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Prefac e 

Thi s volum e contain s th e submitte d paper s whic h wer e presente d a t 
COGSCI  5 ,  th e fift h annua l  meetin g o f  th e Cognitiv e Scienc e Societ y whic h 
was hel d a t  th e Universit y o f  Rocheste r  durin g Ma y 1 8 throug h 20 ,  1983 . 

This was the first Cognitive Science meeting in which submitted 
paper s wer e reviewe d fo r  acceptance .  (Onl y abou t  hal f  o f  the m wer e 
accepte d sinc e w e receive d abou t  twic e a s man y submission s a s ther e wer e 
slot s i n th e progra m fo r  the m t o b e presente d in. )  Th e reviewin g pane l 
consiste d o f  Jame s Allen ,  Jerom e Feldman ,  Stephe n Kosslyn ,  Pa t  Sipl e an d 
Michae l  Tanenhau s a s wel l  a s myself ,  an d outsid e review s wer e obtaine d fro m 
many others . 

About half of the conference consisted of invited addresses and panel 
discussions ,  whic h ar e no t  reproduce d here . 

Organizing this meeting has been an exhilarating and exhausting 
experience ,  especiall y a s i t  wa s don e unexpectedl y soo n (w e originall y 
volunteere d fo r  1984 )  an d unexpectedl y quickl y (th e fourt h conferenc e wa s 
i n August ,  w e i n May) .  Mos t  o f  th e actua l  work ,  however ,  ha s bee n don e 
by Rit a Fa y an d Marger y Lucas ,  t o who m g o ou r  heartfel t  thanks . 

Patric k J .  Haye s Chairma n 
Davi d Taylo r  Loca l  Arrangement s 
Sheldo n Wagne r  Banque t  Organize r 
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Al l  conferenc e session s wil l  b e hel d i n th e Mathematica l  Science s Buildin g 
and Hutchinso n Hal l  o n th e Universit y o f  Rocheste r  campus . 

Tuesday, May 17 

5:00-8:00 p.m. 
Registration ,  Susa n B .  Anthon y Hall ,  Gree n Roo m 

7:00-11:00 p.m. 
Welcomin g Reception ,  Eastma n Quadrangl e 

Wednesday, May 18 

8:00 a.m.-5:00 p.m. 
Registration ,  Mathematica l  Science s Building ,  Re d Loung e 

9:00-10:30 a.m. 
Invite d Address ,  Hubbel l  Auditoriu m 
"Neura l  System s o f  Attention " 
Michae l  Posner ,  Universit y o f  Orego n 

10:30-10:45 a.m. 
Mornin g Brea k 

10:45 a.m. Hubbell Auditorium 
Panel :  Decision-Makin g 

Participants: 
Henr y K^burg ,  Chai r  -  Universit y o f  Rocheste r 
Danie l  K a h n e m a n -  Universit y o f  Britis h Columbi a 
A m os Tuersfcy -  Stanfor d Universit y 
Isaa c Levi ;  -  Columbi a Universit y 
Tedd v Seidenfel d -  Washingto n Universit y 

12:30-2:00 p.m. 
Lunc h Brea k -  Danfort h Dinin g Center ,  Susa n B .  Anthon y Hal l 



2:00-3:2 0 p, m 
Paper  Sessio n #1 .  Hutchinso n Hal l 

2:00-2:20 p.m. 
"Lexica l  Acces s Durin g Sentenc e Comprehension :  Frequenc y an d 
Contex t  Effects " 
Marger\ i  Lucas ,  Universit y o f  Rocheste r 

2:20-2:40 p.m. 
"Comprehendin g an d Rememberin g Nove l  Metaphor s Whil e Readin g 
Real  Text " 
Judit h Orasanu .  U. S Arm y Researc h Institut e 

2:40-3:00 p.m. 
"Ver b Semanti c Structure s an d On-Lin e Languag e Processing " 
Ronan G.  Reillv ,  St .  Patrick' s Colleg e 

3:00-3:20 p.m. 
"Lexica l  Acces s an d Seria l  Orde r  i n Sentenc e Production " 
Josep h Pau l  Stemberger .  Carnegie-Mello n Universit y 

2:00-3:20 p.m. 
Paper  Sessio n * 2 ,  Hubbel l  Auditoriu m 

2:00-2:20 p.m. 
"Computationa l  Selectio n o f  Processin g Location s i n Vision " 
Roger  Broiuse .  Queen' s Universit y 

2:20-2:40 p.m. 
"Topica l  Invariant s an d Apparen t  Motion " 
Li n Chen ,  Chin a Universit y o f  Scienc e &  Technolog y an d Universit y 
of  Californi a a t  Irvin e 

2:40-3:00 p.m. 
"Imagine d Spatia l  Transformation s i n th e Visua l  Discriminatio n o f 
Lef t  an d Righ t  Part s o f  th e Huma n Body " 
Larri /  Parsons ,  Universit y o f  Californi a a t  Sa n Dieg o 

3:00-3:20 p.m. 
"Th e Structur e o f  Visua l  Concepts " 
Josep h Psotka ,  Arm y Researc h Institut e 

2:00-3:20 p.m. 
Paper  Sessio n #3 ,  Roo m *20 1 

2:00-2:20 p.m. 
"Th e Rol e o f  Interpersona l  Games I n Perlocationar y Acts " 
Gabriell a Airenti ,  Brun o G.  Bara ,  Marc o Colombetti ,  Universlt a d l 
Milan o an d Politecnic o d i  Milan o 

2:20-2:40 p.m. 
"Ninet y Year s o f  Menta l  Metaphors " 
Dedr e Centne r  an d Jonatha n Grudin ,  Bol t  Berane k an d Newman, 
Inc . 

2:40-3:00 p.m. 
"Th e Evaluatio n o f  Cognitiv e Construct s Usin g Structura l  Equatio n 
Modeling " 
Morto n An n Gernsbache r  &  H .  Hi//Go/dsmit/i ,  Universit y o f  Texa s a t 
Austi n 

3:00-3:2 0 p.m . 
"Countplan :  A  Mode l  fo r  Plannin g Countin g Procedure s Base d o n 
Utilizatio n Knowledge ,  an d Procedura l  an d Conceptua l  Competence " 
Donal d A .  Smit h an d Jame s G.  Greeno ,  Universit y o f  Pittsburg h 

3:20-3:35 p.m. 
Brea k 

3:35-5:00 p.m. 
Invite d Address ,  Hubbel l  Auditoriu m 
"Intuition ,  Reasoning ,  an d Multileve l  Concurren t  Processing " 
Davi d Waltz ,  Universit y o f  Illinoi s 

5:00-7:30 p.m. 
Dinne r  Brea k -  Wilso n Commons 

7:30-9:30 p.m. Hubbell Auditorium 
Panel :  Th e Computationa l  Metapho r 

Participants: 
Patric k J .  Hayes ,  Chai r  -  Universit y o f  Rocheste r 
Zeno n Py/yshv n -  Universit y o f  Wester n Ontari o 
Bria n Smit h -  Xero x P A R C 
Joh n Haugelan d -  Universit y o f  Pittsburg h 

9:30-12:00 M 
Reception ,  Ma y Room,  Wilso n Commons 

Thursday, May 19 

8:00 a.m,-5:00 p.m. 
Registration ,  Mathematica l  Science s Building ,  Re d Loung e 

9:00-10:20 a.m. 
Paper  Sessio n #4 ,  Hutchinso n Hal l 

9:00-9:20  a.m. 
"Understandin g an d Solvin g Wor d Arithmeti c Problems " 
Walte r  Kintsc h an d Jame s G.  Greeno ,  Universit y o f  Pittsburg h 

9:20-9:40  a.m. 
"Children' s Menta l  Model s o f  Recursiv e Log o Programs " 
D.  Miria m Kurlan d an d Ro y D .  Pea ,  Ban k Stree t  Colleg e o f  Educatio n 

9:40-10:00 a.m. 
"Ho w D o Childre n Thin k Abou t  Numbers ? Le t  U s Coun t  th e Ways " 
James A .  Leuine ,  Marci a J .  Boruta ,  Andre a L .  Petitto ,  Universit y o f 
Californi a a t  Sa n Dieg o an d Universit y o f  Rocheste r 

10:00-10:20 a.m. 
" A Computationa l  Descriptio n o f  th e Thre e Stage s o f  Developmen t 
of  Objec t  Identit y b y Infants " 
Georg e F .  Luger ,  Jennife r  G.  Wishar t  an d T.G.R .  Bower ,  Universit y o f 
New Mexic o an d Universit y o f  Edinburg h 

9:00-10:20 a.m. 
Paper  Sessio n #5 ,  Hubbel l  Auditoriu m 

9:00-9:20  a.m. 
"Reasonin g Abou t  th e Tempora l  Structur e o f  Narrativ e Texts " 
Michae l  J .  Almeid a an d Stuar t  C .  Shapiro ,  Stat e Universit y o f  Ne w 
Yor k a t  Buffal o 



9:20-9:4 0 a.m . 
"Even t  Concep t  Coherenc e i n Narrativ e Text " 
Richar d Alterman ,  Universit y o f  Texa s a t  Austi n 

9:40-10:00  a.m. 
"Perseverers ,  Recencie s an d Deferrers :  N e w Experimenta l  Evidenc e 
of  Multipl e Inferenc e Strategie s i n Understanding " 
Richar d H .  Grartge r  ar] d Jenr\ije r  K .  Holbrook ,  Universit y o f  Californi a 
at  Irvin e 

10:00-10:20 a.m. 
"Stratificatio n i n Stor y Understanding " 
Valentin o Zavarin ,  Wrigh t  Institut e &  Universit y o f  Californi a a t  Sa n 
Francisc o 

9:00-10:20  am. 
Pape r  Sessio n #6 ,  R o o m #20 1 

9:00-9:20 a.m. 
"Multipl e Model s o f  Evaporatio n Processes " 
Alla n Collins .  Dedr e Center .  Bol t  Berane k an d Newman,  Inc . 

9:20-9:40 a.m. 
" A Centra l  Proble m i n Representin g H u m a n Knowledg e i n Artificia l 
Systems :  Th e Transformatio n o f  Intrinsi c Int o Extrinsi c Representations " 
Gerhar d Dirlich ,  Christia n Freks a an d Ulric h Furbach ,  Max-PIanck -
Institu t  fu r  Psychiatric ,  an d Hochschul e de r  Bundesweh r 

9:40-10:00  a.m. 
"What  Els e i s Wron g wit h Non-Monotoni c Logics ? Representationa l 
and Informationa l  Shortcomings " 
Jan e Terr y Nutter ,  Stat e Universit y o f  N e w Yor k a t  Buffal o 

10:00-10:20 a.m. 
"Taci t  Theorie s o f  Economics " 
Willia m J .  Salter ,  Bol t  Berane k an d Newman,  Inc . 

10:20-10:40 am 
"Studen t  Modelin g a t  Strateg y Learning " 
Pat  Langleî .  Carnegie-Mello n Universit y 

10:20-10:35 a.m. 
Mornin g Brea k 

10:35-11:35 am 
Paper  Sessio n * 7 ,  Hutchinso n Hal l 

10:35-10:5 5 a m 
"O n Associatio n Technique s i n Neura l  Representatio n Schemes " 
Joh n A .  Barnden ,  Indian a Universit y 

10:55-11:15 am 
"Pain s an d Stron g Cognitivism " 
Georg e Grahan ^  an d G  Lyn n Stephens .  Universit y o f  Alabam a i n 
Birmingha m 

11:15-11:35 a.m. 
"Analyzin g Cooperativ e Computation " 
G.  £ .  Hinto n an d T .  J .  Sejnowski ,  Carnegie-Mello n Universit y an d 
John s Hopkin s Universit y 

10:35-11:3 5 a.m . 
Pape r  Sessio n * 8 ,  Hubbel l  Auditoriu m 

10:35-10:55 a.m. 
"Lon g Ter m Recenc y Effect s i n Recallin g Previou s Answers " 
M.  IV .  Lansdale ,  IT T Europ e 

10:55-11:15 a.m. 
"Th e Rol e o f  Gri d Schemat a i n Memor y fo r  Largc-Scal e Environments " 
Ia n Moar ,  Nanc y J .  Hame r  an d Bets y A .  IVoods ,  Bucknel l  Universit y 

11:15-11:35 a.m. 
"Th e Role s o f  Interferenc e an d Inferenc e i n th e Retrieva l  o f 
Autobiographica l  Memories " 
Bria n J .  Reise r  an d Joh n B .  Black ,  Yal e Universit y 

10:35-11:35 a.m. 
Pape r  Sessio n #9 ,  R o o m #20 1 

10:35-10:55 a.m. 
"Themati c Relation s Betwee n Episodes " 
Collee n M .  Seifer t  an d Joh n B .  Black ,  Yal e Universit y 

10:55-11:15 a.m. 
"Readin g a  Progra m i s Lik e Readin g a  Stor y (Well ,  Almost) " 
Ellio t  Soloway ,  Kat e Ehrllch ,  Eri c Gold ,  Yal e Universit y 

11:15-11:35 a.m. 
"Cerebra l  Lateralization ,  Preferre d Cognitiv e M o d e an d Readin g 
Achievemen t  i n America n India n Bilingua l  Children " 
Fairle e E .  Wi n field .  Norther n Arizon a Universit y 

11:35-12:35 
Busines s Meetin g o f  th e Cognitiv e Scienc e Societ y 
Hubbel l  Auditoriu m 

12:35-2:00 p.m. 
Lunc h Brea k -  Danfort h Dinin g Center ,  Susa n B .  Anthon y Hal l 

2:00-3:30 p.m. 
Invite d Address ,  Hubbel l  Auditoriu m 
" A Computationa l  Vie w o n th e Pragmatic s o f  Nou n Phrases " 
Candac e Sidner ,  Bolt ,  Berane k an d N e w m a n,  Inc . 



3:30-3:4 5 p.m . 
Brea k 

3:45 p.m. Hubbell Auditorium 
Panel :  Cognitiv e Developmen t 

Participants: 
Sheldo n Wagner ,  Chai r  -  Universit y o f  Rocheste r 
Lesli e Cohen ,  Universit y o f  Texa s 
Susa n Carei/ ,  Massachusett s Institut e o f  Technolog y 
Fran k Keil ,  Cornel l  Universit y 

7:00 p.m 
Banque t  -  Facult y Clu b 
Guest  Speake r  Jerom e Lettvin ,  Departmen t  o f  Biology ,  Massachusett s 
Institut e o f  Technolog y 

Friday, May 20 

8:00-12:00 N 
Registration ,  Mathematica l  Science s Building ,  Re d Loung e 

9:00-10:30 a.m. 
Invite d Address ,  Hubbel l  Auditoriu m 
"Lexica l  Code s an d Languag e Comprehension " 
Michae l  Tanenhaus ,  Wayn e Stat e Universit y 

10:30-10:45 a.m. 
Mornin g Brea k 

10:45 a.m. Hubbell Auditorium 
Panel :  Exper t  System s 

Participants: 
Joh n McDern^ott ,  Chai r  -  Carnegie-Mello n Universit y 
Ted Shortliff e -  Stanfor d Universit y Medica l  Cente r 
Ben Kuiper s -  Tuft s Universit y 
Alla n Lesgol d -  Universit y o f  Pittsburg h 

12:30-2:00 p.m. 
Lunc h Brea k -  Danfort h Dinin g Center ,  Susa n B .  Anthon y Hal l 

2:00 p.m. Hubbell Auditorium 
Panel :  Societ y fo r  Cognitio n an d Brai n Theor y 

2:00-4:3 0 p.m .  Seminar :  Neuroscienc e fo r  Cognitiv e Science ,  Hubbel l 
Auditoriu m (Co-sponsore d b y Societ y fo r  Cognitio n an d Brai n Theory ) 

Theodore Melnechuk, Research Associate at Western Behavioral Sciences 
Institute ,  L a Jolla ,  C A an d Visitin g lecturer ,  Dept .  o f  Neurosciences , 
Schoo l  o f  Medicine ,  Universit y o f  Californi a a t  Sa n Diego ,  Chai r 

2:00-2:05 : 

2:05-2:35 p.m. 

2:35-2:45 p.m. 

2:45-3:15 p.m. 

3:15-3:25 p.m. 

3:25-3:55 p.m. 

3:55-4:05: 

4:05-4:30: 

Introductio n 

"The New Neurobiology" 
Joh n R.  Slade k Jr. ,  Universit y o f  Rocheste r 
Schoo l  o f  Medicin e 

Questions and Answers 

"A Cognitive Interpretation of a Neuro-
biologica l  Experiment " 
Davi d Zipser ,  Universit y o f  Californi a a t 
San Dieg o 

Questions and Answers 

"Parallel Processing in Neural Modeling" 
Terrenc e J .  Sejnowski ,  John s Hopkin s 
Universit y 

Questions and Answers 

Panel Discussion 
Theodor e Melnechu k 
Joh n R .  Slade k Jr . 
Davi d Zipse r 
Terrenc e J .  Sejnowsk i 
Jerom e A .  Feldman ,  Universit y o f  Rocheste r 



Tabl e o f  Content s 

Paper Session ^Al 

"Lexical Access During Sentence Comprehension: Frequency and Context Effects" 
Marger y Lucas ,  Universit y o f  Rocheste r 

"Comprehending and Remembering Novel Metaphors While Reading Real Text" 
Judit h Orasanu ,  U.S .  Arm y Researc h Institut e 

"Verb Semantic Structures and On-Line Language Processing" 
Ronan G.  Reilly ,  St .  Patrick' s Colleg e 

"Lexical Access and Serial Order in Sentence Production" 
Josep h Pau l  Stemberger ,  Carnegie-Mello n Universit y 

Paper Session #2 

"Computational Selection of Processing Locations in Vision" 
Roger  Browse ,  Queen' s Universit y 

"Topical Invariants and Apparent Motion" 
Li n Chen ,  Chin a Universit y o f  Scienc e &  Technolog y an d Universit y o f  Californi a a t 
Irvin e 

"Imagined Spatial Transformations in the Visual Discrimination of Left and Right 
Part s o f  th e Human Body " 
Larr y Parsons ,  Universit y o f  Californi a a t  Sa n Dieg o 

"The Structure of Visual Concepts" 
Josep h Psotka ,  Arm y Researc h Institut e 

Paper Session #3 

"The Role of Interpersonal Games in Perlocutionary Acts" 
Gabriell a Airenti ,  Brun o G.  Bara ,  Marc o Colombetti ,  Universit a d i  Milan o an d 
Politecnic o d i  Milan o 

"Ninety Years of Mental Metaphors" 
Dedr e Centne r  an d Jonatha n Grudin ,  Bol t  Berane k an d Newman,  Inc . 

"The Evaluation of Cognitive Constructs Using Structural Equation Modeling" 
Morto n An n Gernsbache r  &  H .  Hil l  Goldsmith ,  Universit y o f  Texa s a t  Austi n 

"Countplan: A Model for Planning Counting Procedures Based on Utilization Knowledge, 
and Procedura l  an d Conceptua l  Competence " 
Donal d A .  Smit h an d Jame s G.  Greeno ,  Universit y o f  Pittsburg h 
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Walte r  Kintsc h an d Jame s G.  Greeno ,  Universit y o f  Pittsburg h 

"Children's Mental Models of Recursive Logo Programs" 
D.  Miria m Kurlan d an d Ro y D .  Pea ,  Ban k Stree t  Colleg e o f  Educatio n 

"How Do Children Think About Numbers? Let Us Count the Ways" 
James A .  Levine ,  Marci a J .  Boruta ,  Andre a L ,  Petitto ,  Universit y o f  Californi a a t 
San Dieg o an d Universit y o f  Rocheste r 

"A Computational Description of the Three Stages of Development of Object Identity 
by Infants " 
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Universit y o f  Edinburg h 
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"Event Concept Coherence in Narrative Text" 
Richar d Alterman ,  Universit y o f  Texa s a t  Austi n 

"Perseverers, Recencies and Deferrers: New Experimental Evidence of Multiple 
Inferenc e Strategie s i n Understanding " 
Richar d H .  Grange r  an d Jennife r  K .  Holbrook ,  Universit y o f  Californi a a t  Irvin e 

"Stratification in Story Understanding" 
Valentin a Zavarin ,  Wrigh t  Institut e &  Universit y o f  Californi a a t  Sa n Francisc o 

Paper Session #6 

"Multiple Models of Evaporation Processes" 
Alla n Collins ,  Dedr e Centner ,  Bol t  Berane k an d Newman,  Inc . 

"A Central Problem in Representing Human Knowledge in Artificial Systems: The 
Transformatio n o f  Intrinsi c Int o Extrinsi c Representations " 
Gerhar d Dirlich ,  Christia n Freks a an d Ulric h Furbach ,  Max-Planck-Institu t  fu r  Psychiatri e 
and Hochschul e de r  Bundesweh r 

"What Else is Wrong with Non-Monotonoc Logics? Representational and Informational 
Shortcomings " 
Jan e Terr y Nutter ,  Stat e Universit y o f  Ne w Yor k a t  Buffal o 

"Tacit Theories of Economics" 
Willia m J .  Salter ,  Bol t  Berane k an d Newman,  Inc . 

"Student Modeling at Strategy Learning" 
Pat  Langley ,  Carnegie-Mello n Universit y 





Paper  Sessio n # 1 

"On Association Techniques in Neural Representation Schemes" 
Joh n A .  Barnden ,  Indian a Universit y 

"Pains and Strong Cognitivism" 
Georg e Graha m an d G.  Lyn n Stephens ,  Universit y o f  Alabam a i n Birmingha m 

"Analyzing Cooperative Computation" 
G.  E .  Hinto n an d T .  J .  Sejnowski ,  Carnegie-Mello n Universit y an d John s Hopkin s Universit y 

Paper Session y/8 

"Long Term Recency Effects in Recalling Previous Answers" 
M.  W.  Lansdale ,  IT T Europ e 

"The Role of Grid Schemata in Memory for Large-Scale Environments" 
Ia n Moar ,  Nanc y J .  Harae r  an d Bets y A .  Woods ,  Bucknel l  Universit y 

"The Roles of Interference and Inference in the Retrieval of Autobiographical Memories" 
Bria n J .  Reise r  an d Joh n B .  Black ,  Yal e Universit y 

Paper Session #9 

"Thematic Relations Between Episodes" 
Collee n M.  Seifer t  an d Joh n B .  Black ,  Yal e Universit y 

"Reading a Program is Like Reading a Story (Well, Almost)" 
Ellio t  Soloway ,  Kat e Ehrlich ,  Eri c Gold ,  Yal e Universit y 

"Cerebral Lateralization, Preferred Cognitive Mode and Reading Achievement in 
America n India n Bilingua l  Children " 
Fairle e E .  Winfield ,  Norther n Arizon a Universit y 





P a p e r  S e s s i o n # 1 





LEXICAL ACCESS DURIN G SENTENCE COMPREHENSION: 

FREQUENCY AND CONTEXT EFFECTS 

MARGERY LUCAS 
DEPARTMENT O F PSYCHOLOGY 
UNIVERSITY O F ROCHESTER 

Introduction 

Lexical access Is a multi-component process that Involves both the access of a word's orthographic and phonological 
code s a s wel l  a s th e activatio n o f  meaning .  Th e stud y o f  thi s proces s a s i t  occur s durin g sentenc e comprehensio n i s 
valuabl e fo r  tw o reasons .  First ,  w e nee d t o kno w ho w thi s importan t  par t  o f  sentenc e processin g function s I n 
Interactio n wit h othe r  level s o f  analysis .  Mor e generally ,  it s  stud y ca n provid e evidenc e abou t  ho w top-dow n o r 
knowledge-leve l  processin g influence s processe s tha t  occu r  a t  lowe r  o r  stimulus-drive n levels .  I n particular ,  i n thi s 
pape r  I  repor t  o n a  serie s o f  experiment s concerne d primaril y wit h ho w semanti c Informatio n a s wel l  a s informatio n 
abou t  frequenc y o f  us e o f  wor d meaning s affect s tha t  par t  o f  th e lexica l  proces s tha t  involve s th e activatio n o f 
meaning .  Fo r  eas e o f  presentatio n I  us e th e ter m "lexica l  access "  throughou t  thi s pape r  t o refe r  onl y t o tha t  par t  o f 
th e process . 
We know from previous research on lexical access that it Is both an autonomous and automatic process. Let us 
conside r  th e autonomou s aspec t  first . 
There are many levels of analysis in sentence processing - the phonological/orthographic, lexical, syntactic, 
semantic ,  an d pragmati c level s ar e th e one s comnjonl y recognized .  Thes e level s mus t  b e discret e t o b e considere d a s 
separat e mode s o f  analysi s bu t  mus t  als o interac t  I f  a  coheren t  representatio n o f  a  sentenc e i s t o b e achieved .  Ho w 
does thi s exchang e o f  informatio n betwee n level s occur ? Ther e ar e tw o predominan t  view s o n th e matter .  Accordin g t o 
th e autonomou s mode l  (Garrett ,  1978 ;  Forster ,  1979 ;  an d Swinney ,  1979) ,  processin g withi n a  leve l  (o r  "module" )  i s 
carrie d o n I n isolatio n fro m processin g a t  othe r  levels .  Interactio n i s limite d t o th e output s o f  processing .  I n th e 
alternativ e mode l  (Marslen-Wllso n an d Tyler ,  1980 )  informatio n fro m highe r  level s o f  analysi s ca n facilitat e th e 
processin g tha t  occur s a t  lowe r  level s befor e tha t  processin g ha s bee n completed . 
Evidence for the autonomy of lexical access comes from the study of lexical ambiguity resplution. Many words 
ar e associate d wit h mor e tha n on e meaning .  Fo r  example ,  "draft "  ca n mea n eithe r  "conscription "  o r  "breeze" .  I n a 
sentenc e wher e biasin g contex t  precede s th e ambiguou s wor d bot h semanti c an d syntacti c informatio n i s availabl e fo r 
aidin g disambiguation .  Th e crucia l  questio n fo r  th e autonom y issu e I s whether  thi s higher-leve l  informatio n act s t o 
restric t  acces s t o onl y th e appropriat e sens e (prio r  decisio n hypthesls )  o r  whethe r  i t  ca n onl y hav e a n effec t  o n th e 
proces s afte r  bot h meaning s ar e accesse d (pos t  decisio n hypothesis) .  Th e forme r  hypothesi s I s consisten t  wit h th e 
interactiv e node L th e latte r  wit h th e autonomou s model . 

The work of Swinney (1979) and Tanenhaus, Leiman, and Seidenberg (1979) using cross-modal priming has shown that 
th e post-decisio n hypthesl s i s correct .  Cross-moda l  primin g i s a  techniqu e base d o n th e primin g paradig m develope d 
by Meye r  an d Schvaneveld t  (1971) .  The y foun d tha t  th e tim e t o decid e i f  a  visuall y presente d strin g o f  letter s i s a 
wor d (th e lexica l  decisio n task )  i s facilitate d i f  a  semanticall y o r  assoclativel y relate d wor d I s presente d jus t  prio r 
t o th e target .  Thi s resul t  support s a  mode l  o f  semanti c memor y wherei n wor d meaning s ar e containe d i n a  networ k o f 
node s tha t  pas s activatio n alon g connectin g arc s t o other ,  semanticall y relate d node s (Collin s &  Loftus ,  1975) .  I n 
cross-moda l  primin g th e wor d primin g th e visua l  targe t  i s presente d auditorily .  I n thi s way ,  th e primin g effec t  i s 
maintaine d an d lexica l  acces s ca n b e studie d "on-line" ,  tha t  is ,  durin g th e actua l  processin g o f  th e sentence .  I n 
Swinne y (1979) ,  subject s listene d t o sentence s containin g ambiguou s word s i n whic h th e sentence s wer e biase d toward s on e 
or  th e othe r  meaning s o f  tha t  word .  Simultaneou s wit h th e offse t  o f  th e auditoril y  presente d ambiguou s word ,  subject s 
saw a  visua l  targe t  tha t  wa s relate d t o on e o r  th e othe r  meanin g o f  th e word ,  o r  a  control ,  a s I n th e followin g 
example : 

Auditory Stimulus: The man was not surprised when he found spiders, 
roaches ,  an d othe r  bug s i n th e come r  o f  hi s room . 

t 
ant 

Visua l  target :  sp y 
sew 

Subjects had to decide if the visual target was a word. Swinney found that targets related to either meaning of the 
ambiguou s wor d wer e responde d t o mor e quickl y tha n th e contro l  target ,  indicatin g tha t  bot h meaning s ha d bee n activated . 
Sinc e thi s occurre d eve n thoug h hi s sentence s wer e strongl y biasing ,  h e conclude d tha t  th e post-decisio n hypothesi s 
was correct . 

Swinney used noun-noun ambiguities in his study, demonstrating that semantic and pragmatic information could not 
influenc e th e lexica l  acces s proces s unti l  it s  output s wer e availabl e ( 4 syllable s late r  onl y th e appropriat e meanin g 
was stil l  activated) .  Tanenhaus ,  Leiman ,  an d Seidenber g (1979) ,  showe d tha t  thi s wa s tru e fo r  syntacti c informatio n 
as wel l  b y embeddin g noun-ver b ambiguitie s (e.g. ,  "rose" )  i n syntacticall y disambiguatin g contexts .  The y use d a  namin g 
latenc y tas k t o measur e activation .  I n namin g latency ,  th e tim e t o initiat e th e pronunciatio n o f  a  visuall y presente d 
wor d i s measured .  The y foun d tha t  visua l  target s relate d t o eithe r  meanin g o f  a n ambiguou s wor d wer e prime d eve n i n 
syntacticall y disambiguatin g contents ,  agai n confirmin g th e pos t  decisio n hypothesis . 

Another aspect of the model of lexical access is that it Is an automatic process. A number of psychologists have 
made a  distinctio n betwee n automati c an d attentiona l  processe s (Kahneman ,  197 3 an d Schiffrl n an d Schneider ,  1977) , 
wher e attentiona l  processe s ar e controlled ,  us e a  poo l  o f  limite d capacit y an d ar e characterize d b y inhibitio n o f 
response s tha t  compet e wit h th e tas k a t  hand .  Automati c processe s ar e no t  unde r  consciou s control ,  d o no t  us e 
capacity ,  an d exhibi t  facilitatio n o f  certai n response s bu t  n o inhibition .  Lexica l  acces s appear s t o b e a n automati c 
proces s sinc e th e acces s o f  meaning s i s no t  unde r  control .  Bot h meaning s ar e alway s accesse d regardles s o f  biasin g 
context .  Also ,  whil e ther e wa s facilitatio n o f  response s relate d t o th e wor d i n th e studie s cite d above ,  ther e wa s n o 
inhibitio n o f  unrelate d responses . 

Further Determination of the Model 
Our knowledge of lexical access is by no means complete. The aspects of the process I undertook to investigate 
wer e frequenc y effect s an d tim e course .  Previou s studie s ha d looke d onl y a t  th e 0  msec ,  dela y an d a t  on e dela y afte r 
wor d offset .  Give n ho w quickl y acces s an d decisio n processe s wer e foun d t o tak e place ,  I  though t  i t  wa s necessar y t o 
prob e a t  a  numbe r  o f  delay s t o ge t  a  mor e complet e pictur e o f  th e process .  I n particular ,  I  wa s intereste d i n th e 
effec t  o f  contex t  a t  differen t  delays .  Was i t  tru e tha t  contex t  provide d n o inpu t  t o th e acces s proces s unti l  acces s 'na d bee n completed ? Or  wa s i t  tha t  it s  effect s wer e no t  discernabl e a t  th e 0  delay ? Perhap s probin g a t  th e beginnin g of  th e word ,  jus t  a t  th e star t  o f  lexica l  access ,  migh t  b e mor e revealin g o f  th e influenc e o f  contex t  tha n probin g at  th e en d o f  th e wor d whe n th e proces s wa s alread y wel l  unde r  way . 



Anothe r  issu e tha t  concerne d me wa s frequenc y effects .  Th e meaning s o f  a n ambiguou s wor d diffe r  I n th e frequenc y 
wit h whic h the y occu r  I n languag e use .  Fo r  example ,  th e "harbor "  Interpretatio n o f  "port "  i s  mor e ofte n encountere d 
tha n th e "wine "  meaning .  Hogaboa m &  Perfett i  (1975 )  suggeste d tha t  informatio n abou t  frequenc y i s containe d i n th e 
lexica l  netwo k i n suc h a  wa y tha t  dominan t  meaning s ar e alway s accesse d firs t  an d compare d wit h contex t  fo r 
appropriateness .  Subordinat e meaning s ar e onl y accesse d i f  th e dominan t  meanin g i s no t  Intended .  Hogaboa m an d 
Perfett i  presente d evidenc e fo r  thi s bu t  sinc e thei r  dependen t  measur e (reactio n time s t o mak e judgement s o f  ambiguity ) 
has a  stron g memor y component ,  i t  i s  no t  clea r  wha t  th e implication s ar e fo r  ongoin g sentenc e processing . 
Onifer and Swinney (1981) looked at frequency effects "on-line" using the same paradigm as Swlnney (1979) and a 
0 msec ,  delay .  The y chos e ambiguou s word s tha t  ha d a  clearl y dominan t  (mor e tha n 75 Z frequenc y o f  occurrence )  an d a 
clearl y subordinat e (les s tha n 25J I  frequency )  meanin g an d foun d n o differentia l  effects .  Bot h meaning s wer e accesse d 
eve n whe n th e sentenc e wa s biase d towar d th e dominan t  meaning .  But ,  althoug h frequenc y effect s weren' t  foun d a t  th e 
offse t  o f  th e wor d i t  i s  possibl e tha t  a  mor e thoroug h investigatio n o f  th e tim e cours e o f  activatio n woul d revea l  wher e 
and ho w frequenc y information  i s used .  On e possibilit y  i s  tha t  dominan t  meaning s reac h a  greate r  degre e o f  activation . 
Thi s woul d mea n tha t  frequenc y informatio n i s encode d i n th e networ k i n th e for m o f  highe r  restin g level s o f  activatio n 
fo r  dominan t  meanings .  Thi s woul d b e reflecte d i n mor e primin g fo r  dominant-relate d targets .  A t  wor d offset ,  bot h 
meaning s may hav e jus t  passe d thei r  threshol d an d therefor e see m t o b e equall y activated .  T o determin e i f  thi s wer e 
true ,  on e need s t o prob e a t  a  late r  delay . 

Yet another hypothesis is suggested by the use of a different type of ambiguous word than has commonly been used 
i n thes e studies .  S o far ,  onl y homograph s (word s tha t  soun d an d ar e spelle d alik e bu t  hav e differen t  meanings )  hav e 
been used .  Anothe r  typ e o f  ambiguou s wor d wa s use d i n th e studie s t o b e reporte d her e -  non-homographi c homophones . 
Thes e ar e word s tha t  soun d alik e bu t  hav e differen t  spelling s a s wel l  a s meaning s (e.g. ,  air-heir) .  Usin g thi s typ e 
of  wor d ha s tw o advantages .  I t  provide s a  mor e reliabl e measur e fo r  assessin g frequenc y o f  occurrenc e o f  meaning s 
tha n th e us e o f  homographs .  Th e latte r  require s wor d associatio n dat a -  a n indirect^measur e o f  frequency .  Non -
homographi c homophone s enabl e on e t o loo k u p th e frequencie s i n th e Kucer a an d Franci s (1967 )  wor d frequenc y norms . 

A second advantage comes from the additional Information that's available in the form of separate orthographic 
representation s fo r  th e tw o words .  It' s  possibl e tha t  th e separat e orthographi c path s may permi t  selectiv e access . 
I f  on e meanin g ha s alread y bee n prime d b y context ,  acces s may b e restricte d t o tha t  pat h wit h th e orthographi c 
representatio n tha t  i s  connecte d directl y wit h tha t  meaning .  Thi s mechanis m i s no t  availabl e wit h homographs .  There , 
bot h meaning s ar e connecte d wit h th e sam e orthographi c representatio n (se e Figur e 1) .  Alternatively ,  thi s Informatio n 
fro m th e orthograph y o f  th e wor d may no t  b e use d i n thi s way ,  s o tha t  eithe r  i t  i s  bypasse d o r  els e al l  orthographi c 
path s fro m th e sam e phonologica l  representatio n ar e alway s accessed . 

Finally, I was also Interested in how far the automatic activation of meanings extended. Many ambiguous words 
actuall y hav e mor e tha n jus t  tw o meanings .  "Draft, "  fo r  example ,  ha s al l  o f  th e followin g meanings : 

A. conscription process 
B.  breez e 
C.  bee r 
D.  preliminar y sketc h 
E.  paymen t  orde r 

and those are just the noun interpretations. Are the more infrequent meanings activated as well? 
In summary, then, I ran the following three experiments: 
1) Frequency effects - the cross-modal priming paradigm was used with non-homographic homphones at a delay of 

100 msec ,  fro m wor d offset .  10 0 msec ,  wa s chose n sinc e i t  wa s expecte d tha t  multipl e acces s woul d stil l  b e 
occurrin g (Tanenhau s e t  al .  (1979 )  reporte d tha t  onl y th e appropriat e meanin g wa s stil l  activate d a t  20 0 msec . 
afte r  th e en d o f  th e word )  bu t  tha t  th e acces s proces s woul d b e advance d enoug h t o pic k u p frequenc y difference s i n 
leve l  o f  activatio n i f  ther e wer e any .  Alternatively ,  i f  separat e orthographi c representation s wer e permittin g 
selectiv e access ,  tha t  woul d b e apparen t  a t  thi s delay ,  a s well . 

2) Context effects at initial access - design and materials for this are the same as in the previous experiment 
excep t  tha t  target s ar e presente d a t  th e beginnin g o f  th e word .  Thi s experimen t  wa s undertake n t o asses s th e effect s 
of  contex t  a s lexica l  acces s wa s jus t  starting . 

3) Activation of infrequent meanings - this experiment was similar to the above in design but the materials 
wer e different .  Du e t o th e difficult y i n findin g three-wa y ambiguou s non-homographi c homophones ,  homograph s wer e 
use d instead .  Sentence s wer e biase d onl y towar d th e dominan t  meanin g an d target s wer e relate d t o eithe r  th e 
subordinat e meanin g o r  th e thir d mos t  frequen t  meanin g associate d wit h th e homograph .  Target s wer e presente d a t  th e 
zer o dela y t o provid e th e mos t  direc t  compariso n wit h previou s studie s tha t  ha d foun d multipl e access . 

Results 
The results are presented in Table I (see next page) as reaction times In msec. Amount of priming is determined 

by takin g th e differenc e betwee n th e reactio n tim e t o th e targe t  an d it s control . 

At 100 msec, multiple access was found for the non-homographic homophones. This indicates that the availability 
of  separat e orthographi c pathway s doe s no t  permi t  selectiv e acces s an d confirm s th e Onife r  an d Swinne y findin g tha t 
frequenc y difference s d o no t  lea d t o selectiv e access .  However ,  a t  10 0 msec ,  ther e l £ a  frequenc y effec t  i n tha t  th e 
degre e o f  primin g fo r  dominan t  meaning s i s greate r  i n bot h th e appropriat e an d inappropriat e contexts .  Apparently , 
dominan t  meaning s reac h a  highe r  leve l  o f  activatio n durin g acces s tha n subordinat e meanings .  Thi s suggest s tha t 
frequenc y informatio n i s code d i n th e lexica l  networ k i n term s o f  highe r  restin g level s o f  activatio n fo r  frequentl y 
use d meanings . 

The results of the second experiment (Targets presented at the beginning of the word) reveal that context is 
havin g a n effec t  befor e th e acces s proces s ha s reall y begun .  Ther e i s primin g fo r  th e target s relate d t o th e 
appropriatel y biase d meanin g bu t  no t  fo r  thos e relate d t o th e inappropriatel y biase d meaning .  Ther e i s n o effec t  o f 
frequency .  Thi s demonstrate s tha t  contex t  alon e ha s a  primin g effect .  An d give n tha t  th e firs t  stud y show s tha t 
multipl e acces s nonetheles s occur s later ,  on e ca n dra w som e interestin g conclusion s abou t  th e forc e o f  bottom-u p 
processin g I n lexica l  access . 

Context is able to prime the appropriate meaning of a word before enough phonological information has been 
obtaine d t o recogniz e th e word .  Onc e th e wor d i s heard ,  however ,  thi s effec t  o f  top-dow n processin g i s overridde n b y 
Che automati c proces s o f  lexica l  access .  Bottom-u p analysi s apparentl y ha s priorit y her e eve n whe n ther e i s 
sufficien t  informatio n availabl e i n th e for m o f  stron g semanti c constraint s o n probabl e sense s o f  th e ambiguou s word . 

The finding that context is priming is also interesting in light of the Seidenberg, Tanenhaus, Leiman, and 
Bienkowsk i  (1982 )  stud y tha t  indicate d tha t  ther e ar e tw o type s o f  contexts :  primin g an d non-priming .  I n thei r 
experiments ,  non-primin g context s produce d multipl e acces s an d primin g context s produce d selectiv e access .  Primin g 



context s containe d a  semanticall y o r  associativel y relate d lexica l  Ite m prio r  t o th e ambiguou s word .  Th e result s 
of  th e presen t  experiments ,  however ,  indicat e tha t  context s ca n b e primin g ye t  stil l  produc e selectiv e access , 
suggestin g tha t  ther e wa s anothe r  reaso n fo r  selectiv e acces s i n th e Seidenber g e t  al .  study .  Anothe r  possiblit y 
fo r  thi s differenc e i n finding s concern s th e natur e o f  thei r  primin g contexts .  Th e context s i n ray  studie s eithe r 
di d no t  contai n word s tha t  wer e strongl y semanticall y o r  associativel y relate d t o th e ambiguou s wor d o r  containe d 
the m a t  a  distanc e fro m th e ambiguou s wor d tha t  wa s sufficien t  t o mak e interactio n unlikely .  Perhap s relflte d lexica l 
item s produc e activatio n tha t  i s stron g enoug h t o overwhel m th e automati c acces s process .  I n orde r  t o asses s thi s 
hypothesis ,  on e woul d nee d t o us e material s lik e tha t  o f  Seidenber g e t  al .  i n a  conditio n wher e target s ar e presente d 
at  wor d onse t  t o allo w a  direc t  compariso n wit h th e result s o f  th e presen t  study . 
The results of the last experiment are problematical. In this experiment, words related to the second and third 
most  use d meaning s o f  homograph s wer e presente d a t  wor d offse t  i n sentence s o f  dominan t  bias .  Result s indicat e tha t 
neithe r  meanin g wa s prime d (se e Tabl e 2) .  However ,  whil e th e differenc e betwee n relate d an d contro l  word s wa s no t 
significant .  I t  wa s i n th e righ t  direction .  And ,  sinc e al l  previou s studie s hav e show n tha t  th e subordinat e meanin g 
i s activate d unde r  th e condition s o f  bia s tha t  existe d i n thes e contexts ,  I  hav e conclude d tha t  ther e i s possibl y a 
confoun d i n thi s experiment .  I  a m currentl y collectin g subjec t  rating s o f  th e degre e o f  relatednes s betwee n target s 
and thei r  ambiguou s word s t o determin e whethe r  poo r  stimulus-targe t  relatednes s obscure d th e primin g effects . 
Conclusions 
The results of these studies taken in sum elucidate the interaction between top-down and bottom-up processing in 
lexica l  acces s a s i t  occur s I n sentenc e comprehension .  Biasin g context s ca n ac t  throug h th e us e o f  semanti c 
constraint s t o prim e anticipate d meaning s o f  words .  Onc e th e wor d ha s bee n heard ,  however ,  a n automati c proces s o f 
acces s i s se t  int o motio n i n whic h al l  th e mos t  likel y meaning s associate d wit h a  wor d ar e activate d regardles s o f  th e 

initia l  primin g du e t o context .  Thi s automati c acces s o f  mul'-lpl e meaning s i s unaffecte d b y th e availabilit y  eithe r 
of  informatio n abou t  frequenc y o f  us e o r  b y potentiall y disambiguatin g orthographi c Information .  Onc e accessed , 
though ,  meaning s diffe r  i n th e degre e t o whic h the y ar e activated ,  wit h th e dominan t  meanin g bein g mor e strongl y 
activate d tha n th e subordinat e meaning . 
Lexical access, then, is a process in which bottom-up information has priority, overriding the effects of higher-
leve l  informatio n an d suspendin g it s us e unti l  th e automati c proces s se t  Inmotio n b y th e auditor y signa l  i s  completed . 
Therefore ,  whil e top-dow n processin g i s essentia l  fo r  sentenc e understanding ,  comprehensio n i s als o s o strongl y tie d 
t o th e stimulu s tha t  lowe r  leve l  analyse s mus t  b e complete d befor e semanti c an d pragmati c knowledg e ca n hav e a 
decisiv e effect . 
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COMPREHENDING AND REMEMBERING NOVEL METAPHORS WHIL E READIN G REAL TEX T 

Judith Orasanu 

U.S. Army Research Institute 

The past five years have witnessed an explosion of research on metaphor. Two 

critical Issues have emerged: Is metaphorical language different In principle from 

literal language? What is the process of comprehending metaphors? 

One extreme position maintains that metaphors are deviant forms of language 

and therefore require a special comprehension process. According to this view, a 

word's literal meaning is found to be deviant in the sentence context, is rejected 

and is subsequently reinterpreted, a two-stage process (C.f., Clark & Lucy, 1975). 

The other position holds that there is no difference in principle between literal 

and metaphorlc comprehension. Rather, all meaning is constructed based on the 

text, the context and the reader's pre-existing knowledge (C.f., Rumelhart, 1979). 

The two-stage model tends to be associated with feature theories of word meaning 

(e.g., Tversky, 1977; Klntsch, 1974), whereas the single-stage model is associated 

with schema theory. 

Addressing these issues would seem to require that novel metaphors be studied 

in meaningful context. Unfortunately, few of the studies in the recent literature 

have done so. The present studies examined the process of comprehending novel 

metaphors in text and the reader's resulting text concept. One study examined the 

time course of comprehending metaphors to determine whether readers first access 

meanings that can be construed as literal or whether they immediately generate 

contextually-appropriate interpretations. Two other studies examined memory for 

texts containing metaphors to determine what readers take from the text after they 

have understood the metaphors. 

Materials 

All three studies used metaphors that were found in newspapers or magazine 

stories or modern novels. Prior the the experiment, groups of adult subjects rated 



th e metaphoricity ,  novelty ,  difficulty ,  predictability ,  an d imager y level s o f  ove r 

200 metaphors in context. They also interpreted them. A second group of subjects 

produced synonyms for the metaphoric words out of context. 

From this set we selected a smaller set to use in the experiments. These were 

items for which there was general agreement on interpretation and a consistent 

synonym. For example, in the sentence, "The letters made my parents, who are 

rocks, cry," stoics is an appropriate interpretation of rocks. Out of context, 

boulders is a high frequency synonym. Metaphors were of two types: nominal (as in 

the rocks example) and predicative, where a verb is used metaphorically. For 

example, "My son hurled an obscenity from the bedroom." In this case, shouted is 

an interpretation, whereas threw is a literal synonym. 

Subjects 

Ninety-six adults between 18 and 40 years of age participated in the three 

studies (n_s for studies 1, 2 and 3 were 18, 16 and 64, respectively). They were 

solicited through an ad in the Village Voice newspaper, and paid for participating. 

Comprehension Study 

Procedure. In order to determine whether readers interpret metaphors by first 

accessing their literal meaning or by directly interpreting the metaphor, a target 

detection task was used. Targets were metaphors, which occurred in their original 

contexts (150-250 word excerpts were used). Three types of probes were used: the 

actual metaphor, its literal synonym and its interpretation. One probe was 

presented prior to each passage and subjects were instructed to press a key when 

they detected a word that meant the same as the probe word. Probe type varied 

within subjects and was counterbalanced across subjects. 

Text was presented on a VT52 DecScope video terminal controlled by a PDP-8 

computer. A timer was started when the metaphor was displayed and stopped when the 

reader pressed the key. 

If subjects access literal meaning first, their detection latencies should be 

shorter for synonyms than for interpretations. However, if they directly interpret 



th e metaphor ,  thi s patter n shoul d b e reversed . 

Results. As shown In Table 1, detection latencies were shorter when probes 

were literal synonyms than interpretations, F_ (2, 30) = 35.72, £_ < .001. 

Predictably, identical word matches were fastest. Also, more targets were missed 

when probes were interpretations than synonyms, F^ (2, 30) = 50.74, £<..001. 

Text Memory Study 

Procedure. After finding that readers detect literal aspects of metaphor 

meaning prior to interpretive aspects, we wanted to determine what information is 

added to the reader's text concept following the metaphor. A recognition memory 

procedure was used in which subjects again read text containing a metaphor and 

judged whether a test word had appeared in the immediately preceding text. Test 

items were the same words that served as probes in the first study: the metaphor 

itself, literal synonyms and interpretations. Unrelated words served as controls. 

Test words were presented at either zero- or five-word lags following the metaphor 

and within or across clause boundaries. 

Results. Recognition errors and decision times are presented in Table 2. 

Significantly more recognition errors were made to interpretations than to the 

other three types of test items, F (3, 45) = 2.77, 2<^.05. That is, subjects 

judged that they had seen the interpretation in the text when they had not. 

Response times were slower for interpretations and synonyms than for metaphor words 

themselves, but did not differ from each other, F (3, 45) = 11.52, £<^.001. No 

effects were attributable to lag or sentence structure. 

Running Memory Study 

Procedure. Study three evaluated the contribution of context to the 

interpretation of the metaphors used in these studies. A running memory procedure 

used the same metaphor sentences as the previous studies, but out of context. We 

wanted to determine whether subjects would still confuse test sentences containing 

the metaphor interpretations with the original metaphors. 

Three variants were formed of the metaphor sentences. The metaphor words were 



replace d b y thei r  interpretation s o r  litera l  synonyms .  Th e thir d varian t  wa s a 

control in which one word (not the metaphor) was changed to alter sentence meaning. 

These variants were substituted for a repetition on half the repetition trials. 

The number of sentences intervening between initial presentation of the metaphor 

sentences and test sentences was 1, 4, 9 or 19. 

Results. Recognition errors are presented in Figure 1. Again, more false 

recognitions occurred to interpretations than literal synonyms, F_ (3, 186) = 9.64, 

2^ < .001. There also was an effect of lag: fewer errors occurred with 1 or 4 

intervening items than with 9 or 19, F (3, 186) = 3.29, £<.05. 

CONCLUSIONS 

The target detection task showed that readers access the literal meaning of a 

metaphor before establishing its contextually appropriate meaning. The finding 

appears to support a two-stage process, i.e., readers access a literal 

interpretation, find it deviant, and reinterpret the word to fit the context. 

However, that interpretation may be hasty. We have no evidence that readers find 

the metaphors deviant. What is clear is that there is a lexical access stage in 

vThich literal aspects of meaning are accessed very quickly. Contextually 

inappropriate aspects of word meaning are temporarily activated, but are not 

retained. These data argue againtt parallel access of the literal and interpretive 

meanings of metaphors, as suggested by Glucksberg, Gildea and Bookin (1982). 

They also argue agains a strict constructivist approach in which the context 

so constrains possible word meaning that the interpretation is directly accessed, 

rendering metaphor interpretation no different from non-metaphor comprehension. 

Ortony (1979) supported this position, based on his finding that with adequate 

context, sentential metaphors take no longer to process than their literal 

equivalents. However, some of his sentential metaphors were actually idioms and 

may involve different processes than novel single-word metaphors. 

The pattern of findings from these three studies is consistent with the notion 

that an abstract core meaning of words used metaphorically is accessed quickly and 



serve s a s th e basi s fo r  constructin g a  contextually-appropriat e interpretat ion ,  a 

version of the interaction view of metaphor understanding (C.f., Verbrugge & 

McCarrell, 1977). Core meaning would presumably relate more strongly to the 

synonym than to the metaphoric interpretation, yielding the target detection and 

immediate recognition findings. The present design does not allow us to 

distinguish between this hypothesis and the two-stage comprehension notion. 

REFERENCES 

Clark, H.H. & Lucy, P. Understanding what is meant from what is said: A study in 
conversationall y conveye d requests .  JVLVB .  1975 ,  1A_,  56-72 . 

Glucksberg ,  S. ,  Gildea ,  P .  k  Bookin ,  H.B .  On understandin g nonlitera l  speech :  Ca n 
peopl e ignor e metaphors ? JVLVB ,  1982 ,  21 ,  85-98 . 

Kintsch ,  W.  Th e Representatio n o f  Meanin g i n Memory .  Hillsdale ,  NJ :  Lawrenc e Erlbau m 
Associates ,  1974 . 

Ortony ,  A .  Beyon d litera l  similarity .  Psychologica l  Review .  1979 ,  66 ,  161-180 . 

Rumelhart ,  D.  E .  Some problem s wit h th e notio n o f  litera l  meaning .  I n A .  Orton y (ed.) , 
Metapho r  an d Thought .  Cambridge :  Cambridg e Universit y Press ,  1979 . 

Tversky ,  A .  Feature s o f  similarity .  Psychologica l  Review .  1977 ,  84 .  327-352 . 

Verbrugge ,  R.  R.  &  McCarrell ,  N .  S .  Metaphori c comprehension :  Studie s i n remindin g an d 
resembling .  Cognitiv e Psychology ,  1977 ,  9 ,  494-533 . 

Tabl e 1 

Targe t  Detectio n Latencie s an d 

Misse s fo r  Eac h Prob e Typ e 
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(i n msec ) 

Number  o f 
Misse s 

Metapho r 
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.4 2 

Prob e Typ e 

Synony m 

1365 

1.7 2 

Interpretatio n 

1634 

3.2 3 

Correc t  response s onl y 
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Ver b Semanti c Structure s an d On-Lin e 

Languag e Processin g 

Ronan G. Reilly 

Educationa l  Researc h Centr e 

St  Patrick' s College ,  Drumcondr a 

Dubli n 9 ,  Irelan d 

Previou s attempt s t o discove r  a  complexit y effec t  ha d 

confounde d thes e tw o type s o f  representation .  T o tes t 

th e distinction ,  Centne r  predicte d tha t  cue d recal l  o f 

noun s fro m a  connectivel y comple x representatio n 

shoul d b e bette r  tha n fro m eithe r  a  non-connectivel y 

comple x o r  a  simpl e representation .  Thes e prediction s 

wer e born e ou t  b y th e result s o f  he r  experiments . 

Abstract :  Thi s pape r  describe s th e us e o f  on-liri e process -

in g o f  anaphori c referenc e t o explor e th e structur e o f 

sentenc e representations .  O f  centra l  concer n i s whethe r 

or  no t  th e representatio n o f  verb s i s componential .  Th e 

differentia l  amount s o f  processin g require d b y subject s 

t o resolv e reference s t o object s an d simpl e o r  comple x 

action s wa s use d t o provid e insight s int o th e natur e o f 

th e interna l  representatio n o f  sentences .  T w o condi -

tion s wer e created ;  on e i n whic h componentia l  effect s 

occurred ,  an d anothe r  i n whic h the y di d not .  I t  wa s 

conclude d tha t  processin g demand s dictate d th e natur e 

of  th e representation ,  an d tha t  eithe r  a  wholisti c o r 

componentia l  m o d e o f  representatio n coul d b e use d 

on-lin e wit h equa l  facility . 

Introduction 

This paper will examine the issue of semantic decom-

positio n i n th e contex t  o f  th e on-lin e processin g o f 

sentences .  Th e concep t  o f  semanti c decompositio n ha s 

widesprea d appea l  fo r  linguist s (Jackendoff ,  1976) , 

compute r  scientist s (Wilks ,  1977 ;  Schank ,  1975) ,  an d 

psychologist s (Norman ,  Rumelhart ,  an d th e L N R 

Researc h Group ,  1975 ;  Gentner ,  1981) .  Centne r  (1981 ) 

point s ou t  tha t  a  decompositiona l  approac h allow s on e t o 

account ,  withi n on e framework ,  fo r  subjectiv e similarit y 

i n meaning ,  substitutabilit y  i n paraphrases ,  an d confus -

abilit y  i n long-ter m memory . 

However, in spite of its theoretical elegance, the psycho-

logica l  realit y o f  semanti c decompositio n ha s no t  foun d 

much empirica l  suppor t  (Kintsch ,  1974 ;  Thorndyke , 

1975) .  Gentne r  (1981 )  claim s tha t  thi s i s du e t o inade -

quacie s i n th e typ e o f  hypothese s tha t  hav e bee n formul -

ated ,  rathe r  tha n i n th e theor y itself .  Th e typica l 

hypothesi s assume s tha t  a  decompositionall y comple x 

concep t  require s mor e processin g t o construc t  an d it s 

element s ar e mor e difficul t  t o retrieve .  Gentne r 

distinguishe s betwee n tw o type s o f  decompositiona l 

complexity ,  connectiv e an d non-connective .  I n a 

connectivel y comple x representatio n ther e i s a  greate r 

number  o f  semanti c relation s betwee n th e element s 

representin g th e noun s i n th e phras e o r  sentence .  I n a 
non-connectivel y comple x representatio n ther e ar e 
fewe r  redundan t  connection s betwee n thes e elements . 

I n ligh t  o f  Centner' s re-definitio n o f  decompositiona l 

complexity ,  th e purpos e o f  thi s stud y wa s t o fin d 

evidenc e fo r  semanti c decompositio n durin g th e on-lin e 

processin g o f  sentences .  I n keepin g wit h th e finding s 

of  Tyle r  an d Marslen-Wilso n (1977 )  an d Marslen-Wilso n 

and Tyle r  (1980) ,  i t  i s assume d tha t  al l  usefu l  source s o f 

informatio n ar e utilise d on-lin e durin g th e processin g o f 

a sentenc e o r  phrase .  Neithe r  syntacti c no r  semanti c 

processin g ar e considere d autonomous .  Bot h processe s 

interac t  freel y a s the y continuousl y updat e th e meanin g 

representatio n o f  th e linguisti c input . 

Anaphora 

The processing of anaphoric references was used as a 

too l  t o explor e th e structur e o f  th e interna l  representa -

tio n o f  sentences .  Linguistically ,  th e anaphor a use d ca n 

be define d a s 'surface' ,  rathe r  tha n 'deep '  (Hankame r  & 

Sag,  1976 ;  Sag ,  1979) .  Th e specifi c  pro-for m employe d 

was th e wor d "it" .  Thi s ca n b e mad e refe r  t o a  particula r 

object ,  a s i n th e sentence-pai r  "Joh n rea d Mary' s essay . 

I t  annoye d him. "  Then ,  simpl y b y changin g th e fina l 

pronoun ,  thus :  "Joh n rea d Mary' s essay .  I t  annoye d 

her" ,  th e referen t  o f  th e "it "  i s  n o longe r  Mary' s essay , 
but  th e actio n o f  Joh n readin g Mary' s essay . 

The point of resolution of the "it" anaphoric reference 

i n thi s typ e o f  sentence-pai r  i s  th e occurrenc e o f  th e 

fina l  pronoun .  Therefore ,  a  measur e o f  th e lengt h o f 

tim e i t  take s t o proces s th e fina l  pronou n shoul d provid e 

a measur e o f  th e eas e wit h whic h th e "it "  referenc e i s 

resolved .  Thi s i n tur n shoul d depen d o n th e natur e o f 

th e representatio n bein g accesse d i n th e resolution .  I f 

th e representatio n i s wholisti c an d non-verb-central ,  suc h 

as A C T (Anderson ,  1976) ,  the n ther e shoul d b e n o 

differenc e i n th e eas e wit h whic h objec t  an d actio n refer -

ence s ar e resolved .  I f  th e representatio n i s decompos -

itional ,  suc h a s M A R G I E (Schank ,  1975 )  o r  th e L N R 

model  (Norman ,  Rumelhart ,  etal. ,  1975) ,  i t  shoul d tak e 
longe r  t o resolv e a n actio n referenc e tha n a n objec t 

reference .  Thi s i s becaus e o f  th e diffus e wa y i n whic h 

verb s ar e represente d i n suc h a  system .  Furthermore , 

i f  th e actio n referre d t o i s a  connectivel y comple x one , 

i t  shoul d tak e longe r  stil l  t o resolv e a  referenc e t o it . 

Also ,  i f  Gentne r  i s correct ,  reference s t o object s i n a 



connectivel y comple x representatio n shoul d b e resolve d 

mor e rapidl y tha n i f  th e representatio n wer e simple . 

A third possibility is that the representation of verbs is 

wholistic ,  bu t  tha t  the y ar e represente d differentl y fro m 

noun s (Kintsch ,  1974 ;  Huttenloche r  &  Lui ,  1979) .  I n 

thi s cas e ther e shoul d b e a  differenc e i n th e eas e wit h 

whic h objec t  an d actio n reference s ar e resolved ,  bu t 

ther e shoul d b e n o effec t  du e t o ver b complexity . 

Th e followin g experimen t  wa s designe d t o tes t  th e abov e 

hypotheses . 

Method 

Subjects: Thirty-one students of St Patrick's College 

of  Educatio n serve d a s voluntar y subject s fo r  thi s 

experiment . 

Materials and Design: Eight pairs of core sentences 

wer e constructed .  The y wer e simila r  i n for m t o th e 

sampl e sentence-pai r  give n earlier .  Th e names ,  actions , 

objects ,  an d outcome s wer e varied .  However ,  al l 

sentence-pair s wer e constructe d s o tha t  eithe r  th e pro -

nou n "h im "  o r  "her "  woul d b e meaningfu l  a s th e las t 

wor d o f  th e sentence-pair .  Fro m thi s cor e o f  eight ,  si x 

group s o f  eigh t  sentence-pair s wer e generated .  The y 

consiste d o f  th e following : 

(1) Eight sentence-pairs in which the verb in the first 

sentenc e wa s conceptuall y simple ,  an d i n whic h th e "it " 

i n th e secon d sentenc e referre d t o th e objec t  o f  th e verb . 

The choic e o f  ver b wa s determine d b y th e schem e pro -

pose d i n Centne r  (1981) .  Wher e possible ,  suitabl e 

simple/connectivel y comple x verb-pair s whic h sh e use d 

wer e als o employe d i n thi s study . 

(2) Same as (1), except that the verb was replaced with 

it s  connectivel y comple x counterpart . 

(3) Same as (1), except that the reference was to the 

actio n i n th e firs t  sentence ,  rathe r  tha n th e object . 

(4) Same as (2) except that the reference was to the 

actio n i n th e firs t  sentence . 

(5) Eight sentence-pairs containing a simple main verb, 

fo r  whic h th e subjec t  wa s aske d t o provid e eithe r  "him " 

or  "her "  a s th e appropriat e continuation . 

sentence s wer e o f  th e sam e syntacti c for m an d tha t  the y 

containe d th e sam e verb .  Th e name s an d gende r  o f  th e 

individual s wer e varied ,  a s wer e th e object s o f  th e verb . 

However ,  th e object s wer e kep t  a s simila r  a s possible . 

For  instance ,  "essay "  i n th e sampl e sentenc e wa s 

replace d b y " p o e m "  o r  "article" . 

Procedure 

Each subject was required to read all of the 48 sentence-

pair s fro m a  compute r  controlle d display .  Th e sentenc e 

wer e presente d i n tw o parts .  Th e firs t  par t  consiste d 

of  al l  o f  th e pai r  excep t  th e fina l  pronoun .  I n th e cas e 

of  th e sampl e sentence-pair ,  th e subjec t  firs t  sa w "Joh n 

rea d Mary' s essay .  I t  annoyed" .  Afte r  readin g this , 

th e subjec t  presse d a  key .  Thi s cleare d th e screen , 

starte d th e timer ,  an d displaye d on e o f  thes e thre e form s 

of  wor d combination : 

(l)hi m 

had 

(2 )  hu t 

her 

(3 )  he r 

hi m 

A schemati c representatio n o f  th e presentatio n paradig m 

i s give n i n Figur e 1 .  I n th e cas e o f  word-pai r  (1 )  an d (2) , 

onl y on e wor d o f  eac h pai r  coul d meaningfull y complet e 

th e sentence .  Dependin g o n th e gende r  o f  th e acto r  i n 

th e firs t  sentenc e th e pronou n coul d caus e th e "it "  i n 

th e secon d sentenc e t o refe r  eithe r  t o th e objec t  o r  t o 

th e actio n i n th e firs t  sentence .  I n (1 )  an d (2 )  th e 

alternativ e wor d alway s bega n wit h " h "  an d wa s neve r  a 

meaningfu l  continuatio n o f  th e fina l  sentence . 

The purpose of condition (3) was to discover what was 

th e preferre d referen t  i n eac h o f  th e eigh t  simpl e an d 

eigh t  comple x sentence-pairs .  I t  wa s assume d tha t  b y 

th e tim e th e subject s encountere d th e fina l  pronou n 

the y wer e alread y predispose d t o a  particula r  referent . 

Word-pai r  (3 )  wa s designe d t o provid e a n approximat e 

measur e o f  thi s predisposition .  Thi s woul d permi t  th e 

separatio n o f  th e subjects '  response s int o tw o categories . 

One containin g thos e response s wher e th e subjec t  ha d 

correctl y anticipate d th e referen t  o f  "it" ,  an d on e 

containin g thos e response s wher e th e referen t  ha d bee n 

falsel y anticipated .  O f  course ,  thi s categorizatio n coul d 

onl y b e approximate ,  sinc e i t  assume d tha t  subjects ' 

response s t o (3 )  wer e consisten t  wit h thei r  previou s 

anticipations .  Th e usefulnes s o f  thi s categorizatio n 

wil l  becom e mor e obviou s i n th e discussion . 

(6 )  S a m e a s (5 )  excep t  tha t  th e mai n ver b wa s connect -

ivel y complex . 

In each of the above descriptions "same" means that the 

Havin g decide d o n th e appropriat e continuatio n th e 

subjec t  responde d b y pressin g a  ke v correspondin g t o 

eithe r  th e to p o r  botto m wor d position .  Thi s stoppe d 

th e time r  an d cause d th e nex t  sentence-pai r  t o b e 



displayed .  Th e proces s continue d until l  al l  4 8 sentence -

pair s ha d bee n read .  Th e se t  o f  respons e time s (i n 

centiseconds )  thu s produce d wer e assume d t o measur e 

th e amoun t  o f  processin g require d t o resolv e th e 

anaphori c references .  Thi s wa s expecte d t o b e a  fairl y 

accurat e measur e o f  th e amoun t  o f  processin g require d 

t o acces s th e interna l  representation . 

T1 L I 

2 Joh n analyse d Mary' s essay .  I t  annoye d 

3 

T 2 L I 

2 

3 

(T = Time; L= Line.) 

her 

hut 

Fig .  1 .  A  schemati c representatio n o f  th e presentatio n 

teciiniqu e use d i n th e experiment .  Onl y th e tex t  o f  th e 

sentenc e wa s visibl e t o th e subject . 

Analysis and Results 

Each subject contributed 2x2x8 response times of 

interest .  Thes e corresponde d t o th e tw o level s o f  ver b 

complexit y (Complexity )  b y th e tw o level s referenc e 
targe t  (Referent )  b y th e eigh t  sentences .  Thes e dat a 

wer e divide d int o tw o sets .  On e se t  containin g thos e 

observation s wher e th e subjec t  migh t  hav e correctl y 

anticipate d th e referent ,  an d on e containin g thos e 
observation s wher e th e subjec t  migh t  hav e falsel y 
anticipate d th e referent .  Membershi p o f  thes e categorie s 

was determine d b y th e response s give n fo r  sentenc e 

type s (5 )  an d (6) .  Eac h subject' s dat a matri x wa s the n 

average d ove r  th e sentenc e dimension .  Observation s 

outsid e th e rang e M E A N ± 2 . 5 * S D ,  wher e th e M E A N an d 
SD wer e calculate d ove r  th e 8 x 3 1 observation s withi n 

eac h Complexit y x  Referen t  treatmen t  cell ,  wer e 

excluded  fro m th e averaging .  Thi s yielde d tw o set s o f 

fou r  observation s pe r  subject . 

A 2 x 2 repeated measures analysis of variance was 

performe d o n eac h se t  o f  observations .  Onl y th e Refer -

ent  facto r  prove d significan t  i n th e analysi s o f  th e correc t 

anticipatio n data ;  F(1,30 )  =  17.81 ,  p  <  .001 .  However , 

bot h Referen t  an d Complexit y wer e significan t  i n th e 

analysi s o f  th e fals e anticipatio n data ;  F(1,30 )  =  12.69 , 

p =  .00 1 an d F(1,30 )  =  5.67 ,  p  =  .024 ,  respectively . 

Ther e wer e n o significan t  interaction s i n eithe r  analyses . 

I t  wa s considere d inappropriat e t o trea t  sentence s a s a 
rando m facto r  becaus e o f  th e wa y i n whic h the y v.er e 

constructed .  Therefore ,  n o quasi-F s wer e computed . 

Th e cel l  mean s fo r  eac h analysi s ar e give n i n Tabl e 1 . 

Anticipation Verb Complexity Referent 

objec t  actio n 

Correc t  Simpl e 92.6 8 105.9 4 

Comple x 92.8 5 108.3 4 

Incorrect Simple 100.00 110.47 

Comple x 103.5 1 121.0 2 

Table 1. Mean resolution latencies in centiseconds for 

th e 3 1 subjects . 

Discussion 

The false anticipation data from the experiment are 

assume d t o b e a  mor e sensitiv e measur e o f  th e processin g 

involve d i n accessin g th e interna l  representation .  Thi s 

i s becaus e th e subjec t  mus t  resolv e th e referenc e fro m 

scratc h havin g anticipate d th e alternativ e one .  Th e 

significan t  Referen t  effec t  i n thes e dat a i s a n indicatio n 

tha t  verb s an d object s ar e represente d differently . 

However ,  almos t  th e sam e differenc e betwee n objec t 

an d actio n reference s ca n als o b e foun d I n th e correc t 

anticipatio n dat a (difference s o f  1 4 an d 1 5 csecs .  fo r 

correc t  an d fals e anticipation ,  respectively) .  Thi s mean s 

tha t  th e Referen t  effec t  i s  no t  a  functio n o f  referen t 

anticipation ,  eve n thoug h anticipatio n di d hav e a  signifi -

can t  influenc e o n respons e times ,  an d i n th e obviou s 

directio n (correc t  anticipation :  10 1 csecs. ,  fals e antici -

pation :  10 9 csecs. ;  t  =  3.12 ,  d f  =  30 ,  p  =  0.004) .  Th e 

possibilit y  tha t  reader s alway s chec k fo r  a n objec t 

referenc e first ,  an d the n proces s othe r  type s o f  referenc e 

i s rule d ou t  b y th e fac t  tha t  th e Referen t  effec t  i s 

equall y stron g unde r  bot h anticipatio n conditions . 

I f  thi s heuristi c wa s bein g use d ther e woul d eithe r  b e 

n o Referen t  effec t  i n th e incorrec t  anticipatio n data , 

or  a  considerabl y diminishe d one . 

The significant Complexity effect in the false anticipation 

dat a i s evidenc e fo r  th e componentia l  representatio n o f 

verbs .  However ,  th e effec t  wa s no t  exactl y a s predicte d 

fro m Centner' s formulation .  I t  wil l  b e recalle d tha t  th e 

connectivel y comple x verb s use d i n thi s stud y shoul d 

have ,  accordin g t o Centner ,  increase d th e accessibilit y 

of  th e element s representin g nouns .  I n othe r  words , 

objec t  reference s shoul d hav e bee n mor e rapidl y resolve d 

w h en th e representatio n wa s complex .  Th e result s d o 

not  bea r  thi s out .  Resolution s o f  objec t  an d actio n 

reference s wer e impede d b y th e complexit y o f  th e 
representation ,  althoug h i t  i s  obviou s fro m Tabl e 1  tha t 

th e bul k o f  th e Complexit y effec t  i s  du e t o th e differ -

enc e betwee n th e tw o kind s o f  actio n reference .  Thi s 



resul t  throw s som e doub t  o n th e notio n o f  connectiv e 

complexity . 

The disappearance of the Complexity effect in the 

correc t  anticipatio n dat a an d th e robustnes s o f  th e 

Referen t  effec t  i n bot h set s o f  dat a woul d see m t o 

indicat e tha t  th e resolutio n o f  reference s i n th e experi -

menta l  sentence s occur s i n tw o stages .  I n th e firs t  stage , 

prio r  t o th e displa y o f  th e fina l  pronoun ,  som e for m o f 

anticipator y processin g o f  th e subsequen t  referenc e 

take s place .  Thi s processin g primaril y benefit s actio n 

references .  I n th e cas e o f  a  potentia l  referenc e t o a 

comple x actio n i t  probabl y involve s th e creatio n o f  a 

highe r  orde r  nod e i n th e networ k t o whic h a  lin k ca n b e 

subsequentl y established .  Therefore ,  th e representatio n 

of  a  ver b ca n b e eithe r  componentia l  o r  wholistic , 

dependin g o n processin g demands .  Resolutio n take s 

plac e onl y afte r  th e fina l  pronou n ha s bee n encountered , 

and i s differentiall y  difficult .  Action  referenc e link s 

ar e mor e difficul t  t o establis h tha n objec t  referenc e 

links .  Hence ,  th e stron g Referen t  effec t  i n bot h set s o f 

data .  Thi s ma y b e du e t o th e differin g directionalit y o f 

link s betwee n ver b an d nou n element s i n th e representa -

tion . 
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I n summary ,  th e finding s o f  thi s experimen t  suppor t  a 
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Lexica l  Acces s an d Seria l  Orde r  i n Sentenc e Productio n 

Joseph Paul Stemberger 
Carnegie-Mello n Universit y 

Seria l  orderin g i n th e perceptio n an d productio n o f  languag e i s a 
phenomenon tha t  i s n o longe r  take n fo r  grante d i n cognitiv e science .  I n 
th e seria l  model s tha t  wer e i n vogu e unti l  recently ,  i t  i s  a  simpl e 
enoug h phenomenon ,  an d a  relativel y eas y thin g t o encode .  I n th e 
paralle l  interactiv e model s tha t  ar e currentl y receivin g muc h attention , 
however ,  i t  turn s ou t  t o b e a  ver y difficul t  thin g t o encod e (McClellan d 
and Rumelhar t  1981 ,  Rumelhar t  an d Norma n 1982 ,  Del l  an d Reic h 1980) . 
Problem s aris e i n mos t  model s despit e th e relativ e simplicit y o f  th e 
task s tha t  the y model ;  i n perception ,  seria l  orderin g i s availabl e i n 
th e input ,  whil e i n th e productio n o f  word s i n typin g an d speech ,  th e 
seria l  orde r  i s availabl e a s a  schem a mad e availabl e b y eac h accesse d 
word .  Th e orderin g o f  word s i n sentence s i s a  fa r  mor e difficul t 
serial-orderin g task ,  becaus e sentence s ar e no t  store d a s units ;  th e 
speake r  canno t  tak e a  semantic/pragmati c representatio n o f  th e sentenc e 
and us e i t  t o acces s a  schem a fo r  tha t  particula r  sentence .  Rather , 
s/h e mus t  us e mor e genera l  strategie s fo r  orderin g th e words .  I n thi s 
paper ,  I  wil l  presen t  on e possibl e solutio n t o th e proble m o f  ho w word s 
ar e ordere d i n th e productio n o f  sentences .  Ther e ar e severa l  distinc t 
problem s tha t  mus t  b e solved :  accessin g exactl y th e righ t  numbe r  o f 
word s fo r  th e sentence ,  gettin g thos e word s i n th e righ t  order ,  an d wha t 
t o d o whe n a  wor d appear s mor e tha n onc e i n th e sentence .  Thes e problem s 
wil l  b e discusse d i n turn . 

First, exactly the right number of words must be accessed. This is 
not  guarantee d b y th e semanti c representation .  Conside r  a  sentenc e suc h 
as I t  ha s a  ver y nic e taste/flavor .  I n thi s case ,  ther e ar e tw o word s 
whic h ar e virtuall y synonymou s i n th e context .  O n th e basi s o f  meaning , 
i t  i s  likel y tha t  bot h word s coul d b e accessed ,  an d th e speake r  woul d 
say both ,  on e afte r  th e other .  Ho w ca n thi s b e prevented ? We mus t 
hypothesiz e tha t  th e speake r  create s a  specifi c  numbe r  o f  positions ,  o r 
SLOTS,  fo r  a  sentence .  We ca n vie w word s a s bein g associate d wit h thes e 
slots ,  wit h th e prohibitio n tha t  onl y on e wor d wil l  normall y b e 
associate d wit h a  singl e slot .  Al l  th e word s tha t  ar e activate d b y th e 
semantics/pragmatic s wil l  b e i n competitio n wit h eac h othe r  an d inhibi t 
eac h other .  Th e slot s provid e a  sourc e o f  activatio n t o a  wor d tha t 
enable s i t  t o overcom e th e Inhibitio n fro m othe r  words .  Ther e wil l  thu s 
be a s man y word s accesse d a s ther e ar e slot s providin g thi s sourc e o f 
activation . 

These slots can be used to determine the serial ordering of the 
accesse d words .  We ca n assum e tha t  th e slot s ar e controlle d i n a 
hierarchica l  fashio n tha t  correspond s t o surfac e syntacti c phras e 
structures .  Fo r  example ,  ther e woul d b e unit s suc h a s S  tha t  contro l 
th e acces s an d orderin g o f  unit s suc h a s N P an d VP .  Slot s suc h a s N  an d 
V contro l  th e acces s an d orderin g o f  words .  Al l  seria l  orderin g ca n b e 
derive d fro m suc h hierarchica l  structure ,  i n a  wa y simila r  t o th e typin g 



model  o f  Rumelhar t  an d Norma n (1982) .  We mus t  assum e tha t  ther e i s a 
threshol d fo r  th e executio n o f  a  word ,  an d tha t  word s reac h tha t 
threshol d on e b y one ;  executio n i n thi s orde r  consitute s seria l 
ordering .  I n th e Rumelhart-Norma n model ,  word s provid e a  templat e tha t 
determine s th e activatio n level s o f  th e letter s t o b e typed . 
Specifically ,  th e lette r  a t  th e beginnin g o f  th e wor d keep s al l  late r 
letter s inhibited ,  th e secon d lette r  keep s al l  late r  letter s inhibited , 
and s o on .  Th e resul t  i s  a  patter n o f  activatio n wher e th e initia l 
lette r  i s  highes t  i n activation ,  an d th e activatio n level s declin e th e 
late r  i n th e wor d th e lette r  i s  located .  I n production ,  th e activatio n 
level s o f  al l  th e letter s graduall y rise ,  an d eac h i s type d a s i t 
reache s a  threshold .  Thus ,  th e letter s ar e type d i n th e prope r  order . 
Thi s schem e wil l  b e adapte d fo r  synta x wit h tw o changes :  contro l  i s 
hierarchical ,  an d th e syste m use s onl y activatio n fo r  seria l  ordering , 
not  inhibition .  Some unit s ar e differentiall y  activated ,  an d henc e 
reac h th e executio n threshol d earlie r  tha n others .  I n execution ,  a 
larg e burs t  o f  activatio n i s give n t o th e highes t  node ,  S .  Tha t  nod e 
passe s activatio n o n t o it s daughte r  nodes ,  bu t  passe s th e activatio n a t 
a faste r  rat e t o on e daughte r  tha n th e other ;  usuall y N P get s th e 
activatio n a t  th e highes t  rat e i n English .  N P passe s th e jol t  o f 
activatio n o n t o it s daughters ,  wit h DE T gettin g activatio n a t  a  faste r 
rat e tha n ADJ ,  an d ADJ a t  a  faste r  rat e tha n N .  Thes e node s wil l  als o 
pas s th e activatio n o n t o th e associate d lexica l  items .  Thus ,  th e 
lexica l  ite m tha t  reache s executio n threshol d firs t  wil l  b e th e 
determiner ,  the n th e adjective ,  the n th e noun ,  the n th e verb ,  an d s o on . 
I n thi s way ,  th e lexica l  item s o f  th e sentenc e wil l  reac h th e threshol d 
fo r  activatio n on e a t  a  time ,  i n th e righ t  order .  Feedbac k fro m node s 
and word s t o thei r  associate d highe r  node s i s obviousl y important .  Thi s 
feedbac k wil l  serv e t o increas e th e activatio n level s o f  th e associate d 
highe r  nodes ,  an d tha t  extr a activatio n wil l  b e passe d o n t o th e late r 
daughte r  nodes .  Sinc e a  syste m o f  thi s sor t  mus t  b e se t  u p s o tha t  th e 
amount  o f  activatio n passe d b y a  singl e connectio n decrease s wit h a n 
increasin g numbe r  o f  connection s comin g int o a  nod e (or ,  equivalently , 
tha t  th e threshol d o f  suc h a  nod e i s increased) ,  i t  wil l  b e th e cas e 
tha t  a  nod e wit h man y daughter s wil l  ge t  les s feedbac k i n a  uni t  tim e 
tha n a  nod e wit h fe w daughters .  A s a  result ,  it s  activatio n leve l  wil l 
ris e mor e slowl y an d pas s o n les s activatio n t o bot h highe r  node s an d 
late r  lowe r  nodes .  Th e activatio n o f  late r  nodes ,  then ,  an d thei r 
associate d lexica l  items ,  i s slowed .  Thus ,  throug h feedback ,  th e syste m 
i s sensitiv e t o th e lengt h o f  embedde d material ;  late r  materia l  wil l  b e 
slowe d u p i f  ther e i s a  lo t  o f  materia l  i n th e subjec t  NP ,  fo r  example , 
and wil l  no t  ten d t o b e execute d early . 

This leads us to the second problem. Given that a specific number 
of  slot s ar e activate d an d tha t  al l  th e righ t  word s ar e accessed ,  ho w 
ca n w e ensur e tha t  th e word s becom e associate d wit h th e righ t  slots ,  s o 
tha t  the y appea r  i n th e righ t  order ? I t  i s  necessar y an d usefu l  t o 
assume tha t  syntacti c slot s hav e condition s o n them .  Eac h conditio n ca n 
be viewe d a s a  featur e tha t  wil l  giv e a  certai n amoun t  o f  activatio n t o 
specifi c  type s o f  words .  Thi s extr a sourc e o f  activatio n fo r  word s wil l 
make i t  mor e likel y tha t  a  particula r  kin d o f  wor d wil l  b e accessed . 
For  example ,  a n N  nod e give s activatio n t o nouns ,  makin g i t  ver y likel y 



tha t  a  nou n wil l  gai n enoug h activatio n t o b e accessed ,  an d makin g i t 
harde r  fo r  verb s t o gai n enoug h activatio n t o b e accessed .  Othe r 
feature s o n node s probabl y includ e tense ,  aspect ,  person/number/gende r 
marking ,  an d case .  Thi s additio n t o th e mode l  ensure s eve n mor e 
accurat e acces s o f  words ,  bu t  doe s no t  ensur e complet e accuracy .  Fo r 
example ,  i f  tw o word s shar e man y o f  th e sam e features ,  suc h a s tw o noun s 
do ,  i t  doe s no t  guarante e tha t  th e righ t  wor d wil l  b e associate d wit h 
th e righ t  slot .  Further ,  i t  doe s no t  guarante e tha t  a  nou n (e.g . 
destruction )  wil l  no t  b e accesse d b y mistak e fo r  on e o f  th e nou n 
position s whe n th e targe t  ver b i s closel y relate d semanticall y (e.g . 
destroy) . 

