyoak ,  1985) .  Fo r  example ,  a  permissio n schem a 
may b e triggere d b y a  ccmditiona l  rul e specifyin g tha t  a n actic m 
may b e take n afla -  a n initia l  conditio n ha s bee n met ,  a s i s 
e}q>resse d i n th e rule ,  "I f  a  perso n i s drinkin g beer ,  the n th e 
perso n mus t  b e ove r  1 9 year s o f  age. "  Chen g an d Holyoa k 
(1985 )  propose d tha t  facihtatio n woul d b e foun d a s lon g a s th e 
rul e triggere d a  permissio n o r  obligatio n schem a tha t 
subsequentl y map s ont o th e rule . 

Most  account s o f  facihtatio n wit h themati c material s 
underscor e th e inqx>ttanc e o f  experienc e tha t  i s relate d t o th e 
rule' s content .  O f  presen t  interest ,  however ,  i s  th e contentio n 
tha t  th e facilitatio n observe d f a themati c conten t  rule s ma y b e 
drive n i n par t  b y th e instruction s accompanyin g thos e rules . 
Wason (1966 )  initiall y  presente d th e tas k t o subject s wit h 
instruction s t o selec t  thos e card s neede d t o determin e whethe r 
th e rul e i s tru e o r  false .  Altbougj i  Waso n ( 1 % 8 )  examine d th e 
effect s o f  variou s selectio n instixiction s (e.g. ,  t o prov e th e rul e 
true) ,  selectio n instruction s becam e a  facto r  o f  interes t  whe n 
propose d a s a n explanatio n fo r  th e themati c conten t  effec t 
(Yachani n &  Tweney ,  1982 ;  Yachanin ,  1986) .  Yachani n 
(Yachanin ,  1986 ;  Yachani n &  Tweney ,  1982 )  observe d tha t 
facihtatio n wit h themati c conten t  rule s occur s whe n subject s ar e 
instructe d t o determin e i f  th e rul e i s bein g violated ,  a s oppose d 
t o instruction s t o determin e i f  th e rul e i s tru e o r  false .  Severa l 
researcher s hav e suggeste d tha t  true/fals e instruction s ar e 
ambiguous ,  subjec t  t o misinterpretation ,  an d mor e difficul t  tha n 
violatio n instruction s (Yachani n &  Tweney ,  1982 ;  Valentine , 
1985) .  Yachani n (1986 )  argue s tha t  th e tas k o f  checkin g fo r 
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violation s o f  a  rul e i s easie r  tha n tha t  o f  determinin g a  rule' s 
trut h o r  falsity .  Th e forme r  involve s onl y th e evaluatio n o f  a  rul e 
give n a s true ,  whil e th e latte r  require s consideratio n o f  th e rul e 
as tru e an d o f  th e rul e a s false .  Pu t  anothe r  way .  violatio n 
checkin g involve s th e testin g o f  a  singl e hypothesis ,  bu t  a 
true/fals e assessmen t  involve s th e testin g o f  a  dua l  hypothesis . 
Becaus e o f  th e increase d cognitiv e loa d fo r  true/fals e 
assessments ,  subject s m a y adop t  "short-circuitin g strategies " 
(Yachanin ,  1986 ,  p .  21 )  resultin g i n poore r  performanc e fo r 
true/fals e instruction s tha n fo r  violatio n checking . 

Sevan ]  researdier s hav e investigate d performanc e difference s 
on absu-ac t  an d themati c version s o f  th e selectio n task ,  usin g 
true/fals e o r  violatio n checkin g instruction s (Chrostowsk i  & 
Griggs ,  1985 ,  Valentine ,  1985 ;  Yachanin ,  1986 ;  Kroger ,  Cheng , 
& Holyoak ,  1993) .  Althoug h i t  i s  clea r  tha t  violatio n checkin g 
instruction s d o no t  b y themselve s produc e facilitation ,  violatio n 
instruction s d o produc e bette r  performanc e tha n d o true/fals e 
instruction s fo r  themati c rules .  Violatio n checkin g instruction s 
hav e generall y no t  bee n foun d t o facilitat e performanc e o n 
abstrac t  version s o f  th e task ,  bu t  d o o n themati c conten t  version s 
(Griggs ,  1984 ;  Christowsk i  &  Griggs ,  1985 ;  Yachanin ,  1986 ; 
Valentine ,  1985) . 

Whil e researc h ha s demonstrate d a  superiorit y fo r  violatio n 
instruction s ove r  true/fals e instruction s fo r  themati c content ,  w e 
observe d tha t  th e themati c conten t  rule s fo r  whic h reliabl e 
facilitatio n ha s bee n demonstrate d ar e primaril y regulation s 
(Johnson-Laird ,  Legrenzi ,  &  Legrenzi ,  1972 ;  Grigg s &  Cox , 
1982 ;  D'Andrade ,  describe d b y Griggs ,  1983) .  Thes e 
regulations  ar e conventiona l  rule s whic h hav e bee n establishe d 
t o hol d a  certai n statu s i n th e world .  Tha t  is ,  conventiona l  rule s 
ar e intende d t o b e interprete d a s givens .  Thes e rule s m a y b e 
followe d o r  m a y b e violated ,  bu t  thei r  trut h o r  falsit y i s no t 
reasonabl y contemplated .  B y w a y o f  example ,  conside r  tha t  yo u 
hav e establishe d a  rul e stating ,  "I f  a  perso n enter s m y office ,  tha t 
perso n mus t  no t  smoke. "  I t  i s  clea r  tha t  yo u hav e establishe d thi s 
rul e t o b e take n a s a  regulatio n b y person s wishin g t o ente r  you r 
oflSce .  Th e trut h o r  falsit y o f  th e rul e i s no t  i n question .  However , 
th e rul e ma y b e violated ,  an d checkin g fo r  violation s o f  th e rul e 
i s rationa l  an d relevant . 

Cheng an d Holyoa k (1985,1995 )  asser t  tha t  facilitatio n o n th e 
selectio n tas k wil l  b e observe d w h e n a  violatio n checkin g 
scenari o an d th e rule' s conten t  identifie s th e rul e a s a  regulation , 
and a  pragmati c reasonin g schem a i s applied .  Fo r  example ,  th e 
rule ,  "I f  a  perso n i s drinkin g beer ,  the n Uia t  perso n mus t  b e ove r 
19 year s o f  age, "  i s  clearl y a  conventiona l  regulation ,  fo r  whic h 
a permissio n schem a an d violatio n checkin g i s warranted .  W e 
argu e tha t  thes e conventiona l  rules ,  whic h ar e characterize d b y 
thei r  pragmati c content ,  ca n reasonabl y b e checke d fo r 
violations ,  bu t  no t  trut h o r  falsity .  W e sugges t  tha t  th e facilitatio n 
previousl y demcxistrate d fo r  thonati c conten t  rule s wit h violatio n 
insUuction s i s tie d t o th e pragmati c conten t  o f  th e conventiona l 
rule s whic h hav e bee n used . 

Althoug h pragmati c conten t  rule s hav e bee n employe d a s 
themati c conten t  rules ,  the y compris e onl y a  subse t  o f  possibl e 
themati c rules .  A n everyda y exampl e o f  a  non-pragmatic , 
themati c rul e coul d b e state d a s such :  "I f  i t  i s  a  sto p sign ,  the n i t 
must  b e red."  Althoug h thi s rul e i s o f  themati c content ,  i t  shoul d 
not  invok e a  pragmati c reasonin g schema ,  a s ther e ar e n o 
precondition s whic h woul d regulat e voluntar y h u m a n actio n i n 
thi s rul e (Chen g &  Holyoak ,  1985) .  Non-pragmati c rule s m a y b e 

state d betwee n categorica l  relationship s (e.g. ,  i f  i t  i s  a  dog ,  i t 
must  b e a n animal) ,  c<»Keptua l  feature s (e.g. ,  i f  i t  i s  a  sto p sign , 
i t  mus t  b e red) ,  an d causa l  relation s (e.g. ,  i f  i t  i s  raining ,  i t  mus t 
be we t  outside) .  I n contras t  t o pragmati c rules ,  violatio n 
checkin g i s no t  pertinen t  t o non-pragmati c rules .  Fo r  example , 
give n ou r  knowledg e o f  categorica l  relations ,  i t  i s  difficul t  t o 
imagin e wha t  woul d compris e a  violatio n o f  th e rule ,  "I f  i t  i s  a 
dog ,  i t  mus t  b e a n animal. "  Non-pragmati c rules ,  however ,  m a y 
b e mor e reasonabl y considere d a s eithe r  tru e o r  false .  Fo r 
example ,  conside r  th e rule ,  "I f  i t  i s  a  bird ,  i t  mus t  fly. "  I t  i s  th e 
cas e tha t  w e ca n determin e whethe r  thi s non-pragmati c riil e i s 
tru e o r  false ,  i n othe r  words ,  whethe r  i t  represent s a n actua l 
conditio n o f  th e world .  Tha t  is ,  "I f  i t  i s  a  bird ,  i t  mus t  fly " 
Tepresait s a  possibl e stat e o f  th e worl d tha t  m a y b e evaluate d fo r 
trut h o r  falsity ,  bu t  whic h m a y no t  reasonabl y b e checke d fo r 
violations .  I n contrast ,  pragmati c rules ,  suc h a s "I f  a  perso n 
enter s m y ofBce ,  tha t  perso n mus t  no t  smoke, "  represent s a  give n 
stat e o f  th e worl d wiiic h m a y b e evaluate d fo r  violations ,  bu t  no t 
trut h o r  falsity . 

T h e presen t  stud y compare d th e effect s o f  true/fals e an d 
violatio n selectio n insUuction s o n subjects '  performanc e w h e n 
reasoning  abou t  rule s o f  differin g themati c content .  T w o type s o f 
themati c rule s wer e used :  pragmati c conten t  rule s an d non -
pragmati c rules .  Subject s reasone d abou t  thes e rule s unde r 
instruction s t o eithe r  determin e whethe r  th e rule s ha d bee n 
violate d o r  determin e whethe r  th e rule s wer e tru e o r  false .  W e 
argu e tha t  th e facilitatio n observe d fo r  violatio n instruction s i s 
tie d t o th e pragmati c natur e o f  previousl y use d themati c rules . 
Give n ou r  argument s abou t  th e relativ e applicabilit y  o f  violatio n 
and true/fals e instructicxi s t o pragmati c an d non-pragmati c rules , 
we predicte d tha t  violatio n instruction s woul d produc e superio r 
performanc e o n pragmati c rules ,  wherea s true/fals e instruction s 
woul d produc e superio r  performanc e o n non-pragmatic , 
themati c rules .  Thi s predictio n stand s i n contras t  t o previou s 
view s o f  true/fals e instructions .  I f  true/fals e instruction s produc e 
m o r e cognitiv e loa d o r  ar e mor e ambiguou s tha n violatio n 
instruction s (Yachanin ,  1986 ;  Yachani n &  Tweney ,  1982) , 
violatio n instruction s woul d b e expecte d t o facilitat e reasonin g 
o n al l  themati c rules ,  regardles s o f  thei r  pragmati c o r  non -
pragmati c content . 

Method 

Subjects 

Subject s wer e 3 6 undergraduat e student s a t  th e Universit y o f 
Louisville ,  w h o receive d credi t  fo r  thei r  participatio n towar d 
fulfillmen t  o f  a n introductor y psycholog y cours e requirement . 
NcHi e o f  th e subject s ha d previousl y encountere d th e W a s o n car d 
selectio n task . 

Design and Materials 

Subject s wer e teste d i n on e o f  tw o instructio n conditions : 
violatio n o r  true/false .  Eac h subjec t  w a s aske d t o reaso n abou t 
thre e pragmati c an d thre e non-pragmati c themati c conten t  rules . 
Thes e factor s constitut e a  2  X  2  mixe d design ,  wit h insUnctio n 
typ e a s a  betwee n subject s facto r  an d rul e conten t  a s a  withi n 
subject s factor .  Subject s randoml y receive d eithe r  al l  thre e 
pragmati c rule s firs t  o r  al l  thre e non-pragmati c rule s first . 
Orderin g o f  th e rule s withi n eac h rul e conten t  typ e w a s als o 
randomized . 
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Selectio n 

True/Fals e Instruction s 

Pragmatic rules Non-pragmatic rules 

Violatio n Instruction s 

Pragmatic rules Non-pragmatic rules 

p ,  not- q 

p. q 
p 
q 
not- p 
not- q 
not-p ,  q 
not-p ,  not- q 
p,  not- p 
q,  not- q 
p,  not-p ,  q 
p.  q ,  not- q 
p,  not-p ,  not- q 
not-p ,  q ,  not- q 
p,  q ,  not- q 
al l 
non e 

17 
11 
2 2 
5 
5 
0 
0 
5 
0 
0 
11 
11 
5 
0 
0 
5 
0 

2 8 
2 2 
11 
5 
0 
5 
0 
0 
0 
0 
5 
11 
0 
11 
0 
0 
0 

3 9 
I I 
11 
0 
0 
0 
5 
0 
0 
5 
0 
0 
0 
0 
11 
5 
11 

0 
2 9 
17 
5 
0 
0 
5 
0 
5 
5 
5 
2 2 
0 
0 
0 
0 
5 

Tabl e 1 .  Percentag e o f  subject s selectin g eac h combination . 

Thre e pragmati c rule s wer e used .  A  drinkin g ag e rul e 
serve d a s on e o f  thes e rules ,  "I f  a  perso n drink s beer ,  tha t 
perso n mus t  b e ove r  2 1 year s old. "  T w o othe r  rule s wer e 
develope d fo r  th e task .  Thes e tw o rule s rea d a s follows :  "I f 
yo u ear n incom e i n Kentucky ,  yo u mus t  pa y federa l  incom e 
tax "  an d "I f  a  perso n register s fo r  psycholog y 322 ,  tha t  perso n 
must  hav e take n it s prerequisite ,  psycholog y 201. " 

Thre e non-pragmatic ,  themati c rule s wer e developed , 
representin g thre e possibl e relations :  a  categorica l  relation ,  "I f 
i t  i s  a  banana ,  the n i t  mus t  b e a  fruit";  a  conceptua l  relation , 
"I f  i t  i s  a  bird ,  the n i t  mus t  hav e wings" ;  an d a  causa l  relation , 
"I f  a  perso n take s cyanide ,  tha t  perso n mus t  die. " 

Procedure 

Subject s wer e teste d i n smal l  group s o f  u p t o six ,  an d wer e 
randoml y assigne d t o instructio n conditions .  Th e rule s wer e 
presente d t o subject s i n a  bookle t  wit h a n initia l  pag e o f 
instructions ,  whic h subject s rea d themselves .  Th e violatio n 
instruction s rea d a s follows : 

Suppose you are from a different country and you hear 
abou t  som e rule s tha t  peopl e follo w i n th e Unite d 
States .  Fo r  example ,  yo u hea r  tha t  i n thi s country ,  "I f 
yo u wan t  t o mai l  a  letter ,  yo u mus t  pu t  a  stam p o n th e 
envelope. "  You r  tas k i n thi s experimen t  i s  t o determin e 
i f  variou s rule s hav e bee n violated . 

The instructions for the true/false condition were the same, 
excep t  th e las t  lin e read ,  "You r  tas k i n thi s experimen t  i s  t o 
determm e i f  variou s rule s ar e tru e o r  false. " 

Eac h pag e o f  th e bookle t  containe d on e rule .  Followin g 
presentatio n o f  th e rule ,  subject s sa w fou r  "cases " 
representin g th e P ,  Not-P ,  Q ,  an d Not- Q conditions .  Fo r  eac h 

case ,  subject s wer e aske d t o decid e whethe r  the y woul d nee d 
t o selec t  thi s cas e i n orde r  t o tes t  whethe r  th e rul e wa s tru e o r 
fals e (o r  ha d bee n violated) .  Subject s wer e instructe d t o circl e 
"yes "  i f  the y woul d definitel y nee d t o selec t  tha t  informatio n i n 
orde r  t o decid e i f  th e rul e i s tru e o r  false ,  o r  t o circl e "no "  i f 
the y di d no t  nee d tha t  information .  Subject s i n th e violatio n 
coiiditio n receive d th e sam e materials ,  excep t  tha t  reference s 
t o true/fals e wer e replace d wit h reference s t o violations . 

Results and Discussion 

The percentage of subjects selecting the P and Not-Q 
ctxnbinatio n i s show n i n Tabl e 1 .  Fo r  eac h rule ,  selectio n o f 
th e normativ e P  an d Not- Q combinatio n wa s score d a s 1  an d 
selectio n o f  al l  othe r  response s wa s score d a s 0 .  A n analysi s 
of  varianc e o n thes e score s reveale d n o significan t  mai n 
effect s fo r  eithe r  rul e conten t  typ e o r  instructio n type ,  bu t  a 
significan t  interactio n betwee n thes e tw o factors , 
F(l,34)=5.17 ,  E<.03 .  Thi s interactio n indicate s tha t  violatio n 
instruction s facilitate d performanc e fo r  pragmati c conten t 
rules ,  whil e true/fals e instruction s produce d bette r 
performanc e fo r  non-pragmati c conten t  rules . 

Tabl e 1  als o show s th e percentag e o f  subject s selectin g 
pattern s o f  informatio n othe r  tha n th e normativ e p  an d not- q 
combination .  Analyse s o f  varianc e wer e als o performe d o n 
th e score s obtaine d fa -  thes e non-normativ e responses .  Thes e 
analyse s faile d t o revea l  an y significan t  mai n effect s o r 
interaction s o f  rul e conten t  o r  instructio n type . 

The result s fcx "  th e P  an d Not- Q response s ar e striking ,  a s i t 
appear s t o b e th e fu^ t  tim e tha t  true/fals e instruction s hav e 
produce d performanc e superio r  t o violatio n instruction s o n 
themati c materials .  True/fals e instruction s hav e typicall y bee n 
characterize d a s bein g mor e difficul t  an d cognitivel y 
demandin g (Yachanin ,  1986) .  I f  so ,  violatio n instruction s 
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shoul d produc e bette r  performanc e relativ e t o true/fals e 
instniction s fo r  al l  themati c materials .  However ,  w e foun d tha t 
true/fals e instruction s produc e facihutio n relativ e t o violatio n 
instniction s fo r  som e kind s o f  themati c materials ,  specifically . 
non-pragmati c rules .  Thus ,  ou r  finding s d o no t  suppor t  th e 
intcipretatio n o f  true/fals e uistruction s a s inherentl y mor e 
difficul t  o r  resultin g i n th e adq)ti{ m o f  nonlogica l  reasonin g 
strategie s (Yachanin ,  1986) .  I f  thi s wer e th e case ,  the n 
violatic m instruction s shoul d b e expecte d t o facilitat e 
reasonin g o n al l  kind s o f  themati c rules . 

We believ e ou r  resul t  i s du e t o th e intrinsi c differenc e i n 
statu s o f  pragmati c an d non-pragmati c themati c rules . 
Pragmati c rule s tha t  onbod y convoitiona l  regulation s ar e 
take n a s given s i n th e world .  A s such ,  the y ar e appropriatel y 
checke d fo r  violations ,  bu t  ar e les s suite d t o test s o f  trut h o r 
falsity .  Conversely ,  non-pragmati c rule s ma y b e state d tha t  ar e 
eithe r  tru e o r  fals e an d ma y b e evaluate d a s such .  However , 
thes e non-pragmati c rule s ar e no t  subjec t  t o violatio n 
checking .  Th e result s o f  th e presen t  stud y si^pw t  ou r 
contention ,  demonstratin g difference s i n themati c content ,  fo r 
whic h violatio n checkin g o r  true/fals e instruction s ma y b e 
more o r  les s tqjpUcable .  Mos t  interestingly ,  th e stud y reveale d 
condition s unde r  whic h reasonin g i n th e selectio n tas k 
paradig m ma y b e supporte d b y true^als e instructions . 
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Abstrac t 

Multi-layer  perceptrons (MLPs) can learn both regular and ir-
regula r  item s give n sufficien t  interleave d training ,  bu t  no t  fro m 
sequentia l  presentatio n o f  items .  McClelland ,  McNaughto n 
and O'Reill y  (1994 )  addresse d thi s proble m i n thei r  proposa l 
tha t  th e hippocampu s an d neocorte x (H/NC )  for m a  tw o com -
ponen t  memor y syste m i n whic h th e hippocampu s interleave s 
trainin g o f  item s t o th e neocorte x s o tha t  i t  ca n develo p struc -
tur e withou t  interferenc e o f  late r  item s o n earlie r  ones .  W e hav e 
been studyin g suc h a n interleavin g syste m unde r  th e constrain t 
of  limitin g th e capacit y o f  th e trainin g batc h (analogou s t o a 
finite  limi t  o n th e hippocampus) .  I n previou s simulation s (Gra y 
& Wiles ,  1996 )  w e demonstrate d tha t  a  quasi-regula r  learnin g 
tas k traine d wit h a  recenc y rehearsa l  schem e di d no t  suffe r  in -
terferenc e t o a  catastrophi c level ,  bu t  di d suffe r  interferenc e o n 
irregula r  an d simila r  regula r  items .  Th e curren t  stud y intro -
duce s a  ne w rehearsa l  schem e i n whic h item s ar e retaine d i n a 
finite  trainin g batc h base d o n ho w wel l  th e M L P ha s learne d 
them :  Erro r  rehearsa l  enable d th e M L P t o lear n (1 )  a  hig h pro -
portio n o f  th e domain ,  (2 )  retentio n o f  bot h regula r  an d irregula r 
item s fro m th e initia l  trainin g batc h an d (3 )  partia l  shieldin g o f 
bot h regula r  an d irregula r  item s fro m late r  interference .  Th e re -
sult s demonstrat e tha t  althoug h finite  trainin g batche s ca n pos e 
a proble m fo r  M L P s ,  a n erro r  rehearsa l  schem e ca n reduc e in -
terferenc e o n bot h regula r  an d irregula r  items ,  eve n whe n the y 
ar e n o longe r  i n th e curren t  trainin g batch .  Implication s fo r  th e 
rol e o f  th e hippocampu s i n interleavin g item s fo r  th e neocorte x 
ar e discussed . 

I n t r o d u c t i o n 

Memory systems have several functionally different learning 
requirements :  th e primar y on e i s th e abilit y  t o stor e event s 
or  item s afte r  onl y on e presentatio n (calle d one-sho t  learn -
in g o r  memorisation) ;  a  secon d i s a  longe r  ter m integrativ e 
functio n tha t  allow s a  m e m o r y syste m t o develo p a  structur e 
ove r  th e event s experienced,  an d henc e generalis e t o nove l 
events .  W h e n modellin g thes e function s independently ,  ar -
tificia l  neura l  networ k researcher s hav e typicall y use d singl e 
laye r  network s (s.a .  th e Matri x Model ,  Humphreys ,  Bai n & 
Pike ,  1989 .  o r  k - W m n e r  Tak e All ,  O'Reill y &  McClelland , 
1994 )  t o mode l  one-sho t  learning ,  an d multi-laye r  perceptron s 
(MLPs )  t o mode l  integrativ e component s (Rumelhart ,  Hinto n 
& Williams ,  1995) . 

A centra l  proble m i n modellin g h u m a n an d anima l  m e m-
or y i s whethe r  th e tw o function s ca n b e produce d b y a  uni -
tar y m e m o r y syste m o r  whethe r  tw o component s ar e require d 
(Humphreys ,  Bai n &  Pike ,  1989 ;  McClelland ,  McNaugh to n 
& O'Reilly .  1994 ;  O'Reill y &  McClelland ,  1994) :  Sinc e 

one-sho t  learnin g system s nee d t o unambiguousl y stor e sin -
gl e event s a t  th e tim e a t  whic h the y occur ,  the y canno t  tak e 
int o accoun t  informatio n tha t  m a y b e distribute d acros s sev -
era l  events .  Attempt s t o us e one-sho t  learnin g system s a s 
integrativ e system s resul t  i n sever e restriction s o n th e type s 
of  generalisatio n tha t  ca n occu r  (e.g. ,  linea r  combination s i n 
th e Matri x Model ;  categor y membershi p i n th e k-Winne r  Tak e 
All) .  B y contrast ,  integrativ e system s suc h a s M L P s ca n utilis e 
higher-orde r  statistic s o f  event s distribute d ove r  time ,  bu t  ar e 
not  suitabl e fo r  unambiguousl y storin g sequentiall y  presente d 
events .  M L P s ar e traditionall y traine d b y interleavin g pre -
sentation s o f  al l  item s an d attempt s t o us e M L P s a s one-sho t 
m e m o ry system s (trainin g withou t  interleavin g presentation s 
of  items )  displa y spectacula r  failures ,  calle d "catastrophi c in -
terference "  (CI ,  McCloske y &  Cohen .  1989 ;  Ratcliff ,  1990) . 
I n CI ,  event s presente d a t  a n earl y stag e i n trainin g ar e com -
pletel y los t  durin g trainin g o n late r  items . 

A ke y questio n fo r  two-componen t  model s i s th e relation -
shi p betwee n th e one-sho t  an d integrativ e components .  Mod -
el s tha t  see k t o combin e bot h thes e function s hav e rarel y 
bee n explore d a t  a  purel y computationa l  level ,  bu t  hav e bee n 
studie d b y cognitiv e neuroscientist s wit h respec t  t o th e hip -
pocampus/neocorte x (H/NC )  m e m o r y syste m (McClelland , 
McNaughto n &  O'Reilly ,  1994) ,  an d th e necessit y fo r  tw o 
componen t  model s ha s bee n debate d b y psychologist s study -
in g h u m a n m e m o r y (se e Dennis ,  1994 .  fo r  a  histor y o f  memor y 
an d learnin g research )  an d exception/regula r  learnin g (e.g. , 
th e Dua l  Rout e model ,  Bakker .  1995;Coltheartcf .  a/. .  1993) . 
Our  analysi s o f  th e computationa l  question s i n thi s projec t  de -
rives  fro m th e H / N C researc h b y McClellan d an d colleague s 
(althoug h w e se e m a n y parallel s i n relate d area s o f  psycho -
logica l  research) . 

McClellan d an d colleague s (McClelland ,  McNaughto n & 
O'Reilly .  1994 ;  O'Reill y &  McClelland ,  1994 )  hav e propose d 
tha t  event s ar e initiall y  store d i n th e hippocampu s ( a one-sho t 
m e m o ry whic h the y mode l  a s a  k -Wmne r  Tak e Al l  network , 
O'Reill y &  McClelland .  1994) ,  whic h the n interleave s presen -
tatio n o f  al l  it s store d memorie s t o th e neocorte x ( a structure d 
integrativ e m e m o r y syste m analogou s t o a n M L P ) .  Suc h in -
terna l  interleavin g enable s multipl e presentatio n o f  item s t o 
th e integrativ e componen t  (thu s providin g a  mechanis m t o 
mitigat e interferenc e an d buil d structur e gradually) ,  whil e re -
quirin g event s t o b e presente d t o th e entir e "two-component " 
syste m onl y once . 

O ur  goa l  i n thi s projec t  i s t o investigat e computationa l  as -
pect s o f  th e interleavin g proces s betwee n th e tw o functiona l 
component s o f  m e m o r y system s suc h a s McClelland .  M c -
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Naughto n an d O'Reilly' s H / N C mode l  unde r  th e constrain t 
of  a  finite  limi t  o n th e trainin g batc h sizes ,  analogou s t o a  fi-
nit e limi t  o n hippocampu s (Treve s &  Rolls ,  1994) .  Followin g 
McQelland ,  McNaughto n an d O'Reilly' s  analogy ,  w e use d a n 
M LP a s a n integrativ e component ,  an d a  buffe r  a s th e one-sho t 
component . 

The focu s o f  thi s stud y wa s th e interleavin g proces s (calle d 
a rehearsa l  scheme )  an d it s  effec t  o n CI .  Severa l  rehearsa l 
schemes hav e bee n reporte d i n th e neura l  networ k literature . 
Result s eithe r  showe d n o significan t  improvemen t  (s.a. ,  re-
cenc y rehearsal ,  Ratcliff ,  1990 ;  Robins ,  1995 )  o r  require d th e 
entir e domai n o f  previousl y learne d item s (s.a ,  rando m an d 
sweep rehearsal,  Robins ,  1995) .  Not e tha t  ther e ar e alterna -
tiv e approache s t o mitigatin g C I  suc h a s modifyin g th e hid -
den uni t  representations  (nod e sharpening ,  French ,  1991 ,  an d 
contex t  biasing ,  French ,  1994 ,  an d spars e hidde n uni t  repre -
sentations ,  Kruschke ,  1992 )  however ,  followin g McClelland , 
McNaughto n an d O'Reilly ,  i n ligh t  o f  observe d psychologica l 
phenomena (s.a. ,  temporall y grade d retrograd e amnesia ,  se e 
McClelland ,  McNaughto n &  O'Reilly ,  1994 ,  fo r  a  review), 
we chos e t o investigat e interleavin g a s th e primar y metho d 
fo r  mitigatin g CI . 

Much o f  th e pas t  wor k o n C I  ha s bee n performe d usin g 
domain s tha t  lac k inheren t  structure .  B y contras t  mos t  cogni -
tiv e domain s ar e highl y structure d (e.g. ,  word s ar e compose d 
of  letters ,  speec h o f  phonemes) .  Domain s comprisin g event s 
tha t  ar e represente d a s multipl e component s ar e terme d com -
binatoria l  domains .  Th e regula r  structur e o f  combinatoria l 
domain s i s fundamenta l  t o th e productivit y o f  cognitiv e sys -
tems (e.g. ,  th e abilit y  t o produc e a n unlimite d numbe r  o f  nove l 
word s fro m a  finite  se t  o f  letters) ,  but ,  somewha t  surprisingl y 
perhaps ,  purel y regula r  domain s ar e rare ,  an d mos t  cognitiv e 
domain s contai n exception s t o th e regula r  structur e (formin g 
"quasi-regular "  domains ,  suc h a s th e pronunciatio n o f  En -
glis h words) .  M L P s traine d o n combinatoria l  dat a hav e bee n 
shown t o posses s ver y differen t  propertie s tha n thos e traine d 
on rando m dat a (Brouss e &  Smolensky ,  1989 ;  Phillip s & 
Wiles ,  1993) ,  i n particula r  demonstratin g hig h level s o f  gen -
eralisation ,  an d som e o f  thes e findings  hav e bee n relate d t o 
a reductio n i n C I  (Brouss e &  Smolensky ,  1989) .  D u e t o th e 
cognitiv e relevanc e o f  combinatoria l  domain s an d th e succes s 
of  M L P s i n learnin g combinatoria l  structure ,  w e hav e studie d 
bot h regula r  an d quasi-regula r  combinatoria l  domains . 

Results to date 

Previous simulations of the A-B and recency rehearsal tasks' 
(Gra y &  Wiles ,  1996 )  demonstrate d tha t  a n M L P ca n extrac t 
th e regula r  structur e behin d regular  an d quasi-regula r  com -
binatoria l  domain s an d tha t  th e structur e o f  th e dat a itsel f 
mitigate s interferenc e t o a  leve l  tha t  coul d no t  b e calle d catas -
trophic .  Thi s resul t  i s  consisten t  wit h expectation s firom  othe r 

'I n th e A- B task ,  th e M L P i s traine d o n a  dat a se t  (Se t  A )  unti l 
aU Item s ar e learned ,  followe d b y trainin g a  secon d se t  (Se t  B ) 
withou t  continuin g presentation s o f  Se t  A .  Thi s for m o f  A- B Tas k 
i s common i n catastrophi c interferenc e literatur e -  item s withi n eac h 
dat a se t  ar e traine d usin g a n interleavin g process ,  bu t  n o interleavin g 
occur s betwee n th e tw o sets .  Th e Recenc y Rehearsa l  Tas k differ s 
from  th e A- B Tas k i n tha t  afte r  trainin g th e initia l  Se t  A  t o criterion , 
new item s ar e adde d an d olde r  item s remove d fro m th e trainin g batc h 
incrementall y unti l  al l  item s i n th e domai n hav e bee n trained . 

Studie s (Brouss e &  Smolensky ,  1989) ,  however ,  i n ou r  simu -
lation s no t  eve n larg e batc h size s eliminate d al l  interferenc e 
fo r  quasi-regula r  domains .  Afte r  irregula r  item s lef t  th e cur -
ren t  trainin g batch ,  performanc e o n thes e item s wa s retaine d 
onl y briefl y an d the n los t  permanently .  A s iiregula r  item s 
wer e adde d t o th e trainin g batch ,  performanc e wa s los t  o n 
simila r  regular  item s (tw o letter s i n c o m m o n )  no t  presen t  i n 
th e trainin g batch . 

Aim of Present Work 

The current study delved further into the interference effects 
on M L P s constraine d b y a  limite d trainin g batc h size .  Sinc e 
our  earlie r  studie s showe d tha t  C I  wa s no t  a n issu e fo r  quasi -
r^ula r  data ,  ou r  focu s wa s o n th e interferenc e tha t  di d occur , 
whic h w e explore d b y separatin g th e performanc e o f  regula r 
an d irregula r  items . 

A ne w rehearsal  schem e wa s designed ,  simila r  t o recenc y 
rehearsal  i n tha t  afte r  trainin g se t  A  t o criterion ,  ne w item s 
ar e adde d an d olde r  item s remove d fro m th e trainin g batc h 
incrementally .  Th e scheme s diffe r  i n tha t  i n recenc y rehearsal , 
th e oldes t  ite m wa s removed ,  wherea s i n erro r  rehearsal ,  eac h 
ite m wa s evaluate d wit h respec t  t o th e M L P s performanc e o n 
th e item ,  an d th e bes t  learne d ite m (ove r  severa l  trials )  wa s 
removed. 

We hypothesise d tw o way s b y whic h th e schem e coul d im -
prov e performance :  Th e fii^t  derive s directl y from  th e main -
tenanc e o f  less-well-leame d item s fo r  longe r  i n th e trainin g 
batch ,  allowin g increase s i n trainin g tim e an d chanc e o f  in -
terleave d trainin g wit h ne w simila r  items .  Th e secon d aspec t 
i s mor e subtle ,  bu t  directl y addresse s th e critica l  questio n o f 
avoidin g interferenc e o n item s tha t  ar e n o longe r  presen t  i n 
th e curren t  trainin g batc h (whic h w e cal l  "shielding") :  Irreg -
ula r  item s enterin g th e trainin g batc h woul d hav e hig h erro r 
and interfer e wit h th e system s performanc e o n simila r  regula r 
items ,  increasin g thei r  erro r  also .  Thes e irregula r  an d simila r 
regular  item s woul d the n b e concentrate d i n th e trainin g batc h 
as th e highes t  erro r  items .  Subsequen t  interleave d presenta -
tion s woul d facilitat e thei r  separatio n i n H U space ,  possibl y 
t o th e exten t  o f  shieldin g th e irregular s (afte r  the y hav e lef t 
th e trainin g batch )  from  interferenc e b y late r  items . 

Method 

Simulations were run to compare the new error rehearsal 
scheme wit h recenc y rehearsal .  Thre e measure s wer e o f  in -
terest :  firstly,  h o w wel l  th e structur e o f  regula r  an d irregula r 
item s i s incorporate d overal l  int o th e H U spac e ( a domai n 
performanc e measure) ;  secondly ,  performanc e o n regula r  an d 
irregula r  item s from  th e initia l  batc h a t  th e en d o f  trainin g al l 
item s i n th e domain ;  an d thirdly ,  th e degre e t o whic h item s tha t 
ar e no t  i n th e final  trainin g batc h ar e maintaine d ( a shieldin g 
measure) . 

For  bot h recenc y an d erro r  rehearsa l  schemes ,  change s t o 
th e simulation s from  th e previou s wor k (Gra y &  Wiles ,  1996 ) 
involve d doublin g th e numbe r  o f  H U s t o ensur e tha t  capacit y 
was no t  limitin g th e performanc e o f  th e rehearsa l  schemes ,  an d 
increasin g th e m a x i m u m numbe r  o f  epoch s betwee n trainin g 
batc h updates .  Al l  othe r  factor s (i.e ,  dat a set s an d parameters ) 
remained  th e sam e (thes e ar e reproduce d belo w fo r  complete -
ness) . 
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structur e o f  th e quasi-regula r  d o m a i n 

The data used was from an artificial data set designed by Sally 
Andrew s a t  th e Universit y o f  N e w Sout h Wale s (persona l  com -
munication )  t o reflect  effect s i n mappin g thre e lette r  syllable s 
t o thei r  phoneti c pronunciation .  Th e inpu t  i s forme d b y com -
binin g thre e letter s (th e onset ,  vowe l  an d coda) .  Eac h o f  th e 
thre e lette r  position s ma y adop t  on e o f  si x letters .  Fo r  ex -
ample ,  th e onse t  i s on e o f  th e letter s B ,  C ,  D ,  G ,  H  o r  S .  Th e 
mappin g wa s quasi-regular ,  i n whic h th e output s fo r  th e onset s 
and coda s wer e identicall y mapped ,  bu t  vowel s wer e mappe d 
t o on e o f  tw o possibl e phoneti c representations  dependin g 
on whethe r  the y wer e lon g o r  shon .  T w o o f  th e si x vowel s 
wer e alway s mappe d t o thei r  shor t  phoneti c representation, 
wit h th e othe r  fou r  varyin g dependin g o n th e combinatio n 
of  th e onse t  an d cod a letters .  O f  th e 21 6 (6x6x6 )  syllable s 
i n th e quasi-regula r  domain ,  20 4 adopte d th e shor t  phoneti c 
representation ,  an d 1 2 adopte d th e lon g (i.e. ,  givin g 5.6 % 
exceptions) .  Th e exception s i n th e domai n wer e randoml y 
distribute d wit h n o underlyin g structur e determinin g whic h 
input s forme d th e exceptions . 

Structure of the MLPs 

To represent the domains for training an MLP, each of the 
thre e lette r  position s o f  th e inpu t  wa s represente d b y a  six -
bi t  loca l  cod e wit h on e uni t  activ e pe r  letter .  Combined ,  th e 
inpu t  vecto r  thu s containe d 1 8 units ,  wit h thre e unit s activ e 
per  syllable .  Similarl y fo r  th e output ,  eac h letter' s phoneti c 
representation  wa s represented  b y a  loca l  code ,  resultin g i n 6 
unit s eac h fo r  th e onse t  an d coda ,  an d 1 0 unit s fo r  th e vowel . 
Combined ,  th e outpu t  vecto r  thu s containe d 2 2 unit s wit h 
thre e unit s activ e fo r  an y syllable .  3 6 hidde n unit s wer e used , 
formin g a n 18-36-2 2 feedforwar d M L P . 

IVaining batch sizes 

The underlying structure of a domain is revealed through the 
item s i n th e trainin g batch ,  an d henc e th e siz e o f  th e batc h i s 
critica l  t o th e amoun t  o f  informatio n availabl e fo r  th e networ k 
t o learn .  W e teste d thre e batc h sizes :  a  smal l  siz e o f  eigh t  (th e 
batc h siz e use d b y McCloske y &  Cohen ,  1989) ,  a  mediu m 
siz e o f  5 0 (use d b y Brouss e &  Smolensky ,  1989 )  an d a  larg e 
batc h siz e o f  10 8 ( 5 0 % o f  th e entir e dat a set) . 

Training procedure 

The considerations for three batch sizes in both recency and 
erro r  rehearsa l  scheme s resulte d i n 6  condition s t o tes t  ( 3 
batc h size s x  2  schemes) .  Fo r  eac h condition ,  te n replication s 
wer e run ,  eac h wit h a  differen t  trainin g batc h an d rando m ini -
tia l  weights .  Trainin g wa s vi a backpropagatio n wit h weight s 
update d afte r  ever y patter n presentatio n (parameter s wer e a s 
use d b y McCloske y an d Cohe n (1989) ,  i.e. ,  learnin g rat e 0.1 , 
m o m e n t u m 0.9 ,  target s 0. 1 an d 0. 9 an d initia l  weigh t  rang e 
[-0.3,0.3] )  an d continue d unti l  al l  outpu t  unit s wer e withi n 0. 2 
of  thei r  correspondin g target s fo r  al l  pattern s i n th e batc h o r  th e 
m a x i m u m numbe r  o f  epoch s betwee n trainin g batc h update s 
exceede d (18 ,  4 6 an d 7 6 epoch s fo r  th e smal l  mediu m an d 
larg e trainin g batc h size s respectively) .  Th e initia l  trainin g 
batc h wa s randoml y selected ,  a s wer e th e item s incrementall y 
adde d (usin g a  non-replacin g selectio n scheme) . 

Resul t s a n d Discussio n 

Result s fo r  recenc y rehearsa l 

Th e recenc y rehearsa l  result s wer e qualitativel y simila r  t o 
our  previou s stud y (se e Figure s 1-3) ,  showin g tha t  recenc y 
rehearsal  allow s aJ l  o f  th e batc h size s (eve n th e smallest )  t o 
lear n th e underlyin g regula r  structur e o f  th e domain .  Thi s 
finding  replicates  th e earlie r  on e tha t  interferenc e o n regula r 
structur e i s no t  a  majo r  concer n fo r  quasi-regula r  domains . 

Rgur« 1.  Domii n Owarrfsak m 

r«c«no y ar d ,rR x rthmj l 

Sir»l(« l l«8«(10» ) 

F i g u r e 1 :  G e n e r a l i s a t i o n t o t h e d o m a i n afte r  trainin g th e ini -
tia l  batch .  Thi s performanc e characterize s bot h recenc y an d 
erro r  rehearsa l  simulation s a s th e behaviou r  o f  th e rehearsa l 
schemes i s n o differen t  a t  thi s stage .  Th e smal l  batc h siz e en -
able d littl e generalization ,  indicatin g tha t  th e networ k ha d no t 
learne d th e underlyin g regula r  structur e behin d th e domain . 
Bot h th e mediu m an d larg e batc h size s enable d th e majorit y 
of  th e structur e t o b e learned . 

Rpur *  Z  Domai n P«fk>nnanc « w .  S« i  N u m b w 

smal  s« (  til *  (o r  r*o«nc y rthwsa l 

Figur e 2 :  Performanc e o f  th e domai n v s se t  numbe r  fo r  on e 
replicatio n o f  th e smal l  batc h size .  Th e grap h i s qualitativel y 
representativ e o f  th e behaviou r  o f  al l  replications ,  showin g 
tha t  immediatel y afte r  trainin g Se t  A ,  th e networ k ha s learne d 
littl e o f  th e underlyin g structur e o f  th e domain .  A s additiona l 
item s ar e adde d t o th e trainin g batch ,  performanc e increase s 
steadily ,  demonstratin g th e abilit y  o f  th e M L P t o extrac t  struc -
tur e eve n from  th e smal l  batc h sizes .  Thi s phenomen a repli -
cate s tha t  observe d i n earlie r  simulation s usin g 1 8 HUs . 
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Figur e 3 :  Performanc e o f  Se t  A  v s Se t  N u m b e r  fo r  th e smal l 
batc h siz e (sam e replicatio n a s Figur e 2) .  Immediatel y afte r 
trainin g Se t  A ,  al l  item s ar e perfectl y learned .  Furthe r  trainin g 
result s i n interferenc e a s observe d b y th e dro p i n performance . 
The strikin g aspec t  o f  thi s grap h i s tha t  a s trainin g continue s 
and th e M L P learn s th e underlyin g structur e o f  th e domain , 
performanc e o n thes e item s return s t o a  hig h level .  Th e classi c 
U-shap e wa s observe d i n al l  replications . 

For  thi s simulation ,  w e explore d th e basi s o f  th e perfor -
mance fo r  th e larg e trainin g batch ,  a s i t  displaye d th e bes t 
performance :  Wit h 3 6 H U s ,  recenc y rehearsa l  i s  abl e t o cap -
tur e th e regula r  structur e (98.3 % regula r  item s correct) ,  an d 
incorporat e som e o f  th e irregula r  structur e (60.8 % irregula r 
item s correct ,  se e Figur e 4) .  W e furthe r  divide d th e domai n 
int o item s presen t  i n th e trainin g batch ,  an d thos e tha t  ha d 
been dropped .  Th e structur e develope d i n th e H U s extende d 
t o regula r  item s n o longe r  i n th e trainin g batc h (96.6 % correct , 
see Figur e 6 )  indicatin g substantia l  shielding .  However ,  fo r 
irregula r  item s tha t  wer e n o longe r  i n th e trainin g batch ,  per -
formanc e decrease d markedl y (28.7 % correct) ,  showin g tha t 
recenc y rehearsa l  di d no t  shiel d irregula r  item s from  interfer -
enc e afte r  the y lef t  th e trainin g batch . 

Wit h respec t  t o McClelland ,  McNaughto n an d O'Reilly' s 
(1994 )  theor y o f  th e H / N C ,  thi s resul t  demonstrate s tha t  re -
cenc y rehearsa l  woul d no t  b e a  suitabl e mode l  fo r  th e inter -
leavin g proces s a s i t  implie s tha t  memorie s tha t  conflic t  wit h 
th e majorit y o f  th e structur e i n th e neocorte x woul d hav e a 
lo w probabilit y  o f  bein g maintaine d i n th e neocorte x longe r 
tha n thei r  duratio n i n th e hippocampus . 

Comparison of recency and error rehearsal schemes 

On al l  thre e measure s o f  performanc e (domai n retention ,  se t 
one retentio n an d shieldin g -  se e Figure s 4 ,  5 ,  an d 6  respec -
tively )  th e erro r  rehearsa l  result s wer e simila r  t o recenc y re -
hearsa l  fo r  regula r  items ,  bu t  wer e markedl y improve d fo r 
irregula r  item s fo r  th e mediu m an d larg e batc h sizes .  Th e 
result s indicat e tw o contributin g factor s -  retentio n o f  item s 
and shielding : 

For  th e erro r  rehearsa l  scheme ,  th e domai n an d se t  on e re -
tentio n fo r  th e larg e batc h siz e (se e Figure s 4  an d 5 )  sho w 
tha t  regula r  structur e ha s bee n maintaine d wit h almos t  al l 
irregula r  item s integrate d correcdy .  Thes e result s ar e under -
standabl e give n th e w a y i n whic h th e erro r  rehearsa l  schem e 

Figur e 4 :  Fina l  performanc e o n th e entir e domai n fo r  bot h 
recenc y an d erro r  rehearsal .  Fo r  bot h rehearsa l  schemes ,  bes t 
performanc e wa s obtaine d fo r  th e larg e trainin g batc h siz e (re -
cenc y -  96 .2% ;  erro r  rehearsa l  98 .7%) .  Bot h scheme s sho w a n 
abilit y  t o incorporat e irregula r  item s int o th e regula r  structur e 
t o som e degree ,  however ,  erro r  rehearsa l  ha s incorporate d a 
much highe r  percentag e o f  th e irregula r  items . 

retain s difficult-to-lea m item s i n th e trainin g batch :  Th e er -
ro r  rehearsa l  schem e concentrate d a  fa r  highe r  proportio n o f 
irregula r  item s tha n th e initia l  rando m distribution ,  especiall y 
fo r  th e larg e trainin g batc h (90. 0 % o f  irregula r  item s wer e 
retaine d i n th e final  trainin g batch) .  Subsequen t  performanc e 
o n irregula r  item s i s no t  surprisin g from a  connectionis t  poin t 
of  view ,  bu t  nonetheles s m a y hav e relevanc e fo r  cognitiv e 
system s a s i t  indicate s a  metho d t o separat e item s int o func -
tionall y regula r  an d irregular ,  withou t  prio r  nee d t o defin e 
whic h item s ar e which .  I t  provide s on e mechanis m b y whic h 
a limite d capacit y memorisatio n syste m coul d dea l  wit h th e 
problem s o f  continuall y bein g presente d wit h ne w items ,  al -
thoug h retentio n o f  item s alon e i s no t  consisten t  wit h th e vie w 
of  th e hippocampu s a s a n intermediat e ter m store . 

Th e secon d contributin g facto r  i s  du e t o shieldin g o f  items : 
Figur e 6  show s th e performanc e o f  item s tha t  wer e correc t  a t 
th e en d o f  th e simulatio n bu t  n o longe r  i n th e trainin g batc h 
(the y ar e th e traditiona l  measur e i n th e C I  literature) .  I n 
erro r  rehearsal ,  a  majorit y o f  th e irregula r  item s wer e shielde d 
from  late r  interferenc e i n th e larg e batc h siz e (58.2 % correc t 
compare d t o 2 8 . 7 % fo r  recenc y rehearsal ,  se e Figur e 6) . 

Togethe r  th e retentio n o f  irregula r  item s an d shieldin g pro -
vid e suppor t  fo r  eno r  rehearsa l  a s a  suitabl e mode l  fo r  th e 
interieavin g process .  WTiethe r  suc h performanc e i s sufficient , 
or  coul d b e furthe r  improve d i s n o w a  feasibl e question . 

Ther e i s n o direc t  compariso n tha t  ca n b e mad e wit h th e 
human dat a fo r  thi s typ e o f  rehearsa l  task .  Barne s an d Under -
w o od (cite d b y McCloske y &  Cohen ,  1989 )  reporte d retro -
activ e interferenc e o f  5 2 % o n th e A B - A C task ,  an d McCloske y 
and Cohe n (1989 )  define d C I  a s substantiall y  lowe r  tha n thi s 
value .  A t  a  criterio n o f  5 2 % ,  th e erro r  rehearsa l  schem e coul d 
be sai d t o b e shieldin g th e irregula r  item s n o longe r  i n th e 
trainin g batc h from  CI .  Furthe r  studie s woul d b e require d t o 
tes t  th e robustnes s o f  thi s resul t  fo r  a  variet y o f  quasi-regula r 
domain s t o hav e confidenc e i n th e numeri c valu e pe r  se ,  bu t 
th e result s demonstrat e a  proo f  o f  concept . 
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Figur e 5 ;  Fina l  retentio n o f  th e initia l  batc h fo r  bot h recenc y 
and erro r  rehearsal .  Fo r  bot h rehearsa l  schemes ,  th e bes t  per -
formanc e i s achieve d fo r  th e larg e batc h siz e (erro r  rehearsa l 
-  98.1% ;  recenc y -  92.4%) .  Th e result s indicat e tha t  mos t  o f 
th e regula r  item s fro m se t  1  hav e bee n retaine d fo r  al l  thre e 
batc h sizes .  A s i n th e domai n performanc e (Figur e 4) ,  ther e 
i s a  marke d differenc e betwee n th e tw o trainin g scheme s fo r 
th e performanc e o n th e irregula r  items :  I n particular ,  fo r  th e 
larg e batc h siz e o n irregula r  items ,  erro r  rehearsa l  gav e excel -
len t  retentio n (96.2% )  wherea s recenc y rehearsa l  performanc e 
coul d b e considere d catastrophi c (28.7%) . 

I n conclusion ,  th e simulation s hav e show n tha t  th e erro r 
rehearsa l  schem e display s promisin g abilit y t o no t  onl y in -
tegrat e irregula r  item s int o th e regula r  structur e o f  th e M L P 
wit h a  limite d trainin g batc h size ,  bu t  als o shiel d item s fro m 
interferenc e afte r  leavin g th e curren t  trainin g batch ,  consisten t 
wit h theorie s o f  th e hippocampu s a s bot h a  finite  capacit y an d 
an intermediat e ter m memor y store . 
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Abstrac t 

Most models of similarity assume differential weights for the 
represente d properties .  However ,  comparativel y littl e wor k ha s 
addresse d th e issu e o f  ho w th e cognitiv e syste m assign s thes e 
weights .  O f  particula r  interes t  t o th e modellin g o f  similarit y 
ar e factor s whic h aris e fro m th e compariso n proces s itself .  On e 
suc h facto r  i s  define d b y Goldstone ,  Medi n &  Centner' s (1991 ) 
' M A X Hypothesis' .  W e presen t  a  serie s o f  experiment s whic h 
clarif y  th e mai n component s o f  'MAX '  an d examin e it s scope . 

I n t r o d u c t i o n 

Similarit y a s a n explanator y principl e i s s o ubiquitou s i n cog -
nition ,  tha t  stressin g it s importanc e border s o n banal .  Simi -
larit y i s centra l  t o theorie s o f  categorization ,  learning ,  m e m-
ory ,  an d problem-solvin g a s virtuall y an y pape r  o n th e topi c 
document s (se e Goldston e (1994a )  fo r  a n ovCTview) .  It s stud y 
has tw o mai n goals .  Firs t  i s th e discovar y o f  th e functio n ac -
cordin g t o whic h th e variou s matche s an d mismatche s tha t  th e 
tw o object s undo -  consideratio n exhibi t  ar e combine d int o a 
singl e similarit y judgement .  Thi s ha s bee n th e mai n focu s o f 
similarit y researc h i n th e past ,  exemplifie d b y spatia l  mod -
el s o f  similarit y o r  Tversky' s contras t  mode l  (Shepard ,  1962 ; 
Tversky ,  1977) .  Th e secon d goal ,  i s discovCTin g h o w th e re/ -
evfln f  properties '  ar e det^mine d i n th e first  place :  Accordin g 
t o wha t  factor s ar e th e relevan t  propCTtie s selecte d fro m th e in -
finite  se t  o f  propertie s an y objec t  possesses ,  an d h o w ar e the y 
assigne d th e differentia l  weight s mos t  model s assume ? Give n 
th e profoun d representation-dq)endenc e o f  similarit y (Gold -
stone ,  Medi n &  Gentner ,  1991 ;  Hah n &  Chater ,  1996) ,  thi s 
lattC T goa l  i s  a t  leas t  a s importan t  a s discovCTin g o f  cognitivel y 
plausibl e similarit y functions ,  bu t  i t  ha s remaine d largel y out -
sid e th e scop e o f  curren t  experimentatio n an d modelling .  Fo r 
theorists ,  th e lac k o f  constraint s o n whic h propertie s ar e rq)re -
sente d give s 'similarity '  a  flexibility  tha t  make s th e notio n al -
most  vacuous .  Thi s ha s lon g bee n a t  th e hear t  o f  criticism s o f 
similarity-base d explanation s i n cognitio n (Goodman ,  1972 ; 
Med i n &  Wattenmaker ,  1987 ;  Goldstone ,  Medi n &  Gentner , 
1991) . 

Thoug h th e centralit y o f  selectio n an d weightin g t o theo -
rie s o f  similarit y i s widel y acknowledged ,  w e ye t  k n o w Ut -
tl e abou t  it .  I n geno-al ,  tw o type s o f  influence s ca n b e dis -

' We use 'property' in the widest possible sense to encompass at-
tribute s 0 1 relations ,  binar y feature s o r  continuou s dimensions . 

tinguished :  knowledge-base d an d formal ,  non-knowledge -
base d factor s whic h w e wil l  refe r  t o a s proces s principle s (se e 
als o Goldstone ,  Medi n &  Gentne r  (1991) ;  Hah n &  Chate r 
(1996)) .  A s a n exampl e o f  knowledge-base d factors ,  on e ca n 
thin k o f  th e impac t  tha t  'theories '  (scientifi c  o r  informal )  hav e 
on wha t  w e considC T t o b e importan t  propo-tie s o f  a n ob -
jec t  (Medi n &  WattenmakCT ,  1987) .  Proces s principles ,  o n 
th e othe r  hand ,  ar e influence s arisin g from  th e compariso n 
proces s itself .  A  prominen t  exampl e i s Tversky' s 'diagnos -

ticit y principle '  (Tversky ,  1977) .  I n assessin g th e similarit y 
structur e o f  a  se t  o f  object s w e increas e th e weigh t  o f  propCT -
tie s whic h enabl e furthe r  subdivision s o f  th e set ,  an d depres s 
thos e whic h ar e c o m m o n t o al l  member s o f  th e se t  i n ques -
tion .  Hence ,  fo r  example ,  th e featur e 'real '  ha s httl e diagnos -
ti c valu e i n th e se t  o f  'mammals '  sinc e i t  i s  c o m m o n t o all . 
W h en th e se t  i s extende d t o includ e Pegasus ,  unicorns ,  an d 
mermaids ,  however ,  th e diagnosti c value ,  an d thu s weight ,  o f 
'real '  i s  considerabl y increased ,  thu s indicatin g a  systemati c 
relationshi p betwee n featur e weight s an d sub-cluster s o f  ob -
ject s withi n a  set . 

Othe r  example s o f  proces s principle s propose d an d experi -
mentall y investigate d i n th e psycholog y hteratur e ar e th e 'fo -
cussin g hypothesis '  (Tversky ,  1977 )  an d th e rol e o f  'structura l 
alignment '  (Goldstone ,  1994b) .  Proces s principle s mus t  b e 
considere d centra l  t o th e stud y o f  similarity ,  no t  onl y becaus e 
the y embod y constraint s o n th e all-importan t  featur e selectio n 
and weightin g process ,  bu t  becaus e thei r  general ,  forma l  na -
tur e make s the m candidate s fo r  inclusio n i n future ,  mor e ex -
planatory ,  model s o f  similarity . 

I t  i s  suc h a  proces s principle—Goldstone ,  Medi n &  Cen -

tner' s "MAX-hypothesis "  ( 1 9 9 1 ) — tha t  w e wis h t o discus s i n 
thi s p^er .  I n th e following ,  w e wil l  revie w th e M A X hypoth -
esis ,  presen t  a  mor e explici t  versio n o f  it s  variou s component s 
and presen t  ne w experimenta l  results .  Finally ,  w e discus s im -
phcation s o f  thes e result s fo r  th e modellin g o f  similarity . 

The "MAX-hypothesis" 

Goldston e e t  al .  (1991 ) 

The MAX-hypothesi s wa s first  pu t  fort h an d experimentall y 
investigate d b y Goldstone ,  Medi n &  Gentne r  (1991) .  I t  pro -
pose s tha t  propert y weight s are ,  i n part ,  dqjenden t  o n th e par -
ticula r  typ e the y belon g t o a s wel l  a s th e exten t  t o whic h thi s 

typ e dominate s i n th e stimu U o f  th e similarit y comparison . 
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The tw o type s i n questio n ar e attributes ,  i.e .  one-plac e pred -
icate s (e.g .  'color(X)') ,  an d relations ,  tha t  is ,  predicate s wit h 
an arit y o f  tw o o r  mor e (e.g .  'larger-than(X,Y)') .  Specifically , 
Goldstonee t  al .  clai m 

"(1)  attributional similarities are pooled together,and re-
lationa l  similaritie s ar e poole d together ,  an d (2 )  th e 
weigh t  tha t  a  similarit y ha s o n th e final  similarit y  judge -
ment  increase s wit h th e siz e o f  th e poo l  t o whic h i t  be -

longs "  (p.228. ) 

or : 

" M A X claim s tha t  relation s an d attribute s ar e psycholog -
icall y distinct ,  tha t  similaritie s ar e classifie d a s relationa l 
or  attributio n a l  types ,  an d tha t  peopl e atten d mor e t o sim -
ilaritie s belongin g t o whicheve r  similarit y typ e i s great -
est "  (p.228. ) 

This can be illustrated with a brief example. Imagine a 
grou p o f  five  stimul i  A,B,C,D ,  an d 7 "  a s illustrate d i n Fig -
ur e 1 .  Subject s ar e aske d t o asses s th e respectiv e similaritie s 
of  A.B,C ,  an d D  t o th e "targe t  stimulus "  eitho -  throug h direc t 
judgement s (e.g .  'ho w simila r  ar e A  an d T?' )  o r  a  serie s o f 
force d choice s (e.g .  'whic h i s mor e simila r  t o 7 ;  A  o r  B T ) ? 

©o 

O o 

• e 

Figur e 1 :  exampl e stimul i 

One strategy subjects could adopt is to assign differential 
weight s t o th e componen t  propa:tie s (relation s o r  attributes ) 
uniforml y fo r  th e entir e stimulu s set ;  e.g .  a  matc h i n "size '  i s 
twic e importan t  a s th e relatio n "biggs '  than" .  B y contrast ,  th e 
MAX-hypothesi s predict s tha t  th e weigh t  o f  relation s i s dif -
ferentiall y  booste d i n stimul i  i n whic h relationa l  matche s t o 
th e targe t  dominat e (h^ e D )  an d ar e depresse d w h w e attribut e 
matche s dominat e (her e A ) .  I n otho :  words ,  'bigge r  than '  i s 
mor e importan t  i n D  whic h als o share s th e target' s 'darkC T 
than '  relation ,  tha n i t  i s  i n A .  Thi s mean s tha t  weightin g o f  a 

propert y depend s no t  onl y o n it s intrinsi c saUence ,  bu t  i s  de -
termine d i n systemati c interactio n wit h th e otho "  propotie s o f 
th e stimulus . 

The MAX-hypothesi s wa s supporte d i n a  soie s o f  expai -
ment s b y Goldstone ,  Medi n &  Centne r  (1991) .  Oiu "  intaes t 

has bee n t o teas e apar t  variou s claim s inq)Iici t  i n th e M A X -
hypothesi s a s state d tho-e ,  and ,  o n th e basi s o f  this ,  t o inves -
tigat e it s generahty .  W e begi n wit h ou r  theoretica l  considaa -
tions . 

Spelling out the underlying claims 

The MAX-hypothesis involves two claims: first, that relations 
and attribute s ar e 'pooled '  an d second ,  tha t  th e larges t  poo l 

i s  boosted .  Bot h aspect s ca n b e regarde d indqjendently .  T h e 
fac t  tha t  th e larges t  poo l  i s  booste d m a y b e du e t o a  mor e gen -
era l  principle ,  whic h w e cal l  th e "Closes t  Dimensio n Prin -
ciple "  (CD) ,  whic h ca n appl y t o singl e propertie s an d pool s 
alike .  Similarly ,  poolin g m a y no t  b e restrict© !  t o relation s an d 

attributes. ^  W e addres s thes e i n turn . 

1.  T h e Closest-Dimensio n Principle . 
Par t  (2 )  o f  th e MAX-hypothesi s a s quote d abov e state s tha t 
th e poo l  whic h 'maximize s ovwal l  similarity '  i s  selectivel y 
booste d i n weight .  W e suspecte d thi s wa s a n instanc e o f  a 
mor e geno-a l  principl e — t o b e calle d th e "Closes t  D imen -
sio n Principle"—whic h generall y state s tha t  th e dimension s 
exhibitin g th e greates t  similarit y t o thos e o f  th e targe t  ar e 
boosted .  Fo r  example ,  imagin e a  se t  o f  stimul i  differin g fro m 
th e targe t  o n tw o dimensions ,  siz e an d shade .  Th e Clos -
est  Dimensio n Principl e predict s tha t  th e importanc e give n t o 
'shade '  a s oppose d t o 'size '  wil l  b e maxima l  i n th e stimulu s 
whic h i s closes t  t o th e targe t  i n shade ,  wherea s 'size '  wil l  b e 
maximall y weighte d i n th e stimulu s closes t  i n size . 

Boostin g th e 'larges t  pool' ,  then ,  i s merel y a n instanc e o f 
thi s principle :  th e dimensiona l  valu e o f  int^es t  i s  th e siz e o f 
th e particula r  pool .  Throug h pooUng ,  th e poole d propertie s 
become a  singl e uni t  t o whic h th e CD-principl e i s applied . 

Experiment s 1  an d 2 ,  describe d below ,  investigate d th e C D 
principl e i n non-poolin g (i.e .  singl e dimension )  situations , 
bot h fo r  (singularl y treated )  attribute s an d relations . 

2.  Pooling . 
We sugges t  tha t  th e cognitiv e syste m m a y no t  adop t  a  prin -
cipl e whic h applie s uniquel y t o relation s an d attributes ,  bu t 
m ay us e a  mor e flexible  approach .  Perhap s th e scop e o f  'pool -
ing '  i s  bot h widC T an d narrowe r  tha n indicate d b y th e M A X -
hypothesis .  W e expec t  pool s o f  othe r  types ,  tha t  i s  poolin g 
alon g line s othC T tha n relation/attribute .  W e als o expec t  case s 
wer e poolin g accordin g t o relation s o r  attribute s fails ,  be -
caus e thes e pool s ar e no t  suggestiv e i n th e particula r  materi -
als .  Pooling ,  w e think ,  m a y profitabl y b e viewe d a s a  kin d o f 
conceptua l  'chunking' . 

Thi s suggest s a  wid e field  o f  researc h int o th e type s o f  pool s 
subject s form ,  int o pool-size ,  an d int o th e condition s unde r 
whic h poolin g occurs .  Experiment s 3a ,  b ,  an d c  investigat e 
alternativ e type s o f  pools ,  whethe r  relation s an d attribute s ar e 
necessaril y  pooled ,  an d whethC T altwnativ e pool s migh t  b e 
prefCTre d ove r  poolin g accordin g relation s an d attributes . 

^Bot h force d choic e an d direc t  judgement s giv e th e sam e result s 
(Goldstone ,  Medi n &  Gentner ,  1991) . 

^Thi s possibilit y  i s  alread y suggeste d i n Goldstone ,  Medi n & 
Gentne r  (1991) . 
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E x p e r i m e n t a l  Result s 

T h e C D principl e 

Principle s o f  Stimulu s Desig n fo r  Experiment s 1  an d 2 

The basi c structur e o f  ou r  material s i s th e sam e fo r  Exper -
iment s 1  an d 2  an d follow s Goldstone ,  Medi n &  Centner' s 
(1991 )  origina l  experiments .  Th e stimul i  com e i n group s o f 

5 (a s i n Fig .  1) ,  on e o f  whic h i s th e "target "  stimulu s whic h 

serve s a s th e referenc e point ;  subject s ar e aske d t o indicat e 
'whic h i s mor e simila r  t o T/ i  o r  B T .  Fo r  reason s o f  experi -
menta l  control ,  tota l  o r  overal l  similarit y t o th e targe t  mus t  b e 
equa l  fo r  eac h o f  th e fou r  non-targe t  stimuli ,  o r  mor e precisel y 
woul d b e equa l  i f  th e C D principl e di d no t  apply .  T o thi s en d 
stimul i  ar e constructe d accordin g t o th e followingpattern .  Fo r 
eac h grou p ther e ar e tw o propertie s whic h ar e varied ,  suc h a s 
'height '  an d 'degre e o f  tiltedness' .  Thes e propertie s ar e man -
ifes t  i n five  differen t  levels ,  distribute d a s follows :  Th e targe t 
stimulu s ha s th e maxima l  leve l  fo r  bot h propCTtie s i.e .  a  'di -
mensiona l  value '  o f  5/5 .  Next ,  Stimulu s A ,  ha s th e closes t  di -
mensiona l  valu e fo r  on e propert y an d th e fiirthest  o n th e other , 
i.e .  4/1 .  Stimu U B  an d Chav e th e middl e value s 3/ 2 an d 2/3 ; 
D,  finally,  ha s 1/4 .  Henc e fo r  al l  stimuU ,  th e overal l  "distance " 

t o th e targe t  i s  equa l  (i.e .  five). 

The C D principl e predict s tha t  'dimensio n 1 '  i s  selectivel y 
booste d i n stimulu s A  an d 'dimensio n 2 '  selectivel y booste d 
i n D .  Thi s i s evidence d a s a  chang e i n preferenc e o f  dimen -
sio n a s a  critraio n fo r  decision .  I n comparin g A  an d B  t o T , 
dimensio n 1  i s viewe d a s mos t  saUen t  wherea s i n th e judge -
ment  C, D dimensio n 2  become s mor e salient .  Alternatively , 
subject s coul d boos t  th e furthest-dimensio n o r  merel y stic k t o 
one dimensiona l  weightin g throughout . 

Experimen t  1 :  T h e CD-Principl e an d Relation s 
Material s I n Experimen t  1 ,  th e propertie s o f  interes t  wer e 
tw o singl e relation s presen t  i n th e th e stimuli .  Thes e relation s 
wer e 'dimensionalized '  t o fit  th e abov e schema .  Thi s i s clear -
est  wit h a n example :  dimensio n 1 ,  fo r  instance ,  coul d b e base d 
on th e relatio n 'distance(x,y) '  betwee n tw o componen t  part s 
of  th e stimuli .  Th e distanc e betwee n x  an d y  i n th e targe t  stim -
ulu s form s th e base-line ,  maximia l  value .  W e the n construc t 
fou r  stimul i  wit h increasin g distanc e betwee n x  an d y ;  th e dis -
tanc e closes t  t o tha t  foun d i n th e targe t  (i.e .  th e shortest )  form s 
'leve l  1 '  o f  th e schem a above ,  th e nex t  closes t  'leve l  2 '  an d s o 
on.  Th e relation s manipulate d i n thi s wa y w ^ e spacing ,  dis -
placement ,  alignment ,  ovCTlappin g o f  components ,  occlusion , 
symmetry ,  an d relativ e position .  A  sampl e grou p i n whic h rel -
ativ e distanc e an d occlusio n wer e use d i s show n i n Figur e 2.' ' 

We use d 8  differen t  stimulu s set s whic h involve d diffraen t 
kind s o f  componen t  object s (lines ,  circles ,  square s etc. )  an d 
differen t  pair s o f  relation s a s th e tw o manipulate d dimensions . 
The 3 2 judgement s o f  interes t  ( 4 pe r  group )  wer e presente d i n 
booklets ,  wit h thre e trial s t o th e page .  Eac h tria l  consiste d o f 
a targe t  an d tw o compariso n stiumuli .  Th e subjec t  wa s aske d 
t o indicat e whic h o f  th e tw o conoparisio n stimul i  wa s mos t 

w&mM 

L̂etters ,  her e an d i n th e following ,  ar e adde d t o ai d th e reader ; 
the y wer e no t  par t  o f  th e actua l  stimuli . 

Figur e 2 :  A  stimulu s grou p fro m Exp .  1 . 

simila r  t o th e targe t  b y circlin g it .  Th e orde r  o f  th e compar -
ison s wa s randomize d wit h th e constrain t  tha t  n o tw o judge -
ment s fro m th e sam e grou p appea r  o n th e sam e page .  Th e 
interna l  orde r  o f  eac h compariso n pai r  wa s randomize d an d 
counterblance d betwee n tw o group s o f  subjects . 

Participant s Th e 1 4 participants ,  o f  whic h equa l  number s 
wer e mal e an d female ,  wer e membar s o f  th e departmenta l 
subjec t  panel ,  o r  student s o f  th e university .  The y rq)resente d 
a wid e rang e o f  background s an d w w e age d betwee n 1 8 an d 
50. 

Result s Th e ra w dat a consis t  o f  th e prefa-ence s indicate d 
on th e comparison s A,B ;  A C ;  C, D an d B, D fo r  eac h group . 
Tlies e ca n b e classifie d a s followin g th e patter n predicte d b y 
th e C D principle ,  a s followin g th e opposit e o f  C D ,  tha t  i s 
boostin g th e furthes t  dimensio n (FD) ,  o r  a s usin g th e sam e 
weightin g throughout .  O n th e null-hypothesi s -assumptio n 

of  a  'same-weighting-throughout '  strategy -  CD-pattwn s an d 
FD-pattem s ar e nois e an d shoul d b e expecte d i n equa l  num -
bers .  Followin g th e logi c o f  Goldstone ,  Medi n &  Gentno -
(1991) ,  subject s ar e classifie d a s C D o r  F D subject s dq)endin g 
on whic h patte n the y produce d mor e frequently .  Thi s classi -
fication  yielde d 1 3 CD-subject s an d n o FD-subjects .  1  sub -
jec t  ha d equa l  number s o f  C D an d F D pattern s an d s o wa s 
lef t  ou t  o f  th e analysis .  Th e hypothesi s tha t  thw e woul d b e 
mor e C D subject s tha n F D subject s wa s teste d usin g a  one -
taile d binomia l  test .  Th e null-hypothesi s wa s rejecte d a t  leve l 
p <  0.0005 . 

Experimen t  2 :  Attribute s Experimen t  2  diffff s fro m Ex -
pa-imen t  1  onl y i n tha t  th e tw o manipulate d dimension s wct c 
attributes ,  no t  relations .  Th e mai n attribute s use d wer e shad -
ing ,  size ,  an d orientation .  A  sampl e group ,  manipulatin g cur -
vatur e an d line-thicknes s i s show n i n Figur e 3 . 

The 1 8 participant s wCTe fro m th e departmenta l  subjec t 
pane l  o r  postgraduat e m e m b a s o f  th e university .  O f  these , 
12 wor e CD-subjects ,  an d 3  wer e FD-subjects .  3  subject s ha d 
equa l  numbCTs o f  C D an d F D pattern s and ,  thus ,  droppe d ou t 
of  th e analysis .  Ther e wer e significantl y mor e CD-subject s 
tha n FD-subject s wit h th e nul l  hypothesi s rejecte d a t  p  < 
0.018 ,  agai n usin g a  one-taile d binomia l  test . 

I n sununary ,  th e dat a i n bot h experimen t  see m t o con -
firm  th e Closest-Dimensio n principl e a s a n inq)ortan t  facto r 
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Figures :  A  stimulu s grou p from  Exp .  2 . 

i n propert y weighting . 

"Pooling" 

Desig n Th e poin t  o f  th e remainin g thre e experiment s wa s t o 
investigat e th e generalit y o f  th e MAX-hypothesi s i n tw o di -
rections :  whethe r  othe r  type s o f  propertie s 'pool '  an d whetha -
attribute s an d relation s necessaril y  pool .  T o addres s th e 
first  issue ,  w e designe d object s wit h propertie s tha t  coul d b e 
poole d o n th e basi s o f  'theme' .  Theme s ar e grouping s suc h 
as "colour-related "  o r  "to-do-with-size" ,  whic h migh t  unit e 
an attribut e an d a  relatio n i n a  c o m m o n pool .  Fo r  exam -
ple ,  th e attribut e '(actual )  size '  an d th e relatio n 'larger-than ' 
migh t  for m th e basi s o f  a  'size-related '  pool .  'Themes '  al -
ways involve d on e attribut e an d on e relation .  Ther e wer e tw o 
'themes '  pe r  group ,  i.e .  2  relation s an d 2  attributes .  Hence , 
i t  coul d b e assesse d directl y whethe r  subject s preferre d pool -
in g b y them e o r  b y relation/attribute .  Thi s ca n b e illustrate d 
wit h Fig .  1  above .  Subject s coul d poo l  accordin g t o attribute s 
and relations ,  leadin g t o a n increase d similarit y o f  stimulu s A 
(whic h matche s th e targe t  closel y o n th e attribute s 'size '  an d 
'shade' )  an d D  (whic h matche s o n th e relation s 'largCT-than ' 
and 'darker-than '  betwee n th e lef t  an d righ t  component )  t o 
th e target .  Alternatively ,  subject s coul d for m th e them e pool s 
'size-related '  an d 'colour-related' ,  boostin g th e similarit y o f 
stimulu s B  (matchin g th e targe t  closel y i n actua l  shad e an d 
th e 'darker-than '  relation )  an d C  (matchin g closel y o n actua l 
siz e an d th e 'bigger-than '  relation) .  I n additio n eac h grou p 
had tw o 'control '  stimuli ,  E  an d F ,  wit h n o (apparent )  oppor -
tunitie s fo r  pooling ,  t o allo w baselin e assessmen t  o f  wheth w 
poolin g wa s occurrin g a t  all ,  and ,  hence ,  responsibl e fo r  an y 
differenc e i n subject' s preferenc e betwee n 'theme-pool '  ob -
ject s an d 'relation/attribute-pool '  objects . 

The variou s propertie s wer e distribute d acros s object s ac -
cordin g t o th e schem e i n Tabl e 1 . 

As indicate d i n th e table ,  th e targe t  stimulu s fo r  eac h grou p 
has th e m a x i m u m valu e fo r  al l  properties .  Th e overal l  simi -
larit y o f  th e remainin g stimu U t o th e target ,  disregardin g pool -
ing ,  i s  hel d constant .  A  difficult y i s  pose d b y th e stimu U whic h 
requir e attribut e matche s i n th e absenc e o f  relationa l  matche s 
(i n particular ,  objec t  A ) ,  sinc e tw o object s canno t  completel y 
matc h attributionall y withou t  matchin g relationall y a s well . 
Our  strateg y wa s t o tak e middl e value s o r  average s i n ordr a 

t o ̂ proximat e thi s attributiona l  match .  Th e impo-fectio n o f 
thi s matc h wa s balance d b y addin g a  correspondin g decremen t 

t o th e attributiona l  matc h i n th e remainin g stimul i  eve n wher e 

an exac t  matc h woul d hav e bee n possible .  A  sampl e group , 

wher e thi s ca n b e seen ,  i s  give n i n Figur e 4 . 

Figur e 4 :  A  stimulu s grou p fro m Exp .  3 . 

In Figure 4, A matches closely in actual size even though 
i t  lack s th e largCT-tha n relation ;  ®  T h e attributiona l  'match ' 
i n actual-siz e o f  th e theme-stimulu s C  i s designe d t o deviat e 
from  th e target' s value s b y a  correspondin g degree ,  b y mak -
in g bot h o f  th e componen t  object s slightl y large r  tha n i n th e 
target . 

For  maxima l  experimenta l  control ,  eac h subjec t  wa s aske d 
t o giv e al l  1 2 judgement s pe r  grou p (a t  8  group s a  tota l  o f 
96 judgements) .  I n th e following ,  however ,  w e wil l  analyz e 
and presen t  thes e result s a s thre e experiments .  Al l  othC T fac -
tor s wer e kep t  a s i n Experimen t  1  an d 2 .  Participant s wer e 1 8 
members o f  th e university . 

Experimen t  3a :  Poolin g Accordin g t o T h e m e s Th e first 
experiment ,  look s onl y a t  th e similarit y judgement s fo r  th e 
'theme '  object s an d th e tw o controls ,  aimin g t o establis h 
whetho -  poolin g accordin g t o theme s ca n b e found .  T o thi s 
end ,  th e judgement s pertainin g t o th e 'theme '  stimu U { B an d 
Q an d th e tw o control s ar e extracte d fro m th e 9 6 judge -
ments .  Thi s yield s a  se t  whic h i s isomorphi c t o experiment s 
1 an d 2 ^  an d whic h ca n b e analyze d i n exactl y th e sam e way . 
What  wa s th e singl e closes t  dimensio n i n thes e experiment s 
i s n o w a  potentia l  pool .  Hence ,  th e MAX-hypothesi s ap -
pUes directly :  subject s for m pool s o f  propertie s (ho-e ,  accord -
in g t o theme )  an d differentiall y  boos t  th e weigh t  o f  th e prop -
ertie s i n th e larges t  poo l  (henc e applyin g th e CD-principl e 
no longe r  t o individua l  propratie s bu t  t o pools) .  Followin g 
Goldstone ,  Medi n &  Gentne r  (1991) ,  judgement s displayin g 
thi s pattOT i  ar e classifie d a s M A X .  Pattern s wer e th e small -
est  poo l  i s  preferre d ar e classifie d a s M I N .  Pattern s explica -
bl e wit h a  singl e se t  o f  weight s throughou t  ar e classifie d a s 
"independent" .  The n subject s ar e classifie d a s MAX-subject s 

^Similarly, A in Figure 1 closely matches the target in actual 
colou r  an d actua l  size ,  althoug h i t  lack s th e relation s darker-tha n an d 
larger-than . 

*  an d no w directl y correspond s t o Goldstone ,  Medi n &  Centner' s 
(1991 )  experiment s excep t  tha t  potentia l  pool s ar e theme s instea d o f 
relatio n an d attributes . 
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Possibl e Combination s o f  Propertie s 

Tel&tioa-theme l 
Tel&tiOD-theme l 
mttihule-theme l 

attribute-//iemtf 2 

A 

+ 
+ 

B 

+ 

+ 

C 

+ 

+ 

D 

+ 
+ 

E 

+ 

+ 

F T  1 

+ 
+ 

+ 
+ 
+ 
+ 

Tabl e 1 :  Th e tabl e give s th e basi c objec t  specificatio n fo r  experiment s 3a,3b,3 c whic h allo w bot h relation/attribut e an d them e 
pools . 

or  MIN-subjects ,  dependin g o n whic h typ e o f  patter n dom -
inate s i n thei r  results .  Th e MAX-hypothesi s predict s mor e 
M A X tha n M I N subjects ,  whil e th e null-hypothesi s (featur e 

independence ,  i.e .  no-pooling )  predict s equa l  numbers .  O f 
th e 1 8 subjects ,  1 4 wer e MAX-subjects ,  an d onl y 1  a  M I N -
subject .  3  subject s ha d equa l  numbCT S o f  M A X -  an d M I N -
pattCTn s and ,  hence ,  wer e exclude d fro m th e analysis .  Th e 
differenc e betwee n number s o f  M A X -  an d number s o f  M I N -

subject s wa s significant ;  usin g a  one-taile d binomia l  test ,  th e 
null-hypothesi s wa s rejecte d at p <  0.0005 . 

Experimen t  3b :  Poolin g Accordin g t o Relation s an d At -
tribute s Th e second ,  Experimen t  3b ,  look s onl y a t  th e 're -

lations '  an d 'attribute '  stimul i  ( A an d D  i n th e tabl e above ) 
and th e tw o contro l  objects ,  t o establis h whethC T Goldstone , 
Medi n &  Centner' s (1991 )  poolin g o f  relation s an d attribute s 
i s replicate d wit h ou r  stimuli .  Th e analysi s follow s directl y 
tha t  o f  Expaimen t  3b .  Thi s rq)licatio n failed ;  i n fact ,  M I N -
marginall y exceede d M A X subjects .  I n actua l  numba-s ,  w e 
foun d 7  MAX-subjects ,  9  MIN-subjects ,  an d 2  subject s wit h 
equa l  numbo- s o f  M A X -  an d M I N -  patterns . 

Experimen t  3c :  Pooling-Preference s -  Theme s vs .  Re -

lations/Attribute s I n th e las t  o f  th e three .  Experimen t  3c ,  w e 
directl y compare d th e tw o theme-stimul i  wit h th e 'relations ' 
and th e 'attributes '  stimulus .  Unsurprisingly ,  give n th e pre -

viou s tw o results ,  subject s overwhelmingl y preferre d poolin g 
accordin g t o theme s (MAX-subjects :  15 ,  MIN-subjects :  2 , 
equa l  numbers :  1) ,  wit h th e null-hypothesi s (independence , 
i.e .  n o pooling )  rejecte d b y two-taile d binomia l  tes t  a t  p  < 
0.002 . 

Discussion 

We identifie d tw o sq)erat e factor s implici t  i n th e origina l 
formulatio n o f  th e MAX-hypothesis ,  th e Closes t  Dimensio n 
Principl e an d th e existenc e o f  pooling .  Ou r  result s confir m 
th e CD-principl e bot h fo r  singl e propratie s (attribute s o r  re -
lations )  an d fo r  pools .  A s regard s pooling ,  ou r  result s indi -
cat e bot h tha t  poolin g ca n occu r  alon g othe r  line s tha n rela -
tion s an d attribute s an d tha t  poolin g b y relation s an d attribute s 
can fail .  Thi s suggest s that ,  contrar y t o Goldstone ,  Medi n & 
Centner' s (1991 )  assumptions ,  th e relations/attribute s distinc -
tio n i s no t  pe r  s e cognitivel y salien t  enoug h t o evok e pool -
ing .  Thus ,  th e critra-i a detCTminin g whethe r  o r  no t  a  particu -
la r  poo l  i s  salien t  o r  suggestiv e remai n t o b e determined .  W e 
ar e threatene d wit h a  certai n explanator y regress ;  th e tas k o f 

determin g propert y weights ,  i.e .  salience ,  require s detmnin -
in g th e salienc e o f  potentia l  pools .  Onl y fiitur e wor k ca n tel l 
whethe r  genera l  principle s ca n b e uncovo-e d here . 

I n th e meantime ,  thes e result s leav e th e modellC T i n a n awk -

war d position .  Th e Closes t  Dimensio n Principle ,  whetho -
i t  opo-ate s o n singl e dimension s o r  o n pools ,  ha s damnin g 
consequence s fo r  traditiona l  model s o f  similarit y suc h a s th e 
contras t  mode l  an d spatia l  model s o f  similarit y (se e Gold -
stone ,  Medi n &  Gen tn ^  (1991)) .  Thes e model s omi t  th e 
featur e weightin g process ,  assumin g a  se t  o f  weighte d fea -
ture s o r  dimension s a s given .  Th e operatio n o f  th e C D -
principle ,  howevCT ,  i s loca l  t o th e individua l  comparison ,  e.g . 

target/objec t  1. ^  Thi s mean s tha t  eac h individua l  pairwis e 
compariso n require s a  differen t  se t  o f  weights .  T h w e i s n o 
singl e se t  o f  weights ,  eve n fo r  a  grou p o f  5  stimul i  a s simpl e 
as tha t  i n Fig .  1 .  Hence ,  th e contras t  mode l  o r  spatia l  model s 
of  similarit y — o r  an y othra -  mode l  whic h assume s weighte d 
propertie s a s primitives-canno t  fit  thi s grou p o f  stimuli ,  bu t 
onl y individua l  pairwis e comparisons .  Hence ,  thes e model s 
canno t  b e use d t o explai n th e similarit y structur e o f  eve n thi s 
sinqjl e group .  The y ca n b e extende d t o includ e th e system -
aticit y i n th e grou p onl y b y inclusio n o f  th e weightin g proces s 
itself . 

I n thi s respect ,  however ,  ou r  result s ar e problematic .  The y 
indicat e tha t  th e condition s undo -  whic h poolin g occurs ,  ma y 
be fa r  mor e divCTs e tha n Goldstone ,  Medi n &  Gentn a (1991 ) 

suggest .  Whethe r  the y ar e a t  al l  predictabl e enoug h t o allo w 
inclusio n i n a  forma l  mode l  remain s t o b e seen . 
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Abstrac t 

In this paper, we present a model of anaphor resolution within 
th e framework  o f  th e centerin g model .  Th e consideratio n o f 
an incrementa l  processin g mod e introduce s th e nee d t o man -
age structura l  ambiguit y a t  th e cente r  level .  Hence ,  th e cen -
terin g framework  i s furthe r  refine d t o accoun t  fo r  loca l  an d 
globa l  parsin g ambiguitie s whic h propagat e u p t o th e leve l  o f 
cente r  representations ,  yieldin g moderatel y adapte d dat a struc -
ture s fo r  th e centerin g algorithm . 

Introduction 

Psycholinguisti c studie s hav e reveale d ampl e evidenc e fo r 
th e incrementalit y o f  huma n languag e comprehension ,  no t 

onl y a t  th e phrasa l  an d clausa l  leve l  bu t  als o a t  th e dis -
cours e leve l  o f  anaphor a resolutio n (Jus t  &  Carpenter ,  1987 ; 
Sanfor d &  Garrod ,  1989) .  Correspondingly ,  incrementa l  pro -
cessin g ha s als o becom e a  majo r  challeng e fo r  cognitivcl y 
plausible ,  computationa l  model s o f  natura l  languag e under -
standin g (Jurafsky ,  1992 ;  Stun ,  1995) ,  an d tex t  understand -
in g (Grange r  e t  al. ,  1986 )  i n particular .  Introducin g incre -
mentalit y int o th e centerin g mode l  (Gros z e t  al. .  1995) ,  th e 
methodologica l  framewor k fo r  ou r  approac h t o th e resolutio n 
of  (pro)nomina l  anaphora ,  however ,  i s  no t  a t  al l  straightfor -
ward .  I n particular ,  incrementa l  processin g introduce s (lo -
cal )  ambiguitie s a t  significan t  rates ,  whic h canno t  b e prop -
erl y accounte d fo r  a t  th e cente r  leve l  i n th e origina l  model . 
Thoug h centerin g strive s fo r  th e eliminatio n o f  referentia l 

ambiguities ,  th e implication s o f  structura l  ambiguitie s hav e 
bee n completel y ignore d s o far . 

We hav e gathere d som e data ,  summarize d i n Tabl e 1 , 
t o giv e a n empirica l  assessmen t  o f  th e relevanc e o f  th e is -
su e unde r  investigation .  Altogethe r  4 7 text s (produc t  re -
view s fro m th e informatio n technolog y domain )  wer e ana -
lyze d whic h consis t  o f  3229 1 words ,  wit h 23 0 occurrence s o f 
(un)ambiguou s pronouns . 

ambiguou s 
locall y 
globall y 

unambiguou s 

174 (76% ) 
145 (6 3 % ) 
29 (1 3 % ) 

56 (2 4 % ) 

Tabl e 1 :  Ambiguit y Distributio n Pattern s o f  Pronoun s 

Given our text corpus, 87% of the sentences could have been 
processe d b y th e original ,  non-incrementa l  centerin g algo -

rith m (onl y globa l  ambiguitie s coul d not) .  Thi s rat e drop s 
dramaticall y t o onl y 2 4 % whe n w e assum e a n incrementa l 
operatio n mode .  Thes e dat a reflec t  th e impac t  o f  th e loca l 
ambiguitie s whic h ar e resolve d a t  th e sentenc e leve l  a s th e 
pars e proceed s an d thu s ar e no t  a n issu e fo r  th e origina l  (non -
incremental )  centerin g algorithm .  Th e latte r  percentag e rate . 
however ,  give s a  realisti c pictur e o f  th e relevanc e o f  th e prob -
le m unde r  scrutin y whe n on e opt s fo r  a  cognitiv e adequate , 
incrementa l  mode l  o f  tex t  understanding . 

Brief Survey of the Centering Model 

Th e framewor k o f  ou r  mode l  o f  anaphor a resolutio n i s pro -
vide d b y th e well-know n centerin g mechanis m (Gros z e t  al. , 

1995) .  fo r  whic h psycholinguisti c evidence s ar e provide d b y 
Gordo n e t  al .  (1993 )  an d Brenna n (1995) ,  lacking ,  however , 
th e consideratio n o f  incrementalit y o f  languag e processing . 
Th e theor y o f  centerin g i s intende d t o mode l  th e loca l  coher -
enc e o f  discourse ,  i.e. ,  coherenc e amon g th e utterance s {/ ,  i n 
a particula r  discours e segmen t  (say ,  a  paragrap h o f  a  text) . 
Loca l  coherenc e i s oppose d t o globa l  coherence ,  i.e. ,  coher -
enc e wit h othe r  segment s i n th e discourse .  Discours e entitie s 
servin g t o lin k on e utteranc e t o othe r  utterance s i n a  particula r 
discours e segmen t  ar e organize d i n term s o f  centers .  Eac h ut -
teranc e U i  i n a  discours e segmen t  i s assigne d a  se t  o f  forward -
lookin g centers ,  C j  (Ui) ,  an d a  uniqu e backward-lookin g cen -
ter ,  Cb{Ui) .  Th e forward-lookin g center s o f  [/ ,  depen d onl y 
on th e expression s tha t  constitut e tha t  utterance ,  previou s ut -
terance s provid e n o constraint s o n Cj{Ui) .  Th e element s o f 
Cj(Ui )  ar e partiall y  ordere d t o reflec t  relativ e prominenc e i n 
{/, .  Th e mos t  highl y ranke d elemen t  o f  Cj(Ui )  tha t  i s real -
ize d i n Ui+ i  (i.e. .  i s  associate d wit h a n expressio n tha t  ha s 
a vali d interpretatio n i n th e underlyin g semantic/conceptua l 
representatio n language )  i s th e Cb(Ui+i) .  Th e rankin g im -
pose d o n th e element s o f  th e C /  reflect s th e assumptio n tha t 
th e mos t  highl y ranke d elemen t  o f  C/((/, )  i s  th e mos t  pre -
ferre d anteceden t  o f  a n anaphori c expressio n i n f/,+i .  whil e 

th e remainin g element s ar e (partially )  ordere d accordin g t o 
decreasin g preferenc e fo r  establishin g referentia l  links . 

Th e theor y o f  centering ,  i n addition ,  define s severa l  uan -

sitio n relation s acros s pair s o f  adjacen t  utterance s (e.g. ,  con -
tinuation ,  retainment ,  smoot h an d roug h shift) ,  whic h diffe r 
fro m eac h othe r  accordin g t o th e degre e b y whic h succes -
siv e backward-lookin g center s ar e confirme d o r  rejected ,  and , 
i f  the y ar e confirmed ,  whethe r  the y correspon d t o th e mos t 
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highl y ranke d clemen i  o f  th e curren t  forward-lookin g center s 
or  no t  Th e theor y claims ,  abov e all ,  tha t  t o th e exten t  a  dis -
cours e adhere s t o al l  thes e centerin g constrain u (e.g. ,  reali/.a -

tio n constraint s o n pronouns ,  preference s a m o n g type s o f  cen -
te r  transitions) ,  it s  loca l  coherenc e wil l  increas e an d th e infer -
enc e loa d place d upo n th e heare r  wil l  decrease .  Therefore ,  th e 
tremendou s importanc e o f  fleshing  ou t  th e relevan t  an d mos t 
restrictive ,  thoug h stil l  genera l  centerin g constraints . 

Incremental Centering and Ambiguity 

I n thi s section ,  w e argu e fo r  a n extensio n o f  th e centerin g 
model  tha t  account s fo r  ambiguitie s generate d b y th e incre -
menta l  operatio n o f  th e parsin g componen t  o f  a  tex t  under -
standin g system .  Thoug h w e als o provid e fo r  mechanism s 
tha t  dea l  wit h globa l  structura l  ambiguities ,  w e her e con -
ceno-at e o n loca l  structura l  ambiguitie s i n th e phras e whic h 
contain s a n anaphor .  Thes e ca n b e directl y attribute d t o 
th e incrementa l  processin g mode ,  wher e eac h lexica l  ele -
ment  i s integrate d i n syntacti c structure s an d semanticall y 
interprete d a s earl y a s possible .  A s th e anaphor a resolutio n 
i s als o execute d incrementally ,  loca l  syntacti c ambiguitie s 
(whic h caus e differen t  referentia l  entitie s t o emerg e a t  th e se -
mantic/conceptua l  leve l  o f  interpretation )  mus t  b e accessibl e 
throug h th e dat a structure s o f  th e centerin g algorith m i n orde r 
t o maintai n local ,  alternativ e cente r  readings . 

Conside r  th e tex t  fragmen t  ((1 )  -  (3) )  take n fro m th e corpu s 
of  produc t  reviews : 

(1) In der Leistung konnte die LPS 105 ebenfalls weilgchend 
(Ibeizeugen . 
(A s fa r  a s performanc e i s concerned ,  th e LP S 10 5 als o produce d 
raihe r  compellin g results. ) 

(2) Bei der mitUeren Zugriffszeit (16.5 ms) erreicht diese Feslplatte 
di e Seagat e ST-3144 ,  womi t  si e i n diese r  Diszipli n de n zweiie n 
Plat z erziel L 
(Regardin g th e mea n acces s tim e (16, 5 ms )  thi s har d dis k com -
pare s t o th e Seagat e ST-3144 ,  b y whic h * /  score s second-bes t  i n 
thi s category. ) 

(3) Auch beim Datendurchsatz erweist jj« sich als hochkaratiges Pro-
dukt . 
(Also ,  considerin g da u throughpu t  i t  turn s ou t  t o b e a  high-calibe r 
product ) 

Sentence (1) has a unique structural analysis, \he forward-
lookin g center s (Cj )  consis t  o f  tw o semantic/conceptua l  ele -
ments ,  th e L P S - 1 0 5 har d dis k an d P e r f o r m a n c e (cf .  Tabl e 
2) .  I n sentenc e (2) ,  a  nomina l  anapho r  occurs ,  "dies e Fesl -
platte "  (thi s har d disk) ,  whic h i s resolve d t o L P S - 1 0 5 fro m 
th e previou s sentence .  Unfortunately ,  th e nou n phras e "dies e 
Feslplatte "  i s  nominativ e a s wel l  a s accusativ e an d m a y b e al -
ternativel y attache d t o th e ver b "erreicht "  (compare s to )  bot h 
i n it s  subjec t  an d objec t  rol e (w e assum e a  dependenc y gram -
mar  framewor k a s briefl y describe d i n th e followin g section) . 
I n thi s state ,  on e canno t  determin e whic h o f  th e grammatica l 
function s i s th e correc t  one ,  thu s a  su-uclura l  ambiguit y ha s 
been identified .  Sinc e th e secon d N P i n thi s sentenc e ("di e 
Seagat e ST-3144" )  i s  ambiguou s wit h respec t  t o bot h o f  thes e 

cases ,  too ,  th e parse r  produce s tw o structurall y an d concep -
tuall y ambiguou s reading s (wit h inverte d subject/objec t  in -
stantiations ;  give n appropriat e stres s markin g bot h reading s 

ar e equall y plausible) .  A s a  consequence ,  tw o differen t  C /s ' 
hav e t o b e create d (cf .  Tabl e 2) .  whic h indicat e tw o differen t 
cente r  transitions ,  viz .  continuatio n vs .  retention ,  eligibl e a t 
th e en d o f  th e analysi s o f  th e secon d sentence .  Thi s choic e op -
tio n become s crucia l  fo r  th e resolutio n o f  th e pronou n "sie " 
(it )  i n sentenc e (3) ,  a s i t  depend s o n th e appropriat e selectio n 
of  on e o f  th e tw o differen t  C/S .  I n th e cas e o f  th e C O N T I N UE 
transitio n (th e C b o f  th e previou s utteranc e i s als o th e highes t 
ranke d elemen t  o f  th e C / S o f  th e curren t  utterance )  L P S - 1 0 5 
i s preferre d a s th e antecendcnt ,  whil e i n th e cas e o f  th e re -
tai n transitio n (th e C b o f  th e previou s utteranc e i s no t  th e 
highes t  ranke d elemen t  o f  th e C/ s o f  th e curren t  utterance ) 
i t  i s  ST-3144 .  Dependin g o n h o w th e tex t  actuall y proceed s 
eithe r  on e i s equall y possible .  So ,  fo r  th e actua l  anaphor a res -
olutio n th e uansilio n typ e preference s (Rul e 2  i n Gros z e t  al . 
(1995) )  ar e o f  n o hel p a t  al l  t o decid e a m o n g an y o f  thes e vari -
ants .  W e ,  therefore ,  conclud e tha t  additiona l  representatio n 
device s hav e t o b e supplie d t o kee p trac k o f  thes e structurall y 
induce d ambiguitie s a t  th e cente r  level . 

(1 ) 

(2 ) 

Cb:  LPS-105 :  LP S 10 5 
Cf :  [LPS-105 :  LP S 105 . 

Per fo rmance :  Leistung ) 
Cbl :  LPS-105 :  Feslplatt e 
C n :  [LPS-105 :  Festplatte . 

ST-3144 :  Seagat e ST-3144 . 
ACCESS-TlME:  Zugriffszcil . 
R a n k :  Platz , 
Category :  Disziplin ] 

Cb2:  LPS-105 :  Feslplatt e 
Cf2 :  [ST-3144 :  Seagat e ST-3144 . 

LPS-105 :  Festplatte . 
ACCESS-TIME:  Zugriffszeit , 
R a n k :  Platz , 
Category :  Disziplin ] 

CONTINUE 

continu e 

RETAIN 

Tabl e 2 :  Centerin g Dat a fo r  Sentence s (1 )  an d (2 ) 

Grammar Constraints on Anaphora 

We no w conside r  severa l  constraint s  o n anaphor a whic h appl y 
bot h t o th e sentence-leve l  an d text-leve l  o f  anaphor a analysis . 
Thes e description s wil l  late r  serv e a s a  framewor k fo r  con -
siderin g loca l  ambiguit y withi n th e centerin g approach .  W e 
her e adap t  th e c o m m o n bindin g criteri a t o th e methodologi -
cal  requirement s o f  a  full y lexicalize d dependenc y gramma r 
(EKj) .  introducin g th e centra l  notio n o f  d-binding ^  (cf .  Strub e 

'To simplify the presentation, we will assume the canonical or-
derin g o n C /  base d o n grammatica l  roles ,  viz .  SUBJECT >  OB -
JECT(s )  >  OTHERS (Gros z e t  al. ,  1995 .  p.214) .  W e hav e clea r 
evidences ,  whatsoever ,  tha t  thi s i s inappropriate ,  fo r  Germa n an d 
relate d fre e wor d orde r  language s a t  least ,  an d argu e fo r  orderin g 
criteri a base d o n th e functiona l  informatio n structur e o f  utterance s 
i n term s o f  topic/commen t  o r  ihcme/rhcm e pattern s i n a  companio n 
paper  (Strub e &  Hahn ,  1996) . 

'Th e defmitio n o f  d-bindin g (cf .  Tabl e 3 )  correspond s t o th e gov -
ernin g categor y i n G B terminology ,  whic h relie s upo n th e notio n o f 
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& Hah n (1995 )  fo r  a n elaborate d discussio n o f  d-bindin g cri -

teria) .  Thes e constraint s hol d fo r  intra -  a s wel l  a s intersen -

tentia l  anaphora ,  thu s seamlessl y incorporatin g th e discours e 
leve l  o f  grammatica l  descriptio n (fo r  a  comprehensiv e surve y 
of  th e gramma r  formalism ,  cf .  Hah n e t  al .  (1994)). ^ 

T h e possibl e antecedent s tha t  ca n b e reache d vi a anaphori c 

relations ,  inespectiv e o f  whethe r  the y occu r  withi n th e 
curren t  sentenc e o r  beyond ,  ar e describe d b y isPoien -

tialAnaphoricAntecedentOficf .  Tabl e 4 ) ,  whic h incorporate s 
d-W/uij(cf.Table3) . 

xd-binds y : ^ 
( X head + y ) 
A -i 3 z :  (( x head + z)  A  ( z head + y ) 

A(ziaac *  finiteVer b 
V 3u :  ( z hea d u 

A (( z spe c u  A  u  isac '  DetPosscssive ) 
V ( z saxGe n u  A  u  isac '  Noun ) 
V ( z ppAtt  u  A  u  isac '  Noun ) 
V ( z genAt t  u  A  u  isa c *  Noun)))) ) 

Tabl e 3 :  D-bindin g Constrain t 

X isPotentialAnaphoricAntecedentO f  y  : ^ 
-> 3 z :  ( z d-bind s x  A  z  d-bind s y ) 
A (( 3 u :  u  d-bind s y  A  u  head"* "  x )  - > x  left"' '  y ) 

Tabl e 4 :  Constrain t  o n Potentia l  Anaphori c Antecedent s 

PronAnaphorTesl from Table 5 contains the major gram-
matica l  agreemen t  constrain t  (coverin g gender ,  numbe r  an d 
person )  fo r  s o m e anaphori c pronou n an d it s nomina l  an -
tecedent ,  whil e NomAnaphorTes t  fro m Tabl e 6  capture s th e 
majo r  conceptua l  subsumptio n constrain t  fo r  th e nomina l  an -
teceden t  an d a  correspondin g anaphori c definit e NP . 

c-command ,  whil e th e D G constrain t  o n anaphor a (cf .  Tabl e 4 )  re -
late s t o th e majo r  bindin g principle s o f  G B (Chomsky ,  1981) .  A n 
approac h t o th e incrementa l  computatio n o f  intrasententia l  corefer -
ence s base d o n Chomsky' s bindin g theor y i s give n b y Merl o (1993) . 

^For  th e definition s o f  th e grammatica l  predicate s below ,  th e fol -
lowin g convention s hold :  isa c denote s th e subclas s relatio n amon g 
lexica l  classe s (part s o f  speech) ,  U  th e unificatio n operation ,  X  th e 
inconsisten t  element .  Le t  u  b e a  comple x featur e ter m an d /  a  featur e 
name,  the n th e extractio n u\ l  yield s th e valu e o f  /  i n u .  I f  /  i s  dcflned , 
u\ l  give s ±  i n al l  othe r  cases .  Semanti c an d conceptua l  knowl -
edge i s represente d vi a a  KL-ONE-styl e classification-base d knowl -
edge representatio n languag e (MacGrego r  &  Bates ,  1987) ,  wit h isa p 
denotin g th e subclas s relatio n amon g concepts .  Furthermore ,  ob -
jecl.attribut e denote s th e valu e o f  th e propert y attribut e a t  objec t 
and th e symbo l  sel f  refer s t o th e curren t  lexica l  item .  Th e gramma r 
specificatio n language ,  i n addition ,  incotyMrate s topologica l  primi -
tive s fo r  relation s withi n dependenc y trees ,  suc h a s " x occur s lef t  o f 
y "  an d " x i s hea d o f  y" ;  rel"* ^  an d rel '  denot e th e transitiv e an d tran -
sitive/reflexiv e closur e o f  a  relatio n rel ,  respectively .  Th e followin g 
dependenc y relation s wil l  b e used :  specifier-o f  (spec) ,  Saxo n geni -
tiv e (saxGen) ,  prepositiona l  an d geniiiva l  attribut e (ppAtt ,  genAtt) . 

PronAnaphorTes l  (pro ,  ante):* * 
ant e isac '  Nomina l  A 
((pro.features\self\agr\gen ) 

U (anie.features\self\agr\gen )  ̂ t  ± )  A 
((pro.feature s \self\agr\num ) 

U (ante.features\self\agr\num )  #  1 )  A 
((pro.features\self\agr\pers ) 

U (anic.fcatures\self\agr\pers )  ̂  X ) 

Tabl e 5 :  Constrain t  o n Pronomina l  Anaphor a 

NomAnaphorTes t  (defNP ,  ante):« » 
ant e isac '  Nomina l  A 
((defNP.feature s \self\agr\num ) 

U (ante.features\self\agr\num )  /  X )  A 
ante.concep t  isâ r *  defNP.concep t 

Tabl e 6 :  Constrain t  o n Nomina l  Anaphor a 

Reso lu t i o n o f  A n a p h o r a 

The actor computation model (Agha & Hewitt, 1987) pro-
vide s th e backgroun d fo r  th e procedura l  interpretatio n o f  lex -
icalizc d gramma r  specifications ,  a s thos e give n i n th e previ -
ou s section ,  i n term s o f  so-calle d wor d actors .  Wor d actor s 
communicat e vi a asynchronou s messag e passing ;  a n acto r 
ca n onl y sen d message s t o othe r  actor s i t  know s about ,  it s 

so-calle d acquaintances .  Th e arriva l  o f  a  messag e a t  a n acto r 
trigger s th e executio n o f  a  metho d tha t  i s compose d o f  gram -
matica l  predicate s (fo r  a  survey ,  cf .  Neuhau s &  Hah n (1996)) . 

Th e basi c dat a structure s fo r  anaphor a resolutio n ar e or -
ganize d a s acquaintance s o f  specifi c  actors .  Beside s wor d 
actor s fo r  th e lexica l  leve l  o f  analysis ,  phrase s ar e encapsu -
late d i n PhraseActors ,  an d on e o r  mor e PhraseActor s whic h 
cove r  th e sam e sequenc e o f  word s bu t  assig n differen t  syntac -
ti c interpretation s (loca l  ambiguities )  t o i t  ar e encapsulate d i n 
Containe r  Actors .  Fo r  ever y sentence ,  it s associate d uniqu e 
ParserActo r  i s acquainte d wit h a  CenteringActo r  which ,  fo r 

reason s o f  ambiguit y handling ,  i s  acquainte d wit h on e o r 
mor e CenterActors .  Eac h o f  thes e CenierActor s ha s a  pref -
erentiall y  ordere d lis t  o f  forward-lookin g center s (Cj )  an d 
a singl e backward-lookin g cente r  (Ct) .  Th e usua l  criteri a 
fo r  centerin g appl y a t  thi s representatio n leve l  (Gros z e t  al. , 
1995) .  W e exten d thi s basi c model ,  however ,  i n tha t  w e pro -
vid e severa l  instance s o f  CenteringAcior s t o accoun t  fo r  loca l 
ambiguitie s withi n a n utterance ,  whil e differen t  CenterActor s 
represen t  globa l  ambiguitie s o f  singl e utterances .  Hence ,  un -
ambiguou s centerin g i s a  specia l  case ,  wher e a  singl e Cen -
teringActo r  i s onl y acquainte d wit h a  singl e CenterActor . 

Anaphor a analysi s encompasse s th e procedura l  interpreta -
tio n o f  th e declarativ e constraint s give n i n th e previou s sec -
tion .  Fo r  pronomina l  anaphors ,  th e SearchPronAnteceden t 
messag e i s triggere d b y th e successfu l  syntacti c tes t  tha t  th e 
pronou n m a y b e modifie r  o f  it s head .  Fo r  nomina l  anaphors , 
th e SearchNomAnteceden t  messag e i s triggere d b y th e attach -
ment  o f  a  definit e determine r  a s a  modifie r  t o it s hea d nou n 
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and a  simila r  syntacti c head-modifie r  compalibilit y  lest̂ .  W e 
no w describ e th e mai n thread s o f  th e algorith m fo r  loca l  am -
biguit y managemen t  durin g anaphor a resolutio n (cf .  Fig .  1) . 

Consider ,  e.g. ,  sentenc e (2 )  o f  th e alread y inuoduce d tex t 

fragmen t  A n attachmen t  o f  th e definit e N P "dies e Fesl -
plane "  (thi s har d disk )  a t  i u prospectiv e hea d "ernicht " 
{compare s to )  i s tried .  Sinc e th e N P i s ambiguou s wit h re -
spec t  t o case ,  a  loca l  ambiguit y accountin g fo r  th e subjec t 

and objec t  readin g i s created^ . 

1, la: TWo different SearchNomAntecedent messages with 

th e argumen t  theAttachmen t  (th e dependenc y relatio n be -
twee n th e N P an d "erreicht" ,  i.e. ,  eithe r  subjec t  o r  ob -
ject )  ar e sen t  simulataneousl y fro m th e Anapho r  t o th e 
PhraseActor . 

1-AtlvhAv. Both messages are forwarded from the 
PhraseActo r  t o th e Containe r  Actor ,  th e ParserActor ,  an d 
th e CenteringActo r  o f  th e precedin g sentence . 

5,5a: It is crucial that for every SearchAntecedent message 
whic h reache s th e CenteringActor ,  tha t  acto r  i s copied , 
leavin g th e maste r  cop y unchanged .  Thi s guarantee s tha t 
eac h locall y ambiguou s phras e whic h contain s a n anapho r 
manipulate s it s o w n centerin g dat a structures . 

6,6a: The messages are disuibuted to all CenterActors 
wher e th e argumen t  theAttachmen t  i s copie d i n orde r  t o 
provid e fo r  consisten t  dat a i n a  distributed ,  concurren t  en -
vironmen t  (th e cop y actio n i s o f  relevanc e onl y i n thos e 

case s wher e globa l  an d loca l  ambiguitie s ar e interleaved) . 

7,7a: NomAnaphorTest succeeds in both cases (the most 
preferre d elemen t  o f  th e C j  o f  sentenc e (1) ,  viz .  L P S - 1 0 5 
fulfill s  th e require d conceptua l  subsumptio n conditio n rel -
ativ e t o "Festplatle "  (har d disk)) . 

8,8a: Hence two AntecedentFound messages are sent to each 
correspondin g anaphor . 

9,9a: The semantic predicate permit^ succeeds with respect 
t o th e wor d actor s L P S 10 5 (Festplatte )  an d erreich t  fo r 
bot h argumen t  positions ,  thu s th e dependenc y relation s the -
Attachment ,  viz .  subjec t  an d object ,  ar e confirmed . 

10,10a: The resolved anaphors send an AnaphorSucceed 
message t o th e correspondin g CenterActors . 

II, 11a: At these CenterActors the determined antecedents 
(LPS-105 )  ar e remove d fro m th e correspondin g C j  lists . 
The remova l  o f  th e anteceden t  fro m th e C j  lis t  prevent s 

*We slricd y separat e th e searc h fo r  th e prope r  anteceden t  an d di e 
evaluatio n o f  it s  conceptua l  compatibilit y  a s th e modifie r  o f  a  head . 

'Th e bol d number s i n th e tex t  an d th e edg e number s i n Fig .  1 
and 2  refe r  t o th e sam e compuutio n steps .  Th e inde x a  indicate s 
paralle l  distributio n o f  messages .  Th e directe d edge s i n bot h figure s 
illustrat e th e basi c flo w o f  contro l  cause d b y th e messag e passing . 

p̂ermi t  account s fo r  typ e an d furthe r  conceptua l  admissibilit y 
constraint s (numbe r  restrictions ,  etc.) . 

i t  fro m bein g (incorrectly )  reuse d a s a  possibl e anteceden t 
fo r  ye t  anothe r  anapho r  withi n th e sam e sentence . 

As a special case of local ambiguities, consider the sec-

on d anapho r  i n sentenc e (2) ,  th e pronou n "sie "  (it) .  Cause d 
by th e attachmen t  o f  "sie "  t o it s prospectiv e hea d "erzielt " 
(scores )  i n th e subordinat e claus e o f  sentenc e (2) .  an d du e t o 
th e cas e ambiguit y o f  "sie" ,  viz .  nominativ e an d accusative , 
th e correspondin g PhraseActor s ar c duplicate d (a s th e ma -
tri x claus e i s ambiguous ,  too ,  fou r  interpretation s mus t  b e 

considered ;  i n th e correspondin g Fig .  2  onl y tw o reading s 
ar e shown) .  Fou r  SearchAnteceden t  message s ar e triggered . 
Step s 1- 8 ar e performe d a s describe d above .  A s th e corre -
spondin g C j s o f  (I )  contai n onl y P e r f o r m a n c e (LPS-10 5 

has alread y bee n consume d a s a  resul t  o f  previousl y resolvin g 
"dies e Festplatte") ,  th e predicat e perm/ r  fail s  wit h respec t  t o 
P E R F O R M A N CE an d "erzielt "  (Ste p 9) . 

12,12a: The anaphor sends an AnaphorReject message to 
th e CenterActor . 

13,13a: The C/ list is exhausted. 

14,14a: Hence, the mechanism for intrasentential anaphora 
resolutio n i s uiggercd .  Th e searc h fo r  a n anteceden t  i s 
performe d withi n th e PhraseActo r  whic h contain s bot h th e 
anapho r  an d th e anteceden t  (cf .  Fig .  2 ;  i t  differ s fro m Fig . 
1 mainl y wit h respec t  t o descriptio n o f  th e th e dependenc y 
structure s withi n eac h PhraseActor ,  whic h ar e depicte d i n 
greate r  detail) . 

15,15a: Each SearchAntecedent message is forwarded from 
it s initiato r  "sie "  t o it s prospectiv e hea d Head l  "erzielt " 
(scores )  whic h d-bind s th e initiator . 

16,16a: Next the message is forwarded to Headl "erreicht" 
(compare s to) . 

17,17a: Then the message is forwarded to possible An-
tecedent s whic h ar e modifier s o f  Head l ,  wher e "dies e 
Festplatte "  (thi s har d disk )  an d "ST-3144 "  ar e reached ,  re -
spectively . 

18,18a: PronAnaphorTest and the semantic predicate pcrm/V 
succee d ("dies e Festplatte" ,  whic h i s resolve d t o L P S -
105 ,  an d "erzielt "  a s wel l  a s ST-314 4 an d "erzielt "  ar e 
bot h successfull y teste d b y permit) . 

19,19a: An AntecedentFound message is sent to the 
anaphor .  Th e dependenc y relatio n theAttachment ,  viz .  sub -
ject ,  i s  confirme d i n bot h case s betwee n "erzielt "  (scores ) 
and LPS-10 5 a s wel l  a s ST-3144 ,  respectively .  Similarly , 
th e objec t  dependenc y relatio n is t  established ,  unti l  th e ac -
cusativ e phras e "de n zweite n Platz "  (second-bes t  i n thi s 
category )  invalidate s thi s loca l  ambiguity . 

Upon completion of the analysis of sentence (2) two Cen-
terActor s continu e t o exis t  wit h correspondin g C b / C /  dat a 
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Figur e 1 :  Protoco l  fo r  th e Loca l  Ambiguit y Cas e a t  th e Tex t  Leve l 
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Figur e 2 :  Protoco l  fo r  th e Loca l  Ambiguit y Cas e a t  th e Phras e Leve l 

(of .  Tabl e 2) .  Hence ,  th e loca l  ambiguit y wit h respec t  t o "sie " 

n o longe r  persist s an d ha s bee n reduce d t o a  globa l  one . 

Summarizing ,  w e propos e a  two-leve l  representatio n o f 
structura l  ambiguitie s fo r  th e centerin g model ,  on e a t  whic h 
loca l  an d globa l  structura l  ambiguitie s ar e mad e explicit . 
Globa l  ambiguitie s ar e represente d a s set s o f  forward-lookin g 
center s ( a so-calle d centerin g set ,  i n th e underlyin g imple -
mentatio n realize d a s CenterActor) ,  whil e loca l  ambiguitie s 
ar e represente d a s a  se t  o f  suc h centerin g set s (i n th e under -
lyin g implementatio n realize d a s CenteringActor) .  Th e cre -
atio n an d managemen t  o f  thes e set s i s unde r  contro l  o f  th e 
parser ,  whil e th e managemen t  o f  entitie s withi n thes e center s 
remain s i n th e real m o f  th e centerin g theory .  Th e proposa l  w c 
make doe s no t  depen d o n an y choic e o f  th e underlyin g gram -
mar  o r  semanti c theor y (althoug h bindin g criteri a shoul d b e 
expressable) . 

Re la te d W o r k 

The centerin g model ,  fro m it s inceptio n (Gros z e t  al. ,  1983 ) 
t o it s mos t  recen t  formulatio n (Gros z e t  al. ,  1995) ,  ha s bee n 
considere d a  methodologica l  framewor k fo r  anaphor a resolu -
tion .  Wit h th e exceptio n o f  Brenna n e t  al .  (1987) ,  whos e 
implementatio n wa s interface d wit h a  concret e H P S G sys -
tem ,  th e centerin g approac h seem s t o hav e bee n develope d a s 
a stand-alon e theor y vehicle ,  wit h almos t  n o attentio n give n 
t o it s integratio n int o a  large r  N L U syste m framework .  Thi s 
migh t  explai n w h y th e issu e o f  structura l  ambiguit y han -
dlin g ha s bee n largel y ignore d i n th e centerin g framework . 
The proble m o f  referentia l  ambiguit y t o whic h ou r  proposa l 
i s  equall y applicabl e ha s recentl y bee n discusse d b y Walke r 
et  al .  (1994) .  However ,  thei r  proble m concern s th e choic e 
option s arisin g fo r  th e a.ssignmcn t  o f  alternativ e discours e en -
titie s fro m th e forward-lookingccnie r  lis t  t o zero-anaphorize d 

572 



argument s o f  verb s i n Japanese ,  give n tha t  th e numbe r  o f  can -
didat e antecedent s exceed s tha t  o f  th e zer o anaphors .  Thei r 
use o f  functiona l  notions ,  viz .  topicalit y an d empathy ,  natu -
rall y exten d th e rol e preference s o f  th e underlyin g centerin g 

model ,  bu t  unlik e ou r  case ,  n o structura l  ambiguitie s ar c in -
volved .  I n contrast ,  ou r  approac h applie s t o th e representatio n 
of  bot h type s o f  ambiguities . 

We motivate d th e treatmen t  o f  (structural )  ambiguitie s 
withi n th e centerin g framewor k a s a  consequenc e o f  assum -
in g a n incrementa l  m o d e o f  anapho r  resolution ,  a  topi c tha t 
has no t  bee n raise d i n th e centerin g literatur e s o far .  Thi s i s 
surprisin g insofa r  a s eve n psycholinguisli c  studie s o n center -

in g (Gordo n e t  al. ,  1993 ;  Brennan ,  1995 )  d o no t  touc h upo n 
thi s issue ,  thoug h th e immediac y o f  anapho r  resolutio n i s a 
common them e i n cognitiv e tex t  processin g studie s (Jus t  & 
Carpenter ,  1987 ;  Sanfor d &  Garrod ,  1989) . 

Our  proposal ,  base d o n a  dependency-styl e gramma r 
model  (Hah n e t  al. ,  1994) ,  claim s t o integrat e bot h th e 
sentence-leve l  a s wel l  a s text-leve l  o f  anaphor a analysis . 
Furthermore ,  i t  i s  als o full y  integrate d wit h terminologica l 
reasonin g facilitie s a s neede d fo r  in-dept h tex t  understand -
ing ,  an d i s base d o n a n incremental ,  single-pas s procedure . 
Thus ,  i t  i s  superio r  t o th e wor k o n bindin g theor y a s devel -
oped  withi n th e G B framewor k (Chomsky ,  1981 )  tha t  i s  re -
stricte d t o th e sentence-leve l  o f  analysis ;  jus t  recently ,  how -
ever ,  Merl o (1993 )  ha s propose d a n incrementa l  procedur e 
fo r  computin g inu^senteniia l  coreference s base d o n bindin g 
theor y constraints .  Als o Haddoc k (1987 )  consider s a n incre -
menta l  mod e o f  anaphor a resolutio n whic h boil s dow n t o a 
variabl e binding ,  i.e. ,  a  constrain t  satisfactio n proble m i n th e 
contex t  o f  a  Combinator y Categoria l  Grammar .  A n y o f  thes e 
approache s neglect s th e importan t  aspec t  o f  a  preferenc e scal -
in g fo r  propert y selectin g amon g severa l  candidat e discours e 
unit s  a s antecedents .  Thi s drawbac k i n th e sam e wa y applie s 
t o th e framewor k o f  D R T ( K a m p &  Reyle ,  1993) ,  whic h i s 
als o non-incremental . 

Conclusions 

Our approach to anaphora resolution extends the original 
centerin g mode l  b y embeddin g th e centerin g approac h int o 
an incremental ,  single-pas s processin g model ,  b y providin g 
dat a smicture s fo r  th e centerin g algorith m whic h allo w fo r 
th e ueatmen t  o f  loca l  an d globa l  (parsing )  ambiguities ,  an d 
by homogeneousl y integratin g th e resolutio n o f  sentence -
leve l  (intrasentential )  a s wel l  a s text-leve l  (intersentential ) 
anaphor a base d o n th e stric t  requirement s se t  u p b y th e bind -
in g criteri a (adapte d t o a  dependenc y gramma r  framework) . 

The anaphor a resolutio n modul e ha s bee n realize d a s par t 
of  a  dependenc y parse r  fo r  th e Germa n language .  Th e parse r 
has bee n implemente d i n Actal k (Briot ,  1989) ,  a n acto r  lan -
guag e dialec t  o f  Smalltalk .  Th e curren t  lexico n contain s 
nearl y 3.00 0 lexica l  entrie s an d correspondin g concep t  de -
scription s fro m tw o domain s (informatio n technolog y an d 
medicine )  availabl e fro m th e L O O M knowledg e representa -
tio n syste m (MacGrego r  &  Bates ,  1987) . 

Acknowledgments .  W e woul d lik e t o than k ou r  colleague s i n th e 
C L XT grou p wh o rea d earlie r  version s o f  thi s paper .  I n particular , 
improvement s ar e du e t o discussion s w e ha d wit h Pete r  Neuhaut . 
Thi s wor k ha s bee n funde d b y L C F G Baden-Wiiraember g (1.1.4 -
7631.0 ;  M .  Smibe )  an d a  gran t  fro m D F G (H a 2907/ 1 -3 ;  U .  Hahn) . 

References 

Agha,  G .  &  C .  Hewi a (1987) .  Concurren t  programmin g usin g ac -
tors .  I n A .  Yoneraw a &  M .  Tokor o (Eds.) .  Object-Oriente d 
Concurren t  Programming ,  pp .  37-53 .  Cambridge ,  Mass. :  M I T 
Press . 

Brennan ,  S .  E .  (1995) .  Centerin g attentio n i n discourse .  Languag e 
and Cognitiv e Processes ,  10(2) :  137-167 . 

Brennan .  S .  E. .  M .  W.  Friedma n &  C .  J .  Pollar d (1987) .  A  centerin g 
approac h t o pronouns .  I n Proc .  ofACL-87 ,  pp .  155-162 . 

Briot ,  J.-P .  (1989) .  Aculk :  A  testbe d fo r  classifyin g an d designin g 
acto r  language s i n th e Smalltalk-8 0 environmen t  I n Proc .  o f 
£COO/'-89 .  pp .  109-129 . 

Chomsky,  N .  (1981) .  Lecture s o n Governmen t  an d Binding .  Dord -
rech t  Fbris . 

Gordon ,  R  C ,  B .  J .  Gros z &  L .  A .  Gillio m (1993) .  Pronouns ,  names . 
and th e centerin g o f  attentio n i n discourse .  Cognitiv e Science , 
17:311-347 . 

Granger ,  R .  H. ,  K .  P .  Eisel t  &  J .  K .  Holbroo k (1986) .  Parsin g wit h 
parallelism :  A  spreading-activatio n mode l  o f  inferenc e pro -
cessin g durin g tex t  understanding .  I n J .  Kolodne r  &  C .  Ries -
bcc k (Eds.) ,  Experience ,  Memory ,  an d Reasoning ,  pp .  227 -
246 .  Hillsdale .  N.J. :  L .  Erlbaum . 

Grosz ,  B .  J. ,  A .  K .  Josh i  &  S .  Weinstei n (1983) .  Providin g a  unifie d 
accoun t  o f  definit e nou n phrase s i n discourse .  I n Proc .  ofACL -
83,  pp .  44-50 . 

Grosz .  B .  J. ,  A .  K .  Josh i  &  S .  Weinstei n (1995) .  Centering :  A  firame-
wor k fo r  modelin g th e loca l  coherenc e o f  discourse .  Compu -
tationa l  Linguistics ,  21(2):203-225 . 

Haddock .  N .  (1987) .  Incrementa l  interpretatio n an d Combinator y 
Categoria l  Grammar .  I n Proc .  oflJCAI-87 ,  Vol .  2 .  pp .  661 -
663. 

Hahn.  U. ,  S .  Schach t  &  N .  Broke r  (1994) .  Concurrent ,  object -
oriente d dependenc y parsing :  Th e ParseTal k model .  IrUerna -
tionalJourna l  o f  Human-Compute r  Studies ,  41( 1 f2):n9-222 . 

Jurafsky ,  D .  (1992) .  A n on-lin e compuuiiona l  mode l  o f  huma n sen -
tenc e inlcrpreiation .  I n Proc .  ofAAAl-92 ,  pp .  302-308 . 

Just ,  M .  &  P.  Carpente r  (1987) .  Th e Psycholog y o f  Readin g an d 
LanguageComprehension.Bosion ,  Mass. :  AUy n &  Bacon . 

Kamp.  H .  &  U .  Reyl e (1993) .  Fro m Discours e t o Logic .  Dordrecht ; 
Kluwer . 

MacGregor .  R .  &  R .  Bate s (1987) .  Th e L O O M Knowledg e Repre -
sentatio n Language .  aSI/RS-87-18 )  USC/ISI . 

Merlo ,  P.  (1993) .  Fo r  a n incrementa l  computatio n o f  intrasententia l 
coreference .  I n Proc .  oflJCAl-93 ,  Vol .  1 ,  pp .  1216-1221 . 

Neuhaus ,  P.  &  U .  Hah n (1996) .  Restricte d parallelis m i n object -
oriente d lexica l  parsing .  I n Proc .  o fCOUNG-96 . 

Sanford .  A .  &  S .  Garro d (1989) .  What ,  when ,  an d how? :  Quesuon s 
of  immediac y i n anaphori c referenc e resolution .  Languag e an d 
Cognitiv e Processes ,  4(3/4):235-262 . 

Strube .  M .  &  U .  Hah n (1995) .  ParseTal k abou t  sentence -  an d text -
leve l  anaphora .  I n Proc .  ofEACL-95 ,  pp .  237-244 . 

Strube ,  M .  &  U .  Hah n (1996) .  Functiona l  centering .  I n Proc .  o f 
ACL-96 . 

Sturt ,  P.  (1995) .  Incorporatin g "unconsciou s reanalysis "  int o a n in -
cremental ,  monotoni c parser .  I n Proc .  ofEACL-95 ,  pp .  291 -
296 . 

Walker .  M .  A. .  M .  lid a &  S .  Cot e (1994) .  Japanes e discours e an d th e 
proces s o f  centering .  Computationa l  Linguistics ,  20(2):193 -
233 . 

573 



A Connectionis t  Architectur e wit h Inheren t  Systematicit y 

James Henderson 
Departmen t  o f  Compute r  Scienc e 

Universit y  o f  Exete r 
Exete r  EX 4 4P T 
Unite d Kingdo m 

jamieGdcs.ex.ac.u k 

Abstrac t 

For connectionist networks to be adequate for higher level cog-
nitiv e activitie s suc h a s natura l  languag e interpretation ,  the y 
hav e t o generaliz e i n a  wa y tha t  i s  appropriat e give n th e reg -
ularitie s o f  th e domain .  Fodo r  an d Pylyshy n (1988 )  identifie d 
an importan t  patter n o f  regularitie s i n suc h domains ,  whic h 
the y calle d systematicity .  Severa l  attempt s hav e bee n mad e t o 
sho w tha t  connectionis t  network s ca n generaliz e i n accordanc e 
wit h thes e regularities ,  bu t  no t  to  th e satisfactio n o f  th e crit -
ics .  T o addres s thi s challenge ,  thi s pape r  start s b y establishin g 
th e implication s o f  systematicit y  fo r  connectionis t  solution s to 
th e variabl e bindin g problem .  Base d o n th e wor k o f  Hadle y 
(1994a) ,  w e argu e tha t  th e networ k mus t  generaliz e informa -
tio n i t  learn s i n on e variabl e bindin g to  othe r  variabl e bindings . 
We the n sho w tha t  tempora l  synchron y variabl e bindin g (Shas -
tr i  an d Ajjanagadde ,  1993 )  iiiherentl y generalize s i n thi s way . 
Thereb y w e sho w tha t  tempora l  synchron y variabl e bindin g i s a 
cormectionis t  architectur e tha t  account s fo r  systematicity .  Thi s 
i s a n importan t  ste p i n showin g tha t  connectionis m ca n b e a n 
adequat e architectur e fo r  highe r  leve l  cognition . 

Introduction 

Connectionis t  network s hav e bee n successfull y applie d t o a 
wid e variet y o f  problems ,  bu t  the y hav e no t  ha d m u c h succes s 
wit h highe r  leve l  cognitiv e activities .  Fo r  exampl e i n natura l 
languag e parsing ,  connectionis t  network s hav e no t  bee n abl e 
t o exhibi t  th e sam e generalizatio n abilitie s tha t  statistica l  ap -
proache s base d o n standar d parsin g technique s hav e shown . 
Thi s inabilit y  t o generaliz e i n th e appropriat e w a y ca n b e at -
tribute d t o a n inadequac y i n standar d connectionis t  network s 
tha t  w a s first  identifie d b y Fodo r  an d Pylyshy n (1988) .  The y 
pointe d ou t  a  patter n o f  regularitie s i n highe r  leve l  cognitiv e 
activitie s tha t  the y calle d systematicity ,  an d challenge d con -
nectionist s t o sho w h o w thi s patter n coul d b e accounte d fo r 
withi n connectionism .  I n thi s pape r  w e sho w tha t  a  particula r 
connectionis t  architecture ,  calle d temjwra l  synchron y vari -
abl e bindin g (Shastr i  an d Ajjanagadde ,  1993) ,  account s fo r 
systematicit y throug h it s inheren t  abilit y  t o generaliz e acros s 
entities .  I n th e process ,  w e clarif y th e notio n o f  systematic -
it y an d s h o w it s implication s fo r  variabl e bindin g techniques . 
Thi s wo r k no t  onl y contribute s t o th e continuin g debat e abou t 
systematicit y i n connectionis t  networks ,  i t  als o indicate s h o w 
connectionis t  networks '  impressiv e learnin g abilitie s fo r  pat -
ter n matchin g task s ca n b e extende d t o th e mor e comple x 
domain s typica l  o f  highe r  leve l  cognitiv e activities . 

A s Fodo r  an d Pylyshy n (1988 )  describ e it ,  systematicit y 
embodie s th e kind s o f  regularitie s tha t  aris e fro m a  compo -
sitiona l  generativ e grammar .  Becaus e i n suc h grammar s a 

general-purpos e compositio n operatio n i s use d t o construc t 
sentence s ou t  o f  thei r  constituents ,  a  give n constituen t  ca n ap -
pea r  anywher e tha t  it s typ e o f  constituen t  i s allowed .  Fo r  ex -
ample ,  becaus e "John "  an d "Mary "  ar e th e sam e typ e o f  con -
stituent ,  a  generativ e g ramma r  woul d no t  generat e "Joh n love s 
M a r y "  withou t  als o generatin g "Mar y love s John" .  Fodo r  an d 
Pylyshy n (1988 )  argue d tha t  suc h regularitie s ar e a n inheren t 
par t  o f  h u m a n cognitiv e activity ,  an d thu s tha t  connection -
is m coul d no t  b e a n adequat e cognitiv e architectur e unti l  i t 
accounte d fo r  thi s phenomena .  M a n y attempt s hav e bee n 
m a de t o mee t  thi s challeng e (e.g .  Smolensky ,  1990 ;  Chris -
tianse n an d Chater ,  1994 ;  Niklasso n an d va n Gelder ,  1994) , 
bu t  th e critic s hav e no t  bee n satisfie d (Fodo r  an d McLaugh -
lin ,  1990 :  Hadley .  1994a ;  Hadley .  1994b). ' 

Suc h difficultie s hav e lea d s o m e connectionist s investigat -
in g highe r  leve l  cognitiv e activitie s t o propos e extension s t o 
standar d connectionis t  architectures .  O n e suc h investigatio n 
develope d a  techniqu e calle d tempora l  synchron y variabl e 
bindin g fo r  us e i n fast ,  c o m m o n sens e reasonin g (reflexiv e 
reasoning )  (Shasu i  an d Ajjanagadde ,  1993). ^  Thi s techniqu e 
ca n represen t  multipl e feature s o f  multipl e entities ,  an d i t  ca n 
perfor m a  significan t  clas s o f  computation s ove r  thi s repre -
sentation .  I n additio n t o reflexiv e reasoning ,  i t  ha s bee n suc -
cessfull y applie d t o syntacti c natura l  languag e parsin g (Hen -
derson ,  1994b ;  Henderson ,  1994a) .  Thi s wor k showe d tha t 
th e kind s o f  regularitie s tha t  systematicit y embodie s coul d b e 
directl y an d simpl y represente d i n a  networ k tha t  use s tem -
pora l  synchron y variabl e binding .  I n thi s pape r  w e sho w tha t 
i t  i s  no t  onl y possibl e t o buil d a  connectionis t  networ k tha t 
exhibit s thes e regularities ,  bu t  tha t  thes e regularitie s ar e a  con -
sequenc e o f  th e inheren t  generalizatio n abilitie s o f  tempora l 
synchron y variabl e bindin g networks . 

Becaus e ther e ha s no t  bee n genera l  agreemen t  abou t  th e 
exac t  definitio n o f  systematicity ,  thi s pape r  start s wit h a  dis -
cussio n o f  thi s issu e base d o n th e wor k o f  Hadle y (1994a) . 
Th e resultin g definitio n o f  systematicit y require s a  solutio n 
t o th e variabl e bindin g proble m wher e learne d parameter s ar e 
independen t  o f  variabl e bindings .  Severa l  connectionis t  ap -
proache s t o variabl e bindin g ar e the n discusse d wit h respec t  t o 

'On e proposa l  (Hadle y an d Hayward ,  199S )  ha s no t  ye t  bee n 
criticize d i n th e literature .  Thi s wor k wil l  b e discusse d belo w i n th e 
sectio n o n representin g variabl e bindings . 

^Th e possibilit y  o f  usin g tempora l  synchron y fo r  encodin g fea -
tur e binding s i n th e perceptua l  domai n wa s suggeste d b y vo n de r 
Malsbur g an d Schneide r  (1986) ,  bu t  Shastr i  an d Ajjanagadd e wer e 
th e first  to  us e tempora l  synchron y to  solv e comple x representationa l 
problem s i n highe r  leve l  cognitiv e activities . 
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thi s requirement .  Fo r  mos t  o f  th e propose d methods ,  ther e i s 
no apparen t  wa y fo r  the m t o satisf y thi s requirement .  I n con -
trast ,  tempora l  synchron y variabl e bindin g b y it s ver y natur e 
makes learne d parameter s independen t  o f  variabl e bindings . 
By showin g thi s w e sho w tha t  tempora l  synchron y variabl e 
bindin g i s a  coimectionis t  architectur e tha t  ca n accoun t  fo r 
systematicity . 

The Definition of Systematicity 

Although neither (Fodor and Pylyshyn. 1988) nor (Fodor and 
McLaughlin ,  1990 )  provide s a  precis e definitio n o f  system -
aticity ,  th e coacep i  i s  mean t  t o embod y th e pervasiv e regular -
itie s i n languag e (an d thought )  tha t  ar e traditionall y capture d 
usin g compositiona l  generativ e grammars .  Suc h grammar s 
expres s generalization s abou t  th e sentence s o f  a  languag e i n 
term s o f  thei r  subconstituents .  A  universa l  compositio n op -
eratio n i s the n use d t o combin e thes e constituent s t o for m 
sentences .  Becaus e generalization s ar e state d i n term s o f 
constituents ,  suc h a n architectur e predict s a  prevalenc e o f 
regularities  acros s constituents .  Thi s i s i n fac t  th e case .  Fo r 
example ,  th e patter n o f  word s tha t  ca n mak e u p a  nou n phras e 
i s ver y complex ,  ye t  thi s patter n i s virtuall y identica l  fo r  sub -
jec t  an d objec t  nou n phrases .  Thu s i f  "John "  ca n b e a  subjec t 
nou n phras e an d "Mary "  ca n b e a n objec t  nou n phras e (a s i n 
"Joh n love s Mary") ,  the n i t  wil l  als o b e possibl e fo r  "Mary " 
t o b e a  subjec t  nou n phras e an d "John "  t o b e a n objec t  nou n 
phras e (a s i n "Mar y love s John") . 

Withi n th e connectionis t  paradigm ,  th e abilit y  t o accoun t 
fo r  regularitie s i s no t  teste d throug h representin g general -
ization s (a s i n th e classica l  paradigm) ,  bu t  throug h learnin g 
generalizations .  A  connectionis t  architectur e account s fo r  a 
regularity  i f  i t  ca n generaliz e fro m a  trainin g se t  t o a  testin g 
set  i n accordanc e wit h tha t  regularity .  Hadle y (1994a )  use s 
thi s criteri a t o formaliz e th e concep t  o f  systematicity .  H e 
require s a  networ k t o generaliz e from a  se t  o f  trainin g sen -
tence s t o a  se t  o f  nove l  testin g sentences .  H e define s thre e 
degree s o f  systematicity ,  dependin g o n th e novelt y o f  th e test -
in g sentences .  Th e on e whic h mos t  closel y matche s Fodo r  an d 
Pylyshyn' s concep t  i s stron g systematicity ,  wher e th e nove l 
testin g sentence s includ e word s (i.e .  simpl e constituents )  i n 
syntacti c position s wher e the y di d no t  occu r  i n th e trainin g 
sentences .  Goin g bac k t o ou r  previou s example ,  thi s mean s 
tha t  a  networ k tha t  wa s traine d o n sentence s i n whic h "Mary " 
was onl y i n objec t  positio n woul d hav e t o handl e sentence s 
i n whic h "Mary "  appeare d i n subjec t  position .  Unfortunately , 
as Christianse n an d Chate r  (1994 )  poin t  out .  thi s definitio n 
stil l  ha s som e imprecisio n i n tha t  n o definitio n o f  "syntacti c 
position "  i s given .  Christianse n an d Chate r  (1994 )  provid e 
a linguisticall y motivate d definitio n o f  syntacti c position ,  bu t 
thi s  i s no t  adequate .  Th e networ k m a y b e usin g a  rathe r  dif -
feren t  syste m o f  syntacti c position s tha n th e on e a n externa l 
observe r  woul d find  natural . 

For  th e tes t  t o guarante e tha t  th e networ k i s trul y abl e t o 
generaliz e t o nove l  pairing s o f  word s wit h syntacti c positions , 
we nee d t o restric t  th e network' s tas k s o tha t  th e syntacti c posi -
tio n o f  th e wor d i n th e trainin g se t  mus t  b e treate d a s differen t 
fro m th e syntacti c positio n o f  th e wor d i n th e testin g set . 
Hadle y (1994a ;  1994b )  discusse s a  fourt h typ e o f  systematic -
it y whic h doe s this .  H e define s semanti c systematicit y t o b e 
stron g systematicit y plu s th e requiremen t  tha t  th e syste m as -

sig n appropriat e meaning s t o al l  word s occurrin g i n th e nove l 
tes t  sentence s (Hadley ,  1994b) .  Th e tas k o f  assignin g mean -
in g force s th e syste m t o m a k e distinction s betwee n syntacti c 
positions .  Fo r  example ,  a  networ k tryin g t o assig n meanin g 
t o "Mar y love s John "  mus t  distinguis h betwee n th e syntacti c 
position s o f  "Mary "  an d "John" ,  sinc e neithe r  wor d ca n i n 
genera l  b e exclude d fro m eithe r  th e love r  o r  love d roles .  Thi s 
tas k illustrate s h o w a  networi c ca n b e force d t o represen t  th e 
distinction s betwee n syntacti c position s tha t  th e experimen t 
presumes .  Wit h thi s restrictio n o n th e task ,  w e ca n b e sur e 
tha t  a  networ k tha t  exhibit s stron g systematicit y rq)resent s 
informatio n abou t  syntacti c position s an d ca n combin e thi s 
informatio n wit h it s informatio n abou t  word s i n nove l  ways . 

Hadle y (1994 )  explicitl y  exclude s fro m hi s definitio n o f 
systematicit y a  propert y whic h Fodo r  an d Pylyshy n (1988 ) 
emphasize ,  namel y tha t  th e regularitie s Hadle y discusse s mus t 
be nomi c necessities .  I n othe r  words ,  thes e regularitie s mus t 
be inheren t  t o th e natur e o f  th e connectionis t  network ,  no t  jus t 
wire d in .  Wirin g i n th e regularitie s constitute s a  mer e imple -
mentatio n o f  them ,  an d thu s neithe r  explain s the m no r  further s 
our  understandin g o f  them .  Thi s p a p a argue s tha t  connection -
is t  network s whic h us e tempora l  synchron y variabl e bindin g 
inherentl y generaliz e informatio n abou t  word s fro m on e syn -
tacti c positio n t o another ,  an d thu s tha t  stron g systematicit y 
i s a  nomi c necessit y give n th e us e o f  tempora l  synchron y 
variabl e binding ,  a s require d b y Fodo r  an d Pylyshy n (1988) . 
Becaus e w e ar e concerne d wit h demonstratin g a n inheren t 
property ,  thi s pape r  provide s a n in-principl e argument .  Ex -
perimenta l  result s fro m a n implemente d syste m ar e neithe r 
necessar y no r  sufficien t  t o demonstrat e tha t  a  propert y i s in -
heren t  t o th e system. ^ 

Learned Parameters versus Variable Bindings 

Th e abov e definitio n o f  systematicit y require s tha t  a  networ k 
m a ke us e o f  informatio n abou t  words ,  syntacti c positions ,  an d 
th e pairing s o f  word s wit h syntacti c positions .  Th e pairing s 
ar e manifeste d i n th e sentence s tha t  ar e inpu t  t o th e network , 
and th e tas k force s thes e pairing s t o b e manifeste d i n th e out -
put  o f  th e network .  Thu s informatio n abou t  thes e pairing s 
must  b e communicate d fro m th e inpu t  t o th e output ,  an d con -
sequentl y thi s informatio n mus t  b e represente d i n s o m e wa y 
by th e patter n o f  activatio n i n th e network .  Thi s i s a n in -
stanc e o f  th e variabl e bindin g problem .  T h e networ k mus t 
represen t  th e bindin g betwee n th e informatio n abou t  a  wor d 
and th e informatio n abou t  th e syntacti c positio n o f  tha t  word . 
I n classica l  approache s thes e binding s ar e represente d usin g 
variables .  Fo r  example ,  th e bindin g betwee n "Mary "  an d 
th e subjec t  syntacti c positio n i n "Mar y love s John "  coul d b e 
represente d (simplistically )  a s Mary{x)/\subject{x) . 

Th e requirement s systematicit y place s o n th e representa -
tio n o f  variabl e binding s ar e rathe r  differen t  fro m th e require -
ment s i t  place s o n th e representatio n o f  word s an d syntacti c 
positions .  I n orde r  fo r  a  networ k t o generaliz e fro m pro -

'Thi s approac h i s  a t  odd s wit h standar d practis e i n connection -
ism ,  bu t  thi s divergenc e i s t o b e expecte d give n tha t  th e challeng e 
pose d b y Fodo r  an d Pylyshy n (1988 )  i s a  philosophica l  one ,  an d no t 
directl y empirical .  Fo r  thos e wh o aren' t  satisfie d wit h a n in-principl e 
argument ,  se e th e discussio n belo w o f  (Hadle y an d Hayward ,  1995) . 
Thei r  experimenta l  result s  ca n b e interprete d a s evidenc e fo r  th e gen -
eralizatio n abilit y  o f  tempora l  synchron y variabl e bindin g networks . 
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cessin g on e se t  o f  sentence s t o processin g anothe r  set ,  th e 
parameter s tha t  ar e determine d usin g th e trainin g se t  (i.e .  th e 
lin k weights )  hav e t o represen t  informatio n tha t  i s als o tru e 
of  th e testin g se t  Fo r  stron g systematicity ,  bot h informatio n 
learne d abou t  word s an d informatio n learne d abou t  syntac -
ti c position s wil l  b e tru e o f  th e testin g set .  I n contrast ,  be -
caus e word s an d syntacti c position s ar e paire d differentl y i n 
th e trainin g an d testin g sets ,  an y informatio n learne d abou t 
variabl e binding s wil l  no t  b e tru e o f  th e testin g set .  Sinc e 
th e tas k require s informatio n abou t  word s an d syntacti c posi -
ti(Hi s t o b e learne d correctly ,  th e parameter s tha t  represen t 
thi s informatio n mus t  no t  b e dependen t  o n variabl e bind -
ings .  I n othe r  words ,  stron g systematicit y require s tha t  th e 
learne d parameter s (weights )  o f  a  networ k shoul d b e inde -
penden t  o f  th e variabl e bindings. ^  Classica l  approache s us e 
quantifier s t o expres s thi s independence .  Fo r  example ,  th e 
learne d fac t  tha t  "Mary "  ha s th e interpretatio n M A R Y (fol -
lowin g a  standar d notation )  coul d b e represente d wit h th e rul e 
' iyMary{y)=>MARY{y) .  T h e trut h o f  thi s rul e i s a  learne d 
parameter ,  an d i t  i s  independen t  o f  th e variabl e tha t  th e rul e 
i s applie d to .  Applyin g thi s rul e t o x  i n Mary{x)Asubject{x ) 
we ge t  Mary{x)Asubject{x)/\MARY{x) .  Thi s stat e specifie s 
tha t  th e subjec t  ha s th e interpretatio n M A R Y,  despit e th e fac t 
tha t  th e rul e i s independen t  o f  th e pairin g o f  "Mary "  wit h th e 
subject . 

I t  shoul d b e clea r  a t  thi s poin t  tha t  th e requirement s o f  stron g 
systematicit y ar e no t  specifi c  t o th e tas k o f  natura l  languag e 
interpretation .  Informatio n abou t  word s an d syntacti c posi -
tion s coul d b e replace d wit h a  wid e variet y o f  differen t  kind s 
of  information ,  an d w e coul d stil l  find  task s tha t  requir e thes e 
differen t  kind s o f  informatio n t o b e independen t  fro m thei r 
variabl e bindings .  A n y suc h tas k wil l  displa y th e patter n o f 
regularitie s tha t  ar e embodie d i n th e concep t  o f  systematicity . 
F(M-  example ,  gracin g a  piec e o f  cand y tha t  i s  i n one s visua l 
field  require s th e informatio n tha t  a n objec t  i s  candy ,  th e in -
formatio n abou t  th e locatio n o f  tha t  object ,  an d th e bindin g 
betwee n thes e tw o type s o f  information .  Changin g th e loca -
tio n o f  th e cand y doe s no t  chang e it s sweetness ,  an d changin g 
th e colo r  o f  th e cand y doe s no t  chang e th e trajector y fo r  grasp -
ing .  A s Fodo r  an d Pylyshy n (1988 )  argued ,  suc h regularitie s 
ar e pervasiv e i n higher  leve l  cognitiv e activities ,  an d thu s a 
propose d cognitiv e architectur e mus t  accoun t  fo r  them .  I n th e 
res t  o f  thi s pape r  w e wil l  describ e a  connectionis t  architectur e 
i n whic h learne d parameter s ar e inherentl y independen t  o f 
variabl e bindings ,  thereb y accountin g fo r  thes e regularities . 

Representing Variable Bindings 

Several researchers have proposed ways in which connec-
tionis t  network s ca n represen t  variabl e bindings ,  bu t  mos t  o f 
thes e method s d o no t  m a k e learne d parameter s independen t  o f 
variabl e bindings ,  a s require d b y systematicity .  Th e learne d 
parameter s o f  a  connectionis t  networ k ar e represente d i n it s 
lin k weights .  T h e effec t  o f  a  lin k weigh t  o n a  computatio n 
i s dependen t  o n whic h unit s th e lin k connect s an d th e units ' 
activatio n levels ,  bu t  i t  i s  no t  dependen t  o n th e tim e a t  whic h 

th e computatio n take s place. '  Thu s i f  th e tim e dimensio n i s 
use d t o represen t  variabl e bindings ,  the n learne d parameter s 
wil l  inherend y b e independen t  o f  variabl e bindings .  Thi s i s 
th e approac h take n i n tempora l  synchron y variabl e binding . 
I n contrast ,  i f  eithe r  th e spac e dimensio n (differen t  units )  o r 
activatio n level s ar e use d t o represen t  variabl e bindings ,  the n 
learne d parameter s wil l  no t  inherentl y b e independen t  o f  vari -
abl e bindings .  I t  i s  possibl e t o hardwir e th e networ k i n suc h a 
w ay a s t o enforc e thi s independence ,  bu t  ther e i s n o £4)paren t 
motivatio n fo r  suc h hardwire d structur e othe r  tha n implement -
in g systematicity ,  an d thu s i t  i s  no t  inheren t  t o th e network . 
Perhap s w e hav e misse d a  metho d tha t  woul d addres s thes e 
criticisms ,  bu t  th e existin g alternativ e proposal s fo r  connec -
tionis t  variabl e bindin g d o no t  indicat e wha t  i t  woul d be .  Thu s 
currentl y onl y tempora l  synchron y variabl e bindin g implie s 
tha t  learne d parameter s ar e inherentl y independen t  o f  variabl e 
bindings ,  a s require d b y systematicity . 

Tenso r  produc t  variabl e bindin g (Smolensky ,  1990 )  an d 
relative-positio n encodin g (Bamde n an d Srinivas ,  1991 )  us e 
th e spac e dimensio n t o represen t  variabl e bindings .  Usin g 
suc h a  representation ,  variabl e binding s ar e represente d b y 
specifyin g th e unit s wher e th e computatio n shoul d tak e place . 
Th e proble m wit h thi s metho d i s tha t  withou t  additiona l  mech -
anism s th e weight s o f  th e link s fo r  on e se t  o f  unit s wil l  b e 
differen t  fro m th e weight s o f  th e link s fo r  anothe r  set .  Thu s 
th e learne d parameter s use d i n a  computatio n wil l  b e differ -
ent  dependin g o n th e bindin g tha t  i s  manifeste d i n th e input , 
an d th e networ k wil l  no t  exhibi t  systematicity .  I f  al l  link s ar e 
trainable ,  the n th e weight s fo r  tw o differen t  set s o f  unit s wil l 
onl y b e th e sam e i f  eithe r  ther e i s a n additiona l  mechanis m fo r 
enforcin g weigh t  equality ,  o r  the y ar e traine d o n equivalen t 
data .  A n y mechanis m fo r  enforcin g weigh t  equalit y acros s 
differen t  set s o f  unit s i s  inherentl y nonlocal ,  an d thu s violate s 
on e o f  th e basi c tenet s o f  connectionism .  Thus ,  whil e i t  ma y 
be a n effectiv e engineerin g solution ,  weigh t  sharin g doe s no t 
constitut e a  connectionis t  metho d fo r  capturin g systematic -
ity .  Give n tha t  th e trainin g se t  use d i n th e abov e tes t  fo r 
systematicit y i s  b y desig n biase d wit h respec t  t o th e binding s 
betwee n word s an d syntacti c positions ,  th e dat a use d t o trai n 
link s fo r  differen t  set s o f  unit s wil l  no t  b e equivalen t  withou t 
additional ,  a s ye t  unproposed .  mechanisms . 

Hadle y an d Ha y war d (1995 )  propos e a  mor e plausibl e wa y 
of  usin g tenso r  produc t  variabl e binding ,  bu t  a s th e syste m 
i s describe d the y ar e stil l  hardwirin g i n th e independenc e 
betwee n learne d parameter s an d variabl e bindings .  Th e com -
ponen t  o f  thei r  networ k whic h use s tenso r  produc t  variabl e 
bindin g ha s n o trainabl e links .  Thi s allow s th e differen t  link s 
i n th e variabl e bindin g componen t  t o sta y equa l  throughou t 
training ,  thu s makin g th e effect s o f  th e learne d parameter s in -
dependen t  o f  whic h o f  th e variabl e bindin g unit s i s used .  Th e 
resultin g networ k generalize s extremel y wel l  o n th e smal l 
grammar  the y us e i n thei r  experiments .  However ,  thi s pro -
posa l  ha s a t  leas t  tw o problems ;  n o independen t  motivatio n i s 
give n fo r  thi s hardwire d component ,  an d th e hardwire d com -
ponen t  grow s wit h th e siz e o f  th e system s vocabular y (linearl y 
fo r  unit s an d quadraticall y fo r  links) ,  whic h fo r  a  rea l  syste m 

^Thi s requiremen t  doe s no t  preclud e th e us e o f  informatio n tha t 
i s  dependen t  o n th e pairing s o f  word s wit h syntacti c positions .  Suc h 
informatio n i s simpl y irrelevan t  t o th e issu e o f  systematicity . 

'O f  cours e a  lin k weigh t  wil l  hav e a  differen t  effec t  i f  i t  change s 
from  on e tim e t o another .  Thi s i s no t  relevan t  her e becauseleamin g i s 
takin g plac e a t  a  muc h large r  tim e scal e tha n individua l  computatio n 
steps .  Therefor e i f  an y chang e di d occu r  i t  woul d b e negligible . 
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woul d b e quit e laige .  The y justif y thi s  us e o f  hardwire d struc -
tur e b y sayin g tha t  thei r  unit s an d link s shoul d b e interprete d a s 
high-leve l  abstraction s whic h aren' t  necessaril y  manifeste d a s 
collection s o f  neuron s an d synapses .  Whil e al l  connectionis t 
network s ar e abstrac t  models ,  withou t  som e plausibl e connec -
tio n 1 0 th e biologica l  substrat e i t  i s  difficul t  l o se e h o w th e net -
wor k coul d b e anythin g mor e tha n a  mer e implementatio n o f 
a classica l  statistica l  system .  Interestingly ,  thi s criticis m ca n 
be addresse d b y assumin g tha t  Hadle y an d Hayward' s wor k 
i s no t  a  competin g proposa l  wit h th e on e advocate d here ,  bu t 
i s  actuall y a  complementar y one .  A s pointe d ou t  b y Tesa r  an d 
Smolensk y (1994) ,  tempora l  synchron y variabl e bindin g ca n 
be interprete d a s a n implementatio n o f  tenso r  produc t  variabl e 
binding. ^  I n addition ,  ther e i s som e evidenc e tha t  tempora l 
synchron y i s used  i n th e brai n t o d o variabl e bindin g (se e 
(Shastr i  an d Ajjanagadde ,  1993 )  page s 439-44 1 fo r  a  discus -
sion) .  Thu s i f  w e assum e tha t  th e variabl e bindin g componen t 
of  Hadle y an d Hayward' s networ k i s a n abstrac t  representa -
tio n o f  a  tempora l  synchron y variabl e bindin g mechanism , 
the n th e "mer e implementation "  criticis m i s addressed .  Mor e 
argument s agains t  thi s criticis m wil l  b e give n below .  I n th e 
othe r  direction ,  th e experiment s ru n b y Hadle y an d Ha y war d 
(1995 )  demonstrat e tha t  whe n systematicit y i s embodie d i n 
a networ k (a s i n tempora l  synchron y variabl e bindin g net -
works) ,  simpl e connectionis t  learnin g technique s ca n b e ver y 
effectiv e fo r  gramma r  induction . 

Signature s (Lang e an d Dyer ,  1989) ,  C O N S Y D E RR 
(Sun ,  1992) .  an d pattern-similarit y associatio n (Bamde n an d 
Srinivas ,  1991 )  us e th e activatio n leve l  dimensio n t o represen t 
variabl e bindings .  Thi s complicate s th e natur e o f  computa -
tio n i n th e network ,  sinc e activatio n leve l  i s  als o bein g use d 
t o represen t  wha t  feature s a  variable' s entit y  has .  I t  i s  con -
ceivabl e tha t  thes e tw o type s o f  informatio n coul d b e folde d 
int o individua l  activatio n levels ,  bu t  i t  isn' t  a t  al l  clea r  h o w 
thi s coul d resul t  i n differen t  variabl e binding s bein g treate d 
th e sam e bu t  th e presenc e o r  absenc e o f  feature s bein g treate d 
differently .  Al l  th e abov e investigation s us e th e alternativ e 
approach ,  i n whic h thes e tw o type s o f  informatio n ar e repre -
sente d i n th e activatio n level s o f  tw o differen t  set s o f  units .  I n 
thi s approach ,  coordinatin g computatio n betwee n th e tw o set s 
of  unit s require s representin g th e binding s betwee n th e vari -
able s an d thei r  entity' s features .  Thes e binding s d o no t  hav e 
t o b e dynamicall y instantiated ,  s o fixed  spatia l  relationship s 
can b e used .  However ,  systematicit y stil l  require s learne d pa -
rameter s t o b e independen t  o f  thes e bindings .  Becaus e thes e 
binding s ar e represente d usin g space ,  the y pos e th e sam e 
problem s a s usin g spac e t o represen t  variabl e bindings . 

Tempora l  synchron y variabl e bindin g (Shastr i  an d Ajjana -
gadde ,  1993 )  i s currentl y  th e onl y proposa l  fo r  h o w t o us e th e 
tim e dimensio n t o represen t  variabl e bindings .  I n thi s model ,  a 
variabl e bindin g i s represente d b y specifyin g th e time s durin g 
whic h th e computation s involvin g th e variabl e shoul d tak e 
place .  I f  tw o unit s ar e representin g informatio n abou t  th e 
same variable ,  the n the y outpu t  activatio n a t  th e sam e tim e 

(i.e .  synchronously) .  Fo r  ou r  task ,  i f  a  give n wor d i s i n a 
give n syntacti c position ,  the n th e unit s tha t  represen t  th e wor d 
ar e outputtin g activatio n a t  th e sam e tim e a s th e unit s tha t 
represen t  th e syntacti c position .  Computation s ar e performe d 
when thi s activatio n spread s throug h th e network' s links .  N o 
matte r  a t  wha t  tim e thi s computatio n occurs ,  th e sam e lin k 
weight s wil l  b e used .  Thu s n o matte r  wha t  variabl e bindin g 
a wor d o r  syntacti c positio n participate s in ,  th e sam e learne d 
parameter s wil l  ̂ p l y t o it .  I n othe r  words ,  learne d parameter s 
ar e independen t  o f  variabl e bindings .  Thu s th e informatio n 
tha t  th e networ k ha s learne d abou t  a  wor d o r  syntacti c posi -
tio n i n on e se t  o f  word-positio n pairing s wil l  autonuiticall y 
be applie d t o th e sam e wor d o r  syntacti c positio n i n differen t 
pairings .  Therefor e th e us e o f  tempora l  synchron y variabl e 
bindin g inherentl y result s i n a  networ k whic h generalize s in -
formatio n abou t  word s from  on e syntacti c positio n t o another , 
and i t  inherentl y exhibit s stron g systematicity . 

Temporal Synchrony Variable Binding 

Tempora l  synchron y variabl e bindin g i s a  techniqu e tha t  ca n 
be applie d t o virtuall y an y styl e o f  connectionis t  model .  Fo r 
highe r  leve l  cognitiv e activitie s suc h a s languag e interpreta -
tio n recurren t  network s ar e o f  particula r  interest .  Recunen t 
network s accep t  a  sequenc e o f  input s ove r  time ,  an d perfor m 
a sequenc e o f  computations .  A s wit h variabl e binding ,  th e 
us e o f  tim e t o represen t  th e inpu t  sequenc e allow s th e learne d 
parameter s o f  a  recunen t  networ k t o b e independen t  o f  abso -
lut e positio n i n th e inpu t  sequence .  Thereb y suc h network s 
ca n generaliz e wha t  the y lear n abou t  on e positio n i n th e inpu t 
sequenc e t o othe r  positions .  Thi s propert y i s imp)erativ e fo r 
languag e interpretation ,  wher e th e absolut e positio n o f  a  wor d 
i n a  sentenc e carrie s virtuall y n o information .  Thu s w e nee d 
a networ k tha t  ca n us e th e tim e dimensio n t o represen t  bot h 
inpu t  sequenc e an d variabl e bindings . 

Al l  tha t  i s  neede d fo r  a  networ k t o represen t  bot h in -
put  sequenc e an d variabl e binding s i n th e tim e dimensio n 
i s unit s tha t  puls e periodically .  Th e period s o f  th e result -
in g patter n o f  activatio n correspon d t o step s i n th e com -
putation ,  an d th e phase s correspon d t o variabl e bindings. ^ 
I n effec t  thi s metho d simpl y time-multiplexe s a  recunen t 
networ k acros s variables .  Suc h a  periodi c patter n o f  acti -
vatio n i s illustrate d i n figure  1 ,  wher e ther e ar e tw o vari -
able s an d thre e computatio n steps .  I n th e initia l  compu -
tatio n ste p th e patter n o f  activatio n represent s th e informa -
tio n Mary{x)AJohn{y)Asubject{x)Aobjecl{y)Aactive .  The n 
some o f  th e link s o f  th e networ k propagat e activatio n fro m 
th e "Mary "  uni t  t o th e " M A R Y "  unit ,  resultin g i n th e patter n 
show n i n th e secon d an d subsequen t  period .  Thes e link s im -
plemen t  th e rul e ' izMary{z)=>MARY(z) .  Informatio n tha t 
i s no t  predicate d o f  a  variabl e i s represente d wit h unit s tha t 
do no t  pulse ,  an d thu s sta y activ e acros s phases .  Suc h a  uni t 
i s  show n i n figure 1  labele d "active "  (fo r  activ e voice ,  a s 
oppose d t o passiv e voice) .  Thes e unit s ca n b e use d t o rep -
resen t  globa l  context ,  an d t o coordinat e computatio n acros s 

'Tesa r  an d Smolensk y (1994 )  argu e tha t  th e us e o f  tim e rathe r 
tha n spac e t o represen t  variabl e binding s i s purel y a n implementatio n 
issue .  Thi s i s reasonabl e when ,  a s the y do ,  on e onl y look s a t  stati c 
representations .  However ,  a s argue d here ,  whe n th e issu e o f  learnin g 
i s take n int o consideratio n th e us e o f  tim e rathe r  tha n spac e become s 
quit e important ,  eve n a t  th e architectur e level . 

'Whil e th e periodi c firing  o f  group s o f  neuron s a t  th e sam e fire-
quenc y i s overl y simplistic ,  i t  appear s t o b e a n appropriat e mode l  a t 
thi s leve l  o f  abstraction .  Th e onl y necessar y propertie s her e ar e tha t 
group s o f  neuron s ca n achiev e som e for m o f  synchronou s firing  an d 
maintai n tha t  synchron y ove r  som e perio d o f  time ,  whic h the y ca n 
do (Gra y etal. .  1991) . 
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variables .  I n effec t  the y ar e a  subpar t  o f  th e recurren t  net -
wor k tha t  i s no t  time-multiplexed .  An y aspec t  o f  a  tas k fo r 
whic h systematicit y i s no t  applicabl e ca n b e handle d withi n 
thi s subpart. ' 

Mary .[TI [TI [TI I 

John !  n ;  n ;  n ; 

^  subjec t  i n L n lT T L 

i  objec t  !  n !  n !  n ! 
I I 

activ e 

M A RY 

-r 
I  I  I 

- i n — i n — ; 
I 

ume 

Figur e 1 :  A n exampl e o f  h o w tempora l  synchron y ca n b e 
use d t o represen t  variabl e bindings .  Eac h soli d lin e show s 
th e outpu t  o f  a  uni t  ove r  time .  Th e dashe d line s divid e thi s 
tempora l  patter n int o periods . 

The above discussion of temporal synchrony variable bind-
in g demonstrate s tha t  thi s techniqu e ca n b e interprete d a s 
an implementatio n o f  classica l  computationa l  architecture . 
However ,  i t  i s  no t  a  mer e implementation .  Th e inheren t  na -
tur e o f  systematicit y i n tempora l  synchron y variabl e bindin g 
network s an d th e biologica l  evidenc e fo r  thi s implementa -
tio n metho d mean s tha t  th e pervasivenes s o f  systematicit y 
i n cognitiv e activitie s i s explaine d b y thi s choic e o f  imple -
mentation .  Thi s i s i n contras t  t o th e situatio n i n classica l 
approaches ,  wher e compositionalit y i s use d t o captur e sys -
tematicity .  Compositionalit y ha s n o independen t  motivation s 
(othe r  tha n mathematica l  simplicity) ,  an d thu s shoul d b e con -
sidere d a  descriptio n o f  th e phenomen a o f  systematicity ,  an d 
not  a n explanatio n o f  it .  Th e biologica l  evidenc e fo r  tempo -
ra l  synchron y variabl e bindin g ha s als o bee n use d t o explai n 
othe r  cognitiv e phenomen a tha t  wer e previousl y describe d 
i n classica l  terms ,  suc h a s Miller' s (1956 )  boun d o n shor t 
ter m memor y o f  seve n plu s o r  minu s tw o thing s (Shastr i  an d 
Ajjanagadde ,  1993) .  Furthermore ,  th e les s abstrac t  leve l  o f 
descriptio n provide d b y tempora l  synchron y variabl e bind -
in g ha s provide d insight s int o cognitiv e phenomen a tha t  hav e 
not  bee n achieve d a t  th e classica l  level .  Fo r  example ,  som e 
constraint s o n lon g distanc e dependencie s i n natura l  languag e 
(wh -  movement )  ca n b e explaine d b y th e inabilit y  o f  simpl e 
tempora l  synchron y variabl e bindin g network s t o generaliz e 
ove r  pair s o f  constituent s (Henderson ,  1994b) .  B y accountin g 
fo r  thes e particula r  phenomen a a t  th e implementatio n level , 
th e classica l  competenc e theor y o f  lon g distanc e dependencie s 
i s greatl y simplified .  Becaus e tempora l  synchron y variabl e 
bindin g help s bridg e th e ga p betwee n lo w leve l  biologica l 
evidenc e an d hig h leve l  cognitiv e phenomena ,  mor e suc h in -
sight s ar e likel y i n th e future .  Eve n n o w i t  i s  abundantl y 
clea r  tha t  tempora l  synchron y variabl e bindin g i s no t  merel y 
an implementatio n o f  a  classica l  computationa l  architecture . 

*Fo r  a  mor e thoroug h presentatio n o f  tempora l  synchron y vari -
abl e bindin g an d ho w i t  ca n b e use d t o implemen t  a  syntacti c parser , 
see eithe r  (Henderson ,  1994a )  o r  (Henderson ,  1994b) . 

Th e paralle l  betwee n th e us e o f  tim e i n recurren t  network s 
and th e us e o f  tim e i n tempora l  synchron y variabl e bind -
in g mean s tha t  method s fo r  trainin g recurren t  network s ca n 
be generalize d t o tempora l  synchron y variabl e bindin g net -
works .  Thu s jus t  a s a  recurren t  networ k ca n lear n tha t  "the " 
i s usuall y followe d b y a  nou n regardles s o f  wher e i t  occur s i n 
th e sentence ,  a  tempora l  synchron y variabl e bindin g networ k 
ca n lear n tha t  "Mary "  i s usuall y a  nou n phras e regardles s o f 
what  syntacti c positio n i t  ha s i n th e sentence .  S o m e compli -
cation s aris e whe n i t  i s necessar y t o lear n whe n t o inu-oduc e 
ne w entities ,  bu t  thes e ar e orthogana l  t o th e issu e o f  system -
aticity .  Method s fo r  effectiv e learnin g i n tempora l  synchron y 
variabl e bindin g network s i s a n are a o f  activ e researc h b y th e 
autho r  an d Shastri . 

Conclusion 

Tempora l  synchron y variabl e bindin g (Shastr i  an d Ajjana -
gadde ,  1993 )  i s a  connectionis t  metho d fo r  representin g mul -
tipl e entities ,  eac h wit h multipl e features .  I t  use s th e tim e 
dimensio n t o represen t  th e bindin g betwee n th e differen t  fea -
ture s o f  a  give n entit y  (i.e .  variabl e bindings) .  Becaus e th e 
effec t  o f  a  lin k weigh t  o n th e network' s computatio n i s in -
dependen t  o f  th e tim e a t  whic h th e computatio n occurs ,  th e 
learne d parameter s o f  th e networ k ar e inherentl y independen t 
of  it s  variabl e bindings .  I n othe r  words ,  learne d parameter s in -
herentl y generaliz e acros s entities .  I n particular ,  informatio n 
learne d abou t  word s an d informatio n learne d abou t  syntacti c 
position s wil l  bot h generaliz e t o ne w pairing s o f  word s wit h 
syntacti c positions .  Thi s i s th e criteri a Hadle y (1994a )  de -
velop s i n hi s formalizatio n o f  Fodo r  an d Pylyshyn' s (1988 ) 
concep t  o f  systematicity .  Thu s w e hav e succeede d i n showin g 
tha t  tempora l  synchron y variabl e bindin g i s a  connectionis t 
architectur e tha t  account s fo r  systematicity .  I n th e process , 
we hav e clarifie d th e notio n o f  systematicit y an d show n it s 
implication s fo r  variabl e bindin g techniques . 

Whil e thi s demonstratio n ha s bee n couche d i n th e term s 
of  natura l  languag e interpretation ,  i t  i s  clea r  tha t  th e abilit y 
t o generaliz e acros s entitie s i s applicabl e t o a  broa d rang e o f 
highe r  leve l  cognitiv e activities .  Arguably ,  i t  i s precisel y th e 
lac k o f  thi s generalizatio n abilit y  tha t  ha s prevente d standar d 
connectionis t  network s from  matchin g th e abilitie s o f  sym -
boli c system s i n thes e tasks .  Th e wor k presente d i n thi s pape r 
indicate s h o w th e impressiv e learnin g abilitie s o f  connection -
is t  network s fo r  patter n matchin g task s ca n b e extende d t o th e 
mor e comple x domain s typica l  o f  highe r  leve l  cognition . 
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Abstrac t 

Using a new developed task environment that allows to 

contro l  fo r  dept h an d widt h o f  proble m spac e (Matc h Stic k 
Algebr a problems) ,  thre e experiment s wer e conducte d t o 

investigat e th e rol e o f  implici t  constraint s i n insigh t  proble m 
solving .  Th e f u ^  experimen t  showe d tha t  constraint s cause d 
by prio r  knowledg e o f  commo n algebr a lea d t o larg e 
difference s i n solutio n times ,  whe n the y wer e encountere d fo r 

th e fu ^  time .  N o diflerence s wer e foun d afte r  th e constraint s 
had bee n relaxed .  I n th e secon d experimen t  complimentar y 
moves ha d t o b e applie d i n tw o differen t  equatio n structures , 
one similia r  t o commo n algebra ,  one  dissimilia r  t o commo n 
algebra .  Consisten t  wit h ou r  prediction s differen t  proble m 

structure s lea d t o a  reversed  orde r  o f  tas k difficult y fo r  th e 
same move s dependin g o n th e activatio n o f  prio r  knowledg e 
from  rea l  algebra .  I n th e thir d experimen t  i t  wa s show n tha t  a 
re-distributio n o f  activatio n i n a  networ k cause s th e removin g 
of  constraints .  Non-detectabl e primin g o f  th e solutio n lea d t o 
significantl y mor e solution s i n th e experimenta l  grou p a s 
compare d t o a  contro l  group . 

Introduction 

Insight can be defined as the act of breaking out of an 
impass e tha t  ha s bee n encountere d durin g proble m solvin g 
(Ohlsson ,  1992) .  Impasse s describ e menta l  state s i n whic h 
no activ e proble m solvin g occurs .  Bu t  wha t  i s th e caus e o f 
suc h impasse s an d wha t  i s  thei r  function ? O n e possibl e 
caus e o f  impasse s ar e implici t  constraint s tha t  proble m 
solver s pu t  o n th e goa l  stat e i n certai n problems .  Th e 
resolutio n o f  impasse s (restructuring )  the n coul d b e cause d 
by constrain t  relaxation ,  i.e .  a  gradua l  decreas e i n 
activatio n o f  thes e constraints . 

T o avoi d the  circula r  definitio n o f  insigh t  problem s i n 
forme r  studie s wher e insigh t  problem s ar e ofte n define d a s 
problem s i n whic h insigh t  occur s (Dominowsk i  &  Dallob , 
1994) ,  w e looke d fo r  a  tas k environmen t  wher e (a )  differen t 
level s o f  constraint s ca n b e distinguishe d o n th e basi s o f  a 
forma l  tas k analysi s an d b )  th e dept h (i.e. ,  lengt h o f 

solutio n path )  an d widt h (i.e. ,  branchin g fector)  o f  th e 
proble m spac e ca n b e controlle d acros s individuals . 

Th e domai n o f  Matc h Stic k Algebr a ( M S A )  fiilfill s  thes e 
requirements .  Th e goa l  i n M S A problem s i s alway s t o mak e 
an equatio n tru e b y movin g a  singl e stick .  Fo r  exampl e i n 
I V =  II I  +  II I  o r  i n II I  =  II I  +  III ,  th e solution s ar e 

VI  =  II I  -I -  II I  an d II I  =  II I  =  III . 
Th e dept h o f  th e proble m spac e i s  constan t  i n thes e 

problem s becaus e th e solutio n ca n b e obtaine d i n on e ste p 
(b y movin g on e stick )  an d n o intermediat e knowledg e stat e 
has t o b e remembered .  Th e widt h o f  th e proble m spac e i s 
k n o w n becaus e th e tas k analysi s reveal s whic h move s ca n 
be applie d t o a  proble m withi n th e give n instructio n (mov e 
on e singl e stic k t o mak e th e equatio n true ;  th e resultin g 
equatio n ca n onl y contai n R o m a n numeral s betwee n I  an d 
XII I  an d th e symbol s fo r  + ,  -  an d =) . 

Thi s allow s u s t o var y th e numbe r  an d typ e o f  constraint s 

independentl y fro m seria l  proble m solvin g aspects .  Th e 
obviou s sourc e o f  implici t  constraint s i n thi s tas k domai n i s 
th e subjects '  prio r  knowledg e o f  c o m m o n algebra .  Becaus e 
th e prio r  knowledg e regardin g algebr a problem s i s ver y 
systematic ,  clea r  hypothese s ca n b e formulate d t o whic h 

exten t  differen t  problem s shoul d activat e constraints .  Thi s 
fac t  ca n b e use d t o selec t  M S A task s tha t  var y o n a 
dimensio n fro m "no t  activatin g constraints "  t o "activatin g 
severa l  constraints" .  Th e first  experimen t  wa s carrie d ou t  t o 
determin e th e effec t  o f  differen t  type s o f  constraint s o n tas k 
difficulty . 

Experiment 1: Impasses and Transfer as a 

F u n c t i o n o f  Cons t ra i n t s 

In Experiment 1, participants solved problems that were 
mor e o r  les s likel y t o activat e constraint s (se e Tabl e 1) . 

Constraint s shoul d no t  b e activ e i n a  proble m lik e "V I  = 
VI I  +  I "  becaus e thi s equatio n ca n b e m a d e tru e b y movin g 
a matc h fro m on e numera l  t o anothe r  numeral ,  whic h i s th e 
same a s subtractin g 1  fro m on e sid e o f  th e equatio n an d 
addin g 1  t o th e othe r  sid e i n c o m m o n algebra . 
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Procedur e 

Tabl e 1 :  Task s use d i n Experimen t  1  an d th e constraint s 
tha t  mus t  b e relaxe d t o solv e them .  Solution s ar e show n m 

parentheses . 

Construn t 

NO 

OP 

EQ 

SEQ 

Bloc k 1 Bloc k 2 

vi  =  v n +  i 
(V n =  V I  +  I ) 

i = ii + n 

a =  II I  -  II ) 

IV = III-I 
(IV-11 1 =  I ) 

U =  II I  + 1 

a n =  11+1 ) 

III = V + III 

a n = V I  -  III ) 

V = III-II 
(V-II I  =  I1 ) 

111 =  11 1 +  11 1 I V =  I V +  I V 
an=111=111 )  av=iv=iv ) 

Th e problem s wer e presente d o n a  compute r  screen .  Ther e 
wer e tw o block s o f  M S A tasks .  I n eac h bloc k 6  task s 
(includin g 1  fo r  eac h leve l  o f  constraints ,  i. e N O ,  O P ,  E Q , 
S E Q,  an d 2  additiona l  tasks )  wer e presented .  Participant s 

wer e instructe d t o hi t  a  butto n a s soo n a s the y k n e w th e 
correc t  solutio n an d sa y i t  ou t  alou d afterwards .  Task s wer e 
presente d i n rando m orde r  withi n blocks .  I f  th e tim e 

participant s spen t  o n on e tas k exceede d five  minutes ,  th e 
tria l  wa s interrupte d an d the y wer e tol d th e solution .  T h e 
tim e neede d fo r  th e solutio n an d th e numbe r  o f  solutio n 
attempt s wer e recorded . 

Results 

Figur e 1  display s th e m e a n solutio n time s fo r  4  level s o f 
constraint s fo r  th e first  an d th e secon d presentatio n o f  eac h 
tas k type .  Th e solutio n time s wer e analyze d b y computin g a 
4 X 2 A N O V A wit h th e level s o f  constraint s ( N O vs .  O P 
vs .  E Q vs .  S E Q ,  within )  an d presentatio n (Firs t  vs .  Second , 
within )  a s th e factors . 

I n a n equatio n lik e " I  =  I I  +  11" ,  a  matc h ha s t o b e move d 
fro m th e plu s sig n t o a  numeral ,  resultin g i n " I  =  II I  -11" . 
Thi s typ e o f  operatio n ha s n o analo g i n standar d algebr a 
and henc e require s a  relaxatio n o f  wha t  w e cal l  th e O P -
constrain t  i.e. ,  tha t  operator s ca n no t  b e change d i n a n 
equation . 

An equatio n lik e "I V =  II I  - 1 "  require s relaxatio n o f  wha t 
we cal l  th e EQ-constrain t  i.e. ,  tha t  th e equa l  sig n ca n no t  b e 
change d i n a n equation ,  becaus e i t  define s a n equation .  Th e 
solutio n i n thi s cas e i s t o m o v e a  matc h fro m th e equa l  sig n 

t o th e minu s sign ,  resultin g i n "I V -  II I  =  I" . 
Finall y th e S E Q constraint ,  i.e .  tha t  a n equatio n allow s 

onl y on e equa l  sign ,  need s t o b e relaxe d i n a n equatio n lik e 
"11 1 =  11 1 +  III" .  Rotatin g th e vertica l  matc h o f  th e plu s sig n 
result s i n "II I  =  II I  =  III" ,  whic h i s th e solutio n i n thi s case . 

We expecte d solutio n time s t o increas e wit h eac h typ e o f 
constrain t  becaus e th e move s tha t  hav e t o b e carrie d ou t  ar e 
les s an d les s similia r  t o move s i n c o m m o n algebra .  Th e 
constrain t  relaxatio n hypothesi s predict s tha t  ther e shoul d 
be n o difference s betwee n thes e proble m types ,  onc e th e 
constraint s hav e bee n relaxed .  T o tes t  thi s prediction ,  w e 
presente d a  secon d tas k fo r  eac h typ e o f  m o v e i n a  transfe r 
condition . 

Participants 

Twent y undergraduate s fro m th e Universit y o f  H a m b u r g 

participate d fo r  cours e credit .  The y wer e al l  assigne d t o th e 
same condition ,  becaus e al l  factor s wer e varie d withi n 
subjects . 

240 
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0) 
E 
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c 
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60 

NO constrain t 
OP constrain t 
EQ constrain t 
SEQ constrain t 

Firs t  Presentatio n Secon d Presentatio n 

Figur e 1 :  M e a n solutio n time s i n first  an d secon d 
presentatio n a s a  functio n o f  constraint s (solutio n time s fo r 
not  solve d problem s wer e replace d wit h maxima l  solutio n 

tim e =  30 0 s) . 

Subjects needed more time for moves that are not allowed 
i n c o m m o n algebra ,  resultin g i n a  mai n effec t  fo r  level s o f 
constraints ,  F(3 ,  57 )  =  3.89 ,  A/5 g =  8636.96 ,  p  <  .05 .  Ther e 
was a  larg e transfe r  effec t  betwee n th e first  an d secon d 
presentatio n o f  a  proble m type ,  yieldin g a  significan t  mai n 
efi"ec t  fo r  presentation ,  F(l ,  19 )  =  18.81 ,  M S ^ =  14094.52 , 

p<m\ . 
Whil e ther e wer e larg e difference s i n solutio n time s fo r 

differen t  level s o f  constraint s i n th e first  block ,  ther e wer e 
almos t  n o difference s i n th e secon d block ,  resultin g i n a 
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significan t  interactio n betwee n level s o f  constraint s an d 

presentauon ,  F(3 ,  57 )  =  6.77 ,  M S ^  =  6308.70 ,  / ? <  .001 . 

Discussion 

Both predictions of the constraint relaxation hypothesis 

wer e supporte d b y th e results .  Problem s tha t  requir e 
relaxatio n o f  mor e constraint s tak e longe r  t o solv e tha n 
task s tha t  requir e relaxatio n o f  fewe r  constraints .  However , 

onc e th e constraint s hav e bee n relaxed ,  thes e difference s 
disappear . 

Experiment 2: Interaction between Structure 

a n d Const ra in t s 

We conducted Experiment 2 to determine the influence of 
differen t  tas k structure s o n implici t  constraints .  M S A 

equation s ca n hav e thre e differen t  type s o f  structure : 
(a )  Numera l  +/ -  Numera l  =  Numera l  (I I  +  II I  =  V ) , 

connectio n i s followe d b y resul t  (CR) ; 
(b )  Numera l  =  Numera l  +/ -  Numera l  ( V =  I I  +  III) , 

resul t  i s  followe d b y connectio n (RC) ; 
(c )  Numera l  =  Numera l  =  Numera l  (V I  =  V I  =  VI) , 

a structur e wit h tw o equa l  sign s (TEQ) . 
Whil e th e C R an d th e R C structure s hav e a  hig h 

resemblanc e t o c o m m o n algebr a problem s th e T E Q 
structur e i s ver y unusual .  Therefor e prio r  knowledg e o f 
c o m m on algebr a shoul d receiv e highe r  activatio n fro m th e 
CR an d R C structure s tha n fro m th e T E Q structure .  Th e 
differen t  amoun t  o f  activatio n shoul d affec t  th e eas e wit h 
whic h th e constraint s ca n b e relaxed .  W e use d onl y th e R C 
and T E Q structure s i n th e experiment . 

For  tw o operator s tha t  resulte d i n N O an d S E Q constrain t 
i n Experimen t  1 ,  wher e onl y th e R C structur e wa s used , 
ther e ar e operator s tha t  ar e complimentar y o n a  featur e 
leve l  i n th e T E Q structure .  A  tas k lik e V I  =  VI I  =  V  (V I  = 
VI  =  VI )  o f  th e T E Q structur e ca n b e solve d b y movin g a 

stic k fro m on e numera l  t o anothe r  numera l  a s i n a  tas k lik e 
VI  =  VI I  +  I  o f  th e R C structure .  W e cal l  thi s operato r 
"Chang e o f  value" .  I t  shoul d b e eas y t o appl y i n bot h 
structures ,  becaus e n o implici t  constraint s ar e expecte d t o 
occur . 

Th e situatio n i s quit e differen t  fo r  th e operato r  tha t 
resulte d i n th e SEQ-constrain t  i n th e R C structur e (w e cal l 
i t  "Chang e o f  structure") .  A s w e kno w fro m Experimen t  1  i t 
was ver y har d fo r  problem-solver s t o obtai n th e solutio n t o 
a proble m lik e II I  =  II I  +  II I  (II I  =  II I  =  III) .  Th e 

complimentar y mov e i n th e T E Q structur e i n a  tas k lik e 
VI  =  II I  =  II I  (V I  =  II I  +  III )  shoul d b e muc h easie r  t o appl y 

becaus e n o implici t  constraint s fro m c o m m o n algebr a ar e 
expecte d fo r  th e T E Q structure .  Moreover ,  changin g th e 
equa l  sig n t o a  plu s sig n transform s th e T E Q structur e int o 
th e mor e usua l  R C structure .  Therefor e w e expec t  a  larg e 

differenc e i n tas k difficult y betwee n R C an d T E Q structure s 
fo r  applyin g tha t  operator . 

Table 2: Tasks used in Experiment 2. Complementary 
moves o n th e featur e leve l  ar e require d t o solv e problem s o f 

th e R C an d T E Q structures . 

M o ve RC-Structur e TEQ-Stnictur e 

Chang e 
of  valu e 

VI  =  VI I  + 1 
(VI I  =  V I  +  I ) 

Chang e II I  =  II I  +  II I 
of  structur e (11 1 =  11 1 =  111 ) 

VI  =  VI I  =  V 
(V I  =  V I  =  VI ) 

VI = III = III 
(V I  =  II I  +  III ) 

Prediction s fo r  th e transfe r  betwee n th e R C an d T E Q 

structure s ca n als o b e mad e fro m th e notio n o f  implici t 
constraints .  Whil e prio r  experienc e wit h problem s o f  th e 
T E Q structur e shoul d remov e al l  constraint s tha t  normall y 
occu r  i n th e R C structure ,  prio r  experienc e wit h problem s 
of  th e R C structur e shoul d no t  resul t  i n decrease d tas k 
difficult y fo r  problem s o f  th e T E Q structure .  Thi s i s s o 

becaus e i n thi s structur e w e d o no t  expec t  implici t 
constraint s t o occur . 

Additionall y w e expec t  negativ e effect s o f  prio r  workin g 
on th e T E Q structur e fo r  Chang e o f  valu e i n th e R C 
structur e becaus e th e prio r  experienc e wit h problem s o f  th e 
T E Q structur e shoul d lea d t o a  menta l  se t  tha t  favor s 
operator s tha t  woul d normall y no t  b e availabl e du e t o 
implici t  constraint s i n th e R C structure .  Thi s shoul d mak e 
i t  harde r  t o carr y ou t  th e mov e tha t  i s normall y th e easies t 
t o apply . 

Subject s 

Twenty-tw o undergraduate s fro m th e 
Hambur g participate d fo r  cours e credit . 

Procedure 

universit y o f 

The procedur e wa s th e sam e a s i n Experimen t  1  excep t  tw o 
changes .  O n e grou p o f  participant s worke d o n a  bloc k o f 
si x problem s (includin g on e tha t  require d Chang e o f  valu e 
and on e tha t  require d Chang e o f  Structur e an d fou r  othe r 
problems )  o f  th e R C structur e firs t  an d the n o n a  bloc k o f 
si x problem s (includin g on e tha t  require d Chang e o f  valu e 
and on e tha t  require d Chang e o f  Structur e an d fou r  othe r 
problems )  o f  th e T E Q structure .  Th e othe r  grou p worke d o n 

th e block s i n reverse d order .  Th e tim e limi t  wa s raise d t o 8 
minutes ,  t o allo w mor e solution s t o b e complete d withi n th e 

tim e limit . 
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Result s 

Figure 2 displays the means for Change of value and 

Change o f  stiuctui e problem s i n th e R C an d T E Q 
structure s fo r  differen t  Orde r  o f  presentation .  Th e solutio n 
time s wer e analyze d b y computin g a  2 X  2  X  2  A N O V A 
wit h th e factor s Orde r  o f  presentatio n (RC-TE Q vs .  T E Q -
RC,  between) ,  Typ e o f  structur e (R C vs .  T E Q ,  within )  an d 
Typ e o f  mov e (Chang e o f  valu e vs .  Chang e o f  structure , 
within) . 

The onl y significan t  mai n effec t  wa s fo r  Typ e o f 
structure ,  F(l ,  20 )  =  6.44 ,  M S ^  =  10180.46 ,  p  <  .05 .  Th e 

overal l  difficult y o f  task s o f  th e T E Q stnictur e i s lower .  Th e 
significan t  2-wa y interactio n betwee n Orde r  o f  presentatio n 

and Typ e o f  structure ,  F(l ,  20 )  =  6.44 ,  M S g =  12912.31 ,  p 
< .01 ,  show s tha t  ther e i s transfe r  fro m th e T E Q structur e 
t o th e R C structur e only .  Fo r  participant s w h o solve d T E Q 
problem s first .  Change s o f  structur e wer e easie r  t o obtai n i n 
bot h structures .  Fo r  subject s w h o solve d R C problem s first , 
i t  wa s easie r  t o Chang e value s i n bot h structures .  Thi s i s 
reflecte d i n a  significan t  2-way-interactio n betwee n Orde r 
of  presentatio n an d Typ e o f  move ,  F(l ,  20 )  =  11.46 ,  M S ^  = 
12912.31 ,  E<.01 . 

Further ,  ther e i s a  significan t  3-wa y interactio n betwee n 
Orde r  o f  presentation .  Typ e o f  structur e an d Typ e o f  move , 
F(l ,  20 )  =  7.19 ,  M S g =  8726.19 ,  p  <  .025 .  Lon g lasUn g 
impasse s occure d onl y i n task s o f  th e R C structur e wher e 
problem-solver s ha d t o appl y th e Chang e o f  Structur e 
operator . 

transforme d a  c o m m o n algebrai c structur e (RC )  int o a n 

unusua l  structur e (TEQ )  becaus e o f  implici t  constraints . 

The complimentar y mov e tha t  transform s th e unusua l 
TEQ-structur e int o th e mor e c o m m o n RC-structur e wa s 
easy t o obtai n becaus e n o implici t  constraint s occure d i n 
thi s structure .  Moreover ,  prio r  experienc e wit h th e T E Q -
structur e remove d al l  constraint s tha t  normall y occu r  i n th e 
RC-structur e an d make s th e Chang e o f  valu e mov e harde r 
t o apply . 

E x p e r i m e n t  3 :  P r i m i n g th e correc t  solutio n 

Constraint relaxation can be understood as re-distribution 
of  activatio n ove r  a  network .  Thi s vie w implie s tha t  addin g 
activatio n t o node s tha t  ar e par t  o f  th e solutio n shoul d 
reduc e th e effec t  o f  constraints .  A n increas e o f  activatio n o f 
singl e node s ca n b e achieve d b y semanti c primin g eve n 
when th e prime s ar e shor t  enoug h t o rul e ou t  consciou s 
processing .  Fo r  th e problem s tha t  lea d t o th e longes t 
impasse s (E Q an d S E Q i n th e Numera l  =  Numera l  +/ -
Numeral  structure )  w e implemente d suc h a  primin g 
procedure .  I t  starte d afte r  2  minute s (th e tim e a t  whic h leas t 
solution s wer e observe d i n Experimen t  1 )  i f  subject s ha d 
not  solve d th e proble m before .  W e predicte d tha t  suc h a 
procedur e woul d preven t  o r  shorte n impasses . 

Participants: 

Thirty-fiv e undergraduate s fro m th e universit y o f  Hambur g 
participate d fo r  cours e credit . 
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Presen t  1s t  2n d 
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Presen t  1s t  2n d 
Order  TEQ-R C 

Figur e 2 :  3-way-interactio n betwee n Orde r  o f 
presentation .  Typ e o f  structur e an d Typ e o f  m o v e 

Discussio n 

The predictions of the constraint relaxation hypothesis were 
supporte d b y th e results .  A s i n Exper imen t  1  i t  w a s ver y 
har d fo r  problem-solver s t o carr y ou t  a  m o v e tha t 

Procedur e 

The procedur e wa s th e sam e a s i n Experiment s 1  an d 2 
wit h a  tim e limi t  o f  8  minute s an d onl y on e bloc k 
consistin g o f  8  differen t  M S A task s ( 5 N O constrain t  tasks , 
1 0P- ,  1  EQ- ,  an d 1  SEQ-constrain t  task) .  I n th e primin g 
procedur e th e subject s wer e instructe d t o fixate  th e first 
positio n i n th e tas k (II I  i n II I  =  II I  +  111 )  a s soo n a s a  soun d 
occur s an d t o chang e th e fixation  t o th e secon d positio n ( = 
i n II I  =  II I  =  III )  onl y whe n th e conten t  o f  th e actua l 
positio n wa s displaye d agai n afte r  bein g hidde n fo r  30 0 
msec behin d a  blac k mask . 

The y remaine d fixated  o n th e secon d position ,  unti l  th e 
conten t  o f  tha t  positio n wa s displaye d again ,  afte r  bein g 
hidde n b y a  30 0 mse c blac k mask .  I n tha t  manne r  subject s 
attende d t o eac h par t  o f  th e equatio n i n succession .  I n th e 
experimenta l  grou p a t  on e o r  tw o (correct )  position(s )  th e 
symbol(s )  constitutin g th e solutio n wer e show n fo r  1 7 mse c 
(fo r  exampl e i n II I  =  II I  +  II I  a  '= '  wa s show n a t  th e 
positio n o f  th e '+') -  I n th e contro l  grou p onl y th e mas k wa s 
shown .  Afte r  havin g complete d thi s procedure ,  subject s 
continue d t o solv e th e proble m fo r  on e minute ,  the n th e 
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primin g procedur e starte d agai n Thi s circl e wa s repeate d 

unti l  subject s solve d th e proble m o r  th e tim e limi t  wa s 

reached . 

Results 

Figur e 3  show s th e cumulativ e distributio n o f  solutio n 

frequencie s fo r  th e E Q an d S E Q problem s fo r  differen t 

primin g interval s i n th e primin g an d th e contro l  conditions . 
I n th e primin g conditio n seve n subject s solve d on e an d tw o 

subject s solve d tw o o f  th e E Q an d S E Q problem s afte r  th e 
firs t  an d secon d primes .  I n th e contro l  conditio n n o 
solution s wer e observe d i n thi s tim e period . 

Usin g a  x -̂'est ,  w e compare d th e frequenc y o f  solution s 

afte r  th e firs t  an d secon d prim e wit h th e frequenc y o f 

solution s tha t  occure d afte r  th e th e thir d prim e (includm g 
not  solve d problems )  i n bot h experimenta l  groups .  Th e 

differenc e wa s highl y significant ,  x ^  (d f  =  1 )  =  .0004 . 
Subject s i n th e primin g conditio n solve d significantl y mor e 
problem s i n th e interval s followin g th e firs t  an d secon d 
primes ,  althoug h non e o f  th e subject s reporte d havin g 
detecte d th e prim e durin g th e experiment . 

impass e 

Primin g 
Contro l 

Star t  1s t  prim e 3r d prim e 5t h prim e 
Not  prime d 2n d prim e 4t h prim e no t  solve d 

Figur e 3 :  Cumulativ e frequenc y o f  solution s i n differen t 
primin g internal s fo r  th e E Q an d th e S E Q proble m i n 

primin g an d contro l  conditions . 

Discussio n 

Th e result s o f  experimen t  3  provid e stron g evidenc e fo r  th e 
notio n o f  re-distributio n o f  activatio n durin g insigh t 
proble m solving .  Undetectabl e semanti c prime s le d t o mor e 

frequen t  solution s t o insigh t  problem s i n th e impass e phase , 
wher e i n a n contro l  grou p n o subjec t  foun d a  solutio n t o th e 
proble m i n tha t  phase . 

G e n e r a l  D iscuss io n 

The results of our experiments provide evidence for several 

fact s relate d t o Ohisso n s  (1992 )  framewor k fo r  insigh t 
proble m solving ,  particularl y th e notio n o f  constrain t 

relaxation .  I n Experimen t  1  i t  wa s show n tha t  ther e ar e 

discontinuitie s i n proble m solvin g tha t  ca n no t  b e attribute d 

t o th e dept h an d th e widt h o f  a  problem-solver' s proble m 
spac e (her/hi s representatio n o f  th e problem) .  Thi s ca n no t 

be explaine d b y theorie s tha t  hypothesiz e insigh t  t o occu r 
onl y i n problem s wher e a  chang e o f  proble m spac e become s 
necessary ,  becaus e ther e ar e to o m a n y possibilitie s i n th e 

origina l  proble m spac e t o b e teste d o r  certai n feature s o f  th e 
proble m ar e no t  include d i n th e proble m representatio n 

(Kapla n &  Simon ,  1990) .  I t  als o rule s ou t  an y theor y tha t 
handle s insigh t  proble m solvin g fro m a  business-as-usua l 
perspectiv e (Seifer t  e t  al. ,  1994) ,  regardin g insigh t 
phenomen a a s a n eithe r  no t  importan t  o r  non-existen t 
cognitiv e phenomeno n (Weisberg ,  1981) . 

Our  result s suppor t  th e notio n o f  impasse s tha t  describ e a 
menta l  stat e i n whic h n o problem-solvin g occurs .  The y als o 
sho w tha t  on e reaso n fo r  impasse s ar e implici t  constraint s 

tha t  problem-solver s impos e o n th e goa l  stat e i n insigh t 
problems .  Thes e constraint s ar e remove d a s soo n a s th e 
solutio n t o on e proble m tha t  activate s certai n constraint s i s 
known .  Thi s ca n b e see n fro m th e larg e transfe r  t o othe r 

task s o f  th e sam e type . 
Th e result s o f  Experimen t  2  sho w tha t  th e structur e i n 

whic h a  proble m i s presente d govern s th e activatio n o f 
prio r  knowledge .  Differen t  meaning s constitute d b y th e 
structur e reverse d th e patter n o f  tas k difficulty .  Th e wa y i n 
whic h activatio n i s distribute d initiall y  i s  a  ftinction  o f 
relation s tha t  ar e establishe d betwee n singl e part s o f  a 

structure ,  no t  o f  ever y singl e featur e o r  symbo l  o f  tha t 
structure .  I n thi s sens e th e actua l  proble m representatio n i s 
merel y on e possibl e interpretatio n o f  th e tas k environment . 

O ne restructurin g proces s tha t  lead s t o th e resolutio n o f 
impasse s coul d b e identifie d i n Experimen t  3 .  I t  wa s 
possibl e t o pus h subject s toward s th e solutio n o f  insigh t 
problem s b y presentin g the m wit h undetectabl e semanti c 
primes .  Thi s provide s evidenc e fo r  a  continuou s proces s o f 
constrain t  relaxation ,  i.e .  th e decreas e o f  activatio n i n 
node s o f  a  semanti c networ k wit h time ,  a s caus e fo r  th e 
subjectiv e experienc e o f  sudde n restructuring . 
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Abstrac t 

Context effects on problem solving demonstrated so far in 
th e literatur e ar e th e resul t  o f  systemati c manipulatio n o f 
some supposedl y irrelevan t  t o th e solutio n element s o f  th e 
proble m description .  Littl e attentio n ha s bee n pai d t o th e 
rol e o f  casua l  entitie s i n th e environmen t  whic h ar e no t  par t 
of  th e proble m description ,  bu t  whic h migh t  influenc e th e 
proble m solvin g process .  Th e mai n purpos e o f  th e curren t 
pape r  i s t o avoi d thi s limitatio n an d t o stud y th e contex t 
effect s (i f  any )  cause d b y suc h accidenta l  element s fro m th e 
proble m solver' s environmen t  an d i n thi s wa y t o tes t  th e 
prediction s mad e b y th e dynami c theor y o f  contex t  an d it s 
implementatio n i n th e D U A L cognitiv e architecture .  T w o 
experiment s hav e bee n performed .  I n Experimen t  I  th e 
entitie s whos e influenc e i s  bein g teste d ar e par t  o f  th e 
illustration s accompanyin g th e targe t  proble m description s 
and therefor e the y belon g t o th e cor e o f  th e context ,  whil e i n 
Experimen t  I I  th e teste d entitie s ar e par t  o f  th e illustration s 
accompanyin g othe r  problems '  descriptions ,  the y ar e 
accidenta l  wit h respec t  t o th e targe t  proble m an d therefor e 
the y possibl y belon g t o th e peripher y o f  th e contex t  (i f  a 
contex t  effec t  coul d b e demonstrate d a t  all) .  Th e result s 
demonstrat e bot h nea r  an d fa r  contex t  effect s o n proble m 
solvin g cause d b y cor e (Experimen t  I )  an d periphera l 
element s (Experimen t  II )  o f  th e perception-induce d context , 
respectively . 

1.  M o t i v a t i o n 

Let us recall two famous stories where a particular accidental 
even t  o r  th e presenc e o f  a  particula r  casua l  objec t  i n th e 
environmen t  ha s reportedl y playe d a  crucia l  rol e i n huma n 
proble m solving :  (1 )  Archimede s discovere d hi s la w i n th e 
bathtu b seein g th e wate r  overflowin g th e bathtu b whe n h e 
entere d it ;  (2 )  seein g a n appl e fallin g fro m a  tre e gav e 
Newto n inspiratio n fo r  hi s theor y o f  gravity .  Mos t  peopl e 
wil l  clai m the y hav e analogou s experience .  Surprisingl y 
enoug h thes e claim s hav e neve r  bee n teste d i n controlle d 
experiments .  Th e curren t  researc h focuse s o n explorin g 
whethe r  suc h accidenta l  object s o r  event s i n th e proble m 
solvers '  environmen t  ca n influenc e thei r  reasonin g proces s 
and o n explainin g ho w thi s coul d possibl y happen . 

Althoug h proble m solvin g ha s alway s bee n i n th e focu s 
of  researc h i n Cognitiv e Scienc e th e issue s o f  contex t 
influenc e o n proble m solvin g hav e largel y bee n ignored . 
Gestal t  psychologist s initiate d th e stud y o f  contex t  effect s 
on perceptio n an d proble m solving .  However ,  whil e i n 
perceptio n the y hav e focuse d o n question s lik e th e figure  an d 
backgroun d interaction ,  i n proble m solvin g the y typicall y 
tak e i t  a s grante d tha t  subject s star t  wit h a  clea r  proble m 
descriptio n (th e figure )  an d th e res t  o f  th e worl d i s ignore d 
durin g th e p-oble m solvin g proces s (th e background) .  Bein g 
intereste d i n ho w th e proble m representatio n i s  bein g 
constructed ,  the y hav e restricte d thei r  investigation s t o case s 
wher e al l  th e neede d element s ar e give n b y th e experimente r 
and th e tas k o f  th e subjec t  i s  t o arrang e the m i n a n 
appropriat e way .  The y hav e studie d som e o f  th e obstacle s i n 
buildin g correc t  representation s lik e functiona l  fixednes s 
(Maier ,  1931 ,  Dunker .  1945 )  an d se t  effect s (Luchins , 
1942) ,  whic h ca n b e calle d contex t  effects .  Recentl y Tversk y 
and Kahnema n (1981 )  an d Shafir ,  Simonso n an d Tversk y 
(1993 )  hav e demonstrate d contex t  effect s o n decisio n 
making ;  Johnson-Laird ,  Legrenz i  an d Legrenz i  (1972) ,  Gic k 
and Holyoa k (1980 ,  1983) ,  McAfe e an d Proffit t  (1991) , 
Cooke an d Breedi n (1994 )  hav e demonstrate d contex t  effect s 
on proble m solving .  However ,  th e contex t  effect s 
demonstrate d i n th e abov e researc h ar e th e resul t  o f 
systemati c manipulatio n o f  som e supposedl y irrelevan t  t o 
th e solutio n element s o f  th e proble m description .  Littl e 
attentio n ha s bee n pai d t o th e rol e o f  casua l  entitie s i n di e 
environmen t  whic h ar e no t  par t  o f  th e proble m description , 
but  whic h migh t  influenc e th e proble m solvin g process . 

The mai n purpos e o f  th e curren t  pape r  i s t o avoi d thi s 
limitatio n an d t o stud y th e contex t  effect s (i f  any )  cause d b y 
suc h accidenta l  element s fro m th e proble m solver' s 
environment . 

2. A Dynamic Theory of Context 

Recently a dynamic theory of context has been proposed 
(Kokinov ,  1995 )  wher e contex t  i s  considere d a s th e se t  o f  d l 
entitie s whic h influenc e huma n cognitiv e behavio r  o n a 
particula r  occasion .  Al l  thes e contex t  element s ar e element s 
of  huma n workin g memory .  Variou s entitie s influenc e th e 
cognitiv e proces s t o differen t  degrees ,  e.g .  usually ,  th e goa l 
influence s th e proble m solvin g proces s muc h deepe r  tha n a 
casua l  objec t  i n th e proble m solver' s environment .  Tha t  i s 
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why instea d o f  definin g dear-cu t  boundane s o f  contex t  i t 
woul d b e bette r  t o conside r  contex t  a s a  fuzz y se t  o f 
element s whic h graduall y diminis h thei r  influenc e o n huma n 
behavior .  A s a  consequence ,  contex t  i s  considere d a s th e 
dynami c fuzz y se t  o f  al l  associativel y relevan t  memor y 
element s {menta l  representation s o r  operations )  a t  a 
particula r  instan t  o f  time . 

Ther e ar e variou s source s o f  contex t  elements :  reasonin g 
mechanism s (th e se t  o f  element s produce d an d manipulate d 
by the m i s calle d reasoning-iiulucedcontext) ,  perceptua l 
mechamsms (th e se t  o f  element s produce d b y th e perceptio n 
proces s an d representin g entitie s fro m th e environmen t  i s 
caiie d perception-induce d context) ,  an d m e m o r y mechanism s 
(th e se t  o f  al l  element s retrieved/activate d b y memor y 
processe s o r  bein g a  residu e fro m a  previou s contex t  i s  calle d 
memory-  induce d context) . 

The effect s o f  th e memory-induce d contex t  ar e usuall y 
describeda s se t  effect s an d primin g effect s whil e th e effect s 
cause d b y th e perception-induce d contex t  ar e usuall y calle d 
simpl y contex t  effects .  Ther e ar e m a n y experiment s o n 
primin g effect s o n perception ,  categorization ,  languag e 
comprehension ,  sentenc e completion ,  etc .  S o m e 
experiment s performe d b y th e firs t  autho r  hav e demonstrate d 
primin g effect s o n proble m solvin g (Kokinov ,  1990 ,  1994a ) 
wit h ver y clea r  dynami c properties :  th e primin g effect s 
disappea r  i n th e cours e o f  tim e accordin g t o a n exponentia l 
la w Complementary ,  i n th e curren t  wor k w e ar e intereste d 
i n contex t  effect s o n proble m solving . 

A cognitiv e architectur e D U A L ha s bee n propose d wit h a 
specia l  emphasi s o n th e context-sensitiv e natur e o f  huma n 
cognitiv e processe s (Kokinov ,  1994b,c) .  A  context-sensitiv e 
model  o f  analogica l  reasoning ,  A M B R,  ha s bee n develope d 
on th e basi s o f  thi s architectur e (Kokinov ,  1994a) .  Th e 
performe d simulatio n experiment s wit h A M B R hav e 
replicate d th e pnmin g effect s obtaine d i n th e psychologica l 
experiment s an d i n additio n the y mad e a  predictio n abou t 
contex t  effect s o n proble m solving .  Par t  o f  th e motivatio n 
of  th e curren t  wor k i s t o tes t  thes e predictions . 

The D U A L architectur e explain s contex t  effect s i n th e 
followin g way .  T h e perceptua l  mechanism s buil d u p 
representation s o f  th e object s i n th e environmen t  an d thei r 
propertie s an d relation s i n th e Workin g M e m o r y ( W M )  o r 
jus t  reactivat e existin g representation s i n Long-Ter m 
Memory ( L T M )  an d brin g the m int o th e W M.  Durin g th e 
perio d o f  fixatio n o n a  particula r  objec t  it s  representatio n 
becomes a  sourc e o f  activation ,  i.e .  i t  continuousl y emit s 
activatio n t o it s neighbor s fo r  tha t  period .  Moreover , 
dependin g o n th e locatio n o f  th e objec t  i n th e visua l  fiel d 
(center/periphery )  an d th e amoun t  o f  attentio n devote d t o it , 
th e amoun t  o f  emitte d activatio n wil l  vary .  Th e basi c 
memory proces s i n D U A L i s a  proces s o f  spreadin g 
activatio n wher e eac h W M elemen t  continuousl y spread s it s 
activatio n t o it s  neighbors .  Th e resultin g activatio n level s o f 
th e L T M element s determin e thei r  availabilit y  (accessibilit y 
fo r  th e declarativ e element s an d spee d o f  runnin g fo r  th e 
procedura l  elements )  Th e genera l  prediction s tha t  thi s 
architectur e make s ar e tha t  (1 )  ever y elemen t  (b e i t  par t  o f 
th e proble m descriptio n o r  not )  whic h i s bein g perceive d 
(an d therefor e activate d i n W M )  ca n potentiall y  influenc e th e 
reasonin g proces s i f  i t  happen s tha t  i t  i s  someho w linke d 

(directl y o r  vi a a  chai n o f  links )  t o a  concep t  whic h ca n pla y 
a ke y rol e i n th e solutio n o f  th e problem ,  (2 )  th e mor e th e 
elemen t  i s attende d t o th e highe r  it s potentia l  influenc e (i f 
th e distanc e betwee n th e elemen t  an d th e ke y concep t  i s  th e 
same) ,  i.e .  generall y th e element s o f  th e cor e o f  th e context s 
(e.g .  th e element s o f  th e proble m description )  wil l  hav e 
greate r  impac t  tha n th e element s o f  th e peripher y o f  th e 
context ,  (3 )  fo r  a  larg e numbe r  o f  element s tha t  ar e no t 
intentionall y perceive d thei r  influenc e wil l  b e a t  th e 
subconsciou s leve l  an d coul d no t  b e reporte d b y th e subjects . 

T wo experiment s hav e bee n performed .  I n Experimen t  I 
th e entitie s whos e influenc e i s bein g teste d ar e par t  o f  th e 
illustration s accompanyin g th e targe t  proble m description s 
and ar e suppose d t o b e attende d t o eve n i f  late r  o n the y ca n 
be considere d a s irrelevant ,  therefor e the y (rather )  belon g t o 
th e cor e o f  th e context ,  whil e i n Experimen t  I I  th e teste d 
entitie s ar e par t  o f  th e illustration s accompanyin g othe r 
problems '  descriptions ,  the y ar e casua l  wit h respec t  t o th e 
targe t  proble m an d migh t  no t  b e attende d t o a t  all ,  therefor e 
the y (possibly )  belon g t o th e peripher y o f  th e contex t  (i f  a 
contex t  effec t  coul d b e demonstrate d a t  all) . 

3. Experiment I: Near Context Effects 

This experiment investigates the influence that some 
element s o f  th e environmen t  relate d t o th e proble m 
descriptio n (withou t  bein g a n explici t  par t  o f  it )  ca n hav e o n 
th e proble m solvin g process .  Simila r  experiment s hav e bee n 
performe d b y Maie r  (1931 )  accidentall y bumpin g agains t  a 
strin g t o ge t  i t  swingin g providin g a  hin t  fo r  th e solutio n o f 
th e two-strin g proble m an d b y Cook e an d Breedi n (1994 ) 
studyin g effect s o f  irrelevan t  shape s o f  object s o n naiv e 
reasonin g abou t  motio n an d trajectories .  I n thi s sens e thi s 
experimen t  ca n b e considere d a s a  replicatio n o f  existin g 
experiment s i n th e cas e o f  changin g th e illustration s 
accompanyin g som e insigh t  problems .  However ,  instea d o f 
explorin g whethe r  th e illustratio n ca n pla y th e rol e o f  a  hin t 
(e.g .  i t  wil l  rais e th e numbe r  o f  subject s correctl y solvin g 
th e problem )  thi s stud y focuse s o n whethe r  th e element s o f 
th e illustratio n ca n chang e th e wa y i n whic h th e proble m i s 
bein g solved . 

3.1. Method 

3.1.1. Subjects. 257 subjects (high school students and 
undergraduat e student s i n psychology ,  law ,  d rama , 
journalis m an d economic s a t  N B U )  participate d i n th e 
experiment . 

3.1.2. Design. There were two experimental conditions 
fo r  eac h targe t  proble m -  tw o differen t  context s i n whic h i t 
was presente d an d eac h subjec t  receive d on e o f  thes e tw o 
version s (i.e .  th e experimen t  ha d a  between-subject s design) . 
Subject s wer e randoml y assigne d t o th e tw o experimenta l 
conditions . 

For  eac h targe t  proble m th e variet y o f  solution s wa s 
clustere d i n severa l  categorie s an d eac h particula r  solutio n 
propose d b y a  subjec t  wa s classifie d a s belongin g t o on e o f 
the m b y tw o experts .  Th e numbe r  o f  categorie s differe d fro m 
proble m t o proble m dependin g o n th e richness  o f  th e targe t 
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d o m a i n T h e m e a s u r e d variabl e w a s th e typ e o f  th e solutio n 
propose d b y th e subject . 

T h e r e w e r e contro l  a n d contex t  conditions .  I n th e contro l 
conditio n subject s receive d just  th e standar d targe t  p rob le m 
descriptio n w h i c h doe s no t  includ e a  drawing .  I n th e contex t 
conditio n subject s receive d a n additiona l  pictur e (Figur e 1) . 

Targe t  Proble m 

tex t 

Targe t  Proble m 

tex t 

UlustnUo o 

n n n 

Contro l  Conditio n Contex t  Conditio n 

Figur e 1 .  Contro l  an d Contex t  Conditions . 

3.1.3. Materials. Four target problems were used in the 
experiment .  The y ca n b e classifie d a s variou s insigh t 
problems .  Becaus e o f  spac e limitation s onl y on e exampl e 
targe t  proble m wil l  b e described . 

Targe t  prob le m (Heatin g P r o b l e m ) :  Imagin e yo u 
ar e i n a  fores t  b y a  river  an d yo u wan t  t o hea t  u p som e 
water .  Y o u hav e onl y a  knife ,  a n ax e an d a  match-box .  Y o u 
hav e n o container s o f  an y kind .  Y o u coul d cu t  a  vesse l  o f 
wood bu t  i t  woul d b u m u p i f  place d abov e th e fire.  H o w 
woul d yo u boi l  you r  eg g usin g ̂ i s  woode n vessel ? 

Originall y presente d i n (Kokinov ,  1990 ) 
Thi s proble m wa s presente d i n th e followin g experimenta l 

conditions .  I n th e contro l  conditio n subject s receive d onl y 
th e textua l  descriptio n o f  th e problem ,  whil e i n th e contex t 
conditio n the y receive d a  colo r  pictur e i n additio n (Figur e 2 
present s a  gra y scal e cop y o f  it) .  Ther e ar e man y stone s i n 
th e pictur e an d th e intentio n wa s t o chec k whethe r  thi s 
woid d increas e th e numbe r  o f  subject s usin g stone s i n th e 
solutio n o f  th e proble m (a s predicte d b y th e simulatio n 
experiment) . 

«<»»fi ; 

3.1.4 .  P r o c e d u r e .  E a c h subjec t  receive d sheet s o f  pape r 
eac h presentin g o n e targe t  prob lem .  T h e y h a d t o solv e th e 
prob lem s o n e b y o n e an d fo r  a  fixe d perio d o f  t im e varyin g 
fo r  th e differen t  prob lem s (fro m 1  t o 4  minutes) .  T h e y we r e 
no t  a l lowe d t o b r o w s e th e sheet s o f  paper s a n d loo k a t 
previou s o r  followin g p rob lems ,  o r  t o c o m e late r  bac k t o 
previou s prob lems .  Subject s w e r e aske d t o repor t  i n cas e 
the y w e r e familia r  wi t h a  particula r  p rob le m a n d i n suc h 
case s thei r  result s wer e discarded . 

