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Modifyin g Previously-Use d Plan s t o Fi t  N e w Situation s 

Roy M .  Turne r 

Schoo l  o f  Informatio n an d Compute r  Scienc e 

Georgi a Institut e o f  Technolog y 

Abstract 

Re-uting plana that were created for one situation to solve a new problem is often more efficient 

tha n creatin g a  ne w pla n fro m scratc h (e.g. ,  [Fike s e t  a/ ,  1972 ]  an d [Carbonell ,  1986] .  However , 

a pla n tha t  wa s create d fo r  on e proble m ma y no t  exactl y fit  a  ne w situation ;  i n tha t  case ,  i t 

wil l  hav e t o b e modified .  Ther e ar e tw o majo r  problen u wit h re-usin g plans :  (1 )  decidin g 

whethe r  t o modif y a  plan ,  us e i t  a s is ,  o r  discar d it ;  an d (2 )  modifyin g th e pla n efficiently . 

Our  solutio n t o thes e problem s i s t o stor e informatio n wit h pla n precondition s t o guid e th e 

planne r  durin g pla n application .  Ou r  approac h i s nove l  i n tw o ways .  First ,  w e hav e identifie d 

a typ e o f  precondition ,  calle d a  Bexibl e precondition ,  tha t  ha s informatio n associate d wit h i t 

tha t  help s th e planne r  decid e whethe r  o r  no t  t o modif y th e pla n shoul d th e preconditio n b e 

violated .  Second ,  ou r  precondition s contai n informatio n (derive d fro m pas t  experienc e usin g 

th e plan )  tha t  provide s heuristic s fo r  chioigin g th e pla n s o tha t  th e offendin g preconditio n 

i s eithe r  n o longe r  violate d o r  n o longe r  necessary .  B y usin g thi s approach ,  oti r  planne r  ca n 

quickl y determin e whethe r  o r  no t  t o modif y a  plan ,  the n efficientl y perfor m th e modification . 

Our  wor k i s implemente d i n th e Consumer-Adviso r  Syste m (CAS )  [Kolodne r  an d Cullingford , 

1986 ;  Turner ,  1986 ;  Turner ,  i n press] ,  a  common-sens e advice-givin g program . 

1.0 Introduction 

When a  proble m i s presente d t o a  planner ,  i t  ha s on e o f  tw o choices :  i t  ca n attemp t  t o formulat e a  ne w pla n t o 

solv e th e proble m b y combinin g operator s from  it s repertoire ;  o r  i t  ca n recal l  an d us e a  pla n tha t  wa s formulate d 

t o solv e a  proble m i n th e past . 

A difficult y wit h re-usin g a  plan ,  however ,  i s tha t  th e proble m fo r  whic h th e pla n wa s originall y constructe d 

may b e onl y simila r  t o th e curren t  proble m an d no t  identical .  Som e goal s i n th e ne w proble m ma y no t  b e me t  b y 

th e expecte d result s o f  th e plan ,  fo r  example ,  o r  on e o r  mor e o f  th e plan' s precondition s ma y b e violated .  I n thi s 

case ,  th e planne r  ca n d o on e o f  severa l  things .  I t  ca n discar d th e pla n immediately .  Thi s i s unattractive ,  however , 
sinc e th e pla n represent s previou s plannin g experienc e tha t  shoul d no t  b e wasted .  Th e planne r  ca n perfor m 

additiona l  plannin g i n orde r  t o satisf y th e violate d preconditions ,  th e traditiona l  approac h t o preconditio n 

violations .  Thi s ca n b e arbitraril y  hard ,  however ,  an d make s sens e onl y whe n i t  i s  easie r  tha n modifyin g th e 

plan .  Th e thir d alternativ e availabl e t o a  planne r  i s t o us e th e pla n "a s is" .  Unles s th e planne r  ca n predic t 

th e outcom e o f  doin g this ,  however ,  a  goo d solutio n i s unlikely ;  an d predictin g th e outcom e usuall y involve s 

simulatio n o f  th e plan ,  whic h i s costl y i n term s o f  time .  A  bette r  solutio n tha n al l  o f  these ,  especiall y whe n th e 

recalle d pla n almos t  fits  th e curren t  problem ,  i s t o modif y th e plan . 

Ther e ar e tw o majo r  problem s t o b e deal t  wit h i n pla n modification :  (1 )  decidin g whethe r  t o modif y th e 
pla n a t  all ,  o r  instea d t o us e i t  "a s is *  o r  t o discar d it ;  an d (2 )  modifyin g th e pla n efficiently .  Ou r  solutio n 

t o bot h o f  thes e problem s i s t o stor e plannin g informatio n wit h a  plan' s preconditions .  Thi s approac h i s nove l 

i n tw o ways .  First ,  no t  al l  o f  ou r  precondition s ar e criteri a tha t  mus t  b e satisfie d i n orde r  fo r  a  pla n t o b e 

applied .  Som e preconditions ,  calle d Bexibl e preconditions ,  hav e informatio n associate d wit h the m tha t  allow s 

th e planne r  t o determin e wha t  th e outcom e o f  applyin g th e pla n woul d b e shoul d th e violate d preconditio n b e 

ignored .  Second ,  al l  o f  ou r  precondition s hav e directive s store d wit h the m tha t  provid e heuristic s t o th e planne r 

t o guid e i t  durin g pla n modification . 

Our  approac h i s implemente d a s par t  o f  th e Consumer-Adviso r  Syste m (CAS )  [Kolodne r  an d Cullingford , 

1986 ;  Turner ,  1986 ;  Turner ,  i n press] ,  a  common-sens e advice-givin g progra m whos e domai n i s consume r  products . 

I n thi s paper ,  w e first  giv e a  brie f  overvie w o f  CAS ,  the n discus s ou r  metho d o f  pla n modification . 



3. 0 T h e Consumer-Adviso r  Syste m 

C AS i s a  common-sens e advice-givin g program .  I t  give s advic e abou t  acquirin g consume r  products ,  suc h a s 

furnitur e an d bookshelves .  It s primar y problem-solvin g strateg y i s pla n instantiation :  i t  recall s a  previou s plan , 

the n attempt s t o fit  i t  t o th e curren t  problem . 

C AS use s severa l  concurren t  processe s t o perfor m it s tasks .  A  dynami c memor y [Schank ,  1982 ;  Kolodner , 

1984 ]  constantl y trie s t o remembe r  plan s an d othe r  informatio n pertinen t  t o th e curren t  proble m situation ;  whe n 

i t  i s  reminde d o f  something ,  i t  notifie s th e planner .  Th e planne r  i s a  separat e proces s tha t  ca n opportunisticall y 

use informatio n from  reminding s t o influenc e it s problem-solvin g behavior .  I f  th e remindin g i s o f  a  previously -

use d plan ,  th e planne r  attempt s t o appl y i t  t o th e curren t  problem ,  i f  possible .  I f  th e pla n i s a  clos e fit,  bu t 

th e curren t  situatio n violate s som e o f  it s preconditions ,  th e planne r  use s informatio n store d wit h th e plan' s 

precondition s i n a n attemp t  t o modif y th e pla n t o fit  th e situation . 

Befor e describin g ou r  approac h t o pla n modification ,  w e presen t  a n exampl e o f  C A S '  problem-solvin g be -

havio r  t o illustrat e th e process .  Th e proble m presente d t o C A S wa s th e following : 

I want to buy some bookshelves for my study at home. I am a student, so I can't spend much. 

W h at  kin d o f  bookshelve s shoul d I  buy ? 

We wil l  begi n a t  th e poin t  i n C A S '  proble m solvin g whe n th e memor y return s a  pla n t o buil d woode n objects , 

B U I L D - W O O D E N - O B J E C TS (Figur e 1) ;  fo r  a  mor e complet e exampl e o f  C A S '  behavior ,  se e [Turner ,  i n press] . 

The planne r  first  notifie s th e use r  tha t  i t  ha s bee n reminde d (b y th e memory )  o f  a  pla n fo r  buildin g woode n 

object s (Figur e 1) : 

I am reminded of plan (BUILD-WOODEN-OBJECT). the plan "building wooden objects". 

The planne r  nex t  trie s t o determine ,  b y matchin g goal s o f  th e proble m wit h result s o f  th e plan ,  whethe r  o r  no t 

th e pla n i s potentiall y  applicabl e t o th e curren t  problem : 

Determinin g I f  pla n I s applicable.. . 

Plan's results meet all of problem's major goals...plan is applicable. 

The planne r  no w examine s th e plan' s precondition s i n ligh t  o f  th e curren t  situation : 

Examinin g precondition s o f  (BU ILD-WOODEN-OBJECT) . . . 

Ther e ar e severa l  precondition s fo r  th e plan :  th e use r  shoul d hav e carpentr y skill ,  th e use r  shoul d kno w ho w 

t o desig n th e objec t  t o b e built ,  an d th e use r  shoul d kno w wher e t o ge t  th e material s fro m whic h t o buil d th e 

object .  C A S know s ver y littl e abou t  th e use r  a t  thi s point ,  othe r  tha n tha t  h e i s a  studen t  an d can' t  spen d muc h 

money.  I n orde r  t o determin e i f  th e precondition s ar e met ,  i t  mus t  as k th e user. ^ 

"  D o yo u hav e carpentr y skill? " 

The use r  respond s negatively . 

I f  "yo u d o no t  hav e carpentr y skill" ,  the n "objec t  t o b e buil t  wil l  b e o f  poo r  quality" . 

Is this acceptable? 

Again ,  th e use r  respond s negatively .  Th e planne r  the n trie s t o modif y th e pla n t o eliminat e th e nee d fo r  th e 

precondition : 

Modifyin g plan.. . 

The planne r  use s th e first  piec e o f  informatio n store d wit h th e preconditio n t o attemp t  t o modif y th e plan . 

Thi s i s a  directiv e t o replac e th e assembl y ste p wit h a  ne w step ,  gettin g someon e els e t o assembl e the m fo r  th e 

user : 

...trying directive "(rREPLACE ?ASSEMBLE ?USE-AGENT-ASSEMBLE)"... 

The ne w ste p als o ha s precondition s tha t  mus t  b e satisfied : 

"Do you know anyone who can perform plan "ASSEMBLE" for you?" 

Th« question s t o th e use r  are ,  a t  th e moment  an d fo r  th e purpoie i  o f  thi i  example ,  canne d text . 



name:  "buildin g woode n objects " 

actors :  ?a l 

props :  ?objec t  ?material s 

goals :  ?acquir e 

actions :  ?desig n ?get-material s ?assenfibl e 

preconditions :  ?pc-carpentry-skil l  ?pc-have-design-knowledg e ?pc-know-sources-mat l 

results :  ?have-objec t 

Variables: 

al: uatANIMAL 

object :  is a tARTIFAC T 

materials :  is a jSE T 

type :  jPOB J ;;physica l  object s 

acquire :  is a TAGOAL ;;achievemen t  goa l  [Schan k an d Abelson ,  1977 } 
actor :  ?a l 

state :  is a tPOSSESSIO N 

actor :  ?a l 

object :  ?objec t 

mode:  po s 

design :  is a tINSTANC E 

structure :  tDESIGN-PLA N 

bindings :  ((acto r  .  al )  (objec t  .  object) ) 

get-materials :  is a j INSTANC E 

structure :  TGET-OBJECTS-PLA N 

bindings :  ((acto r  .  al )  (object s .  materials) ) 

assemble :  is a TINSTANC E 

structure :  jASSEMBL E 

bindings :  ((acto r  .  al )  (objec t  .  object ) 

(material s .  materials) ) 

pc-carpentry-skill :  is a tPRECONDITIO N 

state :  fS-CARPENTRY-SKIL L 

reason :  ?assembl e 

if-violated :  tS-DECREASED-QUALITY l 

fix :  (o r  (:replac e ?assembl e ?use-agent-assemble ) 

(:ad d ?learn-carpentr y (?assembl e before) ) 

(:replac e ?assembl e ?assemble-with-book ) 

Figur e 2 :  A  portio n o f  th e pla n BUILD-WOODEN-OBJECT.  Symbol s o f  th e for m •?iiame "  ar e variables ,  referrin g 

t o othe r  slot s i n th e frame ;  thos e o f  th e for m fnam e represen t  pointer s t o othe r  frames. 

If the user does, then the planner performs the replacement: 

Replacing ASSEMBLE ('asfemble object "BOOKSHELF"") with USE-AGENT-ASSEMBLE ("use 

•gen t  t o assembl e " B O O K S H E L F " " ) . 

Ther e ar e othe r  precondition s t o b e satisfied .  Assumin g tha t  th e use r  know s wher e t o ge t  th e material s fo r 

buildin g bookshelves ,  bu t  doe s no t  kno w ho w t o desig n them ,  th e complete d pla n woul d loo k lik e tha t  show n i n 



Figur e 2 :  find  a  desig n fo r  bookshelve s i n a  book ,  ge t  th e materia l  required ,  the n hav e someon e assembl e th e 
bookshelves . 

Origina l  Plan : 

D E S I GN 
V 

G E T - M A T E R I A LS 

U S E - B O O K - D E S I GN 

^ 

A S S E M B LE 

U S E - A G E N T - A S S E M B LE 

n a g afte r  mo<>tfi^tion : 

I  U S E - B O O K - D E S I G N I  » |  G E T - M A T E R I A L S ^ - ^ f ^ S E - A G E N T - A S S E M B L E 

Figur e 2 :  Exampl e o f  pla n modification . 

In the remainder of this paper, we will discuss the knowledge CAS uses to produce this behavior and where 

tha t  knowledg e come s from. 

8.0 Plan Structure and Origin 

Befor e explainin g th e pla n modificatio n process ,  w e nee d t o explai n th e structur e o f  plans .  Reca U tha t  th e plan s 

tha t  ge t  modifie d wer e derive d from  experience .  Tha t  is ,  smal l  pla n step s wer e pu t  togethe r  i n th e pas t  t o 

successfull y solv e a  problem .  A s i n STRIP S [Fike s e t  aJ ,  1972] ,  thos e specifi c  plan s ar e generalise d t o creat e a 

pla n skeleton. ^  I t  i s thes e pla n skeleton s tha t  ar e modifie d an d instantiate d t o creat e a  solutio n t o a  ne w problem . 

The pla n skeleton s (t o b e calle d plan s from  no w on )  contai n pla n step s (arrange d hierarchically ,  sinc e eac h ste p 

ca n itsel f  b e a  plan )  an d pla n preconditions .  Fo r  example .  Figur e 1  show s a  pla n fo r  buildin g woode n object s tha t 

has thre e step s ("design" ,  *get-materials" ,  an d "assemble" )  an d thre e precondition s ("pc-have-carpentry-skill" , 

*pc-have-design-knowledge" ,  an d "pc-know-sources-matl") .  Eac h ste p i n th e pla n i s itsel f  a  plan ,  wit h step s an d 

precondition s o f  it s own .  Precondition s from  th e step s ar e used ,  i n part ,  t o deriv e th e precondition s o f  th e entir e 

pla n (se e [Turner ,  i n press ]  fo r  mor e details) . 

As a  pla n get s use d severa l  times ,  informatio n abou t  precondition s get s update d (e.g. ,  th e planne r  ma y 

lea m tha t  th e preconditio n o f  havin g carpentr y skil l  ca n b e ignore d i f  th e use r  o f  th e pla n doesn' t  car e abou t  th e 

qualit y o f  th e objec t  bein g built )  an d new ,  mor e specifi c  plan s ar e derived .  Plan s ar e indexe d suc h tha t  durin g 

pla n retrieva l  th e mos t  specifi c  applicabl e pla n ca n b e found .  I n addition ,  informatio n abou t  th e modification s t o 

th e pla n whic h yielde d ne w plan s i s generalise d an d store d wit h th e ol d plan' s preconditions .  Thi s informatio n 

ca n b e use d i n th e futur e t o modif y th e pla n fo r  ne w problems . 

The followin g section s discus s th e conten t  an d us e o f  th e informatio n associate d wit h pla n preconditions . 

Explainin g thi a proce M i a beyon d th e ccop e o f  thi a paper .  Se e [IVimer ,  i n preaa ]  fo r  mor e detaila . 



4. 0 Pla n Modificatio n Directive s 

W h en a  planne r  decide s t o modif y a  plan ,  i t  mut t  determin e th e bes t  wa y mak e th e pla n fit  th e curren t  problem . 

Accordin g t o ou r  model ,  knowledg e associate d wit h precondition s o f  th e pla n i a use d t o modif y i t  fo r  th e ne w 

situation . 

C A S'  precondition s hav e information ,  calle d directives ,  associate d wit h the m tha t  provid e suggestion s abou t 

ho w t o modif y th e plan .  Fo r  example ,  th e preconditio n PC-CARPENTRY-SKIL L o f  th e pla n BUILD-WOODEN-

O B J E CT (Figur e 1 )  contain s thre e heuristics :  (1 )  replac e th e ste p "assemble "  wit h a  pla n t o us e a n agen t  (i.e. , 

a pla n t o hav e someon e els e assembl e th e object) ;  (2 )  ad d a  pla n t o lear n carpentr y befor e th e ste p t o assembl e 

th e object ;  an d (3 )  replac e th e assembl y ste p wit h a  pla n t o assembl e th e objec t  usin g informatio n from a  book . 

The slo t  "fix "  hold s thi s information. '  Whe n a  particula r  preconditio n i s violated ,  "fix "  heuristic s associate d 

wit h i t  ar e use d b y th e planne r  a s i t  modifie s th e plan . 

Preconditions ,  whe n violated ,  ca n requir e strategi c change s t o a  plan ,  i.e. ,  change s tha t  affec t  th e plan' s 

overal l  strategy .  Suc h change s resul t  i n a  pla n tha t  n o longe r  require s th e violate d precondition ,  o r  on e i n 

whic h th e preconditio n i s achieve d a s par t  o f  th e plan .  A n exampl e o f  thi s ca n b e see n i n Figur e 1 .  Th e 

preconditio n PC-CARPENTRY-SKIL L call s fo r  (vi a on e o f  it s  directives )  addin g a  ste p t o lear n som e carpentr y 

skill s  befor e applyin g th e existin g "assemble "  ste p o f  th e plan .  Sinc e th e preconditio n ha s a s it s sourc e th e 
"assemble "  step ,  i t  wil l  b e no t  b e violate d b y th e ne w pla n (i.e. ,  th e use r  wil l  hav e carpentr y skil l  b y th e tim e h e 

applie s th e "assemble "  step)—indeed ,  i t  wil l  n o longe r  b e neede d a s a  preconditio n o f  th e ne w pla n an d ca n b e 

discarded .  Violate d precondition s ca n als o requir e onl y tactical ,  o r  local ,  change s t o a  plan ,  usuall y replacemen t 

or  modicatio n o f  on e ste p i n th e plan .  Th e preconditio n PC-CARPENTRY-SKIL L als o contain s a n exampl e o f 

this :  on e o f  it s  directive s call s fo r  th e replacemen t  o f  th e "assemble "  ste p b y a  ne w pla n tha t  wil l  us e anothe r 

agent  t o assembl e th e object . 

We hav e identifie d thre e type s o f  strategi c directive s an d tw o type s o f  tactica l  directive s fo r  changin g a  plan . 

4.1 Strategic Plan Modification 

A strategi c chang e t o a  pla n i s on e tha t  affect s th e overal l  strateg y use d b y th e plan .  Example s o f  thi s ar e addin g 

a step ,  deletin g a  step ,  o r  re-orderin g steps . 

Addin g a  ste p t o a  plan .  Suppos e th e pla n BUILD-WOODEN-OBJECT i s t o b e use d b y someon e wh o 

doesn' t  kno w anythin g abou t  carpentry ;  a  preconditio n i s violated .  On e thin g tha t  ca n b e don e i s t o hav e th e 

user  lear n carpentry ,  the n ran  th e plan .  Thi s i s no t  a  ver y goo d idea ,  however ,  sinc e learnin g al l  o f  carpentr y 

can tak e a  lon g time ;  th e use r  onl y need s a  smal l  subse t  o f  tha t  informatio n t o ru n th e plan .  A  bette r  approac h 

i s t o ad d a  ste p t o th e pla n t o lear n wha t  i s neede d jus t  befor e th e informatio n i s actuall y needed ;  tha t  is ,  jus t 

befor e th e "assemble "  ste p o f  th e plan .  Suppos e th e planne r  decides ,  base d o n recursiv e planning ,  tha t  thi s i s  a 

good modificatio n t o th e plan .  Thi s informatio n ca n b e adde d t o th e preconditio n i n th e for m o f  th e followin g 

directive : 

(:ad d new-ste p sid e old-step ) 

whic h direct s th e planne r  t o ad d a  ne w ste p describe d b y new-ste p t o th e pla n befor e o r  afte r  (dependin g o n th e 

valu e o f  side )  th e ol d pla n ste p describe d b y old-step .  Whe n solvin g a  late r  proble m i n whic h i t  wa s reminde d o f 

thi s pla n an d th e sam e preconditio n wa s violated ,  th e planne r  woul d no t  hav e t o modif y th e pla n fro m scratch , 

but  rathe r  coul d us e thi s directiv e t o quickl y patc h th e pla n fo r  th e ne w situation . 

Deletin g a  ste p firom  th e plan .  Anothe r  strategi c directiv e specifie s tha t  i n orde r  t o eliminat e th e nee d 

fo r  a  precondition ,  a  ste p shoul d b e delete d fro m th e plan .  Thi s i s specifie d b y th e following : 

(rdelet e old-step ) 

wher e old-ste p describe s a  ste p currentl y calle d fo r  b y th e plan .  A n exampl e o f  a  cas e i n whic h thi s woul d b e 

usefu l  i s  th e following .  Suppos e a  pla n fo r  makin g chil i  co n carn e ha s a  preconditio n tha t  non e o f  th e peopl e wh o 

wil l  ea t  th e chil i  ar e vegetarians .  T o modif y th e pla n i n respons e t o a  violatio n o f  thi s precondition ,  th e ste p o f 

addin g mea t  ca n b e eliminate d from  th e plan .  Thi s ca n b e represente d b y a  rdelet e directive . 

3 Thi s informatio n can ,  i n principle ,  com e fro m tw o experientia l  source s (thoug h s o fa r  i n CA S i t  i s  buil t  in) .  Th e firs t 

source ,  mentione d above ,  i s previou s modification s o f  th e plan .  Th e secon d sourc e i s observation s o f  other s usin g th e plan . 

A progra m tha t  coul d watc h a  perso n an d lear n fro m it s observation s (o r  tha t  coul d b e tol d abou t  a  person' s behavior ) 

coul d us e a n episod e o f  a  perso n modifyin g a  pla n i n respons e t o a  preconditio n violatio n t o lear n informatio n t o ad d t o 

th e plan . 



Re-orderin g step s i n a  plan .  Th e thir d typ e o f  strategi c directiv e call s fo r  changin g th e orde r  o f  step s 

i n a  plan .  A n exampl e o f  whe n thi s i s appropriat e i s th e following .  Suppose ,  fo r  example ,  tha t  instea d o f  havin g 

one ste p fo r  designin g th e objec t  t o b e built ,  ou r  pla n fo r  buildin g woode n object s ha d tw o steps :  choos e th e 

wood an d the n selec t  th e configuration .  I t  make s sens e fo r  thes e step s t o b e performe d i n thi s orde r  i f  aesthetic s 

ar e mor e importan t  tha n th e functio n o f  th e object ,  sinc e th e choic e o f  th e woo d constrain s th e configuratio n 

(e.g. ,  thi n cherr y woul d nee d a  grea t  dea l  o f  structura l  support) .  However ,  i f  functio n i s mor e importan t  tha n 

aesthetics ,  th e step s shoul d b e ru n i n th e revers e order :  choos e a n optima l  design ,  the n selec t  a  woo d tha t  ca n 

be use d i n th e design .  On e wa y thes e alternative s ca n b e represente d i n a  singl e pla n i s t o hav e a  preconditio n 

whose criteri a fo r  satisfactio n is :  "aestheti c consideration s ar e mor e importan t  tha n functiona l  considerations" . 

Associate d wit h thi s preconditio n woul d b e a  directiv e t o revers e th e orde r  o f  th e tw o step s shoul d th e conditio n 

be violated . 

4.2 Tactical Plan Modification 

Tactica i  pla n modificatio n involve s changin g a  singl e ste p i n a  pla n withou t  affectin g th e overal l  strateg y o f  th e 

plan .  Ebcample s o f  thi s ar e replacin g on e ste p wit h anothe r  ste p (tha t  doesn' t  impac t  th e remainin g step s i n th e 

plan) ,  an d changin g a  ste p withi n a  ste p o f  th e plan . 

Replacin g a  step .  W e sa w a n exampl e o f  thi s typ e o f  tactica l  pla n modificatio n i n ou r  exampl e above , 

when th e planne r  substitute d th e pla n o f  gettin g someon e els e t o assembl e th e bookshelve s fo r  th e ste p o f  havin g 

th e use r  assembl e the m himself .  Th e directiv e t o specif y ste p replacemen t  look s like : 

(:replac e old-ste p new-step ) 

wher e old-ste p i s a  descriptio n o f  th e ste p t o b e replaced ,  an d new-ste p describe s a  pla n o r  a n actio n t o us e a s 

th e replacement .  Althoug h replacemen t  coul d b e accomplishe d b y doin g a n additio n an d the n a  deletion ,  w e us e 

a singl e directiv e t o specif y th e change .  Thi s simplifie s th e proces s o f  modifyin g th e pla n (i.e. ,  onl y on e directive , 

not  two ,  need s t o b e followed) ,  an d i s conceptuall y muc h clearer . 

Modifyin g a  step .  Precondition s o f  a  pla n ca n als o direc t  a n interna l  chang e t o b e mad e t o on e o f  th e 

plan' s steps .  Fo r  example ,  suppos e th e "get-materials "  ste p i n th e pla n fo r  buildin g a  woode n objec t  ha s a  ste p 

of  drivin g fro m stor e t o store .  I f  th e use r  doesn' t  hav e a  car ,  thi s ste p mus t  b e change d t o substitut e a n alternat e 

for m o f  transportation ,  bu t  th e res t  o f  th e step ,  an d th e othe r  step s i n th e plan ,  shoul d b e lef t  th e same .  Th e 

for m o f  a  directiv e t o specif y thi s woul d be : 

(:  modif y ste p directive ) 

wher e ste p i s th e ste p t o b e modifie d an d directiv e i s a  directive ,  eithe r  strategi c o r  tactical ,  decribin g th e 

modificatio n t o b e made . 

4.3 Specifying More than One Change 

A violate d preconditio n ca n specif y mor e tha n on e chang e t o b e mad e t o a  pla n i n orde r  t o eliminat e th e violation . 

Thi s i s don e b y directive s tha t  ar e boolea n ("and "  an d "or "  only )  combination s o f  othe r  directives .  Fo r  example , 

a directiv e t o eithe r  replac e th e assembl y ste p wit h a  pla n fo r  gettin g a  neighbo r  t o hel p o r  addin g a  ste p t o 

lear n carpentr y woul d loo k like : 

(:or 

('.replac e (descriptio n o f  assembl y step ) 

(descriptio n o f  th e replacement) ) 

(:ad d (descriptio n o f  learnin g carpentry ) 

:  befor e 

(descriptio n o f  assembl y step) ) 

) 

An example of a compound directive can be seen in Figure 1. 



5. 0 Absolut e an d Flexibl e Precondition s 

Researche n workin g o n proble m solvin g hav e traditionall y treate d precondition s a s condition s tha t  mus t  b e 

met  befor e usin g a  pla m o r  doin g a  pla n step .  Som e condition s o n a  pla n o r  pla n step ,  however ,  affec t  th e 

degre e o f  succes s o f  th e pla n rathe r  tha n it s absolut e success .  Lac k o f  c<upentr y skill ,  fo r  example ,  wil l  preclud e 

th e complet e succes s o f  th e BUILD-WOODEN-OBJECT plan ,  bu t  wil l  no t  preven t  i t  bein g applie d wit h limite d 

success—th e qualit y  o f  th e objec t  buil t  wil l  no t  b e a s good .  W e distinguis h betwee n precondition s (calle d ab«oiut e 

preconditiona )  tha t  mus t  b e me t  an d thos e (calle d Bexibl e preconditions )  tha t  nee d t o b e me t  onl y fo r  perfec t 

results .  C A S use s eac h differentl y durin g pla n modification . 

Flexibl e precondition s *  hav e informatio n associate d wit h the m tha t  predict s th e likel y outcom e shoul d 

the y b e violate d an d th e pla n applie d anyway .  A n exampl e o f  a  flexible  preconditio n ca n b e see n i n Figur e 1 . 

PC-CARPENTRY-SKILL state s tha t  th e use r  shoul d hav e carpentr y skil l  i n orde r  t o appl y th e plan .  I f  h e doesn't , 

th e pla n ca n stil l  b e applied ,  bu t  th e resul t  wil l  no t  b e a s nice .  Flexibl e precondition s allo w th e planne r  t o mak e 

judgement s abou t  whethe r  t o modif y a  pla n t o fit  th e curren t  proble m o r  t o ignor e th e violate d preconditio n 

and appl y th e pla n 'a s is* .  Absolut e preconditions ,  o n th e othe r  hand ,  hav e n o suc h information ,  an d n o suc h 

decision s nee d b e mad e abou t  them .  I f  the y ar e violated ,  th e pla n simpl y canno t  b e use d a s is .  Usin g i t  require s 

modification s tha t  eithe r  mak e th e preconditio n unnecessar y o r  achiev e it . 

C AS recognise s a  preconditio n a s flexible  i f  i t  ha s knowledg e associate d wit h i t  abou t  th e result s o f  it s viola -

tio n (hel d i n a n "if-vioiated "  slot) .  Thi s informatio n i s use d t o decid e whethe r  o r  no t  t o ignor e th e precondition' s 

violation .  Knowledg e abou t  preconditio n violatio n take s th e for m o f  a  stat e tha t  wil l  resul t  i f  th e pla n i s applie d 

and th e preconditio n i s violated .  Th e knowledg e associate d wit h th e preconditio n PC-CARPENTRY-SKIL L (Fig -

ur e 1) ,  fo r  example ,  indicate s tha t  i f  th e perso n applyin g th e pla n lack s carpentr y skill ,  th e qualit y o f  th e objec t 

buil t  wil l  b e poor . 

The informatio n i n th e "if-violated "  slot ,  lik e al l  preconditio n information ,  ca n b e derive d from  pas t  expe -

rienc e usin g th e plan ,  thoug h s o fa r  i n C A S w e hav e buil t  i t  int o ou r  plans .  W h e n a  pla n i s first  formulated , 

it s precondition s ar e derive d fro m th e precondition s o f  it s step s an d initiall y  hav e n o informatio n indicatin g th e 

effec t  o f  violatin g them .  A s th e pla n i s use d an d it s precondition s ar e violated ,  however ,  informatio n i s adde d t o 

th e precondition s describin g th e resul t  o f  thei r  violation .  Thi s informatio n ca n com e fro m simulatin g th e plan , 

or  i t  ca n com e from  th e planne r  decidin g t o ignor e th e precondition ,  the n recordin g th e effects . 

Althoug h no t  ye t  completel y implemente d i n C A S ,  flexible  precondition s serv e severa l  purposes .  Informatio n 

i n th e *if-violated "  slo t  o f  a  preconditio n ca n b e use d i n combinatio n wit h a  use r  mode l  t o decid e whe n t o attemp t 

t o modif y a  preconditio n an d whe n t o ignor e a  violatio n entirely .  Thi s wil l  allo w C A S t o predic t  th e outcom e 

of  applyin g a  fault y pla n withou t  needin g t o simulat e it .  Knowledg e associate d wit h flexible  precondition s als o 

allo w a  planne r  t o selec t  an d appl y th e bes t  pla n fro m a  se t  o f  les s tha n optima l  plan s whe n tha t  i s al l  tha t  i s 

available ;  wit h traditiona l  (absolute )  preconditions ,  n o pla n coul d b e chosen . 

6.0 Using Preconditions in Plan Modification 

When C A S '  planne r  i s presente d wit h a  plan ,  i t  examine s th e expecte d result s an d compare s the m t o th e goal s 
of  th e curren t  problem .  I f  th e result s satisf y al l  o f  th e majo r  goal s i n th e problem ,  the n th e pla n i s deeme d 

applicable ,  an d th e precondition s o f  th e pla n ar e checke d t o determin e i f  ther e ar e an y violations . 

I f  a  flexible  preconditio n i s violated ,  th e planne r  trie s t o determin e i f  th e violatio n ca n b e ignored .  A t  th e 

moment,  th e wa y i t  doe s thi s i s t o as k th e use r  i f  th e resul t  o f  violatin g th e preconditio n i s acceptable .  Anothe r 

way t o d o thi s i s t o us e a  mode l  o f  th e use r  t o hel p i t  decid e whethe r  o r  no t  a  resul t  i s acceptable .  I f  th e resul t  o f 

ignorin g th e violatio n i s acceptable ,  the n th e planne r  consider s th e nex t  precondition ;  otherwise ,  i t  attempt s t o 

modif y th e plan ,  usin g an y directive s associate d wit h th e precondition .  I f  a n absolut e preconditio n i s violated , 

th e planne r  assume s tha t  th e pla n canno t  b e ru n i f  th e violatio n occur s an d immediatel y attempt s t o modif y th e 

plan . 

Once th e planne r  decide s t o modif y th e pla n becaus e o f  a  preconditio n violation ,  i t  examine s th e directive s 

store d wit h th e precondition .  Th e directive s ar e no t  currentl y store d i n an y particula r  order .  I f  ther e i s onl y on e 

directive ,  i t  i s  applied .  I f  ther e ar e mor e tha n one ,  the y ar e trie d i n orde r  unti l  on e i s foun d tha t  i s acceptable . 

A directiv e i s acceptabl e i f  th e chang e i t  suggest s i s possibl e an d acceptabl e t o th e user . 

Calle d "relativ e precondition! *  previouil y [Turner ,  1986] . 



T. O Relate d W o r k 

Re-usin g plaui s i s no t  a  ne w idea ;  fo r  example ,  STRIP S [Fike s e t  a/ ,  1972 ]  store d plan s i t  create d i n structure s 

calle d M A C R O PS fo r  late r  use .  No r  i s th e ide a o f  pla n modificatio n itsel f  new .  M A C R O PS wer e modifie d b y 

variabl e substitution— a proces s Carbonel l  [1983 ]  call s "transformationa l  analogy"—an d piece s o f  th e M A C R OP 

coul d b e use d i f  th e entir e thin g wa s no t  needed .  Thi s typ e o f  modificatio n i s rathe r  trivia l  an d no t  ver y flexible. 

For  instance ,  i f  a  M A C R OP o r  piec e o f  a  M A C R OP wa s selecte d t o solv e a  ne w problem ,  th e structur e wa s 

applie d "a s is*, ^  wit h n o change s t o th e structur e allowed . 

Carbonel l  [1986 ]  propose d anothe r  for m o f  reasonin g b y analog y t o a  previou s problem ,  calle d derivatiom J 

analogy .  Thi s wor k i s closel y relate d t o ou r  own ,  a s w e bot h rel y o n previou s reasonin g t o guid e pla n modification . 

Yet  ther e ar e importan t  differences .  Carbonell' s  approac h involve s steppin g throug h th e reasonin g tha t  wa s don e 

i n creatin g a  pla n fo r  a  previou s situation ,  noticin g problem s wit h respec t  t o th e curren t  problem ,  an d fixing 

them .  Ou r  approach ,  however ,  relie s o n compile d informatio n i n th e precondition s t o immediatel y aler t  th e 

planne r  t o potentia l  difficult y applyin g th e plan .  Th e planne r  ca n the n evaluat e th e severit y o f  th e problem — 

agai n usin g informatio n store d wit h th e preconditions—an d modif y th e plan .  Thi s i s a  mor e efficien t  approach , 

sinc e w e ar e no t  simulatin g plannin g tha t  wa s don e previously .  Anothe r  differenc e betwee n ou r  planne r  an d 

Carbonell' s  i s  tha t  our s i s hierarchical ,  an d hi s i s not . 

H a m m o nd [1984 ]  propose s usin g informatio n store d wit h tAemati c orgiini»a,tio n packets ,  o r  T O P s [Schank , 

1982] ,  t o patc h fault y plans .  T O P s represen t  plannin g informatio n a t  a  hig h leve l  o f  abstraction .  Fo r  example , 

a T O P migh t  sugges t  tha t  i n orde r  t o avoi d a  violatio n o f  a  goa l  b y som e pla n step ,  tha t  pla n ste p shoul d b e 

replace d o r  changed ;  however ,  additiona l  reasonin g woul d nee d t o b e don e t o decid e ho w t o replac e o r  chang e th e 

step .  W e us e T O P s i n C A S ,  too ,  bu t  hav e foun d tha t  i t  i s  advantageou s t o stor e informatio n abou t  modifyin g 

a specifi c  pla n wit h th e pla n itself .  Thi s allow s th e specifi c  information ,  i.e. ,  tha t  whic h pertain s specificall y t o 

th e plan ,  t o b e accessibl e immediatel y upo n recallin g th e plan ,  withou t  performin g an y additiona l  reasoning . 

Alterma n [1986 ]  ha s develope d a n adaptiv e planne r  tha t  ca n us e bot h specifi c  an d genera l  plan s t o solv e a 

ne w problem .  I f  th e specifi c  pla n fails ,  the n th e failin g ste p i s generalise d t o find a  representativ e categor y o f 

action ,  the n tha t  i s specialize d t o find a  ne w step .  Eac h tim e a  ste p fail s i n a  plan ,  thi s mus t  b e done .  Th e 

differenc e betwee n thi s approac h an d ou r  ow n i s tha t  w e avoi d th e generalisatio n an d specialisatio n procedur e 

by storin g compile d knowledg e abou t  previou s pla n modification s wit h th e preconditions .  Instea d o f  lookin g fo r 

an alternativ e step ,  C A S ca n immediatel y us e pas t  experienc e t o substitut e a  ste p tha t  worke d before . 

Schan k an d Abelso n [1977 ]  hav e divide d th e precondition s o f  thei r  planboxe s int o thre e types :  controllable , 

uncontrollable ,  an d mediating .  Controllabl e precondition s ar e thos e satisfiabl e b y operator s a  planne r  know s 

about .  Uncontrollabl e precondition s ar e thos e th e planne r  doesn' t  kno w ho w t o satisfy .  Mediatin g precondition s 

ar e thos e th e planne r  ca n satisf y b y usin g othe r  planboxe s fro m th e persuad e package .  Thi s wa s a  goo d star t  a t 

categorisin g precondition s b y ho w the y ca n b e satisfied .  However ,  th e proble m wit h thi s approac h i s tha t  i t  i s 

to o stati c fo r  us e b y a  planne r  tha t  learn s plan s ove r  time .  Precondition s tha t  ar e uncontrollabl e no w ma y b e 

controllabl e a t  som e futur e time ,  an d precondition s tha t  ar e satisfie d b y plan s simila r  t o thos e i n th e persuad e 

packag e ma y a t  som e late r  tim e b e satisfiabl e b y othe r  plans .  Thei r  approac h als o wa s no t  concerne d wit h pla n 

modification . 

8.0 Conclusion 

Re-usin g plan s ofte n involve s modifyin g the m t o fit  a  ne w situation .  Pla n modificatio n i s mad e easie r  b y usin g 

informatio n gaine d from  pas t  experienc e usin g th e plan .  Sinc e thi s informatio n usuall y relate s t o ho w th e pla n wa s 

modifie d i n respons e t o on e o r  mor e preconditio n violations ,  C A S take s th e approac h o f  storin g th e informatio n 

wit h th e precondition s themselves .  Th e planne r  ca n easil y acces s thi s informatio n whe n i t  need s i t  durin g th e 

proces s o f  modifyin g th e plan . 

Ther e ar e tw o importan t  feature s o f  ou r  approach .  First ,  som e precondition s ar e Bexibl e preconditions . 

Thes e contai n informatio n abou t  th e likel y resul t  o f  applyin g th e pla n i f  the y ar e violated .  Thi s informatio n 

allow s a  planne r  t o quickl y decid e whethe r  i t  shoul d attemp t  t o modif y th e pla n o r  simpl y ignor e th e offendin g 

precondition .  Sinc e relativ e precondition s d o no t  necessaril y  hav e t o b e satisfie d i n orde r  fo r  a  pla n t o b e applied . 

Unlc M ther e w u &  preconditio n violation ,  i n whic h cu e th e itructur e wa s applie d afte r  additiona l  plannin g t o ntee t  th e 

precondition* . 



the y als o hav e th e advantage ,  i n principle ,  o f  allowin g a  planne r  t o choos e th e bes t  pla n fro m amon g severa l 

plan s wit h violate d preconditions ,  i f  tha t  i s al l  tha t  i s  available . 

The secon d featur e o f  ou r  approac h i s tha t  precondition s contai n informatio n tha t  ca n b e use d b y th e planne r 

as heuristic s durin g pla n modification .  Thi s informatio n i s compile d fro m experienc e usin g th e plan ,  an d take s 

th e for m o f  plaoinin g directives—suggestion s t o th e planne r  base d o n wha t  ha s worke d before .  B y makin g us e o f 

thes e directives ,  th e planne r  ca n us e previou s experienc e t o allo w i t  t o efficientl y modif y a  plan . 
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Abstract ^ 

Description s o f  scientifi c  an d technica l  system s tak e a  numbe r  o f  differen t  forms .  Dependin g upo n th e 

purpos e o f  a  description ,  i t  ma y focu s o n a  system' s behavior ,  causaliiy ,  physica l  o r  functiona l  topology , 

or  structura l  composition .  A n analogica l  explanatio n use d t o teac h someon e abou t  suc h a  syste m i s als o 

typicall y geare d t o on e o r  anothe r  o f  thes e purposes .  I n thi s pape r  w e describ e som e researc h leadin g t o 

th e developmen t  o f  a  theor y o f  th e rol e o f  explanator y mode l  type s i n th e generatio n o f  analogica l 

mappings .  Th e wor k i s motivate d b y th e large r  questio n o f  ho w explanation s presente d a s analogie s ar e 

applie d b y student s learnin g abou t  ne w domains .  Ou r  lon g ter m goal s ar e (1 )  th e developmen t  o f  a 

theor y o f  purpose-guide d analogica l  learning ,  base d o n a  coheren t  taxonom y o f  menta l  mode l  types ,  an d 

(2 )  th e developmen t  o f  a  theor y o f  th e integratio n o f  partia l  menta l  model s durin g learning ,  usin g 

principle s fo r  relatin g differen t  explanator y mode l  types . 

1. Analogical Mapping of Different Explanation Types 

I n recen t  years ,  researcher s i n artificia l  intelligenc e an d cognitiv e psycholog y hav e begu n t o focu s 

more attentio n o n th e stud y o f  analogica l  reasonin g an d it s rol e i n learnin g an d proble m solving , 

particularl y i n scientifi c  an d technica l  domains .  A  numbe r  o f  thes e researcher s hav e independentl y 

converge d o n a  clas s o f  model s o f  analogica l  learnin g whic h stres s th e mappin g proces s (Centner ,  1983 , 

Burstein ,  1986 ,  Thagar d an d Holyoak ,  1985 ,  Carbonell ,  1986) .  B y thi s clas s o f  proces s model ,  a n 

underlyin g conceptua l  mode l  o f  a  familia r  sourc e o r  bas e domai n i s abstracte d an d mappe d t o a n 

unfamilia r  targe t  domain .  Th e mappe d mode l  i s the n use d t o buil d a  ne w mode l  i n th e targe t  domain . 

Analogica l  learnin g theorie s nee d t o specif y th e mappin g proces s i n som e detail ,  sinc e mappin g dictate s 

what  ca n b e postulate d fro m an y give n analogy .  Fo r  example ,  wha t  i s mappe d mus t  b e constraine d b y 

th e purpos e o f  th e analog y (Kedar-Cabelli ,  1985 ,  Burstein ,  1985 ,  Thagar d an d Holyoak ,  1985 ,  Winsto n e t 

al. ,  1983) . 

Along with specifying the mapping process, theories of analogically-based learning must also account 

fo r  th e us e o f  multipl e analogica l  models .  Typically ,  n o singl e analogica l  mode l  ca n b e foun d tha t 

completel y an d accuratel y deschbe s a  non-trivia l  targe t  system .  Tha t  is ,  whe n subject s generat e ful l  an d 

correc t  explanation s o f  a  system ,  the y ofte n nee d t o us e multipl e partia l  models ,  o f  varyin g types ,  an d a t 

varyin g level s o f  abstractio n (Burstein ,  1983 ,  Collin s an d Gentner ,  1983 ,  Collins ,  1985 ,  Adelson ,  1984 , 

Sternber g an d Adelson ,  1978 ,  Coulso n e t  al. ,  1986) .  Fo r  example ,  Collin s an d Gentne r  foun d tha t 

untutore d subject s use d a s man y a s thre e analogica l  model s t o answe r  nove l  question s abou t 

evaporatio n (Collin s an d Gentner ,  1982 ,  1983 ,  1987 )  Differen t  kind s o f  model s wer e use d t o answe r 

differen t  kind s o f  question s an d frequentl y severa l  model s wer e use d together . 

^ThJ s vioi k wa s supporte d i n par t  b y grant s fro m AR I  an d N S F 
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I n anothe r  cas e study ,  Burstei n (Burstein ,  1985 .  1986 )  foun d tha t  thre e analogie s wer e commonl y use d 

t o teac h student s abou t  variable s an d assignmen t  fo r  th e programmin g languag e BASIC .  On e analog y 

describe d assignmen t  a s bein g lik e 'puttin g thing s i n boxes" .  Anothe r  analog y relate d assignmen t 

statement s t o algebrai c equalities .  A  thir d analog y relate d th e encodin g an d retrieva l  processe s o f  huma n 

memory t o analogou s processe s i n th e computer .  Again ,  th e analogie s suggeste d partia l  model s o f 

differen t  types .  Th e bo x an d memor y analogie s eac h describ e a n actio n tha t  cause s a  resul t  an d so ,  a s 

we explai n i n detai l  below ,  w e regar d thes e a s mechanisti c causa l  analogies .  Th e analog y t o algebrai c 

equalitie s contribute s a  behaviora l  model .  I t  explain s ho w t o infe r  value s fo r  variable s withou t  providin g a 

mechanis m accountin g fo r  ̂ owthos e value s ar e derive d an d assigne d b y th e computer . 

2. Developing a Theory of Purpose-guided Analogical Learning 

Our  curren t  researc h i s aime d a t  developin g a  theor y coverin g th e tw o relate d issue s o f  mappin g an d 

integratin g partia l  menta l  models .  Specifically ,  w e ar e addressin g th e question s of ;  (1 )  ho w analogically -

base d model s o f  differen t  type s ar e mappe d t o a  ne w domain ,  an d (2 )  ho w thes e differen t  kind s o f  partia l 

model s ar e integrate d i n a  targe t  domain .  Thi s pape r  focuse s o n th e mappin g process ,  althoug h w e wil l 

touc h o n th e integratio n issu e a s well . 

Both parts of our theory are being developed around a taxonomy of explanatory partial model types. 

The researc h presente d her e i s par t  o f  a  serie s o f  protoco l  experiment s bein g conducte d t o produc e a 

detaile d accoun t  o f  th e proces s tha t  map s partia l  model s o f  variou s types .  Th e protocol s ar e bein g use d 

t o identif y th e kind s o f  relation s tha t  ar e (an d ar e not )  include d i n targe t  model s develope d b y mappin g 

partia l  model s o f  a  give n type .  W e hav e foun d tha t  model s o f  differen t  type s ar e distinguishe d b y th e 

differen t  kind s relation s tha t  the y contain ,  an d tha t  model s o f  a  give n typ e m a p t o for m ne w model s o f  th e 

same typ e (i.e. ,  nxKJel s containin g th e sam e relations) .  B y makin g th e distinctio n betwee n mode l  type s 

explici t  i n ou r  theor y o f  analogica l  learning ,  w e hop e t o provid e a n accoun t  o f  analogica l  structur e 

mappin g tha t  ha s clea r  pragmati c constraint s o n th e amoun t  an d typ e o f  informatio n mappe d a t  on e tim e 

fro m a  bas e domain . 

Future research will focus more heavily on the issue of model integration. Integrating multiple models 

i s a n importan t  par t  o f  th e learnin g process ,  sinc e ther e ar e man y situation s tha t  ca n onl y b e explaine d b y 

a combinatio n o f  inference s fro m severa l  differen t  partia l  models .  A s w e explai n i n sectio n 4 ,  w e forse e 

tha t  tw o kind s o f  integratio n processe s ma y b e use d fo r  combinin g partia l  analogica l  models .  First ,  ther e 

i s a  reasonin g proces s tha t  function s t o relat e newl y acquire d partia l  model s withi n a  domain^ .  Thi s 

proces s i s base d o n principle s abou t  how ,  i n general ,  partia l  model s ar e inter-related .  A  secon d kin d o f 

integratio n proces s ma y b e use d whe n adaptin g partia l  model s fro m a n alread y activ e analogica l  sourc e 

domain .  I n thi s case ,  informatio n abou t  ho w partia l  model s ar e relate d i n th e sourc e domain ,  ca n b e use d 

t o avoi d reasonin g fro m firs t  principle s i n th e targe t  domain .  Sinc e a n understandin g o f  th e integratio n 

proces s i s dependen t  o n a n understandin g th e mappin g process ,  w e hav e chose n t o focu s firs t  o n th e 

mappin g process . 

^h i s proces s i s genera l  t o learnin g i n tha t  i t  function s whethe r  th e model s hav e bee n acquire d b y analog y o r  directl y b y 
observatio n o r  instructio n i n th e targe t  domain . 
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3.  A  T a x o n o m y o f  Explanator y M o d e l  T y p e s 

Our  investigation s o f  bot h th e mappin g an d integratio n processe s depen d heavil y o n a  well-define d 

taxonom y o f  mode l  types .  Fo r  ou r  initia l  experiments ,  w e hav e develope d a  workin g taxonom y whic h w e 

expec t  wil l  captur e a  broa d se t  o f  model s use d i n analogica l  learnin g (Figur e 3-1) .  I n developin g ou r 

taxonom y o f  model s fo r  analogica l  learning ,  w e hav e revise d a  taxonom y develope d b y colleague s a t 

6 BN initiall y  t o cafegonz e textboo k explanation s o f  comple x physica l  system s (Steven s an d Collins ,  1980 , 

Steven s an d Steinberg ,  1981 ,  Collins ,  1985) .  Th e taxonom y wa s formulate d durin g th e developmen t  o f 

th e S T E A M ER ICA I  syste m (Williams ,  Holla n an d Stevens ,  1981) .  I t  provide s relevan t  backgroun d 

suppor t  fo r  ou r  wor k i n tha t  i t  ha s bee n use d t o sho w tha t  peopl e ofte n us e severa l  differen t  kind s o f 

explanator y model s o f  a  singl e syste m i n tryin g t o produc e a  ful l  explanatio n (Collins ,  1985 ,  Weld ,  1983) . 

•  Structura l  model s ar e use d t o describ e system s i n a  time-invarian t  manner .  Structura l 
model s include : 

1.  Componentia l  model s simpl y lis t  components . 

2.  Topologica l  model s specif y configuration s wher e th e logica l  o r  functiona l 
connection s betwee n component s ar e preserved . 

3.  Geometri c model s preserv e th e quantitative ,  spatia l  relation s betwee n components . 

•  Dynami c model s describ e change s tha t  occu r  i n a  syste m ove r  time .  Dynami c model s 

include : 

1.  Functional/Behaviora l  model s describ e a  syste m a s a  "blac k box" ,  i n term s o f 
input s an d outputs . 

2.  Interna l  Structur e model s brea k th e syste m dow n int o interaction s betwee n variou s 
components .  Thes e model s include : 

•  Mechanisti c Causa l  model s describ e uniqu e behavior s fo r  eac h componen t 
and brea k event s int o causa l  chains .  Thes e includ e Actio n F/o w models ,  wher e 
some substanc e o r  energ y flow s throug h th e syste m an d mor e abstrac t 
Informatio n Flo w models ,  wher e informatio n i s describe d a s passin g betwee n 

components .  Thes e model s typicall y dictat e ho w th e output s o f  individua l 
component s caus e stat e change s i n other ,  topologicall y connecte d 
components ,  leadin g t o a n accoun t  o f  th e behavio r  o f  th e syste m a s a  whole . 

•  Aggregat e model s describ e system s wher e th e component s behav e i n a 
unifor m manner ,  subjec t  t o globa l  constraints .  I n thes e models ,  component s 
ar e represente d prototypically ,  i n term s o f  genera l  behaviora l  characteristic s o f 
th e group .  Individua l  feature s o f  component s ar e represente d b y distribution s 
of  values . 

•  Synchronou s model s describ e causa l  system s wher e event s o r  force s occu r 
synchronously . 

Figure 3-1: A Taxomony of Explanatory Model Types 

The data presented here is being used to develop a model of the analogical mapping process. Our 

theor y suggest s tha t  explanator y purpose ,  th e typ e o f  mode l  require d b y th e studen t  fo r  hi s ongoin g 

proble m solvin g o r  questio n answerin g activity ,  strongl y affect s th e selectio n o f  bas e domai n feature s an d 

relationship s fo r  mapping .  Differen t  explanator y purpose s ar e characterize d b y differen t  type s o f  models , 

whic h i n tur n ca n b e show n t o b e base d o n differen t  structura l  relation s (causa l  relations ,  function/goa l 

relations ,  spatia l  o r  topologica l  relations ,  etc. )  Fo r  example ,  withi n mechanisti c causa l  models . 
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temporal/causa l  relationship s ar e use d t o relat e th e behavior s o f  a  connecte d se t  o f  components ,  i n orde r 

t o explai n a  system' s overal l  behavior .  However ,  i n aggregat e models ,  loca l  constraint s ar e replace d b y 

globa l  constraint s (e.g. ,  conservatio n laws) ,  an d individua l  component s giv e wa y t o representativ e o r 

prototypica l  entitie s wit h propertie s characterize d a s distributions . 

4. Protocols of Mapping By Model Type 

Our  theor y suggest s tha t  th e typ e o f  mode l  selecte d an d mappe d durin g learnin g i s constraine d b y th e 

aspec t  o f  th e targe t  situatio n mad e salien t  b y th e learnin g task .  Thi s predictio n generate s th e followin g 

hypothesis :  W h e n explainin g a  give n aspec t  o f  a  targe t  domain ,  subject s shoul d m a p onl y a  subse t  o f  th e 

bas e domai n an d tha t  subse t  shoul d b e coherent ^  an d reflectiv e o f  th e purpos e o f  th e learnin g task . 

The following situation was used to provide an initial test of this hypothesis. Subjects were provided 

wit h a n analogica l  mode l  o f  a  compute r  programmin g constructs* .  Th e subject s wer e al l  naiv e t o th e 

targe t  construc t  an d familia r  wit h it s bas e domai n analog .  Subject s wer e the n aske d t o answe r  a  se t  o f 

question s abou t  variou s aspect s o f  th e initiall y  unfamilia r  targe t  domai n concept^ .  Thi s procedur e wa s 

the n repeate d unti l  subject s ha d bee n taugh t  abou t  th e thre e construct s use d i n thi s study :  queues , 

stack s an d sorting .  A s a n example ,  Figur e 4- 1 show s th e text s use d i n teachin g th e concep t  o f  queue s 

and th e question s tha t  subject s receive d followin g th e texts® . 

Our hypothesis that purpose constrains selection and mapping in a way that results in a coherent and 

appropriat e partia l  menta l  mode l  wil l  b e supporte d i f  subject s wh o hav e a  complet e bas e domai n mode l 

m ap onl y th e par t  o f  th e bas e domai n mode l  tha t  i s relevan t  t o th e questio n the y ar e answering . 

In order to see whether subjects were selecting and mapping partial models we constructed preliminary 

behaviora l  an d causa l  representation s fo r  eac h o f  th e concept s tha t  th e subject s ha d bee n taugh t 

(queues ,  stacks ,  an d sorting) .  A s a n example ,  a  sketc h o f  ou r  behaviora l  an d causa l  representation s fo r 

queues ,  i n bot h th e bas e an d targe t  domains ,  i s  give n i n figur e 4-2 .  Th e representation s ca n b e though t 

of  a s vertica l  behaviora l  o r  causa l  chain s o f  whic h ca n b e rea d fro m to p t o bottom . 

The answers to each behavioral and causal question appearing in the recorded protocols for each 

subjec t  wer e analyze d t o se e ho w clearl y the y corresponde d t o ou r  behaviora l  an d causa l  representation s 

of  th e concept .  Th e numbe r  o f  time s tha t  element s fro m th e causa l  o r  behaviora l  representation s 

occurre d wa s counte d fo r  bot h th e behaviora l  an d causa l  questions . 

In answering behavioral questions about queues, stacks and sorting, subjects made, on the average, 

2. 0 reference s t o behaviora l  element s an d n o reference s t o portion s o f  th e causa l  model s tha t  wer e no t 

Î n th e sens e suggeste d b y Gentner s systematicltyprincipl e (Gentner ,  1983) . 

*As descnbad below, the subjects varied in their levels of progrannming expenence. 

^In this study we selected behavioral and causal models as a subset of the taxonomy presented in Figure 3-1. 

*The fuH design of the study is not presented here Text type was crossed with question type and order of presentation was 
counterbalance d ove r  th e ful l  se t  o f  protocols :  subject s receive d onl y on e writte n descriptio n o f  th e bas e domai n situatio n whic h 
stresse d eithe r  behavioral ,  causa l  o r  tiehaviora l  an d causa l  aspect s o f  th e alread y familia r  bas e domai n situation .  Thi s w a s followe d 
by a  causa l  question ,  a  behaviora l  questio n an d a  questio n abou t  th e relationshi p betwee n behavio r  an d causality .  Difference s i n 
th e writte n description s o f  th e alread y familia r  bas e domai n di d no t  hav e a  discernibl e effec t  o n th e result s describe d belo w 
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Behaviora l  Analogy . 

Frequently ,  a t  Mar y Chung' s (restaurant )  ther e ar e peopl e waitin g t o b e seated .  Mar y keep s trac k o f  wh o t o 
seat  i n suc h a  wa y tha t  th e firs t  perso n t o b e seate d nex t  i s  alway s th e perso n who ,  amon g thos e currentl y 
waiting ,  cam e i n first . 

In sending files to the printer the same situation often occurs; several files need to be printed but only one 
can b e printe d a t  a  time .  I n thi s cas e th e compute r  resolve s th e proble m i n th e sam e wa y tha t  Mar y does . 

Causa l  Analogy : 

Frequentl y a t  Mar y Chung's ,  Mar y ha s a  lis t  o f  peopl e wh o ar e waitin g t o b e seate d an d served .  Whenever 
a perso n enter s Mar y put s thei r  nam e a t  th e botto m o f  th e list .  Wheneve r  a  tabl e become s vacan t  Mar y 
call s th e nam e a t  th e to p o f  th e list ,  give s tha t  perso n a  tabl e an d the n crosse s tha t  nam e of f  th e list . 

In sending files to the printer the same situation often occurs; several files need to be printed but only one 
can b e printe d a t  a  time .  I n thi s cas e th e compute r  resolve s th e proble m i n th e sam e wa y tha t  Mar y does . 

Behavioral Question: If Karen and then Janet and then Amy and then Karen all typed print commands 

one righ t  afte r  th e other ,  i n tha t  order ,  wha t  woul d th e compute r  do ? 

Causal Question: Describe what you would do if you were the computer keeping track of print requests. 

Behavioral/Causal Integration Question: Explain why/how the computer's method of keeping track of print 

request s produce s th e correc t  result ? Tha t  is ,  wha t  i s  th e relationshi p betwee n wha t  get s don e an d ho w i t 

get s accomplished ? 

Figure 4-1: Presented Versions of an Analogy to Queues 

als o par t  o f  th e behaviora l  model .  Tha t  is ,  al l  reference s t o component s o f  th e causa l  model s wer e 

reference s t o element s tha t  appeare d i n ou r  representation s o f  bot h th e behaviora l  an d th e causa l 

representatio n (Figur e 4-2) ,  becaus e the y refere d t o th e goa l  an d startin g state s i n thos e representations . 

No reference s wer e mad e t o portion s o f  th e causa l  mode l  tha t  wer e purel y description s o f  mechanism . 

In answering causa/questions about queues, stacks and sorting, subjects made, on the average, 5.8 

reference s t o causa l  element s an d o n th e average ,  . 9 reference s t o element s tha t  wer e i n bot h th e causa l 

and behaviora l  representations .  Again ,  al l  o f  th e behaviora l  element s tha t  appeare d i n subjects '  answer s 

t o causa l  question s wer e element s referin g t o th e star t  an d goa l  i n thos e representations .  Thi s implie s 

tha t  a  causa l  accoun t  o f  ho w somethin g work s is ,  i n som e sense ,  no t  coheren t  unles s som e goa l  o r 

purpos e onente d statemen t  i s include d regardin g wh y th e mechanis m i s neede d (Adelson ,  1984) . 

It seems that, as our theory predicts, subjects are mapping coherent, purpose-oriented partial models 

fro m th e targe t  t o th e bas e domain .  Th e model s ar e coheren t  i n tha t  the y provid e a n adequat e basi s fo r 

respondin g t o question s o f  a  give n type .  (Thi s ca n b e see n i n th e excerpt s fro m th e protocol s tha t  ar e 

presente d below. )  Th e model s ar e partia l  i n tha t  the y d o no t  provid e a  complet e accoun t  o f  th e syste m 

bein g examined . 

If our result suggests that purpose, as characterized by the type of model, does constrain selection and 

mapping ,  i t  als o confirm s tha t  ther e ar e interestin g an d intuitivel y plausibl e interdependencie s betwee n 

th e kind s o f  informatio n mappe d wit h eac h typ e o f  model .  Earlie r  w e mentione d tha t  an y learnin g theor y 

neede d t o includ e a n accoun t  o f  ho w partia l  model s wer e integrated .  Ou r  subject s response s t o 
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behaviora l  an d causa l  question s sugges t  tha t  th e initia l  an d goa l  state s tha t  occu r  i n bot h type s o f  nnodel s 

ca n b e use d t o provid e a  bridg e betwee n th e two .  Thi s i s a n exampl e o f  th e kin d o f  knowledg e tha t  i s 

require d fo r  ou r  postulate d mode l  integratio n process .  Tha t  is ,  a  behaviora l  an d a  causa l  mode l  o f  a 

give n construc t  ca n b e relate d b y thei r  share d star t  an d goa l  states .  Othe r  type s o f  model s wil l  nee d 

simila r  kind s o f  criteri a t o b e relate d t o o r  integrate d wit h eac h other .  Sinc e thes e criteri a ar e no t  domain -

specific ,  th e integratio n proces s shoul d b e applicabl e whethe r  th e model s hav e bee n acquire d throug h 

analog y o r  learne d directly . 

In the remainder of this section, we present excerpts from the protocols that motivate some central 

issue s fo r  theorie s o f  analogica l  learning . 

Subject J^ received the behavioral version of the analogy. She was then asked the following 

behaviora l  question. ® 

E: (BehavioralQuestion:) if Karen and then Janet and then Amy 

an d the n Kare n al l  type d prin t  commands ,  on e righ t  afte r  th e other , 

i n tha t  order ,  wha t  woul d th e compute r  do ? 

J: Give me the order again. 

E: Karen, Janet, Amy, Karen. 

J: All at the same moment? 

E: One right after the other. So not exactly a tie. 

J: Ok, well it would say that Karen is first... 
and ,  uh ,  i t ' s  jus t  l ike ,  fo r  m e it ' s  jus t  lik e th e thin g 
yo u ge t  whe n yo u cal l  AA A an d the y tel l  yo u "Don' t 
han g up ,  you r  cal l s ar e bein g take n i n order. " 

J's last response, ("It's just like the thing you get when you call AAA.") is interesting because it brings 

up th e issu e o f  ou r  theory' s justificatio n proces s i n whic h newl y mappe d model s ar e teste d an d debugged . 

Afte r  mappin g th e behaviora l  model ,  J  i s reminde d o f  a  recen t  situatio n wher e a  computer-lik e machin e 

was performin g th e kin d o f  behavio r  sh e ha d jus t  bee n tol d tha t  computer s us e fo r  prin t  queues .  Tha t  is . 

by ou r  theory ,  whe n J  mappe d th e behaviora l  mode l  o f  first-come-first-serv e fro m th e Mar y Chun g (base ) 

domai n t o th e compute r  (target )  domain ,  sh e appropriatel y place d a  compute r  i n th e "agent "  rol e tha t 

Mary ha d played .  Thi s ne w behaviora l  descriptio n i n th e targe t  domai n the n triggere d a  remindin g o f  a 

simila r  behaviora l  model ,  wher e th e agent ,  a  machin e simila r  t o a  computer ,  achieve d th e sam e goa l 

(Schank ,  1982) .  Recallin g th e behavio r  o f  th e A A A phon e syste m ca n b e see n a s a n attemp t  b y J  t o 

justif y o r  tes t  th e adequac y o f  he r  newl y forme d behaviora l  mode l  o f  a  queu e b y comparin g i t  t o a  similar , 

already-know n behaviora l  model . 

The fact that J could have mapped a causal model when answering the behavioral question, but did 

^J i s a  researche r  i n musi c cognitio n an d a  self-taugh t  (LOGO )  programmer . 

'E is the experimenter. 
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Figur e 4-2 :  Bas e an d Targe t  Domai n Model s o f  Queue s 
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Patro n sit s a t  table . 
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not  d o s o seem s clea r  whe n he r  respons e t o th e behaviora l  questio n i s compare d t o he r  respons e t o th e 

causa l  questio n tha t  followed : 

E: (CausalQuestion:) Describe what you would do if you were 
th e compute r  keepin g trac k o f  prin t  requests . 

J: Label them, I suppose, or put them if you want to think of it 
spatially . 

E: If you want to draw it ... 

J: OK, you've got a potential for something like this... 
(draw s a  ro w o f  boxe s o r  'slots' ) 

and yo u ca n shov e thing s int o thes e slot s .  .  . 
and Kare n call s firs t 
s o tha t  become s Karen ,  (write s Kare n i n 1s t  slot ) 

and Janet. . 
an d the n Amy an d the n Kare n (write s eact i  nam e i n a  successiv e Slot ) 
and I  assum e it' s  th e sam e Karen .  But ,  but ,  thi s (slot ) 
i s  probabl y assigne d som e labe l  lik e '1 '  an d s o sh e (Karen ) 
wil l  b e '4 '  her e an d '1 '  there . 
So Kare n i s 4 ,  o r  whatever , 
and whe n tha t  i s finishe d (point s t O th e firs t  Slot ) 
thi s become s '1 ' .  (point s t o th e secon d Slot ) 

When that is finished (points to the second Slot) 
thi s become s '  1 '  .  (point s t o th e thir d slot ) 

J clearl y ha s piece s o f  th e causa l  mechanism ,  rathe r  tha n a  coheren t  causa l  mode l  tha t  ha d bee n 

mapped durin g th e previou s behaviora l  question ,  sinc e sh e i s abl e t o answe r  th e causa l  question ,  bu t  i n a 

bit-by-bi t  rathe r  tha n a n all-of-a-piec e manner . 

Another subject, K, received the causal version of the analogy and then was asked a causal question^. 

K' s answe r  i s interestin g because ,  fo r  a  non-programmer ,  sh e develop s a  surprisingl y goo d causa l  model . 

She doe s thi s b y usin g th e analogicall y relate d causa l  descriptio n sh e ha d bee n given .  A s suggeste d 

above ,  i n orde r  t o produc e a  well-motivate d an d coheren t  description ,  sh e include s th e relate d behaviora l 

goal  i n he r  mappin g fro m th e bas e domain : 

E: {Causal Question: ) if Mark and Annie and Beth had typed requests 
t o th e computer ,  on e afte r  another ,  ho w woul d i t  (th e computer ) 
kee p trac k o f  that ? 

K: Can the computer work like a calculator that has a memory? 

E: Yes, it can. That's right, you can have told the computer in advance. 

K: It can take all of these neunes, put it in the memory, and then 
pul l  th e firs t  on e out . 

*K i s a n antiqu e boo k dealer .  Sh e ha s use d severa l  PC-base d softwar e packages ,  bu t  sh e doe s no t  program . 
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E:  Exactl y right . 

K: So that would be virtually the same thing. So as its printed, 
i t  won' t  b e i n th e memor y anymore ? 

E: That's right. Let's say at this point Mark's stuff has been 
printed ,  an d scratche d of f  an d Annie s stuf f  an d my stuf f  ar e 
waitin g t o b e printed .  The n Glen n dow n th e hall ,  ha s somethin g t o 
be printed ,  wher e woul d th e compute r  pu t  tha t  request ,  i n orde r 
t o kee p trac k i n jus t  th e sam e wa y Mar y Chun g kep t  track ? 

K: Well, it would have to have a program that would put that at the 
end o f  th e list . 

E: {Behavioral Question:) So what.... describes how Mark 
got  t o b e first ? 

K: First come first serve. 

Afte r  confirmin g tha t  th e compute r  coul d stor e a  list ,  K  correctl y describe d th e mechanis m o f  th e queue , 

by mappin g th e step s tha t  pul l  request s  of f  th e fron t  o f  th e li§ t  an d ad d ne w one s a t  th e en d (statement s 2 

and 4  respectively) .  K' s descriptio n o f  thi s mechanis m i s a  clearcu t  exampl e o f  a  causa l  analogica l 

mappin g fro m a n explicitl y  describe d bas e domai n causa l  mechanism .  I t  ca n b e contraste d wit h subjec t 

U° ,  wh o receive d th e behaviora l  versio n o f  th e analog y an d wa s aske d t o describ e th e queue' s causa l 

mechanism . 

E: Frequently at Mary Chung's there are people waiting to be seated. 
Mary keep s trac k o f  wh o t o se e i n suc h a  wa y tha t  th e firs t  perso n 
t o b e seate d nex t  i s alway s th e perso n wh o amon g thos e currentl y waitin g 
came i n first .  Ok ,  s o that' s th e analog y i s tha t  th e nex t  gu y wh o i s 
goin g t o ge t  a  sea t  i s th e on e wh o . . 

L: ... came in the longest period of time ago. 

E: Yes, ok, now, in sending files to the printer the same situation 
ofte n occurs. ,  i f  yo u ar e no t  workin g o n a  persona l  computer .  I t  i s 
tha t  severa l  file s nee d t o b e printed ,  bu t  onl y on e ca n b e printe d a t 
a time .  An d i n thi s case ,  th e compute r  resolve s th e proble m i n th e 
same wa y tha t  Mar y does . 

E: (Causalquestion:) Describe what you would do if you were the 
conpute r  keepin g trac k o f  th e prin t  request s an d yo u hav e a  bunc h 
of  request s a t  a  particula r  time ,  an d yo u ca n onl y prin t  on e a t  once , 
and the y cam e i n a t  differen t  times .  Ok ,  s o ca n yo u describ e t o m e 
how yo u woul d mak e thi s decisio n usin g th e Mar y Chun g analogy . 

L: I would give them all a number. And then whoever has the 
lowes t  numbe r  get s seate d next .  The n I  tak e tha t  numbe r  an d 
thro w i t  out .  An d s o I  don' t  hav e t o worr y abou t  eve r  havin g t o 
star t  ove r  agai n a t  numbe r  1  an d seatin g th e las t  perso n wh o cam e 

'" L i s a  theatr e technicia n wh o doe s som e programmin g a s par t  o f  he r  technica l  work .  L  ha s approximatel y 2  year s course-wor K 
experienc e wit h programmin g i n Pasca l  an d LISP . 
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i n ou t  o f  order ,  becaus e I  a m jugglin g m y number s a s I  go . 

.. .  I  als o use d t o wor k i n a  restaurant s a  lot . 

Althoug h w e se e i n statemen t  2  tha t  L  clearl y understoo d th e functio n o f  a  queu e an d he r  descriptio n o f 

a mechanis m satisfie d tha t  function ,  L' s respons e t o th e causa l  questio n i s interestin g becaus e i t  draw s 

heavil y o n he r  knowledg e o f  a  bas e domai n mechanis m rathe r  tha n a  tergef  domai n mechanism .  L  chos e 

t o ma p a  causa l  mode l  b y analog y fro m th e bas e domain ,  despit e th e fac t  tha t  sh e wa s no f  explicilt y  give n 

a causa l  mode l  o f  tha t  domai n and ,  coul d hav e generate d a  correc t  solutio n directly ,  rathe r  tha n b y 

analogy. ^  ̂  

L's generation of a causal model by analogy, using her knowledge of the restaurant (base) domain, 

rathe r  tha n relyin g directl y o n he r  knowledg e o f  programmin g suggest s tha t  domain-specifi c  solution s t o 

problem s ar e no t  alway s preferred .  Furthermore ,  th e causa l  mode l  tha t  L  retreive d wa s fro m a  bas e 

domai n situatio n tha t  wa s no t  th e on e provide d b y th e experimenter ,  bu t  wa s instea d familia r  a s a  resul t  o f 

havin g worke d i n restaurants .  Thi s suggest s tha t  th e bas e domai n retrieva l  process ,  a s wel l  a s th e 

mappin g proces s i s quit e complex .  W e sugges t  tha t  i t  ma y b e guide d b y a  combinatio n o f  factors :  th e 

typ e o f  explanatio n required ;  th e proble m solvin g goal ;  an d th e currentl y salien t  attribute s o f  th e bas e 

domai n mode l  presente d durin g learning .  Holyoa k (Holyoak .  1985 )  ha s als o suggeste d a  mode l  lik e this , 

althoug h hi s mode l  woul d no t  predic t  tha t  a n analogica l  solutio n migh t  dominat e a n existin g targe t  domai n 

solution .  Whil e ou r  mode l  als o canno t  accoun t  precisel y fo r  L' s preferenc e o f  a  base-domai n solutio n t o 

th e problem ,  th e protoco l  clearl y suggest s tha t  a  ful l  theor y o f  analogica l  reasonin g wil l  nee d t o includ e a 

fairl y  sophisticate d accoun t  o f  th e us e o f  bas e domai n feature s i n th e retrieva l  stag e o f  th e analogica l 

reasonin g process . 

5. Summary 

We hav e presente d s o m e preliminar y protoco l  evidenc e o f  th e rol e o f  explanator y m o d e l  type s i n th e 

retrieva l  an d mapp in g stage s o f  th e analogica l  reasonin g process .  O u r  result s sugges t  that : 

•  Subject s ca n generat e an d us e coheren t  partia l  models . 

•  Behaviora l  an d causa l  mode l s ca n b e relate d b y share d initia l  an d goa l  states . 

•  Retrieva l  o f  bas e doma i n solution s ca n b e influence d b y th e typ e o f  explanatio n required ,  th e 
proble m solvin g goal ,  an d th e salien t  attribute s o f  th e bas e doma i n mode l  presente d durin g 

learning . 

T h e evidenc e w e ar e collectin g i s  bein g use d t o develo p a  theor y o f  constrained ,  purpose-directe d 

analogica l  retrieva l  an d mapping ,  an d a  theor y o f  th e proces s o f  integratin g multipl e partia l  model s i n 

learnin g abou t  a  n e w domain . 

^̂  Evidenc e tha t  L  coul d describ e a  purel y targe t  domai n soluio n t o th e proble m wa s gathere d i n a  follow-u p sessio n severa l 
weeks afte r  thi s protoco l  wa s collecte d I n tha t  session ,  L  wa s aske d t o descnb e a n implementatio n fo r  a  queu e directl y rathe r  tha n 
by analogy .  Sh e firs t  repeate d he r  earlie r  answer ,  bu t  whe n sh e wa s aske d i f  th e number s wer e necessary ,  sh e responde d tha t  th e 
orderin g o f  th e lis t  wa s sufficient ,  an d proceede d t o descnb e th e se t  o f  step s involve d i n usin g a n ordere d lis t  t o implemen t  th e 
queue ;  addin g ne w entrie s t o th e en d an d removin g th e "next "  ite m fro m th e front . 
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Abstract 

Analogy and similarity are widely agreed to be 
importan t  i n learnin g an d reasoning .  Ye t  peopl e Ar e 
ofte n unabl e t o recal l  a n analog y whic h woul d b e 
inferentiall y  useful .  Thi s findin g suggest s tha t  a 
close r  examinatio n o f  th e similarit y factor s tha t 
promot e retrieva l  i s  necessary .  We approache d thi s 
proble m b y investigatin g th e rol e o f  relationa l 
commonalitie s (higher-orde r  relation s an d first-orde r 
relations )  an d common object-description s i n th e 
accessiblit y an d inferentia l  soundnes s o f  a n analogy . 

Subject s firs t  rea d a  larg e numbe r  o f  stories .  On e 
week late r  the y wer e give n a  ne w se t  o f  storie s t o 
read .  Thes e ne w storie s wer e designe d t o for m matche s 
whic h share d differen t  combination s o f  object -
descriptions ,  first-orde r  relation s an d higher-orde r 
relation s wit h th e origina l  stories .  Subject s wer e 
aske d t o recal l  an y storie s fro m th e origina l  se t  tha t 
came t o mind .  Afterward s the y rate d th e matche s fo r 
subjectiv e soundnes s an d similarity . 

The result s o f  tw o experiment s showe d tha t 
subject s recalle d th e origina l  storie s tha t  share d 
common objec t  description s an d first-orde r  relation s 
wit h th e ne w stories .  Thes e result s suppor t  th e ide a 
tha t  similarit y base d acces s i s enhance d b y a 
combinatio n o f  surfac e similarit y an d first-orde r 
relations .  The y als o sugges t  tha t  common higher-orde r 
relation s pla y a  smalle r  par t  i n recall .  I n contrast , 
i n bot h th e soundness-ratin g an d similarity-ratin g 
task s subject s rate d th e pair s tha t  share d higher—orde r 
relation s highe r  tha n th e pair s whic h share d surfac e 
similarity .  Thi s suggest s tha t  thos e aspect s o f 
similarit y tha t  gover n recal l  ar e differen t  tha n thos e 
aspect s tha t  gover n similarity-rating s an d soundness -
ratings . 

Analogy and similarity are widely agreed to be important in 
learnin g an d reasoning .  Bu t  recen t  evidenc e ha s show n tha t 
peopl e ar e ofte n unabl e t o retreiv e analogie s which ,  i f 
retrieved ,  woul d b e inferentiall y  usefu l  (Qic k ! < Holyoak ,  1980 , 
D1983! i  Reed ,  Erns t  ?< Banerj i ,  1974! i  Ross ,  1984 ,  i n p ress ) .  Thi s 
researc h suggest s a  close r  examinatio n o f  ho w similarit y promote s 
retrieval .  Gentne r  an d Lander s (1984 )  approache d thi s questio n 
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by comparin g th e retrievabi1it y an d th « »ubj»ctiv e soundnes s o f 
di-f-feren t  kind s o- f  similarit y matches .  Becaus e ou r  studie s buil d 
on thei r  method ,  w e begi n b y describin g thi s stud y an d th e 
theoretica l  issue s tha t  le d u p t o it . 

The theoretica l  -framewor k -fo r  th e researc h i s Gentner' s 
(1980 ,  1983 )  structure-mapppin g theory .  Th e basi c intuitio n o- f 
structure-mappin g theor y i s tha t  a n analog y i s a  mappin g o f 
knowledg e -fro m on e domai n (th e base )  int o anothe r  (th e target ) 
whic h convey s tha t  a  syste m o- f  relation s tha t  hold s amon g th e 
bas e object s als o hold s amon g th e targe t  objects .  Thu s a n 
analog y i s a  wa y o i  noticin g relationa l  commonalit ie s 
independentl y o- f  th e object s i n whic h thos e relation s ar e 
embedded .  I n interpretin g a n analogy ,  peopl e see k t o pu t  th e 
object s o- f  th e bas e i n 1-to- l  correspondenc e wit h th e object s o- f 
th e targe t  s o a s t o obtai n maximu m structura l  match .  Th e 
correspondin g object s i n th e bas e an d targe t  don' t  hav e t o 
resembl e eac h othe r  a t  al l ;  objec t  correspondence s ar e determine d 
by role s i n th e matchin g relationa l  structures .  Centra l  t o th e 
mappin g proces s i s th e principl e o f  •ystematicity i  peopl e prefe r 
t o ma p system s o f  predicate s tha t  contai n higher-orde r  relation s 
wit h inferentia l  import ,  rathe r  tha n t o ma p isolate d predicates . 
The systematicit y principl e i s a  structura l  expressio n o f  ou r 
taci t  preferenc e fo r  coherenc e an d deductiv e powe r  i n 
interpretin g analogy . 

Beside s analogy ,  othe r  kind s o f  similarit y matche s ca n b e 
distinguishe d i n thi s framework ,  accordin g t o whethe r  th e matc h 
i s on e o f  relationa l  structure ,  objec t  descript ions ,  o r  both . 
Recal l  tha t  analogie s discar d objec t  descript ion s an d ma p 
relationa l  structure .  Mere-appearanc e matche s ar e th e opposite i 
the y ma p aspect s o f  objec t  description s an d discar d relationa l 
structure .  Literal-similarit y matche s ma p bot h relationa l 
structur e an d object-descript ions . 

I t  i s  helpfu l  fo r  thi s discussio n t o decompos e analogica l 
reasonin g int o acces s an d mapping-plus-inference .  Acces s i s th e 
proces s o f  retrievin g a  bas e situatio n i n memory ,  give n a  targe t 
situatio n tha t  th e learne r  i s currentl y considering .  Mappin g 
occur s afte r  a  bas e situatio n ha s bee n accesse d fro m memory .  I n 
mapping ,  th e predicate s o f  th e bas e ar e matche d wit h predicate s 
of  th e targe t  accordin g t o th e rule s give n above .  Furthe r 
predicate s ar e carrie d acros s an d inference s ma y b e drawn . 
Accordin g t o structure-mapping ,  th e subjectiv e sjaundnes s o f  a 
possibl e analog y depend s o n th e degre e t o whic h a  systemati c 
relationa l  matc h ca n b e found . 

Agains t  thi s background ,  th e Gentne r  an d Lander s (1985 ) 
experimen t  ha d a  two-fol d purpose s (1 )  i t  teste d th e predictio n 
tha t  share d systemati c structur e determine s th e subjectiv e 
soundnes s o f a  match j  an d (2 )  i t  aske d whethe r  th e accessibil it y 
of  analog y an d othe r  kind s o f  similarit y matche s mirror s thei r 
subject iv e soundness .  Th e stud y wa s designe d t o creat e a 
situatio n resemblin g natura l  long-ter m memor y access .  Subject s 
wer e firs t  give n abou t  3 0 storie s t o rea d an d remember .  On e wee k 
later ,  the y rea d a  ne w se t  o f  storie s an d reporte d an y case s i n 
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whic h the y wer e reminde d o f  an y o f  th e origina l  stories .  Th e 
storie s wer e carefull y designe d t o embod y thre e differen t  kind s 
of  similarit y matches i  ner » appearanc e ̂  tru e analog y an d fals e 
analogy .  I n mere-appearanc e (HA )  matches ,  th e bas e an d targe t 
share d objec t  description s (e.g .  a  haw k i n th e bas e stor y vs .  a n 
e#.al e i n th e target )  an d first-orde r  relation s (e.g .  shop A .« t 
ICx,y 3 vs .  fire_a t  CM' ,y ' ] ) .  I n true-analog y (JA )  matches ,  th e 
bas e an d targe t  share d first-orde r  relation s an d higher-orde r 
relation s (i.e. ,  relation s betwee n relat ions ,  suc h a s CAUSE 
CS(x,y) ,  R(y,z) ]  vs .  CAUSE CS' (M' ,y ' ) ,  R'(y',z') ]  an d othe r 
constrainin g relations )  bu t  no t  object-descriptions .  I n fa lse -
analog y (FA )  matche s onl y th e first-orde r  relation s matched . 
(Se e Tabl e 1 ,  below ,  fo r  examples. )  Not e tha t  i n al l  thre e case s 
th e bas e an d targe t  share d first-orde r  relations j  th e thre e 
similarit y condition s differe d i n which ,  i f  any ,  othe r 
commonalitie s als o existed . 

Gentne r  an d Lander s foun d tha t  th e proportio n recalle d fo r 
th e mere-appearanc e matche s wa s greate r  tha n tha t  o f  th e t rue -
analog y matches ,  whic h i n tur n wa s greate r  tha n tha t  o f  th e 
false-analog y matches .  Thes e result s sugges t  tha t  acces s t o 
memory i s heavil y influence d b y surfac e commonalit ies .  I n 
contrast ,  whe n th e sam e subject s rate d th e inferentia l  soundnes s 
of  th e similarit y matches ,  th e true-analog y matche s wer e rate d a s 
th e mos t  sound ,  whil e th e false-analog y an d th e mere-appearanc e 
matche s wer e rate d significantl y les s sound .  A s predicted , 
subjectiv e soundnes s depende d o n common systemati c structure . 
Thi s raise s a n interestin g disassociation t  i t  seem s tha t  th e 
kind s o f  similarit y matche s tha t  subject s conside r  mos t  soun d ar e 
not  th e matche s tha t  mos t  strongl y promot e access .  Common 
surfac e information ,  suc h a s share d object-descriptions ,  ma y hav e 
a disproportionat e affec t  o n accessibility . 

The Gentne r  an d Lander s stud y reveale d som e interestin g 
point s abou t  analogica l  access ,  bu t  als o lef t  a  grea t  man y 
question s unanswered .  Whil e th e stud y suggeste d tha t  surfac e 
similarit y play s a  larg e rol e i n remindings ,  i t  als o suggeste d a 
rol e fo r  higher-orde r  relation s i n remindings ,  sinc e true-analog y 
matche s wer e bette r  accesse d tha t  false-analog y matches . 
However ,  thes e result s d o no t  tel l  u s ho w (o r  whether )  surfac e 
attribute s an d higher—orde r  relation s combin e t o promot e access , 
nor  d o the y tel l  u s whic h aspect s o f  surfac e similarit y ar e mos t 
effectiv e i n promotin g retrieval . 

I n Experimen t  1  w e addresse d th e firs t  o f  thes e questions . 
To d o thi s w e replicate d th e Gentne r  an d Lander s study ,  addin g 
anothe r  matc h type ,  tha t  o f  litera l  similarity .  A  litera l 
similarit y matc h ha s commonalitie s a t  al l  level s — object -
attributes ,  first-orde r  relation s an d higher-orde r  relations . 
Thi s mean t  tha t  th e se t  o f  matche s forme d a  2  X  2  desig n a s show n 
i n Figur e 1  (below) .  Base d o n th e result s o f  th e Gentne r  an d 
Lander s stud y w e expecte d tha t  literal-similarit y matche s woul d 
be recalle d wel l  i n th e remindin g task .  However ,  i t  wa s no t 
clea r  ho w muc h th e additio n o f  higher-orde r  commonalit ie s woul d 
affec t  th e results .  The y migh t  contribut e ver y littl e beyon d th e 
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••ff«ct « o f  sur f  ac e commona l  i t i«« ,  i n whic h cas e recal l  o- f  th e 
l i teral-similarit y matche s shoul d no t  di-ffe r  signi-fIcantl y -fro m 
tha t  o f  th e mere-appearanc e matches .  Alternately ,  i t  coul d b e 
tha t  havin g commonalit ie s a t  al l  level s woul d lea d t o -fa r  greate r 
accessibi l i t y  fo r  l iteral-similarit y matche s tha n woul d b e 
predicte d b y combinin g th e tw o separat e effects . 

One proble m wit h th e Gentne r  an d Lander s stud y i s tha t  i t 
leave s ope n a n alternativ e interpretatio n o f  th e results i 
namely ,  tha t  th e retrievabiIit y  orderin g amon g th e thre e type s o f 
matche s wa s simpl y a  functio n o f  thei r  overal l  similarity .  Tha t 
is ,  i t  coul d hav e bee n th e cas e tha t  th e mere-appearanc e matche s 
wer e mor e simila r  t o on e anothe r  tha n th e true-analog y matches , 
and th e true-analogie s mor e simila r  tha n th e false-analogies .  I n 
thi s case ,  ther e woul d b e n o reaso n t o invok e a  specia l  rol e fo r 
surfac e attr ibute s i n similarity-base d access .  T o addres s thi s 
possibi l i ty ,  w e adde d a  similarity-ratin g tas k i n orde r  t o tes t 
whethe r  retrievabi1it y coul d simpl y b e predicte d fro m similarit y 
rat ings . 

To summarize ,  i n thi s stud y thre e measure s wer e obtaine d fo r 
eac h pai r  o f  scenarios i  <1 )  th e accessibil it y  o f  th e firs t  stor y 
give n th e second ,  i.e. ,  ho w wel l  th e secon d stor y serve d a s a  cu e 
fo r  th e firstj i  <2 )  th e inferentia l  soundnes s o f  th e analog y 
betwee n th e stor ies ,  a s rate d b y th e subjects ;  an d (3 )  th e degre e 
of  similarit y betwee n th e tw o stor ies ,  a s rate d b y th e subjects . 

Experiment 1 

Method 
Subject s 

The subject s wer e 3 6 undergraduate s wh o receive d clas s 
credi t  fo r  participatio n i n thi s experiment .  Du e t o experimente r 
error ,  1 6 pai d subject s wer e use d t o reru n on e cel l  i n th e 
soundness-ratin g tas k an d on e cel l  i n th e similarity-ratin g 
task . 
Material s 

Ther e wer e 2 0 stor y sets ,  eac h consistin g o f  a  bas e stor y 
plu s fou r  differen t  targe t  storie s designe d t o embod y differen t 
kind s o f  similarit y match i  litera l  similarit y  (LS) ^  mer e 
appearanc e (HA) ,  tru e analog y (TA) ,  an d fals e analog y (FA) . 
F i g u r e 1  s h o w s th e des ig n o f  t h e matc h types p T a b l e 1  s h o w s 
e x a m p l e s t o r i e s .  I n add i t i o n t o t h e 2 0 s to r y s e t s ,  t he r e we r e 1 2 

OSJBCT 

OSJBCT 

NOT shaub o 

HZaMBR-OROKH HBI.ATZONIt { 

•HAHBO 

kieac-a l 

Trvt * 

NOT BHAHBD 1 

n*r « 

raia * 
Anaia w 1 

Figur e 1 :  Desig n o f  Matc h Type s 
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Tab l e 1 :  E x a m p l e S t o r i e s 

SASE Stor y 

K t r U .  a n ol d hat* .  Iivo d « t  th t  to p o f  «  tol l  o« k trit .  On o 

tftimoon ,  th a sa w a  riunto r  o n th « groun d «itf i  a  bo w an d ter n crud o arrow s 

tha t  Da d n o fiathort .  Th a hunte r  too k al l  an d sho t  a t  th i  hat *  bu t  aissod . 

Kari a kne w th t  hunta r  «anta d hi r  faathor t  s o sh e glido d dow n t o tn t  hunta r 

and offara d t o giv e hi a a  fe« .  Th e hunte r  wa s s o greatfu l  tha t  h e pledge d 

m^ t r  t o Shoo t  a t  a  haw k again .  He  M n t  of f  an d sho t  a  dee r  instead . 

Literal siallarlty 

Once ther e wa s a n eagl e naae d Zerdi a wh o neste d o n a  rock y cliff .  On e 

day sh e sa w a  sportsaa n casin g wit h a  crossbo w an d soa a bolt s tha t  ha d n o 

feathers .  Th e spertiM n attacke d bu t  th e bolt s aissed .  Zerdi a realizt d 

tha t  th e sportsaa n wante d he r  tallfeather s s o sh e fle w dow n an d donate d a 

fe w o f  he r  tallfeather s t o th e sportsaan .  Th e sportsaa n wa s pleased .  H e 

proalse d nwtv r  t o attac k eagle s again . 

True Analogy 

Once ther a wa s a  saal l  countr y calle d Zerdi a tha t  learne d t o aak e th e 

««rld' s saertas t  coaputer . 

One da y Zerdi a wa s attacke d b y it' s  warlik e neighbor ,  Gagrach .  Bu t  th e 

•Issue s wer e badl y alaa d an d th e a t u a failed .  Th e Zerdla n govemaen t 

realize d tha t  Gagrac h wante d Zerdla n coapuur s s o i t  offere d t o sel l  toa e o f 

It' s  coi^uter s t o th e country .  Th e geverraen t  o f  Gagrac h wa s ver y pleased . 

I t  proalse d m ^ r  t o attac k Zerdi a again . 

Mere Apoearanee 

Once ther e wa s a n eagl e naae d Zerdi a wh o donate d a  fe w o f  he r 

tallfeather s t o a  sportsaa n s o h e woul d proals e neve r  t o attac k eagles . 

One da y Zerdi a wa s nestin g hig h o n a  rock y clif f  whe n sh e sa w th e 

sportsaa n caain g wit h a  crossbow .  Zerdi a fle w dow n t o nee t  th e aan .  bu t  n e 

attacke d an d felle d he r  wit h a  singl e bolt .  A s sh e fluttere d t o th e groun d 

Zerdi a realize d tha t  th e bel t  na d he r  ow n tallfeather s o n It . 

False Analogy 

Once ther e wa s a  saal l  countr y calle d Zerdi a tha t  learne d t o mak e th e 

world' s saartes t  coapuUr .  Zerdi a sol d on e o f  U s supercoavuter s t o it s 

neighfeer ,  Gagrach ,  s o Gagrac h proalse d nmtti r  t o attac k Zerdia . 

But  on e da y Zerdi a wa s overwtielae d b y a  surpris e attac k fro a Gagrach . 

As I t  capitulate d th e cripple d govemaen t  o f  Zerdi a realize d tha t  th e 

attacker' s alsslle s ha d bee n guide d b y Zerdla n tupercoaputars . 
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additiona l  storie s whic h Mer e use d a s f i l lers .  Eac h subjec t 
receive d 2 0 bas e stories i  -fiv e O' f  eac h o- f  th e -fou r  matc h type s 
(LS ,  MA,  TA ,  an d F A ) .  Eac h subjec t  sa w on e an d onl y on e targe t 
stor y -fo r  eac h bas e story .  Th e subject s wer e divide d int o -fou r 
group s i n orde r  t o counterbalanc e th e assignmen t  o- f  storie s t o 
matc h types . 
Procedur e 

Remindin g Task .  I n th e -firs t  sessio n subject s wer e tol d t o 
rea d an d remembe r  2 0 bas e storie s an d 1 2 -fille r  stories .  On e 
week later ,  the y returne d -fo r  th e remindin g session .  The y wer e 
give n booklet s o- f  2 0 targe t  s tor ies ,  eac h o- f  whic h matche d on e 
and onl y on e bas e story .  Fo r  eac h targe t  story ,  subject s wer e 
tol d t o notic e i- f  the y wer e reminde d o- f  an y stor y -fro m th e 
previou s session ,  an d t o writ e dow n an y suc h storie s i n a s muc h 
detai l  a s possible . 

Soudness-ratin q Task .  Th e soundness-ratin g tas k wa s give n 
t o subject s a-fte r  the y ha d complete d th e remindin g task . 
Subject s wer e show n th e sam e 2 0 pair s o- f  storie s the y ha d 
receive d i n th e remindin g task ,  wit h eac h pai r  consistin g o- f  a 
bas e stor y an d a  matchin g targe t  story .  The y rate d eac h pai r  -fo r 
th e soundnes s o- f  th e matc h betwee n th e tw o stories .  A  soun d matc h 
was describe d a s on e i n whic h th e tw o situation s matc h wel l 
enoug h s o tha t  in-ference s i n on e woul d b e likel y t o carr y ove r  t o 
th e other .  Thi s descriptio n wa s place d i n th e contex t  o- f  wha t 
woul d mak e a  goo d argument .  Subject s use d a  1- 5 scale ,  wher e 5  = 
highl y soun d an d 1  =  spjuyiious . 

Similarity-ratin g Task .  Followin g th e soundness-ratin g 
tas k subject s wer e agai n give n th e sam e pair s o- f  storie s an d wer e 
aske d t o rat e th e pair s o n thei r  overal l  similarity .  ^  N o 
explici t  de-finitio n o- f  similarit y wa s givenj i  w e simpl y allowe d 
subject s t o us e thei r  ow n intuitions . 

Scorin g th e Remindin g Task .  T o scor e th e remindin g tas k w e 
had t o judg e whethe r  th e subject s ha d indee d success-ful l  y 
retrieve d th e origina l  storie s (a s oppose d t o jus t  guessing ,  fo r 
example) .  Th e recall s wer e score d i n thre e ways ,  bu t  w e -focu s 
her e o n on e metho d only .  Tw o judge s score d o n a  1- 5 scal e ho w 
wel l  subject s recalle d eac h bas e stor y b y comparin g th e subject' s 
recal l  wit h th e correc t  bas e story .  The n w e compute d fo r  eac h 
matc h typ e th e proportio n o- f  storie s -fo r  whic h a  ratin g o f  2  o r 
bette r  — indicatin g tha t  th e subject' s descriptio n ha d clearl y 
mentione d a t  leas t  a  fe w element s o f  th e bas e — ha d bee n 
assigned .  Thi s fla t  matc h scor e wa s designe d t o captur e whethe r 
îi y  genuin e retrieva l  o f  th e correc t  bas e stor y ha d occurred , 

withou t  concer n fo r  whethe r  th e recal l  wa s o f  hig h quality . 

As a  chec k o n whethe r  th e prio r  soundness-ratin g tas k ha d an y 
influenc e o n th e subsequen t  similarity-ratin g tas k a  late r 
grou p o f  subject s wa s ru n wit h th e revers e orde r  o f  th e 
soundnes s an d similarit y ratin g tasks .  Th e result s wer e 
unchanged . 
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Rfsuit s 
Remindin g tas k 

As show n i n Figur e 2ii ,  l iteral-similarit y an d mere -
appearanc e matche s le d t o significantl y mor e remindin g tha n th e 
true-analog y o r  false-analog y matches.^ ' 

Thes e result s replicate d th e patter n foun d b y (Bentne r  an d 
Lander s i n tha t  th e mere-appearanc e matche s produce d mor e 
reminding s tha n true-analog y matches .  Thes e result s suppor t  th e 
ide a tha t  similarity-base d access s i s enhance d b y common surfac e 
similarity ,  an d tha t  common relationa l  structur e play s a  smalle r 
par t  i n recall . 
Soundness-ratin g tas k 

Subject s rate d th e literal-similarit y an d th e true-analog y 
matche s a s significantl y mor e soun d tha n th e false-analog y an d 
mere-appearanc e matches .  (Se e Figur e 2b. ) 

Again ,  thes e finding s replicate d thos e o f  Gentne r  an d 
Lander s i n tha t  true-analog y matche s ar e considere d significantl y 
mor e soun d tha n false-analog y matche s an d mere-appearanc e 
matches .  Further ,  th e fac t  tha t  literal-similarit y an d true -
analog y — th e tw o matc h type s tha t  util iz e common higher-orde r 
structur e — wer e considere d significant y mor e soun d tha n th e 
othe r  tw o matc h type s provide s evidenc e fo r  th e predictio n o f  th e 
structure-mappin g theor y tha t  soundnes s i s governe d b y common 
relationa l  structure . 
Similarity-ratin g Tas k 

Subject s rate d th e literal-similarit y matche s a s 
significantl y mor e simila r  tha n th e true-analog y matches ,  an d th e 
1iteral-similarit y an d true-analog y matche s wer e bot h 
significantl y mor e simila r  tha n th e mere-appearanc e an d false -
analog y matches .  However ,  th e mere-appearanc e matche s an d th e 
false-analog y matche s wer e no t  significantl y differen t  fro m eac h 
other .  (Se e Figur e 2c. ) 

The similarit y result s showe d a n interestin g trend ;  th e 
patter n o f  th e similarit y rating s mirrore d tha t  o f  th e soundnes s 
data .  Specifically ,  subject s rate d th e pair s tha t  share d higher -
orde r  relation s (th e literal-similarit y matche s an d th e true -
analog y matches )  a s mor e simila r  tha n th e pair s whic h share d 
surfac e attribute s (th e mere-appearanc e matches) .  Thi s suggest s 
tha t  i n makin g similarit y rating s subject s judg e higher-orde r 
relation s t o b e mor e importan t  tha n surfac e attributes .  However , 
i t  shoul d b e note d tha t  1  iteral-sim i  larit y matche s receive d 
highe r  similarit y rating s tha n true-analog y matches ,  showin g tha t 

2.  On e wa y analyse s o f  varianc e wer e performe d o n th e dat a set s 
i n Experimen t  1 .  I n eac h cas e th e analysi s reveale d a  mai n 
effec t  o f  Matc h type ,  p<.001 .  Pos t  ho c analyse s (Tukey's , 
alph a =  .05 )  wer e use d t o determin e th e significan t 
difference s betwee n th e means .  Fo r  brevit y w e wil l  omi t  th e 
statistic s fo r  th e remainde r  o f  th e result s an d simpl y repor t 
significan t  differences . 
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F i g u r e 2 

Results from Experiment 1 

a. Proportion of Remindinea 

Stor y Typ e 

b.  Soundnes s Rating s 

n 
c 

c 
a 

c 
S 

LS M A .T A F A 

Story Type 

c.  Similarit y Rating s 

Stor y Typ e 
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(unlik e soundnesa )  slmll«rlt y i s als o sensit iv e t o sur-Fac e 
•features .  Th e othe r  importan t  implicatio n O' f  th e similarit y 
finding s i s that ,  sinc e the y d o no t  mirro r  th e accessibil i t y 
ordering ,  i t  i s  improbabl e tha t  th e accessibil i t y  result s ar e 
simpl y a n artifac t  o f  difference s i n similarit y acros s matc h 
types .  O n th e contrary ,  th e orde r  o f  accessibil i t y  matc h type s 
i s quit e differen t  fro m th e orde r  o f  similarit y rat ings . 

The mos t  importan t  findin g her e lie s i n th e compariso n 
betwee n th e result s o f  th e recal l  tas k an d th e result s o f  th e 
similarity-ratin g an d soundness-ratin g tasks .  I t  seem s tha t 
differen t  aspect s o f  similarit y gover n thes e differen t  processes . 
I n similarity-base d recal l ,  i t  i s  common surfac e feature s suc h a s 
objec t  description s tha t  matte r  most ,  whil e i n judgin g th e 
soundnes s o r  similarit y o f  tw o storie s i t  i s  common relationa l 
structur e tha t  matter s most . 

Experiment 2 

Experiment 2 was designed to examine more closely the issue 
of  "surfac e commonalit ies" .  I n th e studie s s o far ,  th e mere -
appearanc e matche s shar e bot h object-description s an d first-orde r 
relations .  Her e w e aske d whic h aspect s o f  mere-appearanc e 
matche s le d t o thei r  accessibility ;  an d i n particular ,  whethe r 
object-description s alon e coul d promot e access .  I n thi s stud y w e 
create d a n ne w varian t  o f  mere-appearanc e matche s b y removin g al l 
th e first-orde r  relationa l  commonalitie s fro m th e firs t  set , 
leavin g th e common object-description s <a s exemplifie d be low) . 

There once was a sportsman who loved to hunt. He liked 
t o hav e th e animal s h e caugh t  stuffe d an d mounted .  Hi s 
prid e an d jo y wa s a n eagl e h e ha d kille d wit h jus t  a 
crossbo w an d a  bolt .  H e ha d bee n hidin g i n th e to p o f 
an el m tre e whe n h e sho t  her . 

Me then ran the study again, pitting these new matches that 
share d onl y object-leve l  attribute s (calle d mere-appearance -
attribute-only ,  o r  MAAO)  agains t  th e mere-appearanc e matche s tha t 
share d bot h objec t  attribute s an d first-orde r  relation s (  calle d 
mere-appearance-first-order ,  o r  MAF)  agains t  true-analog y matche s 
and literal-similarit y matches . 

Method., 
Subject s 

The subject s wer e 5 2 undergraduate s wh o wer e fulfil l in g a 
cours e requirement . 
y s ,  t  exi_ai .  s_ _ a  n  d. .  P  r  o  c 

Subject s wer e divide d int o tw o groups .  Eac h grou p 
receive d 1 4 true-analog y matches ,  an d 1 4 mere-appearanc e matches , 
wit h hal f  th e subject s receivin g mere-appearance-first-orde r 
version s an d hal f  receivin g mere-appearance-attribute-onl y 
versions .  I n addition ,  eac h grou p receive d 6  literal-similarit y 
matche s t o ancho r  thei r  responses .  Th e procedur e wa s a s i n 
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Experimen t  1 .  I n th e -firs t  session ,  th e subject s rea d 2 0 bas e 
storie s an d 1 2 -fille r  stories .  On e wee k later ,  th e subject s wer e 
give n 2 0 ne w stories i  7  T A matches ,  7  o- f  eithe r  on e o f  th e mere -
appearanc e matche s (eithe r  MAAO o r  MAF)  an d 6  L S matches , 
-followe d b y a  soundness-ratin g tas k an d a  similarity-ratin g task . 
Again ,  a s i n Experimen t  1 ,  eac h subjec t  sa w onl y on e targe t  stor y 
•fo r  eac h origina l  bas e story . 

Results 
RefD-iXI-din g tas k 

The resul ts ,  show n i n Figur e 3a ,  wer e rathe r  dramatic . 
F i rst ,  L S matche s an d MAF matche s wer e recalle d signi-ficantl y 
bette r  tha n MAAO matches ,  whic h wer e recalle d signi- f  icantl y 
bette r  tha n T A matches .  ^ 

Thes e result s sho w tha t  i t  i s  no t  jus t  common object -
descript ion s tha t  lea d t o similarit y base d recall j  rathe r  th e 
bigges t  gai n i n accessibil i t y  seem s t o occu r  -fo r  som e combinatio n 
of  common object-description s an d common first-orde r  relations . 
I n -fact ,  th e matc h typ e tha t  possesse d common object -
descript ion s wit h th e base ,  mere-appearanc e attributes-only ,  wa s 
recalle d quit e poorly .  Wha t  i s particularl y strikin g abou t  thes e 
resul ts ,  however ,  i s  tha t  T A matche s wer e eve n les s accessibl e 
tha n MAAO matches .  A s discusse d below ,  thi s orderin g i s agai n i n 
shar p contras t  t o th e subject' s ow n opinion s concernin g th e 
inferentia l  soundnes s an d similarit y o f  th e matches .  Agai n w e 
fin d tha t  th e orderin g o f  accessibil it y  i s  differen t  fro m th e 
orderin g o f  soundness . 
Soundness-ratin g tas k 

As show n i n Figur e 3b ,  th e orde r  o f  soundnes s rating s wa s L S 
matche s followe d b y MAF matche s followe d b y MAAO matches .  (Al l 
of  thes e difference s wer e significant. ) 

Thes e finding s agai n confir m tha t  th e mos t  importan t 
determinan t  o f  inferentia l  soundnes s i n subjects '  judgement s i s 
common systemati c relationa l  structur e (whic h i s presen t  onl y i n 
th e L S an d T A matches) .  However ,  i n thi s study ,  unlik e th e prio r 
two ,  subject s considere d L S matche s slightl y mor e soun d tha n T A 
matches ,  indicatin g tha t  fo r  thes e subject s common objec t 
descript ion s als o contribut e t o soundnes s (thi s bein g th e onl y 
dif ferenc e betwee n L S an d T A ) .  No t  surprisingly ,  th e MAAO 
matches ,  whic h shar e onl y th e cas t  o f  characters ,  wer e considere d 
leas t  sound . 
Similarity-ratin g tas k 

Again ,  th e similarit y rankin g ar e clos e t o th e soundnes s 
rankings :  th e orde r  o f  similarit y rating s i s LS ,  T A an d MAF,  an d 
the n MAAO.  (Al l  difference s ar e significan t  excep t  tha t  betwee n 
TA an d MAF. )  Quit e reasonably ,  subject s conside r  matche s wit h 

3.  Agai n t o b e brie f  w e wil l  onl y repor t  significan t  result s i n 
th e bod y o f  th e paper .  Significanc e wa s determine d b y Welch -
Aspi n t-tests ,  alpha<.05 . 
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F i g u r e 3 

R e s u l t s f r o m E x p e r i m e n t  2 
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t h r e e l e v e l B o- f  c o m m o n a l i t y (L S m a t c h e s )  t o b e th e moa t  s i m i l a r , 
an d m a t c h e s w i t h on l y o n e leve l  o- f  c o m m o n a l i t y <MAAO m a t c h e s )  t o 
b e l eas t  s im i l a r -  T h e o the r  t w o ma tc h t y p e s eac h s h a r e tw o 
l e v e l s <T A m a t c h e s s h a r e h i g h e r - o r d e r  an d -first-orde r  r e l a t i o n s , 
w h i l e MA F m a t c h e s s h a r e f i r s t - o r d e r  r e l a t i o n s an d o b j e c t 
d e s c r i p t i o n s )  an d s u b j e c t s h e r e c o n s i d e r e d the m rough l y equa l l y 
s i m i l a r .  (Thi s d i f f e r s s l i g h t l y f ro m E x p e r i m e n t  1 ,  i n wh i c h T A 
m a t c h e s w e r e ra te d a s m o r e s im i l a r  tha n MAF m a t c h e s . ) 

Th e mos t  impo r tan t  po in t  abou t  t h e s im i l a r i t y r a t i n g s ,  i s 
tha t  the y aga i n d e m o n s t r a t e tha t  th e a c c e s s i b i l i t y  r e s u l t s a r e 
no t  d u e t o p e r c e i v e d s i m i l a r i t y .  A s b e f o r e ,  t h e pa t te r n o f 
s i m i l a r i t y i s ve r y s im i l a r  t o t h e p a t t e r m o f  s o u n d n e s s an d bot h 
A r e q u i t e d i f f e r e n t  f r o m th e o rde r  o f  th e access ib i l i t y -

Pisc.!,|issi.on. 
T h e mos t  impo r t an t  f i nd in g h e r e i s t h e d i s s o c i a t i o n be twee n 

th e k i n d s o f  s i m i l a r i t y tha t  p e o p l e th in k a r e i n f e r e n t i a l 1 y 
r e l i a b l e an d t h e k i nd s o f  s i m i l a r i t y tha t  r e a d i l y e n a b l e m e m o r y 
a c c e s s .  T h i s d i s p a r i t y ca n b e see n mos t  s t r i k i n g l y i n t h e 
c o m p a r i s o n b e t w e e n t r u e a n a l o g i e s an d m e r e - a p p e a r a n c e m a t c h e s . 
T r u e - a n a l o g y m a t c h e s a r e c o n s i s t e n t l y fe l t  t o b e m o r e soun d tha n 
m o r e - a p p e a r a n c e m a t c h e s j  ye t  m e r e - a p p e a r a n c e m a t c h e s a r e 
c o n s i s t e n t l y be t te r  a t  p r o m o t i n g r e t r i e v a l .  T h e s e a c c e s s i b i l i t y 
r e s u l t s canno t  b e a t t r i b u t e d t o d i f f e r e n c e s i n s i m i l a r i t y ,  fo r 
t h e t r u e - a n a l o g y m a t c h e s a r e c o n s i s t e n t l y fe l t  t o b e a s s im i la r 
o r  m o r e s im i l a r  tha n t h e m e r e - a p p e a r a n c e m a t c h e s . 

T h u s w e a r e lef t  w i t h th e d i s t u r b i n g f i n d i n g s tha t  t h e 
p a t t e r n o f  a c c e s s i b i l i t y  i s  ver y d i f f e r e n t  f ro m th e p a t t e r n s o f 
s u b j e c t i v e in fe ren t ia l  s o u n d n e s s .  T h e s e r e s u l t s a r e c o m p a t i b l e 
w i t h t h e f i nd in g tha t  p e o p l e i n p rob le m so l v in g t a s k s o f te n fai l 
t o r e t r i e v e p r i o r  ana log i ca l  p r o b l e m s w h i c h ,  i f  r e t r i e v e d ,  woul d 
he l p the m s o l v e t h e c u r r e n t  p r o b l e m (Qic k an d H o l y o a k ,  1 9 8 0 , 
1983 ;  R e e d ,  E rns t  an d B a n e r j i ,  1 9 7 4 ,  R o s s ,  1 9 8 4 ,  i n p r e s s ) 

Suc h r e s u l t s a r e p r o b l e m a t i c fo r  m o d e l s o f  memor y tha t 
a s s u m e heav y r e l i a n c e o n causa l  i ndex in g (e.g .  S c h a n k ,  1 9 8 2 ) .  O n 
th e c o n t r a r y ,  i t  a p p e a r s tha t  p e o p l e ten d t o h a v e a  fa i r l y 
s u r f a c e - o r i e n t e d d e f a u l t  i ndex in g s c h e m e tha t  e m p h a s i z e s ob jec t 
an d f i r s t - o r d e r  r e l a t i o n s . 

A na tu ra l  ques t i o n a t  t h i s po in t  i s  wh y h u m a n s shou l d hav e 
suc h a s s e e m i n g l y a r b i t r a r y me tho d o f  m e m o r y index in g an d 
r e t r i e v a l .  O n e par t  o f  t h e answe r  ma y l i e i n th e p e r f o r m a n c e o f 
t h e l i te ra l  s i m i l a r i t y m a t c h e s .  Thes e m a t c h e s a r e h ig h o n ever y 
m e a s u r e !  the y a r e h igh l y a c c e s s i b l e ,  the y ar e cons ide re d 
e x t r e m e l y soun d an d e x t r e m e l y s im i l a r .  On e specu la t i o n i s tha t 
ou r  m e m o r y index in g i s geare d towar d l i t e r a l - s i m i l a r i t y m a t c h e s ; 
c a s e s i n wh ic h t h i n g s r e s e m b l e eac h o the r  o n th e s u r f a c e an d a ls o 
s h a r e deepe r  re la t i ona l  s t r u c t u r e .  I n man y a r e a s th e s t ra teg y 
may wor k f a i r l y  w e l l ;  o f t e n th in g tha t  loo k a l i k e ar e 
f u n d a m e n t a l l y t h e s a m e .  Bu t  i n c a s e s w h e r e a p p e a r a n c e i s no t  a 
goo d p r e d i c t o r  o f  u n d e r l y i n g re la t iona l  s t r u c t u r e ,  ou r  memor y 
s y s t e m s ma y p l a y u s f a l s e . 
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Transfer in Problem Solving as a Function of the Procedural Variety of Training Examples 

Abstract 

Students often have difficulty solving homework assignments in quantitative courses such as 
physics ,  algebra ,  programming ,  an d statistics .  W e hypothesiz e tha t  typica l  exampl e problem s 
done i n clas s teac h student s a  serie s o f  mathematica l  operation s fo r  solvin g certai n type s o f 
problem s bu t  fai l  t o teac h th e underlyin g subgoal s an d method s whic h remai n implici t  i n th e 
examples .  I n th e studie s reporte d here ,  student s i n probabilit y  classe s studie d exampl e problem s 
tha t  deal t  wit h th e Poisso n distribution .  I n Experimen t  1 ,  th e fou r  example s al l  use d th e sam e 
solutio n method ,  althoug h fo r  on e grou p th e example s wer e superficiall y  mor e dissimila r  tha n fo r 
th e othe r  group .  Al l  subject s di d wel l  o n th e Nea r  Transfe r  targe t  proble m tha t  use d th e sam e 
subgoal s an d method s a s th e trainin g examples .  However ,  mos t  di d poorl y o n tw o Fa r  Transfe r 
targe t  problem s tha t  ha d differen t  subgoa l  order s an d differen t  methods .  Thes e result s sugges t 
tha t  subject s typicall y iear n solution s a s a  serie s o f  non-meaningfu l  mathematica l  operation s 
rathe r  tha n conceptua l  method s i n a  subgoa l  hierarchy .  I n Experimen t  2 ,  on e grou p studie d 
problem s tha t  demonstrate d tw o differen t  subgoa l  order s usin g differen t  method s whil e th e othe r 
grou p receive d superficiall y  differen t  problem s whic h ha d identica l  subgoa l  order s an d methods . 
Bot h group s stil l  ha d difficult y wit h th e Fa r  Transfe r  problems .  Subject s wh o receive d example s 
wit h varie d subgoa l  order s an d method s seeme d t o isolat e th e subgoals ,  however ,  bu t  no t  th e 
methods .  Thi s resul t  suggest s tha t  goal s an d method s ma y b e usefu l  way s o f  characterizin g 
trainin g problems .  However ,  student s ma y requir e explici t  instructio n o n subgoal s an d method s i n 
orde r  t o successfull y solv e nove l  problems . 

Introduction 

A relatively consistent finding in the analogical reasoning and transfer literature is that 
subject s d o no t  see m t o mak e us e o f  prio r  informatio n t o solv e ne w problem s i f  th e ne w problem s 
diffe r  fro m trainin g example s i n mor e tha n mino r  way s (Gic k &  Holyoak ,  1980 ,  1983 ;  Reed , 
Dempster ,  &  Ettinger ,  1985 ;  Spence r  &  Weisberg ,  1986) .  I f  similaritie s betwee n trainin g 
example s sm d targe t  problem s ar e pointe d ou t  t o subject s o r  i f  the y ar e encourage d t o conside r 
similaritie s betwee n problem s o r  domsuns ,  the n subject s hav e somewha t  mor e succes s a t  noticin g 
and appljan g analogie s o r  transferrin g informatio n (Gentne r  &  Gentner ,  1983 ;  Gic k &  Holyoak , 
1983 ;  Tenne y &  Gentner ,  1984) . 

Card, Moran, and Newell (1983) proposed the GOMS model to account for the text-editing 
behavio r  o f  expert s performin g routin e tasks .  I n thi s model ,  th e exper t  knowledg e representatio n 
consist s o f  fou r  components :  Goals ,  Operators ,  Methods ,  an d Selectio n rules .  W e woul d lik e t o 
propos e tha t  i n quantitativ e domain s suc h a s mathematic s an d physics ,  student s acquire ,  o r 
shoul d acquire ,  goals ,  methods ,  an d selectio n rule s fo r  solvin g problem s a s a  functio n o f  th e 
example s the y study .  Operator s ar e simpl e mathematica l  procedure s whic h colleg e student s 
typicall y alread y possess ,  suc h a s calculatin g a n average .  Goal s ar e initiall y  quit e general :  solv e 
th e problem .  Afte r  studyin g severa l  examples ,  a  student' s goa l  ma y b e mor e refine d s o tha t  i t  i s 
somethin g lik e "ge t  a n answe r  tha t  look s lik e th e examples "  answers. "  Thi s typ e o f  goa l  i s 
especiall y likel y i f  th e example s solv e fo r  th e sam e unknow n usin g th e sam e procedure .  I n thi s 
case ,  student s ma y simpl y lear n tha t  i n orde r  t o achiev e th e goa l  the y nee d t o strin g togethe r  a 
serie s o f  operations .  However ,  i f  th e example s ar e varie d i n thei r  given s an d ultimat e goa l  (th e 
unknow n bein g solve d for) ,  the n student s ar e les s likel y simpl y t o strin g togethe r  a  serie s o f 
operations .  Rather ,  the y ma y recogniz e an d develo p subgoal s whic h correspon d t o th e step s i n th e 
examples .  I n addition ,  student s wil l  perceiv e tha t  thes e subgoal s ca n b e reache d b y psu-ticula r 
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methods ,  whic h develo p afte r  student s se e a  se t  o f  operation s use d togethe r  severa l  time s t o 

achiev e som e subgoal .  Tha t  is ,  student s wil l  compartmentaliz e th e problem s int o subgoal s whic h 

caU o n particula r  method s t o satisf y them .  A  metho d wil l  consis t  o f  a  serie s o f  mathematica l 

operation s connecte d togethe r  conceptually .  Wit h experience ,  student s m a y develo p differen t 

method s fo r  achievin g th e sam e subgoal .  Th e particula r  metho d chose n wil l  depen d o n th e 

particula r  given s i n th e problem .  Differen t  problem s wil l  evok e differen t  subgoal s whic h wil l  i n 

tur n evok e differen t  methods .  Student s wil l  develo p selectio n rule s fo r  choosin g whic h metho d t o 

use .  I f  student s ha d onl y studie d on e typ e o f  example ,  the n the y woul d onl y hav e on e metho d fo r 

solvin g problem s i n tha t  domain .  I n fact ,  th e metho d m a y reall y b e a  serie s o f  operation s wit h n o 

cleai "  organizin g featur e excep t  orde r  o f  application .  Thus ,  varie d example s m a y b e necessar y i n 

orde r  t o demonstrat e ho w a  serie s o f  operation s ca n b e groupe d a s a  particula r  metho d fo r 

achievin g a  particula r  subgoal . 

Reed et al. (1985) conducted several experiments using college students taking an algebra 

course .  Subject s studie d wor d problem s dealin g wit h traditiona l  topic s lik e distance ,  mixture ,  an d 

wor k an d the n solve d targe t  problems .  Ree d e t  al .  manipulate d th e superficia l  similarit y o f  th e 

targe t  problem s t o th e trainin g problems .  Thei r  genera l  finding  wa s tha t  subject s exhibite d littl e 

transfe r  o f  th e concept s fro m th e trainin g problem s t o th e targe t  problem s excep t  i n thos e case s 

wher e th e targe t  problem s wer e essentiall y  identica l  i n solutio n procedur e t o th e examples .  Ree d 

et  al .  (1985 )  conclude d tha t  subject s wer e relyin g o n a  syntacti c approac h t o th e problems .  Thi s 

suggest s tha t  i n genera l  th e subject s di d no t  understan d th e goal s an d method s bein g 

demonstrate d i n th e problem s bu t  rathe r  ha d learne d a  serie s o f  operation s fo r  solvin g th e 

problems . 

We might suppose that if students were exposed to training examples that used different 

solutio n procedures ,  the y woul d b e mor e likel y t o lear n th e underlyin g subgoal s an d method s 

illustrate d b y th e examples .  Thi s migh t  happe n becaus e the y woul d attemp t  t o determin e th e 

similaritie s (suc h a s th e goa l  structure )  betwee n differen t  serie s o f  operation s whic h produc e a 

valu e fo r  th e sam e final  goal .  A  resolutio n proces s coul d lea d t o th e identificatio n o f  subgoals , 

methods ,  an d generalization s o f  th e method s (Anderson ,  1983 ;  VanLehn ,  1985) .  However ,  i f  th e 

serie s o f  operation s fro m exampl e t o exampl e ar e to o different ,  student s wil l  fai l  t o identif y 

subgoal s o r  t o isolat e a  serie s o f  operation s a s a  metho d (VanLehn ,  1985) .  Eac h exampl e wil l  b e 

perceive d a s unique . 

Overview of Current Studies 

We suspect that the difficulty students have in grasping subgoals and methods is due to the 

defaul t  reasonin g o f  student s wh o ar e stil l  relativel y unsophisticate d i n a  particula r  domain .  B y 

default ,  student s focu s o n superficia l  feature s o f  problem s an d th e operation s use d t o achiev e a n 

end goa l  becaus e th e feature s an d operation s ar e easie r  t o isolat e tha n th e underlyin g subgoal s 

and method s (Larkin ,  McDermott ,  Simon ,  &  Simon ,  1980 ;  Schoenfel d &  Herrmann ,  1982) . 

Student s hav e a  grea t  dea d o f  experienc e wit h th e rea l  worl d object s suc h a s deck s o f  card s an d 

block s o f  woo d whic h populat e th e worl d o f  quantitativ e problems .  Student s i n quantitativ e 

course s ar e als o quit e experience d wit h mathematica l  operation s suc h a s multiplicatio n an d 

additio n a s wel l  a s somewha t  mor e "compiled "  operation s suc h a s calculatin g means .  Thus ,  i t  i s 

not  surprisin g tha t  thes e student s woul d ten d t o focu s thei r  attentio n an d organiz e thei r  proble m 

solvin g skill s  aroun d th e mathematica l  operation s wit h whic h the y ar e mos t  familia r  (Greeno , 

Riley ,  &  Gelman ,  1984 ;  Hayes ,  Waterman ,  &  Robinson ,  1977) .  W e woul d lik e t o begi n t o 

investigat e wha t  qualitie s o f  example s ca n hel p student s g o beyon d thei r  defaul t  focu s an d hel p 

the m isolat e subgoal s an d method s i n a  particula r  domain . 

We soUcited paid volunteers from three upper-level probability courses at the University of 

Michigan .  Th e course s ar e quit e simila r  fo r  th e first  thir d o f  th e semester .  Al l  student s lear n 

abou t  countin g rule s (e.g. ,  ordere d an d imordere d sampling )  an d ar e the n introduce d t o th e notio n 
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of  a  rando m variable .  The n student s lear n abou t  certai n basi c discret e probabilit y  distribution s 

suc h a s th e binomial ,  Poisson ,  an d geometric .  Th e course s introduc e th e binomia l  distributio n 

first,  followe d b y th e Poisso n distribution .  Student s participate d i n th e presen t  experiments ,  whic h 

deal t  wit h th e Poisso n distribution ,  afte r  learnin g th e binomia l  distributio n bu t  befor e learnin g th e 

Poisso n distribution . 

The Poisson Distribution and Some Examples 

The Poisson distribution is often used to approximate binomial probabilities for events that 

occu r  i n tim e o r  spac e wit h som e smal l  probabilit y  £ .  Th e Poisso n equatio n is : 

— X  X 
P ( X = x )  =  [ e (X )  ]/x! .  I t  ca n b e use d t o calculat e probabilitie s fo r  variou s value s o f  X .  The n th e 
predicte d frequencie s o f  variou s value s o f  X  ca n b e calculate d b y multiplyin g th e probabilitie s b y 
th e tota l  numbe r  o f  events .  Thes e step s ar e illustrate d i n Figur e 1 , 

The example in Figure 1 deals with an event occurring randomly in time. The Poisson 

distributio n i s als o use d t o mode l  event s occurrin g randoml y i n space .  Fo r  example ,  on e coul d 

reasonabl y fit  a  Poisso n distributio n t o th e numbe r  o f  fossil s foun d i n eac h sectio n o f  a  partitione d 

quarry .  Thi s proble m i s presente d i n Figur e 2 .  I t  ca n b e solve d b y th e sam e procedur e a s th e 

first  problem . 

It seems intuitively clear that a person could learn to solve problems of this type by 

memorizin g th e serie s o f  operation s withou t  understandin g th e meanin g o f  th e outpu t  fro m th e 

operations .  Nevertheless ,  th e tw o example s d o diffe r  o n th e surface :  on e i s abou t  event s i n tim e 

an d th e othe r  i s abou t  event s i n space .  Thus ,  i t  i s  possibl e tha t  student s wh o stud y thes e 

example s m a y notic e tha t  th e unit s i n th e operation s ar e differen t  an d the y m a y b e induce d t o 

conside r  ho w th e vmit s wer e derive d an d t o for m a  generalizatio n abou t  th e operations .  O n th e 

othe r  hand ,  subgoal s an d method s ca n b e identifie d mor e directl y  bj '  comparin g procedura l 

difference s i n problems .  Thu s i t  i s  debatabl e whethe r  superficia l  difference s ar e sufficien t  t o 

induc e student s t o recogniz e thes e "deeper "  aspects . 

The subgoals and methods (in parentheses) for the two problems described above could be 

liste d a s follows : 

1) find X (calculate X as a weighted average) 

2) find the expected probabilities for each X (plug X = x into the Poisson equation) 

3) find the expected frequencies for each X (multiply each P(X=x) by the total observed 

frequency ) 
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A physicis t  observe d a  radioactiv e substanc e durin g 260 8 tim e interval s (eac h 7. 5 second s long) . 
She recorde d th e numbe r  o f  particle s reachin g a  geige r  counte r  fo r  eac h period .  Le t  x  b e th e 
number  o f  particle s observe d i n eac h tim e period .  Fi t  a  Poisso n distributio n t o x ,  tha t  is ,  giv e th e 
expecte d frequencie s fo r  th e differen t  value s o f  x  base d o n th e Poisso n model . 

Number  o f  Particle s Observe d Observe d Frequenc y 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 o r  mor e 
Tota l 

57 
203 
383 
525 
532 
408 
273 
139 
45 
27 
10 
6 

260 8 

Solution : 

E(X) = [0(57)+l(203) + 2(383) + 3(525) + 4(532) + 5(408) + 6(273) + 7(139) + 
8(45) + 9(27 )  +10(10 )  +ll(6)]/260 8 =  10092/260 8 =  3.8 7 =  X 

= average number of particles that reached geiger counter each period 

P(X = x) = [(e~^"^'^)(3.87)^3/x! = [(.021)(3.87)'']/x! 

Fitted Poisson Distribution: 

Expecte d Frequenc y 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 o r  mor e 

.021 X 260 8 =  5 5 
.081 X 260 8 =  21 1 
.157 X 260 8 =  40 9 
.20 3 X  260 8 =  52 9 
.196x260 8 =  51 1 
.152x260 8 =  39 6 
.09 8 x  260 8 =  25 6 
.054 X 260 8 =  14 1 
.02 6 X  260 8 =  6 8 

.011 3 X  260 8 =  2 9 

.0044x260 8 = 1 1 

.0015 3 X  260 8 =  4 

Figur e 1 :  Exampl e proble m fo r  even t  occurrin g i n time . 
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A horizonta l  quarr y surfac e wa s divide d int o 3 0 square s abou t  1  mete r  o n a  side .  I n eac h squar e 
th e numbe r  o f  specimen s o f  th e extinc t  m a m m al  Ditoleste s motissimu s wa s counted .  Th e result s 
ar e give n i n th e tabl e below .  Fi t  a  Poisso n distributio n t o x ,  tha t  is ,  giv e th e expecte d frequencie s 
fo r  th e differen t  value s o f  x  base d o n th e Poisso n model . 

Number  o f  Specimen s pe r  Squar e Observe d Frequenc y 

0 16 
1 9 
2 3 
3 1 

4 o r  mor e 1 
Tota l  3 0 

Figur e 2 :  Exampl e proble m fo r  even t  occurrin g i n space . 

Experimen t  1  explore s ho w wel l  student s lear n method s an d subgoal s fro m example s tha t 
diffe r  onl y i n th e superficia l  way s show n above .  I f  student s studie d problem s lik e thos e above , 
the y shoul d b e abl e t o solv e othe r  superficiall y  differen t  problem s tha t  involv e th e sam e se t  o f 
operations .  I t  i s  les s clea r  woul d happe n i f  the y trie d t o solv e problem s tha t  ha d a  differen t 
subgoa l  orde r  an d use d modifie d methods .  Conside r  th e proble m below . 

Suppos e yo u wer e makin g a  batc h o f  raisi n cookie s an d yo u di d no t  wan t  mor e tha n on e cooki e ou t 
of  10 0 t o b e withou t  a  raisin .  H o w man y raisin s wil l  a  cooki e contai n o n th e averag e i n orde r  t o 
achiev e thi s result ? Us e th e Poisso n distributio n t o find  you r  answer . 

Solution (not presented to subject): 

P(X = 0) = .01 = [(e~^(X°)]/0! 

.0 1 =  e ~ ^ 

In(.Ol) = ln(e"^ 
-4. 6 =  - X 

4. 6 =  X  =  averag e numbe r  o f  raisin s pe r  cooki e 

Figure 3: Cookie problem. 

Thi s "cookie "  proble m literall y look s differen t  tha n th e prio r  ones .  I n thi s proble m th e 
studen t  mus t  realiz e tha t  h e o r  sh e i s provide d wit h th e followin g piec e o f  information :  P(X=0 )  = 
.0 1 (i.e. ,  onl y on e cooki e ou t  o f  10 0 shoul d hav e zer o raisins) .  H e o r  sh e mus t  als o realiz e tha t  th e 
goal  i s  t o find  X—th e expecte d valu e o f  th e rando m variabl e whic h i n thi s cas e i s th e averag e 
number  o f  raisin s tha t  a  cooki e receives .  I f  the y recogniz e thes e tw o fact s the n th e proble m 
simpl y become s a  matte r  o f  insertin g P(X=0 )  =  .0 1 int o th e Poisso n equatio n an d solvin g fo r  X . 
I t  i s  unclear ,  however ,  ho w thes e realization s woul d follo w fro m th e type s o f  practic e problem s t o 
whic h th e student s hav e thu s fa r  bee n exposed .  Student s woul d onl y hav e learne d a  serie s o f 
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operations. They woxild not have learned that the calculation of X is a subgoal which can be 

carrie d ou t  b y severa l  differen t  method s dependin g o n th e givens .  On e w a y t o calculat e X  i s t o 

fin d a  weighte d averag e a s wa s don e i n th e exampl e problems .  Anothe r  w a y i s t o find  value s fo r 

th e othe r  unknoM m i n th e Poisso n equatio n (i.e. ,  a  valu e fo r  som e P( X =  x) )  an d the n solv e fo r  X . 

The subgoals and methods for this problem are listed below: 

1) find the known value for some P(X = x) (divide 1 by 100 to get P(X=0)) 

2) find X (plug P(X=0) into Poisson equation and solve for X) 

Consider another problem: 

Suppos e yo u too k a  rando m sampl e o f  50 0 peopl e an d foun d ou t  thei r  birthdays .  A  "success "  i s 

recorde d eac h tim e a  person' s birthda y turn s ou t  t o b e Januar y 1st .  Assum e ther e ar e 36 5 day s 

i n a  year ,  eac h equall y likel y t o b e a  randoml y chose n person' s birthday .  Fi t  a  Poisso n 

distributio n t o x  (th e numbe r  o f  peopl e bor n o n Januar y 1st )  an d find  th e predicte d likelihoo d tha t 

exactl y 3  peopl e fro m th e sampl e ar e bor n o n Januar y 1st . 

Solution (not presented to subject): 

X = 500/365 = 1.37 = average number of people born on any given day 

P(X = 3) = [(e"-^'^'^)(1.37^)]/3! 

= [(.254)(2.57)]/ 6 

= .10 9 

= likelihoo d o f  exactl y thre e peopl e bein g bor n o n 

Januar y 1s t  (o r  an y othe r  give n day ) 

Figure 4: Birthday problem. 

The birthda y proble m require s tha t  th e studen t  realiz e tha t  X  ca n b e calculate d simpl y b y 

dividin g th e numbe r  o f  day s b y th e numbe r  o f  peopl e (a s oppose d t o bein g calculate d a s a  weighte d 

averag e fro m a n observe d frequenc y table) .  I t  als o require s tha t  th e subjec t  realiz e h e o r  sh e wa s 

bein g aske d t o solv e onl y fo r  P( X =  3 )  an d no t  t o produc e a n expecte d frequenc y table . 

The subgoals and methods for this problem are: 

1) find X (divide the number of events [birthdays] by the number of slots [days of the year]) 

2) find P(X = 3) (plug X = 3 into the Poisson equation) 

Both the cookie and birthday problems have different or modified methods compared to the 

trainin g examples ,  ye t  the y stil l  hav e eithe r  th e sam e subgoal s (i n a  differen t  order )  o r  fewe r 

subgoals .  Students '  performanc e o n th e cooki e an d birthda y problem s shoul d indicat e whethe r 

the y isolate d subgoal s an d method s durin g trainin g o r  whethe r  the y simpl y learne d a  serie s o f 

operation s t o achiev e th e singl e goa l  o f  producin g a n expecte d frequenc y table . 
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Experiment 1 

Metho d 

Subjects .  Seventy-on e student s fro m thre e probabilit y  classe s wer e recruite d an d wer e pai d 
$7 fo r  thei r  participation . 