To ensure absolutely that a word is associated with the proper 
syntacti c slot ,  w e mus t  posi t  th e existenc e o f  a  ver y specia l  typ e o f 
feature .  Thi s featur e wil l  cod e word s an d slot s fo r  som e typ e o f  rol e 
(Boc k 1982) .  Thi s rol e may b e meaningful ,  suc h a s th e semanti c o r 
syntacti c rol e o f  th e informatio n i n question .  I t  i s  possible ,  however , 
tha t  i t  may jus t  b e a n arbitrar y featur e tha t  i s assigne d t o a  give n 
chun k o f  th e semantic/pragmati c structur e o n a  nonc e basis .  I n an y 
event ,  rol e code s whic h unit s g o together ,  includin g whic h slo t  goe s 
wit h whic h word .  Ever y unit ,  whethe r  a  wor d o r  a  slot ,  mus t  hav e severa l 
copies ,  differentiate d b y role .  Rol e wil l  functio n lik e an y othe r 
feature ;  i f  th e nou n slo t  i s  role-1 ,  fo r  example ,  i t  wil l  giv e mor e 
activatio n t o role- 1 noun s tha n t o an y othe r  nouns ,  generall y ensurin g 
tha t  th e role- 1 nou n wil l  b e accesse d i n tha t  position .  Th e extr a 
activatio n t o lexica l  item s tha t  come s fro m thi s rol e featur e wil l  thu s 
ensur e tha t  th e word s tha t  ar e chose n wil l  no t  onl y b e th e righ t  numbe r 
and o f  th e righ t  syntacti c categorie s an d inflecte d i n th e prope r  way , 
but  wil l  als o b e o f  th e righ t  role .  Figur e 1  illustrate s ho w thi s 
scheme migh t  wor k i n th e contex t  o f  a  simpl e sentenc e lik e th e do g at e 
th e apple ;  arrow s represen t  connection s tha t  pas s activation ,  whil e 
fille d circle s represen t  inhibitor y connections .  A n associate d chun k o f 
materia l  o n th e semanti c leve l  wil l  giv e som e activatio n t o a  lo t  o f 
lexica l  units .  However ,  th e mos t  highl y activate d unit s wil l  b e thos e 
tha t  ar e connecte d wit h th e mos t  activate d semanti c units ,  her e th e 
copie s o f  th e word s do g an d apple ;  inhibitio n betwee n pair s o f  lexica l 
unit s wil l  remov e al l  othe r  noun s fro m th e competition .  Activatio n fro m 
th e rol e unit s o n th e semanti c leve l  wil l  giv e th e role- 1 cop y o f  do g 
and th e role- 2 cop y o f  appl e th e highes t  level s o f  activation ,  an d al l 
othe r  copie s o f  thes e word s wil l  b e inhibited .  I n paralle l  wit h thi s 
activity ,  syntacti c node s hav e als o bee n accessed .  Th e role- 1 N  nod e 
wil l  becom e linke d t o a  role- 1 noun ,  her e dog ,  whil e th e role- 2 N  nod e 
wil l  becom e linke d t o a  role- 2 noun ,  her e apple .  Thes e N  node s wil l  b e 
linke d t o highe r  syntacti c node s i n suc h a  wa y tha t  th e role- 1 nod e an d 
it s associate d lexica l  uni t  wil l  preced e th e role- 2 nod e an d it s 
associate d lexica l  unit .  Thus ,  thi s syste m wil l  acces s th e righ t 
lexica l  units ,  associat e the m wit h th e righ t  syntacti c positions ,  an d 
assig n the m th e correc t  seria l  order . 

The las t  proble m t o b e solve d i s wha t  happen s whe n a  wor d appear s 
more tha n onc e i n th e sentence .  I t  canno t  b e th e cas e tha t  a  wor d i s 
simpl y linke d t o tw o slots .  I n th e seria l  orderin g schem e tha t  w e ar e 



assuming ,  suc h word s woul d win d u p bein g execute d onl y once ,  an d fa r  i n 
advanc e o f  wher e the y shoul d be ,  sinc e th e wor d wil l  simpl y su m th e 
activatio n comin g fro m th e tw o slot s an d reac h executio n threshol d 
early .  I t  i s  necessar y t o assum e tha t  ther e ar e severa l  copie s o f  th e 
wor d available ,  an d tha t  differen t  copie s wil l  ge t  accesse d fo r  th e 
differen t  position s i n th e sentence .  Sinc e w e assum e tha t  ther e ar e 
severa l  copie s availabl e wit h differen t  roles ,  thi s present s n o problem . 
The solutio n t o th e previou s proble m solve s thi s proble m a s well . 

The system as described here does not represent simply an arbitrary 
solutio n t o th e proble m o f  lexica l  acces s an d seria l  ordering .  Rather , 
i t  ha s bee n taylore d t o accoun t  fo r  dat a fro m error s whic h occu r 
spontaneousl y i n natura l  speech .  Stemberge r  (1982 )  review s man y o f  th e 
Importan t  propertie s o f  speec h errors .  First ,  error s wher e th e wron g 
wor d i s accesse d bu t  i s relate d t o th e targe t  wor d semanticall y o r 
phonologicall y generall y ar e constraine d b y th e feature s o n th e 
syntacti c slot ;  i.e. ,  the y ar e o f  th e sam e syntacti c categor y an d ar e 
inflecte d i n th e sam e way .  Second ,  word s ca n b e accesse d correctl y bu t 
i n th e wron g syntacti c position(s) .  Suc h word s ar e generall y o f  th e 
same syntacti c categor y a s th e word s tha t  the y replace ,  bu t  ar e ofte n 
not ;  th e semanti c activatio n o f  suc h word s mean s tha t  the y ca n 
occasionall y b e accesse d i n a  give n positio n withou t  th e hel p o f  al l  th e 
feature s o n th e slot .  Suc h word s ten d t o b e inflecte d lik e th e targe t 
word ,  however ,  eve n i f  the y ar e o f  a  differen t  syntacti c clas s fro m th e 
targe t  word .  Suc h accessin g error s lea d t o anticipations , 
perseverations ,  an d exchanges .  Exchange s ar e viewe d a s comple x errors , 
wher e tw o word s ar e accesse d i n th e wron g slots .  I t  i s  possibl e tha t 
exchange s occu r  mor e tha n migh t  b e expecte d b y chance .  I f  thi s i s th e 
case ,  the n w e mus t  assum e tha t  th e copie s o f  a  singl e wor d wit h 
differen t  role s hav e greate r  level s o f  inhibitio n betwee n the m tha n 
nonrelate d pair s o f  word s have ,  makin g i t  harde r  t o us e a  give n wor d 
twic e i n th e sam e sentence .  I f  a  correc t  wor d i s accesse d i n th e wron g 
slot ,  thi s wil l  mak e exchang e error s mor e likel y tha n chance ,  sinc e i t 
wil l  b e harde r  t o acces s th e wor d i n th e correc t  slo t  a s well .  Suc h 
inhibitio n wil l  mak e i t  mos t  likel y tha t  th e othe r  correc t  wor d wil l  b e 
accesse d i n th e othe r  slot .  However ,  occasionall y som e othe r  wor d 
entirel y may b e accesse d i n tha t  slot ,  generall y a  wor d tha t  i s relate d 
t o th e targe t  word ;  suc h error s ar e calle d "bumpe r  cars "  b y Stemberge r 
(1982) .  Variou s othe r  type s o f  error s ar e als o predicte d tha t  d o occur , 
suc h a s partia l  assimilation s an d sequentia l  blends .  A s th e mode l 
predicts ,  ther e ar e als o frequen t  errors ,  know n a s "shifts" ,  wher e tw o 
adjacen t  word s fli p aroun d an d ar e execute d i n th e wron g order ,  a s on e 
wor d reache s threshol d prematurely .  Thi s descriptio n o f  lexica l  acces s 
account s fo r  a  wide r  variet y o f  th e type s o f  speec h error s tha t  occu r 
durin g lexica l  acces s an d seria l  orderin g tha n an y othe r  mode l  propose d 
t o date . 

The problem of accessing words and putting them in the right order 
i s no t  trivial .  I  hav e presente d a  preliminar y solutio n t o th e problem , 
and on e tha t  account s fo r  muc h o f  th e know n dat a o n problem s tha t  aris e 
durin g lexica l  access .  Muc h wor k remain s t o b e don e o n workin g ou t  th e 
ful l  ramification s o f  thi s model ,  an d o n implementin g it . 
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FIGURE 1 :  Acces s o f  noun s i n th e sentenc e "th e do g at e th e apple" . 
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1.  Introductio n 

Some of the issues addressed in com-
putationa l  visio n researc h relat e t o th e 
questio n o f  th e structur e o f  huma n intel -
ligenc e i n general ,  an d ar e thereb y sub -
jec t  t o a  Cognitiv e Scienc e approach . 
Thj s i s particularl y tru e o f  th e tradi -
tiona l  issu e o f  ho w knowledg e o f  specifi c 
object s migh t  b e applie d toward s visua l 
recognitio n an d understanding . 

Ther e ar e tw o advantage s t o th e 
developmen t  o f  compute r  visio n system s 
whic h maintai n compatibilit y  wit h selecte d 
aspect s o f  huma n vision .  First ,  clue s t o 
th e underlyin g operationa l  requirement s o f 
th e visio n syste m may b e obtaine d fro m th e 
characteristic s o f  th e huma n system ,  an d 
second ,  th e resultin g computationa l  syste m 
may ac t  a s a n explanator y mode l  fo r  th e 
human operations .  Th e researc h reporte d 
her e center s aroun d a  computationa l  visio n 
syste m whic h interpret s lin e drawing s o f 
human-lik e bod y forms .  Thi s syste m main -
tain s a  numbe r  o f  compatibilitie s wit h 
human visio n (se e Brows e 1981 ;  1982b) . 

Thi s pape r  describe s a  mechanis m fo r 
th e interpretation-base d integratio n o f 
informatio n availabl e a t  differen t  level s 
of  resolution .  Fro m th e integration , 
ther e follow s a  metho d fo r  th e intelligen t 
selectio n o f  processin g locatio n withi n 
th e image . 
2. Multiple Resolution Systems 

Ther e i s a  variet y o f  evidenc e i n 
favo r  o f  approachin g visio n a s a  proces s 
whic h operate s wit h informatio n availabl e 
fro m severa l  different ,  bu t  related ,  lev -
el s o f  resolution .  Th e primat e visua l 
syste m ha s a  distributio n an d structur e o f 
retina l  receptor s whic h lead s t o response s 
base d o n differen t  receptiv e fiel d size s 
(se e Hube l  an d Weisel ,  1979) .  Whil e 
severa l  receptiv e fiel d size s may coexis t 
at  an y specifi c  poin t  o n th e retina ,  a 
near-linea r  increas e i n fiel d siz e 
(decreas e i n resolution )  i s exhibite d 
toward s th e peripher y (Wilso n an d Bergen , 
1979)  . 

Consideratio n o f  thes e aspect s o f  th e 
visua l  syste m appear s i n th e formulatio n 
of  contemporar y computationall y base d 
theorie s o f  vision .  Mar r  an d Hildret h 
(1979 )  presen t  a  mathematica l  formulatio n 
of  edg e detectio n i n whic h image s smoothe d 
wit h a  variet y o f  Gaussia n filters ,  ar e 
convolve d wit h th e Laplacia n operator . 
The zero-crossing s o f  thes e convolution s 
ar e representativ e o f  th e imag e intensit y 
change s i n differen t  spatia l  frequenc y 
channels ,  dependin g o n th e valu e o f  th e 
spac e constan t  o f  th e Gaussia n distribu -
tion . 

One importan t  theoretica l  questio n 
whic h confront s th e developmen t  o f  suc h 
theorie s whic h maintai n compatibilit y  wit h 
human visio n is :  What  mechanis m ca n pro -
vid e usefu l  interactio n betwee n informa -
tio n fro a differen t  resolutio n levels ? 

For  mos t  theorie s o f  computationa l 
vision ,  multipl e resolutio n i s a  too l  i n 
th e discover y o f  context-fre e imag e 
feature s suc h a s edges .  Thi s notio n ha s 
been develope d throug h th e introductio n o f 
"imag e pyramids "  (Uhr ,  1972 ;  Hanso n an d 
Riseman ,  1975 )  whic h represen t  a n imag e a s 
severa l  interrelate d layers ,  constructe d 
at  differen t  resolutions .  Th e bas e leve l 
i s  th e regula r  digitize d image ,  an d th e 
upper  layer s ar e successivel y smalle r 
images ,  wit h pixe l  value s derive d b y som e 
averagin g operatio n o n fou r  (o r  more )  pix -
el s a t  th e leve l  beneat h it .  A  numbe r  o f 
processin g scheme s hav e bee n devise d t o 
use thes e structure s t o ai d i n th e detec -
tio n o f  imag e features .  Th e basi c ide a 
behin d th e us e o f  pyramid s i s tha t  indica -
tion s o f  th e existenc e o f  a  featur e may b e 
foun d i n a  simpl e searc h o f  a  smaller , 
coarse r  resolutio n versio n o f  th e image . 
Thi s initia l  detectio n ca n b e use d t o 
direc t  th e extractio n o f  feature s fro m th e 
fine r  level s (se e Tanimoto ,  1980) . 

Marr  (1976 )  take s a  simila r  approach . 
The proces s o f  combinin g th e result s fro m 
differen t  spatia l  frequenc y channel s 
relie s o n th e ide a tha t  zer o crossing s a t 
th e sam e locatio n a t  differen t  scale s ar e 



probabl y th e resul t  o f  th e sam e underlyin g 
phyfSLca l  phenomenon .  S o wheneve r  th e seg -
ment s obtaine d fro m tw o o r  mor e (contigu -
ous )  channel s agre e i n bot h po;iltio n an d 
orientation ,  a n edg e i s hypothesized . 

Othe r  compute r  visio n researc h 
attempt s a n interpretation-base d interac -
tio n betwee n level s o f  resolution ,  usin g 
knowledg e o f  th e clas s o f  object s whic h 
compris e th e proble m domain .  Kell y (1971 ) 
devise d a  syste m whic h analyze d coars e 
leve l  feature s i n th e contex t  o f  wha t  wa s 
expecte d fo r  th e outlin e o f  a  head .  Thu s 
th e subsequen t  examinatio n o f  th e fin e 
feature s wa s abl e t o ignor e th e othe r 
prominen t  edge s produce d b y th e back -
ground .  Bajcz y an d Rosentha l  (1980 )  hav e 
extende d th e interactio n betwee n worl d 
knowledg e an d imag e hierarch y i n a n 
inquiry-drive n compute r  visio n syste m 
whic h relie s o n th e natura l  hierarchica l 
relation s o f  th e proble m domain .  Th e 
method s ar e simila r  t o thos e propose d b y 
Palmer  (1977) . 
Psychological research supports this 
ide a o f  th e involvemen t  o f  interpretatio n 
i n th e interactio n o f  resolutio n levels . 
Kinchl a (1974 )  an d Navo n (1977 )  develope d 
an experimenta l  paradig m i n whic h subject s 
ar e presente d wit h th e tas k o f  processin g 
loca l  an d globa l  informatio n a t  th e sam e 
time .  Th e resul t  fro m usin g thi s metho d 
demonstrat e differen t  propertie s o f  recog -
nitio n base d o n visua l  informatio n fro m 
th e tw o levels .  Mille r  (1981 )  ha s 
presente d result s whic h indicat e th e 
requiremen t  fo r  a  mode l  o f  perceptio n i n 
whic h informatio n fro m differen t  level s o f 
resolutio n fee d int o a  singl e decisio n 
proces s whic h integrate s th e results . 

The approac h take n i n th e body -
drawin g interpretatio n syste m i s tha t 
separat e representation s ar e maintaine d 
fo r  informatio n fro m differen t  resolutio n 
levels ,  an d tha t  eac h on e ha s specialize d 
capabilitie s fo r  interactin g wit h 
knowledg e o f  th e proble m domain . 

A secon d questio n whic h relate s t o 
th e us e o f  multipl e resolution s is :  Ho w 
can location s b e selecte d fo r  th e applica -
tio n o f  hig h resolutio n visua l  processing ? 
This question is not only of interest 
i n simulation s o f  huma n visua l  processing , 
hut  i s als o a  concer n t o th e pragmatic s o f 
engineerin g compute r  visio n systems .  'îh e 
issu e o f  intelligentl y orderin g an d res -
trictin g th e processin g o f  a n imag e 
becomes mor e importan t  a s large r  featur e 
detectio n mask s ar e bein g convolve d wit h 

image s o f  increasin g tota l  numbe r  o f  pic -
tur e elements . 

Saccadic eye movements are the most 
obviou s o f  th e visua l  selectio n processes . 
Ther e ar e many excellen t  review s emphasiz -
in g th e rol e o f  cognitio n i n th e selectio n 
of  fixatio n location s (se e Rayner ,  1978) . 
Tt  i s  generall y accepte d tha t  expectatio n 
or  conflic t  withi n th e ongoin g visua l 
interpretatio n influence s th e choic e o f 
processin g are a (Loftu s an d Mackworth , 
1978) .  On e importan t  ai m o f  th e body -
drawin g interpretatio n syste m wa s t o 
develo p a  computationa l  basi s fo r  thes e 
capabilities . 
3. System Overview 
A computational vision system has 
been implemente d whic h interpret s a  clas s 
of  lin e drawing s o f  human-lik e bod y form s 
as show n i n figur e 1 .  Th e basi c feature s 
availabl e t o th e interpretatio n processe s 
ar e representativ e o f  thre e differen t 
resolutio n levels : 
(I) fine resolution: line segments and 

connection s betwee n lin e segment s 
take n fro m a  1024x102 4 image . 

(2 )  coars e resolution :  axi s measurement s 
of  blob s detecte d i n a  128x12 8 image . 

(3 )  ver y coars e resolution :  measur e o f 
th e amoun t  o f  detai l  tha t  exist s i n 
eac h pixe l  o f  a n 8x 8 representatio n 
(show n a s 32x32) . 

figur e 1 . 

At any given point in the processing, 
thes e feature s ar e onl y availabl e i n lim -
ite d diameter s o f  th e image ,  represente d 
as overlappin g concentri c circle s (se e 
figur e 2) . 
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figur e 2 . 

The system uses a schemata-based 
knowledg e representatio n o f  th e wa y 
feature s may compos e t o provid e supportiv e 
evidenc e fo r  bod y part s (se e Brows e 1980 , 
1982b) .  Thi s descriptio n include s provi -
sio n fo r  th e topologicall y distinc t  view s 
of  th e bod y parts ,  an d a s wel l  encode s th e 
underlyin g structur e o f  th e huma n bod y 
for m an d it s potentia l  fo r  deformation s a t 
th e joints . 

Contro l  o f  possibl e interpretation s 
i s accomplishe d b y usin g a  cue/mode l  tech -
niqu e adapte d fro m Mackworth' s (1977a ) 
MAPSEE system .  Throug h a  serie s o f  step s 
involvin g th e applicatio n o f  loca l  con -
sistenc y method s (Waltz ,  1972 ;  Mackworth , 
1977b) ,  bot h a t  th e featur e groupin g 
level ,  an d a t  th e mode l  invocatio n level , 
interpretatio n hypothese s ar e generate d 
regardin g th e underlyin g bod y for m bein g 
depicte d i n th e image . 
4. Interaction Between Resolution Lev-
el s 

Withi n limite d diameter s o f  availabl e 
features ,  complet e interpretatio n o f  th e 
lin e drawin g i s no t  possible .  Th e result s 
of  processin g th e imag e durin g a  singl e 
fixatio n (figur e 3 1 i s show n i n th e pars e 
tree s o f  figur e 4 . 

figur e 3 . 
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Thes e result s ar e availabl e base d o n bot h 
th e fin e leve l  feature s an d o n th e coars e 
level .  Not e tha t  a  mor e specialize d 
resul t  i s  produce d (i n a  smalle r  area )  fo r 
th e fin e features . 
One obvious objective of the 
interpretatio n proces s i s t o develo p a 
detaile d descriptio n fo r  eac h are a o f  th e 
image .  I f  th e syste m wer e t o rel y solel y 
on th e processin g o f  fin e leve l  feature s 
i n th e accomplishmen t  o f  thi s goal ,  the n 
ever y locatio n i n th e imag e woul d hav e t o 
be processed .  Thi s exhaustiv e operatio n 
can b e avoide d throug h th e formatio n o f 
cocrespondence s betwee n interpretation s 
base d o n th e differen t  levels ,  an d b y pro -
pagatin g th e detaile d interpretatio n out -
war d int o th e periphery . 
Interpretation elements are said to 
correspon d i f  (I )  the y ar e relate d b y th e 
specializatio n hierarchy ,  an d (2 )  thei r 
attribute s ar e simila r  (particularl y loca -
tion) .  I f  a  cours e leve l  interpretatio n 
objec t  (suc h a s "limb" )  i s known ,  an d on e 
of  it s  component s (suc h a s "upper-limb" ) 
has a  correspondenc e a t  th e fin e leve l 
(suc h a s "upper-arm") ,  the n a n inferre d 
correspondenc e may b e develope d fo r  th e 
entir e coars e leve l  object :  i f  on e o f  th e 
component s ha s bee n identifie d i n detail , 
the n th e entir e structur e ca n b e know n i n 
term s o f  it s  detaile d interpretation . 
Thes e imag e location s t o whic h detaile d 
interpretatio n ha s bee n propagate d may 
the n initiat e propagatio n eve n furthe r 
int o th e periphery . 

In order to summarize this mechanism, 
conside r  a  real-lif e example :  yo u wal k 
int o a  room ,  an d you r  eye s fal l  o n a 
bookcas e i n fron t  o f  you .  A t  tha t  moment , 
onl y a  fe w book s ar e actuall y withi n th e 
fovea l  are a o f  detaile d vision .  Th e res t 
of  th e bookcas e i s onl y observe d i n th e 
lowe r  resolutio n periphery ,  an d provide s 
an interpretatio n whic h may b e consisten t 
wit h severa l  possibilities :  record s o n a 
shelf ,  hangin g rack s o f  compute r  tapes ,  o r 
book s o n a  bookcase .  Th e subjectiv e 
experienc e i s tha t  o f  confirmatio n o f 
"books "  ove r  th e entir e bookcase .  Th e 
detaile d interpretatio n o f  "books "  a t  th e 
fove a ha s propagate d a  mor e specifi c  valu e 
t o th e relate d lo w resolutio n interpreta -
tio n i n th e periphery . 

Thi s notio n o f  correspondenc e betwee n 
interpretation s i s als o th e mainsta y o f 
th e system' s capabilit y  t o intelligentl y 
selec t  fixatio n locations .  An y coars e 

leve l  interpretatio n objec t  whic h (1 )  ha s 
component s (suc h a s lim b does) ,  an d whic h 
(2 )  doe s no t  hav e a  correspondenc e a t  th e 
fin e leve l  interpretation ,  i s  a  prim e can -
didat e fo r  a  subsequen t  fixatio n location . 
The reaso n i t  woul d b e a  goo d candidat e i s 
that ,  i f  fixated ,  on e o f  it s  component s 
wil l  probabl y b e wel l  enoug h interpretate d 
at  th e fin e leve l  t o provid e a  correspon -
denc e adequat e t o propagat e th e detaile d 
result s t o th e entir e structure .  Suc h 
location s wil l  provid e th e greates t  possi -
bl e evidenc e toward s a  fina l  interpreta -
tio n o f  th e image . 

The mechanis m o f  consideratio n o f 
correspondenc e possibilitie s provide s a 
means o f  intelligen t  selectio n o f  fixatio n 
locatio n base d o n th e ongoin g statu s o f 
th e interpretatio n process .  Th e selec -
tiio n o f  fixatio n location s i s als o sensi -
tiv e t o propertie s o f  th e imag e itself . 
I n th e absenc e o f  othe r  requirements , 
location s ar e selecte d whic h ar e expecte d 
t o expan d th e periphera l  interpretatio n 
area .  Fo r  th e exampl e i n figur e 3 ,  onl y 
thre e fixation s ar e necessar y befor e a n 
inferre d correspondenc e i s establishe d fo r 
th e entir e bod y form .  A t  tha t  poin t  th e 
syste m wil l  no t  hav e establishe d th e exac t 
value s o f  th e relativ e orientation s o f  al l 
body parts ,  bu t  late r  fixation s may b e 
used t o obtai n thes e detail s a s require d 
by th e interpretatio n task . 
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INTRODUCTION 

As many authors (Ullman, 1979; Anstis, 1979; Marr, 1982) have pointed out, at the core of how to understand 
apparen t  motio n lie s th e correspondenc e problem :  i n th e proces s o f  perceivin g apparen t  motion ,  on e ha s t o establis h a t 

some leve l  a  correspondenc e identifyin g th e part s o f  tw o succeedin g stimulu s frame s whic h represen t  th e sam e object . 
One distinguishin g fac t  o f  apparen t  motio n i s  tha t  whe n on e perceive s apparen t  motion ,  ofte n h e als o perceive s 

some sor t  o f  traijsformatio n fro m on e stimulu s patter n t o another ;  fo r  example ,  a  squar e i s movin g an d changin g shap e 
simultaneousl y t o becom e a  circle .  Koler s &  Pomerant z (1971 )  foun d tha t  thre e kind s o f  transformations ,  no t  onl y trans -
latio n an d rotatio n o f  rigi d shap e bu t  als o intriguin g plasti c deformation ,  occure d whe n th e dissimila r  pair s gav e 
apparen t  motion .  Th e interestin g questio n is :  Wha t  kind s o f  invarian U unde r  th e transformatio n o f  'plasti c deformation ' 

does th e visua l  syste m depen d o n t o determin e tha t  tw o figures,  howeve r  shape-change d the y ma y be ,  nevertheles s 
represen t  th e sam e object ? 

As Che n (1980 ,  1981 ,  1982a,b,c,d )  ha s argued ,  a  primitiv e an d genera l  functio n o f  th e visua l  syste m ma y b e th e per -
ceptio n o f  globa l  topologica l  invariants ,  suc h a s connectivity ,  closur e an d holes ,  whic h ar e define d a s invariant s unde r 
topologica l  transformation s (plasti c deformation s withou t  breakin g an d fusion) .  Man y paradigm s an d approache s i n visua l 

perception ,  suc h a s th e objec t  superiorit y effec t  (Weisstci n &  Harris ,  1974 ;  McClelland ,  1978 ;  William s &  Wcisstein , 
1978;  Chen ,  1982c) ,  groupin g (Olso n an d Attneave ,  1970 ;  Pomerantz ,  Sage r  &  Stover ,  1977 ;  Chen ,  1982a) ,  car d sortin g 

(Palmer ,  1978) ,  effortles s textur e discriminatio n (Julesz ,  1981) ,  visua l  sensitivit y t o distinctio n mad e i n topolog y 
(Pomerantz ,  1980 ;  Chen ,  1982b )  an d competin g organizatio n wit h severa l  simultaneou s factor s (Chen ,  1982d )  hav e pro -
vide d som e evidenc e fo r  detectio n o f  topologica l  propertie s i n visua l  perception .  Th e man y fact s mentione d abov e als o 

lea d u s t o conside r  topologica l  invariant s a s candidate s fo r  th e correspondenc e token s i n apparen t  motion . 

METHOD 
The genera l  metho d fo r  th e followin g experiment s wa s advance d b y Ullma n (1979 )  an d i s  calle d 'th e competin g 

motio n technique' .  I n thi s metho d tw o stimulu s display s ar e successivel y presented .  Th e first  on e contain s a  singl e figure 
i n th e center ,  whil e th e secon d contain s tw o figures  locate d o n eithe r  side s of ,  an d a t  th e sam e distanc e from ,  th e center . 
The questio n aske d i s whethe r  th e figure  i n th e first  stimulu s displa y i s perceive d t o mov e t o on e o r  th e othe r  o f  th e tw o 
figures  i n th e second .  I n Ullman' s demonstrations ,  eac h se t  o f  tw o stimulu s display s wer e alternate d repeatedly ,  an d 
withou t  providin g precis e data ,  h e reporte d th e subjects '  motio n preference .  Fo r  collectin g accurat e data ,  i n th e follow -
in g experiment s eac h se t  o f  tw o stimulu s display s wa s presente d o n jus t  on e cycl e fo r  eac h trial ,  bu t  man y trial s wer e 
used a s experimenta l  presentations .  Thi s metho d provide s u s a n experimenta l  measur e t o compar e an d characteriz e th e 

effec t  o f  variou s structura l  invariants . 
A three-fiel d tachistoscop e wa s use d fo r  presentin g stimuli .  Subject s wer e aske d t o loo k a t  a  fixation  poin t  a t  th e 

cente r  o f  th e preexposur e field  the n pres s a  butto n whic h resulte d i n a  presentatio n cycle .  Eac h first  stimulu s displa y con -
tainin g a  middl e figure  o f  eac h pai r  wa s presente d fo r  100-15 0 msec ,  an d eac h secon d stimulu s display ,  fo r  100 0 msec , 
wit h a  inter-stimulu s interva l  (ISI )  o f  20-3 0 msec .  Fo r  eac h presentatio n subject s wer e require d t o choos e i n a  force d 

choic e procedur e on e o f  tw o responses :  'right *  (motio n fro m a  middl e figure  t o a  figure  a t  right )  o r  'left '  (motio n t o a 
figure  a t  left) ,  guessin g i f  necessary .  Fo r  eac h subjec t  th e presentatio n duration s wer e adjuste d i n orde r  t o produc e 
stron g effect s o f  apparen t  motion .  Eac h subjec t  wa s initiall y  familiarize d wit h th e phenomeno n o f  apparen t  motio n unde r 
th e conditio n o f  singl e alternat e exposure .  A t  leas t  thre e trial s o f  eac h pai r  wer e use d a s a  practic e presentation .  Th e 
orde r  o f  presentation s wa s randomize d an d counterbalance d acros s subjects .  Fou r  block s o f  2 1 trial s pe r  block ,  whic h 

containe d thre e presentation s o f  eac h pair ,  wer e use d fo r  tes t  presentation . 
Four  subject s participate d i n al l  thes e experiment s involvin g seve n pair s o f  stimulu s displays . 
Pai r  1  (adapte d fro m Pomerant z e t  al ,  1977 )  consist s o f  th e tw o stimulu s display s show n i n Fig.l .  Th e first  contain s 

an arro w (stimulu s a) .  Th e secon d contain s tw o figures  whic h ar e mad e u p o f  exactl y th e sam e thre e lin e segment s a s th e 
arrow .  Th e differenc e betwee n stimulu s b  an d c  i s  jus t  tha t  th e on e o f  th e shorte r  lin e segment s i s  locate d i n tw o 
differen t  positions ,  displace d b y a  constan t  distanc e fro m th e sam e lin e segmen t  i n th e arrow .  Bu t  th e close d natur e o f  a 
triangl e make s i t  topologicall y differen t  fro m th e othe r  tw o figures. 



Pai r  2  i s show n i n Fig.2 .  Eac h o f  th e thre e figures  i s m a d e u p o f  five  lin e segment s with,tw o sort s o f  lengths .  A m o n g 

th e thre e figures  ar c stimulu s a  an d b  adapte d fro m Jules z (1980) .  Althoug h stimulu s a  ha s a  differen t  numbe r  o f  'termi -
nators '  fro m stimulu s c  an d th e sam e numbe r  o f  terminator s a s stimulu s b ,  stimulu s a  possesse s th e sam e topologica l 

invariant ,  simpl e connectivity ,  a s stimulu s c  an d i s differen t  i n topologica l  invariant s fro m stimulu s b ,  whic h i s discon -

necte d wit h a  closure . 

FIGURE 1 FIGURE 2 

I n Pai r  3 .  stimulu s a  i s a  soli d circle ,  stimulu s b  i s a  rin g an d stimulu s c ,  a  soli d square .  F ro m ou r  intuitiv e experi -

ences ,  a  soli d circl e seem s t o hav e mor e 'similarity *  t o a  rin g tha n t o a  square ;  however ,  fro m topology ,  th e differenc e 
betwee n a  dis k an d a  rin g i s m u c h deepe r  tha n tha t  betwee n a  dis k an d a  soli d square .  Fo r  th e latter ,  th e differenc e wil l 

dissolv e unde r  a  topologica l  transformation ,  a  plasti c deformatio n withou t  breakin g an d fusion .  O n th e othe r  hand , 
stimulu s b  i s characterize d a s a  connecte d componen t  wit h a  hol e i n it ,  a  typica l  topologicall y invarian t  description . 

Fig. 4 show s Pai r  4 .  whic h i s simila r  t o Pai r  3  excep t  tha t  a  squar e wit h a  squar e hol e i n i t  wa s use d instea d o f  th e 

disk ,  th e middl e figure  i n Pai r  3 . 
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T h e thre e figures  containe d i n Pai r  5  hav e th e c o m m o n featur e o f  possessin g hole s i n a  connecte d componen t 
(show n i n Fig.5) .  However ,  stimulu s b  ha s tw o hole s i n it ,  whil e stimulu s a  an d c ,  jus t  one .  T h e numbe r  o f  hole s i s a 

topologica l  invariant ,  'th e orde r  o f  connectivity* .  So ,  stimulu s a  i s  topologicall y equivalen t  t o stimulu s c ,  bu t  no t  t o 
stimulu s b .  Th e inne r  diamete r  o f  stimulu s c  i s 0.7 1 (  2/2 )  time s tha t  o f  stimulu s b ,  s o th e tota l  are a o f  th e tw o inne r  cir -
cle s o f  stimulu s b  i s equa l  t o tha t  o f  th e inne r  circl e o f  stimulu s c . 

Pai r  6  (show n i n Fig.6 )  involve s anothe r  kin d o f  globa l  topologica l  invariant ,  whethe r  a  targe t  lin e i s withi n a  close d 
curv e o r  outsid e it .  I f  th e tw o stimulu s display s wer e superimposed ,  bot h stimulu s a  ( a lin e segment )  an d th e targe t  lin e 

i n stimulu s c  woul d li e withi n th e bi g circl e o f  stimulu s c ,  whil e stimulu s b  (anothe r  lin e segment )  woul d b e outsid e th e 
circle . 

Discret e dot s wer e use d t o mak e u p Pai r  7  (show n i n Fig.7) .  Thes e figures  ar e adapte d fro m Zeema n (1965) .  Eac h 
figure  i s a  se t  o f  discret e dots ,  bu t  globall y the y loo k lik e Pai r  3 .  Eve n thoug h a t  th e viewin g distanc e i n th e experimen t 
on e ca n se c tha t  thes e stimul i  ar e discret e dots ,  on e stil l  ha s a  wholisti c perception ,  tha t  is ,  stimulu s a  look s lik e a  soli d 

circle ;  stimulu s c ,  a  soli d square ;  stimulu s b ,  a  ring .  Fo r  a  clearl y discret e set ,  wh y d o w e hav e continuou s an d wholisti c 
perception ? Thi s fac t  suggest s tha t  th e visua l  syste m ca n ignor e detail s withi n a  certai n rang e fo r  attachin g importanc e t o 
globa l  structur e (Chen ,  1980 ,  1981) . 
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RESULTS AN D DISCUSSIO N 

Pai r  1 

Pai r  2 

Pai r  3 

Pai r  4 

Pair s 

Pai r  6 

Pair ? 

Subjcc c 1 

92% 
83% 
83% 
92% 
83% 
92% 
83% 

Subjec t  2 

83% 
92% 
92% 
83% 

100 % 

92% 
92% 

Subjec t  3 

75% 
83% 
92% 
92% 
83% 
83% 
83% 

Subjec t  4 

75% 
83% 
83% 
92% 
92% 
83% 
75% 

Averag e 

81% 
85% 
88% 
90% 
90% 
88% 
83% 

T A B LE 1 .  Th e percentage *  o f  reportin g motio n fro m eac h middl e 6gur e t o th e figure  wit h th e sam e topologica l  invariants .  Th e 
differenc e i n averag e percentage s betwee n figures  wit h th e sam e topologica l  invariant s an d figure*  wit h differen t  one s ar c al l 

significant .  p < .01 . 

T h e result s wit h al l  seve n pair s ar c show n i n Tabl e 1 .  The y clearl y sho w tha t  subject s sa w stron g preferenc e fo r 
motio n fro m a  middl e figure  t o a  figure  tha t  ha s th e sam e topologica l  invariant s a s th e middl e figure.  T h e figures  use d i n 
th e first  pai r  wer e mad e u p o f  exactl y th e sam e lin e segments .  Accordin g t o th e theor y (Oilman ,  1979 )  considerin g lin e 
segment s a s correspondenc e tokens ,  th e onl y differenc e betwee n stimulu s b  an d c  i s tha t  on e componen t  lin e segmen t 
was translate d wit h a  constan t  distance .  I t  seem s difficul t  fo r  thi s kin d o f  theor y t o interpre t  th e preferenc e fo r  motio n 
fro m stimulu s a  t o stimulu s c . 

I n Marr' s "prima l  sketch '  (1978 )  an d Julesz '  theor y o f  effortles s textur e discriminatio n (1981) ,  terminator s ar e als o 
considere d a s basi c primitives .  Alon g thi s line ,  somebod y migh t  lik e t o argu e tha t  th e preferenc e fo r  motio n betwee n 
stimulu s a  an d c  i n Pai r  1  wa s observe d no t  becaus e o f  closur e bu t  jus t  becaus e o f  terminators .  However ,  th e resul t  wit h 
Pai r  2  seem s t o rul e ou t  thi s objection .  Stimulu s a  possesse s th e sam e numbe r  o f  terminator s a s stimulu s b  bu t  no t 

stimulu s c .  I n som e cases ,  terminator s ma y reflec t  closur e an d connectivit y properties ,  bu t  no t  always . 
Assumin g tha t  th e visua l  respons e t o closur e resulte d fro m topologica l  structur e i n visua l  perception ,  i t  woul d b e 

predicte d tha t  subject s woul d se e motio n preferentiall y  betwee n a  dis k an d a  soli d squar e rathe r  tha n betwee n a  dis k an d 
a ring .  Th e resul t  wit h Fai r  3  support s thi s prediction . 

I t  i s  interestin g t o not e tha t  fo r  Pai r  3  an d 4  onl y th e stimulu s i n th e first  displa y changed ;  ye t  th e preferre d direc -
tio n o f  apparen t  motio n strongl y reverse d fro m th e soli d squar e i n Pai r  3  t o th e rin g i n Pai r  4 .  Thi s patter n strongl y sug -
gest s topologica l  explanation .  I n fact ,  Ramachandran ,  Ansti s an d Ginsbur g (1982 )  hav e alread y reporte d tha t  subject s 
displa y preferenc e fo r  motio n fro m a  soli d squar e t o a  soli d circl e rathe r  tha n a n outlin e squar e an d fro m a  cros s t o a 
rotate d cros s rathe r  tha n a  squar e mad e b y th e sam e lin e segments .  T h e fact s hav e bee n interprete d assumin g tha t  'lo w 
spatia l  frequenc y dominate s apparen t  motion' .  Alon g thi s lin e o f  thinking ,  th e preferenc e fo r  motio n fro m a  hollo w 
squar e t o a  rin g woul d hav e t o b e interprete d a s hig h spatia l  frequenc y dominatio n o f  apparen t  motion .  Thes e tw o obser -

vations ,  therefore ,  cas t  som e doub t  o n th e valu e o f  explanation s o f  apparen t  motio n usin g th e notio n o f  spatia l  fre -
quency .  Unde r  plasti c deformatio n o f  stimuU ,  lik e line s o r  blobs ,  spatia l  frequencies ,  whethe r  lo w o r  high ,  woul d b e 
difficul t  t o imagin e a s invariant s fo r  th e correspondenc e tokens . 

Becaus e th e numbe r  o f  hole s i n a  connecte d componen t  represent s a  typica l  topologica l  invarian t  an d it s intuitiv e 
meanin g i s no t  obvious .  Pai r  5  wa s designe d t o giv e mor e evidenc e fo r  th e topologica l  hypothesi s an d als o t o furthe r  rul e 

out  som e othe r  factor s tha t  ar e ofte n relevan t  t o th e stud y o f  brightnes s sensitivit y o r  spatia l  frequenc y analysis .  T h e fac t 
tha t  th e tota l  are a o f  th e tw o inne r  circle s i n stimulu s b  i s equa l  t o tha t  o f  th e bigge r  inne r  circl e i n stimulu s c  make s th e 
explanatio n i n term s o f  difference s i n brightnes s o r  spatia l  frequenc y difficult ;  however ,  th e resul t  i s  consisten t  wit h th e 
topologica l  explanation .  O n e migh t  argu e tha t  th e motio n fro m stimulu s a  t o stimulu s c  arise s fro m th e 'similarity * 
betwee n them .  However ,  i n Pai r  3 ,  th e motio n fro m th e dis k t o th e squar e rathe r  tha n t o th e rin g alread y indicate s tha t 

th e correspondenc e token s ar e no t  thes e kind s o f  similarit y factors . 
S o me long-standin g debate s abou t  th e natur e o f  apparen t  motio n hav e ofte n centre d o n th e fundamenta l  questio n 

of  h o w t o understan d groupin g (Anstis ,  1979) .  Che n (1980 ,  1981 )  ha s considere d groupin g als o a s th e extractio n o f  globa l 
topologica l  invariants .  Th e ver y natur e o f  visua l  perceptio n i s discrete ,  an d th e approac h o f  perceptua l  organization ,  say , 
th e Gcstal l  laws ,  i s ofte n aime d a t  som e obviousl y discret e stimuli ,  suc h a s do t  arrays .  Therefore ,  genera l  topolog y can -
not  b e directl y use d t o describ e perceptua l  organization .  Fo r  a  clearl y discret e set ,  wh y d o w e hav e continuou s an d 

wholisti c perceptions ? I n thi s sense ,  th e Gestal t  perceptua l  phenomen a loo k puzzling .  T h e mathematic s o f  Toleranc e 
Space s (Zccman .  1962 )  tell s  u s ho w t o formulat e th e globa l  propertie s o n a  discret e set .  Toleranc e i s a n algebrai c relatio n 
chose n no t  onl y t o represen t  th e concep t  o f  th e leas t  noticeabl e differenc e bu t  als o t o represen t  a  m i n i m u m measur e 
withi n th e rang e o f  whic h detail s wil l  b e ignore d b y th e perceptua l  syste m fo r  attachin g importanc e t o globa l  properties . 



I n a  toleranc e space ,  w e ca n buil d u p a  mathematica l  structur e simila r  t o topology .  Groupin g represent s a  visua l  functio n 

t o ignor e detail s withi n a  certai n toleranc e an d t o extrac t  globa l  toleranc e invariants ,  suc h a s toleranc e connectivity ,  clo -
sur e an d holes .  Takin g a  toleranc e o f  on e centimeter ,  th e tw o mos t  noticeabl e globa l  toleranc e propertie s o f  th e secon d 

stimulu s o f  Pai r  7  ar e tha t  i t  ha s tw o piece s (tw o toleranc e connecte d components )  an d on e o f  the m ha s a  hol e i n it .  So , 

i f  groupin g ca n reall y b e considere d a s th e extractio n o f  globa l  toleranc e invariants ,  the n preferenc e o f  apparen t  motio n 
shoul d b e observe d fro m th e toleranc e circl e t o th e toleranc e squar e rathe r  tha n t o th e toleranc e ring ,  th e globa l  toler -

anc e propert y o f  whic h i s differen t  fro m tha t  o f  th e others .  T h e resul t  wit h Pai r  7  help s u s wit h th e suggeste d theoreti -
cal  basi s fo r  understandin g grouping .  Correspondenc e processe s wit h eithe r  groupin g o r  norma l  pattern s ca n b e describe d 
consistentl y i n term s o f  topologica l  invariants . 

SUMMARY AND GENERAL DISCUSSION 
Usin g th e adapte d 'competin g motio n technique' ,  seve n pair s o f  stimulu s figures  showin g topologica l  variatio n wer e 

designe d t o revea l  som e evidenc e fo r  tha t  topologica l  invariant s pla y a  rol e i n correspondenc e processe s o f  apparen t 

motion .  Thes e experimenta l  data ,  whic h sho w tha t  subject s reporte d stron g preferenc e fo r  motio n fro m a  centra l  figur e 
t o a  figure  wit h th e sam e topologica l  invariant s a s its ,  cam e fro m variou s kind s o f  stimulu s pattern s tha t  represen t  quit e 

differen t  structura l  form s an d tha t  contro l  othe r  explanator y factors ,  suc h a s brightness ,  spatia l  frequenc y an d termina -
tors .  Nonetheles s al l  o f  the m ar e consisten t  wit h th e topologica l  explanatio n an d strongl y sugges t  a  topologica l  structur e 

i n visua l  perception . 

T h e ke y poin t  i s  tha t  th e unit s o f  figure  perceptua l  representatio n ar e invariant s a t  differen t  geometrica l  level s 
(Chen ,  1981) .  Alon g thi s lin e w e ca n deepe n ou r  comprehensio n o f  som e o f  th e long-standin g debate s abou t  apparen t 

motion .  Fo r  example ,  n o w i t  i s  clea r  tha t  th e questio n o f  whethe r  motio n perceptio n precede s for m perceptio n i s no t  a 

goo d question .  Fo r m perceptio n include s differen t  level s an d a t  th e leve l  o f  extractio n o f  topologica l  invariant s i t  pre -
cede s motio n perception ;  however ,  a t  th e level s o f  mor e detaile d properties ,  say ,  th e differenc e betwee n a  squar e an d a 

triangle ,  motio n perceptio n ma y preced e for m perception .  So ,  w e canno t  simpl y clai m tha t  'th e correspondenc e token s 
ar e no t  structure d forms '  (Ullman ,  1979) .  T h e righ t  questio n i s whic h kind s o f  structure d form s shoul d b e considere d a s 

th e correspondenc e tokens ,  an d whic h kind s ar e not .  I n fact ,  topologica l  invariant s ar e a  kin d o f  importan t  structure d 

form . 
T h e critica l  ac t  i n formulatin g Ullman' s computationa l  theor y fo r  apparen t  motio n i s o f  usin g th e rigidit y con -

strain t  o n th e wa y th e worl d behave s (Marr ,  1978) .  Ullman' s theor y i s note d fo r  th e discover y o f  a  vali d constrain t  o f 
rigidity ,  whic h 'enable s u s t o solv e th e structure-from-motio n proble m unambiguously"(Marr ,  1982) .  Bu t  a t  th e sam e tim e 
a certai n limitatio n o f  th e theor y als o come s fro m rigidity .  Plasti c deformatio n i s a  stron g an d c o m m o n phenomeno n i n 

apparen t  motion .  Mar r  (1982 )  pointe d ou t  tha t  a  ne w theor y ma y b e neede d fo r  whe n th e objec t  i s  no t  onl y movin g bu t 
als o changing .  T h e experimenta l  fact s reporte d i n th e presen t  pape r  an d thei r  topologica l  explanatio n hav e suggeste d a 
ne w typ e o f  analysi s o f  apparen t  motion ,  whic h ha s bee n motivate d b y th e genera l  transformation ,  plasti c deformation . 

T h e suggeste d topologica l  approach ,  supporte d b y empirica l  data ,  ha s als o raise d som e interestin g issue s abou t 

Marr' s 'prima l  sketch' .  'Th e prima l  sketch '  ha s emphasize d 'th e loca l  geometr y o f  a n image' .  H o w shoul d w e conside r 
th e relationshi p betwee n topologica l  propertie s an d "th e prima l  sketch' ? I t  seem s tha t  i t  i s  implausibl e mathematicall y t o 
comput e ou t  topologica l  propertie s fro m loca l  geometrica l  properties ,  suc h a s oriente d edges ,  lines ,  blobs .  A n d th e fac t 
tha t  perceptio n o f  topologica l  invariant s precede s motio n perceptio n ha s show n th e earl y extractio n o f  topologica l  pro -
perties .  M a n y othe r  experiments ,  fo r  example ,  th e configura l  superiorit y effec t  (Chen ,  1981 )  an d competin g organizatio n 
wit h severa l  simultaneou s factor s (Chen ,  1982d) ,  hav e als o provide d som e evidenc e fo r  th e extractio n o f  globa l  topologi -

cal  invariant s earlie r  tha n tha t  o f  loca l  geometrica l  properties ,  suc h a s orientations ,  positions .  So ,  considerin g th e tim e 

dependenc e o f  perceive d properties ,  i t  seem s difficul t  t o assum e tha t  topologica l  propertie s ar e derive d fro m loca l 
geometrica l  properties .  Minsk y an d Paper t  (1972 )  prove d tha t  fo r  perceptrons ,  th e topologica l  predicat e i s no t  finite 
order ;  however ,  lower-orde r  perceptron s ca n b e use d fo r  computin g geometrica l  properties .  Thu s fro m th e perspectiv e o f 

computationa l  theory ,  th e globa l  natur e o f  topologica l  propertie s make s the m essentiall y  differen t  fro m loca l  geometrica l 

properties .  I t  therefor e seem s difficul t  fo r  'th e prima l  sketch '  t o accommodat e topologica l  propertie s withou t  changin g 
it s loca l  nature .  Thes e question s ar e fundamenta l  fo r  understandin g visio n an d deserv e furthe r  study . 

Not e abou t  figure s 
Al l  stimulu s figure s use d i n thes e cx[>criiDcnt s ar c blac k o a whit e paper .  Lin e segment s i n Pai r  1 ,  2  an d 6  wer e draw n b y a  pe n wit h 

lin e widt h i n J O ram. 



T wo o f  thre e lin e tegmcnt i  o f  eac h stimulu s figure  i o Pai r  1  hav e equa l  lengt h i o 2 4 m m,  th e other ,  3 2 m m.  Tb e distanc e betwee n 
stimulu s b  an d c  i s 3 6 m m 

Thre e o f  fiv e lin e segment s o f  eac h stimulu s figure  i n Pai r  2  hav e equa l  lengt h i n 2 6 m m,  th e others ,  1 1 m m.  Th e distanc e betwee n 
stimulu s b  an d c  i s 3 4 m m 

I n Pai r  3 .  th e diamete r  o f  th e dis k i s th e sam e 3 2 m m a s th e oute r  diamete r  o f  th e ring  an d on e sid e lengt h o f  th e square .  Th e inne r 
diamete r  o f  th e rin g i s 1 8 m m.  Th e distanc e betwee n th e rin g an d th e squar e i s 4 0 m m. 

I n Pai r  4 ,  on e oute r  sid e o f  stimulu s a  i s th e sam e 2 7 m m i n lengt h a s on e sid e o f  th e squar e an d th e oute r  diamete r  o f  th e ring. 
The inne r  sid e o f  stimulu s a  i s 1 4 m m i n length .  Th e inne r  diamete r  o f  th e ring  i s 1 8 m m.  Th e distanc e betwee n th e squar e an d th e rin g 
i s 4 0 m m. 

Th e oute r  diameter s o f  thre e stimul i  i n Pai r  S  ar e al l  th e sam e 4 0 m m.  Th e diamete r  o f  th e inne r  circl e i n stimulu s a  i s th e sam e 
I S m m a s tha t  o f  on e inne r  circl e o f  stimulu s b .  Th e inne r  diamete r  o f  stimulu s c  i s approximatel y 2 1 m m.  Th e distance s betwee n 
stimulu s a  an d b  an d stimulu s a  n d c  ar e al l  2  m m. 

The length s o f  thre e lin e segment s i o Pai r  6  ar e al l  th e sam e 2 1 m m.  Th e diamete r  o f  th e circl e i s 5 9 m m.  Th e distanc e betwee n 
stimulu s a  an d b  i s th e sam e 2 S m m a s tha t  betwee n stimulu s a  an d th e targe t  lin e i o stimulu s c . 

I n Pai r  7 ,  th e diamete r  o f  stimulu s a  i s 3 3 m m,  th e oute r  diamete r  an d th e inne r  diamete r  o f  stimulu s b  are ,  respectively ,  4 3 m m 
and 1 9 m m,  an d on e sid e lengt h o f  stimulu s c  i s 3 0 m m.  Th e distance s betwee n stimulu s a  an d b  an d stimulu s a  an d c  al l  3  m m. 
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Imagine d spatia l  transformation s i n th e visua l  discriminatio n 
of  lef t  an d righ t  part s o f  th e huma n body . 

Lawrence M. Parsons 

Institute for Cognitive Science 

Universit y o f  California ,  Sa n Dieg o 

Much research has demonstrated that to discriminate between pairs of differently oriented but very similar objects, 

on e ver y ofte n finds  i t  necessar y t o imagin e (o r  physicall y produce )  th e rotatio n o f  th e tw o object s int o a  simila r  align -

ment  t o compar e thei r  shape s (Coope r  an d Shepard ,  1982 ;  o n physica l  rotations ,  Parson s an d Hinton ,  Not e 1. )  A n impor -

tan t  propert y o f  th e abilit y t o imagin e th e rotatio n o f  a n objec t  i s  tha t  ofte n th e tim e require d fo r  suc h a  rotatio n i s a 
linearl y increasin g functio n o f  th e exten t  o f  rotation . 

Most of this research has been done cither with abstract shapes that are unfamiliar to subjects or with 
alphanumeri c characters .  Ther e ha s bee n littl e investigatio n o f  th e effec t  o f  orientatio n o n th e discriminatio n o f  mor e 
naturalisti c stimuli .  A  fe w (mostl y recent )  studie s o f  th e perceptio n o f  natura l  object s hav e examine d mirror-imag e 
discriminatio n task s i n whic h subject s apparentl y imagine d a  h u m a n bod y o r  body-par t  a t  th e orientatio n o f  a  stimulu s 

(Coope r  an d Shepard ,  1975 ;  Parsons ,  1983 ,  Note s 2-5 ,  an d 7) .  Thi s pape r  report s o n a  fe w result s o f  m y o w n investiga -

tion s i n thi s are a (Parsons ,  1983 ,  Note s 2-5 ,  an d 7) . 

Participants in my experiments made left-right judgments of variously oriented hands and feet, and of the raised 
ar m o f  a  huma n bod y depicte d fro m man y perspectives .  Figur e 1  show s example s o f  th e kin d o f  stimul i  use d i n thes e 
experiments . 

Figur e 1 . 

This task requires button press responses with the left hand for a stimulus portraying a part of the left half of the body 
and wit h th e righ t  han d fo r  a  stimulu s portrayin g a  par t  o f  th e right  hal f  o f  th e body .  Subject s i n variou s experiment s 
viewe d a  se t  o f  stimul i  whic h depicte d eithe r  a  h u m a n bod y (wit h a  raise d arm) ,  a  hand ,  o r  a  foo t  fro m man y differen t 
perspectives . 

A major feature of this research is the examination of subjects' abilities and preferences for selecting planes or axes 
fo r  imagine d rotation s o f  object s whe n th e numbe r  an d variet y o f  possibilitie s i s relativel y unconstraine d b y experimenta l 
design .  I n nearl y al l  previou s research ,  on e o r  th e othe r  o f  tw o plane s o r  fixed  axe s o f  rotatio n wa s mos t  efficien t  t o 

'correct '  fo r  th e differenc e i n orientatio n betwee n th e standar d an d compariso n objects .  Mos t  studie s hav e use d orienta -
tio n difference s (ODs )  i n on e o r  bot h o f  tw o plane s (th e 'picture '  and/o r  'depth '  planes) ;  an d trial s hav e frequentl y bee n 
blocke d b y th e plan e o f  th e O D .  B y contrast ,  o n an y tria l  i n th e experiment s reporte d here ,  an y on e o f  man y differen t 
plane s (o r  fixed  axes )  o f  rotatio n coul d b e uniquel y mos t  efficien t  t o brin g th e standar d an d compariso n objec t  int o 

Portions of this work were part of a doctoral dissertation submitted to the Department of Psychology, University of California, San 
Diego ,  t  woul d lik e t o expres s m y appreciatio n t o Geof f  llinton .  Ja y McClelland ,  Do n Norman ,  an d Dav e Rumclhar t  fo r  thei r  ver y gen -
erou s encourapement ,  support ,  an d discussion .  Thi s researc h wa s conducte d unde r  Nationa l  Scienc e Foundatio n Gran t  liN S 79-2406 2 t o 
Jarac s L .  McClelland . 

Send request s fo r  reprint s to :  Dr .  Larr y Parsons ;  Institut e fo r  Cognitiv e Science ,  C-015 ;  Universit y o f  California ,  Sa n Diego ;  L a Jol -
la,CA .  92093 . 
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congruence .  I n addition ,  th e orientatio n differenc e betwee n standar d an d compariso n object s i n thes e experiment s coul d 

be considerable .  Fo r  instance ,  the y coul d diffe r  simultaneousl y i n th e orientatio n o f  thei r  'front-back' ,  'top-bottom' ,  an d 

'left-right '  aspects .  Fo r  thes e kind s o f  O D ,  a n objec t  ca n b e brough t  int o congruen t  alignmen t  wit h anothe r  objec t  (i )  b y 
bein g sequentiall y  rotate d abou t  a  differen t  fixe d axi s fo r  eac h dimensio n b y whic h th e tw o object s diffe r  i n orientation ; 

or  (ii )  b y bein g 'simultaneously '  rotate d abou t  differen t  axes ,  producin g rotation s whic h ar c effectivel y abou t  unfixe d 

axe s (i.e. ,  abou t  a n instancousl y changin g axis) ;  o r  (iii )  b y bein g rotate d abou t  a  fixed  axi s whic h simultaneousl y correct s 

fo r  al l  difference s i n orientation . 

Thus, in this paradigm, to 'correct' for orientation differences, subjects must select planes (or axes) of rotation 

f ro m a m o n g a  relativel y larg e se t  o f  possibilities ,  accordin g t o thei r  o w n criteri a o f  efficiency .  Thei r  solution s t o thes e 
geometrica l  problem s provid e n e w informatio n abou t  basi c aspect s o f  th e imapnatio n an d spatia l  reasonin g ability . 

In addition to investigating spatial reasoning abilities in this context, I have been studying in detail how subjects 
m a ke thes e seemingl y simpl e an d m u n d a n e discriminations ;  further ,  becaus e subject s (a s i t  turn s out )  d o see m t o imagin e 
th e rotatio n o f  part s o r  al l  o f  thei r  o w n bod y i n thi s task ,  I  hav e bee n comparin g th e imagine d transformation s t o 
correspondin g physica l  action s (Parsons .  1983 ,  an d Note s 2-7) . 

Figure s 2- 4 sho w th e reactio n time-orientatio n differenc e ( R T - O D )  function s fo r  subjects '  judgment s o f  whethe r  a 
particula r  stimulu s bod y par t  ( a raise d a rm ,  a  han d o r  foot )  i s o f  th e lef t  o r  righ t  hal f  o f  th e body .  Eac h R T - O D func -

tio n i s  a n averag e o f  result s i n 2  t o 5  differen t  experiments ,  usin g differen t  subjects .  Eac h stimulu s i n Figur e 1  wa s 
presente d i n r a n d o m ordere d trial s a t  3 0 degre e interval s i n th e 'picture '  plane ,  beginnin g a t  th e positio n ( 0 degree s o f 
O D)  s h o w n i n Figur e 1 .  leo o 
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Figure 4. RT-OD functions for soles and tops of feet. Based on 4416 correct responses of 16 subjects. 

To make these judgments, subjects reported imagining the rotation of their body, hand, or foot, into the orienta-

tio n o f  th e stimulu s t o compar e th e left-righ t  feature s o f  th e stimulu s bod y o r  bod y par t  wit h th e familia r  left-righ t 
feature s o f  thei r  ow n bod y o r  bod y part .  Onl y fo r  back s o f  bodies ,  back s o f  bands ,  an d top s o f  fee t  stimul i  a t  o r  nea r 
O Ds o f  0  degrees ,  di d subject s repor t  knowin g 'immediately '  (i.e. ,  withou t  'thinking *  abou t  th e orientatio n differenc e 
betwee n themselve s an d th e stimulus )  whethe r  th e stimulu s wa s o f  th e lef t  o r  righ t  o f  th e body .  Accordingly ,  the y pro -

duce d thei r  shortes t  R T s fo r  suc h trials .  Overall ,  R T depende d o n ho w th e orientatio n ̂\ .  whic h th e stimulu s bod y o r 
body-par t  wa s portraye d differe d fro m th e task-specifi c  (o r  perhap s 'canonical' )  orientatio n o f  th e subjects '  o w n bod y o r 
body-part .  Th e geometr y implici t  i n subjects *  strategie s ma y b e use d t o explai n th e differenc e observe d betwee n R T - O D 
function s fo r  th e view s i n Figur e 1  o f  (i )  back s an d fo r  front s o f  bodies ,  (ii )  back s an d palm s o f  hands ,  an d (iii )  top s an d 

sole s o f  feet . 

Th e function s fo r  back s o f  bodie s an d o f  hands ,  an d top s o f  feet ,  ar c somewha t  mor e extrem e form s o f  th e menta l 
rotatio n functio n typicall y observe d fo r  anothe r  se t  o f  familia r  object s (i.e. ,  set s o f  letter s o r  digits ;  Coope r  an d Shcpard , 
1973 ,  an d Hinto n an d Parsons ,  1981) .  Thi s kin d o f  functio n i s slightl y slope d nea r  a  standar d o r  mos t  familia r  orienlatio n 
(e.g. ,  upright )  an d i s increasingl y slope d a s th e remainin g orientation s increasingl y diffe r  fro m th e standard .  I h c R T - O D 
function s observe d her e ar c consisten t  wit h subjects '  introspection s abou t  thei r  performance .  Fo r  trial s wit h eac h o f 
thes e stimuli ,  subject s reporte d imaginin g themselve s o r  thei r  han d o r  foo t  rotatin g fro m it s presen t  (o r  mos t  familiar ) 
positio n int o th e orientatio n o f  th e stimulus .  Subjects '  introspection s indicate d that ,  fo r  back s o f  bodies ,  back s o f  hands . 
and top s o f  feet ,  the y imagine d rotation s abou t  th e sam e axi s fo r  th e presentatio n o f  tha t  stimulu s a t  ever y O D i n th e 
experiment .  Fo r  trial s wit h back s o f  bodies ,  subject s reporte d imaginin g themselve s rotatin g i n a  plan e paralle l  t o th e 
fronta l  surfac e o f  thei r  body ,  b y tiltin g laterall y abou t  a n axi s perpendicula r  t o th e fron t  o f  th e trun k o f  th e bod y an d 
passin g throug h th e cente r  o f  th e body .  Fo r  trial s wit h back s o f  hand s an d lop s o f  feet ,  the y reporte d imaginin g rota -
tion s abou t  lon g axi s o f  th e forear m an d o f  th e le g respectively . 

With respect to the body of the observer, left hand and foot stimuli at clockwise ODs and right hand and foot 
stimul i  a t  counterclockwis e O D s ar c i n media l  positions .  Similarly ,  lef t  an d righ t  foo t  stimul i  a t  oppositel y directe d O D s 

ar e see n b y th e observe r  a s bein g a t  latera l  positions .  Thi s aspec t  o f  spatia l  relationshi p betwee n th e observe r  an d th e 
portraye d positio n o f  th e stimulu s considerabl y affect s subjects '  performanc e i n thi s task .  R T - O D function s fo r  al l  fou r 
han d an d foo t  stimul i  discusse d her e ar e reliabl y differen t  fo r  stimul i  a t  latera l  an d media l  positions .  (Thes e effect s ar e 
discusse d furthe r  below. ) 

The difference between functions for stimuli portraying the back of the hand and top of the foot at lateral and 
media l  positions ,  appear s t o resul t  fro m difference s i n th e rang e o f  subjects '  familiarit y wit h appearanc e o f  thes e stimuli . 
Th e function s observe d fo r  back s o f  hand s an d top s o f  fee t  bot h hav e a  flat  o r  ver y sligh t  slop e (wit h subjects '  mos t  rapi d 
RTs)  fo r  media l  O D s nea r  0  degrees ,  whic h i s mor e extensiv e tha n th e rang e o f  rapi d R T s fo r  comparabl e latera l  O D s .  I n 
eac h o f  thes e cases ,  th e function s a t  latera l  an d media l  O D s (beyon d th e initia l  fla t  portio n o f  eac h function )  hav e com -
parabl e slopes ,  an d ther e i s n o indicatio n o f  th e us e o f  alternativ e path s o r  axe s o f  imagine d rotation .  Thu s th e longe r 

mean R T s fo r  latera l  O D s see m relate d t o th e differenc e i n th e exten t  o f  thi s initia l  fla t  o r  sligh t  slope .  Thi s differenc e 
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in familiarity is consistent with the differences in the range of normal motion of a hand or foot (Parsons, 1983, and 

Note s 3  an d 7) .  1  hi s suggest s tha t  th e norma l  rang e o f  physica l  motio n ca n affec t  th e imagine d rotatio n o f  bod y parts , 

becaus e th e orientation s o f  th e han d o r  foo t  whic h becom e extremel y familia r  t o th e subjec t  ar e withi n thi s range . 

Though the functions for backs of bodies and of hands, and for tops of feet are relatively similar, there are striking 

difference s betwee n th e R T - O D function s observe d fo r  front s o f  bodies ,  palm s o f  hands ,  an d sole s o f  feet .  Fo r  front s o f 

bodies ,  subjects '  introspection s an d R T - O D function s sugges t  tha t  the y imagine d rotation s abou t  a  singl e fixed,  'shortes t 

path '  axis .  Rotation s abou t  suc h a n axis ,  whic h i s uniqu e fo r  eac h O D ,  minimize s th e degree s necessar y t o mov e a n 

objec t  fro m on e orientatio n t o another .  Th e shortes t  pat h rotation s fo r  difference s i n orientatio n lik e thos e betwee n sub -
jects '  positio n an d tha t  portraye d b y th e front s o f  bod y stimulus ,  ar e alway s an d onl y 18 0 degrees—regardles s o f  th e pic -

tur e orientatio n o f  th e stimulu s (Parsons ,  1983 ,  an d Not e 4) . 

It is apparent from other results of Parsons (1983 and Note 4) that subjects' tendency to use shortest path rotations 

(a s oppose d t o les s efficien t  rotatio n paths )  fo r  imaginin g th e rotatio n o f  thei r  bod y i s influence d b y (i )  propertie s o f  th e 
differenc e betwee n subjects '  task-specifi c  (o r  canonical )  orientatio n an d tha t  a t  whic h th e stimulu s i s depicted ,  an d (ii ) 
th e familiarit y o f  th e perspectiv e fro m whic h th e stimulu s i s depicte d seeme d t o influenc e subjects '  tendenc y t o imagin e 

shortes t  pat h rotations . 

For trials with palm stimuli at ODs that portrayed the palm at medial positions, subjects apparently imagined 

approximatel y shortes t  pat h rotation s (lik e thos e use d fo r  front s o f  bodies) .  Thi s conclusio n i s supporte d bot h b y th e flat 
slop e o f  th e observe d R T - O D functio n an d b y subjects '  introspections .  However ,  wit h pal m stimul i  a t  O D s tha t  por -
traye d th e pal m a t  latera l  positions ,  subject s apparentl y imagine d rotation s abou t  tw o differen t  axes .  Thi s differenc e i n 

imagine d rotatio n path s int o th e pal m a t  latera l  an d media l  position s i s consisten t  wit h th e rang e o f  norma l  motio n o f 
th e hand .  A s reader s ca n probabl y verif y fo r  themselves ,  efficien t  (an d natural )  physica l  rotation s o f  th e han d int o th e 

media l  po.sition s portraye d b y pal m stimul i  follo w a  pat h differen t  fro m (and  shorte r  than )  tha t  fo r  rotatio n int o latera l 
positions .  Thes e difference s i n th e possibl e (o r  comfortable )  physica l  rotatio n path s ar e o f  cours e relate d t o th e mechani -
cal  propertie s o f  th e anatomica l  structure s underlyin g suc h motion s (cf .  Parsons ,  1983 ,  an d Not e 3) . 

For trials with the sole of the foot stimuli, subjects' RT-OD functions and introspections indicate that they did not 
imagin e shortes t  pat h rotations .  T h e imagine d rotatio n pat h o f  th e foo t  seem s t o chose n t o b e v/ithi n th e norma l  rang e 

of  motio n o f  th e foo t  (Parsons ,  198 3 an d Not e 5) . 

Overall, the following conclusions are suggested by my recent experimental results (some of which are presented 

above) .  T h e R T o f  thes e left-righ t  judgment s depende d o n ho w th e orientatio n portraye d b y th e stimulu s bod y o r  bod y 
par t  differe d fro m th e task-specifi c  (o r  canonical )  positio n o f  th e subjects '  bod y o r  bod y part .  T o mak e thes e judgments , 
subject s spontaneousl y imagine d a  par t  o r  al l  o f  thei r  bod y rotatin g int o th e orientatio n o f  th e stimulu s t o compar e th e 

left-righ t  feature s o f  th e stimulu s bod y o r  bod y par t  wit h th e familia r  left-righ t  feature s o f  thei r  o w n bod y o r  bod y part . 
I n som e cases ,  subject s imagine d rotation s abou t  a n axi s tha t  simultaneousl y correcte d fo r  al l  difference s betwee n th e 

orientatio n o f  thei r  bod y o r  bod y par t  an d tha t  o f  th e stimulu s body .  Us e o f  suc h a  "shortes t  path '  axi s minimize s th e 
degree s o f  rotatio n necessar y t o alig n tw o objects .  I n othe r  cases ,  subject s apparentl y imagine d rotation s abou t  tw o axes . 
The y ma y hav e use d thi s latte r  strateg y o n trial s wit h bodies ,  becaus e o f  difficult y findin g th e shortes t  pat h axis ,  whic h i s 
uniqu e fo r  eac h orientatio n differenc e ( O D ) .  Othe r  result s o f  Parson s (198 3 an d Not e 4 )  sugges t  tha t  th e tendenc y t o 
imagin e shortes t  pat h rotation s o f  one' s bod y i s influence d b y variou s propertie s o f  th e O D betwee n onesel f  an d a  goa l 

orientation ,  an d b y familiarit y wit h a n object' s appearanc e throughou t  th e rang e o f  it s  possibl e rotations . 

On trials with hand and foot stimuli, subjects apparently imagine very efficient~or approximately shortest path-
rotation s onl y whe n th e pat h fro m th e task-specifi c  (o r  canonical )  positio n o f  th e han d o r  foo t  int o th e positio n por -
traye d b y th e stimulu s i s withi n th e norma l  rang e o f  movemen t  o f  th e han d an d foo t  respectively . 

These conclusions seem to require a theoretical framework in which there are spatial transformational procedures 
or  schcma s specifi c  t o differen t  stimulu s domains ,  an d rathe r  differen t  fro m on e domai n t o another .  Further ,  i n som e 
domain s suc h procedure s see m closel y relate d to-indced ,  see m t o simulate-th e actua l  physica l  performanc e o f  a  spatia l 

transformation . 
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THE STRUCTURE O F VISUA L CONCEPTS 

Josep h Psotk a 
Computer -Base d System s Deve lopmen t 

Army Researc h Inst i tu t e 
A lexandr ia ,  V i rg in ia . 

The researc h repor te d her e addresse s th e ques t ion :  Wha t  i s th e v isua l 
equ iva len t  o f  a  word ,  idea ,  o r  h igher -orde r  concep t ? Th i s researc h i s 
a beginn in g at temp t  t o anailys e visua l  concep t s i n way s tha t  ar e mos t 
appropr ia t e -fo r  -futur e r iche r  computat iona l  env i ronmen t s tha t  wil l  b e 
abl e t o p roces s image s quick l y an d i n grea t  numbers :  mass i  V£? l  y 
paral le l  mach ine s l ik e thos e envis ione d b y Feldma n an d Bal lar d (19E)2) , 

Knowledg e representa t io n i n ar t i f ic ia l  inte?l1igenc e app l i ca t i on s an d 
othe r  computer -base d sys tem s toda y use s man y s t ruc tur in g schemes : 
•f  eatur e 1  i  s t  s ,  ve c t  o rs ,  tr-ees ,  ne t  wo r  ks ,  an d produc t  i  o n sys tems .  I  n 
each ,  en t i t i e s o r  node s ar e f i l le d wit h concep t s rn^presentin g word s o r 
l is t s o f  words .  Mos t  o f  thes e sys tem s hav e deveelope d ou t  o f  a 
l inguist i c background ,  an d ref lec t  th e symbol i c process in g l im i ta t ion s 
of  pr€?sent-da y compute rs .  Th i s contex t  ha s mad e image s an d p i c tu re s 
d i f f icu l t  t o use ,  bu t  i t  i s  changing . 

The foundation for this rtesearch lies in the many ejxper i ments that 
demonst ra t e th e grea t  f ide l i t y o f  th e huma n pat ter n recogn i t i o n 
syste? m an d i t s enormou s capaci t y t o s tor e an d p roces s larg e number s o f 
visua l  rep resen ta t ion s i n ver y shor t  pe r iods .  Fo r  i ns tance , 
re?cogni2in g th e fac e o f  a n acqu^d.ntanc e on e ha s no t  see n fo r  man y 
year s impl ie s th e ex is tenc e o f  a n abi l i t y  t o selec t  on e a l t e rna t i v e 
fro m thousand s (peerhap s m i l l i ons ,  give n th e man y t rans fo rma t i on s a 
iac e ma y undergo )  wi th i n a  fe w moments ^  Computer -base d sys tem s canno t 
begi n t o riva l  th i s rea l - t im e f6?at ,  i n par t  pe rhap s becaus e n o 
knowledg e representa t io n schemer s appropjriat e t o spec i f i ca l l y v isua l 
concept s hav e ye t  bee n developed . 

Several experiments have bteen conducted ( and one will be demonstrated 
t o th e aud ience )  tha t  p rov id e som e suppor t  fo r  th e theoret ica l 
proposa l  tha t  Ga l  ton ' s syste m o f  compos i t e por t ra i tu r e p rov ide s on e 
model  fo r  the ? s t ruc tur e o f  visua l  concep ts .  Th i s proposa l  a ls o ha s 
pract ica l  imp l ica t ion s an d app l i ca t ion s t o comput ing .  Ga l  to n use d a 
photographi c proce?s s t o ad d severa l  pho tograph s o f  huma n face s on t o 
th e sam e p ic tu re ,  on e o n to p o f  th e o ther .  Th e resu l t in g s ing l e fac e 
may b e a  pro to typ e fo r  th i s par t icu la r  se t  o f  face s (  se e Osherso n an d 
Smith ,  198 1 fo r  a  d iscuss io n o f  p r o t o t y p e s ) .  H i s techn iqu e wa s use d 
i n thes e exper iment s an d ha s bee n extende d b y Wei l  (:l.982 )  t o a 
computer-cont ro l le d opt ica l  v ideodis c syste m funde d b y DARPA.  Larg e 
scal e paral le l  opt ica l  computer s of fe r  th e poss ib i l i t y  o f  dramat i c 
f  u tur e enhancenients . 
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The expmriments in this report are an impoverished beginning for the 
ver y larg e tas k ahead .  The y hav e establishe d that : 
1)  Composit e fc\ce s ca n b e recognise d afte r  viewin g th e se t  o f 
componen t  face s the y comprise ; 
2)  Th e similarit y o f  component s t o composite s correlate s wit h 
recognitio n performance ; 
and 3 )  Composite s ar e mor e attractiv e tha n thei r  componen t  faces . 
Thes e finding s ar e hardl y earth-shakin g i n thei r  ow n right ,  bu t  the y 
fi t  wel l  wit h th e genera l  framewor k tha t  composite s ar e prototypes . 
Basicall y the y provid e a n incentiv e fo r  lookin g fo r  more ? critica l 
fact s tha t  migh t  fles h ou t  th e critica l  feature s o f  visua l  concepts -

Galton's technigue of superimposing whole? faces in registration to 
develo p a n averag e fac e provide s a  wholisti c  procedur e fo r  creatin g 
prototype s an d makin g the m visible .  Th e firs t  guestio n tha t  th e 
procedur e raise s is :  ca n peopl e recognis e thes e wholisti c composit e 
face s afte r  viewin g thei r  components ? Se?cond ,  d o thes e prototype s 
accuratel y represen t  critica l  feature s an d relation s amon g th e 
component s the y comprise ? Third ,  i s  ther e anythin g unigu e o r 
distinc t  abou t  thes e prototypes ,  no t  foun d i n thei r  components ? 

Finally, the Galtonian process of composite portraiture providers a 
reduce d analogu e fo r  convolutio n an d crosscorrelatio n processe s (a s 
use d i n holography )  tha t  hav e provide d th e impetu s fo r  model s o f 
memory (cf .  Psotka ,  1977 ;  Metcalf e an d Murdock ,  1981) .  Ar e thes e 
composite s sensitiv e t o common memor y researc h manipulations ? 

SUBJECTS: Four groups of 25 undergraduates were used in the first 
hal f  o f  th e experiment ,  A  fift h grou p o f  2 0 undergra\duate s wer e us e 
i n th e secon d half .  Al l  student s wer e n£ îv e abou t  th e purpos e o f  th e 
experimen t  an d participate d a s par t  o f  a  cours e reguiremen t  a t  th e 
Universit y o f  Waterloo . 

PROCEDURE: 100 full-face photographs were? selected randomly from male 
yearbook s wit h th e restrictio n tha t  ther e shoul d b e n o facia l  hai r  o r 
eyeglasses .  Thes e face s weer e randoml y groupe d int o te n list s o f  te n 
face s whos e composite s wer e photographed . 

The first four groups were shown only one-half of the? 100 faces in 
fiv e list s o f  te n faces ,  eac h lis t  followe d b y a  force d choic e pai r  o f 
composite s (Be e figur e 1 ) ,  The y wer e aske d t o pic k the ? mor e familia r 
of  th e tw o composites .  Onl y on e o f  th e composite s wa s compose d o f  th e 
lis t  o f  te n face s previousl y shown .  I n orde r  t o e?nsur e tha t  eac h 
studen t  examine d eac h fac e care^fully ,  the y wer e aske d t o rat e th e 
attrac t  i  venGJs s o f  e?ac h fac e o n a  te n poin t  scale .  Th e face s wer e 
presente d o n slide s show n i n group s wit h orde r  o f  presentatio n o f  th e 
list s counterbalanced . 
The fift h grou p rate d th e similarit y o f  th e paire d composite s t o eac h 
of  th e tw o set s o f  te n component s o n a  tê n poin t  senile, ,  Thi s ta\s k wa s 
performe d individuall y usin g print s o f  th e slides . 
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REBULTSs F^ecognitio n per fo rmanc e showe d tha t  peop l e wer e ab l e t o 
recogn iz e a  compos i t e o n th e bas i s o f  v iewin g th e prototypes, ,  Percen t 
correc t  range d fro m 4 8 (chance )  t o 92, .  E ightee n ou t  o f  2 0 g roup s vjer e 
abov e chanc e <siq n tes t ,  p < „ 0 1 ) .  Ther e wa s a n ef fec t  o f  orde r  o f 
pr  ese n t .  a  t  i  a n .  Th e f  i  r  s t  pi-o t  o t  y  pe s s!")aw n we r  e  r •  (ec:ogr i  :i .  z  e d bes t  „ 

The similarity ratings showed that a component face was more similar 
t o th e compos i t e int o whic h i t  enteres d tha n t o th e d is t rac t  o r 
composi t e (t-=5„23 ;  d f -99 ;  p<, .  0 1 ) .  A  s ign i f ican t  cor re la t io n wa s foun d 
be t  weei" i  t  h e s i  (n i  1  a r  :i .  t  y  r  a t  i  n g b  an d pie r  ce n t .  c :  d r  r  e c t  r  e c og n 1 1 i  or i  ( r  '•••' ,  B6 ; 
df  ̂-̂ Ŝ ;  p < , .  0 1 )  „ 

The composites were each judge-?d much more attractive than the-:-
componen t  faces .  Al l  te n l is t s showe d th i s effect, .  Onl y si x o f  th e 
10 0 face s wer e judge d mor e a t t rac t iv e tha n th e leas t  a t t rac t i v e 
compos i tes .  Thes e face s wer e als o th e mos t  s imi la r  t o th e composites, , 

C0NCI...I.)S10NS I  T  h e ev i  denc e i  <=;  c  1  ea r  t  hal ;  pec:) p 1  e  <:: :  a n r  ecog n i  z  e 
compos i te s o n th e bas i s o f  thei r  memor y o f  previcjusl y v iewe d 
comporie n t  s .  O f  cour -  se ,  the y co u 1  d  us e d  i  st in c t  i  v e f  ea t  u r  e s f  r-o m eac h 
unigu e fac e store d i n memiory. ,  o r  the y cc<ul d be ? crematin g a  compos i t e a s 
the y ar( s v iewin g th e se t  o f  faces .  O n th i s po in t ,  th e ev idenc e 
dec :  i  s i  ve ;  bu t  t  he n t  hi  i  s  i  s -  a  vene?i-a b 1  e  cJ i  spu t  e  t  \\ a l; ; 
Lock e an d Berkeley .  1  woul d hardl y expec t 
reso lu t ion .  Never the less ,  I  be l iev e 
c o  ( n p  o  s  i  t  e  s  i  s  b  e  i  r  i  g  f  o  r  fi i  e  d  i n t  h  e  v  i  s  u  a  1  /  f n e  (T i  o  r  1  a  1  s  y  s  t  e  m . 

i s  no t 
t race s bac k t o 

o n  e  e  >;  p  e  r  i  (T i  e  n  t  t  o  p  r  o  v id e a 
tha t  someth in g l ik e thes e 
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The high correlation be?t.ween the> difference? in similarity ratings and 

p e  r  c  e  n  t  c  o r  r  e  c  t  r  e  c  o  g  n  i  t  i  o  n  p  r  o  v  i  d  e  s  e  v  i  cJ e  n  c  e  t  h  a  t  p  e  o  |:; )  1  e  b  a  s  e  t  h  e  i  r 

r ecogn i t i o n p roces s o n th e en t i r e grou p o f  -face s the y hav e seen .  I f 
the: ? grou p o f  -face s i s r e me m be ? re d a s a  whole, ,  the n i n som e se?ns e i t  ca n 
b e rep resen te d bes t  b y a  compos i t e tha t  i s  a n ave^rag e o f  th e en t i r e 
g roup .  I t  seem s imposs ib l e t o d is t ingu is h be t  we? e n a  se t  o- f  separa t e 
an d un iqu e i nd i v i dua l s an d a n amalga m schem a o r  p ro to t yp e tha t 
ac t s separa te l y un les s a n emergen t  p roper t y o f  th e amalga m ca n b e 
found .  Th i s emergen t  p roper t y ma y b e attractiveness, ,  The:̂ r e seem s t o 
b e n o sa t  i  s f  y  i  n g e;• ;  p  1  ana t  i  o n f  o r  t  he ? i  ncr(:-̂ ase d ^^11 r  ac t  i  venes s o f  t  h e 
c o  m p  o  s  i  t  e  s  e  ;• ;  c  (• ? p  t  t  h  a  t  the y a  r  e  ( n o  r  e  r  e  p  r  e  s e  n  t  a  t  i  v  e  (:: •  f  t  hi  b  w  h  o  1  e  s  e  t 
of  f ace s (beyon d th i s exper imen t )  €? n countere d i n ou r  e>;pe? r  i  ence .  The y 
a r e mor e l ik e th e p ro to typ ica l  fac e w e hav e unconsc ious l y create d a s a 
s tandar d i n i t s phys ica l  ra the r  tha n persona l i t y cha rac te r i s t i c s . 