3.2. Results 

The solutions produced by the subjects were classified in the 
correspondin g numbe r  o f  categories .  Tabl e 1  present s th e 
percentag e o f  generate d solution s i n eac h categor y i n eac h 
expenmenta l  conditio n fo r  th e targe t  problem.  Th e result s 
sho w tha t  i n th e presenc e o f  th e pictur e significantl y mor e 
subject s (x^=31.S9 ,  df=4 ,  p<0.001 )  produc e solution s 
involvin g stone s ( 1 4 % produce d a  solutio n involvin g 
immersin g heate d stone s i n th e wate r  vs .  5 % i n th e contro l 
condition ,  an d 2 2 % produce d othe r  solution s involvin g 
stone s vs .  2 % i n th e contro l  group) .  Thi s correspond s t o th e 
simulatio n result s obtaine d i n (Kokinov ,  1994a )  an d s o 
meet s th e prediction s o f  th e theory . 

Simila r  contex t  effect s wer e demonstrate d wit h th e othe r  3 
targe t  problems .  Thu s ou r  hypothesi s abou t  th e presenc e o f 
contex t  effect s whe n manipulatin g element s o f  di e proble m 
illustratio n wa s supported . 

immersin g a  knif e 
immers in g a n ax e 
immers in g a  ston e 

othe r  usag e 
of  stone s 

othe r  solution s 
failure s 

Contro l 
23 
11 
5 
2 

59 

Contex t 
16 
10 
14 
22 

37 

Figur e 2 .  Pictur e use d a s illustratio n o f  th e targe t  proble m 
i n th e Contex t  condition . 

Tabl e 1 .  Percentag e o f  answer s whic h fal l  int o th e 
categor y correspondin g t o eac h cel l  i n th e Experimen t  o n th e 

Heatin g Proble m 

4.  E x p e r i m e n t  II :  F a r  C o n t e x t  Effect s 

This experiment investigates the influence that some 
margina l  element s o f  th e environmen t  (withou t  bein g par t  o f 
th e descriptio n o f  th e problem )  ca n hav e o n th e proble m 
solvin g process .  W e ar e no t  awar e o f  analogou s experiment s 
i n th e literature . 

4.1. Method 

4.1.1. Subjects. The same subjects who participated in 
Experimen t  I  participate d als o i n Experimen t  II . 

4.1.2. Design. Experiment II had a similar between-
subjec t  desig n a s Experimen t  I  an d th e sam e measure d 
variabl e (typ e o f  generate d solution) .  However ,  o n eac h shee t 
of  pape r  tw o problem s wer e presente d t o th e subjects :  th e 
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firs t  on e i s th e targe t  proble m an d th e secon d on e i s th e 
contex t  one . 

For  eac h targe t  proble m severa l  experimenta l  condition s 
wer e designed :  a  contro l  conditio n an d tw o o r  m o r e contex t 
condition s differin g i n th e illustratio n accompany in g th e 
secon d proble m o n th e shee t  (Figur e 3) . 

1 Proble m 1 

1 1  "•'' '  1  1 

lUusuatio Q 

o o o 

Proble m 

lUustraUo Q 

O OP 

Proble m 

@@ e 

Proble m 

lUustratio D 

Q s m. 

Proble m 

illustraUo n 2 

Contro l  Conditio n Contex t  Conditio n 1  Contex t  Conditio n 2 

Figure 3. Control and Two Context Conditions. 

4.1.3 .  Materials .  Agai n fou r  insigh t  problem s wer e use d 
i n th e experiment .  Th e contex t  problem s wer e designe d s o 
tha t  th e problem s themselve s an d thei r  solution s coul d no t 
hel p i n th e solutio n o f  th e targe t  problem ,  bu t  onl y thei r 
illustrati(m s coul d b e foun d relevant . 

Becaus e o f  spac e Umitation s onl y on e suc h targe t  proble m 
togethe r  wit h th e correspondin g contex t  problem s an d thei r 
illustration s wil l  b e described .  Thre e differen t  contex t 
condition s wer e used ,  i.e .  thre e differen t  contex t  problem s 
wer e presente d i n th e differen t  experimenta l  conditions . 

Targe t  P rob le m 2  (Th e Sprin g Prob lem) :  T w o 
spring s ar e mad e o f  th e sam e stee l  wir e an d hav e th e sam e 
number  o f  coils .  The y diffe r  onl y i n th e diameter s o f  th e 
coils .  Whic h sprin g woul d stretc h furthe r  dow n i f  w e han g 
th e sam e weight s o n bot h o f  them ? 

Adapte d fro m (Clement ,  1988 ) 
C o mb Contex t  P rob lem :  Fro m whic h par t  o f  th e 

comb woul d yo u produc e a  higher-pitche d sound ? 
Bent  C o m b Contex t  P rob lem :  Fro m whic h par t  o f 

th e com b woul d yo u produc e a  higher-pitche d soimd ? 
B e a m Contex t  Prob lem :  O n a  7  mete r  lon g leve r  tw o 

weight s ar e hangin g a s show n i n th e picture .  I f  on e o f  th e 
weight s i s 1 0 kg ,  wha t  shoul d th e othe r  on e b e s o tha t  th e 
leve r  remain s i n balance ? 

The c o m b wit h ben t  tine s i n th e secon d illustratio n 
(Figur e 4 )  wa s suppose d t o activat e th e concept s o f  bendin g 
and differen t  thicknes s an d consequentl y th e concep t  o f 
su-onge r  (mor e robust )  materia l  associate d wit h massiv e 
(solid )  object s an d therefor e t o mislea d subject s tha t  th e 
wide r  sprin g wil l  stretc h less .  Th e leve r  i n th e thir d 
illustratio n wa s suppose d t o activat e th e concep t  o f 
equilibriu m an d therefor e suggest s equa l  stretchin g o f  bot h 
springs . 

The com b i n th e firs t  illustratio n wa s initiall y  designe d 
Wit h th e intentio n t o activat e bendin g an d diifoen t 
thickness .  However ,  result s sho w tha t  th e concep t  o f 
bendin g i s no t  activate d b y thi s picmr e (tha t  i s wh y w e 

designe d th e secon d picture )  an d i t  seem s tha t  th e finger s 
poinun g t o th e thicke r  tine s o f  di e c o m b ar e associate d wit h 
th e wide r  sprin g whic h wil l  stretc h mor e (whic h happene d t o 
be th e ngh t  answer) . 

l i l l 

10 k g 7 

F igu r e 4 .  Drawing s use d fo r  th e c o m b ,  ben t  c o m b an d 
b e a m contex t  problems . 

4.1.4 .  P r o c e d u r e .  T h e s a m e procedur e a s i n 
Experimen t  I  wa s used ,  however ,  th e subject s receive d 
sheet s o f  pape r  eac h containin g tw o problems .  Ther e wa s th e 
followin g additio n t o th e instruction : 

"Thes e sheet s o f  paper s wer e als o use d i n anothe r 
experimen t  wher e th e subject s ha d t o solv e twic e a s man y 
problem s tha n i n th e presen t  experiment .  So ,  whe n yo u 
encounte r  tw o problem s o n th e sam e shee t  o f  paper ,  please . 
solv e onl y th e firs t  on e an d ski p th e secon d one .  I n thi s 
experimen t  w e ar e intereste d onl y i n th e firs t  problems. " 

Th e reaso n fo r  instructin g subject s t o ski p th e secon d 
proble m o n eac h shee t  (th e contex t  one )  i s tha t  w e woul d 
lik e t o isolat e th e contex t  effect s fro m th e primin g effects , 
i.e .  i f  th e subject s wer e solvin g th e contex t  proble m firs t  o r 
i n paralle l  wit h th e targe t  on e the n al l  th e concept s use d i n i t 
woul d b e activate d prio r  t o th e targe t  proble m solvin g 
proces s an d woul d hav e cause d a  primin g effect ,  i.e .  w e 
woul d tes t  th e influenc e o f  th e memory-induce d contex t 
instea d o f  th e perception-induce d context . 

Afte r  havin g finishe d wit h th e problem s th e subject s wer e 
tol d th e ai m o f  th e experimen t  an d it s hypothesi s an d wer e 
aske d t o writ e dow n a n introspectiv e repor t  o n whethe r  the y 
wer e influence d b y th e secon d problem s while  solvin g th e 
firs t  one s 

4.2. Results 

The solutions produced by the subjects were classified in the 
correspondin g numbe r  o f  categories .  Tabl e 2  present s th e 
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percentag e o f  generate d solution s i n eac h categor y i n eac h 
experimenta l  condition . 

The result s obtaine d fo r  th e sprin g proble m wer e foun d t o 
diffe r  significantl y  i n th e differen t  contex t  condition s a s wel l 
as betwee n th e contro l  conditio n an d th e variou s contex t 

conditions :  contro l  conditio n -  com b conditio n ( x -13.07 , 

p<:0.01) ,  contro l  conditio n -  ben t  com b conditio n ( x = 6 17 , 

p<0.05) ,  contro l  conditio n -  bea m conditio n ( x -10.63 , 

p<0.01) ,  c o m b conditio n -  bea m conditio n ( x -10.83 , 

p<0.01) ,  bea m conditio n -  ben t  com b conditio n ( x -15.55 , 
p<0.001) ,  c o m b conditio n -  ben t  c o m b conditio n 

(X2=31.99 ,  p<0.001) .  Whil e i n th e com b conditio n 6 5 % o f 
th e subject s produce d th e right  answe r  (i n contras t  wit h 4 6 % 
i n th e contro l  conditio n an d eve n fewe r  i n th e othe r  contex t 
conditions) ,  i n th e ben t  com b conditio n 5 9 % o f  th e subject s 
gav e a  preferenc e t o th e slende r  sprin g (i n contras t  t o 4 5 % i n 
th e contro l  conditio n an d eve n les s i n th e othe r  contex t 
conditions) ,  an d i n th e leve r  conditio n subject s tende d t o 
equaliz e bot h spring s (26 % wrot e tha t  bot h spring s woul d 
stretc h equall y i n contras t  t o th e 9 % i n th e contro l 
condition) . 

answer 
conditio n 
contro l 
comb 
bent  com b 

bea m 

wide r 
sprin g 

46 
65 
29 
42 

sl̂ ide r 
sprin g 

45 
21 
59 
32 

equall y 

9 
14 
12 
26 

T a b l e 2 .  Percentag e o f  answer s whic h fal l  int o th e 
categor y correspondin g t o eac h cel l  i n th e experimen t  o n th e 

targe t  proble m 

Many subjects reported in their protocols that they were not 
awar e o f  an y relatio n betwee n th e problem s (th e targe t  an d 
th e contex t  ones )  an d tha t  (a s a  resul t  o f  th e instructio n an d 
tim e pressure )  the y hav e completel y ignore d th e secon d 
proble m whil e solvin g th e firs t  one .  (Moreover ,  som e o f 
the m (fortunately ,  no t  many )  hav e unconsciousl y covere d 
th e secon d hal f  o f  th e shee t  wit h thei r  hand s whil e solvin g 
th e targe t  problems) .  However ,  th e result s describe d abov e 
provid e evidenc e tha t  thes e problem s hav e actuall y 
influence d subjects '  behavio r  a t  th e unconsciou s level . 

5. General Discussion 

The performed experiments have demonstrated both near and 
fa r  contex t  effect s o n proble m solvin g cause d b y cor e 
(Expenmen t  I )  an d periphera l  element s (Experimen t  II )  o f 
th e perception-induce d context ,  respectively . 

The result s obtaine d fro m th e experimen t  wit h th e Heatin g 
Proble m ar e coheren t  wit h th e simulatio n result s obtaine d 
earhe r  o n th e sam e proble m (Kokinov ,  1994a) . 

Ther e ar e man y direction s fo r  futur e wor k a s th e curren t 
wor k mark s onl y th e beginnin g o f  mor e extensiv e stud y o f 
contex t  effect s o n proble m solving .  Emphasi s wil l  b e pu t 
on fa r  contex t  effect s an d a n attemp t  wil l  b e mad e t o 
measur e contex t  effec t  a s a  functio n o f  th e physical . 

conceptua l  an d pragmati c distanc e betwee n di e targe t  an d th e 
contex t  proble m descriptions . 
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Abstrac t 

The case-based reasoning (CBR) process solves prob-
lems b y retrievin g prio r  solution s an d adaptin g the m t o 
fit  ne w circumstances .  Man y studie s examin e ho w case -
base d reasoner s lear n b y storin g ne w case s an d refinin g 
th e indice s use d t o retriev e cases .  However ,  littl e atten -
tio n ha s bee n give n t o learnin g t o refin e th e proces s fo r 
applyin g retrieve d cases .  Thi s pape r  describe s researc h 
investigatin g ho w a  case-base d reasone r  ca n lear n strate -
gie s fo r  adaptin g prio r  case s t o fit  ne w situations ,  an d 
how it s similarit y criteri a ma y b e refine d pragmaticall y 
t o reflec t  ne w capabilitie s fo r  cas e adaptation .  W e begi n 
by highlightin g psychologica l  researc h o n th e develop -
ment  o f  similarit y criteri a an d summarizin g ou r  mode l 
of  cas e adaptatio n learning .  W e the n discus s initia l  step s 
toward s pragmaticall y refinin g similarit y criteri a base d 
on experience s wit h cas e adaptation . 

Introduction 

Case-base d reasonin g ( C B R )  i s a  reasonin g proces s tha t 
solve s ne w problem s b y retrievin g simila r  prio r  problem -
solvin g episode s an d adaptin g thei r  solution s t o fit  th e 
new situations .  Learnin g b y rememberin g case s i s a  fun -
damenta l  par t  o f  case-base d reasoning :  Eac h problem -
solvin g episod e provide s a  ne w cas e fo r  futur e use .  C B R 
researc h ha s als o devote d considerabl e attentio n t o learn -
in g b y refinin g th e indice s use d t o guid e cas e retrieval . 
However ,  littl e attentio n ha s bee n give n t o learnin g ho w 
case s shoul d b e applied .  Thi s pape r  discusse s researc h 
modelin g ho w a  case-base d reasone r  ca n mak e bette r  us e 
of  it s prio r  case s b y learnin g ho w t o adap t  the m t o ne w 
circumstances ,  an d b y refinin g th e similarit y criteri a i t 
uses t o reflec t  change s i n it s adaptatio n abilities . 

Acquisitio n o f  cas e adaptatio n knowledg e i s a  clas -
si c proble m fo r  model s o f  case-base d reasonin g (Kolod -
ner ,  1991) .  C B R system s generall y rel y o n stati c set s o f 
hand-code d adaptatio n rules ,  bu t  developin g th e neede d 
rule s ha s prove n t o b e a  ver y difficul t  problem .  How -
ever ,  a s studie s show ,  huma n case-base d reasoner s ar e 
adep t  a t  applyin g prio r  case s (se e Kolodner ,  1993 ,  fo r 
an overview) .  Consequently ,  a  natura l  questio n fo r  C B R 
as a  cognitiv e mode l  i s ho w th e requisit e cas e adaptatio n 
knowledg e migh t  b e acquired . 

We ar e investigatin g a  metho d fo r  learnin g specifi c 
adaptatio n knowledg e t o augmen t  a n initia l  librar y o f 

ver y genera l  cas e adaptatio n rule s (Leake ,  1995b) .  I n ou r 
approach ,  a  case-base d reasone r  begin s wit h a  smal l  se t 
of  abstrac t  rule s fo r  transformin g case s an d fo r  searchin g 
memory t o find  th e informatio n neede d t o mak e adapta ^ 
tions .  Thi s genera l  knowledg e i s use d t o perfor m adapta r 
tion s fro m scratch .  Th e syste m improve s it s adaptatio n 
capabilitie s b y savin g trace s o f  th e derivation s o f  ne w 
adaptation s i n a  librar y o f  adaptatio n case s an d reusin g 
the m fo r  simila r  adaptatio n problems .  Thu s i t  make s a 
transitio n fro m rule-base d t o case-base d cas e adaptatio n 
(Leake ,  1995b ;  Leak e e t  al. ,  1996) .  B y savin g memor y 
searc h case s an d adaptatio n cases ,  a  C B R syste m ca n 
acquir e specifi c  adaptatio n knowledge . 

Adaptatio n learnin g provide s th e motivatio n fo r  an -
othe r  typ e o f  learning ,  learnin g t o refin e similarit y  cri -
teria .  A  centra l  rol e o f  similarit y judgment s i n case -
base d reasonin g i s t o determin e whic h case s t o appl y 
t o a  ne w situatio n an d ho w t o adap t  the m t o fit  ne w 
circumstances .  Althoug h C B R system s ofte n bas e simi -
larit y judgment s o n semanti c similarity ,  th e rea l  goj d o f 
"similarit y assessment "  i n C B R i s t o determin e adapt -
ability :  ho w easil y a n ol d cas e ca n b e adapte d t o fit  th e 
requirement s o f  a  ne w situatio n (Birnbau m e t  al. ,  1991 ; 
Smyt h an d Keane ,  1995 ,  1996) .  I f  adaptatio n knowl -
edg e i s learned ,  stati c similarit y criteri a m a y no t  kee p 
pac e wit h ne w capabilitie s fo r  performin g adaptations . 
Thu s similarit y assessmen t  criteri a shoul d chang e a s ne w 
adaptatio n knowledg e i s acquired . 

We first  discus s th e relationshi p o f  ou r  approac h t o 
psychologica l  result s o n th e developmen t  o f  similzirit y 
criteri a an d pragmati c influence s o n cas e adaptation .  W e 
the n summariz e ou r  model' s approac h t o improvin g cas e 
adaptatio n an d som e preliminar y result s o n th e efiect s o f 
adaptatio n leairning .  Finally ,  w e describ e th e metho d w e 
ar e developin g fo r  makin g similarit y assessmen t  reflec t 
adaptatio n experienc e an d relat e ou r  approac h t o othe r 
compute r  models . 

Motivations 

Our  researc h investigate s ho w cas e adaptatio n strategie s 
fo r  case-base d reasonin g ca n b e learned ,  an d ho w th e 
similarit y assessmen t  proces s ca n b e refine d a s adap -
tatio n learnin g make s particula r  type s o f  difference s 
betwee n ol d an d ne w situation s easie r  t o overcome . 
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Thi s approac h ca n b e supporte d directl y o n functiona l 

grounds :  T h e purpos e o f  similarit y assessmen t  i s t o de -
termin e th e difficult y o f  adaptin g case s t o ne w situations , 

whic h depend s o n th e reasoner' s adaptatio n knowledge . 
We air e no t  awar e o f  psychologica l  studie s directl y ex -
aminin g th e connectio n betwee n adaptabilit y  an d simi -
larit y i n case-base d reasoning ,  bu t  psychologica l  studie s 
do provid e example s o f  developmenta l  shif t  i n similarit y 
criteria ,  o f  similarit y judgment s comin g t o mor e closel y 

reflec t  task-relevan t  feature s a s a  tas k i s learned ,  an d o f 
th e applicabilit y  o f  a n analo g t o a  ne w proble m situatio n 
actin g a s a  selectio n constrain t  durin g h u m a n analogica l 
reasoning . 

Experiment s b y Gentne r  &  Toupi n (1986 )  demon -
strat e a  developmenta l  shif t  i n th e similarit y criteri a use d 
by childre n fo r  analogica l  reasoning ,  an d sho w tha t  th e 

shif t  i s  mcinifeste d i n ho w the y adap t  storie s t o appl y 

t o ne w characters .  Experiment s b y Suzuk i  e t  al .  (1992 ) 
studyin g similarit y judgment s i n problem-solvin g fo r  th e 
Tower s o f  Hano i  proble m sho w tha t  novices '  judgment s 
abou t  th e similarit y o f  proble m state s ca n b e character -
ize d b y th e numbe r  o f  share d surfac e features ,  bu t  tha t 

experts '  judgment s ar e bes t  chairacterize d b y th e goal -
relevan t  criterio n o f  th e numbe r  o f  operator s require d t o 
transfor m eac h proble m stat e t o th e goa l  state .  Further , 
Chi  e t  al .  (1981 )  not e a  dramati c differenc e betwee n 
th e similarit y criteri a o f  novic e physic s problem-solvers , 
w ho rel y o n surfac e features ,  an d physic s experts ,  w h o 
classif y problem s accordin g t o th e underlyin g method s 
neede d t o solv e them . 

Adaptatio n factor s hav e als o bee n show n t o affec t  se -
lectio n o f  analogue s i n analogica l  problem-solving .  Ex -
periment s b y Kean e (1994 )  sugges t  tha t  whe n perform -
in g analogica l  problem-solving ,  subject s favo r  analogue s 

tha t  ar e easie r  t o appl y t o th e ne w proble m situation . 

Overview of DIAL 
We ar e investigatin g learnin g abou t  adaptatio n an d 
pragmati c similarit y i n th e contex t  o f  a  case-base d plan -
ner .  T h e planner' s tas k domai n i s disaste r  respons e plan -
ning ,  th e initia J strategi c plannin g use d t o determin e ho w 
t o asses s damage ,  evjw;uat e victims ,  etc. ,  i n respons e t o 
natura l  an d man-mad e disaster s (e.g. ,  earthquake s an d 
chemica l  spills) .  Ther e ar e n o hard-amd-fas t  rule s fo r  dis -
aste r  respons e planning ;  h u m a n disaste r  respons e plan -
ner s appea r  t o rel y largel y o n prio r  case s t o guid e thei r 
decision s (Rosentha l  e t  al. ,  1989) . 

Our  compute r  model ,  D I A L (fo r  Disaste r  respons e 
wit h Introspectiv e Adaptatio n Learning) ,  take s a s in -
put  conceptua l  representation s o f  new s storie s describin g 
th e initia l  event s i n a  disaster .  I t  generate s candidat e 
respons e plan s b y case-base d reasoning .  Th e system' s 
case-base d plannin g framewor k i s base d i n a  straightfor -
war d wa y o n previou s case-base d planner s suc h a s C H E F 
( H a m m o n d,  1989) . 

dial ' s  initia l  knowledg e source s ar e a  librar y o f 

domai n cases—disaste r  respons e plan s fro m prio r 

disasters—an d genera l  (domain-independent )  rule s 
abou t  cas e adaptatio n an d memor y search .  W h e n 
a ne w stor y i s presente d t o th e system ,  D I A L use s 

standar d indexin g technique s t o attemp t  t o retriev e 
case s representin g respons e plan s fo r  simila r  disasters . 

Thi s proces s result s i n a  se t  o f  candidat e respons e pla n 
cases .  A  finer-grained  analysi s select s th e candidat e 
expecte d t o b e easies t  t o adapt ,  base d o n similarit y 

criteri a learne d fro m experienc e wit h prio r  adaptations . 
Th e selecte d cas e i s provide d t o th e system' s cas e 
adaptatio n component ,  alon g wit h a  lis t  o f  difference s 
tha t  mus t  b e repaired . 

Learning and Reusing Adaptations 

Th e foundatio n o f  DIAL' S adaptatio n an d similarit y 
learnin g i s case-base d reasonin g abou t  th e adaptatio n 

proces s itself .  DIAL' S adaptatio n proces s begin s wit h 
th e system' s adaptatio n componen t  receivin g a  descrip -
tio n o f  a n adaptatio n task :  a  disaste r  respons e pla n cas e 
and a  lis t  o f  th e problem s tha t  preven t  i t  fro m apply -
in g t o a  ne w situation .  D I A L first  attempt s case-base d 
awiaptation ,  searchin g fo r  a n adaptatio n cas e tha t  applie d 
successfull y t o a  simila r  adaptatio n problem .  Adapta -
tio n case s ar e indexe d i n memor y b y a  vocabular y o f 
categorie s o f  problem s tha t  m a y requir e adaptatio n (se e 
Leake ,  1992) .  I f  D I A L succeed s i n retrievin g a  relevan t 
adaptatio n case ,  th e adaptatio n proces s trace d b y tha t 
cas e i s re-applied . 

Otherwise ,  D I A L build s u p a  ne w adaptatio n b y 
a combinatio n o f  rule-base d an d case-base d reasoning . 
Th e syste m first  select s a  transformatio n associate d wit h 
th e typ e o f  proble m tha t  adaptatio n mus t  repair .  (Fo r 
exaimple ,  t o substitut e a  ne w pla n ste p fo r  on e tha t 

doe s no t  apply. )  Give n th e transformation ,  th e progra m 
generate s a  Imowledg e goa l  (Hunter ,  1990 ;  R a m ,  1987 ) 
fo r  th e knowledg e neede d t o appl y th e transformation . 
(E.g. ,  whe n performin g a  substitution ,  D I A L need s t o 
identif y a  goo d substitute :  a n objec t  tha t  satisfie s th e 
relevan t  constraint s o n th e objec t  bein g replaced. )  Th e 
knowledg e goa l  i s  use d t o guid e a  plannin g proces s fo r 
ho w t o searc h memor y (Leake ,  1994 ;  Leake ,  1995c) .  Thi s 
proces s build s a  memor y searc h plan ,  usin g a  smal l  se t 
of  built-i n memor y searc h strategie s (e.g. ,  t o perfor m 
"loca l  search "  fo r  simila r  objects )  an d memor y searc h 
case s store d afte r  solvin g previou s adaptatio n problems . 
W h en th e neede d informatio n i s foun d i n memory ,  i t  en -
able s D I A L t o appl y th e selecte d transformatio n t o th e 
retrieve d respons e plan . 

Th e adapte d respons e pla n i s evaluate d b y a  simpl e 
evaluato r  tha t  check s th e compatibilit y  o f  th e curren t 
pla n wit h explici t  constraint s fro m th e respons e plan .  A 
h u m an use r  perform s backu p evaluation ,  detectin g mor e 
subtl e problems .  K  problem s ar e found ,  D I A L attempt s 
othe r  adaptations .  I f  th e autonomou s cas e adaptatio n 
proces s fail s  t o generat e a n acceptabl e solution ,  a m inter -
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fac e allow s th e use r  t o guid e th e adaptatio n process ,  se -
lectin g a  transformatio n an d suggestin g feature s t o con -
sider .  Durin g th e adaptation ,  th e syste m record s a  trac e 

of  th e adaptatio n process .  T h e trac e i s represente d i n 

th e sam e for m a s th e trace s o f  system-generate d adap -

tation s an d i s adde d t o th e adaptatio n cas e librar y fo r 
futur e use . 

W h en adaptatio n i s successful ,  th e resultin g respons e 
plan ,  adaptatio n case ,  an d m e m o r y searc h pla n ar e 

store d fo r  futur e use . 

The Effects of Adaptation Learning 

Althoug h ou r  compute r  mode l  i s stil l  unde r  develop -
ment ,  w e hav e conducte d initia l  ablatio n test s studyin g 
th e benefi t  o f  adaptatio n learnin g an d it s relationshi p t o 
cas e learnin g i n th e initia l  model .  I n thes e tests ,  startin g 
fro m a n initia l  memor y o f  87 0 concept s an d cas e librar y 
of  6  initia l  cases ,  D I A L perform s a  tota l  o f  3 0 adapta -
tion s t o develo p respons e plan s fo r  5  stories .  Store d case s 
and ne w storie s wer e base d o n Clarine t  New s Servic e 
newswir e an d th e INvironmen t  newslette r  fo r  ju r  qual -
it y consultants ;  store d case s involve d a n earthquak e i n 
Los Angeles ,  a n ai r  qualit y disaste r  a t  a  manufacturin g 
plant ,  a  flood  i n Bainbridge ,  Georgia ,  a  chemica l  disaste r 
at  a  factory ,  a  flood  i n Izmir ,  Turkey ,  an d a n ai r  qualit y 
disaste r  i n a  rura l  elementar y school . 

I n thes e tests ,  respons e pla n learnin g di d improv e per -
formance ,  a s di d adaptatio n learning .  Interestingly ,  b y 
th e measur e o f  memor y operation s performed ,  adapta r 
tio n lestrnin g alon e wa s mor e effectiv e tha n cas e learnin g 
alone ,  althoug h bot h require d comparabl e number s o f 
memory node s t o b e visited .  A s wa s als o expected ,  whe n 
no adaptatio n case s ar e learned ,  learnin g additiona l  re -
spons e pla n case s enable s th e syste m t o solv e ne w prob -
lem s wit h les s adaptatio n effort—mor e simila r  case s ar e 
available .  Addin g adaptatio n learnin g t o respons e pla n 
learnin g produce d insignifican t  benefit s whe n memor y 
searc h durin g adaptation s wa s base d o n loca l  search . 
Ther e wa s muc h greate r  benefi t  whe n respons e pla n 
learnin g wa s combine d wit h adaptatio n learnin g usin g 
othe r  memor y searc h strategies .  Detail s o n th e adapta -
tio n learnin g proces s an d thi s preliminar y tes t  ca n b e 
foun d i n Leake ,  Kinley ,  an d Wilso n (1996) . 

We ar e no w "scalin g up "  th e syste m fo r  additiona l 
tests .  On e particula r  concer n i s th e potentia l  fo r  a  "util -
it y  problem "  (Ranci s an d R a m ,  1995 ;  Minton ,  1988 )  a s 
larg e number s o f  adaptatio n case s ar e learned . 

Learning Similarity from Adaptability 

To realiz e th e ful l  benefit s o f  adaptatio n learning ,  sim -
ilarit y learnin g i s neede d a s well .  Learnin g abou t  ho w 
difiicul t  i t  i s  t o repai r  particula r  difference s help s t o de -
cid e whic h case s ar e mos t  usefull y similar—whic h wil l 
be mos t  easil y adapted .  Fo r  example ,  initiall y  i t  migh t 
be assume d tha t  th e local e o f  a  disaste r  i s comparativel y 
unimportan t  whe n decidin g similarity .  However ,  adapt -

in g th e respons e fo r  a  smal l  tow n disaste r  int o th e re -

spons e pla n fo r  a  bi g cit y disaste r  m a y b e quit e difficult , 
becaus e o f  th e adde d nee d t o wor k ou t  arrangement s 

fo r  a  large-scal e evacuation .  F ro m experienc e wit h thi s 

adaptation ,  a  disaste r  respons e planne r  ca n lear n t o con -

side r  th e local e o f  th e disaste r  whe n assessin g similarit y 
betwee n a  ne w situatio n an d prio r  disasters . 

D I A L improve s it s similarit y assessmen t  proces s b y us -
in g learne d £ulaptatio n case s t o provid e estimate s o f  th e 

cos t  o f  adaptin g particula r  type s o f  problems .  I n orde r 
t o facilitat e late r  processing ,  respons e plan s tha t  requir e 
les s adaptatio n effor t  t o appl y ar e considere d mor e simi -
la r  tha n thos e requirin g expensiv e adaptation .  I n DIAL' S 
pragmati c similarit y judgment ,  th e "mos t  similar "  cas e 
i s th e on e expecte d t o b e easies t  t o adapt .  Thi s ap -
proac h t o similarit y follow s th e sam e principl e a s Leake' s 
(1992 )  constructiv e similarit y assessmen t  an d Smyt h an d 
Keane' s (1995 ,  1996 )  adaptation-guide d retrieval . 

I f  similarit y judgment s ar e t o b e base d o n adaptability , 
tw o question s ar e ho w t o estimat e th e cos t  o f  adaptatio n 
an d ho w t o meik e a  reasonabl e tradeof f  betwee n accurac y 
of  adaptatio n cos t  estimate s an d th e cos t  o f  th e estima -
tio n proces s itself .  DIAL' s retrieva l  use s tw o type s o f 
similarit y assessmen t  i n a  two-ste p process .  T h e first 
ste p retrieve s a  roug h "first-pass "  se t  o f  case s base d o n 
stati c semanti c similarit y criteri a applie d t o th e typ e o f 
disaste r  (e.g. ,  flood,  earthquake ,  etc. )  an d it s attributes . 
Th e secon d ste p prioritize s thes e candidat e case s fo r 
adaptatio n accordin g t o estimate s o f  thei r  adaptability . 

T o estimat e adaptability ,  D I A L first  identifie s inap -
plicabl e aspect s o f  th e retrieve d respons e plans ,  usin g 
procedure s fo r  patten-base d anomal y detection ,  an d de -
scribe s th e problem s accordin g t o a  vocabular y o f  prob -
le m type s base d o n Leak e (1992) .  Thi s vocabular y in -
cludes ,  fo r  example ,  categorie s t o describ e th e proble m 
when object s specifie d b y th e pla n ar e unavailable ,  o r 
when role-filler s o f  a  schem a hav e bee n lef t  unspecifie d 
an d nee d t o b e selected .  Associate d wit h eac h categor y 
i s a  fram e structur e t o b e filled  i n wit h th e specific s o f 
th e curren t  problem .  Tha t  fram e structure ,  instantiate d 
wit h th e particular s o f  th e curren t  situation ,  describe s 
th e proble m t o b e repjure d b y adaptation . 

For  eac h proble m t o b e repaire d b y adaptation ,  D I A L 
searche s it s memor y o f  prio r  adaptations ,  an d retrieve s 
th e adaptatio n cas e addressin g th e mos t  simila r  prio r 
problem .  Tha t  previou s adaptatio n cas e provide s infor -
matio n abou t  ho w t o repai r  th e problem .  Th e informa -
tio n i s use d t o estimat e th e cos t  o f  it s repair ,  a s follows : 

• If the retrieved adaptation case was generated to solve 
an identica l  adaptatio n problem ,  th e solutio n t o tha t 
previou s adaptatio n ca n b e reapplie d directly ,  s o adap -
tatio n cos t  wil l  b e minimal .  Fo r  example ,  i f  a  previou s 
adaptatio n involve d adaptin g th e respons e pla n fo r  a n 
America n flood  t o a  flood  i n Turkey ,  an d th e Re d Cros s 
was involve d i n th e origina l  plan ,  a  ne w relie f  agenc y 
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woul d hav e t o b e foun d t o appl y th e pla n i n Turkey , 
wher e th e R e d Cros s doe s no t  exist .  However ,  replac -

in g th e Re d Cros s b y th e Re d Crescen t  i s a  reasonabl e 

adaptation .  Onc e tha t  adaptatio n i s learned ,  th e prob -

le m o f  adaptin g th e Re d Cros s t o a  relie f  organizatio n 
t o appl y t o Turke y i s trivial . 

• If the retrieved adaptation case dealt with an adap-
tatio n proble m tha t  wa s simila r  bu t  no t  identical ,  th e 
cos t  o f  adaptin g th e ne w proble m i s estimate d fro m th e 

cos t  o f  th e prio r  adaptation .  H o w bes t  t o perfor m thi s 
estimatio n i s stil l  a n ope n issue ,  bu t  DIAL' S curren t 
metho d i s t o focu s o n th e cos t  o f  performin g th e m e m-

or y searc h neede d t o fin d th e informatio n t o allo w th e 
previou s adaptatio n t o b e performed .  T o illustrate , 
i f  finding  a  substitution—fo r  example ,  a n appropriat e 

evacuatio n method—require d considerabl e effor t  fo r  a 
previou s adaptation ,  i t  i s  assume d tha t  finding  a  ne w 
evacuatio n rout e wil l  talc e considerabl e effor t  i n th e 
curren t  situation .  Consequently ,  i f  on e o f  th e retrieve d 
plan s require s finding  a n evacuatio n method ,  whil e an -

othe r  avoid s evacuatio n b y containin g th e disaster ,  i t 
m ay b e reasonabl e t o favo r  th e pla n fo r  containin g 
th e disaste r  (i f  containin g th e disaste r  i s  practical). ^ 
T h e rational e fo r  thi s cos t  estimatio n criterio n i s base d 
o n th e ide a o f  derivationa l  analog y (Carbonell ,  1986 ; 
Veloso ,  1994) :  I f  a  previou s adaptatio n fo r  a  simila r 
proble m ha d t o infe r  certai n feature s an d constraint s 
firom  th e plan ,  an d transfor m the m i n certai n way s 
t o generat e a n appropriat e adaptation ,  th e proces s fo r 
th e curren t  situatio n i s expecte d t o follo w analogou s 
steps ,  eve n i f  th e specific s o f  th e situatio n ar e different . 

• M no similar adaptation case is found, DIAL uses an 
estimat e base d o n th e averag e cos t  (measure d i n prim -
itiv e m e m o r y searc h operations )  o f  adaptin g problem s 
i n eac h proble m category .  Kas s (1990 )  propose s a  sim -
ila r  metho d fo r  coarse-graine d estimate s o f  adaptatio n 

cost . 

By basing similarity assessment directly on the current 

stat e o f  it s chauigin g adaptatio n knowledge ,  DIAL' S sim -
ilarit y assessmen t  proces s reflect s informatio n abou t  th e 
actua l  difficult y o f  adaptin g t o repai r  certai n type s o f 
problems .  W e ar e no w designin g experiment s t o examin e 
th e performanc e o f  thes e simpl e strategies ,  t o tes t  ho w 
the y affec t  th e neede d adaptatio n effor t  an d t o guid e 
thei r  refinement . 

Relationship to Other Computer Models 

Some earl y case-base d reasonin g system s include d com -
ponent s fo r  learnin g limite d form s o f  adaptatio n knowl -

^It should be noted that in general, the different plans 
may eac h contai n usefu l  part s o f  th e solutio n t o a  proble m 
(e.g. ,  R a m an d Francis ,  1996 ,  Redmond ,  1992) .  Extendin g 
our  mode l  t o conside r  relevan t  piece s o f  candidat e plan s i s a 
topi c fo r  futur e research . 

edge .  Fo r  example ,  C H E F ( H a m m o n d ,  1989 )  base s 

it s adaptation s o n bot h a  stati c librar y o f  domain -

independen t  pla n repai r  strategie s an d a  librar y o f 

special-purpos e ingredien t  critic s tha t  ar e learned ;  P E R -
S U A D ER (Sycara ,  1988 )  use s previously-store d adapta -
tio n episode s t o sugges t  adaptations .  I n bot h examples , 
th e learne d adaptation s ca n onl y b e reuse d i n highl y sim -

ila r  situations .  However ,  th e adaptatio n case s learne d b y 
D I A L ca n b e reuse d mor e flexibly.  Rathe r  tha n learnin g 
onl y b y storin g specifi c  adaptatio n episodes ,  D I A L store s 
bot h th e specifi c  adaptatio n an d it s derivationa l  trace . 

I n ver y simila r  situations ,  th e adaptatio n ca n b e reap -
plie d directly ;  i n les s simila r  situations ,  th e step s use d 
t o determin e th e previou s adaptatio n ca n b e replayed , 
takin g int o accoun t  differin g circumstances . 

D I A L als o differ s fro m previou s approache s t o adap -

tatio n learnin g i n it s emphasi s o n learnin g abou t  th e 
require d m e m o r y search .  It s characterizatio n o f  adapta -
tion s i s inspire d b y th e adaptatio n strategie s i n S W A L E 

(Kas s e t  al. ,  1986 )  an d A B E (Kass ,  1990) ,  whic h com -
bin e transformation s wit h domain-independen t  memor y 
searc h information ,  an d it s approac h t o memor y searc h 

i s inspire d b y th e m e m o r y searc h proces s o f  C Y R US 
(Kolodner ,  1984) .  However ,  thos e system s di d no t  lear n 
t o improv e thei r  searc h processes .  I n reasonin g abou t  th e 
informatio n neede d t o carr y ou t  th e adaptatio n task ,  ou r 
model  als o relate s closel y t o Oehlmann' s (1995 )  metacog -
nitiv e adaptation .  I t  i s  i n a  simila r  spiri t  bot h t o recen t 
researc h o n applyin g heuristi c searc h t o gatherin g in -
formatio n fo r  argumentatio n (Risslan d e t  al. ,  1994 )  an d 
t o wor k i n informatio n retrieva l  o n strategi c reasonin g 
abou t  wher e t o searc h fo r  neede d informatio n (Baudi n 
et  al. ,  1994) . 

Smyt h &  Kean e (1995 ,  1996 )  hav e develope d a  C B R 
syste m tha t  tie s similarit y judgment s directl y t o adapt -
ability ,  usin g heuristic s code d t o reflec t  th e difficult y o f 
performin g particula r  type s o f  adaptations .  The y als o 
demonstrat e tha t  thei r  adaptation-guide d metho d pro -
duce s significan t  improvement s i n th e cos t  o f  performin g 
adaptations .  Ou r  approac h t o similarit y judgment s i s 
strongl y i n th e spiri t  o f  thei r  approach ,  an d thei r  result s 

ar e encouragin g fo r  th e potentia l  benefi t  o f  adaptation -
base d criteri a compare d t o traditiona l  semanti c similar -
it y criteria .  However ,  i n thei r  work ,  similarit y an d adap -
tatio n knowledg e ar e static . 

Learnin g t o refin e similarit y criteri a ha s bee n investi -

gate d i n Prodigy/Analog y (Veloso ,  1994) .  Tha t  system' s 
"foot-print "  similarit y metri c focuse s consideratio n o n 
goal-relevan t  portion s o f  th e initia l  state ,  i n orde r  t o re -
triev e case s tha t  refe r  t o th e prio r  proble m situation s 
with  th e mos t  relevan t  similarities .  Ou r  adaptability -
base d similarit y metho d focuse s o n a  differen t  issue ,  es -
timatin g th e cost s o f  repairin g relevan t  difference s tha t 
hav e bee n found .  Finally ,  two-stag e retrieva l  processes , 
such  a s tha t  use d i n DIAL' S initia l  filtering  o f  retrieva l 
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candidate s followe d b y a  deepe r  bu t  mor e computation -

all y expensiv e analysis ,  hav e bee n advocate d b y man y 
previou s model s (e.g. ,  Bareis s &  King ,  1989 )  no t  onl y 
on functiona l  ground s (t o restric t  processin g effort )  bu t 

on cognitiv e ground s a s wel l  (Centne r  an d Forbus ,  1991) . 

The ne w contributio n o f  ou r  approac h i s t o ti e similar -
it y criteri a directl y t o learnin g abou t  th e relativ e im -
portanc e o f  differen t  type s o f  difference s whe n adaptin g 

case s t o ne w situations . 

Conclusion 

We hav e describe d ongoin g researc h o n ho w case-base d 

reasoner s ca n lear n t o appl y case s mor e effectively ,  bot h 
by learnin g ho w t o adapt  prio r  case s t o ne w situation s 
and b y refinin g similarit y criteri a accordin g t o experi -
ence concernin g whic h type s o f  adaptation s ar e difficul t 
t o perform .  Ou r  approac h t o learnin g cas e adaptatio n 
model s th e acquisitio n o f  specifi c  adaptatio n knowledg e 
startin g fro m "wea k methods "  fo r  cas e adaptation ;  ou r 
approac h t o learnin g usefu l  similarit y criteri a build s o n 
th e adaptatio n learnin g process ,  t o conside r  case s "use -
full y similar "  i f  the y ar e expecte d t o b e eas y t o adapt , 
give n experienc e wit h prio r  adaptations .  Preliminar y tri -
al s o f  th e adaptatio n learnin g syste m ar e encouraging , 
but  furthe r  test s ar e needed ,  especiall y t o stud y ho w th e 
proces s "scale s up "  whe n larg e number s o f  adaptation s 
ar e learned .  Test s ar e als o neede d t o examin e ho w wel l 
curren t  similarit y estimate s predic t  th e difficult y o f  fu -
tur e adaptations .  Th e mode l  i s no w bein g refine d an d 
extende d i n preparatio n fo r  test s o f  th e effect s o f  simi -
larit y learnin g an d mor e extensiv e test s o f  th e syste m a s 
a whole . 
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Abstract 

How do students link school and personal experiences to 
develo p a  usefii l  accoun t  o f  comple x scienc e topics ? Ca n 
scienc e course s provid e a  fir m foundatio n fo r  lifelon g 
scienc e learning ? T o answe r  thes e question s w e analyz e 
how "Pat "  integrate s an d differentiate s idea s an d develop s 
model s t o explai n complex ,  personally-relevan t 
experienc e wit h therma l  phenomena .  W e examin e Pat' s 
proces s o f  conceptua l  chang e durin g a n 8t h grad e scienc e 
clas s wher e a  hea t  flo w mode l  o f  therma l  event s i s 
introduce d a s wel l  a s afte r  studyin g biolog y i n nint h grad e 
and afte r  studyin g chemistr y i n th e 11t h grade .  Pa t 
regularl y link s ne w idea s fro m scienc e clas s an d persona l 
experienc e t o explai n topic s lik e insulatio n an d conductio n 
or  therma l  equilibrium .  Thu s Pa t  link s experienc e wit h 
home insulatio n t o experiment s usin g woo l  a s a n insulator . 
Thi s linkag e lead s Pa t  t o conside r  "ai r  pockets "  a s a  facto r 
i n insulatio n an d t o distinguis h insulator s (wit h ai r 
pockets )  fro m meta l  conductor s tha t  "attrac t  heat. "  Thes e 
linkage s hel p Pa t  construc t  a  hea t  flo w accoun t  o f  therma l 
event s an d connec t  i t  t o th e microscopi c mode l  introduce d 
i n chemistry .  Pat' s proces s o f  conceptua l  chang e 
demonstrate s ho w longitudina l  cas e studie s contribut e t o 
th e understandin g o f  conceptua l  development .  Futur e wor k 
wil l  synthesiz e th e conceptua l  chang e proces s o f  al l  4 0 
student s w e hav e studie d longitudinally . 

Introduction 

Theories of scientific conceptual change offer a wide range of 
conjecture s abou t  lifelon g learnin g (e.g. ,  Linn ,  Songer ,  & 
Eylon ,  i n press) .  Piage t  conducte d extensiv e cross-sectiona l 
studie s t o suppor t  hi s vie w tha t  student s develo p a  formal , 
abstrac t  reasonin g skil l  durin g adolescenc e an d us e i t  t o 
advanc e understandin g (e.g. ,  Inhelde r  &  Piaget ,  1958 ; 
Piaget ,  1952) .  Gagn 6 1968 )  studie d mathematica l  proble m 
solvin g t o suppor t  th e vie w tha t  learnin g fit s a  hierarchica l 
model  wher e student s maste r  component s befor e mor e 
comple x ideas .  Ausube l  (1963 )  describe d ho w student s 
buil d o n thei r  idea s an d reorganiz e thei r  thoughts .  Researc h 
showin g tha t  student s develo p intuitiv e idea s base d o n 
observation s o f  th e natura l  worl d motivate d McCIoske y 
(1983 )  an d other s t o hypothesiz e tha t  studen t  knowledg e 
developmen t  i n som e sens e recapitulate s historica l  advance . 
Centne r  an d Steven s (1983 )  discus s th e rol e o f  explanator y 
model s i n knowledg e acquisition .  diSess a (1993 )  amon g 
other s show s tha t  student s entertai n a  rang e o f  idea s a s the y 
activel y reformulat e idea s t o develo p matur e views .  Whit e 
and Frederikse n (1990 )  demonstrat e tha t  student s benefi t 
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from learning a series of models of complex phenomena and 
Thagar d (1992 )  analyze s h o w coherenc e influence s 
conceptua l  change . 

I n thi s pape r  w e examin e h o w th e studen t  "Pat " 
develop s understandin g o f  therma l  equilibriu m ove r  a  fiv e 
yea r  period .  Pa t  explain s a  rang e o f  familia r  event s suc h a s 
why meta l  an d woo d fee l  differen t  a t  roo m temperamre .  W e 
analyz e th e contributio n o f  clas s experiences ,  illustratin g 
h o w Pa t  incorporate s instructio n abou t  microscopi c an d 
macroscopi c model s o f  therma l  events .  Durin g eight h grad e 
Pat' s physica l  scienc e cours e relie s o n a  heat-flo w model . 
Durin g hig h schoo l  Pa t  studie s biologica l  processe s suc h a s 
diffusio n an d encounter s microscopi c model s o f  matte r  i n 
chemistry . 

To characteriz e conceptua l  chang e i n thes e 
longitudina l  interview s w e identif y explanation s an d model s 
of  therma l  event s a s wel l  a s integration s an d differentiation s 
of  scientifi c  ideas .  Fo r  thi s wor k w e defin e a  mode l  a s a n 
explanatio n o f  scientifi c  observation s involvin g a 
mechanism .  Fo r  exampl e Pa t  account s fo r  conductio n b y 
positin g tha t  "metal s attrac t  heat. "  Researc h suggest s tha t 
student s ofte n develo p multipl e explanation s o r  model s 
hnke d t o specifi c  context s rathe r  tha n seekin g abstrac t 
principle s tha t  transcen d contex t  (Linn ,  diSessa ,  Pe a & 
Songer ,  1994) .  W e describ e th e repertoir e o f  model s Pa t  use s 
i n varie d contexts . 

We examin e h o w Pa t  connect s idea s t o 
explanation s b y identifyin g differentiation s an d integrations . 
We defin e differentiatio n a s th e proces s o f  decomposin g a 
scientifi c  ide a int o tw o distinguishabl e scientifi c  idea s eac h 
connecte d t o a n explanation .  Weise r  &  Carey ,  (i n Centne r  & 
Stevens ,  1983) ,  describ e th e historica l  proces s resultin g i n 
th e differentiatio n o f  hea t  an d temperature .  Siegle r  (1976 ) 
demonstrate d tha t  student s strugglin g t o understan d th e 
balanc e bea m differentiate d case s base d o n observabl e 
feature s o f  th e situation .  Simila r  differentiation s occu r  a s 
student s struggl e t o understan d therma l  events .  Fo r  example , 
Lewi s (1991 )  report s tha t  man y student s decompos e 
object s int o conductor s (object s lik e aluminu m foi l  tha t  fee l 
col d i n a  2 5 C  room )  an d insulator s (object s lik e styrofoa m 
w r ^  tha t  fee l  neutra l  i n a  2 5 C  room )  i n th e contex t  o f 
selectin g a  materia l  t o wra p a  col d drin k t o kee p i t  cold . 
Ofte n students ,  base d o n experience ,  distinguis h heatin g 
(addin g heat )  from  coolin g (col d flow )  rathe r  tha n seein g 
thes e a s linke d (diSessa ,  1993) .  W e defin e integratio n a s th e 
proces s o f  combinin g tw o o r  mor e scientifi c  idea s int o a 
singl e concep t  connecte d t o a  singl e explanation .  Fo r 
example ,  Pa t  integrate s heatin g an d cooling ,  sayin g tha t  hea t 
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ca n flo w int o o r  ou t  o f  a n object .  Th e proces s o f  integratio n 
and differentiatio n i s comple x an d ofte n varie s b y context . 
We see k t o describ e Pat' s conceptua l  chang e i n term s o f 
model s an d explanation s an d i n term s o f  integratio n an d 
differentiatio n an d t o invit e discussio n o f  th e implications . 

Methods 

Pat  i s on e o f  4 0 longitudina l  participant s selecte d randoml y 
fro m th e mor e tha n 30 0 eight h grad e student s i n a  middl e 
schoo l  participatin g i n th e Compute r  a s Learnin g Partne r 
(CLP )  curriculu m durin g on e schoo l  year .  Pa t  make s averag e 
progres s i n eight h grade .  Whil e takin g physica l  science , 
eight h grad e student s wer e interviewe d fo r  3 0 minute s ever y 
thre e weeks .  I n th e s u m m e r  afte r  nint h an d 11t h grade , 
student s participate d i n 3  hou r  interview s i n thei r  forme r 
middl e schoo l  classroom .  Interview s wer e tape-recorde d an d 
transcribed .  Student s als o responde d t o classroo m tests , 
surveys ,  an d writte n assessments .  Th e school ,  locate d i n a 
metropolita n area ,  serve s middl e incom e familie s from 
divers e cultura l  an d linguisti c groups .  Followin g hig h 
schoo l  graduation ,  mos t  o f  th e student s pla n t o atten d a 
vocationa l  program ,  two-year ,  o r  fou r  yea r  college ;  a 
minorit y see k job s immediately . 

Al l  student s stud y th e C L P curriculu m i n a  one -
semeste r  physica l  scienc e course .  C L P emphasize s therma l 
phenomena ,  take s advantag e o f  rea l  lim e dat a collection ,  an d 
feature s a n electroni c laborator y noteboo k (Linn ,  1992 ; 
Linn ,  i n press ;  Ferguson ,  i n press) .  Th e classroo m i s 
equippe d wit h 1 6 networke d Macintos h computer s donate d 
by Appl e Computer ,  Inc .  Classe s o f  3 2 student s wor k i n 
group s o f  tw o a t  th e computers .  Student s us e th e C L P 
softwar e t o desig n experiments ,  predic t  outcomes ,  collec t 
dat a i n rea l  time ,  desig n simulations ,  displa y results ,  rec(xd 
observations ,  an d m a k e reports . 

Th e C L P curriculu m introduce s a  hea t  flo w mode l 
t o hel p student s m a k e sens e o f  thei r  experiences .  Fo r 
exampl e a  principl e relevan t  t o therma l  equilibriu m states , 
"I f  tw o object s tha t  diffe r  onl y i n initia l  temperatur e ar e 
place d i n a  coole r  surround ,  hea t  energ y wil l  flo w ou t  o f  th e 
objec t  wit h th e highe r  initia l  temperatur e mor e quickly. " 
Althoug h th e hea t  flo w principle s coul d for m th e basi s fo r 
studen t  respons e t o al l  th e intervie w questions ,  student s dra w 
on a  broade r  bas e o f  information .  Becaus e th e principle s ar e 
abstrac t  student s ofte n find  th e detail s o f  th e problem s 
salien t  an d dra w o n thes e t o for m explanations .  Thus ,  Pa t 
reflect s o n h o m e insulatio n an d develop s explanation s o f 
explanation s base d o n th e fibers,  th e ai r  betwee n th e fibers , 
or  th e hole s betwee n th e fibers. 

Lewi s (1991 )  create d th e intervie w question s an d 
studie d a n earUe r  cohor t  i n he r  dissertatio n research .  TTi e 
interview s include d question s abou t  therma l  phenomen a 
presente d i n th e contex t  o f  naturally-occurrin g problems . 
For  example ,  student s wer e asked ,  "I f  yo u wer e goin g t o 
wra p a  col d sod a t o tak e t o schoo l  fo r  lunch ,  wha t  i s th e bes t 
thin g t o wra p i t  in? "  o r  "Yo u arriv e a t  a  sk i  cabi n durin g th e 
winte r  an d n o hea t  wa s lef t  on .  Th e roo m thermomete r  reads 
5 degree s C .  W h a t  ca n yo u predic t  abou t  th e temperatur e o f 
th e object s i n th e cabin ? W h y ? "  Th e interviewe r  the n 
probed ,  askin g abou t  th e mai n reaso n fo r  th e answer , 
evidenc e t o suppor t  th e answer ,  reaction s t o usin g material s 

suc h a s woo l  o r  aluminu m foil ,  an d reflection s o n th e 
characte r  o f  th e answer .  Th e interviewe r  sough t  t o determin e 
students '  view s o f  insulatio n an d conduction ,  hea t  flow, 
therma l  equilibrium ,  a s wel l  a s hea t  an d temperature .  I f 
student s contradicte d themselve s fro m th e perspectiv e o f  th e 
interviewer ,  the y wer e aske d t o explai n h o w thei r  idea s wer e 
connected .  Fo r  example ,  durin g th e intervie w afte r  nint h 
grad e Pa t  responde d t o th e questio n abou t  th e bes t  thin g fo r 
wrappin g a  sod a a s follows : 

Pat :  Well ,  w e foun d ou t  las t  yea r  tha t  it' s  no t  aluminum . 
I t  woul d b e lik e plasti c wra p o r  bubbl e wra p I  thin k wa s th e 
best.. . 
Interviewe r  (I) :  An d wh y i s that ? .. . 
Pat :  S o whateve r  i s i n th e littl e meta l  particle s attrac t 
heat  an d s o the y would ,  th e hea t  energ y woul d kin d o f  b e 
sucke d o n t o th e ca n an d woul d g o int o th e sod a an d war m 
it . 
I :  Bu t  tha t  a  lo t  o f  peopl e d o wra p soda s i n foil .  ...Bu t 
i f  yo u wrappe d i t  i n yo u wer e sayin g plasti c wra p o r  bubbl e 
wrap ,  wha t  woul d b e differen t  abou t  that ? 

Pat :  Becaus e o f  th e ai r  pocket . 

I :  Wha t  woul d th e ai r  pocket s do ? 

Pat :  There' s somethin g wit h ho w th e ai r  i s  a n insulator . 
I f  yo u hav e lik e urn ,  let' s  sa y th e Styrofoa m wrap ,  that' s 
reall y porous .  S o the n th e ai r  kin d o f  hold s i n th e littl e 
hole s an d the n i t  insulate s agains t  hea t  energ y comin g in . 

T o analyz e Pat' s conceptua l  chang e th e author s 
eac h independend y identifie d integrations/differentiations , 
and explanations/model s use d b y th e student .  W e the n 
jointl y reviewe d th e interview s an d constructe d th e summar y 
i n Figure s 1  an d 2  t o repor t  th e cours e o f  knowledg e 
developmen t  i n tw o aspect s o f  therma l  equilibrium .  I n th e 
nex t  sectio n w e discus s th e model s Pa t  use s t o mak e sens e 
of  th e topi c an d sho w h o w thes e model s bot h hel p an d 
hinde r  progres s i n understandin g th e material . 

Results and Discussion 

Result s fal l  i n thre e categories .  First ,  w e describ e Pat' s 
integration s an d differentiations .  Second ,  w e analyz e th e 
model s Pa t  develop s t o connec t  experience s bot h i n schoo l 
and i n everyda y life .  Third ,  w e discus s h o w Pat' s model s 
incorporat e eight h grad e instructio n abou t  therma l  event s an d 
hig h schoo l  course s tha t  relat e t o thes e topic s bu t  d o no t 
addres s the m directly . 

Integrations and differentiations 

As show n i n Figure s 1  an d 2  Pa t  make s a  numbe r  o f 
integration s an d differentiation s t o sor t  ou t  aspect s o f 
therma l  equilibrium .  Fo r  example ,  i n th e are a o f  insulator s 
and conductors ,  prio r  t o instructio n Pa t  predicte d tha t  woo d 
and meta l  woul d behav e differentl y i n th e contex t  o f  a  roo m 
and a n oven .  Salien t  informatio n abou t  insulator s (mad e u p 
of  fibers,  hav e hole s lik e i n dierma l  blankeU )  lea d Pa t  t o 
emphasiz e a  clas s o f  insulator s tha t  rel y o n ai r  pocket s t o 
contribut e t o thei r  effectiveness .  Pa t  conttast s thes e wit h 
metal s an d develop s a n explanatio n fo r  conductin g base d o n 
metals  attractin g heat . 

T o mak e sens e o f  therma l  equilibrium ,  Pa t 
distinguishe s th e stead y stat e o f  equilibriu m from  th e 
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proces s o f  temperatur e chang e t o ge t  t o equilibrium .  Sinc e 
conductor s chang e toward s equilibriu m m u c h faste r  tha n 
insulator s Pa t  initiall y  predict s tha t  conductor s com e clos e 
t o equihbriu m wit h thei r  surrounding s bu t  tha t  insulator s 
remai n close r  t o thei r  startin g temperatur e o r  "roo m 
temperature "  whe n place d i n a n ove n o r  refrigerator . 
Eventuall y Pa t  connect s roo m temperatur e t o a  vie w o f 
"rooms "  a s havin g an y temperatur e saying ,  "A n ove n i s  lik e 
a room. "  I n late r  interview s Pa t  connect s an y environmen t 
t o th e ide a o f  a  roo m an d p-edict s tha t  insulator s an d 
conductor s wil l  bot h reac h th e temperatur e o f  an y "room. " 
Thi s result s i n tw o integrations :  on e involvin g conductor s 
and insulator s an d anothe r  involvin g w a r m an d col d rooms . 

Pat  struggle s t o explai n w h y som e object s fee l 
colde r  tha n other s i n a  roo m a t  therma l  equilibrium .  I n earl y 
interviews ,  Pa t  take s th e rat e o f  conductio n betwee n th e han d 
and th e objec t  a s a n indicato r  o f  th e temperatur e o f  th e objec t 
(se e Figur e 2) .  I n late r  interviews ,  Pa t  integrate s conductio n 
wit h th e "feel "  o f  th e object ,  add s th e ide a tha t  th e han d ha s a 
temperatur e o f  it s o w n ,  an d explain s th e fee l  o f  object s o n 
th e basi s o f  temperatur e differenc e an d rat e o f  conduction . 

Therma l  equilibriu m als o involve s realizin g tha t 
heatin g an d coolin g ar e th e sam e proces s i n differen t 
directions .  Natura l  scientist s describ e hea t  a s flowin g whe n 
ther e i s a  temperatur e difference .  Pa t  generall y employ s a 
notio n o f  hea t  flo w startin g a t  abou t  th e fourt h interview .  I n 
th e intervie w jus t  prio r  t o tent h grade ,  however ,  Pa t  als o 
discusse s a  col d flow  mode l  a s show n i n thi s segment : 

Pat :  OK .  Th e meta l  woul d kin d of ,  lik e aluminu m foil , 
woul d kin d o f  pul l  th e col d ou t  o f  th e sod a int o th e ai r 
becaus e um ,  i t  move d t o the .  Th e col d like ,  i t  jus t  move d 
right  ou t  ont o th e meta l  becaus e meta l  i s  th e conducto r  an d 
the n i t  woul d b e release d int o th e air .  I  forge t  i f  i t  happene d 
tha t  wa y o r  i f  th e hea t  i n th e air ,  lik e th e meta l  pulle d th e 
heat  i n fro m th e ai r  int o th e soda .  I  forge t  i f  th e col d lef t  o r 
i f  th e hea t  cam e in ,  bu t  it' s  probabl y both . 
I :  Doe s tha t  mak e sens e tha t  ther e coul d b e both ? 
[Reflectio n question ] 
Pat :  Yeah ,  i t  make s sense . 
I :  S o col d coul d g o ou t  an d hea t  coul d com e in . 
Pat :  Bu t  i t  coul d als o b e jus t  one .  Th e hea t  coul d com e i  n 
or  th e hea t  woul d leav e dependin g o n whethe r  i t  wa s ho t  o r 
cold . 
I :  Whic h sor t  o f  make s mor e sens e t o you ? O r  doe s it ? 
Pat :  I  reall y neve r  kin d o f  understoo d whethe r  ther e wa s 
bot h o r  not . 

Pat  als o differentiate s hea t  flow  i n solid s an d gasse s 
(ai r  especially) .  I n late r  interview s Pa t  begin s t o lin k al l 
thes e idea s i n a  hea t  flow  mode l  an d t o distinguis h material s 
on th e basi s o f  h o w fas t  hea t  flows  throug h them . 

Models 

Pat's thermal models illustrate the course of scientific 
knowledg e developmen t  a s wel l  a s th e rol e o f  persona l  an d 
schoo l  experience .  Pa t  start s wit h n o mode l  fo r  therma l 
equilibriu m bu t  soo n appropriate s a  mode l  o f  metal s 
attractin g hea t  t o explai n w h y metal s coo l  faste r  tha n woo d 
and a  separat e mode l  fo r  insulatio n ("ai r  pocket s m a k e hea t 
energ y no t  go") .  Pa t  als o posit s a  rol e fo r  air ,  expresse d a s 
metal s "pullin g th e hea t  i n fro m th e air. "  Pa t  describe s 

insulator s a s porou s an d abl e t o contai n air ,  saying ,  "th e ai r 
kin d o f  flows  i n th e littl e hole s an d the n i t  insulate s agains t 
heat  energ y comin g in. "  Finally ,  Pa t  integrate s a  vie w o f  al l 
thing s bein g a t  roo m temperatur e wit h th e proces s o f 
insulatio n an d conduction ,  an d connect s al l  thes e idea s t o th e 
notio n o f  hea t  flow  emphasize d i n clas s instruction . 

T o explai n everyda y experience s Pa t  als o employ s 
th e hea t  flow  model .  Fo r  example ,  t o explai n w h y metal s 
and potter y behav e differentl y Pa t  bring s i n experienc e wit h 
terr a cott a bu n warmers ,  saying ,  "  yo u pu t  the m i n you r 
brea d baske t  t o kee p th e roll s warm.... I  thin k thos e ar e 
potter y an d no t  meta l  becaus e I  thin k onc e yo u tak e th e 
meta l  ou t  th e hea t  wil l  jus t  go....I t  wouldn' t  fee l  a s ho t  a s 
th e meta l  bu t  i t  woul d hol d th e hea t  longer ,  i t  wouldn' t 
dissipat e a s fast. " 

Model s hel p Pa t  synthesiz e materia l  an d kee p trac k 
of  comple x informatio n bu t  the y als o direc t  attentio n t o 
idea s an d topic s tha t  migh t  b e periphera l  o r  idiosyncratic . 
For  example ,  th e hole s i n material s mode l  motivate s Pa t  t o 
focu s o n hole s t o th e exclusio n o f  th e materia l  tha t  create s 
th e holes .  Pa t  make s bot h productiv e combination s an d 
unproductiv e linkages . 

Lifelong learning 

Do Pat' s model s hel p o r  hinde r  late r  learning ? Pa t  adopt s th e 
heat  flow  mode l  t o explai n mos t  situation s b y th e en d o f 
eight h grad e an d finds  m a n y connection s t o th e mode l  i n 
hig h schoo l  biolog y an d chemistr y a s wel l  a s i n everyda y 
examples .  Fo r  example ,  afte r  studyin g biolog y Pa t 
integrate s th e concep t  o f  diffusio n wit h hea t  flow, 
connectin g tw o macroscopi c view s tha t  hav e usefu l 
similarities .  Afte r  chemistr y Pa t  attempt s t o integrat e a 
microscopi c mode l  o f  hea t  transfe r  wit h th e hea t  flow  mode l 
and make s som e productiv e connections .  Fo r  example ,  Pa t 
say s t o explai n therma l  equilibrium ,  "...thes e ar e lik e hea t 
energ y wave s transferrin g an d s o eve n s o yo u wan t  a n 
equilibriu m an d energy ,  bu t  it s  differen t  fro m sayin g yo u 
want  you r  carbo n atom s t o b e balanced. "  Ther e remai n 
limit s t o integration ,  however .  Distinguishin g mechanism s 
fo r  insulatio n an d conductio n pose s problem s fo r  th e hea t 
flow  model .  I n 10t h grad e Pa t  entertain s a  substanc e mode l 
of  heat ,  sayin g " I  wan t  hea t  energ y t o b e a  particle "  bu t 
canno t  fin d a  wa y t o connec t  thi s idea .  I n 12t h grad e Pa t 
makes mor e connection s betwee n a  microscopi c an d 
macroscopi c mode l  bu t  eventuall y concludes ,  " I  gues s the y 
ar e th e sam e bu t  the y jus t  see m different. "  Eventuall y Pa t 
distinguishe s substanc e o f  materia l  fro m constraint s o n 
flow. 

Conclusions 

Thi s cas e stud y demonstrate s ho w student s integrat e an d 
differentiat e therma l  idea s an d illustrate s h o w a  qualitativ e 
and macroscopi c mode l  lik e hea t  flow  ca n for m a  firm 
foundatio n fo r  subsequen t  instruction .  Pa t  take s seriousl y 
th e challeng e t o integrat e scientifi c  idea s acros s contexts , 
attemptin g t o reconcil e multipl e model s an d divers e 
interpretation s o f  everyda y events .  Pa t  connect s idea s t o th e 
heat  flow  mode l  i n middl e schoo l  an d continue s t o refin e 
thes e idea s an d develo p a  microscopi c mode l  i n hig h school . 
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Thi s cas e stud y o f  knowledg e integratio n an d 
differentiatio n i s consisten t  wit h a  vie w o f  th e learne r  a s 
constructin g understandin g b y buildin g o n an d refinin g 
existin g idea s a s suggeste d b y diSess a (1993 )  ,  Whit e 
(1990 )  ,  an d others .  Siegler' s (1976 )  stud y o f  studen t 
understandin g o f  balanc e bea m problem s illustrate s th e 
proces s o f  differentiatio n an d integratio n elaborate d i n thi s 
cas e study .  Wherea s Siegle r  postulate d tha t  student s 
"muddle d through "  comple x integration s o f  ideas ,  thi s cas e 
suggest s tha t  integration s usuall y mak e sens e fro m th e 
perspectiv e o f  th e learner .  Th e cas e illustrate s th e valu e o f 
askin g student s t o explai n thei r  idea s bot h i n clas s an d i n 
interview s compatibl e wit h researc h o n sel f  explanation s 
(Ch i  &  Bassok ,  1989 ;  Bielaczyc ,  PiroUi ,  &  Brown ,  1995) . 
By attemptin g t o explai n comple x event s Pa t  ofte n come s 
up wit h mor e powerfu l  model s o r  connect s divers e ideas . 
And ,  Pa t  gain s insigh t  int o scienc e learning ,  remarkin g i n 
twelt h grade ,  "memoriz e i f  yo u understan d science. " 

Thi s stud y suggest s th e benefi t  o f  instructio n tha t 
provide s a  supportiv e learnin g environmen t  a s wel l  a s 
opportunitie s fo r  persona l  autonom y a s suggeste d b y 
Collins ,  Brown ,  an d Ho lu m (1991) .  Student s w h o struggl e 
t o mak e sens e o f  thei r  clas s an d persona l  experience s develo p 
valuabl e skill s  a s wel l  a s a  perspectiv e o n th e natur e o f 
scientifi c  reasoning .  Instructio n tha t  include s metacognitiv e 
informatio n abou t  way s tha t  scientifi c  idea s develo p an d 
method s fo r  matchin g scientifi c  idea s t o ne w problem s wil l 
hel p student s continu e t o lear n afte r  the y finis h thei r  classes . 
Developin g th e propensit y fo r  reflectio n an d self-explanatio n 
seems productiv e give n tha t  student s ar e likel y t o follo w 
idiosyncrati c paths .  And ,  selectin g model s fo r  scienc e 
course s suc h a s th e hea t  flo w mode l  tha t  student s ca n 
connec t  t o thei r  experience s als o wil l  hel p student s becom e 
lifelon g learners . 
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Abstrac t 
The Hyperspac e Analogu e t o Languag e (HAL )  mode l  i s a 
methodolog y fo r  capturin g semantic s fro m a  corpu s b y 
analysi s o f  globa l  co-occurrence .  A  primin g experimen t 
fro m Lun d e t  al .  (1995 )  whic h di d no t  produc e associativ e 
primin g wit h human s o r  i n th e H A L simulatio n i s repeate d 
wit h rearrange d contro l  trials .  Ou r  experimen t  no w finds 
associativ e primin g wit h huma n subjects ,  whil e th e H A L 
simulatio n agai n doe s no t  produc e associativ e priming . 
Associativ e wor d norm s ar e examine d i n relatio n t o HAL' s 
semantic s i n a n attemp t  t o illuminat e th e semanti c bia s o f 
th e model .  Correlation s wit h associatio n norm s ar e foun d 
i n th e tempora l  sequenc e o f  word s withi n th e corpus .  W h e n 
th e associativ e nor m dat a ar e spli t  accordin g t o simulatio n 
semanti c distances ,  a  minorit y o f  th e associativ e pairstha t 
ar e clos e semanti c neighbor s ar e foun d t o b e responsibl e 
fo r  thi s correlation .  Thi s resul t  suggest s tha t  mos t 
associativ e informatio n i s no t  carrie d b y tempora l  wor d 
sequenc e i n language .  Thi s methodolog y i s  foun d t o b e 
usefu l  i n separatin g typica l  "associative "  stimul i  int o pure -
associativ e an d semantic-associativ e subsets .  Th e notio n 
tha t  associativit y ca n b e characterize d b y tempora l 
associatio n i n languag e receive s littl e o r  n o suppor t  fro m 
our  corpu s analysi s an d primin g experiments .  Th e exten t 
tha t  "wor d associations "  ca n b e characterize d b y tempora l 
associatio n seem s t o b e mor e a  functio n o f  semanti c 
neighborhoo d whic h i s a  reflectio n o f  semanti c similarit y 
i n HAL' s vecto r  representations . 

One of the most robust cognitive phenomena is the 
lexical/semanti c primin g effect .  T h e word-recognitio n 
literatur e i s  replet e wit h extension s o f  M e y e r  an d 
Schvaneveldt' s (1971 )  initia l  flnding  tha t  a  wor d prim e tha t 
i s semanticall y relate d t o a  wor d targe t  ( C A T - D O G )  wil l 
lowe r  th e recognitio n threshol d fo r  th e targe t  a s compare d t o 
a semanticall y unrelate d wor d pairin g ( F L O W E R - D O G ) .  I n 
most  lexical/semanti c theories ,  th e rol e o f  associatio n i s 
though t  t o b e a n importan t  componen t  t o semanti c structur e 
(Collin s &  Quillian ,  1969 ;  McClellan d &  K a w a m o t o , 
1986 ;  Mos s e t  al. .  1995 ;  Plaut ,  1995) .  M o r e recently ,  a 
number  o f  investigator s hav e presente d evidenc e tha t  th e 
phenomeno n k n o w n a s th e semanti c primin g effec t  i s 
essentiall y  associativ e i n nature .  Lupke r  (1984 )  showe d tha t 
word s tha t  wer e associated ,  bu t  no t  categoricall y related , 
produce d a  reliabl e primin g effec t  usin g th e namin g task . 
However ,  word s tha t  wer e onl y categoricall y relate d di d no t 
sho w a  primin g effect .  O n e conclusio n tha t  ca n b e draw n 

fro m thi s researc h wa s tha t  semanti c relation s ar e accesse d 
late r  tha n th e mor e basi c associativ e relations .  M o r e 
recently ,  Shelto n an d Marti n (1992 )  propose d tha t  automati c 
retrieva l  o f  wor d informatio n i n primin g i s associative .  The y 
use d a  lexical-decisio n methodology ,  bu t  trie d t o insur e 
automati c processin g b y havin g subject s m a k e a  respons e t o 
ever y ite m (rathe r  tha n havin g obviou s prime-targe t  pairs ) 
and b y havin g th e relate d trial s for m onl y a  smal l  proportio n 
of  th e tota l  trials .  Thei r  conclusion ,  simila r  t o tha t  o f 
Lupker ,  wa s tha t  onl y associativel y relate d item s resulte d i n 
automati c primin g an d tha t  semanti c (categorical )  effect s 
require d som e typ e o f  controlle d process ,  perhap s subjec t 
expectancy .  F ro m a  computationa l  viewpoint ,  Plau t  (1995 ) 
presente d a  mode l  o f  primin g showin g tha t  primin g effect s 
coul d b e easil y b e demonstrate d b y tempora l  associatio n an d 
tha t  semanti c characteristic s di d no t  see m t o contribut e t o 
thi s effect . 

We thin k tha t  i t  m a y b e prematur e t o conclude ,  however , 
tha t  th e mechanis m underlyin g th e primin g effec t  i s 
associativ e rathe r  tha n semantic .  Ther e ar e tw o issue s tha t 
hav e t o b e tackle d prio r  t o makin g an y defmitiv e conclusion . 
First ,  i n wor d relationships ,  aspect s o f  semanti c an d 
associativ e meanin g ar e typicall y correlated .  Thi s 
confoundin g o f  associativ e an d semanti c relationship s lead s 
t o confusio n abou t  h o w thi s informatio n migh t  b e 
represente d i n m e m o r y (an d i n m e m o r y models )  a s wel l  a s 
abou t  h o w stimul i  shoul d b e selecte d fo r  experiments .  Thus , 
i t  i s  crucia l  i n experiment s an d simulation s dealin g wit h thi s 
issu e tha t  ther e b e a  straightforwar d w a y t o operationall y 
defm e semantic s an d association ,  and ,  moreover ,  tha t  thi s 
operationa l  definitio n likewis e hav e a  straightforwar d 
correspondenc e t o a  rang e o f  empirica l  finding s tha t  alread y 
exist .  Th e secon d issu e tha t  ha s t o b e adequatel y addresse d i s 
h o w ca n semanti c representation s b e modele d i n suc h a  w a y 
tha t  allow s fo r  experimentatio n acros s th e broa d rang e o f 
semanti c phenomen a beyon d jus t  primin g effects ? Suc h 
phenomen a coul d includ e basi c categorization ,  th e predictio n 
of  h u m a n semanti c judgment s (Lun d &  Burgess ,  i n press) , 
semanti c effect s i n sentenc e comprehensio n (Burges s & 
Lund ,  1996) ,  semanti c neighborhoo d effects ,  a s wel l  a s 
semanti c impairment s tha t  ar e associate d wit h dee p dyslexi a 
an d othe r  type s o f  brai n damag e (Buchanan ,  Burgess ,  & 
Lund ,  1996 ;  Burges s &  Lund ,  i n press) . 

Th e Hyperspac e Analogu e t o Languag e ( H A L )  mode l  o f 
semanti c m e m o r y offer s suc h a n approach .  I n previou s 
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papers ,  w e hav e propose d tha t  th e representation s acquire d b y 
H AL ar e semanti c i n natur e an d tha t  thes e semanti c 
representation s ar e wha t  underli e th e basi c priming  effec t 
(Lun d e t  al. ,  1995 ;  Lun d &  Burgess ,  i n press) .  Fo r 
example ,  experimen t  2  o f  Lun d e t  al .  suggest s tha t  th e 
primin g effec t  obtaine d b y Shelto n an d Marti n (1992 )  fo r  th e 
associate d wor d pair s was ,  a t  leas t  i n part ,  carrie d b y th e 
semanti c similarit y o f  th e items .  I n addition ,  th e absenc e o f 
a primin g effec t  fo r  th e item s relate d onl y b y semanti c 
relatednes s m a y hav e bee n du e t o insufficien t  semanti c 
similarity . 

I n ou r  first  experiment ,  w e presen t  a n extensio n o f  ou r 
earlie r  semanti c an d associativ e primin g experiment s tha t 
furthe r  support s ou r  clai m tha t  semanti c primin g occur s a s a 
functio n o f  semanti c similarit y rathe r  tha n associativ e 
strengt h o f  prime-targe t  pairs .  I n addition ,  thes e result s 
sugges t  tha t  th e representation s generate d b y H A L ar e 
semanti c rathe r  tha n associativ e i n nature .  Experiment s 2 
and 3  utiliz e wor d pair s fro m wor d associatio n norm s an d 
tw o operationa l  definition s o f  associativity .  W e conclud e 
tha t  semanti c neighborhood s ca n b e use d t o dissociat e th e 
semanti c an d associativ e component s i n wor d meaning . 

Simulation Methods 

Mat r i x Constructio n 

The basic methodology of the simulation is to develop a 
matri x o f  wor d co-occurrenc e value s fo r  a  give n vocabulary . 
Thi s matri x i s the n divide d int o co-occurrenc e vector s fo r 
eac h word ,  whic h ca n b e analyze d fo r  semanti c conten t  (se e 
Lun d an d Burgess ,  i n press ,  fo r  a  mor e complet e accoun t  o f 
th e matrix-constructio n methodolog y an d validatin g studies) . 
An analysi s o f  co-occurrenc e mus t  defin e a  windo w size ,  tha t 
is ,  th e larges t  numbe r  o f  word s occurrin g betwee n a  pai r  o f 
word s suc h tha t  th e pai r  ma y b e considere d t o co-occur .  Th e 
limitin g cas e o f  a  smal l  (useful )  windo w i s a  widt h o f  one , 
whic h woul d correspon d t o countin g onl y immediatel y 
adjacen t  word s a s co-occurrants .  A t  th e othe r  en d o f  th e 
spectrum ,  on e m a y coun t  al l  word s withi n a  logica l  divisio n 
of  th e inpu t  tex t  a s co-occurrin g equall y (se e Landaue r  & 
Dumais ,  1994 ;  Schvaneveldt ,  1990) .  A  ver y smal l  windo w 
m ay mis s construct s spannin g severa l  word s (suc h a s 
length y nou n phrases) ,  whil e larg e window s risk  introducin g 
larg e number s o f  extraneou s co-occurrences .  Therefore ,  w e 
chos e a  windo w widt h o f  te n words . 

Withi n thi s ten-wor d window ,  co-occurrenc e value s ar e 
inversel y proportiona l  t o th e numbe r  o f  word s separatin g a 
specifi c  pair .  A  wor d pai r  separate d b y a  nine-wor d gap ,  fo r 
instance ,  woul d gai n a  co-occurrenc e strengt h o f  one ,  whil e 
th e sam e pai r  appearin g adjacen t  t o on e anothe r  woul d 
receiv e a n incremen t  o f  ten .  Cognitiv e plausibilit y  wa s a 
constraint ,  an d a  ten-wor d w indo w wit h decreasin g co -
occurrenc e strengt h seeme d withi n thes e bound s 
(Gemsbacher ,  1990) .  Th e produc t  o f  thi s procedur e i s a n N -
by- N matrix ,  wher e N  i s th e numbe r  o f  word s i n th e 
vocabular y bein g considered . 

Text Source. The corpus that was analyzed was 
approximatel y 160,000,00 0 word s o f  Englis h tex t  gathere d 
fro m Usenet .  Al l  newsgroup s containin g Englis h dialo g 

wer e included .  Thi s sourc e wa s chose n bot h fo r  volum e an d 
content .  Roughl y te n millio n word s pe r  da y ar e available , 
wit h conversationa l  conten t  spannin g a  wid e arra y o f  topics . 

Vocabulary. The vocabulary used for the analysis 
consiste d o f  th e 70,0(X )  mos t  frequentl y occurrin g symbol s 
withi n th e corpus .  A  chec k agains t  th e standar d Uni x 
dictionar y showe d tha t  abou t  on e hal f  o f  thes e wer e vali d 
Englis h words .  Th e remainin g symbol s wer e c o m m o n 
misspellings ,  slang ,  prope r  names ,  an d sequence s o f 
punctuatio n o r  numbers . 

Similarity Measurement. Once the matrix was 
constructed ,  wor d vector s wer e extracted .  Eac h wor d i n th e 
vocabular y ha s on e ro w an d on e colum n t o represen t  i t  i n 
th e matrix .  B y combinin g th e dat a fro m a  word' s ro w an d 
column ,  a  vecto r  o f  140,00 0 element s i s forme d fo r  tha t 
word . 

Thes e vector s ma y the n b e compare d b y an y appropriat e 
distanc e metric .  Th e distanc e metri c use d i n th e followin g 
experiment s i s th e Euclidea n distanc e measure .  A s th e 
Euclidea n metri c i s sensitiv e t o vecto r  magnitude ,  th e 
vector s ar e normalize d t o a  constan t  lengt h befor e bein g 
compared . 

Conceptually ,  thes e vector s represen t  point s i n a  high -
dimensiona l  space .  I n thi s case ,  140,00 0 dimensions , 
althoug h onl y a  smal l  subse t  o f  th e vecto r  element s ar e 
necessar y t o produc e semanti c effects .  Fo r  example ,  20 0 
element s (i.e. ,  a  20 0 dimensiona l  space )  wer e use d i n Lun d 
and Burges s (i n press) ;  th e dimensionalit y wa s reduce d b y 
retainin g onl y th e mos t  varian t  portion s o f  th e co-occurrenc e 
matrix .  Othe r  method s o f  dimensionalit y reductio n hav e als o 
bee n use d wit h success ;  Landaue r  an d Dumai s (1994) ,  fo r 
instance ,  use d singula r  valu e decomposition .  Wit h high -
dimensiona l  semanti c spac e models ,  similarit y i s 
conceptualize d a s correspondin g inversel y t o inter-poin t 
distances ;  i.e. ,  presumabl y th e mor e simila r  tw o word s are , 
th e close r  thei r  points . 

Experiment 1 

Lund, Burgess, and Atchley (1995) used stimuli representing 
thre e type s o f  wor d relationship s i n a  serie s o f  experiment s 
i n a n attemp t  t o dissociat e semanti c fro m associativ e source s 
of  priming .  Semanticall y relate d word s ( T A B L E -  B E D )  ar e 
instance s o f  th e sam e categor y an d shar e a  numbe r  o f 
features .  Associate d word s ( M O L D -  B R E A D)  ar e thos e 
whic h ar e associate d a s determine d b y huma n wor d 
associatio n norms .  Th e item s selected ,  however ,  wer e no t 
instance s o f  th e sam e categor y and ,  therefore ,  shar e fe w 
semanti c features .  Th e thir d typ e o f  wor d relatio n ar e pair s 
tha t  ar e bot h semanticall y an d associativel y relate d ( U N C L E 
-  A U N T ) .  Thes e differen t  wor d relation s shoul d allo w on e t o 
distinguis h betwee n th e associativ e an d semanti c 
component s o f  priming .  Lun d e t  al .  (1995 )  argue d tha t  th e 
vecto r  representation s generate d b y H A L ar e semanti c i n 
natur e an d no t  associative .  Thei r  evidenc e fo r  thi s wa s tha t 
by usin g semanti c distances ,  primin g (unrelate d -  related ) 
was obtaine d fo r  th e semanti c a s wel l  a s fo r  th e semanti c + 
associate d pairs ,  bu t  no t  fo r  th e pair s tha t  wer e relate d onl y 
throug h thei r  associatio n (Exp .  3) .  Usin g th e sam e stimul i 
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pair s i n a  lexica l  decisio n experimen t  wii h huma n subjects , 
th e identica l  patter n o f  results  wa s found . 

Whil e th e parallel s betwee n th e huma n an d simulatio n 
result s wer e strikin g i n th e Lun d e t  al .  (1995 )  paper ,  th e 
parallel s betwee n th e huma n result s an d earlie r  researc h wer e 
not .  Specifically ,  neithe r  th e simulatio n no r  th e huma n 
subject s showe d reliabl e primin g o n stimul i  whic h wer e 
relate d onl y b y wor d associativity .  Thi s wa s somewha t 
troublin g i n tha t  associativ e primin g ha s bee n demonstrate d 
i n earlie r  research  (Chiarello ,  Burgess ,  Richards ,  &  Pollock , 
1990 ;  Fischler ,  1977) .  Close r  inspectio n o f  th e reactio n 
time s i n Lun d e t  al .  (1995 ,  Exp .  4 ,  se e Tabl e 1 )  show s tha t 
th e reactio n time s fo r  th e relate d wor d pair s i n th e associated -
onl y conditio n wer e actuall y faste r  tha n i n th e semantic-onl y 
case .  Th e lac k o f  a  primin g effec t  fo r  th e associated-onl y 
conditio n ma y b e du e t o a n unreliable ,  unrelate d baselin e 
condition .  A  simila r  patter n i s  see n i n th e simulatio n 
results .  I n orde r  t o clarif y thes e results ,  a  ne w se t  o f 
unrelate d wor d pair s wa s forme d b y rearrangin g th e relate d 
wor d pairs ;  i f  th e prio r  result s occurre d du e t o a  problemati c 
set  o f  unrelate d wor d pairs ,  associate d primin g shoul d b e 
obtaine d wit h huma n subjects .  If ,  a s Lun d e t  al .  (1995 ) 
claim ,  th e representation s generate d b y H A L ar e no t 
associative ,  bu t  semantic ,  th e simulatio n result s shoul d stil l 
reflec t  a  lac k o f  a n associativ e primin g effect . 

R 
U 
U-R 
Std . 

H AL simulatio n 
Sem. 

347 
413 
66 

1.0 0 

Assoc . 
322 
339 
17 

0.2 6 

Bot h 
331 
391 
60 

0.9 1 

H u m an 
Sem. 

643 
673 
30 

1.0 0 

subject s 
Assoc . 

623 
634 
11 

0.3 6 

Bot h 
603 
631 
28 

0.9 3 

Tabl e 1 .  Simulatio n an d huma n result s 
(fro m Lund ,  Burgess ,  &  Atchley ,  1995 ) 

Methods 

Twenty-two undergraduate students participated in order to 
ear n cours e credit .  Th e stimul i  use d i n thi s lexical-decisio n 
primin g experimen t  wer e take n fro m Chiarell o e t  al .  (1990 ) 
and consiste d o f  wor d pair s o f  thre e relationa l  type s 
(associative ,  semantic ,  an d semanti c +  associative) .  Thes e 
relate d wor d pair s wer e rearrange d t o for m unrelate d wor d 
pairs ;  additionally ,  a  numbe r  o f  word-nonwor d trial s equa l  t o 
th e combine d numbe r  o f  relate d an d unrelate d word-wor d 
trial s wer e included .  Targe t  word s wer e balance d fo r  bot h 
wor d lengt h an d printe d frequency ,  yieldin g a  tota l  o f  28 8 
wor d pairs . 

An experimenta l  lis t  include d al l  28 8 trial s an d wa s 
precede d b y fou r  "war m up "  trials .  W o r d prime s wer e 
counterbalance d s o tha t  a  targe t  woul d b e precede d b y a 
relate d wor d i n on e lis t  an d a n unrelate d wor d i n a  secon d 
list .  Thi s allowe d th e target s t o ac t  a s thei r  o w n controls .  O f 
th e relate d word-wor d pairs ,  on e thir d wer e wor d pair s tha t 
wer e onl y semanticall y related ,  on e thir d wer e onl y 
associativel y related ,  an d th e remainin g pair s wer e bot h 
semanticall y an d associativel y related. 

Stimulu s presentatio n an d timin g wa s conducte d o n P C 
clones .  Eac h tria l  bega n wit h a  50 0 m s fixatio n cross , 
followe d b y a  prim e a t  thi s locatio n fo r  30 0 m s immediatel y 

followe d b y th e targe t  whic h remaine d unti l  eithe r  th e 
subjec t  mad e a  lexica l  decisio n o r  250 0 m s elapsed . 
Accurac y feedbac k wa s provided ,  a s wel l  a s a  time-ou t  signa l 
fo r  lac k o f  respons e withi n 250 0 ms .  A  se t  o f  fiftee n 
practic e trial s wa s presente d firs t 

Results and Discussion 

Results are shown in Table 2. As desired, the variance of the 
unrelate d conditio n fo r  huma n subject s wa s reduce d (fro m 1 1 
t o 6.2) .  Reactio n time s wer e faste r  fo r  relate d trial s tha n fo r 
unrelated ,  f(l ,  285 )  =  17.91 .  ; ? <  0.0001 .  Ther e wa s a n 
effec t  o f  associativ e typ e (F(5 ,  281 )  =  2.6 ,  p  =  0.02 )  bu t  n o 
typ e b y relatedness  interactio n ( F < 1) .  Planne d comparison s 
wer e mad e a t  eac h leve l  o f  wor d relatio n i n orde r  t o 
determin e primin g b y stimulu s type .  Primin g wa s foun d fo r 
al l  thre e conditions :  semantic ,  F(l ,  93 )  =  4.19 ,  p  =  0.04 ; 
associated ,  F(l ,  94 )  =  8.11 ,  p  =  0.005 ;  an d bot h semanti c 
and associated ,  F(l ,  94 )  =  6.64 ,  p  =  0.011 .  Thes e result s ar e 
consisten t  wit h ou r  hypothesi s tha t  th e earlie r  lac k o f 
associativ e primin g wit h huma n subject s wa s du e t o a  poo r 
selectio n o f  unrelate d wor d pairs .  However ,  i n bot h 
experiments ,  th e standar d procedur e wa s followe d t o obtai n 
unrelate d wor d pair s (manua l  rearrangement ,  bein g carefu l  t o 
includ e n o clearl y related  wor d pairs) .  Th e resulting  sporadi c 
associativ e primin g i n thes e experiments ,  contraste d wit h 
th e consistenc y o f  semanti c priming ,  lead s u s t o conclud e 
tha t  th e rol e o f  associativ e primin g i n a  lexica l  decisio n tas k 
i s no t  a s straightforwar d a s tha t  o f  semanti c similarity . 

The H A L simulatio n result s fo r  th e newl y rearrange d wor d 
pair s ar e simila r  t o thos e obtaine d previously .  Ther e i s a n 
overal l  primin g effect ,  F(l ,  285 )  =  21.02 ,  p  <  0.0001 .  Ther e 
was n o reliabl e effec t  o f  associativ e typ e ( F <  1) .  no r  a 
reliabl e interactio n (F(2 ,  281 )  =  1.26 ,  p  =  0.28) .  Primin g i s 
presen t  fo r  th e semanti c condition ,  F(l ,  93 )  =  5.92 ,  p  = 
0.017 ,  an d fo r  th e semanti c plu s associate d condition ,  F(l , 
94 )  =  10.95 ,  p  <  0.0013 ,  bu t  onc e agai n n o primin g i s 
foun d fo r  th e associated-onl y condition ,  F  <  1 .  Standardize d 
score s ar e compute d b y dividin g al l  primin g amount s b y th e 
semanti c primin g amount ,  i n orde r  t o eas e comparison s o f 
primin g magnitude s betwee n th e simulatio n an d th e huma n 
result s (se e Tabl e 2) . 

Th e simulatio n wa s no t  sensitiv e t o th e change s i n 
stimul i  whic h brough t  abou t  huma n associativ e priming . 
Thi s resul t  provide s furthe r  tha t  H A L i s mor e sensitiv e t o 
semantic s tha n t o associativity . 

R 
U 
U-R 
Std . 

H AL simulatio n 
Sem. 

540 
513 
37 

1.0 0 

Assoc . 
469 
487 
18 

0.4 8 

Bot h 
416 
494 
78 

2.1 1 

Human 
Sem. 

615 
652 
37 

1.0 0 

subject s 
Assoc . 

583 
626 
43 

1.1 6 

Bot h 
591 
629 
38 

1.0 2 

Tabl e 2 .  Simulatio n an d huma n result s 

Experiment 2 

Experiment 1 showed that the HAL simulation does not 
produc e statisticall y reliabl e primin g wit h associated-onl y 
wor d pairs .  However ,  ther e i s a  consistent ,  althoug h no t 
reliable ,  relatednes s advantag e foun d fo r  associated-onl y 
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stimuli ,  bot h i n th e experimen t  presente d her e an d i n othe r 
research .  Furthermore ,  th e semanti c +  associate d conditio n 
i n Experimen t  1  produce d greate r  primin g tha n di d th e 
semantic-onl y condition . 

For  thes e reasons ,  a  blanke t  declaratio n o f  lac k o f 
associativit y i n H A L ' s representation s seem s premature . 
However ,  i t  doe s seem s clea r  tha t  whateve r  associativ e 
informatio n i s availabl e i n HAL ' s vector s wil l  no t  b e foun d 
thoug h primin g simulations .  Thi s i s importan t  t o clarif y 
sinc e w e wan t  t o clai m tha t  semanti c similarit y make s a n 
importan t  contributio n i n primin g wit h humans . 

Stimul i  constructio n i n wor d primin g an d othe r 
psycholinguisti c experiment s ofte n emplo y wor d associatio n 
norms .  Thes e norm s provid e a  compilatio n o f  a  se t  o f 
people' s frequenc y ordere d association s t o man y words .  Wor d 
relationship s tha t  ca n b e foun d i n wor d associatio n norm s 
ca n tak e a  variet y o f  forms .  I t  i s  no t  unusua l  t o find  man y 
type s o f  associativ e an d semanti c relationship s i n thes e 
collection s o f  items .  Thes e norms ,  then ,  provid e a n 
importan t  tes t  o f  th e representation s tha t  ca n b e generate d 
usin g th e H A L model .  I n thi s experiment ,  wor d pair s fro m 
th e Palerm o an d Jenkin s (1964 )  norm s wil l  b e compare d 
wit h tw o potentia l  associativit y indice s availabl e fro m th e 
co-occurrenc e matrix .  Additionally ,  th e Palerm o an d Jenkins ' 
dat a wil l  b e compare d t o semanti c distance s fro m th e H A L 
simulation . 

Methods 

The two HAL-derived candidate associativity indices are co-
locatio n frequenc y an d co-locatio n separation .  Co-locatio n 
frequency ,  computabl e fo r  an y tw o words ,  i s simpl y a  ra w 
coun t  o f  th e numbe r  o f  time s tha t  thos e tw o word s occurre d 
withi n th e ten-wor d co-occurrenc e w indo w durin g 
constructio n o f  th e co-occurrenc e matrix .  Thi s correspond s 
t o on e intuitiv e definitio n o f  associativity ,  namel y tha t 
word s ar e associate d t o th e degre e tha t  the y ten d t o occu r 
togethe r  i n languag e (Miller ,  1969 ;  Spenc e &  Owens , 
1990) .  Thi s measur e i s no t  scale d o r  normalize d fo r  wor d 
frequency . 

The secon d associativit y measure ,  co-locatio n separation , 
i s  a  measur e o f  ho w man y words ,  o n average ,  separate d a 
certai n wor d pai r  a s the y occurre d withi n th e co-occurrenc e 
window .  Fo r  instance ,  i f  th e phras e "ladie s an d gentlemen " 
was th e onl y contex t  i n whic h th e word s "ladies "  an d 
"gentlemen "  eve r  occurre d withi n th e corpus ,  thos e tw o 
word s woul d hav e a  co-locatio n separatio n measur e o f  1.0 , 
as the y ar e alway s separate d b y on e word ,  "and. "  A s th e co -
occurrenc e windo w use d i n thes e experiment s wa s te n word s 
wide ,  thi s measur e ca n rang e fro m zer o t o nine .  Co-locatio n 
frequenc y an d separatio n value s fo r  som e exampl e wor d pair s 
ar e giv e i n Tabl e 3 . 

Thes e potentia l  associativit y metric s wer e compare d t o 
Palerm o an d Jenkins '  (1964 )  wor d associatio n norms .  I n 
thei r  norms ,  targe t  word s wer e availabl e alon g wit h 
associate s produce d b y huma n subjects .  Eac h target-associat e 
pai r  wa s ranke d b y ho w man y subject s produce d tha t 
particula r  response .  Fo r  eac h targe t  wor d i n th e huma n 
associativit y data ,  th e to p five  associate s wer e use d t o for m 
five  wor d pair s (e.g. ,  man-boy) .  Co-locatio n frequenc y an d 
separatio n value s fo r  thes e wor d pair s wer e the n computed . 

as wel l  a s semanti c distances ,  an d thes e value s wer e 
examine d fo r  correlations . 

blac k 
man 
le d 
hol y 
man 

Word Pai r 
whit e 
w o m an 
Zeppeli n 
cow 
tal l 

Col .  Sep . 
2. 9 
3. 4 
0. 4 
0. 0 
5. 2 

Col .  Freq . 
384 6 
1497 
290 

64 
49 

Tabl e 3 .  Exampl e wor d pairs . 

Results and Discussion 

Correlations between human associativity ratings and both 
co-locatio n separatio n an d frequenc y ar e show n i n Tabl e 4 . 
Consisten t  wit h ou r  earlie r  claim ,  ther e wa s n o reliabl e 
correlatio n betwee n semanti c distance s an d associativit y 
ratings .  Ther e wa s a  smal l  correlatio n betwee n co-locatio n 
separatio n an d associativit y {r = -0.\, p =  0.05) ,  indicatin g 
that ,  t o a  mino r  degree ,  mor e highl y associate d wor d pair s 
occu r  close r  t o eac h othe r  tha n d o les s associate d pairs . 

By fa r  th e larges t  correlatio n foun d wa s tha t  betwee n co -
locatio n frequenc y (ra w coun t  o f  co-occurrenc e withi n a  ten -
wor d window )  an d wor d pai r  associativit y ( r  =  0.25 ,  p  < 
0.0001) .  Thi s support s th e intuitiv e an d c o m m o n 
operationa l  definitio n o f  associativit y tha t  associate d word s 
ten d t o appea r  clos e t o eac h othe r  i n language .  I t  i s notable , 
though ,  tha t  th e large r  o f  th e significan t  correlation s wa s 
tha t  betwee n associativit y an d co-locatio n frequenc y rathe r 
tha n betwee n associativit y an d co-locatio n distance .  I n othe r 
words ,  associativit y fo r  a  wor d pai r  wa s no t  wel l  predicte d 
by ho w close ,  o n average ,  th e tw o word s wer e t o eac h othe r 
when the y wer e withi n th e ten-wor d window ,  bu t  wa s 
predicte d rathe r  wel l  simpl y b y th e numbe r  o f  time s whic h 
the y co-occurre d withi n th e windo w a t  an y distance . 

Thes e result s ca n illuminat e muc h abou t  H A L ,  semantics , 
and distribute d semanti c representations .  A n examinatio n o f 
th e wor d pair s use d a s associativ e pair s reveal s substantia l 
semanti c overlap .  Fo r  instance ,  th e to p tw o associate s o f 
man ar e liste d a s woma n an d boy . 

The associativit y o f  th e wor d pair s use d i n thi s experimen t 
i s no t  i n doubt ;  clearly ,  m a n an d w o m a n ar e highl y 
associate d (al l  thes e stimul i  wer e th e stronges t  fiv e 
associate s t o eac h target) .  However ,  a  grea t  man y o f  th e 
wor d pair s ar e bot h associate d an d semanticall y similar . 
Experimen t  3  wil l  examin e thi s phenomeno n i n greate r 
detail . 

Distance Col. Sep. Col. Freq. 
H u m an -0.0 6 -0. 1 0.2 5 
Associativit y ( p =  0.237 )  ( p =  0.05 )  (p< .0001 ) 

Table 4. Correlations for all associative pairs (n = 389). 

Experiment 3 

Given that there appears to be considerable semantic overlap 
betwee n man y o f  th e associate d wor d pair s use d i n th e wor d 
"association "  norm s usin g i n Experimen t  2 ,  i t  woul d b e 
desirabl e t o separat e th e semanti c  -i -  associate d pair s fro m th e 
associated-onl y pairs .  W e approache d thi s tas k b y 
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differentiatin g betwee n wor d pair s whic h wer e "semanti c 
neighbors "  tha t  ca n b e calculate d usin g H A L an d thos e 
whic h wer e not . 

To determin e i f  a  wor d i s a  semanti c neighbo r  o f  anothe r 
word ,  semanti c distance s ar e compute d betwee n th e firs t 
wor d an d al l  othe r  word s usin g H A L ' s semanti c vectors . 
Thes e distance s ar e the n ranke d usin g thi s semanti c distance . 
We arbitraril y  chos e t o cal l  th e fifty  word s wit h th e smalles t 
distance s "neighbors "  o f  th e targe t  word ,  o n th e assumption 
tha t  the y ar e th e mos t  highl y relate d word s i n th e availabl e 
vocabular y (whic h consist s o f  th e mos t  c o m m o n 70,00 0 
token s foun d i n ou r  corpus) ;  se e Tabl e 5  fo r  som e example s 
of  semanti c neighborhoods . 

Of  th e 38 9 origina l  wor d pairs ,  6 7 (-17% )  qualifie d a s 
semanti c neighbors ,  leavin g 32 2 a s non-neighbor s (althoug h 
stil l  al l  highl y associated) .  A s i n Experimen t  2 ,  correlation s 
wer e compute d betwee n th e associativit y rating s o f  thes e 
tw o set s o f  wor d pair s (neighbor s an d non-neighbors )  an d 
semanti c distance ,  co-locatio n separation ,  an d co-locatio n 
frequency. 

woman girl, man, child, piece, huge, woman's, cow 
gallo n gallons ,  liter ,  inch ,  pound ,  megs ,  litre ,  m e g 
red  blue ,  green ,  white ,  black ,  gold ,  monster ,  ring 
spide r  turtle ,  shark ,  angel ,  dragon ,  storm ,  slug ,  gian t 

Table 5. Example semantic neighborhoods. 

Results and Discussion 

Correlations are shown in Table 6. Correlations between 
associativit y an d bot h semanti c distanc e an d co-locatio n 
separatio n ar e similar ,  fo r  bot h set s o f  words ,  t o thos e 
obtaine d i n Experimen t  2 .  However ,  a  strikin g differenc e i s 
foun d i n th e correlation s fo r  co-locatio n frequency .  Here ,  th e 
correlatio n fo r  th e semanti c neighbo r  se t  ha s increased ,  b y 
neari y a  facto r  o f  two ,  t o 0.4 8 (j> < 0.0001) ,  whil e th e 
correlatio n fo r  non-neighbor s ha s becom e negligibl e an d 
unreliable .  Thi s resul t  suggest s tha t  th e popula r  vie w tha t 
associatio n i s reflecte d b y wor d proximit y i s onl y tru e fo r 
word s whic h ar e semanticall y relate d (though ,  fo r  thes e 
words ,  co-locatio n frequenc y i s a n excellen t  predicto r  o f 
associativity) . 

Non-
neighbor s 
Neighbor s 

N 
322 

67 

Distanc e 
0.0 3 

(P=a552 ) 
-01 3 

(D =  0552 ) 

Col .  Sep . 
-0.0 8 

4)  =  016 ) 
-0.2 1 

03 =  008 ) 

Col .  Freq . 
00 5 

(p =  0412 ) 
0.4 8 

(p <  .0001 ) 

Tabl e 6 .  Correlation s wit h associativity . 

General Discussion 

Experiment s 2  an d 3  validat e th e distinctio n betwee n 
associate d an d associated-semanti c pair s whic h wa s mad e i n 
Experimen t  1  (se e Chiarell o e t  al. ,  1990) .  Clearly ,  amon g 
associate s produce d b y huma n subjects ,  ther e ar e bot h 
associate s whic h co-occu r  i n natura l  languag e an d thos e 
whic h d o not ;  th e distinctio n appear s t o b e quit e sharp ,  wit h 

thos e no t  co-occurrin g i n languag e bein g th e substantia l 
majority . 

Tempora l  contiguit y ha s bee n though t  t o b e a  critica l 
componen t  o f  learnin g (Deese ,  1965) .  Sinc e ther e wa s no t  a 
genera l  correlatio n betwee n associativit y an d co-locatio n 
frequency ,  i t  seem s unlikel y tha t  th e majorit y o f 
association s produce d b y subject s wer e learne d vi a tempora l 
contiguit y i n thi s fashio n (a t  leas t  fro m natura l  language) ; 
onl y thos e association s whic h als o contai n a  semanti c 
componen t  appea r  t o influenc e wor d order . 

Experimen t  1  demonstrate d that ,  whateve r  th e metho d i s 
by whic h thes e non-tempora l  association s ar e expressed , 
H AL i s no t  sensitiv e t o them .  A n exampl e i n whic h H A L 
pick s u p semanti c informatio n whic h i s no t  directl y 
temporall y expressed ,  i s th e relationshi p betwee n roa d an d 
street .  Th e collocatio n frequenc y fo r  thi s wor d pai r  i s  onl y 
7 4 (a s compare d t o 149 7 fo r  m a n - w o m a n ) ,  ye t  th e vecto r 
representation s fo r  roa d an d stree t  ar e nearl y identica l 
(indicatin g tha t  the y shar e a  grea t  dea l  o f  meaning) . 

The methodolog y an d result s presente d her e hav e practica l 
applications ;  stimulu s se t  construction ,  fo r  instance ,  coul d 
benefi t  fro m a n objectiv e measur e o f  semanti c overla p i n 
associativ e data .  Mor e importantly ,  thi s researc h shed s ligh t 
on th e natur e o f  associativity ,  dispellin g som e popula r  idea s 
abou t  wher e i t  originates .  Ther e ar e severa l  importan t 
theoretica l  conclusion s t o b e draw n fro m thi s se t  o f 
experiment s an d th e earlie r  wor k o n H A L (Burges s &  Lund , 
1996 ;  Lun d &  Burgess ,  i n press ;  Lun d e t  al. ,  1995) .  Th e 
relianc e o f  ou r  notion s abou t  semanti c organizatio n o n 
associativ e structur e i s virtuall y axiomatic .  Georg e Mille r 
(1969 )  propose d tha t  "meaning s ca n b e characterize d i n term s 
of  lexica l  associations .  Lexica l  association s ca n b e measure d 
by wor d associatio n tests .  Th e result s o f  wor d associatio n 
test s ca n b e accounte d fo r  i n term s o f  particula r  type s o f 
sentence s w e ca n for m wit h th e words "  (pp .  234-235) .  Thes e 
belief s hav e bee n persisten t  (Plaut ,  1995 ;  Shelto n &  Martin , 
1992 ;  Spenc e &  O w e n s ,  1990) .  Th e notio n tha t 
associativit y ca n b e characterize d b y tempora l  associatio n i n 
languag e receive s littl e o r  n o suppor t  fro m ou r  corpu s 
analysis .  Th e exten t  tha t  "wor d associations "  ca n b e 
characterize d b y tempora l  associatio n seem s t o b e mor e a 
functio n o f  semanti c neighborhoo d whic h i s a  reflectio n o f 
semanti c similarit y i n H A L ' s vecto r  representations .  Thi s 
may b e counterintuitive ,  give n tha t  H A L ' s methodolog y 
require s i t  t o bootstra p it s representation s fro m lexica l  co -
occurrenc e an d tha t  lexica l  co-occurrenc e i s relate d t o 
tempora l  association .  Th e relationshi p betwee n associativ e 
(an d thu s temporal )  connection s i n memor y an d semanti c 
representation s correspond s t o h o w a  memor y i s initiall y 
acquire d an d h o w i t  i s  ultimatel y transforme d int o a  mor e 
generalize d piec e o f  knowledg e (it s semanti c vecto r  i n th e 
H AL model) .  Th e notio n tha t  association s provid e th e 
antecedent s fo r  semanti c structur e wa s earl y posite d i n 
cognitiv e psycholog y (Mandler ,  1962 ;  Osgood ,  1971) .  Thi s 
i s no t  t o sa y tha t  associativ e informatio n m a y no t  b e 
importan t  i n mor e generalize d structures .  Fo r  example , 
whil e ther e i s no t  m u c h similarit y betwee n th e concept s 
m an an d tall ,  the y ar e strongl y associate d an d tha t  me n ten d 
t o b e tal l  relativ e t o som e standar d i s importan t  knowledge . 
However ,  associativ e informatio n suc h a s thi s tend s t o b e 

607 



more relativistic .  A n outcom e o f  thi s i s tha t  primin g effect s 
usin g associativ e relationship s may b e les s stabl e acros s set s 
of  item s o r  subjects ,  a s w e sa w i n experimen t  1 .  Associativ e 
informatio n tha t  ha s no t  becom e generalized ,  tha t  is ,  no t 
semantic ,  woul d b e mor e predictiv e o f  episodi c 
relationships . 

I n th e H A L model ,  thi s distinctio n betwee n associativ e 
and semanti c informatio n correspond s t o th e distinctio n 
betwee n loca l  co-occurrenc e an d globa l  co-occurrence . 
Tempora l  informatio n i s reflecte d i n loca l  co-occurrence . 
When on e examine s globa l  pattern s o f  co-occurrence ,  acros s 
a vocabulary ,  on e finds  no t  associative ,  bu t  semanti c 
information .  Onl y a  smal l  proportio n o f  th e vecto r  element s 
ar e require d t o obtai n th e cognitiv e effect s tha t  w e find . 
Thus ,  th e functiona l  representatio n i s abstracte d fro m an d i s 
more a  measur e o f  wor d contextualit y o r  globa l  co -
occurrenc e tha n tempora l  association .  Thi s i s a n importan t 
distinctio n t o mak e a s theorie s o f  semantic s develo p 
(Burges s &  Cottrell ,  1995 ;  Burges s &  Lund ,  1996 ;  Landaue r 
& Dumais ,  1996 ;  Lun d &  Burgess ,  i n press) . 
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Abstrac t 

We present an inference-based text understanding methodol-
ogy fo r  th e resolutio n o f  functiona l  anaphor a i n th e contex t 
of  th e centerin g model .  A  se t  o f  heuristi c realizatio n con -
straint s i s proposed ,  whic h incorporat e language-independen t 
conceptua l  criteri a (base d o n th e well-formednes s an d con -
ceptua l  strengt h o f  rol e chain s i n a  terminologica l  knowl -
edge base )  an d language-def>enden t  informatio n structur e con -
straint s (base d o n topic/commen t  o r  theme/rhem e ordcrings) . 
We stat e text-grammatical  predicate s fo r  functiona l  anaphor a 
and the n tur n t o th e procedura l  aspect s o f  thei r  evaluatio n 
withi n th e framework  o f  a n actor-base d implementatio n o f  a 
lexicall y distribute d text  parser . 

I n t roduc t io n 

Textual forms of anaphora are a challenging issue for the de-
sig n o f  parser s fo r  tex t  understandin g systems ,  sinc e lackin g 
recognitio n facilitie s eithe r  resul t  i n referentiall y  incohesiv e 
or  invali d tex t  knowledg e representations .  A t  th e conceptua l 
leve l  functiona l  anaphor a relate s a  quasi-anaphori c expres -
sio n t o it s anteceden t  b y conceptua l  attribute s (o r  roles )  as -
sociate d wit h tha t  anteceden t  (see ,  e.g. ,  th e relatio n betwee n 
"Ladezeil "  (charg e time )  an d "Akku "  (accumulator )  i n (3 ) 
and (2 )  below) .  Thu s i t  complement s th e phenomeno n o f 
nomina l  anaphora ,  wher e a n anaphori c expressio n i s relate d 
t o it s anteceden t  i n term s o f  conceptua l  generalizatio n (as , 
e.g. ,  "Rechner "  (computer )  refer s t o "316LT' ,  a  particula r 
notebook ,  i n (2 )  an d (1 )  below) .  Th e resolutio n o f  text-leve l 
nomina l  (an d pronominal )  anaphor a contribute s t o th e con -
suuctio n o f  referentiall y  vali d tex t  knowledg e bases ,  whil e 
th e resolutio n o f  text-leve l  functiona l  anaphor a yield s refer -
entiall y  cohesiv e tex t  knowledg e bases . 

1. Der 316LT wird mil einem Nickel-Metall-Hydride-Akku be-
sttlckt . 
(Th e 316L T i s -  wit h a  nickel-metal-hydride-accumulato r  -
equipped. ) 

2.  Der Rechner wird durch diesen neuartigen Akku fUr ca. 4 Stunden 
mit  Stro m versorgt . 
(Th e compute r  i s  -  becaus e o f  thi s ne w typ e o f  accumulato r  -  fo r 
approximatel y 4  hour s -  wit h powe r  -  provided. ) 

3. DarUberhinaus ist die Ladezeit mit 1 ,S Stunden sehr kurz. 
(Also ,  -  i s  -  th e charg e tim e o f  1. 5 hour s quit e short. ) 

I n th e cas e o f  functiona l  anaphora ,  th e conceptua l  entit y 
tha t  relate s th e topi c o f  th e curren t  utteranc e t o discours e ele -
ment s mentione d i n th e precedin g on e i s no t  explicitl y  men -
tione d i n th e surfac e expression .  Hence ,  th e appropriat e con -
ceptua l  lin k mus t  b e inferre d t o establis h th e loca l  coher -
enc e o f  th e discours e (fo r  a n earl y statemen t  o f  tha t  idea ,  cf . 
Clar k (1975)) .  I n sentenc e (3 )  th e informatio n i s missin g tha t 
"Ladezeit "  (charg e time )  i s a  propert y o f  "Akku "  (accumu -
lator) .  Thi s relatio n ca n onl y b e establishe d i f  conceptua l 
knowledg e abou t  th e domain ,  viz .  th e relatio n property-ofbc -
twee n th e concept s C h a r g e - T i m e an d A c c u m u l a t o r ,  i s 
available . 

The solution we propose to account for functional 
anaphor a i s embedde d i n th e framewor k o f  th e centerin g 
model  (Gros z e t  al. ,  1995) .  I n thi s approach ,  discours e en -
titie s servin g t o lin k on e utteranc e t o othe r  utterance s i n a 
particula r  discours e segmen t  ar e organize d i n term s o f  cen -
ters .  Th e crucia l  notio n fo r  establishin g loca l  coherenc e link s 
i n discours e i s tha t  o f  realization .  Give n a  cente r  elemen t 
of  th e previou s utterance ,  w e sa y thi s elemen t  i s realize d 
i f  i t  i s  associate d wit h a n expressio n i n th e followin g utter -
anc e tha t  ha s a  vali d interpretatio n i n th e underlyin g seman -
tic/conceptua l  representatio n language .  Functiona l  anaphor a 
has onl y bee n give n insufficien t  treatmen t  withi n th e center -
in g mode l  i n term s o f  rathe r  sketch y realizatio n condition s 
as oppose d t o th e mor e elaborate d "direc t  realization "  con -
straint s formulate d fo r  (pro)nomina l  anaphor a (cf .  Gros z e t  al . 
(1995)) .  A s thes e criteri a ar e overl y vague ,  w e inten d t o 
suppl y a  mor e precise ,  formall y grounde d notio n o f  realiza -
tio n fo r  th e analysi s o f  functiona l  anaphor a i n th e centerin g 
framewor k b y proposin g a  se t  o f  heuristi c realizatio n con -
straint s t o guid e th e underlyin g inferenc e processes .  Thes e 
includ e language-independen t  conceptua l  criteri a (base d o n 
th e well-formednes s an d conceptua l  strengt h o f  rol e chain s 
i n a  terminologica l  knowledgebase )  an d language-dependen t 
informatio n structur e constraint s (base d o n topic/commen t  o r 
theme/rhem e orderings) .  Th e criteri a w e postulat e contribut e 
additiona l  restriction s o n th e searc h spac e o f  possibl e refer -
ent s an d als o direc t  inferenc e processe s require d t o under -
stan d anaphori c utterance s i n th e discourse .  Thus ,  the y ca n b e 
considere d a  mor e adequat e explanator y mode l  fo r  loca l  co -
herenc e tha n th e origina l  centerin g mode l  i n tha t  the y furthe r 
limi t  th e resourc e demand s fo r  prope r  tex t  understanding . 
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Conceptua l  Constraint s 

We assume a concept hierarchy to consist of a set of concept 

names 7  =  {Computer-System ,  Accumulator,... } 
and a  subclas s relatio n isa r  =  {(Notebook ,  Computer -
System) .  (NIMH-ACCUMULATOR.  ACCUMULATOR),... } 

C T  y.T .  Th e se t  o f  relatio n name s T l  =  {has-physical-part , 
has-accumulator .  charge-time-of,... )  contain s th e label s o f 
possibl e conceptua l  roles .  Thes e ar e organize d int o a  hierar -
ch y b y th e relatio n isa n =  {(has-accumulator ,  has-physical -

part) ,  (charge-time-of ,  property-of).... }  C  ^  x  7^ .  W e als o 
assume th e c o m m o n understandin g o f  th e term s range ,  do -
mai n an d invers e o f  a  relation . 

For  th e identificatio n an d evaluatio n o f  suitabl e concep -

tua l  link s betwee n a n anteceden t  an d a  functiona l  anaphor . 
a pathfinde r  perform s a n extensiv e unidirectiona l  searc h i n 
th e domai n knowledg e base ,  lookin g fo r  well-forme d path s 
betwee n th e tw o concepts ,  whil e a  pat h evaluato r  select s th e 

strongest s o f  th e ensuin g paths .  W e wil l  no t  g o int o th e for -
mal  detail s o f  well-formednes s criteri a fo r  a  conceptua l  pat h 
(r i  .. .  r„ )  (r j  €  11 )  Unkin g tw o concepts  x, y e  :F .  Instead , 
we onl y briefl y mentio n tha t  w e requir e complet e connec -

tivit y (compatibilit y  o f  domain s an d range s o f  th e include d 
relations )  an d non-cyclicit y (exclusion s o f  inverse s o f  rela -
tions )  fo r  a  conceptuall y well-forme d path .  Th e latte r  crite -
rion,  thoug h entirel y formal ,  achieve s th e discriminatio n al -
lude d t o b y Resnik' s (1995 )  distinctio n betwee n simila r  an d 
semanticall y relate d concepts .  Additionally ,  a  pat h fro m x  t o 
y wil l  b e exclude d fro m th e pat h lis t  if f  i t  properl y include s 
anothe r  pat h fro m r  t o y  an d thu s i s conceptuall y longer . 

O ur  focu s i n thi s pape r  wil l  b e o n empirica l  criteri a o f 
pat h evaluation ,  viz .  thos e whic h mar k certai n path s a s bein g 

preferre d ove r  other s i n term s o f  commonsens e plausibility . 
Base d o n th e analyse s o f  approximatel y 6 0 produc t  review s 
fro m th e informatio n technolog y domai n an d evidence s re -
porte d fro m severa l  (psycho)linguisti c studie s (e.g. ,  Chaffm , 
1 9 9 2 ) ,  w e stipulat e certai n predefine d pat h patterns .  Fro m 
thos e genera l  pat h pattern s an d b y virtu e o f  th e hierarchica l 
organizatio n o f  conceptua l  relations ,  concret e conceptua l  rol e 
chain s ca n automaticall y b e derive d b y th e knowledg e bas e 
syste m base d o n th e operatio n o f  a  classifie r  (w e assum e a 
terminologica l  reasonin g framework) .  Thi s allow s u s t o dis -
tinguis h betwee n a  subse t  P  o f  al l  type s o f  well-forme d paths , 
whic h i s labele d "plausible" ,  anoiht r  subse t  M whic h i s la -
bele d "metonymic" ,  an d al l  remainin g path s whic h ar e la -

bele d "implausible" . 

Plausibl e Paths .  W e n o w tur n t o th e questio n wha t 
kind s o f  relatio n chain s shoul d b e characterize d a s plausibl e 
one s (formin g th e se t  V ) ,  i.e. ,  whic h composition s o f  rela -
tio n type s ar e likel y t o creat e reasonabl e rol e chains .  Al l 
path s o f  uni t  lengt h 1  ar e include d i n P  a s the y ar e explic -
itl y  supplie d i n th e domai n knowledg e bas e an d ar e there -
for e "plausible" ,  b y definition .  Regardin g longe r  rol e chain s 
we incorporat e observation s abou t  th e transitivit y o f  (part -

whole )  relation s m a d e b y Chaffi n (1992 )  an d Winsto n e t  al . 
(1987) .  The y distinguis h severa l  subtype s o f  part-whol e rda -

tions ,  e.g. ,  integra l  object-componen t  (correspondin g t o wha t 
we cal l  has-physical-part) ,  collection-member ,  mass-portion , 

process-phase ,  event-feature ,  area-place .  Th e majo r  clai m 

the y mak e i s tha t  an y o f  thes e 5u<{>reIation s ar e transitive , 
whil e th e mos t  genera l  part-whol e relatio n usuall y i s not . 
I n othe r  words ,  a  relatio n chai n containin g onl y relation s o f 
on e o f  th e above-mentione d subtype s induce s a  relatio n o f 
th e sam e subtype ,  wherea s a  relatio n chai n containin g differ -

ent  type s o f  part-whol e relation s is ,  i n general ,  no t  reason -

abl e an y more .  Followin g thi s argument ,  w e hav e include d 
th e pat h pattern s (has-physical-part*) ,  (collection-member') , 

(mass-portion*) ,  (process-phase*) ,  (event-feature*) ,  (area -
place* )  an d th e correspondin g inverse s lik e (physical-part -
of*) ,  (member-of) ,  etc .  i n V .  W e refe r  t o th e first  si x  o f  thes e 

basi c pattern s a s transitive-part-whol e patterns ,  i n shor t  T , 
and t o th e invers e pattern s a s T ~ ^  Compositionalit y o f  re -
latio n type s othe r  tha n part-whol e relation s ha s no t  receive d 
tha t  muc h attentio n i n th e literatur e (on e o f  th e rar e exception s 
i s th e stud y b y Huhn s &  Stephen s (1989)) .  W e follo w som e 
of  thei r  suggestion s an d als o includ e (spatia l  containment* ) 
and (connection* )  i n V . 

Metonymi c Paths .  W e als o incorporat e whole-for-part , 
part-for-whole ,  an d producer-for-produc t  metonymie s (cf . 
Lakoff ,  1987 ;  Pass ,  1988) .  T o determin e pat h pattern s cor -
respondin g t o thes e type s o f  metonymie s conside r  th e con -
ceptua l  lin k betwee n a n instanc e o f  th e concep t  C i  an d a n 
instanc e o f  th e concep t  C 3 ,  whic h characterize s a  metonym y 
and thu s stand s fo r  anothe r  instanc e o f  a  concep t  C2 .  A  cor -
respondin g well-forme d conceptua l  pat h p  =  (rj.. .  r„ )  wit h 
n G  W ,  n  >  1 ,  an d ?• < €  T l  [ i  =  l,...,n )  must ,  first, 
lin k C i  t o C n vi a p i  =  (r i  . .  .»-j_i )  fo r  som e ;  €  { 2 
n} .  C 2 i s the n linke d t o C 3 vi a p 2 =  {r j  . .  .r„) .  W e hav e 
restricte d th e first  lin k p x t o plausibl e path s t o provid e rea -
sonabl e metonymi c chain s only .  Th e secon d lin k p 2 mus t 
expres s on e o f  th e metonymi c relation s M S =  {has-part , 
part-ofproduced-by) ,  dependin g oi \  th e specifi c  metonymy ^ 
For  a  producer-for-produc t  metonymy ,  e.g. ,  j  =  n  an d r „ 
= produced-b y mus t  hold .  Fo r  a  part-for-whol e o r  whole -

for-par t  metonymy ,  j  <  n  m a y b e possible ,  a s al l  path s i n 
T an d T ~ '  (e.g. ,  (has-physical-part*) )  als o expres s a  singl e 
has-par t  o r  part-o f  relatio n (se e th e explanation s o f  plausi -
bl e path s above) .  Fo r  notationa l  convenience ,  w e wil l  con -
side r  th e path s i n T  an d T " '  a s a  singl e relatio n s o tha t  w e 
m ay writ e (has-physical-part* )  isa u has-par t  o r  (physical -
part-of )  €  M S .  Thus ,  w e m a y restric t  th e abov e case s o f 
well-forme d metonymi c path s t o th e patter n i n Tabl e 1  fro m 
whic h specia l  pat h pattern s fo r  specifi c  metonymie s ca n b e 
derived . 

'  I f  th e directio n o f  searc h i s reverse d (searchin g fro m C 3 t o Ci ) 
th e correspondin g invers e relations ,  M S ~ ^ =  {part-of ,  has-part , 
produces} ,  mus t  b e considered .  Thi s lis t  o f  metonymi c relation s i s 
by n o mean s complet e an d ca n b e supplemented ,  i f  necessary .  We 
have ,  a s yet ,  include d onl y th e mos t  frequen t  type s o f  metonymie s 
tha t  occu r  i n ou r  applicatio n domain .  Th e incorporatio n o f  fiirthe r 
metonymi c relation s doe s no t  affec t  th e operatio n o f  th e algorithm , 
whatsoever . 
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Metonymic-Pai h ((r i  .. .  r„) )  :« > 

A((n > lA{ri,r2,....r„_,)€7»Ar„ € MS) 
V ( n >  lA(r2,r 3 r„ )  G  P A r ,  €  A<5-') ) 

pendin g o n th e typ e o f  path s th e lis t  contains .  Hence ,  th e 
same orderin g o f  pat h marker s a s i n Tabl e 2  ca n b e applie d t o 
compar e tw o C P list s (cf .  Tabl e 3) . 

Tabl e 1 :  Metonymi c Pat h Pattern s 

The computatio n o f  path s betwee n a n anteceden t  2 ;  an d a 
functiona l  anapho r  y  m a y yiel d severa l  alternativ e type s o f 
well-forme d paths ,  viz .  "plausible" ,  "metonymic "  o r  "implau -
sible" .  I n orde r  t o mak e a  prope r  selectio n w e defin e a  rank -
in g o n thos e differen t  pat h marker s accordin g t o thei r  intrinsi c 

conceptua l  strength ,  whic h w e denot e b y th e relatio n ">,tr " 
(conceptuall y stronge r  than )  (cf .  Tabl e 2) .  A s a  consequenc e 
of  thi s ordering ,  metonymi c path s wil l  b e exclude d fro m a 
pat h lis t  if f  plausibl e path s alread y exist ,  whil e implausibl e 
path s wil l  b e exclude d if f  plausibl e o r  metonymi c path s al -
read y exist .  Hence ,  onl y path s o f  th e stronges t  typ e ar e re -
taine d i n th e final  pat h lis t  fo r  a  give n concep t  pai r  x  an d y . 

"plausible "  >,r r  "metonymic "  >,, r  "implausible " 

Tabl e 2 :  Orderin g o f  Pat h Marker s b y Conceptua l  Strengt h 

To evaluate these conceptual strength criteria we selected 
80 concep t  pair s a t  rando m fro m th e underlyin g domai n 
knowledg e bas e (45 9 concepts ,  33 4 relations) .  W e submit -
te d the m t o th e pat h finder/evaluator  an d compare d th e auto -
maticall y generate d conceptua l  path s wit h introspectiv e judg -
ment s abou t  th e kind s o f  relation s linkin g eac h pair .  Th e 
overal l  erro r  rat e wa s belo w 5 % .  Th e averag e numbe r  o f  con -
necte d path s betwee n tw o concept s (41.8 )  wa s reduce d b y th e 
non-cyclicit y criterio n t o 10. 4 well-forme d paths ,  an d b y th e 
inclusio n criterio n t o 2.4 .  Th e criterio n i n Tabl e 2  achieve s 
a final  reductio n t o merel y 1. 8 paths .  Hence ,  th e criteri a 
achiev e th e desire d discrimination .  W e pla n a  broade r  evalua -
tio n o f  ou r  approac h b y runnin g th e algorith m o n larger-size d 
knowledg e base s i n orde r  t o tes t  th e domain-independenc e 
and scalabilit y  o f  th e abov e criteria . 

Al l  conceptua l  path s whic h mee t  th e abov e linkag e crite -
ria  fo r  tw o concepts ,  x  an d y ,  ar e containe d i n a  lis t  denote d 
by CPi,y .  As ,  i n th e cas e o f  functiona l  anaphora ,  w e hav e 
t o dea l  wit h path s leadin g fro m th e anaphori c expressio n t o 
severa l  alternativ e antecedents ,  w e usuall y hav e t o compar e 
pair s o f  pat h list s CPr. y an d CP,,, ,  wher e x ,  y ,  z  G  ŷ .  W e 
do thi s b y applyin g th e sam e criteri a w e use d fo r  evaluatin g 
path s linkin g singl e concepts .  A s al l  path s i n CPx.j ,  an d C P ^ ^ 
wer e compute d b y th e pat h finder,  the y alread y fulfil l  th e con -
nectivit y an d non-cyclicit y condition .  Th e inclusio n criterio n 
canno t  b e applie d t o an y path s p i  6  CP^. y an d p o g  C P j ^  ,  a s 
Pi  an d p 2 d o no t  lea d t o th e sam e concep t  ( y  ̂  z) .  However , 
th e criterio n whic h rank s conceptua l  path s accordin g t o thei r 
associate d pat h marker s i s applicabl e a s al l  path s i n a  singl e 
CP lis t  hav e th e sam e marker .  A  function ,  PathMarker(CP ,  j ) , 
yield s eithe r  "plausible" ,  "metonymic "  o r  "implausible "  de -

StrongerThan{CP,.y ,  CP,., )  :« • 
PathMarker(CP,.j, )  > . „  PaihMarker(CP,,, ) 

•sStrongAs(CPxy .  C P , , ) : ^ 
PathMarker(CP,,y )  =  PathMarker(CP,. J 

Tabl e 3 :  Compariso n o f  Pat h List s b y Conceptua l  Strengt h 

Centering Constraints 

Conceptua l  criteri a ar e o f  tremendou s importance ,  bu t  the y 
ar e no t  sufficien t  fo r  properl y resolvin g functiona l  anaphora . 

Additiona l  criteri a hav e t o b e supplie d i n th e cas e o f  equa l 
strengt h o f  conceptua l  pat h list s fo r  severa l  alternativ e an -
tecedents .  W e therefor e incorporat e int o ou r  mode l  vari -
ou s informatio n structur e criteri a i n term s o f  topic/commen t 
or  thcme/rhem e pattern s whic h originat e fro m (dependency ) 
structur e analyse s o f  th e underlyin g utterance .  Th e frame -
wor k fo r  thi s typ e o f  informatio n i s provide d b y th e well -
know n centerin g mechanis m (Gros z e t  al .  (1995)) ,  fo r  whic h 
psycholinguisti c evidence s ar e provide d b y Gordo n e t  al . 
(1993 )  an d Brenna n (1995) . 

Th e theor y o f  centerin g i s intende d t o mode l  th e loca l  co -
herenc e o f  discourse ,  i.e. ,  coherenc e amon g th e utterance s 
Ui  i n a  particula r  discours e segmen t  (say ,  a  paragrap h o f  a 
text) .  Loca l  coherenc e i s oppose d t o globa l  coherence ,  i.e. , 
coherenc e wit h othe r  segment s i n th e discourse .  Eac h utter -
anc e U i  i n a  discours e segmen t  i s assigne d a  se t  o f  forward -
lookin g centers ,  Cj(Ui) ,  an d a  uniqu e backward-lookin g cen -
ter ,  Cb(Ui) .  Th e forward-lookin g center s o f  (/ ,  depen d onl y 
on th e expression s tha t  constitut e tha t  utterance ;  previou s ut -
terance s provid e n o constraint s o n Cj(Ui) .  Th e element s o f 
Cj{Ui )  ar e partiall y  ordere d t o reflec t  relativ e prominenc e 
i n iji .  Th e mos t  highl y ranke d elemen t  o f  C/{Ui )  tha t  i s 
realize d i n Ui+ i  (i.e. ,  i s  associate d wit h a n expressio n tha t 
has a  vali d semanti c interpretation )  i s th e Cb{Ui+i) .  Th e 
rankin g impose d o n th e element s o f  th e C /  reflect s th e as -
sumptio n tha t  th e mos t  highl y ranke d elemen t  o f  C;(C/, )  i s 
th e mos t  preferre d anteceden t  o f  a n anaphori c expressio n i n 
t/,+1 ,  whil e th e remainin g element s ar e (partially )  ordere d 
accordin g t o decreasin g preferenc e fo r  establishin g referen -
tia l  links . 

Th e theor y o f  centering ,  i n addition ,  define s severa l  transi -
tio n relation s acros s pair s o f  adjacen t  utterance s (e.g. ,  con -
tinuation ,  retention ,  smoot h an d roug h shift) ,  whic h diffe r 
fro m eac h othe r  accordin g t o th e degre e b y whic h succes -
siv e backward-lookin g center s ar e confirme d o r  rejected ,  and , 
i f  the y ar e confirmed ,  whethe r  the y correspon d t o th e mos t 
highl y ranke d elemen t  o f  th e curren t  forward-lookin g center s 
or  not .  Th e theor y claim s tha t  t o th e exten t  a  discours e ad -
here s t o al l  thes e centerin g constraint s (e.g. ,  realizatio n con -
straint s o n pronouns ,  preference s amon g type s o f  cente r  tran -
sitions) ,  it s  loca l  coherenc e wil l  increas e an d th e inferenc e 
loa d place d upo n th e heare r  wil l  decrease .  Therefore ,  th e 
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tremendou s importanc e o f  fleshing  ou t  th e relevan t  an d mos t 
restrictive ,  thoug h stil l  genera l  centerin g constraints . 

Th e mai n differenc e betwee n Gros z e t  al.' s  wor k an d ou r 

proposa l  concern s th e criteri a fo r  rankin g th e forward-lookin g 
centers .  Whil e Gros z assum e (fo r  th e Englis h language )  tha t 

granwialica l  role s ar e th e majo r  determinan t  fo r  th e rankin g 
on th e C j ,  w e clai m tha t  fo r  Germa n an d othe r  language s 

wit h relativel y fre e wor d orde r  i t  i s  th e functiona l  informa -

tio n structur e o f  th e sentenc e i n term s o f  topic/commen t  o r 

theme/rhem e pattern s (cf .  Strub e &  Hah n (1996 )  fo r  a  mor e 
detaile d account) .  I n thi s framework ,  th e topi c (theme )  de -
note s th e give n information ,  whil e th e commen t  {rheme )  de -
note s th e ne w information .  Thi s distinctio n ca n b e rephrase d 

i n term s o f  th e centerin g mechanism .  Th e them e the n cor -
respond s t o th e Cf c ((/„) ,  th e mos t  highl y ranke d elemen t  o f 
C/(f/„_i )  whic h i s realize d i n f/„ .  Th e theme/rhem e hierar -
ch y o f  U n i s determine d b y th e C/(C/„_i) :  element s o f  U „ 
whic h ar e containe d i n C/([/„_i )  {context-boun d discours e 
elements )  ar e les s rhemati c tha n element s o f  [/ „  whic h ar e no t 
containe d i n C j [Un- \ )  {unboundtXcmtnis) .  Th e distinctio n 
betwee n context-boun d an d unboun d element s i s importan t 
fo r  th e rankin g o n th e C/ ,  sinc e boun d element s ar e gener -
all y ranke d highe r  tha n an y othe r  nonanaphori c elements . 

Grammar Predicates for Functional Anaphora 

We buil d o n a  gramma r  mode l  whic h employ s defaul t  in -
heritanc e fo r  lexica l  hierarchies .  Th e gramma r  formalis m 
(fo r  a  survey ,  cf .  Hah n e t  al .  (1994) )  i s  base d o n depen -
denc y relation s betwee n lexica l  head s an d modifiers .  Th e de -
pendenc y specification s allo w a  ligh t  integratio n o f  linguisti c 
(grammar )  an d conceptua l  knowledg e (domai n model) ,  thu s 
makin g powerfu l  terminologica l  reasonin g facilitie s directl y 
availabl e fo r  th e parsin g process. -  Th e resolutio n o f  func -
tiona l  anaphor a i s base d o n tw o majo r  criteria ,  a  conceptua l 
and a  structura l  one .  Th e conceptua l  strengt h criterio n fo r  rol e 
chain s i s alread y specifie d i n Tabl e 3 .  Th e structura l  conditio n 
i s embodie d i n th e predicat e isPotentialFuncAnteceden t  (cf . 
Tabl e 4) .  A  functiona l  anaphori c relatio n betwee n tw o lexi -
cal  item s i s her e restricte d t o pair s o f  nouns .  Th e anaphori c 
phras e whic h occur s i n th e n-t h utteranc e i s restricte d t o b e a 
definit e N P an d th e anteceden t  mus t  b e on e o f  th e forward -
lookin g center s o f  th e precedin g utterance . 

Th e predicat e PreferredConceptualBridg e (cf .  Tabl e 5 ) 
combine s bot h criteria .  A  lexica l  ite m y  i s determine d a s th e 
prope r  anteceden t  o f  th e functiona l  anaphori c expressio n x 
if f  i t  i s  a  potentia l  anteceden t  an d i f  ther e exist s n o alterna -
tiv e anteceden t  z  whos e conceptua l  strengt h relativ e t o x  ex -

isPotentialFuncAnteceden t  (y ,  x ,  n )  :« * 
y isac *  Nomina l  A  x  iaac '  Nou n 
A 3  z :  ( x hea d z  A  z  xsac '  Ded)efinite ) 
A x € C / „  Ay.reC/((/„_, ) 

^We assum e th e followin g conventions :  C  =  {Word ,  Nominal , 
Noun.  PronPersonal,... }  denote s th e se t  o f  wor d classes ,  an d isa c = 
{(Nominal ,  Word) ,  (Noun ,  Nominal) ,  (PronPersonal ,  Nominal),... } 
C C  X  C  denote s th e subclas s relatio n whic h yield s a  hierarchica l 
orderin g amon g thes e classes .  Furthermore ,  object. r  refer s t o th e 
instanc e i n th e tex t  knowledg e bas e denote d b y th e linguisti c ite m 
objec t  an d object. c refer s t o th e correspondin g concep t  clas s C .  Hea d 
denote s a  structura l  relatio n withi n dependenc y dees ,  viz .  x  bein g th e 
head o f  y . 

Tabl e 4 :  Potentia l  Functiona l  Anteceden t 

ceed s tha t  o f  y  relativ e t o x  or ,  i f  th e conceptua l  strengt h i s 
equal ,  whos e strengt h o f  preferenc e unde r  th e T C relatio n i s 
highe r  tha n tha t  o f  y .  "y^. ^  "  define s a  partia l  orde r  o n th e con -
ceptual/semanti c item s o f  C j  reflectin g th e functiona l  infor -
matio n structur e o f  th e utteranc e (/ „  i n whic h thei r  linguisti c 
counterparts ,  viz .  z  an d y ,  occur . 

PreferredConceptualBridg e (y ,  x ,  n):« » 
isPotentialFuncAnteceden t  (y ,  x ,  n ) 
A -> 3 z  :  isPotentialFuncAntecedent(z ,  x ,  n ) 

A (StrongerTha n (CP ^  c.z.c .  CP ^  .̂j ,  J 
V (asSlrongA s {CP ^ ,, ,  c .  C P ,  ,  , ,  J  A  z  >r ^  y  )  ) 

Tabl e 5 :  Preferre d Conceptua l  Bridg e 

The Resolution of Functional Anaphora 

The acto r  compulatio n mode l  (Agh a &  Hewitt ,  1987 )  pro -
vide s th e backgroun d fo r  th e procedura l  interpretatio n o f  lex -
icalize d gramma r  specifications ,  a s thos e give n i n th e previ -
ous section ,  i n term s o f  so-calle d wor d actors .  Wor d actor s 
communicat e vi a asynchronou s messag e passing ;  a n acto r 
ca n onl y sen d mcs.sagc s t o othe r  actor s i t  know s about ,  it s 
so-calle d acquaintances .  Th e arriva l  o f  a  messag e a t  a n acto r 
trigger s th e executio n o f  a  metho d tha t  i s  compose d o f  gram -
matica l  predicate s (fo r  a  survey ,  cf .  Ncuhau s &  Hah n (1996)) . 

The resolutio n o f  functiona l  anaphor s withi n text s depend s 
on th e result s o f  th e precedin g resolutio n o f  nomina l  anaphor s 
(Strub e &  Hahn ,  1995 )  an d th e terminatio n o f  th e semanti c in -
terpretatio n o f  th e curren t  utterance .  I t  wil l  onl y b e triggere d 
at  th e occurrenc e o f  th e definit e nou n phras e N P whe n N P i s 
not  a  (pro)nomina l  anapho r  an d N P i s onl y connecte d vi a cer -
tai n type s o f  relation s (e.g. ,  has-property ,  has-physical-part) ^ 
t o referent s denote d i n th e curren t  utteranc e a t  th e conceptua l 
level . 

'Associate d wit h th e se t  T i  i s  th e se t  o f  invers e role s 71" ' 
Thi s distinctio n become s crucia l  fo r  alread y establishe d relation s 
lik e has-propert y (subsumin g charge-time ,  etc. )  o r  has-physical -
pa n (subsumin g ha.̂ -accumulator ,  etc. )  insofa r  a s the y d o no t 
bloc k th e initializatio n o f  th e resolutio n procedur e fo r  ftinctional 
anaphor a (e.g. ,  ACCUMULATOR -  charge-tim e -  Charge-Time) , 
wherea s th e existenc e o f  thei r  inverses ,  w e her e refe r  t o a s POF-
typ e relations ,  e.g. ,  property-o f  (suhsumm g charge-timeof ,  etc. )  an d 
p>iy5(ca/-par/-o/(subsumin g accumulator-of ,  etc.) ,  doe s (e.g. .  Ac -
cumulato r  -  accumulator-of -  316LT) .  Thi s i s simpl y du e t o th e 
fac t  tha t  th e semanti c interpretatio n o f  a  phras e lik e "th e charg e tim e 
of  th e accumulator "  alread y lead s t o th e creatio n o f  th e POF-typ e re -
latio n th e resolutio n mechanis m fo r  functiona l  anaphor a i s suppose d 
t o determine .  Thi s i s oppose d t o th e interpretatio n o f  it s  elliptifie d 
counterpar t  "th e charg e time "  i n sentenc e (3) ,  wher e th e genitiv e 
objec t  i s  zeroed . 
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(2 )  D U ll.cb«. r  «U d <k»c h dl... n n^»rtl, « »Jtk u M r  c  «  Itundv .  «l t  Itr, -  v,r.or,t .  (3 )  0.«b.rhln.„ .  i. t  dl .  L^...l t  »l t  1, 5 .tu„d. „  . ^ r  kv,r. . 
(2 )  Th « eoi^ t u ! •  bacaua *  o t  thl .  n m typ e o f  aecuulsto r  fo r  approM .  4  hour a «lt h po>« r  pnxrldnl .  (3 )  »l,o ,  1 .  th .  cliarg .  tia .  o « 1. 5 hour .  quit ,  .hort . 

Figure 1: Sample Parse for the Resolution of a Functional Anaphor 

The protoco l  leve l  o f  actor-base d tex t  analysi s encom -
passe s th e procedura l  interpretatio n o f  th e grammatica l  pred -
icate s mentione d above .  Fig .  1  illustrate s th e protoco l  fo r 

establishin g prope r  conceptua l  relations ,  referrin g t o th e al -
read y introduce d tex t  fragmen t  (1 )  -  (3 )  whic h i s partiall y  re -
peate d a t  th e botto m lin e o f  Fig .  1 .  (3 )  contain s th e definit e 
MP "di e Ladezeit" .  Sinc e "Ladezeit "  (charg e time )  doe s no t 
subsume an y wor d a t  th e conceptua l  leve l  i n th e precedin g 
utterance ,  th e (pro)nomina l  anaphor a tes t  fails ;  th e definit e 
NP "di e Ladezeit "  ha s als o no t  bee n integrate d i n term s o f 
a functionall y relevan t  conceptua l  relatio n a s a  resul t  o f  it s 
semanti c interpretation .  Hence ,  a  SearchTextFuncAnteceden t 
message i s create d b y th e wor d acto r  fo r  "Ladezeit" ,  whic h 
consist s o f  tw o phases : 

1. In phase 1, the message is forwarded from its initiator 
"Ladezeit "  t o \h t  forward-lookin g center s o f  th e previou s 
sentence ,  wher e it s stat e i s se t  l o phas e 2 . 

2. In phase 2, the forward-looking centers of the previous 
sentenc e ar e teste d fo r  th e predicat e PreferredConcepiu -
alBridge ,  relativ e t o th e initiato r  o f  th e SearchAnteceden t 
message ,  viz .  x  =  "Ladezeit "  (charg e time) . 

The relevant knowledge base operations are performed on 
th e fou r  concept s associate d wit h th e curren t  forward-lookin g 
centers ,  viz .  3 I6LT ,  A c c u m u l a t o r ,  Time-unit-Pai r  (th e 
conceptua l  representatio n fo r  "Stunden") ,  an d Power'' .  I n 
thi s case ,  th e instanc e 3 1 6 L T (th e prope r  conceptua l  refer -
ent  o f  th e nomina l  anapho r  "de r  Rechner "  (th e computer) )  i s 
relate d t o C h a r g e - T i m e (th e concep t  denotin g "Ladezeit" ) 
vi a a  metonymi c path ,  viz .  (charge-time-o f  accumulator-of ) 
indicatin g a  whole-for-par t  metonymy ,  whil e th e concep t 
A c c u m u l a t o r  i s relate d t o C h a r g e - T i m e vi a a  plausi -
bl e pat h (viz .  charge-time-of) .  A s plausibl e path s ar e th e 

*Not e tht t  onl y noun s an d pronoun s ar e capabl e o f  respondin g 
t o th e SearchTextFuncAnteceden t  messag e an d o f  bein g teste d a s t o 
whethe r  the y fulfil l  th e require d criteri a fo r  a  functiona l  anaphori c 
relation . 

Stronges t  typ e o f  conceptua l  paths ,  onl y a n elemen t  whic h 
i s mor e highl y ranke d i n th e centerin g lis t  an d i s linke d vi a 
a plausibl e pat h t o th e functiona l  anapho r  coul d b e preferre d 

as th e functiona l  anteceden t  o f  "di e Ladezeit "  (th e charg e 
time )  ove r  "Akku "  (accumulator )  (accordin g t o th e constrain t 
fro m Tabl e 5) .  A s w e k n o w alread y tha t  thi s i s no t  th e 
case ,  i t  i s no t  necessar y t o tes t  th e remainin g concept s associ -
ate d wit h th e curren t  forward-lookin g center s (namely ,  T lME -
Unit-Pai r  an d P o w e r )  an d "Akku "  ca n b e selecte d a s th e 
prope r  functiona l  antecedent .  A  FuncAntecedenlFoun d mes -
sag e i s sen t  fro m th e wor d acto r  "Akku "  t o th e initiato r  o f 
th e SearchAnteceden t  message ,  viz .  "Ladezeit" .  A n appro -
priat e updat e link s th e correspondin g instance s vi a th e rol e 
charge-time-o f  and ,  thus ,  loca l  coherenc e i s establishe d a t  th e 
conceptua l  leve l  o f  th e tex t  knowledg e base . 

Comparison with Related Approaches 

Searching links in a taxonomic hierarchy is a common appli-
catio n fo r  spreadin g activatio n o r  marke r  passin g techniques . 
Th e paradig m o f  pat h finding  an d evaluatin g the y propos e ha s 
obviou s parallel s t o ou r  approach .  Th e criteri a the y employ , 
however ,  ar e mostl y base d o n numerica l  restrictions ,  e.g. ,  o n 
weight s (Chamiak ,  1986 )  o r  pat h length s (Hirst ,  1987) .  Thi s 
i s problemati c a s th e foundatio n an d derivatio n o f  thes e num -
ber s i s usuall y no t  mad e explici t  (o r  i t  i s  a d hoc) .  W e hav e 
uie d t o overcom e thi s proble m b y statin g suuctura l  an d em -
piricall y plausibl e criteri a whic h d o no t  rel y upo n numerica l 
resu-iction s i n an y way . 

A pattern-base d approac h t o inferencin g closes t  i n spiri t  t o 
our  approac h ha s bee n pu t  forwar d b y Norvi g (1989) .  Th e 
metho d h e propose s ca n als o b e use d t o resolv e (functional ) 
anaphora.  Th e mai n differenc e t o ou r  wor k lie s i n th e fac t  tha t 
hi s pat h pattern s ar e solel y bein g define d i n terms  o f  "formal " 
lin k criteri a i n a  knowledg e bas e whos e pattern s ar e simpl y 
matche d agains t  th e link s bein g passed ,  wherea s ou r  defini -
tion s o f  pat h pattern s tak e th e semanti c hierarch y o f  relation s 
and thei r  compositiona l  propertie s int o account .  Thi s allow s 
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fo r  a  path-length -  an d thu s granularity-independen t  an d se -
manticall y motivate d preferenc e rankin g o f  th e paths .  Th e 

principa l  attractio n o f  Norvig' s mode l  i s du e t o it s allege d 
generalit y permittin g t o handl e variou s inferenc e classe s i n a 
unifie d framework .  Bu t  a  close r  loo k a t  hi s syste m reveal s 
tha t  quit e a  numbe r  o f  specific-cas e rule s fo r  copin g wit h in -
dividua l  aspect s o f  inference s hav e t o b e introduced ,  e.g. ,  a n 

antipromiscuit y rul e whic h i s onl y applie d t o som e inferenc e 
classe s o r  recenc y an d focus  consideration s fo r  th e resolutio n 
of  referentia l  ambiguity .  Thes e restriction s an d thei r  inter -
dependencie s ar e no t  expresse d clearly ,  thu s detractin g fro m 
th e eleganc e an d generalit y o f  th e algorithm .  Admittedly ,  thi s 
pape r  addresse s onl y on e o f  Norvig' s inferencin g problems , 

but  i t  present s a  modula r  approac h wit h precis e an d seman -

ticall y motivate d restrictions .  Ou r  algorith m combine s tw o 
equall y general ,  multi-purpos e modules ,  viz .  a  pat h finder  an d 

a pat h evaluator ,  whic h ar e als o use d i n th e parsin g process , 
and a  centerin g mechanis m whic h i s applie d t o othe r  form s 
of  anaphor a resolutio n problem s a s well .  Thi s ha s th e ad -
vantag e o f  a  specifi c  inferenc e modul e wit h luci d triggerin g 
conditions . 

Th e origina l  centerin g mode l  doe s no t  provid e fo r  method s 
fo r  th e resolutio n o f  functiona l  anaphora .  Gros z e t  al .  rathe r 
sketchil y poin t  t o th e differenc e betwee n th e relation s directl y 
realize s an d realize s whos e precis e definitio n the y sugges t  de -
pend s o n th e semanti c theor y on e adopt s (Gros z e l  al. ,  1995 , 
p.209) .  W e hav e shown ,  however ,  tha t  ther e ar e a  lo t  o f  gen -
era l  constraint s a t  th e knowledg e leve l  whic h nee d no t  b e cov -
ere d b y semanti c theorie s a t  all . 

Functiona l  anaphor a ar e als o no t  a n issu e fo r  standar d 
grammar  theorie s (e.g. .  H P S G,  L F G ,  G B ,  C G ,  T A G ) .  Thi s 
i s no t  a t  al l  surprising ,  a s thei r  advocate s pa y almos t  n o atten -
tio n t o th e tex t  leve l  (wit h th e exceptio n o f  severa l  form s o f 
pronomina l  anaphora )  an d als o d o no t  seriousl y tak e concep -
tua l  criteri a a s par t  o f  grammatica l  description s int o accoun t 
withou t  whic h tru e tex t  understandin g seem s infeasible . 

C o n c l u s i o n s 

Th e mode l  o f  functiona l  anaphor a resolutio n w e hav e out -
line d consider s specifi c  form s o f  conceptua l  inference s t o b e 
of  primar y importance .  I n orde r  t o constrai n th e realiza -
tio n o f  functiona l  anaphor a i n th e centerin g framewor k w e 
propos e conceptua l  well-formednes s an d strengt h criteri a fo r 
rol e chain s i n a  terminologica l  knowledg e base ,  b y whic h th e 
plausibilit y  o f  variou s possibl e antecedent s a s prope r  bridge s 
(Clark ,  1975 )  t o functiona l  anaphor a ca n b e assessed .  Infor -
matio n structur e constraint s o n th e underlyin g utterance s i n 
term s o f  topic/commen t  pattern s contribut e furthe r  inferentia l 
restriction s o n prope r  antecedent s fo r  functiona l  anaphora . 
Altogether ,  thes e extension s requir e a  thoroug h revisio n o f 
th e origina l  centerin g model .  Ou r  proposa l  ha s onl y bee n 
teste d o n moderatel y size d knowledg e bases ,  wit h 8(X )  an d 

50 0 concept/rol e specification s fo r  th e informatio n technol -
og y an d medicin e domain ,  respectively ,  whic h ar e imple -
mente d i n L O O M (MacGrego r  &  Bates ,  1987) .  S o th e scala -
bilit y  o f  th e mode l  stil l  ha s t o b e demonstrate d o n large r  size d 

knowledg e bases .  Als o th e cognitiv e (a s oppose d t o merel y 
computational )  plausibilit y  o f  ou r  mode l  extensio n stil l  need s 

t o b e experimentall y evaluate d i n a  prope r  way .  Th e entir e 
anaphor a resolutio n modul e ha s bee n implemente d i n Actal k 
(Briot .  1989) ,  a n acto r  languag e dialec t  o f  Smalltalk ,  a s par t 
of  a  comprehensiv e tex t  parse r  fo r  German . 
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Abstrac t 

The ability to resolve timing differences within and be-
twee n pattern s i s critica l  t o th e perceptio n o f  musi c 
and speech ;  similarly ,  man y moto r  skill s  suc h a s mu-
si c performanc e requir e fin e tempora l  contro l  o f  move -
ments .  Tw o importan t  issue s concer n (1 )  th e natur e 
of  th e mechanis m use d fo r  tim e measuremen t  an d (2 ) 
whethe r  timin g distinction s i n perceptio n an d moto r 
contro l  ar e base d o n th e sam e mechanism .  I n thi s pa -
per ,  clock -  an d entrainment-base d conception s o f  tim e 
measurement  ar e discussed ;  an d prediction s o f  bot h 
classe s o f  mode l  ar e the n evaluate d wit h respec t  t o a 
tempo-discriminatio n experimen t  involvin g isochronou s 
auditor y sequences .  Th e result s fro m thi s experimen t 
are show n t o favo r  entrainment -  ove r  clock-base d a|> -
proache s t o timing .  Th e implication s o f  thes e dat a ar e 
the n dbcusse d wit h respec t  t o th e hypothesize d rol e o f 
th e cerebellu m i n timing . 

Introduction 

The dominan t  conceptio n o f  tim e measuremen t  fo r  bot h 
perceptua l  an d moto r  task s ha s bee n base d o n a  cloc k 
time r  o n a  m s scal e tha t  record s th e duratio n o f  a n event , 
such a s th e duratio n betwee n th e onse t  o f  tw o tones ,  a s 
th e numbe r  o f  millisecon d "tim e slices "  tha t  occurre d 
durin g tha t  event .  Braitenber g (1967 )  propose d tha t 
such a  time r  migh t  b e implemente d i n th e cerebellu m 
vi a a  serie s o f  adjustabl e dela y lines .  I n orde r  t o resolv e 
timin g difference s tha t  requir e duratio n comparisons ,  i t 
has bee n commonl y assume d tha t  tim e estimate s ca n b e 
store d i n memory ,  an d the n late r  retrieve d (Keel e e t  al. , 
1989) .  Fo r  moto r  tasks ,  recorde d tim e measurement s 
retrieve d fro m memor y hav e bee n assume d t o serv e a s 
inpu t  t o a  moto r  progra m (Keel e e t  al. ,  1985 ;  Ivr y an d 
Keele ,  1989) . 

An alternativ e vie w i s tha t  tim e measuremen t  i s phas e 
based ,  involvin g th e entrainmen t  o f  a n oscillator y timer . 
I n contras t  t o th e passiv e recordin g o f  tim e involve d wit h 
cloc k models ,  entrainmen t  i s a  dynami c timin g proces s 
tha t  adapt s a n oscillator' s perio d t o matc h th e targe t  du -
ration ;  th e oscillator' s perio d the n provide s a  direc t  esti -
mate o f  duration ,  an d th e timin g o f  event s ca n b e relate d 
t o phase .  I n thi s paper ,  th e cloc k an d entrainmen t  con -
ception s o f  tim e measuremen t  ar e discusse d i n detail ,  an d 
th e prediction s o f  bot h classe s o f  mode l  ar e the n evalu -
ate d wit h respec t  t o a  tempo-discriminatio n experimen t 
involvin g isochronou s auditor y sequences .  Th e result s 
fro m thi s experimen t  ar e show n t o favo r  entrainment -

over  clock-base d approache s t o timing .  Th e implication s 
of  thes e dat a ar e the n discusse d wit h respec t  t o th e hy -
pothesize d rol e o f  th e cerebellu m i n timin g (Ivr y an d 
Keele ,  1989) . 

Clock Models 

A wide range of clock models of timing have been pro-
posed ,  althoug h mos t  shar e th e sam e bcisi c assumption s 
of  a  centra l  time r  (o r  clock) ,  a  perceptua l  store ,  a  ref -
erenc e memory ,  an d a  comparato r  (Churc h an d Broad -
bent ,  1990) ;  the y diffe r  mainl y i n th e for m o f  th e cloc k 
and perceptua l  store .  Fo r  man y o f  th e models ,  th e cloc k 
i s a  fas t  neura l  pacemake r  whic h generate s discret e neu -
ra l  pulse s a t  a n averag e rat e (A) ,  an d th e perceptua l 
stor e maintain s a  "count "  o f  th e numbe r  o f  pulse s tha t 
occu r  durin g th e targe t  interva l  (T )  (Abel ,  1972 ;  Creel -
man,  1962 ;  Treisman ,  1963 ;  Diveny i  an d Danner ,  1977) . 
Duratio n discriminatio n fo r  tw o tim e interval s ( T an d 
T +  A T )  i s modele d b y comparin g th e numbe r  o f  pulse s 
tha t  occure d durin g th e firs t  interva l  (/ i  =  AT )  wit h th e 
number  o f  pulse s tha t  occure d durin g th e secon d inter -
val  (/ i  =  A[ T -I -  AT]) .  Thi s approac h require s a  switc h 
whic h start s th e countin g proces s a t  th e beginnin g o f  th e 
targe t  tim e interval ,  an d clear s th e counte r  whe n th e esti -
mate o f  th e targe t  interva l  i s  transferre d fro m th e percep -
tua l  stor e t o th e referenc e memory .  Tempora l  resolvin g 
power  i s modele d b y th e varianc e o f  th e puls e generatin g 
source ,  wit h smal l  inter-pulse-varianc e correspondin g t o 
accurat e estimate s o f  duratio n an d hig h discriminatio n 
sensitivity .  I n modelin g duratio n discriminatio n acros s 
a rang e o f  T  values ,  debat e ha s centere d o n th e precis e 
for m o f  th e pulse-generatin g source . 

Ther e hav e bee n severa l  connectionis t  approache s 
t o tim e measuremen t  base d o n th e cloc k conceptio n 
(Churc h an d Broadbent ,  1990 ;  Miall ,  1989) .  Thes e 
diffe r  fro m th e "counter "  variet y i n importan t  ways . 
For  Churc h an d Broadben t  (1990) ,  th e pulse-generatin g 
sourc e i s replace d b y a  se t  o f  oscillator s wit h peri -
ods spannin g a  wid e rang e o f  tim e intervals ;  th e puls e 
counte r  i s replace d b y a  binar y vecto r  representatio n o f 
time ,  accordin g t o th e -I-1/- 1 phas e o f  eac h oscillator ; 
and,  th e referenc e memor y storin g th e puls e coun t  i s  re -
place d b y a  se t  o f  connectio n weights ,  permittin g mor e 
tha n a  singl e tim e interva l  t o b e store d i n th e referenc e 
memory a t  once .  I n connectionis t  cloc k models ,  dura -
tio n discriminatio n i s base d o n similarit y i n th e repre -
sentation s o f  th e to-be-compare d interva l  retrieve d fro m 
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memory;  i f  th e measur e o f  similarit y  i s les s tha n a  pre -
specifie d threshold ,  th e tim e differenc e i s detected . 

A weaknes s o f  bot h th e connectionist -  an d counter -
base d cloc k model s i s tha t  thei r  prediction s ar e usuall y 
limite d t o th e perceptio n o f  isolate d interval s (i.e ,  on e 
interva l  compare d wit h anothe r  i n isolation) ;  whereas , 
importan t  tempora l  distinction s i n musi c an d speec h oc -
cur  withi n th e contex t  o f  a  patter n o f  intervals .  However , 
i n th e directio n o f  incorporatin g patter n context ,  cloc k 
model s hav e recentl y bee n propose d t o mode l  th e effec t 
of  isochronou s context s o n temp o (rate )  discrimination . 
These model s ar e base d o n a  "multiple-look "  hypothe -
sis ,  i n whic h eac h interva l  i n a n isochronou s sequenc e 
provide s a n independen t  statistica l  (clock-based )  esti -
mate (o r  "look" )  (Drak e an d Botte ,  1993 ;  Schulze ,  1989) . 
Wit h multiple-observation s o f  th e sam e targe t  interval , 
th e perceive r  improve s th e estimat e o f  th e targe t  inter -
val' s  duratio n b y a  proces s o f  averagin g th e multiple -
looks ,  o r  i n th e cas e o f  temp o discrimination ,  improve s 
th e estimat e o f  th e th e sequence' s tempo ,  b y th e sam e 
process .  A n identica l  suggestio n i s tha t  th e stabilit y  o f 
a targe t  interval' s  memor y trac e improve s wit h repeti -
tion s o f  th e targe t  interval .  (Keel e e t  al. ,  1989 ;  Ivr y an d 
Hazeltine ,  1995) . 

Entrainment Models 

At the foundation of all entrainment models of timing 
i s th e assumptio n tha t  th e timin g mechanism s o f  th e 
nervou s syste m ar e couple d t o th e environment .  I n th e 
developmen t  o f  a n entrainmen t  theory ,  Jone s (1976 )  pro -
pose d a  centra l  rol e fo r  rhyth m i n cognitiv e processing , 
suggestin g tha t  th e tempora l  organizatio n o f  perception , 
attention ,  an d memor y i s inherentl y rhythmic .  A s par t 
of  thi s theory ,  i t  i s assume d tha t  th e rhythm s o f  musi c 
and speec h entrai n periodi c attentiona l  "pulses" ,  form -
in g a n attentiona l  rhythm .  Base d o n th e concep t  o f  at -
tentiona l  entrainment ,  Jone s an d Bolt z (1989 )  hav e pro -
pose d a n expectancy/contras t  mode l  o f  timing .  The y 
assume tha t  a n isochronou s serie s o f  tones ,  markin g ou t 
identica l  tim e interval s (Ti )  ,  wil l  entrai n a n attentiona l 
oscillato r  wit h a  perio d simila r  t o th e Tj's .  Th e pulse s o f 
th e oscillato r  provid e dynami c "expectancies "  fo r  whe n 
th e nex t  ton e (specifyin g 7<+i )  wil l  occur .  I n thi s way , 
th e adaptin g perio d o f  th e oscillato r  (Q, )  provide s a  con -
tinuousl y update d estimat e o f  th e tim e interval s {Ti) .  In -
terval s (Ti) ,  whic h violat e th e oscillator' s period-base d 
expectancie s creat e a  tempora l  contras t  (fj ,  — Ti) .  A s 
th e attentiona l  oscillato r  i s entraine d b y th e sequence , 
tempora l  contras t  i s minimize d (i.e. ,  Q ,  approache s Ti) . 

Tempora l  resolvin g powe r  i n th e Jone s an d Bolt z 
model  i s base d o n th e predicte d magnitud e o f  tempora l 
contrasts .  I t  i s  assume d tha t  wit h smal l  tempora l  con -
trasts ,  listener s wil l  b e mor e sensitiv e t o a  timin g chang e 
tha n wit h large r  tempora l  contrasts .  Thus ,  simila r 
t o th e "multiple-look "  model ,  th e expectancy/contras t 
model  predict s tha t  increasin g th e numbe r  o f  tone s i n 
an isochronou s sequenc e shoul d improv e listeners '  abil -
it y  t o detec t  a  differenc e i n th e timin g o f  a n interva l 
tha t  continue s th e sequence ,  an d shoul d als o improv e 
listeners '  abilit y  t o detec t  change s i n th e temp o o f  tha t 

sequence .  Th e expectancy/contras t  mode l  als o predict s 
tha t  listeners '  tempora l  resolutio n shoul d b e bette r  wit h 
metrica l  sequence s (o f  whic h isochronou s sequence s ar e 
an instance )  tha n fo r  irregularly-time d sequences ,  sinc e 
attentiona l  entrainmen t  shoul d occu r  mor e readil y wit h 
regularly-time d sequences . 

Adaptive Oscillators 

A shortcoming of the expectancy/contrast model is that 
th e hypothesize d proces s o f  attentiona l  entrainmen t  i s 
a descriptiv e componen t  o f  th e model ,  an d no t  linke d 
t o a  specifi c  mathematica l  mode l  o f  couple d oscillation . 
Thi s make s th e expectancy/contras t  model ,  an d othe r 
entrainmen t  model s (Schulze ,  1978 )  a  relativel y eas y tar -
get  fo r  criticism ,  sinc e man y o f  it s  prediction s ar e under -
specified ,  an d ope n t o multipl e interpretation s (Keel e 
et  al. ,  1989) .  A s step s towar d clarifyin g it s predictions , 
th e entrainmen t  mode l  ha s bee n formalize d an d a  tim -
in g mechanis m propose d tha t  i s base d o n a n adaptiv e 
oscillato r  (McAuley ,  1994 ;  McAuley ,  1995) .  Thi s wor k 
parallel s simila r  recen t  wor k b y Larg e (1994) . 

The adaptiv e oscillato r  i s a  processin g uni t  tha t  ha s 
some restin g rat e a t  whic h i t  periodicall y  "fires" ,  bu t 
wil l  adap t  tha t  restin g rat e whe n i t  i s  stimulate d a t  dif -
feren t  frequencies ,  combinin g bot h phas e couplin g an d 
perio d coupling .  I n it s simples t  "phase-resetting "  form , 
th e adaptiv e oscillato r  reset s it s phas e i n respons e t o a n 
inpu t  puls e an d wil l  us e th e input' s phas e t o adjust s it s 
natura l  perio d (Q )  t o b e a  littl e close r  t o th e "perceived " 
periodicit y o f  th e input .  Thi s proces s permit s adaptiv e 
oscillator s t o trac k periodi c component s o f  rhythmi c pat -
terns ,  despit e intrinsi c o r  expressiv e variabilit y  i n thei r 
timin g (se e McAule y (1995 )  fo r  a  mathematica l  descrip -
tio n o f  thi s process) . 

Time as Phase 

For entrainment models of timing, the oscillator period 
(fl )  provide s a n implici t  estimat e o f  a  duratio n (T) .  Fo r 
thos e tha t  ar e base d o n th e phase-resettin g adaptiv e os -
cillator ,  a  tim e chang e (AT )  i n th e duratio n (T )  wil l 
trigge r  a  phas e chang e (A0 )  i n th e reset-phas e o f  th e 
oscillato r  mechanism ,  wher e 

A<t > = 
r-t-A r 

n 
(mod 1) . (1 ) 

I n essence ,  thi s phas e differenc e (A^ )  register s th e ef -
fec t  o f  a  tim e differenc e (AT )  o n a n oscillato r  track -
in g a  serie s o f  equa l  interval s (T) .  I n a n entrainmen t 
model ,  th e relationshi p betwee n phas e difference s (A<̂ ) 
and tim e difference s (AT )  varie s a s a  functio n o f  th e 
rati o betwee n th e bas e interva l  T  an d th e estimat e o f 
duratio n fi ,  expresse d a s th e fractio n ̂ .  Thi s fractio n 
provide s a  measur e o f  th e amoun t  o f  over -  o r  underesti -
matio n o f  duratio n b y th e entrainmen t  mechanism ;  fo r 
^  >  1 ,  duratio n i s underestimated ,  fo r  ̂  <  1  duratio n 

i s overestimated ,  an d fo r  ̂  =  1. 0 estimate d duratio n i s 
identica l  t o th e actua l  duration . 

To understan d ho w th e relationshi p betwee n tim e dif -
ference s an d phas e difference s varie s a s a  functio n o f  thi s 
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rati o (q) ,  i t  i s  usefu l  t o rewrit e Equatio n 1  a s 

(mod 1) 
^  ,  ,T .  ,AT , 

(2 ) 

and t o represen t  phas e o n [—0.5,0.5 ]  instea d o f  o n (0,1] ; 
i n thi s representation ,  positiv e an d negativ e phas e dif -
ference s indicat e positiv e an d negativ e tim e differences , 
respectively .  Fo r  thi s reason ,  th e phas e difference s as -
sociate d wit h -f-A T an d — A T wil l  b e distinguishe d a s 
A^ + an d A ^ _ .  Ther e ar e the n thre e case s t o consider . 

Case 1: ^ = 10. For Case 1, illustrated in Figure 1, 
estimate d duratio n i s equa l  t o actua l  duration ,  Equa -
tio n 2  reduce s t o 

AT A^  =  ± -
T • (3 ) 

I n thi s case ,  lengthenin g o r  shortenin g T  b y X % main -
tain s th e magnitud e o f  phas e differenc e regardles s o f 
whethe r  th e tim e chang e A T i s positiv e o r  negativ e (i.e. , 
|A^- |  =  |A^+|) .  T o provid e a  concret e example ,  sup -
pose T  i s lengthene d b y 10% ,  the n A<f> + =  0.1 .  O n th e 
othe r  hand ,  i f  T  i s shortenin g b y 10% ,  the n A<t> -  =  -0.1 . 
For  eithe r  a n increas e o r  decreas e i n duratio n o f  10% ,  th e 
magnitude s o f  th e triggere d phas e difference s ar e equa l 
(|A0+ |  =  |A^_ |  =  O.l) . 

Figur e 1 :  Illustratio n o f  Cas e 1 .  Fo r  a n oscillato r  wit h 
a perio d Q  tha t  i s a  perfec t  estimat e o f  T  (a s show n o n 
th e left) ,  lengthenin g T  b y A T trigger s a  phas e differenc e 
A<j )  relativ e t o zer o phas e o f  th e oscillato r  (a s show n o n 
th e right) . 

Case 2 :  ̂  >  1.0 .  Fo r  Cas e 2 ,  illustrate d i n Figur e 2 , 
actua l  duratio n i s underestimate d ( Q <  T ) .  A s a  result , 
lengthenin g o r  shortenin g T  b y X % doe s no t  preserv e th e 
magnitud e o f  th e resultin g phas e differences .  Instead , 
lengthenin g T  trigger s a  phas e differenc e tha t  i s large r 
tha n tha t  fo r  shortenin g T :  |A^+ |  >  |A(^_| .  Anothe r 
effec t  o f  underestimatio n i s tha t  i t  stretche s th e mappin g 
betwee n A T an d A^ ;  notic e tha t  i n term s o f  Equatio n 2 , 
^  i s a  large r  fractio n o f  th e bas e interva l  T  tha n ^ 
is . 

Case 3: ^ < 1.0. For Case 3, illustrated in Figure 3, 
actua l  duratio n i s overestimate d { Q >  T ) .  A s i n cas e 
2,  lengthenin g o r  shortenin g T  b y X % doe s no t  pre -
serv e th e magnitud e o f  th e resultin g phas e differences . 
Symmetri c wit h th e effec t  i n Cas e 2 ,  shortenin g T  trig -
ger s a  phas e differenc e tha t  i s large r  tha n lengthening : 
|A0_ |  >  |A^+| .  An d th e additiona l  effec t  o f  overesti -
matio n i s tha t  i t  compresse s th e mappin g betwee n A T 

Figur e 2 :  Illustratio n o f  Cas e 2 .  Fo r  a n oscillato r  wit h 
a perio d fi  tha t  i s  a n underestimat e o f  T ,  lengthenin g T 
by A T trigger s a  phas e differenc e A ^  tha t  i s  large r  tha n 
tha t  fo r  Cas e 1 . 

and A(^ ;  notic e tha t  i n term s o f  i n Equatio n 2 ,  ̂  i s  a 

smalle r  fractio n o f  th e bas e interva l  T  tha n ̂  is . 

T 
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AT 
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n 

Figur e 3 :  Illustratio n o f  Cas e 3 .  Fo r  a n oscillato r  wit h a 
perio d Q  tha t  i s  a n overestimat e o f  T ,  lengthenin g T  b y 
A T trigger s a  phas e differenc e A< ^  tha t  i s smalle r  tha n 
tha t  fo r  Cas e 1 . 

The Just-Noticeable Phase Difference 

I n orde r  t o specif y th e prediction s o f  a n entrainmen t 
model  fo r  temp o discrimination ,  i t  wa s assume d tha t 
th e detectio n o f  temp o difference s i s linke d t o th e de -
tectio n o f  phas e differences ,  triggere d b y "expectanc y 
violations "  i n th e entrainmen t  proces s (McAuley ,  1995) . 
The suggestio n tha t  phas e difference s ar e use d t o de -
tec t  timin g difference s pin s th e prediction s o f  a n en -
trainmen t  mode l  t o th e dynamic s o f  th e underlyin g os -
cillator y timer .  Fo r  th e adaptiv e oscillato r  mechanism , 
a just-noticeabl e phas e differenc e ( J N D ^ )  i s assume d 
tha t  specifie s th e threshol d tim e differenc e ( A T )  tha t 
i s  detectabl e i n a  interva l  T .  Thus ,  i f  th e magnitud e 
of  th e phase-differenc e (A^ )  triggere d b y a  tim e differ -
enc e (AT )  i s greate r  tha n J N D ^  the n th e tim e differenc e 
(AT )  i s detected ,  otherwis e i t  i s  not .  I n accordanc e wit h 
th e entrainmen t  hypothesis ,  th e just-noticeabl e phas e 
differenc e decrease s (sensitivit y improves )  a s th e track -
in g adaptiv e oscillato r  i s entraine d b y th e inpu t  (se e 
McAule y (1995 )  fo r  details) . 

I n evaluatin g th e prediction s o f  th e adaptive -
oscillator-base d mode l  fo r  temp o discrimination ,  th e 
mai n focu s i s th e relationshi p betwee n listeners '  sensitiv -
ity ,  measure d a s th e A T necessar y fo r  unbiase d 7 0 % cor -
rec t  performanc e (th e just-noticeabl e differenc e o r  J N D ) 
and th e model' s sensitivit y measure d a s a  just-noticeabl e 
phas e difference .  Th e relationshi p betwee n J N D an d 
J N D^  i s a  dynami c one ,  dependin g o n th e amoun t  o f 
under -  o r  overestimatio n o f  th e trackin g adaptiv e oscil -
lato r  an d it s degre e o f  entrainmen t  b y th e input .  Spe -
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cifi c  performanc e prediction s ar e linke d t o th e simula -
tio n o f  th e experimenta l  task .  However ,  severa l  gen -
era l  prediction s o f  thi s entrainmen t  mode l  fo r  temp o dis -
criminatio n ar e possibl e give n a n understandin g o f  ho w 
tim e difference s ar e mappe d ont o phas e differences ,  a s 
was examine d i n th e thre e case s above .  I n particular , 
adaptive-oscillator-base d prediction s regardin g differen -
tia l  sensitivit y t o increase s an d decrease s i n temp o wil l 
be discusse d below ,  an d compare d wit h thos e derive d 
fro m cloc k models . 

Tempo Discrimination 

In  several recent studies, listeners' ability to detect dif-
ference s i n th e temp o o f  isochronou s ton e sequence s 
has bee n systematicall y investigate d (Drak e an d Botte , 
1993 ;  Drak e an d Botte ,  1994 ;  McAule y an d Kidd ,  1994 ; 
McAule y an d Kidd ,  1995) .  McAule y an d Kid d (1994 ) 
separatel y examine d sensitivit y t o increase s an d de -
crease s i n temp o fo r  two -  an d four-ton e sequence s fo r 
inter-onset-interval s o f  100 ,  400 ,  700 ,  an d 100 0 m s .  O n 
eac h tria l  a  standar d sequenc e wa s followe d b y tw o com -
pariso n sequences ,  on e o f  whic h wa s faste r  o r  slowe r 
tha n th e standard .  Listener s judge d whic h compar -
iso n sequenc e wa s differen t  i n temp o fro m th e stan -
dard .  Separat e threshold s wer e obtaine d fo r  "faster " 
and "slower "  trial s usin g a n adaptiv e trackin g proce -
dur e (Levitt ,  1971) .  Consisten t  wit h Drak e an d Bott e 
(1993) ,  threshold s wer e foun d t o b e lowe r  wit h four-ton e 
sequence s tha n wit h two-ton e sequences ,  especiall y a t 
th e faste r  tempos .  However ,  a t  th e fastes t  tempos ,  lis -
tener s showe d greate r  sensitivit y t o increase s i n temp o 
tha n t o decrease s i n tempo ,  whil e th e revers e wa s tru e 
at  th e slowe r  tempos .  Thes e dat a ar e illustrate d i n Fig -
ur e 4 . 

T h e result s fro m thi s experimen t  confir m th e predic -
tion s o f  th e entrainmen t  model .  I f  a n intrinsi c "pre -
ferred "  perio d o f  th e syste m o f  aroun d 60 0 m s i s as -
sumed,  lon g lOI s (slo w tempos )  ar e underestimate d 
an d shor t  lOI s (fas t  tempos )  ar e overestimated ,  consis -
ten t  wit h empirica l  dat a (Fraisse ,  1982) .  Fo r  entrain -
ment  models ,  under -  o r  overestimatio n indicate s tha t  th e 
phas e differenc e (A<A )  correspondin g t o n o tim e differ -
enc e ( A T =  0.0 )  i s skewe d fro m A<i > =  0  t o a  positiv e o r 
negativ e value ,  a s describe d i n Case s 2  an d 3 .  Wit h un -
derestimation ,  a  temp o increas e o f  X % trigger s a  phas e 
differenc e tha t  i s  smalle r  tha n tha t  triggere d b y th e sam e 
temp o decrease ;  thus ,  wit h underestimation ,  th e mode l 
predict s greate r  sensitivit y fo r  temp o decrease s (slowin g 
down)  tha n fo r  temp o increase s (speedin g up) .  O n th e 
othe r  hand ,  wit h overestimation ,  a  temp o increas e o f X % 
trigger s a  phas e differenc e tha t  i s large r  tha n tha t  trig -
gere d b y th e sam e temp o decrease ;  thus ,  wit h overesti -
mation ,  th e mode l  predict s greate r  sensitivit y fo r  temp o 
increase s tha n fo r  temp o decreases .  A s describe d above , 
thi s patter n o f  differentia l  sensitivit y i s foun d wit h lis -
tener s (McAule y an d Kidd ,  1994) . 

I f  i t  i s  assume d tha t  i n th e limi t  (e.g. ,  a n isochronou s 
standar d sequenc e wit h a  larg e numbe r  o f  tones) ,  th e 
adaptiv e oscillato r  i s perfectl y entraine d b y th e temp o 
of  th e standard ,  i n whic h Cas e 1  applie s an d fi =  T , 

the n compariso n sequence s tha t  ar e faste r  o r  slowe r  b y 
th e sam e percentag e wil l  trigge r  equa l  phas e differences , 
and th e detectio n threshold s fo r  increase s an d decrease s 
i n temp o wil l  b e th e same .  Thus ,  i n th e limit ,  differen -
tia l  sensitivit y shoul d disappear .  Fo r  th e reporte d data , 
differentia l  sensitivit y di d disappea r  fo r  th e four-ton e se -
quences ,  bu t  onl y fo r  th e fastes t  tempos .  I n a  simulatio n 
of  th e entrainmen t  mode l  (McAuley ,  1995) ,  thi s sam e in -
teractio n wa s produce d b y th e dynami c interactio n be -
twee n period-couplin g an d a  period-deca y process .  A t 
fas t  rates ,  th e inpu t  pulse s drivin g th e entrainmen t  pro -
ces s occurre d a t  a  fas t  enoug h rat e t o enabl e th e mode l  t o 
achiev e perfec t  entrainment ,  i n spit e o f  th e counteractin g 
effect s o f  period-decay .  I n contrast ,  a t  slowe r  rates ,  th e 
inpu t  pulse s di d no t  driv e entrainmen t  quickl y enoug h 
t o completel y counterac t  th e effect s o f  period-decay ,  an d 
th e mode l  di d no t  achiev e perfec t  entrainment ;  hence , 
differentia l  sensitivit y di d no t  disappea r  fo r  th e slowe r 
tempos ,  a s wa s als o foun d wit h th e listeners . 

I n contrast ,  th e cloc k model s discusse d i n thi s pape r 
do no t  predic t  th e patter n o f  differentia l  sensitivit y foun d 
wit h listeners ,  sinc e tempora l  resolutio n i s base d o n th e 
variabilit y  o f  th e cloc k process ,  independen t  o f  th e stimu -
lus .  Consequently ,  n o performanc e distinction s betwee n 
faster/slowe r  comparison s ar e made .  I n addition ,  i t  i s 
not  clea r  ho w th e observe d patter n o f  differentia l  sensi -
tivit y coul d b e accounte d fo r  b y a  clock-base d mode l  i n 
a parsimoniou s way ;  i t  appear s tha t  on e woul d hav e t o 
at  leas t  assum e tha t  th e distributio n o f  cloc k variance s 
i s skewed ,  an d tha t  thi s skewnes s varie s a s a  functio n o f 
tempo . 

Discussion 

Wing and Kristofferson (1973) extended the concept of 
a cloc k time r  t o th e productio n o f  regularl y time d in -
terval s (suc h a s finger  tapping) .  The y assum e tha t  tap -
pin g variabilit y  arise s fro m tw o independen t  processes : 
th e cloc k componen t  an d a  moto r  dela y component .  B y 
makin g th e independenc e assumption ,  the y provid e a n 
elegan t  metho d base d o n analysi s o f  auto-covarianc e o f 
inter-tap-intervals ,  t o decompos e th e tapping  variabilit y 
int o th e variance s o f  th e componen t  processe s (se e Win g 
and Kristofferso n (1973 )  fo r  details) .  The y sugges t  tha t 
th e negativ e lag-on e covarianc e ofte n observe d i n tappin g 
task s m a y no t  b e du e t o a  compensator y timin g mecha -
nism ,  bu t  ca n instea d b e explaine d a s a n implementatio n 
dela y introduce d b y a n independen t  moto r  component . 

Base d o n thi s decompositio n o f  tapping  variabilit y  int o 
cloc k an d moto r  components ,  Ivr y an d Keel e (1989 )  pro -
pos e tha t  th e cerebellu m act s a s a  centra l  cloc k time r  fo r 
bot h th e perceptio n o f  duratio n an d th e contro l  o f  move -
ments .  The y repor t  tha t  fo r  bot h th e perceptio n an d 
productio n o f  tempora l  intervals ,  large r  clock-variabilit y 
estimate s ar e obtaine d wit h neurologica l  patient s wit h 
cerebella r  deficit s tha n ar e obtaine d wit h controls .  How -
ever ,  thi s suppor t  fo r  a  cerebella r  rol e i n timin g i s linke d 
t o th e assumption s o f  th e W i n g an d Kristofferso n model , 
requirin g a  firm  commitmen t  t o th e natur e o f  th e cere -
bella r  timin g mechanism ,  on e tha t  i s clock-base d (se e 
als o (Keel e e t  al. ,  1985)) . 
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Differentia l  sensitivit y t o increase s an d decrease s i n temp o 
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Figur e 4 :  Mea n discriminatio n threshold s o f  listener s fo r  th e detectio n o f  increase s an d decrease s i n th e temp o o f 
two -  an d four-ton e isochronou s sequence s fo r  bas e lOI s o f  100 ,  400 ,  700 ,  an d 100 0 m s (reproduce d fro m McAule y 
(1995)) . 

I n thi s paper ,  I  hav e argued ,  base d o n tempo -
discriminatio n data ,  tha t  ther e i s sufRcien t  evidenc e t o 
sugges t  tha t  th e natur e o f  huma n timin g capabilitie s i s 
entrainment-base d an d no t  clock-based ,  i n whic h case , 
th e assumption s o f  th e Win g an d Kristofferso n mode l 
(1973 )  ar e wrong .  Thi s call s int o questio n th e decompo -
sitio n o f  tappin g variabilit y  int o cloc k an d moto r  compo -
nents .  I  d o no t  inten d her e t o argu e agains t  a  cerebella r 
rol e i n timing ,  bu t  rathe r  t o sugges t  tha t  dat a use d t o 
suppor t  th e cerebella r  timin g hypothesi s shoul d a t  leas t 
be reanalyzed ,  takin g int o accoun t  ih t  possibilit y  tha t 
timin g i s base d o n entrainment .  Braitenber g (1967 )  pro -
pose d tha t  a  clock-base d time r  migh t  b e implemente d 
i n th e cerebellu m vi a a  serie s o f  adjustabl e dela y lines ; 
i t  ha s sinc e bee n argue d tha t  th e m a x i m u m neura l  de -
lay s i n th e cerebellu m ar e to o shor t  t o provid e a  rea -
sonabl e cloc k implementatio n (Fahl e an d Braitenberg , 
1984) .  Th e adaptive-oscillato r  mechanis m discusse d i n 
thi s pape r  provide s a n alternativ e suggestio n fo r  a  cere -
bella r  timer ,  on e tha t  i s  entrainment-based . 
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Abstrac t 

Empirical psychological experimentation (very briefly 
reviewe d here )  ha s provide d evidenc e o f  top-dow n con -
ceptua l  constraint s o n lette r  perception .  Th e rol e hy -
pothesi s suggest s tha t  thes e conceptua l  constraint s tak e 
th e for m o f  structura l  subcomponent s (roles )  an d rela -
tion s betwee n subcomponent s (r-roles) .  I n thi s paper , 
we presen t  a  fully-implemente d compute r  mode l  base d 
on th e rol e hypothesi s o f  lette r  recognition .  Th e emer -
gent  mode l  o f  lette r  perceptio n discusse d belo w offer s 
a cogen t  explanatio n o f  huma n letter-perceptio n dat a 
— especiall y wit h regar d t o error-making .  Th e mode l 
goes beyon d simpl e categorizatio n b y parsin g a  letter -
for m int o it s constituen t  parts .  A s i t  runs ,  th e mode l 
dynamicall y build s (an d destroys )  a  context-sensitiv e in -
terna l  representatio n o f  th e lette r  tha t  i t  i s  perceiving . 
The representatio n emerge s a s by-produc t  o f  a  paralle l 
exploratio n o f  possibl e categories .  Th e mode l  i s abl e 
t o successfull y recogniz e (i.e. ,  conceptuall y parse )  man y 
divers e letter s a t  th e extreme s o f  thei r  categories . 

The role hypothesis 

Result s fro m a  serie s o f  previousl y reporte d psychologica l 
experiment s i n h u m a n lette r  recognitio n provid e empir -
ica l  evidenc e fo r  th e existenc e o f  conceptual-leve l  repre -
sentation s o f  letter-part s tha t  w e cal l  role s (McGra w e t 
a!. ,  1994 ;  McGraw ,  1995) .  Th e rol e hypothesi s o f  h u m a n 
lette r  recognitio n jibe s wit h othe r  psychologica l  theo -
rie s o f  perceptio n tha t  posi t  higher-leve l  relationa l  struc -
ture ,  includin g wor k b y Palme r  (1977) ,  Treisma n an d 
Gelad e (1980) ,  Hoc k e t  al .  (1988) ,  Biederma n (1987) , 
and Sanock i  (1986) .  I n th e rol e hypothesis ,  th e concep -
tua l  component s o f  a  lette r  representatio n ar e no t  ex -
plici t  shape s pe r  s e bu t  ar e ideci s abou t  wha t  acceptabl e 
bound s fo r  letter-par t  shape s are ,  ho w fa r  suc h shape s 
can b e stretche d befor e the y los e thei r  interpretation , 
and ho w the y interac t  wit h othe r  role s t o for m a  com -
plet e object . 

Letterforms ,  o r  physica l  instance s o f  letters ,  ar e m a d e 
up o f  part s tha t  correspon d t o th e conceptua l  role s o f 
th e menta l  level .  Littl e wor k o n machine-base d letter -
recognitio n system s ha s considere d intermediate-leve l 
part s (sometime s calle d "high-leve l  features "  i n th e lit -
erature) ,  le t  alon e collection s o r  group s o f  suc h part s 
(Mor i  e t  al. ,  1984 ;  Gailla t  k  Berthod ,  1979) .  On e impor -
tan t  exceptio n t o thi s tren d i s th e wor k don e som e tw o 
decade s ag o b y Barr y Blesser' s researc h group '  (Blesse r 

et  al. ,  1973) .  Th e Blesse r  group' s approac h t o machin e 
lette r  recognitio n was ,  lik e ours ,  strongl y base d o n th e 
psycholog y o f  h u m a n lette r  perceptio n (Nau s &  Shill -
m a n,  1976) .  Th e ide a wa s t o describ e letter s no t  i n 
term s o f  thei r  physica l  attributes ,  bu t  i n term s o f  mor e 
genera l  description s o f  thei r  underlyin g representations . 
Ric h als o briefl y mention s a n ide a fo r  a  part-base d mode l 
of  lette r  recognitio n i n he r  introductor y A l  tex t  (Rich , 
1983) .  Th e mode l  sh e sketche s i s simila r  i n spiri t  t o th e 
implemente d wor k o f  Sanock i  (1986 ;  1991) . 

Letter concepts, roles, and parts 

\ S ) © m 

Figur e 1 :  Thre e commo n conceptualization s o f  th e lette r  'b' , 
featurin g tw o role s apiece . 

Figure I is a graphical representation of three common 
ways on e ca n brea k th e abstrac t  concep t  o f  lette r  'b ' 
int o conceptua l  piece s accordin g t o th e rol e hypothesis . 
Role s (th e wiggl y outlines )  an d r-role s tha t  includ e re -
lationship s betwee n role s (th e blac k dots )  m a k e u p th e 
interna l  structur e o f  a  lette r  categor y an d togethe r  defin e 
a particula r  conceptualizatio n o f  a  letter .  Categor y m e m-
bershi p a t  th e whole-lette r  leve l  i s  partiall y  determine d 
by categor y membershi p a t  th e lowe r  leve l  o f  roles .  ( W e 
say "partially "  becaus e th e interactio n betwee n role s als o 
matters .  Fo r  example ,  a  graphi c shap e migh t  hav e a 
stron g exempla r  o f  pos t  t o th e lef t  o f  a  stron g exempla r 
of  loo p an d ye t  th e wa y the y interac t  migh t  stil l  m a k e 
the m loo k mor e lik e io '  tha n 'b'. ) 

Figur e 2  show s ho w actua l  letterform s (e.g. ,  shape s 
on a  page )  ar e comprise d o f  part s tha t  fill  a  letter -
conceptualization' s roles .  Durin g perception ,  represen -
tation s o f  suc h part s ar e forme d unde r  top-dow n pres -
sur e fro m role s an d ar e sensitiv e t o context .  A s state d 
by Palme r  (1978 )  [p .  96] ,  "component s [o r  parts ]  en -
te r  int o relationship s wit h othe r  components ,  resultin g 
i n large r  structura l  unit s whos e importanc e supersede s 
tha t  o f  [their ]  constituents. "  W e hol d tha t  mos t  o f  th e 

'Blesser' s grou p include d Shillman ,  Cox ,  Naus ,  Kuklinski ,  Ventura ,  an d Eden . 
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"importance "  attribute d t o th e emergin g part s stem s di -
rectl y fro m tliei r  role-fillin g ability .  I n othe r  words ,  th e 
way i n whic h a  par t  fills  a  rol e directl y determine s it s 
"goodness" .  Experimenta l  evidenc e reporte d i n (Mc -
G r a w ,  1995 )  support s thi s clai m b y showin g tha t  hu -
m an subject s prefe r  part s tha t  correspon d t o natura l 
role s ove r  part s tha t  fit  th e Gestal t  criteri a describe d 
by Palme r  (1978) . 

role s letterl'onn s rille d role s role s letierform s nile d mle s 

^  ^  b  b  I 

Vl  < ^ P L 

Figur e 2 :  Parsin g letterform s int o high-leve l  part s oc -
cur s unde r  th e top-dow n influenc e o f  roles .  Th e to p tw o 
example s sho w straightforwar d parsing s (or ,  role-fillings ) 
requirin g littl e plasticity .  T h e botto m tw o ar e mor e com -
plicated ,  wit h role-plasticit y performin g a  critica l  func -
tio n durin g recognition . 

Roles are "plastic" — their plasticity resulting from 
th e fac t  tha t  a  rol e ca n b e filled  b y a  whol e hos t  o f 
differentl y shape d parts .  Role s ar e define d i n term s o f 
norms .  Sometime s norm s associate d wit h role s mus t  b e 
violate d i n orde r  t o accommodat e a  give n letterform' s 
parts .  T h e plasticit y o f  a  rol e i s context-sensitiv e an d 
varie s accordin g t o conceptua l  pressure s brough t  t o bea r 
by th e situation . 

Conceptual-level letter recognition 

H u m an lette r  recognitio n ha s m a n y distinc t  flavors.  Let -
te r  recognitio n use d whil e readin g sentence s i n a  unifor m 
book-face ,  fo r  example ,  i s  fa r  differen t  tha n recognitio n 
of  a  style-ric h lette r  i n a  displa y fac e fo r  advertising . 
T h e sor t  o f  recognitio n tha t  w e striv e t o mode l  i s mor e 
closely-relate d t o display-fac e recognition .  Specifically , 
ou r  researc h concentrate s o n recognizin g on e lette r  a t  a 
tim e wit h n o word-leve l  context .  Particula r  letter s rang e 
al l  th e wa y fro m ver y norma l  t o stylistically-loaded .  T h e 
h u m an result s tha t  w e us e fo r  comparativ e purpose s wer e 
collecte d durin g jus t  thi s sor t  o f  recognitio n tas k — tha t 
is ,  th e recognitio n o f  singl e letter s wit h n o word-leve l 
context .  Ou r  mode l  i s drive n b y th e nee d fo r  a  flexi-
bl e an d powerfu l  letter-recognize r  t o b e include d i n a n 
analogy-base d mode l  o f  typefac e creatio n calle d Lette r 
Spirit . 

O ur  mode l  i s base d o n th e tenet s o f  high-leve l  percep -
tion ,  i n whic h concept s dynamicall y provid e top-dow n 
influenc e o n th e formatio n o f  perceptua l  structure s dur -
in g th e proces s o f  categorization .  T h e resultin g percep -
tua l  structures ,  whic h emerg e fro m th e stochasti c activi -
tie s o f  a  larg e numbe r  o f  tin y processin g agents ,  ar e well -
suite d fo r  furthe r  analogica l  processin g (Mitchell ,  1993) . 
Thes e perceptua l  structure s includ e importan t  informa -
tio n abou t  th e stylisti c  attribute s o f  a  letterfor m (a s op -
pose d t o a  mer e categorization ,  lik e "i s a n 'a'") .  Thi s 
"conceptua l  parsing "  i s critica l  t o th e desig n o f  stylis -

ticall y unifor m alphabet s — th e ultimat e ai m o f  Lette r 
Spirit . 

W hy focu s o n cognitiv e plausibilit y  o f  recognitio n 
model s instea d o f  engineerin g eflRciency ? Becaus e hu -
m an recognitio n o f  letterform s (especiall y highly-stylize d 
ones )  i s stil l  fa r  superio r  t o tha t  o f  machines .  W e believ e 
tha t  a  human-lik e approac h wil l  significantl y enhanc e 
th e capacit y o f  computer s t o correctl y recogniz e a  wid e 
variet y o f  non-standar d letterforms . 

Letter Spirit 

T h e Lette r  Spiri t  projec t  i s  a n attemp t  t o mode l  centra l 
aspect s o f  h u m a n high-leve l  perceptio n an d creativit y 
on a  computer ,  focusin g o n th e creativ e ac t  o f  artisti c 
letter-design.' ^  T h e ai m i s t o mode l  th e proces s o f  ren -
derin g th e 2 6 lowercas e letter s o f  th e roma n alphabe t 
i n m a n y different ,  artisticall y coheren t  styles .  T w o im -
portan t  an d orthogona l  aspect s o f  letterform s ar e basi c 
t o th e project :  th e categorica l  samenes s possesse d b y 
instance s o f  a  singl e lette r  i n variou s style s (e.g. ,  th e let -
te r  'a '  i n Bciskerville ,  Palatino ,  an d Helvetica )  an d th e 
stylisti c  samenes s possesse d b y instance s o f  variou s let -
ter s i n a  singl e styl e {e.g. ,  th e letter s 'a' ,  'b' ,  an d 'c '  i n 
Baskerville) .  Figur e 3  show s th e relationshi p o f  thes e tw o 
ideas .  Initia l  wor k o n th e Lette r  Spiri t  projec t  ha s bee n 
focuse d o n th e "letter "  aspect .  T h e mode l  describe d i n 
thi s pape r  i s abl e t o successfull y recogniz e hundred s o f 
letter s fro m al l  2 6 categories .  W e ai m t o sho w tha t  th e 
model  doe s thi s i n a  simila r  fashio n t o th e wa y peopl e 
do. 

abcdE 

/.. . z i L d z ^ z 

Figur e 3 :  Item s i n an y colum n hav e lette r  i n common .  Item s 
i n an y ro w hav e spiri t  i n common . 

To avoid the need for modeling low-level vision and 
t o focu s attentio n o n th e deepe r  aspect s o f  lette r  recog -
nition ,  w e develope d a n idealize d micro-domain .  Letter -
form s ar e restricte d t o shor t  lin e segment s o n a  fixed  gri d 
of  2 1 point s arrange d i n a  3  x  7  array .  Lega l  lin e seg -
ments ,  connec t  a  poin t  t o an y o f  it s  neares t  neighbors . 
Ther e ar e 5 6 possibl e segments ,  a s show n i n Figur e 4 . 
Thi s restrictio n allow s muc h o f  low-leve l  visio n t o b e 
bypasse d an d force s concentratio n o n higher-leve l  cog -
nitiv e processing ,  particularl y th e abstrac t  an d context -
dependen t  characte r  o f  concepts . 

^  Fo r  informatio n abou t  th e on-goin g Lette r  Spiri t  projec t 
see (Hofstadte r  &  McGraw ,  1993 )  an d (McGra w fc  Hofs -
tadter ,  1993) ,  availabl e o n th e Worl d Wid e W e b throug h U R L 
http :  //www .  cogeci .  Indiana .  edu . 

622 



ascende r  zon e 

i-heigh l 

bsMlin e 

descende r  zon e 

Figur e 4 :  T h e Lette r  Spiri t  grid ,  wit h lin e segment s instan -
tiatin g on e o f  m a n y possibl e 'a' s turne d on . 

E m e r g e n t  le t te r  p e r c e p t i o n 

The fully-implemented gridletter recognizer in Letter 
Spiri t  i s  calle d th e rol e model .  Al l  perceptua l  an d cre -
ativ e processe s i n th e rol e mode l  ar e emergent ,  i n th e 
sens e tha t  the y resul t  fro m th e action s o f  a  larg e numbe r 
of  independen t  codelet s — computationa l  micro-agent s 
tha t  create ,  examine ,  an d modif y structure s represent -
in g parts ,  roles ,  letters ,  stylisti c  traits ,  an d s o forth . 
Codelet s perfor m thes e activitie s i n (simulated )  paral -
lel .  Newl y create d codelet s wai t  t o b e ru n i n a  struc -
tur e calle d th e Coderack ,  whic h ca n b e though t  o f  a s 
a stochasti c waitin g room .  I n contras t  t o a  standar d 
operating-system s queue ,  wher e processe s wai t  befor e 
bein g deterministicall y give n thei r  slic e o f  C P U time , 
th e Coderac k feature s stochasti c selectio n o f  actions .  T o 
eac h codele t  i s  attache d a n urgenc y valu e — a  numbe r 
tha t  determine s it s probabilit y  o f  bein g chose n next .  Ur -
genc y value s ar e base d o n ho w wel l  a  codelet' s possibl e 
effec t  cohere s wit h structure s alread y built . 

Action s o f  ever y sor t  — gluing ,  labeling ,  scanning , 
matching ,  adjusting ,  regrouping ,  destroying ,  an d s o o n 
— ar e carrie d ou t  b y codelets .  T h e effec t  o f  eac h codele t 
considere d b y itsel f  i s  ver y slight ;  however ,  a s m a n y 
codelet s run ,  thei r  independen t  effect s buil d upo n on e 
anothe r  int o a  coheren t  collectiv e behavior . 

Over  a  lon g perio d o f  time ,  processe s ar e interleave d i n 
a manne r  reminiscen t  o f  time-sharing .  ( A proces s con -
sist s o f  m a n y codelets ,  whic h e x pos t  fact o ca n b e see n 
t o hav e bee n actin g i n concert. )  O n e notabl e differenc e 
betwee n thi s an d conventiona l  time-sharin g i s tha t  th e 
biase d nondeterministi c selectio n o f  codelet s amount s t o 
havin g differen t  processe s ru n a t  differen t  speeds .  T h e 
speed s themselve s ar e regulate d ove r  time ,  b y varyin g 
th e urgencie s o f  th e codelet s involved ,  i n a n effor t  t o fa -
vor  more-promisin g direction s ove r  less-promisin g ones . 
Sinc e codelet s hav e ver y smal l  effects ,  i t  i s  neve r  criti -
cal  tha t  an y particula r  codele t  ge t  selected .  W h a t  doe s 
matte r  i s tha t  certai n broad-stroke d course s o f  actio n a s 
a whol e ru n faste r  tha n others .  Probabilisti c  selectio n 
base d o n urgencie s allow s thi s t o happen . 

M a ny o f  th e idea s behin d thi s mode l  (an d it s Copy -
cat  predecesso r  (Mitchell ,  1993) )  wer e originall y inspire d 
by th e Hearsa y I I  speech-understandin g syste m (Erma n 
et  al. ,  1980) .  Hearsa y I I  introduce d th e ide a o f  simul -
taneou s bottom-u p an d top-dow n influence s interactin g 

i n th e proces s o f  perception .  A  complet e compariso n o f 
th e rol e mode l  an d Hearsa y II ,  includin g a  discussio n 
of  m a n y importan t  distinction s an d difference s ca n b e 
foun d i n (McGraw ,  1995) . 

Processing in the role model 

Th e rol e mode l  operates  roughl y a s follows ,  althoug h 
thi s outlin e m a y giv e th e impressio n tha t  processin g i s 
mor e seria l  an d well-ordere d tha n i t  reall y  is .  I n reality , 
processin g occur s i n a  mor e paralle l  manner ,  wit h variou s 
aspect s describe d belo w ofte n proceedin g concurrently . 
See ( M c G r a w ,  1995 )  fo r  a  thoroug h accoun t  o f  th e rol e 
model . 

•  Lin e segment s ar e probabilisticall y bonde d togethe r  (b y lo -
cal  perceptua l  codelets )  wit h differen t  amount s o f  "glue" . 
(Fo r  example ,  mor e glu e tend s t o b e deposite d a t  straigh t 
junction s tha n a t  angles. )  Th e gluin g codelet s agent s exe -
cut e i n a  completel y bottom-u p fashion . 

•  W h e n enoug h glu e ha s bee n deposited ,  th e glue d shap e 
i s metaphoricall y "shaken" .  Thi s amount s t o probabilisti -
call y breakin g th e glue d shap e int o chunk s o f  segment s a t 
weak joints ,  resultin g i n a  se t  o f  part s (usuall y mad e u p o f 
betwee n tw o an d fou r  lin e segments) . 

•  Eac h par t  i s  scanne d b y multipl e codelet s tha t  probabilisti -
call y attac h syntacti c label s t o th e part .  Label s reflec t  ver y 
simpl e propertie s o f  part s lik e curviness ,  length ,  width ,  lo -
cation ,  an d s o on ,  an d i n n o wa y involv e th e se t  o f  cat -
egorie s (eithe r  a t  th e leve l  o f  role s o r  wholes )  int o whic h 
thes e stimul i  wil l  eventuall y b e channeled .  Eac h syntacti c 
labe l  hai s a  rea l  numbe r  associate d wit h it ,  standin g fo r  th e 
strengt h wit h whic h th e labe l  applie s t o it s part . 

•  W h e n a  par t  ha s accumulate d enoug h syntacti c label s 
(onc e again ,  a  probabiUsticall y determine d event) ,  i t  i s al -
lowe d t o sen d activatio n t o on e o r  mor e roles . 

•  T h e presenc e o f  a  particula r  labe l  o n a  give n par t  serve s a s 
a cu e tha t  tend s t o lightl y activat e on e o r  mor e role s wit h 
whic h th e labe l  i s  associate d (i.e. ,  role s o f  whic h th e give n 
labe l  i s  a t  leas t  somewha t  diagnostic) .  Fo r  instance ,  th e 
label s "left-side" ,  "straight" ,  "skinny" ,  an d "tall "  woul d 
ten d t o activat e th e "left-post "  rol e foun d i n 'b' ,  'h' ,  'k' , 
an d sometime s '1' .  I t  i s  importan t  t o understan d tha t  eve n 
a labe l  suc h Ji s "straight "  i s  probabilistic ,  i n th e sens e tha t 
a not-totally-straigh t  par t  migh t  ̂e t  tha t  label ,  wit h proba -
bilit y  diminishin g wit h it s non-straightness .  T h e rea l  n u m -
ber  associate d wit h eac h labe l  reflect s thi s "goodnes s o f 
fit" . 

•  A  par t  tha t  doe s no t  strongl y activat e an y role s wil l  b e 
slate d fo r  destruction ,  wit h it s  constituen t  lin e segment s 
subjecte d t o th e part-formin g proces s al l  ove r  again . 

•  Th e variou s ligh t  activation s comin g fro m a  give n part' s  la -
bel s s u m u p t o a  tota/activation-leve l  fo r  eac h rol e tha t  th e 
par t  matche s sufficiently .  I f  activate d highl y enough ,  role s 
associat e themselve s wit h labele d parts ,  wit h th e best -
matchin g role s gettin g th e mos t  activatio n fro m a  part . 
Eac h particula r  rol e m a y b e filled  b y on e par t  a t  an y give n 
time ,  althoug h inter-par t  competitio n fo r  th e role' s atten -
tio n i s ongoin g an d sometime s fierce. 

•  A s role s an d part s attemp t  t o "mate" ,  a  give n par t  m a y 
nee d t o b e slightl y altere d i n orde r  t o b e a  goo d mat e fo r 
a give n role .  A  quantu m o r  tw o m a y nee d t o b e stole n 
fro m on e o r  mor e neighborin g part s t o m a k e th e par t  i n 
questio n mor e attractiv e t o a  possibl e match .  Likewise , 
smal l  piece s tha t  see m t o m a k e a  par t  ugl y i n th e eye s o f 

623 



possibl e role-mate s ma y nee d t o b e give n awa y o r  sin\pl y 
detached .  Th e resultin g structure s compose d o f  group s o f 
th e initia l  lin e segment s ar e no w result s o f  th e combine d 
influenc e o f  bottom-u p an d top-dow n processing .  A s such , 
thes e part s ar e n o longe r  totall y syntacti c entities ,  an d w e 
cal l  the m (semantically )  adjuste d parts . 

•  Role s compet e fo r  part s throughou t  th e letter ,  adjust -
in g th e part s a s the y go .  W h e n thi s adjustment-and -
associatio n phas e i s over ,  ther e i s a  fairl y stron g match-u p 
betwee n role s an d semantically-adjuste d parts . 

•  Eac h instantiate d rol e ha s a  fe w tag s attached ,  statin g bo w 
wel l  th e give n par t  instantiate s th e role .  Thi s informatio n 
focuse s o n ho w th e par t  deviate s fro m variou s norm s asso -
ciate d wit h th e role . 

•  Eac h realize d rol e begin s t o aler t  on e o r  mor e whole s (i.e. , 
ful l  role-sets ,  suc h a s thos e show n i n Figur e 1 )  fo r  whic h 
i t  provide s evidence ,  i n th e sens e o f  fitting  a  particula r 
conceptualizatio n o f  tha t  letter .  Role/whol e couplin g i s 
analogou s t o part/rol e coupling ,  onl y i t  occur s a t  a  highe r 
(mor e semantic )  level .  Particula r  letter-conceptualization s 
ar e activate d accordin g t o ho w strongl y thei r  componen t 
role s ar e realize d i n th e actua l  gri d letter . 

•  Th e activatio n leve l  o f  eac h hypothesize d whol e i s adjuste d 
accordin g t o whethe r  th e whole' s r-role s (i.e. ,  inter-rol e re -
lations )  approv e o f  th e structur e discovere d s o far .  Whe n r -
role s fo r  a  particula r  whol e ar e checked ,  activatio n i s take n 
away fro m an y whol e whos e role s ar e no t  appropriatel y re -
late d o r  filled.  Thi s i s a  critica l  inhibitor y aspec t  o f  th e 
categorizatio n process . 

•  Differen t  whole s thu s becom e activate d t o differen t  extents . 
Each sufficiently-activate d whol e attempt s t o matc h itsel f 
up wit h th e shap e o n th e grid . 

•  I f  ther e i s a  clea r  leadin g contende r  amon g th e wholes , 
i t  i s  deeme d th e winner .  I f  ther e i s a  clos e rac e betwee n 
several ,  th e letterfor m i s deeme d ambiguou s an d therefor e 
unacceptable .  I n a  borderlin e ccis e betwee n clear-winne r 
and close-race ,  a  probabilisti c decbio n i s mad e tha t  choose s 
betwee n th e tw o course s o f  action . 

•  I n th e end ,  th e winnin g whol e ha s bee n parse d int o con -
stituent ,  non-overlappin g parts .  Thes e part s fill  specifi c 
role s i n th e whol e t o a  greate r  o r  lesse r  extent .  Th e tag s 
attache d t o role s accordin g t o ho w wel l  the y ar e filled  b y 
thei r  associate d part s ar e als o availabl e whe n processin g 
ends .  Fo r  example ,  a  't '  whos e spin e i s to o tal l  o r  i s ben t 
ove r  a t  th e top ,  o r  whos e crossba r  i s to o short ,  to o high , 
or  tilted ,  wi U hav e tag s statin g suc h thing s attache d t o it s 
filled  conceptualization .  Thi s informatio n ca n b e use d i n 
furthe r  processing ,  includin g checkin g th e styl e o f  a  letter -
for m an d designin g relate d letterform s b y analogy . 

T h e entir e labelin g an d role-associatio n proces s hap -
pen s i n paralle l  fo r  eac h o f  th e initia l  part s create d 
afte r  shaking .  I n general ,  processin g proceed s fro m 
low-leve l  syntacti c processin g t o high-leve l  semanti c (o r 
conceptual-level )  processing ,  bu t  i s no t  completel y lin -
ear  i n nature .  Conflictin g perceptua l  structure s compet e 
agains t  eac h othe r  i n th e contex t  o f  curren t  perceptua l 
trends .  W e a k structure s ten d t o b e destroye d an d stron g 
one s t o b e strengthened .  A  perceptua l  parsin g i n term s 
of  role-fillin g part s emerge s a s a  resul t  o f  thi s perceptua l 
"competition" . 

Emergence ,  subsymbols ,  an d symbol s 

I t  i s difficul t  t o pigeonhol e th e rol e mode l  a s belongin g t o 
any particula r  well-know n cognitive-scienc e school ,  a s i t 
i s  neithe r  full y  symboli c no r  full y  connectionist .  Instead , 
i t  take s som e o f  th e centra l  feature s o f  bot h paradigm s 
an d mixe s the m together ,  an d thu s coul d b e sai d t o fal l 
somewher e betwee n symboli c A I  an d connectionism . 

I n c o m m o n wit h connectionism ,  th e rol e mode l  ha s 
m a ny importan t  subsymboli c characteristic s o f  th e sor t 
tha t  Smolensk y advocate s (Smolensky ,  1988) .  I n th e 
subsymboli c paradigm ,  cognitiv e representation s ar e 
buil t  o f  subsymbol s tha t  i n tur n giv e ris e t o symbol-lik e 
structures .  I n system s o f  th e subsymboli c vein ,  symbol s 
ar e statisUcall y emergen t  entitie s tha t  ar e represente d b y 
pattern s o f  activatio n ove r  larg e number s o f  subsymbols . 
Th e rol e model s fine-grained  parallelism ,  loca l  actions , 
competitio n fo r  limite d computationa l  resources ,  spread -
in g activation ,  an d emergen t  concept s ar e al l  faithfu l  t o 
th e subsymboli c enterprise .  Als o closel y relate d i s th e in -
teractio n o f  top-dow n an d bottom-u p processin g i n th e 
model . 

Th e rol e model' s representation s als o hav e somethin g 
i n c o m m o n wit h mor e traditiona l  symboli c methods . 
Th e emergen t  representation s tha t  th e syste m develop s 
ar e abl e t o b e quickl y an d easil y reference d an d explicitl y 
manipulate d sinc e the y ar e cu t  fro m symboli c clot h (i.e. , 
the y ar e m a d e u p o f  Schem e structures ,  albei t  wit h at -
tache d an d dynamicall y varyin g activatio n values) .  Fur -
thermore ,  thes e symboli c structure s ar e buil t  u p i n a 
workspac e simila r  i n som e respect s t o a  short-ter m m e m-
or y — somethin g no t  ofte n foun d i n connectionis t  mod -
els .  Th e notio n o f  referenc e i s a  critica l  on e i n model s o f 
higher-leve l  cognitiv e activitie s suc h a s analogy-makin g 
(Indurkhya ,  1992) .  B y thei r  ver y nature ,  symbol s — 
eve n o f  th e active ,  emergen t  variet y tha t  w e mode l  — 
provid e a  natura l  avenu e fo r  suc h reference . 

Performance of the role model 

An intuitiv e wa y t o illustrat e th e flexibility  inheren t  i n 
an d emergen t  fro m th e rol e model' s architectur e i s t o 
conside r  a  serie s o f  run s o n group s o f  letters .  Doin g thi s 
give s som e ide a o f  th e sort s o f  letterform s th e mode l 
i s capabl e o f  recognizin g an d th e sort s o f  letterform s i t 
fail s  on .  Figur e 5 ,  below ,  show s th e exten t  t o whic h th e 
rol e mode l  ca n handl e case s wher e stylisti c  aspect s o f  a 
letterfor m begi n t o overcom e it s category . 

Th e particula r  grou p o f  letter s w e discus s her e i s take n 
fro m pag e 42 4 o f  (Hofstadte r  k  FARG,  1995) .  Th e 
datase t  consist s o f  8 8 lowercas e gridfon t  'a's .  W e ra n 
th e rol e mode l  a t  leas t  te n time s o n eac h o f  th e 'a s i n 
th e origina l  illustration ,  i n orde r  t o discove r  whic h one s 
ar e easil y recognize d b y th e mode l  an d whic h ar e not . 

I n Figur e 5  w e hav e arrange d th e 'a' s o f  th e origina l 
char t  int o a  bull's-ey e pattern ,  whos e cente r  i s m a d e u p 
of  'a' s tha t  wer e correctl y recognize d 1 0 time s ou t  o f  10 . 
Concentri c ring s surroundin g th e bull's-ey e th e remain -
in g a' s int o "recognitio n bins" ,  th e first  consistin g o f  'a' s 
recognize d fro m 5  t o 9  time s ove r  1 0 runs ,  th e secon d be -
in g thos e recognize d fro m 2  t o 4  times .  Finally ,  outsid e 
of  th e outermos t  close d curv e ar e thos e 'a' s tha t  th e rol e 
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Figur e 5 :  Ho w th e rol e mode l  fare s o n 8 8 'a's . 

model  neve r  categorize d correctly .  Th e mor e poorl y a 
lette r  i s  categorize d b y th e rol e model ,  th e farthe r  fro m 
th e cente r  o f  th e pictur e i t  i s placed .  I t  i s ver y interestin g 
t o not e wha t  th e rol e mode l  ca n d o i n term s o f  flexibl y 
stretchin g it s roles ,  an d wha t  th e rol e mode l  can' t  do . 
A detaile d analysi s o f  th e model' s behavio r  o n thi s an d 
othe r  dataset s m a y b e foun d i n (McGraw ,  1995) . 