Materials and Procedure. Subjects were given a booklet to study. The cover page contained 
a descriptio n o f  th e relationshi p betwee n th e binomia l  an d Poisso n distribution s an d provide d th e 
Poisso n equation .  Th e nex t  fou r  page s containe d fou r  worke d ou t  Poisso n distributio n problem s 
isomorphi c t o th e radioactiv e particl e an d quarr y problems .  Subject s wer e tol d t o stud y th e 
problem s carefull y sinc e afte r  studyin g the m the y woul d b e aske d t o solv e thre e problems .  The y 
wer e als o tol d the y coul d refe r  bac k t o th e cove r  pag e bu t  no t  t o th e examples .  Thi s wa s don e t o 
increas e th e likelihoo d tha t  subject s woul d pa y attentio n t o th e example s an d ho w the y wer e 
solved . 

Subjects were randomly divided into two groups. The SAME group studied four examples 
whic h deal t  wit h th e sam e clas s o f  events :  eithe r  fou r  spac e problem s o r  fou r  tim e problems .  Th e 
D I F F E R E NT grou p receive d problem s fro m bot h classe s o f  events :  tw o spac e problem s an d tw o 
tim e problems .  Al l  problem s wer e solve d usin g th e sam e procedure ,  whic h wa s identica l  t o th e 
radioactiv e particl e an d quarr y problem s discusse d above .  Th e exampl e problem s wer e picke d 
fro m a  poo l  o f  fou r  spac e sm d fou r  tim e problems .  Ther e wa s n o effec t  i n subjects '  performanc e o n 
th e targe t  problem s a s a  resul t  o f  th e specifi c  spac e o r  tim e problem s a  subjec t  received ,  an d al l 
reporte d result s ar e collapse d ove r  thi s factor . 

After studying the examples subjects worked on the three target problems. The first target 
proble m i s labele d th e "Detroi t  Tiger "  proble m an d i s presente d below .  Thi s proble m wil l  b e 
calle d a  Nea r  Transfe r  proble m sinc e i t  embodie s th e sam e subgoal s (an d sam e subgoa l  order )  an d 
method s a s th e trainin g examples . 

I n a  162-gam e basebal l  season ,  th e Detroi t  Tige r  infiel d mad e a  tota l  o f  10 7 errors .  Th e tabl e 
belo w give s th e numbe r  o f  game s i n whic h x  error s wer e made .  Fi t  a  Poisso n distributio n t o x , 
tha t  is ,  giv e th e expecte d frequencie s fo r  th e differen t  value s o f  x  base d o n th e Poisso n model . 

Number of Errors x made in a game Observed Frequency 

0 85 
1 5 2 
2 2 0 

3 o r  mor e 5 
Tota l  16 2 

Figure 5: Detroit Tiger Problem 

The secon d an d thir d targe t  problem s wer e th e cooki e an d birthda y problems ,  respectively . 
They wil l  b e referre d t o a s Fa r  Transfe r  problem s becaus e the y involv e differen t  subgoa l  order s 
and method s tha n th e trainin g examples .  Th e orde r  o f  th e targe t  problem s wa s th e sam e fo r  al l 
subjects .  Subject s worke d a t  thei r  ow n pac e fo r  th e entir e experiment .  I n general ,  subject s too k 
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abou t  3 5 minute s t o complet e th e experiment .  Subject s wer e aske d t o sho w al l  thei r  wor k bu t 

coul d us e a  calculato r  fo r  th e basi c arithmetic .  Th e solutio n an d erro r  frequencie s wer e analyse d 
2 

usin g th e likelihoo d rati o chi-squar e tes t  ( G )  whic h i s a  tes t  o f  equalit y o f  proportion s betwee n 
row s o r  columns . 

Results 

Subjects' answers to the transfer problems were first scored as correct/incorrect. Both 

group s di d wel l  o n th e Detroi t  Tige r  (Nea r  Transfer )  problem :  9 1 % an d 9 4 % correc t  fo r  th e S a m e 

and Differen t  groups ,  respectively .  O n th e cooki e proble m (Fa r  Transfer )  th e D I F F E R E N T grou p 
2 

di d somewha t  bette r  tha n th e S A M E group :  4 2 % versu s 2 3 % ,  G  (1 )  =  2.9 ,  £  <  .09 .  Th e 
D I F F E R E NT grou p als o di d bette r  o n th e birthda y proble m (Fa r  Transfer) ,  3 3 % versu s 2 3 % ,  bu t 

2 
thi s differenc e di d no t  approac h conventiona l  significanc e levels .  G  (1 )  =  .97 ,  £  >  .3 .  Overall , 
3 2 % o f  th e subject s solve d th e cooki e proble m an d 2 8 % solve d th e birthda y problem . 

Subjects errors were analysed separately for the cookie and birthday problems. The first 

typ e o f  erro r  fo r  th e cooki e proble m (calle d U L A M B DA i n Tabl e 1 )  i s a  failur e t o recogniz e th e 

goal  o f  th e problem ,  t o solv e fo r  X .  Tha t  is ,  th e subjec t  doe s no t  realiz e tha t  th e averag e numbe r 

of  raisin s pe r  cooki e i s X .  Th e secon d erro r  typ e (PXO )  i s a  failur e t o recogniz e tha t  P( X =  0 )  =  .0 1 

i s provide d i n th e problem .  Th e thir d categor y (FREQl )  i s whethe r  a  subjec t  attempte d t o m a k e 

up a  frequenc y tabl e a s a  w a y o f  solvin g th e proble m (i.e. ,  the y generate d hypothetica l  data) .  I f  a 

subjec t  mad e u p a  frequenc y table ,  thi s woul d indicat e tha t  h e o r  sh e wa s mos t  likel y tryin g t o 

make th e targe t  proble m appea r  lik e th e example s i n orde r  t o us e th e familia r  procedure .  Thi s 

approac h i s a n erro r  sinc e ther e i s n o w a y t o creat e a  usefu l  frequenc y tabl e wit h th e informatio n 

given . 

There are also three error categories for the birthday problem. The first category 

( S L A M B D A)  i s a  failur e t o recogniz e tha t  X  i s th e averag e numbe r  o f  peopl e tha t  ar e bor n o n an y 

give n day .  Thi s valu e i s simpl y th e numbe r  o f  peopl e (500 )  divide d b y th e numbe r  o f  day s i n th e 

year .  ( A prior i  i t  seeme d unlikel y tha t  a  subjec t  woul d understan d tha t  X  woul d b e th e averag e 

number  o f  peopl e bor n o n a  give n da y bu t  fai l  tx )  realiz e tha t  thi s valu e woul d b e 500/365 .  Thi s 

assumptio n wa s supporte d b y th e protocols. )  Th e secon d categor y (PX3 )  i s a  failur e t o realiz e tha t 

th e problem'. ^  goa l  wa s t o solv e fo r  P( X =  3 )  rathe r  tha n t o creat e a  frequenc y tabl e o r  t o find  onl y 

th e expecte d valu e o f  X .  Th e thir d categor y (FREQ2 )  i s identica l  t o th e thir d categor y fo r  th e 

cooki e problem ;  i t  count s ho w ofte n subject s trie d t o mak e u p a  frequenc y tabl e a s a n ai d t o 

solvin g th e problem .  Again ,  thi s approac h wil l  no t  hel p t o solv e th e problem . 

Sixty-eight percent (48 out of 71) of the subjects failed to solve the cookie problem and 72% 

(5 1 ou t  o f  71 )  faile d t o solv e th e birthda y problem .  Tabl e 1  indicate s th e erro r  type s an d thei r 

frequencie s fo r  th e tw o fa r  transfe r  problems .  I t  als o present s th e frequencie s collapse d acros s th e 

grou p dimensio n sinc e analyse s indicate d ther e wer e n o difference s betwee n th e group s (fo r 

subject s wh o go t  a  proble m wrong )  wit h respec t  t o th e frequenc y o f  differen t  erro r  types . 
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Tabl e 1 

Percentage of Subjects Who Made Particular Types of Errors (Experiment 1) 

Transfe r  Proble m 

Cooki e Proble m 

Birthda y Proble m 

Note .  Frequencie s ar e give n 

Erro r  Typ e 

U L A M B DA 
PXl 
FREQl 

S L A M B DA 
PX3 
F R E Q2 

i n parentheses . 

S A ME 

n =  2 7 
85 (23 ) 
96 (26 ) 
41(11 ) 

n =  2 7 
96 (26 ) 
67 (18 ) 
15(4 ) 

Percentage s ar e 

Grou p 

DIFFERENT 

n =  2 1 
67 (14 ) 
86 (18 ) 
62 (13 ) 

n =  2 4 
100 (24 ) 
62 (15 ) 
21(5 ) 

Tota l 

n =  4 8 
77(37 ) 
92(44 ) 
50(24 ) 

n =  5 1 
98(50 ) 
65(33 ) 
18(9 ) 

1 base d o n th e numbe r  o f  subject s 
who mad e a  particula r  erro r  divide d b y th e numbe r  o f  subject s i n eac h grou p wh o go t  th e proble m 
wron g (give n a t  th e to p o f  eac h colum n fo r  eac h o f  th e transfe r  problems) ,  no t  th e tota l  o f  numbe r 
of  subject s i n th e group . 

Discussion 

It was intuitively plausible to expect both groups of subjects to solve the Detroit Tiger 
proble m equall y wel l  sinc e i t  use d th e sam e serie s o f  operation s a s th e examples .  However ,  bot h 
group s wer e expecte d t o d o equall y poorl y o n th e fa r  transfe r  problem s becaus e w e suspecte d tha t 
th e manipulatio n o f  S A M E versu s superficiall y  D IFFEREN T trainin g example s t o b e unrelate d t o 
whethe r  o r  no t  subject s learne d th e underlyin g subgoal s an d method s i n th e trainin g examples . 
Thes e expectation s wer e largel y confirmed . 

It seems clear that subjects who had difficulty with the far transfer problems had difficulty 
becaus e the y ha d primaril y learne d a  serie s o f  operation s fo r  solvin g problem s o f  th e trainin g typ e 
and ha d no t  learne d th e underlyin g subgoal s o r  forme d generalization s o f  th e methods .  Sixty-eigh t 
percen t  o f  th e subject s coul d no t  solv e th e cooki e proble m an d fo r  9 2 % o f  thos e subject s th e reaso n 
seemed t o b e tha t  the y di d no t  realiz e tha t  the y wer e give n a  piec e o f  usefu l  information ,  namel y 
tha t  P( X =  0 )  =  .01 ,  an d thu s the y coul d no t  figure  ou t  ho w t o solv e fo r  X .  I n addition ,  th e fac t 
tha t  7 7 % o f  thes e unsuccessfu l  subject s di d no t  eve n realiz e the y wer e solvin g fo r  X  indicate s tha t 
the y di d no t  recogniz e solvin g fo r  X  a s a  subgoal ,  bu t  rathe r  wer e lookin g t o appl y th e operation s 
fro m th e examples .  Thi s clai m i s furthe r  supporte d b y th e fac t  tha t  hal f  o f  th e subject s trie d t o 
make u p a n observe d frequenc y tabl e fro m whic h t o calculat e X .  However ,  mos t  o f  thes e subject s 
stil l  wen t  o n t o calculat e a n expecte d frequenc y table .  Thi s suggest s tha t  the y di d no t  mak e u p 
th e observe d frequenc y tabl e t o calculat e X  pe r  se ,  bu t  rathe r  th e tabl e wa s create d t o hel p the m 
appl y th e stereotype d operation s s o the y coul d reac h th e onl y goa l  the y seeme d t o know :  t o creat e 
an expecte d frequenc y table . 

Experiment 2 

Experiment 1 indicated that manipulations of superficial problem characteristics were not 
sufficien t  t o induc e subject s t o isolat e subgoal s an d methods .  I n Experimen t  2  w e manipulate d th e 
subgoal s an d method s use d i n th e trainin g problems . 
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Subject s wer e give n fou r  problem s t o study .  Th e O N E - P R O C E D U RE grou p wa s jus t  lik e 
th e DIFFEREN T grou p i n Experimen t  1 ;  th e problem s use d th e sam e procedur e bu t  wer e 
differen t  superficially .  Th e T W O - P R O C E D U RE grou p receive d tw o problem s usin g th e sam e 
procedur e a s th e Detroi t  Tige r  proble m an d tw o problem s usin g th e sam e procedur e a s th e cooki e 
problem .  I t  woul d no t  b e surprisin g i f  th e T W O - P R O C E D U RE subject s coul d solv e th e cooki e 
proble m successfully .  However ,  th e mor e interestin g issu e i s whethe r  the y learne d anythin g mor e 
tha n tw o set s o f  operation s fo r  solvin g tw o type s o f  problems .  Tha t  is ,  di d the y simpl y lear n tha t 
frequenc y tabl e problem s requir e on e approac h an d non-frequenc y tabl e problem s requir e a 
differen t  approac h (i.e. ,  the y learne d a  superficia l  selectio n rul e an d di d no t  lear n subgoal s o r 
methods) ,  o r  di d the y lear n tha t  problem s ca n hav e differen t  goals ,  subgoa l  orders ,  an d method s 
fo r  obtainin g thos e subgoals ? 

Subjects then attempted to solve two instances of a new problem type (the birthday 
proble m an d on e isomorphi c t o it ,  th e "football "  problem—no t  illustrate d here )  i n additio n t o 
problem s whos e solutio n procedure s wer e alread y familia r  t o the m (i.e. ,  th e Detroi t  Tige r  proble m 
and/o r  th e cooki e problem) .  Subjects '  answer s an d error s wer e examine d fo r  indication s tha t  the y 
wer e simpl y tryin g t o appl y on e o f  tw o serie s o f  operation s o r  whethe r  the y ha d recognize d tha t 
particula r  subgoal s existe d (findin g X ,  the n finding  P(X=x) )  an d tha t  ne w method s woul d b e 
needed . 

Method 

Subjects. Fifty students from a probability class were recruited and paid $7 for their 
participation . 

Materials and Procedure. The procedure was identical to the one in Experiment 1. The 
onl y differenc e wa s th e materials .  Ther e wer e thre e group s o f  subject s i n thi s experiment .  Th e 
TIGE R grou p studie d fou r  trainin g problem s tha t  use d th e sam e solutio n procedur e a s th e Detroi t 
Tige r  targe t  problem .  Th e COOKI E grou p studie d fou r  trainin g problem s whic h use d th e sam e 
solutio n procedur e a s th e cooki e targe t  problem .  Th e T W O - P R O C E D U RE grou p studie d tw o 
problem s whic h use d th e Detroi t  Tige r  proble m procedur e an d tw o problem s whic h use d th e cooki e 
proble m procedure .  Al l  subject s the n receive d fou r  targe t  problem s t o solve :  th e Detroi t  Tige r 
problem ,  th e cooki e problem ,  th e birthda y problem ,  an d th e footbal l  problem . 

Results and Discussion 

For some of the analj'ses reported below, the comparisons are between the three groups: 
TIGER,  COOKIE ,  an d T W O - P R O C E D U R E.  Fo r  othe r  analyse s th e TIGE R an d C O O K I E group s 
ar e collapse d int o a  O N E - P R O C E D U RE grou p an d thu s th e compsu-iso n wil l  b e betwee n ONE-
P R O C E D U RE an d T W O - P R O C E D U RE subjects .  I n addition ,  th e term s "near "  an d "far "  transfe r 
can no t  b e use d a s the y wer e i n Experimen t  1  since ,  fo r  th e COOKI E group ,  th e cooki e proble m i s 
now a  nea r  transfe r  proble m an d th e Detroi t  Tige r  proble m i s a  fa r  transfe r  problem .  Thus ,  th e 
targe t  problem s wil l  b e referre d t o b y thei r  names .  Tabl e 2  summarize s th e typ e o f  transfe r 
proble m th e targe t  problem s represen t  fo r  eac h group . 

45 



Procedura l  Variet y 

Tabl e 2 

Degree of Transfer Required in Target Problems as a Function of Subject Group 

Grou p 

TIGER 
C O O K IE 
T W O - P R O C E D U RE 

Near  Transfer : 

Detroit Tiger 
cooki e 
Detroi t  Tiger ,  cooki e 

Far  Transfer : 

cookie, birthday, football 
Detroi t  Tiger ,  birthday ,  footbal l 
birthday ,  footbal l 

Whil e al l  o f  th e TIGE R an d T W O - P R O C E D U RE subject s solve d th e Detroi t  Tige r  proble m 
2 

correctly ,  onl y 13 % o f  th e COOKI E subject s did .  Thi s differenc e is ,  o f  course ,  significant ,  G  (2 )  = 
45.5 ,  £  <  .0001 .  Similarly ,  whil e mos t  o f  th e C O O K I E an d T W O - P R O C E D U RE subject s solve d 
th e cooki e proble m correctl y (87 % an d 86% ,  respectively) ,  a  muc h lowe r  percentag e (31% )  o f  th e 

2 
TIGE R subject s did ,  G  (2 )  =  13.9 ,  £  <  .001 .  Ther e i s n o differenc e i n solutio n rate s amon g th e 
thre e group s fo r  th e birthda y o r  footbal l  problem s whic h ar e fa r  transfe r  problem s fo r  al l  subjects . 
Overall ,  5 2 % o f  th e subject s solve d th e birthda y proble m an d 5 0 % solve d th e footbal l  problem .  I t 
shoul d b e note d tha t  th e 5 2 % solutio n rat e fo r  th e birthda y proble m i s significantl y greate r  tha n 
th e 2 8 % solutio n rat e fo r  tha t  proble m fo r  subject s i n Experimen t  1 ,  z  =  2.7 ,  £  <  .007 . 

Of the nine TIGER subjects who failed to solve the cookie problem, 78% failed to realize that 
th e goa l  wa s t o solv e fo r  X ,  100 % di d no t  realiz e tha t  P( X =  0 )  =  .0 1 wa s provide d i n th e problem , 
and 3 3 % trie d t o mak e u p a  frequenc y tabl e a s a n ai d t o solv e th e problem .  Thes e frequencie s ar e 
simila r  t o th e one s obtaine d i n Experimen t  1 . 

Of the 13 COOKIE subjects who failed to solve the Detroit Tiger problem, 12 of them tried 
t o calculat e X  b y takin g a n observe d frequenc y fo r  som e X  an d pluggin g tha t  int o th e Poisso n 
equatio n an d solvin g fo r  X .  Fo r  thos e subject s wh o chos e X  =  0 ,  the y woul d ge t  a n equatio n suc h 

as P(X = 0) = 85/162 = [e~\°]/0!. This reduces to .52 = e~^, which yields X = .65. Given 
tha t  th e X  generate d b y th e frequenc y tabl e metho d i s  .66 ,  thi s "cookie "  approac h work s quit e 
well ,  bu t  i n othe r  situation s i t  coul d b e quit e poo r  i n compariso n wit h th e frequenc y tabl e metho d 
(sinc e i t  woul d ignor e availabl e frequenc y data) .  I n addition ,  fo r  th e 1 2 subject s wh o too k thi s 
"cookie "  approach ,  eigh t  o f  the m stoppe d afte r  solvin g fo r  X  an d di d no t  generat e th e predicte d 
frequenc y table .  Thi s suggest s tha t  the y wer e performin g a  serie s o f  operation s rathe r  tha n 
solvin g fo r  th e goa l  o f  th e problem .  Fou r  o f  th e othe r  subject s use d th e observe d frequencie s o f 
eac h X  i n tur n t o solv e fo r  X .  I t  become s quit e mess y t o solv e fo r  X  whe n a n X  othe r  tha n 0  i s 
use d an d thes e subject s woul d se t  u p th e equation s an d the n stop .  Th e remainin g subjec t  wh o go t 
th e proble m wron g calculate d X  usin g th e frequenc y tabl e approach ,  bu t  di d no t  g o o n t o generat e 
predicte d frequencie s fo r  th e variou s value s o f  X . 

The types of errors made by subjects who were unsuccessful in solving the birthday or the 
footbal l  problem s ar e presente d i n Tabl e 3 .  Th e error s ar e presente d a s a  functio n o f  whethe r 
subject s receive d example s illustratin g on e procedur e o r  tw o (i.e. ,  th e TIGE R an d C O O K I E group s 
ar e collapse d int o th e O N E - P R O C E D U RE group) . 
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Tabl e 3 

Percentage of Subjects Who Made Particular Types of Errors (Experiment 2) 

Group 

Transfe r  Proble m 

Birthdaj ' 

Footbal l 

Erro r  Typ e 

S L A M B DA 
PX3 
F R EQ 

S L A M B DA 
PXl 
F R EQ 

Note .  Frequencie s ar e give n i n parentheses . 

One 
Procedur e 

n = 1 4 
93 (13 ) 
50(7 ) 
7(1 ) 

n =  1 4 
93 (13 ) 
43(6 ) 
14(2 ) 

Percentage s ar e 

Two 
Procedur e 

n = 1 0 
100 (10 ) 

10(1 ) 
20(2 ) 

n= l l 
100 (11 ) 

9(1 ) 
0(0 ) 

Tota l 

n =  2 4 
96 (23 ) 
33(8 ) 
12(3 ) 

n =  2 5 
96 (24 ) 
28(7 ) 
8(2 ) 

base d o n th e numbe r  o f  subject s 
who mad e a  particula r  erro r  divide d b y th e numbe r  o f  subject s i n eac h grou p wh o go t  th e proble m 
wron g (give n a t  th e to p o f  eac h colum n fo r  eac h o f  th e transfe r  problems) ,  no t  th e tota l  o f  numbe r 
of  subject s i n th e group . 

Both ONE-PROCEDURE and TWO-PROCEDURE subjects solved the birthday and football 
problem s abou t  5 0 % o f  th e time .  Thes e ar e fa r  transfe r  problem s fo r  bot h groups .  W e ha d 
expecte d th e T W O - P R O C E D U RE subject s t o d o bette r  sinc e w e hypothesize d the y woul d hav e 
been likel y t o isolat e subgoal s suc h a s X  an d P( X =  x )  an d generaliz e th e method s fo r  finding  them . 
Nevertheless ,  on e differenc e di d emerg e i n bot h problems .  O f  th e O N E - P R O C E D U RE subject s 
who faile d t o solv e th e birthda y problem ,  onl y 5 0 % realize d the y wer e t o solv e fo r  P( X =  3 )  whil e 

90% of the TWO-PROCEDURE subjects realized this. This difference is significant, G (1) = 4.64, 
£ <  .04 .  Similarly ,  5 0 % o f  th e O N E - P R O C E D U RE subject s realize d the y wer e t o solv e fo r 
P(X = I j  i n th e footbal l  proble m whil e 9 1 % o f  th e T W O - P R O C E D U RE subject s realize d this . 

2 
Again ,  th e differenc e i s significant ,  G  (1 )  =  3.82 ,  £  =  .05 .  Thi s resul t  suggest s tha t  T W O-
P R O C E D U RE subject s ma y hav e a t  leas t  isolate d subgoals ,  bu t  wer e unabl e t o appl y th e correc t 
metho d t o th e birthda y an d footbal l  problems .  Mos t  subject s di d calculat e X  i n th e birthda y an d 
footbal l  problems ,  bu t  the y tende d t o us e nonsensica l  value s suc h a s 365/50 0 o r  3/50 0 fo r  th e 
birthda y problem .  T W O - P R O C E D U RE subject s di d no t  see m t o lear n anythin g abou t  examinin g X 
fo r  it s  reasonableness ,  ye t  the y di d adap t  t o th e ne w goa l  constrain t  (i.e. ,  finding  onl y a  particula r 
P(X=x) )  whil e O N E - P R O C E D U RE subject s di d not . 

General Discussion 

The difficulties that subjects in both experiments had with the far transfer problems suggest 
tha t  procedura l  variet y plu s explici t  pointin g ou t  o f  subgoal s an d method s ma y b e require d t o 
teac h student s ho w t o solv e problem s whic h hav e differen t  subgoa l  order s an d modifie d method s 
compare d t o trainin g problems . 

Procedural variety may mean that students should be exposed to problems that provide 
differen t  givens ,  hav e differen t  appearances ,  and/o r  whic h requir e solvin g fo r  differen t  unknowns . 
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These variations would presumably induce students to isolate different methods for achieving 
certai n subgoal s an d t o realiz e tha t  ther e ca n b e differen t  goal s an d subgoal s fo r  solvin g problem s 
i n th e sam e domai n (Owe n &  Sweller ,  1985) .  Thi s inductio n coul d als o b e facilitate d b y presentin g 
example s whic h giv e th e dat a i n differen t  form s (suc h a s givin g X  directl y rathe r  tha n havin g i t 
calculate d fro m a  table) .  Th e nee d fo r  havin g student s se e example s whic h solv e fo r  differen t 
unknown s i s suggeste d b y th e larg e numbe r  o f  subject s i n Experimen t  1  wh o faile d t o realiz e tha t 
the y wer e solvin g fo r  somethin g new ,  namel y X ,  i n th e cooki e problem .  Th e importanc e o f 
presentin g simila r  informatio n i n differen t  form s (e.g. ,  table s versu s text ,  ready-to-us e value s 
versu s "low-level "  value s whic h requir e additiona l  calculation s befor e the y ca n b e use d i n 
equations )  seem s reasonabl e i n ligh t  o f  th e fac t  tha t  X  wa s a  quit e simpl e thin g t o calculat e i n th e 
birthda y problem ,  ye t  student s faile d t o se e i t  o r  t o calculat e i t  correctly .  I n fact ,  student s i n 
Experimen t  1  ofte n use d th e mor e laboriou s metho d o f  makin g u p a  frequenc y tabl e i n orde r  t o 
(incorrectly )  calculat e X .  Thi s proble m i s simila r  t o th e erro r  Ree d e t  al.' s  (1985 ,  Experimen t  4 ) 
subject s mad e whe n the y trie d t o us e th e mor e comple x solutio n method s fro m th e trainin g 
example s o n th e simple r  targe t  problems .  Bot h ou r  result s an d Ree d e t  al.' s indicat e tha t  student s 
wer e learnin g serie s o f  operation s rathe r  than ,  o r  mor e easil y than ,  subgoal s an d method s fo r 
solvin g problems . 

We have tried to suggest that an important component of the "power" of examples is the 
variatio n tha t  i s provide d i n a  sequenc e o f  examples .  Winston' s (1973 )  arc h perceive r  coul d onl y 
lear n concept s whe n th e example s i t  wa s presente d wit h wer e give n i n a  particula r  order . 
Negativ e instance s o f  a  concep t  wer e jus t  a s importan t  (an d sometime s mor e important )  tha n 
positiv e instances .  Failure-drive n memor y i s a n importan t  componen t  o f  Schank' s (1982 )  mode l  o f 
learning .  S o to o here ,  negativ e example s (i n th e for m o f  trainin g problem s tha t  hav e differen t 
subgoal s an d methods )  ar e important .  I f  a  studen t  see s severa l  problem s tha t  ar e deal t  wit h i n 
differen t  ways ,  h e o r  sh e ma y b e mor e likel y t o isolat e th e subgoal s an d method s rathe r  tha n 
viewin g th e problem s a s a  serie s o f  operation s whic h ultimatel y produc e som e output .  H e o r  sh e 
may als o for m generalization s o f  methods .  However ,  th e studen t  ma y nee d guidanc e t o hel p hi m 
or  he r  focu s o n th e subgoal s an d methods ,  a t  leas t  initiall y  (Lewi s &  Anderson ,  1985) .  W e ar e 
currentl y conductin g a  transfe r  experimen t  usin g material s whic h provid e subject s wit h 
explanator y informatio n highlightin g th e subgoal s an d method s tha t  ar e presen t  i n eac h trainin g 
example . 

It may be possible to develop a methodologj' for constructing examples for textbooks in 
quantitativ e domains .  Thi s methodolog y woul d involv e firs t  identifyin g th e subgoal s an d method s 
tha t  student s nee d t o lear n (Kieras ,  i n press ;  Kiera s &  Bovair ,  1986) .  The n exampl e problem s 
and explanator y material s whic h highligh t  thes e subgoal s an d method s ca n b e constructed .  Th e 
carefu l  procedura l  variatio n migh t  allo w student s t o se e beyon d th e superficia l  feature s o f 
examples . 
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Abstract 

Recent  explanalion-base d learnin g (EBL )  model s i n A l  allo w a  compute r  progra m t o lear n a 
schema b y analyzin g a  singl e example .  Fo r  example .  GENESI S i s a n EB L syste m whic h learn s a  pla n 
schema fro m a  singl e specifi c  instanc e presente d i n a  narrative .  Previou s learnin g model s i n bot h A l 
and psycholog y hav e require d multipl e examples .  Thi s pape r  present s experimenta l  evidenc e tha t 
peopl e ca n lear n a  pla n schem a fro m a  singl e narrativ e an d tha t  th e learne d schem a agree s wit h tha t 
predicte d b y EBL .  Thi s evidenc e suggest s tha t  GENESIS,  originall y constructe d a s a  machin e learn -
in g system ,  ca n b e interprete d a s a  psychologica l  mode l  o f  learnin g a  comple x schem a fro m a  singl e 
example . 

Introduction 

Recent  explanation-base d model s i n machin e learnin g (DeJon g &  Mooney .  1986 ;  Mitchell , 
Keller .  &  Kedar-Cabelli .  1986 )  allo w a  progra m t o lear n a  concep t  o r  schem a b y analyzin g th e 
causa l  structur e o f  a  singl e example .  Explanation-ba.se d learnin g (EBL )  system s construc t  a n 
explanatio n lo r  wh y a n instanc e i s a  member  o f  a  concep t  o r  wh y a  particula r  sequenc e o f  action s 
achieve s a  goal .  Thi s explanatio n i s the n generalized ,  retainin g onl y th e constraint s require d t o 
maintai n it s causa l  structure .  (Moone y &  Bennett .  1986 )  review s an d compare s a  numbe r  o f  simi -
la r  algorithm s fo r  performin g thi s generalization .  The.s e algorithm s produc e a  genera l  concep t 
descriptio n o r  pla n schem a whic h ca n b e use d t o improv e performanc e o n futur e classification . 
understanding ,  o r  proble m solvin g tasks . 

A majo r  differenc e betwee n EB L an d othe r  approache s t o learnin g i s th e numbe r  o f  example s 
required .  Similarity-base d learnin g (Michalski .  1983 ;  Mitchell .  1978 ;  Quintan .  1986 )  require s 
many example s an d system s base d o n analog y (Carbonell .  1983 ;  Ealkenhainer .  Forbus .  &  Genlner , 
1986 ;  Winston ,  1980 )  requir e tw o examples ,  whil e EB L require s onl y a  singl e example .  Althoug h a 
number  o f  psychologica l  experiment s exis t  demonstratin g people' s abilit y  t o lear n concept s o r  sche -
mat a fro m tw o example s usin g analog y (Gic k &  Holyoak .  1983 ;  Spence r  &  Weisberg .  1986)o r  fro m 
many example s usin g similarity-ba.se d inductio n (Medin .  Wattenmaker ,  &  Michalski .  1986 ;  Posne r 
& Keele .  1968) .  ther e seem s t o b e n o experiment s directe d a t  demonstratin g people' s abilit y  t o lear n 
a concep t  o r  schem a fro m a  singl e example .  Consequently ,  unti l  now ,  ther e ha s bee n n o empirica l 
evidenc e t o suppor t  th e us e o f  EB L a s a  psychologica l  mode l  o f  huma n learning .  Thi s pape r  sum -
marize s a  numbe r  o f  recentl y conducte d experiment s whic h demonstrat e subjects "  abilit y  t o lear n a 
ne w genera l  pla n schem a fro m a  singl e narrativ e describin g a  .specifi c  instanc e o f  th e plan .  Th e 
schema acquire d i n thi s wa y i s show n t o obe y th e variable s an d constraint s predicte d b y a n EB L 
model . 

Thi s researc h wa s supportr d i n par t  b y Universit y o f  Illinoi s Cognitiv e Sciencc/A l  fellowship s t o th e first  tw o a u 
thor s an d i n par t  b y th e Offic e o f  Nava l  Researc h unde r  gran t  N  0001 4 86- K 0309 . 
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Srhftn a Acquis!(iui i  fro m On e Exampl e 

Learnin g f ro m O n e Exampl e i n G E N E S I S 

The ide a o f  learnin g a  schem a b y analyzin g th e explanatio n o f  a  singl e narrativ e wa s first 

presente d i n (DeJong .  1961) .  Th e CL'.MliSI S syste m (Mooney .  1985 :  Moone y &  DeJong .  1985 )  i s a 

realizatio n o f  thi s ide a whic h processe s shor t  l:nglis h narrative s an d i s abl e t o acquir e ne w pla n 

schemat a fro m singl e specifi c  instances . 

Durin g th e understandin g process ,  GIZNnSl S attempt s t o construc t  explanation s fo r  characters ' 

action s i n term s o f  th e goal s thei r  action s wer e mean t  t o achieve .  Thi s proces s involve s plan-base d 

understandin g mechanism s lik e thos e employe d b y previou s narrativ e processin g system s (Dyer , 

1983 ;  Schank .  &  Riesbeck .  1981 :  Wilensky ,  1983) .  W h e n th e syste m observe s tha t  a  characte r  ha s 

achieve d a n interestin g goa l  i n a  nove l  way ,  i t  generalize s th e compositio n o f  action s th e characte r 

use d t o achiev e thi s goa l  int o a  ne w schema .  Th e generalizatio n proces s (describe d i n Moone y an d 

Bennet t  (1986) )  consist s o f  a n analysi s o f  th e causa l  mode l  o f  th e narrativ e whic h remove s 

unnecessar y detail s whil e maintainin g th e validit y o f  th e explanation .  Th e resultin g generalize d se t 

of  action s i s the n store d a s a  ne w schem a an d use d b y th e syste m t o correctl y proces s narrative s 

whic h wer e previousl y beyon d it s capabilities .  Currently ,  GENESI S ha s learne d schemat a fo r 

kidnapping-for-ransom ,  arson-for-insurance ,  murder-for-inheritance .  an d fo r  a  p>olice-office r 

impersonatin g a  prostitut e i n orde r  t o entra p solicitors .  I n eac h o f  thes e cases ,  i t  demonstrate s a 

performanc e improvemen t  b y usin g th e schem a i t  ha s learne d t o construc t  explanation s fo r  narra -

tive s whic h i t  previousl y coul d no t  explain . 

The goa l  o f  th e presen t  researc h i s t o sho w tha t  GENESI S ca n b e interprete d a s a  psychologica l 

model .  Thus ,  w e hav e carrie d ou t  a  serie s o f  experiment s t o se e i f  peopl e ca n acquir e a  nove l  pla n 

schema fro m a  narrativ e describin g a  singl e .specifi c  instanc e o f  a  nove l  action .  Specifically ,  w e 

predicte d tha t  peopl e woul d buil d a  causall y complet e repre.sentatio n o f  th e tex t  b y causall y con -

nectin g instantiation s o f  existin g schemat a (a s i n Johnson-Laird' s menta l  mode l  (1983 )  o r  va n Dij k 

& Kinlsch' s situatio n nuide l  (1983)) .  Th e explanatio n i s th e connecte d portio n o f  th e mode l  whic h 

contribute s t o th e character s achievin g importan t  goals .  Thi s explanatio n i s immediatel y generalize d 

int o a  schem a b y changin g constant s t o variable s withi n th e constrain t  tha t  th e structur e o f  th e 

explanatio n remain s intact .  Th e resultin g schem a i s characterize d b y a  se t  o f  variable s whic h ar e 

slot s whic h ca n b e filled  b y differen t  object s o r  agent s i n eac h instance ,  an d a  se t  o f  constraint s 

whic h specif y nece.ssar y propertie s o f  variable s an d necessar y relationship s betwee n variables .  Th e 

constraint s ar e thos e propertie s an d relation s require d t o maintai n th e causa l  validit y o f  th e expla -

nation . 

Overview of the Experiments 

GENESIS wa s originall y constructe d a s a  machin e learnin g system .  I t  wa s no t  explicitl y  writ -

te n t o mode l  a n existin g se t  o f  psychologica l  data .  I n orde r  t o explor e th e validit y o f  GENESI S a s a 

p.sychologica l  mode l  o f  huma n learning ,  fou r  psychologica l  experiment s wer e conducted .  Th e basi c 

desig n wa s t o hav e subject s rea d a  pas.sag e de.scribin g a  specifi c  instanc e o f  a  nove l  plan .  Eac h o f  th e 

first  thre e experiment s use d a  differen t  tas k t o tes t  whethe r  o r  no t  subject s ha d acquire d a n abstrac t 

schema fro m thi s singl e example .  Th e la.s t  experimen t  teste d whethe r  subject s generalize d th e nar -

rativ e a s a  natura l  par t  o f  comprehensio n o r  onl y produce d th e abstrac t  schem a whe n the y wer e 

aske d genera l  question s abou t  th e narrative . 

Thre e passage s wer e constructe d t o presen t  situation s fo r  whic h th e subject s presumabl y di d 

not  alread y hav e a  pre-establishe d schem a bu t  whic h the y coul d understan d usin g aspect s o f  thei r 

existin g knowledge .  Eo r  example ,  on e pa.ssag e involve s a  cooperativ e buyin g schem e use d i n othe r 

countries .  I n Kore a th e syste m i s calle d a  "Kyeah "  an d i n Indi a i t  i s  calle d a  "chi t  fund" .  Th e 

experimenta l  narrativ e de.scribin g a  singl e instanc e o f  thi s pla n follows : 

Tom,  Siif ,  Jane ,  an d Jo e wer e ul l  friend s un d eac h wante d t o mak e a  larg e purchas e a s soo n a s [xissi -
ble .  To m wante d a  \'(.'R ,  Su e wante d a  microwaxe ,  Jo e wante d a  ca r  stereo ,  an d Jan e wante d a  com -
pact  dis k player .  However ,  afte r  payin g thei r  cxix'nses ,  the y eac h onl y ha d $6 0 lef t  a t  th e en d o f 
ever y thir d month .  Tom ,  Sue ,  Jane ,  an d Jo e al l  jjo t  togethe r  t o solv e th e problem .  The y mad e fou r 

51 



Schema Acquisitio n fro m On e Exampl e 

slip s o f  pape r  \kiti j  tiu -  numbor s 1,2,3 ,  an d 4  writte n o n them .  The y pu t  the m i n a  ha t  an d eac h 
dre w ou t  on e slip .  Jan e ̂ o \  th e sli p wit h th e 4  vkritte n o n it ,  an d said ,  "O h darn ,  1  hav e t o wai t  t o ge t 
my CI )  player. "  Jo e ̂>o t  th e sli p wit h th e 1  writte n o n i t  an d said ,  "(ireal ,  I  tu n jjc t  m y ca r  stere o 
rijjh t  away! "  Su e ̂ o \  ih e numbe r  2 ,  an d To m jjo t  numbe r  3 .  I n February ,  the y eac h contribute d th e 
$60 the y ha d left .  Jo e too k th e whole  $24 0 an d boû -h t  a  Pionee r  ca r  stere o a t  K' s Merchandise .  I n 
May,  ihe y eac h contribuie d thei r  mone y again .  Thi s lime ,  ,Su e use d th e $24 0 t o bu y a  Shar p 60 0 
wat t  1. 5 cubi c foo t  microwav e a t  K-mart .  I n .August ,  al l  fou r  agai n contribute d $60 .  To m too k th e 
money an d bough t  a  .Sany o Bet a \'C H wit h wire d renrfot e a t  .Servic e Merchandise .  I n November ,  Jan e 
got  th e mone y an d bough t  a  Technic s CI )  playe r  a t  Appl e Tre e Stereo . 

The complexity of ihe experimenlal examples prevented a complete formal analysis and computer 

implementation .  Therefore ,  constraint s an d variable s wer e obtaine d fo r  eac h schem a b y determin -

in g a  se t  o f  role s fo r  th e .schem a an d decidin g whic h propertie s an d relation s o f  thes e role s wer e 

importan t  i n maintainin g th e underlyin g causa l  structur e o f  th e narrative .  Variable s an d con -

straint s wer e determine d fo r  eac h .schem a befor e conductin g an y o f  th e experiments .  Table  1  show s 

th e lis t  o f  variable s an d constraint s identifie d fo r  th e Kyea h schema . 

In addition to a group given .specific narratives (Hxample group), experiments 2 and 3 also 

use d a  contro l  grou p whic h wa s give n abstrac t  description s o f  th e schemat a underlyin g eac h o f  th e 

exampl e narrative s (Abstrac t  group) .  Th e descriptio n o f  th e Kyea h schem a give n l o th e Abstrac t 

grou p follows : 

Sui))X)s e ther e ar e a  numbe r  o f  peojil e (le t  th e numbe r  b e n )  eac h o f  w h o m want s t o mak e a  larg e 
purchas e bu t  doe s no t  ha \  e  enoug h cas h o n hand .  The y ca n cooperat e t o solv e thi s proble m b y eac h 
donatin g a n equa l  smal l  amoun t  o f  mone y l o a  common fun d o n a  regula r  basis .  (Le t  th e amoun t 
donate d b y eac h member  b e m. )  The y mee t  a t  regula r  interval s t o collec t  everyone' s money ,  liac h 
tim e mone y i s collected ,  on e member  o f  th e grou p i s give n al l  th e mone y collecte d ( n X  m )  an d the n 
wit h tha t  mone y h e o r  sh e ca n purchas e wha t  h e o r  sh e wants .  I n orde r  t o b e fair ,  th e orde r  i n 
whic h peopl e ar e give n th e mone y i s determine d randomly .  Th e brs i  perso n i n th e rando m orderin g 
i s therefor e abl e t o purchas e thei r  desire d ite m immediatel y instea d o f  havin g t o wai t  unti l  the y 
sav e th e neede d amoun t  o f  money .  .Mthoug h th e las t  |H'rso n doe s no t  ge t  t o bu y thei r  ite m early , 
thi s individua l  i s  n o wors e of f  tha n the y woul d hav e bee n i f  the y waite d unti l  the y save d th e mo -
ney b y themselves . 

Since subjects in the Abstract group had been directly told the content of the schema, they were 

presume d l o hav e learne d th e schema .  Consequently ,  i f  th e Exampl e grou p performe d a s wel l  a s 

th e Abstrac t  grou p o n a  tas k requirin g knowledg e o f  th e genera l  schema ,  the n i t  i s  reasonabl e t o 

assume tha t  th e subject s i n th e Exampl e grou p ha d als o acquire d th e schema . 

I n additio n l o th e Kyea h schema ,  th e othe r  tw o situation s use d i n th e experiment s include d a 

techniqu e fo r  makin g additiona l  mone y b y fencin g copie s o f  a  stole n collectabl e an d a  confidenc e 

game calle d th e "phon y bank-examine r  ploy "  (th e latte r  wa s take n fro m Wharto n (1967)) .  Non e 

of  th e experiment s foun d appreciabl e difference s amon g th e thre e schemata ;  consequently .  Ih e 

result s reporte d fo r  eac h experimen t  ar e average d acros s al l  thre e examples . 

Table 1: Variables and Constraints for the Kyeah Schema 

Variable s 

identit y o f  participant s 

number  o f  participant s (n ) 

exac t  tim e o f  meeting s 

interva l  betwee n meeting s (i ) 

amount  o f  donatio n ( m ) 

item s bough t 

store s wher e item s bough t 

metho d o f  determinin g orde r 

Constraint s 

participant s wan t  item s o f  simila r  valu e 

participant s canno t  aflor d item s 

participant s trus t  eac h othe r 

participant s ca n affor d m eac h t 

eac h participan t  donate s sam e amoun t 

cos t  o f  desire d item s — n  X  m 

number  o f  meeting s =  numbe r  o f  participant s 

orde r  mus t  b e assigne d randoml y 
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I n al l  o f  Ih e experimenis .  ih e lixampi e grou p wa s give n onl y a  singl e instanc e o f  ih e schema . 

Thu s an y learnin g iha l  occurre d i n thi s grou p woul d b e ouisid e th e domai n o f  learnin g theorie s 

whic h require d multipl e instance s (i.e .  analog y o r  similarity-ba.se d induction) . 

I n orde r  t o determin e whethe r  a  learne d .schem a agree d wit h tha t  predicte d b y HHL .  subjects ' 

learnin g wa s alway s judge d o n ho w wel l  the y obeye d th e constraint s an d recognise d th e mutabilit y 

of  th e variables . 

Subject s i n al l  o f  th e experimeni s wer e undergraduat e student s a t  th e Universit y o f  Illinoi s a t 

Urbana-Champaig n an d participate d i n th e experiment s t o fulfil l  a  requiremen t  o f  a n introductor y 

psycholog y course .  Afte r  eac h o f  th e experiments ,  subject s wer e aske d whethe r  the y ha d previ -

ousl y hear d o f  an y o f  th e thre e plan s describe d i n th e passages .  I f  so ,  thei r  dat a wer e discarded . 

Experiment 1: General Description Generation 

I n Experimen t  1 .  i n orde r  t o les t  whethe r  subject s ha d acquire d a  schem a fro m a  singl e 

instance ,  w e aske d the m t o writ e a  genera l  de.scriplio n o f  th e schema .  W e predicte d tha t  i n th e sub -

jects '  description s th e schem a constraint s woul d remai n bu t  th e actua l  object s i n th e stor y woul d 

be replace d wit h variables . 

Methi> d 

The experimen t  use d onl y on e grou p o f  subjects .  Kac h subjec t  wa s give n th e thre e experimen -

ta l  narrative s an d wa s tol d fo r  eac h on e t o "write ,  i n abstrac t  terms ,  a  descriptio n o f  th e genera l 

techniqu e illustrate d i n th e narrative. "  I n orde r  t o clarif y th e instructions ,  the y wer e give n a  sam -

pl e narrativ e an d it s correspondin g genera l  description .  W e include d thi s demonstratio n narrativ e 

t o sho w subject s whic h leve l  o f  abstractio n w e wante d the m t o generate .  Th e demonstratio n narra -

tiv e wa s abou t  skyjackin g an d wa s .selecte d t o b e unrelate d t o th e experimenta l  passages .  Th e 

demonstratio n passage s d o no t  revea l  whic h portion s o f  th e narrative s ar e constraint s an d whic h 

ar e variables .  Fo r  example ,  a n airplan e i s mentione d i n bot h th e demonstratio n narrativ e an d it s 

correspondin g genera l  description ;  however ,  althoug h a  V C R i s mentione d i n th e Kyea h narrative ,  i t 

i s  no t  a  par t  o f  th e Kyea h schema .  A  correc t  analysi s ca n onl y b e determine d b y providin g a n 

explanatio n fo r  th e individua l  example . 

Afte r  readin g th e instructions ,  al l  o f  th e subject s rea d th e first  narrativ e an d wrot e a  genera l 

descriptio n fo r  i t  an d di d th e sam e thin g fo r  th e secon d an d thir d stor y a t  thei r  o w n pace .  Dat a 

wer e collecte d fro m 1 1 subjects . 

Result s an d Discussio n 

I n general ,  subject s produce d goo d schem a descriptions .  Th e followin g i s th e descriptio n o f  th e 

Kyea h schem a writte n b y on e subject : 

.Suppos e i n a  t'0" P o f  peojile ,  eac h perso n u  oul d lik e t o bu y somethin g expensive ,  bu t  ove r  a  |)erio d 
of  lime ,  eac h perso n canno t  ear n enoug h t o bu y wha t  h e woul d like .  B y usin g rando m selection ,  eac h 
perso n toul d b e assigne d a  nuinbci .  whe n th e grou p ha d save d enoug h mone y tuf̂ eihe r  t o purchas e 
an item ,  th e jx-rso n wit h th e firs t  numbe r  \ » oul d ge t  hi s item .  Thi s woul d continu e fo r  th e res t  o f 
th e grou p unti l  everyon e ha d gotte n wha t  h e vk ished . 

To provid e a  mor e objectiv e inde x o f  th e subjects '  performance ,  w e counte d th e numbe r  o f  con -

straint s mentione d an d th e numbe r  o f  variable s identifie d i n thei r  genera l  descriptions .  A  variabl e 

was considere d t o hav e bee n identifie d i f  eithe r  a n abstrac t  term ,  suc h a s "group "  o r  "something. " 

was use d t o refe r  t o it .  o r  i f  i t  wa s simpl y no t  mentione d i n ih e description .  I f  a  particula r  vari -

abl e i s no t  mentione d a t  all .  the n i t  i s  reasonabl e t o assum e tha t  th e subject s believ e tha t  it s partic -

ula r  valu e wa s no l  importan t  t o th e overal l  schema . 

On th e average .  8 4 % o f  th e constraint s wer e explicitl y  mentione d an d 8 8 % o f  th e variable s 

wer e identified .  Thes e percentage s indicat e tha t  subject s ca n acquir e a n abstrac t  schem a fro m a  sin -

gl e instanc e an d tha t  th e characteristic s o f  th e learne d schem a agree s wit h thos e predicte d b y IZB L 

theory . 
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Exper imen t  2 :  Stor y Generatio n 

I n Hxperimen i  2 .  w e lesle d whethe r  th e schem a tha i  subject s acquire d coul d dea l  wit h ne w 

instances .  I f  bot h L'xampl e an d Abstrac t  group s coul d produc e anothe r  instanc e equall y wel l  base d 

on wha t  the y read ,  i t  woul d indicat e tha i  bot h group s ha d acquire d a  generativ e schema . 

Method 

Subject s i n th e Lxampl e grou p wer e give n th e ttire e narrative s an d tol d fo r  eac h on e l o "writ e 

anothe r  stor y i n whic h character s us e th e genera l  metho d illustrate d i n th e stor y bu t  tha t  i s  other -

wis e a s differen t  a s possible. "  Subject s i n th e Abstrac t  grou p wer e give n th e thre e abstrac t  schem a 

description s an d tol d fo r  eac h on e l o "writ e a  stor y i n whic h particula r  individual s us e th e tech -

niqu e describe d i n th e passag e i n a  specifi c  case. "  Bot h group s rea d thei r  first  passag e an d wrot e a 

stor y an d th e tas k wa s repeate d fo r  th e secon d an d th e thir d passages .  Ther e wer e eigh t  subject s i n 

th e Exampl e grou p an d seve n i n th e Abstrac t  group . 

Results and Discussion 

I n general ,  bot h group s produce d equall y goo d narratives .  Th e followin g i s th e ne w Kyea h 

narrativ e writte n b y on e subjec t  i n th e exampl e condition . 

Bill ,  Kim ,  Joli n an d Mar y wer e al l  busines s associates .  Bil l  wante d som e lan d i n Norther n Illinois , 
Ki m wante d a  ne w hous e i n .Switzerland ,  Joh n wante d a  ne w Porsh e 928. S wit h al l  al l  accesories , 
and Mar y wante d t o tak e a  tri p aroun d th e world .  Th e onl y proble m wa s the y eac h onl y ha d 
$25,000.0 0 lef t  unspen t  a t  th e en d o f  eac h month .  The y al l  go t  togethe r  an d picke d rando m vari -
able s o n Bill' s  busines s computer .  Mar y M â s farthes t  fro m he r  variabl e s o sh e woul d liav e t o wai t 
til l  las t  l o ge l  he r  tri p aroun d th e world .  Joh n naile d hi s variabl e an d jumĵ e d enthusiasticall y say -

ing ,  "Yea ,  I  ge t  t o ge l  m y ne w Porsh e 928. S righ t  now. "  The y eac h talke d wit h thei r  banke r  an d dre w 
th e $2 5 Thousan d dollar s ou t  an d poole d i t  togethe r  afte r  th e lirs l  mont h an d th e nex t  da y Joh n 
drov e u p i n Ihi s new ,  black ,  928 S wit h al l  accessories .  A t  th e en d o f  th e nc.\ l  mont h the y agai n 
|X)ole d thei r  mone y an d Ki m go t  he r  chale t  i n Switzerland .  Agai n a t  th e en d o f  th e nex t  mont h the y 
lx)ole d thei r  mone y a n Bil l  go t  hi s lan d i n Norther n Illinois .  Finally ,  afte r  th e fourt h mont h the y 
|X)ole d thei r  mone y togethe r  an d Mar y lef t  fo r  he r  tri p aroun d th e world . 

Again ,  t o b e mor e objective ,  w e counte d th e numbe r  o f  constraint s obeye d an d th e numbe r  o f  vari -

able s change d i n th e storie s generate d b y th e Flxampl e group .  However ,  i n th e Abstrac t  group ,  w e 

coul d onl y coun t  th e numbe r  o f  constraint s obeye d sinc e ther e wer e n o constant s l o chang e i n thei r 

passage s (e.g .  numbe r  o f  participants ,  item s purchased ,  etc.) . 

Overall ,  th e l-xampl e grou p obeye d 9 0 % o f  th e constraint s whil e th e Abstrac t  grou p obeye d 

8 7 %.  I n addition ,  th e Exampl e grou p change d 7 1 % o f  th e variables .  Thes e result s impl y tha t  fro m 

a singl e specifi c  instanc e subject s ca n acquir e a  schem a equivalen t  t o tha t  acquire d directl y fro m a n 

abstrac t  descriptio n o f  th e schema . 

Experiment 3: Yes/No Questions 

Experimen t  3  wa s designe d l o les t  whethe r  subject s i n bot h group s wer e equall y goo d a t 

detectin g whic h portion s o f  th e narrative s wer e variable s an d whic h wer e constraints .  Althoug h i n 

Experimen t  2 ,  th e Exampl e grou p change d onl y 7 1 % o f  th e variables ,  thi s doe s no t  necessaril y  indi -

cat e tha t  the y di d no t  identif y th e res t  o f  them .  I t  i s  possibl e tha t  th e subject s simpl y di d no t  lak e 

th e effor t  l o chang e th e value s o f  al l  o f  th e variables .  Fo r  example ,  mos t  o f  th e subject s di d no t 

chang e th e numbe r  o f  participant s i n thei r  Kyea h narratives .  Experimen t  3  directl y teste d th e abil -

it y  o f  subject s t o recogniz e al l  o f  th e variables . 

Metho d 

We develope d a  yes/n o questio n fo r  eac h constrain t  (fo r  example ,  "Ca n som e peopl e con -

sistentl y donat e le.s s tha n other s an d hav e th e syste m work?" )  an d a  yes/n o questio n fo r  eac h vari -

abl e (fo r  example ,  "i s ther e an y particula r  numbe r  o f  peopl e require d fo r  thi s plan?") .  Fo r  eac h 

questio n th e expecte d answer s base d o n E B L wer e sometime s "yes "  an d sometime s "no" .  Bot h th e 

Exampl e an d Abstrac t  group s rea d thei r  first  passage ,  answere d th e sam e question s wit h "yes "  o r 
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"no" ,  an d justifie d Ihei r  answers .  The n ihe y di d Ih e sam e thin g fo r  th e secon d an d th e thir d passag e 

at  thei r  o w n pace .  Ther e wer e te n subject s i n th e lixampl e grou p an d seve n i n th e Abstrac t  group . 

Results and Discus sum 

The dat a supporte d ou r  predictio n tha t  th e Fxampl e grou p woul d perfor m a s wel l  a s th e 

Abstrac t  group .  Th e averag e percen t  correc t  fo r  th e Exampl e grou p wa s 8 3 % whil e tha i  fo r  th e 

Abstrac t  grou p wa s 81% .  Fo r  constraints ,  th e scope s wer e 8 4 % an d 8 1 % fo r  th e Exampl e an d 

Abstrac t  groups ,  respectively .  Fo r  variables ,  th e score s wer e 8 0 % an d 8 1 % .  respectively . 

Also ,  w e examine d th e subjects '  justification s fo r  incorrec t  answer s an d foun d tha t  mos t  o f 

thei r  "errors "  wer e no t  du e t o th e subjects '  failur e t o generaliz e i n a n explanation-base d manner . 

but  wer e du e t o th e subjects '  generatin g a  schem a slightl y dilTeren t  fro m th e on e w e ha d attempte d 

t o embod y i n th e text .  Som e o f  th e question s mad e certai n underlyin g assumption s abou t  th e execu -

tio n o f  th e pla n whic h coul d b e relaxe d t o generat e a n eve n mor e genera l  schema .  A m o n g thos e 

answer s marke d a s incorrect ,  8 7 % o f  th e Exampl e group' s justification s an d 7 9 % o f  th e Abstrac t 

group' s justification s presente d argument s whic h wer e base d o n a  causall y consisten t  interpretatio n 

of  th e schema .  Fo r  example ,  give n th e followin g question ;  "i n th e abov e plan ,  i s i t  necessar y tha t 

th e numbe r  o f  meeting s b e th e sam e a s th e numbe r  o f  peopl e i n th e group?" ,  on e subjec t  responded ; 

"No ,  it' s  irrelevant .  The y coul d collec t  mone y ever y wee k an d the n a t  th e en d o f  th e mont h th e 

one perso n get s i t  all. "  A n exampl e o f  a  causall y inconsisten t  justificatio n i s whe n a  subjec t  wa s 

asked :  "I s ther e an y particula r  numbe r  o f  peopl e require d fo r  thi s plan? "  an d responded :  "Yes .  Fou r 

i s th e onl y numbe r  o f  peopl e tha t  wil l  mak e thi s pla n work. " 

Experiment 4: Memory Test 

Experiment s 1- 3 indicate d tha t  peopl e coul d acquir e a  schem a b y generalizin g th e explanatio n 

of  a  singl e example ;  however ,  the y di d no t  indicat e whe n generalizatio n occurred .  Th e subject s 

migh t  hav e performe d schem a abstractio n a t  th e tim e the y rea d th e passag e o r  onl y late r  whe n 

aske d question s abou t  it .  Fo r  example ,  i n Experimen t  3 .  subject s i n th e Exampl e grou p migh t  hav e 

answere d th e question s b y storin g specifi c  representation s o f  th e narrative s i n memor y an d the n 

generalizin g thes e representation s afte r  the y wer e aske d th e questions .  I f  thi s i s th e case ,  the y 

shoul d als o b e abl e t o answe r  question s abou t  specifi c  fact s i n th e narrative s a s wel l  a s question s 

abou t  th e genera l  schemata . 

Metho d 

We teste d subjects '  memor y fo r  specifi c  an d genera l  informatio n on e da y afte r  the y rea d a n 

experimenta l  narrative .  T o tes t  genera l  information ,  w e use d th e sam e question s fro m Experimen t 

3.  includin g bot h question s o n constraint s an d o n variables .  T o tes t  specifi c  information ,  w e 

develope d ne w yes/n o question s o n eac h constrain t  an d variabl e instantiate d i n th e example .  Fo r 

example ,  t o tes t  th e variable ,  "numbe r  o f  participants" ,  w e asked ,  "Wer e ther e five  peopl e i n th e 

grou p described?" . 

Subject s rea d onl y on e o f  th e thre e narrative s an d wer e aske d t o rat e th e qualit y an d useful -

ness o f  th e plan .  The y the n lef t  withou t  knowin g tha t  ther e woul d b e mor e test s relate d t o wha t 

the y ha d read .  Afte r  on e day .  subject s returne d expectin g anothe r  experiment .  Instead ,  eac h subjec t 

receive d question s o n th e narrative s the y ha d rea d previousl y an d wer e aske d t o answe r  the m wit h 

"yes "  o r  "no "  a t  thei r  o w n pace .  Ther e wer e 1 7 subject s i n total . 

Results and Discussion 

The percentag e correc t  fo r  genera l  question s wa s 8 4 % wherea s tha t  fo r  specifi c  question s wa s 

onl y 60% .  Thes e result s indicat e tha t  subjects '  response s t o genera l  question s wer e base d o n thei r 

genera l  schemat a no t  o n specifi c  representation s o f  th e narratives .  Thi s i s becaus e th e hypothesi s 

tha t  th e subject s wer e usin g a  specifi c  representatio n t o answe r  th e question s require s tha t  th e sub -

jec t  retriev e th e specifi c  informatio n relevan t  fo r  eac h abstrac t  question .  Also ,  sinc e the y wer e no t 

awar e tha t  ther e woul d b e a  comprehensio n tes t  on e da y later ,  thes e dat a provid e evidenc e tha t  th e 
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genera l  schemat a wer e a  natura l  produc t  o f  th e comprehensio n process . 

Conclusions 

I n general ,  th e experiment s describe d abov e suppor t  EI31 .  a s a  viabl e psychologica l  mode l  o f 

certai n type s o f  h u m a n learning .  Specifically ,  the y demonstrat e that ,  lik e CJCNESIS ,  peopl e ca n 

lear n a  schem a b y generalizin g th e explanatio n o f  a  singl e narrative . 

Previou s researc h ha s generall y assume d tha t  multipl e example s ar e require d fo r  schem a o r 

concep t  acquisition .  Fo r  example ,  Rumelhar t  an d No rma n (1978 )  claime d tha t  ther e ar e basicall y 

tw o way s i n whic h schemat a ca n b e formed .  Thes e wer e patter n generatio n an d schem a inductio n 

bot h o f  whic h requir e exposur e t o multipl e examples .  Brewe r  an d Nakamur a (1984) .  postulatin g 

schemat a a s containin g abstrac t  generi c knowledge ,  als o assume d tha t  schem a acquisitio n require d 

multipl e examples . 

Gic k an d Holyoa k (1983 )  eve n specificall y showe d tha t  subject s coul d no t  lear n a  particula r 

schema (th e "convergenc e schema' "  )  fro m a  singl e exampl e an d tha t  acquirin g th e schem a require d 

tw o analogou s examples .  However ,  th e convergenc e schem a i s a  ver y abstrac t  concep t  whic h a 

standar d EB L mechanis m coul d no t  acquir e fro m on e example .  Explanation-base d generalizatio n a s 

performe d b y GENESI S involve s retainin g th e basi c structur e o f  th e pla n use d i n a  specifi c  exampl e 

and removin g actions ,  properties ,  an d relation s whic h ar e clearl y irrelevan t  t o achievin g th e goal . 

Give n a  stor y lik e "Th e General "  fro m Gic k an d Holyoa k (1983) .  suc h a  proces s woul d acquir e a 

schema fo r  capturin g a n enem y fortres s b y attackin g i t  simultaneousl y fro m al l  sides :  however ,  i t 

coul d no t  acquir e a n extremel y abstrac t  concep t  lik e th e convergenc e schema .  Consequently ,  th e 

result s presente d her e d o no t  contradic t  th e specifi c  result s o r  conclusion s presente d i n Gic k an d 

Holyoa k (1983) .  However ,  ou r  result s d o sho w tha t  ther e i s a  larg e clas s o f  schemat a tha t  ca n b e 

acquire d fro m on e example . 

Althoug h explanation-base d learnin g ca n b e use d t o lear n a  schem a fro m onl y on e example ,  i t 

i s  unsuitabl e fo r  learnin g certai n classe s o f  concepts .  E B L i s onl y applicabl e whe n on e ha s sufficien t 

knowledg e o f  th e domai n an d th e schem a t o b e learne d i s solel y determine d b y causa l  constraints . 

I n thi s case ,  peopl e us e thei r  existin g knowledg e o f  th e domai n t o guid e th e schem a acquisitio n pro -

ces s an d distinguis h relevan t  fro m irrelevan t  feature s afte r  give n onl y on e example .  Thi s improve s 

th e efficienc y o f  learnin g an d result s i n schemat a whic h ar e fre e fro m spuriou s correlations .  H o w -

ever ,  m a n y schemata ,  suc h a s tha t  fo r  a  weddin g ceremon y o r  a  birthda y party ,  ar e determine d b y 

un-explainabl e socia l  convention s a s wel l  a s b y necessar y causa l  relationship s amon g thei r  consti -

tuen t  actions .  Learnin g suc h schemat a efficientl y wil l  requir e a  mechanis m whic h successfull y 

integrate s th e differen t  approache s underlyin g curren t  learnin g mechanisms . 

Nevertheless ,  E B L i s on e o f  th e first  attempt s t o incorporat e significan t  amount s o f  causa l  an d 

explanator y domai n knowledg e int o a  learnin g mechanism .  Murph y an d Medi n (1985 )  argu e per -

suasivel y fo r  th e importanc e o f  "theories "  i n concep t  formation ,  wher e importan t  feature s o f  a 

"theor y •  includ e " A n explanator y principl e c o m m o n t o categor y members "  an d a  "Networ k 

forme d b y causa l  an d explanator y links. "  Investigatin g explanation-base d learnin g fro m a  singl e 

exampl e represent s a n importan t  ste p i n understandin g h o w "theories "  ca n b e successfull y 

employe d i n concep t  acquisition . 
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I n learnin g categorie s an d rule s fro m observatio n withou t  externa l  feedback ,  peopl e mus t  mak e 
use o f  th e structur e intrinsi c t o th e instance s observed .  Succes s i n learnin g comple x categorie s 
fix)m  observation ,  a s i n languag e acquisition ,  suggest s tha t  learner s mus t  b e equippe d wit h 
procedure s fo r  efficientl y usin g structur e i n inpu t  t o guid e learning .  W e propos e on e wa y tha t 
learner s mak e us e o f  th e correlationa l  structur e availabl e i n inpu t  t o facilitat e observationa l 
learning :  increas e relianc e o n thos e feature s discovere d t o mak e goo d prediction s abou t  th e 
value s o f  othe r  features .  Suc h a  mechanis m predict s tw o type s o f  facilitatio n fro m multipl e 
correlation s amon g inpu t  features .  Thi s contrast s wit h th e effect s o f  correlate d feature s whic h 
hav e bee n suggeste d b y model s addressin g learnin g wit h explici t  feedback .  Thre e experiment s 
investigate d learnin g th e syntacti c categorie s o f  artifica l  grammars ,  withou t  externa l  feedback , 
and teste d fo r  th e predicte d patter n o f  facilitation .  Subject s di d sho w th e predicte d facilitation . 
I n addition ,  a  simulatio n o f  th e learnin g mechanis m investigate d th e condition s whe n i t  woul d 
provid e mos t  benefi t  t o learning .  Thi s researc h progra m begin s investigatio n o f  procedure s 
whic h migh t  underli e efficien t  learnin g o f  complex ,  natura l  categorie s an d nile s fino m 
observatio n o f  examples . 

Introduction 

How do people learn about complex categories and rules from observation of examples? 
Adept  performanc e i n a  variet y o f  domains -  fro m linguisti c t o social -  suggest s tha t  peopl e d o 
abstrac t  categorie s tha t  reflec t  th e organizatio n i n input .  Littl e i s know n abou t  learnin g fro m 
observatio n withou t  benefi t  o f  explici t  feedbac k o r  tutorin g sinc e researc h o n learning ,  bot h i n 
psycholog y an d i n artificia l  intelligence ,  ha s focuse d o n explici t  learnin g task s wit h direc t 
feedbac k provided .  Th e presen t  researc h explore s observationa l  learnin g withou t  feedbac k an d 
investigate s ho w peopl e us e correlationa l  stinctur e availabl e firo m example s t o lear n categorie s 
and rules . 

Severa l  researcher s hav e suggeste d tha t  categor y sd^ctur e fo r  psychologicall y coherent , 
natura l  catgorie s i s roote d i n th e correlationa l  structur e provide d b y feature s i n inpu t  (Rosch , 
1978 ,  Medin ,  1983) .  Discover y o f  correlation s amon g multipl e feature s ma y b e particularl y 
importan t  fo r  observationa l  learning .  Maratso s an d Cnalkle y argu e tha t  syntacti c categorie s ar e 
acquire d b y exti-actin g th e syste m o f  interpredictiv e relation s whic h hol d amon g member s o f  th e 
same syntacti c clas s (Maratso s &  Chalkley ,  1980) . 

Our  wor k begin s wit h thes e suggestion s tha t  correlationa l  structur e i s important ,  an d 
propose s ho w i t  migh t  b e use d i n learnin g withou t  feedback .  W e us e experimentatio n an d 
simulatio n t o tes t  tw o prediction s abou t  th e effect s o f  correlationa l  structur e an d t o investigat e 
learnin g procedure s responsibl e fo r  thes e effects . 

Bot n prediction s clai m tha t  availabilit y  o f  multiple ,  intercorrelate d feature s i n inpu t  wil l 
facilitat e learning .  W e propos e tw o level s o f  facilitation ,  on e general ,  an d on e specifi c  t o 
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individua l  rule s abou t  featur e covariation .  Th e first  predictio n woul d b e anticipate d b y man y 
learnin g models :  wit h multipl e cue s peopl e shoul d b e mor e likel v t o lea m a t  leas t  on e o f  th e 
featur e covariatio n rules ,  o r  a t  leas t  somethin g abou t  th e availabl e categories .  Th e odd s o f 
discoverin g a t  leas t  on e rule ,  o r  som e basi s fo r  categorizing ,  ar e bette r  whe n ther e ar e multipl e 
regularitie s t o b e discovere d (Trabass o &  Bower ,  1968) . 

The secon d predictio n point s t o a  stronge r  typ e o f  facilitatio n fro m multipl e covaryin g cue s 
and a  mor e powerfu l  metho d o f  capitalizin g o n correlationa l  structure .  Thi s predicte d patter n 
wil l  b e calle d clustere d featur e facilitation .  I t  claim s tha t  subject s wil l  b e mor e likel y t o discove r 
a targe t  correlationa l  rul e whe n tha t  rul e occur s i n a  contex t  whic h provide s othe r  rule s amon g 
th e sam e se t  o f  features .  Fo r  example ,  applyin g th e principl e t o syntacti c categorie s woul d impl y 
tha t  learnin g th e relation s betwee n semantic s an d phras e structur e rule s woul d b e facilitate d i n a 
syste m whic h has ,  i n addition ,  1 )  covariatio n rule s betwee n morpholog y an d semantic s an d 2 ) 
rule s betwee n morpholog y an d phras e structur e rules . 

One mechanis m whic h woul d produc e thi s rule-by-rul e facilitatio n i s a n attentiona l  learnin g 
procedure ,  calle d focuse d samplin g (Billman ,  1983) ,  whic h increase s attentio n t o predictiv e 
features .  I f  a  featur e i s predictiv e i n on e covariatio n rul e i t  woul d becom e favorea ,  o r  selecte d 
more often ,  i n testin g otne r  rules .  W h e n multipl e rule s hol d amon g a  se t  o f  feature s the y woul d 
provid e a  mutuall y reinforcin g effect ,  increasin g th e prominenc e o f  th e valuable ,  predictiv e se t  o f 
features .  A  mechanis m o f  thi s sor t  woul d resul t  i n mutua l  facilitatio n amon g correlate d cues . 
Thi s predictio n contrast s wit h th e patter n foun d fo r  learnin g simpl e concept s wit h feedbac k 
(Trabass o &  Bower ,  1968) :  here ,  attendin g t o an d learnin g abou t  on e cu e wa s independen t  o f 
learnin g abou t  a  second ,  covaryin g cue . 

Our  researc h orientatio n an d th e predictio n o f  clustere d featur e facilitatio n diffe r  fro m muc h 
categor y learnin g researc h i n tw o ways :  w e focu s o n learnin g withou t  externa l  feedbac k an d w e 
argu e tha t  successfu l  leaminj g her e require s capitalizin g o n covariatio n amon g multipl e cues . 
Specifically ,  w e argu e fo r  a  learnin g mechanis m whic h use s covariatio n amon g multipl e cue s t o 
facilitat e rul e an d categor y learning ,  rathe r  tha n on e wher e learnin g abou t  on e cu e i s independen t 
of  th e relation s amon g other s (Trabass o &  Bower ,  1968) ,  o r  wher e learnin g abou t  on e cu e onl y 
compete s wit h learnin g abou t  covaryin g cue s (Zeama n &  House ,  1963 ,  Lovejoy ,  1966) .  Th e 
experiment s tes t  fo r  facilitatio n from  multipl e covaryin g features . 

Experiments 

Rationale 

Three experiments tested for general facilitation and for clustered feature facilitation. They 
investigate d learnin g o f  syntacti c categorie s i n a n artificia l  language .  Thi s allowe d contro l  o f  th e 
regulantie s fro m whic h rule s migh t  b e induce d an d maximize d th e chance s o f  tappin g a  domai n 
wher e peopl e ar e naturall y successfu l  observationa l  learners .  Structure s i n th e grammar s wer e 
analogou s t o structure s wnic h occu r  i n natura l  languages .  Al l  experiment s investigate d 
acquisitio n o f  rule s distinguishin g tw o relationa l  classes .  Al l  experiment s presente d scene s wit h 
descriptiv e sentence s whic h subject s observe d t o lea m th e language .  Al l  experiment s compare d 
tw o conditions .  Structure d an d Isolating .  Al l  experiment s compare d leamin g o f  1 5 colleg e 
studen t  subject s i n eac h condition .  Condition s differe d i n th e correlationa l  structur e afforde d b y 
input .  Fo r  example .  Experiment s 1  &  2  compare d leamin g tw o relationa l  classe s (analogou s t o 
verb s an d prepositions) .  Eac h clas s participate d i n a  distinc t  se t  o f  phras e structur e rule s an d ha d 
distinc t  semantics-referrin g t o actio n o r  t o relativ e position .  I n th e Isolatin g Condition s 
(Experiment s 1  &  2) ,  semantic s an d phras e structur e rol e wer e th e onl y characteristic s whic h 
correlate d wit h on e anothe r  o r  whic h coul d serv e a s a  basi s fo r  leamin g th e syntacti c categories . 
I n th e Structure d Conditions ,  additiona l  feature s suc h a s morphology ,  agreemen t  mles ,  an d 
syntacti c marke r  word s covarie d wit h semantic s an d phras e structur e mles .  Th e tw o prediction s 
wer e teste d b y comparin g leamin g i n Stmcture d an d Isolatin g Conditions .  Som e test s assesse d 
genera l  facilitation .  Other s assesse d knowledg e o f  jus t  th e targe t  mle s c o m m o n t o bot h 
condition s an d teste d clustere d featur e facilitation . 
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Tabl e 1 

Rule s an d Vocabular y fo r  Structure d &  Isolatin g Condition s 

Experiment s 1  &  2 

Example s fo r  th e Structure d Condition ,  wit h Englis h Glosse s 

Phrase Structure Rules with Examples of Sentence Types 

1)  N P ^ G +  PPo B +  PPl c ( D O B O D)  (B O S A F A T V U L K )  (B O L A R A N N I N K ) 

The DOBO-sub j  i s  besid e th e SAFA-obj ,  belo w th e LARA-loc . 

2)  N P ^ G +  PPo B 

3)NPag + PPlc 

4) NPag + PPloC + VP 

5) NPag + VP 

( D O B O D)  (B O S A F A T V U L K ) 

The DOBO-sub j  i s  besid e th e SAFA-obj . 

(DOBOD) (BO LARAN NINK) 

The DOBO-sub j  i s  belo w th e LARA-loc . 

(DOBOD) (BO LARAN NINK) (PIR SAFAT TOFO) 

The DOBO-sub j  i s  belo w th e LARA-lo c an d 

exchange s place s wit h th e SAFA-obj . 

(DOBOD) (PIR SAFAT TOFO) 

The DOBO-sub j  exchange s place s wit h th e SAFA-obj . 

Relationa l  Vocabular y &  Characteristic s 

A^-Ver b 
Characteristics : 

Vocabulary : 

A^-Pre p 
Characteristic s 

Vocabulary : 

Structure d 
V P uses , 

actions , 

ver b &  marke r  agree , 
tw o syllables , 

PI R o r  T E W. 
PIRITEW.. .  TOFOITAF A 
PIRITEW.. .  BOPOIBAPA 
PIRITEW.. .  JOSOIJAS A 

Structured 

PP uses , 

positions , 

no agreement , 

one syllable , 

B O. 
BO.. .  GIR K 
BO.. .  NIN K 
BO.. .  VUL K 

Isolatin g 

V P uses , 

actions . 
No Othe r 

Consisten t  Pattem . 

BO ... GORKIGARK 
PIRITEW.. .  BOPOIBAPA 
PIRITEW.. .  JU S 

Isolating 

PP uses , 

positions . 
No Othe r 

Consisten t  Pattem . 

PIRITEW... NINK 
BO.. .  TI F 
BO.. .  VALKIVOL K 

Note :  /  indicate s tw o form s o f  a  ver b o r  marker .  .. .  indicate s a  missin g shap e word . 
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tha n 

Experiment s 1  &  2 

Method 

Stimuli 

Sentence s i n "Neptunese "  describe d scene s wit h triple s o f  interactin g objects .  Thre e 
transitiv e action s wer e used ,  i n whic h a n agen t  shap e move s t o ac t  o n a  remot e objec t  whil e a 
shap e nea r  th e agen t  remains  inactive .  Sentence s aescribe d th e action s an d relative  position s 
among th e shapes .  Word s referring  t o object s wer e inflecte d fo r  case . 

Bot h Structure d an d Isolatin g Condition s ha d tw o syntacti c classe s o f  relationa l  word s 
whic h ha d differen t  role s i n th e phras e structur e rules .  I n th e Structure d Conditio n multipl e 
feature s covarie d an d provide d a  basi s fo r  groupin g thes e word s int o contrastin g categories .  I n 
th e Isolatin g Conditio n onl y a  subse t  o f  thes e feature s covaried ,  namely ,  semantic s an d 
distributio n i n phras e structur e rules .  I n bot h conditions ,  semantic s o f  referen t  an d phras e 
structur e rule s covarie d an d distinguishe d tw o syntacti c categories .  Word s referrin g t o action s 
had on e se t  o f  privilege s o f  occurrenc e i n phras e structur e rule s an d wil l  b e calle d /v-Verb s (fo r 
Neptunes e verbs) .  Word s referrin g t o relauv e position s ha d contrastin g (thoug h overlapping ) 
phras e structur e rule s an d wil l  b e calle d A -̂Preps .  Tabl e 1  show s th e f  phras e structur e rule s an d 
th e five  possibl e sentenc e type s whic h ca n describ e a  scene . 

Structure d an d Isolatin g Condition s differe d wit h respec t  t o regularities  amon g othe r 
features ,  a s summarize d i n Tabl e 1 .  I n th e Structure d Condition ,  additiona l  feature s covarie d 
wit h semantic s an d phras e structur e distribution .  Al l  N-Verb s ha d tw o syllable s an d th e vowel s 
i n th e syllable s change d t o agre e wit h th e subject ;  e.g .  "TOFO "  wa s use d whe n noun s o f  on e 
(phonologicall y defined )  gende r  clas s wer e use d a s subjec t  an d "TAFA "  wa s use d wit h th e othe r 
gender .  A H A -̂Verb s use d "PIR "  o r  " T E W "  a s thei r  syntacti c marke r  a t  th e beginnin g o f  th e ver b 
phrase ,  wit h selectio n betwee n PI R an d T E W agai n base d o n subjec t  gender .  I n contrast , 
V-Prep s wer e monosyllable s endin g i n "K" ;  the y ha d "r" s an d "U"' s i n thei r  ste m rathe r  t l 
"0"' s o r  "A"'s ;  the y di d no t  chang e for m wit h subjec t  gender ;  an d the y ha d a  single ,  fixed 
marke r  "BO" . 

I n th e Isolatin g Condition ,  eac h wor d ha d fixed  phonology ,  agreemen t  rules ,  an d marke r 
element ;  indeed ,  th e value s o f  thes e feature s her e wer e identica l  t o thos e use d i n th e Structure d 
Condition .  However ,  ther e wa s n o systematicit y i n th e manne r  b y whic h thes e feature s wer e 
assigne d t o word s withi n a  class ;  non e o f  thes e feature s covarie d wit h semantic s o r  phras e 
structur e distribution .  ̂ -Verb s ha d on e o r  tw o syllables ,  fixed  o r  changin g forms ,  marker s o f 
"BO"  o r  o f  "PIR"/"TEW" ;  similarly ,  variou s N-Prep s ha d al l  possibl e value s o f  thes e features . 
No pai r  o f  thes e feature s covarie d wit h anothe r  o r  wit h semantic s an d phras e structur e rules . 

I n th e Structure d Condition ,  semantics ,  phras e structur e distribution ,  phonology ,  agreement , 
and marke r  wor d al l  covaried .  I n th e Isolatin g Condition ,  onl y semantic s an d phras e structur e 
distributio n covaried . 

Procedure 

Subject s i n eithe r  conditio n learne d b y watchin g scene s an d readin g ou t  lou d th e 
accompanyin g descriptiv e sentences .  Th e learnin g phas e ra n fo r  tw o hour s o n eac h o f  tw o day s 
and include d som e auxiliar y task s (e.g .  writin g sentences) .  Followin g exposur e t o eithe r  th e 
grammar  o f  th e structure d o r  isolatin g condition ,  test s assesse d wha t  subject s ha d learne d abou t 
th e covariatio n pattern s definin g th e classes .  Thre e test s wil l  b e presente d here .  I n al l  test s 
subject s wer e presente d wit h a  nove l  displa y an d aske d t o judg e whethe r  i t  fit  i n wit h th e 
learnin g sentenc e o r  whethe r  i t  containe d an y error .  Subject s rate d sentence s o n a  six-poin t  scal e 
i n whic h on e en d poin t  indicate d th e subjec t  wa s certai n th e ite m wa s correc t  an d fit  i n wit h th e 
learnin g sentence s an d th e othe r  en d poin t  indicate d certaint y abou t  a n error . 

The Phras e Structur e Tes t  assesse d an y knowledg e fo r  distinguishin g betwee n classes . 
Compariso n betwee n condition s test s th e predicte d genera l  facilitatio n fro m multipl e correlate d 
cues .  Subject s judge d nove l  sentence s usin g famila r  word s bu t  presente d withou t  an y picture . 
They decide d whethe r  th e ne w sentenc e fit  int o th e lanjguag e an d wa s correc t  o r  whethe r  i t  di d 
not  belon g an d containe d a n error .  Error s wer e create d b y substitutin g a  TV-Ver b int o th e contex t 
wher e a  7V-Pre p wa s required  o r  a  A -̂Pre p int o a  contex t  fo r  N-Verbs .  Subject s coul d detec t 
error s i f  the y laie w an y o f  severa l  rules ,  sinc e th e incorrectl y use d wor d migh t  lea d t o 
inconsisten t  assignment s amon g phonologica l  properties ,  marke r  word ,  andphras e structur e role . 
Subject s i n th e structure d condition s migh t  b e abl e t o detec t  error s base d o n disruptio n o f  an y o f 
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severa l  relation s amon g predictiv e features ,  whil e subject s i n th e isolatin g conditio n woul d onl y 
be abl e t o detec t  a n erro r  base d o n misplacemen t  o f  th e particula r  wor d i n th e phras e structur e 
tree . 

T wo test s assesse d clustere d featur e facilitation :  th e Projecte d Us e Tes t  an d th e Semantic s 
Test .  Experimen t  1  use d onl y th e Projecte d Us e Test ;  Experimen t  2  use d both .  Thes e test s 
evaluate d knowledg e o f  a  singl e componen t  o f  th e grammar ,  on e availabl e t o learner s i n bot h 
conditions . 

The Projecte d Us e Tes t  assesse d knowledg e o f  phras e structur e rules ,  rule s whic h wer e 
identica l  i n bot h conditions .  Th e subject' s tas k wa s t o judg e compatibilit y  o f  a  second ,  projecte d 
use o f  a  nove l  wor d give n a n introductor y use .  Us e o f  nove l  word s mean s subject s canno t  mak e 
judgement s base d o n know n use s o f  th e word ,  bu t  mus t  rel y o n mor e abstrac t  knowledg e o f 
relation s amon g sentenc e forms .  Th e tas k wa s explaine d b y analog y t o ho w w e ca n mak e 
inference s abou t  availabl e use s o f  ne w word s i n English .  I n Enjglisn ,  i f  on e hear s a  ne w word , 
"glish" ,  use d i n "Sh e me t  a  glis h boy" ,  on e coul d b e fairl y certai n tha t  i t  woul d b e grammaticall y 
oka y t o sa y "Tha t  gir l  i s  ver y glish .  I n th e example ,  correc t  judgmen t  require s us e o f  implici t 
knowledg e o f  th e use s allowe d fo r  Englis h adjectives ;  i n th e test ,  analogou s judgment s assesse d 
knowledg e o f  contrastin g use s allowe d fo r  on e o f  th e tw o Neptunes e categories .  Subject s wer e 
tol d the y woul d b e give n on e correct ,  introductor y us e o f  a  ne w wor d an d the n woul d b e aske d t o 
judg e whethe r  a  secon d us e o f  th e ne w wor d wa s als o okay . 

Testin g clustere d featur e facilitiatio n mean s specificall y testin g knowledg e o f  th e relation 
among targe t  feature s availabl e t o subject s i n bot h conditions .  Henc e an y othe r  feature s whic h 
migh t  b e cufferentiall y  informativ e fo r  th e tw o condition s mus t  b e eliminated .  Semanti c cue s 
wer e eliminate d b y no t  displayin g an y picture .  Phonologica l  cue s wer e remove d b y simpl y 
indicatin g th e ne w wor d b y th e symbo l  * N E W * ,  whic h appeare d i n th e sentenc e a t  th e locatio n 
of  th e targe t  word ,  rathe r  tha n spellin g ou t  th e ne w word .  Cue s fro m th e marke r  word s wer e 
remove d b y indicatin g it s presenc e b y th e symbo l  //// ,  withou t  showin g whic h marke r  wa s used . 
Thes e convention s wer e agai n explaine d b y analog y t o inference s w e mak e listenin g t o speech ; 
sometime s w e ca n tel l  quit e a  bi t  abou t  a  ne w wor d eve n i f  w e don' t  catc h al l  th e word s i n th e 
sentence .  Englis h analogies ,  example s usin g th e contras t  betwee n Neptunes e relationa l  term s 
versu s nouns ,  an d explainin g th e tas k bac k t o th e experimente r  ensure d tha t  al l  subject s 
understoo d th e task . 

Removal  o f  informatio n abou t  phonology ,  marke r  words ,  an d a^eemen t  rule s fo r  th e nove l 
tes t  wor d i s critica l  t o a  fai r  tes t  o f  clustere d featur e facilitation .  Th e inten t  i s  t o tes t  whethe r 
subject s i n th e structure d conditio n wer e mor e likel y tha n thos e i n th e isolatin g condition s t o 
lear n a n identica l  se t  o f  targe t  rule s (here ,  th e phras e structur e rules) .  Whil e th e targe t  rule s wer e 
identica l  i n bot h conditions ,  additiona l  cue s covarie d wit h th e targe t  rule s i n th e Structure d 
Condition .  Clustere d featur e facilitatio n claim s tha t  th e identica l  rul e wil l  b e learne d faste r  whe n 
i t  occur s a s par t  o f  a  relate d syste m o f  rule s amon g th e sam e features .  A  tes t  o f  clustere d featur e 
facilitatio n require s tha t  informatio n availabl e durin g learnin g differ s betwee n conditions ,  bu t 
informatio n availabl e a t  tes t  i s  identical .  Differentia l  performanc e a t  tes t  ca n the n b e attribute d 
t o differentia l  learnin g abou t  th e sam e cues ,  no t  th e availabilit y  o f  mor e cue s t o us e i n detectin g 
errors . 

The Semantic s Tes t  assesse d learnin g th e relatio n betwee n semantic s an d th e se t  o f 
acceptabl e use s (phras e structur e rules) ;  actio n word s ar e use d i n on e se t  o f  rules ,  positio n word s 
i n another .  Thi s componen t  o f  th e gramma r  wa s th e sam e i n bot h Structure d an d Isolatin g 
Conditions .  A s i n th e Projecte d Us e Test ,  th e clustere d featur e predictio n i s teste d b y askin g 
subject s t o judg e nove l  display s wher e correc t  judgment s coul d onl y b e mad e base d o n th e targe t 
rule ,  c o m m o n t o bot h conditions .  Subject s wer e tol d the y woul d se e scene s wit h som e ne w 
aspec t  an d a  descriptiv e sentenc e whic h include d a  ne w wor d describin g th e ne w aspect .  Th e 
ne w wor d wa s indicate d b y * N E W * .  Subject s judge d whethe r  th e wor d fo r  th e ne w aspec t  wa s 
use d correctly .  Subject s coul d judg e correcti y i f  the y kne w whic h use s wer e acceptabl e fo r 
word s referrin g t o actio n an d whic h fo r  word s refemn g t o position .  Additiona l  informatio n 
abou t  syllables ,  agreement ,  an d marker s wa s eliminated . 

The Projecte d Us e Tes t  evaluate s whethe r  subject s ar e bette r  abl e t o lea m th e covariatio n 
betwee n syntacti c context s share d b y th e sam e wor d (th e phras e structur e rules )  whe n additiona l 
feature s covar y wit h th e feature s o f  th e targe t  rule .  Th e Semantic s Tes t  evaluate s whethe r 
subject s ar e bette r  abl e t o lear n th e covariatio n betwee n context s o f  us e define d b y phras e 
structur e rule s an d semantic s whe n additiona l  feature s covar y a t  learning .  Bot h tes t  th e predicte d 
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clustere d featur e facilitation . 

Results 

Bot h experiment s foun d a  stron g genera l  advantag e fo r  learnin g i n a  gramma r  wher e 
multipl e cue s covarie d t o defin e syntacti c categories .  Subject s i n th e Structure d Conditio n 
performe d bette r  tha n thos e i n th e Isolatin g Conditio n o n m e Phras e Structur e Test ,  i n bot h 
experiments .  Bot h experiment s als o provide d evidenc e fo r  clustere d featur e facilitation . 
SuDJect s from  th e Structure d Conditio n performe d bette r  o n th e Projecte d Us e Test ,  i n bot h 
experiments .  Th e Semantic s Tes t  consiste d o f  fou r  type s o f  items :  correc t  action ,  correc t 
position ,  incorrec t  action ,  an d incorrec t  positio n displays .  Structure d Conditio n subject s di d 
bette r  tha n Isolatin g Conditio n subject s o n tw o o f  th e fou r  measures ,  bu t  di d no t  diffe r  o n th e 
summary measure .  Se e Tabl e 2 . 

Table 2 

Scores for Experiments 1 & 2 

P H R A SE S T R U C T U RE 

(4 8 items ) 

P R O J E C T ED U S E 
(4 8 items ) 

P H R A SE S T R U C T U RE 

(4 8 items ) 

P R O J E C T ED U S E 
(4 8 items ) 

S E M A N T IC 
(4 8 items ) 

action/correc t 
position/correc t 
action/incorrec t 

position/incorrec t 

S T R U C T U R ED 

CONDll ' lO N 1 
mean(s.d. ) 

Experimen t  1 

4.66(.75 )  * 

4.03(.74 )  * 

Experimen t  2 

4.59(.84 )  * 

4.19(.76 )  * 

4.44(.29 ) 

5.44(.51 )  * 
4.17(.73 ) 

4.26(1.00 ) 
3.90(.86 )  * 

I S O L A T I O N 

C O N D I T I ON 2 

mean(s.d. ) 

3.80(.41 ) 

3.63(.29 ) 

4.10(.50 ) 

3.83(.23 ) 

4.22(.21 ) 

4.97(.61 ) 
4.57(.76 ) 
4.14(.71 ) 

3.19(.79 ) 

*  Stracture d Conditio n bette r  tha n Isolatin g Conditio n 2  (p<.05 ) 

Average scores on a 1 to 6 rating scale. Score of 6 means subject was certain every 
grammatica l  sentenc e wa s correc t  an d ever y ungrammatica l  sentenc e wa s incorrect . 
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Experimen t  3 

Experiment 3 investigated the contrast between two subcategories of verbs. As in 
Experiment s 1  &  2 ,  learnin g a  targe t  rul e wa s compare d i n Structure d an d Isolatin g Conditions . 
I n Experimen t  3  th e relatio n betwee n phras e structur e rule s an d lexica l  fom i  wa s preserve d i n 
bot h conditions ,  rathe r  tha n th e relatio n betwee n th e phras e structur e rule s an d semantics ,  a s i n 
Experiment s 1  &  2 .  Phras e structur e fomi s ar e show n schematicall y here : 

Class 1: S--> NP^q + ISfPoB + (Marker NPl^ ^l) 

S - - > N P ^ Q + (Marke r  N P l c Vi ) 

S- > N P ^ G +  N P q b +  V i 

Clas s 2 :  S-- > NP^^ q +  N P l ^  +  (Marke r  N P q b V2 ) 

S-->NPy^Q + (Marke r  N P l c  ̂ l ) 

Metho d 

I n th e structure d condition .  Clas s 1  word s ha d a  distinc t  se t  o f  allowabl e use s o r  phras e 
structur e rules ;  the y referre d t o transitiv e actions ;  the y ha d unchanging ,  single-syllabl e lexica l 
form s whic h ha d "I"' s  o r  "U"' s fo r  vowels ;  an d the y use d th e marke r  BO" .  Clas s 2  word s ha d 
contrastin g phras e structur e rules ;  the y referre d t o indirec t  causativ e actions ;  the y ha d tw o 
syllables ;  the v ha d agreemen t  rule s whic h change d th e ver b vowel s t o "0"' s o r  A"' s t o agre e 
wit h th e gende r  o f  th e subject ;  an d the y use d th e marker s "PIR "  o r  "TEW" ,  selecte d t o agre e wit h 
th e subject' s gende r  a s well .  I n th e Isolatin g Condition ,  onl v on e o f  thes e characteristic s 
covarie d wit h phras e structur e rules :  agreement .  On e clas s ha d agreemen t  rule s whic h change d 
th e for m o f  th e ver b an d th e othe r  clas s ha d fixe d form s wit h n o agreemen t  rule .  Numbe r  o f 
syllables ,  marke r  word ,  an d semantic s wer e unsystematicall y assigned ;  the y di d no t  covar y wit h 
eac h other ,  wit h use s define d b y th e phras e structur e rules ,  o r  wit h fixed  o r  changin g 
phonologica l  form . 

Learnin g an d tes t  procedure s wer e exactl y analogou s t o thos e use d i n Experiment s 1  an d 2 . 
The Phras e Structur e Tes t  assesse d genera l  facilitatio n i n leamin g an y rule s relevan t  t o th e tw o 
syntacti c categorie s (ver b subcategories) .  Th e Projecte d Us e Tes t  assesse d leamin g th e 
dependencie s amon g differen t  use s (phras e structur e rules )  t o se e i f  leamin g a  targe t  rul e wa s 
facilitate d b y th e availabilit y  o f  additiona l  covaryin g feature s i n leaming .  Th e analo g o f  th e 
Semantic s Tes t  wa s th e Lexica l  Test .  Th e Lexica l  Tes t  assesse d subjects '  knowledg e o f  th e 
covariatio n rule s betwee n lexica l  for m (fixe d o r  varyin g wit h agreement )  o f  th e wor d an d 
allowabl e positio n i n th e phras e structur e tree .  I n th e Lexica l  Test ,  subject s wer e presente d wit h 
sentence s usin g a  ne w word .  Onl y th e firs t  par t  o f  th e wor d wa s shown ,  enoug h t o revea l 
whethe r  o r  no t  i t  agree d wit h th e subjec t  bu t  no t  enoug h t o tel l  whethe r  i t  wa s on e o r  tw o 
syllables .  Informatio n abou t  marke r  an d semantic s wa s als o deleted .  Subject s coul d b e 
consistentl y correc t  onl y i f  the y kne w th e relatio n betwee n positio n i n th e sentenc e an d whethe r 
or  no t  th e wor d shoul d agre e wit h th e subject . 

Results 

Subject s i n th e Stmcture d Conditio n di d bette r  tha n thos e i n th e Isolatin g Conditio n o n al l 
tests ,  th e Phras e Structur e Test ,  th e Projecte d Us e Test ,  an d th e Lexica l  Test .  Result s ar e 
summarize d i n Tabl e 3 . 
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Tabl e 3 

Scores for Experiment 3 

STRUCTURED ISOLATION 
C O N D I T I ON 1  C O N D I T I O N 2 

MEDIANS MEDIANS 

PHRASE STRUCTURE 5.90 * 3.90 

(4 8 items ) 

PROJECTED USE 5.52 4,00 

(4 8 items ) 

Clas s 1  use s mean=5.0 4 * *  mean=4.3 0 
Clas s 2  use s mean=5.0 6 mean=4.4 8 

LEXICAL 3.96 * 3.46 

(2 4 items ) 

*Structured Condition median better than Isolating Condition 2 (p<.05) 

Median s use d du e t o nonnorma l  distributions . 

**Structured Condition mean better than Isolating Condition 2 (p<.05) 

Average scores on a 1 to 6 rating scale. Score of 6 means subject was certain every 
grammatica l  sentenc e wa s correc t  an d ever y ungrammatica l  sentenc e wa s incorrect . 

Discussion of Findings 

The results from the Phrase Structure tests found general benefit to learning about the 
syste m fro m th e availabilit y  o f  multipl e correlate d features ,  consisten t  wit h severa l  prio r  finding s 
(Morga n &  Newport ,  1981 ,  Green ,  1979) .  Th e benefi t  wa s foun d fo r  tw o pair s o f  syntacti c 
classe s an d whe n semantic s o r  morphologica l  feature s covarie d wit h distributionall y define d 
class .  I n addition ,  th e Projecte d Use ,  Semantics ,  an d Lexica l  Test s sugges t  tha t  whe n multipl e 
feature s covary ,  learner s d o capitaliz e o n th e availabilit y  o f  on e covariatio n patter n t o discove r 
others .  Subject s di d sho w clustere d featur e facilitation . 

Possible Learning Mechanism 

Focused sampling is part of the internal feedback approach (Billman, 1983) which 
specificall y addresse s Teamin g withou t  externa l  feedback .  Th e interna l  feedbac k approac h 
predict s clustere d featur e facilitatio n b y combinin g generatio n an d testin g o f  predictiv e rule s 
wit h attentiona l  learning .  Th e learne r  project s hypothese s abou t  th e expecte d valu e o f  a  secon d 
(se t  of )  feature(s) ,  give n th e valu e o f  a  fu-st .  Thes e hypothese s ar e evaluate d b y comparin g th e 
predicte d wit h th e observe d valu e o f  th e projecte d featur e an d usin g thi s matc h o r  mismatc h a s 
internall y generate d feedback .  Henc e th e firs t  leve l  o f  learnin g consist s o f  generatin g an d testin g 
conditiona l  rule s abou t  predictiv e relation s amon g features .  Focuse d sampling ,  th e attentiona l 
learnin g procedure ,  systematicall y alter s th e samplin g o f  feature s use d i n hypothesi s generatio n 
and testing .  Wheneve r  th e predictio n o f  a  rul e i s confirmed ,  focuse d samplin g increase s th e 
salienc e (o r  samplin g probaoility )  o f  th e feature s whic h participat e i n tha t  rule .  Followin g ba d 
predictions ,  salienc e o f  participan t  feature s i s reduced .  Focuse d samplin g wil l  benefi t  rul e 

65 



learnin g whe n successfu l  participatio n i n on e rul e i s i n fac t  predictiv e o f  tha t  feature' s 
participatio n i n othe r  rules .  Wher e inpu t  doe s provid e a  syste m o f  covariatio n rule s amon g a n 
overlappin g se t  o f  features ,  focusex i  samplin g wil l  lea d t o learnin g th e individua l  rule s faste r  tha n 
when inpu t  provide s onl y on e o f  th e individua l  rule s b y itself .  Rul e learnin g wit h focuse d 
samplin g lead s directi y t o th e predicte d clustere d featur e facilitation . 

Thi s accoun t  o f  attentiona l  learnin g contrast s bot h wit h mos t  featura l  an d mos t  instance -
base d views .  Typically ,  model s d o no t  propos e tha t  th e importanc e o f  o r  attentio n t o a  featur e 
increase s i n th e contex t  o f  othe r  covaryin g features .  I t  ma y no t  chang e systematicall y a t  al l 
(Medi n &  Schaffer ,  1978 ,  Trabass o &  Bower ,  1968) ,  o r  covaryin g feature s ma y compet e wit h 
eac h othe r  (Zeama n &  House ,  1963 ,  Fishe r  &  Zeaman ,  1973) .  Direc t  compariso n t o thes e 
model s i s no t  possibl e becaus e th e tas k change s whe n n o feedbac k i s available ;  extendin g thes e 
model s t o addres s learnin g withou t  feedbac k migh t  indee d promp t  modification s i n ho w th e 
learne r  use s correlationa l  structure .  Whil e th e findin g o f  clustere d featur e facilitatio n migh t  b e 
predicte d b y othe r  type s o f  models ,  i t  contrast s wit h a  broa d rang e o f  alternativ e types . 

Simulation 

Rationale 

The exact effects of focused sampling are not transparent from an informal statement, so we 
turne d t o simulation .  Simulation ,  unlik e experiment s wit h people ,  allow s additio n an d deletio n 
of  a  componen t  a t  will ;  henc e th e contributio n o f  tha t  componen t  ca n b e directi y assessed .  Th e 
simulatio n compare s tw o version s o f  a  learnin g mechanism ,  wit h an d withou t  focuse d sampling . 
We adopte d a  desig n perspectiv e an d varie d th e learnin g problem s t o as k whethe r  an d whe n 
focuse d samplin g woul d provid e substantia l  facilitatio n (Billma n &  Heit ,  1987) . 

Inpu t  fo r  th e simulatio n wa s abstract ,  schematicall y specifie d examples .  Eac h exampl e 
consiste d o f  a  se t  o f  features ;  eac h featur e assume d on e o f  fou r  values .  Wit h focuse d samplin g 
featur e salience ,  o r  importance ,  change s wit h leaming .  Her e eac h learnin g cycl e consiste d o f 
thes e steps :  1 )  on e predicto r  featur e i s sample d and ,  give n it s value ,  a  predictio n mad e abou t  th e 
valu e o f  a  secon d feature ;  2 )  th e predictio n i s teste d agains t  th e valu e specifie d i n th e inpu t 
example ;  an d 3 )  salienc e o f  th e feature s a s wel l  a s confidenc e i n th e predictio n ar e bot h 
modified .  Rul e strengt h i s increase d o r  decrease d dependin g o n success .  Th e salience s o f 
feature s i n th e rul e ar e als o increase d o r  decreased ,  changin g thei r  probablit y o f  sampling ; 
salienc e acros s feature s i s normalize d afte r  eac h change ,  producin g indirect ,  compensator y 
chang e too .  Th e relatio n amon g feature s ca n b e bot h supportiv e an d competitive :  supportiv e 
becaus e o f  convergenc e o n a  c o m m o n se t  o f  rule s vi a focuse d sampling ,  competitiv e becaus e 
limite d attentio n i s stil l  allocate d amon g th e features .  Withou t  focuse d samplin g th e leamin g 
cycl e doe s no t  includ e modifyin g featur e salience ,  bu t  i s otherwis e identical . 

Findings 

A series of experiments with varying leaming stimuli were mn to compare leaming with 
and withou t  focuse d sampling .  Inpu t  set s varie d i n numbe r  o f  instances ,  numbe r  o f  features ,  an d 
most  importanti y i n relativ e numbe r  o f  correlate d an d uncorrelate d features .  Acros s a  wid e rang e 
of  learnin g stimuli ,  focuse d samplin g di d produc e benefit .  Amoun t  o f  benefi t  wa s assesse d b y 
comparin g differenc e i n leamin g wit h an d withou t  focuse d samplin g a t  a  criterio n defme d t o 
matc h amoun t  o f  exposur e i n th e tw o conditions .  Th e patte m o f  factor s resultin g i n mor e o r  les s 
benefi t  ca n b e summarize d i n fou r  points . 

First ,  wher e comparabl e condition s wer e ru n varyin g i n numbe r  o f  instance s (4 ,  8 ,  an d 16) , 
focuse d samplin g benefi t  wa s greate r  fo r  th e large r  numbe r  o f  instances . 

Second ,  benefi t  wa s greate r  whe n inpu t  instance s ha d mor e features ,  particularl y fo r  th e 
firs t  leve l  o f  increas e fro m ver y fe w (e.g .  4 )  t o somewha t  mor e (e.g .  6) ;  effec t  o f  addin g mor e 
feature s levele d of f  wit h large r  number s (e.g .  12) . 
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Third ,  relativ e n u m b e r  o f  correlate d a n d unpredictiv e feature s h a d m a j o r  effect s o n benefit . 
T h e effect s o f  add in g m o r e relevan t  o r  m o r e irrelevan t  feature s interac t  wi t h e a c h othe r  a n d w i t h 
tota l  n u m b e r  o f  features ;  on l y th e m a j o r  point s ar e s u m m a r i z e d here .  F o r  e x a m p l e ,  w h e n th e 
n u m b e r  o f  tota l  feature s i s fixe d a t  8 ,  benefi t  increase s a s correlate d feature s increas e f r o m 2  t o 4 , 
bu t  benefi t  decrease s a s stil l  m o r e o f  th e tota l  ar e m a d e correlated ,  a s s h o w n i n F igur e 1 .  Benef i t 
increase s a s m o r e feature s o f  a  fixe d tota l  ar e m a d e relevant .  I n addition ,  benefi t  increase s a s 
n e w relevan t  feature s ar e added .  H o w e v e r ,  thi s patter n hold s onl y fo r  th e initia l  increas e (e.g . 
m a x i m a l l y fo r  th e increas e f r o m 2  t o 3  relevan t  features )  a n d attenuate s o r  decrease s w i t h 
increasin g additions .  Benefi t  als o increase s a s m o r e irrelevan t  feature s ar e a d d e d ,  w h e n 
irrelevan t  feature s initiall y  ar e f e w i n n u m b e r .  I n s u m ,  benefi t  i s  greates t  w h e n ther e ar e mult ipl e 
correlate d feature s bu t  ther e ar e stil l  a  significan t  proport io n o f  irrelevan t  feature s ( f ro m w h i c h 
th e relevan t  feature s ca n stea l  attention) .  T h u s ,  thi s simulatio n p r o d u c e d clustere d featur e 
facilitatio n ove r  a  w i d e rang e o f  conditions ,  bu t  onl y w h e r e a  significan t  n u m b e r  o f 
"unsystematic "  feature s w e r e als o present . 

Finally ,  w e f o u n d o n e se t  o f  condition s w h e r e focuse d s a m p l i n g hur t  learnin g th e relatio n 
b e t w e e n th e t w o correlate d features ,  th e targe t  rule .  Th i s occurre d w h e n onl y fou r  instance s 
w e r e i n th e learnin g set ,  a n d onl y 2  o f  8  feature s w e r e correlate d ( 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 3 3 3 3 3 3 
2 2 4 4 4 4 4 4 ) .  H e r e instanc e leve l  structur e a m o n g th e unsystemati c 6  feature s p r o v e d m o r e 
predictiv e tha n th e targe t  rule ;  k n o w i n g th e valu e o f  featur e 3  al low s perfectl y reliabl e predictio n 
o f  5  othe r  features ,  e v e n t h o u g h a n y suc h rul e onl y applie s t o onl y o n e instance .  T h e targe t 
features ,  overall ,  ar e les s predictiv e a n d predictiv e i n t e w e r  rules .  T h u s ,  focuse d s a m p l i n g i s 
usefu l  on l y w h e n ther e i s signfican t  structur e availabl e a b o v e th e instanc e level . 

T h e s e result s m i g h t  b e glosse d b y th e c la i m tha t  focuse d s a m p l i n g p rov ide d greate r  benefi t 
fo r  m o r e c o m p l e x ( m o r e instances ,  m o r e features )  a n d m o r e "natural "  (multipl e correlate d c u e s 
i n a  contex t  o f  m a n y u n c o r r e c t e d o n e s ,  regularitie s b e y o n d th e instance )  learnin g p r o b l e m s . 
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S u m m a r y 

This research presents evidence and arguments for how learners use correlated structure to 
guid e comple x learnin g withou t  feedback .  Thre e experiment s confirme d th e predicte d rul e b y 
rul e facilitatio n fro m a  mor e structure d contex t  (clustere d featur e facilitation) .  A  mechanism , 
focuse d sampling ,  wa s oudine d fo r  usin g correlationa l  structur e t o guid e rul e selectio n b y 
alterin g th e importanc e o f  features .  Th e result s o f  simulatin g th e focuse d samplin g procedur e 1 ) 
produce d clustere d featur e facilitatio n a s predicte d informall y an d a s demonstrate d b y subject s 
and 2 )  suggeste d tha t  focuse d samplin g ma y b e a  particularl y beneficia l  strateg y fo r  comple x 
natura l  learnin g withou t  feedback . 

68 



Reference s 

Billman, D.O. (1983). Procedures for learning syntactic categories: A model and test with 

artificia l  grammars .  Doctora l  dissertation .  Universit y o f  Michigan .  An n Arbor ,  Michigan : 

Universit y Microfilm . 

Billman, D.O. & Heit, E. (1987). Observational Learning From Internal Feedback: A simulation 

of  a n adaptiv e learnin g method ,  i n review . 

Fisher, M.A., & Zeaman, D. (1973). An attention-retention theory of retardate discrimination 

learning .  I n N.R .  Elli s  (Ed.) ,  Internationa l  Revie w o f  Researc h i n Menta l  Retardation . 

N ew York :  Academi c Press . 

Green, T.R.G. (1979). The necessity of syntax markers: Two experiments with artificial 
languages .  Journa l  o f  Verba l  Learnin g an d Verba l  Behavior ,  75,48 1 -496 . 

Lovejoy, E. (1966). Analysis of the overleaming reversal effect. Psychological Review, 73, 

87-103 . 

Maratsos, M.P. & Chalkley, M.A. (1980). The internal language of children's syntax: The 

ontogenesi s an d representatio n o f  syntacti c categories .  I n K.E.Nelso n (Ed.) ,  Children' s 

Language .  N e w York :  Gardne r  Pres s Inc . 

Medin, D.L. (1983). Structural principles in categorization. In T.T.Tighe & B.E.Shepp (Eds.), 
Perception ,  Cognition ,  an d Development .  Hillsdale ,  N.J. :  Erlbau m Publishers . 

Medin, D.L. & Schaffer, M.M. (1978). A context theory of classification learning. 
Psychologica l  Review ,  85,207-238 . 

Morgan, J.L. & Newport, E.L. (1981). The role of constituent structure in the induction of an 

artificia l  language .  Journa l  o f  Verba l  Learnin g an d Verba l  Behavior ,  20 ,  67-85 . 

Rosch, E.H. (1978). Principles of categorization. In E.H. Rosch & B.B.Lloyd (Eds.), Cognition 
and Categorization .  Hillsdale ,  N.J. :  Erlbau m Publishers . 

Trabasso, T., & Bower, G.H. (1968). Attention in Learning. New York: Wiley. 

Zeaman, D. & House, B.J. (1963). The role of attention in retardate discrimination learning. In 

N.R.  Elli s  (Ed.) ,  Handboo k o f  Menta l  Deficiency .  N e w York :  McGraw-Hill . 

Notes 

^Th e researc h wa s supporte d b y B R S G RR-07083-19 ,  a  Universit y o f  Pennsylvani a 
Researc h Foundatio n Grant ,  an d N I M H ̂ an t  R23HD20522-01A1 .  W e woul d lik e t o than k 
Anne D'Uliss e an d Valeri e Sess a fo r  thei r  hel p i n runnin g th e experiments . 

Addres s fo r  correspondence :  Departmen t  o f  Psychology ,  Universit y o f  Pennsylvania ,  381 5 
Walnu t  Street ,  Philadelphia ,  P A 19104 . 

69 



A Connectionis t  Context-Fre e Parse r  W h i c h i s no t  Context-Free , 

But Th'in It is ot Reaily Connectionist Either^ 
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ABSTRACT 

We presen t  a  distribute d connectionis t  architectur e fo r  parsin g contex t  fre e grammars .  I t  improve s earlie r 
attempt s i n tha t  i t  i s  no t  limite d t o pars e tree s o f  fixed  widt h an d heigh t  ( i  e .  fixed  lengt h sentences) .  Th e 
memory limitation s inheren t  m connectionis t  architecture s come s ou t  i n a n inabilit y t o pars e center -
embedded sentence s 

Key Words :  connectionis t  parsing ,  distribute d connectionism ,  context-fre e grammars . 

1. Introduction 

Thi s pape r  describe s a  context-fre e parse r  designe d i n a  "connectionist "  architecture . 

Connectionis m ha s attracte d considerabl e attentio n o f  lat e becaus e i t  offer s a  n e w w a y o f  lookin g 

at  ol d problem s i n Artificia l  Intelligenc e an d Psycholog y -  a  w a y whic h als o ha s considerabl e neurophy -

siologica l  plausibility .  Unfortunately ,  connectionism ,  o r  a t  leas t  th e "distributed "  connectionis m w e wil l 

assum e i n thi s paper ,  ha s bee n har d t o appl y t o high-leve l  cognitiv e tasks .  Connectionis t  parsin g ha s 

bee n o f  interes t  becaus e o f  parsing' s intermediat e rol e betwee n highe r  an d lowe r  cognitiv e abilities . 

Indeed ,  ther e hav e bee n severa l  previou s attempt s a t  a  connectionis t  context-fre e parse r  [1,2,3] . 

These ,  lik e th e presen t  parser ,  hav e a  majo r  failin g — the y ar e strictl y speaking ,  onl y capabl e o f  parsin g 

regula r  g rammars .  Thi s i s  inevitable .  Connectionis m assume s a  large ,  bu t  bounded ,  n u m b e r  o f  units . 

T h u s an y connectionis t  schem e mus t  b e finit e state . 

NP V P 

noun verb NP 

det noun 

Figure 1. Parse tree on a white-board 

'Thi s rrsearc h wa s supporte d i n par i  b y th e Offic e o f  Nava l  Researc h unde r  contrac t  N00014-7Q-C-0592 ,  th e Nationa l  Sci -
ence Foundatio n unde r  contract *  IST-841603 4 an d IST-85I500S .  an d b y th e Derens e Advance d Researc h Project s Agenc y unde r 
A R PA Orde r  No.4786 .  Thank s t o Jame s McClellan d To r  som e encouragement . 
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Nevertheles s on e ca n as k i f  suc h parser s coul d approac h context-fre e i n th e limi t  (a s th e numbe r  o f 
unit s i s increased )  an d sinc e th e answe r  fo r  al l  i s  "yes "  i t  seem s reasonabl e t o cal l  the m al l  (includin g 
ours )  "context-free. " 

More interestin g thoug h i s t o as k ho w th e memor y limitation s sho w u p i n th e parsin g process .  Th e 
failing s o f  previou s parser s hav e bee n distinctl y "un-human. "  The y ar e limite d t o fixe d lengt h sentences . 
Ours i s mor e promisin g i n thi s regard .  Whil e i t  doe s fin e fo r  righ t  branchin g structures ,  i t  i s  limite d i n 
it s  abilit y  t o pars e cente r  embedde d constructions ,  a  poin t  w e wil l  retur n t o later . 

Ours does ,  however ,  hav e a  distinc t  failin g o f  it s  ow n — i t  i s  no t  a  "true "  connectionis t  architec -
ture .  Bu t  le t  u s sa y wha t  i t  i s  first. 

2. Representing a Parse Tree 

The easies t  wa y t o visualiz e th e parser ,  an d ho w i t  represent s a  pars e tree ,  i s  t o imagin e a  pars e 
tre e draw n o n a  whit e board ,  a s show n i n Figur e 1 .  Naturall y sinc e w e ar e talkin g abou t  a  distribute d 
connectionis t  scheme ,  w e wil l  brea k th e whit e boar d u p int o man y distinc t  units ,  eac h on e o f  whic h ma y 
have on e o f  a  smal l  numbe r  o f  distinc t  value s -  S ,  NP ,  VP ,  PP ,  Noun ,  etc .  Thi s i s show n i n Figur e 2 . 

The schem e show n i n Figur e 2  ha s severa l  representationa l  inadequacies .  Fo r  one ,  th e representa -
tio n doe s no t  indicat e whic h constituent s dominate s whic h an d a s suc h doe s no t  distinguis h th e tw o P P 
attachment s i n Figur e 3 .  Furthermor e th e sam e pars e tre e ca n hav e man y distinc t  representations .  Fig -
ur e 4  denote s th e sam e tre e a s Figur e 2 ,  bu t  i s  quit e different . 

Thus w e indicat e a  pars e tre e b y includin g th e entir e path ,  fro m lea f  t o root ,  i n ever y colum n a s 
shown i n Figur e 5 .  Thi s mean s tha t  a  singl e constituent ,  fo r  example ,  th e S  i n Figur e 5 .  wil l  b e 
represente d a s severa l  units .  Nothin g indicate s tha t  thes e al l  denot e th e sam e S  constituent .  Ther e ar e 

NP 

noun 

S 

VP 

ver b 

NP 

det noun 

Figur e 2 .  Segmente d parse-tre e arra y 

NP 

noun ver b 

S 

det 

VP v^ 

NP ^ 

noun 

K 
PP 

pre p 

NP 

noun 

Figur e 3 .  Ambiguou s pars e arra y 
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s 

NP 

nou n ver b 

v p 

det 

NP 

nou n 

Figur e 4 .  Anothe r  representatio n o f  Figur e 2 

s 

NP 

nou n 

S 

VP 

ver b 

S 

VP 

NP 

det 

S 

VP 

NP 

nou n 

Figur e 5 .  Tree-pat h pars e arra y 

differen t  way s thi s coul d b e handled .  Th e on e w c hav e chose n i s t o introduc e "binding "  units .  Eac h 

uni t  denotin g a  non-termina l  (o r  th e lac k thereof ,  represente d internall y b y th e symbo l  e )  ha s a  siste r 

uni t  whic h state s which ,  i f  any ,  o f  th e unit s i n th e colum n t o th e righ t  i s  th e sam e constituent .  I n ou r 

figure s w e wil l  us e line s t o indicat e suc h bindings .  Se e Figur e 6 .  Internall y thes e ar e value s fro m 0  t o th e 

heigh t  o f  th e arra y plu s a  specia l  value ,  b ,  fo r  a  "boundary "  indicatin g tha t  w e hav e a  righ t  boundar y 

of  a  constituen t  an d thu s ther e i s n o correspondin g constituen t  t o th e right . 

s 

NP 

-

nou n 

-  S 

VP 

n 

/ 

/ 

ver b 

1 s 

/ V P 

NP 

-

-

-

det 

-  S 

-  V P 

-  N P 

noun 

Figur e 6 .  Actua l  representatio n o f  a  pars e 
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As ha s bee n implici t  i n ou r  diagram s s o far ,  th e actua l  inpu t  t o th e parse r  i s no t  words ,  bu t  rathe r 

thei r  part s o f  speech ,  sinc e tha t  i s al l  tha t  i s  relevan t  t o ou r  task .  Thu s part s o f  speec h ar e th e termi -

nal  symbol s i n th e grammar .  W e hav e distinguishe d th e botto m ro w o f  th e parser ,  vtrher e th e part s o f 

speec h appear ,  fro m th e othe r  rows ,  sinc e al l  o f  th e other s hav e non-terminal s only .  Als o th e termina l 

ro w doe s no t  hav e bindin g unit s sinc e w e d o no t  admi t  discontinuou s termina l  constituents .  I n wha t  fol -

low s w e wil l  prett y muc h ignor e th e termina l  units .  So ,  fo r  example ,  mos t  rule s whic h appl y t o non -

terminal s hav e specia l  case s fo r  terminals .  Thes e ar e ignored . 

S. How the Parser Works 

The basi c ide a i s tha t  word s (reall y part s o f  speech )  ar e rea d int o th e parse r  o n th e lowe r  righ t 

and the n shifte d t o th e lef t  a s eac h ne w wor d come s in .  Thu s th e column s ar e numbere d fro m 0  t o N 

startin g fro m th e right .  Se e Figur e 7 .  Initiall y  al l  N T unit s ar e se t  t o e ,  an d al l  B  unit s ar e se t  t o b .  A t 

th e firs t  wor d th e lowe r  righ t  unit ,  TR(0) ,  the n ha s it s valu e "clamped "  to ,  say ,  noun ,  an d al l  o f  th e 

NT(i,j )  units ,  recomput e thei r  value s synchronousl y (tha t  is ,  al l  base d upo n th e value s i n th e previou s 

iteration) .  The n th e B(i,j)' s  comput e thei r  value s (usin g th e ne w N T value s bu t  th e ol d B  values) .  Thi s 

repeate d i s fo r  a  tota l  o f  five  time s befor e th e nex t  wor d i s rea d in .  (Fiv e iteration s wa s chose n arbi -

trarily .  I n fact ,  i t  seem s likel y tha t  a  muc h lowe r  number ,  lik e tw o o r  three ,  woul d wor k a s well .  I t  i s 

one o f  man y thing s w e hav e no t  ye t  ha d tim e t o test. )  Figur e 7  show s th e startin g configuratio n an d 

tha t  afte r  thre e iterations .  Sinc e a  uni t  wil l  typicall y hav e som e probabilit y  fo r  severa l  differen t  values , 

eac h uni t  i n Figur e 7  ha s fou r  value s fo r  it .  I f  al l  fou r  ar e th e sam e i t  mean s tha t  valu e ha s probabilit y 

> .75 .  Three  th e sam e indicat e a  probabilit y  >  .5 ,  etc .  Thi s i s tru e fo r  line s a s well ,  bu t  w e onl y indi -

cat e th e mos t  probabl e t o reduc e th e jumble .  I n poin t  o f  fact ,  however ,  al l  th e line s i n al l  o f  th e exam -

ple s g o th e sam e place .  A t  thi s poin t  th e entir e networ k i s shifte d t o th e left ,  leavin g NT(0,j )  =  e  an d 

TR(0 )  i s clampe d t o th e nex t  par t  o f  speech .  Figur e 8  show s a  nou n an d ver b followin g o n th e heal s o f 

th e inpu t  i n Figur e 7 .  Thi s processing ,  an d al l  o f  th e othe r  examples ,  hav e bee n don e usin g th e followin g 

grammar : 

"1 

nou n 

s s 
p p p p 

N P NP 
N P NP 

noun 

NT3 

NT2 

NTl 

NTO 

TR 

Figur e 7 .  Star t  o f  sentenc e 'nou n ver b noun ' 
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Figur e 8 .  En d o f  sentenc e 'nou n ver b noun ' 

S — N P V P 

VP - •  ver b N P PP * 

PP -> •  pre p N P 

NP - -  (del )  nou n PP * 

NP —» pronou n 

NP —» propnoun . 

Shifting words left (and eventually out the left-hand side) allows the parser to handle sentences of 

unbounde d length ,  a t  leas t  i n principle .  Sinc e suc h shiftin g i s no t  withi n th e traditiona l  connectionis t 

repertoire ,  i t  make s ou r  architectur e slightl y suspec t  t o a  "traditionalist. "  I t  als o mean s tha t  sentence s 

longe r  tha n th e parser' s widt h wil l  no t  b e completel y represente d a t  an y on e time .  I n suc h case s w e 

tak e th e tota l  pars e tre e t o b e th e "obvious "  combinatio n o f  th e tree s create d durin g th e parse . 

4. Rules 

Next  w e describ e th e actua l  rule s applie d a t  eac h unit .  These  wil l  tak e u s stil l  furthe r  fro m con -

nectionis t  orthodox y becaus e w e allo w eac h uni t  calculatio n t o b e muc h mor e comple x tha n th e typica l 

summin g plu s threshold .  I n particula r  a  uni t  decide s wha t  valu e t o adop t  b y summin g th e influenc e o f 

severa l  sub-rule s whic h appl y t o it .  Th e sub-rule s fal l  int o tw o broa d types ,  "housekeeping "  rules ,  an d 

grammar  rules . 

4.1. Housekeeping Rules 

Housekeepin g rule s enforc e th e basi c expectation s o f  ho w th e syste m i s t o wor k an d a s suc h remai n 

constan t  ove r  al l  grammars .  Ther e ar e thre e suc h rules . 

Bindin g contisleney .  I f  a  bindin g uni t  B(i,j )  ha s valu e k ,  the n NT(i,j )  shoul d denot e th e sam e con -

stituen t  a s NT(i-l,k) .  Mor e formally ,  th e syste m trie s t o preserv e th e followin g constraint . 
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{NT(i.j )  -  NT(i-l,k) }  +  {B(iJ )  =  k ) 

Thi s rul e i s applie d i n al l  ways .  Tha t  is ,  NT(i,j )  trie s t o mak e itsel f  equa l  t o NT(i-l,k) ,  an d vic e versa , 

whil e B(i,j )  trie s t o pic k a  valu e whic h wil l  mak e it s lef t  an d righ t  NT' s th e same . 

Tree-eontittencji .  I f  B( i  j )  «  k  the n B(i,j+1 )  want s t o b e k+1 ,  an d vic e versa . 

{B(i.j )  =  k }  +  {B(i.j+1 )  =  k+1 } 

Agai n thi s i s use d bot h ways ,  wit h on e exception .  Whe n a  highe r  unit ,  B(i,j+1) ,  use s i t  t o determin e th e 

valu e o f  a  lowe r  unit ,  B(i,j) ,  i f  B(i,j+1 )  =  k+1 ,  the n B(i,j )  =  k  o r  b . 

Blank-edge .  I f  ther e i s n o constituen t  a t  a  positio n NT(i,j )  the n NT(i,j )  =  e ,  fo r  empty .  I n suc h 

case s n o valu e o f  B(i,j )  woul d hav e an y rea l  meaning .  I t  turn s ou t  tha t  th e machin e work s bette r  i f 

suc h B(i,j)' s  ar e assigne d t o b e boundaries ,  s o thi s rul e encourage s 

{NT(i,j )  =  e }  +  {B(i.j )  =  b } 

4.2. Grammar Rules 

The progra m doe s no t  lear n a  gramma r  fro m examples ,  bu t  mus t  b e give n th e grammar ,  whic h i s 

the n compile d int o fou r  rules ,  eac h o f  whic h for m on e aspec t  o f  th e functio n compute d i t  eac h N T an d B 

unit s (thoug h som e onl y appl y t o on e o r  th e other) . 

Up-Down.  Give n a  rul e lik e S  —•  N P V P ,  th e presenc e o f  a n N P a t  positio n i, j  shoul d encourag e 

th e presenc e o f  a n S  a t  i ,  j+1 ,  an d conversely .  Mor e generall y assum e a  rul e o f  th e for m A  —•  .. .  B 

...the n th e followin g combinatio n i s encouraged : 

{NT(i,j )  =  A }  +  {NT(i,j-l )  =  B } 

Left-hand Side Start Rule. Given the rule S -» NP VP the presence of a starting NP should 

encourag e a  startin g S . 

{NT{i,j )  =  A )  +  {NT(i,j-l )  =  B }  + 

forall(k)[{B(i-l,k )  ̂  j }  +  {B(i-l,k-l )  /  j-1} ] 

Thi s rul e i s onl y applie d t o th e B  units ,  sinc e i t  i s  a  mor e restricte d versio n o f  th e up-dow n rul e whe n 

applie d t o NT's . 

Left-han d aid e finish .  Give n th e rul e S  - •  N P V P th e presenc e o f  a  V P whic h i s endin g shoul d 

encourag e th e S  abov e i t  t o end . 

{NT(i,j )  =  A }  +  {NT(i,j-l )  =  B }  +  {B{i,j )  =  b }  +  {B(i.j-1 )  =  b } 

Right-hand side start finish. The rule S —»NP VP encourages a finishing NP with an S above it to 

be followe d b y a  startin g V P wit h a n S  above  it .  Assumin g th e rul e A  —•  ...B ,  B o .. . 

{NT(i,j )  =  A )  +  {NT(i.j-l )  =  B. }  +  {B(i.j-1 )  =  b }  +  {NT(i-l,M )  =  B^ } 

5. Limitations and Psychological Relevance 

As alread y noted ,  th e parse r  escape s th e fixe d sentenc e lengt h limitatio n becaus e i t  shift s i n inpu t 

int o th e registers ,  construct s a  pars e tre e fo r  th e sectio n i n question ,  an d eventuall y shift s th e inpu t  ou t 

on th e left . 

However ,  pars e tree s ar e bounde d no t  onl y i n width ,  bu t  i n height .  Thu s lon g sentence s wil l  ten d 

t o hav e hig h trees ,  an d s o i t  i s  possibl e tha t  som e o f  th e tre e wil l  shif t  u p "ove r  th e top "  an d b e lost .  I f 

we ar e willin g t o agre e tha t  th e system' s pars e tre e i s th e collectio n o f  th e partia l  tree s create d befor e 

the y shifte d eithe r  lef t  an d out ,  o r  u p an d out ,  the n i t  i s  nevertheles s possibl e fo r  th e progra m t o con -

struc t  arbitraril y  wid e an d hig h trees .  Figur e 9  show s th e syste m parsin g a  modes t  righ t  embedde d sen -

tenc e whic h du e t o th e ver y smal l  parse r  widt h an d heigh t  stil l  overflow s th e bufTe r  i n bot h directions . 

(Th e heigh t  an d widt h ar e parameter s on e sets. ) 
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Figur e 9 .  Overflo w o n 'nou n ver b nou n pre p noun ' 

However ,  th e shiftin g ha s effec t  o n wha t  ca n b e parse d correctly .  I n particular ,  th e dept h limita -

tio n mean s tha t  righ t  embeddin g i s fine,  bu t  cente r  embeddin g wil l  b e difficult .  Althoug h th e fron t  o f 

th e tre e i s continuall y bein g shifte d lef t  an d out ,  an d th e to p o f  th e tre e i s goin g ove r  th e top ,  i f  th e sen -

tenc e i s righ t  embedde d the n th e portio n o f  th e tre e t o whic h th e inpu t  shoul d attac h i s alway s present . 

For  cente r  embeddin g thi s wil l  no t  b e true ,  an d thu s th e parse r  canno t  pars e suc h example s correctly . 

8. How the Parser Really Works 

We hav e describe d ho w th e parse r  work s i n term s o f  th e contribution s o f  rule s whic h w e expresse d 

as constraint s t o b e satisfied .  W e hav e no t  specifie d exactl y ho w th e constrain t  satisfactio n works .  Th e 

actua l  rule s ar e formalize d i n term s o f  arra y multiplication .  W e wil l  conside r  onl y on e o f  th e simples t 

rule s here ,  th e up-dow n rule . 

Firs t  w e nee d t o mcxlif y ou r  notatio n slightly .  S o fa r  w e hav e denote d uni t  value s wit h equation s 

lik e NT(1,2 )  =  S .  However ,  a s w e hav e alread y noted ,  NT{1,2 )  ma y be ,  sa y . 7 =  S ,  . 2 =  N P ,  an d . 1 = 

PP,  o r  som e such .  Therefore ,  i t  woul d mak e mor e sens e t o sa y NT(1,2 )  =  (.7,.2,.1,0 )  wher e w e us e S  =  0 , 

NP =  1 ,  P P =  2 ,  an d V P =  3  t o indicate d vecto r  positions .  Alternativel y w e coul d us e a  3- D arra y an d 
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say NT(1,2,1 )  »  .2 .  (Array s star t  wit h positio n 0. )  I n fact ,  i t  prove s t o b e mos t  convenien t  t o represen t 

th e situatio n a s NT|(2,0 )  ~  . 7 NT|(2,1 )  *  . 2 etc .  Her e th e colum n numbe r  become s a  subscrip t  pickin g 

out  differen t  tw o dimensiona l  arrays .  Next ,  w e ca n represen t  th e grammatica l  informatio n neede d b y 

th e up-dow n rul e a s a n arra y itself . 

1 if f  th e it h an d jt h nonterminal s ar e 

IJD(iJ )  »  foun d i n a  rul e o f  th e for m i  —*•  ...j.. . 

0 otherwis e 

Now consider how we apply the UD rule downward. We look at each position, and consider to 

what  degre e th e entit y a t  positio n j  sugges t  wha t  shoul d b e a t  j-1 .  W e ca n conside r  th e NT }  arra y the n 

t o b e this :  NTi( k J^HS) .  W e the n perfor m th e arra y multiplicatio n 

NTi(K4.HS )  X  UD(LHS,RHS )  -  NTi(K,RHS ) 

The resultin g arra y ha s a t  positio n K  th e value s tha t  th e L H S a t  K  induce s o n th e RHS .  T o ge t  thi s 

int o th e forma t  w e want ,  w e the n shif t  dow n K  b y 1 ,  s o tha t  th e value s o f  th e R H S fo r  K- 1 appea r  i n 

th e K-lt h position .  Thu s th e u p dow n rul e look s lik e thb : 

NTi(K-l,RHS )  =  shift-K.down-l(NTi{K4.HS )  X  UD(LHSJIHS) ) 

The othe r  rule s ar e similar ,  bu t  ofte n mor e complicated . 

7. Problems and Future Research 

Ther e ar e man y way s i n whic h th e parse r  coul d us e improvement .  I t  currentl y predict s tha t 

cente r  embeddin g i s mor e difficul t  tha n righ t  o r  lef t  embedding ,  bu t  doe s no t  explai n wh y som e form s o f 

cente r  embeddin g (o f  S's )  ar e wors e tha n other s (o f  PP's) .  I f  w e use d a  gramma r  whic h represente d 

NP' s a s dee p trees ,  rathe r  tha n flat  ones ,  thi s issu e woul d b e eve n mor e critical . 

We hav e onl y trie d th e parse r  o n th e simpl e context-fre e gramma r  give n earlier ,  plu s a  fe w mino r 

extensions .  W e hav e n o knowledg e o f  ho w i t  work s o n mor e complicate d grammars .  I n particula r  w e 

woul d lik e t o handl e extende d phrase-structur e grammars .  Fo r  thi s w e woul d expan d ou r  N T unit s t o 

be man y units ,  eac h fo r  a  particula r  featur e i n th e extende d phras e structur e approach .  I t  look s lik e a 

natural ,  bu t  whethe r  i t  wil l  wor k i s a n ope n question . 

The parse r  doe s no t  lear n it s grammar s fro m examples .  Give n bo w fa r  ou r  architectur e i s fro m 

traditiona l  distribute d connectionis m i t  seem s unlikel y tha t  an y o f  th e standar d learnin g algorithm s wil l 

apply .  Perhap s thos e algorithm s b e extende d o r  alternativel y ou r  architectur e coul d b e mad e mor e con -

ventional . 

8. Conclusion 

We hav e presente d a  distribute d connectionis t  architectur e fo r  parsin g contex t  fre e grammars .  I t 

improve s earlie r  attempt s i n tha t  i t  i s  no t  limite d t o pars e tree s o f  fixed  widt h an d heigh t  (i.e .  fixed 

lengt h sentences) .  Th e memor y limitation s inheren t  i n connectionis t  architecture s come s ou t  i n a n ina -

bilit y  t o pars e center-embedde d sentences ,  althoug h right-embeddedin g work s ou t  fine. 

8. References 

1. Fanty, M., "Ck>ntext-free parsing in connectionist networks," TR 174, Univeristy of Rochester 

Compute r  Scienc e Departmen t  (1985) . 

2.  Selman ,  Bart ,  "Rule-base d processin g i n a  connectionis t  syste m fo r  natura l  languag e understand -

ing, "  Technica l  Repor t  CSRI-168 ,  Compute r  System s Researc h Institute ,  Universit y o f  Toront o 

(1985) . 

3.  Waltz ,  Davi d L .  an d Pollack ,  Jorda n B. ,  "Massivel y paralle l  parsing :  a  strongl y interactiv e 

model  o f  natura l  languag e interpretation, "  Cognitiv e Scienc e 9  pp .  51-7 4 (1985) . 