In summary, there arB four main pieces of evidence to leave with: 
F i r s t ,  t  l" t  e  r  e ? e  ;• ;  3  s  t  1  o  n  g  s  t  a  n  d  i  n  g  c  o  n  c  b  p  t  i  o  r t  s  a  n  d  t  h  e  o  r  i  e  s  w  i  t  h  e  1  e ? g  a  n  c  e 

a n d c o n s i d e r  a  b  1  e  p o w e r .  T  h e  y  a  c J d  r •  e  s -  s  t  l" i  e  e  >;  i  s  t  e  n  c  e  o  f  g  1  o  b  a  !l .  c  o  n  c :  e  p  t  s 

a B  u  n  i  q  u  e  i  cJ e a  s  o  r  a  s  s  o  c  i  a  t  i  a  n  s ,  s  e  p a  r  a  t  e  f  r -  o  m i  n  d  i  v  i  d  u  a  1  <:i- 1 i  m u  1  u  s 

i t ems ,  e v e n t s ,  o r  ep i sode s i n memory . 
Se^cond ,  th e t echn ique s reporte? d here ? hav e uncovere d severa l  fac t s tha t 
may no t  p rov id e cr i t ica l  suppor t  fo r  thes e t heo r i es ,  bu t  len d c redenc e 
t o the m an d of fe r  avenue? s fo r  researc h t o di5cove? r  fac t s tha t  woul d 
d i s t i ngu is h the m fro m compet in g theo r i es . 

Third, the findings are of some interest in their own right. The 
re l a t i on s amon g mot iva t io n an d cogn i t io n ar e sti l l  w:id e ope n t o b e 
exp lore d b y cogn i t i v e sc ien t i s t s fo r  the y hav e hard l y advance d s inc e 
Wo l fgan g Kohler'- s monumenta l  e f for t  i n "Th e P lac e o f  Value ? i n a  Worl d 
of  Fac t " . 

Finally, these techniques applied with greatt?r computational power may 
b e usefu l  t oo l s fo r  o the r  pu rposes :  t o c rea t e beaut i fu l  images ,  o r  fo r 
c r imina l  i  den t  i  f  i  ci-i t  i  o n a s Wei l  (19S2 )  bega n t o exp lo re . 
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Abstrac t 

The analysis of perlocutionary acts is a fundamental component 
fo r  a  theor y o f  huma n communicatio n whic h account s fo r  th e 
respons e o f  interactin g subjects .  We introduc e tw o knowledg e 
structures ,  namel y game s an d contracts ,  whic h ar e use d b y th e 
menta l  processe s underlyin g perlocutionar y acts .  We presen t  ou r 
model  throug h th e discussio n o f  a n exampl e o f  game ;  i n particula r 
we focu s o n th e proble m o f  shiftin g fro m th e want s o f  th e acto r 
t o th e want s o f  th e partner . 

1 . Introduction 

Cohen and Perrault (1979) and Perrault and Allen (1980) propose 
a forma l  mode l  o f  illocutionar y acts ,  base d o n speec h ac t  theor y 
as develope d b y Searl e (1969) .  Startin g fro m thes e results ,  w e 
sugges t  a  mode l  o f  perlocutionar y act s i n orde r  t o explain : 
(i )  ho w a n acto r  A  plan s speec h act s t o obtai n a  specifi c  respons e 
fro m a  partne r  P ,  an d (ii )  ho w P  decide s t o produc e a  response . 
Our  interes t  her e i s wit h poin t  ( i) . 

Followin g Cohe n an d Perraul t  (1979 )  w e assum e that : 
-  A  perform s a n illocutionar y ac t  whos e effec t  i s  P' s recognitio n 

of  A' s wan t  tha t  P  perform s a  specifi c  actio n tt ; 
-  a  proces s calle d CAUSE-TO-WANT i s triggere d b y th e illocutionar y 

effec t  an d generate s th e perlocutionar y effec t  tha t  P  want s t o 
perfor m tt . 

The mai n poin t  her e i s tha t  th e proces s CAUSE-TO-WANT actuate s 
th e transitio n fro m A' s want s t o P' s wants .  When bot h A  an d P  ar e 
human systems ,  thi s transitio n deserve s a  furthe r  investigation . 
We clai m tha t  withi n a  cognitiv e syste m a  wan t  ca n onl y b e 
generated : 
-  b y a  knowledg e structur e o f  th e kin d o f  Schan k an d Abelson' s 

lif e theme s (1977) ; 
-  a s a  subwan t  o f  a  previousl y existin g want . 
I n th e followin g w e shal l  introduc e tw o knowledg e structures , 
namel y game s an d contracts ,  a s usefu l  tool s fo r  a  theor y o f 
human communicatio n whic h provide s fo r  a n adequat e treatmen t  o f 
want  generation . 



2.  Games i n perlocutio n 

The mental processes underlying perlocutionary acts make use of 
knowledg e structure s tha t  w e cal l  contract s an d games . 

A contrac t  i s  a  cluste r  o f  action s involvin g tw o actors .  When 
th e contrac t  i s  activate d th e tw o actor s mutuall y assum e th e 
obligatio n t o perfor m thei r  role s (se e Airenti ,  Bar a an d Colombet -
t i ,  1983) . 

A gam e describe s th e interaction s o f  tw o actor s (th e players) , 
as regulate d b y script s withi n a  specifi c  context .  Th e us e o f  a 
game fo r  plannin g perlocutionar y act s wil l  b e illustrate d b y th e 
followin g example ,  i n whic h w e reconstruc t  th e proces s o f  pla n 
formatio n o f  a n acto r  A .  Le t  u s suppos e tha t  A  want s t o b e drive n 
t o a  locatio n L C b y a  partne r  P ;  t o fi x  th e context ,  le t  u s assum e 
tha t  A  i s a  gues t  i n P' s house . 

To reac h hi s goa l  A  mus t  caus e P  t o wan t  t o perfor m hi s role . 
We reduc e suc h a  CAUSE-TO-WANT actio n to :  (i )  thre e inferences , 
made possibl e b y a  script ,  a  gam e an d a  theme ;  (ii )  a  CONVINCE 
actio n (se e Fig .  1 ,  wher e a  slot-fille r  formalis m ha s bee n 
adopted :  symbol s i n capital s ar e constants ,  smal l  singl e letter s 
ar e var iables) . 

The firs t  inferenc e i s base d o n th e scrip t  GIVE-A-LIFT ;  i t 
lead s t o assum e th e driver' s want ,  PARTICIPATE-IN-SCRIPT ,  a s a 
conditio n o f  th e driver' s wan t  DRIVE-VEHICLE .  Th e us e o f  a  scrip t 
i n thi s kin d o f  inferenc e i s tha t  i f  a n acto r  want s t o participat e 
i n th e script ,  the n h e want s t o perfor m th e actio n assigne d t o hi m 
i n th e script .  Th e secon d inferenc e i s base d o n th e gam e A-GUEST -
P-HOST;  i t  lead s t o assum e P' s wan t  t o PARTICIPATE-IN-GAM E a s a 
conditio n o f  P' s wan t  t o PARTICIPATE-IN-SCRIPT .  Th e introductio n 
of  th e concep t  o f  gam e ha s th e ai m o f  providin g a  motivatio n fo r 
an acto r  t o participat e i n a  scrip t  withi n a  specifi c  context . 
Contrar y t o scripts ,  game s ar e define d fo r  tw o particula r  players . 
We assum e a  principl e o f  interactio n whic h represent s th e subjects ' 
nee d o f  participatin g i n interpersona l  games .  Thi s principl e i s 
realize d throug h th e them e INTERACTION ,  whic h allow s A  t o dra w th e 
thir d inference .  Thi s lead s t o assum e A' s wan t  t o PARTICIPATE-IN -
GAME a s a  conditio n o f  P' s wan t  t o d o th e same .  Th e majo r  poin t 
her e i s th e shif t  fro m th e actor' s wan t  t o th e partner' s want . 

The thre e inferenc e step s lea d t o a  formul a whic h i s th e 
effec t  o f  a  CONVINCE perlocutionar y act ,  detaile d i n Fig .  2 .  We 
reduc e th e CONVINCE actio n t o a n inferenc e an d t o th e firs t 
actio n o f  th e scrip t  GIVE-A-LIFT .  Th e inferenc e i s mad e possibl e 
agai n b y th e gam e A-GUEST-P-HOST .  It s meanin g i s tha t  a n acto r  i s 
suppose d t o participat e i n a  gam e i f  h e manifest s hi s intentio n 
t o participat e i n a  scrip t  belongin g t o tha t  game ,  withi n it s 
applicabilit y  context .  Eventually ,  A' s intentio n t o participat e 
i n th e scrip t  ca n b e deduce d fro m th e fac t  tha t  A  perform s th e 
firs t  actio n mentione d i n th e scrip t  (i n thi s cas e th e request) . 
Thi s amount s t o assum e tha t  th e executio n o f  th e firs t  actio n 
count s fo r  a n openin g mov e o f  th e correspondin g game . 
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The give n analysi s model s th e proces s use d b y A  t o pla n a 
perlocutionar y ac t  throug h a  game .  Th e sam e resul t  coul d b e 
obtaine d vi a a  shortcu t  b y assumin g tha t  A' s reques t  directl y 
generate s P' s wan t  t o perfor m th e DRIVE-VEHICL E action .  Th e ful l 
proces s i s howeve r  necessar y t o accoun t  for : 
-  deceit :  a n acto r  ma y mak e th e firs t  mov e o f  th e scrip t  i n orde r 

t o convinc e a  partne r  t o pla y hi s role ,  withou t  havin g th e 
intentio n t o pla y hi s ow n rol e fully ; 

-  failur e recovery :  whe n A  execute s hi s plan ,  a  failur e ma y occu r 
at  an y point ;  th e complet e pla n allow s A  t o recove r  fro m th e 
failur e b y partia l  replanning . 

To giv e a n exampl e o f  failur e recovery ,  le t  u s suppos e tha t  th e 
acto r  A  receive s n o answe r  t o hi s request ;  b y usin g onl y th e 
shortcut ,  A  woul d hav e n o possibilit y  bu t  givin g u p o r  repeatin g 
th e sam e request .  O n th e contrary ,  throug h th e analysi s o f  th e 
complet e pla n give n i n Figs .  1  an d 2 ,  A  i s abl e t o mak e a  gues s 
abou t  th e failur e point ,  an d t o partiall y  replan .  Possibl e failure s 
coul d occu r  i n connectio n wit h an y o f  th e knowledg e structure s 
involved ,  namel y th e script ,  th e game ,  th e theme .  Fo r  instance ,  A 
may assum e tha t  th e scrip t  GIVE-A-LIF T i s no t  par t  o f  th e gam e 
A-GUEST-P-HOST fo r  hi s partne r  P .  I n thi s case ,  A  replan s hi s 
perlocutionar y ac t  tryin g t o replac e th e scrip t  GIVE-A-LIF T wit h 
anothe r  scrip t  associate d t o th e sam e gam e o r  t o a  differen t  one . 
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3.  Discussio n 

To explain how an actor plans speech acts to obtain a response 
fro m a  partne r  i s a  relevan t  questio n fo r  cognitiv e modell ing . 
The mode l  w e presen t  coul d serv e a s a  basi s fo r  a n artificia l 
syste m abl e t o pla n perlocutionar y act s takin g int o accoun t 
possibl e failur e recoverie s an d deceits . 

Moreover ,  ou r  proposa l  seem s t o provid e a  firs t  psychologicall y 
adequat e explanatio n o f  th e cognitiv e processe s necessaril y 
involve d i n th e productio n o f  perlocutionar y acts .  I n particular , 
we believ e tha t  a  knowledg e structur e lik e th e gam e i s neede d t o 
explai n th e transitio n fro m a n actor' s wan t  tha t  a  partne r 
perform s a n actio n n  t o th e partner' s wan t  t o perfor m rr .  Suc h 
a transitio n ha s bee n reconducte d t o a  basi c principl e o f 
interaction ,  whic h i s assume d t o provid e fo r  th e motivatio n o f 
action . 

Reference s 

Airenti G., Bara B.G., Colombetti M., 1983. Planning perlocutio-
nar y acts .  Proceeding s 8t h IJCAI ,  Karlsruh e 

Cohen P.R., Perrault C.R., 1979. Elements of a plan based theory 
of  speec h acts .  Cognitiv e Science ,  3 ,  3 

Perrault C.R., Allen J.F., 1980. A plan based analysis of 
indirec t  speec h acts ,  America n Journa l  o f  Computationa l 
Linguistics ,  6 ,  3- 4 

Schank R.C., Abelson R.P., 1977. Scripts, plans, goals and 
understanding ,  Lawrenc e Erlbau m Press ,  Hillsdale ,  N.J . 

Searle J.R., 1969. Speech acts, Cambridge University Press, 
Londo n 





NINETY YEARS OF MENTAL METAPHORS"• 

Dedre Centner 
Bol t  Berane k an d Newman Inc . 

Cambridge ,  Mass . 

Jonathan Grudin 
MRC Applie d Psycholog y Uni t 

Cambridge ,  Englan d 

Abstract 

In this paper we seek to trace the way in which psychologists's concepts of the mind 
hav e evolve d ove r  th e roughl y ninet y year s sinc e th e stud y o f  empirica l  psycholog y 
bega n i n America .  We examine d metaphor s use d b y psychologist s t o describ e menta l 
phenomenena ,  base d o n a  corpu s o f  menta l  metaphor s use d i n th e journa l  Psycholog y 
Revie w fro m 189 ^  t o th e present . 

The chief finding was that the nature of the mental metaphors changed over time. 
Spatia l  metaphor s an d animate-being  metaphor s predominat e i n th e earl y stages , 
declinin g late r  i n favo r  o f  system s metaphor s fro m mathematics ,  th e physica l  science s 
and artificia l  intelligence .  A  secondar y findin g wa s tha t  th e number s o f  menta l 
metaphor s varied :  The y ar e mor e prevalen t  i n th e earl y an d lat e stage s o f  th e centur y 
tha n i n th e mid-stages .  Thes e pattern s ar e interprete d i n term s o f  th e evolutio n o f 
psychologists '  model s o f  th e mind . 

Ninety Years of Mental Metaphors 

In this paper we examine historical changes in the metaphors used by American 
psychologist s t o describ e menta l  processes .  Ou r  ai m i s t o us e change s i n metaphori c 
languag e t o trac e change s i n th e model s psychologist s hav e hel d o f  th e mind .  Thre e 
assumption s underli e thi s work .  First ,  w e assum e tha t  researcher s brin g t o thei r 
fiel d o f  stud y a  theoretica l  framewor k — whic h may b e mor e o r  les s explici t  — i n 
term s o f  whic h the y constru e th e phenomen a the y observe .  Second ,  w e assum e tha t  thes e 
framework s ca n chang e ove r  time ,  sometime s quit e rapidl y (Kuhn ,  1962) .  Third ,  w e 
assume tha t  analogie s an d metaphor s ar e use d i n th e inventio n an d organizatio n o f 
idea s i n scienc e (Centne r  &  Centner ,  1983 ;  Hesse ,  1966) . 

Cognitive psychology during the past hundred years seems a prime example of a 
fiel d i n whic h conceptua l  chang e ha s bee n rapi d an d extensive .  I t  woul d b e usefu l  t o 
hav e a  metho d fo r  tracin g change s i n th e Zeitgeist .  On e wa y t o d o thi s migh t  b e b y 
examinin g th e metaphor s use d b y psychologists .  I t  ha s bee n argue d persuasivel y tha t 
metaphor s fro m othe r  domain s hav e playe d a  rol e i n th e shapin g o f  psychologica l 
theory .  Roedige r  (1980 )  note d severa l  distinc t  metaphor s fo r  huma n memory ,  rangin g 
fro m Freud' s rooms-of-a-hous e mode l  t o Atkinso n an d Shiffrin' s storage-bo x model . 

If indeed the metaphors used in psychology reflect the way that researchers have 
conceive d o f  th e domain ,  the n change s i n th e kind s o f  metaphor s use d t o describ e th e 
min d may provid e a n unobtrusiv e measur e o f  change s i n th e conceptua l  paradigm s use d i n 
America n psychology .  Wit h thi s i n mind ,  w e undertoo k t o collec t  a  representativ e 
sampl e o f  metaphor s o f  th e mind .  We chos e a s ou r  sourc e th e journa l  Psychologica l 
Review ,  sinc e i t  ha s a  histor y o f  broa d representatio n o f  majo r  wor k i n psycholog y 
tha t  date s bac k t o 189^ .  Thus ,  ou r  projec t  wa s (1 )  t o sampl e Psvcholog v Revie w 

^Suppor t  fo r  th e preparatio n o f  th e pape r  wa s provide d i n par t  b y th e Nationa l 
Institut e o f  Educatio n unde r  Contract s No .  HEW-NIE-C-llOO-80-003 1 an d HEW-NIE -
C-400-81-0030 . 



systematicall y fro m 189 4 t o th e presen t  fo r  menta l  metaphors ;  (2 )  t o classif y th e 
resultin g metaphor s accordin g t o thei r  bas e domai n (thei r  analogica l  domain ,  o r  domai n 
of  origin) ;  an d (3 )  t o not e an y change s i n th e number s o r  type s o f  metaphor s use d 

acros s time . 

The Survey 

The volumes surveyed spanned nine decades, beginning with 189^, then 1905, 1915, 
and s o o n throug h 1975 .  We examine d al l  article s i n th e firs t  issu e o f  eac h volume . 
Al l  menta l  metaphor s wer e recorde d o n thei r  firs t  occurrenc e i n a  give n article .  A 
menta l  metapho r  wa s define d a s a  compariso n i n whic h eithe r  th e min d a s a  whol e o r 
some particula r  aspec t  o f  th e min d — ideas ,  processes ,  etc .  — i s o r  explaine d i n 
term s o f  a  nonmenta l  domain .  We include d everythin g tha t  seeme d a  possibl e metaphor , 
includin g man y froze n o r  conventionalize d metaphors ,  suc h a s "menta l  health "  o r 
"intellectua l  level. "  I n eac h article ,  onl y on e instanc e o f  an y give n metapho r  wa s 
collected .  However ,  whe n severa l  term s occurre d i n a n extende d metaphor ,  al l  o f  th e 
term s wer e collected .  A n exampl e o f  suc h a  syste m occur s i n Jame s (1905) .  Th e 
phrase s "a n ide a encounterin g a  resistin g idea, "  "a n ide a movin g unde r  it s ow n 
momentum, "  an d "idea s overcomin g a n obstacle "  wer e eac h recorded ,  althoug h the y ar e 
clearl y par t  o f  th e sam e extende d metaphor . 

Categories of metaphors. Out of a total of 68 articles, 48 contained mental 
metaphors .  We foun d a  tota l  o f  26 5 metaphor s fo r  menta l  phenomena .  Afte r  th e se t  o f 
metaphor s wa s assembled ,  w e sorte d the m int o categorie s draw n fro m a  common domain . 
The sortin g wa s don e b y th e conten t  o f  th e metaphors ,  crosscuttin g decad e o f  origin . 
Where mor e tha n on e categor y o r  subcategor y migh t  apply ,  w e use d th e mos t  centra l  an d 
specifi c  feature s o f  th e metapho r  t o selec t  amon g alternatives .  Ou r  sortin g yielde d 
20 subcategories ,  whic h combine d int o fou r  majo r  categorie s o f  metaphor :  Animate -
bein g metaphor s (2 3 instances) .  Neura l  metaphor s (1 6 instances) ,  Spatia l  metaphor s (6 1 
instances) ,  an d System s metaphor s (8 0 instances) . 

In Animate-being metaphors, ideas or aspects of the mind are likened to 
creatures ;  e.g. ,  "Throug h lying ,  th e min d grow s war y o r  stron g fro m swimmin g agains t 
th e stream. "  (Dewey ,  1904) .  I n Neura l  metaphors ,  th e analogica l  domai n i s som e 
versio n o f  th e physica l  nervou s system ,  a s whe n i t  i s  state d tha t  wor d meaning s ar e 
store d a s menta l  image s "locate d i n differen t  region s o f  th e gra y corte x o f  th e brain , 
and joine d togethe r  i n a  uni t  b y a  serie s o f  association-tract s whic h pas s i n th e 
whit e matte r  unde r  th e cortex "  (Starr ,  1894) .  o r  movemen t  o f  object s i n space ,  a s i n 
"thing s activ e agains t  a  backgroun d o f  consciousness "  (Strong ,  1894) .  System s 
metaphor s ar e thos e tha t  like n som e menta l  phenomeno n t o a  syste m o f  lawfull y 
constraine d interaction s amon g elements .  Often ,  the y dra w o n a  physica l  o r 
mathematica l  syste m o r  o n a n artificia l  devic e a s thei r  analogica l  domain :  e.g. , 
"fusio n o f  ideas "  (Peterson ,  1935) ,  o r  "critica l  ban d behavin g lik e a  variabl e band -
pas s filter "  (Zwicke r  &  Scharf ,  1965 )  Instance s fro m eac h o f  thes e categorie s ar e 
give n i n Tabl e 1  fo r  early ,  middl e an d recen t  periods . 

In addition to the four major categories, there were two other 
categories :  "Conventional "  metaphor s (7 1 instances )  possibl e metaphor s whos e 
metaphori c association s see m t o hav e bee n lost :  e.g. ,  "menta l  health "  an d 
"intellectua l  growth" ;  an d "Idiosyncratic "  o r  unclassifiabl e metaphor s î ^  instances) . 

Patterns of distribution. The major finding is a shift in the categories of 
metaphori c domain s use d ove r  time .  Figur e 1  show s th e numbe r  o f  metaphor s use d i n 
eac h o f  th e fou r  majo r  categorie s i n eac h o f  th e thre e tri-decad e blocks .  I n th e 
earl y samples .  Spatia l  metaphor s an d Animate-bein g metaphor s dominate .  Ther e i s a 
shar p dro p acros s tim e i n th e numbe r  o f  Animate-bein g metaphors ,  alon g wit h a  les s 
sever e reductio n i n th e us e o f  Spatia l  metaphors .  System s metaphor s sho w th e opposit e 
trend :  Startin g a s a n unimportan t  category ,  wit h 5  member s i n th e firs t  tri-decade , 
Syste m metaphor s graduall y com e t o predominate .  Statistica l  analyse s indicat e tha t 



Tabl e 1 
Example s Of  th e Fou r  Majo r  Catagoria s o f  Matapho r  b y Trldecada . 

Early i  1B94-191 5 Middle :  1925-194 5 Recent t  1955-197 5 
ANIMATE 
10)  Throug h lying ,  aln d grow s war y 34 )  Reactio n are a bloc k eac h 85 )  Supe r  discriminatin g 
or  stron g fro m swimmin g agains t  other ,  varyin g i n tension i  pre-perceive r  who selectivel y 
stream .  unti l  on e waxe s stron g enough .  prevent s recognition . 
11)  Idea s struggl e wit h on e another .  65 )  Eg o defenses . 

NEURAL 
5)  Association s among image s li)c a 34 )  Thinkin g i s neura l  impulse s 81 )  Inhibitor y processes . 
whit e matte r  connectin g region s shiftin g alon g associativ e 81 )  Loudnes s perhap s propor -
of  gra y matter .  fiber s fro m on e are a t o anothe r  t o numbe r  o f  menta l 
11)  Wide r  idea s shortcircui t  63 )  Ange r  shortcircuit s excitatio n impulse s 
smalle r  ideas .  int o th e parasympatheti c system . 

SPATIAL 
11)  Anythin g hidin g i n th e back -  41 )  Habitua l  connection s betwee n 81 )  Critica l  Ban d i s formed . 
groun d i s no t  menta l  activity .  ideas .  82 )  Reservoi r  model  fo r 
21)  Tracin g i s t o a  photograp h 63 )  Fea r  inundate s th e syrapa -  Fixe d Actio n Pattern . 
as memory i s t o immediat e thetl c nervou s system . 
attention . 

SYSTEMS 
11)  A  bod y move s i n empt y spac e 48 )  Nervou s syste m i s lik e a  72 )  0  • > R/ R +  I ,  Wher e 
by it s own momentu m a s whe n ou r  switchboar d mechanism .  R  -  I t  o f  relevan t  element s 
thought s wande r  a t  thei r  own 49 )  Goal  gradient :  positive /  I  -  #  o f  irrelevan t  elem . 
sweet  will .  negativ e transfer .  0  -  conditionin g constan t 
21)  Associativ e forc e 94 )  Seria l  iterativ e 

operation s 

Animate-being, Spatial and Idiosyncratic metaphors decrease significantly in numbers. 
System s metaphor s increas e acros s time .  Neura l  metaphor s an d Conventiona l  metaphor s 
remai n constan t  i n number . 

Variation in overall metaphor usage. A secondary finding is a U-shaped 
variatio n i n th e overal l  number s o f  metaphor s use d i n differen t  periods .  Metaphor s 
fo r  th e min d ar e abundan t  a t  th e outse t  o f  ou r  sampl e (1894-1915) ,  dro p sharpl y fro m 
approximatel y 192 5 t o 1945 ,  an d ris e t o eve n greate r  number s durin g th e mos t  recen t 
tri-decad e (1955-1975) .  Th e di p i n menta l  metaphor s durin g th e middl e thir d o f  ou r 
surve y (1925-1945 )  seem s par t  o f  a  genera l  declin e i n th e us e o f  mentalisti c languag e 
due t o th e influenc e o f  behaviorism .  Article s fro m thi s perio d tende d t o b e 
straightforwar d report s o f  data ,  devoi d o f  an y discussio n o f  th e interna l  working s o f 
th e mind . 

Conclusions 

The most interesting finding is the shift in the kinds of domains from which 
metaphor s wer e drawn .  Why di d system s metaphor s replac e th e animat e an d spatia l 
metaphor s tha t  predominate d i n th e earl y stages ? We tur n no w t o consideratio n o f  th e 
explanator y goal s thes e metaphor s wer e intende d t o serve .  T o begi n with ,  w e pos e 
thre e question s tha t  wil l  serv e t o organiz e th e discussion :  (1 )  What  i s th e functio n 
of  metapho r  i n scientifi c  explanation ;  (2 )  Ar e som e explanator y metaphor s bette r  tha n 
others ;  an d finally ,  (3 )  I f  so ,  hav e th e menta l  metaphor s i n psycholog y improve d ove r 
time ? 

In scientific exposition, an analogy can allow prediction by mapping known 
relationship s fro m a  familia r  domai n int o a n unknow n targe t  domai n (Centner ,  198O ; 
Centne r  &  Centner ,  1983) .  Th e predictiv e usefulnes s o f  a  metapho r  reflect s no t  onl y 
th e precisio n an d plausibilit y  o f  it s  correspondances ,  bu t  als o it s 
systematicity :  th e degre e t o whic h it s inferre d predicate s for m a  mutuall y 
constrainin g system .  Systematicit y i s value d i n scientifi c  explication ,  becaus e 
interrelation s amon g th e inferre d predicate s allo w ne w predictions . 



Have psycholog y metaphor s becom e mor e systematic ? A  remar k b y Will ia m Jame s 

(1890 )  suggest s thi s possibil i ty :  "A t  a  certai n stag e i n th e developmen t  o f  ever y 

scienc e a  degre e o f  vaguenes s i s wha t  bes t  consist s wit h ferti l ity. "  Jame s an d othe r 

earl ie r  wri ter s ma y hav e use d metapho r  i n a n expansive ,  les s precis e manner . 

Certainl y som e o f  th e earl y animat e metaphor s see m t o lac k systematicity ;  fo r  example , 

"Memor y move s mor e easil y fro m a  nam e t o a  perso n [it s referent ]  tha n th e reverse ,  a s 

a fis h swim s mor e easil y fro m uprive r  dow n t o th e ocean. "  (Starr ,  1894) .  I n contrast , 

when th e analogica l  domai n i s a  mathematica l  o r  physica l  system ,  concatenation s o f 

immediat e prediction s int o furthe r  prediction s ar e possible .  Algebrai c metaphor s suc h 

as th e learnin g theor y equatio n ( 6 =  r/r+i )  ar e on e exampl e (Restle ,  1955) .  Th e 

systemati c natur e o f  th e analogica l  domai n allow s a  se t  o f  interrelate d 

predict ions :  e.g. ,  tha t  9  (th e conditionin g constant )  shoul d ris e wit h th e numbe r  o f 

relevan t  element s (r )  an d decreas e wit h th e numbe r  o f  irrelevan t  element s ( i ) ;  tha t 

th e rati o o f  relevan t  t o irrelevan t  element s shoul d b e 9/1-6 ,  an d s o on .  Th e mov e 

toward s systemati c analogie s wa s surel y partl y motivate d b y desir e fo r  thi s kin d o f 

predict iv e power . 

Now we turn to the specific question of why, in recent times, computer systems 

metaphor s hav e dominate d ove r  othe r  system s metaphors .  Certainl y th e adoptio n o f 

thes e metaphor s doe s no t  guarante e eithe r  rigo r  o f  applicatio n o r  interestingnes s o f 

resul ts .  Us e o f  th e compute r  metapho r  doe s no t  eve n guarante e avoidanc e o f  animism . 

Term s l ik e "retr ieving" ,  "detecting "  an d "searching "  ca n al l  describ e huma n behavior s 

as wel l  a s machin e operat ions ,  an d thi s ambiguit y i s sometime s exploite d i n vagu e 

analogizing .  I t  ha s bee n observe d tha t  a n entir e homunculu s ca n b e conceale d withi n 

on e processin g bo x i n a  flo w diagra m (Handler ,  1978) .  Nevertheless ,  a  compute r 

analog y ca n represen t  a  genuin e simplif ication ,  i f  th e power s o f  th e individua l 

processor s ar e sternl y l imited .  A s Dennet t  (1978 )  put s i t ,  "I f  on e ca n ge t  a  tea m o r 

committe e o f  relativel v ignorant ,  narrow-minded ,  blin d homuncul i  t o produc e th e 

intell igen t  behavio r  o f  th e whole ,  thi s i s progress. " 

It is tempting to conclude that there has indeed been a change in the "degree of 

vagueness "  tolerate d i n model l ing ,  an d tha t  th e curren t  analogie s ar e mor e conduciv e 

t o progres s i n understandin g th e mind .  But ,  accordin g t o th e thesi s assume d here ,  ou r 
judgement s mus t  b e cautious ,  sinc e w e se e throug h th e metaphor s o f  ou r  t ime .  Ou r  ow n 

framework s remai n t o b e evaluated . 
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Tin e Evaluatio n o f  Cognitiv e Construct s Usin g Structura l  Equatio n Modelin g 

Morton Ann Gernsbacher & H. H. Goldsmith 
Universit y o f  Texa s a t  Austi n 

Though, in anthropomorphic terras, the field of cognitive psychology has barely 
grow n ou t  o f  youn g adulthood ,  it s developmen t  thu s fa r  ha s bee n markedl y influence d b y 
severa l  o f  it s  siste r  science s (e.g. ,  theoretica l  linguistics ,  artificia l  intelligence , 
engineerin g science ,  philosophy) .  Thes e influence s ar e mos t  noticeabl e withi n th e 
structura l  model s cognitiv e psychologist s propos e t o describ e variou s aspect s o f 
cognitiv e processes .  Thi s pape r  present s a n approac h t o structura l  modelin g tha t  aros e 
fro m wor k withi n th e fiel d o f  econometric s an d ha s recentl y bee n successfull y applie d t o 
describ e behaviora l  processe s withi n th e field s o f  sociolog y an d biometrica l  genetics . 
Vfe believ e thi s approac h t o b e particularl y wel l  suite d fo r  modelin g cognitiv e behavio r 
becaus e i t  help s t o resolv e severa l  o f  th e paradoxe s involve d wit h othe r  method s o f 
modeling . 

Rathe r  ironically ,  cognitiv e psychologist s demonstrat e les s catholi c taste s i n th e 
methodolog y the y emplo y t o verif y thei r  model s tha n the y d o i n outlinin g thei r  models . 
Most  cognitiv e psychologist s collec t  behaviora l  dat a fro m classica l  2  b y 2  design s an d 
the n analyz e thes e dat a wit h stardar d analyse s o f  variance .  Some potentia l  problem s 
aris e whe n w e attemp t  t o extrapolat e fro m tw D o r  fou r  cell s o f  mean s (o r  a  serie s o f 
suc h set s o f  data )  t o a  mor e elaborat e descriptio n o f  a n underlyin g process .  First , 
althoug h v ^  manipulat e ou r  experimenta l  variable s i n a  binar y fashion ,  ver y ofte n thes e 
variable s occu r  naturall y i n a  continuou s distributio n an d i t  i s  thi s latte r 
distributio n v ^  ofte n impl y i n ou r  models .  Second ,  i n orde r  t o obtai n laborator y 
control ,  v e systematicall y investigat e th e effect s o f  differen t  variable s b y pittin g 
the m i n a  serie s o f  one-to-on e contrasts .  Thus ,  th e entir e mode l  i s seldo m teste d 
simultaneousl y an d w e neve r  gai n a n appreciatio n fo r  th e exten t  t o whic h th e mode l  ca n 
accoun t  fo r  al l  th e phenomen a i t  purport s t o explain .  Third ,  th e degre e o f  th e 
relationshi p betwee n th e theoretica l  construct s represente d b y th e mode l  an d th e 
variable s use d t o measur e thes e construct s i s ofte n lef t  unquantified .  Fo r  example ,  ho w 
wel l  i s  th e construc t  vt e cal l  "long-ter m memory "  indexe d b y th e percentag e o f  word s 
correctl y recalle d afte r  a  two-wee k interval ? I n actuality ,  an y tim e w e tes t  a 
theoretica l  mode l  v ^  ar e simultaneousl y testin g th e adequac y o f  a  "measuremen t  model. " 
Wit h th e approac h w e shal l  describ e today ,  thi s fac t  i s  mad e explicit .  Moreover ,  th e 
processe s o f  mode l  fittin g an d mode l  testin g ar e integrate d int o th e sam e procedure . 

Overview of Structural Equation Modeling 
Structura l  equatio n modelin g (SEM )  i s a  comprehensiv e syste m fo r  testin g system s o f 

linea r  hypothese s involvin g bot h observed ,  o r  "manifest, "  variable s an d theoretica l 
constructs ,  o r  "latent "  variables .  Bes t  know n amon g th e famil y o f  SE M approache s i s th e 
Linea r  Structura l  Relationship s (LISREL )  approac h (Joresko g &  Sorbom ,  1978 )  whic h w e 
use d i n th e presen t  demonstration .  I t  i s  importan t  t o not e tha t  th e SE M approac h 
require s tha t  th e investigato r  hav e a n explici t  theor y guidin g his/he r  researc h an d tha t 
al l  laten t  construct s i n th e theor y b e assessed ,  preferabl y wit h multipl e convergen t 
measures .  Th e implementatio n o f  SE M involve s thre e majo r  steps : 

(1 )  Specificatio n o f  th e model .  Th e SH i  approac h require s th e investigato r  t o 
specify,  a  p r i on ,  a  mode l  i n v^ic h theoretica l  construct s ar e hypothesize d t o b e 
functionall y relate d t o observe d variables .  I n cognitiv e psychology ,  thes e variable s 
migh t  b e behaviora l  measure s suc h a s reactio n tim e o r  performanc e accurac y o n a 
laborator y tas k o r  the y coul d b e stimulu s characteristic s suc h a s orthographi c 
regularit y o r  semanti c meaningfulnes s a s indexe d b y a  normativ e scale .  Th e theoretica l 
construct s ar e suc h entitie s a s lexica l  familiarity ,  memor y span ,  o r  th e structur e o f 
semanti c categories .  Furthermore ,  "causal "  (o r  functional )  relationship s amon g th e 
theoretica l  construct s mus t  b e specified .  Thus ,  SE M ca n b e though t  o f  a s a  procedur e 
tha t  combine s element s o f  traditiona l  multipl e regression ,  facto r  analysis ,  an d pat h 

analysis . 



(2 )  Mode l  estimation .  Qic e th e mode l  i s specified ,  th e value s fo r  th e parameter s 
i n th e mode l  ar e simultaneousl y estimate d usin g a n iterativ e procedure ,  vhic h i n th e 
cas e o f  LISRE L i s a  maximu m likelihoo d algorithm .  Th e inpu t  fo r  thi s analysi s i s a 
variance-covarianc e matri x fo r  al l  o f  th e observe d variable s measure d i n th e study .  Th e 
magnitud e o f  thre e type s o f  parameter s ca n b e estimated .  Value s fo r  th e hypothesize d 
causa l  relationship s ca n b e interprete d a s partia l  regressio n coefficients .  Value s fo r 
relationship s tha t  ar e no t  specifie d a s bein g causa l  ca n b e though t  o f  a s correlations . 
Finally ,  th e residual ,  o r  unexplaine d variation ,  i n th e laten t  variable s an d i n th e 
manifes t  variable s i s estimated .  Th e statistica l  significanc e o f  eac h o f  thes e 
parameter s (wit h exception s note d later )  ca n als o b e computed . 

(3 )  Evaluatio n o f  goodness-of-fi t  o f  th e model .  Th e statistica l  evaluatio n o f  th e 
overal l  fi t  o f  th e mode l  t o th e dat a i s a  crucia l  elemen t  o f  th e SE M approach ,  a n 
advantag e tha t  distinguishe s SOI  fro m mos t  othe r  dat a analyti c procedures .  A  chi-squar e 
statistic ,  wit h it s associate d degree s o f  freedom ,  i s th e mos t  common indicato r  o f  th e 
likelihoo d tha t  th e observe d variance/covarianc e matri x coul d hav e emerge d i f  th e 
specifie d mode l  wer e "true. "  Th e numbe r  o f  degree s o f  freedo m i n a  mode l  i s th e 
remainde r  whe n th e numbe r  o f  parameter s bein g estimate d i s subtracte d fro m th e uniqu e 
number  o f  observe d variance s an d covariances .  I f  thi s differenc e i s negative ,  th e mode l 
is ,  o f  course ,  no t  identified .  Large r  value s o f  ch i  square ,  relativ e t o th e degree s o f 
freedom ,  indicat e a  poore r  fi t  o f  th e mode l  t o th e data .  I t  i s  thi s goodness-of- f  i t 
evaluatio n tha t  place s SE M withi n th e grou p o f  confirmatory ,  rathe r  tha n exploratory , 
statistica l  procedures . 

The Constructs of Category Structure and Category Verification 
Over  a  decad e o f  researc h i n th e fiel d o f  cognitiv e psycholog y ha s bee n aime d 

towar d investigatin g huma n semanti c memory .  Th e genera l  consensu s emergin g frcs m thi s 
bod y o f  wor k i s tha t  semanti c memor y i s organize d i n a  highl y systemati c an d orderl y 
fashion .  On e o f  th e mos t  commonl y describe d unit s o f  organizatio n withi n thi s stor e i s 
th e semanti c category .  Severa l  principle s hav e bee n propose d t o underli e th e 
organizationa l  structur e o f  suc h categories .  Th e mos t  popula r  o f  thes e ar e th e 
principle s o f  associatio n frequency ,  sananti c distance ,  featura l  overla p an d typicality . 

Accordin g t o th e principl e o f  associatio n frequency ,  membershi p i n a  semanti c 
categor y i s a  functio n o f  th e frequenc y wit h v^ic h a  categor y member ,  suc h a s ROBI N ha s 
bee n previousl y associate d wit h a  particula r  categor y concept ,  suc h a s BIRD ,  an d 
vice-versa .  Man y o f  yo u wil l  recogniz e thi s principl e a s underlyin g man y specimen s o f 
th e ver y familia r  bree d o f  networ k model s o f  conceptua l  knowledge .  When speakin g abou t 
semanti c categories ,  v ^  hav e simpl y sv±)stitute d th e ter m "categor y concept "  fo r  th e ter m 
"superordinate "  an d th e ter m "categor y member "  fo r  "subordinate. "  Th e principl e o f 
associatio n frequenc y i s usuall y assesse d b y collectin g normativ e dat a upo n th e 
frequenc y wit h vAiic h subject s wil l  mentio n a  categor y member  i n respons e t o a  categor y 
name,  an d vice-versa . 

A secon d principl e propose d t o underli e th e structur e o f  semanti c categorie s i s 
base d purel y upo n degre e o f  intra-categor y similarity .  Th e genera l  procedur e use d t o 
asses s thi s principl e i s t o as k subject s t o rat e th e similarit y o f  pair s o f  member s fro m 
a particula r  category .  Ihes e dat a ar e the n submitte d t o a  multidimensiona l  scalin g 
procedur e tha t  place s th e categor y member s i n Euclidea n spac e suc h tha t  th e metri c 
distance s betwee n categor y member s i s inversel y an d monotonicall y relate d t o thei r 
semanti c similarity .  And ,  accordin g t o thi s principle ,  categor y membershi p i s a 
functio n o f  a  member' s scale d positio n withi n th e multidimensiona l  configuratio n 

reveale d fo r  tha t  category . 
A thir d principl e tha t  ha s bee n propose d t o underli e th e structur e o f  semanti c 

categorie s i s tha t  o f  typicality .  Typicalit y simpl y refer s t o th e degre e t o whic h eac h 
member  o f  a  categor y i s believe d t o b e a  goo d exempla r  o f  it s  category .  Fo r  example , 
most  subject s wil l  rat e a  RCBI N a s bein g a  ver y typica l  member  o f  th e categor y BIRD S 

v*iil e a  CHICKE N i s usuall y rate d t o b e muc h les s so . 

A fourt h principl e tha t  ha s bee n propose d t o underli e th e structur e o f  semanti c 
categorie s involve s th e notio n o f  features .  Feature s ar e attribute s o r  propertie s o f  a 



semanti c concept .  Thoug h th e possessio n o f  a  featur e b y a  concep t  ca n onl y b e presen t 
or  no t  present ,  semanti c feature s themselve s ar e believe d t o var y i n a  mor e continuou s 
fashio n i n regar d t o thei r  importanc e i n definin g categor y manbership .  Fo r  example ,  a 
featur e o f  th e categor y BIRD S suc h a s "ha s feathers, "  migh t  b e mor e importan t  i n 
definin g categor y membership ,  v^il e a  featur e suc h a s "perche s i n trees "  migh t  b e les s 
criterial .  Give n tha t  eac h categor y member  ca n als o b e describe d b y a  se t  o f 
characteristi c features ,  accordin g t o th e principl e o f  featura l  overlap ,  membershi p i n a 
semanti c categor y i s a  functio n o f  th e nimbe r  an d typ e (mor e o r  les s criterial )  o f 
categoricall y descriptiv e feature s share d betvee n th e categor y member  an d th e categor y 
concept . 

Clearly ,  eac h o f  thes e principl e tha t  hav e bee n propose d t o underli e th e structur e 
of  sananti c categorie s implie s th e existenc e o f  a  theoretica l  construct ,  namel y Categor y 
Structure .  Thus ,  i n th e nonenclatur e o f  SEM,  Categor y Structur e i s a  laten t  variable . 
Als o common t o eac h o f  thes e structura l  principle s i s a n empirica l  prediction .  Eac h 
principl e predict s tha t  Categor y Structur e affect s behaviora l  processes .  Th e laborator y 
measur e commonl y use d t o evaluat e thi s predictio n i s performanc e o n a  time d categor y 
verificatio n task .  I n thi s task ,  subject s ar e presente d wit h th e nam e o f  a  categor y 
member  an d aske d t o verif y tha t  i t  belong s t o it s appropriat e category .  Bot h th e spee d 
wit h whic h a  subjec t  respond s (i.e ,  reactio n time )  an d his/he r  accurac y o f  respons e 
(i.e. ,  erro r  rate )  ar e provided .  Thus ,  i t  ha s bee n propose d tha t  measure s o f  thes e fou r 
principle s ar e relate d t o th e laten t  variabl e Categor y Structure .  Categor y Structure , 
i n turn ,  ha s bee n propose d t o influenc e anothe r  laten t  variable ,  v>̂ a t  w e wil l  cal l 
Categor y Verification .  Th e latte r  variabl e i s measure d b y reactio n tim e (RT )  an d erro r 
rate .  Her e i s a  prim e exampl e o f  th e proposa l  o f  implici t  construct s an d thei r  causa l 
relationship s tha t  require s evaluatio n i n a  simultaneou s fashion . 

I n thi s study ,  w e collecte d severa l  independen t  set s o f  dat a upo n on e rathe r  larg e 
sampl e o f  items .  Thes e item s v^r e eigh t  semanti c categorie s (viz. ,  FRUITS ,  VEHICLES , 
FURNITURE,  VEGETABLES,  BIRDS ,  SPORTS,  CLOTHING)  an d twent y eac h o f  thei r  respectiv e 
members.  Th e dat a collectio n wa s arrange d int o tw o stages .  I n th e firs t  stage , 
measure s o f  eac h o f  th e fou r  structura l  principle s wer e obtaine d fo r  th e entir e se t  o f 
item s i n procedure s identica l  t o thos e anploye d b y previou s researchers .  I n th e secon d 
stage ,  measure s o f  performanc e (i.e. ,  spee d an d accuracy )  o n th e speede d categor y 
verificatio n tas k ver e obtained ,  usin g th e previousl y measure d item s a s experimenta l 
stimuli .  A  differen t  grou p o f  5 0 undergraduate s a t  th e Universit y o f  Texa s participate d 
i n eac h aspec t  o f  th e dat a collection .  Thes e subject s provide d u s wit h a  dat a bas e 
composed o f  24,00 0 measure s o f  associatio n frequency ,  482 6 measure s o f  featur e 
criteriality ,  80,00 0 measure s o f  featur e possession ,  76,00 0 measure s o f  semanti c 
distance ,  80 0 measure s o f  typicality ,  12,75 0 RT s (wit h th e effect s o f  wor d lengt h 
removed )  ,  an d 13 6 erroneou s responses .  Thes e dat a wer e reduce d t o a  mor e manageabl e 6  X 
6 (fou r  structura l  principle s an d tw o performanc e measures )  correlatio n matri x tha t  vj e 
proceede d t o analyz e usin g th e SE M approach . 

Application of Structural Equation Modeling 
Frcx n th e theoretica l  guidanc e outline d above ,  th e mode l  i n Figur e 2  ha s bee n 

specified ,  estimated ,  an d evaluated .  Befor e discussin g th e mode l  itself ,  v e shoul d 
clarif y th e notatio n use d i n Figur e 1 .  Manifes t  variable s ar e represente d b y 
rectangles ,  laten t  variable s ar e depicte d a s circles ,  th e directio n o f  causa l  o r 
functiona l  relationship s i s specifie d b y arrows ,  an d unexplaine d relationship s ar e 
denote d b y curve d lines .  Eac h figur e tha t  v ^  coul d dra w usin g th e symbol s i n Figur e 1 
and th e convention s o f  pat h analysi s specifie s a  serie s o f  linea r  equation s tha t  ar e 
simultaneousl y solve d b y th e LISRE L procedure .  Fo r  th e analysi s presente d here ,  w e use d 
th e RAM parameterizatio n (Mc;Ardl e &  M::Donald ,  1981 )  o f  versio n I V o f  th e LISRE L progra m 
(Joresko g &  Sorbom ,  1978) . 

Let  u s no w conside r  eac h o f  th e portion s o f  th e model .  On th e lef t  sid e ar e th e 
manifes t  variable s hypothesize d t o represen t  different ,  bu t  correlated ,  aspect s o f  th e 
laten t  variabl e Categor y Structure .  I n on e sense ,  v ^  ca n thin k o f  Categor y Structur e a s 
a facto r  an d th e standardize d partia l  regressio n coefficient s .69 ,  -.57 ,  .82 ,  an d .7 0 a s 



facto r  loading s fo r  th e 4  observe d variables .  Not e tha t  thes e coefficient s ar e hig h an d 
tha t  th e residua l  varianc e i n eac h manifes t  variabl e i s low .  Th e negativ e valu e fo r 
semanti c distanc e i s simpl y du e t o th e fac t  tha t  th e Multidimensiona l  Scalin g progra m 
(ALSCAL)  use d t o deriv e th e measur e scale s dissimilaritie s rathe r  tha n similarities . 

The tw o undirecte d relationship s a t  th e extrem e lef t  o f  Figur e 1  represen t 
unexplaine d association s betwee n residua l  variatio n betwee n Sananti c Distanc e an d 
Typicalit y an d betwee n Typicalit y an d Featura l  Overlap .  Th e existenc e o f  thes e wea k bu t 
statisticall y significan t  relation s mean s tha t  ther e i s systemati c covarianc e withi n 
thes e pair s o f  manifes t  variable s tha t  i s no t  connmo n t o th e othe r  tw D variables . 

Switchin g ou r  attentio n t o th e righ t  sid e o f  Figur e 1 ,  w e fin d th e measurannen t 
model  fo r  Categor y Verification .  Gernsbache r  (1982 )  ha s empiricall y demonstrate d tha t  a 
combinatio n o f  Reactio n Tim e an d Erro r  Rat e i s a  muc h mor e comprehensiv e measur e fo r 
evaluatin g performanc e i n man y speede d cognitiv e paradigm s tha n eithe r  o f  th e tw o 
measure s alone .  Eve n th e lo w erro r  rat e observe d i n thes e dat a (viz. ,  mea n percentag e 
of  erro r  =  5%)  contribute s substantiall y  t o th e Categor y Verificatio n laten t  variable . 
Vfe d o notice ,  however ,  tha t  R T i s th e stronge r  contributor . 

The ke y predictio n o f  th e mode l  i s tha t  Categor y Structur e bear s a  functiona l 
relationshi p t o (o r  "causes" )  performanc e o n th e Categor y Verificatio n task .  Thus ,  w e 
examin e th e directe d pat h i n th e cente r  o f  Figur e 1 .  Tti e standardize d partia l 
regressio n coefficien t  o f  .9 5 show s tha t  th e influenc e o f  Categor y Structur e o n 
verificatio n performanc e i s stron g indeed !  Thi s rathe r  startlin g degre e o f 
predictabilit y  fro m a  collectio n o f  paper-and-penci l  measure s complete d i n a  classroo m 
t o choic e R T performanc e obtaine d unde r  highl y standardize d laborator y condition s alert s 
us t o th e potentia l  powe r  o f  th e SE M approach .  Compar e thi s regressio n coefficien t  o f 
.9 5 t o th e zer o orde r  E^arso n product-momen t  correlation s o f  .56 ,  -.49 ,  .69 ,  an d .4 9 
between ,  respectively .  Associatio n Frequency ,  Semanti c Distance ,  Typicality ,  an d 
Featura l  Overlap ,  an d R T i n thes e sam e data . 

Ther e ar e som e othe r  noteworth y point s concernin g th e estimatio n procedure .  Th e 
set s o f  directe d relation s o n bot h side s o f  Figur e 1  ar e simultaneousl y derive d s o a s t o 
maximiz e th e predictabilit y  o f  Categor y Verificatio n fro m Categor y Structure .  Thus ,  w e 
ca n conclud e fro m th e fac t  tha t  Typicalit y i s th e principl e mos t  strongl y relate d t o 
Categor y Structur e tha t  Typicalit y als o i s th e bes t  singl e predicto r  o f  Categor y 
Verification .  Fro m th e rule s o f  pat h analysis ,  w e kno w tha t  th e magnitud e o f  thi s 
predictio n i s .8 2 X  .9 5 =  .78 .  Stil l  employin g th e rule s o f  pat h analysis ,  w e ca n 
accoun t  fo r  al l  o f  th e standardize d varianc e in ,  sa y RT ,  b y computin g (.8 5 X  .85 )  +  .2 8 
= 1.00 . 

CXjr  nex t  tas k i s t o evaluat e th e adequac y o f  th e mode l  a s a  whole .  A s specifie d i n 
Figur e 1 ,  th e mode l  doe s fi t  th e dat a rathe r  well .  I n addition ,  th e first-orde r 
derivative s (supplie d b y LISREL-IV )  fo r  eac h o f  th e potentia l  parameter s o f  th e mode l 
ar e uniforml y low ,  thu s indicatin g n o loca l  area s o f  lac k o f  fi t  i n th e model . 

I n man y cases ,  th e ch i  squar e statisti c ma y lea d t o rejectio n o f  th e model .  Th e 
LISREL-I V progra m provide s informatio n o n th e loc i  o f  lack-of-fi t  tha t  permit s on e t o 
chang e th e mode l  t o improv e fit .  Ideally ,  th e investigato r  woul d nex t  collec t  fres h 
dat a an d attemp t  t o confir m th e revise d model .  I n actua l  practice ,  th e mode l  i s ofte n 
"fixed "  t o improv e fi t  base d o n preliminar y attempt s t o fi t  th e model .  I n fact ,  th e 
thre e undirecte d relation s i n Figur e 1  wer e adde d t o th e mode l  i n thi s fashion . 

Withi n th e constraint s o f  ou r  data ,  v ^  ca n pi t  riva l  structura l  equatio n model s 
agains t  on e another .  Th e resul t  i s  a  tes t  o f  th e relativ e abilit y  o f  th e tw o alternat e 
theorie s t o accoun t  fo r  th e observe d covariation .  On e mode l  w e wer e intereste d i n 
specifie d tha t  th e fou r  categorizatio n principle s shoul d contribut e equall y t o th e 
Categor y Structur e laten t  variable ,  i.e. ,  tha t  th e fou r  partia l  regressio n coefficient s 
be constraine d t o b e equa l  durin g th e maximu m likelihoo d estimatio n process .  When w e 
evaluate d thi s model ,  v ^  foun d a  ch i  squar e o f  51.8 8 wit h 1 0 df .  I n a n opposin g model , 
al l  condition s wer e equivalent ,  excep t  tha t  th e fou r  principle s o f  categorizatio n wer e 
allov^e d t o var y freel y i n thei r  estimate d contributio n t o th e laten t  variable .  Thi s 

latte r  mode l  yielde d a  chi  squar e o f  42.5 6 wit h 8  df .  Neithe r  mode l  fit s  ver y well ,  bu t 

achievin g optima l  fi t  i s  no t  th e purpos e o f  thi s comparison .  A  statistica l  compariso n 



of  th e tw o model s show s tha t  X  di f f  =  9.3 2 wit h 2  d f ,  a  signif ican t  di f ferenc e ( p = 

.01 )  .  Thi s comprehensiv e tes t  o f  model s offer s evidenc e tha t  th e fou r  principle s ar e 

no t  equivalen t  measure s o f  Categor y Structure . 

Concluding Remarks 

One goa l  o f  thi s pape r  ha s bee n t o conve y somethin g o f  th e potentia l  o f  th e SE M 

approac h fo r  mode l  buildin g an d testin g withi n th e real m o f  cognit iv e psycholog y 

research .  I n attemptin g t o d o this ,  w e hav e unde r  emphasize d th e di f f icul t ie s o f  th e 

approach .  Perhap s i t  i s  appropriat e t o conclud e wit h som e caut ions ,  tha t  ar e discusse d 

mor e full y b y Hor n an d M^Ardl e (198'3 )  .  Give n tha t  SD^ ,  l ik e an y mult ivar iat e 

maximizatio n procedure ,  capitalize s o n chanc e relationship s i n th e da ta ,  repl icatio n o f 

comple x finding s i s mandatory .  Issue s o f  identificatio n ca n b e quit e intractable ,  s o 

much s o tha t  studie s no t  initiall y  conceptualize d wit h SE M i n min d ar e ofte n unsuitabl e 

fo r  SE M analysis .  O n th e othe r  hand ,  SE M ha s potential s vi e hav e no t  explored ;  fo r 

example ,  interactiv e term s ca n b e entere d int o th e system s o f  equation s an d mul t ip l e 

group s o f  subject s o r  iten s ca n b e analyze d simultaneously .  O n balance ,  th e approac h i s 

vrort h th e attentio n o f  a  disciplin e tha t  util ize s comple x model s an d i s i n nee d o f 

method s fo r  testin g the m comprehensively . 
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FIGURE 1. A Structural Equation Model of the Relationship Between 

Categor y Structur e an d Categor y Verificatio n 
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Goodness-of-fit :  ch l  squar e "  3.89 ,  d f  -  5 ,  £  -  .57 .  Standardize d 
escimace s ar e shown .  Ai l  value s ar e a t  leas t  twic e th e siz e o f 
thei r  standar d errors . 





COUNTPLAN:  A  Mode l  fo r  Plannin g Countin g Procedure s base d o n 
Utilizatio n Knowledge ,  an d Procedura l  an d Conceptua l  Competenc e 

Donald A. Smith and James G. Greeno 
Universit y o f  Pittsburg h 

We are attempting to reach a clearer understanding of the distinction between 

competence and performance. By "competence" we mean the general knowledge that 

enables specific occurrences of successful performance. Competence includes 

understanding of general concepts and principles of a task domain; we refer to this 

as conceptual competence. For example, performance of young children in counting 

tasks provides evidence that they understand principles of number such as cardinality 

and one-to-one correspondence (Gelman & Gallistel, 1978), Judgments about a person's 

conceptual competence are problematic; the person may understand a principle 

adequately for a task, but lack skills or situational resources needed to apply the 

principle. 

We report an analysis of knowledge needed to apply conceptual principles of 

number to perform correctly in counting tasks. Knowledge for application includes 

understanding of significant general principles, which we call procedural competence, 

as well as knowledge that applies to features of the specific task setting, which we 

call utilization knowledge. Procedural competence is understanding of general 

principles involving relations among goals, actions, and conditions for performance. 

Utilization knowledge enables features of the task setting to be used in satisfying 

required conditions and goals. 

Our analysis uses a formulation of conceptual competence for counting given by 

Greeno, Riley, and Gelman (in press). Principles of number are represented as a set 

of schemata that specify requisite conditions and consequences of actions at several 

levels of generality (cf. Sacerdoti, 1977). The relation of the principles to 

performance in different situations is represented by planning nets that provide 

structural descriptions of procedures for counting (cf. VanLehn & Brown, 1980). The 
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principles, expressed as action schemata, are used as premises of the derivations in a 

way that is analogous to the rewrite rules used to derive sentences in generative 

grammars. 

I n th e presen t  analysis ,  procedura l  competenc e an d utilizatio n knowledg e ar e 

cognitive components needed to construct the derivations of planning nets for counting 

procedures. Figure 1 shows the main components of a production system, COUNTPLAN, 

that we have implemented. There is a planner that receives goals and constructs 

planning nets, using two sources of knowledge. One source contains the system's 

conceptual competence: principles of number in the form of action schemata. The 

other source is a representation of the task setting, coupled with utilization 

knowledge that enables inferences that link features of the setting with conditions 

that are required according to the action schemata. Procedural competence is 

represented by the heuristics of planning, including a standard means-ends method, 

procedures for managing goals during top-down planning, and knowledge for 

co-ordinating goals and actions relating to sets and individual objects. Procedural 

competence also includes heuristics that can prove theorems about goals and conditions 

based on features of the setting and propositions included in the utilization 

knowledge. 

( 

goal 

FIGURE 1 :  Component s o f  COUNTPLAN 
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Plannin g begin s wit h specificatio n o f  th d goa l  t o fin d th e numbe r  o f  object s i n a 

set, and proceeds by top-down refinement. The planner searches among the action 

schemata in its conceptual knowledge for one whose consequence matches the current 
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goal. When one is found, the schema is instantiated and its requisite conditions are 

formulated as planning goals that can be satisfied either by utilization of the 

setting or by other actions. Goals set by the planner are of three kinds: goals to 

enable actions, goals to achieve states corresponding to requisite conditions, and 

logic goals that arise from quantifiers (e.g., FOR-ALL) and from connectives (e.g., 

IFF). Planning continues until all goals can be satisfied by a verified plan. 

Principles of number are reflected in the requisite conditions of the schemata in the 

conceptual knowledge base, so that satisfaction of those conditions ensures that 

derived procedures conform to the principles. 

The propositions in COUNTPLAN's utilization knowledge are inference rules that 

transform specific information in the setting into a form that is compatible with the 

requisite conditions of the goals. In one of the settings that COUNTPLAN encounters 

the objects that comprise the set of things to count (TTC) are arranged in a straight 

line. This feature of the setting enables the inference that TTC is ordered. The 

fact that TTC is ordered allows the further inference that there is a first object and 

that each subsequent object is connected via a next relationship. Once generated, 

these properties of an ordered set allow the planner to verify the prerequisites of 

actions that operate on objects in ordered sets. Actions whose prerequisites cannot 

be verified in a given setting can be removed from the list of available actions. The 

process of applying these inference rules is a form of theorem proving in which the 

planning goals are linked with the inferences made about the problem setting. The 

requirement of linking goals about sets with actions performed on individual objects 

provided a problem in formulating planning knowledge that led to interesting insight 

about procedural competence. In general, the system establishes a global goal to 

count a set of objects regardless of their exact descriptions. This abstract 

representation of the object is propagated down the planning net. At a lower level 

this abstract representation is tagged with certain properties that provide a 

description of the specific object. This specification is passed to the lowest level 
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of the plan where it is compared with the object that was retrieved. If the two 

specifications match, the retrieval process is accepted. 

Procedural competence is represented in COUNTPLAN as a set of planning heuristics 

that handle the goals that cannot be satisfied through utilization knowledge. These 

heuristics represent general knowledge about relationships among actions, goals and 

constraints that enables the generation of a plan that is consistent with the 

principles governing the task. The planning heuristics provide procedures used in 

searching for the appropriate actions in conceptual knowledge, determining if goals 

are achieved, and making decisions about goal management. The model utilizes several 

types of planning rules to accomplish these tasks. One type of rule records 

significant changes in the state of the world and notes possible goal conflicts. For 

example, if two actions are included in a procedure and one action requires that a 

particular  set be empty while the other action requires that the set is not empty, a 

goal conflict is noted. The information about this conflict can then be used to order 

the  two actions appropriately. Another type of planning rule propagates constraints 

based on logical and requisite relations through the plan. For example, one of the 

logic goals (FOR-ALL) requires that a plan must assure that all the objects are 

counted. This constraint is propagated through the plan by linking each object 

related state and action to the FOR-ALL logical goal structure. These links prevent 

the system from accepting a plan that does not satisfy the global constraint imposed 

by the FOR-ALL goal. The links also provide a means of accessing these plan 

components  if they cannot be adequately modified. An additional set of planning rules 

is responsible for verifying that state goals are true and testing that all the 

requisite conditions of actions goals have been verified. The final two types of 

planning heuristics involve monitoring the effects of actions and the constraints 

imposed by corequisites. One benefit of effects monitoring is that it allows the 

system to notice that the effect of one action corresponds to the prerequisite of the 

other action. Provided with this information, the system can adopt a least-commitment 
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strategy and temporarily suspend the second action rather than making a stronger 

commitment to retract that action. One of the primary functions of corequisite 

monitoring is that it constrains the system to generate plans that are consistent with 

the counting principle of one-to-one correspondence between objects counted and 

numbers used. The constraints associated with this principle assume a special status 

within the system and the detection of a violation shifts the attention of all 

subsequent planning to restoration of a state of balance. 

The generativ e capacit y o f  th e theor y ha s bee n examine d b y analyzin g severa l 

counting tasks that impose different constraints on the plan. These analyses 

demonstrate that the model is flexible in the sense that procedures are planned for 

various arrangements of objects, and robust in the sense that existing procedures can 

be modified to satisfy additional constraints. The analyses contribute toward 

development of a theory of implicit understanding by providing a mechanism to analyze 

the relationships between formal principles relevant to a task and cognitive 

procedure s fo q performanc e i n th e task . ( ^  f M s 
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COMPREHENDING WORD ARITHMETI C PROBLEMS: 

A PSYCHOLOGICAL PROCESSING MODEL 

Walter Kintsch 

University of Colorado 

A general theory of discourse comprehension (van Dijk & Kintsch, 1983) is used 
t o develo p a  mode l  fo r  ho w peopl e understan d an d solv e wor d arithmeti c problems , 
incorporatin g a  proble m solvin g mode l  propose d b y Riley ,  Greeno ,  &  Helle r  (1982) . 
Thi s wor k i s bein g don e i n collaboratio n wit h Jame s Greeno ,  Universit y o f  Pittsburgh . 

Understanding mathematical word problems is a very special kind of understanding, 
Specialize d strategie s ar e involve d (whic h hav e t o b e taugh t  specificall y i n school) , 
and th e textbas e tha t  i s constructe d i s a  peculia r  one ,  bu t  it s peculiarit y lie s i n 
it s specialize d conten t  -  th e sam e kin d o f  structure s ar e bein g generate d a s i n an y 
othe r  situation ,  peopl e readin g a  newspaper ,  a  story ,  o r  a  textbook .  Thus ,  w e ar e 
not  proposin g t o buil d a  specialize d comprehensio n front-en d fo r  a  word-arithmeti c 
problem-solvin g model ;  instead ,  w e ar e goin g t o appl y a  genera l  mode l  o f  tex t 
comprehensio n t o thi s specia l  situation .  Specifically ,  wha t  th e theor y assume s i s 
tha t  th e verba l  inpu t  i s decode d int o a  lis t  o f  atomi c proposition s whic h ar e 
organize d int o large r  unit s o n th e basi s o f  som e knowledg e structur e t o for m a 
coheren t  textbase .  Fro m thi s textbase ,  a  macrostructur e i s constructe d whic h 
represent s th e mos t  essentia l  informatio n i n th e textbase .  I n paralle l  wit h thi s 
hierarchica l  tex t  representatio n w e als o construc t  a  situationa l  model ,  whic h i n 
thi s cas e i s th e proble m representatio n whic h Riley ,  Green o &  Helle r  (1982 )  use d 
as th e startin g poin t  fo r  thei r  model ,  an d upo n whic h variou s arithmeti c operation s 
can b e performed . 

A set of problems can be constructed that form prototypes for all single-step 
additio n an d subtractio n problems .  B y suitabl y restrictin g th e languag e o f  thes e 
problems ,  onl y 9  propositiona l  frame s mus t  b e use d i n thes e problems ,  whic h make s 
th e tas k o f  derivin g atomi c proposition s fro m th e proble m sentence s easy ,  indee d 
trivial .  Eac h propositio n i s associate d wit h a  meanin g postulate ,  an d i t  i s  a t  thi s 
poin t  wher e arithmetic-specifi c  aspect s ente r  int o ou r  analysis ,  becaus e th e meanin g 
postulate s use d her e ar e quit e specia l  ones .  The y ar e impoverishe d compare d wit h 
everyda y languag e use ,  an d the y ar e specialized „  Al l  w e car e abou t  i n thes e problem s 
concern s set s o f  object s (alway s marble s here) ,  thei r  specificatio n (alway s i n term s 
of  ownership) ,  thei r  numbers ,  an d th e relationship s amon g th e variou s sets .  Thus , 
th e onl y kin d o f  informatio n tha t  i s relevan t  her e i s tha t  specifie d b y th e slot s 
of  th e se t  schema .  Th e textbas e i s alway s forme d fro m thi s se t  schema .  Thi s i s 
ver y differen t  fro m othe r  type s o f  texts ,  wher e th e textbas e may b e base d o n man y 
divers e knowledg e structures ,  requirin g a  riche r  interpretation .  I f  w e rea d "Jo e 
gav e 5  marble s t o Tom"  i n a n arithmeti c problem ,  al l  w e wan t  t o kno w i s tha t  ther e 
i s a  se t  o f  marble s no w owne d b y To m an d formerl y owne d b y Joe ,  whic h w e cal l  a 
transfe r  se t  an d whic h i s par t  o f  a  Transfe r  schema ,  togethe r  wit h a  startse t  an d a 
resultset .  I n a  story ,  o n th e othe r  hand ,  w e migh t  b e concerne d wit h Joe' s motive , 
or  wit h Tom' s reaction ,  o r  w e woul d prefe r  dollar s t o marble s -  al l  o f  whic h woul d 
be ou t  o f  plac e here . 

Thus, sentences are decoded into atomic propositions and these are assigned 
t o th e slot s o f  a  se t  schema .  Th e mai n purpos e o f  th e mode l  i s t o sho w exactl y ho w 
thi s happens .  Th e basi c assumptio n i s tha t  th e proces s i s strategi c an d tha t  th e 
strategie s involve d ar e no t  th e "normal "  comprehensio n strategies ,  bu t  specialize d 
strategie s fo r  dealin g wit h wor d arithmeti c problems .  Formally ,  strategie s ar e 
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modelle d a s productions .  Tha t  is ,  w e specif y certai n condition s i n th e tex t  which , 
i f  the y occur ,  lea d t o certai n actions .  Th e action s alway s consis t  i n constructin g 
a se t  an d assignin g th e tex t  proposition s t o it s slot .  We nee d fiv e suc h schemati c 
strategie s o r  production s t o accoun t  fo r  th e problem s considere d here .  I n eac h case , 
we fin d o n th e conditio n sid e a  quantifie r  propositio n o f  th e for m N(y )  wher e N  i s 
a numbe r  o r  SOME,  an d y  ar e som e marbles ,  plu s eithe r  a  HAVE,GIVE ,  o r  MORE/LESS-THAN 
propositio n whic h provide s informatio n o n th e rol e o f  th e se t  t o b e created .  Fo r 
example ,  N(y )  i n th e contex t  o f  a  GIV E propositio n create s a  transfe r  se t  o f  N 
marbles ,  owne d b y th e patien t  o f  th e GIV E proposition .  MORE (o r  LESS )  proposition s 
ar e th e conditio n fo r  creatin g a  remainderset .  Simpl e HAVE propositions ,  o n th e 
othe r  hand ,  provid e n o informatio n abou t  th e rol e o f  th e set .  I n thi s case ,  th e 
rol e slo t  remain s empty ,  unti l  ther e i s othe r  contextua l  informatio n tha t  permit s 
fillin g it .  I n th e Chang e problems ,  sentenc e orde r  serve s tha t  function ,  a s wel l  a s 
suc h explici t  proposition s a s NOW,  THEN,  o r  PAST whic h furthe r  specif y tempora l 
orde r  an d henc e th e rol e o f  set s i n th e transfe r  schema .  I n othe r  problems , 
ther e ma y b e n o linguisti c indicator s o f  se t  rol e a t  all ,  an d hence ,  th e rol e slo t 
i s  no t  fille d i n th e tex t  base .  However ,  th e rol e slo t  mus t  alway s b e inferre d i n 
th e proble m representatio n whic h i s constructe d i n paralle l  wit h th e tex t  base . 
Thus ,  th e proble m representatio n i s i n par t  a  cop y o f  th e tex t  base ,  excep t  fo r 
thos e schem a slot s whic h th e tex t  bas e doe s no t  specif y an d whic h mus t  b e inferre d 
fro m th e knowledg e o f  som e highe r  orde r  schema .  Fo r  instance ,  conside r  th e combin e 
problem :  Jo e ha s 3  marbles .  To m ha s 5  marbles .  Ho w man y marble s d o the y hav e 
altogether ? Th e firs t  tw o sentence s provid e th e condition s fo r  creatin g tw o set s o f 
marbles ,  owne d b y Jo e an d Tom ,  wit h a  certai n numbe r  i n each ,  bu t  wit h unknow n roles . 
The thir d sentenc e trigger s a  MAKE-SUPERSET becaus e o f  th e HOWMANY(MARBLES)  i n th e 
contex t  o f  HAVE(JO E &  TOM,MARBLES).  Havin g a  superset ,  w e nee d subsets ,  an d w e infe r 
tha t  th e tw o set s create d previousl y ar e th e subset s i n question :  thei r  specificatio n 
i n term s o f  ownershi p permit s u s t o mak e thi s inference ,  bu t  i t  doe s no t  forc e u s t o 
do s o logicall y -  th e inferenc e i s onl y justifie d withi n th e pragmati c condition s o f 
wor d problems .  Th e inferre d role s ar e specifie d i n th e proble m representation ,  bu t 
no correspondin g propositio n "S I  i s a  subset "  i s  inferre d i n th e textbase .  Thus , 
th e proble m representatio n ma y contai n mor e informatio n tha n wa s explici t  i n th e 
textbase .  Th e revers e may als o b e true :  i f  w e ha d include d i n ou r  proble m th e 
irrelevan t  informatio n tha t  To m ha d blu e marbles ,  th e propositio n BLUE(MARBLES) 
woul d hav e bee n assigne d t o th e specificatio n slo t  o f  th e correspondin g se t  i n th e 
textbase ,  bu t  woul d no t  affec t  th e proble m representation . 

Once the problem representation is completed, the arithmetic operations them-
selve s ar e performed ,  th e differen t  se t  constellation s servin g a s th e condition s 
fo r  appropriat e operations .  Thus ,  fo r  instance ,  a  transfer-i n schem a wit h a  calcu -
latio n goa l  o n th e resul t  se t  i s  th e conditio n fo r  a  count-o n operatio n i n youn g 
children ,  o r  additio n i n th e older . 

How all this works to produce the right solution to a word problem is best 
illustrate d b y a  fe w examples .  However ,  becaus e o f  spac e limitations ,  w e ca n onl y 
describ e her e a  particularl y simpl e example ,  th e Chang e 1  problem :  Jo e ha s 3 
marbles .  To m give s hi m 5  mor e marbles .  Ho w man y marble s doe s Jo e hav e now ? 

The first sentence is "Joe has three marbles". It is parsed into the proposi-
tion s P1-P 4 a s describe d i n Kintsc h (1982) .  P 3 an d P 4 tur n ou t  t o b e th e conditio n 
fo r  a  MAKE-SET operation ,  creatin g SI :  th e fou r  proposition s ar e assigne d t o th e 
appropriat e slot s o f  th e se t  schema .  A t  th e sam e time ,  a  paralle l  se t  i s  establishe d 
i n th e proble m representation ,  wit h entrie s derive d fro m th e textbas e (indicate d b y 
arrows) .  Not e tha t  a t  thi s poin t  ther e ar e n o entrie s i n th e Rol e slo t  o f  SI , 
neithe r  a t  th e textbas e leve l  no r  a t  th e leve l  o f  th e proble m representation . 
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The secon d sentenc e i s similarl y organize d int o S 2 vi a a  MAKE-TRANSFERSET 
operation ,  whil e S I  i s hel d i n short-ter m memory .  Sinc e S 2 i s a  transferset , 
request s ar e create d fo r  th e correspondin g start -  an d resultsets .  S I  i s identifie d 
as th e desire d startse t  o n th e basi s o f  a n explici t  linguisti c cue ,  th e "then "  o f 
th e secon d sentence .  Short-ter m memor y no w contain s a  partiall y  complete d transfe r 
schema consistin g o f  S I  an d S2 ,  an d a  reques t  fo r  th e missin g resultset . 

The third sentence provides this resultset and completes the schema, which then 
trigger s th e arithmeti c operatio n count-o n (o r  add) ,  a s i n th e Rile y model . 

All the other problems can be treated similarly, using the prepositional schemata 
fo r  th e constructio n o f  th e propositio n lists ,  an d th e schemati c strategie s t o 
organiz e the m int o TRANSFER,  SUPERSET,  o r  MORE-THAN schemata .  However ,  th e proces s 
does no t  alway s ru n of f  a s smoothl y a s fo r  Chang e 1  problems :  sometimes ,  inference s 
need t o b e mad e t o specif y a  slo t  o f  a  schem a fo r  whic h th e tex t  provide s n o explici t 
cue s (a n exampl e wa s mentione d abov e fo r  Combin e problems )  an d sometime s set s n o 
longe r  availabl e i n th e limited-capacit y short-ter m memor y buffe r  mus t  b e reinstate d 
fro m long-ter m memor y (o r  b y rereadin g a  sentence )  t o complet e a  problem . 

Thus, our model leads us to distinguish three separate sources of problem 
difficulty .  I n orde r  t o d o thes e problems ,  yo u nee d firs t  o f  al l  knowledg e abou t 
th e righ t  arithmeti c schemat a an d operation s -  th e se t  schema ,  th e transfer , 
superset ,  an d more-tha n schemata ,  a s wel l  a s th e actua l  countin g an d arithmeti c 
operations ;  i n thi s respect ,  ou r  mode l  i s n o differen t  tha n th e Rile y e t  al .  mode l 
i n it s implications .  Bu t  yo u als o nee d t o b e abl e t o us e thes e knowledg e schemat a 
i n wor d problems ,  i.e. ,  yo u nee d t o hav e thi s knowledg e i n th e for m o f  production s 
adapte d t o th e textua l  input .  Finally ,  eve n i f  yo u hav e al l  th e righ t  knowledge , 
th e wa y a  proble m i s state d may mak e i t  eas y o r  har d becaus e som e proble m version s 
make onl y minima l  demand s o n short-ter m memor y (e.g. ,  Chang e 1  o r  Combin e 1 )  whil e 
other s ca n onl y b e solve d i f  larg e amount s o f  sometime s incoheren t  materia l  ca n b e 
remembered . 

Preliminary analyses have shown that the need to make inferences, and especially 
th e short-ter m memor y loa d (th e siz e o f  th e unit s t o b e carrie d i n STM,  th e numbe r 
of  request s tha t  mus t  b e kep t  trac k of ,  an d numbe r  o f  proposition s tha t  ca n no t 
immediatel y b e attache d t o som e set-unit )  ar e factor s whic h greatl y contribut e t o 
proble m difficulty ,  ove r  an d beyon d th e knowledg e structure s an d schemati c produc -
tion s neede d t o solv e th e variou s proble m types . 
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Children' s Menta l  Model s o f  Recursiv e Log o Program s 
by 

D.  Midia n Kurlan d &  Ro y D .  Pe a 
Cente r  fo r  Childre n an d Technolog y 

Bank Stree t  Colleg e o f  Educatio n 

iVbstract. Children with a year of Logo programming were asked to think-aloud about 
th e functio n o f  san e Log o recursiv e programs ,  an d the n t o predic t  b y hand-simulatio n 
of  th e program s v ^ t  th e graphic s turtl e wil l  dra w v^e n th e progra m i s executed .  I f 
discrepancie s arose ,  childre n wer e aske d t o explai n them .  A  prevalen t  bu t  misguide d 
"looping"  menta l  mode l  o f  Log o recursio n persiste d eve n i n th e fac e o f  contradiction s 
betwee n progra m effect s an d th e child' s predictions . 

Introduction .  Th e powe r  an d beaut y o f  recursio n a s a  developmen t  i n th e histor y o f 
prograimin g language s (suc h a s LIS P an d Logo )  an d it s conceptua l  inportanc e i n mathe -
matics ,  music ,  ar t  an d cognitio n generall y i s v/idel y acknowledge d (4) .  Les s attentio n 
has bee n give n t o th e developmenta l  problo n o f  ho w peopl e lear n t o us e th e power s o f 
recursiv e though t  an d recursiv e programmin g procedures .  Ou r  approac h t o thi s questio n 
i s influence d b y severa l  finding s basi c t o a  developnenta l  cognitiv e science ,  specifi -
cally ,  th e rol e o f  menta l  model s i n guidin g lecumin g an d proble m solving ,  an d th e 
widesprea d us e o f  systematic ,  rule-guide d proble m solvin g approache s b y children ,  no t 
onl y adult s (10) .  Understandin g recursiv e function s i n prograirmin g involve s notationa l 
and conceptua l  problems ,  th e latte r  includin g problem s v;it h understandin g flo w o f 
contro l  an d data .  Exper t  programmer s ar e guide d b y a  vali d menta l  mode l  o f  ho w progra m 
cod e control s corpute r  operations .  Novices '  fault y model s ar e adapte d i n respons e t o 
direc t  instructio n an d feedbac k fro n thei r  ow n programmin g an d debuggin g experiences , 
i n v^ic h conflict s betwee n thei r  curren t  mode l  an d progra m behavio r  i s reflecte d upon . 

A widesprea d belie f  amon g conpute r  educator s i s tha t  youn g childre n ca n "discover " 
th e powerfu l  idea s formall y presen t  i n prograinnin g simpl y throug h experimentin g withi n 
a ric h programmin g environment ,  a s i f  unconstraine d b y prio r  understandings .  Thi s 
belie f  i s  largel y du e t o Papert' s  (7 )  popula r  accoun t  o f  Logo ,  a  LISP-lik e languag e 
designe d fo r  childre n t o allo w the m t o develo p powerfu l  ideas ,  suc h a s recursion ,  i n 
"min d size d bites" .  Man y assum e childre n ca n lear n recursio n throug h self-guide d 
exploration s o f  programmin g concept s i n Logo .  However ,  ou r  observation s o f  8-1 2 
year-old s indicat e tha t  mos t  avoi d al l  bu t  simpl e iterativ e programs ,  whic h d o no t 
requir e th e dee p understandin g o f  contro l  structur e prerequisit e fo r  o n understandin g 
of  recursion . 

I n a  stud y examinin g children' s abilit y  t o develo p recursiv e proble m descriptions , 
Anza i  &  Uesat o (1 )  hav e showi i  ho w adolescents '  understanding s o f  recursiv e formu -
lation s o f  th e factoria l  functio n i s facilitate d b y a  prio r  understandin g o f 
iteration .  The y demonstrat e tha t  fo r  mathematics ,  recursio n ca n b e learne d vi a a 
discover y proces s b y mos t  children ,  particularl y i f  the y hav e firs t  experimente d wit h 
iterativ e functions .  O f  thei r  subject s wh o correctl y identifie d iterativ e structur e i n 
a se t  o f  problems ,  64 % wer e als o abl e t o wor k ou t  recursiv e solution s t o a  secon d 
proble m set .  However ,  onl y 33 % o f  subject s v±i o di d no t  hav e prio r  iteratio n experienc e 
worke d ou t  th e recursiv e functions .  Anza i  &  Uesat o conclud e tha t  understandin g recur -
sio n i s aide d b y a n understandin g o f  iteration ,  bu t  urg e cautio n v^e n extendin g thi s 
poin t  "t o mor e ccmple x dcmain s suc h a s conpute r  progranmin g .. .  [since ]  a  comple x tas k 
necessaril y  involve s man y differen t  cognitiv e sx±»processes ,  an d i t  i s  no t  alway s eas y 
t o extrac t  frcx n the m onl y th e par t  playe d b y recursion "  (p .  102) .  Whil e Anza i  & 
Uesat o focu s o n tli e insigh t  necessar y t o generat e a  recursiv e descriptio n o f  a  mat h 
function ,  i n programmin g on e mus t  acquir e tha t  insigh t  an d b e abl e i n impleanen t  i t  i n 
specifi c progranmin g formalisms .  I n additio n t o understandin g recursion ,  th e chil d 
must  unders+-an d th e logi c an d terminolog y governin g th e language' s contro l  structure . 
Ariul t  novice s hav e troubl e wit h both .  Learnin g t o progra m the y hav e grea t  difficultie s 
i n thinkin g throug h flo w o f  contro l  concept s suc h a s Pascal' s whil e loo p constructio n 
(9 )  anc i  tai l  recursio n i n SOLO,  a  Logo-lik e languag e (5 )  ,  eve n afte r  extensiv e 
instruction .  Furthermore ,  Bona r  (2 )  find s tha t  prio r  natura l  languag e understanding s 
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of prograirming terms misleads novice prograimers in their atteirpts at explaining hov a 
progra m works .  Prio r  meanin g i s brough t  t o th e tas k o f  constructin g meanin g fra n line s 
o f  prograirmin g code .  We expec t  childre n wil l  als o b e guide d i n thei r  interpretatio n o f 
prograrmin g languag e construct s b y thei r  natura l  languag e meanings ,  an d b y fault y 
menta l  model s o f  flo w o f  contro l  stjructure .  Indeed ,  a  canno n lamen t  o f  prograittnin g 
instructor s i s tha t  novice s hav e grea t  troubl e acquirin g th e concep t  o f  recursio n an d 
th e abilit y  t o us e recursiv e formalism s i n thei r  programs . 
How recursio n work s i n Logo :  A  user' s perspectiv e 

When a  Tx)g o progra m i s run ,  i f  a  procedur e reference s itself ,  executio n o f  tha t 
procedur e i s tenporaril y  suspended ,  an d contro l  i s  passe d t o a  cop y o f  th e name d 
procedure .  Passin g o f  contro l  i s  activ e whe n th e progranme r  explicitl y  direct s th e 
progra m t o execut e a  specifi c  procedure .  However ,  whe n th e executio n o f  thi s 
versio n o f  th e procedur e i s finished ,  contro l  i s  autoraticall y passe d bac k t o th e 
suspende d procedure ,  an d executio n resume s a t  th e poin t  wher e i t  lef t  off .  Passin g o f 
contro l  i s  passiv e her e becaus e th e progranrie r  di d no t  nee d t o specif y wher e contro l 
shoul d b e passe d i n th e program . 