Overview s suc h a s thi s provid e a  genera l  fee l  fo r  cat -
egorizatio n i n th e rol e model .  A s ca n b e see n fro m th e 
letterform s i n th e center ,  th e rol e mode l  exhibit s a  re -
markabl e flexibility  i n it s categorization ,  makin g it s no -
tio n o f  'a'-nes s ver y rich .  Generall y speaking ,  letterform s 
tha t  ar e neve r  properl y recognize d (thos e show n a t  th e 
outskirt s o f  th e picture )  ar e indee d letterform s a t  th e 
"fringe s o f  th e categor y a" ,  althoug h ther e ar e a  fe w ex -
ception s that ,  b y disappointin g us ,  kee p lif e lively . 

Comparison with human data 

A mor e objectiv e measur e o f  th e rol e model' s perfor -
mance ma y b e ha d b y comparin g it s recognitio n dat a 
wit h huma n gridfon t  recognitio n dat a ove r  th e sam e 
dataset .  Th e serie s o f  psycholog y experiment s fro m 
whic h ou r  comparativ e dat a i s draw n ca n onl y briefl y 
be describe d here .  However ,  the y ar e full y  explaine d i n 
(McGra w e t  al. ,  1994 )  an d (McGraw ,  1995) .  Th e ide a 
i s ver y basic :  3 5 subject s wer e presente d wit h a  serie s 
of  grid-boun d letterform s on e a t  a  tim e o n a  macintos h 
monito r  an d aske d t o identif y th e letter s a s quickl y an d 
accuratel y a s possible .  Th e letterform s wer e presente d 
as darkene d lin e segment s o n a  lighte r  gri d suc h tha t 
th e gri d provide d som e degre e o f  noise .  Th e compute r 
tracke d bot h reactio n tim e an d accurac y data .  Error -
making ,  whic h ofte n provide s insigh t  int o th e behavio r 
of  comple x cognitiv e systems ,  wa s carefull y tracked .  Pre -
diction s base d o n th e rol e hypothesi s wer e confirme d dur -
in g analysi s reporte d i n (McGra w e t  al. ,  1994) .  I n ad -
ditio n t o thi s simpl e experiment ,  anothe r  stud y (allude d 
t o o n th e first  page )  showe d tha t  give n letterform s a s 
stimuli ,  peopl e prefe r  part s tha t  correspon d t o role s ove r 

part s tha t  ar e supposedl y "better "  accordin g t o Palmer s 
rules .  Th e stud y als o include d a s a  contro l  non-lette r 
stimul i  mad e o f  flipped  an d inverte d letterform s i n whic h 
th e "role-based "  part s wer e no t  prefere d ove r  th e Palme r 
parts . 

Th e entir e datase t  reporte d here ,  calle d PSYCH,  i s 
made u p o f  54 4 token s comin g fro m al l  2 6 lette r  cate -
gories .  Th e ful l  datase t  ca n b e spli t  int o tw o subsets : 
NORMALS (38 8 relativel y stron g letters )  an d FONTS (15 6 
letter s rangin g fro m somewha t  stylize d t o completel y ec -
centric) .  Divisio n o f  th e datase t  wa s initiall y  complete d 
by a  huma n letterfor m expert .  Thi s divisio n wa s con -
firme d empiricall y throug h pos t  fact o analysis . 

Tabl e 1  show s accurac y value s o f  human s an d th e rol e 
model  o n th e psyc h dataset .  Th e value s wer e compute d 
by averagin g th e correct-respons e percentage s o f  eac h 
lette r  category . 

Datase t 

PSYCH 
NORMALS 
FONTS 

H u m a ns 

80. 1 
85. 0 
65. 4 

Rol e mode l 

76. 6 
93. 8 
51. 4 

Tabl e I :  Accurac y percentages . 

Large 544x26-entry confusion matrices can be built 
fo r  bot h th e h u m a n dat a an d th e rol e model .  Thes e 
matrice s diffe r  considerabl y fro m other s lik e the m i n th e 
psycholog y literatur e sinc e the y includ e dat a abou t  a 
larg e variet y o f  lowercas e alphabeti c style s instea d o f  jus t 
one .  Eve n thoug h th e datcise t  i s  m a d e u p o f  arguabl y 
idiosyncrati c gridletters ,  ou r  stimul i  ar e mor e realisti c 
tha n man y pas t  datasets ,  i n th e sens e tha t  the y captur e 
mor e o f  th e natura l  variabilit y  foun d amon g letterforms . 
Thi s lead s t o a  mor e thoroug h treatmen t  o f  error s tha n 
has bee n eviden t  i n pas t  work . 

Datase t 

PSYCH 
NORMALS 
FONTS 

r-valu e 

.887 2 

.951 1 

.727 4 

point s 

1076 4 
670 8 
405 6 

Tabl e 2 :  Token-leve l  correlatio n o f  rol e mode l  an d huma n 
erro r  matrices .  (Al l  correlation s ar e significan t  p  >  0.0001. ) 

Table 2 shows the correlation values of the token-level 
confusio n matri x o f  th e rol e mode l  agains t  th e h u m a n 
confusio n matri x ove r  ou r  larg e an d varie d dataset. ^ 
Sinc e error-makin g tend s t o highligh t  th e typ e o f  pro -
cessin g tha t  a  cognitiv e syste m i s doing ,  i t  i s  importan t 
t o tak e error s int o accoun t  durin g correlation .  Favor -
abl e comparison s o f  thes e correlatio n value s wit h thos e 
of  simpl e connectionis t  model s an d a  brute-forc e sym -
boli c mode l  ca n b e foun d i n (McGraw ,  1995) .  Unfor -
tunately ,  spac e constraint s d o no t  allo w u s t o introduc e 
thos e result s o r  comparison s here .  In-dept h analysi s o f 

•'Category-leve l  correlation s ar e routinel y highe r  {e.g. ,  th e 
category-leve l  correlatio n ove r  PSYCH i s 0.9821) ,  bu t  offe r  les s 
resolutio n fo r  inter-mode l  compariso n o f  th e sor t  i n (McGraw , 
1995) . 

625 



particula r  trend s i n error-makin g ar e als o analyze d i n 
(McCJraw ,  1995 )  an d corroborat e th e genera l  claim s re -
gardin g th e role-model' s strength . 

Conclusions 

Our  fully-implemente d rol e mode l  provide s on e possibl e 
implementatio n o f  th e rol e hypothesi s I t  ha s prove n 
t o b e a  ver y stron g mode l  o f  lette r  recognition ,  a s i t 
clearl y explain s muc h o f  h u m a n letter-recognitio n be -
havio r  (especiall y wit h regar d t o error-making) .  A m o n g 
th e critica l  portion s o f  th e recognitio n proces s i n th e 
rol e mode l  ar e these :  buildin g preliminar y part s i n a 
bottom-u p fashio n fro m low-leve l  data ,  adjustin g part s 
unde r  top-dow n influenc e fro m roles ,  notin g aspect s o f 
styl e — nor m violation s — tha t  resul t  fro m fillin g role s 
wit h particula r  parts ,  evaluatin g prospectiv e fille d role -
set s a s matche s o f  differen t  lette r  categories ,  trackin g 
th e strength s o f  activatio n o f  competin g categories ,  an d 
searchin g fo r  ne w perceptua l  parsing s i f  initia l  attempt s 
at  recognitio n resul t  i n onl y wea k categorization . 

Unlik e man y recognitio n programs ,  th e rol e mode l 
doe s no t  simpl y perfor m ver y wel l  o n on e style ,  onl y 
t o cras h an d bur n o n others .  I t  wa s designe d specifi -
call y t o handl e a  hug e variet y o f  styles .  Test s usin g larg e 
dataset s sho w tha t  w e hav e capture d a t  leeis t  som e o f  th e 
perceptua l  fluidity  exhibite d b y people .  Th e rol e mode l 
i s abl e t o recogniz e bot h standar d an d stylisticall y ec -
centri c letterforms . 

A distinc t  advantag e tha t  th e rol e mode l  hold s ove r 
simple r  model s lie s i n th e natur e o f  it s  output .  Th e 
rol e mode l  return s no t  onl y th e usua l  categor y label ,  bu t 
als o a  parsin g o f  a  letterfor m i n term s o f  it s  constituen t 
parts .  Part-leve l  parsing s correspon d t o role-leve l  con -
ceptualization s o f  letters .  Furthe r  processin g — fo r  in -
stance ,  th e extractio n o f  styl e information ,  o r  th e analog -
ica l  desig n o f  othe r  letterform s — i s possibl e onl y wit h 
th e kin d o f  structura l  informatio n tha t  th e rol e mode l 
provides .  Th e abilit y  t o pars e a  letterfor m int o natura l 
part s correspondin g t o role s i s o f  critica l  importanc e t o 
Lette r  Spirit' s  capabilit y  t o desig n stylistically-consisten t 
alphabets . 
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Abstrac t 

Deaf (n = 37) and bearing (n = 37) tubjecu ages 6-7, 9-
10,  an d 1 8 +  participate d i n a  visua l  attentio n experimen t 
designe d t o tes t  tb e hypothesi s tha t  visio n i n th e dea f 
becomes specialize d ove r  developmenU l  tim e t o detec t 
chang e i n th e visua l  field .  Al l  children ,  regardles s o f 
hearin g status ,  shoul d atten d t o chang e i n th e visua l  field . 
However ,  th e differin g developmenta l  experience s an d 
sensor y "tools "  betwee n dea f  an d hearin g creat e differen t 
demands o n thei r  visua l  systems .  Hearin g individual s ma y 
become capabl e o f  ignorin g man y change s i n th e visua l 
fiel d becaus e the y ca n simulUneousl y monito r  th e worl d 
auditoriall y an d atten d t o task-relevan t  informatio n 
visually .  I f  so ,  the n dea f  individual s ma y An d i t  difficul t  t o 
ignor e chang e i n th e visua l  fiel d becaus e thei r  visua l 
syste m mus t  bot h monito r  th e worl d an d atten d t o task -
relevan t  informatio n withou t  simultaneou s auditor y input . 
Subject s i n thi s experimen t  complete d tw o attentiona l 
captur e task s i n whic h the y searche d fo r  a  uniquel y shape d 
targe t  i n th e presenc e o f  tw o irrelevan t  stimulu s 
manipulation s (colo r  o r  motion) .  Thi s manipulatio n wa s 
applie d t o th e targe t  o n hal f  tb e tas k trial s an d t o a 
distracto r  o n tb e othe r  half .  Attentio n t o th e irrelevan t 
manipulation s wil l  creat e differentia l  reactio n time s (RTs ) 
when th e targe t  i s manipulate d versu s whe n a  distracto r  i s 
manipulated .  Result s indicate d divergen t  developmen t 
betwee n th e tw o groups .  Bot h dea f  an d hearin g childre n 
produce d differentia l  RT s i n th e tw o tasks ,  whil e onl y dea f 
adult s attende d t o th e task-irrelevan t  changes .  Further , 
whil e hearin g subject s wer e mor e affecte d b y motio n tha n 
color ,  dea f  subject s ar e mor e equall y affecte d b y both . 
Result s ar e discusse d a s compensator y change s i n visua l 
processin g a s a  resul t  o f  auditor y deprivation . 

Introduction 

There is a popular notion that unimodal sensory 
dq)rivatio n affect s intersensor y interactio n b y leadin g t o th e 
developmen t  o f  compensator y functionin g i n th e other , 
intac t  modalitie s ~  tha t  dea f  peopl e iS£ .  bette r  an d blin d 
peopl e hea r  better ,  fo r  example .  Th e fact ,  however ,  i s  tha t 
change s i n intac t  modalitie s followin g unimoda l  sensor y 
deprivatio n ar e no t  global ,  an d ca n no t  necessaril y b e 
characterize d a s simpl y "better "  o r  "worse. "  Rather ,  on e ha s 
t o conside r  th e developin g individua l  a s a  complex ,  changin g 
system ,  adaptin g th e configuration s o f  it s  sensor y system s 
t o tb e specifi c  tas k a t  hand .  A  clos e inspectio n o f  th e role s 
of  eac h modalit y i n a n intac t  system ,  o f  th e way s eac h 
modalit y inform s th e others ,  a s wel l  a s a n analysi s o f  th e 
type s o f  tas k problem s th e deprive d syste m mus t  solv e ar e 
necessar y i n orde r  t o mak e precise ,  differentia l  hypothese s 
abou t  b o w intac t  modalitie s shoul d function .  I n thi s 
research ,  w e sough t  t o understan d thes e developmenta l 

processe s i n on e domain :  th e rol e o f  auditio n i n th e 
develofxnen t  o f  visua l  attention . 

Sensor y system s d o no t  develo p independently .  Researc h 
on altere d sensor y developmen t  i n laborator y animal s show s 
tha t  manipulatin g th e developmenta l  timin g o f  potentiall y 
competing ,  simultaneou s sensor y input s ca n chang e th e 
trajector y o f  development .  Fo r  example ,  Turkewit z & 
Kenn y (1985 )  foun d tha t  introducin g visua l  inpu t  t o ra t  pup s 
prio r  t o it s typica l  onse t  disrupte d homin g bdiavior ,  whic h 
i s acquire d ver y earl y an d i s  dependen t  o n olfactor y 
information .  Smal l  (1978 )  showe d tha t  afte r  remova l  o f  th e 
olfactor y bul b i n neonat e hamsters ,  a  therma l  preferenc e 
continue s t o dominat e homin g behavio r  throug h th e perio d 
when thi s preferenc e i s normall y overtake n b y olfaction . 
Th e manipulatio n o f  multimoda l  inpu t  als o change s th e 
organizatio n o f  individua l  sensor y system s a t  th e neura l 
level .  Fo r  example ,  Krech .  Rosenzweig .  an d Benne t  (1963 ) 
reare d rat s i n environment s ric h i n opportunitie s fo r  tactil e 
and hapti c stimulation .  Thos e rat s tha t  ha d bee n reare d i n 
th e dar k develope d heavie r  somatosensor y cortica l  area s tha n 
di d light-reare d rat s an d dark-reare d rat s evidence d greate r 
biochemica l  activit y i n nonvisua l  area s tha n di d light-reare d 
rats .  Together ,  thes e result s illustrat e tha t  behaviora l  an d 
neura l  organizatio n depend s i n par t  o n th e natur e an d 
developmenta l  timin g o f  correlate d sensor y inpu t  fro m 
multipl e modalitie s (se e als o Stei n &  Meredith ,  1993) . 

Ther e i s  als o evidenc e fro m h u m a n developmen t  i n 
suppor t  o f  thes e ideas .  Nevill e an d he r  colleague s (Nevill e 
& Lawson ,  1987 a &  b )  reporte d enhance d processin g o f 
periphera l  visua l  event s i n dea f  subject s relativ e t o hearin g 
subjects .  Dea f  adult s responde d faste r  an d mor e accuratel y 
tha n hearin g adult s t o periphera l  targets ,  whil e n o grou p 
difference s wer e foun d i n response s t o foveall y presente d 
target s (Nevill e &  Lawson ,  1987 a &  b ;  se e als o Lok e & 
Song,  1991) .  Nevill e als o foun d tha t  dea f  subjects '  evoke d 
response s t o periphera l  stimul i  ha d highe r  amplitud e an d 
shorte r  latenc y tha n hearin g adults' .  Furthermore ,  dea f 
subject s produce d activit y i n brai n region s tha t  ar e generall y 
involve d i n th e processin g o f  auditor y informatio n i n 
hearin g adult s (Nevill e &  Lawson ,  1987 a &  b) .  Additiona l 
stud y reveale d tha t  dea f  individuals '  enhance d sensitivit y t o 
periphera l  informatio n result s s o m e h o w fro m a  lac k o f 
auditor y experienc e an d no t  fro m tb e us e o f  a  visua l 
languag e (Nevill e &  Lawson ,  1987c) .  Specifically ,  hearin g 
adult s w h o wer e raise d b y dea f  parent s an d whos e firs t 
languag e wa s America n Sig n Languag e performe d lik e 
bearin g subject s an d no t  lik e dea f  subjects . 

Whil e d ^  adult s sho w enhance d respondin g t o periphera l 
visua l  information ,  researc h indicate s tha t  dea f  childre n 
perfon n poorl y i n compariso n t o hearin g childre n o n task s 
requirin g sustaine d attentio n t o centrall y presente d visua l 
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informatio n (Quittner ,  Smith ,  Osberger ,  Mitchel l  &  Katz , 
1994 ;  Mitche U &  Quittner ,  1996) .  W h e n aske d t o respond 
t o a  two-digi t  targe t  sequenc e i n a  strea m o f  individuall y 
presente d stimuli ,  dea f  childre n atten d mor e t o non-targe t 
informatio n an d produc e lowe r  d-prim e an d highe r  bet a 
score s tha n hearin g children .  Togethe r  thes e results  sugges t 
tha t  visua l  processin g develop s differentl y i n th e absenc e o f 
audition ,  leadin g t o enhance d attentio n t o periphera l  event s 
and perhap s decrease d vigilanc e t o centra l  events . 

O ne w a y o f  understandin g th e difference s betwee n dea f  an d 
hearin g individual s i s i n term s o f  a  normall y multimoda l 
attentiona l  syste m adaptin g t o th e lac k o f  auditor y input .  I n 
th e hearin g individual ,  auditio n provide s infonnatio n fro m 
bot h nea r  an d fa r  environmenta l  events .  Thus ,  soun d ca n b e 
use d t o monito r  th e worl d fo r  changin g event s an d t o 
reorien t  visua l  attentio n i f  necessar y whil e th e visua l  syste m 
i s fre e t o focu s i n o n task-specifi c  information .  Fo r  dea f 
individuals ,  th e absenc e o f  auditio n mean s tha t  th e visua l 
syste m mus t  b e c o m e responsible  fo r  monitorin g th e world , 
bot h nea r  an d far ,  a s wel l  a s pickin g u p th e relevan t 
infonnatio n fo r  th e tas k a t  hand ,  h i  l»ief ,  w e predic t  tha t  th e 
difference s betwee n hearin g an d dea f  individuals '  experience s 
monitorin g an d orientin g t o event s i n th e world ,  wit h an d 
withou t  th e suppor t  o f  audition ,  lead s t o th e emergenc e o f 
difference s i n visua l  attentio n ove r  developmenta l  time .  T o 
tes t  thi s idea ,  w e trac k th e developmen t  o f  visua l  attentio n 
i n dea f  an d bearin g individuals .  Thi s i s th e first  stud y o f 
thi s kind . 

We teste d th e hypothesi s tha t  visio n i n dea f  individual s 
become specialize d ove r  developmenta l  tim e t o detec t  chang e 
i n th e visua l  field.  W e predicte d tha t  developmen t  woul d 
diifilg e betwee n dea f  an d hearin g subjects .  Y o u n g children , 
regardless  o f  thei r  hearin g status ,  ar e poo r  selectiv e attender s 
an d shoul d therefor e atten d t o an y chang e i n th e visua l  field. 
But ,  a s thes e t w o group s age ,  thei r  differen t  sensor y 
experience s shoul d hav e cumulativ e effects .  Hearin g adult s 
shoul d b e goo d a t  ignorin g change s tha t  ar e no t  tas k 
relevant  Dea f  adults ,  becaus e o f  th e lac k o f  accompanyin g 
auditor y information ,  shoul d nee d t o atten d t o an y chang e i n 
th e visua l  field,  regardless  o f  it s tas k specificity .  T o tes t  th e 
hypothesis ,  dea f  an d hearin g childre n an d adult s wer e 
presente d wit h a  tas k i n whic h the y searche d fo r  a  targe t 
a m o ng distractors .  W e measure d th e degre e t o whic h 
performanc e w a s disrupte d o r  helpe d b y change s i n th e visua l 
field. 

Method 

Subjects 

Normally hearing subjects (n=37) were recruited from 
departmenta l  subjec t  files  an d fro m a n undergraduat e subjec t 
pool .  Subject s wer e recruite d fro m thre e ag e groups :  6-7 , 
9-10 ,  adult .  Thes e ag e group s wer e chose n becaus e o f  th e 
degre e t o whic h attentio n change s i n th e earl y schoo l  years . 
an d becaus e w e wante d t o asses s th e cumulativ e effect s o f 
differin g developmenta l  experience . 

Deaf  subject s (n=37 )  wer e recruite d fro m student s an d staf f 
of  tw o residentia l  stat e school s fo r  th e deaf .  Thes e subject s 
wer e al l  prelinguall y deaf ,  wer e primar y user s o f  sig n 

language ,  ha d hearin g losse s abov e 90d B (averag e pur e ton e 
threshol d i n bette r  ear) ,  an d ha d n o additiona l  handicappin g 
conditions .  Dea f  subject s wer e recruite d fro m th e sam e ag e 
group s a s hearin g subjects . 

Task and Procedure 

We employed a computerized search task, modeled after 
th e attentiona l  captur e paradig m (se e Yantis ,  1993) ,  i n 
whic h shap e wa s th e relevan t  stimulu s dimension .  A 
uniquel y shape d targe t  wa s embedde d amon g one ,  three ,  o r 
five  homogeneousl y shape d distractors .  Figur e 1  present s 
th e stimul i  (1.6 2 degre e visua l  angl e each) ,  whic h wer e 
arrange d i n a  circula r  fashio n (9.1 1 degre e visua l  angle )  i n 
th e cente r  o f  th e compute r  screen .  Stimul i  wer e presente d 
wit h a  1 3 1/2 "  R G B colo r  screen .  Subject s sa t 
approximatel y tw o fee t  fro m th e scree n wit h on e han d o n th e 
mouse throughou t  th e task .  Th e experimente r  sa t  behin d 
and t o th e lef t  o f  th e subject ,  ou t  o f  th e lin e o f  vision , 
controllin g stimulu s presentation s wit h th e keyboard .  Al l 
subject s wer e teste d individuall y i n a  quiet ,  diml y li t  room . 

/ \ 

targe t 

i^ N 

di s tracto r 

Ingur e 1 .  tas k stimul i 

All subjects completed three versions of this task: a 
trainin g task ,  a  motio n task ,  an d a  colo r  task .  Presentatio n 
of  th e motio n an d colc w task s w a s counterbalance d acros s 
subjects .  I n th e trainin g task ,  al l  stimul i  wer e i n blac k 
outlin e an d subject s wer e tol d t o searc h fo r  th e oddl y shape d 
targe t  an d respon d b y pressin g th e m o u s e butto n 
immediatel y upo n detectio n o f  th e target .  The y wer e tol d t o 
wor k a s quickl y a s the y coul d withou t  makin g mistakes . 
Reactio n tim e w a s measured .  Catc h trial s i n whic h ther e 
was n o targe t  wer e embedde d withi n eac h task .  O n thes e 
trials ,  subject s wer e tol d simpl y t o indicat e t o th e 
experimente r  b y speech ,  gesture ,  o r  sig n tha t  n o targe t  wa s 
presen t  an d reaction  tim e ( R T )  w a s no t  measured .  T h e 
experimente r  the n forwarde d th e tas k t o th e nex t  trial .  Thes e 
"targe t  absent "  trial s wer e include d onl y a s catc h trial s t o 
chec k fo r  subjec t  compliance . 

I n th e motio n task ,  w e introduce d apparen t  motio n a s a n 
irrelevan t  stimulu s dimension .  Al l  stimul i  wer e i n blac k 
outlin e an d o n hal f  o f  th e trials ,  th e targe t  produce d apparen t 
motio n (targe t  trial) ,  whil e o n th e othe r  hal f  o f  th e trials , 
on e o f  th e distractor s produce d apparen t  motio n (dislracto r 
trial) .  Subject s wer e tol d abou t  th e motio n manipulatio n 
prio r  t o th e tas k an d t o ignor e i t  a s the y searche d fo r  th e 
targe t  I f  subject s coul d no t  ignor e thi s irrelevan t  stimulu s 
change ,  the y woul d b e fas t  o n targe t  trials ,  an d slo w o n 
distracto r  trials .  Similarly ,  th e overal l  rati o o f  dislracto r 
tria l  R T t o targe t  tria l  R T wil l  b e larg e i f  subject s canno t 
igoo K th e stimulu s manipulation . 
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Similarl y i n tb e colo r  task ,  w e introduce d colo r  a s a n 
irrelevan t  stimulu s dimension .  Al l  stimul i  wer e i n gree n 
outlin e excep t  fo r  on e stimulus ,  whic h wa s red .  Thi s re d 
stimulu s corresponde d t o th e targe t  o n hal f  o f  tb e trial s an d 
corresponde d t o a  distracto r  o n tb e othe r  hal f  o f  th e trials . 
Subject s wer e tol d abou t  th e colo r  manipulatio n prio r  t o th e 
tas k an d t o ignor e i t  a s the y searche d fo r  tb e targe t  Again , 
i f  subject s coul d no t  ignor e thi s irrelevan t  stimulu s change , 
the y woul d b e fas t  o n targe t  trials ,  slo w o n distracto r  trials , 
and woul d produc e larg e distracto r  t o targe t  R T ratios . 

age grou p targe t 
trial s 

6-7 

9-1 0 

adul t 

RT =  69 9 
s d = 1 7 2 

RT = 550 
s d = S 8 

RT = 388 
sd=10 9 

distracto r 
trial s 
RT =  80 4 
sd =  22 3 

RT = 625 
sd =  9 2 

RT = 412 
s d = 1 1 6 

R e s u l t s 

Hearing subjects 

Analyses of RT results included factors for age (3 levels), 
and tria l  typ e (targe t  vs .  distractor) ,  whil e ratio s wer e 
analyze d accordin g t o age .  A s show n i n Tabl e 1 ,  hearin g 
subjects '  R T i n th e motio n tas k decrease d wit h age  (F(2 )  = 
30.297 ,  p  <  .001) ,  subject s wer e slowe r  o n distracto r  trial s 
tha n targe t  trial s (F(l )  =  121.893 ,  p  <  .001) ,  an d tb e 
discrepanc y i n R T betwee n distracto r  an d targe t  trial s 
decrease d wit h ag e (F(2 )  =  6.939 ,  p  <  .01) .  Significan t 
chang e i n th e rati o o f  distracto r  tria l  R T t o targe t  tria l  RT , 
depicte d i n Figur e 2 ,  occurre d betwee n th e age s o f  9-1 0 an d 
adul t  (F(l )  =  8.483 ,  p< .01) . 

age grou p 

6-7 

9-1 0 

adul t 

targe t 
trial s 

RT =  66 8 
sd=17 8 

RT =  51 6 
sd =  5 6 

RT =  34 4 
sd =  4 0 

distracto r 
trial s 
RT =  76 1 
sd=18 6 

RT =  61 6 
sd =  8 3 

RT =  38 0 
sd =  5 3 

Tabl e 2 :  Colo r  tas k data ,  hearin g subject s 

In summary, the major change with development is that 
hearin g subject s becom e mor e abl e t o ignor e a n irrelevan t 
stimulu s dimensio n a s the y searc h fo r  a  target ,  wit h th e 
larges t  chang e occurrin g betwee n th e age s o f  9-1 0 an d 
adulthood .  Dynami c chang e i n tb e visua l  field  affect s targe t 
searc h somewha t  mor e tha n stati c difference ,  acros s al l  ag e 
groups . 

motio o tas k 

color task 

S 1.1 5 H 

P 1125 " 

Tabl e 1 :  Motio n tas k data ,  hearin g subject s 

As shown in Table 2, hearing subjeas' RT in the color 
tas k decrease d wit h ag e (F(2 )  =  24.418 .  p  <  .001) ,  a U 
subject s wer e slowe r  o n distracto r  trial s tha n targe t  trial s 
(F(l )  =  65.124 .  p  <  .001) ,  an d th e discrepanc y betwee n 
targe t  R T an d distracto r  R T decrease d wit h ag e (F(2 )  = 
7.909 .  p  <  .001) .  Bot h chil d group s produce d simila r  ratios , 
whic h wer e large r  tha n adults '  (9-1 0 an d adult :  F(l )  = 
4.523 .  p  <  .05) .  a s depicte d i n Figur e 2 . 

We directl y compare d hearin g subjects '  performanc e i n th e 
motio n an d colo r  task s t o se e i f  ther e wa s a  qualitativ e 
differenc e i n th e wa y hearin g subject s searche d fo r  th e targe t 
i n th e fac e o f  dynami c informatio n versu s stati c information . 
Analysi s o f  R T dat a indicate d n o tas k effect s du e t o greate r 
overal l  variabilit y  i n th e colo r  tas k (F(l )  =  1.802 ,  p  >  .05) . 
Ratio s wer e marginall y large r  i n th e motio n tas k tha n i n th e 
colo r  tas k (F(l )  =  3.067 ,  p  =  .08) :  tas k irrelevan t  motio n i n 
th e visua l  field  i s somewha t  mor e difficul t  t o igncx e tha n 
color . 

' 6 o 

Figur e 2 .  Hearin g subjects ,  ratio s -  bot h task s 
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Deaf  subject s 

In the modon task, deaf subjects' RT decreased with age 
(F(2 )  =  9.573 ,  p  <  .001 )  an d al l  subject s wer e slowe r  o n 
distracto r  trial s tha n targe t  trial s  (F(l )  =  76.459 ,  p  <.001) , 
as show n i n Tabl e 3 .  However ,  th e discrepanc y betwee n 
targe t  an d distracto r  trial s i n th e motio n tas k decrease d onl y 
marginall y wit h ag e a s show n b y R T dat a (F(2 )  =  3.152 ,  p  = 
.056 )  an d ratio  dat a (9-1 0 an d adult :  F(l )  =  3.614 ,  p  =  .06 ; 
see Figur e 3) . 

age grou p 

6-7 

9-1 0 

adul t 

targe t 
trial s 

RT =  66 3 
sd=13 2 

RT =  57 3 
sd=16 3 

RT =  41 1 
sd =  6 6 

distracto r 
trial s 

RT =  77 8 
sd=19 8 

RT =  67 8 
sd=19 5 

RT =  46 3 
sd =  8 7 

Tabl e 3 :  Motio n tas k data ,  dea f  subject s 

As shown in Table 4, deaf subjects' RT in the color task 
decrease d wit h ag e (F(2 )  =  8.481 ,  p  <  .01) ,  subject s wer e 
slowe r  o n distracto r  trial s tha n targe t  trial s i n bot h task s 
(F(l )  =  75.010 ,  p  <  .001) ,  an d th e discrepanc y betwee n 
targe t  an d distracto r  trial s decrease d significantl y wit h ag e 
(F(2 )  =  6.691 ,  p  <  .01) .  Figur e 3  illustrate s tha t  6- 7 yea r 
old s produce d large r  ratio s tha n 9-1 0 yea r  old s i n th e colo r 
tas k (F(l )  =  7.374 .  p  =  .01) ,  wit h 9-1 0 yea r  old s an d adult s 
producin g simila r  ratios  (F(l )  =  2.573 ,  p  >  .05) . 

ag e grou p 

6-7 

9-1 0 

adul t 

targe t 
trial s 
RT =  76 6 
sd =  20 3 

RT =  67 5 
sd =  26 3 

RT =  42 8 
sd =  9 1 

distracto r 
trial s 
RT =  89 2 
sd =  23 3 

RT =  73 0 
sd =  29 5 

RT =  48 1 
sd=10 0 

Tabl e 4 :  Colo r  tas k data ,  dea f  subject s 

Direct comparison of deaf subjects' RTs in the color and 
motio n task s showe d tha t  subject s wer e faste r  i n th e motio n 
tas k (F(l )  =  10.253 ,  p  <  .01) ,  an d rati o data ,  show n i n 
Figur e 2 ,  indicate d tha t  dynami c informatio n wa s mor e 
difficul t  t o ignor e tha n colo r  infainatio n (F(l )  =  4.468 ,  p  < 
.05) ,  bu t  onl y fo r  9-1 0 yea r  olds . 

I n summary ,  dea f  subject s als o develo p th e abilit y  t o 
ignor e task-irrelevan t  informat ion ,  bu t  d o s o a t  a  faste r  rat e 
i n th e fac e o f  colo r  information .  B y adul thood ,  dea f  subject s 
ar e equall y affecte d b y stati c a n d d y n a m i c information . 

1. 2 - 1 

1.17 5 -

1.1 5 • 

1.12 5 • 

1.1 -

1.07 5 • 

1.0 5 

motio n tas k 

••O -  colo r  tas k 

o 
I 

age 

•3 

Figur e 3 .  D e a f  subjects ,  ratios -  bo t h task s 

Compar iso n o f  dea f  an d hearin g performanc e 

Direct comparison of deaf subjects to hearing subjects was 
don e withi n eac h o f  th e thre e ag e group s becaus e o f  th e hig h 
degre e o f  variabilit y  betwee n ag e groups .  Analyse s o f  R T 
result s include d factor s fo r  ag e ( 3 levels) ,  grou p ( 2 levels) , 
and tria l  typ e (targe t  vs .  distractor) ,  whil e ratios  wer e 
analyze d accordin g t o ag e an d group .  I n th e motio n task , 
deaf  an d hearin g 6- 7 yea r  old s performe d similarl y wit h 
regard  t o bot h R T (F(l )  =  .0079 ,  p  >  .10 )  an d ratio  measure s 
(F(l )  =  .185.p>.05) ,  a s di d 9-1 0 yea r  old s (RT :  F(l )  = 
1.167 ,  p  >  .10 ;  ratio :  F(l )  =  .033, p >  .10) .  Adul t  hearin g 
subject s wer e faste r  tha n adul t  dea f  subject s (F(l )  =  9.563 ,  p 
< .01) ,  bu t  ratio  score s wer e no t  differen t  (F(l )  =  .620 .  p  > 
.05) . 

I n th e colo r  task ,  6- 7 yea r  old s wer e agai n highl y simila r 
i n R T (F(l )  =  .575 .  p  >  .10 )  an d rati o score s (F(l )  =  .192 ,  p 
> .10) .  Nin e t o te n yea r  old s produce d simila r  RT s (F(l )  = 
2.085 ,  p  >  .10) ,  bu t  bearin g subject s produce d marginall y 
large r  ratio s tha n dea f  subject s (F(l )  =  3.519 ,  p  =  .07) .  Dea f 
adult s wer e slowe r  tha n hearin g adult s t o respond ,  bu t  onl y 
on distracto r  trial s  (F(l )  =  6.169 ,  p  <  .001) ,  an d produce d 
marginall y large r  ratio s tha n hearin g adult s  (F(l )  =  3.946 ,  p 
= .051) . 

Thus ,  th e tw o subjec t  group s diverge d i n performanc e o n 
our  tasks .  Si x t o seve n yea r  ol d childre n performe d 
similarl y i n bot h tasks ,  whil e dea f  adult s wer e slowe r  overal l 
and wer e mor e affecte d b y colo r  tha n hearin g adult s were . 
Performanc e o f  th e tw o group s wa s mos t  simila r  i n th e fac e 
of  apparen t  motion . 
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D i s c u s s i o n 

The data we have piesented support our hypothesis: early 
onse t  deafnes s produce s greate r  attentio n t o chang e i n th e 
visua l  field  ove r  developmenta l  time .  Dea f  an d hearin g 
childre n perfcvme d similarl y i n bot h tasks ,  bu t  b y adulthood , 
dea f  subject s wer e slowe r  overall ,  an d thei r  searc h tim e 
increase d whe n a  distract s wa s manipulate d whil e hearin g 
subjects '  searc h tim e di d no t 

Ili e tw o group s als o differe d i n thei r  attentio n t o dynami c 
and stati c information .  Hearin g subject s wer e mor e affecte d 
by dynami c informatio n tha n stati c informatio n a s the y 
searche d fo r  th e target .  Thi s m a y b e du e t o th e 
corre^)ondenc e betwee n motio n an d soun d i n thei r  norma l 
experience .  Dea f  subjects ,  however ,  wer e affecte d strongl y 
by bot h dynami c an d stati c information .  A n y chang e i n th e 
visua l  field  m a y becom e importan t  fo r  dea f  individual s i f 
thei r  norma l  experienc e doe s no t  includ e auditor y 
informatio n tha t  woul d differentiat e betwee n environmenta l 
events . 

Whil e thi s stud y reveale d n o difference s i n attentio n t o 
irrelevan t  stimul i  betwee n dea f  an d hearin g children , 
previou s research  ha s (Mitchel l  &  Quittner ,  1996 ;  Quittner , 
Smith ,  Osberge r  &  Katz ,  1994) .  Difference s i n th e 
experimenta l  task s ar e likel y t o hav e elicite d differen t 
performance .  First ,  stimulu s presentatio n i n thi s stud y wa s 
not  speede d a s i t  wa s i n th e previou s studies .  Subject s i n 
thi s stud y wer e instructe d t o respond  a s quickl y a s possible , 
but  stimul i  wer e presen t  unti l  th e response  wa s mad e an d 
natura l  saccades ,  blinks ,  an d ey e movement s wer e no t 
discourage d b y th e task .  Second ,  previou s researc h require d 
subject s t o atten d t o a  two-digi t  sequenc e i n a  continuou s 
strea m o f  individuall y presente d stimuli ,  whic h introduce s 
bot h short-ter m an d long-ter m m e m o r y constraints .  N o 
suc h constraint s wer e introduce d b y th e tas k i n thi s study .  I t 
i s possible ,  however ,  tha t  a  mor e sensitiv e measur e tha n R T 
may revea l  developmenta l  difference s earlie r  tha n thos e 
repotte d here . 

The result s o f  thi s stud y sugges t  tha t  individual s develo p a 
way o f  attendin g visuall y tha t  i s  base d o n tw o things :  th e 
equipmen t  the y hav e an d th e inpu t  the y receive .  Hearin g 
individual s receiv e multimodal ,  redundan t  informatio n fro m 
thei r  auditor y an d visua l  systems .  Thi s informatio n lead s t o 
decrease d attentio n t o chang e i n th e visua l  field  (o r  greate r 
selectivity) ,  an d les s responsivity  t o stati c informatio n i n 
compariso n t o dynami c information .  Dea f  individuals ,  o n 
th e othe r  hand ,  rely  primaril y o n visua l  informatio n alon e 
and therefor e becom e mor e responsiv e t o chang e i n th e 
visua l  field,  regardless  o f  whethe r  i t  i s  stati c o r  dynami c 
information . 

The finding  tha t  unimoda l  sensor y deprivatio n produce s 
greate r  attentio n t o chang e i n a n intac t  modalit y i s no t 
unique .  Studie s usin g event-relate d potential s revea l 
enhanced ,  automati c processin g o f  deviation s i n auditor y 
stimulatio n i n blin d adult s bu t  no t  sighte d adult s (Kujala ,  e t 
al ,  199S) .  Thi s i s stron g convergen t  evidenc e tha t  attentio n 
function s lik e a  gatin g mechanism ,  lettin g i n informatio n 
tha t  i s neede d an d selectin g ou t  tha t  whic h i s no t  a s define d 
on-lin e b y th e organism ,  it s sensor y capabilities ,  an d it s 
developmenta l  tasks .  I n thi s manner ,  th e degree  o f  attentio n 

t o chang e o r  deviatio n shift s wit h th e amoun t  o f  infonnatio n 
availabl e t o a n organism .  A n organis m tha t  mus t  rel y o n 
les s infonnatio n -  eithe r  i n rea l  o r  developmenta l  tim e -
m ay becom e mor e attentiv e t o change s o r  deviation s i n tha t 
informatio n tha n a n organis m tha t  ha s mor e availabl e input . 
The alternativ e hypothesis ,  tha t  a  deprive d syste m woul d 
become mor e selectiv e an d thereb y ignor e mor e information , 
has receive d n o empirica l  suppor t  thu s far .  Al l  o f  thes e 
results  highligh t  th e importanc e o f  a  developmenta l  analysi s 
of  attentio n an d h o w i t  emerge s ove r  lifetim e histor y t o fit 
th e configuratio n o f  abilitie s an d tas k demands . 

Recal l  tha t  ou r  large r  hypothesi s i s tha t  deafnes s affect s 
visua l  processin g i n tw o ways :  i t  make s vigilanc e t o a 
restricte d are a o f  di e visua l  field  quit e expensiv e t o th e 
system ,  an d i t  make s visio n specializ e i n detectin g an d 
attendin g t o change .  Evidenc e fo r  eac h branc h o f  thi s 
hypothesi s ha s bee n reported  i n separat e experiments .  Th e 
stronges t  tes t  o f  th e large r  hypothesi s n o w wil l  requir e 
givin g subject s a  dua l  attentio n tas k i n whic h the y mus t  b e 
vigilan t  t o th e cente r  o f  th e visua l  field,  bu t  als o detec t 
event s i n th e periphery .  W e woul d expec t  t o find,  relative  t o 
xtonaall y hearin g individuals ,  tha t  dea f  individual s sacrific e 
performanc e i n th e centra l  tas k i n orde r  t o maintai n detectio n 
of  event s i n th e periphery . 

The mechanism(s )  tha t  produce s greate r  responsivenes s t o 
periphera l  event s i n dea f  adults ,  a s documente d b y Nevill e 
and he r  colleagues ,  i s currentl y unknown .  First ,  dea f 
individual s migh t  literall y sca n thei r  visua l  field  mor e ofte n 
by movin g thei r  eye s o r  movin g thei r  heads .  However ,  w e 
kno w tha t  individual s ar e capabl e o f  attendin g t o nonfovea l 
informatio n withou t  mov in g thei r  eyes :  a  secon d 
possibilit y  i s  tha t  dea f  individual s m a y develo p thi s 
capabilit y  t o a  greate r  exten t  tha n normall y hearin g 
individual s do .  Finally ,  i t  i s  possibl e tha t  dea f  individual s 
develo p a  wide r  scop e o f  attentio n tha n normall y hearin g 
individuals .  Thes e mechanisms ,  whic h ar e no t  mutuall y 
exclusiv e an d ar e likel y t o chang e ove r  development ,  hav e 
yet  t o b e directl y investigate d an d hav e implication s fo r  th e 
developmen t  o f  attentio n t o fovea l  event s a s well .  A  secon d 
experimen t  i s currentl y underwa y i n whic h w e asses s dea f 
and hearin g subjects '  attentio n t o chang e usin g perpbera l 
stimuli . 

Ther e i s a  grea t  dea l  t o b e learne d abou t  th e developmen t 
of  attention ,  abou t  intersensor y interaction ,  an d th e 
mechanism s o f  developmen t  itsel f  b y studyin g individual s 
wit h unimoda l  sensor y deprivation .  Understandin g th e 
manner  i n whic h th e sensor y system s interac t  unde r  suc h 
perturbation s wil l  provid e important ,  testabl e hypothese s 
regarding  th e w a y thes e system s interac t  i n th e intac t 
organism . 
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Abstrac t 

Backward masking is often used to limit visual processing 
i n studie s o f  wor d recognition ,  semanti c priming ,  an d tex t 
processing .  However ,  th e manne r  i n whic h th e maskin g 
stimulu s interfere s wit h perceptio n o f  th e targe t  i s  no t  wel l 
understood .  Severa l  explanation s o f  th e backwar d maskin g 
effec t  ar e considered ,  a  terminatio n hypothesis ,  a n attentio n 
caphir e hypothesis ,  an d a  capacit y sharin g hypothesis .  A 
poin t  o f  distinction ,  th e effec t  o f  manipulatin g th e 
processin g demand s o f  th e maskin g stimulus ,  i s  teste d i n 
tw o experiments .  Frequenc y i n prin t  o f  th e maskin g 
stimulu s i s  manipulate d i n a  firs t  experimen t  an d bot h 
frequenc y an d repetitio n o f  th e maskin g stimulu s ar e teste d 
i n th e second .  Th e result s disconfir m tw o o f  th e 
hypotheses ,  terminatio n an d attentio n capture ,  an d suppor t 
th e capacit y sharin g hypothesis . 

In t roduct io n 

In backward pattern masking a stimulus is presented to the 
observe r  an d afte r  a  brie f  interva l  i s  followe d b y anothe r 
stimulu s presente d i n th e sam e locatio n o f  th e visua l  field. 
Thes e ar e calle d th e targe t  an d mas k respectively .  Th e 
presentatio n o f  th e mas k interfere s wit h th e processin g o f  th e 
target ;  th e exten t  o f  thi s inteiferenc e i s typicall y indexe d b y 
respons e accuracy .  W h e n th e interva l  betwee n th e onset s o f 
th e targe t  an d mas k i s small ,  targe t  recognitio n i s poor .  A s 
th e tim e betwee n th e onset s o f  targe t  an d mas k increases , 
targe t  recognition  improves . 

Backwar d maskin g i s a  ver y usefti l  too l  i n cognitiv e 
and perceptua l  psycholog y i n spit e o f  th e fac t  tha t  i t  i s no t 
clea r  exactl y h o w o r  w h y th e maskin g stimulu s interfere s 
wit h th e visua l  recognition  o f  th e target .  M a n y researchers 
hav e adopted ,  a t  leas t  implicitly ,  th e notio n tha t  th e 
presentatio n o f  th e mas k terminate s visua l  processin g c f 
th e target .  Thi s assumptio n i s  instantiate d i n curren t 
model s o f  backwar d masking ,  fo r  exampl e Lupke r  & 
Massar o (1979 )  an d Muise ,  LeBlanc ,  Lavoie ,  &  Arsenault , 
(1991) .  Thes e model s assum e tha t  visua l  informatio n 
relevant  t o targe t  identificatio n begin s t o accru e shortl y afie r 
targe t  presentatio n an d continue s t o buil d unti l  visua l 
processin g o f  th e targe t  i s  terminate d b y presentatio n o f  th e 
mask.  Muis e e t  al .  (1991 )  presente d thei r  basi c mode l 

i n term s o f  th e followin g exponentia l  growt h function : 

d'  =  a  (  1  -  e  • ^ ) .  W h e r e d '  i s th e measur e c f 
performance,"a "  represent s th e tota l  informatio n availabl e 
i n th e display ,  an d "e "  i s th e bas e o f  th e natura l  log .  Th e 
critica l  parameter s ar e "  G "  (th e growt h rat e o f  efifectiv e 
information )  an d "t "  (tim e betwee n targe t  an d mask) .  Th e 
accrua l  o f  infoimationeffectivefortarge t  identificatio n cease s 
at  tim e "t" ;  i n othe r  words ,  visua l  processin g o f  th e targe t 
i s terminate d b y th e presentatio n o f  th e mask .  Th e sol e 
determinan t  o f  informatio n accrua l  i s  "t" ,  o r  th e amoun t  c f 
tim e th e targe t  ha s enjoye d uninterrupte d acces s t o whateve r 
resource s ar e necessar y fo r  recognition.  Thi s mode l  doe s a 
ver y goo d jo b o f  predictin g performanc e wit h single-lette r 
tai]get s an d a  m u c h larger ,  brighter ,  patter n mask .  However , 
backwar d maskin g i s employe d effectivel y i n situation s i n 
whic h th e mas k an d targe t  ar e m u c h mor e equivalen t  i n 
term s o f  spatia l  exten t  an d luminanc e (Perfett i  &  Bell , 
1991 ;  Peifetti.Bell ,  &  Delaney,1988 ;  Naish ,  1983 ;  Taylo r 
& Chabot ,  1978 ;  Theio s &  Amrhein ,  1989a) .  Further , 
research  fro m tw o distinc t  area s suggest s tha t  th e activatio n 
resultin g fro m targe t  processin g i s no t  necessaril y 
obliterate d o r  terminate d b y th e presentatio n o f  th e mask . 

Th e first  i s a  clas s o f  results  groupe d unde r  th e headin g 
of  perceptio n withou t  awareness .  Th e empirica l  result  i s 
tha t  unde r  condition s o f  maskin g s o sever e tha t  observer s 
canno t  reliabl y identif y a  prim e word ,  facihtatio n c f 
semanticall y relate d target s result s (Dietric h &  Theios , 
1994 ;  Evet t  &  Humphreys ,  1981 ;  Greenwald ,  Klinge r  & 
Liu ,  1989 ;  Marcel ,  1983 ;  Morgan ,  1994) .  Marce l  (1983) , 
Coltheart(1980) ,  an d Theio s &  Marmolejo(1991 )  hav e al l 
offere d similia r  theoretica l  interpretation s o f  th e backwar d 
maskin g effect .  The y argu e tha t  th e presentatio n o f  th e 
maskin g stimulu s "snatches "  o r  capture s attentio n awa y 
from  th e targe t  stimulus ,  preventin g consciou s awarenes s c f 
th e targe t  bu t  no t  destroyin g al l  result s o f  perceptua l 
processes . 

Anothe r  lin e o f  evidenc e agains t  th e terminatio n 
hypothesi s i s provide d b y Dembe r  an d colleagues ;  Dembe r 
& Purcel l  (1967) ,  Dember ,  Schwartz ,  &  Koca k (1978) , 
Briscoe ,  Dembe r  &  W a r m (1983) .  I n severa l  experiment s 
thes e researchers  hav e demonstrate d tha t  i t  i s  possibl e t o 
"mas k th e mas k an d unmas k th e target "  .  Thi s i s 
accomplishe d b y addin g a  secon d mask ,  followin g th e fus t 
mask,  t o th e sequenc e o f  stimuli . 
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Lik e th e studie s o n perceptio n outsid e o f  awareness , 
thes e results  suppor t  a  conclusio n tha t  th e mas k interfere s 
wit h attentiona l  processe s leadin g t o th e consciou s 
perceptio n o f  th e target ,  bu t  doe s no t  obliterat e activatio n 
resulting  fro m targe t  processing . 

H o w coul d th e proces s o f  recognizing  th e mas k interfer e 
wit h recognition  o f  th e target ? Colthear t  (1980) ,  Marce l 
(1983) ,  Morga n (1993) .  Ohnesorge A Theio s (1991a )  an d 
Theio s &  Marmolej o (1991 )  hav e al l  suggeste d tha t 
attentio n i s capture d awa y fro m th e targe t  b y th e 
presentatio n o f  th e maskin g stimulus ,  A  reasonable 
prediction ,  base d o n thi s notion ,  i s  tha t  maskin g stimul i 
tha t  ar e easil y o r  quickl y recognize d shoul d captur e 
attentio n quickly ,  resultin g i n mor e o r  bette r  maskin g tha n 
masks tha t  ar e difficul t  t o proces s an d captur e attentio n 
mor e slowly .  However ,  a  differen t  conceptualizatio n o f  th e 
maskin g effec t  lead s t o a  contrastin g predictio a 

Give n tha t  th e transfe r  o f  informatio n fro m iconi c 
representation  t o shor t  ter m memor y i s dependen t  i n som e 
sens e o n capacit y (Gegenfurtne r  &  Sperling ,  1993 ;  LaBerg e 
& Brown ,  1989 ;  Reeves ,  1986 )  i t  seem s plausibl e tha t 
maskin g migh t  b e i n par t  a  result  o f  insufficien t  capacit y t o 
concurrentl y proces s bot h targe t  an d mas k t o a  leve l 
sufiicientfo r  consciou s awareness .  Th e result  o f  thi s lin e Of 
thinkin g i s th e capacit y sharin g hypothesis .  Mask s tha t 
requir e mor e processin g resource ,  rathe r  tha n less ,  wil l 
result  i n th e greates t  degre e o f  masking . 

Wit h thes e thre e hypothese s ther e i s a n exhaustiv e 
partitio n o f  th e possibilit y  space .  T h e terminatio n 
hypothesi s predict s n o effec t  o f  manipulatin g th e processin g 
demands o f  th e mask ,  th e attentio n captur e hypothesi s 
predict s mor e maskin g wit h lo w deman d masks ,  an d th e 
capacit y sharin g hypothesi s predict s mor e maskin g wit h 
hig h deman d masks . 

The Processing Demand of the Mask 

The following experiments will hold constant the low-level 
physica l  characteristic s o f  maskin g word s an d manipulat e 
highe r  orde r  characteristic s o f  th e maskin g stimul i  tha t  ca n 
reasonabl y b e associate d wit h processin g demands .  W e 
assume tha t  th e deman d fo r  resources  ca n b e indexe d 
throug h response  tim e an d accuracy ,  wit h longe r  respons e 
time s an d lowe r  accurac y rate s indicatin g a  greate r  deman d 
fo r  processin g resources.  W o r d Frequenc y an d Stimulu s 
Repetitio n ar e bot h goo d candidate s fo r  manipulatin g th e 
processin g demand s o f  lexica l  stimuli .  Th e wor d frequenc y 
effec t  ( W F E )  i s ubiquitous ,  word s tha t  ar e hig h i n printe d 
frequenc y ar e responded  t o mor e quickly ,  an d wit h fewer 
error s tha n lo w frequenc y o r  les s familia r  word s 
(Scarborough ,  Cortese ,  & .  Scarborough ,  1977) .  Likewise , 
stimul i  tha t  ar e repeated  withi n a n experimenta l  contex t 
yiel d faste r  an d mor e accurat e recognition  score s tha n non -
repeate d stimul i  (Forste r  &  Davis ,  1984 ;  Scarborough , 
Cortese ,  &  Scarborough ,  1977 ;  Theio s &  Walte r  1973 ; 
Wol t z 1990 )  Manipulatin g eithe r  th e printe d wor d 
frequenc y o r  repetition  o f  stimul i  use d a s mask s shoul d 
affec t  th e amoun t  o f  processin g require d fo r  thei r 
recognition ,  an d allo w a  critica l  tes t  o f  th e termination , 
attentio n captiue ,  an d capacit y sharin g hypotheses . 

W o rd frequenc y an d repetitio n ar e usefu l  variable s fc 
manipulat e becaus e explanation s o f  th e somewha t  vagu e 
ter m "processin g resources"  ca n b e mad e wit h respect  t o 
model s o f  wor d recognitio n tha t  incorporat e processin g 
cycle s i n simulation s o f  th e wor d recognition  proces s (e.g . 
th e Activation-Verificatio n mode l  o f  Paap ,  Newsome , 
McDonald ,  &  Schvaneveldt ,  1982 ;  o r  th e Interactiv e 
Activatio n mode l  o f  McClellan d &  Rummelhart ,  (1981 , 
1985) .  A  slightl y differen t  conceptualizatio n o f  wor d 
frequenc y an d repetitio n effect s i s embodie d i n th e 
activatio n leve l  accoun t  o f  th e Logoge n mode l  (Morton , 
1969) .  O u r  first  experimen t  examine s th e effec t  c f 
manipulatin g th e printe d frequenc y o f  th e mask .  O n th e 
basi s o f  a  pilo t  stud y w e concentrate d o n level s o f  S O A u p 
t o 5 3 milliseconds . 

Experiment One 

Subjects 
Twenty-thre e student s wit h norma l  o r  correcte d visio n a t 
th e Universit y o f  Wisconsin-Madiso n participated . 

Apparatus 
The experimen t  wa s designe d an d conducte d usin g th e 
softwar e progra m PsyScop e (Cohen ,  MacWhinney ,  Flat t  & 
Provost ,  1993) .  A  Powe r  Macintos h 710 0 controlle d th e 
displa y sequenc e an d collecte d th e data .  Design  Ther e 
wer e tw o within-subject s variables ,  Stimulu s Onse t 
Asynchron y o r  S O A ,  an d Mas k Frequency .  Ther e wer e fou r 
level s o f  S O A (13.3 ,  26.6 ,  40 ,  53. 3 ms. )  an d tw o level s c f 
Mask Frequency ,  (Hig h an d Low) . 

Procedure 
Subject s sa t  50 0 millimeter s fro m th e compute r  monitor . 
Each tria l  consiste d o f  30 0 m s o f  fixation,  a  5 0 m s blan k 
interval ,  a  1 3 m s presentatio n o f  th e target ,  on e o f  th e fou r 
randoml y selecte d level s o f  S O A ,  and ,  followin g a  30 0 m s 
blan k interval ,  th e choic e alternativ e pai r  unti l  response . 
The compute r  provide d feedbac k o n eac h tria l  o f  th e 4 5 
practic e an d 21 6 experimenta l  trials . 

Stimuli 
The stimul i  wer e selecte d usin g th e thir d inde x o f  th e 
Kuceraan d Franci s (1967 )  wor d frequenc y corpus .  Th e 
experimenta l  stimul i  comprise d thre e sets :  a  se t  o f  21 6 lo w 
frequenc y choic e alternativ e pairs ,  a  se t  o f  21 6 hig h 
frequenc y mask s an d a  se t  o f  21 6 lo w frequenc y masks .  Al l 
of  th e word s use d i n th e experiment ,  bot h mask s an d 
targets ,  wer e fou r  letter s long .  Th e vas t  majorit y wer e 
singl e syllable .  Th e targe t  se t  wa s constmctedb y selectin g 
pair s o f  word s tha t  differe d b y on e o r  tw o letters .  Th e 
substitute d lette r  range d acros s th e fou r  possibl e position s 
withi n word s (e.g .  " L A V A &  J A V A "  var y i n th e fus t 
position ,  " H E C K &  H I C K "  i n th e second) .  Th e targe t  for 
eac h tria l  wa s randoml y selected ,  th e othe r  member  o f  th e 
pai r  becam e th e foi l  i n th e identificatio n phase .  Th e printe d 
frequenc y o f  al l  word s i n th e choic e alternativ e pai r  se t  wa s 
betwee n 1  an d 10 ,  wit h a  mea n frequenc y o f  3.3 .  Th e lo w 
fiequency  maskin g word s range d fro m 1  t o 10 ,  wit h a  mea n 
frequenc y o f  3.6 .  Th e hig h frequenc y maskin g word s range d 
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fro m 5 0 t o 50 0 occurrences ,  wit h a  mea n fiequencyof  187 . 
S u m m ed Positiona l  Bigia m Frequenc y (SPBF )  fo r  th e 
stimulu s set s wa s calculate d usin g th e norm s publishe d b y 
Massaro ,  Taylor ,  Venezky ,  Jastrzembski, & 
Lucas,(1980).Th e maskin g set s dififeiedgreatl y i n frequency 
but  onl y slightl y i n SPBF . 

Results 
The effec t  o f  Mas k Frequenc y wa s significant ,  F (  1,22 )  = 
17.3 ,  p  <  .05 .  Th e mea n percentag e o f  target s correctl y 
recognize d i n th e Hig h Frequenc y mas k conditio n wa s 
6 2 %,  versu s 5 7 % i n th e L o w Frequenc y mas k conditio n 
The efifecto f  S O A wa s als o significant^(3,66 )  =  8.9 ,  p  < 
.05 .  Th e interactio n o f  Mas k Frequenc y an d S O A di d no t 
approac h significanceF(3,66 )  =  .18 ,  p > .05 .  Cohen' s 
epsilo n (  e  )  reveale d a  stron g relationship  betwee n Mas k 
Frequenc y an d targe t  recognitio n performance , 
i _ =  .64 . 
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Figur e 1 :  Targe t  recognitio n unde r  maskin g b y 
Hig h an d L o w Frequenc y maskin g words . 

Discussion 
Thi s resul t  provide s suppor t  fo r  th e capacit y sharin g 
hypothesi s an d infirm s th e terminatio n an d attentio n captur e 
hypotheses .  Targe t  recognitio n i s influence d b y th e 
demand o f  th e mask .  L o w frequenc y (hig h demand )  masks , 
ar e mor e effectiv e tha n hig h firequency  masks ,  i.e .  resul t  i n 
lowe r  level s o f  targe t  recognition .  Th e frequenc y effec t 
produce s abou t  5 % differenc e i n recognitio n accurac y 
betwee n condition s i n thi s 2 A F C design .  However ,  th e 

proportio n o f  varianc e accounte d for ,  e ^  =  .41 ,  i s  larg e 
enoug h t o sho w tha t  thi s differenc e i s no t  trivial . 

Experiment Two 

Word frequency is a manipulation of processing difBcully 
tha t  ca n b e understoo d withi n curren t  simulation s o f  wor d 
recognitio n processes .  I n orde r  t o fiirthe r  tes t  th e distinctiv e 
prediction s o f  th e thre e hypothese s w e conducte d a n 
experimen t  tha t  manipulate d th e d e m a n d o f  th e m a s k usin g 
a repetition  manipulation .  T h e stimulu s repetition  effecti s 
quit e robust ;  faste r  an d m o r e accurat e processin g upo n 
subsequen t  exposure s t o a  stimulu s (Forste r  &  Davis , 
1984 ;  Theio s &  Walter ,  1973 ,  W o l U 1990) .  B y infererc e 

mask in g stimul i  tha t  ar e repeate d wil l  requir e les s 
processin g tha n mask s tha t  ar e presente d onl y once .  T h e 
prediction s fo r  Experimen t  T w o ar e analogou s t o thos e 
derive d fo r  Experimen t  O n e .  T h e terminatio n hypothesi s 
predict s n o efifec t  o f  repeating  th e mask ,  th e attentio n captur e 
hypothesi s predict s mor e mask in g w h e n th e m a s k i s 
repeated,  an d th e capacit y sharin g hypothesi s predict s les s 
maskin g w h e n th e m a s k i s repeated. 

Subjects Twenty-six students with normal or corrected 
visio n f r o m th e Universit y o f  Wisconsin-Madiso n 
participate d i n th e experiment . 

Design There were two within-subjects variables. Mask 
Frequenc y (Hig h &  L o w )  an d M a s k Repetitio n (Singl e 
Exposur e &  Repeate d Exposure) ,  wit h a  singl e S O A o f  2 6 
milliseconds . 

Stimuli 
Th e stimu h wer e thos e use d i n Experimen t  1 . 

Procedure 
Ther e wer e tw o significantdififerencesinth e procedur e use d 
i n experiementtwo .  First ,  onl y on e leve l  o f  S O A w a s use d 
t o reduc e th e overal l  complexit y o f  th e task .  Second ,  a n 
additiona l  stimulu s w a s presente d fo r  o n e secon d 
immediatel y prio r  t o th e target:mas k sequence .  Thi s 
stimulu s w a s eithe r  th e m a s k tha t  woul d appea r  late r  i n th e 
tria l  (repeate d exposiu e condition )  o r  a  differen t  m a s k o f  th e 
appropriat e frequenc y (singl e e^qwsur e condition) . 

Results 
T h e effec t  o f  frequeiK y w a s agai n significant ,  F (  1, 2 5 )  = 
13.1 ,  p  <  .05 ,  an d th e strengt h o f  asociatio n w a s relatively 
high ,  £  =  .56 .  T h e m a i n efifecto f  th e M a s k Repetitio n 
facto r  w a s als o significant ,  £(1,25 )  =  44.1 .  p  <  .05 . 
Observer s correctl y identifie d m o r e target s i n th e Repeate d 
Exposur e conditio n ( m e a n =  7 0 % )  tha n i n th e Singl e 
Exposur e conditio n (mea n =  6 2 % ) .  T h e Repetitio n facto r 
w as als o strongl y related  t o performance ,  e  =  .79 .  T h e 
interactio n o f  Frequenc y an d Repetitio n w a s no t  significan t 
E(l,25 )  =  .021 . 
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Figur e 2 ;  Targe t  recognitio n unde r  maskin g b y Hig h an d 
L o w frequenc y maskin g word s presente d onc e (singl e 

condition )  o r  twic e (repeate d condition) . 
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C o n c l u s i o n 

The interpretation of these studies is straightforward. 
Factor s tha t  affec t  th e processin g deman d o f  a  maskin g 
stimulu s affec t  th e degre e o f  maskin g tha t  occurs .  Thi s 
findin g i s sufficien t  t o disconfir m th e terminatio n 
hypothesis .  Wer e th e terminatio n hypothesi s tru e th e 
manipulatio n o f  maskin g wor d frequenc y an d mas k 
repetitio n shoul d no t  hav e affecte d th e exten t  o f  maskin g 
tha t  occurred .  Give n ou r  tigh t  stimulu s control ,  onl y 
change s i n targe t  processin g tim e (th e parameter"t "  i n th e 
model  describe d b y Muis e e t  al. ,  1991 )  shoul d hav e affecte d 
th e accrua l  o f  informatio n an d thu s recognitio n peifoimance . 
The attentio n captur e hypothesi s i s als o disconfirmed .  Th e 
attentio n captur e hypothesi s admit s a  rol e fo r  higher-leve l 
processesin g resource s i n backwar d maskin g bu t  make s a 
predictio n i n th e opposit e directio n fro m tha t  whic h 
occurred .  I n contrast ,  th e capacit y sharin g hypothesi s i s 
supported .  Mask s tha t  ar e mor e easil y processe d interfer e 
les s wit h th e processin g o f  th e target ,  allowin g bette r  targe t 
recognition  performance .  I n hindsight ,  th e capacit y sharin g 
hypothesi s ca n b e see n t o fi t  neatl y int o th e larg e bod y c f 
wor k o n dual-tas k performance .  W h e n th e difficult y o f  on e 
tas k i s increased ,  performanc e o n a  concurren t  tas k falls ,  t o 
th e exten t  tha t  th e tw o task s compet e fo r  c o m m o n 
resources .  Th e result s o f  thes e studie s suppor t  th e 
conclusio n tha t  th e targe t  an d mas k compet e fo r  resources 
fro m a  c o m m o n poo l  tha t  ar e neede d b y bot h fix 
recognition .  Give n it s late r  arrival ,  th e mas k enjoy s 
privilege d acces s t o thi s poo l  an d ca n deman d sufficien t 
resources  t o suppor t  it s  o w n recognition ,  wit h a n attendan t 
reductio n i n resources  availabl e fo r  targe t  recognition. 
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Abstrac t 
A numbe r  o f  recen t  studie s o n earl y categorizatio n sugges t 
tha t  youn g infant s for m categor y representation s fo r  stimul i  a t 
bot h globa l  an d basi c level s o f  exclusivenes s (i.e. ,  mammal . 
cat) .  A  se t  o f  computationa l  model s designe d t o analyz e th e 
factor s responsibl e fo r  th e emergenc e o f  thes e representation s 
ar e presented .  Th e model s (1 )  simulate d th e formatio n o f 
global-leve l  an d basic-leve l  representations ,  (2 )  yielde d a 
global-to-basi c orde r  o f  categor y emergenc e an d (3 )  reveale d 
th e formatio n o f  tw o distinc t  global-leve l  representation s -  a n 
initia l  "self-organizing '  perceptua l  globa l  leve l  an d a 
subsequentl y "trained "  arbitrar y (i.e. ,  non-perceptual )  globa l 
level .  Informatio n fro m th e model s i s use d t o mak e a  numbe r 
of  testabl e prediction s concernin g categor y developmen t  i n 
infants . 

Introduction 
Investigator s intereste d i n earl y cognitiv e developmen t  hav e 
been examinin g th e origin s an d developmen t  o f  comple x 
categor y representation s durin g th e firs t  tw o year s o f  lif e 
(e.g. ,  Mandler ,  Bauer ,  &  McDonough ,  1991 ;  Mervis ,  1987 ; 
Quinn ,  Eimas ,  &  Rosenkrantz .  1993) .  Empirica l  effort s hav e 
been concerne d wit h (1 )  th e ag e an d mean s b y whic h 
individuate d representation s ca n b e forme d fo r  basic-leve l 
categorie s (e.g. ,  cats ,  chairs )  fro m th e sam e global-leve l 
structur e (e.g. ,  mammal ,  furniture) ,  an d (2 )  whethe r  thes e 
representation s begi n t o coher e t o for m global-leve l 
representation s o r  whethe r  global-leve l  representation s 
preced e basic-leve l  representations . 

One se t  o f  relevan t  studie s ha s show n tha t  youn g infant s 
can for m perceptually-base d categor y representation s a t 
bot h basi c an d globa l  level s o f  exclusivenes s (reviewe d i n 
Quin n &  Eimas ,  i n press-a) .  A t  th e basi c level ,  3 -  t o 4 -
month-old s familiarize d wit h domesti c cat s wil l  generaliz e 
familiarizatio n t o nove l  cats ,  bu t  dishabituat e t o birds , 
horses ,  dogs ,  tiger s an d eve n femal e lions .  Th e dat a provid e 
evidenc e tha t  th e infant s ca n for m a  representatio n fo r  cat s 
tha t  include s nove l  cats ,  bu t  exclude s exemplar s fro m a 
variet y o f  relate d basic-leve l  categories .  Behl-Chadh a (i n 
press )  ha s extende d thes e finding s t o human-mad e artifact s 
by showin g tha t  3 -  t o 4-month-old s ca n for m individuate d 
representation s fo r  chair s an d couche s eac h o f  whic h 
exclude s instance s o f  th e othe r  a s wel l  a s bed s an d tables . 

At  th e globa l  level ,  3 -  an d 4-month-old s familiarize d wit h 
instance s fro m a  numbe r  o f  mammal  categorie s (e.g. .  cats , 
dogs ,  tigers ,  rabbits ,  zebras ,  elephants )  generalize d 
familiarizatio n t o nove l  m a m m al  categorie s (e.g. .  deer) ,  bu t 
dishabituate d t o instance s o f  birds ,  fish  an d furnitur e (Behl -
Chadha ,  i n press) ,  indicatin g tha t  th e infant s ca n fon n a 

representatio n o f  mammal s tha t  include s nove l  mammal 
categories ,  bu t  exclude s instance s o f  non-mammalia n 
animal s (i.e. ,  bird s an d fish)  an d human-mad e artifact s (e.g. , 
furniture) .  I n th e sam e serie s o f  experiments ,  Behl-Chadh a 
obtaine d evidenc e tha t  3 -  t o 4-month-old s ca n als o for m a 
representatio n fo r  furnitur e tha t  include s beds ,  chairs , 
couches ,  dressers ,  an d tables ,  bu t  exclude s th e mammal s 
mentione d above .  Th e evidenc e thu s suggest s tha t  youn g 
infant s ca n for m global-leve l  representation s fo r  a t  leas t 
some natura l  (i.e. .  mammals )  an d artifactua l  (i.e. .  furniture ) 
categories . 

Of  interes t  i s  th e informatio n tha t  enable s infant s t o for m 
categor y representation s a t  th e basi c an d globa l  level s i n 
thes e studies .  Th e ag e o f  th e subject s an d th e natur e o f  th e 
stimul i  (i.e. .  stati c pictoria l  instance s o f  th e categories )  mak e 
i t  improbabl e tha t  th e infant s ar e relyin g o n conceptua l 
knowledg e abou t  th e "kin d o f  thing "  somethin g i s t o 
perfor m successfull y i n thes e task s (cf .  Mandle r  & 
McDonough,  1993) .  Th e studie s therefor e suppor t  th e 
positio n tha t  bot h basi c an d globa l  level s o f  representatio n 
can hav e a  perceptua l  basis . 

Give n thi s stat e o f  affairs ,  a t  leas t  tw o importan t  issue s 
remai n unresolved .  First ,  i s  ther e a  sequenc e t o th e 
developmen t  o f  categor y representation s a t  th e tw o level s i n 
younge r  infant s (i.e. ,  fro m basi c t o globa l  o r  vic e versa) ? 
Second ,  wha t  i s th e basi s o f  suc h a  sequence ? T o examin e 
thes e issues ,  w e hav e bee n explorin g th e emergenc e o f 
basic-leve l  an d global-leve l  categor y representation s i n 
connectionis t  learnin g systems .  Usin g a s inpu t  th e 
dimension s o f  th e stimul i  employe d i n th e experiment s cite d 
above ,  w e hav e foun d tha t  a  variet y o f  tw o layere d (i.e. , 
input-output )  an d thre e layere d (i.e. ,  input-hidden-output ) 
networ k architecture s produc e bot h basic -  an d global-leve l 
categor y representation s an d revea l  tha t  global-leve l 
categorie s preced e basic-leve l  categorie s i n orde r  o f 
appearance .  I n thi s paper ,  w e conside r  th e performanc e o f 
tw o o f  thes e model s i n detai l  an d examin e possibl e reason s 
fo r  th e observe d global-to-basi c developmenta l  trajectory . 

Simulation 1: Global before Basic 
Me tho d 
Networ k Architectur e an d Trainin g Stimuli .  Th e networ k 
had 1 3 inpu t  nodes ,  3  hidde n node s an d 1 0 outpu t  nodes . 
Each hidde n nod e receive d inpu t  fro m al l  1 3 inpu t  node s 
and i n tur n sen t  inpu t  t o al l  1 0 outpu t  nodes .  Th e inpu t 
node s encode d 1 3 attribute s o f  pictoria l  instance s o f  cats , 
dogs ,  elephants ,  rabbits ,  chairs ,  tables ,  bed s an d dresser s -
stimul i  use d i n th e studie s describe d earlie r  (Behl-Chadha , 
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i n press ;  Quin n &  Eimas ,  i n press-a) .  Thes e stimul i  wer e 
realisti c colo r  photographs ,  eac h displayin g a n individua l 
m a m m al  o r  furnitur e item .  The y wer e selecte d t o b e nearl y 
th e sam e siz e a s possibl e s o tha t  th e infan t  woul d us e cue s 
othe r  tha n siz e a s base s fo r  categorization .  Thre e instance s 
of  eac h categor y wer e randoml y selecte d a s trainin g input s 
and a n additiona l  instanc e wa s randoml y selecte d fo r 
generalizatio n testing .  Stimulu s attribute s tha t  serve d a s 
input s wer e hea d length ,  hea d width ,  ey e separation ,  ea r 
separation ,  ea r  length ,  nos e length ,  nos e width ,  mout h 
length ,  numbe r  o f  legs ,  le g length ,  vertica l  exten t  o f  th e 
stimulus ,  horizonta l  exten t  o f  th e stimulus ,  an d tai l  length . 
The attribut e value s wer e measure d directl y fro m th e stimul i 
i n centimeter s an d the n linearl y scale d s o tha t  th e highes t 
valu e o n an y give n attribut e wa s 1.0 .  I f  a  stimulu s di d no t 
posses s a n attribute ,  the n th e valu e fo r  tha t  attribut e wa s 
encode d o n it s respectiv e inpu t  nod e a s 0.0 . 

Thi s manne r  o f  parsin g inpu t  pattern s int o componen t 
attributes ,  an d usin g th e attribut e value s alon g wit h certai n 
assumption s abou t  processin g t o mak e prediction s abou t  th e 
formatio n o f  categor y representations ,  ha s bee n use d i n 
previou s infan t  categorizatio n investigation s (e.g. ,  Strauss , 
1979 ;  Younger ,  1990) .  Th e attribute s o f  horizonta l  an d 
vertica l  exten t  wer e chose n becaus e o f  thei r  correspondenc e 
wit h th e widt h an d heigh t  o f  th e furnitur e an d m a m m al 
stimuli .  Th e larg e numbe r  an d detaile d natur e o f  th e facia l 
attribute s wer e selecte d becaus e o f  evidenc e tha t  infant s ar e 
highl y attracte d t o facia l  configuratio n informatio n (e.g. , 
Johnso n &  Morton ,  1991) .  Youn g infant s als o appea r  t o us e 
informatio n fro m th e fac e an d hea d regio n o f  cat s an d dog s 
t o categoricall y distinguis h betwee n the m (Quin n &  Eimas , 
i n press-b) .  Fo r  example ,  infant s familiarize d wit h ca t 
stimul i  i n whic h onl y th e fac e an d hea d regio n wa s visibl e 
(th e bod y informatio n ha d bee n occluded) ,  preferre d nove l 
do g face s ove r  nove l  ca t  faces .  However ,  infant s 
familiarize d wit h ca t  stimul i  i n whic h onl y th e bod y 
informatio n wa s visibl e (th e fac e an d hea d regio n wa s 
occluded) ,  looke d equivalentl y t o nove l  do g an d ca t  bodies . 
Subsequen t  contro l  experiment s reveale d tha t  th e do g 
preferenc e i n th e "fac e an d hea d visible "  grou p coul d no t  b e 
attribute d t o a  spontaneou s preferenc e fo r  do g face s o r  t o a n 
inabilit y  t o discriminat e amon g ca t  faces .  Facia l  informatio n 
woul d thu s see m t o provid e infant s wit h a  necessar y an d 
sufficien t  basi s t o for m a  categor y representatio n fo r  cat s 
tha t  exclude s dogs .  Quin n an d Eima s als o showe d tha t  th e 
cue s fo r  thi s categor y representatio n o f  cat s reside d i n th e 
interna l  facia l  regio n (inclusiv e o f  th e eyes ,  nos e an d mouth ) 
and alon g th e externa l  contou r  o f  th e head . 

Ten outpu t  node s wer e responsibl e fo r  indicatin g th e basi c 
and globa l  categor y identit y o f  th e stimuli :  cat ,  dog , 
elephant ,  rabbit ,  chair ,  table ,  bed ,  dresser ,  m a m m al  an d 
furniture .  Eac h stimulu s wa s associate d wit h tw o o f  th e te n 
outpu t  nodes ,  on e fo r  th e basi c level ,  th e othe r  fo r  th e globa l 
level .  Give n tha t  th e rang e o f  activatio n o f  th e unit s wa s 
fro m 0. 0 t o 1.0 ,  th e syste m wa s considere d t o hav e correctl y 
recognize d th e categor y identity(ies )  (i.e. ,  globa l  an d basic ) 
fo r  a  give n stimulu s i f  i t  activate d th e outpu t  node(s ) 
associate d wit h tha t  stimulu s t o a  value(s )  greate r  tha n 0.5 0 
and activate d th e outpu t  node s correspondin g t o stimul i 
fro m othe r  categorie s t o value s les s tha n 0.50 . 

Trainin g an d Testin g Procedure .  Trainin g consiste d o f 
presentatio n o f  th e 2 4 stimul i  i n a  rando m orde r  wit h 
replacemen t  fo r  720 0 trainin g sweep s ( 1 swee p =  1 
presentatio n o f  a  singl e stimulus) .  Generalizatio n testin g 
consiste d o f  on e presentatio n o f  a  nove l  exempla r  firo m eac h 
category . 

Implementation. The simulation was run on the neural 
networ k simulato r  tiear n tha t  m a k e s us e o f  a 
backpropagatio n learnin g algorith m (Plunket t  &  Elman ,  i n 
press) .  Th e networ k wa s traine d wit h a  rando m see d o f  47 ,  a 
learnin g rat e o f  0. 3 an d a  m o m e n t u m o f  0.7 .  Comparabl e 
result s wer e obtaine d wit h tw o othe r  rando m seeds .  Thus , 
whil e w e presen t  dat a fro m on e rando m see d i n detail ,  th e 
basi c result s (wit h onl y mino r  variations )  ar e extendabl e t o a 
variet y o f  startin g seed s (an d thi s i s tru e fo r  eac h o f  th e 
simulation s reporte d i n th e paper) . 

Results and Discussion 
Performanc e o f  th e networ k i s show n i n Figur e 1  wher e th e 
Root  M e a n Squar e ( R M S )  Erro r  (reflectin g th e discrepanc y 
betwee n actua l  an d correc t  respons e fo r  a  give n input )  i s 
plotte d a s a  functio n o f  trainin g sweeps .  Categor y learnin g 
bega n a t  12 0 sweep s wit h th e globa l  distinctio n betwee n 
m a m m a ls an d furniture .  A t  96 0 sweeps ,  th e elephan t 
exemplar s wer e learned .  B y 360 0 sweeps ,  th e beds ,  cats , 
dogs ,  dressers ,  rabbit s an d table s wer e categorized .  Learnin g 
was complete d a t  720 0 sweep s whe n chair s wer e correctl y 
classified . 
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Figur e 1 .  Roo t  mea n squar e erro r  o f  Simulatio n 1  a s a 
functio n o f  trainin g sweeps .  Categor y label s alon g th e swee p 
axi s ar e positione d t o sho w th e categorie s tha t  hav e emerge d 
at  120 ,  960 ,  360 0 an d 720 0 sweeps . 

It  is interesting to consider the representations of the input 
pattern s tha t  emerge d o n th e hidde n unit s durin g training . 
Figur e 2  present s a  3-dimensiona l  plo t  o f  th e m e a n 
activatio n value s o n hidde n node s 1 ,  2  an d 3  (relabele d a s X , 
Y an d Z )  generate d b y th e 8  categorie s o f  stimul i  a t  thre e 
point s i n training .  Pane l  A  (left )  show s tha t  a t  8  sweeps ,  al l 
8 categorie s cluste r  closel y together .  Pane l  B  (center )  show s 
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tha t  a t  4 8 0 s w e e p s ,  onl y m a m m a l s an d furnitur e wer e 
segregated .  Finally ,  Pane l  C  (right )  reveal s tha t  a t  7 2 0 0 
sweep s m a m m a l s an d furnitur e wer e segregate d alon g th e z -
axi s an d eac h basic-leve l  categor y ha d it s o w n locatio n 

recognize d a s distinc t  basic-leve l  categorie s i n thi s 
simulation .  T h e result s s h o w tha t  th e global-to-basi c 
sequenc e i s  obtaine d eve n withou t  th e fac e an d tai l 
informatio n fro m th e m a m m al  stimuli ,  indicatin g tha t  i t  i s 
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Figur e 2 .  M e a n activatio n value s o f  hidde n node s 1 ,  2  an d 3  (relabele d a s X ,  Y  an d Z )  fo r  eac h categor y a t  (a )  8  sweeps ,  (b ) 
48 0 sweep s an d (c )  720 0 sweeps . 

withi n th e " m a m m a l "  an d "furniture "  planes .  Figur e 2  thu s 
provide s a n illustrativ e exampl e o f  h o w categor y structur e 
emerge s ove r  tim e o n th e representationa l  units . 

T h e result s o f  th e simulatio n ar e consisten t  wit h th e 
finding s tha t  youn g infant s ca n for m perceptuall y base d 
categor y representation s fo r  m a m m a l s an d furnitur e a t  bot h 
globa l  an d basi c level s (Behl-Chadha ,  i n press ;  Quin n e t  al. , 
1993) .  Th e complet e learnin g sequenc e i s als o consisten t 
wit h a  developmenta l  progressio n fro m global -  t o basic -
leve l  categor y distinctions ,  a  patter n whic h correspond s wit h 
th e developmenta l  cours e o f  categor y acquisitio n i n olde r 
infants ,  bu t  wit h wha t  wer e presume d t o b e conceptuall y 
base d representation s fo r  animal s an d artifact s (Mandle r  e t 
al. ,  1991 ;  se e als o McClelland ,  McNaughto n &  O'Reilly , 
1995) . 

O ne questio n tha t  arise s i s whethe r  th e earl y appearanc e 
of  th e global-leve l  representation s occurre d becaus e th e 
m a m m a ls provide d activatio n o n th e variou s inpu t  node s 
devote d t o th e processin g o f  fac e an d tai l  information , 
wherea s th e furnitur e stimul i  di d not .  O n e wa y o f  askin g thi s 
questio n is :  Wil l  th e global-to-basi c sequenc e b e observe d i n 
a mode l  operatin g o n inpu t  tha t  doe s no t  includ e th e fac e 
and tai l  information ? T o provid e a n answer ,  w e repeate d th e 
initia l  simulation ,  bu t  i n thi s cas e wit h jus t  4  inpu t  node s 
(numbe r  o f  legs ,  le g length ,  vertica l  exten t  an d horizonta l 
extent) . 

By 720 0 sweeps ,  th e n o face-n o tai l  networ k 
differentiate d th e global-leve l  categories ;  onl y th e basic -
leve l  categor y o f  dresser s ha d appeared  a t  thi s poin t  (an d i f 
on e look s earlie r  int o th e trainin g sequence ,  on e finds  tha t 
dresser s wer e first  responde d t o a s furnitur e an d onl y 
subsequentl y a s dressers) .  Basic-leve l  categorizatio n o f 
rabbit s an d table s (14,40 0 sweeps) ,  elephant s (21,60 0 
sweeps) ,  chair s (28,80 0 sweeps )  an d bed s (43,20 0 sweeps ) 
complete d th e learnin g sequence .  Dog s an d cat s wer e no t 

not  simpl y a  consequenc e o f  specialize d processin g fo r 
m a m m a ls an d tha t  i t  m a y b e generalizabl e beyon d th e 
mammal-furnitur e distinction .  I n addition ,  th e inabilit y  o f 
th e mode l  t o categoricall y differentiat e cat s an d dog s i s 
consisten t  wit h th e finding  tha t  youn g infant s rel y o n hea d 
and fac e informatio n t o distinguis h betwee n the m (Quin n & 
Eimas ,  i n press-b) . 

A secon d issu e raise d b y th e finding  o f  global-to-basi c 
categor y developmen t  i s whethe r  th e globa l  leve l  woul d 
hav e emerge d befor e th e basi c leve l  i f  th e networ k ha d no t 
bee n traine d a t  th e globa l  level .  T o answe r  thi s question ,  w e 
repeate d th e initia l  simulatio n (wit h 1 3 inputs) ,  bu t  i n thi s 
cas e withou t  th e tw o global-leve l  outpu t  nodes .  Ther e wa s 
thu s n o teachin g signa l  a t  th e globa l  level .  Whil e thi s 
manipulatio n prevent s u s fro m determinin g whethe r  th e 
pattern s wer e responde d t o a s mammal s an d furnitur e a t  th e 
outpu t  layer ,  w e ca n stil l  inspec t  th e representatio n o f  th e 
pattern s a t  th e hidde n laye r  a t  differen t  point s durin g 
training . 

What  i s observe d i n thi s simulatio n i s tha t  th e globa l  leve l 
of  representatio n stil l  emerge s befor e th e basi c level .  A t  48 0 
sweeps ,  th e mea n activatio n value s fo r  cats ,  dogs ,  elephant s 
and rabbit s o n hidde n nod e 1  wer e 0.191 ,  0.160 ,  0.08 4 an d 
0.212 ,  wherea s thos e fo r  chairs ,  tables ,  bed s an d dresser s 
wer e 0.816 ,  0.795 ,  0.83 3 an d 0.831 .  Thi s global-leve l 
separatio n wa s maintaine d throughou t  th e remainde r  o f 
training .  I n contrast ,  hidde n node s 2  an d 3  a t  48 0 sweep s di d 
not  allo w fo r  partitionin g o f  input s int o basic-leve l 
categories .  Consisten t  wit h thes e observation s i s th e timin g 
of  emergenc e o f  th e basic-leve l  categorie s a s assesse d b y 
thei r  correspondin g outpu t  activatio n values .  Elephant s wer e 
distinguishe d a t  96 0 sweeps ,  followed  b y dogs ,  rabbits , 
chair s an d dresser s a t  36(X )  sweeps ,  bed s a t  720 0 sweep s an d 
cat s an d table s a t  10,80 0 sweeps .  Th e result s o f  thi s 
simulatio n ar e importan t  becaus e the y sugges t  tha t  th e earl y 
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appearanc e o f  global-leve l  categorie s occur s eve n whe n th e 
networ k i s no t  bein g traine d a t  th e globa l  level .  Th e globa l 
leve l  ma y thu s b e though t  o f  a s a  "primary "  representatio n 
tha t  occur s i n th e cours e o f  mappin g a  se t  o f  structure d (bu t 
uncategorized )  input s ont o basic-leve l  categories . 

Simulation 2: Arbitrary Global-level Category 

L e a r n i n g 
I n thi s section ,  w e examin e a  possibl e reaso n fo r  th e global -
to-basi c developmenta l  sequence .  O n e ide a i s tha t  globa l 
occur s befor e basi c becaus e o f  th e natur e o f  global-leve l 
categories .  Thi s ide a ca n b e teste d b y orthogonalizin g (i.e. , 
crossing )  th e stimulu s dimension s relevan t  fo r  th e globa l 
level .  Tha t  is ,  on e ca n chang e th e natur e o f  th e categorie s a t 
th e globa l  leve l  an d determin e i f  th e global-to-basi c tren d 
stil l  emerges .  T o thi s end ,  w e examine d th e performanc e o f 
a networ k taugh t  t o assig n cats ,  elephants ,  chair s an d bed s t o 
one arbitrar y global-leve l  categor y calle d A  an d t o respon d 
t o dogs ,  rabbits ,  table s an d dresser s a s member s o f  a  secon d 
global-leve l  categor y calle d B . 

Method 
The onl y chang e fro m th e first  simulatio n describe d i n th e 
precedin g sectio n wa s tha t  th e outpu t  nod e previousl y 
codin g fo r  m a m m a l s wa s reassigne d t o cod e fo r  A  stimul i 
(cats ,  elephants ,  chair s an d beds )  an d th e outpu t  nod e tha t 
earlie r  code d fo r  furnitur e n o w code d fo r  B  stimul i  (dogs , 
rabbits ,  table s an d dressers) . 

and chair s an d bed s (36(X )  sweeps )  activate d th e A  outpu t 
node ,  an d conclude d wit h table s recognize d a s member s o f 
th e B  categor y (720 0 sweeps) .  Thus ,  bot h arbitrar y global -
leve l  an d basic-leve l  categorie s wer e learned ,  bu t  i n n o 
particula r  order . 

A mor e comple x pictur e regardin g performanc e o f  thi s 
simulatio n emerge s whe n on e examine s th e mea n activatio n 
value s o n th e 3  hidde n node s fo r  th e variou s categories . 
Figur e 3  present s a  3-dimensiona l  plo t  o f  thes e value s a t  8 , 
48 0 an d 720 0 sweeps .  Th e 8  sweep s plo t  (Pane l  A )  reveal s 
no clea r  partitionin g o f  th e categories .  However ,  a t  48 0 
sweep s (Pane l  B ) ,  th e m a m m a l s an d furnitur e hav e bee n 
segregated ,  indicatin g tha t  perceptua l  global-leve l  categor y 
structur e emerge d eve n whe n th e networ k wa s bein g taugh t 
on a  differen t  "arbitrary "  (i.e. ,  non-perceptual )  global-leve l 
distinction .  A t  720 0 sweep s (Pane l  C ) .  th e arbitrar y globa l 
differentiatio n int o categorie s A  an d B  ha s appeared .  Ther e 
i s als o a  segregatio n o f  m a m m a l s an d furniture .  Thi s figure 
reveal s tha t  th e hidde n node s code d fo r  tw o distinc t  globa l 
level s o f  representatio n durin g th e cours e o f  training :  a n 
initia l  "perceptuall y based "  globa l  leve l  o f  m a m m a l s an d 
furnitur e an d a  subsequen t  "conceptuall y based "  globa l  leve l 
of  A  an d B .  Suc h a  finding  i s consisten t  wit h th e ide a tha t 
distinc t  perceptua l  an d conceptua l  representation s develo p 
fo r  objec t  categorie s durin g earl y developmen t  (Mandle r  & 
McDonough ,  1993) . 

Th e majo r  resul t  o f  thi s simulatio n i s tha t  manipulatin g 
th e structur e o f  th e globa l  leve l  categorie s interfere d wit h 
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(a )  (b )  (<̂ ) 

Figur e 3 .  M e a n activatio n value s o f  hidde n node s 1 ,  2  an d 3  (relabele d a s X ,  Y  an d Z )  fo r  eac h categor y a t  (a )  8  sweeps ,  (b ) 
48 0 sweep s an d (c )  720 0 sweeps .  I n (c )  th e connecte d point s indicat e m e m b e r s o f  on e arbitrar y global-leve l  category . 

Separatio n betwee n perceptua l  global-leve l  categorie s ca n als o b e seen . 

Result s a n d Discussio n 
I n thi s simulation ,  learnin g occurre d a t  bot h basi c an d 
arbitrar y globa l  levels ,  withou t  on e leve l  clearl y precedin g 
th e other .  A t  th e basi c level ,  th e orde r  o f  classificatio n o f  th e 
trainin g exemplar s was :  elephant s (96 0 sweeps) ,  rabbit s 
(192 0 sweeps) ,  cat s an d dresser s (276 0 sweeps) ,  an d dogs , 
tobies  an d bed s (360 0 sweeps) .  Chairs ,  eve n a t  720 0 sweeps , 
faile d t o elici t  a  consisten t  respons e fro m th e appropriat e 
outpu t  node .  Learnin g a t  th e arbitrar y globa l  leve l  als o 
bega n a t  9 6 0 sweep s wit h elephant s activatin g th e A  outpu t 
nod e an d dogs ,  rabbit s an d dresser s activatin g B .  Arbitrar y 
global-leve l  classificatio n continue d a s cat s (192 0 sweeps ) 

th e global-to-basi c orde r  o f  categor y deve lopmen t  a t  leas t 
fo r  th e arbitrar y global-leve l  categories .  N o clea r  timin g 
differenc e w a s observe d i n th e emergenc e o f  representation s 
at  th e basi c an d arbitrar y globa l  levels .  H o w e v e r ,  th e 
perceptua l  globa l  leve l  (i.e. ,  m a m m a l s distinc t  f ro m 
furniture )  w a s th e first  leve l  o f  categor y representatio n t o 
appear ,  eve n thoug h th e networ k w a s no t  explicitl y  taugh t  t o 
m a ke thi s distinction .  T h e overal l  patter n o f  performanc e 
thu s indicate s tha t  th e natur e o f  globa l  categorie s (i.e. , 
perceptua l  vs .  arbitrary )  i s  a  critica l  facto r  i n thei r  earl y 
appearanc e durin g training . 
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G e n e r a l  D iscuss io n 

Connectionis t  account s o f  cognitiv e developmen t  ar e 
growin g i n influenc e (Elman ,  Bates .  Karmiloff-Smith , 
Johnson ,  Paris i  &  Plunicett .  i n press ;  McClelland ,  1989 )  an d 
thi s pape r  represent s a n attemp t  t o appl y a  connectionis t 
analysi s t o th e issu e o f  h o w categor y representation s aris e a t 
basi c an d globa l  level s durin g earl y development .  A  se t  o f 
simpl e networ k simulation s wer e foun d t o lear n categorie s 
at  basi c an d globa l  level s an d i n a  global-to-basi c sequence . 

A strikin g resul t  o f  th e simulatio n wit h arbitrar y global -
leve l  categor y trainin g wa s tha t  bot h perceptua l  an d 
arbitrar y global-leve l  categorie s wer e formed ,  despit e ther e 
bein g n o explici t  trainin g fo r  th e former .  Thi s i s reminiscen t 
of  th e view s o f  Mandle r  &  M c D o n o u g h (1993 )  w h o hav e 
argue d fo r  distinc t  perceptua l  an d conceptua l  level s o f 
categor y representatio n i n huma n infants .  A  ke y differenc e 
betwee n ou r  mode l  an d th e on e propose d b y Mandle r  & 
M c D o n o u g h i s tha t  i n ou r  mode l  a  singl e networ k form s 
bot h type s o f  representations ,  wherea s i n thei r  vie w 
perceptua l  an d conceptua l  representation s ar e th e product s 
of  tw o complementar y processes . 

Predictions 
Model s ar e ofte n judge d b y th e degre e t o whic h the y ca n 
generat e interestin g experimenta l  predictions .  W e therefor e 
offe r  th e following : 

1.  O n th e assumption s tha t  ou r  result s generaliz e t o othe r 
categorie s an d tha t  th e early-appearin g representation s tha t 
hav e emerge d fo r  global-leve l  categorie s ar e stronge r  tha n 
those  codin g fo r  th e later-appearin g basic-leve l  categorie s 
(cf .  Munakata ,  McClelland ,  Johnson ,  &  Siegler ,  submitted) , 
i t  shoul d b e possibl e t o manipulat e tas k parameter s tha t  wil l 
m a ke categorizatio n mor e difficul t  an d observ e tha t  basic -
leve l  representation s ar e affecte d t o a  greate r  degre e tha n 
thos e a t  th e globa l  level .  Fo r  example ,  reducin g th e amoun t 
of  tim e a  stimulu s i s expose d t o a n infan t  decrease s it s 
memorabilit y  (Pagan ,  1974) ,  s o reducin g th e amoun t  o f 
familiarizatio n tim e fo r  eac h o f  a  grou p o f  exemplar s shoul d 
m a ke categorizatio n m o r e difficult .  T h e reporte d 
simulation s sugges t  tha t  basic-leve l  distinction s woul d b e 
th e first  t o b e affecte d b y a  moderat e decreas e i n stud y tim e 
per  exemplar . 

2.  Bot h global -  an d basic-leve l  categor y representation s 
hav e bee n observe d wit h 3 -  t o 4-month-ol d infant s (e.g. , 
Quin n &  Eimas ,  i n press-a) .  Th e global-to-basi c sequenc e 
observe d i n th e simulation s woul d therefor e predic t  tha t 
global-leve l  representation s shoul d emerg e befor e basic -
leve l  one s sometim e prio r  t o 3  month s o f  age . 

3.  I t  shoul d b e possibl e t o trai n model s wit h on e o r  mor e 
delete d inpu t  node s an d examin e which ,  i f  any ,  categor y 
representation s fai l  t o emerge .  Suc h manipulation s shoul d 
be helpfu l  i n determinin g whic h aspect s o f  th e inpu t  ar e 
critica l  fo r  certai n categor y distinctions .  Fo r  example ,  th e n o 
face-n o tai l  mode l  predict s tha t  fac e an d tai l  informatio n i s 
not  necessar y fo r  makin g th e categor y distinctio n betwee n 
m a m m a ls an d furniture ,  a  predictio n tha t  ca n b e teste d o n 
infant s wit h simpl e alteration s t o th e m a m m al  stimuli .  I n 
addition ,  i t  shoul d b e possibl e t o remov e on e o r  mor e input s 
fro m th e fac e an d hea d regio n o f  cat s an d dog s t o predic t 
whic h ar e neede d t o m a k e thi s basic-leve l  distinction . 

prediction s tha n ca n b e teste d b y presentin g altere d ca t  an d 
do g stimul i  t o infant s (cf .  Quin n &  Eimas ,  i n press-b) . 

4.  Th e arbitrar y global-leve l  categor y learnin g simulatio n 
indicate s tha t  i t  m a y b e possibl e t o trai n subjects ,  eithe r 
infant s o r  toddlers ,  t o assig n stimul i  t o arbitrar y global-leve l 
categories .  Th e simulatio n als o predict s tha t  i n th e contex t 
of  suc h trainin g a n initia l  perceptua l  globa l  leve l  o f  categor y 
representatio n wil l  preced e formatio n o f  bot h basic -  an d 
arbitrar y global-leve l  categories . 

S.  I t  i s  o f  interes t  t o examin e th e representation s tha t 
emerg e i n model s wit h large r  number s o f  hidde n nodes .  Fo r 
example ,  w e hav e observe d tha t  whe n th e numbe r  o f  hidde n 
node s i s 8 ,  9 ,  1 0 o r  11 ,  th e global-to-basi c sequenc e stil l 
emerges .  I n addition ,  durin g th e cours e o f  training ,  ther e i s a 
gradua l  decreas e i n th e proportio n o f  th e overal l 
representatio n tha t  code s fo r  th e globa l  leve l  an d a  gradua l 
increas e i n th e proportio n o f  th e overal l  representatio n tha t 
code s fo r  th e basi c level .  Thes e findings  predic t  tha t  i f 
infant s coul d b e repeatedl y familiarize d wit h instance s o f  a 
give n categor y i n successiv e sessions ,  the n ther e woul d b e a 
stead y transitio n fro m global -  t o basic-leve l  representation . 
T h e result s als o predic t  tha t  frequentl y experience d 
environmenta l  stimul i  m a y ten d t o elici t  basic-leve l 
respondin g (albei t  subsequen t  t o global-leve l  responding) . 

Concluding Comments 
I n ou r  view ,  a  strengt h o f  th e approac h w e hav e presente d i s 
th e correspondenc e betwee n th e experimenta l  wor k o n 
infan t  categorizatio n an d th e networ k simulations .  Tha t  is , 
th e inpu t  t o th e model s wer e th e dimension s o f  stimul i 
presente d t o infant s i n a  serie s o f  studie s o n th e developmen t 
of  perceptua l  categorizatio n i n earl y infanc y (Quin n & 
Eimas ,  i n press-a) .  Dat a fro m th e experimenta l  studie s wer e 
use d i n decision s abou t  wha t  input s t o presen t  t o th e models . 
Ther e i s als o evidenc e tha t  infant s us e correlate d attribut e 
informatio n t o perfor m successfull y i n variou s kind s o f 
categorizatio n task s (e.g. .  Younger ,  1990 )  ~  a  manne r  o f 
informatio n processin g tha t  i s broadl y consisten t  wit h th e 
way i n whic h neura l  network s lear n information . 

A limitatio n o f  th e inpu t  schem e use d i n thes e simulation s 
i s tha t  th e visua l  representation s infant s (o r  adults )  us e t o 
recogniz e object s ar e stil l  unknown .  Moreover ,  w e di d no t 
us e th e objec t  parsin g scheme s advocate d i n som e 
contemporar y model s o f  objec t  recognitio n (e.g. , 
Biederman ,  1987) .  I t  therefor e become s importan t  t o 
examin e whethe r  implementation s o f  ou r  model s wit h a 
rang e o f  inpu t  description s woul d produc e comparabl e 
results .  However ,  w e believ e tha t  ou r  basi c observation s o n 
perceptua l  categor y formatio n wil l  b e robus t  fo r  th e reaso n 
tha t  al l  model s o f  objec t  recognitio n woul d encod e greate r 
similarit y betwee n differen t  m a m m a l s tha n betwee n a 
m a m m al  an d a n ite m o f  furniture ,  fo r  example .  I t  i s  thi s 
similarit y structur e i n th e inpu t  tha t  w e believ e t o b e 
importan t  fo r  th e result s obtained ,  rathe r  tha n th e detail s o f 
what  element s o f  th e visua l  arra y ar e encoded . 

A secon d possibl e limitatio n i s tha t  th e network s reporte d 
i n thi s pape r  wer e traine d b y a  backpropagatio n learnin g 
algorith m -  a  teachin g signa l  tha t  drive s th e gradua l 
reductio n o f  erro r  observe d i n th e networks .  O n e ca n clai m 
tha t  thi s manne r  o f  learnin g i s questionabl e i n th e presen t 
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contex t  fo r  a t  leas t  tw o reasons .  First ,  ther e ar e som e wh o 
maintai n tha t  backpropagatio n i s a  biologicall y unrealisti c 
for m o f  learnin g (e.g. .  Crick ,  1989) .  Second ,  ther e i s n o 
externa l  teache r  supervisin g infant s i n th e perceptua l  kind s 
of  categorizatio n task s w e hav e attempte d t o simulate . 

We mak e thre e observation s regardin g thes e points .  First , 
at  leas t  on e leve l  o f  categor y representation ,  th e perceptua l 
globa l  level ,  wa s obtaine d withou t  a n explici t  teachin g 
signal .  Second ,  backpropagatio n ha s no t  bee n rule d ou t  a s a 
biologicall y plausibl e for m o f  learning .  Fo r  example , 
Plunket t  (1996 )  ha s speculate d tha t  backprojectin g neuron s 
migh t  b e on e mechanis m b y whic h backpropagatio n i n th e 
nervou s syste m coul d b e accomplished .  Third , 
backpropagatio n i s though t  t o b e on e o f  a n equivalenc e clas s 
of  learnin g algorithm s wit h simila r  computationa l 
properties .  Fo r  example ,  network s traine d wit h 
backpropagatio n i n som e instance s develo p th e sam e 
representation s a s thos e produce d b y mor e biologicall y 
plausible ,  Hebbia n learnin g algorithm s (e.g. ,  Plau t  & 
Shallice ,  1993) . 

I n conclusion ,  w e believ e tha t  man y o f  th e effect s w e 
hav e observe d i n thes e simulation s woul d b e extendabl e t o 
othe r  connectionis t  architectures ,  inpu t  formats ,  an d learnin g 
rule s (includin g unsupervise d networks) .  W e als o believ e 
tha t  th e finding s o f  th e simulation s alon g wit h th e 
experimenta l  prediction s generate d fro m the m represen t  a n 
importan t  firs t  ste p towar d a  researc h progra m whic h 
combine s experimenta l  studie s o f  infan t  categorizatio n wit h 
technique s o f  connectionis t  modelling .  Suc h a  progra m ma y 
hol d promis e fo r  developin g a  formalize d accoun t  o f 
categor y formatio n b y youn g infants . 
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Abstrac t 
We investigate d whethe r  trainin g i n ho w t o encod e th e 
causa l  stnictur e o f  problem s woul d improv e individual' s us e 
of  analogie s t o previousl y encountere d cases .  Subject s 
wer e traine d eithe r  i n ho w t o encod e th e causa l  structur e o f 
busines s case s o r  give n a  lectur e o f  equa l  lengt h o n a 
variet y o f  decisio n makin g procedures .  The y wer e the n 
aske d t o stud y severa l  busines s case s an d thei r  successfu l 
solution .  On e wee k later ,  whe n aske d t o solv e ne w 
problems ,  subject s wh o wer e traine d i n causa l  analysis , 
compare d t o th e contro l  group ,  wer e mor e likel y t o us e a n 
appropriat e analog y fro m th e previousl y studie d case s 
(positiv e transfer )  an d wer e les s likel y t o us e a n 
inappropriat e analog y (negativ e transfer) .  Furthe r 
anaJyse s showe d tha t  trainin g i n causa l  analysi s increase d 
subjects '  abilit y t o encod e th e causa l  structur e o f  th e 
proble m an d increase d th e likelihoo d o f  bein g reminde d o f 
th e analogy .  Thus ,  th e abilit y  t o encod e causa l  structur e 
and us e analogie s appropriatel y i s no t  responsiv e onl y t o 
increasin g domai n knowledge ,  bu t  ca n als o b e improve d b y 
genera l  trainin g i n th e identificatio n an d encodin g o f  th e 
centra l  component s o f  th e causa l  stnictur e o f  problems . 

Introduction 

We often solve new problems by using solutions to past 
problems .  Centra l  t o suc h analogica l  reasonin g i s th e 
extractio n o f  th e relationa l  structur e o f  th e pas t  proble m an d 
it s applicatio n t o th e n e w proble m (Centner ,  1983 ;  Gic k & 
Holyoak ,  1983 ;  Holyoak ,  1985 ;  Read ,  1984) . 

Unfortunately ,  peopl e ofte n fai l  t o us e analogie s 
appropriately .  The y d o s o i n a t  leas t  tw o ways .  First ,  the y 
m ay attemp t  t o inappropriatel y appl y a  pas t  situatio n t o th e 
presen t  problem .  Fo r  example ,  Jervi s (1976 )  an d M a y 
(1973 )  hav e persuasivel y argue d tha t  foreig n polic y decisio n 
maker s ofte n rel y o n inappropriat e historica l  analogie s i n 
developin g policies ,  an d a s a  resul t  ca n m a k e highl y 
questionabl e decisions .  I n suc h cases ,  th e decisio n make r 
seems t o hav e bee n seduce d b y salien t  feature s o f  th e 
previou s cas e an d faile d t o carefull y examin e it s causa l 
structure . 

Second ,  peopl e m a y fai l  t o notic e o r  b e reminde d o f 
relevan t  pas t  situations .  I f  decisio n maker s hav e faile d t o 
properl y encod e th e causa l  structur e o f  pas t  problems ,  the y 
migh t  ofte n fai l  t o notic e tha t  th e pas t  situatio n i s relevan t 
t o th e curren t  situation . 

Thi s suggest s tha t  encodin g o f  th e causa l  structur e o f 
situation s play s a  centra l  rol e i n successfu l  analogica l 

reasoning .  Consisten t  wit h this ,  severa l  researcher s (e.g. , 
Carbonell ,  1983 ;  Centner ,  1983 ;  Holyoak ,  1985 )  hav e 
argue d tha t  encodin g th e causa l  structur e i s ke y t o bot h 
appropriat e retrieva l  an d appUcatio n o f  analogies .  B y bein g 
abl e t o identif y an d understan d th e specifi c  relationa l  o r 
causa l  feature s o f  a n analogy ,  th e proble m solve r  ca n bette r 
understan d w h y a  particula r  outcom e di d o r  di d no t  occur . 
As a  result ,  the y m a y b e mor e likel y t o b e reminde d o f  a n 
applicabl e analog y and ,  i f  the y hav e remembere d it ,  b e bette r 
abl e t o appl y it . 

Thi s stud y examine s whethe r  peopl e coul d b e traine d t o 
us e analogica l  reasonin g mor e effectivel y b y providin g the m 
wit h a n explici t  techniqu e t o analyz e an d encod e th e causa l 
structur e o f  problems .  Th e trainin g procedur e instructe d 
subject s i n th e us e o f  Carbonell' s  (1983 )  Means-End s 
Analysi s ( M E A )  framewor k fo r  analogica l  reasoning ,  base d 
o n Newel l  an d Simon' s (1973 )  approac h t o problem-solving . 
Althoug h propose d a s a  framewor k fo r  retrieval ,  th e presen t 
stud y examine d it s impac t  o n encodin g an d ̂ plicatio n o f 
analogies ,  a s well .  Thi s f ramewor k involve s th e 
identificatio n o f  fou r  aspect s o f  th e causa l  structur e o f  th e 
pas t  an d presen t  problem s an d th e subsequen t  attemp t  t o 
matc h thos e aspect s o f  th e structur e o f  th e ol d proble m t o 
th e ne w problem : 

1.  th e existin g o r  curren t  state s o f  th e n e w an d previousl y 
solve d problems . 

2.  th e goa l  state s o f  th e ne w an d solve d problems . 
3.  action s tha t  ca n b e take n t o m o v e th e syste m fro m th e 

existin g t o th e goa l  state . 
4.  constraint s fo r  th e n e w an d solve d problems ,  suc h a s 

limitation s o n tim e an d resources ,  tha t  ca n affec t  th e abilit y 
t o carr y ou t  th e actions . 

Thi s shoul d provid e peopl e wit h a  mechanis m t o encod e 
th e causa l  structur e o f  pas t  event s an d a s a  resul t  influenc e 
th e thre e genera l  phase s o f  analogica l  reasoning :  (a )  encodin g 
of  th e base ,  (b )  remindin g o f  a  pas t  situatio n b y th e target , 
an d (c )  ̂ plicatio n o f  th e analog y (includin g bot h mappin g 
and transfo') . 

Thi s stud y i s als o relevan t  t o th e interes t  i n th e relativ e 
rol e o f  surfac e an d structura l  feature s i n analogica l  reasoning . 
M a ny o f  th e studie s tha t  hav e examine d th e us e o f  analogie s 
(e.g. ,  Basso k &  Holyoak ,  1989 ;  Gic k &  Holyoak ,  1980 , 
1983 ;  Gick ,  &  McGarry ,  1992 ;  Holyoa k &  Koh ,  1987 ; 
Novick ,  1988 ;  Reed ,  1987 ;  Ross ,  1987 ,  1989 )  hav e focuse d 
o n th e rol e o f  surfac e an d structura l  feature s o f  th e bas e 
analo g i n it s retrieva l  an d applicatio n t o a  new ,  analogou s 
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targe t  Surfac e feature s shoul d no t  effec t  th e applicatio n o f  a 
base ,  a s tbe y ar e no t  par t  o f  it s relationa l  o r  causa l  structure . 
Structura l  feanire s ar e th e relationa l  component s tha t  defln e 
th e causa l  structur e o f  th e bas e an d thu s shoul d affec t 
whethe r  i t  ca n b e correctl y mappe d t o th e target . 

As expected ,  retrieva l  i s  largel y influence d b y surfac e 
similarity ,  wit h structura l  similarit y playin g a  mino r  rol e 
(fo r  a  revie w se e Wharto n e t  al. ,  1994 ;  fo r  a n exceptio n se e 
Read an d Ces a (1991 )  ) .  I n contrast ,  th e applicabilit y  o f 
analogie s i s abnos t  entirel y affecte d b y structura l  similarit y 
(Genmer  &  Landers ,  1985 ;  Reed ,  1987 ;  an d Holyoa k & 
Koh,  1987) . 

However ,  unde r  som e condition s surfac e similaritie s d o 
influenc e application ,  particularl y whe n structura l  mapping s 
ar e unclea r  (Ross ,  1987 ;  an d Johnson ,  1988) .  Apparently , 
peopl e us e correspondin g surfac e feature s t o hel p identif y 
correspondin g structura l  relations .  Unfortunately ,  w h e n 
surfac e feature s ar e no t  correlate d wit h structura l  relation s 
thi s ma y lea d t o negativ e u^nsfe r  o f  a  bas e t o a  targe t  tha t 
share s onl y surfac e similaritie s (Novick ,  1988 ;  Basso k & 
Holyoak ,  1989) . 

Novic k (1988 )  propose d a  framewor k fo r  conceptualizin g 
th e conflictin g fmding s o f  th e rol e tha t  surfac e an d structura l 
feature s pla y i n acces s an d us e o f  analogies .  W h e n sh e 
compare d novice s an d experts ,  sh e foun d tha t  w h e n sourc e 
and targe t  problem s share d structura l  features ,  expert s 
exhibite d mor e positiv e transfe r  tha n novices .  I n contrast , 
when sourc e an d targe t  problem s share d surfac e features ,  bu t 
not  structura l  features ,  novice s wer e m u c h mor e likel y tha n 
expert s t o sho w negativ e transfer ,  inappropriatel y  ̂ plyin g a 
non-relevan t  analogy . 

Thi s suggest s tha t  surfac e similaritie s ca n influenc e 
mappin g o f  a n analog y whe n th e causa l  structur e ha s no t 
been encoded ,  wherea s structura l  similaritie s wil l  influenc e 
mappin g whe n th e structur e ha s bee n encoded .  Bot h Novic k 
(1988 )  an d Ros s (1987 )  implie d tha t  providin g experienc e i n 
analogica l  mappin g shoul d increas e positiv e transfe r  an d 
decreas e negativ e transfer . 

Consisten t  wit h thi s i s Brown' s (1989 )  wor k o n th e 
impac t  o f  age-relate d difference s i n children' s knowledg e o f 
causa l  structure .  Spontaneou s transfe r  wa s mor e likel y i f 
childre n understoo d th e causa l  structur e o f  problems . 
However ,  Brow n als o argue d tha t  whe n childre n hav e no t  ye t 
differentiate d th e causa l  structure ,  surfac e feature s ar e 
importan t  i n analogica l  transfer . 

Thi s impUe s dia t  trainin g i n a  techniqu e fo r  encodin g an d 
mappin g th e causa l  structur e o f  a  problem ,  suc h a s 
Carbonell' s  M E A framework ,  shoul d improv e analogica l 
reasoning .  Thi s shoul d b e exhibite d a s a n increas e i n 
positiv e transfer ,  an d a  decreas e i n negativ e transfer . 

To examin e thi s possibility ,  hal f  o f  th e participant s i n th e 
presen t  stud y receive d trainin g i n applyin g M E A t o th e 
analysi s o f  th e causa l  structur e o f  analogs ,  an d hal f  di d not . 
Participant s wer e expose d t o scenario s tha t  deal t  wit h a 
variet y o f  marketin g an d strategi c busines s issues . 

The natur e o f  th e similarit y o f  bas e an d targe t  wa s varie d 
so tha t  th e effectivenes s o f  trainin g coul d b e assesse d o n 
analogie s whic h wer e an d wer e no t  apprcqniat e matche s fo r 
th e target .  O n e bas e wa s totall y non-analogou s t o th e 
target ,  sharin g neithe r  surfac e no r  structura l  features .  A 

secon d bas e wa s primaril y simila r  o n surfac e feature s t o a 
target ,  bu t  share d littl e structura l  similarity .  Subject s w h o 
faile d t o encod e it s causa l  structur e shoul d inappropriatel y 
appl y i t  t o th e targe t  proble m (negativ e transfer) .  Th e thir d 
bas e wa s simila r  t o a  targe t  i n underlyin g causa l  structure . 
but  no t  i n surfac e features .  Subject s w h o ha d encode d it s 
causa l  structur e shoul d b e mor e likel y t o appl y i t  t o th e 
targe t  (positiv e transfer) . 

Thus ,  traine d individual s wer e predicte d t o b e Iss s likel y 
tha n th e untraine d t o transfe r  a  solutio n fro m a  bas e tha t  wa s 
simila r  onl y o n surfac e feature s (les s negativ e transfer) .  I n 
contrast ,  traine d individual s woul d b e mor e likel y tha n th e 
untraine d t o transfe r  a  solutio n fro m a  bas e tha t  share d al l 
fou r  structura l  component s bu t  n o surfac e feature s (mor e 
positiv e transfer) . 

Method 

Subjects 

O ne hundre d an d twent y m e n an d w o m e n participated .  Fifty -
seve n wer e student s participatin g t o receiv e extr a credi t  i n 
introductor y psycholog y a t  th e Universit y o f  Souther n 
California .  Th e remainin g 6 3 wer e employee s o f  a  healt h 
car e compan y i n Souther n California .  Subject s fro m th e 
tw o group s wer e equall y distribute d acros s th e tw o trainin g 
conditions .  Traine d an d untraine d subject s wer e ru n i n 
separat e sessions ,  wit h seve n t o te n subject s i n a  session . 

Design and Procedure 

Th e stud y wa s a  2  X  3  mixe d design .  Th e betwee n subject s 
facto r  wa s th e typ e o f  trainin g received ,  eithe r  trainin g i n 
Means-End s Analysi s ( M E A )  o r  trainin g i n genera l  proble m 
solving .  Th e withi n subject s facto r  w a s th e natur e o f  th e 
similarit y o f  a  se t  o f  thre e bas e storie s t o thre e targets ,  eithe r 
no n analogous ,  surfac e similarit y only ,  o r  structura l 
similarit y only . 

Subject s wer e randoml y assigne d i n equa l  number s t o th e 
traine d o r  th e untraine d group .  Bot h group s receive d th e 
same stimulu s materials .  Th e traine d grou p wa s traine d o n 
Carbonell' s  M E A framewor k fo r  proble m solvin g b y 
analogy .  T h e untraine d grou p receive d a n informativ e 
presentatio n o n problem-solvin g an d decisio n makin g 
approache s tha t  laste d th e sam e amoun t  o f  tim e a s th e 
experimenta l  training ,  approximatel y on e hour .  However , 
no specifi c  framewor k o r  tool s fo r  problem-solvin g wer e 
provided .  Th e untraine d sessio n wa s designe d t o sho w tha t 
th e impac t  o f  M E A trainin g goe s beyon d simpl y focusin g 
peopl e o n thinkin g abou t  th e problems . 

Fiv e set s o f  busines s problem s wer e developed ,  base d o n 
"rea l  life "  marketin g an d busines s scenarios .  Th e bas e 
storie s presente d a  proble m an d a  solution ,  wherea s th e 
target s onl y presente d a  problem .  T w o set s o f  scenario s 
wer e use d a s trainin g examples .  T h e othe r  thre e set s o f 
base-targe t  pair s wer e use d t o manipulat e th e thre e withi n 
subject s similarit y conditions .  Th e thre e condition s were : 
(1 )  Non-Analogous .  Subject s receive d a  base-targe t  pai r 
i n whic h th e tw o storie s wer e completel y unrelate d t o on e 
another ,  wit h neithe r  surfac e no r  structura l  similarity .  (2 ) 
Negativ e Transfer .  Th e bas e stor y ha d mainl y surfac e 
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similaritie s (suc h a s a  simila r  industry )  t o th e target . 
Structura l  component s suc h a s th e operator s an d constraint s 
wer e unmatchable ,  wherea s th e existin g state s an d goa l 
states ,  were ,  fo r  th e mos t  part ,  matchable .  (3 )  Positiv e 
Transfer .  Th e structur e o f  th e bas e stor y wa s directl y 
mappabl e t o th e target ,  suc h tha t  th e existin g state s an d goa l 
states ,  operators ,  an d constraint s o f  th e bas e wer e congruen t 
wit h thos e o f  th e target .  However ,  surfac e characteristic s 
(e.g. ,  typ e o f  industry )  differe d betwee n bas e an d target . 
Thus ,  ther e wer e thre e possibl e base s fo r  eac h target . 

Trained Session. The trained subjects were first given 
tw o practic e bas e problems ,  withou t  thei r  solutions ,  t o rea d 
and solve .  The y wer e the n aske d t o discus s thei r  solutions . 
The n the y receive d an d rea d th e predetermine d solution s t o 
th e practic e problem s t o se e h o w the y compare d wit h thei r 
solutions . 

Next ,  subject s receive d a  detaile d descriptio n o f  th e M E A 
procedure ,  includin g definition s o f  th e fou r  components , 
instruction s o n h o w t o recogniz e them ,  an d h o w t o matc h 
the m from  th e bas e t o th e target .  The y the n go t  th e target s 
tha t  wer e matche d t o th e bas e problem s the y ha d read ,  an d 
wer e give n instructions ,  rehearsal ,  an d feedback ,  a s th e grou p 
analyze d th e base-targe t  exampl e usin g th e M E A framework. 

Th e first  practic e target ,  th e structuraU y simila r  base-targe t 
pair ,  wa s use d t o exemplif y positiv e transfer ,  b y showin g 
h o w structura l  feature s wer e conduciv e t o mappin g thi s bas e 
solutio n t o th e targe t  problem .  Subject s wer e walke d 
throug h comparison s o f  eac h o f  th e fou r  sfructura l 
components .  Th e sam e procedur e wa s use d wit h th e secon d 
practic e problem ,  th e surfac e simila r  base-targe t  pair .  Thi s 
was use d t o illustrat e h o w solel y mappin g surfac e 
similaritie s o f  th e bas e t o th e target ,  withou t  attendin g t o 
th e underlyin g structura l  components ,  m a y potentiall y  lea d 
t o mappin g a n inappropriat e analogy . 

Untrained Session. The untrained group was also given 
th e tw o practic e problem s t o read ,  solv e an d discuss .  The y 
the n receive d informatio n o n h o w th e decisio n makin g an d 
problem-solvin g environmen t  i s changin g i n business .  Thi s 
include d a  historica l  perspectiv e beginnin g wit h a  traditiona l 
problem-solvin g ^proac h an d endin g wit h a  summar y o f 
fiv e differen t  approache s (creativ e an d analytical )  an d 
imphcation s abou t  th e pro s an d con s o f  each .  Whil e 
analogica l  reasonin g wa s allude d to ,  a  descriptio n wa s no t 
given . 

Subject s the n receive d th e matche d targe t  t o th e bas e 
problem s the y ha d read ,  an d wer e give n instructions , 
rehearsal ,  an d participatio n feedbac k a s th e grou p analyze d 
th e base-targe t  example s fro m th e perspectiv e o f  th e 
problem-solvin g approache s discusse d i n th e previou s 
presentation .  Thi s sessio n laste d th e sam e amoun t  o f  tim e 
as tha t  to r  th e traine d group . 

Encoding Exercise. Upon completion of the fraining, all 
subject s receive d a  packe t  o f  thre e bas e problem s an d thei r 
solutions .  O n e bas e wa s non-analogou s t o a  late r  target ,  th e 
secon d simila r  i n surfac e attribute s onl y (negativ e transfe r 
condition) ,  an d th e thir d ha d structura l  similaritie s (positiv e 
u-ansfe r  condition) .  A U subject s receive d th e sam e 3  targe t 

stories . 
Subject s wer e instructe d t o rea d carefull y an d remembe r 

th e problem s an d thei r  solutions ,  a s the y woul d b e aske d 
some question s abou t  the m a t  a  late r  time .  T o ensur e tha t 
scenario s wer e processed ,  the y wer e als o aske d t o writ e a 
brie f  summar y o f  eac h proble m an d solution . 

Subject s returne d on e wee k late r  an d receive d a  bookle t  o f 
3 targe t  problem s withou t  solutions .  Eac h wa s matche d t o 
on e o f  th e thre e bas e storie s the y receive d previously . 
Subject s wer e instructe d t o provid e a  clea r  an d concis e 
solutio n t o th e targe t  problems .  The y wer e als o aske d t o 
writ e d o w n an y othe r  solutio n the y coul d thin k of . 

Afte r  suggestin g solution s fo r  al l  targets ,  subject s wer e 
instructe d t o refe r  bac k t o th e targe t  storie s an d indicat e i f 
eac h stor y reminde d the m o f  anythin g the y ha d rea d th e wee k 
before .  I f  so ,  the y wer e t o writ e d o w n briefl y whic h stor y 
and it s solutio n the y wer e reminde d of . 

Results 

Scoring: Transfer Task 

Subject' s propose d solution s wer e score d fro m 0  t o 2 .  A  0 
indicate d n o similarit y t o th e bas e solutio n ( a solutio n tha t 
was completel y mad e u p o r  tha t  include d a  combinatio n o f  a 
negativ e an d positiv e transfe r  solution) .  A  1  indicate d a 
positiv e transfe r  solution .  A  2  indicate d negativ e transfer ,  a 
solutio n tha t  wa s inappropriatel y transferre d t o th e targe t 
proble m fro m a  base . 

Al l  dat a wer e code d b y th e secon d author .  Inter-rate r 
reUabilit y  wa s calculate d b y havin g a  secon d person ,  blin d t o 
condition s an d hypotheses ,  cod e th e dat a from  1 0 % o f  th e 
subjects .  Agreemen t  wa s .85 ,  usin g Cohen' s Kapp a 
(describe d i n Bakema n &  Gottman ,  1986) . 

Impact of Training on Transfer 

As expected, in the positive transfer condition, trained 
subject s wer e m u c h mor e likel y tha n untraine d subject s t o 
provid e a n appropriat e solutio n (positiv e transfer )  (se e Tabl e 
1) .  Conversely ,  untraine d subject s wer e mor e likel y tha n 
traine d t o provid e a  m a d e u p solution .  I n th e negativ e 
transfe r  condition ,  untraine d subject s wer e quit e likel y t o b e 
le d astra y b y th e inappropriat e analog y an d exhibi t  negativ e 
transfer ,  wherea s traine d subject s ahnos t  neve r  did .  I n th e 
non-analogou s condition ,  ove r  9 0 % o f  th e solution s fo r  bot h 
opine d an d unu-aine d subject s wer e mad e up . 

Thus ,  thes e finding s demonstrat e tha t  trainin g strongl y 
improve d people' s abilit y  t o provid e th e appropriat e 
analogou s solutio n an d ignor e a n inappropriat e one .  A 
significan t  interactio n woul d therefor e b e expecte d betwee n 
Trainin g (Traine d versu s Untrained) ,  Analog y conditio n 
(Non-analogous ,  Negativ e Transfer ,  o r  Positiv e Transfer) , 
and th e typ e o f  Solutio n (Non-analogous/Mad e up .  Negativ e 
Transfe r  o r  Positiv e Transfer) .  Thi s wa s teste d usin g a 
backward s eliminatio n approac h t o log-linea r  modeling . 
O ne start s wit h th e ful l  model ,  includin g al l  mai n effect s an d 
interactions ,  an d first  remove s th e highes t  orde r  interactio n 
t o se e i f  i t  i s  necessar y t o accoun t  fo r  th e patter n o f 
frequencies.  I f  i t  i s  not ,  the n on e eliminate s i t  an d proceed s 
t o systematicall y remov e th e lowe r  orde r  interactions . 
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Non-analogou s Conditio n 

Traine d Grou p (N=60 ) 
Untraine d Grou p (N=60 ) 

Positiv e Transfe r 

3% 
3% 

Negativ g Transfe r  Contfipp n 
Traine d Grou p 9 0 % 
Untraine d Grou p 3 % 

Positive Transfer Condition 
Traine d Grou p 9 0 % 
Untraine d Grou p 5 8 % 

Negativ e Transfe r 

3% 
0% 

3% 
70% 

Made-ii p f̂ ^ ĵW^ n 

0% 
2% 

94 % 
97 % 

7% 
27 % 

10% 
40 % 

Tabl e 1 :  Frequenc y o f  Subject s Givin g Eac h o f  Thre e Type s o f  Solutio n i n th e Non -
analogous ,  Negativ e an d Positiv e Transfe r  Condition s 

Wit h th e backwar d eliminatio n approach ,  th e differenc e i n 
X ^  betwee n th e mode l  wit h al l  terms ,  an d th e mode l  wit h 
one ter m removed ,  indicate s whethe r  tha t  ter m significantl y 
contribute s t o th e fit  o f  th e model .  Becaus e th e highes t 
orde r  interaction ,  th e thre e wa y interactio n amon g Training , 
Analog y condition ,  an d Solution ,  wa s th e ke y predictio n o f 
th e study ,  th e backwar d eliminatio n approac h wa s a n 
efficien t  wa y t o tes t  thi s prediction .  Removin g thi s thre e 
way interactio n fro m th e ful l  model ,  resulte d i n a  significan t 
reductio n i n goodnes s o f  fit ,  X  ^(4 )  dif f  =  23.6 ,  p  <  .01 . 
Thus ,  thi s interactio n wa s neede d an d th e centra l  predictio n 
of  th e stud y wa s supported ,  makin g i t  unnecessar y t o tes t 
lowe r  orde r  terms . 

To bette r  understan d thi s interaction ,  w e di d tw o follow-u p 
comparisons ,  on e comparin g th e performanc e o f  th e traine d 
wit h th e untraine d group s i n th e positiv e transfe r  conditio n 
and th e othe r  comparin g th e performanc e o f  th e tw o group s 
i n th e negativ e transfe r  condition .  A s predicted ,  i n th e 
positiv e transfe r  condition ,  th e traine d grou p wa s fa r  mor e 
likel y t o giv e th e positiv e transfe r  solutio n tha n wa s th e 
untraine d group ,  X 2 ( 2 )  =  15.856 ,  p .  <  .01 .  A n d i n th e 
negativ e transfe r  condition ,  th e traine d grou p wa s fa r  les s 
likel y t o giv e th e negativ e transfe r  solutio n tha n wa s th e 
untraine d group ,  X2(2 )  =  91.84 ,  n  <  .01 .  Unexpectedly , 
traine d subject s frequently  gav e th e positiv e transfe r  solutio n 
i n th e negativ e transfe r  condition .  I n hindsight ,  th e negativ e 
transfe r  problem s alway s presente d tw o differen t  solution s 
tha i  ha d bee n considered .  Th e solutio n tha t  wa s actuall y 
use d wa s a n inappropriat e solutio n fo r  th e target .  However , 
th e unuie d alternativ e wa s appropriat e fo r  th e target .  I n 
essence ,  whe n traine d subject s determine d tha t  th e previou s 
solutio n wa s inappropriat e fo r  th e target ,  th e bas e provide d 
tiiem  wit h a n alternativ e solutio n tiiat  wa s appropriat e fo r 
th e ne w target . 

Impact of Training on encoding and reminding 

Subjects '  summarie s o f  th e base s provide d furthe r  evidenc e 
tha t  uainin g increase d encodin g o f  di e causa l  sttTicture .  I n 
th e positiv e transfe r  conditio n al l  6 0 traine d subject s encode d 
th e problem ,  a s indicate d b y givin g a  clea r  sununar y o f  th e 
key aspect s o f  di e problem ,  wherea s onl y 3 6 o f  th e 6 0 
unuaine d subject s di d so .  I n th e negativ e transfe r  condition . 

almos t  al l  o f  th e traine d subject s (5 8 ou t  o f  60 )  encode d th e 
problem ,  wherea s onl y 4 0 ou t  o f  6 0 untraine d subject s did . 

Further ,  trainin g increase d remindin g o f  previou s bases . 
I n th e positiv e transfe r  condition ,  3 9 ou t  o f  6 0 ti-ained 
subject s wer e reminde d o f  th e simila r  base ,  wherea s onl y 2 0 
out  o f  th e 6 0 untraine d wer e reminded .  Result s wer e 
comparabl e i n th e negativ e transfe r  condition ,  wit h 3 6 ou t  o f 
6 0 a-aine d subject s bein g reminded ,  bu t  onl y 2 1 ou t  o f  th e 
6 0 untrained . 

Discussion and Conclusions 

AlUioug h th e abilit y  t o encod e th e causa l  stiuctur e o f  a 
proble m ha s bee n argue d t o b e ke y t o th e retiieva l  an d 
appropriat e applicatio n o f  analogie s (Carbonell ,  1983 ; 
Holyoak ,  1985 ;  an d Brown ,  1989) ,  th e presen t  stud y i s th e 
first  direc t  tes t  o f  whethe r  th e abilit y  t o d o s o ca n b e 
improve d b y ti-aining.  Thi s stud y demonstrate s Uia t  ti-aining 
i n causa l  analysi s ca n dramaticall y improv e people' s abilit y 
t o encod e th e causa l  stiuctur e o f  a n analog y and ,  a s a  result , 
increas e th e likelihoo d dia t  subjects '  us e o f  analogie s wil l  b e 
sensitiv e t o th e underlyin g relationa l  structur e o f  th e bas e 
an d target .  Thus ,  subject s w h o wer e uaine d i n causa l 
analysi s wer e mor e likel y t o appl y a  potentia l  bas e t o a  ne w 
situatio n whe n Ui e causa l  sdiictur e matche d (i.e. ,  exhibi t 
positiv e u-ansfer) ,  bu t  wer e les s likel y t o appl y a  potentia l 
bas e t o a  ne w situatio n whe n i t  faile d t o matc h o n importan t 
causa l  feature s (i.e. ,  exhibi t  les s negativ e transfer. )  Further , 
trainin g i n causa l  encodin g als o increase d th e likelihoo d o f 
bein g reminde d o f  simila r  situations .  Finally ,  i n th e 
absenc e o f  suc h training ,  surfac e similaritie s strongl y 
influence d u-ansfe r  o f  inappropriat e analogies . 

Thus ,  increase s i n Ui e abilit y  t o encod e causa l  stiTictur e 
and us e analogie s appropriatel y ar e no t  responsiv e onl y t o 
increasin g domai n knowledge ,  a s di e wor k o f  Novic k (1988 ) 
an d B r o w n (1989 )  migh t  see m t o suggest .  Analogica l 
reasonin g ca n als o b e improve d b y genera l  ti-aining  i n di e 
identificatio n an d encodin g o f  di e centi-a l  component s o f  th e 
causa l  structur e o f  problems . 
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Abstrac t 

Artificial grammar leeiming is noted for the claim that 
subject s ar e unawar e o f  thei r  knowledge .  Cha n (1992 ) 
and Diene s e t  al .  (i n press )  hav e demonstrate d tha t  sub -
ject s cir e unawcir e i n th e sens e tha t  the y lac k meta -
knowledge .  Dissociation s betwee n subjects '  perfor -
meuic e an d thei r  confidenc e i n thei r  decision s sugges t 
tha t  th e leeimin g mechanis m ma y b e i n som e sens e 
encapsulate d fro m th e "confidenc e system" .  Her e w e 
teste d th e alternativ e hypothesi s tha t  th e confidenc e 
syste m i s initiaJl y poorl y ccJibrated ,  o r  doe s no t  kno w 
whic h aspect s o f  th e lecimin g mechanis m t o atten d to ,  b y 
trainin g an d testin g subject s ove r  fou r  weekl y sessions . 
On al l  fou r  week s w e foun d a  strong ,  near-perfec t  eisso -
ciatio n betwee n confidenc e an d performanc e fo r  traine d 
subjects ,  bu t  a  dissociatio n fo r  untreiine d contro l  sub -
jects .  W e discus s possibl e explanation s fo r  thes e results , 
and previousl y observe d dissociations . 

Artificia l  g ramma r  learnin g i s notabl e fo r  th e contro -
versia l  clai m tha t  subject s acquir e knowledg e whic h al -
low s the m t o distinguis h string s whic h follo w th e sam e 
rule s a s a  se t  o f  previousl y memorise d strings ,  fro m thos e 
whic h d o not ,  bu t  tha t  the y ar e no t  consciousl y awar e o f 
thi s knowledg e (Reber ,  1967,1989) .  However ,  measurin g 
subjects '  consciou s knowledg e i s plague d wit h th e prob -
lem s o f  findin g suitabl y sensitive ,  explici t  tests ,  an d o f 
ensurin g tha t  th e knowledg e thes e explici t  test s measur e 
i s th e sam e a s the  knowledg e subject s us e t o perfor m 
th e classificatio n (se e Shank s an d St .  John ,  1995 ,  an d 
commentaries) . 

Chan (1992 )  an d Dienes ,  Al tmann ,  K w a n an d Good e 
(i n press )  se t  issue s o f  consciousnes s asid e an d focu s in -
stea d o n behaviour :  Subjects '  abilit y  t o m a k e confidenc e 
judgement s abou t  thei r  performance .  Thi s test s meta -
knowledge ,  o r  "wha t  subject s kno w abou t  wha t  the y 
know" .  Cha n (1992 )  showe d tha t  subjects '  confidenc e 
i n thei r  judgement s wa s unrelate d t o the  likelihoo d tha t 
thos e judgement s wer e correct .  Similarly ,  Diene s e t  al . 
(i n press )  showe d tha t  eve n whe n subject s though t  tha t 
the y wer e guessing ,  thei r  performanc e wa s abov e chanc e 
(an d untraine d control )  levels . 

Chan (1992 )  an d Diene s e t  al .  (i n press )  propos e tha t 
th e dissociatio n betwee n confidenc e an d accurac y i s evi -
denc e tha t  subject s lac k meta-knowledge .  Thi s suggest s 

tha t  the  learnin g mechanis m i s t o a  certai n exten t  encap -
sulate d fro m th e "confidenc e system" ,  s o tha t  it s inne r 
working s {e.g .  the  strength s o f  it s rules ,  o r  connectio n 
weights ,  o r  it s  erro r  signals )  ar e inaccessible . 

I n thi s paper ,  w e presen t  a  stud y whic h aime d t o tes t 
a possibl e alternativ e explanatio n fo r  thi s dissociation ; 
tha t  meta-knowledg e i s i n principl e available ,  bu t  simpl y 
tha t  extractio n o f  thi s knowledg e require s learnin g o r 
calibration ,  an d i s initiall y  inziccurate . 

Diene s an d Perner' s (i n press )  discussio n o f  th e ex -
ten t  an d manne r  i n whic h neura l  network s posses s meta -
knowledg e shoul d clarif y thi s point .  The y sugges t  tha t 
i f  th e "confidenc e system "  i s abl e t o observe ,  an d know s 
the  significanc e of ,  th e outpu t  activatio n o f  th e learnin g 
mechanis m (whic h i n a  networ k migh t  indicat e the  ex -
ten t  t o whic h the  curren t  tes t  strin g i s consisten t  wit h 
th e trainin g strings ,  e.g .  Dienes ,  1992) ,  the n confidenc e 
an d performanc e shoul d b e correlated .  However ,  i f  th e 
confidenc e syste m ca n onl y observ e whethe r  the  learnin g 
mechanisms '  outpu t  i s o n o r  of f  (wher e th e "better "  th e 
tes t  string ,  aiccordin g t o the  learnin g mechanism ,  th e 
mor e likel y the  outpu t  i s t o b e activated) ,  the n confi -
denc e an d accurac y wil l  b e unrelated . 

I n thes e terms ,  ou r  alternativ e hypothesi s suggest s 
tha t  the  confidenc e judgemen t  mechanis m migh t  b e ini -
tiall y  ignoran t  o r  uncertai n o f  the  identit y and/o r  sig -
nificanc e o f  th e learnin g mechanism' s output ,  bu t  tha t 
wit h practice ,  o r  the  opportunit y t o observ e th e learn -
in g mechanis m mor e closely ,  th e confidenc e judgemen t 
mechanis m wil l  b e abl e t o aw;curatel y identif y th e learn -
in g mechanism' s output . 

Diene s an d Perne r  als o sugges t  tha t  i f  th e learnin g 
mechanism' s outpu t  wa s onl y accessibl e t o th e confi -
denc e syste m o n a  transforme d scale ,  s o tha t  th e cut-of f 
fo r  respondin g "grammatical "  wa s unknown ,  the n ac -
curat e confidenc e judgment s coul d b e m a d e ,  bu t  onl y 
by comparin g th e curren t  transforme d value s t o previ -
ous value s (e.g .  i f  the  valu e i s lo w compare d t o previ -
ous ones ,  respon d 'grammatical '  wit h lo w confidence , 
or  'non-grammatical '  wit h hig h confidence) .  However , 
initially ,  whe n the  sampl e o f  previou s value s i s  small , 
confidenc e m a y b e relativel y inaccurate .  Extensiv e ex -
perienc e m a y allo w th e constructio n o f  a  sufficientl y 
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larg e sampl e tha t  accurat e confidenc e judgement s ca n 
be made . 

Previou s dissociation s betwee n confidenc e judgement s 

an d performanc e wer e observe d durin g a  singl e tes t  ses -

sion .  I f  th e learnin g mechanis m i s genuinel y opaqu e t o 
th e confidenc e system ,  the n thes e dissociation s shoul d b e 
maintaine d acros s multipl e tes t  sessions .  Alternatively ,  i f 
th e learnin g mechanis m i s i n principl e transparent ,  the n 

wit h practice ,  confidenc e m a y com e t o accuratel y reflec t 
performance . 

We teste d thes e conflictin g hypothese s b y trainin g an d 
testin g subject s ove r  a  four-wee k period .  T h e paradig m 

use d wa s th e guessin g g a m e (Redingto n &  Chater ,  1994) . 
Here ,  prio r  t o makin g a  grammaticality ,  an d confidence , 
judgemen t  abou t  eac h string ,  subject s ar e first  require d 
t o reconstruc t  th e string ,  guessin g eac h lette r  unti l  i t  i s 
correctl y identified ,  an d the n proceedin g t o th e nex t  let -
ter .  Thi s provide s a  detaile d measur e o f  subjects '  knowl -
edg e o f  th e possibl e continuation s a t  eac h point .  Ther e 
wer e tw o conditions :  on e grou p o f  subject s memorise d 
th e trainin g string s eac h week ,  prio r  t o testing ,  whil e a n 
untraine d contro l  grou p neve r  sa w th e trainin g strings . 

Method 

Des ign .  Thi s wa s a  2  x  4 x  2  mixe d design .  T h e 
between-subject s facto r  wa s training ,  wit h subject s ran -
doml y assigne d t o th e traine d o r  untraine d condition . 
T h e within-subject s feictor s wer e Wee k (1-4) ,  an d Non -
Grammatica l  Strin g Violatio n Typ e (non-grammatica l 

string s containe d eithe r  non-permissibl e pair s an d non -
permissibl e triples) . 

Materials. The stimuli were exactly those used by 
G o m ez an d Schvaneveld t  (1994) .  Ther e wer e 1 8 trainin g 
strings ,  an d 5 1 tes t  strings ,  o f  whic h 1 7 wer e grammati -
cal ,  1 7 wer e non-grammatica l  becaus e the y containe d il -
lega l  pair s o f  letter s (non-permissibl e pairs ;  NPP) ,  an d 1 7 
wer e non-grammatica l  consistin g entirel y o f  lega l  pair s 
of  letters ,  bu t  i n illega l  combination s (non-permissibl e 
triples ;  NPT^) .  Al l  th e string s wer e betwee n 3  an d 8  let -
ter s long .  Se e G o m e z an d Schvaneveld t  (1994 )  fo r  detail s 
of  th e g r a m m a r  an d exac t  string s used .  T h e experimen t 
was ru n o n Appl e PowerPC's . 

Subjects .  T h e 2 0 subject s wer e undergraduat e o r 
postgraduat e student s a t  Oxfor d University .  A  smal l 
(£20 )  paymen t  wa s m a d e fo r  thei r  participation .  O n e 
subjec t  (assigne d t o th e contro l  condition )  di d no t  at -
ten d fo r  th e final  week' s session ,  du e t o illness . 

Procedure. Subjects performed an identical proce-
dur e eac h wee k fo r  fou r  weeks .  Th e weekl y proce -
dur e wa s closel y modelle d o n tha t  use d i n Redingto n 
an d Chate r  (1994) .  I t  wa s stresse d befor e eac h sessio n 

'Gome z em d Schvaneveld t  (1994 )  refe r  t o thi s kin d o f  er -
ro r  a s "non-permissibl e location" .  Her e w e us e th e mor e 
mnemoni c term ,  followin g Gomez (1996) . 

tha t  subject s shoul d pa y car e an d attentio n t o th e task . 
Traine d subject s the n sa w th e followin g instructions ; 

This is a simple memory experiment. When you press 
th e butto n labelle d 'Start' ,  yo u wil l  se e 1 8 strings ,  con -

structe d fro m 5  differen t  letters .  Th e item s wil l  ru n from 
thre e t o eigh t  letter s i n length .  You r  tas k i s t o leeu n an d 
remember  a s muc h a s possibl e abou t  al l  1 8 items .  Yo u 
hav e 1 0 minutes .  I f  yo u hav e an y question s abou t  th e 

task ,  pleas e as k th e Experimente r  now .  Pres s "Start " 
when yo u cir e read y t o begin . 

The learning strings were displayed for 10 minutes, in 
thre e left-justifie d column s o f  si x string s each .  Th e or -
der  o f  th e string s wa s randomise d separatel y fo r  eac h S . 
Traine d subject s the n sa w th e followin g instructions : 

The order of letters in the set you saw was determined 
by a  rathe r  comple x se t  o f  rules .  Th e rule s allo w onl y 
certai n letter s t o follo w othe r  letters .  N o w yo u wil l  b e 
presente d wit h a  se t  o f  tes t  strings .  Som e o f  thes e obe y 
th e sam e rule s a s th e th e tradnin g strings ,  an d som e 
violat e thes e rule s i n som e way .  Fo r  eac h tes t  string , 
yo u mus t  gues s th e letter s o f  th e string ,  on e a t  a  time , 
and the n indicat e whethe r  i t  obey s th e rule s o r  not .  Yo u 
gues s letter s b y pressin g th e butto n correspondin g t o 
th e lette r  whic h yo u thin k come s next .  I f  you r  gues s i s 
correct ,  th e lette r  wil l  appea r  o n th e screen ,  an d yo u ca n 
procee d t o th e nex t  letter .  I f  you r  gues s i s incorrect ,  th e 
butto n wil l  disappear ,  ein d yo u mus t  tak e anothe r  guess . 
The butto n labelle d 'End '  i s  fo r  guessin g tha t  th e strin g 
i s complete .  Th e string s ar e ai l  betwee n 3  an d 8  letter s 
long . 
Once yo u hav e complete d th e item ,  tw o mor e button s 
wil l  appear ,  labelle d 'Correct '  an d 'Incorrect' .  I f  yo u 
thin k th e ite m tha t  yo u hav e jus t  guesse d follow s th e 
same rule s a s th e origina l  items ,  the n pres s 'Correct' .  I f 
yo u thin k i t  violate s thos e rule s the n pres s 'Incorrect' . 

Untrained subjects performed only the test phase. 
Thei r  instruction s closel y followe d thi s above ,  excep t 
tha t  the y commenced : 

You will be presented with a set of test strings. Some 
of  thes e obe y a  certeii n se t  o f  rules ,  whic h dictat e whic h 
letter s ca n follo w othe r  letters .  Fo r  eac h tes t  string.. . 

These instructions were reiterated verbally before the 
subject s commence d th e tes t  phase .  Subject s wer e als o 
tol d tha t  afte r  eac h judgement ,  the y woul d b e aske d t o 
rat e ho w confiden t  the y wer e tha t  thei r  decisio n wa s cor -
rect ,  o n a  scal e fro m 5 0 % (guessing )  t o 1 0 0 % (absolutel y 
certain) . 

Th e tes t  displa y initiall y  showe d a  (blank )  strin g dis -
play ,  centre d o n th e screen ,  an d belo w this ,  a  ro w o f 
five  guessin g buttons ,  labelle d fro m lef t  t o righ t  wit h th e 
appropriat e letter s (i n rando m order )  an d 'End' .  Sub -
ject s guesse d b y clickin g o n th e appropriat e butto n wit h 
th e mouse .  Followin g a  wron g gues s (i.e .  no t  matchin g 
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th e nex t  lette r  o f  th e curren t  item) ,  th e butto n disap -
peared .  I f  thei r  respons e wa s correct ,  the n th e lette r  wa s 
appende d t o th e strin g display ,  an d al l  th e guessin g but -
ton s reappeare d fo r  th e nex t  lette r  t o b e guessed .  Th e 

'End '  butto n acte d i n a n identica l  manne r  t o th e othe r 
guessin g buttons ;  a n 'End '  gues s wa s correc t  i f  th e ite m 
was otherwis e complet e (al l  it s letter s ha A bee n guessed) , 
and incorrec t  otherwise .  Followin g a  correc t  'End'guess , 

th e guessin g button s disappeared ,  th e strin g displa y wa s 

centred ,  an d tw o button s labelle d 'Correct '  an d 'Incor -
rect '  appeare d t o th e righ t  o f  th e strin g display .  Afte r 
th e subjec t  responde d b y clickin g on e o f  these ,  a  dialo g 
box appeared ,  askin g "Ho w certai n ar e yo u tha t  you r 
judgemen t  i s correct?" .  A  drop-dow n men u allowe d th e 
subject s t o indicat e 50 ,  60 ,  70 ,  80 ,  90 ,  o r  100% .  Ther e 
was n o defaul t  value ;  subject s ha d t o indicat e a  confi -
denc e valu e befor e proceeding .  Onc e thi s wa s done,  th e 
displa y wa s rese t  fo r  th e nex t  tes t  string . 

The 1 7 grammatica l  an d 3 4 non-grammatica l  tes t 
item s wer e eac h presente d twice ,  resultin g i n 10 2 trials . 

Results 

Grammat ica l i t y J u d g e m e n t s 

Grammaticalit y judgemen t  score s wer e assesse d i n 
term s o f  violatio n sensitivity .  Th e proportio n o f  non -
grammatica l  item s correctl y classifie d minu s th e propor -
tio n o f  grammatica l  item s incorrectl y classifie d (correc t 
rejection s — misses ,  se e Gomez &  Schvaneveldt ,  1994) . 
Violatio n sensitivit y wa s calculate d separatel y fo r  NP P 
and NP T typ e violations .  Summar y statistic s fo r  viola -
tio n sensitivit y ar e show n i n Tabl e 1 . 

Trained : 
NPP 
NPT 

Control : 
NPP 
NPT 

One 

.3 0 (.14 ) 

.1 6 (.16 ) 

.2 3 (.18 ) 

.1 0 (.08 ) 

Week 
Two Thre e 

.7 7 (.12 ) 

.2 4 (.28 ) 

.3 6 (.19 ) 

.1 1 (.10 ) 

.8 4 (.13 ) 

.2 6 (.23 ) 

.3 9 (.21 ) 

.1 3 (.10 ) 

Fou r 

.8 2 (.11 ) 

.3 3 (.25 ) 

.3 8 (.22 ) 

.1 8 (.14 ) 

Tabl e 1 :  Mea n Violatio n sensitivit y b y Group ,  Violatio n 
Typ e (np p an d NPT) ,  an d Week .  Standar d deviation s 
ar e show n i n parentheses . 

A three-way anova comparing violation sensitivity, 
wit h Grou p (traine d o r  control )  a s a  between-subject s 
variable ,  an d bot h Wee k an d Violatio n Typ e (np p 
or  npt )  a s within-subject s variable s indicate d tha t  al l 
mai n effect s an d interaction s wer e reliable .  Traine d 
subject s outperforme d control s (F(l,17 )  =  19.95, p = 
0.0003 ,  M 5 e =  0.10) ;  subject s wer e mor e sensitiv e t o 
NPP tha n t o NP T typ e violation s (F(l ,  17 )  =  63.94, p = 
0.0001 ,  M 5 e =  0.06) ,  bu t  thi s differenc e wa s les s marke d 

i n traine d subject s (F(l ,  17 )  =  10.06, p >  0.006 ,  M S e = 
0.06) ;  subject s i n bot h group s improve d ove r  week s 

(F(3,51 )  =  28.02, p =  0.0001 ,  M S e =  0.02) ;  traine d sub -
ject s improve d a t  a  faste r  rat e tha n control s (F(3,51 )  = 

7.00, p =  0.0005 ,  M 5 e =  0.02) ;  th e increase d sensi -
tivit y t o NP P typ e violation s change d ove r  th e week s 
(F(3,51 )  =  12.46, p =  0.0001 ,  M 5 e =  0.01) ;  ther e wa s 
a reliabl e Violatio n Typ e x  Grou p x  Wee k interactio n 

(F(3,51 )  =  3.59, p >  0.02 ,  M S e =  0.01) . 
As i n previou s guessin g gam e studie s (Redingto n & 

Chater ,  1994 )  untraine d contro l  subject s performe d re -
liabl y abov e chanc e (th e lowe r  9 5 % confidenc e limi t  o f 
violatio n sensitivit y wa s abov e zer o o n al l  fou r  weeks ,  fo r 
bot h kind s o f  violation) . 

For  ou r  presen t  purpose ,  thes e result s serv e t o con -
firm  tha t  th e msii n experimenta l  manipulation s (train -
ing ,  practice ,  an d violatio n type )  hav e hau l  th e expecte d 
effec t  o n subjects '  grammaticalit y judgemen t  (perfor -
mance i s improve d b y trainin g an d practice ,  wit h mor e 
subtl e non-grammatica l  violation s bein g harde r  t o de -
tect) .  Give n this ,  w e ca n b e relativel y confiden t  tha t 
any effect s o n meta-knowledg e ar e genuinel y du e t o thes e 
manipulations . 

T h e Guess in g G a m e 

Subjects '  guessin g gam e performanc e wa s assesse d i n 
term s o f  ̂ ,  th e amoun t  o f  informatio n i n thei r  guesses . 
The les s tha t  a  subjec t  ha s learn t  durin g th e trainin g 
phase ,  th e mor e guesse s (an d thu s feedback )  the y wil l 
tak e t o reconstruc t  th e tes t  items .  H  i s a .  measur e o f  th e 
amount  o f  informatio n i n th e feedbac k (vi a a n ingeniou s 
argumen t  o f  Shannon ,  1951) : 

f i = -  Y l  P'l°g2(P. ) (1 ) 
•  =  1,2,..., n 

whe r e p,- ,  th e estimate d probabilit y  tha t  th e subjec t  wil l 
requir e t  guesse s t o identif y a n e lemen t  o f  th e sequence , 
i s derive d f r o m observe d relativ e frequencie s o f  i  guesse s 
bein g required . 

A three-wa y anov a comparin g H ,  wit h Grou p a s a 
between-subject s variable ,  an d bot h Wee k an d Gram -
maticalit y (grammatical ,  NPP,  o r  npt )  a s within -
subject s variabl e reveale d effect s whic h predictabl y par -
allele d thos e i n th e grammaticalit y judgemen t  data : 
al l  subject s neede d reliabl y les s feedbax; k t o recon -
struc t  grammatica l  string s (F(2,34 )  =  230.37, p = 
0.0001 ,  M 5 e =  0.01) ,  bu t  thi s advantag e wa s great -
est  fo r  th e traine d subject s (F(2,34 )  =  7.46, p = 
0.0021 ,  M 5 e =  0.01) ;  subject s require d les s feedbac k i n 
late r  week s (F(3,51 )  =  102.34, p =  0.0001 ,  M 5 e =  0.01) , 
but  th e improvement s wer e reliabl y greate r  fo r  traine d 
subject s (F(3,51 )  =  10.26, p =  0.0001 ,  M 5 e =  0.01) , 
and fo r  grammatica l  string s (F(6,102 )  =  9.92, p = 
0.0001 ,  M5< .  =  0.004) .  Ther e wa s n o reliabl e Grou p 
X Wee k x  Grammaticalit y interactio n fo r  th e guessin g 
dat a (F(6,102 )  =  1.55, p =  ns,M5 e =  0.004) . 
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Th e mai n effec t  o f  Grou p (traine d o r  control )  wa s reli -

abl e o n a  1-taile d tes t  (F(l ,  17 )  =  3.09, p <  0.05 ,  M S ,  = 

0.21) . 

Thes e finding s closel y mirro r  thos e fo r  grammatical -
it y judgement s (a s i n previou s studie s wit h th e guessin g 
game) ,  an d serv e a s furthe r  confirmatio n tha t  th e experi -

menta l  manipulation s o f  training ,  practise ,  an d violatio n 
typ e di d hav e th e predicte d effects . 

Meta-Knowledge 

Subjects' meta-knowledge was assessed according to the 
guessin g criterio n (Cheesema n k  Merikle ,  1984 ,  Diene s 
et  al. ,  i n press) ,  an d th e exten t  t o whic h confidenc e wa s 

correlate d wit h accurac y (Chan ,  1992 ;  Diene s e t  al. ,  i n 
press) . 

T h e Guessin g Criterion .  Accordin g t o Cheesema n 
and Merikl e (1984) ,  i f  subject s scor e abov e chance , 
when the y clai m t o b e guessing ,  the n the y lac k meta -
knowledge .  Violatio n sensitivit y wa s calculate d fo r  thos e 
trid s o n whic h subject s rate d thei r  confidenc e a t  5 0 % . 
Thi s constitute d onl y 5 % o f  al l  judgement s wit h th e un -
traine d grou p makin g mor e tha n th e traine d grou p ( 7 % 
vs .  3 % ) ,  an d bot h group s makin g fewe r  ove r  th e fou r 
weeks) . 

Ther e wa s n o indicatio n tha t  th e traine d subject s per -
forme d abov e chanc e whe n the y claime d tha t  the y wer e 
guessing .  Violatio n sensitivit y di d no t  diffe r  reliabl y 
fro m zer o o n an y week ,  fo r  eithe r  NP P o r  NP T typ e vio -
lation s (b y 1-grou p <-tests ,  al l  p' s >  0.05) ,  an d 6  o f  th e 
8 value s wer e numericall y belo w zero . 

Ther e wer e som e indication s tha t  contro l  subject s 
performe d abov e chanc e whe n the y claime d the y wer e 
guessing .  Violatio n sensitivit y wa s reliabl y abov e zer o 
on Wee k 4 ,  fo r  NP P typ e violation s ( M — .41,<(8 )  = 
2.17, p <  0.05) ,  an d fo r  NP L typ e violation ,  o n Week s 1 
and 4  th e effec t  wa s marginall y reliabl e ( M =  .13,t(9 )  = 
1.57, p =  0.075 ,  an d M =  .28,t(8 )  =  1.77, p =  0.058) . 
However ,  i n genera l  ther e wa s n o indicatio n o f  a  consis -
tent ,  reliabl e effect . 

T h e Zero-Correlatio n Criterion .  Cha n (1992 )  pro -
pose d tha t  i f  subject s possesse d meta-knowledge ,  the n 
confidenc e an d accurac y shoul d b e correlated . 

Diene s e t  al .  (i n press )  sugges t  tha t  instea d o f  testin g 
fo r  a  correlation ,  th e differenc e betwee n subjects '  confi -
denc e i n correc t  an d incorrec t  judgement s ca n b e use d 
as a  measur e o f  subjects '  meta-knowledge .  I f  thi s valu e 
i s reliabl y greate r  tha n zero ,  the n subject s wer e mor e 
confiden t  i n correc t  decisions ,  an d di d posses s meta -
knowledge . 

We rejecte d thi s approEic h fo r  th e curren t  data ,  a s 
i t  doesn' t  tak e accoun t  o f  respons e bias^ .  Instead ,  w e 
looke d a t  ho w subjects '  violatio n sensitivit y wa s relate d 
t o confidence .  Tabl e 2  show s th e Pearson' s correlatio n 
coefficien t  betwee n confidenc e an d mea n violatio n sensi -

tivit y b y Group ,  Violatio n Type ,  an d Week . 

TVained : 

NPP 
NPT 

Control : 
NPP 
NPT 

One 

.93 * 

.75 ' 

.2 1 
-.87 * 

Week 
Two 

.95 * 

.84 * 

.2 9 
-.1 8 

T h r e e 

.96 * 

.97 * 

-.1 1 

-.1 7 

Fou r 

.99 * 
.5 6 

.1 1 
-.5 8 

Tabl e 2 :  Th e correlatio n coeflScien t  betwee n confidenc e 

leve l  an d mea n violatio n sensitivity ,  fo r  traine d subjects . 
Th e criterio n valu e fo r  a  1-taile d tes t  i s  0.7 3 (se e Brunin g 
and Kintz ,  1977 ,  p .  174 )  an d value s i n exces s o f  thi s ar e 

marke d * . 

These results suggest strongly that as trained sub-
jects '  confidenc e increased ,  s o di d thei r  sensitivit y t o 

bot h type s o f  violations .  I n othe r  words ,  w e foun d n o 
evidenc e fo r  a  dissociatio n betwee n confidenc e an d ac -
curacy .  Ther e i s n o indicatio n tha t  th e strengt h o f  thi s 
associatio n increase d ove r  th e fou r  weeks .  Th e failur e 

t o find a  reliabl e correlatio n o n Wee k 4  fo r  NP T typ e 
violation s ca n b e reasonabl y considere d a s a n anomaly , 
give n th e strong ,  highl y reliable ,  positiv e relationship s 
otherwis e observed . 

I n th e result s fo r  untraine d control s (se e Tabl e 2 )  w e 
see n o evidenc e o f  a n associatio n betwee n confidenc e an d 
performanc e (an d obviousl y n o indicatio n o f  a n improve -
ment  ove r  weeks) .  Indeed ,  th e onl y reliabl e correlatio n 
i s negative ,  fo r  NP T typ e violation s o n Wee k 1 ;  th e mor e 
confiden t  subject s were ,  th e les s sensitiv e the y became . 

Discussion 

By bot h th e guessin g an d zero-correlatio n criteria ,  ou r 
result s indicat e tha t  traine d subject s possesse d consider -
abl e meta-knowledge ,  o n al l  fou r  week s o f  testing .  Thu s 
unde r  som e conditions ,  subject s ca n mak e accurat e con -
fidence  judgement s abou t  thei r  performanc e i n artificia l 
grammar  learning . 

H ow ca n w e reconcil e thi s observatio n wit h previousl y 
observe d dissociation s betwee n confidenc e an d perfor -
mance? On e obviou s explanatio n i s tha t  th e guess -
in g procedur e provide d a  basi s fo r  subjects '  confidenc e 
judgements ,  whic h wa s absen t  i n th e standard ,  ''gram -
maticalit y judgemen t  only "  procedure .  Thu s subject s 
migh t  b e confiden t  tha t  a  strin g whos e letter s wer e rela -
tivel y eas y t o gues s wa s grammatical ,  an d confiden t  tha t 

*For instance, by Dienes et a/.'s measure, subjects pos-
sesse d negativ e meta-knowledg e o f  NP T typ e violations ,  a s 
the y wer e les s confiden t  whe n respondin g non-grammatica l 
t o thes e items .  However ,  a t  hig h level s o f  confidence ,  sub -
ject s wer e les s likel y t o misclassif y grammatica l  item s a s non -
grammatical ,  s o violatio n sensitivit y t o NP T violation s never -
theles s increase d wit h confidence . 
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a strin g whic h wa s relativel y difficul t  t o reconstruc t  wa s 
Don-grammatical .  Thi s i s a  plausibl e explanation ,  an d 

some replicatio n o f  thi s stud y withou t  th e guessin g gam e 
paradig m i s obviousl y required . 

Diene s e t  al .  (i n press :  Experimen t  2 )  demonstrate d 
a simila r  case ,  whe n subject s ha d t o sa y whic h o f  thre e 
tes t  item s wer e grammatical ,  i n a  force d choic e proce -

dure .  Diene s e t  al .  poin t  ou t  tha t  th e learnin g mech -
anis m migh t  b e strongl y encapsulated ,  wit h a  binar y 
output ,  bu t  tha t  meta-knowledg e coul d stil l  b e inferred , 
simpl y b y bein g mor e confiden t  i n a  choic e whe n i t  wa s 

th e onl y "grammatical "  string ,  accordin g t o th e learnin g 
mechanism . 

I n th e presen t  case ,  w e d o no t  fin d thi s a  completel y 
convincin g explanation .  Ou r  choic e o f  th e guessin g gam e 
paradig m wa s intende d t o maximis e bot h th e amoun t  o f 
attentio n tha t  subject s pai d t o th e tes t  strings ,  an d t o 
encourag e th e "confidenc e system "  t o focu s o n relevan t 
aspect s o f  th e learnin g mechanism' s output .  Bu t  th e 
situatio n her e i s  quit e differen t  fro m tha t  o f  Diene s e t 

al .  Eve n i n a  standar d "grammaticalit y judgemen t  only " 
situation ,  on e ca n imagin e tha t  subject s migh t  pla y a n 
"internal "  guessin g game ,  assessin g string s o n th e basi s 
of  ho w unexpecte d eac h successiv e lette r  is .  Indeed ,  thi s 
i s ho w som e computationa l  model s o f  artificia l  g ramma r 
learning ,  simpl e recurren t  networks ,  functio n (se e Berr y 
fc  Dienes ,  1993) ,  an d thi s predictio n informatio n i s avail -
abl e t o subjects ,  a s guessin g g a m e performanc e demon -
strates .  T h e guessin g gam e therefor e doe s no t  appea r 
t o provid e additiona l  information ,  tha t  subjects '  migh t 
not  posses s simila r  amount s o f  meta-knowledg e i n its ' 
absence . 

A secon d possibl e explanatio n fo r  th e positiv e associ -
atio n i s tha t  traine d subject s engage d i n rule-searchin g 
behaviour ,  rathe r  tha n implici t  learning .  Cha n (1992 ) 
foun d a n associatio n betwee n confidenc e an d perfor -
mance,  i n subject s give n rule-searchin g instruction s dur -
in g training .  However ,  whils t  thi s possibilit y m a y appl y 
t o late r  weeks ,  wher e subject s wer e awar e o f  th e rule -
governe d natur e o f  th e strings ,  i n Wee k one ,  whe n th e 
subject s wer e naive ,  a  stron g associatio n wa s stil l  ob -
served . 

A thir d possibilit y  i s  tha t  ther e i s som e subtl e motiva -
tiona l  o r  procedura l  factor ,  whic h differ s betwee n thos e 
studie s wher e confidenc e an d performanc e ar e associate d 
(Manz a &  Reber ,  cite d i n Diene s e t  al. ,  i n press ,  an d 
th e presen t  study) ,  an d thos e wher e a  dissociatio n ha s 
been observe d (Chan ,  1992 ;  Diene s e t  al. ,  i n press) .  Fo r 
instance ,  i t  m a y b e tha t  subject s i n th e Manz a an d Re -
ber  stud y wer e someho w encourage d t o pla y a n "inter -
nal  guessin g game "  a s suggeste d above ,  whils t  thos e i n 
Chan' s an d Diene s e t  al.' e studie s m a d e thei r  confidenc e 
judgement s o n som e muc h les s reliabl e basis . 

Thi s facto r  migh t  lea d subject s t o infe r  meta -
knowledg e tha t  i s no t  availabl e fro m th e learnin g mech -

anis m directl y (a s Diene s an d Perne r  suggest) ,  o r  i t  m a y 
caus e th e confidenc e syste m t o focu s o n th e appropri -

at e aspect s o f  th e learnin g mechanis m (th e alternativ e 

hypothesi s tha t  th e presen t  stud y wa s intende d t o test) . 

S o me suppor t  fo r  th e effec t  o f  motivationa l  factor s o n 
confidenc e judgement s come s fro m ou r  contro l  group s re -
sults .  Thes e subject s di d perfor m reliabl y abov e chance , 

but  showe d som e tendenc y toward s abov e chanc e clas -
sificatio n whe n thei r  confidenc e wa s 5 0 % ,  an d a  clea r 
dissociatio n betwee n confidenc e an d performanc e b y th e 
zero-correlatio n criterion .  I f  th e guessin g g a m e wa s re -
sponsibl e fo r  th e associatio n observe d i n traine d sub -
jects ,  the n w e shoul d observ e a  simila r  associatio n i n 
controls . 

Of  course ,  th e rang e o f  guessin g performanc e i s lowe r 
fo r  controls ,  an d s o confidenc e judgement s whic h wer e 
cue d b y guessin g performanc e migh t  b e les s strongl y 
associate d wit h grammaticalit y judgemen t  performance . 
However ,  thi s woul d no t  accoun t  fo r  th e reversa l  o f  th e 
relationshi p betwee n confidenc e an d performanc e tha t 
we find  fo r  contro l  subject s wit h N P T typ e strings ;  th e 
mor e confiden t  the y were ,  th e les s sensitiv e t o n p t  typ e 
violation s the y became .  T h e mai n motivationa l  differ -
enc e betwee n th e tw o group s wa s tha t  havin g see n n o 
trainin g strings ,  th e contro l  subject s ha d n o goo d exter -
nal  reaso n t o believ e tha t  the y coul d accuratel y classif y 
th e tes t  strings . 

To conclude ,  i t  appear s tha t  unde r  som e condition s 
confidenc e an d performanc e m a y b e highl y associated , 
whils t  i n others ,  a  clea r  dissociatio n m a y b e observed . 
Gainin g a  clea r  understandin g o f  wha t  influence s thi s re -
lationshi p m a y allo w u s t o dra w stron g inference s abou t 
th e natur e o f  th e learnin g mechanism ,  an d th e exten t  t o 
whic h it s processin g an d representation s ar e availabl e to , 
or  encapsulate d from ,  consciou s awareness .  However ,  fo r 
th e present ,  thes e influence s remai n fa r  fro m clear . 

Acknowledgements 

Thi s researc h wa s supporte d i n par t  b y th e U.K .  Eco -
nomi c an d Socia l  Researc h Counci l  (ESRC) .  Gran t  num -
ber  R000236214 . 

References 

Berry ,  D .  C .  &  Dienes ,  Z .  (1993) .  Implici t  Learning : 
Theoretica l  an d Empirica l  Issues .  Hove :  Lawrenc e 
Eribau m Associates . 

Bruning, J. L. & Kintz, B. L. (1977). Computational 
Handboo k o f  Statistics .  Glenview ,  IL :  Scott ,  Foresma n 
and Company . 

Chan, C. (1992). Implicit cognitive processes: Theoret-
ica l  issue s an d application s i n compute r  system s de -
sign .  Doctoral  Thesis .  Oxford ,  U K :  Universit y o f  Ox -
ford ,  Departmen t  o f  Experimenta l  Psychology . 

653 



Cheeseman,  J .  &  Merikle ,  P  M .  (1984) .  Primin g 
wit h an d withou t  awareness .  Perceptio n an d Psy -

chophysics ,  36 ,  387-395 . 

Dienes, Z. (1992). Connectionist and memory-array 
model s o f  artificia l  gramma r  learning .  Cognitiv e Sci -
enc e ,  16 ,  41-79 . 

Dienes, Z., Altmann, G. T. M., Kwan, L. & Goode, A. 
(i n press) .  Unconsciou s knowledg e o f  artificia l  gram -
mars i s strategicall y applied .  Journa l  o f  Experimenta l 
Psychology :  Learning ,  Memory ,  an d Cognition . 

Dienes,  Z. and Perner, J. (in press). Implicit knowledge 
i n peopl e an d connectionis t  networks .  I n G .  Under -
wood (Ed.) ,  Implici t  Cognition .  Oxford ,  U K :  Oxfor d 

Universit y Press . 

Gomez, R. L. (1996). Transfer and Complexity in Arti-
ficia l  G ramma r  Learning .  Manuscript . 

Gomez, R. L. k Schvaneveldt, R. W. (1994). What is 
learne d fro m artificia l  gramm2irs ? Transfe r  test s o f 
simpl e associations .  Journa l  o f  Experimenta l  Psychol -
ogy :  Learning ,  Memory ,  an d Cognition ,  20 ,  396-410 . 

Manza, L. & Reber, A. S. (1994). Representation of 
taci t  knowledge :  Transfe r  acros s stimulu s form s an d 
modalities .  Manuscrip t  submitte d fo r  publication . 

Reber, A. S. (1967). Implicit learning of artificial gram-
mars .  Journa l  o f  Verba l  Learnin g an d Verba l  Behav -
ior ,  5 ,  855-863 . 

Reber, A. S. (1989). Implicit learning and tacit knowl-
edge .  Journa l  o f  Experimenta l  Psychology :  General , 

118,219-235 . 

Redington, M., k Chater, N. (1994). The guessing game: 
A paradig m fo r  artificia l  gramma r  learning .  I n Pro -
ceeding s o f  th e Sixteent h Annua l  Meetin g o f  th e Cogni -
tiv e Scienc e Society ,  745-749 .  Hillsdale ,  NJ :  Lawrenc e 
Erlbau m Associates . 

Shanks, D. R., k St. John, M. F. (1994). Characteristics 
of  dissociabl e huma n learnin g systems .  Behaviora l  an d 
Brai n Sciences ,  17 ,  367-447 . 

Shannon, C. E. (1951). Prediction and entropy of 
printe d English .  Bel l  Syste m Technica l  Journal ,  30 , 
50-64 . 

6S4 



A Symbol i c M o d e l  o f  Cognitiv e Transitio n 

Willia m C .  Schmid t 
Dq)aitinen t  o f  Psychology ,  Dalhousi e Univcrsil y 

HaUfax .  NS .  Canada .  B 3 H 4J 1 
wcsGor .psycho logy .da l . c a 

Char le s X .  L i n g 
Depaitmen t  o f  Compute r  Scienc e 
Hong Kon g University .  Hon g Kong . 
l i ng0cs .hku ,h k 

Abstrac t 

Study of cognitive development on the balance scale task 
has inspire d a  wid e rang e o f  huma n an d computationa l 
woik .  Th e tas k require s tha t  childre n predic t  th e outcom e o f 
placin g a  discret e numbe r  o f  weight s a t  variou s distance s 
on eithe r  sid e o f  a  fiilcrum .  Th e curren t  projec t  examine d 
th e adequac y o f  th e symboli c learnin g algorith m C4. 5 a s a 
model  o f  cognitiv e transitio n o n thi s task .  Base d o n a  se t 
of  nove l  assumptions ,  ou r  C4. S simulation s wer e abl e t o 
exhibi t  regularitie s foun d i n th e huma n dat a includin g 
orderl y stag e progression ,  U-shape d develoinnent ,  an d th e 
torqu e differenc e effect .  Unlik e previou s successfu l  model s 
of  di e task ,  th e curren t  mode l  use d a  singl e fre e parameter , 
i s no t  restricte d i n th e siz e o f  th e balanc e scal e tha t  i t  ca n 
accommodate ,  an d doe s no t  requir e th e assumptio n o f  a 
highl y structure d outpu t  representatio n o r  a  trainin g 
environmen t  biase d toward s weigh t  o r  distanc e 
information .  Th e mode l  make s a  numbe r  o f  prediction s 
differin g fro m thos e o f  previou s computationa l  efforts . 

Introduction 
The balanc e scal e tas k consist s o f  showin g a  chil d a  balanc e 
scal e supporte d b y block s s o tha t  i t  stay s i n th e balance d 
position .  Next ,  a  discret e numbe r  o f  weight s ar e place d 
aroun d on e o f  a  numbe r  o f  evenl y space d peg s o n eithe r  sid e 
of  th e fulcru m (se e th e lef t  sid e o f  Figur e 1) ,  an d i t  become s 
th e child' s tas k t o predic t  whic h ar m wil l  g o d o w n ,  o r 
whethe r  th e scal e wil l  balance ,  onc e th e supportin g block s 
ar c removed . 

Th e psychologica l  tas k require s th e integratio n o f 
informatio n fro m th e dimension s o f  weigh t  an d distanc e 
throug h th e cours e o f  developmen t  Perfec t  performanc e o n 
thi s tas k ca n b e achieve d b y computin g torque s fo r  bot h th e 
lef t  an d righ t  arm s b y multiplyin g weigh t  b y distance ,  an d 
th e sid e wit h th e larges t  torqu e goe s down .  I f  torque s ar e 
equal ,  the n th e scal e wil l  balance . 

Siegle r  (1981 )  ha s partitione d th e se t  o f  possibl e balanc e 
scal e problem s int o th e si x  set s o f  distinc t  {voble m type s 
show n i n Figur e 1 .  Performanc e o n th e differen t  [voble m 
type s i s use d t o gag e th e leve l  o f  expertis e tha t  childre n hav e 
acquire d an d t o gai n insigh t  int o th e type s o f  infcmnatio n 
tha t  childre n us e t o solv e balanc e scal e problems . 

The first  thre e type s o f  problem s ar e referre d t o a s simpl e 
problem s becaus e th e dimensio n o f  greate r  magnitud e 
determine s whic h sid e o f  th e scal e wil l  tip .  T h e final  thre e 
proble m type s ar e referre d t o a s conflic t  problem s becaus e 
th e cu e o f  weigh t  conflict s wit h th e cu e o f  distance ,  an d 

ther e i s n o simpl e w a y o f  determinin g th e outcome .  Th e sid e 
wit h th e greate r  weigh t  o r  distanc e drop s respectivel y i n 
conflict-weigh t  an d conflict-distanc e problems ,  whil e th e 
scal e balance s fo r  cor^Uct-balanc e problems . 

Siegle r  (1981 )  reporte d tha t  children' s perfnmanc e o n th e 
balanc e scal e tas k progresse s throug h fou r  distinc t  stages .  I n 
stag e 1 .  childre n us e onl y weigh t  informatio n t o determin e i f 
th e scal e wil l  balance .  I n stag e 2 ,  childre n emphasiz e weigh t 
informatio n bu t  us e distanc e i f  weight s o n bot h side s o f  th e 
fulcru m ar e equal .  I n stag e 3  bot h weigh t  an d distanc e 
inf(Mmatio n i s  utilize d fo r  simpl e problems ,  bu t  childre n 
see m t o respon d indecisivel y t o conflic t  problems .  B y stag e 
4,  ther e i s a  correc t  integratio n o f  weigh t  an d distanc e 
infomiatio n resultin g i n th e nea r  flawless  perfwmanc e o f  th e 
task .  Figur e 1  present s th e predicte d percentage s o f  correc t 
responses ,  broke n d o w n b y proble m type ,  fo r  eac h o f  thes e 
fou r  stages . 

Whi l e orderl y stag e progressio n constitute s a  majo r 
regularit y o f  balanc e scal e development ,  a  secon d regularit y 
ca n b e observe d b y examinin g th e predicte d patter n o f  error s 
i n Figur e 1  fo r  conflict-weigh t  problems .  I n stage s 1  an d 2 , 
childre n answe r  thes e problem s correctl y becaus e o f  thei r 
earl y relianc e o n weigh t  information .  I n stag e 3  however , 
when weigh t  an d distanc e cue s ar e i n conflict ,  childre n ofte n 
perfor m poorl y o n th e sam e problem s the y ha d previousl y 
answere d correctly .  Thi s situatio n i s  rectifie d b y stag e 4 
however ,  a t  whic h poin t  correc t  answer s reoccur .  Thi s tren d 
i s referre d t o i n th e developmenta l  literatur e a s U-shape d 
development ,  reflectin g th e patter n o f  th e longitudina l  plo t 
of  performance . 

Proble m Typ e Stag e 

t .  Min n 
I ^ I 

l ± I  I  I  ,  I 
' 7 ^ 

3.  Mittnc a 
I ^ I I I ZX" 
4.  C*nf1t«t-Wtl« M 
I ± I I I I 

5.  Ctnfllct-DtXtn n 

«. Ctnntct-BtUim 
I I I I ± 

I 

± 
z x 

Figur e 1 .  Prediction s o 
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percen t  problem s correc t  fo r 
childre n usin g differen t  rules . 
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A thir d majo r  balanc e scal e regularit y wa s reporte d b y 
Ferrett i  an d Butterfiel d (1986) .  Thes e researcher s discovere d 
tha t  th e rul e classification s o f  man y childre n systematicall y 
varie d whe n assesse d wit h differen t  set s o f  testin g problem s 
draw n fro m th e theoreticall y equivalen t  proble m types .  I t 
was discovere d tha t  children' s judgment s abou t  problem s 
wit h a  greate r  absolut e differenc e i n th e amoun t  o f  torqu e 
betwee n th e tw o arm s {torqu e difference )  wer e mor e ofte n 
ccMxec t  tha n simila r  type s o f  problem s wit h smalle r  torqu e 
differences .  Therefore ,  Siegler' s rul e assessmen t  procedur e i s 
systematicall y sensitiv e t o th e magnitude s o f  problem s 
selecte d fo r  us e i n stag e diagnosis .  Thi s las t  phenomeno n i s 
dubbe d th e torqu e differenc e effec t  (TDE) . 

A numbe r  o f  computationa l  model s o f  th e balanc e scal e 
tas k exis t  Th e mos t  successfu l  o f  thes e models ,  i n term s o f 
capturin g th e majo r  developmenta l  regularities,  hav e utilize d 
connectionis t  learnin g algorithm s a s mechanism s o f 
cognitiv e transitio n (McClelland ,  1989 ;  Shultz ,  Mareschal , 
& Schmidt ,  1994 ;  Shultz ,  Schmidt ,  Mareschal ,  & 
Buckingham ,  1995) .  Th e goa l  o f  th e curren t  projec t  wa s t o 
investigat e whethe r  a  popula r  symboli c learnin g algcnith m 
coul d ac t  a s a  transitio n mechanis m fo r  a  successfu l  model , 
i n th e hope s tha t  th e assumption s an d prediction s o f  suc h a 
model  migh t  provid e alternativ e insigh t  int o th e origin s o f 
th e huma n data . 

C4.5 • A Symbolic Classification System 
Quinlan' s (1993 )  C4. S acte d a s a  transitio n mechanis m i n 
our  model .  Give n a  se t  o f  trainin g example s whic h var y 
alon g a  se t  o f  attributes ,  C4. 5 extract s rule-lik e regularity 
from  th e example s an d build s a  decisio n tre e tha t  classifie s 
th e example s wit h som e degre e o f  tolerate d error .  Lik e it s 
connectionis t  cousins ,  C4. S i s a  supervise d learnin g 
algorithm . 

C4. S construct s a  decisio n (sub)tre e b y computin g th e 
informatio n gai n rati o (IGR )  fo r  eac h o f  th e possibl e 
attribute s tha t  coul d potentiall y  b e use d t o partitio n th e data . 
Th e I G R i s a  heuristi c metho d tha t  evaluate s a n attribute' s 
abilit y  t o reduc e randomnes s i n unclassifie d examples .  Th e 
attribut e wit h th e greates t  IG R i s chose n a s th e roo t  o f  a 
subtree .  Thi s metho d o f  buildin g subtree s i s applie d 
recursivel y unti l  th e resulting  tre e full y  classifie s al l  o f  th e 
trainin g examples . 

C4. 5 provide s a  use r  specifie d parametCT ,  m ,  whic h durin g 
decisio n tre e construction ,  roughl y control s th e degre e o f 
tolerate d error .  T o implemen t  th e transitio n componen t  o f  a 
balanc e scal e model ,  th e numbe r  o f  case s (specifie d b y m ) 
require d t o meri t  a  subtre e branchin g operatio n wa s decrease d 
wit h time .  Thi s manipulatio n resulte d i n th e gradua l 
emergenc e o f  a n increasingl y discernin g decisio n tree .  B y 
assumin g tha t  wha t  develop s i n childre n i s a n abilit y  t o 
assimilat e mor e informatio n ove r  time ,  a  serie s o f  decisio n 
tree s ca n b e constructed ,  eac h o f  whic h build s o n it s 
predecessOT .  Applyin g C4. 5 wit h a  larg e m yield s smaller , 
les s comprehensiv e decisio n tree s becaus e fe w attribute s 
qualif y t o ac t  a s decisio n nodes .  A s m decreases ,  mor e 
attribute s qualif y t o b e split ,  mor e regularit y i n th e trainin g 
set  i s  captured ,  ain d deepe r  an d mor e comple x tree s ar e buil t 

Earl y i n development ,  childre n hav e limite d menta l 
abilities .  Thei r  poo r  performanc e ca n b e modele d wit h a 

larg e m valu e i n C4.S .  Performanc e an d capacit y 
improvemen t  ca n b e modele d b y th e gradua l  decreas e o f  th e 
m parameter .  Th e followin g simulation s demonstrat e tha t 
th e orde r  o f  attribute s C4. S pick s u p i n a  serie s o f  decisio n 
tree s wit h decreasin g m coincide s wit h th e ot6 a o f  attribute s 
childre n utiliz e durin g development ,  thereb y demonstratin g 
tha t  C4. S ca n provid e a  goo d mode l  o f  developmenta l 
transition . 

Simulation 1 - The Basic Model 

Earl y i n development ,  childre n rel y mor e heavil y o n 
informatio n derive d fro m th e weigh t  dimensio n tha n th e 
distanc e dimension ,  eve n thoug h equa l  informatio n fro m 
thes e dimension s i s available .  A n y accurat e model ,  thocfore , 
require s som e se t  o f  assumption s suc h tha t  di e transitio n 
mechanis m relie s mor e heavil y o n informatio n fro m on e 
dimensio n ove r  th e other .  I n McClelland' s (1989 )  back -
propagatio n mode l  o f  thi s task ,  separat e processin g o f  th e 
weigh t  an d distanc e dimension s wer e enforce d architecturally , 
and th e trainin g environmen t  gav e th e networ k mor e 
experienc e wit h weigh t  information .  Thes e assumption s 
abou t  cognitiv e architectur e an d th e environmen t  resulte d i n 
a realisti c progressio n o f  th e model ,  wit h weigh t 
informatio n favore d ove r  distanc e informatio n earl y i n 
developmen t  Th e Shultz ,  Mareschal ,  &  Schmid t  (1994 ) 
cascade-correlatio n mode l  als o require d a  stron g 
environmenta l  bia s favorin g weigh t  information ,  bu t  di d no t 
requir e th e architectura l  assumption .  Th e othe r  successfu l 
connectionis t  mode l  o f  thi s task ,  th e Shultz ,  Schmidt , 
Mareschal ,  &  Buckingha m (1995 )  cascade-coirelatio n model , 
remove d th e requiremen t  fo r  bot h a  biase d trainin g 
environment  an d a  modula r  sqiaratio n o f  weigh t  an d distanc e 
processing ,  b y biasin g initia l  networ k weight s suc h tha t 
earl y i n development ,  weigh t  bu t  no t  distanc e informatio n 
was favorabl y processed . 

A furthe r  architectura l  assumptio n i s mad e b y al l 
connectionis t  model s o f  balanc e scal e develc^mem ,  whweb y 
thei r  outpu t  informatio n i s encode d i n a  highl y structure d 
manner  requirin g algorithmi c interpretation .  Additionally , 
th e model s b y McClellan d (1988 )  an d Shult z e t  al .  (1994 ) 
require d a  furthe r  assumptio n regarding  th e leve l  o i  trainin g 
exempla r  variability . 

T o produc e result s comparabl e t o th e connectionis t 
simulations ,  w e examine d a  five  peg ,  five  weigh t  versio n o f 
th e balanc e scal e task .  Fo r  purpose s o f  learnin g wit h C4.5 , 
th e se t  o f  62 5 possibl e five  peg ,  five  weigh t  problem s need s 
t o b e rq}resente d i n term s o f  a  se t  o f  value s o n attribute s 
wit h a n associate d classification .  Th e se t  o f  attribute s tha t 
yiel d a  successfu l  mode l  provid e a t  min imum ,  a n existenc e 
proo f  abou t  th e type s o f  informatio n sufficien t  fo r  producin g 
th e huma n data .  Hence ,  attribute s tha t  yiel d a  successfu l 
model ,  mak e prediction s abou t  th e type s o f  informatio n tha t 
humans m a y use .  o r  m a y b e sensitiv e to ,  durin g 
developmen t 

Althoug h w e experimente d wit h a  numbe r  o f  attribut e 
sets ,  w e foun d tha t  fe w le d t o a  successfu l  mode l  o f  th e 
human data .  Experimentatio n le d t o presentin g C4. 5 wit h 
seve n attributes . 

Th e first  thre e attribute s presente d summar y informatio n 
abou t  eac h proble m tha t  ca n b e immediatel y derive d from  th e 
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visua l  inpu t  Siegler' s (1981 )  woi t  suggeste d tha t  childre n 
reaso n wit h informatio n abou t  whic h sid e o f  th e balanc e 
soa k ha s th e greates t  weigh t  o r  distance ,  an d whethe r  th e 
side s o f  th e balanc e scal e ar e equivalen t  fo r  a  give n 
dimension .  Th e firs t  attribut e concerne d whethe r  th e proble m 
present s a n equa l  numbe r  o f  weight s a t  equa l  distance s o n 
cithe r  sid e o f  th e fulcrum ,  an d too k value s o f  ye s o r  no .  Th e 
inclusio n o f  thi s attribut e wa s base d o n th e perceptua l 
salienc e o f  simpl e balanc e problems ,  th e onl y problem s o f 
th e se t  whic h ar e wholl y symmetrical .  Th e secon d an d thir d 
attribute s concerne d th e sid e o f  th e scal e wit h greate r  weigh t 
or  distanc e respectively ,  an d eac h too k o n on e o f  thre e 
values :  lef t  arm ,  neithe r  arm ,  o r  righ t  arm .  Siegler' s (1981 ) 
rul e model s directl y inccvpc»ate d suc h information .  Makin g 
thi s informatio n primitivel y availabl e t o th e learnin g 
algorith m present s i t  wit h th e opportunit y t o capitaliz e o n 
any informationa l  valu e tha t  suc h attribute s m a y hav e fo r 
predictin g proble m outcomes .  Becaus e weigh t  an d distanc e 
infomiatio n ar e equall y predictiv e o fp toHe m outcomes ,  on e 
dimensio n (i.e. ,  weight )  ca n b e primaril y relie d upo n b y 
specifyin g i t  first .  Thi s orde r  effec t  i s  equivalen t  t o 
assumin g tha t  childrens '  developmen t  internall y relie s o n 
informatio n fro m on e dimensio n ove r  th e other . 

The remainin g fou r  attribute s wer e th e actua l  numbe r  o f 
weight s an d distance s o n eith a balanc e scal e arm ,  an d eac h 
of  thes e wa s declare d t o b e a  continuou s attribut e takin g o n 
intege r  value s rangin g fro m 1  t o 5 .  Th e inclusio n o f  thes e 
attributes ,  agai n reflecte d tha t  human s hav e suc h informatio n 
readil y accessibl e t o the m whe n confronte d wit h balanc e 
scal e problems . 

Unlik e man y previou s computationa l  attempts ,  ou r  mode l 
di d no t  nee d t o assum e a n explici t  environmenta l  bia s 
favorin g on e inpu t  dimension .  I t  di d howevo- ,  assum e tha t 
simpl e balanc e problem s (equa l  numbe r  o f  weight s occu r  a t 
equa l  distance s o n eithe r  sid e o f  th e fulcrum )  ar e particularl y 
salien t  fo r  th e purpose s o f  children' s learning .  Thi s 
assumptio n wa s reflecte d i n th e choic e o f  th e fus t  attribute , 
and b y includin g thre e time s a s man y simpl e balanc e 
problem s a s naturall y occur s withi n th e proble m set ,  thereb y 
givin g C4. 5 extr a balanc e experience . 

The C4. S progra m wa s run ,  incrementall y decreasin g th e 
m paramete r  whic h systematicall y resulte d i n th e learnin g o f 
increasingl y comple x decisio n trees .  Th e gradua l  decreas e i n 
m corresponde d t o a n assumptio n tha t  th e child' s cognitiv e 

capacit y increase s i n a  gradua l  fashio n yieldin g a  processin g 
structur e i n whic h successor s buil d upo n predecessors . 
Structure s generate d a t  eac h leve l  o f  m wer e take n t o 
represen t  th e processin g structure s presen t  fo r  a  discret e er a 
of  developmen t 

Eac h era ,  th e decisio n tre e induce d wa s use d t o classif y th e 
42 5 example s whic h corresponde d t o th e complet e se t  o f 
problem s tha t  coul d b e classifie d int o Siegler' s si x proble m 
types .  Th e response s t o 2 4 problem s (fou r  fro m eac h o f  th e 
si x proble m types) ,  identica l  t o thos e use d t o evaluat e 
model s b y McClellan d (1989 )  an d Shult z e t  al .  (1995 )  wer e 
the n use d i n subsequen t  analyse s t o asses s th e model' s 
success . 

Results and Disciission 
Figur e 2  present s th e stag e classification s fo r  eac h er a o f 
training ,  a s diagnose d b y usin g a  procedur e identica l  t o tha t 
use d wit h huma n childre n (Siegler ,  1981) .  F ro m th e figure , 
i t  i s  apparen t  tha t  th e C4. S mode l  ha s capture d th e 
requiremen t  o f  orderl y stag e progression . 

Figur e 3  present s th e mea n longitudina l  performanc e o f 
th e simulatio n o n th e entir e se t  o f  conflict-weigh t  an d 
conflict-distanc e problems .  Th e mode l  clearl y exhibit s Li -
shape d developmen t  o n conflict-weigh t  problems .  B y 
comparin g th e tim e o f  occurrenc e o f  thi s performanc e wit h 
th e stag e classificatio n o f  th e sam e simulatio n fro m Figur e 
2,  i t  ca n b e see n tha t  th e U-shape d developmenta l  tren d 
conespond s precisel y wit h th e perio d i n whic h th e 
simulatio n i s classifie d a t  stag e 3  (fro m jq)proximatel y er a 
4 0 throug h er a 80) .  Th e earl y relianc e o n weigh t  informatio n 
by C4. 5 wa s interfere d wit h durin g thi s perio d b y th e gradua l 
integratio n an d us e o f  distanc e informatio n o n conflic t 
problems .  Thi s ca n b e verifie d b y examinin g th e 
longitudina l  performanc e o f  th e simulatio n o n conflict -
distanc e problem s durin g stag e 3  (Figur e 3) .  A t  precisel y th e 
beginnin g o f  th e declin e i n conflict-weigh t  performance , 
distanc e informatio n bega n t o b e assimilated .  Fro m Figur e 
3,  i t  i4)pear s tha t  ther e i s a  gentl e vacillatio n betwee n th e 
learnin g algorithm' s incorporatio n o f  weigh t  an d distanc e 
informatio n wit h th e inclusio n o f  informatio n from  on e o f 
thes e dimension s conflictin g wit h performanc e o n th e other . 
A negativ e correlatio n betwee n conflict-weigh t  an d conflict -

distanc e performanc e (r=-0.86 ;  r2=0.73 )  ove r  th e fu^ t  8 0 
eras ,  conflrm s thi s discovoy . 

•3 0 « 

^°  er a ̂ ° 

Figur e 2 .  Longitudina l  stag e progressio n o f  Simulatio n 1  (lef t  scale) ,  an d ccHrespondin g value s o f  m (righ t  scale) . 
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Figur e 3 .  Performanc e o n conflict-weigh t  an d conflic t  distanc e problems . 

T h e fina l  majo r  effec t  characteristi c o f  balanc e scal e 
development ,  th e T D E ,  w a s evaluate d i n th e curren t 
simulatio n b y classifyin g th e model' s performanc e usin g 
fou r  differen t  set s o f  testin g pattern s whos e problem s wer e 
draw n from  fou r  differen t  range s o f  torqu e difference .  Th e 
T D E require s tha t  th e sam e se t  o f  simulatio n response s b e 
classifie d a t  diffra^n t  stag e level s dependin g upo n th e torqu e 
differenc e leve l  o f  th e testin g problem s use d fo r  stag e 
evaluation .  T o correspon d wit h th e huma n data ,  testin g set s 
wit h problem s from  large r  torqu e differenc e level s shoul d 
resul t  i n classification s a t  highe r  stage s tha n testin g set s 
wit h smal l  torqu e differenc e problems . 

Eac h testin g se t  ha d th e sam e balanc e an d conflict-balanc e 
testin g {voblem s sinc e th e torqu e differenc e fo r  thes e type s 
of  problem s i s alway s zero .  T h e torqu e differenc e leve l  fo r 
th e othe r  testin g set s varied .  Torqu e differenc e leve l  1  ha d 
IHt)blem s wit h a  torqu e differenc e o f  1 .  Level s 2 ,  3  an d 4 
consiste d o f  p r o U e m s wit h torqu e difference s i n th e rang e o f 
2-5,6- 9 an d 10-2 0 respectively. 

Onl y a t  stag e 3 ,  di d stag e classification s var y i n 
accordanc e wit h th e prediction s o f  th e T D E .  Hence ,  th e 
simulatio n wa s no t  capturin g th e T D E a t  al l  point s i n 
develc^men L 

A n examinatio n o f  th e rul e set s derive d b y C4. 5 reveale d 
tha t  multipl e rul e set s mappe d ont o m a n y o f  th e stages . 
Stag e 1  wa s achieve d a s th e resul t  o f  tw o distinc t  set s o f 
rule s whil e a  singl e se t  o f  rule s (identica l  t o thos e derive d b y 
Siegler ,  1981 )  mappe d ont o stag e 2  performance .  Stag e 3 
was accomplishe d throug h a  se t  o f  fiv e distinc t  rul e systems , 
an d tw o distinc t  decisio n uee s resulte d i n stag e 4 
performance .  N o explici t  computatio n an d compariso n o f 
torque s occurred .  Afte r  th e initia l  decisio n tree ,  eac h 
subsequen t  tre e expande d upo n previousl y derive d structures . 

Simulation 2 - The Expanded Model 
I n orde r  t o exhibi t  th e T D E ,  a  mode l  mus t  discriminate ,  an d 
answer  differentiy ,  problem s fro m Siegler' s theoreticall y 
equivalen t  proble m types .  I f  contingencie s i n th e trainin g 
dat a exis t  whic h distinguis h problem s base d o n informatio n 
oUie r  tha n tha t  use d b y Siegle r  (1981) ,  the n th e T D E coul d 
aris e i f  th e learnin g algorith m wer e t o pic k u p o n suc h 

contingencies .  Siegler' s rul e models ,  an d ou r  firs t 
simulation' s stag e 1  an d 2  rules ,  al l  faile d t o distinguis h 
problem s wit h differen t  inpu t  magnitudes .  Instead ,  th e 
induce d rule s considere d onl y th e sid e o f  th e balanc e scal e 
wit h greate r  weigh t  o r  distance .  Ou r  model' s stag e 3  rule s 
distinguishe d problem s o n th e basi s o f  thei r  grade d inpu t 
levels ,  an d it s  stag e classification s di d var y wit h torqu e 
differenc e levels . 

I t  woul d appea r  tha t  i n orde r  t o ge t  th e T D E a t  al l  stage s 
of  development ,  C4. S woul d b e require d t o buil d rule s whic h 
discriminate d betwee n problem s wit h differen t  level s o f 
inputs .  Fo r  ou r  secon d simulatio n w e augmente d ou r  mode l 
by changin g onl y th e representational  forma t  o f  th e attribut e 
qiecifyin g whic h sid e o f  th e balanc e scal e ha d greate r  weigh t 
or  distance .  Instea d o f  classification s o f  lef t  arm ,  right  arm , 
or  neithe r  arm ,  thes e attribute s too k o n value s i n th e rang e 
of  -4<x< 4 (determine d b y subtractin g th e right  sid e valu e 
from  th e lef t  sid e valu e fo r  eac h o f  th e weigh t  an d distanc e 
dimensions) .  B y doin g this ,  w e hav e prevente d C4. 5 firo m 
bein g abl e t o conside r  th e sid e o f  th e balanc e scal e wit h 
large r  weigh t  o r  distanc e informatio n i n a n al l  o r  non e 
fashion ,  an d instea d hav e force d i t  t o conside r  th e attribut e i n 
term s o f  a  grade d representation .  N o othe r  condition s o f  th e 
model  wer e altered ,  an d trainin g an d assessmen t  wer e carrie d 
out  a s before . 

Results and Discussion 

An examinatio n o f  Ui e model' s performanc e revealed  tha t  a s 
i n Simulatio n 1 ,  ever y stag e wa s classifiable ,  an d orderl y 
stag e progressio n ensued .  Longitudina l  conflict-weigh t 
performanc e showe d th e characteristi c U-s>uq)e d regression  i n 
performanc e tha t  coincide s wit h stag e 3 ,  howeve r  conflict -
weigh t  performanc e a t  th e ver y earlies t  stag e o f  developmen t 
was slighti y poorer .  Nonetheless ,  th e simulatio n exhibite d 
th e fu^ t  tw o regularities  require d b y a  successfu l  model . 

T o examin e th e mode l  fo r  th e presenc e o f  th e T D E ,  eac h 
er a wa s independenti y assesse d wit h fou r  differen t  set s o f 
testin g problem s draw n fro m th e fou r  differen t  torqu e 
differenc e interval s outline d earlier .  Stag e classification s 
varie d o n eac h o f  th e firs t  7 7 eras .  Beyon d er a 77 ,  th e 
simulatio n reache d a  saturatio n point ,  an d a U o f  di e proble m 
set s wer e classifie d a t  a  stag e 4  leve l  o f  performance . 
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Perfonnanc e o n th e entir e se t  o f  problem s i n th e fou r  torqu e 
differenc e range s wa s als o examine d b y calculatin g th e 
percentag e o f  correc t  response s a t  th e media n er a o f  eac h 
stage .  Thi s amounte d t o evaluatin g th e mode l  a t  era s 3.23 . 
43 an d 7 9 fo r  stage s 1 .  2 .  3  an d 4  respectively .  Th e mea n 
increas e i n performanc e betwee n torqu e differenc e level s a t 
each o f  thes e point s i n developmen t  wa s 4 % ,  8% ,  8% ,  an d 
4%.  A s dictate d b y th e T D E .  th e mode l  demonstrate d 
superio r  performanc e o n problem s fro m large r  torqu e 
differenc e intervals .  Fro m th e result s o f  thes e analyse s fo r 
th e T D E .  i t  i s  clea r  tha t  th e mode l  exhibit s al l  o f  th e 
regularitie s o f  th e huma n data . 

General Discussion 

The C4. S symboli c mode l  wa s successfu l  a t  capturin g th e 
thre e characteristi c developmenta l  flndings  o f  th e balanc e 
scal e task :  orderl y stag e progression .  U-sh^)e d learning ,  an d 
th e T D E .  Th e mode l  assume d tha t  balanc e problem s ar e 
especiall y salien t  t o children ,  an d tha t  th e majorit y o f 
childre n ar e intonall y biase d toward s {vocessin g th e weigh t 
dimensio n ove r  th e distanc e dimension .  I n additio n th e 
model  implicitl y  assume d tha t  childre n hav e acces s to .  an d 
reaso n with ,  infcMmatio n abou t  whic h sid e o f  th e balanc e 
scal e i s large r  fo r  a  give n dimension .  B y implementin g thes e 
assumption s an d applyin g th e C4. S learnin g algorithm , 
thes e simulation s provid e a n alternativ e developmenta l 
model ,  capabl e o f  successfull y capuuin g man y aspect s o f  th e 
human data . 

The succes s o f  C4. S i n producin g a n accurat e mode l  o f 
developmen t  demonstrate s tha t  a  symboli c supervise d 
learnin g algorith m ca n ac t  a s a  mechanis m fo r  simulatin g 
cognitiv e transition .  Lik e it s connecdonis t  cousins ,  grade d 
rqn-esentation s see m t o b e a  critica l  feabir e o f  th e succes s o f 
C4.5 ,  a s doe s th e incrementalit y o f  th e processin g structure s 
tha t  i t  derives . 

I n contras t  t o th e fragilit y o f  pilo t  wor k wit h th e 
competin g connectionis t  model s regardin g th e siz e o f  th e 
balanc e scal e problem s undertaken ,  th e mode l  tha t  w e lepo n 
appear s t o b e robust  i n thi s regard .  Th e C4. 5 mode l  w w k e d 
as wel l  fo r  smalle r  ( 4 peg ,  4  weight )  an d large r  ( 6 peg ,  6 
weight )  balanc e scal e simulation s a s i t  di d fo r  th e fiv e peg , 
fiv e weigh t  version .  I t  i s  stil l  a n ope n empirica l  questio n 
whethe r  balanc e scal e dat a o f  othe r  size s ca n b e easil y 
accommodate d usin g connectionis t  techniques . 

C4. S wa s als o robust  wit h respec t  t o th e forma t  o f  it s 
outpu t  encoding .  Whil e connectionis t  models '  succes s 
hinge s o n th e architectura l  assumptio n underlyin g th e 
inclusio n o f  a  distribute d encodin g o f  tw o output s 
(McClelland .  1989 ;  Shult z e t  al .  1994 ;  199S) .  wit h th e 
C4. S model ,  alternativ e method s o f  representin g th e 
respons e yield s identica l  results .  Finally ,  i n contras t  t o th e 
vas t  spac e o f  possibl e connectionis t  implementations ,  whic h 
posses s a  larg e numbe r  o f  degree s o f  freedom  an d requir e th e 
settin g o f  a  larg e numbe r  o f  fre e parametos .  th e C4. S mode l 
varie d onl y m .  Th e C4. S mode l  make s a  numbe r  o f 
prediction s tha t  ar e differen t  than ,  o r  oppose d to .  thos e mad e 
by previou s approaches .  First ,  whil e man y connectionis t 
account s assum e a n environmen t  strongl y biase d toward s 
presentin g informatio n abou t  th e weigh t  dimensio n 
(McClelland .  1989 ;  Shult z e t  al. .  1994) .  th e C4. 5 mode l 

predict s tha t  th e weigh t  an d distanc e dimension s ar e equall y 
and sjrmmelricall y presen t  i n th e natura l  worid .  Lik e Shult z 
et  al .  (199S) .  th e curren t  approac h internalize s th e earl y 
preferenc e fo r  informatio n from  a  singl e dimension .  I f  thi s 
characterizatio n i s correct ,  the n thes e model s sugges t  tha t 
despit e sharin g a  c o m m o n environment ,  ther e wil l  b e 
individua l  difference s i n th e inpu t  dimensio n tha t  childre n 
fin d mos t  salien t  S o m e suppor t  to r  thi s notio n come s fro m 
relate d task s requirin g th e integratio n o f  infcxmatio n from 
tw o dimensions ,  i n whic h variabilit y i n th e favore d 
dimensio n exist s (Siegler ,  1981) . 

A secon d predictio n o f  th e C4. S mode l  i s tha t  simpl e 
balanc e problem s ar e particularl y salien t  an d importan t  i n 
childrens '  learning .  Third ,  th e mode l  predict s tha t  reasonin g 
wit h primitiv e informatio n derive d fro m th e initia l 
presentatio n o f  th e balanc e scal e proble m bein g solve d i s a n 
importan t  componen t  o f  childrens '  cognition .  Fourth ,  th e 
model  predict s tha t  stag e 3  classification s o f  huma n 
performer s mask s a  vacillatio n betwee n relyin g mor e 
strongl y o n on e dimensio n a t  th e expens e o f  integratin g 
infcmnatio n fro m th e othe r  (se e Figur e 3) . 

I t  i s  ou r  hop e tha t  th e prediction s derive d fro m thi s 
alternativ e accoun t  wil l  inspir e furthe r  stud y o f  huma n 
developmen t  o n th e balanc e scal e an d relate d tasks ,  wit h a n 
ai m o f  determinin g th e reasonablenes s o f  th e assumption s 
tha t  variou s model s ar e base d upon . 
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Abstrac t 
Thi s pape r  present s result s from a  stud y tha t  attempte d t o replicat e unexpecte d finding s from a  previou s stud y (Shut e &  Gawlick , 

1995 )  whic h investigate d th e effect s o f  differentia l  practic e opportunitie s o n skil l  acquisition ,  outcome ,  efficiency ,  an d retention . 
Thes e sam e variable s wer e examine d i n a  ne w stud y (̂ = 380) ,  an d th e followin g result s wer e replicated :  (1 )  Learner s receivin g fewe r 
practic e opportimitie s complete d th e curriculu m significantl y faste r  tha n th e othe r  practic e conditions ,  bu t  a t  th e expens e o f  greate r 
errors ;  an d (2 )  Despit e acquisitio n differences ,  al l  group s performe d comparabl y o n th e outcom e measure .  Thi s stud y als o examine s 
th e effect s o f  learne r  contro l  (LC )  o n thes e sam e parameters .  W e include d a  conditio n wher e student s chos e thei r  degre e o f  practice , 
per  proble m set .  Overall ,  thi s grou p complete d th e curriculu m faster ,  an d showe d th e highes t  outcom e efficiencies ,  relativ e t o th e 
othe r  conditions .  Preliminar y result s from  th e retentio n par t  o f  thi s stud y ( n =  76 )  continu e t o sho w a n overal l  L C advantage ,  a s wel l 
as a  significan t  conditio n x  gende r  interaction .  Tha t  is ,  th e L C conditio n i s optima l  fo r  males ,  whil e th e extende d practic e conditio n i s 
best  fo r  females .  W e discus s th e implication s o f  thes e fmding s i n relatio n t o th e desig n o f  efficaciou s instruction . 

H o w doe s practic e affec t  knowledg e an d skil l  acquisition , 
learnin g outcome ,  efficiency ,  an d retention ? O n th e on e 
hand ,  ther e i s a  lo t  o f  suppor t  fo r  th e "practic e make s 
perfect "  positio n (e.g. ,  Brya n &  Harter ,  1899 ;  Schneide r  & 
Shiffrin ,  1977) .  M o r e recently ,  Anderso n (1993 )  ha s 
provide d compellin g evidenc e for ,  an d conclude d that , 
"Student s achiev e a t  highe r  level s i f  the y solv e mor e 

problems ,  whateve r  th e regimen .  "  (p .  160) .  O n th e othe r 
hand ,  Schmid t  an d Bjor k (1992 )  presente d som e interestin g 
studie s showin g h o w ,  relativ e t o a  "standard "  practic e 
condition ,  acquisitio n condition s tha t  slowe d di e rat e o f 
improvement ,  o r  decrease d performanc e durin g practice , 
stil l  yielde d enhance d post-trainin g performance .  W h a t  i s 
ultimatel y learne d m a y therefor e b e obscure d durin g th e 
acquisitio n process ,  a s relativel y permanen t  effect s becom e 
confounde d wit h temporar y performanc e effect s tha t  m a y 
disappea r  afte r  th e practic e sessio n i s finished ,  o r  whe n di e 
tes t  condition s change . 

Th e literatur e o n learne r  contro l  i s  eve n les s definitive . 
Computerize d learnin g environment s ca n b e characterize d 
b y th e amoun t  o f  learne r  contro l  supporte d durin g th e 
learnin g process .  Thi s dimensio n ca n b e viewe d a s a 
continuu m rangin g from  minima l  (e.g. ,  rot e o r  didacti c 
environments )  t o ahnos t  complet e learne r  contro l  (e.g. , 
discover y environments) .  T w o opposin g perspective s 
addres s di e issu e o f  th e bes t  learnin g environmen t  t o buil d i n 
intelligen t  instructiona l  software .  O n e approac h i s t o 
develo p a n environmen t  whic h provide s th e learne r  freedom 
t o explor e an d lear n (e.g. ,  Collin s &  Brown ,  1988 ;  Shute , 
Glaser ,  &  Raghavan ,  1989) .  Th e othe r  approac h argue s tha t 
i t  i s  mor e efficaciou s t o develo p directiv e learnin g 
environment s (e.g. ,  Corbet t  an d Anderson ,  1989 ;  Sleeman , 
Kelly ,  Martinak ,  Ward ,  &  Moore ,  1989) .  Actually ,  dii s 
disparit y m a y b e resolve d by ,  instea d o f  lookin g fo r  mai n 
effect s o f  learnin g environment ,  additionall y considerin g 
learne r  characteristic s wit h th e goa l  o f  identifyin g optima l 
learnin g environment s fo r  specifi c  kind s o f  persons . 

Thi s pape r  report s th e result s from  a  large-scal e stud y Q ^ 
= 380 )  conducte d t o replicat e previously-obtaine d (an d 
unexpected )  findings  tha t  als o teste d practic e effect s o n skil l 
acquisition ,  learnin g outcome ,  efficiency ,  an d retention .  I n 
addition ,  w e examin e th e rol e o f  learne r  confro l  i n relatio n 
t o thes e sam e parameters .  W e repor t  th e result s from  phas e 1 
of  th e stud y that' s bee n completed ,  an d presen t  preliminar y 
result s from  a  follow-o n portio n o f  th e experimen t  wher e th e 
same learner s return ,  afte r  6  months ,  t o se e h o w m u c h the y 
remember ,  an d i f  tha t  differ s du e t o origina l  practic e 
condition . 

Our  previou s learnin g criterio n tas k (Shut e &  Gawlick , 
1995 )  wa s a n intelligen t  tutorin g syste m teachin g flight 
engineerin g knowledg e an d skills ,  divide d int o tw o mai n 
curriculu m sections .  Eac h sectio n ha d tw o alternativ e 
conditions ,  differin g onl y i n th e numbe r  o f  practic e 
opportunitie s acros s proble m sets :  "Abbreviated "  (A )  an d 
"Extended "  (E) .  Thus ,  ther e wer e fou r  practic e conditions : 
A A,  A E ,  E A ,  E E .  Despit e difference s i n acquisitio n (i.e. , 
learner s i n th e abbreviate d condition s mad e mor e error s 
durin g proble m solutio n compare d t o th e othe r  group s 
receivin g mor e practic e opportunities) ,  group s performe d 
th e sam e acros s al l  leamin g outcom e measure s (surpris e #1) . 
We speculate d tha t  practic e effects ,  whil e no t  readil y 
apparent ,  m a y sho w u p afte r  som e perio d o f  tim e ha d 
elapsed .  I n fact ,  th e secon d experimen t  showe d evidenc e fo r 
practic e effect s o n long-ter m retentio n (i.e. ,  afte r  mor e tha n 
tw o years) ,  bu t  no t  i n th e predicte d directio n (surpris e #2) . 
That  is ,  learner s i n th e m k e d condition s (switche d 3/ 5 o f  th e 
w ay throug h th e curriculu m from  on e practic e conditio n t o 
another )  showe d significantl y greate r  retentio n compare d t o 
thos e assigne d t o eithe r  o f  th e tw o homogeneou s conditions . 

I n th e curren t  study ,  w e us e th e sam e fou r  treatmen t 
condition s a s i n th e previou s study ,  bu t  hav e employe d a 
completel y differen t  instructiona l  environmen t  (i.e. ,  Sta t 
Lady ,  teachin g introductor y statistics )  t o tes t  th e 
generalizabilit y  o f  th e previou s fmding s i n a  differen t 
domain .  Furthermore ,  w e includ e a  fifth  treatmen t  condition . 
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Learne r  Contro l  (LC) ,  whic h allow s learner s t o selec t  th e 
number  o f  problem s t o solve ,  pe r  proble m set ,  rathe r  tha n 
solvin g a  fixed  numbe r  o f  problems .  B y includin g thi s ne w 
treatmen t  condition ,  w e ca n tes t  th e effect s o n thes e sam e 
learnin g parameter s whe n learner s ar e i n contro l  o f  thei r 
practic e opportunities .  D o individuals ,  i n general ,  hav e th e 
necessar y metacognitiv e skill s  t o k n o w whe n additiona l  hel p 
i s needed ,  o r  whe n they'v e ha d enoug h practice ? Ar e ther e 
individua l  difference s i n term s o f  w h o benefit s mos t  b y thi s 
condition ? 

Hypotheses 

Skil l  Acquisition .  Base d o n previou s findings ,  an d give n 
fewe r  practic e opportunitie s i n whic h t o appl y newly -
developin g knowledg e an d skills ,  w e expecte d learner s 
assigne d t o th e mor e limite d practic e condition s t o exhibi t 
more error s durin g learnin g compare d t o thos e learnin g from 
th e mor e extende d conditions .  W e fiirther  expecte d learner s 
i n th e L C conditio n t o perfor m abou t  averag e durin g skil l 
acquisition ,  makin g a  moderat e numbe r  o f  error s compare d 
t o ih e othe r  conditions .  Thi s wa s base d o n th e belie f  tha t 
thes e learner s woul d elec t  t o solv e a  larg e rang e o f  problem s 
due t o individua l  difference s i n genera l  aptitude , 
metacognitiv e skills ,  an d personalit y traits .  Th e resul t  wa s 
expecte d t o balanc e ou t  a t  a  middl e leve l  o f  performance . 

Learning Outcome. We predicted no differences on the 
posttes t  measur e amon g groups ,  give n finding s from  th e 
previou s study .  However ,  i f  ther e wer e an y differences ,  w e 
expecte d learner s i n th e mos t  extende d condition s t o 
perfor m bette r  o n th e outcom e measure s compare d t o 
learner s i n th e abbreviate d condition s give n the y woul d hav e 
had significantl y mor e practic e opportunitie s (Anderson , 
1993) .  Wit h regar d t o th e L C condition ,  w e speculate d tha t 
thes e individual s woul d sho w a n intermediat e leve l  o f 
outcom e performanc e give n greate r  variabilit y  i n th e numbe r 
of  problem s the y chos e t o solve . 