77 



A Principle-Base d App roac h T o Parsin g fo r  M a c h i n e Translatio n 

Bonni e J .  Dor r 

M.I.T .  Artificia l  Intelligenc e Laborator y 

545 Technolog y Square ,  R o o m 81 0 

Cambridge ,  M A 02139 ,  U S A 

(617 )  253-783 6 

B O N N I E @ M I T - P R E P . A I . M I T . E D U 

Session: Paper 

K e y w o r d s :  Natura l  Language ,  Parsing ,  Principle s vs .  Rules ,  Interlingua l  Translatio n 

Abstrac t 

M a ny parsin g strategie s fo r  machin e translatio n system s ar e base d entirel y o n context-fre e 

grammars ;  t o tr y t o captur e al l  natura l  languag e phenomena ,  thes e system s requir e a n over -

whelmin g numbe r  o f  rules ;  thus ,  a  translatio n syste m eithe r  ha s limite d linguisti c coverage , 

or  poo r  performanc e (du e t o formidabl e gramma r  size) .  Thi s pape r  show s ho w a  principle -

base d "co-routin e design "  implementatio n improve s th e parsin g proble m fo r  translation .  Th e 

parse r  consist s o f  a  skeleta l  structure-buildin g mechanis m tha t  operate s i n conjunctio n wit h 

a linguisticall y base d constrain t  module ,  passin g contro l  bac k an d fort h unti l  underspecifie d 

skeleta l  phras e structur e i s converte d int o a  full y  instantiate d pars e tree .  Th e modularit y o f 

th e parsin g desig n accommodate s linguisti c generalization ,  reduce s th e gramma r  size ,  enable s 

extendibility ,  an d i s compatibl e wit h studie s o f  huma n languag e processing. ^ 

1 Introduction 

The problem addressed in this paper is to construct a parsing model that accommodates 

cross-linguisti c unifor m machin e translatio n withou t  relyin g o n language-specifi c  context-fre e 

rules .  Typicall y parsin g system s us e grammar s tha t  describ e languag e vi a complicate d rule s 

tha t  spel l  ou t  th e detail s o f  thei r  application .  Fo r  example ,  ATN-base d system s (Woods , 

1970 ;  Bates ,  1978 )  hav e severa l  hundre d gramma r  arcs ,  eac h wit h detaile d test s an d actions ; 

augmente d phrase-structur e grammar s a s i n Diagra m (Robinson ,  1982 )  spel l  ou t  th e type , 

position ,  an d probabiht y o f  occurrenc e o f  constituent s i n a  give n phrase ;  an d th e G P S G 

approac h (Gazdar ,  et .  ai ,  1985 )  use s a  "slash-category "  mechanis m t o incorporat e lon g 

distanc e relation s directl y int o th e gramma r  rules. ^  Suc h system s d o no t  wor k i n th e contex t 

of  translatio n acros s severa l  languages :  th e rule s o f  a  give n gramma r  ar e painstakingl y 

tailore d t o describ e a  singl e language ,  thu s forcin g a  los s o f  linguisti c generalization ,  limitin g 

th e additio n o f  ne w languages ,  an d inducin g inefficienc y (du e t o formidabl e gramma r  size). ^ 

^Frazie r  198 6 provide s recen t  psycholinguisti c evidenc e tha t  ther e i s a  tempora l  sequenc e o f  parsin g 

consisten t  wit h th e GB-base d mode l  presente d here .  Thi s wil l  b e mentione d briefl y i n sectio n 1 ,  bu t  i s no t 

th e centra l  focu s o f  thi s paper . 

^Barto n (1984 )  describe s thes e rule-base d system s i n mor e detail . 

^Fo r  example ,  Slocum' s M E T A L syste m (1984 ,  1985 )  develope d a t  th e Linguistic s Researc h Cente r  a t  th e 

Universit y o f  Texa s relie s o n numerou s language-specifi c  context-fre e rule s pe r  languag e solel y fo r  parsing . 

Th e typ e o f  gramma r  formalis m i s allowe d t o var y fro m languag e t o language .  Fo r  example ,  th e Germa n 
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Figure 1: Co-Routine Design of the Parser 

Furthermore, these systems fail to preserve the modular organization of new theories of 

g rammar . 

I n thi s pape r  I  describ e a n implementatio n o f  a  parsin g mode l  tha t  i s  base d o n subsystem s 

of  grammatica l  principle s an d parameters.' *  T h e parse r  follow s a  "co-routin e design: "  th e 

structure-buildin g mechanis m operate s wit h simultaneou s acces s t o linguisti c constraint s 

of  Governmen t  an d Bindin g ( G B )  theor y a s develope d b y C h o m s k y (1981 ,  1982) .  (Se e 

figur e 1. )  T h e structure-buildin g modul e assign s a  skeleta l  syntacti c structur e t o a  sentence , 

an d the n thi s structur e i s eliminate d o r  modifie d accordin g t o th e principle s o f  G B .  Thi s 

desig n i s consisten t  wit h recen t  psycholinguisti c studie s (se e Frazier ,  1986 )  tha t  indicat e tha t 

th e h u m a n processo r  initiall y  assign s a  (potentiall y  ambiguou s o r  underspecified )  structura l 

analysi s t o a  sentence ,  leavin g lexica l  an d semanti c description s fo r  subsequen t  processing . 

Furthermore ,  th e parse r  i s designe d s o tha t  i t  applie s uniforml y acros s al l  languages ,  allowin g 

th e use r  t o modif y th e parameter s o f  th e syste m t o accommoda t e additiona l  additiona l 

languages . 

T h e reaso n tha t  parsin g uniforml y acros s language s i s difficul t  i s  th e parse r  appear s t o 

requir e a  massiv e amoun t  o f  "knowledge "  i n orde r  t o pars e al l  possibl e phenomen a (an d thei r 

interactio n effects )  i n an y give n languag e withou t  allowin g ill-forme d sentence s t o als o b e 

parsed .  Conside r  (1) : 

(1) Le quiere a Juan 

'(She )  love s John ' 

Although (1) appears to be simple, it is not simple from the point of view of uniform 

parsin g sinc e th e equivalen t  sentenc e parse s differentl y i n othe r  languages .  T h e Spanis h an d 

parse r  i s base d o n phrase-structur e grammar ,  augmente d b y procedure s fo r  transformations ;  b y contrast , 

th e Englis h parse r  employ s a  modifie d G P S G approac h wit h n o transformations .  Regardles s o f  th e typ e o f 

grammar  formalism ,  eac h parse r  i s nevertheles s base d o n hundred s context-fre e rule s o f  a  language-specifi c 

nature .  Consequently ,  eac h parse r  operate s unilinguall y an d ha s a n increase d runnin g tim e ove r  parser s tha t 

acces s smalle r  grammars .  (A s note d i n Barto n (1984) ,  th e Earle y algorith m (1970 )  fo r  context-fre e languag e 

parsin g ca n quadrupl e it s runnin g tim e whe n th e gramma r  siz e i s double d ) 

*Fo r  example ,  ther e i s a  "constituen t  order "  paramete r  associate d wit h a  universa l  principl e tha t  require s 

ther e t o b e a  language-dependen t  orderin g o f  constituent s wit h respec t  t o a  phrase ;  th e paramete r  i s se t  b y 

th e use r  t o b e head-iniha l  fo r  a  languag e lik e English ,  bu t  head-fina l  fo r  a  languag e lik e Japanese .  Thi s i s 

discusse d i n sectio n 2.1 . 
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le,-quier e a Juan , 

Figur e 2 :  Spanis h an d Englis h Pars e Tree s fo r  a n Equivalen t  Sentenc e 

English parse trees for (1) are in figure 2} Literally, the English translation for (1) is (2), 

whic h i s ungrammatical : 

(2) him e loves to John 

The e stands for a null subject that is realized as she in English.® The parsing implementation 

presente d her e rule s ou t  sentenc e (2 )  withou t  sacrificin g th e abilit y  t o pars e (1) . 

T h e co-routin e desig n differ s fro m othe r  G B parsing/translatio n system s {e.g. ,  Sharp , 

1985 )  i n tha t  th e G B principle s ar e use d fo r  "o n line "  verificatio n durin g parsin g rathe r  tha n 

as well-formednes s condition s o n output .  Furthermore ,  i n Sharp' s system ,  context-fre e rule s 

(se t  u p fo r  English-lik e languages )  ar e hardwire d int o th e cod e rathe r  tha n generate d o n 

th e fl y usin g principle s o f  G B ;  thus ,  language s (lik e G e r m a n o r  Japanese )  tha t  d o no t  hav e 

th e sam e orde r  o f  constituent s a s EngHs h canno t  b e handle d b y th e system .  T h e primar y 

facto r  tha t  introduce s thi s malad y i n Sharp' s syste m i s tha t  th e use r  ha s limite d acces s t o 

th e principle s o f  th e system .  T h e syste m describe d her e allow s th e use r  t o specif y paramete r 

value s t o th e principles ,  thu s modifyin g th e effec t  o f  th e principle s fro m languag e t o language . 

Ther e ar e tw o classe s o f  G B principle s use d b y th e system :  thos e tha t  ar e applie d o n lin e 

{i.e. ,  a t  processin g time )  an d thos e tha t  ar e applie d of f  lin e [i.e. ,  a t  precompilatio n time). ^ 

^Subscript s ar e use d fo r  co-referrin g elements .  Thu s l e ( = him )  refer s t o Juan . 

^Sectio n 2. 3 discusse s th e nul l  subjec t  phenomeno n i n Spanish . 

^Experiment s ar e currentl y underwa y t o determin e th e "optimal "  balanc e o f  principl e clusterin g betwee n 

th e precompilatio n an d processin g phases .  I n orde r  fo r  th e G B constraint s t o b e applicable ,  a  structur e mus t 

firs t  b e created .  Th e questio n unde r  investigatio n i s ho w muc h structur e mus t  b e generate d a t  precompilatio n 

tim e i n orde r  t o perfor m o n lin e verificatio n o f  G B constraint s efficiently .  O n th e on e hand ,  incorporatin g 

a larg e numbe r  o f  constraint s int o th e precompilatio n phas e cause s th e gramma r  siz e t o becom e explosive , 

thu s slowin g dow n gramma r  searc h time ;  o n th e othe r  hand ,  eliminatin g a  larg e numbe r  o f  constraint s 

fro m precompilatio n force s a  hig h cos t  a t  constrain t  verificatio n time .  Frazie r  (1986 )  suggest s tha t  al l 

phras e structur e possibilitie s ge t  multiplie d out ,  leavin g onl y a  smal l  subse t  o f  G B constraint s t o appl y a t 

processin g time .  I n th e parse r  presente d here ,  a  relativel y smal l  numbe r  o f  G B constraint s (thos e concernin g 

skeleta l  phras e structure s an d empt y nou n phrases )  ar e accesse d a t  precompilatio n time ,  leavin g man y o f 

th e G B constraint s t o appl y a t  processin g time .  Tim e test s hav e show n thi s clusterin g o f  principle s th e mos t 

promisin g fo r  efficien t  parsin g usin g th e co-routin e design . 
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Bot h classe s includ e parameter s o f  variation . 

Th e modularit y impose d b y th e G B framewor k i s a n improvemen t  ove r  context-fre e base d 

system s fo r  severa l  reasons :  (a )  propertie s commo n t o al l  language s ar e no t  specifie d directl y 

i n rules ,  bu t  ar e abstracte d int o modularize d principles ,  thu s allowin g linguisti c generaliza -

tio n t o b e captured ;  (b )  multiplicativ e effect s o f  linguisti c constraint s ar e no t  spelle d ou t  i n 

th e for m o f  gramma r  rules ,  thu s reducin g gramma r  siz e (henc e processin g time) ;  an d (c )  a 

separat e descriptio n i s no t  require d fo r  eac h language ,  thu s th e parse r  i s easil y extendibl e t o 

additiona l  languages . 

2 Underlying Linguistic Theory 

In order to arrive at the modules that form the basis of the structure-building and GB 

component s o f  figur e 1 ,  w e mus t  separat e underlyin g subsystem s o f  gramma r  tha t  interac t 

t o gai n th e effect s o f  complicate d rule s systems .  Thi s sectio n describe s parameter s o f  varia -

tio n associate d wit h th e principle s o f  thre e G B subtheorie s (X-Theory ,  ̂ -Theor y an d Trac e 

Theory) ,  an d discusse s th e relevanc e o f  thes e parameter s withi n th e contex t  o f  th e parsin g 

model .  Th e goa l  i s t o incorporat e th e parameterize d principle s o f  G B (i n th e for m o f  modula r 

subsystem s o f  structura l  an d well-formednes s constraints )  int o a  single ,  cross-linguisticall y 

unifor m parsin g system . 

2. 1 X - T h e o r y P a r a m e t e r s :  C h o i c e o f  Speci f ier s a n d C o n s t i t u e n t 

O r d e r 

The central idea of X-Theory is that the dictionary (henceforth lexicon) specifies subcat-

egorizatio n frame s fo r  lexica l  item s {e.g. ,  th e fram e fo r  th e ver b pu t  include s tw o arguments , 

one tha t  i s a  nou n phrase ,  an d anothe r  tha t  i s  a  prepositiona l  phrase ,  a s i n pu t  th e ca r  i n 

th e garage) ,  an d phrase-structure s ar e projection s o f  a  lexica l  hea d X  ( = N ,  V ,  P  o r  A) . * 

X-Theor y assume s tha t  phras e structure s fo r  Englis h ar e derive d b y rule s o f  th e form : 

(3) X"^" ^ (Specifier) X (Complement) 

where X"^'^'^ is the maximal projection (more commonly called XP) of the lexical head X. 

The Specifie r  o f  X  i s determine d b y a  paramete r  settin g associate d wit h th e X  module ,  an d 

th e complemen t  o f  X  i s determine d b y th e subcategorizatio n fram e o f  th e verb .  Fo r  example , 

i f  X  i s a  noun ,  X"' "  i s  NP ,  a  possibl e Specifie r  i s  a  determiner ,  an d a  possibl e complemen t 

i s a  prepositiona l  phras e (dependin g o n whethe r  thi s i s specifie d i n th e lexica l  entr y fo r  th e 

noun) . 

Englis h require s tha t  specifier s o f  al l  lexica l  categorie s occu r  befor e th e lexica l  head ,  an d 

complement s follo w th e lexica l  head .  However ,  thi s rul e doe s no t  appl y t o al l  language s (e.g. , 

Navajo ,  German ,  Japanese ,  etc.) .  Fo r  example ,  conside r  th e followin g Navaj o sentence : 

®The lexica l  representatio n use d i n th e parse r  presente d her e i s base d o n th e input  representatio n require d 

by th e morphologica l  analyzer .  I t  include s th e roo t  form s o f  word s an d pointer s t o applicabl e affixe s Roo t 

verb s ar e store d wit h thei r  argumen t  structur e specification s an d ̂-rol e assignmen t  possibilities .  T h e lexico n 

i s discusse d i n Dor r  (forthcoming) ,  bu t  wil l  no t  b e emphasize d i n thi s paper . 
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(4 )  ashki i  at'ee d yiyii}ts 4 

'th e bo y sa w th e girl ' 

This sentence hterally translates as the boy the girl saw since Navajo requires the complement 

t o preced e th e head. ® I t  i s  assume d tha t  th e constituen t  orde r  o f  a  languag e i s determine d 

by a  paramete r  o f  variation .  Thus ,  befor e parsin g begins ,  X  rule s ar e se t  u p accordin g t o th e 

constituen t  orde r  o f  th e languag e bein g parsed .  Thi s i s crucia l  i n th e parsin g mode l  sinc e 

many o f  th e principle s o f  othe r  G B subtheorie s canno t  appl y unti l  a  vali d license d structur e 

(wit h predetermine d orderin g restrictions )  ha s first  bee n built ,  i.e. ,  X-Theor y provide s basi c 

template s t o whic h remainin g parsin g constraint s ca n apply . 

2.2 ^-Theory Parameters: Clitic Doubling 

^-Theory is the theory of thematic (or semantic) roles. A principle of this theory is 

th e ̂ -Criterio n whic h state s tha t  eac h nou n phras e argumen t  o f  a  ver b i s uniquel y assigne d 

a semanti c rol e (e.̂ . ,  agent ,  patient ,  etc. )  an d eac h semanti c rol e i s uniquel y assigne d t o 

an argument .  I n orde r  fo r  a  semanti c rol e (hencefort h -̂role )  t o b e assigned ,  ther e i s a 

principl e o f  ̂ -rol e transmissio n tha t  map s argument s i n th e dictionar y entr y o f  th e ver b t o 

thei r  correspondin g ̂ -roles . 

I n Spanish ,  th e phenomeno n o f  chti c doubHn g i s relevan t  t o parametri c variatio n o f  th e 

-̂rol e transmissio n principle .  A  cliti c  i s  a  pronomina l  constituen t  tha t  i s  associate d wit h a 

verba l  object .  Fo r  example ,  th e cliti c  l e i n th e followin g sentenc e i s a  cliti c  associate d wit h 

Juan ,  th e objec t  o f  th e ver b regale : 

(5) Le regale un libro a Juan. 

' I  gav e a  boo k t o John. ' 

The phenomenon of clitic doubling is defined in terms of the pair < clitic, lexical NP> where 

th e cliti c  mus t  agre e i n number ,  perso n an d gende r  wit h th e lexica l  NP .  I n (5 )  th e cliti c 

l e actuall y stand s fo r  a n N P tha t  doe s no t  ye t  hav e a  -̂rol e (namely ,  Juan) .  Thus ,  i n 

orde r  t o satisf y th e ̂ -Criterion ,  a  paramete r  o f  variatio n i s require d fo r  ̂ -rol e transmission . 

Jaeggl i  (1981 )  propose s tha t  clitic s suppl y  ̂ -role s t o objec t  NP s tha t  ar e double d vi a a  ̂-rol e 

transmissio n rule : 

(6) [CL -\-case, +6^] ... [NP +ca5e,] =» [CL +case^ +0^] ... [NP -\-case, +0^ 

This rule allows a doubled NP object to receive ^-role as long as the clitic and NP must 

hav e th e sam e case.̂ °  I f  a  cliti c  i s  no t  present ,  a  -̂rol e i s assigne d i n th e usua l  fashion , 

{i.e. ,  fro m th e ver b tha t  contain s th e argumen t  i n it s dictionar y entry) .  Thus ,  fo r  language s 

tha t  allo w clitics ,  cliti c  doublin g mus t  b e availabl e a s a  paramete r  o f  variatio n t o th e ̂-rol e 

transmissio n principl e o f  ̂ -Theory .  Th e -̂Criterio n ca n the n b e use d a s a  well-formednes s 

conditio n durin g parsin g s o tha t  cliti c  doublin g construction s wil l  b e rule d ou t  unles s (6 )  i s 

allowe d t o fire.  Thi s i s importan t  i n a  parsin g mode l  sinc e language s tha t  allo w clitic s coul d 

not  b e analyze d uniforml y withou t  suc h a  paramete r  o f  variation . 

^Hal e (1973 )  describe s ho w thi s an d severa l  othe r  phenomen a i n Navaj o revea l  parametri c variatio n t o 
GB principle s 

^̂ A descriptio n o f  Cas e Theor y i s no t  give n here .  Se e Chomsk y (1981) . 
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2. 3 T r a c e T h e o r y P a r a m e t e r s :  C h o i c e o f  T r a c e s a n d P r o - d r o p 

Trace theory is another subtheory of GB that is important for uniform parsing across 

languages ,  i n particula r  becaus e i t  provide s a n explanatio n fo r  th e distinction s betwee n 

language s tha t  allo w nul l  subject s (lik e Spanish )  an d othe r  languages .  A  trac e i s a n empt y 

sentenc e positio n tha t  i s eithe r  base-generate d o r  lef t  behin d whe n a  constituen t  ha s moved . 

The choic e o f  trace s fo r  a  languag e i s specifie d a s a  paramete r  settin g t o th e trac e module . 

Accordin g t o th e analysi s o f  th e nul l  subjec t  (o r  pro-drop )  paramete r  introduce d b y va n 

Riemsdij k an d William s (1986) ,  th e choic e o f  whethe r  a  languag e require s a  sententia l  subjec t 

i s  allowe d t o var y fro m languag e t o language .  I n Spanish ,  a s i n Italian ,  Gree k an d Hebrew , 

morpholog y i s ric h enoug h t o mak e th e subjec t  pronoun s redundan t  an d recoverable .  Thus , 

we ca n hav e th e sentence : 

(7 )  Habl e co n ella . 

'(I )  spok e wit h her. ' 

Sinc e th e inflectio n o n th e ver b i s firs t  perso n singular ,  th e subjec t  pronou n y o (=1 )  nee d 

not  b e used . 

The formulatio n o f  th e pro-dro p paramete r  h y va n Riemsdij k an d William s i s motivate d 

by th e observatio n tha t  subject s ar e missin g i n a  variet y o f  constructions ,  no t  jus t  i n case s 

lik e (7) .  Thes e construction s d o no t  appea r  i n man y othe r  language s {e.g. ,  English ,  etc.) ; 

thus ,  ther e mus t  b e a  paramete r  tha t  wil l  accoun t  fo r  th e distinctio n betwee n pro-dro p an d 

non-pro-dro p languages .  Th e pro-dro p parameter ,  then ,  i s a  minima l  binar y differenc e tha t 

does o r  doe s no t  allo w empt y nou n phrase s t o occup y subjec t  position .  (Fo r  detail s o n th e 

pro-dro p parameter ,  se e va n Riemsdij k an d Williams ,  pp .  298-303. )  Th e paramete r  settin g 

approac h i s mor e desirabl e tha n a  rule-base d approac h sinc e i t  account s fo r  severa l  type s o f 

nul l  subjec t  construction s withou t  requirin g severa l  independentl y motivate d rules.̂ ^  Th e 

pro-dro p paramete r  i s importan t  i n th e parsin g mode l  becaus e i t  allow s unifor m analysi s o f 

pro-dro p an d non-pro-dro p languages ,  ensurin g tha t  sentenc e withou t  a  subjec t  ar e rule d 

out  unles s th e pro-dro p paramete r  i s set . 

2.4 Principles and Parameters 

Table 1 contains a table summarizing the subsystems of principles and parameters (grouped 

accordin g t o subtheory )  relevan t  t o th e parsin g mode l  a s presente d here.̂ ^  Tabl e 2  summa -

rize s th e paramete r  setting s require d fo r  parsin g Spanis h an d English . 

3 Parsing Implementation 

The parser is one of three translation stages in an interlingual translation system, UNI-

"  A  rule-base d approac h {e.g. ,  G P S G (1985) )  woul d requir e a  separat e rul e fo r  ever y possibl e nul l  subjec t 

constructio n allowe d i n a  pro-dro p languag e includin g fre e subjec t  inversion ,  relativ e clauses ,  that-trac e 

constructions ,  resumptiv e pronouns ,  etc .  (Thes e construction s ar e no t  discusse d here .  Se e va n Riemsdij k 

and William s (1986). )  T h e paramete r  settin g approac h obviate s th e nee d fo r  independen t  treatmen t  o f  thes e 

closel y relate d phenomena . 

^-Becaus e o f  spac e limitations ,  onl y thos e parameter s tha t  ar e relevan t  t o a  condense d descriptio n o f  th e 

parse r  ar e presente d here .  Th e actua l  implementatio n currentl y ha s 2 0 parameters . 
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Theor y 

X 

e 

Trac e 

Principle s 

A phrasa l  projectio n (X"̂ "̂ )  ha s a  hea d (X) , 

a specifie r  an d a  complemen t 

[C L +cas€ ,  +$j ]  .. .  [N P 4-ca5e, ]  ^ 

[C L +case ,  +9^ ]  .. .  N P +case :  +$j ] 

i f  languag e allow s cliti c  doublin g 

Nul l  subject s ar e allowe d fo r  pro-dro p language s 

An empt y positio n ma y occu r  wher e trace s ar e allowe d 

Parameter s 

Constituen t  Order , 

Choic e o f  Specifier s 

Cliti c  Doublin g 

Pro-dro p 

choic e o f  trace s 

Tabl e 1 :  Principle s an d Parameter s o f  G B 

Theor y 

X 

9 

Trac e 

Parameter s 

Constituen t  Orde r 

Choic e o f  Specifier s 

Cliti c  Doublin g 

Pro-dro p 

Choic e o f  Trace s 

Paramete r  Value s 

Spanis h 

spec-head-com p 

V:  have-aux ;  N :  det ,  etc . 

applicabl e an d allowe d 

yes 

N ^ " ,  Wh-phrase ,  V ,  P"^ " 

Englis h 

spec-head-com p 

V:  have-aux ,  do-aux ;  N :  det ,  etc . 

not  applicabl e 

no 

N"^" ,  Wh-phrase ,  V ,  P'" " 

Tabl e 2 :  Paramete r  Value s fo r  Spanis h an d Englis h 

TRAN (Dorr, forthcoming), which is implemented in Commonlisp and currently translates 

simpl e sentence s bidirectionall y betwee n Spanis h an d English .  I n contras t  t o th e transfe r 

approac h {e.g. ,  M E T A L ,  Slocum ,  1984 ,  1985) ,  th e parse r  (an d othe r  translatio n modules ) 

i s unifor m acros s al l  language s wit h respec t  t o it s theoretica l  an d engineerin g basis .  (Se e 

figure  3. )  Th e transfe r  approach ,  o n th e othe r  hand ,  require s severa l  parser s an d a  thir d 

translatio n stag e (th e transfe r  stage )  i n whic h on e language-specifi c  representatio n i s mappe d 

int o another .  Thus ,  a  separat e parse r  mus t  b e supplie d fo r  eac h languag e i n th e transfe r 

approach ,  whil e i n th e interlingua l  approac h a  singl e parse r  i s use d fo r  al l  languages .  Th e in -

terlingua l  approac h mor e closel y approximate s a  tru e universa l  approac h sinc e th e principle s 

tha t  appl y acros s al l  language s ar e entirel y separat e fro m language-specifi c  characteristic s 

expresse d b y (user-modifiable )  paramete r  settings.̂ ^ 

Th e parameter s o f  tabl e 2  ar e represente d declaratively ,  an d ar e subjec t  t o modificatio n b y 

th e user .  (Se e figure  4. )  Ther e ar e tw o type s o f  procedure s (correspondin g t o th e tw o boxe s o f 

figure  1 )  withi n th e system :  th e first  typ e include s thos e procedure s tha t  perfor m structure -

buildin g action s (predicting ,  attachin g an d scanning) ,  relyin g primaril y o n phras e structur e 

template s generate d a t  precompilatio n time ;  an d th e secon d typ e consist s o f  constrain t 

verificatio n routine s (̂ -Criterion ,  empt y N P conditions ,  etc.) ,  performin g well-formednes s 

test s o n phrase-structure s buil t  b y structur e buildin g procedures . 

^̂ Th e approac h i s "universal "  onl y t o th e exten t  tha t  th e linguisti c theor y i s "universal. "  Ther e ar e 
some residua l  phenomen a no t  covere d b y th e theor y tha t  ar e consequentl y no t  handle d b y th e syste m i n 
a principle-base d manne r  Fo r  example ,  th e language-specifi c  Englis h rule s o f  li-msertto n an d do-tnsertio n 
canno t  b e accounte d fo r  b y parameterize d principles ,  bu t  mus t  b e individuall y stipulate d a s idiosyncrati c 
rule s o f  English .  Happily ,  ther e appea r  t o b e onl y a  fe w suc h rule s pe r  languag e sinc e th e principle-base d 
approac h factor s ou t  mos t  o f  th e commonalitie s acros s languages . 
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Figur e 3 :  Interlingua l  Desig n a s foun d i n Dor r  198 7 

(DEF-PARAM CONSTITUENT-ORDER 

:SPANIS H (SPE C HEAD COMP)  :ENGLIS H (SPE C HEAD COMP)) 

(DEF-PARAM CHOICE-OF-SPEC 

:SPANIS H ( V (HAVE-AUX )  N  (DET )  I  (N-MAX )  C  (WH-PHRASE) ) 

:ENGLIS H ( V (HAVE-AU X DO-AUX)  N  (DE T N-MAX )  I  (N-MAX )  C  (WH-PHRASE)) ) 

(DEF-PARAM CLITIC-DOUBLING :SPANISH (T T) :ENGLISH (NIL NIL)) 

(DEF-PARAM PRO-DROP :SPANISH T :ENGLISH NIL) 

(DEF-PARAM CHOICE-OF-TRACES 

:SPANIS H (N-MA X WH-PHRASE V  P-MAX )  :ENGLIS H (N-MA X WH-PHRASE V  P-MAX) ) 

Figure 4: Representation of Parameter Settings for Spanish and English 

Before parsing begins, the precompilation stage generates and stores a constant number of 

underspecifie d phrase-structur e template s pe r  languag e accordin g t o th e tw o X  parameter s o f 

figur e 4 :  constituen t  orde r  an d choic e o f  specifier .  W h e n th e parse r  i s activated ,  th e structure -

buildin g modul e draw s upo n thes e templates ,  processin g eac h wor d o f  inpu t  unti l  n o mor e 

structure-buildin g action s apply .  A t  thi s time ,  constrain t  verificatio n take s place ,  an d th e 

las t  thre e parameter s o f  figure  4  ar e accesse d i n orde r  t o modif y o r  eliminat e th e structure s 

derive d thu s far .  Th e pars e proceed s i n thi s fashio n unti l  al l  sentenc e constituent s hav e bee n 

successfull y scanned ,  an d al l  constraint s hav e bee n verified .  A  sentenc e i s rejecte d if :  (a )  ther e 

i s a  constrain t  violation ,  o r  (b )  afte r  consultin g th e constrain t  modul e n o structure-buildin g 

action s appl y t o th e remainin g inpu t  words .  A  sentenc e i s accepte d otherwise .  Becaus e th e 

constrain t  componen t  i s availabl e durin g parsing ,  th e phrase-structur e template s accesse d 

by th e structure-buildin g modul e nee d no t  b e ver y elaborate ;  consequentl y th e gramma r  siz e 

need not ,  an d shoul d not ,  b e a s larg e a s thos e foun d i n othe r  parsin g systems.̂ ' '  Thus ,  th e 

"̂•i n fact ,  th e numbe r  o f  phras e structur e template s tha t  ar e generate d pe r  languag e generall y doe s no t 
excee d 15 0 sinc e ther e ar e a  limite d numbe r  o f  configuration s pe r  languag e tha t  ar e allowe d b y th e X 
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Figur e 5 :  Snapshot s o f  Parse r  i n Actio n 

system avoids high computational costs due to grammar search time. 

To clarif y th e abov e descriptio n o f  th e parsin g algorithm ,  th e nex t  sectio n present s an d 

exampl e o f  ho w th e parsin g module s operate . 

4 A n E x a m p l e 

Consider the problem of parsing (1) repeated here as (8): 

(8) Le quiere a Juan 

'(She )  love s John ' 

principle s accesse d a t  precompilatio n time .  Thus ,  th e runnin g tim e o f  th e parse r  i s no t  subjec t  t o th e sam e 

slow-down s tha t  ar e foun d i n othe r  systems . 
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Figur e 5  give s snapshot s o f  th e parse r  i n action .  Firs t  th e Earle y structure-buildin g 

componen t  predict s tha t  th e sentenc e ha s a  nou n phras e ( N P )  an d a  ver b phras e ( V P )  (se e 

(a)) ,  th e orde r  o f  whic h i s determine d b y th e "constituen t  order "  paramete r  a t  precompilatio n 

time.^ ^  T h e onl y structure s availabl e fo r  predictio n b y th e Earle y modul e ar e thos e generate d 

at  precompilatio n time ;  thus ,  a t  thi s poin t  n o furthe r  informatio n abou t  th e structur e i s 

availabl e unti l  th e linguisti c constrain t  modul e take s control . 

T h e constrain t  modul e accesse s th e "nul l  subject "  paramete r  (se e sectio n 2.3) ,  whic h 

dictate s tha t  th e empt y elemen t  attache d t o N P i s a  subject .  T h e [4-pro ]  (pronominal ) 

featur e i s associate d wit h th e nod e (se e (b) )  s o th e subject  wil l  accommoda t e bot h nul l 

subjec t  sourc e language s an d over t  subjec t  sourc e languages.' ^ 

I n snapsho t  (c) ,  th e Earle y modul e expand s V P an d scan s th e first  tw o inpu t  word s l e 

q m e r e V N o w th e Earle y modul e canno t  procee d an y further ;  thus ,  th e constrain t  modul e 

take s ove r  again .  Firs t  a  semanti c rol e (o r  ^-role ,  a s i t  i s  calle d i n G B Theory )  o f  agen t 

i s assigne d t o th e empt y subjec t  o f  th e sentence .  Thi s informatio n i s determine d fro m th e 

dictionar y entr y o f  quitr e whic h dictate s tha t  thi s ver b require s bot h a n agen t  (assigne d t o 

th e subjec t  o r  externa l  argumen t  o f  th e verb )  an d a  patien t  (assigne d t o th e objec t  o r  interna l 

argumen t  o f  th e verb) .  T h e dictionar y entr y fo r  quere r  (th e roo t  for m o f  quiere )  i s encode d 

as follows :  (querer :  [ext :  agent ]  [int :  patient ]  V  (english :  love )  (french :  a imer )  ... ) 

N ow th e constrain t  modul e predict s tha t  a  nou n phras e (correspondin g t o th e interna l  argumen t 

of  querer )  mus t  b e available .  Becaus e th e chtic-doubHn g paramete r  i s se t  t o ( T T ) ,  i t  i s  determine d 

tha t  th e N P l e ca n ac t  a s a n objec t  o f  th e ver b quiere ;  consequently ,  i t  receive s patien t  6-To[ e a s 

dictate d b y th e lexica l  entr y o f  querer .  Th e constrain t  modul e the n "records "  th e fac t  tha t  a  cliti c 

has bee n seen ,  s o tha t  th e N P correspondin g t o l e wil l  hav e a  ̂ -rol e transmitte d t o i t  late r  i f  i t 

appear s i n th e input.̂ ^  Onc e contro l  passe s bac k t o th e Earle y module ,  th e fina l  tw o word s ar e 

scanned ,  thu s completin g th e PP .  Snapsho t  (d )  show s th e pars e thu s far . 

At  thi s poin t  th e constrain t  modul e attempt s t o assig n ̂ -rol e t o th e N P Juan .  However ,  al l 

of  th e ̂ -role s fro m th e lexica l  entr y o f  quere r  hav e alread y bee n assigned ;  thus ,  assignin g a  rol e 

fro m thi s entr y woul d b e a  violatio n o f  th e ̂ -criterion .  O n th e othe r  hand ,  leavin g Jua n without 

a rol e als o violate s th e ̂ -criterion .  Consequently ,  th e constrain t  modul e determine s (vi a th e cUtic -

doubhn g paramete r  setting )  tha t  th e 5-rol e transmissio n rul e (6 )  i s applicable ,  an d recognize s tha t 

th e N P Jua n correspond s t o th e "recorded "  cliti c  precedin g th e ver b quier e (sinc e th e tw o matc h 

i n person ,  numbe r  an d gender) .  Thus ,  a  ̂ -rol e o f  patien t  i s  transmitte d t o Juan.^ ^  A s a  resul t  o f 

th e apphcatio n o f  th e ̂ -transmissio n rule ,  l e an d Jua n ar e coindexed ;  thus ,  thes e tw o constituent s 

ar e interprete d a s coreferentia l  durin g th e stage s followin g th e parse .  Th e final  pars e i s illustrate d 

i n snapsho t  (e) . 

^^Smce Spanis h i s a  head-mtUa l  language ,  N P mus t  preced e VP ;  however ,  thi s woul d no t  b e th e cas e fo r 

non-/iea<i-i7ii<ia /  languages .  (Se e fn .  5  fo r  a  descriptio n o f  th e "constituen t  order "  parameter. ) 

^®For  example ,  Italia n an d Hebre w d o no t  requir e a n over t  subject ,  bu t  Englis h an d Frenc h do ;  thus , 

durm g a  late r  stag e (generation) ,  e[pro ]  wil l  eithe r  b e lef t  a s is ,  o r  lexicalize d t o a  pronomina l  for m ( e g. ,  h e 

or  sh e i n English )  tha t  agree s wit h th e mai n verb . 

'̂Cliti c  adjunctio n i s generate d a t  precompilatio n time .  Th e presenc e o r  absenc e o f  a  cliti c  fo r  a  particula r 

languag e i s determine d b y a n adjunctio n paramete r  settin g associate d wit h X  Thi s paramete r  wil l  no t  b e 

discusse d here . 

'®Sinc e cliti c  doublin g i s optional ,  th e pars e wil l  no t  b e discarde d i f  th e correspondin g N P doe s no t  appea r 

i n th e input ;  however ,  i f  i t  doe s appea r  (a s i t  doe s i n th e abov e example) ,  i t  i s  correctl y assigne d ̂-role . 

^^Not e tha t  th e ̂-rol e patien t  i s  assigne d th e N P 7ua7i ,  no t  t o th e P P a  Juan ,  i n general ,  th e structura l 

entit y tha t  i s  assigne d semanti c rol e i s a n NP ,  regardles s o f  th e typ e o f  phras e th e containin g it . 
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5 C o n c l u s i o n 

The system described here is based on modular theories of syntax that include systems of prin-

ciple s an d parameter s rathe r  tha n complex ,  language-specifi c  rules .  Th e "co-routin e design "  allow s 

th e structure-buildin g mechanis m t o operat e wit h user-modifiabl e principle s o f  curren t  linguisti c 

theory .  Th e use r  ha s acces s t o parameter s associate d wit h th e syste m principles ,  thu s enablin g ex -

tensio n o f  th e syste m t o additiona l  languages .  Th e presenc e o f  linguisti c constraint s cillow s phras e 

structur e template s t o b e underspecifie d {i.e. ,  mor e general) ,  thu s reducin g th e gramma r  siz e o f  a 

give n language .  I n summary ,  th e modularit y impose d b y th e G B framewor k i s a n improvemen t  ove r 

context-fre e base d system s becaus e i t  facilitate s extension s an d alteration s t o th e ̂ stem ,  simplifie s 

description s o f  natura l  grammars ,  an d i s backe d b y psycholinguisti c evidenc e (se e fn .  3) . 
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Abstract 

This paper reports a new theory of natural language processing and its implementation in a computer 
program ,  D I A L S (fo r  DIALogu e Structures) .  Thi s represent s a  radica l  departur e fro m th e paradigmati c 
approac h t o natura l  languag e processin g currentl y dominatin g th e Held s o f  artificia l  intelligence ,  linguis -
tics ,  an d languag e philosophy ,  amon g others .  W e us e th e theor y o f  metacommunicatio n t o develo p a 
"pragmati c grammar "  fo r  th e structura l  analysi s o f  dialogue .  W e ar e currentl y abl e t o pars e an d generat e 
over  500 0 surfac e form s o f  a  singl e underlyin g reques t  content .  W e propos e usin g thi s pragmati c infor -
matio n t o manag e th e communicatio n context ,  includin g inferrin g som e o f  a  speakers '  goal s an d con -
trollin g statu s an d politeness . 

Keywords: discourse analysis, pragmatics, metacommunication, requests 

Introduction 

Natural language processing has traditionally concentrated on syntax or semantics. Our new 
theory ,  calle d "Dialogu e Structures, "  concentrate s instea d o n pragmati c issues .  Thi s theor y posit s tha t 
indirec t  questions ,  emphasis ,  focu s an d speakers '  goals ,  stil l  problemati c issue s afte r  year s o f  research ,  ca n 
be determined ,  i n part ,  b y structura l  means .  Ever y utteranc e consist s o f  bot h a  semantic ,  conten t  portio n 
and a  communicatio n managemen t  portio n (Roac h &  Nickson ,  1983 ,  1986) .  Roac h an d Nickso n inde -
pendentl y rediscovere d th e theor y o f  metacommunicatio n originall y develope d b y Bateso n (1951a ,  1951b ) 
and hi s successor s (Watzlawick ,  Bavelas ,  &  Jackson ,  1967) .  Communicatio n management ,  usin g 
metacommunication ,  guide s th e listener' s attention ,  show s importanc e o f  topics ,  maintain s a  share d 
communicatio n contex t  an d preserve s socia l  relationship s (Sanfor d &  Roach ,  i n press )  suc h a s politeness , 
status ,  etc .  Bein g abl e t o proces s th e pragmati c conten t  o f  utterance s leads ,  fo r  th e first  time ,  t o a  syste m 
tha t  ca n accoun t  fo r  som e o f  th e tremendou s rang e o f  expressio n i n natura l  language .  Fo r  example ,  th e 
syste m w e hav e built ,  calle d DIALS ,  ca n correctl y generat e an d pars e th e request ,  "Wha t  tim e i s  it? "  i n 
more tha n 500 0 differen t  ways .  D I A L S use s a  "pragmati c grammar, "  simila r  i n concep t  t o th e well -
known semanti c grammar ,  t o proces s natura l  language .  Unlik e system s tha t  us e semanti c grammars ,  it s 
domai n i s genera l  rathe r  tha n specific ;  i.e. ,  DIALS '  tas k domai n i s th e managemen t  o f  communication , 
necessar y i n al l  dialogues .  W e d o no t  clai m tha t  syntacti c an d semanti c method s ar e wrong ,  onl y tha t 
one o f  th e mos t  importan t  problem s i n parsin g ha s bee n largel y ignored .  "Dialogu e Structures "  speaks , 
at  leas t  i n part ,  t o thi s problem .  Thi s pape r  wil l  discus s th e applicatio n o f  metacommunicatio n t o th e 
understandin g o f  th e pragmatic s o f  requests ,  a n importan t  cognitiv e tas k tha t  human s lear n t o pars e an d 
generat e correctl y a t  a  ver y earl y age . 

Making requests is a common task in all types of communicative activities. Research on requests 
i s ofte n limite d t o question-answerin g (Lehnert ,  1984 )  an d ofte n make s overl y simplifie d assumption s 
about  ho w communicatio n works .  Thos e studyin g languag e analysi s fro m th e viewpoin t  o f  linguistics , 
languag e philosophy ,  an d relate d fields,  see m t o adop t  a  mode l  o f  communicatio n tha t  say s tha t  languag e 
i s explicit ,  tha t  peopl e sa y wha t  the y mea n an d mea n wha t  the y say .  Grice' s (1975 )  wel l  know n Coop -
erativ e Principle ,  includin g th e Manne r  maxims ,  expres s thi s "Transparen t  Model "  o f  communication : 
speaker s "avoi d obscurit y o f  expression, "  "avoi d ambiguity, "  an d tr y t o "b e brief. " 
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Communicatio n theor y (Sanfor d &  Roach ,  1986 )  disagree s wit h th e transparen t  model ,  arguin g 
tha t  peopl e d o no t  sa y exactl y wha t  the y mea n an d seldo m mea n wha t  the y d o say .  Indeed ,  thi s "Guarde d 
Model "  o f  communicatio n recognize s tha t  speaker s hav e hidde n agendas ;  a s Goffma n (1959 )  says ,  on e 
importan t  goa l  i n interaction s i s t o sav e face ,  fo r  whic h peopl e us e mask s o r  fa9ades .  Th e transparen t 
model  t o communicatio n overlook s th e existenc e o f  deceptio n an d face-saving .  Thi s pape r  wil l  no t  discus s 
deceptio n t o an y degree ,  bu t  a t  leas t  th e guarde d mode l  recognize s it s possibility .  Thi s pape r  wil l  discus s 
ho w th e theor y o f  Dialogu e Structure s applie s t o requests ,  identifyin g th e tw o majo r  part s o f  a  request , 
analyzin g eac h par t  separately ,  an d Anall y discussin g D IALS ,  th e compute r  progra m tha t  implement s th e 
theory . 

Theory of Dialogue Structures 

According to Bateson, there are at least two subcategories of mctacommunication: "the prop-
osition s abou t  codificatio n ji.e. ,  communicatio n i n whic h th e conten t  o f  (h e utteranc e i s th e proces s o r 
mechanism s o f  communication ]  an d th e proposition s abou t  interpersona l  relationship "  (1951b ,  p .  214) . 
Dialogu e Structure s deal s wit h th e subtl e expressio n o f  interpersona l  relationshi p fro m th e 
metacommunicationa l  cue s o f  th e for m i n whic h request s ar e phrased .  Tha t  is ,  a  speaker' s intention s 
canno t  b e directl y identifle d bu t  mus t  b e inferre d fro m subtl e metacommunicationa l  cue s an d th e 
interpreter' s knowledg e o f  socia l  norm s an d interpersona l  relationships . 

Dialogue Structures states that the surface form of a request is not simply an expression of 
pragmati c purpose ,  politeness ,  o r  clarity .  Th e mai n thin g expresse d explicitl y  i n a  reques t  i s ho w de -
mandin g vs .  ho w pleadin g a  reques t  is ,  i.e. ,  th e "imperativ e force "  o f  th e request .  A  request ,  therefore , 
can b e represente d i n th e followin g way : 

request = (content expressing a desire) + 
(structur e expressin g imperativ e force ) 

We shall deflne what we mean by "structure" in the next section. Dialogue Structures, then, must ex-
plai n th e tw o part s o f  a  request :  th e structur e expressin g imperativ e forc e an d th e conten t  expressin g a 
desire .  Th e followin g wil l  examin e separatel y thes e tw o part s o f  a  request . 

Structure Expressing Imperative Force 

"Imperative force" expresses how demanding vs. how pleading a request Is. "Imperative force" 
was first  use d b y Scarl e (1975 )  t o expres s tha t  a  reques t  i s demanding ;  w e expan d i t  int o a  complet e di -
mensio n o f  expressiv e power .  Tha t  is ,  Seari e sai d onl y tw o type s o f  request s hav e imperativ e force ;  th e 
explici t  performativ e (e.g. ,  " I  orde r  yo u t o leav e th e room" )  an d th e flat  imperativ e (e.g. ,  "Leav e th e 
room") ;  w e sa y tha t  al l  request s hav e imperativ e force ,  bu t  i t  range s throug h man y gradation s fro m 
strongl y demandin g t o strongl y pleading . 

Most people use the term "structure" in this context to refer only to the syntax of an utterance. 
Certainl y synta x i s a  structura l  componen t  o f  utterances ,  bu t  w e us e "structure "  i n a  broade r  sense . 
We identif y structura l  aspect s t o th e pragmatic s o f  utterance s an d us e thi s structura l  leve l  a s well . 
Structura l  pragmatic s involv e th e identificatio n no t  onl y o f  th e synta x o f  a n utterance ,  bu t  als o o f  ke y 
wor d patterns ;  e.g. ,  " I  wa s considerin g .  .  . "  i s  no t  onl y a  declarativ e syntacti c structure ,  bu t  th e ke y 
word s identif y i t  a s a  "Clai m o f  Deliberation "  i n whic h an y desir e ma y b e embedded .  (Throughou t  thi s 
discussion ,  severa l  reques t  categorie s wil l  b e mentioned .  There  i s no t  enoug h roo m i n thi s repor t  t o giv e 
th e ful l  categor y system .  Se e Sanfor d an d Roach ,  i n press. )  Fo r  example ,  conside r  tryin g t o identif y th e 
"transparent "  purpos e o f  a  reques t  t o decid e ho w t o respond .  W e argu e tha t  a  listene r  caimo t  tel l  th e tru e 
pragmati c purpos e o f  a  reques t  fro m th e surfac e form .  However ,  th e reques t  ma y structurall y appea r  t o 
be a  reques t  fo r  information ,  fo r  permission ,  o r  whatever .  Therefore ,  althoug h a  reques t  beginning ,  "D o 
yo u kno w . . . "  sound s a s i f  i t  i s  intende d a s a  reques t  fo r  a  yes/n o response ,  w e canno t  tel l  withou t 
makin g inference s fro m subtl e metacommunicationa l  cue s an d th e interpreter' s knowledg e o f  socia l  norm s 
and interpersona l  relationships .  Bu t  w c ca n identif y i t  "structurally "  a s "Askin g fo r  Suggestion, "  an d 
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the n investigat e ho w demandin g vs .  pleadin g i t  is .  A  clea r  understandin g o f  imperativ e force ,  therefore , 

i s  th e first  ste p i n constructin g a n overal l  theor y o f  requests . 

This brings us to explaining how imperative force functions in communication. Imperative force 

m ay expres s politeness ,  status ,  o r  emphasis .  Searl e (1975 )  assert s tha t  th e choic e o f  h o w t o phras e a  re -

ques t  i s base d solel y o n ho w polit e a n individua l  want s t o be .  Examinin g suc h transparen t  mode l  ap -

proache s t o request s woul d lea d on e t o believ e tha t  politenes s i s mos t  important ,  statu s i s leas t  important , 
and emphasi s ha s n o relatio n t o th e for m o f  requests .  Actually ,  (h e orde r  i s exactl y th e opposite ,  ac -

cordin g t o Dialogu e Structures .  W e wil l  first  discus s th e relatio n betwee n politenes s an d status ,  the n 

discus s th e relatio n betwee n statu s an d emphasis ,  an d finally  presen t  ou r  analysi s o f  h o w a  heare r  use s 
imperativ e forc e t o interpre t  a  speaker' s utterances . 

Status is more fundamental than politeness. Consider how the transparent model explains im-

polit e behavior .  Sinc e peopl e tr y t o b e clear ,  direct ,  unambiguous ,  an d cooperative ,  th e assumptio n tha t 
peopl e woul d b e impolit e i s untenable .  Therefore ,  som e othe r  contras t  t o politenes s i s necessary .  Lakof f 

(1973 )  say s tha t  th e mor e direc t  th e wordin g o f  a  request ,  th e mor e impolit e bu t  th e cleare r  tha t  reques t 

is ;  hi s contrast ,  therefore ,  i s  betwee n politenes s an d clearness .  Researc h show s thi s no t  t o b e th e case . 
W h en Gibb s (1979 )  measure d th e tim e take n t o interpre t  indirec t  request s embedde d i n a  stor y context , 
i t  actuall y too k longe r  t o understan d th e litera l  tha n th e indirec t  meanings .  Also ,  researc h show s tha t 
childre n abou t  tw o t o thre e year s o f  ag e hav e n o mor e difficult y wit h indirec t  tha n wit h direc t  request s 
(EIrod ,  1983 ;  Shatz ,  1978) .  Direc t  wording s o f  requests ,  therefore ,  ar e n o mor e clea r  tha n indirec t 

wordings . 

Searle (1975), as mentioned, asserts that the request form is based solely on politeness. Research 
shows thi s t o b e a n unjustifie d assertion : 

The politeness of the directives used by a speaker appears to be affected directly by the status relationship between the 
speake r  an d th e listener .  Studie s wit h adult s hav e show n tha t  polit e reques t  form s suc h a s "Ma y I  pleas e us e you r  phone? " 
ar e mor e likel y t o b e addresse d t o a  listene r  whos e ag e o r  professiona l  positio n place s hi m i n a  superio r  role .  (James , 
1978,  p .  308 ) 

This suggests that status is fundamental to determining politeness. Hill et al. (1986) refer to two com-
ponent s o f  politeness :  "discernment, "  whic h involve s "conformin g t o th e expecte d norm, "  an d "volition, " 
whic h allow s a  speake r  a  "mor e activ e choice. "  W e woul d sa y tha t  behavio r  unde r  th e contro l  o f  norm s 
i s deference ,  wherea s politenes s i s alway s volitional .  Fo r  example ,  a  sergean t  ha s mor e statu s o r  powe r 
tha n a  private .  I f  a  privat e use s a  pleadin g reques t  t o a  sergeant ,  th e privat e i s no t  being  polit e bu t  i s 
expressin g deferenc e t o th e powe r  o f  th e sergeant .  I f  th e sergean t  use s a  pleadin g reques t  t o th e private , 
th e sergean t  i s bein g polite ,  sinc e th e sergean t  ca n m a k e a  deman d o f  th e privat e an d chos e t o b e les s 

demanding .  I t  i s  inappropriate ,  therefore ,  t o appl y th e term s "politeness "  o r  "clearness "  a s th e basi c di -
mension s o f  compariso n o f  requests .  Thi s evidenc e strongl y support s th e ide a tha t  "imperativ e force "  i s 
a metacommunicationa l  cu e tha t  fulfill s  som e othe r  function(s )  i n th e communicatio n o f  requests .  Indi -
rec t  request s ar e pattern s expressin g metacommunicationa l  informatio n i n whic h an y type  o f  desir e m a y 
be embedded .  Thi s agree s wit h everyda y observations :  i f  someon e asks ,  " D o yo u k n o w th e time? "  an d 
receive s th e response ,  "Yes, "  the y assum e th e responden t  i s jokin g o r  being  uncooperative .  Request s ar e 
demandin g vs .  pleading ;  th e statu s o f  th e interactant s an d th e emphasi s being  expresse d determin e 
whethe r  a  reques t  i s polite . 

Emphasis is more fundamental than status. To return to our example, during battle a private 
ca n addres s a n imperativ e request ,  suc h a s "Pas s th e ammunition! "  t o a  sergean t  withou t  bein g considere d 
impolit e o r  incurrin g th e wrat h o f  th e sergeant .  T h e emphasi s o n th e importanc e o f  th e desir e i n thi s 
contex t  preclude s an y consideratio n o f  statu s o r  politeness .  Indeed ,  i t  migh t  b e considere d "impolite "  t o 

us e a  pleadin g form ,  sinc e i t  take s mor e word s t o expres s pleading ,  an d th e extr a tim e migh t  b e lif e o r 
death . 

To explain more fully this issue of the emphasis expressed with a request, consider the following 

tw o dialogu e example s betwee n a  custome r  an d a n airlin e reservatio n agent : 
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EXAMPLE 1 
C U S T O M E R:  I  nee d t o g o t o L.A .  D o yo u kno w I f  I  ca n leav e tow n today ? 
AGENT:  I' m sorry ,  bu t  al l  flight s t o L.A .  toda y ar e booked .  I  coul d ge t  yo u o n a  fligh t  tomorrow . 

EXAMPLE 2 
C U S T O M E R:  I  nee d t o leav e tow n today .  D o yo u kno w I f  I  ca n g o t o L.A. ? 
AGENT:  I' m sorry ,  bu t  al l  flight s t o LA .  toda y ar e booked .  I  coul d ge t  yo u o n a  fligh t  t o 

Dallas/Ft .  Worth . 

Using the analysis of transparent models, the first sentence of each customer is fairly clear, has no im-
perativ e force ,  an d i s  les s polite ,  wherea s th e secon d sentenc e i s  les s clear ,  ha s n o imperativ e force ,  an d 
i s mor e polite .  Mos t  peopl e woul d neithe r  interpre t  thes e request s a s mixin g impolit e an d polit e form s 
nor  sa y ther e i s n o imperativ e forc e t o th e requests .  T h e wordin g put s emphasi s o n th e informatio n bein g 
expressed ,  allowin g th e heare r  t o Infe r  th e speaker' s goals .  Conside r  ho w inappropriat e i t  woul d b e fo r 
th e agen t  t o offe r  th e first  custome r  a  flight  t o Dallas/Ft .  Worth ;  conside r  ho w equall y inappropriat e i t 
woul d b e fo r  th e agen t  t o offe r  th e secon d custome r  a  flight  o n th e followin g day . 

Determining the function of imperative force in a given request. Several types of information are 
neede d t o decompos e th e relativ e importanc e o f  th e thre e determinant s o f  imperativ e force :  emphasis , 
status ,  an d politeness .  A  participan t  need s t o kno w standar d statu s level s fo r  establishe d societa l  roles , 
suc h a s teache r  vs .  student ,  bos s vs .  worker ,  etc .  Fo r  a n ongoin g relationship ,  on e need s t o kno w th e 
histor y o f  statu s negotiatio n withi n thi s give n relationship .  Fo r  a  give n dialogue ,  on e need s t o kno w th e 
sequenc e o f  statu s negotiatio n move s acros s thi s interaction .  Fo r  example ,  withi n a n interaction ,  statu s 
i s usuall y th e first  issu e addresse d i n a  sequenc e o f  dialogu e moves .  Thi s i s ofte n show n b y th e phrasin g 
of  th e pre-request s (Jacob s &  Jackson ,  1983) ,  o r  wha t  w e ter m th e "empt y requests, "  b y th e requestor . 
T wo excerpt s take n fro m transcribe d tap e recording s o f  actua l  interaction s betwee n airlin e reservatio n 
customer s an d agent s sho w wha t  w e mean . 

EXCERPT 1 
C U S T O M E R:  I' m plannin g o n a  fligh t  leavin g Apri l  5 .  I  pla n o n leavin g fro m Roanoke .  I' d lik e t o g o t o 

L.  A .  I  wa s wonderin g i f  yo u coul d giv e m e som e fligh t  informatio n abou t  that . 

EXCERPT 2 
C U S T O M E R:  I  nee d som e information .  I  woul d lik e t o ge t  som e informatio n abou t  takin g a  fligh t  leavin g 

Apri l  5  fro m Roanok e t o Lo s Angeles . 

In the first excerpt the customer emphasizes the date and airport of departure with slightly less emphasis 
on th e airpor t  o f  arrival .  Th e las t  sentenc e i s empt y o f  an y informatio n importan t  o r  relevan t  t o th e re -
quest ,  an d woul d probabl y b e considere d a  pre-reques t  i f  i t  wer e i n th e first  position .  I n th e secon d ex -
cerpt ,  th e custome r  start s wit h a n empt y request ,  thi s tim e mor e easil y define d a s a  pre-request .  The n 
th e custome r  show s tha t  al l  th e piece s o f  th e reques t  ar e o f  equa l  emphasis ,  expresse d wit h a  lowe r  leve l 
of  imperativ e force .  T h e speake r  i s usin g a  les s demandin g reques t  for m tha n statu s allows ,  expressin g 
politenes s an d th e willingnes s t o allo w an y o f  th e thre e factor s i n th e reques t  t o b e adjuste d b y th e agent , 
as circumstance s require . 

The process for decomposing the purpose of the imperative force of an utterance now can be 
clearl y stated .  First ,  th e heare r  determine s th e relativ e leve l  o f  imperativ e forc e bein g used .  I t  i s  wel l 
know n tha t  som e peopl e habituall y expres s everythin g a s i f  i t  wer e vitall y  important ,  whil e other s expres s 
everythin g the y sa y a s i f  i t  wer e unimportant .  Tha t  is ,  som e peoples '  rang e o f  expressio n stay s amon g 
th e strongl y an d moderatel y demandin g forms ,  whil e other s sta y amon g th e strongl y an d moderatel y 
pleading .  A  heare r  mus t  identif y th e surfac e leve l  imperativ e forc e fo r  a  particula r  utteranc e an d compar e 
i t  t o th e rang e o f  imperativ e forc e use d b y thi s speake r  i n th e past .  Thi s i s on e reaso n w e choos e t o cal l 
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our  approac h "Dialogu e Structures, "  sinc e imperativ e forc e i s a  structura l  aspec t  o f  utterance s tha t  mus t 
be examine d ove r  th e course  o f  dialogue s an d no t  jus t  a t  a  singl e poin t  i n time . 

Second, the hearer checks the dcHned status between the speaker and hearer, originally by ex-
aminin g th e role s o f  th e tw o an d th e socially-define d statu s level s associate d wit h thos e roles ;  then ,  b y 
examinin g th e histor y o f  statu s betwee n th e interactants ,  i f  ther e ha s bee n a n on-goin g relationship ;  an d 
finally,  b y examinin g th e statu s negotiation ,  i f  any ,  durin g thi s interaction .  A t  thi s stage ,  th e speaker' s 
referen t  powe r  o r  th e feeling s o f  friendlines s betwee n th e interactant s i s probabl y les s importan t  tha n th e 
speaker' s legitimat e authority .  Certainl y ther e i s a  colorin g effec t  fro m referen t  powe r  an d friendliness ; 
one ca n easil y imagin e a  policema n barkin g order s a t  a  drive r  t o hel p th e drive r  avoi d a n acciden t 
(strongl y demandin g t o expres s th e emphasi s o n th e importanc e o f  th e information) ,  whil e th e drive r  in -
terpret s th e imperativ e forc e a s a  statu s claim :  "tha t  stupi d co p i s yellin g a t  m e jus t  t o sho w h o w m u c h 
power  h e has! "  Here ,  again ,  w e se e th e importanc e o f  watchin g thi s structura l  dimensio n acros s inter -
action s rathe r  tha n simpl y focusin g o n thi s particula r  instanc e o f  imperativ e force ,  i.e. ,  watchin g dialogu e 
structures .  Policeme n ar e traine d t o us e thei r  voic e t o achiev e socia l  control ;  mos t  o f  thei r  utterance s 
wil l  b e demandin g an d therefor e thi s particula r  utteranc e wil l  no t  b e extremel y ou t  o f  lin e wit h thei r  di -
alogu e patterns .  Afte r  th e heare r  ha s determine d th e speaker' s purpos e i n choosin g a  give n leve l  o f  im -
perativ e force ,  th e speaker' s referen t  powe r  o r  th e leve l  o f  friendlines s betwee n th e participant s i s m u c h 
mor e importan t  i n helpin g t o determin e wha t  th e heare r  wil l  decid e t o do .  O n e agai n ca n imagin e a  cas e 
wher e a  perso n ha s m a d e a  pleadin g request ,  e.g. ,  fo r  th e time ,  an d th e heare r  correctl y interpret s th e 
pleadin g a s a n attemp t  t o b e polit e bu t  decide s no t  t o answe r  base d o n th e hearer' s feeling s o f  dislik e fo r 
th e speaker . 

A hearer is ready to infer the purpose of the speaker now that the hearer has these three pieces 
of  information :  first,  th e imperativ e forc e o f  thi s particula r  request ,  second ,  th e relativ e statu s o f  th e 
participants ,  an d third ,  th e rang e o f  imperativ e forc e use d b y th e speake r  acros s a  histor y o f  dialogue . 
Again ,  le t  u s us e a n example : 

STUDENT: 1 can't turn my paper in today. 
TEACHER:  Woul d i t  b e convenien t  fo r  yo u t o tur n i t  i n tomorrow ? 

How does the student interpret the teacher's request? The surface form of the request is an "Asking about 
Convenience, "  whic h i s moderatel y pleading .  T h e studen t  know s tha t  teacher s hav e highe r  statu s tha n 
students ,  s o i t  canno t  b e a  statu s claim .  Sa y th e teache r  ha s a  histor y o f  usin g th e entir e rang e o f  im -
perativ e forc e i n expressin g requests ,  s o thi s i s nothin g unusua l  i n tha t  regard .  Th e studen t  ca n refe r  t o 
th e semanti c domai n o f  discussion ,  realiz e tha t  teacher s conside r  clas s assignment s important ,  s o i t  canno t 
be emphasis ;  therefore ,  i t  i s  politeness . 

Take the same interaction under another circumstance. Say the student had requested to turn 
i n a n earl y draf t  o f  th e pape r  fo r  preliminar y review ,  bu t  th e pape r  i s no t  reall y assigne d t o b e turne d i n 
toda y o r  tomorrow .  Tli e studen t  coul d rightl y assum e th e teache r  i s expressin g th e relativ e unimportanc e 
of  gettin g i t  i n tomorrow ,  expressin g emphasis .  O r  tak e th e sam e interactio n wit h anothe r  teacher .  Sa y 
thi s teache r  ha s a  histor y o f  usin g mainl y demandin g reques t  form s wit h students ;  tha t  make s thi s 
pleadin g for m unusual .  I t  take s o n a  revers e effec t  an d become s a  highl y impolite ,  sarcasti c demand . 

We are just starting to investigate the rules for combining these three types of information to 
make th e kin d o f  inference s exemplifie d above .  W e alread y hav e th e rule s neede d t o identif y th e first  typ e 
of  information ,  th e imperativ e forc e fo r  a  particula r  utterance .  Thi s i s als o th e ra w dat a fo r  th e thir d typ e 
of  information ,  th e imperativ e forc e use d b y a  speake r  acros s a  histor y o f  dialogue .  Th e secon d typ e o f 
information ,  th e relativ e statu s o f  give n societa l  roles ,  wil l  b e store d i n th e databas e o f  th e pragmati c 
grammar  fo r  us e i n thes e inferencin g procedures . 

Responding to the Content that Expresses a Desire 

The second issue needing explanation is the appropriate response to a request; whether to respond 
wit h information ,  action ,  confirmation ,  o r  whatever .  Conside r  th e metho d fo r  makin g thi s determinatio n 
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usin g th e transparen t  model :  identif y th e intentio n o f  th e speake r  an d respon d t o tha t  intention .  Fro m 
th e perspectiv e o f  th e guarde d model ,  th e decisio n i s determine d b y th e informatio n an d situatio n o f  th e 
hearer ,  sinc e on e canno t  trus t  th e speake r  t o identif y clearl y th e speaker' s intention .  Tak e a n exampl e 
fro m a n interactio n betwee n a n airlin e agen t  an d a  customer .  A  reques t  suc h as ,  "Ca n yo u boo k m e fo r 
th e 1:4 5 flight?"  sound s a s i f  i t  i s  intende d a s a  reques t  fo r  a  yes/n o answer .  I f  ther e ar e seat s availabl e 
at  tha t  time ,  mos t  agent s woul d respon d no t  wit h "yes "  bu t  wit h th e actio n o f  bookin g a  flight.  Infor -
matio n i s neede d onl y whe n th e circumstance s prohibi t  action .  Fo r  example ,  Alle n (1983 )  grapple s wit h 
th e issu e o f  whethe r  th e followin g i s a  yes/n o reques t  o r  a  reques t  fo r  information : 

Do you know when the Windsor train leaves? 

If the one being asked knows the information, then a sensible response might be: 

7:14 in the morning. 

Only if the person cannot provide the information that is indirectly requested should something else be 
given ,  fo r  example : 

I don't v^ork here. 

But in neither case is a "yes" or a "no" needed. Research on people shows that they often go ahead and 
answer  th e surfac e question ,  bu t  ad d th e informatio n indirectl y requested .  Tha t  is ,  the y d o no t  alway s 
includ e th e "yes "  o r  "no, "  bu t  d o s o quit e often .  Thi s i s no t  rule d ou t  b y ou r  theory ;  certainly ,  w e d o no t 
los e th e informatio n tha t  th e surfac e for m i s a  reques t  fo r  a  yes/n o response .  W e simpl e assum e tha t  th e 
surfac e for m i s no t  th e speaker' s mai n goa l  an d g o immediatel y t o th e embedde d indirec t  request .  Ther e 
ar e case s i n whic h peopl e trul y wan t  a  yes/n o response ,  bu t  thes e ar e case s tha t  peopl e hav e difficult y 
identifyin g unles s tha t  desir e ha s bee n explicitl y  stated .  On e i s reminde d o f  th e man y time s Perr y Maso n 
had t o tel l  a  witness ,  "Answe r  onl y 'Yes '  o r  'No.' "  Otherwise ,  th e witnes s invariabl y wante d t o respon d 
t o th e indirec t  questio n embedde d i n th e surfac e form . 

Computational Results 

We have constructed a parsing and generation system, called DIALS, that embodies aspects of 
th e theor y presente d above .  D I A L S currentl y ca n handl e individua l  sentences ,  separatin g th e pragmati c 
fro m th e semanti c portion s o f  a  sentenc e an d workin g wit h a  casefram e o f  th e pragmati c portio n o f  a 
request .  Tha t  is ,  i t  identiflc s th e originato r  o f  th e request ,  th e prox y verbalizin g th e request ,  th e receive r 
of  th e request ,  an d th e imperativ e forc e o f  th e request ,  a s wel l  a s th e goa l  o f  th e request ,  expresse d i n th e 
semanti c portio n o f  th e sentence .  D I A L S eithe r  start s wit h a  surfac e for m sentenc e an d parse s int o thi s 
casefram e o r  start s wit h th e casefram e an d generate s a  surfac e for m sentence .  I t  handle s indirec t  request s 
easily ,  withou t  flrst  determinin g a  surfac e meanin g the n applyin g a n inferenc e engin e t o infe r  th e indirec t 
meaning ,  a s suggeste d b y Searl e (1975) ,  Alle n (1983) ,  an d other s assumin g th e transparen t  model .  DI -
A L S i s independen t  o f  an y semanti c domai n an d therefor e ca n b e applie d a s a  fron t  en d t o an y task ,  suc h 
as databases ,  operatin g systems ,  editors ,  etc .  D I A L S ha s bee n implemente d i n P R O L O G;  o n a  V A X 
11/785 ,  wit h a n interprete r  runnin g a t  1  klips ,  a  pragmati c pars e als o producin g a  simplifie d sentenc e fo r 
analysi s b y a  semanti c parse r  require s betwee n on e an d five  C P U seconds . 

Conclusion 

We realize our approach clashes directly with the paradigmatic artificial intelligence approach 
introduce d b y Charnia k (1972 )  an d exemplifie d b y Alle n (1983) ;  thi s approac h say s tha t  al l  pragmati c 
inference s mus t  b e mad e usin g a n immens e worl d knowledg e base .  Bu t  D I A L S alread y ca n pars e an d 
generat e ove r  500 0 differen t  wording s o f  a  singl e underlyin g reques t  content .  I t  ha s bee n teste d b y com -
parin g it s codin g o f  54 7 sentence s take n fro m transcribe d recording s o f  conversation s betwee n airlin e 
customer s an d agent s agains t  huma n codin g o f  th e conversations ;  i t  wa s abl e t o cod e th e imperativ e forc e 
of  th e request s correctl y ove r  9 5 % o f  th e time .  I t  i s  stil l  undergoin g improvemen t  aime d a t  achievin g 
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1 0 0 % correctnes s an d a t  bein g abl e t o pars e an d generat e ten s o f  thousand s o f  surfac e form s o f  singl e 
underlyin g reques t  contents .  Also ,  i t  i s  bein g improve d t o allo w i t  t o kee p trac k o f  th e pragmati c structur e 
of  dialogu e s o th e res t  o f  th e theor y discusse d i n thi s pape r  ca n b e implemented .  Bu t  ou r  preliminar y 
successe s mak e u s fee l  tha t  th e "guarde d model "  o f  communicatio n an d metacommunicatio n ma y hav e 
advantage s i n man y pragmati c issue s ove r  th e "transparen t  model "  an d it s attendan t  nee d fo r  a n immens e 
worl d knowledg e base . 

References 

Allen, J. (1983). Recognizing intentions from natural language utterances. In M. Brady & R. C. 
Berwic k (Eds.) ,  Computationa l  model s o f  discourse .  Cambridge ,  M A :  M.I.T .  Press ,  107-166 . 

Bateson ,  G .  (1951a) .  Informatio n an d codification :  A  philosophica l  approach .  I n J .  Ruesc h &  G . 
Batcson ,  Co/R/nun/car/on. -  Th e socia l  matri x o f  psychiatry .  Ne w York :  W .  W .  Norton ,  168-211 . 

Bateson ,  G .  (1951b) .  Convention s o f  communication :  Wher e validit y depend s upo n belief .  I n J .  Ruesc h 
& G .  Bateson ,  Communication :  Th e socia l  matri x o f  psychiatry .  N e w York :  W .  VV .  Norton , 
212-227 . 

Charniak ,  E .  (1972) .  Towar d a  mode l  o f  children' s stor y comprehensio n (Tech .  Rep .  A I  TR-266) . 
Cambridge ,  M A :  M.I.T .  A I  Laboratory . 

EIrod ,  M .  M .  (1983) .  Youn g children' s response s t o direc t  an d indirec t  directives .  Th e Journa l  o f  Ge -
neti c Psychology ,  143 ,  217-227 . 

Gibbs ,  R .  W. ,  Jr .  (1979) .  Contextua l  effect s i n understandin g indirec t  requests .  Discours e Processes , 
2,  1-10 . 

Goffman ,  E .  (1959) .  Th e presentatio n o f  sel f  i n everyda y life .  Garde n City ,  N Y :  Doubleday . 
Grice ,  H .  P .  (1975) .  Logi c an d conversation .  I n F .  Col e &  J .  L .  Morga n (Eds.) ,  Synta x an d semantics , 

vol .  3 :  Speec h acts .  Ne w York :  Academi c Press ,  41-58 . 
Hill ,  B. ,  Ide ,  S. ,  Ikuta ,  S. ,  Kawasaki ,  A. ,  &  Ogino ,  T .  (1986) .  Univcrsal s o f  linguisti c politeness : 

Quantitativ e evidenc e fro m Japanes e an d America n English .  Journa l  o f  Pragmatics ,  10 ,  347-371 . 
Jacobs ,  S .  &  Jackson ,  S .  (1983) .  Strateg y an d structur e i n conversationa l  influenc e attempts .  Com-

municatio n Monographs ,  SO,  285-304 . 
James,  S .  L .  (1978) .  Effec t  o f  listene r  ag e an d situatio n o n th e politenes s o f  children' s directives .  Journa l 

of  Psycholinguisti c Research ,  7 ,  307-317 . 
Lakoff ,  R .  (1973) .  Th e logi c o f  politeness :  Or ,  mindin g you r  p' s an d q's .  Paper s fro m th e nint h regiona l 

meeting ,  Chicag o Linguisti c Society .  Chicago :  Chicag o Linguisti c Society ,  292-305 . 
Lehnert ,  W .  (1984) .  Problem s i n questio n answering .  I n L .  Vain a &  J .  Hintikk a (Eds.) ,  Cognitiv e 

constraint s o n communication :  Representatio n an d processes .  Boston :  Kluwe r  Academi c Pub -
lishers ,  137-159 . 

Roach,  J .  VV .  &  Nickson ,  M .  M .  (1983) .  Forma l  specification s fo r  modelin g an d developin g 
human/compute r  interfaces .  I n Proceeding s CHI'8 3 H u m a n Factor s i n Computin g Systems . 
New York :  A.C.M. ,  35-39 . 

Roach,  J .  W .  &  Nickson ,  M .  M .  (1986) .  Softwar e methodology :  Rule-base d approac h t o interfac e de -
sign .  I n R .  W .  Ehric h &  R .  C .  Willigc s (Eds.) ,  Human-compute r  dialogu e design .  Ne w York : 
Elsevier ,  51-59 . 

Sanford ,  D .  L .  &  Roach ,  J .  W .  (1986) .  Th e rol e o f  languag e i n human-compute r  interfaces :  C o m m u-
nicatio n an d language .  I n R .  W .  Ehric h &  R .  C .  Willige s (E^s.) ,  Human-compute r  dialogu e 
design .  Ne w York :  Elsevie r  Publishers ,  165-177 . 

Sanford ,  D .  L .  &  Roach ,  J .  W .  (i n press) .  Representin g an d usin g metacommunicatio n t o contro l 
speakers '  relationship s i n natura l  languag e dialogue .  Internationa l  Journa l  o f  Man-Machin e 
Studies . 

Searle ,  J .  R .  (1975) .  Indirec t  speec h acts .  I n P .  Col e &  J .  L .  Morga n (Exis.) ,  Synta x an d semantics , 
vol .  3 :  Speec h acts .  Ne w York :  Academi c Press ,  59-82 . 

Shatz ,  M .  (1978) .  Children' s comprehensio n o f  thei r  mothers '  question-directives .  Journa l  o f  Chil d 
Language ,  5 ,  39-46 . 

Watzlawick ,  P. ,  Bavelas ,  J .  B. ,  &  Jackson ,  D .  D .  (1967) .  Pragmatic s o f  huma n communication :  A  stud y 
of  interactiona l  patterns ,  pathologies ,  an d paradoxes .  Ne w York :  VV .  W .  Norton . 

95 



T E U C H I S T I C N A T U R AL L A N G U A GE P R O C E S S ES 

Robert K. Lindsay 

The Universit y o f  Michigan ,  An n Arbor .  Michiga n 4810 9 

Alexis Manaster-Ramer 

Wayne Stat e University .  Detroit .  Michiga n 4820 2 

and 

IB M Thoma s J .  Watso n Researc h Cente r 

Yorktow n Heights .  N e w Yor k 1059 8 

Keywords: natural language, leuchistic 

ABSTRACT 

AI approaches to natural language specify computational processes, yet they are based on the 

structura l  concept s o f  languag e an d gramma r  whic h posi t  necessar y condition s a t  leas t  fo r  th e 

"correct "  interpretation s o f  utterance s an d ofte n als o fo r  th e syntacti c and/o r  logica l 
representation s o f  utterances .  W e argu e tha t  an y suc h vie w wil l  fai l  t o accoun t  fo r  a  variet y o f 

importan t  feature s o f  languag e behavior ,  whic h w e describe .  System s base d o n th e language / 

grammar  mode l  ar e usuall y accompanie d b y heuristi c o r  algorithmi c search/selectio n method s o f 

computation .  W e contras t  thes e method s wit h constructiv e {leuchistic )  computatio n model s 

base d o n redundant ,  inconsisten t  set s o f  constraints ,  an d sho w tha t  thi s vie w offer s natura l 

account s o f  th e phenomen a described . 

I. INTRODUCTION 

Almost all computational work on natural languages, in and out of AI, has adopted the 

conceptio n o f  language ,  derive d fro m traditiona l  gramma r  an d structura l  linguistics ,  accordin g t o 

whic h ther e exist s a  bod y o f  knowledg e whic h define s th e primitive s o f  whic h th e languag e i s 

composed ,  th e principle s b y whic h thes e primitive s ma y b e combined ,  an d th e meaning s associate d wit h 

eac h primitiv e an d wit h eac h principl e o f  composition .  Thi s conceptua l  homogeneit y ha s bee n 

obscure d b y th e controversie s surroundin g virtuall y ever y othe r  questio n o f  N L processing ,  suc h a s th e 
debat e ove r  model s whic h postulat e syntacti c and/o r  logica l  level s o f  analysi s i n additio n t o th e 

meanin g (conceptual )  representatio n (e.g. ,  L U N A R (Wood s e t  al .  1972) ,  S H R D L U (Winogra d 1972) , 

P A R S I F AL (Marcu s 1978) )  a s oppose d t o model s whic h relat e utterance s t o meaning s i n a n integrate d 

fashio n (e.g. ,  Wilks' s (1975 )  parser ,  EL I  (Riesbec k an d Schan k 1976) .  an d th e Wor d Expe n Parse r 

(Smal l  1980)). '  whic h ha s sometime s bee n viewe d a s involvin g a  contras t  betwee n granmiar-base d 

and knowledge-base d methodologies ' 

We are thus abstracting from the controversies about exactly how this body of knowledge is 

structure d an d whethe r  i t  shoul d b e used—i n parsing ,  say—togethe r  wit h worl d knowledge .  Rather ,  w e 

ar e concerne d wit h th e fac t  tha t  almos t  al l  model s purpor t  t o simulat e th e idealize d use r  o f  a  give n 

language ,  conceive d o f  a s a n exper t  o n hi s nativ e languag e (e.g. .  CuUingfor d 1986:34) .  an d 

*The issues separating these approaches have at any rate been settled to some extent at least by the 

compromis e positio n o f  Lytine n (1986) ,  wh o propose s tha t  syntacti c an d semanti c informatio n for m 

distinc t  knowledg e base s bu t  tha t  thes e ar e combine d dynamicall y durin g parsing . 

'A related issue concerns the distinction, if any. between a declarative representation of knowledge of 

a languag e an d a  processin g model .  However ,  sinc e i n model s tha t  contai n littl e o r  nothin g beyon d a 

processor ,  th e latte r  stil l  implicitl y  represent s a  descriptio n o f  th e language ,  thi s distinctio n wil l  als o b e 

ignore d i n thi s paper .  Afte r  all .  a  contex t  fre e gramma r  coul d b e presente d b y mean s o f  a  proces s 

model  suc h a s a  pushdow n automato n o r  a n Earle y parsin g algorithm . 



consequentl y assum e tha t  ther e i s suc h a  thin g a s a  definit e knowledg e o f  wha t  a  nativ e speake r  doe s i n 

th e wa y o f  assignin g som e structura l  representations. ' 

We thus wish to contrast such models of language with models of (potential) linguistic behavior, 

whic h assum e tha t  th e meaning s (an d an y intermediat e representations )  ar e arrive d a t  b y mean s o f 

constructiv e processe s whic h tak e int o accoun t  a  variet y o f  factors ,  onl y som e o f  whic h bea r  a  clos e 

resemblanc e t o th e linguisti c knowledg e a s normall y conceived ,  wherea s other s involv e factor s suc h a s 

th e pas t  processin g tha t  ha s bee n don e b y th e system ,  interactio n wit h othe r  user s o f  th e language ,  an d 

eve n physica l  characteristic s o f  th e languag e user . 

We would discard the concepts of language and grammar, replace the customary notion of 

linguisti c competenc e wit h a  concep t  o f  potentia l  behavior ,  an d vie w productio n an d comprehensio n a s 

nonmonotoni c problem-solvin g processe s tha t  satisfic e rathe r  tha n searc h ou t  a n optima l  choic e fro m a 

pre-establishe d theoretica l  se t  o f  possibilities .  W e furthe r  sugges t  tha t  th e multi-componen t  constrain t 

satisfactio n mode l  serv e a s th e basi s o f  suc h proble m solving .  I n thi s pape r  w e outlin e th e approac h 
withou t  specifyin g a  particula r  theory ,  an d w e refe r  t o Lindsa y (1971 )  a s a n exampl e o f  thi s approac h 

i n application .  W e wil l  discus s som e o f  th e principa l  kind s o f  fact s o f  huma n linguisti c behavio r  whic h 
justif y an d perhap s eve n necessitat e thi s chang e o f  perspective .  W e wil l  sho w tha t  thi s approac h i s 

closel y relate d t o satisficin g model s o f  economi c behavio r  an d t o nonmonotoni c model s o f  reasoning . 
whil e th e conventiona l  language-base d model s ar e essentiall y  optimizin g an d monotonic . 

II. TEUCHISTIC MODELS OF LINGUISTIC BEHAVIOR 

Teuchistic Computation 

Typically, AI problem solving methods involve a search through a problem space or game tree. 
Althoug h ther e ma y b e a n exac t  algorith m involve d i n simpl e cases ,  usuall y th e proces s i s heuristic * 

Our  vie w i s tha t  N L us e involve s processe s whic h ar e neithe r  algorithmi c no r  heuristi c but .  t o coi n a 
new term ,  teuchistic .  Teuchisti c processe s construc t  a  solutio n rathe r  tha n searc h fo r  on e throug h a  se t 

of  pre-establishe d possibilities .  Trivially ,  man y numeri c compulation s ar e o f  thi s sort .  Fo r  example . 
squarin g a  numbe r  (o r  evaluatin g an y othe r  close d algebrai c form )  i s a  proces s o f  constructin g th e 

answer  rathe r  tha n searchin g throug h th e se t  o f  possibilitie s (th e rea l  numbers ,  i n thi s case). * 

Less trivially, at times it is not possible to define a solution space extensionally as when the space 
i s infinite ,  bu t  on e ca n d o s o intensionall y (fo r  example ,  th e rea l  numbers) .  Furthermore ,  eve n whe n 
suc h a  definitio n i s possible ,  i t  ma y no t  b e enlightenin g i f  th e computatio n itsel f  i s  no t  cas t  a s a  searc h 
withi n tha t  solutio n space .  Conside r  th e cas e o f  design ,  sa y o f  house s o r  electroni c circuits .  Her e 

computatio n i s bes t  viewe d no t  a s searc h bu t  a s construction ,  fo r  an y definitio n o f  th e se t  o f  possibl e 
house s o r  circuit s wil l  no t  ai d th e desig n proces s a s i t  i s  usuall y carrie d ou t  b y huma n designers .  Rathe r 
th e proces s i s on e o f  constructin g a  solutio n usin g availabl e tool s an d meetin g a  se t  o f  heterogeneou s 

constraints .  Indee d i f  th e constraint s ar e no t  themselve s necessar y conditions ,  bu t  merel y desig n 
desiderat a ("suggestions") ,  an d i f  furthe r  th e constraint s ma y b e vagu e an d inconsisten t  (a s desig n 

'We will also ignore such important and controversial questions as the following: Should a 

computationa l  mode l  simulat e ho w huma n being s represen t  linguisti c knowledge ? Wha t  leve l  o f 

understandin g shoul d b e aime d at ? Shoul d pragmatic s (knowledg e o f  th e world )  b e use d t o guid e N L 
understanding ? Wil l  model s designe d fo r  smal l  domain s o f  discours e scal e u p t o whol e languages ? 

'Some work in computational linguistics, in fact, views himian linguistic processing as involving a 

highl y inexac t  heuristic ,  whic h ca n handl e onl y a  restricte d subse t  o f  th e languag e allowe d b y th e 
theoretica l  mode l  o f  linguisti c representatio n (e.g. .  Peters ,  t o appears) . 

'However, some numeric computations involve search, usually systematic; for example computing a 

squar e roo t  b y Newton' s metho d o r  an y othe r  algorith m tha t  work s b y successiv e approximatio n ma y 

be see n a s a s searc h process . 
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principle s generall y  are) ,  th e concep t  o f  a  solutio n spac e i s no t  eve n coherent .  I n suc h situations ,  a s w e 

wil l  argu e i s th e cas e fo r  natura l  languag e use ,  computation s mus t  b e teuchistic ;  further ,  an y attemp t 

t o circumscrib e th e se t  o f  permissibl e "solutions "  wil l  b e futil e an d a  diversio n fro m th e rea l  task . 

As we will argue later, the conventional approaches to NLs appear to be optimizing in that they 

searc h fo r  th e "correc t  solution "  t o question s o f  syntacti c o r  semanti c representatio n o f  a  particula r 

utteranc e an d monotoni c i n tha t  th e syste m o f  rule s definin g a  conec t  solutio n i s self-consisten t  an d 

allow s th e representation s t o b e deduce d followin g th e rule s o f  classica l  logic .  I t  shoul d b e emphasize d 

tha t  thi s i s triviall y  tru e eve n fo r  thos e model s whic h hav e n o syntacti c o r  logica l  representation s bu t 

whic h construc t  a  meanin g representatio n directl y fro m th e utteranc e an d th e knowledg e o f  th e world . 

The teuchisti c approach ,  o n th e othe r  hand ,  share s importan t  feature s o f  satisficin g an d nonmonotoni c 

model s whic h hav e bee n develope d withi n A I  i n domain s othe r  tha n N L . 

From our point of view, the crucial distinction is between models that assume that there is a thing 

calle d languag e (specificall y a  particula r  languag e a t  a  particula r  time .  e.g. .  lat e 20t h centur y America n 

English )  whic h ca n b e usefull y modele d computationally ,  usefull y i n th e sens e tha t  suc h a  mode l  woul d 

behav e sufficientl y lik e a  huma n nativ e speake r  o f  thi s languag e t o b e abl e t o replac e huma n being s a t 

some significan t  task s bu t  als o i n th e sens e o f  castin g ne w ligh t  o n th e working s o f  huma n intelligence . 

Our model, if it is to be functional at all, almost necessarily has to be redundant and 

multipartite .  Thi s vie w assume s th e existenc e o f  severa l  differen t  source s o f  constraints ,  eac h o f  whic h 

ca n b e viewe d a s a  generativ e component .  I t  i s  no t  necessar y tha t  thes e source s b e non-overlapping . 
consistent ,  no r  eve n clearl y categorized .  I t  i s  onl y necessar y tha t  the y b e redundan t  i n th e sens e tha t 

structural-interpretiv e informatio n availabl e fro m on e se t  o f  source s ma y b e use d t o infe r  reliabl y 

(thoug h no t  necessaril y  wit h certainty )  structural-interpretiv e informatio n o f  othe r  types .  Fo r 

purpose s o f  illustration ,  w e ma y assum e source s o f  syntactic ,  lexical ,  phonetic ,  semantic ,  an d 

pragmati c constraint s (bu t  thi s i s a n oversimplification) ;  i n additio n ther e ma y b e source s o f  logica l 

and empirica l  constraint s o f  variou s kinds . 

It is the availability, of these multiple sources of redundant constraints that drives, for example, 

th e comprehensio n process .  Comprehensio n i s modelle d a s a  constrain t  drive n satis f  icin g process : 

informatio n i s selectivel y attende d t o an d use d t o constrai n th e generatio n o f  a n interpretatio n o r 
utterance .  I f  al l  structura l  informatio n i s consistent ,  th e interpretatio n i s rapi d an d unproblematic .  I f 

some structura l  informatio n i s no t  consisten t  wit h th e interpretatio n unde r  construction ,  a  strateg y o f 

backtrackin g i s undertake n t o revis e a  previou s decision .  I f  backtrackin g fail s (outrigh t  inconsistenc y 

i s encountered) ,  som e constrain t  mus t  b e relaxed ,  agai n accordin g t o a  specifi c  strategy . 

A specific earlier proposal along these lines involved learning mechanisms based on a multiple 

component s mode l  whic h ha s bee n describe d an d programme d b y Lindsa y (1971) ,  Th e learnin g 

mechanis m i s calle d th e jigsa w heuristic, *  afte r  th e jigsa w puzzle .  A  jigsa w puzzl e provide s tw o 
source s o f  constraint s fo r  it s  solution :  informatio n fro m th e contour s (syntax? )  tha t  determine s wha t 

piece s ma y b e adjacent ,  an d informatio n fro m th e desig n (semantics? )  abou t  th e colo r  an d for m o f  th e 

scen e depicted .  Thes e source s ar e redundan t  i n th e sens e tha t  th e puzzl e coul d b e don e i f  al l  th e piece s 

wer e congruen t  square s o r  i f  al l  th e piece s wer e upsid e down .  N o w suppos e som e o f  thi s informatio n 

wer e incomplet e -  tab s wer e deformed ,  o r  coffe e spille d o n th e design .  Solvin g th e puzzl e woul d the n 
lea d t o clea r  hypothese s abou t  th e natur e o f  th e missin g information .  I n th e N L situation ,  missin g 

knowledg e o f  wor d meanin g o r  pan-of-speec h coul d b e induce d b y a  learne r  i f  sufficien t  informatio n 
remaine d t o permi t  th e constructio n o f  a  satisfactor y interpretation . 

Modeling Potential Behavior 

In place of language, viewed as an object about which a definite body of information is available, 

we choos e t o focu s o n huma n linguisti c behavior .  Th e distinctio n is .  a s noted ,  no t  reducibl e t o tha t 

•Though we now see a crucial difference between our approach and the usual heuristic models. 
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betwee n declarativ e gramma r  formalism s an d processin g formalisms ;  no r  i s i t  th e sam e a s th e 

competence/performanc e distinctio n a s formulate d b y Chomsk y an d others .  Perhap s a n analog y wil l 

make thi s clear .  H u m a n athleti c abilit y  i s  limite d b y th e law s o f  physics ;  i t  i s  furthe r  limite d b y th e 

specifi c  configuration s o f  bon e an d muscl e an d b y physiologica l  constraints ;  i t  i s  stil l  furthe r  limite d a t 

any particula r  lim e an d plac e b y th e exigencie s o f  th e context ,  th e conditionin g o f  th e athlete ,  th e 

weather ,  equipment ,  an d s o forth .  T o sa y tha t  huma n athleti c competenc e i s limite d onl y b y th e law s 

of  physics ,  an d tha t  al l  othe r  limitation s (suc h a s inabilit y  t o jum p ove r  th e m o o n )  ar e "performance " 

limitations ,  i s no t  a  theor y tha t  i n an y wa y tell s u s abou t  huma n beings . 

On the other hand, a theory of athletic ability that specified general limitations due to human 

anatom y an d physiolog y woul d b e highl y informative ,  eve n thoug h i t  di d no t  enabl e th e predictio n o f  a 

specifi c  athlete' s performanc e o n a  give n day .  Bu t  suc h a  theor y mus t  tel l  u s abou t  th e rang e o f 

potentia l  behavior ,  specifically ,  i t  mus t  delimi t  wha t  coid d actuall y b e don e unde r  th e prope r  conditions . 

Thus i t  woul d nee d t o mak e referenc e t o suc h factor s a s muscl e strength ,  bloo d supply ,  an d s o forth , 

and ho w thes e contro l  processes . 

The theory we seek is a theory of potential behavior in this sense.- That is, we are not 

intereste d i n wha t  a  specifi c  speake r  ma y o r  ma y no t  hav e done ,  no r  i n attemptin g t o predic t  wha t  h e 
wil l  o r  wil l  no t  d o i n th e future .  Rather ,  w e ar e intereste d i n predictin g wha t  h e migh t  d o unde r  th e 

prope r  conditions .  I t  seem s t o u s tha t  ther e ar e a  larg e numbe r  o f  claim s alon g thes e line s tha t  ar e 
essentiall y  implici t  i n previou s scholarship ,  althoug h the y hav e rarel y bee n formulate d i n thi s way . 
Ther e i s i n existenc e a  philosophica l  literatur e (e.g .  Itkone n 1978) ,  whic h point s ou t  tha t  linguisti c 

theorie s ar e no t  theorie s o f  th e sam e orde r  a s thos e foun d i n othe r  science s precisel y becaus e the y lac k 
th e abilit y  t o mak e thes e kind s o f  if-the n claims .  I t  seem s t o u s tha t  th e misunderstanding s abou t 

competenc e an d performanc e li e a t  th e roo t  o f  th e problem .  On e canno t  mak e verifiabl e if-the n claim s 
abou t  competence ,  whic h i s b y definitio n inaccessible ,  an d n o seriou s claim s coul d b e attempte d fo r 
actua l  performance .  I t  i s  onl y b y focusin g o n potential ,  idealize d performanc e (behavior )  tha t  w e ar e 

abl e t o mak e thes e kind s o f  claims . 

m. LIMITATIONS OF LANGUAGE-BASED MODELS 

What is a Language-Based Model? 

Despite the diversity of fields interested in language and the diversity of approaches to its study, 
ther e i s a  remarkabl e unanimit y abou t  th e existenc e an d th e boundarie s o f  thi s phenomenon .  Th e 
reaso n fo r  thi s lie s i n th e genera l  acceptanc e o f  certai n notion s sometime s take n t o b e pretheoretica l 
constants ,  bu t  whic h ar e i n fac t  largel y th e produc t  o f  centurie s o f  scholarl y an d othe r  activit y o n 

languag e i n th e Wester n culture .  Typica l  o f  thi s genera l  consensu s ar e th e following :  ther e ar e man y 
languages ,  eac h o f  whic h i s a  separat e entity ;  language s consis t  o f  sound s whic h mak e u p word s whic h 
make u p sentences ;  hence ,  fo r  eac h language ,  i t  i s possibl e t o se t  u p a n analysi s tha t  tell s  u s jus t  wha t  i t 
consist s of ;  suc h a n analysi s wil l  tak e th e for m o f  severa l  chapter s o f  a  gramma r  plu s a  lexicon ;  thi s 

analysi s represent s a  kin d o f  knowledge ,  knowledg e o f  one' s language ,  tha t  i s  distinc t  fro m othe r 
knowledge ,  suc h a s knowledg e abou t  th e physica l  world. ' 

The heart of the paradigm is this assumption that language can be studied as an entity in its 
own right .  I t  i s  generall y presuppose d tha t  i t  i s  possibl e t o dra w a  boundar y betwee n knowledg e o f 

languag e an d othe r  knowledge .  A I  wor k whic h use s worl d knowledg e nevertheles s assume s tha t  ther e i s 
a bod y o f  knowledg e about ,  say .  m o d e m America n Englis h whic h i s self-contained .  Thus ,  mos t  A I 
model s hav e bee n base d o n som e conceptio n o f  grammar ,  eithe r  explicitl y  b y us e o f  gramma r  rule s plu s 

^We believe that a case can be made that such an approach was envisaged by the students of language 
known a s neogrammarian s a t  th e tur n o f  th e centur y (e.g. ,  Pau l  1880) . 

•Even if we assume, as many AI researchers do, that knowledge of the real world guides—or assists 

in—th e processin g o f  natura l  language . 
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parse r  o r  implicitl y  b y virtu e o f  thei r  relianc e o n representation s o f  linguisti c knowledge ,  whethe r  i n 

declarativ e o r  i n proces s terms ,  whic h expres s th e sam e informatio n a s a  grammar . 

The concept of grammar naturally suggests a model of language understanding that employs a 

grammar  t o assig n structura l  description s t o sentences ,  an d the n compute s meaning s fro m thes e 

structura l  descriptions .  Researc h i n AI ,  especiall y i n th e earl y day s o f  N L understanding ,  ha s 

commonl y bee n base d o n suc h a  model .  A  majo r  ste p i n suc h a  researc h progra m i s o f  cours e t o writ e 

a gramma r  t o characteriz e th e se t  o f  permissibl e sentences ,  an d thi s tas k i s formidable .  However ,  i t  i s 

not  th e wors t  o f  th e problem .  A s soo n a s a  gramma r  o f  an y siz e i s use d i n a n analysi s system ,  i t  i s 

discovere d tha t  th e "parser "  produce s a  surprisin g numbe r  o f  structura l  description s fo r  eve n ver y 

shor t  an d seemingl y simpl e sentences .  Initially ,  thi s proble m wa s though t  t o b e a  mino r  inconvenienc e 

tha t  cause d ver y lon g computationa l  times ,  bu t  whic h coul d b e gotte n aroun d i n othe r  ways .  I n fac t 

th e proble m i s deeper ,  sinc e ver y larg e number s o f  structura l  description s ar e th e rule ,  no t  th e 

exception .  S o wit h th e absolut e in-or-ou t  criterio n o f  a  grammar ,  on e i s caugh t  o n th e horn s o f  a 

dilemma :  eithe r  th e generativ e capacit y i s severel y limited ,  o r  ever y sentenc e become' s multipl y 

ambiguou s t o a n extreme ,  an d n o explanatio n i s offere d fo r  th e fac t  tha t  human s fai l  t o eve n notic e 

most  o f  th e .possibl e readings ,  thoug h the y ca n d o s o wit h effort ,  o r  a t  leas t  understan d explanation s o f 
them. ' 

On the other hand, more recent AI work has chosen to analyze just fragments of a language and 

has focuse d o n th e us e o f  worl d knowledg e t o guid e th e proces s o f  arrivin g a t  a n interpretatio n o f  a 

sentence .  Thi s approac h necessaril y  fail s  i n fac e o f  th e sam e facts ,  thoug h fo r  th e opposit e reason .  I n 
thes e approaches ,  ther e mus t  b e a n arbitrar y dividin g lin e draw n betwee n thos e interpretation s whic h 

ar e "normal "  enoug h t o b e allowe d b y th e worl d knowledg e an d thos e whic h wil l  neve r  b e allowed . 

Yet .  th e observe d fac t  i s  tha t  peopl e d o arriv e a t  reading s whic h n o A I  progra m woul d allow .  I n fact . 

th e reaso n tha t  A I  researcher s hav e bee n s o consciou s o f  th e nee d t o us e worl d knowledg e i n thi s wa y i s 

precisel y because ,  qu a huma n user s o f  English ,  w e ar e abl e t o arriv e a t  al l  sort s o f  unlikel y readings . 

whic h w e the n nee d t o rul e out. " 

In sum. the uses to which humans put language are strongly dominated by many considerations. 
onl y som e o f  whic h coul d b e expresse d a s conventiona l  linguisti c knowledg e (whethe r  i n term s o f  a 

grammar  o r  o f  a  heuristi c understandin g program) .  O n th e on e hand ,  a  languag e i s mor e tha n a  se t  o f 

pairing s o f  utterance s an d "conceptua l  representations." "  O n th e othe r  hand ,  th e linguisti c behavio r 

of  huma n being s i s no t  restricte d t o som e lin y se t  o f  "normal "  sentence s wit h "normal " 
interpretations .  Wha t  interpretation s wil l  accru e t o an y utteranc e (and .  likewise ,  ho w a  give n meanin g 

wil l  com e t o b e expressed )  depend s no t  onl y o n th e suppose d knowledg e o f  th e languag e bu t  o n th e 

previou s linguisti c experience s o f  th e languag e use r  (huma n o r  simulated) ,  o n externa l  circumstances . 
and ver y likel y o n physica l  an d othe r  relativel y low-leve l  characteristic s o f  th e user. " 

'While we are well aware of the proposals that human beings employ processing mechanisms which 

ca n handl e onl y a  smal l  par t  o f  wha t  th e gramma r  generates ,  ver y littl e ha s actuall y bee n don e t o sho w 

tha t  suc h a  mode l  ca n accoun t  fo r  th e facts .  Indeed ,  a s w e poin t  ou t  i n th e nex t  footnote ,  ther e i s a 

stron g reaso n fo r  doublin g tha t  thi s coul d b e th e case . 

"This argument applies with equal force to grammar-plus-processor models which claim that people 

ca n proces s onl y a  subse t  o f  th e languag e generate d b y th e granunar .  sinc e th e dividin g lin e betwee n 

what  i s processabl e ('acceptable '  i n th e standar d terminology )  an d wha t  i s no t  i s equall y arbitrar y an d 

empiricall y unmotivated . 

"A fortiori, we rejea any view of a language as a set of uninterpreted sentences. 

''In this context, the most obvious phenomena are the properties of language which are due to the 

neurophysiolog y o f  articulation ,  th e physic s o f  air-born e sounds ,  an d th e like ,  a s note d b y Pau l 

(1880) .  I n th e are a o f  syntacti c processing ,  th e mos t  strikin g exampl e o f  a  hypothesi s alon g thes e line s 

woul d b e Yngve' s (1960 )  proposa l  tha t  huma n being s us e pushdow n stack s o f  extremel y limite d depth . 
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Argument s fo r  th e Teuchisti c Approac h 

We now lum lo some general patterns of linguistic processing by human beings which seem to support 

a teuchisti c model . 

• People produce and parse rapidly a vanishingly small proportion of the theoretically possibly 

utterance s o f  a  give n language ,  an d moreover ,  inten d an d understan d onl y a  vanishingl y smal l 

proportio n o f  th e theoreticall y possibl e interpretation s o f  thos e utterances . 

•  Yet .  give n sufficien t  lim e an d effort ,  peopl e see m t o b e abl e t o increas e thes e proportion s 

significantly ,  whic h i s precisel y wh y w e ar e aware  o f  th e theoretica l  possibilitie s i n th e firs t  plac e 

(i n a  rea l  sense ,  the y ar e no t  merel y theoretical). " 
•  I t  i s  obviou s tha t  an y writte n o r  spoke n sequenc e ca n b e use d a s a  prope r  nam e o f  a  person , 

place ,  piec e o f  music ,  art ,  o r  writing ,  musica l  group .  poHtica l  pany ,  etc .  Suc h string s ca n 

moreover  hav e th e for m o f  sentence s o r  part s o f  sentence s whic h ar e otherwis e "impossible" . 

Thus .  D o yo u kno w wh y yo u don' t  no t  sa y n o sentence s lik e this ? woul d b e rulw l  ou t  a s 
ungrammatica l  b y som e N L system s an d force d t o mea n somethin g lik e D o yo u kno w wh y yo u 

don' t  sa y an y sentence s lik e thi s on e b y others ,  ye t  i t  can ,  an d fo r  som e peopl e i s likel y to .  mea n 
somethin g lik e D o yo u kno w [McCawley' s (1973 )  article ]  " W h y yo u don' t  no t  sa y n o sentence s 

lik e thi s one"? .  Thus .  Chamia k (1983 :  118 )  i s wron g i n assumin g tha t  Th e boy s i s dyin g mus t  b e 
eithe r  lef t  uninterprete d o r  els e (a s i n hi s system .  P A R A G R A M)  interprete d a s Th e boy s ar e 

dying .  I f  Th e boy s wer e th e nam e o f  a n avantgard e musica l  group ,  an d perhap s i t  is ,  the n thi s 

sentenc e woul d b e interpreiabl e withou t  an y suc h coercion .  I t  follow s tha t  i n a  sens e th e tas k o f 
generatin g al l  an d onl y grammatica l  sentence s i s trivial :  generat e everything .  Wha t  wil l  b e 
nontrivia l  wil l  b e th e tas k o f  constructin g appropriat e interpretation s fo r  cenai n sentences , 
namely ,  thos e whic h ca n mos t  naturall y b e interprete d b y takin g certai n part s o f  the m a s 

(unusual )  prope r  names. " 
•  A  relate d difficulty ,  notice d fo r  exampl e b y Robinso n (1984 )  i n wor k o n D I A G R A M an d b y 
many others ,  i s  tha t  c o m m o n noun s (an d othe r  categorie s o f  words )  ca n be—an d are—create d 
ofte n enoug h t o mak e relianc e o n an y fixe d dictionar y a n impossibilit y  fo r  a  N L progra m o f  an y 

scope . 
•  A  simila r  bu t  eve n deepe r  proble m arise s becaus e i t  i s  possibl e t o introduc e arbitrar y code s int o 
a linguisti c context .  W e migh t  say ,  fo r  example ,  tha t  fro m no w o n The y ar e flyin g plane s i s t o 
be take n t o mea n tha t  th e phon e i s bein g tapped .  Th e correc t  analysi s o f  th e cod e the n depend s 
on th e interpretatio n o f  it s  definitio n a t  a  poin t  tha t  i s  arbitraril y  fa r  remove d fro m it s use ;  thi s 
woul d requir e th e gramma r  t o b e arbitraril y  larg e t o manag e thi s feat .  Alternatively ,  a  gramma r 
coul d triviall y  assig n al l  possibl e interpretation s t o al l  possibl e stringy .  However ,  i n th e real -
worl d code s ar e bot h finit e an d use d unde r  restricte d circumstances ,  s o th e proble m appear s t o 
be amenabl e t o a  teuchisti c approach . 

A more recent claim is that in favor of people using queues rather than pushdown stacks in linguistic 
processin g (Manaster-Ramer ,  1986) . 

"An extreme example involves expert informants, such as highly trained linguists, changing their 
mind s ove r  period s o f  year s abou t  th e grammatica l  statu s o r  th e interpretation s o f  eve n shor t  exampl e 

sentence s (e.g. ,  Chomsk y (1982 )  o n parasiti c  gaps ,  Langendoe n (1977 ;  persona l  communication )  o n 
subject-ver b agreemen t  i n respectivel y constructions) .  I n suc h cases ,  N L user s appea r  t o operat e i n 

time s ofte n measure d i n year s an d no t  i n milliseconds . 

"Amsler (1987) has observed that a very large portion of naturally occurring text, such as news 

servic e reports ,  contain s word s no t  i n dictionaries .  Mos t  o f  thes e ar e prope r  name s tha t  ma y b e 
expresse d i n a  wid e variet y o f  manners ,  s o man y tha t  Amsle r  sugges t  th e nee d fo r  prope r  nam e 
formatio n rule s rathe r  tha n lexicon s t o recor d them ;  ou r  vie w i s tha t  suc h method s wil l  themselve s b e 

insufficien t  still .  Th e sam e difficult y wit h prope r  name s wa s encountere d i n a  parse r  fo r  Chines e 
characte r  tex t  develope d b y AMR' s student s a s a  clas s project . 
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•  I n rea l  life ,  ther e ar e mor e competen t  reader s tha n competen t  writers ,  mor e peopl e adep t  a t 

comprehensio n tha n articulat e speakers .  Language-base d model s i n principl e fai l  t o allo w fo r 

th e possibilit y  o f  suc h asymmetries—o r  els e woul d conside r  i t  entirel y outsid e thei r  bounds . 

Model s o f  behavio r  ar e calle d for . 

•  Equall y strikin g difference s separat e differen t  speakers ,  wh o despit e differen t  linguisti c 

abilities ,  styles ,  dialects ,  an d eve n (especially )  knowledg e o f  th e topi c ar e abl e t o communicat e 

t o a  degree ,  ofte n a  substantia l  degree .  Again ,  language-base d model s offe r  n o insigh t  int o thi s 

phenomenon ,  sinc e the y woul d hav e t o simpl y recogniz e a s man y differen t  language s a s ther e ar e 

speakers .  On e argumen t  agains t  thi s i s th e fac t  tha t  peopl e recogniz e tha t  certai n individual s ar e 

bette r  speaker s o f  th e sam e languag e tha n other s (includin g themselves ,  oftentimes) .  Al l  thi s 

suggest s tha t  w e canno t  seriousl y vie w th e idealize d (an d idolized )  nativ e speake r  a s a n exper t 

whose knowledg e i s t o b e embodie d i n th e N L programs . 

•  Communicatio n ca n persis t  i n th e fac e o f  disruption s tha t  caus e deviation s fro m an y full y 

prescribe d rule s o f  well-formedness :  typographica l  enors ,  acousti c distonions ,  neologisms , 

jargon ,  metaphor ,  haltin g an d restarting ,  fractiona l  sentences ,  an d s o forth .  O n th e othe r  hand , 

certai n othe r  type s o f  interference ,  suc h a s delayin g th e feedbac k o f  a  speaker' s ow n voic e t o hi s 

ears ,  i s  devastating .  Th e latte r  fac t  i s  panicularl y revealin g sinc e i t  argue s fo r  a  mode l  tha t  pay s 

attentio n t o th e physica l  an d othe r  low-leve l  propertie s o f  speakers . 

•  Ther e ar e man y case s wher e th e languag e appear s t o chang e wit h use ,  i.e. ,  th e questio n o f 

whethe r  som e utteranc e o r  utterance-interpretatio n pairin g i s license d b y a  panicula r  languag e 

canno t  b e answere d i n th e abstract .  Furthermore ,  th e linguisti c abilitie s eve n o f  a  singl e speake r 

chang e constantly ,  eve n afte r  puberty .  Language-base d theorie s coul d onl y dea l  wit h suc h fact s 

by postulatin g eve r  newe r  grammars ,  whic h amount s t o treatin g a n evolvin g individua l  a s a 

sequenc e o f  differen t  individuals .  Again ,  t o th e exten t  tha t  suc h chang e i s influence d b y factor s 

suc h a s interactio n wit h othe r  speaker s o r  one' s physiologica l  development ,  i t  fall s  outsid e th e 
scop e o f  language-base d theories .  Th e sam e i s true ,  fo r  simila r  reasons ,  o f  creativ e use s o f 

language ,  suc h a s metaphor ,  humor ,  introductio n o f  word s an d terminology ,  an d others . 

•  Perhap s th e mos t  strikin g phenomeno n whic h argue s fo r  a  teuchisti c mode l  i s tha t  o f  languag e 

chang e ove r  generations .  Th e existin g model s o f  languag e inevitabl y trea t  an y languag e change . 

eve n a  smal l  one .  a s producin g (o r  strictl y speakin g a s bein g produce d by )  th e ris e o f  a  ne w 
grammar ,  discontinuou s fro m th e ol d one .  O n ou r  vie w (se e als o Pau l  1880) .  languag e chang e i s 

due t o th e fac t  tha t  norma l  languag e processin g involve s feedback ,  s o tha t  th e fac t  tha t 

particula r  form s wer e processe d influence s th e underlyin g system .  Sinc e th e processin g i s 

teuchisti c an d use s variou s subsystems ,  i t  follow s tha t  form s tha t  ar e "incorrect "  i n term s o f  th e 
overal l  syste m wil l  actuall y occu r  an d the n i n tur n caus e th e syste m t o b e altered. "  Moreover . 

sinc e th e overal l  syste m nee d no t  eve n b e consistent ,  fo r  man y form s i t  ma y no t  eve n b e possibl e 

t o determin e whethe r  the y ar e "conect "  o r  not .  ye t  the y wil l  occur ,  tendin g t o restructur e th e 
syste m i n th e directio n o f  makin g the m "conect". " 

All the phenomena discussed above seem to bear directly on the use of language in real-world 

settings ,  an d inaeasingl y problem s du e t o the m ar e becomin g recognize d i n computationa l  work . 

especiall y withi n th e A I  tradition .  Th e proble m o f  potentiall y  unbounde d ambiguit y an d difficultie s 

due t o th e open-ende d natur e o f  name s an d eve n c o m m o n word s ar e example s whic h severa l 

researcher s hav e ha d t o dea l  with .  A s mor e an d mor e ambitiou s syste m ar e attempted ,  mor e o f  thes e 

problem s wil l  b e notice d t o hav e debilitatin g practica l  effects .  W e believ e tha t  man y o f  thes e 

difficultie s ca n b e solve d b y concene d an d multi-pronge d effort s o f  a  teuchisti c nature . 

"The conventional view — even when supplemented with a feedback mechanism — leads to no such 

insights ,  sinc e th e i t  guarantee s tha t  ever y for m produce d wil l  alway s b e "correct "  i n th e origina l 

grammar . 

"For example, if a form occurs a sufficient number of times for whatever reason, it will tend to be 

reinforced .  Fo r  example ,  peopl e wil l  ofte n assimilat e form s inconsisten t  wit h thei r  origina l  usag e i f 

thes e form s ar e frequentl y use d b y other s i n thei r  presenc e (compar e th e us e o f  infantil e o r  pseudo -

foreig n form s b y adults) . 
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IV .  PARALLEL S T O O T H ER W O RK 

There exist research paradigms in and out of AI that focus on analogous properties of 
nonlinguisti c huma n behavior .  Tw o example s ar e A I  model s o f  (nonmonotonic )  reasonin g an d 
economi c model s o f  (saiisficing )  behavior .  Bot h o f  thes e propertie s featur e prominentl y i n ou r  idea s 
about  natura l  language .  Th e distinctio n betwee n optimizin g an d satisficin g processes ,  introduce d b y 
Simon (1947 ,  1955) ,  illuminate s th e differenc e betwee n th e search-base d model s o f  N L understandin g 
and teuchisli c  ones .  Presumabl y mos t  huma n proble m solvin g involve s satisficing—findin g a n 
adequat e job ,  home ,  spouse—rathe r  tha n optimizing—considerin g an d comparin g al l  jobs ,  houses . 
people—simpl y becaus e informatio n an d computationa l  resource s ar e limited .  O n th e vie w o f  languag e 
her e proposed ,  th e proces s o f  understandin g a n utteranc e neve r  reache s completio n i n th e sens e o f 
achievin g th e conec t  reading ,  no r  doe s i t  eve r  conside r  al l  possibl e readings ,  no r  i s i t  necessar y tha t 
such a  se t  o f  possibl e reading s exists .  Rather ,  a  sentenc e i s interprete d i n th e contex t  o f  a  panicula r 
situatio n an d purpose ,  s o tha t  change s i n thes e factor s coul d chang e th e readin g tha t  i s constructed . 
The teuchisti c proces s continue s unti l  som e adequat e solutio n i s achieved ,  o r  unti l  on e give s u p th e 
attemp t  fo r  lac k o f  time ,  knowledge ,  memory ,  o r  computationa l  capacity .  Th e en d t o b e achieve d ma y 
be t o understan d wel l  enoug h t o paraphrase ,  t o answe r  a  specifi c  question ,  t o giv e th e appearanc e o f 
comprehension ,  t o determin e th e intelligenc e o r  politica l  stanc e o f  th e speaker ,  t o memoriz e verbatim . 
and s o on ;  i t  i s  no t  t o fin d th e meanin g representation .  A n utteranc e i s no t  a  messag e t o b e decoded ,  i t 
i s  a  se t  o f  clue s t o a  resolutio n o f  a  problem . 

The satisficing view that we have outlined leads to a potential connection between our proposals 
and th e recen t  wor k i n A I  tha t  ha s focuse d o n th e nonmonotoni c characte r  o f  huma n reasonin g (se e 
Turne r  198 4 fo r  a  survey) .  I t  woul d see m tha t  mos t  kind s o f  linguisti c model s len d themselve s t o a 
nonmonotoni c manipulation .  A s fa r  a s th e oldes t  atteste d mor e o r  les s explici t  gramma r  tha t  ha s 
survive d int o ou r  time s (Panini ,  n o date ,  bu t  definitel y B .  C ) ,  w e fin d tha t  grammar s contai n 
mutuall y conflictin g stipulation s suc h tha t  deduction s base d o n tw o differen t  rule s (or ,  mor e generally , 
subgrammars )  woul d ofte n yiel d contradictor y consequences .  Normally ,  o f  course ,  deduction s fro m a 
singl e rul e o f  a  gramma r  o r  a  prope r  subse t  o f  th e rule s ar e no t  allowed .  T o se e wha t  a  gramma r 
generates ,  w e hav e t o conside r  th e entir e grammar ,  a s befit s a n optimizin g model .  Hence ,  thi s 
nonmonotoni c characte r  o f  grammar s ha s no t  ha d muc h significance .  However ,  wha t  w e ar e proposin g 
i s tha t  th e norma l  situatio n i n huma n linguisti c behavio r  i s satisficing .  an d thi s woul d naturall y mea n 
that ,  i f  ther e i s suc h a  thin g a s a  grammar ,  onl y pan s o f  i t  wUl  b e accesse d a t  an y give n lim e i n real -
tim e processing .  A s a  result ,  w e woul d b e abl e t o explai n ho w a  speake r  ca n conside r  a  sentenc e 
ungrammatica l  fo r  a  tim e an d the n decide ,  upo n furthe r  reflectio n (i.e. ,  whe n mor e o f  th e gramma r  i s 
considered )  tha t  i t  i s  grammatical ,  o r  vic e versa . 

V. CONCLUSIONS 

To our mind, any model of natural language which is to be useful must concern itself with the 
kind s o f  issue s an d phenomen a w e hav e discussed :  th e fluidity ,  imprecision ,  situatio n sensitivity ,  an d 
inconstanc y o f  language ,  an d th e robustnes s o f  huma n understanding .  Th e traditio n ha s tacitl y  opte d 
fo r  monotoni c an d optimizin g models ,  no t  s o muc h becaus e o f  an y definit e argument s i n favo r  o f  suc h 
model s a s becaus e o f  a  widesprea d failur e t o concer n onesel f  wit h thes e kind s o f  issue s i n th e firs t 
place .  Th e notio n tha t  natura l  language s exis t  a s idea l  entitie s i n thei r  ow n righ t  naturall y lead s t o 
model s tha t  i n effec t  ar e monotoni c an d optimizing ,  i n th e sam e wa y tha t  considerin g classi c logi c 
instea d o f  actua l  huma n reasonin g o r  idea l  economi c system s instea d o f  rea l  one s wil l  lea d t o analogou s 
results .  I f  w e conside r  huma n linguisti c behavio r  a s ou r  domai n o f  study ,  the n th e satisificin g an d 
nonmonotoni c model s ar e almos t  inevitable .  Teuchisti c processe s ar e appropriat e t o characteriz e thes e 
models . 
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Abstract 

Linguists have pointed out that exposure to language is probably not sufficient for a general, 

domain-independent ,  learnin g mechanis m t o acquir e natura l  languag e grammar .  Thi s "povert y 

of  th e stimulus "  argumen t  ha s prompte d linguist s t o invok e a  larg e innat e componen t  i n 

languag e acquisitio n a s wel l  a s t o discourag e view s o f  a  genera l  learnin g devic e (GLD )  fo r 

languag e acquisition .  W e describ e a  connectionis t  non-supervise d learnin g mode l  (PARSNIP^ ) 

tha t  "learns "  o n th e basi s o f  exposur e t o natura l  languag e sentence s fro m a  millio n wor d 

machine-readabl e tex t  corpu s (Brow n corpus) .  PARSNIP ,  a n auto-associator ,  wa s show n thre e 

separat e sample s consistin g o f  10 ,  10 0 o r  100 0 syntacticall y tagge d sentences ,  eac h 1 5 word s o r 

less .  Th e networ k leame d t o produc e correc t  syntacti c categor y label s correspondin g t o eac h 

positio n o f  th e sentenc e originall y presente d t o it ,  an d i t  wa s abl e t o generaliz e t o anothe r  100 0 

sentence s whic h wer e distinc t  fro m al l  thre e trainin g samples .  P A R S N I P doe s sentenc e 

completio n o n sentenc e fragments ,  prefer s syntacticall y correc t  sentences ,  an d als o recognize s 

nove l  sentenc e pattern s absen t  fro m th e presente d corpus .  On e interestin g paralle l  betwee n 

P A R S N IP an d huma n languag e user s i s th e fac t  tha t  P A R S N I P correctl y reproduce s tes t 

sentence s reflectin g on e leve l  dee p center-embedde d pattern s whic h i t  ha s neve r  see n befor e 

whil e failin g t o reproduc e multipl y center-embedde d patterns . 

Keyword Topics: Connectionist Models, Neural Nets, Learning, Language Acquisition 

1.  Th e nam e P A R S N I P wa s chose n l o emphasiz e tha t  ih e presen t  mode l  i s  no t  a  parser ,  bu t  a  "snippet "  o r  precurso r  t o a  parse r  an d i s 
most  simila r  l o a  synucti c analyzer .  Ou r  wor k wa s supporte d i n par t  b y a  gran t  t o Princeto n Universit y fro m th e Jame s S . 
McDonnel l  Foundation .  W e woul d lik e t o than k Donal d Walker ,  St u Feldma n an d th e connectionis t  grou p a t  Bellcor e fo r 
comment s o n previou s version s o f  thi s paper . 
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Introductio n 

Connectionis t  approache s t o languag e processin g (Feldman ,  1985 ;  Rumelhar t  & 

McClelland ,  1986 )  hav e recentl y gaine d attentio n becaus e o f  a  nee d t o simultaneousl y integrat e 

divers e source s o f  informatio n abou t  th e syntax ,  semantics ,  an d pragmatic s o f  a  sentence .  On e 

importan t  aspec t  o f  thes e neural-lik e model s i s thei r  abilit y  t o combin e informatio n fro m variou s 

source s whil e a t  th e sam e tim e allowin g thes e source s t o mutuall y constrai n eac h other ,  reducin g 

th e nee d t o prioritiz e on e typ e o f  informatio n ove r  anothe r  durin g parsing . 

Many questions arise concerning the computational nature of connectionist models and 

thei r  potentia l  rol e i n natura l  languag e processing .  Centra l  t o connectionis t  model s i s a  learnin g 

proces s whic h determine s ho w structur e an d rul e governe d behavio r  emerges .  Unfortunately , 

th e learnin g rule s s o fa r  propose d (Ackley ,  Hinto n &  Sejnowski ,  1985 ;  Rumelhart ,  Hinto n & 

Williams ,  1986 )  focu s primaril y o n th e frequenc y o f  occurtenc e o f  relevan t  structura l  unit s 

withi n a  give n domai n an d requir e explici t  supervisio n ove r  th e recognitio n an d codin g o f 

generalization s concernin g eac h stimulu s encountered .  Suc h constraint s o n learnin g procedure s 

rais e seriou s question s abou t  th e possibilit y  o f  modelin g natura l  languag e learnin g i n a 

connectionis t  framework .  Studie s i n leamabilit y  theor y (Chomsky ,  1957 )  hav e show n tha t 

natura l  languag e synta x canno t  possibl y b e induce d fro m th e first-orde r  statistic s (e.g. ,  transitio n 

matrice s o r  conditiona l  probabilities )  availabl e throug h exposur e t o a n infinit e numbe r  o f 

examples .  Childre n acquirin g natura l  languag e ar e sensitiv e t o a  se t  o f  universa l  constraint s o n 

structura l  configuration s an d relation s i n languag e suc h a s th e A  ove r  A  Condition ,  Subjacency , 

etc .  (se e Radford ,  198 1 fo r  a  descriptio n o f  thes e constraints) .  Eve n thoug h violation s o f  thes e 

condition s hav e no t  bee n explicitl y  corrected ,  discouraged ,  no r  eve n experienced ;  childre n avoi d 

violatin g thes e condition s eve n i n thei r  earlies t  linguisti c utterance s (Chomsky ,  1965 ;  Randall , 

1982) . 

The acquisition of natural language poses particular problems for any learning approach. 

Languag e acquisitio n canno t  rel y o n an y explici t  informatio n abou t  th e grammaticality ,  usage , 

frequency ,  possibl e constituency ,  o r  an y structura l  informatio n abou t  th e sentenc e othe r  tha n th e 

linea r  orde r  an d cooccurrenc e o f  word s i n th e sentence-an d tha t  informatio n i s hindere d b y 

performanc e errors ,  incomplet e sentence s an d genera l  noise .  Unde r  suc h conditions ,  i t  i s  har d 

t o imagin e ho w syntax ,  an d natura l  languag e generally ,  i s  acquire d a t  all .  Chomsk y (1972 ) 

approache d thi s proble m b y assumin g a  nativis t  perspectiv e i n whic h th e chil d wa s see n a s usin g 

incomin g languag e dat a i n conjunctio n wit h innat e linguisti c knowledg e t o formulat e hypothese s 

about  possibl e grammatica l  rule s an d constraints . 

Previou s W o r k 

Other computational models of language acquisition from both connectionist and rule-

base d approache s hav e tende d t o assum e tha t  a  larg e amoun t  o f  previou s structur e mus t  b e 

presen t  t o lear n natura l  languag e syntax .  A  recen t  mode l  (Berwick ,  1985 )  incorporatin g 

linguisti c assumption s fro m a  Governmen t  an d Bindin g perspectiv e (Chomsky ,  198 1 an d 

subsequen t  work )  use s a  "repair "  operatio n o n syntacti c rule s tha t  ar e alread y presen t  bu t  nee d t o 

be tune d properly .  Thi s tunin g i s base d o n incrementa l  positiv e evidenc e i n tha t  sentence s th e 

learne r  hear s ar e assume d t o b e grammatica l  an d eac h ne w sentenc e mus t  b e incrementall y 

accounte d for .  Thi s typ e o f  acquisitio n wher e positiv e evidenc e an d reactionar y generalizatio n 

i s enforce d i s sometime s referre d t o th e th e "subse t  principle "  (Berwick ,  1985) ,  Interestingly ,  th e 
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connectionis t  mode l  propose d her e ca n b e see n a s consisten t  wit h th e subse t  principle . 

Connectionist models (Feldman, 1985; Rumelhart & McClelland, 1986; Selman, 1985; 

McClellan d &  Kawamoto ,  1986 )  hav e tende d t o provid e th e syste m wit h explici t  rules ,  syntacti c 

structur e o r  both .  The y hav e allowe d th e networ k t o lear n th e prope r  condition s unde r  whic h t o 

appl y thes e rule s o r  t o recogniz e specifi c  relation s betwee n constituen t  structures . 

Explici t  analysi s o f  th e kind s o f  precondition s o r  structur e neede d prio r  t o learnin g natura l 

languag e gramma r  hav e ye t  t o b e considere d fo r  a  connectionis t  model .  Fo r  example ,  n o 

connectionis t  model s currentl y exis t  whic h buil d u p thei r  syntacti c knowledg e fro m mer e 

exposur e t o positiv e example s an d th e subsequen t  incrementa l  additio n o f  ne w sentences .  Thi s 

model  begin s wit h n o assumption s abou t  syntacti c structur e no r  an y specia l  expectation s abou t 

propertie s o f  syntacti c categorie s othe r  tha n th e fac t  tha t  the y exist . 

The Present Model 

We begin with the assumption that natural language reveals to the hearer a rich set of 

linguisti c constraint s an d tha t  observabl e syntacti c regularitie s serv e t o delimi t  th e possibl e 

grammar s tha t  ca n b e learned .  W e ar e no t  makin g a n anti-nativis t  argument ,  i n fact ,  th e presen t 

model  actuall y contribute s t o th e analysi s o f  th e tradeof f  betwee n innat e syntacti c knowledg e 

and previousl y unrecognize d syntacti c regularitie s i n th e dat a tha t  coul d b e use d t o induc e 

grammar .  Connectionis t  model s whic h lear n i n thi s wa y ca n offe r  a  ne w paradig m fo r  nativis t 

research .  B y filtering  ou t  thos e dat a whic h ca n b e learned ,  w e ma y delineat e thos e aspect s o f  th e 

knowledg e o f  languag e whic h ar e trul y hardwired . 

P A R S N IP use s a  variatio n o f  a  backpropagatio n techniqu e (Rumelhart ,  Hinto n & 

Williams ,  1986 )  calle d "auto-association "  whic h wa s originall y propose d b y Rumelhar t  an d 

Hinton .  Thes e model s ar e multi-laye r  leamin g network s (MLL ;  Hanso n &  Burr ,  1987 )  tha t  hav e 

unit s associate d wit h inpu t  an d outpu t  a s wel l  a s a  modifiabl e se t  o f  intermediat e unit s calle d 

"hidde n units. "  Althoug h backpropagatio n i s strictl y a  supervise d technique ,  auto-associatio n i s 

not .  Th e differenc e lie s i n th e teache r  signal .  Backpropagatio n require s a  separat e teache r 

signa l  fo r  ever y input-outpu t  pair ,  wherea s auto-associatio n use s th e inpu t  a s th e teache r  signal . 

The auto-associatio n network' s tas k i s t o produc e a  veridica l  cop y o f  th e inpu t  wit h whic h i t  i s 

presented .  I t  mus t  recogniz e thi s inpu t  a s somethin g i t  ha s see n before . 

Thi s seemingl y straightforwar d tas k become s difficul t  whe n th e networ k i s expose d t o a 

larg e numbe r  o f  stimul i  o r  whe n th e th e numbe r  o f  "hidde n units "  i s  smal l  compare d t o th e 

number  o f  input/outpu t  units ,  forcin g a  compressio n o r  reductio n o f  th e informatio n whic h i s 

encode d durin g learning .  Reducin g th e numbe r  o f  encodin g unit s i s likel y t o yiel d a  ne w 

(compressed )  encodin g o f  th e inpu t  informatio n i n orde r  t o adequatel y ma p i t  t o th e output ,  aki n 

t o chunkin g smalle r  unit s int o highe r  orde r  constituents .  Th e auto-associato r  ma y extrac t 

regularitie s mor e genera l  tha n thos e exhibite d b y th e inpu t  stimuli ,  o r  i t  ma y discove r  feature s o r 

complexe s o f  feature s tha t  ar e usefu l  i n predictin g th e outpu t  stimulus . 

We are asking the following question of our network: Can it induce grammar-like 

behavio r  (rule-governe d behavior )  fro m simpl e exposur e t o a  larg e corpu s o f  natura l  languag e 

sentences .  Severa l  specifi c  question s wil l  als o b e posed :  Afte r  leamin g o n a  specifi c  se t  o f 

input ,  ca n th e networ k generaliz e t o sentence s neve r  see n before ? Doe s i t  prefe r  sentence s tha t 

ar e syntacticall y correct ? Ca n i t  recogniz e sentence s tha t  ar e mor e comple x tha n thos e tha t 

woul d b e predicte d b y simpl e conditiona l  probabilitie s o n th e combination s o f  fragment s i t  ha s 
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previousl y seen ? A n d finally ,  afte r  learnin g o n a  sizeabl e natura l  languag e corpus ,  i s th e 

networ k resistan t  t o learnin g sentence s whic h violat e syntacti c well-formednes s condition s 

purporte d t o b e universall y applicable .  Thi s las t  questio n i s a  particularl y interestin g one ,  an d i s 

indicativ e o f  th e type s o f  question s tha t  shoul d b e posed .  I f  P A R S N I P doe s no t  recogniz e suc h 

sentence s o r  resist s learnin g suc h sentence s (no t  i n thi s paper )  afte r  nothin g mor e tha n exposur e 

t o data ,  thi s woul d lea d u s t o suspec t  tha t  rathe r  tha n bein g a n innat e propert y o f  th e learner , 

thes e constraint s an d condition s follo w directl y fro m regularitie s i n th e data . 

A key aspect of grammar induction is the ability of the network to recognize forms that are 

syntacticall y correc t  bu t  di d no t  appea r  i n training .  Concurrently ,  i t  mus t  no t  recogniz e 

syntacticall y incorrec t  form s tha t  als o neve r  appeare d i n th e trainin g sample .  Thi s i s a 

differentia l  generalizatio n constraint .  No t  onl y mus t  th e networ k generaliz e t o n e w sentences ,  i t 

must  hav e a  mean s o f  determinin g grammaticality ;  an d wors e yet ,  i t  mus t  d o s o strictl y o n th e 

basi s o f  positiv e evidence . 

Inpu t  Representatio n an d Stimul i 

PARSNIP was exposed to sentences from the Brown corpus (Francis & Kucera, 1979) 

consistin g o f  on e millio n word s o f  runnin g text .  Thi s corpus ,  compile d ove r  a  1 0 yea r  period ,  i s 

compose d o f  50 0 tex t  sample s eac h consistin g o f  approximatel y 200 0 words .  T h e text s ar e 

representativ e o f  6  separat e categorie s an d approximatel y 1 9 subcategories ,  includin g newspape r 

text ,  religiou s books ,  technica l  book s an d novels . 

Presiden t  Kenned y toda y pushe d asid e othe r  Whit e House  busines s t o devot e al l  hi s tim e an d 

attentio n t o woildn g o n th e Berli n crisi s addres s h e wil l  delive r  tomorro w nigh t  t o th e America n 

peopl e ove r  nationwid e televisio n an d radio . 

n-tl np nr vbd rb ap jj-tl nn-tl nn to vb abn pp$ nn cc nn in vbg in at np nn nn pps md vb nr nn in at 

j j  nn s i n j j  n n c c n n . 

My advice , if you live long enough lo continue your vocation , is that the next time you're attracted by the 

exoti c ,  pas s i t  u p -  it' s  nothin g bu t  a  headache .  A s yo u ca n coun t  o n m e t o d o th e same .  Compassionatel y 

your s ,  S .  J .  Perelma n 

pp$ nn, cs ppss vb jj qlp to vb pp$ nn, bez cs at ap nn ppss-«-ber vbn in at jj, vb ppo rp •• pps+bez pn 

cc a t  n n .  c s pps s m d v b i n pp o t o d o a t  a p .  r b p p ^ 

She was a living doll and no mistake - the blue-black bang . the wide cheekbones , olive-flushed , that 

betraye d th e Cheroke e strai n i n he r  Midwester n lineag e ,  an d th e mout h whos e onl y fault ,  i n th e novelist' s 

carpin g phras e ,  wa s tha t  th e lowe r  li p wa s a  trifl e to o voluptuous . 

pps bedz at vbg nn cc at nn - at jj nn , at Jj nns, jj, wps vbd at np nn in pp$ jj-tl nn, cc at nn wp$ ap 

nn ,  i n a t  nn $ vb g n n ,  bed z c s a t  jj r  n n bed z a t  n n q !  j j  . 

Figur e 1 :  Exampl e Sentence s Take n Fro m th e Brow n Ccwpu s 

We chose the Brown corpus because it is one of the few sample corpora where each word of text 

i s  associate d wit h a  ta g whic h indicate s it s syntacti c category .  Th e tag s fo r  eac h individua l  wor d 
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wer e determine d b y linguisticall y informe d judges .  Example s o f  tex t  ar e show n i n Figur e 1 . 

The thre e sentence s ar e take n fro m th e beginning ,  middl e an d en d o f  th e corpu s an d provide s 

some ide a o f  th e diversit y o f  sentenc e type s an d topics . 

Below each sentence is a string of syntactic tags. There are approximately 81 unique word 

clas s tag s comprise d fro m abou t  6  kind s o f  syntacti c informatio n includin g majo r  for m classe s 

("part s o f  speech") ,  functio n words ,  inflectiona l  morph s an d punctuation .  Tag s wer e als o 

combine d durin g th e labelin g proces s i n orde r  t o creat e ne w code s wher e needed .  Thi s 

compoundin g resulte d i n a  tota l  o f  46 7 uniqu e syntacti c code s ove r  th e entir e corpus .  W e use d a 

nin e bi t  binar y representatio n t o cod e al l  46 7 categorie s the n inpu t  thes e binar y representation s 

t o th e auto-associator .  Tag s wer e assigne d t o bi t  patter n code s b y frequenc y o f  occurrenc e i n th e 

corpus ;  mos t  frequen t  wer e assigne d t o mos t  activ e inpu t  code s whil e leas t  frequen t  wer e 

assigne d t o les s activ e inpu t  codes ^  (sparser) .  T o restric t  sentenc e diversity ,  th e lengt h o f  th e 

sentence s show n t o th e networ k wa s limite d t o 1 5 word s o r  less. ^  Th e Brow n Corpu s contain s 

approximatel y 35,00 0 sentence s o f  1 5 word s o r  less . 