To understan d ho w recursiv e procedure s wor k i n Log o on e mus t  know : 
(1 )  Th e rul e tha t  executio n i n Log o program s proceed s lin e b y line .  Ifowever ,  v^e n a 

procedur e call s anothe r  procedur e o r  itself ,  thi s insert s al l  line s o f  th e name d 
procedur e int o th e executin g progra m a t  th e poin t  v^er e th e cal l  occurred .  Contro l 
the n proceed s throug h eac h o f  thes e ne w line s befor e carryin g o n wit h th e remainin g 
line s o f  th e program .  Thu s contro l  i s  passe d forwar d t o th e calle d procedure ,  an d the n 
i s passe d bac k t o th e callin g procedvire . 

(2 )  Tha t  vdie n a  procedur e i s executed ,  i f  ther e ar e n o furthe r  call s t o othe r 
procedure s o r  t o itself ,  executio n proceed s lin e b y lin e t o th e en d o f  th e procedure . 
The las t  conman d o f  al l  procedure s i s th e EN D conmand .  EN D signifie s tha t  executio n o f 
th e curren t  procedur e ha s bee n coiplete d an d tha t  contro l  i s  no w passe d bac k t o th e 
procedur e fra n vdiic h th e curren t  on e wa s called .  EN D thu s (1 )  signal s th e corpletio n 
of  th e executio n o f  on e logica l  progra m unit ,  an d (2 )  direct s flo w o f  contro l  bac k t o 
th e callin g procedur e s o th e progra m carrie s on . 

(3 )  Tha t  ther e ar e exception s t o th e lin e b y lin e executio n rule .  A n inportan t  on e 
fo r  recursio n i s th e STOP catmand .  STOP cause s th e executio n o f  th e curren t  procedur e 
t o b e halted ,  an d contro l  t o b e passe d bac k t o th e procedur e fro m v ^ c h th e currentl y 
executin g on e wa s called .  Functionally ,  then ,  STOP mean s t o branc h intnediatel y t o th e 
neares t  EN D statement . 

How wel l  novic e prograrrmers '  menta l  model s o f  th e working s o f  recursiv e procedure s 
too k int o accoun t  thes e thre e centra l  point s wa s ou r  researc h focus . 

Subjects .  Seve n childre n ( 2 girl s an d 5  boys ,  11-1 2 year s old )  i n thei r  secon d yea r 
of  Log o prograirmin g participate d i n th e study .  Th e childre n wer e highl y motivate d t o 
l e a m Log o programming ,  an d ha d average d ove r  5 0 hour s o f  classroc m prograirmin g tim e 
\jnde r  th e supervisio n o f  experience d classroc m te a her s knowledgeabl e i n th e Logo ,  an d 
v\̂ o b y choic e followe d Papert' s  "discovery "  Log o pedagog y (7) .  Al l  childre n ha d 
receive d instructio n i n iteratio n an d recursion ,  an d ha d demonstrate d i n thei r 
classroc m prograirmin g tha t  the y coul d us e iteratio n an d recursio n i n san e contexts . 

Materials .  Shor t  Log o program s wer e constructe d o f  procedure s whic h reflecte d fou r 
level s o f  cotplexity :  (1 )  procedure s usin g onl y direc t  cormand s t o mov e th e turtle ; 
(2 )  procedure s usin g th e iterativ e REPEAT command ;  (3 )  tai l  recursiv e procedures ;  an d 
(4 )  embedde d recursio n procedures .  Thi s pape r  focuse s o n th e revealin g feature s o f 

children' s performanc e a t  level s 3  an d 4 .  Example s o f  program s a t  level s 3  an d 4  ar e 
(:SID E =  8 0 fo r  each) : 

Leve l  3 :  tai l  recursio n progra m Leve l  4 ;  embedde d recursio n progra m 
TO SHAPEB :SID E T O SHAPEC :SID E 

I F :SID E =  2 0 STOP I F :SID E =  1 0 STOP 
REPEAT 4  [FORWARD :SID E RIGH T 90 ]  SHAPEC :SIDE/ 2 
RIGHT 9 0 FORWARD rSID E LEF T 9 0 REPEAT 4  [FORWARD rSID E RIGH T 90 ] 
SHAPEB :  SIDE/ 2 RIGH T 9 0 FORWARD :SID E LEF T 9 0 

END EN D 

file:///jnder
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Experimental procedure 
CXir  choic e o f  a  instho d wa s guide d b y conprehensio n studie s v ^ c h utiliz e "runnabl e 

inenta l  models "  (3 )  o r  simulation s o f  operation s o f  worl d belief s i n respons e t o 
specifi c  proble m inputs .  Childre n wer e aske d t o thin k alou d abou t  he w a  liog o procedur e 
ivoul d work ,  the n t o han d simulat e th e runnin g o f  eac h progra m lin e b y usin g a  turtl e 
"pen "  o n paper .  The n the y wer e show n th e consequence s o f  runnin g th e progra m the y ha d 
explained ,  an d i f  thei r  simulatio n mismatche d th e turtle' s actions ,  the y wer e aske d t o 
explai n th e discrepancies ,  an d on e additiona l  proble m a t  tha t  leve l  wa s presented . 
Result s 

Al l  seve n childre n mad e accurat e prediction s fo r  program s a t  th e firs t  tv/ o 
carplexit y level s wit h onl y mino r  difficulties .  The y expresse d n o problem s wit h th e 
recursiv e cal l  o f  th e tai l  recursiv e program s o f  leve l  3 ;  however ,  tw o childre n 
treate d th e I F statemen t  a s a n actio n caiman d t o th e turtle ,  an d anothe r  assume d tha t 
sinc e sh e di d no t  understan d th e I F statemen t  th e corpute r  woul d ignor e it .  N o chil d 
made accurat e prediction s fo r  eithe r  embedde d recursio n progra m a t  leve l  4 .  Th e 
children' s problem s wit h explainin g embedde d recursio n ma y b e trace d t o tw o relate d 
sources .  Th e firs t  involve s genera l  bug s i n thei r  menta l  mode l  fo r  ho w line s o f 
prograinnin g cod e dictat e th e corputer' s operation s whe n th e progra m i s executed ,  vrtiil e 
th e secon d concern s th e particuleu :  contro l  structur e o f  embedde d recursiv e procedures . 

(1 )  Genera l  bug s i n progra m interpretatio n 
Decontextualize d interpretatio n o f  commands .  Childre n carrie d ou t  "surfac e readings " 

of  program s durin g thei r  simulations .  The y attempte d t o understan d eac h lin e o f 
programmin g cod e individually ,  ignorin g th e contex t  provide d b y previou s progra m 
]jjies .  The y state d eac h conmand' s definitio n rathe r  tha n treatin g progra m line s a s 
part s o f  a  functiona l  structur e i n whic h th e purpos e o f  particulai r  line s i s 
context-sensitiv e an d sequence-dependent .  Thi s le d t o troubl e durin g thei r  simulation s 
i n keepin g trac k o f  th e curren t  valu e o f  th e variabl e SIDE ,  an d i n determinin g th e 
actua l  orde r  i n whic h line s o f  cod e woul d b e executed .  Understandin g recursio n i s 
inpossibl e withou t  thi s knowledg e abou t  sequentia l  execution .  Th e chil d mus t  lear n t o 
ask:  "Ho w doe s th e lin e I' m readin g relat e t o wha t  ha s alread y happene d an d affec t  th e 
line s t o follow? "  Th e tw o bug s v/hic h follo w concer n a n opposit e tendency ,  a n overric h 
searc h fo r  meanin g i n othe r  progra m lines . 

Assignmen t  o f  intentionalit y t o progra m code .  Childre n ofte n di d no t  distinguis h th e 
meanin g o f  a  command lin e the y wer e simulatin g fro m th e meanin g o f  coitman d line s the y 
expecte d t o follo w (e.g .  line s tha t  i f  execute d woul d dra w a  BOX)  .  Fo r  example ,  i n 
progra m SHAPEC,  on e chil d sai d o f  th e I F statement :  "I f  :SID E equal s 10 0 stop .  O.K. ,  I 
tliin k thi s wil l  mak e a  bo x tha t  ha s a  hundre d side. "  Anothe r  chil d a t  th e sam e poin t 
said :  "tiii s  make s i t  dra w a  square. " 

Treatin g program s a s conversation-like .  A s i n understandin g conversation ,  an d i n 
problem s th e non-schoole d encounte r  i n forma l  reasonin g (wher e belief s abou t  th e trut h 
of  a n argument' s premise s ar e focuse d o n ratlie r  tJia n th e validit y o f  it s  form :  (6) , 
(8)) ,  childre n appropriat e fo r  proble m solvin g cin y knowledg e the y believ e wil l  hel p 
the m understand .  I n th e cas e o f  Log o progra m corprehension ,  thi s empirica l  strateg y 
has th e consequenc e o f  "goin g beyon d th e informatio n given "  t o ccnprehen d th e meanin g 
of  line s o f  code ,  suc h a s derivin g implication s fro m on e cod e ].in e (e.g .  a n I F 
statement )  abc:)U t  th e meanin g o f  anothe r  line .  Fo r  exanple ,  on e chil d interprete d th e 
recursiv e statemen t  i n SHAPBC a s havin g th e intentio n o f  drawin g a  square ,  predictin g 
tlia t  th e turtl e woul d immediatel y dra w a  squar e befor e proceedin g t o th e nex t  command . 

Overgeneralizatio n o f  natura l  languag e semantics .  Childre n interprete d th e Ijog o 
c^ommands EN D an d STOP b y natura l  languag e analog]̂ ' ,  leadin g the m t o believ e tha t  whe n 
th e term s appea r  th e progra m completel y halts .  Severa l  childre n conclude d tha t  GHAPEC 
woul d no t  dra w a t  all ,  sinc e whe n :SID E reache s th e valu e o f  10 ,  th e progra m "stops , 
i t  doesn' t  dra w amything. "  I n fact ,  STOP an d EN D eac h passivel y retur n contro l  bac k t o 
th e mos t  recentl y activ e procedure ,  an d drawin g occurs . 

Overextensio n o f  mathematica l  operators .  Childre n expresse d confusio n abou t  th e 
function s o f  number s a s inputs ,  an d i n arithmeti c function s suc h a s dividin g thf ) 
variabl e value ,  o r  additio n o f  a  constan t  t o it ,  durin g successiv e procedur e calls . 
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For exartple, one child explained SHAPBC this way: 
...i f  SID E equal s 1 0 the n stop .  See ,  instea d o f  goin g al l  forwar d 80 ,  yo u jus t  g o 
forwar d 10 .  The n you'r e gonn a stop .  The n you'r e gonn a go .  The n (lin e 3 )  I  gues s 
v îa t  you'r e gonn a d o i s kee p o n repeatin g tha t  2  times ,  s o it' d b e forwar d abou t  2 0 
instea d o f  forwar d 10 ,  forwar d 2 0 (lin e 4 ) ,  an d you'r e gonn a repea t  A ,  s o it' d b e 
forwar d 8 0 becaus e i t  say s repea t  4  forwar d side.. . 

Numbers wer e als o ofte n pointe d t o a s th e mysteriou s sourc e o f  discrepancie s betwee n 
th e child' s prediction s an d th e result s o f  progra m execution . 

(2 )  Menta l  mode l  o f  embedde d recursio n a s looping . 
The childre n wer e fiondamentall y misle d b y thinkin g o f  recursio n a s looping .  Whil e 
thi s menta l  mode l  i s adequat e fo r  activ e tai l  recursion ,  i t  wil l  no t  d o fo r  embedde d 
recursion ,  vy îc h require s a n understandin g o f  bot h activ e an d passiv e flo w o f  control . 
The mos t  pervasiv e proble m fo r  al l  childre n wa s thi s tendenc y t o vie w al l  form s o f 
recursio n a s iteration .  Fo r  exanple ,  on e chil d explaine d th e recursiv e cal l  i n progra m 
SHAPEB i n th e followin g manner : 

[th e chil d explaine d wha t  th e firs t  fou r  line s did ,  the n said] :  "lin e 5  tell s  i t  t o 
go bac k u p t o SHAPE,  tell s  i t  t o g o bac k u p an d d o th e proces s calle d SHAPEB,  thi s 
i s th e proces s [point s t o line s 2-4] .  I t  loop s bac k up ,  an d i t  divide s SID E b y 2  s o 
the n SID E become s 40.. .  [carrie s o n explainin g correctl y tha t  th e procedur e wil l 
dra w tw o squares] " 

I n thi s exanple ,  th e chil d clearl y view s tai l  recursio n a s a  for m o f  looping ,  rathe r 
tha n a s a  ccannan d t o suspen d executio n o f  th e currentl y executin g procedur e an d pas s 
contro l  ove r  t o a  ne w versio n o f  SHAPEB.  However ,  i n thi s cas e hi s wron g mode l  lead s 
t o th e righ t  prediction ,  s o h e i s no t  ccmpelle d t o prob e deepe r  int o v*ia t  th e 
procedur e i s doing .  Thi s sam e chil d explaine d tha t  SHAPEC: 

"...check s t o se e i f  SID E 8 0 equal s 10 .  I f  i t  does ,  en d th e program .  Next ,  lin e 3 
[th e recursiv e call ]  tell s  i t  t o g o bac k t o th e beginnin g excep t  t o divid e SID E b y 
2 whic h end s u p wit h 40 .  The n i t  goe s dow n ther e (lin e 2 )  check s t o se e i f  SID E i s 
10.. .  [then ]  bac k t o th e beginning.. .  [continue s t o loo p bac k unti l  SID E equal s 1 0 
then ]  check s t o se e i f  i t  equal s 10 ,  i t  does ,  stops .  OK ,  a  littl e extr a writin g 
ther e (point s t o line s 4  an d 5 ) .  [draw s a  do t  i n th e pape r  t o indicat e hi s 
predictio n o f  wha t  th e procedur e wil l  d o an d conments ]  an d tha t  i s abou t  a s fa r  a s 
i t  goe s becaus e i t  neve r  get s pas t  thi s SHAPE (lin e 3 ) .  I t  i s  i n a  loo p v̂ iic h mean s 
i t  canno t  ge t  pas t  'caus e ever y tim e i t  get s dow n ther i  (lin e 3 )  ,  i t  loop s bac k 

This time the child's explanation and prediction were incorrect since SHAPEC makes the 
turtl e dra w a  serie s o f  thre e square s i n a  line ,  eac h twic e a s bi g a s th e previou s 
one .  Th e chil d expresse d ccmplet e bewildermen t  whe n th e procedur e wa s executed ,  an d 
coul d offe r  n o explanatio n t o accoun t  fo r  th e discrepancies .  O n th e secon d progra m o f 
thi s type ,  vdiic h draw s thre e square s o f  differen t  size s insid e on e another ,  th e chil d 
worke d dow n t o th e recursiv e cal l  an d the n said : 

"um.  wai t  a  minute .  I  don' t  understan d this .  Vfel l  anyway ,  fro n pas t  experience , 
lik e jus t  now ,  I  gues s it' s  no t  goin g t o liste n t o tha t  cctmian d (point s t o th e 
recursiv e call )  an d it' s  goin g t o g o pas t  it ,  an d it' s  goin g t o [dra w a  square ]  an d 
I  gues s it s goin g t o en d then. " 

Again ,  v^e n th e procedur e wa s ru n an d th e chil d sa w h e wa s wron g h e expresse d 
confusion ,  bu t  instea d o f  lookin g fo r  a n erro r  o f  understanding ,  h e asked : 

"I s thi s th e sam e languag e w e use d las t  year ? Becaus e las t  yea r  i f  yo u sai d SHAPE, 
i f  yo u name d th e progra m i n th e middl e o f  th e program ,  i t  woul d g o t o tha t  program . 
We di d tha t  plent y o f  times ,  bu t  it' s  no t  doin g tha t  here .  I  don' t  kno w why. " 

The chil d blame d th e languag e fo r  no t  conformin g t o hi s expectations ,  bu t  i n doin g s o 
he indicate d tha t  a t  som e leve l  h e kne w th e correc t  meanin g o f  a  recursiv e call :  "i t 
woul d g o t o tha t  program. "  However ,  thoug h h e seeme d t o kncn v th e rule ,  v>̂ e n h e worke d 
throug h a  program ,  hi s sinpler ,  an d i n man y case s successful ,  loopin g mode l  prevailed . 

Discussio n an d conclusions .  Vf e believ e thes e finding s ar e irrportan t  becaus e the y 
revea l  tha t  th e children' s conceptua l  bug s i n thinkin g abou t  th e functionin g o f 
recursiv e ccitpute r  program s ar e systemati c i n nature ,  an d th e resul t  o f  weake r 
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theories that do not correspond to procedural carputation in I/3go. 
Thes e finding s als o inpl y that ,  jus t  a s i n th e cas e o f  previou s wor k wit h adults , 

progranrain g construct s ofte n d o no t  allo w mappin g betwee n meaning s o f  natura l  languag e 
term s an d progranmin g languag e use s o f  thos e terms .  Neithe r  STOP o r  EN D sto p o r  end , 
but  pas s contro l  back .  Thi s i s inportan t  fo r  th e Log o novic e becaus e whe n thei r  menta l 
model  o f  recursio n a s loopin g fails ,  the y hav e n o wa y o f  inferrin g fro n th e synta x o f 
recursio n i n Log o ho w flo w o f  contro l  doe s work .  S o the y kee p thei r  inadequat e loopin g 
theory ,  base d o n thei r  successfu l  experienc e wit h i t  fo r  tai l  recursion ,  o r  blam e 
discrepancie s betwee n thei r  prediction s an d th e program' s outcome s o n mysteriou s 
entitie s suc h a s numbers ,  o r  th e "demon "  insid e th e languag e itself .  A n inportan t 
issu e o f  a  developmen t  theor y o f  progranmin g the n is :  Ho w d o inadequat e menta l  model s 
get  transforme d t o bette r  ones ? 

For  a  developmenta l  psycholog y o f  progranming ,  w e requir e a n accoun t  o f  th e variou s 
factor s tha t  contribut e t o learnin g centra l  carputationa l  concepts .  S o fa r  effort s t o 
hel p novice s lear n progranmin g language s throug h utilizin g programmin g tutor s o r 
assistant s hav e bypasse d wha t  w e conside r  t o b e san e o f  th e ke y factor s contributin g 
t o novice' s difficultie s workin g wit h carputationa l  formalisms .  Beyon d mistake n 
menta l  model s abou t  recursion ,  w e hav e foun d thes e t o involv e atonisti c tliinkin g abou t 
how program s work ,  assignin g intentionalit y an d negotiabilit y  o f  meanin g a s i n th e 
cas e o f  huma n conversation s t o line s o f  progranmin g code ,  an d applicatio n o f  natura l 
languag e semantic s t o progranmin g commands .  I n studie s underway ,  i t  appear s tha t  non e 
of  thes e source s o f  confusio n wil l  b e intractabl e t o instruction ,  althoug h thei r 
persuasivenes s i n th e absenc e o f  instruction ,  contrar y t o Papert' s  idealisti c 
individua l  "Piagetia n learning" ,  suggest s tha t  self-guide d discover̂ /  need s t o b e 
mediate d withi n a n instructiona l  context . 
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Abstract 
Childre n us e a  wid e variet y o f  strategie s whe n dealin g wit h numbers .  Thi s 
diversit y ha s previousl y bee n approache d throug h a  stud y o f  "bugs" ,  strategie s 
tha t  ar e flawe d i n variou s ways .  However ,  w e hav e uncovere d a  variet y o f 
vali d strategie s whic h differen t  childre n brin g t o bea r  whe n dealin g wit h 
number s i n simpl e additio n an d subtractio n tasks .  B y observin g thes e 
strategie s i n computer-base d estimatio n games ,  w e hav e identifie d som e o f  th e 
component s o f  exper t  mathematica l  knowledge . 

Introduction 
What  make s a  perso n a n exper t  mathematica l  proble m solver ? Th e 

uniformit y o f  th e curren t  mathematic s curriculu m an d man y o f  th e curren t 
psychologica l  model s o f  mathematica l  proble m solvin g impl y tha t  ther e i s on e 
way t o represen t  number s an d on e se t  o f  processe s fo r  solvin g a  give n 
mathematica l  problem. 

Our observations of children dealing with a computer math microworld 
hav e highlighte d instea d th e diversit y o f  approache s the y brin g t o bear . 
Some o f  th e approache s ar e "buggy" ,  suc h tha t  th e result s the y produc e ar e 
systematicall y incorrect .  However ,  other s ar e quit e differen t  fro m th e 
standar d approache s childre n ar e taugh t  i n school ,  ye t  ar e equall y vali d 
representation s o f  numbe r  an d numerica l  operations . 

Shar k Shootin g 
One compute r  microworl d w e hav e develope d an d use d i s calle d "Movin g 

Shark" .  I n thi s world ,  childre n se e th e fi n o f  a  shar k o n th e vide o screen , 
the n th e fi n disappear s beneat h th e water ,  leavin g a  se t  o f  ripples .  Th e 
childre n se e a  "digita l  readout "  a t  th e to p o f  th e scree n whic h tell s ho w fa r 
th e shar k ha s move d underwater .  The y ar e t o typ e i n a  numbe r  sayin g wher e t o 
thro w a  harpoo n t o hi t  th e hidde n shark . 
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Figur e l :  Movin g Shar k Microwor l d 
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Thi s exampl e i s a n additio n task :  th e playe r  ha s t o ad d th e movemen t 
amount  t o th e initia l  positio n i n orde r  t o comput e th e ne w position .  On e common 
approach ,  whic h mos t  adult s employ ,  goe s lik e this :  1 )  estimat e th e numbe r 
specifyin g th e initia l  positio n (i n thi s case ,  perhap s 55) ,  2 )  ad d t o tha t 
number  th e movemen t  number ,  an d 3 )  typ e i n th e sum . 

This approach is so natural and obvious that we might dismiss all others 
as "buggy "  unles s w e kep t  a n ope n mind .  Anothe r  approach ,  whic h we'v e see n 
childre n appl y t o thi s proble m is :  1 )  estimat e th e lengt h o f  movemen t 
represente d b y th e movemen t  number ,  2 )  appl y tha t  lengt h o n th e scree n t o th e 
initia l  location ,  3 )  estimat e th e numbe r  specifyin g th e ne w positio n (i n thi s 
case ,  perhap s 85) . 

In this little microworld, there are two very different representations 
of  numbers :  a s decima l  digit s an d a s positio n o n a  numbe r  line .  Th e goal s 
embedded i n th e gam e requir e dealin g wit h bot h o f  thes e way s o f  thinkin g abou t 
th e sam e thing .  I n fact ,  simple r  version s o f  thi s gam e mainl y requir e 
translatin g fro m positio n o n a  numbe r  lin e t o digit s ( a gam e w e develope d 
calle d Harpoon )  o r  fro m digit s t o positio n o n a  numbe r  lin e ( a gam e w e 
develope d calle d Sonar) .  We hav e foun d tha t  childre n diffe r  o n thei r  facilit y 
i n eac h o f  thes e tw o way s o f  thinkin g abou t  number . 

With each way of thinking about numbers, there are corresponding 
numerica l  processe s fo r  manipulatin g numbers .  So ,  additio n o f  digit s i s th e 
multi-ste p right-to-lef t  symboli c algorith m tha t  w e al l  learne d a s "addition" . 
However ,  additio n o f  tw o number s ca n b e carrie d ou t  b y representin g th e tw o 
number s a s position s o n a  numbe r  line ,  the n translatin g th e lin e lengt h 
representin g on e numbe r  t o th e en d o f  th e other .  Galto n (1907 )  reporte d thi s 
techniqu e a s th e wa y tha t  on e o f  hi s subject s standardl y di d additio n an d 
subtraction .  Simila r  estimatio n technique s hav e bee n discovere d wit h subject s 
doin g multiplicatio n (Lopes ,  1976) . 

What we have discovered is a variety of "non-standard" (but 
mathematicall y valid )  way s o f  representin g number s an d numerica l  operations . 
Ar e thes e non-standar d way s jus t  curiosities ,  illustratin g th e wonderfu l 
perversit y o f  huma n natur e i n buckin g twelv e o r  mor e year s o f  th e bes t  effort s 
of  th e educationa l  establishment ? 

We find these variations non-trivial for two important reasons: 
1)  The y ar e consisten t  wit h clos e observation s o f  th e way s tha t  adult s 

actuall y dea l  wit h numbers . 
2)  The y ma y hol d th e ke y t o th e natur e o f  mathematica l  expertise . 

Mathematical expertise 
Lav e an d he r  associate s hav e bee n carryin g ou t  carefu l  studie s o f  ho w 

"jus t  plai n folks "  i n Souther n Californi a dea l  wit h number s i n thei r  everyda y 
live s (Lave ,  Murtaugh ,  &  d e l a Rocha ,  1983) .  Fo r  example ,  the y observe d 
housewive s doin g thei r  grocer y shopping .  The y foun d littl e us e o f  th e standar d 
multi-plac e algorithm s learne d i n school .  Instead ,  the y foun d a n extensiv e 
us e o f  a  divers e se t  o f  specialize d estimatio n strategies .  I n man y cases ,  th e 
peopl e wer e somewha t  embarrasse d t o hav e thes e specialize d strategie s 
observed ,  sinc e the y fel t  the y "should "  us e th e standar d algorithms . 
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Thes e finding s hav e bee n reinforce d b y th e studie s o f  Scribner ,  observin g 

th e arithmeti c o f  warehous e worker s (Scribner ,  1983) .  Again ,  thes e worker s 
use a  divers e se t  o f  specialize d approache s fo r  performin g arithmeti c 
operation s i n servic e o f  thei r  work .  Befor e w e dismis s thes e finding s wit h a 
cavalie r  conclusio n tha t  peopl e ar e lazy ,  le t  u s examin e som e studie s o f 
exper t  physic s proble m solvers . 

Larkin and her associates (Larkin, McDermott, Simon, & Simon, 1980) have 
been studyin g th e way s tha t  expert s an d novice s diffe r  i n solvin g physic s 
problems .  When a  physic s teache r  demonstrate s i n a  clas s ho w t o solv e a 
problem ,  s/h e ofte n describe s th e problem ,  the n immediatel y write s dow n a  se t 
of  equations ,  which ,  whe n applie d i n th e correc t  order ,  lea d t o th e desire d 
solution .  Novices ,  takin g thi s a s a  model ,  star t  solvin g th e problem s give n 
t o the m b y writin g equations .  The y the n ge t  stuc k i n a  quagmir e o f  details . 

A close examination of expert solvers solving unfamiliar problems shows 
tha t  ther e ar e severa l  preliminar y step s tha t  the y tak e whic h ar e no t  ofte n 
reveale d t o novices .  Expert s initiall y  represen t  th e proble m t o themselve s 
i n a  qualitative ,  globa l  way ,  ofte n b y drawin g a  diagra m tha t  abstract s ou t 
th e majo r  factors .  A t  thi s point ,  the y ca n the n classif y th e proble m a s 
bein g a n instanc e o f  som e genera l  type .  Thes e preliminar y step s the n guid e 
th e expert s i n writin g th e appropriat e equation s an d usin g the m i n a n orde r 
tha t  lead s directl y t o a  solution . 

The hallmark of an expert is the ability to think about a problem in 
thei r  domai n o f  expertis e i n multipl e ways ,  an d t o dra w upo n thes e multipl e 
point s o f  vie w i n a  sequenc e tha t  lead s straightforwardl y t o a  solution . 
Thi s kin d o f  "orchestration "  o f  multipl e representation s o f  th e proble m 
element s i s jus t  wha t  w e fin d distinguishe s expert s i n ou r  estimatio n 
raicroworld  fro m novices . 

When a  playe r  misse s th e shark ,  s/h e get s severa l  kind s o f  informatio n a s 
feedback .  Firs t  o f  all ,  th e harpoo n "splashes "  int o th e water ,  leavin g a  se t 
of  ripple s t o mar k th e spot .  Secondly ,  th e playe r  get s textua l  feedback , 
eithe r  "Smaller" ,  "Bigger" ,  o r  "Righ t  On!" .  Thirdly ,  a n arro w appear s tha t 
indicate s whic h wa y t o g o i n makin g th e nex t  guess . 

f= I I M 8 5 S m a l l e r  < • 
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Figur e 2 :  Movin g Shark ,  Firs t  Gues s 
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Some o f  th e novic e player s onl y pa y attentio n t o th e textua l  feedbac k o r 
t o th e arro w feedback ,  effectivel y turnin g th e gam e int o a  bisectio n strateg y 
game lik e Hurkle .  Othe r  player s us e thi s sam e feedback ,  bu t  instea d o f 
bisection ,  the y incremen t  o r  decremen t  thei r  gues s b y a  fixe d amoun t  (ofte n 
some multipl e o f  ten) .  Stil l  othe r  player s us e th e "splash "  feedbac k t o 
calibrat e th e previou s locatio n o f  th e shark ,  an d the n reevaluat e thei r 
additio n estimation .  Exper t  player s ofte n us e severa l  strategies ,  withi n game s 
or  betwee n games .  Withi n a  game ,  som e expert s us e differen t  strategie s fo r 
th e firs t  gues s an d fo r  subsequen t  guesses .  Some eve n us e multipl e strategie s 
withi n a  singl e harpoo n thro w decision . 

Theoretical implications 
What  ar e th e theoretica l  implication s o f  thi s vie w o f  expertise ? Th e 

notio n o f  coordinatin g multipl e simultaneou s approache s t o a  proble m i s ver y 
much i n th e spiri t  o f  th e curren t  wor k o n paralle l  distribute d processin g 
(Hinto n &  Anderson ,  1981) .  Bu t  wha t  kin d o f  representatio n ca n w e hav e fo r 
number s tha t  allow s u s t o captur e ver y differen t  way s o f  thinkin g abou t 
number s an d thei r  representation ? Mos t  cognitiv e model s hav e propose d 
relativel y limite d representation s fo r  numbers ,  ofte n finessin g th e entir e 
issu e b y representin g number s b y rea l  numbers .  Other s hav e propose d multiple , 
independen t  representation s fo r  th e differen t  aspects .  Shepard ,  Kilpatri c & 
Cunningha m (1975) ,  fo r  example ,  propos e severa l  independen t  multidimensiona l 
scalin g space s t o represen t  th e number s les s tha n 10 . 

We have proposed a "landmark representation" for continua (Levin, 1981; 
Hutchin s &  Levin ,  1981) .  I n thi s representation ,  ther e ar e a  se t  o f 
"landmark "  concept s fo r  particula r  discret e numbers .  An y particula r  numbe r  i s 
the n represente d b y th e differentia l  "activation "  o f  on e o r  mor e o f  thes e 
landmarks .  Thi s framewor k allow s a  substantia l  diversit y o f  representationa l 
types ,  eac h wit h it s ow n se t  o f  landmar k concepts .  Thes e differen t  type s ar e 
the n coordinate d b y th e interactio n o f  th e landmark s o f  th e type s whe n 
simultaneousl y activated . 

The particular types of number manipulation processes (such as addition 
or  subtraction )  ar e cognitiv e processe s tha t  ar e define d t o operat e o n 
one o r  mor e o f  thes e type s o f  numbe r  landmarks .  So ,  fo r  example ,  th e multi -
plac e right-to-lef t  digit-base d algorith m i s define d i n term s o f  th e landmark s 
of  th e digits ;  th e quantit y manipulatio n algorith m i s define d i n term s o f  th e 
spatia l  landmark s fo r  numbers ;  etc . 

Now we have a way of thinking systematically about the diversity 
tha t  seem s t o characteriz e exper t  functionin g i n ric h environments .  S o what ? 
Well ,  eve n a t  thi s preliminar y stage ,  w e ca n deriv e fro m thi s vie w som e desig n 
principle s fo r  educationa l  software .  I f  exper t  functionin g depend s upo n th e 
coordinatio n o f  man y differen t  point s o f  vie w o n a  problem ,  the n i t  ma y b e 
valuabl e t o presen t  t o learner s differen t  view s o f  a  proble m simultaneously , 
so tha t  the y ca n lear n ho w th e differen t  point s o f  vie w coordinat e wit h eac h 
other .  Thi s i s a  featur e w e hav e buil t  int o man y o f  ou r  educationa l  tool s an d 
educationa l  games ,  an d thi s featur e seem s t o hav e pedagogica l  power . 
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A Compu ta t i ona l  Descriptio n o f  th e Stage s o f  D e v e l o p m e n t  o f  Objec t  Identit y b y Infants * 

by 

George F. Luger**, Jennifer G. Wishart***, and T. G. R. Bower*** 

Abstract 

This paper is in two parts: I, a brief description of the identity theory of the development of the object concept 
and a  computationa l  mode l  tha t  describe s th e thre e stage s o f  tha t  theor y and ,  II ,  th e runnin g o f  tha t  mode l  o n tw o 
experiment s importan t  i n th e analysi s o f  developmen t  o f  th e objec t  concept .  Th e mode l  i s designe d t o hel p deter -
min e whic h parameter s i n th e developmen t  proces s migh t  bes t  explai n change s withi n th e objec t  comprehensio n 
skill s  o f  infants .  Th e discussio n present s a  se t  o f  perceptua l  invariant s tha t  ca n b e used :  a) ,  t o describ e change s 
betwee n developmenta l  stage s and ,  b )  offe r  th e potentia l  fo r  a  cost/gai n metri c fo r  tha t  development . 

The model is written in PROLOG, a very high level computer language. Detailed descriptions of PROLOG 
(6)(15 )  an d furthe r  use s o f  P R O L OG t o mode l  proble m solvin g skill s  (7 )  ma y b e foun d elsewhere . 

I. Identity Theory and the Computational Model 

The identity theory proposed by Bower and Wishart (l)(16) to explain the developmental stages of the object 
concep t  suggest s tha t  th e conceptua l  proble m whic h underlie s thes e stage s fo r  youn g infant s i s on e o f  objec t  identit y 
rathe r  tha n objec t  permanence .  A  basi c ide a o f  objec t  realit y (includin g som e ide a o f  permanence )  i s assume d t o b e 
presen t  i n infant s fro m birt h (1) ;  th e infan t  i s see n a s havin g difficult y i n maintainin g th e identit y "o f  a n objec t 
throughou t  a n even t  sequence .  Thi s difficult y i s  presen t  wheneve r  th e even t  entail s temporar y disappearanc e o f  th e 
objec t  (4) ,  an d i s particularl y acut e i f  th e sequenc e involve s clos e interactio n wit h an y othe r  objec t  (16) . 

In this theory, development is seen as a progressive refinement of the infant's rules for attributing identity to 
an objec t  ove r  time .  Th e infan t  move s fro m th e simpl e recognitio n tha t  a n objec t  i s  th e sam e objec t  a t  differen t 
time s an d i n differen t  places ,  throug h t o mor e elaborat e notion s whic h defin e identit y i n a  muc h stricte r  sense ,  wit h 
th e objec t  no t  onl y bein g recognize d a s perceptuall y th e sam e bu t  a s identica l  i n th e sens e o f  bein g on e an d th e 
same objec t  whe n involve d i n an y even t  sequence ,  i.e. ,  th e sam e an d onl y suc h objec t  involved . 

Each change in development level means that the infant can maintain the identity of an object over increas-
ingl y comple x even t  sequences .  Eac h ne w identit y rul e reduce s th e populatio n o f  "objects "  wit h whic h th e infan t 
must  dea l  an d therefor e represent s a  considerabl e cognitiv e achievement . 

These rules and the psychological evidence for their validity are outlined below (for a fuller account, see (16)). 

Rule 1, which corresponds to Piaget's stages I and II, (10) (11) is stated: 

An object is a bounded volume of space in a particular place or in a particular path of movement. 

It follows from this rule that two objects cannot be in the same place and that two objects cannot be on the 
same pat h o f  movement .  A  violatio n o f  rul e 1 ,  suc h a s replacemen t  o f  a  stationar y objec t  b y a  totall y differen t 
object ,  wil l  b e treate d b y thi s leve l  o f  infan t  a s a  transformatio n o f  th e origina l  objec t  rathe r  tha n a s a  replacemen t 
by anothe r  objec t  (1) . 

Application of this rule in search tasks would lead to the following search behaviors: 

— to find a stationary object, look for it in the place where it usually is. 
— t o locat e a  movin g object ,  loo k fo r  i t  alon g it s pat h o f  movement . 

When an object that was stationary begins to move and the subject looks back to the space the object previ-
ousl y occupie d wha t  ha s becom e know n a s a  plac e erro r  occur s (2) .  Whe n a  movin g objec t  ha s i n fac t  stoppe d an d 
th e subjec t  continue s t o follo w it s path ,  a  movemen t  erro r  occur s (3) . 

Rule 2 describes the second stage of development and corresponds to Piaget's stages III-V (10)(11): 

An object is a bounded volume of space of a certain size, shape, and color which can move from place to place 
alon g trajectories . 

Plac e an d movemen t  error s n o longe r  tak e plac e becaus e the y ar e mediate d b y th e perceptua l  feature s o f  th e 
object ,  whic h wer e ignore d i n th e applicatio n o f  rul e 1 .  I t  i s  stil l  tru e tha t  tw o object s canno t  b e i n th e sam e plac e 
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or on the same path of movement at the same time, i.e. that the bounded volume of space that defines the object 

canno t  b e violated .  Tota l  o r  partia l  occlusio n o f  th e objec t  stil l  cause s problem s fo r  infant s operatin g wit h rul e 2 . 

Search behavior for this level of infant will include finding an object by searching for it it its usual place, or if 
i t  ha s moved ,  alon g it s usua l  pat h o f  movement .  Sinc e perceive d informatio n i s incorporate d i n thi s rul e fo r  identi -
fyin g a n object ,  an y sequenc e o f  action s violatin g th e perceptua l  integrit y o f  th e object ,  a s whe n th e objec t  i s 
covere d b y a  cu p o r  som e othe r  occluder ,  wil l  b e treate d b y th e infan t  a s th e replacemen t  o f  th e objec t  b y th e ne w 
object .  Behavio r  i n thi s situatio n wil l  be : 

— to find an object that has mysteriously disappeared, remove the object replacing it, and with experience, 
— t o find  th e disappearin g object ,  remov e th e objec t  whic h i s i n th e plac e wher e th e desire d objec t  wa s las t  seen . 

Thi s wil l  allo w th e infan t  t o succee d i n Piaget' s stag e III-I V o r  FV- V tasks ,  bu t  doe s no t  represen t  an y tru e 
understandin g o f  spatia l  interaction s betwee n objects . 

Rul e 3  correspond s t o Piaget' s Stag e V I  (10)(11) : 

Two o r  mor e object s canno t  b e i n th e sam e plac e o r  o n th e sam e pat h o f  movemen t  simultaneousl y unles s the y 
bear  a  spatia l  relationshi p t o eac h othe r  whic h involve s th e sharin g o f  common boundaries . 

The third identity rule is essentially the same as rule 2 but is modified to fit with the infant's experiences of 
th e consequence s o f  interaction s betwee n objects .  Thus ,  fo r  a n infan t  workin g wit h onl y rul e 1 ,  a n objec t  whic h 
moves the n stop s o r  whic h enter s int o a  spatia l  relationshi p wit h anothe r  objec t  i n suc h a  wa y a s t o los e o r  mas k it s 
identifyin g boundarie s wil l  hav e disappeare d mysteriously .  Wit h rul e 2 ,  onl y th e latte r  kin d o f  even t  wil l  caus e 
identit y confusio n an d erroneou s searc h behavior .  No t  unti l  acquisitio n o f  rul e 3  ca n th e infan t  understan d tha t  a 
spatia l  relationshi p betwee n tw o object s doe s no t  violat e th e identit y o f  either .  Prio r  t o th e acquisitio n o f  rul e 3 , 
th e infan t  doe s no t  understan d tha t  a  spatia l  relationshi p betwee n tw o object s doe s no t  violat e th e identit y o f 
either . 

I n sunmiar y then .  Bowe r  an d Wishar t  hypothesiz e tha t  th e infan t  develop s a  progressivel y mor e comprehensiv e 
set  o f  rule s fo r  recognizin g an d maintainin g th e identit y o f  a n objec t  ove r  time .  Th e stage d acquisitio n o f  thes e 
rule s bot h direct s th e infant' s attempt s t o relocat e object s an d explain s th e erroneou s behavio r  see n o n th e tradi -
tiona l  objec t  permanenc e tests .  A s on e rul e i s replace d b y th e next ,  th e infan t  come s close r  t o th e appreciatio n o f 
th e invarian t  propertie s o f  individua l  objects .  A t  maturit y thes e rule s wil l  b e sufficientl y develope d t o allo w a n 
objec t  t o interac t  i n commo n spac e wit h an y othe r  objec t  withou t  ris k t o it s uniqu e identity . 

A first attempt at computer simulation of this period of cognitive development has already been made and is 
reporte d i n (8) .  Tha t  pape r  deal s onl y wit h th e first  tw o o f  th e thre e hypothesise d stage s o f  development ,  compar -
in g th e outpu t  o f  th e compute r  mode l  wit h dat a collecte d i n five  Bowe r  e t  a l  studie s o f  infants '  response s t o simpl e 
objec t  movements .  Th e presen t  pape r  describe s th e modelin g o f  al l  thre e stage s o f  developmen t  i n tw o experiments . 

A descriptio n o f  th e P R O L OG (6)(15 )  rule s modelin g eac h stag e o f  developmen t  i s no w given .  Rathe r  tha n 
P R O L OG cod e w e Ib t  th e competencies ,  expectations ,  etc .  tha t  mak e u p th e rule s fo r  eac h stag e o f  development . 

Stag e 1 . 

a. Focus on a location. This location has been constructed from the locations of the immediately preceding object 
structure s foun d (se e (e )  below) . 

b.  Fin d a n objec t  withi n a  fixed  distanc e o f  wher e focused .  I f  a n objec t  canno t  b e foun d repor t  failur e an d loo k 
bac k t o th e precedin g objec t  foun d (th e previou s snapshot) . 

c.  Chec k th e objec t  fo r  interest ,  seein g i f  i t  ha s volum e o r  mass .  Thi s i s don e b y considerin g tw o slightl y differen t 
view s o f  th e object . 

d.  Chec k i f  al l  boundarie s ar e intact .  Thi s i s don e b y checkin g th e integrit y o f  th e boundar y withi n th e snapshot . 
e.  Base d o n th e objec t  a t  snapsho t  (n )  an d snapsho t  ( n -  1 )  construc t  a n appropriat e expecte d locatio n fo r 

snapsho t  ( n +  1) . 

Stag e 2 . 

The competencies and expectations of stage 2 are almost identical to those of stage 1, as one might expect, 
excep t  tha t  a  chec k occur s betwee n (b )  an d (c )  abov e comparin g furthe r  perceptua l  relationship s (size ,  color ,  shape ) 
betwee n th e objec t  a t  snapsho t  ( n -  1 )  an d th e objec t  foun d a t  snapsho t  (n) . 

Stag e 3 . 

The competencie s o f  stag e 3  includ e al l  thos e a t  stag e 2  an d i n additio n th e perceptua l  chec k o f  stag e 2  i s mad e 
bot h betwee n (b )  an d (c) ,  a s i n stag e 2 ,  an d afte r  th e boundarie s ar e scrutinized ,  afte r  (d )  above . 

Experiments are run by our program in two independent steps: the creation of the set of snapshots of object 
structure s tha t  represen t  th e physica l  experimenta l  situatio n an d the n th e analysi s o f  thes e objec t  structure s b y th e 

rule s o f  a  particula r  developmenta l  stage . 
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Our two steps, creation and analysis, provide for (in fact have an a priori commitment to) an independence of 
th e objec t  structur e an d it s perception .  Thi s mean s tha t  ther e i s n o interactio n betwee n th e percep t  o f  a n objec t 
and th e subjec t  tha t  i n an y wa y change s th e natur e o f  th e percept .  Th e change s com e i n th e subject' s interpreta -
tio n o f  tha t  percept .  Thi s commitmen t  t o th e primac y o f  perceptio n allow s descriptio n o f  it s  origin s an d presenc e 
accordin g t o a  numbe r  o f  differin g theorie s (6){13) . 

II. The Experiments and Discussion 

Two experiments are described in this paper. All three stages of the model are tested on each of these experi-
ments .  Th e snapshot s fo r  th e experiment s ar e describe d i n Figure s 1  an d 2 . 

In experiment 1 (Figure 1) a yellow sphere of radius 4 is located at (60,4,10) at time 1. (60,4,10) marks the (x -
left/right, y -  up/down, z -  depth )  coordinate s o f  a  3-dimensiona l  cartesia n space .  Th e spher e remain s stationar y fo r 
thre e tim e period s (o r  snapshots )  an d the n move s t o th e righ t  (wit h respec t  t o th e infan t  w h o view s th e scen e fro m 
th e poin t  (60,0,0)) .  Afte r  movin g fo r  thre e tim e period s th e spher e arrive s a t  (72,4,10 )  wher e i t  agai n rest s fo r  thre e 
tim e period s befor e movin g lef t  an d bac k t o th e startin g poin t  (60,4,10) .  Thi s sam e sequenc e o f  res t  an d motio n i s 
repeate d thre e mor e times .  Then ,  instea d o f  movin g of f  t o th e righ t  a s usual ,  th e spher e move s t o th e lef t  fo r  thre e 
tim e periods ,  commin g t o res t  a t  locatio n (48,8,10) .  Her e th e experimen t  ends . 

Experiment 2 (Figure 2) has two objects, a green cube and an occluder which the infant views from position 
(36 ,  0 ,  0) .  Th e occluder ,  i n thi s cas e a  blac k platfor m o f  lengt h 8 ,  heigh t  6  an d dept h 6 ,  remain s centere d a t  loca -
tio n (36 ,  4 ,  6 )  fo r  al l  tim e periods .  ( A platfor m i s no t  conventionall y though t  t o b e a n occluder .  Howeve r  infant s 
produc e th e sam e sequenc e o f  behavior s wit h platform s a s the y d o wit h mor e traditiona l  occluder s suc h a s screen s o r 
tunnel s (10)(16)) .  Th e gree n cub e o f  lengt h 4 ,  heigh t  4 ,  an d dept h 4  remain s a t  locatio n (4 ,  8 ,  10 )  fo r  th e first five 
tim e periods .  F ro m time s 6  t o 2 0 i t  move s right ,  wit h respec t  t o th e infant ,  unti l  i t  rest s a t  locatio n (68 ,  8 ,  10) . 
Whil e passin g t o th e righ t  th e botto m boundar y o f  th e cub e i s obscure d b y th e platfor m fro m tim e 1 1 t o 15 .  Afte r 
restin g a t  (68 ,  8 ,  10) ,  th e objec t  retrace s th e pat h bac k t o th e origina l  startin g plac e (4 ,  8 ,  10) ,  repeatin g th e partia l 
occlusio n i n th e middl e o f  th e path . 

Each experimen t  o f  thi s stud y wa s chose n fo r  a  reason .  Experimen t  1  wa s a n experimen t  Prazdn y (12) ,  i n hi s 
computationa l  descriptio n o f  certai n Bowe r  an d Wishar t  experiment s wa s unabl e t o model .  Experimen t  2  o f  thi s 
stud y i s a n experimen t  alread y ru n wit h h u m a n subject s wit h know n outcomes .  I n fact ,  result s ver y simila r  t o 
thos e describe d belo w hav e bee n reporte d b y Bowe r  an d Wishar t  (4)(16) .  Th e secon d experimen t  i s als o importan t 
i n curren t  wor k a t  Edinburg h designin g a  cost/gai n mode l  o f  developmen t  (se e below) . 

The results: 

Experimen t  1 :  Th e P R O L O G mode l  fo r  stag e 1  produce d movemen t  an d plac e error s eac h tim e th e objec t 
eithe r  stoppe d o r  starte d i n motion ,  1 5 time s altogether .  Ther e wa s n o proble m followin g th e ne w motio n i n a 
differen t  directio n a s lon g a s th e object' s location s wer e clos e enoug h t o eac h othe r  acros s consecutiv e tim e intervals . 
("Clos e enough "  i s a n empiricall y testabl e measur e wit h infants) .  Stag e 2  infant s perceive d onl y on e objec t  sinc e 
thei r  perceptua l  check s wer e abl e t o determin e tw o object s t o b e on e an d th e sam e i f  colo r  an d siz e measure s 
remaine d invarian t  acros s time .  Becaus e ther e wer e n o borde r  violation s stag e 3  analysi s gav e th e sam e result s a s 
stag e 2 . 

Experimen t  2 :  Stag e 1  foun d a  ne w objec t  whe n eithe r  motio n o r  res t  o r  boundednes s wa s violate d ( 9 i n all) . 
Stag e 2 ,  usin g perceptua l  checks ,  foun d ne w object s onl y whe n boundednes s wa s violate d ( 5 objects) .  Stag e 3  foun d 
onl y on e objec t  sinc e perceptua l  check s wer e abl e t o overrid e violation s o f  boundedness . 

A motivatin g forc e i n th e desig n o f  ou r  mode l  ha s bee n t o demonstrat e tha t  th e infant' s detectio n o f  th e pres -
enc e o r  absenc e o f  differen t  perceptua l  invariant s acros s th e objec t  structure s tha t  mak e u p th e experiment s offe r 
tw o powerfu l  explanator y mechanisms :  First ,  w e hypothesiz e tha t  th e psychologica l  effec t  o f  th e presenc e o f  suc h 
forma l  (i.e .  interna l  o r  mental )  invariant s i s t o produc e th e behavior s tha t  allo w u s t o discer n th e thre e distinc t 
stage s o f  development .  Th e infants '  trackin g behavio r  i s directe d no t  b y direc t  perceptua l  inpu t  (14 )  bu t  b y thre e 
set s o f  conceptua l  rule s discernin g th e invariant s foun d acros s .h e objec t  structure s o f  th e experiments . 

Second ,  w e hypothesiz e tha t  th e hig h cos t  o f  copin g wit h multipl e object s (no n integrate d perceptua l 
phenomena )  a t  on e stag e o f  developmen t  give s wa y t o a  mor e economica l  accountin g wit h th e discover y o f  ne w per -
ceptua l  invariant s a t  th e nex t  stage .  Th e discover y o f  ne w invariant s provide s a  mor e parsimoniou s explanatio n fo r 
th e sam e phenomena .  Thi s cost/gai n explanatio n fo r  betwee n stag e developmen t  i s th e mai n focu s o f  ou r  continu -
in g research ,  wit h th e mode l  an d wit h rea l  babies .  A t  presen t  w e kno w tha t  infant s expose d t o task s lik e experi -
ment  2  describe d abov e sho w accelerate d developmen t  throug h th e stages .  Th e acceleratio n i s manifested_no t  onl y 
i n simple ,  visua l  trackin g task s suc h a s thi s experimen t  bu t  als o i n transfe r  task s involvin g manua l  searc h (16) . 

The fac t  o f  acceleratio n i n th e transfe r  task s give s u s confidenc e tha t  th e change s induce d b y trackin g experi -
enc e ar e conceptua l  change s rathe r  tha n change s i n sensori-moto r  skill .  Ou r  hypothesi s i s tha t  th e motiv e forc e o f 
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chang e i s th e conceptua l  gai n associate d wit h th e reductio n i n th e numbe r  o f  phenomen a th e cognitiv e syste m mus t 

deal  wit h a t  eac h successiv e stage .  Th e 'cost '  o f  thi s 'gain '  i s th e increase d loa d th e perceptua l  syste m mus t  bear . 

Wit h bot h experiment s ther e i s a  clea r  gain :  Ebcperimen t  1  present s a n objec t  i n motio n an d a t  res t  an d the n 
changin g direction .  Th e younges t  infant s perceiv e a  ne w objec t  eac h tim e th e res t  o r  motio n change .  Thes e multi -
pl e object s ar e unifie d b y th e perceptio n o f  colo r  an d shap e invarianc e a t  stag e 2 .  Similarly ,  i n experimen t  2  multi -

pl e phenomen a ar e perceive d a s th e objec t  starts ,  stops ,  an d share s boundarie s wit h th e platform .  Agai n th e invari -
ant  aspect s o f  th e object ,  eve n a s i t  share s a  commo n space ,  allo w th e mor e advance d infan t  t o perceiv e a  singl e 
objec t  a t  rest ,  moving ,  an d sharin g boundaries . 
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Figur e 1  (1 )  an d Figur e 2  (r) .  S(t )  represent s th e tt h snapsho t  o r  tim e perio d fo r  th e experimen t  an d (x,y,z )  describe s 

th e locatio n o f  th e objec t  i n 3-dimensiona l  space . 
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Abstract 

ine process ot determining the temporal structure ot a 
nar ra t iv e tex t  i s  ex t remel y complex .  I n th i s paper ,  w e 
examin e a  smal l  bu t  cent ra l  par t  o t  th i s p rocess :  th e ro le s 
ot  aspectua l  c las s an d th e p rogress ive /non-p rogress iv e 
d is t inc t ion .  A  standar d se t  o t  aspectua l  c lasse s i s presente d 
an d th e tempora l  e f fect s o t  eac h o t  thes e c lasse s i s 
d iscussed .  F ina l ly ,  w e br ief l y d iscus s a n imp lementa t io n o t  a 
syste m whic h ca n rea d a  s impl e narrat iv e tex t  an d const ruc t  a 
model  o t  th e tempora l  s t ructur e o f  tha t  tex t . 

i .  in t roduct ion . 

We are investigating the process of determining the temporal 
structur e o t  narrat iv e tex ts .  I'hi s enta i l s a n invest iga t io n int o th e 
many tactor s wh ic h operat e togethe r  wi th i n a  nar ra t iv e t o ind icat e th e 
tempora l  re la t ion s whic h hol d betwee n th e event s an d s i tua t ion s 
ment ione d m th e text .  Amon g thes e tac tor s ar e t ense ,  th e 
progress ive /non-progress iv e d is t inc t ion ,  t ime-adverb ia i s , 
wor la -Knowledge ,  an d aspectua l  c lass .  i n thi s paper ,  w e wi l l  examin e 
th e ro le s o f  aspectua l  c las s an d th e p rog ress i ve /nonprog ress iv e 
d ist inct io n m thi s p rocess . 

We are using an essentially interval-based approach (similar to 
tna t  propose d i n Al le n 1 1 J )  t o th e represen ta t io n o f  tempora l 
intormat ion .  We do ,  however ,  us e som e t ime-po in ts .  Whethe r  thes e ar e 

real ly "  point s o r  jus t  ver y smal l  in terval s i s a  quest io n whic h w e d o 
no t  address . 

^. ine Nari-ati.ve Now-roxnt. 

witnin a narrative, the most important temporal reference point is 
th e poin t  Whic h represent s th e "present "  moment  w i th i n th e na r ra t i ve . 
Wnen th e t im e adverb ia l  no w i s use d i n a  nar ra t i ve ,  i t  i s  thi s poin t  o t 
tim e whic h i s bein g referre d to .  Fo r  thi s reason ,  w e refe r  t o th i s 
rererenc e poin t  a s th e nar ra t iv e now-po in t .  o r ,  mor e br ie f ly ,  a s th e 
n o w - p o m t  . 

ihis now-pomt functions within a narrative more or less the way 
tna t  tn e presen t  (th e rea l "  now )  funct ion s m th e rea l  wor ld .  1  ha t  i s , 
everytnin g whic h come s befor e th e n o w - p o m t  i s i n th e pas t  (i n th e wor l d 
ot  tn e s to ry )  an d everyth in g tha t  come s af te r  th e now-poin t  i s i n th e 
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future trom the perspective of that moment in the story. Thus, as the 
stor y progresse s i n t ime ,  th e now-poin t  i s  move d forwar d i n time . 
Uncovering ,  an d the n modeiing ,  th e way s i n whic h d;Lfferen t  tempora i 
device s interac t  with ,  an d sometime s affect ,  thi s now-poin t  i s  on e o f 
th e majo r  goai s o f  ou r  research . 

3. Aspectual Glass. 

The notion of aspectuai ciass piays a central role in the 
determinatio n o f  th e tempora l  structur e o f  a  narrative .  On e o f  th e 
earlies t  detaile d discussion s o f  th e concep t  o f  aspectua l  clas s wa s 
give n m Vendle r  [/] .  Thi s wor k ha s sinc e bee n refine d an d expande d 
upo n i n Dowt y [ 2 1 ,  Vlac h 18 ] ,  an d Steedma n 1 6 1 ,  amon g others .  Th e basi c 
ide a i s tha t  proposition s ca n b e show n t o fal l  int o on e o f  a  smal l 
number  o f  categorie s (sometime s calle d aspectua l  classes )  base d o n a 
number  o f  propertie s o f  thes e propositions .  Th e exac t  numbe r  o f  suc h 
classes ,  alon g wit h th e catalo g o f  propertie s associate d wit h eac h 
class ,  varie s wit h th e researcher .  Vendle r  distinguishe d th e followin g 
four : 

3.1. Achievements. 

Examples of this class are: "Mary fell asleep at 12 o'clock", and 
"Joh n reache d th e to p o f  th e hill" .  Th e principl e tempora l  propertie s 
of  thi s clas s ar e (1 )  th e simple ,  i.e .  non-progressive ,  form s ar e tru e 
onl y a t  tim e points ;  an d (2 )  th e trut h o f  th e progressiv e for m (i f  i t 
exist s a t  all )  doe s no t  impl y th e trut h o f  th e simpl e form ,  s o tha t  fo r 
instance ,  "Joh n wa s fallin g asleep "  doe s no t  necessaril y  impl y tha t 
"Joh n fel l  asleep" . 

3.2 Accomplishments. 

Examples of this class are: "John ran a mile" and "Mary played a 
sonata" .  Typically ,  accomplishment s involv e a  goa l  o r  a n outcom e o f 
some sort .  Th e principl e tempora l  propertie s o f  thi s clas s are :  (1 ) 
th e simpl e for m i s tru e a t  a n interva l  o f  t ime ,  i.e .  accomplishment s 
ar e no t  point-like ;  an d (2 )  lik e achievements ,  th e trut h o f  th e 
progressiv e for m doe s no t  impl y th e trut h o f  th e simpl e form ,  s o tha t 
fo r  instance ,  "Mar y wa s paintin g a  picture "  doe s no t  mea n tha t  "Mar y 
painte d a  picture" ,  i.e .  tha t  sh e complete d it .  Dowt y 12 1 refer s t o 
thi s propert y o f  bot h accomplishment s an d achievement s a s th e 
"imperfectiv e paradox" .  Tha t  w e ar e awar e of ,  th e firs t  perso n withi n 
A. I .  wh o deal t  wit h thi s proble m wa s McDermot t  [ 3 1 ,  H e use d a n 
"in-progress "  operato r  t o mar k th e progressiv e forms .  Vlac h [8 1 als o 
argue s fo r  th e us e o f  a  PROCESS operato r  an d thi s i s th e approac h tha t 
we ar e als o using .  O n th e othe r  hand ,  th e simpl e for m o f  a n 
accomplishmen t  doe s impl y th e progressiv e form ,  s o tha t  i f  "Joh n ra n a 
mile "  the n "Joh n wa s runnin g a  mile" . 

The class of propositions consisting of the union of the 
achievement s an d th e accomplishment s (bot h i n thei r  simpl e forms )  ha s 
bee n referre d t o a s th e clas s o f  event s [ 4 1 .  Th e wa y event s typicall y 
behav e ca n b e see n i n th e followin g example .  Imagin e w e ar e readin g a 
tex t  an d w e com e acros s th e followin g sequenc e o f  sentences : 

John got out of bed. He wrapped his blanket about 
hi s hea d an d shoulders . 
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The meaning of this particular example seems to be that tirst John 
got  ou t  o f  be d an d tiia n h e wrappe d th e blanke t  abou t  hi s hea d an d 
Shoulders .  H e interpre t  thes e sentence s thi s wa y becaus e (1 )  w e kno w w e 
ar e readin g a  narrative ;  (2 )  th e sentence s appea r  i n a  particula r 
order ;  an d (3 )  thes e sentence s describ e events .  Notic e tha t 
world-knowledg e i s no t  helpfu l  i n thi s example .  Typically ,  a n even t 
sentenc e i n th e simpl e pas t  tens e describe s a n even t  whic h occur s AFTE R 
th e previousl y establishe d now-point ,  an d i t  ha s th e effec t  o f  updatin g 
thi s now-poin t  t o jus t  AFTE R th e time-interva l  o f  th e even t  described . 

3.3. States. 

Examples of states are: "John knew the answer" and "The jar was on 
th e table" .  Th e principl e tempora l  propertie s o f  state s are :  (1 )  i f  a 
stat e i s tru e fo r  som e interva l  o f  tim e the n i t  i s  tru e fo r  al l  point s 
and subinterval s o f  tha t  interval ;  an d (2 )  state s ar e alway s viewe d 
impertectlvely ,  i.e. ,  fro m within . 

As a demonstration of the effect of the second property, consider 
th e followin g exampl e whic h consist s o f  a n even t  sentenc e followe d b y a 
stative : 

John awoke. It was dark in the room. 

The most likely interpretation of this example is that the state of 
It s bein g dar k hel d no t  onl y fo r  som e interva l  afte r  Joh n awok e bu t  als o 
to r  som e interva l  befor e h e awoke .  What  w e believ e happen s i n suc h a n 
exampl e i s tha t  th e even t  (Joh n awoke )  establishe s a  ne w now-poin t  i n 
th e usua l  manner ,  an d the n th e stat e i s viewe d imperfectivel y fro m tha t 
now-pomt ,  tha t  is ,  th e now-poin t  i s  DURIN G th e time-interva l  associate d 
wit h th e state .  Typically ,  a  stat e doe s no t  mov e th e now-point .  I f  w e 
wer e t o ad d on e o r  mor e additiona l  stativ e sentence s t o thi s exampl e , 
the n al l  o f  thes e state s woul d relat e i n thi s sam e wa y t o thi s on e 
now-point .  Thi s sor t  o f  "pilin g on "  o f  state s i s common i n descriptiv e 
section s o f  narratives . 

Notice that the belief that the state actually overlaps the 
precedin g even t  doe s no t  directl y follo w fro m th e mer e tac t  tha t  th e 
stat e I S viewe d impertectlvel y fro m th e now-point ,  bu t  i s  i n fac t  a n 
interenc e tha t  w e woul d probabl y wan t  th e syste m t o mak e i n thi s case . 
I n th e majorit y o f  suc h case s thi s seem s t o b e a  prope r  inferenc e t o 
make . 

As a case m which this inference does not go through, consider the 
toilowin g example : 

John turned off the light. It was dark in the room. 

In this case the state is still viewed impertectlvely from the 
now-pom t  establishe d b y th e event ,  bu t  thi s time ,  th e syste m shoul d 
inte r  tha t  th e stat e o f  it s  bein g dar k ha s a  start-tim e afte r  th e 
event' s end-time ,  bu t  o f  course ,  stil l  befor e th e now-point .  An d s o th e 
stat e doe s no t  overla p th e even t  whic h i s apparentl y it s cause . 

In both cases, the basic way in which states behave with respect to 
th e now-poin t  i s  th e same ,  bu t  th e syste m ca n the n mak e additiona l 
inference s base d o n world-knowledg e (assumin g tha t  i t  ha s thi s 
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knowledge) which further decide whether or not there is overlap. 

J.4. Activities. 

The fourth and last category of propositions distinguished by 
Vendle r  i s  th e clas s o f  activities .  Example s o f  activitie s are :  "Joh n 
listene d t o music" ,  an d "Mar y playe d th e piano" .  Unlik e 
accomplishments ,  activitie s d o no t  hav e a n intrinsi c goa l  o r  expecte d 
outcome . 

The principal temporal properties of activities are: (1) they are 
tru e a t  interval s o f  t ime ,  i.e. ,  the y ar e no t  point-like ;  an d (2 )  th e 
trut h o f  th e progressiv e for m o f  a n activit y doe s impl y th e trut h o f  th e 
simpl e form ,  s o that ,  fo r  instance ,  "Joh n wa s listenin g t o musi c (bu t 
was interrupted) "  allow s u s t o infe r  tha t  "Joh n listene d t o music" . 
Also ,  o f  course ,  th e simpl e for m doe s impl y th e progressiv e form . 

in a narrative, simple activities behave in a way which is 
intermediat e betwee n tha t  o f  event s an d states .  fo r  exampl e in : 

John walked into the office. The secretary typed at her desk. 

The secretary's typing (an activity) possibly overlaps the 
precedin g event ,  an d i n addition ,  ma y stil l  b e continuing .  However , 
unlik e states ,  simpl e activitie s caus e th e now-poin t  t o mov e forward . 
Thus ,  successiv e simpl e activitie s ma y o r  ma y no t  overla p eac h other . 

4 . The t-Togressive. 

Viach 18] proposes that the function of the progressive operator is 
t o chang e non-stative s int o statives .  Certainl y th e tempora l  behavio r 
of  progressive s i s i n man y (bu t  probabl y no t  all )  circumstance s th e sam e 
as tha t  o f  states .  I n th e absenc e o f  tim e adverbials ,  th e progressiv e 
form s o f  th e thre e non-stativ e aspectua l  classe s behav e wit h respec t  t o 
th e now-poin t  i n exactl y th e sam e wa y a s state s do . 

5. An Implementation. 

We have implemented a system which can read a simple narrative text 
and construc t  a  mode l  o f  th e tempora l  structur e o f  tha t  text .  Th e 
syste m work s a s follows : 

1) a sentence is parsed, a representation of the tenseless 
propositio n i s built ,  an d th e proposition' s aspectua l  clas s i s 
determined . 

2) depending on the aspectual class and whether the sentence is 
simpl e o r  progressive ,  th e propositio n i s relate d t o it s associate d 
time-interva l  o r  poin t  b y on e o r  bot h o f  th e followin g cas e frames :  (i ) 
FROPTiME-PKOF :  whic h mean s tha t  th e simpl e for m o f  th e propositio n i s 
tru e a t  (o r  i n th e cas e o f  states ,  for )  tha t  interval ;  (2 ) 
FROGTIME-FROG :  whic h mean s tha t  th e progressiv e for m o f  th e 
propositio n i s tru e fo r  tha t  interval . 

3) this time-interval (or point) is then related to the current 
now-poin t  i n on e o f  th e manner s describe d earlie r  i n thi s paper ,  an d 
the n finally . 
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4)  i n th e cas e o f  event s an d simpl e activit ies ,  th e now-poin t  i s 
update d t o a  positio n AFTE K th e jus t  adde d time-interval . 

5) the next sentence is now read. 

The parser is implemented as an ATN and the representations are in 
th e tor m o t  semanti c network s implemente d i n th e SNeF S semanti c networ k 
processin g syste m Ibj .  Th e curren t  implementatio n wil l  onl y accep t 
sentence s i n th e simpl e pas t  o r  th e pas t  progressiv e tense .  I n 
addition ,  th e syste m doe s no t  handl e tim e adverbial s o r  d o an y 
interencing .  H e expec t  t o expan d an d improv e th e syste m a s ou r  researc h 
progresse s . 

b. Conclusion-

We have discussed some of the major temporal properties of the 
variou s aspectua l  classe s an d w e hav e indicate d how ,  i n conjunctio n wit h 
th e progressive/non-progressiv e distinction ,  w e believ e thes e classe s 
Denave i n a  narrativ e text .  We hav e als o briefl y discusse d ou r 
implementatio n o t  thes e ideas . 
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W h at  I t  Is . 
For  th e purpose s o f  thi s pape r  w e wil l  tak e th e 

meanin g o f  a  concep t  t o b e it s positio n i n a 
structure d networ k o f  mutuall y definin g discret e 
symbols .  Fo r  example ,  th e concep t  'give '  i s  define d 
by it s relationship s t o concept s lik e 'have '  (i.e .  t o 
'give '  on e mus t  firs t  'have '  th e thin g given ,  a s a 
resul t  o f  'giving '  ther e i s a  ne w 'having') ,  'exchange ' 
(i.e .  'giving '  i s  a  kin d o f  'exchange') ,  'trading '  (i.e . 
'giving '  an d 'trading '  ar e bot h kind s o f  'exchange') , 
etc . 

'Event/state concepts' are taken to be the words 
(terms )  i n a  languag e whic h designat e event s o r 
states .  Tw o event/stat e terms ,  a s the y appea r  i n 
text ,  ar e 'concep t  coherent '  i f  thei r  correspondin g 
position s i n a  structure d ne t  o f  meanin g ar e 
proximal .  Tha t  is ,  give n th e text ,  'Joh n gav e Mar y 
th e bicycle .  Sh e ha s it." ,  th e tw o event/stat e 
description s use d i n th e tex t  ar e 'concep t  coherent ' 
becaus e o f  th e clos e inter-relatonshi p betwee n th e 
concept s 'giving '  an d 'having' . 

The point of an 'event concept coherence' 
representatio n o f  te.\ t  ha s t o d o wit h th e difficult y o f 
establishin g meanmg representations .  Th e ide a i s t o 
captur e onl y som e o f  th e propertie s o f  th e text' s 
meaning ,  t o organiz e th e tex t  fo r  furthe r 
inlcrpretatio n withou t  losin g an y o f  th e informatio n 
of  it s  origina l  form .  'Even t  concep t  coherence ' 
allow s th e tex t  t o b e structure d no t  s o muc h o n th e 
basi s o f  it s  meaning ,  bu t  o n th e basi s o f  a  propert y o f 
it s  meaning ,  it s concep t  coherence .  Becaus e th e 
proximit y o f  concept s (i.e .  concep t  coherence )  i s i n 
some way s independen t  o f  th e complexit y o f  th e 
relationship s amon g term s i n th e network ,  i t  i s 
possibl e t o relax ,  a t  first ,  th e conten t  o f  th e networ k 
and represen t  th e connectivit y o f  event/stat e 
concept s i n term s o f  relationship s easie r  t o explai n 
and establish .  I  wil l  argu e tha t  initia l  structur e fo r 
even t  concept s shoul d b e tempora l  relations ,  savin g 
th e causal ,  affect ,  an d speec h ac t  interpretation s fo r 
late r  stages . 

The analysis of text in terms of event/state 
concep t  coherenc e result s i n a  groupin g o f  tex t  int o a 
hierarch y o f  chunks ,  eac h chun k centere d aroun d 
some event/stat e concept .  Conside r  th e followin g 
tex t  adapte d fro m 'Th e Tal e o f  th e Pig "  (Protter , 
1961) : 

The pi g trotte d toward s th e strea m 

carryin g a  bundl e o f  clothes .  Th e anima l 

expertl y soake d an d scoure d th e laundry . 

The pi g hun g th e clothe s i n th e su n t o 

dry .  Th e pi g gathere d he r  laundr y an d 

trotte d home . 

The firs t  se t  o f  term s whic h see m t o coher e ar e 
'trotting '  an d 'carrying' ;  'carrying '  involve s 
'travelling' ,  whic h involve s 'moving' ,  an d a  kin d o f 
'moving '  i s  'trotting' .  Th e 'gathering '  an d 'trotting ' 
describe d i n th e las t  sentenc e als o see m t o grou p 
aroun d th e concep t  'carrying' ;  t o 'carry '  on e mus t 
'have '  tha t  whic h i s carried ,  an d 'gathering '  result s i n 
a 'having' .  'Hangin g clothe s i n th e sun '  i s  a  wa y o f 
'drying' ,  which ,  alon g wit h 'soaking' ,  an d 'scouring ' 
ar e al l  part s o f  'cleaning' .  Finally ,  th e 'cleaning ' 
intersect s th e tw o 'carryings '  (i.e .  th e pi g i s 'moving ' 
th e laundr y t o th e strea m t o 'clean '  i t  an d hom e 
agai n afte r  i t  i s  'cleaned') ,  s o th e tex t  ca n b e 
collecte d int o a  singl e chun k centere d aroun d th e 
concep t  'cleaning '  (se e figur e 1) . 

A Littl e S t r u c t u r e 
The abilit y  t o establis h 'concep t  coherence ' 

betwee n even t  description s i n tex t  i s  dependen t  o n 
th e availabilit y  o f  a  'dictionary '  (i.e .  a  structure d 
networ k o f  concepts) .  I n fact ,  a n explanatio n 
(representation )  o f  th e concep t  coherenc e o f  th e 
even t  description s i n a  piec e o f  tex t  ca n b e derive d 
by copyin g th e releven t  portio n o f  th e dictionary' s 
structure .  Becaus e th e dictionar y i s use d fo r  a n 
initia l  structurin g o f  th e text ,  ideall y it s structur e i s 
simple ,  general ,  an d useful . 

NEXUS, the system developed to test this theory, 
uses a  dictionar y o f  betwee n 10 0 an d 15 0 event/stat e 
concept s interrelate d b y seve n concep t  coherenc e 
relation s (se e figur e 2) .  Ther e ar e thre e taxonomi c 
relations ;  on e i s a  propert y inheritanc e relation ,  an d 
th e othe r  tw o whole/par t  relations .  Th e taxonomi c 
relation s ar e use d t o organiz e individua l  concept s 
int o a  hierarchica l  structure .  Fou r  o f  th e relation s 
ar e temporal ;  thes e ar e use d t o chai n togethe r 
sequence s o f  typicall y co-occurin g event s an d states . 
Class/subclas s (sc )  i s th e propert y inheritenc e 
coherenc e relation .  I n text ,  t o fin d a  connectio n 
betwee n a  pai r  o f  event/stat e term s i t  i s  frequentl y 
necessar y t o infe r  th e inherite d propertie s o f  eithe r  o r 
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Figur e 1 :  Th e pi g clean s th e laundry . 
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Figur e 3 :  Th e Tal e o f  th e Pi g Revisite d 



bot h terms .  Conside r  th e pai r  o f  sentences :  'Joh n 
has th e tickets .  H e snatche d the m fro m Dill. '  Ther e 
exist s a  direc t  relationshi p betwee n having '  an d 
'taking '  (i.e .  a s a  resul t  o f  'takin g something '  on e 
'ha s it') .  Becaus e o f  th e class/subclas s relationshi p 
betwee n 'taking '  an d 'snatching '  NEXl^ S i s abl e t o 
acces s thi s relationshi p an d represen t  th e coherenc e 
of  th e sentences . 

Experiments with NEXUS showed that 
class/subclas s wa s th e mos t  frequentl y occurin g 
coherenc e relation .  Thi s i s no t  surprisin g considerin g 
th e econom y o f  usin g subclas s term s i n text ;  a 
subclas s ter m simultaneousl y refine s th e meanin g o f 
it s  paren t  clas s whil e maintainin g a  implici t  acces s t o 
al l  it s  coherenc e relationships . 

The sequence/subaequence (subseq) and coordinate 
(coord )  relation s ca n b e differentiate d b y thei r 
tempora l  intervak .  I f  on e even t  i s a  par t  o f  anothe r 
event ,  an d i t  occur s fo r  a  subinterva l  o f  time ,  the n 
th e correspondin g concept s ar e i n a 
eequence/substquenc e relationship .  Conside r  th e 
even t  descriptions :  "Joh n farm s a n acr e o f  land . 
He'l l  b e plantin g i n th e spring. *  A  sub-activit y o f 
farming '  i s  'planting' ,  anothe r  i s harvesting' . 

Whenever  th e concep t  'farming '  applie s th e concep t 
'planting '  applie s fo r  a  subinterva l  o f  th e 'farming ' 
event ,  consequentl y 'farming '  an d 'planting '  hav e a 
sequence/subsequenc e relationship . 

If an event has parts that co-occur over the same 
tim e interval ,  the n th e correspondin g even t  concept s 
ar e i n a  coordinat e relationship .  Fo r  example ,  "Joh n 
carrie d th e book .  H e walked ,  holdin g i t  i n hi s 
hands" ,  ever y even t  whic h convey s a  sens e o f 
'carrying '  i n par t  als o convey s a  sens e o f  'moving ' 
and 'holding '  throughou t  th e duratio n o f  th e 
carrying ,  an d ther e ar e 'moving '  an d 'holding '  event s 
tha t  ar e no t  par t  o f  a  'carrying' ,  an d n o 'carrying ' 
even t  ca n roinpletel y b e describe d b y 'moving '  o r 
'J  olding '  -  thu s 'moving '  an d holding '  ar e 
coordinate s o f  'carrying' . 

Antecedent (ante), precedent (prec), consequent 
(conseq) ,  an d seque l  (seq )  ar e al l  tempora l  coherenc e 
relations .  Ther e ar e tw o way s o f  splittin g th e 
tempora l  relations .  Anteceden t  an d preceden t 
concept s com e befor e a n event ,  an d consequen t  an d 
seque l  concept s com e afte r  a n event .  Th e tempora l 
relation s ca n als o b e divide d int o logica l  an d 
plausibl e group s o f  relations .  Anteceden t  an d 
consequen t  relate d concept s ar e logicall y related . 
Preceden t  an d seque l  concept s ar c plausibl y 
connected . 

If one event must necessarily occur before another 
event ,  th e relationshi p betwee n thei r  correspondin g 
concept s i s cla.ssifie d a s antecedent .  Fo r  example , 
•Joh n ha d som e food .  H e at e it." ;  t o ea t  on e mus t 
firs t  have '  th e thin g whic h i s t o b e eaten .  Thu s a n 
anteceden t  o t  'eating '  i s  havin g food' . 

I f  on e even t  always ,  necessarily ,  occur s 
immediatel y afte r  th e other ,  the n th e relationshi p 
betwee n thei r  correspondin g concept s shoul d b e 
marke d a s consequent .  Tak e th e followin g example , 
"Joh n gav e Mar y a  re d kite .  Mar y ha s a  re d kite. " 
Event s o f  'giving '  ar e necessaril y  immediatel y 
followe d b y state s o f  'having' . 

If one event, with some regularity occurs before 
anothe r  event ,  th e relationshi p betwee n thei r 
correspondin g concept s ca n b e classifie d a s precedent . 
For  example ,  "Joh n opene d th e door .  H e entered." , 
event s whic h ca n b e describe d a s 'entering '  ar e 
sometime s precede d b y sequence s whic h enabl e th e 
'entering '  an d ca n b e describe d a s 'opening' . 

If one event follows another with some regularity, 
th e relationshi p betwee n thei r  correspondin g 
concept s i s sequel .  A n exampl e o f  a  seque l 
relationshi p is :  "Joh n cleane d th e laundry .  H e 
carrie d i t  home. "  Sequence s o f  'cleaning '  ar e 
typicall y followe d b y sequence s wher e th e laundr y i s 
'moved' . 

Although causal relations would have better 
describe d th e relationship s betwee n tw o concepts , 
NfilXUS' s dictionar y use s tempora l  relation s becaus e 
the y ar e easi(̂ r  t o establish .  Recal l  tha t  earlie r  I  sai d 
tha t  b y relaxin g th e conten t  o f  th e ne t  som e o f  th e 
complexit y o f  establishin g a n initia l  interpretatio n o f 
th e tex t  woul d b e mitigated .  Conside r  th e us e o f  th e 
concept s 'cleaning '  an d 'carrying' :  "Th e pi g cleane d 
th e laundry .  Sh e carrie d i t  home. "  T h e causa l 
relationshi p betwee n thes e tw o even t  description s i s 
not  a t  al l  clear ;  i t  i s  neithe r  result ,  no r  enablemen t  o r 
reaso n U.̂ in g tempora l  relation s i t  i s  easie r  t o 
describ e th e relationship ;  i t  i s  no t  necessar y tha t 
afte r  th e pi g clean s th e laundr y sh e carrie d i t  home , 
but  i t  i s  highl y likel y (i.e .  sequel) .  A  simila r  cas e ca n 
be mad e fo r  th e text :  "Wil d Bil l  rod e t o town .  H e 
tie d hi s hors e t o th e hitchm g pos t  i n fron t  o f  th e 
saloon. "  Th e causa l  relationshi p betwee n 'riding ' 
and 'tiein g a  hors e t o a  hitchin g post '  i s  no t  simple , 
but  wit h tempora l  relation s i t  i s  eas y t o cal l  th e 
relationshi p sequel . 

Furthermore, because temporal relations are 
causall y neutra l  som e o f  th e problem s ab.sociate d 
wit h contex t  ca n b e finessed .  Conside r  a n exampl e 
discusse d b y Wilk s (W'ilks ,  1977 )  (p244) :  "Th e roc k 
fel l  of f  th e clif f  an d crushe d John' s lunch .  Pete r 
pushe d it. '  Th e chai n fro m 'pushing '  t o 'crushing ' 
ca n b e interprete d i n on e o f  tw o way s a s ciphe r 
causa l  o r  goal .  I f  it;'i s  late r  learne d tha t  Pete r  wa s 
angr y a t  Joh n the n th e chai n i s a  goa l  chai n Bu t  if , 
instead ,  i t  i s  learne d tha t  Joh n wa s clearin g a  spo t  t o 
pitc h hi s tent ,  th e chai n i s a  causa l  one .  A  syste m 
whic h produce s causa l  chain s woul d commi t  t o on e 
interpretatio n o r  th e othe r  (i n Wilks '  cas e th e goa l 
one) ,  an d potentiall y  hav e t o backtrack .  N E X U S, 
becaus e it s diction.ir y use s tempora l  relation s ca n 
produc e a  representation .  A t  a  late r  stage ,  N E X U S' 



initia l  structurin g o f  th e tex t  ca n b e use d a s a  basi s 
fo r  constructin g a  causa l  interpretation . 

T h e T a l e o f  t h e P i g Revisited . 
Let  u s retur n t o th e exampl e fro m "Th e Tal e o f 

th e Pig" ,  i n thi s cas e addin g som e structure s whic h a 
concep t  coherenc e representatio n woul d inheri t  fro m 
NEXl 'S '  dictionar y (se e figur e 3) . 

Consider the first 'carrying' event. Coordinates of 
'carrying '  ar e 'holding '  an d 'travelling' . 
Subsequence s o f  'travelling '  ar e 'departing' ,  'moving' , 
and 'arriving' .  A  subclas s o f  'moving '  i s  'trotting' . 
So N E X U S find s i n it s  dictionar y th e pat h fro m 
'carry '  t o 'trot '  vi a th e concept s 'travel '  an d 'move' . 

Similarly the second 'carrying' event can be 
constructed .  I n thi s case ,  t o connec t  'carrying '  t o 
'gathering' ,  th e 'carrying '  mus t  inheri t  fro m a  secon d 
sens e o f  'moving '  (i.e .  Joh n move d th e box )  a n 
anteceden t  relationshi p t o 'have '  whic h i s a 
consequen t  o f  'gathering' . 

The subsequence relations can be used to collect 
togethe r  th e part s o f  'cleaning' ;  subsequence s o f 
'cleaning '  ar e 'washing '  an d 'drying' .  Th e 
subsequenc e relatio n i s  als o use d t o collec t  togethe r 
tw o part s o f  'washing' ;  'soaking '  an d 'scouring '  ar e 
tw o subsequence s o f  'washing' .  Th e 'hangin g i n th e 
sun '  i s  connecte d t o 'drying '  vi a a  subclas s arc . 
Finall y th e firs t  'carrying '  i s  connecte d t o th e 
'cleaing '  vi a a  'moving#2 '  b y a n anteceden t  relation , 
and th e secon d 'moving#2 '  b y a  seque l  arc . 

There are a few noteworthy features of this 
representation .  I n itsel f  th e representatio n show s th e 
event s o f  th e stor y ar e coherent ;  th e event s ca n b e 
collecte d togethe r  unde r  th e concep t  'cleaning' .  S o 
th e representatio n i s d e fact o evidenc e o f  th e text' s 
coherency . 

Notice that the analysis has produced two inter-
connecte d trees .  I n genera l  a n analysi s o f  a  piec e o f 
tex t  wil l  produc e severa l  interconnectin g tree s (on e 
per  majo r  concept) .  Th e to p nod e o f  a  tre e 
represent s a  summar y o f  a  concept .  I n summarizin g 
thi s text ,  N E X U S delete s th e tre e centere d aroun d 
gathering' ,  becaus e i t  i s  'preparatory' ,  an d produce s 

th e summar y "Th e pi g cleane d th e laundr y a t  th e 
stream" . 