Learning Efficiency. The time taken to complete the tutor 
shoul d b e a  direc t  functio n o f  practic e condition .  Thus , 
learner s i n th e mos t  abbreviate d condition s woul d tak e th e 
leas t  amoun t  o f  tim e t o complet e th e curriculu m give n fewe r 
problem s t o solve ,  an d learner s i n th e mos t  extende d 
condition s woul d tak e th e mos t  amoun t  o f  time .  Learner s i n 
th e L C conditio n wer e expecte d t o tak e a n intermediat e 
amount  o f  tim e a s w e believe d tha t  learner s ar e ofte n no t 
cognizan t  o f  thei r  cognitiv e strength s an d weaknesses ,  no r 
ar e man y o f  the m sufficientl y motivate d t o continu e 
practicin g unti l  a  skil l  i s mastered . 

Retention. On the basis of our earlier findings (Shute & 
Gawlick ,  1995) ,  w e hypothesize d tha t  learner s i n th e mixe d 
practic e condition s woul d sho w greate r  retentio n o f  th e 
materia l  compare d t o learner s i n th e homogeneou s 
condition s followin g a  6-mont h la g betwee n origina l  an d 
retentio n testing .  W e als o hypothesize d tha t  learner s 
originall y assigne d t o th e L C conditio n woul d sho w 
average ,  t o above-averag e level s o f  retentio n base d o n a 
fairl y  typica l  finding  i n th e learner-contro l  literatur e whic h 
suggest s tha t  increase d contro l  ove r  one' s environmen t 
render s th e learnin g experienc e mor e enjoyable ,  particularl y 

fo r  high-abilit y  learner s (e.g. ,  Hannafi n &  Sullivan ,  1996 ; 
Shut e &  Gawlick-Grendell ,  1994 ;  Swanson ,  1990) .  Finally , 
i n additio n t o testin g fo r  mai n effect s o f  conditio n o n 
retention ,  w e wer e intereste d i n examinin g th e rol e o f 
gender ;  specificall y i n term s o f  a  possibl e interactio n wit h 
condition .  Whil e w e di d no t  expec t  t o se e a  mai n effec t  o f 
gender ,  w e di d posi t  a  gende r  x  conditio n interactio n 
whereb y male s wer e expecte d t o sho w greate r  retentio n 
havin g learne d i n th e L C conditio n (compare d t o th e othe r 
conditions) ,  an d female s t o sho w bette r  retentio n havin g 
learne d from  mor e extende d practic e conditions .  Thi s 
hypothesi s wa s motivate d b y Shut e &  Cluc k (i n press )  w h o 
reporte d tha t  male s showe d significantl y mor e 
independent/explorator y behavior s tha n female s w h e n 
learnin g from  a n on-lin e instructiona l  system ,  an d thi s 
particula r  tendenc y woul d b e well-suite d t o th e L C 
condition ,  possibl y resultin g i n increase d retention . 

Method 

Participants 

A tota l  o f  38 0 individual s participate d i n thi s experiment , 
obtaine d from  loca l  temporar y employmen t  agencies .  Th e 
age rang e o f  th e sampl e wa s betwee n 18-3 0 year s (Mea n = 
22) ,  an d al l  ha d a  hig h schoo l  diplom a o r  equivalent . 
Overall ,  6 6 % o f  th e sampl e wa s male ,  an d n o on e ha d an y 
prio r  exposur e t o statistic s courses .  Participant s wer e pai d 
fo r  takin g par t  i n th e stud y an d informe d tha t  the y neede d t o 
retur n i n 6  month s fo r  phas e 2~retentio n testing .  T o 
motivat e thei r  return ,  w e offe r  a  monetar y bonus .  Currently , 
we hav e collecte d dat a from a  tota l  o f  7 6 individual s w h o 
hav e returne d fo r  th e secon d par t  o f  th e study . 

Materials 

The first  modul e o f  th e Sta t  Lad y Descriptiv e Statistic s 
serie s (DS-1 ,  Shut e &  Cluck ,  1994 )  wa s use d a s th e 
comple x learnin g tas k i n th e experiment s describe d i n thi s 
pape r  (fo r  mor e o n thi s module ,  se e Shute ,  1995) .  Th e 
curriculu m wa s decompose d vi a a  cognitiv e tas k analysi s 
int o curriculu m element s (CEs) ,  representin g low-leve l  bit s 
of  knowledg e an d skil l  (e.g. ,  identif y th e ̂ onbo l  fo r 
summation ,  su m al l  frequencies  i n a  give n sample) .  I n thi s 
study ,  participant s receive d 7 7 CEs ,  arrange d from  simpl e t o 
mor e comple x concept s an d skills ,  an d sprea d acros s five 
mai n proble m set s o r  topics :  (a )  frequency  distributions ,  (b ) 
proportion s an d percentages ,  (c )  groupe d frequency 
distributions ,  (d )  cumulativ e frequency  distributions ,  an d (e ) 
plotting .  Eac h C E (o r  smal l  grou p o f  relate d CEs )  wa s 
instructe d b y Sta t  Lady ,  the n individual s wer e assesse d fo r 
C E master y o n th e basi s o f  thei r  proble m solvin g 
performances .  I n thi s study ,  th e numbe r  o f  problem s tha t 
learner s solve d (pe r  proble m set )  wa s solel y a  functio n o f 
assigne d condition .  Al l  learner s ha d t o solv e betwee n 1  t o 4 
CE-relate d problem s befor e movin g o n t o th e nex t  proble m 
set .  I f  a  learne r  gav e a n incorrec t  answe r  o r  solution ,  Sta t 
Lad y intervene d wit h progressivel y mor e specifi c  feedbac k 
relate d t o th e particula r  error .  Learner s wer e allowe d u p t o 
thre e error s befor e Sta t  Lad y provide d th e correc t  answer . 

Becaus e eac h C E wa s directl y mappe d t o a  specifi c 
question/proble m (note :  som e C E s ha d severa l  associate d 
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questions) ,  participant s i n th e extende d conditio n receive d 
thre e mor e question s pe r  C E tha n learner s i n th e abbreviate d 
conditio n (maintainin g a  4: 1 rati o betwee n extende d an d 
abbreviate d practic e opportunities) .  A t  th e en d o f  th e tutor , 
th e syste m compute d eac h learner' s averag e numbe r  o f 
question s an d errors ,  pe r  C E .  Th e "questions "  variabl e wa s 
constan t  fo r  learner s i n th e fixed  practic e condition s (bu t 
varie d fo r  th e L C condition )  whil e th e "errors "  variabl e 
differe d fo r  al l  learners ,  reflectin g degre e o f  problem -
solvin g difficulty .  Sta t  Lady' s three-leve l  feedbac k thu s 
allowe d learner s t o mak e betwee n 0  t o 3  errors ,  pe r 
question . 

T o asses s learnin g outcome ,  duplicat e item s wer e create d 
t o asses s knowledge/skil l  relate d t o eac h o f  th e 7 7 CEs .  Thi s 
resulte d i n tw o paralle l  form s o f  a  tes t  ( A an d B )  tha t  wer e 
administere d on-line ,  befor e an d afte r  th e tutor .  Fo r  mor e 
detail s o n th e specific s o f  thes e tests ,  se e Shut e (1995) . 

Design and Procedure 

I n th e previou s study ,  participant s wer e eithe r  switche d t o 
a ne w practic e conditio n (e.g. ,  A - ^ E ) ,  o r  remaine d i n th e 
same on e (e.g. ,  E->E )  abou t  3/ 5 o f  th e wa y throug h th e 
tutor .  Similarly ,  i n thi s study ,  learner s (no t  i n th e L C 
condition )  wer e eithe r  switche d t o a  ne w conditio n o r 
remaine d i n th e sam e one ,  afte r  th e 3r d (o f  5 )  proble m sets . 
Thus ,  ther e wer e a  tota l  o f  5  practic e conditions :  (a )  A A 
(/i=86) ,  (b )  A E («=60) ,  (c )  E A (n=58) ,  (d )  E E (w=88) ,  an d 
(e )  L C (/i=88) . 

Participant s wer e teste d i n group s o f  abou t  20 ,  an d 
randoml y assigne d t o a  condition .  Give n th e tw o part s o f  th e 
tuto r  an d th e 4: 1 rati o describe d above ,  th e tota l  numbe r  o f 
problem s presented ,  pe r  condition ,  were :  A A (5) ,  A E (11) , 
E A (14) ,  E E (20) ,  an d L C (variable ,  betwee n 5  -  20) . 

On-lin e demographi c questionnaire s an d pretest s wer e 
administere d t o al l  participants .  Afte r  completin g both ,  the y 
proceede d t o lear n from  th e tuto r  whic h took ,  o n average , 
abou t  5  h r  t o complete .  Finally ,  al l  participant s wer e 
administere d a n on-lin e posttes t  assessin g th e ftiU  rang e o f 
knowledg e an d skill s  acquire d from  th e tutor . 

Participant s i n th e first  phas e o f  thi s stud y wer e aske d t o 
retur n 6  month s afte r  learnin g from  Sta t  Lad y t o tak e par t  i n 
th e follow-u p portio n (phas e 2 )  o f  th e study .  Currently ,  2 0 % 
of  th e origina l  sampl e ha s returne d («=76) .  Th e averag e la g 
betwee n origina l  an d retentio n testin g =  26. 3 week s (S D = 
2. 7 w k ) .  Th e distributio n o f  th e returnin g participants ,  b y 
condition ,  is :  A A (/i=13) ,  A E («=12) ,  E A (/j=16) ,  E E 
(n=12) ,  an d L C (n=23) . 

Testin g fo r  th e retentio n par t  o f  th e stud y i s bein g 
conducte d i n smal l  group s o f  abou t  5  persons ,  ove r  on e day . 
Prio r  t o takin g th e firs t  retentio n tes t  (consistin g o f  item s 
whic h ar e isomorphi c t o thos e use d i n phas e 1) ,  tes t 
administrator s brie f  eac h grou p o n th e importanc e o f  tryin g 
t o remembe r  a s m u c h a s the y ca n from  thei r  origina l 
session .  Afte r  th e firs t  tes t  ha s bee n completed ,  participant s 
ar e give n a  30-minut e break ,  followe d b y th e secon d 
retentio n test .  A t  th e conclusio n o f  th e secon d test ,  al l 
returnin g participant s ar e administere d a n on-lin e batter y o f 
cognitiv e abilit y  test s assessin g workin g memor y C2̂ )acity , 
informatio n processin g speed ,  inductiv e reasonin g skill ,  an d 

fac t  learnin g ability ,  i n th e quantitativ e domain .  Thi s batter y 
requires ,  o n average ,  abou t  on e hou r  t o complete . 

Results 

Prio r  t o makin g comparison s betwee n practic e conditions , 
we neede d t o insur e tha t  learner s withi n eac h conditio n wer e 
demographicall y comparable .  Severa l  one-wa y A N O V As 
wer e compute d o n age ,  gender ,  numbe r  o f  year s o f 
education ,  an d compute r  experience ,  b y condition .  Non e o f 
thes e variable s showe d significan t  difference s acros s th e five 
practic e conditions . 

Skill Acquisition 

Does practic e conditio n affec t  acquisitio n accuracy ? W e 
examine d thi s issu e firs t  b y comparin g itienumbe r  o f  error s 
made durin g learning ,  average d acros s al l  CEs .  A s 
mentioned ,  thi s valu e coul d rang e from 0  t o 3  errors ,  pe r 
C E.  Significan t  difference s wer e found :  fX4 ,  368 )  =  7.46 ,  p 
< .001 .  B y condition ,  th e orde r  o f  averag e error s was :  L C 
(1.67 )  <  A A (1.70 )  <  A E (2.41 )  <  E A (2.47 )  <  E E (2.96) . 
However ,  learner s i n th e Extende d conditio n receive d fou r 
time s a s man y question s pe r  C E compare d t o learner s i n th e 
Abbreviate d condition ,  s o thei r  "error "  value s shoul d b e 
considere d i n relatio n t o th e numbe r  o f  problem s the y solve d 
(note :  th e averag e numbe r  o f  question s tha t  L C learner s 
chos e t o solv e fel l  midwa y betwee n A A an d A E conditions) . 
Thus ,  t o tes t  fo r  difference s i n acquisitio n accuracy ,  w e 
compute d a  ne w variable-th e numbe r  o f  error s divide d b y 
th e numbe r  o f  questions ,  average d acros s CEs .  Fo r  thi s 
index ,  value s clos e t o 1. 0 denot e averag e performance ; 
value s les s tha n 1. 0 denot e mor e accurat e performanc e 
(fewe r  mistake s relativ e t o th e numbe r  o f  questions )  an d 
value s greate r  tha n 1. 0 denot e mor e inaccurat e performanc e 
(mor e error s relativ e t o question s received) . 

For  ou r  sample ,  thi s valu e range d from  0.4 0 t o 2.0 9 an d 
was significantl y differen t  amon g conditions:^5X4,362 )  = 
20.45,/ ? <  .01 .  Th e orde r  o f  thi s variabl e b y conditio n was : 
E E <  E A <  A E <  L C <  A A .  Thus ,  a s wit h th e previou s 
study ,  th e E E learners '  acquisitio n accurac y wa s th e highes t 
among conditions—the y mad e fewe r  mistake s relativ e t o 
thei r  greate r  numbe r  o f  questions .  Learner s i n th e A A 
conditio n showe d th e lowes t  acquisitio n accuracy-the y 
tende d t o commi t  mor e mistake s o n relativel y fewe r 
questions .  Learner s i n th e L C conditio n showe d accurac y 
indice s tha t  wer e abou t  midwa y betwee n th e A A an d th e E E 
conditions .  Se e Figur e 1 . 

1.0 0 

060 -

020 AA A E E A E E L C 
Tnatamn t  Conditio n 

Figur e 1 :  Acquisitio n accurac y acros s treatmen t  conditions . 
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Learnin g O u t c o m e 

We firs t  examine d th e pretes t  dat a t o insur e th e fiv e 
group s wer e comparabl e i n prio r  knowledg e an d skill s 
relate d t o statistics .  W e compute d a n A N O V A o n pretes t 
scores ,  b y condition .  Althoug h ther e wer e n o significan t 
difference s amon g conditions ,  F(4 ,  375 )  =  2.32 ,  p  =  .06 ,  th e 
F-valu e wa s sufficientl y larg e t o justif y controllin g fo r 
pretes t  dat a i n subsequen t  analyses .  Specifically ,  th e E E 
grou p (b y chance )  bega n wit h th e highes t  pretes t  Mea n 
(greates t  incomin g knowledge) ,  th e A A wit h th e lowest ,  an d 
th e L C participants ,  i n between . 

An A N O V A wa s compute d o n th e posttes t  dat a (Mean s 
adjuste d fo r  pretes t  score )  b y condition ,  an d ther e wer e n o 
significan t  differences :  F(4 ,  375 )  =  2.94 ,  p  =  .06 .  However , 
as predicted ,  th e orde r  o f  posttes t  score s was :  A A (68.3 )  < 
AE(71.4 )  < L C (71.9 )  < E A (74.5) « E E (74.6) . 

Learning Time 

We decompose d th e tota l  tutor-tim e variabl e int o tw o 
parts-instructio n an d problem-solvin g time ,  representin g 
tw o distinc t  part s o f  th e Sta t  Lad y program .  Instructio n tim e 
shoul d var y i n relatio n t o one' s facilit y  i n acquirin g an d 
understandin g th e ne w material ,  whil e problem-solvin g tim e 
shoul d var y i n relatio n t o condition . 

Table  1: Instruction, problem-solving, and overall tutor time 
(hrs )  b y condition . 

Conditio n 

AA 
( « =  86 ) 

AE 
(77 =  60 ) 

EA 
(77 =  58 ) 

EE 
( n =  88 ) 

LC 
(71 =  88 ) 

F 
(4,375 ) 

P 

Instructio n 

2.0 5 

1.8 8 

1.6 7 

1.5 2 

1.7 8 

8.7 8 

< 0.00 1 

Prob-Solvin g 

1.9 8 

2.9 6 

3.1 6 

3.9 6 

2.1 3 

40.3 8 

< 0.00 1 

Tota l 

4.0 3 

4.8 4 

4.8 5 

5.4 7 

3.9 1 

12.7 4 

< 0.00 1 

Notes :  A  =  Abbreviated ,  E  =  Extended ,  an d L C =  Learne r 
Contro l  practic e conditions . 

Three ANOVAs were computed on instruction time, 
problem-solvin g time ,  an d tota l  tim e require d t o complet e 
th e tutor .  Al l  thre e variable s showe d significan t  difference s 
due t o condition .  Th e orde r  o f  tota l  tim e b y conditio n wa s 
unexpected :  L C <  A A <  A E =  E A <  EE .  Contrar y t o ou r 
hypothesis ,  th e L C learner s wer e fastes t  o f  al l  (se e Tabl e 1) . 

The fma l  variabl e tha t  w e examine d combhe d outcom e 
scor e (i.e. ,  adjuste d posttes t  data )  an d tutor-completio n tim e 
t o yiel d a n outcome-efficienc y inde x (i.e. ,  posttes t  scor e 
divide d b y tim e o n tutor) .  Th e interpretatio n o f  thi s variabl e 
i s tha t  large r  value s reflec t  greate r  efficienc y (i.e. ,  highe r 
learnin g outcom e score s relativ e t o tim e spen t  o n th e tutor) . 
Lower  value s indicat e les s ef^cien t  learning . 

We compute d a n A N O V A o n thi s rati o b y conditio n an d 
th e result s wer e significant :  F{A ,  375 )  =  6.00 ,  p  <  .001 .  Th e 
orderin g o f  thi s index ,  b y condition ,  was :  E E < A E s i E A < 
A A <  LC .  A s ca n b e see n i n Figur e 2 ,  L C learner s showe d 
superio r  learnin g efficienc y relativ e t o th e othe r  conditions . 

o 1 8 

AA A E E A E E L C 
Treatmen t  Conditio n 

Figur e 2 :  Learnin g outcom e efficienc y dat a b y condition . 

Retention (Preliminary Results) 

Currently ,  w e hav e dat a from  7 7 =  7 6 o f  th e origina l  N  = 
38 0 participant s fo r  th e retentio n par t  o f  th e stud y (i.e. , 
phas e 2) .  Thi s phas e wil l  b e complete d Jun e 1996 .  Th e 
questio n her e i s h o w th e practic e conditions ,  i n general , 
affec t  retentio n o f  thi s material .  Becaus e thi s represent s a n 
incomplet e study ,  th e followin g shoul d b e viewe d a s 
preliminar y analyse s an d tentativ e conclusions . 

Prio r  t o makin g comparison s amon g condition s o n 
retention ,  w e neede d t o insur e tha t  th e subse t  o f  returnin g 
learner s wer e comparabl e t o th e origina l  sampl e (phas e 1 
dat a overall ,  an d pe r  practic e condition) .  W e compute d one -
way A N O V As o n demographi c measure s (age ,  gender , 
education ,  compute r  experience) ,  b y phase .  N o n e o f  thes e 
measure s wer e significantl y different .  W e als o compare d 
returnin g t o origina l  participants '  dat a o n phas e 1  posttes t 
score s (adjuste d fo r  pretest) .  Score s from  th e returnin g 
sampl e di d no t  diffe r  significantl y from  th e origina l  sampl e 
on thi s measure ,  t(454 )  =  -0.11 ,  / ? =  .91 . 

Next ,  w e compute d a  facto r  analysi s (principa l 
component s analysis )  o n th e cognitiv e abilit y  tes t  dat a 
(percen t  correc t  scores) .  Thi s resulte d i n th e extractio n o f  a 
singl e factor :  genera l  aptitude .  Th e percentag e o f  varianc e 
accounte d fo r  b y thi s facto r  wa s 64.0% ,  wit h A / = 0 ,  an d S D 
= 1 .  Facto r  score s wer e save d fo r  eac h perso n an d use d a s a 
covariat e i n subsequen t  analyses . 

We the n combine d dat a from  individual s originall y 
learnin g from  th e A E an d E A condition s because :  (a )  thei r 
acquisition ,  outcome ,  an d efficienc y dat a from  phas e 1  wer e 
not  significantl y differen t  t o warran t  thei r  separation ,  (b ) 
thi s increase s th e powe r  o f  th e upcomin g analyses ,  an d (c ) 
thi s sam e procedur e wa s followe d i n th e origina l  Shut e & 
Gawlic k (1995 )  study .  Furthermore ,  w e combine d th e tw o 
retentio n tes t  score s int o a n averag e retentio n score . 

T o tes t  ou r  hypothese s concernin g conditio n an d gende r 
effect s o n retention ,  w e compute d a n A N O V A wit h 
retentio n a s th e within-subject s variabl e (i.e. ,  th e adjuste d 
posttes t  score s from  phas e 1  an d averag e retentio n score s 
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from  phas e 2  a s th e repeate d measures) .  Conditio n (AA , 
A E / E A ,  E E ,  L C )  an d gende r  (male ,  female )  wer e th e 
between-subject s variables .  W e include d th e aptitud e facto r 
scor e a s a  covariat e i n th e equatio n t o contro l  fo r  an y 
difference s i n aptitud e tha t  m a y mediat e an y obtaine d mai n 
effect s o r  interactions .  Result s from  th e A N O V A showe d n o 
mai n effec t  o n retentio n du e t o origina l  practic e conditio n 
( F < \ ) ,  n o mai n effec t  oigende r  ( F <  1) ,  bu t  a  significan t 
conditio n x  gende r  interaction :  F(3 ,  67 )  =  3.79 ,  p  =  .01 . 
Thi s interactio n i s depicte d i n Figur e 3 . 
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Figur e 3 .  Condi t io n b y gende r  interactio n o n retentio n 

Finally, we created a retention-efficiency index—retention 
scor e (wit h adjuste d posttes t  scor e from  phas e 1  partialle d 
ou t  a n d th e retentio n scor e residual s save d fo r  eac h person ) 
divide d b y origina l  learnin g time .  A g a i n ,  highe r  n u m b e r s 
m e an greate r  retentio n relativ e t o acquisitio n time .  W e 
compute d a n A N O V A o n thi s inde x b y conditio n an d th e 
result s wer e significant :  f(3 ,  72 )  =  3.54 ,  p  =  .02 .  B y 
condition ,  th e ordere d indice s were :  E E (13.4) ,  A E / E A 
(14.2) ,  A A (18.7) ,  an d L C (24.6) .  Comparin g jus t  th e 
relativ e indice s relate d t o th e L C an d E E conditions ,  th e 
effec t  siz e =  1.6 ,  wit h a  stron g L C advantag e ove r  th e E E 
condition . 

Discussion 

I s i t  reall y th e cas e tha t  mor e practic e opportunitie s yiel d 
bette r  achievement ,  regardles s o f  regimen ;  o r  i s th e 
relationshi p mor e complicated ? Th e fu-s t  purpos e o f  thi s 
stud y wa s t o replicat e rathe r  unexpecte d findings from  ou r 
origina l  stud y (Shut e &  Gawlick ,  1995 )  tha t  teste d thi s 
query .  Disregardin g th e learne r  contro l  manipulatio n fo r  a 
momen t ,  w e specificall y replicate d th e following :  (a ) 
Reduce d practic e opportunitie s resul t  i n wors e accurac y 
acquisition ,  bu t  (b )  despit e thes e acquisitio n differences , 
outcom e performance s acros s al l  condition s ar e equivalen t 
(eve n i n thi s differen t  domain) ,  an d (c )  learner s i n th e 
abbreviate d condition(s )  complet e th e tuto r  significantl y 
faste r  tha n learner s i n th e mor e extende d conditions . 
Moreover ,  whe n w e vie w tutor-tim e dat a separate d int o it s 
componen t  part s (instructio n an d problem-solvin g time) ,  w e 
see ,  predictably ,  tha t  problem-solvin g tim e increase s a s a 
functio n o f  practic e conditio n ( A A <  A E <  E A <  EE) . 
However ,  instructio n tim e show s areversa l  o f  thi s ordering : 
E E <  E A <  A E <  A A .  Thi s suggest s tha t  abbreviate d 
learner s m a y hav e bee n attemptin g t o compensat e fo r  thei r 

spars e practic e environment s b y spendin g relativel y mor e 
tim e reviewin g th e instructiona l  section s o f  th e tutor . 

A secon d goa l  o f  phas e 1  o f  thi s stud y wa s t o examin e th e 
effect s o f  learne r  contro l  o n thes e sam e parameter s (i.e. , 
acquisition ,  outcome ,  an d efficiency) .  Whil e th e L C learner s 
di d sho w a n intermediat e leve l  o f  acquisitio n accuracy , 
surprisingly ,  the y complete d th e tuto r  faste r  tha n an y othe r 
condition .  A n d whe n w e compute d an d teste d a n outcome -
efficienc y inde x b y condition ,  result s showe d th e L C 
learner s greatl y surpasse d th e othe r  group s (se e Figur e 2) . 

I n th e secon d phas e o f  thi s study ,  w e ar e (a )  attemptin g t o 
replicat e fmding s from a  previou s retentio n stud y (Shut e & 
Gawlick ,  1995) ,  wher e greate r  retentio n o f  fligh t 
engineerin g knowledg e an d skill s  wer e exhibite d b y thos e 
w ho originall y learne d from  mixed-practic e condition s (A E 
and E A ) ,  an d (b )  examinin g di e effect s o f  practic e conditio n 
and gende r  o n retention . 

Followin g si x month s betwee n origina l  instructio n (phas e 
1)  an d retentio n testin g (phas e 2 )  i n th e presen t  study ,  usin g 
a differen t  domain ,  w e foun d n o significan t  mai n effec t  o f 
origina l  practic e conditio n o n retention ,  thu s w e faile d t o 
replicat e th e fmdin g o f  th e mixed-practic e condition' s 
advantag e o n retentio n (althoug h th e dat a ar e stil l 
incomplete) .  However ,  w e hav e foun d a  ver y interestin g 
conditio n b y gende r  interaction .  Figur e 3  clearl y show s tha t 
fo r  males ,  learnin g from  th e L C conditio n represent s th e 
superio r  learnin g environment-their  outcom e an d retentio n 
score s ar e muc h highe r  compare d t o male s learnin g i n th e 
othe r  practic e conditions .  Th e femal e dat a revea l  a  ver y 
differen t  story-female s lear n bette r  an d remembe r  mor e 
from  th e consistentl y extende d conditio n (EE) ;  thei r  poores t 
performance s ar e associate d wit h th e L C condition .  Thi s 
interactio n i s eve n mor e compellin g i n tha t  i t  appear s eve n 
wit h aptitud e bein g controlle d i n th e equation . 

What  woul d accoun t  fo r  th e obtaine d gende r  b y conditio n 
interactio n i n relatio n t o differentia l  retention ,  particularl y 
fo r  th e L C condition ? First ,  aptitude-treatmen t  interactio n 
(ATI )  researc h ha s show n tha t  certai n learne r  characteristic s 
ar e bette r  suite d t o specifi c  kind s o f  environment s t o 
achiev e optima l  outcom e performanc e (se e Shute ,  Glaser ,  & 
Raghavan ,  1989 ;  Tobias ,  1989 ,  1994) .  Second ,  Shut e 
(1993 )  reporte d tha t  individual s demonstratin g greate r 
explorator y behavior s perfor m bette r  i n mor e ope n learnin g 
environment s (simila r  t o th e L C condition ,  an d contrastin g 
wit h mor e didacti c ones )  whil e th e convers e wa s foun d fo r 
less-explorator y individuals .  Third ,  a  differen t  stud y (Shut e 
& Gluck ,  i n press )  fiirther  examine d explorator y behavior s 
i n term s o f  optional ,  on-lin e too l  usage ,  an d reporte d gende r 
effect s relate d t o too l  use .  Tha t  is ,  male s tende d t o mor e 
spontaneousl y emplo y th e on-lin e tool s compare d t o 
females ,  an d ther e wa s a  mai n effec t  o f  too l  us e o n learnin g 
outcom e (i.e. ,  mor e wa s better ,  overall) .  Finally ,  explorator y 
and independen t  kind s o f  behavior s hav e bee n linke d t o 
endogenou s testosteron e level ,  an d male s hav e significantl y 
mor e testosteron e tha n female s (e.g. ,  Broverman ,  Klaiber , 
Kobayashi ,  &  Vogel ,  1968 ;  Kimura ,  1992 ;  N e w c o m b e , 
1982) .  Testosteron e affect s brai n function s i n a  manne r 
simila r  t o a n adrenergi c stimulant-exertin g a n influenc e o n 
precisel y thos e trait s tha t  ar e bes t  suite d t o a  learnin g 
environmen t  offerin g mor e learne r  control . 
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Obviously ,  mor e researc h i s neede d t o tes t  al l  o f  thes e 
relationships .  W e ar e currentl y completin g a  scrie s o f  si x 
studie s tha t  examin e gende r  effect s acros s a  rang e o f 
learnin g environment s an d domains ,  assessin g testosteron e 
levels ,  an d relatin g thes e variable s t o performance .  M a n y 
ne w gende r  b y treatmen t  interaction s ar e emergin g tha t  hav e 
direc t  implication s fo r  adaptiv e instructiona l  desig n 

I n conclusion ,  participant s i n th e L C conditio n complet e 
th e tuto r  muc h faste r  tha n th e othe r  fixed-practice 
conditions ,  ye t  perfor m n o differentl y o n th e outcom e 
measur e compare d t o thos e havin g th e mos t  extensiv e 
practic e opportunities .  Moreover ,  w e continu e t o se e 
advantage s fo r  th e L C conditio n afte r  si x months ,  illustrate d 
by thi s group' s larg e retention-efficienc y inde x relativ e t o 
th e othe r  conditions .  Th e onl y downsid e i s tha t  thi s 
conditio n appear s t o b e bette r  fo r  male s tha n females ,  a t 
leas t  wit h regar d t o retention .  Overall ,  thes e findings 
sugges t  tha t  th e desig n o f  automate d instructiona l  system s 
may b e enhanced ,  an d learnin g efficienc y improved ,  b y 
providin g greate r  studen t  contro l  durin g learning . 
Furthermore ,  female s ma y benefi t  b y receivin g pre-trainin g 
tha t  specificall y focuse s o n way s t o improv e self-monitorin g 
skills .  I n fact ,  w e hav e dat a tha t  suggest s that ,  withi n th e L C 
condition ,  male s ten d t o adjus t  thei r  request s fo r  problem s 
i n relatio n t o perceive d nee d (i.e. ,  askin g fo r  additiona l 
question s i n relatio n t o mor e difficul t  CEs ,  an d fewe r 
question s fo r  les s problemati c  CEs) .  O n th e othe r  hand ,  ou r 
dat a sho w tha t  females ,  i n general ,  ten d t o as k fo r  fewe r 
problems .  W e pla n t o explor e thes e issue s i n greate r  detai l 
onc e al l  o f  th e retentio n dat a hav e bee n collected . 
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Abstrac t 

Thi s pape r  present s a  connectionis t  mode l  o f  huma n 
reasonin g tha t  use s tempora l  relation s betwee n nod e 
firing .  Tempora l  synchron y i s  use d fo r  representin g 
variabl e bindin g an d concepts .  Tempora l  successio n serve s 
t o represen t  rule s b y linkin g anteceden t  t o consequen t 
part s o f  th e rule .  Th e numbe r  o f  successiv e synchronie s i s 
affecte d b y tw o well-know n neurobiologica l  parameters , 
th e frequenc y o f  neura l  rythmi c activit y an d th e precisio n 
of  neura l  synchronization .  Reasonin g i s predicte d t o b e 
constraine d b y thes e variables .  A n experimen t 
manipulatin g th e amoun t  o f  successiv e synchronie s i s 
presented .  Experimenta l  result s woul d see m t o confir m th e 
predictions . 

Introduction 

Shastri & Ajjanagadde (1993) described SHRUTl. a 
connectionis t  mode l  o f  tractabl e reasoning .  The y intende d t o 
buil d a  neurall y plausibl e mode l  base d mainl y o n tempora l 
propertie s o f  observe d rythmi c neura l  firin g pattern s i n th e 
brain .  Certai n neuron s ten d t o oscillat e i n synchron y a t  a 
frequenc y o f  3 0 t o 8 0 H z .  (i.e .  ever y 3 3 t o 1 2 ms) .  Th e 
model  o f  Shastr i  &  Ajjanagadd e use d thi s propert y i n th e 
attemp t  t o solv e th e bindin g problem .  Variable s an d thei r 
resp)ectiv e content s fire d i n synchron y makin g appropriat e 
binding s betwee n role s an d fillers .  Th e us e o f  thi s tempora l 
propert y t o solv e th e bindin g proble m wa s first  studie d b y 
Clossma n (1988) . 

Thei r  mode l  i s  abl e t o dra w inference s wit h grea t 
efficiency .  Bu t  reasonin g i s  limite d t o wha t  Shastr i  & 
Ajjanagadd e cal l  reflexiv e reasoning .  Thi s concep t  describe s 
th e typ e o f  reasonin g tha t  peopl e d o effortlessly , 
immediately ,  almos t  reflexively .  I t  i s  contraste d wit h 
reflectiv e reasoning ,  demandin g mor e effor t  an d attentio n an d 
takin g mor e time .  Deductiv e reasonin g tha t  ha s bee n studie d 
extensivel y i n cognitiv e psycholog y pertain s t o th e clas s o f 
reflectiv e reasoning .  I n thi s pape r  I  wil l  attemp t  t o exten d 
th e propertie s o f  Shastr i  &  Ajjanagadd e mode l  t o allo w i t  t o 
als o handl e reflectiv e reasoning .  F ro m th e model ,  I  wil l 
deriv e certai n prediction s an d provid e empirica l  evidenc e 
substantiatin g thes e predictions . 

Ther e i s  neurobiologica l  evidenc e fo r  considerin g 
synchronizatio n a s a  bindin g mechanis m (Gra y &  al .  1989 , 
Singe r  1995 ,  Nelso n 1995) .  Th e interva l  betwee n tw o 
spike s o f  a  neuro n (re )  i s  approximatel y 1 2 t o 3 3 ms .  Insid e 

thi s interva l  a  numbe r  o f  differen t  synchronie s ca n occur . 
Thi s numbe r  i s constraine d b y n  an d b y to ,  th e widt h o f  a 
windo w o f  synchrony .  Node s tha t  fire  withi n a  la g o f  les s 

tha n W/ 2 ar e considere d t o fir e i n synchron y (figur e 1) . 
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Figur e 1 :  A  representatio n o f  rhythmi c activatio n an d 
synchrony .  Nod e B  fires  i n synchron y wit h nod e A  an d nod e 
D fire s i n synchron y wit h nod e C  (sinc e th e precisio n i s les s 

tha n «/2 ) 

The precision of synchronization between neurons has 
bee n reporte d t o b e approximatel y 3  ms .  (KOni g &  al. , 
1995) .  Thi s mean s tha t  t o shoul d b e aroun d 6  ms .  Thes e 
value s 7 t  an d ( o limi t  th e numbe r  o f  differen t  possibl e 
synchronie s t o aroun d 10 .  Thi s correspond s t o th e wel l 
know n numbe r  7+2 ,  th e spa n o f  workin g memor y (Miller , 
1956 ,  Lisma n &  Idian ,  1995) .  Withi n a  particula r  windo w 
of  synchrony ,  however ,  numerou s concept s ca n fir e a t  th e 
same time .  Th e relevan t  constrain t  i s th e lengt h o f  th e chai n 
of  reasoning .  A s it s lengt h increases ,  th e probabilit y  fo r  a n 
erro r  t o occu r  increases . 

A goo d exampl e o f  reflectiv e reasonin g i s deduction , 
whic h ha s bee n widel y studied .  Typicall y subject s tak e 
approximatel y 5  se c t o dra w a  singl e deductiv e inferenc e 
(Clar k 1969) .  Thi s dela y i s fa r  longe r  tha n thos e describe d 
by th e Shastr i  &  al .  mode l  fo r  reflexiv e inference .  Ther e ar e 
tw o way s t o exten d th e Shastr i  &  al .  mode l  t o allo w i t  t o 
produc e thes e inference s wit h thes e delays .  Eithe r  deductiv e 
reasonin g task s require ,  a  successio n o f  differen t  reflexiv e 
episodes ,  o r  the y requir e learnin g t o initiall y  encod e th e 
problem ,  followe d b y th e buildin g o f  a n appropriat e chai n o f 
reasonin g tha t  wil l  lin k th e dat a t o a  mor e abstrac t  rul e tha t 
enable s inferenc e b y appropriat e bindings . 

Th e first  solutio n require s a n explanatio n o f  th e natur e o f 
th e relationshi p betwee n successiv e dynami c bindings .  Th e 
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secon d require s a  learnin g algorith m t o buil d a  ne w chai n o f 
reasonin g an d th e presenc e o f  abstrac t  knowledg e a t  th e en d 
of  th e chai n o f  reasoning ,  fo r  exampl e pragmati c reasonin g 
schemas (Chen g &  Holyoa k 1985) . 

I  choos e th e secon d solution ,  whic h mean t  includin g i n 
th e mode l  o f  Shastr i  &  al .  a  mechanis m fo r  addin g window s 
of  synchron y durin g th e reasonin g process .  I n S H R U TI  th e 
for m o f  th e quer y mus t  contai n al l  window s o f  synchron y 
necessar y fo r  a  conclusio n t o b e drawn .  Deductiv e reasonin g 
task s ofte n requir e addin g ne w window s o f  synchron y 
becaus e th e variable s o f  th e conclusio n m a y b e boun d t o a 
differen t  conten t  tha n thos e o f  th e premises .  Fo r  example , 
conside r  a  conditiona l  reasonin g tas k wit h a  rule :  "I f  T o m 
give s a  cand y t o Gus ,  the n T o m ha s stole n mone y fro m 
Mary "  an d a  premise :  "To m give s a  cand y t o Gus" .  I n orde r 
t o generat e th e correc t  conclusio n ("To m ha s stole n mone y 
fro m Mary") ,  "candy "  an d "money "  canno t  fire  i n synchrony , 
nor  ca n "Gus "  an d "Mary" .  Otherwis e ther e woul d b e 
confusio n abou t  exactl y wha t  i s stole n o r  give n an d t o 
w h om i t  i s stole n o r  given . 

Shastr i  &  Ajjanagadd e (1993 )  describ e a  learnin g 
algorith m tha t  enable s node s t o fir e i n synchron y startin g 
wit h a  nois y tempora l  firin g distribution .  Learnin g i s no t 
onl y necessar y t o synchroniz e firin g o f  appropriat e nodes , 
but  als o t o lin k th e give n rul e t o a  mor e abstrac t  rul e tha t 
enable s th e generatio n o f  th e conclusion . 

Shastr i  &  Granne s (1995 )  modifie d S H R U TI  t o enabl e i t 
t o perfor m negatio n an d detectio n o f  inconsistencies .  The y 
adde d a  negativ e collecto r  nod e t o ever y predicate .  Thi s 
optio n wa s no t  chose n i n th e presen t  mode l  sinc e i n thei r 
extension ,  th e negatio n o f  eac h predicat e mus t  b e 
specificall y included .  Thi s seeme d somewha t  unrealisti c 
sinc e negatio n i s a  genera l  concep t  an d nee d no t  b e 
specificall y associate d wit h eac h predicate . 

The Shastr i  &  al .  mode l  make s us e o f  differen t  kind s o f 
nodes :  fac t  nodes ,  collecto r  nodes ,  enable r  nodes ,  etc . 
Accordin g t o Ajjanagadd e (1994 )  thi s se t  o f  nod e types ,  a s 
wel l  a s th e distinctio n betwee n role s an d fillers ,  i s 
unnecessary .  H e describe s a  syste m tha t  use s a  se t  o f 
excitator y an d inhibitor y links ,  calle d a  lin k bundle .  Thes e 
lin k bundle s preserv e th e qualitie s o f  S H R U TI  whil e 
simplifyin g th e representation .  I  adapte d thi s solutio n t o th e 
presen t  model . 

Description of the Model 

Network Structure 

The network is composed of a set of nodes which are not 
full y  connected .  Eac h nod e i s eithe r  excitator y o r  inhibitory . 
Excitator y node s ca n sen d onl y excitator y messages ,  an d 
inhibitor y node s onl y inhibitor y messages .  Whil e excitator y 
link s bin d tw o nodes ,  inhibitor y link s bin d a  nod e t o a 
excitator y connection .  Thi s enable s a  temporar y blockin g o f 
a specifi c  excitator y transmission ,  (figur e 2) . 

Each connectio n ha s a  weigh t  whic h ha s tw o functions : 
determinin g th e probabilit y  o f  transmissio n o f  activation , 
and,  i n th e even t  o f  transmission ,  th e amoun t  o f  activatio n 

transmitted .  Connection s als o hav e a  lengt h whic h 
determine s th e dela y fo r  th e activatio n t o propagat e from  th e 
afferen t  nod e t o th e efferen t  node . 

f  E  J  Excitator y nod e 

f I J Inhibitory node 

Inhibitor y lin k 

Excitatory link 

Figur e 2 :  Structur e o f  th e ne t 

A node represents a small cluster of neural units (akin to the 
Hebbia n notio n o f  cel l  assemblies )  an d a  se t  o f  node s firin g 
i n synchron y represent s a  concep t  o r  a  se t  o f  boun d 
concepts .  I n figur e 4  th e concep t  "Consequent "  i s  compose d 
of  4  node s an d i s boun d t o "Lawrence "  becaus e the y bot h fir e 
i n synchron y (figur e 3) .  I n thi s networ k architecture ,  unlik e 
m a ny connectionis t  architectiu'es ,  ther e i s n o notio n o f  layer . 

Activation Propagation 

Excitatory activation is stochastically transmitted along 
connections .  Connectio n weight s represen t  th e strengt h o f 
activatio n passin g an d th e probabilit y o f  propagatio n 
throug h th e connections .  Accordin g t o thei r  weight , 
connection s ar e stochasticall y selected .  O n c e selected ,  th e 
afferen t  nod e receive s a n activatio n equa l  t o th e valu e o f 
weight .  I f  th e s u m o f  activation s arrivin g a t  a  nod e reach s a 
threshold ,  th e nod e fires .  Activatio n propagatio n alon g a 
connectio n take s tim e an d th e propagatio n spee d i s randoml y 
selecte d fro m a  particula r  interva l  whic h i s modifie d b y th e 
learnin g algorithm .  Inhibitor y activatio n follow s th e sam e 
principles ,  excep t  tha t  activatio n propagate s fro m node s t o 
excitator y connections . 

O n ce a  nod e fires ,  i t  tend s t o fir e rhythmicall y wit h a 
frequenc y betwee n 3 0 an d 8 0 H z (i.e .  betwee n 3 3 an d 1 2 
m s ) .  Followin g Shastr i  &  Ajjanagadde' s (1993 )  notation , 
thi s inter-spik e dela y i s calle d n .  T h e widt h o f  w i n d o w s o f 
synchron y las t  3  t o 6  m s an d thi s valu e i s note d (O . 

Synchronou s firin g o f  node s eithe r  produce s variabl e 
bindin g o r  associate s unit s tha t  participat e i n a  concep t 
representation.  T h e tempora l  sequenc e o f  synchronou s firin g 
indicate s relation s be twee n concepts ,  enablin g th e 
representatio n o f  rules .  Fo r  examp le ,  i n figur e 3 , 
"Antecedent "  fire s befor e "Consequent "  an d stand s fo r  th e 
rule :  " U Anteceden t  the n Consequent" . 

667 



Learn in g 

Learning modifles weights and connection delays on the 
basi s o f  informatio n fro m th e externa l  world .  I t  i s assume d 
tha t  fact s perceive d ar e compose d o f  a  serie s o f  concepts .  Th e 
activatio n o f  thes e concept s ha s a  particula r  tempora l  order . 
Th e tas k o f  th e learnin g algorith m i s t o reproduc e thi s 
tempora l  orde r  an d t o lin k concept s t o th e res t  o f  th e 
knowledg e base .  Externa l  activatio n shoul d therefor e b e 
distinguishe d fro m interna l  autonomou s activatio n o f  th e 
net .  Modificatio n o f  weight s an d delay s depend s o n th e 
overla p o f  externa l  an d interna l  activation .  I n th e cunen t 
model ,  whe n activation s overlap ,  th e weight s o f  excitator y 
connection s increase ,  an d th e dela y interval s shif t  t o focu s 
aroun d th e mos t  recentl y selecte d dela y duration .  I n addition , 
th e weight s o f  connection s inhibitin g excitator y connection s 
als o decrease .  W h e n activation s d o no t  overla p th e proces s i s 
inverted .  Dela y learnin g ca n rapidl y focu s o n a  particula r 
value ,  enabUn g node s t o chang e thei r  partner s o f  synchron y 
and therefor e permittin g plasticit y i n variabl e binding . 

Predictions of the Model 

This model predicts that reasoning will take more time and 
be mor e difficul t  a s th e numbe r  o f  synchronie s increases . 
The numbe r  o f  possibl e tempora l  synchronie s depend s o n 
th e firequemcy  o f  rhythmi c patter n o r  th e inter-spik e dela y (tc ) 
and th e widt h o f  window s o f  synchron y (co) .  W h e n th e 
number  o f  synchronie s increases ,  th e frequenc y mus t 
decreas e (i.e. ,  t c become s larger )  and/o r  c o mus t  decrease .  I f 
thi s las t  valu e decrease s to o much ,  th e probabilit y  o f 
confusio n betwee n synchronie s increase s an d th e probabilit y 
of  error s increases .  I n addition ,  th e tim e fo r  th e networ k t o 
reac h a  stabl e stat e wil l  increase . 

Experiment 1 

To test the last prediction we ran a reasoning experiment 
comparin g tw o situations .  Th e firs t  situatio n require s si x 
window s o f  synchron y (6to) ,  th e secon d require s eigh t 
window s o f  synchron y (8a)) .  Thirt y subject s receive d th e 
followin g instructions :  " A rul e writte n i n blu e wil l  appea r 
on th e screen ,  yo u mus t  rea d i t  an d tel l  m e whe n yo u hav e 
understoo d it .  Afterward ,  a  statement ,  writte n i n re d wil l 
appea r  o n th e screen .  Yo u shoul d relat e i t  t o th e rul e an d tel l 
me wha t  yo u conclude" .  Subject s wer e give n a  serie s o f 
simila r  arithmeti c exercise s t o familiariz e the m wit h th e 
procedure .  Subject s wer e randoml y assigne d t o on e o f  th e 
tw o groups . 

I n th e firs t  grou p (6w) ,  subject s receive d thi s rule :  "I f  T o m 
give s a  cand y t o Gu s the n T o m ha s give n a  cand y t o 
Lawrence "  an d th e question s appearin g i n a  rando m orde r 
were :  "To m give s a  cand y t o Gus" ,  "To m doe s no t  giv e a 
cand y t o Gus" ,  "To m ha s give n a  cand y t o Lawrence "  an d 
"To m ha s no t  give n a  cand y t o Lawrence" .  Thi s tas k o f 
conditiona l  reasonin g make s referenc e t o materia l 
implication .  Subjects '  inference s ar e o f  fou r  types :  Modu s 
Ponen s f̂ JiL ,  M o d u s Tollen s '̂-- ^  (soun d inferences ) 

Denyin g th e anteceden t  ^- ^  an d Affirmin g th e consequen t 

(soun d onl y i n materia l  equivalence) .  Tabl e 1  show s 

thes e inferences . 

Urou p 1 
6<a 

(jTOU p 2 
So 

Modui 
Ponent tcom'i c om 
fiv M a  camd f 
to  Gi u infe r 
Tom ha i 
fiw n a  cmiuf y 
to Lawrtiic 4 bo m To m 
give i  a  cand y 
loCu j  infe r 
Tom ha t 
stolt H memt y 
from  Mar y 

Denyin g th e 
Aniecedico t homTom 
dot *  no t  f  iv « 
a cmdj i  t o 
Gta infe r  To m 
has HOI  |jv«i i 
a cand y t o 
Lawnnei 

ASunungth e 
Coniequen t I n m T o m ^ S 

lo m To m ~ ~ 
dot s no t  (IV « 
a coiuh r  ( o 
Cw infe r 
has ne t  ttoltî ivt j 
montyfro m 
Mary 

•and y no t 
Ton 

tivt n a  Ci 
t o Lawrtnc t 
infe r  To m 
giv* M a  cand y 
to Gu s bo m lor n ha s 
sloU n mone y 
fro m Mar y 

Tamfinfe r  To m 
a cand y 

t o Gu s 

ToUent 
^ m m T S ^ Si 
to t  tn* n a 

candy t o 
Lawrtnc t 
infe r  To m 
dou no t  fiv t 
a cand y t o 
Gus 

tra m To m ha s 
not  stoU n 
money from 
Mvyint a 
Tom dot s no t 
fiv e a  cand y 
t o Gu s Tabl e 1 :  instantiatio n o f  inference s 

Starting with the query: "Tom gives a candy to Gus", the 
model  predict s a  rhythmi c patter n wit h 6  window s o f 
synchron y tha t  coul d b e represente d b y figur e 3  an d a 
networi c stat e enablin g soun d inference s a s i n figure  4 .  Wit h 
6 window s o f  synchrony ,  i f  o )  i s  3  ms. ,  n  mus t  b e >  1 8 
ms.  (th e frequenc y mus t  b e inferio r  t o 5 6 Hz.) ;  i f  o )  i s  6  ms , 
n mus t  b e ̂  3 6 ms .  (th e frequency  mus t  b e inferio r  t o 2 8 
Hz.) .  I n figure  3 ,  n  i s equa l  t o 2 4 ms .  (4 2 Hz. )  an d ©  i s 
equa l  t o 4  ms . 
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Figur e 3 :  Concept s firing  followin g th e query :  "To m give s a 
cand y t o Gus "  i n th e situatio n 1 .  Gu s an d Anteceden t  ar e 
firing  i n synchron y a s wel l  a s Lawrenc e an d Q)nsequen t 

Connections represented in figure 4 enable sound material 
implicatio n inferences .  W h e n th e premis e i s "Yes ,  T o m 
give s a  cand y t o Gus" ,  activatio n i s propagate d from  "Gus " 
t o "Antecedent" ,  from  "Antecedent "  t o "Consequent "  an d 
from  "Consequent "  t o "Lawrence" .  W h e n th e premis e i s 
"No ,  T o m give s a  cand y t o Gus" ,  "No "  inhibit s th e 
connectio n from  "  Antece<fcnt "  t o "Consequent "  thu s prevent s 
any conclusion .  W h e n th e premis e i s "Yes ,  T o m give s a 
cand y t o Lawrence" ,  "Lawrence "  activate s "consequent "  bu t 
"Yes "  inhibit s th e connectio n fro m "Consequent "  t o 
"Antecedent "  thu s prevent s an y conclusion .  W h e n th e 
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premis e i s "No ,  T o m give s a  cand y t o Lawrence "  n o 
inhibitio n occur s an d activatio n i s propagate d t o enabl e 
"Gus "  node s t o fire. 

Lawrcnc i 

Consequen t Anteceden t 

Figur e 4 :  A  networ k configuratio n tha t  enable s soun d 
infe-rence s wit h regar d t o materia l  implication .  Eac h 
concep t  i s represente d b y a  se t  o f  interconnecte d node s 
althoug h i t  i s no t  showed .  (Not e tha t  som e node s coul d 
be use d b y mor e tha n on e concept ,  an d tha t  onl y a  smal l 
number  o f  connection s ar e represented) .  Affirmatio n an d 
negatio n node s ar e necessar y fo r  soun d materia l 
implicatio n inferenc e throug h inhibitio n mechanism . 
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Figur e 5 :  Concept s firing  followin g th e query :  "To m give s a 
cand y t o Gus "  i n th e situatio n 2 .  Give s an d Anteceden t  ar e 
firin g i n synchron y a s wel l  a s Has_stole n an d Consequen t 

For the second group (8co), subjects received this rule: "If 
To m give s a  cand y t o Gu s the n T o m ha s stole n mone y from 
Mary "  an d th e question s were :  "To m give s a  cand y t o Gus" , 
"To m doe s no t  giv e a  cand y t o Gus" ,  "To m ha s stole n 
money from  Mary "  an d "To m ha s no t  stole n mone y fro m 
Mary "  appearin g i n a  rando m order .  Th e require d 8  window s 

of  synchron y ca n b e rqjresente d a s i n figur e 5  an d th e stat e 
of  th e networ k a s i n figur e 6 .  Wit h 8  w indow s o f 
synchrony ,  i f  o > i s 3  nis ,  n  mus t  b e ̂  2 4 ms .  (th e frequency 
must  b e inferio r  t o 4 2 Hz.) ,  i f  c o i s 6  ms .  i t  mus t  b e ̂  4 8 
ms.  (th e frequenc y mus t  b e inferio r  t o 2 1 Hz. )  whic h i s ou t 
of  realisti c range.  I n Figur e S ,  K  i s equa l  t o 2 8 ms .  (3 6 Hz. ) 
and ( 0 i s equa l  t o 3  ms . 

The connection s show n i n figure  6  enabl e soun d materia l 
implicatio n inferences .  Fo r  eac h o f  th e fou r  premises ,  th e 
activatio n i s conecA y propagated . 

Tom Give s Cand y Gu s 

0 ( » - 0 0 o o 
Has Stole n Mone y Mar y 

Anteceden t Consequen t 

Figur e 6 :  A  networ k configuratio n tha t  enable s soun d 
inference s wit h regar d t o materia l  implication .  Eac h concep t 
i s represente d b y a  se t  o f  interconnecte d node s althoug h i t  i s 

not  showed . 

Experimentally evaluating the difficulty of the task is not 
easy .  I t  i s  wel l  know n tha t  subject s ofte n d o no t  follo w 
rule s relate d t o materia l  implication .  I n som e situation s o f 
everyda y life ,  soun d inference s relate d t o materia l 
implicatio n ar e les s adequat e tha n thes e o f  materia l 
equivalence .  Bu t  w e canno t  separat e thes e type s o f  peopl e i n 
tw o groups ,  thos e w h o accep t  materia l  implicatio n an d thos e 
w ho accep t  materia l  equivalence .  A  numbe r  o f  biase s affec t 
subject s response s (Evan s 1989) .  Conten t  an d contex t  als o 
modif y th e patter n o f  responses  (Chen g &  Holyoak ,  1985) . 
T o compar e th e performanc e betwee n groups ,  w e coul d 
compar e respons e pattern s tha t  ar e soun d fo r  materia l 
implicatio n o r  materia l  equivalenc e t o othe r  type s o f 
patterns .  Th e soun d inference s fo r  materia l  implicatio n ar e 

Modus Fonen s — r -  an d Modu s Tollens-SLII ,  fo r  materia l 

equivalence ,  Modu s ponen s — r -  ,  Denyin g th e anteceden t 

' ,  Affirmin g th e consequen t and M o d u s ToUen s 

-=r -  .  W e compar e subject s wit h consisten t  response s t o 

subject s w h o contradic t  themselve s from  on e inferenc e t o 
anotha . 

As th e figure 7  shows ,  th e proportio n o f  consisten t 
pattern s o f  response s i s significantl y highe r  i n th e grou p 
wher e th e presente d rul e requir e si x window s o f  synchron y 

(X ^  (1) = 5.12 9 p  <  .05) . 
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Figur e 7 :  Percentag e o f  consisten t  an d inconsisten t  pattern s 
of  inference s fo r  th e tw o groups . 

Even though this criterion measures consistency among 
successiv e inferences ,  i t  migh t  b e criticize d a s bein g simpl y 
a measur e o f  tas k difficulty .  Th e lim e take n b y subject s t o 
dra w a n inferenc e ca n als o b e used .  Th e tim e fro m th e 
appearanc e o f  th e questio n t o th e respons e wa s recorded , 
givin g th e average s indicate d i n Tabl e 2 . 

Grou p 1  (6(0 ) 
489 4 m s 

Grou p 2  (8(0 ) 

652 8 m s 

Tabl e 2 :  Averag e tim e i n ms .  betwee n th e questio n presen -
tatio n an d th e response .  Studen t  t  (103 )  =  -3.04 6 p  <  .00 5 

These data show a highly significant difference between 
th e tw o groups .  Subject s doin g th e tas k requirin g eigh t 
window s o f  synchron y tak e mor e tim e t o mak e a n inferenc e 
tha n subject s doin g th e othe r  task .  A s predicted ,  whe n th e 
number  o f  window s o f  synchron y increases ,  th e likeliho(x l 
of  confusio n betwee n synchronie s increases ,  encodin g o r 
learnin g tim e increases ,  an d th e subject' s respons e i s 
delayed . 

Psychologica l  dat a abou t  multipl e instantiatio n ten d t o 
sho w tha t  peopl e dea l  mor e efficientl y wit h a  proble m i n 
whic h predicate s ar e instantiate d mor e tha n once .  Fo r 
example ,  D e Sot o &  al .  (1965 )  showe d tha t  subject s mak e 
les s error s whe n inferrin g " A i s bette r  tha n C "  fro m th e 
premise s " A i s bette r  tha n B "  an d " B i s bette r  tha n C "  tha n 
fro m th e premise s " B i s bette r  tha n C "  an d " B i s wors e tha n 
A" .  M y hypothesi s involve s a n abstraction ,  a  replacemen t  o f 
th e multipl e premise s b y a  chunke d summar y tha t  describe s 
th e situation .  I n thi s example ,  th e predicat e extend s th e 
number  o f  it s  possibl e argument s t o combin e thos e o f 
additiona l  instantiate d predicates .  W h e n i t  receive s th e secon d 
premis e " B i s bette r  tha n C "  o f  th e firs t  situation ,  th e 
syste m merge s th e firs t  premis e t o includ e C  an d m a y 
transfor m a  representatio n "Bette r  than :  A ,  B "  t o "Bette r 
than :  A ,  B ,  C" .  Th e secon d situatio n require s a n additiona l 
process ,  tha t  o f  usin g th e opposit e predicat e t o transfor m " B 
i s wors e tha n A "  int o " A i s bette r  tha n C" . 

Experiment 2 

The above hypothesis concerning multiple instantiations 
was teste d experimentally .  However ,  fo r  th e moment ,  th e 

presen t  mcxle l  canno t  d o multipl e instantiation .  I  use d tw o 
situation s involvin g th e sam e numbe r  o f  instantiation s o f 
th e sam e predicate ,  bu t  involvin g a  differen t  numbe r  o f 
transformation s i n orde r  t o mak e a  summarize d conclusion . 
The first  grou p o f  subject s receive d thes e premises :  "Alla n i s 
i n lov e wit h Mary" ,  "Mar y i s i n lov e wit h Allan" ,  "Pete r  i s 
i n lov e wit h Barbara" ,  "Barbar a i s i n lov e wit h Peter" .  Th e 
secon d grou p receive d thes e premises ;  "Pete r  i s i n lov e wit h 
Mary" ,  "Barbar a i s i n lov e wit h Allan" ,  "Alla n i s i n lov e 
wit h Mary "  an d "Mar y i s i n lov e wit h Peter" .  Th e fou r 
premise s wer e presente d i n a  rando m orde r  t o bot h groups . 
Afte r  readin g thes e premises ,  subjec t  ha d t o infe r  whic h 
peopl e wer e happ y (i.e .  wher e thei r  lov e wa s reciprocated) .  A 
highe r  proportio n o f  subject s gav e th e correc t  answe r  i n th e 
first  grou p wher e relation s ar e al l  reciproca l  (.92) ,  tha n i n 
th e secon d grou p (.66) .  Respons e time s wer e als o shorte r  fo r 
th e first  grou p (mean :  387 4 ms )  tha n fo r  th e secon d (mean : 
1026 2 ms )  Studen t  t  (18 )  =  -3.35 2 p  <  .005 . 

Thes e dat a sho w tha t  multipl e instantiatio n ca n b e treate d 
rapidl y whe n onl y a  smal l  numbe r  o f  transformation s ar e 
require d t o ge t  a  summarize d representation .  Subject s ar e fa r 
les s efficien t  a s th e numbe r  o f  require d transformation s 
increases .  However ,  ther e shoul d b e a  mechanis m leadin g t o 
a summarize d representatio n tha t  maintain s a  trac e o f 
previou s instantiation s whil e th e curren t  instantiation s ar e 
active . 

Discussion 

The present system attempts to model not only certain low-
leve l  neurobiologica l  fact s abou t  synchron y o f  neura l  firing 
but  als o highe r  leve l  psychologica l  dat a o n deductiv e 
reasoning .  Th e reade r  ca n refe r  t o Shastr i  &  Ajjanagadd e 
(1993 )  fo r  a  discussio n o f  th e neurobiologica l  plausibilit y  o f 
thi s typ e o f  model . 

We kno w fro m Johnson-Laird' s wor k (e.g .  Johnson-Lair d 
& Byrne ,  1991 )  tha t  reasonin g i s highl y constraine d b y 
workin g memor y capacit y an d w e kno w fro m Chen g & 
Holyoak' s wor k (e.g .  Chen g &  Holyoak ,  1985 ,  Holyoa k & 
Cheng ,  1995 )  tha t  reasonin g i s als o constraine d b y 
pragmati c principle s whic h ar e th e resul t  o f  th e acquisitio n 
and generalizatio n o f  knowledge .  Thi s mode l  attempt s t o 
incorporat e bot h level s i n a  singl e system .  Workin g 
memory i s conceive d a s th e synchronou s an d rhythmi c firing 
of  nodes .  Thi s proces s i s th e consequenc e o f  th e conten t  o f 
lon g ter m memor y sinc e workin g memor y i s viewe d a s th e 
curren t  activatio n o f  lon g ter m memory . 

The paralle l  activatio n o f  node s i n thi s mode l  give s i t  th e 
theoretica l  possibilit y  o f  avoidin g problem s o f 
combinatoria l  explosio n i n a  scaled-u p version .  Thi s i s als o 
on e o f  th e mos t  interestin g featur e o f  th e Shastr i  &  al . 
model  (Shastri ,  1993) .  M a n y o f  th e sequentia l  model s o f 
deductiv e reasonin g hav e bee n show n t o b e intractabl e i n 
scaled-u p version s (Oaksfor d &  Chater ,  1995) . 

A m o ng th e limitation s o f  thi s mode l  ar e th e proble m o f 
th e multipl e instantiatio n an d catastrophi c forgettin g i n th e 
learnin g process .  Multipl e instantiatio n ha s bee n treate d b y 
Mani  &  Shastr i  (1993) .  Fo r  n  instantiation s o f  a  concept , 
th e amoun t  o f  node s require d i n thei r  mode l  i s r̂ .  Ther e i s 
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no mechanis m i n th e presen t  mode l  fo r  dealin g wit h 
multipl e instantiation .  Bu t  experimen t  2  coul d guid e ou r 
research .  Th e numbe r  o f  simultaneou s instantiation s seem s 
t o b e bounde d aroun d 2 .  W e coul d imagin e tha t  node s 
pertainin g t o a  doubl y instantiate d predicat e woul d fir e a t  a 
ryth m twic e a s fas t  a s th e others .  A s ryth m i s bounde d b y 
th e refractor y pnio d o f  neurons ,  multipl e instantiatio n i s 
als o bounded .  Thi s hypothesi s seem s reasonabl e sinc e th e 
frequenc y o f  oscillation s ha s bee n foun d t o b e dependen t  o n 
th e amoun t  o f  activit y tha t  a  neuro n receives . 

Catastrophi c forgettin g i s characterize d b y a n interferenc e 
of  th e newl y learne d conten t  o n previousl y learne d 
informatio n makin g thi s informatio n lost .  I n m y 
computationa l  simulation ,  thi s limitatio n mean s tha t  th e 
proble m mus t  b e encode d a t  th e sam e tim e a s th e lon g ter m 
knowledg e i s stored .  A  separatio n o f  th e architectur e int o a 
"lon g ter m memory "  componen t  an d a  "mediu m ter m 
memory"  componen t  migh t  b e a n effectiv e wa y o f  dealin g 
wit h thi s proble m (French ,  1994) . 

Conclusions 

A good model of human reasoning should explain the 
mechanism s b y whic h peopl e solv e reasonin g problems ,  th e 
caus e o f  systemati c biases ,  an d ho w th e conten t  o f  a 
proble m a£Fect s performance .  I n thi s paper ,  I  hav e focuse d o n 
a possibl e low-leve l  mechanis m — namely ,  synchron y — 
tha t  enable s (an d perturbs )  deductiv e reasoning .  However ,  I 
di d no t  focu s o n systemati c biase s a s describe d i n Evan s 
(1989) .  I t  i s  know n tha t  a  problem' s conten t  affect s th e 
reasonin g process .  Th e presen t  mode l  attempt s t o giv e a n 
emergen t  explanatio n fo r  thi s phenomenon ,  rathe r  tha n 
proposin g a  specifi c  context-independen t  mechanis m fo r  it , 
we coul d incorporat e th e Pragmati c Reasonin g Schema s 
(Chen g &  Holyoak ,  198 5 Holyoa k &  Cheng ,  1995 )  o r 
possibl y Socia l  Exchang e (Cosmide s 1989) .  Th e mode l 
presente d her e attempt s t o combin e neurobiologica l  an d 
psychologica l  plausibility .  I n addition ,  experimenta l  dat a 
confirme d a  n u m b ^  o f  prediction s o f  th e model . 
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Abstrac t 

Thi s pape r  discusse s th e rol e o f  cultur e i n th e evolutio n o f  cog -
nitiv e systems .  W e defin e "culture "  a s an y informatio n trans -
mitte d betwee n individual s an d betwee n generation s b y non -
geneti c means .  Experiment s ar e presente d tha t  us e geneti c pro -
grammin g system s tha t  includ e specia l  mechanism s forculoira l 
transmissio n o f  information .  Thes e system s evolv e compute r 
program s tha t  perfor m cognitiv e task s includin g mathematica l 
functio n mappin g an d actio n selectio n i n a  virtua l  world .  Th e 
dat a sho w tha t  th e presenc e o f  culnire-supportin g mechanism s 
can hav e a  clea r  beneficia l  impac t  o n th e evolvabilit y  o f  cor -
rec t  programs .  Th e implication s tha t  thes e result s ma y hav e 
fo r  cognitiv e scienc e ar e briefl y discussed . 

Introduction 

Interaction s betwee n cultura l  an d evolutionar y processe s ar e 
discusse d i n th e literature s o f  severa l  fields,  includin g cog -
nitiv e scienc e (Donald ,  1991) ,  etholog y (Bonner ,  1980) ,  so -
ciobiolog y (Lumsde n an d Wilson ,  1981) ,  an d primatolog y 
(Quiat t  an d Itani ,  1994) .  Thi s pape r  report s relate d wor k i n 
th e field  o f  evolutionar y computation ,  i n whic h problem s ar e 
solve d b y us e o f  computationa l  mechanism s tha t  hav e bee n 
derive d fro m evolutionar y processes .  I n particular ,  result s 
ar e presente d fo r  geneti c programmin g systems ,  i n whic h 
executabl e compute r  program s ar e automaticall y produce d 
throug h processe s o f  recombinatio n an d natura l  selectio n 
(Koza ,  1992) .  Geneti c programmin g system s ca n automat -
icall y produc e compute r  program s fo r  a  variet y o f  interestin g 
cognitiv e task s includin g circui t  design ,  gramma r  induction , 
bloc k stacking ,  an d actio n selectio n (Koza ,  1992 ;  Spector , 
1994 ,  1996) . 

The representation s an d algorithm s employe d b y artificiall y 
evolve d cognitiv e system s ma y bea r  littl e resemblanc e t o 
thos e o f  natura l  cognitiv e systems .  The y nonetheles s exem -
plif y possibl e cognitiv e mechanisms ,  an d a s suc h the y ma y 
be o f  interes t  t o cognitiv e scienc e mor e broadly .  Fo r  purpose s 
of  cognitiv e modelin g on e ca n als o constrai n th e evolutionar y 
proces s i n variou s ways .  Fo r  example ,  on e ca n restric t  th e 
set  o f  function s an d dat a structure s ou t  o f  whic h program s ar e 
constructe d t o a  se t  tha t  ha s bee n deeme d cognitivel y plau -
sible .  Th e overal l  architectur e o f  evolve d program s ca n b e 
similarl y constrained . 

One ca n measur e th e computationa l  effor t  require d t o 
evolv e system s unde r  differen t  condition s (e.g. ,  whe n th e sys -
tem s ar e architecturall y constraine d i n variou s ways) .  B y 
use o f  suc h measurement s on e ca n asses s th e evolvabilit y  o f 
cognitiv e system s o f  variou s sort s give n th e specifie d con -
ditions .  Becaus e al l  natura l  cognitiv e system s presumabl y 

aros e throug h evolutionar y processes ,  thi s informatio n ma y 
be use d a s evidenc e fo r  o r  agains t  hypothese s abou t  cognitiv e 
mechanism s i n natura l  systems . 

Thi s stud y examine s th e effec t  tha t  cultur e ha s o n th e evolv -
abilit y  o f  cognitiv e systems .  W e defin e "culture "  a s an y infor -
matio n transmitte d betwee n individual s an d betwee n genera -
tion s b y non-geneti c means. '  Relate d notion s o f  cultur e hav e 
bee n explore d i n othe r  evolutionar y computatio n paradigm s 
(Bankes ,  1995 ;  Reynolds ,  1994 ;  Hutchin s an d Hazlehurst , 
1993) .  I n thi s pape r  experiment s ar e presente d i n whic h ge -
neti c programmin g system s evolv e program s tha t  perfor m 
cognitiv e task s (mathematica l  functio n mappin g an d actio n 
selection) .  Specia l  mechanism s ar e adde d t o suppor t  cul -
tura l  transmissio n o f  information ,  an d th e resultin g impact s 
on evolvabilit y  ar e observed .  Th e dat a sho w tha t  th e presenc e 
of  culture-supportin g mechanism s ca n hav e a  clea r  beneficia l 
impac t  o n th e evolvabilit y  o f  correc t  programs . 

Fro m a n engineerin g perspective ,  th e result s sho w tha t  th e 
efficienc y o f  geneti c programmin g ca n b e improve d throug h 
th e additio n o f  culture-supportin g mechanisms ;  sinc e th e 
mechanism s ar e als o simpl e an d eas y t o add ,  practitioner s o f 
evolutionar y computatio n shoul d conside r  thei r  us e fo r  othe r 
problems .  Fro m a  cognitiv e scienc e perspective ,  th e result s 
may she d som e ligh t  o n th e relation s betwee n evolutio n an d 
cultur e mor e broadly ,  an d the y ma y als o sugges t  ne w use s o f 
evolutionar y computatio n i n cognitiv e modeling . 

The nex t  sectio n describe s th e experimenta l  metho d use d 
i n thi s study ,  wit h subsection s o n geneti c programming ,  th e 
measuremen t  o f  computationa l  effort ,  indexe d memor y (th e 
mechanis m o n whic h th e implementatio n o f  cultur e i s  based) , 
culture ,  an d tw o tes t  problems:  symboli c regressio n o f  y  = 
x^  +  x ^  +  x ^  +  X  an d actio n selectio n i n W u m p us world . 
Result s ar e the n presente d i n th e for m o f  computationa l  effor t 
measurements ,  an d th e meanin g an d generalit y o f  th e result s 
ar e discussed . 

Method 

Geneti c P r o g r a m m i n g 

Geneti c programmin g i s a  techniqu e fo r  th e automati c gen -
eratio n o f  compute r  program s b y mean s o f  natura l  selectio n 
(Koza ,  1992) .  Th e geneti c programmin g proces s start s b y cre -
atin g a  larg e initia l  populatio n o f  program s tha t  ar e rando m 
combination s o f  element s fro m problem-specifi c  functio n an d 
termina l  sets .  Eac h progra m i n th e initia l  populatio n i s the n 
assesse d fo r  fitness,  an d th e fitness  value s ar e use d i n produc -

'Boime r  (1980 )  provide s a  simila r  definition . 
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in g th e nex t  generatio n o f  program s b y mean s o f  a  variet y o f 
geneti c operation s includin g reproduction ,  crossover ,  an d mu -
tation .  Afte r  a  preestablishe d numbe r  o f  generations ,  o r  afte r 
th e fitness  improve s t o som e preestablishe d level ,  th e best -
of-ru n individua l  i s  designate d a s th e resul t  an d i s produce d 
as th e outpu t  fro m th e geneti c programmin g system .  Ektail s 
of  progra m representatio n an d algorithm s fo r  al l  geneti c op -
erators ,  alon g wit h ful l  sourc e cod e fo r  geneti c programmin g 
systems ,  ca n b e foun d i n (Koza .  1992 )  an d (Koza ,  1994) . 

Computational Effort 

Koza ha s develope d a  techniqu e fo r  measurin g th e compu -
tationa l  effor t  require d t o solv e a  proble m wit h geneti c pro -
grammin g (Koza ,  1994) .  Becaus e th e geneti c programmin g 
algorith m include s rando m choice s a t  severa l  steps ,  dat a i s 
collecte d fro m a  larg e numbe r  o f  independen t  runs .  O n e first 
calculate s P(M,i) ,  th e cumulativ e probabilit y  o f  succes s b y 
generatio n i  usin g a  populatio n o f  siz e M .  Fo r  eac h generatio n 
I  thi s i s simpl y th e tota l  numbe r  o f  run s tha t  succeede d o n 
or  befor e th e it h generation ,  divide d b y th e tota l  numbe r  o f 
run s conducted .  O n e the n calculate s I{M,i,z) ,  th e numbe r  o f 
individual s tha t  mus t  b e processe d t o produc e a  solutio n b y 
generatio n /  wit h probabilit y  greate r  tha n z  (wher e z  i s usuall y 
99%) .  I{M,i,z )  i s calculate d usin g th e formula : 

/(M,i,z )  =  M * ( t - l - l ) * 
log(l-a: ) 

l o g ( l - P ( M , i ) ) 

The min imu m o f  I(M,i,z )  ove r  th e rang e o f  /  i s define d a s 
th e "computationa l  effort "  require d t o solv e th e proble m wit h 
th e give n syste m (Koza ,  1994) . 

Indexed Memory 

Indexe d memor y i s a  mechanis m tha t  allow s program s devel -
oped b y geneti c programmin g t o mak e us e o f  runtim e memor y 
(Teller ,  1994) .  Th e mechanis m consist s o f  a  linea r  arra y o f 
memory location s an d tw o functions ,  R E A D an d W R I T E ,  tha t 
ar e adde d t o th e se t  o f  function s from  whic h program s ar e 
created .  Th e memor y i s initialize d a t  th e star t  o f  eac h pro -
gra m execution .  R E A D take s a  singl e argumen t  an d return s 
th e content s o f  th e memor y locatio n indexe d b y tha t  argu -
ment .  W R I T E take s tw o arguments ,  a  memor y inde x an d a 
dat a item ,  an d store s th e dat a ite m i n th e memor y a t  th e speci -
fied  index .  W R I T E return s th e previou s valu e o f  th e specifie d 
memory location .  Telle r  (1994 )  showe d tha t  indexe d m e m-
or y ca n hel p t o evolv e correc t  program s fo r  certai n problems , 
and tha t  th e combinatio n o f  indexe d memor y an d iteratio n al -
low s geneti c programmin g t o produc e an y Turing-computabl e 
function .  Other s hav e furthe r  examine d th e utilit y  o f  indexe d 
memory;  fo r  example ,  Andr e (1995 )  ha s experimente d wit h 
problem s tha t  requir e th e us e o f  memory ,  an d ha s explore d 
th e way s i n whic h evolve d program s us e indexe d memor y i n 
solvin g thes e problems . 

Culture 

"Culture "  ca n b e implemente d b y modifyin g Teller' s indexe d 
memory mechanis m t o caus e al l  individual s t o shar e th e sam e 
memory.  Th e memor y shoul d b e initialize d onl y a t  th e star t 
of  a  geneti c programmin g run .  Subsequen t  change s t o th e 
memory b y an y individua l  wil l  persis t  an d b e availabl e t o 
othe r  individuals .  Thi s make s i t  possibl e fo r  a  progra m t o 

pas s informatio n t o itsel f  (i n late r  execution s i n th e run) ,  t o 
it s  contemporaries ,  t o it s offspring ,  an d t o unrelate d member s 
of  futur e generations .  Th e orde r  i n whic h th e populatio n i s 
evaluate d fo r  fitness  ca n clearl y hav e a n effect ;  th e evaluatio n 
orde r  withi n eac h generatio n ca n b e randomize d t o preven t 
systemati c exploitatio n o f  thi s effect . 

A cultur e i s th e collectiv e produc t  o f  al l  individual s 
throughou t  evolutionar y time .  Thi s mean s tha t  an y "goo d 
idea "  develope d b y an y individua l  m a y b e preserve d fo r  us e 
by al l  othe r  individuals .  Unfortunately ,  i t  als o mean s tha t  a 
singl e destructiv e individua l  ca n eras e a  grea t  dea l  o f  valu -
abl e information .  Fo r  mos t  o f  th e problem s studie d s o far ,  th e 
positive s outweig h th e negatives—th e availabilit y  o f  a  cultur e 
speed s evolution . 

A progra m evolve d wit h cultur e wil l  generall y functio n 
correctl y onl y whe n ru n i n a n appropriat e cultura l  context . 
The cultura l  contex t  withi n whic h a  progra m wa s evolve d 
i s therefor e a n intrinsi c par t  o f  th e program ,  an d th e geneti c 
programmin g syste m shoul d repor t  th e appropriat e cultura l 
contex t  (initia l  cultura l  memor y state )  alon g wit h th e best-of -
ru n program . 

Test Problems 

Symbolic Regression The goal of the symbolic regression 
problem ,  a s describe d b y Koz a (1992) ,  i s  t o produc e a  func -
tion ,  i n symboli c form ,  tha t  fits  a  provide d se t  o f  dat a points . 
For  eac h elemen t  o f  a  se t  o f  {x ,  y )  points ,  th e functio n shoul d 
m ap th e x  valu e ont o th e appropriat e y  value .  Thi s i s th e sor t 
of  proble m face d b y a  scientis t  w h o ha s obtaine d a  se t  o f  ex -
perimenta l  dat a point s an d suspect s tha t  a  simpl e formul a wil l 
suffic e t o explai n th e data .  Th e scientis t  m a y furthe r  suspec t 
tha t  suc h a  formul a ca n b e constructe d fro m a  particula r  se t  o f 
arithmeti c an d trigonometri c operators .  I n searchin g fo r  th e 
correc t  formul a th e scientis t  i s attemptin g t o solv e a  symboli c 
regressio n problem .  Onc e th e correc t  formul a i s foun d th e 
scientis t  m a y us e i t  t o m a p n e w x  value s ont o thei r  y  values . 

Figur e 1 :  Th e targe t  functio n fo r  th e symboli c regressio n 
problem :  y  =  x *  +  x ^  +  x ^  +  x . 
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For  th e describe d experiment s dat a point s wer e obtaine d 
fro m th e equatio n y  =  x *  +  x ^  +  x ^  +  x  (se e Figur e 1) , 
whic h i s a  standar d exampl e fro m th e literatur e (Koza ,  1992) . 
O ne ca n vie w th e tas k o f  th e geneti c programmin g syste m a s 
tha t  o f  "rediscovering "  o r  inducin g thi s formul a fro m th e dat a 
point s use d a s fitnes s cases .  2 0 fitnes s case s wer e use d fo r  th e 
dat a presente d here ,  wit h randoml y selecte d x  value s betwee n 
- 1 an d 1 .  A  progra m wa s considere d t o b e successfu l  i f  i t 
returne d a  valu e withi n 0.0 1 o f  th e targe t  y  valu e fo r  al l  2 0 
cases . 

The function s tha t  coul d b e use d i n evolve d program s wer e 
th e 2-argumen t  additio n functio n + ,  th e 2-argumen t  subtrac -
tio n functio n - ,  th e 2-argumen t  multiplicatio n functio n * ,  th e 
2-argumen t  protecte d divisio n functio n %,  tw o 1-argumen t 
trigonometri c function s S I N an d C O S,  th e 1-argumen t  expo -
nentia l  functio n E X P ,  an d th e 1-argumen t  protecte d logarith m 
functio n R L O G (a s i n (Koza ,  1992)) .  Program s coul d als o re -
fe r  t o th e independen t  variabl e X ,  an d t o "ephemera l  rando m 
constants "  betwee n - 1 an d 1  (als o a s i n (Koza ,  1992)) .  Tour -
nament  selectio n wa s use d (tournamen t  siz e =  5) ,  alon g wit h 
a 9 0 % crossove r  rate ,  a  1 0 % reproductio n rate ,  n o mutation , 
a populatio n siz e o f  1000 ,  an d a  m a x i m u m o f  5 1 generation s 
per  run .  Detaile d description s o f  th e meaning s o f  thes e pa -
rameter s ca n b e foun d i n (Koza ,  1992) ;  i t  suffice s her e t o not e 
tha t  thes e value s ar e reasonabl y standard . 

For  th e run s wit h indexed-memor y an d fo r  thos e wit h cul -
tur e a  1  (X)-elemen t  m e m o r y arra y wa s added ,  alon g wit h R E A D 
and W R I T E function s tha t  behav e a s describe d above .  Th e 
"index "  argument s o f  thes e function s wer e coerce d t o th e 
prope r  rang e ([0-99] )  b y multiplyin g the m b y 10 0 an d b y 
the n takin g the m modul o 100 . 

W u m p us Wor l d W u m p us worl d (Russel l  an d Norvig , 
1995 )  i s a  proble m environmen t  withi n whic h a n agen t  mus t 
selec t  action s t o navigat e withi n a  dangerou s worl d t o achiev e 
goals .  Th e us e o f  geneti c programmin g fo r  th e evolutio n o f 
W u m p us worl d agent s ha s bee n describe d elsewher e (Spec -
tor ,  1996) .  Thi s sectio n describe s th e proble m informally ; 
see (Spector ,  1996 )  fo r  a  detaile d descriptio n o f  th e W u m p us 
worl d simulator ,  th e functio n set ,  an d othe r  parameters . 

W u m p us worl d i s cav e represente d a s a  gri d o f  square s 
surrounde d b y walls .  A  6-by- 6 gri d wa s use d fo r  th e ex -
perimen u describe d here. ^  Th e agent' s tas k i s t o star t  i n a 
particula r  square ,  t o m o v e throug h th e worl d t o find  an d t o 
pic k u p th e piec e o f  gold ,  t o retur n t o th e star t  square ,  an d t o 
clim b ou t  o f  th e cave .  Th e cav e i s als o inhabite d b y a  " w u m -
pus "  — a  beas t  tha t  wil l  ea t  anyon e w h o enter s it s square .  Th e 
w u m p us produce s a  stenc h tha t  ca n b e perceive d b y th e agen t 
fro m adjacen t  (bu t  no t  diagonal )  squares .  Th e agen t  ha s a 
singl e arro w tha t  ca n b e use d t o kil l  th e wumpus .  W h e n hi t  b y 
th e arro w th e w u m p u s screams ;  thi s ca n b e hear d anywher e 
i n th e cave .  Th e w u m p u s stil l  produce s a  stenc h whe n dead , 
but  i t  i s harmless .  Th e cav e als o contain s bottomles s pit s tha t 
wil l  tra p unwar y agents .  Pit s produc e breeze s tha t  ca n b e fel t 
i n adjacen t  (bu t  no t  diagonal )  squares .  Th e agen t  perceive s 
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Figur e 2 :  A n instanc e o f  a  6-by- 6 W u m p us world . 

a b u m p whe n i t  walk s int o a  wall ,  an d a  glitte r  whe n i t  i s  i n 
th e sam e squar e a s th e gold .  Figur e 2  show s a n instanc e o f  a 
6-by- 6 W u m p us world . 

The w u m p u s worl d agen t  ca n perfor m onl y th e followin g 
action s i n th e world :  g o forwar d on e square ;  tur n lef t  90° ; 
tur n right  90° ;  gra b a n objec t  (e.g. ,  th e gold )  i f  i t  i s  i n th e 
same squar e a s th e agent ;  releas e a  grabbe d object ;  shoo t  th e 
arro w i n th e directio n i n whic h th e agen t  i s facing ;  clim b ou t 
of  th e cav e i f  th e agen t  i s i n th e star t  square . 

The agent' s progra m i s invoke d t o selec t  a  singl e actio n 
fo r  eac h time-ste p o f  th e simulation .  Th e progra m return s 
on e o f  th e vali d action s an d th e simulato r  the n cause s tha t 
action ,  an d an y secondar y effects ,  t o happe n i n th e world . 
The agen t  ca n maintai n informatio n betwee n action s b y us e 
of  a  persisten t  memor y system .  Th e agent' s progra m ha s a 
singl e parameter ,  a  "percept "  tha t  encode s al l  o f  th e sensor y 
informatio n availabl e t o th e agent .  Th e agent' s progra m ca n 
refe r  t o th e component s o f  th e percep t  arbitraril y  man y time s 
durin g it s execution . 

Agent s ar e assesse d o n th e basi s o f  performanc e i n fou r  ran -
doml y generate d worid s (ne w worid s ar e generate d fo r  eac h 
assessment) .  I n eac h worl d th e agen t  i s allowe d t o perfor m a 
m a x i m u m o f  5 0 actions ,  an d th e agent' s scor e i s determine d 
as follows :  1(X )  point s ar e awarde d fo r  obtainin g th e gold , 
ther e i s a  1-poin t  penalt y fo r  eac h actio n taken ,  an d ther e i s a 
100-poin t  penalt y  fo r  eac h uni t  o f  distanc e betwee n th e agen t 
and tiie  gol d a t  th e en d o f  th e run. '  "Standardize d fitness"  val -
ues (fo r  whic h lowe r  value s ar e bette r  (Koza ,  1992) )  ar e th e 
averag e o f  th e score s fro m th e fou r  rando m worlds ,  subtracte d 
fro m 100 .  Agent s ar e no t  explicitl y  rewarde d fo r  climbin g ou t 
of  th e cave ,  althoug h les s actio n penaltie s ar e accumulate d i f 
an agen t  climb s ou t  an d thereb y end s th e simulation .  A n agen t 

^Althoug h th e experiment s describe d i n (Spector ,  1996 )  als o use d 
a 6-by- 6 grid ,  th e world' s "walls "  occupie d spac e i n th e simulato r 
used fo r  thos e experiments .  Th e actua l  playin g are a fo r  thos e exper -
iment s wa s therefor e 4x4 ,  an d th e result s ar e therefor e no t  directl y 
comparabl e t o thos e describe d here . 

Î n th e experiment s describe d i n (Spector ,  1996 )  agent s wer e als o 
charge d a n explici t  100-poin t  penalt y  fo r  dying .  I n th e versio n use d 
her e th e onl y penalt y  fo r  deat h i s implicit—afte r  on e die s on e ca n n o 
longe r  ge t  close r  t o th e gol d o r  pic k i t  up . 
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Figur e 3 :  P(M,i )  fo r  th e symboli c regressio n problem . 
Figur e 4 :  l{M,i,z )  fo r  th e symboli c regressio n problem . 

i s considere d t o hav e solve d th e proble m i f  it s  averag e scor e 
i n fou r  rando m world s i s greate r  tha n zero .  T o hav e obtaine d 
suc h a  scor e a n agen t  mus t  hav e grabbe d th e gol d i n a t  leas t 
one an d usuall y tw o o r  mor e o f  th e fou r  rando m worlds .  Thi s 
i s difficult ;  i n man y case s i t  i s  necessar y t o ris k deat h i n orde r 
t o navigat e t o th e gold ,  an d i n som e case s th e gol d ma y b e 
unobtainabl e becaus e i t  i s i n a  pi t  o r  i n a  squar e surrounde d 
by pits . 

For  th e experiment s describe d here ,  a  C-languag e re -
implementatio n o f  Russel l  an d Norvig' s w u m p u s worl d sim -
ulato r  wa s use d fo r  fitness  evaluation .  Th e worl d siz e wa s 
6-by-6 ,  th e populatio n siz e wa s 1,00 0 an d th e m a x i m u m num -
ber  o f  generation s pe r  ru n wa s 21 .  Tournamen t  selectio n wa s 
use d wit h a  tournamen t  siz e o f  7 . 

Results 

Symbolic Regression 

100 runs were performed with no memory, 100 with indexed 
memory,  an d 10 0 wit h culture .  Figur e 3  show s a  grap h o f 
P(M,i) ,  th e cumulativ e probabilit y  o f  succes s b y generation . 
Not e tha t  th e highes t  probabilit y  wa s obtaine d i n th e run s tha t 
had acces s t o culture .  Figur e 4  show s /(M,i,z) ,  th e numbe r  o f 
individual s tha t  mus t  b e processe d t o produc e a  solutio n wit h 
probabilit y  greate r  tha n z=99% .  Not e tha t  th e lowes t  numbe r 
of  individual s wa s obtaine d usin g culture .  l{M,i,z )  value s ar e 
alway s ver y hig h i n earl y generations ;  earl y generation s ar e 
therefor e no t  show n i n graph s o f  l(M,i,z )  s o tha t  th e detai l  i n 
th e late r  generation s ca n b e seen .  Th e computationa l  effor t 
result s (th e minim a o f  th e /(M,i,z )  graphs )  ar e summarize d i n 
Tabl e 1 . 

W u m p us Worl d 

400 run s wer e performe d wit h n o memory ,  50 9 wit h ordinar y 
indexe d memory ,  an d 80 0 wit h culture.' *  Figur e 5  show s 
a grap h o f  P(M,i) ,  th e cumulativ e probabilit y o f  succes s b y 
generation .  Not e tha t  th e highes t  probabilit y  wa s obtaine d i n 
th e run s tha t  ha d acces s t o culture .  Figur e 6  show s l(M,i,z) , 
th e numbe r  o f  individual s tha t  mus t  b e processe d t o produc e 
a solutio n wit h probabilit y  greate r  tha n z=99% .  Not e tha t  th e 
lowes t  numbe r  o f  individual s wa s obtaine d usin g culture .  Th e 
computationa l  effor t  result s ar e summarize d i n Tabl e 2 . 

Discussion 

Conclusion s f r o m Compu ta t i ona l  Effor t  Result s 

Th e symboli c regressio n result s sho w tha t  th e additio n o f 
an ordinar y indexe d memor y increase s th e computationa l  ef -
for t  require d t o solv e th e problem .  Thi s m a y b e becaus e 
ther e ar e man y program s tha t  comput e th e desire d functio n 
( y =  x' *  +  x ^  +  x ^  +  x )  withou t  usin g memory .  I n addition , 
th e function s R E A D an d W R I T E m a y ac t  a s nois e i n th e func -
tio n set ,  contributin g litd e t o succes s whil e filling  position s 
tha t  coul d instea d b e filled  wit h usefu l  functions .  Never -
theless ,  whe n th e memor y i s share d betwee n individual s a s 
culture ,  th e syste m i s abl e t o tak e advantag e o f  this ,  an d th e 
computationa l  effor t  i s  reduce d t o 6 1 % o f  tha t  require d whe n 
no memor y i s availabl e ( 4 9 % o f  tha t  require d wit h ordinar y 
indexe d memory) . 

^Computationa l  effor t  comparison s ar e indee d vali d betwee n set s 
of  differen t  number s o f  runs .  Fo r  thes e computationall y expensiv e 
run s w e starte d processe s o n severa l  machine s an d sloppe d the m 
when i t  wa s clea r  tha t  w e ha d obtaine d sufficien t  data ;  th e exac t 
number s o f  mn s ar e therefor e arbitrary . 
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Figur e 5 :  P{M,i )  fo r  th e W u m p us worl d problem . 

Conditio n 
No memor y 
Memory 
Cultur e 

Computationa l  Effor t 
899,00 0 

1,131,00 0 
551,00 0 

Tabl e 1 :  Computationa l  effort s  fo r  symboli c regression . 

Figur e 6 :  l(M,i,z )  fo r  th e W u m p us worl d problem . 

Condition | Computational Effort 
No memor y 
Memory 
Cultur e 

1,710.00 0 
2,100.00 0 
1.386.00 0 

Tabl e 2 :  Computationa l  effort s  fo r  W u m p us world . 

The W u m p us worl d result s exhibi t  th e sam e pattern ,  al -
thoug h th e result s ar e noisie r  an d th e interpretatio n i s there -
for e les s clear .  W h e n cultur e i s use d th e computationa l  effor t 
require d t o produc e a  successfu l  W u m p us worl d agen t  i s re -
duce d t o 8 1 % o f  tha t  require d whe n n o memor y i s availabl e 
(66 % o f  tha t  require d whe n ordinar y indexe d memor y i s  used) . 
Surprisingly ,  indexe d memor y onc e agai n increase s compu -
tationa l  effor t  ove r  th e "n o memory "  condition .  I t  appear s 
tha t  th e reactiv e strategie s ar e a t  leas t  a s usefu l  a s knowledge -
base d strategie s fo r  thi s domain . 

The result s sho w tha t  culture-supportin g mechanism s ma y 
be quit e usefu l  withi n som e cognitiv e syste m architectures . 
Thei r  utilit y  i s demonstrate d b y thei r  impac t  o n th e compu -
tationa l  effor t  require d fo r  evolution ;  les s effor t  i s  require d 
t o produc e successfu l  cognitiv e system s whe n th e culture -
supportin g mechanism s ar e presen t  tha n i s require d whe n 
the y ar e not .  I n summary ,  cultur e enhance s th e evolvabilit y  o f 
cognition ,  a t  leas t  fo r  th e task s an d evolutionar y mechanism s 
presente d here . 

Generality 

Whil e cultur e ha s bee n usefu l  i n mos t  o f  th e domain s t o whic h 
we hav e applie d it ,  furthe r  wor k mus t  b e conducte d t o char -
acteriz e th e relationshi p betwee n domai n characteristic s an d 

th e expecte d impac t  o f  th e technique .  Fo r  example ,  th e W u m-
pus worl d environmen t  ca n b e varie d i n man y ways ,  an d th e 
relativ e utilit y  o f  memor y an d cultur e ma y diffe r  i n eac h o f 
thes e variants .  W e ar e currentl y conductin g experiment s wit h 
severa l  variant s an d i t  i s  clea r  fro m th e preliminar y result s 
tha t  cultur e i s  no t  alway s beneficia l  i n W u m p us world .  I n par -
ticular ,  fo r  a  configuratio n simila r  t o tha t  o f  (Spector ,  1996 ) 
i t  appear s tha t  ordinar y indexe d memor y i s best ,  followe d b y 
culture .  Her e w e ma y gai n insight s fro m biologica l  exam -
ples ;  no t  al l  animal s us e culture ,  an d ther e ar e presumabl y 
many niche s i n whic h cultur e confer s n o adaptiv e advantage . 
On th e othe r  hand ,  cultur e appear s t o b e extremel y usefu l  i n 
certai n situation s (e.g. ,  fo r  humans) .  Thi s suggest s tha t  w e 
migh t  expec t  correspondingl y larg e impact s i n certai n geneti c 
programmin g domains . 

Althoug h th e evolution-enhancin g effect s o f  cultur e wer e 
demonstrate d onl y fo r  geneti c programmin g systems ,  ther e 
ar e reason s t o believ e tha t  th e effect s ar e mor e general .  Bon -
ner  (1980 )  ha s describe d a  numbe r  o f  way s i n whic h cultur e 
can enhanc e adaptatio n an d alte r  th e cours e an d spee d o f  evo -
lutionar y processes .  Severa l  feature s o f  organism s an d o f  thei r 
environment s ca n contribut e t o th e possibl e utilit y  o f  culture . 
and ther e i s n o reaso n t o believ e tha t  th e geneti c program -
min g paradig m exploit s thes e feature s an y mor e effectivel y 
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tha n migh t  othe r  evolutionar y computatio n system s o r  natura l 
biologica l  evolution .  Th e utilit y  o f  cultur e i s largel y drive n 
by th e demand s an d resource s o f  a  tas k environment ;  i f  i t 
contain s importan t  regularitie s tha t  ca n b e taugh t  an d learne d 
the n i t  ma y b e advantageou s fo r  individual s t o transmi t  suc h 
informatio n bchaviorally .  On e reaso n i s tha t  th e encodin g o f 
th e informatio n i n behavio r  (includin g "writing "  an d "teach -
ing "  behaviors )  ma y b e simple r  tha n th e encoding  o f  th e sam e 
informatio n i n th e organism' s geneti c code .  Anothe r  reaso n i s 
tha t  informatio n ca n sprea d throug h a  populatio n muc h mor e 
quickl y b y behaviora l  mean s tha n i t  ca n b y geneti c means . 

Future Work 

Fro m a n engineerin g perspective ,  th e presen t  stud y suggest s 
severa l  direction s fo r  additiona l  research .  Th e generalit y o f 
th e observe d effect s shoul d b e furthe r  studie d throug h appli -
cation s t o othe r  proble m environments .  Th e combine d us e 
of  ordinar y indexe d memor y an d cultur e shoul d als o b e ex -
amined .  Variation s o f  th e technique ,  fo r  exampl e t o limi t 
th e destructiv e effect s tha t  unfi t  individual s ca n hav e o n th e 
culture ,  shoul d als o b e explored .  Al l  o f  thes e studie s ma y 
furthe r  enhanc e th e utilit y  tha t  cultur e provide s i n th e geneti c 
programmin g o f  problem-solvin g systems . 

Fro m a  cognitiv e scienc e perspective ,  th e presen t  stud y 
suggest s a  ne w researc h paradig m tha t  coul d b e applie d no t 
onl y t o th e furthe r  stud y o f  interaction s betwee n evolutio n 
and culture ,  bu t  als o t o th e stud y o f  othe r  aspect s o f  cogni -
tion .  Computationa l  modelin g ha s a  lon g histor y i n cognitiv e 
science ,  bu t  modelin g b y mean s o f  evolutionar y computatio n 
i s relativel y new .  Wthi n thi s framewor k model s ar e automat -
icall y generate d b y evolutionar y processes .  On e immediat e 
benefi t  i s  tha t  th e developmen t  o f  model s ma y thereb y requir e 
comparativel y littl e tim e an d effort .  Th e resultin g model s 
may i n som e case s b e difficul t  t o analyze ,  bu t  severa l  sort s 
of  meaningfu l  dat a ma y nonetheles s b e extracted .  Fo r  ex -
ample ,  th e model s ma y b e ru n o n ne w inputs ,  compare d t o 
hand-crafte d model s i n variou s ways ,  o r  "lesioned "  t o asses s 
thei r  fault-toleranc e an d failur e modes .  Alternatively ,  a s i n 
th e presen t  study ,  meaningfu l  dat a ma y b e extracte d fro m th e 
evolutionar y process ,  rathe r  tha n fro m th e resultin g models . 
Evidenc e agains t  a  se t  o f  hypothesize d cognitiv e mechanism s 
coul d b e produced ,  fo r  example ,  b y showin g tha t  i t  i s  difficul t 
or  impossibl e t o evolv e th e appropriat e sort s o f  cognitiv e sys -
tems usin g th e hypothesize d mechanism s a s primitives .  Sim -
ila r  strategie s coul d b e employe d t o provid e evidenc e fo r  o r 
agains t  genera l  cognitiv e architectures .  Existin g technique s 
can b e use d t o measur e th e computationa l  effor t  require d t o 
evolv e system s unde r  variou s conditions ,  an d th e comparison s 
can b e mad e "fair "  b y usin g th e sam e evolutionar y mecha -
nism s fo r  eac h se t  o f  conditions .  Thi s contrast s t o ordinar y 
computationa l  cognitiv e modeling ,  i n whic h differen t  model s 
ar e ofte n produce d b y differen t  programmin g teams .  I n som e 
of  thes e case s i t  ma y no t  b e clea r  whic h aspect s o f  th e per -
formanc e o f  th e resultin g system s ar e du e t o th e underlyin g 
theories ,  an d whic h ar e du e t o th e strength s an d weaknesse s 
of  th e programmers . 
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Abs t rac t 

It is frequently assumed that interpretational errors can 
explai n reaisonin g errors .  However ,  th e evidenc e fo r  thi s 
positio n ha s heretofor e bee n les s tha n convincing .  New -
stea d (1995 )  faile d t o sho w expecte d relation s betwee n 
Gricea n implicature s (Grice ,  1975 )  an d reasonin g er -
rors ,  an d differen t  measure s o f  illici t  conversio n (Beg g 
& Denny ,  1969 ;  Chapma n &  Chapman ,  1959 )  frequently 
fai l  t o correlat e i n th e expecte d fashio n (Newstead ,  1989 ; 
1990) .  Thi s pape r  examine s th e relatio n betwee n inter -
pretatio n an d reasonin g usin g th e mor e configurationa l 
approac h t o classifyin g subjects '  interpretatio n patterns , 
describe d i n Stennin g &  Co x (1995) .  Ther e i t  i s  show n 
tha t  subjects '  interpretationa l  error s ten d t o fal l  int o 
cluster s o f  propertie s define d i n term s o f  rashness ,  hesi -
tanc y an d th e subject/predicat e structur e o f  inferences . 
Firs t  w e sho w tha t  interpretation s classifie d b y illici t 
conversio n errors ,  thoug h correlate d wit h fallaciou s rea -
soning ,  ai e equall y correlate d wit h error s whic h canno t 
be du e t o conversio n o f  premisses .  The n w e explor e ho w 
th e alternativ e metho d o f  subjec t  profilin g i n term s o f 
hesitancy ,  rashnes s an d subject/predicat e affect s syllo -
gisti c reasonin g performance ,  throug h analysi s i n term s 
of  bot h genera l  reasonin g accurac y an d th e Figura l  Ef -
fec t  (Johnson-Lair d &  Bara ,  1984) .  W e sho w tha t  sub -
ject s assesse d a s ras h o n th e interpretatio n task s sho w 
consisten t  characteristi c erro r  pattern s o n th e syllogisti c 
reasonin g task ,  an d tha t  hesitancy ,  an d possibl y rash -
ness ,  interac t  wit h th e Figura l  Effect . 

Introduction 

H o w d o subjects '  explicitl y  Jirticulate d interpretation s o f 
th e logica l  forc e o f  statement s relat e t o thei r  behaviou r 
when reasonin g wit h thes e statements ? Thi s questio n 
i s o f  som e theoretica J importanc e fo r  th e psycholog y o f 
reasoning ,  an d cognitio n i n general .  T h e possibilit y o f 
a lin k betwee n interpretatio n an d reasonin g error s ha s 
bee n use d b y author s suc h a s Henl e (1962 )  t o rationalis e 
reasonin g error .  Ther e ar e extensiv e literature s o n inter -
pretatio n an d o n reasoning ,  an d i t  i s  o f  som e practica l 
an d theoretica l  importanc e t o hav e a  consisten t  accoun t 
of  dat a whic h migh t  naivel y b e expecte d t o b e measurin g 
th e sam e structure s an d processes .  Bu t  th e questio n i s 
als o o f  practica l  importanc e fo r  forme d education .  Teach -
in g logi c involve s bringin g implici t  knowledg e o f  nativ e 
languag e an d it s pragmatic s int o th e explici t  focu s o f  at -
tention .  Interpretatio n task s ca n b e viewe d a s demand s 

on th e subjec t  t o explicitl y  externalis e logica l  relations . 
S o me reasonin g task s m a y b e close r  tha n other s t o en -
gagin g implici t  mode s o f  proble m solving . 

Newstea d (1989 ;  1990 ;  1995 )  ha s extensivel y explore d 
th e commones t  theorie s o f  th e relatio n betwee n inter -
pretatio n an d reasonin g tasks .  H e investigate s th e the -
orie s o f  Illici t  Conversion ,  o f  th e logicall y unconvertibl e 
'Ai r  «in d 'Some.. .  not '  premis s types ,  an d Gricea n impli -
catur e (Grice ,  1975) ,  whic h predict s inferenc e pattern s 
base d o n th e M a x i m o f  Quantity .  H e ask s whethe r  thes e 
'fallacious '  inferenc e patterns ,  bot h o f  whic h ar e evi -
dence d i n interpretatio n tasks ,  ar e als o responsibl e fo r  er -
ror s i n syllogisti c reasonin g tasks ,  a s ha s frequentl y bee n 
assumed .  Hi s genera l  conclusion s fro m analysi s o f  exist -
in g dat a an d ne w experiment s ar e tha t  th e relation ,  be -
twee n Illici t  Conversio n error s (1989 ;  1990 )  an d Gricea n 
error s (1995 )  i n interpretatio n tasks ,  an d th e error s pre -
dicte d b y thes e theorie s i n syllogisti c reasonin g tasks , 
i s a t  bes t  no t  substajitiate d am d a t  wors t  non-existent . 
Hi s explamatio n o f  th e lac k o f  th e expecte d tremspar -
ent  relatio n i s expresse d i n term s o f  Menta l  Model s the -
or y (Johnson-Laird ,  1983) ,  an d i s basicall y a  dept h o f 
processin g expljmation .  Syllogisti c reasoning ,  a  logicall y 
mor e comple x tas k tha n th e 'immediat e inference '  tas k 
use d i n interpretatio n studies ,  engage s th e subjec t  i n 
deepe r  processing ,  an d whe n thi s happen s th e Gricea n 
'delusions '  dro p away . 

O ur  purpos e her e i s t o tr y t o arriv e a t  a  mor e positiv e 
accoun t  o f  th e relatio n betwee n interpretatio n an d rea -
soning .  W e d o thi s o n th e basi s o f  a  mor e genera l  frame -
wor k fo r  understandin g interpretatio n data ,  an d fo r  th e 
separatio n o f  differen t  individua l  difference s i n 'styles '  o f 
interpretatio n an d reasoning .  Stennin g &  Co x (1995 ) 
questione d th e logica l  basi s o f  th e standar d 'immedi -
at e inference '  tas k use d i n Newstea d (1989 )  an d New -
stea d (1990) .  The y showe d tha t  askin g question s tha t 
allowe d th e subjec t  t o distinguis h logica l  independenc e 
fro m th e situatio n wher e eithe r  a  propositio n o r  it s  nega -
tio n followe d fro m a  premiss ,  reveale d severa l  strong , 
generahse d bu t  distinc t  individua l  pattern s o f  response . 
The y distinguishe d hesitan t  reasoner s w h o tende d t o re -
spon d tha t  candidat e conclusion s wer e independen t  o f 
premisses ,  fro m ras h reasoner s w h o tende d t o respon d 
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eithe r  tha t  th e candidat e conclusio n followed ,  o r  tha t  it s 
negatio n followed .  Bu t  mos t  strikingly ,  the y showe d tha t 
i t  wa s th e relatio n betwee n th e subject/predicat e struc -
tur e i n premis s an d candidat e conclusio n tha t  mos t  pow -
erfull y affecte d pattern s o f  response—mor e powerfully , 
i n fact ,  tha n quzmtifie r  identity .  Thu s the y coul d distin -

guis h a  fe w group s o f  subject s o n th e basi s o f  whethe r 
the y wer e ras h o r  hesitan t  o n question s (wher e Q l  an d 
Q2 ar e quantifier s an d m a y o r  ma y no t  b e th e same ,  an d 
a an d b  ar e th e terms )  o f  th e for m Q l  ab .  Doe s i t  follo w 

tha t  Q 2 ab ? an d th e for m Q l  ab .  Doe s i t  follo w tha t 
Q2 ba? .  Th e forme r  question s wer e calle d in-plac e an d 
th e latte r  out-of-plac e questions ,  sinc e i n th e former ,  th e 
term s occurre d i n th e putativ e conclusio n i n th e sam e 
orde r  a s i n th e premiss ,  wherea s i n th e latter ,  th e ter m 
orde r  wa s reversed' . 

Ther e ar e obviou s descriptiv e advantage s t o lookin g 
at  whol e configuration s o f  interpretatio n behaviour ,  an d 
t o classifyin g differen t  kind s o f  subjec t  b y configuration s 
of  response .  Gricea n implicatur e an d iUici t  conversio n 
ar e generall y diagnose d b y lookin g a t  a  smal l  numbe r  o f 
response s whic h leav e ou t  th e vas t  majorit y o f  th e inter -
pretatio n data .  I t  i s  als o clea r  fro m syllogisti c reasonin g 
dat a tha t  mor e tha n on e kin d o f  subjec t  shoul d b e dis -
tinguishe d b y qualitativel y differen t  reasonin g pattern s 
(Ford ,  1994 ;  Pol k &  Newell ,  1988) .  Bu t  th e approac h 
als o offer s theoretica l  aidvjmtages .  Th e psychologica d lit -
eratur e o n interpretatio n an d reasonin g ha s overwhelm -
ingl y focuse d o n error s o f  commission—pattern s o f  infer -
ence invali d b y th e standar d o f  logic .  Bu t  a  configura -
tiona l  approac h t o interpretatio n emphasise s tha t  ther e 
ar e als o error s o f  omission—failure s t o mak e inference s 
whic h ar e logicall y valid—an d tha t  ther e eir e direc t  rela -
tion s betwee n commissio n o n on e questio n an d omissio n 
on another . 

For  example ,  tak e th e tw o candidat e inferenc e pattern s 
Al l  A  ar e B ,  s o al l  B  ar e A  an d Som e A  ar e B ,  s o som e B 
ar e A .  Acceptanc e o f  th e forme r  patter n i s wel l  know n a s 
'illici t  conversion '  error ,  bu t  failur e t o accep t  th e latter , 
perfectl y vali d inferenc e i s unremarke d i n th e psycholog -
ica l  literature .  Bu t  subject s wh o ar e generall y hesitain t 
towar d out-of-plac e question s wil l  ge t  th e firs t  righ t  an d 
th e sec:on d wrong ,  wherea s subject s wh o ar e generall y 
ras h o n out-of-plac e question s wil l  ge t  th e firs t  wron g 
and th e secon d right .  I n Stennin g &  Cox' s (1995 )  data , 
bot h o f  thes e pattern s linkin g commissio n an d omissio n 
wer e common ,  £ui d wer e exhibite d regardles s o f  th e quan -
tifiers ,  thoug h b y differen t  group s o f  subjects .  I n fact , 
what  drive s thi s interpretatio n dat a i s attitude s t o sub -
ject/predicat e structurin g (in-plac e vs .  out-of-place )  i n 
th e questione d inferences . 

'  We stres s tha t  thi s definitio n o f  rashnes s shoul d no t  b e 
take n t o impl y th e possessio n o f  som e genera l  personalit y 
trail ,  no t  leas t  becaus e w e ca n distinguis h th e in-plac e an d 
out-of-plac e varieties . 

I n thi s pape r  w e see k t o explor e th e relatio n betwee n 
thi s configurationa l  approac h t o interpretatio n dat a an d 
syllogisti c reasonin g performance .  W e presen t  a  ne w se t 
of  dat a collecte d t o relat e interpretatio n dat a t o rea -
sonin g data ,  i n orde r  t o compar e th e effect s o f  illici t 
conversio n an d rashness/hesitanc y o n reasonin g perfor -
mance.  Illici t  conversio n error s ar e necessaril y  restricte d 
t o a  subse t  o f  problems ,  s o w e ca n compar e rate s o f 
invali d conclusion s i n conversion-susceptibl e an d unsus -
ceptibl e problems ,  fo r  subject s assesse d a s converter s o r 
non-converter s i n th e interpretatio n tasks . 

The lin k betwee n interpretatio n an d reasonin g accu -
rac y i s the n explore d i n term s o f  th e rashness/hesitanc y 
configurations .  W e ai m t o demonstrat e h o w group s o f 
subject s identifie d o n th e basi s o f  thei r  interpretatio n 
configuration s displa y differen t  erro r  pattern s i n th e syl -
logisti c reasonin g task .  Sinc e rashnes s i s her e define d a s 
th e tendenc y t o infe r  mor e tha n i s logicall y valid ,  i.e .  t o 
gai n information ,  ras h reasoner s shoul d b e mor e liabl e 
t o produc e invali d conclusion s tha n non-ras h reasoners ; 
similarly ,  sinc e hesitanc y i s th e tendenc y t o infe r  les s 
tha n i s logicall y valid ,  o r  t o los e information ,  hesitan t 
reasoner s shoul d b e mor e likel y t o decid e tha t  ther e i s 
No Vzdi d Conclusio n ( N V C )  tha n non-hesitan t  reasoners . 

Recent  wor k b y For d (1994 )  raise s th e possibilit y  o f  in -
vestigatin g individua l  difference s i n relatio n no t  onl y t o 
erro r  tendencies ,  bu t  als o t o respons e biase s suc h a s th e 
Figura l  Effec t  (Johnson-Lair d &  Bara ,  1984) ,  a  robus t 
associatio n linkin g subject/predicat e structurin g i n pre -
misse s t o tha t  evidence d i n subjects '  conclusions .  Th e 
typica l  finding  i s tha t  problem s i n th e ab/b c figure  ten d 
t o giv e ris e t o a c conclusions ,  eve n whe n th e converte d 
for m i s als o vjilid ,  wherea s ba/c b problem s ten d t o giv e 
ris e t o c a conclusions ,  an d ab/c b an d ba/b c sho w n o 
overal l  bias .  Stennin g &  Yul e (1996 )  hav e emphasise d 
th e importanc e o f  proble m semsintic s i n th e explanatio n 
of  suc h effects ,  s o w e ar e intereste d i n whethe r  th e Fig -
ure d Effec t  migh t  b e sensitiv e t o difference s i n premis s 
interpretation . 

Method 

Subject s 

120 psycholog y undergraduate s fro m Edinburg h Univer -
sit y participate d i n th e interpretatio n task s durin g a 
Cognitiv e Psycholog y lecture .  Non e ha d an y previou s 
trainin g i n logic .  Subsequently ,  4 0 o f  these ,  assesse d 
as EC-converter s (6) ,  Il-converter s (16) ,  both-converter s 
(7 )  an d non-converter s (11 )  o n th e basi s o f  thei r  perfor -
mance i n th e interpretatio n tasks ,  wer e pai d £7.5 0 t o 
participat e i n th e syllogisti c reasonin g par t  o f  th e exper -
iment . 

Materials and Procedure 

Interpretatio n Task s Th e interpretatio n task s wer e 
th e sam e a s thos e describe d i n Stennin g &  Co x (1995) . 
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Figure 1: Euler Circle (EC) Task stimuli. 

T wo (|uesti()nnaire s wer e used ,  an d thei r  orde r  o f  pre -
sentatio n wa s counterbalance d acros s subject s suc h tha t 
hal f  receive d th e graphica l  (EC )  conditio n first  an d hal f 
re (  eive d th e sententia l  (II )  conditio n first . 

Th e Eule r  Circl e (EC )  o r  'graphical '  conditio n con -
.siste d o f  th e fiv e diagram s use d b y Newstea d (1989) , 
an d wa s simila r  t o th e E C tas k presente d i n tha t  pape r 
(se e Figur e 1) .  Diagra m 1  wa s th e identit y relatio n (cir -
cl e A '  an d circl e 'B '  superimposed) ;  diagra m 2  showe d 
a smal l  circl e 'A '  insid e a  large r  circl e 'B' ;  diagrei m 3 
showe d a  smal l  circl e 'B '  insid e a  large r  circl e 'A' ;  dia -
gra m 4  showe d circle s 'A '  an d 'B '  intersectin g withou t 
eitlie r  includin g th e othe r  an d diagra m 5  showe d tw o 
non-overlapping ,  disjoin t  circle s 'A '  an d 'B' .  Belo w th e 
diagram s th e 4  premisse s wer e liste d i n th e orde r  A L L , 
N O.  S O M E.  S O M E . . .  N O T .  Adjacen t  t o eac h premis s 
wer e th e number s 1  t o 5 .  Subject s wer e instructe d t o 
circl e th e number(s )  o f  th e diagram(s )  o f  whic h th e sen -
tenc e wa s true . 

Th e sententic d conditio n wa s simila r  t o th e immediat e 
inferenc e (II )  tas k describe d b y Newstea d (1989 )  wit h 
th e exceptio n tha t  a n additiona l  respons e optio n ("Can' t 
tell" )  wci s provided .  A s i n Newstea d (1989) ,  th e ques -
tionnair e consiste d o f  fou r  pages .  A t  th e to p o f  eac h 
pag e on e o f  th e fou r  standar d quantifie d statement s wa s 
(lisplaved :  Al l  A' s ar e B's ;  N o A' s ar e B's ;  Som e A' s ar e 
B' s an d Som e A' s ar e no t  B's .  Thes e wer e th e premis s 
statements .  Beneat h th e stimulu s statement s th e fou r 
(luantifie d statement s wer e liste d (Al l  A' s ar e B' s etc. ) 
an d th e converse s o f  thes e (Al l  B' s ar e A' s etc) .  Thes e 
wer e th e respons e statements .  Alongsid e th e eigh t  re -
spons e statement s wer e respons e option s 'T '  (true) ,  'F ' 
(false )  an d 'Can' t  tell' .  Th e orde r  o f  th e fou r  stimulu s 
statemen t  page s wa s randomise d acros s subjects . 

Subject s wer e instructe d t o assum e th e statemen t  a t 
th e to p o f  th e pag e wa s true ,  an d t o indicat e th e truth , 
falsit> -  o r  independenc e o f  eac h o f  th e respons e state -
ment s b y circlin g 'T' ,  'F '  o r  'can' t  tell '  besid e it . 

I n bot h E C an d I I  tasks ,  subject s wer e instructe d t o 
interpre t  'some '  t o m e a n 'a t  leas t  on e an d possibl y all' . 

Subject s wer e allowe d a s muc h tim e a s the y neede d t o 

complet e th e task s (approximatel y 2 0 minutes) . 

Syllogisti c Reeisonin g Tas k Th e stimulu s material s 
fo r  th e syllogisti c reasonin g tas k wer e booklet s contain -
in g eac h o f  th e 6 4 distinc t  premis s pairs ,  i n rando m or -

der ,  on e pe r  page .  Th e term s o f  th e problem s wer e 'A's' , 
'B's '  an d 'C's' ,  wher e th e en d terms ,  'A's '  an d 'C's' , 
appeare d i n th e first  an d .secon d premisse s respectively , 

and th e middl e ter m 'B's '  appeare d i n bot h premisses . 
Subject s wer e instructe d t o assum e th e premisse s wer e 
true ,  an d t o determin e whethe r  ther e wa s an y statement , 
relatin g th e en d term s A  an d C  usin g on e o f  th e quan -
tifier s A L L ,  N O N E,  S O M E an d S O M E . . .  N O T ,  whic h 
must  the n b e true .  I f  so ,  the y wer e instructe d t o writ e 
i t  i n th e spac e o n th e pag e belo w th e premisses ,  an d 
otherwis e t o writ e 'N o vali d conclusion ' 

Subject s wer e instructe d t o assum e tha t  som e A's ,  B' s 
and C' s existed ,  an d t o interpre t  'some '  t o mea n 'a t  leas t 
one an d possibl y all ' 

Subject s wer e allowe d a s muc h tim e a s the y neede d t o 
complet e th e tasks . 

Results 

Illici t  convers io n a n d inferenc e 

O ne wa y t o evaluat e claim s abou t  illici t  conversio n i n syl -
logisti c reasonin g i s t o divid e problem s int o tw o groups : 
thos e which ,  al l  els e bein g equal ,  ar e susceptibl e t o con -
versio n error s i n th e sens e tha t  extr a conclusion s fol -
lo w i f  illici t  conversio n i s used ,  an d thos e whic h ar e 
not .  W e woul d expect ,  o n th e basi s o f  th e ilhci t  con -
versio n hypothesis ,  tha t  subject s assesse d a s converter s 
on th e interpretatio n tasks ,  woul d produc e dispropor -
tionatel y hig h rate s o f  invali d conclusion s o n conversion -
susceptibl e problem s compare d t o non-converters .  Ai l 
els e bein g equal ,  ther e shoul d b e n o suc h difference s 
fo r  conversion-unsusceptibl e problems .  S o w e expec t  in -
teraction s betwee n proble m typ e an d conversio n group . 
Overal l  difference s i n invali d conclusio n rate s betwee n 
proble m type s ar e no t  o f  interest ,  sinc e the y hav e dif -
feren t  number s o f  problem s wit h an d withou t  vali d con -
clusions .  Tabl e 1  show s th e mea n percentage s o f  invali d 
conclusion s t o problem s whic h ar e susceptibl e t o illici t 
conversio n errors ,  an d t o thos e whic h ar e not ,  fo r  eac h 
of  th e fou r  conversion-group s o f  subjects . 

To tes t  thes e predictions ,  a  mixed-mode l  A N O V A 
was conducted ,  usin g percentag e invali d conclusion s a s 
th e dependen t  variable ,  an d th e independen t  variable s 
proble m typ e (within-subject s conversion-susceptibl e 
and unsusceptibl e problems) ,  EC-conversio n an d II -
conversio n (bot h betwee n subject s -  converter s an d non -
converters) .  Bot h EC-conversio n (F(l,36 )  =  9.50 ,  p  < 
0.004 )  an d Il-conversio n (F(l,36 )  =  6.14 ,  p  <  0.02 ) 
significantl y affecte d overal l  percentage s o f  invali d con -
clusions .  Also ,  ther e wa s a  significan t  differenc e betwee n 
unsusceptibl e an d susceptibl e proble m type s (F(l,36 )  = 
26.25 ,  p  <  0.0001) ,  bu t  thi s doe s no t  concer n u s here . 
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Proble m typ e 

I  nsusceptibl e 
Susceptibl e 
N Ss 

Conversio n grou p 
Neithe r  E C I I 

27.6 4 
42.7 3 

11 

Bot h 
51.0 0 
71.3 3 

6 

45.9 4 61.8 6 
70.9 4 

16 
77.1 4 

7 

Tabl e 1 :  Mea n percentage s o f  incorrec t  conclusion s t o 
conversion-susceptibl e (N=2 0 problems )  an d conversion -

unsusceptibl e problem s (N=4 4 problems) ,  fo r  eaic h con -
versio n group . 

Notabl}-, there were no significant interactions: prob-
le m typ e X  EC-conversio n {F(l,36 )  =  0.03 ,  n.s.) ;  prob -
le m typ e X  Il-conversio n (F(l,36 )  =  0.04 ,  n.s.) ;  prob -
le m typ e X  Il-conversio n x  EC-conversio n (F(l,36 )  = 
1.25 ,  n.s.) . 

Therefore ,  ther e i s n o evidenc e tha t  subject s wh o il -
licitl y  conver t  premisse s i n th e interpretatio n tas k mak e 
any mor e illici t  conversio n error s i n th e reasonin g task , 
contrary -  t o hypothesis .  However ,  bot h EC-converter s 
and Il-converter s produc e mor e invali d conclusion s over -
al l  il l  th e reasonin g task . 

Subject Profiles 

.Assignmen t  o f  subject s t o profil e group s wa s conducte d 
i n th e sam e manne r  a s reporte d i n Stennin g &  Co x 
(1995) ,  usin g th e dat a from  th e Immediat e Inferenc e 
task .  W e labe l  a  tendenc y t o respon d 'can' t  tell' ,  wher e T 
or  F  i s correct ,  hesitanc y (h )  an d a  tendenc y t o respon d 
eithe r  T  o r  F ,  wher e 'can' t  tell '  i s  correct ,  rashnes s (r) . 
Thes e categorie s ca n b e define d withi n Q  A B question s 
and Q  B A questions ,  givin g a  furthe r  subdivisio n int o 
in-plac e (t )  an d out-of-plac e (o) ,  wher e th e conclusio n 
sentenc e preserve s o r  invert s subject-predicat e orde r  re -
spectively .  Loglinea r  modellin g permitte d cutof f  point s 
on eac h dimensio n t o b e iterativel y adjuste d unti l  residu -
al s wer e minimized .  A s i n Stennin g &  Co x (1995) ,  ther e 
wer e n o subject s wh o wer e hesitan t  o n in-pleic e questions , 
so th e thre e binar y dimension s r o (ras h out-of-place) ,  h o 
(hesitan t  out-of-place )  an d r i  (ras h in-place )  wer e sufii -
(len t  t o fit  th e data .  Th e resultin g assignmen t  o f  subject s 
t o rashness/hesitanc y categorie s i s displaye d i n Figur e 2 . 

Subject profiles and inference 

Reasonin g accurac y Tabl e 2  show s th e effect s o f  th e 
thre e rashness/hesitanc y variable s ro ,  h o aii d r i  o n per -
centage s o f  eac h o f  fou r  respons e accurac y categorie s 
i n th e syllogisti c reasonin g task :  correc t  (valid )  conclu -
sions ,  incorrec t  (invalid )  conclusions ,  correc t  N V C re -
sponse s an d incorrec t  N V C responses .  Th e result s o f 
unrelate d t-test s fo r  eac h compariso n ar e als o shown . 
For  eac h o f  th e rashness/hesitanc y properties ,  w e expec t 
posst'ssio n o f  th e propert y t o decreas e th e numbe r  o f  cor -
rec t  conclusions ;  th e difference s ar e al l  i n th e predicte d 
direction ,  bu t  significan t  fo r  onl y th e ras h properties ,  r i 

7 

0 

o 

r o 

X ^ 

5 

V 

7 

ho 

Figur e 2 :  Frequencie s o f  subject s classifie d a s ras h o r 
hesitan t  o n out-of-plac e questions ,  an d ras h o n in-plac e 
question s 

N 
ro -  1 9 
ro + 2 1 

t  (38df ) 
1-tai l  p 

h o -  2 0 
ho + 2 0 

t  (38df ) 
1-tai l  p 

ri -  2 0 
ri + 2 0 

t  (38df ) 
1-tai l  p 

Correc t 
Cone. 

25.08 % 
20.46 % 

2.06 9 
0.02 5 

23.83 % 
21.48 % 

1.00 9 
n.s . 

25.55 % 
19.77 % 

2.67 9 
0.0 1 

Incorrec t 
Cone. 

40.95 % 
54.84 % 

-2.11 2 
0.02 5 

49.37 % 
47.11 % 

0.32 7 
n.s . 

38.98 % 
57.50 % 

-2.96 0 
0.00 5 

Correc t 
N VC 

26.89 % 
19.05 % 

1.63 8 
0. 1 

22.19 % 
23.36 % 

-0.23 7 
n.s . 

28.98 % 
16.56 % 

2.74 9 
0.00 5 

Incorrec t 
N VC 

3.95 % 
3.72 % 

0.16 6 
n.s . 

2.73 % 
4.92 % 

-1.65 4 
0. 1 

3.20 % 
4.45 % 

-0.92 3 
n.s . 

Tabl e 2 :  Th e effect s o f  rashness/hesitanc y o n percent -
ages o f  eac h o f  fou r  respons e accuraic y categories . 

and ro .  Ras h reasoner s shoul d produc e mor e conclusion s 
and fewe r  N V C response s generally ;  th e predicte d differ -
ence s fo r  incorrec t  conclusion s ar e bot h significant ,  bu t 
th e N V C diflferences ,  whil e i n th e predicte d direction ,  ar e 
mostl y insignificant ,  excep t  tha t  r i  doe s significantl y re -
duc e number s o f  correc t  N V C conclusions .  Hesitan t  rea -
soners ,  o n th e othe r  hand ,  shoul d produc e fewe r  incorrec t 
conclusions ,  an d mor e N V C response s overall ;  however , 
althoug h th e difference s ar e i n th e righ t  directions ,  non e 
of  thes e effect s reac h significanc e a t  th e p  <  0.0 5 level . 

T h e Figura l  Effec t  T o a  certcii n extent ,  th e Figu -
ra l  Effec t  i s  confounded  wit h th e effect s o f  validity ,  ow -
in g t o overal l  differences ,  betwee n figures,  i n number s o f 
vali d conclusion s wit h eac h possibl e ter m order .  Thi s 
proble m ca n b e overcom e b y includin g onl y convertibl e 
conclusion s i n th e analysis ,  definin g thes e a s th e se t  o f 
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figure 
N ab/b c ba/c b ab/c b ba/b c 

/y -  /lo -  1 1 
;•/ — fio + 5 

/7 + /lo -  7 
n + ho + 1 2 

M e an 

82.4 0 
85.7 4 
63.1 6 

82.3 1 
79.0 0 

30.3 9 
16.6 2 
42.5 4 

25.8 0 
29.2 8 

50.6 2 

64.3 5 
48.4 3 
58.4 8 
54.8 4 

56.8 8 
58.6 3 
42.8 2 
56.3 7 
54.1 5 

Tal)li '  3 :  M e a n percentage s o f  convertibl e a c conclusion s 
i n eac h figure,  fo r  eac h combinatio n o f  level s o f  r i  an d 
ho (se e als o Figur e 3. ) 

100% I 
n-ho -
ri-ho + 
ri+ho -
ri+ho + „70 % -

30 % -

ab/b c ba/c b ab/c b ba/b c 
Figur e 

FiRur e 3 :  Char t  showin g effect s o f  r i  an d h o o n th e Fig -
lua l  Etiec t  (dat a a s i n Tabl e 3. ) 

vali d conclusion s t o problem s whos e stronges t  conclu -
sion s ar e validl y convertible ,  plu s th e se t  o f  al l  invali d 
(onclusions .  Tabl e 3  show s m e a n percentage s o f  con -
\ertibl e conclusion s wit h a c ter m orde r  i n eac h figure, 
fo r  eac h combinatio n o f  r i  cin d h o (dat a fro m 5  subject s 
wer e omitte d owin g t o missin g values) .  T h e s a m e dat a 
ar e plotte d o n Figur e 3 ,  whic h show s tha t  th e mos t  ex -
trem e Figura l  Effec t  i s  displaye d b y r i  -  h o + subjects , 
wherea s r i  +  h o -  subject s displa y th e leas t  extrem e Fig -
ura l  Effect .  Subject s w h o ar e bot h {r i  +  h o + )  o r  neithe r 
{r i  -  h o - )  displa y intermediat e Figura l  Effects ,  s o th e 
effect s o f  r i  an d h o appea r  t o b e i n oppositio n t o on e 
another . 

. \  three-wa y mixed-mode l  A N O V A wa s conducte d 
t o asses s th e effects ,  o n percentag e o f  convertibl e a c 
(onclusions ,  o f  figure  (repeate d measure s wit h level s 
ab/l)c ,  ba/cb ,  ab/cb ,  ba/bc )  an d th e between-group s 
variable s h o an d r i  (wit h level s h o + an d h o — ,  an d 
r i + an d r i -  respectively. )  Sinc e th e dat a departe d 
fro m sphericit y assumption s ( p <  0.004) ,  th e m o r e con -
ser\̂ ativ e Greenhouse-Geisse r  adjuste d tai l  probabilitie s 
wer e use d fo r  th e A N O V A.  Firs t  o f  all ,  ther e wer e n o 
effects ,  o n overal l  percentag e o f  a c conclusions ,  o f  r i 
(F(l,31 )  =  0.37 ,  n.s. )  o r  h o (F(l,31 )  =  0.54 ,  n.s.) , 

no r  wa s ther e a n interactio n betwee n t he m (F(l,31 )  = 
0.25 ,  n.s.) .  Ther e wa s a  ma i n effec t  o f  figure  (F(3,93 )  = 

39.79 ,  adjuste d p  <  0.0001) ,  an d ther e w a s a  significan t 
figure  X  h o interactio n (F(3,93 )  =  4.03 ,  adjuste d p  < 

0.02) .  T h e figure  x  r i  interactio n di d no t  reac h signif -
icanc e a t  th e 0.0 5 leve l  (F(3,93 )  =  2.29 ,  adjuste d p  > 
0.10) ,  an d ther e wa s n o significan t  three-wa y interactio n 
betwee n th e variable s (F(3,93 )  =  0.61 ,  n.s.) . 

Conclusions 

IVaditiona l  approache s t o th e explanatio n o f  reasonin g 
erro r  b y appea l  t o interpretatio n errors ,  base d o n spe -
cifi c  'fallacies' ,  suc h a s th e theorie s o f  Gricea n implica -
tur e (Grice ,  1975 )  an d Illici t  Conversio n (Beg g &  Denny , 
1969 ;  C h a p m a n &  Chapman ,  1959) ,  hav e ha d onl y 

limite d success .  Newstead' s (1995 )  observation s tha t 
Gricea n implicature s ar e no t  strongl y reflecte d i n reason -
in g dat a ar e her e generalise d t o illici t  conversion .  Ten -
denc y t o illicitl y  conver t  i n interpretatio n task s i s a  gen -
era l  predicto r  o f  poo r  reasonin g performance ,  bu t  doe s 
not  differentiall y  predic t  illici t  conversio n error s durin g 
reasoning .  Thi s genera l  failur e o f  traditiona l  approache s 
nee d no t  b e take n t o impl y tha t  th e entir e enterpris e i s 
misguide d however .  Thes e theorie s ar e simpl y to o spe -

cific ,  whe n wha t  i s require d i s a  mor e genera l  an d em -
pirica l  approac h t o th e questio n o f  (mis)interpretation . 

W h en Stennin g &  Cox' s (1995 )  configurationa l  ap -
proac h t o single-premis s interpretatio n i s applie d t o rea -
sonin g data ,  mor e encouragin g result s emerge .  Ou r  pre -
liminar y analysi s show s measure s o f  syllogisti c reasonin g 
accurac y t o b e generall y affected ,  i n th e predicte d direc -
tions ,  b y well-motivate d propertie s base d o n th e single -
premis s interpretatio n data .  I n particular ,  'rashness' , 
as assesse d o n th e basi s o f  single-premis s interpretation , 
has a  recognisabl e correlat e i n mor e comple x reasonin g 
performance ,  whic h ca n b e simpl y summarise d a s a  ten -
denc y t o dra w invali d conclusions . 

Th e finding  tha t  th e individua l  differenc e categorie s 
interac t  wit h th e Figurai l  Effec t  i s  als o £u i  interestin g 
result .  Almos t  al l  publishe d experiment s ar e analyse d 
without  regar d fo r  individua l  differences ,  an d al l  sho w 
extremel y robus t  Figura l  Effect s (Johnson-Lair d &  Bara , 
1984) .  However ,  ou r  result s identif y a  grou p o f  subject s 
(actuall y th e one s wh o ar e ras h bot h in-plac e an d out -
of-place ,  bu t  no t  hesitant )  wh o fai l  t o sho w th e effec t 
at  all .  Hesitanc y i n exchangin g subjec t  an d predicate , 
by contrast ,  result s i n a  muc h strengthene d Figura l  Ef -
fect .  O n a  moment' s reflection ,  thes e result s ar e no t 
ver y surprising—subject s wh o ar e unwillin g t o switc h 
subjec t  an d predicat e i n premisse s ar e 'locke d in '  t o Fig -
ura l  conclusion s b y th e superficia l  structur e o f  syllogisti c 
premis s pairs ,  wherea s thos e wh o switc h ar e no t  s o con -
strained .  Althoug h proponent s o f  Menta l  Model s theor y 
migh t  clai m tha t  thes e result s ca n b e accommodate d i n 
thei r  accoun t  o f  th e Figura l  Effect ,  thi s coul d onl y b e ac -
complishe d a t  th e expens e o f  thei r  theory' s explanator y 
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power . 
Recent  semanti c anadysi s o f  th e syllogis m b y Stennin g 

k Yul e (1996 )  show s tha t  th e Figura l  EfiFec t  m a y usefull y 
be considere d a s high-orde r  invarian t  o f  a  wid e rang e o f 
reasonin g strategies .  Th e Figura l  Effect' s robustness ,  w e 
argue ,  i s no t  du e t o a  unitar y reasonin g mechanis m i n 
th e styl e o f  Menta l  Models ,  bu t  rathe r  t o commonalitie s 
betwee n numerou s disparat e implementation s o f  reason -
in g whic h ten d t o shar e certai n abstrac t  chauracteristics . 
Thi s typ e o f  accoun t  leave s roo m fo r  individua l  differ -
ence s i n reasonin g style ,  a  topi c whic h ha s bee n sadl y 
negle c te d i n th e reasonin g literature ,  despit e th e consid -
erabl e intuitiv e plausibiht y o f  th e ide a an d th e increasin g 
availabiht y o f  empirica l  evidenc e fo r  th e existenc e o f  suc h 
cognitiv e differences . 
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Abstrac t 

This paper introduces a hybrid model that unifies connection-
ist .  symboUc ,  an d reinforcemen t  learnin g int o a n integrate d 
architectur e fo r  bottom-u p skil l  learnin g i n reactiv e sequentia l 
decisio n tasks .  Th e mode l  i s designe d fo r  a n agen t  t o lear n 
continuousl y fro m on-goin g experienc e i n th e world ,  withou t 
th e us e o f  preconceive d concept s an d knowledge .  Bot h proce -
dura l  skill s  an d high-leve l  knowledg e ar e acquire d throug h a n 
agent' s experienc e interactin g wit h th e world .  Computationa l 
experiment s wit h th e mode l  i n tw o domain s ar e reported . 

Introduction 

Skil l  learnin g (o r  skil l  acquisition )  i s a n importan t  are a o f 
cognitiv e science ,  a s skille d performanc e (an d it s acquisi -
tion )  constitute s th e majorit y o f  h u m a n activities .  Suc h skill s 
rang e fro m simpl e moto r  movement s an d routin e copin g i n 
everyda y activitie s al l  th e wa y t o comple x intellectua l  skill s 
suc h a s writin g o r  provin g mathematica l  theorems .  Ther e 
i s a  hierarch y o f  skill s  o f  varyin g complexitie s an d cognitiv e 
involvement .  Mos t  widel y studie d i n cognitiv e scienc e i s cog -
nitiv e skil l  acquisitio n (VanLeh n 1995) ,  tha t  is ,  th e abilitie s 
t o solv e problem s i n mor e o r  les s intellectua l  tasks ,  suc h a s 
(jus t  t o mentio n a  few )  arithmetic ,  elementar y geometry ,  L IS P 
programming ,  an d simulate d airtraffi c  contro l  (e.g. ,  Anderso n 
1982 ,  1993 .  VanLeh n 1995 ,  Ackerma n 1988) .  Mos t  o f  th e 
wor k assume s a  top-dow n approach ;  tha t  is ,  the y assum e tha t 
subject s firs t  acquir e a  grea t  dea l  o f  knowledg e i n a  domai n 
an d the n practic e change s thi s explici t  knowledg e int o a  mor e 
usabl e form ,  whic h lead s t o skille d performance .  Th e explici t 
knowledg e acquire d befor e practic e i s declarativ e knowledg e 
whil e th e knowledg e directl y use d i n skille d performanc e i s 
procedura l  knowledge .  I t  i s  common l y believe d tha t  skill s  ar e 
th e resul t  o f  "proceduralization "  o f  declarativ e knowledge . 

However ,  ther e i s  a  substantia l  literatur e o f  wor k tha t 
demonstrate s tha t  th e opposit e m a y als o b e true :  subject s 
ca n lear n skille d performanc e withou t  bein g provide d explici t 
knowledg e prio r  t o practice ,  suc h a s Berr y an d Broadben t 
(1984) ,  Stanle y e t  a l  (1989) ,  Willingha m e t  a l  (1992) ,  an d 
Reber  (1989) .  A m o n g them .  Berr y an d Broadben t  (1984 )  an d 
Stanle y e t  a l  (1989 )  expressl y demonstrat e th e dissociatio n 
betwee n prio r  knowledg e an d skille d performance ,  i n a  vari -
et y o f  tasks .  Explici t  knowledg e i s no t  equivalen t  t o bu t  ca n 
aris e ou t  o f  skills . 

Reactiv e sequentia l  decisio n task s (Su n an d Peterso n 1995 ) 
i s  a  suitabl e domai n fo r  studyin g suc h 6o/fom-u/ 7 skil l  learning . 
The y generall y involv e selectin g an d performin g a  sequenc e 
of  actions ,  i n orde r  t o accomplis h a n objective ,  mostl y o n th e 

basi s o f  moment-to-momen t  perceptua l  information .  I n suc h 
tasks ,  whil e skill s  emerg e fro m repeate d practice ,  declarativ e 
knowledg e i s als o formed ,  o n th e basi s o f  acquire d skille d 
performance .  S o th e proces s i s th e opposit e o f  th e commonl y 
assume d top-dow n approach . 

A genera l  specificatio n i s a s follows :  ther e i s a n agen t 
tha t  ca n select ,  fro m a  finit e se t  o f  actions ,  a  particula r  ac -
tio n t o perfor m a t  eac h tim e step .  Th e selectio n decisio n i s 
(mainly )  base d o n th e curren t  stat e o f  th e world ,  presente d t o 
th e agen t  throug h sensor y input .  Th e worl d change s eithe r 
autonomousl y o r  a s a  resul t  o f  som e actio n b y a n agent .  Thus , 
ove r  time ,  th e worl d i s presente d t o a n agen t  a s a  sequenc e o f 
states .  A t  certai n point s i n a  sequence ,  th e agen t  m a y receiv e 
payoff s o r  reinforcements .  Thus ,  th e agen t  ma y nee d t o per -
for m tempora l  an d structura l  credi t  assignment ,  t o attribut e 
ih e payoffs/reinforcement s t o variou s action s a t  variou s point s 
i n tim e (tha t  is ,  th e tempora l  credi t  assignmen t  problem) ,  i n 
accordanc e t o variou s aspect s o f  a  stat e (tha t  is ,  th e structura l 
credi t  assignmen t  problem) . 

Whil e performin g thi s kin d o f  task ,  th e agen t  i s ofte n un -
der  sever e tim e pressure .  Ofte n a  decisio n ha s t o b e mad e 
i n a  fractio n o f  a  second ;  therefor e i t  canno t  d o muc h "in -
formatio n processing" ,  an d fall s outsid e o f  Alle n Newell' s 
"rationa l  band" .  Th e decisio n makin g an d learnin g i n th e 
agen t  thu s canno t  b e to o time-consuming .  A s i n humans ,  th e 
agen t  m a y als o b e severel y limite d i n othe r  resources ,  suc h a s 
m e m o ry s o tha t  memorizin g al l  th e previou s episode s i s con -
sidere d impossible .  Th e perceptua l  abilit y  o f  a n agen t  ma y 
als o b e extremel y limite d s o tha t  onl y ver y loca l  informatio n i s 
available .  Learnin g i n suc h a  domai n i s a n experiential ,  trial -
and-erro r  process ;  th e agen t  develop s knowledg e tentativel y 
on a n on-goin g basis ,  sinc e i t  canno t  wai t  unti l  th e en d o f  a n 
episode .  Learnin g i s thu s concurren t  o r  on-lin e (Nosofsk y e t 
al  1994) . 

Hybrid Models 

In such tasks, with bottom-up learning and without prior 
knowledge ,  h o w ca n a n agen t  develo p a  se t  o f  copin g skill s 
tha t  ar e highl y specifi c  (geare d toward s particula r  situations ) 
and thu s highl y efficien t  but ,  a t  th e sam e time ,  acquir e suf -
ficiently  genera l  knowledg e tha t  ca n b e readil y applie d t o a 
variet y o f  differen t  situations ? I n th e curren t  context ,  on e wa y 
t o lear n i s throug h trial-and-error :  repeate d practic e graduall y 
give s rise  t o a  se t  o f  procedura l  skill s  tha t  dea l  specificall y wit h 
th e practice d situation s an d thei r  mino r  variations .  However , 
suc h skill s  m a y no t  b e transferabl e t o trul y nove l  situations , 
sinc e the y ar e s o embedde d i n specifi c  context s an d tangle d 
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together .  Th e agen t  need s bot h procedura l  an d declarativ e 
knowledge ,  o r  bot h subconceptua l  an d conceptua l  knowledge . 
I t  i s  assume d tha t  a  balanc e o f  th e tw o i s essentia l  t o th e de -
velopmen t  o f  comple x cognitiv e agents .  Generi c declarativ e 
knowledge ,  whic h ca n emerg e fro m procedura l  skills ,  ha s 
th e followin g thre e advantages :  (1 )  I t  help s t o guid e th e ex -
ploratio n o f  nove l  situations ,  an d reduce s th e tim e (i.e. ,  th e 
number  o f  trials )  necessar y t o develo p specifi c  skill s  i n ne w 
situations .  I n othe r  words ,  i t  help s th e transfe r  o f  learne d skil l 
(a s show n throug h psychologica l  dat a b y Willingha m e t  a l 
1989) .  (2 )  Generi c knowledg e ca n hel p t o spee d u p learning . 
I f  properl y used ,  generi c knowledg e tha t  i s  extracte d on-lin e 
durin g learnin g ca n hel p t o facilitat e th e ver y learnin g proces s 
itself .  (3 )  Generi c knowledg e ca n als o hel p i n communicatin g 
learne d knowledg e an d skill s  t o othe r  agents . 

A two-leve l  hybri d model s see m t o provid e th e neede d com -
putationa l  framewor k fo r  representin g bot h type s o f  knowl -
edg e (Su n an d B o o k m a n 1994) .  Base d o n th e idea s propose d 
i n Su n (1994 ,  1995) ,  w e develope d CLARION .  Se e Figur e 1 . 
The botto m leve l  contain s specifi c  procedura l  knowledg e (An -
derso n 1982) .  Th e to p leve l  contain s generi c declarativ e 
knowledge .  A n overal l  pseudo-cod e algorith m i s a s follows : 

1, Observe the current state x (in a proper representation). 
2.  Comput e i n th e botto m leve l  th e Q-value s o f  x  associate d 

wit h eac h o f  al l  th e possibl e actions :  Q(i ,  a\) ,  Q(i ,  oj) , 
Q[T,a„) . 

3.  Fin d ou t  al l  th e possibl e action s (h\,b i  6m )  a t  th e to p 
level ,  base d o n th e inpu t  x  an d th e rule s i n place . 

4.  Compar e th e value s o f  a,' s  wit h thos e o f  b j  's ,  an d choos e 
an appropriat e actio n 6 

5.  Perfor m th e actio n b ,  an d observ e th e nex t  stat e y  an d 
(possibly )  th e reinforcemen t  r . 

6.  Updat e Q-value s i n accordanc e wit h th e Q-leamin g algo -
rithm 

7.  Updat e th e nil e networ k i n th e to p leve l  usin g th e RULE-
Extraction-Generalization-Revision . 

8.  G o bac k t o Ste p 1 . 
In terms of representation in the bottom level, we prefer a 
subsymboli c distribute d representation ,  suc h a s tha t  provide d 
by a  backpropagatio n network .  (Existin g evidenc e indicate s 
tha t  th e differenc e betwee n th e tw o level s lie s primaril y i n 
thei r  representations ;  se e Rebe r  1989. )  Thi s i s becaus e o f 
th e implici t  natur e o f  procedura l  skills :  ther e i s generall y a 
lac k o f  conceptual-leve l  thinkin g i n performin g procedura l 
skills ;  a s a  consequence ,  detail s o f  suc h skill s  ar e i n genera l 
inaccessibl e (Anderso n 1982 ,  Ackerma n 1988) .  A  distribute d 
representatio n naturall y capture s thi s propert y o f  procedura l 
skill s  (Su n 1994) ,  wit h representationa l  unit s tha t  ar e capabl e 
of  accomplishin g task s bu t  ar e i n genera l  uninterpretabl e an d 
subsymbolic .  (Otherwise ,  a  symboli c representatio n m a y b e 
used ,  bu t  the n w e wil l  hav e t o artificiall y  assum e tha t  thes e 
representation s ar e no t  accessible ,  whil e som e othe r  simila r 
representation s ar e accessibl e — th e distinctio n i s arbitrar y 
and no t  intrinsi c t o th e medi a o f  representations ;  se e Anderso n 
199 3 an d als o Rosenbloome t  al .  199 3 regardin g accessabilit y 
of  symboli c structures) . 

I n term s o f  learning ,  w e us e reinforcemen t  learnin g (th e 
tempora l  differenc e method) .  A  Q-valu e i s a n evaluatio n 
of  th e "quality "  o f  a n actio n i n a  give n state :  Q (x ,a )  in -
dicate s h o w desirabl e actio n a  i s i n stat e x  (whic h con -
sist s o f  som e sketch y sensor y input) .  T o acquir e th e Q -

values ,  w e us e Q-leamin g (Watkin s 1989) .  I n th e algorithm , 
Q(x ,  a )  estimate s th e m a x i m u m discounte d cumulativ e rein -
forcemen t  tha t  th e agen t  wil l  receiv e fro m th e curren t  stat e 
X on :  max(53,^o''''''') '  wher e 7  i s a  discoun t  facto r  tha t  fa -
vor s reinforcemen t  receive d soone r  relativ e t o tha t  receive d 
later ,  an d r ^  i s th e reinforcemen t  receive d a t  ste p i  (whic h 
may b e 0) .  Th e updatin g o f  Q { x , a )  i s base d o n minimiz -
in g r  +  7e(y )  — Q { x ,  a ) ,  wher e 7  i s a  discoun t  facto r  an d 
e(y )  =  maXaQ(j / ,  a ) .  Thus ,  th e updatin g i s base d o n th e 
tempora l  differenc e i n evaluatin g th e curren t  stat e an d th e ac -
tio n chosen .  Usin g Q-leamin g allow s sequentia l  behavio r  t o 
emerg e i n a n agent .  Throug h successiv e update s o f  th e Q 
function ,  th e agen t  ca n lear n t o tak e int o accoun t  futur e step s 
i n longe r  an d longe r  sequences . 

To combin e Q-leamin g wit h connectionis t  representation , 
we us e a  four-layere d networ k (se e Figur e 1 )  i n whic h th e 
first  thre e layer s for m a  backpropagatio n networ k fo r  com -
putin g Q-value s an d th e fourt h laye r  (wit h onl y on e node ) 
perform s stochasti c decisio n making .  Th e outpu t  o f  th e thir d 
laye r  (i.e. ,  th e outpu t  laye r  o f  th e backpropagatio n network ) 
indicate s th e Q-valu e o f  eac h actio n (represente d b y a n in -
dividua l  node) ,  an d th e nod e i n th e fourt h laye r  determine s 
probabilisticall y th e actio n t o b e performe d base d o n a  Boltz -

m a nn distributio n (Watkin s 1989) :  p{a\x )  =  '"'"="''•'' ' 

wher e a  control s th e degre e o f  randomnes s (temperature )  o f 
th e decision-makin g process .  Th e trainin g o f  th e networ k 
i s base d o n minimizin g th e tempora l  differenc e a s specifie d 
before . 

Declarativ e knowledg e i s handle d differently .  Fo r  declar -
ativ e knowledge ,  w e prefe r  a  symboli c o r  localis t  represen -
tation ,  i n whic h eac h uni t  ha s a  clea r  conceptua l  meanin g o r 
interpretation .  Thi s allow s declarativ e knowledg e t o b e highl y 
accessibl e an d inference s t o b e performe d explicitl y  a t  a  con -
ceptua l  leve l  (Smolensk y 1988 ,  Su n 1994) .  Becaus e declar -
ativ e knowledg e neede d i n reactiv e sequentia l  decisio n task s 
i s relativel y simple ,  w e wil l  focu s o n propositiona l  rules .  W e 
use a  localis t  connectionis t  mode l  (se e Figur e 1 )  fo r  represent -
in g thes e rule s t o facilitat e correspondenc e wit h th e botto m 
leve l  an d t o encourag e uniformit y an d integration .  Basically , 
we connec t  th e node s representin g condition s o f  a  rul e t o th e 
nod e representin g th e conclusion .  However ,  w e nee d t o wir e 
up rule s involvin g conjunctiv e conditions .  Fo r  details ,  se e 
Sun (1992) . 

Becaus e o f  th e dynami c natur e o f  reactiv e sequentia l  deci -
sio n tasks ,  w e nee d t o b e abl e t o dynamicall y acquir e a  rul e 
representatio n an d t o modif y i t  i n subsequen t  encounter s i f 
necessary .  W e thu s nee d a  simpl e an d efficien t  way .  W e 
ca n mak e us e o f  th e botto m leve l  whic h i s traine d wit h re -
inforcemen t  leamin g t o perfor m specifi c  procedura l  skill s  b y 
extractin g informatio n fro m th e networ k (Towel l  an d Shav -
li k  1993 )  an d thereb y formin g an d modifyin g explici t  rules . 
Th e basi c ide a fo r  rul e leamin g i s a s follows :  i f  som e actio n 
decide d b y th e botto m leve l  i s  successfu l  th e agen t  extract s a 
rul e tha t  correspond s t o th e actio n selecte d b y th e botto m leve l 
and add s th e rul e t o th e to p level .  Then ,  i n subsequen t  inter -
action s wit h th e world ,  th e agen t  trie s t o verif y th e extracte d 
rule ,  b y considerin g th e outcom e o f  applyin g th e rule :  i f  th e 
outcom e i s no t  successful ,  the n th e rul e shoul d b e m a d e mor e 
specifi c  an d exclusiv e o f  th e curren t  case ;  i f  th e outcom e i s 
successful ,  th e agen t  m a y tr y t o generaliz e th e rul e t o m a k e i t 
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Figur e 1 :  Th e C L A R I O N Architectur e 

mor e universa l  (Mitchel l  1982) . 
Specifically ,  thre e differen t  criteri a ca n b e use d fo r  extract -

in g rul e fro m th e botto m level :  (1 )  direc t  reinforcemen t  re -
ceive d a t  a  step ,  (2 )  tempora l  differenc e (a s use d i n updatin g 
Q-values) ,  an d (3 )  m a x i m u m Q-value s i n a  state .  Th e first 
criterio n i s a n indicatio n o f  whethe r  o r  no t  a n actio n take n 
i n a  give n stat e i s directl y beneficial ,  bu t  i t  fail s  t o tak e int o 
accoun t  sequence s o f  actions .  Th e secon d criterio n indicate s 
i f  furthe r  improvemen t  i n a  Q-valu e i s possible .  Th e thir d cri -
terio n concern s whethe r  th e Q-valu e o f  a  stat e an d a n actio n i s 
clos e enoug h t o th e m a x i m u m Q-valu e i n tha t  state ,  indicatin g 
whethe r  tha t  actio n i s clos e t o bein g optima l  i n tha t  state .  (Se e 
Sun an d Peterso n 199 5 fo r  a n analysi s o f  thes e criteria. )  W e 
adop t  a  three-phas e approac h here ,  wit h thre e criteri a bein g 
successivel y applie d i n differen t  phases .  A t  eac h step ,  afte r 
an actio n i s selecte d an d performe d i n a  state ,  a  ne w stat e i s 
entere d an d reinforcemen t  i s received .  Then ,  on e o f  th e thre e 
measure s abov e tha t  i s  applicabl e t o th e curren t  phas e i s com -
pare d t o a  threshol d t o determin e i f  a  rul e shoul d b e extracted . 
I f  so ,  a  rul e i s forme d tha t  relate s th e stat e t o th e action ,  an d 
th e rul e i s the n wire d u p i n th e top-leve l  rul e network . 

Afte r  a  rul e i s extracted ,  generalizatio n an d revisio n opera -
tion s ar e use d t o tun e th e rule : 

•  Expansion :  th e valu e rang e o f  a  conditio n i s expande d b y on e 
interval ,  whe n a  rul e i s successfull y applie d accordin g t o th e 
criterio n i n th e curren t  phase . 

•  Shrinking :  whe n a  rul e lead s t o unsuccessfu l  result s a s judge d b y 
th e criterio n i n th e curren t  phase ,  w e reduc e th e valu e range s o f 
some o r  al l  condition s (cf .  Michalsk i  e t  a l  1986) . 

•  Deletion ,  remov e a  rul e fro m th e rul e networ k whe n a  counte r 
exampl e t o th e origina l  cas e fro m whic h th e rul e wa s extracte d i s 
encountered ,  accordin g t o th e current-phas e criterio n 

•  Merge :  whe n th e condition s o f  tw o rule s ar e clos e enough ,  th e 
tw o rule s ma y b e combine d s o tha t  a  mor e genera l  rul e ca n b e 
produced . 

The necessity of having a two-level architecture can be 
s u m m ed u p a s follows :  (1 )  Withou t  th e botto m level ,  th e 
agen t  wil l  no t  b e abl e t o represen t  procedura l  skill s  suffi -
ciently .  Suc h skill s  m a y involv e graded ,  uncertain ,  an d in -
consisten t  knowledg e an d autonomou s stochasti c exploratio n 
(wit h numeri c calculatio n an d probabilisti c  firing).  (2 )  With -
out  learnin g i n th e botto m level ,  th e agen t  wil l  no t  b e abl e t o 
lear n fro m experience ,  an d therefor e wil l  no t  b e abl e t o dy -
namicall y acquir e eithe r  procedura l  skil l  i n th e botto m level , 

Figur e 2 :  Th e initia l  maz e 
The startin g positio n i s marke d b y 'S '  i n whic h th e agen t  face s 

upwar d t o th e uppe r  wall .  Th e goa l  i s  marke d b y 'G ' 

or  rule s i n th e to p leve l  (a s i n th e curren t  model) .  Th e bot -
to m leve l  als o capture s th e gradua l  learnin g o f  skills ,  differen t 
fro m one-sho t  rul e learning .  (3 )  Withou t  th e to p level ,  th e 
agen t  wil l  no t  b e abl e t o represen t  generic ,  easil y accessible , 
and cris p knowledg e an d explicitl y  acces s an d communicat e 
tha t  knowledg e t o othe r  agents .  W h e n nove l  situation s ar e 
encountere d and/o r  whe n precision ,  crispness ,  consistency , 
and certaint y ar e needed ,  declarativ e knowledg e i s preferred . 
Explici t  acces s an d explanatio n i s als o importan t  i n facilitat -
in g cooperatio n amon g agents .  (4 )  Withou t  rul e learning ,  th e 
agen t  wil l  no t  b e abl e t o acquir e dynamicall y an d quickl y cris p 
conceptua l  knowledg e fo r  th e to p level ,  an d therefor e ha s t o 
resor t  t o mostl y pre-wire d and/o r  externall y give n knowledg e 
i n th e to p level . 

We tr y tw o differen t  method s o f  combinin g outcome s fro m 
th e tw o levels .  O n e i s th e percentag e method ,  an d th e othe r 
i s th e stochasti c method .  I n th e percentag e method ,  i n (ran -
doml y chosen )  p  percen t  o f  th e steps ,  w e us e th e outcom e 
fro m th e rul e level ,  i f  ther e i s a t  leas t  on e rul e indicatin g a n 
actio n i n th e curren t  state ;  otherwise ,  w e us e th e outcom e o f 
th e botto m leve l  (whic h i s alway s available) .  I n th e stochasti c 
method ,  w e combin e th e correspondin g value s fo r  eac h actio n 
fro m th e tw o level s b y a  weighte d sum ;  tha t  is ,  i f  th e to p leve l 
indicate s tha t  actio n a  ha s a n activatio n valu e v  an d th e botto m 
leve l  indicate s tha t  a  ha s a  valu e q  (th e Q-valu e fo r  a) ,  the n 
th e weighte d su m \%w\* v +  W 2 * q .  Base d o n thes e weighte d 
sums,  stochasti c decisio n makin g (wit h Boltzman n distribu -
tion )  i s the n performe d t o selec t  a n action .  Th e parameters , 
w\ ,  W2 ,  an d p ,  ar e t o b e varied . 

Experiments 

E x p e r i m e n t s wit h M a z e s 

We carrie d ou t  som e computationa l  experiment s i n reactiv e se -
quentia l  decisio n domain s t o sho w th e advantag e o f  th e mode l 
i n learnin g an d transfe r  a s hypothesize d earlier .  I n a  simpl e 
maze a s i n Figur e 2 ,  th e agen t  ha s rudimentar y sensor y input s 
regardin g it s immediat e left ,  fron t  an d righ t  side ,  indicatin g 
whethe r  ther e i s a  wall ,  a n opening ,  o r  th e goal ;  th e agen t  ca n 
move forward ,  tur n t o th e left ,  o r  tur n t o th e right.  I t  ha s n o 
informatio n regardin g it s locatio n excep t  th e simpl e sensor y 
inpu t  describe d above .  Eac h episod e start s wit h a n agen t  a t 
a fixed  startin g locatio n an d end s whe n th e agen t  reache s th e 
goa l  (Figur e 2) .  Th e rewar d fo r  a n agen t  reachin g th e goa l  i s 
1,  an d th e punishmen t  fo r  hittin g a  wal l  i s  -0.1 . 

We first  choos e (optimize )  th e structure s an d parameter s 
of  backpropagatio n an d Q-leamin g throug h trial-and-error :  8 
hidde n unit s ar e used ,  th e learnin g rat e i s 0.1 ,  th e momen tu m 
paramete r  i s 0.7 ,  networ k weight s ar e randoml y initialize d 
betwee n -0.0 1 an d 0.01 ;  th e Q-valu e discoun t  rat e i s 0.9 ,  th e 
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— — 1 
Q-leamin g 
Pcrc.6 0 
Perc.8 0 
Perc.60.ge n 
Perc.80.ge n 
Stoc.15 . 
Stoc.2 0 
Sioc.15.ge n 
Sloc.20.gc n 

Moves 
15348.4 8 
4994.5 2 
5840.1 4 
5164.3 6 
5040.8 4 
4602.8 8 
4712.7 0 
65J9.0 4 
5574.2 4 

Rule s 
n/a 

7.7 8 
7.2 8 
8.5 0 
9.1 2 
6.6 2 
6.3 0 
6.8 2 
8.1 4 

Figur e 3 :  A  Compariso n o f  Learnin g Speed s 
Moves indicat e th e tota l  number s o f  move s durin g trainin g (average d 
over  5 0 trials) .  Rule s indicat e th e averag e number s o f  rule s a t  th e 
end o f  training . 

randomnes s paramete r  fo r  stochasti c decisio n makin g i s se t  a t 
0.1 .  (Not e tha t  althoug h thes e parameter s mak e som e differ -
ences ,  performanc e i s no t  overl y sensitiv e t o smal l  variation s 
of  thei r  settings. )  Th e length s o f  phas e 1 ,  2  an d 3  ar e 3 ,  20 , 
and 3 7 episodes ,  respectively . 

Figur e 3  show s th e difference s i n learnin g speed ,  wher e 
learnin g spee d i s measure d b y th e tota l  numbe r  o f  move s i n 
th e first  6 0 episodes .  Perc. x refer s t o th e version s usin g th e 
percentag e combinatio n wit h rule s bein g applie d p  =  x % o f 
th e times .  Stoc. y refer s t o th e version s usin g th e stochasti c 
combinatio n wit h rule s bein g weighte d a t  y% .  Th e sym -
bol  ge n indicate s tha t  generalization/revisio n operation s (i.e. , 
expansion ,  shrinking ,  etc. )  o n th e extracte d rule s ar e per -
formed ;  otherwise ,  non e o f  thes e operation s i s performed . 
We recorde d th e result s average d ove r  5 0 trial s wit h differen t 
rando m seeds .  I t  i s  clea r  fro m th e figur e that ,  whe n rule s 
ar e use d frequentl y (e.g. ,  wit h Perc.8 0 o r  Stoc.20) ,  Clar io n 
learn s faste r  tha n pur e Q-leamin g b y larg e margins .  A  t  tes t 
showe d th e difference s wer e significan t  wit h ove r  9 9 % confi -
denc e ( p <  0.01) .  Th e dat a als o indicate s tha t  generalizatio n 
per  s e di d no t  lea d t o faste r  learning . 

I n Figur e 4 ,  w e sho w th e averag e numbe r  (average d ove r  5 0 
trials )  o f  step s neede d t o reac h th e targe t  i n on e episode ,  afte r 
60 episode s o f  training ,  fo r  differen t  models .  Th e number s 
ar e show n i n th e Move s column .  Th e differen t  version s o f 
Clario n agai n outperfor m pur e Q-Ieamin g b y larg e margins . 
T test s showe d ove r  9 9 % confidenc e ( p <  0.01) .  Als o re -
porte d ar e th e averag e number s o f  step s i n on e episode ,  afte r 
th e training ,  usin g onl y th e to p leve l  (marke d a s R-moves )  o r 
usin g onl y th e botto m leve l  (marke d a s Q-moves) .  Ther e i s a 
synerg y betwee n th e tw o levels :  Comparin g th e thre e value s 
horizontall y o n eac h line ,  th e whol e Clar io n syste m alway s 
perform s bette r  tha n th e to p leve l  alon e o r  th e botto m leve l 
alone . 

We applie d ou r  traine d model s (afte r  th e trainin g o f  6 0 
episodes )  t o a  ne w an d large r  maz e a s show n i n Figur e 5  t o 
acces s transfer .  Transfe r  occur s becaus e o f  th e similarit y o f 
th e tw o mazes .  I n Figur e 6 ,  a s indicate d b y th e Move s col -
umn,  th e differen t  version s o f  Clar io n transfe r  muc h bette r 
tha n Q-leamin g alon e i n term s o f  numbe r  o f  step s t o reac h 
th e goa l  i n on e episode .  Furthermore ,  b y comparin g th e cor -
respondin g Moves ,  Q-moves ,  an d R-move s o n eac h line ,  w e 
see tha t  ofte n learne d mle s alon e perfor m bette r  i n transfe r 
tha n th e Q-leamin g networ k a t  th e botto m level ,  a s wel l  a s 
tha n th e whol e CLARIO N model .  Th e superiorit y o f  R-move s 

M a z e l 

Q-leamin g 
Pcrc.6 0 
Perc.8 0 
Perc.60.ge n 
Perc.80.ge n 
Stoc.1 5 
Stoc.2 0 
Stoc.15.ge n 
Stoc.20.ge n 

Moves 
149.0 0 
29.7 6 
10.7 8 
42.0 6 
22.0 2 
28.4 2 
20.6 0 
53.9 0 
36.2 6 

Q-Moves 
149.0 0 
72.4 6 
36.2 2 

118.2 4 
55.1 4 

102.7 0 
81.8 0 
87.1 8 
67.1 8 

R-Move s 
n/a 

94.9 8 
13.4 8 

189.1 8 
106.5 8 
44.7 4 
30.5 4 

108.2 0 
64.6 6 

Figur e 4 :  Traine d Performanc e 

Figur e 5 :  Th e secon d maz e 

i n compariso n wit h Q-move s demonstrate s tha t  i t  i s  rul e in -
ductio n tha t  facilitate s transfe r  t o ne w an d mor e complicate d 
environments . 

We als o applie d th e traine d mode l  t o a n eve n large r  maz e 
as i n Figur e 7 .  Th e resul t  i s simila r  an d th e sam e point s ca n 
be m a d e i n thi s case . 

Experiments with Navigation 

To furthe r  demonstrat e CLARION ,  w e teste d i t  o n a  mor e com -
ple x task :  th e simulate d navigatio n task .  Th e agen t  ha s t o 
navigat e a n underwate r  vesse l  t o g o throug h a  minefiel d t o 
reac h a  targe t  location .  Th e agen t  receive s informatio n onl y 
fro m a  numbe r  o f  instruments .  Th e sona r  gaug e show s h o w 
clos e th e mine s ar e i n 7  equa l  area s tha t  rang e fro m 4 5 degree s 
t o th e lef t  o f  th e agen t  t o 4 5 degree s t o th e right.  Th e fue l 
gaug e show s th e agen t  h o w m u c h tim e i s lef t  befor e fue l  run s 
out .  Th e bearin g gaug e show s th e directio n o f  th e targe t  fro m 
th e presen t  directio n o f  th e agent .  Th e rang e gaug e show s h o w 
fa r  th e targe t  i s fro m th e curren t  location .  Usin g suc h limite d 
information ,  th e agen t  decide s o n (1 )  h o w t o tur n an d (2 )  h o w 
fas t  t o move .  Th e agent ,  withi n a n allotte d tim e period ,  ca n 
eithe r  (a )  reac h th e targe t  (whic h i s a  success) ,  (b )  hi t  a  min e 
( a failure) ,  o r  (c )  ru n ou t  o f  fue l  ( a failur e again) . 

M a ze 2 

Q-leamin g 
Perc.6 0 
Perc.8 0 
Perc.60.ge n 
Perc.80.ge n 
Stoc.1 5 
Stoc.2 0 
Stoc.15.ge n 
Stoc.20.ge n 

Moves 
1681.4 8 
770.7 2 
492.1 4 
766.3 8 
415.5 2 
850.7 0 
498.4 0 
703.8 0 
760.7 0 

Q-Moves 
1681.4 8 
1782.1 6 
1289.7 8 
2049.4 0 
1581.6 2 
1481.3 4 
1586.8 8 
1690.3 2 
2028.2 4 

R-Move s 
n/a 

559.9 6 
233.5 6 

1030.6 6 
722.4 8 
405.9 4 
392.0 8 
981.9 4 
956.5 0 

Figur e 6 :  Transfe r  t o M a z e 2 
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Figur e 7 :  Th e thir d maz e 

Q-leamin g 
Stoc.l O 
Stoc.2 0 
Stoc.lO.ge n 
Stoc.20.ge n 

Successfu l  Episode s 
38. 1 

278. 9 
301. 5 
301. 3 
254. 2 

Figur e 8 :  Learnin g 
The numbe r  o f  successfu l  episode s durin g trainin g i s include d fo r 
each case . 

I n thi s experiment ,  eac h tim e th e minefiel d i s generate d 
ane w i n a  rando m layout ,  bu t  i t  alway s contain s th e sam e 
number  o f  mines ,  whic h i n thi s cas e i s 10 .  Th e tim e allote d 
t o th e agen t  fo r  eac h episod e i s 20 0 steps .  Figur e 8  show s 
learnin g differences ,  wher e learnin g i s measure d b y th e tota l 
number  o f  successfu l  episode s ou t  o f  a  tota l  50 0 trainin g 
episodes .  Clario n agai n outperform s Q-learnin g alone . 

Discussions 

Most  o f  th e existin g cognitively-motivate d model s fo r  skil l 
learnin g tha t  contai n bot h declarativ e an d procedura l  knowl -
edg e explor e mainl y top-dow n learning ,  suc h a s Ander -
son (1982 ,  1993) ,  Gelfan d e t  a l  (1989) ,  an d Schneide r  an d 
Olive r  (1991) .  Clario n explore s bottom-u p learning ,  t o 
demonstrat e ho w conceptual/symboli c knowledg e ca n emerg e 
throug h interactin g wit h th e worl d i n th e sam e wa y a s sub -
conceptua l  procedura l  knowledg e does ,  an d th e performanc e 
advantag e o f  suc h emergence . 

I n addition ,  whil e som e othe r  hybri d connectionis t  model s 
tr y t o implemen t  al l  type s o f  knowledge ,  symboli c an d non -
symbolic ,  i n on e kin d o f  networ k o r  anothe r  (Miikkulaine n 
and Dye r  1991 ,  Bamde n 1988 ,  Su n 1992) ,  CLARIO N take s a 
differen t  tac k an d attempt s t o develo p a  principle d dichotom y 
of  th e conceptua l  vs .  th e subconceptua l  i n hybri d architec -
tures .  Clario n attempt s t o explor e thei r  synerg y s o tha t  i t 
learn s faste r  an d transfer s better . 

S o me existin g hybri d model s d o not ,  o r  cannot ,  perfor m 
learnin g (Su n 1992) ,  whil e other s perfor m learnin g i n a  batc h 
fashio n (e.g. ,  Miikkulaine n an d Dye r  1991 )  an d ar e thu s cog -
nitivel y implausibl e i n thi s aspect .  I n contras t  t o thes e hybri d 
models ,  CLARIO N i s capabl e o f  incremental ,  on-lin e (concur -

rent )  learning ,  an d integrativ e learning ,  tha t  is ,  developin g 
connectionis t  an d symboli c representatio n alon g sid e o f  eac h 
other . 
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Abstrac t 

A dynamical systems model of language processing suggests 
a resolutio n o f  th e debat e abou t  th e influence s o f  syntacti c 
and lexica l  constraint s o n processing .  Syntacti c hypothese s 
ar e modele d a s attractor s whic h compet e fo r  th e processor' s 
trajectory .  W h e n accumulatin g evidenc e put s th e processo r 
clos e t o a n attractor ,  processin g i s quic k an d lexica l  difference s 
ar e har d t o detec t  W h e n th e processo r  land s betwee n severa l 
attractors ,  multipl e hypothese s compet e an d lexica l  diiference s 
can ti p th e balanc e on e wa y o r  th e other .  Thi s approac h allow s 
us t o b e mor e expUci t  abou t  th e emergen t  propertie s o f  lexicaUs t 
model s tha t  ar e hypothesize d t o accoun t  fo r  syntacti c effect s 
(MacE>onald ,  Pearlmutte r  &  Seidenbeig ,  1994 ;  Trueswel l  & 
Tanenhaus ,  1994) . 

Introduction 

Reader s an d listener s hav e clea r  preference s fo r  certai n syn -
tacti c sequence s (e.g. ,  N V N a s a  mai n clause) ,  a s reveale d b y 
garden-pat h effect s fo r  temj)oraril y  ambiguou s sentence s tha t 
d o no t  confor m t o thes e preference s (1) . 

(1 )  a .  Th e hors e race d pas t  th e b a m fell . 
b.  Th e patien t  warne d th e docto r  wa s incompetent . 

However ,  recen t  evidenc e suggest s tha t  thes e garden-pat h ef -
fect s ca n b e sharpl y reduce d b y stron g lexica l  constraints , 
as illustrate d b y th e example s i n (2) ,  whic h ar e sUiicturall y 
simila r  t o thos e i n (1) ,  bu t  d o no t  sppca s t o caus e processin g 
difficulty . 

(2) a. The land mine buried in the sand exploded. 
b.  Th e patien t  sai d th e docto r  wa s incompetent . 

The interpretatio n o f  thes e lexica l  effect s ha s bee n extremel y 
controversial .  I n th e influentia l  clas s o f  "structure-first "  mod -
els ,  category-base d parsin g phenomen a ar e accounte d fo r  b y 
positin g a n initial ,  enc^sulate d processin g stag e i n whic h 
structur e i s buil t  usin g syntacti c categor y informatio n an d 
a few ,  genera l  principle s (e.g. ,  Frazier ,  1987) .  Lexically -
specifi c  informatio n an d otho -  (non-syntactic )  consu^nt s ap -
pl y a t  a  late r  stag e i n processing .  I n contrast ,  severa l  researc h 
group s hav e argue d tha t  m a n y o f  th e phenomen a tha t  moti -
vate d thes e category-base d principle s ca n b e reduce d t o th e ef -
fect s o f  interactin g lexica l  constraint s (McClelland ,  St .  John , 
& Taraban ,  1989 ;  MacDonald ,  Pearhnutter ,  &  Seidenber g 
1994 ;  Trueswel l  &  Tanenhau s 1994) . 

The competitio n betwee n th e lexicalis t  an d structuralis t 
claim s ha s focuse d increase d attentio n o n a  long-standing ,  em -
pirica l  debat e abou t  th e time-cours e wit h whic h lexica l  con -
straint s ar e observe d relativ e t o structura l  constraint s durin g 

on-lin e sentenc e processin g (fo r  a  recen t  revie w se e Tanenhau s 
& Trueswell ,  1995) .  Whil e th e result s o f  thes e experiment s 
hav e ofte n bee n equivocal ,  tw o generalization s emerge .  First , 
th e relativ e strengt h o f  suiictura l  an d lexica l  constraint s varie s 
acros s context s an d suuctures .  Second ,  ther e ar e clea r  cir -
cumstance s i n whic h loca l  lexica l  constraint s ar e insufficien t 
t o captur e importan t  processin g generalization s (e.g ,  islan d 
constraint s o n movemen t  an d structura l  preference s eve n i n 
th e fac e o f  stron g conu^r y lexica l  biases) . 

Researc h o n automati c parsin g ha s le d t o a  clas s o f  mod -
el s whic h us e corpus-tune d probabilisti c  grammar s t o com -
put e conditiona l  probabilitie s o f  lexica l  item s i n context s (se e 
Chamiak ,  1993 ,  fo r  review) .  Recently ,  model s o f  thi s typ e 
hav e bee n use d t o combin e lexica l  an d syntacti c informatio n t o 
make readin g tim e prediction s (Jurafsky ,  1996) .  Thes e mod -
el s provid e a  theoretica l  basi s fo r  incorporatin g probabilisti c 
lexica l  informatio n i n a  mode l  tha t  use s syntacti c rules ,  bu t 
the y d o no t  provid e insigh t  int o th e variatio n acros s context s 
of  th e relativ e strength s o f  structura l  an d lexica l  constraints . 

A promisin g approac h t o explainin g thi s variatio n i s t o 
trea t  category-base d parsin g preference s a s generalization s 
tha t  emerg e withi n a  constraint-base d learnin g syste m be -
caus e o f  similaritie s amon g "classes "  o f  lexica l  item s (e.g. , 
Julian o &  Tanenhaus ,  1994) .  Bu t  prio r  proposal s alon g thes e 
line s hav e bee n vague .  I n thi s pape r  w e sho w h o w certai n 
construct s o f  dynamica l  system s theor y allo w u s t o b e mor e 
explici t  abou t  th e natur e o f  th e "emergent "  representations , 
thei r  relationshi p t o traditiona l  syntacti c categories ,  an d thei r 
empirica l  predictions . 

Dynamical Systems Theory 

Dynamical systems theory (see Abraham and Shaw 1984 and 
Strogat z 199 4 fo r  introductions )  i s typicall y concerne d wit h 
system s tha t  chang e continuousl y wit h time .  Example s o f 
much-studie d dynamica l  system s include :  pendulum s swing -
in g o n rigi d arms ;  star s an d planet s orbitin g on e anothe r  i n 
space ;  population s fluctuating  i n a n ecosystem ;  gase s swirlin g 
aroun d i n th e atmosphere .  I t  i s usefu l  t o conside r  th e trajec -
torie s o f  a  dynamica l  system—i.e. ,  th e path s i t  ca n follo w 
as tim e progresses .  I n th e cas e o f  a  pendulum ,  som e trajec -
torie s swin g bac k an d forth ,  other s whir l  aroun d th e circle , 
and tw o o f  the m remai n a t  on e poin t  indefinitel y (hangin g 
down,  and ,  improbably ,  balance d straigh t  up) .  I f  th e pendu -
lu m i s damped ,  the n al l  trajectorie s excep t  thos e leadin g t o 
th e improbabl e stat e approac h th e lo w point-trajector y i n th e 
limit .  Suc h a  limitin g trajector y i s calle d a n attractor .  Thos e 
startin g point s fro m whic h th e syste m gravitate s towar d a  par -
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ticula r  attracto r  A  ar e collectivel y referre d t o a s tb e basi n o f 
attractio n o f  A .  Th e basi n o f  attractio n o f  th e pendulum' s 
lo w attracto r  consist s o f  ever y stat e excep t  thos e tha t  lea d t o 
tb e improbabl e state .  I n a  planetar y system ,  eac h larg e mas s 
i s surrounde d b y it s o w n basi n o f  attraction .  On e particularl y 
interestin g propert y o f  multiple-attracto r  system s i s tha t  whe n 
tb e syste m i s nea r  a n attracto r  A  i t  i s dominate d b y th e prop -
ertie s o f  A  alone ,  bu t  whe n i t  i s  furthe r  away ,  i t  ma y stil l  b e i n 
tb e basi n o f  v4 ,  bu t  othe r  attractor s ca n exer t  a n influenc e o n it . 
Below ,  w e us e thi s loca l  dominanc e propert y o f  attractor s t o 
model  th e variabl e balanc e o f  syntacti c an d lexica l  influence s 
on processing . 

Sentence Processing Data 

Some recen t  experiment s b y Julian o an d Tanenhau s (1993 ) 
elucidat e tb e wa y thes e dynamica l  system s notion s ca n hel p 
simplif y ou r  understandin g o f  th e relationshi p o f  syntacti c 
and lexica l  influence s o n processing .  Julian o an d Tanenhau s 
focuse d o n th e relationshi p betwee n verb s tha t  tak e sentenc e 
complement s (V[Sbar]'s )  an d verb s tha t  tak e nou n phra.s e 
complement s (V[NP]' s o r  transitiv e verbs) .  Typically ,  sen -
tenc e complement s ar e introduce d b y tb e complementize r 
that ,  althoug h th e complementize r  ca n b e absen t  (3) . 

(3 )  Th e groce r  insisted/agreed/complainedyargue d (that )  th e 
chea p hote l  wa s pleasant . 

When th e complementize r  i s absen t  an d th e embedde d sen -
tenc e start s wit h it s subjec t  nou n phrase ,  th e beginnin g o f  di e 
mai n sentenc e ha s tb e for m NP-V-hf P (o r  " N V N "  fo r  short) , 
whic h make s i t  abstractl y consisten t  wit h di e transitiv e pat -
tern .  I t  i s wel l  know n that ,  i n man y ambiguou s cases ,  peopl e 
prefe r  t o interpre t  a  nou n phras e afte r  a  ver b a s a  direc t  ob -
jec t  (Frazier ,  1987) .  Thi s preferenc e i s par t  o f  di e evidenc e 
tha t  motivate s Ui e two-stag e mode l  o f  processing :  th e prefer -
ence coul d aris e becaus e di e processo r  initiall y  assume s tha t 
any N P afte r  a  ver b i s di e verb' s object .  Indee d Julian o an d 
Tanenhau s foun d hig h latencie s a t  determiner s Uia t  immedi -
atel y followe d V(Sbar]'s ,  i n compari.so n t o determiner s Uia t 
immediatel y followe d V[NP]* s (Figur e 1 ;  se e diei r  "Experi -
ment  3 "  fo r  details) .  Bu t  tb e effec t  wa s correlate d wit h th e 
context-independen t  frequenc y o f  tb e verb :  verb s lo w i n ab -
solut e frequenc y showe d a  stronge r  effec t  tha n verb s hig h i n 
absolut e frequenc y (se e als o Trueswell ,  Tanenhaus ,  an d Kello , 
1993) .  Th e frequenc y correlatio n i s bar d t o understan d unde r 
th e two-stag e mode l  becaus e tha t  mode l  implie s dia t  lexica l 
difference s hav e n o effec t  o n initia l  processing .  Th e result s 
sugges t  a  mode l  i n whic h incorrec t  hypothese s ca n exer t  a 
margina l  influenc e o n correc t  hypothese s t o varyin g degrees , 
dependin g o n th e frequencie s o f  di e item s involved .  W e ar e 
Uiu s le d t o di e ide a o f  lettin g syntacti c bypoUiese s correspon d 
t o attractor s i n a  dynamica l  system . 

Anodie r  experimen t  b y Julian o an d Tanenhau s (1993 )  (thei r 
"Experimen t  2") ,  provide s furthe r  suppor t  fo r  th e competin g 
attractor s approach .  Althoug h th e transitiv e patter n i s indee d 
di e mos t  c o m m o n patter n i n Englis h declarative-sentenc e syn -
ta x (i f  w e tak e di e Brow n Corpu s t o b e representative) ,  i t  hap -
pens t o b e th e cas e tha t  whe n a n arbitrar y ver b i s followe d 
by tb e wor d that ,  th e wor d tha t  i s  mos t  likel y t o b e a  com -
plemenUzer .  Therefore ,  w e migh t  hypodiesiz e dia t  di e N V N 
schema ha s t o compet e wid i  anothe r  schem a o f  di e for m V -
thatlComp] .  Followin g di e sam e lin e o f  reasonin g a s before , 

Figur e 1 :  Readin g tim e difference s betwee n V[Sbai]-th e an d 
\[NP]-lhe .  (Thi s figure  i s base d o n dat a reporte d i n Julian o 
and Tanenhaus ,  1993 ,  Experimen t  3 ) 

1 2  3  4  5 
Ver b De t  Ad j  Nou n Auxiliar y 

(a )  insiste d tb e chea p hote l  was.. . 
(b )  visite d di e chea p hote l  to.. . 

we thu s expec t  peopl e t o hav e difficult y whe n th e direc t  objec t 
of  a  transitiv e ver b i s introduce d b y th e determine r  that .  Ju -
lian o an d Tanenhau s (1993 )  find  a  stron g effec t  i n suppor t  o f 
thi s interpretaUon :  whe n th e sam e transitiv e ver b i s followe d 
by tha t  an d the ,  readin g time s a t  tha t  ar e substantiall y  slower . 
The effec t  peak s a t  th e adjectiv e followin g th e determine r  an d 
diminishe s agai n whe n di e nou n i s reached .  On e migh t  b e 
concerne d dia t  thi s resul t  i s du e eithe r  t o di e hig h frequenc y 
of  th e (ther e i s generall y a n invers e correlatio n betwee n th e 
absolut e frequenc y o f  a  wor d an d it s processin g time) ,  o r  t o 
di e pragmati c su-angenes s o f  usin g determine r  tha t  widiou t 
prio r  mentio n o f  it s referen t  (di e sentence s wer e presente d 
widiou t  a  supportin g context) .  However ,  th e sam e effec t  i s 
observe d whe n tha t  i s  compare d wid i  thos e (Figur e 2) .  Thos e 
i s les s frequen t  tha n tha t  a s a  determine r  (1: 3 i n th e Brow n 
Corpus )  an d ha s simila r  presupposition s t o that .  Thus ,  th e 
result s stil l  see m bes t  explaine d b y positin g influenc e b y di e 
V-that[Comp ]  schem a o n N V N sentences . 

Bodi  o f  dies e result s poin t  i n di e directio n o f  a  dynamica l 
system s treatment .  I n particular ,  attractor s see m lik e usefu l 
device s fo r  modelin g th e wa y i n whic h th e correc t  patter n usu -
all y "captures "  th e processo r  i n di e lon g ru n whil e incorrec t 
pattern s ten d influenc e it s behavio r  alon g di e way .  I n di e nex t 
sectio n w e develo p a  computationa l  mode l  whic h allow s u s t o 
expliciU y mode l  readin g time s o n dii s  basis . 

A Dynamical System for Language Processing 

We use a vector space to encode the states of the language 
processor .  Eac h tim e di e processo r  encounter s a  word ,  i t 
jump s t o som e locatio n i n th e vecto r  space .  W e recapitulat e 
most  o f  th e distinction s dia t  a  symboli c gramma r  make s b y 
lettin g isolate d region s correspon d t o symboli c states .  Ever y 
tim e di e symboli c processo r  woul d b e i n a  stat e Si ,  th e vecto r 
spac e processo r  i s i n a  region ,  Ri .  Additionally ,  w e requir e 
tha t  th e distance s betwee n region s reflec t  partia l  similarit y 
propertie s o f  di e data .  Fo r  example ,  sinc e PP-complemen t 
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Figur e 2 :  Readin g tim e difference s betwee n V[NP]-f/ifl /  an d 
y \W] - t hos e 

1 2 3  4  5 
Ver b De t  Ad j  Nou n Infinitiv e 

(a )  visite d tha t  chea p hote l  to.. . 
(b )  visite d thos e chea p hotel s to.. . 

verb s ar e relatively  simila r  t o transitiv e verb s i n compariso n 
t o noun s an d prepositions ,  th e regio n correspondin g t o th e 
processin g o f  a  PP-complemen t  ver b i s place d relativel y nea r 
th e region  correspondin g t o th e processin g o f  a  transitiv e verb . 
Moreover ,  withi n eac h o f  th e isolate d regions ,  subtl e statistica l 
difference s betwee n element s ar e encode d a s smal l  within -
regio n contrasts .  W e refe r  t o th e collectio n o f  point s visite d i n 
thi s representatio n spac e durin g processin g o f  a  larg e sampl e 
o f  languag e us e a s a  visitatio n set . 

Havin g establishe d th e representatio n spac e an d th e visita -
tio n set ,  w e assum e tha t  processin g a  wor d i n a  corpu s involve s 
mov in g t o th e appropriat e plac e i n th e representation  spac e 
(mor e o n h o w t o d o thi s below )  an d the n migratin g t o th e 
neares t  bi g cluster ,  essentiall y a s i n a  gravitationa l  system . 
Successfu l  parsin g correspond s t o arrivin g a t  (o r  gettin g suffi -
cientl y near )  a  cluste r  locus .  T h u s th e propose d representatio n 
spac e contain s th e trajectorie s o f  a  dynamica l  system ,  wher e 
th e categor y cluster s conespon d t o atlracto r  basins .  Readin g 
tim e i s  modele d a s th e tim e i t  take s th e processo r  t o gravi -
tat e t o a n attractor .  T h e processo r  gravitate s quickl y w h e n i t 
land s nea r  a  dens e cluster ;  i t  gravitate s mor e slowl y w h e n i t 
land s nea r  a  spars e cluster .  Moreover ,  i t  reache s th e relevan t 
attracto r  mo r e quickl y i f  i t  start s nea r  th e cente r  o f  a  cluste r 
tha n i f  i t  start s somewher e o n th e periphery .  A  ver b like ,  roll , 
positione d o n th e peripher y o f  th e ver b cluste r  becaus e o f  th e 
competin g nou n interpretatio n wil l  tak e longe r  t o proces s tha n 
an unambiguou s verb .  Thu s th e mode l  predict s th e genera l 
finding  tha t  ambiguou s element s slo w th e processo r  d o w n . 

We use d a  connectionis t  networ k fo r  corpu s learnin g t o 
generat e th e visitatio n se t  o n whic h th e dynamica l  mode l  i s 
based .  T h e networ k ha d feedforwar d connection s fro m a n 
inpu t  laye r  throug h a  hidde n laye r  t o a n outpu t  laye r  an d th e 
hidde n unit s wer e recurrentl y connecte d t o themselve s an d 
one-anothe r  (Figur e 3) .  W o r d s wer e assigne d localis t  repre -
sentation s o n th e inpu t  an d outpu t  layer s an d th e networ k wa s 
traine d usin g a  corpus :  eac h wo r d wa s presented ,  i n sequence , 
o n th e inpu t  laye r  an d th e weight s wer e adjuste d t o improv e 

th e network' s predictio n o f  th e successo r  wor d (a s i n Ehnan , 
1991) .  Erro r  wa s propagate d usin g backpropagatio n throug h 
tim e an d th e erro r  gradien t  w a s approximate d b y attendin g t o 
onl y a  few ,  recen t  timestep s (se e Pearhnutter ,  1995' s review) . 
T h e hidde n uni t  spac e o f  suc h a  networ k correspond s t o th e 
representation  spac e describe d i n th e previou s paragraph .  Th e 
visitatio n se t  w a s thu s aeate d b y collectin g a  sampl e o f  bid -
de n unit s visite d b y th e networ k durin g th e processin g o f  a 
corpu s approximatin g natura l  usage . 

Figur e 3 :  A  recurren t  networ k fo r  wor d prediction .  (Th e 
activatio n o f  laye r  H I D D E N t  _  i  wa s se t  equa l  t o th e activatio n 
tha t  laye r  H I D D E N ,  ba d o n th e previou s time-step .  T h e erro r 
signa l  w a s backpropagate d throug h 3  time-steps. ) 

OUTPUT (3«uniU) , 

HIDDEN,  ( 5 unib ) 

O 

O 

O O 
INPUT, (3« uniu) 

O • •  O 
HIDDEN, _i (SuniU) 

Figur e 4 :  T h e generatin g g ramma r  fo r  simulation s o f  Julian o 
an d Tanenhaus' s experiments . 

1.00 Sroot; Sp 
1.0 0 S : N P V P 
0.6 7 V P :  VP[NP ] 
0.3 3 V P :  VP[Sbar ] 
0.6 7 VP[NP ]  :  V[NP ]  N P 
0.3 3 VP[NP) :  V[NP 1 
0.6 7 VP[Sbar] :  V[Sbar ]  tha t  S 
0.3 3 VP[Sbar] :  V[Sbar ]  S 
1.0 0 NP:Det N 
[Zipf ]  Det :  0.4 4 the ,  0.2 2 a ,  0.1 4 which ,  0.1 0 tha t  0.1 0 thos e 
[Zipf ]  V [NP )  :  0.3 4 caUed ,  0.1 7 foUowed ,  0.1 1 puUed , 

0.0 9 caught ,  0.0 7 pushed ,  0.0 6 loved , 
O.OS visited ,  0.0 4 studied ,  0.0 4 tossed ,  0.0 3 grabbe d 

[Zipf ]  V[Sbar] :  0.3 4 thought ,  0.1 7 agreed ,  0.1 1 insisted , 
0.0 9 wished ,  0.0 7 hoped .  0.0 6 remaikcd , 
0.0 5 pleaded ,  0.0 4 speculated ,  0.0 4 doubted ,  0.0 3 hinte d 

[Zipf ]  N  .  0.3 4 woman ,  0.1 7 man ,  0.1 1 dog ,  0.0 9 cat , 
0.0 7 blouse ,  0.0 6 hat ,  0.0 5 cake ,  0.0 4 baU , 
0.0 4 watch ,  0.0 3 cypres s 

To generate a corpus, we used the probabilistic, context 
fre e g ramma r  show n i n Figur e 4 .  T h e ftequencie s o f  rule s i n 
th e g ramma r  ar e se t  accordin g t o a  simpl e rubri c calle d Zipf' s 
Law.  Zipf' s L a w hold s tha t  a  ran k vs .  frequenc y plo t  o f  th e 
vocabular y element s draw n fro m an y larg e corpu s form s th e 
cus p o f  a  hyperbol a (Zipf ,  1943) .  T h e la w ha s bee n confirme d 
by Zip f  an d hi s successor s a s a  fai r  approximatio n fo r  numer -
ou s corpor a i n a  wid e rang e o f  languages .  W e hav e observe d 
tha t  i t  als o provide s a  reasonabl e approximatio n fo r  severa l 
of  th e majo r  lexica l  categorie s i n th e B r o w n Corpu s (Noun , 
Verb ,  Adjective ,  Adverb ,  Determiner )  an d hav e thu s use d i t  t o 
assig n frequencie s t o lexica l  item s i n th e grammar .  Somewha t 
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arbitarily ,  w e hav e als o use d i t  t o determin e th e relativ e fre -
quencie s fo r  th e grammar' s multi-productio n syntacti c nodes . 

Afte r  trainin g th e networ k o n granimar-generate d dat a unti l 
i t  ha d learne d al l  o f  th e majo r  distinction s m a d e b y th e gram -
mar,  w e forme d a  visitatio n se t  i n th e followin g manner .  Wit h 
learnin g turne d off ,  w e le t  th e gramma r  generat e 100 0 word s 
i n sequence .  W e presente d thes e t o th e networ k i n orde r  an d 
fonne d a  visitatio n se t  b y recordin g th e se t  o f  hidde n uni t 
location s tha t  th e networ k visited .  Thi s visitatio n se t  define s 
th e behavio r  o f  th e dynamica l  processor .  Ther e ar e a  numbe r 
of  slightl y differen t  way s o f  implementin g th e dynamics .  W e 
hav e experimente d wit h on e i n whic h w e le t  eac h poin t  i n th e 
visitatio n se t  behav e a s a  poin t  mas s an d w e mode l  th e pro -
cesso r  a s a  smal l  tes t  mas s whic h follow s a  trajector y define d 
by Newton' s L a w o f  Universa l  Gravitation .  Th e prediction s 
of  thi s mode l  ar e accurat e i n th e case s w e hav e tried ,  bu t  i t 
i s  computationall y ver y expensive .  Alternatively ,  w e coul d 
le t  a  recurren t  neura l  networ k for m activation-spac e attrac -
tor s correspondin g t o grammatica l  classification s an d trea t 
processin g tim e a s relaxatio n time .  O r  w e coul d interpre t 
th e invers e o f  densit y a s a  potentia l  surfac e (s o tha t  densit y 
maxim a correspon d t o valley-bottom s an d densit y min im a t o 
hilltops )  an d mode l  th e processo r  a s a  bal l  rollin g d o w n thi s 
surface .  Sinc e w e ar e no t  ye t  sur e whic h implementatio n i s 
best ,  w e tak e a  shortcu t  her e an d us e a n easil y computabl e 
approximatio n o f  attractio n tim e whic h i s mos t  simila r  t o th e 
density-as-potentia l  mode l  bu t  share s th e mai n propertie s o f 
al l  th e system s mentioned .  I n particular ,  fo r  a  processin g stat e 
associate d wit h a  juncture ,  p ,  betwee n word s i n a  corpus ,  w e 
le t  th e multiplicativ e invers e o f  densit y provid e a n estimat e o f 
attractio n time : 

(4 )  Def . 

Predicted Reading Time at p = 
1 

1 -| -  Densit y a t  p 

For  th e networ k traine d o n th e granuna r  i n Figur e 4 ,  a  two -
dimensiona l  projectio n o f  par t  o f  th e visitatio n se t  i s  show n i n 
Figur e 5 .  Thi s projectio n focuse s o n case s wher e a  determine r 
or  complementize r  occurre d afte r  a  verb .  I t  wa s obtaine d b y 
selectin g 100 0 case s o f  determiners/complementizer s occur -
ring  afte r  verb s an d plottin g th e first  tw o principa l  component s 
(Jolliffe ,  1986 )  o f  th e correspondin g hidde n uni t  locations . 
The first  Principa l  Componen t  account s fo r  9 7 % o f  th e vari -
ance ,  th e secon d fo r  2 % .  Thus ,  th e dat a o f  Figur e 5  ar e pri -
maril y sprea d ou t  i n th e x-direction .  W e sho w th e expande d 
y-directio n fo r  visua l  clarity . 

I n thi s figure,  ther e ar e tw o densel y populate d cluster s cor -
respondin g t o V[Sbar]' s  followe d b y tha t  an d V[NP]' s fol -
lowe d b y a n unambiguou s determiner .  T h e center s o f  thes e 
tw o dens e cluster s ar e attractor s i n th e dynamica l  mode l  an d 
the y correspon d t o th e tw o mai n syntacti c pattern s involve d 
here :  th e sentence-complemen t  patter n an d th e simpl e transi -
tiv e ( N V N )  pattern .  Ther e ar e als o tw o diffus e cluster s cor -
respondin g t o V[NP]' s followe d b y tha t  an d S-complemen t 
verb s followe d b y a n unambiguou s determiner .  Th e location s 
of  thes e diffus e cluster s reflec t  th e attracto r  influence s whic h 
giv e rise  t o th e prediction s w e ar e intereste d in .  Th e V [ N P ] -
tha t  cluste r  correspond s t o processo r  state s tha t  are ,  fro m th e 
standpoin t  o f  th e symboli c grammar ,  equivalen t  t o th e state s 

correspondin g t o th e point s i n th e V[NP]-determine r  cluster . 
Nevertheless ,  thi s W[NP]-tha t  cluste r  i s draw n ove r  towar d 
th e V[Sbar]-//ia » cluste r  becaus e o f  th e stron g influenc e o f 
th e V+r/ur-as-complementize r  attractor .  Thi s displacemen t 
of  th e W[SP]-tha t  cluste r  make s th e densit y aroun d it s point s 
lo w compare d t o th e densit y i n th e V[NP]-deteiimne r  clus -
t a s o gravitatio n time s fo r  point s i n th e 'V\M']-tha l  regio n 
ar e larg e an d w e expec t  hig h latencie s i n reading .  Thi s i s 
h o w th e mode l  predict s th e result s o f  Julian o an d Tanenhaus' s 
Experimen t  2 . 

I n fact ,  structura l  influenc e effect s alon g th e line s o f  thos e 
observe d i n Experimen t  2  wer e wha t  le d researcho' s t o pro -
pos e th e two-stag e model .  Bu t  i n thi s case ,  it' s  no t  clea r 
w hy processin g th e wor d tha t  afte r  a  transitiv e ver b shoul d b e 
difficul t  unde r  th e standar d two-stag e mode l  whic h take s th e 
N V N structur e a s th e first-pass  assumption—afte r  all ,  tha t  i s 
a legitimat e determiner ,  an d thu s doe s no t  conflic t  grammati -
call y wit h th e first-pass  hypothesis .  Moreover ,  th e ful l  rang e 
of  dat a observe d i n thes e type s o f  sentence s i s inconsisten t 
wit h two-stag e model' s lac k o f  sensitivit y t o lexica l  differ -
ences :  Julian o an d Tanenhau s (1994 )  showe d tha t  replacin g 
di e transitiv e ver b wit h a  stron g sentence-complemen t  ver b 
lik e insiste d make s th e difficult y a t  th e wor d tha t  disappear . 

Thes e result s ar e als o difficul t  t o explai n u n d ^  a  mode l 
base d o n conditiona l  probabilitie s generate d b y a  reason -
abl e linguisti c gramma r  (se e Chamia k 1993 ,  Jurafsk y 1996)' . 
Readin g time s i n suc h model s ar e mos t  naturall y modele d 
as th e uncertaint y o f  probabilit y  distribution s conditione d 
on grammatica l  context .  Suc h models ,  i f  the y calculat e th e 
probabilitie s accurately ,  ca n b e though t  o f  a s ultr a lexically -
sensitive .  I n th e presen t  case ,  a  pur e transitiv e ver b provi(te s 
clea r  informatio n tha t  a  complementize r  interpretatio n i s ou t 
of  th e questio n fo r  tha t  s o th e conditiona l  probabilit y  model s 
hav e n o reaso n t o predic t  greate r  difficult y wit h tha t  tha n wit h 
thos e i n suc h a  context . 

Turnin g n o w t o Julian o an d Tanenhaus' s Experimen t  3 , 
simila r  attracto r  effect s explai n th e difficult y o f  processin g a 
unambiguou s determine r  lik e th e afte r  a  sentenc e complemen t 
verb .  I n particular ,  th e attractio n o f  th e V[Sbar]-deternune r 
cluste r  (whic h i s associate d wit h a  Sentence-Complemen t  in -
terpretation )  ove r  i n th e directio n o f  th e V[NP]-determine r 
cluste r  make s th e densit y o f  point s i n th e V[Sbar]-Determine r 
cluste r  lo w s o gravitatio n time s ar e hig h an d hig h latencie s 
ar e expecte d (Figur e 5) .  Again ,  th e two-stag e mode l  ha s trou -
bl e predictin g thi s effec t  bot h becaus e di e determine r  i s i n 
keepin g wit h th e preferre d transitiv e structur e an d becaus e o f 
th e sensitivit y t o lexica l  difference s evidence d b y th e lowe r 
readin g tim e a t  th e afte r  a  transitiv e verb .  T h e effec t  m a y b e 
attributabl e t o a  statistica l  differenc e i n th e likelihoo d o f  th e 

'  W e not e tha t  Jurafsky' s model s an d som e o f  th e model s de -
scribe d b y Chamia k d o no t  comput e exac t  conditiona l  probabilite s 
but  rathe r  approximations .  The y ar e force d t o d o thi s fo r  lac k o f 
sufficien t  dat a eve n i n a  ver y larg e corpus .  Th e approximation s the y 
choos e ma y enhanc e th e abilit y  o f  thei r  model s t o handl e structura l 
influenc e effect s lik e thos e describe d her e b y weakenin g th e sensi -
tivit y t o lexica l  differences .  W e suspec t  tha t  unde r  thi s weakening , 
thei r  model s becom e simila r  t o th e dynamically-interprete d neura l 
networ k w e describ e here .  W e fee l  th e dynamica l  analysi s approac h 
i s preferabl e i n ligh t  o f  th e curren t  dat a becaus e i t  provide s a n ex -
plici t  characterizatio n o f  th e structura l  influence s i n terms  tha t  ca n 
be relate d t o know n linguisti c constructs . 
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afte r  ih e t w o type s o f  verbs ,  i n whic h cas e conditiona l  prob -
abilit y model s nia y m a k e th e right  qualitativ e prediction ,  bu t 
the y hav e n o capabilit y o f  attributin g th e influenc e t o advers e 
structura l  effects . 

A s note d above ,  t o m a k e specifi c readin g tim e predictions , 
we use d densit y t o estimat e gravitatio n times .  Fo r  eac h poin t 
i n th e 5-dimensiona l  hidde n uni t  space ,  w e chos e a  smal l 
radiu s aroun d it ^  an d counte d th e numbe r  o f  visite d point s 
withi n tha t  radius .  W e measure d th e predicte d readin g tim e 
usin g Equatio n 4 .  T h e resultin g readin g tim e prediction s ar e 
s h o w n graphicall y i n Figure s 7  an d 6 .  Encouragingly ,  th e 
model  predict s anomalie s i n essentiall y  th e sam e place s a s 
the y occu r  fo r  h u m a n subjects. ' 

Figur e 5 :  H idde n uni t  representation s wit h cluste r  mean s 
labelled .  ( P C =  Principa l  C o m p o n e n t ) 

?- V[Sbar)-De t 

V[NP)-«^b 

-  ̂ : s ^ y/[Ŝ -tha t [n\ -V[NF\- D ) t 

0. 0 
PC 1 

C o n c l u s i o n 

The results of die simulations are encouraging because they 
sugges t  theoretica l  framewor k fo r  resolvin g th e long-standin g 
disput e i n psycholinguisticsove r  whethe r  ther e i s a  blin d syn -
tacti c processin g stage .  I n keepin g wit h th e schem e outline d 
by McClelland ,  St .  John ,  an d Taraba n 1989 ,  th e answe r  in -
dicate d her e i s tha t  peopl e commi t  (t o a  degree )  t o syntacti c 
hypothese s a s th e evidenc e warrant s bu t  th e particula r  com -
mitment s m a d e ar e a  functio n o f  accumulatin g lexica l  indi -
cation s an d d o no t  reflec t  context-independen t  defaults .  Th e 
capabilit y  o f  a  wron g hypothesi s t o pul l  th e processo r  awa y 
fro m th e representatio n spac e locatio n correspondin g t o th e 
correc t  hypothesi s i s du e t o attracto r  competitio n an d give s 
rise  t o th e behavio r  patter n tha t  ha s le d peopl e t o posi t  a n 

0.0 6 bidde n uni t  units—roughl y on e thir d th e minimu m distanc e 
betwee n cluste r  mean s i n th e two-dimensiona l  subspac e wher e de -
terminer s an d complementizer s ar e distinguished .  Thi s seeme d lik e 
an appropriat e regio n i n whic h t o estimat e thi s minimu m sinc e som e 
of  th e subtles t  distinction s ar e mad e i n thi s region . 

'Th e persistenc e o f  hig h predicte d latencie s a t  th e wor d hote l 
and th e perio d followin g th e woma n visite d tha t  hotel.. .  i n Figur e 
6 i s du e t o th e persistin g influenc e o f  th e V-rfco/fComplementizer ] 
attracto r  a s evidence d b y th e fac t  tha t  th e mode l  show s a  nontrivia l 
tendenc y t o predic t  a  ver b instea d o f  a  perio d a t  th e 7t h timestep . 
Furthe r  trainin g o f  th e mode l  bring s thi s cas e int o hn e wit h th e huma n 
subjec t  data ,  bu t  tend s t o diminis h th e saUenc e o f  th e attracto r  effect s 
i n th e plo t  correspondin g t o Figur e 5  s o w e decide d t o us e thi s cas e 
as a n illustratio n despit e it s imperfections . 

Figur e 6 :  Compar iso n o f  model' s predicte d reading-tim e dif -
ference s ("m" )  an d scale d h u m a n subjec t  dat a ("h" )  fo r  Ju -
lian o an d Tanenhau s (1993) ,  Experimen t  2 .  T h e h u m a n sub -
jec t  dat a ar e scale d linearl y s o the y fal l  i n th e sam e rang e 
as th e model' s predicte d readin g times .  (Effec t  i s du e t o th e 
V-rAa/[Complementizer ]  attractor) . 

Time Ste p 

1 2 3  4  5  6  7 
Det  Nou n Ver b De t  (Adj )  Nou n Perio d 

(a )  th e woma n visite d tha t  (cheap )  hote l  p.. . 
(b )  th e woma n visite d thos e (cheap )  hote l  p.. . 

initial ,  lexically-blin d processin g stage .  I f  th e incorrec t  hy -
pothesis/attracto r  i s s o stron g tha t  al l  grammaticall y simila r 
case s ge t  pulle d t o withi n a  ver y smal l  radiu s o f  th e attractor , 
the n n o sensitivit y t o lexica l  difference s i s observed .  But ,  i n 
m a ny case s th e pullin g powe r  i s o f  intermediat e strength .  I n 
suc h case s lexica l  difference s ca n modulat e people' s propen -
sitie s t o choos e th e wron g parse .  Moreover ,  advers e attracto r 
influence s ca n resul t  i n hig h processin g latencie s eve n whe n 
th e correc t  pars e i s ultimatel y chosen . 

The proposa l  w e m a k e her e i s ver y m u c h i n keepin g wit h 
th e mode l  o f  sentenc e processin g propose d b y McClelland ,  St . 
John ,  an d Taraba n (1989) .  Thos e auUior s traine d a  connec -
tionis t  networ k t o generat e appropriat e assigimient s o f  con -
stituent s t o role s a s a  sentenc e wa s bein g processed .  Thei r 
model  showe d som e o f  th e sam e ambivalenc e i n th e presenc e 
of  ambiguou s informatio n tha t  ou r  mode l  shows .  Althoug h 
the y di d no t  us e a  dynamica l  syste m t o prob e th e represen -
tatio n produce d b y thei r  networ k lik e w e do ,  the y ar e als o 
workin g wit h a  learnin g mode l  whic h i s governe d b y attrac -
to r  dynamics ,  s o i t  i s  likel y tha t  th e prediction s mad e i n bot h 
case s hav e a  simila r  source .  Th e usefulnes s o f  introducin g 
dynamica l  system s analysi s t o thi s domai n i s tha t  i t  provide s 
a wa y o f  identifyin g th e structura l  entitie s i n connectionis t 
model s tha t  ar e responsibl e fo r  thos e abstrac t  constraint s o n 
languag e tha t  ar e referre d t o a s "syntactic" .  Withou t  suc h 
tool s fo r  talkin g abou t  th e natur e o f  synacti c organizatio n i n 
connectionis t  models ,  i t  i s  har d t o elucidat e th e relationshi p 
betwee n thos e model s an d th e standar d model s whic h mak e 
centra l  referenc e t o syntacti c structures . 

Th e attractor-base d interpretatio n make s i t  clea r  w h y nei -
the r  two-stag e model s no r  conditiona l  probabilit y  model s 
base d o n linguisti c grammar s ca n handl e al l  th e data .  I n 
essence ,  th e two-stag e approac h attribute s to o m u c h respon -
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Figur e 7 :  C(Mnpariso n o f  model' s predicte d reading-tim e dif -
ference s Cte" )  an d scale d h u m a n subjec t  dat a ("b" )  fo r  Julian o 
and Tanenhau s (1993) ,  Experimen t  3 .  Th e huma n subjec t  dat a 
ar e scale d linearl y  s o the y fal l  i n th e sam e rang e a s th e model' s 
predicte d readin g times .  (Effec t  i s  du e t o th e V-NP[Direc t  O b -
ject ]  atuactor) . 

Tlm»St» p 

12 3 4 5 6 
Del  Nou n Ver b De t  (Adj )  Nou n 

(a )  th e woma n insiste d th e (cheap )  hote l  closed . 
(b )  th e woma n visite d th e (cheap )  hote l  p.. . 

siblit y  t o suuctura l  constraints ,  whil e th e conditiona l  proba -
bilit y  approac h i s to o lexicall y sensitive. ^  Neithe r  o f  thes e 
approache s allow s incompatibl e structura l  constraint s t o in -
terac t  a t  a  give n poin t  i n processing .  B y contrast ,  th e attracto r 
model  succeed s b y permittin g suc h interactio n t o occu r  i n a 
limite d way .  I t  holds ,  i n effect ,  tha t  processin g i s  largel y 
rule-governed ,  fo r  i t  i s dominate d mos t  o f  th e tim e b y singl e 
attractor s whic h correspon d t o absolut e interpretations .  Bu t 
i t  i s marginall y subjec t  t o un-rule-lik e influences .  Thes e oc -
cur  whe n competin g hypothese s hav e equal-enoug h swa y tha t 
subtler ,  lexica l  influence s ca n wi n th e day . 
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Abstrac t 

I n thi s pape r  w e presen t  a  simpl e proces s mode l  (base d o n 
connectionis t  patter n completion )  o f  A  i s B  metapho r  compre -
hension .  Th e Metaphor  b y Patter n Completio n (MPC )  mode l 
capitalize s o n a n existin g semanti c memor y mechanism .  Meta -
phorica l  enhancemen t  i s produce d b y presentin g a  semanti c 
vecto r  representatio n o f  th e targe t  wor d (A )  t o a  connectionis t 
networ k storin g th e knowledg e bas e (B) .  Effect s foun d i n 
human dat a suc h a s meanin g enhancement ,  asymmetri c 
processing ,  contex t  sensitivit y an d compoun d indexin g al l  fal l 
naturall y ou t  o f  th e patter n completio n mechanism .  Th e M P C 
model  suggest s a  simpl e wa y o f  separatin g litera l  fitom  meta -
phorica l  statements .  I t  provide s a  mean s o f  predictin g whe n a 
metapho r  wil l  appea r  t o fail .  Moreover ,  w e sugges t  tha t  th e 
mechanis m ca n for m th e basi s o f  a  compariso n procedur e tha t 
support s analogy .  Th e M P C mechanis m avoid s th e proble m o f 
identifyin g whic h feature s o f  a  concep t  ar e relevan t  fo r  simi -
larit y matchin g i n analogies ,  becaus e th e prio r  metapho r  stag e 
naturall y enhance s relevan t  feature s an d suppresse s th e irrele -
van t  features .  Th e M P C mode l  i s  bot h domai n genera l  (i n tha t 
i t  doe s no t  depen d o n th e structur e o f  th e metapho r  domain ) 
and parsimoniou s (i n tha t  i t  doe s no t  posi t  metaphor-specifi c 
mechanisms) . 

1.  I n t roduc t i o n 

In this papw we describe a simple computational model of 
th e processe s involve d i n comprehendin g metaphor s o f  th e 
for m A  i s B  (e.g. ,  "Th e Appl e i s a  Ball") .  Thes e hav e bee n 
referre d t o a s Imag e Metaphor s (Lakoff ,  1994 )  o r  simpl y 
Attribut e Mappin g (Holyoa k an d Thagard ,  1995) .  Ther e 
hav e bee n fe w attempt s t o buil d conq)utationa I  model s o f 
metapho r  becaus e i t  i s assume d tha t  a  metapho r  i s equivalen t 
t o a n analog y wit h th e compariso n m a d e imphci t  (tha t  is ,  A 
i s B  i s jus t  A 1 5 lik e B  wit h th e "like "  removed) .  Althoug h o n 
ground s o f  parsimon y i t  migh t  b e stuprisin g i f  th e processe s 
imdrarlyin g metapho r  an d analog y wer e radicall y differen t 
(Rumelhart ,  1979) ,  metaphor s ar e ofte n see n a s producin g a 
stronge r  an d subtle r  effec t  tha n simile s (Glucksber g an d 
Keysar ,  1993) .  Thi s suggest s tha t  importan t  difference s m a y 
undCTli e th e tw o processes . 

Metaphor s ca n impl y a  compariso n bu t  the y ar e no t  reduc -
ibl e t o comparison s (Black ,  1979) .  I t  seem s reasonabl e t o sa y 
" I  don' t  m e a n Richar d i s lik e a  hon ,  I  mea n tha t  Richar d i s a 

lion. "  Ther e i s a  sens e i n whic h th e metaphorica l  compari -
so n seem s stronge r  tha n th e analogica l  comparison .  Meta -
phor s ca n b e viewe d a s a n intermediat e betwee n litera l 

attributio n statement s (e.g .  Richar d i s brave )  an d simile s 
(e.g .  Richar d i s lik e a  lion) .  B y sayin g tha t  "Richar d i s a 

Uon" ,  certai n propertie s o f  a  Uo n (suc h a s bravery )  ar e 
attribute d t o Richard .  Th e proces s b y whic h th e feature s o f 
Richar d ar e modifie d throug h th e us e o f  a  metapho r  i s stil l 

ver y m u c h a n ope n question . 
Becaus e o f  th e confoun d betwee n metaphor s an d simi -

les ,  existin g computationa l  model s hav e primaril y exam -
ine d th e processe s involve d i n th e formatio n o f  analogie s 
and i n similarity-base d retrieva l  (e.g .  A C M E:  Holyoa k an d 
Thagard ,  1989 ;  M A C / F A C :  Forbus ,  Centner ,  an d Law , 
1995) .  Thes e computationa l  model s hav e propose d tha t 
analogica l  comparison s involv e eithCT :  (a )  formin g m ^ -
ping s o r  link s betwee n stati c representation s (e.g .  A C M E ) , 
or  (b )  a  kin d o f  "hig h leve l  porception "  i n whic h represen -
tation s ar e dynamicall y configure d accordin g t o domai n 
specifi c  heuristic s (e.g. .  Copycat :  Hofstadter ,  1984 ;  Mitch -
ell ,  1993 ;  Tabletop :  Hofstadte r  an d French ,  1994) .  Whil e 
most  model s see m t o fal l  int o eith ^  th e mappin g o r  hig h 
leve l  perceptio n camp .  Burn s an d Holyoa k (1994 )  hav e 
show n tha t  i f  enoug h domai n specifi c  informatio n i s pre -
wire d int o th e systems ,  the n bot h type s o f  mode l  ca n 
behav e i n a  simila r  fashion . 