Architecture 

The PARSNIP network consist of a total of 585 units and 24,615 connections. Each unit's 

Fan Ou t  i s completel y connecte d t o unit s above .  Th e uni t  Fa n I n wa s combine d b y a  linea r 

integratio n functio n ove r  th e activatio n state s belo w i t  an d ove r  th e weight s connecte d t o thes e 

states .  Th e uni t  Fa n Ou t  wa s normalize d ove r  th e interva l  zer o t o on e an d wa s compresse d i n th e 

hig h an d lo w end s o f  th e scale .  Thi s typ e o f  functio n (e.g. ,  logistic )  transform s activatio n a t  a 

uni t  t o somethin g lik e "firin g rate "  fo r  a  neura l  interpretation ,  o r  "likelihood "  i f  a  probabilisti c 

interpretatio n i s give n (Hanso n &  Burr ,  1987) . 

Auto-Associator for Natural Language Syntax 

585 unit s 2461 5 cormection s 

Rati o 7: 1 compressio n 

at  n 

th e bo y 

vbd a t  n 

thre w th e bal l 

at 

th e 

n 

boy 

vbd a t  n 

thre w th e bal l 

Figur e 2 :  Schemati c Versio n o f  Auto-Associato r 

2.  Experiment s wer e als o auempte d wii h rando m cod e assignment s an d ther e seeme d t o b e littl e differenc e i n th e learning ;  althoug h 
generalizatio n perfomianc e ha s ye t  t o b e compared . 

3.  O n e consequenc e o f  restrictin g th e lengt h o f  sentence s wa s th e eliminatio n o f  sentence s containin g relativ e clause s fro m th e 
corpus .  Th e absenc e o f  thes e sentenc e type s wil l  prov e imporua t  i n subsequen t  discussions . 
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A schemati c versio n o f  th e architectur e o f  th e auto-associato r  i s show n i n Figur e 2 .  Th e inpu t 

include d 27 0 unit s codin g 1 5 wor d position s (no t  includin g punctuation )  an d 1 4 wor d boundar y 

codes .  Th e outpu t  wa s identica l  t o th e input ,  als o consistin g o f  27 0 positions .  Hidde n unit s 

varie d i n numbe r  fro m 1 0 t o 60 ,  althoug h th e dat a reporte d her e i s fo r  4 5 hidde n units .  Thi s 

limitatio n o n th e numbe r  o f  hidde n unit s provide s a  7  t o 1  compressio n o f  th e dat a throug h th e 

hidde n layer . 

The learning procedure was implemented with the generalized delta rule (Rumelhart, 

Hinton ,  Williams ,  1986 )  a t  th e outpu t  laye r  an d wa s applie d recursivel y t o th e laye r  belo w 

(betwee n th e hidde n unit s an d th e input) .  Th e target s fo r  th e outpu t  laye r  wer e th e inpu t  value s 

themselves .  Th e weight s wer e adjuste d b y th e followin g formula : 

A wf/i = Ti (ojp * dip) + a A wfj (1) 

The parameter Ti represents the rate at which any particular sample error can affect the weights. 

a i s a  paramete r  tha t  determine s th e effec t  tha t  pas t  delta s hav e ha d o n th e presen t  delta .  Fo r  a 

equal  t o 1 ,  th e presen t  weigh t  chang e an d pas t  weigh t  chang e hav e th e sam e effec t  i n th e weigh t 

update .  A n Oj p i s th e valu e fo r  th e jt h uni t  an d th e pt h pattern .  An d 5  i s th e erro r  gradien t  fo r  th e 

it h uni t  an d th e pt h pattern .  Al l  experiment s use d a n T )  o f  . 1 an d a n a  o f  .3 . 

PARSNIP Experiments 

Sentences including punctuation (e.g., periods) were entered into one side of the auto-

associato r  wit h paddin g (effectivel y zer o o r  n o input )  afte r  th e perio d i n orde r  t o uniforml y fill 

15 positions .  Startin g wit h rando m weights ,  a  forwar d activatio n o n th e inpu t  produce d 

activatio n o n th e output ,  als o i n 1 5 nin e bi t  positions .  Th e nin e bi t  pattern s wer e the n compare d 

t o th e inpu t  bi t  pattern ,  yieldin g th e error s fo r  eac h outpu t  value .  Thes e error s wer e the n use d t o 

adjus t  th e weight s a s specifie d i n th e delt a rule . 

I n thre e separat e trainin g sessions ,  th e PARSNI P networ k wa s separatel y trained' *  o n thre e 

distinc t  set s o f  o f  sentence s o f  size s 10 ,  10 0 an d eventuall y 1000 . 

4.  Th e auio-associalor/back-propagatio n simulato r  wa s wrillc n fo r  a  vectorizin g F O R T R AN compile r  o n a  Conve x C I  computer . 
Simulatio n runs ,  dependen t  o n proble m size ,  loo k an y wher e fro m 5  hour s t o 3  1/ 2 weeks . 
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Figur e 3 :  Learnin g o f  1 0 Sentence s fro m th e Brow n Corpu s 

The network was exposed to each set until criterion was reached (>95% correct on the entire set) 

or  unti l  n o positiv e slop e i n th e learnin g curv e wa s detected .  Error s wer e calculate d fro m th e 

number  o f  misse d syntacti c categories .  Thu s a  singl e bi t  erro r  i n th e nin e bi t  cod e woul d b e 

counte d a s a  mis s o f  th e entir e category .  Figur e 3  show s percen t  correc t  ((l-eitor)*100 )  fo r  th e 

10 sentenc e se t  a s a  functio n o f  th e numbe r  o f  sentenc e presentations .  Criterio n wa s reache d 

afte r  abou t  10 0 cycle s throug h th e 1 0 sentences ,  namely ,  afte r  abou t  100 0 sentenc e 

presentations .  I n Figur e 4  w e sho w th e transfe r  poin t  t o a  ne w se t  o f  10 0 sentence s afte r  havin g 

learne d o n th e 1 0 sentenc e se t  Th e firs t  poin t  i n thi s grap h (Figur e 4 )  show s th e las t  poin t  fro m 

th e 1 0 sentenc e se t  (Figur e 3 )  an d th e nex t  poin t  show s th e network' s performanc e o n a  ne w 

sentence .  Notic e tha t  performanc e drop s dramaticall y fro m abou t  9 7 % correc t  t o 5 0 % correct . 

S 

0 200 0 6000 10000 14000 

number  o (  sentence s 

Figure 4: Learning of 100 Sentences from the Brown Corpus 

Recal l  tha t  th e presenc e o f  wor d boundar y informatio n an d en d o f  sentenc e punctuatio n wil l 

allo w th e networ k t o ge t  a t  leas t  5 0 % correc t  i f  i t  i s  abl e t o retai n jus t  thi s information .  I n thi s 

case ,  afte r  th e learnin g o n th e 1 0 sentenc e set ,  wor d boundar y informatio n i s al l  th e networ k 

seems abl e t o retai n (als o se e below) . 

The networ k reache s criterio n afte r  abou t  16 0 cycle s o n th e 10 0 sentences ,  namely ,  i n 

abou t  16,00 0 sentenc e presentations .  Notic e tha t  th e learnin g curv e i s muc h mor e jagge d i n thi s 
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cas e a s compare d t o th e 1 0 sentenc e set .  Apparently ,  th e learnin g o f  som e sentenc e structure s 

tend s t o compet e wit h th e learnin g o f  othe r  sentenc e structureŝ .  Finally ,  Figur e 5  indicate s th e 

beginnin g o f  transfe r  t o 100 0 ne w sentences .  Th e firs t  point ,  a s before ,  i s  th e las t  poin t  o f  th e 

learnin g curv e fo r  th e 10 0 sentences ,  an d th e nex t  poin t  show s th e respons e o f  th e networ k t o a 

ne w sentence .  Again ,  th e dro p i s rapid .  But ,  thi s tim e slightl y mor e informatio n i s retaine d abou t 

sentenc e structur e a s ca n b e see n b y th e fac t  tha t  th e dro p onl y reache s abou t  6 0 % .  A s learnin g 

proceeds ,  i t  follow s a  gentl e positiv e slope ,  althoug h th e jaggednes s o f  th e learnin g curv e i s 

much greater ,  an d learnin g criterio n i s neve r  reache d wit h thi s sentenc e set .  T o ensur e tha t  th e 

asymptot e wa s reached ,  th e sentence s wer e cycle d throug h 18 0 time s (180,00 0 sentenc e 

presentations) .  Thi s tim e i t  becam e apparen t  tha t  th e networ k ha d difficult y encodin g al l  100 0 

sentences .  Th e final  performanc e leve l  achieve d exhibite d correc t  recognitio n o n abou t  8 5 % o f 

th e sentences . 

Acquisitio n b y Trials .  Th e initia l  outpu t  o f  th e networ k involve s code s tha t  ar e associate d 

wit h lo w activation .  Tha t  is ,  th e networ k i s inhibitor y i n earl y stage s o f  acquisition .  Thi s i s 

attributabl e t o th e fac t  tha t  erro r  reductio n drive s weigh t  change s an d t o th e sparsenes s o f  codes . 

For  example ,  i f  mos t  o f  th e code s whic h th e networ k  i s expose d t o ar e sparse ,  tha t  i s  hav e fe w 

Ts i n th e target ,  the n th e networ k ca n significantl y reduc e erro r  b y turnin g of f  outpu t  bit s an d 

thereb y makin g th e networ k inhibitory .  Thi s produce s a  tendenc y fo r  th e networ k t o retriev e 

code s associate d wit h lo w activation .  Becaus e o f  th e sortin g o f  code s b y frequency ,  thes e wil l 

als o b e lo w frequenc y categories . 

§» 

0 2000 0 6000 0 10000 0 14000 0 18000 0 

number  o f  sentence s 

Figur e 5 :  Learnin g o f  100 0 Sentence s Fro m th e Brow n Corpu s 

Within the first 30 trials (sentences), the network seems to pick up the first obvious regularity, 

tha t  o f  wor d boundaries .  Next ,  withi n th e nex t  1(X )  o r  s o sentences ,  mas s noun s an d persona l 

pronoun s begi n t o b e correctl y predicted ,  a s wel l  a s a  fe w tw o sequenc e syntacti c code s lik e 

5.  Thi s typ e o f  learnin g curv e i s charaaeristi c  o f  learnin g rate s tha t  ar e to o hig h fo r  th e sample .  I t  i s  possibl e tha t  to o fe w hidde n 
unit s ar e presen t  fo r  oplinta l  learning .  T o contro l  fo r  th e th e possibilit y  tha t  th e learnin g rat e wa s to o hig h i t  wa s droppe d t o hal f  it s 
valu e (.05) .  However ,  a  simila r  amoun t  o f  jaggednes s wa s sti U apparen t  i n th e learnin g curve .  I n addition ,  experimen u wher e 1/ 3 
mor e hidde n unit s wer e adde d i n conjunctio n wit h smalle r  learnin g rate s di d no t  resul t  i n a  substantia l  chang e i n th e textur e u l  ih e 
curve . 
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article+nou n an d preposition+noun .  A s learnin g precedes ,  mor e comple x form s begi n t o appear , 

but  no t  wit h obviou s predictability .  Furthe r  analysi s wher e sequence s o f  tag s ar e tracke d 

throug h learnin g trial s shoul d b e revealing . 

Generalization Performance 

The weights for all three earlier sample sizes were retained for a generalization test. With 

learnin g turne d of f  (T |  =  0 ,  a  =  0) ,  eac h networ k wa s show n 100 0 ne w sentence s whic h wer e 

distinc t  fro m th e 111 0 sentence s th e thre e network s originall y learned .  Th e percen t  correc t  o n 

th e 100 0 ne w sentence s wa s recorde d an d th e result s ar e show n i n Figur e 6 .  O n th e x  axi s  i s th e 

siz e o f  th e sampl e o f  sentence s th e networ k ha d previousl y learned ,  an d o n th e y  axi s i s th e 

percen t  correc t  o f  sentence s whic h th e networ k wa s abl e t o predic t  from a  nove l  se t  o f  100 0 

sentences .  Notic e tha t  th e functio n i s increasing ,  tha t  is ,  mor e prio r  trainin g o n sentence s 

produce s greate r  generalizatio n t o nove l  sentences .  A s previousl y described ,  knowledg e abou t 

th e 1 0 sentenc e networ k drop s t o wor d boundar y knowledge ,  losin g abou t  5 0 % o f  it s sentenc e 

knowledge .  Th e 10 0 sentenc e networ k retain s abou t  1 0 % mor e informatio n abou t  sentenc e 

structur e (syntacti c categor y relations) ,  losin g abou t  4 0 % o f  wha t  i t  ha d leamed .  Finally ,  th e 

100 0 sentenc e networ k seem s t o b e generalizin g a t  abou t  th e sam e rat e (84% )  a t  whic h i t  ha d 

asymptoticall y leamed .  A s thes e ar e log-lo g coordinates ,  i t  appear s ther e i s a  hin t  tha t  th e 3 

point s approximat e a  powe r  functio n o f  prio r  leamin g o n sentenc e sampl e size . 
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Figur e 6 :  Generalizatio n Performanc e 

Recognitio n Performanc e 

PARSNIP'S main task is to recognize a sentence either as one it has seen before or as one 

tha t  i t  migh t  hav e see n before .  Thi s i s th e typ e o f  performanc e on e migh t  expec t  fro m an y 

associativ e memor y i n whic h a  larg e numbe r  o f  pattern s hav e bee n stored .  However ,  PARSNI P 

i s muc h mor e tha n a  patter n storer .  I t  i s  i n fac t  abl e t o behav e i n a  rul e governe d wa y wit h 

respec t  t o sentenc e completio n an d recognitio n o f  sentenc e type s i t  ha s neve r  see n before .  Th e 

questio n i s whethe r  th e compositio n o f  sentenc e fragment s o r  constituent s ar e determine d o n th e 

basi s o f  firs t  orde r  statistic s (conditiona l  probabilitie s betwee n sentenc e fragments )  o r  whethe r 

the y ca n b e attribute d t o mor e comple x generalization s arisin g fro m exposur e t o a  larg e numbe r 

of  sentenc e types .  Al l  th e remainin g experiment s wer e performe d usin g th e 100 0 sentenc e 

network . 
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Patter n Completion .  Th e first  tas k tha t  P A R S N I P wa s aske d t o perfom i  wa s sentenc e 

completio n o n th e basi s o f  partia l  input .  I n Figur e 7  w e sho w a  sampl e interactio n wit h 

PARSNIP.  Th e syntacti c tag s representin g th e sentenc e th e bo y thre w a  ball ,  ar c clampe d o n 

one sid e o f  th e input .  Then ,  P A R S N I P produce s th e sam e sentence ,  i.e .  "articl e nou n past-tens e 

ver b articl e noun" .  Suppos e no w tha t  th e ver b i s lef t  ou t  o f  th e sentenc e and ,  instead ,  P A R S N I P 

i s show n a n ambiguou s cod e a t  th e thir d positio n i n th e sentence .  I n thi s case ,  P A R S N I P 

produce s o n th e outpu t  sid e i n th e thir d positio n th e ta g "past-tens e verb, "  o r  a s a  secon d gues s 

"verb" .  Tha t  is ,  generalization s i t  ha s mad e concernin g th e possibl e structur e o f  sentence s caus e 

PARSNIP t o b e reminde d o f  th e syntacti c categorie s tha t  bes t  fit  th e empt y slo t  i n th e sentenc e i t 

was shown . 

INPUT:  ARTICL E N O UN P-VER B ARTICL E N O UN (Th e bo y thre w th e ball ) 
PARSNIP:  ARTICL E N O UN P-VER B ARTICL E N O UN 

INPUT:  ARTICL E N O UN <BLANK> ARTICL E N O UN 
PARSNIP:  ARTICL E N O UN <VER B P-VERB > ARTICL E N O UN 

Figure 7: Sample Interaction with PARSNIP: Pattern Completion 

Disambiguation. Another task that PARSNIP was asked to perform was one of syntactic 

disambiguatio n give n a  se t  o f  possibl e syntacti c code s fo r  a  lexica l  ite m appearin g i n a  particula r 

sentenc e position .  Thi s tas k wa s simila r  t o patter n completio n excep t  tha t  th e networ k wa s 

give n a  numbe r  o f  item s an d aske d t o produc e th e correc t  one .  I n Figur e 8  w e sho w a  sampl e 

interactio n wher e P A R S N I P i s give n th e sentenc e Th e hors e race d pas t  th e bar n fell .  Th e wor d 

"past "  coul d appea r  i n a  sentenc e a s eithe r  a n adverb ,  a  prepositio n a n adjectiv e o r  a  noun .  Th e 

wor d "past "  i n thi s sentenc e begin s th e prepositiona l  phras e "pas t  th e barn" . 

INPUT:  ARTICL E N O UN P-VER B PREPOSITIO N ARTICL E N O UN P-VER B 
PARSNIP:  ARTICL E N O UN P-VER B PREPOSITIO N ARTICL E N O UN P-VER B 

INPUT:  ARTICL E N O UN P-VER B ADVERB ARTICL E N O UN P-VER B 
PARSNIP:  ARTICL E N O UN P-VER B PREPOSITIO N ARTICL E N O UN P-VER B 

Figure 8: Sample Interaction with PARSNIP: Disambiguation 

A dramatic way to demonstrate disambiguation in PARSNIP is to clamp the incorrect 

syntacti c choic e (adver b instea d o f  preposition )  a s show n i n figure  8 .  I n respons e t o thi s 

deliberat e introductio n o f  misinformation ,  PARSNI P edit s th e sentenc e an d actuall y insert s th e 

correc t  syntacti c category .  I n thi s case ,  i t  shoul d b e note d tha t  thi s particula r  sentenc e neve r 

appear s i n th e 100 0 sentenc e corpu s t o whic h PARSNI P wa s exposed . 

Recursion. Sentence embedding, the ability of grammar to produce a sentence within 

anothe r  sentence ,  i s considere d a  characteristi c definin g featur e o f  natura l  languages . 

Paradoxically ,  i t  ha s als o bee n show n tha t  sentenc e recursio n i s no t  a n unlimite d featur e o f 
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natura l  languag e processing .  Eve n a t  th e nex t  leve l  o f  embeddin g ( a sentenc e withi n a  sentenc e 

withi n a  sentence) ,  huma n languag e user s hav e difficult y (Miller ,  1962) .  Therefore ,  genera l 

recursiv e rule s mus t  b e filtered  ou t  somehow ,  an d usuall y memor y constraint s ar e invoke d i n 

orde r  t o d o this . 

INPUT:  ARTICL E N O UN ARTICL E N O UN P-VER B P-VER B 
PARSNIP:  ARTICL E N O UN ARTICL E N O UN P-VER B P-VER B 

INPUT:  ARTICL E N O UN ARTICL E N O UN ARTICL E N O UN P-VER B P-VER B P-VER B 
PARSNIP:  ARTICL E N O UN ARTICL E N O UN ARTICL E N O UN P-VER B N O UN VER B 

Figure 9: Sample Interaction with PARSNIP: Recursion 

I n th e sampl e interactio n i n Figur e 9 ,  P A R S N I P i s abl e t o recogniz e th e sentenc e Th e ra t 

th e ca t  chase d died .  Thi s recognitio n occur s despit e th e lac k o f  eve n a  singl e occurrenc e o f  a 

center-embedde d sentenc e withi n th e corpus .  Nonetheless ,  P A R S N I P i s abl e t o respon d t o thi s 

sentenc e a s somethin g i t  recognizes .  Apparently ,  P A R S N I P i s abl e t o bin d togethe r  constituent s 

tha t  hav e bee n use d i n othe r  contexts .  However ,  whe n a  doubl y embedde d sentence ,  e.g. ,  th e ra t 

th e ca t  th e do g bi t  chase d die d i s clampe d o n th e inpu t  side ,  P A R S N I P produce s a  partia l 

sentenc e bu t  doe s no t  recogniz e thi s secon d leve l  o f  recursion .  Althoug h constituent s simila r  t o 

thos e foun d i n singl e leve l  center-embeddin g ar e availabl e i n thi s mor e comple x center -

embedded,  th e th e failur e migh t  b e see n i n term s o f  th e numbe r  o f  an d distanc e betwee n 

constituent s tha t  mus t  b e bounde d b y PARSNIP' S recognitio n rule .  I n othe r  words ,  P A R S N I P i s 

not  abl e t o recogniz e constituent s tha t  i t  ha s previousl y recognize d becaus e the y ar e bounde d b y 

constituent s tha t  ma y b e unfamilia r  o r  hav e no t  previousl y bee n usefu l  i n syntacti c prediction . 

Not e als o tha t  thi s effec t  i s  als o independen t  o f  an y memor y constraint s sinc e P A R S N I P i s 

expose d t o a  tota l  sentenc e i n parallel . 

Adjacency Constraints. In English, a direct object must be adjacent to a verb in order to 

receiv e cas e fro m i t  an d thereb y b e allowe d (licensed )  t o occu r  i n objec t  position .  (Thi s 

statemen t  i s phrase d withi n th e terminolog y o f  a  Govemment-Bindin g approac h (Chomsky , 

1981). )  Englis h speakin g childre n wil l  probabl y seldo m o r  neve r  hea r  Joh n gav e quickl y th e 

book ,  wher e quickl y intervene s betwee n a  ver b an d it s objec t  an d block s th e assignmen t  o f 

accusativ e cas e b y vinu e o f  destroyin g th e adjacenc y relatio n betwee n th e ver b (th e cas e 

assigner )  an d th e direc t  objec t  (th e N P whic h mus t  receiv e case) .  Furthermore ,  childre n 

acquirin g Englis h wil l  neve r  b e explicitl y  discourage d fro m usin g thes e sentence s i f  the y shoul d 

happe n t o hea r  them ,  e.g. ,  "B y th e way ,  don' t  sa y thi s sentence" .  A  ke y questio n i n th e 

evaluatio n o f  ho w languag e i s acquire d concern s th e abilit y  o f  th e networ k t o avoi d generalizin g 

t o sentence s tha t  hav e adjacenc y violation s o f  thi s typ e an d whic h ar e no t  presen t  i n th e trainin g 

set . 
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INPUT:  N O UN ADVERB VER B ARTICL E N O UN (me n quickl y stea l  th e food ) 
PARSNIP:  N O UN A D V E RB VER B ARTICL E N O UN 

INPUT:  N O UN VER B ADVERB ARTICL E N O UN (me n stea l  quickl y th e food ) 
PARSNIP:  N O UN ADVERB W AS ARTICL E N O UN 

Figure 10: Sample Interaction with PARSNIP: Adjacency Constraints 

I n Figur e 1 0 w e sho w P A R S N I P failin g t o recogniz e a n adjacenc y violation ,  i n fact ,  i t 

actuall y attempt s t o mov e wha t  wa s th e V E R B (no w retireve d a s " W A S " )  close r  t o th e direc t 

object .  Not e tha t  P A R S N I P ca n als o recogniz e me n quickl y stea l  o r  me n stea l  quickl y implyin g 

tha t  th e presenc e o f  th e direc t  objec t  i s  critica l  fo r  thi s recognitio n failure . 

Discussio n 

Auto-association is clearly not a plausible model for language acquisition. That is, 

repeate d paralle l  exposur e t o a  sentenc e wit h enforce d productio n o f  tha t  sentenc e i s no t  a 

reasonabl e cognitiv e mode l  o f  languag e acquisition ,  no r  o f  a  languag e learner' s gramma r 

production .  Perhap s th e closes t  paralle l  t o PARSNIP' S situatio n i s tha t  o f  a  learne r  engage d i n 

th e abstrac t  intensiv e stud y o f  sentence s an d sentenc e structur e (simila r  t o th e activitie s o f  a 

linguist) .  I t  i s  als o importan t  t o not e tha t  unlik e huma n languag e learners ,  th e networ k ha s n o 

sens e o f  tempora l  order .  Fo r  P A R S N I P sentence s hav e n o beginning ,  middl e o r  end ,  bu t  rathe r 

the y exis t  a s pattern s whic h ca n b e use d t o accoun t  fo r  th e structure s i t  encounters .  Nonetheless , 

ther e ar e som e importan t  parallel s betwee n th e tas k give n t o PARSNI P an d th e tas k tha t  arise s 

fo r  childre n a s the y lear n natura l  language .  Bot h PARSNI P an d th e chil d ar e onl y expose d t o 

sentence s fro m natura l  language ,  the y bot h mus t  induc e genera l  rule s an d large r  constituent s 

from  jus t  th e regularitie s t o whic h the y ar e exposed ,  bot h on e th e basi s o f  onl y positiv e evidence . 

parsnip's ability to generalize from what it has learned to new sentences indicates that 

some genera l  knowledg e o f  constituen t  structur e ha s bee n extracte d fro m it s experienc e wit h 

natura l  languag e sentences .  A  significan t  amoun t  o f  coverag e o f  sentenc e type s occur s afte r 

trainin g o n 100 0 a s compare d t o th e origina l  1 0 sentences . 

I t  i s  fa r  mor e interestin g t o u s t o hav e discovere d tha t  PARSNI P ca n differentiall y 

generaliz e t o sentence s tha t  ca n appea r  i n natura l  languag e (cente r  embeddings )  bu t  canno t 

recogniz e sentence s whic h violat e natura l  languag e constraint s (multipl e cente r  embeddings) . 

As evidenc e tha t  P A R S N I P i s usin g rule-lik e representation s o r  possibl y possesse s somethin g 

comparabl e t o a  grammar ,  w e fee l  i t  i s  importan t  t o poin t  ou t  th e fac t  n o cente r  embedde d 

sentence s appeare d i n th e trainin g set .  I n fact ,  eve n th e numbe r  o f  adjoine d relativ e clause s wa s 

almos t  ni l  a s a  resul t  o f  th e limitatio n o n sentenc e length .  Apparently ,  constraint s fro m th e 

sentence s alread y learne d allow s P A R S N I P t o differentiall y  generaliz e a s thoug h syntacti c rule s 

ar e i n operation . 

Further, the constituents that PARSNIP chooses tend neither to be predictable from first 

orde r  statistic s no r  t o b e abl e t o b e generate d from  simpl e finite  stat e grammars .  P A R S N I P 

prefer s sequence s o f  syntacti c categorie s tha t  ofte n ar e th e leas t  likel y t o b e predicte d o n th e 

basi s o f  th e frequenc y wit h whic h on e categor y follow s th e othe r  i n th e corpus .  Fo r  example ,  i n 

one patter n completio n interactio n whe n P A R S N I P wa s give n th e phras e th e destructio n o f  th e 
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cit y <blank> ,  i t  chos e t o fill  th e blan k wit h a  conjunctio n producin g th e destructio n o f  th e cit y 

and .  T h e frequenc y o f  syntacti c code s i n th e corpu s followin g th e syntacti c code s fo r  th e city ,  o f 

th e city ,  destructio n o f  th e cit y o r  th e destructio n o f  th e cit y wer e alway s greate r  (sometime s 1 0 

time s greater )  fo r  othe r  syntacti c categorie s (e.g .  prepositions )  tha n fo r  conjunctions . 

Although, we don't have a complete analysis of the constituents PARSNIP knows, we do 

hav e s o m e evidenc e t o sugges t  tha t  P A R S N I P recognize s noun-phrase s an d othe r  highe r  orde r 

consituent s i n th e hidde n layer .  P A R S N I P w a s expose d t o sentenc e fragment s tha t  wer e nou n 

phrases ,  ver b phrases ,  o r  rando m sentenc e fragments .  Then ,  durin g recognition ,  th e hidde n laye r 

value s wer e clustere d yieldin g group s containin g eithe r  nou n phrase s wit h som e rando m 

fragment s o r  ver b phrases .  M u c h mor e ca n b e don e wit h thi s typ e o f  methodolog y i n term s o f 

isolatin g th e constituen t  informatio n tha t  P A R S N I P uses . 

The acquisition strategies exhibited by PARSNIP conform to what is usually thought of as 

a nativis t  principle ,  th e Subse t  Principle .  Thi s principl e i s usuall y describe d i n term s o f  a  chil d 

mov in g fro m on e g r a m m a r  t o another : 

"Each step of a child's acquisition of grammar must involve movement from a smaller set to a 

large r  se t  an d canno t  involv e th e reverse .  Th e step s ar e motivate d b y piece s o f  inpu t  dat a 

(adul t  sentences )  whic h fai l  t o fit  int o th e smalle r  set ,  thereb y forcin g a n expansio n o f  th e set. " 

(Roeper ,  i n press ) 

This is exactly the sort of conservative generalization that one might expect from an auto-

associato r  suc h a s th e on e employe d b y P A R S N I P .  Th e networ k i s lea d t o chang e it s syntacti c 

knowledg e (connections/weights )  base d solel y o n singl e sentenc e violation s o f  prio r  successfu l 

generalization s abou t  a  subse t  o f  sentence s tha t  i t  ha d previousl y constructed .  Thi s proces s i s 

incrementa l  becaus e th e entir e learnin g proces s i n connectionis t  network s i s base d o n smal l 

incrementa l  change s motivate d th e succes s o r  failur e o f  it s  generalization s abou t  th e data . 
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L E H N E R T . U M A S S O C S N E T - R E L AY 

A B S T R A CT 

English word pronunciation is a challenging knowledge acquisition problem in which general 

rule s ar e subjec t  t o frequen t  exception s o f  a n arbitrar y nature .  W e hav e develope d a  supervise d 

learnin g system ,  P R O,  whic h learn s abou t  Englis h pronunciatio n b y trainin g wit h word s an d 

thei r  dictionar y pronunciations .  P R O organize s it s knowledg e i n a  case-base d memor y whic h 

preserve s fragment s o f  trainin g item s bu t  doe s no t  remembe r  specifi c  trainin g item s i n thei r 

entirety .  Afte r  P R O ha s create d a  Cais e Bas e i n respons e t o a  trainin g set ,  i t  ca n pronounc e 

nove l  tes t  word s wit h substantia l  degree s o f  success .  Tes t  item s ar e processe d b y generatin g 

a searc h spac e i n th e for m o f  a  latera l  inhibitio n networ k an d embeddin g thi s searc h speu: e 

i n a  large r  networ k tha t  reflect s PRO' s previou s trainin g experienc e wit h relevan t  fragments . 

Spreadin g activatio n an d networ k relaxatio n ar e the n use d t o arriv e a t  a  preferre d pronunciatio n 

fo r  th e give n tes t  item .  I n thi s pape r  w e repor t  preliminar y tes t  result s base d o n a  trainin g 

corpu s o f  75 0 word s an d a  tes t  se t  o f  30 0 words . 

keywords: learning, case-based reasoning, parallel processing 

sessio n preference :  ful l  pape r 

Introductio n 

The rules underlying English word pronunciation are diverse, uncertain, and frequently at odds 

wit h on e another .  Fo r  example ,  whe n a  singl e vowe l  i s followe d b y a  consonan t  an d a  final 

"e "  a t  th e en d o f  a  word ,  a  goo d genera l  rul e say s t o pronounc e th e vowe l  a s a  lon g vowel . 

Thi s work s fo r  word s suc h a s "like, "  "rope, "  an d "mate. "  Unfortunately ,  i t  doesn' t  wor k fo r 

word s lik e "love, "  "move, "  "give, "  an d "have. "  Bu t  w e can' t  fix  ou r  rul e b y simpl y excludin g th e 

consonan t  "v "  fro m th e genera l  pattern ,  becaus e man y word s wit h a  "v "  d o obe y th e long-vowe l 

pattern :  "save, "  "gave, "  "jive, "  "cove. " 

Most  genera l  rule s fo r  Englis h pronunciatio n ar e subjec t  t o a  larg e numbe r  o f  exception s whic h 

appea r  t o b e largel y arbitrary .  I t  i s  temptin g t o sa y tha t  on e mus t  simpl y lear n eac h wor d o n a 

case-by-cas e basi s an d forge t  abou t  identifyin g a  rule-bas e fo r  thi s problem .  Indeed ,  onc e on e 
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has establishe d a  "sight-vocabulary, "  th e proces s o f  wor d pronunciatio n mus t  b e heavil y aide d 

and influence d b y th e proces s o f  wor d recognition . 

Yet there is evidence that children learning to read rely heavily on a facility for phonological 

recodin g whic h allow s the m t o mov e fro m th e writte n wor d t o a  pronunciatio n o f  tha t  wor d 

befor e achievin g recognitio n o f  th e wor d [Bradle y k .  Bryan t  1983 ,  Docto r  &c Colthear t  198 0 . 

Othe r  researcher s hav e argue d tha t  phonologica l  recodin g i s a  necessar y componen t  o f  skille d 

readin g a s wel l  (Goug h 1972) . 

We have implemented a model of English word pronunciation in the form of a computer program 

calle d P R O .  P R O learn s t o produc e phonologica l  encoding s (pronunciations )  fo r  isolate d inpu t 

word s b y firs t  trainin g o n word/pronunciatio n pairs .  Al l  memor y structure s utilize d b y P R O ar e 

create d automaticall y durin g training ,  an d P R O implement s a  mode l  o f  phonologica l  encodin g 

tha t  i s full y  independen t  o f  th e wor d recognitio n problem. ^ 

PRO operates by creating three types of memory structures in response to its training sessions: 

(1 )  th e Hypothesi s Base ,  (2 )  th e Cas e Base ,  an d (3 )  th e Statistica l  Base .  Thes e thre e level s o f 

memory ar e hierarchica l  insofa r  sl s th e Cas e Bas e draw s it s component s fro m th e Hypothesi s 

Base ,  an d th e Statistica l  Bas e i s predicate d o n th e existenc e o f  bot h th e Hypothesi s Bas e an d 

th e Cas e Base .  A s trainin g goe s o n an d memor y expand s a t  eac h level ,  w e d o se e som e m e m o r y 

interaction s tha t  shap e subsequen t  memor y expansion .  Fo r  example ,  informatio n fro m th e 

Statistica l  Bas e i s capabl e o f  influencin g expansio n a t  th e leve l  o f  th e Hypothesi s Base .  Bu t  fo r 

th e mos t  part ,  memor y grow s wit h simpl e dependencies :  th e bigge r  th e Hypothesi s Base ,  th e 

bigge r  th e Cas e Base ,  an d th e bigge r  th e Cjis e Base ,  th e bigge r  th e Statistica l  Base . 

Building the Hypothesis Base 

The Hypothesis Base consists of simple associations between graphemes [Coltheart 1978] from 

th e inpu t  wor d an d phoneme s i n th e targe t  representation .  A  specifi c  hypothesi s i n memor y tell s 

us tha t  a  particula r  strin g o f  letter s ha s resulte d i n a  particula r  phonem e a t  leas t  onc e durin g 

training .  Th e mappin g define d b y th e Hypothesi s Bas e fro m th e se t  o f  se t  o f  al l  substring s o f 

letter s t o th e se t  o f  al l  phoneme s i s neithe r  totall y define d no r  well-defined .  No t  al l  substring s 

need m a p t o a  phoneme ,  an d whe n on e does ,  i t  ma y m a p t o an y numbe r  o f  phonemes .  Fo r 

example ,  consonant s an d consonan t  combination s ar e generall y les s ambiguou s tha n vowel s an d 

vowel  combinations ,  s o w e wil l  se e mor e hypothese s associate d wit h vowel s tha n consonants . 

To illustrate the idea of a hypothesis, consider the following segmentation of the word "action" 

alon g wit h it s correspondin g pronunciation : 

A C TI O N 

^  k  s h d  n 

When this segmentation is mapped against the target pronunciation, we can identify five un-

derlyin g hypothese s (eissociation s betwee n grapheme s an d phonemes) :  A/a ,  C/k ,  Tl/sh ,  O/d , 

'Anothe r  syste m tha t  i s  ver y simila r  t o PR O i n it s broa d desig n i s MBRtal k (Stanfil l  &  Walt z 1986) ,  althoug h 
MBRtal k use s a  ver y differen t  for m o f  memor y access .  MBRtal k run s o n a  Connectio n Machin e wherea s P R O 
can ru n reasonabl y i n a  Common Lis p environmen t  wit h 4 M o f  memory . 
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and N/n . 

However, if this were the first word PRO encountered in a fresh training session, PRO would 

hav e n o wa y o f  knowin g tha t  thi s i s th e correc t  segmentatio n o f  th e inpu t  string .  Ther e ar e 

five  way s o f  partitionin g thi s six-lette r  wor d int o five  substrings ,  an d P R O woul d b e unabl e t o 

decid e whic h i s best .  I n general ,  P R O consult s it s existin g Hypothesi s Bas e i n orde r  t o deter -

min e ho w a n inpu t  wor d shoul d b e segmente d an d matche d agains t  it s  targe t  pronunciation . 

Afte r  generatin g al l  possibl e segmentation s o f  th e inpu t  wor d whic h ma p ont o th e targe t  pro -

nunciation ,  P R O check s it s know n hypothese s t o se e i f  an y on e o f  thes e segmentation s result s 

i n mor e know n hypothese s tha n an y othe r  segmentation .  I f  ther e i s a  uniqu e winner ,  tha t  i s 

th e segmentatio n P R O picks .  I n th e even t  tha t  ther e i s n o uniqu e winner ,  P R O narrow s it s 

candidate s t o whicheve r  one s di d maximiz e know n hypotheses .  O f  thes e remainin g segmenta -

tions ,  P R O check s t o se e i f  an y o f  th e ne w hypothese s bein g propose d ar e "clos e fits"  agains t 

known hypotheses .  A  hypothesi s stringl/phonem e 1  i s a  clos e fit  agains t  8tring2/phoneme 2 i f 

(1 )  phoneme l  =  phoneme2 ,  an d (2 )  string 2 i s a  substrin g o f  stringl .  I f  on e o f  th e remainin g 

segmentation s support s mor e "clos e fits"  tha n an y othe r  segmentation ,  the n P R O identifie s 

tha t  on e a s th e preferre d segmentation .  I n mos t  ceises ,  P R O wil l  b e abl e t o identif y a  preferre d 

segmentatio n o n th e basi s o f  thes e tw o filtering  mechanisms .  Bu t  i n th e even t  tha t  ther e i s stil l 

more tha n on e segmentatio n whic h maximize s bot h know n hypothese s an d clos e fits  t o know n 

hypotheses ,  the n P R O consult s it s  Statistica l  Bas e an d determine s whic h o f  th e remainin g seg -

mentation s contain s hypothese s tha t  ar e use d wit h greate r  frequency .  I n thi s manne r  P R O ca n 

identif y a  preferre d segmentatio n t o ma p agains t  th e targete d phonemes . 

Once a preferred segmentation is in hand, PRO consults its existing Hypothesis Base to see if all 

th e hypothese s i n th e segmentatio n ar e know n hypotheses .  I f  an y hypothesi s i s new ,  w e inde x 

i t  unde r  it s  graphem e an d th e Hypothesi s Bas e acquire s a  ne w hypothesis .  Havin g update d th e 

Hypothesi s Base ,  P R O the n goe s o n t o updat e th e Cas e Bas e an d th e Statistica l  Base . 

Building the Case Base and the Statistical Base 

Given a segmentation for a training item, we can take a series of "snapshots" of the resulting 

hypothesi s sequenc e wher e eac h snapsho t  contain s exactl y thre e consecutiv e hypotheses .  Th e 

longe r  th e segmentation ,  th e mor e snapshot s w e wil l  nee d t o cove r  th e ful l  sequence .  Eac h 

snapsho t  o f  thre e hypothese s the n constitute s a  cas e fo r  PRO' s Ceis e Base .  Case s ar e indexe d 

unde r  bot h th e leadin g hypothesi s an d th e trailin g hypothesis ,  an d al l  case s wit h a  common 

inde x ar e organize d i n a  tre e structure .  Th e Cas e Bas e therefor e contain s si s man y tree s a s 

ther e ar e hypothese s i n th e Hypothesi s Base ,  an d eac h tre e ma y contai n a  fe w o r  a  larg e 

number  o f  case s dependin g o n ho w muc h o f  PRO' s trainin g ha s bee n involve d wit h th e indexin g 

hypothesis .  Al l  th e tree s hav e a  dept h o f  thre e hypothesi s node s an d eac h complet e branc h i n 

a tre e correspond s t o a  singl e cas e i n memory . 

When a candidate case is taken from a "snapshot" of a training item, we check to see if that 

cas e ha s bee n recorde d i n th e Cas e Bas e before .  I f  i t  has ,  w e d o no t  nee d t o alte r  th e Cas e 

Base.  I f  i t  hasn't ,  w e gro w a  ne w branc h i n th e appropriat e cas e tree s (on e fo r  th e leadin g inde x 

and on e fo r  th e trailin g index) .  Thi s dua l  encodin g o f  eac h cas e allow s u s t o maintai n a  mor e 

informativ e Statistica l  Bas e tha n woul d otherwis e b e possible . 
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Th e Statistica l  Bas e shadow s th e Cas e Bas e b y maintainin g frequenc y dat a fo r  al l  th e node s i n 

al l  th e cas e trees .  W h e n a  cas e i s encountere d durin g training ,  w e ad d i t  t o th e Cas e Bas e i f 

needed ,  an d updat e eac h o f  th e si x tre e node s Msociate d wit h tha t  cas e i n memory .  Fo r  example , 

th e ceis e (A/ a C/ k Tl/sh )  wil l  updat e th e roo t  nod e associate d wit h A/a ,  th e nod e tha t  say s 

ho w man y time s A/ a ha s bee n followe d b y C/k ,  an d th e nod e tha t  record s th e frequenc y o f 

A / a followe d b y C/ k followe d b y Tl/sh .  Goin g backwards ,  w e updat e th e nod e tha t  record s 

instance s o f  Tl/sh ,  the n th e nod e recordin g Tl/s h precede d b y C/k ,  an d th e nod e recordin g 

Tl/s h precede d b y C/ k precede d b y A/a .  Not e tha t  th e tw o termina l  node s shoul d agre e o n th e 

number  o f  time s a  give n sequenc e ha s bee n see n before ,  bu t  th e roo t  node s an d intermediat e 

node s wil l  generall y maintai n differen t  frequenc y count s dependin g o n whethe r  th e sequenc e i s 

bein g traverse d forward s o r  backwards . 

Test Mode: Finding a Word Pronunciation 

When PRO receives an input word in test mode, it begins by creating a search space of possible 

pronunciation s base d o n al l  availabl e hypothese s i n memory .  Eac h pat h i n thi s space  beginnin g 

wit h th e "start "  nod e an d endin g wit h th e "end "  nod e correspond s t o a  possibl e pronunciatio n 

fo r  th e wor d (se e Figur e 1) .  Fo r  example ,  i f  th e searc h spac e show n i n Figur e 1  i s generate d i n 

A Searc h Spac e (o r  "ripe " 

CV-  - > [r D 

'"- > i 

pe-  - > [p j 

Figur e 1 :  A  Searc h Spac e usin g Availabl e Hypothese s 
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We ar e solvin g lo r  "ripe " 

Assume the following words 

hav e bee n correctl y interprete d 

durin g a  trainin g session . 

4.  rin d 

Figur e 2 :  Addin g Contex t  Node s fro m th e Cas e Bas e 

respons e t o th e wor d "ripe, "  w e hav e si x possibl e pronunciation s fo r  "ripe "  correspondin g wit h 

th e si x  possibl e path s throug h tha t  space .  Ther e ar e tw o possibilitie s fo r  "i "  (lon g vs .  short ) 

an d thre e possibilitie s fo r  "e "  (lon g vs .  shor t  vs .  silent) .  Thi s searc h spac e i s furthe r  structure d 

as a  latera l  inhibitio n networ k wher e instance s o f  hypothese s whic h shar e c o m m o n character s 

fro m th e inpu t  wor d inhibi t  on e another .  I n figur e 1  w e se e tha t  th e silen t  e  i s represente d b y 

th e hypothesi s PE/p .  Sinc e thi s hypothesi s contain s tw o inpu t  characters ,  i t  i s i n competitio n 

wit h P/ p a s wel l  a s E/ e an d E/e .  W e therefor e find  thre e inhibitio n link s connectin g P E / p t o 

it s thre e competitors . 

Thus far we have described a search space derived from the Hypothesis Base alone. To bring 

i n th e effect s o f  th e Cas e Base ,  w e mus t  no w ad d contex t  node s representin g relevan t  case s (se e 

Figur e 2) .  Eac h contex t  nod e correspond s t o a  cas e whic h matche s a  subpat h withi n th e searc h 

space .  I n Figur e 2  w e se e ho w fou r  contex t  node s ca n b e adde d t o th e grap h o n th e basi s o f 

thre e previou s trainin g item s ("rip, "  "pipe, "  an d "rind." )  Th e fourt h trainin g ite m ("pen" )  i s 

not  associate d wit h an y case s relevan t  fo r  thi s searc h space .  B y attachin g th e resultin g contex t 

node s t o th e searc h spac e wher e eac h cas e applies ,  w e se e ho w PRO' s previou s trainin g wit h 
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"rip "  reinforce s a  shor t  "i" ,  whil e exposure s t o "pipe "  an d "rind "  reinforc e a  lon g "i" .  "pipe " 

als o reinforce s a  silen t  "e "  bu t  n o contex t  node s reinforc e a  shor t  "e "  o r  a  lon g "e "  a t  th e en d 

of  th e word . 

The context nodes provide positive activation for a spreading activation algorithm, and the 

inhibitio n link s counte r  thi s activatio n a s i t  propagate s throug h th e network .  Contex t  node s 

ar e initialize d wit h a  valu e base d o n frequenc y dat a i n th e Statistica l  Base ,  an d a  relaxatio n 

algorith m i s the n applie d throughou t  th e searc h spac e (Feldma n At  Ballard ,  1982] .  Thes e net -

work s ten d t o stabiliz e withi n 3 0 iterations ,  an d a  preferre d pat h throug h th e networ k i s sough t 

by maximizin g M I N (A(Nl),...,A(Nk) )  wher e A(Ni )  i s  th e activatio n leve l  associate d wit h th e 

it h nod e i n a  give n path .  I n general ,  a  uniqu e pat h o f  maxima l  activatio n ca n b e foun d an d thi s 

i s the n th e pronunciatio n P R O returns .  I f  ther e i s mor e tha n on e pat h o f  maxima l  activation , 

P RO select s on e o f  th e maxima l  path s randoml y an d return s tha t  pronunciation . 

Experimental Results 

We have run PRO on a training vocabulary of 750 words and tested it on a total of 300 

words .  20 0 o f  th e tes t  item s appea r  i n th e trainin g se t  an d th e remainin g 10 0 tes t  item s ar e 

"novel "  word s no t  encountere d durin g training .  W e hav e als o collecte d dat a fro m a  modifie d 

versio n o f  P R O whic h substitute s a  rando m searc h algorith m i n plac e o f  PRO' s spreadin g 

activation/relaxatio n algorithm .  Th e modifie d versio n build s th e sam e searc h spac e o f  possibl e 

pronunciations ,  bu t  pick s on e randoml y instea d o f  structurin g th e networ k wit h additiona l 

contex t  node s an d relaxin g th e ne t  t o find  a  pronunciatio n wit h maxima l  activation .  Th e result s 

of  thi s rando m algorith m provid e u s wit h a  baselin e tha t  reflect s th e powe r  o f  th e Hypothesi s 

Base operatin g i n th e absenc e o f  th e Cas e Bas e an d th e Statistica l  Base . 

Test trials were run at three distinct times during training: after PRO had trained on 250 

words ,  afte r  45 0 words ,  an d afte r  al l  75 0 words .  Th e trainin g corpu s containe d word s rangin g 

fro m thre e t o eigh t  letter s i n length ,  an d th e tes t  set s containe d word s rangin g fro m thre e t o 

five  letter s i n length .  W e collecte d separat e dat a fo r  "familiar "  word s (th e first  20 0 item s i n 

th e trainin g set) ,  an d "novel "  words .  Th e "familiar "  item s include d 5 0 three-lette r  words ,  10 0 

four-lette r  words ,  an d 5 0 five-letter  words .  Th e "novel "  item s include d 5 0 four-lette r  word s an d 

50 five-letter  words .  Th e modifie d versio n o f  P R O wai s ru n o n onl y "novel "  tes t  items ,  bu t  a t 

th e sam e point s durin g trainin g a s th e regula r  P R O runs . 

Table 1 shows the results of these nine test runs. The x-axis represents the amount of training 

P RO ha s ha d i n term s o f  th e numbe r  o f  targe t  phoneme s processed .  Afte r  75 0 words ,  P R O 

has examine d 273 1 phonemes .  Th e y-axi s show s th e percentag e o f  phoneme s P R O correctl y 

identifie s durin g tes t  runs .  Th e to p curv e show s PRO' s performanc e o n "familiar "  words ,  th e 

secon d curv e show s PRO' s performanc e o n "novel "  words ,  an d th e botto m curv e show s th e 

baselin e performanc e o f  th e rando m algorith m o n th e sam e se t  o f  "novel "  word s tha t  w e teste d 

wit h P R O i n tact . 
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Tabl e 1 :  Thre e Tes t  Run s durin g Trainin g 

We ca n se e tha t  P R O i s bette r  wit h word s i t  ha s see n durin g trainin g compare d t o nove l  tes t 

words ,  althoug h th e distanc e betwee n thes e tw o curve s doe s diminis h Ji s P R O train s more .  I t 

makes sens e fo r  PRO' s performanc e o n familia r  word s t o degrad e somewha t  becaus e PRO' s 

Hypothesi s Bas e an d Ceis e Bas e ar e expandin g a s P R O trains .  A s mor e conflic t  arise s betwee n 

a large r  numbe r  o f  competin g cases ,  w e migh t  expec t  t o se e th e increase d erro r  rat e foun d i n 

th e to p curve .  Thes e factor s explai n wh y PRO' s performanc e drop s of f  a  bi t  (fro m 9 5 % t o 9 0 % ) 

fo r  familia r  words .  Thi s sam e facto r  mus t  influenc e PRO' s performanc e o n nove l  word s a s well , 

bu t  her e w e se e a  gradua l  increas e i n performanc e (fro m 6 6 % t o 7 5 % ) .  Fo r  nove l  words ,  th e 

incresisin g searc h space  complexit y i s overridde n b y th e fac t  tha t  P R O take s advantag e o f  it s 

growin g Cas e Bas e effectively . 

If we assume that these two curves eventually level out, we can estimate PRO's eventual level of 

competenc e acros s al l  tes t  item s a s bein g somewher e i n betwee n th e tw o asymptotes .  I t  i s  saf e 

t o assum e tha t  thes e tw o curve s won' t  cross ,  s o the y mus t  leve l  ou t  somewher e betwee n 7 5 % 

an d 9 0 % .  Extrapolatin g fro m ou r  existin g data ,  w e woul d estimat e tha t  P R O wil l  eventuall y 

averag e aroun d 8 6 % o n al l  tes t  item s (thi s i s wher e th e tw o curve s woul d intersec t  i f  the y 

continue d a t  thei r  presen t  rat e o f  change) . 

To see how much of PRO's performance can be attributed to the Case Base and Statistical Base, 

conside r  th e bsiselin e curv e provide d b y th e rando m versio n o f  P R O .  Her e th e hi t  rate s dro p 

fro m 6 0 % t o 5 5 % .  Thi s i s wha t  P R O ca n d o i f  i t  onl y accesse s knowledg e fro m th e Hypothesi s 

Base i n orde r  t o construc t  a  searc h spac e o f  possibl e pronunciations .  Onc e thi s searc h spac e 
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has bee n constructed ,  w e ca n pic k a  pronunciatio n fro m th e spac e a t  random .  Accordin g t o ou r 

randomize d simulation ,  an y give n phonem e withi n tha t  pronunciatio n the n ha s a  5 5 % chanc e 

of  bein g correc t  afte r  P R O ha s traine d o n 75 0 words .  Onc e again ,  i t  make s sens e fo r  thi s curv e 

t o diminis h sinc e th e Hypothesi s Bas e i s growin g ove r  time .  Mor e hypothese s i n memor y wil l 

resul t  i n mor e possibl e pronunciation s fo r  eac h tes t  word .  I f  w e assum e tha t  thi s baselin e level s 

out  a t  th e sam e tim e ou r  tw o performanc e curve s leve l  out ,  the n w e ca n estimat e tha t  th e 

baselin e wil l  leve l  ou t  aroun d 50% . 

From our best estimates, we then can then conclude that PRO's Case Base and Statistical 

Base wil l  resul t  i n a  significan t  improvemen t  ove r  th e Hypothesi s Bas e alon e (86 % vs .  5 0 % hi t 

rate s o n eac h phoneme) .  Moreover ,  thes e level s o f  performanc e shoul d stabiliz e onc e P R O hzt s 

reache d a  saturatio n poin t  i n it s training . 

PRO'S Memory: Facts and Conjectures 

We have gathered additional data in conjunction with our training session to see what PRO's 

memory look s lik e afte r  75 0 words .  A t  thi s poin t  th e Hypothesi s Bas e ha s grow n t o 18 0 hy -

potheses ,  an d th e Cas e Beis e contain s 159 1 case s (sequence s o f  3  hypotheses) .  Some measur e 

of  Englis h regularit y migh t  b e derive d fro m th e fac t  tha t  th e 75 0 word s P R O traine d o n coul d 

have produce d roughl y 420 0 distinc t  case s i f  n o repetition s o f  case s wer e present .  (18 0 hypothe -

ses ar e capabl e o f  generatin g 5,832,00 0 case s i f  al l  combinatoricall y possibl e combination s ar e 

considered. ) 

When we talk about PRO's performance stabilizing at a saturation point in training, we are 

assumin g tha t  th e Hypothesi s Bas e an d th e Cas e Bas e wil l  eventuall y leve l  ou t  an d ceas e t o 

expan d a t  an y significan t  rate .  T o se e ho w clos e w e ar e t o saturatio n afte r  75 0 words ,  w e ca n 

examin e growt h curve s fo r  th e Hypothesi s Bas e (se e tabl e 2 )  an d th e Cas e Bets e (se e tabl e 

3) .  Neithe r  curv e appear s t o b e ver y leve l  afte r  75 0 words ,  bu t  i t  i s  clea r  tha t  th e Hypothesi s 

Base i s slowin g dow n muc h faste r  tha n th e Cas e Base .  Afte r  thei r  initia l  growt h spurts ,  th e 

Hypothesi s Bas e acquire s roughl y 1  ne w hypothesi s fo r  ever y 1 0 trainin g items ,  whil e th e Cas e 

Base pick s u p 2 1 ne w case s fo r  ever y 1 0 trainin g items . 

While it seems safe to assume that performance won't stabilize until the Hypothesis Bcise sat-

urates ,  i t  i s  les s clea r  tha t  th e Cas e Bjis e mus t  saturat e befor e performanc e stabilizes .  Genera l 

correlation s betwee n memor y an d performanc e wil l  hav e t o b e born e ou t  b y additiona l  exper -

iments ,  bu t  i f  w e mus t  mak e som e estimates ,  w e coul d extrapolat e fro m ou r  existin g growt h 

curve s an d mak e som e guesse s abou t  th e stat e o f  PRO' s memor y whe n PRO' s performanc e 

curve s leve l  off .  Usin g th e estimate s fo r  stabilizatio n discusse d above ,  i t  appear s tha t  P R O 

shoul d acquir e n o mor e tha n roughl y 24 0 hypothese s altogether ,  an d performanc e wil l  stabiliz e 

aroun d 280 0 cases .  Not e tha t  w e ar e assumin g saturatio n o f  th e Hypothesi s Bas e b y th e tim e 

performanc e stabilizes ,  bu t  w e ar e les s incline d t o assum e tha t  th e Cas e Bas e canno t  continu e t o 

gro w afte r  performanc e stabilizes .  We wil l  onl y kno w thi s wit h certaint y b y expandin g PRO' s 

trainin g corpus . 

As for the estimates concerning the training vocabulary, we would guess that PRO will stabilize 

afte r  abou t  150 0 word s (wher e a  wor d contain s a n averag e o f  3.6 4 phoneme s -  th e sam e rati o 
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maintaine d b y ou r  initia l  75 0 wor d corpus) .  O f  cours e al l  o f  thes e estimate s ar e subjec t  t o th e 

usua l  assumption s abou t  rando m vocabular y an d "representative "  trainin g sets .  I n selectin g 

word s fro m th e dictionar y w e hav e trie d t o restric t  ourselve s t o c o m m o n word s tha t  an y hig h 

schoo l  studen t  woul d recognize .  W e canno t  sa y ho w thes e restriction s relat e t o characterization s 

of  Englis h vocabular y i n general. ^ 

Looking inside the the Hypothesis Base, we find 47 phonemes and 101 graphemes underly-

in g ou r  18 0 hypotheses .  6 9 hypothese s m a p fro m a  singl e letter ,  10 0 hypothese s m a p two -

lette r  graphemes ,  9  hypothese s m a p three-lette r  graphemes ,  an d 2  hypothese s m a p four-lette r 

graphemes .  Th e singl e greates t  sourc e o f  ambiguit y come s fro m th e lette r  "a "  whic h i s associ -

ate d wit h 1 0 distinc t  pronunciation s (wher e "a "  stand s alon e a s a  complet e graphem e b y itself) . 

Abou t  two-third s o f  th e hypothese s hav e grapheme s containin g a t  leas t  on e vowel . 

Conclusions 

PRO shows how a large Case Base can be automatically acquired during supervised training 

and accesse d withi n th e framewor k o f  a  spreadin g activatio n algorithm .  P R O build s a  three -

tiere d memor y o f  hypotheses ,  cases ,  an d frequenc y dat a usin g heuristi c method s fo r  knowledg e 

acquisition .  I t  i s  interestin g t o not e tha t  P R O i s consisten t  wit h th e concep t  o f  "timi d acquisi -

tion "  whic h i s though t  t o b e a  necessar y conditio n fo r  succes s whe n trainin g wit h a  corpu s o f 

positiv e example s onl y [Berwic k 1986] . 

A test item is processed by generating a search space based on available hypotheses and aug-

mentin g tha t  searc h spac e wit h additiona l  node s derive d fro m th e Cas e Base .  B y structurin g 

a networ k whic h represent s bot h th e searc h spac e an d th e influence s o f  availabl e memory ,  w e 

ca n se e i n a  declarativ e manne r  exactl y ho w P R O view s eac h tes t  ite m i n th e contex t  o f  it s 

previou s trainin g experience . 

Spreading activation and network relaxation then operate to consolidate competing information 

int o a  globa l  consensu s withi n th e searc h space .  Whil e th e structur e o f  th e searc h spac e i s purel y 

heuristic ,  th e us e o f  a  relaxatio n algorith m t o resolv e th e searc h i s inspire d b y connectionis t 

efforts .  I n thi s manne r  P R O represent s a  synthesi s o f  idea s fro m bot h heuristi c o r  symboli c 

methodologie s an d subsymboli c processin g strategies . 
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A C o n n e c t i o n i s t  A rch i tec tu r e fo r  R e p r e s e n t i n g 

a n d R e a s o n i n g a b o u t  S t r u c t u r e d K n o w l e d g e 

Mark Derthic k 
Carnegie-Mello n Universit y 

Abstrac t 

piKLONE i s th e firs t  sub-symboli c connectiorus t  systent \  fo r  reasorun g abou t  hig h leve l 
knowledg e t o approac h th e representationa l  powe r  o f  curren t  symboli c A I  systems .  Th e algo -
rith m fo r  buildin g a  networ k take s a s inpu t  a  knowledg e bas e definitio n i n a  languag e ver y 
simila r  t o tha t  o f  KL2 ,  whic h ha s previousl y bee n implemente d orJ y i n Lisp .  I n nXLONE,  a 
concep t  i s mor e tha n a  se t  o f  features :  i t  i s a  comple x o f  require d an d optiona l  subpart s fillin g 

wel l  define d roles ,  eac h o f  whic h m a y hav e it s o w n typ e restrictions .  I n additio n t o bein g abl e t o 

use comple x structxire d description s i n it s reasoning ,  ̂ iKLON E exhibit s a  facilit y  fo r  plausibl e 

inferenc e du e t o it s ir\herentl y paralle l  constrain t  satisfactio n algorith m tha t  i s no t  share d b y 

symboli c systems .  Thi s pape r  describe s h o w th e syste m answer s a  quer y tha t  require s bot h o f 

thes e characteristics .  I t  i s hope d tha t  thi s  i s th e beginning s o f  a  respons e t o (McDermott ,  1986)' s 

challeng e tha t  connectioiust s shoul d pa y mor e attentio n t o architectura l  issue s an d rel y les s o n 

learrung . 

1. Previous Work 

The semanti c network s o f  (Quillian ,  1968 )  wer e develope d t o mode l  c o m m o n sens e reasonin g usin g 

spreadin g activation .  Th e degre e t o whic h concept s ar e relate d determine s th e influenc e the y exer t  o n 

one another .  (Hinton ,  1981 )  develop s a  mor e structure d semanti c networ k influence d b y th e theor y o f 

cas e frame s i n whic h concept s pla y on e o f  thre e differen t  role s i n a  frame .  ̂  I n addition ,  th e concept s 

themselve s hav e a  meaningfu l  substructure :  the y ar e compose d o f  micro-features .  ELEPHANT i s 

represente d a s th e conjunctio n o f  th e <big> ,  <gray> ,  an d <mammal > micro-features .  Thi s give s th e 

flexibilit y  t o reaso n abou t  nove l  concept s tha t  ca n b e represente d a s conjunction s o f  existin g micro -

features .  I t  als o perfonn s propert y ir\heritanc e automatically :  sinc e th e elephan t  patter n contair\ s th e 

M A M M AL pattern ,  propertie s o f  mammal s appl y t o elephants ,  unles s the y ar e overridde n b y th e othe r 

micro-feature s o f  elephants . 

(Shastri, 1985) is an extension of early semantic nets in a different direction. He retains the simple localist 

encodin g o f  concepts ,  bu t  add s a  forma l  theor y o f  evidentia l  reasonin g whic h ca n b e encode d wit h 

connectio n strength s an d thu s efficientl y executed .  Structure d knowledg e ca n b e represente d usin g 

propertie s an d values .  Properties ,  lik e concepts ,  ar e definabl e i n a  hig h leve l  languag e an d ar e organize d 

int o a n IS A hierarchy .  I n Shastri' s  syste m th e forma l  elements ,  units ,  correspxjn d t o knowledg e leve l 

entitie s lik e concepts .  I  wil l  cal l  suc h system s symboli c t o distinguis h the m fro m system s lik e Hinton' s i n 

whic h th e forma l  element s ar e a t  a  lowe r  level . 

Although the micro-feature based representations of Hinton's system allow automatic inheritance and 

'Th e theorie s o f  frames ,  schemas ,  an d struchire d inheritanc e network s eac h hav e thei r  o w n terminology .  I  wi U us e "concept " 
uniforml y instea d o f  schem a o r  fram e an d "role "  instea d o f  slo t  o r  case . 
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th e representatio n o f  nove l  concepts ,  previousl y n o syste m usin g the m ha s ha d th e expressiv e powe r  o f 

symboli c system s lik e Shastri's .  n K L O N E resemble s curren t  A I  semanti c network s i n expressiv e power , 

particularl y K L 2 (Vilain ,  1985) ,  afte r  whic h i t  wa s consciousl y modeled .  I t  incorporate s a  thir d ontologi -

cal  category ,  individuals ,  i n additio n t o concept s an d roles .  Th e languag e fo r  definin g a  knowledg e bas e 

(KB )  make s i t  possibl e t o specif y valu e restriction s o n th e filler s o f  a  rol e (fo r  instance ,  th e jOB s o f 

MILLIONAIRE S mus t  b e ARMCHAIR-ACnviTlES )  an d minimu m restriction s (fo r  instance ,  a  MILLIONAIR E mus t 

hav e a t  leas t  on e JOB) .  Appendi x I  give s a  brie f  descriptio n o f  th e K B language . 

2. An Example Plausible Inference 

2.1. Informal Description 

The followin g scenari o motivate s th e nee d t o reaso n abou t  cor\flictin g beliefs .  Jun e ha s mad e som e 

unwarrante d conclusion s abou t  Te d fro m hi s conversatio n an d appearance ;  specificall y h e i s walkin g 

alon g a  pie r  wearin g a  captain' s ha t  an d knowledgeabl y discussin g th e influenc e o f  independen t 

producer s o n televisio n programming .  Jun e assume s tha t  Te d i s a  sailor ,  an d tha t  h e mus t  b e deepl y 

intereste d i n television .  Th e nex t  wee k sh e see s Ted' s pictur e i n th e newspape r  wit h th e captio n 

"Millionair e Playbo y Te d Turner. "  Sh e n o w conclude s tha t  sailin g i s onl y a  hobb y o f  Ted's ,  sinc e mil -

lionaire s don' t  hav e job s requirin g vigorou s activit y bu t  coul d affor d a n experwiv e sailboat .  Millionaire s 

usuall y hav e a  job ,  s o perhap s Te d i s a  hig h leve l  televisio n executive . 

2.2. Formal Domain Description 

The forma l  descriptio n o f  June' s initia l  assumption s an d genera l  worl d knowledg e i s give n i n appendi x I . 

I n th e knowledg e bas e Te d i s asserte d t o b e a  sailor ,  someon e whos e jo b i s sailing ,  an d a  TV-Buff , 

someone w h o ha s a n interes t  tha t  i s  a  television-relate d activity .  A  millionaire-playbo y i s define d t o b e a 

perso n wit h a  hobb y tha t  i s  a n activit y requirin g a n expensiv e prop .  Millionaire-playboy s mus t  hav e a t 

leas t  on e job ,  an d al l  thei r  job s mus t  b e armchai r  activities . 

The primary query used as an example in this paper is given at the end of appendix I, and can be 

paraphrase d "I f  Te d wer e a  millionaire-playboy ,  wha t  woul d hi s jo b an d hobb y be? "  Th e syste m 

answer s tha t  sailin g woul d b e Ted' s hobb y an d tha t  TV-Network-Managemen t  woul d b e hi s job .  T o 

demonstrat e tha t  th e presuppositio n tha t  Te d i s a  millionaire-playbo y affect s th e reasonin g process ,  th e 

syste m ca n b e aske d "Wha t  ar e Ted' s jo b an d hobby? "  I n thi s cas e th e answe r  i s sailin g i s Ted' s job ,  an d 

he ha s n o hobbie s (TV-Watchin g i s see n a s a n interest ,  bu t  no t  necessaril y  eithe r  a  hobb y o r  a  job) . 

23. High Level Description of Reasoning Process 

The presuppositio n "I f  Te d wer e a  millionaire-playboy "  conflict s wit h th e knowledg e bas e becaus e 

sailin g i s a  vigorous-activity ,  an d th e job s o f  millionaire-playboy s mus t  b e armchair-activities .  Th e initia l 

impac t  o f  thi s conflic t  i s  tha t  sailin g i s likel y t o b e on e o f  Ted' s interests ,  bu t  f)erhap s no t  hi s job .  Sinc e 

millionaire-playboy s mus t  hav e expensiv e hobbie s an d onl y tw o activitie s know n t o requir e expensiv e 

prop s ar e i n th e KB ,  eithe r  flyin g o r  sailin g ar e mos t  likel y t o b e chosen .  Hobbie s an d job s ar e bot h 

interests ,  s o scenario s i n whic h Ted' s hobb y i s sailin g ar e see n t o b e mor e plausibl e tha n thos e wher e i t  i s 
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flying. 

Millionaire-playboys must have a job that is an armchair activity and a profitable activity. Both TV-

Network-Managemen t  an d Corporate-Raidin g fi t  thi s category ,  bu t  th e forme r  i s mor e plausibl e becaus e 

i t  i s  know n tha t  Te d i s intereste d i n television .  Th e distractor s TV-actin g an d TV-watchin g ar e i n th e 

knowledg e bas e t o demonstrat e tha t  al l  thre e factor s (bein g TV-related ,  profitable ,  an d a n armchair -

activity )  ar e take n int o account . 

This kind of reasoning requires a structured treatment of properties. It is crucial to distinguish that 

vigorous-activit y applie s t o sailing ,  tha t  millionaire-playbo y applie s t o Ted ,  an d tha t  Ted' s relatio n t o 

sailing ,  has-job ,  ha s it s o w n properties ,  suc h a s requirin g sailin g t o b e a  profitable-activity .  However ,  th e 

structura l  propertie s alon e ar e no t  sufficien t  t o determin e tha t  sailing ,  rathe r  tha n flying ,  i s Ted' s hobby . 

Thi s decisio n i s th e resul t  o f  residua l  activatio n o f  sailin g a s Ted' s job .  Defaul t  logi c approache s (Reiter , 

1980 )  ar e limite d t o binar y decision s o n th e consistenc y o f  a  theory ,  an d hav e difficult y makin g choice s 

lik e thi s base d o n relativ e plausibilities . 

3. System Implementation 

3.1. Architecture 

One reaso n powerfu l  non-symboli c system s ar e difficul t  t o buil d i s th e proble m o f  representin g mor e 

tha n on e concep t  a t  a  time ,  a  capabilit y  tha t  i s  require d t o infe r  Ted' s hobby .  Sinc e eac h concep t  i s 

represente d a s a  patter n ove r  man y units ,  i t  i s no t  practica l  t o represen t  ver y many .  Th e bes t  approac h 

seems t o b e t o buil d a  smal l  numbe r  o f  specia l  purpos e registers .  Thi s ha s th e advantag e ove r  th e localis t 

approac h tha t  a  concep t  ca n b e represente d i n differen t  register s i n differen t  contexts ,  an d eve n i n 

multipl e place s a t  th e Scun e time .  Th e latte r  i s  especiall y difficul t  fo r  localis t  systems . 

At any one time, ^iKLONE can represent a single individual and information relevant to it. This includes 

th e concept s i t  instantiates ,  an y numbe r  o f  othe r  individual s t o whic h i t  i s  related ,  th e concept s the y 

instantiate ,  th e relation s involved ,  an d valu e restriction s (VRs) ,  valu e permission s (VPs) ,  an d m in imu m 

restriction s (MinRs )  o n th e relations .  Th e modula r  architectur e show n i n figur e 1  reflect s thes e distinc -

tions .  There  ar e fiv e module s primaril y responsibl e fo r  th e representation ,  thre e auxilliar y module s 

whic h mediat e som e o f  th e inter-modul e constraints ,  a  variabl e numbe r  o f  module s use d fo r  inpu t  an d 

output ,  an d a  variabl e numbe r  o f  auxiliar y I/ O modules .  There  i s n o limi t  t o th e numbe r  o f  concepts , 

relations ,  o r  relate d individual s tha t  ca n b e represente d i n th e fiv e module s an d use d i n reasoning ,  bu t 

th e numbe r  simultaneousl y accessibl e t o th e use r  i s limite d b y th e numbe r  o f  I/ O modules .  T o represen t 

th e exampl e questio n o f  sectio n 2.2 ,  th e patter n fo r  Te d i s dampe d i n th e subjec t  module ,  th e patter n fo r 

MILUONAIRE-PLAYBOY i n a  subjcct-type-I/ O module ,  th e patter n fo r  HAS-JO B i n on e role-I/ O module ,  an d 

th e patter n fo r  HAS-HOBBY i n a  secon d role-I O module .  Afte r  a n annealin g searc h (Kirkpatrick ,  1983) ,  th e 

patter n fo r  (sailing )  i s foun d i n th e firs t  role-filler s I/ O modul e an d fo r  {TV-Network-Management }  i n 

th e second .  Als o represente d internall y ar e th e V R tha t  al l  th e subject' s job s ar e armchair-activities ,  an d 

th e fact s tha t  sailin g i s a  vigorous-activity ,  tha t  TV-network-managemen t  i s a  profitable-activit y an d a n 

armchair-activity ,  a s wel l  a s (irrelevant )  typ e informatio n abou t  th e fiv e individual s tha t  hav e n o know n 

relation s t o Ted . 
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3.2 .  Representation s 

3.2.1. Individuals 

The seve n individual s i n th e K B ar e describe d b y th e concept s the y instantiat e an d th e relation s the y 

participat e in ,  bu t  hav e n o interna l  structure .  A  localis t  representatio n i s used ,  wit h eac h bi t  correspond -

in g t o a n individual .  Thi s nuke s i t  eas y t o represen t  set s o f  individuals ;  th e patter n fo r  {Te d Flying )  i s 

seve n bit s long ,  an d exactl y tw o o f  th e bit s ar e on . 

322. Concepts 

A concep t  patter n ha s on e bi t  fo r  ever y micro-featiu" e derive d fro m th e KB .  Ever y primitiv e concep t  ha s 

it s o w n micro-feature ;  i n additio n ther e i s a  micro-featur e fo r  ever y distinc t  valu e restriction ,  valu e 

permission ,  m in imu m restriction ,  an d disjointnes s restrictio n mentione d i n th e KB .  Th e activ e bit s i n th e 

patter n fo r  SAILOR ,  fo r  instance ,  ar e thos e correspondin g t o th e <pnmitiv e clas s person > an d <permissio n 

has-jo b sailing > micro-features .  I t  i s  apparen t  tha t  a  ver y simpl e algorith m i s sufficien t  t o deriv e th e 

require d micro-featiu-es .  Th e concep t  micro-feature s fo r  th e exampl e domai n ar e Uste d abov e th e 

subject-typ e modul e i n figur e 1 . 

3.23. Roles 

Role s ar e als o repriesente d a s set s o f  micro-features .  I n thi s cas e th e possibl e micro-feature s com e fro m 

primitiv e roles ,  domai n restrictions ,  an d rang e restrictions ,  an d ar e liste d t o th e lef t  o f  th e 

role-filler-type-restriction s modul e i n figur e 1 . 

3.2.4. Minimum Restrictions 

The Min R l O group s us e a  unar y encodin g o f  th e min imu m numbe r  o f  filler s a  rol e mus t  have :  zer o i s 

represente d b y turnin g al l  bit s off ,  tw o i s represente d b y turnin g th e " 1 "  an d " 2 "  bit s on ,  etc .  Th e 

max imu m numbe r  tha t  need s t o b e represente d i s th e numbe r  o f  individual s i n th e KB ,  i n thi s cas e seven . 

3.2.5. Derived Representations 

Valu e restriction s ar e identifie d b y th e combinatio n o f  th e rol e tha t  i s  bein g restricte d an d th e concep t 

whic h an y filler s o f  tha t  rol e mus t  instantiate ,  fo r  exampl e HAS-JO B ARMCHAlR-ACnviTY .  Valu e permis -

sion s ar e a  combinatio n o f  a  rol e an d a  se t  o f  individual s fillin g th e role ,  suc h a s HAS-JO B {sailing) . 

Bindin g tw o entitie s togethe r  i s no t  straightforwar d i n distribute d connectionis t  systems .  (xKLON E use s a 

kin d o f  coars e coding ,  a  techniqu e describe d i n (Hinton ,  1986a) .  T o bin d a  se t  o f  individual s whos e patter n 

has lengt h I  wit h a  rol e whos e patter n ha s lengt h R  require s a  registe r  wit h R  row s o f  /  unit s (se e figur e 2) . 

For  eac h i  and; ,  th e uni t  a t  coordinate s i, j  i s  turne d o n i f  an d onl y i f  bot h th e it h bi t  i n th e rol e patter n an d 

the;t h bi t  i n th e individual-se t  patter n ar e on . 

Using coarse coding a number of pairs can be stored simultaneously by superimposing their patterns. 

Normall y ther e i s a  limi t  t o thi s numbe r  becaus e pattern s begi n t o interfer e wit h on e another ,  makin g 

the m difficul t  t o reconstruct .  I n p K L O N E th e pattern s ar e constructe d s o tha t  th e combinatio n o f  tw o o r 

more patteni s alway s produce s a  patter n whos e meanin g i s a  necessar y consequenc e o f  th e meaning s o f 

th e constituen t  patterns .  Interferenc e i s no t  degradin g retrieva l  ability ,  i t  i s  actuall y performin g in -

ferences ! 
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Patter n fo r  HAS-HOBBY, 
Patter n fo r  HAS-EXPENSIVE-HOBB 

domai n ACTIVIT Y 
domai n ANIMA L 

rang *  INANIMATE-OBJEC T 
rang e PRODUCTIVE-ACTIVIT Y 

rang e ACTIVIT Y 
rang e EXPENSIVE-ACTIVIT Y 

rang e EXPENSIVE-ITE M 
rang e TV-RELATED-ACTIVIT Y 
primitiv e clas s HAS-HOBBY 

primitiv e clas s HAS-PROP 
primitiv e clas s HAS-JO B 

primitiv e clas s HAS-INTERES T 

9 
c 

fl  O  C- H 

Patter n fo r  TV-Watchln g an d Flyin g 
fillin g th e HAS-HOBBY rol e (dark ) 
Pattern for TV-Watchlng, Flying, 
and Sailin g al l  fillin g th e 

HAS-EXPENSIVE-HOBBY rol e 
(ligh t  an d dark ) 

Figur e 2 :  T w o example s illtistratin g h o w pair s o f  pattern s ar e oonjianctivel y coded .  Th e first  exampl e (black )  combine s th e tw o 
bi t  patter n fo r  {TV-Watchin g Flying }  wit h th e on e bi t  patter n fo r  has-hobby ,  producin g a  2x 1 bi t  patter n i n th e role-filler a 
modul e representin g th e fac t  tt»at  {TV-Watchin g Hying )  i s  th e se t  o f  filler s o f  th e has-hobb y role .  Th e secon d exampl e (griay ) 
combine s th e thre e bi t  patter n fo r  {TV-Watchin g Flyin g Sailing }  wit h th e tw o bi t  patter n fo r  has-expensive-hobby ,  producin g a 
si x bi t  patter n i n di e role-filler s module .  Sinc e th e forme r  valu e permissio n necessaril y  follow s fro m th e latter ,  it s  tw o bi t 
patter n i s containe d b y th e si x bi t  patter n o f  th e latter . 

The reason for this can be inferred from figure 2, which illustrates that the pattern for the value permis-

sion HAS-EXPENSIVE-HOBBY fTV-Watching Hying Sailing) contains that for HAS-HOBBY {TV-Watching 

Flying). Not coincidently the latter VP is a necessary consequence of the former. In the more general case 

where neither pattern contains the other, their superposition will yield new VPs. 

The pattern for a VP, A, contains that for VP B if and only if the role and individual patterns used to form 

A contain those forming B. This happens if B's role is more general than A's, or if B's individual set is 

contained by A's, which are just the conditions under which B is a necessary consequence of A. The 

weaker VP is always represented by fewer bits. 

In  the role-filler-type-restrictions module, multiple concept/role pairs are represented and the same 

kind of inference by interference is desirable. Unfortunately a value restriction entails other VRs with 

more general concepts or more specific roles. For example if all your hobbies are profitable-activities, then 

svu^ly all your expensive-hobbies are activities. If the normal role representation is used, however, the 

weaker VR may be represented by more bits than the stronger one. To fix this, patterns for VRs are 

calculated as in figure 2 while pretending that role patterns are complemented. This way more specific 

roles have fewer bits on. 
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3 3 .  Constraint s 

Al l  th e constraint s o n th e stat e o f  th e networ k ar e currentl y implemente d a s symmetric ,  weighted ,  pair -

wis e link s betwee n imits ,  an d biases  o n individual  units .  Unit s linke d wit h a  positiv e weigh t  ten d t o 

excit e eac h other ,  an d xmit s linke d b y negativ e weight s inhibi t  eac h other .  T h e ^ K L O N E algorith m 

define s a  networ k o f  unit s an d links ,  wh ic h ca n the n b e ru n a s eithe r  a  Bol tzmai m Mach in e (Hinton , 

1986b )  o r  a  Hopfiel d networ k (Hopfield ,  1984) .  A s discusse d below ,  usin g onl y pairwis e link s i s provin g 

t o b e a  problem ,  an d I  pla n t o us e a  m o r e powerfu l  mode l  i n th e future . 

3 J.l. Constraints on Coherent Concepts and Roles 

Ther e ar e thre e places  wher e constraint s ar e require d t o ensur e tha t  coheren t  concept s an d role s ar e 

represented :  th e subject-typ e m o d u l e mus t  correctl y describ e th e subject ,  eac h c o l u m n i n th e role-filler s 

modu l e mus t  correctl y describ e s o m e rol e bein g filled ,  an d eac h r o w i n th e role-filler-type s m o d u l e mus t 

correctl y describ e a n individual. ^ 

Two types of assertions require links to ensure a coherent pattern is represented: "specializes" clauses 

requir e th e patter n fo r  th e m o r e genera l  concep t  o r  rol e t o b e presen t  i f  th e m o r e specifi c  on e is ,  an d 

"disjoint "  clause s forbi d tw o concep t  o r  rol e pattern s t o b e presen t  a t  th e s a m e time .  I n th e simpl e cas e o f 

primitiv e concept s o r  role s wher e eac h patter n ha s onl y on e bi t  on ,  a  singl e implicatio n lin k (se e figur e 3a ) 

or  a  singl e inhibitor y lin k (3c )  suffice s t o effec t  th e constraint .  Otherwise ,  pairwis e link s canno t  imple -

ment  th e constrain t  and ,  i n th e Boltzmai m o r  Hopfiel d rwtworks ,  extr a imit s m u s t  b e use d (figur e 3 b an d 

d) .  N o link s ar e require d t o implemen t  define d specializatio n relations .  T h e patter n fo r 

MILUCWAIRE-PLAYBOY,  fo r  instance ,  alread y contain s tha t  fo r  PERScasi . 

3.3.2. Other Constraints 

Describin g al l  th e constraint s e m b e d d e d i n ̂ K L O N E i n detai l  wou l d b e exceedingl y tedious .  Usin g 

micro-featur e base d representatiorw ,  al l  th e requirement s fo r  a  plausibl e interpretatio n o f  th e quer y 

reduc e t o fairl y  loca l  relation s betwee n uni t  state s o f  th e typ> e illustrate d i n figur e 3 .  Thes e logica l 

relation s ar e use d t o implemen t  th e followin g constraints : 

•  Rol e D o m a i n an d R a n g e Constraints :  A  uni t  i n th e role-filler s m o d u l e i n th e "sailing " 

co lum n an d th e "domai n a n i m a l "  r o w shoul d onl y c o m e o n i f  th e <primitw e clas s animal > 

micro-featur e i s activ e i n th e subject-typ e module .  A  uni t  i n th e "sailing "  co lum n an d th e 

"rang e ACmviTY "  r o w shoul d onl y c o m e o n i f  th e <sailin g i s a n acHinty > micro-featur e i s activ e 

i n th e role-filler-type s module . 

•  Individua l  T y p e Constraints :  I f  Te d i s asserte d t o b e a  SAILO R i n th e K B ,  an d Te d i s th e 

subject ,  the n th e sailo r  patter n mus t  b e activ e i n th e subject-typ e modu le .  T h e SAILO R 

patter n mus t  b e activ e i n th e r o w representin g Ted' s typ e i n th e role-filler-type s m o d u l e n o 

matte r  wha t  th e subjec t  is . 

•  Valu e Permissio n Constraints :  I f  SAILO R i s represente d i n th e subject-typ e modu le ,  the n th e 

HAS-JOB patter n mus t  b e activ e i n th e "sailing "  co lum n o f  th e role-filler s module .  Ther e ar e 

n o "instantiate-role "  assertion s i n th e exampl e K B ,  bu t  i f  Te d ha d bee n asserte d t o hav e a n 

interes t  i n flying ,  the n th e Te d uni t  i n th e subjec t  m o d u l e wou l d activat e th e HAS-INTERES T 

^Becaus e incompatibl e role s ma y b e restricte d t o b e fille d wit h th e sam e typ e o f  individual ,  column s i n th e 
rolc-filler-type-rc*triction s modul e d o no t  necessaril y  represen t  coheren t  roles .  Incompatibl e typ e restriction s ma y b e impose d o n 
a role ,  s o row s i n thi s grou p d o no t  necessaril y  represen t  coheren t  concepts . 
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primitiv e clas a primitiv e clas s 
anima l  parso n 

primitiv e clas s primitiv e clas s 
perso n anima l 

primitiv e clas s primitiv e clas s 
perso n activit y 

bia s 
lin k 

An Implicatio n lin k (left )  Implemente d a s tw o palrwls e link s (right ) 

(a) 

O - O 

Dlsjolntnes s constrain t  implemente d 
directl y wit h palrwls e lin k 

(C) 

O o 

I f  patter n a  i s presen t  (fallin g cross-hatching) ,  the n patter n b 
must  b e presen t  (risin g cross-hatching ) 

(b) 

O O 

I f  patter n a  I s presen t  (fallin g cross-hatching) ,  the n patter n b 
must  no t  b e b e presen t  (risin g cross-hatching ) 

(d ) 

Figure 3: («) Specializes constraints are implemented with implication links, Miiich require two pairwise links. The contribution 
t o th e globa l  energ y hmctio n i s  +h '  i f  th e <primittv t  clas s person > micro-featur e i s o n an d th e <primitiv e clas s animal > 
micro-featur e i s off ;  otherwis e th e contributio n i s zero .  Implicatio n link s ar e draw n wit h a n arrowhea d an d labele d wit h a n 
unsigne d weigh t  (b )  W h e n th e patter n o f  th e mor e specifi c  concep t  ha s mor e tha n on e activ e bit ,  extr a unit s ar e require d t o 
detec t  it s  presence ;  an d whe n th e patter n o f  th e mor e genera l  concep t  ha s mor e tha n on e activ e bi t  no t  share d b y th e mor e 
specifi c  concept ,  mor e tha n on e implicatio n lin k i s required ,  (c )  Disjoin t  constraint s ar e implemente d wit h inhibitor y pairwis e 
link s i f  bot h concep t  pattern s hav e a  singl e bi t  on .  (d )  Otherwis e a  techniqu e discovere d b y Stev e Nowia n requirin g a  "winne r 
tak e all "  circui t  attache d wit h inhibitor y link s i s use d t o mak e sur e th e unio n o f  th e tw o pattern s result s i n a  hig h energ y state . 
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patter n i n th e "flying "  colum n o f  th e role-filler s module . 

> Valu e Restrictio n Constraints :  Th e <restrictio n has-jo b armchair-activity > micro-featur e i n th e 

subject-typ e modul e mus t  exdte  th e patter n fo r  thi s V R i n th e role-filler-type-restriction s 

module .  I f  a  V R i n th e latte r  modul e applie s t o a  rol e bein g fille d b y som e individual ,  the n th e 

individua l  mus t  b e o f  th e appropriat e type ,  a s represente d i n th e role-filler-type s module . 

Detectin g whethe r  a  V R applie s t o a  role-fille r  canno t  b e don e wit h pairwis e link s alone ,  s o 

ther e i s a n auxiliar y modul e t o implemen t  thes e constraints .  Thi s modul e i s actuall y large r 

tha n al l  th e other s pu t  together ,  an d s o i s th e limitin g facto r  o n th e network' s speed .  I  pla n t o 

giv e u p th e simphdt y o f  th e curren t  Boltzmann/Hopfiel d mode l  an d includ e mor e comple x 

relation s amon g unit s directl y a s term s i n th e energ y equatio n rathe r  tha n implementin g the m 

wit h pairwis e links .  Thi s wil l  eliminat e th e nee d fo r  al l  auxiliar y modules . 

M i n i m u m Restrictio n Constraints :  I f  th e < m m i m u m has-jo b 1 > micro-featur e i s o n i n th e 

subject-typ e module ,  the n th e HAS-JO B patter n mus t  b e activ e i n a t  leas t  on e o f  th e seve n 

column s i n th e role-filler s module . 

3.4 .  Input/Outpu t  Implementatio n 

Producin g an d interpretin g |iKLONE' s distribute d an d coars e code d representation s require s rathe r 

elaborat e machinery .  Th e exceptio n t o thi s complexit y i s th e subjec t  module ,  wher e a  loca l  represen -

tatio n i s used ,  an d exactl y on e uni t  i s  alway s active .  Inpu t  an d outpu t  tak e plac e directl y i n thi s module . 

I n th e subject-typ e module ,  whic h use s distribute d bu t  no t  coars e code d representations ,  severa l  concep t 

pattern s ma y b e combined .  T o allo w th e syste m thi s freedom ,  constraint s o n th e subject' s typ e impose d 

by presupposition s o f  a  quer y ar e expresse d b y clampin g pattern s int o on e o r  mor e subject-type-I O 

modules ,  rathe r  tha n dampin g th e subject-typ e modul e directly .  Th e concep t  represente d i n th e 

subject-typ e modul e mus t  b e subsume d b y eac h concep t  i n th e subject-type-I O modules . 

Each "with" clause in a query requires a set of lO modules to represent the role, MinR, role fillers, and 

VR.  Eac h MinR-I O modul e interact s solel y wit h a  role-fillers-I O modul e t o ensur e tha t  a  suffiden t 

number  o f  individual s ar e represente d there .  Usin g th e techniqu e o f  figur e 2 ,  th e rol e an d role-filler s 

pattern s i n l O module s ar e combine d i n a n auxilliar y module ,  whic h i s constraine d t o pul l  ou t  o f  th e 

centra l  role-filler s module .  Pul l  ou t  i s  a  techniqu e introduce d i n (Mozer ,  1984 )  fo r  extractin g meaningfu l 

constituent s fro m coarse-code d module s i n whic h severa l  pattern s hav e bee n superimpxjsed .  Wit h thi s 

arrangement ,  th e se t  o f  individual s represente d i n th e Role-Fillers-I O modul e fillin g th e rol e represente d 

i n th e role-I O modul e mus t  b e a  subse t  o f  al l  th e rol e filling s represente d i n th e centra l  role-filler s 

module .  Usin g th e sam e techniqu e o f  havin g a n auxiliar y pull-ou t  group ,  th e concep t  represente d i n th e 

VR-I O modul e a s a  restrictio n o n th e rol e represente d i n th e rolc-I O modul e i s force d t o b e on e o f  th e 

VRs represente d i n th e centra l  role-filler-type-rcstriction s module .  Thoug h describe d a s performin g 

input ,  an y o f  thes e 1 0 module s ca n perfor m outpu t  i f  the y ar e no t  clamped .  Positiv e biase s o n al l  th e 

input/outpu t  unit s resul t  i n th e retrieva l  o f  th e mos t  sp)edfi c answer s compatibl e wit h th e scenari o 

represente d i n th e centra l  modules . 

3.5. Performance 

The networ k derive d fro m th e exampl e K B ha s 253 1 unit s an d 16,95 9 links .  Usin g th e Hopfiel d mode l  fo r 

annealin g i s generall y mor e effiden t  tha n usin g th e Boltzman n model, ^  an d require s a n annealin g 

^ (Marroqiiin, 1985) reports an order of magnitude improvement. 
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schedul e o f  50 0 tim e step s fo r  thi s network .  A t  eac h tim e ste p th e stat e o f  eac h uni t  i s  updated ,  an d th e 

entir e searc h take s 1 0 minute s o n a  Symbolic s Lis p Machine . 

4. A More Detailed Description of the Reasoning Process 

Posin g th e exampl e quer y entail s clampin g pattern s i n som e o f  th e modules .  O n e uni t  clampe d o n i s th e 

Ted uni t  i n th e subjec t  module .  Sinc e Te d i s know n t o b e a  SAILO R an d a  TV-BUFF ,  thi s uni t  excite s thos e 

pattern s i n th e subject-typ e module .  A t  th e sam e tim e th e patter n fo r  MILUONAIRE-PLAYBOY i s clampe d 

int o subject-type-IO-1 ,  whic h excite s th e sam e patter n i n th e subject-typ e module ,  wher e thre e concep t 

pattern s ar e n o w superimposed .  Th e cor\flic t  betwee n bein g a  sailo r  an d bein g a  millionair e playbo y i s 

not  fel t  here ,  though ,  bu t  i n th e coars e code d modules .  Th e <permissio n has-jo b sailing > micro-featur e 

excite s th e patter n fo r  HAS-JO B i n th e sailin g colum n o f  th e role-filler s module .  Sinc e sailin g i s asserte d t o 

be a  VIGOROUS-ACTIVITY ,  thi s patter n ha s alread y becom e activ e i n th e sailin g ro w o f  th e role-filler-typc s 

module .  Th e <restrictio n has-jo b armchair-activity > nucro-featur e i n th e subject-typ e modul e excite s th e 

correspondin g patter n i n th e role-filler-type-restriction s module .  Sinc e sailin g i s fillin g thi s role ,  th e 

ARMCHAlR-AcnviT Y patter n i s exdte d i n th e sailin g ro w o f  th e role-filler-type s module .  N o w tw o con -

tradictor y patterns ,  vigorous-activit y an d armchair-acitvity ,  ar e exdte d i n thi s row .  Th e conflic t  ca n 

be worke d ou t  b y violatin g an y o f  severa l  constraints :  tha t  vigorous-activitie s an d armchair-activitie s ar e 

contradictory ,  tha t  sailin g i s a  vigorou s activity ,  tha t  playboy s hav e sedentar y jobs ,  tha t  sailors '  job s 

includ e sailing ,  tha t  Te d i s a  playboy ,  o r  tha t  Te d i s a  sailor .  Eac h o f  thes e constraint s ha s a n assodate d 

cos t  fo r  violation .  I n a  learnin g syste m thes e cost s woul d b e chose n automatically .  Her e I  hav e chose n 

the m s o th e requiremen t  tha t  sailin g mus t  b e th e jo b o f  a  sailo r  i s  weakest .  Afte r  bein g excite d initially , 

th e patter n fo r  HAS-JO B i s inhibite d i n th e sailin g colum n o f  th e role-filler s module . 

The <minimum Has-Expensive-Hobby 1> subject-type micro-feature is active, so sonve individual must be 

fovm d t o fil l  th e role .  Th e on e chose n i s th e on e fo r  whic h th e has-expensive-hobb y patter n i s alread y 

most  active .  Sinc e flyin g an d sailin g ar e bot h know n t o b e ACnviTlES-REQUlRING-EXPENSlVE-PROPs ,  the y 

hav e a  hea d start .  I n addition ,  sailin g ha s som e residua l  activatio n o f  HAS-expensive-HOBB Y becaus e o f 

th e commonalit y wit h havin g a  job ,  whic h wa s formerl y active ,  an d s o sailin g i s chosen . 

The <minimum Has-TV-Rekted-Interest 1> subject-type micro-feature seeks a filler for its role. The lead-

in g candidate s ar e TV-Watching ,  TV-Acting ,  an d TV-Network-Management .  Simultaneously ,  th e 

< m i m m um Has-Jo b 1 > subject-typ e micro-feature ,  par t  o f  th e MlLUONAlRE-PLAYBOY pattern ,  seek s a  fille r 

fo r  it s  role .  Job s mus t  b e profitabl e activities ,  s o Corporate-Raiding ,  TV-Acting ,  an d TV-Network -

Management  ar e leadin g candidates .  TV-Acting ,  however ,  i s  a  vigorous-activit y an d i s inhibite d b y th e 

" V R HAS-jO B ARMCHAlR-ACnvi-nr "  patter n i n th e role-filler-type-restriction s module .  Sinc e 

TV-NETWORK-MANAGEMENT i s excite d b y bot h th e HAS-TV-RELATED-INTERES T an d HAS-JO B m in imu m restric -

tion s an d thes e role s hav e simila r  projjerties ,  i t  i s  chose n t o satisf y bot h requirements . 

Now the central modules have reached a stable configuration in which only one constraint is violated, 

whic h i s th e bes t  tha t  ca n b e don e fo r  thi s query .  Th e onl y remainin g tas k i s fo r  th e roIe-filler-I O 

module s t o pul l  ou t  th e individual s fillin g th e HAS-JO B an d HAS-HOBBY roles . 
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5.  Conclusio n 

HKLONE demonstrates that sophisticated knowledge representation systems can be developed which 

retain the advantages of micro-feature based representations. The Ted Turner example demonstrates that 

a sub-symboli c implementatio n ca n solv e conuno n sens e reasonin g problem s whic h caus e difficultie s fo r 

current symbolic systems. 
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I. Fonnal Domain Definition 

The following input was used by the network building algorithm to produce a Hopfield network for 

answerin g queries .  Th e synta x derive s fro m tha t  o f  KL2' s definitio n language .  Thre e ontologica l 

categories are used: concepts are classes of indixnduals. Roles are classes of two-place relations between 

individuals. DEFCONCEPT and DEFROLE statements normally give necessary and sufficient conditions 

for determining whether an individual instantiates a concept or whether an ordered pair of individuals 

instantiate s a  role .  Alternatively ,  i f  th e languag e i s no t  powerfu l  enoug h t o provid e sufficien t  condition s 

for recognizing membership, a concept or role can be defined to be primitive. In this case, the extension of 

the  concep t  o r  rol e m u s t  b e explicitl y  declare d usin g I N S T A N T I A T E - C O N C E P T o r  I N S T A N T I A T E - R O L E 

statements. Conditions which necessarily hold of instances of concepts or roles, but are not part of the 

recognitio n criteri a ar e asserte d wit h A S S E R T - C O N C E PT o r  A S S E R T - R O L E statements .  (Thi s i s rathe r 

different from KL2, where a completely different language is used for assertions.) 

((DEFCOVCEPT Anima l  (PRIMITIVE) )  ;anima l  i s  a  natura l  kin d -yo u can' t  defin e i t 
(DEFCOMCEPT Perso n (PRIMmVE) ) 
(ASSERT-CC»>JCEPT Perso n (SPECIALIZE S Animal) )  ;person s alway s tu m ou t  t o b e animal s 
(DEFCC»<JCEPT MiUionaire-Playbo y (SPEQALIZE S Person ) 
(SOME Has-Hobb y Activity-Requiring-Expensive-Prop) )  ; a playbo y mus t  hav e som e hobb y 

.-whic h i s a n ACnvnY-RBQunoNC-AN-EXPENSCVE-PROP 
(DEFCCHMCEPT Activity-Requiring-Expensive-Pro p (SPECIALIZE S Activity ) 
(SOME Has-Pro p Expensive-Item) ) 

(ASSERT-C(3NCEPT Millionaire-Playbo y (MI N H»-Jo b 1 )  ; a playbo y mus t  hav e a  JO B 
(RESTRICTIO N Has-Jo b Armchair-Activity) )  ; a playboy' s job s mus t  b e ARMCHAm-AcnvrrY S 

(DEFCCHMCEPT Sailo r  (SPECL\LIZE S Person )  (PERMISSIO N Has-Jo b Sailing) )  ;sailin g mus t  b e on e o f  a  sailor s job s 
(DEFCONCEPT Activit y (PRIMITIVE) ) 
(ASSERT-CONCEPT Activit y (DISJOIN T Inanimate-Object )  (DISJOIN T Animal) ) 
(DEFCCWCEPT Armchair-Activit y (PRIMITIVE) ) 
(ASSERT-CONCEPT Armchair-Activit y (SPECIALIZE S Activity) ) 
(DEFCONCEPT Vigorous-Activit y (SPECL\LIZE S Activity )  (DISJOIN T Armchair-Activity) ) 
(DEFCC»JCEPT Profitable-Activit y (PRIMITIVE) ) 
(ASSERT-CCHMCEPT Profitable-Activit y (SPECL\LIZE S Activity) ) 
(DEFCCWCEPT UnProfitable-Actlvlt y (DISJOIN T Profitable-Activity )  (SPEOAUZES Activity) ) 
(DEFC04CEPT Television-Related-Activit y (PRIMITIVE) ) 
(ASSERT-COMCEPT Televlslon-Related-Actlvit y (SPECIALIZE S Activity) ) 
(DEFCONCEPT Inanimate-Objec t  (PRIMITTVE) ) 
(ASSERT-CONCEPT Inanimate-Objec t  (DISJOIN T Animal) ) 
(DEFCONCEPT Expensive-Ite m (PRIMITIVE) ) 
(ASSERT-CONCEPT Expensive-Ite m (SPECL\LIZE S Inanimate-Object) ) 
(DEFCOICEPT TV-Buf f  (SOM E Has-Interes t  Television-Related-Activity) ) 
(ASSERT-CC»JCEPT TV-Buf f  (SPEQALIZE S Person) ) 
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(DEFROLE Has-Inleres t  (PRIMITIVE) ) 
(ASSERT-ROLE Ha»-Intcres t  (D(»4AI N Animal )  ;onl y animal s ca n hav e interest s 
(RANGE Actlvily) )  ;onl y ACTivrrY s ca n b e interest s 
(DEFROLE Has-Jo b (PRIMmVE) ) 
(ASSERT-ROLE Haa-Jo b (SPECHAUZES Has-Interest )  (RANGE Profitable-Activity) ) 
(DEFROLE Has-Hobb y (PRIMITIVE) ) 
(ASSERT-ROLE Ha»-Hobb y (SPECIALIZE S Has-Interest )  (DISJOIN T Has-Job) ) 
(DEFROLE Has-Pro p (PRIMITIVE) ) 
(ASSERT-ROLE Has-Pro p (DOMAI N Activity )  (RANGE Inanimate-Object) ) 

(INSTANTIATE-CONCEPT (Activily-Requlring-Expensive-Prop Vigorous-Activity) Sailing) 
(INSTANTL\TE-CC«^CEP T Actlvlty-Requiring-Expensive-Pro p Flying ) 
(INSTANTIATE-CONCEPT (Profitable-Activit y Armchair-Activity )  Corporate-Raiding ) 
(INSTANTL\TE-CONCEPT (Armchair-Activit y Television-Related-Activit y UnProfitable-Activity )  TV-Watching ) 
(INSTANTIATE-CCXMCEPT (Vigorous-Activit y Television-Related-Activit y Profitable-Activity )  TV-Acting ) 
(INSTANTIATE-C(»JCEP T (Armchair-Activit y Television-Related-Activit y Profitable-Activity )  TV-Network-Management ) 
(INSTANTL\TE-CONCEPT SaUor  Ted ) 
(INSTANTIATE-CONCEPT TV-Buf f  Ted) ) 

The query discussed in the paper, "If Ted were a millionaire-playboy, what would his job and hobby 

be? "  i s written : 

((SUBJECT Ted ) 
(SUBJECT-TYPE MiUionaire-nayboy ) 
(WIT H (ROL E Has-Hobby )  (HLLER S ?) ) 
(WIT H (ROL E Ha»-Job )  (FILLER S ?)) ) 
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Abstract 

Althoug h th e connectionis t  approac h ha s lea d t o elegan t  solution s t o a  numbe r  o f  problem s i n cognitiv e scienc e 
and artificia l  intelligence ,  it s suitabilit y  fo r  dealin g wit h iHX)blem s i n knowledg e representatio n an d inferenc e ha s 
ofte n bee n questioned .  Thi s pape r  partiall y  answer s thi s criticis m b y demonstratin g tha t  effectiv e solution s t o certai n 
problem s i n knowledg e representatio n an d limite d inferenc e ca n b e foun d b y adoptin g a  connectionis t  approach . 
The pape r  iM-esent s a  connectionis t  realizatio n o f  semanti c netwwks ,  i.e .  i t  describe s h o w knowledg e abou t 
concepts ,  thei r  properties ,  an d th e hierarchica l  relationshi p betwee n the m m a y b e encode d a s a n interpreter-fre e 
massivel y paralle l  networ k o f  simpl e processin g element s tha t  ca n solv e a n interestin g clas s o f  inheritanc e an d 

recognitio n problem s extremel y fas t  -  i n tim e propOTtiona l  t o th e dept h o f  th e conceptua l  hierarchy .  T h e 
connectionis t  realizatio n i s base d o n a n evidentia l  fOTmulatio n tha t  lead s t o pinciple d solution s t o th e problem s o f 
exceptions ,  multipl e inheritance ,  an d conflictin g informatio n durin g inheritance ,  an d th e bes t  matc h o r  partia l  matc h 
computatio n durin g recognition . 

1 Introduction 

Connectionist netwwks are playing an increasingly important role in artificial intelligence (AI) and cognitive 
scienc e an d hav e bee n employe d successfull y t o dea l  wit h a  variet y o f  problem s i n lo w an d intermediat e leve l 
vision ,  wor d perception ,  associativ e memory ,  wor d sens e disambiguation ,  modelin g o f  contex t  effect s i n natura l 
languag e understanding ,  speec h production ,  an d a  wid e rang e o f  issue s relate d t o learnin g (Cognitiv e Scienc e 85 ; 
McClellan d &  Rumelhart ,  1986 ;  Rumelhar t  &  McClelland ,  1986) .  However ,  fo r  connectionis m t o b e considere d a 
scientifi c  languag e o f  choic e fo r  expressin g solution s t o problem s i n cognitiv e scienc e an d AI ,  i t  mus t  b e 
demonstrate d tha t  i t  ca n b e use d t o represen t  highl y structure d knowledg e an d perfor m inference s base d o n suc h 
knowledge .  A  c o m m o n criticis m levele d agains t  connectionis m i s  tha t  althoug h i t  i s  appropriat e fo r  modelin g 
"approximate "  m e m o r y processe s suc h a s semanti c primin g associativ e recall ,  i t  i s  unsuitabl e fo r  dealin g wit h 
problem s relate d t o knowledg e representatio n an d reasoning . 

The work described in this paper partially answers the criticism by demonstrating that the connectionist 
approac h i s extremel y effectiv e i n solvin g certai n problem s i n knowledg e representatio n an d inference .  Thi s pape r 
present s a  connectionis t  realizatio n o f  semanti c networks ,  i. e i t  describe s h o w knowledg e abou t  concepts ,  thei r 
properties ,  an d th e hierarchica l  relationshi p betwee n them ,  m a y b e encode d a s a  connectionis t  networ k tha t  ca n 
comput e principle d solution s t o inheritanc e an d recognitio n problem s wit h extrem e efficiency .  S o m e salien t 
feature s o f  th e syste m are : 

i) The connectionist semantic networks use controlled spreading activation to solve an interesting class of 
inheritanc e an d recognitio n problem s extremel y fas t  -  i n tim e proportiona l  t o th e dept h o f  th e 
conceptua l  hierarchy . 

ii) The networks compute the solutions in accordance with an evidential formalization that derives from 
th e principl e o f  m a x i m u m entropy .  Thi s formalizatio n lead s t o a  principle d treatmen t  o f  exceptions , 
multipl e inheritanc e an d cortflictin g informatio n durin g inheritance ,  an d th e bes t  matc h o r  partia l  matc h 
computatio n durin g recognition . 

iii) The netwcM-ks operate without the intervention of a central controller and do not require a distinct 
interpreter .  Th e knowledg e a s wel l  a s mechanism s fo r  drawin g limite d inference s o n i t  ar e encode d 
withi n th e network . 

iv) The networks can be constructed from a high-level specification of the knowledge to be encoded and 
th e mappin g betwee n th e knowledg e leve l  an d th e networ k leve l  i s  precisel y specified .  Furthermore , 
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th e solutio n scale s becaus e th e desig n i s independen t  o f  th e siz e o f  th e semanti c memory . 

1.1 Representation and retrieval: An overview 

The system's conceptual knowledge is encoded in a connectionist network referred to as the Memory network. 
Thi s netwcxl c i s citabl e o f  performin g inheritanc e an d recognitio n vi a controlle d spreadin g activation .  A  proble m i s 
pose d t o th e networi c b y activatin g relevan t  node s i n i t  Onc e activated ,  th e networ k perform s th e require d inference s 
automaticall y an d a t  th e en d o f  a  specifie d interva l  th e answe r  i s availabl e implicitl y  a s th e level s o f  activatio n o f  a 
relevan t  se t  o f  nodes . 

In keeping with the connectionist paradigm, the presentation of queries to the Memory network, and the 
subsequen t  answe r  extractio n i s als o carrie d ou t  b y connectionis t  networ k fragment s calle d routines .  Routine s 
encod e canne d procedure s fo r  performin g specifi c  task s an d ar e represente d a s a  sequenc e o f  node s connecte d s o 
tha t  activatio n ca n serv e t o sequenc e throug h th e routine .  Routine s pos e querie s t o th e M e m wy networ k b y 
activatin g appropriat e node s i n it .  Th e M e m o r y networ k i n tur n return s th e answC T t o th e routin e b y activatin g 
respons e node s i n th e routine .  Th e activatio n returne d b y a  nod e i n th e M e m o r y networ k i s a  measur e o f  th e 
evidentia l  suppor t  fo r  a n answer .  I t  i s  assume d tha t  al l  querie s originatin g i n routine s ar e pose d wit h respec t  t o a n 
explici t  se t  o f  answer s an d ther e i s a  respons e nod e fo r  eac h possibl e answer .  Respons e node s compet e wit h on e 
anothe r  an d th e nod e receivin g th e m a x i m u m activatio n dominate s an d trigger s th e appropriat e action .  Thus , 

computin g a n answe r  amount s t o choosin g th e answe r  tha t  receive s th e highes t  evidenc e relativ e t o a  se t  o f  potentia l 
answers .  Th e actua l  answe r  extractio n mechanis m explicitl y  allow s fo r  "don' t  know "  a s a  possibl e answer .  Thi s 
m ay happe n i f  ther e i s insufficien t  evidenc e fo r  al l  th e choice s o r  i f  ther e i s n o clea r  cu t  winner .  Thi s interactio n 
betwee n th e M e m o r y networ k an d routine s i s depicte d i n Figur e 1 . 

12 Semantic networks, inheritance, and recognition 

The term "semantic networks" has been used in a vay general sense in the AI literature. We will however, only 
focu s o n th e centra l  aspect s o f  semanti c network s namely ,  tha t  concept s ar e represente d i n term s o f  thei r  propertie s 
an d tha t  th e subsumptio n relationshi p betwee n concept s i s capture d b y th e IS- A hierarchy .  Thi s charact^zatio n i s 
broa d enoug h t o captur e th e basi c organizationa l  principle s underlying/rome-base d representatio n langauge s suc h a s 
K RL (Bobro w &  Winograd ,  1976 )  an d K L - O N E (Brachma n &  Schmolze ,  1985) . 

The organization and structuring of information in a semantic network leads to an efficient realization of two 
kind s o f  inference s whic h w e wil l  refe r  t o a s inheritanc e an d recognition .  I t  ca n b e argue d tha t  thes e tw o 
complementar y form s o f  reasonin g li e a t  th e cor e o f  intelligen t  behavio r  an d ac t  a s precursor s t o mor e comple x an d 
specialize d reasonin g processes . 

Typically, inheritance refers to the form of reasoning that leads an agent to infer property values of a concept 
base d o n th e propert y value s o f  it s  ancestors .  W e defln e inheritanc e mor e genoall y t o includ e lookin g u p propert y 
value s directl y avail^I e a t  th e concep t  -  o f  cours e i f  suc h loca l  informatio n i s no t  availabl e the n inheritanc e involve s 
lookin g u p propertie s attache d t o concept s highe r  u p i n th e conceptua l  hierarchy .  M a n y cognitiv e task s m a y b e 
show n t o requir e inheritanc e a s a n intermediat e ste p -  wor d sens e disambiguation ,  determinatio n o f  case-fillers ,  an d 
enforcemen t  o f  selectiona l  restriction s ar e som e examples . 

Recognition is the dual of the inheritance problem. The recognition problem may be described as follows: 
"Give n a  descriptio n consistin g o f  a  se t  o f  properties ,  find  a  concep t  tha t  bes t  matche s thi s description" .  Not e tha t 
durin g matchin g al l  th e propert y value s o f  a  concq} t  m a y no t  b e availabl e locall y an d m a y hav e t o b e determine d vi a 
inheritanc e fro m it s ancestors .  Fo r  thi s reason ,  recognitio n m a y b e viewe d a s a  ver y genera l  for m o f  patter n 
matching :  on e i n whic h th e targe t  patterns ,  i.e .  th e se t  o f  pattern s t o whic h a n inpu t  patter n i s t o b e matched ,  ar e 
organize d i n a  hierarchy ,  an d wher e matchin g a n inpu t  patter n A  wit h a  targe t  patter n 7, -  involve s matching 

propertie s tha t  appea r  i n A  wit h propertie s loca l  t o T ^  a s wel l  a s t o jM ôpertie s tha t  T ^  inhoit s fro m it s ancestors . 

A recognition step followed by an inheritance step amounts to an important sort of reasoning namely, pattern 
completion .  Usin g recognitio n a  proces s ca n determin e th e identit y o f  a n objec t  base d o n it s partia l  description ,  an d 
havin g determine d th e object' s identit y th e proces s m a y perfor m a n inheritanc e ste p t o determin e th e unknow n 
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propertie s value s o f  th e objec t 

In addition to their ubiquity, inheritance and recognition are also significant because in spite of operating wiUi a 
larg e knowledg e base ,  human s po fo r m thes e inference s effordessl y an d extremel y fas t  -  ofte n i n a  fe w hundre d 
milliseconds .  Thi s suggest s tha t  inheritanc e an d recognitio n ar e perhap s basi c an d unitar y component s o f  symboli c 
reasonin g -  probabl y th e smalles t  an d simples t  cognitiv e operation s tha t  i )  produc e specifi c  responses ,  an d ii )  ca n b e 
initiated ,  an d hav e Uiei r  result s accesse d b y comple x an d higher-leve l  symboli c reasonin g processes .  Th e spee d wit h 
whic h Uies e qperation s ar c performe d als o suggest s tha t  the y ar e performe d fairl y automatically ,  an d typicall y d o no t 
requir e an y consciou s an d atientiona l  control .  Give n th e significanc e o f  inheritanc e an d recognition ,  i t  appear s 
reasonabl e t o pursu e a  computationa l  accoun t  o f  h o w thes e inference s m a y b e draw n wit h th e requisit e efficiency . 

In addition to offering computational effectiveness, the connectionist netwwk computes solutions to the 
inheritanc e an d recognitio n problem s i n accordanc e wid i  a  theor y o f  evidentia l  reasonin g tha t  derive s fro m th e 
principl e o f  m a x i m u m entropy .  Unde r  th e evidentia l  formulation ,  inheritanc e an d recognitio n ar e pose d a s proble m 
whos e answer s involv e choosin g th e mos t  likel y alternativ e from  a m o n g a  se t  o f  alternative s -  th e computatio n o f 
likelihoo d bein g carrie d ou t  wit h respec t  t o th e knowledg e encode d i n th e conceptua l  hierarchy .  Thi s reformulatio n 
provide s a  {xinciple d w a y o f  handlin g exception s an d resolvin g conflictin g ir^ormatio n durin g multipl e inheritance , 
and finding  bes t  matche s base d o n partia l  irtformatio n durin g recognition . 

This paper is about the connectionist realization and a detailed discussion of the underlying evidential 
formulatio n an d th e motivatio n fo r  adoptin g it ,  i s  beyon d th e scop e o f  thi s paper .  Th e evidentia l  formulation ,  it s 
relatio n t o Bayes '  rule ,  an d it s merit s ar e discusse d i n (Shastri ,  1987) ;  a  brie f  versio n tha t  deal s primaril y wit h 
inheritanc e appear s i n (Shastr i  &  Feldman ,  1985) .  Therein ,  i t  i s argue d tha t  althoug h non-evidentia l  treatment s suc h 
as proposal s base d o n Defaul t  Logi c (Etheringto n &  Reiter ,  1983 )  o r  o n th e Principl e o f  Inferentia l  Distanc e 
Orderin g (Touretzky ,  1986 )  ca n handl e exceptions ,  the y d o no t  dea l  wit h conflictin g informatio n adequatel y -  the y 
eithe r  m a k e arbitrar y choice s o r  simpl y repor t  a n ambiguity .  I n contrast ,  th e evidentia l  approac h provide s a 
semanticall y justifiabl e w a y o f  combinin g al l  th e relevan t  informatio n (eve n tiiough  som e o f  i t  m a y b e conflicting ) 
t o obtai n th e mos t  likel y answer . 

1J Related work on parallel encoding of semantic networks 

Fahlman's NETL (Fahlman, 1979) was the first attempt at encoding semantic netwwks as a massively parallel 
networ k o f  simpl e processin g elements .  N E T L element s communicate d wit h on e anothe r  unde r  th e contro l  o f  a 
centra l  controlle r  b y propagatin g discret e message s calle d markers .  A  networ k elemen t  coul d onl y detec t  th e 
presenc e o r  absenc e o f  a  marke r  i n Ui e input .  Thi s al l  o r  non e natur e o f  tiie  syste m m a d e i t  incapabl e o f  supportin g 
"bes t  match "  o r  "partia l  match "  operations .  Fo r  example ,  i n N E T L recognitio n amounte d t o finding a  concep t  tha t 
possesse d al l  o f  a  specifie d se t  o f  properties .  Furthermore ,  N E T L ' s solutio n t o th e inheritanc e proble m wa s sensitiv e 
t o rac e condition s i n th e presenc e o f  multipl e hierarchies .  Thes e limitation s o f  marke r  passin g system s ar e discusse d 
at  lengt h i n (Fahlman ,  1982 ;  Fahlma n e t  al. ,  1981 ;  Brachman ,  1985)' .  Finally ,  N E T L di d no t  full y  utiliz e th e 
potentia l  fo r  parallelis m becaus e th e inter-nod e communicatio n criticall y depende d o n instruction s issue d b y a 
centra l  (serial )  controller . 

Hinton proposed a "distributed" encoding of semantic networks using parallel hardware (Hinton, 1981). The 
informatio n encode d i n th e networ k wa s interprete d a s a  se t  o f  diple s o f  th e form :  [relation ,  rolel ,  role2] .  Th e 
propose d syste m ha d severa l  interestin g properties :  give n tw o component s o f  a  triple ,  th e networ k coul d determin e 
th e thir d tuple ,  th e networi c coul d b e programme d usin g th e perceptro n convergenc e rule ,  an d i t  coul d perfor m 
simpl e propert y inheritance .  Th e syste m however ,  lacke d sufficien t  structur e an d contro l  t o handl e genera l  case s o f 
inheritanc e an d "partia l  matching "  -  especiall y i f  thes e occurre d i n a  mutli-leve l  semanti c netwcff k tha t  include d 
multipl e hierarchie s an d exceptiona l  (x *  conflictin g information . 

More recendy, Dothik (Derthik, 1986) is implementing a variant of KL-ONE using the Boltzman machine 
formulatio n (Aclde y e t  al. ,  1985) .  However ,  th e representatio n languag e bein g implemente d doe s no t  admi t 
excq)tion s an d conflictin g informatio n an d i s ope n t o th e sam e objection s tha t  appl y t o othe r  non-evidentia l 

'Subsequen t  wof k b y Touretzk y ha s remedied  certai n problem s wit h inheritance .  Th e us e o f  discret e marke n however ,  stil l  preclude s partia l 
matc h an d bes t  matc h operations . 
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formalizations . 

Recent work on Bayesian netw(»^ks (Pearl, 1985) deals with evidential reasoning in a parallel network. Pearl's 
result s however ,  appl y onl y t o singly-connecte d network s (network s i n whic h ther e i s onl y on e underlyin g pat h 
betwee n an y pai r  o f  nodes) .  Mcv e comple x network s hav e t o b e conditione d t o rende r  the m singly-connected .  Thi s 
i s i n par t  du e t o th e unstructure d for m o f  th e underlyin g representatio n languag e employe d b y Pearl .  Th e languag e 

does no t  mak e distinction s suc h a s "concept" ,  "property" ,  "property-value "  tha t  w e mak e (cf .  sectio n 2  below )  an d 
henc e it s abilit y  t o exploi t  parallellis m i s limited . 

2 A restricted language for representing conceptual knowledge 

The representation langauge may be viewed as an extension of inheritance hioarchies to include relative 
frequenc y informatio n specifyin g ho w instance s o f  som e concept s ar e distribute d wit h respec t  t o som e propert y 
values .  A  summar y descriptio n o f  th e languag e follows .  Th e agent' s knowledg e consist s o f  th e quintuple : 

e = <C, <!>.#, 5,«), where 

C is the set of concepts, ^ is the set of properties, # is a mapping from C to the integers I, 5 the distribution 
functio n i s a  partia l  m£q)pin g from C  X  <I > t o th e powe r  se t  o f  C  X  I ,  an d « i s a  partia l  orderin g defme d o n C . 

For each C e C, if C is a Tokai (instance) then #C = 1. and if C is a Type (generic concept) then #C = the 
number  o f  instance s o f  C  observe d b y th e agent .  B y extensio n #C[P,V ]  =  th e numbe r  o f  instance s o f  C  tha t  ar e 
observe d b y th e agen t  t o hav e th e valu e V  fo r  propert y P .  Fo r  example ,  #APPLE[has-color ,  RED ]  equal s th e numbe r 

of  re d apple s observe d b y th e agent .  Finally ,  #C[Pi,Vj][P2,V2].. .  P'n'̂ J  -  * ^  numbe r  o f  instance s o f  C ,  observe d 

t o hav e th e valu e V j  fo r  propert y  Pj ,  valu e V 2 fo r  propert y  Pj,.. .  an d valu e V ^  fo r  propm y P^ . 

The distribution function S(C^), specifies how instances of C are distributed with respect to the values of 
propert y P .  Recal l  tha t  a  concep t  ma y hav e severa l  value s fo r  th e sam e propert y an d hence ,  i f  C  i s a  Type ,  the n 
S( C J*) ,  correspond s t o th e summar y informatio n abstracte d i n C  base d o n th e instance s o f  C .  Usin g th e #  function , 
5( C J» )  ma y b e expresse d i n term s o f  #C[P,V]'s .  Thus ,  8(APPLE ,  has-color )  ma y b e expresse d as :  {  #APPLE[has -
color ,  R E D ]  =  60 ,  #APPLE[has-color ,  G R E E N]  =  40} .  Not e tha t  5  i s onl y a  partia l  mapping ;  a n agen t  ma y no t  kno w 
5(CJ» )  fo r  nuui y concept-propert y pairs .  I n general ,  fo r  a  give n C  an d P ,  a n agen t  know s 5(CJ* )  onl y i f  thi s 
informatio n ma y prov e usefu l  i n makin g inference s abou t  C . 

A salient feature of the language is that either a concept is an instance of (subtype of) another concept or it is not, 
and th e «  relatio n specifie s thi s unequivocally .  Exception s onl y appl y t o propert y values .  Furthermore ,  bot h 
necessar y prop t̂ie s a s we U a s defaul t  propertie s ma y b e represented .  Thi s goe s a  lon g wa y i n assignin g a  clea n 

semantic s t o th e representatio n language . 

In terms of the above notation, the inheritance and recognition problem may be restated as follows: 

Inheritance 

Given :  A  concep t  C ,  a  propert y P ,  an d a  se t  o f  propert y values .  V-SE T =  {Vj ,  Vj,.. .  V^} , 

Find ;  V *  e  V-SET ,  suc h tha t  amon g member s o f  V-SET ,  V *  i s th e mos t  likel y valu e o f  propert y P  fo r 
concq) t  C .  I n othe r  words ,  find  V *  e  V-SE T suc h that ,  fo r  an y V j  €  V-SET ,  th e bes t  estimat e 

of#C[P,V* ]  ̂  th e bes t  estimat e o f  #C[P.Vj]'s . 

For  example,th e inheritanc e proble m wher e C  =  APPLE ,  P  =  has-color ,  V-SE T =  {RED ,  BLUE ,  G R E E N ) ,  ma y 
be paraphrase d as :  I s th e colo r  o f  a n appl e mor e likel y t o b e red ,  gree n o r  blue ? 

Recognition 

Given :  a  se t  o f  concepts ,  C-SE T =  {Cj ,  C2,.. .  C„} ,  an d a n appropriat e descriptio n consistin g o f  a  se t  o f 

propert y valu e pairs ,  i.e. .  a  D E S CR =  {[Pi,Vi] .  [P2.V2]... .  [P^.V J ) . 

Find :  C *  e  C-SE T suc h tha t  relativ e t o th e concept s specifie d i n C-SET ,  C *  i s th e mos t  likel y concep t 
describe d b y DESCR. 

I f  C-SE T =  {APPLE ,  G R A P E ) ,  DISC R =  {[has-color ,  RED] ,  [has-taste ,  SWEET] )  the n th e recognitio n proble m 
may b e paraphrase d as :  "I s somethin g re d i n coIch *  an d swee t  i n tast e mor e likel y t o b e a n appl e cm:  a  grape" ? 
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The solution s t o th e tw o problem s ar e base d o n th e principl e o f  m a x i m u m entrop y [Jayne s 1979 ]  an d ar e 
describe d i n [Shastr i  1987] . 

3 Connectionist encoding 

A connectionist network (Feldman & Ballard, 1982) consists of a large number of nodes connected via links. 
The node s ar e computationa l  entitie s define d b y a  smal l  numbe r  ( 2 o r  3 )  o f  states ,  a  real-value d potentia l  i n th e 
rang e [0,1] ,  a n outpu t  valu e als o i n th e rang e [0,1] ,  a  vect w o f  input s i,42v..in .  togethe r  wit h function s P ,  V  an d Q 

tha t  defin e th e value s o f  potential ,  stat e an d outpu t  a t  tim e t+1 ,  base d o n th e value s o f  potential ,  stat e an d input s a t 
tim e L  Node s receiv e input s vi a weighte d links .  A  nod e ma y hav e multipl e inpu t  sites ,  an d incomin g link s ar e 
connecte d t o specifi c  sites .  Eac h sit e ha s a n associate d sit e functions .  Thes e function s carr y ou t  loca l  computation s 
base d o n th e input s inciden t  a t  th e site ,  an d i t  i s  th e resul t  o f  thi s computatio n tha t  i s  processe d b y th e function s P .  V 
andQ. 

Connectionist networks offer a natural computational model for encoding evidential formalisms because of the 
natura l  ccxrespondenc e betwee n node s an d hypotheses ,  activatio n an d evidentia l  support ,  an d potentia l  function s an d 
evidenc e combinatio n rules .  However ,  i n ordC T t o solv e th e inheritanc e an d recognitia i  problems ,  th e networ k mus t 
perfor m ver y specifi c  computation s an d i t  mus t  d o s o withou t  th e interventio n o f  a  centra l  controller .  Th e desig n 
involve s introducin g explici t  "contro l  nodes "  (binde r  an d rela y nodes )  throughou t  th e networ k t o mediat e an d 
contro l  th e sprea d o f  activation . 

Befwe describing the encoding in detail, we consider an example. Figure 2 shows a network that encodes: 

"Dic k i s a  Quake r  an d a  Republican ,  mos t  Quaker s hav e pacifis t  beliefs ,  whil e mos t  Republican s hav e non-pacifis t 
beliefs " 

I t  i s  assume d tha t  on e o f  th e propertie s attache d t o po'son s i s "has-belief' ,  som e o f  whos e value s ar e "pacifist "  an d 
"non-pacifist" .  Th e Figur e onl y show s abou t  hal f  th e connections .  I n particular ,  th e connection s from  propert y 
value s t o concept s hav e bee n suppresse d fo r  bette r  readability .  Th e likelihood s o f  bein g pacifist s an d non-pacifist s 
fo r  Quaker s an d Republican s ar e encode d a s weight s o f  appropriat e link s (Cf .  Sectio n 3.1 ) 

The question of Dick's beliefs on pacifism (or lack of it) can be posed to the network by activating the nodes 
DICK,  has-belief ,  an d BELIEF .  Th e resultin g potential s o f  th e node s PACIFIS T an d N O N - P A C wil l  determin e 
whethe r  Dic k i s mor e likel y t o b e a  pacifis t  o r  a  non-pacifist .  I t  ca n b e show n tha t  th e potentia l  o f  th e nod e 
P A C i n S T equals : 

#QUAKER[has-belJ>ACIHST ]  x  #REPUBLICAN[has-be lJ>ACmST | 

#BEL IE F X  #PERSON[has-bel,PACIHST ] 

The potentia l  o f  th e nod e N O N - P A C i s give n b y a n analogou s expressio n i n wit h N O N - P A C replace s 
P A C M S T. 

Ignoring the common factor, #BELIEF, in the above expression, the potential of PACIFIST (NON-PAC) 
correspond s t o th e bes t  estimat e o f  th e numbe r  o f  person s tha t  ar e bot h quaker s an d republicans  an d beUev e i n 
pacifis m (non-pacifism) .  Hence ,  a  compariso n o f  th e tw o potential s wil l  giv e th e mos t  likel y answe r  t o th e question : 
I s Dic k a  pacifis t  o r  a  non-pacifist . 

3.1 Encoding the conceptual structure 

The encoding employs five distinct unit types. These are the concept nodes (^-nodes), property nodes ((|>-nodes), 
binde r  nodes ,  rela y node s an d enabl e nodes .  Wit h referenc e t o Figur e 2 ,  al l  soli d boxe s denot e ^-nodes ,  al l 
triangula r  node s denot e binde r  nodes ,  an d th e singl e dashe d bo x denote s a  4)-node .  Rela y node s ar e use d t o contro l 
directionalit y o f  spreadin g activatio n alon g th e conceptua l  hierarchy ,  whil e enabl e node s ar e use d t o specif y th e typ e 
of  quer y (inheritanc e o r  categorization) .  Rela y an d enabl e node s ar e no t  show n i n Figur e 2 . 

Each concq)t is represented by a 4-node. These nodes have six sites: QUERY, RELAY, CP, HCP, PV and 
INV .  Wit h referenc e t o th e partia l  orderin g « ,  i f  concep t  B  i s a  paren t  o f  concep t  A  the n ther e i s a  T  (botto m up ) 
lin k from A  t o B  an d a  i  (to p down )  lin k from B  t o A .  Th e weigh t  o n bot h thes e link s equa l  #  A /  # B an d the y ar e 
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inciden t  a t  th e sit e R E L A Y .  A s th e T  an d i  link s alway s occu r  i n pairs ,  the y wil l  ofte n b e represente d b y a  singl e 

undirecte d arc .  Arc s betwee n DIC K an d Q U A K E R,  an d Q U A K ER an d PERSON,  ar c example s o f  suc h 
interconnections . 

Each property is also encoded as a node. These nodes are called <|>-nodes, and they has one input site: QUERY. 

If 6(AJ*) is known, then for every value Vj of P there exists a pair of binder nodes [AJ* -> Vj] and [P.Vj -> A] 

tha t  ar e connecte d t o A ,  P  an d V -  a s show n i n Figure s 3  an d 4  respectively.  A  binde r  nod e suc h a s [A^ *  - > V^ ]  i s 

calle d a  i-binde r  nod e an d ha s tw o sites :  E N A B L E an d EC .  Th e nod e [A,P- > V^ ]  receive s on e inpu t  fro m nod e A 

and anotho :  from  nod e P .  Bot h thes e input s ar e inciden t  a t  sit e E N A B L E ,  an d th e weigh t  o n thes e link s i s 1.0 .  Th e 
lin k fro m [AJ > - > Vj ]  t o V j  i s  inciden t  a t  sit e C P an d th e weigh t  o n thi s lin k i s give n b y #A[P,Vi ]  /  #Vj .  A  binde r 

node suc h a s th e nod e [P.V j  - > A ]  i s  calle d a  r-binde r  nod e an d ha s on e sit e E N A B L E whw e i t  receive s input s fro m 

node s P  an d V^ ;  th e weight s o n thes e link s ar e 1.0 .  Th e outpu t  from  [P,V j  - > A ]  i s inciden t  a t  th e sit e P V o f  A ,  an d 

th e weigh t  o n thi s lin k i s give n b y #A[P,Vj ]  /  #A . 

If B is a parent of A such that 6(BJ>) is known, and there is no concept C between A and B for which 8(CJ*) is 
known ,  the n ther e i s a  lin k fro m [AJ P - > V J t o [B, P - > Vj] ,  inciden t  a t  sit e IN V wit h a  weigh t  o f  #  A[P,Vj] / 

#B[A,V- ]  (refe r  t o Figur e 5) .  Similarly ,  ther e i s a  lin k fro m [P.V j  - > B ]  t o A  inciden t  a t  sit e IN V wit h a  weigh t  o f 

#BIP,Vj ]  /  # B (refC T t o Figur e 6) .  Finally ,  i f  B  i s suc h tha t  i t  i s  th e highes t  nod e fo r  whic h 8( B J> )  i s  known ,  the n th e 

lin k from  [ B J > - > V J t o V j  i s  inciden t  a t  sit e H C P .  instea d o f  sit e CP . 

Besides the interconnections described above, all nodes representing concepts, pr(q)erties, and values (^-nodes 
and (t>-nodes )  hav e a n externa l  inpu t  inciden t  a t  th e sit e Q U E R Y,  wit h a  weigh t  o f  1.0 .  I n additio n t o th e uni t  type s 
describe d above ,  ther e ar e tw o othe r  enabl e units :  INHERI T an d RECOGNEK.These unit s hav e on e inpu t  site : 
Q U E R Y,  a t  whic h the y receiv e a n externa l  input .  Eac h i-binde r  nod e receive s a n inpu t  from  th e nod e INHERI T a t 
th e sit e E N A B L E whil e eac h r-binde r  nod e receive s a n inpu t  fr(xn  th e nod e R E C O G N I ZE als o a t  th e sit e E N A B L E. 

32 Description of network behavior 

Each unit in the network can be in one of two states: active or inert. The quiescent state of each unit is inert. A 
uni t  switche s t o a n activ e stat e unde r  condition s specifie d below ,  an d i n thi s stat e th e uni t  transmit s a n outpu t  equa l 
t o it s  potential .  Th e computationa l  characteristic s o f  variou s uni t  type s ar e describe d below : 

4-nodes : 
State :  Nod e i s i n activ e stat e i f  i t  receive s on e o r  mor e inputs . 
Potential :  I f  n o input s a t  sit e H C P the n 

potentia l  =  th e produc t  o f  input s a t  site s Q U E R Y,  R E L A Y ,  CP . 
and P V divide d b y th e produc t  o f  input s a t  sit e INV . 

els e potentia l  =  th e produc t  o f  input s a t  site s Q U E R Y.  R E L A Y ,  H C P 

i-binder nodes: 

State :  Nod e i s i n activ e stat e i f  an d onl y i f  i t  receive s al l  th e 
thre e input s a t  sit e E N A B L E . 

Potratial :  I f  stat e =  activ e the n 
potentia l  =  1. 0 *  th e produc t  o f  input s a t  site s E C 

els e potentia l  =  NI L 

r-binder nodes: 
State :  Nod e i s i n activ e stat e i f  an d onl y i f  i t  receive s al l  thre e 

input s a t  sit e E N A B L E . 
Potential :  I f  stat e =  activ e the n potentia l  =  1. 0 els e potentia l  =  NI L 

(>-nodes, INHERIT node, and RECOGNIZE node switch to active state if they receive input at site QUERY, 
and i n thi s stat e thei r  potentia l  alway s equal s 1.0 . 

The networks have the additional property that unlike other links that always transmit the output of their source 
node ,  th e T  an d i  normall y remai n disabled ,  an d transmi t  activit y onl y whe n the y ar e enabled .  Thi s contro l  i s 
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affecte d vi a rela y node s tha t  ar e associate d wit h (t>-nodes .  Th e detail s o f  thi s mechanis m ar e beyon d th e scop e o f  thi s 
paper . 

33 Posing queries and computing solutions 

In the context of the network encoding the inheritance and categorization are posed as follows: 

Inheritance 

Given :  A  concep t  C ,  a  propert y P ,  a  se t  o f  possibl e answers ,  V-SE T =  {V, ,  V j ,  ...V„} ,  an d a  concep t 

R EF wher e RE F i s a n ancesto r  o f  ever y memebr  o f  V-SET .  (Typically ,  R E F i s a  paren t  o f  Vj's . 

For  example ,  i f  Vj' s  ar e RED,  GREEN,  BLUE.. .  the n RE F coul d b e C O L O R ) . 

Fin± V* G V-SET such that relative to the values specified in V-SET, V* is the most likely value of 
propert y P  fo r  concep t  C . 