In the course of deriving the representation NEXUS 
resolve s severa l  references .  Fo r  exampl e i t 
determine s tha t  'animal '  refer s t o 'pig' ,  an d tha t 
'laundry '  refer s t o 'clothes' .  I t  als o infer s elide d 
information ;  e.g .  i t  infer s tha t  th e pi g cleane d th e 
laundr y a t  th e stream . 

N'EXUS uses the representation as a basis for 
suggestin g answer s t o severa l  type s o f  questions . 
Th e subsequenc e relationship s betwee n 'washing '  an d 

'cleaning '  an d 'drying '  an d 'cleaning '  i s  use d t o 
answer  th e questions ,  " W h y di d th e pi g was h th e 
laundry? "  an d " W h y di d th e pi g dry  th e laundry?" , 
wit h th e statement ,  'Sh e wa s cleanin g th e laundry. " 
Th e subsequenc e relationship s betwee n 'washing '  an d 
cleaning '  an d 'drying '  an d 'cleaning '  ar e als o use d b y 

N E X US t o answe r  a n 'how '  question ;  "Ho w di d th e 
pi g clea n th e laundry ? B y washin g an d dryin g it. " 
Th e combinatio n o f  consequen t  an d preceden t 
relationships ,  subjec t  t o furthe r  semanti c checks ,  ca n 
be use d t o answe r  'goal '  questions .  Fo r  th e questio n 
'Wh y di d th e pi g gathe r  th e laundry?' ,  N E X U S use s 
th e coherenc e relation s t o sugges t  th e answe r  'S o sh e 
coul d carr y i t  home. " 

S o me Result s a n d Conclusion s 
Even t  concep t  coherenc e shoul d no t  b e confuse d 

wit h th e discours e coherenc e describe d b y Hobb s 
(Hobbs ,  1978 )  'Even t  concep t  coherence '  i s 
primaril y concerne d wit h th e coherenc e aspec t  o f 
event/stat e concep t  definitions ,  an d secondaril y wit h 
ho w i t  i s  reflecte d i n text .  'Discours e coherence ' 
characterize s th e tex t  a s discourse ;  i t  model s th e 
•coheren t  continuatio n moves "  o f  th e autho r  o r 
speake r  (  (Hobbs ,  1979 )  pC8) .  'Even t  concep t 
coherence '  represent s th e tex t  b y th e dictionar y 
relationship s amon g th e even t  concept s use d i n th e 
text .  Wit h th e exceptio n o f  tw o occasio n relations , 
enabl e an d cause ,  'discours e coherence '  use s 
rhetorica l  relations ,  lik e example ,  parallel , 
elaboratio n an d contrast .  'Even t  concep t  coherence ' 
include s i n it s  representatio n a n explanatio n o f  th e 
connectio n betwee n tw o concepts ,  i.e .  th e inferenc e 
pat h i t  foun d i n th e dictionary ,  'Discours e coherence ' 
does not .  'Even t  concep t  coherence '  i s  derive d i n a 
data-drive n fashion ;  'discours e coherence '  work s fro m 
th e to p dow n lookin g fo r  on e o f  a  se t  o f  rhetorica l 
relations .  'Even t  concep t  coherence '  ha s a  dictionar y 
of  even t  concept s a s it s  majo r  sourc e o f  knowledge ; 
'discours e coherence '  require s a  synthesi s o f 
semantic ,  factual ,  expert ,  stylistic ,  an d grammatica l 
knowledge .  Thes e comment s ar e mean t  t o clarif y 
th e man y difference s tha t  exis t  betwee n 'even t 
concep t  coherence '  an d 'discours e coherence' ,  no t  t o 
detrac t  fro m Hobbs '  work . 

The event concept coherence representation system 
i s realize d i n a  progra m calle d N E X U S .  Th e 
subsyste m whic h produce s th e representation s i s 
calle d T R A C E ,  th e questio n answere r  Q U E S T , 
and th e summarize r  S U M .  Th e syste m i s 
programme d i n procedura l  logi c usin g H C P R VR 
(Chester ,  1980a ,  Chester ,  1980b) . 

Concept coherence analysis has been applied to 
tex t  previousl y accounte d fo r  b y script s (Schan k & 
Abelson ,  1977 ,  Cullingford ,  1978) ,  plan s (Schan k & 
AbeKson ,  1977 ,  Wilensky ,  1978 ,  Wilensky ,  1981) , 
stor y tree s (Rumclhart ,  1975) ,  schema-narrativ e tree s 
(Simmons ,  1982 ,  Simmons ,  1983 ,  Correira ,  1980) , 



and speec h ac t  (Allen ,  1979 ,  Cohe n an d Pcrrault , 
1979 ,  Cohen ,  Perrault ,  an d Allen ,  1981 )  theories . 
Event  concep t  coherenc e i s no t  intende d t o replac e 
thes e top-dow n theories ,  bu t  mor e t o complemen t 
the m wit h a  theor y tha t  attempt s t o gro w th e mor e 
comple x interpretation s o f  tex t  fro m th e bottom-up . 

TRACE has successfully been applied to eight 
sample s o f  text .  I t  i s  imporan t  t o remembe r  tha t  fo r 
each o f  th e eigh t  example s T R A C E use d th e 
identica l  dictionar y o f  concepts .  Thre e o f  th e 
sample s c:vm e fro m th e A I  literature ;  thes e include d 
storie s whic h ha d bee n accounte d fo r  b y eithe r 
script s (Lehnert ,  1977) ,  plan s (Wilensky ,  1978 )  o r 
stor y tree s (Rumelhart ,  1975) .  Th e othe r  fiv e 
samples ,  includin g a  mor e difficul t  versio n o f  "Th e 
Tal e o f  th e Pig "  example ,  com e fro m a  boo k o f 
folktale s (Protter ,  1961) .  Fo r  furthe r  detail s se e 
Allerma n (Alterman ,  1982) . 

A c k n o w l e d g e m e n t s 
I  woul d lik e t o than k Bo b Simmon s an d Elain e 

Ric h fo r  thei r  comment s o n a n earlie r  draf t  o f  thi s 
paper . 
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Perseverers ,  Recencie s an d Deferrers :  N e w experimenta l  evidenc e fo r  multipl e inferenc e 

strategie s i n understandin g 
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C o m p u t e r  Scienc e D e p a r t m e n t 

Universit y o f  Californi a 

Irvine ,  Californi a 9 2 7 1 7 

I n th e cours e o f  understandin g a  text ,  a  successio n o f  decisio n 
point s aris e a t  whic h reader s ar e face d wit h th e tasl c o f  choosin g 
among alternativ e possibl e interpretation s o f  tha t  text .  W e 
presen t  ne w experimenta l  evidenc e tha t  differen t  reader s us e 
differen t  inferenc e strategie s t o guid e thei r  inferenc e behavio r 
durin g understanding .  Th e choice s availabl e t o a n understande r 
rang e fro m variou s alternativ e inferentia l  path s t o th e optio n o f 
makin g n o inferenc e a t  a  particula r  point ,  leavin g a  'loos e end' . 
Differen t  inferenc e strategie s resul t  i n observabl y differen t 
behavior s durin g understanding ,  includin g consisten t  difference s 
i n readin g times ,  an d differen t  interpretation s o f  a  text .  Th e 
preliminar y experimenta l  result s give n her e s o fa r  consistentl y 
suppor t  a  previousl y publishe d se t  o f  hypothese s abou t  th e 
inferenc e proces s tha t  w e hav e calle d Judgmenta l  Inferenc e theory . 

1. 0 Introductio n 

When trying to understand even a simple text, readers make 
comple x evaluation s o f  th e tex t  t o hel p choos e on e o f  severa l 
alternativ e interpretations .  I n makin g suc h decisions ,  reader s 
emplo y a  numbe r  o f  differen t  strategies ,  includin g th e selectio n o f 
an inferenc e path .  Thi s pape r  present s a  theor y o f  ho w reader s 
make suc h choices .  Fo r  example ,  subject s i n ou r  experiment s rea d 
th e followin g story : 

[1] Melissa began to cry. Tyler had just asked her to marry him. 

When asked why Melissa began to cry, different subjects gave at 
leas t  tw o significantl y differen t  answers :  (1 )  becaus e sh e wa s upse t 
fo r  som e reaso n abou t  Tyler' s proposal ,  perhap s becaus e sh e 
couldn' t  o r  didn' t  wan t  t o accep t  th e proposal ;  vs .  (2 )  becaus e sh e 
was s o happ y abou t  th e proposa l  tha t  sh e wa s cryin g tear s o f  joy . 
Preliminar y findings  i n a  serie s o f  controlle d experiment s indicat e 
tha t 

1. the answers a subject gives to this and similar questions 
correlat e wit h differen t  readin g times ; 

2. these differences in reading times, and the differences in 
question-answerin g behavior ,  an d th e correlatio n betwee n 
them ,  ar e al l  accuratel y predicte d o n th e basi s o f  hypothesize d 
'inferenc e strategies'containe d i n Judgmenta l  Inferenc e 
theor y [Grange r  1982] ; 

3. the different reading times and interpretations are not due to 
arbitrar y individua l  differences ,  bu t  rathe r  t o th e adoptio n b y 
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individual s o f  som e particula r  principle d inferenc e strategy , 
as evidence d b y th e fac t  tha t  individual s initiall y  exhibitin g 
one typ e o f  strateg y ca n b e experimentall y manipulate d t o 
exhibi t  a  differen t  typ e o f  strategy . 

While many theories of inference in understanding acknowledge 
th e existenc e o f  alternativ e inferentia l  paths ,  w e presen t  a  theor y 
tha t  (1 )  catalog s th e path s availabl e t o a n understander ,  (2 ) 
predict s wha t  mechanism s wil l  lea d t o th e choic e o f  particula r 
inferentia l  path s durin g understanding ,  an d (3 )  provide s 
preliminar y experimenta l  evidenc e whic h support s thes e 
hypotheses . 

2.0 Background 

Language understanding is an interactive process which requires 
bot h adequat e informatio n presentatio n o n th e par t  o f  th e 
communicato r  an d skill s  o f  interpretatio n o n th e par t  o f  a n 
understander .  Th e interpretatio n skill s  necessar y fo r 
understandin g includ e mechanism s fo r  suc h inferenc e task s a s 
associatin g referent s (Anderso n &  Bower ,  1973 ;  Havilan d & 
Clarke ,  1974) ,  recognizin g temporall y o r  causall y relate d event s 
(Schan k &  Abelson ,  1977 ;  Bower ,  Black ,  &  Turner ,  1979;  Blac k an d 
Bern ,  1980) ,  an d filling  i n unstate d action s an d precondition s fo r 
action s i n a  stereotypica l  sequenc e o f  event s (Schank ,  1975,1977 ; 
Bower  et.al. ,  1979) . 

For example, consider the following story: 

[2] Gailhadaccidentally poured coffee onto Will's hand. He 
screame d blood y murder . 

Readers have no trouble inferring that "he" in the second sentence 
refer s t o Wil l  fro m th e first  sentence .  Thi s i s know n a s referentia l 
cohesion .  Reader s als o recogniz e tha t  Wil l  screame d afte r  th e 
coffe e wa s poure d o n him ,  althoug h n o specifi c  tempora l  connectio n 
was stated .  Further ,  reader s wil l  onl y infe r  tha t  Wil l  screame d 
becaus e h e wa s i n pai n o r  becaus e h e wa s ver y angr y wit h Gai l  (o r 
both) .  The y wil l  no t  infe r  tha t  h e screame d becaus e h e sa w a  ghost , 
or  becaus e h e suddenl y remembere d i t  wa s tim e fo r  hi s prima l 
screa m therapy .  Thi s connectio n betwee n th e tw o event s i s know n 
as causa l  cohesio n (Schank ,  1977) .  Causa l  cohesio n ha s bee n 
demonstrate d extensivel y throug h variou s experiment s (Anderso n 
et  al ,  1973 ;  d e Villiers ,  1974 ;  Bowe r  e t  al ,  1979 ;  Blac k e t  al ,  1980) , 
whic h indicat e tha t  recal l  o f  stor y event s wa s highe r  an d readin g 
tim e wa s faste r  i f  th e event s i n th e stor y wer e causall y related . 
Thes e studie s demonstrat e th e integra l  rol e inference s pla y i n 
understandin g text . 

It is important to note thatunderstanders make inferences about 
tex t  a s the y read ,  no t  afte r  the y hav e finished  reading .  Referentia l 
inference s hav e bee n demonstrate d t o b e mad e durin g reading . 
Seifert ,  Robertson ,  an d Blac k (1982 )  discus s Havilan d an d Clark' s 
197 4 experiment s whic h sho w tha t  readin g time s ar e longe r  whe n 
statement s canno t  b e easil y connecte d throug h referents .  Seifer t 



et .  al .  als o poin t  ou t  tha t  inference s whic h d o no t  rel y o n linguisti c 
contex t  ar e m a d e b y th e reader .  Thes e pragmati c inference s 
involv e causa l  connection s forme d betwee n statement s i n th e tex t 
an d worl d knowledg e whic h a  reade r  draw s upo n t o infe r  causality , 
cas e relations ,  missin g event s i n a  stereotypica l  sequenc e o f  events , 
an d othe r  abstrac t  inferences .  Forillustration ,  recal l  stor y [2] .  A t 
th e en d o f  th e first  sentenc e a n inferenc e i s m a d e tha t  th e 
subsequen t  event s wil l  b e relate d t o th e coffe e spilling .  Thi s i s 
easil y illustrate d b y givin g a  differen t  versio n o f  th e stor y t o 
readers : 

(2a] Gail had accidentally poured coffee onto Will's hand. He 
tol d he r  a  sill y  joke . 

Readers would be confused by this version because there is no 
apparen t  c a usa l  connection .  The y woul d tr y t o relat e th e event s i n 
an y w a y possible ;  fo r  example ,  the y migh t  decid e tha t  Wil l  tol d th e 
jok e t o Gai l  befor e sh e poure d th e coffee ,  an d tha t  sh e foun d th e 
jok e s o funn y tha t  sh e go t  careles s wit h he r  coffe e pouring .  A 
reade r  migh t  als o decid e tha t  tellin g joke s w a s Will' s  stoi c respons e 
t o pain ,  o r  tha t  th e coffe e wasn' t  hot .  Mos t  reader s wil l  eventuall y 
conclud e tha t  th e event s wer e no t  causall y relate d a t  all .  W h a t  i s 
intruigin g i s tha t  an y origina l  expectation s abou t  event s whic h a 
reade r  generate s afte r  readin g th e first  sentenc e wil l  b e differen t 
f ro m interpretation s possibl e afte r  readin g th e secon d sentence . 
Ther e mus t  b e a t  leas t  tw o point s durin g th e readin g a t  whic h 
inference s abou t  event s ca n b e m a d e ,  fo r  instance ,  on e afte r  th e 
first  sentence ,  an d on e afte r  th e second .  Suc h point s ar e k n o w n a s 
inferenc e point s {se e Rumelhart ,  1981) . 

Several options are available to the reader at an inference point. 
T h e readermayleaveatooseendCGranger ,  1980a ,  1981) ;  tha t  is , 
no particula r  inferenc e abou t  furthe r  event s i s generated .  Th e 
reade r  ofte n come s u p wit h defaul t  inferences ,  which ,  give n th e 
materia l  alread y read ,  ar e th e mos t  likel y o f  th e possibl e events , 
reactions ,  an d s o on .  I n stor y [2] ,  som e o f  th e defaul t  inference s 
wou l d b e tha t  th e coffe e ha d scalde d Will ,  tha t  h e w a s i n pain ,  an d 
tha t  h e migh t  reac t  t o th e pain .  Th e reade r  ca n als o m a k e anothe r 
kin d o f  inferenc e whic h woul d no t  b e base d o n th e mos t  likel y 
outcom e o f  th e stor y base d o n th e event s s o far .  Fo r  example ,  i n 
stor y [2] ,  a  plausibl e inferenc e i s tha t  Wil l  m a y decid e t o tak e 
reveng e o n Gail ,  o r  tha t  Wil l  screame d befor e Gai l  spille d th e 
coffee,an d sh e spille d th e coffe e becaus e th e screa m startle d her . 
Intuitively ,  th e defaul t  inferenc e abou t  tempora l  relation s i s tha t 
event s ar e describe d i n th e orde r  i n whic h the y happened . 
Likewise ,  th e mos t  frequen t  defaul t  inferenc e abou t  causa l 
relation s i s tha t  earlie r  event s cause d subsequen t  event s t o 
happen . 

However, it is not always the case that the order in which events 
ar e relaye d m tex t  i s  th e orde r  i n whic h th e reade r  infer s the m t o 

hav e happened .  I t  onl y appear s thi s w a y becaus e text s h  e  ofte n 
writte n i n a  problem/solutio n fashion ,  rathe r  tha n a n 
action/explanatio n fasfiion .  Ther e ar e m a n y text s tha t  d o no t 
m a ke i t  immediatel y c l  sa r  whethe r  o r  no t  event s h a v  e  b e e n relaye d 
i n cause/effec t  order .  Vkhe n thi s happens,differen t  straU;gie s m a y 
arriv e a t  differen t  interpretation s o f  th e order . 

The inferences that are made conform to evaluation metrics 
(Granger ,  1980a )  whic h determin e h o w appropriat e th e i  nferenc e 
is .  Cohesion ,  i n it s  variou s forms ,  i s  on e suc h evaluatio n metric . 
Anothe r  metri c i s parsimon y (Granger ,  1980a ,  1980b) .  Parsimon y 
refer s t o th e observatio n tha t  reader s wil l  infe r  th e leas t 
complicate d explanatio n o f  event s possible .  Fo r  example : 

[3] Mary picked up a magazine. She swatted a fly. 

In the above story, readers will always infer that Mary picked up 
th e magazin e i n orde r  t o swa t  th e fly,  eve n thoug h severa l  othe r 
interpretation s ar e possibl e (fo r  example ,  tha t  sh e picke d u p th e 
magazin e t o read ,  the n w a s annoye d b y th e fly  an d use d th e 
magazin e t o swa t  it .  Reader s wil l  agre e tha t  thes e mor e 
complicate d interpretation s ar e equall y possibl e interpretations . 
But  eve n thoug h thes e interpretation s ar e al l  equall y logicall y 
possible ,  peopl e universall y choos e th e mos t  parsimoniou s o f  th e 
interpretation s - -  i.e. ,  th e on e tha t  wil l  explai n mos t 
parsimoniousl y th e m a x i m u m n u m b e r  o f  event s i n th e text . 

If the reader left a loose end after reading the first sentence in the 
stor y above ,  a s i n figure  la ,  ther e woul d b e n o proble m relatin g th e 
tw o sentence s wit h th e mos t  parsimoniou s inference .  However ,  i f 
th e reade r  m a k e s th e defaul t  inferenc e tha t  M a r y wante d t o rea d 
th e magazine ,  a s i n figure  lb ,  th e reade r  mus t  supp/on < tha t  initia l 
inferenc e wit h th e ne w inferenc e tha t  th e magazin e wa s goin g t o b e 
use d fo r  flyswatting.  Supplantin g occur s w h e n a  defaul t  inferenc e 
m a de b y a  reade r  doe s no t  accoun t  parsimoniousl y fo r  al l  o f  th e 
event s i n th e text . 

Readers are constantly evaluating their own inferences, 
supplantin g inference s whic h ar e no t  parsimonious ,  re -
interpretin g whol e section s o f  tex t  w h e n th e tex t  ha s a  surpris e 
endin g (e.g .  myster y stories ,  jokes) ,  an d s o on .  Judgmenta l 
Inferenc e theor y [Grange r  1982 ]  hypothesize s tha t  al l  inferenc e 
point s ar e i n fac t  decisio n points ,  wher e on e o f  m a n y path s i s 
chose n (e.g .  leavin g a  loos e end ,  mak in g a  defaul t  inference , 
supplantin g a n inference ,  etc. )  base d o n comple x evaluation s o f  th e 
interpretatio n bein g constructed .  Thes e interpretation s ca n 
involv e a  serie s o f  intermediat e steps ,  i n whic h m a n y 
interpretation s ar e tested .  Judgmenta l  inferenc e i s no t  a  consciou s 
attemp t  t o discove r  th e interpretatio n tha t  i s  mos t  parsimonious , 
most  logical ,  o r  mos t  cohesive .  Rather ,  i t  i s  a n unconsciou s process , 
guide d b y inferenc e strategies . 
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3. 0 Theoretica l  Prediction s o f  J u d g m e n t a l  Inferenc e 

Judgmental  inference theory makes several specific predictions of 
ho w peopl e choos e 'inferenc e paths' .  Thi s pape r  an d th e 
experiment s describe d her e focu s o n th e stud y o f  thes e predictions . 
I n particular ,  th e experiment s discusse d belo w focu s o n th e 
followin g questions : 

1. When in the interpretation process are inferences made, if at 
all ? 

2. When in the interpretation process are loose ends left, if at all? 

3. When do inferences get supplanted, if at all? 

4. What happens when a reader doubts an inference? 

5. When there are two (or more) equally plausible, parsimonious, 
and "normal "  interpetation s o f  stor y event s possible ,  whic h 
one wil l  reader s select ,  w h y wil l  the y selec t  it ,  an d wha t  wil l 
happe n i f  doub t  abou t  th e chose n interpretatio n i s introduced ? 

It was pointed out above that a reader may take one of several 
inferenc e path s whe n interpretin g a  story .  Fo r  example ,  reader s 
ca n leav e loos e end s o r  mak e inference s a t  inferenc e points . 
Reader s ca n rea d wit h a  "naive "  o r  a  "suspicious "  understanding : 
the y ca n assum e tha t  th e autho r  i s conveyin g th e fact s o r  tryin g t o 
deceiv e them ,  tha t  actor s i n th e tex t  hav e over t  o r  cover t  goals ,  an d 
so on .  Ye t  mos t  reader s com e u p wit h ver y simila r  interpretation s 
of  stor y events .  Eithe r  al l  reader s follo w th e sam e inferenc e paths , 
or  wit h enoug h constraints ,  al l  inferenc e path s wil l  lea d t o simila r 
interpretation s o f  events .  Thi s theor y espouse s th e latte r  view . 

We theorize that interpretations are based on strategies or 
systemati c choice s betwee n inferenc e paths ,  an d tha t  individual s 
ten d t o us e th e sam e inferenc e path s consistently .  Thi s woul d 
make possibl e th e discover y o f  inferenc e pat h choices ,  an d explai n 
w hy readers '  interpretation s o f  tex t  ar e usuall y similar ,  ye t  diverg e 
on occasion .  However ,  th e inferenc e pat h syste m chose n i s neithe r 
idiosyncrati c no r  universa l  t o al l  readers .  Instead ,  ther e seem s t o 
be a'scale'o f  systems .  W e hav e divide d thi s scal e int o severa l 
broa d categories ,  althoug h i t  shoul d b e note d tha t  i n reality ,  w e 
hav e s o fa r  foun d n o clea r  division s amon g them . 

Those readers who tend to come up with an interpretation of events 
as earl y a s possibl e i n th e readin g an d the n clin g t o tha t 
interpretatio n a s lon g a s possibl e ca n b e describe d &sPerseverers . 
Thos e reader s w h o ten d t o leav e loos e end s abou t  goal s an d plan s 
(unles s th e goal s o r  plan s ar e explicitl y  stated )  ar e know n a s 

Recencies .  Recencie s wil l  com e u p wit h a n interpretatio n fairl y 
lat e i n th e test ,  an d i f  a  conflic t  develop s betwee n possibl e 
interpretations ,  th e interpretatio n base d o n th e mos t  recen t 
informatio n i s chosen . 

There are examples of extreme behavior at both ends of the scale. 
The mos t  dedicate d o f  Recencie s wil l  no t  m a k e inferences .  Unles s a 
goa l  o r  a  pla n i s explicitl y  stated ,  thes e reader s wil l  leav e loos e 
ends .  Suc h behavio r  shoul d resul t  i n quic k reading ,  bu t  slo w an d 
possibl y haphazar d answerin g whe n querie d abou t  inferre d events . 
The extrem e versio n o f  th e Pers e vere r  migh t  b e analagou s t o a 
"paranoid "  reader .  Suc h reader s woul d m a k e inference s base d o n 
preconceive d notions .  The y migh t  relat e tex t  t o thei r  ow n 
experiences ,  o r  ascrib e attribute s t o character s whic h ar e clearl y 
not  i n lin e wit h actua l  text . 

Because there is not necessarily a clear division between the two 
mai n categories ,  ther e ar e reader s wh o behav e a s thoug h the y 
coul d belon g i n eithe r  category .  Suc h reader s ar e calle d Deferrers . 
I t  i s  no t  clea r  whethe r  Deferrer s ar e usin g som e combinatio n o f  th e 
othe r  strategie s o r  a  differen t  sor t  o f  strateg y altogether .  Futur e 
experiment s m a y hel p explai n Deferre r  behavior . 

Recall the following example: 

[1] Melissa began to cry. Tyler had just asked her to marry him. 
Q:  W h y di d Meliss a cry ? 

As Figure 2a shows, a Perseverer reading this story will believe 
tha t  Meliss a wa s upse t  wit h Tyler' s proposal ;  mayb e sh e doesn' t 
lik e Tyler ,  o r  mayb e sh e i s unabl e t o ge t  marrie d eve n thoug h sh e 
love s Tyler .  Th e exac t  caus e i s unknown ,  bu t  th e defaul t  inferenc e 
base d o n he r  tear s i s tha t  sh e i s unhappy .  Tha t  is ,  i n th e absenc e o f 
mor e specifi c  information ,  cryin g i s assume d t o b e a  visibl e sig n o f 
pai n o r  unhappiness ,  an d ther e i s som e actio n whic h ca n explai n 
unhappiness .  A n y ne w informatio n i n th e stor y (here ,  Tyler' s 
proposal )  wil l  b e interprete d a s a n explanatio n fo r  tha t 
unhappines s o r  a  reactio n t o th e unhappiness . 

A Recency would believe just the opposite: that Melissa is happy 
wit h th e proposal ,  an d tha t  sh e i s cryin g tear s o f  joy ,  no t  tear s o f 
sorrow .  Figur e 2 b illustrate s th e inferenc e strateg y o f  a  Recenc y 
tryin g t o understan d th e event s i n thi s story .  Recencie s d o no t 
m a ke a n initia l  inferenc e abou t  Melissa' s crying ,  no t  eve n a  defaul t 
inference ;  unles s a  specifi c  goa l  o r  pla n i s stated ,  a  Recenc y wil l 
leav e a  loos e end ,  waitin g fo r  mor e specifi c  information .  I f  late r 
event s i n th e stor y ar e mor e specifi c  abou t  goal s an d plans ,  the n 
earlie r  event s wil l  b e interprete d i n ligh t  o f  thi s mor e specifi c 
information .  Eve n i f  n o mor e specifi c  informatio n i s given ,  a 
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Recenc y wil l  us e th e lates t  event s i n th e stor y t o interpre t  earlie r 
events .  Thus ,  a  Recenc y woul d m a k e n o inferenc e abou t  th e caus e 
of  Melissa' s tears .  Th e late r  informatio n abou t  Tyler' s proposa l 
woul d giv e ris e t o a  presume d defaul t  interpretatio n o f  "happ y 
event" ,  an d th e earlie r  event s i n th e stor y woul d b e interprete d a s 
bein g i n lin e wit h a  happ y event ,  s o tha t  Melissa' s tear s ar e 
assume d t o b e tear s o f  joy . 

If this model is correct, reversal of the sentences of the above story 
shoul d produc e th e opposit e interpretatio n fro m th e tw o extrem e 
groups ;  tha t  is ,  whe n presente d with : 

[4] Tyler had just asked Melissa to marry him. She began to cry. 

Recencies should infer that Melissa is unhappy about the proposal, 
whil e Perseverer s shoul d infe r  tha t  sh e i s cryin g tear s o f  joy . 

4.0 Puzzles Solved 

The theory of interpretation strategies helps answer the questions 
pose d earlier .  W e ca n explai n whe n loos e end s wil l  b e lef t  an d 
when inference s wil l  b e mad e a s bein g dependen t  upo n whic h 
inferenc e pat h th e individua l  chooses .  Thi s explanatio n als o 
suffice s fo r  predictin g whe n inference s wil l  b e supplanted .  Anothe r 
proble m tha t  thi s mode l  addresse s i s determinin g whic h o f  tw o 
equall y plausibl e an d parsimoniou s interpretation s wil l  b e 
selected .  Alon g thes e lines ,  Schank ,  et .  al .  explai n suc h 
misunderstandin g i n verba l  communicatio n b y "...maintainin g 
tha t  derivin g a  poin t  i s  a  par t  o f  processing ,  specificall y relate d t o 
th e choic e o f  a n 'inferenc e path' .  Understander s choos e t o proces s 
idiosyncratically "  (Schank ,  et.al. ,  1982 ,  p .  263) .  Thi s explanatio n 
of  derivin g a  poin t  agree s wit h ou r  theor y o f  inferenc e paths . 
However ,  rathe r  tha n believin g understanders '  processin g t o b e 
idiosyncratic ,  thi s mode l  predict s tha t  individual s wil l  ten d t o 
follo w a  singl e strateg y consistently ,  rathe r  tha n arbitraril y 
switchin g fro m pat h t o path . 

Another puzzle is presented in Rumelhart's (1981) work. His 
subject s ha d storie s presente d eithe r  a  wor d a t  a  time ,  a  lin e a t  a 
time ,  o r  al l  a t  once .  Th e subjects '  inference s wer e collecte d eithe r 
at  th e en d o f  a  lin e o r  a t  th e en d o f  th e story .  Rumelhar t  compare d 
fina l  interpetation s o f  subject s w h o rea d th e whol e story ,  an d 
subject s w h o rea d th e stor y a  lin e a t  a  time ,  an d wrote : 

The results showed that subjects who interpreted a line at a 
tim e nearl y alway s generate d th e sam e interpretation s a s 
ths e w h o gav e u s a n after-the-fac t  interpretation .  Th e onl y 
discernabl e differenc e wa s tha t  thos e w h o gav e a n 
interpretatio n onl y a t  th e en d showe d somewha t  mor e 
variabilit y  i n thei r  interpretation s (p .  27) . 

Rumelhart's own explanation of this phenomenon attempted to 
writ e i t  of f  a s 'carelessness '  o n th e par t  o f  th e subjects : 

It appears that this results from more careless reading on 
th e par t  o f  th e subject s offerin g a n interpretatio n onl y a t 
th e en d (p .  27) . 

However, viewed in terms of the inference strategies of 
Judgmenta l  Inferenc e theory ,  i t  i s  possibl e t o interpre t 
Rumelhart' s  dat a a s furthe r  evidenc e fo r  th e hypothesize d strateg y 
paths .  W h e n tex t  i s  presente d t o subject s a  lin e a t  a  time ,  wit h 
inference s abou t  eac h lin e required ,  subject s ar e force d t o ac t  lik e 
Perseverers .  Eve n i f  n o inference s wer e elicite d afte r  eac h line , 
othe r  deman d characteristic s o f  th e tas k virtuall y forc e th e subjec t 
t o interpre t  th e tex t  i n a  particula r  manner .  Fo r  example ,  i f  th e 
tex t  i s  presente d a  singl e lin e a t  a  time ,  visua l  cue s whic h woul d 
allo w th e subject s t o recogniz e tha t  ther e i s mor e tex t  availabl e 
whic h migh t  guid e inference s woul d b e lost .  W h e n subject s hav e 
al l  th e tex t  presente d a t  once ,  the y ar e fre e t o interpe t  tex t  usin g 
thei r  usua l  strateff v oaths .  Thus ,  th e greate r  variabilit y  o f 

interpetatio n i s a n artifac t  o f  thes e differen t  strateg y paths ,  no t  a 
resul t  o f  careles s reading . 

4.1 Experimental Validation of Hypothesis 

Experiments are being conducted to discover whether the inference 
strategie s exist ,  wha t  characteristic s shoul d b e ascribe d t o them , 
an d whethe r  individual s ten d t o us e onl y on e o f  th e inferenc e 
paths .  I n general ,  ou r  experimenta l  methodolog y i s simila r  t o tha t 
whic h Seifert ,  et .  al .  (1982 )  use d i n thei r  experiment s o n pragmati c 
inferences .  Ou r  experiments ,  lik e theirs ,  utiliz e th e method s o f 
fals e recognitio n o f  materia l  no t  foun d i n th e text ,  timing  subjects ' 
readin g speed ,  an d inquirin g abou t  th e subjects '  inference s onl y 
afte r  a  ful l  tex t  i s  read .  Th e mai n differenc e wa s tha t  Seifert ,  et . 
al. ,  use d text s o f  1 7 line s each .  The y reasone d tha t  i t  wa s possibl e 
tha t  whe n reader s wer e presente d wit h onl y tw o line s o f  text ,  thei r 
inferenc e strategie s m a y b e differen t  tha n whe n readin g a  longe r 
text ;  i.e. ,  the y m a y se e i t  a s onl y a  stor y fragment ,  wherea s a  longe r 
tex t  look s lik e a  ful l  story . 

The stories used in our experiment are not as long. However, we 
hav e controlle d fo r  th e possibl e 'isolatio n effect '  o f  shor t  texts .  Th e 
contro l  storie s use d i n thi s experimen t  varie d i n length :  som e o f  th e 
storie s wer e a s shor t  a s th e diagnosti c stories ,  whil e som e wer e 
severa l  line s longer .  I f  ther e i s a  differenc e i n processin g foun d 
betwee n th e lon g an d shor t  contro l  stories ,  the n i t  i s  likel y tha t  th e 
'isolatio n effect '  i s  takin g plac e i n subject' s analyse s o f  th e 
experimenta l  texts .  Thes e technique s shoul d m a k e ou r 
experimenta l  result s externall y valid . 

4.2 Materials 

Ten story sets, each consisting of one story and between six and 
nin e questions ,  ar e presente d t o eac h subjec t  a s a  singl e trial .  Eac h 
stor y describe d a  fairl y  stereotypica l  situatio n foun d i n literatur e 
an d th e media .  Ther e wer e tw o kind s o f  question s t o b e answered . 
Th e firs t  typ e o f  questio n require d th e subjec t  t o provid e eithe r 
informatio n give n i n th e stor y o r  a n inferenc e abou t  th e situatio n 
describe d i n th e story .  Th e secon d typ e o f  questio n require d th e 
subjec t  t o m a k e a  trut h judgmen t  abou t  th e informatio n i n th e 
question ,  whic h w a s eithe r  abou t  informatio n fro m th e stor y o r 
abou t  inference s tha t  coul d b e m a d e abou t  event s i n th e story . 

Each trial had five control and five experimental story sets. 
Contro l  storie s wer e writte n t o virtuall y forc e on e shap e o f 
interpretatio n abou t  th e stor y situation ;  the y wer e worde d s o tha t 
inference s woul d b e m a d e a t  th e sam e point s b y everyone . 
Experimental ,  o r  diagnostic ,  storie s wer e worde d s o tha t  differen t 
shape s o f  interpretation s ar e possible ,  an d s o tha t  inference s nee d 
not  b e mad e a t  th e sam e point s b y al l  readers ,  dependin g upo n h o w 
th e reade r  processe s th e story .  Usually ,  th e diagnosti c storie s 
allowe d tw o nearl y opposit e shape s o f  interpretation .  Also ,  th e 
sentenc e orde r  o f  experimenta l  storie s woul d permi t 
rearrangemen t  wit h th e sam e shape s o f  interpetatio n possible , 
wherea s th e contro l  stories '  sentence s coul d no t  b e rearrange d 
withou t  destroyin g thei r  sense . 

Four versions of each diagnostic story were used. Some versions 
wer e permutation s o f  sentenc e order ,  a s explaine d above .  Other s 
ha d additiona l  informatio n whic h force d th e shap e o f 
interpretation ,  bu t  stil l  allowe d inference s t o b e m a d e a t  differen t 
place s i n th e tex t  b y reader s usin g different .  Becaus e som e 
interpretatio n shape s m a y ten d t o b e mor e c o m m o n tha n others ,  o r 
interpretatio n shape s m a y h e applie d i n a  particula r  order ,  th e 
differen t  version s o f  th e diagnosti c storie s ha d defaul t  inference s 
correspondin g t o severa l  o f  th e interpretatio n shapes .  Thus , 
difference s i n subjects '  interpretation s coul d b e accounte d fo r  b y 
differen t  processin g methods ,  rathe r  tha n particula r  interpretatio n 
shap e biases .  Onl y on e versio n o f  eac h stor y appeare d i n a  trial ,  s o 
fou r  trial s wit h th e differen t  version s wer e constructed . 



I n additio n j a th e differen t  version s o f  th e story ,  ther e wer e thre e 
method s o f  presentation .  A  stor y wa s eithe r  presente d i n it s 
entiret y o r  on e sentenc e a t  a  time ,  t o tes t  Rumelhart' s  results , 
discusse d above .  Asterisk s (* )  wer e i n th e tex t  a t  inferenc e point s 
and a t  th e en d o f  ever y sentence .  However ,  whe n th e storie s wer e 
presente d a  sentenc e a t  a  time ,  th e metho d o f  presentatio n wa s 
eithe r  wit h asterisk s a t  inferenc e point s an d a t  th e end s o f 
sentences ,  o r  onl y a t  th e end s o f  sentences .  Thus ,  ther e wer e thre e 
method s o f  presentatio n possibl e o f  th e fou r  version s o f  th e stor y 
sets ,  fo r  a  tota l  o f  twelv e trials . 

4.3 Procedure 

Subjects were run individually. The subjects read instructions 
fro m a n Appl e I I  microcomputer ,  whic h informe d the m tha t  the y 
woul d tak e a  readin g comprehensio n test .  Th e subject s wer e tol d t o 
rea d th e storie s fo r  comprehensio n rathe r  tha n speed .  The y wer e t o 
pres s th e retur n ke y a s soo n a s the y rea d pas t  a n asterisk ,  eithe r  i n 
th e tex t  o r  afte r  a  question .  Subject s wer e instructe d tha t  al l 
question s wer e t o b e answered ;  response s suc h a s " I  don' t  know" ,  o r 
"th e stor y didn' t  say "  wer e prohibited .  Subject s wer e encourage d t o 
answe r  wit h thei r  bes t  gues s i f  the y weren' t  sur e o f  th e correc t 
response .  I t  wa s suggeste d tha t  th e subjec t  thin k o f  th e storie s a s 
"situations" ,  rathe r  tha n respon d wit h th e actua l  tex t  o f  th e story . 

No task intervened between a story and the questions. Reading 
tim e wa s recorde d a t  eac h asterisk ,  whic h wer e place d a t  inferenc e 
points ,  end s o f  sentences ,  an d end s o f  questions .  On e questio n i n 
eac h stor y se t  coul d b e (randomly )  re-presented ,  followin g th e 
statemen t  "That' s a  goo d answer ,  bu t  ther e i s a  bette r  one .  Ca n yo u 
thin k o f  it?" .  Bot h answer s t o thes e question s woul d b e recorded ,  a s 
wel l  a s th e orde r  i n whic h th e question s wer e presented .  A  subjec t 
coul d b e requestione d fro m zer o t o fiv e times ,  th e numbe r  chose n 
randomly .  Eac h subjec t  wa s give n a s muc h tim e a s necessar y t o 
complet e th e trial . 

4.4 Results 

Not all the data for this experiment have been collected yet. 
However ,  preliminar y result s indicat e tha t  th e Recenc y an d 
Persevere r  strateg y path s d o exist .  Th e theorize d characteristic s o f 
bot h group s ar e als o see m t o b e supported .  I n particular .  Recencie s 
leav e loos e end s whe n n o goa l  o r  pla n i s stated ,  an d mak e 
inference s consisten t  wit h th e defaul t  inferenc e o f  th e lates t  text , 
as evidence d s o fa r  b y readin g time s an d question-answerin g data . 
Furthermore ,  Perseverer s mak e initia l  inference s abou t  goal s an d 
plans ,  an d clin g t o th e initia l  inference s wheneve r  feasible .  I t  als o 
appear s tha t  eac h individua l  tend s t o favo r  a  singl e inferenc e 
strategy . 

When text is presented to subjects a single line at a time, the final 
interpretation s ten d t o b e mor e unifor m tha n whe n th e tex t  i s 
presente d al l  a t  once .  Thoug h i t  i s  stil l  unknow n i f  thi s effec t  i s  a 
significan t  one ,  thi s confirm s Rumelhart' s (1981 )  findings ,  an d i s 
consisten t  wit h th e theor y tha t  withou t  cue s abou t  tex t  length , 
subject s ar e force d t o ac t  a s Perseverers .  Thi s i s evidenc e tha t 
strateg y path s ca n b e chose n b y readers ,  an d henc e tha t  difi'eren t 
choice s o f  inferenc e path s ar e no t  du e simpl y t o individua l 
differences ,  bu t  ar e th e resul t  o f  distinc t  strategies . 

5.0 Conclusion: Future Work 

The experiments described here were only designed to confirm that 
th e strateg y path s exis t  b y demonstratin g tha t  reader s usin g th e 
differen t  strategie s hav e differen t  readin g an d understandin g 
behavior ,  mos t  notably ,  completel y differen t  interpretation s o f 
particula r  texts .  However ,  thes e experiment s di d notcarefull y 
explor e th e underlyin g rule s eac h strateg y ha s whic h gover n 
inferenc e decisions .  Othe r  experiment s ar e currentl y bein g 
designe d t o tes t  hypothese s abou t  th e natur e o f  thes e rules . 

We hav e constructe d a  prototyp e fo r  a  compute r  progra m whic h 
model s th e Persevere r  an d Recenc y inferenc e strategies ,  calle d 
S T R A T E G I S T,  describe d i n Granger ,  Eiselt ,  &  Holbroo k (1983) . 
S T R A T E G I ST wa s base d o n th e dat a w e hav e collecte d fro m th e 
experiment s discusse d i n thi s paper .  W e inten d t o exten d th e 
S T R A T E G I ST mode l  an d us e i t  a s a  test-be d fo r  hypothese s abou t 
strategy-drive n inferenc e rales ,  a s wel l  a s explorin g th e rol e o f  th e 
inferenc e strategie s wit h text s o f  differen t  genres . 
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STRATmCATION I N STORY 
Valencina Zavarin 
L'nlverslt y o f  Californi a Sa n Francisc o 

Sinc e th e 1.960' s studie s o f  structure s (structura -
lia r  Ir .  art )  an d sc-Jia s o :  syscer s underl^ln e languag e 
behavio r  (semiotics )  hav e le d t o Increase d effor t  t o 
forraallz e theoretica l  question s o f  stor y understanding . 
The decisiv e pus h I n thi s directio n i s du e 1 )  t o th e 
wor k o f  folklorlst s an d anthropologists ,  particularl y 
tha t  o f  Levl-Strauss ;  an d 2 )  t o th e discover y o f 
Vladimi r  Prop p an d othe r  Russia n theoretician s o f  th e 
1920' s CBachtln ,  Shklovsky ,  Nikiforov ,  Elkhenbaum , 
and others) .  A  numbe r  o f  studie s o f  folklor e an d li -
terar y work s appeare d unde r  th e label s o f  narratolosy , 
grammar  o f  stories ,  narrativics ,  structura l  analysi s 
of  narrativ e (Dundes ,  1962 ,  Greimas ,  1966 ,  Nathhorst , 
1969 ,  Hendricks ,  1972 ,  Pe t  of 1 &  Rieser ,  1973 ,  Prince , 
1973 ,  1974 ,  Va n Dljk ,  1975) .  Numerou s studie s dis -
cusse d tex t  structur e an d tex t  compositio n 
(Lotran ,  1577 ,  Uspensky ,  1973) ,  typologie s o f  formu -
lai c an d non-formulai c (nonce )  text s (Pastier ,  1971 , 
Syrkln ,  1975 ,  Pennyakov ,  1979) ,  th e statu s o f  th e nar -
rator s i n th e stor y (Booth ,  1967 ,  Dolezel ,  1967 ,  Pelc , 
1971 an d others) .  Feve r  studie s deal t  Vflt h th e aspec t 
of  th e addresse e o r  th e reade r  (Todorov ,  1970 ,  Eco , 
1979) . 
In search of a story understanding model, recent 
literatur e i n Artificia l  Intelligenc e ha s raise d a  num -
ber  o f  interestin g questions .  Fo r  example ,  wha t  ar e 
th e storie s an d wha t  ar e non-storie s (Blac k an d Wilen -
sKy ,  1979) ;  wha t  ar e th e subordinatio n principle s 
betwee n variou s element s o f  th e stor y (goal s an d sub -
goals) ,  ho w d o yo u tel l  I f  element s g o togethe r  an d 
what  ar e th e relation s betwee n thes e element s (Rummel -
hart ,  1980) ;  wha t  ar e th e element s i n th e stor y whic h 
ar e "candldatea-for-deletion" ,  whe n on e model s th e 
story ;  i s  th e aristotella n divisio n o f  stor y int o set -
ting ,  characters ,  actio n an d event s a  helpfu l  segrega -
tio n fo r  presen t  da y analysi s an d wha t  I s th e uni t  o f 
analysi s referre d t o a s "event "  (Blac k an d Wllensky , 
1979) ;  ho w ca n w e accoun t  fo r  th e embeddin g phenomeno n 
i n stor y o r  discourse ;  i s ther e a  primordia l  stor y 
structur e concep t  (o r  a  traditiona l  one )  whic h allow s 
expectation-drive n processin g o f  storie s (Handle r  & 
Johnson ,  1980) ;  wil l  a  layere d analysi s o f  texts / 
storie s b e productive ,  specificall y i f  w e Isolat e I n 
our  analysi s th e leve l  o f  narrativ e sequence s fro m th e 
leve l  o f  th e worl d o f  represente d object s 
(Hobb s 4  Agar ,  i n preparation) . 
I propose to outline several topics in story ana-
lysi s whic h hav e receive d specia l  attentio n i n semiotic s 
and i n on e wa y o r  anothe r  Intersec t  wit h question s 
raise d i n artificia l  intelligenc e an d cognitiv e scienc e 
literature . 
I will consider some differentiations which can be 
made betwee n type s o f  text s i n gramma r  building .  Spe -
cificall y I  wil l  conside r  th e cas e o f  differentiatin g 
text s accordin g t o whethe r  the y requir e a n unequivoca l 
singl e interpretatio n o r  not .  I  wil l  the n conside r  "withi n 
text "  differentiatio n o f  strat a whic h als o may affec t 
grammar  building ,  a s i s th e cas e wit h th e grammar s cap -
turin g event s i n Ch e worl d o f  th e story ,  a s oppose d t o 
grammar s capturin g event s o f  th e narrativ e sequence s 
(se e fo r  exampl e storie s wit h multipl e flashbacks) . 
Two Types of Texts: Type A and Type B 
One of the principal typological distinctions 
betwee n text s i s tha t  o f  th e typ e "A "  (factua l  text ) 
whic h call s fo r  a  singl e interpretatio n an d th e typ e "B " 
tex t  ("mythic "  text )  whic h allow s fo r  ambiguit y an d 
polysemanti c interpretation .  Typ e A  tex t  may als o b e 
referre d t o I n th e literatur e a s scientifi c  o r  "practi -cal "  tex t  whil e typ e B  a s artisti c tex t  (se e Greimas , 1968 ,  Rastler ,  1971 ,  Svrkln ,  1975 ,  Zavari n &  Coote , 1979) . *The work for this paper was facilitated by the Nationa l  Institut e o f  Menta l  Healt h Gran t  31360 . 

Conten t  an d Expressio n 

In regards to the question raised by Black and 
"ilensk y (1979 )  a s t o th e kind s o f  knowledg e whic h ar e 
neede d t o understan d stor y content ,  on e o f  th e firs t 
step s i s t o discriminat e th e conten t  o f  th e stor y fro m 
whateve r  els e ther e i s i n th e story .  On e possibilit y  i s 
t o star t  wit h th e dichotom y o f  conten t  o f  stor y vs .  ex -
pression . 
An important distinction between the two types of 
text s A  an d B  i s tha t  i n on e typ e ther e i s a n obligator y 
regulatio n o f  th e leve l  o f  conten t  whil e organizatio n o f 
th e leve l  o f  expressio n i s optiona l  an d vic e vers a (Syr -
kln ,  1975) .  A  factua l  o r  scientifi c  tex t  (typ e A ) 
strive s toward s a n unequivoca l  organizatio n o f  th e plan e 
of  conten t  an d toward s avoidanc e o f  concradlctlona ,  whil e 
regulatio n o f  th e expressio n plan e i s no t  required .  I n 
a typ e B  tex t  (folklor e o r  artisti c  text )  equivoca l  in -
terpretatio n o r  polysemantlclsr a i s desirabl e sinc e I t 
allow s differen t  societies ,  culture s an d differen t  peri -
ods t o interpre t  a  tex t  i n variou s ways .  Fo r  example , 
ther e seem s t o b e a n infinit e possibilit y  t o com e u p wit h 
a ne w interpretatio n o f  a  classi c artisti c tex t  (se e 
multipl e interpretation s o f  Shakespeare' s plays ;  se e als o 
controversia l  interpretation s o f  classi c work s b y th e 
recen t  Frenc h criti c  Barthes ,  1964) .  Typ e 
B tex t  (artistic ,  mythi c text )  however ,  require s stric t 
regulatio n o f  th e expressiv e plane .  Her e th e syste m o f 
expressiv e mean s may b e represente d b y element s o f  style , 
genre ,  artisti c  school ,  an d th e conventionalitie s attache d 
t o then .  Differen t  expressiv e system s ar e als o super -
impose d b y th e language ,  it s multipl e cultura l  expres -
sion s an d dialects .  Artisticall y accomplishe d text s hav e 
been traditionall y viewe d a s text s i n whic h th e artis t 
"strike d ou t  th e unnecessary" ,  erg o th e tab u o f  adding , 
or  deletin g somethin g o n th e expressio n leve l  o f  th e ar -
tisti c  text .  A  typ e A  (scientific )  tex t  may o r  may no t 
be stylisticall y accomplishe d an d ma y o r  may no t  hav e 
metaphorica l  o r  figurativ e expression s a s it s elements . 
The onl y obligator y featur e i s tha t  thi s typ e o f  tex t 
must  yiel d onl y on e an d no t  multipl e interpretations . 
I t  shoul d b e note d tha t  typ e B  (mythic ,  artistic )  tex t 
may b e clea r  o f  metaphorl c o r  othe r  figurativ e device s 
and onl y b e figurativ e (metaphorlc )  a s a  whole ,  yieldin g 
multipl e interpretation s applicabl e t o man y rea l  lif e 
situations. * 

*Typ e A  text s ar e a s wel l  represente d i n folklor e a s 
ar e typ e B  texts .  Compare : 
Typ e A  Texts ; 
1.  —Ishod o gav e Inda l  a  po t  i n whic h poiso n ha d bee n pre -
pared .  Inda l  asks :  "I f  I  coo k foo d I n i t  wil l  thos e wh o 
eat  th e foo d die? "  Ishok o responded :  "Tak e th e pot ,  pu t 
hoc coal s i n It ,  an d pu t  i t  o n fire .  When Ch e coal s ar e 
burne d up ,  yo u ca n coo k foo d i n th e pot. "  (Bushme n text ) 
2.—Rye says :  "So w me i n ashe s an d i n time. "  Oat s says : 
"Stam p rae  i n dir t  an d I  wil l  b e th e king. " 
3.  I t  shoul d b e note d her e tha t  Blac k 4  Wllensky' s (1979 ) 
tex t  abou t  ho w Co catc h a  fis h i s a  perfectl y justifiabl e 
exampl e o f  a  stor y text .  Procedura l  text s suc h a s ho w t o 
catc h a n animal ,  ho w t o mak e clothes ,  o r  ho w t o prepar e 
food ,  etc .  ar e abundan t  i n folklore .  Th e difference s 
betwee n Blac k an d Wllensk y tex t  an d a  folklor e on e i s 
tha t  their s i s a  nonce ,  typ e A  tex t  a s oppose d C o a  for -
mulai c typ e A  tex t  foun d i n folklore . 
Type B  Text : 

The Perishin g o f  a n Eagle .  A n eagl e wa s flyin g i n 
heaven ,  an d sho t  dow n b y a n arrow ,  h e wa s astonished . 
Who di d that ? H e looke d a t  th e arro w an d sa w hi s ow n 
feather ,  h e Che n said :  "Wo e i s me !  I  a m Ch e caus e o f  ray 
own destruction. " 

Example s o f  contamination s o f  variou s type s o f  text s 
can b e exemplifie d a s follows :  Ch e detectiv e stor y demand s 
a necessar y regulatio n o f  concen t  a s al l  typ e A  text s bu t 



Wlthl D Tex t  Differentiatio n o f  Strat a 

In proposing a story granraar Rummelhart (1980 and 
previou s work )  explain s tha t  a t  It s basi s I s a  theor y 
of  suffloiarlzatlon .  Accordin g t o Rummelhar t  (1980 )  th e 
Importan t  questio n i s t o determin e th e relevan t  portion s 
of  a  stor y fo r  summarizing .  Bu t  w e ca n alway s as k th e 
question :  relevan t  fo r  wha t  kin d o f  summarizin g an d 
relevan t  i n wha t  way .  I f  w e conside r  tha t  coherenc e may 
occu r  o n a  numbe r  o f  strat a i t  i s  necessar y t o stat e 
whic h stratu m on e i s subjectin g t o analysi s an d sum -
marization .  We ca n segregat e 

1)  th e stratu m o f  sound ; 
2)  th e stratu m o f  th e worl d o f  represente d objects — 

her e w e coul d stud y separatel y withi n th e worl d o f 
represente d objects ,  represente d space ,  time ,  o r 
alternation s o f  point s o f  view ,  etc. ;  nex t  w e ca n 
investigat e an d summariz e 

3)  narrativ e sequences ;  an d 
i )  th e stratu m o f  meanin g unit s an d relation s betwee n 

th e actents . 
Let  u s exemplif y som e o f  th e level s b y usin g th e selec -
tio n o f  th e "Margie "  stor y b y Rummelhar t  (1980). *  I 
wil l  no t  discus s th e stratu m o f  soun d an d thu s star t 
wit h Stratu m Two . 
T>.e Stratum of the World of Represented Objects: The 

Dlachroni c Mode l  (Stratu m 2 ) 
In Rummelhart's analysis, the story sumnary has the 
followin g schema :  somethin g happen s t o th e protagonist , 
th e happenin g trigger s a  goal ,  th e protagonis t  get s in -
volve d i n proble m solvin g activity .  Th e stratu m o f  th e 
worl d o f  represente d object s ha s bee n give n specia l  at -
tentio n b y Prop p (1968 )  an d Grelma s (1966 )  unde r  th e 
titl e o f  functiona l  model .  Th e Propp-Greima s mode l  give s 
us a n elaborat e enumeratio n o f  stor y event s o r  function s 
whic h may o r  may no t  b e explicitl y  mentione d b y th e 
author .  Propp' s schem e ca n b e summarize d a s follows:first , 
detail s abou t  th e birt h o f  th e protagonist ;  a n initia l 
situatio n whic h i s unstable ;  a  stat e o f  affair s wit h a 
certai n contractua l  relatio n betwee n th e protagonis t  an d 
th e environmen t  whic h i s unsatisfactory ;  th e breakin g o f 
th e contrac t  whic h lead s t o a n initia l  even t  triggerin g 
a goal .  Afte r  th e initia l  even t  a  numbe r  o f  change s 
occu r  whic h lea d t o a  goa l  o r  t o th e fina l  state .  A  ne w 
equilibriu m i s the n established .  A  numbe r  o f  helpin g 
agent s o r  antagonist s modif y th e actio n alon g th e way . 
The particular "changes" have been sketched out by 
Propp-Greima s an d Schan k an d Abelso n I n simila r  terms . 
The functiona l  mode l  ca n b e compare d t o th e mode l  o f 
"plans "  i n th e Schan k &  Abelso n traditio n (Schan k & 
Abelson ,  1975 ,  Abelson ,  1975) .  Propp-Greima s function s 
(hereafte r  referre d t o a s P/G )  an d "deltacts "  i n Schan k 
& Abelso n (1975 )  (hereafte r  referre d t o a s Sch&A )  may 
be see n i n parallel .  Th e 2  model s assig n specia l  im -
portanc e to : 

(cont. ) 
i t  may als o hav e element s o f  typ e B .  Ancien t  poem s o f 

Parmenide s an d Lucretiu s an d didacti c writing s i n Indi a 
and Persi a ar e example s o f  contaminate d types .  Aphoris -
ti c  literatur e require s regulatio n o f  bot h plane s a s 
exemplifie d b y scientifi c  work s o f  Hippocrates ,  Leonard o 
da Vinci ,  an d som e work s b y Tolstoi .  I n humorou s text s 
ther e i s a  stric t  regulatio n o f  connections ,  bot h forma l 
and semantic ,  betwee n bot h levels . 
*  Th e Margi e Stor y Versio n I . 

Margi e wa s holdin g tightl y t o th e strin g o f  he r  beau -
tifu l  ne w balloon .  Suddenl y a  gus t  o f  win d caugh t  it . 
The win d carrie d i t  int o a  tree .  Th e balloo n hi t  a 
branc h an d burst .  Margi e crie d an d cried . 

"chang e i n obligatio n t o 
do somethin g fo r  somabo -
dy"-Sch& A 

"change in the control 
of  a n obJect"-Sch4 A 

"chang e i n wha t  a n acto r 
knows"-Schi A 

"chang e i n som e qualit y 
of  a n object"-Sch4 A 
(firs t  versio n o f  197 5 
paper ) 

"breakin g o f  a  contract" -
P/ G 

"th e communicatio n o f  a n 
object-ultimat e goo d (o n 
th e paramete r  "t o have") -
P/ G 
"communication of a mes-
sage "  (o r  communicatio n 
alon g th e paramete r  o f  "t o 
know")-P/ G 
"communication of quality" 
or  enablemen t  condition s 
(alon g th e paramete r  "t o 
be able")-P/ G 

Ther e I s als o i n additio n t o th e previou s function s th e 
realizatio n o f 

"chang e i n th e proximit y 
relation s o f  object s an d 
actors"-Sch4 A 

"translocatio n i n space" -
P/ G 

I t  shoul d b e note d her e tha t  i n orde r  t o perfor m a  fun -
ctiona l  analysi s o n an y stor y (analysi s o f  th e stratu m 
of  represente d objects )  event s hav e t o b e firs t  recon -
structe d i n chronologica l  order . 
Expansion and Condensation 

If we look at a skeleton of a story such as The 
Margi e Stor y Versio n I ,  w e kno w tha t  a n autho r  ha s variou s 
option s o f  expandin g th e stor y i n it s  variou s parts .  H e 
may us e stylisti c  distancin g suc h tha t  event s i n th e 
stor y may b e tol d b y a  specia l  la t  perso n narrator .  H e 
may follo w a  comple x chronolog y I n wha t  h e wil l  tel l 
firs t  abou t  th e worl d o f  represente d object s an d wha t 
wil l  b e lef t  fo r  last .  Th e flo w o f  narration—Redezelt . 
accordin g t o Laemmer t  (1967) ,  na a it s ow n logic .  Ther e 
may b e numerou s flashback s an d embeddin g o f  narrator' s 
testimonie s abou t  th e event s i n th e story .  Th e autho r 
may als o leav e certai n part s unaai d creatin g missin g 
link s I n th e stor y fo r  a  specia l  effect .  Th e narrato r 
may tak e th e rol e o f  a n omniscien t  retrospectiv e testi -
fie r  abou t  th e actio n o r  ther e may b e man y testimonie s 
by peopl e o < variou s intelligenc e an d insight s wh o wil l 
Interpre t  an d misinterpre t  events .  I n thi s respec t  a 
stor y I s no t  differen t  fro m a  se t  o f  judicia l  protocols . 
The Stratum of Narration Time (Stratum 3) 
First person narratives may add a superstructure 
upon th e event s a s the y happe n I n th e worl d o f  represente d 
objects .  Thi s leve l  ca n b e exemplltle d b y Rummelhart' s 
summarizatio n o f  th e Versio n I I  Margi e Story .  Althoug h 
Riumelhar t  himsel f  believe d tha t  summarie s o f  event s 
whic h ar e no t  i n chronologica l  orde r  los e th e qualit y o f 
story ,  w e ca n perfectl y wel l  projec t  Runaielhart' s  sujanar y 
I I  int o a  stor y tol d i n th e firs t  person : 

Margi e Stor y Versio n I I  (Rummelhart ,  1975 ,  wit h eoment s 
by th e presen t  author* ) 
1.  "Margi e crie d an d cried "  (sai d th e autho r  abou t  a 

scen e h e observed) ; 
2.  "Th e balloo n hi t  a  branc h an d burst "  (explaine d a n 

*  We ar e proposin g th e comaent s wit h reservation s alway s 
t o b e take n whe n w e dea l  no t  wit h a  rea l  stor y o r  com -
municatio n bu t  wit h somethin g invente d t o illustrat e a 
poin t  a s di d Rummelhart .  Thu s n o mor e weigh t  shoul d b e 
attache d t o thi s analysi s tha n wha t  i s grante d t o th e 
origina l  example . 



observe r  o f  th e scene) ; 
3.  "Th e win d carrie d I t  Int o a  tree "  (sai d anothe r 

observer) ; 
4,  "Suddenl y a  gus t  o f  win d caugh t  It "  (sai d anothe r 

observer) ; 
5.  "Margi e wa s holdin g tightl y t o th e strin g o f  he r 

beautifu l  ne w balloon "  (sai d th e fathe r  o f  Margie , 
and everythin g becam e clea r  t o th e author) . 

In real stories an author may choose to present 
event s I n chronologica l  orde r  o r  narrat e the m i n a  dif -
feren t  order .  "Margi e Stor y I" ,  th e chronologica l  stor y 
woul d normall y b e tol d I n th e thir d perso n b y a  pseudo -
objectiv e omniscien t  autho r  whos e persona e wil l  b e hid -
den .  "Margi e Stor y 11 "  woul d normall y b e tol d i n th e 
firs t  perso n singula r  o r  plura l  b y a  narrato r  wh o I s 
par t  o f  th e worl d describe d i n th e story .  I t  i s  a  muc h 
more comple x stor y a s i t  incorporate s Margi e Stor y I 
and superimpose s anothe r  leve l  o n it .  Th e specia l  ef -
fect s create d b y embeddin g o f  narrators '  voice s shoul d 
als o b e considered . 
Erahedding 
Embedding of events (flashbacks) and narrators' 
voice s i s a  common phenomeno n i n artisti c  works .  Nar -
rators '  voice s hav e bee n recentl y referre d t o a s "re -
gisters "  i n psychollnguistlc s an d journalism .  Diffe -
rentiatio n ca n b e mad e betwee "  th e rea l  author-narrato r 
and th e apparen t  narrato r  (explicitl y  name d o r  not) . 
Character s i n a  stor y may becom e secon d leve l  apparen t 
narrators .  Thir d leve l  apparen t  narrators '  testimonie s 
may b e embedde d i n th e letter' s speeches ,  etc .  A  stor y 
ofte n consist s o f  cascade d quotation s wher e th e rea l 
autho r  an d variou s apparen t  narrator s an d character s 
narrat e abou t  th e object s i n th e represente d worl d (se e 
comment  No .  1 ) 

The Stratum of Meaning Units; The Paradigmatic Model 
(Stratu m 4a ) 

Any story can be viewed as the author's solving of 
some proble m abou t  th e world .  I n th e cas e o f  th e Margi e 
Stor y w e ca n infe r  tha t  th e elementar y notion s ar e thos e 
of  "possessio n o f  beautifu l  objects "  an d "noxiou s act s 
of  nature. "  Th e expande d stor y woul d hav e t o precis e th e 
fina l  design .  Th e paradigmati c mode l  o f  significatio n 
wil l  the n specif y th e dee p meanin g o f  th e relatio n bet -
ween th e tw o term s (Greima s 4  Courtes ,  1979) . 

Relations Between Invested Roles: The synchronic Model 
(Stratu m 4b ) 

Various roles are embodied by different characters. 
Accordin g t o Propp-Greima s "actents "  ar e Investe d role s 
hel d b y character s o r  objects .  Th e possibl e relation s 
are :  one ,  o f  a  teleologica l  order—relation s betwee n th e 
protagonis t  an d th e objec t  o f  hi s goal ;  two ,  relatio n o f 
an etiologica l  orde r  may b e see n betwee n th e figur e tha t 
set s th e goa l  ("donor" )  an d th e "obtalner "  o f  th e ne w 
establishe d orde r  (society ,  fo r  example) ;  three ,  antago -
nist s an d helper s ar e th e modifyin g force s i n th e actio n 
(Propp ,  1968 ,  Greimas ,  1966) .  Thes e ar e th e basi c role s 
whic h th e autho r  ca n distribut e amongs t  multipl e charac -
ter s an d significan t  object s whic h chang e th e action . 

Generation of Narratives 
The question we can ask now is what would a full 
blow n tex t  o f  th e Margi e Stor y loo k like ? What  ar e th e 
possibl e version s whic h ca n b e generate d fro m th e give n 
schema. 

In discussing the generative aspect of narrative 
grammar s Greima s (1971 )  raise s th e questio n ho w t o accoun t 
fo r  variou s intermediar y processe s whic h lea d fro m th e 
deepes t  narrativ e structur e leve l  t o th e surfac e struc -

ture .  Unde r  th e manifes t  leve l  o f  th e narrativ e (whic h 
onl y hide s th e signification) ,  w e fin d narrativ e struc -
ture s consistin g o f  syntagnati c chain s o f  function s 
(Propp' s function s i  deltacts) .  Unde r  th e unit s o f  th e 
narrativ e synta x (define d b y Propp )  w e fin d th e dee p 
meanin g o f  th e myth-lik e significatio n o f  th e narra -
tiv e (paradigmati c significatio n define d b y Levl-Strauss) . 

Between the deep structure level and the linguistic 
surfac e structure s ar e variou s sub-levels :  (1 )  th e leve l 
of  temporalizatio n an d spatiallzation ,  (2 )  linguisti c 
expansio n an d condensatio n whic h account s fo r  elisio n an d 
presuppositio n o f  som e narrative  block s a s wel l  a s th e 
expansio n an d multipl e re-enactmen t  o f  othe r  narrativ e 
blocks .  Finall y w e hav e (3 )  th e stylisti c  distancin g 
leve l  whic h superimpose s metaphore ,  metonymy ,  an d othe r 
figurativ e device s maskin g th e content .  Th e realizatio n 
of  eac h o f  thes e level s i n thei r  variou s form s i s avai -
labl e t o th e author .  A  simpl e schem a suc h a s th e Margi e 
stor y ca n becom e a  newspape r  factua l  account ,  a  poem ,  a 
myth ,  a  traged y o r  a  comedy . 
Particularly in artistic works, the level which the 
autho r  select s fo r  presentatio n o f  th e dee p narrativ e 
structure ,  depend s o n th e Intende d effec t  upo n th e reade r 
whic h the.author !  I s tryin g t o achieve.(Se e comment  No .  2 ) 
In conclusion, one should consider that in present 
day discussion s relate d t o stor y understandin g suc h basi c 
question s wer e aske d a s "ho w comprehensio n migh t  occur " 
(Rummelhart ,  1980) .  Th e stud y o f  ho w t o understan d an d 
structur e storie s ha s a  lon g histor y i f  w e conside r  th e 
fac t  tha t  Aristotle' s treatis e o n th e topi c i s 2,00 0 
year s old .  On th e on e extrem e w e hav e availabl e a  prob -
le m solvin g mode l  wit h goal s an d sub-goal s (eithe r  fo r 
th e her o o r  fo r  th e author) .  A t  th e othe r  extrem e w e 
hav e th e coherenc e betwee n Image s an d scene s an d i n poetr y 
coherenc e o f  sound ,  whic h lead s t o a  differen t  understan -
din g o f  a  tex t  (Bergson ,  Proust) .  We shoul d thu s con -
side r  tha t  a  stor y gramma r  ha s t o specif y wha t  kin d o f 
understandin g on e expect s fro m a n analysi s o r  mor e spe -
cificallv ,  wha t  stratu m on e Intend s t o analyze . 

Corment  No .  i 

Pelc describes different possibilities of 
embeddin g narrators '  voice s i n stories : 

To make a distinction between the real narrator, 
i.e. ,  th e autho r  o f  th e wor k i n question ,  an d th e 
characte r  wh o i n th e tex t  o f  tha t  wor k "utters " 
th e narrativ e monologue ,  le t  th e latte r  b e terme d 
th e apparen t  narrator .  Tha t  apparen t  narrato r  i s 
alway s a  perso n abou t  who m th e rea l  narrato r  (th e 
autho r  o f  th e work)narrates .  Bu t  i t  ofte n happen s 
tha t  th e rea l  narrato r  narrate s abou t  th e apparen t 
narrato r  withou t  mentionin g hi m explicitly. •  I n 
lyri c poetr y an d i n novel s writte n i n th e for m 
of  memoirs ,  h e use s fo r  tha t  purpos e ver b form s an d 
persona l  pronoun s i n th e firs t  person ;  I n epi c 
literatur e h e ofte n pretend s tha t  th e apparen t 
narrato r  i s absent ;  i n invocator y lyri c poetr y 
he implie s th e existenc e o f  th e apparen t  narrato r 
by usin g ver b form s an d persona l  pronoun s i n th e 
secon d person ;  an d i n th e dram a h e specifie s hi m 
explicitl y  b y namin g th e dramati c personae...A s 
i s known ,  i n literar y works ,  especiall y i n novel s 
and stories ,  i t  happen s ver y ofte n tha t  th e charac -
ter s narrat e abou t  somethin g i n thei r  dialogue s and / 
or  monologues .  When thi s happens ,  the y becom e second -
leve l  apparen t  narrators .  An d i f  i n thei r  narrative s 
ther e i s a  perso n wh o i n tur n narrate s himself ,  w e 
hav e t o d o wit h third-leve l  apparen t  narrators . 
None o f  them ,  however ,  excep t  fo r  th e autho r  o f  th e 
wor k i n questio n himself ,  i s  th e rea l  narrator.. . 
l/he n analyzin g th e semanti c structur e o f  narrative s 
we hav e t o bea r  i n min d tha t  w e hav e t o d o wit h cas -
cade d quotations .  ^̂ ^̂ ^  ̂g-j-̂ ^ 



Cament  Bo .  i 
A Specia l  Csae :  Th e Reader' *  Mode l 

An laportan t  distinctio n ha s bee n Bad e b y Handle r 
and Johnso n (1980 )  abou t  stor y understandin g I f  th e 
"reader' s aodel "  l a t o b e considered .  Doe s a  stor y hav e 
a uniqu e structur e o r  i s ther e a  conventiona l  structur e 
whic h shoul d b e considere d whe n v e analyz e th e proces s 
of  reading ,  aake d th e authors . 

Handle r  an d Johnso n postulate d a  kin d o f  prlnordla l 
stor y structur e whic h allow s a n expectation-drive n 
processin g fo r  th e reader/listener .  Knowledg e o f  con -
ventiona l  structure s ar e particularl y Inportan t  an d 
sin e qu a no n I n a  readin g o f  artisti c works .  Lotna n 
(1977 )  see s th e aode l  o f  th e reade r  a s follows : 

The perceptio n o f  th e artisti c tex t  i s  alway s a 
struggl e betwee n th e reade r  an d th e author...havin g 
perceive d a  certai n par t  o f  th e text ,  th e reade r 

construct s th e res t  o f  th e structur e i n hi s mind . 
The author' s nex t  "move "  may confir m thi s conjectur e 
...o r  I t  may disprov e thi s gues s an d deman d a  res -
tructurin g o f  th e model .  Eac h subsequen t  mov e o f 
th e sutho r  agai n bring s shou t  thes e tw o possibiliti -
es .  An d s o i t  goes ,  unti l  th e moment  whe n th e autho r 
havin g "vanquished "  th e previou s artisti c experience , 
th e aestheti c norm s an d prejudice s o f  th e reader , 
compel s hi m t o accep t  hi s mode l  o f  th e world ,  hi s 
vie w o f  th e structur e o f  reality .  Thi s moment  o f 
acceptanc e i s th e "closure "  o f  th e literar y work ; 
i t  may occur ,  i n fact ,  befor e th e en d o f  th e text , 
i f  th e autho r  use s a  familia r  model ,  th e natur e o f 
whic h i s accessibl e t o th e reade r  fro m th e beginnin g 
of  th » work . Refarvnat a 
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We have been analyzing subjects' responses to eight difficult questions about 
evaporatio n processe s i n orde r  t o formaliz e th e differen t  kind s o f  menta l  model s 
peopl e us e i n reasonin g abou t  comple x systems .  I n thi s analysi s w e hav e identifie d 
thre e differen t  level s o f  menta l  model s tha t  subject s us e t o reaso n abou t 
evaporation :  macroscopi c functiona l  models ,  microscopi c aggregat e models ,  an d 
microscopi c molecula r  models .  Model s a t  thes e thre e level s ar e closel y 
interlinked :  Eac h dependenc y i n a  functiona l  mode l  i s supporte d b y on e o r  mor e 
aggregat e models ,  an d eac h aggregat e mode l  b y on e o r  mor e molecula r  models . 

We have represented the models at the macroscopic and aggregate levels in terms 
of  Forbus' s (1982 )  Qualitativ e Proces s Theor y a s a  serie s o f  qualitativ e 
proportionalities .  Th e proportionalitie s for m a  causa l  chai n linkin g on e variabl e t o 
another .  I n th e macroscopi c model s th e linke d variable s ar e summar y variable s (e.g. , 
temperature ,  density )  tha t  characteriz e masse s o f  element s a s a  whole .  Th e aggregat e 
model s lin k th e summar y variable s o f  th e macroscopi c model s t o aggregate s ove r  spac e 
or  tim e o f  individua l  particles .  Th e molecula r  model s describ e th e interaction s o f 
th e individua l  particles .  The y ar e represente d i n term s o f  th e incrementa l 
qualitativ e analysi s o f  deKlee r  (1977 )  an d Forbu s (1981) . 

Analysis of Subjects' Protocols 

We will illustrate our analysis by comparing two subjects' responses to one of 
th e question s abou t  evaporatio n togethe r  wit h th e correc t  answe r  t o th e question .  We 
wil l  presen t  eac h subject' s protocol ,  togethe r  wit h a  brie f  descriptio n o f  th e 
subject' s reasoning .  The n w e wil l  giv e ou r  representatio n o f  model s a t  th e differen t 
levels .  Th e questio n wa s "Wh y d o yo u se e you r  breat h o n a  col d day? "  Th e firs t 
subject' s respons e was : 

RS: I think again this is function of the water content of your breath that you are 
breathin g out .  On a  colde r  da y i t  make s wha t  woul d normall y b e a n invisibl e 
gaseou s expansio n o f  you r  breat h (whatever) ,  i t  make s i t  mor e dense .  Th e col d 
temperatur e cause s th e wate r  molecule s t o b e mor e dens e an d tha t  i n tur n make s i t 
visibl e relativ e t o th e surroundin g gase s o r  relativ e t o wha t  you r  breat h woul d b e 
on a  warme r  day ,  whe n yo u don' t  ge t  tha t  col d effec t  causin g th e wate r  conten t  t o 
be mor e dense .  . . .  S o I  gues s I  wil l  stic k wit h tha t  origina l  thinkin g proces s 
tha t  i t  i s  th e surroundin g col d ai r  -  tha t  th e col d ai r  surroundin g you r  expire d 
breat h cause s th e breat h itsel f  (whic h ha s a  hig h wate r  conten t  an d wel l  I  gues s 
carbo n dioxid e an d whateve r  els e a  huma n bein g expel s whe n yo u breath e out) , 
cause s th e entir e gaseou s matte r  t o becom e mor e dens e an d a s a  consequenc e becom e 
visibl e relativ e t o th e surroundin g air . 

At the macroscopic, functional level RS's argument is that cold air cools the 
breath ,  whic h cause s i t  t o b e mor e dense ,  whic h i n tur n cause s i t  t o b e mor e visible . 
Microscopicall y h e suggest s n o mechanis m fo r  th e coolin g process ,  bu t  i n thi s an d 
othe r  answer s h e appear s t o believ e a  "movin g crowd "  mode l  o f  increase d densit y (tha t 
averag e distanc e betwee n molecule s depend s o n thei r  speed )  whic h i n tur n reflect s a 
"billiar d ball "  mode l  a t  th e molecula r  level .  H e als o implie s tha t  visibilit y  a t  th e 
aggregat e leve l  i s  a  rati o o f  visibl e particle s t o volum e o f  space ,  bu t  doe s no t 
indicat e an y molecula r  mode l  o f  particl e visibility . 

The second subject's response to this same question was: 



PC:  Th e reaso n i s becaus e th e ai r  tha t  yo u breath e o r  rathe r  th e ai r  tha t  yo u shoul d 
breath e out ,  come s fro m you r  bod y an d i s ho t  air .  Th e ai r  whic h surround s you r 
body ,  becaus e i t  i s  a  col d day ,  wil l  b e col d air .  When th e ho t  ai r  tha t  yo u 
breath e meet s wit h th e col d ai r  o f  th e atmosphere ,  i t  wil l  ten d t o vaporiz e almos t 
lik e stea m fro m a  kettle ,  whic h o f  course ,  ca n b e seen .  Thu s unlik e o n a  ho t  day , 
when ther e i s ho t  ai r  aroun d yo u an d th e ho t  ai r  tha t  yo u breath e ar e th e sam e 
temperature ,  roughly ,  yo u canno t  se e you r  breat h becaus e th e stea m wil l  no t  b e 
formed ,  bu t  o n a  col d da y becaus e o f  th e variatio n i n th e temperature s an d th e 
vaporizatio n o f  you r  breath ,  yo u ca n se e whe n yo u ar e breathing .  Thi s phenomeno n 
woul d no t  occu r  o n a  ho t  da y becaus e o f  th e similarit y i n temperature . 

At the macroscopic level PC's argument is that the vaporization rate of water in 
you r  breat h depend s o n th e temperatur e differenc e betwee n th e breat h an d th e air .  I n 
tur n th e amoun t  o f  stea m forme d depend s o n th e vaporizatio n rat e an d th e visibilit y  o f 
th e breat h depend s o n th e amoun t  o f  stea m formed .  P C her e an d elsewher e equate s stea m 
wit h wate r  vapor .  N o aggregat e o r  molecula r  model s ar e explici t  i n PC' s answer , 
thoug h h e implicitl y  believe s tha t  vapo r  hold s togethe r  i n spac e an d tha t  visibilit y 
depend s o n th e rati o o f  visibl e t o invisibl e particles . 

The actual process that leads to seeing your breath on a cold day goes as 
follows :  Th e col d ai r  cool s th e wate r  vapo r  i n th e breath ,  whic h lead s t o a  hig h 
condensatio n rat e o f  th e wate r  vapor ,  whic h lead s i n tur n t o a  larg e amoun t  o f 
condense d water .  I t  i s  thi s liqui d wate r  tha t  i s  visible .  A t  th e aggregat e leve l  th e 
coolin g o f  th e wate r  vapo r  i s a  heat-exchang e process ,  base d o n "billiar d ball " 
collision s a t  th e molecula r  level .  Condensatio n i s a n aggregatio n o f  wate r  molecule s 
aroun d a  nucleu s a t  th e aggregat e level ,  base d o n dipol e electrica l  attractio n a t  th e 
molecula r  level .  Th e amoun t  o f  wate r  i n th e breat h depend s o n condensatio n an d 
dispersio n a t  th e aggregat e level ,  whic h depend s o n th e billiar d bal l  mode l  o f 
molecula r  interaction .  Finally ,  th e visibilit y  o f  th e condense d wate r  depend s o n th e 
rati o o f  visibl e particle s t o volum e o f  spac e a t  th e aggregat e level ,  whic h depend s o n 
th e absorptio n an d re-emissio n o f  photon s a t  th e molecula r  level . 

Table 1 

Multipl e Model s o f  Why Yo u Se e You r  Breat h o n a  Col d Day 

Macroscopi c Model Aggregat e Model Molecula r  Model 

RS 

Temp(B)OgTemptA ) 

Density(B)aQ-Temp(B) 

Visibility(B)agDensity(B) 

Movin g Crow d Model 

Visibility Model? 

Billiar d Bal l  Model 

Reflectance Model? 

PC 

Vaporization-rate(B)O q 
Temp(B)-Temp(A ) 

Amount-of (S)o.Vaporization-
rate(B )  " 

Containe r  Model ? 

Visibility(B)aQAinount-o f  (S )  Visibilit y  Model ? 

Billiar d Bal l  Model ? 

Reflectance Model? 

CA 

Temp(V)aQTemp(A) 

Condensation-rate(VJQq 
Tenip(V ) 

Amount-of (W)aQCondensation-
rate(V ) 

Heat  Exchang e Model 

Aggregation-on-nucleii 
Model 

Container Model 

Billiar d Bal l  Model 

Dipole Attraction 

Billiard Ball Model 

Visibility(B)aQAmount-o f  (W)  Visibilit y  Model Absorptio n & 
Re-emissio n 

A=air ,  B=breath ,  S=steam ,  V=wate r  vapor ,  W=wate r 



Tabl e 1  summarize s th e thre e answers :  tha t  o f  subject s R S an d P C a s wel l  a s th e 

correc t  answe r  (CA) .  Th e macroscopi c vie w i n th e firs t  colum n specifie s th e 
qualitativ e proportionalitie s (Q-props )  tha t  for m th e functiona l  model s fo r  th e thre e 
answers .  Thes e Q-prop s ar e th e relation s use d t o describ e a  proces s histor y i n 
Forbus' s (1982 )  theory .  The y summariz e th e dependencie s referre d t o i n th e thre e 
paragraph s abov e a s th e macroscopi c model s o f  th e process .  Th e individual s referre d 
t o i n th e Q-prop s ar e specifie d a t  th e botto m o f  th e table .  Wher e a  das h appear s i n 
th e Aggregat e Mode l  o r  Molecula r  Mode l  columns ,  i t  i s  becaus e i t  i s  impossibl e t o 
surmis e wha t  mode l  th e subjec t  wa s using .  A  questio n mar k indicate s uncertaint y 
whethe r  th e subject' s answe r  wa s base d o n a  particula r  model . 

Aggregate Models 

Table 2 shows two of the aggregate models referred to in Table 1. Each attempts 
t o defin e th e constraint s operatin g o n th e aggregation s o f  particle s interactin g ove r 
tim e and/o r  spac e t o produc e th e correspondin g Q-pro p a t  th e macroscopi c level . 