Th e comprehensio n o f  comple x metaphors ,  requirin g 
th e formatio n o f  mapping s betwee n th e element s i n tw o 
structure d representations ,  m a y involv e task-specifi c  cog -
nitiv e mechanisms .  HowevCT ,  i t  i s  questionabl e h o w fi-e-
quentl y suc h comple x metaphor s ar e understoo d 'on-line ' 
by th e opCTatio n o f  a  singl e cognitiv e mechanism .  Lakof f 
(e.g. ,  Lakoff ,  1994 ;  Lakof f  an d Johnson ,  1980 )  ha s pro -
pose d tha t  th e mapping s involve d i n man y "conventional " 
comple x metaphor s ar e do-ive d an d agree d i n advanc e o f 
usage ,  b y member s o f  a  give n linguisti c community . 
MoreovCT ,  comple x metapho r  comprehensio n i s likel y t o 
incorporat e a  rang e o f  processe s an d strategies .  Th e mode l 
we presen t  i n thi s pape r  i s intende d t o captur e th e 'on-line ' 
comprehensio n o f  metaphor s occurrin g a t  ver y shor t  tim e 
scale s (e.g. ,  seconds) .  W e beUev e tha t  thes e simpl e on-lin e 
mechanism s m a y for m th e basi s o f  (o r  contribut e to )  th e 
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mor e comp le x comprehensio n strategie s occurrin g a t  longe r 
tim e scale s (e.g. ,  ove r  minutes) . 

Simpl e A  i s B  metaphor s provid e a  w a y o f  explorin g th e 
basi c mechan ism s whic h underii e mean in g enhancemen t 

independentl y o f  th e nee d fo r  an y prio r  comp le x mappings . 
I n particular ,  w e sugges t  tha t  mean in g enhancemen t  ca n b e 

modele d b y a  simpl e doma i n genera l  processin g mechanism . 
For  simpl e A i s B  meti4>hOTs ,  th e Metapho r  b y Patter n C o m -

pletio n ( M P C )  m o d e l  account s fo r  h o w th e semanti c feature s 
of  a  targe t  w o r d ( A )  ar e transforme d b y th e semanti c proper -
tie s o f  a  knowledg e bas e (B) .  T h e mode l  capitalize s o n th e 

ptopettie s o f  existin g semanti c m e m o r y mechan ism s an d 
doe s no t  posi t  "metaphor-specific "  processes .  I n thi s sens e i t 
i s  bot h doma i n genera l  (i n tha t  i t  doe s no t  depen d o n th e 
structur e o f  th e specifi c m e t ^ h o r  d o m a i n )  an d parsimoniou s 
(i n tha t  i t  doe s no t  nee d t o posi t  n e w mechan isms) . 

Th e hear t  o f  th e m o d e l  i s base d o n Black' s (1979 )  interac -
tio n theor y o f  A  i s B  metapho r  genesis .  Black' s theor y con -
tain s a  numbe r  o f  abstrac t  concept s whic h attemp t  t o captur e 
th e complexit y o f  th e proces s o f  metaphor .  Accordin g t o 
Black ,  A i s B metaphor s gai n thei r  effec t  throug h a n interac -
tio n betwee n th e targe t  an d th e sourc e concepts ,  whereb y 
"associate d implications "  f ro m th e sourc e concep t  ar e "pro -
jecte d u p o n "  th e targe t  concept .  T h e "associate d implica -
tions "  ar e derive d from  th e sourc e concept' s "implicativ e 
complex "  whic h i s determine d b y th e "curren t  opinion s 
share d b y m e m b e r s o f  a  certai n speech-communi ty "  (Black , 
1979 ,  p .  28) .  T h e metapho r  involve s " a shif t  i n th e speaker' s 
meanin g -  an d th e correspondin g hearer' s mean in g -  wha t 
bot h o f  the m understan d b y th e word s a s use d o n th e particu -
la r  occasion. "  {ibid.) .  T h e M P C m o d e l  provide s a  m o r e tan -
gibl e expressio n o f  thes e abstrac t  ideas . 
Th e mode l  capture s fou r  ke y p h e n o m e n a 
of  metaphorica l  comparisons :  (1 )  th e 
semanti c effec t  o f  th e juxtapositio n o f  t w o 
concepts ;  (2 )  th e directiona l  asynmietr y 
of  suc h comparison s (tha t  is ,  th e meta -
pho r  A  i s B  frequently  ha s a  quit e differ -
ent  effec t  from  th e metapho r  B i s A ,  eve n 
thoug h th e similaritie s betwee n th e t w o 
concept s ar e th e s a m e i n eac h case) ;  (3 ) 
contex t  sensitivity ;  an d (4 )  c o m p o u n d 
indexin g effect s i n metaphorica l  compari -
sons .  Further ,  th e m o d e l  m a y provid e 
some clue s a s t o h o w metaphorica l  state -
ment s ca n b e distinguishe d from  litera l 
statements .  Finall y  i t  generate s a  hypothe -
si s o f  th e relatio n betwee n metaphorica l 
an d analogica l  comparison s an d provide s 
an accoun t  o f  w h e n metaphor s wil l  fail . 

2. The Model. 

The MPC model is based on the 
processin g p o w e r  o f  three-layere d feed -
forwar d connectionis t  networks .  Figur e 1 
show s th e complet e networ k architecture . 

Bot h th e input s an d output s t o th e networ k encod e semanti c 
features .  Ther e ar e 1 3 semanti c feature s (thoug h not e Ball s 

hav e 2  extr a features ,  a s describe d i n Sectio n 3. 4 be low) . 

Inpu t  informatio n enterin g th e networ k i s vette d toward s 

separat e knowledg e base s vi a a  categorizatio n mechan ism . 

Thi s mechan i s m mus t  b e abl e t o separat e input s int o appro -

priat e categorie s a s dictate d b y perceptua l  o r  linguisti c con -
textua l  cues .  Hence ,  th e prio r  abilit y  t o categoriz e input s i s a 

necessar y assumptio n o f  thi s mode l .  T h e selecto r  m e c h a n i s m 
w as no t  actuall y implemente d i n a  connectionis t  fo r m sinc e 
i t  ha s n o direc t  impac t  o n th e proces s throug h wh ic h meta -
phor s emerge .  H o w e v e r ,  i t  coul d b e implemente d a s a  feed -
forwar d networ k wit h th e s a m e semanti c input s a s th e 
knowledge-bas e networ k bu t  wit h a  singl e categor y outpu t 
actin g a s a  shuntin g m e c h a n i s m fo r  redirectin g informatio n 
flow. 
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Figure 1. Architecture of the MPC Model. 

Table 1: Semantic Features for Concept Prototypes. 
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I n thi s limite d example ,  w e hav e chose n a  smal l  se t  o f  fea -
ture s wit h whic h t o describ e th e objects .  Th e intentio n her e 

i s t o mode l  a n 'on-line '  mechanism .  I f  thi s mechanis m fails , 
or  th e domai n i s to o complex ,  othe r  strategie s ca n com e int o 
play .  Becaus e thi s i s  a  defaul t  comprehensio n mechanism , 

we sugges t  tha t  i n a  scale d u p model ,  al l  concept s woul d b e 
represente d alon g a  c o m m o n se t  o f  defaul t  feature s (e.g. , 

hig h frequenc y o r  hig h salienc e features) .  Thes e m a y no t 

represen t  al l  concept s sufficientl y fo r  al l  purpose s bu t  the y 
shoul d suffic e a s a  defaul t  approximation .  A  concep t  tha t  i s 
not  adequatel y represente d wil l  fai l  t o b e understood ,  bot h 
literall y an d metaphoricall y (se e later) ,  an d wil l  trigge r  a 
mor e comple x strategy . 

I n orde r  t o generat e knowledg e base s fo r  separat e con -
cepts ,  th e networ k wa s traine d t o autoassociat e exemplar s o f 
eac h concept .  Fo r  simplicity ,  w e restricte d th e mode l  t o th e 
formin g o f  A  i s B  metaphor s betwee n thre e concepts : 
Apples ,  Balls ,  an d Forks .  Th e concept s wer e define d b y a  se t 
of  prototypica l  token s representin g differen t  kind s o f  apples , 
balls ,  an d fork s tha t  coul d b e encountere d i n th e individual' s 

worl d (se e Tabl e 1) .  Th e networ k wa s no t  traine d o n th e pro -

totype s themselves ,  bu t  o n exemplar s clustere d aroun d thes e 
prototypes .  Exemplar s wer e generate d fro m eac h prototyp e 
by addin g Gaussia n nois e (varianc e 0.15 )  t o th e original . 

Th e exemplar s fo r  eac h concep t  forme d thre e trainin g set s 
use d t o develo p th e network' s thre e prior-knowledg e base s 
"about "  apples ,  balls ,  an d forks .  Th e existenc e o f  a  prio r 
knowledg e bas e i s a  necessar y featur e o f  metapho r  compre -
hension .  Prior-knowledg e base s ar e analogou s t o Black' s 
(1979 )  "implicativ e complex "  an d reflec t  a n individual' s per -
sona l  experienc e wit h exemplar s o f  eac h concept .  Th e appl e 
sub-networ k wa s traine d t o autoassociat e pattern s from  1 0 
exemplar s o f  eac h o f  thre e appl e kind s (e.g. ,  red ,  green ,  an d 
rotten )  fo r  a  tota l  o f  3 0 patterns .  Similarly ,  th e bal l  sub-net -
wor k wa s traine d t o autoassociat e 1 0 exemplar s from  thre e 
differen t  kind s (fo r  a  tota l  o f  3 0 patterns) .  Finally ,  th e for k 
sub-networ k wa s traine d t o autoassociat e 1 0 exemplar s from 
1 kin d (fo r  a  tota l  o f  1 0 patterns) .  Becaus e ther e wa s onl y 1 
kin d o f  for k (a s oppose d t o 3  kind s o f  bot h apple s an d balls) , 
a singl e blan k trainin g patter n (zer o inpu t  an d output )  wa s 
adde d t o th e for k trainin g se t  t o inhibi t  overleamin g o f  th e 
for k exemplars .  Al l  network s wer e traine d wit h Backpropa -
gatio n usin g th e followin g paramete r  values :  learning-rate : 
0.1 ,  m o m e n t u m :  0.0 ,  initia l  weigh t  range :  ±0.5 .  Eac h sub -
networ k wa s traine d fo r  100 0 epochs .  Al l  reporte d result s ar e 
average d ove r  n=1 0 replications . 

I n th e M F C model ,  metaphorica l  interpretation s aris e nat -
urall y ftx)m  th e patter n completio n propertie s o f  non-linea r 
connectionis t  informatio n processing .  Patter n completio n i s 
ofte n use d t o "clea n up "  nois y inpu t  patterns .  Tha t  is ,  th e net -
wor k transform s th e inpu t  t o mak e i t  mor e consisten t  wit h 
th e knowledg e store d i n th e network .  I n th e cas e o f  meta -
phors ,  however ,  th e inpu t  i s no t  a  nois y versio n o f  a  patter n 
on whic h th e networ k ha s previousl y bee n trained ,  bu t  a n 
exempla r  o f  anothe r  concept .  Fo r  example ,  th e sub-networ k 

traine d o n Ball s migh t  b e presente d wit h a n Appl e pattern . 
The resultin g outpu t  woul d b e a n Appl e patter n transforme d 

i n suc h a  wa y a s t o mak e i t  mor e consisten t  wit h th e proto -

typica l  Bal l  representatio n store d i n th e network .  Th e natur e 
of  th e transformatio n wil l  depen d o n th e relationshi p 

betwee n th e Appl e an d Bal l  concepts .  T o cas t  thi s i n Black' s 
terms ,  a  metapho r  i s produce d whe n th e sourc e concep t  Bal l 

"projects "  it s  knowledg e representatio n o r  "associate d impli -

cations "  ont o th e targe t  concep t  Apple .  Th e resul t  i s a  ne w 
understandin g o f  Appl e i n whic h feature s ar e selectivel y 
modifie d accordin g t o th e Bal l  prototype . 

Metaphor s ar e achieve d b y th e redirectio n o f  informatio n 
flo w int o on e knowledg e bas e o r  another .  Th e rol e o f  th e "is " 
i n th e A  i s B  metapho r  i s t o trigge r  tha t  redirection .  I f  th e 

informatio n flo w wer e no t  redirected ,  th e resul t  woul d b e 
processin g o f  th e inpu t  b y th e knowledg e bas e o f  whic h i t  i s 
an exempla r  (e.g. ,  th e Appl e inpu t  woul d flo w throug h th e 
Appl e sub-network) .  Thi s woul d "clean-up "  th e Appl e inpu t 

t o mak e i t  mor e apple-lik e an d b e aki n t o "recognizin g th e 
inpu t  a s a n apple" .  Thi s typ e o f  semanti c representatio n ha s 

bee n postulate d befor e t o accoun t  fo r  prototyp e effect s i n 
semanti c memor y (McClellan d an d Rumelhart ,  1986) . 
Henc e th e M F C mode l  ca n b e see n a s merel y capitalizin g o n 
existin g semanti c memor y mechanisms . 

3. Model Performance. 

Figures  2 to 5 show the results of various simulated meta-
phors .  Fo r  eac h A  i s B  metaphor ,  th e to p ba r  char t  o f  eac h 
pai r  show s th e activatio n o f  th e semanti c featur e inpu t  repre -
sentatio n o f  th e targe t  concep t  (A) .  Th e lowe r  grap h show s 
th e semanti c featur e outpu t  representatio n o f  th e sam e targe t 

(A )  onc e i t  ha s bee n transforme d b y th e sourc e knowledg e 
bas e (B) .  Th e metapho r  represente d i s labele d a t  th e to p o f 
th e figure .  Thi s sectio n report s o n fou r  metapho r  effect s 
foun d i n human s tha t  fal l  naturall y ou t  o f  th e M F C mecha -
nism . 

3.1 Meaning Enhancement 

Figure 2 shows the enhancement of the semantic features 
of  a n appl e concep t  fo r  th e metaphor :  "Th e Appl e i s a  Ball" . 
The inpu t  i s  a n exempla r  clos e t o it s  prototyp e kind .  Th e 
effec t  o f  thi s metapho r  i s t o reduc e th e edibl e label ,  t o sug -
ges t  tha t  thi s appl e migh t  b e suitabl e fo r  throwing ,  t o 
increas e th e hardnes s an d roundnes s labels ,  whil e introduc -
in g som e ambiguit y int o th e colo r  features .  Thi s i s th e typ e 
of  enhancemen t  effec t  outline d b y Blac k (1962 ,  1979 )  (se e 
sectio n 1) .  Not e tha t  despit e th e fac t  tha t  20/3 0 o f  th e Bal l 
exemplar s ar e sof t  beachballs ,  th e Appl e i s stil l  mad e t o loo k 
harde r  rathe r  tha n softe r  b y thi s metaphor .  Thi s i s  becaus e 
th e appl e i s close r  i n siz e t o a  har d basebal l  tha n i t  i s  t o a  sof t 
beachball .  Semanti c enhancemen t  i s thu s no t  a  defaul t  impo -
sitio n o f  bal l  feature s ont o thos e o f  a n apple ,  bu t  a n interac -
tio n betwee n store d bal l  knowledg e an d th e natur e o f  th e 
appl e exempla r  bein g presente d t o th e bal l  sub-network . 
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3. 2 A s y m m e t r i c C o m p a r i s o n s . 

Real metaphors are rarely symmetrical (i.e., A is B is not 
equivalen t  t o B  i s  A ) ,  thoug h th e similaritie s betwee n A  an d 
B ar e th e sam e i n eithe r  case .  Fo r  example ,  th e metaphor s 

"sermon s ar e slippin g pills "  an d "sleepin g pill s  ar e sermons " 
hav e quit e differen t  implication s (Glucksber g an d Keysar , 
1990) .  Figur e 3  show s th e resul t  o f  th e metapho r  'Th e Bal l  i s 

an Apple" ,  th e revers e o f  tha t  show n i n Fig.2 .  Th e effec t  o f 
thi s metapho r  i s to :  reduc e th e likelihoo d o f  bein g thrown , 
th e siz e o f  th e ball ,  an d th e roundnes s label ,  an d increas e th e 

irregularit y label ,  th e softnes s labe l  an d th e edibiht y label . 
The semanti c effec t  o f  thi s metapho r  i s differen t  (tor n tha t  i n 
th e previou s cas e despit e th e fac t  tha t  th e distanc e betwee n 
th e set s o f  prototype s fo r  apple s an d ball s i n n-dimensiona l 
similarit y spac e remain s th e same .  I n fact ,  th e asymmetr y 
onl y seem s problemati c  i f  on e view s th e compariso n o f  con -
cept s a s involvin g th e measuremen t  o f  stati c distance s (e.g . 
Rumelhar t  an d Abrahamson ,  1973) .  I n th e curren t  model , 
metaphor s ar e base d o n dynami c transformations .  Ther e i s 
no reaso n fo r  thes e transformation s t o b e symmetrical . 

3.3 Context sensitivity. 

Figure 4 shows the effect of changing the target context on 
th e metapho r  process .  Th e effec t  o f  th e metaphor :  "Th e Bal l 
i s  a n Apple "  i s simila r  fo r  bot h Re d an d Gree n balls : 
roundnes s an d siz e ar e reduced ,  wherea s irregularity , 
softness ,  an d edibilit y  label s ar e increased .  However ,  a 
noticeabl y differen t  enhancemen t  i s  produce d o n Brow n 
ball .  Here ,  th e softnes s labe l  i s ver y muc h increased ,  an d th e 
bal l  retain s a  lo w edibilit y  label .  Thi s differentia l  effec t 
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occur s becaus e th e Appl e knowledg e bas e i s  constructe d 

aroun d thre e prototype s (Tabl e 1) .  Brown/Rotte n apple s 

hav e differen t  propertie s fro m othe r  apples .  Th e targe t  an d 

sourc e interac t  i n producin g th e effec t  o f  th e metaphor .  Th e 
contex t  o f  th e targe t  (e.g. ,  brow n vs .  red )  impact s o n whic h 
aspect s o f  th e knowledg e bas e (Apples )  ar e relevan t  t o th e 

metaphor .  Thi s i s als o foun d i n huma n metapho r  interpreta -
tion s (Black ,  1979) . 

3.4 Compound indexing. 

In the apple knowledge base, different kinds are implicitly 
represente d b y a  distributio n o f  exemplar s aroun d thre e pro -
totypes .  I t  i s  als o possibl e t o inde x separat e kind s explicitl y 

i n metaphor s (Malgad y an d Johnson ,  1976) .  I n th e Bal l  sub -
network ,  tw o semanti c feature s wer e adde d t o th e inpu t  an d 
outpu t  representation s i n orde r  t o cod e fo r  Baseball s an d 
Beachball s explicitl y  (Figur e 1 ,  dashe d outline) .  Figur e S 
shows th e effect s o f  th e metaphors :  "Th e Appl e i s a  Base -
ball "  an d "Th e Appl e i s a  Beachball" .  I n th e Basebal l  case , 
th e appl e i s mad e t o loo k harde r  an d pale r  an d retain s it s 
size ,  whil e i n th e Beachbal l  case ,  th e appl e remain s re d an d 
i s see n a s bot h softe r  an d larger .  Thu s a  knowledg e bas e ca n 
be explicitl y  distorte d t o enabl e a  differen t  meanin g 
enhancement . 

4. Model Implications and Predictions. 

In  this section, we describe the implications of interpreting 
metaphor s a s arisin g fro m patter n completio n processes . 
Each subsectio n discusse s modelin g wor k describe d i n mor e 
detai l  i n a  forthcomin g longe r  report . 

*«* _ 
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The Bal l  l i  a n Apple . 
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Figur e 3 .  Asymmetri c Comparisons . 

The Apple i> a Baseball vt The Apple it a Beachball 

Figur e 4  Contex t  Sensitivity . Figur e S .  C o m p o u n d Indexing . 
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4. 1 Distinguishin g metaplior s &  litera l  statements . 

A key issue in metaphor research is how to detect that a 

statemen t  i s metaphorica l  an d no t  litera l  (Ortony ,  1993) .  I n 
th e M P C model ,  bot h type s o f  statement s ar e processe d b y 

th e sam e mechanism .  A  statemen t  i s recognize d a s litera l  it ' 

onl y smal l  semanti c change s occu r  i n th e output .  Fo r  exam -

ple ,  i n sayin g "(hi s [apple-like ]  ite m i s a n apple" ,  ver y littl e 
chang e i s produce d i n th e item' s outpu t  features .  However , 
sayin g "thi s (apple-like ]  ite m i s a  ball "  result s i n a  larg e 
amount  o f  outpu t  featur e enhancement . 

I n a  give n discourse ,  th e listene r  m a y b e expectin g a  cer -
tai n amoun t  o f  meanin g chang e fro m a  give n communica -

tion .  I f  th e meanin g chang e i s greate r  tha n tha t  whic h th e 
listene r  expect s give n th e context ,  the n h e o r  sh e ma y con -
clud e tha t  th e communicatio n i s metaphorical .  Thu s th e dif -

ferenc e betwee n a  litera l  an d metaphorica l  statemen t  o f  th e 

for m A  i s B  m a y b e detecte d b y matchin g th e networ k erro r 
scor e agains t  a  criterio n suitabl e fo r  th e curren t  discourse .  I n 
our  simulations ,  whe n testin g th e metaphor s "A n Appl e i s a n 
Apple "  an d " A n Appl e i s a  Ball "  usin g a  nove l  Appl e exem -
plar ,  th e mea n erro r  score s wer e 0.0 7 an d 2.5 4 respectivel y 

(sig .  dif. ,  relate d sample s t-test ,  t=g.04 ,  9df ,  p<0.0001) .  Not e 
tha t  a  lo w erro r  scor e represent s a n accurat e autoassociation , 
but  als o a  metaphoricall y uninterestin g juxtaposition :  littl e 
meanin g enhancemen t  ha s take n place .  Thi s correspond s t o 
th e invers e relationshi p belv^ee n (h e accurac y o f  a  compari -
so n an d it s aestheti c impac t  foun d i n huma n subject s (Stern -

berg ,  Tourangeau ,  an d Nigro ;  1979) . 

4.2 Metaphors and Analogies. 

Earlier, we suggested that a metaphor such as "Richard is 
a lion "  ca n b e viewe d a s intermediat e betwee n a  litera l  attri -
butio n statemen t  "Richar d i s brave "  an d a  simil e "Richar d i s 
lik e a  lion" .  I n th e metaphorica l  case ,  w e kno w Richar d i s 
not  a  lion ,  an d thu s mus t  transfe r  som e (relevant )  feature s o f 
th e lio n t o Richard .  W e hav e see n h o w transformin g th e fea -
ture s fo r  Richar d usin g th e knowledg e w e hav e abou t  lion s 
migh t  achiev e thi s enhancement .  However ,  th e proble m o f 
extractin g th e relevan t  feature s als o exist s fo r  similes .  W h e n 
we ar e tol d tha t  Richar d i s lik e a  lion ,  h o w d o w e kno w th e 
ways i n whic h h e resemble s a  lion ? 

O ne wa y t o addres s thi s proble m woul d b e t o 
perfor m th e metapho r  "Richar d i s a  lion "  usin g th e M P C 
mechanism ,  a s a  firs t  ste p t o performin g th e simil e "Richar d 
i s lik e a  lion" .  Thi s woul d produc e a n enhance d understand -
in g o f  Richard ,  i n whic h hi s braver y wa s enhanced ,  bu t  no t 

hi s possessio n o f  a  man e (sinc e Richar d ha s n o man e fea -
ture s t o b e enhanced) .  I f  w e note d th e way s i n whic h 
Richard' s feature s ha d bee n enhanced ,  w e coul d the n ^ ^ 

tak e thes e feature s t o b e th e relevan t  similaritie s 
betwee n Richar d an d th e lion .  Thes e coul d the n b e out -
put  a s th e resul t  o f  th e compariso n proces s implie d b y 
th e simile . 

Th e proces s o f  derivin g th e relevan t  similaritie s 

woul d procee d a s follows .  Fo r  a n A  i s B  metaphor ,  th e simi -

laritie s betwee n A  an d B  woul d b e compute d base d o n thos e 

non-zer o feature s i n A  tha t  ha d bee n enhance d (o r  a t  leas t  no t 

suppressed )  durin g th e patter n completio n process .  Con -

versely ,  th e difference s woul d consis t  o f  th e semanti c fea -

ture s suppresse d b y th e mapping ,  o r  previousl y zer o feature s 

tha t  ha d bee n enhanced .  So ,  i n th e metapho r  'Th e Appl e i s a 

Ball "  (Figur e 2) ,  th e similaritie s betwee n apple s an d ball s 
are :  Round ,  Hard ,  an d Re d an d Sof t  (t o som e extent) , 
wherea s th e difference s ar e Edibility ,  Thrown ,  Irregular , 

White ,  an d Re d an d Sof t  (t o som e extent) . 
Analog y i s the n see n a s a  tw o stag e process .  Th e firs t  stag e 

comprise s "seein g A  a s i f  i t  wer e B" ,  whic h coul d b e 
describe d a s a  for m o f  hig h leve l  perception .  Th e secon d 
stag e involve s compariso n betwee n stati c representation s t o 

deriv e similarities .  I n short ,  thi s accoun t  o f  analog y incorpo -

rate s element s o f  bot h th e opposin g view s o f  th e natur e o f 

analog y formatio n outline d i n sectio n 1 ,  hig h leve l  percep -
tio n an d representationa l  mapping . 

The M P C mode l  suggest s h o w metapho r  an d analog y ma y 
be related .  Instea d o f  bein g a n implici t  for m o f  analogy ,  met -
apho r  i s see n a s a  communicativ e expressio n intende d t o 
enhanc e th e meanin g o f  a  concep t  b y borrowin g informatio n 
fro m anothe r  concept .  Analog y o n th e othe r  han d i s a  com -
municativ e expressio n intende d t o focu s attentio n o n th e 
similaritie s betwee n tw o concepts .  Metapho r  i s th e mor e pri -
mar y process ,  highlightin g an y salien t  feature s 'on-line' . 
Analog y note s th e resultin g similaritie s betwee n concepts . 

4.3 Predicting when metaphors should fail. 

The model suggests two situations under which metaphors 
wil l  fail .  Firs t  (an d somewha t  trivially) ,  a  metapho r  A  i s B 

wil l  fai l  i f  a  subjec t  know s nothin g abou t  B  (i.e. ,  i f  th e 
knowledg e bas e i s no t  formed) .  O n e mus t  hav e a  representa -
tio n o f  apple s befor e apple s ca n b e use d metaphorically .  I n 

othe r  words ,  on e mus t  b e abl e t o recogniz e apple s befor e on e 
ca n se e some(hin g els e a s i f  i t  wer e a n apple .  Mor e interest -
ingly ,  th e proces s o f  metapho r  wil l  als o b e fruitles s i f  th e tar -
get  an d sourc e hav e n o positiv e feature s i n c o m m o n (i.e. ,  i f 
th e semanti c representatio n vector s ar e orthogonal) .  Patter n 
completio n o f  targe t  b y sourc e woul d produc e n o output ,  an d 
thu s n o meaning .  Figur e 6  illustrate s thi s i n th e cas e o f  th e 
metaphor :  "Th e Appl e i s a  Fork" .  Here ,  fe w feature s sho w 
strongl y o n th e output ,  sinc e apple s an d fork s hav e ver y littl e 
i n c o m m o n o n thi s defaul t  featur e set . 

Figure 6. When Metaphors Fail. 

The Apple is a Fork. 

r n n 
n 
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5.  Conc lus ion . 

The model described in this paper provides a process 
accoun t  o f  ke y aspect s o f  metapho r  comprehension .  I t  show s 

ho w semanti c distortion ,  contex t  sensitivity ,  an d compoun d 
indexin g fal l  naturall y ou t  o f  connectionis t  patter n comple -

tio n mechanisms .  Moreover ,  i t  provide s a  simpl e explanatio n 
of  th e directiona l  asymmetr y effect s whic h hav e plague d 
model s base d o n stati c similarit y measure s (e.g. ,  Rumelhar t 
and Abrahamson ,  1973) .  Th e asymmetr y effec t  arise s from 
th e fac t  tha t  networ k transformation s ar e no t  normall y bi -

directional . 
Al l  o f  thi s i s accomplishe d throug h a  simpl e an d parsimo -

niou s mechanism .  Th e M P C mode l  capitalize s o n a n existin g 
semanti c memor y mechanis m an d doe s no t  posi t  domai n 
specifi c  mechanisms .  Existin g model s o f  analog y posi t 
numerou s comple x mechanisms .  I t  i s  wort h notin g ho w 
much ca n b e achieve d wit h s o simpl e a  mechanism .  H o w -
ever ,  althoug h compoun d indexin g (Sectio n 3.4 )  showe d thi s 
limite d cas e coul d b e extende d somewhat ,  i t  i s  no t  automati -
call y clea r  ho w th e curren t  mode l  coul d b e extende d beyon d 
featura l  representation s t o incorporat e th e structur e neces -
sar y t o accoun t  fo r  comple x metaphorica l  comparisons. ' 

We suggeste d tha t  th e patter n completio n proces s coul d b e 
used a s th e basi s fo r  a n 'on-line '  analogica l  compariso n pro -
cedur e whic h ma y begi n t o tackl e th e proble m o f  determin -
in g whic h feature s o f  a n objec t  ar e relevan t  t o a  particula r 
comparison .  A  prio r  metaphorica l  stag e automaticall y identi -
fie s th e relevan t  feature s a s thos e tha t  ar e modifie d b y th e 
metaphor .  Thi s accoun t  o f  analog y woul d incorporat e ele -
ment s o f  th e tw o opposin g view s from  curren t  researc h int o 
computationa l  processe s underlyin g analogica l  processing . 

Lastly ,  w e woul d no t  wan t  t o preten d tha t  thi s mode l  o n it s 
own ca n explai n th e ful l  richness  (o r  eve n mystery! )  o f  meta -
phor .  However ,  w e d o believ e tha t  i t  give s u s som e purchas e 
on a  comple x an d multi-facete d problem ,  a  purchas e whic h 
i s gaine d a t  th e expens e o f  ver y fe w assumptions . 
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Abstrac t 

Dissociations between explicit and implicit memory tests, 
betwee n recollectiv e an d automati c retrieva l  processes ,  an d 
betwee n memoria l  state s o f  awarenes s o f  pas t  event s al l 
sugges t  tha t  huma n memor y i s no t  a  unitar y faculty .  Memor y 
dissociation s reflec t  th e comple x relationshi p betwee n 
consciousnes s an d memory .  T o understan d suc h a  comple x 
relationship ,  an y singl e leve l  o f  analysi s i s no t  enoug h an d 
may b e misleading .  A  multi-leve l  analysi s wa s proposed . 
One o f  th e mos t  seriou s problem s wit h th e process -
dissociatio n procedur e i s  it s failur e t o separat e proces s leve l 
of  analysi s an d memoria l  awarenes s leve l  o f  analysis .  On e 
experimen t  wa s reporte d t o suppor t  th e abov e argimients . 

Introduction 

Explici t  test s o f  m e m o r y refe r  t o th e test s i n whic h subject s 
ar e explicitl y  tol d th e relationshi p betwee n th e prio r  stud y 
an d th e followin g test .  I n thi s case ,  i n orde r  fo r  subject s t o 
perfor m th e test ,  intentionall y retrievin g pas t  event s i s 
necessary .  I n contras t  t o explici t  test s o f  memory ,  implici t 
test s o f  m e m o r y refe r  t o th e test s i n whic h subject s ar e 
simpl y tol d t o perfor m a  tas k a s wel l  a s possible ,  withou t  th e 
mentionin g o f  th e prio r  stud y episode .  A  larg e bod y o f  dat a 
has show n tha t  thes e tw o type s o f  test s ca n b e dissociate d 
(fo r  reviews ,  se e Schacter ,  1987 ;  Richardson-Klaveh n & 
Bjork ,  1988) .  Dissociation s betwee n explici t  an d implici t 
test s o f  m e m o r y sugges t  tha t  (a )  huma n m e m o r y i s no t  a 
unitar y facult y an d (b )  consciousnes s play s a n essentia l  rol e 
i n dissociabl e h u m a n memcMy. 

A theoretica l  debat e i s concerne d wit h whethe r  m e m o r y 
system s o r  psychologica l  jH-ocesse s ar e responsibl e fo r  thes e 
tas k dissociations .  M e m o r y system s theorie s clai m tha t 
ther e ar e distinc t  m e m o r y system s i n th e huma n brai n an d 
tha t  implici t  test s depen d o n th e m e m o r y system s tha t  ar e 
distinc t  fro m thos e tha t  suppor t  explici t  test s (e.g. ,  Tulvin g 
& Schacter ,  1990 ;  Schacter ,  1990 ,  1992) .  I n contrast , 
processin g theorie s clai m tha t  proposin g distinc t  m e m o r y 
system s i s  neithe r  necessar y no r  economic ,  an d tha t 
dissociation s betwee n test s ca n b e an d shoul d b e understoo d 
i n term s o f  th e underlyin g perceptua l  an d conceptua l 
processin g operation s carrie d ou t  durin g stud y an d tes t 
phase s (e.g. ,  Roedige r  &  McDemot t ,  1993) . 

Whil e th e theoretica l  debat e remain s t o b e resolved , 
severa l  researcher s hav e starte d t o challeng e th e underlyin g 
transparenc y (Dun n &  Kirsner ,  1989 )  o r  process-purit y 

(Jacoby ,  Toth ,  &  Yonelinas ,  1993 )  assumptio n o n whic h 
severa l  theoretica l  approache s ar e based .  Fo r  example ,  the y 
ask w h y explici t  an d imphci t  memor y test s mus t  tf ^  distinc t 
m e m o ry system s o r  differen t  retrieva l  processes ,  w h y test s 
and m e m o r y system s mus t  b e "transparent" ,  an d w h y test s 
must  b e process-pure .  Thes e challenge s hav e receive d som e 
empirica l  suppor t  (e.g. ,  Richardson-Klavehn ,  Lee ,  Joubran , 
& Bjoiic ,  1994) ,  whic h suggest s tha t  differen t  retrieva l 
processe s migh t  b e involve d i n a  singl e m e m o r y tes t  an d 
m e m o ry test s nee d no t  b e process-pure . 

The Process-Dissociation Procedure 

The process-dissociatio n procedur e (Jacoby ,  1991 ;  Jacoby , 
Toth ,  &  Yonelinas ,  1993 )  ha s bee n claime d t o provid e a 
genera l  methodologica l  framewor k fo r  identifyin g th e 
influence s o f  recollectiv e an d automati c retrieva l  processe s 
i n a  singl e m e m o r y test .  I t  make s tw o critica l  assumptions . 
Th e first  on e i s tha t  recollectiv e processe s an d automati c 
processe s mak e independen t  contribution s t o th e overal l  tes t 
performanc e (se e Jacoby ,  Toth ,  Yonelinas ,  &  Debner , 
1994) .  Th e secon d on e i s  tha t  th e differenc e betwee n 
recollectiv e an d automati c retrieva l  processe s ca n b e 
considere d a s a n issu e o f  control .  M o r e specifically , 
recollectiv e retrieva l  processe s ca n no t  onl y voluntaril y 
activat e a n action ,  bu t  als o "inhibi t  a n actio n b y opposin g 
influence s tha t  woul d otherwis e prevail "  (Jacoby ,  Lindsay , 
& Toth ,  1992 ,  p .  804) .  I n contrast ,  automati c retrieva l 
processe s hav e n o contro l  a t  al l  an d alway s occu r 
spontaneousl y an d automatically . 

Base d o n thes e tw o assumptions ,  Jacob y an d colleague s 
clai m tha t  b y adoptin g th e metho d o f  opposition ,  i t  i s 
possibl e t o oppos e th e influence s o f  tw o type s o f  retrieva l 
processe s an d le t  th e tw o wor k i n th e opposit e directions . 
The y cal l  th e tes t  i n whic h bot h type s o f  processe s wor k i n 
th e sam e directio n a n inclusio n test ,  an d th e tes t  i n whic h 
bot h type s o f  processe s wor k i n th e opposit e direction s a n 
exclusio n test .  I n a  word-ste m completio n task ,  a n inclusio n 
tes t  require s subject s t o tr y t o retriev e a  previousl y studie d 
wor d t o complet e a  stem ,  whil e a n exclusio n tes t  require s 
subject s t o tr y no t  t o us e studie d word s a s th e completio n 
(i.e. ,  tr y t o exclud e studie d words) . 

The y furthe r  clai m tha t  i n a n inclusio n test ,  th e probabilit y 
of  respondin g wit h a  studie d wor d i s  th e probabilit y o f 
recollectio n (R )  plu s th e probabilit y o f  th e wor d 
automaticall y comin g t o min d whe n ther e i s a  failur e o f 
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recollection  [A(l-R )  ] ;  an d i n a n exclusio n test ,  a  studie d 
wor d wil l  b e produce d onl y whe n i t  come s t o min d 
auuxnaticall y an d i t  i s  no t  recollecte d [A(l-R)] .  Tha t  is , 

I  =  R  +  A(1-R) .  (I ) 
E =  A(1-R) .  (2 ) 

wher e I  i s  th e inclusio n tes t  performanc e an d E  i s th e 
exclusio n tes t  performance .  Th e influence s o f  recollectiv e 
processe s an d automati c processe s ca n thu s b e easil y 
calculated :  / ? =  / - £ .  a D d A =  E/(l-R) . 

Althoug h th e process-dissociatio n procedur e ha s resulte d 
i n severa l  empirica l  flndings  (e.g. ,  Jacoby .  Toth ,  & 
YoneUnas ,  1993 ;  Toth ,  Reingold ,  &  Jacob y ,  1994) ,  i t  ha s 
als o bee n subjec t  t o severa l  criticisms .  Fo r  example , 
Joorden s an d Merikl e (1993 )  argu e tha t  th e independenc e 
assumptio n underlyin g th e process-dissociatio n procedur e i s 
problemati c becaus e a  redundanc y relationshi p betwee n th e 
tw o type s o f  processe s i s equall y plausible .  Richardson -
Klavehn ,  Gaxdiae t  an d Jav a (i n press )  eve n argue d tha t  th e 
R a n d A i n equatio n (1 )  nee d no t  t o b e equa l  t o th e / ? an d A 
i n equatio n (2) .  However ,  a s w e wil l  sho w below ,  perh^ s 
one o f  th e mos t  seriou s problem s wit h th e process -
dissociatio n procedur e i s it s failur e t o distinguis h retrieva l 
processe s fro m memoria l  state s o f  awareness .  Thi s proble m 
i s directl y reflecte d i n it s contro l  assumption . 

Where Is Control? 

The process-dissociatio n procedur e define s contro l  a s th e 
abilit y  t o inhibi t  a n actio n tha t  woul d otherwis e b e ver y 
likel y t o occur .  I t  i s  assume d tha t  recollectiv e retrieva l 
processe s hav e contro l  abilit y  wherea s automati c retrieva l 
processe s d o no t  hav e it . 

Let  u s conside r  h o w a  studie d wor d ca n b e exclude d firom 
bein g use d i n a n exclusio n test .  N o matte r  h o w i t  i s 
produced ,  whethe r  i t  wU l  b e use d a s a  respons e depend s o n 
ho w th e subjec t  think s abou t  it .  Clearly ,  whil e retrieva l 
processe s ar e responsibl e fo r  producin g a  word ,  o r  bringin g 
a wor d t o mind ,  i t  i s  th e subjea' s memoria l  awarenes s abou t 
tha t  wor d tha t  serve s a s th e contro l  criterio n fo r  decidin g 
usin g o r  excluding .  A  studie d wor d wil l  b e exclude d i n a n 
exclusio n tes t  i f  an d onl y i f  subject s judg e tha t  i t  i s  a  studie d 
word .  Suc h a  judgmen t  mus t  b e base d o n thei r  subjectiv e 
experienc e o r  memoria l  awarenes s o f  tha t  wor d bu t  no t  o n 
th e processe s whic h brin g tha t  wor d bac k t o mind . 

Fro m thi s perspective ,  contro l  i s  no t  a  functio n o f  retrieval 
processe s bu t  a  functio n o f  memoria l  state s o f  awareness . 
Sinc e memoria l  state s o f  awarenes s o f  pas t  event s ar e mor e 
likel y t o b e a  continuum ,  contro l  i s  no t  a n all-or-non e bu t  a 
continuou s quantity .  O n th e on e hand ,  consciou s recollec -
tio n experienc e ha s absolut e contro l  powe r  becaus e onc e 
one ha s recollectio n experienc e abou t  a  word' s earlie r 
presence ,  thi s wor d wil l  defmitel y b e exclude d i n a n 
exclusio n test .  O n th e othe r  hand ,  differen t  level s o f 
feeling s o f  familiarit y m a y hav e differen t  degree s o f  contro l 
power .  Tha t  is ,  a  wor d tha t  look s mor e familia r  i s  mor e 
likel y t o b e exclude d i n a n exclusio n tes t  tha n a  wor d tha t 
look s les s familiar . 

Summary 

Contro l  i s  no t  a  uniqu e propert y o f  recollectiv e retrieval 
processes .  Instead ,  contro l  i s  a  continuou s functio n o f 

memoria l  state s o f  awarenes s o f  pas t  events .  B y usin g 
"conux)! "  a s th e ke y concept ,  wha t  th e process-dissociatio n 
procedur e reall y dissociate s i s th e consciou s (controlled ) 
an d unconsciou s memoria l  awareness ,  bu t  no t  th e 
underlyin g recollectiv e an d automati c retrieval  processes , 
whic h th e process-dissociatio n procedur e i s designe d t o 
dissociate .  I n th e nex t  sectio n w e present s a n experimen t 
supportin g th e abov e arguments . 

Experimental Study 

The mai n hypothesi s o f  thi s experimen t  i s tha t  automati c 
retrieva l  processe s ca n als o b e associate d wit h control .  I n 
thi s experiment ,  subject s performe d a  cued-recal l  test .  I n 
addition ,  the y wer e aske d t o mak e a  confidenc e judgmen t 
abou t  eac h completion .  Th e basi c ide a i s a s follows .  I f  a 
studie d wor d i s produce d b y recollectiv e retrieval  processes , 
a subjec t  shoul d hav e absolut e contro l  an d judg e i t  a s a n ol d 
(studied )  wor d wit h highes t  confidence .  However ,  i f  a 
studie d wor d come s t o min d b y automati c retrieva l 
processe s instea d o f  recollectiv e retrieval  processes ,  h o w 
wil l  a  subjec t  behave ? Wil l  th e subjec t  jus t  mak e rando m 
confidenc e judgmen t  an d sho w n o control ,  o r  wil l  th e 
subjec t  sho w a  certai n predictabl e judgmen t  pattern ? 

Tli e independen t  variabl e manipulated  i n thi s experimen t 
was th e lette r  orde r  o f  word-stem s give n a s cues .  I n th e 
normal-orde r  condition ,  th e letter s o f  eac h word-ste m wer e 
presente d t o subject s i n th e norma l  order ,  e.g. ,  " m e m " 
fo r  "memory" .  I n th e r e versed-orde r  condition ,  th e 
position s o f  th e initia l  tw o letter s o f  eac h word-ste m wer e 
switched ,  e.g. ,  " e m m "  fo r  "memory" .  Thi s manipula -
tio n wa s expecte d t o influenc e automati c retrieva l  processe s 
but  no t  recollectiv e retrieva l  processes .  Thi s i s becaus e 
automati c retrieva l  processe s ar e usuall y base d o n data -
drive n processe s o r  perceptua l  fluenc y (Jacoby ,  1983) , 
wherea s recollectiv e retrieval  jwocesse s ar e usuall y base d o n 
conceptuall y drive n processes .  Changin g th e physica l  for -
mat  o f  a  cu e migh t  hur t  th e fluenc y o f  a  studie d word' s 
comin g t o min d bu t  shoul d no t  hur t  recollectiv e retrieva l 
processes . 

Method 

Subjects. Forty-four native English speakers participated in 
th e experimen t  i n retur n fo r  credi t  i n a n introductor y 
psycholog y cours e a t  Th e Ohi o Stat e University . 

Materials. The stimulus set consisted of 120 five or six-
lette r  word s wit h averag e hig h frequency .  6 0 o f  the m wer e 
use d fo r  study ,  an d al l  12 0 wer e use d fo r  tes t  (thu s equatin g 
th e numbe r  o f  stem s a t  tes t  correspondin g t o ol d an d n e w 
items) .  Normal-orde r  word-stem s consiste d o f  th e initia l 
thre e letter s o f  eac h wor d i n correc t  orde r  an d 2  o r  3  dashes , 
dependin g o n th e word-length .  Reversed-orde r  word-stem s 
wer e create d b y switchin g th e initia l  tw o letter s o f 
correspondin g normal-orde r  word-stems .  Eac h word-ste m 
coul d b e complete d b y mor e tha n on e word .  A n y tw o word s 
i n th e stimulu s se t  hav e differen t  initia l  thre e letters . 

703 



Desig n an d Procedure .  Th e word-ste m orde r  manipulatio n 
i s between-subject s design .  Subject s wer e teste d individual -
ly .  Tb e experimen t  wa s conducte d i n tw o phases ,  stud y an d 
test .  Th e stud y phas e wa s identica l  fo r  al l  subjects .  Sub -
ject s wer e presente d 6 0 word s an d wer e instructe d t o 
remember  them .  Eac h wor d wa s show n fo r  tw o second s 
wit h a n inter-tria l  interva l  o f  on e second . 

I n th e tes t  phase ,  al l  subject s wer e presente d 12 0 word -
stems .  Subject s receivin g reversed-orde r  word-stem s wer e 
tol d th e rul e o f  h o w t o ge t  correc t  orde r  stems .  Al l  subject s 
wer e instructe d t o tr y t o us e th e studie d word s t o complet e 
eac h word-stem .  I f  the y coul d no t  thin k o f  a  studie d word , 
the y wer e t o us e th e flrst  wor d tha t  cam e t o mind .  I f  the y 
coul d no t  figur e ou t  a  completion ,  the y coul d clic k o n th e 
" O K "  butto n t o pas s th e trial .  I f  the y go t  a  completion ,  the y 
wer e aske d t o furthe r  identif y " H o w likel y ha s thi s wor d 
bee n studied? "  b y choosin g on e o f  th e fiv e confidenc e level s 
(se e Figur e 1) .  Subject s wer e explicitl y  tol d tha t  th e 5t h 
leve l  referre d t o "consciou s recollection "  an d "remember -
ing" ,  whic h wa s qualitativel y differen t  fro m th e othe r  4 
levels .  I f  the y coul d no t  consciousl y recollec t  o r  remembe r 
it ,  the y coul d mar k thei r  confidenc e level s fro m 4  t o 1 .  Th e 
tes t  wa s self-paced . 

Results and Discussion 

Stem Completion Data. The test performance was indexed 
by th e {Mttportio n o f  stem s complete d wit h studie d word s a t 
eac h confidenc e level .  Th e result s ar e show n i n Figur e 2 . 

Statistica l  analyse s sho w th e follow s results .  First ,  whe n 
word s wer e consciousl y recollecte d (th e 5t h leve l  o f 
confidence) ,  ste m orde r  di d no t  hav e effec t  Second ,  whe n 
word s wer e no t  consciousl y recollecte d (fro m th e 1s t  t o 4t h 
leve l  o f  confidence) ,  ste m orde r  ha d effec t  (F(l,42)=16.30 , 
p < 0.01) :  mor e studie d word s wer e produce d wit h normal -
orde r  stem s tha n wit h reversed-orde r  stems .  Third ,  whe n 

word s wer e no t  consciousl y recollected ,  confidenc e 
judgmen t  ha d effec t  (F(3,126)=40.77 ,  p < 0.01) :  mor e 
studie d word s wer e give n highe r  level s o f  confidenc e 
judgment . 

Thi s patter n o f  dat a suggest s tha t  whe n ther e wa s n o 
consciou s recollection ,  subject s di d no t  randoml y mak e a 
confidenc e judgment .  Rather ,  the y showe d certai n contro l 
abilit y an d gav e mor e studie d word s highe r  level s o f 
confidenc e judgment . 

Process-Dissociation Data. Now. let us consider a hypo-
thetica l  situation .  Suppos e subject s wer e no t  aske d t o mak e 
confidenc e judgment .  Instead ,  the y wer e aske d t o exclud e 
thos e completion s whic h the y though t  wer e ol d words .  I t  i s 
eas y t o se e tha t  thi s hypothetica l  tas k wa s essentiall y 
identica l  t o Ui e confidenc e judgmen t  tas k becaus e subject s 
usuall y mad e thei r  "exclusio n o r  not "  decision s base d o n 
thei r  confidenc e abou t  th e "old-ness "  o f  a  w w d .  Therefore , 
i t  wa s possibl e t o us e th e ste m completion  dat a presente d 
abov e t o predic t  h o w subject s woul d behav e i n suc h a n 
hypothetica l  exclusio n tes t  Fo r  example ,  judgin g a  wor d t o 
th e 5t h confidenc e leve l  woul d guarante e thi s wor d b e 
exclude d i f  th e exclusio n criterio n i s "excludin g ever y wor d 
whic h i s consciousl y recollected" .  Similarly ,  judgin g a 
wor d t o b e th e 4t h confidenc e leve l  ("probabl y a n ol d 
word" )  woul d guarante e thi s worl d b e exclude d i f  th e 
exclusio n criterio n i s  "excludin g ever y wor d whic h i s 
probabl y a n ol d world" .  Thus ,  a  confidenc e leve l  coul d b e 
considere d a s a n exclusio n criterion ;  an d base d o n th e 5 
level s o f  confidenc e judgmen t  4  differen t  exclusio n criteri a 
coul d b e obtained .  Thus ,  b y subti-actin g th e proportion s 
exclude d fro m th e overal l  tes t  performance ,  4  differen t 
exclusio n tes t  score s coul d b e predicted .  Furthermore ,  4 
group s o f  recoUective/automati c influence s coul d b e 
estimate d b y usin g th e equation s o f  th e process-dissociatio n 
procedure .  Thes e estimate s ar e show n i n Figur e 3 . 

in i g DIT l  "tes t  dialog "  I D -  13 2 fro m m«-eHp.n.rsr c 

lUor d Fragment : mem 

Inpu t  you r  completio n here : 

Houi  likel y ha s thi s wor d bee n studied ? 

OS, Rbsolutely Ves (Remember! 

O 4 ,  Probabl y Ve s 

O 3, Maybe Ves, Maybe Not 

0 2 .  Probabl y No t 

0 1 ,  Absolutel y No t 
CIo T 

Figur e 1 :  Th e Macintos h dialo g bo x use d i n th e experimen t 
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Figure 2: Cued-recall perfonnance as a function of confidence levels for normal-order 
and reversed-orde r  cues . 
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Figure 3: Influence estimates of recoUective (R) and automatic (A) retrieval processes 
as a  functio n o f  exclusio n criteri a fo r  normal-orde r  an d reversed-orde r  cues .  Exclusio n 
criteri a 4 ,  3 ,  2 ,  an d 1  refe r  t o excludin g th e performanc e a t  confidenc e level s 5 ,  5+4 , 
5+4+3 ,  an d 5+4+3+2 ,  respectively . 

Statistica l  analyse s sho w tha t  (a )  ste m orde r  manipulatio n 
affecte d bot h recoUectiv e processe s an d automati c processe s 
(F(l,42)=3.63.p<0.07 ;  F(l,42)=22.18 ,  p<0.01 .  respective -
ly) ;  an d (b )  i f  differen t  exclusio n criteri a wer e adopted , 
differen t  recoUectiv e an d automati c influence s woul d b e 
estimate d (F(3,126) = 151.81 .  /7<0.01 ;  F(3.126)=180.88 , 
p<0.01 ,  respectively) . 

Thes e result s wer e ambiguou s becaus e (a )  th e ste m orde r 
manipulatio n i s expecte d t o affec t  onl y automati c retrieva l 
processe s bu t  no t  recoUectiv e retrieva l  processes ,  an d 
estimate s o f  recoUectiv e an d automati c influence s ar e 
expecte d t o b e stabl e acros s exclusio n criteria ;  (b )  Base d o n 
differen t  exclusio n criteria ,  differen t  conclusion s wer e 
obtained .  O n e reaso n fo r  thes e ambiguou s result s i s tha t  th e 
process-dissociatio n procedur e ignore s th e par t  o f  contro l 
power  tha t  i s  associate d wit h automati c retrieva l  processes . 

I t  i s  thi s par t  o f  contro l  powe r  tha t  produce s predictabl e 
confidenc e judgmen t  patter n an d result s i n differen t 
exclusio n criteria . 

General Discussion 

M e m o ry dissociation s ar e complex .  Thi s complexit y m a y 
reflec t  th e comple x relationshi p betwee n consciousnes s an d 
memory.  T o explai n suc h a  comple x relationship ,  an y 
singl e leve l  o f  analysi s i s no t  sufflcien t  an d wil l  inevitabl y 
resul t  i n oversimpliflcatio n an d misleadin g conclusions .  I n 
orde r  t o bette r  understan d variou s m e m o r y dissociations ,  a 
multi-leve l  analysi s i s necessary .  Figur e 4  show s suc h a n 
attemp t 

As show n i n Figur e 4 ,  m e m o r y dissociation s ca n occu r  a t 
differen t  levels .  Th e first  leve l  o f  dissociation s occur s a t 
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tes t  level ,  referring  t o th e dissociation s betwee n explici t  an d 
implici t  test s o f  memcMy.  Dissociation s a t  thi s leve l  sugges t 
tha t  th e awarenes s o f  th e study-tes t  relationship  play s a n 
importan t  rol e i n huma n memoria l  behavior . 

The secon d leve l  o f  dissociation s occur s a t  proces s level , 
referrin g t o th e dissociation s betwee n recollectiv e 
(intentional ,  o r  voluntary )  an d automati c (incidental ,  o r 
involuntary )  retrieval  processes .  Dissociation s a t  thi s leve l 
reflec t  th e operation s o f  retrieva l  volition ,  on e o f  th e 
importan t  aspect s o f  consciousness . 

Th e thir d leve l  o f  dissociation s occur s a t  memoria l 
awarenes s level ,  referrin g t o th e dissociation s betwee n 
consciou s awarenes s an d unconsciou s awarenes s an d 
dissociation s betwee n recollectio n experienc e an d feeling s 
of  familiarity .  Dissociation s a t  thi s leve l  reflec t  th e 
function s o f  subjectiv e experienc e i n h u m a n memoria l 
behavior .  I t  i s  reasonabl e t o thin k o f  memoria l  state s o f 
awarenes s a s a  continuum . 

Test s an d processe s ca n b e separated .  A n singl e tes t  m a y 
involv e bot h recollectiv e an d automati c retrieva l  processes . 
Th e fac t  tha t  a  singl e m e m o r y tes t  migh t  involv e multipl e 
type s o f  processe s suggest s tha t  th e awarenes s o f  study-tes t 
relationshi p an d retrieva l  volitio n ca n b e separated . 
Processe s an d memoria l  state s o f  awarenes s ca n als o b e 
separated .  Automati c retrieval  processe s nee d no t  b e solel y 
associate d wit h unconsciou s awareness .  Thi s separatio n i s 
especiall y importan t  fo r  certai n memor y test s whic h involv e 
a stag e i n whic h subjectiv e experienc e abou t  a n ite m need s 
t o b e assessed .  O n e suc h a n exampl e i s th e exclusio n tes t 
introduce d b y th e process-dissociatio n procedure . 

Th e notio n tha t  memor y dissociation s shoul d b e analyze d 
at  multipl e level s ha s signiflcan t  implication s fo r  th e studie s 
of  implici t  cognitio n i n general .  Implici t  cognitio n i s con -
cerne d wit h th e genera l  relationship  betwee n consciousnes s 
and huma n cognition .  Importan t  issue s i n implici t  cognitio n 
includ e (a )  t o wha t  exten t  tha t  ther e exis t  unconsciou s 
processes ;  an d (b )  whethe r  i t  i s  consciou s o r  unconsciou s 
processe s tha t  ar e mor e fundamenta l  fo r  huma n cognition . 
Debate s stil l  remain  betwee n differen t  view s (fo r  reviews , 
see Merikle ,  1992 ;  Shank s &  S l  John ,  1994) .  On e reaso n 
fo r  thi s situatio n i s tha t  researcher s ofte n fai l  t o sq>arat e th e 
differen t  role s consciousnes s play s a t  level s o f  tasks , 
processes ,  an d menta l  awareness . 
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Abstrac t 

This paper examines order effects and frequency learning i n 
belie f  updating .  W e presen t  a n experimen t  tha t  test s fo r  th e 
existenc e o f  orde r  effect s fo r  actua l  decision s durin g fre -
quenc y learnin g an d fo r  belie f  evaluation s afte r  frequenc y 
learnin g i n a  realisti c tactica l  decisio n makin g task .  Th e 
experimen t  reveale d tha t  (a )  subject s showe d orde r  effect s 
fo r  actua l  decision s durin g frequenc y learning—a n effec t 
not  reporte d previousl y an d (b )  subject s stil l  showe d orde r 
effect s fo r  belie f  evaluation s eve n afte r  havin g correctl y 
learne d mos t  o f  th e frequenc y information .  W e als o presen t 
a simulatio n fo r  th e frequenc y learnin g behavio r  an d som e 
preliminar y result s o f  a  simulatio n fo r  th e orde r  effect ,  an d 
sugges t  network s fo r  potentia l  combination s o f  th e orde r 
effec t  an d frequenc y learning . 

Introduction 

A number of experiments indicate that the order in which 
evidenc e i s presente d ca n affec t  th e strengt h o f  a  person' s 
belie f  i n hypothesize d causes .  Differen t  experiment s hav e 
foun d tha t  orde r  o f  evidenc e ca n produc e n o effect ,  a  recenc y 
effect ,  o r  a  primac y effect .  Hogart h an d Einho m (1992 )  pro -
pose d a n anchorin g an d adjustmen t  mode l  o f  belie f  updatin g 
tha t  predict s whe n thes e effect s wil l  occu r  base d o n feature s 
of  th e belie f  updatin g task .  Fo r  example ,  step-by-ste p 
evaluatio n o f  belief s fo r  mixe d positiv e an d negativ e evi -
denc e item s produce s a  recenc y effect :  th e final  evaluatio n o f 
belie f  i s  mainl y determine d b y th e las t  evidenc e item .  How -
ever ,  step-by-ste p evaluatio n o f  belief s fo r  consisten t  evi -
denc e (al l  positiv e o r  al l  negative )  produce s n o effect . 

A differen t  se t  o f  studie s an d model s ar e concerne d wit h 
th e learnin g an d us e o f  frequenc y information .  W h e n condi -
tiona l  probabilit y  an d bas e rate s o f  occurrenc e ar e presente d 
explicitl y  i n term s o f  numeri c values ,  the y ar e ver y difficul t 
t o lea m an d utiliz e (se e Kahneman ,  Slovi c &  Tversky , 
1982) .  However ,  whe n the y ar e presente d i n term s o f  rea l 
event s an d occurrences ,  the y ca n ofte n b e learne d implicitl y 
and use d correctl y (e.g. ,  Christensen-Szalanski ,  &  Bushy -
head ,  1981 ;  Medi n &  Edelson ,  1988 ;  fo r  a  review ,  se e 
Hasher  &  Zacks ,  1984) .  A s a  resul t  o f  usin g rea l  event s t o 
presen t  frequency  information ,  man y o f  th e well-know n bi -
ases i n huma n probabilisti c  reasonin g (se e Kahneman , 

Slovi c &  Tversky ,  1982 )  disappear .  However ,  on e importan t 
bia s tha t  ha s ye t  t o b e studie d i n thi s are a i s th e orde r  effec t 
on belie f  updatin g describe d above . 

The studie s an d model s o f  th e orde r  effec t  ar e usuall y sepa -
rate d fro m thos e o n frequenc y learnin g an d use .  A s a  result , 
model s o f  belie f  updatin g base d o n frequency  acquisitio n 
researc h canno t  accoun t  fo r  th e complet e spectru m o f  ordo " 
effects .  I n fact ,  on e o f  th e mos t  well-know n examples ,  th e 
Rescorla-Wagne r  mode l  (Rescorl a &  Wagner ,  1972) ,  com -
pletel y ignore s th e tempora l  sequenc e o f  information .  Sinc e 
many frequency  acquisitio n task s involv e tempora l  sequence s 
of  information ,  i t  i s  importan t  t o conside r  th e join t  implica -
tion s o f  thes e tw o researc h areas .  Thi s pape r  examine s cide r 
effect s an d frequency  learnin g i n a  c o m m o n tas k environ -
ment .  W e presen t  a n experimen t  tha t  test s fo r  th e existenc e 
of  orde r  effect s durin g an d afte r  th e acquisitio n o f  frequency 
informatio n i n a  natura l  setting .  Th e experimen t  reveale d 
tha t  (a )  subject s showe d orde r  effect s fo r  actua l  decision s 
durin g frequenc y learning—a n effec t  no t  reporte d previousl y 
and (b )  subject s stil l  showe d orde r  effect s fo r  belie f  evalua -
tion s eve n afte r  havin g correcd y learne d mos t  o f  th e fre-
quenc y information .  W e als o presen t  a  simulatio n fo r  th e 
frequency  learnin g behavio r  an d som e preliminar y result s o f 
a simulatio n fo r  th e orde r  effect ,  an d sugges t  network s fo r 
potentia l  combination s o f  th e orde r  effec t  an d frequency 
learning . 

Experiment 

The experimental task was implemented on the CIC 
(Combat  Informatio n Center )  simulato r  develope d b y Town e 
(1995 )  fo r  th e U S Navy .  Figur e 1  show s a  simplifie d lada r 
displa y o f  th e C I C simulator .  I t  show s a n unknow n airplan e 
headin g towar d th e Nava l  shi p whic h i s a t  th e cente r  o f  th e 
rada r  display .  Th e captai n o f  th e shi p ca n chec k whethe r  th e 
targe t  i s o n o r  of f  a  commercia l  ai r  rout e b y clickin g th e 
rout e butto n t o displa y al l  availabl e routes .  H e ca n als o sen d 
a radi o verba l  warnin g t o reques t  th e targe t  t o identif y itsel f 
by clickin g th e warnin g button .  Th e targe t  ma y o r  ma y no t 
respon d t o th e warning .  I n thi s experiment ,  whe n i t  respond s 
t o th e warning ,  i t  alway s identifie s itsel f  a s a  commercia l 
airplane .  Th e targe t  ca n b e eithe r  friendl y o r  hostile .  Th e 
tas k i s t o us e th e informatio n abou t  th e ai r  rout e an d th e 
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infonnatio n abou t  th e identit y (ID )  obtaine d from  th e radi o 
warnin g t o identif y whethe r  th e targe t  i s friendly  o r  hostile . 
The constrain t  o f  th e tas k i s tha t  th e tw o evidenc e item s 
(rout e an d ID )  ca n onl y b e obtaine d sequentially ,  on e a t  a 
time .  Th e orde r  ca n b e eithe r  rout e followe d b y I D o r  I D 
followe d b y route . 

The experimen t  test s thre e hypotheses .  T h e first  hypothe -
si s i s abou t  frequenc y learning .  I n a  give n geopolitica l  envi -
ronment ,  ther e ar e certai n conditiona l  probabilitie s abou t 
whethe r  th e targe t  i s friendly  o r  hostil e give n th e tw o evi -
denc e items .  W h e n subject s ar e traine d o n th e tas k m a n y 
time s wit h a  fixed  bas e rat e an d conditiona l  probabilities , 
the y ca n implicitl y  an d accuratel y acquir e mos t  o f  th e fre-
quenc y information .  T h e secon d hypothesi s i s abou t  th e 
orde r  effec t  fo r  belie f  evaluations .  Previou s studie s sho w tha t 
when frequency  informatio n i s accuratel y an d implicitl y 
learne d i n actua l  events ,  certai n biase s suc h a s th e bas e rat e 
fallac y ca n b e eliminated .  W e tes t  th e hypothesi s tha t  eve n i f 
most  o f  th e frequency  informatio n i s acquire d implicitl y  an d 
accurately ,  th e oidC T effec t  fo r  belie f  evaulations ,  a  specia l 
typ e o f  bias ,  stil l  exists .  Tha t  is ,  whe n th e tw o evidenc e 
item s ar e [nesente d on e b y on e i n differen t  tempora l  orders , 
th e final  evaluation s o f  hypothese s abou t  th e fiiendliness  o f 
th e targe t  ar e differen t  T h e thir d hypothesi s i s abou t  th e 
orde r  effec t  fo r  actua l  decisions .  Previou s studie s showe d 
orde r  effect s onl y fo r  belie f  evaluations ,  no t  fo r  actua l  deci -
sions .  W e tes t  th e hypothesi s tha t  subject s sho w orde r  ef -
fect s fo r  actua l  decision s durin g frequency  learning . 

chec k commercia l 
ai r  rout e 

send radi o 
warnin g 

Figur e 1 .  A  simplifie d rada r  displa y o n th e C I C simulator . 
See tex t  fo r  details . 

M e t h o d 

Subjects. The subjects were 40 undergraduate students 
i n introductor y psycholog y course s a t  Th e Ohi o Stat e Uni -
versit y w h o participate d i n th e experimen t  fo r  cours e credit . 

Desig n &  Procedure .  Ther e wer e tw o evidenc e items : 
rout e an d ID .  Rout e indicate s whethe r  th e targe t  i s o n o r  of f 
a commercia l  ai r  route .  I D indicate s whethe r  ther e i s an y 
respons e from  th e u n k n o w n targe t  t o a  radi o warnin g issue d 
from  th e ship .  Th e tw o evidenc e item s wer e presente d i n tw o 

differen t  orders :  Route-I D orde r  i n whic h rout e informatio n 
was collecte d first,  followe d b y I D information ;  ID-Rout e 
orde r  i n whic h I D informatio n wa s collecte d first,  followe d 
by Rout e information .  Afte r  havin g collecte d bot h evidenc e 
items ,  subject s mad e a  forced-choic e respons e indicatin g 
whethe r  th e unknow n targe t  wa s friendly  o r  hostile .  Alte r 
eac h response ,  subject s wer e give n feedbac k indicatin g 
whethe r  th e respons e wa s correc t  o r  incorrect .  Eac h subjec t 
performe d 5 0 trials .  T h e conditiona l  probabilitie s o f  hostil -
it y  an d friendlines s fo r  a  give n se t  o f  eviden t  item s ar e 
show n i n Tabl e 1 .  Fo r  hal f  o f  th e 4 0 subjects ,  th e tw o evi -
denc e item s wer e alway s presente d i n th e Route-I D orde r  fo r 
al l  5 0 trials ;  fo r  th e othe r  half ,  i n th e ID-Rout e orde r  fo r  al l 
5 0 trails .  T h e 5 0 trial s fo r  eac h subjec t  constitute d th e learn -
in g phas e fo r  th e acquisitio n o f  frequency  information . 

Afte r  5 0 trials ,  eac h subjec t  wa s give n a  writte n question -
nair e requestin g belie f  evaluation s abou t  th e hostilit y  an d 
friendlines s o f  th e unknow n targe t  afte r  th e presentatio n o f  a 
baselin e fac t  an d eac h o f  th e tw o evidenc e items .  I n th e ques -
tionnaire ,  Rout e w a s alway s negativ e (th e plan e wa s no t  o n 
a conmiercia l  route )  an d I D wa s alway s positiv e (th e plan e 
indicate d tha t  i t  wa s a  conmiercia l  plane) .  Fo r  hal f  o f  th e 2 0 
subject s receivin g eac h o f  th e tw o trainin g order s (Route-I D 
and ID-Route )  o f  th e 5 0 trials ,  th e evaluatio n orde r  o f  th e 
evidenc e item s wa s Route-ID ;  an d fo r  th e othe r  half ,  th e 
evaluatio n orde r  wa s ID-Route .  Fo r  example ,  a n evaluatio n 
orde r  o f  Route-I D i s show n i n Figur e 2 .  T h e writte n ques -
tionnair e constitute d th e evaluatio n phas e fo r  belie f  evalua -
tions . 

Thus ,  thi s experimen t  wa s a  2 x 2 between-subjec t  design , 
wit h th e tw o learnin g order s a s on e facto r  an d th e tw o 
evaluatio n order s a s anothe r  factor . 

/ .  Yo u se e a  plan e whic h i s gettin g close r  t o you r  ship . 
On a  scal e from 0  t o 10 0 (wit h 0  bein g tota l  disbelie f 
an d 10 0 tota l  belief )  pleas e rat e you r  belie f  i n th e fol -
lowin g hypotheses : 

1.  H o w likel y d o yo u thin k th e plan e i s hostile ? 
2.  H o w likel y d o yo u thin k th e plan e i s friendly ? 

2.  Afte r  consultin g commercia l  ai r  routes ,  yo u discove r 
tha t  th e plan e i s no t  o n a  commercia l  ai r  route .  Give n 
thi s ne w information ,  pleas e answe r  th e followin g 
questions .  Again ,  expres s you r  answe r  o n a  scal e o f  0 
t o 10 0 wit h 0  bein g tota l  disbelie f  an d 10 0 bein g to -
ta l  belie f 

1.  H o w likel y d o yo u thin k th e plan e i s friendly? 
2.  H o w likel y d o yo u thin k th e plan e i s hostil e ? 

3.  Whe n yo u aske d th e plan e t o identif y itsel f  th e plan e 
identifie s itsel f  a s a  commercia l  airplane .  Give n thi s 
ne w information ,  pleas e answe r  th e followin g ques -
tions .  Again ,  expres s you r  answe r  o n a  scal e o f  0  t o 
10 0 wit h 0  bein g tota l  disbelie f  an d 10 0 bein g tota l 
belie f 

1.  H o w likel y d o yo u thin k th e plan e i s friendly ? 
2.  H o w likel y d o yo u thin k th e plan e i s hostile ? 

Figure 2. The questionnaire for the Route-ID evaluation 
order . 
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Rout e 

+ 
+ 

-

I D 
+ 

+ 

Tabl e 1 .  Probabilit y 

p(Friendl y 1  Route ) 
0.8 0 
0.8 0 
0.2 0 
0.2 0 

Distributio n o f  Learnin g 

p(Friendl y 1  ID ) 
0.8 0 
0.2 0 
0.8 0 
0.2 0 

Trial s 

p(Friendl y IRoute ,  ID ) 
0.9 4 
0.5 0 
0.5 0 
0.0 6 

Theor y Route-I D H ID-Rout e [~1 Simulatio n 

X 

X 

1 v o 

p(FIR+ )  p(FIR- )  p(FIID+ )  p(FIID- )  p( F IR+ID+ )  p(FIR-ID- )  p(FIR+ID- )  p(FIR-ID+ ) 

Figure 3. Conditional probabilities from theoretical calculation (Bayes rule), the experiment, and the simulation using the 
Rescorla-Wagne r  rule . 

Result s &  Discussio n 

Frequency Learning. The responses of the 50 trials by 
eac h subjec t  wer e transforme d int o conditiona l  probabilities , 
whic h wer e the n average d acros s th e 2 0 subject s fo r  th e 
Route-I D learnin g orde r  an d acros s th e 2 0 subject s fo r  th e 
ID-Rout e learnin g order .  Th e result s ar e show n i n Figur e 3 
unde r  Route-I D an d ID-Route . 

The conditiona l  probabilitie s fro m th e experimen t  wer e 
compare d wit h thei r  correspondin g theoretica l  values .  Fo r 
th e Route-I D learnin g orde r  ,  p(FIID+) ,  p(FIID-) ,  an d p(FIR -
ID- )  wer e significantl y differen t  fro m th e theoretica l  value s 
(smalles t  t(19 )  =  2.82 ,  p  <  0.05) ;  p(FIR+) ,  p(FIR-) , 
p(FIR+ID-) ,  p(FIR-ID+) ,  an d p(FIR+ID+ )  wer e no t  signifi -

cantl y differen t  fro m th e theoretica l  value s (larges t  t(19 )  = 
2.0 ,  p  >  0.05) .  Fo r  th e ID-Rout e order ,  p(FIID+) ,  p(FIID-) , 
p(FIR-ID-) ,  p(FIR+ID-) ,  an d p(FIR-ID+ )  wer e significantl y 
differen t  fro m thei r  theoretica l  value s (smalles t  t(19 )  =  2.26 , 
p <  0.05) ;  p(FIR+) ,  p(FIR-) ,  an d p(FIR+ID+ )  wer e no t  sig -
nificantl y differen t  fro m th e theoretica l  value s (larges t  t(19 ) 
= 1.31 ,  p  >  0.20) .  Thes e result s indicat e tw o findings.  First , 
subject s correctl y learne d som e o f  th e conditiona l  probabili -
tie s bu t  no t  all ,  an d mor e fo r  th e Route-I D orde r  tha n fo r  th e 
ID-Rout e order .  Second ,  I D wa s a  les s objectiv e evidenc e 
ite m tha n Route :  p(FIID+ )  wa s smalle r  tha n it s theoretica l 
valu e bu t  p(FIR+ )  wa s no t  differen t  Iro m it s theoretica l 
value .  Thi s migh t  b e becaus e Rout e wa s alway s objectivel y 
observe d fro m th e rada r  displa y wherea s I D wa s obtaine d 
fro m possibl y deceptiv e radi o communication . 
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The conditiona l  probabilitie s from  th e tw o differen t  learn -
in g order s wer e als o compare d wit h eac h other .  Th e onl y 
significan t  differenc e wa s p(FIR-ID+ )  (F(l ,  38 )  =  4.52 ,  p  < 
0.05) .  Thi s i s  clearl y a  recenc y orde r  effect :  p(FIR-ID+ )  fo r 
th e Route-E )  orde r  wa s large r  tha n p (ER- ID+ )  fo r  th e IE> -
Rout e Olde r  becaus e th e las t  evidenc e ite m i n th e Route-I D 
orde r  wa s positiv e (ID+ )  wherea s tha t  i n th e ID-Rout e rader 
was negativ e (R-) .  A  simila r  orde r  effec t  wa s als o observe d 
fo r  p(FIR+ID- )  althoug h th e diffoenc e betwee n th e tw o 
learnin g wder s wa s no t  statisticall y significant .  Thi s resul t 
i s a n indicatio n tha t  subject s showe d ofxk r  effect s fo r  actua l 
decision s durin g frequency  learning . 

Belie f  Evaluation .  T h e result s o f  belie f  evaluation s af -
te r  th e learnin g phas e ar e show n i n Figur e 4 .  Fo r  bot h learn -
in g orders ,  ther e wa s a  clea r  orde r  effect :  whe n th e tw o evi -
denc e item s (positiv e ID ,  negativ e Route )  wer e presente d i n 
differen t  tempora l  orders ,  th e fina l  friendlines s evaluation s o f 
th e unknow n targe t  wer e different .  A n A N O V A fo r  th e fina l 
evaluation s o f  friendlines s wa s conducte d fo r  th e tw o learn -
in g order s an d tw o evaluatio n orders .  Th e mai n effec t  fo r  th e 
tw o learnin g order s wa s significan t  (F(l ,  38 )  =  4.32 ,  p  < 
0.05) ,  indicatin g tha t  th e learnin g orde r  Route-I D produced  a 
mor e hostil e evaluatio n tha n th e learnin g orde r  ID-Route . 
The mai n effec t  fo r  th e tw o evaluatio n order s wa s als o sig -
nifican t  (F(l ,  38 )  =  13.41 ,  p  <  0.001) ,  indicatin g tha t  th e 
evaluatio n orde r  Route-I D produce d a  mor e friendly  evalua -
tio n tha n th e evaluatio n orde r  ID-Route .  Thi s orde r  effec t  fo r 
evaluation s wa s a  recenc y effect ,  a s predicte d b y Hogart h an d 
Einhorn' s model :  th e final  evaluatio n o f  friendliness  wa s 
determine d b y th e las t  evidenc e item .  Fo r  th e Route-I D 
evaluatio n order ,  th e las t  evidenc e I D wa s positive ,  produc -
in g a  mor e friendl y evaluation .  I n conu-ast ,  fo r  th e ID-Rout e 
evaluatio n order ,  th e las t  evidenc e Rout e wa s negative ,  pro -
ducin g a  mor e hostil e evaluation .  Th e interactio n betwee n 
learnin g orde r  an d evaluatio n wa s no t  significan t  (F(l ,  38 )  = 
0.53 .  p  =  0.47) . 

S i m u l a t i o n :  F r e q u e n c y L e a r n i n g 

The experiment shows that subjects could learn most of the 
frequency  informatio n implicitl y  an d accurately .  Thi s sectio n 
describe s a  connectionis t  simulatio n o f  frequency  learnin g 
base d o n th e Rescorla-Wagne r  rul e (Rescorl a &  Wagner , 
1972) . 

The Rescorla-Wagne r  rul e wa s initiall y  propose d fo r  clas -
sica l  conditionin g i n anima l  associativ e learnin g an d late r 
extende d fo r  huma n learnin g (e.g. ,  Gluc k &  Bower ,  1988) .  I t 
i s  sensitiv e t o frequencies  o f  observation s an d conditiona l 
probabilities .  Le t  w, ^  denot e th e strengt h o f  associatio n be -
twee n observatio n o /  an d hypothesi s hi .  I f  h i  i s  a  correc t 

hypothesi s fo r  observatio n oj ,  the n th e weigh t  chang e i s 

A wy =r;o,(max-^M',y) ,  wher e t )  i s th e learnin g rate ,  o, -

reflects the reliability of the observation, max is the maxi-
m um possibl e leve l  o f  associativ e strengt h tha t  ca n b e asso -
ciate d wit h eac h hypothesi s uni t  h j  an d ] ^  w ^  i s  th e tota l 

ie o 
associativ e strengt h fo r  th e hypothesi s h j  tha t  connect s al l 

observation s presen t  o n tha t  trial .  I f  th e hypothesi s h j  i s a n 

incorrec t  hypothesi s fo r  observatio n o,- ,  the n th e associativ e 

strengt h betwee n o ,  an d h j  decreases .  Th e weigh t  chang e i s 
Aw, j  =  -7JO ,  ̂  Wy .  Afte r  a  serie s o f  trials ,  wj j  wil l  reflect 

the conditional probability of the hypothesis hi given the 

observatio n o, . 
Figur e 5  show s a  simpl e networ k use d t o simulat e th e ex -

perimenta l  tas k describe d previously .  Th e fou r  observatio n 
unit s represen t  th e fou r  possibl e outcome s o f  th e tw o evi -
denc e items :  Rout e positiv e (R+) ,  Rout e negativ e (R-) ,  I D 
positiv e (ID+) ,  an d I D negativ e (ID-) .  Th e tw o hypothesi s 
unit s represen t  th e tw o possibl e outcome s o f  th e evaluation : 
Friendl y (F )  an d Hostil e (H) . 

Eva luat io n O r d e r 

( 0 
( 0 
0) 
c 
c 
0) 

100 ' 
90 • 

80 • 
70 • 

60 • 
50 • 

40 -

30 -
20 -

10 -
n . 
u ̂  

-» ~ Route-I D 

-^ID-Rout e 

ID+ 

4.,.,̂^ ^  / \ 

"̂̂ "'"'-..•̂ ^ ^ 
Route -

•  ' 
Base Datu m I 

1 

ID+ 

\ 
\ 
Route -

• 
}atu m 

2 

100 -
90 -

80-
70 -

60 -
50 -

40 -

30 -
20 -

10-

0-

< 
> 

Base 

ID+ 

v / N ^ 

Route -

•  ' 
Datu m 

1 

ID+ 

< 
\ 

RouU 

• 
Datu m 

2 
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Figur e 4 .  Th e evaluation s o f  friendlines s fo r  th e tw o differen t  evaluatio n order s unde r  th e tw o differen t  learnin g orders . 
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Tabl e 2 .  Th e Estimatio n o f  Conditiona l  Probabilitie s fo r  On e Evidenc e Ite m 

inpu t  pattern s 
R+ R-  ID + ID -

1 0 1 0 
10 0 1 
O l i o 
0 1 0 1 

pro b o f  pattern s 

P 
0.3 4 
0.1 6 
0.1 6 
0.3 4 

outpu t  activatio n 
0(F ) 

0.92 4 
0.51 9 
0.48 7 
0.08 2 

o(H ) 

0.07 2 
0.46 7 
0.51 5 
0.91 0 

p x outpu t  X  10 0 1 

Friendl y 
31.4 2 
8.3 0 
7.7 9 
2.7 9 

Hostil e 

2.4 5 
7.4 7 
8.2 4 

30.9 4 

Figur e 5 .  A  simpl e networ k use d t o simulat e th e experi -
menta l  task .  Th e Rescoria-Wagne r  learnin g rul e wa s used . 
The weight s ar e th e averag e o f  th e weight s learne d b y th e 
networ k acros s 2 0 simulate d subject s wit h 5 0 trial s fo r  eac h 
simulate d subject . 

Me tho d 

Subjects. 20 simulated subjects were trained on the 
network . 

Materials .  Th e 5 0 trial s use d i n th e experimen t  wer e th e 
50 trial s fo r  th e simulate d subjects .  Th e presentation s o f  th e 
50 trial s wer e randomize d fo r  eac h simulate d subject .  Th e 
conditiona l  probabilitie s o f  outcome s give n condition s o f 
th e tw o evidenc e item s wer e identica l  t o thos e i n th e ex -
periment ,  whic h ar e show n i n Tabl e 1 . 

Desig n &  Procedure .  Th e orde r  effec t  o f  th e presenta -
tio n o f  th e evidenc e item s wa s no t  considere d i n thi s simula -
tio n becaus e Rescorla-Wagne r  rul e canno t  dea l  wit h tempora l 
orders .  Th e tw o evidenc e item s fo r  eac h tria l  wer e encode d a s 
fou r  observatio n unit s (R+ ,  R- ,  ID+ ,  ID-) .  Fo r  example , 
positiv e Rout e an d negativ e I D wer e encode d a s (1 ,  0 ,  0 ,  1) . 
The outcom e fo r  eac h tria l  wa s encode d a s tw o competin g 
hypothesi s unit s (F ,  H ) .  Fo r  example ,  friendl y wa s encode d 
as (1 ,  0) . 

The parameter s o f  Rescorla-Wagne r  rul e wer e a s follows : 
ri  =  0.1 ;  ma x =  1 ;  initia l  weight s =  0 .  Fo r  eac h simulate d 
subject ,  th e 5 0 trial s wer e onl y presente d once ,  sam e a s i n 
th e experiment .  Th e weight s wer e update d afte r  eac h trial . 

Result 

The final weights of the 20 simulated subjects were aver-
aged ,  whic h ar e show n i n Figur e 5 .  Thes e weight s wer e use d 
t o estimat e th e conditiona l  probabilitie s o f  friendlines s an d 
hostilit y  fo r  differen t  combination s o f  th e tw o evidenc e 
items . 

The calculatio n o f  p( F I  R ,  ID )  i s straightforward .  Fo r  ex -
ample ,  i f  w e us e o(F )  an d o(H )  t o indicat e th e activatio n 
value s o f  th e friendl y an d hostil e units ,  the n 

p( F I  R+ ,  ID-h ) 
= o(F)/(o(F)+o(H) ) 
= (Wn,*+WnD )̂/((wFR^+WF„>^>+(w„R^+WHn>.) ) 
= (0.470+0.454)/((0.470+0.454)+(0.024-h0.048) ) 
= 0.9 3 

Similarly ,  w e ca n ge t  p( F I  R+ .  ID- )  =  0.53 ;  p( F I  R- , 
ID-t- )  =  0.49 ;  p( F I  R- ,  ID- )  =  0.08 .  Thes e p  value s ar e 
shown i n Figur e 3 . 

To estimat e p( F I  R )  an d p( F I  ID) ,  w e nee d a  differen t 
procedur e becaus e w e canno t  us e th e rati o o f  activatio n val -
ues o r  th e rati o o f  weight s directl y fo r  th e followin g reason . 
Suppos e w e hav e a n inpu t  vecto r  (R+ ,  R- ,  ID+ ,  ID-) .  I n a n 
actua l  inpu t  pattern ,  on e o f  th e tw o R s i s 1  an d th e othe r  i s 
0 an d on e o f  th e tw o ID s i s 1  an d th e othe r  i s 0 ,  e.g. ,  (1,0 , 
1,  0) .  T o estimat e p( F IR+) ,  fo r  example ,  w e nee d a n inpu t 
patter n (1 ,  0 ,  0 ,  0) ,  whic h i s a  patter n neve r  presente d i n th e 
trainin g set .  Thus ,  i n orde r  t o estimat e p( F I  R )  an d p( F I 
ID) ,  w e nee d t o conside r  th e distributio n o f  th e 5 0 trainin g 
patterns ,  a s show n i n Tabl e 2 .  Fo r  example ,  t o calculat e p( F 
IR+) ,  w e nee d t o conside r  al l  th e pattern s i n th e 5 0 trainin g 
pattern s tha t  contai n th e patter n (1 ,  0 ,  0 ,  0) ,  whic h ar e (1 ,  0 , 
1,  0 )  an d (1 ,  0 ,  0 ,  1) .  Give n th e inpu t  (1 ,  0 ,  1 ,  0) ,  th e out -
put  activatio n o f  F  i s 0.924 ,  whic h i s the n weighte d b y th e 
probabilit y  o f  thi s patter n (0.34 )  acros s th e 5 0 trainin g pat -
terns ,  producin g a  produc t  0.3142 .  Similarly ,  w e ca n ge t  th e 
weighte d outpu t  activatio n fo r  H  (0.0245 )  fo r  th e sam e pat -
ter n an d thos e fo r  F  an d H  fo r  patter n (1 ,  0 ,  0 ,  1) :  0.08 3 an d 
0.0747 .  Fro m thes e values ,  w e ge t 

p( F I  R+ ) 
= (31.42+8.30)/((31.42+8.30)+(2.45+7.47) ) 
= 0.8 0 
Similarly ,  w e ca n ge t  p( F I  R- )  =  0.20 ;  p( F IID+ )  =  0.79 ; 

p( F I  ID- )  =  0.21) .  Thes e p  value s ar e als o show n i n Fig -
ur e 3 . 

Fro m Figur e 3  w e ca n se e tha t  th e conditiona l  probabili -
tie s learne d b y th e Rescorla-Wagne r  rul e ar e identica l  t o th e 
theoretica l  values .  Thi s indicate s tha t  th e Rescorla-Wagne r 
rul e accuratel y learne d conditiona l  probabilities . 

Discussion and Conclusion 

The experimental results supported our three hypotheses: (a) 
most  o f  th e frequency  informatio n wa s learne d impUcitl y  an d 
accurately ,  (b )  ther e wa s a n orde r  effec t  fo r  belie f  evaluatio n 
afte r  frequenc y learning ,  an d (c )  ther e wa s als o a n orde r  effec t 
fo r  actua l  decision s durin g frequenc y learning .  Th e first 
uniqu e contributio n o f  th e presen t  experimen t  i s tha t  i t 
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shows tha t  th e orde r  effec t  coul d no t  b e eliminate d eve n i f 
most  o f  th e frequenc y informatio n wa s learne d implicitl y an d 
accurately .  Thi s i s i n contras t  wit h previou s studie s whic h 
sho w tha t  whe n frequency  informatio n i s  learne d implicitl y 
and accurately ,  certai n biase s suc h a s th e bas e rat e fallac y ca n 
be eliminated .  Th e secon d uniqu e contributio n o f  th e presen t 
experimen t  i s th e demonstratio n o f  orde r  effect s fo r  actua l 
decisions ,  whic h hav e no t  bee n repotte d previousl y i n th e 
literature . 

The simulatio n result s o n frequency  learnin g wit h th e 
Rescorla-Wagne r  rul e wer e identica l  t o th e theoretica l  value s 
and ver y clos e t o th e value s learne d b y huma n subjects .  I t 
indicate s tha t  th e Rescorla-Wagne r  rul e ca n accoun t  fo r  bot h 
theoretica l  an d empirica l  dat a o n frequency  learning .  I n addi -
tio n t o th e Rescorla-Wagne r  rule ,  w e als o trie d a  simpl e 
recurren t  ne t  (Elman ,  1993 )  an d a  reinforcemen t  ne t  (Sutton , 
1988 )  t o simulat e th e ordo -  effect .  Th e simulatio n result s 
sho w tha t  bot h type s o f  network s coul d produc e orde r  effect s 
fo r  th e orde r  use d fo r  trainin g bu t  the y coul d no t  b e general -
ize d t o a  ne w orde r  no t  presen t  i n th e training .  Othe r  type s 
of  network s ar e bein g examine d fo r  th e orde r  effect .  Th e 
high-leve l  objectiv e o f  ou r  simulatio n studie s i s t o fm d a 
singl e architectur e tha t  ca n no t  onl y lear n frequenc y informa -
tio n bu t  als o produc e th e ful l  rang e o f  orde r  effects . 
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Abstrac t 
We argu e fo r  a  vie w that ,  fo r  writte n Chinese ,  direc t  visua l 
acces s i s th e onl y wa y t o acces s informatio n store d i n th e 
menta l  lexicon .  Phonolog y play s n o rol e i n initia l  lexica l 
acces s an d ha s limite d effec t  o n acces s t o lexica l  semantics . 
Evidenc e supportin g thi s vie w i s adduce d from  thre e set s o f 
experiment s tha t  eithe r  faile d t o detec t  an y phonologica l 
effec t  i n lexica l  access ,  o r  faile d t o prov e tha t  th e 
phonologica l  effect s obtaine d ar e pre-lexica l  i n nature ,  o r 
demonstrat e successfull y th e presenc e o f  orthographi c effec t 
i n lexica l  access .  W e conclud e tha t  word s i n th e lexico n ca n 
be accesse d i n differen t  ways ,  dependin g o n th e genera l 
configuration s o f  th e writin g system s i n differen t  languages . 

Introduction 

Th e proces s o f  h u m a n languag e understandin g begin s wit h 
mappin g o f  th e sensor y inpu t  ont o underlyin g for m 
representation s i n th e menta l  lexicon ,  a s th e basi s fo r 
acces s t o store d semanti c an d syntacti c properties .  Fo r 
writte n language ,  th e traditiona l  dual-rout e model s o f 
readin g (e.g. ,  Coltheart ,  1978 )  assum e tha t  thi s mappin g 
proces s (o r  initia l  lexica l  access )  ca n b e conducte d i n tw o 
ways .  O n e i s b y a  direc t  visua l  acces s route ,  wher e visua l 
feature s i n th e inpu t  ar e projecte d directl y ont o underlyin g 
orthographi c representations ,  whic h ar e i n tur n relate d t o 
th e activatio n o f  store d phonologica l  representation s an d 
lexica l  semanti c properties .  Th e othe r  i s  b y a 
phonologicall y mediate d process ,  wher e th e orthographi c 
inpu t  i s  first  transformed ,  perhap s throug h grapheme -
phoneme conversio n rules ,  int o a  phonologica l  cod e whic h 
i n m m i s  use d t o acces s lexica l  phonologica l 
representation s an d semanti c an d syntacti c properties . 
Cormectionis t  model s o f  readin g (e.g. ,  Plaut ,  McClelland , 
Seidenberg ,  &  Patterson ,  1996) ,  o n othe r  hand ,  discar d th e 
localis t  assumptio n o f  lexica l  entr y an d th e independent , 
rule-base d route s fro m orthograph y t o phonology .  Instead , 
th e lexico n i s assume d t o b e a  distribute d networ k i n whic h 
th e knowledg e o f  a  word' s spelUing ,  pronunciation , 
meanin g etc .  i s  represente d a s activatio n pattern s ove r  a  se t 
o f  units .  Th e sam e unit s ar e use d t o encod e differen t 
words .  Lexica l  processin g i s  jus t  th e computatio n an d 

productio n o f  differen t  pattem s o f  activatio n ove r  set s o f 
unit s use d t o represen t  th e informatio n i n demand .  A s fa r 
as th e activatio n o f  semanti c propertie s i s  concerned . 

connectionis t  model s shar e wit h dual-rout e model s th e 
assumptio n tha t  th e meanin g o f  a  wor d ca n b e activate d i n 
tw o ways ,  eithe r  b y direc t  visua l  acces s o r  vi a th e 
activatio n o f  phonologica l  representations .  However , 
recen t  year s hav e see n th e emergenc e o f  a  differen t  view . 
Accordin g t o thi s theor y (e.g. ,  va n Orden ,  1987 ;  Lukatel a 
& Turvey ,  1994a ,  1994b) ,  phonologica l  mediatio n i s th e 

predominan t  proces s i n lexica l  access ,  i f  no t  th e onl y 

process .  I n initia l  access ,  phonolog y i s compute d from  th e 
visua l  inpu t  an d mappe d ont o underlyin g lexica l  o r 

semanti c representation s i n th e lexicon .  Orthographi c 
informatio n i s the n use d t o refm e th e lexica l  activatio n 
begu n b y phonology .  Direc t  visua l  acces s eithe r  doe s no t 
exist ,  o r  play s onl y a  mino r  rol e i n lexica l  access . 

I n thi s paper ,  w e argu e fo r  a  differen t  vie w o f  lexica l 
access ,  no t  fo r  Englis h bu t  fo r  Chinese .  W e wil l  provid e 
experimenta l  evidenc e whic h demonstrate s that ,  fo r  writte n 
Chinese ,  direc t  visua l  acces s i s th e onl y w a y fo r 
informatio n store d i n th e lexico n t o becom e available . 
Phonolog y play s n o rol e i n initia l  lexica l  access .  I t  i s  eithe r 

a consequenc e o r  a  by-produc t  o f  th e visua l  access .  I n othe r 
words ,  ther e i s n o suc h thin g a s "pre-lexical "  phonolog y o r 
phonologica l  recodin g i n readin g Chinese .  Moreover ,  w e 
argu e tha t  acces s t o lexica l  semantic s i s  predominantl y 
conducte d b y direc t  visua l  mappin g fro m orthograph y t o 
semanti c representations .  Althoug h phonologica l 
representatio n nna y b e automaticall y activated ,  du e t o th e 
activatio n o f  orthographi c representatio n i n initia l  lexica l 
access ,  i t  i s  normall y no t  o r  no t  efficientl y use d t o mediat e 

th e acces s t o meaning .  Direc t  visua l  acces s i s a 
psychologica l  consequenc e o f  th e logographi c Chines e 
writin g syste m whic h ha s evolve d t o represen t  th e meanin g 
rathe r  tha n th e soun d o f  th e languag e (Wang ,  1973)' . 

As pointe d b y va n Orden ,  Pennington ,  &  Ston e (1990) , 
unambiguou s evidenc e fo r  direc t  visua l  acces s ha s bee n 

'I n thi s language ,  th e basi c meaningfu l  unit s i n th e writin g 
syste m ar e characters .  Wit h som e exceptions ,  eac h characte r 
correspond s t o on e morphem e an d ha s on e pronunciatio n (i.e. ,  a 
syllabl e wit h a  specifi c  tone) .  Becaus e differen t  character s ma y 
hav e th e sam e pronunciation ,  homophoni c morpheme s i n thi s 
languag e ar e commo n rathe r  tha n exceptional .  Mos t  word s i n th e 
languag e ar e eithe r  monomorphemi c word s o r  disyllabi c (two -
character )  compounds . 
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scarc e o r  non-existent .  O n e reaso n fo r  thi s m a y b e becaus e 

orthograph y an d phonolog y ar e necessaril y  confounde d i n 
alphabeti c language s an d thei r  effect s o n lexica l  acces s ar e 
difficul t  t o separate .  Instead ,  researcher s hav e followe d th e 
rational e tha t  i f  a n explici t  manipulatio n o f  phonolog y doe s 
not  produc e a  detectabl e effec t  o n wor d recognition ,  i t  i s 
the n take n a s evidenc e o f  visua l  processe s i n lexica l  access . 
I n th e presen t  research ,  w e firs t  follo w thi s logi c an d 
demonstrat e tha t  simila r  experimenta l  manipulation s tha t 
produc e reliabl e phonologica l  effect s o n visua l  wor d 
recognitio n i n alphabeti c language s fai l  t o affec t  th e 
recognitio n o f  Chines e words ,  whil e semanti c o r 
orthographi c effect s ar e consistentl y observe d i n th e sam e 
experiments .  W e furthe r  demonstrat e tha t  th e presenc e o f 
phonologica l  effect s unde r  certai n circumstance s doe s no t 

invalidat e ou r  clai m o f  direc t  visua l  access .  Rather ,  i t 
strengthen s ou r  vie w tha t  phonolog y i n readin g Chines e i s 
a by-produc t  o f  initia l  lexica l  access .  Furthermore ,  w e 
presen t  direc t  evidenc e o f  visua l  effect s i n lexica l  access . 
Such a  demonstratio n o f  pur e orthographi c effect s i s mad e 
availabl e throug h th e separatio n o f  orthograph y an d 
phonolog y i n th e Chines e writin g system .  Take n together , 
th e dat a suppor t  ou r  vie w tha t  direc t  visua l  acces s i s th e 
onl y rout e int o th e Chines e menta l  lexico n i n visua l  wor d 
recognition .  Th e issue s o f  acces s t o lexica l  semantic s an d 
th e architectur e o f  th e Chines e menta l  lexico n ar e 
discusse d i n th e las t  section . 

The Absence of Phonological Effects 

Sinc e va n Orde n (1987) ,  experimenta l  task s tha t  ta p int o 
lexica l  semanti c representation s hav e becom e som e o f  th e 
majo r  tool s fo r  investigatin g th e rol e o f  phonolog y i n 
lexica l  access .  Thes e task s shar e th e advantag e tha t 
subject s ar e no t  require d t o atten d specificall y t o th e 
phonologica l  componen t  o f  visua l  inpu t  an d an y 
phonologica l  effec t  arisin g fro m thi s tas k i s likel y t o b e du e 
t o a n automati c proces s i n lexica l  access .  I n a  se t  o f  prime d 
namin g experiment s (Tabl e 1) ,  Lukatel a &  Turve y (1994a ) 
foun d tha t  facilitator y effect s fo r  word s lik e fro g ca n b e 
obtaine d no t  onl y whe n the y ar e precede d b y thei r 
semanti c associate s (e.g. ,  toad )  bu t  als o whe n the y ar e 

precede d b y word s tha t  ar e homophoni c wit h th e associate s 
(e.g. ,  towed) .  Thi s phonologicall y mediate d semanti c 

primin g betwee n towe d an d fro g i s  take n a s stron g 

evidenc e that ,  fo r  English ,  a n orthographicall y dee p 
language ,  initia l  lexica l  acces s i s  phonologicall y 
constrained .  A  phonologica l  cod e i s  compute d fro m th e 
orthographi c inpu t  o f  towe d an d use d t o acces s al l  th e 

correspondin g phonologica l  representation s (includin g 
toad )  i n th e lexicon .  Lexica l  activatio n spread s t o othe r 

semanticall y relate d lexica l  item s (e.g. ,  frog)  an d lead s t o a 

facilitator y primin g i n naming . 
We conducte d a  se t  o f  experiment s wit h simila r  design s 

(se e Tabl e 1 )  t o examin e whethe r  phonologicall y mediate d 

semanti c primin g coul d b e obtaine d i n Chines e a s well .  I n 

Experiment s 1  an d 2 ,  w e use d bot h namin g an d lexica l 
decisio n task s an d concentrate d o n two-characte r 

compoun d words .  Word s lik e 2 2 4 (wei(4 )  sheng(l)" , 
hygiene )  wer e precede d b y thei r  semanti c associate s (e.g. , 

? p ^ ,  jie(2 )  jing(4) ,  clean) ,  o r  b y word s homophoni c wit h 

th e associate s (e.g. ,  S @ ,  jie(2 )  jing(4) ,  shortcut) ,  o r  b y 

unrelate d words .  Ther e wer e n o orthographi c o r 

phonologica l  similaritie s betwee n prime s an d targets .  A s 
show n i n Tabl e 2 ,  ther e wa s n o phonologicall y mediate d 
primin g effec t  i n eithe r  tas k despit e a  significan t  semanti c 
primin g effect .  Subsequen t  experiment s o n singl e characte r 
word s wit h a  simila r  experimenta l  desig n als o faile d t o fm d 
a phonologicall y mediate d semanti c primin g fo r  word s lik e 
towe d an d frog.  I f  w e accep t  tha t  th e presenc e o f  a  primin g 

effec t  betwee n towe d an d frog  i n Englis h demonstrate s th e 

existenc e o f  pre-lexica l  phonolog y an d phonologicall y 
mediate d lexica l  access ,  th e absenc e o f  suc h a n effec t  i n 
Chines e implie s tha t  pre-lexica l  phonolog y an d 
phonologica l  acces s proces s d o no t  exis t  o r  d o no t  pla y a 
majo r  rol e i n th e logographi c language . 

Semanti c Mediate d 

TOAD TOWED 

?^^  « e 
jie(2)jing(4 )  jie(2)jing(4 ) 
(clean )  (shortcut ) 

If c ^ 

ge(l )  ge(l ) 
(song )  (pigeon ) 

Contro l 

TOLLED 

mat . 
liu(2)fang(4 ) 
(banish ) 

m 
chui(2 ) 
(hammer ) 

Targe t 

FROG 

J2 ^ 
wei(4)sheng(l ) 
(hygiene ) 

n 
wu(3 ) 
(dance ) 

Tabl e 1  Experimenta l  design s o f  mediate d semanti c 
primin g 

When we turn to more direct manipulation of phonology, 
we d o no t  se e a  phonologica l  effec t  i n lexica l  acces s either . 
I n a  stud y investigatin g morphological ,  orthographi c an d 
phonologica l  structure s i n th e Chines e menta l  lexicon ,  w e 
examine d th e primin g effect s betwee n visuall y presente d 
two-characte r  compoun d word s whic h share d on e critica l 

Semanti c Mediate d Contro l 

Lexica l  Decisio n 

Namin g 

581 
(2.7 ) 
60 9 

(2.1 ) 

62 0 
(6.6 ) 
62 1 

(1.8 ) 

62 3 
(4.9 ) 
62 6 

(2.7 ) 

Tabl e 2  M e a n respons e latencie s (msec )  an d erro r 
percentage s fo r  compoun d words . 

'Th e pronunciation s o f  Chines e character s ar e presente d i n 
Pinyi n (th e Chines e alphabeti c system) .  Th e number s i n bracket s 
represen t  tone s o f  syllables . 
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Experimen t  1 

Experimen t  4 

Visual-Visua l 

Masked 

Visual-Visua l 

Masked 

Morpheme 

606 
(3.7 ) 

563 
(5.1 ) 

Homograp h 
648 
(7.1 ) 
583 
(9.1 ) 

676 
(2.3 ) 
653 

(6.6 ) 

Homophone 
637 

(6.8 ) 
611 

(10.1 ) 

653 
(2.4 ) 
661 
(7.5 ) 

Contro l 
644 
(7.1 ) 
609 
(8.1 ) 

651 
(2.9 ) 
655 

(4.8 ) 

Tabl e 3  M e a n respons e latencie s (msec )  an d erro r  percentages .  Homograp h constituent s wer e als o 
homophoni c i n Experimen t  1 ,  bu t  no t  i n Experimen t  4 . 

homophonic morpheme (Table 3)\ A target word (e.g., 

^ ^  hua(2 )  g:ui(4) ,  luxurious )  wa s precede d b y eithe r  a 

compoun d sharin g a  morphem e wit h i t  (e.g. ,  ̂ H l  hua(2 ) 
li(4) ,  gorgeous) ,  o r  a  wor d havin g a  homographi c 

constituen t  (e.g. ,  ¥ # hua(2 )  qiao(2) ,  oversea s Chinese) , 

or  a  wor d (e.g. ,  f ^ M hua(2 )  xiang(2) ,  glide )  whos e critica l 

morpheme share d onl y th e pronunciatio n wit h th e critica l 

morpheme i n th e target ,  o r  a  totall y unrelate d wor d (e.g. , 
^ H wen(2 )  zheng(3) ,  intact) .  I n a  lexica l  decisio n tas k 

(SOA=10 0 msec) ,  n o primin g effect s wer e observe d fo r 
word s tha t  jus t  ha d homophoni c bu t  non-homographi c 
morphemes ,  whethe r  prime s wer e maske d o r  no t  (se e 
Experiment s 1  i n Tabl e 3) .  I n contrast ,  th e morphological / 
semanti c primin g effect s wer e consistentl y observe d an d a n 
orthographi c effec t  wa s reveale d whe n th e prime s wer e 
masked ( S O A = 5 7 msec) . 

Semanti c Homophoni c Contro l 

Visual-Visua l 

Maske d 

Namin g 

60 4 
(3.6 ) 
57 5 
(3.2 ) 

611 

(2.1 ) 

63 4 
(7.6 ) 
59 7 

(5.7 ) 

59 9 
(2.4 ) 

645 
(7.8 ) 
59 7 
(4.7 ) 

621 
(2.4 ) 

Tabl e 4  M e a n respons e latencie s (mesc )  an d erro r 
percentages .  S O A =  5 7 mse c i n th e maske d primin g 
lexica l  decisio n experiment .  S O A =  10 0 mse c i n bot h 
visual-visua l  primin g lexica l  decisio n an d namin g 
experiments . 

Experiments conducted on Chinese compound words 
tha t  hav e mor e phonologica l  overla p tha n jus t  on e syllabl e 

als o faile d t o revea l  an y phonologica l  primin g effect s i n 
masked an d unmaske d visua l  primin g lexica l  decisio n 
tasks .  Thi s hel d no t  onl y fo r  word s lik e ̂ S (guan(3 )  li(3) , 
manage)  an d 'ffî J  (guan(4 )  li(4) ,  usua l  practice )  tha t  ha d 

'Fo r  a n auditory-auditor y primin g versio n o f  thes e 
experiments ,  se e Zho u &  Marslen-Wilso n (1995) . 

th e sam e segmenta l  element s bu t  differe d o n lexica l  tones , 
but  als o fo r  trul y homophoni c compound s lik e ̂ ^  0ie(2 ) 
jing(4) ,  shortcut )  an d \ a ^  0>e(2 )  jing(4) ,  clean) .  I n 

contrast ,  th e semanti c primin g effec t  wa s consistentl y 
observe d (se e Tabl e 4) .  Th e fac t  tha t  semanti c effect s ca n 
be readil y obtaine d bu t  phonologica l  effec t  ar e constantl y 
missin g whil e simila r  task s fo r  Englis h an d Frenc h hav e 

produce d robus t  primin g effect s fo r  homophone s lik e 
towe d an d toa d (e.g. ,  Grainge r  &  Ferrand ,  1994) ,  indicate s 

tha t  logographi c an d alphabeti c word s ar e accesse d i n 
differen t  ways .  Whil e lexica l  acces s fo r  Englis h ma y b e 
purel y phonological ,  lexica l  acces s fo r  Chines e ca n onl y b e 
conducte d vi a direc t  visua l  acces s i n visua l  wor d 
recognition .  Phonolog y seem s pla y n o rol e i n th e initia l 
acces s process . 

The Presence of Phonological Effects. 

Thi s i s no t  t o sa y tha t  phonologica l  effect s i n th e visua l 
recognitio n o f  Chines e word s canno t  b e observe d i n certai n 
circumstances .  However ,  thes e effect s d o no t  demonstrat e 
a pre-lexica l  phonolog y an d phonologicall y mediate d 
acces s process ,  althoug h the y ma y impl y tha t  phonologica l 
informatio n associate d wit h character s i s automaticall y 
activate d a s a  consequenc e o f  visua l  lexica l  access .  Th e 
presenc e o f  phonologica l  effect s i s mor e likel y whe n th e 
experimenta l  task s emphasiz e th e us e o f  phonologica l 
informatio n o r  allo w subject s mor e tim e t o mak e 
responses . 

Thus ,  althoug h w e di d no t  observ e an y primin g effect s 
betwee n compoun d word s havin g homophoni c bu t  non -
homographi c morpheme s (a s i n th e Homophon e condition s 
i n Tabl e 3) ,  w e di d find a  phonologica l  effec t  fo r 
compound s havin g homographi c bu t  non-homophoni c 
morphemes (e.g. ,  3 . % chong(2 )  fu(4) ,  repeat ;  an d S M 

zhong(4 )  liang(4) ,  weight) .  A n inhibitor y effec t  wa s 

observe d fo r  suc h word s i n a  visual-visua l  primin g lexica l 
decisio n tas k an d n o significan t  primin g wa s obtaine d 

when th e prime s wer e maske d (se e th e Homograp h 
conditio n o f  Experimen t  4  i n Tabl e 3) .  Thi s patte m o f 
homograp h primin g i s i n shar p contras t  wit h th e 
homograp h primin g i n Experimen t  1 ,  wher e homographi c 

character s wer e als o homophoni c i n prime s an d target s 
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(e.g. ,  ̂ f p hua(2 )  qiao(2) ,  oversea s Chinese ,  an d ^ H 

hua(2 )  gui(4) ,  luxurious) .  Fro m thi s compariso n an d from 

th e absenc e o f  an y effect s i n th e Homophoni c conditions , 
i t  i s  clea r  tha t  th e effec t  o f  phonolog y o n visua l  recognitio n 
of  compoun d word s mus t  b e base d o n orthography . 
Phonolog y come s int o pla y onl y whe n ther e i s sufficien t 
orthographi c overla p betwee n prime s an d target s an d whe n 

orthographicall y base d lexica l  acces s ha s bee n started .  I n 
othe r  words ,  n o orthography ,  n o phonology . 

The phonologica l  effec t  o n Chines e wor d recognitio n 
was als o reveale d i n a  namin g task .  Althoug h w e di d no t 
find  an y primin g effec t  betwee n homophoni c compoun d 
word s (e.g. ,  J t S jie(2 )  jing(4) ,  shortcu t  an d i a ^  jie(2 ) 

jing(4) ,  clean )  usin g th e lexica l  decisio n task ,  w e di d 

observ e a  facilitator y effec t  whe n th e namin g tas k wa s use d 
on th e sam e se t  o f  word s (se e Tabl e 4) .  Superficially ,  th e 
facilitator y effec t  i n th e namin g tas k replicate d wha t 
Lukatel a an d Turve y (1994b )  foun d fo r  English .  However , 
we hav e a  differen t  explanatio n fo r  th e effec t  i n Chinese . 
Whil e Lukatel a an d Turve y accoun t  fo r  thei r  dat a i n term s 
of  pre-lexica l  phonology ,  w e specif y th e effec t  i n Chines e 
as du e t o th e activatio n o f  store d phonologica l 
representatio n i n th e lexico n an d th e us e o f  phonologica l 
informatio n i n th e namin g task .  W h e n targe t  word s ar e 
presented ,  th e projectio n o f  orthographi c informatio n ont o 
th e lexico n lead s t o th e re-activatio n o f  th e phonologica l 

representation s tha t  ar e share d b y prime s an d targets .  Th e 
namin g o f  th e target s coul d b e mor e easil y execute d whe n 
prime s an d target s ar e homophone s tha n whe n the y ar e 
non-homophones .  A n importan t  mora l  her e i s tha t  an y 
phonologica l  primin g effec t  i n namin g Chines e coul d b e 
post-lexica l  an d an y argument s o f  pre-lexica l  phonolog y 
base d o n thes e dat a coul d b e fundamentall y flawed . 

The Presence of Orthographic Effects 

Our  argumen t  s o fa r  fo r  a  direc t  visua l  acces s i n 
recognizin g Chines e word s ha s com e eithe r  from  th e 
failur e o f  phonologica l  manipulatio n i n producing 
significan t  effec t  o r  from  th e failur e o f  demonstratin g tha t 
th e phonologica l  effec t  obtaine d i s pre-lexical .  Thi s nul l 
effec t  evidenc e i s no t  wea k whe n i t  i s  compare d wit h 
experimenta l  evidenc e from  Englis h i n whic h simila r 
manipulation s d o produc e reliabl e phonologica l  effect . 
Nevertheless ,  w e nee d t o demonstrat e mor e directl y tha t 
th e orthographi c strucmr e o f  Chines e word s determine s 
lexica l  acces s an d lexica l  activation . 

Orthographi c primin g effect s ca n b e obtaine d betwee n 
compoun d word s havin g homographi c an d homophoni c 
morphemes ,  relativ e t o thei r  phonologica l  contro l  (Tabl e 
3) .  However ,  thi s effec t  migh t  no t  b e pur e orthographi c 
becaus e ther e ar e phonologica l  relation s betwee n prime s 
and target s an d henc e th e appearanc e o f  th e orthographi c 
effec t  coul d b e dependen t  o n thes e phonologica l  relation s 
eve n thoug h thes e relation s alon e d o no t  produc e 
significan t  priming .  I n a  mor e stringen t  experimen t  i n 

whic h onl y structurall y simpl e character s wer e used ,  w e 

examine d th e primin g effec t  betwee n word s tha t  ar e 

orthographicall y simila r  bu t  phonologicall y an d 
semanticall y differen t  (e.g. ,  S  you(2) ,  becaus e of ,  an d ^ 

shen(l) ,  express) .  A  significan t  inhibitor y effec t  wa s 

obtaine d i n a  prime d namin g task .  Thi s effec t  ca n onl y b e 

visua l  sinc e n o phonolog y o r  sublexica l  phonolog y i s 
involved .  I t  indicate s that ,  a t  leas t  fo r  simpl e characters , 
lexica l  acces s i s visual . 

Orthographi c effect s wer e als o obtaine d fo r  comple x 
characters .  A  typica l  comple x characte r  i s compose d o f  a 
semanti c radica l  -  which ,  fo r  m a n y characters ,  indicate s th e 
semanti c categor y o f  th e comple x characte r  an d a 
phoneti c radica l  -  whic h itsel f  i s  a  character .  Althoug h th e 
phoneti c radical s coul d indicat e th e pronunciatio n o f  th e 
comple x characters ,  i n mos t  cases ,  the y d o not ,  creatin g 
"irregular "  comple x characters .  I n a  prime d namin g stud y 
i n whic h w e use d phoneti c radical s (e.g. ,  lf i  ye(3) ,  also )  a s 

prime s an d "derived "  irregula r  comple x character s (e.g. ,  t & 
ta(l) ,  she )  a s targets ,  w e varie d systematicall y th e 

frequencies  o f  radical s an d comple x characters ,  whic h 
wer e no t  semanticall y relate d an d ha d differen t 
pronunciations .  I n Experimen t  1 ,  w e manipulate d th e 
frequencies  o f  comple x target s whil e keepin g th e 
frequencies  o f  thei r  radica l  prime s constant .  I n Experimen t 
2,  w e varie d th e frequencies  o f  radica l  prime s whil e 
keepin g th e frequencies  o f  th e comple x target s constant .  I t 
i s  clea r  from  Tabl e 5  tha t  ther e wer e stron g interaction s 
betwee n th e frequency  manipulation s an d th e namin g 
latencie s o f  th e comple x characters .  (Thi s patter n o f 
primin g effect s differe d dramaticall y from  tha t  betwee n 
phoneti c radical s an d comple x character s sharin g 
segmenta l  element s bu t  differin g o n tones. )  Sinc e ther e 
wer e n o phonologica l  relation s betwee n radical s an d 
comple x characters ,  th e patter n o f  primin g effect s ca n onl y 
be explaine d i n term s o f  direc t  visua l  acces s an d th e 
competitio n betwee n lexica l  representation s activate d b y 
orthographi c input . 

Manipulatio n 

Targe t 

Prim e 

Frequenc y 

Hig h 

Low 

Hig h 

Low 

Test 

707 
(13.3 ) 

675 
(4.2 ) 

629 
(4.4 ) 
650 
(5.9 ) 

Contr c 

617 
(4.9 ) 
653 

(5.9 ) 

609 
(1-2 ) 
616 
(3.7 ) 

Tabl e 5  Orthographi c Primin g betwee n Non -
homophoni c Phoneti c Radical s an d Comple x Characters . 
High=hig h frequency  target s (o r  primes) ;  L o w = l o w 
frequency  target s (o r  primes) .  S O A = 1 0 0 msec . 
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Almos t  al l  existin g argument s fo r  pre-lexica l  phonolog y 
i n readin g Chines e depen d o n th e observatio n that ,  fo r 

abou t  on e thir d o f  comple x character s i n th e language ,  th e 

phoneti c radica l  o f  a  comple x characte r  coul d represen t  th e 
soun d o f  th e whol e character .  Bu t  h o w an d from  wher e 

doe s th e reade r  retriev e th e phonologica l  informatio n 

carrie d b y th e phoneti c radical ? Th e regularit y o r 

consistenc y effect s obtaine d b y Seidenber g (1985 )  an d 
other s sugges t  tha t  ther e i s a  decompositio n proces s i n 

lexica l  acces s fo r  comple x character s i n whic h lexica l  for m 
representation s tha t  correspon d t o o r  ar e relate d t o th e 

phoneti c radical s ar e activated .  I n a  recen t  stud y usin g a 
semanti c primin g tas k w e demonstrate d mor e directl y that , 
not  onl y th e decompositiona l  acces s ca n activat e 

phonologica l  information ,  th e semanti c representation s o f 
phoneti c radical s ar e als o activate d whe n th e con^le x 
character s ar e processed .  Th e namin g o f  a  character ,  sa y 4 ^ 

(niu(2) ,  ox) ,  wa s no t  onl y facilitate d b y it s semanti c 

associat e ^  (ma(3) ,  horse) ,  bu t  als o b y th e comple x 

characte r  ^  (feng(2) ,  a  famil y name )  whic h wa s no t 
semanticall y relate d wit h ^  an d whic h ha d ^  a s it s 
phoneti c radical .  Th e namin g o f  ̂  (feng(2) )  wa s delaye d 
not  onl y b y th e previou s presenc e o f  it s  radica l  ̂  (ma(3)) , 
but  als o b y th e presenc e o f  4 ^  (niu(2)) .  However ,  ther e i s 
n o evidenc e tha t  thi s sublexica l  processin g i s phonologica l 
i n natur e an d th e acces s o f  th e comple x character s depend s 
on thi s sublexica l  processing .  T o us ,  th e influenc e o f 
sublexica l  processin g o n namin g latencie s o f  comple x 
character s i s becaus e bot h th e orthographi c inpu t  o f  th e 

comple x characte r  a s a  whol e an d th e phoneti c radica l  par t 
of  th e inpu t  ar e use d t o acces s th e correspondin g 
orthographi c representation s i n th e lexicon .  Th e 
phonologica l  an d semanti c propertie s o f  th e comple x 
character s an d radical s (an d perhap s othe r  relate d items ) 
ar e consequently  activated .  Th e con^etitio n o r  mutua l 
suppor t  betwee n th e activate d phonologica l  representation s 
lead s t o th e regularit y o r  consistenc y effec t  i n th e namin g 
task .  Clearly ,  sublexica l  processing ,  jus t  lik e lexica l  leve l 
processing ,  i s orthographi c i n nature ,  havin g nothin g t o d o 
wit h pre-lexica l  phonology . 

Discussion 

Th e dat a w e collecte d from  on-lin e studie s o n visua l 
recognitio n o f  Chines e word s clearl y demonstrat e tha t 
acces s t o th e Chines e menta l  lexico n ca n onl y b e carrie d 
out  throug h th e direc t  visua l  access .  Ther e i s n o "pre -
lexical "  phonolog y i n readin g Chinese .  Moreover ,  th e 
activatio n o f  semanti c propertie s i s als o orthographicall y 
constrained .  Ther e i s littl e evidenc e i n ou r  experiment s tha t 
th e meanin g o f  a  wor d i s accesse d b y th e activatio n o f  it s 
lexica l  phonologica l  representatio n alone :  towe d doe s no t 

prim e frog  i n Chinese .  Th e phonologica l  influenc e o n th e 

activatio n o f  seitianti c propertie s mus t  b e couple d wit h th e 
activatio n o f  appropriat e orthographi c representations . 

Thes e argument s lea d u s t o a  followin g mode l  o f  lexica l 

representatio n an d lexica l  processin g fo r  Chinese ,  wher e 
th e soli d line s indicat e th e passin g o f  activatio n betwee n 

representation s an d th e broke n lin e betwee n semanti c an d 

orthographi c representation s indicate s th e wea k effec t  o f 

phonolog y o n th e activatio n o f  lexica l  semantics* . 

Phonologica l 

Representatio n 

Semanti c 

Representatio n 

Orthographi c 

Representatio n 

— S 

Orthographi c 

Inpu t 

Figur e 1  A  mode l  o f  lexica l  processin g i n readin g 
Chines e 

As it can be seen, this model closely resembles the 
connectionis t  structur e o f  lexica l  representatio n an d 

processin g fo r  alphabeti c language s (e.g. ,  Seidenber g & 
McClelland ,  1989) .  However ,  w e ar e neutra l  her e abou t 
whethe r  th e lexica l  knowledg e shoul d b e represente d 
distributedl y o r  locall y i n th e Chines e menta l  lexicon . 
Accordin g t o ou r  model ,  visua l  inpu t  map s directl y ont o 
orthographi c representations ,  whos e activatio n 
automaticall y lead s t o th e activatio n o f  semanti c an d 
phonologica l  representations .  Th e relativ e tim e cours e o f 
phonologica l  an d semanti c activatio n depend s o n a  numbe r 
of  factors ,  suc h a s wor d frequency  an d th e densit y o f 
semanti c features .  O n th e othe r  hand ,  th e phonologica l 
activatio n alon e canno t  t o lea d t o a  significan t  activatio n o f 
semantics .  O n e reaso n fo r  thi s asymmetr y o f  semanti c 
activatio n from  orthograph y an d from  phonolog y i s tha t 
whil e th e mappin g from  orthograph y t o meanin g i s eas y 
and straightforward ,  i.e. ,  one-to-on e mapping ,  th e mappin g 
from  phonolog y t o semantic s i s usuall y difficult ,  sinc e a 
syllabl e m a y represen t  man y homophoni c morpheme s i n 
th e language . 

Our  mode l  i s broadl y consisten t  wit h mos t  o f  th e dat a 
from  studie s usin g othe r  experimenta l  task s (e.g. ,  Perfett i 
& Zhang ,  1991 ;  1995 ;  Tan ,  Hoosain ,  &  Peng ,  1995) .  Thes e 

studie s hav e show n th e predominan t  orthographi c effec t 

'O f  course ,  th e mode l  illustrate d her e leave s ou t  man y details . 
See Zhou ,  Marslen-Wilson ,  Shu ,  Bi ,  &  Tan g (1996) . 
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and th e automati c activatio n o f  phonolog y i n readin g 
Chinese .  The y ha s als o show n th e earlie r  activatio n o f 
phonolog y tha n semantics .  Althoug h w e ar e no t  sur e abou t 
th e latte r  fmdin g becaus e th e experiment s ma y hav e a  fe w 
desig n flaws ,  w e ca n liv e wit h i t  sinc e th e earlie r  activatio n 
of  phonolog y doe s no t  necessaril y  mea n tha t  acces s t o 
meanin g i s phonologicall y mediated .  Th e activatio n o f 
semantic s an d th e activatio n o f  phonolog y coul d b e i n 
parallel ,  havin g n o causa l  relations . 

Our  argumen t  fo r  a  direc t  visua l  acces s t o th e Chines e 

lexico n an d th e dominan t  rol e o f  orthograph y i n acces s t o 
meanin g contrast s wit h th e claim s mad e b y va n Orde n e t 
al .  (1990) ,  Lukatel a &  Turve y (1994a ,  1994b )  an d other s 
abou t  lexica l  acces s i n English .  However ,  w e se e thes e tw o 
view s con^lementar y rathe r  tha n contradictory .  Th e 
logographi c writin g syste m wa s designe d t o fit  wit h th e 
integrity *  o f  th e spoke n for m (i.e. ,  syllable )  o f  Chines e 
morphemes an d wit h th e cognitiv e deman d o f 
differentiatin g homophoni c morphemes .  A  characte r  i s 
usuall y specific ,  s o tha t  i t  ca n differentiat e homophoni c 
morphemes efficiently .  I t  als o correspond s directl y wit h 
th e syllable ,  rathe r  tha n wit h a  phonologica l  uni t  smalle r 
tha n th e syllable .  Thes e characteristic s leav e n o roo m fo r 
"pre-lexical "  phonolog y an d littl e roo m fo r  a n inefficien t 
mediate d acces s t o meaning .  O n th e othe r  hand ,  althoug h 
an alphabeti c syste m m a y no t  hav e suc h direc t  differentia l 
power  and ,  b y design ,  coul d no t  reflec t  th e integrit y o f  th e 
syllabl e i n Chinese ,  i t  i s  efficien t  i n representin g comple x 
sound .  A  smal l  uni t  i n th e writte n for m o f  a  wor d 
correspond s t o a  smal l  uni t  i n th e spoke n for m o f  th e word , 
and thi s correpondenc e i s systemanticall y use d i n othe r 
words .  Th e analyse s o f  smal l  unit s i n visua l  inpu t  lead s t o 
automati c phonologica l  activation .  Thi s propert y permit s 
th e efficien t  us e o f  phonolog y i n readin g an d i n acces s t o 
meaning .  I t  i s  no t  a n acciden t  tha t  lexica l  acces s i s 
primaril y orthographicall y constraine d i n readin g 
logographi c Chines e bu t  primaril y phonologicall y 
constraine d i n readin g alphabeti c English .  Word s i n th e 
lexico n ca n b e accesse d i n differen t  ways ,  determine d b y 
th e genera l  configuration s o f  th e writin g system s i n 
differen t  languages . 
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I n t r o d u c t i o n 

Model s o f  spoke n wor d recognitio n ca n b e divide d int o tw o 
classes :  model s suc h a s th e Cohor t  mode l  (Marslen-Wilson , 
1987 )  i n whic h competitio n amon g lexica l  alternative s 
occur s i n a  strictl y "left-to-righ t  fashio n (e.g. ,  "casket " 
compete s wit h it s cohort ,  "castle, "  bu t  no t  wit h it s rhyme , 
"basket" )  an d activatio n model s -  e.g. ,  T R A C E (McClellan d 
& Ehnan ,  1986 )  -  whic h specif y tha t  competitio n ca n occu r 
throughou t  word s (e.g. ,  "casket "  ca n compet e wit h bot h 
"casde "  an d "basket") .  Whil e ther e i s evidenc e tha t  cohort s 
compet e durin g on-lin e processing ,  evidenc e fo r  competitio n 
betwee n rhyme s i s les s clear . 

Tanenhau s e t  al .  (1995 )  examine d th e effect s o f  cohor t 
competitio n i n a  tas k wit h rea l  object s an d instruction s suc h 
as "Pic k u p th e candy. "  Eye-movement s t o a  targe t  objec t 
wer e closel y time-locke d t o th e instruction ,  i.e. ,  a n eye -
movement  t o th e cand y bega n shortl y afte r  th e wor d ended , 
indicatin g tha t  programmin g bega n befor e th e en d o f  th e 
word .  Th e presenc e o f  a  "cohort "  competito r  (e.g .  candle ) 
increase d th e latenc y o f  eye-movement s t o th e targe t  objec t 
and induce d frequen t  "fals e launches "  t o th e competitor .  I n 
th e presen t  experimen t  w e compar e th e effect s o f  bot h cohor t 
and rhym e competitor s usin g a  variatio n o f  thi s paradigm . 

Method and Results 

An Applie d Scientifi c  Laboratorie s free-hea d eyetracke r  wit h 
an accurac y o f  approximatel y 1  degre e wa s used .  Th e 
stimul i  wer e lin e drawing s o f  object s presente d o n a 
compute r  screen .  A t  th e beginnin g o f  eac h trial ,  subject s 
wer e show n fou r  object s (se e Figur e 1 )  an d wer e aske d t o 
"pick-up "  on e o f  th e object s wit h th e mous e an d mov e i t  t o 
a specifie d locatio n o n a  grid .  W e tracke d bot h eye -
movement  pattern s an d latencie s startin g a t  th e onse t  o f  th e 
targe t  wor d i n th e instructions . 

The object s show n i n Figur e 1  illustrat e a  configuratio n 
take n fro m a  critica l  trial .  Here ,  th e targe t  (paddle )  ha s bot h 
a cohor t  competito r  (padlock )  an d a  rhym e competito r 
(saddle) ,  a s wel l  a s a  noncompetitiv e ite m (castle) .  Subject s 
moved target s i n fou r  competito r  conditions :  1 )  cohor t  an d 
rhyme ;  2 )  cohort ;  3 )  rhyme ;  an d 4 )  n o competitors . 

A preliminar y analysi s o f  th e erro r  dat a show s tha t  bot h 
cohort s an d rhyme s influenc e initia l  saccad e patterns . 

^ 

I 

Hgur e 1 ;  A n exampl e o f  eye-movement s whe n th e targe t  i s 
paddle .  Th e firs t  eye-movemen t  (a )  i s t o th e cohor t  competitor , 
and th e subsequen t  movemen t  (b )  i s t o th e appropriat e target . 

Subjects were more likely to make a "false launch" in the 
cohor t  conditio n tha n the y wer e i n th e n o competito r 
condition .  Thi s patter n hel d tru e fo r  th e rhym e condition , 
althoug h t o a  lesse r  degree .  Th e conditio n wit h bot h cohor t 
and rhym e competitor s showe d bot h type s o f  effects ,  wit h 
cohor t  competitor s agai n exhibitin g mor e influenc e o n 
initia l  saccade s tha n rhym e competitors .  Thes e result s 
suppor t  model s o f  lexica l  acces s tha t  ar e base d o n th e 
spreadin g activatio n o f  lexica l  competition . 
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One o f  th e centra l  question s i n analogica l  reasonin g 

concern s th e rol e o f  surfac e similarit y o n acces s an d us e 
of  analogies .  Ros s (1987 ,  1989 )  distinguishe d betwee n 

stor y lin e similarity ,  whic h affecte d access ,  an d objec t 
correspondences ,  whic h affecte d use .  Thes e finding s 
underscore d th e complexit y o f  surfac e similarity .  Th e 
purpos e o f  thi s pape r  i s t o advanc e th e notio n tha t  th e 
same typ e o f  surfac e similarity ,  negativ e connotation , 
affect s tw o type s o f  qualitativ e retrieva l  measure s i n 
tw o distinc t  ways .  First ,  negativ e connotatio n lead s t o 
th e accurat e noticing/accessin g o f  th e connotatio n 
information .  However ,  th e sam e connotatio n 
informatio n lead s t o th e inaccurat e noticing/accessin g o f 
th e intende d interpretatio a Th e intende d interpretatio n 
i s th e mos t  commonl y occurrin g inteipretation ,  foun d 
i n analogou s stor y pair s (Alma ,  i n progress) . 
Consequently ,  th e predictio n fo r  thi s stud y i s  tha t 
negativ e analogie s wil l  receiv e highe r  measure s o n 
connotatio n an d ahemat e interpretations .  Neutra l 
analogie s wil l  receiv e highe r  measure s o n intende d 
interpretations . 

I n th e firs t  experiment ,  individual s rea d 8  pair s o f 
analogou s stories .  Fou r  analogie s wer e neutra l 
contexts ,  an d fou r  wer e negativ e contexts .  A n A N O V A 
indicate d tha t  neutra l  context s elicite d highe r  measure s 
o n intende d interpretation s ( F (1 ,  23 )  =  34.2 ,  £  = 

.0001) .  Conversely ,  negativ e context s elicite d highe r 
measure s o n connotatio n ( F (1 ,  23 )  =  16.4 ,  g  =  .0005 ) 
and highe r  measure s o n alternat e interpretation s ( E (1 , 
23 )  =  5.55 ,  B .  =  .028) .  Th e sam e profil e o f  result s 

occurre d fo r  neutra l  an d negativ e themes .  Neutra l 
theme s elicite d highe r  measure s o n intende d 
interpretation s ( £ (1 ,  23 )  =  4.02 ,  c  =  .057) .  Negativ e 
theme s eUcite d highe r  measure s o n connotatio n ( £ (1 , 
23 )  =  8.63 ,  B  =  .007 )  an d alternat e interpretation s ( F 
(1 ,  23 )  =  10.5 ,  a  =  .004) .  Consequently ,  negativ e 

information ,  whic h i s salient ,  draw s individual s t o tha t 
informatio n an d i t  appear s i n th e lis t  o f  retrieve d 
similarities .  However ,  th e mos t  commonl y occurrin g 
interpretation ,  whic h incorporate s thi s negativ e 

information ,  i s  no t  notice d an d accessed .  Negativ e 
connotatio n serve s a s a  barrier ,  whic h cause s 

individual s t o deriv e alternat e (routes )  interpretations . 
Alternat e interpretation s ar e potentiall y  useful ,  becaus e 
the y represen t  solution s t o intractabl e problem s 
structure d aroun d a n analogy . 
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Previou s research  ha s linke d th e presenc e o f  higher-orde r 
relations  t o judgment s o f  similarit y (Centner ,  1989) .  Othe r 
researc h ha s draw n distinction s betwee n difference s linke d t o 
commonalities ,  terme d alignabl e differences ,  an d difference s 
not  connecte d t o commonalities ,  terme d non-alignabl e 
difference s (Centne r  &  Markman ,  1994) .  Th e purpos e o f 
thi s pape r  i s integrat e thes e findings  int o a  mode l  whic h 
explain s encodin g statu s decisions .  A n encodin g statu s 
decisio n entail s categorizin g entitie s a s eithe r  no t  analogou s 
(containin g fe w similarities) ,  partiall y  analogou s (containin g 
moderat e number s o f  similarities) ,  o r  analogou s (containin g 
hig h number s o f  similarities) . 

The Contrast-Relatio n Typ e Mode l  make s severa l 
predictions :  (1 )  Non-alignabl e difference s serv e a s a  stron g 
differenc e cu e an d influenc e encodin g statu s decisions .  Th e 
predictio n i s tha t  partia l  analogie s >  analogies ,  i n term s o f 
correc t  encodin g statu s decision s an d "no t  analogous " 
decisions .  (2 )  Th e absenc e o f  higher-orde r  relation s serve s 
as a  wea k differenc e cue .  First-orde r  relation s (FOR) , 
withou t  higher-orde r  relations ,  influenc e "no t  analogous " 
decisions .  Hence ,  context s >  themes ,  i n term s o f  "no t 
analogous "  decisions .  (3 )  Th e presenc e o f  higher-orde r 
relations  serve s a s a  wea k "similar "  cue .  Consequently , 
theme s >  contexts ,  i n term s o f  similarit y rating s an d "othe r 
analogous "  decisions . 

I n thi s experiment ,  ther e wer e fou r  type s o f  stoi y pairs : 
contex t  analogie s (FOR ,  similarities) ,  contex t  partia l 
analogie s (FOR ,  similarities ,  differences) ,  them e analogie s 
(FO R +  H O R,  similarities )  an d them e partia l  analogie s 
(FO R +  H O R,  similarities ,  differences) .  First ,  partia l 
analogie s >  analogie s o n bot h encodin g statu s ( £ (1 ,  19 )  = 
9.22 ,  B  =  .007 )  an d "no t  analogous "  decision s ( E (1 ,  19 )  = 
5.43 ,  ft  =  .031) .  Second ,  context s >  theme s o n "no t 
analogous "  decision s ( £ (1 ,  19 )  =  10.7 ,  n  =  .004) .  Third , 
theme s >  context s o n similarit y rating s ( E (1 ,  19 )  =  18.7 ,  b 
= .0004 )  an d "othe r  analogous "  decision s ( E (1 ,  19 )  =  7.04 , 
ft  =  .016) .  Take n together ,  th e prediction s suppor t  th e 

notio n tha t  contras t  an d relation  typ e affec t  encodin g statu s 
decisions . 
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We hav e develope d a  neura l  networ k cortica l  archi -
tectur e tha t  implement s a  theor y o f  attention ,  learn -
ing ,  an d communicatio n betwee n cortica l  area s b y 
adaptiv e synchronizatio n o f  5-1 5 H z an d 30-8 0 H z os -
cillation s (p p 67-7 5 i n "Advance s I n Neura l  Informa -
tio n Processin g System s 6" ,  1994) .  Her e w e presen t 
a specifi c  mode l  o f  rhythmi c expectanc y an d th e in -
teractio n o f  highe r  orde r  an d primar y cortica l  level s 
of  processin g whic h account s fo r  th e result s o f  psy -
chologica l  experiment s o f  Jone s (p p 1059-107 3 o f  th e 
"Journa l  o f  Experimenta l  Psychology :  H u m a n Per -
ceptio n an d Performance" ,  7 ,  1981 )  showin g tha t  au -
ditor y strea m segregatio n depend s o n th e rhythmi c 
structur e o f  inputs .  Furthe r  reference s no t  cite d her e 
m ay b e foun d i n thes e papers . 

Usin g dynamica l  system s theory ,  th e architectur e 
i s constructe d fro m recurrentl y interconnecte d oscil -
lator y associativ e m e m o r y module s tha t  mode l  hy -
percolumn s o f  associationa l  an d higher-orde r  sensor y 
an d moto r  cortica l  areas .  Th e syste m learn s connec -
tio n weight s betwee n th e module s tha t  caus e i t  t o 
evolv e unde r  a  1 0 H z clocke d sensory/moto r  process -
in g cycl e throug h a  sequenc e o f  transition s o f  synchro -
nize d 4 0 H z oscillator y attractor s withi n th e modules . 
I n th e brain ,  w e hypothesiz e thes e cycle s t o b e adap -
tivel y controle d b y septa l  an d thalami c pacemaker s 
whic h alte r  excitabilit y o f  hippocampa l  an d neocor -
tica l  tissu e throug h nonspecifi c  biasin g current s tha t 
appea r  a s th e cognitiv e an d sensor y evoke d potential s 
of  th e E E C T h e cycle s "quantiz e time "  an d for m th e 
basi s o f  derive d rhythm s wit h period s u p t o 1. 5 sec -
ond s tha t  entrai n t o eac h othe r  i n moto r  coordinatio n 
an d t o externa l  rhythm s i n speec h an d musi c percep -
tion . 

T h e architectur e employ s selectiv e "attentional " 
contro l  o f  th e synchronizatio n o f  th e 30-8 0 H z oscilla -
tion s betwee n module s t o direc t  th e flow  o f  c o m m u -
nicatio n an d computatio n t o recogniz e an d generat e 
sequences .  Th e 30-8 0 H z attracto r  amplitud e pat -
tern s cod e th e informatio n conten t  o f  a  cortica l  area , 
wherea s phas e an d frequenc y ar e use d t o "softwire " 
th e network ,  sinc e onl y th e synchronize d area s com -
municat e b y exchangin g amplitud e information .  Th e 
syste m work s lik e a  broadcas t  networ k wher e th e un -
avoidabl e crosstal k t o al l  area s fro m previou s learne d 
connection s i s overcom e b y frequenc y codin g t o allo w 
attentiona l  communicatio n onl y betwee n selecte d ar -
eas relevan t  t o th e tas k o f  th e moment .  Th e behavio r 
of  th e tim e trace s i n differen t  module s o f  th e architec -
tur e model s th e temporar y appearanc e an d switchin g 

of  th e synchronizatio n o f  5-1 5 an d 30-8 0 H z oscilla r 
tion s betwee n cortica l  area s tha t  i s observe d durin g 
sensory/moto r  task s i n monkey s an d humans . 

Th e "binding "  o f  sequence s o f  attracto r  transition s 
betwee n module s o f  th e architectur e b y synchronize r 
tio n o f  thei r  activit y i s  simila r  t o th e phenomeno n o f 
"streaming "  i n audition .  Ther e successiv e perceptua l 
event s ar e boun d togethe r  int o a  sequenc e objec t  o r 
"stream "  suc h tha t  on e pay s attentio n t o onl y on e 
sourc e a t  a  tim e (th e "cocktai l  party "  effect) .  Th e 
model  illustrate s th e hypothesi s tha t  a  thalamicall y 
coordinate d "cognitiv e stream "  o f  thi s synchronize d 
activit y loop s fro m primar y corte x t o associationa l 
and highe r  orde r  sensor y an d moto r  area s throug h 
hippocampu s an d bac k t o bin d the m int o a n evolv -
in g attentiona l  networ k o f  intercommunicatin g corti -
cal  area s tha t  direct s behavior .  Th e feedbac k t o pri -
mar y fro m highe r  orde r  cortica l  area s allow s to p dow n 
voluntar y contro l  t o switc h thi s attentiona l  strea m o r 
"searchlight "  fro m on e sourc e preattentivel y boun d i n 
primar y corte x t o anothe r  sourc e separatel y boun d a t 
a nearb y frequenc y o r  phase . 

To implemen t  Jones' s theor y an d accoun t  fo r  he r 
data ,  subset s o f  th e oscillator y module s ar e couple d 
t o for m a  tempora l  coordinat e fram e o r  rhythmi c tim e 
bas e o f  neste d periodicite s dividin g dow n th e thala r 
mi c 1 0 H z bas e cloc k rat e fro m 1 0 t o . 5 Hz .  Thes e 
area s fee d thei r  interna l  30-8 0 H z activit y bac k t o 
primar y auditor y corte x throug h fas t  adaptin g con -
nection s tha t  continuall y attemp t  t o matc h incom -
min g patterns .  Thos e pattern s whic h mee t  thes e 
establishe d rhythmi c expectanc y signal s i n tim e ar e 
booste d i n amplitud e an d pulle d int o synchron y wit h 
th e 30-8 0 H z "searchligh t  signal "  t o becom e par t  o f 
th e primar y attentio n strea m sendin g inpu t  t o highe r 
areas .  I n accordanc e wit h Jones '  theory ,  to p dow n 
attentio n ca n selectivel y prob e inpu t  a t  differen t  hi -
erarchica l  level s o f  periodicit y b y selectivel y drivin g 
a particula r  cortica l  patc h i n th e tim e bas e se t  a t 
th e particula r  30-8 0 H z frequenc y o f  th e attentiona l 
stream .  Thi s i s th e tempora l  analo g o f  th e bod y cen -
tere d spatia l  coordinat e fram e an d multiscal e cover t 
attentio n windo w syste m i n vision .  Her e th e bod y 
centere d tempora l  coordinate s o f  th e interna l  tim e 
bas e orien t  b y entrainmen t  t o th e externa l  rhythm , 
and th e windo w o f  cover t  tempora l  attentio n ca n the n 
selec t  a  leve l  o f  th e multiscal e tempora l  coordinat e 
frame . 
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Mathematica l  developmen t  ma y b e investigate d throug h 
th e observatio n o f  behaviour ,  o r  alternatively ,  throug h 
computer-base d modelling .  Connectionis t  models ,  ofte n 
referre d t o a s artificia l  neura l  networks ,  ca n demonstrat e 
aspect s o f  huma n cognitiv e development ,  owin g t o thei r 
capacit y t o learn .  Mathematica l  abilitie s hav e bee n 
explore d throug h compute r  metaphor s b y developmenta l 
psychologist s (Wynn ,  1995) ,  an d throug h connectionis t 
approache s b y cognitiv e neuropsychologist s (McCloske y 
and Lindemann ,  1992 )  an d neuroscientist s (Dehaen e an d 
Changeux ,  1993) .  W e examin e ho w artificia l  neura l 
network s ca n b e o f  benefi t  i n th e stud y o f  mathematica l 
developmen t  amongs t  infant s b y describin g ho w tw o 
specifi c  aspect s o f  thi s developmen t  ca n b e simulated . 
First ,  w e attemp t  t o simulat e a  biologically-endowe d 
mechanis m fo r  th e discriminatio n an d representatio n o f 
smal l  numerositie s o f  entities :  fo r  thi s mode l  w e us e a 
self-organizin g neura l  networ k i n a  proces s o f  featur e 
extraction .  Second ,  w e presen t  argument s a s t o wh y an d 
ho w th e so-calle d recurren t  neura l  network s ca n b e use d t o 
model  rhythmicit y i n a  simulatio n o f  learnin g th e tempora l 
behaviou r  o f  counting .  Th e notio n o f  recurrenc y i s 
examine d i n thi s mode l  throug h a  combinatio n o f  feedbac k 
loop s wit h dela y elements . 

We sugges t  tha t  thre e categorie s o f  neura l  networ k 
learnin g procedure s appea r  t o describ e th e componen t 
branche s o f  numerica l  development .  Firstly ,  a n 
unsupervise d learnin g algorith m appear s t o simulat e th e 
acquisitio n o f  th e earliest ,  pre-verba l  skills :  thos e whic h 
appea r  t o spontaneousl y emerge ,  suc h a s numerosit y 
discriminatio n an d th e acquisitio n o f  ordina l  concepts . 
Secondly ,  th e reinforcemen t  learnin g algorith m appear s t o 
simulat e conditione d behaviour ,  an d thirdl y a  supervise d 
learnin g algorith m ma y b e use d t o describ e aspect s o f 
numerica l  developmen t  determine d b y linguisti c 
knowledge :  thos e later-occurrin g abilitie s whic h ar e 
subjec t  t o environmenta l  experience ,  fo r  example ,  th e 
acquisitio n o f  th e linguisti c countin g syste m an d th e 
arithmeti c facts . 

Furthermore ,  w e propos e tha t  a  nervou s system-leve l 
model ,  a  ter m coine d afte r  Kohone n (1990) ,  i s  a n 
appropriat e architectur e fo r  a  simulatio n o f  mathematica l 
development .  Suc h a n architectur e enable s a  rang e o f 
learnin g strategie s t o b e simulate d withi n a  singl e model . 
Nervou s system-leve l  (organizational )  model s ar e 
compose d o f  a  syste m o f  interconnecte d connectionis t 
networks ,  wher e th e connection s themselve s ar e 
connectionis t  networks .  Eac h constituen t  networ k i n a 
simulatio n o f  developmen t  i s base d upo n a  different ,  well -
grounde d architectur e an d employ s a n appropriat e learnin g 
algorithm ,  i n orde r  t o mimi c a n aspec t  o f  th e developmen t 
unde r  consideration .  Unde r  thi s approach ,  th e spectru m o f 
pre-verba l  an d language-dependen t  mathematica l  abilitie s 
may b e modelle d withi n a  singl e architecture . 
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N e u r o p r a g m a t i c s 

Cunent theories of pragmatics are exclusively interested in 
th e norma l  adult ;  mos t  ar e als o underdetermine d from a  psy -
chologica l  viewpoint ,  i n tha t  the y mak e n o attemp t  a t  falsi -
fication,  limitin g themselve s t o analyti c consideration s 
and/o r  forma l  o r  computationa l  reformulations . 

We ai m a t  th e neuropsychologica l  validatio n o f  a  cogni -
tiv e theor y o f  huma n communicatio n (Airenti ,  Bar a & 
Colombetti .  1993a .  1993b) .  Ou r  ultimat e goa l  i s  t o sketc h 
th e evolutio n o f  communicativ e competenc e fro m it s acqui -
sitio n i n th e chil d t o it s declin e i n th e norma l  an d th e brain -
damaged individual .  A s a  first  ste p w e explore d som e conse -
quence s o f  close d bea d injur y (CHI )  (Bara ,  Tirass a &  Zetti n 
1996) . 

Experimental Setting 

Our experimental subjects were 13 non-aphasic CHI pa-
tients .  W e teste d the m o n five  pragmati c phenomena :  direc t 
utterances ,  simpl e indirec t  utterances ,  comple x indirec t  utter -
ances ,  iron y an d deceits ;  eac h inferentia l  pat h wa s explore d 
bodi  i n th e successfu l  an d th e failur e case . 

The whol e protoco l  comprise d 2 1 tasks .  Mos t  consiste d i n 
th e presentatio n o f  a  brie f  (10-1 5 seconds )  videotape d scene , 
showin g a  simpl e verba l  exchang e betwee n tw o actors .  Th e 
subjec t  wa s fre e t o giv e he r  o w n interpretatio n o f  th e actors ' 
utterances .  W h e n sh e wa s satisfied ,  th e subsequen t  scen e wa s 
shown .  A  fe w task s require d simpl e planning ,  an d a  fe w oth -
er s wer e presente d i n th e wild ,  a s predefine d utterance s non -
chalantl y interwove n i n th e brie f  conversatio n tha t  precede d 
th e forma l  experimenta l  session . 

The tape-record s o f  th e session s wer e evaluate d b y tw o 
judges ,  blin d wit h respec t  t o th e theoretica l  approac h an d t o 
th e goa l  o f  th e research ,  w h o mailce d eac h tas k a s passe d i f 
th e subjec t  showe d a  reasonabl e (howeve r  free )  understandin g 
of  th e dialogue . 

Results 

We expected a trend of increasing difficulty from successful 
direc t  an d simpl e indirec t  utterance s t o comple x ones ,  t o 
irony ,  t o deceits ;  an d a  parallel ,  bu t  poorer ,  tren d o n th e cor -
resfKJndin g case s o f  failure . 

Thes e expectation s wer e systematicall y confirme d t o a 
goo d o r  hig h degre e o f  statistica l  significance .  Sinc e al l  th e 
task s wer e relativel y simple ,  wha t  ou r  dat a sho w i s tha t  a 
simpl e iron y i s easie r  t o C H I  patient s tha n a  simpl e deceit . 

but  harde r  tha n a  simpl e indirec t  utterance ,  an d s o on ;  bu t  i t 
woul d b e obviousl y absur d t o infe r  tha t  an y iron y i s easie r 
tha n an y deceit ,  an d harde r  tha n an y indirec t  utterance . 

Th e subjects '  succes s o n tw o theor y o f  min d task s 
("Maxi "  an d "Smarties" )  rule s ou t  an y incapatnlit y t o handl e 
th e menta l  state s involve d i n communication .  W e als o ad -
ministere d severa l  standar d neuropsychologica l  tests :  th e 
mai n correlatio n her e wa s wit h workin g memory . 

T h e cas e agains t  direc t  s p e e c h act s 

We found a 100% performance on direct and simple indirect 
utterance s (e.g. ,  respectively ,  "Clos e th e window "  an d 
"Coul d yo u clos e th e window?") .  Thi s contrast s sharpl y 
wit h th e previou s literatur e o n C H I  (se e Stemme r  [1994 ]  fo r 
an overview) ,  bu t  i s  i n perfec t  agreement  wit h ou r  theoreti -
cal  framework . 

Gricean-Searlean ,  literality-base d model s o f  utteranc e 
comprehensio n woul d predic t  a n increas e i n difficult y fro m 
direc t  speec h act s t o simpl e indirec t  one s t o comple x ones ; 
th e performanc e o f  inferentiall y  damage d individual s shoul d 
decreas e ccwrespondingly . 

I n ou r  framework ,  ther e ar e n o direc t  utterances :  t o under -
stan d a n utteranc e alway s require s som e inference .  Tbus ,  th e 
breakin g poin t  i s  no t  betwee n dire a an d indirec t  utterances , 
but  betwee n simpl e an d comple x ones :  simpl e indire a utter -
ance s ("Ca n yo u clos e th e window?" )  ar e a s easil y under -
stoo d a s direc t  one s ("Qos e th e window") ,  wherea s c(miple x 
ones (suc h a s " I  don' t  wan t  t o di e freezing" )  ar e harder .  Ou r 
dat a ten d t o validat e thi s  ̂ iproach . 
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Introductio n 
M a ny approache s t o understandin g cognitio n 

begi n wit h a n explanatio n o f  b o w w e us e intentiona l 
state s (Cummins ,  1989) .  Intentiona l  states ,  suc b a s 
belief s an d desires ,  supposedl y denot e jus t  thos e menta l 
state s tha t  a n agen t  take s t o meaningfull y refe r  t o fact s 
abou t  th e world .  Agent s us e thes e menta l  state s t o 
explain ,  pla n an d perfor m actions .  However ,  reductionis t 
approache s t o cognitio n sugges t  tha t  behavio r  ca n b e 
causall y explaine d i n purel y neurological/syntacti c terms . 
I f  a  syntacti c accoun t  o f  cognitio n succeed s i n explainin g 
behavicx' ,  the n i t  woul d appea r  tha t  intentiona l  state s lik e 
"believing '  o r  'desiring '  ar e no t  causall y relevan t  i n a n 
explanatio n o f  a n agent' s behavior ,  sinc e w e woul d hav e 
reduce d thes e high-leve l  notion s t o mor e basi c causa l 
factors .  Intentiona l  explanations ,  o n suc h a n account , 
become 'epiphenomenal '  o r  causall y inert . 

Alle n (1995 )  argue s tha t  intentiona l  state s m a y 
yet  b e causall y efficaciou s unde r  suc b reductionis t 
theories .  Alle n begin s b y grantin g tha t  menta l  state s m a y 
be token-identica l  t o brai n states .  Tha t  is ,  eac h menta l 
stat e i s constitute d b y it s neurologica l  properties .  Alle n 
the n claim s tha t  standar d argument s fo r  suc h neurologica l 
reduction s contai n a n ambiguity .  H e contend s tiiat  w e 
must  distinguis h betwee n tiie  effec t  a  propert y ha s o n a 
singl e toke n an d th e effec t  tiiat  possessin g tha t  propert y 
may hav e o n a  grou p o f  tokens . 

Thi s distinctio n i s illustrate d wit h a n analog y t o 
bo w th e propert y 'genuine '  applie s t o money .  Suppos e th e 
physica l  toke n '20$NOTE '  instantiate s a  twenty-dolla r 
bill .  A n exac t  counterfei t  o f  suc h a  token ,  i f  i t  i s  trul y 
token-identical ,  wil l  hav e al l  th e sam e physical ,  causa l 
propertie s o f  a  genuin e 2 0 $ N O T E .  A t  thi s point ,  di e 
propert y 'genuine '  seem s causall y inefficaciou s t o Ui e 
valu e o f  an y particula r  2 0 $ N O T E .  However ,  Alle n claims , 
i f  w e floo d th e marke t  witi i  counterfei t  2 0 $ N O T E s ,  w e 
can alte r  th e valu e o f  eac h toke n 2 0 $ N O T E withou t 
changin g an y o f  thei r  physica l  characteristics .  I n tiiis  way , 
potentiall y  havin g di e propert y 'genuine '  o r  'counterfeit' , 
thoug h no t  physicall y identifiabl e i n th e 2 0 $ N O T E itself , 
has a  causa l  effec t  o n di e valu e o f  suc h tokens . 

Allen' s accoun t  depend s o n usin g th e contex t  i n 
whic h a  toke n i s  use d t o suppl y intentiona l  content . 
Appropriatin g Millikan' s (1984 ,  1993 )  accoun t  o f  actio n 
whic h emphasize s th e importanc e o f  a  token' s histor y i n 
determinin g it s use ,  Alle n argue s Uia t  th e situationa l 
element s sunoundin g th e developmen t  o f  a  toke n provid e 
a contex t  whic h isn' t  physicall y expresse d i n th e toke n 
itself .  Tha t  context ,  however ,  seem s causall y efficaciou s 

i n an y explanatio n o f  di e token' s behavio r  an d i s necessar y 
fo r  th e token' s behavio r  t o b e successfu l  (fo r  i t  t o actuall y 
refer) .  I n di e sam e fashion ,  intentionalit y  ̂ plie s onl y t o 
Uios e token s wit h a n apiM'opriat e histor y an d contextua l 
development .  Thus ,  Alle n argue s tha t  i t  isn' t  tha t  eac h 
toke n mus t  intentionall y refer ,  bu t  tha t  enoug h token s 
must  intentionall y refe r  fo r  behavior s t o reliabl y develop . 
Analagously ,  mos t  20$NO'IE s mus t  b e genuin e t o hav e 
value ,  thoug h an y individua l  2 0 $ N O T E m a y b e bogus . 

I  argu e agains t  th e vie w tha t  intentionality ,  s o 
described ,  i s causall y efficacious .  Counter-example s ar e 
presente d demonstratin g Allen' s argumen t  t o b e inadequat e 
i n a t  leas t  tw o importan t  ways .  Fu^t ,  a  seriou s disanalog y 
exis u betwee n intentionalit y an d genuiness .  Alle n use s 
'genuiness '  a s a  succes s term ,  requirin g tha t  mos t  token s 
posses s i t  fo r  i t  t o b e causall y efficacious .  However ,  I 
argu e tha t  neurologica l  token s whic h 'accidentaUy '  refe r  t o 
behaviora l  state s d o no t  damag e di e genera l  us e o f  suc h 
tokens .  Furthermore ,  i t  i s  possibl e dia t  n o physica l 
token s posse s intentionality ,  wherea s Alle n begin s wit h a 
compariso n t o a  property ,  genuiness ,  dia t  doe s exist .  B y 
assumin g th e existenc e o f  a  meaningfu l  differenc e betwee n 
intentiona l  an d non-intentional ,  A U e n beg s th e questio n a t 
hand .  Second ,  I  argu e dia t  Alle n misconceive s wher e th e 
onu s o f  proo f  lie s i n thi s debate .  H e relie s o n a  skeptica l 
argumen t  whic h merel y state s tha t  intentionalit y hasn' t 
bee n disproven .  However ,  a s purel y physica l  account s o f 
behavio r  becom e mor e successfu l  an d evidenc e mount s 
agains t  th e causa l  rol e o f  intentiona l  states ,  i t  i s 
incumben t  o n th e defende r  o f  intentiona l  causatio n t o 
sho w tha t  suc h state s mus t  b e include d i n a  causa l 
accoun t 
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Abstrac t 

The appearance of an object or a face changes continuously 
as th e observe r  m o v e s throug h th e environmen t  o r  a s a  fac e 

change s expressio n o r  pose .  Recognizin g a n objec t  o r  a  fac e 

despit e thes e i m a g e change s i s a  challengin g proble m fo r  c o m -
pute r  visio n systems ,  ye t  w e perfor m th e tas k quickl y an d eas -
ily .  I n natura l  visua l  experience ,  differen t  v iew s o f  a n objec t 
ten d t o appea r  i n clos e tempora l  proximity .  Capturin g th e tem -

pora l  relationship s a m o n g pattern s i s a  w a y t o automaticall y 
associat e differen t  v iew s o f  a n objec t  withou t  requirin g c o m -
ple x geometrica l  transformation s o r  thre e dimensiona l  struc -
tura l  description s [1] . 

Tempora l  associatio n m a y b e a n importan t  aspec t  o f  i n vari -
anc e learnin g i n th e ventra l  visua l  strea m [2] .  Ther e i s evi -
denc e fo r  tempora l  associatio n o f  comp le x visua l  pattern s b y 
neuron s i n th e inferio r  tempora l  lob e [3] .  A  tempora l  w i n d o w 
fo r  Hebb ia n learnin g coul d b e provide d b y th e lon g open-tim e 
o f  th e N M D A channe l  [4] ,  o r  b y reciproca l  connection s be -

twee n cortica l  region s [5] .  Hebb ia n learnin g o f  tempora l  as -
sociation s ha s bee n explore d wit h idealize d inpu t  representa -
tion s [6,7,5] . 

I n ou r  firs t  m o d e l  w e use d a  o n e laye r  feedforwar d networ k 
t o demonstrat e th e capabilit y  o f  suc h mechan i sm s t o acquir e 
invarian t  representation s o f  comp le x representation s suc h a s 
gra y leve l  image s o f  face s [8 ;  Se e als o 9 ] .  A  tempora l  associ -
atio n ( T A )  learnin g rul e base d o n Competitiv e Learnin g [10 ] 
cluster s inpu t  pattern s b y a  combinatio n o f  spatia l  similarit y 
an d tempora l  proximity .  A  tw o laye r  networ k presente d wit h 
sequence s o f  image s o f  face s a s subject s graduall y chang e 
pos e learne d representation s tha t  ar e invarian t  t o pos e (Fig -
ur e 1)[11] . 

We nex t  explore d th e th e developmen t  o f  invariance s wit h 
a n attracto r  stat e representation .  I n thi s f ramework ,  repre -
sentation s ar e sustaine d patter n o f  activit y acros s a n intercon -
necte d assembl y o f  units .  Attracto r  network s wit h Hebb ia n 
learnin g m e c h a n i s m s ar e capabl e o f  acquirin g tempora l  asso -
ciation s betwee n randoml y generate d pattern s [12] .  W e inves -

tigat e th e abilit y  o f  attracto r  networ k dynamic s t o acquir e tem -
pora l  association s betwee n differen t  v iew s o f  a  fac e o r  object . 
Inpu t  t o thi s syste m consiste d o f  image s o f  face s convolve d 
wit h G a b o r  filters  o f  thre e spatia l  scale s an d 4  orientation s a t 
6 4 location s i n th e image .  Face s ar e presente d t o th e syste m 
i n sequenc e a s the y rotat e f ro m th e fronta l  view .  T h e leam -
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Figur e 1 :  Left :  Networ k architecture .  Right :  Mea n "tunin g curve " 
fo r  pos e followin g competitiv e learnin g o f  fronta l  view s only ,  an d 
afte r  tempora l  associatio n (TA )  learning .  Output s fo r  non-fronta l 
view s wer e classe d a s correc t  i f  the y matche d th e outpu t  fo r  th e 
fronta l  vie w o f  th e sam e face .  Dat a ar e mean s fo r  1 0 differen t  faces . 
ing algorithm [12] caused input patterns that are spatially sim-
ila r  an d temporall y proxima l  t o b e draw n t o th e sam e basi n 
of  attraction .  Correction s i n attracto r  state s correspondin g t o 
th e tempora l  proximit y o f  th e associate d inpu t  pattern s durin g 
trainin g reveale d th e degre e t o whic h th e networ k acquire d in -
varian t  representations . 
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In t roduct io n 

Wil l  Interne t  acces s t o multimedi a resource s chang e scienc e 
learnin g i n th e classroom ? Wha t  ar e th e cognitiv e effect s o f 
representin g informatio n usin g multimedi a technology ? 
Researc h i s beginnin g t o elucidat e th e rol e o f  representatio n 
on cognitiv e processe s durin g proble m solvin g (Larki n & 
Simon ,  1987 ;  Zhan g &  Norman ,  1994 )  an d learnin g 
(Kozma ,  1991) .  Th e empirica l  researc h describe d her e 
furthe r  explore s thes e issue s b y investigatin g th e rol e o f 
multimedi a representation s i n scienc e learnin g throug h a 
compariso n o f  students '  categorica l  an d explanator y 
response s t o a  se t  o f  tex t  an d multimedi a isomorph s o f 
scientifi c  evidence . 

The Study 

The stud y investigate d middl e schoo l  student s workin g o n a 
scienc e activit y withi n th e instructiona l  contex t  o f  a n 
Internet-focuse d learnin g environmen t  calle d th e Knowledg e 
Integratio n Environmen t  (KIE) .  A s a  par t  o f  thi s activit y o n 
th e natur e o f  light ,  student s develope d theoretica l  account s o f 
scientifi c  evidenc e an d conmiunicate d thei r  finding s durin g a 
clas s debate .  Student s explore d an d categorize d a  se t  o f 
evidenc e withi n th e conceptua l  framewor k o f  th e debate ,  a s 
wel l  a s produce d writte n explanation s fo r  th e evidenc e the y 
deemed mos t  relevant .  One-hal f  o f  th e student s receive d a 
mixe d se t  o f  tex t  an d multimedi a evidence ,  whil e th e othe r 
hal f  receive d a  complementar y se t  consistin g o f  tex t  an d 
multimedi a isomorphs . 

Analyse s wer e conducte d o n students '  categorization s o f 
th e evidenc e i n orde r  t o compar e th e representationa l  effec t  o f 
th e tex t  an d multimedi a modalities .  Additionally ,  students ' 
writte n explanation s wer e code d fo r  subjec t  matte r  scienc e 
conception s lik e "telescope s loo k a t  bgh t  whic h i s close r  t o 
th e hgh t  source "  (se e Guesne ,  1985) . 

Results & Implications 

For  three-quarter s o f  th e evidenc e pairs ,  student s linke d th e 
tex t  an d multimedi a version s significantl y differentl y t o th e 
debate .  I n othe r  words ,  th e representatio n o f  evidenc e wa s 
foun d t o pla y a  stron g rol e i n th e cognitiv e behavio r  o f 
students .  Thi s effec t  wa s furthe r  investigate d b y comparin g 
th e rang e o f  conception s use d t o describ e th e evidenc e i n 
students '  explanations .  Fo r  almos t  al l  o f  th e evidenc e pairs , 
a tren d existe d wher e student s associate d a  broade r  rang e o f 

conception s (o r  scientifi c  ideas )  t o th e multimedi a evidenc e 
tha n th e tex t  isomorph .  I n spit e o f  thes e broade r 
connections ,  student s wer e no t  foun d t o associat e mor e 
scientificall y normativ e idea s t o th e multimedi a evidence . 

Fro m a n instructiona l  perspective ,  i t  ma y b e appropriat e 
t o incorporat e multimedi a cautiousl y give n th e 
representationa l  effec t  describe d i n thi s research .  Multimedi a 
representation s ma y no t  hav e th e expecte d effec t  o n learnin g 
compare d t o tha t  o f  correspondin g tex t  representation s o f 
simila r  phenomena .  A t  certai n point s o f  instruction , 
however ,  i t  ca n b e beneficia l  fo r  student s t o conside r  a 
repertoir e o f  idea s t o hel p determin e whic h ar e mor e 
productive ,  flexible ,  an d mor e coheren t  wit h thei r  prio r 
knowledg e (Lin n e t  al. ,  1994) .  Result s sugges t  tha t 
multimedi a instructiona l  material s ma y b e usefu l  i n elicitin g 
a broade r  rang e o f  conception s from a  grou p o f  students . 
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The us e o f  analogica l  reasonin g i n creativ e proble m solv -
in g ofte n involve s transfe r  betwee n distan t  problems .  Som e 
cognitively-inspire d computationa l  model s o f  analogica l  rea -
sonin g describ e "direc t  transfer "  wher e th e knowledg e o f  a 
sourc e situatio n i s directl y transferre d t o th e targe t  situation , 
e.g. ,  S M E (Falkenhaine r  e t  al. ,  1989 )  an d A C M E (Holyoa k 
and Thagard ,  1989) .  Bu t  som e psychologica l  studies ,  suc h a s 
Gic k an d Holyoak' s (1983) ,  indicat e tha t  sometime s higher -
leve l  abstraction s ma y mediat e th e transfe r  betwee n th e sourc e 
and th e target .  Ou r  wor k o n creativ e devic e desig n ha s le d u s 
t o a  theory ,  calle d model-base d analog y ( M B A ) ,  tha t  provide s 
a computationa l  accoun t  o f  learnin g an d us e o f  suc h higher -
leve l  abstraction s tha t  w e cal l  generi c models .  Generi c model s 
i n devic e desig n captur e knowledg e o f  functiona l  an d causa l 
pattern s abstracte d fro m case-specifi c  devic e models .  Sinc e a 
generi c mode l  ma y b e acquire d fro m on e desig n cas e an d in -
stantiate d i n th e contex t  o f  adaptin g a n entirel y differen t  cas e 
fo r  solvin g a  targe t  problem ,  the y mediat e (cross-domain ) 
analogica l  transfer . 

The Process of Model-Based Analogy 

D«*(g n Anak)gu« a 
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SBF Model * of  GTMs 
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Storin g o f  Targ« t 
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Figur e 1 :  Par t  o f  IDEAL' s Proces s fo r  Analogica l  Desig n 

IDEAL is the computer system that implements the MBA the-
or y i n th e contex t  o f  devic e design .  IDEA L take s a s inpu t  a 
specificatio n o f  th e functiona l  an d structura l  constraint s o n a 
desire d desig n (i.e. ,  th e targe t  desig n problem) ,  an d give s a s 
outpu t  a  structur e (i.e. ,  th e solution )  tha t  realize s th e specifie d 
functio n an d als o satisfie s th e structura l  constiaints .  Figur e 1 
illustrate s on e par t  o f  IDeAL' s processing ,  th e par t  tha t  use s 
generi c model s o f  a  specifi c  kin d calle d generi c teleologica l 
mechanism s (GTMs) .  G T M s specif y abstrac t  pattern s o f  re -

lation s betwee n outpu t  function s an d interna l  behavior s fo r 
achievin g th e functions ,  fo r  example ,  feedback .  The y ar e 
•'mechanisms "  becaus e the y specif y behavior s (o r  processes) , 
"teleological "  becaus e the y ar e i n th e servic e o f  functions ,  an d 
"generic "  becaus e the y pertai n t o classe s o f  devic e domains , 
not  jus t  t o a  specifi c  devic e o r  a  particula r  devic e domain . 
The case-independen t  G T M s ar e abstraction s o f  case-specifi c 
Structure-Behavior-Functio n (SBF )  model s (Goel ,  1991 )  tha t 
explai n h o w th e structur e o f  a  desig n realize s it s function .  Fo r 
details ,  se e (Bhatta ,  1995 ;  Bhatt a an d Goel ,  1993) . 

IDEAL provide s a  testbe d fo r  experimentin g wit h generi c 
modelin g i n analogica l  reasoning .  W e hav e teste d IDEA L i n 
fou r  differen t  domains ,  namely ,  th e domain s o f  simpl e electri c 
circuits ,  hea t  exchangers ,  electroni c circuits ,  an d mechanica l 
device s (includin g momen tu m controller s an d velocit y con -
trollers )  fo r  bot h learnin g an d us e o f  G T M s .  I n particular ,  w e 
teste d IDEA L wit h a  doze n desig n problem s fro m thes e fou r 
differen t  domain s tha t  involve d learnin g an d us e o f  si x differ -
ent  G T M s .  IDEA L coul d no t  onl y lear n an d us e th e G T M s bu t 
i t  als o use d th e learne d G T M s fo r  cross-domai n analogica l 
transfer .  Ou r  experiment s wit h IDEA L indicat e tha t  (1 )  fo r 
analogica l  devic e design ,  usefu l  devic e abstraction s includ e 
G T Ms tha t  captur e pattern s o f  relation s betwee n devic e func -
tion s an d interna l  causa l  behavior s an d (2 )  devic e abstraction s 
suc h a s G T M s ma y mediat e analogica l  transfe r  betwee n dif -
feren t  desig n problem s includin g distan t  problem s i n differen t 
devic e domains . 
Acknowledgments :  Thi s wor k ha s bee n supporte d b y th e 
N SF gran t  IRI-92-I092 5 an d th e O N R contrac t  NOOO14-92 -
J-1234 . 
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Most  everyone ,  includin g th e experts ,  woul d agre e tha t 
analogy-makin g i s bes t  define d a s a  proces s tha t  create s a 
mappin g betwee n item s i n on e domai n (ofte n calle d th e 
source )  t o "similar "  item s i n anothe r  domai n (ofte n calle d 
th e target) .  Base d o n thi s definition ,  man y researcher s hav e 
attempte d t o mode l  analogy-makin g b y creatin g a  mappin g 
betwee n tw o set s o f  dat a structure s tha t  represen t  th e 
domain s (Centner ,  1983 ;  Holyoa k an d Thagard ,  1989) . 

Definin g analogy-makin g a s "makin g a  mappin g betwee n 
domains "  create s man y assumption s abou t  analog y an d h o w 
one migh t  mode l  it .  Fo r  instance ,  th e traditiona l  vie w 
assumes tha t  ther e exis t  pre-stnicture d representation s o n 
whic h th e mappin g proces s operates .  I t  i s  no t  a t  al l  clea r  tha t 
thi s assumptio n i s cognitivel y plausibl e (Chalmer s e t  al. , 
1995) .  Thi s vie w als o suggest s tha t  no t  onl y ca n th e 
mappin g proces s b e separate d fro m th e structure-formin g 
process ,  bu t  tha t  i t  i s  als o distinc t  fro m mor e genera l 
perceptua l  processes .  This ,  too ,  seem s unlikely .  Althoug h 
thes e issue s hav e bee n partiall y  addresse d b y Hofstadte r  an d 
colleague s (1995) ,  on e questio n remains :  H o w coul d a 
syste m lear n t o mak e analogies ? 

To creat e a  mode l  capabl e o f  learnin g t o mak e analogie s 
require s re-thinkin g som e basi c assumptions .  Traditionally , 
"makin g a n analogy "  ha s mean t  explicitl y  producin g th e 
entir e se t  o f  correspondence s fro m on e domai n t o th e other . 
I t  i s  difficul t  t o se e ho w a  syste m coul d lear n t o d o this . 

One possibl e solution ,  followin g th e genera l  suggestion s 
of  Mae s (1993) ,  i s  t o fram e th e tas k i n term s o f  behavior . 
One analogy-makin g tas k tha t  ca n b e see n entirel y i n term s 
of  behavio r  i s th e "D o this! "  tas k pose d b y Hofstadte r  an d 
Frenc h (French ,  1992) .  A  boiled-dow n versio n o f  thi s tas k 
was define d a s follows .  Conside r  Figur e 1 .  Imagin e a n 
experimente r  pointin g t o th e triangl e i n th e sourc e scen e an d 
saying ,  "D o this! "  Th e subject' s tas k i s the n t o poin t  t o th e 
"same "  thin g i n th e targe t  scene .  I f  on e perceive s th e 
triangl e a s "th e objec t  tha t  differ s o n th e dimensio n o f 
shape, "  the n on e migh t  b e incline d t o choos e th e squar e i n 
th e targe t  scene ,  a s it ,  too ,  differ s b y shap e fro m th e tw o 
circle s i n th e targe t  scene .  O f  course ,  tha t  i s  certainl y no t  th e 

^ 

Sotirc e Targe t 

Figure  1. A sample problem adapted from French (1992). 

onl y possibl e answer . 
T o lear n t o mak e thi s typ e o f  analogy ,  a  recurren t 

backpropagatio n networ k wa s created .  A  variatio n o n 
Smolensky' s tenso r  produc t  representatio n (1990 )  wa s 
develope d an d use d a s inpu t  t o th e network .  Thes e 
representations ,  terme d iconic ,  encod e a n object' s locatio n 
i n a  scen e ove r  a  se t  o f  loca l  units .  A  serie s o f  thes e iconi c 
maps,  i n turn ,  encode s a n object' s colo r  an d shape ,  suc h a s 
blu e an d square . 

The networ k wa s traine d t o identif y th e figure  an d groun d 
of  eac h scen e presente d t o it .  Th e networ k wa s first  traine d 
t o identif y th e objec t  bein g pointe d t o i n th e sourc e scen e a s 
th e figure,  an d th e remainin g sourc e object s a s th e ground . 
Give n th e first  scen e a s context ,  th e networ k wa s the n 
traine d t o identif y th e analogou s objec t  fro m th e targe t  a s 
th e figure,  thereb y completin g th e analogy . 

Afte r  bein g successfull y traine d o n man y exampl e 
analogies ,  th e networ k wa s show n t o generaliz e b y 
performin g wel l  o n man y nove l  scenes .  Analysi s ha s show n 
tha t  th e networ k i s capabl e o f  learnin g abstrac t  "concepts " 
suc h a s "differ s b y shape. "  Althoug h th e curren t  mode l  ha s 
some significan t  limitations ,  i t  doe s sugges t  a  framewor k fo r 
a behaviora l  approac h o f  analogy-makin g capabl e o f 
explainin g effect s suc h a s "systematicity "  (Centner ,  1983 ) 
and unifyin g analogy-makin g wit h mor e genera l  perceptua l 
processes . 
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Davi d Chalmer s (1995 )  state s tha t  "Th e ultimat e goa l  o f  a 
theor y o f  consciousnes s i s a  simpl e an d elegan t  se t  o f  funda -
menta l  laws ,  analogou s t o th e fundamenta l  law s o f  physics. " 
He goe s o n t o sugges t  tha t  certai n psychophysica l  laws ,  lik e 
highe r  leve l  principles ,  ar e "unlikel y t o b e fundamenta l  .  .  . 
analogou s t o macroscopi c principle s i n physic s suc h a s thos e 
of  thermodynamic s o r  kinemadcs. "  an d tha t  mor e fundamen -
ta l  law s "ma y centrall y involv e th e concep t  o f  information. " 
Cric k an d Koc h (Chalmers ,  1995 )  acknowledg e tha t  infor -
matio n "ma y indee d b e th e ke y concept ,  a s Chalmer s sus -
pects" . 

I f  w e tak e informatio n t o b e fundamenta l  here ,  the n ther e 
i s a  problem :  informatio n is ,  i n general ,  a n intuitiv e notio n 
wit h little ,  i f  any ,  consensu s o n jus t  h o w t o scientificall y 
defin e i t  (Bung e an d Ardila ,  1987) .  Surel y w e canno t  hop e t o 
construc t  a n objectiv e theor y o f  consciousnes s i f  th e founda -
tio n o n whic h i t  rest s i s abstrac t  an d poorl y defined .  I f  infor -
matio n i s th e ke y t o understandin g consciousness ,  the n thos e 
characteristic s o f  th e brai n tha t  giv e ris e t o i t  wil l  onl y b e 
reveale d whe n w e hav e grounde d informatio n an d informa -
tio n processing . 

But  h o w d o w e g o abou t  groundin g these ? I  clai m i t  can -
not  b e don e simpl y b y lookin g a t  th e hardwar e architecture s 
of  system s w e conside r  t o b e processin g information ,  lik e 
digita l  computer s an d brains .  Rather ,  i t  require s a  broade r 
and mor e fundamenta l  physica l  understandin g o f  informa -
tio n an d it s processing .  T o thi s en d I  offe r  a  physica l  frame -
wor k tha t  classifie s objec t  interaction s i n suc h a  w a y tha t 
differen t  kind s o f  informatio n processin g ar e identifie d wit h 
differen t  kind s o f  interactions .  Thi s framewor k i s a n exten -
sio n o f  traditiona l  physica l  stat e description s use d t o 
describ e lawfully-determine d change s i n th e value s o f  mea -
sure d attribute s o f  interactin g objects .  I t  coul d ver y wel l  b e 
what  Chalmer s i s lookin g fo r  whe n h e offer s "ho w [informa -
tion ]  i s physicall y processed "  a s th e possibl e explanatio n fo r 
h o w som e informatio n migh t  hav e a n experientia l  aspect . 

Th e framewor k i s base d o n th e observatio n tha t  physica l 
object s hav e tw o an d onl y tw o physica l  aspects :  extende d 
structur e an d measurabl e propertie s lik e mas s an d velocity . 
Sinc e everythin g consist s o f  physica l  objects ,  unles s infor -
matio n an d it s  processin g ar e non-physical ,  i t  mus t  b e 
embodie d b y on e o r  bot h o f  thes e aspects .  W e hav e informa -
tio n abou t  th e worl d becaus e physica l  object s interac t  wit h 
our  sensor y systems .  Thu s object s ar e informationa l  i n tha t 
the y "inform "  u s throug h interactions . 

Th e framewor k differentiate s betwee n physica l  interac -
tion s accordin g t o whic h o f  th e tw o physica l  aspect s o f  inter -

actin g object s caus e th e resultin g changes .  Al l  physica l 
interaction s ar e classifie d int o fou r  types :  nomologically -
determine d change ,  nomologically-triggere d change ,  patter n 
matching ,  an d structure-preservin g superpositio n (SPS) .  Th e 
first  tw o resul t  i n change s cause d b y measure d attribute s an d 
th e las t  tw o resul t  i n change s cause d b y extende d structure . 

I f  w e assum e tha t  object s ar e informationa l  throug h thei r 
physica l  aspects ,  the n w e ca n conside r  tha t  th e differen t 
type s o f  physica l  interaction s ar e th e physica l  basi s fo r  dif -
feren t  kind s o f  informatio n processing :  nomologically-deter -
mine d chang e describe s th e informatio n processin g i n analo g 
computers ;  patter n matchin g describe s th e informatio n pro -
cessin g i n digita l  computers ;  and ,  I  claim ,  SP S describe s th e 
informatio n processin g i n th e brai n (Boyle ,  1995) . 

W h at  doe s thi s hav e t o d o wit h consciousness ? First ,  infor -
mation ,  i f  i t  i s  fundamental ,  i s n o w grounde d i n th e basi c 
physica l  interaction s tha t  m a k e u p al l  physica l  processes . 
Second ,  on e o f  thes e basi c interactio n types ,  SPS ,  i s s o dif -
feren t  fro m th e physica l  interaction s tha t  underli e th e func -
tionin g o f  al l  othe r  comple x physica l  systems ,  tha t  i t  make s 
th e brai n unique ,  ove r  an d abov e it s o w n enormou s complex -
ity .  I  believ e S P S i s  responsibl e i n par t  fo r  th e brain' s 
remarkabl e characteristics ,  suc h a s it s intrinsi c capacit y fo r 
referenc e and ,  I  pu t  forwar d here ,  consciousness ,  an d tha t 
withou t  SP S ther e woul d b e n o consciousness .  Conscious -
nes s m a y requir e th e presenc e o f  othe r  physica l  phenomena , 
suc h a s electri c currents ,  bu t  SP S i s a  necessar y an d funda -
menta l  ingredient . 
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Menta l  imager y ofte n play s a  rol e i n proble m solving , 
particularl y whe n th e problo n i s comple x [2 ]  o r  th e subjec t 
must  devis e a  procedur e fo r  arrivin g a t  a  solutio n [3] .  Fo r 
thi s reason ,  imager y us e i s strongl y associate d wit h highl y 
creativ e proble m solvin g [5] .  H o w ar e problem s transforme d 
int o imagery ,  o r  solve d thereafter ? Researcher s hav e pointe d 
out  tha t  goo d proble m visualization s capitaliz e o n th e imager y 
machinery' s abilit y  t o detec t  an d reinforc e visua l  propertie s 
suc h a s symmetries ,  similarities ,  alignments ,  relation s o f  size . 
gestalt s (e.g. ,  [4]) . 

We propos e tha t  th e transformatio n t o suc h 'goo d 
visualizations '  hinge s o n th e discover y o f  proble m invariants : 
parameter s tha t  m a y b e varie d o r  remove d withou t  affectin g 
th e basi c structur e o f  th e problem .  Invariant s indicat e 
ways i n whic h th e proble m ca n b e decompose d int o critica l 
and optiona l  subproblems .  I n imagery ,  self-similaritie s 
suc h a s repeate d patterns ,  symmetries ,  an d alignment s ar e 
strongl y indicativ e o f  invariants .  Visua l  proble m solvin g 
i s a  cycl e o f  visualization ,  discover y o f  invariants ,  an d 
reductio n t o ne w visualization s tha t  ar e progressivel y simple r 
(reducin g cognitiv e loa d o r  inaeasin g alignment s o r  othe r 
systematicitie s tha t  suppor t  chunking )  an d mor e revealin g 
(wit h causa l  structur e mor e salien t  t o th e visua l  system) . 

To stud y visualization s i n proble m solving ,  w e pose d fou r 
difficul t  problem s i n tilings ,  populatio n dynamics ,  physics . 
and mechanica l  desig n t o seventee n undergraduates ,  an d 
collecte d protocol s o f  thei r  reporte d us e o f  imagery .  Althoug h 
thes e problem s ar e easil y solve d whe n converte d t o forma l 
representations-logic ,  geometri c series ,  algebrai c equalities , 
and topologica l  partitions-mos t  subject s reporte d workin g 
throug h a  progressio n o f  visualizations .  Ou r  analyse s foun d 
tha t  mos t  successiv e visualization s wer e linke d vi a invariants . 
and tha t  thes e invariant s wer e 'noticed '  a s visua l  propertie s 
of  th e imagery .  Fo r  example ,  i n solvin g Mckelgren' s [6 ] 
cbeckers-and-domino s proble m (figur e 1) ,  subject s note d tha t 

m 
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Figur e 1 :  Us e o f  a n invarian t  t o simplif y th e question :  Ca n 
th e mutilate d boar d b e tile d wit h dominos? . 

repeated patterns in the checkerboard led them to see how the 
solutio n wa s invarian t  t o th e numbe r  o f  pair s o f  rows ,  allowin g 
the m t o reduc e th e proble m t o a  two-ro w board . 

I n on e problem ,  subject s wer e aske d t o find  a  workabl e 
connectio n topolog y betwee n weight s i n a  kineti c mobil e 
( h l a Alexande r  CaJder) .  Usin g th e invariant s discovere d 
by thes e students ,  w e develope d a n imager y simulato r 
tha t  robustl y design s mobile s wit h complicate d connectio n 
topologie s an d system s o f  leverages .  Th e simulato r  model s 
imager y a s map s o f  activit y tha t  evolv e throug h simpl e cell -
paralle l  calculations .  Imager y operation s suc h a s movement , 

alignment ,  fitting,  an d groupin g ar e accomplishe d b y field 
coupling s i n whic h activit y i n on e m a p generate s potential s 
tha t  influenc e activit y i n another .  Figur e 2  show s th e fields 

wirin g task : targe t masses + 

route-around s =  routin g field solutio n 

Figur e 2 :  Constructin g a  routing-fiel d fo r  "wiring "  a  mobile . 

used to route a connecting wire in accordance with an invariant 
tha t  guarantee s mechanicall y vali d mobiles .  Figur e 3  show s 

inpu t ma.sse s guid e field  mobil e 
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T 

Figur e 3 :  Mobile s derive d fro m images . 

some of the finished mobiles that this imagery system has 
designed .  Couple d potentia l  fields  ca n b e implemente d a s 
neura l  network s whos e organizatio n mimic s hypothesize d 
maps i n th e visua l  cortex[l] .  Thu s w e ca n m a p ou t 
and partiall y  automat e a  ful l  reductio n fro m a  high-leve l 
desig n proble m t o low-leve l  massivel y paralle l  computation s 
betwee n map s o f  neuron-lik e computin g elements . 
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Introductio n 

Perhaps the cornerstone of Daniel E)ennett's (1991) case for 
hi s "multipl e drafts "  vie w o f  consciousnes s i n hi s well-know n 
Consciousnes s Explaine d i s a  se t  o f  inference s h e draw s fro m 
th e ph i  phenomenon .  Ph i  wa s first  introduce d b y th e grea t 
gestal t  psychologis t  M a x Wertheime r  (1912) ,  an d a  numbe r 
of  fascinatin g variation s hav e bee n studie d by ,  amon g others , 
Paul  Koler s an d Michae l  vo n Gnina u (1976) .  I n th e simples t 
versio n o f  phi ,  tw o o r  mor e smal l  dot s ar e briefl y li t  i n rapi d 
succession ,  bu t  i t  seem s t o th e subjec t  tha t  a  singl e spo t  move s 
bac k an d forth .  I n th e colo r  ph i  phenomeno n (th e stud y o f 
whic h wa s prompte d b y question s fro m th e philosophe r  Nel -
son Goodma n (1978) ,  th e tw o illuminate d spot s ar e differen t 
color s (re d an d green ,  say) .  Remarkably ,  i f  thes e tw o spot s 
ar e li t  fo r  150mse c eac h (50mse c interval ) 

the first spot seems to begin moving and then change 
colo r  abruptl y i n th e middl e o f  it s  illusor y passag e towar d 
th e secon d location .  Goodma n wondered :  "Ho w ar e w e 
abl e .. .  t o fill  i n th e spo t  a t  th e intervenin g place-time s 
alon g a  pat h runnin g fro m th e first  t o th e secon d flash 
befor e tha t  secon d flash  occurs? '  (Dennett ,  1991 ,  p.ll4 , 
emphasi s his ) 

Dennett holds that the only way to provide an answer to 
Goodman' s question ,  th e onl y wa y t o explai n colo r  phi ,  i s 
t o invok e hi s (Dennett's )  "multipl e drafts "  theor y ( M D T )  o f 
consciousness ,  accordin g t o whic h (barbaricall y encapsulate d 
here )  informatio n enterin g th e nervou s syste m i s unde r  contin -
uou s paralle l  "editoria l  revision. "  M D T i s intende d b y Den -
net t  t o supplan t  traditiona l  account s o f  cognitio n seen ,  fo r 
example ,  i n cognitiv e psychology—account s whic h includ e 
subsystem s suc h a s long-ter m memory ,  short-ter m memory , 
etc. ,  a s wel l  a s th e notio n o f  a n "executiv e controller "  (cf .  An -
derson' s A C T * ;  1983,1990) .  Arme d wit h colo r  phi ,  Dennet t 
als o mean s t o overthro w view s o f  th e min d whic h distinguis h 
betwee n som e stimulu s s  seemin g t o b e F  t o a  subject ,  an d 
th e subject' s judgin g tha t  s  i s i n fac t  F .  Her e Dennet t  appeal s 
t o wha t  i s disclose d whe n subject s introspec t  abou t  thei r  ex -
perienc e durin g phi :  h e claim s tha t  suc h subject s canno t  say , 
i n a  principle d manner ,  whethe r  the y judge d th e spot s t o mov e 
becaus e o f  wha t  the y seeme d t o see ,  o r  wheth w the y seeme d 
t o se e movemen t  becaus e the y judge d ther e t o b e movement . 

Wit h hel p fro m som e elementar y logic ,  th e situatio n ca n 
be clarified :  E>enot e th e colo r  ph i  experimen t  b y <l>c' ,  denot e 
Dennett-targete d traditiona l  theorie s o f  cognitio n b y "ITC. ' 
Dennett' s  argument ,  overall ,  i s  tha t  ̂ e i s inconsisten t  wit h 
T T C,  an d tha t  th e onl y othe r  seriou s contender ,  M D T ,  shoul d 

tboefor e b e affirmed .  However ,  i t  i s a  simpl e theore m fro m 
(modal )  logi c tha t  i n orde r  t o sho w proposition s p  an d q  con -
sistent ,  i t  suffice s t o find  a n r  whic h i s consisten t  wit h p  an d 
whic h entail s q .  Accordingly ,  ou r  refutatio n o f  Dennet t  wil l 
tak e thi s fonn :  W e wil l  specif y a n explanatio n E  o f  (p c whic h 
i s suc h tha t 

1.  £ ? i s consisten t  wit h <̂ c ;  an d 

2.  E  conjoine d wit h <f> c entail s TTC . 

We wil l  includ e a  repor t  o n ou r  replicatio n o f  colo r  ph i  (an d 
relate d phenomena )  bot h throug h Jav a (yo u ma y no w ex -
perienc e ph i  an d registe r  you r  impression s b y accessin g th e 
relevan t  par t  o f  Bringsjord' s we b site )  an d vi a T-scop e i n Rens -
selaer' s cognitiv e scienc e laboratory ,  an d concomitan t  report s 
on wha t  subject s sa y afte r  introspectin g i n th e manne r  Dennet t 
prescribes .  Explanatio n E  wil l  b e anchore d t o thes e reports . 
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The Hyperspac e Analogu e t o Languag e (HAL )  semanti c 
model  (Lun d &  Burgess ,  i n press )  demonstrate s th e 
impoverishe d semantic s o f  prope r  name s an d th e riche r 
semantic s o f  famou s names .  I n addition ,  prope r  name s use d 
as agentiv e subject s i n a  parsin g experimen t  fai l  t o show ,  i n 
our  simulation ,  a n effec t  o f  semanti c informatio n o n parsin g 
due t o thei r  impoverishe d semantics . 

The role of semantic context in processing syntactic 
ambiguit y raise s importan t  issue s concernin g th e functio n o f 
th e languag e processor .  Modula r  parser s (Frazier ,  1978 )  ar e 
insensitiv e t o contextua l  information .  Conversely ,  constraint -
base d approache s (MacDonald ,  Pearlmutter ,  &  Seidenberg , 
1994 )  propos e tha t  languag e subsystem s ca n mor e freel y 
interac t  allowin g fo r  semanti c influenc e o n initia l  parsin g 
decisions .  Usin g th e H A L mode l  (Burges s &  Lund ,  1996 ; 
Lund &  Burgess ,  i n press) ,  w e presen t  a  semantic s o f  prope r 
names followe d b y a  simulatio n experimen t  tha t  suggest s 
tha t  prope r  name s d o no t  contai n sufficien t  semanti c 
informatio n t o influenc e syntacti c processing . 

Experiment 1: Semantics of Names 

Proper names carry little semantic information accounting for 
th e difficult y i n thei r  retrieva l  (Cohe n an d Burke ,  1993) . 
However ,  famou s names ,  suc h a s Reagan ,  hav e a  riche r 
semantics .  N a m e semantic s ca n b e represente d usin g th e H A L 
model  a s show n b y a  neares t  neighbo r  analysis .  Nea r 
neighbor s o f  Cathy ,  ar e othe r  c o m m o n prope r  names . 
However ,  famou s names ,  lik e Reagan ,  ha s othe r  politician s 
and politica l  terms .  Likewise ,  boo k ha s a s it s neighbor s othe r 
relate d objects .  I n addition ,  HAL ' s high-dimensiona l  semanti c 
vector s ca n distinguis h prope r  name s fro m noun s an d verbs . 

Experiment 2: Context Effects and 
S e m a n t i c D i s t a n c e s 

HAL's high-dimensional semantics can capture the 
constraint s tha t  predic t  whethe r  semanti c contex t  wil l 
facilitat e syntacti c processin g (Burges s an d Lund ,  1996) . 
Shorte r  semanti c distance s wer e foun d betwee n noun-ver b 
pair s o f  stimul i  tha t  di d no t  resul t  i n a  gardenpat h (lb , 
ransom-paid )  tha n fo r  sentence s tha t  di d (la ,  man-paid) . 

Verb s lik e tha t  i n sentenc e (2a )  rarel y tak e a  direc t  object ; 
whil e i n sentenc e (2b) ,  th e ver b ca n tak e eithe r  a  direc t  objec t 
or  a  sentenc e complement .  Verb s tha t  d o no t  tak e a  direc t 
objec t  coul d provid e considerabl e guidanc e t o th e parse r  an d 
avoi d syntacti c misassignment .  However ,  Ferreir a an d 
Henderso n (1990 ,  F H )  foun d tha t  readin g time s fo r  sentence s 
lik e (2 a an d 2b )  wer e longe r  tha n fo r  unambiguou s control s 
wit h complementizers .  F H conclud e tha t  biasin g ver b 
infonnatio n di d no t  effec t  initia l  parsin g decisions . 
(la) The man paid by the parents was unreasonable. 

(lb )  Th e ranso m pai d b y th e parent s wa s unreasonable . 
(2a )  Su e hope d Iow a electe d bette r  people . 

(2b )  Su e wrot e Iow a electe d bette r  people . 
(3 )  Th e studen t  hope d .. . 

Another potentially rich source of infonnation in this 
experimen t  coul d b e th e natur e o f  th e nou n precedin g th e 
verb .  Th e menta l  mode l  tha t  develop s wit h Su e hope d ca n 
encompas s man y possibilitie s an d ma y no t  b e a s constrainin g 
as th e menta l  mode l  fro m (3) ,  whic h offer s th e ver b crucia l 
additiona l  informatio n durin g comprehension . 

We tes t  th e stimul i  use d i n tw o parsin g experiment s -  on e 
tha t  showe d a n effec t  o f  th e N P contex t  (Burges s & 
Tanenhaus ,  B T )  an d one ,  usin g prope r  names ,  tha t  di d no t 
(Ferreir a &  Henderson ,  FH) .  Semanti c distance s wer e greate r 
fo r  th e stimul i  (noun-verb s pairs )  tha t  di d no t  sho w th e effec t 
of  contex t  (FH )  tha n fo r  th e stimul i  tha t  di d (BT) . 

Discussion 

Models of proper-name retrieval emphasize that name 
retrieva l  difficult y  i s du e t o th e lac k o f  meaningfu l  semanti c 
informatio n i n a  name ,  an d thi s ca n b e see n wit h a  name' s 
semanti c neighbors .  Longe r  semanti c distance s wit h th e 
prope r  nam e -  ver b pair s o f  F H suggest s tha t  prope r  name s d o 
not  carr y compellin g semanti c information .  Tha t  HAL' s 
semanti c representation s ca n b e use d t o mode l  th e outcom e o f 
thes e tw o parsin g experiment s extend s th e generalit y o f  thi s 
semanti c mode l  t o parsin g phenomen a beyon d tha t  o f  jus t 
animac y an d genera l  plausibilit y  effects . 
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Focu s o f  optica l  flow  expansio n (FOE ) 
detectio n remain s th e mos t  intuitivel y 
satisfyin g paradig m fo r  sel f  motio n 
(egomotion )  perceptio n theories .  Despit e 
evidenc e tha t  suc h perceptio n i s 
dominate d b y informatio n i n th e 
peripher y o f  th e optica l  arra y sample , 
theorie s takin g th e periphera l  approac h 
wer e rejecte d i n favo r  o f  theorie s takin g a 
globa l  approach ,  becaus e o f  findings  tha t 
sample s restricte d t o ver y smal l  visua l 
angle s ar e sufficien t  t o determin e 
egomotio n perception .  Bu t  globa l 
theorie s fai l  th e loomin g test :  th e 
projectio n o f  a  loomin g object ,  e.g. ,  a  pi e 
aproachin g one' s face ,  present s a n 
expandin g optica l  regio n wh ic h 
dominate s one' s whol e sampl e an d 

exhibit s it s o w n F O E .  I n practice ,  on e 
perceive s a  pi e abou t  t o collid e wit h one' s 
face .  Bu t  globa l  theorie s necessaril y 
must  determin e tha t  th e victi m wil l 
perceiv e himsel f  a s movin g towar d th e 
pie !  Periphera l  theorie s escap e thi s 
fundamenta l  flaw ,  an d a  theor y 
recognizin g tha t  th e peripher y i s 
adjustabl e i s i m m u n e t o th e evidenc e 
agains t  th e olde r  theories ,  whic h 
assume d a  fixed  periphery .  Th e optica l 
arra y regio n sample d fo r  consciou s 
attentio n i s k n o w n t o b e variable .  I f  th e 
(annular )  regio n fo r  egomotio n detectio n 
i s periphera l  t o th e centra l  attentiona l 
area ,  the n i t  i s  adjustabl e a s a  sid e effec t 
of  centra l  a re a variation . 
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Introductio n 

A belie f  revisio n syste m mus t  b e abl e t o decide ,  i n th e fac e 
of  contradictor y information ,  whic h (i f  any )  belief s shoul d 
be abandoned .  Wha t  genera l  principl e shoul d b e followe d 
t o mak e thi s decision ? I n Martin s an d Shapir o (1988) ,  sev -
era l  specifi c  task s wer e describe d whic h mus t  b e solve d i n 
orde r  fo r  a  syste m t o successfull y revis e belief s i n th e fac e 
of  contradictor y evidence :  inference ,  dependenc y recording , 
nonmonotonicity ,  an d disbelie f  propagation .  A  cognitiv e the -
or y o f  belie f  revisio n shoul d b e abl e t o sa y whic h belief s 
shoul d b e retaine d o r  abandone d whil e allowin g solution s t o 
th e subproblem s t o b e covere d b y th e sam e theory . 

The ECHO Program and Belief Revision 

Ther e ar e tw o majo r  epistemi c theorie s o f  belie f  revision :  th e 
foundationa l  theor y o f  belie f  revisio n an d th e coherenc e the -
ory .  I t  i s  desirabl e fo r  a  mode l  o f  belie f  revisio n t o hav e 
some o f  th e rationalit y o f  th e foundationa l  theory ,  bu t  wit h a 
behaviou r  simila r  t o tha t  produce d b y th e coherenc e model . 
Explanator y Coherenc e (EC )  make s suc h a n attempt ,  encom -
passin g aspect s o f  bot h theories .  E C follow s th e principl e o f 
negativ e uncertainty ,  give n b y foundationa l  theory ,  b y requir -
in g som e sor t  o f  explanator y relationshi p betwee n tw o propo -
sition s i n orde r  fo r  the m t o b e considere d coherent .  I t  als o 
conform s t o th e principl e o f  conservation ,  however ,  whic h i s 
th e basi s fo r  coherenc e theory . 

Explanator y Coherenc e i s a  propert y o f  tw o o r  mor e propo -
sition s (Thagard ,  1989) .  Th e greate r  a  propositio n cohere s 
wit h a  se t  o f  othe r  propositions ,  th e greate r  it s  acceptability ; 
a propositio n whic h i s incoheren t  wit h th e se t  shoul d b e re -
jected .  I n hi s paper ,  Thagar d note s th e potentia l  fo r  usin g 
explanator y coherenc e fo r  belie f  revision .  Thoug h E C canno t 
say ho w t o deriv e ne w belief s fro m ol d ones ,  i t  coul d b e use d 
t o decid e whethe r  o r  no t  a  ne w belie f  shoul d ente r  th e syste m 
on th e basi s o f  coherenc e wit h th e belief s alread y maintained . 

Based o n th e principle s o f  explanator y coherence ,  th e 
E C HO progra m i s describe d i n detai l  i n Thagar d (1989) . 
E C HO i s a n implementatio n o f  a n associativ e artificia l  neura l 
network .  Connection s i n th e networ k ar e eithe r  excitatory , 
whic h represent s explanator y relations ,  o r  inhibitory ,  whic h 
represent s contradiction .  Eac h nod e represent s a  propositio n 
or  a n hypothesis ,  an d th e connection s are ,  therefore ,  th e re -
lation s betwee n them .  Sinc e th e purpos e o f  E C H O wa s t o 
determin e coherenc e an d no t  explanator y relationships ,  al l 
explanator y an d contradictor y relationship s betwee n proposi -
tion s ar e entere d a s input .  A  "specia l  evidence "  uni t  provide s 
activatio n t o al l  proposition s o f  observe d data ,  an d thi s ac -

tivatio n spread s throughou t  th e networ k vi a th e excitator y 
(explanation )  link s an d i s restricte d throug h th e inhibitor y 
(contradiction )  links . 

Experimentation and Results 

Th e E C H O progra m wa s extende d onl y slightl y fo r  nonmono -
tonicit y experiments .  I t  wa s mad e possibl e t o adjus t  an y o r 
al l  activation s an d connectio n strength s o f  th e network ,  t o 
simulat e a  "forgetting "  effec t  o r  a  re-initialization .  I t  wa s als o 
made possibl e t o disconnec t  node s fro m th e Sf)ecia l  evidenc e 
unit ,  t o allo w proposition s whic h wer e onc e tru e t o becom e 
false .  T w o differen t  origina l  dat a set s wer e use d fo r  th e belie f 
revisio n experiments ,  eac h o f  whic h wer e presente d t o th e 
networ k i n varyin g manner s (certai n subset s o f  evidenc e wer e 
presented ,  an d the n others) . 

I t  wa s foun d tha t  implementin g th e nonmonotoni c abilit y 
i s  no t  a  straightforwar d matter .  Th e simpl e E C processe s 
alon e wer e no t  enoug h t o caus e th e shift s i n belie f  tha t  shoul d 
hav e occurred .  Fadin g al l  o f  th e activation s provide d th e 
networ k wit h th e capabilit y  t o re-evaluat e th e beliefs ,  whic h 
i s cognitivel y plausibl e give n th e assumptio n tha t  ther e exist s 
a momentar y suspensio n o f  a  person' s belief s whe n h e i s 
confronte d wit h ne w information . 

Futur e wor k wil l  involv e investigatio n int o th e issu e o f 
epistemi c entrenchmen t  i n E C H O.  Marker-passin g wil l  b e 
explore d t o facilitat e shift s betwee n epistemi c state s withou t 
fadin g al l  node s equally .  Experimentatio n wit h large r  dat a 
set s i s als o necessary ,  t o discove r  E C H O ' S abilit y  t o scal e t o 
mor e comple x data . 
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A b s t r a c t 

Understanding a discourse is considered to involve a series 
of  specifi c  processin g phase s whic h fina l  resul t  i s a  complet e 
semantic ,  menta l  representatio n (Johnson-Laird .  1983 ;  va n 
Dij k &  Kintsch .  1983) .  Thi s resul t  i s  no t  onl y a  representa -
tio n o f  th e text ,  bu t  rathe r  o f  wha t  th e tex t  i s  about .  W h e n a 
reade r  i s aske d t o summariz e a  discourse ,  vas t  amount s o f  in -
formatio n withi n th e discours e ar e selectivel y ignore d i n or -
der  t o produc e a  distille d versio n o f  th e origina l  text .  Thi s 

simplificatio n proces s emphasize s centra l  element s o f  th e dis -
cours e whil e th e periphera l  detail s ar e neglected .  I t  i s furthe r 
demonstrate d tha t  discours e ca n b e represente d a s a  skeleto n 

i n whic h th e relationship s amon g th e clause s coul d b e chun -
ke d i n a  wa y tha t  replicate d th e semanti c structur e o f  th e orig -
ina l  discours e (Gros z &  Sidner ,  1986) .  Textua l  continuity , 
whic h differentiate s a  tex t  fro m a  rando m sequenc e o f  sen -
tences ,  i s a  prim e facto r  i n discours e summarizatio n (Ehrlic h 
&Charolles ,  1991) . 

I n thi s paper ,  w e presen t  a  computationa l  mode l  fo r 
transformin g discourse s int o Quasi-Menta l  Cluster s ( Q M C s ) 
throug h a  convergenc e process .  Th e proces s i s interprete d a s 
a particula r  transformatio n o f  a  give n se t  o f  discours e seg -
ment s an d concept s b y examinin g th e textua l  continuity .  Be -
for e th e process ,  a  cohesio n parsin g i s  first  conducte d i n test -
in g th e loca l  cohesio n amongs t  th e sentences .  I t  i s  achieve d i n 
a constrain t  ne t  whic h i s formulate d a s a  constrain t  satisfactio n 
proble m ove r  a  se t  o f  finite  element s (Walt z &  Pollack .  1985) . 
Th e element s i n th e ne t  ma y represen t  words ,  phrases ,  an d 
mor e importantly ,  th e buffer s whic h ar e designate d t o carr y 
eac h prio r  analyze d sentence s ove r  int o th e curren t  process -
in g cycle ,  i n hop e tha t  the y woul d serv e a s c o m m o n bridg -
in g element s betwee n th e sentences .  A n efficien t  filtering  al -
gorith m i s employe d t o reduc e th e incohesiv e one s whil e co -
hesiv e link s amongs t  sentence s ar e the n defined .  I n th e con -
vergenc e process ,  sentence s i n a  discours e ar e represente d a s 
node s an d connecte d b y th e link s i n a  modifie d Brain-State -
in-a-Bo x (BSB )  networ k (Anderso n &  Murphy ,  1986) .  The y 
ar e highl y interconnecte d an d feedbac k upo n themselves .  Th e 
B SB networ k operate s b y acceptin g a  patter n o f  activation s 
and amplifyin g tha t  patter n throug h th e feedbac k loop .  C o m -
petin g coalition s o f  th e node s driv e th e networ k int o a  sta -
bl e equilibratio n fro m whic h th e Q M Cs ar e extracted .  Th e 
stronges t  connectio n i n th e Q M Cs wil l  aris e fro m th e pai r  o f 

node s tha t  maintai n hig h activation s fo r  a  prolonge d perio d o f 

time .  Th e mode l  i s teste d usin g children' s storie s an d th e re -
sult s attes t  it s validity .  Th e representatio n o f  text s i n Q M Cs 
capture s som e importan t  aspect s o f  th e memor y representa -
tio n o f  discourses .  Thus ,  th e resultin g Q M Cs ar e th e use -
fu l  dat a structure s i n summarization ,  questio n answerin g an d 
knowledg e discover y i n discourses . 
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A centra l  drawbac k o f  extan t  psychologica l  theorie s o f  sim -
ilarit y i s tha t  the y ar e typicall y define d ove r  ver y limite d 
classe s o f  representation s suc h a s point s i n a  multidimensiona l 
spac e o r  feature-sets .  Ou r  n e w account ,  representationa l  dis -
tortion ,  ca n dea l  wit h arbitrar y representations .  Here ,  simi -

larit y betwee n tw o representation s i s define d b y th e amoun t 
of  distortio n require d t o transfor m on e representatio n int o an -
other . 

Thi s theor y i s base d o n th e informatio n distanc e (L i  &  Vi -
tanyi ,  1993 )  betwee n representations .  Intuitively ,  th e infor -
matio n distanc e betwee n tw o representation s measure s h o w 
many instruction s mus t  b e followe d t o transfor m on e int o th e 
other .  Th e informatio n distance ,  e.g .  betwee n th e sequence s 
1 2 3 4 5 an d 2 3 4 5 6 i s small ,  becaus e th e simpl e instruc -
tio n "ad d 1  t o eac h digit "  transform s on e int o th e other .  Th e 
informatio n distanc e betwee n 8  5  7  4  9  an d 8  7  9  0  5  i s larger , 
becaus e ther e i s n o simpl e instructio n here .  Thi s approac h 
i s general ,  becaus e th e lengt h o f  th e shortes t  se t  o f  instruc -
tion s require d t o transfor m on e representio n t o anothe r  i s  well -
define d fo r  al l  representations ,  whethe r  thes e ar e featur e vec -
tors ,  a  sUTictura l  descriptio n o f  perceptua l  input ,  a  parse d sen -
tence ,  a  schem a o f  genera l  knowledge ,  a  pictoria l  representio n 
or  a  sequenc e o f  moto r  conamands . 

Representationa l  distortio n ca n b e quantifie d b y applyin g 
idea s fro m a  branc h o f  compute r  scienc e an d mathematic s 
know n a s Kolmogoro v complexit y  (L i  &  Vitanyi ,  1993). '  Th e 
fundamenta l  ide a o f  Kolmogoro v complexit y theor y i s tha t  th e 
complexit y o f  an y mathematica l  object,i ,  ca n b e measure d 
by th e lengt h o f  th e shortes t  compute r  progra m tha t  i s abl e t o 
generat e tha t  object .  Thi s lengt h i s th e Kolmogoro v complex -
ity ,  K { x )  o f  I ,  a  notio n whic h ha s fruitfull y  bee n ̂ plie d i n 
statistics ,  inductiv e inferenc e an d machin e learning .  T o quan -
tif y representationa l  distortio n w e us e Ui e conditiona l  Kol -
mogoro v complexity ,  K{x\y) ,  o f  on e object,! ,  give n anothe r 
object ,  y .  Thi s i s  th e lengt h o f  th e shortes t  progra m whic h pro -
duce s X  a s outpu t  fro m y  a s input—th e shorte r  th e program , 
th e simple r  th e relatio n betwee n th e tw o objects ,  an d therefor e 
th e les s representationa l  distortio n i s required . 

Thi s give s a  simpl e accoun t  o f  similarity ,  wit h a  numbe r 
of  interestin g propertie s (Hah n an d Chater ,  1996) .  General -
ity :  i t  applie s t o representation s o f  al l  kinds—spatial ,  feature -

'Thi s wa s previousl y applie d i n a  psychologica l  contex t  a s a 
framewor k fo r  perceptua l  organizatio n (Chater ,  i n press) . 

base d or ,  crucially ,  structure d representations .  Flexibility : 
Similarit y  i s define d ove r  representation s o f  objects ,  an d th e 
goal s an d knowledg e o f  th e subjec t  m a y affec t  th e rqiresen -
tation s whic h ar e formed ,  hence ,  allowin g fo r  th e grea t  flex-
ibilit y  o /  huma n similarit y judgements .  Self-similarity :  i t 
i s maximal ,  a s n o progra m a t  al l  i s require d t o transfor m a n 
objec t  int o itself .  Asymmetry :  Representationa l  distortio n 
allow s fo r  asymmetr y i n similarit y judgements :  K(x\y )  i s 
not  i n genera l  equa l  t o K{y\x) .  Thi s asymmetr y i s partic -
ularl y apparen t  whe n th e representation s bein g transforme d 
diffe r  substantiall y  i n complexity ,  a s i s observe d experimen -
tall y (Tversky ,  1977) .  SymmeUica l  judgement s ar e a^ture d 
by th e averag e o f  th e distance s i n eithe r  direction :  D ( x ,  y )  = 
\l2(K{x\y )  +  K{y\x)) .  Backgroun d knowledge :  thi s m a y 
radicall y affec t  th e progra m lengt h require d t o transfor m tw o 
objects .  1 5 3 7 2 3 9 0 6 an d 3 0 7 4 4 7 8 1 ,  e.g. ,  ar e ver y 
simpl y relate d (and ,  hence ,  thei r  similarit y high )  -i/i t  i s rec -
ognize d that ,  a s bas e 1 0 numbers ,  th e secon d i s doubl e th e 
first.  Shepard' s Universa l  L a w o f  Generalization :  th e ac -
coun t  provide s a  derivatio n o f  th e Universa l  L a w o f  General -
izatio n (Chate r  an d Hahn ,  1996) . 
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Can th e abilit y  t o freely  recal l  word s immediatel y 
afte r  readin g the m from a  lis t  differentiat e earl y stage s o f 
Alzheimer' s Diseas e (AD) ,  Vascula r  Dementi a (VD) ,  an d 
healthy ,  elderl y controls ? Previou s studie s hav e suggeste d 
tha t  inmiediat e free  recal l  abilit y  doe s no t  hel p t o 
differentiat e earl y A D from  controls ,  whil e performanc e o n 
delaye d recal l  ca n (e.g. ,  Wels h e t  al. ,  1991 ;  1992) . 
However ,  th e method s use d typicall y analyze d onl y par t  o f 
th e availabl e information ,  namely ,  th e mea n numbe r  o f 
item s recalle d pe r  trial .  Genera l  Processin g Tre e (GPT ) 
modelin g i s a  for m o f  multinomia l  modelin g (describe d i n 
Riefe r  &  Batchelder ,  1988 )  tha t  analyze s mor e o f  th e 
availabl e informatio n an d ma y hel p differentiat e thes e 
diagnoses .  Th e G P T metho d provide s estimate s an d 
confrdenc e interval s fo r  parameter s reflectin g th e 
probabilitie s o f  hypothesized ,  underlyin g cognitiv e 
processes . 

I n th e presen t  study ,  w e use d th e G P T approac h t o 
analyz e A D ,  V D an d contro l  subject s fo r  thei r  patter n o f 
immediate ,  fre e recal l  o f  eac h wor d ove r  th e thre e trial s o f 
th e C E R A D 10-ite m W o r d Lis t  test .  Th e hypothesize d 
parameter s o f  th e mode l  wer e 1 )  storin g th e wor d int o a 
temporar y state ,  2 )  retrievin g th e wor d fro m a  partiall y 
store d state ,  an d 3 )  storin g an d retrievin g th e v.or d fro m a 
mor e permanen t  state .  I n contras t  t o previousl y use d 
methods ,  th e G P T mode l  fo r  thes e dat a differentiate d betwee n 
earl y stage s o f  A D ,  V D ,  an d elderl y controls . 

Result s o f  th e paramete r  estimate s base d o n th e 
G PT mode l  reveale d tha t  earl y stage s o f  A D affecte d thes e 
parameter s i n a  differen t  wa y tha n earl y stage s o f  V D .  A s 
A D an d V D progressed ,  th e parameter s ha d a  differen t 
sequenc e o f  changes ,  whic h ma y reflec t  difference s i n thei r 
pathophysiologica l  mechanisms .  Additionally ,  th e result s 
suggeste d tha t  ver y mil d A D patient s store d item s int o a 
temporar y stat e bette r  tha n ver y mil d V D patients ,  an d ver y 
mil d A D patient s ha d significantl y poore r  retrieva l  fro m th e 
temporar y stat e tha n health y elderl y controls .  However ,  a s 
th e diseas e progressed ,  A D patient s relie d mor e heavil y o n 
temporar y storag e o f  th e word s a s thei r  abilit y  t o achiev e 
long-ter m storag e diminished .  Thi s flnding  i s consisten t 
wit h neurologica l  evidenc e o f  hippocampa l  damag e i n A D , 
whic h result s i n a  reduce d abilit y  fo r  thes e patient s t o 
transfe r  informatio n t o long-ter m memor y fo r  mor e 
permanen t  learning . 
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Concep t  possessio n vs .  concep t  individuatio n 

Which come s first,  a n accoun t  o f  concep t  individuation ,  o r 
an accoun t  o f  concep t  possession ? Th e Classica l  accoun t 
has i t  tha t  individuatio n come s first:  concept s ar e individu -
ate d b y wha t  the y ar e concept s of .  But ,  a s ha s bee n pointe d 
out  [Fbdor ,  1994] ,  th e Classica l  ̂ proac h i s a n infamou s an d 
spectacula r  failure :  eithe r  th e relatio n betwee n concept s an d 
what  the y ar e o f  i s stipulated ,  makin g i t  a  myster y ho w w e 

coul d posses s suc h things ,  o r  i t  i s  substantive ,  ye t  n o accoun t 
of  thi s relatio n ha s bee n given . 

Thus ,  cognitiv e scienc e ha s rejecte d Classicism .  Bu t  de -
spit e it s problems ,  Fbdo r  claim s i t  i s stil l  preferabl e t o anti -
Classicis m (als o calle d Pragmatism) ,  whic h denie s tha t  con -
cept  individuatio n come s first.  I  presen t  an d rejec t  Fbdor' s  ar -
gument s agains t  tw o anti-Classica l  position s -  Behavioristi c 
and Definitiona l  Pragmatis m -  a s wel l  a s hi s argumen t  (fro m 
compositionality )  agains t  Pragmatis m i n general . 

Behaviouristic Pragmatism 

Behaviouristi c Pragmatis m hold s tha t  th e criteri a fo r  con -
cept  possessio n ar e "expresse d i n th e vocabular y o f  be -
havio r  and/o r  i n th e vocabular y o f  disposition s t o behave " 
[Fbdor ,  1994 ,  p  101] ,  typicall y sortin g behaviour . 