The inheritanc e quer y i s pose d b y settin g th e externa l  inputs ,  i.e .  th e input s t o th e sit e Q U E R Y,  o f  node s C ,  P 
and INHERI T t o 1.0 .  I f  on e o r  mor e member s o f  V-SE T reac h a n activ e stat e withi n thre e time  steps ,  th e externa l 
inpu t  t o RE F get s se t  t o 1.0 ,  an d th e i  link s leavin g RE F ar e enabled .  I f  non e o f  th e member s o f  V-SE T receiv e an y 
activati(Mi ,  th e externa l  inpu t  t o RE F i s se t  t o 1.0 ,  an d th e i  link s leavin g RE F a s wel l  a s th e t  link s leavin g C  ar e 
enabled .  Afte r  d+ 3 time  step s -  wher e d  i s th e longes t  pat h i n th e orderin g grap h define d b y C  an d « ,  th e potential s 
of  node s wil l  b e suc h tha t  fo r  an y tw o node s V j  an d V j  e  V-SET ,  th e followin g holds : 

potentia l  o f  V .  #C[P,Vj ] 

potential of Vj^#C[P.Vj] 

I t  follow s tha t  th e nod e V *  e  V-SE T wit h th e highes t  potentia l  wil l  correspon d t o th e valu e tha t  i s  th e solutio n 
t o th e inheritanc e problem . 

Recognition 

Given :  a  se t  o f  concept s C-SE T =  {  Cj ,  Cj ,  .. .  C„) ,  a  referenc e concep t  REF ,  suc h tha t  RE F i s a n 

ancesto r  o f  al l  concept s i n C-SET ,  an d a  descriptio n consistin g o f  a  se t  o f  propert y valu e pairs , 
i.e .  a  se t  D E S CR =  {[P,,V,] ,  [P2,V2],.. .  [P^.V J } 

Fin ± C *  e  C-SE T suc h tha t  relativ e t o th e concept s specifie d i n C-SET ,  C *  i s th e mos t  likel y 
concep t  describe d b y DESCR. 

The solutio n t o th e abov e proble m ma y b e compute d a s follows :  Fo t  eac h [Pj.Vj ]  e  DESCR,  se t  th e input s t o 

th e sit e Q U E RY o f  node s P j  an d V j  t o 1.0 .  A t  th e sam e time,  se t  th e inpu t  t o th e sit e Q U E RY o f  R E C O G N I ZE an d 

REF t o 1.0 ,  an d enabl e th e i  link s emanatin g fro m REF .  Wai t  d  +  3  tim e steps ,  wher e d  i s th e longes t  pat h i n th e 
orderin g grap h defme d b y C  an d « .  A t  th e en d o f  thi s interval ,  th e potentia l  o f  th e node s wil l  b e suc h tha t  fo r  an y 
tw o node s C ^  an d C j  6  C-SET ,  th e followin g holds : 

potentia l  o f  C j 

potentia l  o f  C j 

equal s th e bes t  estimat e o f  #Ci[Pi,Vi][P2,V2 ]  .. .  [P^-Vm ]  divide d b y th e bes t  estimat e o f 

#Cj[Pj,Vi][P2,V2 ]  ...[ P „,VJ .  I t  follow s tha t  th e nod e C *  e  C-SE T wit h th e highes t  potentia l  correspond s t o th e 

solutio n o f  th e recognitio n problem . 

4 Some examples 

In order to explicate the behavior of networics and demonstrate the nature of inferences drawn by them, several 
example s tha t  ar e ofte n cite d i n th e knowledg e representatio n literatur e a s bein g problemati c hav e bee n simulated . 
The firs t  exampl e i s a n extensio n o f  Ui e "quake r  example "  discusse d i n secticx i  3 .  I t  demonstrate s ho w di e networ k 
paform s inheritanc e i n th e presenc e o f  conflictin g informatio n arisin g du e t o "multipl e inheritance" .  Figur e 7 
depict s th e underlyin g information .  Ther e ar e tw o propertie s has-be l  (has-belie O wit h value s P A C (pacifist )  an d 
NON-PAC (non-pacifist) ,  an d has-eth-or g (ethnic-origin )  wit h value s AFRI C (african )  an d E U R O (european) .  I n 
broa d t^ms ,  th e informatio n encode d i s a s follows : 

Most  person s ar e non-pacifists ,  mos t  quaker s ar e pacifists ,  mos t  republication s ar e non-pacifists ,  mos t  person s ar e o f 
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europea n descent ,  mos t  republican s ar e o f  europea n descent ,  an d mos t  f>erson s o f  africa n decen t  ar e democrats . 

Such information is specified to a network compiler in terms of: i) the set of concepts, ii) the set of properties 
an d thei r  associate d values ,  iii )  a  lis t  specifyin g th e partia l  orderin g togethe r  wit h th e ratio s #A/# B (fo r  al l  pair s o f 
concept s A  an d B  suc h tha t  B  i s a  paren t  o f  A ) ,  an d iv )  a  partia l  mappin g 5(CJ* )  i n term s o f  #C[P,V]'s .  Th e 
specificatio n doe s no t  refe r  t o an y networ k leve l  detai l  an d th e compile r  directl y translate s suc h a  specificatio n int o a 
connectionis t  network . 

As our first example of inheritance, consider the query: "Is Dick a pacifist or a non-pacifist?" The normalized 
potential s o f  P A C an d N O N - P A C a s a  resul t  o f  thi s quer y ar e 1.0 0 an d 0.6 6 respectively .  Thus ,  o n th e basi s o f  th e 
availabl e information ,  Dic k w h o i s a  r^ublica n an d a  quake r  i s mor e likel y t o b e a  pacifis t  tha n a  non-pacifist ,  th e 
rati o o f  likelihood s bein g 1.0 0 :  0.66 ,  i.e. ,  abou t  3:2 .  Simila r  simulation s fo r  R I C K ,  P A T ,  an d S U S A N lea d t o th e 
followin g results :  Ric k w h o i s a  m o r m o m republica n i s mor e likel y t o b e a  non-pacifis L Th e rati o o f  pacifis t  v/ s 
non-pacifis t  fo r  Ric k bein g 0.3 9 v/ s 1.00 .  Pa t  w h o i s m o r m o n democra t  i s als o mor e likel y t o b e a  non-pacifist ,  bu t 
onl y marginall y s o (0.8 9 v/ s 1.00) .  Finally ,  Susa n w h o i s a  quake r  democra t  i s likel y t o b e a  pacifis t  wit h a  ver y 
hig h probabilit y  (1.0 0 v/ s 0.29) . 

As an example of recognition, consider the query: "among Dick, Rick, Susan, and Pat, who is more likely to be 
a pacifis t  o f  africa n descent? "  Th e resultin g normalize d potential s ar e S U S A N 1.00 ,  P A T 0.57 ,  D I C K 0.11 ,  an d 
R I C K 0.05 .  A s woul d b e expected ,  Susa n w h o i s a  democra t  an d a  quaker ,  bes t  matche s th e descriptio n "perso n o f 
africa n descen t  wit h pacifis t  beliefs" .  Th e leas t  likel y perso n turn s ou t  t o b e Ric k (notic e tha t  Ric k i s neithe r  a 
democra t  w h o correlat e wit h africa n origi n no r  i s h e a  quake r  w h o correlat e wit h pacifism) . 

In order to illustrate how exceptions are handled, the information given in Figure 8 was encoded in a network. 
Th e informatio n capture s th e followin g aspec t  o f  th e domain :  "Mos t  Mollusc s ar e shell-bearers ,  Cephalopod s ar e 
Molluscs ,  bu t  mos t  Cephalopod s ar e no t  shell-bearers ,  Nautil i  ar e Cephalopods ,  an d al l  Nautil i  ar e shell-bearo^" . 

The normalized potentials of SHELL and SKIN as a result of the inheritance of the property epidermis-type of 
M O L L U S C,  C E P H A L ,  an d N A U T I L U S ar e a s follows :  (th e potential s o f  F U R an d F E A T H E R wer e consistentl y 
0.0) : 

V A L UE M O L L U SC CEPHAL NAUTILU S 
SHELL 1.0 0 0.2 5 1.0 0 
SKI N 0.4 3 1.0 0 0.0 0 

Thus, a Mollusc is more likely to be a shell-bearer. A Cephalopod is not likely to be a shell-bearo-. Finally, a 
Nautilu s i s definitel y a  shell-beare r  (not e tha t  th e likelihoo d o f  a  Nautilu s havin g a n epidermis-typ e o th ^  tha n shel l 
compute s t o 0.00 .  thi s i s becaus e A L L Nautilu s ar e shell-bearers) . 

5 Conclusions 

This effort has lead to the design of a connectionist network that provides a computational account of how an 
interestin g clas s o f  inheritanc e an d recognitio n problem s m a y b e solve d extremel y fas L Th e network s als o hav e a 
provabl e behavior ,  the y comput e solution s t o th e inheritanc e an d recognitio n problem s i n accordanc e wit h a  theor y 
of  evidentia l  reasoning .  Th e us e o f  evidentia l  reasonin g redefme s thes e [H'oblem s s o tha t  conflictin g informatio n ca n 
be interprete d i n a  semanticall y consisten t  manner .  Th e wor k als o identifie s specifi c  constraint s tha t  mus t  b e 
satisfie d b y th e conceptua l  structur e i n orde r  t o achiev e a n efficien t  connectionis t  realization .  Thes e ar e discusse d a t 
lengt h i n (Shastr i  87) . 

Besides offering a natural way of describing the evidential interactions between pieces of knowledge, the 
networ k encodin g suggest s h o w a  physica l  syste m m a y extrac t  fro m it s environmen t  th e informatio n require d t o 
solv e inheritanc e an d recognitio n problems .  A n examinatio n o f  th e weight s o n th e link s reveal s tha t  i n mos t  case s 
th e weight s ar e directl y relate d t o Hebb' s interpretatio n o f  synapti c weight s (Hebb ,  1949) .  Th e weigh t  o n thes e link s 
i s equa l  t o th e ratio :  "ho w ofte n whe n th e destinatio n nod e wa s active ,  wa s th e sourc e nod e als o active" . 

A discussion of a connectionist system often leads to the question of its biological plausibility. It may be felt that 
th e computationa l  characteristic s o f  node s describe d i n sectio n 3. 1 ar e to o comple x t o b e biologicall y plausible .  Th e 
propose d encodin g i s certainl y no t  intende d t o b e a  blueprin t  fo r  buildin g "wetware" .  Ye t  i t  doe s satisf y nearl y al l 
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th e constraint s propose d i n (Feldma n &  Ballard ,  1982) .  Th e onl y seriou s violatio n o f  biologica l  plausibilti y  i s  th e 
requiremen t  tha t  node s perfor m hig h precisio n multiplication .  On e ma y interpre t  th e connectionis t  syste m describe d 
h« e a s a n idea l  realizatio n o f  a  fcxma l  mode l  o f  evidentia l  reasoning .  On e ca n tr y an d identif y mor e plausibl e 
"̂ )proximations "  o f  th e idea l  syste m an d stud y th e manne r  i n whic h thei r  respons e deviate s fro m th e prescribe d 
behavior .  Suc h a n exercis e ma y b e rewardin g an d poin t  ou t  furthe r  constraint s tha t  gover n th e organizatio n o f 
conceptua l  structure . 
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A D i s t r i b u t e d C o n n e c t i o n i s t  R e p r e s e n t a t i o n 

fo r  C o n c e p t  S t r u c t u r e s 

D a v i d S .  Touretzk y a n d Sha i  G e v a 

Compute r  Scienc e Departmen t 

Carnegi e Mello n Universit y 

Pittsburgh ,  Pennsylvani a 1521 3 

Abstract. We describe a representation for frame-like concept structures in 

a neura l  networ k calle d D U C S.  Slo t  name s an d slo t  fillers  ax e diffus e pattern s 

of  activatio n sprea d ove r  a  collectio n o f  units .  Ou r  choic e o f  a  distribute d 

representatio n give s ris e t o certai n usefu l  propertie s no t  shaie d b y conventiona l 

fram e systems .  On e o f  thes e i s th e abilit y  t o encod e fine  semanti c distinction s a s 

subtl e vairiation s o n th e canonica l  patter n fo r  a  slot .  D U C S typicall y maintain s 

severa l  concept s simultaneousl y i n it s  concep t  memory ;  i t  ca n retriev e a  concep t 

give n on e o r  mor e slot s a s cues .  W e sho w ho w Hinton' s notio n o f  a  "reduce d 

description "  ca m b e use d t o mak e on e concep t  fill  a  slo t  i n another . 

1.  Introductio n 

In a typical Lisp implementation of frames, a frame is a collection of named slots with fillers 

(Minsky ,  1975 ;  Winsto n &  Horn ,  1984) .  Name s ar e atomi c symbols ,  an d fillers  ar e eithe r 

atom s o r  pointer s t o othe r  frames .  Thi s pape r  consider s wha t  a  connectionis t  versio n o f 

frame s migh t  loo k like .  W e describ e a  representatio n fo r  frame-lik e structure s i n a  neura l 

networ k calle d D U C S.  Name s an d fillers  ar e diffus e pattern s o f  activatio n ove r  a  collectio n 

of  units .  Ou r  choic e o f  a  distribute d representatio n (Hinto n e t  ai ,  1986 )  fo r  frame s give s 

ris e t o certai n usefu l  propertie s tha t  ar e no t  share d b y conventiona l  fram e systems . 

One thin g a  connectionis t  fram e syste m shoul d b e abl e t o d o i s retriev e a  slo t  give n a n 

approximatio n o f  it s  nzime .  Fo r  example ,  suppos e th e fram e describin g Fre d th e cockato o 

had th e followin g slots : 

BODY-COLOR 

BEAK 

CREST 

HABITAT 

DIE T 

PALE-PIN K 

GRAY-HOOKED -  THIN G 

O R AN G E -  FEATHERED -  THIN G 

JUNGLE 

SEEDS-AND-FRUIT 

What  doe s Fred' s nos e loo k like ? Strictl y speaking ,  bird s don' t  hav e noses ;  the y hav e 

beaks .  I f  th e activit y pattern s fo r  NOSE an d BEA K ax e similar ,  whic h the y wil l  b e i f  w e us e 
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a microfeature-base d representatio n fo r  symbols ,  the n a  connectionis t  fram e syste m coul d 

simultaneousl y retriev e th e descriptio n GRAY-HOOKED-THING an d correc t  th e slo t  nam e 

t o rea d B E A K instea d o f  NOSE.  Ordinar y fram e system s coul d no t  d o thi s unles s som e rul e 

of  for m "loo k fo r  a  bea k i f  yo u can' t  find a  nose "  ha d bee n explicitl y  establishe d prio r  t o 

th e query . 

A secon d advantag e o f  usin g a  distribute d representatio n fo r  frame s i s tha t  whe n slot s 

axe encode d a s activit y patterns ,  instea d o f  bein g limite d t o a  small ,  fixed  se t  o f  slo t  names , 

th e neime s for m a  continuou s space .  Subtl e nuance s o f  meanin g o f  th e fram e a s a  whol e 

cam b e encode d a s variation s o n th e activit y pattern s o f  it s  slots .  Thi s i s usefu l  i n th e 

cas e rol e representatio n o f  sentences .  Fo r  example ,  i n "Joh n sol d th e statu e t o Mary, " 

Mar y play s th e rol e o f  recipient .  I n "Joh n maile d th e packag e t o Boston, "  Boston' s rol e 

woul d b e destination .  Bu t  i n "Joh n thre w th e bal l  t o Mary "  th e rol e o f  Mar y i s bot h 

destinatio n (th e bal l  i s  throw n i n he r  directio n an d i s expecte d t o mak e contac t  wit h her ) 

and recipien t  (John' s intentio n i s tha t  th e bal l  com e int o he r  possessio n an d b e unde r 

her  control. )  I n a  syste m base d o n distribute d representations ,  th e patter n representin g 

Mary' s rol e coul d b e a  combinatio n o f  destinatio n an d recipient ,  sharin g microfeature s o f 

both .  Fine r  shading s o f  rol e name s ar e als o possible .  W e propos e tha t  i n a  connectionis t 

versio n o f  ca^ e grammar ,  eac h combinatio n o f  a  verb ,  som e cas e roles ,  an d th e fillers  o f 

thos e role s woul d generat e slightl y differen t  rol e nam e pattern s base d o n subtl e nucince s o f 

th e meanin g o f  th e sentenc e a s a  whole . 

Thi s ide a wa s anticipate d i n McClellaji d an d Kawamoto' s P D F mode l  o f  cdis e rol e 

assignmen t  (McClellan d &  Kawamoto ,  1986) .  Thei r  mode l  provide s fou r  cas e slot s calle d 

agent ,  patient ,  instrument ,  an d modifier ;  a  representatio n o f  th e ver b i s conjunctivel y 

encode d wit h eac h slo t  filler.  Althoug h th e name s o f  th e fou r  slot s ar e fixed,  th e fillers 

underg o variation s fro m thei r  canonical ,  surfac e form s accordin g t o th e contex t  i n whic h 

the y appeair .  Fo r  example ,  whil e ther e i s onl y on e patter n fo r  representin g th e ver b "move " 

i n th e inpu t  layer ,  i n th e ccis e rol e laye r  th e representatio n o f  "move "  wil l  b e differen t  whe n 

i t  ha s a n animat e agen t  tha t  implicitl y  move s itsel f  ("th e ca t  moved" )  versu s a n agen t  tha t 

moves othe r  thing s ("th e bo y move d th e cat" )  versu s a n inanimat e subjec t  ("th e roc k 

moved" )  whic h i s interprete d a s a  patien t  wit h th e agen t  lef t  unspecified . 

I n th e followin g section s w e describ e th e architectur e o f  D U C S.  Th e nam e stand s fo r 

Dynamiccill y  Updatabl e Concep t  Structures .  W e wil l  us e th e wor d concep t  rathe r  tha n 

fram e i n th e remainde r  o f  th e pape r  i n orde r  t o distinguis h D U C S'  structure s fro m th e 

ones use d i n Lisp-base d reasoners .  W e wil l  discus s tw o problem s peculia r  t o connectionis t 

systems .  O n e i s th e proble m o f  gettin g a  concep t  t o fill  a  slo t  i n anothe r  concept .  Th e 

othe r  i s th e proble m o f  gettin g concept s no t  recentl y accesse d t o automaticall y fad e fro m 

workin g m e m o r y a s ne w one s ar e created ,  s o tha t  th e memor y capacit y i s no t  exceeded . 
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Figixr e 1 :  Th e D U C S Architecture . 

2. The DUCS Architecture 

Both slot names and slot fillers in DUCS employ distributed representations, meaning 

the y exis t  a s diffus e pattern s o f  activit y ove r  a  collectio n o f  units .  Eac h slo t  nam e patter n 

determine s a  mappin g o f  th e associate d slo t  filler  patter n int o a n arra y calle d th e concep t 

buffer .  Th e pattern s tha t  variou s slot s generat e i n th e buffe r  ar e superimpose d t o deriv e 

a patter n fo r  th e entir e concept .  Se e Figur e 1 . 

D U CS i s a  two-leve l  architecture .  A t  th e slo t  level ,  i t  retrieve s individua l  slot s b y 

name,  an d ca n add ,  change ,  o r  delet e slot s b y modifyin g th e activit y patter n i n th e concep t 

buffer .  Throug h th e us e o f  multipl e slo t  mappin g assemblies ,  eac h consistin g o f  a  slo t  nam e 

group ,  a  slo t  filler  group ,  an d a  selecto r  group ,  severa l  slot s ca n b e create d o r  modifie d 

simultaneously .  Thu s i t  i s  possibl e t o creat e a  comple x concep t  i n a  singl e operatio n a s 

lon g a s th e numbe r  o f  slot s doe s no t  excee d th e availabl e mappin g hsirdware .  Slot s ca n 

als o b e loade d int o th e buffe r  sequentially . 

At  th e concep t  level ,  D U C S manipulate s entir e concept s a t  a  tim e rathe r  tha n individua l 

slots .  Concept s ar e adde d t o o r  delete d fro m a n auto-associativ e concep t  memor y vi a th e 

concep t  buffer .  D U C S retrieve s a  concep t  from  concep t  memor y usin g on e o r  mor e slot s a s 

cues ,  i n th e followin g way .  Firs t  th e cue s ar e loade d int o slo t  mappin g assemblies ,  wher e 

the y generat e a  partia l  activit y patter n i n th e concep t  buffer .  The n th e concep t  buffe r 
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Figur e 2 :  Mappin g th e slo t  filler  bi t  v ,  int o on e o f  2 ^  concep t  memor y bit s base d o n a n 

i2-bi t  subse t  o f  th e slo t  name .  Mutuall y inhibitor y connection s amon g th e 2 ^  selecto r 

unit s hav e bee n omitte d fo r  clarity . 

supplies input to the concept memory, <Jlowing it to complete the pattern and cause the 

remainin g slot s o f  th e concep t  t o materializ e i n th e buffer . 

2.1 .  T h e Slo t  Leve l 

Slo t  name s an d slo t  fillers  ar e N  an d F  bi t  binar y featur e vectors ,  respectively ,  appende d t o 

thei r  logica l  complements .  Tha t  is ,  a  slo t  nam e a  i s a  2iV-bi t  vecto r  suc h tha t  a ,  =  a(,+j\̂ ) , 

1 < i  <  N .  Similarly ,  a  slo t  filler  v  i s a  2F-bi t  vecto r  wher e v. -  =  V(i+F) y 1  <  »  <  î -  Th e 

concep t  buffe r  an d eac h selecto r  grou p ar e 4 F x  2 ^  arrays ,  wher e - R i s a  peiramete r  betwee n 

O a n d N. 

Storin g th e filler  patter n v  i n th e slo t  name d a  generate s a  4 F x  2 ^  patter n ove r  th e 

selecto r  arra y s.̂y .  Eac h bi t  v ,  i s  copie d int o on e o f  th e 2 ^  location s i n colum n i  o f  th e 

array ,  an d independently ,  int o on e o f  th e 2 ^  location s i n colum n i  +  2F .  Th e locatio n j 
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Figur e 3 :  T h e stat e o f  th e networ k par t  w a y throug h a  retrieva l  o f  th e A G E N T slot . 

within the column is determined by an i?-bit subset of the slot name; a different subset is 

randoml y associate d wit h eac h co lumn .  Afte r  th e selecto r  grou p ha s stabilized ,  th e activ e 

unit s 5,, y  ar e allowe d t o excit e th e correspondin g unit s 6,, y  m th e concep t  buffer ,  thereb y 

superimposin g th e patter n fo r  thi s slo t  ont o th e previou s content s o f  th e buffer . 

Figur e 2  show s th e wirin g fo r  m a p p i n g th e valu e o f  a  singl e slo t  filler  bi t  V i  int o s o m e 

8i j  i n co lun m t .  Selecto r  unit s withi n a  co lum n fo r m mutually-inhibitor y winner-take-al l 

networks ,  s o tha t  i n a  stabl e stat e a t  m o s t  on e selecto r  pe r  c o l u m n wil l  b e active .  T h e 

chose n uni t  wil l  b e th e on e wit h th e m o s t  activation ,  t.c ,  th e on e wit h th e m o s t  o f  it s 

R inpu t  line s f ro m th e slo t  n a m e grou p active .  I n th e figtire,  i 2 =  2 ,  s o th e positio n j  i s 

determine d b y tw o slo t  n a m e bits .  N o t e tha t  V j  wil l  zds o b e copie d int o s o m e positio n k  i n 

co lun m t  -f -  2 F ,  wher e k  i s determine d b y a  differen t  pai r  o f  bit s r a n d o m l y chose n f ro m th e 

slo t  n a m e .  Also ,  t;,+/p ,  w h i c h i s u, ,  wil l  b e copie d int o co lumn s i  +  F  an d i  +  3 F m .  position s 

determine d b y tw o othe r  pair s o f  slo t  nsim e bits .  T h u s th e patter n develope d i n th e selecto r 

grou p consist s o f  tw o copie s o f  eac h filler  bi t  V i  an d t w o copie s o f  it s  c o m p l e m e n t ,  wit h eac h 

cop y deposite d i n on e o f  th e 2 ^  position s i n tha t  c o l u m n determine d b y th e slo t  n a m e . 

T h e unit s i n th e slo t  n a m e ,  slo t  filler,  an d selecto r  group s ar e continuous-value d non -

linea r  unit s wi t h output s restricte d t o th e uni t  interval ;  al l  connection s ar e symmetr ic .  Thi s 

i s c o m m o n l y k n o w n a s a  Hopfiel d a n d Taii k m o d e l  (Hopfiel d & c T a n k ,  1985) .  Retrieval s 

ar e accomplishe d b y c lampin g th e concep t  buffe r  a n d slo t  n a m e spac e a n d settin g a  lo w 

gai n valu e fo r  selecto r  a n d slo t  filler  units .  T h e gai n the n rise s fairl y  quickly ,  a n d par t 

w ay throug h th e slo t  n a m e grou p i s u n d a m p e d .  A t  hig h gai n th e networ k settle s int o a 

stabl e stat e representin g th e slo t  filler  a n d (possibl y corrected )  slo t  n a m e extracte d f ro m 

th e concep t  buffer .  Figur e 3  show s th e stat e o f  th e networ k a t  a  m e d i u m gai n setting . 

Here ,  slo t  n a m e s an d fillers  ar e A S C I I  string s (usin g a  five  bi t  characte r  code )  rathe r  tha n 
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Figur e 4 :  Erro r  correctio n circuitr y t o exploi t  th e redundan t  storag e o f  slo t  fillers. 

vectors of microfeatures, in order to maie the model's operation more transparent. The 

botto m grou p o f  unit s represent s th e slo t  nam e "AGNT" .  Th e vecto r  abov e tha t  show s 

fou r  copie s o f  th e slo t  filler  "JOHN" ,  tw o o f  whic h ar e logicall y inverted .  Th e arra y a t  th e 

to p o f  th e figure  depict s th e activit y i n th e concep t  buffe r  (L-shape d symbols )  an d selecto r 

grou p (soli d circles. )  Thre e slot s hav e bee n store d i n th e buffer ;  therefor e eac h colum n o f 

th e arra y hat s betwee n zer o an d thre e L-shapes ,  indicatin g activ e concep t  buffe r  unit s  bij . 

Th e siz e o f  th e circle s indicate s th e outpu t  leve l  o f  th e correspondin g selecto r  unit s  a,j . 

Most  column s hav e onl y on e larg e circle ,  bu t  som e hav e two ,  indicatin g a  pai r  o f  selector s 

i n competition .  A t  hig h gai n al l  imit s wil l  b e eithe r  full y  o n o r  full y  off ,  an d ther e wil l  b e 

at  mos t  on e activ e selecto r  pe r  column . 

Selecto r  \mit s functio n a s skeleto n filters,  so-calle d becaus e onl y a  skeleto n subse t  o f 

th e unit s ar e enable d a t  an y on e time .  Hinto n (1981 )  use d skeleto n filters  i n a  connection -

is t  implementatio n o f  a  semanti c network .  Sejnowsk i  (1981 )  present s argument s fo r  th e 

existenc e o f  skeleto n filters  i n th e brain . 

Th e redundaji t  storag e o f  fillers  help s correc t  error s tha t  m a y occu r  whe n severa l  slot s 

axe superimpose d i n th e concep t  buffer .  T w o slot s ca n potentiall y  interfer e a t  coltim n t 

when th e i2-bi t  subse t  o f  th e slo t  naim e grou p examine d b y tha t  colum n yield s th e sam e j 

valu e fo r  bot h slots .  I f  th e first  slo t  ha s a  1  i n bi t  V i  an d th e secon d slo t  ha s a  0  (whic h 

implie s th e revers e situatio n i n bi t  v,>jr) ,  8, ^  wil l  b e se t  t o 1 .  Bu t  eac h filler  bi t  i s  store d 

severa l  time s usin g a  differen t  fi-subset  eac h time ,  an d th e tw o slot s ar e unlikel y t o overla p 

i n ever y copy .  Figur e 4  show s th e erro r  correctio n circuitr y use d durin g slo t  retrieva l  t o 

deriv e bit s u ,  an d Vi+ p fro m Sij y 5,+ir,jfc ,  s.+jf̂ i  an d «i+3i?, m vi a a  majorit y votin g scheme , 

wher e j ,  k ,  / ,  an d m ar e determine d b y differen t  i2-subsets .  Th e erro r  correctio n impose s 

a constrain t  o n th e filler  patter n tha t  i t  hav e F  bit s on ,  <in d tha t  Uj  =  i't+f » ̂  '̂ i  ̂  F , 

Th e erro r  correctio n schem e i s als o importan t  fo r  associativ e retrieval .  Suppos e th e 
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networ k trie s t o retriev e a  slo t  wit h a  fe w bit s o f  th e slo t  nam e i n error .  Mos t  o f  th e A F 

differen t  i2-subset s o f  th e slo t  nam e wil l  pic k bit s tha t  ax e correct ,  s o mos t  filler  bit s wil l  b e 

mapped t o th e correc t  position s i n thei r  respectiv e columns .  Thos e column s tha t  referenc e 

incorrec t  slo t  nam e bit s wil l  no t  b e mappe d properly .  Th e erro r  correctio n circuitr y put s 

pressur e o n th e slo t  filler  grou p t o settl e int o a  patter n tha t  meet s th e abov e mentione d 

constraints ,  an d thi s i n tur n put s pressur e o n th e selecto r  units .  I f  enoug h pressur e i s 

applied ,  th e selecto r  unit s ca n forc e th e slo t  nam e unit s t o change .  Thi s i s ho w th e 

networ k ca n chang e NOSE t o BEA K durin g retrieva l  fro m a  bir d concept ,  assumin g tha t 

th e tw o symbol s hav e simila r  activit y pattern s zm d a  VcJi d filler  exist s i n th e B E A K slot . 

The paramete r  R  determine s th e numbe r  o f  slot s th e concep t  buffe r  ca n hold .  Sinc e 

each filler  bi t  map s int o on e o f  2 ^  position s i n it s column ,  increasin g R  increase s th e 

sparsenes s o f  th e concep t  buffe r  an d reduce s th e chanc e tha t  slot s wil l  interfere .  Anothe r 

way t o increas e th e capacit y o f  th e concep t  buffe r  woul d b e t o t o wide n th e arra y fro m A F 

to ,  say ,  6 F units ,  t o provid e improve d erro r  correction . 

2.2. The Concept Level 

D U CS ca n memoriz e o r  retriev e entir e concept s i n a  singl e operation .  Th e activit y patter n 

fo r  a  concep t  i s a  bi t  vecto r  o f  lengt h 4 F x  2^ .  Th e concep t  memory ,  show n i n Figtir e 1 ,  i s 

a (4 F X  2^ )  b y [4. F x  2^ )  matri x formin g a  Willshaw-styl e auto-associativ e ne t  (Willshaw , 

1981) .  Fo r  ever y pai r  o f  activ e concep t  buffe r  unit s bî j  an d 6,.j ,  ther e i s a  concep t  memor y 

unit .  T o stor e a  patter n i n concep t  memor y i t  suffice s t o tur n o n eac h concep t  memor y 

uni t  whos e associate d pai r  o f  concep t  buffe r  unit s i s active . 

To retriev e a  concept ,  som e subse t  o f  th e pattern ,  generate d b y whateve r  cue s wer e 

supplied ,  i s  fe d int o th e auto-associativ e net .  Th e retrieva l  i s  base d o n th e assxmiptio n tha t 

th e retrieva l  cue s ar e correct .  I t  yield s a  superpositio n o f  al l  pattern s fo r  concept s store d 

i n th e concep t  memor y tha t  matc h th e give n cues .  Fo r  example ,  i f  tw o concept s wit h Joh n 

as agen t  ha d bee n stored ,  bot h woul d b e retrieve d fro m th e singl e cu e A G E N T = J O H N.  A 

more detaile d cu e woul d b e rcquure d t o restric t  th e retrieva l  t o a  singl e concept .  O n th e 

othe r  hand ,  i f  n o bit s i n additio n t o th e origina l  cu e ar e retrieved ,  the n th e cu e i s a  ful l 

specificatio n o f  th e desire d concept ,  o r  els e n o suc h concep t  i s store d i n th e memory .  Th e 

networ k Cci n detec t  whethe r  a  retrieva l  wa s successfu l  b y checkin g whethe r  al l  pair s o f  bit s 

i n th e concep t  buffe r  hav e thei r  associate d concep t  memor y uni t  active .  I f  thi s i s th e case , 

the n th e cu e supplie d wa s a  vali d on e an d onl y a  singl e concep t  wa s retrieved . 

3. Naming and Reduced Descriptions 

In Lisp it's easy to make one structure point to another. One way to achieve a similar 

effec t  i n connectionis t  model s i s t o us e a  techniqu e calle d reduce d description s (Hinton , 
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1987. )  Fo r  example ,  t o represen t  "Bil l  know s tha t  Joh n kisse d Mary "  w e first  creat e an d 

stor e th e concep t  "Joh n kisse d Mary. "  The n w e deriv e a  smal l  patter n fo r  thi s concept ,  th e 

reduce d description ,  t o fill  th e patien t  rol e i n th e concep t  "Bil l  know s tha t  x, "  a s shown : 

A G E N T: 

V E R B: 

PATIENT: 

JOHN 

KIS S 

M A RY 

' 

A G E N T: 

VERB: 

PATIENT: 

BIL L 

K N OW 

JhnKssMr y 

I n orde r  fo r  thi s techniqu e t o work ,  th e networ k mus t  b e abl e t o retriev e th e ful l  patter n 

fo r  a  concep t  give n it s reduce d description .  I n D U C S w e obtai n th e reduce d descriptio n 

simpl y b y takin g a n F-bi t  slic e ou t  o f  th e concep t  buflfer .  Th e exac t  choic e o f  sUc e i s 

unimportant ;  currentl y w e us e 60, 0 throug h bp^ .  T o "follo w th e pointer "  i n th e patien t  slo t 

t o ge t  t o th e ful l  descriptio n o f  wha t  Bil l  knows ,  th e F-bi t  filler  patter n i s clcimpe d int o bit s 

60, 0 throug h bpf l  o f  th e concep t  buffer ,  an d thi s serve s a s th e cu e fo r  th e associativ e networ k 

t o retriev e th e res t  o f  th e concep t  pattern .  Touretzk y (1986 )  describe s anothe r  versio n o f 

pointe r  followin g i n a  connectionis t  networ k whic h doe s no t  us e reduce d descriptions . 

4.  Forgettin g 

The concept memory has a limited capacity. If a reasoner continually generates and stores 

ne w concepts ,  th e m e m o r y coul d fill  up ,  makin g furthe r  processin g impossible .  W e vie w 

D U CS a s a  shor t  ter m workin g m e m o r y fo r  concep t  structures .  I n orde r  t o preven t  it s 

m e m o ry capacit y fro m bein g exceeded ,  w e implemente d a  forgettin g mechanis m b y whic h 

concept s no t  recentl y 2u:cesse d ca n fad e an d b e displace d b y newl y store d ones . 

Eac h uni t  i n th e concep t  memor y ha s tw o parajneters :  a n intema J intege r  activatio n 

valu e i n th e interva l  [0,c] ,  an d a  binzur y outpu t  valu e tha t  i s 1  wheneve r  th e activatio n 

valu e i s positive .  T o memoriz e a  concep t  pattern ,  th e first  ste p i s t o decremen t  th e activit y 

level s o f  aJ l  concep t  m e m o r y unit s b y one .  An y uni t  whos e activit y ha s decaye d t o zer o 

turn s off .  Then ,  fo r  eac h pai r  o f  activ e unit s 6, j  an d 6,,̂ ,  i n th e concep t  buffer ,  th e 

correspondin g concep t  m e m o r y uni t  i s  give n a n initia l  activit y leve l  o f  c .  Wit h thi s protocol , 

concep t  m e m o r y wil l  hol d a t  mos t  c  distinc t  concept s a t  a  time ,  provide d tha t  concept s 

ar e reinforce d i n concep t  memor y onl y afte r  non-ambiguou s retrieval . 

For  auto-associativ e retrieval ,  concep t  memor y unit s ar e treate d a s binar y stat e units , 

wit h an y non-zer o activatio n valu e indicatin g a  1  state .  Wheneve r  a  concep t  i s retrieve d 

int o th e concep t  buffer ,  i t  i s  immediatel y re-store d int o concep t  memory .  Thi s refreshe s 

th e concep t  memor y unit s b y settin g thei r  activatio n level s bac k t o c .  Concept s whic h 

hav e no t  bee n fetche d fro m concep t  m e m o r y fo r  a  whil e eventuall y deca y du e t o lac k o f 

refresh .  Non-activ e m e m o r y unit s ar e neve r  reinforced ,  eve n i f  thei r  associate d pai r  o f 

concep t  buffe r  unit s i s active ,  t o preven t  undesire d mergin g o f  multipl e concept s retrieve d 

simultaneousl y du e t o ambiguou s cues . 

162 



5.  Discussio n 

There are many architectures for building associative memories (Hinton & Anderson, 1981; 

B a u m e t  a/. ,  1987) .  On e o f  th e uniqu e feature s o f  D U C S i s it s tw o leve l  structure :  concept s 

ca n b e recalle d fro m concep t  memor y int o th e concep t  bufTe r  usin g slot s a s cues ,  an d slot s 

ca n b e reccdle d fro m th e concep t  buffe r  usin g thei r  name s a s cues .  Th e fac t  tha t  slot s ar e 

represente d Ji s activit y pattern s rathe r  tha n a s weight s make s thi s possible . 

Hinton' s reduce d descriptio n ide a ha s grea t  potentia l  whic h w e hav e onl y begu n t o 

explore .  H e suggest s tha t  th e reduce d descriptio n patter n shoul d b e meaningfu l  (».«. , 

interpretable )  i n it s ow n right .  Ou r  curren t  versio n contain s to o fe w bit s t o mee t  thi s 

criterion .  A n enhance d versio n migh t  contai n informatio n abou t  th e typ e o f  th e concep t 

and a  sunmiar y descriptio n o f  it s slots .  Thi s woul d mak e i t  possibl e t o mak e gros s inference s 

abou t  concept s {e.g. ,  tha t  Bil l  know s a  fac t  abou t  som e mal e perso n kissin g som e femal e 

person )  withou t  havin g t o expan d eac h reduce d descriptio n beforehand .  A n idea l  reduce d 

descriptio n mechanism ,  rathe r  tha n jus t  takin g a  fixed  slic e ou t  o f  a  concept ,  woul d detec t 

and focu s o n relevan t  feature s t o evolv e th e mos t  meaningfu l  se t  o f  reduce d description s 

possibl e i n a  give n domain .  W e don' t  ye t  kno w ho w thi s migh t  b e accomplished . 
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Abstract.  Explicit supervised learning rules [e.g. the delta rule] require that each of the output units in a 
networ k receiv e a  trainin g signa l  indicatin g th e "correct "  respons e value ;  th e uni t  ca n the n adjus t  it s 
parameters ,  s o tha t  it s  futur e respons e t o th e sam e stimulu s i s close r  t o th e desire d value .  A  muc h mor e 
realisti c assumptio n fo r  th e natur e o f  a  supervisor y signa l  i s  a  singl e scala r  "goodness-of-response "  o r 
"reward "  signal .  Thi s credi t  assignmen t  proble m i s handle d her e b y a  supervisor y networ k whic h monitor s 
th e activitie s o f  bot h th e sensor y an d effecto r  units ,  an d learn s t o predic t  th e valu e o f  th e rewar d signa l 
usin g th e generalize d delt a rul e o f  Rumeihart ,  Hinton ,  an d William s (1986) .  Th e activit y o f  a  particula r 
"predicto r  unit "  thu s come s t o b e associate d wit h th e expecte d reward .  Havin g learne d t o mimi c th e 
environment' s rewar d criteria ,  th e supervisor y networ k ca n provid e eac h effecto r  unit ,  b y wa y o f  a 
back-propagatio n scheme ,  wit h a n individualize d correctio n signa l  tha t  wil l  lea d t o increase d activit y i n th e 
predictor .  Th e actua l  rewar d i s henc e enhance d t o th e exten t  tha t  th e predicte d rewar d i s reliable . 

T h e Proble m 

One of the most attractive features of the Parallel Distributed Processing approach to 

understanding cognition is its inherent framework for adaptation. Learning is 

implemented by mechanisms that make small adjustments to the weights such that over 

time the response becomes more appropriate in some sense. A particular mapping from 

a set of input patterns to a set of output patterns can be "programmed" in to a network 

using the so-called back-propagation algorithm, or generalized delta rule (Rumeihart, 

Hinton, and Williams, 1986). The formidable power of this modification rule as a model 

for learning in real-world situations is somewhat offset by the need for a "supervisor"; 

that is, this rule requires that learning can only take place when each output unit in 

the network is given detailed error information. This is a general problem of 

supervised learning rules, and various attempts have been made to exploit the power of 
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such rules and to eliminate the need for a supervisory signal. [A notable example is the 

encode r  networ k (Ackley ,  Hinton ,  an d Sejnowski ,  1985) ,  whic h i s taugh t  t o replicat e it s 

inpu t  patter n a s it s output ;  henc e th e inpu t  patter n provide s th e detaile d patter n o f  th e 

desire d output. ] 

Whil e feedbac k fro m th e environmen t  ma y b e inadequat e wit h regar d t o it s detail , 

feedbac k o f  som e kin d i s essentia l  fo r  effectiv e learning .  I n orde r  t o learn ,  th e respons e 

of  a n organis m mus t  b e evaluate d a t  som e level .  Thi s evaluatio n nee d no t  b e generate d 

by a  teache r  pe r  se ;  fo r  example ,  i f  a  youn g anima l  swallow s food ,  th e rewar d take s th e 

for m o f  hunge r  satisfaction .  Th e proble m o f  assignin g prope r  credi t  (o r  blame )  t o th e 

individua l  outpu t  unit s tha t  generate d th e evaluativ e feedbac k i s know n a s th e credi t 

assignmen t  problem . 

The Network Configuration 

The network described in the present paper is built in two stages. A low-level 

networ k (hencefort h L O W N E T)  map s th e sensor y inpu t  t o th e organis m int o a n effectiv e 

response ,  tha t  is ,  int o a  respons e tha t  ha s a n effec t  o n th e externa l  worl d [e.g .  a  "moto r 

response"] .  Anothe r  networ k (HIGHNET )  monitor s th e activitie s o f  bot h th e sensor y an d 

effecto r  units .  Th e probabilit y  o f  rewar d contingen t  o n respons e i s assume d t o depen d 

solel y upo n instantaneou s environmenta l  informatio n whic h i s perceivable ,  i.e .  th e 

sensor y patter n contain s informatio n sufficien t  t o determin e a  "good "  response . 

H I G H N ET ha s access ,  therefore ,  t o al l  th e informatio n necessar y t o mimi c th e rewar d 

signa l  an d hence ,  on e o f  th e unit s i n H I G H N E T receive s rewar d informatio n a s a 

trainin g signal ,  compute s a n errro r  signal ,  an d propagate s i t  backward s throug h 

H I G H N ET usin g th e back-propagatio n procedure . 

Not e tha t  fo r  a  give n configuratio n o f  weight s i n th e network ,  th e entir e patter n o f 

activatio n throughou t  bot h L O W N ET an d H I G H N E T i s determine d b y th e environmen t 

throug h it s activatio n o f  th e sensor y unit s [th e environmen t  ca n influenc e th e 

modificatio n o f  th e weight s b y wa y o f  th e rewar d signal ,  bu t  th e rewar d ha s n o direc t 

influenc e o n th e respons e o f  th e network] .  A s H I G H N E T learn s t o mimic/predic t  th e 

rewar d signal ,  L O W N ET begin s t o adap t  suc h tha t  th e ne t  input ,  consistin g o f  th e 
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combined pattern of sensory and motor activity, to HIGHNET will maximize the mimicked 

rewar d signal ,  fo r  a  give n configuratio n o f  weight s i n H I G H N E T .  T o accomplis h this , 

H I G H N ET translate s th e scala r  rewar d signa l  int o a  mor e detaile d patter n o f  erro r 

informatio n fo r  th e moto r  units . 

H I G H N ET thu s serve s a s a  "menta l  model "  o f  th e environment ,  i n tha t  i t  mus t  lear n t o 

accuratel y predic t  combination s o f  sensory-moto r  activit y tha t  yiel d favorabl e feedbac k 

fro m th e environment . 

The ful l  networ k architecture ,  incorporatin g L O W N ET an d H I G H N E T ,  i s displaye d i n 

Figur e 1 .  I t  consist s o f  five  distinc t  population s o f  units :  a  se t  S  o f  sensor y unit s i s 

activate d b y som e physica l  stimulus ;  a  se t  K  receive s activatio n fro m S ;  a  se t  M o f  moto r 

unit s receive s activatio n fro m K  [th e populatio n M directl y control s th e organism' s 

moto r  response] ;  a  se t  H  receive s activatio n fro m bot h S  an d M ;  an d se t  R  [whic h 

consist s o f  bu t  a  singl e unit ]  receive s activatio n fro m H . 

Thus ,  th e networ k ca n b e viewe d a s tw o overlappin g three-laye r  feed-forwar d 

networks ,  eac h mad e u p o f  a n inpu t  layer ,  a n intermediat e (hidde n unit )  layer ,  an d a n 

outpu t  layer .  Eac h o f  th e tw o network s i s strictl y layered ;  tha t  is ,  th e hidde n unit s 

receiv e activatio n fro m th e inpu t  unit s onl y an d th e outpu t  unit s receiv e activatio n 

fro m th e hidde n unit s only .  Th e five  populatio n set s describe d abov e ma p ont o L O W N ET 

and H I G H N E T a s outline d i n Tabl e 1 .  Th e architectur e ca n b e generalize d t o arbitrar y 

number s o f  intermediat e layer s i n eithe r  network ,  an d th e inpu t  t o H I G H N E T ma y 

presumabl y b e expande d t o includ e unit s fro m th e intermediat e layer(s )  o f  L O W N E T. 

T A B LE 1 .  Layere d Structur e o f  L O W N ET an d H IGHNE T 

N E T W O RK 

L O W N ET 

HIGHNET 

Inpu t 
S 

S u m 

LAYERS 
Intermediat e 

K 

H 

Outpu t 
M 

R 
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Networ k Processin g 

Notation. The activity levels of the various units throughout the network are 

denote d b y th e lowe r  cas e lette r  correspondin g t o th e population ,  wit h a  subscrip t 

specifyin g th e individua l  uni t  (se e Figur e 1) ;  fo r  example ,  S 2 i s th e activit y leve l  o f  uni t 

2 i n th e populatio n se t  S .  Th e singl e uni t  occupyin g populatio n R  i s a n exception ;  it s 

activit y leve l  i s  denote d r  (wit h n o subscript) .  Th e reward ,  o r  evaluativ e signal ,  fro m 

th e environmen t  i s denote d e .  Th e weigh t  value s ar e specifie d b y th e symbol  w  wit h a 

superscrip t  denotin g th e "postsynaptic "  populatio n se t  followe d b y a  superscrip t 

denotin g th e "postsynaptic "  populatio n set ,  an d subscript s denotin g th e individua l  unit s 

withi n thos e sets . 

Al l  th e unit s i n th e network ,  wit h th e exceptio n o f  thos e receivin g direc t  inpu t  fro m 

th e environment ,  comput e thei r  response s accordin g t o a  semi-linea r  rule ,  tha t  passe s a 

weighte d linea r  su m o f  th e input s throug h a  nonlinea r  nondecreasin g continuou s 

functio n (f) .  Hence ,  a  generi c uni t  compute s it s activit y y j  a s a  functio n o f  it s  inpu t 

value s X j  an d th e correspondin g weight s w -  accordin g t o th e formul a 

y.  =  f I w ^ X [1 ] 
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winnwmNn»Hm: 

E 

N 

V 

I 

R 

0 

N 

M 

E 

N 

T 

/ \  / \  / S / \ 

^ 

uni t  i  o r  populatio n u 
thi n line s ar e outpu t 
thic k line s ar e inpu t 

0 HICHNET connectio n 

• LOVNET connection 

^ 

Figur e 1 .  Architecture .  A n exampl e networ k i s illustrated .  Sensor y inpu t 

acros s th e S  populatio n activate s th e K  populatio n an d i n tur n th e 

moto r  populatio n (M )  vi a th e connection s o f  L O W N ET [•] .  Th e 

combine d activitie s o f  th e sensor y an d moto r  population s provid e th e 

inpu t  t o H IGHNET .  Th e connection s o f  H I G H N E T [• ]  ar e modifie d suc h 

tha t  th e uni t  r  come s t o predic t  th e rewar d signa l  e . 
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Applying (1) to the network architecture described above yields the following set of 

equation s fo r  th e activit y values : 

k.  =  f 

L J 

m.  =  f 

KS 
w ,  s 

>J J 

M K, 
w. .  k . 

L J 
i j  J 

h .  =  f 
L j  . J  J  j  ^ J  J 

r  =  f 

L J 

RH . 
w.  h . 

J J 

[2a ] 

[2b ] 

[2c ] 

[2d ] 

T w o Concurren t  Learnin g Procedure s 

Rationale .  A  learnin g algorith m fo r  minimizin g a  quantit y Q  ca n b e obtaine d b y th e 

gradien t  descen t  assumptio n 

A w = - i £ ^ 
»j  a w 

[3 ] 

Removal  o f  th e minu s sig n fro m [3 ]  wil l  resul t  i n a  learnin g rul e tha t  seek s m a x i m u m 

value s o f  Q  b y gradien t  ascent . 

I f  th e dependenc e o f  th e rewar d signa l  o n th e weight s o f  L O W N ET wer e known ,  th e 

gradien t  descen t  techniqu e coul d b e applie d directl y t o L O W N E T,  an d ther e woul d b e n o 

need t o introduc e an y mor e complexit y t o th e network .  However ,  th e requisit e partia l 

derivative s depen d o n detail s o f  th e environmen t  tha t  ar e no t  know n t o th e naiv e 

organism .  However ,  a  two-stag e applicatio n o f  gradien t  descen t  rule s ca n b e use d t o ge t 

at  thi s problem .  Takin g bot h ih c sensor y an d th e moto r  activitie s a s input ,  H IGHNE T 

generate s a  predicte d rewar d signa l  r .  Th e connection s o f  H I G H N E T ar e modifie d s o a s t o 

perfor m a  gradien t  descen t  i n th e square d differenc e betwee n r  an d th e actua l  rewar d e . 
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Sinc e th e dependenc e o f  r  (bu t  no t  e )  o n th e connectio n strength s o f  L O W N ET ca n b e 

compute d i n term s o f  networ k variables ;  henc e the y follo w a  differen t  learnin g rule , 

one whic h perform s gradien t  ascen t  i n r .  Thu s th e learnin g dynamic s ar e base d o n th e 

followin g assumptions : 

[4a] A w. 
»J 3 w 

i j 

[w.. € H IGHNET ] 

Aw. .  = 
* w 

[w. .  e  L O W N E T] [4b ] 

Fro m thes e assumtions ,  learnin g rule s ar e t o b e derive d fo r  bot h net s tha t  ar e 

"factorable "  i n th e sens e tha t  th e expressio n fo r  th e chang e i n an y give n weigh t  i s th e 

produc t  o f  a  postsynapti c facto r  an d th e presynapti c activit y value .  Fo r  H I G H N E T ,  th e 

postsynapti c facto r  i s referre d t o a s th e effectiv e predicto r  erro r  6  an d fo r  L O W N ET 

i t  i s  th e effectiv e predicto r  enhancemen t  e ;  sinc e thes e value s depen d o n th e 

respons e a t  th e to p leve l  (R )  an d ar e propagate d bac k dow n th e network ,  th e e  valu e 

must  b e evaluate d fo r  (o r  by )  al l  unit s i n th e network ,  wherea s computatio n o f  d  i s 

require d fo r  th e H I G H N E T unit s (set s R  an d H )  only .  Th e value s o f  5  an d E  fo r  eac h o f  th e 

populatio n set s an d th e modificatio n rule s fo r  thei r  inpu t  connectivitie s ar e give n i n 

Tabl e 2 . 

T A B LE 2 .  Back-Propagatio n Formula e fo r  th e Entir e Networ k 

Networ k Populatio n Eff .  Erro r  Eff .  Enhancemen t  Modificatio n Functio n 

R 5^ = (e-r) f(r) E^ = f(r) 

H 8" = w^»5^r(h.) e» = w^"eRf (h.) 

HIGHNET 

L O W N ET 

M 

K 

1 1 

e ^  =  I w » ^ e H f(m. ) 
1 j  U  J 

e^  =  I w ^ e ^ ^  f(k ) 

» R H sR , 
A w.  =  0  h . 

1 1 

Aw. .  = a x 
iJ 1  J 

[wher e X e {M,S } 

Aw^ = eMk 

Aw. .  =e?^s . 
u 1  J 
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Simulatio n Methodolog y 

The environmental evaluation (reward) function was evaluated as follows. Each 

sensor y patter n wa s mappe d ont o a  uniqu e moto r  pattern .  Deviation s fro m thi s respons e 

resulte d i n a  diminishe d evaluatio n signa l  e ,  whic h wa s compute d a s th e negativ e 

exponentia l  o f  th e distanc e fro m th e moto r  respons e vecto r  m t o a  "target "  respons e t . 

e =  ex p 
i - J ^ - m) - ( t -m ) _ [5 ] 

I n eac h case ,  th e tw o kind s o f  learnin g wer e performe d separately .  H I G H N E T woul d 

lear n firs t  (fo r  severa l  hundre d thousan d patter n presentations )  b y generatin g rando m 

moto r  response s fo r  eac h sensor y stimulu s presentation .  Thi s flailin g strateg y 

allowe d H I G H N E T t o explor e th e shap e o f  th e evaluatio n functio n ove r  th e spac e o f 

possibl e sensory-moto r  combinations .  I t  wa s foun d tha t  learnin g wa s to o slo w i f  th e 

rando m variable s fo r  th e moto r  unit s wer e distribute d uniforml y ove r  th e rang e o f  th e 

possibl e respons e values .  Hence ,  durin g flailing ,  th e unit s i n se t  M too k o n eithe r  th e 

minimu m o r  maximu m value s o f  th e functio n f  [i n thi s case ,  ±  1] . 

Once H I G H N E T seeme d t o hav e identifie d th e pea k o f  th e rewar d functio n fo r  all ,  o r 

nearl y all ,  o f  th e sensor y patterns ,  th e modificatio n o f  H I G H N E T connection s cease d an d 

L O W N ET wa s permitte d t o function ,  bot h a s th e determine r  o f  th e outpu t  (n o mor e 

flailing) ,  an d a s a  syste m o f  dynami c connectio n strengths .  Th e learnin g i n L O W N ET 

the n proceed s t o driv e u p th e valu e o f  th e estimate d reward ,  r . 

Usin g thi s learnin g procedure ,  th e networ k wa s guide d t o associat e tw o paire d 

patter n set s (s^ t )  o n th e basi s o f  a  rewar d signa l  alone . 
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Simulatio n Result s 

Experiment 1: AND & OR. 

This experiment was performed on a network with N5=2, Nj^=2, Nj^=2, and Njj = 12, 

wher e N ^  i s th e numbe r  o f  unit s i n populatio n X .  Th e fou r  allowe d sensor y stimul i  wer e 

(  ±  1 ,  ±  1) .  Associatin g - 1 wit h "false "  an d + 1 wit h "true" ,  th e desire d respons e patter n t 

ca n b e expresse d a s (tpt2 )  =  (  (s j  A N D S2) ,  (s j  O R S2 )  ) •  Th e pea k i s  foun d afte r 

approximatel y 5000 0 -  6000 0 patter n presentation s i n th e flailin g mode .  A n exampl e o f 

th e function s e( m ,s )  an d r(m,s )  plotte d ove r  m-spac e fo r  th e sensor y patter n (-1,-1 )  i s 

shown i n Figur e 2  afte r  10000 0 patter n presentations .  I t  i s  see n tha t  while  th e detail s o f 

th e functio n d o no t  seeme d wel l  learned ,  th e pea k (t )  ha s bee n identiHed . 

L O W N ET learn s t o generat e hig h value s fo r  r  quit e quickly ,  bu t  du e t o it s  imperfec t 

predictiv e power ,  hig h value s o f  e  d o no t  com e s o quickl y (Tabl e 3) .  Afte r  2000 0 patter n 

presentations ,  r  i s  alread y quit e hig h [note :  th e evaluatio n functio n wa s restricte d t o th e 

rang e 0  <  e  <  0.8] ;  bu t  eve n a t  t = 100000 ,  e  i s no t  s o high . 

T A B LE 3 .  Rewar d Maximizatio n b y L O W N ET i n Experimen t  1 . 

t = 2000 0 

t = 10000 0 
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-1 
-1 
+1 
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-0.59 7 
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-0.82 7 

0.89 7 

OUT 2 
-0.84 2 

0.62 0 

0.61 9 

0.99 2 
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0.99 9 
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E 
0.58 3 
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0.65 1 
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Experiment 2: NEGATION. 

In the second experiment, a third "negation" unit was added to the set S. The number 

of possible sensory patterns was thus doubled: s = (± 1,± 1,± 1 ). For the case S3 = -1, the 

target responses depended upon s^ and S2 just as in the first experiment; however for 

the case S3 = +1, the signs of the target response values were inverted. In this 

experiment, more flailing time is required to learn to predict the evaluation signal — 

approximately 150000 trials. The functions e(m,s) and r(m,s) are plotted over m-space 

for the sensory pattern (-1,-1,-1) in Figure 3. The reward maximization carried out in 

LOWNET learns to generate good r-values and e-values, but does so quite slowly (300000 

pattern presentations) and has real trouble with the sensory pattern (-1,-1,-1). 

T A B LE 4 .  Rewar d Maximizatio n b y L O W N ET i n Experimen t  2 . 
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Discussio n 

The question of how instructional information is incorporated by a learning 

procedur e appear s i n variou s incarnation s a t  al l  level s o f  cognitiv e science ,  fro m exper t 

system s t o neurophysiolog y t o networ k models .  Th e recen t  design/discover y o f  th e 

back-propagatio n learnin g procedur e addresse s par t  o f  thi s question .  Whil e ther e ar e 

imponan t  issue s tha t  nee d t o b e irone d ou t  suc h a s biologica l  plausibilit y  (informatio n 

passe s backward s acros s synapses! )  an d psychologica l  plausibilit y  (to o muc h detai l  i n 

th e supervisor y signal!) ,  th e algorith m i s s o powerfu l  an d elegan t  tha t  i t  i s  to o attractiv e 

t o dismiss .  Henc e i t  seem s worthwhil e t o tr y t o mak e i t  fi t  nicel y wit h biologica l  an d 

behaviora l  phenomenology . 

The schem e describe d i n thi s pape r  combine s tw o form s o f  back-propagatio n 

learnin g int o a n architectur e tha t  require s onl y a  singl e (scalar )  rewar d valu e an d no t 

th e explici t  trainin g informatio n require d fro m th e environmen t  back-propagatio n 

learnin g procedur e b y th e "standard "  back-propagatio n algorithm . 
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Abstrac t 

Connectionis t  model s usuall y hav e a  singl e weigh t  o n eac h connection .  Som e interestin g ne w 
propertie s emerg e i f  eac h connectio n ha s tw o weights :  A  slowl y changing ,  plasti c weigh t  whic h store s 
long-tCT m knowledg e an d a  fast-changing ,  elasti c weigh t  whic h store s temporar y knowledg e an d 
spontaneousl y decay s toward s zero .  I f  a  networ k learn s a  se t  o f  association s an d the n thes e association s 
ar e "blurred "  b y subsequen t  learning ,  al l  th e (xigina l  association s ca n b e "deblurred "  b y rehearsin g o n 
jus t  a  fe w o f  them .  Th e rehearsa l  allow s th e fas t  weight s t o tak e o n value s tha t  tempOTaril y  cance l  ou t 
th e change s i n th e slo w weight s cause d b y th e subsequen t  learning . 

1. Introduction 

Most  connectionis t  model s hav e assume d tha t  eac h connectio n ha s a  singl e weigh t  whic h i s adjuste d 

durin g th e cours e o f  learning .  Despit e th e emergin g biologica l  evidenc e tha t  change s i n synapti c efficac y 

at  a  singl e synaps e occu r  a t  man y differen t  time-scale s (Kupferman ,  1979 ;  Hartzell ,  1981) ,  ther e hav e 

been relatively  fe w attempt s t o investigat e th e computationa l  advantage s o f  givin g eac h connectio n 

severa l  differen t  weight s tha t  chang e a t  differen t  speeds .  Eve n fo r  phenomen a lik e short-ter m memor y 

wher e fast-changin g weight s migh t  see m appropriate ,  connectionis t  model s hav e typicall y use d th e 

activatio n level s o f  unit s rathe r  tha n th e weight s t o stor e temporar y memorie s (Littl e an d Shaw ,  1975 ; 

Touretzk y an d Hinton ,  1985) .  W e kno w ver y littl e abou t  th e rang e o f  potentia l  use s o f  fas t  weights .  H o w 

do the y alte r  th e wa y network s behave ,  an d wha t  extr a computationa l  propertie s d o the y provide ? 

In this paper we assume that each cormection has both a fast, elastic weight and a slow, plastic 

weight .  Th e slo w weight s ar e lik e th e weight s normall y use d i n coimectionis t  networics-the y chang e 

slowl y an d the y hol d al l  th e long-ter m knowledg e o f  th e network .  Th e fas t  weight s chang e mor e rapidl y 

and the y continuall y regress  toward s zer o s o tha t  thei r  magnitud e i s determine d solel y b y thei r  recen t  past . 

The effectiv e weigh t  o n th e cormectio n i s th e su m o f  thes e two . 

At any instant, we can think of the system's knowledge as consisting of the slow weights with a 

temporar y overla y o f  fas t  weights .  Th e overla y give s a  temporar y context- a temporar y associativ e 

memory tha t  allow s netwoik s t o d o mor e flexibl e informatio n processing .  M a n y way s o f  usin g thi s 

temporar y memor y hav e bee n suggested . 

1. It can be used for rapid temporary learning. When presented with a new association the 

networ k ca n stor e i t  i n on e trial ,  provide d th e storag e onl y need s t o b e temporary . 

2.  I t  ca n b e use d fo r  creatin g temporar y binding s betwee n feamres .  Recen t  wor k b y 

Von de r  Malsbur g (1981 )  an d Feldma n (1982 )  ha s show n tha t  fast-changin g weight s ca n b e 

use d t o dynamicall y bin d togethe r  a  numbe r  o f  differen t  propertie s int o a  coheren t  whole ,  o r 

t o discove r  approximat e homomorphism s betwee n tw o structure d domains . 

3.  I t  ca n b e use d t o allo w trul y recursive  processing .  Durin g executio n o f  a  procedure ,  th e 
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value s o f  loca l  variable s an d th e stag e reached  i n th e procedur e (th e progra m counter )  ca n 

be store d i n th e fas t  weights .  Thi s allow s th e procedur e t o cal l  a  subprocedur e whos e 

executio n involve s differen t  pattern s o f  activit y i n th e ver y sam e unit s a s th e callin g 

procedure .  W h e n th e subprocedur e ha s finishe d usin g th e units ,  th e stat e o f  th e callin g 

procedur e ca n b e reconstructed  fro m th e temporar y associativ e memory .  I n thi s wa y th e 

stat e doe s no t  nee d t o b e store d i n th e activit y o f  th e units ,  s o th e ver y sam e unit s ca n b e 

use d fo r  mimin g th e subprocedure .  A  workin g simulatio n o f  thi s kin d i s describe d briefl y i n 

McQellan d &  Kawamot o (1986) . 

4.  I t  ca n b e use d t o implemen t  a  learnin g metho d calle d "shortes t  descent "  whic h i s a  wa y o f 

minimizin g th e amoun t  o f  interferenc e cause d b y ne w learning .  Shortes t  descen t  wil l  b e 

describe d i n a  separat e pape r  an d i s no t  discusse d furthe r  here . 

In this paper we describe a novel use for a temporary memory stored in the fast weights: it can be 

use d fo r  cancellin g ou t  th e interferenc e i n a  se t  o f  ol d association s cause d b y mor e recen t  learning . 

Conside r  a  netwoi k whic h ha s slowl y an d painfull y learne d a  se t  o f  association s i n it s slo w weights .  I f 

thi s networ k i s the n taugh t  a  ne w se t  o f  association s withou t  an y mor e rehearsal  o f  th e ol d associations , 

ther e i s nonnall y som e degradatio n o f  th e ol d associations .  W e sho w tha t  b y usin g fas t  weight s i t  i s 

possibl e t o quickl y restore  a  whol e se t  o f  ol d association s b y rehearsing  o n jus t  a  subse t  o f  them .  Th e fas t 

weight s cance l  ou t  th e change s i n th e slo w weight s tha t  hav e occurre d sinc e th e ol d association s wer e 

learned ,  s o th e combinatio n o f  th e curren t  slo w weight s an d th e fas t  weight s approximate s th e earlie r  slo w 

weights .  Th e fas t  weight s therefor e creat e a  contex t  i n whic h th e ol d association s ar e presen t  again . 

W h en th e fas t  weight s deca y away ,  th e ne w association s return. 

2. A deblurring analogy 

Ther e i s a n analog y betwee n th e us e o f  fas t  weight s t o recover  unretraine d association s an d a 

techniqu e calle d "deblurring "  whic h i s sometime s use d fo r  cleanin g u p blurre d images .  Suppos e tha t  yo u 

ar e i n you r  offic e an d yo u wan t  t o tak e som e photograph s o f  wha t  i s  o n you r  compute r  screen .  Yo u se t  u p 

a tripo d i n fron t  o f  th e scree n an d the n yo u carefull y focu s th e camer a an d tak e on e photograph . 

Unfortunately ,  befor e yo u ca n tak e an y more ,  you r  offic e mat e move s th e camer a t o a  tiipo d i n fron t  o f 

hi s scree n an d refocuses  it .  Y o u n o w mov e th e camer a bac k t o you r  tripo d an d i t  seem s a s i f  yo u mus t 

refocus,  bu t  ther e i s a n interestin g alternative .  Yo u tak e anothe r  photograp h o f  th e sam e scree n withou t 

refocussing  an d yo u compar e i t  wit h you r  firs t  photograph .  Th e first  phot o i s th e "desire d output "  o f  th e 

proces s tha t  map s fi-om  screen s t o photos ,  an d th e differenc e betwee n i t  an d th e "actua l  output "  achieve d 

wit h th e out-of-focu s camer a ca n b e use d t o estimat e a  deblurrin g operato r  whic h ca n b e applie d t o th e 

actua l  outpu t  t o conver t  i t  t o th e desire d outpu t  Thi s sam e deblurrin g operato r  ca n the n b e applie d t o an y 

imag e take n wit h th e out-of-focu s camera .  Focussin g th e camer a i s analogou s t o learnin g th e slo w 

weight s tha t  ar e require d t o m a p fro m inpu t  vector s (screens )  t o outpu t  vector s (photos) .  Estimatin g th e 

deblurrin g operato r  i s  analogou s t o learnin g th e fas t  weight s tha t  ar e require d t o compensat e fo r  th e nois e 

tha t  ha s bee n adde d t o th e slo w weight s sinc e th e origina l  learnin g (se e figure  1) . 

The advantage of using fast weights rather than slow ones for deblurring is that it does not 

permanentl y interfer e wit h th e ne w associations .  A s soo n a s th e fas t  weight s hav e decaye d bac k t o zero , 

th e n e w knowledg e i s restored. 
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Figur e 1 ;  A n illustratio n o f  th e deblurrin g analog y betwee n (a )  image s an d (b ) 
networks .  Th e law s o f  projectio n (P )  determin e th e mappin g fro m th e scen e t o th e 
image .  Afte r  applyin g a  blurrin g functio n (B) ,  applyin g th e invers e o f  B  t o th e blurre d 

imag e restore s th e image .  Similarly ,  th e weight s ( W )  defin e a  mappin g fro m inpu t  t o 

output .  Afte r  nois e (N )  i s added ,  determinin g an d applyin g th e invers e o f  N  allow s th e 

networ k t o produc e tiie  origina l  output . 

3.  T h e learnin g p rocedu r e 

We use d th e bac k propagatio n learnin g procedur e (Rumelhar t  e t  ai ,  1986a ;  1986b )  t o investigat e 

th e propertie s o f  network s tha t  lear n wit h bot h fas t  an d slo w weights .  W e summariz e th e procedur e 

below-th e ful l  mathematica l  detail s ca n b e foun d i n th e abov e references . 

The procedure operates on layered, feed-forward networks of deterministic, neuron-like units. 

Thes e network s hav e a  laye r  o f  ir̂ u t  unit s a t  th e bottom ,  an y numbe r  o f  intermediat e layer s o f  hidde n 

units ,  an d a  laye r  o f  outpu t  imit s  a t  th e top .  Connection s ar e allowe d onl y fro m lowe r  t o highe r  layers . 

The aim of the learning procedure is to find a set of weights on the connections such that, when the 

networ k i s presente d wit h eac h o f  a  se t  o f  inpu t  vectors ,  th e outpu t  vecto r  produce d b y th e networ k i s 

sufficientl y clos e t o th e correspondin g desire d outpu t  vector .  Th e erro r  produce d b y th e networ k i s 

define d t o b e th e square d differenc e betwee n th e actua l  an d desire d outpu t  vector s summe d ove r  al l 

input-outpu t  cases .  Th e learnin g procedur e minimize s thi s erro r  b y performin g gradien t  descen t  i n weigh t 
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space. This requires adjusting each weight in the network in proportion to the partial derivative of the 

erro r  wit h respec t  t o tha t  weight .  Thes e erro r  derivative s ar e calculate d i n tw o passes . 

The forward pass determines the output (or state) of each unit in the network. An input vector is 

presente d t o th e networ k b y settin g th e state s o f  th e inpu t  units .  Layer s ar c the n processe d sequentially , 

woikin g fro m th e botto m upward ,  wit h th e state s o f  unit s withi n a  laye r  se t  i n parallel .  Th e inpu t  t o a  uni t 

i s  th e scala r  produc t  o f  th e state s o f  unit s i n lowe r  layer s from  whic h i t  receives  connections ,  an d th e 

weight s o n thes e connections .  Th e outpu t  o f  a  uni t  i s  a  real-valued  smoot h non-linea r  functio n o f  it s 

input .  Th e forwar d pas s end s whe n th e state s o f  th e outpu t  unit s ar e set . 

The backward pass starts with the output units at the top of the network and works downward 

throug h eac h successiv e layer ,  "back-propagating "  erro r  derivative s t o eac h weigh t  i n th e network .  Fo r 

eac h layer ,  computin g th e erro r  derivative s o f  th e weight s o n incomin g cormection s involve s first 

computin g th e erro r  derivative s wit h respect  t o th e outputs ,  an d the n wit h respect  t o th e inputs ,  o f  th e 

imit s i n tha t  layer .  Th e simpl e for m o f  th e uni t  input-outpu t  function s make s thes e computation s 

straightforward .  Th e backwar d pas s i s complet e whe n th e derivativ e o f  th e erro r  wit h respect  t o eac h 

weigh t  i n th e networ k ha s bee n determined . 

The simplest version of gradient descent is to decrement each weight in proportion, e, to its error 

derivative .  A  mor e complicate d versio n tha t  usuall y converge s faste r  i s t o ad d t o th e curren t  weigh t 

chang e a  proportion ,  a ,  o f  th e previou s weigh t  change .  Thi s i s analogou s t o introducin g momentu m t o 

movement  i n weigh t  space . 

Since the effective weight on a connection is the sum of the fast and slow weights, these weights 

experienc e th e sam e erro r  derivative .  Henc e the y behav e differentl y onl y becaus e the y ar e modifie d usin g 

differen t  weigh t  chang e parameter s e  an d a ,  an d becaus e th e fas t  weight s deca y toward s zero .  Thi s i s 

achieve d b y reducin g th e magnitud e o f  eac h fas t  weigh t  b y som e fraction ,  h ,  afte r  eac h weigh t  change . 

4. A simulation of the deblurring effect 

T o demonstrat e th e deblurrin g effect ,  w e use d a  simpl e tas k an d a  simpl e network .  Th e tas k wa s t o 

associat e rando m binar y 10-bi t  inpu t  vector s wit h rando m binar y 10-bi t  outpu t  vectors .  W e selecte d 10 0 

inpu t  vector s a t  rando m (withou t  replacement)  fro m th e se t  o f  al l  2^ ^  binar y vector s o f  lengt h 10 ,  an d fo r 

eac h inpu t  vecto r  w e chos e a  rando m outpu t  vector .  Th e networ k w e use d ha d thre e layers :  1 0 inpu t 

units ,  10 0 hidde n units ,  an d 1 0 outpu t  units .  Eac h inpu t  uni t  wa s connecte d t o al l  th e hidde n units ,  an d 

eac h hidde n uni t  wa s conneae d t o al l  th e outpu t  units .  Th e hidde n an d outpu t  unit s als o ha d variabl e 

biase s tha t  wer e modifie d durin g th e learning . 

We trained the network by repeatedly sweeping through the whole set of 100 associations and 

changin g th e weight s afte r  eac h sweep .  Afte r  prolonge d trainin g (130 0 sweep s wit h e = .0 2 an d a = .9 )  th e 

networ k kne w th e association s perfectly ,  an d al l  th e knowledg e wa s i n th e slo w weights .  Th e fas t  weight s 

wer e ver y clos e t o zer o becaus e th e error s wer e ver y smal l  toward s th e en d o f  th e training ,  s o th e tin y 

erro r  derivative s wer e dominate d b y th e tendenc y o f  th e fas t  weight s t o deca y toward s zer o b y 1 % afte r 

eac h weigh t  update . 

Once the 100 associations were learned, we trained the network on 5 new random associations 

withou t  furthe r  rehearsal  o n th e origina l  100 .  Again ,  w e continue d th e trainin g imti l  th e ne w knowledg e 

was i n th e slo w weight s (40 0 sweeps) .  W e the n retrained  th e networ k o n onl y a  subse t  o f  th e origina l 
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associations, and compared the improvement in perforaiance on this retrained subset with the (incidental) 

improvemen t  i n perfomianc e o n th e rest  o f  th e associations .  Th e mai n result,  show n i n figur e 2 ,  wa s tha t 

i n th e earl y stage s o f  retraining  th e improvement s i n th e association s tiiat  wer e no t  retrained  wer e ver y 

nearl y a s goo d a s i n th e association s tha t  wer e explicitl y  retrained .  Thi s rathe r  surprisin g result  hel d eve n 

i f  onl y 1 0 % o f  th e ol d association s wer e retrained. 

a. 5 

L 
O 
1. 
L 
V 

R 

V 

\  N 

^ 

L 28 

e. 5 

sueep 
50 retraine d (solid) ;  5 0 unretralne d (dashed ) 

sueep 
10 retraine d (solid) ;  9 0 unretralne d (dashed ) 

Figur e 2 :  Performanc e o n retrained  an d unretraine d subset s o f  10 0 input-outpu t  case s 

afte r  (1 )  learnin g al l  10 0 cases ;  an d (2 )  interferin g wit h th e weight s b y learnin g 5 

unrelate d cases .  Th e averag e erro r  o f  a n outpu t  uni t  i s  show n fo r  th e firs t  2 0 sweep s 

throug h th e retrained  subse t 

The reason  fo r  thi s effec t  i s  tha t  th e knowledg e abou t  eac h associatio n i s distribute d ove r  man y 

differen t  connections ,  an d whe n th e networ k i s retrained  o n som e o f  th e association s al l  th e weight s ar e 

pushe d bac k toward s th e value s tha t  the y use d t o hav e afte r  th e association s wer e firs t  learned .  S o ther e i s 

improvemen t  i n th e unretraine d association s eve n thoug h the y ar e onl y randoml y relate d t o th e retraine d 

ones .  O f  course ,  i f  di e retrained  an d unretraine d association s shar e som e regularities  th e transfe r  wil l  b e 

eve n better . 

4.1. A geometric explanation of the transfer effect 

Conside r  di e ver y simpl e netwoil c show n i n figur e 3 .  Ther e ar e tw o inpu t  unit s whic h ar e directi y 

connecte d t o a  single ,  linea r  ou^u t  unit .  Th e networi c i s traine d o n tw o differen t  association s eac h o f 

whic h map s a  tw o componen t  inpu t  vecto r  int o a  on e componen t  outpu t  vector .  Fo r  eac h o f  th e tw o inpu t 

vectors ,  tiiere  wil l  b e man y differen t  combination s o f  di e weight s Wj  an d ̂ 2 tha t  giv e th e desire d ouq)u t 

vector ,  an d sinc e th e outpu t  uni t  i s  linear ,  thes e combination s wil l  for m straigh t  line s i n weigh t  spac e a s 

shown i s figure  4 .  h i  general ,  th e onl y combinatio n o f  weight s tha t  wil l  satisf y bot h association s lie s a t 

di e intersectio n o f  th e tw o lines .  S o i n thi s simpl e netwoik ,  a  gradien t  descen t  learnin g procedur e wil l 

converg e o n th e intersectio n point . 
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Figur e 3 :  A  simpl e networ k tha t  learn s t o associat e (Xj ,  Xj )  wit h y  an d {x{ ,  x { )  wit h / . 
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Figure 4: A plot of weight space for the simple network in figure 3. 

Now, suppose we add to a network that has learned the associations a noise vector of length r that is 

selecte d a t  rando m fro m a  distributio n tha t  i s  uniforml y distribute d ove r  al l  possibl e orientations .  Th e 

ne w combinatio n o f  weight s wil l  b e uniforml y distribute d ove r  th e circl e show n i n figure  4 .  I f  w e no w 

retrai n a n infinitessima l  amoim t  o n associatio n 1 ,  w e wil l  mov e perpendicularl y toward s lin e 1 .  I f  w e star t 

fro m a  poin t  suc h a s P  tha t  lie s o n on e o f  th e large r  arc s o f  th e circle ,  th e movemen t  toward s lin e 1  wil l 

hav e a  componen t  toward s lin e 2 ,  wherea s i f  w e star t  fro m a  poin t  o n on e o f  th e smalle r  arcs ,  th e 

movement  wil l  hav e a  componen t  awa y fro m lin e 2 .  Thus ,  whe n w e retrai n a  smal l  amoun t  o n 

associatio n 1 ,  w e ar e mor e likel y tha n no t  t o improv e th e performanc e o n associatio n 2 ,  eve n thoug h th e 

association s ar e onl y randoml y relate d t o eac h other . 

The expected positive transfer between retraining on one association and performance on the other 

ca n onl y b e a  resul t  o f  startin g th e retrainin g ftx)m a  poin t  i n weigh t  spac e tha t  ha s som e specia l 
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relationship to the solution point, O. We initially thought that the starting point for the retraining needed 

t o b e nea r  th e solutio n point ,  bu t  th e geometrica l  argumen t  w e hav e jus t  give n i s independen t  o f  th e 

magnitude ,  r ,  o f  th e nois e vector .  Th e crucia l  propert y o f  th e startin g poin t  i s tha t  i t  i s selecte d a t  rando m 

from  a  distiibutio n o f  point s tiiat  ar e al l  tiie  sam e distanc e from  O ,  an d selectin g startin g point s i n thi s 

way induce s a  bia s toward s startin g point s tha t  caus e positiv e transfe r  betwee n th e tw o association s tha t 

defin e th e poin t  O . 

The positive transfer effect obviously disappears if the two associations are orthogonal, and so we 

migh t  expec t  th e effec t  t o b e rathe r  sma U whe n th e networ k i s large ,  becaus e randoml y relate d high -

dimensiona l  vector s ten d t o b e almos t  orthogonal .  I n fact ,  i t  i s  importan t  t o distinguis h betwee n tw o 

qualitativel y differen t  cases .  I f  th e activit y level s o f  th e inpu t  imit s hav e a  mea n o f  zero ,  mos t  pair s o f 

high-dimensiona l  vector s wil l  b e approximatel y orthogona l  an d s o th e effec t  i s  smal l  an d th e expecte d 

transfe r  fix)m  on e retraine d associatio n t o on e unretraine d on e get s smalle r  a s tiie  dimensionalit y 

increases .  If ,  however ,  th e activit y level s o f  th e inpu t  unit s rang e betwee n 0  an d 1  (a s i n th e simulatio n 

describe d above )  rando m high-dimensiona l  vector s ar e no t  clos e t o orthogona l  an d w e sho w i n tiie  nex t 

sectio n tha t  th e expecte d transfe r  fro m on e retraine d associatio n t o on e unretraine d on e i s independen t  o f 

th e dimensionalit y o f  tiie  vectors . 

5. A mathematical analysis 

I t  i s  har d t o analyz e th e expecte d siz e o f  th e transfe r  effec t  fo r  network s wit h multipl e layer s o f 

non-linea r  xmit s o r  fo r  task s wit h comple x regularitie s amon g th e input-outpu t  associations .  However ,  a n 

analysi s o f  th e transfe r  effec t  i n simpl e netwoik s learnin g rando m association s ma y provid e a  usefu l  guid e 

t o wha t  ca n b e expecte d i n mor e comple x cases .  W e therefor e deriv e tiie  magnitud e o f  tiie  expecte d 

transfe r  fro m on e retraine d association ,  A ,  t o on e unretraine d association ,  B ,  i n a  networ k tha t  ha s n o 

hidde n unit s an d onl y on e linea r  outpu t  uniL ^  W e assimi e tha t  th e networ k ha s previousl y learne d t o 

produc e tiie  correc t  activit y leve l  i n tiie  outpu t  uni t  fo r  tw o inpu t  vectors ,  a  an d b ,  an d tiiat  i t  i s  no w 

retrainin g o n associatio n A  afte r  independen t  gaussia n nois e ha s bee n adde d t o eac h weight .  Th e nois e 

adde d t o tiie  i' ^  weigh t  i s g ^  an d i s chose n fro m a  distributio n witi i  mea n 0  an d standar d deviatio n a .  W e 

als o assum e tiiat  tiie  retrainin g involve s changin g tiie  weight s b y a  fixed,  infinitesima l  amoun t  i n tiie 

directio n o f  steepes t  descen t  i n th e erro r  functio n 2  (̂ a ~^ a )  ' ^  wher e y ^  i s th e actua l  outpu t  o f  th e outpu t 

uni t  an d d ^  i s  tiie  desire d outpu t  fliat  wa s achieve d befor e tiie  nois e wa s added . 

A goo d measur e o f  th e magnitud e o f  th e transfe r  effec t  i s  th e th e rati o o f  tw o improvements :  th e 

improvemen t  i n associatio n B  cause d b y retrainin g o n A  an d th e improvemen t  i n associatio n B  tha t  woul d 

hav e bee n cause d b y retrainin g direcfl y o n B .  I f  th e retrainin g involve s changin g tiie  weigh t  vecto r  b y a 

fixed  amoun t  i n th e directio n o f  steepes t  descent ,  thi s rati o i s simpl y tiie  cosin e o f  tiie  angl e betwee n tiie 

directio n o f  steepes t  descen t  fo r  associatio n A  an d tiie  directio n o f  steepes t  descen t  fo r  associatio n B  ? • 

I f  th e origina l  learnin g wa s perfect ,  al l  o f  th e erro r  i n th e outpu t  woul d b e cause d b y th e nois e adde d 

'Fo r  layered ,  feed-forwar d network s wit h n o hidde n units ,  eac h outpu t  uni t  ha s it s o w n separat e se t  o f  weights .  S o a  networ k 
wit h man y outpu t  unit s ca n b e viewe d a s compose d o f  m a n y separat e network s eac h o f  whic h ha s a  singl e outpu t  uni t 

^f the retraining involves multiplying the gradient by a coefficient, e, to determine the weight change, the actual ratio may 
diffe r  becaus e th e magnitude s o f  th e gradient s m a y diffe r  fo r  i 4 an d B .  Bu t  thi s wil l  no t  affec t  th e expecte d ratio ,  s o th e analysi s 
we giv e fo r  th e expecte d transfe r  i s stil l  valid . 
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t o th e weights ,  s o 

^ A 

wher e a, -  i s  th e activit y leve l  o f  th e j' *  inpu t  uni t  i n associatio n A .  So ,  fo r  a  weight ,  w,- ,  th e derivative s o f 

th e erro r  E ^  fo r  associatio n A  an d E g fo r  associatio n B  ar e give n b y 

^^A ^A ^^A ^ ^^B ^B ^^B . ^^ 
- r — =  T—-T—•<»r2rf' '»^i '  ^ ~ =  T—•^—•''i•2-»J^| • 

Hence, the cosine of the angle, 9, between the directions of steepest descent for the two associations is 

give n b y 

cosi&) = 

i  i  t  i 

( L a ^ ^ L b ^ y ^  I«.-^rI^-«. -
(1 ) 

5.1 .  T h e zero-on e cas e 

Th e first  par t  o f  equatio n 1  i s simpl y th e cosin e o f  th e angl e betwee n th e tw o inpu t  vectors ,  an d s o i t 

i s  independen t  o f  th e weights .  I f  th e component s o f  a  an d b  ar e al l  0  o r  1  i t  ca n b e writte n a s 

«ab 

wher e n ^  i s th e numbe r  o f  component s tha t  hav e valu e 1  i n th e vecto r  a ,  an d «,, ,  i s  th e numbe r  tha t  hav e 

valu e 1  i n bot h a  an d b . 

The second part of equation 1 depends on the weights. It always has a value of 1 or -1, depending 

on whethe r  £ ^  an d E g hav e th e sam e o r  opposit e signs .  It s numerato r  ca n b e writte n a s 

( Z ^i + Z 8i) ( Z ^, + X 8i) 

where 5^,^ is the set of input units that have value 1 in both a and b, S^^ is the set that have value 1 in a 

and 0  i n b ,  an d S ^  i s th e se t  tha t  hav e valu e 0  i n a  an d 1  i n b .  Sinc e thes e set s ar e disjoin t  an d th e 

expecte d valu e o f  th e product s o f  independen t  zero-mea n gaussian s i s 0 ,  al l  th e cross-product s i n th e 

numerato r  o f  equatio n 1  vanis h whe n w e tak e expecte d value s excep t  fo r  th e ter m 

( E 8i -  Z  Si )  =  ( I  g ^ )  =  «.b0 2 
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So th e expecte d valu e o f  equatio n 1  ca n b e writte n a s 

< 11«,-^rI^-^.- 1 >  ''^'"^'^'"' '  ^^"'^^" ' 

and s o th e expecte d valu e o f  co s (9 )  i s  give n b y 

2 

<co5(e) > =  ^  (2 ) 

If each component of a and b has value 1 with probability 0.5 and value 0 otherwise, the expected 

valu e o f  co5(9 )  i s 0.25 .  S o i f  w e ad d rando m nois e t o th e weight s o f  a  simpl e networi c tha t  ha s learne d 

100 association s an d the n w e retrai n o n 5 0 o f  the m usin g ver y smal l  weigh t  changes ,  th e rati o o f  th e 

expecte d improvement s o n a n unretraine d an d a  retraine d associatio n a t  th e star t  o f  th e retrainin g wil l  b e 

5 0 X . 2 5 _ ^ ^ 3 

1 + 4 9 X . 2 5 

Thi s agree s wel l  wit h simulation s w e hav e don e usin g network s wit h n o hidde n units . 

5.2. The 1,0, -1 case 

W h en th e component s o f  th e inpu t  vector s ca n als o tak e o n value s o f  - 1 ,  a  modificatio n o f  th e 

derivatio n use d abov e lead s t o 

{cos{id) )  =  "̂̂ '̂• "  "^"^g^^^ ^ (3 ) 
«a« b 

where  n  ^ ^  i s th e numbe r  o f  inpu t  unit s fo r  whic h a f i = 1  an d n^^^g^ ^  i s th e numbe r  o f  inpu t  unit s fo r 

whic h a,-6,-=-1 . 

For  a  pai r  o f  rando m vector s i n whic h eac h componen t  ha s a  probability ,  p ,  o f  bein g a  1  an d th e 

same probabilit y  o f  bein g a  - 1 ,  th e expecte d valu e o f  th e numerato r  o f  equatio n 3  i s jus t  th e squar e o f  th e 

expecte d lengt h o f  a  rando m wal k i n whic h eac h ste p ha s a  probabilit y  o f  2p ^  o f  bein g t o th e left ,  2p ^  o f 

bein g t o th e right ,  an d 1  -4p ^  o f  bein g zero .  Th e expecte d valu e o f  th e numerato r  i s therefor e Ap'̂ n , 

where  n  i s th e dimensionalit y o f  th e inpu t  vector .  Sinc e th e denominato r  ha s a n expecte d valu e o f  orde r 

n^,  th e expecte d transfe r  effec t  i s  inversel y proportiona l  t o n . 

The decreas e i n th e expecte d transfe r  betwee n a  singl e pai r  o f  vector s i s balance d b y th e fac t  tha t 

large r  network s ca n hol d mor e associations .  I f  th e numbe r  o f  association s learne d i s proportiona l  t o th e 

dimensionalit y o f  th e inpu t  vectors ,  an d i f  a  constant^acrio n o f  th e association s ar e retrained  afte r  addin g 

nois e t o th e weights ,  th e rati o o f  th e initia l  improvemen t  o n th e unretraine d association s t o th e 

improvemen t  o n th e retrained  association s i s independen t  o f  th e dimensionality . 

5.3. How the transfer effect decreases during retraining 

The analyse s w e hav e presente d ar e fo r  th e transfe r  betwee n rando m association s durin g th e earlies t 

stag e o f  retraining.  A s retraining  proceeds ,  th e transfe r  effec t  diminishes .  Figur e 4  present s a  simpl e 

geometrica l  explanatio n o f  wh y thi s occurs .  A t  th e star t  o f  retraining,  th e poin t  i n weigh t  spac e lie s 
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somewhere on the circle, and the probability that the transfer will be positive is simply the fraction of the 

circumferenc e tha t  lie s i n th e tw o large r  arc s o f  th e circle .  Retrainin g o n associatio n 1  move s eac h poin t 

o n th e circl e perpendicularl y toward s th e lin e 1  b y a n amoun t  proportiona l  t o it s distanc e fro m 1 ,  s o afte r 

a give n amoun t  o f  retraining ,  eac h poin t  o n th e circl e wil l  mov e t o th e correspondin g poin t  o n th e ellipse . 

Th e probabilit y  o f  positiv e transfe r  i s no w equa l  t o th e fractio n o f  th e circumferenc e o f  th e ellips e tha t  lie s 

i n th e tw o large r  arcs . 

6. Conclusions 

Thi s pape r  demonstrate s an d analyse s a  powerfti l  an d surprisin g transfe r  effec t  tha t  wa s first 

describe d (bu t  no t  analysed )  b y Hinto n an d Sejnowsk i  (1986) .  Th e analysi s applie s jus t  a s wel l  i f  ther e 

ar e n o fas t  weight s an d th e releamin g take s plac e i n th e slo w weights .  Th e advantag e o f  fas t  weight s i s 

tha t  the y allo w thi s effec t  t o b e use d fo r  temporaril y  deblurrin g ol d memorie s withou t  causin g significan t 

interferenc e t o ne w memories .  W h e n th e fas t  weight s deca y awa y th e newe r  memorie s ar e restored . 

There are many anecdotal descriptions of phenomena that could be explained by the kind of 

mechanis m w e hav e proposed ,  bu t  w e kno w o f  n o wel l  controlle d studies .  W e predic t  tha t  i f  a  tw o 

unrelate d set s o f  association s ar e learne d a t  th e sam e time ,  an d i f  th e intema l  representations  use d fo r 

differen t  association s shar e th e sam e units ,  the n retraining  o n on e se t  o f  association s wil l  substantiall y 

improv e performanc e o n th e othe r  set .  On e proble m wit h thi s predictio n i s tha t  wit h sufficien t  leaming , 

cormectionis t  network s ten d t o us e differen t  set s o f  unit s fo r  representin g unrelate d items .  A  secon d 

proble m i s tha t  eve n i f  th e unretraine d association s ar e enhanced ,  th e effec t  m a y b e maske d b y response 

competitio n du e t o facilitatio n o f  th e responses  t o th e retrained  items .  Nevertheless ,  th e typ e o f  effec t  w e 

hav e describe d ca n b e ver y larg e i n simulate d network s an d s o a  wel l  designe d experimen t  shoul d b e abl e 

t o detec t  whethe r  o r  no t  i t  occur s i n people . 
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Abstract 

Connectionist models have traditionally ignored conscious rule ^plication in learning and performance. 

Conceptua l  problem s aris e i n treatin g rul e applicatio n i n a  connectionis t  framework  becaus e th e leve l  o f  analysi s o f 

connectionis t  model s i s lowe r  tha n tha t  whic h i s natura l  fo r  describin g consciou s rules .  A n analysi s i s offere d o f  th e 

relatiffl i  betwee n thes e tw o level s o f  description ,  an d o f  th e kin d o f  reductio n involve d i n connectionis t  modeling . 

Fro m thi s vantagepoin t  a n approac h i s  formulate d t o th e treatmen t  o f  consciou s rul e applicatio n withi n a 

connectionis t  f ramewwk .  Th e ̂ proac h cruciall y involve s connectionis t  languag e processing ,  an d lead s t o a 

distinctio n betwee n tw o type s o f  knowledg e tha t  ca n b e store d i n connectionis t  systems . 

Introduction 

Connectionist models have traditionally ignored the role played by conscious application of rules in human 

cognition .  M a n y task s ar e learne d throug h rules ,  an d initiall y  performe d b y consciousl y applyin g thos e rules ; 

connectionis t  model s hav e b y an d larg e bee n unabl e t o addres s learnin g an d performanc e i n whic h suc h rul e 

applicatio n occurs .  O n e o f  th e mos t  strikin g phenomen a i n cognitiv e scienc e i s th e shif t  durin g th e acquisitio n o f 

expertis e from  consciou s p-ocessin g t o processin g tha t  I  wil l  simpl y refe r  t o a s iruuitive .  Whil e th e connectionis t 

approac h ha s provide d successfu l  model s o f  purel y intuitiv e processes ,  sinc e th e approac h canno t  n o w addres s rul e 

application ,  i t  canno t  she d ligh t  o n thi s aspec t  o f  th e transitio n t o expertise . 

Incorporatin g consciou s rul e applicatio n int o a  connectionis t  paradig m pose s seriou s conceptua l  problem s tha t 

must  b e resolved ,  a t  leas t  provisionally ,  befor e th e associate d technica l  problem s ca n eve n b e recognized ,  le t  alon e 

solved .  M a n y o f  thes e conceptua l  problem s ste m fro m th e fac t  tha t  th e leve l  o f  analysi s adopte d b y connectionis t 

modelin g i s lowe r  tha n th e leve l  a t  whic h rul e interpretatio n i s mos t  naturall y described .  Consciou s rule s involv e 

consciousl y accessibl e concepts ,  an d ar e therefor e naturall y describe d a t  th e leve l  o f  thes e concepts :  wha t  I  wil l  cal l 

th e conceptua l  level .  I n th e kin d o f  connectionis t  syste m I  conside r  here ,  concept s ar e represente d b y pattern s o f 

activit y ove r  larg e number s o f  processin g units ;  th e semanti c interpretatio n o f  th e individua l  unit s i s considerabl y 

finer-grained  tha n tha t  o f  th e consciousl y accessibl e concepts .  Suc h a  connectionis t  syste m use s distribute d 

representation s (eg. ,  Anderso n &  Hinton ,  1981 ;  Hinton ,  McClellan d &  Rumelhart ,  1986 ;  Smolensky ,  1986b) .  Th e 

semantic s o f  th e individua l  connectionis t  processor s reside s a t  a  leve l  lowe r  tha n th e conceptua l  level :  wha t  I  wil l 

cal l  th e subconceptua l  level . 

The cognitiv e modelin g paradig m employin g connectionis t  model s wit h distribute d representations ,  i.e. , 

employin g connectionis t  network s wit h subconceptua l  semantics ,  wil l  b e calle d th e subsymboli c paradigm ;  thi s 

contrast s wit h th e traditiona l  symboli c paradig m tha t  employ s symbo l  manipulatin g model s i n whic h th e symbol s 

hav e conceptua l  semantics .  Th e incorp(»atio n o f  consciou s rul e interpretatio n int o th e subsymboli c paradig m 

involve s a  reductio n o f  th e symboli c accoun t  o f  rul e interpretatio n t o th e subconceptua l  level .  Thu s th e first 

questio n t o addres s is :  H o w d o th e symboli c an d subsymboli c paradigm s relat e a t  th e conceptua l  an d subconceptua l 

level s o f  analysis ,  an d wha t  kin d o f  reductio n i s involved ? 

Reduction of cognition to the subconceptual level 

Imagine three physical systems: a brain that is executing some cognitive process, a massively parallel 

connectionis t  compute r  runnin g a  subsymboli c mode l  o f  tha t  process ,  an d a  vo n N e u m a n n compute r  runnin g a 

symboli c mode l  o f  th e sam e process .  Th e cognitiv e proces s m a y involv e consciou s rul e application ,  intuition ,  o r  a 

combinatio n o f  th e two .  I n Smolensk y (1987b )  I  hav e charact^ize d th e subsymboli c paradig m a s positin g th e 

followin g relationship s betwee n description s o f  thes e thre e physica l  system s a t  th e neural ,  subconceptual ,  an d 

conceptua l  levels : 
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(1 )  a .  Describin g th e brai n a t  th e neura l  leve l  give s a  neura l  model . 

b.  Describin g th e brai n approximately ,  a t  a  highe r  level—th e subconceptua l  level—yields ,  t o a  goo d 

approximation ,  th e mode l  runnin g o n th e connectionis t  computer ,  whe n i t  to o i s describe d a t  th e 

subconceptua l  level .  (A t  thi s point ,  thi s i s a  goa l  fo r  fiitur e research .  I t  coul d tur n ou t  tha t  th e 

degre e o f  £4)proximatio n her e i s onl y rough ;  thi s woul d stil l  b e consisten t  wit h th e subsymboli c 

paradigm. ) 

c.  W e ca n tr y t o describ e th e connectionis t  compute r  a t  a  highe r  level—th e conceptua l  level—^b y 

usin g th e pattern s o f  activit y tha t  hav e concepuia l  semantics .  I f  th e cognitiv e proces s bein g 

execute d i s consciou s rul e application ,  w e wil l  b e abl e t o carr y ou t  thi s conceptua l  leve l  analysi s 

wit h reasonabl e precision ,  an d wil l  en d u p wit h a  descriptio n tha t  closel y matche s th e symboli c 

compute r  progra m runnin g o n th e vo n Neuman n machine . 

d.  I f  th e proces s bein g execute d i s a n intuitiv e process ,  w e wil l  b e unabl e t o carr y ou t  th e 

concepoial-leve l  descriptio n o f  th e connectionis t  machin e precisely .  Nonetheless ,  w e wil l  b e abl e 

t o produc e variou s approximat e conceptual-leve l  description s tha t  correspon d i n variou s way s t o 

th e symboli c compute r  progra m runnin g o n th e vo n Neuman n machine . 

For a cognitive process involving both intuition and conscious rule application, (Ic) and (Id) will each apply to 

certai n aspect s o f  th e process . 

The relationships (la) and (lb), which are discussed at some length in Smolensky (1987b), are not relevant for 

th e presen t  considerations ;  the y ar e mentione d her e onl y t o lin k th e physica l  instantiation s o f  th e subsymboli c an d 

symboli c model s t o th e physica l  syste m die y ar e i n som e sens e model s of .  A  numbe r  o f  th e relation s (Id )  betwee n 

subsymboli c an d symboli c account s o f  intuitiv e processin g hav e bee n addresse d elsewher e (Rumelhart ,  Smolensky , 

McQel lan d &  Hinton ,  1986 ;  Smolensky ,  1986a ,  1986b ;  se e Smolensky ,  1987a ,  1987 b fo r  summaries) .  Th e 

relationshi p (Ic )  betwee n a  subsymboli c implementatio n o f  consciou s rul e interpretatio n an d a  symboli c 

implementatio n i s th e subjec t  o f  th e nex t  section . 

The relationships in (1) can be more clearly understood by introducing the concept of "virtual machine." If we 

tak e on e o f  th e thre e physica l  system s an d describ e it s processin g a t  a  certai n leve l  o f  analysis ,  w e ge t  a  virtua l 

machin e tha t  I  wil l  denot e "system^v,," .  The n (1 )  ca n b e written : 

(2) a. teain^u^ = neural model 

b.  hTSmsubcomceptua l  "  connectionistsubconceptiui i 

c.  connectionisteoiice/»ua < "  vo n NcumanncoHcepma i  (consciou s rul e applicaticxi ) 

d.  connectionisteoiie<piu<i < ~  vo n Neumannconcc/xua /  (intuition ) 

Here ,  th e symbo l  "= "  mean s "equal s t o a  goo d approximation "  an d "~ "  mean s "equal s t o a  crud e approximation. " 

Th e tw o nearl y equa l  virtua l  machine s i n (2c )  bot h describ e wha t  I  wil l  cal l  th e consciou s rul e interpreter .  Th e tw o 

roughl y simila r  virtua l  machine s i n (2d )  provid e th e tw o paradigms '  description s o f  th e intuitiv e processo r  a t  th e 

conceptua l  level . 

Table 1 indicates these relationships and also the degree of exacmess to which each system can be described at 

eac h level—th e degre e o f  precisio n t o whic h eac h virtua l  machin e i s defined .  Th e level s include d i n Tabl e 1  ar e 

thos e relevan t  t o predictin g high-leve l  behaviw .  O f  cours e eac h syste m ca n als o b e describe d a t  lowe r  levels ,  al l  th e 

w ay d o w n t o elementar y particles .  However ,  level s belo w a n exactl y describabl e leve l  ar e ignorabl e from  th e poin t 

of  vie w o f  predictin g high-leve l  behavior ,  sinc e i t  i s  possibl e (i n principle )  t o d o th e predictio n a t  th e highes t  leve l 

tha t  ca n b e exacd y describe d (an d i t  i s  presumabl y muc h harde r  t o d o th e sam e a t  lowe r  levels) .  Thi s i s wh y i n th e 

symboli c paradig m an y description s belo w th e symboli c leve l  ar e no t  viewe d a s significant .  Fo r  modelin g high-leve l 

behavior ,  h o w th e symbo l  manipulatio n happen s t o b e implemente d ca n b e ignored—i t  i s  no t  a  relevan t  par t  o f  th e 

cognitiv e model .  I n a  subsymboli c model ,  exac t  behaviora l  predictio n mus t  b e performe d a t  th e subconceptua l 

level—bu t  h o w th e unit s happe n t o b e implemente d i s no t  relevan t 
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Tabl e 1 :  Thre e cognitiv e system s an d thre e level s o f  descriptio n 

leve l 

conceptua l 

(process ) 

(intuition ) 

(consciou s rul e 

application ) 

subconceptua l 

neura l 

cognitiv e syste m 

brai n 

? 

7 

good approximatio n 

subsymboU c 

roug h approximatio n -

good approximatio n = 

exac t 

symboli c 

exac t 

exac t 

exac t 

The relatio n betwee n th e concq)tua l  leve l  an d lowe r  level s i s fundamentall y differen t  i n th e subsymboli c an d 

symboli c paradigms .  Thi s lead s t o importan t  difference s i n th e kin d o f  explanation s di e paradigm s offe r  o f 

conceptual-leve l  behavior ,  an d th e kin d o f  reductio n use d i n thes e explanations .  A  symboli c mode l  i s  a  syste m o f 

interactin g processes ,  al l  witi i  th e sam e concq)tual-leve l  semantic s a s th e tas k behavio r  bein g explained .  Adoptin g 

th e tCTminolog y o f  Haugelan d (1978) ,  thi s systemati c explanatio n relie s o n a  systemati c reductio n o f  th e behavio r 

tha t  involve s n o shif t  o f  semanti c domai n o r  dimension .  Thu s a  game-playin g progra m i s compose d o f  subprogram s 

tha t  generat e possibl e moves ,  evaluat e them ,  an d s o on .  I n th e symboli c paradigm ,  thes e systemati c reduction s pla y 

th e majo r  rol e i n explanation .  Th e lowest-leve l  p-ocesse s i n th e systemati c reduction ,  stil l  wit h th e origina l 

semantic s o f  th e tas k domain ,  ar e the n themselve s reduce d b y intentiona l  instantiation :  the y ar e implemente d 

exacti y b y odie r  processe s wit h differen t  semantic s bu t  th e sam e form .  Thu s a  move-genoatio n subprogra m wid i 

game semantic s i s instantiate d i n a  syste m o f  program s wit h list-manipulatin g semantics .  Thi s intentiona l 

instantiatio n typicall y play s a  mino r  rol e i n th e overal l  explanation ,  i f  indee d i t  i s  regarde d a s a  cognitivel y relevan t 

par t  o f  th e mode l  a t  all . 

Thus cognitiv e explanation s i n th e symboli c paradig m rel y primaril y o n reduction s involvin g n o dimensio n shift . 

Thi s featur e i s no t  share d b y th e subsymboli c paradigm ,  wher e accurat e explanation s o f  intuitiv e behavio r  requir e 

descendin g t o th e subconceptua l  level .  Th e element s i n dii s  explanation ,  di e units ,  d o no t  hav e di e semantic s o f  th e 

origina l  behavior .  Thu s unlik e symboli c explanations ,  subsymboli c explanation s rel y cruciall y o n a  semanti c 

("dimension" )  shif t  tha t  accompanie s th e shif t  fro m th e conceptua l  t o th e subconceptua l  levels . 

The overall dispositions of cognitive systems are explained in the subsymbolic paradigm as approximate higher 

leve l  regularitie s tha t  emerg e fro m quantitativ e law s operatin g a t  a  mor e fundamenta l  leve l  wit h differen t  semantics . 

Thi s i s th e kin d o f  reducdo n familia r  i n natura l  science ,  exemplifie d b y th e explanatio n o f  th e law s o f 

diermodynamic s throug h a  reductio n t o mechanic s dia t  involve s shiftin g dimensio n fro m therma l  semantic s t o 

molecula r  semantics .  (Sectic m discusse s som e explici t  subsymboli c reduction s o f  symboli c explanatCH y constructs. ) 

Indee d di e subsymboli c paradig m repeal s th e odie r  feature s dia t  Haugelan d identifie d a s newl y introduce d int o 

scientifi c  explanatio n b y di e symboli c paradigm .  Th e input s an d output s o f  th e syste m ar e no t  "quasilinguisti c 

rqnesentations "  bu t  goo d old-fashione d numerica l  vectors .  Thes e input s an d output s hav e semanti c interpretations , 

but  thes e ar e no t  constructe d recursivel y fro m intopretation s o f  imbedde d constituents .  An d th e fundamenta l  law s 

ar e goo d old-fashione d numerica l  equations . 

Haugeland went to considoable effort to legitimize the form of explanation and reduction used in the symbolic 

paradigm .  Th e explanation s an d reduction s o f  di e subsymboli c paradigm ,  b y contrast ,  ar e o f  a  typ e well-establishe d 

i n natura l  science . 

In summary, let me emphasize that in die subsymbolic paradigm die conceptual and subconceptual levels are not 

relate d a s di e level s o f  a  vo n Neuman n compute r  (high-level-languag e program ,  compUe d low-leve l  program ,  etc.) . 

The relationshi p betwee n subsymboli c an d symboli c model s i s mor e lik e tha t  betwee n quantu m an d classica l 

mechanics .  Subsymboli c model s accuratel y describ e th e microstructur e o f  cognition ,  whil e symboli c model s 

provid e a n approximat e descriptio n o f  th e macrostructure .  A n importan t  jo b o f  subsymboli c theor y i s t o delineat e 
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the situations and respects in which the symbolic approximation is valid, and to explain why. 

Conscious rule application in the subsymbolic paradigm 

In the symbolic paradigm, both conscious rule application and intuition are described at the conceptual level: as 

consciou s an d unconsciou s rul e interpretation ,  respectively .  I n th e subsymboli c paradigm ,  consciou s rul e 

applicatio n ca n b e formalize d a t  th e conceptua l  leve l  bu t  intuitio n mus t  b e formalize d a t  th e subconceptua l  level . 

Thi s suggest s tha t  a  subsymboli c mode l  o f  a  cognitiv e proces s involvin g bot h intuitio n an d consciou s rul e 

interpretatio n woul d consis t  o f  tw o component s employin g quit e differen t  formalisms .  Whil e thi s hybri d formalis m 

migh t  hav e considerabl e practica l  value ,  ther e ar e som e theoretica l  problem s wit h it .  H o w woul d th e tw o 

formalism s communicate ? H o w woul d th e hybri d syste m evolv e wit h experience ,  reflectin g th e developmen t  o f 

intuitio n an d th e subsequen t  remissio n o f  consciou s rul e ̂ plication ? H o w woul d th e hybri d syste m elucidat e th e 

fallibilit y  o f  actua l  h u m a n rul e £4}plicatio n (eg .  logic) ? H o w woul d th e hybri d syste m ge t  u s close r  t o understandin g 

h o w consciou s rul e applicatio n i s achieve d neurally ? 

A U thes e problem s ca n b e addresse d b y adoptin g a  unifie d subconceptual-leve l  analysi s o f  bot h intuitio n an d 

consciou s rul e interpretation .  T h e virtua l  machin e tha t  i s th e consciou s rul e interprete r  i s t o b e implemente d i n a 

lower-leve l  virtua l  machine :  th e sam e connectionis t  syste m tha t  model s th e intuitiv e processor .  H o w thi s can ,  i n 

principle ,  b e achieve d i s th e subjec t  o f  thi s section .  Th e relativ e advantage s an d disadvantage s o f  implementin g th e 

rul e interprete r  i n a  connectionis t  syste m rathe r  tha n a  vo n N e u m a n n machin e wil l  als o b e considered . 

The observation is this. 

The competence to represent and process linguistic structures in a native language is a competence of 

th e huma n intuitiv e processor ,  s o th e subsymboli c paradig m assume s tha t  thi s competenc e ca n b e 

modele d i n a  subconceptua l  connectionis t  system .  B y combinin g suc h linguisti c competenc e wit h 

existin g m e m o r y capabilitie s o f  connectionis t  systems ,  sequentia l  rul e interpretatio n ca n b e 

implemented . 

Assuming that sentences of natural language can be represented in a subconceptual connectionist system means 

tha t  suc h sentence s ccwrespon d t o certai n pattern s o f  activity .  Assumin g tha t  sentence s ca n b e processe d mean s i n 

particula r  tha t  a  patter n o f  activit y representin g a  verba l  insouctio n ca n b e use d t o carr y ou t  tha t  instruction .  Onc e 

sentence s ar e represente d a s pattern s o f  activity ,  th e well-know n procedure s o f  associativ e memorie s ca n b e use d t o 

stor e them .  Thes e ar e content-addressabl e memorie s i n whic h reinstantiatio n o f  a  par t  o f  th e store d ite m cause s 

reinstantiatio n o f  th e complet e item .  A  collectio n o f  suc h memorie s ca n the n b e use d t o driv e sequentia l  behavior , 

as follows . 

First ,  a  se t  o f  linguisticall y expresse d rule s i s presente d t o th e connectionis t  syste m an d thereb y stored .  Fo r 

concretenes s w e ca n imagin e th e rule s t o b e productions :  "i f  conditio n holds ,  the n d o action. "  I n a  particula r 

situatio n w h e n th e conditio n o f  a  rul e holds ,  th e patter n o f  activit y representin g th e conditio n wil l  b e instantiate d i n 

th e network .  Thi s wil l  caus e th e entir e patter n o f  activit y representin g tha t  rul e t o b e reinstantiate d b y th e memor y 

retrieva l  mechanism .  N o w i t  i s  a s i f  th e rul e ha d bee n linguisticall y jM-esente d t o th e syste m from  a n externa l 

instructor .  T h e languag e processin g mechanis m ca n interp-e t  th e sentence ,  generatin g th e appropriat e actio n an d 

leadin g t o a  n e w patter n er f  activit y i n th e networ k representin g th e n e w situation .  Thi s ne w patter n lead s t o th e 

reinstantiatio n o f  anothe r  store d rule ,  an d th e cycl e repeats . 

Using the stored rules the networic can perform the task. The standard learning procedures of connectionist 

model s tur n thi s experienc e performin g th e tas k int o a  se t  o f  weight s f w goin g from  input s t o ouq)uts .  Eventually , 

aftC T enoug h experience,  th e tas k ca n b e performe d directl y b y thes e weights .  Th e inpu t  activit y generate s th e 

outpu t  activit y s o quickl y tha t  befor e th e relativel y slo w interpretatio n proces s ha s a  chanc e t o reinstantiat e th e first 

rul e an d carr y i t  out ,  th e tas k i s done .  Wit h intermediat e amount s o f  experience ,  som e o f  th e weight s ar e wel l 

enoug h i n plac e t o preven t  som e o f  th e rule s fro m havin g th e chanc e t o instantiate ,  whil e other s ar e not ,  enablin g 

othe r  rule s t o b e retrieve d an d interpreted . 
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Rule interpretation, consciousness, andseriality 

What about the conscious aspect of rule interpretation? Since consciousness seems to be a quite high-level 

descriptio n c i  menta l  activity ,  i t  i s  reasonabl e t o suspec t  tha t  i t  reflect s th e ver y coars e structur e o f  th e cognitiv e 

system .  Considerin g coarsenes s o n th e tim e dimension ,  w e ar e lea d t o hypothesize : 

Patterns of activity that are stable for relatively long periods of time (on the order of 100 msec) 

determin e th e content s o f  consciousness . 

(See Rumelhart, Smolensky, McClelland & Hmm 1986.) The rule interpretation process requires the maintenance 

of  th e retrieve d linguisticall y code d rul e whil e i t  i s  bein g carrie d out .  Thu s th e patter n o f  activit y repn-esentin g th e 

rul e i s stabl e fo r  a  relativel y lon g time .  B y contrast ,  afto *  connection s hav e bee n develope d t o perfor m th e tas k 

directly ,  ther e i s n o correspondingl y stabl e patter n forme d durin g th e performanc e o f  th e task .  Thu s th e los s o f 

consciou s phenomenolog y wit h expertis e ca n b e understoo d naturally . 

On this account, the sequentiality of the rule interpretation process is not built into the architecture; rather it is a 

consequenc e o f  th e fac t  tha t  w e ca n follo w onl y on e instructio n a t  a  time .  Connectionis t  memorie s hav e th e 

cq}abilit y  t o retriev e a  singl e store d item ,  an d her e thi s i s necessar y t o avoi d askin g th e linguisti c interprete r  t o 

simultaneousl y interpre t  mor e tha n on e instruction . 

It is interesting to note that the preceding analysis does not require that the "rules" be linguistic; any notational 

syste m tha t  ca n b e ẑ propriatel y interprete d woul d do .  Anothe r  typ e o f  "rule "  i s a  serie s o f  musica l  pitches ;  a 

memorize d collectio n o f  suc h rule s allow s a  musicia n t o pla y a  tun e b y "consciou s rul e interpretation. "  Wit h 

practic e th e nee d fo r  consciou s contro l  goe s away .  Sinc e pianist s lear n t o interpre t  severa l  note s simultaneously ,  th e 

presen t  accoun t  suggest s tha t  pianist s migh t  b e abl e t o 2̂ pl y mer e tha n on e musica l  rul e a t  a  tim e (provide d thei r 

memory fo r  th e rule s ca n simultaneousl y recal l  mor e tha n on e rule) .  A  symboli c accoun t  o f  suc h consciou s rul e 

interpretatio n woul d involv e somethin g lik e a  productio n syste m capabl e o f  firing  multipl e production s 

simultaneously . 

Finall y i t  shoul d b e note d tha t  eve n i f  th e memorize d rule s ar e assume d t o b e linguisticall y coded ,  th e precedin g 

analysi s i s uncommitte d abou t  th e for m th e rule s tak e i n memory :  phonological ,  CHthographic ,  semantic ,  o r 

whatever . 

Symbolic \s. subsymbolic implementation of rule interpretation 

The (approximate )  implementatio n o f  th e consciou s rul e interprete r  i n a  subsymboli c systan— a reductio n o f  th e 

traditiona l  kind ,  a s I  hav e argue d above—ha s bot h advantage s an d disadvantage s relativ e t o a n (exact ) 

implementatio n i n a  vo n Neuman n machine— a reductio n b y intentiona l  instantiation . 

The main disadvantage is that subconceptual representation and interpretation of linguistic instructions is very 

difficul t  an d w e can' t  no w actuall y d o i t  Mos t  existin g subsymboli c system s simpl y don' t  us e rul e interpretation. ' 

They can' t  tak e advantag e o f  rule s t o chec k th e result s produce d b y th e intuitiv e processor .  The y can' t  bootstra p 

thei r  wa y int o a  ne w domai n usin g rule s t o generat e thei r  ow n experience :  the y mus t  hav e a  teache r  generat e i t  fo r 

them. ^ 

There are several advantages of a subconceptually implemented rule interpreter. The intuitive fffocessor and 

rul e interprets -  ar e highl y integrated ,  wit h Ix-oad-ban d communicatio n betwee n them .  Understandin g ho w thi s 

communicatio n work s shoul d allo w desig n o f  efficien t  hybri d symbolic/subsymboli c system s wit h effectiv e 

1.  A  notabl e exceptio n i s Touretzk y &  Hinto n 1985 . 

2. And when a network makes a mistake, it can be told the correct answer but it can't be told which rule it violated. 

Thus i t  mus t  assig n blam e fo r  it s  erro r  i n a  ver y undirecte d way .  I t  i s  quit e plausibl e tha t  th e larg e amoun t  o f  train -

in g currentl y require d b y subsymboli c system s coul d b e significantl y reduce d i f  blam e coul d b e focusse d b y citin g 

violate d rules . 
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communication between the (Kocessors. A principled basis is provided for studying how rule-based knowledge 

lead s t o intuitiv e knowledge .  Perhap s mos t  interesting ,  i n a  subsymboli c rul e interpreter ,  th e proces s o f  rul e 

selectio n i s intuitive !  Whic h rul e i s reinstantiate d i n memor y a t  a  give n tim e i s th e resul t  o f  th e associativ e retrieva l 

process ,  whic h ha s man y nic e properties .  Th e "bes t  match "  t o th e productions '  condition s i s quickl y computed ,  an d 

eve n i f  n o matc h i s \er y good ,  a  rul e ca n b e retrieved .  Th e selectio n proces s ca n b e quit e context-sensitive . 

An integrated subsymbolic rule interpreter/intuitive processor in principle offers the advantages of both kinds of 

processing .  Imagin e suc h a  syste m creatin g a  mathematica l  proof .  Th e intuitiv e processo r  woul d sugges t  goal s an d 

steps ,  an d th e rul e interprete r  woul d verif y th e validit y o f  proposals .  Th e seria l  searc h throug h th e spac e o f  possibl e 

step s tha t  i s necessar y i n a  purel y symboli c approac h i s replace d b y intuitiv e generatio n o f  possibilities .  Ye t  th e 

precis e adherenc e t o stric t  inferenc e rule s tha t  i s demande d b y th e tas k ca n b e enforce d b y th e rul e interpreter ;  th e 

creativit y o f  intuitio n ca n b e exploite d whil e it s  unreliabilit y  ca n b e controlled . 

Two kinds of knowledge; one medium 

Most existing subsymbolic systems perform tasks without serial rule interpretation: patterns of activity 

representin g input s ar e directl y transfcMme d (possibl y throug h multipl e layer s o f  units )  t o pattern s o f  activit y 

representin g outputs .  Th e connection s tha t  mediat e thi s transformatio n represen t  a  for m o f  tas k knowledg e tha t  ca n 

be applie d wit h massiv e parallelism :  I  wil l  cal l  i t  P-knowledge .  Fo r  example ,  th e P-knowledg e i n a  nativ e speake r 

encode s lexical ,  morphological ,  syntactic ,  semantic ,  an d pragmati c constraint s i n suc h fcMi n tha t  al l  thes e constraint s 

ca n b e satisfie d i n paralle l  durin g comprehensio n an d generation . 

The connectionist implementation of sequential rule interpretation described above displays a second fram that 

knowledg e ca n tak e i n a  subsymboli c system .  Th e store d activit y pattern s tha t  represen t  rule s als o constitut e tas k 

knowledge :  cal l  i t  S-knowledge .  Lik e P-knowledge ,  S-knowledg e i s imbedde d i n connections :  th e cwinection s tha t 

enabl e par t  o f  a  rul e t o reinstantiat e th e entir e rule .  Unlike  P-knowIedge ,  S-knowledg e canno t  b e use d massivel y i n 

parallel .  Fo r  example ,  a  novic e speake r  o f  som e languag e canno t  satisf y th e constraint s containe d i n tw o 

memorize d rule s simultaneously ;  the y mus t  b e seriall y  reinstantiate d a s pattern s o f  activit y an d separatel y 

interpreted .  O f  cours e th e connection s responsibl e fo r  reinstantiatin g thes e memorie s operat e i n parallel ,  an d indee d 

thes e connection s contai n withi n the m th e potentia l  t o reinstantiat e eithe r  o f  th e tw o memcMize d rules .  Bu t  thes e 

connection s ar e s o arrange d tha t  onl y on e rul e a t  a  tim e ca n b e reinstantiated .  Th e retrieva l  o f  a  singl e rul e i s a 

paralle l  process ,  bu t  th e satisfactio n o f  th e constraint s containe d i n th e tw o rule s i s a  seria l  process .  Afte r 

considerabl e experience ,  P-knowledg e i s created :  connection s tha t  ca n simultaneousl y satisf y th e constraint s 

represente d b y th e tw o rules . 

P-knowIedge is considerably more difficult to create than S-knowledge. To encode a constraint in connections 

so tha t  i t  ca n b e satisfie d i n paralle l  wit h thousand s o f  other s i s n o eas y task .  Suc h a n encodin g ca n onl y b e learne d 

throug h considerabl e experienc e i n whic h tha t  constrain t  ha s appeare d i n man y differen t  contexts ,  s o tha t  th e 

connection s enforcin g th e constrain t  ca n b e tune d t o operat e i n paralle l  wit h thos e enforcin g a  wid e variet y o f  othe r 

constraints .  S-knowledg e ca n b e muc h mor e rapidl y acquire d (onc e th e Unguisti c skill s  o n whic h i t  depend s hav e 

bee n encode d int o P-knowIedge ,  o f  course) .  Simpl y recitin g a  verba l  rul e ove r  an d ove r  wil l  usuall y suffic e t o stor e 

i t  i n memor y (a t  leas t  temporarily) . 

That P-knowledge is so highly context-dependent while the rules of S-knowledge are essentially context-free is 

an importan t  computationa l  fac t  underlyin g man y o f  th e psychologica l  explanation s offere d b y subsymboli c models . 

Consider ,  fo r  example ,  Rumelhar t  an d McCIelland' s (1986 )  mode l  o f  th e U-sh!q)e d curv e fo r  past-tens e productio n 

i n children .  Th e phenomeno n i s striking :  a  chil d i s observe d usin g goe d an d wente d whe n a t  a  muc h younge r  ag e 

went  wa s reliabl y used .  Thi s i s surprisin g becaus e w e ar e pron e t o thin k tha t  suc h linguisti c abilitie s res t  o n 

knowledg e tha t  i s  encode d i n som e context-fre e for m suc h a s "th e pas t  tens e o f  g o i s went. "  W h y shoul d a  chil d los e 

suc h a  rul e onc e acquired ? A  traditiona l  answe r  invoke s th e acquisitio n o f  a  differen t  context-fre e rule ,  lik e "th e 

pas t  tens e o f  x  i s x+ed "  which ,  fo r  on e reaso n o r  another ,  take s precedence .  Th e poin t  here ,  however ,  i s  tha t  ther e i s 

nothin g a t  al l  surprisin g abou t  th e phenomeno n whe n th e underlyin g knowledg e i s assume d t o b e context-dependen t 

an d no t  context-free .  Th e youn g chil d ha s a  smal l  vocabular y o f  largel y irregula r  verbs .  Th e connection s tha t 

implemen t  thi s P-knowledg e ar e capabl e o f  reliabl y producin g th e larg e patter n o f  activit y representin g went ,  a s wel l 
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as thos e representin g a  smal l  numbe r  o f  othe r  past-tens e forms .  Informall y w e ca n sa y tha t  th e connection s 

producin g wen t  d o s o i n th e contex t  o f  th e othe r  vocabular y item s tha t  ar e als o store d i n th e sam e connections . 

Ther e i s n o guarante e tha t  thes e connection s wil l  produc e wen t  i n th e contex t  o f  a  differen t  vocabulary .  A s th e chil d 

acquire s additiona l  vocabular y items ,  mos t  o f  whic h ar e regular ,  th e contex t  radicall y changes .  Connection s tha t 

were ,  s o t o speak ,  pafectl y adequat e fo r  creatin g wen t  i n th e ol d contex t  n o w hav e t o wor k i n a  contex t  wher e ver y 

stron g connection s ar e tryin g t o creat e form s endin g i n -ed ;  thes e "ol d connections "  ar e no t  u p t o th e ne w task . 

Onl y throug h extensiv e experienc e tryin g t o {M'oduc e wen t  i n th e ne w contex t  o f  m a n y regula r  verb s ca n th e "old " 

connection s b e modifie d t o wor k i n th e ne w context .  (I n particular ,  stron g ne w connection s mus t  b e adde d that , 

when th e inpu t  patter n i s tha t  fo r  go ,  cance l  th e -ed ;  thes e wer e no t  neede d before. ) 

These observations about context-dependence can also be framed in terms of inference. If we choose to regard 

th e chil d a s usin g knowledg e t o i n som e sens e "infer "  th e correc t  answe r  went ,  the n w e ca n sa y tha t  afte r  th e chil d 

has adde d mor e knowledg e (abou t  n e w verbs) ,  th e abilit y  t o mak e th e (correct )  inferenc e i s lost .  I n thi s sens e th e 

child' s inferenc e iwoces s i s non-monotonic—perhap s thi s i s w h y w e find  th e phenomeno n surprising .  Non -

monotonicit y i s  a  fundamenta l  propert y o f  subsymboh c inferenc e (se e Smolensky ,  1987b) . 

To summarize: 

• Knowledge in subsymbolic systems can take two forms, both resident in the connections. 

•  Th e knowledg e use d b y th e consciou s rul e interprete r  lie s i n connection s tha t  reinstantiat e pattern s 

encodin g rules ;  tas k constraint s ar e code d i n context-fre e rule s an d satisfie d serially . 

•  Th e knowledg e use d i n intuitiv e processin g Ue s i n connection s tha t  constitut e highl y context-sensitiv e 

encoding s o f  tas k constraint s tha t  ca n b e satisfie d wit h massiv e parallelism . 

•  Learnin g suc h encoding s require s muc h experience . 

Conclusion 

The approach described above sets out a rather clear program for developing subsymbolic models of conscious 

rul e application .  Th e crucia l  technica l  problem s t o b e solve d involv e subsymboli c model s o f  natura l  languag e 

processing :  th e representatio n o f  linguisti c structures—includin g procedura l  description s suc h a s productions—an d 

thei r  interpretation—effectin g th e designate d (M'ocedure s a s a  resul t  o f  activatin g thei r  representation .  Thes e ar e 

har d problems ,  bu t  the y ar e problem s tha t  nee d t o b e solve d anywa y b y a  connectionis t  approac h t o languag e 

processing .  Wit h eve n ver y limite d solution s t o thes e problems ,  w e ca n begi n t o seriousl y explor e th e interactio n o f 

rul e applicatio n an d intuitiv e processing ,  i n bot h learnin g an d performance ,  withi n a  subsymboli c connectionis t 

framework . 
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ABSTRACT 
Thi s pape r  examine s th e perfonnanc e o f  cardiologists ,  psychiatrists ,  an d surgeon s i n 

diagnosti c explanation s o f  case s withi n an d outsid e thei r  domain .  Th e protocol s wer e analyze d b y 
technique s o f  transformin g a  propositiona l  representatio n int o a  semanti c network .  Som e graph -
theoreti c criteri a fo r  analyzin g semanti c network s ar e use d fo r  precisio n o f  analysis .  Th e result s 
sho w tha t  th e subject s interpre t  case s i n term s o f  th e familia r  componen t  o f  th e problem ,  usin g 
specifi c  domai n knowledge .  Thi s i s relate d t o forwar d directe d reasoning .  Unfamilia r  o r  uncertai n 
component s o f  th e disorde r  ar e eithe r  ignore d o r  explaine d usin g backwar d reasonin g strategies .  A 
tendenc y t o mov e fro m a  forwar d drive n strateg y t o a  backwar d drive n strateg y an d vicevers a i s als o 
seen i n sc.n e protocols .  Thi s sequenc e i s repeate d a  numbe r  o f  time s t o for m a  chai n consistin g o f 
forward/backwar d reasonin g sequences .  Thi s ha s implication s fo r  ho w subsequen t  patien t 
informatio n i s processe d i n orde r  t o mak e decision s fo r  treatmen t  an d managemen t 

INTRODUCTION 

Recent research on medical problem solving has shown that expert physicians solve clinical 

case s i n a  wa y tha t  reflec t  thei r  familiarizatio n wit h specifi c  diseas e types .  Studie s b y Josep h an d 

Pate l  (1986 )  an d Patel ,  Aroch a an d Groe n (1986) ,  sugges t  tha t  whe n expert s hav e extensiv e 

knowledg e o f  th e diseas e classificatio n i n a  clinica l  proble m the y ar e tryin g t o solve ,  the y wor k in -

ductively ,  reachin g a  diagnosti c hypothesi s direcd y fro m th e clinica l  findings .  Thi s ha s bee n doc -

umente d eve n i n situation s wher e th e physician s ar e force d t o mak e tentativ e hypothese s du e t o in -

sufficien t  informatio n t o diagnos e th e cas e correctiy .  Josep h an d Pate l  showe d tha t  whe n physi -

cian s proces s a  cas e serially ,  b y readin g a  segmen t  a t  a  time ,  expen s diffe r  fro m subexpert s 

(physician s workin g o n a  proble m tha t  fail s  outsid e thei r  are a o f  specialization )  i n th e amoun t  o f 

informatio n neede d t o reac h th e accurat e diagnosis .  Tha t  is ,  th e expert s correctl y diagnos e th e 

proble m earl y i n th e case .  Onc e th e expen s reac h th e diagnosis ,  the y interpre t  furthe r  finding s a s 

supportin g evidenc e fo r  thei r  first  hypotiiesis ,  a s oppose d t o subexpert s wh o produc e subsequen t 

diagnose s a s the y proces s mor e o f  di e clinica l  information ,  generatin g multipl e ne w hypothese s 

alon g th e way . 

Th e tendenc y o f  physician s t o interpre t  clinica l  case s i n term s o f  thei r  specializatio n ha s als o 

bee n show n b y Patel ,  Arocha ,  an d Groe n (1986) .  W h e n presente d wit h a n endocrinolog y case , 

cardiologist s interpre t  som e o f  th e informatio n i n th e tex t  a s suppor t  fo r  cardia c involvement ,  eve n 

thoug h thi s constitute d a  secondar y manifestatio n o f  th e primar y diseas e o f  hypothyroidism .  Thi s 

situatio n i s  mor e eviden t  w h e n th e cas e i s a t  a  hig h leve l  o f  difficult y i.e. ,  w h e n th e patter n o f 

finding s fo r  th e cas e overla p wit h tha t  o f  othe r  diseases .  Precisel y h o w thi s occur s w a s no t  ad -

dresse d b y th e authors . 

I n a  pape r  b y Pate l  an d Groe n (1986 )  i t  w a s show n tha t  i n orde r  t o reac h a  correc t  diagno -

si s cardiologist s hav e t o m a k e use ,  a t  leas t  partially ,  o f  al l  th e component s i n th e case .  However , 

thos e cardiologist s w h o solv e th e cas e o f  bacteria l  endocarditi s (se e Tabl e 1 )  i n a  mor e complet e 

way,  m a d e us e o f  th e rule s linkin g punctur e wound s t o intravenou s dru g us e t o bacteria l  infectio n 

and th e rul e linkin g earl y diastoli c m u r m u r  t o aorti c valv e insufficiency .  Althoug h mos t  cardiolo -

gist s recognized  th e infectio n componen t  o f  th e disease ,  al l  o f  the m focuse d predominanU y o n th e 

cardia c aspec t  o f  th e problem . 
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The facility with which experts interpret clinical cases within their clinical specialty suggest 
tha t  a  fas t  proces s o f  patter n recognitio n m a y b e takin g place .  Thi s ha s bee n mor e clearl y docu -
mente d i n domain s involvin g a  stron g perceptua l  component ,  suc h a s radiolog y (Lesgold , 
Robinson ,  Feltovich ,  Glaser ,  &  Klopfer ,  i n press) .  Researc h suggest s tha t  forwar d reasonin g 
m ay b e th e counterpar t  o f  patter n recognitio n i n mor e perceptuall y oriente d domains .  Th e issu e o f 
perceptio n become s a  patter n o f  comprehensio n i n a  verball y ric h domai n suc h a s medicine .  Th e 
researc h describe d i n Pate l  an d Groe n ha s pointe d ou t  tha t  exper t  cardiologist s proces s cardiolog y 
case s i n a  forwar d fashio n b y encodin g case s i n term s o f  hypothese s tha t  lea d t o th e diagnoses . 
Othe r  research  comparin g th e performanc e o f  cardiologist s an d endocrinologist s i n explanatio n 
task s withi n an d outsid e thei r  domai n specialtie s sugges t  tha t  whe n a  cas e i s i n th e physician' s ow n 
specialt y an d i s typica l  o f  th e domain ,  physician s us e forwar d directe d reasoning .  Contrarily ,  i f 
th e cas e i s outsid e th e physician s specialty ,  o r  i s  a t  a  hig h leve l  o f  difficulty ,  physician s emplo y 
backwar d directe d reasoning . 

TABLE 1 
Acttt e Bacteria l  Endocarditi s  Tex t 

THIS 27-YEA R OL D UNEMPLOYED MALE WAS ADMITTED T O TH E EMEROBNCY ROOM WIT H 
THE COMPLAINT OF SHAJdNO CHILL S AND FEVER OF FOUR DAYS DURATION.  H E TOOK HI S OWN 
TEMPERATURE AND WAS RECORDED A T 40" C ON TH E MORNING OP ADMISSION.  TH E FEVER AND 
CHILLS WERE ACCOMPANIED B Y SWEATING AN D A  FEELIN G OF PROSTRATION.  H E ALS O 
COMPLAINED OP SHORTNESS OF BREATH WHEN H E TRIE D T O CLIM B TH E TWO FUOHTS OP STAIR S 
I N HI S APARTMENT.  FUNCTIONAL ENQUIRY RÎ VEALE D A  TRANSIENT LOSS OF VISIO N I N HI S 
RIGHT EY E WHICH LASTED APPROXIMATELY 45 "  O N TH E DAY BEFORE HI S ADMISSION T O TH E 
EMERGENCY WARD. 

PHYSICAL EXAMINATION REVEALED A  TOXI C LOOKING YOUNG MAN WHO WAS HAVIN G A 
RIGOR.  Hi s TEMPERATURE WAS 41°C .  PULSE 120 .  H P 110/40 .  MUCUS MEMBRANES WERE PINK . 
Examinatio n o f  hi s limb s showe d punctur e wound s i n hi s lef t  antecubita l  fossa .  Th e 
PATIENT volunteere d THAT H E HAD BEEN BITTE N B Y A  CAT A T A  FRIEND' S HOUSE ABOUT A 
week BEFORE ADMISSION.  THERE WERE N O OTHER SKI N FINDINGS .  EXAMINATION OF TH E 
CARDIOVASCULAR SYSTEM SHOWED N O JUGULAR VENOUS DISTENSION,  PULSE WAS 12 0 PER 
MINUTE.  REGULAR.  EQUAL A N DISYNCRONOUS.  TH E PULSE WAS ALS O NOTED T O B E 
COLLAPSING.  Th e ape x BEAT WAS NOT DISPLACED.  AUSCULTATION OF HI S HEART REVEALED A 
2/ 6 EARLY DIASTOUC MURMUR I N TH E AORTI C AREA AND FUNDOSCOPY REVEALED A  FLAME-
SHAPED HEMORRHAGE I N TH E LEF T EYE.  THERE WAS N O SPLENOMEGALY.  URINALYSI S SHOWED 
NUMEROUS RED CELLS BUT THERE WERE N O RED CELL CASTS. 