Tabl e 2 

Aggregat e Model s o f  Evaporatio n Processe s 

Movin g Crow d Model  o f  Gase s Visibilit y  Model  o f  Suspension s 
II n " 
Density(M) a -  ! :  i :  Distanc e (m .  m. )  Visibilit y  (M )  a  I  Volum e (Vĵ )/Volum e (S ) 

^  i= l  1= 1 ^  3  ^  i= l 
n Distancej.(m^m.)a Q Spee d Am. )  +ilpee d (m. )  I  Volum e (v̂ )  a ^  Amount-of{V ) 

wher e m.  an d m.  collide d a t  t- x  wher e M =suspensio n o f  particle s 
i  1  v.=visibl e particl e i n M 

Speed (m ;  )  .< ^  Temperatur e (t1 )  S  =spac e occupie d b y M 
^  V  =  visibl e matte r  i n M 

wher e M^unbounde d mas s o f  a  <  : . 
m=molecul u o f  ̂ a s M 

nc. ^  clearl y believe s tha t  densit y o f  molecule s i n a  gaseou s stat e depend s o n th e 
temperatur e o f  th e gas ,  th e secon d Q-pro p fo r  U S i n Tabl e T .  Fro m thi s an d othe r 
answer s thi s appear s t o b e supporte d b y a  movin g crow d mode l  o f  gasses :  Th e faste r 
any particl e i s movin g i n a n unbounde d gas ,  th e mor e distanc e i t  put s betwee n itsel f 
and othe r  particles .  We hav e represente d thi s mode l  a s a  se t  o f  Q-prop s relatin g 
entitie s a t  th e macroscopi c leve l  t o aggregation s o f  particle s a t  th e aggregat e level . 
The firs t  Q-pro p state s tha t  th e densit y o f  a  ga s (a t  th e macroscopi c level )  i s 
negativel y proportiona l  t o th e distanc e betwee n eac h pai r  o f  molecules .  Th e secon d Q-
pro p state s tha t  th e distanc e betwee n an y pai r  o f  molecule s tha t  collid e a t  som e tim e 
i s proportiona l  t o thei r  spee d afte r  the y collide .  Th e thir d Q-pro p state s tha t  th e 
spee d o f  an y molecul e i s proportiona l  t o th e temperatur e o f  th e gas .  Thu s th e Movin g 
Crowd Mode l  relate s th e densit y o f  a  ga s t o it s temperatur e i n term s o f  th e stead y 
stat e behavio r  o f  aggregate s o f  molecules . 

The second model shown represents the visibility of a mass of particles. The 
firs t  Q-pro p i n th e mode l  state s tha t  th e visibilit y  o f  th e particle s i s proportiona l 
t o th e rati o betwee n th e volum e o f  th e visibl e particle s aggregate d togethe r  an d th e 
volum e o f  th e spac e i n whic h th e mas s i s suspended .  Th e secon d Q-pro p state s tha t  th e 
volum e o f  th e individua l  particle s i s proportiona l  t o th e amoun t  o f  th e visibl e stuf f 
i n th e mas s (i.e. ,  th e numbe r  o f  th e visibl e particles) .  Th e visibilit y  mode l  the n 
relate s th e visibilit y  o f  a  mas s o f  particle s t o th e amoun t  o f  visibl e materia l  i n th e 
mass. 

These models exemplify how we have tried to capture understanding at the 
aggregat e level .  Eac h mode l  relie s o n mapping s betwee n functiona l  quantitie s a t  th e 
macroscopi c leve l  (e.g. ,  temperatur e o f  a  gas )  an d aggregat e quantitie s a t  th e 
microscopi c leve l  (e.g. ,  averag e spee d o f  th e particle s i n th e gas) .  B y mappin g dow n 
t o th e aggregat e leve l  peopl e ca n "understand "  a  macroscopi c dependenc y i n term s o f  a 
set  o f  dependencie s a t  th e aggregat e level . 



A Molecula r  Mode l 

We ca n i l lustrat e a  molecula r  mode l  b y a n exper t  "billiar d bal l "  mode l  o f 

molecula r  interaction .  Ou r  analysis ,  show n i n Tabl e 3 f  i s  a n extensio n t o coll idin g 

bal l s o f  th e incrementa l  quali tat iv e analysi s o f  deKlee r  (1977 )  fo r  roll in g ball s an d 

Forbu s (1980 )  fo r  bouncin g bal ls .  Al l  possibl e collision s o f  tw o ball s o f  equa l  mas s 

ar e summarize d b y th e fou r  case s show n an d thei r  combinations . 

Table 3 

Billiard Ball Model of Molecular Interaction 

case 3 

© r 
^ Entr y 

Exi t 

Impac t 
angl e 

o' 
.•:«b= a 
"  b= 0 

90' 

•" 1 
X 
-a 

b 
0 
-•l a 
-a 

y 
0 

0 
a 
•. a 
0 

•»2 
X 
b 

-a 
0 
->i a 
b 

y 
0 

0 
-a 

0 

^ < ) - ^ Entr y 

Exi t 

Impac t 
angl e 

o" 
45"&: 8 

90« 

•" 1 
X 
-a 

0 

^a 
-a 

y 
0 

0 
a 
Sa b 

m 
X 
0 

-a 

--? a 

0 

y 
b 

b 

°-Ha 
0 

Case 2 

-^-^ 
Entr y 

Impac t 
angl e 

o' 
.b= a 

' ^  b= 0 
90° 

•" 1 
X 
-a 

-b 
- a 
-Ha 
-a 

y 
0 

0 
0 

0 

•" 2 
X 
-b 

-a 
- a 
-S a 
-b 

y 
0 

0 
0 
-Ha 
0 

Case 4 

s Entr y 

Exi t 

Impac t 
1 angl e 

0° 

"  b= 0 

90" 

"l 
X y 
- a 0 

0 0 
-Ha ^ f 
-Ha Ha 
- a 0 

"2 
X y 

0 - b 

- a - b 

-Ha -H a 

0 - b 

When tw o ball s collide ,  th e bal l  movin g faste r  initiall y  i s  define d t o b e m^ . 
The orientatio n o f  th e X  axi s i s define d b y th e directio n o f  m̂ ^  (negativ e i n th e X 
direction) .  Th e resul t  o f  th e impac t  i s define d fo r  fou r  critica l  direction s m 2 ma y 
be movin g wit h respec t  t o th e X  axis :  left ,  right ,  up ,  down .  Othe r  possibl e 
trajectorie s o f  m 2 ar e additiv e combination s o f  tw o o f  thes e cases :  e.g. ,  u p an d 
left ,  u p an d right ,  etc . 

The point of impact on m2 is defined by an impact angle, measured from the center 
of  m 2 a s th e origin ,  on e sid e paralle l  t o th e X  aoci s an d th e othe r  sid e define d b y th e 
contac t  point .  We hav e define d th e resul t  o f  impac t  fo r  eac h o f  thre e critica l 
angles :  0  degree s wher e fo r  Cas e 1  th e tw o ball s mee t  hea d on ,  4 5 degree s wher e th e 
lin e fro m th e cente r  o f  m 2 t o m̂ ^  ha s a  slop e o f  4 5 degrees ,  an d 9 0 degree s wher e th e 
tw o ball s jus t  barel y touc h eac h other .  Othe r  possibl e impac t  angle s hav e value s 
intermediat e betwee n thes e thre e angles :  Thes e ar e th e critica l  angle s fo r  inferrin g 
what  wil l  happe n whe n tw o ball s collide . 

Let us explain the table in terms of what happens in Case 1. The two balls come 

towar d eac h othe r  eac h wit h a  componen t  o f  velocit y i n th e x  direction ,  bu t  non e i n 
th e y  direction .  Therefore ,  th e entr y velocit y fo r  m̂ ^  ha s - a fo r  it s  x-componen t 
(minu s becaus e i t  i s  heade d i n a  negativ e direction )  an d 0  fo r  it s y-component . 
Similarly ,  th e entr y velocit y o f  m2 ha s b  fo r  it s  x-componen t  an d 0  fo r  it s y -
component .  I f  th e tw o particle s mee t  hea d o n (i.e. ,  thei r  impac t  angle= 0 degrees) , 
the y exchang e momentum .  Thus ,  m̂ ^  goe s of f  t o th e righ t  wit h velocit y b  an d m 2 goe s 
of f  t o th e lef t  wit h velocit y -a . 

If the two particles meet at a 45 degree angle, then there is a range of possible 
outcomes .  Th e tw o boundar y condition s (!b|=|a |  an d b=0 )  fo r  tha t  rang e o f  outcome s 
ar e shown :  b  canno t  b e greate r  tha n a  becaus e m̂ ^  i s arbitraril y  define d a s th e faste r 
movin g ball .  When b=a ,  afte r  th e ball s collid e m̂ ^  goe s straigh t  u p wit h a  velocit y o f 
a an d m 2 goe s straigh t  dow n wit h a  velocit y o f  a .  When b= 0 (i.e. ,  m 2 i s stationary) , 
m̂  goe s of f  a t  a  I3 5 degre e angl e wit h it s x  an d y-component s o f  velocit y eac h 1/ 2 a 
and m2 goe s of f  a t  22 5 degree s wit h th e sam e component s o f  velocity .  A s b  increase s 
fro m 0  t o a ,  th e angl e a t  whic h m- ^  goe s of f  move s fro m 13 5 degree s t o 9 0 degrees ,  it s 



x-componen t  o f  velocit y i n absolut e term s decrease s fro m 1/ 2 a  t o 0 ,  an d it s y -

componen t  o f  velocit y increase s fro m 1/ 2 a  t o a .  Similarly ,  fo r  m 2 th e exi t  angl e 
change s fro m 27 0 degree s t o 22 5 degree s a s b  increases ,  th e x-componen t  o f  velocit y 
decrease s fro m 1/ 2 a  t o 0  an d th e y-componen t  o f  velocit y increase s fro m 1/ 2 a  t o a . 

Naive models of billiard ball interaction are not this sophisticated, but they 
can b e represente d i n simila r  terms .  Fo r  example ,  a  naiv e mode l  migh t  no t  assum e 
momentum transfe r  i n a  head-o n collision .  A  naiv e perso n migh t  assum e rathe r  tha t  th e 
inpu t  spee d fo r  eac h particl e i s th e sam e a s it s outpu t  spee d i n suc h a  collision . 
Furthermore ,  naiv e peopl e may no t  kno w wha t  happen s i n som e o f  th e cases ,  o r  hav e onl y 
approximat e bound s o n wha t  wil l  happen .  A  mor e qualitativ e representatio n relate d t o 
thi s on e woul d giv e th e outpu t  angle s an d whethe r  th e velocit y i s zer o o r  not .  Thi s 
may com e close r  t o th e wa y peopl e intui t  particl e interaction .  Bu t  w e thin k th e 
parsin g int o cases ,  th e combinin g o f  cases ,  an d interpolatin g value s correspond s t o 
th e wa y peopl e thin k abou t  particl e interactio n a t  a  molecula r  level . 

Conclusion 

When we looked in detail at people's reasoning about evaporation, we found that 
the y reaso n a t  thre e distinc t  levels :  (a )  i n term s o f  macroscopi c variable s lik e 
temperature ,  density ,  o r  volume ,  (b )  i n term s o f  aggregate s o f  particle s tha t  behav e 
i n a  simila r  way ,  an d (c )  i n term s o f  individua l  particle s an d thei r  interactions .  We 
hav e trie d t o sho w ho w people' s model s a t  thes e differen t  level s ca n b e represente d i n 
term s o f  th e Qualitativ e Proces s Theor y o f  Forbu s (1982 )  an d th e Incrementa l 
Qualitativ e Analysi s o f  deKlee r  (deKleer ,  1977) .  I n particula r  w e woul d argu e tha t  i n 
principl e eac h ste p i n a  macroscopi c functiona l  mode l  i s supporte d b y on e o r  mor e 
aggregat e models ,  an d i n tur n eac h aggregat e mode l  i s supporte d b y on e o r  mor e 
molecula r  models . 

Our study perhaps raises more questions than it answers. One important question 
i s ho w man y differen t  kind s o f  model s peopl e hav e a t  eac h leve l  o f  analysis .  Ou r 
gues s i s tha t  ther e ar e man y suc h models ,  sinc e the y reflec t  knowledg e tha t  subject s 
lear n throughou t  thei r  lifetimes .  Th e commonalit y betwee n subject s wil l  b e i n th e 
level s a t  whic h suc h model s ar e constructe d an d th e interna l  languag e i n whic h the y 
ar e constructed . 
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THREE PROBLEM SOLVIN G SITUATION S 

Progre s 

Ther e ar e tw o vers ion s o f  th e SPM.  On e vers io n al low s phys ica l 
manipulat io n o f  th e solut io n set ,  i.e. ,  pape r  card s ca n b e phys ica l l y in -
serte d int o a  slo t  i n th e tes t  patter n (si tuat io n A ) .  I n th e othe r  ve r -
s ion ,  tes t  patter n an d solut io n se t  ar e pr inte d o n th e sam e pag e o f  a 
book le t ,  s o tha t  th e subjec t  ca n visual l y inspec t  tes t  pat ter n an d so lu -
tio n se t  (si tuat io n B ) . 

Let us consider an hypothetical situation where an artificial prob-
le m solvin g syste m play s th e puzzl e (si tuat io n C ) . 

In all three situations the problem is given in the physical world. 
I n s i tuat io n A ,  th e proble m ca n b e solve d b y physica l  manipu la t io n o f  th e 
ob ject .  Th e subjec t  ha s solve d th e proble m a s soo n a s h e ha s obta ine d a 
"goo d f igure "  (c.f .  ANDERSON 1980 ,  pp .  5 3 - 5 4 ) .  Not e tha t  th e subjec t 
doe s no t  necessar i l y  nee d a  representat io n o f  th e problem ,  a s such ,  i n 
hi s mind .  Tha t  is ,  h e ma y manipulat e eac h o f  th e eigh t  ob ject s an d onl y 
perceiv e th e problem ,  pos t  hoc .  I n cont ras t ,  s i tuat io n B  requi re s som e 
menta l  representat io n o f  th e problem .  B y apply in g cogni t iv e p rocedures , 
th e physica l  proble m solvin g proces s ca n b e mental l y s imula ted .  Then , 
th e menta l  solut io n tr igger s a n appropr iat e act io n i n th e physica l  p rob -
le m world .  I n s i tuat io n C ,  th e proble m mus t  b e represente d i n th e domai n 
of  th e art i f ic ia l  system . 

In the present paper we will discuss the general structure of situ-
atio n C  i n th e l igh t  o f  cogni t iv e representat io n theor y (PALME R 1 9 7 8 ) . 
We bel iev e tha t  thi s ca n clari f y som e aspect s o f  th e representa t io n o f 
human knowledg e i n ar t i f ic ia l  sys tems .  We sugges t  issue s i n knowledg e 
representat io n whic h requir e furthe r  stud y fo r  a  bet te r  unders tand in g o f 
intel l igen t  behavior . 



MEDIA O F REPRESENTATION 

A close-up look at the structure of the problem solving procedures 
i n s i tua t ion s A ,  B ,  an d C  reveal s som e importan t  d i f fe rence s (Fig .  2 ) . 

They differ with respect to the structure of the problem solving proce-
dure ,  espec ia l l y wit h th e type s o f  representa t io n involved .  Th e proble m 
so lv in g procedur e i n s i tuat io n C  ca n b e broke n u p int o a  sequenc e o f 
sub tasks :  1. )  th e creat io n o f  a  symbol i c representa t io n o f  th e phys ica l 
prob le m ( c i n F ig .  2 C ) ,  an d 2. )  it s t ransformat io n int o a  computat iona l 
represen ta t io n ( d i n F ig .  2 C ) .  I n cas e a  symbol i c representa t io n o f  th e 
prob le m i s genera te d outs id e th e symbo l  process in g syste m (soli d bo x i n 
F ig .  2 C ) ,  th e tas k o f  th e syste m i s a  c lassica l  symbo l  process in g task . 
The preced in g genera t io n o f  th e symbol i c representa t io n o f  th e real -wor l d 
proble m mus t  st i l l  b e don e b y a  human . 

Is it possible to move the interface of the system in between real-
wor l d proble m an d it s symbol i c representa t ion ? I n othe r  words :  i s i t 
poss ib l e t o creat e symbol i c representa t ion s o f  real -wor l d problem s auto -
mat ica l l y ? I n th e fo l lowing ,  w e wil l  d iscus s thi s quest io n fro m th e 
perspect iv e o f  representa t io n theory . 
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Fig .  1 : 
Proble m C7 fro m th e Standar d Progressiv e Matrice s 
intelligenc e test .  Uppe r  part :  tes t  pattern , 
missin g fiel d a t  lowe r  righ t  corner . 
Lower  part :  multipl e chois e solutio n set . 

Fig .  2 : 
Thre e proble m solvin g situations .  Th e proble m i s 
give n i n th e physica l  world .  I n situatio n A  i t  i s 
solve d b y physica l  procedures .  I n situatio n B  th e 
proble m an d it s solutio n i s mentall y simulated . 
I n situatio n C ,  a  simboli c representatio n o f  th e 
proble m i s generate d whic h the n i s fe d int o a n 
artificia l  proble m solvin g system . 



TRANSFORMATION O F INTRINSI C INT O EXTRINSI C REPRESENTATIONS 

Representation theory appears to be a powerful tool for a more 
detai le d stud y o f  th e generat io n o f  symbol i c rep resen ta t ion s o f  p rob lem s 
i n th e rea l  wor ld .  Fol lowin g Palme r  ( 1 9 7 8 ) ,  a  represen ta t io n syste m 
mainl y cons is t s o f  tw o re lated ,  bu t  funct iona l l y separa te ,  w o r l d s .  I n 
orde r  t o specif y a  representat io n system ,  fiv e aspect s hav e t o b e de -
fine d : 

1. what the represented world is, 
2 .  wha t  th e represent in g worl d i s , 
3.  wha t  aspect s o f  th e represente d worl d ar e bein g modeled , 
4.  wha t  aspect s o f  th e represent in g worl d ar e doin g th e mode l l i ng , 
5.  wha t  th e cor respondence s betwee n th e tw o wor ld s a re . 

The two worlds in such a representation system consist of objects that 
ar e character ize d b y th e re lat ion s amon g them .  Th e cor respondenc e betwee n 
th e represente d worl d an d th e represent in g worl d mus t  preserv e a t  leas t 
some o f  thes e re la t ions .  Tw o fundamental l y d i f feren t  form s o f  rep resen ta -
tio n shoul d b e d is t ingu ished :  intr insi c an d extr ins i c ones .  A  rep resen -
tatio n i s cal le d intr insi c wheneve r  a  represent in g re lat io n ha s th e sam e 
inheren t  constra int s a s it s represente d re la t ion ;  i t  i s  cal le d ex t r ins i c 
wheneve r  th e inheren t  structur e o f  a  represent in g re la t io n i s arb i t rar y 
and tha t  o f  th e represente d relat io n i s not . 

Let us assume here that the creation of a symbolic representation is 
a two-ste p process :  i n th e f irs t  s tep ,  a n analog ,  "natura l  i somorph ism "  -" " 
typ e representat io n (SHEPAR D 1975 )  i s created .  I n a  secon d s tep ,  th e 
analo g representat io n i s t ransforme d int o a  symbol i c represen ta t ion .  A 
symboli c representat io n i s a  preposi t iona l  representa t io n whic h i s su f f i -
cientl y complet e fo r  solvin g th e problem . 

Palmer (1978) has argued that analog representations are intrinsic, 
wherea s preposi t iona l  representat ion s ar e ex t r ins ic .  Thus ,  th e jus t 
state d assumpt io n al low s fo r  a n interest in g conc lus ion :  th e t rans fo rma -
tio n o f  th e analo g representat io n int o a  prepos i t iona l  representa t io n 
require s th e generat io n o f  a n extr insi c representat io n fro m a n in t r ins i c 
one ;  thi s proces s i s a  crucia l  ste p i n generat in g a  symbol i c rep resen ta -
t ion . 

The entire problem solving process is now segmented into three major 
subtasks .  On e subtas k i s th e t ransformat io n o f  a n analo g representa t io n 
int o a  prepos i t iona l ,  i.e .  symbol ic ,  representa t ion .  We hav e jus t  c la r i -
fie d tha t  thi s proces s transform s a n intr insi c representa t io n int o a n ex -
trinsi c one .  Th e othe r  tw o subtasks ,  th e generat io n o f  th e ini t ia l 
analo g representat io n (cf .  MARK 1976 )  an d th e symbol i c proble m solv in g 
procedur e (cf .  SIMO N 1978 )  ar e relat ivel y wel l  unders tood . 

ANALOG - PROPOSITIONAL DUALISM 

Analog and prepositional representations are regarded as the two 
majo r  candidate s o f  representat ion s i n huma n memory .  We wil l  br ief l y 
poin t  ou t  sem e o f  th e impact s o f  th e so-cal le d analo g -  prepos i t iona l 
controvers y i n psycholog y (PYLYSHY N 1973 ,  KOSSLYN 1976 )  e n ar t i f ic ia l 



i n t e l l i gence .  Specu la t ion s abou t  th e natur e o f  represen ta t ion s i n huma n 
memory ,  accord in g t o whic h the y ar e ei the r  analo g o r  p repos i t i ona l ,  ca n 
be t race d bac k t o p re -sc ien t i f i c  t imes .  Psycho log is t s hav e com e u p wit h 
emp i r i ca l  suppor t  fo r  e i the r  typ e o f  rep resen ta t ion .  Th e stat e o f  th e 
ar t  i s  probabl y bes t  descr ibe d a s a  growin g be l ie f  tha t  "ana log "  an d 
"p repos i t i ona l "  descr ib e d i f fe r in g appearance s o f  a  uniqu e under ly in g 
for m o f  r ep resen ta t i on . 

It might be appropriate to view our present understanding of repre-
sen ta t io n i n memor y no t  a s a  cont rovers y bu t  rathe r  a s a n analo g 
p repos i t i ona l  dual is m muc h l ik e th e wav e -  par t ic l e dual is m o f  l igh t  i n 
p h y s i c s . 

If we assume this point of view, some questions are shifted into the 
focu s o f  in teres t  whic h hav e no t  bee n deal t  wit h ex tens ive ly ,  s o far : 
1. )  Wha t  ar e th e cond i t ion s unde r  whic h knowledg e appear s i n analo g o r 
p repos i t i ona l  form ,  respec t i ve ly ? Thi s i s a  quest io n aime d a t  cogni t iv e 
psycho log i s t s ;  2. )  Ho w ca n t rans format ion s betwee n on e for m an d th e 
othe r  b e descr ibe d fo rmal ly ? Thi s i s a  quest io n aime d a t  A I .  Ther e hav e 
bee n a t tempt s t o develo p par t ia l  ad-ho c so lu t ion s wi th i n specia l  domain s 
(e.g .  WINSTON 1 9 7 5 ) .  However ,  t o th e knowledg e o f  th e au tho rs ,  ther e 
hav e bee n n o su f f i c ien t l y genera l  approache s o n th e leve l  o f  rep resen ta -
t io n theory . 

CONCLUSION 

Let us return to the picture puzzle depicted in figure 1. What 
woul d a  p repos i t iona l  representa t io n o f  thi s proble m loo k l ike ? Clear ly , 
many symbol i c rep resen ta t ion s ar e poss ib le .  We out l in e on e o f  them : 

The test pattern consists of 9 fields. The position of each field can be 
p ropos i t iona l l y descr ibe d b y it s ro w (x )  an d it s co lum n ( y ) . 

The position of the black square relative to its field can be described 
wi t h respec t  t o thre e row s (x' )  an d thre e co lumn s ( y ' ) . 

Obviously, the proposition (x' = x) & (y' = y) holds for the 8 complete 
f ie ld s o f  th e tes t  pa t te rn . 

Thus, one must conclude that it should also hold for the missing field. 
The re fo re ,  pa t te r n 5  i n th e so lut io n se t  i s co r rec t . 

The idea behind this representation can be summarized as follows: the 
pos i t i o n o f  th e blac k squar e re la t iv e t o it s f iel d i s th e sam e a s th e 
pos i t io n o f  th e f iel d re la t iv e t o th e ent i r e tes t  pa t te rn .  Obv ious ly , 
th e p repos i t i ona l  representa t io n doe s no t  immediate l y pe p ou t  o f  th e 
p i c tu re .  O n th e con t ra ry ,  onc e th e solut io n o f  th e puzzl e i s foun d i t 
appear s a s a n a r t i f i c i a l ,  no t  easi l y graspabl e pest-ho c jus t i f i ca t io n o f 
th e dec is ion . 

The prepositional depiction of the problem given above is based on a 
number  o f  p roper t ie s whic h ar e in t r ins ica l l y represente d i n th e analo g 
rep resen ta t i o n g ive n b y f igur e 1 .  Th e complex i t y o f  th e prepos i t iona l 
rep resen ta t i o n s tem s fro m th e d i f f i cu l t ie s w e hav e i n t ransformin g 
in t r ins i c rep resen ta t ion s int o ext r ins i c ones .  I n othe r  wo rds ,  i t  ma y 



requir e mor e menta l  ef for t  an d mor e in te l l igenc e t o t rans la t e th e p rob -
le m int o a  representa t io n whic h i s appropr ia t e fo r  ou r  p resen t  s ymbo l -
base d prob lem-so lv in g procedure s tha n t o solv e th e proble m i n othe r  w a y s . 
Two a l ternat iv e approache s ar e conce ivab le :  1. )  t o desig n in te l l i gen t 
device s whic h ca n direct l y operat e o n analo g rep resen ta t i ons ,  o r  2. )  t o 
explor e th e proble m o f  t ransformin g intr insi c int o ex t r ins i c r ep resen ta -
t ion s an d t o develo p a lgor i thm s whic h ca n per for m suc h t r ans fo rma t i ons . 
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ApsT^Acr 

Non-monotonic logics have been used recently for a variety of A.I. purposes, 
includin g belie f  revisio n an d defaul t  reasonin g i n question-answerin g an d exper t 
systems .  Thi s pape r  argue s tha t  b y thei r  nature ,  suc h system s discar d informatio n 
whic h ha s a  rol e i n huma n belie f  systems .  I n particular ,  system s v^ic h us e 
non-monotoni c reasonin g los e th e distinctio n betwee i  full y  justifie d inference s an d 
reasonabl e presunptions ,  i n th e proces s losin g th e abilit y  t o recor d faile d 
expectation s a s such ,  a n abilit y  whic h provide s a  usefu l  measur e o f  salienc e fo r 
A.I .  systems . 

INIRQDUCTIQN 

Many A.I. systems deal less with knowledge than with beliefs v^ich are 
incomplete ,  whic h change ,  an d whic h frequentl y includ e generalization s whic h ar e know n 
sometime s t o fail .  Consequently ,  i t  sanetime s seem s no t  onl y desirabl e bu t  necessar y 
t o dra w conclusion s whic h ar e no t  strictl y entaile d b y th e informatio n i n th e syste m 
and whic h furthe r  informatio n migh t  counterindicate .  I n traditiona l  logics ,  i f  a  se t 
of  premise s permit s a  conclusio n t o b e inferred ,  an y large r  se t  containin g th e 
origina l  premise s permit s th e sam e inference .  Logic s havin g thi s propert y ar e calle d 
monotonic .  Becaus e reasonin g fro m belief s seem s no t  t o shar e thi s property , 
researcher s hav e devise d non-monotoni c logic s fo r  us e i n variou s A.I .  systems . 

Non-monotonic logics have generally been founded either on principles from modal 
logi c (se e e.g .  [McDermot t  an d Doyl e 1980 ]  an d [McDermot t  1982] )  o r  o n Zadeh' s wor k 
[Zade h 1965 ;  Zade h 1968 ]  o n fuzz y set s an d fuzz y logi c (se e e.g .  [Aronson ,  Jacob s an d 
Minker ,  1980]) .  A  substantia l  technica l  literatur e no w provide s mode l  theorie s fo r 
and prove s theorem s abou t  suc h logic s (se e e.g .  [Le e 1972 ]  an d [Reite r  1980]) ,  an d 
severa l  A.I .  system s hav e inplemente d som e degre e o f  non-monotoni c reasoning ,  wit h o r 
withou t  som e additiona l  reasonin g schem e (se e e.g .  iDuda ,  Hart ,  Nilsso n an d Sutherlan d 
1978]) .  No t  al l  response s hav e bee n favorable .  Nai-raonotoni c logic s hav e bee n 
criticize d bot h fo r  technica l  shortcoming s (e.g .  [Davi s 1980] )  an d o n mor e genera l 
E*iilosophica l  grounds ,  whic h questio n usin g logi c t o gover n inference s whic h involv e 
comple x judgement s o f  causa l  connection s an d th e lik e (se e e.g .  Israe l  1980]) . 

The criticisms I want to put forward here fall into neither of these categories. 
Instea d the y hav e t o d o wit h th e precis e rol e suc h logic s pla y i n A.I .  system s whe n 
the y ar e use d t o mode l  reasonin g fro m defaul t  generalizations .  I  wil l  argu e tha t 
non-monotoni c logic s d o no t  an d i n principl e canno t  accuratel y reflec t  suc h reasoning . 
Obviously ,  thi s criticis m depend s strongl y o n wha t  i s t o b e modeled .  Henc e th e firs t 
ste p i s t o ge t  clea r  abou t  wha t  use s o f  non-monotoni c logi c I  a m criticizing .  Th e 
secon d sectio n discusse s thi s issue .  I n th e thir d section ,  I  tak e u p th e particula r 
aspect s o f  knowledg e an d informatio n base d o n defaul t  reasonin g whic h I  clai m 
non-monotoni c logic s b y thei r  natur e canno t  reflect . 
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THE PHE^PMEI ^ 

It is not always iirmediately clear what a proposed system is intended to model. 
Fuzz y logi c i n particula r  ha s bee n associate d wit h man y differen t  purposes :  modellin g 
inferenc e patterns ,  associatin g probabilit y  measure s wit h event s o r  confidenc e 
measure s wit h proposition s (neithe r  o f  whic h i s th e sam e a s modellin g inferenc e 
patterns) /  measurin g clas s membershi p ("T o wha t  exten t  ca n w e cal l  a  bacteriopiiag e a n 
animal?") ,  an d almos t  anythin g els e whic h saneon e migh t  wan t  t o measur e usin g number s 
betwee n zer o an d one .  Eac h o f  thes e use s raise s question s o f  appropriateness ; 
certainl y I  don' t  mea n t o tak e the m al l  o n here . 

I am interested specifically in the use of non-monotonic logics to inplement 
inferenc e i n system s whic h ar e intende d eithe r  t o mode l  som e belie f  spac e o r  t o 
perfor m a s esqjer t  syston s wit h extende d capacitie s tha t  woul d include ,  fo r  instance , 
formulatin g description s o f  thing s the y kno w abou t  (includin g fact s the y learn) , 
explainin g wha t  make s sem e objec t  o r  even t  unusual ,  an d s o on .  Th e sort s o f  system s I 
am talkin g abou t  ca n receiv e ne w information ,  stor e representation s o f  it ,  perfor m 
inference s usin g ne w information ,  an d repor t  th e result s o f  al l  thes e operation s i n 
some reasonabl e fashion .  The y als o perfor m reasonin g base d o n generalization s i n 
situation s o f  incomplet e informatio n ("defaul t  reasoning") .  A t  leas t  i n principle , 
the y ca n represen t  an y informatio n i n thei r  domain s i n whic h a  huma n migh t  b e 
interested ,  an d ca n for m proposition s ejqjressin g tha t  informatio n (thoug h o f  cours e 
no t  necessaril y  th e sam e sentence s tha t  a  huma n agen t  woul d use) .  B y "i n principle "  I 
mean tha t  whil e the y ma y currentl y lac k thes e abilities ,  th e abilitie s ar e desirable , 
and i t  i s  anticipate d tha t  the y coul d b e adde d t o th e system ,  althoug h i t  migh t  tak e 
some researc h t o fin d ou t  exactl y how . 

Such systens could in principle use non-monotonic logic many different ways. 
Thi s pape r  deal s wit h usin g non-monotoni c logi c a s th e basi c inferentia l  mechanis m fo r 
suc h systems ,  r ^  clai m i s this :  non-monotoni c logic s canno t  su j^ r t  th e capabilitie s 
liste d above .  Moreover ,  thi s inabilit y  doe s no t  ste m fro m an y technica l  featur e o f 
existin g non-monotoni c logics .  Rathe r  i t  result s directl y fro m non-monotonicit y 
itsel f  whe n applie d t o defaul t  reasoning . 

THE SHORTOOMINGS 

1. Their identity. Suppose we start in out in situation S, with information 
(includin g unqualifie d belief s an d generalizations )  supportin g bu t  no t  strictl y 
entailin g conclusio n C .  Fo r  instance ,  w e kno w wha t  bird s are ,  an d w e kno w tha t  Roge r 
i s a  livin g unplucke d bird .  Thi s informatio n support s th e conclusio n tha t  Roge r 
flies ,  bu t  w e kno w thi s migh t  fail .  No w suppos e tha t  w e lear n somethin g vAiic h 
contradict s ou r  previousl y suf^rte d conclusion .  I n ou r  example ,  w e migh t  lear n tha t 
Roger  i s a  kiwi .  Cal l  th e ne w situatio n S* .  Accordin g t o non-monotoni c logic ,  S 
entail s C ,  S  doe s no t  entai l  not-C ,  S *  entail s not-C ,  an d S *  doe s no t  entai l  C .  Thi s 
se t  o f  entailmen t  relation s provide s a  consisten t  basi s fo r  statin g whethe r  o r  not ,  t o 
th e bes t  o f  ou r  currei t  knowledge ,  Roge r  flies .  Bu t  i t  i s  no t  a  sufficien t  basi s fo r 
al l  o f  ou r  relevan t  knowledg e i n eithe r  S  o r  S* . 

In situation S, a careful speaker would not say "Roger flies," but something like 
"I t  i s  reasonabl e t o suppos e tha t  Roge r  flies. "  Thi s qualificatio n woul d no t  b e 
place d o n al l  conclusion s abou t  Roger :  "Roge r  ha s feathers "  i s justifie d absolutel y 
by ou r  belief s i n S .  We ma y b e mistake n tha t  Roge r  i s a  liv e unplucke d bird ,  bu t  i f 
we ar e righ t  abou t  that ,  w e mus t  b e righ t  abou t  hi s havin g feathers ,  sinc e b y th e 
biologica l  definitio n o f  birds ,  the y al l  withou t  exceptio n hav e a  geneti c dispositio n 
t o produc e feathers . 
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The relationship betweai our knowledge and the conclusion that Roger has feathers 
i s fundamentall y differen t  fro m th e relationshi p betwee n ou r  knowledg e an d th e 
conclusio n tha t  Roge r  flies .  Furthermore ,  peopl e ar e frequentl y intereste d i n thi s 
kin d o f  difference :  question s lik e "Ar e yo u sure? "  woul d no t  otherwis e b e s o common. 
Ther e i s a n iitportan t  distinctio n betwee n eructation s an d knowledge .  Bu t 
non-monotoni c logi c treat s th e relationshi p i n bot h case s a s entailment .  Worse ,  i t 
produce s exactl y th e sam e conclusio n i n situatio n S  a s i t  woul d i n situatio n S** , 
wher e w e ad d th e informatio n tha t  Roge r  i s a  matur e parrot ,  uncripple d an d i n norma l 
health .  Bu t  w e kno w tha t  Roger-the-parro t  flies ,  wherea s w e onl y suspec t  tha t 
Roger-the-bir d flies .  We alread y kno w i n situatio n S  tha t  thi s uncertaint y exists . 
Thi s i s th e firs t  shortcomin g o f  non-monotoni c logic :  i t  lose s th e distinction , 
presen t  i n th e "rea l  life "  situation ,  betweo i  justifie d belief s an d justifie d 
assumptions .  (Fo r  mor e o n thi s distinction ,  se e [Nutte r  1982]. ) 

In situation S*, more information is lost. When we learn that Roger is a kiwi, 
we don' t  jus t  kno w tha t  h e doesn' t  fly .  We kno w tha t  (a )  Roge r  i s a  bird ;  s o (b ) 
ther e i s  reaso n t o believ e tha t  Roge r  flies ;  bu t  i n fac t  (c )  Roge r  i s a  kiwi ,  s o (d ) 
he doesn' t  fl y  afte r  all .  Take n together ,  (b )  an d (d )  contai n substantia l 
information :  the y tel l  u s tha t  a n expectatio n ha s failed .  Non-monotoni c logi c force s 
th e differenc e betwee n justifie d belie f  an d justifie d assumptio n int o th e logic ,  s o 
tha t  "Ther e i s  reaso n t o suppos e tha t  Roge r  flies "  become s th e sam e propositio n a s 
"Roge r  flies" ;  thu s viewed ,  (b )  an d (d )  represen t  a n out-and-ou t  contradiction .  T o 
maintai n consistency ,  (b )  mus t  b e rejected :  a s state d above ,  S *  entail s not- C ("Roge r 
does no t  fly" )  an d doe s no t  entai l  C  ("Roge r  flies "  — i n thi s system ,  th e sam e a s 
"Ther e i s  reaso n t o suppos e tha t  Roge r  flies") . 

So in situation S*, non-monotonic logics can not support inferring "There is / 

/ reaso n t o suppos e C ,  bu t  no t  C" .  Thi s i s  informatio n i n whic h a  huma n migh t  b e 
interested .  Notic e tiia t  thi s proble m arise s explicitl y  fro m non-monotonicity .  Th e 
informatio n los t  i n S *  i s  precisel y v*ia t  i s  know n i n S .  Unles s tha t  informatio n i s 
lost ,  addin g pranise s canno t  caus e conclusion s t o b e rejected ,  an d th e logi c i s b y 
definitio n monotonic . 

Hence we have two kinds of information v*iich non-monotonic logics fail to 
support .  First ,  the y los e th e distinctio n a t  th e prepositiona l  leve l  betweo i 
knowledg e an d supposition .  Associatin g a  measur e instea d o f  a  trut h valu e wit h 
proposition s canno t  d o th e wor k neede d here ,  especiall y i f  th e metri c i s  take n a s 
measurin g probabilit y o r  confidence :  th e probabilit y  tha t  a  singl e fai r  tos s o f  a n " ^ 
unbiase d coi n wil l  lan d head s i s 0.5 ;  an d o f  tha t  fac t  w e ar e completel y certain . 
Knowledg e o f  probabilitie s i s  itsel f  knowledg e whic h ma y b e eithe r  justifie d b y othe r 
knowledg e o r  onl y suggested .  Furthermore ,  defaul t  generalization s ar e no t  statistica l 
[Nutte r  1983] .  Second ,  becaus e non-monotoni c logic s fai l  t o suppor t  th e distinctio n 
betwee n knowledg e an d supposition ,  the y als o fai l  t o suppor t  report s o f  faile3~ ~ 
expectations .  .  ! 

2. Their importance; identifying saliencet Consider the following two ^ 
description s o f  birds . 

(a) Felix is a bird who lives in North America. He is under four feet 
tall ,  h e flies ,  an d h e travel s slowl y o n th e ground . 

(b) Oscar is a bird who lives in Africa. He is over four feet tall, 
he can' t  fly ,  bu t  h e travel s ver y rapidl y o n th e ground . 

l^ich of these birds do we know more about? Felix could be almost any North American 
bird ,  excep t  a  roa d runner .  Osca r  i s a n ostrich ,  an d couldn' t  b e anythin g else .  Ye t 
i n bot h cases ,  I  hav e sirnpl y give n th e continen t  the y liv e on ,  thei r  heigh t  (i n vagu e 
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J:enns) / whether they fly, and their speed on the ground. How do we come to have so 
much mor e informatio n abou t  Osca r  tha n abou t  Felix ? 

When generalizations hold, they don't tell us much. But when they fail, their 
failur e convey s information .  Oscar' s height ,  flightlessness ,  an d groun d spee d ar e al l 
unusual ;  togethe r  wit h hi s Africa n origins ,  the y pi n dow n hi s species .  (I f  h e wer e 
Australian ,  he' d b e a n emu. ) 

Salience has been called the key to a major natural language generation problem: 
what  an d ho w muc h t o sa y (se e e.g .  [Conkli n an d McDonal d 1982]) .  Mos t  technique s fo r 
determinin g salienc e depen d o n eithe r  markin g particula r  propertie s fo r  a  clas s o f 

^object s o r  determinin g difference s betwee n a  pai r  o f  object s (se e th e above ,  [McCo y 
1982 ]  an d [McKeow n 1982]) .  Neithe r  o f  thes e tectinique s wil l  le t  a  syste n produc e 
paragraj ^  (b )  whe n aske d t o describ e Osca r  bu t  produc e onl y th e firs t  sentenc e o f 
paragrap h (a )  whe n aske d t o describ e Felix .  However ,  conside r  th e followin g rule :  i f 
X belong s t o kin d K ,  an d member s o f  kin d K  typicall y hav e propert y P  bu t  X  doe s not , 
tha t  i s  interestin g an d shoul d b e reported .  A  representatio n an d underlyin g logi c 
whic h distinguishe s "Ther e i s reaso n t o suppos e tha t  P "  fro m "P "  an d allow s deducin g 
"No t  P ,  an d ther e i s reaso n t o suppos e tha t  P "  wil l  suppor t  thi s rul e fo r  determinin g 
salience .  Bu t  th e logi c o f  suc h a  systo n wil l  b e monotonic . 

Non-monotoni c logic s hav e bee n motivate d largel y b y th e belie f  tha t  reasonin g 
fro m defaul t  generalization s involve s denyin g ol d conclusion s o n th e basi s o f  ne w 
evidenc e consisten t  wit h al l  previou s premises .  I  hav e argue d her e tha t  thi s belie f 
arise s frcx n failin g t o distinguis h betwee n guarde d statement s o f  th e for m "Ther e i s 
reaso n t o suppos e tha t  P "  an d statement s o f  th e for m "P" .  Give n thi s distinction , 
"Ther e i s reaso n t o suppos e tha t  P "  an d "no t  P "  d o no t  contradic t  on e another ,  s o o n 
learnin g th e secon d w e nee d no t  rejec t  th e first .  Henc e a  monotoni c logi c providin g 
thi s distinctio n ca n dea l  wit h defaul t  reasoning .  Furthermore ,  failin g t o distinguis h 
betwee n thes e classe s o f  statement s cause s informatio n t o b e lost .  I n particular ,  tw o 
specifi c  gap s appear :  (a )  th e syste m wil l  no t  kno w an d b e abl e t o repor t  th e 
differenc e betwee n thos e conclusion s whic h it s premise s warran t  withou t  reservatio n 
and thos e conclusion s whic h it s premise s onl y suggest ,  an d (b )  becaus e th e systa n wil l 
los e acces s t o th e reasonabl e assuirption s whe n specifi c  informatio n override s them ,  i t 
wil l  b e unabl e t o detec t  an d stat e tha t  a  reasonabl e expectatio n ha s failed . 
Consequently ,  adoptin g non-monotoni c logic s ma y den y A.I ,  system s acces s t o a  simpl e 
and usefu l  rul e fo r  determinin g saliency .  i  jp /  .  k 
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Taci t  Theorie s o f  Economic s 
Willia m J .  Salte r 

Bol t  Berane k an d Newman Inc . 

This paper presents results from work in progress on tacit theories of 
macroeconomics .  Th e researc h ca n b e viewe d i n th e contex t  o f  wor k o n menta l  models . 
Virtuall y al l  o f  tha t  researc h deal s wit h domain s wher e th e law s o f  physic s ca n b e 
applied ,  wher e ther e i s a  singl e correc t  answe r  wit h whic h subjects '  dat a ca n b e 
compared ,  an d wher e th e underlyin g representatio n ca n b e though t  o f  i n term s o f 
knowledge .  I n th e domai n o f  macroeconomic s — a s i n mos t  domain s wit h whic h peopl e hav e 
t o dea l  i n thei r  lives ,  lik e voting ,  child-rearing ,  persona l  health ,  predictin g an d 
understandin g th e behavio r  o f  othe r  peopl e — ther e i s n o unitar y bod y o f  truth ,  peopl e 
hav e belief s an d opinion s a s wel l  a s degree s o f  knowledge ,  an d well-informe d peopl e ma y 
differ .  Thes e ar e heterodo x rule-relevan t  domains :  ther e i s agreemen t  tha t  the y ar e 
rule-governed ,  bu t  disagreemen t  abou t  wha t  th e rule s are . 

The overall, long-term goals for this research project are to develop systematic, 
objectiv e way s t o loo k a t  menta l  model s o r  taci t  theories ;  t o increas e understandin g o f 
bot h th e structur e an d th e explanator y utilit y  o f  suc h system s o f  knowledg e an d belief ; 
and t o contribut e t o addressin g th e crisi s i n whic h th e disciplin e o f  economic s find s 
itself ,  i n larg e par t  a s a  resul t  o f  unrealisti c implici t  psychologica l  assumptions . 

The research is still underway. In this paper, I focus on the tacit theory of one 
subject ,  a s a  wa y t o illustrat e bot h th e methodolog y an d th e natur e o f  th e claim s I  hop e 
t o make .  Dat a fro m othe r  subject s wil l  b e considere d primaril y a s a  wa y o f  puttin g th e 
singl e subjec t  i n context . 

Several major claims are made in this paper: a small set of economic concepts 
— calle d th e "economi c core "  o f  a  subject' s conceptua l  networ k — ca n b e see n a s 
drivin g a n individual' s understanding  o f  ho w th e econom y works ;  thes e core s hav e 
coheren t  interna l  structure s and ,  i n effect ,  constitut e taci t  theorie s o f 
macroeconomics ;  acros s people ,  thes e core s correspon d wel l  wit h bot h fol k theorie s an d 
crud e version s o f  "real "  theorie s o f  economics ;  thes e core s ca n b e viewe d a s th e 
machiner y fo r  computin g expectations ,  an d thu s may driv e no t  onl y economi c inference s 
but  perhap s som e importan t  economi c behavior s a s well . 

The present research has four primary areas of concern: 

1. Does the tacit theory of an individual remain relatively stable over the 
short -  t o medium-term ? I f  so ,  on e ca n argu e tha t  th e taci t  theorie s ma y 
reflec t  stabl e pattern s o f  individua l  differences . 

2. What is the internal consistency of an individual's tacit theory? I have not 
ye t  full y  develope d th e mathematic s fo r  lookin g a t  interna l  consistency . 
Preliminar y result s ar e encouraging ,  an d indicat e hig h degree s o f  interna l 
consistency .  Thi s topi c wil l  no t  b e addresse d furthe r  i n th e presen t  paper . 

3. What is the content of tacit theories? Do they make any sense from the 
vantag e poin t  o f  economics ,  o r  d o peopl e hav e idiosyncrati c theories ? 

H. Are there stable patterns of individual differences in tacit theories? If the 
answer  i s no ,  taci t  theorie s becom e o f  limite d us e a s explanator y an d 
predictiv e constructs ,  althoug h the y may stil l  b e quit e interestin g a s object s 
of  psychologica l  investigation . 



Ther e ar e als o a  numbe r  o f  second-orde r  question s tha t  coul d b e o f  Interest .  Fo r 
example ,  consistenc y acros s tim e an d interna l  consistenc y coul d b e viewe d a s dependen t 
variables ,  an d on e coul d tr y t o explai n the m base d o n demographi c factors ,  politica l 
beliefs ,  initia l  theory ,  an d th e like .  Similarly ,  i f  ther e ar e stabl e pattern s o f 
individua l  difference s i n taci t  theories ,  on e coul d loo k fo r  variable s tha t  predic t  th e 
theor y a n individua l  holds . 

METHOD 

Subjects for this study were 24 residents of New Haven, Connecticut, randomly 
selecte d fro m th e telephon e book .  Althoug h n o clai m ca n b e mad e tha t  thi s sampl e 
provide s fo r  vali d statistica l  generalization s t o th e populatio n a t  large ,  th e sampl e 
was quit e demographicall y diverse .  Eac h subjec t  wa s interviewe d twice :  firs t  i n perso n 
fo r  abou t  a n hou r  an d a  half ;  afte r  fou r  t o eigh t  weeks ,  b y telephone ,  fo r  2 0 t o 3 0 
minutes .  Th e hear t  o f  bot h interviews ,  an d al l  tha t  wil l  b e discusse d here ,  wa s a 
serie s o f  question s o f  th e followin g form :  "I f  interes t  rate s g o up ,  wha t  d o yo u thin k 
woul d happe n t o inflation ? Why? " 

The typical answer was a "causoid" path containing two to four intervening links. 
For  example ,  a  respons e migh t  be :  "Well ,  i f  interes t  rate s g o up ,  i t  cost s th e busines s 
more t o borrow ,  s o the y hav e t o pas s tha t  cos t  on ,  s o price s woul d ris e an d inflatio n 
woul d g o up. "  Not e tha t  ther e ar e equall y plausibl e alternatives :  "I f  interes t  rate s 
go up ,  peopl e wil l  hav e t o pa y mor e o n thei r  loans ,  s o the y wouldn' t  wan t  t o borro w a s 
much t o bu y things .  An d t o ge t  tha t  money ,  then ,  businesse s woul d hav e t o charg e less , 
so inflatio n woul d g o down. "  Mos t  o f  th e reasonin g wa s causa l  i n nature ,  bu t  als o 
include d diagnosti c inference s (e.g. ,  "Well ,  i f  interes t  rate s wen t  up ,  tha t  woul d hav e 
t o b e becaus e th e defici t  wa s high ,  an d a  hig h defici t  mean s a  lo t  o f  governmen t 
spending ,  drivin g price s u p an d makin g inflatio n worse.") ,  statement s o f  correlation , 
appeal s t o authorit y (e.g. ,  "Th e Federa l  Reserv e make s thos e interes t  rate s g o highe r  t o 
sto p inflation ,  s o I  gues s i t  woul d mak e i t  g o down.") ,  an d occasiona l  confusion s abou t 
wher e th e reasonin g wa s goin g o r  ha d com e from .  Eac h intervie w wa s tape-recorded , 
transcribed ,  an d coded . 

For each subject, for each interview, a signed, directed graph was constructed, 
consistin g of ,  essentially ,  al l  o f  th e subject' s answer s connecte d together .  A  typica l 
grap h contain s 3 5 nodes ,  o f  whic h 1 5 wer e provide d b y th e experimente r  i n questions ,  an d 
abou t  sixt y links .  Man y concept s an d link s wer e mentione d mor e tha n once . 

These graphs were transformed into matrices by setting a parameter of link strength 
(i n th e dat a reporte d belo w thi s wa s .7 )  an d b y assumin g tha t  lin k strength s wer e 
multiplicativ e alon g chains .  Th e link s betwee n concept s wer e extremel y simple :  i f  a 
chang e i n A  mad e B  chang e i n th e sam e way ,  i t  wa s code d a s a  direc t  lin k fro m A  t o B , 
and i f  a  chang e i n A  mad e B  chang e i n th e opposit e direction ,  i t  wa s code d a s a n invers e 
lin k fro m A  t o B .  Eac h entr y i n thes e matrice s thu s represente d th e directe d causa l 
coefficien t  fro m th e ro w concep t  t o th e colum n concept .  Fo r  example ,  ther e woul d b e 
thre e entrie s i n th e matri x fo r  th e followin g fragmen t  o f  protocol :  "I f  interes t  rate s 
go up ,  peopl e woul d hav e t o pa y mor e o n thei r  loans ,  s o the y wouldn' t  borro w a s much. " 
The matri x entrie s woul d be :  INTEREST-RATE S t o COST-OF-BORROWING,  +7 ;  COST-OF-BORROWING 
t o CONSUMER-BORROWING,  - 7 ;  an d INTEREST-RATE S t o CONSUMER-BORROWING,  -49 .  When ther e 
was mor e tha n on e entr y fo r  a  cell ,  a  formul a wa s use d t o combin e cel l  entrie s suc h tha t 
the y wer e asymptoti c t o + 1 o r  -1 . 

The statistical methodology was rather complex, and no attempt will be made to 
explai n i t  i n detai l  here .  Othe r  paper s wil l  trea t  tha t  i n som e depth .  Th e tw o primar y 
analytica l  approache s t o th e dat a bot h involve d th e us e o f  principa l  component s facto r 
analysi s o n eac h matrix .  Th e firs t  approac h looke d a t  onl y firs t  principa l  componen t 



fo r  eac h matrix .  Eac h firs t  principa l  componen t  i s a  vecto r  o f  lengt h equa l  t o th e 
number  o f  concept s use d b y th e subjec t  o f  interest .  An d eac h entr y i n tha t  vecto r  i£ i  i . 
good measur e o f  th e aggregat e causa l  importanc e o f  tha t  concep t  i n th e subject' s matrix . 
Thus ,  concept s tha t  appea r  earl y an d ofte n i n causa l  chain s wil l  ten d t o hav e highe r 
loadings ,  a s th e value s ar e called ,  o n th e firs t  principa l  component .  Th e secon d 
techniqu e looke d a t  th e four-dimensiona l  structur e embodie d i n th e loading s o n th e firs t 
fou r  principa l  components .  Loading s o n secon d an d subsequen t  principa l  component s 
reflec t  cluster s o f  causa l  importance ;  fo r  example ,  tw o concept s tha t  ar e bot h causall y 
important ,  bu t  caus e differen t  effects ,  woul d no t  b e distinguishe d o n th e firs t 
principa l  componen t  — bot h woul d hav e hig h loading s — bu t  woul d b e distinguishe d o n 
subsequen t  components .  T o oversimplif y slightly ,  then ,  th e value s o n th e firs t 
principa l  componen t  reflec t  causa l  importance ,  whil e th e value s o n th e firs t  fou r 
principa l  component s reflec t  causa l  structure . 

To look at the extent to which causal importances between subjects (or for the same 
subject ,  betwee n initia l  intervie w an d follow-up )  wer e similar ,  th e loading s o f  th e 
concept s o n th e firs t  principa l  component s wer e correlated .  Th e highe r  th e correlation , 
th e mor e simila r  th e relativ e value s o f  th e loadings .  An d t o loo k a t  similarit y o f 
causa l  structures ,  th e firs t  fou r  principa l  component s fro m on e intervie w wer e 
canonicall y correlate d wit h thos e fro m anothe r  interview .  Canonica l  correlatio n allow s 
th e tw o four-dimensiona l  structure s t o rotat e freel y i n orde r  t o maximiz e fi t  wit h eac h 
other .  Thus ,  th e canonica l  correlatio n i s a  summar y measur e o f  th e exten t  t o whic h th e 
tw o causa l  structure s ar e congruent . 

RESULTS 

Both modes of analysis are relevant to addressing the first question of interest, 
th e consistenc y o f  a  subject' s taci t  theor y ove r  time .  Th e mos t  direc t  an d constraine d 
way o f  lookin g a t  consistenc y ove r  tim e i s t o correlat e th e concep t  loading s fro m a 
subject' s initia l  intervie w wit h thos e fro m th e follow-up ,  fou r  t o eigh t  week s later . 
For  th e firs t  twelv e subjects ,  thes e correlation s range d fro m .1 3 t o .72 .  Th e lowes t 
correlatio n indicate s virtuall y n o consistency .  Thi s subjec t  repeatedl y proteste d 
durin g th e intervie w tha t  sh e "kne w nothin g abou t  economics, "  a n on-lin e introspectio n 
tha t  i s supporte d b y th e data .  Th e nex t  lowes t  correlatio n i s A ^ .  Seve n o f  th e 
remainin g te n ar e .6 0 o r  above . 

In order to put these correlations in some context — after all, it is not 
immediatel y clea r  tha t  a  correlatio n of ,  say ,  .5 5 i s hig h — th e firs t  principa l 
component s o f  al l  24  interview s fo r  th e firs t  twelv e subject s wer e correlated .  O f 
interes t  her e i s th e exten t  t o whic h th e correlation s within-subjec t  ar e highe r  tha n 
thos e between-subjects .  (Not e that ,  i f  ther e ar e a  relativel y smal l  numbe r  o f 
importantl y differen t  taci t  theorie s acros s subjects ,  som e between-subjec t  correlation s 
shoul d b e quit e high. )  O f  th e 27 6 correlations ,  onl y 3 0 wer e .6 0 o r  above ;  o f  thes e 3 0 
correlations ,  seve n wer e within-subject .  Nin e o f  th e 1 2 within-subjec t  correlation s 
wer e i n th e to p 1 5 percen t  o f  th e tota l  numbe r  o f  correlations .  I  tak e thi s t o b e 
stron g evidenc e tha t  taci t  theorie s ar e relativel y stabl e psychologica l  entities . 

Note that concepts which a subject mentioned in one of his interviews but not in 
anothe r  hur t  th e correlation ,  i n tha t  the y hav e zer o loading s whe n no t  mentione d an d 
non-zer o loading s whe n mentioned . 

The subject who will be discussed in detail was the first subject interviewed and 
had a  correlatio n betwee n hi s intervie w an d follow-u p o f  .64 .  A  ver y stric t  criterio n 
of  semanti c agreemen t  wa s use d t o cod e responses .  I f  thi s criterio n i s relaxe d slightl y 
— collapsin g th e term s "investment "  an d "capita l  expenditures, "  whic h seem s ampl y 
justifie d fro m th e ful l  protocol s — th e correlatio n fo r  thi s subjec t  goe s u p t o .76 . 



go down ,  mor e mone y become s availabl e fo r  industr y t o borrow ,  borrowin g increases , 
capita l  expenditure s g o up ,  an d productivit y climbs .  Not e th e absenc e o f  ta x rates , 
disposabl e income ,  th e budge t  deficit ,  an d consume r  spendin g — th e ke y idea s i n 
Keynsia n an d neo-Keynsia n economics .  Thes e d o ente r  int o th e core s o f  othe r  subjects . 

FIGURE 1 : 

SUBJECT 1 CORE, DIRECTED CAUSAL COEFFICIENTS FROM INITIAL INTERVIEW 
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The analyse s o f  individua l  difference s acros s subject s hav e no t  bee n completed .  Base d 
on preliminar y analyses ,  however ,  i t  appear s tha t  ther e wil l  b e a  smal l  se t  o f  thre e t o 
si x o f  basi c cores ,  wit h variations .  Thes e core s ma y wel l  reflec t  stabl e pattern s o f 
individua l  difference s i n causa l  structure s i n th e economi c domain . 

DISCUSSION 

Tacit theories, as operationalized in this research, appear to be legitimate and 
interestin g object s o f  investigation .  Subject s see m t o posses s a  hig h degre e o f 
interna l  conceptua l  organizatio n an d coherenc e i n th e domai n o f  macroeconomics ,  a  domai n 
i n whic h the y ar e non-exper t  an d i n which ,  i n fact ,  the y may wel l  disagre e wit h eac h 
other . 

I t  ma y wel l  b e possibl e t o vie w taci t  theories ,  a s characterize d b y th e conceptua l 
cores ,  a s miniatur e "expectatio n machines, "  whic h coul d the n serv e a s proxie s fo r  th e 
endogenou s measure s o f  expectation s i n economi c model s base d o n rationa l  expectation s 
theory .  Thi s migh t  introduc e stronge r  psychologica l  foundation s int o th e models ,  an d 
woul d als o allo w fo r  a  systemati c treatmen t  o f  individua l  differences ,  generall y 
considere d nois e i n economics .  Suc h application s awai t  furthe r  research ,  bu t  offe r  a 
tantalizin g promis e o f  interdisciplinar y collaboration . 



Anothe r  wa y t o loo k a t  th e consistenc y fro m th e initia l  intervie w t o th e follow-u p 
i s t o loo k a t  th e canonica l  correlatio n o f  th e four-dimensiona l  structur e o f  th e firs t 
fou r  principa l  component s fro m th e intervie w wit h tha t  fro m th e follow-up .  Canonica l 
correlatio n i s a  wa y t o loo k a t  th e similarit y o f  th e underlyin g causa l  structures . 
whil e simpl e correlatio n o f  firs t  principa l  component s look s a t  similarit y i n th e causa l 
importanc e o f  th e se t  o f  concepts .  Fo r  thi s subject ,  th e firs t  canonica l  correlation , 
reduce d fo r  capitalizatio n o n chance ,  wa s .84 .  Thus ,  th e tw o structure s coul d b e 
rotate d int o a  ver y hig h degre e o f  congruence . 

Note that canonical correlation does impose a considerable degree of constraint. 
For  example ,  th e subjec t  wit h th e correlatio n o f  .1 3 o n th e firs t  principa l  component s 
had a n adjuste d firs t  canonica l  correlation ,  usin g th e firs t  fou r  principa l  components , 
of  .24 .  Thi s i s statisticall y non-significant ,  an d i s convergin g evidenc e that ,  indeed , 
she di d no t  hav e a  consisten t  mode l  ove r  time . 

To look at the content of tacit theories, I define the notion of a conceptual core 
of  th e taci t  theory .  Th e cor e contain s thos e concept s wit h th e highes t  loadings ;  thus , 
the y ar e causall y mos t  important .  I n term s o f  th e analyti c procedure s employed ,  th e 

method s o f  cor e extractio n impl y tha t  th e core s ar e wha t  th e subjec t  view s a s drivin g 
th e economy .  I f  th e subjec t  wer e makin g economi c policy ,  an d use d hi s o r  he r  taci t 
theor y t o d o it ,  th e concept s i n th e cor e ar e thos e tha t  th e subjec t  woul d attemp t  t o 
influenc e t o affec t  th e critica l  endogenou s variable s o f  inflatio n an d unemployment . 
The conceptua l  cor e ca n b e compute d o n bot h th e firs t  principa l  component s an d o n th e 
result s o f  th e canonica l  correlations .  Tabl e 1  summarize s th e concept s wit h loading s 
ove r  .2 5 o n th e firs t  principa l  component s o r  th e firs t  canonica l  variat e fo r  th e firs t 
subject .  (Th e loadin g o n th e firs t  canonica l  variat e i s a  summar y measur e o f  th e causa l 
salienc e o f  eac h concep t  i n th e fit-maximizin g rotatio n o f  th e underlyin g four -
dimensiona l  causa l  structure. )  I n thi s table ,  investmen t  an d capita l  expenditure s ar e 
collapsed .  Not e th e exten t  t o whic h th e intervie w an d follow-u p sho w th e sam e cores ; 
not e als o th e degre e t o whic h th e result s o f  th e firs t  principa l  componen t  analysi s an d 
th e canonica l  correlation s agree . 

TABLE 1 : 

LOADINGS OF CONCEPTS IN SUBJECT I's CORE 

FIRST PRINCIPAL FIRST CANONICAL 
COMPONENT VARIAT E 

CONCEPT INTERVIE W FOLLOW-UP INTERVIE W FOLLOW-UP 
Availabl e loa n fund s 

Busines s borrov;in g 

Capita l  expenditure s 

Interes t  rate s 

Persona l  saving s rat e 

Productivit y 

.3 3 

.3 8 

.3 3 

-.4 7 

.2 6 

.2 8 

.3 2 

.2 7 

.5 6 

-.3 2 

.2 6 

.3 6 

.4 3 

.3 9 

.2 7 

-.5 8 

.3 4 

.1 5 

.3 0 

.2 3 

.3 3 

- .  6 1 

.2 0 

.0 8 

I n figur e 1 ,  th e subject' s cor e i s presente d a s a  directe d graph ;  th e number s associate d 
wit h eac h arro w ar e th e directe d causa l  coefficient s betwee n concept s i n th e subject' s 
initia l  interview .  (The y ar e ver y simila r  fo r  th e follow-up ,  a s th e hig h correlation s 
require. )  Th e dat a i n thi s figur e ar e a  subse t  o f  th e dat a inpu t  t o th e extractio n o f 
principa l  components ;  thus ,  the y ar e severa l  statistica l  transformation s prio r  t o th e 
correlation s o f  th e firs t  principa l  component s an d t o th e canonica l  correlations .  The y 
provid e anothe r  vantag e poin t  fo r  lookin g a t  interna l  consistenc y an d conceptua l 
coherence ,  o f  a  mor e qualitativ e sort .  On e ca n ask ,  o f  thi s core ,  doe s i t  mak e economi c 
sense ? I t  does ;  thi s cor e i s ver y clos e t o wha t  orthodo x supply-sid e theor y (i f  thi s i s 
not  a n oxymoron )  specifies .  A s th e persona l  saving s rat e goe s up ,  an d a s interes t  rate s 
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1. Introduction 

One of the tnajor prerequisites for intelligent computer aided instruction (ICAI) is the ability to 

construc t  a  mode l  o f  th e student' s knowledge .  S o m e progres s i n thi s cire a ha s bee n mad e throug h 

carefull y studyin g students '  behavior ,  an d derivin g c o m m o n "bugs "  o r  "inal-rules "  tha t  lea d t o errors . 

Unfortunately ,  thi s approac h require s tha t  eac h new /  domai n b e analyze d i n detai l  befor e a n intelligen t 

tuto r  fo r  tha t  domai n ca n b e undertaken .  Mor e recently ,  researcher s hav e attempte d t o develo p 

generativ e theorie s t o explai n th e origi n o f  suc h bugs .  Suc h theorie s v̂ /oul d hel p predic t  bug s i n ne w 

domains ,  an d la y th e foundatio n fo r  mor e genera l  ICA I  systems . 

However ,  recen t  A !  learnin g researc h suggest s a n alternat e approac h t o studen t  modeling .  I n 

thi s pape r  w e describ e SAGE,  a  syste m tha t  learn s searc h heuristics ,  an d discus s it s applicatio n t o 

constructin g model s o f  students '  behavio r  o n mathematic s problems .  S A G E i s state d a s a  productio n 

system ,  an d learn s b y determinin g th e condition s unde r  whic h variou s operator s shoul d b e applied .  I n 

modelin g students '  strategies ,  th e syste m instea d determine s th e condition s unde r  whic h student s 

appl y thes e sam e operators ,  whethe r  correctl y o r  incorrectly . 

2. Learning Search Heuristics 

One o f  th e centra l  insight s o f  A l  i s  tha t  intelligenc e involve s search ,  an d a  corollar y o f  thi s 

insigh t  i s  tha t  learnin g ofte n involve s th e acquisitio n o f  heuristic s fo r  directin g searc h dow n profitabl e 

paths .  W e hav e explore d th e proces s o f  learnin g searc h heuristic s throug h SAGE,  a  progra m tha t 

begin s a  tas k wit h weak ,  genera l  methods ,  an d tha t  acquire s domai n specific ,  powerfu l  method s a s a 

functio n o f  experience .  Th e syste m ha s bee n teste d o n a  numbe r  o f  puzzle-solvin g task s suc h a s th e 

Tower  o f  Hano i  an d Slide-Jump ,  a s wel l  o n simpl e algebr a problem s (Langley ,  1982) . 

S A GE i s state d a s a n adaptiv e productio n system .  I n othe r  words ,  it s  procedure s ar e cas t  a s 

condition-actio n rules ,  an d i t  modifie s it s behavio r  b y constructin g ne w condition-actio n rules .  Th e 

syste m consist s o f  tw o mai n components .  Th e firs t  o f  thes e contain s ver y genera l  rule s fo r  assignin g 

credi t  an d generatin g ne w rules ;  thi s componen t  i s responsibl e fo r  learnin g fro m mistakes .  Th e 

secon d componen t  i s domain-specific ,  bu t  alway s take s th e for m o f  rule s fo r  proposin g move s 

throug h som e proble m space .  Initially ,  thes e rule s contai n onl y th e lega l  condition s fo r  makin g a 

move.  A s a  result ,  S A G E sometime s make s goo d move s an d sometime s make s ba d moves ;  i n othe r 

words ,  a t  th e outse t  th e syste m mus t  searc h fo r  a  solution .  However ,  a s experienc e i s gained ,  S A G E 

generate s mor e conservativ e version s o f  it s  move-proposin g rule s wit h additiona l  conditions . 

Eventually ,  th e progra m arrive s a t  a  se t  o f  heuristic s tha t  propos e onl y usefu l  move s an d tha t  avoi d 

bad move s entirely ;  tha t  is ,  S A G E learn s t o direc t  it s  searc h dow n desirabl e paths . 

S A GE incorporate s a  numbe r  o f  method s fo r  assignin g credi t  t o desirabl e move s an d blam e t o 

undesirabl e ones .  Thes e includ e technique s fo r  notin g loops ,  unnecessaril y  lon g paths ,  dea d ends , 

and illega l  moves .  However ,  i n thi s pape r  w e wil l  focu s onl y o n th e mos t  genera l  credi t  assignmen t 

heuristic :  learnin g fro m complet e solutio n paths .  Thi s metho d i s straightforward .  S A G E employ s it s 

initia l  move-proposin g rule s t o searc h a  proble m space ,  eventuall y findin g on e o r  mor e optima l 

solutio n paths .  Th e syste m the n retrace s it s steps ,  markin g thos e move s lyin g o n th e path s a s goo d 

instance s o f  th e heuristic s i t  i s  tryin g t o learn .  I n addition ,  move s tha t  lea d on e of f  th e pat h ar e labele d 

as ba d instances ,  sinc e the y d o no t  lea d t o a  solution .  A s goo d an d ba d instance s ar e identified ,  thi s 



informatio n i s  passe d t o S A G E ' s learnin g mechanism ,  whic h attempt s t o generat e heuristic s fo r 

directin g search . 

S A GE learn s throug h a  proces s o f  discrimination .  Give n a  ba d instanc e fo r  a  move-proposin g 

rule ,  th e syste m retrieve s th e las t  goo d instanc e o f  th e s a m e rul e an d searche s fo r  difference s 

betwee n th e tw o situation s i n whic h th e rul e w a s applied .  S A G E find s al l  difference s betwee n thes e 

tw o situations ,  an d construct s a  mor e conservativ e varian t  o f  th e rul e fo r  eac h differenc e tha t  i t  finds , 

wit h th e n e w condition s base d o n thos e differences .  Sinc e m a n y difference s m a y occur ,  an d sinc e 

s o me o f  thes e m a y b e spurious ,  S A G E doe s no t  automaticall y a s s u m e tha t  al l  o f  thes e variant s ar e 

useful .  Instead ,  i t  require s tha t  a  varian t  b e relearne d i n a  numbe r  o f  differen t  context s befor e i t  i s 

allowe d t o direc t  search .  Thi s i s  accomplishe d b y associatin g a  strengt h wit h eac h rule .  Thes e 

strength s ar e initiall y low ,  bu t  the y ar e increase d wheneve r  a  varian t  i s  relearned ;  onc e a  variant' s 

strengt h exceed s tha t  o f  it s  parent ,  th e varian t  i s  applie d wheneve r  i t  matches .  O f  course ,  eve n 

variant s base d o n relevan t  difference s m a y stil l  b e overl y genera l  an d lea d t o furthe r  errors .  I n suc h 

cases ,  th e discriminatio n proces s i s  applie d recursivel y an d stil l  mor e specifi c  rule s ar e constructed . 

Thi s proces s continue s unti l  S A G E ca n solv e th e problem s i t  i s give n withou t  search . 

3 .  M o d e l i n g S u b t r a c t i o n S t r a t e g i e s 

The applicatio n o f  SAGE t o modelin g students '  strategie s i s straightforward .  Give n a  student' s 
answer s t o a  se t  o f  problem s an d th e lega l  operator s fo r  tha t  domain ,  SAGE shoul d b e abl e t o fin d 
solutio n path s whic h giv e th e sam e answer s a s di d th e student .  Fro m thes e solutio n path s i t  shoul d 
be abl e t o determin e th e condition s unde r  whic h tha t  studen t  applie d th e operators ,  usin g it s 
discriminatio n learnin g algorithm .  I n othe r  words ,  th e progra m shoul d b e abl e t o lear n a  strateg y tha t 

mimic s th e student' s behavior ,  an d th e resultin g se t  o f  rule s woul d b e equivalen t  t o a  mode l  o f  tha t 

student' s strategy . 

We hav e performe d initia l  test s o f  S A G E ' s studen t  modelin g capabilitie s i n th e subtractio n 

domain ,  drawin g upo n earlie r  analyse s b y Brow n an d Burto n (1978) ,  B row n an d VanLeh n (1980) ,  an d 

Y o u n g an d O'She a (1981) .  Thes e researcher s hav e identifie d an d modele d a  variet y o f  subtractio n 

errors ,  suc h as ;  (1 )  alway s borrowing ,  whethe r  necessar y o r  not ;  (2 )  borrowin g w h e n th e to p n u m b e r 

i s larger ,  bu t  no t  w h e n i t  i s  smaller ;  (3 )  subtractin g th e smalle r  numbe r  fro m th e larger ,  regardles s o f 

position ;  an d (4 )  patter n errors ,  suc h a s 0  •  N  = 0 an d 0  -  N  =  N .  Ou r  approac h t o modelin g thes e 

error s i s  mos t  simila r  t o tha t  o f  Youn g an d O'Shea ,  w h o explaine d m a n y bug s i n term s o f  missin g 

rules . 

T h e applicatio n o f  S A G E t o studen t  modelin g i s  bes t  understoo d throug h a n example .  T h e 

syste m i s give n a n initia l  se t  o f  rule s incorporatin g operator s fo r  a  domain .  Tabl e 1  s h o w s th e system' s 

initia l  rule s fo r  subtraction. ^  Thes e includ e operator s fo r  findin g th e differenc e betwee n tw o number s 

i n a  column ,  fo r  decrementin g a  numbe r  b y one ,  fo r  addin g te n t o a  number ,  an d s o forth .  However , 

th e rule s i n whic h thes e operator s occu r  contai n onl y th e mos t  genera l  conditions .  W h e n th e syste m 

i s give n a  subtractio n proble m an d a  students '  answe r  t o th e s a m e problem ,  i t  mus t  searc h i n orde r  t o 

arriv e a t  a  simila r  answer .  O n c e i t  ha s foun d a  solutio n pat h t o th e s a m e answer ,  S A G E employ s it s 

discriminatio n proces s t o determin e th e condition s o n variou s operator s tha t  wil l  produc e simila r 

behavio r  i n th e future . 

For  example ,  suppos e th e syste m i s give n th e proble m 3 4 - 2 1 ,  alon g wit h th e student' s 

(correct )  answe r  o f  13 .  Base d o n th e solutio n pat h leadin g t o thi s answer ,  S A G E woul d giv e th e 

difference-findin g operato r  precedenc e ove r  th e decremen t  an d add-te n operator s (sinc e the y wer e 

We hav e chose n t o paraphras e th e rule s i n Englis h fo r  th e sak e o f  clarity .  Eac h lin e i n th e tabl e correspond s t o a  singl e 
conditio n o r  actio n i n th e actua l  productions .  Word s i n italic s correspon d t o variable s i n th e actua l  rules . 



neve r  applied) .  I n addition ,  th e syste m woul d not e tha t  tli e difference-findin g operato r  wa s calle d 

upo n t o fin d th e differenc e betwee n 4  an d 1 ,  bu t  no t  th e invers e differenc e betwee n 1  an d 4 . 

Comparin g thes e tw o situations ,  th e discriminatio n routin e woul d finc J tw o differences .  I n th e goo d 

instance ,  4  i s large r  tha n 1 ,  whil e i n th e ba d instance ,  1  i s no t  large r  tha n 4 .  Similarly ,  i n th e goo d 

instance ,  4  i s abov e 1 ,  whil e i n th e ba d instance ,  1  i s no t  abov e 4 .  Accordingly ,  S A G E woul d construc t 

tw o variants ,  on e includin g a  conditio n base d o n th e large r  relation ,  an d th e othe r  containin g a 

conditio n base d o n th e abov e relation . 

Table 2. Initial production system for subtraction. 

find-difference 

I f  yo u ar e processin g column , 

an d number l  i s  i n column , 

an d number 2 i s i n column , 

the n fin d th e differenc e betwee n number l  an d number2 , 

an d writ e thi s differenc e a s th e resul t  fo r  column . 

add-ten 

If  yo u ar e processin g column , 

an d number l  i s  i n column , 

an d number 2 i s i n column , 

an d number l  i s  abov e number? , 

the n ad d te n t o numberl . 

decrement 

I f  yo u ar e processin g column , 

an d column 2 i s lef t  o f  column , 

an d number s i s i n column2 , 

an d number s i s abov e number4 , 

the n decremen t  number s b y 1 . 

shift-column 

If  yo u ar e processin g column , 

an d yo u hav e a  resul t  io i  column , 

an d column 2 i s lef t  o f  column , 

the n proces s column2 . 

At this point, one can infer that the student employs at least one of these conditions in deciding 

when t o appl y th e difference-findin g operator ,  bu t  w e canno t  tel l  whic h o f  th e condition s (o r  both )  i s 

used .  However ,  suppos e w e nex t  examin e a  proble m i n whic h borrowin g i s required ,  suc h a s 4 3 -  25 . 

If  th e studen t  give s th e correc t  answe r  o f  18 ,  the n S A G E woul d infe r  (afte r  findin g a  solutio n pat h an d 

discriminating )  tha t  th e student' s differencin g rul e contain s bot h o f  th e abov e conditions .  However ,  i f 

th e studen t  give s th e answe r  2 2 instead ,  the n th e varian t  includin g th e large r  relatio n woul d b e 

retaine d i n favo r  o f  th e varian t  includin g th e abov e relation .  Th e resultin g mode l  woul d alway s 

subtrac t  th e large r  numbe r  fro m th e smalle r  regardles s o f  position ,  an d woul d explai n th e student' s 

failur e t o borro w i n term s o f  th e missin g abov e condition .  W e hav e describe d onl y a  smal l  par t  o f  th e 

model-buildin g process ,  sinc e th e condition s o n othe r  operator s mus t  als o b e determined ;  however , 

thi s exampl e shoul d giv e th e reade r  a n ide a o f  th e basi c approach . 



4 .  D i r e c t i o n s fo r  F u t u r e R e s e a r c h 

Althoug h SAGE ha s bee n teste d i n a  numbe r  o f  domain s a s a  strateg y learnin g system ,  ou r 

applicatio n o f  th e progra m t o studen t  modelin g i s stil l  i n it s initia l  stages .  Th e mos t  obviou s priorit y i s 
t o tes t  th e syste m mor e full y i n th e subtractio n domain .  Afte r  ou r  anal/si s o f  subtractio n error s ha s 

progressed ,  w e pla n t o tes t  SAGE i n th e domain s o f  algebr a an d symboli c integration .  Lik e 

subtraction ,  thes e area s ar e mainl y procedural ,  bu t  the y ar e sufficientl y differen t  t o provid e a n 
interestin g tes t  o f  th e system' s generality .  Finally ,  w e hop e t o provid e SAGE wit h th e abilit y  t o 

generat e diagnosti c problems .  Give n a  se t  o f  competin g hypothese s a s t o wh y a n erro r  ha s occurred , 

th e syste m woul d the n b e abl e t o desig n critica l  experiment s t o determin e whic h hypothesi s bes t 
explaine d th e student' s behavior .  Togethe r  wit h SAGE' s technique s fo r  discoverin g th e appropriat e 
condition s o n operators ,  thi s metho d shoul d lea d t o a  genera l  an d robus t  syste m fo r  constructin g 
model s o f  students '  mathematic s strategies .  I n conclusion ,  thoug h ou r  researc h i s stil l  i n th e initia l 

stages ,  w e ar e confiden t  tha t  i t  wil l  lea d t o insight s abou t  th e natur e o f  studen t  modeling ,  th e natur e o f 
strateg y learning ,  an d th e relatio n betwee n them . 
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Sectio n 1 :  Introductio n 

It has often been proposed that, in the brain, associations between information items take 
th e for m o f  suitabl e setting s fo r  synapti c weight s [e.g .  Anderso n an d Moze r  (1981) ,  Anderso n 

et  a l  (1977) ,  Fahlma n (1979 ,  1981) ,  Feldma n (1981) ,  Feldma n an d Ballar d (1982) ,  Goddar d 
(1980) ,  Heb b (1949) ,  Hinto n (1981) ,  Kohone n e t  a l  (1981) ,  Wicicelgre n (1979)] .  A n informa -
tio n ite m i s implemente d a s a  potentia l  o r  actua l  patter n o f  neura l  activit y i n som e particula r 

set  o f  neurons .  A n associatio n fro m ite m I  t o ite m J  i s implemente d a s th e existenc e o f  suit -
abl e synapti c weight s o n neura l  path s fro m th e neuro n se t  fo r  I  t o tha t  fo r  J ,  suc h tha t  th e 
activ e presenc e o f  th e I  patter n tend s t o caus e th e J  patter n t o appear .  Th e pattern s ar e 

anchored ,  i n th e sens e tha t  th e identit y o f  th e particula r  neuron s whos e activit y constitute s a 
patter n i s crucial .  I n wha t  I  shal l  cal l  th e dedicatio n approac h [Feldma n (1981) ,  Feldma n an d 
Ballar d (1982) ,  Fahlma n (1979 ,  1981) ,  Goddar d (1980) ,  Heb b (1949) ,  Wickelgre n (1979)] ,  al l 

or  man y o f  th e neuron s i n th e neuro n se t  fo r  a n informatio n ite m ar e individuall y dedicate d 
t o tha t  item ,  i n tha t  the y d o no t  appea r  i n th e neuro n set s fo r  othe r  items .  (Th e dedicate d 
neuron s ar e ofte n calle d "grandmother" ,  "pontifical "  o r  "cardinal "  cells. )  I n wha t  I  shal l  cal l 

th e sharin g approac h [Anderso n an d Moze r  (1981) ,  Anderso n e t  a l  (1977) ,  Hinto n (1981) , 
Kohone n e t  a l  (1981)] ,  individua l  neuron s i n th e se t  generall y belon g t o th e set s fo r  man y 
othe r  item s a s well . 

We shal l  loo k a t  variou s problem s facin g currentl y propose d scheme s whic h encod e asso -
ciatio n b y mean s o f  synapti c weigh t  values ,  whe n the y tr y t o accoun t  fo r  rapid ,  comple x 

information-processin g suc h a s i s involve d i n understandin g an d producin g natural-languag e o r 
actin g i n th e world .  Some o f  th e scheme s d o addres s certai n specialize d type s o f  short>ter m 
processing ,  bu t  a s fa r  a s I  a m awar e the y d o no t  dea l  i n an y genera l  wa y wit h th e problem s t o 

be discussed .  W e hav e spac e her e fo r  n o mor e tha n a  brie f  loo k a t  th e problems .  A  mor e 
detaile d pape r  o n th e subjec t  i s i n preparation . 

Sectio n 2 :  Som e Problenri B fo r  Synaptic-Welgh t  Scheme s 

We adopt the working hypothesis that we must show how the neural mass could act as 
an implementatio n o f  semanti c networ k processin g o f  th e sor t  typicall y postulate d i n A l  an d 

cognitiv e psychology .  W e shal l  assum e network s i n whic h relationship s a s wel l  a s non -
relationa l  item s ar e code d a s nodes ,  th e link s bein g lef t  fo r  restricte d "syntactic "  use s suc h a s 
linkin g a  relationshi p nod e t o th e node s fo r  th e partaker s i n th e relationship .  W e tak e th e 
node s t o b e implemente d a s neura l  activit y patterns ,  an d w e tak e th e link s t o b e implemente d 
as individua l  association s encode d a s synapti c weigh t  settings .  Thes e assumption s ar e i n rea -
sonabl e accor d wit h th e approache s take n i n Fahlma n (1979 ,  1981) ,  Feldma n (1981) ,  Feldma n 
and Ballar d (1982) ,  Heb b (1949) ,  Hinto n (1981) ,  Kohone n e t  a l  (1981) ,  an d Wickelgre n 
(1979) .  Th e problem s o n whic h w e focu s ar e associatio n (link )  deletio n an d nod e marking . 