Fodor' s mai n argumen t  agains t  thi s approac h is :  give n 
tha t  th e tw o kind s o f  (broadly-individuated )  sortin g behaviou r 
"loo k th e same "  (e.g. ,  triangl e sortin g an d trilatera l  sorting) ,  a 
Behaviouris t  ca n us e the m differentiall y  i n givin g a n accoun t 
of  concep t  possessio n (e.g. ,  th e concep t  T R I A N G L E vs .  th e 
concep t  TR ILATERAL )  onl y i f  som e accoun t  i s give n o f  th e 
difference s betwee n th e sortin g behaviour s themselves .  Oth -
erwise ,  th e Behaviouristi c reductio n ha s no t  bee n completed . 
Yet  suc h a n accoun t  ca n onl y b e give n i n term s o f  disposi -
tion s t o infer ,  whic h violate s Behaviourism' s restrictio n t o 
non-mentalisti c  explanations .  I  argu e tha t  a  Behaviouristi c 
Pragmatis t  nee d no t  b e a  reductionist ;  an d furthermore ,  on e 
need no t  reduc e th e differenc e betwee n sortin g behaviour s t o 
difTerence s i n inferentia l  dispositions ;  on e migh t  reduc e the m 
to ,  e.g. ,  difference s i n linguisti c behaviour . 

Definitional Pragmatism 

Definitiona l  Pragmatis m hold s tha t  "Havin g th e concep t  X 
Just  i s bein g abl e t o sor t  X s an d bein g dispose d t o dra w th e 
inference s thaldefin e X-ness "  [Fodor ,  1994 ,  p  104] .  Fbdor' s 

objection ,  tha t  mos t  concept s don' t  hav e definitions ,  i s base d 
on th e undefinabilit y  o f  linguisti c  concepts ,  an d thu s assume s 
a tigh t  connectio n betwee n languag e an d thought .  Instead ,  I 
sugges t  tha t  w e mak e a  distinctio n betwee n conununicativ e 
conten t  an d cognitiv e content .  Concisely :  w e don' t  spea k 
our  minds .  Th e essentia l  publicit y o f  linguisti c conten t  i s th e 
sourc e o f  it s  undefinability .  Menta l  concepts ,  bein g governe d 
by norm s othe r  tha n inter-subjectiv e use ,  ca n b e individuate d 
definitionally .  O r  a t  leas t  Fodo r  ha s no t  show n tha t  the y can't . 

I f  menta l  concept s ar e distinc t  fro m linguisti c  ones ,  a s I 
claim ,  th e standar d mean s o f  specifyin g a  concep t  (provid e a 
natura l  languag e expressio n tha t  mean s tha t  concept )  canno t 
work ;  som e alternativ e mean s i s necessary .  I  hav e propose d 
some alternative s elsewher e [Chrisley ,  1995] . 

Mere compositionality 

A virtu e o f  Definitiona l  Pragmatis m i s tha t  th e concept s i t 
individuate s ar e compositional :  " a constituen t  concep t  con -
tribute s th e sam e conten t  t o al l  comple x representation s i t  oc -
cur s in "  [Fodor ,  1994 ,  p  107] .  Thi s i s a  virtu e becaus e com -
positionalit y  (and ,  i f  Fodo r  i s right,  i t  alone )  ca n explai n th e 
productivit y an d systematicit y o f  thought .  But ,  Fodo r  notes , 
ther e ar e inference s whic h w e mak e about ,  say ,  gree n apple s 
tha t  d o no t  follo w jus t  fro m thei r  bein g gree n an d fro m thei r 
bein g apples .  Thu s Definitiona l  Pragmatism ,  bein g merel y 
compositional ,  canno t  explai n th e possessio n o f  th e concep t 
G R E EN APPLE . 

My repl y i s tha t  a  Definitiona l  Pragmatis t  nee d no t  hol d 
tha t  al l  o f  one' s disposition s t o infe r  thing s concernin g gree n 
apple s ar e definitional ;  no t  al l  nee d b e explaine d b y th e pos -
sessio n o f  th e concep t  G R E EN APPLE .  N o doub t  Fodo r  be -
lieve s otherwis e becaus e h e fail s t o acknowledg e a n ana -
lytic/syntheti c distinction .  Bu t  t o as k th e Definitiona l  Prag -
matis t  t o rejec t  tha t  distinctio n woul d b e t o be g th e question . 

References 

Chrisley ,  R .  (1995) .  Takin g embodimen t  seriously :  Non -
conceptua l  conten t  an d robotics .  I n K .  Ford ,  C .  Glymour , 
& P.  Haye s (Eds.) ,  Androi d Epistemolog y (pp .  141-166) . 
Cambridge :  M I T Press . 

Fodor,  J. (1994). Concepts: A potboiler. Cognition, 50, 95-
113 . 

743 

http://ac.uk


D o e s F r e q u e n c y D e t e r m i n e th e S to rag e o f  C o m p o u n d s ? 

E v i d e n c e f r o m C h i n e s e 

Timoth y C .  Clausne r 
Universit y  o f  Souther n Californi a 

Hedco Neuroscience s Buildin g 
Los Angeles .  C A 90089-252 0 

t  imcGg i  zmo.use.ed u 

Brend a R a p p an d Yi-Chin g S u 
John s Hopkin s Universit y 

Kriege r  Ha U /  340 0 N .  Charle s Stree t 
Baltimore .  Marylan d 21218-268 5 
brenda0mail.cog.jhu.ed u 
chinggmail.cog.jhu.ed u 

Abstrac t 

We investigat e th e rol e tha t  frequenc y play s i n th e storag e o f 
morpheme pair s a s lexica l  units .  Tha t  is .  d o frequenc y 
difference s distinguis h compound s an d phrases ? T w o 
hypothese s ar e considered :  1 .  Frequenc y o f  Co-occurrenc e 
(FOC) :  assume s tha t  a  morphem e pai r  wil l  b e store d i f  th e 
constituent s co-occu r  wit h sufficien t  frequency .  2 . 
Idiomaticit y  (ID) :  assume s tha t  a  morphem e pai r  wil l  b e 
store d i f  th e combine d meanin g i s sufficientl y unpredictabl e 
fro m th e meanin g o f  th e constituen t  morphemes .  W e 
contras t  tw o set s o f  morphem e pairs :  Transparen t  pair s (i.e . 
phrases )  whos e meanin g i s  generall y derive d fro m th e 
constituents ,  e.g .  "blac k coat" ,  an d Idiomati c pair s (i.e . 
compounds )  whos e meanin g i s no t  entirel y derive d fro m th e 
constituents ,  e.g .  "blackboard" .  I f  th e tw o set s ar e matche d 
fo r  frequenc y o f  morphem e co-occurrenc e an d fo r  th e 
frequenc y o f  th e constituen t  morphemes ,  the n F O C predict s 
tha t  th e tw o set s shoul d b e comparabl e o n relevan t 
behaviora l  measure s sinc e firequenc y i s hel d constant .  I n 
contrast ,  I D predict s behaviora l  consequence s base d o n th e 
difference s i n idiomaticit y eve n fo r  firequency  matche d sets . 

Thes e hypothese s ar e no t  readil y teste d i n Englis h 
whic h mark s compound s b y bot h phonologica l  su-es s an d 
th e numbe r  o f  orthographi c "words" .  However ,  Mandari n 
Chines e doe s no t  us e phonolog y o r  orthograph y t o 
distinguis h betwee n idiomati c an d transparen t  morphem e 
pairs .  Th e compoun d "ba i  tsai "  (lit. ,  whil e vegetable )  doe s 
not  mea n an y whit e vegetable ,  bu t  ha s th e slightl y idiomati c 
meaning ,  a  specifi c  kin d o f  ligh t  gree n cabbage .  Th e phras e 
"ba i  qi "  (lit. ,  whit e paint )  i s  transparen t  i n meaning . 
referrin g t o an y pain t  tha t  i s  white . 

Method. Twenty native speakers of Mandarin Chinese saw 
compounds ,  phrases ,  an d nonsens e morphem e pair s an d wer e 
aske d t o decid e whethe r  eac h pai r  wa s meaningful . 
respondin g wit h a  ke y pres s a s quickl y an d accuratel y a s 
possible .  Al l  pair s wer e matche d fo r  constituen t  morphem e 
frequency .  Compound s an d phrase s wer e als o matche d fo r 
frequency  o f  morphem e co-occurrence . 

Results 

Analysi s 1 .  Th e F O C hypothesi s predict s tha t  morphem e 
pair s matche d fo r  firequency  o f  co-occurrenc e shoul d produc e 
simila r  R T s an d erro r  rates ,  regardles s o f  semanti c factor s 

suc h a s idiomaticity .  Th e I D hypothesi s predict s tha t 
idiomati c morphem e pair s wil l  b e store d an d transparen t 
pair s wil l  no L Storag e shoul d provid e a n R T an d accurac y 
advantag e t o lightl y idiomati c vs .  transparen t  morphem e 
pairs .  However ,  result s revea l  tha t  response s wer e 
significantl y faste r  an d mor e accurat e fo r  lightl y idiomati c 
vs .  transparen t  pairs .  Therefore .  F O C i s no t  supported . 

Analysis 2. A weaker version of FOC predicts that 
idiomaticit y play s som e rol e bu t  firequency  o f  co-occurrenc e 
i s nonetheles s a  sufficien t  conditio n fo r  storag e o f  a 
combine d meaning—i.e .  hig h frequenc y morphem e pair s 
woul d b e store d regardles s o f  idiomaticity .  Thi s predict s n o 
RT o r  erro r  rat e difference s betwee n matche d high-frequenc y 
compound s an d phrases .  Again ,  however .  R T an d erro r  rat e 
difference s fo r  th e tw o set s wer e significan t  Thi s indicate s 
tha t  frequenc y o f  co-occurrenc e i s no t  a  sufficien t  conditio n 
t o establis h storag e o f  morphem e pai r  meaning . 

Analysis 3. In order to examine if idiomaticity alone is 
sufficien t  fo r  storag e w e compare d result s fo r  matche d low -
frequenc y co-occurrin g morphem e pairs .  W e observe d tha t 
fo r  low-frequenc y pair s response s wer e mor e accurat e fo r 
compound s tha n phrases ,  althoug h R T s di d no t  diffe r 
significantly .  Possibl e explanation s fo r  th e lac k o f  a n R T 
effec t  are :  (i )  idiomaticit y an d frequenc y o f  occurrenc e ma y 
bot h determin e th e storag e o f  a  compound—i.e .  idiomaticit y 
may b e a  necessar y bu t  no t  a  sufficien t  conditio n fo r  storage , 
(ii )  w e chos e problemati c lo w frequenc y pairs .  I n fact ,  th e 
lo w frequenc y Verb-Nou n pair s diffe r  i n R T s an d erro r  rate s 
fro m Adjective-Nou n pairs . 

Conclusions 

Fro m curren t  result s w e conclud e tha t  th e frequenc y o f 
morpheme co-occurenc e i s insufficien t  fo r  determinin g a 
storag e differenc e betwee n idiomati c an d transparen t 
morpheme pairs .  Idiomaticit y i s apparentl y necessar y fo r 
storag e althoug h ther e i s  som e indicatio n tha t  a  certai n 
frequency  o f  co-occurrenc e ma y als o b e required .  However , 
becaus e o f  possibl e confound s involvin g th e grammatica l 
categor y o f  th e stimuli ,  futur e wor k i s require d t o determin e 
i f  frequenc y play s an y significan t  rol e i n th e 
lexicalization/storag e o f  morphem e pairs . 
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The cerebellum' s rol e i n moto r  an d cognitiv e function s 
remain s highl y controversial .  Th e cerebellu m i s involve d 
i n moto r  timing ,  moto r  coordination ,  moto r  learnin g an d 

sensorimoto r  integration .  Fo r  example ,  cerebella r  contri -
bution s hav e bee n inferre d i n situation s a s divers e a s tim -
in g o f  th e conditione d eyeli d respons e (Perret t  an d Ruiz , 
1993) ,  shiftin g o f  attentio n (Akshoomof f  an d Courch -
esne ,  1992) ,  adaptatio n o f  th e vestibulo-ocula r  refle x 
(Lisberge r  e t  al. ,  1994 )  an d coordinatio n o f  ey e an d han d 
moto r  system s (va n Donkelaa r  an d Lee ,  1994) .  S o m e o f 
thes e studie s als o sugges t  tha t  th e cerebellu m m a y b e in -
volve d i n som e cognitiv e aspect s o f  informatio n process -
ing .  Severa l  theorie s o f  cerebella r  functio n hav e bee n 
proposed .  Th e moto r  learnin g theorie s o f  Mar r  ( 1 % 9 ) , 
and Albu s (1971 )  ar e ofte n cited ;  man y other s hav e bee n 
propose d (Bloedel ,  1992 ;  Chapeau,1991 ;  Darlot ,  1993 ; 
Fujita ,  1982 ;  Ito ,  1984 ;  Keeler ,  1990 ;  Kawato .  1992 ; 
Leiner ,  1989 ;  Llinas .  1993 ;  Mial l  e t  al. .  1993 ;  PauUn , 
1989 ;  Thach ,  1992) ,  ye t  fe w o f  thes e theorie s hav e at -
tempte d t o giv e a  consisten t  vie w o f  th e rol e o f  th e cere -
bellu m i n th e divers e task s i n whic h th e cerebellu m i s in -
volved . 

We hav e develope d a  ne w approac h base d o n a  predic -
tiv e functio n fo r  th e cerebellu m tha t  provide s a  consis -
ten t  explanatio n fo r  th e observe d phenomena .  W e pro -
pos e tha t  th e predictio n o f  sensorimoto r  neura l  signal s 
can b e use d t o establis h appropriat e timin g informatio n 
and ca n pla y a n importan t  rol e t o construc t  moto r  contro l 
strategies .  I n th e presentatio n ou r  approach ,  w e 1 )  sug -
gest  a  representatio n an d a  rol e fo r  th e climbin g fibers  o f 
th e inferio r  oliv e i n th e proces s o f  adaptatio n i n th e cere -
bellu m an d th e dee p cerebella r  nuclei .  2 )  determin e th e 
representation s encode d i n th e paralle l  fibers  o f  th e cere -
bellum ,  3 )  propos e synapti c learnin g mechanism s base d 
on th e interactio n betwee n Purkinj e cells ,  cerebella r  par -
alle l  fibers  an d climbin g fibers  o f  th e inferio r  olive ,  a s 
wel l  a s betwee n Purkinj e cells ,  climbin g fibers  an d dee p 
cerebella r  nucle i  neurons ,  an d 4 )  specif y th e functio n o f 
th e parasagitta l  microstructur e o f  Purkinj e cell s whic h re -
ceive s correlate d an d simultaneou s climbin g fiber  inputs . 

The theor y provide s detaile d explanation s fo r  a  wid e 

rang e o f  behaviors .  I n particular ,  w e presen t  tw o appli -
cation s o f  thi s theor y t o th e eyeli d blin k conditionin g an d 
th e modulatio n o f  th e vestibulo-ocula r  reflex . 

O J.M.D.C. was supported by a McDonnell-Pew Grad-
uat e Fellowshi p an d TJ.S .  b y th e Howar d Hughe s Medi -
cal  Institute . 
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Introductio n 

Pictur e namin g ha s becom e a n importan t  experimenta l 
paradig m i n cognitiv e psychology .  Tim e cours e o f 
interferenc e an d primin g effect s observe d i n thes e 
paradigm s suppor t  a  two-stag e processin g mode l  involve d 
i n namin g wit h a  semanticall y drive n stag e an d a 
phonologica l  drive n stag e (Kempe n an d Huijber ,  1983) . 
Schriefers ,  Meyer ,  an d Level t  (1990 )  use d a  cros s moda l 
word-pictur e paradig m t o illustrat e thes e effects .  I n thi s 
paradigm ,  subject s ar e aske d t o nam e blac k an d whit e 
lin e drawing s unde r  differen t  S O A conditions .  I n th e 
silen t  condition ,  onl y th e lin e drawin g i s  see n (fo r 
example ,  a  pictur e o f  a  lion) .  I n th e interferin g stimulu s 
(IS )  condition ,  th e pictur e i s  accompanie d b y a  auditor y 
stimulus .  Th e (IS )  i s  eithe r  a  semanticall y relate d wor d 
or  a  phonologicall y relate d wor d o r  a n unrelate d word .  A t 
shor t  SOA' s semanti c (IS )  produce s interferenc e whil e a t 
lat e SOA' s phonologica l  (IS )  produc e facilitation .  Thi s 
findin g ha s bee n take n t o suppor t  fo r  a  two-stag e 
processin g mode l  involve d i n naming . 

Picture Naming Study 

Th e presen t  stud y make s us e o f  a  cros s moda l  word -
pictur e namin g paradig m t o explor e th e tim e cours e o f 
lexica l  activation .  Th e curren t  studie s exten d previou s 
fmding s i n tw o importan t  ways .  Firs t  t o mor e completel y 
documen t  th e tim e cours e effect s w e includ e fiv e SOA' s 
(e.g .  -200 ,  -100 ,  0 ,  +10 0 ,  +200) .  Second ,  t o bette r 
understan d th e natur e o f  th e interferenc e w e compare d 
differen t  type s o f  (IS) .  W e var y phonologica l  (IS )  b y 
presentin g wor d initia l  (IS )  (picture:cat ,  wordxab )  (Exp . 
1)  an d wor d fina l  phonologica l  (IS )  (picturexat , 
word:mat )  (Exp .  2) .  W e var y th e natur e o f  th e semanti c 
relationship s b y presentin g semanti c wor d associate s 
(picturexat ,  word :  mouse )  (Exp .  1 )  versu s member s o f 
semanti c categorie s (picturexat ,  word:pig )  (Exp .  2) . 

Discussion 
Sixt y subject s name d simpl e blac k an d whit e lin e 
drawing s (Snodgras s an d Vanderwart ,  1980) .  I n th e (IS ) 
condition ,  th e pictur e i s  accompanie d b y a  auditor y 
stimulus .  I n thi s experimen t  th e phonologica l  (IS )  share d 
wor d initia l  overla p an d th e semanti c (IS )  wer e wor d 
associates .  Ou r  result s ar e show n i n figur e 1  below .  A t 

-10 0 mse c S O A w e find  greate r  semanti c interference . 
At  lat e S O A w e observ e faste r  reactio n time s fo r  pictur e 
accompanie d b y phonologica l  (IS) .  Ou r  finding s ar e 
partiall y  consisten t  wit h th e stud y o f  Schriefer s e t  al . 
(1990) .  However ,  th e effect s a t  th e ver y earl y S O A 
conditio n (-20 0 msec )  ar e unexpected .  W e observ e a 
phonologica l  (IS )  effec t  an d lac k o f  a  semanti c (IS ) 
effect .  Thes e findings  rais e question s concernin g whethe r 
thes e stage s ar e discretel y ordere d o r  rathe r  reflec t 
independen t  bu t  simultaneou s effect s wit h differen t  tim e 
courses .  A  secon d stud y (Exp .  2) ,  currentl y underwa y i s 
designe d t o furthe r  explor e thes e effect s b y varyin g th e 
natur e o f  th e (IS) . 

Word-Pictur e Interferenc e 

^^ Semanuc (IS) 

Unrelate d (IS ) 

Phonologica l  (IS ) 
SOAs 

Figur e 1 :  Tim e cours e o f  interferenc e effects . 
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Concept s ar e generall y viewe d a s stabl e representation s i n 
long-ter m memory .  A s suc h the y ar e assume d t o 
participat e i n 'higher '  cognitiv e task s suc h a s linguisti c 
comprehension .  Languag e understandin g i s  commonl y 
take n t o requir e accessin g an d combinin g th e concept s 
associate d wit h linguisti c input .  Withi n thi s framework,  a 
concep t  typicall y consist s o f  a  se t  o f  'features' .  I n th e 
most  classica l  (an d dominant )  interpretatio n o f  thi s las t 
statement ,  th e feature s o f  a  concep t  defin e it s boundarie s i n 
term s o f  necessar y an d sufficien t  conditions .  I n ligh t  o f 
th e problem s entaile d b y suc h rigidity,  th e notio n o f 
prototype s ha s bee n proposed .  I n hi s recen t  work ,  Frank s 
(1995 )  argue s tha t  neithe r  o f  thes e approache s ca n 
adequatel y addres s th e difficultie s o f  assemblin g concepts . 
Instead ,  h e put s fort h a  "quasi-classical "  approac h t o 
concep t  combination .  I n hi s model ,  feature s o f  a  concep t 
eac h receiv e on e value ,  bu t  m a y b e defeate d o r  modifie d 
throug h contextua l  effects .  Hi s detaile d forma l  approac h 
focuse s i n particula r  o n th e treatmen t  o f  "privative " 
combination s suc h a s ston e lion ,  fak e gun ,  apparen t 
friend,  etc .  Comple x rule s an d structure s ar e develope d t o 
addres s thes e problemati c examples ,  whic h ar e to o ofte n 
ignore d i n existin g symboli c o r  connectionis t  work .  Mor e 
precisely ,  Frank s suggest s distinguishin g betwee n th e 
"lexica l  concept "  (i.e. ,  th e stabl e informatio n represente d 
i n th e menta l  lexicon )  an d th e "sense "  o f  a  linguisti c uni t 
i n context .  Mos t  importantly ,  th e sens e i s derive d fix)m 
th e lexica l  concept .  A  theor y o f  concep t  combinin g thu s 
consist s i n specifyin g th e rule s o f  derivatio n o f  sens e from 
lexicon ,  subjec t  t o contextua l  constraints . 

I t  i s ou r  contentio n tha t  Franks' s wor k o n concep t 
combinatio n highlight s severa l  facet s o f  linguisti c 
comprehensio n tha t  existin g conceptua l  theories , 
includin g hi s own ,  d o no t  consider . 

First ,  w e remar k tha t  derivatio n shoul d no t  b e conflate d 
wit h generatio n proper ,  tha t  is ,  wit h th e constructio n o f 
sense .  Existin g theorie s generall y d o no t  construct ,  the y 
onl y derive ,  mor e o r  les s directl y from  lexicon .  Whethe r 
throug h explici t  symboli c rule s o r  implici t  statistica l 
(e.g. ,  connnectionist )  ones ,  mos t  theorie s fai l  t o 
acknowledg e th e unpredictabl e natur e o f  linguisti c usag e 
i n context ,  an d thu s th e futilit y  o f  a  ques t  fo r  a n adequat e 
trainin g se t  o r  fo r  definitiv e rule s o f  understanding .  I n 
particular ,  w e hav e explaine d elsewher e (Corriveau ,  1995 ) 
tha t  derivatio n canno t  accoun t  fo r  tw o fundamenta l 
characteristic s o f  linguisti c comprehension ,  namely ,  it s 
diachroni c nature ,  an d th e potentia l  multiplicit y o f 
interpretations .  Furthermore ,  derivatio n appear s t o 
preclud e th e learnin g o f  ne w senses ,  a s wel l  a s o f  ne w 

interpretativ e strategies .  Instead ,  followin g Firt h (1957) , 
we sugges t  tha t  ever y occurrenc e o f  a  wor d b e viewe d a 
hapax .  I n othe r  words ,  th e interpretatio n o f  a  linguisti c 
uni t  i s  almos t  alway s constructed ,  no t  derived . 

Second ,  Frank s readil y admit s proposin g a 
"competence-leve l  theory "  o f  concep t  combining .  Doin g 
so ,  an d i n particular ,  lockin g u p concept s i n long-ter m 
memory,  h e quickl y disposes ,  lik e th e majorit y c f 
researchers ,  o f  performanc e issues .  Conversely , 
acknowledgin g th e real-tim e face t  o f  linguisti c 
comprehension ,  Shastr i  (1993 )  distinguishe s betwee n 
reflexiv e an d reflectiv e thinking .  Th e forme r  i s extremel y 
fast ,  automatic ,  unconscious ,  an d pervasiv e t o huma n 
cognition .  Th e latte r  require s consciou s deliberation .  W e 
emphasiz e tha t  a  theor y o f  concep t  combinin g mus t  b e 
reflexiv e first.  Fro m thi s standpoint ,  w e hav e develope d 
elsewher e (Corriveau ,  1995 )  a  purel y mechanisti c time -
constraine d memory-base d approac h t o comprehension . 
Put  simply ,  w e vie w interpretatio n a s a  rac e fo r  sense . 

Finally ,  an y theor y a t  th e "competence-level "  present s 
th e disadvantag e o f  no t  bein g grounded .  M o r e specifically , 
we conside r  tha t  a  "competence-level "  theor y o f  concep t 
combinin g 1 )  i s no t  roote d i n an y sor t  o f  mechanisti c 
principles ,  2 )  i s self-validating ,  an d 3 )  incorrectl y assume s 
linguisti c supervenience .  Instead ,  followin g Nola n 
(1994) ,  i t  i s  ou r  contentatio n tha t  th e conceptua l  leve l 
must  b e explaine d i n term s o f  lowe r  level s an d o f  a 
learnin g strategy . 

We ar e currentl y workin g o n implementin g Rastier' s 
theor y o f  semanti c 'isotopes '  (1991 )  i n orde r  t o addres s 
thes e problems . 
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I n t r o d u c t i o n 

(1 )  A  thoughtfu l  wif e ha s por k chop s read y whe n he r 
husban d come s h o m e fro m fishing. 

W h y? Becaus e sh e know s he r  husban d won' t  catc h an y 
fish.  However ,  th e knowledg e tha t  th e husban d i s no t 
likel y t o catc h fish  come s neithe r  fro m th e meaning s o f 
th e individua l  word s i n th e sentence ,  no r  fro m th e outpu t 
of  th e parser .  Rather ,  thi s knowledg e result s fro m th e 
interactio n o f  knowledg e abou t  fishing  an d th e meanin g 
evoke d b y th e res t  o f  th e sentence . 

Followin g Fillmor e (1982) ,  w e sugges t  tha t  word s hav e 
meanin g relativ e t o a  se t  o f  backgroun d assumption s 
know n a s a  fram e (se e Rumelhar t  &  Ortony ,  197 7 fo r 
review) .  Processin g th e jok e i n (1 )  initiall y  involve s th e 
activatio n o f  a  g o o d wif e fram e -  a  stereotypica l  event -
fram e i n whic h th e wif e prepare s dinne r  s o tha t  i t  i s 
read y whe n he r  hixsban d come s h o m e fro m work .  How -
ever ,  th e wor d fishing  cue s th e reade r  t o initiat e a  proces s 
we cal l  frame-shifting :  semanti c reanalysi s i n whic h th e 
previousl y establishe d contextua l  representatio n i s reor -
ganize d int o a  ne w frame . 

Our  proposa l  tha t  semanti c processin g relie s cruciall y 
on th e activatio n o f  frame s fro m backgroun d knowl -
edg e motivate s distinction s betwee n differen t  categorie s 
of  contextua l  facilitatio n an d generate s prediction s a s 
t o contex t  effects .  I f  frame-base d activatio n o f  back -
groun d knowledg e i s a  drivin g facto r  i n semanti c pro -
cessing ,  scenario s whic h occasio n frame-shiftin g shoul d 
presen t  a  challeng e t o th e processo r  whic h differ s fro m 
th e violatio n o f  lexicad-leve l  expectancies . 

Materials 

Sixt y one-lin e joke s wer e assemble d fro m jok e book s 
and norme d o n a n off-lin e Cloz e tas k (Bloo m i c Fis -
chler ,  1980 )  t o establis h thei r  defaul t  non-jok e interpre -
tations .  Stimul i  include d Hig h Constrain t  sentenc e frag -
ment s whic h le d reader s t o expec t  a  particula r  word , 
and L o w Constrain t  fragment s i n whic h multipl e lexi -
cal  leve l  expectation s wer e possible .  Sentenc e fragment s 
wer e paire d wit h on e o f  tw o possibl e low-Cloz e ( 0 % -  5% ) 
Endin g Types :  Nonjok e Ending s congruen t  wit h th e con -
textuall y evoke d frame ,  an d Jok e Ending s whic h require d 
frame-shifting . 

I f  frame-shiftin g associate d wit h gettin g a  jok e in -
duce s a  processin g cost .  Jok e Ending s shoul d elici t  (1 ) 
increase d readin g time s relativ e t o Nonjok e Ending s o n 
th e self-pace d readin g task ;  an d (2 )  enhamce d N40 0 am -

plitude s relativ e t o Nonjok e Ending s i n th e event-relate d 
brai n potentia l  (ERP )  measure . 

Results 

I n th e self-pace d readin g study ,  participant s too k longe r 
t o rea d Jok e tha n Nonjok e Endings ,  an d longe r  t o 
rea d ending s o f  Lo w tha n Hig h Constrain t  fragments . 
Wherea s Nonjok e Ending s benefitte d fro m th e mor e con -
strainin g contexts ,  Joke s di d not .  Faste r  readin g time s 
fo r  Nonjokes ,  bu t  no t  Jokes ,  i n Hig h Constrain t  con -
text s sugges t  tha t  commitmen t  t o a  fram e facilitate s in -
tegratio n o f  unexpecte d word s congruen t  wit h th e evoke d 
frame ,  bu t  no t  integratio n o f  word s whic h initiat e frame -
shifting . 

A differen t  se t  o f  1 8 participant s rea d th e stimul i  fo r 
comprehensio n whil e E R P s wer e recorde d fro m 2 6 scal p 
sites .  A  media n spli t  separate d participant s int o Goo d 
(85% )  an d Poo r  (65% )  Comprehenders ,  base d o n thei r 
performanc e o n comprehensio n probe s whic h followe d 
Jokes .  Goo d Comprehenders '  E R P s displaye d a n en -
hance d N40 0 an d a  Lat e Positiv e Componen t  relativ e t o 
thos e elicite d b y Nonjokes .  B y contrast .  Poo r  Compre -
hender s E R P s wer e no t  modulate d b y Endin g Type .  I n 
Good Comprehenders ,  Jok e Ending s elicite d mor e N40 0 
activit y i n bot h Hig h an d Lo w Constrain t  contexts .  A s 
i n th e readin g tim e study ,  th e siz e o f  th e Jok e Effec t  wa s 
larges t  i n th e Hig h Constrain t  contexts . 

Conclusions 

Overall ,  result s sho w tha t  whil e bot h lexica l  violation s 
and frame-shiftin g incu r  a  significan t  processin g cost , 
frame-shiftin g i s mor e costl y aui d relativel y imperviou s 
t o th e effect s o f  contextua l  constraint .  Thes e dat a high -
ligh t  th e flexibility  o f  th e languag e processo r  an d sugges t 
tha t  frame-base d activatio n o f  backgroun d knowledg e i s 
a drivin g facto r  i n norma l  comprehension . 

References 

Bloom ,  P .  &  Fischler ,  I .  1980 .  Completio n norm s fo r  32 9 
sentenc e contexts .  Memor y &  Cognition ,  8:6:631-642 . 

Filmore ,  C .  1982 .  Freim e semantics .  I n Linguisti c  Soci -
et y o f  Kore a (Ed. )  Linguistic s i n th e mornin g calm . 
Seoul :  Hanshin . 

Rumelheirt ,  D .  &  Ortony ,  A .  1977 .  Th e representatio n o f 
knowledg e i n memory .  I n R.C .  Anderson ,  R.J .  Spiro , 
i c  W . E .  Montagu e (Eds.) ,  Schoolin g an d th e acquisi -
tio n o f  knowledge .  Hillsdale ,  NJ :  Lawrenc e Erlbaum . 

748 



A Composit e M o d e l  o f  Concep t  Representatio n 

Paul Davidsson 
Departmen t  o f  Compute r  Science ,  Lun d University ,  Bo x 118 ,  S-22 1 0 0 Lund ,  Swede n 

paul.davidssonCdna.1th.s e 

Many differen t  approache s t o representin g concept s ha s bee n 
suggested ,  e.g. ,  rule -  an d exemplar-base d description s an d 
neura l  networks .  Thi s diversit y ha s le d t o disagreemen t  abou t 
whic h typ e o f  representatio n i s th e mos t  appropriate .  H o w -
ever ,  th e genera l  opinio n seem s t o b e tha t  a  singl e on e o f  thes e 
i s sufficien t  t o captur e mos t  relevan t  aspect s o f  a  concept .  Thi s 
stat e o f  affair s migh t  b e satisfyin g i f  w e onl y wante d t o us e an d 
lear n concept s i n restricte d domains .  However ,  i t  i s  no t  suffi -
cien t  whe n dealin g wit h autonomou s agents ,  natura l  o r  artifi -
cial ,  actin g i n th e rea l  world ,  sinc e the y nee d concept s t o serv e 
multipl e functions .  Bu t  whic h ar e thes e function s an d h o w d o 
the y influenc e th e representatio n o f  concepts ? 

The Functions of Concepts 

I t  i s  possibl e t o distinguis h severa l  function s o f  concepts , 
some o f  the m are :  (i )  Stabilit y  functions ,  concept s giv e ou r 
wori d stabilit y  i n th e sens e tha t  w e ca n compar e th e presen t 
situatio n wit h simila r  pas t  experiences .  Actually ,  ther e ar e 
tw o type s o f  stabilit y  functions ,  intrapersona l  an d interper -
sonal .  Intrapersona l  stabilit y  i s  th e basi s fo r  comparison s o f 
cognitiv e state s withi n a n agent ,  wherea s interpersona l  stabil -
it y  i s  th e basi s fo r  comparison s o f  cognitiv e state s betwee n 
agents ,  (ii )  Cognitiv e economica l  functions ,  b y partitionin g 
th e se t  o f  object s i n th e worl d int o categories ,  i n contras t  t o 
alway s treatin g eac h individua l  entit y separately ,  w e decreas e 
th e amoun t  o f  informatio n w e mus t  perceive ,  learn ,  remem -
ber ,  communicat e an d reaso n about ,  (iii )  Linguisti c functions , 
provide s semantic s fo r  linguisti c entities ,  s o tha t  the y ca n b e 
translate d an d synonym y relation s b e revealed ,  (iv )  Meta -
physica l  functions ,  ar e thos e tha t  determin e wha t  make s a n 
entit y a n instanc e o f  a  particula r  category ,  (v )  Epistemologi -
cal  functions ,  ar e thos e tha t  determin e h o w w e decid e whethe r 
th e entit y i s a n instanc e o f  a  particula r  categor y (cf .  percep -
tua l  categorization) ,  (vi )  Inferentia l  functions ,  concept s allo w 
us t o infe r  non-perceptua l  informatio n fro m th e perceptua l  in -
formatio n w e ge t  fro m perceivin g a n entity . 

A Novel Framework for Composite Concepts 

Most  presen t  model s o f  concept s concer n representation s t o 
be use d i n som e categorizatio n task .  Thus ,  the y ca n b e sai d t o 
serv e a n epistemologica l  function .  Wha t  w e nee d i s a  richer 
composit e representatio n that ,  i n som e way ,  i s structure d ac -
cordin g t o th e function s o f  th e concep t  t o b e represented .  M y 
candidat e fo r  suc h a  representatio n contain s five  components : 
th e interna l  an d th e externa l  designator ,  th e epistemological . 

th e metaphysical ,  an d th e inferentia l  components .  I  argu e tha t 
thi s composit e structur e enable s concept s t o serv e al l  th e func -

tion s Uste d earlier .  Th e las t  thre e suppor t  th e function s indi -
cate d b y thei r  names ,  th e interna l  designato r  support s th e in -
trapersona l  stability ,  an d th e externa l  designato r  support s bot h 
th e interpersona l  stabilit y  an d th e linguisti c function. ^ 

Let  u s illustrat e th e composit e representatio n b y th e cate -
gor y "chair" .  Fo r  th e externa l  designato r  i t  i s  natura l  t o choos e 
"chair "  (give n tha t  th e agen t  communicate s i n English) .  Th e 
choic e o f  th e interna l  designator ,  o n th e othe r  hand ,  i s  entirel y 
up t o th e agent ,  i t  shoul d b e a s convenien t  an d effectiv e a s 
possibl e fo r  th e agent .  Th e epistemologica l  componen t  coul d 
fo r  instanc e b e a  3- D mode l  o f  a  prototypica l  chair ,  bu t  an y 
representatio n tha t  ca n b e use d b y th e perceptua l  syste m t o 
successfull y identif y member s o f  th e categor y woul d b e ade -
quate .  Sinc e perceptua l  classificatio n ofte n i s dependen t  o f  th e 
situation ,  i t  migh t  b e convenien t  t o hav e mor e tha n on e epis -
temologica l  representation .  Similarly ,  i t  i s  usefu l  t o hav e sev -
era l  externa l  designator s i n domain s wher e man y communica -
tio n language s ar e used .  Th e metaphysica l  componen t  define s 
tha t  somethin g i s a  chai r  i f  i t  coul d sea t  on e person .  Finally , 
th e inferentia l  componen t  represent s th e fact s tha t  a  chai r  usu -
all y ha s fou r  legs ,  i s  ofte n mad e o f  woo d an d s o on .  Ther e ar e 
no shar p distinction s betwee n wha t  type s o f  informatio n i s in -
clude d i n thes e components .  The y m a y eve n contai n redun -
dant  information ,  e.g. ,  beside s bein g a  par t  o f  th e epistemo -
logica l  component ,  th e fac t  tha t  chair s hav e leg s i s a  natura l 
par t  o f  th e inferentia l  component .  However ,  th e fac t  i s  no t  rep -
resente d i n th e sam e wa y i n thes e components .  Fo r  instance , 
i t  ma y b e implicitl y  represente d i n a  3- D mode l  fo r  th e epis -
temologica l  componen t  an d explicitl y  represente d i n a  logic -
base d notatio n fo r  th e inferentia l  component . 

Dependin g o n th e situation ,  th e composit e categor y repre -
sentatio n i s activate d i n differen t  ways .  Externa l  stimul i  i n th e 
for m o f  direc t  perceptio n o f  object s activate s th e concep t  vi a 
th e epistemologica l  component .  I f  th e externa l  stimulu s i s o n 
th e linguisti c  level ,  a s whe n communicatin g wit h othe r  agents , 
th e concep t  i s  accesse d vi a th e externa l  designator .  Finally ,  i f 
th e stimulu s i s internal ,  i.e. ,  whe n th e agen t  i s  reasoning ,  th e 
concep t  i s  accesse d vi a th e interna l  designator . 

To su m up ,  concept s shoul d no t  onl y b e use d fo r  som e lim -
ite d classificatio n task ,  the y shoul d provid e th e basi s fo r  mos t 
of  a n agent' s cognitiv e tasks . 

'  A  mor e detaile d descriptio n o f  thi s mode l  i s  provide d i n m y Ph D 
thesi s "Autonomou s Agent s an d th e Concep t  o f  Concepts "  (1996) . 
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Introduct io n 

Two factors may guide concept learning: catpuring predic-
tiv e stnictur e i n input ,  an d formin g grouping s whic h ca n b e 

categorize d b y a  simpl e criteria .  Experiment s from  unsuper -
vise d learnin g sugges t  tha t  ther e i s a  stron g bia s t o sor t 
thing s base d o n thei r  similarity ,  similarit y bein g propert y 

covariation .  Thes e sort s provid e max imu m predictiv e utilit y 
(Billma n &  Knutson ,  1996 ;  Anderson ,  1991) .  Wor k o n free 
sortin g o f  example s ha s foun d tha t  peopl e frequently  sor t 

base d o n th e value s o f  a  singl e dimensio n (Ah n &  Medin , 
1992) .  W e find  evidenc e tha t  peopl e wil l  us e bot h biase s 
unde r  differen t  conditions . 

Method 

The stimuli consisted of drawings of creatures laser printed 
on cards .  Ther e wer e nin e attribute s o r  dimension s (body -
shape ,  mouth ,  tail ,  etc.) ,  eac h o f  whic h ha d si x possibl e val -
ues (long ,  lion-like ,  snake-like ,  etc.) .  Eac h participan t 
viewe d 1 8 cards .  Eac h dec k ha d tw o strongl y marke d super -
ordinat e categorie s base d o n covariatio n o f  attribute s A ,  B , 
and C  (sinc e ther e ar e onl y tw o supers ,  ther e wer e onl y tw o 
value s fo r  thes e attributes) .  Eac h o f  th e super s ha d thre e sub -
ordinat e categorie s wit h thre e instance s each .  Subordinat e 
structur e wa s marke d b y covariatio n o f  th e value s o f  th e 
remainin g si x attributes . 

Table 1. Stimulus design (Columns are attributes, numbers 

specif y a  particula r  value ,  x' s represen t  randoml y assigne d values ) 

Consisten t  Conditio n Inconsisten t  Conditio n 
A BC D E F G H I  A B C D E F G H I 
1 1 1 1 1 X X X X 11 1 1 1 X X X X 

1 1 1 X X 1 1 X X 
1 1 1 X X X X 1 1 
22 2 2 2 X X X X 
22 2 X X 2 2 X X 
2 2 2 X X X X 2 2 

Each row in each condition represents a category with three 
members.  Ther e wer e tw o condition s (eac h wit h 1 2 partici -
pants) :  Consisten t  an d inconsisten t  contrast .  Consisten t  con -
tras t  mean s tha t  withi n a  give n superordinat e category ,  th e 
same attribute s ar e predictiv e o f  subordinat e categor y m e m-
bership .  I f  peopl e sor t  base d o n predictiv e utilit y  alone ,  the n 

111 
111 
222 
222 
222 

22 
33 
XX 
XX 
XX 

XX 
XX 
11 
22 
33 

XX 
XX 
XX 
XX 
XX 

ther e shoul d b e n o differenc e i n th e abilit y o f  th e tw o 
group s t o retriev e th e intende d sort .  However ,  i f  peopl e 

sor t  base d o n th e value s o f  a  singl e dimension ,  the n the y 
wil l  no t  b e abl e t o retreiv e th e intende d sort ,  a s ther e i s n o 
globa l  consistenc y (consistenc y acros s supers )  i n eithe r 

condition .  Participant s viewe d al l  th e card s an d the n sorte d 
the m freely  int o groups . 

Results 

Sixty-six percent of participants sorted hierarchically, 
whic h is ,  i n general ,  no t  predicte d b y categorizatio n mod -
els .  I n th e consisten t  condition .  Forty-on e percen t  o f  par -
ticipant s i n th e consisten t  conditio n produce d th e correc t 
(correlation-based )  sort ,  bu t  n o on e i n th e inconsisten t 
conditio n did .  Thu s peopl e ar e sensitiv e t o predictiv e 
structur e whe n i t  i s  organize d consistently .  Th e inconsis -
ten t  conditio n wa s ver y difficult ;  man y pilo t  participant s 
coul d no t  reproduc e th e correc t  sor t  eve n afte r  seein g i t 
and tryin g again .  Sixty-si x percen t  i n th e inconsisten t  con -
ditio n sorte d b y a  singl e attribute ,  compare d t o th e consis -
ten t  condition ,  i n whic h onl y 2 5 % did . 

Conclusion 

We conclude that participants will sort by correlational 
structur e i f  i t  i s eas y t o notice .  I f  stimulu s structur e o r  tas k 
make i t  difficul t  t o lear n abou t  th e structure ,  subject s wil l 
choos e th e ver y simpl e strateg y o f  sortin g b y a  singl e 
dimension. .  Model s whic h ar e sensitiv e t o pressure s fo r 
coherent ,  compac t  description s an d fo r  informativ e group -
ing s ar e neede d t o accoun t  fo r  thes e data . 
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Introductio n 

For  th e las t  te n years ,  th e Englis h pas t  tens e ha s bee n a n 
importan t  test-cas e i n th e debat e betwee n rule-base d an d 
connectionis t  account s o f  huma n languag e processin g 
(Pinker ,  1991 ;  Rumelhar t  an d McClelland ,  1986) .  Th e 
wor k w e repor t  her e focuse s o n a  particula r  psychologica l 
propert y o f  regula r  an d irregula r  pas t  tens e veibs ;  namel y 
th e demonstratio n tha t  regularl y inflecte d verb s prim e thei r 
stem s wherea s irregula r  verb s d o no t  (Marslen-Wilson , 
Har e an d Olde r  1993 ;  Stanner s e t  al .  1979) .  Thi s resul t  ha s 
been interprete d a s supportin g a  dua l  mechanis m accoun t 
(Pinker ,  1991 )  i n whic h th e pas t  tense s o f  regula r  verb s ar e 
generate d b y a  rule-base d mechanism ,  wherea s irregula r 
past  tense s ar e store d i n a n associativ e memor y system . 
Our  purpos e her e i s t o investigat e whethe r  thes e 
representationa l  difference s betwee n regula r  an d irregula r 
verb s ca n b e accounte d fo r  b y a  singl e mechanism , 
connectionis t  model . 

Network and Analysis 

We traine d a  feed-forwar d networ k t o m a p fro m a 
phonologica l  representatio n o f  a  ste m o r  inflecte d ver b t o 
an abstrac t  representatio n o f  th e verb' s semantic s an d 
tense .  Thi s tas k i s analogou s t o th e comprehensio n o f  th e 
Englis h inflectiona l  morphology ;  th e revers e o f  th e 
mappin g investigate d b y Cottrel l  an d Plunket t  (1991) .  Th e 
trainin g se t  consiste d o f  98 8 Englis h monosyllabi c verb s 
(11.4 % o f  whic h wer e irregular) ,  wit h th e networ k bein g 
traine d o n bot h ste m an d pas t  tens e forms .  A n additiona l 
110 regula r  verb s wer e presente d i n on e for m only ,  t o 
allo w testin g o f  th e network' s generalizatio n abilities . 

Followin g trainin g th e networ k generate d th e appropriat e 
semanti c vecto r  an d tens e fo r  ove r  9 7 % o f  th e verb s i n th e 
trainin g set .  Th e networ k als o identifle d ove r  8 5 % o f  th e 
nove l  form s o f  familia r  verbs ,  indicatin g tha t  i t  wa s abl e t o 
use th e regula r  inflectio n productively . 

To investigat e th e representation s forme d b y th e 
network ,  th e hidde n uni t  activation s produce d i n respons e 
t o regula r  an d irregula r  verb s wer e recorded .  Measurin g th e 
R MS differenc e betwee n th e patte m o f  activatio n produce d 

fo r  stem s an d pas t  tense s show s signiflcan t  difference s i n 
th e wa y tha t  th e networ k represent s regula r  an d irregula r 
verbs .  Th e representatio n o f  th e pas t  tens e wa s mor e 
simila r  t o th e representatio n o f  th e ste m fo r  regula r  tha n fo r 
irregula r  verbs .  Thi s differenc e wa s greate r  tha n woul d b e 
expecte d o n th e basi s o f  phonologica l  similarit y betwee n 
ver b stem s an d pas t  tenses .  Sinc e th e degre e o f  overla p 
betwee n tw o distribute d representation s correlate s wit h th e 
magnitud e o f  primin g observe d i n a  networ k (Masso n 
1995) ,  thi s flnding  provide s a  straightforwar d accoun t  o f 
th e reduce d primin g observe d fo r  irregula r  verbs . 

The networ k therefor e suggest s tha t  behaviora l  an d 
representationa l  difference s betwee n regula r  an d irregula r 
verb s nee d no t  impl y differen t  processin g mechanisms . 
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E p i s t e m o l o g y a n d Scient i f i c  P r a c t i c e 

Some imp<Hlant conteiiq»rary theories of cognitive and 
conceptua l  developmen t  hav e bee n deepl y influence d b y 
I ^ o s o p h y o f  science .  Unfortunately ,  thi s influenc e ha s 
bee n almos t  completel y fro m philosoph y o f  sdaip e tha t 
makes sdentifi c  theor y see m mor e unifie d tha t  i t  is .  Whil e 
Hacking ,  a  criti c  o f  thi s tradition ,  i s  sometime s dted ,  th e 
lesson s o f  hi s critiqu e o f  suc h "theoro-centrism "  see m t o 
hav e eithe r  bee n ignore d o r  missed .  I t  i s  th e tas k o f  th e wor k 
rqx>ite d her e t o color e som e o f  th e effect s th e influenc e o f 
theoro-centris m ha s ha d o n cognitiv e science .  Th e focu s o f 
thi s woi k i s o n thos e cognitiv e theorie s whic h hol d tha t 
ther e i s a  stron g analog y an d ontinuit y betwee n scientifi c 
and intuitiv e theories . 

Traditiona l  philosoph y o f  scienc e wa s draninate d b y a 
limite d imag e o f  sdentifl c  theory .  Thi s imag e wa s th e resul t 
erf *  construin g sdentifl c  theor y a s a n epistemologica l  object , 
tha t  is .  makin g sdentifl c  practic e fi t  int o a  pregive n 
normativ e epistemologica l  nidie .  I n orde r  t o d o this , 
traditiona l  philosoph y o f  sdenc e interprete d sdentifl c 
theorie s i n abstractio n fro m actua l  theoretica l  an d 
expoimenta l  practic e i n sdenc e an d create d th e ide a o f  a 
theor y a s a  relativel y autonomou s vehid e o f  inference .  B y 
paddn g int o thi s notio n o f  a  theor y m a n y importantl y 
differen t  activitie s an d form s o f  representation ,  bot h differen t 
senses/level s o f  "theory "  an d differen t  theoretica l  practices . 
"tbeoro-cenuic "  philosoph y o f  sdenc e interprete d sdentifl c 
theorie s a s dosed ,  self-containe d unit s an d ascribe d t o the m 
th e powe r  rf  prediction ,  explanation ,  description ,  etc . 

Recently ,  som e philosopher s o f  sdenc e hav e begu n t o 
explor e a  differen t  approac h t o understandin g sdence . 
Eschewin g th e traditionalist' s  ide a tha t  sdentifl c  practic e 
neede d t o b e reamstructed  accordin g t o som e prio r  se t  o f 
epistemologica l  canon s an d se t  o f  epistemi c tools ,  the y hav e 
focuse d o n sdentifl c  practic e itself .  W h e n suc h "practice -
centered "  friiilosopher s examin e wha t  ar e calle d sdentifl c 
theories ,  the y An d tha t  th e crdinar y ter m "theory "  i n sdenc e 
cover s a  heterogeneou s assortmen t  o f  practices ,  fro m th e us e 
of  abstrac t  guidin g metaphor s t o particula r  {diysica l 
analogies .  The y als o not e th e way s i n whic h mor e 
speculativ e practices ,  t o borro w Hacking' s term ,  ar e 
embedded i n other .  les s narrowl y "theoretical "  practice s suc h 
as model-building ,  ide^zation ,  etc .  Hackin g (1983 .  1992 ) 
and Cartwrigh t  (1995) .  fe w examine ,  sho w tha t  i t  i s  thi s 
ensembl e o f  practice s tha t  allo w u s t o d o th e thing s wtncf a 
daditiona l  "theoro-centric "  philosc^h y o f  sdenc e ascribe d t o 
a singl e categor y o r  entity ,  "theory" . 

Scient i f i c a n d In tu i t i v e T h e o r i e s 

Gopnik and Wellman (1994) represent well the adoption of 
theoro-centris m i n cognitiv e sdence .  The y explor e an d 
defen d th e "theor y theory" ,  i.e. .  th e theor y tha t  th e 
devdoinnai t  o f  diildren' s soda l  an d psychologica l 
competenc e i s bes t  ex{Jaine d b y change s i n a n intuitiv e 
theor y o f  min d possesse d b y diildrea .  The y argu e tha t  sud i 
intuitiv e theorie s ar e th e same ,  i n cruda l  respects ,  a s 
sdentifl c  theorie s a s th e latte r  hav e bee n understoo d i n 
(theoro-centric )  philosoph y o f  sdence .  Thu s th e notio n o f  a 
"theory "  i s  move d fro m a n epistemologica l  rol e t o a 
hypothetica l  one .  The y postulat e intuitiv e theorie s i n orde r 
t o explai n suc h phenomen a a s resistanc e t o counterevidenc e 
and pattern s o f  explanatic » an d prediction .  Th e proble m i s 
that ,  accotxiin g t o practice-centere d philosoph y o f  sdence . 
ther e i s n o on e leve l  o f  theor y cm-  typ e o f  theoretica l  practic e 
tha t  explain s al l  o f  tha t  i n sdence .  1  argu e tha t  th e appea l  t o 
a unifle d notio n o f  "theory "  i n cognitiv e sdenc e seem s n o 
mor e promising . 

My ccoce m i s tha t  th e us e o f  theoro-centri c philosoph y 
of  sdenc e i n cognitiv e sdenc e ha s produce d explanation s 
tha t  cove r  ove r  phenomen a tha t  nee d bette r  explanation s an d 
theoretic ^  option s tha t  coul d provid e them .  T h n e ar e otho -
ways t o explai n h o w prio r  conceptualization s affec t  curren t 
and futur e ones ,  th e psydiologic ^  aspect s o f  sdentifl c  an d 
naiv e theor y us e an d change ,  o r  th e sens e i n whid i  th e 
analog y betwee n diildre n an d scientist s migh t  b e useful . 
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The natur e o f  th e rq)resentatio n o f  concept s i s a  majo r  issu e 

i n th e cognitiv e science s arena .  Most ,  i f  no t  all ,  linguisti c 
analyse s o f  lexica l  concept s poin t  t o a  decompositiona l  view , 
base d o n distributiona l  argument s an d cross-linguisti c data . 
Lexical-conceptua l  representation s ar e thu s sai d t o b e 
comple x structure s compose d o f  semanti c primitive s an d t o 
be specifie d a t  som e cognitivel y abstrac t  (o r  linguisticall y 
"deep" )  leve l  o f  representatio n (see ,  e.g. ,  Jackendoff ,  1990) . 
Althoug h thi s ha s bee n a  pervasiv e assumptio n i n th e histor y 
of  linguistics ,  ther e hav e bee n ver y fe w attempt s t o 
investigat e i t  experimentally ;  an d i n al l  o f  them ,  researcher s 
hav e faile d t o provid e suppor t  fo r  th e decompositiona l 
approac h (se e Kintsch ,  1974 ;  Fodor ,  Fodo r  &  Garrett ,  1975 ; 

Fodo r  e t  al. ,  1980 ;  Gergel y &  Bever ,  1986) . 
I n thi s paper ,  w e presen t  ne w dat a an d arriv e a t  a n ol d 

conclusion :  Lexica l  concept s d o no t  sho w smictura l 
complexit y effects .  Th e serie s o f  experiment s reporte d her e 
sho w tha t  th e representatio n o f  causativ e construction s 
appear s t o b e n o mor e comple x tha n "simple "  tt-ansitive 
constructions .  Th e dat a wer e obtaine d wit h a  ne w on-lin e 
techniqu e -maske d primin g o f  a  wor d prob e ( M P W P ) -
whic h wa s teste d t o registe r  othe r  distinction s betwee n 
structura l  representation s o f  classe s o f  verbs . 

I n th e experiment s tha t  employe d th e M P WP technique , 
subject s wer e presente d wit h a  sentence ,  followe d b y a 
forwar d maske d prim e wor d (th e uninflecte d for m o f  th e 
vert) )  an d a  targe t  wor d (th e nou n object )  o n whic h the y 
performe d a  prob e task .  Primin g effect s wer e take n t o revea l 
th e structtira l  distanc e (relatedness )  betwee n subjec t  an d 
direc t  objec t  i n th e underlyin g representatio n o f  th e 
sentences .  Ther e wer e tw o mai n comparison s betwee n 
classe s o f  verb s (se e Fodo r  e t  al ,  1980) .  I n th e Expec t  vs . 
Persuad e comparison ,  reactio n time s t o nou n probe s wer e 
faste r  i n th e Expec t  clas s tha n i n th e Persuad e clas s 

(r[184]=3.77 ,  p<.001) .  I n th e Causativ e vs .  Transitiv e 
comparison ,  however ,  ther e wa s n o significan t  differenc e 
betwee n RT' s t o probe s i n th e tw o type s o f  construction s 
(r[184]=0.884 ,  p=.376) . 

I n a  separat e se t  o f  experiments ,  usin g tw o variant s o f  th e 

"relatednes s intuitions "  paradig m (Levelt ,  1970) ,  w e obuiine d 
effect s simila r  t o thos e obtaine d b y Fodo r  e t  al .  (1980) , 
suggestin g tha t  ou r  result s ar e consisten t  acros s material s an d 
techniques . 

Althoug h th e result s reporte d her e ar e preliminary ,  the y 
sugges t  th e followin g theses ,  discusse d i n th e conclusio n o f 
th e paper :  Lexica l  concept s ar e no t  structurall y comple x 
menta l  entities ;  an d th e compositionalit y o f  menta l 
representation s doe s no t  impl y th e decompositio n o f  lexica l 
concepts .  Finally ,  th e methodologica l  mora l  draw n i n th e 
pape r  i s  tha t  th e linguist' s  distributiona l  argument s în d 
assumption s o n menta l  representation s ough t  t o b e subjec t  t o 
th e sam e constraint s a s thos e impose d i n othe r  empirica l 
cognitiv e sciences .  A n d unde r  th e psycholinguisti c 
experimenta l  par^hemalia ,  lexica l  concept s d o no t  appc u 
t o decompose . 
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"Cognitiv e psycholog y mus t  tak e th e environmen t 
mor e seriosly .  Environmenta l  psycholog y mus t  tak e 
th e min d mor e seriously...muc h o f  huma n impac t  o n 
th e environmen t  i s influence d b y th e processe s o f 
desig n an d planning. " 

Kapla n &  Kapla n (1989 ,  p p 1 ;  119) . 

Basically, the cognitive mapping theory has been studied by 
neuroscientist s an d environmenta l  specialists .  Th e first 
grou p ha s performe d laboratoria l  test s wit h non-human s i n 
specifi c  spatia l  situation s (a s "mazes") ,  a s wel l  a s researc h 
wit h human s patient s wit h hippocampa l  lesions .  W e kno w 
th e [H-oces s i n whic h hippocanqjus'"plac e cells "  ar e 
responsiU e t o acquires ,  codes ,  recall s an d decode s 
informatio n abou t  th e spatia l  environmen t  (O'Keef e & 
Nadel ,  1978) .  Thes e cientist s ar e responsiUe ,  recently ,  fo r 
creatin g artificia l  (computational )  model s o f  cognitiv e 
mapiun g (spatia l  recognitio n an d plac e learning) :  th e 
neura l  network s (Burgess ,  Recc e &  O'Keef e in :  Arbib , 
1995 :  pp.468-472 ;  W a x m a n,  Seiber t  &  Bachelde r  in : 
Arttb ,  1995 :  pp .  1021-1024) .  Th e othe r  group , 
environmenta l  specialist s (psychologists ,  designer s an d 
geogr̂ riters) ,  ha s bee n studyin g th e processe s o f 
environmenta l  perceptio n an d cognitio n (menta l 
representatio n o f  environmenta l  elements )  an d thei r 
relation s t o th e huma n behavio r  (Kapla n e t  tal. ,  1995 ; 
Garlin g &  Evans ,  1991) .  Thi s grou p als o ha s bee n doin g 
researc h concernin g imageabilit y  o f  th e buil t  environment , 
wayfindin g proces s an d ap|riie d studie s o n cognitiv e map s 
(th e influenc e o f  som e importan t  environmenta l 
characteristic s whic h represen t  somethin g "special "  o n 
menta l  imag e o f  th e sub^t ,  a s th e semina l  studie s abou t 
landmark s an d othe r  element s o n th e imageabiht y o f  th e 
citie s (Lynch ,  1960) .  Wha t  w e perceiv e i s a  gap :  ther e i s a 
relativell y littl e amoun t  o f  specifi c  studie s concermn g 
cognitiv e mappin g theor y o n th e cognitiv e scienc e 
disciplin e strictu-sensu . 

I f  w e ar e tryin g t o discove r  th e brai n mechanism s (and , 
mor e over ,  creatin g artificia l  model s an d neura l  networks) , 
an d i f  w e d o supos e tha t  ther e i s som e proces s occurin g o n 
th e mind ,  betwee n thes e mechanism s an d th e huma n 
behavio r  concernin g th e ĵ ysica l  environment ,  w e ca n no t 
neglec t  th e evironmenta l  cognitio n studies :  th e cognitiv e 
mappin g theoretica l  aspect s an d research . 

Nowadays ,  th e mos t  importan t  researche s hav e bee n don e 

i n a  multidisciplinar y way ,  wit h specialist s i n differen t 
fields  workin g together .  I n th e field  o f  cognitiv e mappmg. 
we supos e ther e shoul d b e thre e basi c area s o f  studies :  th e 
neurosciences ,  th e environmental-desig n researche s an d th e 
cognitiv e psycholog y An y researche r  i n thes e area s shoul d 
be abl e t o understan d som e basi c concept s a s hiî x)campa l 
functions ;  visio n pathway s o f  "wher e system "  &  "wha t 
system" ;  spatial-memor y syste m processe d m hi|^x)campu s 
and adjacen t  areas ;  huma n behavio r  i n spatia l  environmen t 
& som e specifi c  protocola r  test s i n environmenta l 
psychology ;  environmenta l  cognition ;  spatia l  perceptio n & 
gibsonia n theories ;  menta l  image s o f  buil t  environmen t 
(studie s i n urba n image) ,  wayfindin g process ,  egocentri c & 
non-egocentri c spaces ;  th e menta l  imager y debate ; 
artificial/conqHitationa l  model s o f  representatio n o f  large -
scal e space ,  an d s o on . 

So,  w e understan d tha t  ther e shoul d b e mor e studie s 
abou t  cognitiv e mappin g mad e b y cognitiv e scientist s wit h 
thei r  interdisciplinar y approach .  Afte r  all ,  w e ar e studyin g 
th e environmenta l  cognitio n an d th e cognitiv e scienc e i s 
th e multidisciplin e tha t  appear s a s th e mos t  recen t  an d 
importan t  field  t o understan d al l  th e processe s o f  interna l 
representation s o f  th e huma n behavior ,  includin g 
environmenta l  representation s 
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Thi s pape r  take s th e conceptua l  tool s o f  artificia l 
lifi e t o examin e a  questio n whic h ha s bee n intractabl e 
i n Chomskia n linguistics :  th e statu s an d 
characterizatio n o f  changin g an d variabl e natura l 
languages .  H o w d o language s cohCT e acros s speaker s 
w ho eac h hav e a  somewha t  differen t  "internalize d 
language". '  Becaus e language s ar e dynami c an d 
variabl e systems ,  linguist s hav e bee n unabl e t o defin e 
or  characteriz e i n a n explici t  wa y th e "languages "  w e 
commonl y refe r  to ,  suc h a s 'English '  an d 'Serbo -
Croatian' .  "Languages "  wil l  no t  stan d still ;  the y 
kee p evolving ,  an d the y var y considerabl y from 
s|)eake r  t o speaker ,  from  communit y t o community , 
from  socia l  situatio n t o socia l  situation .  A  definitio n 
or  characterizatio n o f  a  language ,  then ,  canno t  b e 
static . 

Chomsky attempte d t o defin e language s a s stati c 
set s o f  generativ e rule s tha t  woul d generat e al l  th e 
granunatica l  sentence s o f  a  languag e an d non e o f  th e 
imgrammatica l  sentences .  T o d o thi s h e neede d a 
"conceptua l  shift "  i n linguistic s t o freeze  th e language , 
and stud y th e "internalize d language"  o f  a n idea l 
speaker-listene r  i n a  homogeneou s speec h community , 
where ,  i t  wa s hoped ,  languag e coul d finally  b e 
characterize d b y a  coherent ,  well-define d se t  o f 
generativ e rules .  H e denie d tha t  ther e wa s an y 
theoretica l  interes t  i n definin g o r  characterizin g th e 
variabl e "languages "  tha t  w e tal k alwu t  i n dail y life . 
Chomsky ha s argue d tha t  th e ver y concep t  o f 
"externalize d languages, "  a s h e call s them ,  "appear s t o 
pla y n o rol e i n th e theor y o f  language "  (Chontsk y 
1986 ,  26) .  H e maintain s tha t  "obscur e socio-politica l 
and normativ e factors "  ar e neede d t o defin e "th e wor d 
'language '  a s i t  i s u.se d i n ordinar y discoiu'se " 
(Chomsk y 1988 ,  36-37) ,  implyin g tha t  purel y 
linguisti c criteri a ar e no t  adequate . 

Mor e recently ,  unde r  th e rubric s o f  "Cognitiv e 
Granuimr "  (L-angacke r  1987 )  w  "Cognitiv e 
Linguistics "  (Ljikof f  1987 )  an d "Granunaticalizafion " 
(Hoppe r  an d Traugot t  1993) ,  linguist s hav e bee n 
payin g attentio n t o th e dynami c phenomen a o f 
language .  Ye t  eve n linguist s w h o stud y th e dynami c 
processe s o f  "grammaticalization "  (th e sel f 
-organizatio n an d evolutio n o f  gramma r  i n languages) . 

hav e a  har d tim e abstractin g beyon d individua l 
speakers .  Fo r  example ,  Hoppe r  an d Traugott ,  i n thei r 
Cambridg e textbook ,  Grammaticaliz/iitio n (Hoppe r 
and Traugot t  1993,33) ,  sa y tha t  "Languag e doe s no t 
exis t  separat e from  it s speakers .  I t  i s no t  a n organis m 
wit h a  lif e o f  it s own. " 

Th e conceptua l  framework  o f  Artificia l  Lif e allow s 
us t o mak e a  ne w conceptua l  shif t  i n linguistics , 
enablin g u s t o recogniz e tha t  a  languag e m a y b e a n 
organis m o r  syste m wit h a  lif e o f  it s o w n ,  an d tha t 
thi s  i s no t  mconsisten t  wit h a  language' s dependenc e 
on individua l  speakers .  W e wil l  se e tha t  th e 
characterizatio n o f  language s a s dynami c system s wit h 
permeabl e boundarie s i s centra l  t o linguisti c theory . 

The argument revolves around eight propositions: 

1. Langiiages, like artificial life, are man-made 
systems . 

2. Languages are like viruses, requiring hosts. 

3. Individual humans are agents of language working 
i n paralle l  i n a  share d bu t  variabl e system . 

4. Languages are changed and renewed in the processes 
of  comnumication . 

5. Grammatical change is an inherent result of a 
decentralize d languag e facult y i n individual s i n whic h 
th e nuxlule s o f  languag e wor k togethe r  i n parallel . 

6. The characterization of languages as dynamic 
system s wit h permeabl e boundarie s i s centra l  t o 
linguisti c theory . 

7. Languages have more of the characteristics of life 
tha n conrpute r  viruse s do ,  an d ma y b e ou r  bes t 
exampl e o f  artificia l  life . 

8. Languages, seen as artificial life, stretch our concept 

of  "lif e a s i t  c o m W be. " 
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Rul e inductio n (eithe r  directl y o r  b y mean s o f  decisio n 
trees )  an d case-base d learnin g (form s o f  whic h ar e als o know n 
as instance-based ,  memory-base d an d nearest-neighbo r  learn -
ing )  aî guabl y constitut e thi e tw o leadin g symboli c approache s 
t o concep t  an d classificatio n learning .  Rule-base d method s 
discar d th e individua l  trainin g examples ,  an d remembe r  onl y 
abstraction s forme d fro m them .  A t  performanc e time ,  rule s 
ar e applie d b y logica l  matc h (i.e. ,  onl y rule s whos e precon -
dition s ar e satisfie d b y a n exampl e ar e applie d t o it) .  Case -
base d method s explicitl y  memoriz e som e o r  al l  o f  th e exam -
ples ;  the y avoi d formin g abstractions ,  an d instea d inves t  mor e 
effor t  a t  performanc e tim e i n finding  th e mos t  simila r  case s t o 
th e targe t  one . 

Ther e ha s bee n muc h debat e ove r  whic h o f  thes e tw o ap -
proache s i s preferable .  Whil e eac h on e ca n b e extende d t o 
fit  th e result s originall y presente d a s evidenc e fo r  th e other , 
i t  typicall y doe s s o a t  th e cos t  o f  a  mor e complex ,  les s parsi -
moniou s model .  I n classificatio n applications ,  eac h approac h 
has bee n observe d t o outperfor m th e othe r  i n some ,  bu t  no t 
all ,  domains . 

I n recen t  years ,  multistrateg y learnin g ha s becom e a  majo r 
focu s o f  researc h withi n machin e learning .  It s mai n insigh t  i s 
tha t  a  combinatio n o f  learnin g paradigm s i s ofte n preferabl e 
t o an y singl e one .  However ,  a  multistrateg y learnin g syste m 
typicall y operate s b y callin g th e individua l  approache s a s sub -
procedure s fro m a  contro l  modul e o f  variabl e sophistication , 
and agai n thi s no t  completel y satisfactor y fro m th e poin t  o f 
vie w o f  parsimony . 

Her e w e argu e tha t  rul e inductio n an d case-base d learnin g 
hav e muc h mor e i n commo n tha n a  superficia l  examinatio n 
reveals ,  an d ca n b e unifie d int o a  single ,  simpl e an d coheren t 
model  o f  symboli c learning .  Th e propose d unificatio n rests 
on tw o ke y observations .  On e i s tha t  a  cas e ca n b e regarde d a s 
a maximall y specifi c  rul e (i.e. ,  a  rul e whos e precondition s ar e 
satisfie d b y exactl y on e case) .  Therefore ,  n o syntacti c distinc -
tio n nee d b e mad e betwee n th e two .  Th e secon d observatio n 
i s tha t  rule s ca n b e matche d approximately ,  a s case s ar e i n a 
case-base d classifie r  (i.e. ,  a  rul e ca n matc h a n exampl e i f  i t  i s 
th e closes t  on e t o i t  accordin g t o som e similarity-computin g 
procedure ,  eve n i f  th e exampl e doe s no t  logicall y satisf y al l 
of  th e rule' s preconditions) .  A  rule' s extension ,  lik e a  case's , 
the n become s th e se t  o f  example s tha t  i t  i s  th e mos t  simila r 
rul e to ,  an d thu s ther e i s als o n o necessar y semanti c distinc -
tio n betwee n a  rul e an d a  case . 

The RIS E algorith m (Domingos ,  t o appear )  i s a  practi -
cal ,  computationall y efficien t  realization  o f  thi s idea .  (Obvi -
ously ,  i t  i s  no t  th e onl y possibl e approac h t o unifyin g th e tw o 

paradigms. )  RIS E start s wit h a  rul e bas e tha t  i s  simpl y th e 
cas e bas e itself ,  an d graduall y generalize s eac h rul e t o cove r 
neighborin g cases ,  a s lon g a s thi s doe s no t  increas e th e rul e 
base' s erro r  rat e o n th e know n cases .  I f  n o generalization s ar e 
performed ,  RIS E act s a s a  pur e case-base d learner .  I f  al l  case s 
ar e generalize d an d th e resultin g se t  o f  rule s cover s al l  region s 
of  th e instanc e spac e tha t  hav e nonzer o probability ,  i t  act s a s a 
pur e rul e inducer .  Mor e generally ,  i t  wil l  produc e rule s alon g 
a wid e spectru m o f  generality ;  sometime s a  rul e tha t  i s  logi -
call y satisfie d b y th e targe t  cas e wil l  b e £̂ plied ,  an d i n othe r 
case s a n approximat e matc h wil l  b e used .  Thi s unifie d mode l 
i s  mor e elegan t  an d parsimoniou s tha n a  subprocedure-styl e 
combination .  Experiment s wit h a  larg e numbe r  o f  benchmar k 
classificatio n problem s hav e als o show n i t  t o consistentl y out -
perfor m eithe r  o f  th e componen t  approache s alone ,  an d lesio n 
studie s an d experiment s o n artificia d domain s hav e confirme d 
tha t  it s  powe r  derive s fro m it s abilit y  t o simultaneousl y har -
ness th e strength s o f  bot h components . 
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Go Gwamoto ,  1976 )  i s on e o f  th e hardes t  know n game s t o 
pla y b y machine .  It s ver y larg e branchin g facto r  (u p t o 361 ) 
makes searc h t o eve n a  moderat e dept h problematic ,  an d pre -
clude s th e us e o f  massiv e searc h tha t  ha s prove d successfu l  i n 
games lik e checker s an d chess .  A s a  result ,  researcher s hav e 
turne d t o pur e patter n recognitio n an d pattern-base d reason -
in g approaches ,  whic h concentrat e al l  thei r  effor t  i n evaluat -
in g th e curren t  boar d position ,  an d mak e n o explici t  attemp t 
t o predic t  th e evolutio n o f  th e game .  However ,  system s o f 
thi s typ e remai n fa r  fro m bein g abl e t o compet e wit h eve n a 
moderatel y proficien t  huma n player .  Thi s extende d abstrac t 
report s o n G P ,  a n artificia l  G o playe r  tha t  combine s patter n 
recognitio n wit h limite d bu t  flexible  search ,  an d w o n severa l 
games agains t  a  novic e huma n player . 

The basi c motivatio n fo r  G P wa s th e observatio n that , 
whil e human s engag e i n extensiv e pattern-base d inferenc e 
when playin g G o ,  the y als o perfor m smal l  amount s o f  look -
ahea d search .  I n particular ,  th e latte r  typ e o f  reasonin g seem s 
t o prevai l  i n situation s o f  immediat e attac k o r  defens e o f 
group s wit h fe w liberties ,  whil e th e forme r  i s prevalen t  i n pe -
riods  o f  th e gam e wher e th e player s hav e a  greate r  freedo m o f 
choic e fo r  th e nex t  move .  G P recognize s an d potentiall y  act s 
on al l  variation s o f  seve n canonica l  pattern s centere d aroun d 
eac h enem y stone ,  bu t  onl y afte r  i t  ha s checke d tha t  ther e ar e 
no mor e immediat e tasks ,  lik e closin g of f  th e fe w remainin g 
libertie s o f  a n ene m y  grou p o r  tryin g t o sav e a  trouble d on e o f 
it s  own .  I f  n o pattern s fire,  i t  play s o n handica p point s i f  an y 
ar e stil l  free ,  o r  attempt s t o consolidat e territor y b u introduc -
in g intermediat e stone s betwee n separat e groups ;  i n th e lon g 
ru n thi s proces s wil l  lea d t o th e formatio n o f  walls . 

Al l  thes e step s ar e embedde d i n a  conventiona l  minima x 
searc h wit h alpha-bet a cutoffs ,  t o whic h a  m a x i m u m branch -
in g facto r  i s  impose d (i.e. ,  no t  al l  lega l  move s ar e expanded , 
but  onl y th e to p few) .  Th e searc h als o ha s a  nomina l  dept h 
limit ,  whic h i s 2, 4 o r  6  plie s dependin g o n th e playin g leve l 
chosen ,  bu t  thi s limi t  varie s dynamicall y accordin g t o th e dif -
ficulty  o f  th e curren t  situatio n an d th e stabilit y  o f  th e evalu -
ation .  Thre e differen t  stati c evaluatio n heuristic s hav e bee n 
implemented ,  usin g combination s o f  point s accumulated ,  lib -
ertie s an d size s o f  groups . 

I n a  serie s o f  1 8 game s agains t  a  novic e huma n player ,  o n 
a 9 x 9 boar d wit h a  handica p o f  3  fo r  th e machine ,  G P o n av -
erag e score d mor e point s tha n th e huma n opponen t  wit h tw o 
of  th e heuristics ,  a t  th e highe r  difiScult y levels ;  th e averag e 
differenc e wa s approximatel y equa l  t o th e handicap .  Signif -

icantly ,  ther e wa s a  larg e improvemen t  fro m 2-pI y t o 4-pI y 
m a x i m u m depth ,  showin g tha t  ther e i s a n advantag e t o usin g 
search ,  bu t  ther e wa s n o significan t  differenc e betwee n 4-pl y 
and 6-ply ,  indicatin g tha t  deepe r  searc h i s no t  necessaril y  pro -
ductiv e i n G o ,  eve n i f  th e availabl e computin g powe r  allow s 
i t 
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In t roduct io n 

After gi\ing a concise description of the SP-MAT, a test 
batter y develope d b y ou r  Laborator y i n orde r  t o stud y 
acquire d mathematica l  disabilities ,  w e presen t  th e result s 
obtaine d wit h it s employmen t  i n th e investigatio n o f  A A ,  a 
42-year-ol d right-handed  man ,  physicist ,  operate d i n 199 2 i n 
orde r  t o remov e a  lef t  arteriovenou s malformation . 

Method 

The SP-MAT was conceived as a methodological tool 
su£Qcientl y detaile d t o yiel d a  precis e descriptio n o f  a 
patient' s actxia l  performanc e durin g th e cognitiv e 
processin g o f  mathematica l  entitie s bot h i n th e elementar y 
an d i n th e advance d level . 

I t  consist s o f  S  part s designe d t o assess :  (I )  deficit s 
relate d t o th e perceptua l  processin g o f  numerica l  entities , 
(II )  basi c arithmetica l  calculatio n abilities ,  (Hi )  abilitie s 
require d t o dea l  wit h elementar y algebr a problems ,  (IV ) 
abilitie s involve d i n solvin g elementar y geometr y [voblems , 
(V )  abilitie s require d t o dea l  wit h problem s o f  highe r 
mathematics . 

Results 

AA was examined 43 months after his surgery and only the 
first  tw o part s o f  th e S P - M A T wer e give n t o him . 

On th e neurologica l  examination ,  A A presente d a  right 
homonymous hemianopi a (compensated )  wit h n o moto r 
deficit s S P E C T showe d a  dramati c reductio n i n r C B F 
value s o f  th e lef t  temporal ,  occipita l  an d inferio r  parieta l 
regions .  Standar d neuropsychologica l  assessmen t  showed : 
(a )  a  sligh t  impairmen t  o f  AA ' s performanc e durin g 
discours e comprehensio n tasks ,  (b )  a  discret e anomia ,  (c ) 
an importan t  retrograd e amnesi a mostl y affectin g th e 
mathematica l  informatio n th e patien t  normall y deal t  wit h 
befor e surgery ,  (d )  a  below-average  reduce d memor y span , 
mor e pronounce d fo r  ora l  tha n fo r  writte n stimuli ,  wors e 
fo r  non-significan t  syllaWe s tha n fo r  word s an d numbers , 
th e ̂ )a n fo r  letter s bein g almos t  normal ,  an d (e )  a  mil d 
impairmen t  i n AA ' s arithmetica l  calculatio n abilities . 

Result s showe d n o deficit s relate d t o th e perceptua l 
[Kocessin g o f  numerica l  entities . 

Result s o f  Par t  I I  allowe d a  precis e characterizatio n o f 
AA ' s calculatio n impairment ,  namely :  (a )  variabilit y  o f  it s 
degre e o f  expressio n as  a  fimction  o f  th e typ e o f  operatio n 
involved :  Th e impairmen t  wa s mor e eviden t  durin g th e 
performanc e o f  multiplication s an d division s tha n durin g 

th e performanc e o f  addition s an d subtractions ;  (b )  presenc e 
of  a n importan t  "ro w efiect" :  Th e greate r  th e numbe r  o f 
row s involve d i n AA ' s processin g o f  a  give n algorithm ,  th e 
greate r  th e numbe r  o f  error s detected .  Suc h effec t  wa s mos t 
eviden t  durin g th e performanc e o f  multiplication s an d 
additions ,  bu t  i t  coul d als o b e observe d i n divisions ;  (c ) 
presenc e o f  a  mil d "colum n efTect" :  Th e greate r  th e numbe r 
of  column s involve d i n AA ' s processin g o f  a  give n 
algorithm ,  th e greate r  th e numbe r  o f  error s detecte d Suc h 
effec t  wa s mos t  eviden t  durin g th e performanc e o f 
subtraction s an d additions ,  bu t  i t  coul d als o b e observe d i n 
divisions ;  (d )  a  detaile d analysi s o f  th e relativ e frequencie s 
of  eac h typ e o f  erro r  reveale d a  consisten t  patter n (excep t  i n 
cas e o f  subtractions) :  tabl e valu e an d algorith m error s bein g 
m u ch mor e fiequent  tha n an y othe r  typ e o f  error . 

Discussion 

We claim that the impairment in AA's calculation abilities 
ca n b e entirel y understoo d i f  hi s specifi c S T M an d L T M 
deficit s ar e take n int o account . 

BoUi  th e "row "  an d th e "colum n effect "  ca n b e 
understoo d a s bein g cause d b y th e sam e se t  o f  S T M deficits : 
(a )  a n increas e i n th e rat e o f  deca y o f  S T M trace s an d (b )  a 
reductio n i n S T M capacity . 

Bot h th e variabilit y  o f  th e degre e o f  e?q>ressio n o f  AA' s 
calculatio n impairmen t  (whic h i s a  fimction  o f  th e typ e o f 
operatio n involved )  an d th e patter n displaye d b y th e 
relativ e frequencies  o f  eac h ̂ rp e o f  erro r  ca n b e understoo d 
as bein g produce d b y th e sam e L T M deficit :  a n importan t 
retrograd e amnesi a mosti y affectin g th e declarativ e 
semanti c e}q}lici t  L T M relate d t o th e storag e o f  informatio n 
concernin g th e mathematica l  £act s th e patien t  normall y 
deal t  wit h befor e surgery . 

Finally ,  i t  i s  importan t  t o poin t  ou t  tha t  AA ' s lesio n 
affect s a  se t  o f  brai n area s whic h hav e ahead y bee n 
describe d (e.g. ,  I>eloch e &  Seron ,  1987 )  as  possibl e site s fo r 
th e grou p o f  mechanism s whic h constitut e th e cortica l 
netwoii c underlyin g (a )  declarativ e semanti c ê qdici t  L T M 
(lef t  ten^ra l  area )  an d (b )  S T M (lef t  occipita l  an d inferio r 
parieta l  areas) . 
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Introductio n 

Recentl y severa l  computationa l  model s o f  th e perceptio n o f 
rhyth m base d o n oscillator s hav e bee n proposed .  Oscillato r 
model s captur e th e cognitiv e predispositio n t o discove r  peri -
odicit y i n auditor y patterns ,  an d model s i n whic h oscillator s 
exhibi t  phas e and/o r  perio d couplin g wit h input s als o tolerat e 
deviation s from  perfec t  periodicity . 

However ,  curren t  oscillato r  model s onl y addres s temp o an d 
mete r  perception .  I n thi s pape r  w e ar e concerne d wit h a 
mor e comple x capacity ,  th e abilit y  t o recogniz e an d reproduc e 
rhythmi c patterns .  Whil e thi s capacit y ha s no t  bee n wel l  in -
vestigated ,  i n broa d qualitativ e term s i t  i s  clea r  tha t  peopl e 
ca n lear n t o identif y an d produc e recurrin g pattern s define d i n 
term s o f  sequence s o f  beat s o f  varyin g intensit y an d rests :  th e 
rhythm s behin d waltzes ,  reels ,  sambas ,  etc .  Ou r  short-ter m 
goal  i s a  mode l  whic h i s "hard-wired "  wit h knowledg e o f  a 
set  o f  suc h patterns .  Presente d wit h a  portio n o f  on e o f  th e 
pattern s o r  a  labe l  fo r  a  pattern ,  th e mode l  shoul d reproduc e 
th e patter n an d continu e t o d o s o whe n th e inpu t  i s  turne d off . 
Our  long-ter m goa l  i s a  mode l  whic h ca n lear n t o adjus t  th e 
connectio n strength s whic h implemen t  particula r  pattern s a s 
i t  i s  expose d t o inpu t  patterns . 

Approach 

We hav e develope d a  connectionis t  architectur e whic h real -
ize s ou r  short-ter m goal .  Th e mode l  consist s o f  a  singl e in -
put/outpu t  uni t  an d networ k o f  couple d oscillator s o f  varyin g 
restin g periods .  Thes e period s ar e expecte d t o captur e th e mi -
cropuls e an d harmoni c period s characterizin g variou s rhyth -
mi c patterns .  A n identifie d familia r  patter n take s th e for m o f 
a stabl e patter n o f  activatio n acros s th e networ k o f  oscillators . 

Th e networ k consist s o f  tw o type s o f  oscillators ,  puls e os -
cillator s an d continuou s oscillators . 

Puls e oscillator s provid e a n interfac e betwee n th e pulse -
lik e worl d an d interna l  continuou s oscillators .  The y ar e ac -
tivate d b y th e inpu t  uni t  an d b y othe r  oscillator s onl y whe n 
the y ar e nea r  thei r  zer o phas e angle .  The y als o adjus t  thei r 
phas e angl e i n respons e t o a n activate d inpu t  o r  oscillator ,  bu t 
again ,  onl y nea r  thei r  zer o phas e angle .  Puls e oscillator s ex -
hibi t  a  periodi c outpu t  whic h activate s th e network' s outpu t 
unit ,  a s wel l  a s othe r  oscillators .  A t  a  give n period ,  ther e i s a n 
inhibitor y cluste r  o f  puls e oscillator s whic h i s reponsibl e fo r 
findin g a  downbeat .  Othe r  puls e oscillator s a t  a  give n perio d 

ar e responsibl e fo r  beat s an d rest s a t  point s withi n th e mea -
sure .  Bea t  puls e oscillator s excit e an d ar e excite d b y th e in -
put/outpu t  unit ;  res t  puls e oscillator s inhibi t  an d ar e inhibite d 
by th e input/outpu t  unit . 

Unlik e puls e oscillators ,  continuou s oscillator s d o no t  con -
nec t  directl y t o th e input/outpu t  unit .  Instea d the y connec t  t o 
othe r  continuou s an d puls e oscillators ,  respondin g throughou t 
thei r  phas e cycl e rathe r  tha n onl y nea r  the k zer o phas e angle . 
Thei r  functio n i s t o represen t  recurrin g subpattem s o f  beat s 
and rest s whic h provid e th e buildin g block s fo r  comple x pat -
terns .  Eac h subpatte m i s handle d b y a  cluste r  o f  continuou s 
oscillator s whic h i s stabl e whe n th e oscillators '  phas e angle s 
ar e evenl y distribute d throughou t  th e phas e cycle .  Eac h os -
cillato r  i n suc h a  cluste r  i s  associate d wit h a  bea t  o r  res t  puls e 
oscillator .  Fo r  example ,  th e 3/ 4 patter n consistin g o f  tw o quar -
te r  note s followe d b y a  quarte r  res t  woul d b e handle d b y thre e 
continuou s oscillators ,  eac h wit h a  perio d equa l  t o th e measur e 
and space d 1/ 3 o f  a  phas e (on e quarte r  note )  awa y fro m th e 
others .  T w o o f  thes e oscillator s woul d b e connecte d t o a  bea t 
puls e oscillato r  an d th e othe r  t o a  res t  puls e oscillator .  Thi s 
cluste r  o f  si x oscillator s woul d tak e par t  i n tur n i n mor e com -
ple x 6-bea t  patterns . 

We hav e teste d hard-wire d version s o f  th e mode l  o n sim -
pl e 3 -  an d 4-bea t  patterns ,  whic h i t  i s  abl e t o distinguis h an d 
t o continu e t o reproduc e whe n th e inpu t  i s  turne d off .  I t  als o 
handle s thes e pattern s i n th e presenc e o f  tempora l  noise . 

Th e mode l  make s numerou s prediction s abou t  relativ e pat -
ter n difficult y an d erro r  types .  Fo r  example ,  i t  predict s error s 
wit h comple x pattern s whic h resul t  from  th e substitutio n o f 
on e subpatte m fo r  another . 
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Introductio n 

Many experiment s hav e studie d th e rol e o f  space s betwee n 
word s i n tex t  b y fillin g the m wit h irrelevan t  symbol s (e.g. , 
digits ,  gratings ,  x's) .  Thi s practic e i s  base d o n th e as -
sumptio n tha t  thes e filler s occlud e space s withou t  disturb -
in g wor d recognitio n appreciably .  Epelboim ,  Boot h &  Stein -

man (1996 )  pointe d ou t  tha t  ther e i s n o empirica l  evidenc e 
t o suppor t  thi s assumptio n an d propose d a  serie s o f  con -
trol s tha t  mus t  b e performe d befor e th e rol e o f  space s an d 
filler s i n readin g ca n b e evaluated .  Recently ,  w e performe d 
thes e control s an d foun d tha t  text s i n al l  condition s i n whic h 
word s wer e surrounde d b y filler s wer e rea d slowe r  tha n nor -
mal  texts ,  a s lon g a s th e filler s share d commo n feature s wit h 
letter s o f  th e tex t  (digits ,  irrelevan t  Lati n letter s an d Gree k let -
ters) .  Se e Epelboim ,  Booth ,  Ashkenazi ,  Taleghan i  &  Stein -
man (1996 )  fo r  details .  Readin g wa s a s slo w whe n word s 
wer e surrounde d b y filler s (llike 2 8this6) ,  a s whe n filler s re -
place d space s (Ilike2this6) .  Th e fac t  tha t  readin g tex t  wit h 
fillers ,  eve n whe n space s wer e preserved ,  wa s slowe r  tha n 
readin g norma l  tex t  showe d tha t  filler s slowe d readin g b y dis -
turbin g wor d recognition ,  no t  simpl y b y occludin g spaces . 
Thi s mean s tha t  prio r  experiment s tha t  use d th e fille r  tech -

niqu e di d no t  provid e usefu l  informatio n abou t  th e rol e o f 
space s i n norma l  text . 

We hav e continue d ou r  investigatio n o f  filler s an d space s 

by measurin g th e readin g ey e movement s i n a  numbe r  o f 
thes e conditions .  Ou r  preliminar y finding s ar e reporte d here . 

Method 

Eye movemenent s o f  3  subject s wer e recorded ,  wit h excep -
tiona l  precisio n an d accuracy ,  a s the y rea d H .  G .  Well' s  "Wa r 
of  th e Worlds "  aloud .  Gree k letter s wer e use d a s fillers .  Ther e 
wer e 6  tex t  conditions : 

1. Normal: "This is an example"; 

2. Before: "aThis ris Ttan (^example"; 

3. After: "This^ is5 is«T and(5 example(^; 

4. Surround: "TrThisd aisa fxanip rexamplea"; 

5. Filled: "^ThisTrisaanaexample^"; 

6. Unspaced: "Thisisanexample". 

Result s a n d Discussio n 

Text  conditio n ha d n o effec t  o n % regressions ,  o r  o n wher e 
readin g saccade s lande d withi n words .  However ,  text s con -
tainin g filler s wer e rea d slowe r  tha n norma l  text s an d mor e 
saccades/lin e wer e mad e i n fille r  condition s tha n eithe r  i n 
Normal  conditions ,  or ,  fo r  2  o f  3  subjects ,  i n Unspace d con -

dition .  Observe d difference s i n ey e movemen t  pattern s ca n 
be accounte d fo r  b y a  globa l  adjustmen t  t o onl y 1  ey e move -
ment  parameter ,  viz. ,  saccad e size ,  mad e o n th e basi s o f  th e 
globa l  appearanc e o f  th e text .  N o evidenc e wa s foun d tha t 
th e presenc e o f  filler s o r  th e absenc e o f  space s require d ne w 
strategie s fo r  programmin g individua l  saccades ,  suggestin g 
tha t  wor d recognitio n an d globa l  strategie s ar e mor e signifi -
cant  i n saccadi c programmin g tha n th e th e loca l  feature s o f 

th e text . 
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Many forma l  an d fol k psychologica l  theorie s conceiv e o f 
th e min d a s bein g compose d o f  quasi-independen t  modules . 
Fro m Freu d t o Fodo r  th e min d ha s bee n decompose d int o con -
stituen t  parts .  Recently ,  a  numbe r  o f  researcher s hav e pro -
pose d modula r  theorie s o f  cognitiv e phenomen a suc h a s cate -
gorizatio n (Ashby ,  Alfonso-Reese ,  &  Turken ,  1995 ;  Shank s 
& St .  John ,  1994) ,  reasonin g (Sloman ,  1996) ,  automaticit y 
(Logan ,  1988) ,  languag e (Pinker ,  1991) ,  an d learnin g an d 
memory (Squire ,  1992) .  I n general ,  thes e theorie s ar e charac -
terize d b y description s o f  eac h modul e an d h o w eac h serve s 
i n thos e task s fo r  whic h i t  i s  bes t  suited .  However ,  thes e theo -
ries  d o no t  emphasiz e h o w module s interac t  i n producin g re -
sponse s an d i n learning . 

We describ e tw o huma n categorizatio n experiment s de -
signe d t o addres s th e thre e issue s relevan t  t o hybri d rule -  an d 
exemplar-base d systems :  th e necessit y o f  rules ,  th e necessit y 
of  exempla r  memory ,  an d th e interactio n betwee n thes e tw o 
sub-system s i n learnin g an d i n classificatio n performance .  W e 
accoun t  fo r  th e participants '  classification s usin g a n update d 
versio n o f  th e hybri d rul e an d exempla r  mode l  describe d b y 
Knischk e an d Erickso n (1994) .  Thi s hybri d mode l  consist s o f 
a rul e module ,  a n exempla r  module ,  an d a  gatin g mechanism . 
Thi s gatin g mechanis m control s th e influenc e o f  eac h modul e 
i n decision-makin g an d th e exten t  o f  learnin g i n eac h mod -
ule .  W e als o sho w tha t  neithe r  o f  thes e tw o sub-systems ,  act -
in g alone ,  ca n adequatel y accoun t  fo r  huma n behavior .  Thi s 
i s significan t  inasmuc h a s th e exempla r  sub-syste m i s a  fiil l 
implementatio n o f  A L C O VE (Knischke ,  1992) ,  whic h ha s per -
forme d wel l  i n a  variet y o f  categorizatio n tasks . 

Human Learning 
Thre e ke y feature s o f  th e categor y structure s use d i n thes e ex -
periment s are :  (1 )  som e stimul i  coul d b e classifie d accordin g 
t o a  rul e wherea s othe r  stimul i  wer e exception s an d ha d t o b e 
memorized ;  (2 )  differen t  trainin g instance s ha d differen t  rel -
ativ e ft-equencies;  an d (3 )  som e stimul i  wer e neve r  use d i n 
trainin g an d wer e therefor e availabl e t o examin e generaliza -
tion . 

The stimul i  i n bot h experiment s varie d alon g tw o dimen -
sions .  I n eac h trainin g trial ,  a  stimulu s wa s presente d an d 
participant s mad e a  classification ,  afte r  whic h th e correc t  la -
bel  wa s displayed .  Durin g th e initia l  trials ,  participants '  re -
sponse s wer e jus t  guesses ,  bu t  afte r  man y trii s  the y bega n t o 
lear n th e correc t  classifications .  Mos t  o f  th e trainin g stimuli , 
th e regula r  stimuli ,  coul d b e classifie d accordin g t o a  simple , 
one-dimensiona l  rule .  T w o trainin g stimul i  wer e exception s 
t o th e rule ,  eac h havin g it s o w n categor y label . 

Durin g trainin g i n Experimen t  1 ,  participant s neve r  sa w 
th e mos t  extrem e value s o f  th e tw o dimension s o f  variation ; 

thes e wer e reserve d t o tes t  generalization .  Nevertheless ,  eve n 
when thes e extrem e stimul i  wer e mos t  simila r  t o a n exception , 
the y wer e classifie d accordin g t o th e rule .  Wherea s th e hybri d 
model  wa s abl e t o accoun t  fo r  thi s phenomenon ,  A L C O VE wa s 
not . 

Relativ e instanc e frequencies  wer e manipulate d i n Exper -
imen t  2 ,  bot h fo r  rule s an d exceptions .  Highe r  rul e instanc e 
frequencies  cause d mor e robus t  generalization .  Rule-base d 
explanation s tha t  lac k exempla r  memor y canno t  accoun t  fo r 
suc h behavior .  Moreover ,  A L C O VE faile d t o accoun t  fo r  th e S -
shap e o f  th e exceptio n learnin g curv e show n b y participants . 
The hybri d mode l  di d sho w thi s sam e patter n o f  learnin g b y 
virtu e o f  it s interactiv e gatin g o f  th e rul e an d exempla r  mod -
ules . 
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H o w d o w e Scratc h a n Itch ? 

Imagin e a  simpl e situation :  yo u hav e a n itc h o n you r  lef t 
arm,  an d yo u reac h wit h you r  righ t  ar m t o scratc h it . 
Scratchin g a n itc h a t  firs t  seem s lik e a  simple ,  automati c 
task ,  bu t  a  littl e mor e reflectio n show s tha t  i t  ca n actuall y b e 
quit e complicated .  W e d o no t  nee d t o see ;  rather ,  w e ca n 
accomplis h th e tas k knowin g onl y wher e th e itc h happen s t o 
be o n ou r  body ,  an d ho w fa r  ou r  Ihnb s ar e flexe d o r  extended : 
we nee d onl y somatosensor y information .  W e mov e th e 
reachin g ar m an d th e itchin g ar m togethe r  — the y ar e 
coordinated .  Thi s bimanua l  coordinatio n allow s u s t o reac h 
arbitrar y part s o f  ou r  body :  w e ar e abl e t o scratc h anywher e 
on eithe r  arm .  Th e tas k canno t  alway s b e accomplishe d jus t 
by movin g th e reachin g han d i n a  straigh t  line ;  sometime s 
othe r  part s o f  ou r  bod y ~  o r  th e itchin g ar m itsel f  -  becom e 
obstacle s whic h mus t  b e avoide d o r  moved .  H o w ar e th e 
movement s o f  tw o arm s coordinate d t o avoi d collisions ? 
H o w i s th e body-as-a-targe t  represented ? H o w d o w e reac h 
fo r  a  targe t  tha t  ma y chang e locatio n i n space ? H o w i s th e 
brai n abl e t o creat e a  moto r  trajector y tha t  wil l  coordinat e th e 
body' s limbs ,  avoi d self-collisions ,  an d stil l  achiev e th e goa l 
of  reachin g th e itch ? A  framewor k fo r  thi s proble m i s 
picture d i n Figur e 1 ,  an d som e exampl e configuration s o f  th e 
model  framewor k ar e show n i n Figur e 2 . 

The Mode l  Framewor k 

Itc h 
(Targe t  Location ) 

Left Joints Righ t  Joint s 

Figur e 1 :  A  sketc h o f  th e scratch-an-itc h problem .  Th e 
model  consist s o f  tw o arms ,  eac h wit h tw o joints , 
whic h allo w bot h arm s t o m o v e freel y i n tw o 
dimension s i n fron t  o f  th e body .  A  targe t  ca n b e chose n 
on eithe r  arm .  Th e proble m fo r  th e mode l  is :  give n a n 
arbitrar y startin g position ,  find  a  wa y t o mov e th e arm s 
so tha t  th e ti p o f  th e scratchin g ar m touche s th e itc h 
(targe t  location) ,  avoidin g self-collision s o n th e way . 

Reach in g T o w a r d s 
a Targe t  Itc h Self-collisio n Self-collisio n 

Figur e 2 :  Exampl e configuration s o f  th e model . 

One wa y t o mode l  th e scratch-an-itc h tas k i s t o brea k i t  u p 
int o separat e element s -  bimanua l  coordination ,  somatotopi c 
tas k specification ,  an d avoidanc e o f  self-collisions .  W e ca n 
the n buil d a  syste m o r  system s tha t  handl e eac h part .  Thes e 
interactin g system s provid e a  framewor k i n whic h t o addres s 
high-leve l  question s o f  coordinatio n an d planning . 

Bootstrapping a Connectionist Model 

We woul d lik e t o hav e a  "brain-like "  solutio n t o thi s 
problem ,  on e tha t  migh t  tel l  u s somethin g usefu l  abou t  th e 
brai n mechanism s servin g bimanua l  coordination .  On e wa y 
t o d o thi s i s t o trai n on e o r  mor e neura l  network s solv e th e 
problem .  Durin g training ,  a  neura l  network' s interna l 
structur e i s  altere d s o tha t  i t  replicate s a n input/outpu t 
mappin g whic h capture s th e essentia l  characte r  o f  a  solutio n 
t o th e problem .  I n th e process ,  i t  develop s interna l 
representation s appropriat e t o th e proble m i t  i s  tryin g t o 
solve .  Bu t  wher e d o w e ge t  th e input/outpu t  dat a t o trai n a 
network ? Th e approac h w e us e i s t o firs t  buil d a 
"traditional "  artificia l  intelligenc e solution .  Th e proble m i s 
viewe d a s on e o f  plannin g wit h goal s whic h ar e repeatedl y 
decompose d int o easil y executabl e subgoals .  Th e A I  mode l 
of  movemen t  plannin g the n execute s th e tas k an d i n s o 
doin g ca n provid e input/outpu t  dat a t o trai n a  network . 
Whil e th e networ k i s constraine d t o emulat e th e input/outpu t 
behavio r  o f  th e A I  model ,  it s  interna l  representation(s )  o f  th e 
proble m nee d no t  b e th e same . 

Predictions of the Model 

Afte r  training ,  th e network' s solutio n t o th e proble m -  it s 
interna l  structur e — i s als o a  predictio n o f  ho w th e proble m 
may b e solve d b y th e brai n (Zipser ,  1992) .  Thi s predictio n 
ca n b e teste d agains t  neurobiologica l  observations .  Thi s 
verificatio n proces s involve s creatin g a  mappin g betwee n 
unit s an d relation s i n th e mode l  an d anatomica l  o r  functiona l 
substrate s i n th e brain ,  an d usin g tool s t o "probe ,  poke ,  an d 
push "  th e mode l  i n severa l  way s t o compar e it s behavio r  t o 
tha t  o f  th e brai n an d it s  neurons .  Fo r  example ,  th e 
representationa l  behavio r  o f  uni t  activation s i n th e mode l  ca n 
be compare d wit h th e average d spikin g o f  singl e neuron s i n 
th e moto r  cortex .  Th e connectivit y o f  th e traine d networ k 
ca n b e compare d wit h th e patter n o f  anatomica l  projection s 
withi n th e moto r  cortex .  Th e neura l  networ k mode l  provide s 
a framewor k i n whic h t o as k an d answe r  question s abou t  th e 
brai n mechanism s servin g moto r  plannin g an d coordination . 
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Schema-drive n decisio n makin g emphasize s th e 
indispensabilit y  o f  (1 )  situatio n assessmen t  i n naturalisti c 

settings ,  an d (2 )  knowledg e base ,  pas t  experience ,  even t 
sequence ,  an d similarit y recognitio n a s cognitiv e 
component s o f  situatio n assessmen t  (Federico ,  1995) .  A 
theoreticall y interestin g research  questio n i s  whethe r 
subjects '  metacognitiv e model s (Metecalf e &  Shimamura , 
1994 )  involvin g thes e salien t  element s o f  a n abstrac t 
schema-drive n decision-makin g process ,  ar e relate d t o thei r 
performanc e o n concret e experimenta l  task s requirin g 
situatio n assessment .  Tha t  is ,  withi n th e metacognitiv e 
contex t  o f  "cognitio n abou t  cognition, "  bu t  no t  on-goin g 
monitorin g an d control ,  ar e subjects '  highe r  orde r 
cognition s abou t  thes e crucia l  cognitiv e component s a t  a n 
abstrac t  leve l  correlate d wit h thei r  poformanc e o n 
experimenta l  task s necessitatin g situatio n assessmen t  a t  a 
concret e level ? I f  subject s ar e aske d t o indicat e i n thei r 
metacognitiv e model s th e perceive d degre e o f  importanc e 
of  thes e cognitiv e component s t o situatio n assessment ,  the n 
i s th e assigne d salienc y o f  eac h o f  thes e element s correlate d 
wit h thei r  performanc e o n task s wher e situatio n assessmen t 
i s a  prerequisite ? 

First, assuming subjects were asked to classify tactical 
situation s int o tw o o r  mor e discret e clusters ,  i t  wa s 
hypothesize d tha t  th e mor e weigh t  attribute d t o thes e 
metacognitiv e link s b y subjects ,  th e mor e categorie s the y 
woul d create ,  th e mor e tim e the y woul d us e t o categoriz e 
tactica l  situations ,  an d th e les s th e numbe r  o f  tactica l 
situation s pe r  categor y derive d fcM -  them .  I t  wa s speculate d 

tha t  th e mor e salienc y ascribe d b y subject s t o thes e fou r 
metacognitiv e links ,  th e mor e the y implicitl y  believ e in , 
and automaticall y adher e to ,  th e schema-drive n decision -
makin g process ,  wher e correc t  classification s o r  similarit y 
judgment s ar e crucia l  t o proficien t  performance . 
Consequently ,  th e mor e likel y thes e individual s woul d 
tacitl y  discriminat e a m o n g th e tactica l  situation s creatin g 
mor e categorie s an d fewe r  tactica l  situation s pe r  category , 
and cognitivel y proces s thes e tactica l  situation s a t  deepe r 
level s o f  analysi s thu s necessitatin g mor e tim e fo r  thei r 
classification . 

Second ,  assumin g subject s wer e aske d t o perfor m pairwis e 

similarit y rating s o f  tactica l  situations ,  i t  wa s hypothesize d 
tha t  th e attribute d metacognitiv e lin k weight s woul d b e 
positivel y related  t o th e derive d subjects '  weight s alon g 
eac h dimensio n o f  a  multidimensiona l  scalin g solution .  I t 
was though t  tha t  th e mor e importanc e subject s assigne d t o 
thes e metacognitiv e lin k weights ,  th e mor e the y tacitl y 
accept ,  an d unconsciousl y use ,  th e schema-drive n decision -

makin g process .  Consequently ,  th e mor e likel y thes e 
individual s woul d weig h indirectl y th e derive d dimension s 
underlyin g thei r  perception s o f  pairwis e similarit y a m o n g 
th e tactica l  situations .  Th e perceptio n o f  simila r  situation s 
i s a n importan t  componen t  o f  schema-drive n decisio n 
makin g whic h i s  recognition-primed ,  becaus e schema -
drive n solution s ar e invoke d b y recognizin g particula r 
proble m type s o r  specifi c  simila r  situations . 

The primary puiposes of this research were to 
experimentall y tes t  th e abov e hypotheses ,  an d attemp t  t o 
she d som e ligh t  o n th e raise d theoretica l  issues . 

Consequendy, seventy-six, volunteer, male, naval officers 
wer e aske d t o (1 )  represen t  a s graphi c weighte d network s 
thei r  metacognitiv e model s o f  schema-drive n tactica l 
decisio n making ,  wher e situatio n assessmen t  i s crucial ,  an d 
(2 )  perfor m experimenta l  task s requirin g categorizin g an d 
pairwis e similarit y rating s o f  tactica l  situations .  Canonical , 
regression ,  an d correlatio n analyse s an d multidimensiona l 
scalin g establishe d tha t  tw o o f  fou r  metacognitiv e lin k 
weight s wer e significantl y associate d wit h (1 )  thre e o f  si x 

measure s o f  sortin g performance ,  an d (2 )  on e o f  tw o 
dimension s derive d fo r  th e scalin g solutio n o f  pairwis e 
similarit y ratings .  Thes e result s supporte d wha t  wa s 
hypothesize d regardin g subjects '  metacognitiv e model s an d 
sortin g an d pairwis e performance . 
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Thi s wor k model s th e evolutio n an d us e o f 

emotiona l  response s b y a  simulate d agen t 
durin g it s development .  I t  investigate s th e 
utilit y  o f  emotion s usin g a  realisti c scrip t  t o 
model  a n agent' s interaction s a s a  chil d an d 
adult .  Th e role s o f  emotion s tha t  ar e examine d 
include :  goa l  formation ,  informatio n processin g 
and emotiona l  development .  Th e purpos e o f 
thi s simulatio n i s t o giv e som e insigh t  int o th e 
way earl y experience s ar e reflecte d i n a n 
individual' s selectio n o f  partners . 

This investigation is a computer based 
simulatio n o f  situation s encountere d b y Philip , 
th e mai n characte r  i n O f  H u m a n Bondag e 
Somerse t  Maugham' s vintag e wor k o f  fictio n 

(Maugham,  1915-1992) .  Thi s researc h wa s 
base d upo n a  nove l  t o minimiz e th e possibilit y 
of  investigato r  bia s determinin g th e outcom e o f 
th e investigatio n (Lenat ,  1984) .  I t  wa s als o fel t 

thi s nove l  havin g prove n itsel f  a  classi c woul d 
represen t  somethin g resonan t  wit h a  large r 
population.Thi s particula r  nove l  wa s als o 

appealin g i n tha t  th e typ e o f  event s experience d 
and action s take n ar e somewha t  mundane ,  littl e 
happen s tha t  i s outsid e th e real m o f  c o m m o n 
human experience . 

One of the more controversial aspects of 
thi s boo k i s th e protagonist' s  (Philip ) 
attachmen t  t o on e w o m a n (Mildred )  ove r 
anothe r  (Norah )  w h o seem s m u c h mor e 
appealing .  Thi s simulatio n wa s use d t o 
investigat e thi s relationshi p an d identif y it s 
potentia l  motivation . 

I n doin g thi s I  mode l  th e protagonist' s 
emotiona l  developmen t  durin g th e event s 
describe d i n th e book .  Th e developmen t 
consist s o f  a n evolvin g se t  o f  Idealize d 
Cognitiv e Model s ( ICMs )  (Lakoff ,  1987 ) 
whic h ar e refine d durin g hi s interactio n wit h 
othe r  character s i n th e book . 

Each ICM consists of a model prototype 
tha t  identifie s specifi c  feature s importan t  t o th e 
model .  Thes e feature s ar e couple d wit h a  mode l 

specifi c  neura l  networ k t o measur e th e qualit y 

of  matc h betwee n individual s an d th e ICM' s 
idealize d representations .  Al l  event s wer e 
entere d int o th e scrip t  b y han d an d represen t 

fragment s o f  importan t  event s i n O f  H u m a n 
Bondage .  Howeve r  bot h th e I C M feature s an d 
th e neura l  networ k ar e derive d dynamicall y b y 
th e agen t  durin g th e simulation . 

In this simulation, the agent receives an 
even t  an d processe s i t  i n a  manne r  determine d 
by th e typ e o f  actio n an d it s interna l  state .  Th e 
agent' s cognitiv e architectur e i s frame d i n term s 
of  previou s interaction s wit h othe r  agent s ove r 
time .  A n agent' s goal s an d assessment s ar e 
independen t  of ,  albei t  influence d by ,  othe r 

agent s i n th e situation . 

The result of the simulation indicated that 
Philip' s attachmen t  t o Mildre d i s primaril y 
becaus e sh e i s s o unlik e anothe r  characte r  i n th e 
boo k w h o ha d hur t  him .  Thi s wa s unexpecte d 
as h e ha d bee n raise d b y a  somewha t  aloo f 
coupl e an d i t  wa s expecte d tha t  he r  similarit y t o 
the m woul d b e mor e o f  a  factor . 

This result indicates that a simple set of 
"noticin g processes "  couple d wit h th e fuzz y 
matchin g afforde d b y neura l  network-base d 
model s ca n b e diagnosti c o f  behavio r  an d goal s 
i n simulate d agents .  Thi s show s th e potentia l  o f 
usin g thes e mechanism s wit h a  simpl e se t  o f 
rule s t o achiev e a  goo d leve l  o f  discriminatio n 
and generalization . 
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Usin g Simulatio n t o Predic t  H u m a n Habit-captur e Error s 
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We ar e constructin g a  syste m t o predic t  th e kind s o f  enor s 
ai r  trafifi c  controller s ar e likel y t o mak e usin g give n 
procedure s an d equiiMnen L Th e syste m take s piooedur e an d 
equipmen t  descr̂ }tion s a s inpu t  OuQMi t  i s  produce d i n tw o 
phases .  I n th e simulatio n phase ,  th e simulate d controlle r 
carrie s ou t  task s i n a  se t  o f  user-define d scenarios .  I n th e 
subsequen t  analysi s phase ,  occurrence s o f  operato r  erro r  ar e 
identifie d i n a  trac e o f  simulatio n events ;  detecte d error s ar e 
the n classifie d a s instance s o f  oio r  types ,  tepteseate i  a s 
error-pattems . 

The primar y assumption s abou t  huma n cognitiv e behavio r 
ar e define d b y a  domain-independen t  cognitiv e model .  Usin g 
th e curren t  model ,  th e simulatio n phas e ca n rqvoduo e 
severa l  classe s o f  huma n error ,  includin g wha t  ar e 
sometime s calle d "habi t  capbs K errors. "  A n everyda y 
exampl e o f  a  habi t  c^>tur e erro r  occur s whe n drivin g t o a n 
unusua l  destinatio n alon g a  familia r  path .  Fo r  example ,  a 
perso n m a y driv e awa y Cro n woi k intendin g t o sto p a t  a 
convenienc e stor e alon g th e way ,  bu t  inadvertantl y arriv e a t 
home (th e usua l  destination )  instead .  Analogou s error s ca n 
occu r  i n th e domai n o f  ai r  traffi c  control . 

A habi t  c^tur e erro r  ca n b e define d a s th e selectio n o f 
habitua l  (hig h fipequency)  actio n whe n infoimatio n tha t 
implie s tha t  th e actio n i s inconsisten t  wit h curren t  goal s ca n 
be recalle d fro m m e m o r y o r  perceived .  Habi t  capuir e error s 
ar e predictabl e i n th e sens e tha t  certai n know n factor s greatl y 
influenc e th e likelihoo d o f  thei r  occuirence .  Th e likelihoo d 
of  suc h a n erro r  rise s whe n an y o f  th e followin g condition s 
exist : 

• At the moment of decision, no easily perceived feature 
maike d a  conflic t  betwee n a  habitua l  actio n an d cunen t 
goal s 

•  A t  som e U m e |mo r  t o makin g a  decision ,  a n easil y 
perceive d featur e markin g confli a betwee n habi t  an d 
goal s wa s insufficientl y encode d i n memor y du e t o hig h 
workloa d 

•  Durin g th e interva l  betwee n perceivin g conflic t 
informatio n an d usin g tha t  infoimatio n i n a  decision . 
th e agen t  rarel y observe s reminder s o f  th e informatio n 

•  Th e agen t  mus t  cop e wit h hig h workloa d a t  th e moment 
of  decision ,  reducing  th e tim e availabl e t o recall  habi t 
counterindicativ e infoimatio n fiom  memor y 

Our simulated human agent is designed to cany out tasks 
i n complex ,  dynami c domains ,  perfoimin g competoitl y 
under  norma l  conditions ,  bu t  becomin g increasingl y likel y 
t o er r  whe n factor s suc h a s thos e liste d abov e ar e presen t 
The curren t  mode l  approximate s huma n pronenes s t o severa l 

differm t  kind s o f  habi t  c^Mur e oror .  Futur e elaboratioa s o f 
th e mode l  wil l  produc e erro r  suseptibilitie s o f  othe r  kinds . 
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In t roduc t io n 

Althoug h a n intelligen t  tutorin g syste m (ITS )  an d a  huma n 
tuto r  m a y hav e th e sam e goals ,  the y d o no t  hav e th e sam e 
skill s  availabl e fo r  achievin g thos e goals .  CiRCSlM-Tuto r 
V.  3  i s a  natural-languag e base d IT S whic h tutor s student s 
on proble m solvin g i n cardia c physiology .  W e examin e a 
corpu s containin g ove r  500 0 turn s o f  human-to-huma n 
tutorin g session s i n orde r  t o determin e th e salien t  feature s 
leadin g t o studen t  success .  W e determin e whic h o f  thos e 
feature s ca n b e replicate d b y a n IT S an d develo p alter -
native s fo r  th e others .  T o reduc e th e inpu t  processin g 
burden ,  w e substitut e mixed-initiativ e processin g 
(Carbonell ,  1970 )  fo r  tru e cooperativ e conversation ,  short -
answe r  question s fo r  free-tex t  input ,  an d th e us e o f  explici t 
question s fo r  th e us e o f  turn-takin g rules .  T o obtai n th e 
most  "ban g fo r  th e buck "  i n tex t  generation ,  w e emphasiz e 
precis e response s t o studen t  input ,  simulatio n o f  th e 
discours e pattern s o f  exper t  tutors ,  an d th e provisio n o f 
variet y i n bot h pedagog y an d languag e a s substitute s fo r 
comple x menta l  processing .  Ou r  goa l  i s  t o kee p th e 
tutorin g proces s a s interactiv e a s possibl e whil e providin g 
bot h broade r  an d deepe r  domai n coverage . 

Simplifying the Input 

Tru e cooperativ e conversation ,  wher e tuto r  an d studen t  ar e 
equa l  partner s i n choosin g an d respondin g t o topics , 
require s th e tuto r  no t  onl y t o understan d free-tex t  inpu t  bu t 
t o trac k th e student' s pla n a s well .  Instead ,  CiRCSiM-Tuto r 
end s eac h tur n wit h a n explici t  short-answe r  questio n i n 
orde r  t o reduc e th e burde n o n th e inpu t  processo r  withou t 
restrictin g th e student' s us e o f  language .  Fo r  example , 
human tutor s migh t  sa y "Firs t  w e nee d t o kno w ho w H R 
[hear t  rate ]  i s  controlled, "  knowin g tha t  th e studen t  wil l 
respon d cooperatively ,  o r  as k " H o w i s H R controlled? " 
sinc e the y ar e comfortabl e wit h thei r  abilit y  t o understan d 
th e answer .  Bu t  peopl e expec t  a  progra m t o giv e the m a 
clea r  indicatio n whe n i t  i s  thei r  tur n t o respond .  ClRCSlM -
Tuto r  achieve s th e communicativ e inten t  o f  question s lik e 
thos e abov e wit h short-answe r  question s suc h a s "B y wha t 
mechanis m i s H R controlled? "  o r  "Wha t  control s H R ? " . 

Generating the Response 

Instea d o f  dividin g processin g betwee n a  pedagogica l 
planne r  an d a  tex t  planner ,  ou r  tex t  planner ,  TIPS ,  divide s 

th e wor k betwee n th e tutoria l  planner ,  whic h make s 
discours e decision s a t  th e dialogu e level ,  an d th e tur n 
planner ,  whic h assemble s individua l  turns . 

TIP S use s a n expande d for m o f  schemat a t o simulat e 
discours e pattern s o f  exper t  tutors .  Fo r  example ,  i f  i t 
notice s tha t  th e studen t  ha s give n inconsisten t  value s t o tw o 
variables ,  i t  migh t  say ,  " H o w ca n X  increas e an d Y 
decrease? "  Multi-tur n schemat a ar e use d t o simulat e mor e 
comple x patterns ,  a s i n th e exampl e below . 

T: ... What equation determines the value of MAP? 
S:  MA P =  CO*TPR. 
T:  Correct .  An d yo u hav e predicte d C O increase s an d 

T PR increases .  S o h o w ca n yo u sa y M A P 
decreases ? 

To ensure responsivity to the student, TIPS can replan after 
ever y turn .  I f  th e studen t  doe s no t  understan d th e poin t  o f  a 
multi-tur n schema ,  i t  ca n respon d t o th e student' s erro r  o r 
dro p th e schem a i n favo r  o f  a  differen t  one .  Rathe r  tha n 
merel y evaluatin g th e student' s answer s a s righ t  o r  wrong , 
i t  ca n issu e acknowledgments ,  restat e answer s whic h ar e 
clos e bu t  no t  exact ,  rebu t  untru e statements ,  an d provid e 
tip s fo r  student s w h o ar e o n th e pat h towar d a  correc t 
answer . 

We hav e trie d t o provid e a  variet y o f  way s t o teac h eac h 
topic ,  includin g option s a t  th e pedagogical ,  syntacti c an d 
lexica l  levels .  Additionally ,  sinc e th e tur n planne r  build s a 
tur n a t  a  tim e fro m semanti c form s provide d b y th e tutoria l 
planner ,  w e ca n generat e additiona l  variet y b y combinin g 
semanti c form s int o sentence s i n differen t  ways . 
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The mode l 

Th e knowledg e o n cel l  physiolog y o f  th e dista l  retin a 
give s a n abilit y t o represen t  th e functionin g o f  con e -
horizonta l  cel l  -  bipola r  neura l  networ k a s a  whole .  Si x 
signa l  operation s ar e combine d i n th e model : 
1 )  phototransductio n operatio n (i.e .  signa l  transformatio n 

from  ligh t  int o electrica l  respons e i n th e 
photoreceptor) ; 

2 )  chemica l  synapti c transmissio n from  photoreceptor s t o 
secon d orde r  neurons ; 

3^  electrica l  couplin g betwee n horizonta l  cells ; 
4 )  nonlinea r  (anq)lifying )  propertie s o f  horizonta l  cel l 

non-synapti c membrane ; 
5 )  th e feedbac k from  horizonta l  cell s t o photoreceptor s i n 

tria d synapses ; 
6 )  dynamic s o f  th e bipola r  neuron . 

The curren t  stmf y develop s th e dista l  retin a mode l 
(Byzov ,  Shura-Bur a 1986) ,  allowin g th e calculatio n o f 
response s fo r  arbitrar y spatia l  stimuli .  T im e course s o f 
horizonta l  cell s (achromati c type )  membran e potential , 
obtaine d experimentall y fo r  variou s tempora l  an d simpl e 
spatia l  stimul i  fo r  frsh  an d turtl e retinas ,  wer e reproduce d 
by th e difiiision-typ e equation s wit h th e additiona l 
tempora l  constrain t  (electrica l  feedbac k i n tria d synapse) . 
Experimenta l  wor k wit h complicate d spatia l  stimul i  i s 
hard ,  s o th e computationa l  stud y wit h a  verifie d mode l  i s 
require d t o analyz e th e networ k response s t o movement . 

The coding of velocity 

The smd y i s mainl y focuse d o n th e spatia l  distribution s 
of  bipola r  potential ,  whic h i s th e bas e o f  edg e an d motio n 
detection .  Th e fac t  o f  wea k linea r  dependenc e o f  bipola r 
response s o n stimulu s velocit y i s  obtaine d a s a  basi s fo r  th e 
relativ e velocit y representatio n constanc y i n respec t  t o 
stimul i  luminosity :  dPotentiaI(Vel)ldVe l  =  const ,  thoug h 
horizonta l  cell s response s hav e exponential-lik e 
dependence . 

The syste m functionin g combine s th e tempora l 
smoothin g wit h th e spatia l  amplificatio n o f  are a edge s 
wit h illuminatio n difference .  Th e networ k estimatio n o f 
edge intensit y increase s unde r  th e movemen t  alon g th e 
edge an d drop s unde r  th e transvers e movement .  Fo r 
example ,  front  an d rea r  edge s o f  a  movin g rectangl e ar e 
smoothed ,  thoug h th e sid e edge s ar e amplifie d 
proportionall y t o th e velocity .  Th e velocit y valu e itself ; 

whic h i s represente d b y th e amplitude ,  i s smoothe d unde r 
th e shar p change . 

I n general ,  th e optima l  velocit y fo r  th e movin g object s 
detectio n i s lo w i n respec t  t o th e syste m tim e constan t  bu t 
hig h enoug h t o b e ^ e n int o consideratio n fo r  bette r 
perception . 

Consistency to noise 

Th e networ k wa s analyze d i n respec t  t o externa l  nois e 
and deviatio n o f  interna l  parameter s unde r  spatia l  filtering. 
Th e networ k i s capabl e t o calculat e th e spatia l  derivativ e 
and t o extrac t  th e illuminatio n differenc e m u c h weake r 
tha n th e variatio n o f  membran e parameter s from  on e 
photorecepto r  t o another .  Thi s featur e i s provide d b y th e 
specific s o f  potentia l  sprea d throug h th e horizonta l  cell s 
networ k an d electrica l  feedbac k mechanis m o f  th e tria d 
synapse . 

Relations to psychophysics 

S o me huma n visua l  perceptio n phenomeno n ca n b e 
explaine d i n th e bound s o f  th e dista l  retina ,  fo r  example , 
th e failur e o f  motio n imitatio n b y mean s o f  change s i n th e 
illuminatio n conditions ,  whil e "empt y field"  specific s 
(imitatio n o f  th e absenc e o f  relativ e movement )  doe s no t 
matc h th e syste m behavior . 

Hypothesis 

Give n th e spatial-tempora l  distribution ,  i t  i s  possibl e t o 
reconstruc t  th e networ k fimctionin g o f  specialize d 
detector s (movemen t  o f  th e are a edge ,  stripe ,  etc.) . 
Hypothetica l  detector s ca n correspon d t o som e classe s o f 
amacrinean d ganglio n retina l  cells . 

Ther e exist s th e fastes t  an d shortes t  dynami c link , 
whic h provide s th e hig h leve l  layer s wit h th e informatio n 
abou t  th e objec t  acceleration .  I t  is ,  probably ,  necessary ,  fo r 
th e instantaneou s followin g o f  th e movin g objec t  b y mean s 
ofth e pupi l  motion . 
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Th e effect s o f  wor d frequency  ar e ubiquitou s i n researc h 
o n visua l  an d spoke n wor d recognitio n (Forste r  & 
Chambers ,  1973) ,  an d considerabl e modelin g effort s hav e 
bee n devote d t o explainin g th e mechanism s responsibl e fcr 
th e fmding s tha t  h i^e r  frequency  word s ar e recognize d mor e 
quickl y an d accuratel y tha n lo w frequency  words . 
Typically ,  frequencies  o f  stimul i  hav e bee n estimate d from 
count s o f  printe d materia l  (e.g. ,  Thomdik e &  Lorge ,  1944 , 
an d Kucer a &  Francis ,  1967) .  Recently ,  however , 
subjectiv e rating s o f  wor d frequency  hav e provide d a n 
alternativ e measur e fo r  investigatin g effect s o f  frequency  o n 
recognition .  T o obtai n subjectiv e ratings ,  subject s ar e 
aske d directl y h o w familia r  the y ar e wit h individuall y 
presente d words .  Gemsbache r  (1984 )  ha s show n tha t  m a n y 
previou s inconsistencie s i n researc h o n wor d recognitio n ca n 
be dispelle d w h e n objectiv e frequency  count s ar e supplante d 
by subjectiv e ratings . 

Eve n mor e recently ,  researcher s hav e use d subjectiv e 
frequency  rating s t o examin e th e degre e t o whic h lexica l 
representations  tha t  suppor t  wor d recognitio n ar e 
independen t  o f  modalit y o f  processin g (i.e. ,  visua l  o r 
auditory) .  I f  subjectiv e rating s ar e modalit y independent , 
rating s shoul d no t  diflFe r  fo r  word s presente d visuall y 
compare d t o word s presente d auditorily .  O n th e othe r 
hand ,  modalit y dependenc e o f  lexica l  representation s shoul d 
be revealed  b y diflferentia l  judgment s o f  word s tha t  ar e 
processe d i n th e visua l  o r  auditor y modalities .  I f  subjects ' 
menta l  representation s o f  visua l  an d spoke n word s 
incorporat e possibl e difference s i n frequency  o f  processin g i n 
th e tw o modalities ,  subjectiv e frequency  rating s shoul d 
reveal  thes e differences .  I n short ,  modalit y dependenc e 
shoul d b e reflected  i n lowe r  correlation s betwee n subjectiv e 
rating s o f  word s processe d i n th e visua l  an d auditor y 
modalities .  Conversely ,  modalit y independen t  lexica l 
representation s shoul d no t  produc e differentiall y  sensitiv e 
ratings . 

Earl y version s o f  variou s model s o f  wor d recognitio n 
hav e m a d e a t  leas t  implici t  claim s regardin g th e modalit y 
independenc e o f  frequency  information .  Morton' s (1969 ) 
logoge n mode l  appear s consisten t  wit h modalit y 
independenc e becaus e logogen s accep t  evidenc e from  bot h 
auditor y an d visua l  input .  Late r  version s o f  th e model , 
however ,  explicitl y  acknowledg e modalit y dependenc e b y 
incorporatin g separat e logoge n system s fo r  printe d an d 
spoke n word s (Morton ,  1979) .  I n addition ,  Forster' s (1973 ) 
autonomou s searc h mode l  i s  consisten t  wit h modalit y 
dependenc e becaus e th e firs t  stag e o f  th e mode l  involve s 
submittin g a n unanalyze d patter n t o periphera l  acces s file s 
m a de u p o f  bin s tha t  contai n eithe r  frequency-ordered 

orthographi c entrie s o r  frequency-ordered  phoneti c entries . 
Thus ,  i n Forster' s model ,  frequency  effect s shoul d depen d 
directl y o n modalit y o f  processing . 

Th e presen t  researc h furthe r  examine d whethe r  frequency 
i s a  modalit y independent ,  unitar y phenomenon .  I n 
particular ,  w e attempte d t o determin e i f  frequency 
informatio n i s code d strictl y a t  a n abstrac t  lexica l  leve l  o r  i f 
thi s informatio n i s als o presen t  a t  on e o r  mor e particular , 
form-base d level s o f  representation ,  suc h a s phonologica l 
and orthographi c representation s tha t  suppor t  perceptio n an d 
production .  Thi s researc h attempte d t o exten d previou s 
fmding s t o determin e i f  form-based ,  modalit y dependen t 
representation s posses s thei r  o w n frequency  indices . 

We gathere d subjectiv e frequency  rating s fo r  25 2 word s 
usin g th e followin g questions :  " H o w ofte n hav e yo u read 
th e wor d i n you r  lifetime?" ;  " H o w ofte n hav e yo u 
writte n th e wor d i n you r  lifetime?" ;  " H o w ofte n hav e 
yo u hear d th e wor d i n you r  lifetime?" ;  an d " H o w ofte n 
hav e yo u sai d th e wor d i n you r  lifetime?" .  Separat e 
rating s wer e collecte d fo r  a  lis t  o f  word s presente d visuall y 
an d th e sam e lis t  o f  word s presente d auditorily . 

We wer e intereste d no t  onl y i n th e rating s themselve s 
but  als o i n thei r  implication s fo r  processin g times .  I n 
particular ,  w e wer e intereste d i n determinin g th e degre e t o 
whic h eac h o f  th e fou r  type s o f  rating s woul d correlat e wit h 
perfonmanc e i n processin g tasks .  W e attempte d t o determin e 
i f  subjectiv e rating s o f  th e frequencies  o f  producin g word s 
(writing ,  saying )  correlat e wit h perfomianc e i n experiment s 
wit h a  productio n componen t  (naming) ;  i f  subjectiv e rating s 
of  frequencies  o f  perceivin g word s (reading ,  hearing )  correlat e 
wit h performanc e i n experiment s wit h perceptio n 
component s (lexica l  decision) ;  an d i f  rating s o f  a  give n inpu t 
modalit y correlat e wit h performanc e withi n an d acros s 
modalities .  Again ,  w e wer e intereste d i n determinin g i f 
frequency  difference s ar e code d strictl y a t  a n abstrac t  lexica l 
leve l  o r  i f  thi s informatio n i s als o presen t  a t  on e o r  mor e 
particular ,  form-base d level s o f  representation . 

I n experiment s l A an d IB ,  subject s rate d h o w 
frequently  the y read ,  wrote ,  heard ,  an d sai d th e stimulu s 
words .  Visuall y presente d word s an d auditoril y  presente d 
word s wer e rate d separately .  Experiment s 2  throug h 5 
examine d processin g tim e an d accurac y fc x th e word s rate d 
i n Experimen t  1 .  Thes e experiment s wer e (1 )  auditor y 
lexica l  decision ,  (2 )  visua l  lexica l  decision ,  (3 )  auditor y 
naming ,  an d (4 )  visua l  naming .  Thes e rating s wer e the n 
correlate d wit h processin g time s i n auditor y an d visua l 
lexica l  decisio n an d namin g tasks .  Ou r  result s sugges t 
modalit y dependenc e fo r  som e lexica l  representations , 
primaril y fo r  word s tha t  occu r  fairl y  rarel y i n th e language . 
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Abstrac t 

A probabilistic model of text recaU is proposed which 
assign s a  probabilit y  mas s t o a  give n recal l  protocol . 
Knowledg e analyse s o f  semanti c relationship s amon g 
event s identifie d i n th e tex t  ar e use d t o specif y th e ar -
chitectur e o f  th e probabilit y  model .  Twelv e subject s 
(th e trainin g dat a group )  wer e the n aske d t o recal l 
twelv e text s fro m memory .  Th e recal l  protocol s gen -
erate d b y th e twelv e subject s wer e the n use d t o esti -
mate th e strength s o f  th e semanti c relationship s i n th e 
probabilisti c  model .  Th e Gibb s Sample r  algorith m ( a 
connectionist-lik e algorithm )  wa s the n use d t o sampl e 
fro m th e probabilisti c  mode l  i n orde r  t o generat e syn -
thesize d recal l  protocols .  Thes e synthesize d recal l  pro -
tocol s wer e the n compare d wit h th e origina l  se t  o f  recal l 
dat a an d recal l  dat a collecte d fro m a n additiona l  grou p 
of  twelv e huma n subject s (th e tes t  dat a group) . 

Markov Field Probability Model 

I n thi s section ,  a  Marko v field  probabilit y  mode l  whic h 
assign s a  probabilit y  mas s t o a  give n recal l  protoco l 
(i.e. ,  a n ordere d sequenc e o f  comple x tex t  proposition s o r 
equivalentl y tex t  features )  i s no w explicitl y  defined .  Th e 
specifi c  formula s describe d i n thi s sectio n ar e discusse d 
i n detai l  an d derive d elsewhere .  Th e semanti c associativ e 
link s (e.g. ,  causa l  links )  identifie d b y a  tex t  knowledg e 
analysi s ar e first  use d t o specif y th e fre e parameter s o f 
a specia l  d-dimensiona l  matri x whic h i s  calle d th e W 
matrix .  Th e iji h elemen t  o f  W indicate s th e degre e 
t o whic h th e activatio n o f  th e jt h tex t  feature ,  yj ,  i n 
th e workin g memor y buffer ,  y  =  [yi ,  • •  •  ,yd] ,  influence s 
th e probabilit y  tha t  th e it h tex t  featur e wil l  b e recalled . 
Not e tha t  onl y a  subse t  o f  element s o f  W ar e estimate d 
usin g quasi-maximu m likelihoo d estimatio n (i.e. ,  th e a 
prior i  designate d semanti c an d episodi c knowledg e links ) 
whil e th e remainin g element s o f  W ar e constraine d t o b e 
equa l  t o zero . 

Let  f ,  b e a  d-dimensiona l  vecto r  wit h a  on e i n positio n 
i  an d zero s i n al l  remainin g d -  1  positions .  Th e vecto r 
f ,  identifie s th e it h tex t  featur e i n th e text .  Le t  th e 
notatio n x(t )  =  f ,  indicat e tha t  th e <t h ite m i n a  huma n 
subject' s recal l  protoco l  wa s tex t  featur e fj .  Th e workin g 
memory buffe r  o f  th e huma n subjec t  i s  assume d t o b e 
update d accordin g t o th e formul a y(t-l-1 )  =  x(t )  +  ny{t ) 
wher e th e empiricall y determine d ̂ i  €  [0,1 )  specifie s th e 
workin g memor y nod e activatio n deca y rate . 

Let  y{t )  =  [j/i(<) ,  •  •  • ,  yd(0 ]  mode l  th e workin g m e m-
or y buffe r  o f  th e huma n subjec t  afte r  t  item s hav e bee n 

recalled .  Defin e th e loca l  potentia l  functio n Vf i  suc h 
that : 

V.,i = f[Wy{s) + f; [Wp'-i-'fx(0]- (1) 

Then the conditional probability that the sth item in 
a recal l  protoco l  i s  th e tt h tex t  featur e recalle d give n 
knowledg e o f  al l  othe r  item s i n th e recal l  protoco l  i s  give n 
by th e formula : 

_ exp[V,,i ] 
P'. i  =  : ^  7T7-; -  (2 ) 

Efc= i  exp[V,,k ] 
P r o b a b i l i t y  M o d e l  E v a l u a t i o n 

Quasi-maximu m likelihoo d estimate s o f  th e strength s o f 
semanti c an d episodi c knowledg e link s i n th e W matri x 
wer e compute d fro m recal l  protoco l  dat a collecte d fro m 
twelv e huma n subject s (trainin g group )  fo r  twelv e shor t 
12-1 5 sentenc e texts .  Th e G e m a n an d G e m a n Gibb s 
Sample r  algorith m wa s the n use d t o sampl e fro m th e 
join t  probabilit y  distributio n o f  recal l  protocols .  A n ad -
ditiona l  {tes t  group )  o f  twelv e huma n subject s als o re -
calle d th e twelv e text s fro m memory .  Th e recal l  proto -
col s generate d fro m th e tw o group s o f  huma n subject s 
and th e recal l  protocol s generate d fro m th e Gibb s Sam -
ple r  algorith m wer e the n compared . 

Statemen t  recal l  probabilitie s compute d fro m Gibb s 
Sample r  generate d recal l  protocol s wer e quantitativel y 
ver y simila r  t o statemen t  recal l  probabilitie s compute d 
fro m actua l  huma n recal l  protocols .  Bot h huma n subjec t 
recal l  protocol s an d Gibb s Sample r  generate d reced l  pro -
tocol s exhibite d th e well-know n finding  tha t  statement s 
wit h mor e causa l  connection s t o othe r  statement s i n a 
tex t  ar e mor e likel y t o b e include d i n a  recal l  protocol . 

Th e synthesize d recal l  protoco l  dat a ma y als o b e di -
rectl y compare d wit h th e huma n recal l  protoco l  dat a i n 
orde r  t o mak e prediction s abou t  th e explici t  orde r  i n 
whic h item s ar e recalle d fro m memory .  Fo r  example , 
th e sixt h synthesize d recal l  protoco l  fo r  th e mise r  tex t 
i s th e tex t  featur e sequenc e f3,f7,fi4,fi6,fi 7 whic h cor -
respond s t o th e sequenc e o f  Englis h statements : 

Th e mise r  burie d th e gol d i n th e groun d (£3) .  Th e 
servan t  stol e th e gol d (f?) .  Th e neighbo r  said ,  " G o 
and tak e a  stone ,  an d bur y i t  i n th e hole "  (fn) .  Th e 
neighbo r  said ,  "Th e ston e wil l  b e a s usefu l  t o yo u a s 
th e gold"(fi6) .  Th e neighbo r  said ,  " W h e n yo u ha d 
th e gold ,  yo u neve r  use d it"(fi7) . 
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Workcenter s i n th e publi c an d privat e sector s ar e bein g 
invade d b y complex ,  dynami c equipmen t  systems .  Globa l 
competitivenes s an d diminishe d budget s i n tur n dictat e a 
downsized ,  bu t  adaptiv e workforce .  I n thi s study , 
innovativ e dat a gatherin g tha t  informe d a n u n c o m m o n 
instructiona l  syste m offe r  a  respons e from  cognitiv e scienc e t o 
th e besiege d workcenters .  Cognitiv e tas k analysi s method s 
capture d th e component s o f  troubleshootin g expertis e fiom 
dozen s o f  Ai r  Forc e maste r  technician s a s the y worke d o n 
authenti c faul t  scenarios .  Th e codifie d outpu t  an d develope d 
scenario s the n provide d inpu t  t o a n intelligen t  tutorin g 
syste m calle d Sherlock .  Thi s tuto r  target s high-difficult y 
F15 avionic s troubleshootin g skills .  I n a  controlle d 
experiment ,  4 1 apprentic e an d journeyma n airme n w o e 
preteste d o n thei r  troubleshootin g competenc e an d the n 
randoml y assigne d t o tw o equivalen t  groups .  Th e 
experimenta l  grou p worke d o n th e tuto r  1-1/ 2 t o 2  hour s a 
day ove r  a n averag e o f  7  days .  Th e contro l  grou p continue d 
thei r  standar d on-the-jo b trainin g regimen ,  workin g wit h 
senio r  tea m leader s i n th e sho p durin g thos e hours .  Afte r  th e 
intervention ,  o n bot h verba l  protoco l  an d pape r  an d penci l 
posttest s use d t o asses s troubleshootin g performance ,  th e 
experimenta l  grou p out-performe d th e control s ( p =  .001 ;  p  = 
.009) .  Result s hel d u p fo r  6  month s afte r  th e tuto r  wa s 
removed .  (Findin g from  evaluatio n o f  Sherloc k prototype. ) 
Also ,  i n th e presen t  evaluation ,  subject s wer e require d t o 
troubleshoo t  a  completel y nove l  equipmen t  system .  Again , 
th e experimenta l  grou p prevaile d o n bot h measure s ( p = 
.006 ;  p  =  .025) .  Th e implication s o f  thi s wor k ar e a s 
follows :  purposefu l  learnin g experience s i n system s wher e 
knowledg e connect s wit h it s use s i n th e worl d appea r  t o 
accelerat e th e developmen t  o f  adaptive ,  "Informatio n Age " 
expertise .  Innovativ e communitie s o f  practic e shoul d no t  b e 
fa r  behind . 
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Int roduct io n 

Visua l  speec h recognitio n i s a  challengin g tas k i n sensor y in -

tegration .  Psychophysica l  wor k b y M c G u r k an d MacDonal d 
(1976 )  firs t  showe d th e powerfu l  influenc e o f  visua l  informa -
tion  o n speec h perceptio n tha t  ha s le d t o increase d interes t  i n 
thi s area .  Fo r  example ,  the y presente d th e speec h soun d / n a — 
no /  wit h th e visibl e articulatio n o f  /p a -  pa/ .  W h e n sub -
ject s wer e aske d t o identif y th e soun d tha t  the y heard ,  man y 
reporte d / m a -  m a / .  Thi s soun d represent s th e bes t  compro -
mis e o f  thes e tw o conflictin g source s o f  informatio n becaus e 
/ m a - m a /  i s simila r  t o / p a - p a /  visually ,  an d / m a - m a /  i s 
simila r  t o /n a — n a /  acoustically .  Mor e generally ,  th e visua l 
signa l  provide s goo d informatio n abou t  plac e o f  articulation , 
but  voicin g an d nasalit y ar e mor e difficul t  t o determine .  Th e 
acousti c signal ,  o n th e othe r  hand ,  ha s goo d informatio n abou t 
voicing ,  bu t  i s  ambiguou s wit h respec t  t o plac e o f  articulation . 

Massar o (1987 )  use d a  fiizz y logi c mode l  t o sho w tha t  th e 
best  explanatio n o f  th e dat a wa s obtaine d whe n th e visua l 
and acousti c informatio n wer e treate d a s independen t  fac -
tors .  I n othe r  words ,  huma n respons e probabilitie s fo r  th e dif -
feren t  combination s o f  visua l  an d acousti c signal s wer e bes t 
describe d a s th e resul t  o f  a  proces s i n whic h eac h modal -
it y make s a n independent ,  multiplicativ e contribution .  Thi s 
propert y o f  th e acousti c an d visua l  signal s i s ofte n referre d 
t o a s conditiona l  independence .  Movella n (i n press )  furthe r 
teste d thi s conditiona l  independenc e assumptio n usin g hidde n 
Marko v models .  H e compare d model s tha t  wer e consti-aine d 
t o utiliz e visua l  an d acousti c informatio n independenti y wit h 
model s tha t  wer e unconstrained .  Becaus e th e optima l  con -
straine d mode l  di d no t  perfor m an y wors e tha n th e optima l 
unconstraine d model ,  w e ca n assum e tha t  th e conditiona l  in -
dependenc e assumptio n holds . 

Current Directions 

Movella n (1995 )  recenti y explore d th e abilit y o f  hidde n 
Marko v model s t o recogniz e spoke n digit s usin g visua l  infor -
matio n alone .  Th e inpu t  representatio n fo r  th e mode l  con -
siste d o f  smoothe d pixe l  intensit y informatio n a t  eac h time 
step ,  a s wel l  a s a  delt a imag e tha t  showe d th e pixe l  b y pixe l 
differenc e betwee n subsequen t  time  steps .  Pea k performanc e 
of  thi s mode l  (89% )  closel y matche d th e result s o f  untraine d 
human subjects . 

I n th e curren t  work ,  a n optica l  flo w representatio n rathe r 

tha n th e delt a imag e wa s used .  Cell s i n are a M S T o f  visua l 
corte x selectivel y respon d t o specifi c  pattern s o f  optica l  flow 
(Duff y &  Wurtz ,  1991) .  Thi s flo w informatio n ha s bee n inter -
prete d a s representin g egomotion ,  bu t  m a y als o b e valuabl e 
fo r  segmentin g independentl y movin g object s (Zeme l  &  Se -
jnowski ,  1995 )  an d recognizin g differen t  pattern s o f  li p move -
ments .  Thi s higher-leve l  visua l  representatio n m a y b e mor e 
resistan t  t o varyin g illununatio n conditions ,  an d othe r  form s 
of  noise ,  tha n th e pixel-base d delt a image . 

Our  optica l  flow  computatio n wa s base d o n th e standar d 
brightnes s constrain t  equation ,  followe d b y thresholding .  Ex -
perimentatio n wit h mor e sophisticate d 2nd-orde r  optica l  flow 
technique s resulte d i n extremel y nois y output ,  presumabl y 
due t o violatio n o f  th e rigidif y consti'aint .  Th e optica l  flow 
representatio n forme d th e inpu t  t o a n H M M whic h wa s traine d 
on spoke n digit s fro m a  databas e o f  1 2 speakers .  Pea k perfor -
mance o f  6 1 % wa s obtaine d wit h a  9-stat e model .  Addin g in -
formatio n abou t  th e acceleratio n o f  li p feature s (difference s i n 
optica l  flow)  resulte d i n a n additiona l  1 0 % improvement . 
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Introductio n 

Ovenegulaiizatio n (OR )  error s an d U-shape d learnin g 
durin g pas t  tens e acquisitio n hav e bee n use d t o suppor t  th e 
model  o f  a  symbobc ,  tw o proces s syste m o f  learnin g 
requirin g bot h rul e us e an d memorization .  Beginnin g wit h 
tiie  wor k o f  RumeUiar t  an d McClellan d (1986) , 
cormectionis t  network s hav e attempte d t o mode l  thes e 
phenomen a wit h varyin g degree s o f  success .  W e examin e 
th e abilit y  o f  Kanerva' s (1988 )  spars e distribute d memor y 
( S D M)  t o simulat e Palerm o an d Howe' s (1970 ;  hereafte r 
P & H)  experimenta l  analog y t o pas t  tens e acquisition . 
S D M,  lik e flie  cormectionis t  networks ,  doe s no t  explicitl y 
encod e rules ,  therefore ,  i f  i t  i s  abl e t o simulat e P&H' s 
behaviora l  data ,  th e plausibilit y o f  a  sub-symbolic ,  on e 
proces s accoun t  wil l  b e strengthened . 

Sparse Distributed Memory 

S DM (Kanerva ,  1988 )  i s a  content-addressabl e associativ e 
m e m o ry syste m i n whic h onl y a  small ,  rando m subse t  o f  al l 
possibl e addresse s i s realize d a s "hard "  locations .  Durin g 
storage ,  th e probabilit y  i s smal l  tha t  a n exac t  matc h wil l  b e 
foun d fo r  a  targe t  addres s amon g th e har d locations ,  s o th e 
dat a i s store d a t  har d location s whic h ar e "near "  th e targe t 
usin g a  kin d o f  superposition .  A  simila r  proces s occur s 
durin g retrieva l  whe n th e dat a from  th e targe t  address' s 
neighborin g har d location s ar e summed .  Th e us e o f 
superpositio n an d summatio n allow s S D M t o maintai n a 
hig h leve l  o f  fidelity  despit e th e many-to-man y mapping s 
betwee n addresse s an d har d locations .  Fo r  th e sam e 
reason s S D M i s  abl e t o exhibi t  gracefu l  degradation , 
prototyp e extractio n an d nois e suppression . 

Our  implementatio n o f  S D M incorporate s nois e durin g 
storag e an d retrieval ,  an d a s such ,  i s  a  modificatio n o f 
Kanerva' s model .  Ou r  belie f  tha t  nois e i s a  critica l  fector  i n 
learnin g ,  whos e eflfect s diminis h a s learnin g proceeds ,  le d 
t o a  strateg y o f  deaeasin g nois e durin g ou r  simulations . 

SDM Simulations of Palermo & Howe (1970) 

S DM wa s use d t o simulat e P&H' s paire d associate s 
learnin g tas k i n whic h adul t  subject s wer e presente d wit h 
bot h regula r  (rul e governed )  stimulus-respons e pair s an d 
mor e frequent  irregula r  pair s whic h wer e exception s t o th e 
rule .  Notably ,  th e compositio n o f  th e trainin g an d testin g 

material s di d no t  chang e throug h th e cours e o f  th e 
experiment ,  i.e. ,  ther e wer e n o shift s i n frequency  o f 
presentatio n ove r  trials .  S D M wa s abl e t o mimi c P&H' s 
behaviora l  dat a i n a  numbe r  o f  critica l  areas .  (1 )  Bot h 
P&H' s subject s an d S D M learne d th e irregular s muc h 
soone r  an d bette r  tha n th e regula r  pairs .  (2 )  S D M wa s abl e 
t o matc h th e O R rate s foun d amon g P&H' s subjects .  (3 ) 
S DM rephcate d th e frequency  eflfect s exhibite d b y P&H' s 
subjects :  a s frequency  o f  presentatio n increased ,  bot h 
acquisitio n rate s an d O R rate s decreased .  (4 )  Ther e wa s n o 
evidenc e o f  U-shape d learnin g eithe r  i n P&H' s subject s o r 
th e S D M simulations . 

Discussion 

OR error s hav e receive d muc h attentio n i n th e debat e 
betwee n symboli c an d connectionis t  approache s t o 
cognition .  Th e wor k presente d her e doe s no t  resolv e th e 
debate ,  bu t  SDM' s succes s a t  modelin g P&H' s behaviora l 
dat a doe s sugges t  tha t  a  sub-symboli c approac h i s 
plausible .  W e ar e currentl y workin g t o determin e ho w wel l 
thi s on e proces s syste m i s abl e t o mode l  othe r  memor y 
phenomen a includin g interferenc e an d recognition . 

A n interestiii g behaviora l  questio n i s als o raise d b y thi s 
study .  Whil e i t  seem s clea r  tha t  O R error s ar e no t  confine d 
t o languag e acquisition ,  P&H' s stud y provide s n o evidenc e 
tha t  U-shape d learnin g exist s outsid e thi s domain .  I n 
addition ,  th e chil d languag e acquisitio n dat a sugges t  tha t 
whil e U-shape d learnin g i s eviden t  i n som e children ,  i t  ma y 
be a n exceptiona l  occurrence .  So ,  th e questio n o f  whethe r 
U-shape d learnin g i s a  genera l  cognitiv e phenomenon ,  o r 
eve n characteristi c o f  languag e acquisition ,  remain s t o b e 
answered . 
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Hindsigh t  bia s refas  t o th e tendenc y f w peopl e wit h 
knowledg e an d even t  outcom e t o recal l  thei r  origina l 
judgmen t  abou t  th e even t  a s close r  t o th e outcom e tha n i t 
actuall y was .  N o attemp t  t o explai n hindsigh t  bia s ha s 
resulte d i n a  precis e mode l  tha t  specifie s th e cognitiv e (o r 
motivational )  mechanism .  Ou r  C R A F T mode l  (Cognitiv e 
Keconstructio n AftC T Feedbac k wit h Xak e th e Best )  does . 

We appl y C R A F T t o th e typica l  hindsigh t  bia s tas k i n 
whic h a n origina l  judgmen t  ha s t o b e mad e a t  tim e 1 , 
feedbac k abou t  th e correc t  answe r  i s give n a t  tim e 2 ,  an d th e 
origina l  judgmen t  ha s t o b e recalle d a t  tim e 3 . 

Time 1: Steps of the Algorithm 

We account for the original judgment at time 1 with the 
basi c P M M algorith m ( P M M theory ;  se e Gigerenzer , 
Hoffiage ,  &  KleinbOlting ,  1991) .  A  P M M i s a n inductiv e 
devic e tha t  use s limite d knowledg e t o mak e fas t  inference s 
i n task s i n whic h a  choic e mus t  b e mad e betwee n tw o 
object s a  an d 6  (e.g. ,  tw o foo d items )  o n a  quantitativ e 
targe t  variabl e (e.g. ,  amoun t  o f  cholesterol) .  Th e knowledg e 
consist s o f  cue s (tha t  ar e correlate d wit h th e targe t  variable ) 
as wel l  a s th e value s o f  a  an d b  (e.g. ,  2 g an d I g saturate d M 
per  ounce ,  respectively )  o n eac h cue . 

I n a  two-alternativ e choic e i n whic h on e ha s t o decid e 
whic h o f  tw o foo d item s ha s mor e cholesterol ,  th e basi c 
algorith m i n th e P M M framework,  th e "Tak e Th e Best " 
(TTB )  algorithm ,  retrieve s th e items '  relatio n o n th e mos t 
vali d cu e from  memory .  Th e cu e i s  sai d t o discriminat e 
betwee n th e tw o alternative s i f  it s  valu e fo r  a  differ s from 
tha t  fo r  6 .  I f  th e bes t  cu e discriminates ,  th e searc h stops ; 
otherwise ,  th e algorith m repeat s th e procedur e wit h th e next -
best  cu e unti l  a  cu e tha t  discriminate s i s found .  Finally ,  th e 
ite m wit h th e highe r  cu e valu e o n th e discriminatin g cu e i s 
chosen . 

Time 3: Cognitive Reconstruction 

What happens when one's original judgment at time 3 must 
be recalle d afte r  receivin g feedbac k (abou t  a  an d 6' s  value s 
on th e targe t  variable )  a t  tim e 2 ? I t  i s  assume d tha t  i f  th e 
origina l  judgmen t  canno t  b e retrieve d a t  tim e 3 ,  i t  wil l  b e 
generate d b y reconstructin g th e knowledg e o n whic h th e 
judgmen t  a t  tim e I  wa s based .  Durin g thi s process ,  th e 
T TB algorith m wil l  b e applie d again . 

Our  crucia l  assumptio n concernin g reconstructio n i s  tha t 
it  i s no t  completel y veridica l  bu t  ratiie r  i s  shifte d towar d 
feedback .  Th e reaso n i s tha t  feedbac k i s a  cu e stron g enoug h 

t o shif t  recalle d cu e relation s betwee n object s i n th e 
directio n consisten t  wit h feedback .  Th e impac t  o f  feedbac k i s 
particularl y stron g whe n a  cu e di d qq I  discriminat e a t  tim e 1 
becaus e o f  a n unknow n cu e value . 

Asid e from  systemati c (feedbac k dependent )  shift s i n cu e 
relations ,  ther e als o occu r  rando m (feedbac k independent ) 
shifts .  Rando m shifts ,  whic h reflec t  a n erro r  componen t 
whose importanc e Erev ,  Wallsten ,  an d Budesc u (1994 )  an d 
other s hav e demonstrate d i n modelin g huma n confidenc e 
judgments .  Rando m shift s ca n accoun t  f( w th e finding  tha t 
choice s ar e sometime s reconstructe d i n a  wa y inconsisten t 
wit h feedback . 

Test of CRAFT: Experiment 

A real-world topic with considerable significance for many 
peopl e i s nutrition .  Th e T T B algorith m predict s whic h o f 
tw o foo d item s a  particula r  participan t  wil l  choos e a s havin g 
more cholestero l  befor e an d afte r  feedback .  Th e inpu t  t o th e 
algorith m i s  participants '  knowledg e abou t  th e value s o n 
th e saturate d fat ,  calorie ,  an d protei n cue s fo r  foo d item s 
whic h w e tol d the m wer e excellen t  ( 80 % cu e validity) ,  goo d 
(70%) ,  an d wea k (60% )  predictor s fo r  cholesterol , 
respectively .  T o contro l  knowledge ,  w e starte d th e 
experimen t  wit h a  learnin g phas e i n whic h participant s 
learne d abou t  5 0 % o f  th e cu e value s o n th e saturate d fet, 
calorie ,  an d protei n cue s fo r  3 6 foo d items .  Inmiediatel y afte r 
th e learnin g phase ,  participant s wer e give n a  lis t  o f  foo d 
item s an d wer e aske d "Whic h foo d d o yo u thin k ha s th e 
highe r  amoun t  o f  cholesterol ? 

I n th e secon d session ,  th e experimenta l  grou p receive d 
feedbac k fo r  eac h o f  th e question s the y answere d previousl y 
(th e cholestero l  values) .  I n addition ,  the y wer e aske d t o 
recal l  (a )  whic h foo d die y originall y chos e a s havin g th e 
highe r  amoun t  o f  cholestero l  an d (b )  th e amount s c f 
saturate d fat ,  calories ,  an d protei n tha t  the y learne d i n th e 
learnin g phase .  Th e contro l  grou p receive d n o feedbac k an d 
had t o answe r  th e sam e questions . 

By comparin g th e choice s predicte d b y th e T T B 
algorith m a t  tim e 3  wit h th e actua l  choice s (a t  tim e 1) , 
C R A FT predicte d fo r  eac h foo d pai r  an d eac h participan t 
whethe r  hindsigh t  bia s (shif t  i n choic e consisten t  wit h 
feedback) ,  reverse d hindsigh t  bia s (shif t  inconsisten t  wit h 
feedback) ,  o r  q q hindsigh t  bia s woul d occur . 

I n th e experimenta l  group ,  C R A F T accuratel y predicte d 
8 2 % o f  th e observe d outcomes .  I n th e contro l  condition ,  th e 
algorith m accuratel y predicte d 8 7 % o f  th e observe d 
outcomes . 
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In t roduc t io n 

Thi s researc h challenge s th e traditiona l  approac h o f  the -
or y constructio n i n cognitiv e developmen t  b y usin g th e 
framewor k o f  robo t  learning .  Traditionally ,  researche r  i n 
cognitiv e developmen t  (e.g. ,  developmenta l  psychologist ) 
has focuse d o n genera l  an d abstrac t  descriptio n o f  exper -
imenta l  dat a a s a n explanatio n fo r  th e observations .  I n 
contras t  t o thi s approach ,  w e propos e usin g autonomou s 
robot s a s th e subjec t  o f  cognitiv e development ,  an d con -
structin g compute r  program s b y whic h robot s ca n be -
hav e ansdogousl y t o infants . 

Th e advantag e o f  usin g robot s i s twofold .  First ,  w e 
ca n utiliz e a  robot' s variou s sensor s an d actuator s a s th e 
input s an d output s o f  a  model .  I n compariso n t o stan -
dar d compute r  simulatio n framewor k thi s aspec t  allow s 
us t o construc t  a  mor e realisti c model .  Second ,  w e ca n 
construc t  a  theor y absorbin g activenes s i n cognitiv e de -
velopment .  Recently ,  researcher s hav e emphasize d th e 
importanc e o f  activenes s (i.e. ,  mobility )  o f  infant s dur -
in g developmen t  (Thele n an d Smith ,  1994) .  However , 
th e theor y derive d fro m thi s strea m need s t o b e teste d 
an d refine d i n mor e detail .  W e believ e tha t  usin g robo t 
lead s u s t o a  mor e concret e theory . 

Modeling the Process of Spatial Learning 

As a  first  ste p t o constructin g a n complet e computa -
tiona l  theor y o f  cognitiv e development ,  w e ar e tryin g 
t o explai n th e empirica l  result s o f  Acredelo ,  Asam s & 
G o o d w yn (1984) .  The y conducte d experiment s t o tes t 
th e rol e o f  self-locomotio n a s oppose d t o passiv e trans -
por t  concernin g infant' s spatia l  cognition .  Thei r  result s 
sugges t  th e importanc e o f  activ e movemen t  wit h visua l 
tracking .  Howeve r  i t  i s  no t  clea r  wha t  informatio n i s cen -
tra l  i n promotin g th e chang e fro m egocentri c representa -
tion s t o landmark-base d o r  allocentri c representations . 

I n orde r  t o focu s o n th e change ,  w e adop t  th e ide a 
of  representationa l  redescriptio n (Karmiloff-Smith ,  1992 ) 
as a  ke y concep t  fo r  constructin g learnin g robots .  I n 
accordanc e wit h thi s ide a w e hav e develope d a  metho d 
called/ea<ur c a6s<racho n (Hiraki,1994) .  Featur e abstrac -
tio n dynamicall y define s abstrac t  sensor s fro m primitiv e 
sensor y informatio n an d make s i t  possibl e t o lear n ap -
propriat e sensory-moto r  constraints .  Thi s metho d ha s 
bee n implemente d o n a  rea l  mobil e robo t  a s a  learnin g 
syste m calle d AcoRN-II . 

Even thoug h featur e abstractio n i s a  metho d fo r 
changin g representation ,  i t  ha s limitation s a s a  genera l 

We ar e addressin g th e model  o f  developmenta l  change . 
followin g issues . 

1. Efficient methods for exploring the feature 
spac e (Attentio n m e c h a n i s m ) .  ACORN-I I  ha s a 
smal l  numbe r  o f  sensors/actuator s tha t  enabl e explo -
ratio n o f  representationa l  space .  O n th e othe r  han d 
infant s hav e enormou s sensor y organs .  W e nee d mor e 
sophisticate d criterio n suc h a s attentio n mechanism . 

2.  M e c h a n i s m fo r  simulatin g drasti c change(SeIf -
organization) .  Th e chang e fro m egocentri c behav -
io r  t o non-egocentri c seem s t o nee d a  drasti c chang e 
of  spatia l  representation .  Thoug h featur e abstractio n 
dynamicall y redefine s representation ,  it s  basi c mech -
anis m i s base d o n th e supervise d learnin g framework . 
I n orde r  t o simulat e infant' s representatio n change , 
we nee d a  systemati c wa y base d o n th e unsupervise d 
framework . 

Ther e ar e som e studie s tha t  shar e som e part s o f  ou r 
goal .  Fo r  instance .  Brook s &  Lyn n (1993 )  ar e construct -
in g a  humanoi d typ e robo t  tha t  ca n simulat e par t  o f 
infant' s behavior .  The y focu s o n th e hardwar e leve l  in -
stea d o f  developmenta l  change s o f  representation .  How -
ever ,  w e believ e tha t  th e necessit y o f  implementatio n 
on rea l  robot s provide s valuabl e insight s int o cognitiv e 
mechanisms .  A s fo r  Acredelo' s experiments ,  w e ca n con -
tro l  th e informatio n whic h i s suppose d t o b e perceive d 
by infant s durin g locomotion ,  an d w e ca n verif y th e hy -
pothesi s o n self-movement . 
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The huma n brai n consist s i n broa d outlin e o f  th e neocortex , 
th e limbi c system ,  an d a  midbrai n core .  Th e neocorte x i s 
connecte d t o th e limbic-midbrai n syste m B  b y m a n y back -
and-fort h projections ,  a  structur e consisten t  wit h Pribram' s 
thre e primar y brai n systems :  th e modality-specifi c  posterio r 
intrinsi c system s P ,  th e projectio n systems ,  an d th e fronta l 
intrinsi c syste m F .  Topologically ,  suc h a  structur e 
constitute s a  fibration,  o r  fibre  bundl e p :  P  / C B ,  consistin g 
of  a  bas e spac e B  an d overlyin g it ,  a  tota l  spac e P  mad e u p 
of  tubula r  neighborhood s tha t  projec t  d o w n t o th e bas e spac e 
B.  Ther e i s als o a  "liftin g m a p "  fro m th e bas e spac e t o th e 
tota l  space .  I n th e perceptua l  application ,  th e liftin g m a p 
consist s o f  afferen t  nerv e signal s transmittin g sensor y 
stimul i  t o Shor t  Te r m M e m o r y ,  whil e th e projectio n map s 
ar e embodie d i n efferen t  an d corticortica l  nerv e flows.  Thi s 
structur e i s consisten t  wit h neuroscientists '  curren t  genera l 
agreemen t  tha t  cortica l  structur e i s  a t  th e sam e tim e 
"topographic "  (e.g. ,  retinotopic) ,  lamina r  (cytoarchitectura l 
layers) ,  an d (micro)columnar .  Th e latte r  hav e bot h a  loca l 
directiona l  ("orientation" )  respons e an d a n area l  one ,  whic h 
togethe r  generat e visua l  contours ,  fo r  example ,  a s "lifts '  o f 
retina l  stimuli . 

Th e posterio r  intrinsi c system s "mediat e invarian t 
propertie s o f  specifi c  sensor y modalities, "  e.g. ,  th e 
psychologica l  constancies ,  shap e memory ,  an d th e Gestal t 
"laws. "  M a n y researcher s i n psycholog y hav e recognize d 
tha t  cognitio n require s continuou s transformatio n (Workin g 
Memory ) ;  som e (Berlyne ,  Cassirer ,  Culbertson ,  Dodwell , 
Hoffman ,  Palmer ,  Piaget ,  Pitt s &  McCulloch ,  Rashevsky , 
Wiener )  hav e furthe r  recognize d tha t  continuou s 
transformatio n group s G  x  P  —» P  ("continuou s symmetry" ) 
ar e require d fo r  suc h invariances .  I n particula r  th e 
invariance s o f  th e psychologica l  constancies :  shape ,  size , 
color ,  motion ,  pitch ,  loudness ,  an d binaura l  localization ,  ar e 
structure d i n thi s way .  I n th e perceptua l  cas e thi s lead s t o 
th e L T G / N P ("continuou s transformatio n group s consU-aine d 
by neuropsychology" )  theory .  Th e grou p G' s action ,  whic h 
"drag s th e flow"  alon g th e path-curve s o r  "orbits "  (e.g. , 
visua l  contours )  o f  th e perceptua l  field  vi a th e loca l  actio n o f 
th e group' s Li e derivatives ,  correspond s t o 
proprioceptor/telecepto r  inputs .  Th e resul t  i s a n "orbifold " 
made u p o f  visua l  contour s representin g suc h orbits .  Th e 
Li e derivative s hav e th e prope r  loca l  morpholog y t o b e 
embodie d i n th e stellat e an d pyramida l  cell s o f  isocortex . 
Als o appearin g i s a  cotangen t  functo r  T *  generatin g a  loca l 
orientatio n respons e simila r  t o tha t  o f  cortica l 
microcolumns . 

Cognitio n consist s o f  tw o primar y entities :  percept s an d 
concepts .  Percept s represen t  th e outcom e o f  attentio n 
(efferen t  blocking )  upo n perception .  Concept s consis t  o f  th e 
semioti c aspect s o f  percepts ,  procedura l  an d declarativ e 
memory,  an d rationa l  thought ,  an d ar e colore d b y emotion s 
imparte d b y th e limbi c system .  T h e fronta l  intrinsi c syste m 
processe s complicate d sequence s o f  action s o r  train s o f 
though t  tha t  ar e consonan t  wit h limbi c syste m processin g t o 
minimiz e cognitiv e dissonance .  Suc h processin g ha s th e 
characte r  o f  th e symmetri c differenc e operatio n -  "on e o r  th e 
othe r  bu t  no t  bot h together "  -  plu s it s complement ,  i n th e 
familia r  paradig m o f  difference s (discrimination s an d 
classifications )  an d similaritie s (commonalities )  an d context . 
Thi s structur e i s isomorphi c t o th e categor y o f  simplicia l 

objects ,  whos e organizatio n i s  lik e tha t  o f  informatio n 
processin g psychology .  I t  the n follow s tha t  Riegel' s 
dialectica l  psycholog y an d informatio n processin g 
psycholog y are ,  a t  leas t  fo r  paire d comparisons ,  isomorphic . 
Th e fibre  bundle s o f  th e posterio r  intrinsi c system s 

constitut e a  (mathematical )  category ,  whic h i s  mappe d 
functoriall y  int o fibrations  i n th e sens e o f  K a n i n th e 
categor y o f  simplicia l  object s characteristi c o f  th e fronta l 
intrinsi c systems . 
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Learnin g need s guidanc e an d a  ke y curren t  issu e i n cogni -
tiv e scienc e i s wha t  guide s exist ,  h o w the y wor k an d h o w the y 
interact .  Mos t  curren t  cognitiv e workha s examine d guide s fo r 
languag e learnin g (e.g .  childre n expec t  a  ne w wor d t o refe r  t o 
a categor y an d t o a  whol e objec t  ratho -  tha n a  part )  an d "theo -
ries" ,  whic h ar e innat e structura l  principle s tha t  guid e furthe r 
knowledg e acquisitio n i n a  particula r  domain .  Fo r  example , 
childre n expec t  object s t o b e soli d an d continou s an d ne w 
knowledg e mus t  b e consisten t  wit h thi s notion .  Thi s genera l 
proble m o f  guidin g learnin g i s studie d i n severa l  othe r  fields, 
suc h a s ethology ,  anima l  psycholog y an d machin e learning . 
The y stud y th e proble m from  varyin g viewpoints ,  however , 
and wit h somewha t  differen t  assumptions .  Al l  th e wor k don e 
on i t  m a y usefull y b e integrate d int o a  singl e framework,  t o 
m a ke som e generalization s abou t  th e proble m an d sugges t  ke y 
researc h issues .  I  first  argu e tha t  th e proble m o f  h o w learnin g 
i s guide d i s bes t  analyse d a s par t  o f  th e mor e genaa l  evo -
lutionar y proble m o f  ensurin g tha t  a n individua l  ha s neede d 
information .  Thi s genera l  proble m ha s man y facet s an d frade-
off s an d h o w i t  i s  solve d depend s o n th e species ,  th e niche ,  th e 
learnin g proces s an d othe r  factors .  Thi s papa -  outline s som e 
geno'a l  guideline s fo r  solvin g th e proble m an d som e genera l 
sttategie s tha t  natur e uses .  TTia- e ar e man y o f  these .  Thi s pa -
per  als o outline s a  preliminar y taxonom y o f  learnin g guides . 
Thi s ha s thre e majo r  categories .  O n e typ e i s learning-based , 
wher e programmin g induce s organism s t o lear n specifi c  sort s 
of  thin g from  specifi c  experience s (e.g .  schemas ,  contingen -
cies )  and/o r  restrict s thi s learnin g t o a  limite d praiod .  Anothe r 
typ e set s o r  alter s motivatio n o r  a n emotiona l  reactio n t o a  cer -
tai n stimulus .  Thi s m a y encourag e o r  preven t  furthC T learn -
in g abou t  tha t  particula r  stimulus .  A  thir d categor y include s 
genera l  heurstics ,  whic h include d responsivenes s t o stimu -
lu s novelty ,  change ,  an d intensit y an d bein g provide d wit h a 
teacher .  Thes e guide s operat e i n variou s ways .  Tlie y direc t 
attentio n t o importan t  stimul i  an d hel p connec t  u p stimul i  tha t 
othoTvis e woul d no t  b e connected .  However ,  al l  essentiall y 
narro w som e numbe r  o f  thing s dow n t o manageabl e propor -
tions .  M a n y previousl y unrelate d phenomen a m a y b e see n 
as method s o f  dealin g wit h th e evolutionar y problem .  Ex -
anq)le s ar e curiosity ,  postfraumati c sfres s disordCT ,  th e inces t 
taboo ,  imprintin g an d bir d son g learning ,  an d th e difficult y o f 
changin g som e concq)t s i n humans .  S o m e furtha :  researc h 
issue s suggeste d b y th e genera l  framewor k ar e outlined .  I 
conclud e wit h a  suggestio n tha t  cognitiv e scientist s t o loo k 
mor e a t  function ,  a t  wha t  genera l  problem s human s nee d t o 
solv e an d h o w man y phenomen a m a y b e see n a s solution s t o 
thes e problems . 
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I n t r o d u c t i o n 

Can electronic discourse improve scientific discussion 
among 8t h grad e students ? Qassroo m discussio n ca n privi -
leg e teachers ,  stifl e debate ,  an d silenc e women .  Electroni c 
discussio n tod s ca n hav e severa l  advantage s ove r  face-to-fac e 
classroo m discussion .  I n thi s study ,  electroni c discussio n 
and classroo m discussio n ar e contrasted ,  an d th e rd e o f 
comment  attribut e an d authorit y participatira i  i s  explored . 

The Multimedia Forum Kiosk (MFK) is an electronic dis-
cussio n too l  use d t o researc h alternativ e format s fo r 
discussio n (Hoadle y &  Hsi ,  1993) .  T w o graphica l 
representation s o f  discours e ar e provide d i n M F K calle d 
th e Opinio n Are a an d th e Discussio n Are a (se e U R L : 
http://obelisk.berkeley.edu/kiosk/kiosk.html) .  Student s ma y 
brows e positio n statement s o f  othe r  participant s i n th e 
Opinio n Area ,  o r  ad d t o a n on-goin g argumen t  i n th e 
Discussio n Area .  Th e EHscussio n Are a display s discours e a s 
argumen t  tree s wher e al l  comment s ar e labele d b y semanti c 
category .  Pilo t  dat a suggest s tha t  electroni c discussio n 
increase s studen t  participation ,  allow s student s t o reflec t  o n 
a commen t  befor e readin g anothe r  one ,  an d encourage s 
smdent s t o lin k thei r  contribution s t o existin g comments . 

Method 

Si x clas s period s wit h a  tota l  o f  16 5 student s use d M F K dur -
in g a n 18-wee k physica l  scienc e curriculu m a s par t  o f  th e 
Computer s a s Learnin g Partne r  projec t  (Linn ,  1992) .  Ever y 
fou r  weeks ,  a  ne w topi c fro m th e curriculu m wa s poste d o n 
M FK an d discusse d b y 1 1 groin s o f  1 5 student s each . 

The MFK software ran on a pair of Macintosh computers at 
th e sid e o f  th e classroom;  student s too k turn s usin g th e 
softwar e durin g break s betwee n classes ,  afte r  school ,  o r  dur -
in g fre e tim e i n class .  N o tim e wa s specificall y devote d t o 
usin g th e syste m othe r  tha n a n in-clas s demonstratio n th e 
firs t  tim e th e syste m wa s introduce d t o th e classroom . 

Equal numbers of boys and giris were randomly assigned 
int o on e o f  thre e M F K discussio n condition s fo r  eac h topic : 
anonymous ,  attributed ,  o r  attribute d fdu s authorit y participa -
tion .  Fo r  th e anonymou s condition ,  al l  participant s wer e as -
signe d uniqu e cartoo n identities .  Fo r  th e attribute d condi -
tion ,  students '  name s an d [riioto s wer e displayed ,  bu t  com -
ment s mad e b y researcher s o r  teacher s wer e anonymous .  I n 
th e authority-participatio n condition ,  al l  comment s wer e at -
tribute d t o name d photos ,  an d th e classroo m teacher s an d re -
searcher s wer e prominentl y identifie d a s scienc e authorities . 
I n th e authority-participatio n condition ,  a n authorit y entere d 

an opinio n i n th e Opinio n Area ,  wa s wel l  a s partidpate d i n 
th e discussion ,  whil e th e authoritie s mad e fe w comment s i n 
th e attribute d condition .  A n electrcmi c lo g rec<M-de d al l  com -
ment s an d time-stampe d al l  writin g an d readin g interactions . 
Eigh t  vide o an d A d d observation s o f  clas s discussio n le d b y 
th e classroo m teache r  serve d a s comparis( » t o M F K discus -
sion . 

Results 

Usin g M F K ,  thre e electroni c discussio n format s ar e con -
trasted :  al l  conunent s ar e anonymous ,  al l  conunent s ar e at -
tributed ,  an d comment s ar e attribute d î u s authorit y partici -
patio n (e.g .  th e classroo m teacher) .  I n al l  thre e formats ,  7 8 % 
c i  th e smdent s contribute d compare d t o onl y 15.3 % partici -
patio n i n clas s discussion .  Boy s als o intemq)te d mor e dia n 
girl s an d raise d thei r  hand s mor e frequoitly .  I n comparison , 
gende r  partidpatio n i n electr<xii c discussio n wa s equitaU e ( r 
= .53 ,  p  =  .59) .  Giri s participate d mor e tha n boy s i n elec -
troni c discussion ,  an d les s i n classroo m discussio n compare d 
t o boys . 

Analyses of comment content indicated all dectronic discus-
sion s wer e characterize d b y hig h level s o f  sdentiA c concep -
tua l  content ,  elaborations ,  an d question-asking .  Whil e Qjc k 
wer e n o significan t  difference s i n quaUt y betwee n electroni c 
discussi(M i  f(Hmats ,  th e qualit y o f  elabc^tioo s decline d wid i 
authorit y partidpation . 

In summary, electronic discotu'se can improve sdence dis-
cussio n b y makin g discussio n mor e accessibl e t o girls , 
whil e improvin g qualit y wit h anonymit y an d les s authorit y 
partidpatio n A s evidenc e b y thei r  alnlit y  t o generat e multi -
pl e sdentifi c  conception s a s a  grou p an d elaborat e thei r 
ideas ,  electroni c discussio n i n M F K support s productiv e dis -
cussi(» s i n sdence . 
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I n t r o d u c t i o n 

M e m o ry fo r  th e positio n o f  a  movin g targe t  i s  displace d 
forwar d from  th e actua l  positio n o f  th e target ;  thi s patter n 
has bee n calle d representationa l  momen tu m (fo r  review , 

see Hubbard ,  1995) .  Memor y fo r  th e boundarie s o f  a 

pictur e i s displace d outwar d from  th e actua l  locatio n o f  th e 
boundaries ;  thi s patter n ha s bee n calle d boundar y extensio n 

(se e Intraub ,  Bender ,  &  Mangels ,  1992) .  Bot h 
representationa l  m o m e n t u m an d boundar y extensio n 
involv e displacemen t  o f  memor y i n th e directio n beyon d 
th e actua l  stimulus ,  an d bot h type s o f  displacemen t  hav e 
been hypothesize d t o resul t  from  dynami c aspect s o f 
memory.  Give n thes e similarities ,  i t  i s  possibl e tha t 
representationa l  m o m e n t u m an d boundar y extensio n ma y 

reflec t  th e operatio n o f  a  mor e genera l  displacemen t 
mechanism . 

I n th e experiment s reporte d here ,  observer s wer e 
presente d wit h simpl e squar e stimul i  tha t  wer e eithe r 
stationar y o r  portraye d a s approachin g o r  recedin g i n depth . 
The magnitud e an d directio n o f  displacemen t  i n dept h (i.e. . 
alon g th e hn e o f  sight )  wa s assessed . 

Methods and Design 

I n al l  experiments ,  observer s viewe d target s consistin g o f 
compute r  animate d display s tha t  portraye d movemen t  i n 
dept h b y manipulatio n o f  visua l  angle .  I n Experiment s I 
and 2 ,  target s approached ,  receded ,  o r  maintaine d a  constan t 
distance .  I n Experimen t  3 ,  target s approached ,  receded , 
moved towar d th e left ,  o r  move d towar d th e right.  I n 
Experimen t  4 ,  on e o f  thre e differen t  size s o f  stationar y 
targe t  wa s shown ,  an d memor y wa s teste d afte r  on e o f  tw o 
differen t  retentio n intervals .  I n Experimen t  5 ,  on e o f  five 
differen t  size s o f  stationar y targe t  wa s shown ,  an d afte r  on e 
of  thre e differen t  retentio n interval s observer s receive d a n 
auditor y cu e instructin g the m t o indicat e th e remembere d 
locatio n o f  eithe r  th e to p o r  botto m edg e o f  th e target . 

Results 

I n Experiment s 1  an d 2 ,  faste r  target s wer e displace d 
forwar d (i n th e directio n o f  motion )  an d slowe r  target s 
wer e displace d backward .  I n Experimen t  3 ,  motio n i n th e 
pictur e plan e le d t o greate r  fowar d displacemen t  tha n 
motio n i n depth .  I n Experiment s 1 ,  2 .  an d 3 .  greate r 

targe t  velocit y le d t o greate r  forwar d (les s backward ) 

displacement .  I n Experiment s 1  an d 4 .  memor y fcx * 
stationar y target s wa s displace d awa y from  th e observer . 
and i n Experimen t  4 ,  th e initia l  displacemen t  awa y from 

th e observe r  wa s followe d b y a  subsequen t  displacemen t 

towar d th e mea n stimulu s distance .  I n Experimen t  5 , 
memory fo r  bot h th e to p an d botto m edge s o f  th e targe t 

was displace d inwar d towar d th e cente r  o f  th e target ,  a 
patter n consisten t  wit h displacemen t  o f  th e targe t  awa y 
from  th e observer . 

Discussion 

Displacemen t  i n dept h consisten t  wit h boundar y extensio n 
or  representationa l  momentu m wa s observe d i n al l 
experiments .  Th e dat a ar e consisten t  wit h bot h Frey d an d 

Johnson' s (1987 )  two-componen t  mode l  o f  th e tim e 
cours e o f  representationa l  momen tu m an d wit h Intrau b e t 

al.' s  (1992 )  two-componen t  mode l  o f  boundar y extension . 
Thes e dat a suppor t  th e hypothesi s tha t  representationa l 

momentu m an d boundar y extensio n ma y b e specia l  case s 
of  a  deepe r  an d mor e genera l  extrapolatio n proces s tha t 
biase s spatia l  memor y b y distortin g memor y i n direction s 
most  consisten t  wit h pas t  experienc e (se e als o Hubbard ,  i n 
press) . 
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Imagin e yoursel f  runnin g throug h roug h terrain ,  perhap s 
fleein g a  predator ,  o r  perhap s chasin g afte r  prey .  You r  visua l 
syste m doe s no t  hav e tim e t o scrutiniz e th e countles s trees . 
rocks ,  an d othe r  object s yo u pas s by .  Wha t  yo u nee d mos t  i s 
enoug h spatia l  informatio n t o avoi d obstacles ,  t o orien t  your -
self ,  t o pic k a  path .  I n thi s situation ,  eve n a  roug h sketc h o f 
th e spatia l  layou t  o f  th e environmen t  ca n provid e crucia l  in -
formation . 

Withou t  tim e o r  opportunit y  t o perfor m a  mor e carefu l  anal -
ysis ,  a n initia l  estimat e o f  th e layou t  o f  visibl e structure s ma y 
be al l  th e visua l  syste m ca n extract .  However ,  thi s kin d o f 
basi c spatia l  information ,  whil e devoi d o f  detail s  abou t  shap e 
and othe r  feature s usefu l  fo r  objec t  recognition ,  woul d ofte n 
be sufficien t  t o fulfil l  th e requirement s above .  I t  coul d als o 
serv e a s a  stepping-ston e t o mor e extensiv e spatia l  an d objec t 
analysi s i n les s constraine d situations . 

Humans an d othe r  natura l  system s ar e remarkabl y adep t 
at  extractin g spatia l  organizatio n fro m vision .  Ye t  th e for m 
of  thi s information ,  an d th e neura l  information-processin g 
mechanism s use d t o obtai n it ,  remai n poorl y understood .  T o 
bette r  understan d thi s capability ,  i t  woul d b e usefu l  t o kno w 
ho w th e visua l  syste m ca n mak e a n initia l  estimat e o f  th e spa -
tia l  layou t  o f  a  visua l  input . 

The hypothesi s w e ar e explorin g i s tha t  th e syste m automat -
icall y an d preattentivel y extract s th e approximat e locations , 
size s an d spatia l  orientation s o f  majo r  element s i n th e visua l 
input ,  thereb y obtainin g a  roug h sketc h o f  th e spatia l  layout . 
We ar e investigatin g th e mechanism s b y whic h th e visua l  sys -
te m ca n extrac t  thi s fro m monocula r  view s o f  natura l  scenes . 

Textur e i s on e well-know n sourc e o f  informatio n tha t  th e 
visua l  syste m ca n exploi t  (Gibson ,  1950) .  Pattern s o f  tex -
tur e ca n b e obtaine d eve n fro m brie f  glimpses ,  durin g whic h 
a scen e wil l  appea r  stati c an d motio n cue s ar e unavailable . 
and a t  distance s an d visua l  angle s a t  whic h th e effectivenes s 
of  stereopsi s i s limited .  Visibl e textur e an d textur e gradients . 
arisin g fro m marking s o n surface s o r  th e spatia l  arrangement s 
of  objects ,  ar e usefu l  source s o f  informatio n bot h fo r  segre -
gatin g differen t  region s i n a  scen e an d fo r  estimatin g spatia l 
propertie s suc h a s surfac e orientatio n (Watt ,  1995) . 

Textur e an d textur e gradient s ca n b e characterize d i n term s 
of  th e loca l  spatial-frequenc y conten t  a t  differen t  point s i n a n 
imag e (Bajcs y &  Lieberman .  1976) .  I t  i s widel y believe d tha t 
neuron s i n th e primar y visua l  corte x ar e responsiv e t o spatial -
frequenc y content .  Th e propertie s o f  comple x ceil s i n par -
ticula r  woul d mak e the m highl y usefu l  a s startin g point s fo r 
texture-base d analysi s (D e Valoi s &  D e VaJois ,  1990) .  Thes e 
neurons ,  togethe r  wit h othe r  neura l  circuit s beyon d th e pri -

mar y visua l  cortex ,  coul d serv e a s par t  o f  th e mechanism s 
fo r  bot h performin g a  roug h segmentatio n o f  th e scene ,  an d 
estimatin g th e genera l  spatia l  orientation s (slan t  an d tilt )  o f 
segmente d regions .  Bu t  th e questio n o f  h o w bot h processe s 
ca n b e combine d int o a  singl e syste m ha s rarel y bee n ad -
dresse d ( K r u m m &  Shafer ,  1994) .  Mos t  existin g model s 
of  texture-base d segmentatio n assum e tha t  texture d region s 
withi n th e visua l  inpu t  ar e fre e o f  systemati c distortion s du e t o 
surfac e slant ;  conversely ,  mos t  model s o f  texture-base d shap e 
estimatio n assum e input s consistin g o f  a  singl e surface . 

For  spatia l  layou t  analysis ,  th e syste m shoul d als o b e abl e 
t o estimat e th e location s an d size s o f  th e differen t  regions . 
Ther e i s empirica l  evidenc e tha t  th e visua l  syste m compute s 
th e location s o f  simpl e figures  automaticall y an d preatten -
tively .  Thi s locatio n informatio n appear s t o tak e th e for m o f 
th e centers-of-mas s o f  th e region s (Morgan ,  Hol e &  Glen -
nerster .  1990) .  Ther e i s als o evidenc e suggestin g tha t  th e vi -
sua l  syste m automaticall y compute s th e genera l  size s o f  visua l 
stimul i  (Findlay ,  Broga n &  Wenban-Smith .  1993) . 

Take n together ,  th e approximat e locations ,  size s an d spa -
tia l  orientation s o f  majo r  element s i n a  scen e woul d provid e 
an agen t  wit h a  rough ,  initia l  sketc h o f  th e spatia l  layout .  O n e 
of  th e goal s o f  ou r  researc h i s t o develo p a  biologicall y rea -
sonabl e mode l  an d simulatio n o f  thi s processing . 
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Introductio n 
Tas k factor s suc h a s presentatio n modalit y ma y contribut e t o 
observe d difference s i n th e us e strategies .  Studie s tha t  hav e 
manipulate d tas k variable s i n orde r  t o reduc e th e amoun t  o f 

verba l  processing ,  suc h a s presentin g picture s o f  to-be -
remembere d information ,  hav e show n increase d strateg y us e 
(Omstein ,  Medlin ,  Stone ,  &  Naus ,  1985) .  Strateg y us e ma y 
als o b e relate d t o leve l  o f  contextua l  suppor t  provide d b y th e 
task .  Gauvai n (1993 )  contend s materia l  an d symboli c tool s 
may transfor m thinking .  Th e availabilit y  o f  object s o r  tool s 
(e.g. ,  manipulatives )  provide s structur e fo r  h o w a n individua l 
attend s t o an d remember s informatio n an d ma y influenc e th e 
us e o f  a  strategy .  I n additio n th e effect s o f  memor y loa d o r 
tas k difficult y ma y influenc e strateg y us e .  Th e presen t  stud y 
investigate d th e thre e interrelate d tas k factor s o f  presentatio n 
modality ,  availabilit y  o f  tools ,  an d memor y loa d i n on e tas k 
acros s th e entir e ag e rang e o f  school-age d children . 

Method 
Participant s wer e 25 6 children ,  6 4 7- ,  9- ,  11- ,  an d 17-year -
olds .  Participant s hear d a  stor y abou t  a  haunte d hous e an d a 
friendly  ghos t  an d wer e aske d t o remembe r  wher e object s 
wher e locate d i n a n imaginar y room .  Subject s wer e randoml y 
assigne d t o eithe r  auditor y presentatio n (hear d sentence s lik e 
"Th e boo k i s abov e th e ghost" )  o r  t o visua l  presentatio n (sa w 
picture s wit h th e boo k place d abov e th e ghost) .  Hal f  o f  th e 
subject s i n eac h presentatio n modalit y eithe r  ha d object s 
availabl e durin g presentatio n o f  to-be-remembere d 
informatio n o r  object s wer e mad e availabl e onl y a t  recall . 
Ther e wer e fou r  betwee n subject s conditions ,  auditory-with -
object s ( A W O ) ,  auditory-no-object s ( A N O ) ,  visual-with -
object s ( V W O ) ,  an d visual-no-object s ( V N O ) .  Th e numbe r 
of  item s to-be-remembere d (memor y load )  o n eac h o f  1 8 trial s 
range d from 1  t o 7 .  Strateg y us e wa s score d from  videotape s 
of  th e sessio n b y on e o f  tw o rater s wit h reliabiht y greate r  tha n 
9 0 %.  I f  n o strateg y us e wa s observe d o n a  trial ,  a  brie f 
strategy-us e intervie w followe d tha t  trial . 

Results 
Comparison s o f  th e fou r  condition s reveale d a  significan t 
differenc e i n th e overal l  frequency  o f  strateg y us e amon g th e 
conditions ,  F(3 ,  237 )  =  6.44 ,  e < 001 .  Th e overal l  frequency 
of  strateg y us e wa s greate r  i n bot h with-object s condition s 

( A W O 9 5 % an d V W O 9 6 % )  a s compare d t o bot h no-object s 
( A N O 8 9 % an d V N O 8 9 % )  conditions .  Ther e wa s n o 
significan t  ag e effect ,  wit h th e frequency  o f  strateg y us e 
simila r  acros s th e 7- ,  9- ,  11- ,  an d 17-year-old s (94% ,  9 2 % , 
9 3 %.  an d 9 0 % ) . 

H o w wer e specifi c sfrategie s influence d b y tas k factors ? 
Ther e wa s a  developmenta l  decreas e i n th e us e o f  externa l 
strategie s withou t  orientatio n (e.g. ,  pointin g t o object s o r 
targe t  location s o r  holdin g o r  movin g o f  object s withou t 
relatio n t o thei r  final  location )  F(3 ,  120 )  =  14.52 ,  u  <  001 . 
The frequency  o f  externa l  strategie s wit h onentatio n (e.g. , 
layin g object s o n a  boar d i n th e patter n see n i n th e pictur e o r 
hear d i n th e sequence )  increase d wit h ag e an d wit h memor y 
load ,  F (  12 ,  480 )  =  5.09 ,  p  <.001 .  Ther e wer e significan t 
developmenta l  decrease s i n observe d rehearsa l  [F(3 ,  237 )  = 
13.09 ,  p<.001 ]  an d i n report s o f  unager y [F(3 ,  237 )  =  6.35 , 
E<.00 1 ] .  Fo r  thes e strategie s ther e wer e n o conditio n effects . 

However ,  fo r  reporte d rehearsa l  ther e wa s a  mai n effec t  o f 
condition ,  F(3 ,  237 )  =  5.99 ,  p<.001 ,  wit h mor e reporte d 
rehearsa l  i n bot h no-objec t  condition s ( 4 4 % A N O an d 4 2 % 
V N O)  a s compare d t o with-objec t  condition s (3 1 % A  W O an d 
2 5 % V W O ) .  Ther e wa s als o a  mai n effec t  o f  conditio n fo r 
accuracy .  F(3 ,  236 )  =  61.82 ,  e < 001 ,  wit h V W O (87% )  an d 
V NO (83% )  condition s havin g highe r  accurac y tha n A W O 
(73% )  an d A N O (63% )  conditions . 

Conclusions 
hiterestmgly ,  ther e wer e n o effect s o f  presentatio n modalit y o n 
strateg y use .  However ,  th e overal l  frequency  o f  strateg y us e 
was highe r  whe n tool s wer e availabl e tha n whe n the y wer e no t 
availabl e fo r  us e lendin g suppor t  t o Gauvain' s (1993 ) 
contentio n tha t  thinkin g i s influence d b y th e availabilit y  o f 
tool s i n one' s environment .  Surprisingly ,  th e overal l 
frequency  o f  strateg y us e di d no t  increas e wit h age .  Wha t  di d 
chang e wit h ag e wer e th e type s o f  strategie s selecte d fo r  us e 
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Abstract 

Researchers have found that a perceptual error (an 
overestimatio n o f  th e vertica l  lin e i n compariso n t o th e 
horizontal )  usuall y occurs  wit h a  rang e o f  abou t  11 -15 % fo r 
an inverte d lette r  T  (IT )  figur e an d abou t  3 - 9 % fo r  a  lette r 
L(L )  figur e (Aver y &  Day ,  1969 ;  Brosvi c &  Cohen ,  1988 ; 
Collani ,  1985 ;  Finge r  &  Spelt ,  1947 ;  Kunnapas ,  1955 ,  1957 , 
1958 ;  McBride ,  Risser ,  &  Slotnick ,  1987 ;  Pos t  &  Chadeijian , 
1987 ;  Ritter ,  1917 ;  Rivers ,  1901 ;  Schiffina n &  Thompson , 

1974 ;  Wundt ,  1859 ,  1898) .  Althoug h thes e tw o illusor y 
effect s ar e obviousl y different ,  the y hav e bee n considere d a s 
th e sam e illusion ,  namel y th e vertical-horizonta l  illusion . 
Kunnapa s (1955 )  explicitl y  hypothesize d tha t  a  par t  o f  th e 
illusor y effec t  o f  th e I T figur e i s cause d b y th e bisectio n 
illusio n effect .  I n othe r  words ,  th e differenc e betwee n thos e 
tw o figures '  illusor y effect s ca n b e explaine d b y th e fac t  tha t 
th e horizonta l  lin e i n th e I T i s bisecte d b y th e vertica l  line . 
Therefore ,  t o classif y thes e tw o illusion s a s on e typ e o f 
illusio n becam e logicall y acceptabl e an d i t  ha s neve r  bee n 
challenged .  Accordin g t o th e viewemess-thatness-therenes s 
(VTT )  mode l  (Hui ,  1996) ,  th e L  an d th e I T figure s represen t 
tw o differen t  spatia l  relationships .  Therefore ,  the y ar e cause d 
by differen t  inferentia l  content s a s wel l  a s processes .  Th e 
presen t  pape r  focuse s o n th e L  illusion .  Accordin g t o th e 
V T T model ,  a n L  figur e woul d evok e a  two-dimensiona l 
objec t  representation ,  i n whic h th e vertica l  lin e represent s it s 
vertica l  dimensio n an d th e horizonta l  lin e represent s it s 
horizonta l  dimension ,  an d th e two-dimensiona l  objec t  i s 
facin g a  self-assigne d viewer .  I t  resemble s a  situation ,  suc h 
as a  wal l  whic h stand s i n th e fron t  o f  a  viewer .  It s lef t  edg e 
and th e foo t  lin e correspon d t o th e tw o line s o f  th e L  figure . 
Thus ,  th e L  illusio n migh t  b e cause d b y a  vertica l 
foreshortenin g effect .  T o suppwr t  thi s hypothesis ,  th e presen t 
researche r  reinterprete d th e empirica l  dat a from  a n experimen t 
don e b y Collani(1985) .  Then ,  thre e figure s wer e designe d an d 
named a s Trapezoid ,  Triangle ,  an d Fence-lik e figures . 
Althoug h eac h o f  thes e figure s contain s a  vertica l  lin e (whic h 
bisect s th e horizonta l  line ,  jus t  lik e i n a n I T figure) ,  the y mos t 
likel y evok e two-dimensiona l  objec t  representations ,  suc h a s 
a trapezoid ,  a  triangle ,  an d a  fence .  Therefore ,  a  vertica l 
foreshortenin g proces s woul d operat e a s well ,  producin g abou t 
3 -9 % o f  illusor y effec t  a s th e L  figiu-e .  I n othe r  words ,  th e 

fac t  tha t  eac h o f  thei r  horizonta l  line s wa s bisecte d woul d no t 
caus e thei r  illusor y effect s a s sam e a s th e I T illusio n (abou t 

11-15%) .  Th e result s conftrme d di e predictions . 
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B a c k g r o u n d 

While American mathematics teachers are having a difficult 
tim e shiftin g fro m thei r  traditiona l  approac h t o instructio n t o 
th e widel y recommende d "constructivist "  approach ,  Japanes e 
mathematic s teacher s consistentl y an d successfull y us e a  con -
structivis t  approac h i n thei r  elementar y schoo l  classroom s (eg . 
Stigler ,  Fernande z &  Yoshida ,  1990) .  Researc h suggest s tha t 
teachers '  belief s abou t  mathematic s an d instnistio n exer t  a 
larg e influenc e o n thei r  classroo m behavio r  (eg .  Thompson , 
1992) . 

Our  stud y investigate s th e natur e o f  America n an d Japanes e 
teachers '  implici t  theorie s regardin g mathematic s learnin g an d 
instruction . 

Method 

Subjects were 4 teachers from Los Angeles and 4 teachers 
fro m Kobe ,  Japan .  Al l  o f  th e participant s wer e currentl y 
teachin g elementar y school ,  an d ha d a t  leas t  5  year s o f  experi -
ence .  Th e America n an d Japanes e subject s wer e matche d t o 
hav e roughl y comparabl e teachin g experience . 

Each teache r  participated ,  individually ,  i n a  2  hou r  sessio n 
durin g whic h the y watche d an d critiquei d a  videotape d mathe -
matic s lesson ,  filme d i n eithe r  Nagano ,  Japa n o r  Chicago ,  IL . 
Hal f  th e teacher s fro m eac h countr y watche d th e Japanes e les -
son ,  an d hal f  fro m eac h countr y watche d th e America n lesson . 
Bot h lesson s cove r  th e sam e topi c (are a o f  a  triangle) ,  bu t 
exemplif y th e differen t  teachin g strategie s typica l  o f  thei r  cul -
ture .  Th e foreig n tape s wer e dubbed ,  an d th e session s wer e 
hel d i n th e teacher' s nativ e language .  Subject s watche d on e o f 
th e mat h lesson s i n it s  entiret y stoppin g th e tap e wheneve r 
the y wante d t o mak e a  comment .  Th e teacher s wer e specifi -
call y aske d t o addres s th e strength s an d weaknesse s i n th e 
instruction . 

Results 

We divided all of the teachers' comments about the lessons 
int o "ide a units "  — deflne d a s a  distinc t  shif t  i n focu s o r 
chang e i n topic .  Interrate r  agreemen t  i n identifyin g ide a unit s 
was 8 6 % ,  an d agreemen t  i n codin g th e ide a unit s range d fro m 
85-95% .  W e foun d tha t  th e majorit y o f  th e al l  th e teachers ' 
ide a unit s (82% )  coul d b e code d a s relevan t  t o on e o f  fou r 
issues :  wha t  student s shoul d d o durin g a  lesson ,  ho w instruc -
tor s shoul d us e language ,  h o w instructor s shoul d pac e lesson s 
and addres s abiUt y differences ,  an d h o w instructiona l  materi -
al s shoul d b e used . 

However  th e Japanes e an d America n teacher s ha d ver y dif -
feren t  thing s t o sa y regardin g thes e issues .  Th e Japanes e 
teacher s wante d t o see :  sign s o f  students '  intellectua l  engage -
ment ,  no t  to o m u c h talkin g b y th e teacher ,  a  relativel y slo w 
pac e wit h a  specia l  concer n fo r  slo w students ,  an d a  black -
boar d neatl y depictin g a  wid e arra y o f  studen t  responses .  B y 

contras t  th e America n teacher s preferred :  behaviora l  indica -
tion s o f  studen t  engagement ,  clea r  languag e an d explanation s 
by th e teacher ,  a  relativel y fas t  pac e wit h a  specia l  concer n fo r 
fas t  students ,  an d tha t  a  blackboar d b e use d b y th e teache r  o r 
fas t  students . 

Conclusions 

Four issues - student engagement, teachers' language, pace, 
and materia l  -  ar e th e cor e feature s o f  al l  o f  ou r  subjects '  theo -
ries  regardin g mathematic s learnin g an d instruction .  Thes e 
feature s fi t  wit h bot h th e America n an d th e Japanes e teachers , 
howeve r  th e parameter s ar e "set "  differently .  Thes e culturall y 
specifie d parameter s ma p easil y ont o existan t  classroo m prat -
ices . 

Japanes e mat h teacher s typicall y presen t  a n interestin g 
proble m fo r  thei r  student s t o wor k on ,  an d therefor e a  mai n 
requiremen t  i s studen t  intellectua l  engagement .  Teacher s us e 
minima l  direc t  instruction ,  a s th e student s figur e ou t  solution s 
on thei r  own .  I n a  problem-solvin g lesson ,  student s ca n 
searc h fo r  multipl e way s t o arriv e a t  th e sam e answer ,  s o ther e 
i s littl e nee d fo r  a  rapi d pace .  Teacher s ar e mor e concerne d 
wit h th e slowe r  students ,  an d ensurin g tha t  eac h chil d ca n fin d 
at  leas t  on e approac h t o th e problem .  Th e blackboar d 
becomes a  too l  t o neatl y depic t  th e wid e variet y o f  children' s 
solutio n strategies . 

America n mat h lesson s ar e typicall y teacher-centered . 
Students '  behaviora l  engagemen t  i s critica l  becaus e th e 
instructo r  i s  impartin g importan t  information ,  an d th e student s 
must  remai n on-tas k i n orde r  t o receiv e th e information .  Th e 
teachers '  rol e i s t o clearl y transmi t  knowledge ,  a t  a  pac e rapi d 
enoug h s o tha t  students '  d o no t  becom e bored .  Classroo m 
tool s ar e use d b y th e teache r  an d knowledgeabl e students ,  an d 
depic t  onl y correc t  answers . 

Implications 

Both American and Japanese teachers seem to have coherent 
implici t  theories ,  whic h m a p easil y ont o thei r  differin g class -
roo m instructiona l  approaches .  W e hypothesiz e tha t  i n orde r 
fo r  teacher s t o refor m thei r  classroo m practices ,  the y mus t 
simultaneousl y reflec t  o n an d questio n thei r  belief s abou t 
learnin g an d instruction . 
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In t roduc t io n 

Abductio n i s th e proces s o f  generatin g a  bes t  explanatio n 
fo r  a  se t  o f  observations .  Symboli c model s o f  abductiv e 
reasonin g ten d t o b e fa r  to o search-intensive ,  wherea s 
connectionis t  model s hav e difficult y explainin g highe r  leve l 
abductiv e reasoning ,  suc h a s th e generatio n an d revisio n o f 
explanator y hypotheses .  I n addition ,  abductiv e task s appea r 
t o hav e deliberat e an d implici t  components :  peopl e generat e 
and modif y explanation s usin g a  serie s o f  recognizabl e 
steps ,  bu t  thes e step s appea r  t o b e guide d b y a n implici t 
hypothesi s evaluatio n process . 

We propos e a  hybri d learnin g mode l  fo r  abductio n tha t 
tightl y integrate s a  symboli c Soa r  mode l  fo r  deliberatel y 
formin g an d revisin g hypothese s wit h Echo ,  a  connectionis t 
model  fo r  implicitl y  evaluatin g explanation s (Thagard , 
1989) .  I n thi s model .  Soar' s symboli c knowledg e 
compilatio n mechanism ,  chunking ,  acquire s rule s fo r 
formin g an d revisin g hypothese s an d fo r  takin g action s 
base d o n th e evaluation s o f  thes e hypotheses .  Thus , 
chunkin g model s th e proble m solver' s shif t  fro m deliberat e 
t o automati c reasoning .  T o complemen t  this ,  Ech o learn s t o 
provid e bette r  hypothesi s evaluation s b y acquirin g 
explanator y strength s base d o n th e frequencie s o f  event s 
fro m pas t  experience .  Sinc e Ech o doe s no t  hav e a  learnin g 
mechanism ,  w e hav e extende d i t  b y addin g th e Rescorla -
Wagner  (1972 )  learnin g rule . 

Motivation for a Hybrid Model 

The hybri d mode l  i s motivate d b y severa l  observation s 
and empirica l  result s concernin g th e relationshi p betwee n 
symboli c an d connectionis t  processe s an d huma n abductiv e 
reasoning . 

To successfull y solv e abductiv e problem s peopl e mus t 
lear n t o quickl y generat e possibl e hypothese s fo r  on e o r 
more observations ,  an d the n integrat e thes e hypothese s int o 
a coheren t  explanatio n fo r  th e entir e se t  o f  observations . 
Symboli c searc h base d approache s hav e traditionall y 
performe d wel l  a t  modelin g hypothesi s generatio n an d 
modification .  Likewise ,  symboli c knowledg e compilatio n 
can lear n explici t  rule s base d o n a  singl e proble m solvin g 
episode ,  bu t  i t  canno t  easil y lear n explanator y strength s 
fro m previou s experience .  I n contrast ,  connectionis t 

learnin g technique s ca n easil y acquir e explanator y 
strengths ,  bu t  canno t  quickl y acquir e explici t  rules . 

Researc h o n implici t  acquisitio n an d us e o f  even t 
frequencie s support s th e hybri d Soar/Ech o architecture . 
W h en conditiona l  probabilitie s an d bas e rate s o f  occurrenc e 
ar e presente d explicid y i n term s o f  numeri c values ,  the y ar e 
ver y difficul t  t o lear n an d utiliz e (se e Kahneman ,  Slovi c & 
Tversky ,  1982) .  However ,  whe n the y ar e presente d i n terms 
of  rea l  event s an d occurrences ,  the y ca n ofte n b e learne d 
implicitl y  an d use d correctl y (e.g. ,  Christensen-Szalanski ,  & 
Bushyhead ,  1981) .  A  numbe r  o f  studie s indicat e tha t  th e 
learnin g o f  frequenc y o f  occurrenc e i s  usuall y implici t 
(unconscious )  an d automatic .  Th e Soar/Ech o hybri d 
architectur e i s consisten t  wit h thes e results ,  becaus e Ech o 
appear s t o Soa r  a s a n opaqu e mechanis m tha t  automaticall y 
and constantl y provide s confidenc e value s fo r  hypotheses . 
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Naming latency ,  th e latenc y o f  th e onse t  o f  acousti c 
energ y arisin g from a  speede d vCTba l  response ,  i s th e 
primar y dependen t  variabl e i n th e vas t  majorit y o f 
psycholinguisti c tasks .  Unfortunately ,  namin g latenc y i s no t 
a vali d measur e o f  respons e latenc y fo r  word s begiimin g 
wit h plosiv e consonant s (th e obstruent s /p/ ,  IXJ ,  IkJ ,  /b/ ,  /d/ , 
an d /g/ ,  an d th e affricates ,  /ch /  an d /j/ )  becaus e th e onse t  o f 
acousti c energ y occur s 50-10 0 m s afte r  th e articulate s ar e 
i n thei r  targe t  position .  Thi s dela y arise s becaus e airflo w 
throug h th e voca l  trac t  mus t  b e occlude d whil e pressur e i s 
buil t  u p prio r  t o th e pressure' s explosiv e releas e tha t  finally 
generate s acousti c energy .  Thus ,  somewha t  paradoxically , 
th e cmse t  o f  acousti c energ y mark s th e en d o f  plosiv e 
consonants ,  no t  thei r  beginning . 

A relate d proble m stemmin g from  th e articulator y 
characteristic s o f  plosive s i s dia t  namin g latenc y conflate s 
respons e latenc y an d th e duratio n o f  th e initia l  phonem e fo r 
word s beginnin g wit h plosiv e consonant s whe n th e 
standar d namin g tas k i s used .  Tha t  is ,  fo r  pair s o f  word s 
matche d o n th e initia l  plosiv e phoneme ,  respons e latenc y 
difference s canno t  b e distinguishe d from  initia l  phonem e 
duratio n differences .  I t  i s  importan t  t o distinguis h thes e 
tw o dependen t  variable s t o determin e th e locu s o f  on-lin e 
processin g difficulties :  Respons e latenc y assesse s 
processin g difficultie s tha t  aris e befor e th e respons e 
initiation ,  wiierea s duratio n assesse s processin g difficultie s 
tha t  aris e afte r  a  respons e initiation . 

T o solv e th e proble m o f  wiie n th e articulatio n o f  a  plosiv e 
begins ,  w e infroduc e th e post-vocah c namin g task .  Unlik e 
th e standar d namin g tas k i n whic h th e participan t  i s silen t 
iimnediatel y preceding  th e response ,  th e participan t  say s 
"uuhhh "  befor e th e stimulu s i s  presente d an d continue s 
doin g s o unti l  producin g th e response .  Thus ,  respons e 
latenc y correspond s t o th e offse t  o f  th e "uuhhh " 
vocalizatio n (th e vocali c offse t  latency) ,  an d th e initia l 
phoneme duratio n correspond s roughl y t o th e duratio n o f 
th e silen t  ga p (th e ga p duration) .  Th e latenc y fo r  th e 
plosive' s releas e correspond s t o namin g latenc y o f  th e 
standar d namin g tas k (th e vocalizatio n onse t  latency) . 

T o determin e th e locu s o f  processin g difficulties ,  w e 
conside r  th e effec t  o f  consistenc y o f  pronunciatio n fo r 
word s \̂ 1ios e vowel s hav e a n irregula r  pronunciation .  W e 
compare d 1 6 lo w frequency  word s wit h irregula r 
pronunciation s wit h 1 6 lo w frequency  word s wit h regula r 
pronunciation s matche d o n initia l  phoneme ,  printe d 
frequency,  bigra m frequency,  an d numbe r  o f  neighbors . 

Al l  word s bega n wit h a  singl e plosiv e consonant .  Th e 
stimul i  wer e presente d o n a  computer ,  an d participant s 
responde d a s quickl y an d accuratel y a s possible .  Th e 
verba l  response s wer e digitize d usin g a  16-bi t  audi o boar d 
an d store d fo r  off-lin e analysis .  Afte r  th e experiment ,  w e 
analyze d th e response s t o determin e uiiethe r  a  wor d wa s 
correctl y pronounced .  Onl y correc t  response s wer e furthe r 
analyzed .  A n alg«ith m wa s use d t o determin e th e vocah c 
offse t  latenc y an d th e vocalizatio n onse t  latency ,  an d th e 
ga p duratio n wa s simpl y th e differenc e o f  thes e tw o 
latencies .  Bot h th e vocali c offse t  latenc y an d ga p duratio n 
wer e 1 4 m s longe r  fo r  irregula r  word s compare d t o regula r 
words .  Th e vocalizatio n onse t  latenc y wa s 2 8 m s longe r  fo r 
irregula r  word s compare d t o regula r  words . 

Consisten t  wit h previou s studies ,  respons e latencie s fo r 
irregula r  word s wer e longe r  tha n fo r  regula r  words .  I n 
addition ,  th e longo -  initia l  phonem e duratio n indicate d tha t 
ther e wa s a  processin g difficult y fo r  irregula r  word s tha t 
aros e afte r  th e respons e ha d bee n initiated .  Th e existenc e 
of  a  duratio n effec t  provide s evidenc e tha t  participant s 
begi n pronunciatio n a s soo n a s th e initia l  phonem e o f  a 
wor d i s  know n an d d o no t  wai t  unti l  th e entir e 
pronunciation . 
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Introductio n 

Peopl e mak e decision s abou t  variou s dynami c problems , 
rangin g from  ver y simpl e t o extremel y comple x one s 

(Brehme r  1990 ;  Dieh l  &  Sterma n 1995) .  Thi s stud y 
propose s a  framewor k o f  dynami c decisio n makin g base d 
on th e theor y o f  scientifi c  discover y i n dua l  space s (Klah r 

& Dunba r  1988) .  Tw o experiment s usin g compute r 
simulate d management  game s wer e conducte d t o examin e 
th e relationshi p betwee n th e searc h strategie s i n th e dua l 
space s an d fina l  performance s i n decisio n making . 

Mental Model and Dynamic Decision Making 

Brehmer  (1990 )  view s dynami c decisio n makin g a s th e 
proces s o f  achievin g contro l  ove r  a  syste m i n orde r  t o 
produc e a  desire d outcome .  I n orde r  t o contro l  a  system ,  a 
decisio n make r  mus t  hav e a  menta l  mode l  o f  th e dynami c 
syste m i t  seek s t o control .  Menta l  model s ar e th e 
mechanism s whereb y human s ar e abl e t o generat e 
description s o f  th e system' s purpose ,  explai n syste m 
functions ,  an d predic t  futur e syste m state s (Rous e & 
Morris ,  1986) . 

Our  framewor k view s dynami c decisio n makin g a s a 
searc h proces s i n dua l  proble m spaces .  Wherea s scientifi c 
discover y involve s th e hypothesi s an d experimenta l  spaces , 
dynami c decisio n makin g involve s th e mode l  an d decisio n 
spaces .  I n th e decisio n space ,  peopl e mak e judgment s an d 
choice s base d o n th e menta l  model .  I n th e mode l  space , 
peopl e searc h fo r  a n ̂ propriat e menta l  mode l  usin g th e 
INFERENCE operator .  Th e INFERENCE expresse s a 
relatio n no t  explici t  i n th e proble m description s (Johnson -
Lair d &  Byrne .  1991) .  W e hypothesiz e tha t  generatin g 
alternativ e hypothetica l  relation s b y INFERENCE i s 
crucia l  fo r  avoidin g trap s i n dynami c decisio n making , 
becaus e alternativ e relation s produce d b y divergen t 
inference s ai d peopl e t o construc t  mor e comprehensiv e 
mental  models ,  an d thereb y preven t  peopl e from  makin g 
haphazar d an d irrationa l  decisions . 

Experiment Design and Results 

In th e firs t  experiment ,  w e us e tw o busines s simulatio n 
games.  On e i s simpler ,  havin g tw o clearl y differentiate d 
states ,  norma l  an d impasse .  Th e othe r  i s mor e complex , 
becaus e ther e i s n o clea r  beginnin g o f  a n impass e phase , 
but  rathe r  a  gradua l  worsenin g a s woul d occu r  i n rea l  life . 
Subject s wer e randoml y allocate d eithe r  t o a  Singl e (on e 
person )  o r  Pai r  (grou p o f  tw o people )  group ,  an d aske d t o 
pla y eithe r  th e simpl e o r  th e comple x game .  Al l 
experimenta l  session s wer e videotape d fo r  concurren t 
verba l  protoco l  analysis . 

785 

Result s from  th e firs t  experimen t  exhibi t  interestin g 
interactio n effect s betwee n th e complexit y  o f  problem s an d 
th e Single/Pai r  groups .  I n th e simpl e problem ,  th e Pai r 
grou p significantl y outperforme d th e Singl e grou p [t(10 )  = 
2.23 ,  P (  1 1 I^ T )  =0.0156] ,  wherea s th e varianc e wa s no t 

as significan t  fo r  th e comple x problem .  W e ca n explai n 

thi s interactio n wit h th e diversit y o f  inference s mad e b y 
subjects .  Fo r  th e comple x problem ,  n o significan t 
differenc e wa s foun d betwee n Singl e an d Pai r  group s i n 
term s o f  th e diversit y o f  inferences .  However ,  fo r  th e 
simpl e problem ,  subjects '  behavio r  differe d dependin g o n 
th e tw o phases .  I n th e norma l  phase ,  ther e wa s n o 
differenc e betwee n th e Singl e an d Pai r  groups .  However , 
i n th e impass e phase .  Pai r  group s mad e significantl y mor e 

divers e INFERENCES (t(10 )  =  2.7680 ,  P (  1 1 I^T )  =  0.01) . 

I n th e secon d experiment ,  tw o differen t  method s fo r 
increasin g th e diversit y o f  inference s wer e teste d wit h th e 
comple x problem .  On e suc h metho d i s  t o forc e th e subject s 
t o infe r  divergently .  Fo r  eac h trial ,  th e experimente r  aske d 
subject s t o thin k o f  a t  leas t  thre e differen t  way s i n whic h 
thei r  decisio n woul d affec t  th e othe r  entities .  Th e secon d 
metho d i s  t o provid e subject s wit h a  ma p whic h show s th e 
possibl e inference s tha t  ca n b e made .  Th e result s indicat e 
tha t  wherea s direc t  enforcemen t  i s a n effectiv e wa y o f 
improvin g performanc e (F(3,18)=13.22 ,  P r  >  0.002) ,  th e 
map doe s no t  hav e an y impac t  o n th e fina l  performanc e o f 
th e subjects . 
I n summary ,  th e diversit y o f  inference s turn s ou t  t o b e a 

critica l  facto r  i n dynami c decisio n making ,  an d onl y a  ver y 
stron g manipulation ,  suc h a s direc t  enforcement ,  ca n hel p 
t o increas e th e diversit y o n comple x problems . 
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Introductio n 

Claim s abou t  inhibitor y processe s i n th e prefronta l  corte x 
ar e generall y supporte d b y evidenc e o f  inhibitor y failures . 
Suc h failure s ar e considere d t o occu r  whe n a  highl y 
prepoten t  actio n -  on e wit h a  hig h prio r  probabilit y  o f  bein g 
appropriat e -  i s  selecte d instea d o f  a  mor e contextuall y 
appropriate ,  goal-directe d response .  Pattern s o f  inhibitor y 
failur e ar e mos t  ofte n reporte d i n huma n subject s wit h 
fronta l  lob e damage ,  i n huma n infant s an d youn g children , 
and i n norma l  subject s unde r  cognitiv e loa d (o r  distraction) . 
We argu e tha t  i n man y o f  thes e cases ,  a  simple r  accoun t  o f 
th e dat a woul d characteriz e th e syste m a t  faul t  a s a  workin g 
m e m o ry system ,  an d no t  a s a n inhibitor y modul e pe r  se . 