Thi s pape r  focuse s o n th e domain-specifi c  knowledg e o f  psychiatrists ,  cardiologist s an d 
surgeon s whic h lea d the m t o emphasiz e certai n component s o f  th e cas e wit h whic h th e physician s 
ar e mor e familiar .  Th e proble m tex t  t o b e presente d describe s a  subjec t  wit h a  diagnosi s o f  acut e 
bacteria l  endocarditis .  Th e cas e ha s five  mai n component s whic h take n togethe r  woul d lea d t o a n 
accurat e diagnosis .  Thes e ar e a s follows :  First ,  th e patien t  i s  admitte d wit h sign s o f  infectio n rep -
resente d b y fever ,  chills ,  an d rigors ;  mor e specifically ,  th e sign s ar e a n indicatio n o f  bacteremi a o r 
bacteria l  infection .  Second ,  h e show s sign s o f  aorti c valv e insufficienc y indicate d b y lo w diastoli c 
pressur e an d norma l  systoli c pressure ,  an d a n earl y diastoli c murmur .  Third ,  th e patien t  present s 
emboli c phenomen a suggeste d b y a  previou s episod e o f  transien t  blindness ,  hemorrhag e i n on e 
eye ,  an d th e presenc e o f  re d cell s i n hi s urine .  Th e fourt h componen t  i s suggestiv e o f  a n acut e 
proces s an d i t  i s  indicate d b y th e shor t  duratio n o f  th e illnes s an d b y th e norma l  siz e o f  bot h th e 
splee n an d th e heart .  Thi s i s importan t  becaus e a  failur e t o identif y th e proble m a s acut e ma y 
chang e th e treatmen t  an d endange r  th e patient' s life .  Th e fifth  component ,  o f  socia l  rathe r  tha n 
biomedica l  nature ,  i s  suggeste d b y th e presenc e o f  punctur e wound s o n th e patient' s lef t  arm , 
whic h togethe r  wit h th e fac t  tha t  h e i s a  young ,  unemploye d mal e ma y sugges t  tha t  th e patien t  i s  a n 
intravenou s dru g user ,  whic h i n turn ,  ma y b e suggestiv e o f  bacteria l  endocarditi s  a s thi s diseas e i s 
c o m m on amon g intravenou s dru g users . 

I t  i s  hypothesize d tha t  expert s focu s o n thei r  o w n domai n o f  expertis e i n diagnosti c rea -
sonin g becaus e th e clinica l  rule s i n thes e domain s fo r  solvin g specifi c  problem s ar e easil y accessi -
ble ,  lliu s exper t  psychiatrist s explainin g th e clinica l  proble m woul d ten d t o focu s o n th e socia l  an d 
th e "illness "  aspec t  o f  th e patien t  rathe r  tha n o n th e biomedica l  explanation .  A  surgeo n unde r  th e 
same conditio n woul d b e expecte d t o emphasiz e th e infectiv e proces s o f  th e disease .  A  cardiolo -
gist ,  i n contrast ,  woul d focu s o n th e cardia c proble m leadin g t o endocarditis .  Thi s pape r  reports 
th e finding s from  thes e prediction s usin g specifi c  an d precis e method s o f  analyses . 
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E X P E R I M E N T AL M E T H OD 
Rationale : 

The empirica l  paradig m use d i n th e stud y involve s a  diagnosti c explanatio n tas k i n whic h 
th e subjec t  i s  aske d t o explai n th e underlyin g pathophysiolog y o f  th e patient' s condition .  Thi s 
prob e ha s prove d t o b e usefu l  fo r  assessin g difference s i n knowledg e tha t  ma y underli e th e prob -
lem-solvin g proces s (Pate l  &  Groen ,  1986) . 

We hav e foun d tha t  physician s respon d t o th e prob e b y explainin g th e patient' s symptom s 
i n term s o f  a  diagnosis .  Th e diagnosi s i s requeste d afte r  th e explanatio n task ,  givin g th e subject s 
th e opportunit y  t o provid e a  diagnosi s durin g th e explanation ,  suc h tha t  th e resultin g protocol s ma y 
reflec t  element s o f  th e solutio n process . 

I t  ha s bee n argue d elsewher e (Groe n &  Patel ,  i n press )  tha t  i n highl y verba l  knowledg e 
domains ,  proble m solutio n require s methodologie s differen t  fro m thos e traditionall y use d i n th e 
literature .  Th e attemp t  t o combin e comprehensio n an d proble m solvin g ha s le d som e researcher s 
(Kintsc h &  Greeno ,  1985 ;  Pate l  &  Groen ,  1986 )  t o utiliz e a  combinatio n o f  propositiona l  analysi s 
and productio n rul e systems .  Anothe r  wa y o f  representin g th e sam e informatio n i s throug h struc -
ture d representation s know n a s semanti c networks ,  whic h ca n b e rendere d mor e precis e b y intro -
ducin g a  fe w concept s fro m grap h theor y (Sowa ,  1984 ;  Groe n &  Patel ,  1987) .  Formall y a  grap h 
i s defme d a s a  non-empt y se t  o f  node s an d a  se t  o f  ar c leadin g fro m a  nod e N  t o a  nod e N' .  A 
gr'up h i s connecte d i f  ther e exist s a  path ,  directe d o r  undirecte d betwee n an y tw o nodes ,  wher e a 
directe d pat h ha s ever y nod e a s a  sourc e o f  a n arro w connectin g t o it s immediat e successor .  I f  th e 
grap h i s no t  connecte d the n i t  break s dow n int o disjoin t  components . 

I n term s o f  thes e notions ,  a  semanti c networ k i s forme d b y node s an d connectin g paths . 
Nodes ma y represen t  eithe r  clinica l  finding s o r  hypothese s an d th e path s represen t  directe d con -
nection s betwee n nodes .  Forwar d reasonin g correspond s t o a n oriente d pat h fro m a  fac t  t o a  hy -
pothesis .  Backwar d reasonin g correspond s t o a  directe d pat h fro m a  hypothesi s t o a  fact .  Thu s 
forwar d directe d rule s ar e identifie d wheneve r  th e physician s attemp t  t o generat e a  hypothesi s fro m 
th e finding s i n th e case .  Backwar d directe d rule s ar e identifie d whe n a  physicia n firs t  formulate s a 
hypothesi s an d the n attempt s t o pu t  th e dat a in .  Th e reade r  i s  referred  t o Groe n &  Pate l  (i n press ) 
fo r  detail s  o f  th e applicatio n o f  grap h theor y t o semanti c network . 

Description of Method: 
The clinica l  proble m selecte d wa s th e cas e o f  ACUTE BACTERIA L ENDOCARDITIS,  previ -

ousl y described .  I t  ha s fiv e sub-components ,  infectiou s process ,  aorti c insufficiency ,  emboli c 
phenonema,  acutenes s o f  diseas e an d intravenou s dru g use . 

The subject s include d cardiologists ,  psychiatrist s an d surgeons ,  si x a t  eac h leve l  o f  spe -
cialty . 

The genera l  procedur e involve d presentatio n o f  th e clinica l  case ,  obtainin g a  free-recal l 
protoco l  an d a  pathophysiologica l  explanatio n protocol ,  an d finall y askin g fo r  a  diagnosis . 

RESULTS AND DISCUSSION 

Overall summary of results in terms of number of subjects in each specialty that focus on 
particula r  component s o f  th e diseas e i s provide d o n Tabl e 2 .  Her e focu s refer s t o providin g a n 
explanatio n fo r  th e component .  Mos t  o f  th e subject s focu s o n th e infectio n componen t  o f  th e 
diseas e wit h a  stron g tendenc y fo r  th e surgeon s t o provide a detaile d explanatio n fo r  th e infectiv e 
process .  Th e cardiologist s hav e easil y accessibl e rule s fo r  th e cardia c problem ,  thu s the y focu s o n 
th e aorti c insufficienc y aspec t  o f  th e problem .  I n contrast ,  mor e psychiatrist s tha n cardiologist s o r 
surgeon s interpre t  th e proble m i n term s o f  socia l  phenomen a o f  intravenou s dru g use .  Surgeon s 
identifie d an d explaine d th e infectiou s proces s an d th e acutenes s o f  th e patient' s conditio n mor e 
tha n an y othe r  aspec t  o f  th e disease . 

The detail s o f  th e results  ar e explaine d wit h on e exampl e fro m eac h o f  th e generate d expla -
natio n protocol s fro m a  cardiologist ,  surgeo n an d a  psychiatrist .  Tabl e 3  give s th e explanatio n 
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protocol of a psychiatrist and Figure 1 presents the semantic network or structural representation 
generate d from  th e protocol . 

Thi s physicia n organize d hi s protoco l  aroun d th e likel y dru g injectio n b y th e patien t  whic h 
was signale d i n th e tex t  b y th e punctur e wound s o n th e patient' s arm .  Th e psychiatris t  seem s t o 
interpre t  th e problem s i n term s familia r  t o hi s specialization ,  tha t  is ,  a s a  dru g toxicit y problem .  H e 
interpret s feve r  a s a  reactio n t o th e drugs ,  no t  t o th e us e o f  a  contaminate d needle ,  i.e. ,  infectiv e 
componen t  o f  th e disease .  Th e subjec t  doc s no t  mentio n informatio n abou t  th e patient' s aorti c in -
sufficienc y o r  emboli c phenomenon .  Th e flame-shape d hemorrhag e i s als o explaine d fro m th e 
injecte d dru g rathe r  tha n from  a n infectiou s process . 

TABLE 2 
NUMBER O F SUBJECTS I N EACH SPECIALT Y THA T EXPLAI N 

THE SPECIFI C COMPONENT O F TH E DISEAS E 

NUMBER OF INTOAVENOUS AWmC 
SPEOALTf  SUBJECTS DRUG USE INFECnON ACUIENESS INSUFHCENCY EMBOU 

CARDIGLOGISTS 6  2  4  1  6  5 

PSYCHIATOISTS 6 5 5 2 2 2 

SURGEONS 6 6 6 5 2 3 

TABLE 3 
PATHOPHYSIOLOGY PROTOCOL B Y PSYCHIATRIS T #  2 

THE PATIEN T HAS BEEN REACTING T O STRESS LIKEL Y B Y HI S INJECTIN G A  DRUG (O R DRUGS)  WHICH HAS 
RESULTED I N TACHYCARDL\,  A  FAL L I N BLOOD PRESSURE AND ELEVATED TEMPERATURE H E I S I N OR NEAR 
SHOCK. 

THE FLAME-SHAPED HEMORRHAGE MAY REPRESENT A  SEQUELA OF A N UPSURGE I N BLOOD PRESSURE 
POSSIBLY A S A  RESULT OF HI S INJECTIO N OF DRUGS. 

The whol e structura l  representatio n i s tied  t o th e hypothesi s o f  dru g injection .  Thi s hy -
pothesi s i s causall y linke d t o th e tw o othe r  hypotheses ,  reactio n t o t o stres s an d upsurg e i n bloo d 
pressur e an d t o th e findings  i n th e cas e i.e ,  tachycardia ,  fal l  i n bloo d pressure ,  hig h temperature , 
toxicit y an d th e ey e hemorrhage .  I t  i s  importan t  t o not e tha t  th e critica l  informatio n fo r  th e accurat e 
diagnosi s o f  bacteria l  endocarditi s regarding  th e involvemen t  o f  hear t  wa s completel y ignored . 

Figur e 2  show s th e fou r  majo r  component s o f  th e stmctura l  representatio n o f  th e explana -
tion  protocol .  Non e o f  th e fou r  component s separatel y sho w an y sign s o f  pur e forwar d o r  back -
war d reasoning .  Th e firs t  component ,  reactio n t o som e "stres s lead s t o injectio n o f  drugs" ,  ha s 
bot h th e node s inferred .  Th e injectio n o f  dru g i s believe d t o b e th e patient' s reactio n t o som e stres s 
and i t  i s  th e dru g tha t  cause s toxi c problems .  Thi s componen t  explain s th e injectio n o f  drugs .  Th e 
secon d componen t  o f  th e networ k explain s th e diagnosi s o f  th e shoc k stat e o f  th e patien t  resulting 
i n thre e clinica l  findings  an d inferenc e o n th e findings.  Th e thir d componen t  explain s th e diagnosi s 
of  th e toxi c stat e o f  th e patien t  induce d b y th e drug .  Th e final  componen t  explain s th e flame -
shape d hemorrhag e a s a  resul t  o f  increas e i n bloo d pressur e cause d b y th e drugs .  I t  shoul d b e 
note d tha t  everythin g i s explaine d i n term s o f  th e dru g induce d toxicit y an d stress .  I t  i s  th e injec -
tion  o f  dru g aspec t  o f  th e networ k tha t  i s  th e overlappin g facto r  i n explainin g th e clinica l  cues . 
Tabl e 4  give s th e pathophysiologica l  protoco l  o f  a  surgeon . 

198 



PATCL.  arcx:ha ,  groe n 

REACTION rtm ^  INJECTIO N O F _,, _ 
TO cTPPc c """ *  t -  DRUG "*" '  » 

cnub 

UPSURGE I N 
BLOOD PRESSURE 

CRUi 

^ T A C H Y C A R D IA > 

FALL I N 
^  BLOOD PRESSURE 

K 
ELEVATED 

TEMPERATURE y 

carat ,  SHOCK 
- • S T A T B 

• • (  TOXI C > cnu 

CMIi r P LAME-SHAPED 
HEMORRHAGE ) 

FIGURE 1 
S T R U C T U R AL REPRESENTATION O F A C U T E BACTERIA L ENDOCARDITI S 

P R O B L EM B Y PSYCHIATRIS T #  2 

SCEYS F O R A.K.X .  FICSURESs 
J TE3C T CUES 

COnOi  conditiona l  llnlc s 
cnUt  causal  llnlc s 
RSLTi  rvsultlv *  llnlc s 
LOCi  locaciv *  llntc s 
EQUlUi  Aqulvalonc *  llnlc s 

INJECTION OF 
DRUG 

CWIt i UPSURGE I N 
BLOOD PRESSURE 

CIHJ. 

INJECTIO N O F 
DRUG 

conoi 

< 

REACTION 
TO STRESS 

C TACHYCARD1A7" 

c 
ELEVATED 

TEVIPFRATURE 

REACTION 
TO STRESS 

CPU. 

FLAME-SHAPED 
HEMORRHAGE ) 

COnO.  - ^  INJECTIO N OF 
DRUG 

FALL I N 
BLOOD PRESSURE " 

conoi 
- • 

SHOCK 
STATE 

r^TACHYCARDTA; 

BSLT. 
TOXIC 7 * 

FALL I N 
BLOOD PRESSURE 

ELEVATEH 
TEMPERATURE D 

FIGURE 2 
COMPONENTS O F STRUCTURAL RBPRBSENTATION O F ACUTE BACTERIA L 

ENDOCARDITIS PROBLEM B T PSYCHIATRIS T '  2 

199 



PATEL,  AROCHA,  G R O EN 

TABLE 4 

PATHOPHYSIOLOGY PROTOCOL BY SURGEON # 3 
A o m F E B R O ILLNES S O F SOME SEVERTTY,  APPARENT BACTEREMU O R VIREMU.  BACTEREMIA SEEMS MORE LIKEL Y 

BECAUSE OF TH E HIC M FEVER,  CHILLS ,  TOXIOrY,  AN D IMPLICATIO N OF TH E HEART IE. ,  POSSIBILm f  O F ACUTE BACTERIAL 
ENDOCARDmS,  MULTIPL E ORGAN INVOLVEMENT,  B.O. ,  EYE ^  KIDNBY S -  POSSIBL E SEPTI C EMBOLI .  APPROPRIATE INVESTIGATION S 

WOULD DEFIN E TH E ETIOLOGY.  LKEL Y SECONDARY T O INJECTIN G HIMSEL F WIT H DIRT Y NEEDLES. 
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Figur e 3  show s th e structura l  representatio n o f  th e cas e b y a  surgeon .  H e identifie s th e 
proble m a s acut e febril e illnes s o f  eithe r  vira l  o r  bacteria l  origin .  TTi e surgeo n decide s tha t  th e pa -
tien t  ha s bacteremi a becaus e th e patien t  ha s fever ,  chills ,  toxicit y an d ha s implication s o f  hear t 
involvement .  Hi s differentia l  diagnosi s i s acut e bacteria l  endocarditis .  Give n endocarditis ,  th e 
most  likel y sourc e o f  infectio n i s from a  dirt y needle .  Th e abov e descriptio n ca n b e decompose d 
int o thre e componen t  o f  th e representationa l  networ k (Figur e 4) .  Th e firs t  componen t  deal s wit h 
acut e feve r  du e t o dirt y needle s leadin g t o bacteremia .  Th e secon d componen t  als o deal s wit h ex -
plainin g bacteri a fhj m th e give n clinica l  cue s an d mak e th e secondar y diagnosi s o f  acut e bacteria l 
endocarditis .  Th e thir d componen t  deal s wit h septi c embolisn L Eac h o f  th e thre e component s dea l 
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wit h acut e infectio n o r  sepsis ,  a  conditio n tha t  surgeon s hav e t o b e ver y familia r  wit h i n thei r  prac -
tice . 

Figur e 5  give s a  strucnira l  representatio n o f  th e protoco l  generate d b y a  cardiologis t  an d 
Figur e 6  provide s th e fou r  majo r  component s o f  thi s representation.Th e majo r  diagnosi s i s o f  en -
docarditi s  affectin g th e hear t  valve .  Th e mixtur e o f  forwar d an d backwar d reasonin g toward s a  di -
agnosti c hypothesi s o f  endocarditi s  affectin g aorti c valv e a s see n i n componen t  one .  I t  shoul d b e 
emphasize d tha t  excep t  fo r  notin g tha t  infectio n exists ,  i t  i s no t  explaine d i n an y details .  Th e sec -
ond componen t  als o deal s wit h aorti c valv e involvemen t  an d i s agai n a  mixtur e o f  forwar d an d 
backwar d reasoning .  Th e us e o f  intravenou s injectio n b y th e patien t  i s no t  mentioned .  Th e thir d 
componen t  use s a  pur e forwar d reasonin g t o explai n th e aorti c valv e involvemen t  from  tw o give n 
texma l  cues .  Th e final  componen t  als o deal s wit h th e cardia c proble m althoug h i t  doe s no t  hav e 
any relationshi p t o th e overal l  coherence .  Al l  th e component s o f  th e networ k dea l  wit h cardia c 
proble m wit h littl e focu s o n th e infectiv e process . 

The result s sho w tha t  a  psychiatri c emphasize s th e dru g toxicit y an d stres s reactio n par t  o f 
th e problem ,  a  surgeo n emphasize s th e acut e infectiv e natur e o f  th e problem ,  an d a  cardiologis t  fo -
cuse s o n th e hear t  valve s an d hea n murmu r  tha t  relat e t o th e disease .  Th e subject s mak e extensiv e 
use o f  thei r  domai n knowledg e t o represen t  th e clinica l  problem .  A  mixtur e o f  forwar d an d back -
war d reasonin g i s see n i n al l  th e cases .  A  mor e forwar d directe d reasonin g strateg y i s use d i n a 
familia r  situatio n an d a  mor e backwar d reasonin g strateg y i s use d i n a n unfarnilia r  situation . 
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ABSTRACT 

In changing your view, you must balance the amount of change involved against 

th e improvemen t  i n explanator y coherenc e resultin g fro m th e change .  E v e n i f  chang e 

an d improvemen t  i n coherenc e ar e measure d b y simpl y counting ,  ther e ca n b e n o genera l 

requiremen t  tha t  th e numbe r  o f  modifie d item s (adde d o r  subtracted )  b e n o greate r  tha n 

th e numbe r  o f  n e w explanator y an d implication s links .  T h e relatio n betwee n conserva -

tis m an d coherenc e i s m o r e comple x tha n that . 

Keywords :  explanation ,  planning ,  reasoning . 

The purpose of this note is to discuss one aspect of the i^proach to the theory of reasoning described 

i n Cullingford ,  Ha rman ,  Bienkowski ,  an d Sale m (1985) ,  H a r m a n (1973 ,  1986) ,  an d H a r m a n ,  Cullingford , 

Bienkowski ,  Salem ,  an d Prat t  (1986) .  I n thi s approach ,  reasonin g i s identifie d wit h chang e i n view ,  tha t  is , 

wit h addition s an d subtraction s t o you r  anteceden t  belief s an d plan .  W e suppos e tha t  a m o n g th e mos t  basi c 

principle s o f  chang e i n vie w ar e (1 )  conservatism :  othe r  thing' s bein g equal ,  minimiz e th e amoun t  o f 

change ;  an d (2 )  coherence :  othe r  thing' s bein g equal ,  maximiz e th e explanator y coherenc e i n th e resultin g 

view .  I n orde r  t o ̂ p l y thes e principles ,  yo u nee d a  w a y o f  measurin g h o w m u c h chang e a  suggeste d 

The research reported  her e wa s supporte d i n pa n b y a  research  gran t  fro m th e Jame s S .  McDonnel l  Foundatio n b y th e De -
fens e Advance d Researc h Project s Agenc y o f  th e Dq>artmen t  o f  Defens e an d b y th e Offic e o f  Nava l  Researc h unde r  Con -
tract s Nos .  N00O14-85-C-O45 6 an d N00014-85-K-0465 ;  an d b y th e Nationa l  Scienc e Foundatio n unde r  Cooperativ e Agree -
ment  No .  DCR-842094 8 an d unde r  NS F gran t  numbe r  IST8S03968 .  Th e view s an d conclusion s containe d i n thi s docu -
ment  ar e thos e o f  th e author s an d shoul d no t  b e interprete d a s necessaril y  representin g th e officia l  policies ,  eithe r  expresse d 
or  implied ,  o f  th e McDonnel l  Foundation ,  th e Defens e Advance d Researc h Project s Agency ,  o r  th e U.S .  Governmen t 

203 

mailto:ghh@mind.princeton.edu


modificatio n woul d involv e an d ho w muc h increas e i n coherence .  W e ar e explorin g ver y simpl e measure s 

whic h simpl y coun t  th e numbe r  o f  change s an d numbe r  o f  explanation s a  modificatio n woul d involve .  W e 

considerin g exactl y wha t  i t  woul d b e plausibl e t o coun t  an d als o wha t  othe r  principle s ar e neede d i f  w e ar e 

t o us e suc h simpl e measures .  I n th e presen t  note ,  w e wil l  discus s onl y on e aspec t  o f  th e issue . 

Othe r  basi c principle s o f  reasonin g includ e (3 )  n o ge t  back :  avoi d givin g u p thing s tha t  yo u ca n infe r 

righ t  back ;  an d (4 )  clutte r  avoidance :  d o no t  clutte r  you r  min d wit h trivialitie s (Harma n 1986 .  chapter s 2 

and 6) .  W e ar e no t  concerne d wit h thes e principle s i n th e presen t  note .  Rather ,  w e wan t  t o conside r  wha t 

has t o b e tru e o f  reasonin g i f  th e impac t  o f  th e amoun t  o f  chang e an d coherenc e involve d ca n b e measure d 

simpl y b y countin g change s an d explanations . 

O ne possibl e outcom e migh t  b e tha t  ther e i s n o wa y t o mak e thi s work .  (Th e presen t  author s 

disagre e abou t  whethe r  thi s i s  th e mos t  likel y outcome. )  Perhap s w e hav e t o assig n weight s t o proposition s 

and explanation s i n suc h a  wa y tha t  som e proposition s an d explanation s coun t  fo r  mor e tha n other s i n cal -

culatin g h o w muc h chang e i n vie w o r  coherenc e woul d b e involve d i n a  particula r  propose d modification . 

I t  i s  eve n possibl e tha t  ther e i s n o interestin g wa y i n whic h consideration s o f  amoun t  o f  chang e an d coher -

enc e ca n pla y a  usefu l  rol e i n decidin g wha t  revisio n t o mak e i n you r  plans .  Bu t  le t  u s assum e a s a  workin g 

hypothesi s tha t  suc h consideration s ar e relevan t  an d ca n b e measure d b y counting .  Th e questio n the n i s 

what  els e migh t  b e involve d i n a  syste m o f  revisio n tha t  thes e consideration s ca n b e measure d b y counting . 

Clutte r  avoidanc e require s tha t  a n acceptabl e chang e i n vie w mus t  promis e t o advanc e you r  goals . 

Y o u star t  wit h a n interes t  i n whethe r  suc h an d suc h i s  tru e e x a n interes t  i n havin g o r  doin g something . 

Such interest s ca n giv e yo u othe r  interests ,  e.g. ,  a n interes t  i n whethe r  som e oth w thin g i s tru e o r  a n interes t 

i n havin g o r  doin g somethin g else .  A  ne w conclusio n i s  acceptabl e onl y i f  it s  acceptanc e promise s l o 

satisf y on e o f  you r  interests .  Fo r  presen t  purpose s w e ma y assum e thi s mean s tha t  a  ne w conclusio n i s 

acceptabl e onl y i f  i t  contain s a  propositio n P  i n whic h yo u ar e intereste d o r  wan t  t o b e th e case . 

Comparing New Items with New Elxplanations 

Conside r  a n elementar y logica l  inference .  Y o u star t  wit h a  belief s i n "P "  an d "i f  P  the n Q "  an d infe r 

"Q" .  W e suppos e tha t  thi s i s t o infe r  a n explanation :  " Q becaus e P  an d i f  P  the n Q. "  "Q "  i s th e explanan -

d u m o f  thi s explanatio n an d "P "  an d "i f  P  the n Q "  ar e th e explainers .  (Th e sens e i n whic h a n implicatio n 

ca n b e explanator y i s  discusse d i n Harma n 1986 ,  chapte r  7. )  H o w d o w e coun t  th e amoun t  o f  chang e 

involve d i n thi s cas e an d h o w d o w e coun t  th e adde d coherence ? 

We migh t  sa y tha t  thi s involve s on e ne w belief ,  namel y "Q, "  an d on e ne w explanation ,  namely ,  " Q 

becaus e P  an d i f  P  the n Q. "  I n tha t  case ,  th e numbe r  o f  ne w belief s i s th e sam e a s th e numbe r  o f  ne w 

explanations .  Th e los s t o conservatis m involve d i n addin g th e ne w belie f  i s  matche d b y th e gai n i n cohw -

enc e involve d i n th e ne w explanation .  Clutte r  avoidanc e allow s yo u t o mak e a n inferenc e i n thi s cas e onl y 

on th e assumptio n tha t  yo u ar e intereste d i n whethe r  Q . 

Thi s exampl e m a y see m t o sugges t  a  requiremen t  o n acceptabl e change s tha t  th e numbe r  o f  thing s 

accepte d mus t  no t  b e greate r  tha n th e numbw -  o f  ne w explanations . 

That  woul d no t  mea n yo u nee d a n explanatio n o f  ever y ne w belie f  yo u accep t  Ofte n yo u accep t  a 

belie f  becaus e i t  explain s somethin g els e yo u alread y believ e ("inferenc e t o th e bes t  explanaticm") .  I n tha t 

case ,  yo u d o no t  nee d a n explanatio n o f  th e ne w belief .  I t  i s  enoug h tha t  i n acceptin g tha t  ne w belie f  yo u 

c o me t o hav e a  ne w explanatio n o f  somethin g else . 

Th e principl e tha t  th e numbe r  o f  ne w thing s accepte d mus t  no t  excee d di e numbe r  o f  ne w explana -

tions  woul d rul e ou t  arbitraril y  inferrin g Q  fro m an y rando m belie f  P .  Suc h a n inferenc e woul d involv e th e 

acceptanc e o f  on e ne w belie f  wit h n o ne w explanation .  So ,  i t  woul d b e rule d ou t  b y th e principl e a s stated . 

However ,  ther e i s a n objectio n t o thi s wa y o f  countin g an d s o t o th e principl e tha t  th e numbe r  o f  ne w 

thing s accepte d mus t  no t  excee d th e numbe r  o f  ne w explanations .  I n th e first  example ,  yo u com e t o accep t 

not  onl y "Q "  bu t  als o tha t  ther e i s a  certai n connectio n betwee n tha t  belie f  an d tw o othe r  belief s yo u 

alread y accep t  Tha t  is ,  yo u com e t o accep t  tiiat  thes e tw o othe r  belief s impl y "Q" .  Ther e ar c reall y tw o 

ne w belief s i n thi s cas e an d onl y on e explanation .  S o i t  ma y see m tha t  th e principl e tha t  th e numbe r  o f  ne w 

thing s accepte d mus t  no t  excee d th e n u m b w o f  ne w explanation s woul d preven t  yo u fix)m  inferrin g "Q " 

fro m "P "  an d "i f  P  the n Q. "  I n tha t  case ,  th e principl e woul d b e clearl y unacceptable . 
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N o w thi s implicatio n i s a n instanc e o f  modu s ponens .  Al l  suc h instance s ar e immediatel y intelligi -

ble .  I n supposin g tha t  " Q "  i s implie d b y "P "  an d "i f  P  the n Q, "  yo u ar e no t  lef t  wonderin g w h y ther e i s thi s 

implication .  Y o u immediatel y understan d th e relatio n a s implicational .  Y o u hav e al l  th e explanatio n yo u 

need o f  th e implication . 

Thi s i s no t  t o sa y tha t  th e implicatio n i s explaine d b y th e genera l  logica l  principl e o f  modu s ponens . 

To sa y tha t  woul d simpl y pus h th e proble m bac k on e ste p (Carrol l  19S6) .  I f  w e sai d tha t  th e implicatio n 

hold s becaus e i t  i s a n instanc e o f  modu s ponens ,  whic h yo u alread y accept ,  w e woul d hav e t o sa y tha t  yo u 

accep t  thre e n e w things ,  (i )  "Q, "  (ii )  '"Q "  i s implie d b y "P "  an d "i f  P  the n Q", '  an d (iii )  "th e precedin g 

belie f  (ii )  i s a n instanc e o f  modu s ponens. "  So ,  again ,  ther e woul d b e mor e ne w belief s tha n explanation s 

unles s on e o f  th e ne w belief s need s n o explanation .  A t  som e poin t  yo u accep t  thing s tha t  nee d n o furthe r 

explanation . 

Thi s suggest s modifyin g th e principl e t o sa y tha t  th e numbe r  o f  ne w thing s accepte d tha t  requir e 

explanatio n no t  b e greate r  tha n th e numbe r  o f  ne w explanations . 

That  woul d allo w tw o method s o f  countin g th e numbe r  o f  changes .  Eithe r  coun t  th e tota l  numbe r  o f 

ne w beliefs ,  includin g thos e tha t  nee d n o explanation ,  o r  coun t  onl y th e numbe r  o f  ne w belief s tha t  d o no t 

requir e explanation .  Clutte r  avoidanc e £avor s countin g al l  n e w beliefs ,  includin g thos e requirin g n o expla -

nation .  W e d o no t  wan t  t o accq) t  eve n thos e belief s withou t  som e specia l  interes t  i n whethe r  the y ar e true . 

Otherwise ,  ther e woul d b e nothin g wron g wit h clutterin g you r  min d wit h trivialitie s o f  thi s sor t 

Thi s metho d o f  counting ,  alon g wit h ou r  modifie d principle ,  woul d preven t  th e inferenc e o f  " Q "  finom 

arbitrar y "P "  vi a th e expedien t  o f  als o inferrin g " P implie s Q. "  I f  w e wer e t o coun t  thi s a s on e n e w belie f 

and on e ne w explanatio n o f  tha t  belief ,  usin g th e initia l  metho d o f  counting ,  th e inferenc e woul d no t 

conflic t  wit h ou r  origina l  principle .  Contrar y t o th e initia l  metho d o f  counting ,  i t  i s  obviou s tha t  tw o n e w 

thing s ar e accepte d i n thi s case .  Th e influenc e conflict s wit h th e modifie d principle ,  sinc e th e inferenc e 

appeal s t o a  connectio n betwee n "P "  an d " Q "  tha t  require s a n explanation .  Th e connectio n need s a n expla -

natio n sinc e i t  i s no t  immediatel y intelligibl e i n th e wa y i n whic h instance s o f  modu s ponen s ar e immedi -

atel y intelligible .  S o th e inferenc e woul d involv e th e acceptanc e o f  tw o n e w belief s requirin g explanatio n 

and onl y on e n e w explanation ,  whic h woul d violat e th e pincipl e tha t  th e numbe r  o f  n e w thing s accepte d 

tha t  requir e explanatio n shoul d no t  b e greate r  tha n th e numbe r  o f  n e w explanations . 

I t  m a y see m tha t  ther e i s stil l  a  w a y t o info -  a n arbitrar y conclusio n withou t  violatin g thi s principle . 

Fro m arfoitar y "P "  yo u infe r  a  comple x e-structur e containin g tw o explanations .  O n e explanatio n explain s 

"Q "  b y appea l  t o th e tw o explainer s "P "  an d " P i f  an d onl y i f  Q" .  Th e othe r  explanatio n explain s "P "  b y 

appea l  t o th e tw o explainer s "Q "  an d " P i f  an d onl y i f  Q. "  Her e ther e ar e onl y tw o ne w belief s no t  requir -

in g explanation ,  namely ,  " Q "  an d " P i f  an d onl y i f  Q. "  Th e tw o implicationa l  link s ar e bot h immediatel y 

intelligibl e an d therefor e nee d n o explanation .  Ther e ar e als o tw o explanation s i n thi s case .  Sinc e th e 

number  o f  explanation s i s a s grea t  a s th e numbe r  o f  ne w belief s needin g explanation ,  thi s woul d no t  b e 

rule d ou t  b y th e principl e tha t  dier e shoul d b e a  n e w explanatio n fo r  ever y n e w ite m accepte d tha t  need s a n 

explanatio n alone . 

Notic e tha t  th e comple x e-structur e yo u woul d accep t  i n thi s cas e woul d b e circular :  Q  woul d b e 

take n t o b e explaine d i n par t  b y P .  an d P  woul d b e take n t o b e explaine d i n par t  b y Q .  So ,  ultimately ,  Q 

woul d b e use d t o explai n itself .  I f  tha t  wer e allowed ,  yo u coul d eve n m w e simpl y infe r  a n arbitrar y " Q "  b y 

acceptin g " Q becaus e Q. "  Her e ther e woul d b e onl y on e ne w belie f  needin g a n explanation ,  namely ,  " Q " 

and ther e woul d b e on e "explanation, "  namely ,  " Q becaus e Q. "  Bu t  tha t  i s  n o explanation ;  i t  i s  blatentl y 

circular . 

I n othe r  words ,  th e principl e tha t  th e numbe r  o f  ne w thing s accepte d tha t  requir e a n explanatio n 

shoul d b e no t  excee d th e numbe r  o f  ne w explanation s presupposes  th e followin g principle : 

No circula r  explanations :  acceptabl e e-structure s mus t  no t  contai n circula r  explanations .  I f  a  propositio n i s 

explaine d i n th e e-structure ,  i t  mus t  no t  itsel f  serv e a s a n explain s i n th e e-structur e o f  on e o f  it s  o w n 

explanator y antecedents .  (I t  canno t  b e on e o f  it s  o w n explainers ,  a n explaine r  o f  on e o f  it s 

explainers ,  a n explaine r  o f  a n explaine r  o f  on e o f  it s  explainer s etc. ) 
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But  ther e i s a  mor e seriou s proble m wit h ou r  suggeste d principl e tha t  th e numbe r  o f  ne w accepte d 

item s requirin g explanatio n b e n o greate r  tha n th e numbe r  o f  ne w explanations .  Thi s principl e clearl y fail s 

i n m a n y case s o f  inferenc e t o th e bes t  explanation . 

For  example ,  Albei t  tell s  yo u Jac k i s a  philosopher .  Y o u infe r  tha t  Alber t  say s thi s becaus e h e 

believe s Jac k i s a  philosophe r  an d want s yo u t o k n o w whethe r  Jac k i s a  philosopher .  Here ,  usin g th e origi -

nal  metho d o f  countin g n e w belief s an d ignorin g n e w belief s abou t  explanator y connections ,  ther e ar e tw o 

n e w belief s - -  tha t  Alber t  believe s Jac k i s a  philosophe r  an d tha t  Alber t  want s yo u t o k n o w whethe r  Jac k i s 

a philosophe r  -  bu t  ther e i s onl y on e ne w explanation ,  namel y tha t  thos e tw o thing s explai n Albert' s  say -

in g wha t  h e says .  Ther e ar e mor e n e w belief s tha n explanation s i n thi s case ,  s o th e propose d requiremen t 

woul d sa y tha t  thi s e-structur e i s no t  acceptable .  Bu t  a n inferenc e t o suc h a n explanatio n i s ofte n quit e i n 

orde r  eve n thoug h i t  involve s mor e ne w belief s tha n explanations . 

Someone migh t  argu e tha t  th e precedin g exampl e i s acceptabl e onl y give n somethin g lik e th e back -

groun d belie f  tha t  normally ,  i f  someon e say s something ,  the n tha t  i s  becaus e th e speake r  believe s wha t  h e 

or  sh e i s sayin g an d want s th e heare r  t o know .  I t  migh t  b e argue d tha t  thi s backgroun d belie f  help s t o pro -

vid e furthe r  explanato y link s betwee n Albert' s  sayin g tha t  Jac k i s a  philosophe r  o n th e on e hand ,  and ,  o n 

th e othe r  hand ,  hi s belie f  tha t  Jac k i s a  philosophe r  an d hi s desir e tha t  yo u shoul d k n o w that .  W e certainl y 

must  allo w fo r  explanation s tha t  explai n w h y a  give n A  i s a  B  b y notin g tha t  normall y A' s ar e B' s (Harma n 

1986 ,  Chjq)te r  7) .  Th e suggestio n i s tha t  yo u infe r  tha t  a  certai n explanatio n hold s o n thi s occasio n becaus e 

normally ,  whe n someon e say s something ,  tha t  sor t  o f  explanatio n holds .  Thi s analysi s require s distinguish -

in g tw o explanations .  First ,  ther e i s th e psychologica l  explanatio n o f  Albert' s  remar k tha t  Jac k i s a  philoso -

pher ,  a n explanatio n whic h appeal s t o a n assume d belie f  an d desir e o f  Albert's .  Second ,  ther e i s somethin g 

lik e a  statistica l  explanatio n o f  tha t  psychologica l  explanation' s holdin g i n thi s case ,  a n explanatio n tha t 

appeal s t o wha t  normall y lead s t o someon e sayin g wha t  h e o r  sh e says . 

I t  m a y loo k a s i f  thi s analysi s o f  th e inferenc e woul d violat e th e prohibitio n agains t  circula r  explana -

tions ,  bu t  i t  doe s no t  reall y d o so .  Th e appearanc e o f  circularit y arise s becaus e yo u en d u p explainin g w h y 

Alber t  believe s tha t  Jac k i s a  philosophe r  i n par t  b y appea l  t o Albert' s  sayin g tha t  Jac k i s a  philosophe r  an d 

yo u en d u p explainin g Albert' s  sayin g tha t  Jac k i s a  philosophe r  i n par t  b y appea l  t o Albert' s  believin g tha t 

Jac k i s a  philosopher .  Bu t  i n acceptin g thi s inferenc e yo u woul d no t  hav e t o giv e an y credi t  t o thi s las t 

explanation .  Th e coherenc e i n you r  view s tha t  i t  contribute s woul d no t  hav e t o counte d i n orde r  t o deter -

min e tha t  you r  inferenc e i s acceptable .  Thi s follow s fro m th e fac t  tha t  thi s analysi s take s eac h on e o f 

Albert' s  n e w belief s t o b e explained ,  s o th e numbe r  o f  ne w belief s canno t  excee d th e numbe r  o f  explana -

tions .  Albert' s  remark  an d th e principl e abou t  wha t  normall y explain s suc h remarks  togeth w ar e take n t o 

explain :  "Alber t  say s Jac k i s a  philosc^he r  becaus e Alber t  believe s thi s an d want s m e t o kno w it "  A n d th e 

trut h o f  th e propositio n jus t  quote d obviousl y implie s bot h "Alber t  believe s tha t  Jac k i s a  philosopher "  an d 

"Alber t  want s m e t o k n o w tha t  Jac k i s a  philosopher. "  So ,  ther e ar e a t  leas t  a s man y explanator y an d impli -

cationa l  connection s a s ne w belief s requirin g suc h connection s i n thi s analysi s withou t  countin g th e con -

nectio n provide d b y explainin g wha t  Alber t  say s vi a hi s belie f  an d desire . 

But  ther e ar e problem s wit h th e analysis .  I t  analyze s awa y th e inferenc e t o a n explanation ,  turnin g i t 

int o a n inference/ro m a n explanation .  Inferenc e t o a n explanaticx i  seem s t o b e a  genuinel y diff^en t  sor t  o f 

case .  I n m a n y case s o f  inferenc e t o th e bes t  explanatio n ther e ar e n o relevan t  prio r  belief s abou t  wha t  nor -

mall y o r  probabl y happens .  Furthermore ,  i f  th e suggeste d analysi s wer e cwrect ,  ther e woul d b e n o rea l 

nee d i n th e presen t  cas e t o infe r  a n explanatio n o f  wha t  i s said .  Y o u could ,  fo r  example ,  infe r  fro m "Alber t 

say s tha t  Jac k i s a  i^ilosophw "  t o "Jac k i s a  philosopher "  vi a th e defaul t  principle ,  "Normally ,  whe n some -

on e say s somethin g i t  i s  true, "  without  havin g a  vie w abou t  h o w Jack' s bein g a  philosophe r  migh t  b e par t 

of  th e explanatio n o f  Albert' s  sayin g this .  Thi s woul d mak e i t  difficul t  t o account  fo r  th e wa y i n whic h 

suc h a n inferenc e i s defeate d b y th e discover y tha t  Alber t  i s  insincer e o r  tha t  h e i s no t  i n a  positio n t o kno w 

whethC T Jac k i s a  philosophe r  (Harman ,  Cullingford ,  Bienkowski ,  Salem ,  an d Prat t  1986) . 

I f  th e analysi s vi a a  defaul t  rul e doe s no t  wor k fo r  th e genera l  case ,  a s w e ar e suggestin g m a y b e true , 

the n w e hav e t o abando n th e rul e tha t  ther e shoul d b e a t  leas t  a s m a n y ne w explanation s a s ne w thing s 

accepte d tha t  requir e explanation .  W h a t  migh t  replac e tha t  principle ? 
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Here' s a  proposal .  Conside r  th e cas e i n whic h th e relevan t  chang e i n vie w bein g consido-e d i s 

entirel y a  matte r  o f  addin g ne w things .  Th e thing s adde d mus t  b e represente d a s a  non-circula r  "e -

structure, "  tha t  is ,  a s a  se t  o f  "e-nodes "  o r  simpl e explanations ,  eac h o f  whic h ha s on e o r  mor e "explainers " 

and a  singl e "explanandum "  (th e thin g explaine d ( v implied) .  S o m e e-node s themselve s m a y b e 

explanand a i n otho -  e-node s (fo r  example ,  i f  a  give n explanator y connectio n i s intelligibl e a s a n instanc e o f 

a principl e abou t  wha t  migh t  explai n what) .  W e ca n sa y tha t  a n explaine r  o r  explanandu m i n on e o f  thes e 

e-node s o r  th e e-nod e itsel f  i s  " O K "  i f  (bu t  no t  onl y if )  i t  i s  eithe r  alread y accepte d o r  immediatel y intelligi -

bl e (o r  obvious) .  Furthermore ,  i f  th e explanandu m o f  a n e-nod e i s O K ,  the n al l  th e explainer s ar e O K ;  and , 

i f  al l  th e explainer s i n a n e-nod e ar e O K ,  s o i s th e explanandum .  Finally ,  th e whol e e-structur e i s "accept -

able "  onl y i f  al l  o f  it s  containe d e-node s an d thei r  explainer s an d explanand a ar e O K .  (Clearly ,  i t  i s  trivia l 

t o chec k whethC T thi s conditio n i s satisfied. ) 

W h en yo u infe r  from  "P "  an d "I f  P ,  Q "  t o "Q, "  th e relevan t  e-structur e ha s a  singl e e-node ,  whos e 

explaino ^  ar e "P "  an d "I f  P ,  Q "  an d whos e explanandu m i s "Q" .  Sinc e bot h explainer s ar e previousl y 

accq>ted ,  the y ar e O K ;  s o th e explanandu m i s als o O K .  Th e e-nod e i s O K sinc e i t  i s  immediatel y intelligi -

bl e a s a n instanc e o f  modu s ponens .  Al l  th e item s i n th e e-structur e ar e O K ,  s o th e e-structur e a s a  whol e i s 

acceptable . 

The simpl e inferenc e from  arbitrar y "P "  t o arbitrar y "Q "  woul d b e rule d ou t  becaus e i t  involve s n o 

e-node s an d s o allow s n o wa y fo r  "Q "  t o coun t  a s O K .  Thi s inferenc e coul d no t  b e m a d e acceptabl e b y 

addin g a n arbitrar y e-nod e connectin g "P "  a s explaine r  wit h "Q "  a s explanandum ,  sinc e thi s e-nod e woul d 

not  b e O K .  No r  woul d i t  hel p t o ad d tw o e-nodes ,  on e wit h explainer s "P "  an d " P i f  an d onl y i f  Q "  wit h 

explanandu m "Q "  an d th e othe r  wit h explainer s "Q "  an d " P i f  an d onl y i f  Q "  wit h explanandu m "P" ,  sinc e 

th e resultin g e-structur e i s circular . 

Our  exampl e o f  inferenc e t o th e bes t  explanatio n i s no w clearl y acceptable .  W h e n yo u infe r  tha t 

Alber t  say s Jac k i s a  philosophe r  becaus e h e believe s i t  an d want s yo u t o know ,  th e mai n e-nod e ha s a s it s 

explainer s "Alber t  believe s Jac k i s a  philosopher "  an d "Alber t  want s yo u t o k o w whethe r  Jac k i s a  philoso -

pher. "  It s explanandu m i s "Alber t  say s tha t  Jac k i s a  philosopher. "  Sinc e yo u alread y accep t  th e explanan -

dum,  i t  i s  O K .  Sinc e th e explanandu m o f  tha t  e-nod e i s O K ,  th e explainer s ar e als o O K .  Finally ,  th e e -

node itsel f  i s  O K ,  sinc e i t  i s  intelligibl e a s a n instanc e o f  a  defaul t  principl e whic h yo u accept ,  namely , 

"Th e belie f  tha t  somethin g i s s o plu s th e desir e t o tel l  someon e whethe r  i t  i s  s o ca n lea d on e t o sa y tha t  i t  i s 

so. " 

W h en severa l  acceptabl e e-structuie s compet e (i.e .  hav e conflictin g elements) ,  a  particula r  e -

structur e ca n b e inferre d onl y i f  i t  i s  th e bes t  o f  th e competin g acceptabl e e-structures .  W e ar e lef t  wit h th e 

need f< x a  wa y o f  evaluatin g th e e-structure s e.g .  b y countin g th e amoun t  o f  chang e eac h involve s an d 

comparin g i t  wit h th e amoun t  o f  coherenc e i t  bring s t o you r  overal l  view .  W e mus t  leav e fo r  furthe r  dis -

cussio n whethe r  w e shoul d coun t  th e tota l  numbe r  o f  ne w thing s accepted ,  th e tota l  numbe r  o f  n e w e-node s 

accepted ,  o r  somethin g else . 

I n an y event ,  thi s las t  approac h doe s no t  tak e conservatis m t o b e jus t  a  matte r  o f  minimizin g th e tota l 

number  o f  ne w beliefs .  Y o u als o nee d t o conside r  whic h belief s i n you r  projecte d modifie d vie w wer e pre -

viousl y accepted .  I n assessin g a n e-structure ,  yo u als o nee d t o not e whic h o f  it s  element s ar e thing s yo u 

alread y accq> t  an d yo u nee d t o conside r  whethe r  th e accq)tabilit y  o f  thos e item s flows  ove r  t o al l  th e ele -

ment s o f  tha t  e-structur e i n accordanc e wit h th e principl e jus t  given . 

Simple Flans 

We conclud e b y considerin g a  ver y simpl e cas e o f  practica l  reasoning .  Y o u wan t  t o rais e you r  arm , 

wher e tha t  i s somethin g tha t  i s  immediatel y withi n you r  power .  So ,  yo u decid e t o rais e you r  arm .  W e ar e 

supposin g tha t  thi s involve s th e acceptanc e o f  th e followin g explanation :  " I  wil l  rais e m y ar m becaus e o f 

my decisio n t o rais e m y arm. " 

Her e ther e ar e th e followin g ne w beliefs :  (1 )  " I  wil l  rais e m y arm, "  (2 )  " I  decid e t o rais e m y arm, " 

(3 )  (1 )  becaus e o f  (2) .  (1 )  require s a n explanatio n an d a n explanatio n o f  (1 )  i s  accepted ,  namely ,  (3) .  Le t 

us suppos e fo r  th e moment  tha t  w e d o no t  hav e t o worr y abou t  (3) .  Eithe r  w e ca n suppos e tha t  (3 )  doe s no t 

requir e a n explanation ,  becaus e raisin g you r  ar m i s somethin g yo u tak e t o b e immediatel y withi n you r 

power .  Or ,  w e ca n suppos e tha t  (3 )  require s a n explanatio n an d i s explaine d b y somethin g alread y 
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accepted ,  namel y tha t  raisin g your  ar m i s immediatel y withi n you r  power .  W e wil l  c o m e bac k t o thi s 

below . 

W h at  abou t  (2) ,  " I  decid e t o rais e m y arm" ? Sinc e yo u hav e a  reaso n fo r  decidin g t o rais e you r  arm , 

we coul d suppos e tha t  you r  pla n involve s th e acceptanc e o f  th e ide a tha t  yo u decid e fo r  tha t  reason .  Fo r 

example ,  you r  pla n include s th e though t  that ,  becaus e o f  you r  desir e t o rais e your  arm ,  yo u accep t  thi s ver y 

plan ,  whic h involve s decidin g t o rais e you r  arm ,  whic h lead s t o you r  raisin g you r  arm . 

Your  pla n ha s t o includ e a  referenc e t o th e reason s fo r  i t  i n orde r  t o allo w yo u t o allo w th e pla n t o b e 

abandone d i f  th e reason s fo r  th e pla n ar e n o longe r  applicable .  Conside r  a  cas e i n whic h yo u adop t  a  com -

ple x pla n i n orde r  t o obtai n a  goa l  G .  Y o u pla n t o d o M l ,  whic h wil l  pu t  yo u i n a  positio n t o d o M 2 ,  whic h 

wil l  pu t  yo u i n a  positio n t o d o M 3 ,  an d s o forth ,  s o tha t  yo u ar e i n a  positio n t o d o M i l ,  whic h wil l  ge t  yo u 

G.  Whil e i n th e mids t  o f  carryin g ou t  thi s plan ,  a s yo u ar e doin g M 3 ,  yo u lear n tha t  doin g M i l  wil l  no t  ge t 

yo u G  afte r  all .  A t  thi s point ,  yo u wan t  t o b e abl e t o abando n th e whol e pla n s o tha t  yo u n o longe r  inten d 

t o d o M 4 ,  M 5 ,  an d s o forth .  Jus t  h o w yo u ar e abl e t o d o thi s i s somethin g w e mus t  eventuall y consider ,  bu t 

i t  i s  clea r  tha t  yo u wil l  b e abl e t o abando n thes e intermediat e action s onl y i f  yo u kee p a  recor d a s t o w h y 

yo u ar e undertakin g them . 

Anothe r  reaso n t o recor d tha t  a  pla n i s aime d a t  satisfyin g a  particula r  desire ,  i s  t o hav e a  wa y t o 

preven t  tha t  desir e from  leadin g t o th e developmen t  o f  othe r  plan s designe d t o satisf y tha t  desire .  Onc e 

yo u hav e a  pla n t o attai n a  certai n goal ,  yo u d o no t  hav e t o loo k fo r  anothe r  wa y t o attai n tha t  goal ! 

So,  i t  seem s tha t  i n a  ver y simpl e cas e o f  decidin g t o rais e you r  ar m yo u accep t  a  rathe r  comple x 

plan :  "I n orde r  t o satisf y m y desir e t o rais e m y arm ,  I  a m le d t o adop t  thi s plan ,  whic h involve s m y decid -

in g t o rais e m y arm ,  whic h lead s t o m y raisin g m y arm. "  Conside r  th e variou s thing s thi s involves .  First , 

ther e i s th e inframatio n tha t  yo u desir e t o rais e you r  arm .  Tha t  (w e m a y suppose )  i s somethin g yo u alread y 

accep t  ( W e discus s belo w h o w you r  acceptanc e o f  tha t  belie f  migh t  satisf y th e principle s o f  chang e i n 

view. )  Second ,  ther e i s you r  recognitio n tha t  yo u adop t  th e whol e plan .  Y o u tak e you r  adoptio n o f  th e 

whol e pla n t o b e explaine d b y you r  desir e t o rais e you r  arm .  Third ,  ther e i s thi s assignmen t  o f  a n explana -

tor y link ,  th e though t  tha t  you r  desir e lead s yo u t o adop t  th e plan .  W e ca n suppos e tha t  tha t  connectio n i s 

immediatel y intelligibl e an d therefor e need s n o furthe r  explanation .  Fourth ,  ther e i s th e though t  tha t  yo u 

decid e t o rais e you r  arm .  Y o u tak e tha t  t o b e explaine d b y you r  adoptin g th e plan .  Fifth ,  ther e i s thi s las t 

explanator y connectio n betwee n you r  adoptin g thi s whol e pla n an d th e decisio n t o rais e you r  arm .  Th e 

existenc e o f  tha t  connectio n need s n o explanation ,  sinc e th e adoptio n o f  tha t  decisio n i s obviousl y par t  o f 

th e plan .  Sixth ,  ther e i s th e though t  tha t  yo u d o rais e you r  arm .  Y o u tak e you r  raisin g you r  ar m t o b e 

explaine d b y you r  decisio n t o rais e it .  Finally ,  seventh ,  ther e i s th e explanator y connectio n betwee n your 

decisio n t o rais e you r  ar m an d th e fac t  tha t  yo u rais e you r  arm .  Thi s need s n o explanation ,  becaus e i t  i s 

obviou s t o yo u h o w th e decisio n lead s t o th e raising . 

Summary 

I n changin g you r  belief s an d you r  plans ,  yo u accep t  no t  onl y simpl e belief s an d plan s bu t  als o impli -

cation s amon g thes e simpl e belief s an d plans ,  explanation s o f  them ,  a s wel l  a s implication s amon g an d 

explanation s o f  implication s an d explanations .  I n considerin g whethe r  a  chang e i n vie w i s eve n minimall y 

acceptable ,  i t  i s  necessar y t o kee p trac k o f  whic h o f  it s  element s ar e alread y accepte d an d whethe r  accepta -

bilit y  ca n flo w fix)m  thes e element s t o th e whol e o f  th e propose d ne w e-structure .  I t  m a y b e tha t  competin g 

e-structure s ca n b e judge d i n par t  o n th e basi s o f  countin g th e change s the y involve ,  bu t  ther e i s n o genera l 

requiremen t  tha t  th e numbe r  o f  ne w item s needin g n o explanatio n mus t  b e n o greate r  tha n th e numbe r  o f 

ne w explanations . 

On anothe r  occasio n w e wil l  exten d thi s analysi s t o includ e case s i n whic h chang e i n vie w involve s 

givin g u p somethin g previousl y accepted . 
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A Produciio n Syste m Mode l  o f  Causalit y Judgmen t 
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I.  Iniroduciio n 

Building an iniernal representation ot the causal structure of the world is a critically important 

cognitiv e ability .  Bot h i n orde r  t o understan d th e relationship s betwee n event s i n th e externa l 

world ,  an d i n orde r  t o contro l  event s i n th e world ,  i t  i s  necessar y t o b e abl e t o detec t  causalit y an d 

t o b e abl e l o perfor m causa l  reasonin g I n psycholog y thi s abilit y  ha s traditionall y bee n see n a s o f 

considerabl e imporianc e i n understandin g suc h divers e area s a s perceptio n (e.g .  Michotte .  1963) , 

decision-makin g (e.g .  Nisbet t  an d Ross ,  1980 )  an d psychopatholog y (e.g .  Seligman ,  1975) .  Recentl y 

too .  researcher s studyin g human-compute r  interactio n hav e com e t o recognis e th e importanc e o f 

causa l  knowledg e (e.g .  Lewis ,  1986 ) 

I n fac t  suc h ha s bee n th e concentratio n o f  effor t  i n understandin g causalit y ludgmeni ,  tha t  i t  i s 

n o w possibl e t o construc t  a  fairl y  complet e mode l  o f  causalit y judgment :  no t  onl y ca n th e processe s 

involve d b e described ,  bu t  i t  i s  als o possibl e t o specif y m reasonabl e detai l  wha t  th e for m o f 

representatio n i s likel y t o be .  I n orde r  t o d o this ,  w e hav e chose n t o us e a  productio n syste m archi -

tectur e t o captur e th e principa l  feature s o f  th e h u m a n causalit y judgmen t  mechanis m 

Becaus e th e empirica l  studie s ar e s o importan t  i n determinin g wha t  feature s a  theor y o f  causalit y 

judgmen t  mus t  have ,  w e begi n b y describin g thre e experiment s whic h illustrat e th e importanc e o f 

certai n feature s o f  causa l  situation s i n determinin g th e formatio n o f  causa l  knowledge .  The n a 

recen t  mode l  o f  causalit y judgmen t  (Shank s an d Dickinson ,  1987 )  i s described ,  followe d b y som e 

extension s o f  thi s theor y whic h cove r  th e wa y causa l  knowledg e migh t  b e represented .  Finally ,  a n 

implementatio n o f  thi s theor y i n term s o f  a  productio n syste m i s presented . 

2. Conliguiiy and Coiningenc) 

It has been recognised at least since the time of Hume that judgments of causality depend on 

clos e tempora l  an d spatia l  contiguit y betwee n th e targe t  caus e an d th e effect .  Althoug h ther e hav e 

bee n som e test s o f  thi s i n causalit y judgmen t  (e.g .  Wasserma n an d Neunaber .  1986) ,  n o parametri c 

dat a hav e eve r  bee n presented .  TTi e firs t  experimen t  attempt s t o se e whethe r  subjects '  judgment s o f 

th e exten t  t o whic h a n actio n cause s a n outcom e ar e reduce d whe n delay s o f  4 ,  8  o r  1 6 se c ar e 

inserte d betwee n th e actio n an d th e outcome ,  relativ e t o a  conditio n i n whic h ther e i s n o delay . 

2. I. Expennieiu I 

In this experiment subjects were exh given eight causality judgment problems in which they 

wer e require d t o judg e th e exten t  t o whic h a n actio n (pressin g th e spac e ba r  o n a  compute r  key -

board )  cause d a n outcom e (th e tlashin g o f  a  triangl e fo r  0. 1 sec )  t o occu r  o n th e vide o screen . 

Each conditio n laste d fo r  2  m m an d wa s divide d int o I  se c tim e intervals .  I n th e fou r  experimental 

conditions ,  i f  th e actio n occurre d durin g a  particula r  I  se c interval ,  the n th e outcom e followe d th e 

actio n wit h probabilit y  0.7 5 an d neve r  occurre d independentl y o f  th e action .  Thes e fou r 
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experimenta l  condition s dilTere d i n th e degre e o f  leinpora l  contiguit y betwee n ili e xtio n an d th e 

outcome .  Eac h tim e a n actio n wa s performe d an d a n outcom e wa s programme d t o follo w it .  a  dela y 

of  eithe r  0 ,  4 ,  8  o r  1 6 se c wa s inserte d befor e th e outcome .  Durin g th e dela y th e schedul e procede d 

normally ,  s o tha t  furthe r  action s coul d se t  u p furthe r  outcomes .  Tliu s fo r  thes e fou r  conditions ,  th e 

probabilit y  o f  th e outcom e give n th e actio n wa s constant ;  wha t  differe d wa s th e tempora l  interva l 

befor e thi s outcom e occurred . 

The remainin g fou r  condition s wer e al l  contro l  conditions .  Lac h experimenta l  conditio n wa s 

immediatel y followe d b y a  contro l  conditio n i n whic h th e patter n o f  outcome s tha t  occurre d i n th e 

experimenta l  conditio n wa s playe d bac k l o th e subject s independentl y o f  thei r  action s Thu s th e 

tempora l  distributio n an d frequenc y o f  outcome s i s maiclie d i n th e experimenta l  an d contro l  condi -

tions .  Thi s i s importan t  becaus e i f  th e numbe r  o f  action s (an d henc e th e numbe r  o f  outcomes )  dif -

fere d acros s th e experimenta l  conditions ,  the n thi s woul d b e confounde d wit h an y difference s i n 

th e subjects '  judgment s o f  th e exten t  t o whic h th e xtio n cause d th e outcome .  Ih e condition s wer e 

presente d i n pair s consistin g o f  a n experimcnia i  conditio n followe d b y u s control ,  bu t  th e orde r  o f 

pair s o f  condition s wit h respec t  t o th e aciion-omcom e dela y wa s random . 

I f  peopl e ar e sensitiv e t o contiguit y i n thei r  causalit y iudgments ,  w e woul d expec t  judgment s i n 

th e experimenta l  condition s t o b e reduce d a s th e dela ^  i s increased ;  th e contro l  condition s provid e 

th e baselin e agains t  whic h th e judgmen t  i n eac h experimenta l  conditio n ca n b e assessed . 

Hi e subject s wer e 1 6 student s w h o wer e teste d indi\iduall> .  Ih e instruction s give n t o th e sub -

ject s a t  th e beginnin g o f  th e experimen t  wer e siinila r  l o thos e use d i n th e experiment s decisibe d b ) 

Wasserman ,  Chailos h an d Neunabe r  (  1983) .  A t  th e en d o f  eac h conditio n th e subject s wer e aske d 

t o mak e a  ratin g o f  th e exten t  t o whici i  pressin g th e spac e ba r  cause d th e triangl e t o Hash ,  usin g a 

scal e fro m 0  t o 100 .  10 0 indicate d tha t  pressin g th e spac e ba r  alway s cause d th e triangl e t o ligh t  up , 

and zer o indicate d tha t  pressin g th e spac e ba r  ha d n o effec t  o n whethe r  o r  no t  th e triangl e li t  up . 

Afte r  typin g i n a  number ,  th e nex t  proble m wa s presented . 

2.2. Resulu, 

Ihe principal results, the judgments of causality, are shown m Table I. As the table shows, judg-

ment s wer e substantiall y  reduce d b y increasin g th e dela y betwee n ih e actio n an d th e outcom e fro m 

0 t o 4 ,  8  an d 1 6 sec .  A n analysi s o f  varianc e foun d a  reliabl e differenc e betwee n th e experimenta l 

and contro l  conditions .  F (  1,15) = 19.63 ,  a  reliabl e overal l  effec t  o f  th e delay ,  F(3,45) = 7.75 ,  an d a 

significan t  interaction ,  F(3,45) = 7.80 .  Individua l  test s foun d tha t  ther e wer e signiUcan t  difference s 

betwee n th e experimenta l  an d contro l  condition s a i  th e 0  an d 4  se c delays .  t's (  15) = 6.3 7 an d 1.90 , 

but  n o difference s a t  th e 8  an d 1 6 se c delays ,  t's (  15) < 1.06 . 

Thes e result s confir m tha t  th e occurrenc e o f  a  tempora l  dela y betwee n a n actio n an d a n outcom e 
can decreas e judgment s o f  th e exten t  t o whic h th e actio n cause d th e outcome .  Clearly ,  accountin g 

fo r  thi s sensitivit y t o contiguit y i s a n essentia l  requiremen t  fo r  an y theor y o f  causalit y judgment . 

./ Sensitivity to Conlingency 

The preceding experiment shows that the degree of contiguity between the cause and the effect 

doe s affec t  causalit y judgments .  Conside r  th e differenc e betwee n th e experimenta l  an d contro l  con -

dition s wit h n o dela y betwee n th e actio n an d th e outcome .  Lxactl y th e sam e patter n o f  outcome s 

occurre d i n thes e tw o conditions ,  bu t  i n th e contro l  conditio n thi s patter n wa s non-contingen t  o n 

th e patter n o f  actions .  Th e notio n o f  th e conlingenc y betwee n th e actio n an d th e outcom e i s a 

secon d importan t  determinan t  o f  th e formauo n o f  causa l  knowledge . 

I t  i s  no t  har d t o se e tha t  contiguit y alon e i s insufficien t  t o accoun t  fo r  causalit y judgments .  Ima -

gin e th e tw o condition s illustrate d i n Figur e I  i n whic h ih e probabilit y  o f  th e outcom e give n a n 

action ,  P ( 0 / A ) .  i s  th e same ,  sa y 0.75 .  I f  ih e probabilit y  o f  ih e outcom e give n n o action ,  P ( 0 / - A ) , 

i s  zer o [pane l  (a)] ,  a s wa s th e cas e i n th e experimenta l  condition s o f  th e precedin g experiment , 

ther e i s littl e difficult y i n detectin g th e causa l  relationshi p provide d tha t  th e action-outcom e dela y i s 
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Tabl e I 

Result s o f  E \  pe n me n I  I 

Mean judgemeni s o f  causalit y m ih e Coniro l  an d Experimenia l  ("ondiiion s a i  eac h o f  ili e fou r 

action-ouicom e delays . 

Dela y (sees ) 

0 4 8 16 

Experimenial 69.8 33.8 34.7 217 

Control 214 19.7 26.8 19.3 

Tuhk J 
Result s o f  E:\perinien t  J 

Mean judgemeni s an d mea n actua l  contingenc y (d P x  100 )  fo r  eac h o f  th e conditions . 

Condition 50/0 50/50 50/50(S) 

Mean Judgement 49.0 20.9 32.4 

Mean dP x 100 48.3 0.6 -0.1 
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small .  Bu t  suppos e tha i  i n ih e secon d conditio n P(C)/-A )  i s th e sam e a s P(()/A) ,  a s show n i n pane l 

(b) .  Thes e tw o condition s hav e th e sam e degre e o f  tempora l  contiguit y betwee n th e actio n an d th e 

outcome ,  bu t  i n th e secon d conditio n th e outcom e i s jus t  a s likel y t o occu r  independentl y o f  an y 

actio n a s i n it s presence .  Tha i  is ,  i n thi s secon d condition ,  th e actio n an d th e outcom e ar e noncon -

tingenl :  th e actio n doe s no t  caus e th e outcome ,  an d henc e subject s shoul d judg e tha t  ther e i s n o 

causa l  relation .  Thi s i s i n lac t  exactl y wlia t  happen s (e.g .  Wasserma n e t  al. ,  I')83) .  Clearly ,  sensi -

tivit y t o th e contingenc y betwee n th e actio n an d th e outcom e i s independen t  o l  tli e degre e ot "  con -

tiguit y betwee n them .  Traditionally ,  contingenc y ha s bee n define d statisticall y b > dP ,  whic h i s th e 

differenc e betwee n P(()/A )  an d P(()/-A) . 

Becaus e thi s sensitivit y t o contingenc y ha s bee n a  crucia l  facto r  i n th e formulatio n o f  theorie s o f 

causalit y judgment ,  som e furthe r  dat a wil l  b e describe d o n thi s issue ,  i t  i s  no t  jus t  importan t  t o loo k 

ai  th e degre e o f  sensitivit y alone ;  fo r  a  variet y o f  reason s whic h wil l  becom e apparen t  i t  i s  als o pro -

fitabl e t o loo k a t  th e learnin g curve s fo r  differen t  contingencies .  Th e followin g experimen t  there -

for e examine s th e acquisitio n function s fo r  causalit y ludgment s unde r  dilTeren t  contingencies ,  tha t 

is ,  th e wa y i n whic h judgment s chang e a s mor e an d mor e informatio n abou t  th e causa l  relationshi p 

i s provided . 

J. I. Ex pen mem 2 

In this experiment subiects were each given 4 mm experience under each of six different con-

tingencies ,  an d i n eac h conditio n the y wer e require d t o mak e regula r  judgment s o f  causalit y durin g 

th e 4  mi n period .  Th e contingencie s use d wer e a s follows ,  wher e th e firs t  figur e refer s t o l*(0/A )  x 

1000 an d th e secon d t o P(()/-A )  x  iOOO:  i n thre e o f  th e condition s P(()/A )  wa s hel d constan t  a s 

P(()/-A )  wa s raise d (condition s 875/125 ,  875/50 0 an d 875/875) ;  th e las t  o f  thes e condition s wa s i n 

fac t  a  noncontingen t  one ,  an d s o anothe r  noncontingen t  conditio n wa s include d fo r  whic h th e fre -

quenc y o f  th e outcom e wa s lower ,  125/12 5 Kinally ,  judgment s fo r  th e 875/87 5 conditio n coul d b e 

compare d wit h judgment s to r  tw o othe r  'condition s fo r  whic h P(()/-A )  wa s hel d constan t  whil e 

P(0/A )  wa s raise d (condition s 125/87 5 an d 500/875) .  I n thes e latte r  condition s d P i s i n fx t  nega -

tive :  th e actio n actuall y prevent s th e outcom e fro m occurrin g o r  reduce s u s likelihood . 

Tlier e wa s n o contiguit y manipulatio n i n thi s experiment .  I f  th e subiec t  responde d durin g a  par -

ticula r  I  se c interval ,  the n th e outcom e occurre d a t  th e en d o f  tha t  interva l  wit h probabilit y 

P(()/A) .  I f  ther e wa s n o respons e durin g th e interval ,  th e outcom e occurre d a t  th e en d o f  th e inter -

val  accordin g t o P(C)/-A) . 

Tli e subjects ,  wh o wer e 1 6 anothe r  member s o f  th e A P U panel ,  wer e aske d t o mak e causalit y 

judgment s alte r  10 ,  20 ,  30 ,  60 ,  90 .  120 ,  150 .  180 .  21 0 an d 24 0 se c i n eac h condition .  Lsseniially , 

th e instruction s wer e th e sam e a s i n th e precedin g experimen t  excep t  tha t  her e a  ratin g scal e goin g 

fro m -10 0 t o +  10 0 wa s used .  Negativ e judgment s wer e indication s tha t  th e actio n t o som e exten t 

prevente d th e outcome . 

12. KenJlis 

Since the events on each trial were determined bv a software random number procedure, it is 

importan t  t o chec k tha i  th e actua l  coniuigenc > experience d b y eaci i  subjec t  wa s clos e t o th e nomina l 

contingency .  Th e deviation s o f  d P fro m th e nomina l  contingenc y wer e ver > minor ,  an d mor e 

importantly ,  ther e wa s n o chang e i n d P acros s trials .  F < I .  no r  wa s ther e a n interactio n betwee n tri -

al s an d conditions .  1(45.661) = 1.07 .  Th e actua l  contingenc y was .  o f  course ,  dilTeren t  acros s th e 

conditions ,  S {  5,75) = 586.88 .  Th e actua l  contingencie s (d P x  100 )  calculate d acros s th e whol e 4  mi n 

perio d fo r  eac h conditio n wer e 7 6 6,07.5 ,  1.4 ,  -1.0 ,  -3 4 8  an d -7 4 5  fo r  condition s 875/125 , 

875/5(JO ,  875/875 ,  125/125 ,  500/87 5 an d 125/875 .  respectively . 

An indicatio n o !  th e exten t  t o whic h P(()/A )  an d P(()/-A )  wer e bot h sample d i s give n b y th e 

rat e o f  respondin g i n eac h condition .  Ou t  o f  a  possibl e 24 0 responses ,  th e mea n numbe r  o f  time s 

th e subject s presse d th e space-ba r  wa s 106.5 ,  indicatin g tha t  th e tw o probabilitie s wer e almos t 
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Tabl e 2 

Result s ofE'vperiinen i  J 

Mean actual judgements, of causality across trials under each contingency. Tlie two numbers 

describin g eac h conditio n refe r  t o P(0/A )  x  100 0 an d P(0/-A )  x  100 0 respectively .  Th e predicte d 

figure s ar e fro m th e simulatio n describe d i n th e fina l  sectio n 

Iria l 

10 20 30 60 90 120 150 180 210 240 

Condition 

875/125 actual 40.9 58.1 62.5 63.7 64.7 70.3 72.4 76.8 71.6 73.3 

875/125 predicted 34.3 52.5 60.2 68.1 68.2 68.8 69.5 67.4 66.2 66.9 

875/500 actual 26.4 36.9 33.4 41.9 39.7 41.3 34.1 43.8 48.1 44.6 

875/500 predicted 25.7 39.0 44.5 45.2 45.6 45 5 46.5 47.0 45 9 46.3 

875/875 actual 6.8 25.6 13.9 14.8 6.0 7.3 I.I 3.3 -0.6 0.6 

875/875 predicted 15.3 20.3 17.4 8.5 2.2 0.8 0.4 0.2 0.9 0.5 

125/125 actual -6.1 -27.0 -28.9 -34.6 -39.4 -41.0 -38.4 -31.1 -37.9 -36.6 

125/125 predicted 1.7 0.8 0.5 0.5 -0 1 0.5 0.2 -0.3 0.0 0.1 

500/875 actual -12.4 -19.0 -17.1 -13.4 -17.1 -23.0 -18.4 -24.4 -22.1 -26.4 

500/875 predicted -2.7 -12.4 -22.2 -38.0 -42 7 -45.4 -45.9 -45.7 -44.4 -46.5 

125/875 actual -30.6 -47.2 -55.3 -67.1 -64.1 -69.8 -77.2 -72.9 -60.0 -64.6 

125/875 predicted -17.2 -33.4 -43.8 -61.3 -65 9 -67 3 -68.3 -67.9 -68.0 -68.6 
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equall y sampled .  Ther e wa s n o ditTerenc e i n ili e numbe r  o l  response s i n eaci i  condition .  F < I ,  no r 

was ther e an y trial s b y condition s inieraciion .  I  <  I . 

Tabl e 2  show s th e mea n ludgmenl s o f  contmtienc > to r  eac h conditio n acros s trials ,  Jus i  takin g th e 

termuia l  judgment s m eac h condition ,  w e ca n se e tha i  iudgmenl s wer e reduce d I'ro m conditio n 

875/12 5 t o conditio n 875/50 0 t o conditio n 875/87 5 a s P(0/-A )  wa s increase d whil e P ( 0 / A )  wa s 

hel d constant .  Similarly ,  judgment s wer e increase d (becam e les s negative )  tro m conditio n 125/87 5 

t o conditio n 500/87 5 t o conditio n 875/87 5 a s P(0 /A )  wa s increase d whil e P(()/-A )  wa s hel d con -

stant .  I n addition ,  judgment s wer e biase d i n th e nonconimgen l  condition s b y th e overal l  frequenc y 

of "  th e outcome :  judgment s wer e subsianiiall y  greate r  i n conditio n 875/87 5 tha n i n conditio n 

125/12 5 wher e judgment s wer e i n lac i  strongl y negative .  Thi s confirm s previou s claim s (e.g .  Allo y 

and Abramson ,  1979 )  tha t  i n noncontingen t  situation s judgment s depen d o n th e rat e o f  occurrenc e 

of  th e outcome . 

Statistically ,  ther e wa s a  significan t  ditterenc e betwee n th e conditions .  1(5,75) = 39.04 .  an d a  sig -

nifican t  trial s X  condition s interaction .  H45.675) = 2.54 .  Ther e wa s n o overal l  effec t  o f  trials .  F < I . 

Th e mai n featur e o f  th e results ,  however ,  i s  th e natur e o f  th e change s acros s trial s unde r  eac h con -

tingency .  Wiie n ther e i s a  positiv e contingency ,  judgment s increas e acros s trial s (comparin g th e llrs t 

and las t  judgment s i n conditio n 875/125 .  t (  15) = 3.52J ,  an d whe n ther e i s a  negativ e contingency , 

judgment s decreas e [comparin g th e firs t  an d las t  judgment s i n conditio n 125/875 .  t (  15) = 3.711 . 

Tlies e changes ,  furthermore ,  appea r  t o b e negativel y accelerate d a s th e judgmen t  approache s 

asymptote .  Fo r  th e intermediat e contingencie s (875/50 0 an d 500/875 )  thes e change s ar e les s 

dra m a  lie . 

The experimen t  demonstrate s tw o importan t  feature s o f  causalit y judgments .  Ili e firs t  i s  tha t 

peopl e ar e highl y sensitiv e t o th e actua l  degre e o f  contingenc y a s measure d b y th e normativ e metri c 

d P Thi s applie s bot h t o positiv e an d t o negativ e contingencies :  peopl e mak e equall y reliabl e judg -

ment s whe n th e actio n prevent s th e outcom e a s whe n i t  cause s i t  Th e secon d featur e o f  th e result s 

i s tha t  thes e accurat e judgment s ar e derive d b y a n incrementa l  (o r  decremenial )  learnin g process . 

Fli e lunciion s represente d i n Tabl e 2  ar e i n fac t  simpl y learnin g curves ;  th e subiecis '  judgment s 

increas e acros s trial s unde r  a  positiv e contingency ,  towards  th e asymptot e o f  th e actua l  contingency , 

and decreas e acros s trial s unde r  a  negativ e contingency . 

4 Seleciion Amongst Potential Causes 

The two experiments described so far have illustrated two factors that have strong effects on the 

formatio n o f  causa l  knowledge ,  namel y contingenc y an d contiguity .  Th e nex t  experimen t  look s a t  a 

furthe r  factor ,  whic h ca n agai n hav e a  poten t  effec t  o n judgments .  Thi s i s th e statu s o f  othe r  poten -

tia l  cause s whic h ar e presen t  a t  th e sam e tim e a s th e targe t  caus e (th e actio n i n thi s  case) . 

As Figur e 1  illustrates ,  a  causa l  sequenc e occur s i n th e contex t  o f  wha t  w e migh t  cal l  a  'causa l 

background' ,  tha t  is ,  a  se t  o f  backgroun d stimul i  whic h ar e constantl y presen t  i n tha t  situatio n an d 

whic h represen t  a  se t  o f  potentia l  alternativ e cause s o f  th e outcome .  Th e targe t  cause ,  therefore ,  i s 

not  occurrin g i n isolation ,  bu t  i s  i n competitio n wit h thi s background .  W h e n ther e i s a  stron g con -

tingenc y betwee n th e targe t  caus e an d th e outcome ,  th e backgroun d i s unlikel y t o offe r  muc h com -

petitio n sinc e th e targe t  caus e i s s o m u c h mor e informativ e abou t  whe n th e outcom e wil l  occur .  Bu t 

w h en th e contingenc y i s degraded ,  th e causa l  backgroun d take s o n greate r  significance .  Referrin g 

agai n t o Figur e I ,  occurrence s o f  th e outcom e i n th e absenc e o f  th e targe t  caus e i n pane l  (b )  mus t 

be attribute d t o th e background .  I n term s o f  th e associativ e theor > o f  Shank s an d Dickinso n 

(  1987) ,  th e backgroun d i n thi s cas e wil l  becom e associate d wit h th e outcome . 

Th e significanc e o f  thi s associatio n betwee n th e backgroun d an d th e outcom e i s tha t  i t  suggest s 

an explanatio n to r  sensitivit y t o contingency .  Conside r  th e subsequen t  pairing s o f  th e actio n an d th e 

outcom e afte r  th e backgroun d ha s alread y becom e associate d wit h th e outcome :  thes e outcome s ca n 

be attribute d t o eithe r  th e backgroun d o r  t o th e action .  Bu t  sinc e th e backgroun d i s alread y associ -

ate d wit h th e outcome ,  surel y subsequen t  occurrence s o f  th e outcom e ar e no w mor e likel y t o b e 

attribute d t o th e backgroun d tha n t o th e action ,  relativ e t o th e situatio n i n whic h th e backgroun d 
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has no t  becom e associate d wil h tli c  o u iconi c l l  ihcs c o n iconic s ar c les s likel y l o b e aiiribiitc J t o 

th e action ,  the n judgment s o f  th e exter n t o winc h th e actio n cause d th e outcom e wil l  b e reduced ; 

thi s i s exactl y th e findin g wlie n P(()/-A )  i s increased . 

Such a n accoun t  o t  sensitivit y t o contingenc y assume s a  crucia l  rol e lo r  th e causa l  backgroun d I t 

als o implie s tha t  causa l  attributio n i s selective :  selection s wil l  b e mad e amongs t  potentia l  cause s i n 

term s o f  h o w wel l  establishe d ihe y alread y ar e a s causes ,  lli e nex t  experimen t  attempt s t o provid e 

suppor t  to r  tlii s  claim . 

4. I. EKpcnnieni J 

The analysis described above proposes that the inipaci of ouicoines occurring in the absence ol 

th e targe t  caus e come s abou t  becaus e suc h outcome s ar e attribute d t o th e background .  Bu t  suppos e 

thi s coul d b e prevented :  wha t  woul d happe n i f  suc h outcome s wer e attribute d t o som e othe r  even t 

rathe r  tha n t o th e backgroun d ?  B y th e abov e analysis ,  i f  thi s happene d the n th e backgroun d woul d 

not  becom e associate d wit h th e outcom e an d henc e woul d no t  b e i n stron g competitio n wit h th e 

actio n whe n subsequen t  outcome s occurre d i n th e presenc e ol '  th e action .  Thu s an y procedur e 

whic h prevent s outcome s occurrin g i n th e absenc e o l  th e actio n fro m bein g attribute d t o th e back -

groun d shoul d elevat e judgment s abou t  th e action .  I n thi s experimen t  a  straightlorwar d wa y o t 

doin g thi s i s employed :  ever y outcom e occurrin g i n th e absenc e o t  th e actio n i s precede d b y 

anothe r  stimulus ,  calle d th e 'signal' ,  whic h onl y occur s o n thos e trials . 

The experimen t  involve s th e sam e basi c procedur e a s i n th e previou s experiments .  Ih e subject s 

(2 4 member s o f  th e A P U subjec t  panel )  wer e eac h give n thre e conditions ,  presente d i n a  rando m 

order .  I n on e conditio n (50/0 )  ther e wa s a  positiv e contingenc y betwee n tli e actio n an d th e out -

come:  P (0 /A )  wa s 0. 5 whil e P(()/-A )  wa s zero .  I n th e secon d conditio n (50/50 )  th e coniingenc > 

was reduce d t o zer o b y increasin g P(0/-A )  t o 0.5 .  Th e critica l  conditio n wa s th e on e i n whic h th e 

signa l  wa s presente d (50/5 0 (S)l .  Th e contingenc y wa s identica l  t o tha t  i n th e noncontingen t  50/5 0 

condition ,  bu t  i n thi s cas e al l  o f  th e outcome s occurrin g i n th e absenc e o f  th e actio n wer e precede d 

by th e signal ,  whic h wa s a  shor t  tone .  Fo r  hal f  o f  th e subject s th e duratio n o f  th e ton e wa s 0. 5 sec . 

whil e fo r  th e othe r  hal f  i t  wa s 0.7 5 sec .  I f  n o respons e occurre d durin g a  particula r  I  se c interval . 

and th e outcom e wa s schedule d t o occu r  a t  th e en d o f  tha t  interval ,  liie n th e outcom e wa s delaye d 

at  th e en d o f  th e interva l  fo r  a n amoun t  o f  tim e equa l  t o th e duratio n o f  th e tone ;  thi s occurre d lo r 

al l  o f  th e conditions .  Th e dilt'erenc e i n th e tone' s duratio n ha d n o eftec i  o n th e results ,  whic h ar e 

therefor e collapse d acros s thi s fxior . 

4. 2. Results 

The subjects responded a mean of 55.1 times in condition 50/0, 48.2 times in condition 50/50, 

and 62. 4 time s i n conditio n 50/5 0 (S) .  Th e differenc e betwee n th e number s o f  response s i n th e 

latte r  tw o condition s wa s i n fac t  reliable ,  Wilcoxo n W = 6 2 . 5 ,  p<0.05 .  Tabl e 3  present s th e m a m 

result s o f  th e experiment . 

The actua l  contingency ,  a s expected ,  wa s clos e t o 0. 5 i n conditio n 50/ 0 an d clos e t o zer o m con -

dition s 50/5 0 an d 50/5 0 (S) .  Judgment s wer e reduce d i n conditio n 50/5 0 relativ e t o conditio n 50/ 0 

by increasin g P(0 / -A) ,  W = 50 ,  p < 0  05 ;  thi s corroborate s th e finding s o f  th e previou s tw o experi -

ment s tha t  contingenc y i s a  stron g deierininan l  o f  causalit y judgments .  Ih e critica l  result ,  however . 

IS th e greate r  mea n judgmen t  i n conditio n 50/5 0 (S )  tha n i n conditio n 50/50 ,  W = 48 .  p<().02 . 

Thu s signalin g thos e outcome s tha t  occu r  i n th e absenc e o f  th e actio n ha s th e effec t  o f  elevatin g 
judgments ,  an d henc e o f  a t  leas t  partiall y  reversin g th e effec t  o f  thos e outcome s o n causalit y judg -

ments . 

5. A Production System Model of Causality Judgment 

If a temporal delay is interpolated between an action and an outcome, judgments of the extent to 

217 



S h a n k s an d Pearso n Causalit y Judgmen t 

whic h th e actio n i s th e caus e o f  ili e outcom e ar e reliabl y reduced ,  eve n thoug h th e dela y migh t 

hav e n o elTec i  o n tii e actua l  probabilit y  o f  th e outcome .  I n Hxperimen i  I  a  shor t  dela y betwee n th e 

actio n an d th e outcom e substantiall y  reduce d judgmeius .  I n th e secon d experimen t  i t  wa s tbun d 

tha t  causalit y judgment s follo w growt h function s whereb y unde r  a  positiv e contingenc y judgment s 

ar e incremente d trial-by-tria l  toward s a n asymptote ,  whils t  unde r  a  negativ e contingenc y the y ar e 

decremente d toward s th e asymptote .  Finally ,  i n th e las t  experimen t  th e importanc e o f  th e causa l 

backgroun d wa s illustrate d i n a  situatio n wher e causa l  selectio n o n th e basi s o f  th e prio r  associatio n 

betwee n th e backgroun d an d th e outcom e coul d b e prevented . 

T h e accoun t  o f  causalit y judgmen t  tha t  wil l  n o w b e describe d propose s a  crucia l  rol e fo r  suc h 

associations .  Accordin g t o associativ e theorie s o f  learning ,  th e occurrenc e o f  a n outcom e incre -

ment s th e associativ e strengt h o f  stimul i  presen t  a t  tha t  time .  A  crucia l  aspec t  o f  suc h theorie s i s 

th e rol e the y assig n t o th e causa l  background ,  tha t  se t  o f  stimul i  whic h i s alway s presen t  i n tha t 

context .  I n th e mode l  describe d b y Shank s an d Dickinso n (1987) ,  a n outcom e occurrin g i n th e 

presenc e o f  th e targe t  caus e increment s th e associativ e strengt h o f  th e compoun d o f  th e targe t 

caus e an d th e backgroun d accordin g t o th e equation : 

^^ab=<^ab^('^-^ab) (I) 

where Jl^ is the increment in the associative strength of the compound of the action and the 

background ,  a ^  i s a  learnin g rat e paramete r  fo r  th e compound ,  / J i s  a  learnin g rat e paramete r  fo r 

th e outcome .  X  i s th e asymptot e o f  abbociaiiv e strengt h an d l ^  i s  th e ai.sociativ e strengt h th e com -

poun d alread y has .  Th e asymptot e X  i s usuall y se t  t o I  ( )  o n trial s o n whic h th e outcom e occur s an d 

t o zer o w h e n th e outcom e doe s no t  occur . 

I f  th e outcom e occur s i n th e absenc e o f  th e action ,  the n th e associativ e strengt h o f  th e back -

ground ,  i g i s incremente d accordin g t o th e equation : 

d\ff=as0a-\ti) (2) 

r  a wlier e J i y i s th e incremen t  an d a g i s a  rat e paramete r  fo r  th e causa l  background .  A t  th e en d o 

serie s o f  occurrence s o f  th e actio n an d th e outcome ,  ther e wil l  b e tw o associativ e strengths ,  \^ ^ 

and Vg .  Th e causalit y judgment ,  V^ ,  i s  the n base d o n a n inferenc e ste p m whic h th e differenc e 

betwee n thes e tw o associativ e strength s i s determined ; 

The model can account for sensitivity to coiilmgency since increasing P{()/-A) will increase l^ and 

henc e reduc e judgments .  I n fac t  th e mode l  ca n readil y reproduc e th e patter n o f  acquisitio n func -

tion s see n i n th e secon d experiment .  Tabl e 2  give s th e result s o f  a  simulatio n o f  th e mode l  ru n 

unde r  th e sam e contingencie s a s th e actua l  experiment .  Eac h figur e represent s th e mea n fro m 

100 0 simulate d subject s wit h th e parameter s a s follows :  ag=0. \ ,  a ^ = 0 . 2 ,  / }  fo r  th e outcome=0. 3 

and ^  fo r  th e nonoccurrenc e o f  th e outcome = 0.8 ,  an d assumin g tha t  \ g an d \ ^  star t  a t  zero .  Al l 

of  th e mai n feature s o f  th e actua l  result s ar e reproduced ,  wit h th e exceptio n tha t  th e negativ e judg -

ment s i n th e 125/12 5 conditio n d o no t  emerg e (se e Shank s an d Dickinson ,  1987 ,  fo r  a  discussio n 

of  thi s discrepancy) . 

A productio n syste m mode l  o f  causalit y judgmen t  whic h incorporate s th e linea r  operato r  equa -

tion s o f  Shank s an d Dickinso n (  1987 )  ha s recentl y bee n implemente d i n th e compute r  languag e 

O P S -5 (Brownston .  Farrell ,  Kan t  an d Martin ,  1985) .  I t  consist s o f  tw o principa l  elements ,  namel y 

th e productio n rule s an d a  workin g memory .  Th e productio n rule s consis t  o f  simpl e i f  ..then.. .  state -

ment s whic h operat e w h e n thei r  condition s ar e satisfie d b y th e content s o f  workin g memory .  Tlier e 
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wil l  b e tw o productio n rule s relevan t  t o causalit y judgment .  Th e firs t  wil l  specif y tha t  i f  th e causa l 

backgroun d i s represente d i n workin g memory ,  the n th e representatio n o f  th e outcom e shoul d b e 

place d i n workin g memory ,  an d equatio n (2 )  shoul d b e selected .  Thi s productio n rul e ha s a  meas -

ur e o f  belie f  associate d wit h it ,  whic h i s th e curren t  valu e o f  \g .  Hi e secon d rul e state s tha t  i f  th e 

actio n an d th e backgroun d ar e i n workin g memory ,  the n th e representatio n o f  th e outcom e should . 

be pu t  m workin g m e m o r y an d equatio n (I )  shoul d b e selected ,  liti s  rul e als o ha s a  measur e o f 

belie f  associate d wit h it ,  thi s tim e determine d b y V ^ . 

Notic e tha t  th e productio n rule s d o no t  incorporat e th e concep t  o f  causation .  W h e n th e subjec t 

comes t o mak e a  causalit y judgment ,  th e mode l  propose s tha t  thi s come s abou t  b y a n inferentia l 

proces s whic h involve s propostiona l  knowledg e fro m othe r  source s a s wel l  a s wha t  i s incorporate d 

i n th e productio n rules .  I n causalit y judgmen t  experiments ,  o f  course ,  i t  i s  assume d tha t  an y extra -

experimenta l  knowledg e th e subject s migh t  brin g t o th e situatio n wil l  b e minimal .  I n mor e realisti c 

settings ,  though ,  i t  seem s highl y likel y tha t  prio r  knowledg e abou t  causa l  relationsliip s migh t  hav e a 

stron g effec t  o n causalit y judgment s i n particula r  circumstances .  I n term s o l  th e model ,  suc h 

knowledg e i s brough t  i n t o th e inferenc e represente d b y equatio n (3) . 

H ow ca n suc h a  mode l  accoun t  fo r  contiguit y effect s ?  S o far ,  th e mode l  doe s no t  specif y wha t 

constitute s a  co-occurrenc e o f  th e actio n an d th e outcom e (i n whic h cas e equatio n (  1 )  applies ]  an d 

what  constitute s a n occurrenc e o f  th e outcom e i n th e absenc e o f  th e actio n [i n whic h cas e equatio n 

(2 )  applies) .  Bu t  th e crucia l  determinan t  i s likel y t o b e simpl y whethe r  o r  no t  th e actio n i s stil l 

represente d i n workin g memory ,  abov e a  certai n threshold ,  a t  th e tim e o f  th e outcome .  I f  w e 

assume tha t  th e actio n i s full y  represente d immediatel y afte r  it s  occurrenc e bu t  the n it s representa -

tio n decays ,  the n thi s ca n b e capture d i n th e mode l  b y a  reductio n i n c t ^  ,  th e salienc e o f  th e 

action-backgroun d compound ,  a s lim e elapse s fro m th e occurrenc e o f  th e action .  Althoug h ther e i s 

no obviou s reaso n t o suppor t  on e deca y functio n ove r  another ,  a n exponentia l  deca y curv e i n th e 

model  give s prediction s fo r  contiguit y effect s tha t  approximat e thos e foun d experimentally .  I f  a  i s 

bein g reduced ,  the n th e incremen t  i n th e associativ e strengt h d\/̂ g wil l  likewis e b e reduce d a s th e 

action-outcom e interva l  increases .  Not e tha t  thi s doe s no t  affec t  th e associativ e strengt h o f  th e 

background ,  Vg .  i n accordanc e wit h th e result s o f  Shank s an d Dickinso n (  1987) ;  a  reductio n i n th e 

salienc e o f  th e actio n brough t  abou t  b y a n interva l  betwee n th e xtio n an d th e outcom e wil l  reduc e 

judgment s o f  causalit y b y reducin g Vŷ g ,  bu t  wil l  leav e V g unaffected . 

Obviously ,  a t  som e poin t  th e actio n wil l  n o longe r  b e represente d i n workin g m e m o r y an d there -

for e a n occurrenc e o f  th e outcom e mus t  the n incremen t  \ g an d no t  \ ] ^ .  A  threshol d belo w whic h 

th e leve l  o f  representatio n o f  th e actio n i n workin g m e m o r y cause s equatio n (3 )  t o b e selecte d 

instea d o f  equatio n (2 )  ca n readil y b e incorporate d int o th e model . 

Th e mode l  ca n als o explai n th e signalin g eftec t  o f  Experimen t  3  becaus e th e introductio n o f  th e 

signa l  mean s tha t  outcome s occurrin g i n th e absenc e o f  th e actio n d o no t  incremen t  Vg ,  the y incre -

ment  th e associativ e strengt h o f  th e signal-backgroun d compound ,  whic h doe s no t  figur e i n equa -

tio n (3) . 

I n summar)' ,  th e mode l  i n i b preseii i  for m i s capabl e o f  accountin g fo r  th e mai n feature s o f 
causalit y judgment :  Hrst ,  i t  ca n explai n sensitivit y t o contingency ;  secondly ,  i t  ca n cove r  contiguit y 

effects ;  an d thirdly ,  i t  ca n accoun t  fo r  th e selectiona l  effect s see n i n Experimen t  3 .  Becaus e i t  i s 

specifie d i n th e precis e term s o f  a  productio n system ,  i t  make s concret e prediction s abou t  a  variet y 

of  causalit y judgmen t  situation s an d ca n therefor e readil > b e tested . 
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A B S T R A C T:  Clinica l  proble m solvin g involve s bot h diagnosti c an d predictiv e reasoning . 
Diagnosti c reasonin g i s  characterize d b y inferenc e from  observation s t o hypotheses ;  predictiv e 
reasoning ,  b y inferenc e from  hypothese s t o observations .  W e investigat e th e us e o f  suc h strategie s 
by medica l  student s a t  thre e level s o f  trainin g i n explainin g th e underlyin g pathophysiolog y o f  a 
clinica l  case .  O u r  result s sho w tha t  withou t  a  sound ,  pre-existin g diseas e classification ,  th e us e o f 
basi c biomedica l  knowledg e interfere s wit h diagnosti c reasoning ;  however ,  wit h soun d 
classification ,  biomedica l  knowledg e facilitate s bot h diagnosti c an d predictiv e reasoning . 

INTRODUCTION: 
Basi c Sc ienc e V e r s u s Cl in ica l  K n o w l e d g e 

I t  i s generall y believe d tha t  knowledg e o f  basi c scienc e i s require d fo r  competenc e i n th e 
practic e o f  clinica l  medicine .  Ye t  th e precis e rol e o f  basi c scienc e i n diagnosti c reasonin g ha s 
remaine d controversia l  (Clancey ,  i n press ;  Patil ,  Szolovit z &  Schwartz ,  1984) .  Recen t  evidenc e 
suggest s tha t  basi c scienc e an d clinica l  proble m solvin g ma y represen t  domain s o f  knowledg e wit h 
ver y limite d overlap ,  a s judge d b y th e inabilit y  o f  student s an d clinician s t o integrat e basi c scienc e 
knowledg e i n th e contex t  o f  diagnosti c explanatio n task s (Pate l  &  Groen ,  1986 ;  Patel ,  Aroch a & 
Groen ,  1986) .  Indeed ,  som e investigator s hav e propose d tha t  th e use s o f  clinica l  an d basi c scienc e 
knowledg e involv e qualitativel y differen t  type s o f  reasonin g (Patel ,  Groe n &  Scott ,  i n press ; 
Evans ,  Gad d &  Pople ,  forthcoming) . 

One sourc e o f  evidenc e o n th e relatio n betwee n basi c scienc e an d clinica l  knowledg e 
derive s from  analysi s o f  patiiophysiologica l  explanation s offere d b y clinician s t o describ e medica l 
problem s (e.g. ,  Pati l  &  Szolovitz ,  1981) .  I n a  recen t  study ,  Pate l  an d Groe n (1986 )  foun d tha t 
exper t  cardiologist s w h o accuratel y diagnose d a  medica l  cas e manifeste d a  patter n o f  inferenc e i n 
whic h clinica l  finding s wer e progressivel y eliminate d b y subsumptio n unde r  a  diagnosti c 
hypothesis .  Thi s patter n o f  monotoni c reductio n o f  uncertaint y wa s termt d forwar d chaining . 
Such subject s generate d ver y fe w basi c scienc e description s i n explainin g th e underlyin g 
pathophysiolog y o f  th e problem .  B y contrast ,  cardiologist s wh o faile d t o diagnos e th e proble m 
generate d mor e intermediat e steps ,  includin g mor e basi c scienc e descriptions .  Whil e they ,  too , 
gav e evidenc e o f  forwar d chaining ,  thei r  performanc e wa s characterize d b y episode s o f  backwar d 
chaining ,  i n whic h secondar y hypothese s wer e produced ,  effectivel y increasin g th e numbe r  o f 
variable s tha t  require d explanations .  Sinc e th e hypothese s tha t  le d t o greate r  uncertaint y wer e 
derive d fro m basi c scienc e knowledge ,  i t  i s  temptin g t o conclud e tha t  clinica l  an d scientifi c 
knowledg e ar e no t  wel l  integrate d fo r  problem-solvin g tasks . 

What  explanation s ca n w e offe r  t o accoun t  fo r  suc h phenomena ? I n routin e medica l 
proble m solving ,  th e mos t  expeditiou s pat h toward s a  diagnosi s lead s throug h a  chai n o f  clinica l 
associations ,  resultin g i n progressiv e elaboratio n o f  constraint s (specifi c  diagnosti c hypotheses ) 
and incrementa l  reductio n o f  th e proble m spac e (th e clinica l  finding s tha t  mus t  b e explained) . 
When a  patien t  present s wit h a  difficult ,  multi-syste m proble m tha t  doe s no t  confor m neati y t o a 
familia r  pattern ,  th e physicia n mus t  attemp t  t o partitio n th e proble m spac e b y groupin g findings 
accordin g t o thei r  interrelations .  I t  i s i n thi s contex t  tha t  th e physicia n ma y rel y o n knowledg e o f 
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basi c scienc e (Josep h &  Patcl ,  1986) .  Similarly ,  a  clinicia n w h o lack s th e domain-specifi c 
knowledg e o r  necessar y clinica l  experienc e t o reason  diagnosticall y vi a clinica l  association s coul d 
be expecte d t o resor t  t o pathophysiologica l  model s o f  systemi c diseas e processe s t o predic t 
association s o f  findings. 

Give n th e differen t  demand s o f  clinica l  practic e an d basi c biomedica l  research ,  i t  i s 
reasonable  t o assum e tha t  expert s wil l  sho w preference s i n th e kind s o f  knowledg e the y emplo y i n 
solvin g a  case .  Patel ,  Aroch a an d Groe n (1986 )  compare d endocrin e researchers  an d endocrin e 
clinician s presente d wit h pathophysiologica l  explanatio n tasks .  Th e researcher s generate d ver y 
detaile d basi c scienc e explanation s whil e th e practitioner s use d principall y clinica l  inference s t o 
explai n th e underlyin g problem .  Th e author s conclude d tha t  th e basi s o f  explanatio n wa s a 
functio n o f  th e dail y task s th e specialist s ar e require d t o perform .  Practitioner s typicall y se e a  grea t 
many patient s i n a  sho n perio d o f  tim e an d ar c required  t o classif y problem s i n orde r  t o recommend 
treatment ,  b y contrast ,  researcher s typicall y mus t  attemp t  t o understan d an d elucidat e th e 
mechanism s o f  specifi c  biomedica l  phenomena . 

Medica l  students ,  unlik e practicin g physician s o r  researchers,  hav e onl y partiall y  develope d 
knowledg e o f  basi c scienc e an d clinica l  phenomena .  I n mos t  medica l  schools ,  student s spen d thei r 
firs t  tw o year s takin g basi c scienc e course s suc h a s anatomy ,  biochemistr y an d physiology ,  an d 
onl y i n thei r  secon d tw o year s begi n t o focu s o n problem s i n clinica l  medicine .  I t  i s  reasonabl e t o 
suppos e that ,  i n problem-solvin g tasks ,  students '  us e o f  basi c scienc e knowledg e wil l  depen d o n 
th e leve l  o f  medica l  training ,  tas k demand ,  an d th e degre e o f  uncertaint y inheren t  i n di e problem . 
Thi s pape r  report s o n on e investigatio n o f  thi s intuition . 

HYPOTHESES ON PROBLEM SOLVING 
An obviou s h5T)othesi s i s tha t  efficien t  causa l  reasoning  abou t  a  diseas e proces s require s 

management  o f  cognitiv e loa d — maximizin g th e constraint s o n th e proble m spac e an d minimizin g 
th e numbe r  o f  variable s (uncertainty )  tha t  mus t  b e hel d i n memory .  Give n tha t  th e tas k i s t o 
associat e clinica l  manifestation s t o a  diseas e process ,  ther e ar e a  prior i  tw o way s i n whic h causa l 
network s ca n b e build ,  viz. ,  b y reasonin g predictivel y fro m hypothese s t o manifestations ,  o r 
diagnosticall y fro m manifestation s t o hypotheses .  I n th e sens e tha t  predictiv e reasoning  involve s 
th e us e o f  generalization s associate d wit h diagnose s t o identif y candidates '  specifi c  details ,  i n a 
cas e i t  ca n b e regarde d a s deductive .  Similarly ,  i n th e sens e tha t  diagnosti c reasonin g involve s th e 
use o f  particula r  detail s t o sugges t  th e appropriat e generalize d "diagnoses" ,  i t  ca n b e regarde d a s 
inductive . 

I n predictiv e reasoning ,  th e proble m spac e i s controlle d becaus e on e entertain s a  hypothesi s 
of  sufficien t  powe r  an d generalizatio n t o accoun t  fo r  man y possibl e manifestations .  Uncenaint y i s 
controlle d becaus e inferenc e i s limite d t o wha t  i s entaile d b y th e hypothesis .  Fo r  example ,  i f  a 
physicia n assume s tha t  a  patien t  ha s bacteria l  endocarditis ,  h e o r  sho e ca n kno w tha t  a n infectiou s 
proces s i s involve d and ,  hence ,  ca n predic t  (an d accoun t  for )  a  finding  o f  fever .  Clearly ,  fo r 
predictiv e reasonin g t o b e effectiv e i n proble m solving ,  knowledg e o f  diagnose s an d thei r 
associate d manifestation s i s importan t 

I n diagnosti c reasoning ,  i t  i s  muc h mor e difficul t  t o constrai n th e proble m spac e an d 
eliminat e uncertainty .  Fo r  example ,  on e coul d lin k feve r  wit h a n infectiou s process , 
diagnostically ,  bu t  i t  woul d b e impossibl e t o sa y whic h infectiou s proces s wa s involve d withou t 
considerin g combination s o f  othe r  findings.  Furthermore ,  feve r  i s no t  cause d b y infectiou s 
processes ,  bu t  occur s i n inflammator y disorder s an d certai n cancers .  I n reasonin g fro m specifi c 
manifestation s t o possibl e hypotheses ,  on e introduce s numerou s alternative s tha t  mus t  b e 
reconciled  agains t  on e another .  A  physicia n w h o canno t  quickl y classif y findings  accordin g t o th e 
most  likel y diagnose s tha t  woul d accoun t  fo r  the m wil l  b e overwhelme d wit h th e proble m o f 
managin g informatio n an d inference . 

We woul d sugges t  tha t  physicians ,  i n fact ,  us e relatively  simpl e classificatio n schemat a t o 
transfor m th e proble m spac e o f  individua l  findings  t o on e o f  a  smal l  numbe r  o f  diagnosti c 
hypothese s an d clustere d findings.  Withou t  clinica l  knowledg e a s a  basi s fo r  classification , 
knowledg e o f  physiologica l  mechanism s an d scientifi c  principle s wi U b e use d t o driv e inference s 
and associat e observations .  Ou r  characterizatio n o f  reasonin g i n th e domai n o f  medicine ,  thus , 
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underscore s th e epistemologica l  complexit y o f  th e task .  Thi s suggest s tha t  th e managemen t  o f 
uncertaint y wil l  b e th e principa l  componen t  o f  effectiv e pcrfomiance .  I t  is ,  therefore ,  importan t  t o 
conside r  structura l  problem s tha t  aris e i n reasonin g unde r  uncertainty .  I n panicular ,  Henrio n 
(1986 )  ha s identifie d certai n phenomen a associate d wit h th e representatio n o f  causa l  knowledg e 
tha t  lea d t o propagatio n o f  uncertaint y i n inference .  W e focu s o n tw o problem s discusse d b y 
Henrion ,  dependenc y effect s an d cyclica l  inferencing . 

Dependenc y effect s ca n b e illustrate d wit h th e ai d o f  Figur e 1 ,  below .  Unde r  th e first 
representatio n o f  th e relation s o f  observation s t o hypotheses ,  o n th e left ,  evidenc e fro m thre e 
differen t  source s A ,  B ,  an d C  togethe r  strengthe n th e hypothesis ,  H j .  However ,  i f  A ,  B ,  an d C 

ar e dependen t  o n som e othe r  source ,  D ,  a s represente d o n th e right ,  th e hypothesi s i s no t 
strengthened .  On e metho d fo r  avoidin g this ,  suggeste d b y Henrion ,  i s  t o insur e independenc e o f 
evidence . 

FIGURE 1 :  D E P E N D E N CY EFFECTS 

Cyclica l  inferencin g occur s whe n a  hypothesis ,  base d o n certai n specifi c  evidence ,  i s  use d 
t o accoun t  fo r  phenomena ,  includin g th e evidenc e tha t  originall y gav e ris e t o th e hypothesis .  Sinc e 
reasoning  i n th e medica l  domai n involve s bot h predictiv e an d diagnosti c strategie s -  i.e. ,  reasoning 
from  hypothesi s t o diseas e manifestation s an d vic e vers a -  ther e i s th e dange r  that ,  withou t  a  mean s 
of  keepin g evidenc e fro m predictiv e an d diagnosti c source s separate ,  cyclica l  inferencin g ca n 
occur .  Fo r  example ,  conside r  th e followin g reasoning ,  give n schematicall y i n Figur e 2 : 
Intravenou s dru g us e ca n lea d t o infection ,  whic h lead s t o fever .  I n a  patien t  wit h feve r  an d hear t 
murmur ,  ther e i s a  hig h possibilit y  o f  bacteria l  endocarditis .  Bacteria l  endocarditi s  i s  associate d 
wit h intravenou s dru g users ,  henc e account s fo r  dru g use .  Th e resultin g networ k lead s t o 
propagatio n o f  uncertainty . 

INTRAVENOUS DRUG US E (A ) 
INFECTIO N (B ) 
FEVER (C )  &  HEART M U R M UR (D ) 
BACTERIAL ENDOCARDITIS (E ) 

- > INFECTIO N (B ) 
- *  FEVE R (C ) 
- ^  BACTERIA L ENDOCARDITIS (E ) 
- ^  INTRAVENOUS DRUG US E (A ) 

B 

, / ^ V 

FIGURE 2 :  CYCLICA L INFERENCIN G 
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Henrio n argue s tha t  thi s proble m arise s a s a  resul t  o f  failur e t o maintai n separatio n betwee n 
th e flow  o f  predictiv e an d diagnosti c reasoning .  W e ar c particularl y intereste d i n th e interactio n o f 
basi c biomedica l  an d clinica l  knowledg e wit h suc h phenomena .  Ou r  approac h ha s bee n t o analyz e 
th e protocol s o f  medica l  student s a t  differen t  level s o f  trainin g w h o wer e aske d t o perfor m a 
diagnosti c task .  Ou r  hypothesi s i s tha t  clinica l  trainin g provide s knowledg e o f  appropriat e diseas e 
classificatio n tha t  enable s efficien t  predictiv e reasoning ,  leadin g t o explanation s tha t  manifes t  causa l 
coherence .  I n term s o f  reasoning  strategies ,  w e hypothesiz e tha t  classification-guide d predictiv e 
reasonin g wil l  b e preferre d t o diagnosti c reasoning ;  an d tha t  i n th e absenc e o f  well-develope d 
classificatio n schemata ,  som e combinatio n o f  diagnosti c reasonin g an d predictiv e reasonin g fro m 
naiv e o r  for-the-nonc e classificatio n wil l  b e used .  A d ho c classificatio n i s facilitated ,  w e suggest , 
by applicatio n o f  basi c scientifi c  knowledg e edge ;  an d i n suc h instances ,  w e expec t  t o se e a 
compoundin g o f  problem s o f  dependenc y effect s an d cyclica l  inferencing .  Mor e generally ,  w e 
hypothesiz e tha t  an y us e o f  inductio n withou t  a n adequat e basi s fo r  deductio n -  suc h a s afforde d b y 
well-develope d classificatio n schemat a -  wil l  lea d t o inefficient ,  incomplete ,  an d incoheren t 
diagnosti c proble m solving . 

EXPERIMENTAL METHOD 
A tota l  o f  2 4 subject s wer e selecte d fro m thre e level s o f  medica l  schoo l  training .  Leve l  1 

include d si x student s jus t  enterin g thei r  firs t  yea r  o f  medica l  school .  Leve l  2  include d si x second -
yea r  medica l  student s w h o ha d complete d al l  basi c medica l  sciences ,  bu t  ha d ha d n o clinica l  work . 
Leve l  3  include d twelv e final-yea r  medica l  student s thre e month s befor e graduation . 

P r o c e d u r e :  Th e followin g empirica l  paradig m wa s used :  W e (1 )  presente d th e subjec t 
wit h a  clinica l  proble m text ;  (2 )  obtaine d a  summar y protoco l  o f  th e problem ;  (3 )  aske d th e subjec t 
t o explai n th e underlyin g pathophysiology ;  (4 )  aske d th e subjec t  fo r  a  diagnosis ;  an d (5 )  presente d 
th e subjec t  wit h thre e basi c scienc e text s an d aske d fo r  a n explanatio n o f  th e clinica l  problem . 

ANALYSIS:  W e us e a  combinatio n o f  propositiona l  an d protoco l  analysis .  Ou r  firs t  ste p 
i s t o separat e th e text s int o segments ,  correspondin g t o syntacti c units ,  usin g Winograd' s syste m 
of  clausa l  analysi s (Winograd ,  1972) .  Th e nex t  ste p involve s th e representatio n o f  clause s i n temi s 
of  thei r  propositiona l  conten t  an d structure ,  usin g th e technique s o f  propositiona l  analysi s base d o n 
Frederikse n (1975) .  A  detaile d analysi s o f  a  clinica l  cas e identica l  t o tha t  use d her e i s give n i n 
Pate l  &  Groe n (1986 )  an d Pate l  &  Frederikse n (1984) .  A t  a  secon d leve l  o f  analysis ,  proposition s 
ar c linke d t o for m a  higher-ordere d rclational  structur e (frames) .  Suc h structure s ar e representabl e 
as th e causa l  network s discusse d i n th e literatur e o n medica l  artificia l  intelligence .  Th e link s i n th e 
causa l  network s ca n b e converte d int o productio n rules .  Th e directionalit y o f  suc h rule s i s 
importan t  sinc e causa l  rule s generall y lea d awa y fro m a  diagnosi s (i n a  predictiv e direction )  an d 
onl y conditiona l  rule s lea d towar d on e (i n a  diagnosti c direction) .  Ou r  analysi s als o use s th e notio n 
of  referenc e fram e o f  a  disease ,  whic h aid s u s i n identifyin g wher e basi c scienc e knowledg e i s 
use d i n reasoning  i n eithe r  direction . 

C o g n i t i v e T a s k :  Th e task s requir e eac h subjec t  t o rea d th e cas e an d for m a 
representatio n o f  di e problem .  Subsequenti y the y ar e aske d t o summariz e th e problem .  Thi s 
provide s insigh t  int o th e relation s amon g clinica l  fmding s tha t  the y hav e considered .  A s subject s 
ar e als o aske d t o explai n th e underlyin g pathophysiolog y o f  th e problem ,  i t  i s  possibl e t o asses s th e 
degre e t o whic h the y ca n coherentl y accoun t  fo r  th e diseas e process .  Ther e ar e severa l  level s o f 
abstractio n from  whic h the y ca n approac h thi s task .  Fo r  example ,  the y ca n describ e th e diseas e 
proces s entirel y i n term s o f  clinica l  o r  anatomica l  feature s (a s a  stati c process )  o r  the y ca n explor e 
th e perturbation s i n th e physiologica l  processe s tha t  resul t  i n th e patient' s presentin g conditio n ( a 
dynami c process) .  Afte r  presentin g a  pathophysiologica l  account ,  the y ar e require d t o mak e a 
diagnosis .  Th e tex t  o f  th e clinica l  problem ,  acut e bacteria l  endocarditis ,  i s  give n i n Figur e 3  an d 
th e component s o f  th e reference  frame s ar e give n i n Figur e 4 . 
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THIS 27-YEA R OL D UNEMPLOYED MAL E WAS ADMITTE D T O TH E EMERGENCY ROOM WIT H TH E 
COMPLAINT O F SHAKIN G CHILL S AN D FEVER O F FOUR DAYS DURATION.  H E TOOK HI S O WN 
TEMPERATURE AN D WAS RECORDED A T 4 0 T O N TH E MORNING O F ADMISSION.  TH E FEVER AN D 
CHILLS WERE ACCOMPANIED B Y SWEATING AN D A  FEELIN G O F PROSTRATION.  H E ALS O 
COMPLAINED O F SHORTNESS O F BREATH WHEN H E TRIE D T O CLIM B TH E T WO FUGHTS O F STAIR S I N 
HIS APARTMENT.  FUNCHONAL ENQUIRY REVEALED A  TRANSIENT LOSS O F VISIO N I N HI S RIGH T EY E 
WHICH LASTE D APPROXIMATELY 45 "  O N TH E DA Y BEFORE HI S ADMISSIO N T O TH E EMERGENCY 
WARD. 

PHYSICAL EXAMINATIO N REVEALED A  TOXI C LOOKIN G YOUNG MA N W HO WAS HAVIN G A  RIGOR. 
HI S TEMPERATURE WAS 4  r C ,  PULS E 120 .  H P 110/40 .  MUCUS MEMBRANES WERE PINK . 
EXAMINATION O F HI S UMBS SHOWED PUNCTURE WOUNDS I N HI S LEF T ANTECUBITAL FOSSA.  TH E 
PATIENT VOLUNTEERED THA T H E HA D BEEN BITTE N B Y A  CA T A T A  FRIEND' S HOUSE ABOUT A  WEEK 
BEFORE ADMISSION.  THERE WERE N O OTHER SKI N FINDINGS .  EXAMINATIO N O F TH E 
CARDIOVASCULAR SYSTEM SHOWED N O JUGULAR VENOUS DISTENSION ,  PULSE WAS 12 0 PE R MINUTE. 
REGULAR.  EQUAL A N DISYNCRONOUS.  THEPULSE WAS ALS O NOTED T O B E COLLAPSING.  TH E APE X 
BEAT WAS NOT DISPLACED.  AUSCULTATION O F HI S HEART REVEALED A  2/ 6 EARL Y DL^STOUC 
MURMUR I N TH E AORTI C AREA AN D FUNDOSCOPY REVEALED A  FLAME-SHAPED HEMORRHAGE I N TH E 
LEFT EYE.  THERE WAS N O SPLENOMEGALY.  URINALYSI S SHOWED NUMEROUS RE D CELL S BU T 
THERE WERE N O RE D CEL L CASTS. 
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I n th e secon d pa n o f  th e experimen t  th e subject s ar e aske d t o rea d thre e basi c scienc e texts , 
whic h the y mus t  subsequend y relat e t o th e clinica l  case .  I n effect ,  th e subject s ar e provide d wit h 
th e opportunit y a t  thi s stag e t o updat e thei r  pathophysiologica l  explanation s usin g th e basi c scienc e 
principles ,  abstractions ,  an d concept s presente d i n th e texts .  Ther e ar e severa l  way s i n whic h thei r 
explanation s ca n change .  Th e subject s ca n choos e t o elaborat e an d embellis h previou s 
characterization s o f  th e diseas e proces s wit h additiona l  detail ;  the y m a y choos e t o rejec t  earlie r 
characterization s o n th e basi s o f  th e ne w information ;  o r  the y ma y offe r  ne w pathophysiologica l 
descriptions ,  entirel y orthogona l  t o thei r  previou s descriptions ,  resultin g fro m a  complet e shif t  i n 
focus .  Th e natur e o f  thei r  revise d representation s i s a  functio n o f  severa l  factor s includin g (a )  thei r 
abilit y  t o for m a  coheren t  representatio n o f  th e clinica l  text ;  (b )  thei r  comprehensio n o f  th e basi c 
scienc e material ;  an d (c )  thei r  abilit y  t o synthesiz e an d integrat e th e relevan t  informatio n from  th e 
basi c scienc e text s int o th e contex t  o f  th e clinica l  problem . 

RESULTS AND DISCUSSIONS 
Th e performanc e o f  subject s a t  eac h leve l  wa s distinc t  an d quit e unifor m i n term s o f 

diagnosti c an d predictiv e reasonin g usin g basi c scienc e knowledg e i n th e explanatio n task . 
Student s a t  leve l  1  wer e rate d poo r  o n bot h diagnosti c an d predictiv e reasoning ;  student s a t  leve l  2 
wer e rated/a/ r  o n both ;  an d student s a t  leve l  3  wer e rate d goo d o n both .  Thus ,  thoug h al l  group s 
of  subject s showe d evidenc e o f  bot h type s o f  reasonin g i n explainin g th e patient' s underlyin g 
problem ,  reasonin g improve d i n accurac y an d coherenc y wit h leve l  o f  training . 

D i a g n o s t i c R e a s o n i n g :  I t  appear s tha t  reasonin g i n a  diagnosti c directio n i s 
frustrate d b y th e applicatio n o f  basi c scienc e knowledg e unles s ther e i s a  stron g classificatio n o f 
hypothese s (diagnoses) .  Th e final-yea r  medica l  students ,  w h o hav e ha d som e clinica l  experience , 
hav e partia l  classificatio n schemat a whic h assis t  the m bot h i n selectin g a n initial ,  accurat e 
diagnosti c hypothesi s an d i n predictin g selectively ,  th e variable s t o b e teste d t o confir m th e selecte d 
hypothesis .  Thi s i s illustrate d i n Tabl e 1  b y a n analysi s o f  a  protocol ,  take n fro m a  final-year 
smdent ,  showin g th e explanation s produce d befor e an d afte r  receivin g basi c scienc e information . 
Figure s 5  an d 6  giv e th e causa l  network s generate d fro m thes e protocols .  Ther e i s n o evidenc e o f 
cyclica l  inferencin g o r  dependenc y effect s i n pre-basi c scienc e protocol s bu t  the y ar e presen t  t o a 
limite d exten t  i n post-basi c scienc e protocols . 

TABLE u 

PATHOPHYSICAL EXPLANATION PROTOCOLS O F BACTERIAL ;  ENDOCARDITIS 
BY A  HNAL YEAR MEDICAL STUDENT STUDENT,  WIT H AN D WITHOUT TH E 

BASIC SCIENCE TEX T PROVIDED. 

ri.IM(TAT .  TEX T ONT. Y 

Bacierein u resulting  i n genenlize d 
symptom s o f  illness ,  i.e. ,  fatigue ,  chills , 
fever ,  sweating .  Thes e bacteii a acxaunulate d 
inaoiti c  valv e wit h resultan t  vegetation s an d 
miumii r  du e t o ausclatio n o f  valve .  Embo U 
from  thes e vegation s trave l  vi a caroti d o n lef t 
t o lef t  rednal  aiur y resulting  i n temporai y 
bbndnes s an d flam e hemonhage s du e 
t o th e ocdude d Moo d supply . 

w iTT T a i y T < : A L a m ? 
B A S I C S C I R N C E T E X T S 

1)  Bacteria introduced into bloodstream perhaps 
vi a vena-puncture .  Subsequentl y releas e 
endotoxin s whic h ac t  o n bon e marro w cell s 
t o produc e pyrogens .  Thes e pyrogen s ac t  o n 
th e hypothalamu s (pre-afler )  t o result  i n fever . 
Chill s  occu r  du e t o nee d t o increas e bod y 
temperatur e a s indicate d b y th e hypothalamus . 

2)  This bacteremia results in vegetations occuring 
i n aoni c valve .  Th e diastoli c murmu r  i s du e t o 
aorti c  regurgiutian  a s thes e vegeution s alte r  th e 
closin g o f  th e valve .  Th e murmu r  ndiate s alon g 
th e bloo d flo w trac t  o f  th e aoni c valv e whic h i s 
th e lef t  sterna l  border ,  wher e th e lef t  ventrica l  is . 

3)  Micro emboli are released from these vegeutions 
and flo w i n th e atha l  ciinilatio n an d eventuall y 
occlud e capillaiie s goin g t o th e renn a resultin g i n 
tiansien i  blindness .  Thi s increase d capillar y 
pressur e du e t o occlusio n resulted  i n retina l 
hemonfaag e an d thu s ar e see n o n fundoscopi c 
examination . 
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I t  i s  clea r  tha t  th e subjec t  inductivel y dec ide s tha t  th e patien t  h a s b a c t e r e m i a a n d th e 

bacteremi a ha s affecte d th e aorti c hear t  valv e (Figur e 5 ) .  I n orde r  t o accoun t  fo r  thes e t w o facet s o f 

th e overal l  disease ,  certai n prediction s h a v e t o b e m a d e .  T h e subjec t  con f i rm s tha t  i t  i s  bac teremi a 

becaus e th e patien t  h a s fatigue ,  chills ,  fever ,  a n d sweat ing ,  w h i c h ar e th e f inding s o n e w o u l d 

expect .  I n orde r  t o c o n f i r m aorti c va lv e i nvo l vemen t ,  th e subjec t  expla in s hear t  m u r m u r  a n d 

subsequen t  h e m o r r h a g e a n d blindness .  T h e classificatio n o f  th e diseas e p r e s u m a b l y directe d hi s o r 

her e selectio n o f  particula r  variable s (findings) ,  w h o s e p resenc e c a n b e take n a s con f i rma to r y 

evidenc e tha t  th e predictio n w a s v a h d . 

Af te r  th e basi c scienc e tex t  ha s b e e n read ,  th e subjec t  o n c e agai n use s a  classificatio n 

s c h e m a t o prov id e th e necessar y basi c scienc e k n o w l e d g e require d t o explai n th e f inding s (Figur e 

6 ) .  H e r e ,  a  d e e p e r  a c c o u n t  o f  th e diseas e proces s i s  offered .  T h e r e i s n o c h a n g e i n eithe r  th e 

diagnosti c exp lanat io n o r  i n th e selectio n o f  prediction s i n c o n f i r m i n g th e d iagnosis .  Bas i c 

scientifi c  informatio n i s use d t o provid e detaile d physiologica l  m e c h a n i s m s tha t  c a n accoun t  fo r  th e 

existenc e o f  th e selecte d variable s identifie d earlier .  T h e r e i s a n effec t  o f  globa l  c o h e r e n c e i n boti i 

explanatio n protocols ,  d u e i n par t  t o th e ric h c o n n e c t e d n e s s o f  details .  B o t h causa l  n e t w o r k s 

resulte d i n on l y o n e diagnosti c c o m p o n e n t  each ,  cor respondin g t o th e diagnosis ,  a n d p r o d u c e d n o 

disjoin t  c o m p o n e n t s . 
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FIGURE 6 r  CAUSAL N E T W O RK O F PATHOPHYSIOLOGICAL 
EXPLANATION O F ENDOCARDITIS B Y A  F INA L 

YEAR MEDICA L STUDENT 
(clinica l  an d bad e aclaac *  t»st ) 

Th e second-yea r  medica l  students ,  w h o d o no t  hav e a  clinica l  basi s fo r  diseas e 
classification ,  ar e no t  abl e t o us e basi c scienc e knowledg e adequatel y i n diagnosti c reasoning . 
However ,  thes e student s d o hav e goo d taxonomie s o f  som e fo r  th e component s o f  diseas e 
processes ,  suc h a s genera l  infection ,  whic h hel p focu s hypothese s an d provid e loca l  coherenc e i n 
th e organizatio n o f  findings .  Thi s  i s illustrate d b y a n explanatio n from a  second-yea r  student ,  a s 
analyze d i n th e causa l  networ k i n Figur e 7 .  Th e analysi s show s tha t  diagnosti c reasonin g i s 
facilitate d b y th e identificatio n o f  th e infectio n componen t  o f  bacteria l  endocarditis .  Further ,  th e 
subjec t  rule s ou t  othe r  source s o f  infection ,  viz. ,  c o m m o n cause s an d tropica l  fever ,  an d thereb y 
increase s th e cenaint y o f  infectio n fro m ca t  bite .  Th e subjec t  doe s no t  us e basi c scienc e 
informatio n an y furthe r  t o reaso n diagnostically ;  rather ,  move s backwar d t o explai n th e findings,  t o 
confir m th e generate d hypothesis .  W h e n mor e basi c scienc e informatio n i s provided ,  t o confir m 
th e generate d hypothesis .  W h e n mor e basi c scienc e informatio n i s provided ,  i t  i s  use d b y th e 
studen t  t o rul e ou t  th e possibilit y  o f  immun e respons e a s a  differentia l  diagnosi s (Figur e 8) . 
Beside s that ,  th e additiona l  basi c scienc e knowledg e lead s t o a  reductio n i n globa l  coherenc e ( 6 
hypothetica l  component s appeare d wher e ther e previousl y wa s onl y 1  candidat e diagnosis) , 
withou t  a  los s o f  loca l  coherence .  Furthermore ,  som e us e o f  basi c scienc e knowledg e i s wholl y 
inaccurate .  Fo r  example ,  decrease s i n th e transfe r  o f  energ y fro m systol e t o diastol e d o no t  caus e 
hypotension . 
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T h e first-yea r  students ,  w h o hav e onl y naiv e taxonomie s o f  diseas e phenomena ,  choos e a 

genera l  hypothesi s abou t  th e problem ,  whic h the y ar e prepare d t o understand .  Fo r  example ,  on e 

subjec t  diagnose s th e proble m a s mil d shock ,  the n classifie s th e symp tom s o f  thi s conditio n a s 

increase d hear t  rate ,  lo w diastoli c pressure ,  lo w systoli c pressure ,  an d poo r  venou s retur n (Figur e 

9) .  T h e balanc e o f  th e student' s effor t  i s  spen d reflectin g o n connection s a m o n g individua l 

findings,  t o provid e s o m e coherenc e t o th e text .  Al l  subsequen t  explanation s suppor t  bloo d los s 

an d hemorrhaging ,  whic h accoun t  fo r  th e shakin g chills .  T h e sampl e explanation s hav e onl y 

modest  loca l  coherenc e wit h ver y littl e globa l  coherenc e ( 3 component s remain  unresolved) .  Afte r 

th e first-year  student s hav e rea d th e basi c scienc e text ,  globa l  coherenc e diminishe s ( 6 unresolve d 

componen t s appear) ;  thoug h loca l  coherence ,  whic h i s stil l  poor.improve s ove r  th e first 

explanation .  A s ca n b e see n from  Figur e 10 ,  th e additiona l  basi c scienc e knowledg e doe s no t 

provid e extr a understandin g affectin g diagnosti c reasoning . 

P r e d i c t i v e R e a s o n i n g :  W e migh t  conjecture  tha t  reasonin g i n predictiv e direction s 

woul d b e facilitate d b y th e applicatio n o f  basi c scienc e knowledge .  I n fact ,  final-year  medica l 

students ,  w h o hav e knowledg e o f  relevant  basi c scienc e an d som e diseas e classificatio n schemata , 

hav e n o proble m i n usin g thei r  knowledg e t o predic t  selecte d variable s t o confir m th e hypothesis . 

A s th e causa l  networ k i n Figur e 6  shows ,  additiona l  basi c scienc e knowledg e i s use d t o ad d 

coherenc e t o th e clinica l  mode l  whic h i n tur n provide s th e basi s o f  th e diseas e classification .  Ther e 

i s a  clea r  evidenc e o f  predictiv e reasoning  usin g basi c scienc e knowledg e t o suppor t  th e hypothesi s 

tha t  th e patien t  w a s sufferin g fro m bacteria l  endocarditis . 
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Basic science knowledge did not adequately assist the second-year students in predictive 

reasonin g (Figur e 8) .  I t  provide d coherenc e t o th e loca l  infectio n componen t  o f  th e disease ,  onl y 

t o th e exten t  tha t  chills ,  rigor ,  an d palenes s coul d b e predicted .  T h e res t  o f  th e protoco l  show s 

sign s o f  predictiv e reasonin g usin g basi c scienc e knowledge ,  bu t  withou t  leadin g t o th e selectio n o f 

relevan t  predictions . 

T h e first-year  students '  protocol s s h o w poo r  predictiv e reasonin g throughout .  I n th e 

exampl e case ,  th e variable s selecte d fo r  confirmatio n wer e base d o n th e diagnosti c hypothesi s 

(mil d shock) ,  whic h wa s grossl y inaccurate .  Thi s hypothesi s guide d th e selectio n o f  predictor s 

suc h a s bloo d los s an d hemorrhaging .  Althoug h th e us e o f  knowledg e irrelevan t  t o th e diagnosi s 

provide s som e coherenc e t o th e text ,  i t  doe s no t  contribut e t o a n explanatio n o f  th e basi c underlyin g 

pathophysiolog y o f  th e problem .  Wit h additiona l  basi c scienc e knowledg e ther e i s evidenc e o f  on e 

variabl e predictin g another ,  cyclically .  Thi s i s see n whe n decrease d diastoli c pressur e account s fo r 

hemorrhag e i n th e ey e an d vic e vers a (Figur e 10) .  Furthe r  evidenc e o f  cyclica l  inferenc e appear s 

when feve r  i s use d t o explai n bacteria l  infection .  Chills ,  sweating ,  rigor ,  an d pin k m u c u s 

membrane ar e cause d b y feve r  an d thu s provid e evidenc e fo r  fever .  Hig h feve r  i s sai d t o b e cause d 

by pyrogen s whic h accoun t  fo r  al l  th e findings -  fever ,  chills ,  sweating ,  an d rigor . 

Th e patter n o f  result s describe d i n detai l  fo r  on e subjec t  a t  eac h leve l  o f  medica l  trainin g 

was als o tru e fo r  th e othe r  subject s a t  tha t  level .  Nin e ou t  o f  twelv e student s i n thei r  final-year  o f 

trainin g conforme d t o th e patter n o f  diagnosti c an d predictiv e reasonin g described .  Al l  si x o f  th e 

second-yea r  student s protocol s reflecte d th e genera l  phenomen a describe d fo r  on e subject . 

However ,  ther e wa s somewha t  greate r  varianc e see n i n th e protocol s o f  th e first-year  medica l 

student s where ,  althoug h fou r  ou t  o f  si x subjec t  protocol s showe d th e describe d patter n o f  results , 

ther e wer e difference s i n thei r  specifi c  prio r  knowledg e an d i n interpretin g th e protocols .  T w o 

subject s i n thi s yea r  di d no t  follo w th e describe d patter n o f  result s fo r  th e first-yea r  student s 

becaus e o f  thei r  unusua l  backgroun d o f  havin g a  degre e o f  Ph.D .  an d nursing . 
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C O N C L U S I ON 
For  clinica l  proble m solving ,  basi c scienc e knowledg e serve s a s a  powerfu l  resource  fo r 

bridgin g gap s durin g deductiv e reasoning ;  bu t  i s to o powerfu l  t o b e use d i n inductiv e reasoning. 
Inductiv e reasoning  i s successfu l  onl y i n th e contex t  o f  a  well-differentiate d taxonom y o f  goals ,  i n 
particular ,  a  soun d classificatio n schem a fo r  diagnose s an d thei r  facets .  Th e abilit y  t o organiz e 
observation s base d o n relevan t  clinica l  association s provide s sufficien t  structurin g o f  a  diagnostic -
proble m spac e t o exploi t  th e detail s o f  basi c scienc e knowledg e mos t  efficiendy .  Onc e partitioned , 
th e proble m spac e ca n b e constraine d furthe r  b y eithe r  diagnosti c reasonin g o r  predictiv e 
reasoning ,  wit h o r  withou t  th e additio n o f  basi c scienc e knowledge .  I n sum ,  w e find  tha t  basi c 
biomedica l  knowledg e interfere s wit h diagnosti c proble m solving ,  unles s ther e i s a  basi s fo r 
predictiv e reasoning. 
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Abstract 

Story  generation can best be viewed as a planning task. We show here UNIVERSE, a program 
tha t  generate s melodram a plo t  outline s usin g hierarchica l  plannin g methods .  Example s ar e 
give n o f  th e progra m creatin g stor y outline s usin g a  se t  o f  character s tha t  i t  als o created .  W e 
indicat e tha t  stor y tellin g i s open-ended ,  doe s no t  hav e t o b e perfect ,  an d evaluatio n criteri a ar e 
unclear ,  an d contras t  th e sor t  o f  plannin g neede d fo r  stor y tellin g wit h othe r  plannin g tasks .  W e 
sugges t  tha t  certai n element s o f  th e method s use d b y UNIVERS E coul d b e usefull y applie d t o 
othe r  tasks . 