Networ k Alteratio n an d TVaveraa l 

If semantic network manipulations occur in short-term cognition, presumably they 

includ e th e traversa l  o f  network s an d th e modificatio n o f  network s (whethe r  b y a  chang e o f 
grap h structur e o r  b y replacemen t  o f  on e nod e b y another) .  Suc h a n alteratio n presumabl y 

involve s replacemen t  o f  th e piec e o f  ne t  t o b e altere d b y a  ne w piec e o f  ne t  whic h i s linke d i n 
properl y eithe r  (a )  t o th e res t  o f  th e ne t  a s i t  i s  o r  (b )  t o a  cop y o f  th e res t  o f  th e net .  Th e 

replace d piec e i n cas e (a) ,  o r  al l  o f  th e ol d ne t  i n cas e (b) ,  mus t  s o m e h o w b e pu t  ou t  o f  play , 

whethe r  b y bein g marked ,  inhibite d i n som e way ,  o r  isolate d b y havin g association s leadin g 

int o i t  deleted .  Explici t  deletio n o f  a n associatio n (link )  ha s receive d littl e attentio n i n wor k o n 
synaptic-weigh t  schemes ,  an d i t  raise s difficulties .  Presumabl y th e neura l  substrat e mus t  b e pu t 

int o somethin g lik e th e conditio n i t  woul d hav e bee n i n ha d th e associatio n no t  bee n present . 
Thi s i s n o grea t  proble m i n a  dedicatio n scheme ,  becaus e th e synapti c weight s definin g th e asso -
ciatio n ca n b e reduce d t o som e smal l  value .  I n a  sharin g scheme ,  however ,  th e synapti c 

weight s ar e importan t  als o t o othe r  associations ,  s o th e particula r  stat e the y ar e lef t  i n depend s 
cruciall y o n wha t  thos e association s are .  Th e troubl e i s that ,  unles s th e whol e networ k i s 
s o m e h o w traverse d o r  rebuilt ,  th e deletio n operatio n ha s n o guidanc e a s t o wha t  thos e associa -

tion s are .  Simila r  commen t s appl y t o th e ide a o f  "inhibiting "  a  piec e o f  net .  B y thi s I  mea n 
leavin g th e structur e essentiall y  intac t  bu t  switchin g o n som e specia l  agenc y whic h stop s th e 

node s i n questio n fro m bein g activated ,  and/o r  whic h stop s th e association s fro m bein g used . 

The problem s i n th e remainin g alternative ,  marking ,  receiv e attentio n below . 

To tur n t o traversa l  o f  networks ,  i t  i s  standar d fo r  traversa l  algorithm s implemente d o n 

computer s t o us e a  markin g schem e t o ensur e tha t  part s o f  th e structur e ar e no t  traverse d 
mor e tha n once .  A  for m o f  markin g woul d fo r  th e sam e reaso n b e neede d i n a  neura l  imple -
mentatio n o f  traversal .  T o avoi d markin g w e coul d sugges t  a  random-wal k process ,  whic h ma y 

wel l  duplicat e part s o f  th e traversal .  Thi s woul d appea r  t o b e a  rathe r  error-pron e and/o r 
time-consumin g technique ,  an d it s adoptio n i n a  neura l  mode l  woul d requir e convincin g argu -

mentation . 

M a r k i n g 

Fahlman's (1979, 1981) dedication scheme makes heavy use of marking to effect certain 
type s o f  inferenc e an d structur e matching .  Hinto n (1981 )  use s a  markin g schem e fo r  structur e 
matchin g whic h i s mor e sophisticate d bu t  simila r  i n spirit .  Markin g ca n b e use d t o ge t  th e 
effec t  o f  pointers .  I f  w e hav e som e wa y o f  activatin g node s whic h ar e marke d i n a  specifi c  way , 

the n w e ge t  th e effec t  o f  followin g a  pointer . 

H ow i s a  nod e marked ? W e not e first  tha t  w e shoul d b e abl e t o provid e markin g o f 

severa l  differen t  types ,  an d tha t  node s mus t  b e abl e t o b e unmarke d a s wel l  a s marked .  Th e 
first  suggestio n i s tha t  th e natur e o f  th e potentia l  firing  o f  th e individua l  neuron s i n th e node' s 
neuron-se t  i s changed .  Fo r  instance ,  th e firing  train s o f  a  neuro n coul d hav e severa l  distinc t 

possibl e patterns ,  correspondin g t o differen t  type s o f  marking .  Th e objectio n t o thi s i s tha t  i t 
involve s a  majo r  chang e i n th e philosoph y o f  synaptic-weigh t  schemes ,  wher e i t  i s  usuall y 
assume d tha t  neuron s ca n b e mor e o r  les s activ e (e.g .  ca n fire  a t  highe r  o r  lowe r  frequency )  t o 
indicat e th e "confidence "  wit h whic h th e nod e i s present ,  bu t  canno t  b e activ e i n symbolicall y 

distinc t  ways .  Onc e th e doo r  i s opene d t o distinguishin g betwee n mode s o f  firing  fo r  symboli c 
purposes ,  th e questio n arise s o f  whethe r  significan t  symboli c informatio n o f  mor e genera l  sort s 

shoul d no t  b e encodabl e i n firing  patterns .  Also ,  i n a  sharin g scheme ,  a  neuro n contribute s t o 
severa l  nodes ,  som e o f  whic h m a y b e marke d an d som e not . 

A secon d suggestio n i s tha t  th e nod e t o b e "marked "  i s replace d temporaril y  b y a  ne w 
nod e whic h act s a s a  marke d versio n o f  th e origina l  node .  Bu t  her e w e ar e appealin g t o a n 
operatio n o f  structur e alteratio n a s discusse d above .  A s w e saw ,  th e replace d nod e mus t  b e pu t 

ou t  o f  play .  I n a  sharin g scheme ,  i t  seem s tha t  th e mos t  viabl e alternativ e i s t o pu t  i t  ou t  o f 
pla y b y markin g it !  W e therefor e hav e a  viciou s circle .  I n a  dedicatio n scheme ,  th e replace d 



nod e coul d b e inhibite d o r  isolated ,  bu t  thi s i s a  cumbersom e proces s i f  don e merel y fo r  th e 
purpos e o f  markiDg ,  especiall y whe n w e conside r  th e possibl e nee d fo r  late r  unmarkin g o f  th e 
node . 

A thir d possibilit y  i s  t o hav e a  specia l  nod e whic h act s a s a n explici t  mar k an d i s pu t  int o 
associatio n wit h th e nod e t o b e marked .  Eve n i n th e dedicatio n schem e thi s i s a n over -

elaborat e proposal .  A t  on e extreme ,  w e hav e th e possibilit y  tha t  ther e i s jus t  on e specia l  node , 
so tha t  al l  th e reura l  set s implementin g node s whic h migh t  eve r  nee d t o b e marke d hav e t o b e 

connecte d b y a  neura l  pat h t o thi s specia l  mar k node .  A t  th e othe r  extreme ,  w e coul d hav e a 

distinc t  specia l  mar k nod e fo r  ever y distinc t  non-mar k node .  A t  eithe r  extreme ,  o r  anywher e i n 

between ,  a  larg e amoun t  o f  'hardware '  i s  se t  asid e jus t  fo r  markin g purposes .  A  sharin g 
scheme face s analogou s difficulties ,  bu t  als o face s a  particula r  difficult y i n unmarking :  th e 

mark ,  o r  a t  leas t  it s  associatio n t o th e marke d node ,  mus t  b e pu t  ou t  o f  play ,  bu t  i n th e presen t 
cas e w e d o no t  wan t  t o mar k a  mark !  W e migh t  ge t  roun d thi s proble m b y stipulatin g tha t  th e 
neuron s use d i n th e mar k nod e canno t  b e use d fo r  anythin g excep t  marking ,  i.e .  tha t  the y ar e 

dedicate d t o marking ;  perhap s the n th e associatio n betwee n mar k nod e an d marke d nod e ca n b e 
easil y broke n (i n vie w o f  ou r  c o m m e n t  abov e tha t  deletio n o f  a n associatio n doe s no t  appea r  t o 
be a  proble m i n a  dedicatio n scheme) .  Th e methodologica l  objectio n t o thi s i s tha t  w e ar e 

dilutin g th e purit y o f  th e philosoph y o f  sharin g scheme s b y lettin g i n dedicatio n i n restricte d 
case s fo r  a d ho c reasons . 

The las t  suggestio n w e mak e i s tha t  extr a neuron s ar e s o m e h o w include d temporaril y  i n 
th e neuro n se t  fo r  th e node .  W e coul d suppos e tha t  eac h dedicate d neuro n se t  ha s severa l  sub -
set s o f  specia l  neurons ,  on e subse t  pe r  markin g type .  A  nod e i s considere d t o b e marke d i f  an d 
onl y i f  th e appropriat e subse t  o f  neuron s i s activate d whe n th e mai n neuron s fo r  th e nod e ar e 
activated .  However ,  thi s markin g techniqu e i s rathe r  a d hoc ,  sinc e i t  require s th e ide a o f  mark -
in g t o b e buil t  int o th e ver y hardwar e o f  th e system ,  an d w e begi n t o wonde r  wh y w e shoul d 

not  allo w specialize d neuro n set s t o hol d symboli c structure s mor e complicate d tha n marks . 
The sharin g scheme s fac e a  furthe r  difficulty .  I t  i s  no t  a t  al l  clea r  ho w th e proces s o f  unmark -
in g woul d wor k unles s th e specia l  mar k neuron s fo r  a  nod e ar e distinc t  fro m th e neuron s use d 
by an y othe r  node ;  bu t  the n w e hav e a  restricte d for m o f  dedicatio n muc h a s i n th e thir d pro -
posal . 

A genera l  observatio n abou t  al l  th e abov e markin g proposal s i s tha t  the y trea t  mark s a s 
dat a item s whic h nee d specia l  mechanism s fo r  thei r  implementatio n o r  use .  Thi s contrast s 
wit h markin g i n computers ,  wher e a n algorith m ma y us e dat a item s i n suc h a  wa y tha t  w e cal l 

the m marks ,  bu t  wher e thos e dat a item s requir e n o specia l  mechanism s fo r  thei r  implementa -
tio n o r  use . 

Sectio n 3 :  A n Alternativ e 

It is of interest that an alternative which avoids the problems of Section 2 can be pro-
vided .  W e shal l  continu e t o assum e tha t  th e issu e i s th e implementatio n o f  semanti c network s 
and thei r  manipulatio n i n th e cours e o f  short-ter m information-processing .  W e suppos e stil l 
tha t  node s ar e implemente d a s pattern s o f  neura l  activity .  However ,  ou r  pattern s ar e substan -
tiall y unanekore d viit h respec t  t o neura l  location :  thei r  precis e position s i n th e neura l  mas s ar e 
irrelevant .  T o mak e sens e o f  this ,  w e suppos e tha t  th e neura l  area s i n whic h th e pattern s resid e 
ar c regula r  i n structure .  I n fact ,  w e mak e th e tentative ,  simplifyin g assumptio n tha t  th e area s 
ar e physicall y structure d a s array s (typicall y o f  dimensio n two) .  W e cal l  eac h suc h are a a  pat -
ter n matri x  ( P M ) .  A  P M i s a n arra y o f  neura l  circuit s calle d P M elements .  Eac h P M elemen t 
can b e activ e i n an y on e o f  a  certai n numbe r  (sa y a  doze n o r  two )  modes ,  an y combinatio n o f 
modes bein g allowed .  Short-ter m informatio n structure s ar e pattern s o f  P M activit y ove r  th e 
P M s.  Th e patter n i n a  P M i s generall y compose d o f  well-define d subpatterns ,  som e o f  whic h 
pla y th e rol e o f  networ k nodes .  Th e precis e positio n o f  a  subpatter n i s unimportant ,  althoug h 
it s positio n relativ e t o othe r  subpattern s ma y b e crucial ,  a s w e shal l  se e i n a  m o m e n t . 



A distinctiv e featur e o f  ou r  schem e i s th e wa y i n whic h subpattern s ca n b e i n associatio n 
so a s t o for m structures .  Th e associatio n doe s no t  tak e th e for m o f  transmission-facilitate d 

neura l  paths .  Instead ,  associatio n i s b y adjacenc y an d similarity .  Adjacenc y associatio n i s simi -

la r  t o th e associatio n o f  dat a item s i n a  compute r  b y virtu e o f  thei r  bein g i n adjacen t  locations . 
So,  tw o subpattern s i n a  P M whic h ar e adjacen t  t o eac h othe r  ma y b e take n t o b e associated . 

(A s a  specia l  case ,  on e o f  th e subpattern s ma y b e lik e a  close d boundar y an d contai n th e othe r 

subpattern. )  Similarit y associatio n i s aki n t o conten t  addressin g i n computers .  Ther e i s a 

mechanis m attache d t o P M s suc h tha t  th e presenc e o f  a  subpatter n i n a  P M ca n caus e 
sufficientl y simila r  subpattern s i n thi s an d othe r  P M s t o b e b e "highlighted "  b y hig h activit y i n 

some m o d e (whos e identit y i s passe d t o th e mechanis m a s a  parameter) .  Subpattern s whic h ar e 

thu s associate d b y similarit y ca n b e place d adjacen t  t o othe r  subpattern s (e.g .  nodes )  whic h the y 
ca n b e considere d t o "label" .  Th e labelle d subpattern s ca n thereb y b e regarde d a s bein g 

indirectl y associate d b y a  combinatio n o f  adjacenc y an d similarit y association .  A  furthe r  for m 
of  associatio n i s derive d fro m adjacenc y association :  tw o subpattern s i n differen t  part s o f  a  P M 
can b e joine d b y a  line-lik e supatter n (whos e end s ar e adjacen t  t o th e first  tw o subpatterns) . 

Such line-lik e subpattern s ar e analogou s t o th e lin k line s i n a  diagra m o f  a  semanti c network . 
The y ar e als o analogou s t o th e neura l  path s i n synaptic-weigh t  schemes ,  bu t  instea d o f  a  facili -
tate d transmissio n pat h ther e i s a  pat h o f  activate d neura l  network s ( P M elements) . 

We suppos e tha t  connecte d t o th e P M s ther e i s a  neura l  mechanis m embodyin g a  produc -

tio n system .  Th e conditio n par t  o f  a  rul e respond s t o th e presenc e o f  fairl y  simpl e combina -

tion s o f  primitiv e subpatterns .  Th e primitiv e subpattern s i n th e cas e o f  network-lik e pattern s 
woul d b e subpattern s actin g a s nodes ,  link s an d label s (o r  perhap s component s o f  labels) .  Th e 
actio n par t  o f  a  rul e i s abl e t o inser t  subpatterns ,  delet e subpatterns ,  cop y subpatterns ,  m o v e 

subpattern s aroun d i n P M s ,  follo w link-lik e subpatterns ,  highligh t  subpatterns ,  invok e th e 

pattern-similarit y associatio n mechanis m an d communicat e wit h mechanism s outsid e th e P M 
productio n system .  Th e se t  o f  rule s doe s no t  chang e i n th e shor t  term .  W e envisag e th e rule s 

t o b e implemente d a s neura l  network s attache d t o th e P M s ,  an d th e triggerin g o f  rule s t o occu r 
by jus t  th e sor t  o f  neura l  associativ e technique s a s ar e propose d i n synapti c weigh t  schemes . 
Also ,  pattern s i n P M s coul d associat e t o long-ter m structure s b y suc h mechanisms .  I t  shoul d 

be note d tha t  subpattern s i n P M s ar e no t  themselve s th e ful l  embodiment s o f  concept s o r  othe r 
entities ;  rathe r  the y ar e merel y symbol s fo r  o r  "ambassadors "  o f  thos e entities . 

I n ou r  schem e al l  informatio n i n a  semanti c network ,  includin g association ,  i s  encode d a s 
activit y patterns .  Thi s provide s greate r  uniformit y an d eleganc e tha n i s presen t  i n synaptic -
weigh t  schemes ,  i n whic h ther e ar e tw o competel y differen t  embodiment s o f  information : 

(potential )  pattern s o f  activit y an d synapti c weights .  A t  th e sam e time ,  b y bein g relativel y clos e 
t o th e wa y computer s wor k (i f  w e tak e adjacency ,  similarit y an d line-linkin g t o correspon d t o 
locationa l  adjacency ,  conten t  addressin g an d direc t  addressin g i n computers )  ou r  proposa l  ha s 

th e advantag e tha t  technique s develope d fo r  information-processin g i n computer s ca n relativel y 
easil y an d plausibl y b e suppose d t o occu r  i n th e brain .  Fo r  instance ,  node s an d link s ca n b e 
labelle d an d marke d ver y simpl y an d naturally ,  eithe r  b y highlightin g the m o r  b y placin g labe l 

subpattern s nex t  t o them .  N o specia l  extr a mechanism s nee d b e postulated ,  an d ou r  deemin g a 
particula r  featur e o f  a  P M patter n t o b e a  mar k i s merel y a  resul t  o f  th e wa y particula r  rule s us e 
th e featur e (cf .  th e comment s o n markin g i n computer s a t  th e en d o f  Sectio n 2) .  Subpattern s 

whic h ar e associate d b y adjacency ,  line-linkin g o r  label-similarit y ca n b e altere d withou t 
affectin g thei r  inter-association ,  becaus e th e pattern s embodyin g th e association s ar e indepen -
den t  o f  th e pattern s associated .  Association s ca n easil y b e deleted ,  whethe r  b y movin g subpat ^ 
tern s s o tha t  the y ar e n o longe r  adjacen t  o r  b y removin g label s o r  lin e links .  (Suc h remova l  i s 
performe d b y suppressin g th e activit y i n th e P M element s concerned. )  Therefore ,  th e problem s 

of  deletio n an d markin g tha t  w e note d i n Sectio n 2  d o no t  aris e fo r  ou r  scheme ,  s o tha t  opera -

tion s suc h a s traversa l  n o longe r  presen t  specia l  difficulties . 

Ther e i s n o spac e her e t o presen t  th e schem e i n mor e detail .  On e versio n o f  th e schem e 

i s reporte d i n Barnde n (1982a ,  1982b) .  Barnde n (1982b )  goe s int o considerabl e detai l  concern -
in g th e possibl e operatio n o f  th e productio n syste m i n manipulatin g network-lik e pattern s i n 
P M s.  Th e schem e appear s t o b e n o les s wel l  supporte d b y know n fact s abou t  th e brai n tha n ar e 



th e synaptic-weigh t  scheme s -  indeed ,  b y virtu e o f  it s  foundatio n o n array s o f  neura l  net s i t 

fits  i n mor e naturall y wit h th e regula r  an d ubiquitou s columna r  organizatio n o f  corte x (Mount -
castl e (1978) ]  tha n thos e scheme s do . 
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PAINS AND STRONG COGNITIVISM 

Strong Cognitivism in psychology and philosophy is roughly the position that all 

and only cognitive states and processes (propositional attitudes) are psychological. 

In philosophy. Strong Cognitivism is an essential feature of the regnant philosophy 

of mind. Computer Functionalism (Dennett, 1978). The exact characterization of a 

cognitive state or process is a matter of controversy (Dretske, 1981). But the 

issue does not have to be settled here. Suffice it to say, beliefs and desires are 

paradigm cognitive states; pains — where 'pains' is understood to refer to immediate 

felt qualities which are independent of any propositional content or representational 

role — are paradigm noncognitive states. 

It is sometimes said (e.g., Block, 1978) that pains are a threat to Computer 

Functionalism; that they are noncognitive and hence incompatible with Strong 

Cognitivism. 

But the conclusion that pains are incompatible with Strong Cognitivism, when 

drawn from the premiss that pains are noncognitive is a nonsequitur. Pains are 

incompatible with Strong Cognitivism only if they are also psychological. If 

pains are not psychological — if having a pain is not being in a psychological 

state — then that pains are noncognitive does not threaten Strong Cognitivism or 

Computer Functionalism. To bring this out, compare noticing a pain with seeing a 

tree. Strong Cognitivism is not required to account for trees. It may need to 

account for tree-perception. But it doesn't need to explain what a tree is. That 

is the business of some nonpsychology, because trees are nonpsycholojjical sorts of 

things. 

Now if the same point is true of pain, which is to say, if pains are not 

psychological, then Strong Cognitivism — and Computer Functionalism — does not 



hav e t o accoun t  fo r  pain .  I t  ma y nee d t o explai n som e o f  th e cause s an d effect s o f 

pain, such as, e.g., the desire to be free of pain. But it does not have to 

characterize what pain is. That is not the business of psychology. 

We wish to argue that pain is not psychological. In fact, we believe that 

pain is self-evidently nonpsychological. To bring this out, consider the 

phenomenology of pain. When people are in pain it is always some part of the body 

that "hurts". People speak of feeling or noticing pains in necks, toes, heads, 

and so forth. "There is a burning sensation in my lower back." "My throat is sore!" 

"I have a prickly feeling behind my left knee." Further, pain is often spoken of as 

moving or spreading from one bodily location to another. "The pain starts in my hip 

and radiates down the side of my leg." A natural or manifest interpretation of such 

locutions is that pain occurs in the body, not in the "mind." Those who deny that 

the throbbing pain I feel in my big toe is actually in my toe deny that things are as 

they evidently appear. They say, "You do not have a pain in your toe. You have a 

toe-pain. What you call 'a pain in your toe' is actually a state of mind." However 

it should be noted that this sort of response is unnatural, and arrived at only by 

reflection. Unaided, or unprejudiced, by ideologies people are inclined to say that 

pains are in their bodies and not in their "minds". Why say otherwise? 

One hurdle to the thesis that pains are not psychological is the phenomenon of 

phantom limb pain; the idea being that phantom limb pains show that people can be 

mistakisn about where pains are and that thus the phenomenology of pain should not be 

ir e i n minds- ,  no t  bodies . trusted .  Pain s a i 

To infer from phantom limb pains that pains are in minds rather than bodies is 

to accuse victims of phantom limb pain not merely of error but gross error. It is to 

say that they are mistaken not only in thinking of pain as in their limbs, but in 

thinking of pain as in their bodies. It would be more reasonable, we believe, to 

accuse victims of phantom limb pain of mere error; of thinking of pain as in a certain 



plac e i n thei r  bod y (th e absen t  limb )  whe n i n fac t  x u i s i n anothe r  plac e i n thei r 

body, and not in their "mind". As such, the lesson/of phantom limb pains is not that 

pains are psychological. It is that people can byodily mislocate their pains. 

Consider the following analogy. Boaters sometimes report that oars are bent 

when submerged in water. To infer from such illusions that the oars are not only not 

bent but not in water is to accuse the boaters of gross error. In contrast, to infer 

only that the oars are not bent is to accuse the boaters of mere error. Which 

hypothesis is more reasonable? The hypothesis of mere error, of course: the oars 

though in water are not bent. By analogy: the pain though in the body is not in the 

phantom limb. 

Another hurdle is the privacy of pain: the idea being that pain is private and 

that whatever is thus private is psychological. 

We contend that pain is not private; that some of the psychological states 

associated with pain might be private, but that pain itself is not a private sort of 

thing. As an immediate felt quality, pain is a universal, capable of multiple 

instantiations or instances. I can know how your pain feels, because I may have 

had the same feeling, the same pain, yesterday. And again, even if certain 

psychological states associated with pain are private, this would not make pain 

private. Suppose I am thinking of Moscow. My thought might be private; but Moscow 

is not. Analogously, suppose I perceive a sharp, stabbing pain in my left knee. My 

perception might be private; but the pain is not. 

We don't deny that certain psychological states associated with pain are or can 

be private. We don't deny that the issue of the privacy of pain is complicated by 

the possible privacy of the states associated with pain. We simply deny that pain is 

private; and thus that pain is psychological because it is private. 

The final hurdle to the thesis that pain is not psychological is the notion that 

pain is cognitive state-dependent; that someone cannot be in pain without, e.g.. 



believin g it .  Thi s fac t  — th e cognitiv e state-dependenc y o f  pai n — i s ofte n 

thought to make pain psychological. But it doesn't. Coins, e.g., are cognitive 

state-dependent but not psychological. Something isn't a coin unless, e.g., 

people believe that it is legal tender. And it is of course possible to deepen 

the analogy between pains and coins if we assume that pains are bodily: standing 

in relation to a cognitive state (e.g., the belief that it is legal tender) may be 

necessary for a certain piece of metal to be a coin, just as standing in relation 

to a cognitive state (e.g., the desire to be free of it) may be necessary for a 

certain bodily state to be a pain. About the only thing that cognitive state 

dependence proves is that pains are had only by creatures with cognitive states, 

and this isn't enough to show that pains are psychological. 

One last point. Some anti-functionalists believe that Strong Cognitivism can 

be trumped by imagining a creature fully endowed with cognitive states (including 

such states as the belief that his toe hurts, etc.) but absent pain. What this is 

supposed to prove — philosophers will recognize the point as the Absent Qualia 

Objection to functionalism — is that pain is not a cognitive state and that 

functionalism is therefore incomplete as an account of the psychological. But 

what this means to us is that advocates of the Objection are guilty of a logical 

error. If it's possible for a fully endowed cognizer to be absent pain, why should 

this show that functionalism is defeated. It needs to be shown in addition that 

pai n i s psychological .  An d it' s  not .  Th e metaphysica l  commitment s o f  Stron g ''" ^ 

Cognitivism — as well as of Computer Functionalism — are not threatened by pain. 

Nor is the issue simply one of metaphysics. Tons of research monies have been 

spent in the search for a psychological conception of pain. Cognitive science is 

party to this practice. It is of course possible that cognitive science will tell 

us a lot about certain causes and effects of pain. On the other hand, if we are 

right that pain is not psychological, the project of a psychological characterization 



of  pai n i s doome d t o failure . 

NOTE 

The single authorial voice is sometimes used as a stylistic device in this 

paper, and does not reflect anything substantive about its composition; neither does 

the order of authorship, which is simply alphabetical. 
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A B S T R A CT 

Making a perceptual interpretation can be viewed as a 

computalionii l  proces s i n whic h a  plausibl e combinatio n i s 

chose n fro m ajiion g a  larg e se t  o f  interdependen t 

hypotheses .  I n a  cooperativ e computatio n th e hypothese s 

ar e implemente d b y unit s tlia t  interac t  non-linearl y an d i n 

paralle l  vi a cxcit;itor y an d inhibitor y link s (Julesz ,  1971 ; 

Marr  &  Poggio ,  1976 ;  Sejnowski ,  1976) .  A  particula r 

perceptua l  tas k i s specifie d b y externa l  input s t o som e o f  th e 

unit s an d th e whol e syste m mus t  the n discove r  a  stabl e stat e 

of  activit y i n v/hic h th e activ e unit s represen t  th e hypothese s 

tha t  ar e take n a s true .  V/ e describ e a  searc h procedur e base d 

on statistica l  mechanic s tha t  finds  nea r  optima l  combination s 

of  hypolhcse s wit h hig h probability ,  an d w e sho w tha t  th e 

hardwar e unit s require d fo r  it s efficien t  implemenUitio n ar e 

simila r  t o neurons .  Eve n thoug h th e individua l  unit s ar e 

non-linccir ,  ther e i s  a  linea r  relationshi p betwee n th e synapti c 

weight s an d th e logarithm s o f  th e probabilitie s o f  globa l 

state s int o whic h th e syste m settles .  Thi s make s i t  possibl e t o 

iiiiplemen t  a  convergen t  learnin g procedur e whic h specifie s 

jus t  ho w th e synapti c weight s nee d t o b e change d i n orde r  t o 

lear n th e constraint s i n a  give n domain . 

Introduction 

Consider the problem of making a 3-D interpretation of a 

2- D lin e drawing .  Eac h lin e i n th e picture ,  considere d i n 

isolation ,  coul d depic t  an y on e o f  a  larg e se t  o f  3- D edges . 

Peopl e resolv e thi s loca l  ambi-̂ uit y b y usin g ;issumption s 

abou t  th e way s i n whic h edge s g o togellie r  i n th e 3- D world . 

Thes e assumpticn s mak e som e combination s o f  edge s fa r 

more plausilil c  tha n others .  Ther e ar e tw o roughl y separabl e 

problem s i n understandin g th e us e o f  assumption s i n 

perception .  Th e first  i s  t o specif y clearl y wha t  th e 

assumption s are ,  ;m d th e secon d i s  t o find  a  searc h procedur e 

llia t  ca n discove r  inteipretation s whic h optimall y fit  th e 

inpu t  dat a an d th e assumptions ,  eve n whe n som e o f  th e 

assumption s conflic t  wit h on e anothe r  (Attneav e 1982) .  Ou r 

concer n her e i s  wit h th e secon d problem :  H o w ca n w e 

discove r  interpretation s tha t  optimall y fit a  larg e se t  o f 

plausibl e assumptions ? 

Attneav e (1982 )  an d other s (Hinto n 1977 )  hav e propose d 

cooperativ e model s i n whic h neuron-lik e h;u-dwar e unit s 

represen t  particula r  3- D edge s an d th e rule s ar e 

implemente d b y excitator y an d inhibitor y interaction s 

betwee n thes e units .  Eac h lin e i n th e drawin g provide s inpu t 

t o th e whol e se t  o f  3- D edge s whic h ar e consisten t  wit h it , 

and unde r  th e influenc e o f  thi s inpu t  th e whol e syste m 

settle s int o a  stabl e stat e o f  activit y whic h represent s th e 

interpretation .  I t  i s no t  obviou s tha t  suc h a  searc h proces s 

can b e mad e t o work .  Th e apparen t  difficult y o f  analyzin g 

th e behaviou r  o f  cross-coupled ,  non-linea r  system s make s i t 

temptin g t o believ e tha t  th e onl y wa y t o mak e progres s i s 

throug h compute r  simulation .  I n thi s pape r  w e attemp t  t o 

sho w tha t  mathematica l  analysi s i s possibl e an d illuminating . 

Most of the existing proposals for cooperative search 

mechanism s assum e tha t  ther e ar e real-value d activit y level s 

whic h chang e smoothl y durin g tli e searc h (Rosenfeld , 

Hummel  &  Zucker ,  1976) .  Thes e activit y level s ar e ofte n 

associate d wit h th e firing  rate s o f  neurons ,  an d the y ar e 

normall y use d t o represen t  th e valu e o f  a  physica l  paramete r 

suc h a s slop e i n depth ,  o r  th e cuiTen t  probabilit y  tha t  a 

hypothesi s i s correct .  Th e metho d w e shal l  describ e use s a 

ver y differen t  representation .  Th e unit s tha t  stan d fo r 

hypothese s onl y hav e tw o sLates ,  tru e an d false .  However ,  th e 

decisio n rul e whic h determine s whic h stat e the y ente r  i s 

probabilistic ,  s o the y ca n chang e tliei r  stat e eve n i f  the y ar e 

receivin g constan t  input .  Th e us e o f  a  probabilisti c  decisio n 

rul e make s th e cooperativ e searc h easie r  t o analyz e tha n wit h 

a detenninisti c rul e becaus e i t  make s i t  possibl e t o appl y 

method s fro m statistica l  mechanics .  Instea d o f  bein g a 

drawback ,  th e non-determ.inis m ha s th e advantag e o f 

allowin g th e syste m t o escap e fro m sub-optima l  states .  W e 

star t  b y describin g a  syste m i n whic h ther e i s a  deterministi c 

decisio n rul e tlia t  i s  applie d a t  rando m moment s an d the n w e 

generaliz e thi s cas e t o a  non-deterministi c rule . 

Cooperat iv e searc h 

deterministi c binar y unit s 

wit h 

Hopfiel d (1982 )  postulate s a  syste m wit h a  larg e numbe r  o f 

binar y units .  Th e unit s ar e rec/proca// y connected ,  wit h th e 



slrengi h o f  th e connectio n bein g th e sam e i n bot h directions . 

Give n th e curren t  input s fro m outsid e th e system ,  an y 

paiiicula r  stat e o f  th e syste m ha s a n associate d "energy "  an d 

th e whol e syste m behave s i n suc h a  wa y a s t o minimiz e it s 

energy .  Th e energ y o f  a  stal e ca n b e interprete d a s th e exten t 

t o whic h i t  violate s a  se t  o f  plausibl e constraints ,  s o i n 

minimizin g it s energ y i t  i s maximizin g th e exten t  t o whic h i t 

satisfie s th e constraints . 

The total energy of the system is defined as 

thermodynami c system s (Binder ,  1978 )  an d ha s recentl y 

been applie d t o problem s o f  constrain t  satisfactio n 

(Kirkpatrick ,  Gelat t  &  Vecci ,  i n press) .  W e adop t  a  for m o f 

th e Metropoli s algorith m tha t  i s  suitabl e fo r  paralle l 

computation :  I f  th e energ y gu p betwee n th e ini e an d fals e 

state s o f  th e k' ^  uni t  i s AE^ ^  the n regardles s o f  th e previou s 

slat e se t  Sjt= 1 wit h probabilit y 

Pk = 
( l  +  e-̂ l-VT" ) 

(3 ) 

E = - m J 2 w i j s ^ s j - J 2 ( y ) i - d i ) ^ i 
i j  i 

(1 ) 

wher e tj ,  i s  th e externa l  inpu t  t o th e /'' '  unit ,  ivy .  i s  th e 

strengt h o f  connectio n (synapti c weight )  from  th e /' '  t o th e 

/'' '  unit ,  S j  i s a  boolea n trut h valu e ( 0 o r  1) ,  an d <? ,  i s a 

threshold . 

A simpl e algorith m fo r  finding  a  combinatio n o f  trut h value s 

tha t  i s a  loca l  minimu m i s t o switc h eac h hypothesi s int o 

whicheve r  o f  it s  tw o state s yield s th e lowe r  tota l  energ y give n 

th e curren t  state s o f  th e othe r  hypotheses .  I f  hardwar e unit s 

make thei r  decision s asynchronously ,  an d i f  transmissio n 

lime s ar c negligible ,  the n tli e syste m alway s settle s int o a 

loca l  energ y minimum .  Becaus e th e connection s ar e 

symmetrical ,  th e differenc e betwee n th e energ y o f  th e whol e 

syste m wit h th e k'' '  hypothesi s fals e an d it s energ y wit h th e 

l̂t h hypothesi s tru e ca n b e dctemiine d locall y b y th e k' ^  uni t 

(Vlopficld ,  1982) ,  an d i s jus t 

^EK=Yl^ ' ^k iS i )+ -nk -O k (2 ) 

Therefore ,  th e rul e fo r  minimizin g th e energ y contribute d b y 

a uni t  i s t o adop t  th e tru e stal e i f  it s tota l  inpu t  exceed s it s 

threshold ,  whic h i s th e familia r  rul e fo r  binar y threshol d 

unit s (Minsk y &  Papert ,  1968) . 

Using probabilistic decisions to 

e s c a p e f ro m loca l  m i n i m a 

The deterministic algorithm suffers from the standard 

weaknes s o f  gradien t  descen t  methods :  I t  get s stuc k a t  loca l 

minim a tha t  ar e no t  globall y optimal ,  Thi s i s a n inevitabl e 

consequenc e o f  onl y allowin g jump s t o stale s o f  lowe r 

energy .  If ,  however ,  jump s t o highe r  energ y sL'Ue s 

occasionall y ooiur ,  i t  i s  possibl e t o brea k ou t  o f  loca l 

minima .  A n algorith m wit h Uii s propert y wi- s introduce d b y 

Metropoli s et .  al .  (1953 )  t o stud y averag e proĵ criie s o f 

wher e T  i s a  paramete r  whic h act s lik e temperatur e (se e fig. 

1) .  Thi s paralle l  algorith m ensure s tha t  i n therma l 

equilibriu m th e relativ e probabilit y o f  tw o globa l  state s i s 

determine d solel y b y thei r  energ y difference ,  an d follow s a 

Bollzman n distribution . 

(4 ) 

At  lo w temperature s ther e i s a  stron g bia s i n favo r  o f  slate s 

wit h lo w energy ,  bu t  th e tim e require d t o reac h equilibriu m 

may b e long .  A t  highe r  temperature s th e bia s i s no t  s o 

favorabl e bu t  equilibriu m i s reache d faster . 

1.0 0 

.s o 

Figur e 1 

Probability p(AE) that a unit is in its "true" state as a 

functio n o f  it s  energ y ga p A E plotte d fo r  T = 1  (Eq .  3) . 

As th e temperatur e i s  lowere d t o zer o th e sigmoi d 
approache s a  ste p function . 



Reduc in g th e tim e t o 

equilibriu m 

reac h 

O ne techniqu e iha l  ca n b e use d t o reac h a  goo d equilibriu m 

disiribulio n quickl y i s l o star t  a t  a  hig h temperatur e an d the n 

t o coo l  d o w n (Kirkpatric k et .  al ,  i n press) .  Thi s typ e o f 

searc h b y "simulate d annealing "  initiall y  finds  a  large-scal e 

m i n i m u m bu t  fluctuate s aroun d i t  becaus e o f  th e hig h 

temperature .  A s th e temperatur e i s  reduced ,  a  goo d 

m in imu m wil l  b e foun d withi n th e large-scal e m in imum ,  an d 

so on .  I n general ,  i t  i s  impossibl e l o guarante e tha t  a  globa l 

m in imu m wil l  b e found ,  bu t  a  nearl y globa l  m i n i m u m ca n 

be foun d wit h hig h probability . 

We are investigating an additional technique which we shall 

onl y mentio n here .  Energ y banier s ar e wha t  preven t  a 

syste m fro m reachin g equilibriu m rapidl y a t  lo w 

temperature ,  an d i f  the y ca n b e temporaril y  suppressed , 

equilibriu m ca n b e achieve d rapidl y a t  a  temperatur e a t 

whic h th e distributio n strongl y favor s th e lowe r  minima .  Th e 

energ y banier s canno t  b e permanentl y removed ,  becaus e 

the y correspon d t o state s tha t  violat e th e constraints ,  an d th e 

energie s o f  thes e state s mus t  b e kep t  hig h t o preven t  th e 

syste m fro m settlin g int o them .  However ,  fo r  specia l  case s i t 

i s  possibl e t o desig n unit s whic h ar e activ e durin g th e searc h 

proces s bu t  ar e quiescen t  i n th e final  state .  W h e n on e o f 

thes e specia l  unit s i s  activ e i t  lower s th e energ y o f  a  stat e tha t 

woul d hav e bee n a n energ y barrie r  betwee n tw o loca l 

minima .  Th e specia l  unit s ar e a  wa y o f  implementin g 

heuristi c knowledg e abou t  h o w l o searc h tli e space .  The y 

hav e n o effec t  o n th e energie s o f  final  states ,  an d i n thi s 

respec t  the y ar e lik e catalysts . 

Learning 

So f;ir, we have assumed that the interactions between the 

unit s implemen t  tli e correc t  constraints ,  an d w e hav e 

focusse d o n th e searc h problem .  However ,  i n a  syste m wher e 

Ih e weight s represen t  man y plausibl e assumption s tha t 

interact ,  i t  i s  no t  obviou s h o w l o choos e th e weight s t o 

produc e th e desire d behavior .  W e wil l  sho w that ,  a s a 

consequenc e o f  th e probabilisti c  decisio n rule ,  i t  i s  possibl e 

fo r  a  cooperativ e modul e t o internaliz e th e constraint s i n an y 

domai n simpl y b y bein g tol d whethe r  th e solution s i t  settle s 

int o ar e right  o r  wrong .  W h e n th e modul e settle s t o th e 

wron g solution ,  i t  modifie s Ui e weight s s o a s t o rais e th e 

energ y o f  tlia t  stat e an d thu s mak e i t  les s likel y t o b e foun d 

i n future .  Similarly ,  goo d solution s tha t  ar e no t  foun d ofte n 

enoug h hav e thei r  energie s lowere d whe n the y ar e found . 

Tlii s  simpl e procedur e i s  effectiv e becaus e o f  th e linea r 

relationshi p betwee n th e synapti c weight s an d th e log s o f 

probabilitie s o f  whol e state s a t  therma l  equilibrium .  I f  w e 

temporaril y  ignor e th e threshold s an d tli e externa l  input s t o 

th e unit s an d assum e a  temperatur e o f  1 ,  w e have : 

= E - i j h f (5 ) 

wher e 

an d i °  i s  th e stat e o f  t h e /  uni t  i n th e a '  globa l  state . 

To explain the learning procedure, we invent a hypothetical 

idea l  syste m whic h settle s int o globa l  state s wit h exactl y th e 

probabilitie s required .  W e the n sho w tha t  i f  th e actua l 

syste m i s tol d whethe r  it s curren t  probabilitie s fo r  particula r 

state s ar e to o hig h o r  to o low ,  i t  ca n modif y it s weight s s o 

tha t  the y mor e closel y resembl e th e weight s i n th e 

hypothetica l  idea l  system . 

Suppose that under the influence of a constant external 

inpu t  vector ,  th e actua l  syste m settle s int o tw o differen t 

states ,  Sci,Sf }  wit h probabilit y  rati o P a ^ P p .  Suppos e tha t 

th e probabilit y  rati o demande d b y th e evaluatio n functio n 

(an d achieve d b y th e idea l  system )  i s  P'a^P' n whic h i s 

higher .  T h e actua l  syste m ca n increas e it s probabilit y  rati o b y 

increasin g th e energ y difference ,  E n - E ^ .  Tlii s  ca n b e don e 

by addin g 5  t o eac h weigh t  betwee n a  pai r  o f  activ e unit s i n 

S„  an d subtractin g 5  fro m eac h weigh t  betwee n a  pai r  o f 

activ e unit s ij i  Sp .  Th e ne t  chang e i n a  weigh t  i s  the n S. h Y 

.  W e n o w prov e that ,  provide d 5  i s sufficientl y small ,  eac h 

applicatio n o f  thi s learnin g procedur e i s  guarantee d t o 

reduc e Oi e Euclidea n distance ,  D ,  betwee n th e curren t  se t  o f 

weights ,  Wjj ,  an d th e idea l  ones .  w',-. .  Assum e tha t  th e actua l 

an d idea l  system s hav e th e sam e externa l  input s an d 

thresholds ,  an d tha t  T  =  1 .  I f  th e error ,  r ,  i n th e probabilit y 

rati o achieve d b y th e actua l  syste m i s 

' = " "< l ^> - " '< ^ ) 

the n fro m equation s 4  an d 5 ,  w e have : 

r=-iE'^-E'p) + (E^-Ep) 



= E * f » v E * f » » 
i j  i j 

Before applying the learning rule we have 

iJ 

and afterward s 

iJ 

= Die/ore-mr-Sj^if'fy) 

= Dlefore-S(2r-S.n ) 

So th e distanc e i s reduce d if f  5  <  2r/ n 

where n= 2_](/Jyy = the number of weights that are 

changed ,  u 

Having a simple convergent learning procedure for a non-

linea r  syste m i s  importan t  becaus e i t  allow s th e synapti c 

weight s Oia l  implemen t  th e energ y functio n t o b e 

determine d b y feedbac k fro m th e correctnes s o f  th e 

interpretatio n tha t  th e syste m settle s into .  Thu s th e 

constraint s implici t  i n th e tas k ca n b e programme d int o th e 

syste m simpl y b y tellin g i t  ho w wel l  i t  i s  doing . 

The le;irning procedure assumes that the system receives 

feedbac k fro m a n evaluato r  tha t  tell s i t  whethe r  th e curren t 

valu e o f  ln( P /P„ )  i s  greate r  o r  les s tha n th e idea l  valu e 

ln(I '  / P n) -  fi' S place s a  ver y stringen t  requiremen t  o n 
a p 

th e evaluato r  sinc e i t  mus t  kno w abou t  th e desire d 
probabilitie s o f  whol e globa l  state s lik e S  .  T o buil d thes e 
desire d probabilitie s int o th e evaluator ,  th e representation s 

tha t  th e syste m shoul d us e mus t  b e decide d i n advance .  A 

les s omniscien t  evaluato r  woul d onl y kno w wha t  som e o f  th e 

unit s shoul d d o fo r  eac h inpu t  vecto r  an d woul d leav e th e 

syste m t o decid e fo r  itsel f  ho w t o us e th e remaining , 

"hidden "  unit s t o achiev e this .  Suppose ,  fo r  example ,  tha t 

ther e i s a  se t  o f  globa l  suite s Q,  whic h onl y diffe r  fro m on e 

anothe r  i n th e hidde n unit s tha t  th e evaluato r  canno t  see . 

The evaluato r  specifie s require d probabilitie s o f  th e form : 

aeOa 

but  i t  doe s no t  specif y ho w th e tota l  probabilit y  shoul d b e 

distribute d ove r  th e variou s slate s i n 1 2 .  Tli e differen t  way s 

of  distributin g th e probabilit y  correspon d t o usin g differen t 

representation s i n th e hidde n units . 

If there are units that are hidden from the evaluator, it is 

impossibl e t o defui e a  singl e hypothietica l  idea l  se t  o f 

weights .  Ther e ma y b e man y differen t  complet e set s o f 

weight s whic h woul d yiel d th e require d behaviou r  fo r  th e 

"visible "  units ,  an d thes e set s d o not ,  i n general ,  for m a 

conve x set .  I n travellin g toward s on e suitabl e se t  o f  weights , 

th e syste m ma y trave l  awa y fro m othe r  equall y suitabl e sets , 

so convergenc e o n an y on e se t  i s  no t  guaranteed .  Thi s mean s 

we nee d a  differen t  measur e o f  th e progres s o f  learnin g i n 

orde r  t o prov e convergence .  A  suitabl e measur e i s th e 

informatio n theoreti c distance ,  G ,  betwee n th e actua l  an d 

require d probabilit y  distribution s ove r  al l  l "  state s o f  th e n 

visibl e units : 

C=E' ' f l» '«<7t » 

The valu e fo r  G  depend s implicitl y o n th e w. .  aji d s o G  ca n 

be reduce d b y changin g eac h weigh t  b y a n amoun t  ihia t  i s 

proportiona l  t o th e partia l  derivativ e o f  G  wit h respec t  t o 

tha t  weight .  W e describ e thi s learnin g rul e furthe r  i n Hinto n 

and Sejnowsk i  (1983) .  I t  i s  guarantee d t o find  a  min imu m o f 

G.  bu t  i t  ma y onl y b e a  loca l  minimu m rathe r  tha n a  globa l 

one .  Ixicv i  minim a occu r  v/he n th e syste m i s doin g th e bes t 

tha t  i t  ca n give n th e representation s i t  ha s le;irn t  i n th e 

hidde n units .  T o d o bette r  i t  ha s t o chang e thes e 

representation s whic h involve s a  temporar y setbac k i n ho w 

wel l  i t  meet s th e requirement s o n th e probabilitie s o f  th e 

state s o f  tli e visibl e units .  O f  course ,  i f  th e modification s t o 

th e weight s ar e probabilisti c s o tlia t  G  ca n sometime s 

increase ,  i t  i s  possibl e t o escap e fro m loca l  minim a an d 

ensur e tha t  afte r  enoug h learnin g ther e i s a  bia s i n favo r  o f 

th e bette r  loca l  minima . 

Relation to the brain 

There are tv/o different ways to interpret the input-output 

fimclio n tha t  hardwar e unit s shoul d hav e t o implemen t  th e 

paralle l  searc h (Fig .  1) .  Durin g a  shor t  interva l  th e sigmoi d 

curv e describe s th e probabilit y o f  a  uni t  bein g ij i  ili e tiu e 

stal e a s a  functio n o f  th e energ y ga p betwee n th e fals e an d 

tru e states .  Fo r  muc h longe r  lim e interval s th e curv e 



describe s ih e proportio n o f  tim e tha t  th e uni t  i s  i n it s tru e 

Slate .  I f  w e assum e tha t  a  hypothesi s whic h i s tru e al l  th e 

tim e i s represente d b y a  neuro n firing  a t  it s  m a x i m u m rate , 

the n th e curv e i n Fig .  1  ca n b e interprete d a s th e firing  rat e 

of  a  neuro n a s a  functio n o f  it s averag e inpu t  (Sejnowski , 

1977) .  However ,  th e wa y i n whic h trut h value s ar e 

represente d b y actio n potential s i s no t  th e kin d o f  simpl e 

encodin g i n whic h tw o differen t  voltag e level s sUin d fo r  th e 

tw o trut h values .  Instead ,  i t  appear s tha t  a n actio n potentia l 

onl y provide s a  delta-functio n typ e o f  signa l  tha t  drive s 

integrativ e processe s i n th e recipien t  neurons .  Thi s amount s 

t o treatin g a  hypothesi s a s "true "  fo r  a  whol e refractor y 

perio d afte r  a n actio n potentia l  ha s bee n emitted . 

The parallel algorithm for cooperative search depends on the 

computatio n o f  energ y gap s AE,- .  I n th e cas e o f 

symmetricall y connecte d imit s th e globa l  energ y gap s ca n b e 

compute d locill y b y singl e units .  I t  seem s unlikel y tha t 

neuron s i n cerebra l  corte x ar e symmetricall y connected ,  bu t 

i f  a  neuro n receive s man y input s i t  ca n stil l  estimat e wha t  it s 

contributio n t o th e tota l  energ y vvoul d b e i f  al l  th e 

connection s ha d bee n symmetrical .  I n simulations , 

asymmetri c network s behav e lik e symmetri c one s wit h 

adde d nois e (Hopfield ,  1982) ,  an d tim e delay s i n 

transmissio n hav e a  siinila r  effect .  Provide d tha t  th e tas k 

require s symmetri c connections ,  a s i s th e cas e fo r  problem s 

of  constrain t  satisfaction ,  a n asymmetri c networ k ca n closel y 

approximat e th e performanc e o f  a  symmetri c one . 

The computational model analyzed in this paper is not a 

realisti c mode l  o f  processin g i n cerebra l  cortex ,  fo r  i t  fall s  fa r 

shor t  o f  explainin g th e know n anatomica l  an d physiologica l 

facts .  ITi e analysi s may ,  however ,  provid e insigh t  int o a  clas s 

of  conipiilationa l  device s tha t  depen d o n probabilisti c 

paralle l  processing .  Understandin g genera l  propertie s o f  thi s 

clas s ma y b e a  usefu l  first  ste p i n understandin g ptirticula r 

highly-evolve d member s o f  th e class .  Fo r  example ,  th e 

probabilisti c  natur e o f  electrica l  response s o f  singl e neuron s 

i s well-known ,  bu t  ha s generall y bee n regarde d a s evidenc e 

of  ijTiprecision .  Probability ,  however ,  ma y b e a  centra l 

desig n principl e o f  cerebra l  corte x (Sejnowski ,  1981) .  A  ver y 

clos e approximatio n t o th e functio n i n Fig .  1  ca n b e 

implemente d b y simpl y addin g Gaussia n nois e t o a  binar y 

threshol d unit ,  wit h th e standar d deviatio n o f  th e nois e 

actin g lik e temperature .  W e sugges t  tha t  fluctuation s ma y b e 

deliberatel y adde d t o neura l  signal s t o avoi d lockin g th e 

networ k int o unwante d loca l  optim a an d t o provid e th e 

linea r  condition s neede d fo r  efficien t  learning .  Th e issu e o f 

nois e i n th e nervou s syste m deserve s renewe d experimenta l 

investigatio n ;ui d furthe r  theoretica l  analysis . 
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Successive tests of the same memorN often appear to change 

it .  eithe r  b y consohdatio n o f  a  correc t  response ,  o r  a n 

increase d probabilit y  o f  repealin g errors .  Thi s raise s th e 

questio n a s t o whethe r  th e ac t  o f  attempte d recal l  modifie s 

existin g memor y trace s o r  create s ne w ones .  Experimenta l 

wor k i n thi s are a i s complicate d b y dilTicultie s (a )  i n isolatin g 

what  th e interaction s betwee n successiv e trial s actuall y 

reflect ,  an d (b )  determinin g exact h whe n suc h interaction s 

hav e take n place . 

A methodology is described in which these dilTiculties can be 

overcom e withi n th e domai n o f  a  specifi c  experimenta l 

paradigm :  th e repeate d cuein g (RTTT )  metho d use d b y 

Jone s (1974) .  Analysi s provide s thre e significan t  findings . 

Firstly ,  attempt s a t  recal l  produc e a n engra m whic h i s 

normall y unavailabl e afte r  a  smal l  numbe r  o f  subsequen t 

trials .  Secondly ,  i n a  smal l  numbe r  o f  case s thes e trace s ma y 

surviv e fo r  a t  leas t  th e duratio n o f  th e experiment .  FinalU . 

analysi s o f  subject' s confidenc e rating s indicate s tha t  subject s 

ar e abl e t o distinguis h betwee n recall s o f  stimul i  an d 

previou s answers ,  implyin g a n additio n to .  rathe r  tha n a 

corruptio n o f  existin g mcmor\ . 

I N T R O D U C T I ON 

Many of the techniques we use for studying memory require 

tha t  th e recal l  b e teste d mor e tha n once .  However ,  i t  i s 

becomin g increasingl y likel y tha t  repeate d test s d o no t  leav e 

memory unchange d fo r  late r  trials :  evidenc e i s accumulatin g 

t o sugges t  tha t  attempt s a t  recognitio n o r  recal l  ca n 

themselve s giv e ris e t o trace s whic h ma y compet e fo r  recal l 

wit h th e origina l  memor y (e.g .  Kay .  1955) .  o r  i n som e wa y 

alte r  th e probabilit y  o f  recal l  (Izawa .  1970) . 

This has a number of important consequences. Firstly it 

represent s a  sourc e o f  interferenc e i n experimenta l  dat a 

whic h coul d lea d t o misleadin g inferences .  Test s o f 

all-or-non e recall ,  fo r  example,  loo k a t  th e consistencie s i n 

recal l  o f  a  stimulu s fro m on e tria l  t o th e next .  However ,  i f 

th e subjec t  i s  merel y recallin g hi s previou s responses ,  the n 

all-or-non e pattern s i n recal l  wil l  predominat e an d ma y no t 
represen t  th e stat e o f  memor y fo r  th e origina l  stimulus . 

inter-respons e interaction s ar e therefor e o f  theoretica l 
interes t  i n thei r  ow n right . 

Secondly ,  fro m a n applie d poin t  o f  view ,  th e interrogatio n o f 

memory i s o f  everyda \  importanc e i n society ;  la w bein g th e 

most  ob\iou s case .  Her e i t  i s  importan t  tha t  th e accurac y o f 

recal l  i s  prcser\c d a s fa r  a s possible .  Th e wor k o f  Lof t  u s an d 

other s (e.g .  Lof t  us .  Mille r  &  Burns .  1978 )  ha s supporte d th e 

belie f  tha t  th e us e o f  misinformatio n o r  leadin g question s 

can corrup t  a  witness "  recall .  Lega l  protoco l  ha s evolve d t o 

avoi d thi s a s fa r  a s possible ,  bu t  sinc e th e repeate d 

questionin g o f  a  witness '  memor y i s unavoidabl e (no t  leas t 

by th e witnes s himself) ,  i t  i s  stil l  importan t  t o kno w an d 

understan d ho w memor y mayb e change d b y attempt s a t 

recall . 

One difllculty in the experimental study of this process is 

tha t  i n mos t  experiment s th e recall s o f  previou s response s 

ar e indistinguishabl e fro m guesse s o r  recall s o f  th e origina l 

stimulus .  Thi s i s becaus e a  singl e respons e onl y i s required . 

as i n paire d associat e experiment s (e.g .  se e Izaw a 1970) . 

Such experiment s gi\ c littl e informatio n a s t o th e 

interaction s betwee n responses . 

The aim of this research is to study the recall of previous 

answer s i n a n experimen t  i n whic h thi s distinctio n ca n b e 

made operationally .  Thi s experimen t  turn s o n th e repeate d 

cuein g o f  multicomponen t  stimul i  afte r  th e manne r  devise d 

by .lone s (1974 )  t o tes t  hi s Fragmentatio n Hypothesis . 

Althoug h thi s i s no t  centra l  t o th e stud y o f  sequentia l  effect s 

i n memory ,  i t  nevertheles s provide s th e basi s fo r  studyin g 

the m i n thi s case .  Sinc e thi s i s a  relativel y ne w idea ,  i t  i s 

therefor e usefu l  t o summaris e Jones '  wor k briefl y befor e 

describin g th e curren t  researc h i n mor e detail . 

The Fragmentation Hypothesis states that memory of a 

stimulu s (suc h a s a  picture )  i s equivalen t  t o a  fragmen t  o f  th e 

origina l  stimulu s (i n practic e a  subse t  o f  it s  attributes) . 

structure d i n suc h a  wa y tha t  recal l  o f  th e entir e fragmen t 

occur s i n a n all-or-non e manne r  whe n an d onl y whe n th e 

cue fo r  recal l  i s  containe d i n th e fragment .  Th e critica l  tes t 

of  thi s hypothesi s depend s o n th e repeate d cuein g o f  a 

multicomponen t  memor y b y eac h o f  th e stimulu s attribute s 

i n tur n withou t  providin g an y feedbac k o f  results .  I f  th e 

hypothesi s holds .  th e pattern s o f  recal l  shoul d 

unambiguousl y correspon d t o on e o r  anothe r  o f  th e possibl e 

fragmentation s o f  th e stimulus . 

Two experiments by Lansdale (1979) showed that this 

unusuall y precis e hypothesi s hold s ver y well .  Th e first  o f 

thes e i s o f  interes t  here .  Th e stimul i  use d wer e scene s o f  a 

billiar d tabl e i n whic h thre e dimension s wer e defined :  a 

whit e objec t  (O )  o n th e sid e o f  th e table ,  a  rando m patter n o f 

re d ball s  (P) .  an d a  coloure d bal l  (C) .  Nin e alternativ e value s 

of  eac h attribut e wer e use d an d th e stimulu s se t  consiste d o f 

an orthogona l  se t  o f  nin e suc h pictures .  Wit h eac h attribut e 

valu e bein g use d onc e a s cue .  th e dat a fro m eac h 

presentatio n se t  consist s o f  a  sequenc e o f  nin e stimulu s 

combination s o f  C .  P  an d O  value s followe d b y 2 7 tes t  tria l 

combinations ,  i n whic h on e o f  C .  P .  o r  O  i s give n a s cu e an d 



th e othe r  tw o ar e th e subject' s response s A  hspothetica l 

sequenc e o f  stimul i  an d response s i s give n i n Figur e I .  wit h 

thos e element s o f  th e respons e correspondin g t o identifiabl e 

fragment s underlined . 

Figur e 1 :  Relationship s betwee n stimul i  an d responses . 
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I t  ca n b e see n h o w i n thi s t\p e o f  dat a recal l  o l  pre\iou s 

response s ca n b e recognised .  The \  wil l  appea r  a s 

congruence s betwee n respons e combination s (e.g .  betwee n 

trial s 2  an d 3  o r  trial s 1  an d 7 )  ove r  an d abov e tha t 

normall y expecte d b y correc t  recal l  o r  chanc e repetitio n o f 

errors .  T h e possibl e effec t  o f  recallin g previou s error s i s 

apparen t  i f  on e consider s th e possibilit y  tha t  th e subjec t 

guesse s "green "  correctl y t o th e cu e ""P2" "  a t  tria l  1  an d the n 

repeat s thi s respons e a t  tria l  7 .  Th e pattern s o f  "recall " 

indicat e tha t  cu e ""P2" '  elicit s recal l  o f  ""green" "  an d 

vice-versa ,  fro m whic h i t  woul d b e inferre d incorrect K tha t  a 

[CP ]  m e m o r y fragmen t  exists .  Clearl y repetitio n ca n 

therefor e misrepresen t  th e dat a i n suggestin g a n all-or-non e 

m e m o ry wher e n o m e m o r y nee d exis t  o r  nee d no t  b e 

all-or-non e i n realitv . 

(ii )  H o w doc s on e sho w tha t  thi s i s mor e tha n jus t  a 

chanc e event ? 

Defining Previous Answers 

As Figure I illustrates, the recall of any response 

combinatio n a t  anothe r  tria l  manifest s itsel f  a s a  congruenc e 

betwee n respons e values .  However ,  simpl e congruenc e doe s 

not  neccssari K indicat e a  direc t  relationshi p betwee n trials . 

an d ambiguitie s ca n occur .  Conside r  th e followin g sequenc e 

of  responses : 
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T h e hypothetica l  engra m whic h i s tappe d a t  tria l  n  ca n 

apparentl y hav e c o m e fro m on e o f  fou r  sources .  I t  is . 

however ,  importan t  t o identit y a  singl e mos t  likel y sourc e o f 

repetitio n i n orde r  t o establis h th e chanc e leve l  o f  it s  bein g 

repeate d a t  an y on e trial .  T o d o thi s on e mus t  m a k e tw o 

assumptions : 

(i) Given two possible sources with the same amount 

of  congruence ,  e.g .  tria l  k  an d tria l  1 .  ther e i s n o 

informatio n tha t  th e late r  o f  th e tw o i s no t  itsel f  a 

repetitio n o f  th e earlie r  trial .  I n thes e case s th e mos t 

likel y sourc e i s take n t o b e th e earlies t  tria l  i n 

whic h th e respons e combinatio n i n questio n 

appeared . 

F r o m thi s brie f  discussio n o f  th e experimenta l  technique ,  i t 

ca n b e see n tha t  th e mean s exis t  t o investigat e th e possibl e 

effect s o f  answe r  repetitio n mor e deeply ;  an d tha t  thi s als o 

has grea t  significanc e fo r  th e validit \  o f  th e repeated-cuein g 

of  memory .  T o d o this ,  i t  i s  Ins t  necessar y t o sho w tha t  i t 

occur s significantl y mor e ofte n tha n woul d normall y b e 

expecte d b y chance ,  an d t o thi s en d a  sequentia l  analysis . 

describe d i n th e nex t  sectio n wa s carrie d out . 

S E Q U E N T I AL A N A L Y S I S 

In investigating repetitions of previous answers in these data 

ther e ar e tw o question s t o b e resolved : 

(i) How does one define a response as a recall of a 

previou s answer ? 

(ii )  W h e n on e possibl e sourc e gi\e s a  greate r  matc h 

wit h th e tria l  i n questio n tha n another ,  tha t  i s  take n 

t o b e th e mor e likel y source . 

Taking these points, the sequential analysis can work 

throug h individua l  set s o f  dat a an d identif y th e mos t  likel y 

sourc e o f  eac h respons e b y searchin g al l  previou s response s 

an d th e stimul i  fo r  th e earlies t  combinatio n wit h whic h th e 

respons e ha s th e greates t  congruence .  Thi s ca n produc e a 

comple x arra y o f  relationship s withi n response s an d betwee n 

response s an d stimuli ,  a s show n i n Figur e 1 . 

Identifying Chance Levels Of Repetition 

Figure 1 is typical of all subjects" response sequences in 

showin g no t  merel y congruence s betwee n stimul i  an d 

responses ,  a s woul d b e expecte d i f  th e subjec t  ha d an y 



m e m o ry a t  all .  bu t  als o betwee n on e respons e an d another . 

Clearl y som e o f  thes e wil l  occu r  b y chance ,  an d th e 

statistica l  tes t  o f  th e significanc e o f  thi s proces s depend s 

upo n determinin g th e chanc e level . 

Since the total number of stimulus attribute viiiues is Unite. 

i t  follow s tha t  th e chanc e level s o f  repetitio n a t  an y on e tria l 

ar e a  functio n o f  th e numbe r  o f  differen t  permutation s o f 

attribut e value s tha t  hav e alread y occurre d i n th e subject' s 

respons e sequence .  Thus ,  fo r  example ,  th e chanc e level . 

0 (CO) .  fo r  a  repetitio n o f  a  combinatio n o f  C  an d O 

attribute s i s give n by : 

Q(CO) = 

no.  o f  difTcren t  previousl y ocLurrin g tria l  combination s o f  C  &  O 

no.  o f  possibl e ditTcren l  combination s of C &  O  value s 

Since the denominator is constant. Q(CO) increases 

graduall y throughou t  th e respons e sequence ,  a s migh t  b e 

expected .  Simila r  calculation s ca n b e mad e fo r  othe r  type s o f 

repetition . 

Summarising the previous section, the sequential analysis 

can b e see n a s a  chronologica l  sca n o f  respons e sequence s 

fro m individua l  subjects .  .A t  eac h respons e th e probabiii u ol ' 

eac h kin d o f  repetitio n can  b e calculated ,  an d th e obser\c d 

number  o f  repetition s counted .  I t  ca n b e show n tha t  ove r  th e 

entir e respons e se t  th e statistica l  significanc e o f  eac h t\p c o f 

repetitio n k  (wher e k  =  C P O .  CP .  C O o r  P O )  ove r  th e 2 7 

trial s i s  give n b y a  . \  '  statisti c b y th e equation : 

J v I  : 7 

(  O B S - " i : 0 ( k )  -  ': ) 

Z {  (Q(kH l  -  Q(k)) ) 

Where O B S i s th e observe d numbe r  o f  repetition s o f  tha t 

typ e an d incorporatin g th e correctio n fo r  continuit\ .  .A s a 

result ,  th e sequentia l  analysi s give s a  valu e o f  . V -  fo r  eac h 

subjec t  an d fo r  eac h l\p c o f  answe r  repetitions . 

The result of this is a clear and very strong 

tren d fo r  th e repetitio n o f  complet e combination s 

(.V -  =  1236.5.2 7 d f p < 0 0 0 1 ) .  wit h al l  bu t  on e subjec t 

showin g significan t  level s o f  thi s typ e o f  repetition .  Les s clea r 

i s th e positio n fo r  repetition s o f  smalle r  combinations .  A 

smal l  numbe r  o f  subject s see m t o sho w significan t 

frequencie s o f  CO-rcpctition .  althoug h th e tota l  valu e of.V -

i s ver y muc h les s tha n tha t  fo r  CPO-repetition(.V -  ̂  

51.6 .  2 7 d fp<01) .  Ther e i s als o a  supivcssio n o f  repetition s 

of  C P combination s b y som e subject s (overal l 

.V-=49.1.2 7 df p < 0 1 ) .  I n vie w o f  th e confuse d an d 

mino r  rol e o f  CO-rcpctitions .  th e remainde r  o f  th e analysi s 

concentrate s upo n th e highl y significan t  etTcc t  o f  th e 

repetitio n o f  entir e C P O combinations . 

TIME COl  RS E O F TH E REPETITION  EFFECT 

Figure 1 shows at trials 2 and .3 a repetition of one trial on 

th e next .  Casua l  observatio n o f  m a n y suc h respons e 

sequence s show s thi s t o b e a  ver y frequen t  occurrence ,  an d i t 

i s a n interestin g questio n whethe r  th e repetitio n o f  answer s 

onl y occur s betwee n clos e o r  adjacen t  trial s a s a  short-ter m 

effect . 

One property of repetitions of complete answers is that they 

canno t  occu r  unles s on e o f  th e component s o f  th e origina l 

respons e combinatio n subsequentl y appear s a s a  cue .  Pu t 

anothe r  way .  an y occurrenc e o f  th e attribut e value s o f  a 

respons e combinatio n appearin g late r  a s cue s ca n b e take n 

as a n oppoiiiinil y t o reproduc e tha t  combination .  B y th e 

semi-rando m natur e o f  th e subject' s responses ,  thes e 

opportunitie s wil l  fal l  a t  differen t  separation s (i n trials )  fro m 

th e origina l  response .  Fo r  example ,  i n Figur e 1 .  tria l  I  coul d 

be repeate d 6  an d agai n S  trial s later ,  whils t  tria l  2  i s 

repcatabl e on e tria l  later .  O f  al l  th e opportunitie s fo r 

repetitio n a t  an y separation ,  a  certai n proportio n wil l  b e 

successful ,  an d th e rati o o f  successfu l  repetition s t o 

opportunitie s give s a n estimat e o f  th e probabilit y o f 

repetitio n a t  tha t  \alu e o f  separation . 

A temporal analysis was carried out in the following way. 

Ever \  respons e combinatio n tha t  wa s no t  itsel f  a  completel y 

correc t  respons e (i n whic h cas e repetition s ar e 

indistinguishabl e fro m recall s o f  th e origina l  m e m o r y )  wa s 

take n a s a  potentia l  sourc e o f  repetition .  Eac h subsequen t 

tria l  wher e on e o f  it s  component s appeare d a s cu e wa s 

counte d a s a n opportunit y t o repea t  tha t  combination ,  th e 

intervenin g interva l  bein g measure d i n term s o f  th e numbe r 

of  trial s separatin g th e tw o trials .  I n calculatin g th e 

proportion s o f  trial s o n whic h a  previou s respons e 

combinatio n wa s repeated ,  th e distinctio n wa s mad e betwee n 

response s i n whic h ther e wa s n o underlyin g fragmen t  an d 

thes e i n whic h a  CP .  C O o r  P O fragmen t  existed .  Wit h onl y 

on e gues s include d i n th e latte r  clas s o f  respons e 

combinations ,  th e chanc e probabilit y o f  subsequen t 

matching s i s a n orde r  o f  magnitud e highe r  tha n i n th e 

no-fragmen t  conditio n .  wher e tw o guesse s hav e t o b e made . 

For  brevity ,  th e result s o f  CP .  C O an d P O fragmen t 

response s ar c presente d togethe r  an d subsequentl y referre d t o 

as S I  repetitions ,  whils t  th e no-fragmen t  response s ar e 

referre d t o a s S 2 repetitions .  Th e proportion s o f  repetition s 

ar e plotte d i n Figure s 2  an d 3  respectively . 

Both plots show high probabilities of repetition at low 

separations ,  decreasin g rapid h wit h increasin g separatio n t o 

some stabl e level .  Give n tha t  th e averag e tim e betwee n trial s 

was som e 2 0 t o 3 0 seconds ,  thi s resul t  i s  comparabl e i n 

timescal e t o th e long-ter m recenc y effect s reviewe d b y 

Baddele y (1976 .  p  181) . 

Another interesting aspect of this data is that whilst the S2 

plo t  appear s t o deca v t o a  chanc e level ,  tha t  fo r  S I 
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repetition s remain s significantl N abo\ c chance .  Tak in g th e 

dat a f ro m separatio n 5  an d abov e a s representativ e o f  th e 

stabl e portion s o f  th e ciir\es .  thi s ca n b e confirme d 

statistically:.V-fo r  S I  =  28,19 .  (1 3 d f p < 0 - 2 5 ) ,  while.V-fo r 

S2 =  15-28 .  (ISdfn.s.) .  Thi s indicate s tha t  th e m n e m o n i c 

representatio n o f  S 2 answer s ha s b e c o m e s unavailabl e alle r  a 

smal l  n u m b e r  o f  trials ,  whil e s o m e o f  th e S I  answer s remai n 

etTectiv c fo r  th e duratio n o f  th e experimenta l  session . 

Figur e 2 :  Probabilit y o f  recallin g S I  respons e 
combination s a s a  functio n o f  th e n u m b e r 
o f  intervenin g trial s 
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In this experiment, subjects were asked to give, in addition 

t o thei r  responses ,  a  confidenc e ratin g fo r  eac h attribut e 

valu e give n a s a  response .  Thes e rating s wer e requeste d i n 

one o f  five  categories ,  fro m i  " S U R E "  t o 5  =  " R A N D O M 

G U E S S ". 

The question at issue here is whether subjects could tell the 

dilTerenc c betwee n genuin e recall s o f  stimul i  an d recall s o f 

previou s (erroneous )  answers .  Th e abilit y  t o d o s o implie s 

tha t  memor y fo r  previou s answer s ar e additiona l  t o existin g 

memory an d distinguishabl e fro m it .  A  sensitiv e tes t  i s  t o 

loo k a t  th e confidenc e level s o f  successfu l  repetition s o f  S I 

responses ,  whic h contai n on e correc t  recal l  an d on e guess ,  i n 

compariso n t o non-repeate d S I  responses .  Ther e ar e tw o 

usefu l  comparison s here :  (a )  betwee n th e origina l  an d 

repeate d S I  combinations ,  an d (b )  betwee n th e correc t  an d 

erro r  element s o f  a  repeate d S I  combination .  Th e confidenc e 

level s use d fo r  th e S I  response s wer e therefor e broke n dow n 

i n thre e wa\s : 

1) whether the response in question was correct or a 

guess . 

2) whether the trial combination was a repetition of 

a previou s tria l  o r  no t 

.3) in the case of successful repetitions, whether the 

separatio n betwee n th e trial s i s greate r  tha n 4 

trial s o r  not .  makin g a  compariso n betwee n lon g 

ter m an d shor t  ter m repetition s whic h ma y 

possibl y ha\ c differen t  properties . 

Figur e 3 :  Probabilit y o f  repeatin g S 2 respons e 
combination s a s a  functio n o f  th e n u m b e r 
o f  intervenin g trial s 
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With i n origina l  respons e combinat ion s ther e is .  a s o n e migh t 

expect ,  a  significan t  dilTerenc c i n confidenc e fo r  correc t 

response s (averag e 1.96 )  a s oppose d t o guesse d response s 

(averag e 3.48) .  w i t h A - = 4 0 - 3 .  4.d f  p < 0 0 0 1 .  C o m p a r i s o n o f 

th e guesse s i n th e repeate d trial s wit h th e origina l  guesse s 

s h o w s n o significan t  difTerence s i n confidenc e level s i n eithe r 

lon g o r  s h o n ter m repetition s (.V -  = 9 8 3 .  8.df) .  Neithe r  d o 

th e compar ison s o f  correc t  response s s h o w an y difference s 

(.X -  = 2 32 .  8.d0 .  i t  ca n therefor e b e conclude d tha t  w h e n a 

subjec t  repeat s a  previou s S I  combinat ion ,  h e k n o w s wh ic h 

elemen t  ha s bee n correctl y recalle d an d whic h i s a  repetitio n 

o f  a  previou s guess .  T h e m e m o r y o f  th e origina l  respons e 

combinat io n mus t  therefor e b e additiona l  t o tha t  o f  th e 

stimulus . 

D I S C I S S I O N 

To summarize the results of this analysis: in a sequence of 

memory trial s subject s hav e availabl e memor y trace s o f 

previou s answer s whic h ar e commonl y use d a s response s 

late r  i n th e sequence .  Thes e trace s normall y remai n 

availabl e onl y fo r  a  smal l  numbe r  o f  trials ,  representin g a 

duratio n o f  u p t o 10 0 seconds ,  bu t  som e appea r  t o surviv e 



fo r  m u c h longe r  period s o f  time .  Subject s see m t o b e awar e 

of  th e distinctio n betwee n recal l  o f  thes e trace s an d recal l  o f 

th e origina l  stimuli . 

This analysis has a clear methodological implication: 

successiv e test s o f  th e sam e memory .  particular K iul t  shor t 

intervals ,  wil l  no t  b e independan t  o f  on e another . 

Experiment s i n whic h th e obscr\aiion s rel y upo n 

compariso n o f  recal l  o n severa l  ditTeren t  trial s mus t  therefor e 

tak e thi s int o account .  Numerou s example s ca n b e give n 

wher e doub t  arise s a s t o th e validit y o f  th e conclusion s i n 

th e ligh t  o f  thi s result . 

What is particularly compelling about this cfTect is its 

strengt h an d replicabilit y  acros s subjects ,  (give n tha t  n o 

experimenta l  instruction s wer e mad e t o repea t  answers) ,  an d 

it s timecoursc. .  Thi s correspond s wel l  wit h prc\iou s wor k i n 

whic h lon g ter m recenc y efTcct s wer e a n explici t  objec t  o f 

study .  Suc h efTcct s see m difficul t  t o cxpkn n b \  referenc e t o 

fixed  capacit y store s (Waug h an d Norman .  1965) .  o r 

differentia l  encodin g method s (Crai k an d Lockhar t  1972) . 

particularl y i n th e latte r  cas e i n th e ligh t  o f  th e incidenta l 

natur e o f  recal l  i n thi s case ,  i n whic h cas e on e woul d no t 

expec t  subject s t o adop t  specifi c  strategic s o f  encoding . 

A plausible model of these long term recency cITects has 

bee n propose d b y Hitc h c l  aid980) .  I n thei r  view ,  recenc y 

effect s ca n b e explaine d b \  a  strateg y o f  rctric\a l  base d upo n 

tempora l  discrimination .  Item s ca n b e retrieve d fro m 

memory b y thei r  tempora l  positio n i n th e pas t  onl y whil e i t 

i s discriminabl e fro m th e tempora l  positio n o f  other ,  relate d 

items .  Lon g ter m recenc y ctTcct s ca n therefor e occu r  when . 

as i n thes e experiments ,  th e to-be-recalle d item s ar c space d 

relativel y widel y i n lim e an d ar e therefor e discriminabl e fo r 

longe r  periods . 

Given that the subjects were required to guess, and that 

memory trace s fo r  previou s appropriat e guesse s wer e 

available ,  i t  i s  no t  particularl y surprisin g tha t  subject s shoul d 

use them .  Speculatio n a s t o wh y subject s shoul d choos e t o 

repea t  previou s guesse s i s  therefor e no t  worthwhile . 

Whateve r  th e subject' s reason s fo r  repeatin g responses ,  i n th e 

proces s o f  doin g s o h e deprive s th e experimente r  o f  a  certai n 

amount  o f  information ,  an d potentiall y  add s som e 

misinformatio n abou t  th e stat e o f  hi s memory .  Th e impor t 

of  thi s researc h i s chiefi y a  methodologica l  one :  i t  reinforce s 

th e lon g he' d vie w tha t  th e experimenta l  psychologis t  shoul d 

be awar e tha t  th e tas k th e subject s carr y ou t  m a y no t  b e 

quit e th e on e h e intended . 
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The Rol e o f  Gri d Schemat a i n Memor y fo r  Large-scal e Environment s 
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Although large-scale urban environments are complex and rich in 

information ,  mos t  o f  u s successfull y navigat e suc h environment s ever y 

day .  I n orde r  t o perfor m suc h a  task ,  w e mus t  hav e memor y represent -

ation s fo r  suc h environments .  Th e presen t  stud y examine s ho w w e 

remember  large-scal e urba n environments . 

Memory researc h suggest s tha t  v/ e us e higher-orde r  knowledg e 

structures ,  calle d schemata ,  t o remembe r  ric h source s o f  information , 

suc h a s storie s (Thorndyke ,  1977) ,  peopl e (Snyde r  an d Uranowitz ,  1978) , 

room s (Brewe r  an d Treyens ,  1 9 81 )  an d th e comple x skill s  involve d i n 

ches s playin g (Chas e an d Simon ,  1973) .  Schemat a ma y als o b e use d t o 

remember  large-scal e urba n environments .  Mos t  environment s o f  thi s 

kin d compris e a  gri d patter n o f  rectangula r  o r  squar e shape d block s 

forme d b y intersectin g streets .  A  usefu l  wa y t o remembe r  suc h area s 

woul d b e i n term s o f  a  gri d schem a (Kuipers ,  1978 ;  Moa r  an d Carleton , 

1982) .  However ,  mos t  urba n area s d o no t  fi t  perfectl y int o a  gri d 

pattern .  Fo r  example ,  unlik e th e line s i n a  grid ,  street s ar e no t 

alway s a t  righ t  angle s o r  paralle l  t o eac h other .  I f  w e d o us e a  gri d 

schema t o remembe r  a n urba n area ,  suc h a  schem a ma y caus e feature s o f 

th e are a t o b e distorte d i n memory .  I n fact ,  w e ca n mak e prediction s 

of  th e kind s o f  distortion s whic h ma y occu r  i f  w e d o remembe r  urba n 

area s usin g gri d schemata .  Fiv e suc h prediction s ar e liste d belo w an d 

ar e referre d t o collectivel y a s th e gri d hypotheses . 

1.  Right-angle s hypothesis .  Line s i n a  gri d alway s intersec t  a t 

righ t  angles .  Th e hypothesi s predict s tha t  intersectin g street s tha t 

do no t  mee t  a t  righ t  angle s wil l  b e falsel y remembere d a s righ t  angle d 

intersections . 

2.  Parallel-line s hypothesis .  Line s i n a  gri d ar e eithe r  a t  righ t 

angle s o r  paralle l  t o eac h other .  Accordin g t o th e hypothesis ,  i f 

street s i n a n urba n are a trave l  i n roughl y th e sam e directio n bu t  ar e 

no t  parallel ,  the y wil l  b e misremembere d a s bein g parallel . 



3.  Parallel-subset s hypothesis .  A  singl e squar e i n a  gri d i s 

containe d withi n a  large r  squar e mad e u p o f  severa l  singl e squares . 

The side s o f  th e singl e squar e ar e paralle l  t o th e respectiv e side s o f 

th e large r  squar e i n whic h i t  occurs .  Fo r  example ,  i n a  3  X  3  squar e 

grid ,  th e side s o f  th e cente r  squar e ar e paralle l  t o th e respectiv e 

side s o f  th e large r  squar e forme d b y al l  nin e squares .  Th e hypothesi s 

predict s tha t  i f  th e side s o f  a  buildin g i n a  bloc k ar e no t  paralle l  t o 

th e respectiv e street s formin g th e block ,  th e side s o f  th e buildin g 

wil l  b e falsel y remembere d a s bein g paralle l  t o th e respectiv e street s 

of  th e block .  Her e th e buildin g comprise s a  singl e squar e o f  a  gri d 

containe d withi n a  large r  square ,  th e block . 

4.  Straight-line s hypothesis .  Al l  line s i n a  gri d ar e straight .  I t 

i s  predicte d tha t  street s containin g bend s wil l  b e remembere d a s bein g 

straight . 

5.  Alignmen t  hypothesis .  Eac h singl e squar e i n a  gri d i s perfectl y 

aligne d o n th e grid' s vertica l  o r  horizonta l  axi s wit h eac h o f  th e fou r 

othe r  singl e square s wit h whic h i t  share s a  side .  I n a n urba n area , 

building s sometime s fac e eac h othe r  bu t  ar e no t  perfectl y aligned . 

Thus th e middl e o f  on e buildin g ma y no t  directl y fac e th e middl e o f  th e 

othe r  building .  Th e hypothesi s predict s tha t  suc h building s wil l  b e 

falsel y remembere d a s bein g directl y aligned .  I n othe r  words ,  th e 

building s wil l  b e misremembere d s o tha t  th e middl e o f  on e buildin g 

directl y face s th e middl e o f  th e othe r  building . 

The fiv e gri d hypothese s wer e teste d i n thre e experiments .  I n th e 

firs t  experiment ,  student s o f  Bucknel l  Universit y dre w fro m memor y a 

map o f  par t  o f  th e campus .  I n Experimen t  2 ,  student s o f  th e uiversit y 

dre w a  ma p o f  th e whol e campu s fro m memory .  Preselecte d feature s o f 

th e campu s wer e examine d o n students '  draw n map s t o determin e i f  th e 

feature s wer e distorte d i n th e manne r  predicte d b y th e gri d hypotheses . 

I n bot h experiments ,  significan t  distortion s wer e foun d fo r  al l  fiv e 

hypotheses ,  supportin g th e us e o f  gri d schemat a i n memor y fo r  th e 

campus .  I n addition ,  hal f  th e student s i n Experimen t  2  wer e freshme n 

an d hal f  wer e seniors .  Th e seniors '  draw n map s wer e significantl y 

mor e elaborated ,  i n term s o f  th e numbe r  o f  buildings ,  street s o r  plac e 

names,  tha n thos e o f  th e freshmen .  However ,  n o significan t  differenc e 

was foun d betwee n th e freshme n an d senior s i n term s o f  th e degre e t o 

whic h thei r  draw n map s wer e distorte d toward s a  gri d pattern .  Th e 



result s sugges t  tha t  amoun t  o f  experienc e wit h a n urba n are a doe s no t 

chang e th e wa y i t  i s  remembere d i n term s o f  a  gri d schema . 

The thir d experimen t  involve d a  recognitio n task .  Student s o f 

Bucknel l  Universit y wer e presente d wit h maps ,  eac h o f  a  singl e featur e 

of  th e Bucknel l  campu s (eg. ,  a n intersection ,  tw o streets ,  e t c . ) . 

Nin e alternativ e map s o f  eac h featur e wer e presented ;  on e correc t  ma p 

and eigh t  wit h variou s degree s o f  distortion .  Fo r  eac h feature , 

student s ha d t o choos e th e ma p whic h the y considere d wa s th e mos t 

accurate .  Fo r  eac h o f  th e fiv e gri d hypotheses ,  student s showe d a 

significan t  tendenc y t o choos e th e ma p i n whic h th e featur e wa s 

distorte d i n th e manne r  predicte d b y th e appropriat e gri d hypothesis . 