Anti-Saccades 

I n th e antisaccad e tas k (Guitton ,  Buchtel ,  an d Douglas , 
1985) ,  subject s ar e require d t o respon d t o a  visuall y 
presente d cu e b y lookin g no t  a t  th e cu e itself ,  bu t  t o a 
locatio n o n th e opposit e sid e o f  a  fixatio n point . 

Guitton ,  Buchtel ,  an d Dougla s (1985 )  firs t  reporte d tha t 
frontal-damage d patient s hav e troubl e wit h thi s task , 
hypothesizin g a  fronta l  lob e rol e i n abortin g inappropriat e 
behaviors .  Roberts ,  Hager ,  an d Hero n (1994 )  foun d tha t  a 
workin g m e m o r y loa d cause d bot h slowe r  reactio n time s 
and mor e error s i n th e antisaccad e task ,  whil e leavin g 
reflexiv e pro-saccade s unaffected .  The y describe d a n 
interactio n i n whic h workin g memor y allow s on e t o 
maintai n an d us e informatio n t o b e use d i n inhibitin g highl y 
prepoten t  responses . 

Modeling Antisaccade Failures 

We propos e tha t  workin g memor y an d inhibitor y processe s 
ar e no t  independentl y necessar y t o explai n thi s typ e o f  data . 
Sinc e a  workin g memor y syste m shoul d contai n al l  th e 
informatio n necessar y t o determin e th e correc t  response ,  i t 
i s  unnecessar y t o postulat e a n independen t  proces s o f 
inhibitin g th e prepoten t  response ,  excep t  i n th e implici t 
sens e tha t  th e tw o response s ar e i n competition . 

Our  mode l  o f  antisaccad e failure s i s implemente d withi n 
th e framewor k use d b y Kimber g an d Fara h (1993 )  t o 
simulat e othe r  dat a fro m patient s wit h prefronta l  damage . 
Withi n thi s framework ,  w e characteriz e th e processe s tha t 
produc e behavio r  i n term s o f  respons e discrimination .  T w o 

source s o f  activatio n (o f  th e fou r  include d i n th e model )  ar e 
especiall y importan t  t o thi s task : 

Baselin e strengt h reflect s th e long-ter m histor y o f  a 
response' s use .  Response s tha t  hav e bee n mor e usefu l  i n 
th e pas t  wil l  generall y ten d t o b e activate d t o a  highe r  level . 
Work in g m e m o r y activatio n reflect s th e contributio n o f 
relevan t  declarativ e representations ,  suc h a s migh t  b e 
create d b y givin g th e subjec t  instructions . 

Th e simulatio n o f  th e anti-saccad e tas k i s  extremel y 
simple .  T w o potentia l  response s compet e fo r  activation : 
look-toward s an d look-away .  Look-toward s ha s a  muc h 
highe r  baselin e strength .  However ,  a  declarativ e 
representatio n o f  th e anti-saccad e instruction s als o provide s 
activatio n t o look-away .  Normall y thi s representatio n i s 
onl y weakl y activated .  However ,  whe n th e subjec t  ha s bee n 
give n th e instruction s t o perfor m th e anti-saccad e task ,  i t  i s 
maintaine d a t  a  highe r  leve l  o f  activation . 

Sinc e i t  i s  onl y th e contributio n fro m workin g memor y 
tha t  allow s th e syste m t o overrid e th e stron g bia s i n favo r  o f 
lookin g toward s stimuli ,  an y for m o f  weakenin g workin g 
memory wil l  disproportionatel y affec t  th e antisaccad e task . 
A memor y loa d (a s i n Robert s e t  al. ,  1994 )  ma y b e 
simulate d b y reducin g b y a  constan t  facto r  th e activation s o f 
al l  workin g memor y representations .  W e ca n als o simulat e 
th e effec t  o f  prefronta l  damage ,  a s i n ou r  previou s model , 
by weakenin g association s amon g workin g memor y 
elements .  Eithe r  manipulatio n ha s th e effec t  o f  weakenin g 
th e effec t  o f  instruction s i n favo r  o f  th e prepoten t  respons e -
an apparen t  disinhibitio n withou t  damag e t o a n inhibitor y 
module . 
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Introductio n 

Decision making is complicated by a dynamically 
changing ,  event-drive n emironmen t  an d ambiguou s 
infoimatio a Anal>'zin g th e cognitiv e proces s unde r 
thes e condition s present s challenge s t o theor y an d 
methodology .  We report  suc h a n analysi s fo r  dat a 
obtaine d fro m a  stud y o f  submarin e Approac h Officer s 
(AOs)  usin g a  simulate d submarin e comba t  sjstem . 

Method and Analysis 

The subjects were six expert submarine officers. The 
IJae k the y performe d wa s locatin g a n enem y submarin e 
and decidin g ho w t o respon d t o it .  Thei r  informatio n 
gatherin g an d o w n shi p (OS )  maneuver s wer e 
mediate d b y a  compute r  operato r  (calle d OS-op) ,  jus t 
as the y ar e aboar d ship .  T w o hour s o f  dat a (tw o t o 
fou r  scenarios )  wer e collecte d fo r  eac h A O . 

Scenario s wer e transcribe d an d eac h wa s encode d 
by tw o independen t  coders .  Becaus e o f  th e natur e d 
th e proble m solvin g tas k an d th e interactio n 
mechanics ,  onl y cognitiv e operator s wer e encoded . 

Results and Discussion 

Inler-rater reliabilities on operator encodings for the 
tas k scenario s range d fio m Kapp a =  0.75 ,  Z  =  2 2 t o 
Kappa =  0.64 ,  Z  =  16.5 ,  al l  highl y significan t 
(Cohen' s Kapp a correct s fo r  chanc e matches) . 

Operato r Protoco l  Exampl e 
Informatio n 

quer y 

jtccW t 
deri\' e 

"let' s  ...se e i f  w e ca n gai n ou r 
alph a o n narrowbaivl " 
•'we'r e minu s 12. 3 S N R " 
"th e targe t  maneuN'ere d a t  som e 
poin t  there " 

Action s 
maneuverO S 
setTracke r 

tweakPara m 

enterSolutio n 

"an d let' s  com e u p t o 1 2 knot s " 
"Okay. i  s o 1  wan t  t o trac k th e 
merchant " 
"Ca n w e ge t  d o w n t o 1 5 knots . 
ther e w c go " 
" W h y don' t  yo u updat e you r 
solution " 

Of  th e eigh t  encodin g operators ,  7 5 % wer e tas k 
relevan t  (Kirschenbaum ,  Gray ,  Ehret ,  &  Miller , 
1996) .  Thes e se\e n relevant  operator s (se e Tabl e 1 
fo r  examples )  fel l  int o tw o categories ,  information -
seeking ,  m e a n = 90.8% ,  S D =  3. 8 an d action-order s 
(e.g. ,  chang e course) ,  mea n =  9.2% ,  S D =  3  8 . 

A shallo w goa l  structure ,  ne\e r  mor e tha n thre e 
deep ,  accourUe d fo r  al l  o f  th e operators .  Figur e 1 
shows level s 1  an d 2 .  Th e onl y Leve l  3  goal , 
SUPERVISE-OS-op ,  i s no t  shown . 

DETECT-SUB 

LOCATE-cshI p 

ENGAGE-SUB 

SET-TRACKER 
EVAL-TRACKER 
DETERMINE-BEARINQ 
TERMINE-BEARING RATE 
DETERMINE-RANGE 
DETERMINE-COURSE 
OETERMINE-SPEED 
GET-SOLUTION 
GET-TACTICAL-PICTURE 
GET-OS-STATUS 
POSITION-OS 

Tabl e 1 :  Operator s an d protoco l  example s 

Figur e 1 :  Leve l  1  an d leve l  2  goals . 

We beUeve that when a goal pops, it returns 
informatio n t o a  kirowledg e schem a structur e i n long -
ter m workin g n^mor y (Ericsson ,  &  Kintsch ,  1995) . 
The schem a and/o r  event s determin e th e nex t  goal . 
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Heidegger ,  th e Germa n phenomenologist .  Leontjev ,  th e 
Russia n psychologist ,  an d E>ewey .  th e America n Pragmatist . 
hel d suriHisingl y simila r  view s o n th e rol e o f  breakdow n o r 
failur e a s a  mean s o f  revealin g th e natur e o {  th e worl d aroun d 
us. 

For  Heidegger ,  th e resource s b y whic h w e conduc t  ou r 
day-to-da y activitie s d o no t  usuall y requir e (no r  d o the y 
attract )  ou r  consciou s awareness .  Heidegge r  indicate d 
(1953/1962) ,  however ,  tha t  whe n ongoing ,  non-reflectiv e 
practic e i s  interrupted ,  thes e equipmenta l  aspect s o f  th e 
worl d becom e "li t  up "  o r  brough t  "int o view" .  Resource s 
fo r  Heidegge r  ca n presen t  themselve s i n differen t  state s o r 
modes o f  bein g (e.g. ,  "Available" ,  "Unavailable" , 
"Occurent" )  wit h respec t  t o ou r  ongoin g activit y (Dreyfus , 
1991) .  Th e statu s o f  a n entit y  can ,  i n turn ,  affec t  th e natur e 
of  ou r  activit y an d ou r  understandin g o f  th e objec t  i n use .  I t 
i s th e degre e o f  breakdown ,  however ,  tha t  determine s th e 
statu s o f  a n entit y wit h respec t  t o ou r  purposes . 

Leontjev' s (1978 )  developmen t  o f  breakdow n hinge s o n 
th e analyti c distinctio n h e make s amon g activities ,  actions , 
and operations .  I n thi s context ,  t o b e skille d i n usin g a  too l 
means tha t  on e ha s create d a  se t  o f  tool-usin g operations . 
Wit h a  larg e se t  o f  well-leam t  operations ,  a  too l  ca n reall y 
become transparen t  i n th e wor k an d al l  attentio n ca n b e 
focuse d t o th e objec t  o f  actions .  O n th e othe r  hand ,  whe n 
th e necessar y condition s fo r  a n operatio n ar e absent ,  th e 
chai n o f  operation s become s transforme d ("unfolded" )  bac k 
int o a n action . 

Dewey' s notio n o f  breakdow n i s relate d t o hi s view s o n 
sensor y excitation ,  stimulu s an d response ,  an d di e habit -
formatio n functio n i n th e live s o f  comple x organisms . 
Conflict s ca n produc e a  stat e o f  disequilibration .  Recover y 
fro m suc h a n "indeterminat e situation "  occurs ,  fo r  Dewey . 
throug h th e proces s o f  "inquiry" ,  whic h h e define d a s "th e 
controlle d o r  directe d transformatio n o f  a n indeterminat e 
situatio n int o on e tha t  i s s o determinat e i n it s constimen t 
distinction s an d relation s a s t o conver t  th e element s o f  th e 
origina l  situatio n int o a  unifie d whole "  (Boydston ,  1986 ,  p . 
108) . 

Thes e thre e description s o f  breakdow n al l  produc e model s 
i n whic h th e disruptio n o f  ongoing ,  non-reflectiv e activit y 
result s i n a  shif t  t o a  mor e refiectiv e stance .  Thoug h thei r 
terminolog y ma y var y ("absorbe d coping "  an d "deliberativ e 
responding "  fo r  Heidegger ,  transformin g "operations "  t o 
"actions "  fo r  Leontjev ,  "habits "  an d "disequilibrium "  fo r 
Dewey) ,  th e proces s underlyin g th e model s the y describ e 

appear s ver y similar .  Th e wa y i n whic h eac h autho r 
describe s thi s process ,  however ,  reflect s th e differen t 
philosophica l  an d historica l  U-adition s wiUu n whic h eac h 
worked .  Heidegger' s phenomenologi c an d existentia l 
accoun t  focuse s o n ho w th e phenomeno n o f  breakdow n i s 
experience d b y th e individual .  Hi s perspective ,  therefore ,  i s 
persona l  an d emotive .  Hi s treatmen t  o f  breakdow n i s als o 
th e mos t  elaborate .  Leontjev .  roote d a s h e wa s i n dialectica l 
materialism ,  produce d a n accoun t  tha t  focuse d o n th e activit y 
itsel f  an d mean s o f  production .  N o les s practica l  i s  E)ewey' s 
analysis ,  bu t  instea d o f  focusin g o n th e activit y pe r  se ,  hi s 
focu s i s o n th e effect s o f  breakdow n o n th e actin g organism . 
producin g a  mor e naturalisti c  accoun t 

Boti i  Leontje v an d Dewe y provid e implici t  learnin g 
model s withi n thei r  description s o f  breakdown .  Th e 
transformatio n o f  a n actio n t o a  serie s o f  operation s i n 
Leontje v ca n b e considere d a  mechanis m fo r  learnin g (a t 
leas t  wit h respec t  t o skil l  acquisition) .  Similarly ,  Dewe y 
provide s a  mechanis m fo r  habi t  formation .  Further , 
Dewey' s notio n o f  inquir y provide s a  metiio d fo r  learnin g 
tha t  h e elaborate d o n severa l  levels . 

H ow migh t  thes e view s o n breakdow n infor m 
instructiona l  practice ? I f  Heidegge r  i s correc t  i n hi s clai m 
tha t  breakdow n lead s t o reflection ,  the n th e argumen t  ca n b e 
made tha t  on e wa y o f  facilitatin g learnin g i s t o induc e 
breakdow n o n th e par t  o f  learners .  Fo r  Dewey ,  i t  i s  th e jo b 
of  th e teache r  t o rais e question s an d issue s tha t  wil l  produc e 
disequilibratio n o r  a  problemati c situation .  I t  i s  i n thi s wa y 
tha t  breakdow n become s a  catalys t  fo r  bot h learnin g an d fo r 
al l  productiv e thought .  H e make s clear ,  however ,  tha t 
simpl y inducin g breakdow n i s no t  enough—teacher s mus t 
als o suppor t  learner s i n thei r  resultin g proces s o f  inquiry . 
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Abductio n i s th e proces s o f  constructin g a  plausibl e Thagard ,  P .  (1989) .  Explanator y Coherence .  Be/wviora/a/u / 
explanatio n fo r  a  se t  o f  observations .  I t  i s  th e fundamenta l  Brai n Sciences ,  12 ,  435-502 . 
typ e o f  reasonin g i n man y comple x task s suc h a s scientifi c 
discovery ,  troubleshootin g an d diagnosis .  M a n y abductiv e 
problem s requir e multicausa l  explanation s i n whic h a 
conjunctio n o f  individua l  hypothese s togethe r  explai n th e 
data .  I n ou r  mental-mode l  theor y o f  multicausa l  abductiv e 
reasonin g an d skil l  acquisition ,  abductio n i s viewe d a s th e 
sequentia l  comprehensio n an d integratio n o f  dat a int o a 
singl e situatio n mode l  (Johnso n &  Krems ,  1994) . 
Comprehensio n an d integratio n ar e accomplishe d usin g 
satisflcin g search .  Th e mode l  ha s bee n implemente d i n 
Soar . 

One predictio n o f  th e mode l  i s tha t  orde r  o f  dat a (e.g. , 
symptom s i n diagnosti c reasoning )  affect s th e generatio n o f 
multicausa l  explanations .  I n a  firs t  experimen t  2 0 subject s 
wer e show n a  serie s o f  input-outpu t  dat a fro m a  technica l 
device .  Th e orde r  o f  dat a presentatio n wa s systematicall y 
varied .  Th e subject s ha d t o construc t  a  causa l  explanatio n 
fo r  th e dat a usin g previousl y acquire d causa l  knowledg e 
tha t  enable s subject s t o predic t  th e behavio r  o f  th e devic e 
give n an y inpu t  t o th e device .  Result s showe d tha t 
explanation s fo r  previousl y viewe d dat a systematicall y 
constraine d explanation s fo r  ne w data .  Experience d 
proble m solver s wer e mor e affecte d b y orde r  o f  dat a 
presentatio n tha n novices . 

I n a  secon d experimen t  1 0 subject s wer e show n al l  th e 
dat a a t  once ,  instea d o f  sequentially .  Th e sequenc e o f  dat a 
interpretatio n therefor e wa s subject-pace d an d subject -
guided .  I t  coul d agai n b e show n tha t  th e multicausa l 
explanatio n depende d o n th e sequence ,  an d no t  jus t  th e 
"causa l  implications "  o f  th e evidence . 

The result s poin t  t o a  highl y sequentia l  natur e o f  applyin g 
causa l  knowledge .  Th e result s ar e als o use d t o evaluat e 
differen t  type s o f  computationa l  model s o f  abductiv e 
reasonin g wit h regar d t o psychologica l  plausibility .  A 
computational-mode l  implemente d i n th e Soa r  architectur e 
wil l  b e outline d tha t  fit s  th e empirica l  constraints .  I t  wil l  b e 
compare d t o "quasi-normativ e models "  lik e set-coverin g 
and th e Theor y o f  Explanator y Coherenc e (Thagard ,  1989) . 
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A basi c componen t  o f  huma n cognitio n i s th e abilit y  t o 
comprehen d perceive d stimul i  i n term s o f  store d knowledge . 
Recent  proposal s abou t  categorizatio n (eg .  Murph y &  Medin , 

1985 )  hav e emphasize d th e rol e o f  theory-lik e knowledg e 
whil e questionin g th e usefulnes s o f  similarit y a s a n explana -
tor y construct .  I t  ha s bee n suggeste d tha t  similarit y ma y de -
pend upo n rathe r  tha n determin e conceptua l  structure . 

The proble m o f  respect s fo r  similarit y (Medin ,  Centne r  & 
Goldstone ,  1993 )  i s tha t  th e similarit y o f  tw o item s i s no t 
meaningfu l  withou t  specifyin g th e natur e o f  th e comparison . 
One approac h t o thi s proble m i s t o interpre t  th e rol e o f  theorie s 
i n categorizatio n a s providin g constraint s o n similarity-base d 

compariso n (Medin ,  1989) .  A  principle d mechanis m (ie .  a 

theory )  migh t  answe r  th e question :  i f  a  concep t  representa -
tio n i s feature-based ,  the n wha t  feature s shoul d b e use d an d 
i n wha t  manner ? 

I n orde r  t o kee p similarit y grounded ,  i t  i s ofte n compute d 
ove r  a  featur e spac e o f  objec t  propertie s base d onl y o n sur -
fac e perceptua l  appearance .  Bu t  i n orde r  t o accoun t  fo r  th e 
rang e o f  categorizatio n ability ,  thi s notio n o f  similarit y mus t 
be expande d t o includ e conceptua l  conmionalitie s (se e Gold -
stone ,  1994) .  Th e exten t  t o whic h an y tw o stimul i  ar e alik e 
has a  concret e componen t  whic h i s inheren t  i n th e perceive d 
structur e o f  th e environmen t  an d a n abstrac t  componen t  whic h 
i s establishe d accordin g t o th e interactio n betwee n peopl e an d 
thei r  environment . 

By learnin g t o categoriz e stimul i  i n term s o f  usefu l  abstrac -
tion s an d consequence s (suc h a s label s o r  functions) ,  concep t 
representation s develo p whic h captur e statistica l  regularitie s 
and whic h als o reflec t  impose d o r  category-base d similaritie s 
tha t  aris e fro m th e role s object s tak e o n fo r  th e learne r  i n nat -
ura l  experience .  Suc h representation s serv e a s ra w materia l 
fo r  th e appropriat e generalizatio n o f  prio r  knowledg e t o nove l 
case s accordin g t o a  sophisticated ,  ye t  constraine d similarit y 
mechanism . 

Methods 

The presen t  researc h goa l  i s  twofold :  1 )  t o asser t  claim s abou t 
th e flexibility  an d dependenc e o f  similarity ,  bu t  2 )  t o explor e 
throug h behaviora l  an d computationa l  approache s a  mecha -
nis m o f  concep t  formatio n whic h produce s rich  representa -
tion s an d much-neede d respects . 

Thi s stud y examine s th e hypothesi s tha t  concep t  represen -
tation s ar e constructe d a s a n integratio n o f  perceive d structur e 

and learne d category-leve l  information .  I t  i s  predicte d tha t 
similarit y rating s collecte d fro m S s wh o lear n a  categorizatio n 

wil l  systematicall y diverg e fro m controls .  Stimul i  fro m th e 

same learne d clas s shoul d b e rate d a s mor e simila r  b y thos e S s 
wit h categor y knowledg e sinc e thei r  learne d representation s 
gro w close r  t o reflec t  th e conmionality . 

Subject s wer e tol d the y woul d lear n abou t  a  se t  o f  micro -
organism s (realisti c lin e drawings )  an d the n appl y thei r 
knowledge .  I n th e contro l  condition ,  th e stud y phas e con -
siste d o f  viewin g th e stimul i  an d judgin g relatednes s t o th e 
prio r  stimulus .  I n th e categorizatio n (Cat )  condition ,  S s als o 
sa w thre e label s an d wer e aske d t o mak e a  classificatio n judge -

ment .  S s learne d wit h feedbac k unti l  the y coul d correctl y clas -
sif y  th e set .  Afte r  th e stud y phase ,  S s i n bot h condition s wer e 
shown al l  pair s an d aske d t o rat e similarity . 

Results and Discussion 

As predicted .  Ca t  S s rate d pair s draw n fro m th e sam e clas s a s 
more simila r  tha n di d th e naiv e Ss .  However ,  ther e wa s n o 
evidenc e o f  lowe r  similarit y rating s b y Ca t  S s fo r  pair s draw n 

fro m differen t  classes .  Additiona l  analyse s showe d tha t  th e 
amount  o f  betwee n grou p differenc e wa s greate r  whe n th e 
coherenc e o f  th e clas s fro m whic h same-categor y pair s wer e 
draw n wa s lower .  Th e evidenc e i s suggestiv e o f  a  shif t  i n un -
derlyin g representatio n a s a  functio n o f  categor y learning . 

Such a  mechanis m i s naturall y instantiate d i n term s o f  con -
nectionis t  model s whic h for m interna l  representation s whil e 
learnin g comple x input-targe t  mappings .  Suc h simulation s 
wer e carrie d ou t  an d result s sugges t  tha t  a  brain-styl e mech -
anis m ca n accoun t  fo r  th e behaviora l  findings  o f  category -
base d similarity . 
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I n t r o d u c t i o n 

The presen t  stud y attempt s t o tes t  experimentall y sev -
era l  assumption s raise d b y cognitiv e linguists .  The y 
assume tha t  th e imag e schemati c structure s underl y 
th e metaphorica l  expression s o n emotion s Cognitiv e lin -
guist s analyz e emotio n concept s suc h a s anger(LakofF , 
1987) ,  happines8(Kovecses ,  1991 )  usin g Hnguisti c mate -
rials.  Thi s stud y introduce s a  ne w method :  first ,  di -
rec t  metho d t o explor e imag e schem a b y havin g subject s 
draw n emotio n concepts ,  second ,  t o compare d th e imag e 
schema o f  fou r  drawing s o f  emotio n concepts . 

Method 

Subject s 

Two hundre d an d fiftee n Japanes e universit y students . 

Procedure 

T h e Productio n Task .  Subjects(N=120 )  dre w non -
representationa l  eac h imag e o f  tw o emotions(eithe r  ange r 
and happines s o r  sadnes s an d hope )  an d verball y de -
scribe d th e emotiona l  state . 
Th e Ratin g Task .  Subjects(N=96 )  rate d seve n 
Japanes e emotiona l  concepts(anger ,  sadness ,  hope ,  hap -
piness ,  love ,  disappear ,  an d anxiety )  o n seve n bipola r 
scale s (e.g .  up-down ,  in-out ,  balance-unbalanc e ) . 

Results and Discussions 

Figures most frequently drawn by subjects 

Two judge s classifie d th e imag e drawing s base d o n 
coniigurationa l  similarity .  Ange r  i s  explosion(35%) , 
jagge d forms(32%) ,  an d thic k line8(15%) ;  sadnes s i s 
drops(29%) ,  darkness(18%) ,  an d falia2%) ;  happines s 
i s circula r  forms(57%) ,  radiation(19%) ,  an d curvin g 
forms(12%) ;  hop e i s radiation(41%) ,  difFusion(20%) ,  an d 
ascendin g lines(8%) .  Fig. l  show s th e figure s mos t  fre -
quentl y eac h emotio n concept .  Th e to p thre e drawing s 
covere d almos t  7 0 % o f  th e eac h emotio n indicatin g inter -
subject s commonality .  Tabl e 1  show s th e orientatio n an d 
th e for m o f  th e drawings .  Th e result s show n i n Tabl e 
1 indicate d tha t  relativ e frequenc y o f  physica l  charac -
teristic s o f  imag e drawing s corresp>on d t o th e relativ e 

T A B LE 1 :  Characteristic s o f  Imag e Drawing8(% ) 

^ O > ^ 

Emotio n 
Orientatio n 

up 
horiionta l 
down 
divergen t 
othe r 

Shape 
angula r 
roun d 
mixe d 
othe r 

Anger' ' 

20. 6 
23. 8 
0.0 

41. 3 
14. 3 

46. 0 
4.8 

47. 6 
1.6 

SadneM^' 

2.0 
4.1 

44. 9 
2.0 

46. 9 

36. 7 
28. 6 
30. 6 
4.1 

Happines s ' 

14. 3 
7.9 
0.0 

19. 0 
58. 7 

11. 1 
71. 4 
15. 9 
1.6 

Hope* ' 

32. 7 
0.0 
4.1 

32. 7 
30. 6 

26. 5 
36. 7 
36. 7 
0.0 

Aiig* r  ICxploalon I  H«ppln*a s [Clrcl O S«dn*« a (Drop )  Hop *  (Radlaclon ) 
Fig. 1: Figures Most Frequently Drawn by the Subjects 

Not e ')n=6 3 *)n=4 9 
percentag e o f  wor d frequenc y i n th e verba l  description s 
of  productio n task .  Resul t  o f  whic h th e wor d E X P L O -
S I O N ( 2 4 % )  elicite d f ro m anger ,  D 0 W N ( 1 4 % ) ,  S I N K -
ING(10%)  an d DARK(10%)  fro m sadness ;  LIGHT(43% ) 
and EXTENSION(18%)  fro m happines s ;  LIGHT(21% ) 
fro m hope . 

Major image schema of emotion 

Correspondenc e betwee n imag e drawing s an d descrip -
tion s coul d b e summarize d an d expresse d a s th e fol -
lowin g imag e schema ,  whic h accor d wel l  wit h th e im -
age schem a propose d b y cognitiv e linguists(e.g. ,  Kovec -
se8,1991 ;  Lakoff,1987) . 

(1 )  A N G ER I S EXPLOSIO N O F CONTAINER.  Th e 
imag e o f  ange r  i s DIFFUSION .  I t  i s a  H O T FLUI D i n a 
PRESSURIZED CONTAINER an d th e ho t  fluid  presse d 
out  o f  it .  Th e ratin g dat a indicate s tha t  ange r  i s ener -
getic(94% )  an d hot(81%) . 

(2a)SADNESS I S D O W N.  Th e imag e o f  sadnes s i s ori -
ente d DOWN(45%)  o f  drop s o r  tear .  I n th e ratin g data , 
sadnes s i s DOWN(95%)  an d DARK(99%) . 

(2b )  SADNESS I S DARK.  Th e imag e o f  sadnes s i s 
DARKNESS(18%)  unde r  rai n o r  fog .  Some example s o f 
description s ar e "  I  can' t  se e anything "  an d "Th e futur e 
seems t o b e dark" . 

(3 )  H A P P Y I S UP .  Th e imag e o f  happ y i s jump -
in g o r  spreadin g o f  R O U ND shape(71% )  an d oriente d 
UP(14%) .  Th e ratin g dat a indicate s tha t  happ y i s 
UP(89%) . 

(4 )  H O PE I S DIFFUSIO N O F LIGHT .  Th e imag e o f 
hope i s a n extensio n o f  LIGHT ,  sunshine ,  futur e an d 
possibiHt y I n th e ratin g data ,  hop e i s LIGHT(93%) . 
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Thi s abstrac t  report s abou t  a  preliminar y researc h relatin g 
self-explanatio n t o theory-base d categorization .  Mai n 
questio n an d metho d ar e outlined . 

Self-explanatio n i s th e proces s o f  generatin g a n 
explanatio n fo r  onesel f  i n th e cours e o f  learnin g activities . 
M a ny studie s showe d tha t  thi s proces s i s associate d wit h 
problem-solvin g successe s (Ch i  e t  al. ,  1989 ,  1994 ;  Piroll i 
and Recker ,  1994) .  Thes e studie s considere d varie d kind s o f 
learnin g material :  worked-ou t  example ,  expositor y text .  W e 
want  t o kno w i f  simila r  result s woul d occu r  withi n th e 
contex t  o f  classica l  concep t  learning . 

Thi s questio n i s pu t  i n ligh t  wit h th e studie s o f 
Wisniewsk i  an d Medi n (1994 )  abou t  th e interactio n o f 
theor y an d dat a i n concep t  learning .  Sinc e people' s intuitiv e 
theorie s hav e bee n show n t o determin e th e kin d o f  rule s 
the y produc e t o defin e a  concep t  and ,  o n th e othe r  hand , 
self-explanatio n i s though t  t o wor k b y relatin g materia l  t o 
be studie d wit h pre-existin g theor y (VanLehn ,  Jone s an d 
Chi ,  1992 ;  VanLeh n an d Jones ,  1993) ,  i t  seems ,  tha t  i n 
examinin g th e impac t  o f  self-explanatio n i n concep t 
learnin g w e coul d lear n mor e abou t  th e constructiv e proces s 
of  conceptua l  category .  Moreover ,  th e typ e o f  concep t 
learnin g tas k usin g natural-lik e concep t  lik e drawin g mad e 
by a  creativ e chil d a s propose d b y Wisniewsk i  an d Medi n 
(1994 )  i s mor e simila r  t o man y real-lif e learnin g situation s 
tha n i s artificia l  concep t  learnin g an d w e woul d benefi t  t o 
kno w i f  th e self-explanatio n effec t  ca n b e reproduc e i n 
thos e learnin g situations . 

Hypothesis 

Wisniewsk i  an d Medi n (1994 )  result s establis h tha t  whe n 
subject s ca n activat e intuitiv e theorie s i n th e contex t  o f 
concep t  learning ,  the y ten d t o us e principle s an d hypothesi s 
t o mak e sens e o f  th e characteristic s o f  th e data . 
Consequently ,  thei r  rule s ar e loade d wit h abstrac t  feature s 
and ca n b e describe d a s hierarchica l  sinc e the y includ e 
abstrac t  propertie s define d b y othe r  propertie s tha t  ar e 
themselve s abstrac t  o r  concrete .  A s th e self-explanatio n 
proces s i s though t  t o amplif y th e instanciatio n o f  intuitiv e 
theories ,  w e shoul d observ e a n augmentatio n o f  rule s 
embeddin g abstrac t  feature s whe n induce d t o self -
explanatio n subject s engag e i n concep t  learnin g task .  Ou r 
mai n questio n i s the n :  doe s elicitin g self-explanatio n i n th e 
contex t  o f  concep t  learnin g withi n a  significan t  domai n 
modif y rule s an d propertie s produced ? W e compar e 
specializatio n rule s tha t  construc t  targe t  categorie s b y 

addin g propertie s t o a  pre-existin g conceptua l  categor y an d 
descriptiv e rule s tha t  construc t  targe t  categorie s b y listin g 
propertie s associate d to .  Elicitin g self-explanatio n stee r 
subject s t o searc h fo r  relation s betwee n th e dat a an d thei r 
prio r  knowledge ,  consequentl y the y produc e mor e abstrac t 
properties ,  th e presenc e o f  a  significan t  contex t  enabl e the m 
t o ancho r  th e constructiv e proces s i n a n alread y mad e 
conceptua l  categor y producin g a  specializatio n rule . 

T wo hypothesi s ar e considered :  H I  :  Elicitin g self -
explanatio n i n th e contex t  o f  concep t  learnin g augment s 
rule s base d o n abstrac t  properties .  H 2 :  Elicitin g self -
explanatio n i n th e contex t  o f  concep t  learnin g withi n a 
significan t  domai n augment s specializatio n rules . 

Method 

Thi s stud y compare s performance s o f  subject s expose d t o 
fou r  experimenta l  condition s i n a  non-incrementa l  rule -
learnin g tas k i n whic h the y produc e a  classificatio n rul e b y 
examinin g categorie s o f  items .  Subject s ar e randoml y 
assigne d t o a  conditio n wher e the y wil l  b e expose d t o 
elicitatio n t o self-explanatio n o r  no t  an d wher e the y wil l 
hav e a  significan t  domai n fo r  th e concep t  formatio n tas k o r 
not  i n a  2  X  2  factoria l  design . 
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Wit h th e increase d availabilit y  o f  computer s fo r  schools , 
educator s an d researcher s hav e begu n t o develo p tutorin g 
system s an d trainin g program s t o improv e students '  learnin g 
experiences .  However ,  du e t o limite d resources ,  student s 
must  ofte n shar e a  compute r  wit h othe r  students .  Althoug h 
some wor k ha s bee n performe d o n collaboratio n whe n 
student s ar e doin g proble m solving ,  n o systemati c stud y o f 
difference s du e t o material s ha s bee n peifonned . 

The experiment s performe d addres s th e hypothesi s tha t 
differen t  type s o f  material s (topic s an d no t  jus t  complexity ) 
may produc e differen t  learnin g result s fo r  individual s an d 
pairs .  Mor e specifically ,  a s th e materia l  t o b e learne d move s 
fro m declarativ e t o procedural ,  mor e proble m solvin g i s 
require d t o lear n tha t  material .  Wit h mor e proble m solvin g 
shoul d com e mor e interactio n an d sinc e pair s provid e a n 
opportunit y t o interac t  together ,  a n increase d amoun t  o f 
learnin g shoul d b e foun d fo r  pai n a s th e materia l  become s 
more procedura l  i n nature . 

Experimen t  1  focuse d o n group s versu s individua l  learnin g 
fro m a n economic s hypertex t  Usin g a  hypertex t  a s oppose d 
t o a  linea r  tex t  wa s hypothesize d t o provid e a  proble m 
solvin g contex t  fo r  subject s becaus e the y woul d nee d t o 
figure  ou t  wher e t o g o i n th e text .  Student s rea d a  hypertex t 
eithe r  alon e o r  wit h a  parmer .  Pair s wer e teste d togethe r  o r 
individuall y fo r  th e post-test .  (Experimen t  l a limite d th e 
readin g tim e fo r  subject s wherea s Experimen t  l b allowe d 
subject s t o tak e a s muc h tim e a s the y wanted .  Simila r 
result s wer e obtaine d wit h highe r  varianc e fo r  Experimen t 
lb. )  Result s fo r  Experimen t  1  showe d tha t  individual s 
improve d mor e betwee n pre-tes t  an d post-tes t  tha n group s 
(teste d alon e o r  together )  eve n thoug h group s rea d mor e o f 
th e tex t  itself .  Readin g m a y b e a n activit y whic h i s no t 
conduciv e t o collaboration .  Althoug h pair s wer e no t 
facilitate d fo r  a  pur e readin g task ,  the y ma y perfor m bette r 
on a  tas k whic h require s firs t  readin g an d the n proble m 
solving . 

Experimen t  2  focuse d o n group s versu s individua l  learnin g 
fro m a  genetic s tutorin g system .  Th e tutorin g syste m first 
presente d basi c infomatio n abou t  genetic s an d the n specifi c 
informatio n abou t  h o w t o solv e pedigre e problems . 
Subject s solve d 4  set s o f  problem s wit h feedback .  Result s 
fo r  Experimen t  2  indicate d tha t  group s showe d mor e 
improvemen t  tha n individual s bu t  thi s differenc e m a y b e 
partiall y  du e t o th e greate r  improvemen t  o f  th e student s 
takin g th e tes t  togethe r  (fo r  on e o f  th e set s o f  groups) . 
Group s seeme d t o tal k mor e i n Experimen t  2 ;  the y seeme d 
t o tal k whe n proble m solvin g starte d an d di d no t  t ^  durin g 
th e initia l  readin g part s o f  th e genetic s tutor .  S o m e 
additiona l  knowledg e m a y b e gaine d b y workin g wit h 

anothe r  individual ,  bu t  thi s i s har d t o differentiat e from  th e 
abilit y  t o retai n informatio n whe n teste d wit h anothe r 
person .  However ,  mor e discussio n an d interactio n doe s 
see m t o occu r  i n a  proble m solvin g situation . 

I n summary ,  thes e result s impl y tha t  a  purel y procedura l 
tas k coul d b e learne d mos t  easil y b y group s a s compare d 
wit h a  purel y declarativ e task .  Thi s wor k als o indicate s tha t 
ther e i s no t  a n overwhehnin g advantag e fo r  pair s usin g 
computer s fo r  learnin g relativel y difficul t  material s 
(althoug h thes e material s wer e no t  mor e difficul t  tha n wha t 
coul d b e expecte d from  colleg e leve l  students) .  Tex t  itsel f 
m ay no t  induc e student s t o discus s th e material ;  whereas , 
proble m solvin g activitie s embedde d i n tex t  m a y promot e 
students '  discussio n an d bette r  performance .  F r o m th e wor k 
of  Ch i  an d colleague s (Chi ,  e t  al ,  1988) ,  bette r  student s 
ofte n self-explai n whe n materia l  i s  ambiguou s o r  difficul t 
and th e possibilit y  exist s tha t  textua l  materia l  tha t  include s 
question s m a y produc e bette r  results .  W e ar e currentl y 
perfonnin g experiment s t o explor e bot h o f  thes e issues . 

Th e indicatio n tha t  pai r  learnin g m a y sho w greate r 
improvemen t  a s th e typ e o f  materia l  become s mor e 
procedura l  (proble m solving )  i n natur e require s som e 
caution .  First ,  althoug h th e economic s tex t  di d no t  appea r 
t o b e complicate d o r  difficult ,  th e genetic s proble m solvin g 
materia l  becam e progressivel y mor e challengin g a s th e 
studen t  progresse d throug h th e tutorin g system .  Thus ,  th e 
genetic s materia l  ma y hav e bee n considere d comple x b y 
many students .  A s note d i n th e introduction ,  extremel y eas y 
and exttemel y comple x material s m a y b e difficul t  fo r  pair s 
t o handle .  Whil e extremel y eas y materia l  result s i n floor 
effect s wher e difference s betwee n individual s an d pair s m a y 
be small ,  exttemel y difficul t  materia l  m a y caus e pairs ' 
performanc e t o b e les s tha n optima l  dependin g upo n h o w 
tenaciou s th e pai r  o f  snident s ar e a t  tacklin g th e material .  I f 
th e student s bot h decid e tha t  th e materia l  i s  to o difficult , 
the y m a y bot h sto p workin g o r  develo p strategie s t o 
"outsmart "  th e computer .  O n th e othe r  hand ,  i f  bot h 
student s decid e t o tackl e th e material ,  incredibl e performanc e 
ca n b e observed .  Thus ,  typ e an d complexit y o f  materia l 
m ay interact .  I n addition ,  individua l  difference s m a y resul t 
i n ver y differen t  approache s t o th e sam e material . 

I n conclusion ,  ou r  smd y demonstrate d tha t  pair s d o no t 
outperfor m individual s i n al l  compute r  learnin g tasks .  I n 
fact ,  fo r  purel y declarativ e readin g tasks ,  readin g a s par t  o f  a 
pai r  m a y actuall y hur t  a  student' s performance .  Tlius ,  th e 
typ e o f  activit y m a y b e a  ver y importan t  facto r  i n 
determinin g succes s o f  grou p learnin g usin g compute r 
tutors . 
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Our  commo n understandin g o f  people' s action s i n term s o f 
menta l  stat e concept s ha s ofte n bee n referre d t o a s 'th e 
theor y o f  mind' ,  o r  'folk-psychology' ,  i n cognitiv e science , 
psycholog y an d philosophy .  Man y philosopher s an d 
psychologist s furthe r  argu e tha t  suc h knowledg e constitute s 
a theory ,  no t  fundamentall y differen t  fro m genuin e scientifi c 
theones .  I n tiiis  paper ,  I  first  analyz e tw o version s o f  th e 
Theor y o f  Min d hypothesis .  O n th e on e hand ,  w e hav e th e 
stron g Theor y o f  Min d hypothesis ,  advocate d b y Fodo r 
(1987 )  an d Baron-Cohe n (1995 )  vih o propos e th e innatenes s 
and th e modularit y thesis .  O n th e othe r  hand ,  w e hav e th e 
moderat e Theor y o f  Min d hypothesi s b y Wellma n (1990 ) 
and Peme r  (1991 )  wii o endors e th e cultura l  universalit y an d 
th e domai n specificit y o f  th e Theor y o f  Mind .  I  argu e tha t 
bot h version s o f  th e Theor y o f  Min d hypothesi s inadequatel y 
tr y t o explai n th e meanin g o f  menta l  expression s b y reducin g 
i t  t o som e interna l  structure s o r  processes .  I  propos e instea d 
tha t  th e meanin g o f  menta l  expression s i s i n th e tripartit e 
relatio n betwee n th e agent ,  th e linguisti c symbol s an d th e 
environment .  I  presen t  som e evidenc e fo r  th e dynami c 
interaction s o f  th e thre e element s i n th e ontogeneti c 
linguisti c developmen t  o f  childre n an d i n th e diachroni c 
change s o f  a  language . 
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Introductio n 

Ther e ar e tw o majo r  question s underlyin g an y (huma n o r 
compute r  supported )  proble m solvin g process :  "what "  i s  i t 
th e proble m solve r  ha s t o do ,  an d "how "  t o accomplis h this . 
Answerin g thes e question s require s informatio n gathering .  I n 
th e first  case ,  w e loo k fo r  specifications ,  i.e .  th e descriptio n 
of  constraints ,  features ,  an d goal s o f  th e tas k a t  hand .  I n th e 
second ,  fo r  procedure s o r  skill s  tha t  ar e necessar y t o achiev e 
th e goals .  Specification s pla y a n importan t  rol e i n desig n 
and manufacturing ,  bu t  als o i n communication .  Skill s  ar e th e 
prerequisi t  fo r  executin g o r  performin g tasks .  Th e purpos e o f 
th e elicitatio n proces s i s t o tranfe r  o r  mak e explici t  knowledg e 
of  "what "  peopl e hav e i n thei r  min d an d "how "  the y perfor m 
tasks .  Elicitin g skill s an d specification s i s  fundemanta l  t o 
human communicatio n an d learning .  Moreover ,  knowledg e 
elicitatio n o r  acquisitio n i s a  majo r  bottlenec k i n (huma n o r 
compute r  supported )  proble m solving . 

Walk-Through 

Our  first  ai m i s t o develo p a  strateg y fo r  elicitin g skill s an d 
specification s suc h tha t  th e resultin g descriptio n wil l  b e im -
plementable .  I n fact ,  implementabl e skill s o r  specification s 
migh t  lea d t o compute r  program s (e.g .  knowledg e base d o r  ex -
per t  systems )  fo r  solvin g problem s o r  generatin g designs .  Ou r 
secon d ai m i s t o mak e th e strateg y itsel f  implementabl e an d 
develo p tool s supportin g th e elicitatio n process .  Elicitatio n 
i s don e b y walkin g systematicall y throug h th e proces s wit h 
al l  th e participant s an d as k question s unti l  a  complete ,  consis -
tent ,  an d implementabl e descriptio n emerges .  Althoug h th e 
"walk-through "  require s domai n knowledge ,  i t  i s a  genera l 
purpose ,  domain-independen t  strategy .  Currently ,  w e ar e i n 
th e proces s o f  implementin g thi s strateg y i.e .  developin g a n 
elicitatio n tool .  Th e "walk-through "  i s define d recursivel y 
(se e L O O P below) .  W e assum e her e onl y tw o participants , 
th e use r  an d designer .  Th e proces s start s wit h th e use r  enterin g 
th e initia l  descriptio n o f  th e tas k o r  skill ,  sa y S P E C .  S P E C ini -
tiate s th e constructio n o f  a  specificatio n tree ,  whic h become s 
th e primar y descriptio n o f  th e skil l  o r  specification .  Afte r 
this ,  th e designe r  define s th e operation s s/h e ha s t o perfor m t o 
satisf y S P E C .  Thes e wil l  b e store d i n OPi, . . . ,  O P n -

(begi n L O O P )  I n general ,  fo r  eac h operatio n O P t o b e 
performe d b y th e designe r  ther e ar e thre e kind s o f  require d 
information :  rules ,  variables ,  an d suboperations . 

Rules :  Her e th e designe r  list s al l  rule s relate d t o O P i n 
his/he r  knowledgebase .  Eac h rul e i s o f  th e for m R —*  R '  an d 
i s compare d wit h th e curren t  use r  specificatio n SPEC.  I f  i Z i s a 
requiremen t  containe d i n S P E C ,  the n th e use r  i s aske d whethe r 

R'  i s  consisten t  wit h th e requirement s i n S P E C .  I f  th e answe r 
i s  "no" ,  th e use r  change s S P E C t o remov e th e inconsistency , 
and th e "walk-through "  backtrack s a s man y step s a s neede d 
t o accommodat e th e change d specification . 

Variables :  Her e th e designe r  list s al l  variable s (slots )  whic h 
need t o b e give n value s i n orde r  t o perfor m O P .  I n orde r 
t o chun k th e non-implementabl e requirement s o f  th e curren t 
specificatio n S P E C int o implementabl e requirements ,  th e use r 
i s aske d whethe r  an y o f  th e requirement s relat e t o th e vari -
ables .  I f  th e answe r  i s  "yes, "  th e use r  instantiate s th e relevan t 
variables .  Variable s whic h ar e no t  instantiate d b y th e use r  ar e 
give n defaul t  values . 

The instantiatio n o f  th e variable s b y th e use r  i s controlle d 
by th e s o calle d Chunkin g Agent s b y takin g a  requiremen t 
and checkin g whethe r  i t  i s  c o m m o n knowledge ,  quantifiable , 
or  ca n b e calibrated .  The y recogniz e c o m m o n knowledg e b y 
lookin g i t  u p i n a  domai n specifi c  database .  A  requiremen t  i s 
quantifie d i f  i t  ha s a  standar d numeri c measur e assigne d t o it . 
Calibratio n mean s t o matc h o r  adjus t  tw o valu e system s t o a 
give n scale . 

Suboperations :  Her e th e designe r  list s al l  suboperation s 
neede d t o b e carrie d ou t  i n orde r  t o perfor m OP .  (en d L O O P ) 

N o w (begi n L O O P )  throug h (en d L O O P )  i s repeate d fo r 
anothe r  operation ,  unti l  al l  operation s ar e exhauste d an d al l 
relevan t  variable s hav e implementabl e values .  Th e use r  i s 
presente d wit h th e generate d specificatio n tree .  I f  s/h e think s 
tha t  an y o f  it s  non-implementabl e requirement s ha s no t  bee n 
full y redefine d usin g jus t  th e variable s presente d durin g th e 
"walk-through "  process ,  th e Dialogu e Agen t  wit h th e syste m 
onc e agai n help s find  th e missin g variable s an d giv e the m val -
ues a s before .  Th e specificatio n tre e i s expande d accordingly . 

Implementation 

For  th e developmen t  an d testin g o f  thi s tool ,  w e analyz e 
and compar e fou r  elicitatio n tasks :  wit h th e Departmen t  o f 
Biomedica l  Engineerin g a t  th e Universit y o f  M iam i  thedesig n 
of  a  biomedica l  devic e fo r  a  grou p o f  handicappe d people ,  t o 
hel p the m wal k wit h les s energy ;  wit h th e Mechanica l  En -
gineerin g Departmen t  a t  Florid a Internationa l  University ,  th e 
desig n o f  a  hear t  mode l  fo r  testin g an d teachin g purposes ; 
wit h th e Atlanti c Meteorolog y an d Oceonagraphi c Labora -
tory/NOA A th e desig n o f  a  databas e fo r  dat a collecte d fro m 
driftin g buoys ;  an d wit h th e Basco m Palme r  Ey e Institut e o f 
th e Universt y o f  Miam i  th e desig n o f  a n automate d syste m fo r 
experimentation s o n dark-adaptation . 
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Abst rac t Reference s 

Recent  debat e o n th e representatio n o f  linguisti c rule s 
has focuse d o n th e rol e o f  phonologica l  regularitie s i n 
governin g th e mappin g proces s betwee n form s an d 
meanings .  Th e debat e ha s als o centere d o n domain s 
wher e ther e i s a n explici t  rul e (versu s exceptions )  o n a 
linguisticall y descriptiv e level .  I n thi s study ,  w e presen t 
a proble m wher e ther e i s n o explici t  rul e eve n o n a 
descriptiv e level ,  an d wher e th e mappin g i s governe d 
primaril y b y cover t  semanti c structure s o r  "cryptotypes " 
(se e Whorf ,  1956) .  W e buil t  a  semanticall y grounde d 
connectionis t  mode l  t o lear n th e reversiv e prefixe s un -
and dis -  i n Englis h (Li ,  1993 ;  L i  &  MacWhinney ,  i n 
press) .  Simulatio n result s indicat e tha t  first ,  ou r  mode l 
capture s W h o r f  s  "cryptotypes "  i n a  precis e manner . 
Thes e cryptotype s ar e traditionall y describe d a s 
"subtle "  an d "intangible "  b y symboli c accounts . 
Second ,  th e mode l  show s ho w distributed ,  structure d 
representation s o f  cryptotype s constrai n th e system' s 
productivit y i n learning .  Th e simulatio n result s provid e 
insight s int o th e psycholinguisti c mechanism s 
underlyin g existin g empirica l  dat a fro m huma n childre n 
(Bowerman ,  1983 ;  Clark ,  Carpenter ,  &  Deutsch ,  1995) . 
Finally ,  th e mode l  display s earl y plasticit y an d lat e 
rigidit y i n learnin g t o recove r  fro m productiv e errors , 
whic h i s  consisten t  wit h curren t  empirica l  an d 
computationa l  evidenc e (se e Elman ,  1993) . 
Simulation s tha t  incorporat e bot h semanti c an d 
phonologica l  informatio n sho w tha t  th e mode l  canno t 
lear n th e correc t  mappin g b y usin g phonologica l 
informatio n alone ,  attestin g t o th e importanc e o f  th e 
semanti c basi s o f  th e proble m (se e als o Cottrel l  & 
Plunketl ,  1991) .  However ,  th e inclusio n o f  phonologica l 
informatio n help s th e mode l  t o recove r  fro m error s 
mor e effectivel y an d completely . 
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1 I n t r o d u c t i o n 

In Cognitive Science, little research has been done re-
gardin g emotions .  Yet ,  Norma n (1981) ,  on e o f  th e 
founder s o f  th e discipline ,  ha d liste d th e stud y o f  emo -
tion s a s crucia l  fo r  th e succes s o f  th e ne w discipline . 
I n thi s presen t  paper ,  emotion s ar e considere d t o rang e 
fro m pre-wire d reflex-lik e responses ,  t o accentuate d pre -
dispositiona l  tendencies ,  t o recognize d interpretation s 
loosenin g th e emotiona l  arousal .  I n Neuroscience ,  th e 
autonomi c nervou s syste m ha s bee n pointe d a t  a s of -
ferin g a  ke y t o understandin g th e arisin g o f  emotion s 
(Damasio ,  1994) . 

Emotion s ar e presentl y modele d a s 'store d experi -
ence' ,  locate d alon g th e autonomi c nervou s system .  Usu -
all y lyin g outsid e o f  awareness ,  thi s portio n o f  th e ner -
vou s syste m consist s o f  nerv e fibers  locate d alon g th e 
spina l  cord .  Ther e ar e tw o distinc t  branche s actin g a s 
a seesaw ;  th e parasympatheti c branc h an d th e sympa -
theti c branch ,  eac h stimulate d b y differen t  neurotrans -
mitter s naturall y presen t  i n th e bod y (Restak ,  1994) . 
Each branc h o f  th e autonomi c nervou s syste m i s re -
sponsibl e fo r  th e arousa l  o f  differen t  emotions ,  whic h i n 
tur n lea d t o differen t  behavior s an d actions ,  th e resul t 
of  whic h feed s bac k t o th e cognitiv e syste m itself .  On e 
portio n o f  th e curren t  mode l  provide s a n illustratio n o f 
th e mutuall y exclusiv e effec t  o f  th e autonomi c nervou s 
syste m branches . 

I n addition ,  emotion s ar e presentl y modele d a s 'situ -
ate d cognition' .  Fro m thi s perspective ,  cognitio n i s no t 
solel y a  produc t  o f  brai n functionin g bu t  ca n b e con -
sidere d a s a  constan t  couplin g betwee n th e nervou s sys -
te m an d th e environmen t  (Varela ,  1988) .  Considerin g 
cognitio n a s context-dependent ,  th e situate d approac h 
emphasize s th e lac k o f  objectiv e representatio n o f  a  pre -
give n worl d b y a  pre-give n mind .  Becaus e emotion s ar e 
strongl y context-dependent ,  th e stud y o f  emotion s bes t 
lend s itsel f  t o th e situate d approac h t o understandin g 
cognition .  Th e mode l  therefor e account s fo r  th e rol e o f 
th e environmen t  i n it s couplin g wit h on e subse t  o f  th e 
nervou s syste m (th e autonomi c nervou s system) ,  i n th e 
arisin g o f  emotiona l  states :  unit s modelin g th e nervou s 
syste m ar e structurall y couple d wit h unit s modelin g th e 
perceive d environment . 

Lastly ,  th e modulator y aspec t  o f  emotiona l  sys -
tem s i s  addressed .  Indeed ,  Zajon c (1994 )  foun d tha t 
chauige s o f  hypothalami c temperatur e (du e t o breath -
in g patterns )  ca n facilitat e th e inhibitio n o r  excitatio n 

of  th e releas e o f  a  variet y o f  neuro-transmitters .  Th e 
neuro-transmitter s ar e als o modulate d b y th e neuro -
modulator s (Rumelhart ,  1994) .  Th e presenc e o f  a  par -
ticula r  neuro-modulato r  determine s th e activ e amoun t 
of  a  specifi c  neuro-transmitter ,  whic h i n tur n activate s 
one branc h o f  th e autonomi c nervou s system .  Dependin g 
upo n whic h branc h i s active ,  differen t  interpretation s o f 
th e environmen t  ar e reached .  B y allowin g th e networ k 
t o lear n t o choos e differen t  interpretation s o f  th e envi -
ronmen t  tha t  i t  i s  couple d with ,  th e mode l  illustrate s 
ho w differen t  emotiona l  state s ca n aris e fro m thi s rein -
terpretatio n o f  th e curren t  situation .  Th e Boltzman n 
machin e wa s chose n fo r  it s annealin g featur e whic h al -
low s t o simulat e changes  o f  temperatur e i n th e network . 
For  implementatio n detail s se e Lisett i  (1995) . 

2 References 

Damasio ,  A .  (1994) .  Descartes '  Error :  Emotion ,  Rea -
son ,  an d th e H u m a n Brain .  New-York ,  N Y :  Gros -
set/Putna m Book . 

Lisetti, C. L. (1995). Emotions Around the Wheel of 
Ka rm a Vi a Yoga :  A  Connectionis t  Simulation . 
Doctora l  dissertation .  A n n Harbour ,  M I :  Univer -
sit y Microfiche ,  Inc . 

Norman, A. (1981). Perspectives on Cognitive Science. 
Norwood ,  NJ :  Ablex . 

Restak, R. (1994). Receptors. New-York, NY: Bantam 
Book . 

Rumelhart, D. E. (1995). Affect and Neuro-Modulation: 
A Connectionis t  Approach .  I n H .  Morowitz ,  &  J . 
Singe r  (Eds.) ,  Th e Mind ,  th e Brai n an d Comple x 
Adaptiv e System s (pp .  145-153) .  Reading ,  Mass : 
Addison-Wesley . 

Varela, F. (1988). Structural Coupling and the Origin of 
Meanin g i n a  Simpl e Cellula r  Automata .  I n E .  Se -
carz ,  F .  Celada ,  N .  Mitchinson ,  k  T .  Tad a (Eds.) , 
The Semiotic s o f  Cellula r  Communication s i n th e 
Immune System .  Springer-Verlag . 

Zajonc, R. (1994). Emotional Expression and Temper-
atur e Modulation .  I n S .  Va n Goozen ,  N .  Va n 
de Poll ,  k  J .  Sergean t  (Eds.) ,  Emotions :  Essay s 
on Emotio n Theor y (pp .  3-27) .  Hillsdale ,  NJ : 
Lawrenc e Erlbau m Associates . 

797 



A Conceptua l  F r a m e w o r k fo r  Definin g Emotio n concept s 

Changqing Liu and Bo Zhang 
Departmen t  o f  Compute r  Scienc e an d Technology , 

Tsinghu a University , 
Beijing ,  China ,  10008 4 

Icq@s1000.cics.tsinghua.edu.c n 

T o approac h th e proble m o f  emotion ,  physiologist s conside r 
some physiologica l  measures ,  an d som e A I  researcher s 

propos e computationa l  processes .  Ye t  th e proble m remains . 
We m a y ask ,  ar e thes e thing s emotio n o r  emotional l  T o 
determin e wha t  emotio n is ,  w e must ,  first  o f  all ,  clarif y wha t 

i t  i s  mean t  b y "emotion" .  W e argu e tha t  actuall y th e concep t 
of  emotio n an d tha t  o f  desir e ar e on e an d th e same .  W h e n 
we ar e talkin g o f  thirst ,  fo r  instance ,  w e are ,  b y tha t  ver y 
token ,  talkin g o f  th e desir e t o drink .  Fo r  illustration ,  w e giv e 
some emotion s i n term s o f  th e notio n o f  desire : 

feelin g a n itch :  desirin g t o scratch ; 

feelin g col d (hot) :  desirin g t o wa r m (cool )  oneself ; 
feelin g o f  fear :  desirin g t o flee,  o r  escape ,  etc. ; 
feelin g o f  love :  desirin g t o b e with ; 
hate :  desirin g t o mak e someon e fee l  pain ,  die ,  etc. ; 

desirin g t o retaliat e agains t  someone . 
pai n (i n th e genera l  sens e o f  unpleasan t  feeling) : 

desiring ,  whe n P  ( a fac t  o r  a  stat e o f  affairs )  i s  true , 
t o d o somethin g a s a  resul t  o f  whic h P  wil l  no t  hold ; 
pleasure :  desirin g t o d o wha t  i s  bein g done . 

"Desirin g t o scratc h onesel f  (feelin g a n itch )  whe n on e i s 
doin g so "  i s a n instanc e o f  pleasure .  "Desirin g t o lyin g o n a 
beac h i n th e w a r m s u m whe n on e i s doin g so" ,  i s  anothe r 
instance .  Wher e ther e i s a  kin d o f  pleasure ,  ther e alway s 
exist s a  patter n o f  "desir e t o do.. .  when.. .  i s  bein g done" .  I n 
fact ,  th e concep t  o f  pleasur e i s jus t  constructe d ou t  o f  thi s 
behavio r  pattern .  Wit h th e definitio n o f  pleasure ,  th e 
account s fo r  aestheti c feelin g o f  beaut y an d aestheti c feelin g 
of  th e sublim e ar e give n i n thi s paper .  Ever y emotio n ca n b e 
define d b y characterizin g wha t  on e desire s t o d o whe n 
havin g th e emotion . 

By abstractio n from  th e case s typicall y considere d a s 
desires ,  w e obtai n a  typ e o f  formalis m o f  desire .  Wha t  i s 

meant  b y 'desire "  ca n b e characterize d b y P — ^ a readin g 
"wheneve r  P  i s satisfie d b y a  situation ,  th e actio n a  occurs" , 
P specifyin g a  se t  o f  situation s tha t  satisfie s it .  Th e actio n 
par t  a ,  whic h determine s wha t  actio n wil l  b e fired  i f  a 
situatio n satisfie s P ,  characterize s th e desire' s quality .  Th e 
conditio n par t  P  determine s a  desire' s intensity ;  if ,  roughl y 
speaking ,  Q  specifie s a  stronge r  conditio n t o b e me t  tha n R , 

the n R  ' '  > a i s  stronge r  tha n Q  ' '  >a .  A s well ,  thi s 
definitio n fo r  th e concep t  o f  intensit y o f  desir e i s obtaine d 
by th e abstractio n o f  wha t  i s  mean t  b y ".. .  (desire )  i s 
stronge r  tha n ..." .  Fo r  illustration ,  w e presen t  a n accoun t  o f 

th e intensit y o f  pleasur e yielde d whe n quenching .  W e 
demonstrate d tha t  th e relatio n "stronger "  thu s define d 

satisfie s 1 )  antireflexivity ,  2 )  antisymmetry ,  3)transitivity .  I t 

i s a  misconceptio n tha t  emotion s hav e magnitude s i n th e 
sens e i n whic h physica l  quantitie s have .  Thi s misconceptio n 

lead s peopl e t o vie w som e connecte d physica l  parameter s a s 
variable s modulatin g o r  indicating ,  directl y o r  indirectly ,  th e 
intensit y o f  emotion .  Th e situatio n P  m a y includ e th e 
interna l  state s o f  th e subject .  Fo r  example ,  whe n on e feel s 
hungry ,  on e migh t  tak e n o actio n t o ea t  eve n i f  som e foo d i s 
at  hand ,  i f  on e i s o n a  diet ;  onl y wit h th e hunge r  becomin g 
stron g enoug h on e woul d ea t  th e food . 

Our  pape r  demonstrate s h o w th e referent s o r  semanti c 
element s o f  mentalisti c term s coul d b e dismisse d withou t 
appealin g t o neuro n science ,  an d quantu m mechanic s a s 
well .  O n e migh t  agre e tha t  emotio n cause s desire ,  an d desir e 
cause s actio n tendenc y a s define d above ,  bu t  no t  agre e tha t 
the y ar e identical .  Behin d thi s positio n m a y b e th e dualism . 
As Searl e point s out ,  i t  i s  temptin g t o thin k tha t  wheneve r  A 
cause s B  ther e mus t  b e tw o discret e events ,  on e identifie d a s 
th e cause ,  th e othe r  identifie d a s th e effect ;  tha t  al l  causatio n 
function s i n th e sam e wa y a s billiar d ball s hittin g eac h other . 
Thi s crud e mode l  o f  th e causa l  relationship s betwee n th e 
brai n an d th e min d incline s u s t o accep t  som e kin d o f 
dualism .  Th e vie w underlyin g ou r  approac h t o meaning s o f 
thos e s o calle d semanti c primitive s i s  tha t  concept s ar e 
ultimatel y constructe d ou t  o f  th e regularitie s o f  observabl e 
behavior ,  a  vie w whic h ca n b e trace d bac k t o Ryle .  N o w w e 
shal l  giv e brie f  response s t o som e possibl e objection s t o ou r 
theory .  O n e objectio n migh t  b e tha t  fo r  emotio n (o r  desire ) 
i s th e menta l  i t  canno t  b e define d i n non-menta l  terms . 
Reply :  Intelligenc e onc e wa s though t  a s th e mental .  Anothe r 
objectio n migh t  b e tha t  ther e ar e som e emotion s whic h ar e 
not  clearl y define d b y a  particula r  desire ;  fo r  example , 
"excitement" .  Ou r  answe r  is :  Yes ,  bu t  aestheti c feelin g o f 
beauty ,  aestheti c feelin g o f  sublim e an d pleasur e ar e suc h 
emotion s too .  W h e n on e experience s excitement ,  on e 
experience s a  pleasur e an d a t  th e sam e tim e senses ,  say , 
one' s hear t  pounding ,  th e latte r  o f  which ,  sensing ,  i s  n o 
emotion .  I n fact ,  ou r  thesi s ca n b e state d a s tha t  a n feelin g i s 
calle d "emotion "  i f  an d onl y i t  contain s desires .  W e woul d 
prefe r  tha t  ou r  theor y i s considere d a s a  theor y o f  meanin g 
rathe r  tha n o f  emotion ,  i f  i t  i s  considere d extreme . 
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In t roduc t io n 

Representationa l  ̂ preache s t o anima l  behavio r  (e.g. ,  Gal -
listel ,  1990 ;  Myerso n an d Miezin ,  1980 )  posi t  tha t  comple x 
grou p behavio r  result s fro m comple x representation s o f  event s 
withi n th e centra l  nervou s system s o f  individua l  animals .  Fo r 
example ,  duck s feedin g fro m tw o foo d source s distribut e 
themselve s proportionatel y t o th e densit y o f  foo d availabl e 
at  eac h source .  Thi s phenomenon ,  probabilit y  matching ,  i s 
typicall y explaine d b y attributin g representation s o f  th e den -
sit y o f  foo d availabl e a t  eac h sourc e withi n th e C N S o f  eac h 
duck . 

Ar e suc h comple x representation s necessar y t o explai n 
probabilit y  matching ? Drawin g o n th e ecologica l  approac h t o 
perceptio n (e.g. ,  Gibson ,  1986 )  an d o n method s use d i n arti -
ficial  lif e researc h (e.g. ,  Reynolds ,  1987) ,  1  propos e a  simple r 
model ,  i n whic h probabilit y  matchin g emerge s whe n eac h 
anima l  follow s a  simpl e behaviora l  rul e (g o t o th e neares t 
morse l  o f  food) ,  an d a  simpl e constrain t  o f  th e environmen t 
i s assume d (large r  morsel s tak e longe r  t o ea t  tha n smalle r 
morsels) . 

Simulations 

I n orde r  t o compar e non-representationa l  an d representationa l 
models ,  1  implemente d bot h i n compute r  simulations .  Th e 
rate s o f  dispersa l  an d th e magnitud e o f  foo d "morsels "  a t  tw o 
foo d source s o n opposit e end s o f  a  "pond "  coul d b e specified . 
Durin g a  simulation ,  whe n a  duc k mad e contac t  wit h a  morse l 
of  food ,  th e duc k woul d remai n stationar y unti l  i t  wa s finished 
"eating. "  Eatin g time ,  i n updat e cycles ,  wa s define d a s th e 
magnitud e o f  a  morse l  o f  food ;  give n a  morse l  o f  magnitud e 
5,  a  duc k eatin g tha t  morse l  woul d remai n stationar y fo r  5 
updat e cycles .  A t  th e beginnin g o f  a  simulation ,  a  specifie d 
number  o f  duck s wa s randoml y distribute d throughou t  th e 
pond .  A t  eac h tim e step ,  o r  cycle ,  foo d wa s distribute d nea r  a 
sourc e accordin g t o tha t  source' s dispersa l  rate .  Subsequently , 
th e location s o f  th e duck s wer e update d i n rando m order ,  eithe r 
i n accordanc e wit h th e constraint s o f  th e non-representationa l 
model ,  o r  base d o n represenution s o f  foo d densit y a t  eac h 
foo d source .  Fift y simulation s wer e ru n wit h bot h models . 

Results and Discussion 

Most  importantly ,  th e non-representationa l  simulatio n 
demonsuate d tha t  comple x representation s ar e no t  necessar y 
t o explai n probabilit y  matching ,  a s i t  ca n accoun t  fo r  dat a 
fro m probabilit y  matchin g experiments .  Fo r  example .  Harpe r 

(1982 )  reporte d tha t  rea l  duck s matche d 1: 2 dispersa l  rat e 
ratio s withi n approximatel y 9 0 seconds ,  an d 1: 2 morse l  mag -
nitud e ratio s withi n ̂ proximatel y 30 0 seconds .  I n th e non -
representationa l  simulation ,  difference s i n rat e wer e matche d 
withi n ̂ proximatel y 1(X )  updat e cycles ,  an d difference s i n 
magnitud e wer e matche d withi n q)proximatel y 30 0 updat e 
cycles . 

Althoug h th e representationa l  mode l  (wit h eac h individua l 
representin g foo d densit y a t  eac h source )  als o ̂ proximate s 
th e result s reporte d wit h rea l  ducks ,  i t  i s les s stabl e an d les s 
realisti c tha n th e non-representationa l  model .  I t  i s les s stabl e 
i n tha t  ther e wa s muc h greate r  variabilit y  i n th e proportion s 
of  duck s a t  eac h sourc e afte r  th e poin t  a t  whid i  th e non -
representationa l  simulatio n ha d reache d a  stead y state .  Vari -
ous non-realisti c behavior s wer e observe d i n th e simulation s 
of  th e representationa l  model .  Fo r  example ,  sinc e duck s wer e 
drive n b y globa l  rathe r  tha n loca l  representation s o f  th e envi -
ronment ,  onc e a  duc k ha d decide d t o switc h foo d sources ,  i t 
woul d ignor e ne w foo d appearin g nearb y i n orde r  t o mov e l o 
th e othe r  source . 

Th e ke y poin t  i s  tha t  i n implementin g a  representationa l 
model ,  behavior s fo r  movin g abou t  i n th e worl d (an d fo r 
avoidin g unrealisti c behavior s lik e th e on e jus t  described ) 
must  b e devised .  However ,  th e non-representationa l  mode l 
demonstrate s tha t  extremel y simpl e rule s ca n bot h provid e 
th e behavior s necessar y fo r  movin g abou t  i n th e worl d an d 
accoun t  fo r  th e comple x phenomen a o f  probabilit y  matching . 
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A numbe r  o f  recen t  cognitiv e model s o f  huma n sentenc e 
processin g hav e appeale d t o cost s an d tradeoff s i n resourc e 
requirement s t o suppor t  thei r  position s o n modularit y an d 
interactio n effect s i n resolvin g syntacti c an d semanti c ambi -
guitie s (e.g. .  Stowe .  1991) .  However ,  conqnitatiraia l  model s 
tha t  analyz e di e quantitativ e aspect s o f  sentenc e processin g 
hav e onl y deal t  wit h syntacti c parsin g (e.g. .  Abne y an d John -
son .  1991) .  Suc h model s hav e no t  addresse d th e tradeoff s i n 
syntacti c parsin g dedsioo s vis-a-vi s loca l  ambiguitie s an d th e 
cost s an d benefit s  o f  makin g earl y commitment s i n semantics . 
A computationa l  mode l  o f  th e cost s an d benefit s o f  makin g 
bot h syntacti c an d semanti c decision s a t  differen t  point s i n 
tim e durin g sentenc e processin g woul d provid e a n excel -
len t  forma l  frameworic  fo r  analyzin g th e enq)irica l  factor s 
involve d i n sentenc e processin g an d fo r  designin g cognitiv e 
model s an d experiments .  I  presen t  suc h a  forma l  mode l  i n 
thi s poster . 

Ther e hav e bee n man y previou s analyse s o f  parser s a s push -
d o wn automat a tha t  provid e measure s sud i  a s th e stad c siz e 
tha t  enabl e on e t o compar e an d formall y evaluat e differen t 
parsin g algorithms .  However ,  on e debilitatin g featur e o f 
thes e model s i s tha t  thei r  measiu^s .  suc h a s th e stac k size . 
onl y tak e th e syntacti c complexit y o f  languag e int o accoun t 
withou t  regar d t o meanin g ot  th e complexit y associate d wit h 
ambiguitie s i n meanings .  Wors e yet .  som e analyse s d o no t 
eve n conside r  ambiguitie s o f  an y kind .  I n otde x t o perfor m 
a meaningfii l  evaluatio n o f  a  sentenc e processor ,  w e desir e a 
forma l  analysi s tha t  take s no t  onl y suc h syntacti c complexit y 
but  als o semanti c conq>lexit y int o accoun t  i n definin g a 
measur e t o b e use d a s a  yardstic k t o grad e differen t  sentenc e 
interpreters ,  no t  parsers ,  agains t  eac h other .  B y semanti c 
aniq>lexit y w e mea n suc h factor s a s th e cost s o f  lexica l 
semanti c ambiguities ,  o f  holdin g o n t o individua l  meaning s 
unti l  the y ar e compose d wit h other ,  an d s o on . 

I  propos e a n abstrac t  mode l  o f  a  sentenc e interprete r  i n 
th e for m o f  a n enhance d push-dow n automato n tha t  ha s 
a "graph-structure d stack "  (Mahesh .  1995 )  i n additio n t o a 
r^vla r  stack .  A  st t  o f  1 0 fcvma l  ĉ >eration s ar e define d o n thi s 
automat( » t o cove r  th e processe s o f  sentenc e interpretation . 
Usin g thi s sentenc e processin g automaton ,  I  deriv e a  cos t 
metri c tha t  take s int o accoun t  a t  leas t  di e followin g factors : 
(i )  th e cos t  o f  keq)in g aroun d th e part s o f  th e syntacti c 
structur e o f  a  sentenc e tha t  mus t  b e accesse d a t  a  late r  point . 
(ii )  th e cos t  o f  syntacti c ambiguities ,  (iii )  th e cos t  o f  holdin g 
o n t o individua l  wor d meaning s befor e the y ar e compose d 
wit h odie r  meaning s an d th e cos t  o f  holdin g o n t o sentenc e 
meaning s an d th e meaning s o f  an y embedde d clauses ,  (iv ) 

th e differenc e i n cos t  betwee n holdin g o n t o tw o individua l 
meaning s an d tha t  o f  holdin g o n t o thei r  composit e meaning . 
(v )  th e cos t  o f  lexica l  semanti c ambiguities ,  an d (vi )  th e cos t 
of  makin g an d holdin g o n t o expectations . 

Usin g th e abov e cos t  metric .  I  illustrat e severa l  tradeoff s 
i n sentenc e processin g wit h respec t  t o modularit y an d inter -
activ e effects .  Fo r  exan^le .  i n th e cas e o f  a  PP-attachmen t 
ambiguity .  I  illustrat e th e syntacti c an d semand c tradeoff s i n 
makin g attachmen t  decision s earl y (a t  th e preposition) ,  lat e 
(a t  th e en d o f  th e phrase) ,  o r  a t  intermediat e point s (e.g. .  a t 
th e hea d nou n o f  th e PP) . 
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Introductio n 

I n 196 5 Loft i  Zade b introduce d a n innovativ e 
engineerin g notion ,  fuzz y se t  theory .  Zadeh' s approac h 
was essentiall y  rejecte d b y th e mai n strea m engineerin g 
communitie s o f  Europ e an d America .  Fo r  2 5 years ,  ther e 
wer e onl y a  smal l  se t  o f  wester n fuzz y logi c researchers . 
But  i n th e lat e 80' s fuzz y se t  theor y reache d Japa n an d 
Chin a wher e i t  produce d a  fur y o f  activity ,  includin g heav y 
govenmie m fundin g o f  researc h an d a  resultan t  larg e 
industr y o f  fuzz y products .  Ther e hav e bee n "cultura l 
theories "  offere d fo r  th e vivi d differenc e i n th e respons e t o 
thi s mathematica l  theory ,  bu t  ther e i s a n underlyin g 
explanatio n lie s i n th e wor k o f  a n earl y Cognitiv e Scientist . 

Zadeh - Fuzzy Logic 

Zadeh' s outline d a  radica l  ne w approac h t o mathematic s 
and ,  b y extension ,  t o logic .  Classica l  o r  cris p se t  theor y i s 
base d o n th e concep t  tha t  a n elemen t  i s eithe r  a  member  o f 
a se t  o r  i t  i s  not .  I n classi c se t  theor y ther e migh t  b e a  se t  o f 
person s si x fee t  tal l  o r  over .  Eac h individua l  i s  eithe r  i n 
tha t  se t  o r  not .  Fuzz y se t  theor y i s base d o n th e concep t 
tha t  an d elemen t  ha s a  degre e o f  membershi p i n a  set .  I n 
thi s approac h a n elemen t  i s  a  m e m b er  o f  a  se t  t o som e 
degree ;  bu t  a n elemen t  i s als o no t  a  member  o f  th e se t  t o 
some degree .  I n fuzz y se t  theor y ther e migh t  b e a  se t  o f  tal l 
persons .  O n th e 0  t o 1  membershi p scal e Zade h devise d a 
perso n si x fee t  tal l  migh t  b e a  m e m b er  t o a  . 8 degree . 

Sinc e se t  theor y i s fundamenta l  t o mathematics ,  a  chang e 
fro m cris p set s t o fuzz y sets ,  implie d a  reformulatio n o f 
mathematics .  I n a  simila r  way ,  ̂ zz y premise s implie d a 
reformulatio n o f  logic .  Th e notio n o f  a n elemen t  havin g 
bot h membershi p an d non-membershi p lead s t o a  ftizzy 
logi c tha t  doe s no t  suppor t  a  principl e o f  contradiction . 

L e v y - B r u h l  -  Pre-logi c 

I n 191 0 Lucia n L6vy-Bruh l  lai d th e foundatio n fo r  th e field 
of  Cognitiv e Anthropolog y i n H o w Native s Thin k wit h hi s 
descriptio n o f  th e pre-logi c natur e o f  non-wester n thought . 
Thi s boo k alon g wit h bi s fou r  other s o n th e sam e topi c 
focu.se d o n modellin g th e menta l  function s o f  non -
European s base d o n ethnographi c studies . 

L^vy-Bruhl' s  se t  ou t  t o presen t  "th e mos t  genera l  law s 
particula r  t o th e mentalit y o f  primitives .  (1985 ,  pl4). " 
The mos t  genera l  la w h e identifie d wa s th e "la w o f 
participation. "  whic h h e describe s b y sayin g "i n th e 
collectiv e representation s o f  primitiv e mentality ,  objects , 
beings ,  phenomen a ca n b e .. .  bot h themselve s an d 
somethin g othe r  tha n themselve s (1985 ,  p76). "  A n 
exampl e Levy-Bnih l  offer s i s tha t  a  perso n ca n b e bot h a 
human an d a  bir d a t  th e sam e time . 

L6vy-Bruh l  contrast s th e abstrac t  natur e o f  categorie s 
tha t  ar e use d i n wester n versu s non-wester n thought :  'Th e 
conditio n o f  ou r  abstractio n i s th e logica l  homogeneit y o f 
th e concept s whic h permit s o f  thei r  combinations .  N o w 
thi s homogeneit y i s  closel y boun d u p wit h th e 
homogeneou s representation s o f  space .  I f  th e pre-logica l 
mind ,  o n th e contrary ,  imagine s th e variou s region s i n 
spac e a s differin g i n quality ,  abstraction s a s w e usuall y 
conceiv e o f  i t  become s ver y difficul t  t o suc h a  min d (1985 , 
pl21). " 

L6vy-Bnih l  describe s th e absenc e o f  th e principl e o f 
contradictio n a s a  majo r  contras t  betwee n pre-logi c an d 
wester n logic .  H e says ,  "th e oppositio n betwee n th e on e 
and th e many ,  th e sam e an d another ,  an d s o fort h doe s no t 
impos e upo n thi s mentalit y th e necessit y o f  affirmin g on e 
of  th e term s i f  th e othe r  b e denie d o r  vis a vers a (1985 , 
p77) "  H e goe s o n t o say ,  "I t  i s  no t  antilogical ;  i t  i s no t 
alogica l  either .  B y designatin g i t  'prelogical '  I  merel y wis h 
t o stat e tha t  i t  doe s no t  bin d itsel f  d o w n t o contradictio n 
(1985 ,  p78). " 

Contrast of Fuzzy Logic and Pre-Logic 

L6vy-Bruh l  contraste d th e wester n "  logica l  homogeneit y o f 
th e concepts "  wit h th e non-wester n pre-logica l  concept s 
base d o n "th e variou s region s i n spac e a s differin g i n 
quality. "  Lik e Zadeh' s fuzz y concepts ,  Ldvy-Bruhl' s  pre -
logi c concept s involv e som e degre e o f  membershi p an d 
non-membership .  A n d jus t  a s ther e i s n o principl e o f 
contradictio n possibl e i n fuzz y logic ,  L^vy-Bruh l  identifie d 
th e lac k o f  contradictio n a s on e o f  it s mos t  significan t 
characteristic s o f  "native "  pre-logic . 

The pre-logi c whic h L6vy-Bruh l  foun d characterizin g 
non-wester n thought ,  i s homologou s t o Zadeh' s fuzz y logic . 

Thi s analysi s suggest s a  cognitiv e scienc e hypothesi s fo r 
th e differentia l  respons e t o fuzz y logi c i n tha t  th e 
contemporar y engineer s o f  th e Pacifi c  R i m wer e mor e pre -
logica l  tha n thei r  wester n counterparts .  Empirica l  researc h 
woul d b e require d t o actuall y tes t  thi s notion . 

I n hi s conclusio n L^vy-Bruhl' s  insightfull y suggeste d 
tha t  al l  human s shar e a  mentalit y tha t  "i s bot h logica l  an d 
pre-logical. "  I t  woul d seem ,  i n vie w o f  th e practica l 
implication s o f  th e initia l  rejectio n o f  fuzz y logi c b y 
wester n engineering ,  tha t  thi s questio n coul d b e o f  genera l 
interes t  t o Cognitiv e Science . 

Levy-Bruhl, L, 1985, How Natives Think, Princeton 
Universit y Press ,  NJ . 

Zadeh ,  L. ,  1965 ,  "Fuzz y sets, "  Informatio n an d Control , 
8:338-353 . 
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I n t r o d u c t i o n 

Th e proble m o f  determinin g brai n electrica l  source s fro m 
potentia d pattern s recorde d o n th e scal p surfac e i s math -
ematicall y underdetermined .  Mos t  effort s t o identif y 
E EG source s hav e focuse d o n performin g simultaneou s 
spatia d segregatio n an d localizatio n o f  sourc e activity . 
Recently ,  w e hav e applie d th e IC A eilgorith m o f  Bel l  an d 
Sejnowsk i  [1 ]  t o th e proble m o f  E E G sourc e identifica -
tio n {What? )  considere d apar t  fro m sourc e localizatio n 
{Where? )  [2] .  B y maximizin g th e join t  entrop y o f  a  se t  o f 
outpu t  channel s derive d fro m inpu t  signal s b y linea r  fil-
terin g withou t  tim e delays ,  th e I C A algorith m attempt s 
t o deriv e independen t  sourc e waveform s fro m highl y cor -
relate d scal p E E G signal s withou t  regar d t o th e physica l 
location s o r  configuration s (foca l  o r  diff"use )  o f  th e sourc e 
generators . 

I n ou r  simulations ,  w e use d a  prewhitenin g techniqu e 
describe d i n [3 ]  em d a  'natura l  gradient '  featur e intro -
duce d i n [4 ]  t o spee d networ k training .  Th e IC A algo -
rith m perform s nea r  idea l  sourc e separatio n when , 

(1 )  th e actua l  source s ar e independent , 

(2 )  th e propagatio n delay s o f  th e mixin g med iu m (here , 
brai n volum e conduction )  ar e negligible , 

(3 )  th e source s hav e centra l  probabilit y  densit y func -
tion s no t  to o unlik e th e derivativ e o f  th e logisti c sig -
moid ,  an d 

(4 )  th e numbe r  o f  independen t  signa l  source s i s th e 
same a s th e numbe r  o f  sensors . 

Here, we report simulation experiments to determine (1) 
whethe r  th e IC A algorith m ca n successfull y isolat e inde -
penden t  component s i n simulate d E E G generate d b y fo -
cal  an d distribute d sources ,  an d (2 )  whethe r  IC A perfor -
mance i s severel y affecte d b y senso r  nois e an d additiona l 
low-leve l  brai n nois e sources . 

Methods 

A three-shel l  spherica l  hea d mode l  develope d b y Ander s 
Dal e an d Marti n Seren o [5 ]  wa s use d t o tes t  th e abilit y 
of  IC A t o separat e know n signa l  waveform s projecte d t o 
si x simulate d scal p electrode s fro m five  simulate d brai n 
sourc e dipol e locations .  Si x nine-secon d audi o signal s 
(man' s voice ,  woman' s voice ,  gong ,  chorus ,  synthesizer , 
d rum )  wer e recorded ,  scale d t o differen t  levels ,  assigne d 
t o on e o r  tw o brai n dipoles ,  an d mathematicall y  pro -
jecte d t o th e si x  simulate d scal p electrode s t o produc e 

simulate d E E G signals .  I n som e conditions ,  si x  addi -
tiona l  simulate d brai n nois e source s wer e introduce d (a t 
nearb y diffuse-dipol e locations )  b y projectin g Gaussia n 
whit e nois e throug h th e scale d an d slightl y perturbe d 
sourc e signa l  mixin g matrix ,  an d low-leve l  simulate d 
E EG senso r  noise ,  consistin g o f  independen t  Gaussia n 
whit e noise ,  wa s adde d t o eac h simulate d E E G channel . 

Results 

Result s o f  th e simulation s showed :  (a )  IC A transform s o f 
simulate d E E G signal s ar e insensitiv e t o initia l  weights , 
(b )  I n th e no-nois e condition ,  IC A separate d al l  si x sim -
ulate d E E G signal s wit h a  signal-to-nois e rati o (SNR ) 
abov e 3 0 dB ,  (c )  I n th e presenc e o f  brai n an d senso r 
nois e sources ,  IC A performanc e degrade d smoothl y a s 
nois e level s wer e increase d relativ e t o thos e o f  th e source s 
of  interest .  Thus ,  IC A shoul d segregat e relativel y strong , 
independen t  E E G source s int o separat e outpu t  channel s 
wit h satisfactor y S N R .  W e wil l  sho w example s o f  IC A 
applie d t o actua l  E E G an d cognitiv e E R P dat a [6] . 
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Introductio n 

We sugges t  a  common groun d fo r  alternativ e proposal s i n 
differen t  domain s o f  Cognitiv e Scienc e whic h hav e previ -
ousl y seeme d t o hav e littl e i n c o m m o n .  Th e underlyin g 
common them e i s associate d wit h a  redefinitio n o f  th e 
basi c uni t  o f  analysi s i n eac h domai n o f  thought .  Ou r 
pape r  suggest s a  dynami c definitio n o f  unit y whic h i s 
base d no t  o n inheren t  propertie s o f  th e element s consti -
tutin g th e unit ,  bu t  rathe r  o n changin g pattern s o f  cor -
relatio n acros s th e elements .  W e revie w an d examin e th e 
evolutio n o f  th e concep t  o f  uni t  withi n severa l  Cognitiv e 
Scienc e domain s i n ligh t  o f  ou r  propose d characterizatio n 
of  "dynami c unity" .  W e find  tha t  th e notio n o f  Dynami c 
Unit ,  i n eac h domai n o f  thought ,  replace s th e traditiona l 
uni t  o f  analysis .  Th e chang e ha s bee n independentl y dic -
tate d i n eac h domai n b y a n increasin g bod y o f  empirica l 
evidenc e whic h challenge s th e traditiona l  approach . 

Th e followin g fields  o f  Cognitiv e Scienc e ar e discussed : 
I n th e domai n o f  Neuroscience ,  w e revie w alternativ e 
solution s t o th e proble m o f  integratio n o f  neura l  infor -
matio n (Eckhor n e t  al .  1990 ,  Damasi o 1989 )  .  Withi n 
theorie s o f  menta l  representation ,  w e compar e alterna r 
tiv e theorie s o f  conceptua l  organizatio n (Fauconnie r  an d 
Turne r  1994 ,  Langacke r  1987) .  I n Linguistics ,  w e an -
alyz e solution s th e proble m o f  'wordhood '  (Ackerma n 
and LeSourd ,  ms. ,  Mohzman ,  ms.) .  A n d w e en d wit h 
a discussio n o f  collectiv e cognitio n an d th e Distribute d 
Cognitio n framewor k (Hutchin s 1995 )  a s a n alternativ e 
t o traditiona l  approaches .  A  conceptua l  (i.e .  no t  physi -
cal )  connectio n i s mad e wit h th e conceptua l  developmen t 
and identificatio n o f  elementar y unit s i n moder n Physic s 
theorie s (Anderso n 1983) .  Th e epistemologica l  common -
groun d tha t  w e find  acros s th e discipline s o f  Cognitiv e 
Scienc e an d Physic s suggest s tha t  curren t  'alternative ' 
theorie s for m a  collectiv e conceptua l  revisio n o f  basi c 
theoretica l  principles . 

Characteristics of Dynamic Units 

We sugges t  severa l  basi c propertie s tha t  characteriz e th e 
Dynami c Uni t  an d distinguis h i t  fro m th e 'traditional ' 
unit : 

(a )  Th e traditiona l  uni t  o f  analysis ,  i n eac h domai n o f 
thought ,  ha s bee n a  rigid ,  locally-integrate d unit ,  whos e 
definitio n i s base d o n propertie s inheren t  t o th e uni t  pe r 
se.  I n contrast ,  th e nove l  uni t  o f  analysi s i s  mor e flexible 
and dynami c i n it s construction .  It s definitio n i s base d 
on a  stabl e patter n o f  corrtlatio n amon g it s elements . 

(b )  Th e identificatio n o f  th e Dynami c Uni t  i s  insep -
airabl e fro m th e contex t  o f  observation .  Unde r  differ -
ent  set-ups ,  differen t  pattern s o f  correlatio n m a y occur , 
therefor e delineatin g differen t  units .  I t  i s i n thi s sens e 
tha t  w e regar d th e characterizatio n o f  unit y a s dynamic . 

(c )  T h e Dynami c Uni t  ha s propertie s whic h ar e no t 
presen t  i n th e substrat e fro m whic h th e uni t  i s  formed . 
Thes e nove l  propertie s emerg e fro m th e interactio n be -
twee n th e constituent s leadin g t o thei r  correlate d behav -
ior . 

(d )  W h e n interactin g wit h th e environment ,  th e uni t 
manifest s th e system' s propertie s a s a  whol e rathe r  tha n 
th e propertie s o f  th e individua l  constituents . 
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A continuin g puzzl e withi n th e stud y o f  simpl e arithmeti c 
fac t  retrieva l  i s wh y som e fact s tak e longe r  t o retriev e tha n 
others .  Althoug h reactio n time s ma y reflec t  representationa l 
structur e o r  content—an d i t  i s th e large r  arithmeti c fact s 
whic h tak e longe r  t o retrieve—ou r  result s sugges t  tha t  thi s 
proble m siz e effec t  ma y b e du e t o mor e genera l  effect s o f 
memory underlyin g cognitiv e skill . 

I t  ha s bee n variousl y hypothesize d tha t  th e proble m siz e 
effec t  i n adult s i s du e t o relativ e fac t  frequenc y (larg e fact s 
ar e practice d les s often ;  Ashcraft ,  1987) ,  orde r  o f  acquisitio n 
(larg e problem s ar e learne d late r  an d suffe r  intrusion s fro m 
earl y problems ;  Campbel l  &  Graham ,  1985) ,  o r  initia l 
backu p strateg y (larg e problem s ar e mor e error-pron e wit h 
countin g strategies ;  Siegler ,  1988) .  T w o o f  thes e 
hypothese s assum e tha t  initia l  erro r  rate s durin g learnin g 
affec t  late r  retrieva l  times ,  eve n afte r  extensiv e practice . 

T wo experiment s use d alphaplicatio n facts ,  i n whic h 
rando m letter s replace d digit s i n a  non-base-1 0 arithmeti c 
table ,  t o tes t  th e abov e hypotheses .  I n on e experiment , 
whic h teste d th e relativ e frequency  an d strateg y hypotheses , 
subject s wer e familiarize d wit h countin g an d additio n i n th e 
domain ;  the n hal f  wer e coache d t o us e a  repeate d additio n 
strateg y whil e th e res t  use d a  mnemoni c strategy ,  an d al l 
wer e give n extensiv e practic e (4 0 trial s pe r  ite m fo r  hig h 
frequenc y items )  o n selecte d facts .  Despit e a n effec t  o f 
strateg y o n initia l  erro r  rates ,  ther e wa s n o significan t  effec t 
of  strateg y o n retrieva l  time s fo r  well-practice d items .  A 
secon d experiment ,  whic h teste d th e orde r  o f  acquisitio n 
hypothesi s an d use d n o strateg y coaching ,  foun d greate r 
initia l  erro r  rate s fo r  th e firs t  fac t  subse t  tha n th e second ,  bu t 
no significan t  difference s fo r  tes t  R T afte r  4 0 practic e trial s 
per  item .  Thu s i n neithe r  experimen t  ca n difference s i n 
initia l  erro r  rate s b e considere d a  predicto r  o f  significan t 
difference s i n RT . 

Of  thes e thre e hypotheses ,  suppor t  wa s obtaine d onl y fo r 
th e relativ e frequenc y hypothesis .  However ,  sinc e relativ e 
frequenc y an d tota l  practic e trial s wer e confounded ,  pos t  ho c 
analyse s wer e performed ;  thes e reveale d tha t  th e frequenc y 
effec t  wa s du e t o amoun t  o f  practice ,  no t  t o relativ e 
frequenc y durin g practice .  Thes e result s ar e consisten t  wit h 
Lx)ga n an d Klapp' s (1991 )  findings  tha t  th e developmen t  o f 
automaticit y depend s o n numbe r  o f  trial s pe r  item ,  no t  tota l 
number  o f  trials ,  se t  size ,  o r  numbe r  o f  sessions . 

Thes e result s sugges t  tha t  onc e direc t  retrieva l  ha s becom e 
th e primar y o r  onl y strategy ,  respons e tim e difference s 
indicat e difference s i n retrieva l  practice ,  no t  fac t 
representationa l  structur e o r  content .  Moreover ,  th e effec t  o f 
eari y error s o n late r  retrieva l  spee d seem s t o was h out ,  a t 
leas t  fo r  th e productio n task .  I t  i s a n ope n questio n whethe r 
othe r  less-practice d bu t  skill-relate d tasks ,  drawin g o n th e 

same representationa l  content ,  woul d b e mor e vulnerabl e t o 
earl y errors .  Result s fro m additiona l  task s i n thes e 
experiments—fac t  verificatio n an d numeri c compariso n o f 
pair s i n th e for m " a x  b "  an d "c " — suppor t  thi s speculatio n 
fo r  th e verificatio n tas k bu t  no t  numeri c comparison . 
Zbrodof f  an d Loga n (1990 )  conclude d tha t  arithmeti c fact s 
ar e treate d a s whole s rathe r  tha n a s one-wa y link s fro m 
proble m t o answer ;  thu s answe r  primin g o f  incorrec t  trial s 
may b e th e reaso n tha t  verificatio n i s vulnerabl e t o eari y 
error s whil e productio n an d numbe r  compariso n ar e not . 

Mor e generally ,  ou r  result s cas t  doub t  o n tw o kind s o f 
memory theories .  Semanti c memor y theorie s assum e tha t 
respons e time s reflec t  semanti c memor y structure ;  however , 
our  result s indicat e tha t  suc h a  simpl e measur e reflect s 
nothin g mor e tha n practice .  Additiona l  dat a tha t  w e hav e 
collecte d tes t  whethe r  RT-base d measure s o f  transfe r  ca n 
detec t  conceptua l  structur e sinc e same-tas k R T doe s not . 
Our  result s o n th e effec t  o f  relativ e frequenc y versu s tota l 
practic e als o see m t o contradic t  th e predictio n o f  strengt h 
theories .  Suc h a  theor y woul d scal e trial s pe r  proble m 
agains t  tota l  trial s t o yiel d a  strengt h proportiona l  t o relativ e 
proble m frequenc y an d fairl y insensitiv e (excep t  fo r 
proportio n o f  erro r  trials )  t o absolut e numbe r  o f  trials .  Ou r 
concurren t  compute r  simulatio n o f  differen t  memor y theorie s 
extend s thes e findings  int o th e theoretica l  domain . 
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Peopl e ar e quit e successfu l  a t  finding  thei r  w a y aroun d 

i n th e worl d b y followin g anothe r  person' s verba l 

directions .  Thi s i s interestin g an d als o somewha t 

surprisin g give n tha t  a  verba l  descriptio n o f  a  spac e i s 

limite d i n th e informatio n i t  provide s compare d t o th e 

informatio n provide d b y th e direc t  perceptua l  experienc e 

of  movin g aroun d i n a n environment .  S o m e previou s 

researc h ha s looke d a t  th e similarit y betwee n percq>tua l 

representation s an d linguisti c representation s o f  spatia l 

relation s (fo r  example :  Haywar d &  Tarr .  1995) ,  bu t  ther e 

has bee n littl e empirica l  examinatio n o f  th e structur e o f 

spatia l  languag e itself .  Th e mai n linguisti c elemen t  b y 

whic h w e tal k abou t  spatia l  locatio n i n th e Englis h 

languag e i s th e closed-clas s se t  o f  term s calle d 

prepositions .  I n th e presen t  stud y th e psychologica l 

structur e o f  th e meanin g o f  2 5 Englis h spatia l 

preposition s wa s examined .  T h e goa l  wa s t o determin e 

th e mos t  salien t  dimension s o f  spatia l  meaning ,  an d wher e 

th e variou s preposition s fal l  alon g thes e dimensions . 

Differen t  group s o f  participant s rate d th e similarit y i n 

meanin g o f  pair s o f  preposition s unde r  differen t  contex t 

conditions .  Th e first  conditio n wa s a  neutra l  o r  n o 

contex t  conditio n wher e preposition s wer e presente d alon e 

(fo r  exampl e th e word s "in "  an d "on "  wer e presente d o n a 

compute r  screen) .  Context s wer e generate d b y embeddin g 

th e preposition s i n a  carrie r  sentenc e containin g a  figure 

objec t  an d a  referen t  object . 

Averag e similarit y rating s fo r  prepositio n pair s wer e 

analyze d usin g multi-dimensiona l  scalin g ( M D S ) .  Fou r 

spatia l  dimension s emerged :  verticality ,  containment , 

front/back,  an d distance .  Th e dimensio n o f  verticalit y wa s 

strongl y eviden t  i n al l  contexts ,  an d no t  m u c h influence d 

by difference s i n context .  T h e dimension s o f 

containment ,  fi-ont/back,  an d distanc e als o emerge d 

consistentl y acros s di^eren t  sentenc e contexts ,  bu t  orde r  o f 

individua l  word s withi n thes e dimension s change d wit h 

differen t  contexts .  Additiona l  evidenc e fo r  th e validit y o f 

th e M D S dimension s wa s foun d wit h a  convergin g 

measur e obtaine d b y presentin g a  differen t  grou p o f 

participant s wit h a  drawin g o f  eac h dimensio n an d askin g 

the m t o plac e preposition s i n orde r  alon g it . 

Thus ,  th e psychologica l  structur e o f  spatia l  term s i s 

organize d aroun d fou r  primar y spatia l  dimensions .  Thes e 

dimension s ar e ver y robus t  acros s contexts ,  althoug h th e 

position s o f  individua l  preposition s m o v e slightl y fro m 

on e contex t  t o another .  I t  woul d see m tha t  particula r 

preposition s direc t  attentio n t o th e genera l  spatia l  are a 

bein g describe d b y indicatin g a  locatio n alon g eac h 

dimension .  Contex t  m a y the n modif y o r  constrai n th e 

spatia l  meanin g o f  th e preposition .  Th e meanin g o f  eac h 

prepositio n i s flexible  enoug h t o allo w a  shif t  i n meanin g 

accordin g t o context . 
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Abs t rac t 

We hav e use d recurren t  artificia l  neura l  net s (se e Mjolsnes s 
et  al. ,  1991 )  t o simulat e h o w gene s an d thei r  interaction s i n 
cell s determin e th e phenotype s o f  anima l  organ s o r  simpl e 
organism s an d thei r  development ,  a s wel l  a s ho w suc h gen e 
interaction s evolv e unde r  particula r  (simulated )  environmen -
ta l  condition s o r  constraints :  node s i n thes e neura l  net s corre -
spon d t o gene s an d nod e activatio n level s t o gen e expressio n 
levels .  W e optimiz e th e parameter s i n thes e model s (nod e in -
teractio n strengths ,  activatio n an d deca y rates ,  threshold s an d 
so on )  i n orde r  t o eithe r  fit  experimenta l  dat a (gen e expressio n 
patterns )  o r  t o impar t  desire d feature s t o th e simulate d syste m 
and mak e i t  confor m t o constraints . 

We have examined stochastic optimization techniques for the 
analyticall y intractabl e energ y function s o f  ou r  models ;  w e 
hav e compare d thei r  performanc e i n term s o f  convergenc e 
spee d an d qualit y o f  solution .  Specifically ,  w e hav e use d 
th e technique s o f  simulate d annealin g (SA )  an d geneti c algo -
rithm s (GA )  o n th e followin g problems : 

•  Lif e histor y -  simulatin g th e developmen t  o f  a  simpl e multi -
cellula r  organis m capabl e o f  reproducin g an d it s evolutio n 
unde r  variou s selectiv e environment s (se e Mjolsnes s e t  ai , 
1995) , 

•  Neurogenesi s -  fitting  gene-expressio n pattern s observe d 
durin g earl y neurogenesi s i n Drosophila ,  an d 

•  Curve-fittin g -  fitting  multi-dimensiona l  Lissajou s curve s 
wit h th e us e o f  a  fully-connecte d neura l  ne t  (thi s bein g a n 
applicatio n simila r  t o bu t  simple r  tha n th e abov e two ,  whic h 
incorporat e multipl e suc h nets) . 

The energ y function s o f  th e neurogenesi s an d curve-fittin g 
problem s ar e evaluate d directl y o n nod e activatio n patterns , 
whil e i n th e life-histor y proble m nod e activation s ar e first 
mapped t o phenotyp e trait s o f  th e organis m an d th e energ y 
functio n i s the n evaluate d o n thos e traits . 

Both optimization methods we applied had several param-
eter s tha t  neede d tuning .  Th e S A schedul e tha t  w e use d ha s 
been describe d i n L a m &  Delosm e (1988) .  Ou r  G A i s im -
plemente d i n paralle l  (on e subpopulatio n pe r  processor) ;  i t 
consist s o f  severa l  constant-siz e subpopulation s evolvin g i n 
paralle l  ( 5 t o 9  subpopulation s eac h o f  10 0 t o 20 0 chromo -
somes)  an d ha s mutation ,  recombinatio n an d migration .  I t  i s 
an elitis t  G A ,  i n tha t  th e bes t  chromosom e i n eac h subpopu -
latio n alway s survive s unchange d t o th e nex t  generation .  Th e 
fitness  o f  onl y a  fractio n o f  mutate d chromosome s i s update d 

i n eac h generatio n an d thi s mean s tha t  a t  an y tim e ther e i s a 
number  o f  chromosome s wit h inaccurat e fitness;  i n combina -
tio n wit h lo w mutatio n an d replacamen t  rates ,  a s w e ha d i n 
our  runs ,  thi s reduce s th e numbe r  o f  evaluation s o f  th e energ y 
functio n pe r  generatio n t o onl y a  smal l  fractio n o f  th e popu -
latio n size . 

Our results indicate that the performance of the two optimiza-
tio n method s varie s fro m proble m t o problem .  I n term s o f  tota l 
energ y functio n evaluations ,  th e G A i s significantl y faste r  o n 
th e life-histor y proble m bu t  S A i s faste r  o n th e neurogene -
si s an d curve-fittin g problem s (i n term s o f  rea l  time ,  th e G A 
i s comparabl e o r  slightl y faste r  tha n S A o n th e curve-fittin g 
problem ,  sinc e th e G A i s implemente d o n severa l  processor s 
i n paralel) .  S A ofte n reache s solution s bette r  b y a  facto r  o f  2 
or  more ,  i n term s o f  energ y level ,  althoug h tha t  ma y requir e 
a ver y larg e numbe r  o f  energ y functio n evaluation s (an d ma y 
tak e severa l  days ,  i n rea l  time ,  o n a n SG I  Indig o o r  a n I B M 
PowerPC) .  I t  i s  no t  clea r  wh y th e performanc e o f  th e tw o opti -
mizatio n method s varie s acros s apparentl y simila r  problems . 
One possibl e explanatio n i s tha t  energ y function s evaluate d 
directl y o n neura l  ne t  nod e activation s an d energ y function s 
tha t  depen d onl y indirectl y o n thos e activation s ma y presen t 
differen t  challenge s t o eac h o f  th e tw o methods . 
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Thi s repor t  summarize s recen t  continuin g wor k o n th e 
Copyca t  project ,  a  stochasti c compute r  mode l  o f  flui d 
concepts ,  high-leve l  perception ,  an d analogy-makin g 
develope d b y Hofstadte r  an d Mitchel l  (Mitchell ,  1993) . 
Copyca t  perceive s analogie s betwee n shor t  string s o f  letters , 
whic h ca n b e though t  o f  a s representin g abstrac t  situation s 
i n a n idealize d microworld .  A n exampl e o f  a n analog y 
proble m take n fro m thi s microworl d migh t  b e "I f  ab c 
change s t o abd ,  h o w doe s srq p chang e i n a n analogou s 
way? "  A n interestin g featur e o f  suc h problem s i s tha t  ther e 
i s n o singl e "right "  answer ;  rather ,  a  rang e o f  answer s i s 
alway s possibl e fo r  eac h problem .  Fo r  th e previou s 
example ,  som e possibl e answer s migh t  b e srqo ,  trqp ,  srqd , 
drqp ,  o r  eve n abd .  O f  course ,  som e answer s ar e 
consistentl y judge d b y peopl e t o b e bette r  tha n others ,  fo r 
most  analog y problems .  Furthermore ,  fo r  som e problems , 
th e answer s judge d t o b e th e "best "  ar e no t  a t  al l  th e mos t 
"obvious "  ones . 

Copycat' s nondeterministic ,  stochasti c processin g 
mechanism s allo w i t  t o fm d a  numbe r  o f  differen t  answer s 
t o a  give n analog y problem ,  an d i n it s curren t  stag e o f 
development ,  th e progra m i s quit e goo d a t  reproducin g th e 
rang e an d frequencie s o f  answer s give n b y peopl e t o certai n 
problems ,  wher e a n answer' s frequency  correspond s t o it s 
"obviousness" .  Th e mode l  als o incorporate s a  simpl e 
numerica l  measur e o f  answe r  qualit y whic h agree s wel l 
wit h th e relativ e judgment s o f  answe r  qualit y give n b y 
peopl e fo r  certai n problems . 

Unfortunately ,  suc h a  stark ,  numerica l  measur e i s 
extremel y crude ,  an d reflect s a  fundamenta l  weaknes s o f  th e 
curren t  model :  it s  almos t  complet e lac k o f  an y in-dept h 
understandin g o f  th e answer s i t  finds.  Copyca t  i s unabl e t o 
explai n wh y i t  consider s particula r  answer s t o b e goo d o r 
bad.  Th e reaso n i s tha t  Copycat' s processin g mechanism s 
focu s almos t  exclusivel y o n perceivin g pattern s an d 
relationship s i n th e perceptua l  dat a (th e lette r  strings) ,  whil e 
ignorin g pattern s tha t  occu r  i n it s o w n processin g whe n 
solvin g a n analog y problem .  Thus ,  althoug h i t  ma y 
discove r  a n insightfu l  answe r  fo r  som e problem ,  i t  lack s an y 
interna l  representatio n o r  knowledg e o f  th e underlyin g 
proces s tha t  le d i t  t o discove r  tha t  answer—knowledg e tha t 
coul d provid e a  basi s fo r  explainin g th e answer' s relativ e 
strength s o r  weaknesses ,  thereb y permittin g a  muc h riche r 
assessmen t  o f  it s quality .  Copycat' s lac k o f  an y suc h "self -
watching "  abilit y  stand s i n marke d contras t  t o people ,  w h o 
ar e typicall y abl e t o giv e a n accoun t  o f  w h y the y conside r 
one answe r  t o b e bette r  o r  wors e tha n anothe r  fo r  a 
particula r  analog y problem .  A n interestin g relate d 
phenomenon ,  dubbe d th e self-explanatio n effect ,  ha s bee n 

studie d recentl y i n th e contex t  o f  student s learnin g t o solv e 
physic s problem s from  worked-ou t  example s (Ch i  e t  al. , 
1989) . 

Curren t  wor k o n Copyca t  i s  focuse d o n developin g 
mechanism s t o allo w th e progra m t o perceiv e an d remembe r 
importan t  processin g event s tha t  occu r  a s i t  work s o n a n 
analog y problem—suc h a s th e recognitio n o f  ke y concept s 
or  similaritie s tha t  aris e whe n th e proble m i s viewe d i n a 
particula r  w a y — a n d t o creat e explici t  representation s o f 
thes e events .  Thes e representations ,  calle d themes ,  provid e 
an explici t  tempora l  trac e o f  th e program' s "trai n o f 
thought "  a s i t  searche s fo r  a n answer ,  an d ca n the n b e store d 
i n memor y alon g wit h a n answe r  whe n on e i s found .  I n 
some ways ,  thi s approac h i s simila r  i n flavo r  t o wor k o n 
derivationa l  analog y (Carbonell ,  1986) .  However ,  th e focu s 
her e i s no t  o n improvin g syste m performanc e b y learnin g t o 
make bette r  analogies ,  bu t  rathe r  o n bein g abl e t o explai n 
why on e analog y i s judge d t o b e mor e compellin g tha n 
another . 

Enrichin g th e model' s understandin g o f  it s  answer s b y 
incorporatin g higher-orde r  themati c informatio n gleane d 
fro m self-watchin g shoul d enabl e Copyca t  t o perceiv e 
abstrac t  similaritie s an d difference s amon g th e analogie s i t 
makes.  I t  shoul d b e abl e t o appl y th e sam e processin g 
mechanism s tha t  i t  n o w use s t o perceiv e relationship s i n it s 
perceptua l  inpu t  t o th e mor e abstrac t  "meta-level "  tas k o f 
perceivin g relationship s amon g it s  answer s store d i n 
memory,  comparin g an d contrastin g the m i n a  wa y no t 
currentl y possible .  I n short ,  i t  shoul d eventuall y b e abl e t o 
make analogie s betwee n analogies .  Endowin g Copyca t  wit h 
a sophisticate d self-watchin g capabilit y  form s th e centra l 
them e o f  presen t  effort s t o exten d an d refin e th e model ,  an d 
i s a  logica l  nex t  ste p alon g th e roa d t o understandin g an d 
capturin g th e ful l  richnes s o f  high-leve l  perceptio n an d 
analogy-makin g i n a  compu-tationa l  framework . 
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Introductio n 

We studie d protocol s o f  learnin g a  ne w proble m an d observe d 

tw o kind s o f  meta-cognitiv e attentions ,  i.e .  orientationa l 

attentio n an d selectiv e attention .  Scope s o f  thes e attention s 
ar e differen t  i n activities .  W h e n peopl e confron t  wit h a  ne w 

problem ,  i t  i s  require d t o regulat e weakl y couple d activities , 
suc h a s makin g bette r  understandin g o f  th e proble m throug h 

experience s an d findin g inmiediat e solution s usin g heuristics . 

Orientationa l  attentio n i s th e meta-cognitio n o n thi s regulatio n 
of  multipl e activities ,  wherea s selectiv e attentio n i s a  meta -
cognitio n o n reasonin g i n eac h activity . 

Meta-Cognitive Attentions in Protocols 

We reques t  subject s t o lear n a  boar d game ,  whos e goa l  i s  t o 
remov e al l  tile s fro m th e boar d i n th e shortes t  numbe r  o f 

moves .  Subject s ar e no t  informe d o f  rule s fo r  lega l  moves , 
but  the y ar e guide d b y showin g possibl e move s fo r  eac h 
candidat e til e selection .  Also ,  partia l  rule s ar e enoug h fo r 
removin g al l  tiles .  Verba l  an d actio n protocol s ar e recorded . 

T h e orientationa l  attentio n appear s i n usag e o f  move' s 
types .  I n th e cas e o f  orientationall y attentiv e type ,  th e usag e 
of  specifi c  m o v e s (Figur e 1 :  Subject2' s stripe d are a betwee n 
thic k lines )  remarkabl y decreas e i n th e middl e phas e o f  hi s 

Subjecti: Orientationally Non-Attentive Type 

self-trainin g process .  Thes e move s increas e difficultie s o f 

game' s stat e althoug h reduc e tota l  numbe r  o f  moves .  Change s 

ar e th e resul t  o f  focusin g o n immediat e solution s rathe r  tha n 
well-define d knowledg e fo r  optima l  solutions . 

Th e selectiv e attentio n appear s i n verba l  protocols .  Verba l 

protocol s ar e classifie d int o thre e categories ,  (1 )  reactive : 

simpl e repor t  o f  finding s an d recognition ,  e.g .  "Aha ,  i t  turn s 
t o red" ,  (2 )  reasoning :  repor t  o f  pla n executio n an d it s 

evaluation ,  e.g .  "Rightward ,  her e come s disconnection .  So , 
thi s gu y first  ..." ,  (3 )  meta-cognitive :  makin g hypothese s 
and evaluatin g reasonin g processes ,  e.g .  " U m ,  th e destinatio n 
must  b e th e sam e color ,  sur e sure ,  i t  can' t  move. "  Th e 
meta-cognitiv e verba l  protocol s c o m e fro m th e selectiv e 
attention .  Tabl e 1 .  show s th e rati o o f  eac h categorie s base d 

on protocol s unti l  th e firs t  succes s o f  eac h subject . 

Conclusion 

T wo kind s o f  meta-cognitiv e attention s ar e experimentall y 
observabl e an d subject' s attentivenes s i s distinguishable . 
Althoug h meta-cognitiv e attention s ar e differen t  i n thei r 

scope s fo r  activities ,  subject' s type s o f  attentivenes s correlat e 
t o eac h other . 

Subject2 :  Orientationall y Attentiv e Typ e 

17 7 Th e tota l  o f  7  type s 
• ^  o f  move s whic h 

Increas e difficultie s 
of  gam e state . 

n The total of 4 types 
of  move s whic h 
reduc e difflcultie s 

o o  . _ c < - ,  o f  gam e state . 

S S S 2 S S S S S s : ! E S ! ! i ! 2 ! z S S s 2 : £ A A A : L 2 i Z ^ h 
B-n :  Play s i n eas y setups :  initia l  stat e i s simpl e an d eas y t o solve .  B  ^^' '  ̂ ^  'V'^ ' 
i-n :  Play s I n har d setups :  initia l  stat e i s comple x an d difficul t  t o solve . 

Figur e 1 :  Frequenc y o f  move' s type s use d b y eac h subject s durin g first  2 0 move s i n self-learnin g 

Categories of Verbal Protocols Subject 1 :Selectively Non-Attentive Subject2:Selectively Attentive 

Reactiv e 

Reasonin g 

Meta-cognitiv e 

4 % (114 ) 

71 % (2324 ) 

25 % (832 ) 

11 % (409 ) 

42 % (1502 ) 

4 7 % (1691 ) 

Tabl e 1 :  Categorie s o f  verba l  protocol s  ( # o f  characters ) 
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Introductio n 

From a situated cognition point of view, an agent can not be 
seen independen t  o f  it s environment .  Hence ,  interactio n 

shoul d b e modelle d rathe r  tha n individua l  agents .  I n thi s 
paper ,  fou r  way s ar e discusse d i n whic h a  mode l  o f  a n indi -
vidua l  agent' s behavio r  ca n b e use d t o explai n th e behavio r 
of  anothe r  agen t  interactin g wit h it .  I t  i s argue d tha t  onl y on e 
of  thes e approache s i s reasonable :  th e on e whic h use s a  com -
binatio n o f  abstrac t  propertie s o f  th e othe r  agent' s behavio r 
and direc t  perception .  Thi s i s illustrate d wit h a  cas e stud y o n 
tas k sequencin g i n a  learnin g task . 

An example of teacher-student interaction 

Suppose there are two agents. The task of one agent is to 
lea m th e translatio n o f  a  se t  o f  word s into ,  say ,  Japanese .  W e 
wil l  cal l  thi s agen t  th e student .  Th e studen t  doe s no t  hav e a 
lis t  o f  th e wor d pairs ;  onl y throug h th e othe r  agen t  th e word s 
can b e seen .  Th e tas k o f  th e othe r  agen t  i s t o presen t  a  wor d 
t o th e studen t  an d as k fo r  th e translation .  W h e n th e studen t 
has answered ,  thi s agen t  tell s  th e studen t  whethe r  hi s answe r 
was correc t  and ,  i f  not ,  wha t  th e correc t  answe r  is .  W e wil l 
cal l  thi s agen t  th e teacher .  Suppos e tha t  th e onl y thin g th e 
teache r  ma y var y i s th e sequenc e o f  presentations :  sh e m a y 
onl y determin e th e nex t  wor d t o presen t  t o th e student .  Th e 
res t  i s independen t  o f  th e student' s performance .  Th e teache r 
has th e assignmen t  t o tr y t o le t  th e studen t  lea m a s efficientl y 
as possible . 

Focussin g o n on e individua l  agen t  namel y th e student ,  thi s 
i s a  traditiona l  paire d associate s task ,  an d ther e ar e numerou s 
model s o f  paire d associate s learning .  Th e questio n no w i s 
ho w thes e kin d o f  model s ca n b e use d t o understan d th e 
behavio r  o f  th e teacher . 

Ways to use a model of an agent 

There are four ways in which a model of an individual agent 
can b e use d t o explai n th e (adaptive )  behavio r  o f  anothe r 
agen t  interactin g wit h it .  A  firs t  distinctio n i s mad e betwee n 
th e us e o f  a n executabl e mode l  b y a n agen t  t o simulat e th e 
othe r  agent ,  an d th e mer e us e o f  functiona l  propertie s o f  a 
model .  A  secon d distinctio n i s whethe r  o r  no t  perceptio n i s 
regarde d a s a n inpu t  t o th e proces s o f  decidin g wha t  t o d o 
next . 

Th e us e o f  a n executabl e mode l  ha s severa l  disadvan -
tages .  Firstly ,  i f  th e mode l  i s incorrect ,  the n th e informa -
tio n o n whic h th e choic e fo r  th e nex t  actio n i s base d i s 
incorrect ,  an d th e actio n m a y tur n ou t  t o b e inappropriate . 
Secondly ,  i t  i s  difficul t  t o determin e th e parameter s o f  a 
model ,  an d i t  i s ver y likel y tha t  error s occu r  i n thi s estima -
tio n process .  Lastly ,  i t  take s a  lo t  o f  computin g powe r  an d 
tim e bot h t o ru n th e simulatio n o f  a  mode l  an d t o deter -
min e th e parameters . 

Combinin g a n executabl e mode l  wit h online-perceptio n 
has a s mai n advantag e tha t  thi s perceptio n ca n b e use d 
continuousl y t o adjus t  th e parameters ,  whic h coul d reduc e 

th e effec t  o f  error s i n th e estimatio n o f  th e parameters . 
Th e us e o f  onl y th e functiona l  propertie s o f  a  mode l  tha t 

ar e relevan t  fo r  th e interactio n ha s a s advantag e tha t  a 
strateg y ma y b e foun d tha t  i s optima l  fo r  variou s models , 
whic h diminishe s th e ris k o f  usin g a n incorrec t  model . 
However ,  th e proble m o f  usin g incorrec t  propertie s 
remains .  Becaus e th e mode l  doe s no t  hav e t o b e executed , 
no paramete r  estimatio n ha s t o b e don e an d n o extensiv e 
computin g powe r  i s required .  However ,  withou t  th e us e o f 
onlin e perceptio n n o adaptatio n ca n tak e place . 

Combinin g th e us e o f  onl y th e functiona l  propertie s o f  a 
model  wit h online-perceptio n produce s th e onl y reason -
alb e alternative . 

A situated task sequencing strategy 

We have designed a task sequencing strategy based on 
perceptio n an d simpl e hypothese s abou t  h o w a  studen t 
learn s tha t  ca n b e abstracte d fro m th e existin g learnin g 
model s (Masthof f  &  VanHoe ,  1996) .  Severa l  well-con -
trolle d experiment s hav e bee n don e t o provid e experimen -
ta l  evidenc e tha t  th e situate d tas k sequencin g strateg y 
give s bette r  result s tha n othe r  strategie s becaus e o f  it s 
adaptivit y (Masthoff ,  1996) . 
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W h en peopl e tal k abou t  accessin g informatio n o n th e Worl d 
Wid e Web .  the y us e expression s o r  word s tha t  refe r  t o travel -
in g throug h space .  Eve n thoug h th e agen t  i s no t  actuall y i n 
motion ,  th e linguisti c form s chose n sugges t  tha t  th e agen t  i s 
movin g alon g a  trajector y toward s a  destination .  Fo r  instance , 
peopl e tal k abou t  "travellin g o n th e informatio n superhigh -
way" ,  "surfin g th e net" ,  "goin g t o a  we b site" ,  an d "crashin g 
int o a  deadend" .  Suc h phrase s ar e metaphorica l  i n tha t  the y 
involv e a  mappin g o f  image-schemat a (Lakoff .  1987 ;  John -
son .  1987 ;  -nimer .  1987) ,  suc h a s S O U R C E - P A T H - G O A L. 
fro m th e sourc e domai n o f  physica l  trave l  ont o th e targe t  do -
mai n o f  informatio n access .  Thi s kin d o f  languag e us e i s no t 
arbitrar y bu t  result s fro m a  coheren t  syste m o f  metaphorica l 
though t  i n whic h th e abstrac t  i s  expresse d i n concret e terms . 

Our  analysi s i s base d o n a  larg e corpu s o f  linguisti c dat a re -
latin g t o th e Worl d Wid e Web .  Som e dat a wer e gathere d fro m 
popula r  pres s an d technica l  book s an d articles .  Additiona l 
dat a wer e collecte d throug h survey s i n whic h bot h experi -
ence d an d naiv e participant s provide d writte n response s t o 
question s abou t  thei r  W e b use .  On e o f  thes e survey s appeare d 
on th e Worl d Wid e W e b itself .  Th e remainin g dat a wer e col -
lecte d throug h onlin e verba l  protocol s obtaine d whil e bot h 
experience d an d naiv e participant s use d th e we b t o acces s 
specifi c  information . 

The dat a w e collecte d sugges t  tha t  peopl e conceptualiz e 
informatio n a s physica l  object s locate d a t  particula r  point s i n 
space .  Thes e informatio n object s ca n b e manipulated ,  moved , 
and stored ;  fo r  example ,  " I  picke d u p tha t  brai n fro m David' s 
web pag e an d move d i t  ove r  t o mine" .  Thes e object s ca n b e 
inspecte d fro m differen t  directions ;  fo r  example ,  " I  go t  her e 
fro m Yaho o yesterday ,  bu t  toda y I  foun d i t  fro m th e Medi a 
Lab. "  Ou r  dat a provid e substantia l  evidenc e t o sho w tha t  eve n 
peopl e wit h littl e o r  n o exposur e t o th e we b understan d an d 
respon d appropriatel y t o languag e tha t  reflect s metaphorica l 
though t  relatin g t o trave l  i n tw o dimensions .  Nevertheless , 
we als o observe d a  fe w case s i n whic h peopl e wit h littl e prio r 
exposur e t o th e Worl d Wid e W e b relie d o n othe r  metaphor s 
t o thin k abou t  an d expres s motio n i n informatio n space .  Fo r 
instance ,  tw o individual s use d phrase s suc h a s "dia l  u p th e we b 
page "  o r  "wha t  i s th e numbe r  I  cal l  t o se e tha t  we b page?" , 
whic h suggest s tha t  the y wer e mappin g a  telephon e cal l  ont o 
informatio n acces s o n th e web . 

W hy exactl y i s  i t  tha t  spatia l  metaphor s ar e use d whe n 
talkin g abou t  accessin g information ? Lakof f  (1987) ,  Gibb s 
(1994) ,  an d other s woul d probabl y argu e tha t  basi c conceptua l 
schemas,  suc h a s trajectory ,  motivat e suc h though t  an d tha t 
thi s i s  reflecte d i n th e languag e used .  Perhap s a  mor e difficul t 
questio n i s wh y peopl e conceiv e o f  themselve s a s activel y 
movin g throug h informatio n space ,  whe n i n fac t  wha t  i s  actu -
all y happenin g i s tha t  informatio n move s towar d them ;  mor e 
precisely ,  th e dat a indexe d b y a  particula r  U R L i s transmitte d 
fro m a  dista l  compute r  t o a  user' s scree n a t  hi s o r  he r  request . 
We believ e th e answe r  lie s i n people' s everyda y interaction s 
wit h object s i n th e world :  ordinarily ,  whe n a  perso n want s 
a dista l  object ,  h e o r  sh e mus t  exer t  energ y an d mov e t o ob -
tai n it .  Thi s accord s wit h Johnson' s (1987 )  vie w o f  bodil y 
experience . 

Finally ,  ou r  dat a sugges t  tha t  peopl e ordinaril y  conceiv e 
of  th e W e b a s a  two-dimensiona l  grap h tha t  support s mainl y 
loca l  movement .  Fo r  instance ,  participant s routinel y spok e o f 
"goin g bac k one "  an d o f  "followin g a  chai n o f  links" .  Ye t  th e 
W eb i s multi-dimensional .  Th e ver y notio n o f  hypertex t  i s 
of  a  syste m o f  multipl y an d arbitraril y  interconnecte d nodes . 
But  becaus e peopl e mus t  mov e throug h th e we b i n time ,  it s 
multi-dimensiona l  structur e i s transforme d (bot h internall y 
and externally )  int o simple r  linea r  paths .  Fo r  example ,  utter -
ance s suc h a s " I  wen t  t o Yahoo ,  the n t o entertainment ,  the n 
t o a  Smashin g Pumpkin s we b site ,  an d I  the n I  cam e bac k 
t o Yahoo "  reflec t  a  linea r  wa y o f  thinkin g abou t  th e Web . 
Thus ,  eve n thoug h tim e i s metaphoricall y conceive d a s spac e 
(Lakof f  &  Johnson ,  1980) ,  i n thi s case ,  tim e help s structur e 
spatia l  concept s a s well . 
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I n t r o d u c t i o n 

I n softwar e testing ,  on e i s ofte n intereste d i n judgin g ho w 
wel l  a  serie s o f  tes t  input s test s a  piec e o f  cod e — th e 
mai n ide a bein g t o uncove r  a s m a n y fault s a s possibl e 
wit h a  poten t  se t  o f  tests .  Unfortunately ,  i t  i s  almos t 
impossibl e t o sa y quantitativel y ho w m a n y 'potentia l 
faults "  ar e uncovere d b y a  tes t  set ,  no t  onl y becaus e o f 
th e diversit y o f  th e fault s themselves ,  bu t  becaus e th e 
ver y concep t  o f  a  "fault "  i s  onl y vaguel y define d (Fried -
m an i '  Voas ,  1995) .  Thi s ha s lea d t o th e developmen t 
of  tes t  adequac y criteria ,  criteri a tha t  ar e believe d t o 
distinguis h goo d tes t  set s fro m ba d ones .  W h e n a  tes t 
adequac y criterio n ha s bee n selected ,  th e questio n tha t 
arise s nex t  i s ho w on e shoul d g o abou t  creatin g a  tes t 
set  tha t  i s  "good "  wit h respec t  t o tha t  criterion .  Tha t 
questio n i s th e topi c o f  thi s abstract . 

We ar e specificall y concerne d wit h adequac y criteri a 
tha t  requir e certai n feature s o f  a  program" s sourc e cod e 
t o b e e.xercised .  A  simpl e exampl e woul d b e a  criterio n 
tha t  says ,  "Eac h statemen t  i n th e progra m shoul d b e 
execute d a t  leas t  onc e whe n th e progra m i s tested. "  Tes t 
methodologie s tha t  us e suc h criteri a ar e usuall y calle d 
coverag e tests ,  becaus e certai n feature s o f  th e sourc e cod e 
ar e t o b e "covered "  b y th e tests. ' 

Th e exampl e give n abov e describe s siateiiien t  cover -
age,  whic h i s a  coverag e criterio n no t  i n genera l  use . 
Th e simples t  coverag e criterio n tha t  i s  use d i n practic e i s 
branc h coverage .  Thi s criterio n require s tha t  ever y con -
ditiona l  branc h i n th e progra m mus t  b e take n a t  leas t 
once .  Fo r  example ,  t o obtai n branc h coverag e o f  th e cod e 
fragment : 

i f  ( a > = b )  {  d o on e thin g } 
els e i  d o somethin g els e > 

require s on e progra m inpu t  tha t  cause s th e valu e o f  th e 
variabl e a  t o b e greate r  tha n o r  equa l  t o th e valu e o f  b , 
and anothe r  tha t  cause s th e valu e o f  a  t o b e les s tha n 
tha t  o f  b .  O n e effec t  o f  thi s requiremen t  i s t o ensur e tha t 
th e 'd o on e thing "  an d "d o anothe r  thing "  section s o f 
th e progra m ar e bot h executed . 

Ther e i s a  hierarch y o f  increasingl y comple x coverag e 
criteri a havin g t o d o wit h th e conditiona l  statement s i n 
'There is no reason to believe that the niethodology de-
scribe d i n thi s abstrac t  wil l  no t  wor k fo r  othe r  kiiul *  o f  ade -
quac y criteri a a s well ,  bu t  certai n flavors  o f  coverag e testin g 
ar e o f  iniinediat e interes t  becaus e th e Federa l  Aviatio n Ad -
ministratio n require s tha t  safety-critica l  aviatio n softwar e b e 
teste d wit h input s satisfyin g multipl e conditio n voierage .  a 
particula r  typ e o f  coverag e test . 

a program .  A t  th e to p o f  th e hierarcli y  i s multipl e con -
ditio n coverage ,  whic h require s th e teste r  t o ensur e tha t 
ever y permutatio n o f  value s fo r  th e boolea n variable s i n 
a conditio n occur s a t  leas t  once . 

Wit h an y o f  thes e coverag e criteria ,  th e questio n arise s 
of  wha t  t o d o whe n a  tes t  se t  fail s t o mee t  th e chose n 
criterion .  Often ,  th e nex t  ste p i s t o tr y t o find  a  tes t  se t 
tha t  doe s satisf y th e criterion ,  bu t  thi s ca n b e quit e dif -
ficult  becaus e th e conditio n t o b e covere d m a y b e deepl y 
neste d i n th e code ,  an d i t  i s  necessary ,  i n essence ,  t o ex -
ecut e th e progra m backward s i n orde r  t o discove r  whic h 
input s wil l  caus e th e criterio n t o b e met .  Fo r  instance . 
i n th e branc h coverag e exampl e give n above ,  i t  migh t 
be necessar y t o find  a  se t  o f  input s tha t  caus e a  t o b e 
les s tha n b .  I t  i s  eas y t o demonstrat e tha t  finding  a  se t 
of  test s tha t  satisf y multipl e conditio n coverag e (a s wel l 
as mos t  othe r  coverag e criteria )  i s  equivalen t  t o solvin g 
th e haltin g problem ;  ther e i s n o algorith m tha t  ca n per -
for m thi s tas k successfull y i n al l  cases .  W e sugges t  tha t 
a heuristi c approac h m a y hol d pronii.se . 

I n particular ,  w e ar e investigatin g th e applicatio n o f 
ca.s e base d reasonin g ( C B R )  t o th e automati c generatio n 
of  tes t  ca.se s b y applyin g a  se t  o f  pre-fabricate d tweak s t o 
u.ser-define d test-case s (Kolodner .  1993 ;  Turner .  1992) . 
Preliminar y wor k i s  focuse d o n understandin g wha t 
strategie s h u m a n tester s resor t  t o whe n confronte d wit h 
an initially-poo r  tes t  set .  Researc h int o thes e method s 
wil l  guid e th e creatio n o f  a  se t  o f  tweak s tha t  coul d in -
principl e impar t  a  mod icu m o f  creativit y t o a  test-set -
geiieratio n progra m (Schan k <S:  Leake .  1989) . 

As par t  o f  test-cas e generation ,  ou r  researc h efi'or t 
must  b y necessit y concentrat e o n tracin g backward s 
tiiroug h a  program .  I n th e exampl e above ,  fo r  instance . 
our  progra m i s require d t o automaticall y devis e a  wa y 
of  makin g sur e tha t  a  turn s ou t  t o b e les s tha n b  i n a t 
leas t  on e tes t  case .  W e ar e als o focusin g o n capturin g 
th e inheren t  •structure "  o f  tes t  cases .  C B R shoul d prov e 
especiall y apropo s t o thi s aspec t  o f  th e task . 
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In t roduct io n 

W h en learnin g t o read ,  a  chil d mus t  develo p a  mappin g fro m 
orthograph y t o phonology ;  tha t  is ,  fro m th e letter s o f  th e wor d 
t o th e correc t  pronunciatio n o f  th e word .  Althoug h th e ulti -
mat e goa l  o f  readin g i s comprehensio n an d extractio n o f  th e 
messag e o f  th e text ,  t o becom e a  fluen t  reade r  o f  Englis h th e 
youn g chil d mus t  gras p th e alphabeti c natur e o f  th e languag e 
and mus t  develo p a  fluent  an d reflexiv e knowledg e o f  spelling -
soun d correspondence s i n orde r  t o rea d wit h an y measur e o f 
skil l  (Adam s 1990) .  Mos t  computationa l  model s o f  readin g 
assume tha t  th e phonologica l  for m play s a  passiv e rol e a s a 
stati c mappin g target .  However ,  th e chil d certainl y ha s sub -
stantia l  knowledg e o f  phonologica l  structur e befor e learnin g 
t o read .  Here ,  w e conside r  wha t  effec t  tha t  knowledg e migh t 
hav e o n learning . 

Connectionis t  model s o f  readin g (Seidenber g &  McClel -
lan d 1989 ;  Plaut ,  McClelland ,  Seidenber g &  Patterso n 1994 ; 
Plau t  &  Shallic e 1993 )  hav e s o fa r  addresse d man y psycho -
logica l  phenomen a associate d wit h reading .  However ,  non e 
of  thes e model s ha s addresse d ho w pre-existin g knowledg e 
affect s th e learnin g process .  Recently ,  Plau t  e t  al .  (1994 ) 
sough t  t o explai n th e caus e o f  acquire d surfac e dyslexi a b y 
trainin g thei r  orthography-to-phonolog y pathwa y i n th e fac e 
of  a n additiona l  "semantics "  input .  Brai n injur y i s the n simu -
late d b y removin g th e additiona l  input ;  thi s damage d networ k 
produce s result s consisten t  wit h actua l  dyslexi a data .  H o w -
ever ,  th e mode l  doe s no t  giv e a  realisti c  accoun t  o f  th e proces s 
of  learnin g th e semantics-to-phonolog y pathwa y (no r  wa s i t 
meant  to) . 

Interactions of Learning in Stages 

Thi s wor k concentrate s o n th e effec t  o f  learnin g thes e aspect s 
of  languag e i n stage s i n a  connectionis t  mode l  o f  th e readin g 
process .  W e imagin e tha t  befor e learnin g t o rea d on e alread y 
has th e meaning-to-phonolog y association ,  whic h consist s o f 
tw o components :  th e semantics-to-phonolog y mappin g an d 
th e phonologica l  attracto r  itself .  W e investigat e th e effect s o f 
simpl y havin g knowledg e o f  th e phonologica l  structur e o f  En -
glish ,  modele d throug h th e us e o f  a n attracto r  a t  th e phonem e 
layer .  Thi s phonologica l  attracto r  i s traine d wit h a  represen -
tativ e sampl e o f  Englis h one-syllabl e word s an d i s intende d 
t o lear n regularitie s whic h appea r  i n th e languag e an d t o clea n 
up an y nois y o r  ambiguou s inpu t  int o a  vali d (American )  En -
glis h pronunciation .  Th e orthography-to-phonolog y pathwa y 
i s the n traine d i n th e presenc e o f  thes e recurren t  phonem e 
weights ;  th e feedforwar d portio n nee d onl y plac e th e networ k 
int o th e appropriat e attracto r  basi n an d th e recurren t  link s wil l 

carr y th e networ k activatio n t o a  vali d pronunciatio n ove r 
subsequen t  networ k iterations . 

We us e thes e network s t o investigat e th e Phonic s metho d o f 
readin g instruction .  I n th e Phonic s method ,  correspondence s 
betwee n printe d letter s an d phonemi c sound s ar e learne d i n 
isolatio n fro m thei r  contex t  withi n words .  T o simulat e this , 
th e orthographi c feedforwar d pathwa y wa s initialize d wit h 
rando m weight s an d the n give n som e trainin g wit h a  smal l 
set  o f  grapheme-phonem e correspondence s outsid e o f  thei r 
contex t  withi n words .  Fo r  instance ,  a  typica l  trainin g exampl e 
migh t  indicat e tha t  th e lette r  t  shoul d m a p ont o th e phonem e 
representatio n fo r  Ixl . 

Once th e orthographi c pathwa y ha d bee n expose d t o th e 
phonic s trainin g set ,  severa l  simulation s wer e ru n wit h thes e 
weights .  Thi s orthographi c ne t  wa s combine d wit h variou s 
configuration s o f  phonem e attractors ;  thes e network s an d 
an additiona l  networ k withou t  an y phonem e attracto r  wer e 
the n al l  traine d o n th e ful l  grapheme-to-phonem e trainin g set . 
Thos e network s wit h phonem e attractor s di d no t  chang e th e 
weight s o f  th e attractors ,  althoug h th e effect s o f  erro r  propaga -
tio n throug h thos e weight s wa s explored .  Th e network s whic h 
combine d bot h th e preliminar y Phonic s trainin g an d a  phono -
logica l  attracto r  wer e see n t o lear n fastest .  Thi s support s th e 
notio n tha t  prio r  informatio n abou t  th e phoneti c structur e o f 
th e languag e t o b e learne d encourage s faste r  learnin g o f  th e 
readin g task . 

The mai n goa l  fo r  th e nex t  phas e o f  thi s projec t  i s t o incor -
porat e semanti c informatio n int o trainin g o f  th e feed-forwar d 
network s an d observ e th e effec t  o n th e learnin g curve ,  an d t o 
examin e th e effect s o f  networ k damag e o n th e networ k wit h 
incorporate d semantic s an d compar e th e subsequen t  perfor -
mance t o actua l  dyslexi c subjec t  data . 
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In t roduc t io n 

Contemporar y theorie s o f  workin g memor y hav e no t  bee n 
ver y successfu l  i n accountin g fo r  basi c experimenta l 
fmding s o f  skille d memor y performance .  Mos t  theorie s o f 
workin g memor y ar e base d o n th e rapi d acces s an d storag e 
of  informatio n i n short-ter m memor y (STM) .  A  growin g 
bod y o f  researc h ha s demonstrate d tha t  expert s rel y 
extensivel y o n long-ter m memor y ( L T M )  fo r  skille d 
activities .  Ericsso n an d Kintsch' s (1995 )  Long-ter m 
Workin g M e m o r y ( L T - W M )  theor y propose s tha t  skille d 
memory performanc e ca n b e accounte d fo r  b y usin g L T M 
t o exten d workin g memor y limits .  Evidenc e fo r  L T - W M 
has bee n demonstrate d fo r  specialize d skills ,  suc h a s chess , 
as wel l  a s mor e c o m m o n skill s  suc h a s readin g an d tex t 
comprehension .  A  preliminar y stud y teste d whethe r 
subject s ca n us e preexistin g schemati c knowledg e t o 
synthesiz e a  memor y skil l  tha t  use s a  L T - W M . 

Long-term Working Memory Theory 

Evidenc e suggest s tha t  expert s rel y extensivel y o n th e 
storag e capacit y o f  L T M durin g skille d activities .  Expert s 
hav e bee n show n t o hav e a  muc h large r  workin g memor y 
capacit y tha n novice s fo r  domai n activities .  Additionally , 
dual  task s o r  brie f  interruption s durin g a  skille d activit y lea d 
t o littl e disruption s i n a n expert' s  memor y retentio n a s 
compare d t o novices .  Thes e phenomen a ar e difficul t  t o 
accoun t  fo r  i f  on e assume s tha t  expert s rel y o n a  transien t 
stor e t o perfor m skille d activities . 

The L T - W M theor y propose s tha t  expert s us e L T M t o 
exten d workin g memor y capacit y limit s wit h skille d 
activities .  Thi s extensio n occur s whe n a  larg e bas e o f 
domain-relevan t  knowledg e ha s bee n acquire d an d th e 
exper t  ha s becom e familia r  enoug h wit h a n activit y tha t 
he/sh e ca n anticipat e futur e retrieva l  demands .  Selectiv e 
storag e an d retrieva l  fro m L T M i s  accomplishe d b y th e 
exper t  associatin g ne w informatio n t o appropriat e cue s i n 
L T M an d usin g th e cue s t o retriev e th e ne w information .  A 
stabl e se t  o f  suc h cue s i s referre d t o a s a  retrieva l  structure . 
Thus ,  L T - W M ca n b e viewe d a s th e skille d us e o f  L T M t o 
rapidl y encod e relevan t  informatio n int o retrieva l  structure s 
and th e us e o f  retrieva l  cue s fo r  fas t  selectiv e acces s t o th e 
encode d information . 

P r e l i m i n a r y E x p e r i m e n t 

Focuse d test s o f  th e prediction s o f  L T - W M ca n b e m a d e b y 
examinin g constraint s involve d wit h a  simpl e m e m o r y skill . 
Sinc e mos t  peopl e hav e extensiv e knowledg e o f  word s an d 
practic e a t  generatin g coheren t  menta l  representation s o f 
scenarios ,  i t  shoul d b e possibl e t o us e thi s knowledg e bas e 
t o assembl e L T - W M wit h ver y littl e additiona l  practice . 

Eightee n colleg e freshme n wer e teste d fo r  m e m o r y 
retentio n o f  5  list s o f  1 2 words .  Eac h list s wa s presente d a s 
4 wor d triplet s (5s/triplet) .  Followin g eac h triplet ,  subject s 
shadowe d digit s fo r  1 4 seconds .  Followin g eac h list , 
subject s wer e require d t o recal l  al l  1 2 word s i n order .  Th e 
word s fo r  eac h lis t  wer e ordere d int o 1 2 uniqu e categories . 
Each lis t  comprise d o f  4  group s o f  3  words .  Th e word s 
wer e pre-selecte d t o fit  int o on e o f  4  scenes .  A n exampl e o f 
a scen e is ,  "A n Electe d Officia l  wa s readin g a  Typ e o f 
Readin g Materia l  whil e ridin g a  Typ e o f  Vehicle. "  Exampl e 
word s woul d be ,  "'chairman ,  play ,  taxi. "  Prio r  t o testing , 
hal f  o f  th e subject s wer e informe d tha t  th e triplet s 
corresponde d t o 4  scene s an d wer e give n practic e i n usin g 
th e scene s fo r  encoding .  Th e othe r  hal f  receive d a 
comparabl e practic e bu t  wer e no t  informe d o f  th e scenes . 

Subject s learnin g scene s recalle d 9. 8 word s i n correc t 
orde r  an d contro l  subject s onl y 3. 7 ( F =  78.84 ;  p  <  .01) . 
W h en orderin g wa s no t  considered ,  subject s learnin g scene s 
recalle d 9. 9 an d contro l  subject s 5. 2 ( F =  41.46 ;  p  <  .01) . 

Conclusions 

Superio r  performanc e b y subject s w h o learne d th e scene s 
give s evidenc e tha t  subject s ca n b e quickl y traine d t o us e 
preexistin g schemati c knowledg e t o acquir e a  skil l  fo r 
rememberin g organize d list s o f  unfamilia r  words .  Improve d 
performanc e i n spit e o f  a  distractio n tas k implicate s tha t 
thos e subject s ar e usin g a  L T - W M .  Thi s experimen t  als o 
highlight s th e importanc e o f  subject s learnin g t o anticipat e 
th e typ e o f  informatio n tha t  wil l  b e retrieve d durin g skil l 
development .  Futur e experiment s wil l  explor e factor s 
critica l  fo r  developmen t  o f  retrieva l  structure s b y comparin g 
memory performanc e t o othe r  encodin g an d retrieva l 
techniques ,  suc h a s th e metho d o f  loc i  an d cue d recall . 
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Thi s stud y investigate s th e mechanis m b y whic h Englis h 
word s ar e rea d aloud .  Buildin g o n th e previou s wor k o f 
Plaut .  McClelland ,  Seidenberg ,  &  Patterso n (1996) ,  a 
semanti c representationa l  laye r  i s incorporate d int o a 
connectionis t  mode l  tha t  map s orthographi c input s t o 
phonologica l  outputs .  W h e n lesioned ,  thi s networ k exhibit s 
behavio r  characteristi c o f  surfac e dyslexics . 

Background 

I n English ,  th e spelling-soun d mapping s fo r  man y bu t  no t  al l 
word s ca n b e describe d b y regula r  rules .  Fo r  example . 
whil e MINT ,  TINT ,  PRINT ,  an d STIN T al l  rhyme ,  PIN T i s 
pronounce d differently .  Th e dua l  mechanis m vie w o f  wor d 
readin g (Coltheart ,  Curtis ,  Atkins ,  &  Haller ,  1993 ;  Pinke r 
1991 )  propose s tha t  regula r  word s ar e rea d b y a  rule-base d 
mechanis m an d tha t  exceptio n word s ar e rea d b y a  lexica l 
look-u p procedure .  Consistenc y effect s (differentia l 
processin g o f  word s base d o n "neighboring "  word s o f 
simila r  orthography )  indicate ,  however ,  tha t  neithe r  regula r 
word s no r  non-word s ar e rea d b y a  rule-base d procedur e tha t 
i s independen t  fro m lexica l  access .  A  connectionis t  mode l 
develope d b y Seidenber g &  McClellan d (1989 )  an d 
improve d b y Plaut ,  e t  al .  (1996 )  provide s a  single -
mechanis m alternativ e t o th e dua l  mechanis m vie w tha t  no t 
onl y correctl y read s bot h regula r  an d exceptio n words ,  bu t 
als o cleanl y account s fo r  consistenc y effects . 

Whil e consistenc y effect s fal l  naturall y ou t  o f  th e 
connectionis t  model ,  i t  ha s bee n les s clea r  h o w suc h a  mode l 
woul d accoun t  fo r  th e behavio r  o f  patient s wit h acquire d 
readin g disorders .  I n on e disorder ,  surfac e dyslexia , 
patient s hav e relativel y spare d readin g o f  regula r  word s an d 
nonwords ,  bu t  poo r  readin g o f  exceptio n word s (whic h ar e 
regularized )  -  a s i f  th e rule-base d mechanis m wer e intac t 
but  th e lexica l  mechanis m wer e damaged .  Plaut ,  e t  al . 
(1996 )  not e tha t  surfac e dyslexi a i s ofte n accompanie d b y 
sever e semanti c impairment s an d sugges t  tha t  thi s disorde r 
coul d b e explaine d b y a  mode l  tha t  incorporate s semanti c 
representations ,  bu t  the y d o no t  actuall y includ e a  semanti c 
laye r  i n thei r  model . 

The Model 

T h e curren t  w o r k add s a  semanti c representationa l  laye r  t o 
thi s m o d e l  a n d demonstrates ,  i n a  ne twor k traine d o n a  to y 
languag e calle d Sheesh ,  behavio r  consisten t  wit h surfac e 
dyslexia .  S h e e s h i s constructe d ou t  o f  a  m i n i m a l  n u m b e r  o f 
letter s a n d s o u n d s i n orde r  t o kee p th e simulatio n tractable . 
W o r d s i n S h e e s h ar e assigne d pronunciation s s o tha t  th e 
spelling-soun d m a p p i n g s var y f r o m completel y regular ,  t o 

regula r  bu t  inconsisten t  (i.e .  wit h a  f e w inconsisten t 
neighbors) ,  t o irregular—wit h proportion s o f  eac h w o r d typ e 
tha t  approximat e thos e foun d i n English .  T h e w o r d s ar e 
randoml y assigne d binar y semanti c representations .  T h e 
architectur e o f  th e m o d e l  i s s h o w n i n Figur e 1 .  Becaus e 

Q^  Phonolog y ^ 9 unit s ^  Semantic s ^ 1 4 i 

\ QhiddenJ^ / 

10 unit s 
hidde n )  1 5 unit s 5 unit s C  hidde n 

\ 
^Orthograph y ^ 7 unit s 

Figur e 1 :  T h e architectur e o f  th e m o d e l . 

children learn to speak before they learn to read, the weights 
f ro m semantic s t o phono log y (indicate d wit h bol d arrows ) 
ar e pre-traine d an d fixed. 

Results 

Wit h bot h pathway s (orthograph y t o phonology ,  an d 
orthograph y t o semantic s t o phonology )  traine d 
simultaneously ,  th e networ k learn s t o rea d al l  o f  th e word s 
of  Sheesh .  W h e n th e semanti c pathwa y i s lesioned ,  bu t  no t 
when th e phonologica l  pathwa y i s lesioned ,  th e networ k 
shows selectiv e impairmen t  o n exceptio n words ,  a s i s see n 
i n surfac e dyslexics .  Th e mode l  thu s add s a n additiona l  lin e 
of  suppor t  t o th e singl e mechanis m vie w o f  wor d reading . 
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Martindal e (1991 )  suggeste d a  latera l  inhibitio n explanatio n 
of  buildu p an d release  o f  proactiv e inhibitio n i n th e Brown -
Peteî o n S T M task ,  bu t  no t  th e neura l  ne t  architectur e an d 
processin g details .  Th e presen t  stud y explain s proacuv e 
inhibitio n phenomen a a s consequence s o f  latera l  inhibitor y 
processe s i n a  constrain t  satisfactio n network . 

A n illustrativ e networ k containin g hypothetica l 
informatio n abou t  1 5 fruit s an d 1 5 profession s i s explore d i n 
compute r  simulations .  Th e caiegor y fruit s i s  represente d b y 
a poo l  o f  1 5 hidde n uiut s correspondin g t o th e fruit s 
(orange ,  pear ,  banana ,  etc.) ,  a  poo l  o f  1 5 unit s t o represen t 
names,  a  poo l  o f  8  unit s t o represen t  color s (orange ,  green , 
yellow ,  red ,  pink ,  purple ,  black ,  brown) ,  a  poo l  o f  2  unit s t o 
represen t  texture s (firm ,  soft) ,  a  poo l  o f  2  unit s t o represen t 
taste s (sweet ,  sour) ,  an d a  poo l  o f  2  unit s t o represen t  shape s 
(spherical ,  elllipsoidal) .  Th e categor y profession s i s 
represente d b y a  poo l  o f  1 5 hidde n unit s correspondin g t o 
th e profession s (lawyer ,  teacher ,  dentist ,  etc.) ,  a  poo l  o f  1 5 
unit s t o represen t  names ,  a  poo l  o f  3  unit s t o represen t  statu s 
(blu e collar ,  whit e collar ,  professional) ,  a  poo l  o f  3  unit s t o 
represen t  pa y (lo w pay ,  moderat e pay ,  hig h pay) ,  a  poo l  o f  2 
unit s t o indicat e complexit y (routine ,  nonroutine) ,  an d a 
pool  o f  2  unit s t o represent  environmen t  (indoor ,  outdoor) . 
Al l  unit s withi n eac h poo l  hav e mutuall y inhibitor y 
connections .  Eac h hidde n uni t  representin g a n instanc e ha s 
two-wa y excitator y connection s wit h al l  unit s representin g 
feature s o f  th e instance .  Fo r  example ,  th e hidde n uni t  fo r 
lemo n connect s t o th e nam e lemon ,  th e colo r  yellow ,  th e 
tast e sour ,  etc .  Simulation s o f  th e typica l  release-from-
proactiv e inhibitio n experimen t  (Wickens ,  1972 )  wer e ru n 
usin g th e interactiv e activatio n subroutin e i n McClellan d 
and Rumelhar t  (1988) ,  comparin g thei r  activatio n rul e wit h 
th e Grossberg  (1988 )  activatio n rul e unde r  a  variet y o f 
paramete r  value s fo r  eac h rule . 

The presentatio n o f  a  tria d o f  item s i n th e Brown-Peterso n 
S T M tas k result s i n a  brie f  inpu t  t o th e neun e unit s 
representin g thos e items .  U p o n remova l  o f  th e input ,  th e 
patter n o f  activatio n acros s unit s i n th e networi c evolve s 
durin g th e retentio n interval .  A t  th e en d o f  th e retentio n 
interval ,  th e thre e n a m e unit s wit h th e highes t  activatio n 
among th e nam e unit s abov e a  restin g threshol d ar e recalled . 
Theoretically ,  som e unit s codin g feature s o f  item s fro m 
prio r  trial s remain  partiall y  activate d an d laterall y inhibi t 
othe r  featur e node s i n c o m m o n pool s (e.g. ,  yello w inhibit s 
!;reen ,  red ,  orange ,  etc.) .  Sinc e som e o f  th e inhibite d unit s 
ar e neede d t o cod e th e feature s o f  subsequen t  item s i n th e 
same category ,  th e encodin g an d retention  o f  additiona l 
item s i n th e sjun e categor y i s impaire d -  thu s producin g 
buildu p o f  proactiv e inhibition .  Switchin g t o a  remot e 
categor y reduces  (releases )  p>roactiv e inhibition ,  becaus e 
fewe r  feature s o f  item s i n th e n e w categor y ar e laterall y 

inhibite d b y activate d feature s o f  item s i n th e ol d category . 
Th e mor e remot e th e ne w categor y fro m th e ol d categor y i n 
featur e space ,  th e mor e th e releas e fro m proactiv e inhibition . 

I n eac h conditio n i n th e simulations ,  ther e wer e 5  tnals , 
eac h tria l  consistin g o f  th e brie f  presentatio n o f  3  item s 
(externa l  input s t o thos e thre e ite m names) ,  the n a  retentio n 
interva l  i n th e absenc e o f  an y externa l  inputs ,  the n th e recal l 
of  th e 3  name s highes t  i n activation .  T o mode l  th e Contro l 
condition ,  on e se t  o f  simulation s wer e ru n wit h fruit s o n al l 
5 trials ,  an d anothe r  se t  wer e ru n wit h profession s o n al l  5 
trials .  T o mode l  th e Switc h condition ,  on e se t  o f 
simulation s wer e ru n v/it h fruits  o n trial s 1- 4 the n 
profession s o n tna l  5 ,  an d anothe r  se t  wer e ru n wit h th e 
profession s o n trial s 1- 4 then^MJt t  o n tria l  5 .  O n eac h trial , 
a recalled  ite m wa s counte d correc t  i f  i t  wa s on e o f  th e 
presente d item s o n tha t  trial .  Recal l  wa s average d ove r  3 0 
simulate d subject s i n eac h condition . 

T wo model s o i  recal l  wer e compared .  Unde r  th e Loca l 
Recal l  model ,  th e thre e nam e unit s highes t  i n activatio n 
abov e resting  leve l  withi n th e appropriat e poo l  wer e 
recalled .  Unde r  th e Globa l  Recal l  model ,  th e thre e n a m e 
unit s highes t  i n activatio n abov e restin g leve l  acros s bot h 
pool s wer e recalled .  Th e Loca l  Recal l  mode \  exhibite d 
buildu p an d releas e o f  proactiv e inhibition ,  acros s vanou s 
activatio n rule s an d paramete r  values ,  paralle l  t o th e natura l 
phenomena .  Althoug h th e Globa l  Recal l  mode l  exhibite d 
buildu p o f  proactiv e inhibition ,  i t  ofte n di d no t  sho w releas e 
fro m proactiv e inhibition ,  becaus e item s fro m prio r  trial s 
remaine d mor e highl y activate d tha n subsequen t  items ,  eve n 
when th e subsequen t  item s cam e fro m a  ne w category . 
Releas e fro m proactiv e inhibitio n mus t  therefor e involv e a 
gai n contro l  mechanis m tha t  nonselectivel y suppresse s 
activatio n o f  ol d items ,  enhance s activatio n o f  ne w items ,  o r 
both .  Grossber g (1988 )  describe s plausibl e neura l  ne t  gai n 
contro l  mechanism s tha t  migh t  serv e thi s function . 
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Restructurin g (Maier ,  1930) ,  o r  changin g fro m on e 
representatio n o f  a  proble m t o another ,  i s  ofte n require d 
fo r  successfu l  solution .  I f  solver s d o ten d t o for m th e 
"wrong "  representatio n initially ,  h o w migh t  on e the n 
creat e a n alternativ e representatio n tha t  i s  mor e amenabl e 
t o solution ? Gestal t  psychologist s argue d tha t  a  proble m 
solve r  ofte n become s fixate d o n a  singl e proble m 
representation ,  an d consequentl y fail s t o recogniz e 
alternativ e interpretation s o f  th e problem' s element s 
(Ohlsson ,  1984) .  Weisber g an d Alb a (1982 )  sugges t  tha t 
hint s eliminat e fixatio n simpl y b y informin g th e proble m 
solve r  tha t  he r  representatio n o f  th e proble m i s flawed . 

However ,  simpl y knowin g a  representatio n i s inadequat e 
may no t  b e sufficien t  t o lea d t o restructuring .  Whil e 
aspect s o f  restructurin g hav e bee n explore d i n prio r 
studies ,  littl e empirica l  evidenc e exist s tha t  demonstrate s 
th e relationshi p betwee n difference s i n proble m 
representation s an d th e likelihoo d o f  restructuring . 

I n th e presen t  studies ,  th e initia l  representation s adopte d 
by subject s wer e manipulate d b y varyin g ho w th e proble m 
was initiall y  described .  Eac h "neutral "  proble m 
descriptio n wa s modifie d t o includ e ke y phrase s relevan t  t o 
specifi c  alternativ e rqjresentations :  A  Distracto r  versio n 
include d infcmnatio n consisten t  wit h a n inappropriat e 
rqResentatio n (show n i n italics) ,  an d a  Targe t  versio n ha d 
informatio n inserte d tha t  wa s consisten t  wit h th e 
appropriat e representatio n (show n i n boldface) .  Fo r 
example ,  th e "Pe t  Shop "  proble m wa s modifie d a s 
follows : 

A pe t  sho p owne r  decide s t o pu t  a n ol d parro t  o n 
sale .  A s a  youn g bird ,  th e parro t  ha d bee n traine d t o 
tal k i n a  househol d wit h man y children .  H e advertise s 
tha t  thi s bir d wil l  rqiea t  anythin g i t  hears .  I t  wa s sol d 
immediatel y t o a  littl e ol d lad y wh o fel l  i n lov e wit h 
i t  A  fe w day s late r  th e sam e lad y entere d th e pe t  stor e 
furiou s an d claime d tha t  th e parro t  ha d neve r  repeate d 
anything ,  althoug h sh e ha d spoke n t o it .  I t  acte d a s 
i f  i t  ha d neve r  hear d a  wor d spoke n t o it . 
Yet ,  th e pe t  sho p owne r  wa s tellin g th e absolut e trut h 
abou t  h o w an y parro t  woul d react .  Explain . 
(Answe r  Th e parro t  wa s deaf ) 
I n a  fu^ t  experiment ,  undergraduat e subject s solve d 1 8 

problem s i n on e o f  thre e versions ,  an d the n wer e give n a 
second  chanc e t o solv e th e sam e problems .  Th e result s 
showe d tha t  subject s tende d t o buil d representation s an d 
propos e solution s fo r  problem s whic h wer e consisten t 
wit h th e version s the y wer e given .  However ,  instance s o f 

spontaneou s restructurin g occurre d fo r  abou t  a  thir d o f  th e 
subject s (36%) . 

I n a  secon d experiment ,  w e provide d mor e directiv e 
feedbac k abou t  incorrec t  solution s t o encourag e subject s t o 
see k a  differen t  representatio n o f  th e problem .  Acros s al l 
problems ,  o f  th e trial s wher e subject s repor t  a 
representatio n consisten t  wit h th e distracto r  versio n o f  th e 
proble m i n tas k on e (35%) ,  the y overwhelmingl y rejec t  i t 
i n favo r  o f  th e targe t  representatio n i n tas k 2  (63%) .  Fe w 
subject s persis t  wit h a n inconec t  representatio n o f  th e 
proble m afte r  gettin g feedbac k i n tas k 2 .  Whil e 1 4 % o f 
trial s initiall y  give n a  distracto r  versio n faile d t o chang e 
fro m a  distracto r  representatio n betwee n task s 1  an d 2  i n 
Experimen t  1 ,  onl y 2 % o f  Experimen t  2  subject s pCTsis t 
wid i  a  distracto r  representatio n i n tas k 2 . 

The presen t  experiment s suppor t  th e notio n tha t 
difference s i n representation s forme d ma y resul t  fro m 
difference s i n th e inference s draw n abou t  a  problem .  Th e 
experiment s als o sho w tha t  restructurin g doe s no t  ofte n 
occu r  spontaneously .  I n Experimen t  1 ,  th e opportunit y t o 
reattemp t  th e problem s wa s no t  conduciv e t o 
restructuring .  I n Experimen t  2 ,  a  hin t  wit h specifi c 
feedbac k helped  subject s t o switc h t o a  bette r 
representatio n fo r  solution . 

Specifi c  additiona l  informatio n suc h a s hint s ma y b e 
neede d t o facilitat e insigh t  an d successfu l  solution .  I n th e 
absenc e o f  additiona l  information ,  Kapla n an d Simo n 
(1990 )  sugges t  tha t  repeated ,  simila r  failure s ma y b e 
necessar y t o motivat e a  chang e i n proble m representation . 
Restructurin g ma y als o occu r  spontaneousl y a t  impasse s 
(Va n Lehn ,  1989) ,  a s subject s tr y t o remov e obstacles ,  o r 
explicitl y  ti y  t o fin d ne w ̂ proache s t o solvin g problems . 
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Our  goa l  i s t o understan d th e rol e o f  naturs d signa l 
processin g b y simulatin g i t  o n machin e perceptio n tasks . 
We us e Gabo r  filter s a s a  firs t  approximatio n t o th e op -
eratio n o f  primat e striat e cortex .  I t  ha s bee n propose d 
tha t  beside s modelin g th e receptiv e fields  o f  simpl e cell s 
i n striat e corte x (Jone s &  Palmer ,  1987) ,  Gabo r  recep -
tiv e fields  provid e a n efficien t  an d spars e cod e fo r  natura l 
image s (Field ,  1994 ;  Daugman ,  1989) .  I t  ha s als o bee n 
propose d tha t  on e o f  th e function s o f  thi s spars e cod e 
may b e t o facilitat e visua l  patter n recognitio n (Field , 
1994) .  W e tes t  thi s predictio n o n a  machin e visio n task : 
automatic ,  speake r  independen t  lipreadin g o f  th e first 
fou r  digit s i n English . 

Automati c visua l  speec h recognitio n i s  bein g exten -
sivel y studie d i n th e machin e perceptio n an d cognitiv e 
scienc e communities .  Beside s it s rol e i n improvin g th e 
intelligibilit y o f  eicousti c speech ,  visua l  informatio n au -
tomaticall y modulate s th e perceptio n o f  auditor y sig -
nal s (McGur k k  MacDonald ,  1976 ;  Massar o k  Cohen , 
1983) .  I n recen t  year s lipreadin g ha s als o receive d at -
tentio n fo r  it s applicatio n i n th e automati c recognitio n 
of  speec h i n nois y environment s an d becaus e i t  pro -
vide s a  tractabl e avenu e t o computationa l  issue s o n inter -
modal  integratio n (Yuhas ,  Goldstein ,  Sejnowski ,  k  Jenk -
ins ,  1990 ;  Bregler ,  Hild ,  Manke ,  k  Waibel ,  1993 ;  Wolff , 
Prasad ,  Stork ,  k  Hennecke ,  1994 ;  Movellan ,  1995) . 

I n thi s project ,  w e us e a  biologicall y inspire d ap -
proac h t o earl y visua l  processing .  W e mode l  striat e cor -
te x a s a  ban k o f  Gabo r  filter  an d propos e a  metho d t o 
visualiz e loca l  textur e an d orientatio n usin g thes e fil-
ters .  W e mode l  late r  recognitio n processe s a s a  ban k 
of  hidde n Marko v models ,  th e mos t  successfu l  syste m 
fo r  th e automati c recognitio n o f  visua l  an d acousti c 
speech(Rabine r  k  Juang ,  1993) .  Th e recognitio n engin e 
was traine d an d teste d usin g th e followin g database . 

Trainin g Scunple :  Th e trainin g sampl e consist s o f 
4504 image s (45 6 movies )  o f  5 7 undergraduat e student s 
fro m th e Cognitiv e Scienc e Departmen t  a t  U C S D.  Sub -
ject s wer e aske d t o tal k int o a  vide o camer a an d t o sa y 
th e first  fou r  digit s i n Englis h twice .  Subject s coul d se e 
thei r  lip s i n a  monito r  2«i d wer e tol d t o positio n them -
selve s s o tha t  thei r  lip s wer e relativel y centere d i n th e 
monitor .  W e trie d a  variet y o f  illuminatio n condition s 
and allowe d th e lip s no t  t o b e entirel y centered . 

Curren t  Directions :  W e investigat e whethe r  Gabo r 
base d representation s d o indee d creat e a  sparse r  cod e i n 
our  database .  W e analyz e th e resistanc e o f  thi s repre -

sentatio n t o change s i n illuminatio n an d presen t  result s 
comparin g th e performanc e o f  a  pixel-base d approac h 
and th e Gabor-base d approau:h . 
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I n t r o d u c t i o n 

The decompositio n o f  a  tas k a s i t  i s  processe d b y th e layer s 
i n a  fee d forwar d networ k depend s o n ho w th e networ k i s 
traine d t o th e task .  Analysi s o f  hidde n uni t  representation s 
(usin g clusterin g techniques ,  fo r  example )  from  network s 
traine d b y backpropagatio n ha s bee n use d t o demonstrat e th e 
contributio n o f  individua l  layer s t o th e ful l  networ k 
computation .  B y trainin g tw o network s t o comput e 
:malogou s tasks ,  simila r  computation s migh t  b e expecte d i n 
correspondin g layers .  Thi s i s  no t  necessaril y th e case ; 
however ,  i f  th e tw o network s shar e weight s a t  on e o f  th e 
layers ,  tha t  share d laye r  i s ap t  t o comput e th e portio n tha t  i s 
c o m m on t o th e tasks .  Thi s conjectur e i s demonstrate d usin g 
a se t  o f  thre e analogou s tasks .  A ,  B ,  an d C .  A  an d B  ar e 
simulumeousl y traine d o n tw o three-laye r  nets ,  wher e th e 
middl e laye r  o f  weight s i s shared .  A  thir d networ k i s traine d 
on tas k C .  wit h th e middl e laye r  initialize d t o th e weight s 
learne d fo r  th e first  tw o tasks .  Also ,  th e middl e (shared ) 
laye r  wa s no t  modifie d durin g trainin g o n th e targe t  tas k (C ) 
i n th e case s wher e A  and/o r  B  precede d it .  Th e resultin g 
increas e i n learnin g spee d support s th e conjectur e tha t 
weight s share d b y network s computin g differen t  (bu t 
analogou s tasks )  com e t o comput e thos e component s o f  th e 
task s tha t  ar e c o m m o n t o both . 

Architecture and Tasks 

Thre e network s wer e traine d usin g backpro p (Rumelhart , 
Hinton .  an d Williams ,  1986 )  t o illustrat e th e concep t  pu t 
forwar d i n thi s pape r  (Figur e 1) .  Network s A  an d B  ar e 
traine d o n analogou s tasks ,  sharin g weight s a t  th e middl e 
laye r  (o f  thre e layers) .  Th e share d laye r  i s the n hel d fixed 
durin g trainin g o f  a  thir d tas k o n Networ k C .  Networ k A  i s 
traine d t o giv e th e coordinate s o f  th e fourt h verte x o f  a 
square ,  give n th e othe r  three ,  wher e i s squar e i s oriente d 
rectilinearl y wit h respec t  t o th e coordinat e axes .  Not e tha t 
thi s tas k ca n b e accomplishe d b y copyin g certai n inpu t 
coordinate s a t  th e ouq)u t  layer .  Networ k B  i s traine d o n th e 
same task ,  wit h th e square s rotate d 4 5 degree s (i n a 
diamond "  orientation) .  Thi s tas k i s  slightl y mor e 

complicated ,  bu t  als o easie r  tha n Tas k C  whic h impose s n o 
consu^nt s o n th e orientatio n o f  th e squar e (Figur e 2) .  Fo r 
th e experiment s reporte d here ,  4  unit s wer e use d i n eac h o f 
th e hidde n layers .  Th e inpu t  value s wer e i n th e rang e (0,1) , 
bot h layer s o f  hidde n unit s use d sigmoi d unit s (tha t  range d 
from  - 1 t o +1) ,  an d th e outpu t  unit s wer e linear . 

A3 ^  B 3 X V ^  C 

A2=B2=C2 I Shared weights 

A1 X B^ X 
C Z — D (  ) T 

Figur e 1 .  Architecture . 

< > o 

TASK A  TAS K B  TAS K C 

Figure 2. Tasks. 

Results 

Thes e results ,  whil e preliminary ,  ar e illustrative .  Eac h 
represent s a n averag e o f  5  simulation s wit h differen t  startin g 
weights . 

Task C alone: 7200 
Usin g weight s fro m Tas k A :  365 0 
Using  weight s from  Tas k B :  360 0 
Usin g weight s from  Tas k A  an d B  together :  295 0 

Discussion 

The result s ar e supportiv e o f  th e paper' s conjectur e tha t 
appropriat e weigh t  sharin g m a y extrac t  higher-orde r 
structura l  similaritie s amon g tasks .  O f  course ,  furthe r  wor k 
i s require d t o demonstrat e th e ide a convincingl y 
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Introductio n 

Newl y bo m infant s ar e abl e t o finely  discriminat e almos t  al l 
human speec h contrast s an d thei r  phonemi c categor y bound -
arie s ar e initiall y  identical ,  eve n fo r  phoneme s outsid e thei r 
targe t  language .  A  connectionis t  mode l  o f  innatel y guide d 
learnin g i s describe d whic h account s fo r  thi s ability .  Th e ap -
proac h take n ha s bee n t o develo p a  mode l  o f  innatel y guide d 
learnin g i n whic h a n artificia l  neura l  networ k  (ANN )  i s store d 
i n a  "genome "  whic h encode s it s architectur e an d learnin g 
rules .  Th e spac e o f  possibl e A N N s i s searche d wit h a  geneti c 
algorith m fo r  network s tha t  ca n lear n t o discriminat e huma n 
speec h sounds .  Thes e network s perfor m equall y wel l  havin g 
been traine d o n speec h spectr a fro m an y huma n languag e s o 
fa r  teste d (English ,  Cantonese ,  Swahili .  Farsi ,  Czech ,  Hindi , 
Hungarian ,  Korean ,  Polish ,  Russian ,  Slovak ,  Spanish ,  Ukra -
nia n an d Urdu) .  Trainin g th e featur e detector s require s expo -
sur e t o jus t  on e minut e o f  speec h i n an y  o f  thes e languages . 

Description of the Model 

The mode l  build s o n previou s connectionis t  models ,  partic -
ularl y th e broa d clas s o f  model s know n a s interactiv e acti -
vatio n models ,  wit h thre e majo r  modifications .  Firstly ,  eac h 
networ k learn s usin g nuui y different ,  unsupervise d learnin g 
rules .  Thes e us e onl y loca l  information ,  an d s o ar e biologi -
call y plausible .  Secondly ,  ever y networ k  i s spli t  int o a  numbe r 
of  separat e subnetworks .  Thi s allow s exploratio n o f  differen t 
neurona l  architectures ,  an d i t  become s possibl e t o us e differ -
ent  learnin g rule s  t o connec t  subnetworks .  Eac h subnetwor k 
has it s ow n time-constant ,  an d therefor e respond s t o informa -
tio n i n a  specifi c  rang e o f  time-scales .  Finally ,  network s ar e 
evolve d usin g a  techniqu e calle d geneti c connectionism .  Us -
in g a  geneti c algorith m allow s grea t  flexibility  i n th e typ e o f 
neura l  networ k tha t  ca n b e used .  Al l  th e attribute s  o f  th e neu -
ra l  networ k ca n b e simultaneousl y optimise d rathe r  tha n jus t 
th e connections .  I n thi s mode l  th e architecture ,  learnin g rule s 
and time-constant s  ar e al l  optimise d together . 

The dynamic s  o f  al l  unit s  i n th e networ k  ar e first  orde r  an d 
determine d b y summin g activatio n fro m al l  connecte d unit s 
and makin g a  chang e i n activit y proportiona l  t o th e summed 
inpu t  activity ,  scale d b y  th e tim e constant .  Comple x architec -
ture s ca n b e represente d i n th e mode l  b y usin g a  subnetwor k 
connectivit y matri x tha t  determine s whic h learnin g rul e wil l 
be use d fo r  th e connection s betwee n an y pai r  o f  subnetworks . 

I f  a n elemen t  i s zer o ther e ar e n o connection s betwee n tw o 
subnetworks .  A  positiv e intege r  elemen t  indicate s tha t  sub -
network s  ar e full y  connecte d an d th e valu e o f  th e intege r  spec -
ifie s whic h on e o f  th e man y learnin g rule s t o us e fo r  tha t  se t 

of  connection s a s show n i n figure  1 . 

Sutnl S 
SuboMT 

Siib«l 4 

Sibwt « 

Subnet s 

[ooooo o o o o o o o )  (  O  ] 

Figur e 1 :  A  networ k wit h 9  subnetworks .  Subnetwor k 1  an d 
2 ar e th e inpu t  an d outpu t  subnetworks ,  respectively .  Arrow s 
represen t  set s o f  connection s an d th e typ e o f  learnin g rul e em -
ploye d b y thos e set s  o f  connections .  Ther e ar e thre e learnin g 
rule s used ;  soli d arro w (learnin g rul e 1) ,  dashe d arro w (learn -
in g rul e 2 )  an d dotte d arro w (learnin g rul e 3) . 

Result s 

Al l  o f  th e huma n language s teste d seeme d t o b e equall y ef -
fectiv e fo r  trainin g th e networ k t o represen t  Englis h speec h 
sounds .  T o se e whethe r  an y sound s coul d b e use d fo r  train -
ing ,  th e networ k wa s traine d o n whit e noise .  Thi s resulte d i n 
slowe r  learnin g an d a  lowe r  fitness.  Th e fitness  fo r  a  networ k 
traine d o n whit e nois e neve r  reache d tha t  o f  th e sam e networ k 
traine d o n huma n speech . 

The advantage s o f  innatel y guide d learnin g ove r  conven -
tiona l  self-organisin g network s ar e tha t  innat e learnin g i s 
much faste r  an d i s les s dependen t  o n th e "correct "  environ -
menta l  statistics .  I t  als o offer s a n accoun t  o f  ho w infant s fro m 
differen t  linguisti c environment s ca n com e u p wit h th e sam e 
featura l  representatio n s o soo n afte r  birth .  Th e mode l  there -
for e demonstrate s ho w gene s an d th e environmen t  coul d in -
terac t  t o ensur e rapi d developmen t  o f  a  featura l  representatio n 
of  speech . 
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Certai n inference s ar e illusory :  the y hav e conclusion s tha t 
ar e compellin g bu t  wholl y wrong .  Fo r  example ,  give n tha t 
onl y on e o f  th e followin g tw o assertion s i s true : 

There is a king or an ace in the hand, or both. 
Ther e i s a  quee n o r  a n ac e i n th e hand ,  o r  both . 

subjects judge that the ace is more likely to be in the hand 
tha n th e king .  I n fact ,  i t  i s  impossibl e fo r  a n ac e t o b e i n 
th e hand .  Suc h illusion s wer e predicte d t o occu r  b y th e 
menta l  mode l  dieory ,  whic h postulate s tha t  huma n reasoner s 
normall y represen t  wha t  i s  tru e i n thei r  models ,  bu t  no t 
what  i s felse.  I f  thi s theor y i s correct ,  the n a  possibl e 
antidot e t o th e illusion s i s t o mak e peopl e mor e awar e o f  th e 
fals e instance s o f  premises .  W e therefor e carrie d ou t  a n 
experimen t  i n whic h subject s receive d suc h a n antidote . 
Twelv e illusor y an d contro l  exclusiv e 

disjunction s wer e presente d i n tw o blocks .  Fo r  eac h 
proble m i n th e "antidote '  block ,  participant s wer e aske d first 
t o stat e wha t  woul d falsif y eac h o f  th e premise s (i n 
inference s suc h a s th e on e above) ,  the n t o infe r  whic h car d 
was mor e likel y t o b e i n th e hand ,  an d a t  thi s poin t  the y 
wer e reminde d o f  thei r  prio r  falsifications ,  whic h the y wer e 
tol d wer e relevan t  t o th e task .  I n th e "n o antidote '  block , 
participant s solve d problem s withou t  havin g first  falsifie d 
th e premises .  Th e 'antidote '  bloc k precede d th e 'n o 
antidote '  bloc k i n hal f  o f  th e questionnaires ,  an d thi s orde r 
was reverse d i n th e othe r  hal f  Th e antidot e wa s a  modes t 
but  reliabl e success .  I t  als o unexpectedl y improve d 
performanc e wit h problem s tha t  ar e no t  illusoiy .  Th e 
result s sugges t  tha t  th e tendenc y t o focu s o n wha t  i s  tru e a t 
th e expens e o f  wha t  i s fals e i s th e caus e o f  th e illusions ,  bu t 

i t  i s  a n entrenche d attitud e tha t  i s  difficul t  t o overcome . 

Grou p 1 

Nq AotidQtg AntidQtg 

Illusory 14 39 

Control 58 75 

Overall 36 57 

Overal l 

26. 5 

MA. 

46. 5 

Grou p 2 

AntidQtg Nq AntJdQtg 

28 

_6i. 

46 

42 

_8i. 

62. 5 

Qygral i 

35 

JZ2J _ 

54 

Gran d 

M s an 

31 

50. 5 

Tabl e 1 :  Percentage s o f  correc t  response s 
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In t roduc t io n 

Whenever  peopl e thin k an d act ,  the y rel y o n th e vas t  bodie s o f 
knowledg e tha t  exis t  i n th e outsid e world .  Recentl y ther e ar e 
interest s i n th e role s o f  othe r  peopl e a s informatio n sources , 
suc h a s hel p fro m friends ,  consultants ,  an d teacher s (Bannon , 
1986) .  Th e purpos e o f  ou r  researc h i s t o find  ou t  wha t  kin d 
of  structur e ther e i s i n outsid e knowledge ;  an d how ,  an d fro m 
whic h sources ,  peopl e selec t  th e informatio n i n th e socia l 
context .  Fo r  th e forme r  question ,  w e hav e foun d tha t  i n som e 
case s ther e i s a n emergen t  structur e tha t  member s hav e thei r 
own role s i n helpin g other s (Got o &  Nojima ,  1995) . 

Why users abandon their search? 

For  th e latte r  question ,  w e hav e analyze d th e proces s b y whic h 
peopl e abando n thei r  searc h i n th e belie f  tha t  the y canno t  find 
th e necessar y information .  W e compare d thes e processe s 
when th e searche s wer e conducte d o n compute r  databas e re -
trieva l  system s (e.g .  D I A L O G an d C A P T A I N ,  whic h i s on e 
of  Japanes e Videote x systems )  an d i n th e socia l  informatio n 
base .  Th e socia l  informatio n bas e wa s name d afte r  th e analog y 
of  compute r  database .  Transaction s i n th e socia l  informatio n 
bas e includ e suc h activitie s a s people' s questio n askin g behav -
io r  an d helpin g behavio r  i n dail y situation s (Nojima ,  1995) . 
We ar e particularl y intereste d i n th e reason s wh y the y thin k 
tha t  the y hav e faile d i n finding  th e targe t  information .  Thes e 
reason s fro m user s poin t  o f  vie w ar e importan t  becaus e user s 
decid e thei r  furthe r  action s t o th e syste m (whethe r  t o sto p 
usin g i t  o r  t o procee d further )  base d o n thes e reasons . 

Resu l t s 

W h en peopl e wan t  t o find  something ,  the y first  hav e t o decid e 
whethe r  th e searc h ca n b e achieve d a t  all .  Firs t  par t  o f  Figur e 
1 indicate s tha t  som e peopl e abando n th e searc h a t  thi s level . 
Thi s mean s tha t  the y coul d no t  hav e th e clea r  meta-cognitio n 
of  th e system ,  whic h migh t  b e attribute d t o th e fac t  tha t  thes e 
computer/social-informatio n bas e faile d t o giv e clea r  syste m 
image s o r  sel̂ othe r  images . 

Discussion 

I t  i s usuall y believe d tha t  informatio n retrieva l  fro m compute r 
database s i s quit e differen t  fro m tha t  fro m huma n networks , 
but  ther e ar e som e resemblanc e i n th e reason s wh y searche s 
ar e abandoned .  Ther e ar e severa l  interestin g observation s i n 
thes e processes .  O n e i s tha t  eve n thoug h peopl e fai l  i n get -
tin g th e informatio n the y need ,  the y sometime s d o no t  realiz e 
thei r  failure .  W e ar e buildin g a  mode l  o f  huma n informa -
tio n retrieva l  i n socia l  setting s usin g th e analog y o f  compute r 
databas e retrieval . 
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0.  Introduct io n 

A mult i  agen t  cognitiv e theor y abbreviate d b y 

A M AC i s bein g define d .  Th e presen t  cognitiv e 
theor y propose d th e following .  Neuron s Ar e 

Microcomputer s Nouran i  (1991) .  A  neuro n migh t 

be modele d b y a  microcompute r  compose d o f 

thousand s o f  atomi c com|X)nents .  Thu s a  neuro n i s 

itsel f  capabl e o f  a  for m o f  computation . 
Specialize d neuron s migh t  comput e certai n 

function s i n th e mos t  efficien t  manner .  Thu s th e 

human min d define s a  ver y comple x multiagen t 
computin g phenomenon .  Th e microcomputer s 

communicat e b y messag e passin g agents .  Eac h 
neuro n i s capabl e o f  som e for m o f  computatio n 

and capabl e o f  messag e communication .  Th e 
message s coul d b e code d i n a  for m tha t  i s no t 
visibl e t o th e presen t  da y simplisti c model s o f 
brain .  Geneti c algorithm s ar e base d o n hypothese s 
whic h indicat e th e presen t  theorie s ar e no t  fa r 
fetched . 

1.  Mu l t i  A g e n t  Act iv e L e a r n i n g 

A Mult i  Agen t  Computationa l  Logi c i s bein g 

define d b y thi s author' s intelligen t  tre e computin g 
project .  A  basi s fo r  a  theor y o f  computin g wit h 
intelligen t  language s an d a n intelligen t  mode l 
theor y i s presente d i n Nourani(1994 )  whic h migh t 

alte r  th e wa y artificia l  intelligenc e logica l  theorie s 
and th e computationa l  linguistic s logi c i s viewed . 
We presen t  intelligen t  synta x an d pu t  fort h 
intelligen t  tre e completio n theorem s an d 
technique s fo r  definin g an d generatin g a n 
intelligen t  mode l  theor y fo r  activ e learnin g agent s 
base d o n tre e intelligence .  Thu s th e interpla y 
betwee n synta x an d mode l  theor y a t  abstrac t 
intelligen t  synta x tree s migh t  b e a  ne w are a fo r 
logic ,  cognitiv e scienc e an d computationa l 
linguistics . 

2 .  Intelligen t  T r e e s 

By a n intelligen t  languag e w e inten d a  languag e 
wit h syntacti c construct s tha t  allo w functio n 
symbol s an d correspondin g objects ,  suc h tha t  th e 

functio n symbol s ar e implemente d b y computin g 
agent s i n th e sens e define d b y Nouran i  (1993) .  A 
set  o f  functio n symbol s i n th e language ,  referre d t o 

by Agen t  Functio n Set ,  ar e functio n symbol s tha t 
ar e modele d i n th e computin g worl d b y A I  Agents , 
see Geneseret h an d Nilsso n (1987) ,  fo r  example . 
The objects ,  messag e passin g actions ,  an d 
implementin g agent s ar e define d b y syntacti c 

constructs ,  wit h agent s appearin g a s functions , 

expresse d b y a n abstrac t  languag e capabl e o f 
specifyin g modules ,  agents ,  an d thei r 
communications .  W e hav e t o pu t  thi s togethe r  wit h 

syntacti c construct s tha t  coul d ru n o n Intelligen t 
Tre e Computin g theorie s Nouran i  (1993,94) . 

3.  Genet i c A l g o r i t h m s A n d Cogni t io n 

The geneti c algorith m progres s toward s proble m 
solvin g wa s i s anothe r  reaso n t o loo k fo r  a n 

alternativ e cognitiv e theory .  Th e biologica l 

theorie s reporte d i n Scienc e b y Bloo m et.al . 

(1992 )  a t  th e Scripp s Institut e reporte d brai n cell s 
can bot h secre t  an d an d tak e u p R N A an d ar e abl e 
t o communicat e wit h on e anothe r  b y geneti c 

materia l  exchange .  I t  ha s bee n lon g know n tha t 

brai n cell s communicat e b y neurotransmitter s an d 

by electrica l  impulses .  Cellula r  Automata ,  pu t 
fort h b y Joh n Holland ,  th e Minsky-Papper t 
Perceptrons ,  an d th e Neura l  Ne t  computin g ar e 
exampl e starts .  Furthe r  biologica l  theorie s repor t 
on brai n cell s wit h spontaneou s computin g 
behavio r  b y Allma n i n N Y Time s (1993 ) 
respondin g t o specifi c  shape s lik e lips ,  angels , 
motio n o r  leaves .  Th e Doubl e Visio n Computin g 
Paradig m Nourani(1993 )  i s a  preliminar y theor y 
and a  proble m solvin g paradig m fo r  mult i  agen t 

visua l  cognition . 
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We ar e intereste d i n ccdleg e students '  knowledg e 
concernin g thre e type s o f  spatia l  diagra m representations: 
hierarchies ,  matrices ,  an d netwcM-k s (i.e. ,  pat h diagrams) . 
Abstrac t  diagram s suc h a s thes e ar e importan t  tool s fo r 
thinkin g (e.g. ,  Barwis e &  Etchemendy ,  1991) .  Fo r 
example ,  usin g spatia l  diagram s rathe r  tha n sententia l 
representation s ofte n facilitate s learnin g an d proble m solvin g 
(e.g. .  Day ,  1988 ;  Novic k &  Hmelo ,  1994) . 

A majo r  goa l  o f  th e presen t  researc h wa s t o propos e a 
theor y o f  th e applicabilit y  condition s fo r  th e thre e 
afwementione d representation s an d t o provid e a  preliminar y 
tes t  o f  tha t  theory .  Ou r  stud y focuse d o n a  subse t  o f  si x 
propertie s hypothesize d t o discriminat e amon g th e 
representations .  Fo r  example ,  accordin g t o th e 
"representatio n structure "  property ,  a  matri x  i s mos t 

appropriat e whe n th e proble m specifie s a  factoria l 
combinatio n o f  item s acros s tw o sets ;  a  hierarch y i s mos t 
appropriat e whe n th e item s i n a  singl e se t  ar e organize d int o 
distinc t  levels ,  wit h eac h leve l  identifyin g a  subse t  o f  item s 
tha t  hav e identica l  statu s o n som e dimension ;  an d a  networ k 
i s mos t  appropriat e i n situation s i n whic h ther e i s n o forma l 
structur e amon g th e item s i n a  set . 

To enabl e a  tes t  o f  ou r  theory ,  w e wrot e 1 8 scenario s 
describin g situation s tha t  migh t  aris e i n a  hospita l  o r  som e 
othe r  medica l  contex t  Eac h scenari o focuse d o n a  singl e 
property ,  suc h a s representatio n structure : 

I n th e psychiatri c war d o f  a  certai n hospital ,  eac h 
patien t  see s onl y on e doctor ,  w h o i s responsibl e fo r 
diagnosi s an d treatment .  A  researcher  i s intereste d 
i n determinin g whethe r  patient s woul d receiv e 
differen t  diagnose s fro m differen t  doctors . 
Therefore ,  she  selecte d a  grou p o f  newly-admitte d 
patient s an d aske d al l  o f  th e staf f  psychiatrist s t o 
submi t  a  diagnosi s fo r  eac h patien t  i n th e group . 
The departmen t  chai r  woul d lik e a  diagra m showin g 
eac h doctor' s diagnosi s fo r  eac h patien t 

The statemen t  tha t  al l  th e psychiatrist s submi t  a  diagnosi s 
fo r  eac h patien t  shoul d cu e th e matri x representation ,  i f  ou r 
analysi s i s correc t  becaus e i t  describe s a  factoria l 
combinatio n o f  patient s an d psychiatrists .  Subject s wer e 
give n a  choic e betwee n th e typ e o f  representation 
hypothesize d t o b e mos t  ̂ propriat e an d a  contrastin g typ e 
of  representation.  The y ha d t o choos e th e on e the y though t 
best  uq)ture d th e structur e o f  th e scenari o an d justif y thei r 
choice .  Th e "accuracy "  dat a provid e som e informatio n abou t 

subjects '  knowledg e an d abou t  th e validit y o f  ou r  theory . 
M o r e in-dept h informatio n wil l  c o m e fro m codin g subjects ' 
verba l  justification s fc v thei r  choices . 

We hav e collecte d dat a fro m 11-1 2 student s i n eac h o f 
thre e experienc e categwies .  T w o group s o f  student s ar e 
expecte d t o b e relatively  mor e knowledgeabl e abou t  spatia l 
diagra m representations  an d therefor e t o hav e mcv e explici t 
acces s t o th e applicabilit y  condition s fo r  thes e 
representations:  (a )  Senior s double-majorin g i n secondar y 
educatio n an d mathematics ,  an d (b )  junio r  compute r  scienc e 
major s w h o hav e complete d th e thre e require d course s o n 
dat a structures .  Th e verba l  justification s fro m thes e student s 
ar e expecte d t o provid e goo d suppor t  fo r  ou r  theoretica l 
analysis .  F w comparison ,  w e als o collecte d dat a fro m a 
typica l  grou p o f  Vanderbil t  junior s an d senior s whos e mos t 
advance d mat h clas s wa s first-yea r  calculus . 

Acros s al l  scenarios ,  di e 3 5 subject s chos e th e typ e o f 
representation  fo r  whic h w e predicte d th e focuse d featur e t o 
be importan t  a n averag e o f  8 7 % o f  th e tim e (media n =  9 1 % ) . 
Moreover ,  man y subject s gav e quit e abstrac t  statement s o f 
th e hypothesize !  applicabilit y  conditions .  Fo r  example ,  fo r 
th e above-mentione d scenario ,  on e o f  th e m w e experience d 
subject s chos e th e matri x "becaus e you'r e strictl y comparin g 
on e grou p wit h anothe r  group. "  Anothe r  suc h subjec t 
explaine d tha t  th e matri x wa s superio r  t o th e hierarch y 
becaus e "you'r e jus t  lookin g a t  a t  al l  th e possibiUtie s o f  o f 
th e o f  tw o separat e variables ,  a  se t  o f  tw o variables. " 
Preliminar y analyse s o f  th e protoco l  data ,  i n combinatio n 
wit h th e accurac y data ,  sugges t  goo d evidenc e fo r  man y o f 
th e hypothesize d applicabilit y  condition s fo r  th e thre e spatia l 
diagra m representations. 
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A pendin g goa l  i s a  goa l  tha t  ha s bee n store d i n lon g ter m 
memory fo r  eventua l  achievemen t  Fo r  example ,  on e migh t 
hav e a  pendin g goa l  o f  mailin g a  lette r  late r  i n th e day ,  o r  o f 
buyin g mil k a t  th e grocer y store .  H o w d o peopl e remembe r 
t o achiev e pendin g goals ? I t  ha s bee n suggeste d tha t 
pendin g goal s ar e spontaneousl y associate d a t  encodin g wit h 
on e o r  mor e situation s unde r  whic h the y migh t  b e achieve d 
( H a m m o n d,  Converse .  Marks .  &  Seifert ,  1993) .  I n thi s 
way ,  opportunitie s t o achiev e pendin g goal s ar e recognize d 
becaus e th e opportunitie s themselve s serv e a s retrieva l  cues . 
A numbe r  o f  experiment s (Patalano ,  H a m m o n d,  an d Seifert , 
1993 )  hav e show n tha t  recognitio n o f  q)portunitie s t o 
achiev e pradin g goal s improve s whe n th e goal s ar e 
associate d a t  encodin g wit h concret e description s o f  late r 
opportunities .  Fo r  example ,  encodin g th e goa l  o f  mailin g a 
lette r  (e.g. ,  b y thinkin g o f  th e fac t  tha t  ther e i s a  mailbo x o n 
th e wa y t o work )  increase s th e likelihoo d o f  actuall y 
rememberin g t o mai l  th e lette r  upo n passin g th e mailbox . 

N o studie s t o date ,  however ,  hav e provide d an y 
suggestio n a s t o whethe r  o r  no t  thi s mechanis m extend s 
beyon d concret e cu e objects ,  suc h a s mailboxes ,  t o mor e 
abstrac t  pla n features .  Fo r  example ,  doe s encodin g th e goa l 
of  removin g a  stuc k rin g from  one' s flnger  b y thinkin g 
abstractl y o f  usin g " a lulnicant "  increas e recognitio n o f  th e 
opportunit y t o us e a  concret e instanc e o f  " a stic k o f  butter " 
t o remov e th e ring ? O r  mus t  on e directl y encod e th e 
associativ e lin k betwee n butte r  an d th e goa l  i n orde r  t o 
benefi t  from  elaboratio n a t  encoding ? Furthermore ,  ther e i s 
n o evidenc e regardin g whethe r  o r  no t  peopl e actuall y 
generat e thes e abstrac t  elaboration s o n thei r  own . 

Th e first  o f  tw o studie s addresse s th e questio n o f  whethe r 
or  no t  peopl e generat e abstrac t  reminding s o n thei r  own .  I n 
thi s experiment ,  durin g th e goa l  stud y phase ,  participant s 
wer e presente d eac h o f  a  serie s o f  goal s i n th e contex t  o f  a 
concret e pla n fo r  achievin g th e goa l  (e.g. .  You r  goa l  i s t o 
remov e a n elasti c ban d fro m a  hig h shelf .  H o w coul d yo u 
us e a  hocke y stic k i n a  pla n t o achiev e thi s goal?) .  Durin g 
th e remindin g phase ,  participant s wer e p-esente d wit h 
object s o f  eac h o f  th e followin g types :  identica l  object s 
(e.g. ,  hocke y stick) ,  same-abstract-pla n object s (e.g. ,  yar d 
stick) ,  different-abstract-pla n object s (e.g. ,  ste p ladder) ,  an d 
irrelevan t  filler  object s (e.g. ,  coffe e m u g ) . 

A s a  whole ,  participant s recognize d th e greates t  numbe r 
o f  opportunitie s t o achiev e goal s i n respons e t o identica l 
objects .  Tlii s  make s sens e i n tha t  bot h a n elaborativ e lin k 
an d a  primin g effec t  coul d pla y a  rol e i n facilitatin g thes e 
remindings .  M o r e interestingly ,  participant s als o recognize d 
a greate r  numbe r  o f  of^rtunitie s i n th e contex t  o f  sam e -
abstract-pla n a s compare d wit h different-abstract-pla n 

objects .  Thi s suggest s that ,  o n th e whole ,  participant s di d 
encod e th e abstrac t  plan s implie d b y th e concret e object s 
presente d a t  encoding .  A  mor e in-dept h loo k a t  individua l 
pattern s o f  responses ,  however ,  reveale d tha t  onl y hal f  o f  th e 
participant s showe d th e abov e patter n o f  results .  Th e 
remainder  showe d n o improvemen t  fo r  same-abstract-pla n 
ove r  differcnt-abstract-pla n objects . 

I n ligh t  o f  th e fac t  tha t  onl y a  subse t  o f  participant s 
appeare d t o spontaneousl y generat e abstrac t  plans ,  th e 
secon d experimen t  explore d th e mor e basi c questio n o f 
whethe r  o r  no t  peopl e ca n tak e advantag e o f  abstrac t  plan s i f 
th e plan s ar e presente d expUcitl y  a t  th e tim e o f  encoding .  I n 
thi s experiment ,  durin g th e goa l  stud y phase ,  participant s 
wer e presente d wit h goal s i n th e contex t  o f  abstrac t  plan s fo r 
achievin g eac h goa l  (e.g. .  You r  goa l  i s t o remov e a  stuc k 
rin g from  you r  finger .  I f  yo u ha d a  lul»icant ,  yo u coul d 
slid e of f  th e ring.) .  Durin g th e remindin g phase ,  participant s 
wer e p^sente d with :  same-abstract-pla n object s (e.g. . 
butter) ,  different-abstract-pla n object s (e.g. ,  screwdriver) , 
and irrelevan t  filler  object s (e.g. ,  coffe e mug) . 

I n thi s experiment ,  participant s recognize d mor e 
opportunitie s t o achiev e goal s i n th e contex t  o f  same -
abstract-pla n a s compare d wit h different-abstract-pla n 
objects .  Unlik e th e firs t  experiment ,  ther e wer e n o strikin g 
individua l  differences ,  thu s suggestin g tha t  peopl e ca n 
generall y tak e advantag e o f  abstrac t  plan s eve n whe n the y 
canno t  generat e the m themselves . 

I t  ca n thu s b e conclude d fro m thi s wor k tha t  generatin g 
abstrac t  plan s a t  encodin g i s a  usefu l  strateg y fo r  improvin g 
qjportunit y recognition ,  bu t  tha t  ther e m a y b e individua l 
difference s i n whethe r  o r  no t  abstract-pla n generatio n i s 
don e spontaneously .  Thi s researc h i s importan t  becaus e i t 
suggest s tha t  encodin g technique s m a y b e develope d t o hel p 
peopl e recogniz e a  wide r  rang e o f  opportunities ,  diu s 
improvin g thei r  efficienc y an d productivit y i n goa l 
execution .  I t  als o suggest s tha t  som e plannin g behavio r  ma y 
be accounte d fo r  b y th e sam e associativ e memor y principle s 
tha t  gover n othe r  cognitiv e tasks . 
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I t  seem s t o b e a n accepte d fac t  tha t  science ,  scien -
tifi c  theories ,  an d scientifi c  processe s ar e th e resul t  o f 

cognitiv e processes .  T h e questio n is ,  however ,  ho w ar e 
thes e scientifi c  processe s embedde d i n cognitive/neura l 
processes ? Churchlan d (1995 )  o r  Gier e (1994 )  giv e som e 
hints ,  ho w thi s interactio n betwee n thes e tw o domain s 
coul d b e realized .  Thi s pape r  wil l  illustrat e tw o link s 
whic h connec t  th e scientifi c  real m wit h th e cognitiv e 
realm :  (i )  episiemologica l  link :  th e concep t  o f  repre -
sentatio n seem s t o b e th e focu s o f  bot h domains ;  bot h 
ar e intereste d i n a n adequat e representation ,  description , 
prediction ,  manipulation ,  explanation ,  etc .  o f  th e envi -
ronment ,  (ii )  Methodologica l  link :  a s neura l  processe s ar e 
th e foundatio n o f  an y representationa l  process ,  th e ap -
proac h suggeste d b y computationa l  neuroscienc e o r  con -
nectionis m seem s t o offe r  a  metho d an d a  conceptua l 
leve l  (o f  explanation )  whic h i s o f  interes t  fo r  bot h th e 
cognitiv e an d th e scientifi c  domain . 

Structura l  similaritie s ca n b e foun d betwee n cognitiv e 
and scientifi c  processe s -  bot h ar e adaptationa l  an d con -
structiv e feedbac k processe s .  Thes e similaritie s canno t 
onl y b e foun d o n a  structura l  level ,  bu t  als o o n a n epis -
iemologica l  level :  bot h ai m a t  developin g a n adequat e 
representatio n o f  th e environment ;  th e representationa l 
relationshi p betwee n th e environmen t  an d it s  (cogni -
tive/neura l  o r  theoretical )  representatio n i s no t  a  rela -
tionshi p o f  mapping ,  bu t  o f  functiona l  fitness  (Glasers -
fel d 1995) .  Processe s o f  construction ,  trial-&-error ,  an d 
adaptatio n ar e responsibl e fo r  acquirin g ne w knowledg e 
and changin g existin g representations .  T h e clai m o f  thi s 
pape r  i s tha t  cognitiv e scienc e an d computationa l  neu -
roscienc e ca n provid e interestin g insight s i n thes e pro -
cesses . 

As i s show n i n Pesch l  (1994) ,  th e environmen t  i s no t 
mapped iso-/homomorphicall y t o th e neura l  substratum . 
Th e goa l  i s n o longe r  t o m a p th e environmen t  a s accu -
ratel y a s possibl e t o th e neura l  substraum ,  bu t  t o incre -
mentall y construc t  an d adap t  suc h a  neura l  transforma -
tio n structur e tha t  i s  capabl e o f  generatin g functionall y 
fitting  behavio r  whic h ensure s th e organism' s survival . 
As scientifi c  theorie s ar e als o develope d an d represente d 
by th e nervou s system ,  a  simila r  representationa l  rela -
tionshi p betwee n a n aspec t  o f  th e environmen t  an d it s 

theoreti c representatio n ca n b e found :  th e latte r  func -
tionall y fits  int o th e structure s o f  th e environment .  Thi s 

implie s tha t  no t  onl y a  singl e theor y ca n accoun t  fo r  a n 
environmenta l  phenomenon ,  bu t  a  numbe r  o f  differen t 
theories ;  i.e. ,  al l  theoretica l  description s whic h fit  int o 
th e environmenta l  constraint s an d whic h ar e successfu l 
wit h respec t  t o predictin g an d manipulatin g th e envi -
ronmenta l  dynamic s ar e adequate . 

I n thi s sense ,  theorie s evolv e i n a  "theor y space "  whic h 
i s directl y embedde d i n th e neura l  representatio n space . 
Developin g a  theor y ca n b e understoo d a s a  searc h pro -
ces s i n whic h a  poin t  move s aroun d i n th e theor y spac e 
unti l  a n equilibriu m (o f  functiona l  fitness)  betwee n th e 
representatio n (i.e. ,  th e theory )  an d th e environmen t  i s 
found .  Thi s euqilibriu m i s characterize d b y stabl e rela -
tionshi p betwee n th e prediction s an d succes s o f  th e the -
or y an d th e environmenta l  dynamics .  I n othe r  words , 
th e theor y functionall y fits  int o th e environmenta l  con -
straint s lik e a  ke y fits  int o a  lock .  T h e resul t  i s  no t 
so muc h a  "positiv e description" ,  bu t  a  strateg y ho w t o 
successfull y cooperat e wit h th e environmenta l  dynamics . 

Concept s fro m computationa l  neuroscienc e (e.g. , 
learnin g i n th e weigh t  space )  ca n b e directl y applie d t o 
thi s proces s o f  developin g theories .  Evolutionar y mech -
anism s pla y a n importan t  rol e fo r  paradigmati c shift s 
(Kuh n 1962 )  i n thi s vie w -  the y ar e responsibl e fo r  de -
terminin g th e dimension s o f  th e representational/theor y 
space .  I.e. ,  th e spac e o f  possibl e theorie s an d possibl e so -
lution s whic h ha s t o b e searche d b y learnin g processes . 
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The Scienc e Theater/Teatr o d e Ciencia s (sTc )  projec t  i s 
explorin g th e us e o f  qualitativ e model s t o hel p youn g 
student s understan d scienc e phenomen a an d gai n a  broade r 
vie w o f  scientifi c  activity .  I n thi s particula r  pilo t  study , 
we'r e usin g model s withi n a  classroo m discussio n o f  ethica l 
issue s surroundin g th e scienc e topi c o f  genetics .  W e woul d 
lik e t o kno w wha t  effec t  th e model s hav e o n students ' 
participation ,  wha t  type s o f  model s ar e mos t  effectiv e i n 
thi s context ,  an d whethe r  thi s us e o f  model s increase s 
students '  understandin g o f  modeling .  Ultimatel y w e woul d 
lik e th e student s t o understan d tha t  th e rol e o f  scienc e i s t o 
infor m bu t  no t  necessaril y  mak e decisions ,  particularl y 
wher e valu e judgment s ar e involved . 

The Study 

In this study, we are working with a combined 4th/5th-
grad e clas s usin g a  visua l  simulatio n progra m fro m Appl e 
Compute r  calle d KidSim© .  KidSi m use s a  programming -
by-exampl e approac h t o creatin g graphica l  rules ,  wher e th e 
rule s specif y th e "before "  an d "after "  picture s tha t  driv e th e 
simulation .  Durin g th e fal l  semester ,  student s wen t 
throug h a  familiarizatio n phas e t o lear n th e KidSi m 
environment .  Th e student s the n divide d int o smal l  group s 
t o explor e variou s aspect s o f  genetics ,  thei r  clas s scienc e 
topic .  Eac h grou p selecte d on e questio n an d buil t  a  mode l 
tha t  woul d "answer "  tha t  question ,  ofte n b y showin g a n 
explanatio n o f  th e underlyin g mechanism . 

Althoug h th e student s generall y enjoye d creatin g thei r 
own models ,  w e di d no t  thin k tha t  the y ha d adequat e tim e 
t o reflec t  o n an d us e thei r  model s withi n th e large r 
framework  o f  scientifi c  inquiry .  T o provid e th e opportunit y 
fo r  student s t o se e othe r  way s t o utiliz e models ,  w e create d 
a serie s o f  model s t o us e a s th e focu s o f  a  classroo m 
discussion .  W e chos e t o discus s ethica l  issue s withi n 
genetic s becaus e th e student s ca n se e ho w thes e dilemma s 
ar e pertinen t  t o thei r  o w n futures .  Problem s withou t  simpl e 
solution s als o encourag e a  diversit y o f  viewpoints . 
Drawin g o n th e knowledg e acquire d durin g th e fall ,  th e 
student s coul d us e th e focu s model s t o comprehen d an d t o 
propos e solution s t o genuin e societa l  problems . 

I n ou r  firs t  discussio n w e use d si x  models ,  fou r  t o 
provid e backgroun d informatio n (i.e. ,  ho w protei n i s 
synthesize d an d causes/effect s o f  mutation )  an d tw o tha t 
illustrate d situation s wit h ethica l  ramification s (us e o f  D D T 
and a  nuclea r  powe r  plant) .  Th e genera l  forma t  wa s t o 
presen t  a  model ,  as k fo r  hypothese s abou t  ho w th e mode l 
migh t  function ,  ru n it ,  the n discus s i t  an d as k fo r  feedback . 
For  th e secon d discussio n w e adde d tw o situatio n model s ( a 

revise d D D T mode l  an d a  D D T i n th e foo d chai n model ) 
but  n o ne w backgroun d models .  I n thi s discussio n w e 
aske d mor e question s t o elici t  comment s o n specifi c  issues . 

Preliminary Results 

Our analysis is based on teacher comments and student 
response s t o a  surve y complete d afte r  th e secon d discussion . 

The teache r  note d tha t  discussion s focuse d o n dynami c 
model s differe d substantiall y  from  othe r  clas s activities . 
The model s wer e presente d a s tool s fo r  examinin g ideas . 
Student s coul d as k question s mor e easil y becaus e the y 
coul d referenc e explici t  object s withi n th e models . 
Runnin g model s i n single-ste p mod e allowe d student s t o 
examin e th e processe s i n close r  detai l  an d t o mak e 
prediction s abou t  progra m operation . 

The surve y response s indicat e tha t  student s als o though t 
th e model s mad e th e discussio n clearer .  Man y o f  thei r 
comment s indicate d tha t  th e visua l  aspec t  wa s ver y 
importan t  (i.e. ,  "I t  helpe d m e becaus e instea d o f  jus t 
hearin g it ,  I  coul d se e it.") .  Student s als o rate d ho w muc h 
eac h mode l  helpe d the m understand ,  wit h 1  =  Didn' t  Hel p 
t o 4  =  R E A L L Y helpful .  Th e weighte d averag e scor e fo r 
al l  model s wa s 2.83 .  Th e averag e ran k fo r  th e mor e 
abstrac t  backgroun d model s wa s 2.62 ,  whil e th e rankin g fo r 
th e mor e concret e situationa l  model s wa s 3.16 .  Th e teache r 
als o indicate d tha t  th e concret e model s wer e mor e 
accessibl e t o th e students . 

We hav e n o wa y t o separat e th e effect s o f  th e variou s 
activitie s o n students '  understandin g o f  ho w scientist s us e 
models .  Mos t  p f  thei r  answer s t o th e questio n "Wha t  d o 
scientist s d o wit h models? "  displaye d a n understandin g tha t 
model s hav e a  purpos e (i.e. ,  t o sho w idea s o r  hel p peopl e 
understand )  an d som e student s eve n realize d tha t  model s 
can b e use d fo r  experiment s o r  t o tes t  ideas .  I n th e 
discussion ,  th e student s understoo d an d too k advantag e o f 
th e dynamic ,  flexibl e representation s provide d b y th e 
model s an d use d the m a s vehicle s fo r  reasoning . 

Summary 

The result s o f  th e pilo t  stud y ar e encouraging .  Ou r  nex t 
ste p wil l  b e t o devis e a  mor e systemati c metho d fo r 
evaluatin g thi s activit y i n ligh t  o f  ou r  goals . 
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I n t r o d u c t i o n 
To wha t  exten t  ca n th e behavio r  o f  a  neura l  networ k perfor -
min g a  classificatio n task ,  fo r  exampl e th e balanc e scale ,  b e 
calle d rul e based ? O n th e on e hand ,  obviously ,  explici t  rule s 
ar e no t  available ,  althoug h th e response s o f  a  networ k migh t 
be consisten t  wit h rules .  O n th e othe r  hand ,  network s ar e 
not  though t  t o lear n full y i n accordanc e wit h behavioris t 
theorie s an d ar e believe d t o hav e particula r  cognitiv e proces -
sin g propertie s suc h a s selectiv e encodin g o f  inpu t  patterns . 
The hidde n unit s shoul d functio n a s mediatin g concepts . 
However ,  i t  i s  impossibl e t o stud y th e interna l  stat e o f  th e 
human brai n i n th e sam e detai l  a s th e interna l  structur e o f  a 
neura l  network .  W e propos e a  simpl e empirica l  tes t  fo r 
neura l  network s tha t  discriminate s betwee n th e formatio n o f 
stimulus-drive n association s an d th e formatio n o f  cognitiv e 
concepts :  th e discrimination-shif t  tas k (Kendler ,  1995) . 

Discrimination-Shift Task 
I n th e discrimination-shif t  tas k subject s lear n t o discriminat e 
on th e basi s o f  reinforcemen t  contingencie s betwee n fou r 
stimul i  whic h ar e presente d i n tw o distinc t  pairs .  Th e stimu -
l i  ar e distinguishabl e o n tw o dimensions :  fo r  example ,  shap e 
(round/triangle )  an d colo r  (white/black) .  Eac h stimulu s pai r 
appear s i n tw o configuration s o f  whic h onl y th e position s o f 
th e stimul i  differ .  Th e experiment s star t  wit h a  pre-shif t 
phas e durin g whic h a n initia l  discriminatio n o f  th e stimul i 
i s learned .  Th e pre-shif t  phas e continue s unti l  th e numbe r  o f 
correc t  response s i n a  sequenc e o f  adjacen t  trial s meet s a 
give n criterion .  Th e pre-shif t  i s followe d b y eithe r  a  reversa l 
shif t  (RS )  o r  a n extradimensiona l  shif t  (EDS) .  I n bot h cases , 
th e reinforcemen t  i s change d withou t  informin g th e subject . 
A R S implie s tha t  al l  stimul i  tha t  receive d positiv e 
reinforcemen t  ge t  negativ e reinforcement ,  an d vic e versa .  A n 
E DS mean s tha t  th e dimensio n upo n whic h th e reinforce -
ment  i s based ,  shap e o r  color ,  i s  shifted .  Accordin g to ,  fo r 
example ,  Kendle r  (1995 )  animal s lear n a  simpl e discrimina -
tio n tas k b y formin g simpl e stimulus-drive n associations , 
sinc e the y lear n a n E D S faste r  tha n a  R S ,  an d human s (olde r 
tha n 6  years )  lear n th e sam e tas k b y formin g mediate d con -
cepts ,  sinc e the y lear n a  R S faste r  tha n a n E D S . 

We applie d th e tes t  an d relate d task s t o a  PDP-mode l  tha t 
i s previousl y use d t o simulat e th e acquisitio n o f  increasingl y 
comple x rule s o n th e balanc e scal e tas k (McClellan d & 
Jenkins ,  1991) .  W e varie d th e numbe r  o f  hidde n unit s an d 
th e connectio n structur e betwee n inpu t  an d hidde n units , 
bein g constraint ,  C ,  o r  unconstrained ,  U C .  Mos t  teste d net -
wor k architecture s lear n a n E D S faste r  tha n a  R S .  Thi s ac -
cord s wit h behavioris t  models .  Th e 8-2- 2 C  network s sho w 
no differenc e betwee n th e numbe r  o f  learnin g cycle s i n th e 
RS phas e an d th e E D S phase .  Thi s give s n o clea r  indicatio n 
fo r  th e learnin g m o d e o f  thi s network .  Therefore ,  th e 8-2- 2 
C network s ar e examine d b y mean s o f  a  trial-by-tria l  analy -

sis .  Th e resul t  o f  thi s analysi s agree s full y wit h prediction s 
fro m behavioris t  theorie s an d result s o f  4-year-ol d children . 

Optional-Shift Task 
A secon d experimental  desig n i s th e optional-shif t  tas k 
(Kendler ,  1995) .  Th e optiona l  shif t  tas k start s wit h th e sam e 
pre-shif t  phas e a s th e firs t  describe d task .  Durin g th e phas e 
tha t  follows ,  th e shift-discriminatio n phase ,  onl y on e o f  th e 
tw o stimulu s pair s i s learne d wit h reverse d reinforcement , 
suc h tha t  th e reinforcemen t  o f  thi s stimulu s pai r  agree s wit h 
bot h shifts :  a  R S an d a n E D S .  Durin g th e tes t  series ,  tha t 
is ,  afte r  th e attainmen t  o f  criterio n i n th e shift-discrimina -
tio n phase ,  al l  stimulu s pair s ar e presente d again ,  bu t  wit -
hou t  reinforcement .  Th e response s o n thes e tes t  trial s indi -
cat e a  R S ,  a n E D S ,  ar e bot h right,  o r  ar e bot h left .  Als o i n 
thi s task ,  th e behavio r  o f  network s o f  al l  teste d configura -
tion s respon d mos t  o f  th e tim e wit h a n E D S .  Onl y i n a  fe w 
cases ,  a  R S i s performed .  I f  th e numbe r  o f  learnin g trial s o f 
th e network s i s increased ,  tha t  is ,  th e criterio n fo r  a n outpu t 
nod e bein g activ e o r  inactiv e i s mor e severe ,  th e response s 
agre e mor e ofte n wit h a n E D S .  Thes e result s agre e wit h 
behavio r  foun d i n rat s bu t  no t  wit h children . 

Conclusion and Discussion 
Simulation s sho w tha t  th e learnin g behavio r  o f  al l  teste d 
networ k configuration s i s equivalen t  t o formin g stimulus -
drive n associations ,  whic h agree s wit h behavioris t  model s 
and th e discrimination-shif t  behavio r  o f  rats .  Th e questio n 
n o w i s whic h alternativ e architecture s wil l  lea d t o discrimi -
nation-shif t  behavio r  tha t  coincide s wit h h u m a n subjects : 
childre n o r  adults .  O n e aspec t  o f  th e simulatio n tha t  coul d b e 
change d i s th e representatio n o f  th e stimuli .  Almos t  n o fea -
tur e extractio n take s place ,  a s i n th e balanc e scal e simulatio n 
study .  Furthermore ,  stimul i  characteristic s o f  completel y dif -
feren t  nature ,  suc h a s colo r  an d form ,  ar e processe d b y on e 
modul e (i n th e unconstraine d networks )  o r  equivalen t  m o -
dule s (i n th e constrain t  network) .  A  thir d possibl e chang e i s 
addin g a  sor t  o f  attentio n an d bia s t o a  networ k (se e als o 
Kruschke .  1992) . 
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I n t r o d u c t i o n 

This  pape r  examine s huma n plannin g abilities ,  usin g a s 
it s inspiratio n plannin g technique s develope d i n artificia l 
intelligence .  A I  researc h ha s show n tha t  i n certai n problems , 
whic h w e cal l  'partial-order/total-orde r  discriminator s (o r 
P O T O D s ),  partial-orde r  planners ,  whic h manipulat e partia l 
plan s whil e no t  committin g t o a  particula r  orderin g o f 
subplans ,  ar e mor e efficien t  tha n total-orde r  planners ,  whic h 
represent  al l  partia l  plan s a s totall y ordered .  Thi s researc h 
ask s whethe r  total-orde r  plannin g and/o r  partial-orde r 
plannin g ar e accurat e description s o f  huma n planning ,  an d i f 
differen t  population s us e differen t  plannin g techniques . 