1 Introductio n 

The generatto n o f  storie s i s a  challengin g proble m fo r  Artificia l  Intelligenc e technk^ues .  W e hav e 

designe d a  program ,  UNIVERSE,  tha t  create s stor y outline s i n th e domai n o f  interpersona l  melodrama ,  a 

c o m m on for m o f  whfc h i s soa p opera .  W e chos e thi s domai n becaus e i t  revolve s aroun d characte r 

relations ,  rathe r  tha n actton .  I t  altow s u s t o loo k a t  cognitiv e scienc e issue s suc h a s autho r  intention , 

knowledge-stat e assessment ,  characte r  representatio n an d eventuall y a  range  o f  natura l  languag e 

issues ,  i n a  ver y accessibl e domain .  I n thi s regar d w e hav e studie d ho w nan-ativ e theor y wor k suc h a s 

(Barthes ,  1977 ;  Eco ,  1979 )  applie s t o ou r  task .  Th e domai n als o ha s long-ru n potentia l  i n th e area s o f  th e 

educatio n an d interactiv e entertainment . 

With UNIVERSE we view story telling primarily as a planning process, much in the same way that 

(Cohe n an d Pen-ault ,  1979 ;  Appelt ,  1985 )  vie w languag e generatton .  Thi s contrast s with ,  fo r  example . 

makin g direc t  us e o f  stor y grammar s (Rumelhart .  1975 ;  Mandle r  an d Johnson ,  1977 )  t o generat e a  story ^ 

I n thi s pape r  w e wil l  briefl y describ e ho w U N I V E R S E plan s a  stor y outlin e an d the n discus s som e o f  th e 

more interestin g way s i n whk; h thi s sor t  o f  plannin g contrast s wit h plannin g i n mor e traditiona l  A l  setting s 

Furthe r  detail s o f  U N I V E R S E ca n b e foun d i n (Lebowitz ,  1984 ;  Lebowitz ,  1985) . 

We have designed UNIVERSE to create plot outlines - the major events that happen in a story -• 

sinc e w e ar e no t  ye t  read y t o dea l  wit h th e problenn s inheren t  i n diatogue .  Thes e outline s ar e nxic h lik e 

th e summarie s o f  soa p opera s tha t  ofte n appea r  i n newspapers ,  or .  thes e days ,  o n compute r  services . 

EX1 show s a  CompuServe *  summar y fo r  a  televisw n mekxJrama .  Thi s i s typfca l  o f  th e kind s o f  outline s 

tha t  w e hav e U N I V E R S E produce ,  althoug h U N I V E R S E usuall y deal s wit h broade r  event s ove r  a  tonger 

perio d o f  tinne . 

' a serie s o f  project s b y Paul a Lange r  w>d Doro n ShalrrKj n corHribute d grealJ y to  UNIVERSE. 

^See (Black and WHensky. 1979; Matviv and Johnson. 1980) tor further dtscussten of skxy grammars. 

234 



Lebowitz :  Plannin g Storie s 

EX1 -

•"Days of Our Lives-12/26/86"* 

At her wit's end, Kim Ije-gs Shane to use the new ISA taith serum on Emnf)a. They administer 
th e dru g an d star t  questionin g he r  bu t  i t  i s unclea r  a s t o whethe r  Emnri a i s reall y fakin g i t  o r  not . 
Poor  Carri e i s upse t  whe n Roma n leave s fo r  worV .  Sh e i s afrai d tha t  h e won' t  b e comin g back . 
Franki e comfort s he r  an d the y decid e t o watc h th e V C R together .  W h e n Franki e leave s t o ren t 
some movies ,  h e find s he r  gon e whe n h e returns .  H e guesse s tha t  Carri e ra n t o th e par k t o b e 
wit h Roman .  I n th e park ,  th e crimina l  grab s he r  bu t  Franki e bravel y rescue s her .  R o m a n 
assure s Carri e tha t  h e ca n handl e hi s work .  Findin g Kayl a withou t  a n assistan t  a t  th e clink: , 

Patc h offer s t o hel p out .  H e help s sig n th e patient s i n an d keep s thei r  spirit s u p muc h t o 

Kayla' s delight .  Whil e there ,  th e myster y w o m a n keep s watc h o n Patch .  Later ,  Patc h catche s 
her  an d demand s t o kno w wh y sh e i s followin g him . 

We can see from EX1 that interpersonal mekxJrama involves a wkJe range of events and 

characters .  Th e plot s ar e quit e intricat e an d intenvoven ,  playin g of f  o f  th e personalitie s o f  th e characters . 

The plo t  interconnectk)n s o f  EX 1 ar e cleare r  i f  yo u kno w tha t  Kim .  Kayl a an d Roma n ar e siblings .  Shan e 

i s Roman' s ex-partner ,  an d Patc h an d Roma n hav e a  long-standin g feud . 

2 Story telling as planning 

UNIVERSE use s a  hierarchrca l  plannin g algorith m nrujc h lik e tha t  o f  N O A H (Sacerdoti .  1977) .  I t 

knows abou t  a  variet y o f  goal s an d use s pk> t  fragment s t o achiev e them .  Muc h lik e NOAH' s plans ,  o r 

thos e use d fo r  stor y understandin g i n P A M (Wilensky ,  1983) .  th e plo t  fragment s consis t  o f  a  serie s o f 

subgoal s an d hav e associate d wit h the m a  se t  o f  constraints ,  mostl y involvin g th e kind s o f  character s tha t 

can b e use d a s rol e fillers ,  tha t  determin e whe n the y ca n b e used .  Cun-entl y UNIVERS E ha s abou t  6 5 

plo t  fragment s i n it s library ,  som e o f  whic h wil l  b e see n below .  Thi s i s a  larg e enoug h se t  t o convinc e u s 

ol  th e validit y o f  ou r  methods ,  an d generatio n som e interestin g plo t  outlines ,  althoug h clearl y a  muc h 

larg e se t  wouk J b e neede d fo r  a  full-fledge d program . 

The key to UNIVERSE'S planning algorithm is that it does not concentrate on the goals of the 

characters ,  bu t  instea d o n autho r  goals .  I n thi s wa y th e plannin g proces s lead s t o storie s tha t  ar e 

interestin g an d hav e points .  I f  w e simpl y us e characte r  goals ,  the n th e character s wil l  behav e believabi y 

but  probabl y no t  interestingly .  T o illustrat e thi s point ,  UNIVERS E use s on e comnro n goa l  c h u m ,  t o kee p 

apar t  tw o character s wh o ar e i n k>v e (b y puttin g obstacle s i n thei r  way) .  Clearl y thi s i s no t  a  goa l  o f  th e 

characters ,  bu t  i t  lead s t o mor e interestin g storie s tha n simpl y havin g the m liv e happil y eve r  after .  Th e 

use o f  autho r  goal s i s th e ke y distinctto n betwee n UNIVERS E an d Meehan' s TALE-SPI N (Meehan . 

1976 )  whic h i n man y way s wa s th e inspiratio n fo r  ou r  program .  TALE-SPI N woul d simulat e character s 

response s t o goal s i n Aesop' s fable s situatkjns .  MINSTRE L (Turne r  an d Dyer .  1985) .  a  nxr e recen t 

story-tellin g program ,  doe s conside r  autho r  goal s t o a  point ,  bu t  i s  mor e corx:eme d wit h menrwr y issue s 

tha n w e ar e here ,  an d i s stil l  basicall y characte r  oriented . 

In developing UNIVERSE, we rapkjiy came to the concluston that planning wouW be simplified < 

we create d a  set .  o r  universe ,  o f  character s befor e beginnin g t o tel l  storie s (henc e th e nam e o l  th e 

program) .  Th e ratksnal e behin d thi s i s tha t  th e constraint s neede d t o creat e believabl e character s - e g . 

creatin g al l  th e marriage s an d divorce s tha t  ad d "color "  t o th e stor y -  wer e unlik e thos e fo r  th e res t  o f  th e 

story-tellin g process .  UNIVERS E ca n creat e character s fo r  a  pto t  fragmen t  "o n th e fly "  whe n non e o l  th e 
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existing ones are appropriate, but always doing so would decrease the coherence of the story. Each 

characte r  i s represente d b y a  fram e tha t  describe s parents ,  spouses ,  descriptiv e stereotype s (fo r 

coherence )  pas t  historica l  events ,  and ,  nrios t  importantly ,  variou s characte r  trait s an d interpersona l 

relations .  Thes e value s ar e use d a s constraint s o n th e variou s plo t  fragment s tha t  ca n b e applied . 

(Lebowitz ,  1984 )  describe s th e characte r  representatio n an d creatio n proces s i n detail .  Figur e 1  provide s 

Englis h summarie s o f  a  fe w o f  th e character s create d b y U N I V E R S E tha t  wil l  b e use d i n th e example s 

below . 

Fran — a 25-yttar-old, nlctt, abla, bur«aucrat 
Joshu a — Fran ' a huaband ,  a  slaaz y N« w Yor k lawye r  wh o l a aurpr la ingl y nlc a 
Va ler i a — another ,  not -ao-n lca ,  s laax y lawye r 
Loui s — Valer ie ' s prepp i e husban d 

Gera l d — Joshua' s father ,  a  nic e fel low ,  who ,  nonetheless ,  recent l y 
ha d a n af fa i r  wi t h Fra n 

Figur e 1 :  A  partia l  cas t  o f  character s 

Given a set of plot fragments, a set of characters, and a "seed goal", UNIVERSE operates much 

lik e N O A H (whic h turn s ou t  t o b e falrf y simila r  t o TALE-SPI N an d eve n mor e s o t o micro-TALE-SPI N 

(Charnia k e t  al. ,  1980)) .  I t  maintair u a  precedenc e grap h wit h a  partia l  orderin g o f  whic h goal s mus t  b e 

achieve d befor e others .  I t  use s a  leas t  commitment ,  opportunistk :  plannin g algorith m tha t  repeatedly : 

• Selects a goal with no unfuffilled goals that must precede it. 

•  Find s th e relevan t  pto t  fragment s tha t  shouk j  achiev e th e goal ,  aton g wit h possibl e rol e 

bindings . 

•  Pick s on e o f  thes e pk> t  fragments . 

•  Expand s th e selecte d pk3 t  fragment :  thi s ma y include :  1 )  creatin g ne w goals ,  2 )  modifyin g 
interpersona l  relation s and/o r  characte r  traits ,  an d 3 )  generatin g tex t  (whic h i s cun-entl y don e 

fro m simpl e templates) . 

This simple algorithm appears to generate reasonable pk>t outlines even though our plot fragment 

librar y i s stil l  relativel y small .  W e compar e i t  t o mor e traditiona l  plannin g i n Sectio n 3 .  A  fe w poirrt s abou t 

th e algorith m ar e wort h noting .  U N I V E R S E doe s no t  completel y pla n ou t  a  stor y befor e K  generatin g an y 

of  it .  Thi s i s becaus e i t  i s  intende d fo r  open-ende d stor y situation s tha t  ma y hav e n o natura l  ending .  Fo r 

example ,  mos t  o f  th e plo t  fragment s fo r  c h u m hav e a s thei r  fina l  subgoa l  t o c h u m further .  Generatin g a s 

It  goe s leave s U N I V E R S E ope n t o th e proble m o f  runnin g int o blin d alley s wher e i t  ha s alread y generate d 

par t  o f  a  stor y tha t  i t  canno t  complete .  W e discus s thi s furthe r  below ,  bu t  simpl y not e her e tha t  th e 

progra m ca n ofte n re-pla n fro m th e stat e achieve d i n th e blin d alley . 

An important part of the UNIVERSE algorithm is deciding upon the pk>t fragment to choose when 

many wil l  achiev e th e autho r  goal .  Sinc e w e believ e i n th e necessit y o f  a  larg e pto t  fragmen t  database . 

thi s i s a  ver y rea l  issue .  Indexin g allow s U N I V E R S E t o easil y fin d th e relevan t  fragments ,  bu t  w e stil l 

nee d a  wa y t o selec t  one .  Fo r  th e moment ,  UN IVERS E use s tw o selectio n criteria .  Firs t  i t  check s fo r  pto i 

fragment s tha t  wil l  achiev e othe r  ope n goal s i n th e precedenc e graph .  Thi s method ,  whfc h wil l  b e 

illustrate d below ,  lead s t o nic e connection s amon g variou s plo t  threads .  Th e secon d criterio n i s t o us e 

interes t  value s associate d wit h eac h fragment .  W e fee l  tha t  thes e interes t  level s shouk J actuall y als o 

depen d o n th e character s involve d (Lebowitz ,  1981) .  I f  ther e ar e stil l  multipl e possibl e fragments . 

U N I V E R SE select s on e randomly . 
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Figure 2, which shows a fairly mundane beginning to a plot outline planned by UNIVERSE using 

character s tha t  i t  created ,  wil l  b e use d t o illustrat e th e algorithm .  Line s precede d b y " > » "  ar e th e plo t 

outlin e output . 

* (tall ' (((chum JOSHUA rJUM))) 

working on goal — CHURN JOSHUA rRAM 
Savara l  possibl a plan a wit h aqua l  goa l  affae t 
LOVERS-riGH T HIM/rRA M HIR/JOSHU A 
LOVERS-FIGHT HIM/JOSHU A HZR/FRA M 
JOB-PROBLEM PI/FRA N P2/J0SHU A JOB/BURIAUCRAT 
JOB-PROBLEM Pl/JOSHU A P2/rRA M JOB/SLKAZY-LANYX R 
PREGNANT-AFFAIR WOMAN/FRAN HUSBAND/JOSHUA 
ACCIDENT-BREAKUP PI/FRA N P2/J0SHU A 
STEAL-CHIL D HUSBAND/JOSHUA HKR/FRA N 
COLLEAGUE-AFFAIR WIFB/FRA N HUSBAND/JOSHUA 
AVALANCHE-ACCIDENT HIM/FRA N HER/JOSHUA 
AVALANCHE-ACCIDENT HIM/JOSHU A HER/FRA N 

— pickin g on a 
~ usin g pla n LOVERS-FIGH T HIM/FRA N HER/JOSHUA 

working on goal — DO-FIGHT JOSHUA FRAN 
Severa l  possibl a plan s wit h aqua l  goa l  effec t 
PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJECT/IN-LAN S 
PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJECT/MONEY 
PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJECT/SECR2TS 
PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJECT/FLIRTIN G 
PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJECT/KID S 

— pickin g on e 
— usin g pla n PERSONAL-FIGHT A/JOSHU A B/FRA N SUBJZCT/MONZY 

>» JOSHUA and FRAN fight about: MONEY 
workin g o n goa l  ~  DUMP-LOVER JOSHUA FRA N 

— usin g pla n BREAK-UP DUMPER/JOSHUA DOMPED/FRAN 

>» JOSHUA tells FRAN he doesn't love her 

working on goal — CHURN FRAN JOSHUA 
Severa l  possibl e plan s wit h equa l  goa l  effec t 
LOVERS-FIGHT HIM/JOSHU A HZR/FRA N 
JOB-PROBLEM Pl/JOSHU A P2/FRA N JOB/SLEAZY-LANYX R 
JOB-PROBLEM PI/FRA N P2/J0SHU A JOB/BUREAUCRAT 
PREGNANT-AFFAIR NOMAN/FRAN HUSBAND/JOSHUA 
ACCIDENT-BREAKUP PI/FRA N P2/J0SHU A 
STEAL-CHIL D HUSBAND/JOSHUA HSR/FRA N 
COLLEAGUE-AFFAIR NIFE/FRA N HUSBAND/JOSHUA 
AVALANCHE-ACCIDENT HIM/JOSHU A HER/FRA N 
AVALANCHE-ACCIDENT HIM/FRA N HZR/JOSHUA 

— pickin g on e 
Multipl e deferre d fille r  — pickin g on e 

~ usin g pla n COLLEAGUE-AFFAIR NIFS/FRA N HUSBAND/JOSHUA COLLEAGUE/JACK 

[and the story continues with the protagonists living unhappily ever after*] 

Figure 2: The beginning of a UNIVERSE plot outline 
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The first action shown in Figure 2 is UNIVERSE, given the goal of churning two characters, Joshua 

and Fran ,  collectin g al l  o f  th e plo t  fragment s tha t  migh t  satisf y tha t  goal ,  filterin g ou t  thos e wit h constraint s 

tha t  ar e no t  me t  b y Joshu a an d Fran .  Sinc e th e c h u m autho r  goa l  ha s bee n on e o f  ou r  prim e examples , 

ther e ar e a  numbe r  o f  possibilities .  Fo r  eac h goal ,  U N I V E R S E collect s al l  th e possibl e rol e binding s s o 

tha t  i t  ca n sensibl y selec t  anrwn g them. ^  Afte r  selectin g th e lover s figh t  fragment ,  essentiall y  a t  random , 

sinc e ther e ar e n o othe r  goal s an d al l  th e fragment s hav e th e sam e interes t  value ,  U N I V E R S E expand s 

it s subgoals .  Fo r  on e o f  these ,  th e figh t  itself ,  w e ca n se e tha t  U N I V E R S E considere d a  numbe r  o f 

possibl e figh t  topics .  Th e topic s ar e generate d fro m knowledg e o f  th e character s involve d an d s o woul d 

be differen t  fo r  differen t  characters . 

After UNIVERSE finishes with the lovers fight, it decides to chum the relationship further. The 

selectio n o f  th e colleagu e affai r  fragmen t  illustrate s a n importan t  point .  Afte r  it s selection ,  UNIVERS E ha s 

t o fil l  mor e roles .  W e discovere d tha t  ther e wer e to o man y combination s t o allo w U N I V E R S E t o expan d 

out  al l  possibilitie s fo r  th e variou s mino r  character s i n al l  th e relevan t  fragment s i n orde r  t o pic k th e best . 

So,  instead ,  eac h pto t  fragmen t  ha s kjentlfie d th e role s tha t  w e ar e sur e i t  ca n fil l  wit h somebod y (b y 

creatin g a  ne w characte r  i f  nee d be )  an d ar e probabl y no t  relevan t  t o th e autho r  goal s o f  th e pk>t ,  an d 

henc e ar e no t  likel y t o b e relevan t  t o pk̂ kin g th e bes t  fragmen t  t o use .  Th e fillin g o f  thes e role s i s 

deferre d unti l  afte r  a  fragmen t  i s chosen ,  a  techniqu e tha t  migh t  b e appicabl e t o othe r  plannin g situations . 

Figure 3 shows a second example outline that illustrates how extra goals affect the opportunists 

plannin g o f  UNIVERSE.  Here ,  a s wel l  a s seedin g UNIVERS E wit h a  c h u m goal ,  w e hav e als o aske d i t  t o 

get  Joshu a together  wit h Valerie .  Thi s goal ,  whil e give n th e progra m here ,  couk j  equall y wel l  hav e com e 

fro m it s ow n pursui t  o f  othe r  goals .  Th e notabl e poin t  i s tha t  now ,  whe n lookin g fo r  a  fragnwn t  fo r  chum ,  i t 

select s accident-breakup ,  th e onl y on e tha t  guarantee s tha t  th e m a n wil l  ge t  togethe r  wit h a  desire d 

person ,  give n appropriat e bindings .  W e sho w th e outlin e a s fa r  a s wher e U N I V E R S E begin s t o pla n th e 

ne w relatk)nshi p whk: h will ,  i n th e lon g run .  creat e interes t  b y makin g Joshu a unavailabl e shouk j  Fra n ge t 

better .  Opportunisti c planning ,  doe s a n excellen t  jo b i n pullin g stor y strand s together .  Th e abilit y  t o 

satisf y severa l  goal s wit h on e pla n seem s t o b e a  hallmar k o f  cleve r  mekxJrama . 

3 Stor y p lann in g v e r s u s actio n p lann in g 

The plannin g o f  storie s don e b y UNIVERS E share s muc h wit h othe r  sort s o f  A l  plannin g method s 

As mentione d above ,  th e algorith m i s ver y simila r  t o variou s hierarchica l  planner s i n it s us e o f  goal s an d 

plan s (an d couk J probabl y b e n^ad e mor e simila r  t o goo d effect) ,  hlowever ,  i t  i s  interestin g t o contras t 

bot h th e tas k an d th e metho d wit h standar d A l  acto n planning .  W e wil l  als o indk:at e ho w i t  ma y b e 

advantageou s t o appl y man y aspect s o f  stor y plannin g t o nnor e standar d actio n planning . 

The key points that we see in the planning of stories, each of whk:h we will discuss betow, are; 

• You can "say as you go": it is neither necessary nor possible to fully plan out a story before 

t}eginnin g t o tel l  it . 

•  T h e pla n d o e s no t  h a v e t o b e perfect:  peopl e wil l  accep t  o d d combination s (arx J irxjee d fil l  i n 
motivation) . 

^ m e o f  th e rol e name s ar e a  bi t  decep«ly » fo r  example ,  tti e hi m an d ha r  role a o < th e lover t  flfl^  P*o < fragment  ar e adui^ r 
genderless ,  whic h i s wh y UNIVERS E trie s twi h tkndknqt . 
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* (tail ' {((churn JOSHUA FRAN)) ((tog«th«r JOSHUA VALERIE)))) 

working on goal — CHURN JOSHUA FRAN 
~ usin g p la n A C d D E N T - B R E A K UP Pi/FRA N P2/JOSHU A THIRD-PARTY/VALBRI E 

working on goal — DO-DISABLE FRAN 
— usin g p la n DISABL E PERSON/FRAN 

>» FRAN has a spinal injury and is paralyzed 

>» FRAN doesn't want to ruin JOSHUA'S lifa 

>» FRAN pratands to blama JOSHUA for har malady 

working on goal — DUMP-LOVER FRAN JOSHUA 
~ usin g pla n BREAK-U P DUMPER/FRAN DUMPED/JOSHUA 

>» FRAN tails JOSHUA sha doasn't lova him 

working on goal — TOGETHER JOSHUA VALERIE 

[again, tha story continues unhappily tor almost all concerned] 

Figur e 3 :  A  multi-goa l  stor y 

•  Selectin g th e plo t  (plan )  t o us e i s important ;  heuristic s tha t  conside r  factor s othe r  tha n goa l 
satisfactio n mus t  b e used . 

•  Unlik e mos t  actio n domains ,  eac h rol e fille r  (character )  i s  different ,  an d the y canno t  b e use d 

interchangeably . 

Many forms of stories, including soap opera and some children's stories, have no real end. As a 

result ,  w e clearl y canno t  pla n suc h storie s i n thei r  entiret y befor e generatin g an y o f  th e story .  A t  th e 

moment.  UNIVERS E probabl y goe s to o fa r  i n simpl y generatin g tex t  tha t  apfjear s t o lea d t o th e goal . 

ofte n gettin g int o bind s tha t  i t  canno t  resolve .  O n th e othe r  hand ,  a s w e wil l  mentio n below ,  thi s i s  no t  tha t 

crucia l  fo r  a  story .  I n examinin g televisio n serials ,  on e ca n frequentl y se e situation s wher e th e writer s 

hav e clearl y heade d dow n blin d alley s o f  thi s kind .  A n importan t  futur e researc h topi c wil l  t> e t o determin e 

jus t  ho w fa r  on e shouk j  pla n a  stor y - -  shor t  o f  guaranteein g goa l  satisfactkjn ,  whic h i s no t  practica l  - -

befor e actuall y generatin g an y o f  it . 

We feel that more planning situatk^ns would be appropriate for an "execute as you go" paradigm 

tha n ar e currentl y approache d tha t  way .  Fo r  example ,  i f  w e ar e devek)pin g a  progra m t o pla n a  serie s o l 

financia l  investnients ,  w e ma y wan t  i t  t o star t  an d mak e som e o f  th e nrtove s befor e waitin g t o pla n 

everything .  Sinc e muc h o f  th e pla n i s likel y t o b e dependen t  o n wha t  happen s a t  th e beginning ,  ther e i s 

no rea l  poin t  i n plannin g al l  th e wa y t o th e end .  Admittedly ,  don e nrx)r e completel y tha n b y UNIVERS E 

thi s sor t  o f  plannin g i s quit e complicated .  A t  a  minimum ,  i t  involve s decklin g whe n you'v e planne d 

enough ,  feedbac k fro m execution ,  an d re-planning ,  bu t  shouk l  b e wel l  worttiwhile . 

One factor that makes "say as you go" partcularty feasible for story telling is that story outlines do 

not  hav e t o b e perfect .  The y ca n g o int o blirx j  alley s an d backtrac k i n unusua l  way s an d stil l  b e accepte d 

by readers .  Thi s i s tru e fo r  a t  leas t  tw o reasons .  Obvnusly ,  ther e i s n o suc h thin g a s a  sir)gl e bes t  stor y 

As k)n g a s a  stor y i s coheren t  an d doe s no t  blatantl y volat e njle s o f  th e worid .  the n i t  is ,  i n som e sense . 

acceptable .  Indeed ,  i t  i s  unlikel y tha t  a t  presen t  a  progra m couk J detec t  fin e difference s i n stor y qualit y 

A secondar y reaso n fo r  th e lac k o f  nee d t o kx5 k fo r  th e bes t  stor y i s tha t  ou r  huma n reader s wil l  ofte n fil l  m 
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details that the program may not have had in mind (Schank and Abelson, 1977). Again, many domains 

beyon d stor y tellin g als o d o no t  nee d optima l  plans .  Fo r  example ,  a  progra m designe d t o com e u p wit h 

recipe s shoul d no t  tr y t o evaluat e mino r  difference s i n quality . 

The next interesting point regarding story plannirig is that for many author goals there are typically 

a sizabl e numbe r  o f  differen t  plo t  fragment s tha t  wil l  achiev e them ,  no t  jus t  on e o r  two .  Further ,  w e hav e 

see n tha t  th e progra m ofte n canno t  reall y evaluat e th e storie s tha t  resul t  fro m differen t  choices . 

Nonetheless ,  i t  i s  clea r  tha t  som e decision s wil l  wor k ou t  bette r  tha n others .  A s a  result ,  i t  i s  necessar y 

tha t  U N I V E R S E pa y considerabl e attentio n t o whic h pk> t  fragmen t  t o select ,  eve n amon g thos e tha t  al l 

achiev e th e autho r  goal .  I n particular ,  i t  i s  necessar y tha t  th e progra m us e heuristic s tha t  oonskje r  factor s 

othe r  tha n simpl e goa l  satisfaction .  W e fee l  tha t  kK;a l  factor s suc h a s interes t  level s an d pattern s o f 

characte r  involvemen t  can ,  aton g wit h th e opportunisti c plannin g tha t  w e hav e described ,  lea d t o intricat e 

and interestin g pk) t  stmcture . 

The final area of interest involving planning stories is that, unlike most action domains, every 

characte r  i n a  fictiona l  univers e i s different .  I n nx}s t  actio n domain s tha t  hav e bee n studied ,  whil e ther e 

may b e a  numbe r  o f  object s i n th e worid ,  the y ten d t o fal l  int o a  fe w smal l  classe s (e.g. ,  rectangula r 

blocks )  tha t  ca n b e treate d identicall y b y operators .  I n stor y telling ,  though ,  w e hav e t o b e carefu l  t o 

make sur e tha t  th e rol e filler s (characters )  use d b y a  pla n ar e appropriat e i n orde r  t o retai n believablility . 

Of  course ,  w e als o hav e th e optio n o f  creatin g ne w character s ou t  o f  nowher e whic h i s m t  ope n t o othe r 

form s o f  planning .  Whil e th e diversit y o f  rol e filler s doe s no t  appl y t o mos t  donriains ,  i t  nna y b e relevan t  i n 

situation s wher e w e ar e tryin g t o understan d storie s involvin g peopl e o r  huma n actions . 

4 Conclusion 

Stor y tellin g i s a  fom n o f  generatio n tha t  involve s a  numbe r  o f  quit e interestin g A l  problems . 

Plannin g i n temn s o f  autho r  goal s definitel y seem s t o b e th e wa y t o thin k abou t  stor y telling ,  rathe r  tha n 

any for m o f  stor y grammar .  W e fee l  tha t  th e kin d o f  plannin g don e fo r  stor y tellin g reflect s wha t  peopl e d o 

i n man y differen t  plannin g situation s (no t  jus t  stories )  an d couk j  b e profitabi y applie d t o A l  system s 

dealin g wit h plannin g problems .  I n th e future ,  w e pla n t o expan d th e basicall y simpl e n^thod s o f 

U N I V E R SE t o mak e us e o f  mor e comple x plannin g method s t o ge t  furthe r  intricac y int o ou r  pk> t  outlines . 

including ,  periiaps ,  case-base d plannin g o f  th e sor t  describe d i n (Kokxlner ,  Simpso n an d Sycara -

Cyranski ,  1985 ;  Hammond.  1986) .  o r  themati c issue s suc h a s thos e considere d b y (Turne r  an d Dyer . 

1985) . 
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ABSTRACT 

In this paper we examine the role of domain knowledge in the process of hypothesis 
generatio n an d proble m representatio n durin g diagnosti c reasoning .  A n on-lin e tas k environmen t 
and th e combinatio n o f  discours e an d protoco l  analysi s technique s wer e use d t o tes t  th e difference s 
betwee n tw o group s o f  expert s solvin g a  clinica l  problem .  Th e group s consiste d o f  hig h domain -
knowledg e subject s (HDK )  -endocrinologists -  an d lo w domain-knowledg e (LDK )  subject s 
cardiologists- .  TTi e result s sho w tha t  H D K subject s use d a  mor e efficien t  proces s o f  diagnosti c 
reasonin g a s generate d a  mor e coheren t  representatio n o f  th e problem .  A  two-stag e mode l 
describin g th e proces s o f  hypothesi s generatio n wa s propose d t o explai n th e difference s i n th e 
proces s o f  hypothesi s generation . 

Th e mos t  frequentl y investigate d aspec t 

of  medica l  proble m solvin g i s  diagnosti c 

reasoning .  A  centra l  questio n fo r  researcher s i n 

field s suc h a s cognitiv e science ,  medica l 

education ,  medica l  proble m solvin g an d 

decisio n making ,  i s  h o w d o exper t  physician s 

go abou t  makin g a  diagnosis ? Thi s interes t  ha s 

been motivate d b y bot h theoretica l  an d practica l 

concerns . 

Theoreticall y diagnosi s i s  viewe d a s 

representativ e o f  th e problem-solvin g processe s 

wherei n th e proble m solve r  i s  require d t o 

examine ,  evaluat e an d selec t  informatio n i n 

orde r  t o generat e a n accurat e solution . 

Accordin g t o Schwart z an d Griffi n (1986 ) 

diagiiosi s i s a  subse t  o f  th e mor e genera l  skil l  o f 
classificatio n (i.e. ,  assignin g entitie s t o differen t 

classe s o r  categories )  o f  diseases .  Researc h i n 

clinica l  reasonin g ha s playe d a  significan t  rol e 

i n developin g psychologica l  theorie s o f  h u m a n 

proble m solvin g (Wortman ,  1972) .  I n practica l 

terms ,  thi s  i s directl y applicabl e t o th e teachin g 

of  medicin e (Wortman ,  1972) . 

Diagnosti c reasonin g ha s bee n studie d 

fro m tw o perspectives .  O n th e on e hand , 

computational/mechanisti c model s hav e bee n 

use d t o describ e describ e th e reasonin g 

processe s o f  physician s whil e solvin g a 

proble m (Johnson ,  1983 ;  Shortliffe ,  Buchanan , 

& Feigenbaum ,  1979) .  Th e mai n goa l  o f  th e 

computationa l  approac h i s t o develo p compute r 

program s tiiat  ca n perfor m (diagnos e problems ) 

as accuratel y a s h u m a n experts .  T h e firs t  ste p 

i n developin g suc h program s consist s i n 

collectin g thin k alou d protocol s fro m expert s 

engage d i n simulate d clinica l  task s (e.g. ,  th e 

diagnosi s o f  a  patient' s  problem) ,  an d analyzin g 

thes e transcript s t o formulat e model s o f  th e 

solutio n strategie s an d reasonin g processe s 

used .  Thes e model s ar e the n represente d i n a 

compute r  progra m (simulations )  that ,  w h e n 

executed ,  produce s behavio r  tha t  ca n b e 

compare d wit h tha t  observe d i n physician s 

(Kassire r  e t  al. ,  1982) . 

Thi s i s  considere d b y m a n y (e.g. , 

Kassire r  e t  al. ,  1978 ;  Pople ,  1982 )  t o b e a 

promisin g approac h fo r  th e developmen t  o f 

knowledge-bas e component s i n exper t  systems , 

an d ca n contribut e towar d th e developmen t  o f 

theorie s o f  k n o w l e d g e representatio n 

(Brachma n &  Levesque ,  1985) .  Th e mai n 

weaknes s o f  thi s thi s approac h i s a  lac k o f 

theorie s an d method s fo r  dealin g wit h th e 

proble m o f  natura l  languag e i n protoco l 

analysis .  Centra l  t o buildin g a  mor e complet e 

accoun t  o f  proble m solvin g i n complex , 

knowledge-ric h domain s i s th e nee d fo r  specifi c 

informatio n abou t  bot h ho w th e subject' s 

representatio n o f  th e proble m change s ove r  time 

and ho w hi s domai n knowledg e i s use d t o 

construc t  an d modif y thes e representations . 

"Think-aloud "  protocol s (e.g .  Green o & 

Simon ,  1985 ;  Kassire r  e t  al. ,  1982 )  provid e 

rich,  comple x dat a tha t  ar e approximatel y 

concurren t  wit h th e subject' s reasonin g an d 

therefor e provid e informatio n abou t  th e 

subject' s changin g representatio n o f  th e 

problem .  However ,  protoco l  analysi s method s 
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(e.g. ,  Ericsso n &  Simon ,  1984 )  hav e bee n 
limite d i n thei r  succes s a t  providin g mor e tha n 
globa l  informatio n abou t  subjects '  processin g 
(cf .  Joseph ,  1987) . 

F ro m a  secon d perspective ,  th e 
psychologica l  researc h o n medica l  diagnosi s 
has treate d th e physicia n a s a  processo r  o f 
information .  Thes e investigation s wer e 
influence d b y the n curren t  model s o f  genera l 
problem-solvin g abilit y  whic h ar e summarize d 
i n Newel l  &  Simon ,  (1972) .  Elstei n an d 
colleague s (1978 )  wer e amon g th e firs t 
researcher s t o appl y th e informatio n processin g 
approac h t o stud y diagnosti c reasoning .  The y 
propose d th e 'hypothetico-deductive '  mode l  a s 
th e genera l  an d logica l  mode l  o f  exper t 
reasoning . 

"Diagnosi s Diagnosti c problem s ar e solve d 
throug h a  proces s o f  hypothesi s generatio n 
and veriHcation .  Hypothese s ar e consistentl y 
generate d earl y i n a  worku p whe n onl y a  ver y 
limite d dat a bas e ha s bee n obtained .  Whil e 
any earl y informatio n may b e revise d o r 
discarde d i f  subsequen t  dat a fai l  t o confir m it , 
ther e i s a  hig h probabilit y  tha t  a t  leas t  som e 
of  th e formulation s o f  experience d physician s 
wil l  b e correct .  Hypothese s serv e a s 
organizin g rubric s i n workin g memory .  The y 
hel p t o overcom e limitation s o f  memor y 
capacit y an d serv e t o narro w th e siz e o f  th e 
proble m spac e tha t  mus t  b e searche d fo r 
solution .  Sinc e i t  woul d b e impossibl e t o 
conduc t  a n efficien t  inquir y wiUiou t  som e 
hypothetica l  goa l  tha t  woul d tel l  th e inquire r 
when t o sto p [contro l  structures] ,  hypothese s 
serv e t o transfor m a n ope n medica l  proble m 
(What  i s th e patient' s illness? )  int o a  se t  o f 
close d problem s tha t  ar e muc h easie r  t o solv e 
(I s th e illnes s X ? o r  Y ? o r  Z? )  Elstei n e t  al. . 
1978..176" . 

T h e earl y generatio n o f  diagnosti c 

hypothese s i s considere d a s th e mai n strateg y 

tha t  physician s use d t o reduc e searc h i n th e 

proble m space.tha t  i s mos t  likel y t o yiel d th e 

accurat e solution .  "I n sum ,  w e m a y propos e 

tha t  a  se t  o f  proble m formulation s define s th e 

dimension s o f  th e fundamenta l  proble m spac e 

i n whic h a  physician' s searc h fo r  a  diagnosi s i s 

conducted "  (Elstei n e t  al. ,  1978 ,  p .  176) . 

T h e basi c assumption s o f  th e us e o f  th e 

hypothetico-deductiv e metho d o f  reasonin g 

use d b y exper t  physician s i n clinica l  reasonin g 

hav e increasingl y c o m e int o questio n (1983 ; 

G roe n &  Patel ,  1985 ;  an d Kassirer ,  e t  al. , 

1982) .  T h e assertio n tha t  exper t  diagnosti c 

reasonin g i s characterize d b y a  hypothetico -

deductiv e metho d i s questionabl e i n vie w o f  th e 

fac t  tha t  th e researc h i n othe r  domain s hav e 

demonstrate d thi s t o b e a  'weak '  an d inefficien t 

metho d o f  proble m solving ,  mor e characteristi c 

of  novic e rathe r  tha n exper t  performanc e (e.g. , 

Feltovic h &  Barrows ,  1984 ;  an d Simo n & 
Simon ,  1978) ,  W e a k method s ar e ver y 
general ,  i n th e sens e tha t  the y ca n b e use d i n 
almos t  an y domain .  Unde r  realisti c tim e 
constraints ,  however ,  the y ten d t o yiel d cithe r 
th e wron g answe r  o r  n o answe r  a t  all .  I n 
contras t  stron g method s almos t  alway s yiel d th e 
correc t  answer ,  bu t  ar e onl y applicabl e i n a 
limite d domain .  Th e mai n proble m however ,  i s 
tha t  th e us e o f  diagnosti c hypothese s i s no t 
necessaril y  a  reliabl e indicato r  o f  diagnosti c 
expertis e o r  th e qualit y o f  diagnosti c reasoning . 
I n addition ,  furthe r  investigatio n o n hypothesi s 
generatio n parameter s (e.g. ,  timin g o f 
hypothesi s generation ,  numbe r  o f  hypothese s 
generated) ,  an d hypothesi s qualit y eithe r  yiel d 
inconsisten t  cross-situationa l  result s o r  ar e 
insufficien t  i n discriminatin g expertis e 
(Feltovic h &  Bairows ,  1984) . 

Studie s i n proble m solvin g an d 
expertis e sugges t  tha t  th e diagnosti c hypothese s 
generate d fo r  a  medica l  cas e constitut e on e 
componen t  o f  a n exper t  physician' s 
representatio n o f  a  patient' s conditio n 
(Hasserbroc k &  Prietula ,  1986) .  A n exper t 
representatio n shoul d b e a n abstractio n o f 
commonaltie s existin g i n a  patient' s overal l 
symptoms .  Knowledg e o f  pathophysiologica l 
processe s provide s expert s wit h anothe r  leve l  o f 
abstraction .  Th e appropriatenes s o f  th e diseas e 
hypothese s bein g considere d fo r  a  give n cas e i s 
likel y t o chang e i f  a  physicia n shift s t o a 
differen t  underlyin g pathophysiologica l 
condition . 

I n th e presen t  stud y w e ar e primaril y 
intereste d i n testin g th e rol e o f  domai n 
knowledg e i n th e proces s o f  hypothesi s 
generatio n an d proble m representatio n i n 
diagnosti c reasoning .  Th e us e o f  a n on-lin e 
tas k environmen t  an d th e combinatio n o f 
discours e an d protoco l  analysi s wil l  b e use d t o 
tes t  th e difference s i n proble m representatio n 
and hypothesi s generatio n whil e solvin g th e 
proble m (Josep h &  Patel ,  1986a) .  Expert s wit h 
specifi c  domain-knowledg e ar e expecte d t o us e 
a mor e efficien t  proces s o f  hypothesi s 
generatio n a s wel l  a s a  mor e coheren t 
representatio n o f  th e problem . 

METHOD 

Materials: The stimulus was a text 
base d o n a  rea l  patien t  i n a  Montrea l  hospita l 
and modifie d b y a n endocrinologis t  fo r  th e 
purpose s o f  thi s study .  Th e clinica l  findings 
fo r  th e cas e wer e assemble d i n a  type d "patien t 
file"  format .  Tha t  is ,  th e clinica l  informatio n 
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was arrange d i n th e typica l  orde r  o f  medica l 

history ,  finding s fro m physica l  examination , 

and x-ra y an d laborator y tes t  results . 

Subjects :  Nin e senio r  physician s 

associate d wit h th e Facult y o f  Medicin e a t 

McGil l  Universit y volunteere d a s subject s fo r 

th e study .  Give n tha t  th e tas k wa s th e 

diagnosi s o f  a  patien t  wit h a n endocrin e 

disorder ,  th e hig h domai n knowledg e ( H D K ) 

grou p consiste d o f  fou r  endocrinologist s an d 

th e lo w domai n knowledg e ( L D K )  grou p 

consiste d o f  fiv e cardiologists .  Th e physician s 

wer e al l  practicin g physician s wit h from  fiv e t o 

te n year s o f  experienc e (i.e. ,  practice )  i n thei r 

respectiv e fields . 

Clinica l  proble m Th e endocrinolog y 

proble m (Tabl e 1 )  describe s th e cas e o f  a n 

elderl y lad y wh o wa s brough t  t o th e emergenc y 

roo m b y he r  daughte r  sufferin g fro m sever e 

hypothyroidism .  Prio r  t o he r  admissio n int o 

th e emergenc y room ,  th e patien t  consulte d a 

physicia n complainin g o f  difficult y i n speakin g 

and throa t  irritation .  Hi s diagnosi s wa s chroni c 

laryngitis ,  fo r  whic h h e prescribe d a  potassiu m 

iodid e mixtur e a s a n expectorant .  W h e n take n 

by a  health y person ,  potassiu m iodid e i s quit e 

harmless .  However ,  whe n take n b y a 

hypothyroi d patient ,  i t  precipitate s a n acut e 

hypothyroi d crisi s whic h lead s t o myxedema . 

The accurat e diagnosi s o f  th e cas e is : 

Hashimoto' s hypothyroidis m precipitate d t o 

myxedema pre-com a b y th e potassiu m iodid e 

mixture .  Th e diagnosi s ca n b e divide d int o thre e 

subcomponent s varyin g i n specificity ,  fro m 

genera l  t o specific .  Th e firs t  subcomponen t  i s 

hypothyroidism .  Th e secon d on e i s myxedem a 

pre-coma .  Th e thir d subcomponen t  i s a n 

autoimmun e conditio n calle d Hashimoto' s 

thyroiditis ,  whic h i s th e caus e o f  th e 

hypothyroidism . 

Table 1. Endocrine problem. 

Medica l  Histor y 

SI .  A  6 3 yea r  ol d woman wit h a  one-wee k histor y o f 
increasin g drowsines s an d shortnes s o f  breat h wa s 
brough t  t o th e emergenc y roo m b y he r  daughter . 
S2.  Th e patien t  ha d no t  bee n wel l  fo r  ove r  a  year . 
S3.  Sh e complaine d o f  feelin g tire d al l  th e time ,  ha d a 
los s o f  appetite ,  a  3 0 lb .  weigh t  gai n an d constipation . 
S4.  A  mont h late r  sh e ha d bee n diagnose d a s havin g " 
chroni c laryngitis "  an d wa s prescribe d a  potassiu m iodid e 
mixtur e a s a n expectorant . 

Physica l  Examinat io n 

S5.  Physica l  examinatio n reveale d a  pale ,  drowsy ,  obes e 
lad y wit h marke d periorbita l  edema . 
86.  Sh e ha d difficult y speaking ,  an d whe n sh e di d spea k 
her  voic e wa s note d t o b e slo w an d hoarse . 
S7.  Ther e wer e patche s o f  vitilig o ove r  bot h he r  legs . 
S8.  He r  ski n fel t  roug h an d scaly . 

S9.  He r  bod y temperatur e wa s 3 6 deg .  C . 
SIO.  Puls e wa s 60/minut e an d regular. ! 
Sll .  B .  P .  wa s 160/95 . 
S12.  Examinatio n o f  he r  nec k reveale d n o jugula r  venou s 
distention . 
S13.  Th e thyroi d glan d wa s enlarge d t o approximatel y 
twic e th e norma l  size . 
S14.  I t  fel t  fir m an d irregular . 
S15.  Ther e wa s grad e 1  galactorrhea . 
S16.  Th e ape x bea t  coul d no t  b e palpated . 
S17.  Ches t  examinatio n showe d decrease d movement s 
bilaterall y an d dullnes s t o percussion . 
S18.  Ther e wa s n o splenomegaly . 
Result s F r o m Neurology ,  X -Ra y an d 

Laborator y Test s 

S19.  Neurologica l  testin g reveale d symmetrica l  an d 
norma l  tendo n reflexe s but ,  wit h a  delaye d relaxatio n 
phase . 
S20.  Urinalysi s wa s normal . 
821 .  Ches t  X-ra y showe d larg e pleura l  effusion s 
bilaterally . 
822 .  E C G reveale d sinu s bradycardia ,  lo w voltag e 
complexe s an d non-specifi c  T-wav e flattening . 
S23.  Routin e biochemistr y (SMA=16 )  showe d Na=125 . 
K=3.8 .  B U N = 8 mg/lOOml . 
S24.  Arteria l  bloo d gase s P O =5 0 m m Hg ,  P C O = 6 0 

mm Hg . 
825.  Th e patien t  wa s admitte d t o th e intensiv e car e uni t 
fo r  furthe r  management 

P r o c e d u r e :  A n on-lin e tas k 

environmen t  (Joseph ,  1987 )  w a s use d t o 

presen t  th e stimulu s materia l  t o individua l 

subject s on e segmen t  a t  a  tim e o n a 

microcomputer .  T h e orde r  o f  presentatio n o f 

tex t  segment s w a s controlle d b y th e 

experimenter .  H o w e v e r ,  th e rat e o f 

presentatio n o f  eac h segmen t  w a s controlle d b y 

th e subjects .  Segment s consiste d o f  on e o r  tw o 

sentence s each .  Afte r  th e presentatio n o f  eac h 

segment  subject s wer e aske d t o giv e a  verba l 

report  o f  thei r  interpretatio n o f  th e sentenc e wit h 

respec t  t o a  possibl e diagnosis .  Afte r  th e 

presentatio n o f  th e entir e case ,  subject s wer e 

aske d t o summariz e th e cas e an d the n t o provid e 

a diagnosis .  Subjects '  interpretation s wer e tap e 

recorde d an d late r  transcribe d verbatim . 

ANALYSES 
T h e method s o f  analysi s use d i n thi s 

stud y includ e th e us e o f  technique s fro m bot h 

discours e an d protoco l  analyse s a s wel l  a s a s 

th e us e o f  quantitativ e an d qualitativ e measures . 

Thre e analyse s wer e carrie d ou t  o n eac h 

subject' s protocols . 

1)  Segmentation . 

2 )  Hypothesi s generation . 

3 )  Proble m representation . 

Technique s wer e take n from  discours e 

analysi s fo r  applicatio n i n analysi s 1 
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(functional-syntacti c  analysis) ,  an d analysi s 3 

(representin g conceptua l  structure s a s frame s o r 

semanti c networks) .  Standar d technique s o f 

protoco l  analysi s (e.g. ,  tabulatin g specifi c  kind s 

o f  informatio n i n th e protocols )  wer e use d i n 

analysi s 2 . 

Segmentation 
At  th e first  leve l  o f  analysis ,  subjects ' 

protocol s wer e transcribe d an d divide d int o 
syntacti c unit s o r  'segments '  (Dillinger ,  1984) . 
Thi s divisio n facilitate s identificatio n an d 
furthe r  analysi s o f  th e part s o f  th e tex t  an d o f 
th e protocols .  Thi s metho d i s base d o n 
Winograd' s syste m o f  clausa l  analysi s 
(Winograd ,  1983 )  an d derive d fro m th e 
systemi c gramma r  o f  Hallida y (1967) . 

Process of hypothesis generation 
Afte r  th e segmentation ,  subjects ' 

protocol s wer e analyze d an d code d fo r  th e 
generatio n o f  diagnosti c hypotheses .  I n clinica l 
reasonin g th e ter m 'diagnosti c hypothesis ' 
refer s t o an y ideas ,  diagnoses ,  o r  guesse s tha t 
labe l  o r  propos e explanation s whic h wil l  guid e 
investigatio n o f  th e patient' s proble m (Barrows , 
& Tamblyn ,  1980) .  Thes e hypothese s ca n refe r 
t o syndromes ,  specifi c  diseas e entities , 
disorders ,  pathophysiologica l  processes ,  an d 
anatomica l  o r  biochemica l  disturbances . 
Segment  #3 ;  Sh e complaine d o f  feelin g tire d al l  th e 

time ,  ha d a  los s o f  appetite ,  a  3 0 poun d weigh t  gai n an d 
constipation . 
Subject' s Comment :  Sh e ha d a  los s o f  appetite ,  a  3 0 
pound 
weigh t  gain ,  an d constipation .  OK,  right  no w yo u ar e 
wonderin g whethe r  sh e ha s go t  hypothyroidis m whe n 
you ar e lookin g a t  this . 

Hypothese s wer e code d onl y th e firs t 
tim e the y wer e generated .  I n th e abov e 
exampl e hypothyroidis m wa s code d a s a 
diagnosti c hypothesi s generated .  Hypothese s 
whic h wer e repeate d wer e no t  code d twice . 

Segment  7 :  Ther e wer e patche s o f  vitilig o ove r  bot h 
her  legs : 

Subject' s Comment :  Vitilig o ove r  th e legs ,  I t  fit s 

wit h hypothyroidism ,  tha t  yo u hav e on e 
autoimmun e diseas e tha t  yo u ge t  anothe r  autoimmun e 
diseas e Hashimoto' s thyroiditi s  an d vitiligo . 

I n thi s segmen t  onl y Hashimoto ' s 
thyroiditi s  wa s code d a s a  diagnosti c 
hypothesi s generated .  Hypothyroidis m wa s no t 
code d a s a  diagnosti c hypothesi s generate d 
becaus e i t  wa s previousl y generated ,  an d th e 

autoimmun e diseas e wa s considere d t o b e par t 
of  th e Hashimoto' s thyroiditis .  W h e n a  subjec t 
rule d ou t  th e possibilit y  o f  a n hypothesi s 
generate d previousl y durin g th e presentatio n o f 
th e case ,  i t  wa s als o c o d ^  a s a n hypothesi s 
generated . 

Problem representation 
The objectiv e o f  thi s analysi s i s t o 

generat e dat a abou t  th e subjects '  changin g 
representatio n o f  th e problem ,  fro m whic h i t 
wil l  b e possibl e t o infe r  som e characteristic s 
abou t  th e processe s the y use d fo r  constmctin g a 
proble m representatio n an d abou t  th e solutio n 
strategie s the y used .  T o d o thi s i t  wa s 
necessar y t o develo p tw o models :  th e first  wa s 
a genera l  mode l  o f  th e knowledg e necessar y fo r 
generatin g a n accurat e solutio n t o th e problem , 
represente d a s a  causa l  networ k an d referre d t o 
her e a s th e "reference "  o r  "canonical "  mode l 
(Joseph ,  1987 ;  Pate l  &  Groen ,  1986) .  Th e 
secon d wa s a  specifi c  mode l  o f  th e proble m 
(i.e. ,  a  subse t  o f  th e genera l  model )  generate d 
by eac h subjec t  a t  eac h stag e o f  solvin g it . 
Thi s techniqu e ha s prove n usefu l  i n studyin g 
knowledge-base d difference s betwee n expert s 
and novice s (Pate l  &  Groen ,  1986) ,  an d expert s 
wit h differen t  level s o f  expertis e (Josep h & 
Patel ,  1986a,b )  i n diagnosti c reasoning . 

RESULTS AND DISCUSSION 

The Process of Hypothesis 
Generation .  Analysi s o f  th e tim e cours e o f 
th e productio n o f  diagnosti c hypothese s 
focusse d o n difference s betwee n H D K an d 
L D K subject s in :  a )  th e productio n o f  th e 
accurat e diagnosti c subcomponents ,  b )  th e 
patter n o f  hypothesi s generatio n an d 
confirmation ,  an d finall y c )  th e numbe r  o f 
diagnosti c hypothese s generate d b y eac h group . 

First ,  th e H D K subject s ar e expecte d t o 
generat e th e accurat e diagnosti c subcomponent s 
befor e th e L D K subjects .  Second ,  th e patter n 
of  hypothesi s generatio n i s expecte d t o reflec t 
tw o distinc t  stages .  Th e first  stag e consist s o f 
th e generatio n o f  hypotheses ,  followe d b y a 
stag e o f  hypothesi s confirmatio n and/o r  rulin g 
out  inaccurat e hypotheses .  Third ,  th e H D K 
subject s ar e expecte d t o generat e fewe r 
diagnosti c hypothese s tha n th e L D K subjects . 
Thi s i s primaril y du e t o th e difference s i n 
domain-specifi c  knowledg e o f  th e H D K 
subjects . 

Th e overal l  numbe r  o f  diagnosti c 
hypothese s produce d b y th e H D K an d L D K 
subject s i s presente d i n Figur e 1 .  I t  show s 
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clea r  difference s in :  th e patter n o f  hypothesi s 
generation ,  th e numbe r  o f  diagnosti c 
hypothese s generate d b y th e subject ,  an d th e 
tim e take n fo r  th e productio n o f  th e accurat e 
diagnosti c subcomponents . 

Befor e th e presentatio n o f  Segmen t  7 
(b y whic h tim e th e H D K subject s hav e 
generate d al l  thre e accurat e diagnosti c 
subcomponents )  th e H D K subject s generate d 
more diagnosti c hypothese s tha n th e L D K 
subjects .  Afte r  th e presentatio n o f  Segmen t  7 
th e H D K s generate d fewe r  diagnosti c 
hypothese s tha n th e L D K subjects .  O n th e 
othe r  hand ,  th e L D K subject s sho w a  rathe r 
differen t  patter n o f  hypothesi s generatio n bot h 
befor e an d afte r  th e presentatio n o f  Segmen t  7 
(Figur e 1) .  Specifically ,  th e L D K subject s 
sho w littl e differenc e i n thei r  patter n o f 
hypothesi s generatio n befor e an d afte r  th e 
complet e diagnosi s i s reached . 

7 (Segment s 1  t o 7) .  Th e letter s A ,  B  an d C  i n 
Figur e 1  indicat e th e mea n segmen t  numbe r 
wher e th e accurat e diagnosti c subcomponent s 
wer e generated .  A s expecte d th e H D K subject s 
generate d th e accurat e diagnosti c 
subcomponent s earlie r  tha n th e L D K subjects . 
Befor e th e presentatio n o f  Segmen t  7  th e H D K 
subject s generate d mor e hypothese s tha n th e 
L D K subjects .  Bot h group s generate d th e firs t 
tw o subcomponent s o f  th e accurat e diagnosi s 
(Hypothyroidis m an d myxedema) .  Howeve r 
ther e wa s a  tim e differenc e (i.e. ,  numbe r  o f 
segments )  betwee n th e generatio n o f  thes e 
diagnose s i n th e tw o groups .  Th e differenc e 
betwee n th e productio n o f  th e firs t  diagnosti c 
subcomponen t  wa s o f  1  segmen t  (Figur e 1 :  Dif f 
A ) .  Th e differenc e fo r  th e generatio n o f  th e 
secon d subcomponen t  wa s o f  2  segment s 
(Figur e 1 :  Dif f  B) . 
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Segment  number s 

A: Production of first diagnostic subcomponent 

B:  Productio n o f  th e secon d diagnosti c subcomponen t 

C:  Productio n o f  th e thir d diagnosti c subcomponen t 

1:  Differenc e A 

2:  Difference s 

3:  Differenc e C 

Figur e 1 .  Cumulativ e numbe r  o f  diagnosti c hypothese s generate d b y H D K an d 

L D K subjects . 

Hypothesi s generatio n afte r  Segmen t  7 

(Segment s 7  t o 25 ) :  Th e patter n o f  hypothesi s 

generatio n fro m th e presentatio n o f  Segmen t  7 

t o th e en d o f  th e cas e i s als o presente d i n Figur e 

1.  Onc e again ,  a s expected ,  th e H D K subject s 

generate d th e thir d subcomponen t  o f  th e 

accurat e diagnosi s earlie r  tha n th e L D K 

subjects .  T h e differenc e betwee n th e tw o 

group s i n th e productio n o f  th e thir d diagnosti c 

subcomponen t  w a s o f  4  segment s (Figur e 1 : 

Dif f  C ) .  Furthermore ,  afte r  th e productio n o f 

th e accurat e diagnosi s th e H D K subject s 

generate d ver y fe w n e w diagnosti c hypotheses . 

T h e H D K subject s rule d ou t  s o m e o f  th e 

hypothese s generate d earlier ,  use d th e findings 
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fro m th e physica l  examinatio n t o confir m th e 
diagnosis ,  an d determine d secondar y problems . 

The analysi s o f  th e tim e cours e o f 
hypothesi s generatio n suggest s tha t  th e proces s 
of  hypothesi s generatio n differ s acros s groups . 
The H D K subject s see m t o distinguis h tw o 
phase s i n thei r  proces s o f  hypothesi s 
generation ,  wherea s th e L D K subject s d o not . 
Th e firs t  phas e consist s i n hypothesi s 
generatio n an d th e secon d i n diagnosti c 
confirmation . 

I n th e firs t  stag e (befor e th e presentatio n 
of  Segmen t  7 )  th e H D K subject s us e th e 
informatio n fro m th e medica l  histor y an d a  fe w 
finding s fro m th e physica l  examinatio n t o 
generat e th e accurat e diagnosti c 
subcomponents .  Thi s explain s th e finding  tha t 
H DK subject s generat e mor e diagnosti c 
hypothese s befor e th e presentatio n o f  Segmen t 
7.  Th e rapidit y wit h whic h th e initia l 
hypothese s ar e generate d constitute s th e mos t 
strikin g featur e o f  th e behavio r  o f  experience d 
clinicians .  Ofte n wit h onl y th e age ,  se x an d 
presen t  complain t  o f  th e patient ,  th e clinicia n 
unhesitatingl y select s a  singl e workin g 
hypothesis . 

Th e earl y generatio n o f  accurat e 
diagnosti c hypothese s i s als o importan t  i n 
determinin g tfie  accurat e diagnosis .  Wor k b y 
Barrow s e t  al .  (1978 )  ha s show n tha t  th e earlie r 
a goo d hypothesi s se t  i s  created ,  th e mor e 
predictiv e i t  i s  o f  th e qualit y o f  th e diagnosis . 
Difference s i n th e time  cours e o f  th e generatio n 
of  th e accurat e diagnosti c subcomponent s see m 
consisten t  wit h th e findings  o f  spee d differenc e 
foun d i n th e chess-playin g abilit y  o f  master s v s 
beginner s (Chas e &  Simon ,  1973 )  a s wel l  a s 
th e findings  fro m studie s contrastin g expert s 
and novice s solvin g physic s problem s (e.g. , 
Larki n e t  al ,  1980 ;  Simo n &  Simon,1978) .  Thi s 
differenc e i s explaine d b y th e differenc e i n 
domai n knowledg e betwee n th e H D K an d L D K 
subjects . 

The hypothesi s generatio n proces s i s 
interprete d a s a n indicatio n o f  subjects ' 
organizatio n o f  th e informatio n provide d int o a 
mor e o r  les s coheren t  proble m representation . 
Th e result s discusse d s o fa r  indicat e 
considerabl e difference s i n term s o f  th e 
processe s use d b y th e tw o group s i n generatin g 
diagnosti c hypothese s an d th e accurat e 
diagnosti c subcomponents .  Thi s pose s th e 
questio n o f  th e generativ e differenc e i n ho w th e 
tw o group s construc t  thei r  proble m 
representatio n ove r  time.  I n th e final  se t  o f 
analyses ,  th e informatio n selecte d fi"om  th e 
inpu t  an d th e hypothese s adduce d t o structur e 

tha t  informatio n ar e examine d ove r  th e firs t  si x 
segments ,  i.e. ,  th e hypothesi s generatio n 
phase . 
Proble m representatio n 

The objectiv e o f  thi s analysi s i s t o 
generat e dat a abou t  th e subjects '  changin g 
representatio n o f  th e problem ,  fro m whic h i t 
wil l  b e possibl e t o infe r  som e characteristic s 
abou t  th e processe s the y use d fo r  constructin g 
th e proble m representatio n an d abou t  th e 
solutio n strategie s the y used .  Th e metho d o f 
analysi s develope d fo r  thi s stud y require d th e 
use o f  a  genera l  mode l  o f  th e knowledg e 
necessar y fo r  generatin g a n accurat e solutio n t o 
th e problem ,  represente d a s a  causa l  networ k 
and referre d t o her e a s th e "reference "  o r 
"canonical "  mode l  (se e Pate l  &  Groen ,  1986) . 
Usin g th e referenc e mode l  a s a  template ,  th e 
subject' s curren t  representatio n o f  th e proble m 
was generate d afte r  eac h sentenc e presented . 
The subse t  o f  th e referenc e mode l  tha t  th e 
subjec t  use d wa s highlighte d t o represen t  th e 
knowledg e tha t  h e use d t o construc t  hi s curren t 
interpretatio n o f  th e problem ,  thu s yieldin g 
proble m representatio n afte r  sentenc e 1 .  afte r 
sentenc e 2 ,  etc .  fo r  eac h subjec t 

Referenc e model .  TTi e referenc e mode l 
(Figur e 2 )  depicts ,  base d o n technique s 
develope d i n discours e analysi s an d artificia l 
intelligenc e (se e Frederiksen ,  1986 ;  Brachma n 
«& Levesque ,  1985) ,  th e conceptua l  relation s 
betwee n th e cue s give n i n th e cas e description , 
some o f  th e underlyin g pathophysiologica l 
processe s an d th e component s o f  th e correc t 
diagnosis .  I t  wa s develope d fro m protocol s 
and interview s wit h tw o exper t  endocrinologist s 
and severa l  othe r  physician s a s wel l  a s fro m 
standar d textbook s (e.g. ,  Isselbache r  e t  al. , 
1980) ,  an d i s take n t o represen t  tiie  knowledg e 
require d fo r  generatin g a n exper t  diagnosis . 

The node s represen t  cue s (critica l  i n 
rectangles ;  relevan t  i n rounde d rectangles) ,  th e 
component s o f  th e diagnosi s (fille d ovals) ,  an d 
some o f  th e pathophysiolog y linkin g the m (tex t 
i n italics) .  Th e link s i n th e referenc e mode l 
represen t  relation s betwee n th e nodes ;  mos t  ar e 
causa l  relation s ( C A U )  wit h th e exceptio n o f  a n 
occasiona l  associatio n relatio n ( A N D ) , 
categor y relatio n ( C A T ) ,  o r  conditiona l 
dependenc y relatio n ( C O N D ) .  (Thes e relation s 
ar e define d i n Frederiksen ,  1975. )  Th e node s 
and link s ar e arrange d t o reflec t  th e chai n o f 
ramification s whic h ti e th e diseas e t o it s 
manifestations :  th e centra l  determinant s o f  th e 
patient' s conditio n (i n th e middl e o f  th e 
diagram )  caus e particula r  condition s whic h 
eventuall y lea d t o th e observe d signs , 
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symptom s o r  laborator y result s (a t  th e peripher y 
of  th e diagram) .  Th e link s als o represen t  th e 
rule s necessar y t o generat e a n accurat e solutio n 
t o th e diagnosti c proble m (Pate l  &  Groen , 
1986) .  Th e referenc e mode l  i s use d her e t o 
compar e an d contras t  th e representation s o f  th e 
proble m whic h subject s generat e afte r  th e 
presentatio n o f  eac h tex t  sentence . 

Th e H D K subject s ar e expecte d t o 
generat e a  representatio n tha t  i s  bette r  organize d 
and structure d tha n th e L D K subjects .  Thu s fa r 
th e result s hav e indicate d tha t  th e mos t 
importan t  differenc e betwee n th e tw o group s i s 
a bette r  organizatio n o f  th e informatio n whic h 
allow s a  mor e efficien t  patter n o f  hypothesi s 
generatio n an d confirmatio n b y th e H D K 
subjects .  I n addition ,  th e representatio n 
generate d b y th e H D K subject s shoul d b e mor e 
focusse d tha n tha t  o f  th e L D K subjects , 
primaril y du e t o difference s i n domain-specifi c 
knowledg e betwee n th e tw o group s o f  subjects . 
Th e result s o f  th e detaile d analysi s o f  th e 
sampl e protocol s wil l  preced e th e result s o f  th e 
overal l  analysi s o f  th e generatio n o f  th e proble m 
representations .  A  detaile d analysi s o f  tw o 
sampl e protocol s wil l  b e describe d i n th e nex t 
section . 

D E T A I L E D A N A L Y S I S O F T W O 
S A M P LE P R O T O C O LS 

T h e mappin g o f  th e subjects * 
representation s o n th e referenc e mode l  wil l  b e 
discusse d fo r  Segmen t  nos .  3 ,  4 ,  an d 7 .  Thes e 
thre e segment s ar e chose n becaus e the y 
correspon d t o th e segment s i n whic h th e H D K 
subject s generate d th e accurat e diagnosti c 
subcomponents .  Th e mappin g consist s i n 
doin g a n overla y o f  th e subjects '  representatio n 
ont o th e referenc e mode l  (Figur e 2) .  Th e 
differen t  type s o f  tex t  segment s ar e i n boxe s o f 
differen t  type s an d th e diagnosti c hypothese s 
generate d b y th e subject s ar e surrounde d b y 
dar k circles .  Th e pathophysiologica l 
mechanism s use d b y th e subject s ar e i n italics . 
A mor e detaile d descriptio n o f  th e metho d wa s 
give n i n Josep h an d Pate l  (1986a,b) .  Thi s 
metho d wa s originall y use d b y Pate l  &  Groe n 
(1986 )  t o stud y solutio n strategie s o f  expert s 
and novice s i n diagnosti c reasonin g i n 
medicine . 

The mappin g o f  th e H D K subjec t  i s 
expecte d t o b e mor e closel y relate d t o th e 
referenc e model .  Hi s representatio n wil l  b e 
mor e organize d (contai n mor e links )  an d mor e 
focuse d (fewe r  type s o f  diagnosti c hypothese s 
generated) .  Th e H D K subjec t  i s  als o expecte d 
t o elaborat e mor e o n th e findings  abou t  th e 

patient ,  i.e. ,  generat e mor e link s fro m diagnosi s 
t o pathophysiologica l  mechanism s an d 
findings ,  tha n th e L D K subject .  Th e 
representatio n o f  th e H D K subjec t  i s  als o 
expecte d t o b e mor e focuse d tha n tha t  o f  th e 
L D K subjects ,  du e t o th e two-stag e patter n o f 
hypothesi s generatio n o f  th e H D K subjects .  I n 
addition ,  i n th e secon d stag e th e H D K subject s 
generate d ver y fe w additiona l  o r  ne w diagnosti c 
hypotheses . 
S E G M E NT m 

The mappin g o f  th e H D K an d L D K 
subject' s representatio n fo r  Segmen t  3  ont o th e 
referenc e mode l  i s  illustrate d i n Figur e 3 .  Th e 
findings  presente d i n tha t  segmen t  activate d th e 
generatio n o f  th e genera l  diagnosti c 
subcomponen t  (Hypothyroidism) .  Afte r  tha t 
th e subjec t  elaborate d o n th e genera l  conditio n 
of  th e patient' s state ,  generatin g causa l  link s 
fro m pathophysiologic ^  processe s t o othe r  tex t 
cue s (e.g. ,  respirator y distres s causin g th e on e 
week histor y o f  shortnes s o f  breat h an d th e fac t 
tha t  hypothyroidis m cause d som e fluid  retentio n 
whic h i n tur n cause d th e patient' s weigh t  gain) . 

The organizationa l  patter n o f  th e LDK' s 
representatio n i s als o consisten t  wit h th e 
previou s segments .  I n thi s case ,  however ,  i t  i s 
th e evaluatio n o f  individua l  findings  whic h 
lead s t o th e generatio n o f  mor e diagnosti c 
hypothese s (psychiatri c problem ,  depression , 
an d decrease d glandula r  function) . 
Nonetheless ,  th e L D K subjec t  generate d a 
genera l  descriptio n o f  th e firs t  diagnosti c 
subcomponen t  (endocrin e disorde r  o r  on e o f 
decrease d glandula r  function) . 

The H D K subject s see m t o organiz e th e 
.  informatio n i n a  wa y tha t  limit s th e generatio n 
of  multipl e hypotheses ,  wherea s th e L D K 
subjec t  i s  no t  abl e t o us e suc h efficien t  pattern s 
of  organizatio n o f  informatio n t o limi t  th e 
generatio n o f  ne w hypotheses .  Bot h subject s 
generat e th e firs t  subcomponen t  o f  th e 
diagnosis . 
S E G M E NT M 

The mappin g o f  th e H D K an d L D K 
subject' s representatio n fo r  thi s segmen t  ont o 
th e referenc e mode l  i s illustrate d i n Figur e 4 . 
At  th e presentatio n o f  thi s segmen t  th e H D K 
subjec t  generate d th e secon d subcomponen t  o f 
th e accurat e diagnosi s (myxedema) ,  an d use d 
th e sam e link s a s thos e illustrate d i n th e 
referenc e model .  Th e L D K subjec t  als o 
generate d th e secon d subcomponen t  o f  th e 
diagnosis .  However ,  a s wa s th e cas e i n th e 
precedin g segmen t  (#3 )  th e subjec t  als o 
provide d a  mor e genera l  explanatio n fo r 
myxedema:  "advance d hypothyroidism" . 
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S E G M E NT if ? 
The mappin g o f  th e H D K an d L D K 

subjects '  representatio n fo r  thi s segmen t  ont o 
th e referenc e mode l  i s illustrate d i n Figur e 5 . 
The H D K subjec t  generate d th e specifi c 
subcomponen t  o f  th e accurat e diagnosi s fro m 
th e findin g presente d i n tha t  segment . 

The L D K subjec t  als o recognize d th e 
autoimmun e process .  However ,  th e L D K 
subject s ha d th e wron g categor y o f  autoimmun e 
proces s (perniciou s anemia) .  Thi s i s interprete d 
as a n indicatio n o f  th e differenc e i n domain -
specifi c  knowledg e betwee n th e H D K an d L D K 
subject . 

Overall ,  th e result s fi-om  th e analysi s o f 
th e proble m representatio n generate d b y th e 
H DK an d th e L D K subject s sugges t  tha t  whil e 
ther e i s overla p i n th e generatio n o f  th e firs t  tw o 
diagnosti c subcomponents ,  o n th e on e hand , 
th e diagnose s o f  th e H D K subjec t  ar e mor e 
specifi c  an d precise ,  an d o n th e other ,  th e L D K 
subjec t  provide s a  genera l  descriptio n o f  th e 
disease .  Secondly ,  tihe  patter n o f  generatio n o f 
th e tw o subcomponent s i s differen t  fo r  bot h 
subjects .  Th e differenc e i s mainl y i n th e 
organizatio n o f  th e informatio n tha t  lead s t o th e 
generatio n o f  th e diagnosti c subcomponents . 
For  example ,  th e H D K subjec t  generate s th e 
secon d diagnosti c subcomponen t  (myxedema ) 
by associatin g th e finding  tha t  th e patien t  wa s 
hypothyroi d an d wa s give n a  potassiu m iodid e 
mixture .  O n th e othe r  hand ,  th e L D K subjec t 
generate d a  genera l  descriptio n o f  th e diagnosi s 
by associatin g th e finding  o f  potassiu m iodid e 
wit h th e slo w an d hoars e voice .  Th e H D K 
subject' s elaboratio n seem s t o b e mor e complet e 
and focuse d tha n th e on e o f  th e L D K subject . 
The representatio n o f  th e H D K subjec t  map s 
more directi y ont o th e referenc e nxxie l  tha n tha t 
of  th e L D K subject .  Finally ,  th e L D K subjec t 
re-evaluates  th e explanatio n o f  finding s afte r  th e 
presentatio n o f  th e las t  tw o segments ,  whil e th e 
H DK subjec t  doe s ver y litti e re-evaluation . 

The patter n use d b y th e tw o subject s i n 
generatin g a  representatio n seem s consisten t 
wit h th e suggestio n o f  Gic k &  Holyoak , 
(1983 )  tha t  th e H D K subject' s constructio n o f 
hi s representatio n i s schema-driven .  Durin g 
th e constructio n o f  th e proble m representatio n 
certai n findings  (tex t  cues )  see m t o activat e a 
diseas e schem a fi-o m whic h th e solve r  extract s 
th e give n an d th e goa l  informatio n an d connea s 
i t  t o existin g knowledg e s o tha t  a n integrate d 
representation  ca n b e formed .  Thi s explain s th e 
organizationa l  differenc e (multitud e o f  link s 
generate d fro m individua l  cue s a s wel l  a s th e 
number  o f  diseas e hypothese s generate d fro m 

th e selecte d cues )  betwee n th e H D K an d th e 
L D K subject s durin g thei r  on-lin e 
interpretation .  Hence ,  fo r  th e expert ,  solvin g a 
proble m begin s wit h th e identificatio n o f  th e 
righ t  solutio n schema ,  an d the n th e exac t 
solutio n procedur e involve s th e instantiatio n o f 
th e relevan t  piece s o f  informatio n a s specifie d i n 
th e schema .  Whil e novice s als o solv e problem s 
i n a  schema-drive n way ,  thei r  schem a o f 
proble m type s i s mor e incomplet e an d 
incoheren t  tha n thos e possesse d b y th e experts . 

The result s o f  thi s stud y rais e som e 
question s regardin g th e assumptio n o f  th e 
hypothetico-deductiv e mode l  a s a  characteristi c 
of  exper t  reasonin g i n medicin e a s formulate d 
by som e researcher s (cf .  Elstei n e t  al ,  1978) . 
TTi e results  presente d abov e see m t o mak e mos t 
sens e i n th e contex t  o f  a  two-ste p mode l  o f 
clinica l  reasoning .  Th e first  ste p i s tha t  o f 
generatin g a  coheren t  proble m representation , 
and th e secon d i s tha t  o f  evaluatin g it s 
goodness-of-fi t  (confirmatio n an d rulin g ou t  o f 
diagnosti c hypotheses ) 

The processe s o f  organizin g th e 
incomin g cas e informatio n ar e clearl y th e mos t 
importan t  t o th e stud y o f  diagnosti c reasonin g 
(se e Patel ,  &  Frederiksen ,  1984) .  Th e 
physicia n receive s a  lis t  o f  unrelate d cue s (a t 
leas t  non e o f  th e relation s ar e mad e explici t  i n 
th e cas e description )  an d ha s t o impos e o n tha t 
lis t  a n organizatio n tha t  maximize s it s 
coherence ,  normall y b y constructin g link s (o r 
addin g relations )  betwee n th e cue s an d on e o r 
more diagnoses .  Th e resultin g structur e o f  cue -
node s an d hypothesis-link s i s wha t  i s usuall y 
referre d t o a s th e physician' s proble m 
representation .  Th e analysi s o f  th e proces s o f 
generatio n o f  th e hypothese s produce d i n 
buildin g thes e representation s suggest s tha t 
expert s divid e thei r  tim e assessin g a  cas e 
descriptio n betwee n a  firs t  phas e o f  activ e 
generatio n o f  hypothese s an d a  secon d i n 
whic h thi s generatio n activit y i s absent .  I t 
seems reasonabl e t o assum e tha t  th e first  phas e 
correspond s t o th e organizationa l  proces s o f 
representin g th e problem ,  an d th e secon d phas e 
correspond s t o a  differen t  process ,  presumabl y 
one o f  evaluatin g th e representation .  Th e fac t 
tha t  th e time  cours e o f  hypothesi s generatio n 
(tim e i n whic h tw o o f  th e accurat e diagnosti c 
subcomponents )  wa s ver y simila r  fo r  th e tw o 
group s i n th e first ,  organizational ,  phas e 
suggest s a  limite d rol e o f  domain-specifi c 
knowledg e -  instea d i t  ma y b e determine d b y 
genera l  proble m solvin g skill . 

The secon d hypothesize d ste p i s tha t  o f 
evaluatin g th e proble m representation(s ) 
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produced .  Presumably ,  proble m representation s 
woul d hav e t o b e evaluate d wiU i  respec t  t o 
coverag e o f  th e cue s presented ,  interna l 
coherence ,  an d relative  certaint y wit h whic h on e 
hypothesi s ca n b e propose d ove r  another . 
Evidenc e fo r  a  two-ste p mode l  come s fro m Ui e 
clea r  chang e i n hypothesis-generatin g activit y 
afte r  sentenc e seve n (fo r  th e H D K subjects) , 
and fro m th e fac t  tha t  th e L D K subject s 
continue d t o generat e ne w hypothese s eve n 
afte r  the y ha d produce d al l  o f  th e component s 
of  th e correc t  diagnosis .  Thi s suggest s a  mor e 
importan t  rol e o f  domain-specifi c  knowledg e i n 
evaluatin g hypothese s tha n i n generatin g them . 

Thi s stud y als o ha s implication s fo r 
researcher s i n th e field  o f  artificia l  intelligence , 
especiall y fo r  th e developmen t  o f  exper t 
system s (Buchana n &  Shortliffe ,  1984 )  an d 
intelligen t  tutorin g system s (ITS )  (Anderson , 
Boyl e &  Yost ,  1985 ;  Clancey ,  &  Letsinger , 
1984 ;  Shut e &  Bonnar ,  1985) .  A  centra l 
proble m wit h th e developmen t  o f  thes e system s 
i s generatin g model s o f  exper t  knowledge .  Th e 
traditiona l  metho d fo r  developin g exper t  model s 
has bee n base d o n th e us e o f  protoco l  analysi s 
method s t o extrac t  informatio n from  interview s 
wit h expert s i n a  particula r  area .  Whil e th e us e 
of  thi s metho d ha s no t  bee n unsuccessful ,  a 
number  o f  researcher s hav e becom e concerne d 
about  th e validit y an d efficienc y o f  th e intuitive , 
non-forma l  method s use d i n protoco l  analysi s 
and th e limite d informatio n i t  provide s abou t  th e 
expert' s us g o f  hi s knowledg e (Kassire r  e t  al. , 
1978) .  Th e us e o f  a n on-lin e task-environmen t 
wit h th e combinatio n o f  protoco l  an d discours e 
analysi s technique s seem s t o b e a  firs t  ste p 
toward s th e solvin g thi s comple x proble m b y 
complementin g qualitativ e dat a t o supplemen t 

di e quantitativ e dat a normall y used .  Thi s stud y 
has demonstrate d th e richnes s o f  th e protocol s 
thu s produced . 

An obviou s extensio n o f  thi s researc h 
involve s th e us e o f  a n interactiv e on-lin e tas k 
environmen t  i n whic h subject s ca n contro l  th e 
orde r  an d conten t  o f  th e informatio n tha t  i s 
presente d b y requestin g wha t  the y nee d a t  a 
particula r  poin t  i n solvin g a  problem .  Th e mai n 
differenc e betwee n suc h a  tas k environmen t  an d 
th e on e use d i n thi s stud y i s tha t  th e informatio n 
her e wa s presente d i n a  fixed  orde r  no t  unde r 
th e subject' s control .  A  mor e flexibl e 
environmen t  wil l  allo w subject s t o explor e 
differen t  hypothese s freely,  as k question s a t 
any time,  an d backtrac k t o revie w informatio n 
presente d earlier .  Th e protocol s an d time  dat a 
thu s produced ,  whe n analyze d wit h mor e 
refine d version s o f  th e method s use d here , 
promis e t o yiel d m u c h mor e detaile d 
informatio n abou t  th e intricat e processe s o f 
proble m solvin g i n technical-scientifi c  domains . 
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Abstrac t 

The presen t  pape r  explore s th e relationshi p betwee n a  process/mathematica l  mode l  an d a 

connectionis t  mode l  o f  patter n recognition.  I n bot h models ,  patter n recognition  i s viewe d a s 

havin g availabl e multipl e source s o f  infomiatio n supportin g th e identificatio n an d interpretatio n 

of  th e inpu t  Th e results  fro m a  wid e variet y o f  experiment s hav e bee n describe d withi n th e 

framewor k o f  a  fuzz y logica l  mode l  o f  perception .  Th e assumption s centra l  t o thi s proces s mode l 

ar e 1 )  eac h sourc e o f  infonnatio n i s evaluate d t o giv e th e degre e t o whic h tha t  sourc e specifie s 

variou s alternatives ,  2 )  th e source s o f  informatio n ar e evaluate d independentl y o f  on e another ,  3 ) 

th e source s ar e integrate d t o provid e a n overal l  degre e o f  suppx>r t  fo r  eac h alternative ,  an d 4 ) 

percepma l  identificatio n an d interpretatio n follow s th e relative  degre e o f  suppor t  amon g th e 

alternatives .  Connectionis t  model s hav e bee n successfu l  a t  describin g th e sam e phenomena . 

Thes e model s assum e interaction s amon g input ,  hidden ,  an d outpu t  unit s tha t  activat e an d inhibi t 

one another .  Similaritie s betwee n th e framework s ar e described ,  an d th e relationship  betwee n 

the m explored .  A  specifi c  connectionis t  mode l  wit h inpu t  an d outpu t  layer s i s show n t o b e 

mathematicall y equivalen t  t o th e fuzz y logica l  model .  I t  remains  t o b e see n whic h framewor k 

serve s a s th e bette r  heuristi c fo r  psychologica l  inquiry . 

Introduction 

A growin g consensu s i n patter n recognition  i s tha t  ther e ar e muldpl e source s o f  informatio n 

tha t  th e perceive r  evaluate s an d integrate s t o achiev e perceptua l  recognition.  Conside r 

recognition  o f  th e ̂ ot A performanc e i n th e spoke n sentenc e 

The actres s wa s praise d fo r  he r  outstandin g performance . 

Recognitio n o f  th e wor d i s achieve d vi a a  variet y o f  bottom-u p an d top-dow n source s o f 

information .  Top-dow n source s includ e semantic ,  syntactic ,  an d phonologica l  constraint s an d 

bottom-u p source s includ e audibl e an d visibl e feature s o f  th e spoke n wor d (Massaro ,  i n pres s a , 

b) . 

A Fuzzy Logical Framework for Pattern Recognition 

Accordin g t o th e thi s framework ,  well-learne d pattern s ar e recognized  i n accordanc e wit h a 

genera l  algorithm ,  regardless  o f  th e modalit y o r  particula r  natur e o f  th e pattern s (Massaro ,  1979 ; 

1984a ,  1984b ,  i n pres s b ;  Oden ,  1978 ,  1981) .  Th e mode l  ha s received  suppor t  i n a  wid e variet y 

of  domain s an d consist s o f  thre e operation s i n percepma l  (primary )  recognition :  featur e 

evaluation ,  feamr e integration ,  an d patter n classification .  Continuously-value d feature s ar e 

evaluated ,  integrated ,  an d matche d agains t  prototyp e description s i n memory ,  an d a n 

identificatio n decisio n i s mad e o n th e basi s o f  di e relative  goodnes s o f  matc h o f  th e stimulu s 
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informatio n wit h th e relevan t  prototyp e descriptions .  Th e mode l  i s calle d a  fuzz y logica l  mode l 

of  perceptio n (abbreviate d F L M P ) . 

Centra l  t o th e F L M P ar e summar y description s o f  th e perceptua l  unit s (Ode n &  Massaro , 

1978) .  Thes e summar y description s ar e calle d prototype s an d the y contai n a  conjunctio n o f 

variou s propertie s calle d features .  A  prototyp e i s a  categor y an d th e feature s o f  th e prototyp e 

correspon d t o th e idea l  value s tiiat  a n exempla r  shoul d hav e i f  i t  i s  a  member  o f  tha t  category . 

The exa a for m o f  th e representation  o f  tiiese  propertie s i s no t  know n an d m a y neve r  b e known . 

However ,  th e memor y representation  mus t  b e compatibl e witi i  th e sensor y representation 

resultin g firo m th e transductio n o f  tiie  input .  Compatibilit y  i s  necessar y becaus e th e tw o 

representations  mus t  b e related  t o on e another .  T o recogniz e a n object ,  th e perceive r  mus t  b e abl e 

t o relate  th e informatio n provide d b y th e objec t  itsel f  t o som e memor y o f  th e objec t  category . 

Prototype s ar c generate d fo r  th e tas k a t  hand .  Th e sensor y system s transduc e th e physica l 

even t  an d mak e availabl e variou s source s o f  informatio n calle d features .  Durin g th e first 

operatio n i n th e model ,  th e feature s ar e evaluate d i n term s o f  th e prototype s i n memory .  Fo r  eac h 

featur e an d fo r  eac h prototype ,  featur e evaluatio n provide s informatio n abou t  th e degre e t o whic h 

th e featur e i n th e speec h signa l  matche s tiie  correspondin g featur e valu e o f  Ui e prototype . 

Give n th e necessaril y  larg e variet y o f  features ,  i t  i s  necessar y t o hav e a  c o m m o n metri c 

representing  di e degre e o f  matc h o f  eac h feature .  T w o feature s mus t  shar e a  c o m m o n metri c i f 

the y eventuall y ar c goin g t o b e rclated  t o on e another .  T o serv e thi s purpose ,  fuzz y trut h value s 

(Zadeh ,  1965 )  ar e use d becaus e the y provid e a  namra l  rcprcsentation  o f  th e degre e o f  match . 

Fuzz y trut h value s li e betwee n zer o an d one ,  correspondin g t o a  propositio n bein g completel y 

fals e an d completel y true .  Th e valu e . 5 corrcspond s t o a  completel y ambiguou s simatio n wherea s 

. 7 woul d b e mor e tru e tha n fals e an d s o on .  Fuzz y trut h values ,  therefore ,  no t  onl y ca n represent 

continuou s rathe r  tha n jus t  categorica l  information ,  the y als o ca n represent  differen t  kind s o f 

information .  Anothe r  advantag e o f  fuzz y trut h value s i s tha t  the y couc h informatio n i n 

mathematica l  temi s (o r  a t  leas t  i n a  quantitativ e fomi) .  Thi s allow s th e natura l  developmen t  o f  a 

quantitativ e descriptio n o f  th e phenomeno n o f  intercs L 

Featur e evaluatio n provide s th e degre e t o whic h eac h featur e i n th e stimulu s matche s th e 

correspondin g featur e i n eac h prototyp e i n memory .  Th e goal ,  o f  course ,  i s t o determin e tiie 

overal l  goodnes s o f  matc h o f  eac h prototyp e wit h th e stimulus .  Al l  o f  th e feature s ar e capabl e o f 

contributin g t o tiiis  proces s an d tiie  secon d operatio n o f  th e mode l  i s calle d featur e integration . 

That  is ,  th e feature s (actuall y th e degree s o f  matches )  correspondin g t o eac h prototyp e ar e 

combine d (o r  conjoine d i n logica l  terms) .  Th e outcom e o f  featur e integratio n consist s o f  th e 

degre e t o whic h eac h prototyp e matche s th e stimulus .  I n th e model ,  al l  feature s contribut e t o th e 

fina l  value ,  bu t  wit h th e propert y tha t  th e leas t  ambiguou s feature s hav e th e mos t  impac t  o n th e 

outcome . 

The thir d operatio n durin g recognition  processin g i s patter n classification .  Durin g tiiis 

stage ,  tiie  meri t  o f  eac h relevant  prototyp e i s evaluate d relative  t o th e su m o f  th e merit s o f  th e 

otiie r  relevant  prototypes .  Thi s relativ e goodnes s o f  matc h give s tiie  proportio n o f  times  th e 

stimulu s i s identifie d a s a n instanc e o f  tiie  prototype .  Th e relative  goodnes s o f  matc h coul d als o 

be determine d fro m a  ratin g judgmen t  indicatin g th e degre e t o whic h tiie  stimulu s matche s th e 

category .  Th e patter n classificatio n operatio n i s modele d afte r  Luce' s (1959 )  choic e rule .  I n 

pandemonium-lik e temi s (Selfridge ,  1959) ,  w e migh t  sa y tha t  i t  i s  no t  h o w lou d som e demo n i s 

shoutin g bu t  rathe r  th e relativ e loudnes s o f  tha t  demo n i n th e crow d o f  relevant  demons .  T w o 

importan t  prediction s o f  th e mode l  ar e 1 )  tw o feature s ca n b e mor e informativ e tha n jus t  on e an d 

2)  a  give n featur e ha s a  greate r  effec t  t o tiie  exten t  a  secon d feamr e i s ambiguous . 
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Relationshi p t o Connectionis t  Model s 

Th e framewoi k provide d b y th e F L M P anticipate d man y o f  th e distinguishin g propertie s o f 

ne w connectionis m (  Massaro ,  1986a ,  1986b ;  Ode n &  Rueckl ,  1986) .  A  connectionis t  mode l  o f 

perceptio n ( C M P )  als o i s a n information-processin g syste m havin g an d manipulatin g infoimatio n 

(McClellan d &  Rumelhart ,  1986) .  Th e infonnatio n i s represente d i n tenn s o f  th e activation s an d 

inhibition s o f  neural-lik e units .  Th e unit s ar c assume d t o exis t  a t  differen t  levels ;  fo r  example , 

th e T R A C E mode l  o f  speec h perceptio n (McQellan d &  Elman ,  1986 )  consist s o f  unit s a t  th e 

feature ,  phoneme ,  an d wor d levels .  Th e unit s interac t  wit h on e anotiie r  vi a connection s amon g 

th e units .  Th e connectivit y i s implemente d b y positiv e an d negativ e weight s tha t  ar e eiUie r 

specifie d i n advanc e o r  learne d throug h feedback . 

A prototypica l  connectionis t  framewor k share s severa l  fundamenta l  propertie s wit h th e 

curren t  theoretica l  framewor k a s instantiate d i n th e F L M P .  First ,  bot h frameworks  assum e 

continuou s rather  tha n discret e representations;  th e fuzz y trut h value s o f  th e F L M P ar e analogou s 

t o di e continuou s level s o f  activatio n an d inhibitio n o f  connectionis t  models .  Second ,  bot h 

frameworks  acknowledg e th e existenc e o f  multipl e simultaneou s constraint s o n huma n 

performance .  Bot h framewoik s provid e a n accoun t  o f  th e evaluatio n an d integratio n o f  multipl e 

source s o f  informatio n i n patter n recognition.  Third ,  ther e i s th e paralle l  assessmen t  o f  multipl e 

candidate s o r  hypotiiese s a t  multipl e level s i n bot h models .  Fourth ,  boti i  frameworks  provid e a 

c o m m on metii c  fo r  relating  qualitativel y differen t  source s o f  information .  I n th e F L M P ,  eac h 

sourc e o f  informatio n i s represented  b y fuzz y trut h value s representing  th e degre e t o whic h 

alternativ e hypothese s ar e supported .  Activatio n leve l  play s th e analogou s role  i n connectionis t 

models .  Fifth ,  th e automati c categorizatio n o f  a  nove l  instanc e ca n b e accomplishe d i n bot h 

frameworks.  Finally ,  bot h framewoik s conceptualiz e patter n recognitio n a s findin g flie  bes t  fit 

betwee n th e relevant  constraint s an d th e patter n tha t  i s perceived . 

Th e clos e fit  betwee n th e presen t  framewoi k an d connectionis m dictate s a n exploratio n o f 

thei r  similaritie s an d differences .  AlUioug h tiie  tw o framework s appea r  t o agre e o n importan t 

theoretica l  criteria ,  th e specifi c  model s t o dat e diffe r  i n term s o f  th e amoun t  o f  connectivit y i n th e 

system .  Th e F L M P assume s n o top-dow n influence s o f  a  higher-leve l  uni t  o n activatio n o f  a 

lower-leve l  uni t  an d n o inhibitio n amon g unit s a t  a  give n level .  Connectionis t  models ,  suc h a s 

th e interactiv e activatio n model s o f  writte n wor d recognition  an d speec h perception ,  usuall y 

make boti i  o f  thes e assumptions .  A s presenU y formulated ,  man y o f  th e connectionis t  model s 

wit h two-wa y connection s amon g differen t  level s o f  unit s an d connectivit y amon g unit s a t  a 

give n leve l  ar e to o powerful .  The y ar e capabl e o f  predictin g no t  onl y observe d results  bu t  als o 

results  tha t  d o no t  occu r  (Massaro ,  1986a) .  Tha t  is ,  som e connectionis t  model s ca n simulat e 

results  tha t  hav e no t  bee n observe d i n psychologica l  investigation s an d results  generate d b y 

incorrec t  proces s model s o f  performanc e ̂ assaro ,  i n preparation) . 

Mathematical Equivalence of Two Models 

I t  ca n b e show n tha t  th e F L M P make s maUiematicall y equivalen t  prediction s t o thos e mad e 

by a  two-laye r  C M P ,  witi i  inpu t  an d outpu t  units .  A s i n al l  instantiation s o f  a  theory ,  particula r 

assumption s mus t  b e mad e abou t  th e descriptio n o f  th e results  o f  interes t  Differen t  assumption s 

woul d probabl y chang e th e relationship  betwee n th e tw o models .  Th e model s ar e compare d i n a n 

expande d factoria l  design s i n whic h tw o o r  mor e dimension s o f  informatio n ar e varie d 

independenU y o f  on e anothe r  i n a  patter n recognition  task .  Eac h o f  th e dimension s i s als o 

presente d alone .  Labelin g th e dimension s a s X  an d Y ,  X ,  woul d correspon d t o th e tt h leve l  o f 

th e X  dimension .  Similarly ,  Y j  woul d correspon d t o th e ;t h leve l  o f  th e Y  dimension .  A  give n 
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stimulu s compose d o f  a  singl e dimensio n woul d b e labele d X, -  o r  Jy ,  an d a  give n combinatio n 

woul d b e represented  b y X ,  Yj . 

Evaluatio n 

Y i -

.  x . 

' J 

ntegratio n Classificatio n 

^ ^ ^ — R « 

Figur e 1 .  Schemati c rcpresenuuio n o f  th e thre e operation s involve d i n perceptua l  recognition . 
accordin g t o th e fiizz y logica l  mode l  o f  percq>tion . 

Figure 1 illustrates the three stages involved in pattern recognition. The sources of 

informatio n ar e represented  b y uppercas e letters .  Th e evaluatio n proces s transform s thes e int o 

psychologica l  value s (indicate d b y lowercas e letters )  tha t  ar e the n integrate d t o giv e a n overal l 

value .  Th e classificatio n operatio n map s thi s valu e int o som e response ,  suc h a s a  discret e 

decisio n o r  a  rating . 

Th e F L M P assume s thre e operation s betwee n presentatio n o f  a  patter n an d it s 

categorization ,  a s illustrate d i n Figur e 1 .  Featur e evaluatio n give s th e degre e t o whic h a  give n 

dimensio n support s eac h tes t  alternative .  Th e physica l  inpu t  i s transfomie d t o a  psychologica l 

value ,  an d i s represented  i n lowercase .  Fo r  a  give n response  alternativ e Aij ,  X ,  woul d b e 

tiansfomied  t o xi ,  an d analogousl y fo r  dimensio n Yj .  Eac h dimensio n provide s a  feauir e valu e a t 

featur e evaluation .  Featur e integratio n consist s o f  a  multiplicativ e combinatio n o f  featiir e value s 

supportin g a  give n alternativ e Aij .  I f  x, -  an d y j  ar e di e value s supportin g alternativ e Aij ,  tiien  th e 

tota l  suppor t  fo r  th e alternativ e Ai j  woul d b e give n b y th e produc t  x, -  yj . 

Xi yj. 

thir d operatio n i s patter n classification ,  whic h give s th e relative  degre e o f  suppor t  fo r 

e tes t  alternatives .  I n thi s case ,  th e probabilit y  o f  a n Ai j  respons e give n XiY j  i s 

P(Aij\XiYj) = ^ (1) 

Tne uui u û Â iauui i  l i 

eac h o f  th e tes t  alternative s 

P(Aij\XiYj )  =  ^ 

wher e ̂  i s  equa l  t o th e su m o f  th e meri t  o f  al l  relevant  alternatives ,  derive d i n th e sam e manne r 

as illustî te d fo r  alternativ e Aij . 

The C M P i s assume d t o hav e a n inpu t  laye r  an d a n outpu t  layer ,  wit h al l  inpu t  unit s 

connecte d t o al l  outpu t  units .  I t  i s  assume d tha t  eac h leve l  o f  eac h dimensio n i s represented  b y a 

uniqu e uni t  a t  th e inpu t  layer .  Eac h respons e alternativ e i s represented  b y a  uniqu e uni t  a t  th e 

outpu t  layer .  Figur e 2  give s a  schemati c representation  o f  tw o inpu t  unit s connecte d t o a  singl e 

outpu t  uni t 

An inpu t  uni t  ha s zer o input ,  unles s it s correspondin g leve l  o f  th e stimulu s dimensio n i s 

presented .  Presentatio n o f  a n inpu t  unit' s  targe t  stimulu s give s a n inpu t  o f  one .  Th e activatio n o f 

an outpu t  uni t  b y a n inpu t  uni t  i s  give n b y th e multiplicativ e combinatio n o f  th e inpu t  activatio n 

and a  weigh t  w .  Witi i  tw o activ e input s X, -  an d Yj ,  th e activatio n enterin g outpu t  uni t  A  woul d b e 

Aij : Xi +yj 

where x,=w,- X,- andyj=^j Yj. The total activation leaving an output unit is given by the sum of 

th e inpu t  activations ,  passe d tiirough  a  sigmoi d squashin g functio n (McQellan d &  Rumelhart , 

1986) . 
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Figure 2. Dlustration of connectionist model with two input units and one output unit 

A connectionist model does not specify completely the input-output relationship. The output 

activation s h a v e t o b e m a p p e d int o a  response,  an d Luce ' s choic e nil e i s  usuall y a s s u m e d t o 

describ e thi s m a p p i n g ( M c Q e l l a n d &  Rumelhar t ,  1985) .  T a k i n g thi s tack ,  th e activatio n Ai j 

transforme d int o a  response  probabilit y b y Luce ' s choic e rul e give s 

1 

P^A,IX^Y, )  =  J ^ ^ ^ (2 ) 

wher e J ^  i s  equa l  t o th e su m o f  th e activation s o f  al l  relevant  outputs ,  derive d i n th e manne r 

illustrate d fo r  alternativ e Aij . 

Th e F L M P doe s no t  specif y th e psychophysica l  relationship  betwee n th e physica l  stimulu s 

and it s sensor y transformation .  Neithe r  doe s a  connectionis t  model ;  bot h model s requir e fre e 

parameter s t o specif y thi s relationship.  Th e fre e parameter s ar e weight s i n th e connectionis t 

model  an d trut h value s i n th e F L M P .  A  uniqu e weigh t  i s  assume d fo r  eac h leve l  o f  eac h 

dimensio n i n th e C M P ,  an d a  uniqu e trut h valu e i s require d fo r  eac h leve l  o f  eac h dimensio n i n 

th e F L M P .  Thus ,  th e sam e numbe r  o f  fre e parameter s i s  required  b y th e tw o models .  Th e 

number  o f  fre e parameter s i s equa l  t o th e numbe r  o f  level s o f  th e X  dimensio n plu s th e numbe r  o f 

level s o f  th e Y  dimension .  Althoug h a  threshol d uni t  i s  sometime s assume d i n connectionis t 

models ,  n o suc h uni t  i s  assume d here .  W e als o hav e Luce' s choic e rul e operatin g fo r  bot h th e 

C MP an d th e F L M P .  I n thi s case ,  a  forma l  equivalenc e betwee n th e tw o model s exist s  i f  addin g 

th e weighte d activation s a t  inpu t  an d transfonne d b y th e sigmoi d squashin g functio n i s 

mathematicall y equivalen t  t o multiplyin g fuzz y trut h values .  Give n tha t  th e C M P ' s activate d X , 

and Y j  inpu t  unit s ar e equa l  t o one ,  th e activation s enterin g a n outpu t  uni t  ar e equa l  t o w, -  an d Wj . 

I t  follow s tha t  th e activatio n o f  a n outpu t  uni t  i n th e C M P i s predicte d t o b e rp^pnrr -  ^ ^ 

degre e o f  suppor t  fo r  a  give n tes t  alternativ e fo r  th e F L M P i s equa l  t o x ,  yj . 

Th e trut h value s i n th e F L M P ar e constraine d betwee n zer o an d one ,  followin g th e 

assumptio n o f  fuzz y logi c (Zadeh ,  1965) .  Accordingly ,  x i  y j  mus t  li e betwee n zer o an d one .  Th e 

sigmoi d squashin g functio n als o take s o n value s onl y betwee n zer o an d one ,  eve n thoug h th e 

weight s ar e unbounded .  I t  follow s tha t  th e model s ca n mak e mathematicall y identica l  prediction s 

becaus e 1 )  fo r  ever y xi ,  ther e i s a  w, ,  an d 2 )  fo r  ever y yj ,  ther e i s a  Wj  suc h tha t  _j|[, .  ̂  ̂  j 

equals x, yj. It can be shown that there exists a correspondence between these predictions such 
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tha t  equivalen t  prediction s ca n b e mad e b y th e tw o models . 

1 
•* •  y j ~ i.--{w>,-t-» j  (3 ) 

The proo f  o f  th e abov e equivalenc e i s mos t  obviou s fo r  th e single-dimensio n condition s o f 

th e expande d factoria l  design .  Ther e exist s a  uniqu e relationship  betwee n th e weight s i n th e 

C MP an d th e tnat h value s i n th e F L M P i f  a n expande d factoria l  desig n i s used .  I n thi s case ,  i t  ca n 

be prove d tha t  q j ^  equal s x ,  an d p̂̂ -j -  equal s yj .  Equivalently ,  weigh t  w, -  equal s 

- In (— - 1). Data from an expanded factorial design always give only one set of parameters for 

the FLMP, and also force the CMP to come up with a unique set of mathematically equivalent 

weights .  Give n thi s equivalence ,  w e ca n translat e directl y betwee n th e tw o kind s o f  parameters . 

We migh t  argu e als o tha t  th e trut h value s ar e mor e informativ e i n th e F L M P analysi s becaus e i t  i s 

easy t o conceptualiz e value s betwee n 0  an d 1 ,  an d th e trut h valu e give s th e contributio n o f  a 

sourc e o f  inforaiatio n uncontaminate d b y othe r  sources .  Thi s latte r  featur e i s anothe r  valu e o f 

independenc e model s relative  t o model s wit h hig h interconnectivity ,  i n whic h th e contributio n o f 

one sourc e ca n no t  b e pulle d apar t  fro m th e contributio n o f  othe r  sources . 

Simila r  prediction s exis t  fo r  thre e o r  mor e stimulu s dimension s an d thre e o r  mor e response 

alternatives .  Increasin g th e numbe r  o f  response  alternative s doe s no t  chang e th e relationshi p 

betwee n th e tw o model s becaus e thi s increas e onl y affect s th e numbe r  o f  outputs ,  an d thes e ar e 

handle d equivalentl y b y Luce' s choic e rul e i n bot h models .  Increasin g th e numbe r  o f  dimension s 

adds th e sam e numbe r  o f  term s t o bot h models ,  preservin g th e equivalenc e show n i n Equatio n 3 . 

I n th e F L M P ,  th e thre e dimension s o f  suppor t  fo r  alternativ e Ai j  woul d b e 

Aij Xi yj Zk 

In the CMP, the activation of three input units would give 

A- • 1 

where Xi = w, X,-, yj = Wj Yj, and z* = w^ Z*. The total activation of an output xmit is given by 

th e su m o f  th e thre e inpu t  activation s passe d throug h th e sigmoi d squashin g function ,  an d s o o n 

fo r  a  large r  numbe r  o f  inputs . 

The F L M P specifie s mathematicall y evaluatio n an d integratio n processes .  Th e C M P 

implement s evaluatio n an d integratio n b y activation s an d inhibition s betwee n inpu t  unit s an d 

outpu t  units .  Evaluatio n correspond s t o th e activatio n alon g a  singl e connectio n betwee n a n inpu t 

uni t  an d a n outpu t  uni t  Integratio n i n th e C M P correspond s t o th e sur a o f  al l  th e activation s 

enterin g a  give n outpu t  unit ,  an d transforme d b y th e sigmoi d squashin g function .  Th e 

correspondenc e betwee n th e F L M P an d C M P reveals  tha t  th e tw o models ,  couche d i n differen t 

theoretica l  frameworics,  ca n mak e identica l  prediction s i n practice .  A  remaining  issu e i s h o w 

proces s an d coimectionis t  model s diffe r  fro m on e another ,  an d whethe r  ther e i s a n advantag e o f 

one ove r  th e other . 
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Abstract 

A theoretica l  classificatio n o f  th e type s o f  representation s possibl e fo r  variabl e i n connectionis t 

network s ha s bee n develope d [l] .  Thi s pape r  discusse s th e propertie s o f  som e cljisse s o f  connectionis t 

representations .  I n particular ,  th e representatio n o f  variable s i n value-unit ,  variable-uni t  an d 

intermediat e uni t  representation s ar e analyzed ,  an d a  course-fin e concep t  o f  representatio n developed . 

I n addition ,  th e relatio n betwee n th e measiremer t  o f  a  featur e an d it' s representatio n i s discussed . 

1. Connectionist Networks 

Connectionis t  network s consis t  o f  a  larg e numbe r  o f  ver y simpl e processin g elements ,  whic h ar e 

highl y interconnected ,  wit h eac h processo r  receivin g inpu t  fro m an d sendin g outpu t  t o man y othe r 

processors .  I n a  broa d sens e o f  connectionis m ther e ar e variou s type s o f  connectionis t  networks :  i n cel -

lula r  automat a networks ,  th e connection s ar e generall y limite d t o thos e betwee n neares t  neighbors ,  an d 

th e computation s ar e generall y deterministi c  [2] ;  i n cooperativ e an d competitiv e network s i t  i s  th e 

dynamica l  analysi s o f  ieedhack ,  shuntin g etc .  withi n an d betwee n layer s o f  processin g unit s tha t  i s 

generall y studie d [3] ;  'iii e m th e "connectionis t  school "  complet e interconnectivit y i s permitted ,  an d 

eithe r  loca l  o r  distribute d representation s o f  feature s ar e use d [4,5] .  Thi s pape r  i s concerne d wit h con -

nectionis t  network s i n thi s broa d sense :  i t  concern s data-paralle l  processin g wher e eac h processin g ele -

ment  withi n a  grou p ha s th e sam e program ,  an d eac h processin g elemen t  i s connecte d t o othe r  proces -

sor s whic h li e withi n it s loca l  neighborhood . 

Connectionis t  network s hav e bee n studie d fo r  a  variet y o f  reasons .  On e motivatio n come s fro m 

vognitiv e science ,  wher e th e desir e i s t o understan d th e brai n a s a  computationa l  device .  A s th e brai n 

consist s o f  larg e number s o f  massivel y interconnecte d simpl e processin g elements ,  th e stud y o f  connec -

tionis t  network s ma y ultimatel y ai d u s i n understandin g neuni l  computations .  However ,  thi s goa l 

must  b e treate d wit h caution ;  th e analog y t o neuron s mus t  b e m.u'. e ;i t  th e prope r  level . 

A mor e recen t  motivatio n fo r  studyin g connectionis m ha s arise n fro m th e compute r  scienc e 

emphasi s o n paralle l  processing ,  a s connectionis t  network s ar e a n exampl e o f  fine-grain  parallelism . 

The styl e o f  computin g tha t  i s possibl e wit h suc h parallelis m i s ver y differen t  fro m tha t  possibl e wit h 

uniprocesso r  systems ,  o r  v.it h paralle l  system s containin g a  smal l  numbe r  o f  processors ,  an d thu s 

represen t  a  distinc t  clas s o f  paralle l  computations .  Wit h th e adven t  o f  th e Connectio n Machin e [6] ,  a 

fine-grain  paralle l  machine ,  ther e i s increasin g motivatio n t o understan d th e type s o f  computation s pos -

sibl e wit h suc h hardware . 

1.1. The Representation of Variables in Connectionist Networks 

Jus t  a s a  differen t  styl e o f  computatio n i s possibl e i n a  connectionis t  network ,  th e style s o f 

representatio n o f  variable s tha t  ar e natura l  fo r  a  connectionis t  networ k ma y b e ver y differen t  fro m 

th e type s o f  representatio n natura l  fo r  serial ,  o r  coars e grai n paralle l  processing .  Fo r  example ,  Feld -

man an d Ballar d us e explici t  loca l  representation s o f  image  features ,  whic h the y refe r  t o a s paramete r 

space s o r  featur e spaces .  Shape s o r  object s ar e represente d b y a  se t  o f  particula r  value s o f  certai n 

features ,  an d th e connectionis t  computation s involve d ar e basicall y indexin g operation s int o th e featur e 

space ,  an d constrain t  satisfactio n betwee n set s o t  teaturc s Orossberg ,  however ,  doe s no t  us e suc h a 

featur e representation ,  bu t  rathe r  investigate s th e mor e globa l  pattern s o f  activit y i n a  field  o f  connec -

tionis t  units .  Similarly ,  Hinton ,  McClellan d an d Kumelhar t  [4] ,  an d Kohone n [7 ]  us e distribute d 

'  Thi s r<;stai \  h  i s  funde d b y NS F Gran t  1S T 840982 7 av,arde d t o th e author . 
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representations . 

A genera l  theoretica l  classificatio n o f  th e type s o f  variabl e representation s possibl e i n connection -

is t  networks ,  i n whic h th e differen t  existin g variabl e representation s ca n b e expressed ,  an d ne w type s 

of  representation s ca n b e indicated ,  ha s bee n create d [8] .  Th e theoretica l  framewor k enable s th e proper -

tie s o f  differen t  connectionis t  representation s t o b e formall y analyze d whic h allow s th e principle d 

choic e o f  th e optima l  representatio n fo r  a  particula r  application .  A s th e framewor k ha s bee n treate d 

i n detai l  elsewher e [l] ,  onl y a  brie f  descriptio n occur s here . 

2. Preliminary Assumptions 

The theoretica l  framewor k fo r  connectionis t  representatio n o f  variable s i s base d o n certai n gen -

era l  assumption s abou t  connectionis t  networks ,  th e processin g element s whic h participat e i n connec -

tionis t  networks ,  an d th e natur e o f  variable s tha t  ar e t o b e represente d i n suc h networks .  Thes e 

assumption s ar e enumerate d below . 

2.1. Connectionist Units 

Connectionis t  network s ar e t o contai n a  larg e numbe r  o f  simple ,  identica l  processin g units ,  eac h 

of  whic h ar e capabl e o f  signalin g a  limite d numbe r  o f  values .  Fo r  example ,  i f  a  connectionis t  uni t 

consiste d o f  a n 8-bi t  memor y word ,  i t  coul d represen t  o r  signa l  onl y 25 6 separat e values .  Ther e ar e 

tw o mean s b y whic h connectionis t  unit s ca n represen t  information :  explicitl y  throug h it' s  leve l  o f 

activit y o r  th e valu e i t  stores ;  an d implicitly ,  a s eac h uni t  i n a  multi-uni t  syste m ca n represen t  a 

differen t  valu e o r  rang e o f  vales .  Fo r  example ,  i n representin g color ,  thre e unit s coul d b e used ;  on e 

eac h t o implicitl y  represen t  red ,  blu e an d green .  Eac h o f  thes e unit s coul d the n explicitl y  represen t  th e 

intensit y valu e o f  it' s  implie d colo r  component . 

Notic e tha t  i t  i s  no t  th e connection s betwee n unit s whic h encod e th e informatio n here ,  a s w e ar e 

primaril y concerne d wit h short-ter m rathe r  tha n long-ter m encodin g o f  visua l  information .  Othe r 

researcher s hav e use d th e connection s betwee n unit s t o encod e longe r  rer m information . 

2.2. Representation of Variables 

The basi c propert y o f  a  variabl e i s tha t  i t  ca n tak e o n a  rang e o f  p)ss)bl e values .  Fo r  eac h vari -

abl e ther e i s a n /? ,  an d a n injectio n g ,  suc h tha t  g  map s th e se t  o l  value s o f  tha t  variabl e int o 

euclidea n n  space ,  an d onl y k  distinc t  value s li e alon g eac h dimensio n o f  a  variable . 

3. Definitions of Types of Variable Representations 

The genera l  theor y o f  variabl e representation s fo r  connectionis t  network s assume s tha t  represe n 

tation s ca n b e classifie d i n term s o f  th e followin g thre e properties . 

3.1. Conjunctive versus Disjunctive Representations 

For  a n n  dimensiona l  variable ,  i t  i s  possibl e t o hav e a  completel y conjunctive ,  a  completel y dis -

junctiv e o r  a  partiall y  conjunctiv e /  partiall y  disjunctiv e representation .  A  completel y disjunctiv e 

representatio n coul d b e thought  o f  a s containin g n  separat e one-dimensiona l  representations ,  on e fo r 

eac h dimensio n o f  th e variable .  Thi s contrast s wit h th e completel y conjunctiv e representatio n whic h 

woul d contai n onl y a  singl e n  dimensiona l  representation .  A  partiall y  conjunctiv e /  partiall y  disjunc -

tiov e representatio n woul d consis t  o f  a t  leas t  on e one-dimensiona l  representation ,  an d a t  leas t  on e m -

dimensiona l  representation ,  wit h m <  n . 

One w a y t o classif y representation s i n term s o f  thi s propert y i s t o expres s th e numbe r  o f  disjunc -

tiv e dimension s presen t  i n a  give n representation .  Wit h n o disjunctiv e dimensions ,  th e representatio n 

woul d b e completel y conjunctive ,  an d wit h n  disjunctiv e dimension s a  representatio n woul d b e com -

pletel y disjunctive ,  an d intermediat e value s woul d b e partial . 
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3.2 .  Variable-uni t  versu s Value-uni t  Representation s 

Connectionis t  representation s o f  variable s ca n als o var y i n term s o f  th e numbe r  o f  distinc t 

value s tha t  eac h constituen t  uni t  ca n signal .  On e w a y t o expres s thi s i s i n term s o f  th e "memor y size " 

of  th e connectionis t  units .  I t  wil l  b e assume d here ,  withou t  los s o f  generality ,  tha t  connectionis t  unit s 

use a  binar y representation ,  an d th e memor y siz e wil l  b e expresse d i n bits . 

Ther e ar e tw o extreme s t o th e possibl e variabl e representation s i n term s o f  th e memor y siz e o f 

connectionis t  unit s require d t o represen t  on e valu e o f  a  variable .  I n th e variable-uni t  representatio n 

each uni t  ha s logik '  memor y size ,  wher e k '  i s  th e numbe r  o f  distinc t  value s o f  th e variabl e t o b e 

represented .  I n th e value-uni t  representatio n eac h uni t  ha s a  memor y siz e o f  1 .  A  singl e variable-uni t 

can b e use d t o signa l  th e presenc e o f  an y o f  th e k '  distinc t  values ,  whil e a  singl e value-uni t  ca n onl y 

represen t  on e o f  th e k '  values ,  an d k '  value-unit s woul d b e require d t o represen t  an y arbitrar y valu e 

alon g a  dimension . 

The tw o type s o f  codin g referre d t o ar e th e logica l  extreme s o f  coding s well  k n o w n i n th e vari -

ous discipline s whic h ar e concerne d wit h connectionis t  computations .  Neurophysiologist s refe r  t o th e 

first  typ e a s a  frequenc y code ,  an d t o th e secon d typ e a  a  labeled-lin e cod e [9] .  Ballar d ha s discusse d 

th e implication s o f  eac h typ e o f  coding ,  whic h h e refer s t o a s variabl e an d valu e codin g respectivel y 

[5] . 

The valu e uni t  an d variable-uni t  encoding s ar e th e tw o possibl e extreme s o f  variabl e representa -

tio n i n term s o l  'h e mem<.)ry-siz e o f  units ,  an d th e numbe r  o f  unit s require d t o represen t  a  variable .  I t 

i s  als o usefu l  t o ̂  unside r  a  representatio n whic h i s intermediat e betwee n thes e extremes .  I n a n inter -

mediat e representatio n th e memor y siz e o f  th e unit s i s  b ,  ( l  <f c <log2/r) .  I n bot h biologica l  an d 

machin e systems ,  th e intermediate-uni t  representatio n i s ofte n used . 

3.3. Response Overlap 

Representation s ca n als o var y i n term s o f  respons e overlap .  I n a  n o respons e overla p representa -

tio n a  particula r  valu e o f  a  variabl e alon g on e dimensio n i s represente d b y th e activit y o f  a  singl e 

unit .  I n respons e overla p representation s th e activit y o f  eac h processin g uni t  represent s a  rang e o f  d 

discret e value s o f  a  variabl e alon g eac h dimension ,  an d eac h particula r  valu e i s encode d b y th e activit y 

of  a  numbe r  o f  overlappin g units .  Connectionis t  unit s participatin g i n a  response-overla p representa -

tio n ar e sai d t o hav e a  diamete r  o f  d . 

4. Theoretical Classification of Variable Representations 

Variabl e representation s ca n b e classifie d alon g th e thre e dimension s describe d above ,  whic h for m 

th e connectionis t  variabl e representatio n spac e (VRS )  illustrate d i n Figur e 1  [l] .  V R S provide s a 

theoretica l  framewor k fo r  describin g th e connectionis t  encoding s use d i n previou s research .  Fo r  exam -

ple ,  Hinton' s coars e codin g schem e i s a  conjunctive ,  overlapping ,  value-uni t  representatio n [lO] ,  whil e 

Ballar d use s a  conjunctive ,  non-overlappin g valu e representatio n i n hi s connectionis t  shap e perceptio n 

algorith m [5] .  Th e neuron s i n th e mammalia n striat e corte x tha t  ar e selectivel y sensitiv e t o a  smal l 

rang e o f  spatia l  frequencie s (o r  edg e widths )  an d a  smal l  rang e o f  edg e orientation s ar e usin g a  con -

junctive ,  overlapping ,  intermediate-uni t  representation .  I n th e M T regio n o f  visua l  processing ,  ther e i s 

one se t  o f  neuron s whic h ar e selectivel y sensitiv e t o velocity ,  an d anothe r  se t  whic h ar e selectivel y 

sensitiv e t o th e directio n o f  motion .  Thes e neuron s appea r  t o b e usin g a  disjunctive ,  overlappin g inter -

mediat e representation .  I n compute r  visio n program s wher e edg e informatio n i s represente d a s a n 

intensit y map ,  an d a n orientatio n map ,  th e disjunctive ,  nonoverlappin g variabl e representatio n i s bein g 

used . 

Each poin t  i n V R S represent s a  clas s o f  variabl e representations .  I n orde r  t o completel y defin e a 

specifi c  representation ,  mor e tha n it' s  locatio n i n V R S mus t  b e known ;  i n additio n th e respons e map -

pin g functio n mus t  b e specified .  Th e respons e mappin g function ,  / ,  define s th e respons e o f  a  give n 

connectionis t  uni t  t o th e k  value s alon g eac h dimensio n o f  a  variable . 
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Figur e 1 

S. Measurement Issues: Response Function Analysis 

Bv an.ilyzin g th e propertie s o f  eac h regio n o f  VRS ,  th e optima l  clas s o f  representation s fo r  a 

give n pnihie m ui n b e determined .  Th e chose n representatio n ca n the n b e completel y specifie d b y 

defining '  th e res}x)ns e mappin g function ,  / .  However ,  i n a n actua l  implementatio n suc h a s compute r 

vision ,  th e rea l  proble m i s t o find a  metho d fo r  measurin g th e featur e value s presen t  i n a n image . 

Thu s i t  • -  lo t  . .  questio n o f  choosin g a  variabl e representatio n an d definin g a  mapping ,  becaus e th e 

measurtTi'o'. .  o i  K;es s define s th e respons e mapping ,  an d therefor e constrain s th e choic e o f  representa -

tion .  I n >rde T ' .  ch(>os e th e correc t  representation ,  th e respons e mappin g runcrio n fo r  a  particula r 

measurepvn i  prrjces s mus t  b e determined .  Thi s i s a n importan t  poin t  tha t  ha s bee n previousl y 

neglecte d tieiaus e muc h connectionis t  researc h ha s primaril y emphasize d intermediat e an d high-leve l 

visua l  pnxessin g an d thu s assume d tha t  th e inpu t  t o th e networ k b.jr i  ;)Iread v tjee n processe d int o th e 

appropriat e form . 

5.1. Determining Response Mapping Functions 

I n m a n y case s th e method s fo r  measurin g a  featur e valu e directl y fro m a n imag e d o no t  yiel d a 

simple ,  singl e dimensiona l  mapping .  Th e respons e o f  a  detecto r  ca n b e a  functio n no t  onl y o f  th e 

valu e o f  th e desire d feature ,  bu t  als o o f  man y relate d features .  Thu s th e first  ste p i n representin g 

variable s mezisure d fro m image s i s t o determin e jus t  wha t  i s bein g measure d b y plottin g th e multidi -

mensiona l  respons e functio n fo r  th e measuremen t  process ,  a s a  functio n o f  a  prior i  imag e properties . 

For  example ,  convolvin g a n imag e wit h a  templat e i s on e mean s o f  measurin g th e orientatio n an d 

amplitud e o f  a n edg e i n a n image .  Th e questio n arise s a s t o h o w wel l  th e outpu t  o f  th e convolutio n 

correlate s wit h th e presenc e o f  a n edge .  T o stud y this ,  th e respons e functio n fo r  a n edg e detecto r 

migh t  b e plotte d agains t  th e followin g propertie s o f  edges :  location ,  length ,  width ,  amplitude ,  orienta -

tion ,  curvature ,  imag e sampling ,  signal-to-nois e ratio ,  orientatio n and/o r  curvatur e discontinuities ,  an d 

edge profile .  A n exampl e o f  orientatio n respons e function s fo r  on e se t  o f  oriente d edg e operator s i s 

show n i n Figur e 2a .  Eac h curv e i s th e response ,  a s a  functio n o f  th e edg e orientation ,  o f  on e operato r 

w h en convolve d wit h a  ste p edge .  Fro m thes e respons e function s i t  i s  clea r  tha t  th e edg e operator s 

creat e a n overlapping ,  intermediat e uni t  representation .  Bu t  th e respons e o f  a n edg e operato r  i s no t  a 

singl e dimensiona l  function :  th e respons e ca n var y a s a  functio n o f  edg e amplitude ,  width ,  profile , 

orientation ,  an d distanc e fro m a n edge .  Fo r  example .  Fig .  2 b show s th e response s o f  on e operato r  t o 

ste p edge s o f  diflFeren t  amplitudes .  Th e respons e i s obviousl y a  functio n o f  bot h edg e orientatio n an d 

amplitude ,  whic h suggest s a  conjunctiv e representatio n o f  orientatio n an d amplitude .  Simila r  result s 

woul d b e obtaine d i f  th e othe r  dimension s wer e explored . 
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Figur e 2 

If a particular type of representation is required, then the measurement process must be designed 

t o giv e th e appropriat e respons e mappin g function .  Thu s respons e functio n analysi s m a y provid e use -

fu l  constraint s i n th e desig n o f  image  base d operators . 

6. Properties of Feature Space Representations 

At  presen t  onl y th e partia l  analyze s o f  particula r  representation s exist :  Hinto n [lO ]  an d Sullin s 

[ll ]  hav e bot h analyze d th e distribute d coars e codin g representation ;  Ballar d [5 ]  ha s investigate d som e 

of  th e implication s o f  value-uni t  versu s variable-uni t  representations ;  and ,  Saun d discusse s a  represen -

tatio n usefu l  fo r  dimensionalit y reductio n [12] . 

I n analyzin g representations ,  severa l  propertie s shoul d b e considered ,  includin g th e following : 

1)  Representatio n o f  multipl e value s 

The representation s diffe r  i n term s o f  th e numbe r  o f  distinc t  value s o f  a  featur e tha t  ca n b e 

represente d b y on e cop y o f  th e representation .  Fo r  example ,  th e variabl e w d e require s i  copie s t o 

represen t  /  values ,  whil e th e valu e cod e require s onl y on e copy ,  a s lon g a s ther e i s a  one-to-on e map -

pin g betwee n value s an d units .  Suc h difference s effec t  overal l  codin g efficiency . 

2)  VJat(, h betwee n representatio n an d implementatio n architectur e 

Connecticnis r  unit s ma y hav e limite d memory ,  whic h woul d influenc e th e choic e o f  a  representation . 

For  exumple .  \<jlue-uni t  o r  intermediate-uni t  encodin g i s usefu l  fo r  unit s wit h smal l  memor y size , 

whil e vuri.ihn ;  uni t  representation s ar e possibl e whe n unit s hav e enoug h memory . 

3)Ti)ra l  Representatio n an d Generalizatio n 

H ow man y copie s o f  a  representatio n ar e require d t o represen t  al l  possibl e featur e values ? I n general , 

th e large r  th e diamete r  o f  a  unit ,  th e mor e copie s require d t o simultaneousl y represen t  al l  possibl e 

featur e values ,  bu t  thi s als o depend s upo n th e interna l  cod e o f  th e units .  Thu s a  syste m wit h narro w 

diamete r  unit s ha s th e advantag e o f  bein g abl e t o simultaneousl y represen t  multipl e values .  Bu t  i n 

term s o f  generalization ,  th e opposit e i s  true .  Fo r  example ,  i f  th e mappin g i s no t  ordered ,  the n a  metri c 

othe r  tha n th e simpl e distanc e metri c mus t  b e use d t o determin e th e similarit y betwee n featur e values . 

When th e uni t  diamete r  i s broad ,  a  suitabl e simpl e metri c exists :  featur e value s whic h bot h activat e 

th e sam e uni t  ar e similar .  Intermediat e representation s provid e a  usefu l  compromis e betwee n tota l 

representatio n an d generalizations . 

4)  Ite m densit y 

The distributio n o f  th e featur e value s tha t  wil l  b e encountere d i n a  give n situatio n i s important ,  a s 

representation s diffe r  i n th e densit y an d distribution s whic h ca n b e handled . 

5)  Require d degre e o f  accurac y 

Anothe r  propert y tha t  i s  influence d b y th e characteristic s o f  th e variabl e t o b e represente d i s th e 

require d degre e o f  accuracy ,  an d relate d samplin g issues ,  a s ar e discusse d i n Sectio n 6.1 . 

6)  Diamete r  o f  respons e range s an d degre e o f  overla p 

These propertie s influenc e th e generalizatio n capabilities ,  th e efficienc y an d th e suitabilit y  fo r  imple -

mentatio n i n a  particula r  architecture . 
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7)  Probabalisti c Representatio n 

A n efficien t  probabalisti c representatio n i s suitabl e fo r  man y applications . 

These  propertie s ca n b e use d t o determin e th e typ e o f  representatio n bes t  suite d t o represen t  par -

ticula r  type s o f  information .  Fo r  example ,  ther e ar e a  variet y o f  question s tha t  coul d b e aske d abou t 

th e represente d information :  "I s valu e x  o f  featur e y  present?" ;  " H o w man y instance s o f  valu e x  o f 

featur e y  ar e present?" ;  "Wha t  i s th e valu e o f  featur e y  a t  a  give n spatia l  position?" ;  etc .  Whic h type s 

of  informatio n shoul d b e availabl e thu s depend s o n th e natur e o f  th e feature s bein g represented ,  an d 

on th e type s o f  computation s i n whic h th e feature s wil l  b e involved . 

6.1. Resolution of A Representation 

Anothe r  propert y o f  representation s i s th e resolutio n t o whic h value s o f  a  variabl e ca n b e 

encoded .  Thi s accurac y wil l  obviousl y depen d upo n th e samplin g resolutio n o f  th e representation .  Fo r 

example ,  i n th e variable-uni t  representatio n eac h uni t  ca n distinctl y signa l  th e k  value s o f  a  variable , 

thu s th e resolutio n i s k  values/dimension ,  whic h i s th e bes t  possibl e resolution .  Bu t  eve n representa -

tion s wit h coars e sampling ,  suc h a s conjunctive ,  overlappin g valu e units ,  ca n hav e a  resolutio n equa l 

t o th e variabl e representation . 

Anothe r  w a y o f  statin g th e resolutio n issu e i s t o discus s th e degre e o f  accurac y t o whic h th e 

valu e o f  a  variabl e ca n b e determine d whe n i t  i s  encode d i n a  particula r  representation .  I n th e 

remainde r  o f  thi s sectio n th e resolutio n o f  th e variou s representation s ar e discussed . 

6.1.1. Estimation of the Value of a Variable from a Variable-unit Representation 

I n al l  type s o f  variable-uni t  representations ,  th e valu e o f  a  variabl e i s represente d b y th e activit y 

of  a  singl e processin g unit .  Thu s i f  /  i s  th e respons e mappin g functio n o f  a  processin g unit ,  the n 

f i x )  i s  th e representatio n o f  th e valu e x  o f  th e variable .  I f  /  i s  a  smgle-value d function ,  an d i f 

/ (x i ) = f ixi X the n x ,  =  X2 ,  the n x  ca n b e uniquel y determme d fro m f i x )  i f  /  i s  known ,  an d th e 

resolutio n i s k  values/dimension . 

6.1.2. Estimation of the Value of a Variable from a Value unit Representation 

I n th e non-overlappin g valu e uni t  representatio n ther e i s a  separat e processin g unit ,  F ^  t o 

represen t  eac h valu e x  o f  a  variable ,  thu s th e activit y i n , 1 uni t  uniquel y represent s th e valu e o f  a 

variable ,  an d th e maxima l  resolutio n i s achieved . 

I n th e overlappin g value-uni t  representation ,  th e \alu e o f  a  variabl e i s represente d b y th e 

activit y o f  a  collectio n o f  processin g units ,  an d th e resolutio n o f  eac h uni t  i s  coarse .  Hinto n ha s show n 

tha t  th e valu e o f  a  variabl e represente d i n a  coars e codin g schem e (a n overlapping ,  value-uni t  represen -

tation )  ca n b e uniquel y determine d i f  th e numbe r  o f  value s bein g represente d i s <  iik/d)-\ Y [10] . 

6.1.3. Estimation of a Value of a Variable from an Intermediate-unit Representation 

I n a n intermediate-uni t  representatio n wit h n o overlap ,  eac h dimensio n ca n b e broke n dow n int o 

k /il'' )  sections ,  wit h a  variabl e uni t  representatio n i n eac h section .  I n thi s case ,  th e resolutio n i s max -

imal ,  an d th e valu e o f  a  variabl e i s represente d bot h b y th e activity-leve l  o f  a  give n processin g unit , 

and whic h uni t  i s  active . 

I n term s o f  th e estimatio n o f  a  value ,  th e mos t  interestin g representatio n i s th e overlapping , 

intermediate-uni t  encoding .  Th e followin g analysi s applie s t o th e disjunctiv e clas s o f  thi s typ e o f 

representatio n fo r  spars e data . 

Assume eac h dimensio n o f  a  variabl e i s periodic ,  wit h perio d P ,  thu s x-v P =  x .  Furthe r  assum e 

respons e function s ar e strictl y monotonicall y decreasin g fo r  x  >  r ,  an d ar e strictl y monotonicall y 

increasin g fo r  . r  <  r ,  wher e r  i s  th e pea k valu e o f  / .  Figur e 3 a show s a n exampl e respons e function , 

/; .  ,  whic h satisfie s thi s assumption .  Assum e a  give n representatio n consist s o f  m identica l  respons e 

functions ,  thu s fo r  al l  r, ,  rj ,  x ;  fr{^^)=fr,i^-^ir2-ry)) .  Figur e 3 b show s a  protio n o f  a 
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representation ,  wit h fou r  respons e functions ,  on e fo r  eac h o f  th e fou r  unit s ;  , ,  î ,  r ^  an d r4 . 

The tota l  respons e pattern ,  Rix) ,  i s  th e se t  o f  response s o f  th e v i  differen t  respons e functions , 

thu s R{x) = f r  ix) ,  f r U X •• •  ,  f ,  ix) .  Th e smal l  shape s i n higur e 3 c ar e th e respons e patter n 

whic h represent s x ,  th e valu e o f  th e variabl e indicate d b y th e arro w ) n ligur e 3b .  Not e th e respons e 

patter n i s simpl y th e respons e o f  eac h uni t  t o th e valu e x ,  replotte d a t  th e m a x i m u m o f  th e respons e 

functio n (r, )  fo r  eac h unit . 

The mirror-imag e respons e o f  respons e functio n / ,  t o th e pea k value s o f  th e se t  o f  respons e 

function s i s /^'(r )  =  //(r,),//(r2),...,/,'(r„) ,  wher e //(r )  =  f^i2x-r) . 

Fro m thes e assumptions ,  i t  i s  possibl e t o sho w that :  R ( x ) = /j'(r) ,  becaus e b y assumptio n 3 , 

wit h x  =  Tf ,  i t  i s  see n tha t  eac h elemen t  o f  ̂ (jc )  i s  equa l  t o a n elemen t  o f  f S r X Thi s mean s tha t 

Rix )  contain s al l  th e informatio n neede d t o obtai n x ,  an d tha t  x  i s foun d b y takin g a  mirror-cop y o f 

th e respons e function ,  an d slidin g i t  alon g R i x )  unti l  th e bes t  matc h i s found .  The n th e m a x i m u m 

valu e o f  th e mirror-cop y wil l  occu r  a t  x .  Figur e 3 c sho w th e bes t  fit  o f  Rix) ,  an d it' s  subsequen t 

indicatio n o f  th e valu e o f  x . 

Thi s analysi s show s tha t  onl y tw o distinc t  respons e unit s ar e required ,  an d tha t  the y nee d no t  b e 

orthogonall y space d ove r  th e variabl e space .  However ,  th e min imu m permissibl e distanc e betwee n r , 

and r j  i s  a  functio n o f  th e measuremen t  error ,  t ,  an d thu s o f  y  (a s define d below) ,  wit h ri-rj l  2 :  2y . 

The second assumption can also be relaxed, with the same general results still holding. It is only 

necessar y tha t  th e /̂ ' s  b e strictl y monotonicall y decreasin g fo r  r i  <  x  <  y ,  fo r  y  suc h tha t  fiiy)=0 . 

The onl y additiona l  requiremen t  i s tha t  ther e i s stil l  a  m in imu m o f  tw o nonzer o response s fo r  eac h 

valu e o f  X . 
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6.1.4 .  Accurac y o f  Estimat e o f  x 

The accurac y t o whic h x  ca n b e foun d i s a  functio n o f  th e accurac y t o whic h th e /,' s  ar e 

defined ,  an d th e accurac y wit h whic h th e fiix)' s  ar e measured .  S o i f  i t  i s  assume d tha t  al l  /,(j[:)' s  ar e 

continuousl y defined ,  ther e i s n o erro r  i n th e definitio n o f  / j .  S o assum e th e erro r  i n th e measuremen t 

of  fiix )  i s  € . 

Give n th e above ,  i t  i s  possibl e t o determin e x  t o withi n ±7 ,  wher e 7  =  mi n (max(y(j_,)̂ (,_2))) . 
i-O x 

fo r  y(^ )  suc h tha t  /,(y, )  =  /,(x )  +  e ,  an d y(,-2 )  suc h tha t  /,(y2 )  =  fi(x )  -  t .  Figur e 3 d show s th e 
disjoin t  rang e o f  possibl e estimate s o f  x  tha t  result s fro m on e particula r  measure d respons e o f  f̂ ^ . 