Therefore ,  th e recal l  result s o f  Experiment s 1  an d 2  an d th e recognitio n 

result s o f  Experimen t  3  suppor t  th e us e o f  gri d schemat a i n memor y fo r 

th e campus . 
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T HE R O L E S O F INTERFERENCE A N D INFERENC E 

I N T H E RETRIEVA L O F A U T O B I O G R A P H I C AL M E M O R I ES 

Brian J.Reiser and John B.Black 

Yal e Universit y 

1. Introduction 
Recen t  wor k o n autobiographica l  m e m o r y ha s suggeste d tha t  th e representatio n o f  a n individua l  experienc e i s 

encode d withi n a  m e m o r y structur e containin g generalization s abou t  tha t  clas s o f  event s (Kolodner ,  1980 ;  Reiser , 

Black ,  &  Abelson ,  1982 ;  Schank ,  1982) .  I n thi s paper ,  w e examin e h o w retrieva l  fro m suc h a  m e m o r y categor y 

i s affecte d b y th e numbe r  o f  event s encode d withi n it .  W e argu e tha t  retrieva l  o f  persona l  experience s i s a 

reconstructiv e process ,  guide d b y inferenc e mechanism s tha t  predic t  feature s o f  th e targe t  even t  fo r  utilizatio n a s 

retrieva l  cues .  Mo r e frequen t  event s m a y b e easie r  t o retriev e fro m a  category ,  sinc e th e circumstance s leadin g t o 

suc h a n even t  ar e eas y t o predict .  Alternatively ,  on e interpretatio n o f  interferenc e model s o f  m e m o r y suggest s tha t 

a greate r  numbe r  o f  event s withi n a  categor y woul d slo w retrieva l  o f  on e o f  thes e events .  Th e effect s o f 

frequenc y o f  experience s ar e examine d i n a n autobiographica l  m e m o r y experimen t  wher e subject s ar e aske d t o 

recal l  pas t  experience s i n respons e t o verba l  cues . 

2. Inference in Memory Retrieval 

Reconstructiv e model s o f  m e m o r y retrieva l  hav e stresse d th e recursiv e natur e o f  th e searc h process:  searc h 

retrieve s informatio n usefu l  i n constructin g ne w cue s fo r  furthe r  search ,  unti l  th e targe t  information  i s  retrieve d 

(Kolodner ,  1980 ;  N o r m a n &  Bobrow .  1979 ;  William s &  Hollan ,  1981) .  I n particular ,  retrieva l  o f  a n individua l 

persona l  experienc e require s searc h throug h a  m e m o r y stor e containin g a n enormou s numbe r  o f  events .  Clearl y 

th e succes s o f  suc h a  searc h depend s o n th e selectio n o f  th e prope r  searc h contex t  t o restric t  th e portio n o f  th e dat a 

bas e tha t  mus t  b e examined .  Thi s searc h contex t  i s  selecte d b y inferenc e mechanism s whic h proces s th e generi c 

informatio n i n th e concept s activate d i n th e quer y t o predic t  th e mos t  plausibl e locatio n i n m e m o r y wher e th e 

targe t  informatio n migh t  resid e (Kolodner ,  1980) .  Retrieva l  o f  a n individua l  experienc e fro m m e m o r y i s  thu s a n 

activ e strategi c process ,  directe d b y thes e inferenc e mechanisms . 

In recent reformulations of Bartlett's (1932) schema plus correction model, individual experiences are encoded 

i n m e m o r y a s association s o f  generi c m e m o r y structures ,  indexe d b y th e feature s o n whic h th e even t  deviate d fro m 

th e generalization s represente d fo r  tha t  clas s o f  event s (Kolodner ,  1980 ;  Schank ,  1982) .  Searc h fo r  a n individua l 

experienc e proceed s b y usin g th e generi c knowledg e abou t  event s t o infe r  candidat e m e m o r y structure s fo r  search , 

and the n t o generat e indice s withi n th e structur e tha t  specif y a n individua l  experience : 

Think of a time when you felt impatient. 

Fel t  impatient...I' m tryin g t o thin k o f  time s whe n I  fel t  impatient .  Impatien t  alway s seem s t o mea n whe n 
you'r e waitin g i n lin e fo r  somethin g o r  waitin g fo r  somethin g t o happen .  Um...it' s  har d fo r  m e t o thin k o f 
righ t  no w fo r  som e reason .  I  ca n thin k o f  time s whe n I  fel t  frustrate d waitin g bu t  no t  reall y impatient ,  an d I 
thin k there' s a  difference .  I  remembe r  waitin g fo r  someon e wh o didn' t  sho w u p fo r  4  hours ,  an d i t  wasn' t 
reall y tha t  I  wa s impatient ,  I  wa s jus t  frustrate d wit h th e fac t  tha t  I  didn' t  kno w whethe r  thi s perso n wa s 
goin g t o sho w u p o r  not . 

Was thi s waitin g i n line ? 

No,  thi s wa s waitin g t o mee t  someon e i n fron t  o f  a  museu m i n Hartford .  An d h e didn' t  com e fo r  abou t  4 
hour s an d mostl y th e reaso n I  wa s frustrate d o r  mayb e i t  eve n i s  impatien t  i s  tha t  I  didn' t  kno w whethe r  h e 
was actuall y coming.. . 

This protocol demonstrates the use of inference to establish a search context. Here, the subject uses her 

knowledg e abou t  impatienc e t o infe r  a  se t  o f  circumstance s i n whic h sh e wa s likel y t o hav e experience d tha t 
affect .  Thi s proces s lead s t o thinkin g abou t  situation s involvin g "waiting, "  an d ultimatel y t o a n experienc e wher e 

she wa s waitin g fo r  someon e w h o wa s ver y late .  Interestingly ,  th e subjects '  hesitatio n i n classifyin g thi s 

experienc e a s "impatience "  support s th e clai m tha t  i t  wa s accesse d i n m e m o r y usin g "waiting "  a s a  searc h context , 

rathe r  tha n simpl y usin g "impatience "  a s a  cue . 

Essentially ,  thes e typ e o f  inferenc e processe s reformulat e a  m e m o r y quer y int o a  se t  o f  circumstance s i n whic h 

th e targe t  experienc e migh t  hav e occurred .  Th e importanc e o f  inferenc e i n strategi c m e m o r y retrieva l  ha s bee n 



suggeste d b y studie s o f  retrieva l  protocol s (William s &  Hollan ,  1981 )  an d compute r  model s (Kolodner ,  1980) .  A 

recen t  examinatio n o f  retrieva l  time s o f  autobiographica l  memorie s m a y b e interprete d a s processin g evidenc e fo r 

th e rol e o f  inferenc e i n retrieva l  (Reiser ,  Black ,  &  Abelson ,  1982) .  I n thes e studies ,  subject s too k longe r  t o recal l 

an experienc e wit h a n activit y (too k a  rid e o n a  train )  tha t  containe d a  goa l  failur e (could n t  fin d a  seat )  tha n a n 

experienc e wit h th e sam e activit y tha t  containe d a  normativ e actio n {pai d a t  th e ticke t  booth) .  W e argue d tha t 

retrieva l  o f  a n experienc e containin g a  normativ e actio n typicall y involve s les s inferencing ,  sinc e virtuall y an y o f 

th e experience s store d wit h th e activit y wil l  contai n tha t  action .  Retrieva l  o f  a n experienc e satisfyin g a  goa l 

failur e cu e require s mor e inferencin g t o fin d th e indice s tha t  specif y a n experienc e containin g th e targete d typ e o f 

goa l  failure . 

I n general ,  th e difficult y o f  a  m e m o r y retrieva l  i s  determine d b y th e typ e o f  processin g necessar y t o construc t 

an appropriat e searc h context ,  an d t o generat e th e indice s withi n tha t  contex t  tha t  specif y a n experienc e possessin g 

th e targe t  attributes .  Searc h withi n a  m e m o r y categor y fo r  a n experienc e satisfyin g a  particula r  constrain t  i s  easie r 

i f  ther e ar e mor e type s o f  situation s i n whic h tha t  typ e o f  even t  occurs .  Thus ,  event s tha t  occu r  mor e frequentl y 

shoul d b e easie r  t o fin d withi n a  categor y tha n les s frequen t  events . 

3. Interference in Memory Search 

Alternatively ,  on e migh t  argu e tha t  mor e unusua l  experience s wil l  b e easie r  t o fin d i n m e m o r y ,  sinc e m a n y 

simila r  event s m a y becom e confuse d wit h on e another ,  an d interfer e durin g th e retrieva l  process .  Anderso n ha s 

show n tha t  a  greate r  numbe r  o f  association s involvin g a  concep t  i n a  m e m o r y networ k slow s th e retrieva l  o f 

proposition s involvin g tha t  concep t  (e.g. ,  Anderson ,  1976) .  Anderso n argue d tha t  th e searc h i s slowe d wit h mor e 

association s sinc e th e limite d capacit y proces s woul d "fa n out "  ove r  mor e paths .  Anderso n an d hi s colleague s 

hav e observe d interferenc e i n retrieva l  situation s requirin g th e retrieva l  o f  a  particula r  proposition ,  an d hav e no t 

investigate d i n situation s wher e an y instanc e o f  a  m e m o r y categor y m a y b e produce d a s a  response .  However , 

on e possibl e applicatio n o f  interferenc e model s t o thi s typ e o f  productio n tas k woul d predic t  tha t  retrieva l  o f  a n 

instanc e wil l  b e easie r  fo r  smalle r  categorie s tha n large r  ones ,  whic h posses s mor e link s fro m th e categor y nod e t o 

associate d subset s an d instances .  Again ,  spreadin g th e searc h ove r  mor e link s reduce s th e spee d o f  th e processing . 

Furthermore ,  i f  th e instance s possessin g a  particula r  attribut e for m a  subcategor y o f  th e mai n category ,  the n a 

large r  numbe r  o f  suc h instance s shoul d slo w th e searc h fo r  a  categor y m e m b e r  possessin g tha t  attribute . 

Although an interference model cannot account for the difference between failure and normative actions found 

by Reise r  e t  al. ,  i t  m a y b e argue d tha t  thi s differenc e i s no t  du e t o th e frequenc y o f  th e tw o type s o f  events ,  bu t 

instea d t o som e intrinsi c difficult y i n recallin g goa l  failur e events .  I n fact ,  w e foun d retrieva l  tim e difference s 

whic h on e migh t  argu e suppor t  a n interferenc e model .  Activitie s {Goin g t o Movies ,  Dinin g a t  Restaurants )  wer e 

foun d t o b e bette r  retrieva l  cue s tha n genera l  action s {paying ,  ordering) ,  whic h encod e abstracte d generalization s 

abou t  a n actio n (o r  scene )  whic h serve s a s a  componen t  o f  severa l  activities .  W e argue d tha t  th e typ e o f  generi c 

informatio n encode d i n activitie s i s o f  greate r  utilit y  i n constructin g th e righ t  combinatio n o f  feature s t o specif y a 

uniqu e experience .  Retrieva l  o f  a n experienc e whe n presente d wit h a  genera l  actio n suc h a s waite d fo r  you r  tur n 

involve s firs t  figurin g ou t  wher e (i.e. ,  i n wha t  kin d o f  activity )  on e migh t  hav e waite d fo r  something .  W h e n a 

candidat e activit y suc h a s Ban k o r  Grocery-Shoppin g ha s bee n inferred ,  th e context-specifi c  knowledg e associate d 

wit h th e activit y  (i.e. ,  feature s specifi c  t o Ban k experiences )  ca n b e use d t o refin e th e searc h context . 

An interference model provides an alternative explanation for this result. One might argue that the general 

action s ar e poo r  retrieva l  cue s sinc e the y specif y mor e frequen t  experience s tha n th e activitie s (mos t  genera l 

action s occu r  i n m a n y activities) .  Searc h i n th e categor y name d b y th e genera l  actio n mus t  sprea d ove r  m a n y 

mor e link s t o experience s tha n searc h withi n a n activit y category ,  an d woul d therefor e tak e longe r  t o retriev e an y 

of  th e experiences . 

I n orde r  t o explor e th e relationshi p betwee n th e numbe r  o f  experience s o f  a  give n typ e an d th e difficult y o f 

retrievin g a n experienc e fro m memory ,  w e aske d subject s t o recal l  event s whic h differe d i n thei r  averag e 

frequenc y o f  occurrence .  Ther e wer e tw o motivation s i n th e presen t  study .  First ,  w e hope d t o fin d tha t  mor e 

frequen t  experience s withi n a n activit y woul d b e easie r  t o retrieve ,  t o suppor t  th e importanc e o f  inferrin g a  searc h 

contex t  an d generatin g indice s withi n tha t  context .  B y usin g lo w frequenc y event s tha t  wer e no t  goa l  failures ,  w e 

avoi d othe r  characteristic s o f  goa l  failure s tha t  m a y b e contributin g t o thei r  retrieva l  difficulty .  Second ,  presentin g 

a cas e wher e mor e frequen t  experience s ar e easie r  t o retriev e provide s a n argumen t  agains t  interferenc e counter -

explanation s o f  ou r  previou s findin g o f  retrieva l  difference s betwee n activitie s an d genera l  actions . 



4.  Retrieva l  o f  Hig h an d L o w Frequenc y Experience s 

N o r ms collecte d b y Galambo s (i n press )  wer e use d t o construc t  probe s abou t  c o m m o n event s whic h varie d i n 

thei r  frequenc y o f  occurrence .  Eac h prob e consiste d o f  a n everyda y activit y (e.g. ,  Checke d Ou t  Books )  paire d 

wit h on e o f  it s  componen t  action s (e.g. .  ̂ o i  cal l  nunihcrs) .  Galambos '  norm s enabl e a  tes t  o f  th e effect s o f  even t 

frequenc y a t  tw o levels .  Th e standardnes s latin g o f  a  coinponen t  actio n measure s th e within-categor y frequenc y 

of  th e actio n - -  i.e. ,  h o w likel y on e i s t o perfor m tha t  actio n i n a n executio n o f  th e give n activity .  I t  i s  thu s a n 

indicatio n o f  th e relativ e numbe r  o f  experience s encode d withi n th e activit y categor y tha t  involv e tha t  particula r 

action .  Th e activit y frequenc y measure s th e siz e o f  th e categor y itsel f  -  a  measur e o f  h o w ofte n on e engage s i n 

th e activit y m a y b e considere d a  roug h estimat e o f  th e numbe r  o f  experience s store d i n m e m o r y involvin g tha t 

activity . 

Retrieval of experiences for trials involving highly standard actions is predicted to be faster, since it will be 

easie r  t o infe r  a  contex t  i n whic h thi s actio n woul d hav e bee n performe d i n th e activity .  Fo r  example ,  mos t  Goin g 

t o Movie s experience s involv e th e actio n gav e ushe r  tickets ,  bu t  fewe r  involv e th e actio n stoo d i n line .  Virtuall y 

any retrieva l  cu e withi n th e categor y Goin g t o Movie s woul d lea d t o a n experienc e matchin g th e firs t  action . 

However ,  mor e carefu l  consideratio n o f  th e generalization s abou t  movie-goin g woul d b e necessar y t o predic t  a 

situatio n tha t  woul d involv e standin g i n line .  Thi s migh t  lea d retrieva l  t o conside r  "ver y popula r  movies" , 

"movie s I  sa w o n openin g night" ,  "movie s I  sa w o n trip s t o N e w York" ,  etc .  Thi s retrieva l  thu s require s mor e 

inferencin g t o construc t  a  searc h context .  Thi s predictio n i s contraste d wit h th e interpretatio n o f  th e interferenc e 

model  suggeste d above ,  i n whic h mor e frequen t  action s withi n a n activit y woul d b e mor e difficul t  t o retrieve . 

The predictions for the effects of activity frequency are less straight-forward. If the generic information 

encode d i n th e activit y i s th e principa l  sourc e o f  materia l  fo r  inferrin g th e searc h context ,  the n th e frequenc y o f  th e 

activit y itsel f  m a y hav e a  smalle r  effec t  (o r  non e a t  all )  o n th e eas e o f  retrievin g a n experience .  Tha t  is ,  i f  th e 

principa l  componen t  o f  retrieva l  i s  th e inferenc e o f  indice s withi n th e category ,  the n th e absolut e siz e o f  th e 

categor y m a y hav e littl e effect ,  an d al l  activitie s m a y b e equall y accessibl e i n memory .  However ,  on e migh t  als o 

expec t  tha t  mor e frequentl y execute d activitie s becom e mor e richl y articulated ,  an d thu s th e indice s withi n th e 

categor y m a y b e mor e easil y traversed .  Fo r  example ,  recallin g a  tim e involvin g Eatin g a t  a  Restauran t  m a y 

requir e les s iriferencin g tha n a  mor e infrequen t  even t  suc h a s Takin g a  Photograph .  O n e i s probabl y familia r  wit h 

many context s whic h includ e eatin g a t  restaurant s (dating ,  busines s lunches ,  grabbin g a  quic k bit e t o sav e time , 

etc. )  whil e mor e processin g migh t  b e necessar y t o infe r  a  situatio n tha t  woul d hav e include d th e takin g o f 

photographs .  Thi s woul d predic t  a n advantag e fo r  mor e frequen t  activities .  I n eithe r  case ,  thi s predictio n ca n b e 

contraste d wit h th e interferenc e predictio n o f  slowe r  retrieva l  time s fo r  th e large r  categories . 

Method. Two actions, one high and one low in standardness, were selected from each of 18 of the activities 

presente d i n Galambo s (i n press) .  Th e hig h an d lo w standar d action s wer e selecte d t o b e equa l  i n "centrality "  (th e 

importanc e o f  th e actio n t o th e goal s o f  th e activity) ,  sinc e subject s recal l  th e mor e centra l  action s o f  a n 

experienc e mor e easil y tha n th e les s centra l  action s (Reiser ,  i n preparation) . 

The autobiographical retrieval task developed by Reiser, Black, and Abelson (1982) was used to measure the 

accessibilit y  o f  th e targe t  event s i n memory .  Subject s wer e tol d tha t  eac h tria l  woul d consis t  o f  tw o phrases :  a 

descriptio n o f  a n activity ,  an d a  descriptio n o f  a n actio n tha t  take s plac e i n th e activity .  U p o n initiatio n o f  th e 

tria l  b y th e subject ,  th e tw o phrase s wer e simultaneousl y displaye d o n a  C R T ,  wit h th e activit y phras e presente d 

abov e th e actio n phrase .  Subject s wer e t o recal l  a n experienc e wher e the y wer e performin g th e state d actio n whil e 

doin g th e state d activity .  Th e subjec t  responde d b y pressin g a  Ye s ke y o n recal l  o f  suc h a n experience ,  o r  presse d 

th e N o ke y i f  h e o r  sh e coul d no t  recal l  a n experience .  W e emphasize d tha t  th e m e m o r y b e o f  a  specifi c 

experience ,  bu t  tha t  i t  wa s no t  necessar y t o recal l  al l  o f  th e detail s befor e responding .  Subject s wrot e a  on e o r 

tw o sentenc e descriptio n o f  th e experienc e immediatel y followin g eac h Ye s response .  A t  th e completio n o f  th e 

reactio n tim e task ,  subject s wer e aske d t o provid e th e mont h an d yea r  i n whic h eac h o f  thei r  recalle d experience s 

had occurred .  Eac h subjec t  wa s probe d abou t  al l  1 8 activities ,  bu t  t o avoi d possibl e primin g effects ,  a  subjec t  wa s 

probe d onl y onc e abou t  eac h activity .  Eac h subjec t  thu s receive d 9  activity-actio n pair s containin g a  hig h standar d 

action ,  an d 9  activity-actio n pair s containin g a  lo w standar d action .  Forty-eigh t  Yal e undergraduate s participate d 

i n thi s experimen t  fo r  cours e credit . 

Results. Of primary interest are the retrieval times for those trials in which subjects successfully recalled an 

experience .  Th e mea n retrieva l  time s an d proportio n recalle d fo r  Ye s response s are : 

Activity -I- High Standard Action 2.929 sec; 84% Yes responses. 

Activit y +  L o w Standar d Actio n 3.35 9 sec ;  7 7 % Ye s responses . 
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As predicted, subjects were faster to recall an experience involving a high standard action [min F'(l,64) = 4.19, p 

< .05] .  Thi s support s th e predictio n tha t  mor e processin g i s require d t o retriev e a n experienc e involvin g a  les s 

frequen t  componen t  action . 

In order to assess the separate contributions of action standardness and activity frequency, we performed a 

multipl e regressio n analysi s o f  th e mea n retrieva l  time s fo r  eac h activit y an d actio n pair .  Th e activit y frequenc y 

di d no t  significantl y affec t  retrieva l  tim e [ F <  1] .  Thus ,  retrieva l  fro m larg e even t  categorie s (frequentl y execute d 

activities )  wa s n o mor e difficul t  tha n fro m smalle r  categories . 

One possibility is that the high standard actions were easier to retrieve because they had been performed in a 

mor e recen t  experienc e wit h th e activity .  I n fact ,  hig h standar d action s tende d t o elici t  mor e recen t  experience s 

tha n lo w standar d action s (4. 1 vs .  5. 5 months) ,  bu t  thi s differenc e wa s no t  significan t  { p >  .10) .  M o r e 

importantly ,  whe n ag e o f  experienc e i s use d a s covariat e i n a n analysi s o f  covarianc e o f  retrieva l  times ,  th e 

differenc e betwee n hig h an d lo w standar d action s remain s significant .  Finally ,  th e numbe r  o f  experience s recalle d 

by subject s decrease d wit h th e elapse d tim e sinc e th e experience ,  a s expecte d fro m previou s studie s (e.g. ,  Crovit z 

& Schiffman .  1974) .  Interestingly ,  a  media n spli t  o n retrieva l  time s fo r  eac h conditio n reveale d tha t  olde r 

experience s wer e generall y slowe r  t o retriev e [mi n F'(l,54 )  =  3.63 ,  .0 5 <  p  <  .10] . 

Discussion. This experiment has demonstrated that retrieval of a more frequent experience within a given 

activit y i s easie r  tha n tha t  o f  a  les s frequen t  experience .  Thi s i s consisten t  wit h a  reconstructiv e mode l  o f 

autobiographica l  retrieval .  Processin g firs t  retrieve s th e category ,  accessin g th e generi c knowledg e encode d abou t 

thes e events .  Thi s generi c knowledg e i s utilize d t o construc t  retrieva l  cue s consistin g o f  th e circumstance s likel y 

t o hav e resulte d i n th e targe t  typ e o f  experience .  Searchin g fo r  a n instanc e o f  a  frequentl y execute d actio n i s 

relativel y easy ,  becaus e virtuall y an y contex t  withi n tha t  activit y woul d involv e experience s includin g th e targe t 

action .  Retrieva l  o f  a  les s frequen t  even t  require s greate r  us e o f  th e generi c informatio n t o infe r  th e typ e o f 

experienc e withi n th e activit y tha t  woul d includ e th e targete d action . 

Th e failur e o f  categor y siz e (i.e. ,  activit y frequency )  t o affec t  retrieva l  time s suggest s tha t  smalle r  categorie s 

ar e n o easie r  t o acces s tha n large r  categories .  Th e predictio n fro m interferenc e theorie s o f  slowe r  retrieva l  time s 

fo r  large r  categorie s wa s no t  supported .  Instead ,  th e result s suppor t  th e suggestio n tha t  th e principa l  inferencin g i n 

retrieva l  involve s constructin g th e prope r  pat h t o th e even t  withi n th e category ,  an d tha t  th e categorie s themselve s 

do no t  diffe r  i n thei r  accessibility . 

The slower retrieval times for the older experiences conflicts with the curvilinear pattern found by Robinson 

(1976) ,  wher e event s fro m 0- 5 year s an d 10-1 5 year s wer e recalle d mor e quickl y tha n event s fro m 5-1 0 year s ago . 

Sinc e th e dat a fro m th e presen t  experimen t  ar e almos t  exclusivel y fro m th e 0- 5 yea r  interval ,  w e ca n no t  evaluat e 

the m fo r  Robinson' s curvilinea r  pattern ,  an d ca n conclud e onl y tentativel y tha t  th e olde r  experience s recalle d b y 

subject s wer e les s accessibl e i n memory .  I n fact ,  th e slowe r  retrieva l  time s fo r  th e olde r  experience s m a y b e 

explaine d b y a  retrieva l  strateg y tha t  focuse s o n th e subject' s curren t  contex t  fo r  retrieva l  cues .  Fo r  example , 

suppos e th e subjec t  use s knowledg e abou t  hi s o r  he r  curren t  job ,  plac e o f  residence ,  school ,  socia l  situation ,  etc . 

t o generat e cue s fo r  recall .  Th e cue s generate d i n thi s fashio n woul d b e mor e consisten t  wit h recen t  experience s 

tha n wit h olde r  experiences .  I f  retrieva l  fail s  t o recove r  a n experience ,  olde r  context s m a y the n b e tried .  Thus , 

th e subjec t  recall s fewe r  olde r  experiences ,  an d thes e trial s ar e slowe r  tha n thos e retrievin g mor e recen t 

experiences . 

Finally, these results argue against an interference explanation of the retrieval differences between activities and 

genera l  actions .  Ther e i s n o evidenc e t o suppor t  slowe r  retrieva l  time s fo r  large r  categories ;  i n fact ,  w e hav e 

show n tha t  i n som e situations ,  mor e frequen t  event s ar e easie r  t o retrieve .  I n combination ,  thes e result s sugges t 

tha t  structura l  feature s suc h a s "frequency "  m a y b e inadequat e t o full y  explai n m e m o r y search .  W h e n comparin g 

activitie s an d genera l  actions ,  mor e frequen t  event s ar e mor e difficul t  t o retrieve ;  whe n comparin g th e retrieva l  o f 

tw o action s withi n a n activit y tha t  diffe r  i n frequency ,  mor e frequen t  event s ar e easie r  t o retrieve .  Clearly ,  th e 

difficult y o f  searc h fro m a  concep t  i s a  functio n no t  onl y o f  th e numbe r  o f  association s involvin g tha t  concept ,  bu t 

als o o f  th e typ e o f  concep t  an d th e typ e o f  informatio n encode d withi n suc h a  categor y (Reise r  &  Black ,  1982) . 
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T h e m a t i c R e l a t i o n s B e t w e e n E p i s o d e s 

Colleen M. Seifert and John B. Black 

Y a l e Un ive rs i t y 

Among th e variet y o f  knowledg e structure s propose d t o captur e informatio n i n episodes ,  a  dichotom y 

betwee n contentfu l  structure s an d content-fre e structure s appear s usefu l  i n characterizin g abstrac t  relation s 
i n memor y (Schank ,  1982) .  Th e leve l  o f  relativel y content-fre e structure s i s neede d t o explai n first,  th e 

themati c patter n withi n a n episode ,  an d second ,  ho w generalization s ar e mad e acros s episode s tha t  var y 

greatl y i n som e respect s whil e sharin g mor e abstrac t  similarities . 

Plot Units (Lehnert, 1981) have been proposed to capture knowledge about thematic concepts that 

represen t  particula r  pattern s o f  goa l  relationship s an d events .  Plo t  unit s suc h a s competition ,  failure ,  an d 

share d positiv e event s ca n b e use d t o describ e th e goa l  situatio n i n a n episode .  Thei r  utilit y  i n 

understanding ,  generating ,  an d summarizin g narrative s ha s bee n demonstrate d (Reiser ,  Black ,  an d Lehnert , 

1982 ;  Lehnert ,  Reiser ,  an d Black ,  1981) . 

Althoug h plo t  unit s involv e relativel y abstrac t  knowledg e abou t  pattern s o f  goals ,  the y appea r  t o b e a t  a 

lo w leve l  o f  themati c information .  Highe r  leve l  pattern s o f  themati c informatio n see m t o exis t  whic h 

provid e interestin g generalization s tha t  plo t  unit s d o no t  capture .  Thes e themati c pattern s serv e t o captur e 

a leve l  o f  informatio n tha t  i s usefu l  i n buildin g memor y structures ;  tha t  is ,  t o stor e episodes ,  thereb y 

providin g connection s t o relate d experiences .  Plo t  unit s appea r  t o pla y a  rol e a s component s i n th e 

constructio n an d recognitio n o f  thes e highe r  leve l  themati c knowledg e structures .  Informatio n a t  th e plo t 

uni t  leve l  i s  neede d t o acces s appropriat e themati c structure s i n memory .  I n fact ,  som e combination s o f 

plot-unit-lik e component s ar e likel y t o b e highe r  leve l  themati c structures . 

Let's examine an example of plot unit components to consider their possible incorporation into memory 

structures .  Th e failur e plo t  uni t  i s  th e basi s fo r  countles s episodes .  Combinin g th e failur e plo t  uni t  wit h 

share d negativ e even t  specifie s mor e o f  a  plot ,  bu t  stil l  i s  a  rathe r  genera l  experience .  Fo r  example ,  thi s 

stor y i s use d i n Reiser ,  Blac k an d Lehner t  (1982 )  a s a n exempla r  o f  thi s pattern : 

Kennedy had struggled admirably to stay alive in the primaries, but his efforts 

wer e no t  abl e t o wi n hi m th e nomination .  When hi s delegate s finall y accepte d 

th e inevitabl e defeat ,  ther e wer e mor e tha n a  fe w tear s an d hollo w hope s fo r  1984 . 

If this story is extended in a certain way, we introduce a theme which plot units do not capture. For 

example ,  thi s stor y coul d continu e o n t o describ e Kennedy' s successfu l  nominatio n i n 1984 .  W e woul d hav e 

a differen t  themati c pattern ,  capture d b y th e adage ,  i f  a t  firs t  yo u don' t  succeed ,  try ,  tr y again ,  a s wel l  a s 

a mor e interestin g an d memorabl e story .  Th e themati c informatio n capture d b y thi s adag e i s no t  expresse d 

by th e plo t  unit s failure ,  share d negativ e event ,  an d success .  Th e adag e capture s a  patter n o f  goal s an d 

plan s i n whic h plo t  unit s appea r  a s pieces .  I f  th e patter n i s mad e mor e distinctive ,  suc h a s tryin g ove r  an d 

over  an d neve r  succeeding ,  addin g th e contex t  o f  election s woul d probabl y remin d som e peopl e o f  Adla i 

Stevenson .  I n thi s way ,  piece s o f  plo t  unit-lik e informatio n ar e combine d int o specifi c  pattern s tha t  no t 

onl y appea r  t o stor e episodes ,  bu t  ca n produc e reminding s i n appropriat e contexts . 

Her e i s anothe r  exampl e o f  ho w a  smal l  chang e i n a n episod e ca n chang e th e meanin g an d resul t  i n a 

more distinctive ,  comple x structure : 



M inister' s Compl a in t 

I n a  length y interview .  Reveren d X  severel y criticize d th e the n Presiden t  Carte r 

fo r  havin g "denigrate d th e offic e o f  president "  an d "legitimize d pornography "  b y 

agreein g t o b e interviewe d i n Playbo y Magazine .  Th e intervie w wit h Reveren d X 

appeare d i n Th e Churc h Toda y magazine . 

This is another routine news report of a clergyman complaining about pornography. However, if a small 

chang e i s mad e t o th e stor y — i f  Th e Churc h Toda y magazin e i s change d t o Penthouse- -  th e poin t  o r  mora l 

of  th e stor y i s drasticall y different .  W h e n readin g th e change d story ,  th e them e m a y brin g othe r 

experience s o r  eve n adage s t o mind ,  suc h as :  Th e po t  callin g th e kettl e black ,  Practic e wha t  yo u preach ,  an d 

Throwin g stone s whe n yo u liv e i n a  glas s house . 

H ow ca n w e determin e whic h pattern s o f  goa l  an d pla n situation s ar e distinctiv e an d usefu l  i n memor y 

organization ? Schan k (1982 )  ha s suggeste d examinin g th e similaritie s an d c o m m o n theme s i n everyda y lif e 

tha t  ar e reveale d whe n on e i s reminde d o f  thematicall y simila r  episodes .  Th e pattern s o f  goa l  an d pla n 

interaction s tha t  peopl e recogniz e an d share ,  an d tha t  remin d peopl e o f  othe r  experiences ,  ar e sometime s 

capture d i n c o m m o n saying s an d remindings .  Adage s ofte n serv e a s a n effectiv e wa y o f  characterizin g th e 

them e o f  a n individua l  episode .  I t  woul d see m tha t  cultura l  sayings ,  base d o n th e commonalitie s o f 

experience s i n a  variet y o f  settings ,  ar e a  goo d plac e t o begi n lookin g fo r  structure s t o organiz e episode s i n 

memory. 

Dyer (1982) has used this approach to develop Thematic Abstraction Units (TAUs) which seem to 

captur e th e themati c leve l  o f  adage s tha t  i s no t  capture d b y plo t  units .  T A U s ar e base d o n th e analysi s o f 

adages ,  i n particula r  one s tha t  represen t  expectatio n failure s tha t  occu r  du e t o error s i n planning .  A  T A U 

contain s a n abstracte d plannin g structur e tha t  tell s  wher e th e erro r  was ,  an d ca n serv e a s a  warnin g fo r  th e 

planner .  The y serv e a s episodi c memor y structure s whic h organiz e event s whic h involv e simila r  kind s o f 

plannin g failures . 

For example, here is a TAU structure for the Minister's Complaint story (Dyer, 1982): 

TAU-HYPOCRISY 
X i s counter-plannin g agains t  Y 

X i s tryin g t o ge t  a  highe r  authorit y Z  t o bloc k o r  punis h Y 

fo r  usin g Pla n P I  b y claimin g P I  i s unethica l 

X ha s als o use d th e unethica l  pla n P I 

therefore ,  X' s strateg y fails . 

In the revised Minister's Complaint story, the minister tries to move public opinion against Carter by 

claimin g Carte r  support s pornography .  Sinc e th e Ministe r  supporte d i t  t o th e sam e degree ,  hi s strateg y 

fails . 

I n thi s manner ,  T A U s attemp t  t o captur e th e goa l  an d pla n interaction s tha t  includ e particula r  error s i n 

planning .  Thes e structure s explai n relation s betwee n element s withi n th e story ,  an d serv e a s th e basi s fo r 

connection s betwee n relate d episodes .  Fro m thi s poin t  o f  view ,  th e importan t  question s fo r  themati c 

knowledg e structure s ar e concerne d wit h explainin g thei r  us e i n memor y t o stor e experiences ,  thereb y 

providin g a  basi s fo r  bringin g t o min d relate d episode s neede d fo r  learning .  Bu t  befor e w e ca n addres s th e 

use o f  themati c structure s i n th e storin g an d retrievin g o f  abstractl y relate d episodes ,  i t  i s  appropriat e t o 

gathe r  som e evidenc e o n whethe r  peopl e ca n recogniz e an d us e themati c similarity .  Ar e th e theme s 

recognize d a s a  wholisti c pattern ,  rathe r  tha n a s relate d components ? D o peopl e perceiv e th e themati c 

structur e a s mor e importan t  tha n conten t  similarities ? W e use d th e methodolog y i n Reiser ,  Blac k an d 

Lehner t  (1982) ,  employe d t o stud y plo t  units ,  t o examin e storie s base d upo n T A U relation s i n th e task s o f 

narrativ e generatio n an d sorting . 



Sto r y G e n e r a t i o n E x p e r i m e n t 

Askin g subject s t o writ e storie s base d o n prototypica l  storie s shoul d indicat e whethe r  the y ar e abl e t o 

abstrac t  th e themati c similaritie s i n th e prototype s an d reproduc e tha t  them e i n a  ne w context .  I n thi s 

experiment ,  subject s wer e give n thre e exampl e storie s base d o n T A U s suggeste d b y Dye r  (1982 )  an d wer e 

aske d t o writ e "on e ne w stor y tha t  ha s th e sam e typ e o f  plot. "  Th e subject s wer e tol d no t  t o us e th e sam e 

event s fro m th e examples .  Eac h subjec t  wa s give n thre e set s o f  exampl e storie s an d wa s aske d t o writ e 

thre e stories .  Fixty-si x subject s participate d i n th e experiment ,  thoug h no t  al l  th e subject s wer e abl e t o 

complet e th e tas k i n th e allotte d tim e (1 5 minutes) . 

Here is an example of a subjectrgenerated story based on prototypes such as "the Minister's Complaint" 

stor y discusse d above : 

Sue's basketball coach was outlining her pre-season training program. "Stay 

away fro m overeating ,  alcohol ,  an d smoking .  Everyon e know s a n athlet e shoul d 

respec t  he r  body, "  sh e said ,  a s sh e dre w o n a  cigarette . 

Though some stories were based on contexts present in one of the nine exemplars for each subject, most 

storie s ha d a  contex t  nove l  t o th e experiment ;  fo r  example ,  crime ,  music ,  psycholog y experiments ,  an d mos t 

popularly ,  "colleg e life" .  Th e storie s wer e score d b y a  traine d code r  wh o di d no t  kno w whic h example s th e 

storie s wer e base d upon .  A  proportio n o f  ho w man y o f  th e storie s ha d a  recognizabl e an d th e correc t  T A U 

structur e wa s determined ,  a s show n i n Tabl e 1 . 

Table I 

Stor y Generatio n Result s 

Proportio n Tota l  Number 

TAU Associate d Adag e Base d o n TA U o f  Storie s 

Hypocrisy Pot Calling the Kettle Black .96 26 

Incompeten t  Advic e Blin d Leadin g th e Blin d .8 8 2 6 

Unsupporte d Pla n Countin g Chicken s Befor e Hatche d .7 8 2 7 

Actin g To o Lat e Closin g Doo r  afte r  Hors e Gon e .8 9 1 9 

Pla n Backfire s Cuttin g Of f  Nos e t o Spit e Fac e .8 0 1 5 

Self-Deceptio n Hidin g You r  Hea d i n th e San d .6 0 1 5 

Too Costl y K i  I  Iin g Fl y Wit h Elephan t  Gu n .8 8 8 

Leav e Alon e Cur e i s Wors e tha n Diseas e .7 0 1 0 

Leaderles s To o Man y Cook s Spoi l  Brot h .8 8 8 

An example of a subject's story that confuses two TAUs demonstrates the possible interactions of TAU 

structure s activ e i n a n episode .  Thi s stor y contain s th e element s o f  bot h T A U - I N C O M P E T E N T - A D V I CE 

and TAU-UNSUPPORTED-PLAN. 

Frank was at the horse races. He had heard from his friend, a jockey, of a sure win. 

He too k $100 0 fro m hi s ban k account ,  becaus e h e wa s s o sur e h e woul d wi n a  sur e 

thing .  When th e rac e tim e rolle d around ,  hi s hors e wa s nec k an d neck ,  bu t  cam e i n 

second ,  an d h e los t  hi s money . 

In general, subjects were very good at generating the matching internal TAU patterns in a new setting. A 

more interestin g tes t  i s  ho w subject s perceiv e a  serie s o f  episodes .  Th e stor y sortin g tas k provide s a n 

indicatio n o f  th e themati c similaritie s th e subject s atten d to . 



stor y Clusterin g Exper imen t 

Si x subject-writte n storie s wer e chose n randoml y fro m si x T A U groups :  T A U - H W O C R I S Y, 
TAU-INCOMPETENT-ADVICE,  TAU-UNSUPPORTED-PLAN,  ACTING-TOO-LATE , 

T A U - P L \ N - B A C K F I R E S ,  an d T A U - S E L F - D E C E P T I O N .  Th e thirty-si x unedite d storie s wer e presente d 

i n on e o f  fou r  rando m order s t o a  separat e grou p o f  thirty-si x subjects .  Eac h subjec t  wa s aske d t o sor t  th e 

storie s int o group s wit h "simila r  plots "  (Reiser ,  e t  al) .  Subject s wer e no t  tol d ho w man y group s t o form , 

but  tw o t o te n group s wa s suggeste d a s a  guideline .  Afte r  completin g th e sortin g task ,  subject s wer e aske d 

t o g o bac k an d labe l  th e group s wit h a  descriptiv e phrase . 

A hierarchica l  clusterin g analysi s (Johnson ,  1967 )  reveale d ho w strongl y pair s o f  storie s wer e relate d (i.e. , 

ho w ofte n tw o storie s wer e sorte d int o th e sam e grou p b y differen t  subjects) .  Th e clusterin g result s ar e 

show n i n Figur e 1 . 
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Figur e 1 :  Th e hierarchica l  clusterin g diagra i  fo r  th e 3 6 subject-writte n storie s sorte d b y 3 6 
othe r  subjects .  Th e number s o n th e horizonta l  axi s represen t  siailarit y scores . 

In general, subjects seemed to grasp the TAU structures as wholes rather than their subparts. This analysis 

p r o d u c e d thre e clearl y define d clusters ,  eac h correspondin g t o a  specifi c T A U ,  a n d a  m o r e compl ica te d 

cluste r  involvin g th e othe r  thre e T A U structures .  W h i l e t w o o f  th e T A U group s ar e fairl y  wel l  preserve d i n 



thi s larg e cluster ,  on e grou p TAU-SELF-DECEFTION ,  i s spli t  i n half .  A  analysi s o f  th e commonalitie s i n 

th e label s fo r  thi s grou p indicate s subject s divide d adf-deceptio n storie s int o tw o types :  i n one ,  th e erro r  i s 

a ba d decisio n whic h i s th e actor' s ow n faul t  (self-caused) ;  i n th e other ,  self-deceptio n storie s wher e th e 
subjec t  trul y no t  awar e the y ar e deceivin g themselves .  A n exampl e o f  thi s dichotom y i s a  stor y wher e a 

studen t  choose s t o ignor e he r  work ,  resultin g i n failure ,  compare d t o a  stor y wher e a  mothe r  can' t  admi t  t o 

hersel f  tha t  he r  so n i s delinquent ,  an d h e late r  get s i n trouble .  Thi s facto r  o f  whethe r  th e acto r  cause s hi s 
own disaster ,  o r  whethe r  circumstance s contro l  hi s fate ,  i s  no t  treate d systematicall y b y TAUs .  Thi s 

causatio n facto r  mus t  b e incorporate d int o th e T A U structur e i n orde r  t o explai n th e variation s withi n tau -

relate d episodes . 

Within the TAU-based clusters, subjects tended to consider the stories more similar if they included 
conten t  similaritie s a s well .  Fo r  example ,  storie s 4 b an d 4 e wer e base d o n TAU-PLANS-BACKFIRE ,  an d 

were bot h abou t  runnin g awa y fro m hom e onl y t o ru n int o trouble .  Othe r  storie s rate d wit h hig h similarit y 

als o containe d common content ,  suc h a s I d an d If ,  whic h wer e bot h abou t  smoking . 

The analysi s o f  th e label s subject s use d t o describ e th e group s the y forme d reveale d a  hig h degre e o f 

agreemen t  eve n i n th e word s used .  Fo r  example ,  2 4 subject s use d "hypocrisy "  i n thei r  label ,  2 4 use d "to o 

late" ,  an d 2 0 use d "ba d advice" .  Beyon d th e TAU-base d labels ,  subject s appeare d t o for m som e group s 

usin g mor e genera l  similarities ,  particularl y "ba d decision "  an d th e "self-caused "  distinction .  I n addition , 
many subject s use d adage s t o labe l  a  group ,  includin g practic e wha t  yo u preach ,  countin g you r  chicken s 
befor e the y hatch ,  an d th e ostric h syndrome . 

Conclusion 

I n summary ,  subject s wer e abl e t o preserv e th e T A U patter n i n thei r  storie s s o tha t  i t  i s  recognizabl e t o 

othe r  subjects ,  an d subject s wer e abl e t o us e TAU s a s th e basi s fo r  stor y similarity .  Thes e experiments ,  a s 
an initia l  undertaking ,  demonstrat e subjects '  sensitivit y t o themati c patterns ,  an d indicat e th e themati c 
leve l  o f  informatio n ca n b e use d whe n indicated .  I t  i s  clea r  tha t  th e themati c informatio n presen t  i n a n 

episod e play s a  crucia l  role .  Furthe r  experimentatio n o n th e representatio n an d th e specifi c  processin g 
function s o f  th e themati c knowledg e wil l  serv e t o determin e th e natur e o f  thei r  rol e i n understanding . 
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1. A Schemata-Based Theory of Program Comprehension^ 
A compute r  program ,  a  mathematica l  proof ,  an d a n electroni c circui t  diagra m al l  ar e (1 )  product s o f  a  proble m 

solvin g proces s tha t  require d specifi c  technica l  knowledg e an d (2 )  ca n b e "executed "  t o obtai n a  specifi c  result . 

However ,  thes e entitie s ca n als o communicat e informatio n beyon d simpl y th e desire d specifi c  goal :  i n readin g suc h 

"proble m solvin g texts "  an d analyzin g th e techniques ,  style ,  comments ,  digressions ,  etc .  on e ca n gai n insigh t  int o th e 

proble m itsel f  — an d eve n int o th e proble m solve r  himself .  "Stories "  ca n als o b e conveye d a s texts ;  o n th e othe r 

hand ,  the y typicall y ar e no t  th e product s o f  technica l  knowledg e no r  ar e the y execute d fo r  a  specifi c  result .  A s such , 

storie s diffe r  fro m proble m solvin g texts .  However ,  thes e tw o tex t  form s ar e simila r  whe n bot h ar e use d a s a 

communicativ e vehicle .  Thi s similarit y betwee n th e tw o tex t  form s serve s t o rais e a n intriguin g question :  D o th e 

informatio n representation s an d processin g strategie s tha t  underli e th e comprehensio n o f  storie s als o underli e th e 

comprehensio n o f  "proble m solvin g texts'" ? I n particular ,  ca n th e schemata-base d approac h t o stor y understandin g b e 

productivel y use d i n developing  a  theor y o f  h o w programmer s rea d an d understan d compute r  programs ? I n thi s brie f 

paper ,  w e wil l  outlin e a n affirmativ e answe r  t o thi s questio n an d describ e on e empirica l  stud y tha t  support s ou r 

position .  (Se e als o [15 ,  16 ,  7 ,  9]. ) 

Th e ter m w e hav e use d t o expres s th e notio n o f  schem a i n th e domai n o f  compute r  program s i s p rogrammin g plan . 

Jus t  a s a  schem a [13 ,  3 ,  2|capture s generi c knowledge ,  a  programmin g pla n specifie s th e critica l  informatio n tha t  i s 

representativ e o f  th e stereotypi c actio n sequence s i n programs .  Fo r  example ,  w e ca n identif y tw o type s o f 

programmin g plan s i n th e progra m i n Figur e 1 :  contro l  flo w p b n s an d variabl e plans. *  Fo r  example ,  th e RUNNIN G 

TOTAL LOO P PLA N an d th e SKI P G U A RD PLA N ar e tw o contro l  flo w plan s i n thi s program .  T h e forme r  pla n repeatedl y 

read s i n som e value s an d accumulate s thei r  total .  T h e latte r  pla n i s  als o a  c o m m o n one :  i t  protect s th e mai n 

computatio n o f  th e loo p fro m a n illega l  inpu t  value ;  shoul d th e valu e b e input ,  th e mai n processin g step s ar e skippe d 

over .  Variabl e plan s serv e t o highligh t  th e rol e a  variabl e play s i n a  program :  jus t  a s actor s tak e o n differen t  role s i n 

a play ,  variable s tak e o n differen t  function s i n a  program .  Fo r  example ,  th e C O U N T ER VARL^BLE ,  Count ,  i s  use d t o 

coun t  th e numbe r  o f  element s bein g accumulated ,  e.g. ,  Count:=Count+l .  Similarly ,  th e RUNNING-TOTAL VARL\BL E b 

use d t o accumulat e a  total ,  e.g. ,  Sui!i:=Suni+Nuiii .  Whil e bot h variable s ar e update d usin g a n assignmen t  statement , 

programmer s d o see m t o distinguis h betwee n the m o n th e basi s o f  thei r  function s {16| . 

2. Generating Plan-like and Unplan-Iike Programs 
What  make s a  progra m plan-lik e rathe r  tha n unplan-lik e i s th e wa y i n whic h plan s ar e compose d i n a  program .  I n 

particula r  w e hav e identifie d tw o rule s o f  pla n compositio n tha t  ca n b e use d t o systematicall y var y th e planlines s o f  a 

program .  Thes e rule s are :  (1 )  var y th e typicaht y o f  th e plan s bein g compose d int o a  program ,  (2 )  modif y a  typica l 

pla n i n a n atypica l  manne r  (usuall y t o le t  th e pla n d o "doubl e duty") .  I n Figur e I ,  w e illustrat e th e effec t  o f  applyin g 

thes e rules .  T h e programs ,  whic h al l  solv e th e proble m give n i n th e figure ,  wer e generate d usin g th e tw o rule s above . 

Program s A ,  B  i n Figur e 1  reflec t  composition s o f  increasingl y les s typica l  plans .  Progra m C  reflect s composition s o f 

typica l  plan s tha t  hav e bee n modifie d i n suc h a  wa y a s t o b e atypical .  T h e hear t  o f  th e proble m i n thi s figur e require s 

a SENTINEI^CONTROLLED RUNNIN G TOTA L LOO P PLAN .  T h e ke y issue s ar e t o ad d u p th e number s bein g rea d i n whil e 

keeping  th e sentine l  valu e fro m bein g adde d int o th e tota l  an d keepin g th e coun t  fro m ak o bein g updated .  W h a t 

1 
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Number,  N r  164-4(2 .  Approve d fo r  publi c release ;  distributio n unlimited .  Reproductio n i n whol e o r  par t  i s  permitte d fo r  an y purpos e o f  th e Unite d 

State s Government .  Thi s wor k wa s als o sponsore d i n par t  b y NS F RIS E unde r  gran t  numbe r  SED-81-12403 . 

'Variable plans are related to, but are richer than, the computer science notion of »bitr»ei daU type*, in that plau have more properties (e.g., 
relatedDesv ,  goal )  tha n ar e usuall y associate d wit h abstrac t  dat a type* . 
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follows is a detailed plan analysis of these programs. 

•  I n Pascal ,  SENTlNEi^cONTROLLEX > RUNNING TOTAL UX) P PLA N i s  mos t  appropriatel y realiie d wit h a  WHIL E loopin g 
construc t  |l7](Figur e lA) .  Th e sentine l  i s  prevente d fro m corruptin g th e loo p i n th e followin g manner : 

*  a  Rea d o f  th e inpn t  i s  positione d befor e th e loo p befin s 

» i f  th e sentine l  vt.la e tarn s o p o n thi s firs t  Read ,  i t  wil l  b e detecte d befor e th e loo p i s execate d eve n once ;  i n thi s cu e processin g 
wit h dro p dow n t o th e I F st»tement . 

» i f  th e sentine l  vkln e doe s no t  tur n a p o n th e firs t  Read ,  the n thi s leptimat e v&la e i s ftdded  int o th e runniu f  total ,  Sum,  an d th e 
counter ,  Count ,  i s  update d accordingly . 

» afte r  thes e apdate s occor ,  th e nex t  valn e i s Rea d i n an d processin g retom s t o th e to p o f  th e loo p wher e th e ne w Talu e i s tested ; 
shoul d thi s valu e b e th e sentinel ,  processin g wil l  dro p dow n t o th e I F statemen t  withou t  farthe r  processin g i n th e loo p (i.e. , 
withou t  addin g th e sentine l  int o th e runnin g total) . 

The COUNTER an d RUNNING TOTAL VARIABLE S emplo y th e standar d VARIABL E PLA N initializatio n an d updat e techniques : 
star t  th e valu e of f  a t  0 ,  an d updat e appropriately .  Thus ,  th e compositio n o f  th e variabl e plan s an d th e loo p pla n i s 
accomplishe d usin g standar d techniques . 

•  Th e progra m i n Figur e IB ,  however ,  doe s no t  us e a  WHIL E loop ,  bu t  rathe r  a  REPEAT loop .  I n orde r  t o protec t  th e 
runnin g tota l  an d th e coun t  fro m bein g incorrectl y updated ,  a  SKI P GUARD PLA N i s use d tha t  enclose s thes e updat e 
steps .  I n otherwords ,  ther e i s a  cauea l  relationshi p betwee n th e LOOP PLA N an d th e GUARD PLAN:  w e nee d th e GUARD 
PLAN t o mak e u p fo r  th e LOOP plan' s inadequacy .  SKI P GUARD plan s ar e typica l  technique s i n programming ;  w e se e on e 
use d t o protec t  th e averag e calculatio n fro m a  divid e b y 0  case .  Again ,  th e COUNTER an d RUNNING TOTAL VARIABLE S 
emplo y th e standar d VARIABL E FLA N initializatio n an d updat e techniques .  Whil e th e compositio n o f  th e variabl e plan s 
and th e loo p pla n an d th e ski p guar d pla n i s accomplishe d usin g standar d techniques ,  i t  i s  les s typica l  t o realiz e a 
SENTINEL CONTROLLED LOOP PLA N wit h a  REPEAT loo p compose d wit h a  SKI P GUARD PLAN.  Thi s judgemen t  o f  typicalit y 
i s base d o n experienc e i n teachin g Pasca l  fro m numerou s textbook s an d o n article s describin g goo d programmin g styl e 
117] . 

•  Whil e th e progra m i n Figure s I C stil l  achieve s th e overal l  objective ,  i t  wa s constructe d b y takin g standar d plan s an d 
modifyin g the m i n a n atypica l  manner .  Fo r  example ,  th e sentine l  valu e mus t  agai n b e backe d ou t  o f  th e runnin g tota l 
variabl e an d th e counte r  variable .  Thi s time ,  however ,  th e initializatio n techniqu e o f  th e tw o variabl e plan s ar e 
modifie d t o serv e thi s additiona l  function :  t o sa y th e least ,  initializin g a  variabl e t o -9609 9 b  a  ver y curiou s 
construction . 

Does planlines s effec t  progra m comprehension ? O n e o f  th e mos t  importan t  implication s o f  a  schem a i s  tha t  i t 

provide s a  structur e fo r  comprehendin g an d encodin g information .  Researcher s hav e show n tha t  a  stor y i s 

remembere d bette r  i f  i t  i s  mor e schema-lik e e.g .  (2 ,  11 ,  5] .  Simila r  result s hav e bee n obtaine d fo r  comprehensio n i n 

non-stor y domain s [6] .  I n th e nex t  sectio n w e wil l  presen t  on e stud y i n whic h w e examine d th e thi s th e issu e o f 

planlines s an d progra m comprehensio n usin g version s o f  th e program s show n i n Figur e 1 . 

3. Empirical Evidence: A Taste 
Advance d programmer s (en d o f  a t  leas t  secon d semeste r  o f  programming )  wer e spU t  int o tw o groups ;  hal f  wer e 

presente d wit h progra m Alph a i n Figur e 2 ,  whil e th e othe r  hal f  wer e presente d wit h th e progra m Beta .  Bot h group s 

wer e aske d t o fil l  i n th e blan k hn e wit h a  lin e o f  cod e that ,  i n thei r  opinion ,  mos t  reasonabl y complete s th e program . 

Subject s wer e no t  tol d wha t  proble m th e progra m wa s intende d t o solve .  A  versio n o f  thi s techniqu e wa s use d b y 

Bower ,  Black ,  an d Turne r  [3 ]  an d K e m p e r  [10 ]  i n orde r  t o ta p int o th e schemat a peopl e use d i n comprehendin g stories . 

O ur  hypothesi s i s  tha t  i f  programmer s ar e usin g programmin g plan s t o comprehen d th e programs ,  the n th e 

expectation s se t  u p b y thos e plan s wil l  m a k e i t  easie r  t o fill-in-the-blan k i n th e mor e plan-lik e program s (Alpha , 

Figur e 2) .  However ,  w e sugges t  tha t  i t  wil l  b e mor e difficul t  t o comprehen d th e les s plan-lik e progra m (Beta ,  Figur e 

2) ,  sinc e fe w expectation s wil l  b e se t  i n motion . 

T h e result s ar e displaye d i n Figur e 2C .  T h e correc t  answe r  fo r  proble m Alph a w a s Coun t  : = 0 ,  whil e th e correc t 

answe r  fo r  Bet a wa s Coun t  : = -1 .  Base d simpl y o n th e numbe r  o f  correc t  an d incorrec t  answers ,  i t  wa s clea r  tha t 

progra m Bet a ehcite d ver y differen t  performanc e fro m tha t  o f  progra m Alpha :  ther e wer e mor e correc t  response s t o 

P rog ra m Bet a tha n t o Progra m Alph a ( X *  =  47.7 ,  p  <  0.001) .  Moreover ,  i t  i s  no t  jus t  tha t  ther e ar e difference s i n 

th e accurac y o f  th e response s bu t  als o tha t  subject s too k longe r  t o giv e thei r  response s i n th e unplan-lik e program . 

A n analysi s o f  varianc e o n th e tim e t o rea d th e progra m an d fil l  i n th e blan k reveal s tha t  subject s too k longe r  t o rea d 

th e unplan-lik e progra m (Beta )  tha n t o rea d th e plan-lik e progra m (Alpha )  (F[l,9l ]  =  4.60 ,  p  <  0.05) .  Ther e wa s n o 

differenc e i n readin g tim e betwee n correc t  an d incorrec t  response s (F[l ,  91 ]  =  3.06 ,  p  >  0.05) .  T h e resul t  tha t  i s 

particularl y interestin g i s tha t  ther e i s a n interactio n betwee n th e factor s o f  progra m an d response :  th e differenc e i n 

respons e tim e betwee n correc t  an d incorrec t  response s i s m u c h greate r  fo r  Progra m Bet a tha n fo r  Progra m Alph a (F[l , 

91 « = 4.50 ,  p  <  0.05) .  T h a t  is ,  subject s too k longe r  t o ge t  Bet a correc t  tha n t o ge t  A lph a correct .  Thes e result s len d 
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strong support to our claim that experienced programmers use their knowledge of plans to comprehend programs and 

tha t  the y wil l  therefor e tak e longe r  t o comprehen d unplan-lik e program s correctl y tha n t o comprehen d plan-lik e 

program s correctly . 

Interestingly ,  standar d softwar e engineerin g metric s o f  progra m complexit y suc h a s (1 )  line s o f  cod e o r  (2 )  a 

Halstea d [8 ]  metric ,  predic t  tha t  progra m Beta ,  wit h fewe r  lines ,  les s volume ,  an d fewe r  neste d structure s woul d b e 

easie r  t o comprehen d tha t  progra m Alpha .  However ,  give n ou r  plan-base d analysis ,  w e hav e argue d fo r  Alph a bein g 

th e les s comple x — an d th e experimenta l  dat a cite d abov e support s thi s position . 

4. Concluding Remarks 
I n thi s brie f  summary ,  w e hav e attempte d t o indicat e th e directio n i n whic h ou r  researc h int o progra m 

comprehensio n i s going .  W e hav e give n a  brie f  descriptio n o f  ho w on e ca n creat e plan-lik e an d unplan-lik e programs , 

and w e hav e describe d result s fro m on e experimen t  i n whic h w e use d thes e program s i n orde r  t o examin e th e us e o f 

schemat a i n progra m comprehension .  Thes e result s ar e consisten t  with ,  bu t  mor e fine-graine d than ,  previou s wor k o n 

th e rol e o f  schemat a i n technica l  domain s i n genera l  (6 ,  4 ,  5] ,  an d programmin g i n particula r  jl4 ,  1 ,  12| . 
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Problt i  Rta d m nuib*r s takin g thti r  Su i  unti l  tti *  nuibt r  9999 9 i s stt n Rtpor t  tti t  su i  D o no t  incUd i  th i  fina l  9999 9 i n th e su a 

(A) 
PROGRAM OrjngeAlpha . 
VAR Su i  Count .  Nu i  INTEGER. 

Avarag *  REAL. 
Counta r  Variabi a BEGI N 
Pl, n >  Coun t  =  0 . 

I  — > Su a =  0 .  Runnin g Tota l  Loo p Pla n 
I  I  R«ad(Nua) ,  < 

Runnin g Tota1 1 I  WHIL E Nu a o  9999 9 D O <  1 
Variabi a Plan I  I  BEGI N | 

I  >  Su a =  Su a •  Nua .  <  1 
> Coun t  =  Coun t  •  1 .  | 

Rtad(Nua) .  < 
END Ski p Guar d Pla n 

I F Coun t  >  0  THEN < 
BEGIN <  1 

Aterag e =  Sua/Coun t  <  1 
Writeln (  A.eraga) .  <  1 

END <  1 
ELSE <  1 

Writ«ln (  'n o l»g» l  inputs') .  <- | 
END 

(B) 

PROGRAM OrangeB . 
VAR Sua ,  Count .  Nu a INTEGER. 

A»«rjg e REAL. 
BEGIN 

Sua =  0 . 
Count  =  0 
REPEAT 

Read(Nua) . 
I F MUM < > 9999 9 THEN 

BEGIN 
Sua -  Su a -• '  Nua . 
Count  =  Coun t  •  1 , 

END, 
UNTIL Nu a -  99999 . 

I F Coun t  >  0  THEN 
BEGIN 

Averag e =  Sua/Count . 
XriteIn C Average) . 

END 
ELSE 

Wrileln (  "n o lega l  inputs') . 
END 

Runnin g Tota l  Controlle d Runnin g Tota l  Loo p Pla n 
lapleaente d m t h a  REPEAT Loo p Pla n tha t 
realize s a  Read-Proces s Loo p Strateg j 

composed ait h a  Ski p Guar d Pla n 
t o siaulat e a  Sentinel-Controlled  Runnin g Tota l  Loo p Pla n 

usin g Coun t  Variabl e Pla n 
Runnin g Tota l  Variabl e Pla n 
Nev Valu e Variabl e Pla n 

Ski p Guar d Pla n 
usin g averag e calculatio n 

(C) 

PROGRAM Orange C 
VAR Sua .  Count .  Nu a INTEGER. 

Averag e REAL. 
BEGIN 

Sua =  -99999 , 
Count  =  -1 . 
REPEAT 

Read(Nua) . 
Sua -  Su i  •  Nua , 
Count  =  Coun t  *  1 . 

UNTIL Nu a =  9999 9 
I F Coun t  >  0  THEN 

BEGIN 
Averag e =  Sua/Count , 
Kriteln C Average) . 

END 
ELSE 

Kriteln (  'n o lega l  inputs') . 
END 

Runnin g Tota l  Controlle d Runnin g Tota l  Loo p Pla n 
lapleaente d aitl i  a  REPEAT Loo p Pla n tha t 
realize s a  Read-Proces s Loo p Strateg y 

coapose d »it h a  Patc h Pla n 
Moditj f  Initializatio n o f  Coun t  Variabl e 
Hodif )  Initializatio n o f  Runnin g Tota l  Variabl e 

t o siaulat e a  Sentinel-Controlle d Runnin g Tota l  Loo p Pla n 
usin g Coun t  Variabl e Pla n 

Runnin g Tota l  Variabl e Pla n 
Nei l  Valu e Variabl e Pla n 

Ski p Guar d Pla n 
usin g averag e calculatio n 

Figur e 1 :  Example s o f  Programmin g Plan s 
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(ALPHA) 

PRXRAf* OnngtAlphi 
VAR Su l  Count .  Nu i 

A»erjg f  REAL 
BEGIN 

Suf  =  0 

I 

IHTE&ER. 

I, 

REPEAT 
R»j()ln(ttj )  R«j(J(tt j  Nu») . 
I F WJM < > 9999 9 THEN 

BEGIN 
Sui  =  Su i  •  Nui . 
Count  =  Coun t  •  1 . 

END. 
UNTIL Nu i  =  99999 . 

Averag e =  Sui/Coun t 
Wntelndtjf .  Average) , 

(BETA) 

PROCRAH Orjng»B«la 
VAR Su i  Count .  Nu i 

Axrjg t  REAL. 
BEGIN 

Sui  =  -99999 . 

INTEGER. 

END 

I. 

REPEAT 
ReadlnCtty )  RcadCtt ;  Nui) . 
Sui  =  Su i  • •  Nui . 
Count  =  Coun t  •  1 . 

LNTU Nu i  =  99999 . 
Averag e =  Sui/Count . 
Kriielndtj .  Average) . 

END 

Correc t 
•ea n tia e n 

Incorrec t 
•ea n tia e n 

Versio n Alph a 2.2 6 3 7 2.^ 1 1 0 

Version Beta 3 98 3 2 42 41 

(th e tia e i s  i n ainutes ) 

Figure 2: FIB programs 





Cerebra l  Lateralization ,  Preferre d Cognitiv e Mod e an d Readin g 
Achievemen t  i n America n India n Bilingua l  Childre n 

Fairlee E. Winfield, Ph.D. 
Norther n Arizon a Universit y 

Although it is generally accepted that the left cerebral hemisphere is dominant 
fo r  languag e i n mos t  people ,  th e natur e o f  th e relation s amon g cerebra l  dominanc e fo r 
language ,  academi c performance ,  an d preferre d cognitiv e mod e remain s controversial . 
As earl y a s 1937 ,  Orto n suggeste d tha t  a  stron g lef t  hemispher e dominanc e woul d b e 
reflecte d i n excellenc e o f  verba l  function s suc h a s reading. ^  However ,  cerebra l 
dominanc e studie s conducte d wit h bilingual s see m t o indicat e tha t  languag e fo r  the m 
may b e mor e diffusel y organized .  Alber t  an d Oble r  propose d a  stag e hypothesi s i n 
whic h ther e wa s participatio n o f  th e righ t  brai n hemispher e i n th e initia l  stage s o f 
learnin g a  secon d languag e wit h increasin g lef t  hemispher e participatio n a s profi -
cienc y developed. ^  Unfortunately ,  furthe r  researc h evidenc e an d a  comprehensiv e 
revie w o f  ove r  on e hundre d studie s o f  th e bilingua l  brai n b y Gallowa y i n 198 2 hav e 
faile d t o suppor t  th e stag e hypothesis .  Nevertheless ,  i t  seem s eviden t  tha t  bi -
lingual s d o sho w greate r  righ t  hemispher e participatio n i n language ,  bu t  ho w thi s i s 
relate d t o cognitiv e styl e preferenc e an d academi c performanc e remain s a  question . 

America n India n bilingua l  aroup s hav e consistentl y show n a  greate r  righ t  hemi -
spher e involvemen t  i n language. ^  Roger s e t  al .  propos e tha t  th e structur e o f  som e 
Amerindia n language s correspond s t o a n appositiona l  mod e o f  thinkin g associate d wit h 
th e righ t  brai n hemisphere .  Fo r  example ,  ther e i s a  greate r  concer n wit h concret e 
notion s rathe r  tha n wit h abstractions ;  ther e i s a  projectio n o f  subjectiv e experienc e 
t o outsid e influence s (i.e. ,  I  a m drownin g ^  wate r  i s drownin g me) ;  an d modifie d verb s 
and participle s rathe r  tha n noun s an d adjective s assum e importance .  Navaj o handlin g 
verb s requir e a  selectio n proces s whereb y th e ver b ste m differ s i f  th e objec t  referre d 
t o i s long ,  small ,  rounded ,  clustered ,  bundle d up ,  alive ,  o r  inanimate .  Th e Navaj o 
speake r  mus t  b e full y awar e o f  th e perceptua l  fiel d an d concentrat e o n th e physica l 
characteristic s o f  th e objec t  rathe r  tha n it s name .  I n Englis h w e say ,  "Giv e me th e 
rock ,  stick ,  paper ,  etc. "  I n Navaj o a  speake r  mus t  decid e o n th e object' s character -
istic s befor e selectin g a  ver b form: ^ 

shaa nT'aah * single, hard, bulky object shaa nT/joo7 * non-compact matter 
shaa nftii h *  single ,  slender ,  stif f  sha a nftlee h '  mush y matte r 
sha a ni/tsoo s *  single ,  flat ,  flexibl e sha a nfyee h *  load ,  pack ,  burde n 
shaa nfl e *  single ,  slender ,  flexibl e sha a nTnTT J *  plural ,  slender ,  flexibl e 
sha a nTjaa h *  plural ,  profusio n sha a ni/tee h •  single ,  animat e 

Because of the appositional characteristics of Navajo, it is hypothesized that Navajo-
Englis h bilingua l  childre n wil l  sho w a  greate r  righ t  hemispher e participatio n i n 
languag e tha n i s generall y foun d i n monolingua l  children . 

A secon d notio n tha t  bear s upo n bilingua l  cognitiv e strategie s i s offere d b y 
Gallowa y wh o see s languag e a s consistin g o f  tw o factors :  linguisti c competenc e 
(grammar )  a/i d communicativ e competenc e (nonverbal ,  interactional ,  context-dependen t 
abilities). °  Th e communicativ e competenc e i s highl y dependen t  upo n neura l  substrate s 
lateralize d i n th e righ t  brai n hemispher e suc h a s perceptio n o f  facia l  affect ,  ton e o f 
voice ,  an d linguisti c gesture .  Gallowa y propose s tha t  ther e i s a  relationshi p betwee n 
minorit y grou p membershi p an d pattern s o f  cerebra l  asymmetry .  Sh e state s tha t  member s 
of  bilingua l  minoritie s wh o ar e unacculturate d an d sociall y les s powerfu l  i n th e 
surroundin g Angl o majorit y worl d bu t  wh o ar e unde r  pressur e t o assimilat e wil l  sho w 
greate r  righ t  hemispher e involvemen t  i n languag e processing .  Th e suggestio n i s mad e 
tha t  th e perso n wh o mus t  functio n i n tw o o r  mor e language s may hav e t o develo p a 
greate r  pragmati c flexibilit y  an d sensitivit y t o interactiona l  cue s i n orde r  t o 
suppor t  an d maintai n communication .  N o clai m i s mad e tha t  th e actua l  lef t  laterali -
zatio n o f  th e linguisti c gramma r  i s altere d o r  tha t  th e brai n ha s suc h plasticit y tha t 



th e linguisti c gramma r  i s suddenl y shifte d towar d th e right .  Righ t  hemispher e languag e 
woul d b e a  reflectio n o f  a  cognitiv e strateg y adopte d t o increas e availabl e communi -
cativ e cues . 

Thi s stud y examine s th e relation s amon g sex ,  schoo l  grade ,  verba l  dichoti c 
listenin g asymmetry ,  cognitiv e strategi c preference ,  an d readin g abilit y  i n Navajo -
Englis h bilingua l  childre n an d attempt s t o compar e th e finding s wit h thos e o f  Capla n 
and Kinsbourn e i n thei r  researc h wit h monolingua l  children. '  Therefore ,  th e followin g 
hypothese s ar e als o investigated : 

1.  Bilingua l  childre n wh o ar e mor e highl y lef t  hemispher e lateralize d fo r 
languag e o n th e dichoti c listenin g tes t  wil l  sho w a  stronge r  preferenc e 
fo r  verba l  strategie s o n cognitiv e styl e measures . 

2.  Bilingua l  childre n wh o prefe r  th e verba l  mod e o n cognitiv e styl e measure s 
wil l  demonstrat e readin g achievemen t  superio r  t o tha t  o f  th e childre n 
whose preferenc e i s fo r  a  nonverba l  mod e o f  informatio n processing . 

3.  Childre n i n th e lowe r  grade s wil l  displa y a  greate r  preferenc e fo r 
nonverba l  stragegie s tha n olde r  children . 

4.  Female s wil l  sho w a  greate r  preferenc e tha n male s fo r  verba l  strategie s 
and wil l  displa y readin g achievemen t  superio r  t o tha t  o f  males . 

The subject s wer e 7 8 Navajo-Englis h student s i n a n isolate d Burea u o f  India n 
Affair s boardin g schoo l  o n th e Navaj o India n Reservation .  Al l  instructio n a t  th e 
schoo l  i s  i n th e secon d languag e (English) ;  however ,  al l  socia l  interactio n i s i n 
Navajo .  Th e student s ar e fro m th e mos t  traditiona l  are a o f  th e reservatio n wher e 
pressur e fo r  assimilatio n i s felt ,  bu t  wher e ther e ha s bee n relativel y littl e accultu -
ration .  Th e grou p include d 3 5 boy s an d 4 1 girl s i n grade s 3  t o 8  (2 3 i n grade s 7-8 , 
27 i n grade s 5-6 ,  2 8 i n grade s 3-4) .  Th e mea n ag e wa s 10.6 .  A n eight-ite m handednes s 
measur e wa s administere d i n bot h language s t o eliminat e subject s wit h a  lef t  han d 
preference . 

Test Instruments 

Dichotic Listening (Navajo Word Test and English Word Test) 
An 80-ite m Navaj o wor d tes t  an d a  74-ite m Englis h wor d tes t  wa s administere d t o 

eac h student .  Wor d pair s wer e matche d fo r  syllabl e length .  Si x practic e item s 
familiarize d th e childre n wit h th e procedure .  Headphone s wer e reverse d t o contro l  fo r 
variatio n i n channe l  intensity .  Hal f  th e childre n hear d th e Navaj o tes t  firs t  an d 
hal f  th e Englis h tes t  first .  Th e childre n wer e tol d t o repor t  bot h word s i f  possible . 

Cognitive Mode (Auditory and Visual) 
Word-Shap e Sorting :  Thi s tes t  wa s use d i n th e researc h o f  Capla n an d Kinsbourn e 

i n 1981 .  Th e chil d select s th e on e ite m o f  thre e tha t  doe s no t  fi t  wit h th e othe r 
two .  Th e tw o equall y correc t  response s indicat e a  preferenc e fo r  visual-spatia l  pro -
cessin g (o n th e basi s o f  shape )  o r  visual-verba l  processin g (o n th e basi s o f  words) . 
The tes t  wa s administere d i n Englis h onl y a s th e student s wer e no t  literat e i n Navajo . 

Auditor y Styl e Test :  Thi s tes t  wa s base d upo n on e use d b y Gross ,  Franko ,  an d 
Lewi n (1978). ^  Th e chil d select s tw o verba l  item s tha t  "g o together "  fro m thre e word s 
heard .  Th e tw o equall y correc t  response s indicat e a  semanti c preferenc e (synonym s o r 
categor y relationship )  o r  a  nonsemanti c preferenc e (rhyme) .  Thi s tes t  wa s administ -
ere d i n bot h Navaj o an d Englis h sinc e i t  i s  entirel y verbal . 

Reading Achievement (California Test of Basic Skills, CTBS) 
A readin g achievemen t  scor e wa s obtaine d fro m students '  performanc e o n th e 

Californi a Tes t  o f  Basi c Skill s  tha t  wa s administere d t o al l  o f  th e boardin g schoo l 
student s immediatel y prio r  t o thi s project .  Th e tes t  i s  entirel y i n Englis h an d th e 
bilingua l  student s wh o ar e fro m a  minorit y languag e an d cultur e consistentl y perfor m 
belo w grad e norms .  Fo r  example : 



Grade s 

3-4 {n=28) 

5- 6 {n=27 ) 

7- 8 (n=23 ) 

Grad e Mea n 

3.35 

5.4 4 

7.3 0 

Readin g 

2.38 

3.5 7 

4.4 8 

CTBS 
Mat h 

3.02 

4.5 1 

6.1 9 

Combine d 

2.55 

4.0 4 

4.6 7 

Result s 

The data for the total sample were analyzed by correlational methods, ear-

difference s o n dichoti c listenin g wer e determine d b y t ^  tests ,  an d se x an d grou p (3-4t h 

grade ,  5-6t h grade ,  7-8t h grade )  comparison s wer e mad e b y analysi s o f  variance . 

A stron g right-ea r  advantage ,  indicatin g lef t  hemispher e lateralizatio n fo r 

language ,  wa s obtaine d o n th e Englis h dichoti c listenin g tas k fo r  th e entir e sampl e {t _ 

= 3.56 ,  2 .  " ^  .001) .  However ,  fo r  th e Navaj o dichoti c listenin g task ,  ther e wa s n o sig -

nifican t  differenc e i n righ t  an d lef t  ea r  score s indicatin g a  greate r  righ t  hemispher e 

participatio n i n Navajo .  Comparison s o f  th e Navaj o an d Englis h ea r  differenc e score s 

indicat e tha t  althoug h ther e i s relationshi p betwee n th e tw o measure s {r _ =  .329 ,  2 .  " ^ 

.002) ,  student s ar e significantl y les s lef t  hemispher e lateralize d fo r  Navaj o tha n fo r 

Englis h {t _ =  -2 .32 ,  2 .  " ^  . 0 2 ) .  When th e thre e ag e group s ar e considered ,  ther e wa s n o 

significan t  developmenta l  increas e i n th e siz e o f  th e righ t  ea r  advantag e fo r  eithe r 

languag e (Navajo ,  _ F =  .679 ,  N.S. ;  English ,  _F ,  =  .058 ,  N . S . ) . 

Table 1 

Correlatio n Matrix ,  Tota l  ( N =  78 ) 

Age 

Navaj o 
Lateraltzatlo n 

Englis h 
Lateralizatio n 

Visual-Verba l 
Preferenc e 

Auditory-Verba l 
Preference/Englis h 

Auditory-Verba l 
Preference/Navaj o 

CTBS Readin g 

Navaj o 
Lateral -

Age Izatlo n 

-.094 6 

Englis h 
Lateral -
izatio n 

-.102 5 

.3297 * 

Visual-Verba l 
Preferenc e 

.1924 * 

-.2340 * 

.030 8 

Auditory-Verba l 
Preference/Englis h 

.2901* * 

-.038 0 

-.020 3 

.176 1 

Auditory-Verba l 
Preference/Navaj o 

.3732* * 

.111 3 

.040 7 

.080 3 

.6396* * 

CTBS 
Readin g 

.6616* * 

-.050 1 

-.052 8 

.4430* * 

.2508 * 

.3585* * 

* £ .05 . 

** £ .01 . 

Correlational data for the total sample is presented in Table 1. There is a 

highl y significan t  correlatio n betwee n strengt h o f  verba l  performanc e o n al l  visua l 

and auditor y cognitiv e styl e measure s an d performanc e o n th e CTB S readin g measure . 
However ,  ther e i s n o indicatio n o f  a  relationshi p betwee n th e visua l  an d auditor y 

cognitiv e styl e measure s indicatin g tha t  the y ma y b e measurin g separat e aspect s o f 

cognitiv e styl e preference .  Dichoti c listenin g measure s ar e unrelate d t o readin g 
performance ,  bu t  th e Navaj o dichoti c listenin g measur e i s negativel y correlate d wit h 

performanc e o n th e visual-verba l  preferenc e measure . 

No se x difference s fo r  verba l  preferenc e wer e found ;  however ,  a  significan t 

developmenta l  increas e i n verba l  preferenc e o n th e auditor y cognitiv e styl e measure s 

was obtaine d fo r  th e sampl e a s a  whol e (Navajo-Auditory ,  F_ =  4.506 ,  2 .  " ^  'Ol J English -

Auditory ,  _ F =  7.131 ,  2 .  " ^  . 0 1 ) .  N o developmenta l  increas e occurre d fo r  th e visual -

verba l  preferenc e measure .  Significan t  developmenta l  increase s wer e eviden t  fo r  th e 

CTBS readin g score s a s wa s anticipated . 



Give n tha t  verba l  strategi c preferenc e correlate s significantl y bot h wit h ag e an d 
readin g ability ,  an d th e age-relate d improvemen t  i n reading ,  th e associatio n betwee n 
cognitiv e styl e an d readin g coul d b e a  consequenc e o f  a  common associatio n wit h age . 
Therefore ,  a s i n Capla n an d Kinsbourne' s analysis ,  partia l  correlation s wer e 
calculate d t o eliminat e readin g ag e (grad e equivalent )  an d chronologica l  age . 
Result s fo r  th e Englis h languag e cognitiv e styl e measure s ar e consisten t  wit h previou s 
finding s tha t  greate r  preferenc e fo r  verba l  strategie s accompanie s bette r  reading , 
regardles s o f  age .  However ,  thi s doe s no t  hol d fo r  th e Navaj o cognitiv e styl e measur e 
wher e greate r  preferenc e fo r  verba l  strategie s doe s no t  accompan y bette r  readin g bu t 
i s base d upo n ag e an d readin g proficiency . 

Discussion 

Caplan and Kinsbourne suggest that the nature of the problem-solving strategy 
adopte d may affec t  th e siz e o f  th e observe d latera l  bias .  I f  a  strateg y i s selecte d 
whic h ha s a  predominantl y lateralize d neura l  substrate ,  the n on e hemispher e wil l  b e 
preferentiall y  activated .  However ,  som e task s may b e adequatel y accomplishe d b y mor e 

-tha n on e strateg y an d a  strategi c choic e mav b e relativel y stabl e acros s situation s 
regardles s o f  cognitiv e demand s o f  th e task.-" ^  Therefore ,  i t  i s  possibl e t o speculat e 
tha t  Navajo-Englis h bilinguals ,  althoug h anticipatin g verba l  inpu t  i n Navajo ,  may 
preferentiall y  engag e th e righ t  hemispher e an d adop t  a  holistic ,  pragmatic , 
interactiona l  strateg y biasin g attentio n t o th e lef t  sid e o f  space .  Th e degre e o f 
dichoti c listenin g asymmetr y become s a n inde x o f  differentia l  hemispheri c us e withou t 
structura l  implication s fo r  th e degre e o f  lateralizatio n o f  function .  Initia l 
preferenc e fo r  a  particula r  mod e may becom e habitualized ,  an d ther e i s som e evidenc e 
tha t  stylisti c  preference s may b e 1  earned.̂ •' -  I f  suc h i s th e case ,  th e greate r  lef t 
lateralizatio n fo r  Englis h may b e a  produc t  o f  th e classroo m situatio n tha t  i s heavil y 
biase d towar d a  verba l  mod e wit h sequential ,  analyti c processing . 

The presen t  findin g o f  righ t  hemispher e representatio n o f  languag e may b e a 
reflectio n o f  th e habitualize d us e o f  a n interactional ,  nonverba l  strateg y t o obtai n 
additiona l  cue s fro m languag e input .  Sinc e th e dichoti c listenin g tas k i s unfamiliar , 
th e student s may shif t  t o a  righ t  hemispher e strateg y t o tr y t o pic k u p additiona l 
cues .  The y may indee d no t  recogniz e th e situatio n a s a  languag e tas k i n Navaj o whil e 
the y assum e al l  situation s involvin g Englis h ar e languag e task s becaus e o f 
habitualize d classroo m experience . 

Sinc e th e preferenc e fo r  verba l  strategie s wa s unrelate d t o th e siz e o f  th e lef t 
hemispher e lateralization ,  an d ther e i s n o positiv e correlatio n betwee n result s o n 
dichoti c listenin g an d verba l  cognitiv e styl e preference ,  th e curren t  finding s woul d 
suppor t  th e notio n tha t  dichoti c asymmetr y i s a n inde x o f  differentia l  hemispher e us e 
withou t  structura l  implication s o f  function .  Additionally ,  sinc e asymmetr y di d no t 
increas e significantl y wit h increasin g age ,  result s suppor t  earlie r  studie s tha t  argu e 
fo r  th e existenc e i n infanc y o f  hemispheri c specializatio n an d stabilit y  o f 
lateralizatio n acros s ages.^ ^ 

No se x difference s o n lateralization ,  cognitiv e style ,  o r  readin g achievemen t 
wer e eviden t  fo r  th e bilingua l  student s althoug h previou s studie s hav e generall y 
reporte d greate r  verba l  preferenc e an d advance d readin g score s fo r  girl s an d 
frequentl y stronge r  righ t  ea r  advantage s fo r  boys .  I t  i s  speculate d tha t  th e Englis h 
languag e barrier ,  Navaj o cultura l  expectations ,  an d th e facto r  o f  minorit y grou p 
membershi p ten d t o overrid e se x differences . 

The pivota l  variable ,  preferre d cognitiv e strategy ,  wa s foun d t o relat e t o 
readin g performance .  Preferenc e fo r  a  verba l  approac h o n bot h th e visua l  an d auditor y 
cognitiv e mod e test s i s associate d wit h bette r  readin g an d th e associatio n i s 
maintaine d whe n effect s o f  abilit y  an d ag e ar e eliminated .  Capla n an d Kinsbourn e 
sugges t  tha t  performanc e i s improve d whe n tas k demand s an d cognitiv e bia s ar e 
concordant .  Therefore ,  a  chil d wh o typicall y choose s verba l  strategie s wil l  mor e 
easil y gras p th e natur e o f  th e "readin g code."1 3 
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