We examine d partial-orde r  an d total-orde r  plannin g i n 
thre e differen t  populations :  children ,  adults ,  an d adult s wit h 
damage t o th e prefronta l  cortex .  Previou s wor k suggest s tha t 
youn g childre n hav e difficult y formin g flexible  plan s (Pe a & 
Hawkins ,  1987 )  an d wil l  us e linear ,  total-orde r  plans ,  whil e 
adults ,  capabl e o f  usin g opportunisti c plannin g (Hayes -
Rot h an d Hayes-Roth ,  1979 )  wil l  us e flexible  partial-orde r 
plans .  Researc h showin g tha t  adult s wit h damag e t o th e 
prefronta l  corte x hav e plannin g deficit s (Grafman ,  1989 ) 
suggest s tha t  the y wil l  exhibi t  total-orde r  planning . 

The Chores Experiments 

We presente d 1 7 norma l  adults ,  eigh t  7 -  t o 9-year-ol d 
children ,  eigh t  10 -  t o 12-year-ol d children ,  an d five  adult s 
wit h damag e t o th e prefronta l  corte x wit h task s tha t  coul d b e 
complete d usin g eithe r  total-orde r  o r  partial-orde r  plannin g 
and note d th e overal l  tim e neede d t o complet e th e task .  A s i n 
AI  plannin g systems ,  linea r  growt h rate s i n huma n 
performanc e time s i n P O T O DS ar e suggestiv e o f  partial -
orde r  planning ,  whil e exponentia l  growt h rate s ar e 
suggestiv e o f  total-orde r  planning .  Usin g th e Chore s 
softwar e (Specto r  an d Grafman ,  1994 )  a  Macintos h compute r 
displaye d a  m a p o f  a  cit y wit h icon s representin g item s t o 
acquir e an d item s alread y possessed .  Th e tas k wa s t o perfor m 
a serie s o f  chore s i n thi s city .  Th e relationshi p betwee n eac h 
chor e an d th e item s t o b e acquire d wa s liste d o n a n "Ite m 
Info "  screen .  Becaus e th e completio n o f  on e chor e delete d th e 
ite m require d b y th e previou s chor e ther e wa s onl y on e 
correc t  orderin g possible .  I n th e presen t  experimen t  w e 
varie d th e numbe r  o f  chore s fro m tw o t o five. 

Linea r  tren d analysi s reveale d tha t  th e adult s an d olde r 
childre n exhibite d linea r  increase s i n tota l  tim e a s th e 
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number of chores increased, while the young children and the 
adult s wit h damag e t o th e prefronta l  corte x exhibite d 
exponentia l  increases .  Th e subject s wer e als o categorize d 
base d o n thei r  respons e t o orderin g violations ,  wit h total -
orde r  planner s completel y backtrackin g an d reorderin g thei r 
plan ,  an d partial-orde r  planner s backtrackin g onl y t o th e 
violation ,  revisin g an d the n continuing .  No t  al l  o f  ou r 
subjec u backtracked ,  bu t  o f  thos e wh o di d al l  o f  th e younge r 
childre n (6 )  an d th e majorit y o f  th e adult s wit h damag e t o 
th e prefronta l  corte x ( 2 ou t  o f  3 )  completel y backtracked , 
whil e al l  o f  th e adult s (3 )  an d th e majorit y o f  th e olde r 
childre n ( 4 ou t  o f  6 )  revise d an d continue d thei r  plans . 

Conclusions 

We hav e foun d tha t  th e result s o f  analytica l  wor k i n A I 
plannin g ca n b e use d t o investigat e huma n planning . 
Specifically ,  w e hav e evidenc e tha t  norma l  huma n planner s 
use partial-orde r  representation s fo r  partia l  plans ,  a s d o mos t 
m o d em A I  plannin g systems .  Furthe r  evidenc e suggest s tha t 
damaged huma n plannin g system s us e method s aki n t o thos e 
use d i n les s efficien t  A I  systems ;  specifically ,  tha t  childre n 
wit h developin g fronta l  lobe s an d adult s wit h fronta l  lob e 
lesion s us e plannin g method s simila r  t o thos e o f  total-orde r 
planners .  W e believ e tha t  th e parallel s betwee n th e huma n 
and machin e case s ar e instructive ,  an d tha t  the y ma y lea d t o 
furthe r  development s i n bot h huma n an d machin e studies . 
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I n th e artificia l  gramma r  learnin g (AGL )  transfe r  paradig m 
Ss ar e instructe d t o memoriz e a  se t  o f  strings ,  whic h (unbe -
knowns t  t o them )  wer e genwate d b y a  finite  stat e grammar . 
TTie y ar e the n informe d tha t  th e string s followe d b y a  se t  o f 
rules ,  an d aske d t o categoris e nove l  string s a s followin g o r 

violatin g thos e rules .  Unlik e th e standar d paradig m (Rebo- , 
1967) ,  th e nove l  string s ar e compose d fro m a  difPaen t  "alpha -
bet "  fro m th e trainin g strings ,  althoug h th e undCTlyin g rule s 
ar e unchanged .  S s ar e nevertheles s abl e t o m a k e th e require d 
distinctio n a t  abov e chanc e (an d control )  levels . 

The transfe r  phenomeno n i s th e primar y evidenc e fo r  Re -
ba-' s clai m tha t  i n a g l  S s acquir e rqpresentation s whic h ar e 
abstract ,  bot h wit h respec t  t o individua l  trainin g items ,  an d 
als o t o th e surfac e feature s {.e.g .  particula r  lettCTs )  o f  thos e 
items . 

Whittlese a an d Dorke n (1993 )  provid e apparentl y stronge r 
evidenc e fo r  abstrac t  representations .  The y change d th e tes t 
alphabe t  randoml y fo r  ever y singl e tes t  item .  However ,  th e 
near-chanc e performanc e o f  thei r  S s (.53 )  i s no t  conclusiv e 
withou t  compariso n agains t  a  prope r  control ,  suc h a s a  grou p 
of  untraine d Ss . 

We traine d S s a s standard ,  an d teste d thei r  performanc e i n 
a randoml y changin g transfe r  tes t  (conditio n RandTransfer) . 
An untraine d grou p (RandControl )  wa s teste d i n thi s condi-
tion ,  t o provid e a n appropriat e baseline .  W e als o ra n 3  oth« -
conditions :  Standar d (n o lette r  se t  change) .  Transfe r  ( a sin -
gl e chang e o f  lette r  se t  betwee n trainin g an d test) ,  an d Contro l 
(n o training ,  wit h th e sam e lette r  se t  throughou t  testing) . 

An additiona l  facto r  wa s tha t  th e tes t  string s wer e eithe r 
compose d o f  th e 2 0 trainin g strings ,  plu s 5  nove l  string s (th e 
Same condition) ,  o r  o f  2 0 nove l  strings ,  an d 5  o f  th e train -
in g string s (Different) .  Thi s teste d th e effec t  o f  similarit y t o 
memorise d whol e exemplars ;  identica l  item s mus t  b e highl y 
similar ,  an d th e S a m e S s shoul d perfor m better .  Stimu U wCTe 
take n fro m th e "standard "  gramma r  (se e Redingto n &  Chater , 
1994) . 

Prio r  t o makin g eac h grammaticalit y judgement ,  S s als o 
performe d a  guessin g game ,  reconstructin g th e tes t  ite m b y 
guessin g eac h lettC T i n turn .  Th e procedur e closel y followe d 
tha t  use d i n Redingto n &  ChatCT ,  1994) . 

Granunaticalit y judgmen t  result s (se e Tabl e 1 )  indicate d re -
liabl e transfer ,  i n bot h Transfe r  an d RandTransfe r  condi-
tions .  Sam e S s di d no t  perfor m reliabl y bette r  tha n DiffCT -

Conditioi i 
Contro l 
Standar d 
Transfe r 
RandContro l 
RandTransfe r 

r» 
10 
20 
20 
10 
20 

Scor e 
.5 6 (.06 ) 
.6 8 (.08 ) 
.6 0 (.06 ) 
.5 3 (.06 ) 
.5 9 (.09 ) 

Compariso n 
.5 

Contro l 
Contro l 

.5 
RandContro l 

P 
>.0 1 
.000 2 
.000 5 
.0 7 

> .0 5 

Tabl e 1 :  M e a n grammaficalit y judgmen t  score s (standar d de -
viation s i n parentheses) ,  an d comparison s (1-taile d <-tests ) 
agains t  th e appropriat e control s 

ent (largely novel test strings) Ss, in eitha the Standard or 
transfe r  conditions .  Guessin g gam e (prediction )  paformanc e 
generall y mirrore d th e abov e patter n o f  results ,  althoug h ther e 
was a  marginall y reUabl e ovCTal l  effec t  fo r  th e Same/Differen t 
manipulation ,  probabl y du e t o th e similarit y betwee n trainin g 
and tes t  string s a t  th e fragmen t  level . 

Abov e contro l  RandTransfe r  performanc e migh t  b e take n 
as stron g suppor t  fo r  abstrac t  rq)resentations .  W e sugges t  tha t 
transfe r  genaall y  i s equall y wel l  explaine d b y th e acquisitio n 
of  surface-base d knowledge ,  an d processe s o f  abstractio n be -
twee n ol d an d ne w surfac e form s a t  test .  Simpl e model s work -
in g o n thi s basi s ca n captur e th e transfe r  phenomen a demon -
strate d her e (Redingto n &  Chater ,  i n press) . 

Reber  (1969 )  present s th e onl y evidenc e whic h unequivo -
call y support s a n abstrac t  knowledg e account .  S s memoris -
in g rule-governe d string s maintaine d a  memorisatio n advan -
tag e acros s letta -  sets ,  suggestin g tha t  the y wer e encodin g th e 
strings '  structur e indq)endentl y o f  surfac e form .  Redingto n 
and ChatCT' s simpl e model s canno t  captur e thi s effect .  Ou r 
curren t  researc h i s therefor e concerne d wit h repUcating ,  o r 
falsifying ,  thi s theoreticall y crucia l  phenomenon . 
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"Managin g cognitiv e complexity "  ca n pla y th e rol e o f  a n 
organizin g framewor k fo r  a  hos t  o f  21s t  centur y librar y an d 
learnin g agendas .  Thes e agenda s spa n th e desig n o f  dig -
ita l  librarie s (Marchionini ,  1995) ,  resource-base d learning , 
thinking-skil l  developmen t  (Collin s &  Mangieri ,  1992) ,  an d 
informatio n literac y (McClure ,  1994) .  Th e differenc e be -
twee n no w an d a  hundre d year s ago ,  o r  eve n fifty  year s ago ,  i s 
th e ris e i n complexity ,  i n th e cognitiv e loa d o n thos e attempt -
in g t o solv e problem s an d makejudgment s o r  decisions .  Thus , 
th e concep t  o f  cognitiv e complexity ,  understandin g it s nature , 
origins ,  an d developin g scheme s fo r  addressin g it ,  migh t  ver y 
wel l  for m th e c o m m o n element ,  th e organizin g principle ,  be -
hin d ne w theor y an d instructiona l  program s i n developin g 
life-lon g thinkin g skills .  I n thi s centur y w e hav e ha d a n as -
saul t  o n ou r  vie w o f  th e worl d a s a  simpl e place ,  bu t  hav e 
been give n fe w mean s o f  thinkin g abou t  it ;  le t  alon e thrivin g 
on it .  Fro m th e las t  structure d worl d o f  Newto n w e hav e 
give n wa y t o relativity ,  quantu m probabilities ,  Heisenberg' s 
uncertainty ,  Goedel' s incompletenes s proof ,  fuzz y logic ,  ana -
lo g computing ,  an d chao s theory .  Withi n thi s Zeitgeis t  th e 
autho r  propose s a n operationalize d descriptio n o f  cognitiv e 
complexity ,  it s five  sources ,  an d th e necessar y capacitie s an d 
stage s o f  a n heuristic ,  synthesize d fro m a  serie s o f  advance d 
proble m solvin g skills ,  tha t  coul d b e use d t o manag e thi s 
complexit y unde r  a  variet y o f  learnin g an d proble m solvin g 
modes.  Thi s i s preliminar y researc h o n a n heuristi c guid e 
fo r  buildin g intelligen t  system s tha t  ar e capabl e o f  handlin g 
real-worl d complexity . 
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Thi s stud y employ s reading  tim e an d eye-movemen t 
paradigm s t o tes t  a  mode l  o f  h o w reader s understan d 
connecte d discours e b y usin g signal s t o textua l 
cohesion .  Th e mode l  (Singer ,  Revl m &  Halldorson , 
1990 )  view s th e computatio n o f  cohesio n a s a  for m o f 
enthymemi c reasonin g i n whic h th e reader  establishe s 
Goal s an d Subgoal s consisten t  wit h a  syllogisti c 
structure .  I n th e presen t  study ,  universit y student s 
wer e time d a s the y rea d a  pai r  o f  sentences ,  hal f  o f 
whic h wer e relate d b y a  sî ia l  t o cohesio n (e.g. .  too , 
as i n Jua n i s a  shortstop .  Mari a i s athleti c  too) .  Th e 
model  claim s tha t  i n comprehendin g suc h sentenc e 
pairs ,  i t  i s  necessar y fo r  reader s t o comput e bridgin g 
inference s (e.g. .  Singer ,  Halldorson ,  Lear ,  & 
Andnjsiak ,  1992 )  t o provid e missin g informatio n (e.g. , 
"shortstop s ar e athletic "  an d "Jua n i s  athletic") .  T o 
generat e suc h inferences ,  th e sentenc e relation s ar e 
represente d i n a n enthymemi c forma t  as : 

Juan is a shortstop 

[missin g premise ] 

therefore :  Jua n i s athleti c 

In contrast, such inferences are not necessary for 
comprehendin g non-anajAori c sentence-pairs .  Bridgin g 
inference s shoul d therefor e contribut e t o reading  tin w 
onl y i n anaphori c pairs .  Consisten t  wit h thi s model , 
we foun d tha t  readers  requir e a n additiona l  84 6 mse c 
t o understan d anaphori c pair s tha n non-anaphori c 
pairs-substantiall y  mor e tim e tha n woul d b e require d 
t o rea d th e adde d adverbial ,  too . 

The ey e movement s o f  student s wer e tracke d a s 
the y rea d th e pair s o f  sentences .  Student s mad e 
significantl y mor e backwar d gaze s whil e reading 
anaphori c sentence s tha n w h e n reading  unsignale d 
sentences .  Thes e increase d gaze s wer e directe d 
primaril y a t  th e predicat e o f  th e firs t  sentenc e (e.g. , 
shortstop )  reflectin g a  subgoa l  o f  drawin g a n inferenc e 
linkin g di e contextua l  informatio n i n th e firs t  sentenc e 
(i.e. ,  shortstop )  wit h th e n e w informatio n (e.g. , 
athletic )  i n th e secon d sentence~th e hallmar k o f  a 
bridgin g inferenc e (Havilan d &  Qark ,  1974) . 

Followin g eac h sentenc e pair ,  student s answere d 
a questio n tha t  probe d verbati m recal l  o r  inference s 
fro m th e readings .  Althoug h thes e latte r  sentence s ar e 
hypothesize d t o participat e i n th e comprehensio n o f 

onl y anaphori c pair s the y ar e availabl e fro m th e 
reader' s lon g ter m knowledg e independen t  o f  th e 
sentence-pai r  (e.g. ,  shortstop s ar e athletic) . 
Verificatio n accurac y wa s greate r  an d verificatio n 
latencie s shorte r  whe n th e prob e sentence s wer e 
consisten t  wit h propose d bridgin g inferences . 

Thi s patter n o f  dat a i s consisten t  wit h a  mode l  o f 
readin g whic h propose s tha t  reader s generat e bridgin g 
inference s t o resolv e an^hori c reference  an d tha t  the y 
do s o i n a  manne r  consisten t  wit h solvin g a  logica l 
enthymeme . 
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The scienc e theater/tcatr o d e ciencia s (sTc )  projec t  i s 
investigatin g th e us e o f  model s t o creat e dynanti c 
representation s o f  scientifi c  concept s wit h elementar y schoo l 
students .  Ou r  researc h use s th e Apple ® KidSi m applicatio n 
as a  too l  fo r  student s t o creat e thei r  ow n models .  KidSi m 
enable s student s t o represen t  scientifi c  phenomen a throug h 
th e us e o f  pictorial-base d models ,  b y allowin g the m t o appl y 
•rules '  t o th e 'pieces '  o f  thei r  model .  Th e dynami c 
interactio n tha t  occur s betwee n th e student ,  computer ,  an d 
resultin g mode l  challenge s students '  existin g representation s 
of  th e phenomen a bein g modele d (Hutchins ,  1995 )  ~  a s on e 
fifth  grade r  said ,  th e challeng e "i s  gettin g th e mode l  t o 
work. "  Thi s dynami c distinguishe s ou r  approac h fro m othe r 
model s create d throug h differen t  medium s ~  stor y boards , 
clay ,  manipulatives ,  etc. . 

Scientifi c  knowledg e ha s bee n classifie d int o tw o 
categories :  experimenta l  fact s an d curren t  conceptua l  model s 
(Walker ,  1%3 ;  vo n Glasersfeld ,  1995) .  Traditiona l  scienc e 
instructio n emphasize s experimenta l  facts ,  wit h th e resultin g 
vie w o f  scienc e a s a  discrete ,  arbitrar y bod y o f  fact s an d 
assertions .  W e ,  however ,  thin k tha t  manipulatio n o f 
conceptua l  model s i n concret e for m yield s a n experienc e tha t 
embodie s science :  learnin g throug h a  proces s o f  inquiry . 
Thus ,  throug h th e us e o f  KidSim ,  student s engag e i n 
practicin g scienc e instea d o f  jus t  readin g abou t  science .  Th e 
goal  i s t o presen t  scienc e a s a n evolvin g process ,  rathe r  tha n 
a rigi d disciplin e tha t  decontextualize s learnin g wit h n o 
though t  give n t o ho w i t  i s use d i n th e scientifi c  conununity . 

Goals 

Our curriculum is aimed at developing the following 
cognitiv e skills :  meaningfu l  questio n generation , 
explanation ,  planning ,  an d problem-solving .  Th e generatio n 
of  meaningfu l  question s i s inheren t  i n successfu l  models ; 
addressin g bot h explanator y an d descriptiv e questions .  Th e 
tas k als o demand s conceptua l  plannin g o f  th e model ,  i.e. , 
what  pieces ,  relationships ,  appearances ,  sequencing ,  an d 
rule s wil l  b e include d i n th e model .  Problem-solvin g occur s 
as th e student s ar e challenge d t o accommodat e thei r 
conceptua l  understandin g t o th e compute r  applicatio n 
(Winogra d &  Flores ,  1986) . 

Results 
Our  initia l  wor k durin g th e pas t  seve n month s indicate s 
positiv e studen t  affec t  an d a n increase d understandin g o f  th e 
utilit y o f  model s wit h regard s t o scientifi c  phenomena . 

Example s o f  studen t  project s includ e model s o f  genetics , 
ecosystems ,  evolution ,  an d etiolog y o f  ski n cancer .  O n a n 
open-ende d surve y complete d b y 2 5 fourt h an d fifth  grad e 
students ,  2 4 responde d favorabl y whe n aske d i f  the y like d 
usin g compute r  models .  Som e o f  th e students *  rational e fo r 
thei r  response s ar e a s follows :  th e graphica l  capabilitie s o f 
th e program ,  bein g abl e t o mak e piece s move ,  an d comin g 
up wit h a  working ,  polishe d product .  I n a n intervie w 
probin g whethe r  student s preferre d thes e compute r  model s 
ove r  traditiona l  school-projec t  model s (i.e. ,  poster s an d 
clay) ,  a  studen t  wh o di d no t  produc e a  workin g mode l 
responded ,  " I  woul d stil l  us e th e computer ,  becaus e I  ca n 
explai n thing s better. " 

Thus far ,  th e projec t  ha s bee n a n observationa l  stud y o f 
individua l  student s creatin g models .  Futur e instructiona l 
approache s wil l  incorporat e th e scaffoldin g o f  th e followin g 
strategie s involve d i n th e proces s o f  modeling :  socia l 
generatio n o f  questions ,  discussio n an d selectio n o f  viabl e 
question s fo r  modeling ,  grou p plannin g sessions , 
observatio n an d manipulatio n o f  models ,  smal l  grou p mode l 
creation ,  an d pee r  critique . 

We believe ,  whe n combine d wit h th e appropriat e 
curriculum ,  thi s technolog y wil l  ai d i n th e developmen t  o f 
cognitiv e skill s  requisit e fo r  scientifi c  reasoning . 
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Application s an d Technolog y progra m o f  th e Nationa l 
Scienc e Foundation . 
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Int roduct io n 

We starte d a  serie s o f  cognitiv e studie s o f  G o players , 
mainl y usin g traditiona l  protoco l  analyse s an d ey e camer a 
(Yoshikawa ,  1 9 % ) .  G o player' s protocol s i n rea l  matc h situa -
tion s ar e gathere d an d analyzed .  Ou r  mai n purpos e i s t o buil d 
a mode l  o f  G o player' s proble m solvin g behaviour . 

Followin g characteristic s o f  G o mak e i t  on e o f  th e bes t 
domai n t o investigat e huma n comple x proble m solving .  (1 ) 
Bot h patter n knowledg e an d languag e leve l  knowledg e pla y a n 
importan t  rol e i n Go .  (2 )  Amoun t  an d dept h o f  verbalizatio n 
seems t o increas e wit h expertis e i n Go .  Thu s w e m a y b e 
abl e t o unrave l  th e secre t  o f  hig h leve l  expertise .  (3 )  G o i s 
becomin g a  ne w challeng e t o AI ,  an d ou r  effor t  wil l  benefi t 
AI  activit y t o buil d a  stron g G o playin g programs . 

Go Player's Protocols 

We connec t  tw o player s i n separat e room s throug h a  progra m 
whic h enable s bot h player s t o pla y G o ove r  th e compute r  net -
work .  Eac h playe r  ca n tal k freel y withou t  bein g hear d b y 
th e othe r  player .  W e hav e don e twelv e matche s i n tota l  an d 
obtaine d 2.8Mbyte s o f  protoco l  dat a i n total .  Mos t  significan t 
par t  o f  protocols ,  namel y 'naming' ,  'candidat e mov e genera -
tion' ,  an d iookahead '  ar e gathere d an d analyze d i n depth . 

Results 

We starte d ou r  stud y usin g simpl e tw o bo x mode l  a s ou r  work -
in g hypothesis .  Thi s mode l  consist s o f  severa l  iteration s o f 
'Candiat e M o v e Generation '  an d 'Candidat e M o v e Evalua -
tion' .  Mai n result s w e obtaine d concernin g thi s mode l  are : 

•  Numbe r  o f  candidat e move s considere d pe r  uni t  i s 1. 5 i n 
average .  Uni t  i s a n interva l  betwee n consecutiv e moves . 

•  Candidat e move s ar e generate d ver y quickly ,  implyin g tha t 
generatio n i s a  patter n base d process . 

•  Evaluatio n ca n b e divide d int o tw o categories :  [Quic k eval -
uation ]  Withou t  Iookahead .  Thi s seem s t o b e patter n based . 
Thi s i s use d i n 8 0 % o f  unit s pe r  game .  [Lon g evaluation ] 
Usin g Iookahead .  Occurrin g 2 0 % o f  unit s pe r  game . 

•  Lookahea d i s  almos t  straight .  Progressiv e deepenin g 
searc h i n ches s (Newel l  &  Simo n 1972 )  als o appear s i n Go . 
But  ver y fe w branchin g occur s i n th e lookahead .  Thu s thi s 
i s quit e differen t  fro m compute r  program' s search .  Looka -
head dept h range s fro m 1  t o 11 ,  an d averag e dept h i s 4  (Se e 
Figur e 1) . 

•  Evaluatio n a t  th e endpoin t  o f  lookahea d ca n als o b e di -
vide d int o tw o cases :  [Patter n base d evaluation ]  Quic k 
evaluatio n base d o n goo d shape ,  moy o (larg e framewor k 

of  potentia l  territory )  etc .  [Languag e base d evaluation ] 
Many word s describin g player' s ow n purpose ,  opponent' s 
purpose ,  interrelatio n betwee n multipl e purpose s al l  cam e 
int o pla y i n inferences . 

(frequency ) 
30 

1 2  3  4  5  6  7  8  9  1 0 H 
(Dept h o f  lookahead ) 

Figure 1: Lookahead depth. 

Discussio n a n d C o n c l u s i o n 

Previou s wor k o n Ches s (Chase ,  1973 )  emphasize d th e us e 
of  patter n knowledg e b y experts .  G o i s als o ful l  o f  patterns , 
but  bot h patter n knowledg e A N D languag e leve l  inference s 
pla y equall y importan t  role s i n Go .  W e foun d mos t  player s 
use languag e extensivel y i n thei r  thinkin g (Saito ,  1995) .  Mos t 
importan t  functio n o f  languag e us e seem s t o b e searc h spac e 
reduction . 

Many finding s paralle l  thos e o f  Chess ,  ye t  ther e ar e signif -
ican t  difference s suc h a s th e us e o f  languag e an d G o specifi c 
term s i n G o player' s proble m solving . 
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Traditiona l  theorie s o f  categorization ,  whic h focu s o n th e 
stabilit y  o f  cognition ,  encourage d developmentalist s t o see k 
th e bes t  tas k fo r  uncoverin g represente d categories .  Howeve r 
th e fac t  tha t  children' s categorization s var y acros s tas k ha s 
cause d dispute s abou t  whethe r  namin g tasks ,  similarit y 
judgment s o r  propert y generalization s ar e th e prope r  tas k fo r 
studyin g categor y representation .  I n contrast ,  theorie s o f 
categorizatio n tha t  recogniz e th e flexibilit y o f  cognitio n 
hav e encourage d th e compariso n o f  children' s categorization s 
acros s task s i n a n effor t  t o understan d th e processe s an d 
informatio n source s tha t  creat e categorie s o n line .  Th e 
presen t  researc h i s motivate d b y thi s secon d framewOTk .  W e 
rqxM t  result s from  thre e studie s o f  h o w 3-year-old' s categor y 
judgment s varie d a s a  functio n o f  stimulu s properties ,  task , 
an d informatio n abou t  stimulu s objects . 

Stimulus Properties. Four sets of novel three-
dimensiona l  object s wer e used .  Eac h se t  consiste d o f  a n 
exempla r  an d si x tes t  objects ,  tw o tha t  wer e th e sam e shap e 
as th e exemplar ,  tw o tha t  wer e th e sam e colo r  a s th e 
exemplar ,  an d tw o tha t  wer e m a d e fro m th e sam e ma t ^a l  a s 
th e exemplar .  Fo r  tw o th e o f  stimulu s set s th e exempla r 
was a  m a d e fro m a  rigid  materia l  (e.g .  w o o d o r  hardene d 
clay) .  Fo r  th e othe r  tw o set s th e exempla r  wa s m a d e from  a 
non-rigi d materia l  (e.g .  spong e o r  plastic) . 

Tasks. Three tasks were used: similarity judgment, 
namin g an d propert y geno^lization .  I n th e similarit y tas k 
subject s wer e s h o w n a n exempla r  an d aske d i f  eac h tes t 
objec t  w a s lik e th e exemplar ,  "se e thi s (exemplar) ,  i s  thi s 
(tes t  object )  lik e thi s (exemplar)? "  I n th e namin g tas k eac h 
exempla r  wa s give n a  nove l  nam e an d th e chil d wa s aske d i f 
tha t  n a m e applie d t o eac h tes t  object ,  "se e thi s (exemplar) , 
thi s i s a  dax ,  i s thi s a  da x (tes t  object)?" .  I n th e propert y 
generalizatio n tas k childre n wer e aske d t o generaliz e a 
propert y o f  th e exonpla r  objec t  t o th e tes t  objects ,  "se e thi s 
(exemplar) ,  i t  rolls ,  ca n thi s (tes t  object )  roll? " 

Information about objects. The properties children 
wer e aske d t o generaliz e wer e o f  tw o kinds ,  related  an d 
control .  I n th e cas e o f  rigid  objects ,  related  propertie s 
highlighte d th e object' s sh^i e (e.g .  rollin g o r  fittin g int o a 
puzzle) .  I n th e cas e o f  non-rigi d object s related  propertie s 
highlighte d th e materia l  o f  th e exempla r  (e.g .  squishin g o r 
folding) .  Contro l  propertie s wer e no t  related  t o th e shape , 
colo r  o r  materia l  o f  th e object s (e.g .  havin g a  sticke r  o n th e 
back) .  Childre n eithe r  sa w a  demonstratio n o f  wha t  object s 
coul d do ,  o r  wer e give n a  verba l  description . 

Participants .  Twenty-fou r  childre n participate d i n 
experimen t  1 ,  twelv e eac h i n a  similarit y an d a  namin g task . 
Thirty-tw o childre n participate d i n experimen t  2 ,  al l  i n a 
propert y generalizatio n task .  Sixtee n childre n participate d i n 
experimen t  3 ,  al l  i n a  namin g tas k wit h demonsuation s o f 
objec t  propertie s (i.e. ,  "thi s i s  a  dax ,  i t  rolls ,  i s  thi s a 
dax?") .  Th e mea n ag e o f  al l  subject s wa s 3 6 months ,  8  days . 

Results. Children's categories were measured by the 
number  o f  time s the y sai d ye s t o eac h kin d o f  tes t  objec t  A s 
ca n b e see n i n figur e 1 ,  variation s i n task ,  i n th e rigidity  o f 
objects ,  an d i n demonstration s o f  objec t  propertie s lea d t o 
difference s i n th e categorie s childre n form .  Specifically , 
childre n categoriz e b y shap e i n namin g tasks ,  bu t  whe n th e 
tas k highlight s othe r  objec t  properties ,  suc h a s th e material s 
object s ar e m a d e of ,  children' s selectiv e attentio n t o shap e i s 
decreased . 

o 

1 - I 

g 0.75 H 
a 
s 
< o.5 ^ 
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i 

Experimen t  1 
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Experimen t  2 
Propert y 

Generalizatio n 

^ 

Experimen t  3 
Namin g 

1 1  1  1  1 
Non-rigi d Rigi d Non-Rigi d RigidNon-Rigi d Rigi d 
- a Similarit y ^  Contro l 

•  Namin g ^  Relate d 

Figure 1. Results of experiments 1-3 

Children' s abilit y t o smartl y m a k e nove l  categorie s i n 
variou s context s m a y reflect  attentiona l  learning .  A s childre n 
lear n th e statistica l  regularities  o f  th e worl d aroun d them , 
thes e regularitie s m a y tel l  th e chil d wha t  aspect s o f  th e 
presen t  contex t  t o atten d to .  I f  i n th e pas t  every  tim e th e 
chil d hear d "thi s  i s a  "  wa s paire d wit h seein g object s tha t 
wer e th e sam e shape ,  ove r  tim e th e linguisti c contex t  o f  a 
namin g tas k coul d c o m e t o direc t  attentio n t o s h ^ e .  I n a 
simila r  manner ,  th e context s o f  rigid  o r  non-rigi d object s an d 
action s o n object s coul d b e directin g children' s attentio n 
toward s o r  awa y fro m th e shap e o f  objects .  Consequently , 
children' s categorization s wil l  b e th e adaptiv e produc t  o f 
thei r  pas t  experience s an d th e presen t  context . 
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I n t r o d u c t i o n 

We define cognitive mentoring as joint problem solving in-
volvin g a  more-knowledgeabl e colleagu e (mentor )  an d less -
knowledgeabl e pee r  (learner )  i n th e contex t  o f  a n authenti c 
task .  Schlager ,  Poirier ,  an d Mean s (1996 )  identif y severa l 
highl y iterativ e mentorin g stage s (proble m deflnition ,  prob -
le m diagnosis ,  execution ,  evaluation ,  reflection )  eac h in -
volvin g a  numbe r  o f  specifi c  processe s (e.g. ,  demonstration , 
scaffolding )  tha t  participant s execute .  Distan t  Mento r  ( D M ; 
Schlager ,  Means ,  O'day ,  &  Poirier ,  1994 )  wa s develope d t o 
facilitat e an d examin e cognitiv e mentorin g a t  a  distanc e i n 
th e fiel d o f  enginemng .  D M allow s peopl e i n differen t  loca -
tion s workin g i n a  networice d U N I X environmen t  t o jointl y 
interac t  wit h a  circui t  boar d manufacnirin g simulatio n whil e 
maintainin g a  conversatio n ove r  th e network-base d audi o 
channel .  D M support s bot h natura l  languag e an d point-and -
clic k gesture s t o query ,  rewind ,  an d ste p throug h th e simula -
tio n fo r  informatio n neede d t o diagnos e th e caus e o f  manu -
facturin g problems ,  an d provide s a  histor y o f  prio r  querie s 
and answer s fo r  eas y review .  Usin g th e system ,  w e examine d 
question s suc h as :  H o w doe s th e ai d o f  a  mento r  improv e th e 
spee d an d qualit y o f  subjects '  solutions ? Doe s D M aiFfw d an y 
advantage s ove r  a  mod e o f  distan t  collaboratio n tha t  i s use d 
commonl y today—th e telephon e an d F A X machine ? 

Method 

Twelv e undergraduate s from  Sa n Jos e Stat e s  Industria l  an d 
System s Engine«in g Departmen t  wct c recruite d a s subjects , 
and tw o departmen t  graduate s (wit h relate d teachin g an d wor k 
experience )  wer e recruite d a s mentors .  Subject s an d mentor s 
receive d trainin g o n D M ,  an d mentor s worke d wit h a t  leas t 
tw o pilo t  subject s prio r  t o th e study . 

Subject s worke d alon e o r  wit h on e o f  th e mentor s Oocate d 
i n a  separat e room )  t o solv e tw o (increasingl y difficult ) 
problems .  Thre e condition s wer e employed :  1 )  Solo : 
Subject s use d D M t o solv e problem s independently ,  withou t 
th e ai d o f  a  mentor .  2 )  D M :  Subject s solve d problem s wit h 
th e hel p o f  a  mentor ,  usin g th e ful l  collaborativ e capabilit y 
of  D M .  3 )  F A X :  Subject s ha d acces s t o th e mento r  vi a a n 
audi o channe l  bu t  coul d onl y sen d snapshot s o f  th e curren t 
D M scree n t o th e mento r  a s needed .  I n eac h problem ,  th e 
simulatio n wa s ru n wit h on e o r  mor e parameter s change d 
fro m th e "normal "  run ,  o n whic h al l  machine s wer e workin g 
properl y an d al l  board s ha d th e sam e priority .  Hence ,  th e 
board s finishe d i n a  differen t  order ,  an d th e subjec t  wa s aske d 
t o diagnos e th e cause .  Complet e proble m solution s con -
taine d 2- 4 subparts ,  an d th e parameter s wer e varie d t o ensur e 
tha t  mentor s di d no t  kno w th e solutio n i n advance . 

Session s wer e videot2q)ed ,  transcribed ,  an d code d int o ou r 
cognitiv e mentorin g stages .  W e assesse d effect s o f  conditio n 

on severa l  measures ,  includin g solutio n time ,  mentorin g 
tim e an d stages ,  an d solutio n completeness .  Se e Schlager , 
Means,  an d Schan k (i n prep )  fo r  a  mor e detaile d discussio n 
of  thes e (an d additional )  analyse s an d observations . 

Results 

Mean solution time was 83 minutes for Solo subjects, 
whil e D M an d F A X subject s solve d th e problem s signifi -
cantl y faste r  (3 6 &  4 0 minutes ,  respectively ;  p<.05) .  D M 
subject s solve d al l  problem s completely ,  whil e F A X 
subject s solve d significantl y fewe r  (onl y 5 0 % )  o f  th e 
problem s completel y  (p<.05) .  Sol o subject s solve d 6 3 % o f 
th e problem s completely .  Overall ,  proble m diagnosi s 
represente d th e larges t  percentag e o f  mentor-learne r  in -
teraction s (44%) ,  followe d b y executio n (26%) ,  proble m 
definitio n (15%) ,  reflectio n (13%) ,  an d evaluatio n (2%) ;  n o 
effect s o f  conditio n o n thes e stage s wer e observed . 

Discussion 

D M appear s t o affor d significan t  advantage s ove r  bot h indi -
vidua l  an d collaborativ e telephone/FA X proble m solving . 
We attribut e th e reduce d problem-solvin g tim e fo r  mentore d 
(compare d t o unmentored )  subject s t o th e hel p provide d b y 
th e mentor .  Althoug h D M an d F A X group s spen t  a  simila r 
amount  o f  tim e i n eac h mentorin g stage ,  join t  interactio n 
wit h th e simulatio n apparentl y improve s th e effectivenes s o f 
thi s tim e i n term s o f  solutio n quality .  I n a  post-ho c tes t  o f 
overal l  proble m solvin g productivity ,  w e summe d th e men -
torin g an d tota l  solutio n tim e an d foun d a  significan t  sav -
ing s (34% )  fo r  D M subject s (only )  ove r  th e Sol o group , 
demonstratin g tha t  th e overal l  tim e saving s mor e tha n offse t 
th e investmen t  o f  th e mentor' s time .  Thes e result s sugges t 
tha t  investmen t  i n network-base d cognitiv e mentorin g coul d 
significantl y improv e bot h productivit y an d qualit y o f  dis -
tribute d teamwork .  Ou r  curren t  (an d future )  wor k assesse s 
mento r  style s an d effects ,  fiel d implementatio n issues ,  an d 
othe r  multi-use r  collaborativ e environments . 
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The processin g o f  a  speec h signa l  m a y b e muc h mor e sim -
ila r  t o sensor y processing ,  i n particula r  visua l  processing , 
tha n ha s previousl y bee n assume d (Chomsk y 1976) .  I n vi -
sua l  perception ,  certai n feature s ar e extracte d fro m th e retina l 
(preprocessed )  image ,  an d relaye d throug h severa l  center s 
(Shepher d 1994) .  Featur e extractio n utilize s latera l  inhibitio n 
whic h serve s t o enhanc e th e signal-to-nois e ratio .  Severa l  dis -
tinctiv e pathway s fo r  type s o f  informatio n (colo r  perception , 
motio n detection ,  textur e analysis ,  shap e perception )  ca n b e 
anatomicall y differentiated .  'Rela y centers '  hav e a n increas -
in g rang e o f  inpu t  fro m differen t  center s an d tur n ou t  feature s 
or  schema s whic h ar e increasingl y comple x an d usefu l  fo r  th e 
organism .  The y featur e interactiv e sideway s an d feedbac k 
connection s (VanEsse n &  Deyo e 1995) . 

Thes e concept s ma y equall y b e applie d t o linguisti c  pro -
cessing .  Th e processin g o f  a  speec h signa l  ma y b e relaye d 
alon g severa l  distinguishabl e pathway s withi n a  highl y inter -
connecte d processin g scheme . 

Parallel s i n featur e extraction ,  transformatio n an d schem a 
integratio n ca n b e explore d i n detai l  i n th e are a o f  microfea -
ture s tha t  ar e extracte d fro m grammatica l  categorie s an d lin k 
t o cognitiv e units .  I n previou s wor k (Schele r  1995) ,  w e hav e 
explore d a  hypothetica l  pathwa y fo r  tempora l  information . 
Th e followin g element s see m t o b e essentia l  fo r  a  biologicall y 
realisti c mode l  o f  semanti c processing : 

-  semanti c featur e extractio n a s organize d usin g "dimen -
sions "  o f  mutuall y exclusiv e features :  latera l  inhibitio n 
create s enhance d recognitio n 

interactiv e sideways :  b y feedin g informatio n t o othe r  path -
ways compresse d contextua l  unit s ar e create d ("whereve r 
usefu l  informatio n arise s i t  i s  used") . 

featur e transformation :  recognitio n o f  affixes ,  formatio n 
of  stabl e grammatica l  categories ,  semanti c featur e recogni -
tion ,  primar y schem a formation ,  centra l  schem a integratio n 
(cf .  Fi g I) . 

The emergenc e o f  a  se t  o f  cognitiv e primitive s ma y b e 
see n a s a n exploratio n int o th e cognitiv e spac e accessibl e 
wit h languag e (Schele r  &  Schuman n 1995) .  The y ca n b e 
interprete d a s a  se t  o f  interrelate d primar y schemas . 

centra l  schema s a s multimoda l  integratio n o f  sensor y infor -
matio n ma y b e organize d a s multipl e overlay s o f  th e sam e 
set  o f  informatio n i n variou s way s ('scripts') . 

feedbac k link s a s reinforcemen t  connection s fro m logicall y 
"higher "  level s integrat e schema-drive n wit h data-drive n 
analysis .  The y provid e a  mor e flexible  schem e tha n latera l 
inhibition ,  allowin g fo r  a  top-dow n flow  o f  information .  B y 

activatio n o f  lowe r  node s fro m highe r  nodes ,  decision s ca n 
be mad e faste r  an d schem a recognitio n ca n b e stabilized . 

Numeri c simulation s o f  a  qualitativ e mode l  ma y ad d th e 
essentia l  trait s t o mak e empiricall y testabl e prediction s o n 
th e time-course ,  interferenc e effects ,  an d result s o f  semanti c 
processing . 

progressiv e pasl alway s »™«'"^ « surfac e feature s 

habitua l  I  complete d ^ — — > - l  ongoin g 

/  habitua l 
I  accomphsh -
V mcn t 

unfoldin g 
actio n 

teh t  J  semanti c feature s 
7 ^ 

chang e 

narrativ e scrip t observe d scenari o 

primar y s c h e m a s 

centra l  s c h e m a s 

Figur e 1 :  Feedbac k an d Latera l  Inhibitio n i n Semanti c Anal -
ysi s o f  Tempora l  Meaning .  Onl y a  subse t  o f  connection s an d 
node s ar e shown . 
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The fiel d o f  cognitiv e scienc e i s b y origi n an d perhap s b y 
definitio n a n interdisciplinar y field .  However ,  i t  i s unclea r  t o 
what  exten t  trul y interdisciplinar y wor k occur s i n cognitiv e 
science .  Tha t  is ,  i s cognitiv e scienc e merel y a  collectio n o f 
researcher s fro m differen t  discipline s workin g separatel y o n 
common problems ? Mor e specifically ,  doe s th e wor k 
presente d an d publishe d i n cognitiv e scienc e journal s an d 
conference s us e method s fro m multipl e disciplines ? Doe s th e 
wor k refe r  t o result s an d previou s wor k fro m multipl e 
disciplines ? D o researcher s fro m differen t  discipline s wor k 
togethe r  o n projects ? Furthermore ,  doe s cognitiv e scienc e 
reall y includ e wor k fro m artificia l  intelligence ,  linguistics , 
neuroscience ,  philosophy ,  an d psychology ,  a s th e journa l 
Cognitiv e Science' s subtitl e lead s on e t o believe ? 

To addres s thes e question s w e focuse d o n thre e source s o f 
data .  First ,  w e gathere d dat a o n th e background s o f 
participant s o f  th e las t  tw o Annua l  Meeting s o f  th e 
Cognitiv e Scienc e Societ y (cf ,  Schunn ,  Okad a &  Crowley , 
J  995) .  Thi s dat a suggeste d tha t  1 )  th e conferenc e i s 
dominate d b y cognitiv e psycholog y an d compute r  scienc e 
researchers ,  bu t  2 )  tha t  a  majorit y o f  th e multi-autho r  paper s 
involve d interdisciplinar y collaboration s (i.e. ,  ha d author s 
fro m differen t  disciplines) .  Further ,  th e interdisciplinar y 
collaboration s wer e mor e likel y t o involv e equa l  statu s 
workin g relationship s (independen t  o f  actua l  professiona l 
statu s differences )  tha n intradisciplinar y collaboration s (cf , 
Okada,  Crowley ,  Schun n &  Miwa ,  1996 ;  Okada ,  Schunn , 
Crowley ,  Oshima ,  Miwa ,  Aoki ,  &  Ishida ,  1995) . 

A secon d sourc e o f  dat a wa s th e conten t  o f  paper s 
publishe d i n th e journa l  Cognitiv e Scienc e an d i n th e 
Proceeding s o f  th e Annua l  Meetin g o f  th e Cognitiv e Scienc e 
Society .  W e focuse d o n th e prevalenc e o f  method s fro m th e 
tw o prevailin g discipline s i n cognitiv e science :  psycholog y 
and artificia l  intelligence .  I n particular ,  w e analyze d th e 
prevalenc e o f  paper s reportin g experiments ,  simulation s (bu t 
not  o f  an y particula r  data) ,  simulation s o f  data ,  bot h 
simulation s an d experiments ,  an d neithe r  simulation s no r 
experiments .  Ove r  th e histor y o f  th e Cognitiv e Scienc e 
Society ,  w e foun d a n earl y ris e i n th e prevalenc e o f  paper s 
reportin g simulations ,  an d late r  ris e i n th e prevalenc e o f 
paper s reportin g simulation s o f  dat a an d paper s reportin g 
bot h experiment s an d simulations .  However ,  eve n i n 1995 , 
th e paper s tha t  wer e interdisciplinar y i n conten t  accounte d 
fo r  onl y a  thir d o f  al l  papers . 

A thir d sourc e o f  dat a wa s th e reference s liste d i n th e 
paper s publishe d i n th e journa l  Cognitiv e Science .  Al l  th e 
reference s liste d i n eac h pape r  wer e code d int o disciplin e 
categories .  Preliminar y analyse s sugges t  tha t  th e pattern s o f 
chang e acros s tim e mirrore d th e result s o f  th e conten t 
analyses :  w e fin d a  rise  ove r  tim e i n th e numbe r  o f  paper s 
wit h significan t  referencin g o f  multipl e disciplines . 
However ,  th e grea t  majorit y o f  reference s wer e t o source s 
fro m psycholog y an d artificia l  intelligence ,  wit h fe w 
linguistic s reference s an d ver y fe w philosoph y an d 
neuroscienc e references ,  area s whic h ar e suppose d t o b e equa l 
partner s i n cognitiv e science . 

Overall ,  thes e finding s sugges t  tha t  th e glas s i s bot h half -
ful l  an d half-empty :  cognitiv e scienc e ha s a  significan t 
interdisciplinar y component ,  ye t  i t  i s  fa r  fro m entirel y 
interdisciplinary .  I n particular ,  wor k fro m cognitiv e 
psycholog y an d artificia l  intelligenc e dominate ,  an d ther e ar e 
stil l  man y paper s publishe d i n cognitiv e scienc e tha t  d o no t 
involv e interdisciplinar y work . 
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Implici t  learnin g i s learnin g o f  comple x information , 
withou t  th e us e o f  consciou s hypothesi s testin g strategies . 
and withou t  resultan t  consciousl y accessibl e knowledg e 
sufficien t  t o accoun t  fo r  performanc e o n a n indirec t  tes t  o f 
learnin g (Seger ,  1994) .  Mos t  researc h i n implici t  learnin g 
has use d task s i n whic h subject s lear n relationship s 
betwee n stimulu s elements .  Fo r  example ,  i n artificia l 
g rammar  learning ,  subject s lear n lette r  bigram s an d 
trigram s an d rule s relatin g letter s t o eac h othe r  (Seger . 
1994 ;  Knowlto n &  Squir e 1996) .  Relativel y littl e wor k 
has investigate d subjects '  abilit y  t o implicitl y  lear n abou t 
invarian t  propertie s o f  comple x stimul i  (Fric k &  Lee . 
1995) .  Learnin g relationship s betwee n item s m a y requir e 
differen t  form s o f  processin g tha n identifyin g suc h 
invariants . 

Th e experimen t  presente d her e investigate d h o w wel l 
subject s learne d tw o kind s o f  invariants :  a n ite m identit y 
an d locatio n invariance ,  an d a n ite m identit y an d colo r 
invariance .  I n bot h condition ,  subject s wer e presente d 
wit h display s consistin g o f  5  differentl y colore d letters . 
For  eac h subject ,  ther e wa s a  particula r  lette r  tha t  repeate d 
i n eac h displa y (th e invarian t  letter) .  I n th e locatio n 
invarian t  condition ,  th e invarian t  lette r  appeare d a t  th e 
same locatio n i n eac h stimulus ,  wherea s i n th e colo r 
invarian t  condition ,  i t  appeare d i n th e sam e colo r  i n eac h 
stimulus .  Otherwise ,  th e stimul i  wer e constructe d 
randomly .  Afte r  observin g 3 0 display s an d recallin g th e 
letter s (bu t  no t  th e color s o r  locations )  presen t  i n each , 
subject s wer e teste d tw o ways .  I n th e singl e ite m 
judgmen t  tes t  ( lU) ,  subject s wer e presente d wit h nove l 
patterns ,  hal f  o f  whic h ha d th e invarian t  an d hal f  o f  whic h 
di d not .  Subject s indicate d fo r  eac h patter n whethe r  i t 
followe d th e rul e presen t  i n th e studie d item s o r  no t  Th e 
othe r  tes t  wa s a  tw o alt^nativ e force d choice  tes t  (2AFC ) 
i n whic h subject s chos e whic h o f  tw o pattern s presente d 
simultaneousl y followe d th e patter n presen t  i n th e studie d 
items .  I n bot h tests ,  th e distractor s wer e o f  tw o types :  i n 
on e typ e o f  distracto r  th e invarian t  lette r  appeared ,  bu t  i n 
a differen t  locatio n o r  colo r  tha n i n th e studie d exemplars . 
I n othe r  typ e o f  distracto r  th e invarian t  lette r  wa s absent . 

I n orde r  t o investigat e h o w m u c h consciousl y 
verbalizabl e knowledg e subject s ha d abou t  th e invariant . 
the y wer e give n a  questionnair e t o complet e a t  th e en d o f 
testing .  Subject s w h o identifie d th e invarian t  lette r  an d it s 
locatio n o r  colo r  o n th e fre e respons e questions ,  o r  w h o 
guesse d th e correc t  lette r  an d indicate d a  hig h degre e o f 
confidenc e i n thei r  guess ,  wer e classifie d a s havin g 

explici t  knowledg e o f  th e invarian t  an d wer e no t  include d 
i n th e analyses .  M o r e subject s achieve d explici t 
knowledg e o f  th e invarian t  i n th e locatio n conditio n tha n 
th e colo r  condition ,  indicatin g tha t  a  letter-locatio n 
invarianc e m a y b e mor e salien t  tha n a  letter-colo r 
invariance . 

Th e l U an d 2 A F C test s wer e differentiall y  sensitiv e t o 
implici t  knowledg e o f  th e invariant .  Subject s performe d 
bette r  o n th e 2 A F C tes t  tha n o n th e lA J test .  Th e 
superiorit y o f  th e 2 A F C tes t  coul d b e becaus e i n tha t  tes t 
subject s ca n compar e th e tw o stimul i  an d simpl y selec t 
whic h i s mor e correct ,  rathe r  tha n havin g t o compar e eac h 
stimulu s t o a  mentall y hel d criterion .  I n othe r  words , 
relativ e correctnes s appear s t o b e easie r  t o determin e tha n 
absolut e correcness . 

I n addition ,  ther e wa s evidenc e tha t  subject s di d no t 
lear n th e pairin g betwee n th e invarian t  lette r  an d th e 
invarian t  locatio n o r  color .  Separat e score s wer e 
calculate d fo r  th e 2 A F C tes t  fo r  pair s i n whic h th e 
distracto r  lacke d th e invarian t  lette r  altogether ,  an d pair s 
i n whic h th e distracto r  include d th e invarian t  lette r  bu t  i n 
an incorrec t  locatio n o r  color .  Subject s performe d abov e 
chanc e onl y o n th e pair s i n whic h th e invarian t  lette r  wa s 
absent ,  indicatin g tha t  the y coul d no t  reliabl y differentiat e 
betwee n stimul i  solel y o n th e basi s o f  th e invarian t  bein g 
i n th e cwrec t  locatio n o r  color . 
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Pendin g goal s ar e intention s tha t  ar e postpone d b y a  planno -
becaus e the y d o no t  fi t  int o th e curren t  ongoin g goa l 
pursuit .  Recognizin g late r  opportunitie s t o achiev e pendin g 
goal s i s iiiq)ortan t  becaus e i t  allow s on e t o dtf a wor k o n a 
goal  unti l  i n a  bette r  positio n t o achiev e it .  Patalano , 
Seifer t  an d Hammond (1993 )  sho w tha t  predictiv e encodin g -
-  predictin g a t  th e tim e o f  suspensio n wha t  resource s ar e 
needed t o solv e a  pendin g goa l  - -  serve s t o facilitat e late r 
recognitio n o f  opportunities .  MoreovCT ,  b y encodin g a 
functiona l  descriptio n o f  th e pla n rath w tha n a  mor e specifi c 
one,  peopl e ma y maximiz e th e likelihoo d tha t  the y wil l 
retriev e a  particula r  goa l  whe n a  cu e relevan t  t o it s 
resolutio n appear s (Patalan o &  Seifert ,  1996) .  Fo r  example , 
t o han g u p a  poster ,  on e niigh t  generat e eitho -  "stic k u p 
wit h adhesive "  o r  "stic k u p wit h glue "  a s a  plan .  Th e 
forme r  pla n ma y b e mor e likel y t o induc e goa l  retrieva l  i n 
th e presenc e o f  tape ,  chewin g gum ,  glue ,  etc. ,  whil e th e 
latte r  ma y mis s thes e opportunitie s fo r  bringin g th e goa l  t o 
mind . 

The studie s b y Patalan o &  Seifa t  (1996 )  use d a  serie s o f 
writte n tes t  cue s t o examin e memor y fo r  pendin g goals ,  an d 
als o presente d writte n description s o f  th e goals .  T o tes t  th e 
effect s o f  predictiv e encodin g o n lata -  recognitio n o f 
opportunitie s t o achiev e pendin g goal s i n a  richo-
environment ,  a  general-purpos e computK'-base d gr̂ hica l 
environmen t  managemen t  syste m (GEMS )  wa s developed . 
The goa l  o f  thi s projec t  wa s t o allo w subject s t o navigat e 
aroun d a n interactiv e thre e dimensiona l  environmen t  i n 
whic h the y migh t  visuall y encounte r  problem s o r  situation s 
tha t  encourag e them  t o se t  u p pendin g goals .  Mor e 
importantly ,  w e wante d a n environmen t  whweb y subject s 
coul d visuall y notic e opportunitie s t o achiev e thei r  pendin g 
goal s an d hav e th e capabilit y  t o tr y ou t  candidat e solution s 
base d o n thes e opportunities .  Th e resultin g softwar e i s a 
combinatio n o f  tw o programs .  Th e "roo m editor "  allow s 
th e specificatio n o f  th e environmen t  (constituen t  room s an d 
thei r  appearance) ,  object s withi n th e environment ,  goal s t o 
be completed ,  potentia l  solution s an d thei r  effects ,  an d 
variou s outpu t  options .  A  separat e progra m combine s thes e 
element s int o a  graphica l  environmen t  an d allow s th e 
subjec t  t o navigat e an d interac t  wit h object s i n th e 
environment . 

Each environmen t  i s rq)resente d b y a  serie s o f  full-scree n 
colo r  photographs .  Fo r  eac h potentia l  roo m o r  vie w i n th e 
environment ,  a  pictur e o f  a  correspondin g rea l  environmen t 
i s photographe d an d digitall y  scanne d int o th e conqjutCT . 
Wit h th e editor ,  eac h pictur e i s define d a s a  "room. "  An y 
regio n withi n a  room' s pictur e (e.g .  a  doo r  o r  entryway )  ca n 
be define d a s a  "portal "  t o anothe r  room' s pictur e b y 
selectin g th e appropriat e regio n i n th e editor .  Afte r  th e 
relationshi p ha s bee n establishe d betwee n a  regio n o n on e 
room' s pictur e an d anothe r  room' s picture ,  th e subject s ca n 

'enter '  th e targe t  roo m simpl e b y clickin g o n th e 
correspondin g regio n wit h th e mouse .  Fo r  example , 
clickin g o n th e doo r  t o th e kitche n fro m th e hallwa y cause s 
th e compute r  scree n t o exchang e th e hallway' s pictur e fo r 
th e kitchen' s picture .  Becaus e portal s ar e no t  limite d t o 
between-roo m navigafion ,  othe r  relationship s ca n b e 
assigned ;  fo r  example ,  th e designe r  ma y allo w th e subjec t  t o 
cUck o n a  distan t  deskto p tha t  i s &  porta l  t o a  close-u p o f  th e 
desktop .  Also ,  specia l  symbol s ma y b e draw n ont o th e 
photograp h (e.g .  anows )  tha t  allo w turnin g aroun d o r 
returnin g t o a  previou s roo m o r  view .  Thes e function s 
allo w th e creatio n o f  unlimite d correspondence s betwee n th e 
stil l  photograph s fo r  designin g virtua l  environments . 

When a  collectio n o f  picture s ha s bee n relate d i n Uii s 
manner ,  tiie  subjec t  i s  abl e t o navigat e aroun d th e 
environmen t  b y pointin g an d cUckin g o n th e natura l  portals . 
Sinc e th e picture s ca n b e photograph s o f  rea l  environments , 
th e visua l  effec t  lack s th e artificialit y  o f  corrputer-generate d 
3 D environments .  I n tiie  sam e wa y tha t  portal s ar e defined , 
region s ca n b e define d a s objects .  Object s ca n b e define d a s 
goal  object s (e.g .  a  poste r  o n th e floor)  an d a s solutio n 
object s (e.g .  a  rol l  o f  tape) .  Subject s us e on e objec t  o n 
anothe r  b y draggin g an d droppin g witi i  tiie  mouse .  Whe n a 
solutio n objec t  i s  use d o n Ui e appropriat e goa l  object , 
associate d action s ca n b e execute d i n th e environmen t  an d 
ĵ pea r  visuall y o n th e image. .  Thi s i s  accomplishe d b y 
"hiding "  an d "uncovering "  o f  objec t  regions .  Fo r  example , 
i f  th e tap e i s use d o n tiie  falle n postCT ,  th e designe r  migh t 
specif y  tiiat  th e falle n poste r  ttien  b e hidde n an d ihd X a  hun g 
poste r  i s uncovere d wheneve r  ttiat  actio n occurs .  I n thi s 
manner ,  subject s ca n se e thei r  solution s wor k (o r  fail )  befor e 
thei r  eye s wil e pursuin g suspende d goals . 

Action s an d respons e times  relativ e t o navigatio n an d 
objec t  manipulation ,  includin g whic h goal s wer e solve d an d 
how,  ar e save d t o a  tex t  file  fo r  late r  analysis .  Th e softwar e 
was develope d wit h Microsof t  Visua l  Basi c 4  fo r  Windows . 

The task s subject s perfor m i n G E MS -  navigatin g aroun d 
th e environmen t  an d usin g object s i n servic e o f  Uiei r  goal s -
ar e muc h mor e reafisti c  tiian  tiie  cue d recal l  paradig m use d 
previously .  Thi s mor e ric h environmen t  ma y hel p i n 
examinin g people' s abifit y t o notic e an d respon d t o 
opportunitie s tiiat  aris e i n tiie  cours e o f  planning . 
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In t roduc t io n 

Th e necessit y fo r  buildin g a  sophisticate d human -
machin e interfac e fo r  ou r  intelligen t  tutorin g system ,  calle d 
CIRCSIM-Tutor ,  ha s motivate d u s t o explor e natura l 
languag e tex t  understandin g an d generation .  O n e comple x 
tas k fo r  th e generato r  i s  craftin g a  respons e t o studen t 
initiatives .  A s a  basi s fo r  ou r  researc h w e studie d huma n 
tutors '  response s t o studen t  initiatives .  H o w doe s a  huma n 
tuto r  decid e h o w t o respon d i n rea l  life ? Initiativ e an d 
respons e ca n b e viewe d a s a  caus e an d effec t  relationshi p 
wher e th e initiativ e i s th e anteceden t  o r  caus e an d th e 
respons e i s  th e consequen t  o r  effect .  A  studen t  initiativ e 
occur s whe n a  studen t  take s contro l  o f  th e tutorin g sessio n 
temporaril y b y sayin g somethin g tha t  force s th e tuto r  t o 
chang e tt e cours e o f  actio n an d respon d t o th e ne w 
situation .  A  questio n aske d b y th e studen t  i n itsel f  i s 
considere d t o b e on e kin d o f  initiative .  A  cooperativ e an d 
reasonabl e respons e i s considere d a s on e tha t  addresse s th e 
impropriat e par t  o f  th e question .  W e hav e analyze d tuto r 
response s t o studen t  initiative s an d develope d twelv e 
classe s o f  tuto r  respons e t o b e use d i n CIRCSIM-Tutor . 

Background 

CIRCSIM-Tuto r  use s natura l  languag e dialogu e t o hel p 
student s lear n t o solv e problem s i n qualitativ e causa l 
reasoning .  W e se t  fort h t o find  ou t  h o w huma n tutor s 
handl e thi s comple x cognitiv e task .  W e studie d twenty -
eigh t  transcript s o f  huma n keyboard-to-keyboar d tutorin g 
sessions .  Th e tutor s ar e tw o professor s o f  Physiolog y a t 
Rush Medica l  College ,  Joe l  Michae l  an d Alle n Rovick . 
The y ar e teachin g cardiovascula r  physiolog y wit h th e goa l 
of  helpin g student s lear n solv e problem s involvin g th e 
negativ e feedbac k syste m triggere d b y th e barorecepto r 
reflex .  Th e student s ar e first  yea r  medica l  student s w h o 
alread y hav e som e backgroun d i n th e subjec t  matte r  fro m 
attendin g lecture s o r  readin g th e tex t  book . 

Classes of Initiatives and Responses 

M a ny studen t  initiative s ar e questions .  I n othe r  case s th e 
studen t  state s a  theor y an d ask s fo r  confirmatio n o r  show s 
difficult y i n improvement .  I n orde r  t o respon d 

appropriately ,  th e tuto r  mus t  first  understan d th e initiativ e 
and th e studen t  pla n behin d th e initiative . 

We use d th e conceptua l  categorie s fo r  initiative s 

develope d b y (Sanders ,  1992) ,  w h o propose d eigh t  classe s 
containin g variou s categorie s o f  th e initiatives ,  viz :  1 .  Th e 

studen t  ask s a  questio n abou t  th e subjec t  matte r  o r  abou t 

herself/himself ,  2 .  TTi e studen t  ha s troubl e "seeing "  som e 
idea ,  3 .  Th e studen t  request s repair ,  4 .  Th e studen t  doe s 
repair ,  5 .  Th e studen t  hedges ,  6 .  Th e studen t  make s a n 

explici t  backwar d reference ,  7 .  Initiative s specifi c t o th e 
hardware/softwar e environment ,  8 .  Administrativ e topics . 

We analyze d response s t o studen t  initiative s i n twelv e 
classe s base d o n th e goal s o f  th e tutor s an d th e tutorin g 
strategie s used .  The y are :  1 .  Hinting ,  2 .  Directe d Lin e o f 

Reasoning ,  3 .  Acknowledgment ,  4 .  Confirmation ,  5 . 
Summary,  6 .  Instructio n i n th e "Rule s o f  th e Game" ,  7 . 
Teachin g th e Sublanguage ,  8 .  Teachin g th e Proble m 
Solvin g Algorithms ,  9 .  Extendin g Help ,  10 .  Probin g th e 
Student' s Inferenc e Process ,  11 .  Brushin g Off ,  12 . 
Conversationa l  Repair . 

The focu s o f  th e studen t  initiativ e ca n b e establishe d b y 
understandin g an d recognizin g th e studen t  pla n (Carberry , 
1990) .  W e hav e als o explore d th e relationshi p betwee n th e 
initiativ e categor y an d th e respons e categor y an d th e lengt h 
of  th e response . 
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Introduct io n 

Failure s o f  prospectiv e m e m o r y ar e c o m m o n i n everyda y 
life ,  ye t  no t  widel y studie d i n th e laboratory .  Prospectiv e 
memory require s th e individua l  t o remembe r  t o perfor m a 
fiitur e event .  Einstei n an d McDanie l  (1990 )  hav e suggeste d 
tha t  prospectiv e memor y actuall y involve s tw o components : 
rememberin g tha t  somethin g need s t o b e remembere d (th e 
prospectiv e component) ,  an d rememberin g th e informatio n 
itsel f  (th e retrospectiv e component) .  The y als o mak e th e 
distinctio n betwee n event-base d prospectiv e memory ,  whic h 
require s som e actio n whe n a n externa l  even t  take s place , 
and time-base d prospectiv e memory ,  i n whic h actio n i s 
require d afte r  a  specifie d tim e interva l  ha s passed .  Time -
base d rememberin g i s hypothesize d t o rel y o n self-initiate d 
memory processe s becaus e n o externa l  even t  act s a s a  cu e 
fo r  remembering .  Th e individua l  mus t  continuousl y shif t 
attentiona l  resource s betwee n othe r  task s an d th e monitorin g 
of  time .  Thi s "multi-tasking "  aspec t  o f  time-base d 
prospectiv e m e m o r y m a y b e especiall y vulnerabl e t o 
problem s wit h plannin g an d th e reallocatio n o f  attentiona l 
resources ,  an d suggest s a  possibl e rol e i n dies e task s fo r  th e 
fronta l  lobes .  I n Cockbum' s (1995 )  cas e stud y o f  a  fronta l 
lob e patient ,  i t  wa s foun d tha t  th e patien t  coul d remembe r  t o 
perfor m action s whe n the y wer e embedde d i n a n ongoin g 
activity ,  bu t  ha d grea t  troubl e whe n th e tas k involve d 
suspensio n o f  on e activit y i n orde r  t o begi n anothe r 
(contextua l  shift )  (se e Kvavilashvili ,  1992) . 

Methods/Discussion 

The presen t  stud y involve s participant s w h o hav e bee n 
aske d t o complet e a  surve y o f  genera l  knowledg e (presente d 
and response s recorde d o n computer) .  Th e participant s ha d 
tw o tasks :  t o infor m th e researche r  o f  h o w fa r  the y ha d 
progresse d ever y fiv e minute s (requirin g a  contextua l  shift) , 
and t o typ e thei r  name s int o th e compute r  upo n completio n 
of  th e surve y (a n embedde d activity) .  Th e onl y tim e piec e 
availabl e t o th e participant s wa s o n th e compute r  an d wa s 
accesse d b y pressin g a  specifie d key .  Ou r  primar y 
dependen t  measure s were :  numbe r  o f  cloc k checks ,  timin g 
of  cloc k check s relativ e t o 5  minut e epochs ,  an d accurac y o n 
eac h o f  th e tw o prospectiv e memor y tasks . 

We als o administere d severa l  othe r  cognitiv e measure s t o 
eac h participant .  Thes e included :  a n intelligenc e tes t 

(Kaufina n Brie f  Intelligenc e Test) ,  an d tw o measure s o f 
executiv e ftmctioning/cognitive  flexibilit y  (Stroo p Colo r 
Test  an d Wisconsi n Car d Sor t  Tes t  -  W I S C ) .  Th e late r  tw o 
measure s asses s subtl y differen t  fronta l  lob e processes .  Th e 
Stroo p tes t  primaril y assesse s sensitivit y t o interferenc e 
fro m competin g stimuli ,  whil e th e W I S C assesse s a n 
individual' s tendenc y t o perseverat e -  a  difficult y i n shiftin g 
ftom  on e aspec t  o f  a  tas k t o another .  B y correlatin g thes e 
tw o measure s wit h performanc e o n th e prospectiv e memor y 
tasks ,  w e hav e begu n t o addres s whic h cognitiv e processe s 
crucia l  t o prospectiv e form s o f  rememberin g ar e carrie d ou t 
by th e ft'ontal  lobes .  Complet e result s an d discussio n o f 
implication s wil l  b e presented . 
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T w o K i n d s o f  I n f e r e n c e s 

Inference s ar e typicall y generate d b y applyin g som e 
inferenc e schemat a t o a  bod y o f  knowledge .  I n deductiv e 
reasoning ,  a  schem a lik e th e modu s ponen s (P ,  P->Q ,  I  Q ) 
m ay b e applie d t o a  rul e se t  an d thereb y produc e som e 
inferenc e (e.g .  Q ) .  Inductiv e inference s ar e generate d b y a n 
inferenc e schem a whic h replace s specifi c b y mor e genera l 
terms .  Th e inferenc e o f  "fhiit s  ar e eatable "  m a y thu s b e 
induce d fro m th e assertio n "apple s ar e eatable" .  I n a  way , 
suc h inference s ar e alread y implicitl y  containe d i n th e 
knowledg e bas e an d th e inferenc e schemata .  I n othe r  words , 
inferencin g i s ofte n th e explicatio n o f  implici t  information . 
Creativ e inferences ,  o n th e othe r  hand ,  ar e constructe d a s 
nove l  knowledg e unit s whic h ar e no t  eve n implicitl y 
containe d i n th e terminolog y o f  th e knowledg e base .  Suc h 
creativ e inference s ma y b e produce d b y relatin g separat e 
terminologie s t o on e another .  Fo r  example ,  Bode n (1991 ) 
has describe d Kekul6' s discover y o f  th e benzen e rin g a s suc h 
a creativ e insigh t  (o r  inference )  wher e th e knowledg e abou t 
string s o f  carbo n atom s becam e associate d wit h th e 
knowledg e abou t  snakes .  A  snak e whic h bi t  it s o w n tai l 
coul d thu s generat e th e ide a o f  a  rin g (rathe r  tha n a  string )  o f 
carbo n atoms .  Thi s woul d b e impossibl e t o deduc e wit h th e 
origina l  terminolog y abou t  carbo n atoms .  I n thi s paper ,  w e 
describ e a  computationa l  mode l  whic h produce s creativ e 
inferences . 

Model of Creative Inferences 

Norvi g (1988 )  ha s recentl y describe d a n inferencin g metho d 
whic h m a y als o b e applie d fo r  connectin g tw o separat e 
terminologie s o r  conceptua l  spaces .  B y usin g a  marke r 
passin g procedure ,  path s ar e foun d whic h connec t  concept s 
fro m differen t  conceptua l  spaces .  Fro m thes e path s ne w 
hypothese s o r  assertion s ar e compiled,  whic h ar e neithe r 
implicitl y  containe d i n th e firs t  no r  secon d conceptua l  space . 
Figur e 1  show s a  schemati c diagra m o f  th e knowledg e 
constructio n an d inferenc e generatio n processe s whic h ar e 
performe d b y th e computationa l  model .  Ther e ar e si x 
differen t  conceptua l  spaces .  Eac h on e i s structure d accordin g 
t o a  clas s hierarchy .  Th e conceptua l  spac e o f  T H I N G S ma y 
contai n al l  kind s o f  physicj d an d livin g objects .  Th e 
conceptua l  spac e o f  I D E A S contain s abstrac t  concept s lik e 
"peace" ,  "justice" ,  "friendships "  an d othe r  persona l 
relationships .  A C T I O N S represen t  goal-oriente d change s an d 
E V E N TS represen t  incidenta l  change s o f  T H I N G S . 
Similarly ,  T H O U G H TS represen t  goal-oriente d change s an d 
I N S I G H T S represen t  incidenta l  change s o f  I D E A S .  B y 

C R O S S _ L I N K S,  concept s ca n b e connecte d betwee n ai d 
withi n differen t  conceptua l  spaces . 

Knowledge.Bas e 
1 THINGS 
2 IDEA S 
3.  ACTIONS 
4.  THOUGHTS 
5.  EVENTS 
6.  INSIGHT S 
7.  CROSS.IKK S 
8.  INFERENCES 
S.TEXT.REPHES. 
10.NEW.TEXT 

^ 

*TPresentToUser y 

y ^ — ^ 

• 4 CrealeNe t  V » Pluralistic .  View s A Inferencin g ) * Inference s 

Figur e 1 :  Schemati c Diagra m o f  Inferenc e Generatio n 

The computational model is used for simulating creative 
inference s durin g tex t  comprehension .  A  N E W _ T E XT i s 
therefor e als o entere d b y it s  conceptua l  units .  Th e 
computationa l  mode l  processe s a  segmen t  o f  th e 
N E W _ T E XT an d relate s it s  conceptua l  unit s t o th e 
appropriat e concept s i n th e respectiv e knowledg e bases .  A 
semanti c ne t  i s  thu s obtained ,  whic h i s  calle d 
Pluralistic_Views .  A n inferenc e ca n the n b e generate d b y 
markin g tw o concep t  node s o f  th e Pluralistic_Views .  A 
marke r  passin g proces s wil l  find  th e connectin g path s 
betwee n thes e concept s alon g certai n type s o f  links .  Th e 
marke r  ca n b e progranmie d b y th e use r  s o tha t  it s  resource s 
fo r  passin g differen t  type s o f  link s ar e limited .  Furthermore , 
th e orde r  i n whic h differen t  type s o f  link s ca n b e t r a v « ^ 
may b e partiall y o r  completel y specified .  Th e marice r 
passin g proces s thu s implement s a  spreadin g activatio n 
proces s whic h wil l  find  specifi c  sequence s o f  link s i n 
knowledg e bases . 
By compilation ,  a n inferenc e ca n b e produce d from  eac h 
path .  Thi s inferenc e i s the n linke d t o th e Pluralistic_Views . 
The mode l  i s intende d t o simulat e knowledg e constructio n 
processe s o f  Kintsch' s (1988 )  construction-integratio n 
theory .  I t  i s implemente d i n C + + an d wil l  us e E X C E L a s a 
use r  interface .  Simpl e text s whic h consis t  o f  u p t o fou r 
sentence s ar e applie d t o demonstrat e th e capabilitie s o f  th e 
model . 
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Thi s poste r  investigate s memor y issue s tha t  influenc e long -
ter m creativ e proble m solvin g an d desig n activity ,  takin g a 
case-base d reasonin g (Kolodne r  &  Mils ,  1993 )  perspective . 
Our  exploratio n i s base d o n a  well-documente d example :  th e 
inventio n o f  th e telephon e b y Bel l  (1908) .  Bu t  t o understan d 
thi s ac t  o f  creativ e design ,  w e hav e t o analyz e Bell' s  earlie r 
researc h goals .  W e abstrac t  Bell' s  researc h metho d an d th e 
reasonin g mechanism s h e use d tha t  appea r  tim e an d agai n i n 
long-ter m creativ e proble m solving .  I n particular ,  w e identif y 
an understandin g mechanis m use d widel y b y thos e processe s 
whic h rel y o n previou s experience .  Finjdly ,  w e integrat e th e 
ne w mechanism s i n a  compute r  model ,  A L E C ,  whic h feature s 
creativit y element s i n case-base d design . 

Retrospectively ,  th e obviou s questio n relate d t o th e inven -
tio n o f  th e telephon e is :  wha t  cognitiv e issue s "delayed "  th e 
inventio n o f  th e telephon e til l  1876 ? Th e basi c principle s 
of  th e telephone ,  electromagnetis m an d induction ,  ha d bee n 
know n sinc e 1831 .  Severa l  inventor s trie d an d faile d t o desig n 
th e telephone ,  becaus e the y (1 )  relie d to o muc h o n prevalen t 
telegraph y practice ,  (2 )  ignore d th e basi c principle s o f  elec -
tromagnetism ,  an d (3 )  gav e u p to o soon .  I t  look s lik e thes e 
inventor s applie d case-base d reasonin g poorly :  the y stuc k t o 
mino r  adaptation s o f  telegraph y rathe r  tha n reassessin g th e 
proble m an d analyzin g i t  fro m a  ne w perspective .  I n contrast . 
Bel l  reassesse d th e telephon e proble m a s bein g acoustica l  an d 
not  electrical .  W h e n Bel l  wa s stuc k i n electrica l  details ,  h e 
analyze d hi s telephon y experiment s usin g acoustica l  experi -
ence s an d expertise . 

Bel l  frequentl y interprete d an d remembere d hi s electrica l 
experiment s i n term s o f  acoustics ,  tha t  h e coul d easil y perceiv e 
withou t  supplementar y equipment .  Consequently ,  i n som e 
case s h e coul d recogniz e opportunitie s t o solv e suspende d 
problem s whil e pursuin g othe r  problem s (i.e. ,  th e "undulator y 
current "  wa s recognize d whil e workin g o n th e multipl e tele -
grap h problem ,  b y noticin g peculia r  acoustica l  effects) .  Bu t 
not  al l  th e recognize d opportunitie s fel l  i n th e abov e category . 
Sometimes ,  workin g o n severa l  problem s i n th e sam e perio d 
of  tim e facilitate d knowledg e transfe r  amon g the m withou t 
any specia l  perceptua l  elaboratio n (i.e. ,  interleave d wor k o n 
bot h th e telephon e an d phonautograp h inspire d th e micro -
phon e desig n fo r  th e telephone) . 

Our  exploratio n o f  creativ e desig n (Kolodne r  &  Wills , 
1993 ;  Simin a &  Kolodner ,  1995 )  provide s a n initia l  frame -
wor k (i.e. ,  th e I M P R O V I S E R system )  fo r  a  mor e enriche d an d 
dynami c case-base d reasonin g abl e t o explai n som e interest -

'Thi s researc h wa s wa s funde d i n par t  b y NS F Gran t  No .  IRI -
892125 6 an d i n par t  b y O N R Gran t  No .  N00014-92-J-1234 . 

in g reasonin g issue s involve d i n th e inventio n o f  th e telephone . 
I n thi s framewor k a  designe r  evolve s concurrentl y th e desig n 
specificatio n an d a  poo l  o f  alternative s unde r  consideration , 
relyin g o n hi s previou s experience .  Bu t  Bell' s  understandin g 
and interpretatio n processes ,  explorin g previou s experience , 
see m fa r  mor e comple x tha n thos e handle d b y I M P R O V I S E R . 
Bel l  use d analog y whe n simpl e retrieva l  failed .  W h e n analog y 
als o failed .  Bel l  mad e ne w hypothese s b y combinin g attribute s 
of  th e (partial )  desig n alternative s retrieved .  Thi s mechanis m 
le d t o th e famou s hypothesi s o f  th e "undulator y current" ,  b y 
mixin g propertie s o f  soun d transmissio n an d electrica l  cur -
rents .  W e realise d tha t  understandin g i s a  memor y issu e tha t 
shoul d pla y a  mor e importan t  rol e i n a  framework  fo r  creativ e 
design .  I D e A L (Bhatt a &  al. ,  1994 )  stresse s als o th e rol e 
of  understandin g i n design .  I D e A L revise s it s understandin g 
of  th e proble m base d o n generalization s buil t  from  specifi c 
experiences . 

Base d o n Bell' s  cas e study ,  w e ar e developin g a  compute r 
model  tha t  integrate s understandin g an d desig n proble m solv -
in g t o tes t  ou r  hypothese s abou t  th e rol e o f  case-base d reason -
in g i n long-ter m creativ e design .  I n ou r  mode l  th e proble m 
solvin g processe s relyin g o n previou s experienc e cal l  a n un -
derstandin g process ,  adapte d fro m M o o r m a n &  Ram' s (1994 ) 
creativ e understandin g algorithm .  Th e understandin g proces s 
i n tur n ma y cal l  desig n proble m solvin g processe s t o achiev e 
a bette r  artifac t  understanding .  W e hop e tha t  a  goo d under -
standin g o f  creativ e desig n processe s wil l  hel p u s buil d bette r 
tool s t o assis t  huma n designers . 
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I n t r o d u c t i o n 

Visua l  searc h o f  a  multi-elemen t  displa y leads ,  unde r  certai n 
conditions ,  t o "popout "  o r  preattentiv e perceptio n o f  a 
uniqu e o r  highl y salien t  ite m i n th e displa y (Treisman , 
1988) .  W h a t  migh t  b e th e neura l  locu s o f  mechanism s 
underlyin g suc h preattentiv e visua l  j)erception ? Visua l 
processin g occur s alon g tw o relativel y distinc t  pathways , 
terme d th e magnocellula r  ( M )  an d parvocellula r  (P )  pathway s 
(Livingston e &  Hubel ,  1987) .  Sinc e respondin g an d 
orientin g rapidl y t o salien t  feature s i n th e environmen t 
carrie s a  hig h surviva l  value ,  w e hypothesize d tha t  th e 
phylogeneticall y olde r  M pathwa y preferentiall y  mediate s th e 
preattentiv e processin g leadin g t o eventua l  captur e o f 
attentio n b y th e stimulu s o f  iimnediat e interest . 

D ue t o a  numbe r  o f  physiologica l  difference s i n th e 
respons e propertie s o f  neuron s i n th e tw o pathways ,  thei r 
relativ e contribution s t o visua l  perceptio n ca n b e 
psychophysicall y dissecte d (Livingston e &  Hubel ,  1987) . 
For  instance ,  perceptio n o f  colore d stimul i  o n a n 
isoluminan t  backgroun d depend s exclusivel y o n chromati c 
cue s an d thu s predominantl y o n th e P  system ,  th e M syste m 
bein g relativel y uninvolve d (Livingston e &  Hubel ,  1987) . 
We predicte d tha t  thi s shoul d selectivel y impai r  preattentive , 
paralle l  visua l  processin g whil e leavin g later ,  seria l 
processin g relativel y unaffected . 

The tas k chose n fo r  thi s examinatio n wa s subitizing ;  th e 
abilit y t o rapidl y an d accuratel y enumerat e smal l  set s o f 
item s (e.g .  Tric k &  Pylyshyn ,  1994) .  Subitizin g i s a 
robus t  phenomeno n tha t  ha s recentl y bee n associate d wit h 
preattentiv e mechanisms .  Fo r  example ,  Tric k &  Pylyshy n 
(1994 )  showe d that ,  whe n adult s wer e aske d t o enumerat e 
targe t  lette r  O s i n a  field  o f  distracto r  X s ( a conditio n wher e 
th e target s typicall y "po p out") ,  th e standar d subitizin g 
profil e wa s observed .  Thi s i s a  smal l  reactio n tim e slop e o f 
aroun d 5 0 m s pe r  ite m fo r  collection s o f  u p t o 4  item s wit h a 
steepe r  slop e i n th e rang e o f  300m s fo r  large r  sets . 
However ,  whe n th e X s wer e replace d b y distracto r  Q s (thu s 
inducin g attentiv e visua l  searc h fo r  targets )  reactio n tim e 
was linearl y relate d t o th e numbe r  o f  item s bein g enumerate d 
fo r  al l  se t  sizes .  Sinc e subitizin g i s apparentl y possibl e 
onl y whe n preattentiv e mechanism s ar e i n operation ,  w e 

reasone d tha t  i t  migh t  b e affecte d b y manipulation s affectin g 
preattentiv e processing .  W e therefor e adopte d a  subitizin g 
tas k t o tes t  th e hypothesi s tha t  preattentive ,  paralle l  visua l 
processin g depend s preferentiall y  o n th e M system . 

Methods and Results 

I n a  within-subject s design ,  subject s ha d thei r  isoluminanc e 
poin t  individuall y establishe d an d the n wer e presente d wit h 1 
t o 8  gree n rectangle s whic h wer e eithe r  isoluminan t  wit h 
(ISO )  o r  considerabl y greate r  i n luminanc e (NI )  tha n a  re d 
background .  Thei r  tas k wa s t o repor t  a s quickl y a s possibl e 
h o w m a n y rectangle s the y saw .  Presentatio n tim e wa s 
terminate d b y subjec t  response .  W e predicte d tha t 
enumeratio n performanc e woul d b e affecte d detiimentall y b y 
th e isoluminan t  stimul i  onl y an d tha t  th e effec t  woul d occu r 
onl y i n th e subitizin g range .  Ou r  dat a showe d a  subitizin g 
spa n o f  3  object s fo r  bot h IS O an d N I  stimuli .  Withi n 
subitizin g ther e wa s a  significan t  increas e i n mea n reactio n 
tim e (o f  abou t  1 5 m s )  fo r  th e IS O stimul i  ove r  th e N I 
stimul i  (F(l,29 )  =  20.70 ,  p  <  .001) .  Outsid e th e subiUzin g 
range ,  performanc e wa s no t  significantl y differen t  (F(l,29 )  = 
.14 ,  p  =  .713) .  Thus ,  ou r  initia l  result s ar e a s predicted . 
Whil e furthe r  researc h i s neede d i n orde r  t o examin e thi s 
effec t  i n greate r  detail ,  ou r  findings  appea r  t o suppor t  th e 
suggestio n tha t  th e magnocellula r  visua l  pathwa y i s th e 
preferentia l  processin g rout e fo r  a  subitizin g task ;  on e tha t 
i s  closel y associate d wit h preattentiv e visua l  processing . 
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Introductio n 

Thi s pape r  argue s tha t  w e ca n determin e th e content s o f  th e 
neura l  substrate s tha t  suppor t  implici t  belief s b y considerin g 
th e histor y o f  th e substrate s an d thei r  rol e withi n th e 
system .  Bot h artificia l  an d biologica l  neura l  substrate s ar e 
examine d wit h th e goa l  o f  showin g tha t  structure s a t  th e 
neura l  leve l  ca n carr y informationa l  conten t  abou t  th e type s 
of  event s whic h cause d them .  A  brie f  discussio n o f  th e 
condition s unde r  whic h state s carr y informatio n conten t  i s 
given ,  followe d b y a  sketc h o f  wh y neura l  network s carr y 
implici t  content ,  an d finally  a  briefcas e fo r  implici t  conten t 
i n wetwar e i s made . 

Information 

I  canno t  argu e th e merit s o f  differen t  theorie s o f  informatio n 
conten t  her e Therefor e I  wil l  assum e a  correlationa l  versio n 
of  informatio n conten t  i n orde r  t o se e ho w fa r  i t  get s u s 
toward s determinin g th e conten t  i n neura l  substrate s 
(Dretske ,  1981 ;  Dretske ,  1988) .  Sa y tha t  B  carrie s 
informatio n abou t  A  i f  th e followin g tw o condition s ar e 
met :  (1 )  A  cause s B ,  an d (2 )  B  occur s onl y i f  A  occurs .  Fo r 
example ,  suppos e w e trai n a  neura l  networ k t o recogniz e 
chairs .  Th e inpu t  laye r  o f  th e networ k i s sa y a  100x10 0 
scree n o f  node s whic h represen t  blac k o r  whit e pixel s fro m a 
digita l  camera .  The n a  2- D pixe l  imag e o f  a  chai r  occur s a t 
th e inpu t  laye r  o f  m y networ k i f  an d onl y i f  a  chai r  i s i n 
fron t  o f  th e camera .  The n th e inpu t  laye r  lightin g u p i n thi s 
patter n (2- D B A V chai r  image )  carrie s informatio n tha t  a 
chai r  i s  i n fron t  o f  th e camera .  S o th e inpu t  laye r  o f  m y 
networ k ca n carr y informatio n abou t  it s environment .  A n 
analogou s cas e i s m y retina .  Retina l  rod s an d cone s 
generall y onl y fir e wit h a  chair-lik e patter n whe n chair s ar e 
present .  Thoug h ther e m a y b e exception s (e.g .  a n A m e s 
chair )  thes e ar e rare ,  s o I  wil l  conside r  th e abov e definitio n 
of  informatio n t o wor k i n mos t  cases . 

Bot h neura l  network s an d peopl e lear n t o recogniz e chairs . 
Conside r  th e se t  o f  event s comprisin g successfu l  learnin g o f 
a tas k ove r  time .  Cal l  thi s se t  o f  event s a  learnin g history , 
or  H  fo r  short .  W e ca n thin k o f  H  a s th e caus e o f  a n interna l 
chang e i n th e cognitiv e syste m whic h result s i n th e 
learning .  Fo r  a  neura l  networ k thi s histor y cause s a  ne w se t 
of  weight s W t o b e installe d whic h allow s th e networ k t o 
perfor m th e task .  Th e learnin g histor y H  i s a  sufficien t 
conditio n fo r  installatio n o f  th e weight s W .  Fo r  example ,  i f 
we tak e th e well-know n Gorma n an d Sejnowsk i  networ k fo r 
distinguishin g sona r  signal s an d trai n i t  o n thei r  trainin g se t 

fo r  th e numbe r  o f  epoch s a s they'v e described ,  the n i t  wil l 
lear n t o distinguis h submarin e fro m roc k sona r  signals . 

To pas s philosophica l  muster ,  w e shoul d reall y thin k o f 
H an d W a s types .  Fo r  example ,  w e coul d var y th e orde r  o f 
th e roc k an d min e signal s i n th e abov e exampl e an d th e 
networ k woul d stil l  lear n th e tas k equall y well .  Th e 
resultin g weigh t  matri x migh t  eve n hav e change d i n som e o f 
it s elements ,  bu t  successfu l  learnin g wil l  mea n th e sam e 
behaviora l  resul t  tha t  th e networ k achieve s it s tas k t o 
simila r  accuracy .  S o a  learnin g histor y o f  th e typ e H  i s 
sufficien t  t o caus e a  weigh t  matri x o f  typ e W .  I t  turn s ou t 
we ar e alread y ver y clos e t o a  theor y o f  informationa l 
conten t  fo r  th e traine d weigh t  stat e W i n a  neura l  network . 
We hav e me t  conditio n (1 )  above ,  namely ,  tha t  thing s o f 
typ e H  caus e thing s o f  typ e W .  N o w w e need  t o sho w tha t 
W's occu r  onl y i f  H' s occur . 

Large Numbers, LTP and Content 

Thi s i s don e b y usin g th e argumen t  fro m larg e numbers , 
whic h conclude s tha t  th e odd s agains t  finding  a  neura l 
networ k i n a  certai n recognitio n stat e ar e ver y large .  Bu t  th e 
human brai n i s muc h mor e complicate d tha n mos t  network s 
(Churchland ,  1989) .  S o finding  a  structur e i n th e huma n 
brai n tha t  connect s certai n perceptua l  state s wit h certai n 
(non-reflex )  moto r  state s i s eve n mor e likel y t o hav e bee n 
cause d b y learnin g tha n th e analogu e stat e i n a  simple r 
neura l  network . 

I  nex t  argu e tha t  a s a  resul t  o f  a  causa l  learnin g process , 
wit h L T P a s th e curren t  candidat e fo r  synapti c modification , 
a neura l  structur e W i s installe d i n th e brain ,  become s a 
stable ,  permanen t  par t  o f  th e agent ,  carrie s content ,  an d 
allow s output s M t o b e cause d wheneve r  th e networ k i s 
presente d wit h a n F .  Thi s m a y b e h o w w e acquir e certai n 
implici t  beliefs .  Th e state s W ma y b e installe d b y learnin g 
historie s i n subtl e way s whic h agent s ar e no t  explicitl y 
awar e of .  Thes e historie s m a y b e though t  o f  a s th e 
environmenta l  reason s fo r  state s lik e W . 
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The genera l  consensu s amon g inferenc e researcher s i s tha t 
elaborativ e inference s ar e m a d e onl y unde r  certai n 
circumstances ,  suc h a s highl y predictiv e contexts ,  i f  the y ar e 
made a t  al l  (e.g. ,  Garrod ,  O'Brien ,  Morris ,  &  Rayner ,  1990 ; 
Graesser ,  Singer ,  &  Trabasso ,  1994 ;  M c K o o n &  Ratcliff , 
1992 ;  Murray ,  Klin ,  &  Myers ,  1993 ;  Potts ,  Keenan ,  & 
Golding ,  1988 ;  va n de n Broek .  1994) .  I n th e presen t 
experimen t  w e tested :  (1 )  whethe r  elaborativ e inference s 
withi n moderatel y predictiv e context s wer e mad e durin g 
reading ,  an d (2 )  whethe r  individua l  difference s i n workin g 
m e m o ry capacit y wer e associate d wit h difference s i n th e 
lengt h o f  tim e th e elaborativ e inference s wer e maintained . 
Thre e an d fou r  sentenc e lengt h paragraph s wer e designe d s o 
tha t  on e particula r  outcom e o f  th e stor y wa s mor e likel y 
tha n othe r  potentia l  outcomes .  Th e outcome s wer e 7 0 % 
probabl e give n th e contex t  o f  th e paragraphs ,  base d o n 
normativ e dat a collecte d prio r  t o runnin g th e study . 
Typically ,  outcome s i n othe r  studie s o f  elaborativ e o r 
predictiv e inference s ar e betwee n 9 0 % an d 1 0 0 % predictabl e 
withi n th e give n context .  I n th e presen t  experiment ,  th e 
fma l  sentenc e o f  al l  o f  th e paragraph s explicitl y  state d th e 
inferenc e reader s m a y hav e made .  Ther e wer e fou r 
conditions :  a n Inferenc e conditio n an d a  Contro l  condition , 
wit h tw o possibl e time s o f  test .  Immediat e o r  Delayed . 
Forty-fou r  set s o f  paragraph s wer e created ,  wit h eac h se t 
containin g a  versio n correspondin g t o eac h condition .  I n th e 
Immediat e conditio n (thre e sentence s i n length) ,  th e sentenc e 
explicitl y  statin g th e inferenc e immediatel y followe d th e 
sentenc e whic h m a y hav e elicite d th e inferenc e (sentenc e 
two) .  I n th e Dela y conditio n (fou r  sentence s i n length) , 
ther e wa s a  fille r  sentenc e relate d t o th e stor y betwee n th e 
elicitin g sentenc e (two )  an d explici t  statemen t  o f  th e 
inferenc e (sentenc e four) ,  whic h neithe r  confirme d no r 
preclude d th e inference .  A  "word-base d priming "  Contro l 
conditio n wa s create d usin g th e relevan t  conten t  word s fro m 
th e experimenta l  paragraph s i n a  slightl y differen t  contex t  s o 
tha t  the y di d no t  elici t  th e inference .  Immediat e an d Dela y 
condition s wer e create d fo r  th e Contro l  a s wel l  a s fo r  th e 
Inferenc e condition . 

Forty-fiv e subject s (eightee n male ;  twenty-seve n female ) 
participate d i n th e experiment .  Thei r  age s range d fro m 
eightee n t o twenty-fiv e years . 

A movin g w indo w readin g tim e paradig m wa s used , 
providin g a  measur e o f  ho w lon g reader s spen t  o n eac h wor d 
of  th e paragraphs .  Th e structur e o f  th e entir e paragrap h wa s 
on th e scree n a s th e subject s read .  Dashe d line s represente d 
th e letter s i n th e words ,  wit h space s betwee n them .  W h e n 
subject s presse d th e spac e ba r  a  ne w wor d appeare d an d th e 
previou s wor d wa s replace d b y dashe d lines .  Followin g one -

thir d o f  th e paragraph s subject s answere d comprehensio n 
question s designe d t o mak e sur e the y wer e payin g attentio n 
t o th e conten t  o f  th e paragraphs . 

Overall ,  th e word s i n th e final  sentence s o f  th e Inferenc e 
conditio n wer e rea d approximatel y 2 5 mse c faste r  tha n th e 
word s i n th e Contro l  condition .  Th e effec t  seem s t o b e 
drive n b y conten t  words ,  specifically ,  th e fina l  conten t  wor d 
of  th e sentence ,  whic h wa s rea d approximatel y 15 0 mse c 
faste r  i n th e Inferenc e conditio n compare d t o th e Control . 
Therefore ,  i t  seem s a  highl y predictiv e contex t  i s  no t 
necessar y fo r  elaborativ e inference s t o b e mad e durin g 
reading ;  elaborativ e inference s ca n b e mad e i n moderatel y 
predictiv e context s a s well . 

I n addition ,  reader s wit h lo w workin g memor y capacit y (a s 
measure d b y a  variatio n o f  Danema n &  Carpenter' s (1980 ) 
readin g spa n task )  showe d faste r  readin g time s fo r  th e 
Inferenc e conditio n relativ e t o th e Contro l  onl y i n th e 
Immediat e condition ;  ther e wa s n o readin g tim e differenc e 
betwee n th e inferenc e an d contro l  i n th e Delaye d condition . 
Thu s th e lo w spa n reader s see m t o mak e th e elaborativ e 
inferenc e initially ,  however ,  the y d o no t  see m t o hav e th e 
inferenc e activ e i n memor y followin g th e intervenin g 
sentence .  B y contrast ,  reader s wit h hig h workin g memor y 
capacit y rea d th e word s o f  th e final  sentenc e faste r  i n th e 
Inferenc e conditio n tha n i n th e Contro l  i n bot h th e 
Immediat e an d Dela y conditions . 

Thes e dat a sugges t  tha t  ther e i s a  relationshi p betwee n 
workin g memor y capacit y an d th e duratio n o f  inference s i n 
workin g memory .  Perhap s on e consequenc e o f  workin g 
memory capacit y i s ho w lon g item s ar e hel d i n workin g 
memory whe n th e item s (i n thi s cas e th e inference )  ar e no t 
supporte d explicitl y  b y th e contex t  o f  th e sentence .  I n th e 
Delaye d condition s o f  ou r  paragraph s th e intervenin g 
sentenc e neithe r  supporte d no r  contradicte d th e inference .  I t 
may b e tha t  th e lo w spa n grou p di d no t  hav e th e workin g 
memory capacit y t o "waste "  o n keepin g a n inferenc e i n 
workin g memor y whe n th e intervenin g sentenc e di d no t 
confir m th e inference .  Th e hig h spa n group ,  b y virtu e o f 
thei r  large r  workin g memor y capacity ,  ma y hav e ha d enoug h 
t o spar e t o kee p th e inferenc e i n workin g memor y eve n 
thoug h th e intervenin g sentenc e di d no t  confir m th e 
inference . 
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A b s t r a c t 

If implicit learning is a form of 
memorization/prototyping ,  an d explici t  learnin g i s a 
fon n o f  hypothesi s testing ,  the n the y shoul d diffe r 
bot h computationall y an d behaviorally .  Experiment s 
1 an d 2  foun d tha t  implici t  learnin g i n a n artificia l 
grammar  learnin g tas k wa s unabl e t o lear n 
nonadjacen t  regularities .  Subject s rea d alou d 6 0 lette r 
string s containin g eithe r  adjacen t  o r  nonadjacen t 
regularities .  I n a  subsequen t  categorizatio n tas k o n 
nove l  rule-governe d vs .  rule-violatin g strings , 
subject s demonstrate d learnin g o f  th e adjacen t  rul e 
only .  A  Simpl e Recurren t  Networ k (SRN )  ca n 
simulat e subjects '  implici t  learnin g behavio r  wherea s 
previou s associativ e networ k model s (e.g .  Dienes , 

1992 )  cannot .  Experimen t  3  compare d implici t  an d 
explici t  learning :  instruction s t o rea d string s alou d vs . 
searc h fo r  rules .  Th e nonadjacen t  rul e wa s onl y 
learne d unde r  explici t  learning .  A  bin t  makin g th e 
rul e mor e salien t  enhance d explici t  learnin g bu t  no t 
implici t  learning .  Fmally ,  subject s ca n voluntaril y 
switc h strategies .  I n sum ,  implici t  an d explici t 
learnin g sho w differen t  effect s an d differen t 
limitations ,  supportin g th e contentio n tha t  the y ar e 
indee d differen t  strategies . 
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Abstrac t 

Passive and cleft-object constructions are harder to 
comprehen d an d breakdow n mor e easil y unde r  stres s 
or  brai n damag e tha n activ e an d cleft-subjec t 
constructions .  Ar e the y harde r  becaus e the y requir e 
specia l  comprehensio n processe s tha t  ar e localize d i n 
brai n area s damage d i n aphasia ,  becaus e the y require 
greate r  centra l  processin g edacit y tha t  i s  reduce d i n 
aphasia ,  o r  becaus e the y ar e simpl y les s frequen t  an d 
therefor e les s wel l  practice d an d mor e easil y disrupte d 
by brai n damage ? A  P D P mode l  o f  th e word-by-wor d 
comprehensio n proces s demonstrate s tha t  les s 
frequentl y traine d construction s ar e learne d mor e 
slowl y (thoug h eventuall y mastered )  an d brea k dow n 
mor e easily .  Th e mode l  employe d a  simpl e recurrent 
networ k architectur e simila r  t o St .  Joh n an d 
McClellan d (1990) .  Th e mode l  wa s traine d o n 
15,91 2 instance s o f  fou r  sentenc e construction s 
(simpl e active ,  simpl e passive ,  cleft-subject ,  an d 
cleft-object) .  Th e model' s tas k wa s t o determin e th e 
agen t  an d patien t  o f  a  presente d sentence .  O n e 

constructio n wa s arbitraril y  chose n t o b e traine d 8 
lime s mor e frequentl y tha n th e others .  Th e hig h 
frequenc y constructio n wa s mastere d first,  thoug h al l 
wer e mastere d eventually .  Generalizatio n t o ne w 
sentence s wa s high ,  demonstratin g master y o f  th e 
synta x rathe r  tha n memorizatio n o f  th e trainin g 
instances .  Followin g training ,  processin g breakdow n 
was simulate d b y addin g uniforml y distribute d nois e 
t o th e unit s i n th e hidde n laye r  o f  th e network .  Th e 
lo w frequenc y construction s wer e mor e pron e t o erro r 
tha n th e hig h frequenc y construction .  Sentenc e 
lengt h als o increase d learnin g tim e an d th e potentia l 
fo r  breakdown .  Frequenc y an d lengt h ar e simpl e bu t 
powerfu l  factor s throughou t  cognition ;  th e mode l 
demonstrate s tha t  the y ca n als o b e powerfu l  factor s i n 
norma l  an d aphasi c languag e comprehension . 
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Introductio n 

Compartmenta l  modelin g o f  biologica l  neuron s an d neura l 
network s play s a n importan t  rol e i n computationa l 
neuroscience .  Typically ,  thi s modelin g i s accomplishe d 
wit h monolithi c Unix-base d simulatio n packages ,  e.g. . 
Genesi s (WUso n e t  al ,  1989 )  o r  Neuro n (Hine s 1989) . 
These package s ar e powofu l  researc h tools ,  an d wel l  suite d 
fo r  a n experience d use r  wit h acces s t o a n appropriat e 
compute r  platform .  However ,  suc h package s suHe r  severa l 
drawback s fo r  othe r  users :  the y ca n b e difficul t  t o learn ;  ar e 
not  eas y t o modify ,  extend ,  an d integrat e wit h othe r 
software ;  an d ar e generall y no t  portabl e t o non-Unix/DO S 
platforms . 

To mee t  thes e differen t  requirements ,  a  C+ + clas s 
librar y wa s created .  C O N I C A L ,  th e Computationa l 
Neuroscienc e Clas s Library ,  consist s o f  a  non-monolithi c 
hierarch y o f  C+ + classes .  Th e librar y ca n b e use d i n whol e 
or  i n par t  a s needed .  Eac h objec t  clas s i s designe d t o b e 
readil y extende d o r  modifie d throug h th e inheritanc e 
mechanism ;  comple x classe s ar e derive d &o m bas e classe s i n 
severa l  steps ,  allowin g behavio r  t o b e efficientl y overridde n 
at  an y point .  Th e librar y ha s bee n co-develope d an d teste d 
wit h Unix ,  D O S,  an d MacO S compilers .  C+ + construct s 
whic h ten d t o b e problemati c (e.g. ,  template s an d exceptio n 
handling )  hav e beie n avoide d t o ensur e maximu m portabilit y 
among variou s platform s an d compilers . 

Applications 

C O N I C AL ca n b e use d wit h a  ver y simpl e mai n program , 
i n a  manne r  simila r  t o th e script-base d simulator s mentione d 
above .  I n direc t  comparisons ,  i t  wa s foun d tha t  C O N I C A L 
require d roughl y th e sam e amoun t  o f  user-writte n cod e a s th e 
equivalen t  Genesi s script .  Moreover ,  sinc e C O N I C A L i s 
writte n i n C++ ,  learnin g a  ne w languag e i s no t  necessar y 
fo r  man y users .  I n thi s usage ,  outpu t  i s sen t  t o th e scree n 
or  a  file  fo r  graphin g o r  analysi s b y othe r  software ,  an d th e 
complet e progra m ca n b e full y  cross-platfor m compatible . 

C O N I C AL ca n als o b e embedde d i n large r  softwar e 
packages ,  suc h a s graphica l  simulators ,  educationa l 
packages ,  o r  plug-i n module s fo r  general-purpos e 
mathematic s software .  Thi s wil l  allo w programmer s wit h 
littl e knowledg e o f  compartmenta l  modelin g techniques ,  o r 
physiologist s wit h onl y modes t  programmin g skill ,  t o 
produc e accurat e an d efficien t  neura l  simulations ,  wit h a 
wid e rang e o f  iq)plication s i n research  an d education . 

M e t h o d s 

CONICAL consist s o f  approximatel y 2 0 classes .  Th e 
hierarch y tre e ha s fou r  roots ,  wit h th e longes t  branc h 
measurin g fiv e classes .  Multipl e inheritanc e i s  applie d 
whereve r  neede d t o segregat e functionality .  T w o mai n 
branche s dominat e th e hierarchy :  on e develop s 
compartments ,  endin g i n a  standar d cylindrica l  compartment ; 
th e othe r  contain s currents ,  includin g voltage -  an d ligand -
gate d channels .  Th e librar y include s a  standar d Hodgkin -
Huxle y channel ,  whos e kinetic s ar e se t  b y selectin g a n 
equatio n for m an d parameters ,  a s wel l  a s a  standar d alpha -
functio n synapse .  A  mor e sophisticate d Markov-mode l 
synaps e i s als o included ,  a s ar e curren t  injector s an d data -
recordin g objects .  Numerica l  integratio n i s don e b y th e 
exponentia l  Eule r  method .  Documentatio n i s provide d i n 
hypertex t  forma t  vi a th e World-Wid e Web . 

Conclusion 

C O N I C AL i s no t  intende d a s a  replacemen t  fo r  curren t 
simulatio n packages ;  rather ,  i t  serve s a  complimentar y 
purpose .  I t  ma y b e th e preferre d simulatio n environmen t  i n 
case s wher e (1 )  th e use r  prefer s C+ + t o a  ne w scrip t 
language ;  (2 )  considerabl e modificatio n o r  extensio n o f  th e 
simulato r  i s planned ;  (3 )  th e use r  need s t o embe d a  neura l 
model  withi n othe r  software ;  o r  (4 )  simulatio n i s neede d o n 
platform s othe r  tha n Uni x o r  DOS/Windows .  Th e 
C O N I C AL library ,  includin g sourc e code ,  ma y b e freel y 
used fo r  non-commercia l  purposes .  I t  ma y b e obtaine d vi a 
th e Wwld-Wid e Webl ,  o r  directl y from  th e authw . 
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The navigatio n proces s i n hyperdocumen t  structure s i s 
highl y complex .  Thi s i s du e t o th e vas t  amoun t  o f  infor -
mation ,  possibl e pathwa y options ,  an d richnes s o f  visua l 
stimuli .  Severa l  studie s hav e reporte d th e effect s o f  dif -
feren t  interfac e approache s an d hypertex t  conten t  struc -
ture s tha t  produc e user s misorientatio n an d cognitiv e 
overloa d (Cimino ,  Elki n &  Barnett ,  1992) .  Othe r  studie s 
add informatio n o n ho w thes e "navigationa l  problems " 
may b e circunstancia l  du e t o severa l  users '  characteris -
tics .  The y als o approac h hypertex t  researc h traditio n a s 
bein g muc h mor e oriente d toward s "  navigatio n outcome " 
rathe r  tha n "navigatio n process" ,  an d urg e researc h i n 
thi s field  fo r  bette r  understandin g users '  cognitiv e pro -
cesse s whe n interactin g wit h hyperdocument s (Dillon , 
McKnigh t  &  Richardson ,  1993) . 

The presen t  researc h sough t  t o explor e th e naviga -
tio n proces s beyon d th e standar d treatmen t  o f  cognitiv e 
maps t o includ e th e investigatio n o f  individua l  charac -
teristic s an d previou s knowledg e schemat a tha t  ma y in -
fluence  thi s process .  The y are :  (1 )  experienc e wit h th e 
use o f  computer s an d peripheral s (hardwar e schemata) ; 
(2 )  experienc e wit h th e us e o f  electroni c spac e (softwar e 
schemata) ;  (3 )  knowledg e o f  hypertex t  concept s (hyper -
tex t  schemata) ;  (4 )  interes t  i n th e conten t  (affectiv e is -
sue) ;  (5 )  appraisa l  o f  th e us e o f  th e hypertex t  syste m 
(affectiv e issue) . 

A hyperdocumen t  o n th e topi c o f  Foo d Conservatio n 
was developed .  Th e desig n include d manipulatio n fa -
cilitie s an d acces s mechanism s suc h a s keywor d index , 
progra m menu ,  conten t  map ,  alon g wit h othe r  artifact s 
intrinsi c t o hypertex t  structures .  Followin g th e psy -
chologica l  literatur e o n hypertex t  (Dillo n e t  al. ,  1993 ) 
thes e mechanism s woul d correspon d t o representation s 
of  schemat a instantiation s (landmarks ,  routs ,  an d maps ) 
fo r  syste m users . 

Nutritio n student s (N=30 )  participate d o n th e stud y 
inter2ictin g wit h th e hiperdocument .  Th e student s wer e 
divide d int o thre e group s accordin g t o thei r  forma l  pre -
viou s contac t  wit h th e conten t  o f  th e progra m (Gl = wh o 
have attende d th e disciplin e o n foo d conservatio n before ; 
G2= wh o wer e attendin g th e discipline ,  an d G3 = wh o 
have neve r  attende d th e discipline) .  Thre e basi c intru -
ment s wer e use d t o collec t  dat a t o stud y students '  navi -
gatio n processes :  (1 )  recordin g o f  th e navigatio n histor y 
of  e£ic h studen t  (dependen t  variable) ;  (2 )  observatio n o f 
students '  interactio n wit h th e system ,  an d (3 )  studen t 
profil e questionnair e an d hyperdocumen t  attitud e scale . 

Observatio n dat a o n users '  interactin g wit h th e sys -
tem,  users '  appraisa l  o f  thei r  experience ,  an d users '  gen -
era l  characteristic s dat a (e.g .  previou s experienc e wit h 
computers ,  hypertext ,  conten t  knowledge ,  etc. )  wer e or -
ganize d int o a  "  use r  schemat a profile" . 

Record s o f  eac h use r  navigatio n histor y wer e summa-
rize d int o "navigatio n maps "  (dependen t  variable )  indi -
catin g content s (nodes )  visited .  Use r  pathway s (link s 
betwee n nodes )  wer e colo r  code d accordin g t o "she -
mata instantiations "  use d t o acces s th e node s (e.g .  hot -
words ,  index ,  pag e browser ,  conten t  map ,  an d menu) . 
Users'navigatio n style s divide d the m int o tw o mai n cat -
egorie s -  browser s an d deliberat e searcher s -  compatibl e 
wit h Wrigh t  (1993) . 

Qualitativ e analyse s o f  users '  profile s wer e compare d 
wit h thei r  navigatio n styles .  Th e result s indicat e tha t 
"browsers "  diffe r  fro m "deliberat e searchers "  i n th e 
quantit y an d qualit y o f  som e basi c schemata .  However , 
affectiv e issue s (variable s 4  an d 5 )  wer e indentifie d a s 
importan t  stimul i  fo r  schemat a constructio n durin g th e 
navigatio n process . 

The result s o f  thi s stud y ma y b e usefu l  t o guid e th e 
desig n o f  learnin g system s whic h includ e facilitie s fo r  de -
velopin g necessar y schemat a durin g th e learnin g process . 
Furut e reserarc h woul d benefi t  fro m examinin g th e in -
fluence  o f  differen t  navigatio n style s o n conten t  learnin g 
throug h hypermedia . 
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I n t roduc t i o n 

My purpose for this paper is to show that although the 
brai n i s a  computationa l  device ,  naturalisti c explanation s o f 
it s  processin g d o no t  requir e a  stron g commitmen t  t o 
interna l  representations .  Asid e fro m resolvin g question s o f 
ontology ,  th e followin g consideratio n motivate s thi s 
project :  providin g a  plausibl e computationa l  framewor k 
fro m whic h t o mechaiiisticl y explai n ho w th e mind/brai n 
works ,  ye t  tha t  i s consisten t  wit h a  situate d actio n approac h 
t o cognition .  Th e typ e erf '  cognitiv e processin g o f  concer n 
her e i s vision . 

Computationalism 

Computationalism is the view that a computational 
framewor k i s essentia l  t o explai n th e working s o f  intelligen t 
systems .  Notwithstandin g th e widesprea d notio n o f 
synonym y betwee n 'computation '  an d 'symbolic-digita l 
computation* .  igncMin g hybrids ,  ther e ar e tw o computationa l 
paradigms :  symbolic ,  digital ,  rule-following ,  discret e 
processin g [classicis t  computation ]  an d nonsymbolic , 
analog ,  rule-governed ,  continuou s processin g [connectionis t 
PDP-styl e computation] . 

A "computati(Mia l  system "  i s a  system/devic e whos e 
behavio r  ca n b e interprete d a s satisfyin g som e functio n 
(Churchlan d &  Sejnowski ,  1992) .  Sinc e ever y syste m 
implement s som e function ,  th e mind/brain ,  unsurprisingly , 
i s a  computationa l  system . 

Sinc e interna l  representation s ar e sai d t o flgure  i n bot h 
type s o f  computationa l  processing ,  i s th e statu s o f  interna l 
representation s i n explanaticm s o i  th e mind/brai n assured ? 
No.  Althoug h symbolic-digita l  computatio n require s a 
mediu m o f  interna l  representations,  I  provid e conceptua l  an d 
empirica l  reason s io t  thinkin g tha t  brain s ar e no t  classicis t 
devices .  Fo r  example ,  th e brai n doe s no t  [an d nee d not ] 
maintai n a  3- D representatio n tha t  correspond s detail-by -
detai l  t o th e extra-menta l  worid .  fo r  th e "worl d itsel f  i s 
highl y stabl e an d convenientl y  'ou t  there '  t o b e sample d an d 
resampled "  (Churchland ,  Ramachandra n &  Sejnowski ,  1994 , 
p.  36 ;  Douglas ,  Mahowal d &  Mead ,  1995 ;  Va n Esse n & 
Anderson ,  1994) .  I n addition ,  th e nonmodula r  organizatio n 
of  th e brai n an d th e unencapsulate d flo w o f  visua l 
informatio n als o clas h wit h th e symbolic-digita l  vie w 
(Knudse n &  Brainard ,  1995 ;  V a n Essen .  Anderso n & 
Olshausen ,  1994) . 

T h e n o n s y m b o l i c - a n a l o g v i e w o f  visio n 

1 argue that brains are nonsymbolic-analog computadonal 
devices .  Drawin g upo n m y analysi s i n (Stufflebeam .  1995 ) 
regardin g th e individuatic m o f  representation s an d th e rd e 
and statu s o f  'distribute d representations '  i n explanation s o f 
PDP,  I  argu e tha t  distribute d pattern s o f  activatio n ar e no t 
"internal "  representations .  Rather ,  the y ar e extrinsi c ones : 
among othe r  failings ,  thei r  statu s a s representation s depend s 
on th e [mere ]  ac t  o S interpretation/description .  Thoug h a 
computationa l  framewoi k demand s a  "medium "  fo r  th e 
input-to-outpu t  transformations ,  I  sho w tha t  computationa l 
description s neithe r  licens e no r  requir e a  [strong ]  commit -
ment  t o interna l  representations  (cf .  Fodor ,  1975) .  An d i f 
thi s nonsymbolic-analo g approac h t o visio n scale s u p t o a 
scientifi c  understandin g o f  higher-orde r  cognition ,  the n th e 
need fo r  interna l  representations  i n explanation s o f  cognitiv e 
processin g i s minimal . 
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In t roduct io n 

Th e primar y mod e o f  neura l  signalin g involve s th e genera -
tion ,  transmissio n an d transformatio n o f  spik e train s b y neu -
rons  i n th e centra l  nervou s system .  Th e debat e concernin g 
spik e timin g versu s rat e codin g ha s receive d increasin g atten -

tio n amon g neuroscientists ,  particularl y withi n computationa l 
neuroscience(Shadlen & Newsome .  1994 ;  Softky ,  1995 ;  The -
unisse n &  Miller ,  1995) .  I t  i s  widel y believe d tha t  neuron s i n 
th e nervou s syste m ar e noisy ,  an d tha t  therefor e onl y th e rat e 

or  frequency  o f  firing  coul d reliabl y serv e a s a  neura l  code . 
Recend y thi s lon g hel d vie w ha s bee n directl y challenge d b y a 

number  o f  studies .  Unde r  tighd y controlle d inpu t  conditions , 
cortica l  neuron s i n th e mammalia n brai n ar e capabl e o f  gener -
atin g rathe r  precisel y time d spik e trains ,  i n bot h ra t  brai n slice s 
and behavin g monkey s (Maine n &  Sejnowski ,  1994 ;  Gallant , 
1 9 % ) .  Informatio n theoreti c analysi s ha s bee n successfull y 
applie d t o thi s codin g problem ,  an d provide s answer s t o th e 
questio n o f  h o w muc h informatio n i s containe d i n a  spik e trai n 
OBialek ,  Rieke ,  d e Ruyte r  va n Stevenick ,  &  Warland ,  1991) . 
Althoug h powerfid ,  informatio n theor y ha s no t  ye t  answere d 
th e crucia l  questio n o f  whethe r  th e informatio n measure d i s 
relevan t  t o th e neura l  syste m i n th e generatio n o f  behaviora l 
outpu t 

The specificity hypotheses 

Fro m a n ecologica l  poin t  o f  view ,  th e relevanc e o f  th e infor -
matio n code d i n a  spik e train ,  b e i t  i n a  rat e cod e o r  a  spik e 
timin g code ,  depend s heavil y o n th e "what "  aspec t  o f  th e in -
formatio n an d th e surviva l  valu e o f  it s  appropriat e process -
ing .  Dependin g o n wha t  i s t o b e encode d i n th e organism' s 
environment ,  on e typ e o f  cod e m a y serv e a s a  bette r  candi -
dat e tha n another .  Th e onse t  o f  a  stimulus ,  e.g .  th e appear -
anc e o f  a  tiger ,  ha s t o b e code d wit h greate r  tempora l  preci -
sion ,  an d wit h greate r  reliability ,  tha n th e exac t  patter n o f  th e 
tiger' s fu r  coat .  Thi s propose d dependenc y o f  a n optima l  cod e 
on th e typ e o f  informatio n t o b e encode d implie s a t  leas t  thre e 
classe s o f  testabl e hypotheses :  modalit y specificity ,  propert y 
specificity ,  an d domai n specificity . 

First ,  th e optima l  codin g schem e shoul d depen d o n th e 
sensor y noodalit y unde r  discussion ,  becaus e differen t  sensor y 
modalitie s m a y b e o f  differen t  importanc e t o a  give n organ -
is m i n a  give n environment .  Secondly ,  th e optima l  cod -
in g schem e shoul d sho w propert y specificit y withi n a  give n 

modality ,  becaus e differen t  sensor y properties ,  suc h a s color , 
form ,  onset/offset ,  o r  motio n o f  a  stimulus ,  m a y b e o f  differen t 

predictiv e value s fo r  a n organis m explorin g it s environment . 
Finally ,  th e optima l  codin g scheme ,  an d i n particula r  whethe r 
a spik e timin g cod e i s required ,  shoul d depen d o n whethe r  th e 

physica l  variable s definin g th e stimulu s ar e rapidl y varyin g i n 
th e tim e domain . 

Implications 

We investigat e thes e thre e classe s o f  hypothese s b y reviewin g 
and reexaminin g th e singl e an d multicellula r  recordin g litera -
tur e involvin g multipl e sensor y modalitie s an d multipl e sen -
sor y propertie s withi n a  give n modality .  Th e final  implicatio n 
of  th e specificit y hypothese s i s tha t  i t  woul d b e hard ,  o r  per -
hap s eve n impossible ,  t o find  a  genera l  codin g schem e appli -
cabl e t o al l  type s o f  informatio n presen t  i n th e sensor y envi -
ronment.  Therefore ,  conclusion s concernin g th e codin g prob -
le m withou t  referenc e t o th e "what "  aspec t  o f  th e informatio n 

woul d b e difficul t  t o interpret .  Perhap s i t  i s  th e modality ,  prop -
erty ,  an d domai n specificit y o f  th e neura l  cod e tha t  account s 
fo r  th e heterogeneit y o f  experimenta l  result s supportin g bot h 
rat e code s an d spik e tim e codes . 
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The presen t  stud y investigate d th e processin g o f  linguisti c 
gende r  i n Russian .  Fo r  th e majorit y o f  Russia n nouns , 
gende r  i s marke d i n a  relativel y regula r  manne r  throug h 
th e endin g o f  th e nou n (suffixe s fo r  feminin e an d neute r 
nouns ,  th e nul l  morphem e fo r  masculin e nouns) .  A 
subse t  o f  Russia n noun s end s i n palatalize d consonant s 
whic h d o no t  provid e reliabl e gende r  marking .  W e wil l 
refe r  t o th e noun s wit h end-palatalizatio n a s ambiguousl y 
marke d nouns .  A  self-pace d readin g experimen t  wa s use d 
t o examin e h o w gender-markin g an d languag e experienc e 
affec t  spee d o f  processin g an d accuracy .  Twenty-si x 
nativ e speaker s o f  Russia n an d 1 8 fluen t  non-nativ e 
speaker s (typicall y colleg e professor s an d graduat e 
student s i n Russian )  rea d 4 8 targe t  sentence s i n whic h 
subject-noun s ha d eithe r  regula r  (e.g .  muka )  o r  ambiguou s 
gende r  markin g (e.g .  sol' )  an d 6 0 fillers .  Th e overal l 
sentenc e structur e wa s Introductor y Phrase—Optiona l 
Adjective—Subjec t  Noun—Adverb—Correc t  vs .  Incorrec t 
Verb-Prepositiona l  Phrase .  Hal f  o f  th e subject-noun s 
wer e precede d b y a n adjectiv e an d hal f  appeare d withou t 
an adjective .  Th e adjective s reliabl y marke d th e gender s 
of  th e subjec t  nouns .  Participant s mad e a  forced-choic e 
betwee n tw o ver b form s ~  on e tha t  wa s correctl y inflecte d 
so a s t o agre e wit h th e gende r  o f  th e subject-N P an d on e 
tha t  di d no t  agre e wit h th e gende r  o f  th e subject-̂ fP .  W e 
examine d erro r  rate s fo r  choosin g th e correc t  ver b form , 
readin g time s fo r  individua l  word s u p t o th e verb ,  an d 
ver b choic e times ,  whic h include d th e readin g time s fo r 
th e verb s an d prepositiona l  phrases .  Significanc e wa s se t 
at p <  .05 ,  b y subject s an d items ,  i n analyse s usin g Grou p 
(nativ e vs .  non-native) .  Adjectiv e (presen t  vs .  absent) ,  an d 
Endin g (regula r  vs .  ambiguou s gende r  marking )  a s factors . 
For  sentence s wit h regula r  nouns ,  nativ e an d non-nativ e 
speaker s wer e highl y accurat e i n th e ver b choice s (erro r 
rat e <  3 % ) .  regardles s o f  whethe r  th e subject-nou n wa s 
precede d b y a n adjectiv e o r  not .  Fo r  sentence s wit h 
ambiguou s subject-nouns ,  th e non-native s mad e 
significantl y mor e error s tha n th e natives .  Non-native s 
had extrem e difficult y correctl y choosin g th e ver b whe n 
ther e wa s n o adjectiv e modifie r  (erro r  rat e =  2 9 % ) .  Thi s 
conditio n wa s significantl y differen t  from  al l  th e others . 
The difficult y wa s significantl y reduce d whe n ther e wa s 
an adjectiv e modifie r  (erro r  rat e =  6 % ) .  Readin g time s 
wer e generall y slowe r  fo r  non-nativ e speaker s tha n fo r 
nativ e speakers .  A s signale d b y a  significan t  Grou p X 

Adjectiv e interactio n a t  th e subject-noun ,  native s wer e 
somewhat  slowe d d o w n i n readin g th e nou n whe n ther e 
was a n adjectiv e modifie r  (66 6 ms. )  tha n whe n ther e wa s 
no adjectiv e (61 3 ms.) .  Th e effect s fo r  non-native s wer e i n 
th e opposit e directio n -  98 8 ms .  wit h a n adjectiv e an d 
112 1 ms .  withou t  a n adjective .  W e attribut e thi s 
interactio n t o difference s i n expertise .  Natives ,  w h o hav e 
excellen t  knowledg e o f  nou n genders ,  ma y spen d tim e 
verifyin g th e gende r  agreemen t  o f  noun s an d adjectives . 
Thi s tendenc y ma y b e a  consequenc e o f  greate r  sensitivit y 
t o th e dissociatio n o f  referentia l  an d grammatica l  gende r 
occurrin g i n som e Russia n noun s (e.g .  tolsty j  muzhchina) . 
Non-native s compensat e fo r  thei r  uncertai n knowledg e o f 
nou n gende r  b y strategi c us e o f  th e adjectiv e gende r 
marking .  Moreover ,  non-native s too k significantl y longe r 
t o rea d masculin e versu s feminin e gende r  nouns ,  whic h 
m ay i n par t  b e a  consequenc e o f  greate r  variabilit y  i n th e 
consonan t  ending s o f  masculin e nouns ,  whic h non-native s 
hav e no t  ye t  mastere d a s completel y a s th e feminin e 
endings .  Fo r  th e adver b followin g th e subjec t  noun ,  ther e 
wer e n o effect s fo r  th e natives .  Th e non-native s showe d 
significantl y slowe r  readin g time s i f  a n ambiguousl y 
marke d nou n ha d no t  bee n precede d b y a n adjective . 
Choic e time s wer e significantl y slowe r  fo r  non-native s 
when th e subject-N P di d no t  hav e a n adjectiv e (240 1 ms. ) 
compare d t o whe n i t  di d (192 7 ms. )  Th e slowdow n wa s 
amplifie d whe n th e subjec t  nou n wa s ambiguousl y marke d 
fo r  gende r  (n o adjective ,  regula r  noun :  214 1 ms. ;  n o 
adjective ,  ambiguou s noun :  266 1 ms.) .  I n separat e 
analyse s o f  th e nativ e speakers '  dat a (wit h lowe r  overal l 
variance) ,  w e agai n foun d tha t  th e subjec t  nou n wa s rea d 
mor e slowl y whe n ther e wa s a n adjectiv e modifier ,  bu t 
readin g an d choic e time s i n th e ver b regio n wer e 
significantl y faster .  Thes e dat a indicat e tha t  gende r  acces s 
i n nativ e speaker s doe s no t  depen d o n regula r  markin g o n 
th e noun ,  bu t  gende r  acces s ca n b e aide d b y additiona l 
cue s lik e gende r  markin g o n a n earlie r  adjective .  Gende r 
acces s i n non-native s i s aide d b y additiona l  cue s too ,  bu t 
als o b y th e regularit y o f  morphologica l  marking .  Th e dat a 
sugges t  tha t  learnin g grammatica l  gende r  i s facilitate d b y 
regula r  morphologica l  marking .  Thes e dat a als o provid e a 
set  o f  processin g effect s tha t  constrai n possibl e model s o f 
processin g Russia n gender .  W e conside r  h o w notion s o f 
cu e validity ,  competition ,  an d connectionis t  processin g 
coul d b e usefu l  towar d thi s end . 
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Th e purpos e o f  thi s stud y wa s t o explor e th e effec t 
of  Heuristi c learnin g o n transfe r  i n mathematica l  prob -
le m solving -  Especially ,  w e hav e focuse d o n following 
tw o questions :  (l)whetbe r  expUci t  heuristi c trainin g i s 
effective ,  an d (2)wbethe r  transfe r  i s  promote d i f  student s 
succee d i n makin g goo d abstractio n themselve s tha t  re -
ferre d t o th e heuristic .  Th e late r  questio n i s  origina l 
one.  Ther e i s few  evidenc e tha t  th e appropriat e abstrac t 
tio n promote s transfe r  i n high-leve l  mathematica l  prob -
le m solving . 

Method 
Sî tjecta .  Subject s wer e 5 1 undergraduates . 

Materials .  Subject s wer e give n thre e example s an d 
thre e tes t  problems .  E)ver y proble m deal t  wit h straigh t 
line s an d the y ca n b e solve d b y usin g th e heuristic :  repre -
sent  th e straigh t  line s b y usijq g parameters .  Th e sampl e 
of  th e problem s i s presente d i n th e Appendix .  Al l  o f  th e 
subject s wer e no t  abl e t o solv e Ebcampl e 1 . 

Procedure .  Subject s wer e random ^  assigne d t o tw o 
conditions ,  tha t  is ,  Instmciio n conditio n an d non -
instructio n conditio n 

I n th e trainin g session ,  the y wer e require d t o solv e 
thre e exampl e problems .  Th e c<XTec t  solution s o f  th e 
exanq>le s wer e show n t o subject s alte r  tryin g t o solv e 
eac h example .  I n th e instructicx i  condition ,  th e explana ^ 
tio n abou t  abov e mentione d heuristi c wa s presente d wit h 
eac h correc t  solution .  I n th e non-instructio n condition , 
th e heuristi c wa s no t  explaine d a t  aQ . 

Subject s war e aske d t o summariz e wha t  the y ha d 
learne d from  thi s problem ,  th e solutions ,  an d th e mis -
takes ,  afte r  eac h solutio n wa s presented .  I n bot h con -
dition ,  subject s wer e assigne d t o tw o group s base d o n 
th e conten t  o f  th e summary .  I f  a  subjec t  referre d t o th e 
heuristi c mentione d above ,  h e o r  sh e wa s assigne d t o th e 
good student s group .  Th e subject s w h o ha d no t  referre d 
t o th e heuristi c wer e treate d a s poo r  students . 

The tes t  sessio n wa s don e on e wee k later .  Subject s 
wer e require d t o solv e thre e tes t  problems . 

Results and Discussion 

E âch proble m wa s marke d o n a  scal e o f  10 .  I n bot h 
session s th e score s o n th e thre e problem s wer e totaled . 
Tabl e 1  show s th e sccre s i n th e tes t  session . 

The effect of explicit heuristic training 

Th e percentag e o f  goo d student s wa s 7 6 % i n th e instruc -
tio n conditio n an d 6 5 % i n th e non-instructio n condition . 

Tabl e 1  Th e meao a o f  subjects '  loore s i n th e tea t  sessu n 

N 
Mean 
SD 

instructio n 
poor  goo d 

6 
2.1 7 
2.5 6 

19 
6.1 1 
6.1 4 

non-instructio n 
poor  goo d 

9 
2.7 8 
40 6 

17 
9.4 7 
8.6 8 

Ther e wa s n o differenc e i n th e percentage s betwee n th e 
tw o conditions .  Moreover ,  th e differenc e o f  mea n score s 
i n tes t  sessio n betwee n tw o condition s (instructio n an d 
non-instruction )  wa s no t  significant .  Thus ,  w e ca n sa y 
tha t  explici t  heuristi c trainin g wa s no t  effectiv e i n thi s 
experiment . 

The effect of Heuristic Induction 

Althoug h th e explici t  heuristi c trainin g wa s no t  effec -
tive ,  ther e i s a n evidenc e tha t  support s th e usefulnes s 
of  th e heuristic .  Th e goo d student s hav e show n goo d 
transfe r  i n th e tes t  session .  Th e mean s o f  th e goo d stu -
dents '  score s wer e significantl y differen t  fro m thos e o f  th e 
poo r  students'(t=2.26 ,  df=20.7 ,  p=.0 4 i n th e instructio n 
condition ;  t=2.68 ,  df=23.8 ,  p=.0 1 i n th e non-instructio n 
condition) .  Not e tha t  ther e wer e n o difference s betwee n 
th e tw o students '  group s i n th e trainin g session .  Th e re -
sult s o f  thi s experimen t  sho w tha t  transfe r  i n th e high -
leve l  mathematica l  proble m solvin g i s facilitate d i f  stu -
dent s d o goo d abstraction . 

I n th e non-instructio n condition ,  th e goo d student s 
hav e induce d th e heuristi c withou t  an y instruction s 
abou t  it .  Th e abstractio n seeme d t o b e don e b y self -
explanation s (Ch i  e t  al,1989) .  Th e result s als o show s 
tha t  th e goo d self-explanation s faciUtate s transfe r  i n th e 
high-leve l  mathematics . 

We wil l  hav e t o explor e wh y th e explici t  heuristi c 
trainin g wa s no t  effectiv e i n contras t  t o th e goo d per -
formanc e o f  th e goo d students . 

£±6=y- 2 =  if^and a 

Appendi x 

Exampl e 1 :  A  straugh t  lin e L : 
poin t  A(0,-l,-3 )  i s  given .  Fin d th e cocM-dinat e o f  H :  foo t 
of  th e perpendicula r  fro m A  t o L . 
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Zombie s ar e hypothetica l  being s tha t  ar e behaviorall y an d 
functionall y (o r  perh^> s eve n pl̂ rsically )  indistinguishabl e 
fro m humans ,  bu t  whic h diffe r  fro m u s i n no t  havin g 
consciou s (or ,  a t  least ,  qualitativel y conscious )  menta l  states . 
Zonibiphile s ar e thos e w h o clai m tha t  th e existenc e o f 
zombie s i s a  genuin e logica l  possibility ,  an d tha t  thi s 
possibilit y  entail s tha t  th e min d ca n neve r  b e full y 
understoo d i n functiona l  (i.e .  computational) ,  o r  perhap s 
eve n i n physical ,  terms .  Th e 'zombiphil e argument' ,  however , 
onl y succeed s ij f  th e relevan t  equivalence s ar e understoo d 
quit e strictly ,  whic h ca n onl y b e mad e goo d b y th e 
hypothesi s o f  a  'zombi e possible-world' ,  identica l  t o th e real 
worl d bu t  fo r  th e fac t  tha t  eac h person' s 'zombi e twin' , 
despit e sharin g a n identica l  cognitiv e constitution , 
environmenta l  situation ,  an d lif e histoiy ,  lack s consciousness . 

I  argue ,  however ,  tha t  maintainin g th e logica l  possibilit y 
of  zombie s entail s consequence s tha t  zombiphile s shoul d fin d 
unacceptable .  E x hypothesis ,  a  zombi e make s th e sam e 
claim s abou t  havin g consciou s state s a s doe s a  norma l 
human.  Suc h claim s mus t  eithe r  b e true ,  false ,  o r  neither . 

I f  the y ar e construe d a s false ,  th e zombi e mus t  b e 
understoo d a s eithe r  systematicall y an d undetectabl y lyin g o r 
as honestl y mistaken .  Lyin g ma y b e rule d ou t  o n tw o 
grounds :  (1 )  ensurin g suc h systematic ,  undetectabl e lyin g 
woul d cal l  fo r  difference s betwee n th e functiona l 
architecture s o f  zombie s an d human s (whic h i s rule d ou t  e x 
hypothesis) ;  (2 )  being s withou t  a  first-han d understandin g o f 
consciousnes s woul d b e unabl e reliably  t o identif y al l 
situation s wher e lyin g woul d b e necessary .  Standar d 
example s lik e M a r y th e colo r  scientis t  an d th e inverte d 
spectru m ca n b e presente d withou t  usin g an y 're d flag '  term s 
lik e "consciousness" ,  "experience "  o r  "qualia "  tha t  woul d 
aler t  th e zombi e t o th e r»ee d t o lie ;  onl y term s suc h a s "see" , 
"red "  an d "know" ,  whic h th e zombi e woul d hav e t o b e abl e 
t o us e correctl y ari d truthfull y i n othe r  contexts ,  ar e needed . 

Sinc e someone' s bein g mistake n normall y implie s som e 
sor t  o f  less-than-optima l  cognitiv e performance ,  i t  i s no t 
clea r  i n wha t  sens e a  zombie ,  whic h shoul d b e construe d a s 
cognitivel y identica l  t o it s  consciou s h u m a n 'twin' ,  coul d b e 
construe d a s mistake n wher e th e huma n woul d no t  be .  Eve n 
withou t  assumin g suc h stric t  cognitiv e equivalences ,  i f  w e 
allowe d tha t  zombie s coul d b e genuirtel y mistake n abou t 
bein g conscious ,  the n w e coul d no t  legitimatel y exclud e th e 
possibility ,  tha t  ou r  o w n claim s t o consciousnes s migh t  b e 
mistaken .  S o m e philosopher s migh t  welcom e thi s conclusion , 
but  i t  conflict s no t  onl y wit h powerfti l  an d widesprea d 
intuitions ,  bu t  wit h th e polemica l  aim s o f  zombiphiles . 

Zombie s migh t  b e construe d a s speakin g th e trut h abou t 
thei r  consciou s experienc e i f  th e relevant  word s i n thei r 
languag e hav e subtl y differen t  meanings .  I t  ha s bee n 
suggeste d tha t  instea d o f  attributin g thought s t o zombies ,  w e 
shoul d attribut e thoughts ^  t o then t  However ,  ther e seem s t o 
be littl e hop e tha t  an y sens e ca n b e mad e o f  a  notio n o f 
qualicf .  Quali a ar e suppose d t o b e precisel y thos e entitie s fo r 
whic h ther e i s n o zombi e counterpart ,  ye t  a t  leas t  som e 
zombie s (lik e som e humans )  wil l  clai m t o hav e qualia . 

I f  w e allo w fo r  zombie s tha t  ar e onl y loosel y cognitivel y 
equivalen t  t o w e humans ,  an d therefor e ca n b e envisage d a s 
livin g i n thi s worl d alongsid e us ,  the n zombie s migh t 
truthfull y admi t  thei r  lac k o f  consciousness :  the y migh t  b e 
(perhap s a  subse t  of )  thos e peopl e (mostl y eliminativis t 
philosopher s o r  behavioris t  psychologists )  w h o der̂ r  it s 
reality.  However ,  thi s optio n doe s no t  suppor t  th e zombiphil e 
argument :  a t  bes t  i t  suggest s a  progra m o f  research  aime d a t 
uncoverin g th e functiona l  (o r  physical )  difference s 
underlyin g th e presenc e o r  abseiK e o f  consciousnes s i n it s 
affirmer s an d it s (sincere ,  non-confused )  deniers . 

I f  zombie s ar e neithe r  lyin g no r  tellin g th e trut h w h e n the y 
spea k abou t  consciousness ,  wha t  the y sa y mus t  b e empt y o f 
meaning .  However ,  i t  woul d no t  see m t o b e possibl e t o 
confin e an y suc h en:q)tines s jus t  t o thei r  tal k abou t  thei r 
consciousness .  Statement s wit h non-referrin g term s d o no t 
thereb y lac k trut h valu e (" I  hav e a  jaberwoc k i n va y pocket, " 
i s  false) ,  and ,  conversely ,  w e woul d wan t  som e statement s 
by zonAie s tha t  involv e consciousnes s related  term s (e.g .  " I 
believ e I  hav e qualia" )  t o com e ou t  true ,  no t  meaningless . 

I t  i s  onl y possibl e t o mak e sens e o f  th e clai m tha t  al l 
zombi e speec h migh t  b e meaningles s i n th e ligh t  o f 
somethin g lik e Searle' s notio n o f  original/intrinsi c 
intentionalit y (hencefort h oii) ,  an d th e ide a i s  certainl y 
consisten t  wit h (bu t  no t  actuall y require d by )  hi s "connectio n 
principle "  an d "Chines e R o o m "  arguments .  Seari e migh t  thu s 
be a  consisten t  zombiphile .  However ,  i t  i s  highl y counter -
intuitiv e t o suppos e tha t  zombi e speec h i n genera l  (e x 
hypothesi s quit e a s consistentl y situationall y appropriat e a s 
tha t  o f  a  human )  coul d b e totall y empt y o f  meaning .  I n orde r 
t o rul e ou t  zoiiibie s o f  thi s type ,  w e m a y stil l  accep t  th e 
concep t  o f  oii ,  an d it s  clos e conceptua l  linkag e wit h 
consciousness ,  bu t  shoul d reject  th e vie w tha t  human-lik e 
behavio r  i s possibl e i n th e absenc e o f  oii .  I  als o reject 
Searle' s vie w thato/ i  i s  inexplicabl e i n computational/roboti c 
terms .  Scientifi c  effort s t o understan d consciousnes s woul d 
be bette r  serve d b y a n initia l  focu s o n original/intrinsi c 
intentionalit y rathe r  tha n o n qualia . 
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Min d 

Minds are the conscious control systems that guide higher 

biologica l  agent s i n thei r  interaction s wit h th e worl d (Searle , 
1992) .  Cognitiv e dynamic s m a y b e describe d a s dynamic s 
of  menta l  states .  Menta l  state s wit h contents ,  i.e. ,  intentiona l 
states ,  ar e subjectiv e rq)resentation s o f  par t  o f  th e worl d a s 
i t  is ,  was ,  o r  coul d be ,  entertaine d b y a n individua l  a t  a 
certai n time .  The y exis t  agains t  a  nonrepresentationa l 
Backgroun d (Searle ,  1983 ,  1992 )  tha t  allow s fo r  thei r 

semantic s an d dynamics . 
Sinc e th e subjectiv e ontolog y a n agen t  wil l  impos e o n th e 

worl d (and ,  therefore ,  he r  cognitiv e dynamics )  i s context -
dependent ,  cognitiv e dynamic s canno t  b e describe d a s 
knowledge-ric h set s o f  rules :  somethin g mor e abstrac t  i s 
needed .  Followin g i n par t  Polloc k (1995) ,  I  vie w a n agen t  a s 
livin g i n a  situatio n typ e (i.e. ,  i n a  subjective ,  ope n 
interpretatio n o f  th e world) ,  an d strivin g t o m a k e i t  mor e t o 
her  likings .  T o ac t  i s t o modif y som e characto-isti c  o f  th e 
situation ,  wit h th e ai m o f  inqwovin g it ,  a t  a  comparativel y 
reasonabl e cost . 

Thus ,  a n agent' s cognitiv e dynamic s m a y b e describe d a s 
a se t  o f  menta l  state s whos e content s ar e situatio n type s wit h 
thei r  characteristic ,  an d action s i n thes e situations ;  an d a s 
defaul t  chaining s o f  suc h menta l  states . 

Agency 

The mental states needed for deliberative agency are at least 
th e following : 

Belief s encod e th e knowledg e presen t  t o th e agent' s 
consciousnes s a t  a  give n time ;  thei r  content s ar e situation s 
and thei r  characteristic s ( a characteristi c m a y defm e a  whol e 
situation ,  sinc e th e Backgroun d allow s t o tak e "th e rest "  o f 
i t  fo r  granted) . 

Situation-liking s encod e th e agent' s preference s withi n 
represente d set s o f  situations ,  plans ,  o r  actions . 

Desire s encod e th e agent' s potentia l  goals ;  thei r  content s 
ar e thos e situation s whic h th e agen t  think s woul d b e 
prefCTabl e t o th e curren t  one . 

Future-directe d intention s encod e th e agent' s actua l  goals , 
i.e. ,  a m o n g th e desire d situations ,  thos e sh e commit s to ; 

thei r  content s ar e partia l  plans ,  i.e. ,  possibl e situation s plu s 
activit y paths ,  howeve r  ill-defined ,  whic h m a y realiz e them . 

Present-directe d intention s encod e th e agent' s behaviora l 

decisions ;  thei r  content s ar e basi c actions ,  i.e. ,  action s tha t 
th e agen t  m a y immediatel y execut e i n th e curren t  situation . 

A n agent' s cognitiv e dynamic s ar e tightl y couple d t o th e 
partiall y  unpredictabl e dynamic s o f  he r  situation ;  i.e. , 
change s i n th e situatio n (whethe r  cause d b y th e agen t 

hersel f  o r  not )  reverberat e o n he r  menta l  states ,  s o tha t  thes e 
kee p thei r  ads^tednes s t o th e situation . 

Social Agency 

Social interactions are often conceived of as the joint 
executio n o f  a  multiagen t  plan ,  mutuall y know n t o th e 
agent s involved .  Th e join t  pla n prescribes ,  t o a  variabl e 
degre e o f  abstraction ,  a  sequenc e o f  action s t o b e pa-forme d 
by eac h participant ;  it s  executio n i s initiate d b y on e agen t 
and possibl y carrie d on ,  upo n recognition ,  b y eac h agen t  i n 
her  turn .  Describin g a  socia l  interactio n amount s t o 
describin g thi s pla n an d it s condition s o f  applicability . 

Such script-base d account s o f  communicatio n suffe r  from 
severa l  problems .  F ro m a  philosophica l  viewpoint ,  the y fal l 
int o a  map/territor y fallac y (Searle ,  1992) ,  whereb y 
behaviora l  regularitie s ar e unwarrantabl y explaine d b y 
postulatin g a d ho c rule s buil t  i n th e agents '  cognitiv e 
machinery .  F ro m a  psychologica l  viewpoint ,  the y ca n 
neitho -  accoun t  fo r  situativit y i n dialogue ,  no r  dea l  wit h 
non-benevolen t  instance s o f  communication . 

A bette r  basi s fo r  socialit y an d communicatio n m a y b e 
provide d b y mindreading ;  i.e. ,  b y th e agents '  capabilit y t o 
understan d an d reaso n upo n eac h other' s menta l  states . 
Indeed ,  thi s i s a  prominen t  architectura l  featur e o f  highl y 
socia l  Primates ,  whos e disruptio n hamper s th e developmen t 
of  an y socia l  interactio n bu t  th e simples t  (Baron-Cohen , 
1995 ;  Frith ,  1992) . 
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I n t r o d u c t i o n 

How i s huma n knowledg e an d memor y organized ? Re -
cently ,  som e researcher s hav e suggeste d tha t  knowledg e 
i s eithe r  "active "  (e.g. ,  Rabinowit z &  Goldberg ,  i n press ) 
or  "inert "  (e.g. ,  Anderson ,  1993a) .  Theorist s wh o clai m 
tha t  declarativ e knowledg e i s activ e sugges t  tha t  mem-
or y i s activel y processed ,  symbo l  manipulatio n i s no t 
necessary ,  an d tha t  memor y i s organize d i n a n associa -
tiv e networ k wit h inhibitor y an d excitator y link s (Rabi -
nowit z k  Goldberg ,  i n press) .  Theorist s wh o clai m tha t 
declarativ e knowledg e i s inert ,  o r  passive ,  sugges t  tha t 
declarativ e knowledg e i s acte d upo n b y production s an d 
gain s strengt h b y bein g accesse d (Anderson ,  Conrad ,  & 
Corbett ,  1993) . 

Rabinowit z an d Goldber g (i n press )  hav e compare d 
and contraste d thes e tw o model s b y runnin g a  serie s o f 
experiment s usin g th e "alphabe t  arithmetic "  paradigm . 
Rabinowit z an d Goldber g (i n press )  presente d subject s 
wit h a  lette r  an d a  number .  Subject s ha d t o 'add '  th e 
number  t o th e lette r  t o generat e th e secon d letter .  Fo r 
example ,  fo r  th e proble m C  +  3  =? ,  subject s shoul d re -
spon d F . 

Rabinowit z an d Goldber g (i n press )  ha d tw o condi -
tions :  a  retrieva l  conditio n an d a  procedura l  condition . 
I n th e retrieva l  condition ,  subject s sa w a  smal l  se t  o f 
problem s o n whic h the y receive d extende d practice .  I n 
th e procedura l  condition ,  subject s sa w a  larg e numbe r 
of  problem s a  fe w times . 

Rabinowit z an d Goldber g (i n press )  foun d tha t  sub -
ject s i n th e retrieva l  conditio n memorize d th e problems , 
whil e subject s i n th e procedura l  conditio n use d a  "finge r 
counting "  procedur e t o arriv e a t  th e correc t  answer .  A t 
th e en d o f  th e acquisitio n stag e o f  th e experiment ,  sub -
ject s i n th e retrieva l  conditio n wer e faste r  tha n subject s 
i n th e procedura l  condition .  O n a  transfe r  task ,  how -
ever ,  subject s i n th e procedura l  conditio n wer e faste r 
tha n subject s i n th e retrieva l  condition . 

Rabinowit z an d Goldber g (i n press )  claime d tha t  thi s 
evidenc e wa s stron g suppor t  fo r  a  "retrieval "  mode l  o f 
knowledg e representatio n wher e declarativ e knowledg e i s 
active ,  no t  inert ,  a s Anderso n (1993b )  claims . 

To examin e thi s hypothesis ,  a  ver y simpl e mode l  o f 
alphabe t  arithmeti c wa s buil t  usin g A C T - R (Anderson , 
1993b) . 

Results 

As Figur e 1  shows ,  th e mode l  doe s a  goo d jo b o f  mod -
elin g th e actua l  dat a fo r  bot h th e retrieva l  an d proce -
dura l  conditions .  I n addition ,  th e A C T - R mode l  show s 

th e sam e patter n o f  result s o n th e posttes t  tha t  th e ac -
tua l  dat a does .  Th e A C T - R mode l  suggest s tha t  sub -
ject s ar e no t  onl y learnin g an d strengthenin g produc -
tions ,  bu t  als o strengthenin g th e association s betwee n 
declarativ e workin g memor y elements .  Th e mode l  sug -
gest s tha t  subject s i n th e retrieva l  conditio n di d memo-
riz e alphabe t  eirithmeti c facts ,  whil e th e subject s i n th e 
procedura l  conditio n gaine d mor e experienc e traversin g 
th e alphabe t  itself ,  thereb y strengthenin g th e pertinen t 
associations . 

D — Procedura l  Dat a 
O Retrieval Data 

—-O—- Procedural Model 

A— Retrieval Model 

Trial s 

Figure 1: Reaction times (approximated) from Rabi-
nowit z &  Goldber g an d mode l  dat a fro m A C T - R . 

In summary, ACT-R can successfully model the data 
presente d b y Rabinowit z an d Goldber g (i n press) .  Thi s 
model  suggest s tha t  th e association s betwee n memor y 
element s ar e critica l  i n thi s typ e o f  task . 
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I n t r o d u c t i o n 

Th e autho r  investigate s ho w scientist s mak e spontaneou s 
use o f  analog y i n actua l  scientifi c  abductio n usin g a n 
intervie w method .  Th e purpos e o f  th e stud y i s (l)t o 
classif y analogie s use d no t  i n artificia l  setting s bu t  i n 
actua l  scientifi c  domain s an d (2)t o repor t  a  remarkabl e 
cas e whic h hei s no t  bee n reporte d i n th e previou s studie s 
(Dunbar ,  1994 ;  Holyoa k i c Thagard ,  1995) . 

Method 
Th e interview s wer e designe d t o explor e ho w scientist s 
use d analog y i n abduction .  Th e interviewee s wer e 2 2 
leadin g Japanes e researcher s i n th e fields  o f  scienc e an d 
technolog y whos e project s satisfie d th e followin g condi -
tions :  th e researc h processe s wer e recorde d i n detail ,  an d 
th e resecirc h ha d bee n complete d o r  wa s i n progress .  Th e 
researc h record s wer e examine d b y th e projec t  leade r 
and th e result s o f  analyse s wer e evaluate d b y othe r  re -
searchers ,  t o verif y thei r  reliability . 

Results and Discussions 

Ninetee n case s o f  analog y wer e reported .  The y wer e an -
alyze d an d classifie d int o 3  type s accordin g t o th e simi -
larit y used :  goal-directed ,  category-based ,  an d category -
formationji l  analogy . 

Goal-directe d analog y i s almos t  th e sam e a s purpose -
directe d analog y (Kedar-Cabelli ,  1985) ,  whil e category -
base d on e i s a s regiona l  analog y (Dunbar ,  1994) .  I n 
th e latte r  analogy ,  ther e wer e 2  way s o f  decidin g whic h 
knowledg e o f  th e sourc e analogu e wa s transferred :  on e i s 
base d o n causaht y an d th e othe r  i s base d o n som e meta r 
constraints ,  th e latte r  o f  whic h ha s no t  bee n reporte d i n 
detail . 

I n category-formationa l  analogy ,  a  sourc e analogu e 
was retrieve d o n th e basi s o f  a  categor y lik e i n category -
base d analogy ,  bu t  th e categor y use d wa s th e on e ex -
tende d fro m a  pre-existin g cor e categor y b y addin g som e 
constraints .  Thi s typ e o f  analog y i s  importan t  fo r  cre -
ativ e thinkin g bu t  ha s no t  bee n reporte d i n detail :  a 
typica l  bu t  remarkabl e cas e i s show n a s follows . 

T h e m e:  T o construc t  a  theor y whic h explain s th e 
uniqu e behavio r  o f  a  sta r  cluster . 

Situatio n befor e Analogy :  Ther e wa s a  theor y whic h 
aime d t o explai n th e uniqu e behavio r  o f  a  cluste r  b y 
regardin g a  cluste r  a s a n isotherma l  ga s spher e suc h 
as a  fixed  sta r  {i.e .  th e theor y o n th e inner-structur e 
of  a  sta r  wa s th e sourc e analogue) .  However ,  mos t 

researcher s i n thos e day s recognize d thi s analog y a s a 
fallacy ,  sinc e a  cluste r  wa s considere d t o diffe r  fro m a 
sta r  i n tha t  th e forme r  i s a  discret e syste m wherea s 
th e latte r  i s  a  continuou s one .  Th e concep t  o f  sclf -
gravHatio n i s establishe d onl y i n th e sta r  domain . 

Analogica l  Reasoning :  Th e researche r  assume d tha t 
th e uniqu e behavio r  o f  a  cluste r  wa s cause d b y th e 
fac t  tha t  a  cluste r  i s  a  self-gravitationa l  system .  H e 
considere d tha t  i f  th e assumptio n wa s right ,  no t  dis -
cretenes s o f  a  cluste r  bu t  self-gravitatio n itsel f  (i.e . 
th e similarity )  wa s th e principa l  facto r  o f  th e uniqu e 
behavior .  Henc e h e suppose d tha t  th e theor y o n th e 
inner-structur e o f  a  sta r  woul d hol d fo r  th e cluste r  do -
mai n I n orde r  t o tak e th e effect s o f  self-gravitatio n 
int o account ,  however ,  th e linea r  theor y (o n a n isother -
mal  ga s sphere )  ha d t o b e replace d b y anothe r  theor y 
(o n a  heterotherma l  ga s sphere) .  S o h e introduce d 
bot h th e Prigogine' s theor y o n non-equilibriu m ther -
modynamic s an d th e linearize d stabilit y  theory ,  an d 
at  las t  succeede d i n formulatin g th e ne w concep t  o f 
selfgravo-ihermodynamics .  H e foun d tha t  a  cluste r  i s 
quit e simila r  t o a  sta r  fro m th e viewpoint ,  an d trans -
ferre d th e theor y o n th e inner-structur e o f  a  sta r  t o 
th e cluste r  domain. ^ 

Thi s analog y starte d fro m th e pre-existin g fallaciou s 
analogy .  Th e ne w categor y selfgravo-ihermodynamic s 
was bein g formulate d b y extendin g th e pre-existin g cor e 
concep t  self-gravitatio n whic h ha d bee n misuse d a s th e 
similarit y i n th e previou s fallaciou s analogy . 

Tabl e 1 :  Classificatio n o f  th e case s reporte d (eac h figure 
denote s th e numbe r  o f  th e observe d cases) . 

goal-directe d 
category-base d 

category-formationa l 

causaJity-base d 
transfe r 

metaconstraint -
base d transfe r 

10 
3 
2 

Summary 
Al l  th e case s wer e classified ,  a s show n i n Tabl e 1 .  O f 
th e thre e types ,  th e goal-directe d analog y ha s th e leas t 
possibiht y o f  menta l  leap s sinc e i t  i s  clos e t o deduction . 

' Then the transferred theory was partially modified based 
on themati c abstractio n (Suzuki ,  1994) . 
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I n th e "2:4:6 "  inductio n task ,  participant s ar e tol d tha t  a  rul e 
underlie s th e generatio n o f  numbe r  triple s o f  whic h 2:4: 6 i s 
an example .  Th e rul e i s "an y increasin g sequence" .  Subject s 
ar e instructe d t o attemp t  t o discove r  th e rul e b y producin g 
ne w triple s whic h th e experimente r  classifie s a s conformin g 
or  no t  conformin g t o th e rule .  W a s o n (I960 )  originall y 
propose d tha t  Popperia n falsificationis m wa s th e normativ e 
hypothesis-testin g mode l  agains t  whic h subjects '  behavio r 
shoul d b e assessed .  Thi s proposa l  ha s dictate d mos t  o f  th e 
subsequen t  researc h (e.g. ,  Gorman ,  Stafford ,  &  Gorman , 
1987) . 

Thi s emphasi s o n testin g strategie s reflect s a  perspectiv e 
on discover y tha t  place s greate r  importanc e o n th e proces s 
by whic h idea s ar e justifie d rathe r  tha n o n th e richnes s o f 
th e hypothesi s se t  tha t  underlie s th e productio n an d 
interpretatio n o f  triples .  I n a n attemp t  t o redres s thi s 
imbalanc e Vallde-Tourangeau ,  Austin ,  an d Ranki n (1995 ) 
showe d tha t  solver s produce d a  greate r  variet y o f  positiv e 
and negativ e triple s tha n nonsolvers . 

An obviou s bu t  importan t  (an d neglected )  aspec t  o f  tr̂ )l e 
productio n i s tha t  i t  reflect s a  sequentia l  proces s whic h m a y 
exhibi t  contextua l  dependencies .  U p t o now ,  ther e ha s bee n 
no analysi s o f  eithe r  th e loca l  contex t  o f  th e curren t  tripl e 
withi n whic h a  numbe r  i s generate d o r  th e broade r  contex t 
of  th e precedin g se t  o f  triples .  Th e proposa l  outline d i n thi s 
pape r  i s dia t  successfu l  rul e discover y i n th e 2:4: 6 tas k ca n 
be reUabl y predicte d b y th e exten t  t o whic h a  give n numbe r 
i n a  sequenc e depart s significantl y from  it s prio r  context . 
The challenge ,  however ,  i s  t o develo p a n instrumen t  tha t  i s 
abl e t o measur e suc h departure s o n th e basi s o f  a  dynami c 
charaterizatio n o f  th e prio r  context .  Thi s pape r  propose s tha t 
a simpl e recurren t  connectionis t  networ k (Elman ,  1990 ) 
offer s suc h a  too l  an d report s dat a tha t  demonstrat e tha t  th e 
resultin g indice s o f  creativit y ar e amon g th e bes t  predictor s 
of  successfu l  rul e discover y reporte d thu s fa r  i n th e 
literature . 

A S R N wa s use d a s a  statistica l  exploratio n tool .  Th e dat a 
explore d wer e th e tripl e sequence s generate d b y th e 
participant s i n Vallde-Tourangea u e t  al.' s  study .  Thes e 
subject s ha d t o produc e 1 5 Uiple s befor e announcin g thei r 
guess ;  the y wer e no t  aske d t o formulat e a  hypothesi s a t  an y 
othe r  moment .  Th e ai m o f  th e exploratio n wa s t o asses s 
whethe r  a  S R N coul d extrac t  regularitie s i n th e triple s teste d 
tha t  woul d demarcat e solver s fro m nonsolvers .  Th e inpu t 
representatio n encode d feature s o f  eac h numbe r  withi n a 
tripl e an d it s relatio n t o previou s number s alon g five  binar y 
dimensions .  Eac h numbe r  wa s thu s translate d int o a  5-bi t 
inpu t  vecto r  an d eac h uipl e wa s define d i n term s o f  thre e 
consecutiv e inpu t  vectors .  Th e S R N architectur e employe d 

consiste d o f  5  input ,  5  output ,  2  hidde n an d 2  contex t  units . 
T h e tas k o f  th e networ k w a s t o lear n t o predic t  th e 
characteristic s o f  th e nex t  numbe r  withi n th e sequence .  Th e 
performanc e o f  S R N s traine d o n triple s fro m subject s w h o 
announce d a n incorrec t  hypothesi s wa s compare d t o th e 
performanc e o f  S R N s traine d o n triple s fro m correc t 
subjects .  Accordin g t o VaI16e-Tourangea u e t  al. ,  successfu l 
subject s sho w mor e variabl e tripl e productio n tha n 
unsuccessfu l  subjects ,  an d consequentl y i t  i s  expecte d tha t 
th e predictio n erro r  o f  a  S R N fo r  successfu l  subject s versu s 
unsuccessfu l  subject s wil l  exhibi t  significan t  difference s 

Simulatio n result s showe d tha t  th e mea n outpu t  activatio n 
value s fo r  eac h numbe r  withi n a  tripl e produce d b y 
successfu l  subject s wer e statisticall y differen t  from  thos e 
produce d b y incorrec t  subjects .  Specifically ,  th e m e a n 
outpu t  activatio n value s fo r  triple s generate d b y incorrec t 
subject s corresponde d mor e closel y t o th e activatio n value s 
fo r  th e tripl e give n initially ,  namel y 2:4:6 ,  tha n th e mea n 
value s fo r  triple s generate d b y correc t  subjects .  I n othe r 
words ,  th e profil e o f  th e typica l  tripl e teste d b y incorrec t 
subject s resemble d th e initia l  triple .  I n turn ,  predictio n erro r 
was statisticall y greate r  fo r  triple s generate d b y successfu l 
tha n b y unsuccessfu l  subjects .  Tha t  i s  th e characteristic s o f 
th e number s withi n a  tripl e wer e mor e predictabl e w h e n 
the y wer e produce d b y unsuccessfu l  subjects .  Thi s suggest s 
tha t  triple s produce d b y successfu l  subject s demonstrate d 
mor e creativit y an d wer e therefor e les s predictable .  Thus , 
th e performanc e measure s o f  th e S R N suppor t  th e 
conjectur e tha t  discover y i n th e "2:4:6 "  tas k i s a  fiinction  o f 
breakin g free from  th e constraint s o f  th e salien t  feature s o f 
th e initia l  example .  A s wel l  the y ca n b e interprete d t o inde x 
th e breadt h o f  th e exploratio n o f  th e spac e o f  possibl e triple s 
an d successfu l  subject s explore d tha t  spac e m o r e 
extensively . 
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The neighborhoo d activatio n mode l  G^AM)  (Goldinger , 
Luce ,  an d Pisoni ,  1989 ;  Luce .  1986 ;  Luce ,  Pisoni ,  an d 

Goldinger ,  1990 )  hypothesize s tha t  spoke n wor d 

recognitio n i s characterize d b y tw o successiv e stages :  (1 ) 
similarit y neighborhoo d activation ,  an d (2 )  a  frequency-

biase d decisio n process .  I n th e first  stage ,  stimulu s inpu t 
(i.e .  a  spoke n word )  activate s a  se t  o f  simila r  soundin g 
representation s o f  word s i n memory .  I n th e secon d stage , 
thes e multipl y activate d form-base d representation s -o r 
neighbors -  ar e decide d amon g b y a  decisio n proces s tha t  i s 
influence d b y th e acoustic-phoneti c similarit y o f  th e 
neighbor s a s wel l  a s thei r  frequency  o f  occurrence .  N A M 

furthe r  posit s tha t  th e decisio n proces s a m o n g th e 
competitor s i n th e activate d se t  o f  representation s i s 
influence d b y thre e characteristic s o f  th e similarit y 

neighborhoods .  Thes e characteristic s are :  (1 )  targe t  wor d 
frequency ,  (2 )  neighborhoo d density ,  an d (3 )  neighborhoo d 
frequency. 

T h e presen t  researc h wa s aime d a t  elaboratin g an d 
extendin g previou s wor k o n N A M b y directl y 
manipulatin g th e compositio n o f  th e similarit y 
neighborhood s o f  nonwor d targets .  W e attempte d t o 
directl y manipulat e similarit y neighborhood s fo r  tw o 
reasons .  O n e reaso n i s  tha t  previou s experiment s use d 
estimate s o f  th e neighborhoo d characteristic s fo r  th e word s 
use d a s stimuli .  Lik e al l  estimate s o f  subjects '  knowledg e 
derive d fro m indirec t  measures ,  ther e i s  som e nois e 
associate d wit h th e measurement .  Consequently ,  pas t 
studie s coul d b e considere d somewha t  correlational ,  i n tha t 
th e characteristic s o f  th e stimul i  wer e no t  direcd y 
manipulated .  T h e contro l  an d direc t  manipulatio n o f 
neighborhoo d characteristic s woul d allo w u s t o explicitl y 
tes t  th e variable s tha t  N A M claim s ar e a t  wor k i n spoke n 

wor d recognitio n an d avoi d th e problem s o f  estimatin g 
neighborhoo d characteristics . 

T h e secon d reaso n fo r  direcU y manipulatin g similarit y 
neighborhood s wa s t o examin e a  clai m o f  Bar d an d 
Shillcoc k (1993 )  tha t  th e presenc e o f  a  singl e hig h 
frequency  neighbo r  -an d no t  densit y pe r  se -  determine s 

th e spee d an d eas e o f  spoke n wor d recognition .  Thi s clai m 
i s motivate d b y th e correlatio n betwee n neighborhoo d 
frequency  an d neighborhoo d density .  Thus ,  on e ca n not , 
accordin g t o Bar d an d Shillcock ,  easil y distinguis h wha t  i s 

responsibl e fo r  neighborhoo d effects :  th e frequency  o f  th e 
neighbor s o r  th e numbe r  o f  neighbors .  The y sugges t  tha t 
jus t  on e hig h frequenc y neighbo r  m a y b e responsibl e fo r 
producin g effect s simila r  t o thos e reporte d earlier .  Thi s 
accoun t  prove s t o b e a n interestin g challeng e fo r  th e 

neighborhoo d activatio n model . 
The presen t  researc h constitute s a n attemp t  t o direcfl y 

manipulat e th e compositio n o f  similarit y neighborhood s 

of  spoke n nonwords .  I n particular ,  w e establishe d a 
baselin e measur e o f  reactio n tim e t o a  se t  o f  nonwor d 
targe t  stimuli .  Subject s wer e the n expose d t o dens e an d 
spars e similarit y neighborhood s o f  nonword s tha t  varie d i n 

thei r  frequency  o f  presentatio n i n severa l  session s o f  a 
continuou s recognitio n tas k distribute d ove r  fou r 
consecutiv e days .  W e the n examine d th e effect s o f  targe t 

frequency ,  neighborhoo d density ,  an d neighborhoo d 
frequency  o n processin g time s fo r  th e targe t  nonword s i n 
an attemp t  t o directl y tes t  th e prediction s o f  th e 
neighborhoo d activatio n mode l  o f  spoke n wor d 
recognition . 

Th e result s showe d a  cross-ove r  interactio n betwee n 
targe t  frequency  an d neighborhoo d density .  Thi s stud y 
demonstrate s tha t  targe t  frequency  an d neighborhoo d 
densit y hav e demonstrabl e influence s o n processing . 
Specifically ,  hig h frequency  target s wit h spars e 
neighborhood s wer e responde d t o mor e quickl y wit h 
training ,  whil e hig h frequency  target s wit h dens e 
neighborhood s wer e responde d t o mor e slowl y afte r 
training .  Conversely ,  lo w frequenc y target s wit h spars e 
neighborhood s wer e responde d t o mor e slowl y wit h 
training ,  wherea s lo w frequency  target s wit h dens e 
neighborhood s wer e responded  t o mor e quickl y afte r 
training .  I n addition ,  n o effect s o f  neighborhoo d frequenc y 

wer e found ,  contrar y t o th e claim s mad e b y Bar d an d 
Shillcock . 

Th e result s fo r  th e hig h frequency  target s ar e consisten t 
wit h th e prediction s o f  N A M .  However ,  th e obtaine d 
result s fo r  lo w frequency  word s directl y contradic t  th e 

predict s o f  N A M .  O n e possibl e explanatio n fo r  th e 
inconsistenc y betwee n th e obtaine d result s an d th e 

prediction s o f  th e mode l  m a y b e th e fac t  th e neighborhoo d 

activatio n mode l  m a y no t  accuratel y mode l  th e processe s 

and representations  use d i n wor d recognition . 
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Fay an d Cutle r  (1977 )  examine d severa l  linguisti c 
factor s o f  malapropisms .  The y defme d a  malapropis m a s a 
rea l  wor d tha t  erroneousl y intrude s o n a n intended ,  o r 
target ,  word .  Th e targe t  an d erro r  word s ar e no t 
semanticall y relate d bu t  shar e a  clos e relationshi p i n thei r 
pronunciations . 

Althoug h Fa y an d Cutle r  (1977 )  foun d man y interestin g 
result s regardin g th e stres s pattern ,  grammatica l  category , 
number  o f  syllables ,  an d severa l  othe r  characteristic s tha t 
malapropism s share d wit h th e intende d word ,  thei r  wor k 
provide d littl e informatio n tha t  coul d predic t  whic h word s 
migh t  b e likel y t o b e malapropisms .  Th e curren t  analysi s 
was undertake n t o examin e othe r  characteristic s o f  th e 
intende d word s tha t  migh t  b e usefu l  fo r  predictin g whic h 
word s migh t  b e likel y t o b e malapropisms . 

Evidenc e suggest s tha t  wor d frequency  affect s bot h wor d 
recognitio n an d wor d productio n (Dell ,  1990 ;  Stemberge r 
and MacWhinney ,  1986 )  i n demonstrabl e ways .  D o othe r 
factor s tha t  influenc e speec h perceptio n als o influenc e 
speec h production ? Mor e specifically ,  d o th e 
characteristic s o f  phonologicall y simila r  neighborhood s 
(Luce ,  Pisoni ,  an d Goldinger ,  1990 )  --wor d frequency, 
neighborhoo d frequency  (th e frequenc y o f  th e word s i n a 
neighborhood) ,  an d neighborhoo d densit y (th e numbe r  o f 
word s i n m e m o r y tha t  ar e simila r  t o a  targe t  word) -
influenc e wor d production ? T o examin e thi s possibility , 
th e curren t  analysi s o f  a  malapropis m erro r  corpu s wa s 
conducted . 

138 word s fro m Fa y an d Cutle r  (1977 )  wer e foun d i n a n 
on-lin e versio n o f  th e 20,00 0 wor d Webster' s Pocke t 
Dictionary .  Th e neighborhoo d characteristic s fo r  thes e 13 8 
word s wer e the n calculated .  Th e computation s wct e 
performe d o n th e phoneti c transcription s containe d withi n 
th e computerize d lexicon . 

Word frequency  wa s assesse d b y usin g th e log-frequenc y 
of  eac h word .  A  wor d wa s considere d t o b e a  lo w frequency 
wor d i f  th e valu e o f  it s  frequency  wa s belo w th e valu e o f 
lo g 10 .  A  wor d wit h a  valu e abov e lo g 1 0 wa s considere d 
t o b e a  hig h frequency  word .  Neighborhoo d frequenc y wa s 
assesse d i n a  simila r  fashion .  Neighborhoo d densit y wa s 
assesse d b y fmdin g th e media n valu e o f  th e data .  Value s 
abov e th e media n wer e classifie d a s havin g dens e 

neighborhoods .  Value s belo w th e media n wer e classifie d 
as havin g spars e neighborhoods . 

Th e result s sho w tha t  hig h frequency  word s from  dens e 
neighborhood s tende d t o b e ver y prevalen t  i n errorfii l 
productions .  Also ,  lo w frequency  word s from  spars e 
neighborhood s tende d t o b e ver y prevalen t  i n errorfu l 
productions .  Additionally ,  mor e targe t  word s tende d t o 
"slip "  t o word s tha t  wer e o f  a  highe r  frequency  tha n o f  a 
lowe r  frequency  compare d t o th e frequency  o f  th e targe t 
word . 

Th e curren t  result s m a y bes t  b e accounte d fo r  wit h a 
sligh t  modificatio n t o a n activatio n base d mode l  o f  speec h 
productio n (se e Dell ,  1986 ,  1988 ,  1990) .  A  hig h 
frequency  wor d tha t  i s normall y highl y activate d m a y b e 
relativel y les s activate d tha n anothe r  wor d du e t o th e 
densel y populate d neighborhoo d i t  i s foun d in .  A  resul t  o f 
a hig h frequency  wor d bein g "hidden "  b y it s  man y 
neighbor s m a y b e th e selection ,  o r  mis-selectio n i n thi s 
case ,  o f  a n alternat e wor d tha t  i s relativel y mor e frequent. 
Th e selecte d wor d wil l  mos t  likel y resembl e th e intende d 
wor d du e t o th e organizatio n o f  th e lexicon .  Thes e factor s 
m ay conspir e t o m a k e a  different ,  mor e frequent  word , 
eve n mor e likel y t o b e selecte d b y th e speec h productio n 
system ,  resultin g i n th e syste m producin g a n error . 

Conversely ,  low-frequenc y word s m a y no t  hav e enoug h 
activatio n o n thei r  o w n t o b e selecte d b y th e speec h 
productio n system' s criteri a o f  "pic k th e mos t  activ e 
candidate. "  Low-frequenc y word s m a y nee d th e supportiv e 
activatio n o f  thei r  neighbor s i n orde r  t o b e selecte d b y th e 
speec h productio n system .  Thus ,  low-frequenc y word s i n 
spars e neighborhood s d o no t  receive  enoug h supportiv e 
activatio n fro m thei r  fe w neighbors .  Consequently ,  thes e 
word s m a y b e overlooke d b y th e speec h productio n 
system ,  an d b e involve d i n mor e speec h errors .  Thes e 
"conspirac y effects' '  (se e Taraba n an d McClelland ,  1987 ) 
among word s an d thei r  neighbor s m a y accoun t  fo r  th e 
differentia l  effect s o f  frequency  an d neighborhoo d densit y 
on th e speec h productio n system . 
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I n 198 6 Donal d A .  Norma n coine d th e ter m Cognitiv e 
Engineering ,  whic h denote s a  Cognitiv e Scienc e approac h 
withi n th e Engineerin g Sciences .  Th e researc h presente d her e 
follow s i n thi s traditio n an d exemplifie s applie d Cognitiv e 
Scienc e b y investigatin g knowledg e acquisitio n processe s i n 
naturalisti c tas k domains .  Whil e problem-solvin g researc h i n 
Psycholog y formerl y concentrate d o n knowledge-lea n task s 
lik e th e Towe r  o f  Hanoi ,  attentio n shifte d durin g th e eightie s 
t o question s o f  knowledg e acquisition ,  it s  organizatio n an d 
applicatio n i n knowledge-ric h tas k domains .  A  ne w 
paradigm ,  labelle d Comple x Proble m Solvin g (se e Frensc h 
& Funke ,  1995) ,  deepene d Cognitiv e Psycholog y b y 
investigatin g th e effect s o f  complexit y an d uncertaint y i n 
dealin g wit h computer-simulate d dynami c systems . 

W h en comparin g differen t  studie s concernin g comple x 
proble m solving ,  on e centra l  basi c assumptio n ca n b e found : 
th e opportunit y o f  activ e syste m contro l  i n a n initia l 
learnin g phas e i s regarde d a s a  necessar y preconditio n fo r  th e 
acquisitio n o f  a n appropriat e Menta l  Mode l  o f  th e syste m t o 
be controlled .  I t  i s a n unquestione d assumptio n tha t  subject s 
hav e t o b e give n th e possibilit y  o f  activ e exploratio n o f  a 
dynami c syste m i n orde r  t o cop e successfull y wit h it .  I n 
contrast ,  ther e i s a  well-establishe d tren d i n man y 
engineerin g system s substitutin g supervisor y contro l  fo r 
manual  control .  A s a  consequenc e o f  th e stil l  increasin g 
impetu s fo r  automatization ,  operator s ar e remove d fro m th e 
manual  operatin g loops ,  an d thei r  role s ar e redefined  a s 
syste m monitors . 

To investigat e th e effect s o f  differen t  activit y demand s o n 
syste m identificatio n an d syste m contro l  tw o experiment s 
wer e conducted .  A s a  scenari o fo r  thes e experiment s 
P o w e r P l a n t ,  a  validate d an d systems-theoreticall y well -
define d mode l  o f  a  rea l  coal-fire d powerstatio n wa s con -
structe d an d implemented .  I n bot h experiment s 4 0 
engineerin g student s wher e assigne d t o tw o experimenta l 
groups : 
•  whil e a  Syste m Contro l  Grou p wa s encourage d i n a 

knowledg e acquisitio n phas e t o activel y explor e 
P o w e r P l a n t ,  e.g .  t o freel y mak e interventions ,  gathe r 
dat a an d tes t  hypotheses , 

•  th e interactio n o f  a  Monitorin g Grou p wa s restricte d t o 
th e observatio n o f  a  correspondin g operato r  fro m th e 
Syste m Contro l  Grou p controllin g P o w e r P l a n t . 
T o separat e effect s o f  activ e syste m exploratio n from 

thos e o f  pur e syste m observatio n a  yoke d contro l  desig n wa s 
used .  Afte r  th e knowledg e acquisitio n phas e bot h group s ha d 

t o contro l  PowerPlan t  i n a  knowledg e applicatio n phase .  T o 
diagnos e th e students '  knowledg e abou t  P o w e r P l a n t 
severa l  knowledge-assessmen t  technique s (e.g . 
questionnaires ,  sorting-tasks ,  thinkin g aloud )  wer e applied . 

I n shar p contras t  t o th e prevailin g assumptio n i n th e are a 
of  comple x proble m solvin g a  significan t  superiorit y o f  th e 
Monitorin g Grou p wit h respec t  t o syste m knowledg e an d 
contro l  performanc e i n th e knowledg e applicatio n phas e wa s 
found .  Interestingly ,  whil e ther e i s a  stron g associatio n 
betwee n syste m knowledg e an d contro l  performanc e i n th e 
Syste m Contro l  Grou p ( r  >  .75) ,  n o correlation s wer e foun d 
i n th e Monitorin g Group .  Analyzin g th e thin k alou d 
protocol s reveale d tha t  student s fro m th e Monitorin g Grou p 
generate d significan t  mor e self-explanation s (Sandoval , 
Trafton ,  &  Reiser ,  1995 )  abou t  contro l  strategie s an d th e 
causa l  relationshi p o f  PowerPlant ' S underiyin g variable s 
and thei r  dynamics .  Student s o f  th e Syste m Contro l  Grou p 
on th e othe r  han d mainl y paraphrase d th e syste m behavio r 
withou t  tracin g i t  bac k t o physica l  principles . 

Usin g th e dat a gathere d throug h th e knowledge-assess -
ment  techniques ,  a  cognitiv e simulatio n mode l  o n th e basi s 
of  Ac t - R (Anderson ,  1993 )  wa s implemente d an d 
empiricall y evaluated .  ACT- R i s a  cognitiv e architecnir e 
capabl e o f  performin g an d learnin g fro m th e sam e task s 
worke d o n b y huma n subjects .  Th e mode l  no t  onl y offer s a 
straightforwar d explanatio n o f  th e result s an d a  clos e fi t  t o 
th e empirica l  dat a bu t  ca n als o b e see n a s a  rigorous  tes t  o f 
th e applicabilit y  o f  th e ACT- R framewor k i n naturalisti c tas k 
domains . 
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Much progres s ha s bee n mad e i n th e las t  twent y year s 
bot h i n identifyin g th e menta l  processe s tha t  underli e higher -
leve l  cognitio n an d characterizin g th e cognitiv e deficit s tha t 
accompan y frontal-lob e damag e i n patients .  A s Dunba r  an d 
Sussman (1995 )  note ,  however ,  littl e wor k ha s bee n don e t o 
hel p understan d frontal-lobe  functio n b y linkin g cognitiv e 
wit h neuropsychologica l  research .  Thoug h ou r  understandin g 
of  th e rol e o f  workin g memor y i n cognitio n ha s greatl y 
increased ,  neuropsychologist s hav e onl y recentl y begu n t o 
discus s th e cognitiv e deficit s i n frontal-lob e patient s i n 
term s o f  basi c processe s suc h a s workin g memor y an d 
attention .  Thus ,  whil e i t  ha s bee n establishe d tha t  patient s 
wit h frontal-lob e damag e ofte n hav e difficult y i n performin g 
problem-solvin g tasks ,  unti l  recentl y littl e ha s bee n know n 
i n detai l  abou t  th e rol e o f  th e fronta l  lobe s i n cognition . 
Recent  work ,  however ,  ha s begu n t o associat e function s 
suc h a s workin g memor y an d executiv e contro l  wit h specifi c 
region s o f  th e frontal  cortex .  B y understandin g th e role s tha t 
workin g memor y an d executiv e contro l  pla y i n higher-leve l 
cognition.i t  shoul d b e possibl e t o predic t  whic h cognitiv e 
deficit s shoul d resul t  fro m injur y t o whic h regions .  Th e 
experimen t  describe d her e seek s t o mor e precisel y 
characteriz e th e working-memor y requirement s o f  on e aspec t 
of  highe r  cognitiv e function ,  namel y induction ,  b y showin g 
th e implication s tha t  impairmen t  o f  on e particula r  aspec t  o f 
workin g memor y ca n hav e a t  th e highe r  cognitiv e level . 

Evidenc e suggest s tha t  th e amoun t  o f  workin g memor y 
resource s devote d t o a  particula r  tas k greatl y affect s ho w 
much i s learned .  Ther e i s reaso n t o believ e tha t  workin g 
memory als o influence s th e complexit y o f  wha t  i s learne d 
We propos e tha t  unimpaire d executiv e contro l  i s  essentia l  t o 
th e proces s o f  inductio n throug h mechanism s suc h a s 
analogica l  mapping ,  wherea s i t  i s  les s vita l  t o simple r 
cognitiv e processe s suc h a s associatio n learning .  W e argu e 
tha t  th e hig h working-memor y loa d o f  analogica l  problem -
solvin g derive s fro m th e fac t  tha t  i n th e cours e o f  solvin g 
problem s b y analogy ,  individual s mus t  retai n th e element s 
of  th e source ,  th e element s o f  th e target ,  an d mapping s 

betwee n sourc e an d target .  I n th e experimen t  describe d here , 
we use d a  "dual-task "  paradig m (Dunba r  &  Sussman ,  1995 ) 
t o tes t  th e hypothesi s that ,  i n situation s i n whic h centra l 
executiv e functio n i s impaired ,  th e capacit y t o for m simpl e 
association s ma y remai n relativel y intact ,  eve n whe n th e 
capacit y t o for m comple x association s i s severel y impaired . 

Fift y participant s wer e presente d wit h a  serie s o f  eigh t 
mathematica l  grou p problems .  Mathematica l  group s ar e 
usefu l  fo r  studyin g structur e mappin g becaus e the y len d 
themselve s t o representatio n b y a  relationa l  schem a (Halfor d 
& Wilson ,  1980) .  I n addition ,  thes e task s ca n b e 
successfull y performe d throug h eithe r  structur e mappin g o r 
memory fo r  association s betwee n pair s o f  stimuli . 

We foun d that ,  relativ e t o thos e i n th e contro l  group , 
participant s wh o wer e require d t o solv e th e problem s whil e 
simultaneousl y performin g a  distracto r  tas k designe d t o 
interfer e wit h th e centra l  executiv e showe d impairmen t  i n 
th e abilit y  t o mak e inference s base d o n structur e mapping , 
eve n whe n the y wer e permitte d t o lear n association s betwee n 
stimul i  t o a  criterion .  W e interpre t  thi s findin g a s indicatin g 
tha t  impairment s i n analogica l  reasonin g linke d t o workin g 
memory deficit s ar e a t  leas t  partiall y  attributabl e t o th e fac t 
tha t  analogica l  problem-solvin g place s mor e sever e demand s 
on executiv e functio n tha n doe s associatio n learning . 
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The purpos e o f  thi s stud y wit h nativ e Frenc h speakin g 
adult s wa s two-fold :  (1 )  t o investigat e th e factor s tha t  affec t 
th e detectio n o f  verba l  agreemen t  violation s i n th e auditor y 
modality ,  i n Frenc h sentenc e processing ,  an d (2 )  t o explor e a 
recen t  techniqu e o f  auditor y sentenc e processing ,  usin g wha t 
we cal l  "cue d grammaticality" ,  intende d t o improv e detectio n 
times .  Thoug h focusin g o n th e Frenc h language ,  thi s stud y 
was designe d wit h a  crosslinguisti c perspectiv e an d follow s 
th e Competitio n Mode l  ( C M )  i n it s genera l  hypothese s 
(MacWhinney ,  1987) .  C M propose s tha t  i n processin g 
sentenc e information ,  eac h languag e assign s differin g 
weight s t o languag e cues .  Researc h i n Frenc h ha s lea d t o 
importan t  change s i n th e model ,  revolvin g aroun d th e 
competitio n o f  cue s acros s modalitie s an d acros s differen t 
stage s o f  developmen t  i n childre n (Kail ,  1989) .  Frenc h 
adult s i n th e auditor y modalit y ten d t o rel y o n verba l 
agreemen t  mor e tha n othe r  source s o f  informatio n (e.g .  wor d 
order) .  Kai l  an d Bassan o (1995 )  i n a n on-lin e stud y o f 
Frenc h sentenc e processing ,  predicte d tha t  verba l  agreemen t 
violation s woul d b e detecte d significantl y faste r  tha n wor d 
orde r  violations .  However ,  thi s findin g wa s affecte d b y 
tempora l  distance ,  whic h ca n b e manipulate d b y placin g a 
set  o f  word s betwee n th e nou n an d ver b i n th e subject-ver b 
(SV )  target .  Conside r  th e followin g example : 

01 Sur la piste, le jongleur, avec prudence, ont 
On th e stage ,  th e juggler ,  wit h caution ,  ha d [̂/. ] 

lanc e le s couteau x 
throw n th e knive s 

deu x pa r  deux . 
tw o b y two . 

Surprisingly ,  subject s responde d quicke r  t o a n agreemen t 
violatio n whe n a  distanc e wa s interposed ,  tha n whe n th e S V 
targe t  wa s contiguous .  Thi s wa s possibl y du e t o a  confoun d 
betwee n distanc e an d th e positio n o f  th e targe t  wor d i n th e 
sentence .  I n orde r  t o isolat e th e effec t  o f  distanc e o n verba l 
agreemen t  violatio n detection ,  th e targe t  wor d i n thi s stud y 
remaine d i n a  constan t  position .  W e als o introduce d a  ne w 
technique ,  tha t  cue s th e subjec t  abou t  th e poin t  a t  whic h a 

decisio n mus t  b e made ,  b y splicin g i n a  gende r  chang e o f  th e 
speaker' s voic e (Li u e t  al. ,  i n press) .  Th e genera l  hypothese s 
wer e a s follows :  first ,  i t  wa s expecte d tha t  a  tempora l 
distanc e betwee n a  subjec t  an d it s ver b woul d slo w erro r 
detectio n i n sentence s wit h verba l  agreemen t  violation ; 
second ,  cued  grammaticalit y judgmen t  wa s expecte d t o elici t 
faste r  detectio n time s tha n w e typicall y fin d i n erro r 
detectio n studies ,  maximizin g ou r  abilit y  t o detec t  effect s o f 
variables .  I n addition ,  ther e wer e tw o othe r  variation s i n th e 
material :  S V numbe r  mismatc h an d ver b for m (aller/avoir) . 
The result s o f  thi s stud y showe d tha t  distanc e ha d a 
significan t  mai n effec t  o n violatio n detection ,  consisten t 
wit h th e origina l  hypothesis .  Othe r  difference s i n th e 
materia l  ha d significan t  mai n effect s a s well ,  bu t  di d no t 
interac t  wit h distance .  Finally ,  cue d grammaticalit y 
judgmen t  elicite d faste r  respons e time s tha n thos e reporte d 
by Kai l  &  Bassan o (1995) ,  usin g a  differen t  erro r  detectio n 
technique .  Thes e result s ar e relevan t  t o curren t  controversie s 
revolvin g aroun d th e effect s o f  timin g an d short-ter m 
memory load ,  o n sentenc e processin g i n a n inflecte d 
language . 
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Introductio n 

I n ou r  everyda y lives ,  w e us e metaphor s t o 
systematicall y organiz e ou r  experience s o f  th e world . 
Thes e met^hor s structur e ou r  conceptua l  understanding s 
and expectation s concernin g symbol s an d action s w e 
encounte r  (Lakof f  an d Johnson ,  1980) .  Use r  interfac e 
designer s hav e commonl y draw n o n variou s metaphor s fo r 
th e layou t  o f  scree n conten t  an d fo r  navigatio n tool s 
(Erickson ,  1990) .  W e sugges t  tha t  fo r  a  metapho r  t o b e 
most  useAi l  i n th e interfac e i t  shoul d coincid e wit h use r 
expectation s fo r  th e metaphor .  Additionally ,  a  designe r 
shoul d provid e differen t  metaphor s t o accommodat e 
differen t  use r  strategie s fo r  acoMnplishin g a  tas k (e.g. ,  a 
user  wh o expect s a  m a p i n orde r  t o navigat e a n interfac e 
shoul d An d one ,  bu t  a  use r  w h o doesn' t  wan t  a  m a p 
shouldn' t  b e force d t o us e one) . 

M e t a p h o r s i n th e use r  interfac e 

Research into the use of met^hors in human/computer 
interactio n i s fa r  fro m complete .  I n thi s pape r  w e 
describ e preliminar y result s fro m tw o on-goin g 
investigation s int o th e us e o f  metaphor s i n th e int^ace . 
One stud y examine s use r  expectation s concernin g 
metaphor s i n us e o n th e we b sid e Tota l  N e w Yoilc .  Th e 
secon d stud y consider s th e effect e o f  tw o differen t 
navigatio n tools ,  eac h o f  whic h draw s o n differen t 
meuphors ,  o n use r  strategie s i n a  hypermedi a 
environmen t  Thes e studie s suppor t  th e notio n tha t  user s 
brin g expectation s t o encounter s wit h th e use r  interface , 
whic h ar e base d o n th e met^hor s use d there ,  whic h eithe r 
facilitat e o r  hinde r  th e human/compute r  interaction . 
Additionally ,  th e studie s suppor t  th e mor e genera l 
notio n tha t  researc h int o use r  interface s tha t  ar e 
systematicall y designe d i n accordanc e wit h a  theor y o f 
bo w th e informatio n wil l  b e cognitivel y processe d wil l 
be easie r  fo r  user s t o wor k wit h an d affor d greate r 
interactio n beneflts . 

Genera t i v e functio n o f  m e t a p h o r s 

Metai^or s ar e embedde d i n severa l  element s o f  design : 
th e Layou t  o f  th e screen ,  th e manipulatabl e object s 
availabl e t o a  use r  o n th e interfac e (buttons ,  scrol l  bars) , 
th e icons ,  trackin g mechanism s an d navigatio n tools .  I n 
th e Tota l  N e w Yor k study ,  w e hypothesize d an d foun d 
suppor t  fo r  th e clai m tha t  th e generativ e natur e o f 
metapho r  prototype s woul d b e eviden t  i n th e user' s 
expectation s an d reactions ,  inclinin g user s t o expec t 
metaphor s t o behav e consistentl y wit h th e metapho r 
prototyp e an d inclinin g user s t o loo k fo r  coheren t 
cluster s o f  metaphor s an d t o ten d t o overloo k and/o r  b e 
surprise d b y thos e metaphor s whic h didn' t  fit.  Fo r 
example ,  th e subject s expecte d an d foun d a  "home "  ico n 
on T N Y page s whic h the y anticipate d woul d retur n the m 
t o th e initia l  pag e o f  th e site .  However ,  th e designer s o f 
th e T N Y sit e provide d differen t  picture s o n th e initia l 
pag e o f  th e site ,  whe n a  use r  returned  t o i t  a  secon d time . 
Thi s mad e subject s fee l  "unsettled "  an d "uneasy. "  O n e 
subjec t  describe d thi s a s "weird. "  Th e secon d stud y i s a 
follow-u p o f  a n earlie r  stud y i n whic h undergraduat e 
student s wer e assigne d t o on e o f  tw o hypermedi a syste m 
conditions :  a  map-lik e navigatio n too l  o r  a  menu-lik e 
navigatio n tool .  I t  wa s foun d tha t  th e abilit y t o tak e 
advantag e o f  a  hypermedi a navigatio n too l  wa s related  t o 
th e abilit y t o represen t  th e hypermedi a environmen t 
^atiall y  d>ieb l  &  Ranney ,  1996) .  I n th e presen t  study , 
th e navigatio n system s ar e bein g examine d t o determin e 
what  typ e o f  influenc e i s  typica l  o f  eac h navigatio n 
method . 
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A prominen t  aspec t  o f  categorizatio n i s ou r  abilit y  t o 
extrac t  categorie s ou t  o f  a  wid e rang e o f  items .  Unlik e mos t 
experimenta l  situation s wher e a  limite d se t  o f  categor y 
instance s i s presente d repeatedly ,  w e ar e abl e t o lear n abou t  a 
variet y o f  categorie s i n di e worl d eve n thoug h eac h exempla r 
we se e m a y b e unique .  T w o experiment s wer e designe d t o 
captur e thi s aspec t  o f  categorization .  W e presente d subject s 
wit h on e o f  thre e type s o f  categor y learnin g — 
Classificatio n learning ,  Inferenc e Learnin g o r  Mixe d 
Learnin g — an d examine d h o w thes e procedure s interacte d 
wit h differen t  type s o f  stimulu s depictio n i n whic h eac h 
featur e o f  a  stimulu s wa s depicte d b y eithe r  a  singl e instanc e 
or  b y a  larg e numbe r  o f  distinc t  instances . 

I n th e tw o experiments ,  subject s wer e randoml y assigne d 
t o on e o f  thre e learnin g condition s — Classificatio n 
learning .  Inferenc e learnin g an d a  mixtur e o f  th e two . 
Classificatio n learnin g wa s a  standar d categor y learnin g 
procedure ,  i n whic h subject s sa w a n entir e stimulu s an d 
classiHe d i t  int o on e o f  tw o groups .  Subject s learne d th e 
categorie s incrementall y vi a feedbac k give n immediatel y 
afte r  eac h trial .  Subject s i n th e inferenc e learnin g conditio n 
followe d a  simila r  procedur e excep t  tha t  o n eac h tria l  the y 
had t o fill  i n th e valu e o f  a  differen t  missin g featur e give n 
th e othe r  feature s an d th e categor y label .  Th e Mixe d 
conditio n wa s th e mixtur e o f  th e tw o learnin g conditions ,  o n 
whic h hal f  o f  trial s wer e mad e o f  classificatio n an d hal f  wer e 
inference .  Subject s conducte d on e o f  thre e learnin g task s 
unti l  the y reache d a  criterion .  Afte r  learning ,  subject s mad e 
classificatio n an d inferenc e transfe r  o f  ol d stimul i  a s wel l  a s 
n e w stimuli . 

T h e succes s o f  exempla r  model s suggest s tha t  specifi c 
exempla r  informatio n i s  processe d fo r  classificatio n 
(Nosofsky ,  1986) .  I n contrast ,  abstrac t  relationa l 
informatio n seem s t o pla y a  crucia l  rol e fo r  inferenc e 
(Lassalin e &  Murphy ,  1996 ;  M a r k m a n ,  Yamauch i  & 
Makin ,  i n press) .  Th e curren t  studie s teste d thi s hypothesi s 
by contrastin g thre e differen t  learnin g situation s — Inferenc e 
learning ,  Classificatio n learning ,  an d th e mixtur e o f  th e tw o 
condition s — i n tw o independen t  experiments .  I n on e 
experiment ,  eac h featur e ha d a  singl e manifestation .  Fo r 
example ,  th e featur e "roun d head "  i s represente d b y a  singl e 
featur e instanc e throughou t  th e experiment .  I n a  secon d 
experiment ,  eac h stimulu s wa s depicte d b y differen t 
manifestation s o f  feature s s o tha t  n o tw o instance s wer e 
exactl y th e same .  Fo r  example ,  eac h featur e valu e (e.g. , 
roun d head )  wa s depicte d b y on e o f  fou r  differen t  variation s 
of  tha t  featur e value . 

I f  classificatio n learnin g i s primaril y base d o n th e storag e 
of  episodi c informatio n o f  exemplars ,  i t  wil l  requir e man y 
trial s t o reac h a  learnin g criterio n whe n eac h featur e o f  a 
stimulu s i s  represente d b y man y distinc t  instances .  I n 
contrast ,  i f  inferenc e learnin g rest s mor e o n processin g 
abstrac t  relationa l  informatio n tha n doe s classification ,  th e 
same manipulatio n m a y no t  affec t  subjects '  abilit y  t o lear n 
categories . 

The result s o f  th e tw o experiment s showe d tha t  2 3 ou t  o f 
2 4 subject s give n Classificatio n learnin g wer e unabl e t o 
lear n th e categorie s i n th e specifie d perio d whe n a  featur e o f 
a stimulu s wa s depicte d b y multipl e instances ,  wherea s onl y 
7 ou t  o f  2 4 subject s i n th e sam e conditio n wer e unabl e t o 
lear n th e categorie s whe n a  featur e o f  a  stimulu s wa s show n 
by a  singl e instanc e throughou t  learning .  Subject s give n 
Inferenc e learnin g an d subject s give n Mixe d learnin g wer e 
unaffecte d b y thi s manipulation :  mor e tha n 8 5 % o f  subject s 
i n th e tw o learnin g condition s coul d lear n categorie s 
irrespectiv e o f  th e wa y eac h featur e wa s depicted .  Th e 
result s o f  th e experiment s sugges t  tha t  categor y learnin g 
base d o n classificatio n relie s heavil y o n storin g specifi c 
exempla r  item s durin g learning ,  wherea s categor y learnin g 
base d o n inferenc e rest s o n processin g som e abstrac t 
categor y information .  Sinc e classificatio n learnin g i s no t 
suitabl e t o dea l  wit h thi s situation ,  categor y formatio n ma y 
be mediate d b y som e othe r  cognitiv e function s alon g wit h 
classificatio n includin g inference ,  comparison ,  abduction , 
and reasoning .  Th e result s furthe r  impl y tha t  categorizatio n 
model s base d primaril y o n classificatio n learnin g ar e 
problemati c sinc e categor y learnin g i n natura l  setting s 
occur s i n a  situatio n i n whic h a  variet y o f  categor y instance s 
ar e experienced . 
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&aine' s theoi y er f  menta l  predicat e logi c (unpublishe d ms. )  wil l 
be briefl y introduce d A  preliminar y empirica l  examinatio n fo r 
a majo r  subse t  o f  1 0 schema s propose d b y Braine' s mode l  wil l 
be reporte d Th e methodolog y i s a  modifie d versio n o f  tha t  use d 
by Braine ,  Reiser ,  &  Rumai n (1984) .  W e desig n a  larg e numbe r 
(64 )  o f  reasonin g problem s o f  predicat e logi c sort-mos t  fairl y 
simple-fo r  whic h th e mode l  predict s th e reasonin g tha t  subject s 
wil l  us e t o solv e them .  I n eac h problem ,  on e o r  mor e fact s ar e 
given-thes e serv e a s premises ,  followe d b y a  amclusio n t o b e 
evaluated .  Subject s mus t  decid e whethe r  th e propose d 
conclusio n i s tru e o r  false ,  give n thos e facts .  The y ar e als o t o 
rat e eac h problem' s subjectiv e diflScult y o n a  7-poin t  scal e right 
afte r  evaluatin g th e conclusio n given .  Withi n thi s se t  o f 
problems ,  th e numbe r  o f  reasonin g step s i s varie d Th e menta l 
logi c mus t  accoun t  (amon g othe r  things )  fo r  whic h reasonin g 
step s ar e eas y an d whic h ar e difficult ,  an d i t  i s  expecte d tha t 
addin g additiona l  step s wil l  m a k e a  proble m mor e difficult . 

Ther e ar e thre e majo r  theses :  (a )  Becaus e th e inference s o f 
th e mode l  ar e claime d t o b e generall y availabl e t o people ,  error s 
made b y subject s i n judgin g th e trut h valu e o f  th e conclusio n 
give n t o eac h proble m wil l  b e fe w overall ,  (b )  Th e difficult y o f 
a proble m wil l  b e correlate d wit h th e numbe r  o f  inferenc e step s 
require d t o solv e it ,  a s define d b y th e reasonin g routin e 
associate d wit h th e inferences ,  (c )  Proble m difficult y wil l  b e 
eve n mor e closel y correlate d wit h th e s u m m e d difficultie s o f 
thos e inferences .  W e conducte d a  stud y b y usin g thre e sample s 
(N=2 0 fo r  each) .  Wit h respec t  t o Thesi s (a) ,  th e result s foun d 
cmsr  rate s o f  lowe r  tha n 3 % ,  i.e. ,  9 7 % accuracy ,  confirmin g th e 
expectation .  Wit h respect  t o Thesi s (b) ,  th e mea n rating s o f 
proble m difficult y wer e ver y significantl y correlate d wit h th e 
number  o f  inferentia l  step s required  b y th e mode l  t o solv e a 
proble m (r=.8) ,  an d th e correlation s remained  significan t  whe n 
extraneou s variables ,  lik e proble m length ,  wer e partiale d out -
agai n a  confirmatio n o f  expectation .  Wit h respec t  t o Thesi s (c) , 
eac h kin d o f  inferenc e define d i n th e logi c wa s assigne d a 
difficult y w e i ^  estimate d from  th e difficult y rating s o f  subjects . 
The difficult y weight s ar e estimate d b y usin g th e algorith m 
"Praxis "  (Brent ,  1973 ;  Gegenfiirtner ,  1992 )  t o obtai n th e bes t 
least-squar e fit  o f  predicte d proble m difficultie s t o th e obtaine d 
mean difficult y rating s (takin g th e predicte d difficult y t o b e th e 
su m o f  th e difficult y weight s o f  inference s involve d i n solvin g a 
proble m th e model' s  way) .  Correlation s betwee n predicte d an d 
actua l  difficultie s ar e hig h (aroun d .93 )  an d remai n t o . 8 whe n 
proble m lengt h i s partiale d ou t  I n cross-vahdatio n analyse s 
among thre e samples ,  th e correlation s remaine d a t  almos t  th e 
same level . 

A certai n orde r  o f  schem a difficult y rank s wa s foun d 
consistentl y amon g thre e samples .  Ther e ar e tw o importan t 
application s o f  ttiis  rankin g orde r  amon g schem a weights .  First , 
by usin g thi s order ,  w e successfull y classifie d th e 1 0 schema s 
int o tw o group s an d mad e a  2-paramete r  model .  Wit h respec t  t o 
These s (b )  an d (c) ,  b y usin g thi s 2-paramete r  model ,  al l  th e 
correspondin g correlation s remaine d onl y about .  1  lowe r  tha n 
tha t  fo r  1 0 paramete r  model .  Thi s resul t  ofifer s a  simpl e answe r 
t o th e questio n o f  whic h inference s ar e eas y an d whic h ar e mor e 
difficult .  Second ,  t o for m a  2-paramete r  mode l  b y no t  keepin g 
thi s rankin g order ,  th e results  disprove d th e prediction . 
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In t roduct io n a n d M e t h o d s 

The purpos e o f  ou r  researc h i s t o mode l  th e perceptio n o f  G o 
players .  Ou r  previou s stud y show s tha t  wit h 3  second s tim e 
pressure .  G o player s wil l  recogniz e boar d situation s differ -
entl y accordin g t o thei r  skill s  (Yoshikaw a &  Saito ,  1995) .  I n 
orde r  t o investigat e th e difference ,  w e use d ey e camer a data . 

2 subject s wer e investigated .  O n e wa s 6  da n (stronge r 
player) ,  anothe r  wa s 2  ky u (weake r  player) .  The y wor e N A C 
E M R - 6 00 ey e camera .  T s u m e G o problem s (lif e an d deat h 
problem s usuall y nea r  th e edg e o f  th e board )  wer e displaye d 
on th e compute r  monito r  fo r  4  seconds .  The y mus t  answe r 
th e first  mov e usin g a  mous e withi n tha t  perio d o f  time .  The y 
g o throug h 31 1 problem s o f  variou s difficulty .  A m o n g them , 
10 problem s appea r  twice . 

Results 

S o me o f  th e result s obtaine d s o fa r  ar e liste d below : 

1.  Fixatio n points :  Eye s fixate  o n stone s themselve s an d 
empt y fxjint s i n TsumeGo ,  whil e eye s fixate  o n th e bound -
ar y o f  stone s an d empt y point s i n ordinar y G o game s 
(Yoshikaw a &  Saito ,  1993) . 

2.  Fixatio n i s limite d t o smal l  area :  Eve n thoug h ther e wer e 
many stone s an d empt y point s o n th e board ,  eye s fixated 
onl y t o a  smal l  are a i n TsumeGo . 

3.  Stronge r  playe r  v.s .  Weake r  player :  (1 )  Stronge r 
playe r  ha s shorte r  fixation  time(200ms )  tha n weake r  playe r 
(300ms) .  (2 )  W h e n a  stronge r  playe r  answere d correctly , 
hi s eye s fixated  a t  correc t  poin t  fo r  a  lon g time .  But ,  whe n 
hi s answe r  wa s incorrect ,  hi s eye s wonde r  aroun d o n severa l 
point s whic h wer e almos t  irrelevan t  t o th e correc t  answer . 

4.  Differen t  ey e fixation  t o th e sam e problems :  (I )  Eve n 
when th e sam e problem s wer e given ,  subject s di d no t  fixate 
at  th e sam e point s (se e Figur e 1) .  Bu t  th e stronge r  player' s 
final  answe r  wa s th e same .  (2 )  W h e n fixation  tim e wa s 
summed up ,  th e stronge r  playe r  looke d a t  nearl y th e sam e 
point s longe r  tha n an y othe r  points . 

5.  Correc t  answer :  W h e n th e stronge r  playe r  answere d cor -
rectly ,  h e usuall y looke d a t  correc t  point s withi n 200m s 
fro m th e proble m presentation .  A  weake r  player ,  regard -
les s t o th e correctnes s o f  hi s answers ,  tende d t o loo k a t 
severa l  importan t  points ,  suc h a s Atar i  ( a threa t  t o capture) , 
Kir i  (cut) ,  whic h ca n b e easil y identifie d fro m th e boar d 
configuration .  W h e n a  stronge r  playe r  wa s incorrect ,  hi s 
ey e movement s ar e simila r  t o weake r  player . 

6.  Patter n knowledge :  W h e n stronge r  playe r  point s ou t  hi s 
answer  withi n 2  second s b y mouse ,  hi s eye s fixate  o n th e 
answer  withi n 300ms .  I n thi s case ,  h e seem s t o us e patter n 

knowledge ,  becaus e h e answere d sam e poin t  t o differen t 
problem s whic h contai n sam e partia l  pattern ,  regardles s o f 
hi s answer' s correctness . 

(a )  Firs t  tim e 

(b )  Secon d tim e 

Figure  1: Stronger Player's Eye movements to the same prob-
le m a t  differen t  occasion . 

Conc lus ion s 

Throug h th e analysi s o f  TsumeG o solvin g tas k unde r  4  sec -
ond s tim e pressure ,  w e found :  (1 )  stronge r  playe r  ha s man y 
patter n knowledge ,  (2 )  stronge r  player' s patter n knowledg e i s 
not  s o strict ,  (3 )  withi n 300ms ,  stronge r  playe r  ca n find  ou t 
th e correc t  answe r  i f  h e know s th e pattern ,  (4 )  whe n stronge r 
playe r  can' t  us e patter n knowledge ,  th e strateg y i s simila r  t o 
th e weake r  player's . 
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Abstrac t 

I n thi s stud y (N= l  24) ,  eight h grader s an d professiona l  architect s searche d th e Worl d Wid e 
W eb ( W W W)  fo r  InforrrKatio n relevan t  t o a  desig n tas k Involvin g th e storag e o f  hea t  an d th e 
regulatio n o f  temperature .  O n e grou p o f  student s (N= l  3 )  di d preliminar y free-han d sketche s o f  th e 
dwellin g befor e beginnin g th e searc h an d desig n phase s o f  th e activity .  Th e othe r  group s ha d th e 
optto n o f  creatin g a  computer-rendere d sketc h a s par t  o f  th e fina l  report .  Tw o question s ar e 
addresse d i n thi s study :  (a )  Wha t  desig n consideration s ar e typicall y considere d and/o r  omitte d b y 
subject s wit h weli-supporte d design s vs .  thos e wit h ur\supporte d designs ? an d (b )  D o preliminar y 
sketche s expan d th e repertoir e o f  model s considere d b y subject s fo r  thi s particula r  task ? Subject s 
wit h certai n type s o f  sketche s (I.e. ,  aeria l  views ;  non-reallstte ,  schemati c drawings ;  an d Inserts )  ha d 
significantl y bette r  supporte d design s tha n thos e tha t  exclusivel y use d othe r  type s o f  sketche s (e.g. , 
perspective ,  2D ,  o r  reallstk ;  sketches) .  Th e preliminar y sketc h grou p ho d a  highe r  numbe r  o f 
decision s supporte d b y evidenc e an d principle d knowledg e (a s measure d b y projec t  grades )  tha n 
th e othe r  group s wit h th e effec t  concentrate d i n th e to p perfornners .  Overall ,  unstructure d 
preliminar y sketche s appea r  t o he p mor e advance d student s uncove r  potentia l  desig n option s 
whil e havin g littl e o r  n o effec t  o n less-advance d students . 

KEYWORDS:  collaborativ e design ,  proble m conceptualization .  Informatio n retrieval ,  Interne t  tools , 
scienc e education . 

869 

mailto:alx@violet.berkeley.edu


A N e w Mode l  fo r  th e Stroo p Effec t 
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Abstract 

In general, the Stroop effect demonstrates our inability to ignore meaningful but irrelevant information. 

Typically ,  thi s effec t  i s  explaine d i n term s o f  spee d o f  processing .  Fo r  instance ,  i n th e color-wor d 
Stroo p task ,  word s ar e considere d t o b e processe d faste r  tha n colors ,  therefore ,  th e word ,  whic h i s a 
vali d response ,  eithe r  facilitate s o r  interfere s wit h namin g th e color .  I n orde r  t o examin e whic h 

dimensio n (i.e. ,  colo r  o r  word )  i s processe d faste r  i n th e Stroo p task ,  researcher s hav e varie d th e 

stimulu s onse t  asynchron y betwee n th e colo r  an d wor d dimensions .  Thi s researc h suggest s tha t 
m a x i m u m interferenc e an d facilitatio n occu r  whe n th e tw o dimension s ar e presente d withi n 10 0 mse c 
of  eac h other .  Interestingly ,  Stroo p interferenc e ca n b e foun d whe n th e wor d precede s th e colo r  an d 

when th e colo r  precede s th e word .  Althoug h thes e findings  d o no t  suppor t  th e typica l  explanatio n o f 
Stroo p processin g describe d above ,  thi s researc h wa s conducte d usin g non-integrate d color-wor d 

stimuli .  A  non-integrate d color-wor d stimulu s consist s o f  a  colo r  wor d wit h a  colo r  block .  A n 
integrate d color-wor d stimulu s i s a  colo r  wor d printe d i n a  color .  Th e processin g o f  non-integrate d 

stimul i  m a y no t  b e th e sam e a s th e processin g o f  integrate d stimuli .  I n on e experiment ,  integrate d 
color-wor d stimul i  wer e presente d fo r  varyin g duration s (4 0 t o 100 0 msec )  an d the n masked .  Stimul i 
consiste d o f  colo r  congruent ,  colo r  incongruent ,  an d colo r  neutra l  word s (e.g. ,  BOOK,  CHAIR ,  LADDER, 
TOP) .  Result s sho w tha t  colo r  incongruen t  stimul i  produce s significantl y longe r  RT s tha n colo r 

congruen t  word s a t  th e shortes t  duration s o f  4 0 an d 6 0 msec .  Therefore ,  th e Stroo p effec t  appear s t o 
occu r  onl y whe n processin g tim e i s limited .  A  secon d stud y attempte d t o replicat e thes e finding s i n th e 

parafovea .  However ,  parafovea l  presentatio n o f  integrate d color-wor d stimul i  faile d t o produc e Stroo p 
interference .  I n orde r  t o asses s whethe r  th e lac k o f  Stroo p interferenc e wa s du e t o spatiall y 
distributin g attentio n ove r  a n are a whic h limite d attentiona l  resource s availabl e t o a  give n stimulu s o r 
du e t o th e retina l  locatio n o f  th e stimulu s (i.e. ,  du e t o acuit y issues ,  etc.) ,  a  thir d stud y wa s conducte d 
i n whic h th e locatio n o f  th e color-wor d stimulu s wa s validl y cue d o n 6 7 % o f  th e trials .  Th e result s 
sho w Stroo p interferenc e fo r  validl y cue d locations .  Therefore ,  failur e t o fin d Stroo p interferenc e i n 
th e secon d experimen t  wa s du e t o th e spreadin g o f  attention .  Thes e thre e experiment s sugges t  tha t 
Stroo p interferenc e occur s durin g th e initia l  stage s o f  processin g and .  i s depend s upo n attentio n 

resources .  I n a  fourt h study ,  integrate d color-wor d stimul i  wer e presente d i n th e fovea .  Stimul i 
consiste d o f  colo r  word s an d nonwords .  Subject s wer e aske d t o respon d eithe r  wor d o r  nonwor d 
instea d o f  respondin g t o th e color .  Result s sho w tha t  colo r  congruen t  stimul i  wer e identifie d a s word s 
significantl y faste r  tha n colo r  incongruen t  word s an d nonwords .  Therefore ,  colo r  enhance d wor d 
processing .  Again ,  thi s finding  question s th e relativ e spee d o f  processin g accoun t  o f  Stroo p processing . 
Finally ,  a  fourt h experimen t  use d a  color-colo r  versio n o f  th e Stroo p task .  Subject s wer e presente d 
tw o block s o f  color .  Th e tw o block s wer e eithe r  th e sam e colo r  (congruent )  o r  differen t  color s 
(incongruent) .  Singl e block s o f  colo r  wer e presente d a s th e neutra l  condition .  Th e result s sho w tha t 
incongruen t  colo r  block s produc e Stroo p interference .  Thi s findin g demonstrate s Stroo p interferenc e 
wit h informatio n withi n th e sam e domai n (color )  instea d o f  tw o separat e domain s (colo r  an d word) . 
Thus ,  thes e findings  sugges t  tha t  th e Stroo p effec t  no t  onl y occur s durin g th e initia l  stage s o f 
processin g an d depend s o n attentiona l  resource s bu t  tha t  informatio n withi n th e sam e domai n a s th e 
targe t  dimensio n ca n caus e interferenc e an d facilitation .  A  ne w mode l  fo r  Stroo p processin g i s 
presente d t o accommodat e thes e findings.  Implication s fo r  neura l  networ k account s o f  th e Stroo p 
effec t  ar e als o discussed . 
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Abstract 
Theorie s o f  fac e processin g als o ofte n conside r  th e recover y o f  fac e identit y an d facia l  speec h informatio n a s 

involvin g distinc t  operation s (Bruc e an d Valentine .  1988 :  Liberma n &  Mattingly ,  198S) .  Thi s i s analogou s t o 
traditiona l  theorie s o f  auditor y speec h perceptio n whic h assum e a  dissociatio n betwee n linguisti c an d voic e recover y 
(Halle ,  1985 ;  Liberma n &  Mattingly ,  1985) .  However ,  recen t  observation s wit h auditor y speec h sugges t  tha t  thes e 
tw o task s migh t  no t  b e a s separat e a s onc e assumed .  Fo r  example ,  Remez an d hi s colleague s showe d ho w isolate d 
linguisti c (phonetic )  informatio n ca n b e informativ e abou t  speake r  identit y (Remez ,  Fellowes ,  &  Rubin ,  i n press) .  A n 
experimen t  wa s conducte d t o determin e i f  isolate d visua l  speec h informatio n ca n b e salien t  fo r  fac e recognition .  A 
point-ligh t  techniqu e wa s implemente d t o isolat e visua l  speec h informatio n (Bassili ,  1978 ;  Rosenblu m &  Saldana ,  i n 
press ;  Bruc e an d Valentine ,  1988) .  Speaker s wer e show n o n videotap e unde r  bot h full-illuminatio n an d point-ligh t 
conditions ,  articulatin g th e sentenc e Th e footbal l  gam e i s over' .  Th e sam e stimul i  wa s als o show n unde r  siali c 
conditions .  A  iwo-altemativ e force d choic e (2AFC )  procedur e wa s use d t o deiennin e i f  observer s coul d matc h th e 
correc t  articulatin g point-ligh t  fac e t o th e sam e articulatin g fully-illuminate d face .  Result s reveale d tha i  dynami c 
point-ligh t  display s afforde d hig h fac e matchin g accurac y whic h wa s significantl y greate r  tha n chanc e an d 
significantl y greate r  fac e tha n accurac y wit h stati c point-ligh t  displays . 
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