Not e tha t  wher e th e slop e o f  fr ^  i s  steep ,  7  i s small ,  bu t  th e shallo w slop e yeild s a  larg e 7 .  Thi s sug -

gest s tha t  i n orde r  t o giv e th e mos t  accurat e estimate s i n th e regio n o f  it' s  maxima ,  th e respons e func -

tio n shoul d b e stee p i n th e regio n o f  it' s  maxima .  Thu s gaussia n shape d respons e function s [12 ]  ar e no t 

desirable . 

Alternatively ,  i f  /, •  i s  sample d a t  interval s o f  (5 ,  an d c  =  0 ,  the n i t  i s  possibl e t o determin e x  t o 

withi n ±6 .  I n othe r  words ,  unde r  thes e assumptions ,  7  =  <5 . 

6.1.5. Coarse versus Fine Estimation of x 

The previou s discussio n assume s tha t  th e goa l  o f  th e computatio n i s th e accurat e estimatio n o f  x , 

give n th e transfe r  functio n f i  an d th e tota l  respons e patter n Rix) .  However ,  anothe r  goa l  migh t  b e 

th e rapi d estimatio n o f  Ji ,  give n onl y th e tota l  respons e patter n ^ ( x ) .  On e possibl e metho d fo r 

estimatin g x  fro m R{ x )  alon e is :  x  =  r̂ ,  suc h tha t  f r ix )  ̂  fr-^x) ,  fo r  al l  j  =  1 ,  m .  Thi s metho d 

yield s onl y a  coars e estimat e o f  x ,  ther e bein g onl y m possibl e value s o f  th e estimate .  Th e origina l 

metho d fo r  estimatin g x  yield s a  muc h mor e accurat e o r  fine  estimate ,  bu t  a t  th e cos t  o f  requirin g 

more information ,  an d a  mor e comple x computation . 

W h en variable s ar e represente d b y overlappin g encodings ,  ther e ar e tw o mode s i n whic h th e 

informatio n ca n b e used :  th e explicit ,  coars e representatio n o f  a  variabl e ca n b e use d t o yiel d a  rapi d 

estimat e o f  th e valu e o f  a  variabl e a t  a  resolutio n o f  k/d ;  whil e mor e accurat e estimate s mus t  b e base d 

on th e implici t  fine  representation ,  whic h require s mor e intensiv e processing ,  an d yield s estimate s a t  a 

resolutio n o f  k .  Coars e estimate s o f  th e value s o f  a  variabl e ca n b e mad e i n paralle l  acros s a n image , 

allowin g th e nex t  stage s o f  processin g t o procee d i n parallel .  Fin e estimate s ma y requir e seria l  process -

ing ,  an d thu s no t  occu r  automaticall y ove r  al l  region s o f  a n image . 

As biologica l  system s appea r  t o us e overlappin g representation s o f  featur e variables ,  the y ma y 

use th e coars e mod e t o mak e rapi d judgements ,  suc h a s thos e i n th e preattentive ,  paralle l  stag e o f 

visua l  perception ,  whil e usin g th e mor e complex ,  an d perhap s seria l  mod e t o mak e fine  judgement s 

suc h a s thos e involve d i n hyperacuity .  Fo r  example ,  human s appea r  t o b e abl e t o perfor m certai n 

visua l  task s i n parallel ,  suc h a s th e discriminatio n o f  tw o textur e region s whic h diffe r  i n term s o f  th e 

orientatio n o f  lin e element s [13] .  Human s ca n als o mak e ver y fine  discriminatio n judgement s o f  th e 

orientatio n o f  lin e segment s [14] .  I t  m a y b e tha t  suc h fine  judgement s requir e mor e comple x processin g 

and canno t  necessaril y  b e mad e i n parallel . 
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Individualis m an d Theorie s o f  Actio n 

Steven Davis 
Philosoph y Departmen t 
Simo n Erase r  Universit y 

Abstract 

In a recent series of articles Tyler Burge has presented arguments which cut against 
individualis t  theorie s o f  intentiona l  states .  I n thi s pape r  I  shal l  tr y t o sho w wha t  consequence s 
Burge' s argument s hav e fo r  individualis t  theorie s o f  behavior .  I  shal l  tak e Jerr y Fodor ,  wh o i s 
one o f  th e leadin g exponent s o f  individualis m i n psychology ,  a s representativ e o f  thi s view .  First , 
I  shal l  la y ou t  on e o f  Burge' s argument s agains t  individualis t  theorie s o f  intentiona l  states ; 
second ,  I  shal l  describ e di e leadin g principle s o f  Fodor' s individualis t  metatheor y fo r 
psychology ;  an d lastiy ,  I  shal l  dra w som e o f  th e consequence s tha t  Burge' s argument s hav e fo r 
Fodor' s theor y o f  behavior . 

* * * 

Suppose that I believe that the sun sets over Vancouver Island and suppose that my report 
of  th e belie f  i s d e dicto }  I t  seem s tha t  I  ca n hav e th e belief ,  eve n i f  i t  wer e fals e an d eve n i f  ther e 
wer e n o su n no r  Vancouve r  Island .  Tha t  I  hav e a  belie f  an d wha t  belie f  tha t  I  hav e doe s no t  see m 
t o depen d upo n th e existenc e o f  anythin g excep t  me .  I t  appear s tha t  fo r  m e t o hav e th e belief s 
tha t  I  d o onl y require s tha t  I  hav e certai n concept s o r  notion s an d th e abilit y  t o combin e the m i n 
certai n ways .  W e migh t  thin k tha t  i t  follow s fro m thi s tha t  th e condition s o f  individuatio n o f 
belief s depen d o n wha t  i s interna l  t o a n individua l  an d no t  o n th e externa l  object s t o whic h a n 
individua l  i s  relate d o r  o n hi s socia l  o r  linguisti c community .  On e migh t  furthe r  hol d tha t  a 
theor y o f  beliefs ,  an d intentiona l  state s i n general ,  ca n b e adequat e withou t  makin g referenc e t o 
anythin g externa l  t o a n individual .  Borrowin g a  ter m from  Tyle r  Burge ,  w e shal l  cal l  th e view s 
abou t  th e individuatio n an d explanatio n o f  intentiona l  state s 'individualist '  an d theorie s whic h 
presuppos e thi s vie w 'individualis t  theorie s o f  intentiona l  states'(1979 ,  p .  73). ^ 

Ther e ar e man y thing s whic h I  d o whic h ca n b e describe d i n suc h a  wa y tha t  wha t  I  d o 
does no t  see m t o depen d o n anythin g excep t  m y existence ,  fo r  example ,  m y rubbin g m y thig h o r 
my performin g a n actio n wit h th e intentio n t o reliev e th e pai n i n m y thigh .  W e ca n exten d 
Burge' s notio n t o apply ,  a s well ,  t o th e individuatio n o f  behavio r  an d t o theorie s o f  behavior .  W e 
can sa y tha t  a  criterio n o f  individuatio n o r  a  theor y o f  behavio r  i s individualist ,  i f  i t  i s committe d 
t o th e vie w tha t  a n adequat e criterio n o r  theor y ca n b e give n withou t  presupposin g th e existenc e 
of  anythin g externa l  t o th e individual .  Ther e i s a n obviou s connectio n betwee n individualis t 
criterio n o f  individuatio n an d individualis t  explanator y theories ;  th e latte r  presuppose s th e 
former .  Hence ,  i f  i t  ca n b e show n tha t  th e individuatio n o f  intentiona l  state s o r  o f  behavio r  i s no t 
individualist ,  the n i t  follow s tha t  th e explanator y theorie s o f  intentiona l  state s an d o f  behavio r 
canno t  b e individualist . 

1.  I n wha t  follow s al l  th e report s o f  intentiona l  sute s ar e d e dicto . 

2. There are some sutes which are regarded to be intentional, sudi as knowing, which seem to depend for their existence on objects external to 
th e individual .  Thes e sute s d o no t  fal l  withi n th e domai n o f  individualis t  theorie s (Fodor ,  1981 ,  p .  228) . 
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I n a  recen t  serie s o f  article s Tyle r  Burg e ha s presente d argument s whic h cu t  agains t 

individualis t  theorie s o f  intentiona l  states .  I n thi s pape r  I  shal l  tr y t o sho w wha t  consequence s 

Burge' s argument s hav e fo r  individualis t  theorie s o f  behavior .  I  shal l  tak e Jerr y Fodor ,  w h o i s 

one o f  th e leadin g exponent s o f  individualis m i n psychology ,  a s representativ e o f  thi s view .  First , 

I  shal l  la y ou t  on e o f  Surge' s argument s agains t  individualis t  theorie s o f  intentiona l  states ; 

second ,  I  shal l  describ e th e leadin g principle s o f  Fodor' s individualis t  metatheor y fo r 

psychology ;  an d lastly ,  I  shal l  dra w som e o f  th e consequence s tha t  Burge' s argument s hav e fo r 

Foidor' s theor y o f  behavior . 

Let  u s begi n the n wit h Burge' s argumen t  agains t  individualism .  I n thi s argumen t  Burg e 

present s a  though t  experimen t  i n whic h h e keep s constan t  th e object s t o whic h a  subjec t  i s 

causall y relate d an d hi s interna l  state s an d change s onl y th e linguisti c practice s o f  hi s 

surroundin g community .  I n th e actua l  situatio n a  person ,  w h o m I  shal l  cal l  'Oscar, '  ha s th e 

though t  tha t  h e ha s arthriti s  i n hi s thigh. ^  Tha t  is ,  h e use s 'arthritis '  t o refe r  t o a  rheumotoi d 

conditio n i n hi s joint s an d a  simila r  pai n whic h h e ha s i n hi s thigh .  Thi s us e i s contrar y t o th e us e 

of  thos e i n Oscar' s speec h communit y t o w h o m h e defer s o n matter s abou t  English ,  t o hi s 

doctor' s fo r  example .  Burge ,  then ,  describe s a  counterfactua l  situatio n i n whic h Oscar' s interna l 

state s remai n th e same .  Ther e i s n o chang e i n th e histor y o f  hi s stimulations ,  i n hi s interna l 

physica l  states ,  i n hi s disposition s t o behavior ,  w h e n hi s behavio r  i s describe d non-intentionally , 

and i n th e causa l  relation s a m o n g them .  Th e onl y differenc e i s tha t  thos e i n hi s speec h 

communit y t o w h o m Osca r  defer s o n linguisti c matter s us e 'arthritis '  i n th e w a y i n whic h Osca r 

use s i t  mistakenly  i n th e actua l  situation .  I n th e counterfactua l  situatio n Osca r  doe s no t  hav e th e 

though t  tha t  h e ha s arthriti s  i n hi s thigh ,  fo r  n o on e i n th e counterfactua l  situatio n ha s an y notio n 

of  arthritis .  The y hav e a  notio n o f  a  diseas e whic h ca n occu r  i n th e joint s an d i n thigh s whic h i s 

not  a  notio n o f  arthritis .  Burg e suggest s tha t  w e coul d introduc e th e ter m 'tharthritis '  int o Englis h 

as i t  i s  actuall y spoke n whic h woul d expres s th e notio n tha t  'arthritis '  expresse s i n th e 

counterfactua l  situation .  W e ,  then ,  coul d describ e th e though t  tha t  Osca r  ha s i n thi s situation , 

namel y th e though t  tha t  h e ha s tharthriti s  i n hi s thigh .  Bu t  th e though t  tha t  Osca r  ha s i n th e actua l 

situation ,  th e though t  tha t  h e ha s arthriti s  i n hi s thig h i s no t  th e sam e a s th e though t  tha t  h e ha s i n 

th e counterfactua l  situation ,  namel y th e though t  tha t  h e ha s tharthriti s  i n hi s thigh ,  fo r  th e tw o 

though t  event s d o no t  hav e th e sam e content ,  sinc e arthriti s  i s  no t  th e sam e a s tharthritis .  S o i n 

th e counterfactua l  situatio n Osca r  lack s a  though t  h e actuall y ha s an d h e ha s a  though t  tha t  h e 

actuall y lacks .  Th e conclusio n o f  thi s argumen t  i s tha t  ther e ar e case s i n whic h a  person' s intema l 

state s d o no t  individuat e hi s intentiona l  states ;  referenc e mus t  b e m a d e t o th e practice s o f  th e 

linguisti c communit y o f  whic h h e i s a  part .  A n d th e conclusio n Burg e draw s fro m th e though t 

experiment s i s tha t  a  criterio n o f  individuatio n o f  intentiona l  state s canno t  b e adequat e an d b e 

individualist .  A  necessar y conditio n fo r  thei r  adequac y i s tha t  the y m a k e referenc e t o object s an d 

linguisti c practice s whic h ar e externa l  t o th e subject . 

Let  u s n o w tur n t o th e consequence s I  thin k tha t  Burge' s though t  experimen t  ha s fo r 

individualis t  theorie s o f  action .  I  shal l  tak e a s representativ e o f  thes e view s a  theor y o f  Jerr y 

Fodo r  w h o i s on e o f  th e leadin g exponent s o f  individualis m i n psychology .  Fodo r  hold s tha t  ou r 

ordinar y way s o f  talkin g abou t  an d explainin g actions ,  w h e n m a d e rigorous  an d systematic ,  for m 

th e basi s o f  cognitiv e psychology .  W h a t  I  wis h t o sho w i s tha t  ou r  ordinar y view s abou t  action s 

do no t  presuppos e a n individualis t  criterio n o f  th e individuatio n o f  actio n an d i n s o fa r  a s 

psycholog y adopt s ou r  ordinar y view s abou t  action s it s theorie s canno t  b e individualist .  Befor e 

3.  Followin g Burge ,  I  shal l  us e 'actua l  situation *  an d 'counterfactua l  situation '  wher e other s migh t  us e 'actua l  world '  an d 'possibl e world* . 
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turnin g t o m y argument s fo r  this ,  I  shal l  la y ou t  th e principl e doctrine s o f  Fodor' s view s abou t 
ho w psycholog y shoul d b e done . 

Fodo r  hold s the n tha t  on e wa y o f  givin g a n ordinar y explanatio n o f  a  particula r  huma n 
actio n i s b y appealin g t o a  subject' s intention d state s whic h caus e th e action .  An d on e o f  th e 
goal s o f  cognitiv e psycholog y i s t o utiliz e thi s for m o f  explanation .  Hence ,  Fodoria n cognitiv e 
psycholog y take s a s on e o f  it s  goal s th e explanatio n o f  individua l  huma n action s an d presuppose s 
tha t  som e o f  thes e action s ar e cause d b y th e subject' s intentiona l  state s (1982 ,  p .  100) .  Thes e 
intentiona l  state s ar e representation s whic h relat e a  subjec t  t o a  conten t  an d a  psychologica l 
theor y whic h i s committe d t o thi s i s a  representationa l  theor y o f  mind .  I n additio n Fodo r  hold s 
tha t  representations ,  instantiate d internall y i n a  subject ,  ar e i n a  "language "  o f  though t  wher e 
onl y th e forma l  properties ,  tha t  is ,  th e syntacti c properties ,  o f  th e "sentences "  o f  th e languag e 
pla y a  causa l  role .  Semanti c propertie s o f  th e representations ,  suc h a s bein g true ,  havin g a 
referen t  o r  havin g a  meaning ,  pla y n o rol e i n interna l  menta l  processe s (1981 ,  pp .  231) .  I t  is , 
then ,  th e forma l  propertie s o f  a  subject' s interna l  representation s whic h caus e th e subject' s 
behavio r  an d b y appealin g t o thes e interna l  representation s w e ca n explai n huma n behavio r 
(1981 ,  p .  239) .  O n Fodor' s vie w thi s i s tantamoun t  t o th e hypothesi s tha t  menta l  state s an d 
processe s ar e computational . 

Fodo r  maintain s tha t  th e computationa l  theor y o f  min d entail s a  versio n o f  wha t  Putna m 
has calle d "methodologica l  solipsism "  (1975 ,  p .  136) .  O n Fodor' s vie w a n adequat e theor y o f 
human behavio r  whic h attribute s intentiona l  state s t o subject s nee d mak e n o appea l  t o th e 
subject' s externa l  environment ,  includin g th e actua l  object s wit h whic h h e i s causall y relate d o r 
th e socia l  relation s i n whic h h e i s embedded .  Wha t  explain s th e subject s behavio r  ar e th e interna l 
causa l  relation s amon g forma l  propertie s o f  representationa l  state s (1981 ,  p .  244) .  Fodor' s 
commitmen t  t o methodologica l  solipsis m i s a  commitmen t  t o wha t  I  hav e calle d 'individualist ' 
theorie s o f  intentiona l  state s an d o f  behavior . 

The identit y condition s fo r  representationa l  state s entaile d b y Fodor' s methodologica l 
solipsis m ar e formal :  i f  a  an d b  ar e representationa l  stat e token s o f  a  subjec t  wh o bear s th e sam e 
relatio n t o a  an d b  an d a  an d b  hav e th e sam e syntacti c properties ,  the n a=b .  Moreover ,  samenes s 
of  forma l  propertie s entail s identit y o f  causa l  powers ,  sinc e th e causa l  power s o f  representationa l 
state s ar e containe d i n thei r  forma l  properties . 

Fodor ,  further ,  hold s tha t  particula r  representationa l  states ,  includin g want s an d beliefs ,  ar e 
toke n identica l  t o interna l  physica l  state s o f  th e individual s whic h hav e the m (1981 ,  p .  9  an d p . 
145) .  I n th e cas e o f  human s intentiona l  state s ar e toke n identica l  t o particula r  brai n states . 
Consequently ,  i f  ther e i s n o chang e i n th e intema l  physica l  state s o f  a  subject ,  the n ther e ar e n o 
change s i n hi s intentiona l  states .  I t  follow s o n Fodor' s vie w tha t  i f  ther e ar e n o change s i n a 
subject' s intema l  physica l  states ,  the n ther e i s n o chang e i n hi s behavior ,  sinc e hi s behavio r  i s 
cause d b y hi s intema l  representationa l  states . 

The las t  principl e i s no t  on e Fodo r  adopts .  Bu t  ther e i s nothin g i n Fodor' s wor k whic h 
suggest s tha t  h e woul d rejec t  it .  I f  a  an d b  ar e rigi d designator s fo r  bit s o f  behavio r  an d ther e i s a 
caus e o f  a  whic h i s possibl y no t  a  caus e o f  b ,  the n a  i s no t  identica l  t o b .  Thi s principl e i s simila r 
t o par t  o f  Davidson' s criterio n fo r  th e individuatio n o f  even t  token s (1969 ,  p .  179) .  However ,  h e 
woul d no t  accep t  th e moda l  additio n t o th e antecedent .  Despit e this ,  I  shal l  cal l  i t  'Davidson' s 
principle' .  I  tak e thi s principl e t o b e plausible ,  sinc e th e caus e o f  a n even t  i s  wha t  bring s abou t  a n 
event .  Tha t  is ,  th e caus e o f  a n even t  i s th e origi n o f  a n even t  an d th e origi n o f  a n even t  i s 
essentia l  t o it .  Thi s i s paralle l  t o th e essentia l  origi n whic h Kripk e claim s fo r  materia l  object s 
(1980 ,  p .  114) .  Kripk e offer s somethin g lik e a  proo f  fo r  hi s clai m abou t  materia l  object s which ,  I 
believe ,  ca n b e applie d t o m y clai m abou t  even t  tokens .  An d a n event' s cause s bein g essentia l  t o 
an even t  entai l  wha t  I  hav e calle d Davidson' s principle . 
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I t  follow s immediatel y fro m Fodor' s commitmen t  t o methodologica l  solipsis m tha t  i n a n 

adequat e psychologica l  theor y a  subject' s behavio r  canno t  b e descril^ d i n suc h a  w a y tha t  i t 

presuppose s th e existenc e o f  an y objec t  othe r  tha n th e subject .  W e canno t  describ e Osca r  a s 

takin g aspiri n t o reliev e th e arthriti c  pai n i n hi s thigh ,  fo r  dia t  presuppose s th e existenc e o f 

aspiri n an d arthritis ,  bu t  w e coul d describ e Osca r  a s eithe r  perfomiin g a n actio n whic h h e 

intend s t o b e a  takin g o f  aspiri n whic h relieve s th e arthriti s  i n hi s thig h o r  movin g hi s bod y i n a 

certai n way .  Neithe r  seem s t o contraven e methodologica l  solipsism .  Th e forme r  doe s not ,  sinc e 

correctl y describin g someon e a s havin g th e intentio n t o tak e aspiri n t o reliev e arthriti s  i n hi s 

thig h doe s no t  presuppos e th e existenc e o f  aspiri n o r  arthritis .  I t  migh t  see m tha t  th e latte r 

descriptio n i s contrar y t o methodologica l  solipsism ,  sinc e i t  presuppose s th e existenc e o f  Oscar' s 

thig h whic h o n som e view s coul d b e take n t o b e extema l  t o him .  Fo r  th e m o m e n t  I  shal l  suppos e 

tha t  Oscar' s thig h i s no t  extema l  t o h i m an d tha t  i t  i s  no t  rule d ou t  b y methodologica l  solipsism . 

Methodologica l  solipsism ,  then ,  limit s psychologica l  theorie s t o description s o f  Oscar' s 

movement s o f  hi s bod y o r  t o description s o f  hi s action s whic h ar e describe d intentionally . 

Fodo r  suggest s tha t  hi s representationa l  theor y o f  min d accord s wit h curren t  theorie s i n 

cognitiv e psycholog y (1981 ,  p .  226) .  Bu t  limitin g psychologica l  theorie s t o description s o f 

action s whic h m a k e referenc e onl y t o a  person' s movin g hi s bod y o r  t o th e intentiona l  state s 

whic h brin g abou t  th e actio n i s t o propos e a  radica l  revisio n o f  curren t  psychologica l  theorizing . 

Moreover ,  I  believ e tha t  Burge' s though t  experimen t  create s problem s fo r  Fodor' s proposal s fo r 

a cognitiv e theor y o f  behavio r  eve n wher e th e theor y i s limite d i n th e description s i t  permit s fo r 

behavior .  I  shal l  presen t  tw o argument s agains t  Fodor' s theor y whic h cu t  agains t  th e tw o sort s o f 

description s whic h methodologica l  solipsis m seem s t o allo w fo r  actions .  I  shal l  begi n wit h a 

proble m fo r  hi s theor y wher e th e description s o f  action s ar e description s o f  a n agent' s mov in g 

hi s body . 

Let  u s suppos e tha t  Osca r  rub s hi s thig h becaus e o f  hi s belief s tha t  h e ha s arthriti s  i n hi s 

thig h an d tha t  rubbin g a  par t  o f  hi s bod y whic h suffer s fro m arthriti s  wil l  reduc e th e pai n an d hi s 

desir e t o lesse n th e pai n i n hi s thigh .  W e ca n say ,  then ,  tha t  Oscar' s actio n o f  rubbin g hi s thig h i s 

cause d b y hi s belief s an d hi s desire .  I n th e counterfactua l  situatio n nothin g change s abou t 

Oscar' s interna l  states ,  tha t  is ,  abou t  hi s stimulatio n patterns ,  brai n states ,  disposition s t o 

behavior ,  an d th e causa l  relation s a m o n g them .  A n d o n Fodor' s theor y sinc e representationa l 

state s ar e interna l  physica l  states ,  these ,  too ,  d o no t  change .  I f  w e tak e Oscar' s languag e o f 

though t  t o b e th e languag e whic h h e speaks ,  describe d non-semantically ,  the n ther e i s n o 

differenc e betwee n th e actua l  an d counterfactua l  situation s i n th e sentence s o f  hi s interna l 

language .  Hence ,  nothin g shoul d chang e abou t  hi s behavior ,  sinc e i t  i s  cause d b y hi s interna l 

states .  Oscar' s rubbin g hi s thig h i n th e actua l  situatio n shoul d b e identica l  t o hi s rubbin g hi s thig h 

i n th e counterfactua l  situation .  However ,  i n th e counterfactua l  situatio n Osca r  doe s no t  hav e th e 

belie f  tha t  h e ha s arthriti s  i n hi s thigh .  H e canno t  hav e thi s belief ,  becaus e h e ha s n o notio n o f 

arthritis .  Hence ,  i n thi s situatio n thi s belie f  canno t  b e a  causa l  facto r  i n hi s rubbin g hi s thigh .  Bu t 

i f  w e suppos e tha t  hi s rubbin g hi s thig h i s th e sam e even t  toke n i n th e actua l  an d counterfactua l 

situatio n an d i n th e counterfactua l  situatio n i t  i s  no t  cause d b y th e belie f  tha t  h e ha s arthriti s  i n 

hi s thigh ,  the n thi s belie f  canno t  pla y a  causa l  rol e i n th e actua l  situation .  Le t  u s suppos e tha t  i t 

does .  Then ,  hi s rubbin g hi s thig h i n th e actua l  situatio n ha s a  caus e whic h i t  fail s  t o hav e i n th e 

counterfactua l  situation .  Bu t  i t  follow s fro m Davidson' s principl e tha t  hi s rubbin g hi s thig h i n th e 

actua l  an d counterfactua l  situation s canno t  b e th e sam e ac t  token .  However ,  i f  w e maintai n tha t 

i n th e actua l  an d th e counterfactua l  situation s w e hav e th e sam e ac t  token ,  the n w e mus t  giv e u p 

it s havin g a  caus e i n on e situatio n whic h i t  doe s no t  hav e i n th e other .  Consequentiy ,  i t  seem s 

tha t  Fodo r  mus t  giv e u p th e causa l  efficac y o f  belief s an d wit h i t  an y hop e o f  explainin g action s 

by generalizin g ove r  intentiona l  states .  Bu t  thi s d o o m s th e representational/computationa l  theor y 
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of  mind ,  sinc e th e purpos e o f  th e theor y i s t o allo w fo r  suc h generalizations ,  whil e providin g a n 
accoun t  o f  causa l  menta l  state s an d processes . 

Fodo r  ca n hol d ont o th e causa l  efficac y o f  belief s an d thei r  explanator y rol e b y denyin g 
tha t  i n th e actua l  an d counterfactua l  situation s i n Burge' s though t  experiment s th e subjec t 
perform s th e sam e actions .  Bu t  i t  woul d follo w tha t  ther e ca n b e change s i n a  subject' s behavior , 
wher e thi s i s no t  describe d b y makin g referenc e t o object s externa l  t o th e subject ,  eve n thoug h 
ther e i s n o chang e i n th e subject' s interna l  states .  I t  woul d not ,  then ,  b e onl y th e forma l 
propertie s o f  th e interna l  representationa l  state s whic h caus e actions ,  sinc e the y d o no t  chang e 
fro m th e actua l  t o th e counterfactua l  situation .  Hence ,  th e representational/computationa l  theor y 
of  min d which ,  Fodo r  argues ,  entail s methodologica l  solipsis m mus t  b e abandoned ,  sinc e belief s 
whic h ar e no t  identica l  t o an y interna l  state s ca n caus e actions .  I t  follow s tha t  t o hav e a  ful l 
accoun t  o f  thes e belief s appea l  mus t  b e mad e t o th e linguisti c practice s o f  th e linguisti c 
communit y o f  whic h Osca r  i s a  part .  Thus ,  referenc e mus t  b e mad e t o object s whic h ar e extema l 
t o th e subject .  A s a  consequence ,  o n th e assumptio n tha t  behavio r  i s  cause d b y intentiona l  state s 
a theor y whic h entail s methodologica l  solipsis m canno t  b e a n adequat e theor y o f  behavior . 

I n th e exampl e abov e Oscar' s actio n wa s describe d a s a n actio n o f  hi s movin g hi s body . 
We als o obtai n consequence s whic h ar e unacceptabl e t o individualis t  theorie s o f  behavior ,  i f  w e 
conside r  a n actio n o f  Osca r  whic h i s intentionall y described .  Le t  u s suppos e tha t  Osca r  perform s 
an actio n whic h h e intend s t o b e a n ac t  o f  takin g tw o aspirin s t o reliev e th e arthriti c  pai n i n hi s 
thigh .  An d le t  u s suppos e furthe r  tha t  h e perform s thi s action ,  becaus e h e believe s tiiat  h e ha s 
arthriti s  i n hi s thig h an d tha t  takin g aspiri n relieve s th e pai n o f  arthriti s  an d h e desire s t o reliev e 
th e pai n i n hi s thigh .  I n thi s case ,  a s i n th e exampl e above ,  w e ca n sa y tha t  Oscar' s actio n i s 
cause d b y hi s belief s an d desires .  I n th e actua l  an d counterfactua l  situation s i n Burge' s though t 
experimen t  ther e i s n o chang e i n Oscar' s interna l  state s an d hence ,  o n Fodor' s theor y ther e 
shoul d b e n o chang e i n Oscar' s behavior .  Bu t  i n th e counterfactua l  situatio n Osca r  doe s no t  hav e 
th e belie f  tha t  h e ha s arthriti s  i n hi s thigh ,  no r  ca n h e hav e th e intentio n o f  performin g a n actio n 
whic h relieve s a n arthriti c  pai n i n hi s thigh .  H e ca n hav e n o suc h belie f  o r  intentio n i n th e 
counterfactua l  situation ,  becaus e h e an d everyon e i n hi s speec h communit y lac k th e notio n o f 
arthritis .  Hence ,  i n th e counterfactua l  situatio n Osca r  doe s no t  perfor m a n actio n whic h h e 
intend s t o b e a  takin g o f  tw o aspiri n t o reliev e th e arthriti c  pai n i n hi s thigh .  Thus ,  Osca r  doe s no t 
perfor m th e sam e actio n i n th e actua l  an d th e counterfactua l  situations ,  eve n thoug h ther e i s n o 
chang e i n Oscar' s interna l  states .  Sinc e th e sam e cause s shoul d hav e th e sam e effects ,  i t  follow s 
tha t  eithe r  i n th e actua l  o r  th e counterfactua l  situatio n th e intema l  representationa l  state s whic h 
Fodor' s theor y attribute s t o Osca r  canno t  b e th e sol e causa l  facto r  whic h bring s abou t  hi s action s 
and cannot ,  therefore ,  b e use d t o giv e a  complet e explanatio n o f  hi s behavior .  Onc e agai n appea l 
must  b e mad e t o th e linguisti c communit y o f  whic h Osca r  i s a  par t  t o hav e a n adequat e accoun t 
of  hi s behavior . 

I  hav e considere d tw o sort s o f  description s o f  Oscar' s behavior :  hi s movin g hi s bod y an d 
hi s performin g a n actio n wit h a  certai n intention .  Perhaps ,  a  wa y ou t  o f  th e difficultie s tha t  I  hav e 
raise d fo r  Fodoria n cognitiv e psycholog y i s t o describ e Oscar' s behavio r  a s bodil y movements , 
rathe r  tha n eithe r  hi s movin g hi s bod y o r  hi s performin g a n actio n wit h a  certai n intention .  I f  w e 
conside r  agai n th e exampl e i n th e previou s paragrap h w e coul d tak e i t  tha t  ther e i s a  bodil y 
movement  o f  Oscar ,  o r  a  serie s o f  them ,  whic h i s cause d b y hi s intentiona l  state s whic h ar e 
intema l  representationa l  state s o f  Osca r  an d th e bodil y movemen t  o r  a  serie s o f  the m i s actuall y 
contingentl y identica l  t o hi s actio n whic h h e perform s wit h th e intentio n tha t  i t  b e a  takin g o f  tw o 
aspiri n t o reliev e arthriti c  pain .  However ,  i n th e counterfactua l  situatio n w e woul d hav e th e sam e 
bcxiil y  movement ,  bu t  no t  th e sam e action ,  fo r  Oscar ,  lackin g an y notio n o f  arthritis ,  coul d no t 
hav e a n intentio n involvin g thi s notio n an d thus ,  coul d no t  perfor m a n actio n wit h thi s intention . 
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I t  would ,  then ,  b e th e movement s o f  Oscar' s body ,  s o described ,  whic h ar e cause d b y hi s 
intentiona l  states .  Thi s doe s no t  mean ,  o f  course ,  tha t  action s ar e no t  cause d b y intentiona l  states . 
Rather ,  i t  ha s a s a  consequenc e tha t  wha t  actio n i s cause d b y a  particula r  se t  o f  intentiona l  state s 
can var y dependin g o n change s i n th e non-intema l  environmen t  o f  a  subjec t  I n th e actua l 
situatio n Oscar' s belief s an d desir e caus e hi s performin g a n actio n whic h h e doe s wit h th e 
intentio n tha t  i t  b e th e takin g o f  tw o aspiri n t o reliev e arthriti c  pai n i n hi s thigh ,  sinc e thi s actio n 
i s identica l  t o movement s o f  hi s body . 

Thi s wil l  no t  do .  I n th e actua l  an d th e counterfactua l  situation s b y hypothesi s th e 
representationa l  state s ar e th e same ,  bu t  th e action s performe d ar e not .  I n th e actua l  situatio n th e 
actio n performe d i s a n actio n don e wit h th e intentio n tha t  i t  b e a  takin g o f  tw o aspiri n t o reliev e 
arthriti c  pain .  Thi s actio n i s no t  performe d i n th e counterfactua l  situation .  Sinc e i t  i s  appea l  t o 
representationa l  state s whic h i s suppose d t o explai n action s an d th e representationa l  state s i n th e 
counterfactua l  an d th e actua l  situation s ar e th e same ,  ther e i s n o explanatio n fo r  th e differenc e i n 
th e action s betwee n th e actua l  an d th e counterfactua l  situations .  Hence ,  th e 
representational/computationa l  theor y o f  min d canno t  b e a  complet e theor y o f  huma n action . 

I  hav e assume d tha t  methodologica l  solipsis m allow s description s o f  a n agent' s 
movin g hi s bod y an d movement s o f  hi s bod y whic h mak e referenc e t o part s o f  a n agent' s body . 
But  I  thin k tha t  a  varian t  o f  Burge' s though t  experimen t  ca n b e use d t o sho w tha t 
methodologica l  solipsis m rule s ou t  suc h descriptions .  Le t  u s imagin e tha t  Osca r  i s a s w e 
describe d hi m i n th e actua l  situation ,  bu t  tha t  i n th e counterfactua l  situatio n h e ha s n o leg s t o ru b 
and tha t  hi s brai n i s hooke d u p t o electrode s whic h produc e i n hi m th e visua l  experience s abou t 
hi s leg s whic h ar e identica l  t o th e visua l  experience s whic h h e ha s i n th e actua l  situation .  W e 
suppos e furthe r  tha t  h e ha s exactl y th e sam e belief s an d othe r  intentiona l  state s an d th e sam e 
disposition s t o behavio r  whic h h e ha s i n th e actua l  situation .  Tha t  is ,  hi s interna l  state s ar e 
identica l  i n th e actua l  an d th e counterfactua l  situations .  O n Fodor' s theor y cognitiv e psycholog y 
has withi n it s domai n th e forma l  propertie s o f  interna l  representationa l  state s whic h ca n b e 
specifie d withou t  makin g an y referenc e t o externa l  objects .  A s Fodo r  put s it , 
"...[Representationa l  states ]  hav e n o acces s t o th e semanti c propertie s o f  suc h representations , 
includin g th e propert y o f  bein g true ,  o f  havin g referents ,  or ,  indee d th e propert y o f  bein g 
representation s o f  th e environment. "  (1981 ,  p .  231 )  But ,  then ,  a  theor y o f  suc h representation ^ 
state s canno t  explai n th e differenc e betwee n Oscar' s actuall y rubbin g hi s thig h an d 
counterfactuall y believin g falsel y tha t  h e does ,  sinc e ther e i s n o differenc e i n hi s representationa l 
states .  Hence ,  th e theor y canno t  explai n Oscar' s rubbin g hi s thig h an d thu s ha s n o plac e fo r 
description s o f  action s whic h mak e referenc e t o part s o f  Oscar' s body . 

Let  m e conclud e b y summarizin g wha t  I  thin k tha t  I  hav e shown .  O n Fodor' s vie w i f 
psycholog y i s successfull y t o provid e a  theor y o f  behavior ,  the n i t  mus t  mak e referenc e t o th e 
beliefs ,  desires ,  an d wants ,  tha t  is ,  t o th e intentiona l  state s o f  a  subject .  Further ,  Fodo r  claim s tha t 
thi s goa l  ca n onl y b e achieved ,  i f  th e workin g cognitiv e psychologis t  i s  committe d t o 
methodologica l  solipsism .  Burge' s though t  experiment s ca n b e take n t o sho w tha t  i f  Fodo r  i s 
construin g psychologica l  theorie s t o b e mor e rigorous  an d precis e version s o f  ou r  ordinar y wan t 
and belie f  explanations ,  the n thes e theorie s mus t  violat e methodologica l  solipsis m b y makin g 
referenc e t o object s an d linguisti c practice s externa l  t o a n individual .  M y argument s sho w tha t  i f 
intentiona l  state s ar e th e caus e o f  ou r  behavior ,  the n theorie s o f  behavio r  canno t  accoun t  fo r  i t 
full y  an d b e individualist .  Tha t  is ,  the y contai n description s o f  behavio r  whic h violat e 
methodologica l  solipsism .  Moreover ,  an d perhap s mor e importantl y i f  th e computationa l  theor y 
of  min d entail s methodologica l  solipsism ,  a s Fodo r  contends ,  the n n o computationa l  theor y ca n 
giv e u s a  complet e accoun t  o f  behavior . 
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E X T E R N AL R E P R E S E N T A T I O NS A N D 

THE ADVANTAGES OF EXTERNALIZING ONE'S THOUGHTS 

DANIEL REISBERG 

REED COLLEGE 

We consider some of the functional differences between internal 

an d externa l  representations .  I n particular ,  w e argu e tha t  differen t 

knowledg e an d skill s  ca n b e brough t  t o bea r  o n externa l 

representation s tha n o n interna l  ones ;  tha t  externa l  representations , 

as non-intensiona l  entities ,  ar e ope n t o reinterpretatio n i n w a y s tha t 

interna l  representation s ar e not ;  an d tha t  on e ca n discove r  omission s 

fro m externa l  representation s tha t  canno t  b e foun d i n interna l 

representations ,  suggestin g tha t  attentio n i s deploye d differentl y i n 

thes e tw o cases .  W e conside r  severa l  implication s o f  thi s view , 

includin g th e advantage s t o b e gaine d b y externalizin g one' s thoughts , 

i.e .  b y writin g ou t  th e conten t  o f  menta l  proposition s o r  b y sketchin g 

th e conten t  o f  menta l  images . 

A vas t  amoun t  o f  cognitiv e scienc e i s concerne d wit h th e formatio n an d us e 

of  menta l  representations .  Thes e representation s m a y b e "distributed "  o r 

"symbolic; "  the y m a y b e "frames "  o r  "prototypes "  an d s o on .  Howeve r  w e 

conceiv e them ,  though ,  interna l  representation s indisputabl y pla y a n essentia l 

rol e i n cognition .  I n th e presen t  paper ,  I  wil l  argu e tha t  ther e i s als o a n 

immensel y importan t  functio n serve d b y externa l  representations .  Thi s 

functio n i s no t  limite d t o th e obviou s rol e tha t  externa l  representation s pla y 

i n communication :  T o conve y m y thought s t o you ,  I  mus t  translat e the m int o 

word s o r  pictures ;  yo u mus t  decod e thes e t o understan d m e .  Beyon d this , 

though ,  externa l  representation s als o serv e a n importan t  non-communicativ e 

function ,  i n th e examinatio n an d developmen t  o f  one' s o w n ideas .  A s w e wil l 

see ,  th e functio n o f  externa l  representation s derive s fro m th e particula r 

natur e o f  interna l  representations ,  and ,  i n fact ,  fro m th e limit s o f  interna l 

representations . 
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Externa l  representation s ar e ofte n use d a n a n aid e memo i r e o r  a s a n aid e 

pensee .  T h e scientis t  write s th e hypothesize d equation s o n th e blackboard ; 

th e artis t  sketche s th e lay-ou t  i n a  notebook .  Or ,  t o tak e a  rathe r  differen t 

case ,  I  spen t  s o m e month s contemplatin g th e content s o f  thi s pape r  befor e 

sittin g d o w n t o writ e it .  Ye t  m u c h o f  th e discover y an d developmen t  happene d 

onl y w h e n I  bega n t o write .  I  believ e thi s i s a  c o m m o n experienc e -  tha t 

translatin g one' s thought s int o word s ca n b e extremel y instructive ;  indeed ,  I 

wil l  tr y t o argu e tha t  s o m e o f  th e instructio n i s onl y possibl e onc e th e 

thought s ar e externalized . 

Before proceeding, it is worth noting the diversity of what we are calling 

externa l  representations .  T h e example s jus t  liste d includ e pictures ,  equation s 

o n a  blackboard ,  an d lon g papers ;  s o m e o f  thes e ar e symbolic ,  s o m e ar e 

depictive .  T h e s e ar e differen t  fro m eac h othe r  i n m a n y regards ,  and ,  fo r  m a n y 

purposes ,  ca n no t  b e groupe d together .  Nonetheless ,  I  wil l  trea t  the m a s 

interchangeabl e fo r  presen t  purposes .  Indeed ,  m u c h o f  th e evidenc e whic h 

inform s th e presen t  discussio n concern s a  singl e paradig m cas e -  th e 

contras t  betwee n menta l  image s a s interna l  representations ,  an d picture s a s 

externa l  ones .  T h e issu e o f  whethe r  w e ca n generaliz e fro m thi s cas e wil l  b e 

a centra l  t h e m e i n wha t  follows . 

There are of course some trivial reasons why it is helpful to externalize a 

thought .  Workin g m e m o r y i s limite d i n capacity ,  settin g boundarie s o n h o w 

m u ch informatio n ca n b e kep t  ready-at-hand .  T h u s on e ca n mentall y multipl y 

2-digi t  numbers ;  fo r  3 -  an d 4-digi t  numbers ,  on e use s a n externa l  ai d i n 

retainin g th e interi m results .  Thi s i s obviousl y importan t  w h e n contemplatin g 

th e lon g serie s o f  step s i n a  comple x argument ,  o r  th e m a n y facet s o f  a 

complicate d problem .  Additionally ,  thi s i s exacerbate d w h e n th e m e r e 

maintenanc e o f  th e interna l  representatio n itsel f  require s effort .  Kossly n 

(1980 ,  1983) ,  fo r  example ,  ha s argue d tha t  maintainin g a  menta l  imag e 

require s constan t  effort ,  a s part s o f  th e imag e "fade "  an d mus t  b e refreshed . 

Thi s potentiall y  set s limit s o n bot h th e m a x i m u m complexit y o f  menta l  image s 

an d th e kind s o f  effortfu l  operation s whic h ca n b e applie d t o a n image . 

These considerations of memory load and of effort are no doubt correct, but 

ther e i s n o reaso n t o believ e the y exhaus t  th e limitation s o f  interna l 
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representations .  T h e followin g section s describ e thre e other ,  mo r e 

interesting ,  w a y s tha t  externa l  representation s ca n enhanc e cognitiv e 

performance .  T o anticipat e th e argument ,  I  conside r  s o m e o f  th e w a y s i n 

whic h externa l  representation s ar e functionall y differen t  fro m interna l  ones , 

by virtu e o f  bein g ope n t o differen t  operations ,  an d b y tappin g differen t  skills . 

Sai d differently ,  w e wil l  conside r  th e functiona l  limitation s o f  interna l 

representations ,  an d so ,  b y contrast ,  th e advantage s o f  externa l 

representations .  Whil e ou r  stres s wil l  b e o n th e consequen t  benefit s o f 

externalizin g one' s thoughts ,  thi s perspectiv e als o ha s m a n y othe r 

implications ,  an d I  discus s s o m e o f  thes e i n th e fina l  section . 

Perceotual knowledge 

Ther e i s a  growin g bod y o f  evidenc e tha t  th e knowledg e t o whic h on e ha s 

consciou s acces s m a y b e interestingl y differen t  fro m th e knowledg e use d i n 

perceivin g o r  identifyin g object s i n th e world .  T o star t  wit h a  trivia l  case ,  a 

basebal l  outfielder' s perceptual  anticipatio n o f  a  flyball' s  trajector y m a y 

(implicitly )  requir e s o m e speed y calculus ;  th e player' s explicit ,  consciou s 

gras p o f  calculu s m a y b e fa r  les s sophisticated .  Figur e 1  illustrate s th e 

convers e case . 

r̂io r  fiCtUC t  OUT Mci v t d i W D ^  those-^kk / 
e^OUhiCBS A t  Ti^ D & ^ b . 
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Thi s importan t  distinctio n betwee n implicitl y  availabl e an d explicitl y 

availabl e knowledg e ha s recentl y surface d i n discussion s o f  "intuitiv e physics " 

(e.g .  McCloske y e t  al. ,  1980) .  Colleg e students '  explici t  judgment s abou t 

inerti a an d m o m e n t u m an d th e lik e s e e m systematicall y incorrect .  Eve n afte r 

a yea r  o f  trainin g i n physics ,  subject s s e e m t o hol d a n "impetu s theory " 

simila r  t o th e o n e rejecte d b y moder n scienc e ove r  4 0 0 year s ago . 

Remarkably ,  subject s m a k e prediction s whic h ar e clearl y contrar y t o thei r  tw o 

decade s o f  interactio n wit h th e world ,  predictin g (fo r  example )  anoma lou s 

trajectorie s differen t  fro m an y the y hav e see n i n thei r  lifetimes . 

Subjects fare far better, though, if we request an implicit judgment rather 

tha n a n explici t  one :  Rathe r  tha n askin g subject s t o predic t  a  motion ,  Proffit t 

an d Kaise r  (1986 )  s h o w e d subject s videotape s o f  actua l  motion s an d 

(simulated )  anoma lou s motions ,  an d aske d subject s whic h looke d correct .  I n 

thi s m o d e o f  test ,  subjects '  intuitiv e gras p o f  physic s s e e m s quit e good ,  a s 

the y reliabl y rejec t  anomalou s motion s i n thi s perceptua l  task .  Apparently , 

then ,  subject s hav e perceptua l  knowledg e abou t  motion s whic h exceed s thei r 

consciou s knowledge :  the y canno t  answe r  simpl e problems ,  bu t  the y d o k n o w 

what  "look s right. " 

In a different vein, Jacoby and others have repeatedly shown that conscious 

memor ie s ca n easil y b e dissociate d fro m perceptua l  learning .  Fo r  example , 

Jacob y an d Dalla s (1981 )  ha d subject s stud y a  word-list .  Afte r  a  24-hou r 

delay ,  subjects '  consciou s recognitio n o f  thes e word s w a s a t  near-chanc e 

levels .  However ,  i n a  tachistoscopic-recognitio n paradigm ,  subject s wer e 

twic e a s likel y t o identif y th e previousl y viewe d word s (compare d t o contro l 

words) .  More ,  differen t  variable s s e e m t o influenc e consciou s recognitio n an d 

perceptua l  identification ,  wit h dept h o f  processin g (fo r  example )  bein g 

critica l  fo r  th e forme r  bu t  irrelevan t  t o th e latter . 

In describing these data, Jacoby argues that prior exposure leads to 

"perceptua l  fluency. "  T h e fluenc y b y itsel f  doe s no t  ensur e tha t  th e ite m wil l 

b e "recognized "  a s familiar .  T h e recognitio n wil l  occu r  onl y i f  th e perceive r 

attribute s th e fluenc y t o th e relevan t  prio r  encounter .  I n th e absenc e o f  thi s 

attribution ,  th e ite m wil l  no t  b e acknowledge d a s (say )  bein g fro m th e 

previousl y viewe d list ,  but ,  eve n i n thi s case ,  th e perceptua l  fluenc y stil l  ha s 
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demonstrabl e effects :  th e ite m wil l  b e recognize d mor e readil y (Jacob y an d 

Dallas ,  1981) ,  m a y b e judge d a s mor e attractiv e i n appearanc e (Seamon ,  1981) , 

m ay b e judge d a s bein g m o r e "prominent "  (e.g .  i n a  judgmen t  o f  relativ e "fame " 

-  Jacoby ,  1 9 8 5 )  an d s o on .  Thu s w e ar e influence d b y perceptua l  fluenc y - -

thing s "loo k right "  o r  "loo k familiar "  -  eve n w h e n w e canno t  recal l  wha t  i s 

righ t  o r  attribut e th e familiarity .  I t  remain s a n ope n questio n whethe r  thi s 

perceptua l  knowledg e simpl y provide s a  mor e sensitiv e assessmen t  o f  wha t 

we know ,  o r  whether ,  mor e strongly ,  i t  i s  a  differen t  specie s o f  knowledge . 

O ne w a y o r  th e other ,  though ,  thes e identificatio n processe s s e e m t o b e 

privilege d wit h regar d t o variou s procedures ,  an d i t  i s  therefor e t o one' s 

advantag e t o b e abl e t o ta p thi s knowledge . 

The proposal, then, is that one benefit of external representations is that 

the y giv e u s acces s t o knowledg e an d skill s  whic h ar e otherwis e unavailabl e 

t o us .  Subject s i n th e "intuitiv e physics "  experiment s could ,  a t  leas t 

potentially ,  improv e thei r  performanc e b y actualizin g th e motion s the y ar e 

attemptin g t o judge ;  b y creatin g th e requisit e inpu t  fo r  accessin g perceptua l 

knowledge ,  tha t  knowledg e coul d b e employed .  Subject s i n Jacob y an d Dallas ' 

m e m o ry experiment s coul d likewis e emplo y a  specie s o f  th e "generat e an d 

test "  strateg y - -  generatin g candidat e m e m o r y items ,  an d the n respondin g o n 

th e basi s o f  th e fluenc y wit h whic h thes e ar e processed .  I f  thes e case s s e e m 

far-fetched ,  conside r  a  mor e familia r  case :  I n tryin g t o spel l  a  rarel y 

encountere d word ,  on e write s th e tw o possibl e spelling s ou t  o n a  piec e o f 

paper ,  the n judge s whic h "look s right. "  T h e suggestio n i s tha t  thi s i s a 

sensibl e strategy ,  tappin g th e s a m e skill s  i n perceptual  identificatio n whic h 

ar e eviden t  i n Jacoby' s procedures .  I t  i s  interestin g tha t  on e s e e m s unabl e t o 

deriv e th e s a m e benefi t  b y merel y thinkin g abou t  o r  imagin g th e alternat e 

spellings ;  i n thes e latte r  cases ,  on e ha s n o acces s t o th e perceptua l  skill .  O n e 

gain s acces s b y externalizin g th e representation ,  b y creatin g th e relevan t 

inpu t  fo r  th e perceptua l  process . 

This kind of claim is entirely consistent with (although does not rest on) 

curren t  claim s abou t  th e "modularity "  o f  cognitiv e functioning .  T h e thesi s o f 

modularit y i s tha t  separat e an d independen t  processe s ar e employe d b y variou s 

inpu t  an d outpu t  modules ;  thes e ar e inaccessibl e t o an d impenetrabl e b y th e 

centra l  processes .  Perceptua l  processe s ar e on e clea r  candidat e fo r  "modular " 

status ;  th e impenetrability ,  fo r  example ,  i s  eviden t  i n th e fac t  tha t  illusion s 
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remai n effectiv e eve n w h e n o n e k n o w s on e i s lookin g a t  a n illusion .  T h e 

inaccessibilit y  o f  thes e processe s i s eviden t  i n th e "unconscious, "  automati c 

statu s o f  m u c h perceptua l  "inference. "  T h e notio n here ,  however ,  i s  tha t  on e 

ca n i n a  sens e defea t  th e modularit y b y externalizin g one' s thoughts .  T o pu t 

thi s concretely ,  th e perceptio n modu l e "knows "  th e correc t  spellin g o f  a  word , 

but  on e canno t  directl y acces s thi s knowledge .  However ,  on e ca n offe r  th e 

perceptio n modu l e a  candidat e spellin g an d s o t o spea k lear n h o w th e modul e 

reacts .  I n thi s way ,  b y creatin g input s fo r  th e module ,  an d b y monitorin g th e 

module' s output ,  on e indirectl y gain s acces s t o th e specifi c  knowledg e o r 

skill s  inherin g i n th e module . 

The non-intensionalitv of external representations 

It  i s  extremel y importan t  tha t  externa l  representation s ar e bot h 

representation s an d als o thing s i n themselve s - -  in k mark s o n paper ,  acousti c 

signal s i n th e air .  T h u s th e representation s exis t  afte r  w e n o longe r  ar e 

thinkin g abou t  them ,  an d the y ar e ope n t o interpretatio n b y others ,  eve n i f  th e 

other s d o no t  k n o w th e inten t  wit h whic h th e representatio n w a s created . 

Indeed ,  eve n th e creato r  o f  th e representatio n ha s th e optio n o f  settin g hi s o r 

her  understandin g o f  i t  aside ,  returnin g s o t o spea k t o th e "ra w material, "  an d 

interpretin g i t  anew .  Thi s open s th e possibilit y  tha t  a  differen t  interpretatio n 

m ay b e reached ,  renderin g th e externa l  representatio n a t  leas t  potentiall y 

ambiguous . 

This potential for ambiguity is not present for internal representations, 

providin g a n importan t  functiona l  contras t  betwee n thes e an d externa l 

representations .  Thi s poin t  ca n b e illustrate d wit h a n exampl e draw n fro m ou r 

wor k wit h menta l  image s (Chamber s an d Reisberg ,  1985 ;  Reisber g an d 

C h a m b e r s ,  1987) .  M a n y hav e argue d tha t  menta l  image s ar e picture-lik e 

depictions ,  inherentl y ambiguous ,  an d i n nee d o f  interpretatio n (presumabl y 

vi a processe s relate d t o perception) .  I n contrast ,  ou r  clai m ha s bee n tha t 

menta l  images ,  a s menta l  representations ,  ar e inherentl y meaningful , 

representin g s o m e particula r  thin g o r  stat e o f  affairs .  Menta l  image s ar e thu s 

intensiona l  entities ,  e m b e d d e d i n a  particula r  contex t  o f  understanding ,  an d s o 

necessaril y  unambiguous . 

To test this claim, Chambers and Reisberg led subjects to encode some of 

th e classica l  "ambiguou s figures "  (e.g .  th e duck/rabbit ,  th e Necke r  cube ,  etc.) . 
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Subject s wer e the n aske d t o for m menta l  image s o f  thes e figures ,  an d t o 

examin e th e imag e fo r  a n alternativ e construa l  o f  th e form .  Subject s ha d 

previousl y receive d practic e an d instructio n wit h othe r  amb iguou s figures , 

but ,  critically ,  wer e naiv e t o th e tes t  figures .  I n addition ,  subject s we r e no t 

give n enoug h tim e a t  encodin g t o fin d bot h construal s o f  th e tes t  figures .  I n 

thes e ways ,  an y reconstrual s o f  th e imag e wil l  b e bonafid e "discoveries, " 

indicatin g tha t  image s ca n suppor t  reinterpretatio n an d s o ar e ambiguous . 

Across a variety of procedures, exactly zero subjects succeeded in 

reconstruin g thei r  images .  A n importan t  control ,  though ,  m a k e s clea r  th e 

contras t  betwee n interna l  an d externa l  representations .  Afte r  subject s ha d 

trie d (an d failed )  t o reconstru e thei r  image ,  the y wer e aske d t o dra w a  pictur e 

fro m th e image ,  an d the n t o attemp t  reconstrua l  o f  thei r  o w n drawing .  I n 

shar p contras t  t o th e imager y data ,  1 0 0 % o f  th e subject s wer e abl e t o 

reinterpre t  thei r  o w n drawings .  (Thes e drawing s wer e i n fac t  ambiguous ,  a s a 

n e w grou p o f  subject s w a s als o abl e t o fin d bot h construal s i n them. )  O n c e 

ther e w a s a  stimulu s o n th e scen e (eve n a  self-create d one) ,  subject s coul d 

set  asid e th e understandin g the y ha d i n min d i n creatin g th e stimulus ,  an d 

interpre t  i t  anew .  I n imagery ,  th e understandin g i s inheren t  i n th e 

representation ,  s o tha t  ther e simpl y i s n o representatio n separat e fro m th e 

understanding .  Wit h n o freestandin g ico n t o interpret ,  n o reinterpretatio n i s 

possible .  Consisten t  wit h this ,  ou r  broa d patter n o f  imager y dat a repeatedl y 

sho w clea r  boundarie s o n wha t  subject s ca n lear n fro m o r  discove r  i n thei r 

menta l  images .  Discoverie s easil y occu r  w h e n thes e ar e consisten t  wit h th e 

way a n imag e i s understood .  Discoverie s whic h requir e a  chang e i n th e image' s 

understandin g s e e m rigidl y impossible .  W h e n subject s dra w picture s o f  thei r 

images ,  though ,  ther e i s a  stimulu s t o b e interpreted ,  an d reinterpretation s 

ar e routinel y possible . 

While the empirical content of this work has focused on imagery, I believe 

tha t  th e lesso n i s a  genera l  one .  A s lon g a s idea s ar e internall y represented , 

the y exis t  onl y vi a a  certai n contex t  o f  understanding ,  s o ther e ca n b e neithe r 

doub t  no r  ambiguit y abou t  wha t  i s intended .  I f  I  believ e I  a m thinkin g abou t 

(say )  crocodiles ,  the n I  a m .  I t  m a y tur n ou t  tha t  I  k n o w ver y littl e abou t 

crocodiles ,  o r  I  m a y late r  o n discove r  tha t  m y knowledg e abou t  crocodile s i s 

instea d tru e o f  alligators .  But ,  a t  th e m o m e n t  o f  havin g th e thought ,  i f  I 

understan d i t  a s bein g abou t  crocodiles ,  the n i t  i s  abou t  crocodiles ,  becaus e i t 
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i s  onl y throug h m y understandin g o f  i t  tha t  th e though t  ha s an y definitio n a t 

all .  Thi s i s obviousl y o f  functiona l  importance ,  sinc e i t  entail s (amon g othe r 

things )  tha t  "lapse s o f  communication "  canno t  happe n withi n thought .  A t  th e 

s a me time ,  though ,  i t  m a y plac e limit s o n thought ,  especiall y i f  o n e i s lookin g 

fo r  a  nove l  interpretatio n o f  a  prio r  conception . 

I believe that this is what is at stake when one tries to evaluate one's own 

idea s b y "distancing "  o r  "detaching "  onesel f  fro m them .  O n e need s t o lear n h o w 

wel l  th e ide a fare s outsid e o f  th e contex t  i n whic h i t  w a s created ,  a w a y fro m 

th e implici t  assumption s whic h m a y hav e accompanie d it ,  divorce d fro m th e 

specifi c  construal s o r  e m p h a s e s on e initiall y  ha d i n mind .  O n e likewis e need s 

t o discove r  i f  understanding s whic h accompanie d th e ide a wer e essentia l 

corollaries ,  o r  gratuitou s associations .  T o achiev e al l  this ,  on e need s t o 

preserv e wha t  i s centra l  i n th e ide a whil e changin g a s m u c h a s possibl e abou t 

th e menta l  context .  O n e importan t  w a y t o achiev e thi s i s b y externalizin g th e 

idea ,  s o tha t  ther e i s somethin g t o b e interprete d o r  reinterprete d onc e one' s 

perspectiv e ha s changed . 

I do not wish to imply that this reinterpretation will be easily achieved. It 

i s  ofte n difficul t  t o chang e one' s initia l  understandin g o f  a n externa l 

representation .  I n th e cas e o f  ambiguou s geometri c figures ,  fo r  example , 

reinterpretatio n require s foreknowledg e tha t  th e figur e i s i n fac t  ambiguou s 

(Girgu s e t  al. ,  1977) ;  reinterpretation s ar e delaye d i f  on e i s prevente d fro m 

concentratin g o n th e figur e (Reisberg ,  1983 ;  Reisber g an d O'Shaughnessy , 

1984) .  Reisber g an d O'Shaughness y argu e tha t  thes e difficultie s lie ,  no t  i n 

findin g a  n e w construal ,  bu t  i n oustin g th e old ,  i n subvertin g th e processe s 

whic h maintai n th e stimulus' s interpretation .  B e tha t  a s i t  m a y , 

interpretatio n i s possible :  stimul i  ca n b e ambiguou s eve n i f  menta l 

representation s cannot .  Hence ,  on e ca n lear n b y turnin g one' s representation s 

int o stimul i  - -  i.e .  b y externalizin g them . 

Discovering omissions 

O ur  fina l  distinctio n betwee n interna l  an d externa l  representation s i s th e 

one ,  I  believe ,  wit h broades t  applicability .  Interna l  representation s ofte n 

strik e u s a s bein g ric h an d detailed ,  bu t  th e detai l  i s  uneven :  Aspect s o f  th e 

representatio n whic h ar e attende d wil l  b e elaborated ;  aspect s whic h ar e no t 

attende d wil l  b e undetaile d an d vague .  I t  i s  unclea r  whethe r  th e attentio n 
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create s th e detai l  o r  vic e versa ,  but ,  i n eithe r  case ,  thi s co-occurrenc e ofte n 

cause s u s t o b e surprise d w h e n th e area s o f  vaguenes s ar e discovered .  A s lon g 

as the y ar e unattended ,  th e omission s fro m th e representatio n ca n remai n 

unnoticed . 

Once again, our principal example comes from imagery. Even the most vivid 

of  image s omit s myria d details ,  ofte n detail s tha t  s e e m central .  Ther e ha s 

bee n considerabl e discussio n i n th e philosoph y literatur e o f  th e fac t  tha t  th e 

image d tige r  m a y hav e a n indeterminat e numbe r  o f  stripe s (e.g .  Dennett ,  1981 ; 

Fodor ,  1981) .  O n e can ,  i f  on e chooses ,  imag e thre e o r  eigh t  o r  howeve r  m a n y 

stripes .  If ,  however ,  on e simpl y image s a  tiger ,  th e numbe r  o f  stripe s m a y b e 

unspecified ,  an d thi s indeterminac y ca n easil y b e overlooked . 

This omission from the image can be discovered in various ways. As a 

simpl e extreme ,  on e ca n as k th e image r  t o coun t  th e tiger' s stripes ;  th e image r 

wil l  typicall y registe r  surpris e a t  his/he r  inabilit y  t o d o this .  A s a  mor e 

sophisticate d variatio n o f  this ,  on e ca n challeng e subject s t o for m a n imag e o f 

a wor d (e.g .  "pumpkin" )  an d the n t o rea d of f  th e letter s o f  thi s wor d backwar d 

(n-i-k-p...) .  (Cf .  Morri s an d H a m p s o n ,  1983 ,  pp .  221-223. )  T o thei r  surprise , 

subject s fin d thi s reasonabl y difficult ,  eve n w h e n th e image d wor d w a s 

subjectivel y quit e clea r  an d vivid .  Apparently ,  then ,  th e imag e i s appreciabl y 

les s clea r  tha n th e correspondin g pictur e (fro m whic h th e letter s ca n easil y b e 

read) ,  and ,  importantly ,  appreciabl y les s complet e tha n th e subject s 

themselve s ha d believed . 

A final example brings us back to our theme: It is a common experience 

tha t  eve n i f  on e ha s a  ver y clea r  imag e i n mind ,  i t  i s  nonetheles s difficul t  t o 

"copy "  th e imag e ont o a  drawing .  I n part ,  i t  s e e m s difficul t  simpl y t o 

reproduc e th e contour s "see n clearly "  b y th e mind' s eye .  M o r e important ,  o n e 

discover s i n th e proces s o f  drawin g tha t  s o m e aspect s wer e simpl y absen t 

fro m th e image .  Fo r  example ,  on e firs t  image s a  horse ,  the n attempt s t o dra w 

thi s image .  Fo r  mos t  o f  us ,  i t  i s  ver y har d t o dra w th e horse' s knees ;  t o us e 

Joh n Kennedy' s description ,  th e picture d hors e ofte n end s u p lookin g a s i f  i t 

wer e wearin g pajamas ,  an d th e pictur e look s clearl y anomalous .  T h e initia l 

image ,  though ,  di d no t  loo k a t  al l  anomalou s ~  on e m a y hav e omitte d th e knee s 

fro m th e imag e (if ,  fo r  example ,  on e ha s n o ide a abou t  h o w thes e look) ,  but ,  a s 

lon g a s attentio n i s elsewhere ,  th e omissio n i s consistentl y overlooked . 
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Ther e ar e probabl y severa l  reason s w h y externalizin g th e imag e lead s t o 

th e discover y o f  omissions .  Afte r  all ,  o n e coul d i n principl e appl y th e s a m e 

selectiv e filte r  t o th e drawin g a s t o th e imag e (atten d onl y t o th e nos e o f  th e 

picture d horse ,  no t  it s  knees) ,  an d s o discove r  nothin g new .  O n e reaso n thi s 

doe s no t  occu r  i s th e productio n proces s itself :  A t  s o m e point ,  one' s pe n mus t 

nea r  th e horse' s knees ,  an d the n th e contou r  mus t  b e deal t  with ,  no t  ignored . 

At  thi s point ,  on e wil l  immediatel y realiz e th e absenc e o f  an y clea r  ide a abou t 

jus t  h o w th e horse' s knee s shoul d look .  I n addition ,  i t  s e e m s possibl e tha t  th e 

contro l  processe s fo r  attentio n t o stimul i  m a y no t  b e th e s a m e a s thos e fo r 

menta l  representations .  I n th e forme r  case ,  on e ca n easil y allocat e attentio n 

spatially :  I  wil l  atten d t o th e drawing' s lower-righ t  corner ,  o r  t o th e globa l 

contour ,  etc .  Thi s m a y b e mor e difficul t  o r  perhap s jus t  les s likel y wit h 

interna l  representations .  I n thi s case ,  attentio n s e e m s governe d b y somethin g 

lik e a  content-addressin g system ,  s o tha t  on e focuse s m o r e easil y o n specifie d 

target s o r  aspects ,  rathe r  tha n o n whatever-is-in-region-X .  Thi s certainl y 

woul d fi t  wit h ou r  clai m abov e tha t  image s ar e intensiona l  entities ,  an d no t 

depiction s t o b e effortlessl y reparse d int o arbitrar y spatia l  regions . 

As before, while our illustrations for this point have been drawn from 

imagery ,  I  believ e th e p h e n o m e n o n t o b e a  genera l  one .  I n thinkin g throug h a 

verba l  argument ,  fo r  example ,  on e attend s t o wha t  i s included ,  an d no t  t o th e 

gaps ;  thu s th e gap s ar e overlooked .  I t  i s  onl y i n explicitl y  an d externall y 

spellin g ou t  th e argumen t  tha t  th e gap s ar e discovere d an d th e vaguenesse s 

unveiled . 

Conclusions and implications 

O ur  prio r  dat a hav e pointe d t o clea r  difference s betwee n image s an d 

pictures ;  w e hav e discusse d s o m e o f  th e consequen t  advantage s o f 

externalizin g images .  T h e attemp t  t o generaliz e beyon d thes e data ,  a t  leas t 

fo r  now ,  obviousl y rest s m o r e o n conjectur e tha n o n har d evidence .  O n e poin t 

of  thi s paper ,  then ,  ha s bee n t o argu e tha t  thi s evidenc e i s wort h gathering ,  i n 

addition ,  thi s researc h i s obviousl y relevan t  t o th e psycholog y o f  instructio n 

an d th e psycholog y o f  discovery .  Give n curren t  interes t  i n thes e topic s (e.g . 

Glase r  an d Takanishi ,  1986 ;  Gruber ,  1974 ;  T w e n e y e t  al. ,  1981) ,  thi s b y itsel f 

motivate s thi s kin d o f  inquiry .  Finally ,  thi s attemp t  t o contras t  interna l  an d 

externa l  representation s wil l  inevitabl y sharpe n ou r  understandin g o f  each , 
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agai n a n ai m o f  s o m e importanc e withi n cognitiv e science . 

For the moment, therefore, the worth of this perspective rises or falls on 

th e richnes s o f  it s  se t  o f  implications ,  an d no t  o n th e strengt h o f  it s  empirica l 

base .  I n additio n t o th e implication s w e hav e mentioned ,  conside r  th e fac t 

tha t  m u c h wor k i n artificia l  intelligenc e ha s sough t  t o segregat e th e problem s 

of  intelligenc e an d machin e vision .  Thi s i s obviousl y consisten t  wit h curren t 

claim s abou t  modularity ,  but ,  i f  I  a m right ,  i t  i s  i n s o m e w a y s a n unwis e 

strategy .  T o tak e jus t  on e salien t  case ,  w e k n o w tha t  Darwi n sketche d a  grea t 

dea l  i n hi s notebook s (cf .  Gruber ,  1974) ;  ou r  suggestio n i s tha t  thes e sketche s 

m ay hav e bee n cause s o f  hi s insight s a s m u c h a s expression s o f  them .  Curren t 

"unseeing "  model s o f  discovery ,  therefore ,  (e.g .  Bradsha w e t  al. ,  1983 )  migh t 

fo r  thi s reaso n exemplif y th e wron g w a y o f  conceivin g thi s achievement . 

Or, to indulge in one last conjecture, we know that humans have created 

decorativ e art s sinc e th e beginning s o f  ou r  evolutio n a s a  species .  M a n y hav e 

speculate d abou t  th e cultura l  o r  psychologica l  cause s whic h m a y underli e thi s 

urg e t o decorat e (e.g .  Arnheim ,  1971 ;  Festinger ,  1984 ;  Gombrich ,  1960) .  O u r 

perspectiv e suggest s a t  leas t  on e possibl e factor :  H u m a n s m a y hav e 

discovere d earl y o n th e advantage s o f  drawin g rathe r  tha n imaging ,  o f  thinkin g 

out  loud ,  s o t o speak ,  rathe r  tha n thinkin g t o oneself .  Thes e advantage d o f 

externalizin g fo r  variou s form s o f  problem-solvin g m a y b e on e elemen t  whic h 

encourage d an d maintaine d th e developmen t  o f  decorativ e art . 

Much of this paper has aimed at motivating questions about external 

representation s a s aid s t o thought .  I t  s e e m s importan t  t o close ,  therefore , 

wit h on e o f  th e critica l  an d earl y question s tha t  ha s t o b e asked ,  namely ,  wha t 

JS a n externa l  representation ? B y thi s I  d o no t  m e a n t o as k wha t  i s a 

representatio n a t  all .  Instead ,  ou r  concer n lie s wit h wha t  i t  i s  tha t 

distinguishe s interna l  fro m externa l  representations .  I  hav e employe d 

straightfonrt/ar d example s her e (e.g .  menta l  image s vs .  pictures )  bu t  ther e ar e 

m a ny les s clea r  cases .  A n exampl e wil l  illustrat e thi s point :  Reisber g e t  al . 

(1987 )  aske d subject s eithe r  t o liste n t o o r  (i n othe r  conditions )  t o imag e a n 

ambiguou s auditor y stimulus .  Tha t  is ,  th e stimulu s (rapi d repetition s o f  th e 

wor d "stress" )  coul d b e parse d a s eithe r  repetition s o f  "stress "  o r  o f  "dress "  o r 

of  "rest "  o r  "tress. "  W h e n subject s hear d thi s stimulus ,  the y easil y discovere d 

th e variou s construals .  W h e n subject s imaoe d th e soundstream ,  th e result s 

depende d o n whethe r  additiona l  step s wer e take n t o bloc k subvocalization . 
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Withou t  subvocalizatio n (e.g .  i f  subject s image d whil e chewin g a  larg e piec e 

of  candy) ,  th e result s follo w th e patter n o f  ou r  dat a wit h visua l  imagery : 

subject s reliabl y fai l  t o reconstru e th e auditor y image .  Wit h subvocalizatio n 

(e.g .  n o candy) ,  though ,  subject s d o discove r  th e alternativ e interpretation s o f 

th e Image .  Reisber g e t  al .  argu e tha t  thi s i s becaus e subvocalizatio n create s a 

stimulus ,  i n thi s cas e a n articulator y event .  Thi s articulator y stimulus ,  a s a n 

"external "  representation ,  i s  the n subjec t  t o interpretatio n an d wil l  suppor t 

reinterpretation .  Note ,  therefore ,  th e possibilit y  o f  cover t  externa l 

representations .  I n fact ,  whil e I  hav e use d th e ter m "externa l  representation " 

throughou t  thi s paper ,  th e relevant ,  non-intensional ,  stimulu s even t  nee d no t 

b e literall y external .  I  a m nonetheles s incline d t o retai n th e 

"internarrexternal "  terminolog y (fo r  expositor y ease) ,  bu t  n o w th e proble m o f 

definitio n i s i n plai n view .  I n addition ,  i n thi s pape r  I  hav e suggeste d several 

empirica l  propertie s o f  externa l  representation ,  wit h regar d t o perception ,  o r 

t o ambiguity ,  o r  t o controllin g attention ,  bu t  thes e propertie s m a y no t  b e 

co-extensive .  Give n al l  this ,  I  a m reluctan t  t o stipulat e a  definition .  Instead , 

thes e propertie s o f  representation s nee d t o b e assesse d empirically .  Thi s i s 

exactl y wha t  w e hav e trie d t o d o i n ou r  wor k wit h imagery ;  a  majo r  purpos e o f 

thi s pape r  ha s bee n t o r e c o m m e n d a  broadenin g o f  thi s effort . 
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Abstract 

AutobiograpWca l  retrieva l  ha s bee n modele d a s a  predictiv e retrieval  process ,  i n 

whic h strategie s elaborat e th e origina l  retrieval  cu e relying  o n informatio n accesse d i n 

knowledg e structure s t o direc t  th e search .  Previou s studie s hav e demonstrate d tha t 

even t  concept s diffe r  i n thei r  utilit y  i n thi s process .  Th e presen t  stud y examine s th e 

typ e o f  infonnatio n mad e availabl e b y accessin g tw o suc h even t  concepts ,  activitie s 

and genera l  actions .  Activit y structure s ar e show n t o enabl e mor e concret e 

prediction s abou t  include d objects ,  people ,  an d settin g information ,  whil e genera l 

action s ten d t o b e associate d wit h interna l  menta l  states .  Thes e difference s i n 

availabl e feature s ar e consisten t  wit h previousl y observe d retrieva l  tim e difference s 

betwee n thes e type s o f  concept s an d suppor t  a  genera l  underlyin g mechanis m o f 

predictiv e inferencin g i n retrieval.  Th e results  sugges t  th e type s o f  informatio n tha t 

compute r  model s o f  memor y organizatio n shoul d utiliz e i n thei r  representations  o f 

even t  structure s an d th e reasoning  mechanism s thatdepen d o n thos e structures . 

Recent proposals concerning the organization of individual events in memory have 

suggeste d tha t  experience s ar e store d i n memor y associate d wit h knowledg e structures ,  indexe d 

by thei r  differentiatin g feature s (Kolodne r  1983 ,  1984 ;  Reiser ,  1986a ;  Reiser ,  Black ,  &  Abelson , 

1985 ;  Reiser ,  Black ,  &  Kalamarides .  1986 ;  Schank ,  1982) .  I n th e context-plus-inde x model . 

experience s ar e retrieved  fro m memor y b y first  selectin g a  contex t  i n whic h th e targe t  experienc e 

was likel y t o hav e occurred ,  the n elaboratin g th e origina l  descriptio n unti l  enoug h feature s ar e 

assemble d t o discriminat e a n even t  wit h th e targe t  propertie s (Reiser ,  1986a ,  1986b ;  Reise r  & 

Black ,  1983 ;  Reise r  e t  al. ,  1985 ;  Reise r  e t  al. ,  1986) .  Thi s elaboratio n relie s o n informatio n 

containe d i n knowledg e structure s tha t  hav e bee n accesse d t o direc t  th e search .  Compute r  model s 

of  retrieval  hav e demonstrate d tha t  knowledg e structure s use d t o mak e inference s durin g 

comprehensio n provid e th e typ e o f  informatio n neede d fo r  suc h a  strategi c elaborativ e retrieva l 

process . 

I n orde r  t o mode l  th e inferencin g process ,  i t  i s  necessar y t o determin e bot h th e type s o f 

knowledg e structure s an d th e feature s the y mak e availabl e tha t  woul d b e usefu l  i n retrieval. 

Experiment s examinin g th e effectivenes s o f  even t  description s hav e demonstrate d tha t  even t 

knowledg e structure s diffe r  i n thei r  utilit y  i n autobiographica l  memor y retrieval  (Reiser ,  1986a ; 

Reiser ,  Black ,  &  Abelson ,  1985) .  Fo r  example ,  phrase s describin g c o m m o n activitie s (e.g. ,  sa w a 

movie )  ar e mor e effectiv e retrieval  cue s tha n phrase s describin g action s generalize d acros s 

context s (e.g. ,  paying) .  W e hav e argue d tha t  thes e retrieval  tim e difference s aris e becaus e 

knowledg e structure s diffe r  i n thei r  abilit y  t o provid e feature s usefu l  fo r  predictiv e inferencin g 

durin g retrieval.  Conside r  th e exampl e fro m Reise r  e t  al .  (1985 )  o f  tryin g t o predic t  an d interpre t 

an even t  involvin g "payin g i n a  restaurant".  Whil e knowledg e abou t  payin g ca n b e use d t o infe r 

tha t  a  financia l  transactio n occurs ,  mos t  o f  th e detail s i n th e event ,  suc h a s th e appearance s o f  th e 

peopl e involved ,  th e physica l  characteristic s o f  th e surrouiKling s (tables ,  chairs ,  foo d smells , 

wine ,  music) ,  th e soci ^  role s involve d (waiter ,  maitr e d') ,  an d motivation s fo r  th e even t  (hunger , 

socializing )  ar e draw n fro m knowledg e abou t  restaurants. 

The argumen t  base d o n thes e retrieval  results  suggest s tha t  even t  structure s tha t  ar e 

predictiv e o f  mor e feamres ,  particulari y thos e feature s usefu l  i n elaboratio n o f  events ,  wil l  b e 

mor e effectiv e retrieval  structures .  Th e presen t  experimen t  examine s thi s hypothesi s b y 

investigatin g th e type s o f  feature s encode d i n representations  o f  c o m m o n events .  Ou r  hypothesi s 
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Reise r 

i s tha t  th e numbe r  an d variet y o f  feature s encode d i n a n even t  stnictur e coul d b e use d t o predic t 

it s utilit y  i n autobiographica l  retrieval. 

We investigate d tw o type s o f  even t  description s use d i n previou s experiment s o f 

autobiografrfiica l  memor y search .  C o m m on activitie s ar e represented  a s a  stereotypica l  sequenc e 

of  deliberat e action s undertake n t o achiev e on e o r  mor e goals ,  e.g. .  Grocer y Shoppin g an d Goin g 

t o th e Movie s (Schank ,  1982 ;  Schan k &  Abelson ,  1977) .  Genera l  action s represent  th e c o m m o n 

aspect s o f  a  componen t  o f  severa l  differen t  activities .  Fo r  example ,  Mak e Reservation s i s a 

componen t  o f  severa l  activitie s suc h a s Eatin g i n Restaurants ,  Goin g o n vacation ,  an d Playin g 

racquetball .  Reise r  e t  al .  (1985 )  foun d activitie s t o b e mor e effectiv e retrieval  cue s tha n genera l 

actions ,  suggestin g tha t  thes e structure s provid e mor e o f  th e informatio n neede d fo r  inferencin g 

durin g retrieval .  Withi n th e genera l  actions ,  thos e tha t  describe d th e failur e o f  a  goa l  an d wer e 

therefor e mor e unusua l  als o le d t o slowe r  retrievals.  W e argue d tha t  thi s differenc e arise s 

becaus e mor e carefu l  inferencin g i s require d t o assembl e a  se t  o f  feature s i n whic h suc h a  non -

normativ e even t  woul d hav e occurred . 

The goal s o f  thi s experimen t  wer e t o detennin e whethe r  th e amoun t  o f  feature s thes e 

structure s mad e availabl e coul d accoun t  fo r  thei r  effectivenes s i n retrieval.  I n addition ,  examin g 

th e type s o f  feamre s thes e structure s elici t  wil l  sugges t  th e type s o f  concept s tha t  mus t  b e 

encoiporate d i n model s o f  genera l  an d specifi c  even t  knowledge . 

Method 

I n orde r  t o determin e th e amoun t  an d typ e o f  informatio n encode d i n thes e structiu-es ,  w e 

aske d subject s t o lis t  th e c o m m o n feature s fo r  eac h o f  twent y activitie s an d twent y genera l 

actions .  W e followe d Rifkin' s (1985 )  modificatio n fo r  even t  categorie s o f  Rosch ,  Mervis ,  Gray , 

Johnson ,  Boyes-Braem' s (1976 )  origina l  procedur e fo r  elicitin g feature s o f  objec t  categories . 

Subject s wer e tol d t o thin k abou t  wha t  th e give n typ e o f  situatio n i s "usuall y like" ,  the n t o lis t  th e 

characteristic s c o m m o n t o tha t  situation .  The y wer e tol d thei r  characteristic s shoul d b e describe d 

i n five  word s o r  less ,  an d wer e warne d no t  t o b e redundant .  The y wer e als o instructe d tha t  the y 

shoul d lis t  genera l  characteristic s tha t  com e t o min d whe n the y imagin e th e situation ,  an d no t  t o 

respond  i n term s o f  associations ,  suc h a s reportin g tha t  th e ite m yo u ar e foo d shoppin g "remind s 

yo u o f  'm y frien d w h o woric s i n th e vegetabl e sectio n o f  th e A  &  P.* " 

The stimulu s phrase s wer e take n fro m th e activitie s an d genera l  action s use d i n th e Reise r  e t 

al .  (1985 )  experiments ,  an d converte d t o th e presen t  tens e fo r  us e i n thi s experimen t  O f  th e 

genera l  actio n irfirases ,  te n wer e regular  genera l  actions ,  describin g normativ e component s o f 

events ,  suc h a s yo u ar e payin g a t  a  ticke t  booth ,  yo u ar e waitin g fo r  you r  turn .  Te n phrase s 

describe d th e failur e o f  a  goal ,  e.g. ,  yo u don' t  ge t  wha t  yo u aske d fo r  oiyo u wan t  t o leav e early . 

The fort y phrase s wer e divide d int o tw o stimulu s sets ,  eac h containin g te n activities ,  five regular 

actions ,  an d five  failur e actions .  A n equa l  numbe r  o f  subject s wer e assigne d eac h o f  th e tw o 

stimulu s sets .  Subject s wer e give n a  bookle t  containin g th e twent y stimul i  i n randomize d order , 

and wer e give n tw o minute s fo r  eac h even t  t o lis t  th e characteristic s tha t  cam e t o mind .  Twent y 

Princeto n Universit y undergraduate s wer e pai d fo r  thei r  participatio n i n th e experiment . 

Results 

We first  considere d th e numbe r  o f  responses  liste d fo r  eac h event .  Th e mea n numbe r  o f 

responses  pe r  even t  fo r  eac h even t  typ e ar e liste d i n th e first  colum n o f  Tabl e 1 .  Th e numbe r  o f 

responses  liste d fo r  eac h ite m wa s significantl y differen t  fo r  th e thre e type s o f  stimu U (F(2 ,  37 )  = 

36.2 ,  p  <  .(X)l) .  Subject s liste d mor e feature s fo r  activit y cue s tha n fo r  genera l  aaio n cues . 

Among th e genera l  actio n cues ,  mor e feature s wer e liste d fo r  th e regular  action s tha n fo r  th e 

failur e actio n cues .  Thi s patte m o f  result s mirror s th e retrieval  tim e effect s foun d b y Reise r  e t  al . 

(1985) ,  als o show n i n Tabl e 1 .  A s expected ,  thos e item s previousl y foun d t o elici t  faste r  retrieva l 

of  autobiograprfiica l  experience s als o elicite d retrieval  o f  mor e even t  feature s i n th e presen t 

experiment . 
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Tabl e 1 :  M e a n Numbe r  o f  Feature s Generate d 

and Retrieva l  T im e fo r  Activitie s an d Action s 

Even t  Typ e 

Activitie s 

Regula r  Genera l  Action s 

Failur e Genera l  Action s 

M e an Numbe r 

Response s Liste d 

14. 3 

11. 5 

10. 1 

M e an Numbe r 

Feature s Liste d 

15. 8 

12. 6 

11. 0 

Retrieva l 

Tim e (sec ) 

2.10 0 

5.13 9 

5.30 6 

I n orde r  t o determin e whethe r  th e thre e even t  type s elicite d differen t  type s o f  information , 

we categorize d al l  th e responses  generate d b y subject s int o featur e types .  Eac h response  wa s 

code d accordin g t o th e typ e o f  informatio n i t  contained .  W e develope d 1 6 categorie s tha t 

capture d th e variou s type s o f  informatio n mentione d b y subjects .  Th e categorie s include d 

interna l  state s (Menta l  States ,  Hiysica l  States .  Evaluation) ,  action s an d actio n elaboration s 

(Action .  Actio n Condition .  Actio n Modification) ,  taxonomi c relations  (Even t  Subcategory) . 

relations  t o othe r  event s o r  state s (Goal .  Even t  C)utcome ,  Reason ,  Othe r  Event) ,  physica l  an d 

abstra a referents  i n th e even t  (Physica l  Object .  Abstrac t  Object ,  Setting) ,  peopl e (Role) ,  an d 

references  t o tim e (Time) .  Som e typica l  example s ar e show n i n Tabl e 2 . 

Tabl e 2 

Example s o f  Categorize d Feature s 

Featur e Typ e 

Emotion/Menta l  Stat e 

Physica l  Stat e 

Actio n 

Actio n Conditio n 

Actio n Modificatio n 

Even t  Subcategor y 

Physica l  Objec t 

Abstrac t  Objec t 

Even t  Outcom e 
Reaso n 

Goal 

Tim e 

Settin g 

Rol e 

Evaluatio n 

Othe r  Even t 

Respons e 

nervou s 

cram p i n han d 

fill  ou t  for m 

admissio n pric e 

leisurel y 

cas t  partie s 

counte r 

excus e 

wron g tur n 

celebratio n 

want  t o si t  dow n 

weeken d 

bi g auditoriu m 

go u p t o cashie r 

unfriendl y 

restaurants 

Stimulu s Ite m 

yo u si t  dow n an d wai t 

yo u ar e takin g a n exa m 

yo u g o t o a  ban k 

yo u g o t o a  movi e 

yo u visi t  a  museu m 

yo u g o t o a  part y 

yo u pa y a t  th e cas h register 

yo u wan t  t o leav e earl y 

yo u ge t  direction s t o find  somethin g 

yo u g o ou t  drinkin g 

yo u ar e waitin g fo r  you r  tur n 

yo u g o t o a  nightclu b 

yo u atten d a  concei t 

yo u pic k ou t  wha t  yo u wan t 

yo u tak e a  rid e o n a  trai n 

yo u g o o n vacatio n 

Categorizin g th e responses revealed  tha t  a  numbe r  o f  responses  (approximatel y 10% ) 

include d mor e tha n on e feature .  Fo r  example ,  th e phras e "loo k a t  menu "  wa s mentione d b y a 

subjec t  i n response  t o th e activit y yo u g o t o a  restaurant .  Thi s cu e wa s categorize d a s bot h a n 

Actio n an d a  Physica l  Objec t  Similarly ,  th e phras e "g o u p t o cashier "  i n Table  2  include s bot h 

Actio n an d Rol e features .  Th e thre e stimulu s type s d o no t  diffe r  i n th e mea n numbe r  o f  feature s 

liste d pe r  response;  thu s th e numbe r  o f  feature s liste d fo r  activitie s an d action s sho w th e sam e 

patter n a s th e numbe r  o f  responses.  Th e secon d colum n i n Table  1  display s th e mea n numbe r  o f 

feature s liste d fo r  eac h even t  type . 
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We nex t  considere d whethe r  th e pattern s o f  th e type s o f  feature s generate d wer e differen t 

fo r  th e thre e type s o f  events .  Tabl e 3  summarize s th e mea n numbe r  o f  feature s o f  eac h typ e pe r 

ite m liste d b y subjects .  W e use d a  discriminan t  analysi s t o determin e whethe r  th e type s o f 

feature s generate d woul d significantl y discriminat e th e thre e featur e types .  Th e analysi s revealed 

tha t  membershi p i n th e thre e group s coul d b e significantl y predicte d b y th e features .  Thos e 

feauir e type s tha t  significantl y discriminate d th e thre e type s o f  stimul i  ar e indicate d i n th e taUe . 

Tabl e 3 :  M e a n Numbe r  o f  Feature s 

Generate d fo r  Eac h Featur e Typ e 

Featur e Typ e 

Emotion/Menta l  State * 

Physica l  Stat e 

Actio n 

Actio n Conditio n 

Actio n Modificatio n 

Even t  Subcategor y 

Physica l  Object * 

Abstrac t  Objec t 

Even t  Outcome * 

Reason * 

Goal 

Tim e 
Setting * 

Role * 

Evaluatio n 

Othe r  Even t 

Unclassifie d 

Activitie s Regula r 
Action s 

.4 6 1.1 3 

.3 5 .2 0 
3.3 4 3.2 4 

.0 3 .1 7 

.2 2 .1 5 

.2 3 .1 1 
5.8 2 3.6 9 

.2 3 .4 9 

.1 0 .3 4 

.1 0 .0 7 

.1 7 .2 1 

.2 9 .2 8 
2.1 4 .8 0 
1.3 4 .8 2 
.6 7 .3 0 
.3 0 .5 5 
.0 2 .0 5 

Failur e 

Action s 

2.1 5 
.4 4 

3.9 7 

.0 1 

.1 0 

.0 1 
1.1 4 

.2 5 

.3 9 

.3 5 

.2 4 

.3 0 

.3 3 

.6 4 

.2 8 

.3 1 

.0 5 

'significantl y discriminate s activities ,  regular  actions ,  an d failur e actions . 

The tw o stronges t  predictor s ar e th e Emotion s an d Physica l  Object s featur e types . 

Activitie s elici t  mor e Hiysica l  Object s tha n d o th e genera l  actions ,  whil e th e genera l  action s elici t 

more Emotio n feauire s tha n activities .  I n addition ,  activitie s elici t  mor e Settin g an d Rol e 

information ,  whil e genera l  action s elici t  mor e Reaso n an d Even t  Outcom e features .  Thes e 

findings  ar e ver y consisten t  wit h th e notio n o f  activit y structure s a s the y ar e use d i n model s o f 

comprehensio n (e.g. ,  Graesser & Qark ,  1985 ;  Schan k &  Abelson ,  1977) .  Retrieva l  o f  a n activit y 

structur e no t  onl y provide s a  stereotypica l  sequenc e o f  action s tha t  achiev e a  goal ,  bu t  include s a 

descriptio n o f  th e variou s socia l  roles  involve d i n th e interaction ,  an d physica l  object s an d othe r 

settin g inforaiatio n characteristi c o f  th e even t  Th e concret e prediction s provide d b y activit y 

structure s ar e use d i n plannin g an d comprehensio n o f  events ,  an d protoco l  studie s o f 

autobiographica l  retrieval  sugges t  tha t  prediction s base d o n thes e feature s ca n b e use d t o 

elaborat e a  retrieval  descriptio n durin g autobiographica l  retrieval  (Reise r  e t  al. ,  1986) .  Th e 

genera l  action s provid e les s o f  thi s information ,  an d appea r  t o provid e mor e informatio n base d o n 

intema l  menta l  state s an d emotions .  Thus ,  th e difference s i n feature s elicite d b y thes e structure s 

appea r  t o b e quit e consisten t  wit h th e observe d difference s i n thei r  efficac y durin g retrieval. 

To summariz e ou r  findings  t o thi s point ,  w e hav e demonstrate d tha t  even t  structure s tha t  ar e 

more effectiv e i n retrieval  als o elici t  a  greate r  numbe r  o f  features .  Analyse s o f  th e specifi c  type s 

of  feature s elicite d indicate d tha t  activitie s ar e associate d wit h mor e concret e prediction s abou t 

include d objects ,  people ,  an d settin g information ,  whil e genera l  action s ar e mor e associate d wit h 

intema l  menta l  an d states .  Th e nex t  questio n t o addres s concern s whethe r  th e difference s i n 
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feature s ca n accoun t  reliably  fo r  th e retrieval  tim e difference s foun d b y Reise r  e t  al .  (1985) .  T o 

investigat e this ,  w e i)erforme d a  multipl e regression  usin g th e numbe r  o f  feature s fo r  eac h typ e a s 

independen t  variable s t o predic t  retrieval  time .  Th e tv̂^ o larges t  predictor s o f  retrieval  tim e wer e 

Menta l  State s an d Physica l  Objects .  A  large r  numbe r  o f  Physica l  Objec t  feature s wer e associate d 

wit h faste r  retrieval  time s ( r  =  .55) ,  whil e a  large r  numbe r  o f  Menta l  Stat e feature s wer e 

associate d wit h slowe r  retrieval  time s ( r  =  .62) .  No t  surprisingly ,  then ,  th e featur e type s tha t  bes t 

discriminat e betwee n th e thre e stimulu s type s als o predic t  retrieval  time . 

Discussion 

We hav e foun d tha t  presentin g activit y cue s t o subject s enable s the m t o generat e mor e 

feature s o f  a  typica l  even t  tha n d o genera l  actio n cues .  Analyse s o f  th e type s o f  feature s liste d 

indicat e tha t  i n additio n t o th e tota l  numbe r  o f  feature s retrieved,  thes e even t  structure s als o diffe r 

i n th e typ e o f  feature s the y access .  Activitie s retrieve  mor e informatio n abou t  physica l  objects , 

characteristic s o f  th e physica l  setting ,  an d type s o f  peopl e presen t  i n th e even t  Genera l  action s 

retrieve  mor e informatio n abou t  menta l  state s an d emotions ,  an d connection s t o othe r  event s 

(reason s an d outcomes) .  Finally ,  tw o o f  thes e factor s als o predicte d retrieval  tim e -  a n increase d 

number  o f  physica l  object s i s associate d wit h faste r  retrievals ,  an d a n increase d numbe r  o f  menta l 

state s i s associate d wit h slowe r  retrievals. 

Thes e findings  ar e consisten t  wit h a  mode l  o f  autobiographica l  retrieval  a s a  predictiv e 

IMt>cess .  Retrieva l  require s elaboratin g th e cu e i n orde r  t o assembl e feature s sufficien t  t o 

discriminat e a  targe t  experienc e from  other s o f  it s  genera l  type .  First ,  accessin g activit y 

structure s appear s t o provid e mor e informatio n tha n doe s accessin g genera l  actions .  Thi s 

additiona l  itiformatio n appear s t o b e usefu l  i n retrieval,  a s indicate d b y th e retrieval  tim e effect s 

of  previou s studies .  Furthennore ,  studie s o f  retrieva l  protocol s reveal  tha t  subjec t  give n 

informatio n mor e abstracte d fro m context ,  suc h a s genera l  action s o r  emotions ,  ten d t o focu s thei r 

reasonin g o n finding  a  plausibl e activit y contex t  i n whic h th e even t  coul d hav e take n place . 

Th e findings  concernin g th e natur e o f  retrieved  feature s als o sugges t  th e type s o f 

informatio n require d i n th e retrieval  process .  Activitie s structure s appea r  t o provid e mor e 

concret e informatio n tha t  i s generall y usefu l  fo r  searc h strategies .  Genera l  action s o n th e othe r 

han d retrieve  les s o f  thi s typ e o f  information ,  an d instea d see m t o elici t  mor e feature s referencin g 

interna l  states .  I t  i s  importan t  t o conside r  h o w th e type s o f  feature s retrieved  b y activitie s an d 

action s diffe r  i n thei r  utilit y  i n retrieval . 

M e m o ry retrieval  i s  a n iterativ e process ,  i n whic h eac h searc h retrieves  partia l  informatio n 

tha t  ca n b e use d i n furthe r  probe s o f  memor y (Kolodner ,  1984 ;  Norma n &  Bobrow ,  1979 ;  Reiser , 

1986a ,  1986b) .  Thus ,  even t  structure s tha t  acces s feature s usefu l  fo r  directin g furthe r  probe s o f 

memory wil l  b e mor e effectiv e retrieva l  structures .  Conside r  th e type s o f  feature s tha t  activitie s 

make availabl e tha t  wer e th e mos t  highl y associate d wit h retrieval  time .  Thes e feature s see m t o 

be themselve s bette r  predictor s tha n thos e tha t  genera l  action s retrieve.  Fo r  example ,  th e activit y 

ridin g a  subwa y elicit s physica l  objec t  feature s suc h a s maps ,  graffiti ,  tokens ,  signs ,  an d s o on . 

Thes e feature s ar e themselve s highl y correlated ,  s o tha t  an y o f  the m migh t  b e use d t o predic t 

othe r  features .  Similariy ,  i*ysica l  objec t  feature s suc h a s a  chalkboard ,  a  blu e exa m boo k o r 

socia l  roles  suc h a s a  waiter ,  conductor ,  an d bartende r  ar e al l  predictiv e o f  particula r  events . 

Such feature s woul d appea r  t o b e quit e usefu l  b y inferentia l  retrieval  mechanisms .  O n th e othe r 

hand ,  emotion s an d menta l  state s ar e generall y no t  diagnosti c o f  particula r  activities .  On e ma y 

fee l  excited ,  bored ,  o r  tire d i n a  grea t  variet y o f  situations .  Inferrin g a  menta l  stat e fo r  a n even t 

woul d no t  appea r  t o b e a s usefu l  fo r  furthe r  inferences .  Thus ,  i t  appear s tha t  th e informatio n 

activitie s acces s ca n b e iterativel y use d t o direc t  search ,  whil e th e informatio n accesse d b y 

genera l  action s i s o f  les s utilit y  t o th e reasoning  mechanism s i n retrieval.  Thes e results  ar e 

consisten t  wit h th e approac h take n b y Kolodne r  (1984 )  an d Lebowit z (1983 )  i n thei r  compute r 

model s o f  knowledg e structur e organization .  I n thes e models ,  knowledg e structure s ar e 

continuall y develope d b y buildin g structure s t o captur e ne w pattern s o f  feature s tha t  discriminat e 

a numbe r  o f  event s withi n a  category .  Th e feature s selecte d to  buil d thes e structure s an d inde x 

the m withi n thei r  mor e genera l  categor y ar e thos e tha t  ar e predictiv e o f  othe r  characteristic s o f 
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th e event . 

Thes e findings  ar e als o quit e consisten t  wit h th e memor y processe s o f  realit y monitorin g 

discusse d b y Johnso n an d Ray e (Johnson ,  1985 ;  Johnso n &  Raye ,  1981) .  Johnso n an d Ray e 

describ e th e mechanism s b y whic h subject s distinguis h betwee n memorie s o f  externa l  origi n 

(record s o f  rea l  experiences )  an d internall y derive d memories ,  suc h a s thoughts ,  imagine d events , 

and dreams .  The y foun d tha t  externall y derive d memorie s hav e mor e contextua l  attribute s an d 

sensor y attributes ,  whil e intemall y derive d memorie s hav e mor e trace s o f  menta l  operation s suc h 

as decision s an d reactions .  Ou r  result s concernin g th e typ e o f  informatio n provide d b y activitie s 

and genera l  action s appea r  t o m a p wel l  int o Johnso n an d Raye' s reality  monitorin g mechanism . 

The physica l  objects ,  setting ,  an d perso n informatio n provide d b y activitie s ar e contextua l 

informatio n o f  th e typ e usefu l  fo r  realit y monitoring .  O n th e odve r  hand ,  th e informatio n 

provide d b y genera l  action s references  interna l  states .  Suc h informatio n canno t  b e use d t o 

discriminat e real  autobiographica l  event s fro m intemall y generate d event s suc h a s thoughts , 

imagine d events ,  o r  dreams .  Thus ,  th e ke y differenc e betwee n activitie s an d genera l  action s ma y 

be summarize d a s th e retrieval  o f  externa l  informatio n b y activitie s an d interna l  informatio n b y 

genera l  actions .  Th e sam e informatio n use d a s a  basi s fo r  reasoning  abou t  event s b y activit y 

structure s ca n als o b e use d b y realit y monitorin g mechanism s t o discriminat e real from  imagine d 

events .  Th e precis e relation  o f  strategi c elaboratio n o f  retrieval  description s an d reality 

monitorin g remains  t o b e explore d i n futur e research.  A t  thi s point ,  i t  seem s clea r  tha t  th e 

difference s i n informatio n conten t  betwee n activitie s an d genera l  actio n even t  structure s ca n pla y 

a rol e i n tw o ways .  Ou r  retrieval  tim e an d protoco l  studie s results  sugges t  tha t  activitie s provid e 

informatio n o f  greate r  us e t o strategi c retrieval  mechanisms .  I n addition ,  activitie s appea r  t o 

trigge r  retrieval  o f  feature s tha t  ar e o f  greate r  utilit y  i n distinguishin g externall y derive d fro m 

intemall y generate d events . 

I n summary ,  thes e result s suppor t  th e notio n tha t  retrieval  i s  a  predictiv e process .  W e hav e 

shown tha t  stmcture s tha t  enabl e predictio n o f  mor e features ,  particula r  externall y derive d 

features ,  lea d t o faste r  retrieval  o f  individua l  experiences .  O f  course ,  i t  mus t  b e stresse d tha t  ou r 

analyse s o f  th e rol e o f  th e feature s i n thes e even t  stmcture s i n influencin g retrieval  tim e i s purel y 

correlational .  Tha t  is ,  w e hav e demonstrate d tha t  tw o type s o f  even t  stmct\u-es ,  activitie s an d 

genera l  actions ,  diffe r  i n th e amoun t  an d typ e o f  informatio n the y mak e available .  Thi s 

differenc e i n feature s i s highl y predictiv e o f  th e retrieval  tim e difference .  However ,  th e 

possibilit y  remains  tha t  ther e ar e on e o r  mor e underiyin g factor s tha t  accoun t  fo r  bot h th e 

difference s i n featur e elicitatio n an d retrieval time. 

I t  i s  als o importan t  t o not e tha t  thes e studie s hav e concerne d onl y activitie s an d genera l 

actions .  W e hav e focuse d o n thes e stmcture s i n ou r  investigation s becaus e the y ar e o f  grea t 

interes t  i n studie s o f  comprehension ,  an d hav e bee n a  focu s o f  computationa l  model s o f  reasonin g 

and comprehension .  However ,  w e d o no t  mea n t o sugges t  tha t  al l  event s ca n b e encode d a s 

activitie s o r  actions ,  no r  d o w e mea n t o sugges t  tha t  thes e ar e th e onl y usefu l  retrieval  stmcture s 

i n autobiographica l  memory .  Indeed ,  ou r  wor k suggest s tha t  i n par t  activitie s ar e usefu l  i n tha t 

the y provid e additiona l  informatio n abou t  physica l  objects ,  settings ,  an d people .  I n fact ,  Barsalo u 

(i n press )  ha s demonstrate d tha t  cue s o f  tW s sor t  ma y b e a s effectiv e i n retrieving  experience s a s 

even t  cues . 

Our  result s concernin g activitie s an d genera l  action s sugges t  a  genera l  underiyin g 

mechanis m o f  predictiv e inferencin g i n retrieval.  Th e presen t  experimen t  suggest s th e typ e o f 

informatio n tha t  compute r  model s o f  memor y organizatio n shoul d utiliz e i n thei r  representations 

of  even t  stmcture s an d th e reasoning  mechanism s tha t  depen d o n thos e stmcmres . 
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A clausa l  f o r m o f  logi c o f  belie f 

~~ A logic programming model 
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Abstrac t 

In this paper, we present a clausal logic of 

belie f  whic h formalize s belief s i n a n extende d 

clausa l  jor m o f  logic .  Ou r  aim s ar e t o solv e th e 

representationei l  proble m o f  quantifie d belief s 

£in d t o allo w a n efficien t  resolution-lik e proo f 

procedur e wit h controlle d grzmularit y t o b e de -

veloped .  A  levelle d intensiona l  schem e tha t  en -

able s th e clausalizatio n o f  belie f  i s  proposed . 

An inferentia l  powe r  bounde d resolutio n rul e 

of  belief s fo r  th e formalis m i s introduced .  Th e 

forma l  semantic s o f  th e formalis m i s defined . 

A genera l  circumscriptiv e non-monotoni c rea -

sonin g syste m fo r  belie f  revisio n i s described . 

Finally ,  a  schem e fo r  handlin g th e consistenc y 

of  belief s unde r  Tarski' s  trut h definitio n theo -

re m i s developed . 

Keywords :  logi c programming ,  computa -

tiona l  model s o f  belief ,  intension ,  imputation , 

non-monotoni c reasonin g an d semanti c para -

doxes . 

1 Introductio n 

There are currently three approaches to for-

malizatio n o f  beliefs .  I n th e semanti c appro2u: h 

(eg .  [Moor e 85] ,  [Halpem&Mose s 85]) ,  belief s 

sse characterize d b y accessibilit y  relation s be -

twee n possibl e worlds .  I n th e partitio n ap -

proac h (eg .  [Kobs a 85]) ,  belief s ar e identi -

fie d wit h th e presenc e o f  representatio n struc -

ture s i n specifi c  neste d belie f  space s reserve d 

fo r  th e respectiv e agent .  I n th e syntacti c ap -

proac h (eg .  [Konolig e 85]) ,  belie f  o f  a n agen t 

i s  equate d wit h derivabilit y  o f  a  firs t  orde r  the -

or y o f  th e agent .  Despit e th e fundamenta l  dif -

ference s o f  th e thre e approaches ,  on e commo n 

characteristi c i s  tha t  the y al l  assum e th e us e o f 

arbitrar y form s o f  logi c i n thei r  representatio n 

of  beliefs . 

Althoug h th e for m o f  representatio n ca n 

pla y a  par t  i n th e meanin g o f  a  sentenc e fro m a 

stric t  cognitiv e sens e (fo r  example ,  represent -

in g th e belie f  'ther e doe s no t  exis t  a  perso n 

who doe s no t  lik e Mary '  a s 'Everybod y like s 

Mary '  coul d b e misleadin g becaus e a n agen t 

of  th e belie f  ma y no t  kno w tha t  thes e tw o sen -

tence s ar e equivalent) ,  howeve r  severa l  prob -

lem s ca n aris e fro m th e us e o f  ewbitrar y form s 

of  logic .  On e proble m i s th e difficult y o f  de -

velopin g a n efficien t  proo f  procedur e fo r  rea -

sonin g abou t  beliefs .  Th e solutio n i s usuall y 

base d o n a  natura l  deductio n approac h whic h 

does no t  see m t o hav e muc h succes s i n A I  ap -

plications . 

Anothe r  proble m i s th e difficult y o f  for -
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malizin g th e intensionalit y o f  arbitrar y quan -
tifications .  (I n fact ,  man y schemes ,  i n par -
ticula r  th e semjinti c one s suc h a s [Levelsqu e 
84]  an d [HjJpem&Mose s 85 ]  ar e ceirefu l  t o 
avoi d thi s proble m b y stickin g wit h propo -
sitiona l  beliefs. )  Fo r  example ,  i t  i s  eas y t o 
see Konolige' s [85 ]  semantic s o f  th e statemen t 
BEL{Jim,3xUnicorn[x) )  as :  3xUnicorn{x )  i s 
i n th e belie f  spac e o f  Jim ;  howeve r  i t  i s  difficul t 
t o se e ho w th e semantic s o f  th e quantifying -
i n belie f  3xBEL{Jim,Unicorn{x) )  ca n b e for -
malize d i n a  simllzu -  wa y becaus e th e quantifi -
catio n i s outsid e th e scop e o f  B E L predicate . 
Konolige' s solutio n i s t o trea t  th e secon d sen -
tenc e i n a  simila r  wa y a s 3xP{x )  wher e P  i s an y 
ordinar y predicate .  Howeve r  thi s seem s t o ob -
scur e th e semantic s o f  th e B E L predicate .  Fo r 
exzmiple ,  give n th e foUowin g universall y  qnal -
ifie d belie f 

>fxBEL{Jim,Unicorn{x) -* L%kes{Jim,x)). 
and th e followin g quantifying-i n belief , 

'3xBEL{Jim,Unicorn{x)) ,  followin g Konolige' s 
semantics ,  i t  i s  difficul t  t o se e ho w w e ca n de -
rive : 

3xBEL{Jim ,  Likes{Jim ,  x) ) 

whic h w e shoul d do .  Th e proble m o f 

intensions d quantificatio n get s mor e seriou s 

when w e tr y t o represen t  neste d beliefs ,  eg . 

BEL{Jim,3xBEL{Tom,Unicorn{x) )  i n whic h 

Ji m believe s tha t  ther e i s a  particula r  individ -

ual  i n Tom' s min d w h o m T o m believe s t o b e a 

unicor n althoug h Ji m ha s n o ide a himsel f  wh o 

thi s individua l  coul d be . 

A thir d proble m i s th e granularit y o f  implie d 

belief s o f  a n agen t  a s discusse d i n [Levelsqu e 

84] .  I n th e possibl e worl d approach ,  belief s 

of  a n agen t  ar e represente d b y a  se t  o f  possi -

bl e world s tha t  ar e compatibl e wit h wha t  th e 

agen t  believes .  A  recurin g problen i  i n thi s ap -

proac h i s logica l  ominiseienee ,  ie .  th e se t  o f 

belief s i s close d unde r  logica l  implication .  Thi s 

mezms tha t  anyon e wh o ca n b e persuade d o f 

th e trut h o f  Peano' s postulate s know s every -

thin g abou t  numbe r  theor y tha t  anyon e els e 

knows .  I n addition ,  ever y vali d sentenc e mus t 

be believe d b y ever y agen t  an d contradictor y 

belief s o f  a n agen t  impl y tha t  th e agen t  be -

lieve s anything .  Th e possibl e worl d approac h 

i s thu s to o coarse-graine d i n th e sens e tha t  i t 

canno t  distinguis h sam e logica l  set s o f  beliefs . 

The syntacti c an d partitio n approache s o n th e 

othe r  han d ar e too-fin e graine d i n th e sens e 

tha t  i t  distinguishe s to o muc h o n sam e logi -

cal  set s o f  beliefs .  Fo r  example ,  i n thes e ap -

proaches ,  a n agen t  ma y believ e A  an d B  bu t 

not  A  K  B .  T o avoi d thes e spuriou s syntac -

ti c distinctions ,  th e obviou s axiom s mus t  b e 

presen t  whic h coul d complicat e th e proo f  the -

or y o f  belief . 

Thus w e propos e a n alternativ e approac h 

whic h formalize s belief s i n a  quantifier-fre e 

canonica l  for m o f  logic .  A s aj-gue d i n [Moor e 

& Hendri x  79] ,  belief s shoul d b e represente d 

i n a n interna l  languag e fro m a  computationa l 

perspectiv e rathe r  tha n a n extema d languag e 

of  though t  edthoug h differen t  externa l  lan -

guage s o f  th e scim e conten t  ma y no t  hav e th e 

same meaning .  Her e w e furthe r  argu e tha t  be -

lief s shoul d b e represente d i n a  camonica l  for m 

of  ds v intema J languag e fro m a  logi c •program-

min g perspectiv e althoug h differen t  form s o f 

th e languag e o f  th e sam e conten t  ma y no t  hav e 

th e szim e meaning .  W e hav e chose n a n ex -

tende d clausa l  for m o f  logi c a s suc h a  canon -

icj J for m fo r  thre e reasons .  Th e firs t  i s  tha t 

a clausa l  for m o f  logi c i s queintifier-free .  Thi s 

woul d simplif y th e tas k o f  formalizin g th e se -

mantic s o f  quantifie d beliefs .  Th e secon d i s 

tha t  clausa l  form s o f  logi c for m th e basi c foun -

datio n o f  curren t  logi c programmin g system s 

and Japanes e Fift h Generatio n Compute r  Ker -

nel  Languages([Kowalsk i  83]) .  I n othe r  words , 

ther e ar e well-develope d an d efficien t  proo f 

procedure s fo r  clausa l  form s o f  logic .  Th e 

thir d reaso n i s tha t  i t  seem s easie r  t o contro l 

th e granularit y o f  implie d belief s i n a  clausa l 

for m o f  logic .  Howeve r  i t  shoul d b e understoo d 

tha t  clausa l  form s o f  logi c ar e h y n o mean s th e 

onl y form s use d i n logi c programming .  I n fact , 
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th e concep t  o f  logi c prograininin g ca n b e ap -

plie d t o an y form s o f  logic .  T h e reaso n w e cal l 

our  approac h a  "logi c programmin g model" , 

i s  simpl y becaus e th e curren t  mos t  promisin g 

logi c programmin g approac h i s t o operat e o n 

a clausa l  for m o f  logic . 

I t  i s  wort h notin g tha t  a  recen t  attemp t  hei s 

bee n m a d e b y [Cerr o 86 ]  t o allo w moda l  rea -

sonin g i n Prolo g [Clocksin&Mellis h 81] .  How -

eve r  n o concer n i s  give n t o th e proble m o f 

formulatin g clausa l  form s o f  logi c o f  abitrsu' -

il y  qu2uitiiie d beliefs .  I n p2irticul2a' ,  th e prob -

le m o f  intensionalit y o f  term s i s no t  addressed . 

I n addition ,  th e semantic s o f  th e schem e i s 

base d o n th e possibl e worl d approach ,  henc e 

als o suffer s th e greinularit y proble m o f  possibl e 

worl d approach .  However ,  Cerro' s approac h 

doe s hav e m a n y practica l  applications ,  espe -

ciall y thos e involvin g knowledg e bas e system s 

fo r  whic h th e granularit y proble m o f  moda l  ap -

proac h i s les s serious . 

Th e pape r  i s  organize d el s follows .  Sectio n 

2 introduce s th e basi c preliminaries .  Sectio n 3 

describe s th e proble m an d solutio n o f  clausal -

izin g beliefs .  Sectio n 4  discusse s th e inferenc e 

mechanis m an d th e forma l  semantic s o f  th e 

propose d formalism .  Sectio n 5  present s a n ex -

plici t  circumscriptiv e non-monotoni c reason -

in g schem e fo r  handlin g belie f  revision .  Sec -

tio n 6  propose s a  schem e t o allo w a  modifie d 

Tarski' s  trut h definitio n theore m t o b e consis -

ten t  wit h ou r  formalism . 

2 Clausa l  f o r m o f  Logic , 

Skolemizat io n a n d R e s o -

lutio n 

Every standau'd first order formula can be 

transforme d int o a  prenex-norma l  for m whic h 

i s logicall y equivedent .  A  Prenex-norma l  for m 

ca n b e writte n a s Q M ,  wher e Q  consist s o f 

al l  th e quantifier s i n th e formul a ( 3 an d V) , 

whil e M i s a  quzmtifier-fre e well-forme d for -

mul a (wff)* . 

By introducin g Skole m functions ,  on e ca n 

eliminat e existentia l  quantifiers ,  an d henc e th e 

universa l  quantifier s sinc e the y ar e the n im -

plied ,  i.e .  indicate d b y leavin g variable s free . 

Skolemizatio n i s  achieve d b y replacin g eac h 

of  th e existentiall y  quantifie d vziriable s b y a 

skole m functio n f  whos e zirgument s ar e al l  o f 

thos e universaU y quantifie d variable s tha t  pre -

ced e th e existentia l  vciriable .  Fo r  examiple ,  th e 

formul a >fx3yLikes{x ,  y )  ca n b e skolemize d int o 

Likea{x ,  f{x) )  wher e f  i s a  skole m function .  I f 

ther e i s n o universa l  quantifie r  precedin g a n 

existentia l  quantifier ,  a  skole m functio n wit h 

no argument s calle d a  skole m constan t  wil l  b e 

produced . 

Ever y prenex-norma l  formul a ca n b e trans -

forme d int o a  quantifier-fre e clausa l  for m o f 

logi c whic h i s logicall y equivalent .  T o d o this , 

a prenex-norme d formul a mus t  b e skolemize d 

i f  i t  contain s an y existentizi l  quantifiers .  A 

clauss d for m o f  logi c cju i  b e on e o f  th e followin g 

tw o equivalen t  forms : 

• Implication form 

Pi  A . A P n — Q ,  V . . .VQ „ 

• Disjunctive form 

-iP ,  V .  .V - .P „VQ ,  V . V Q ™ 

where P, jind Qj are (positive) literals. When 

m = l ,  th e claus e i s  calle d a  Hor n clause .  W e 

wil l  mi x th e us e o f  thes e tw o form s throughou t 

thi s paper . 

Th e resolutio n principl e [Robinso n 65 ]  i s  a 

rul e o f  inferenc e tha t  ca n b e applie d t o clause d 

form s o f  logic .  T h e principl e caLO .  b e define d a s 

follows . 

Given two clauses. 

Si  V  p i  V  S i 

•  Thi s sectio n i s m&inl y extracte d fro m [Chan g i c Le e 
73J. 
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Si  V  -.p 2 V  5 « 

wher e S  denote s disjunctiv e litera l 

set  an d pla=p2 a (ie .  p i  an d p 2 

ar e unifiaH e wher e "a "  i s a  substitu -

tio n calle d th e Mos t  Genera l  Unifie r 

(MGU)) , 

we ca n deduc e th e followin g resol -
vent , 

Si,3,i,i a 

Resolutio n i s th e onl y rul e o f  inferenc e tha t 

i s necessar y i n orde r  t o fin d proof s t o al l 

theorems .  Althoug h resolutio n i s  complet e 

[Robinso n 65] ,  unlimite d application s o f  res -

olutio n ma y caus e man y irreleveui t  an d redun -

dant  clause s t o b e generated .  Thu s man y re -

stricte d form s o f  resolution s hav e bee n devel -

oped .  On e suc h a n exampl e i s th e linea r  res -

olutio n strateg y i n whic h on e o f  th e tw o re -

solve d clause s i s  alway s th e mos t  recen t  re -

solvent .  A  mor e restricte d linea r  resolutio n 

strateg y calle d linea r  inpu t  resolutiono n Horn -

clause s i n whic h lineau *  resolutio n i s begu n wit h 

th e inpu t  goa l  i s  use d i n Prolog . 

i s a  unicor n bu t  h e believe s a  unicor n exists . 

Thi s mean s tha t  w e canno t  hav e a  prenex -

norma l  form ,  henc e a  clauszi l  for m o f  logi c t o 

represen t  quzintifie d beliefs . 

To solv e thi s problem ,  w e propos e a  levelle d 

intensiona l  schem e tha t  allow s a n extende d 

clausalizatio n t o b e achieved .  I n thi s scheme , 

eac h logica l  ter m i s associate d wit h a  numbe r 

denotin g th e leve l  (o r  dept h o r  nestness )  o f 

intensiona l  scop e i t  i s  mean t  t o b e i n (th e de -

faul t  leve l  i s  0) .  Thi s i s represente d b y usin g 

a built-i n predicat e structur e calle d L E V E L 

so tha t  LEVEL{x,i )  denote s a  i  levelle d in -

tensiona l  ter m x .  Fo r  chu-it y reason ,  w e writ e 

LEVEL{x,i )  i n a  subscrip t  notation :  x̂ .  T o 

unif y tw o terms ,  w e additionall y requir e th e 

level s o f  th e tw o term s t o b e uniiiable . 

Becaus e quantifie d term s o f  differen t  inten -
siona l  scope s ar e distinguished/levelled ,  th e 
intensiona l  schem e allow s quantifier s t o b e 
moved outsid e th e scop e o f  B E L predicate s s o 
as t o produc e prenex-norma l  form s whic h ca n 
the n b e skolemize d (i f  ther e i s an y existentia l 
quantifier )  int o clauses .  Fo r  example ,  th e for -
mul a 

3 Clausalizin g Belief s 

Standatrd first order logic is concerned with 
extensiona l  object s o r  thing s tha t  exist .  How -
ever  i n a  belie f  logic ,  namely ,  a  logi c supple -
mente d wit h a  B E L (o r  B )  predicate ,  w e ar e 
additionall y concerne d wit h intensiona l  ob -
ject s o r  concept s whic h ma y no t  hav e exten -
sion s (eg .  unicorns) .  Thu s unlik e predicate s o f 
standar d first  orde r  logic ,  a  B  predicat e intro -
duce s intensiona l  scope s tha t  quantifier s can -
not  b e move d outside .  Thi s ca n b e illustrate d 
by th e followin g tw o sentences : 

1.  3xB{Simon,Unicorn{x) } 

2.  B{Simon,3xUnicorn{x)) . 

I n th e firs t  sentence ,  ther e i s a  particula r 

individua l  i n Simon' s min d who m Simo n be -

lieve s t o b e a  unicorn ;  whil e i n th e secon d sen -

tence ,  Simo n doe s no t  kno w whic h individua l 

>/xB{Simon3yB{John,likes{x ,  y)) ) 

after introducing levels of intension can be 
transforme d int o th e followin g prenex-norma l 
for m 

Vxo3yi B(Simon,B{John,Like3(xo,yi))) 

which  can then be skolemized into the follow-
in g claus e 

B(Simon,B(John,Likes(xo, f{xo)i))) 

where f is a skolem function. 

We elaborat e mor e o n th e levelle d in -

tensiona l  schem e wit h th e representatio n o f 

th e fou r  intensiona l  interpretatio n o f  th e 

statemen t  'Ji m believe s ever y unicor n like s 

something '  (omittin g th e logica l  for m befor e 

clausalization) : 
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1.  'Ther e i s a  particula r  thin g Ji m believe s 
ever y nnlco m likes ' 

B{Jim,Unicorn{xi) —• £'tike5(ri ,clo)) 

2. 'Jim believes every unicorn likes a partic-
ula r  typ e o f  thing ' 

B{Jim, Unicorn{xi) —» Likea(xi,c2i)) 

3. 'Jim believes every unicorn likes some-
thin g o f  hi s ow n type ' 

B(Jim,Unicorn(xi)  ->• Likes{xi, f{x\)i)) 

4. 'Jim believes every unicorn likes his own 
particula r  thin g ' 

B(Jim,Unicorn{xi) -* Likes{x\,g{xi)o)) 

where cl, c2 are skolem constants and f, g are 

skole m functions . 

We adop t  th e followin g notation s i n ou r  for -

malism : 

• A built-predicate is denoted by an upper-

cas e string ,  eg .  BEL/B . 

• A non-skolem term is denoted by a lower-

cas e strin g precede d wit h a  upper-czis e let -

ter . 

• A skolem constant is denoted by a low-

cas e strin g precede d wit h a  lette r  o f  th e 

set  {a,b,c,d,e} . 

• A skolem function is denoted by a lower-

cas e strin g precede d wit h a  lette r  o f  th e 

set  {f,g,h} . 

• A variable is denoted by :- lower-cjtse 

strin g precede d wit h a  lette r  o f  th e se t 

{x,y,z} -

To demonstrat e th e expressivenes s o f  ou r 

formalism ,  w e describ e it s representation s o f 

some mor e examples . 
The followin g sentenc e attribute d t o Russe l 

i s  discusse d b y McCarth y [79] :  " I  though t  tha t 

you r  yach t  wa s longe r  tha n i t  is. "  I t  ca n b e 
expresse d i n th e clauss d approac h a s (omittin g 

tens e an d pronouns) : 

Ien(Yt,clo) . 
B(/,Ien(y<,c2,)) . 

fi(7,c2,  >clo) . 

wher e c l  an d c 2 ar e skole m constzints .  Her e B 

i s bette r  understoo d a s Believe d rathe r  tha n 

Belitvt . 

Fro m th e example ,  i t  ca m b e see n tha t 

conjunctiv e belief s si t  modelle d a s separat e 

clause s i n ou r  formalism ,  eg .  th e formul a 

B{I ,  i 4 A  B )  i s represente d a s tw o clause s 

B{I ,  A )  an d 5(7 ,  B ) .  Suc h modellin g help s 

t o remov e th e spuriou s syntacti c distinctio n 

proble m tha t  ofte n persis t  i n th e syntati c for -

malizatio n o f  beliefs . 
To expres s "You r  yach t  i s  longe r  tha n Pete r 

think s i t  is" ,  w e hav e th e followin g formuleie : 
Len{Yt,cU) . 
B{Peter,Len{Yt,c2i)) . 

cl o >  c2| . 

wher e c l  aui d c 2 au- e al l  skole m constants . 
Quin e [56 ]  discusse s a n exampl e i n whic h 

Ralp h see s a  perso n skulkin g abou t  zm d con -
clude s tha t  h e i s a  spy ,  Jin d als o see s hi m o n 
th e beach ,  bu t  doesn' t  recogniz e hi m a s th e 
same person .  Th e fact s ca n b e expresse d i n 
our  formalis m as : 

See{Ralph,Sk{bi)) . 
B(Ralph ,  Spy{b,)) . 
See{Ralph ,  onbeach{ci) . 
B{Ralph,Spy{ci)) . 

b =  c . 

wher e b  an d c  ai e skole m constants . 
Not e tha t  a  non-skole m constan t  ca n als o 

hav e a  leve l  o f  intensio n othe r  tha n zero .  Thi s 
can b e illustrate d b y th e followin g tw o sen -
tences : 

1.  B{Simon,Love3{Marso,Venuso) ) 

2.  B(Simon,Loves{Marsi,Venu»i)) . 

I n th e firs t  sentence ,  Mar s an d Venu s ar e ex -

tensiona l  object s o f  th e rea l  world ;  whil e the y 

ar e intensiona l  concept s o f  Simo n whic h ma y 

not  hav e extension s i n th e secon d sentence . 
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To se e ho w neste d belief s ca n b e modeUe d 
wit h level s o f  intension ,  w e illustrat e wit h th e 
followin g example : 

1.  3xB(Simon,B(John,Unicorn{x)) ) 

2.  B{Simon,3xB{John ,  Unicorn{x)) ) 

3.  B{Simon,B{John,3xUnicorn{x))) . 

The intensione d difference s o f  thes e sen -

tence s ca n b e explaine d a s follows .  I n th e firs t 

sentence ,  Simo n ha s a  particula r  individua l  i n 

hi s min d who m h e think s Joh n believe s t o b e 

a imicom .  I n th e secon d sentence ,  Simo n be -

lieve s ther e i s a  particuleu *  individua l  i n John' s 

min d (thoug h Simo n ma y no t  kno w whic h on e 

i t  is )  w h o m h e think s Joh n believe s t o b e a 

unicorn .  I n th e thir d sentence ,  Simo n believe s 

tha t  Joh n believe s tha t  ther e exist s a  unicor n 

thoug h Simo n ha s n o ide a himsel f  o r  n o ide a 

abou t  John' s ide a abou t  wh o th e unicor n is . 
Thes e sentence s ca n b e represente d i n ou r 

formalis m a s follows : 

1.  B{Simon,B{John ,  Unicorn{cli>)) ) 

2.  B{Simon,B{John,Unicorn{c2i)) ) 

3.  B(Simon,B{John,Unicorn{c3j)) ) 

wher e cl ,  c 2 an d c 3 ar e al l  skole m constants . 

We hav e s o fai r  onl y show n tha t  belief s ca n 
be represente d i n a n extende d clausa l  for m o f 
logic .  Ou r  formzdis m als o allow s belief s t o b e 
neste d withi n clauses .  Thi s ca n b e illustrate d 
wit h th e followin g exzunple :  "Ever y Perso n 
(P )  believe s tha t  ever y E T (E )  believe s tha t 
Unicorn s (U )  exist" .  On e intensionji l  represen -
tatio n o f  th e statemen t  i n a n zu-bitrar y for m o f 
logi c coul d be : 

>/x{P{x) - B(xyyiE(y) - B(y,3zU(z))))) 

This can be represented in our formalism as: 

allow s theoreticall y a n infinit e leve l  o f  inten -

sio n dependin g o n th e nestnes s o f  beliefs .  Thu s 

instea d o f  usin g term s lik e "de-dicto "  an d 'de -

re "  t o describ e intension s an d extensions ,  w e 

tal k abou t  level s o f  intensio n i n ou r  formalism . 

I n addition ,  McCarth y use s differen t  notation s 

t o expres s intension s an d extension s o f  sam e 

concept s whic h coul d complicat e th e firs t  or -

der  deductiv e cedculus ,  w e us e sam e notation s 

fo r  the m whose  intension s ar e distinguishe d b y 

th e level s o f  intensiona l  scop e the y ar e in . 

Bamden [1986 ]  ha s criticize d th e existin g 

model s o f  belief s includin g th e moda l  approac h 

(eg .  [Helpem&Mose s 8 5 ]) ,  th e quotatio n 

scheme (eg .  [Peril s  85] )  an d th e concep t  for -

matio n schem e (eg .  [Crear y 79]) ,  fo r  introduc -

in g unwarrante d inference s whic h h e cal l  th e 

imputatio n problem .  I n thes e models ,  th e be -

lie f  o f  Ji m "Su e i s smart "  woul d b e represente d 

i n th e sam e wa y a s th e neste d belie f  o f  To m 

"Ji m believe s tha t  Su e i s smart" .  The y in -

troduc e th e unwarrante d inferenc e (o r  "opsw; -

it y violation" )  i n tha t  Jim' s menta l  stat e o f 

smartnes s o f  Su e i s th e sam e a s Tom' s o r  a s 

anyon e else's .  Undesirabl e imputation s o f  a 

simila r  sor t  aris e i n th e belie f  model s describe d 

i n Barwise&Perr y [83] ,  i f  the y ar e extende d i n 

th e natura l  wa y t o dea l  wit h neste d beliefs . 

The extensio n cause s imputations ,  t o ordinar y 

agents ,  o f  belief s abou t  thei r  models '  "situa -

tio n types' . 
Bamden the n propose d a n alternativ e 

scheme base d o n Creary' s concep t  formatio n 
scheme [Crezw y 79] .  I n Bamden' s scheme ,  th e 
menta l  stat e o f  eac h agen t  i s  explicitl y  denote d 
as a  concep t  formation .  Fo r  example ,  on e in -
tensiona l  interpretatio n o f  th e neste d belie f  o f 
T o m "Ji m believe s tha t  Su e i s smart "  i n Bam -
den' s schem e is : 

P{xo )  - *  B{x,,E{yi )  -  B{yi,U{f{xo,yih))) .  B(rom,$Tom(B($T.mJ.m,$Tom$/.™(5(Stie)))) ) 

where $agent denotes the mental state of the 

agent .  Althoug h Bamden' s schem e ma y b e 

theoreticedl y sound ,  i t  doe s no t  see m t o b e 

computationall y viable . 

Fro m th e abov e examples ,  i t  ca n b e see n 

tha t  unlik e McCarth y [79 ]  whic h appear s t o 

hav e onl y tw o level s o f  intension ,  ou r  approac h 
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I t  i s  fel t  tha t  th e caas e o f  imputatio n o f  ex -
istin g model s o f  belie f  lie s o n thei r  beisi s o f 
onl y tw o level s o f  intension .  Thu s i n con -
tras t  wit h Bamden' s scheme ,  th e intensiona l 
scheme i n ou r  formalis m ca n distinguis h th e 
menta l  state s o f  neste d agent s implicitl y  b y 
thei r  intensionzdl y levelle d terms ,  eg. : 

B{Tom, B{Jimi, S(5ue2)j)) 

This approach is more viable computation-

all y tha n Bzirden' s explici t  schem e sinc e in -

tensiona l  structure s ca n b e regarde d a s func -

tiona l  structure s -  a  simila r  analog y t o a  Pro -

lo g structur e [Clocksi n &  Mellis h 81] . 

I t  shoul d b e note d tha t  ou r  intensiona l 

scheme an d clausalizatio n mechanis m ca n b e 

generalize d t o intensione J predicate s othe r 

tha n B E L suc h a s W A N T S,  SEEKS,  A W A RE 

etc .  Thi s ca n b e illustrate d b y th e followin g 

exampl e discusse d i n [Hobb s eta l  77] :  "Every -

one seek s a  frog" .  W e ca n hav e th e follow -

in g fou r  interpretation s o f  th e statemen t  rep -

resente d i n ou r  clausa l  form s a s show n below . 

• "There is a pzirticular frog everyone 
seeks " 

Person{x) —• SEEKS(x,do). 

• "Everyone seeks a particuleo- type of frog" 

Peraon{x) — SEEKS{x,c2i). 

• "Everyone seeks his own particular frog" 

Person(x) - SEEKS{x,f{x)o). 

• "Everyone seeks his own particular type 
of  frog" 

Person{x) - SEEKS{x,g{x)i). 

where cl, c2 are skolem constants and f,g are 

skole m functions . 

4 Inferenc e a n d S e m a n t i c s 

In this section, we discuss the inference mech-

anism ,  semantics ,  soundness ,  completeness , 

consistenc y an d recursivenes s o f  ou r  formal -

ism . 

4. 1 Inferenc e 

In the previous section, we have described the 

syntacti c logica l  for m o f  ou r  formalizatio n o f 

beliefs ,  nzanely ,  a n extende d clausa l  for m o f 

logi c supplemente d wit h a  B E L / B predicate . 

However  i t  i s  pointles s t o tal k abou t  belief s 

outsid e th e contex t  o f  a  worl d i n whic h th e 

belief s ma y b e tru e o r  false .  Thi s mezin s tha t 

we nee d rule s o f  inferenc e t o reaso n abou t  be -

lief s o f  a n agen t  t o obtai n hi s implie d beliefs . 

The onl y inferenc e rul e i n ou r  approac h 

i s a  linea r  resolution-lik e principl e (suc h a s 

Linea r  Inpu t  Resolutio n o r  ,  S L resolutio n 

[Hayes&Kowalsk i  79] )  fo r  al l  agent s o f  beliefs . 

Exactl y wha t  thi s principl e is ,  i s  no t  th e con -

cer n o f  thi s paper . 

To distinguis h th e differen t  reasonin g capa -

bilit y  o f  differen t  agent s o f  beliefs ,  w e zissig n a n 

Inferentia l  Powe r  (IP )  t o eac h agent .  W e coul d 

hav e designe d a  mor e cleve r  an d complicate d 

measuremen t  (suc h a s deduction ,  learnin g an d 

memory abilitie s o f  a n agen t  plu s resource -

boun d factors )  a s th e inferentia l  powe r  o f  aj \ 

agent ,  fo r  simplicit y sm d illustratio n reeiso n 

however ,  w e hav e chose n th e max imu m infer -

entia l  dept h o f  resolution s allowe d t o a n agen t 

as th e inferentici l  powe r  o f  th e agent .  S o give n 

IP(Simon,3) ,  Simo n ca n onl y invok e a t  most , 

a dept h o f  thre e resolutio n inference s I n a  de -

ductiv e process .  B y inferentia l  dept h o f  resolu -

tion ,  i t  mean s th e dept h o f  a  AND/OR-searc h 

tre e o f  a  linea r  resolutio n proof . 

For  example ,  give n th e followin g belief s o f 
Simon an d ID(Simon,3) , 

P ^ Q 
Q*- R 
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we C2i n infe r  tha t  Simo n ab o believe s S ,  Q ,  R 

but  no t  P . 

To answe r  a  quer y abou t  a n agent' s be -

lief ,  w e negat e th e belie f  an d prov e refuta -

tionaU y tha t  th e negate d belie f  i s  inconsisten t 

wit h th e belie f  spac e o f  th e agent .  Fo r  ex -

ample ,  t o prov e BEL{Simon,p) ,  i s  t o sho w 

BEL{Simon,-tP )  t o b e inconsisten t  wit h Si -

mon' s beliefs .  Thi s mean s tha t  i n additio n t o 

th e norma l  resolutio n rule ,  w e nee d t o defin e 

th e followin g resolutio n rul e regardin g beliefs . 

Given 

Si  V  B{agent ,  5 j  V  P  V  5j )  V  S i 

Ss V  B{agent ,  St" ^  ->Q V St )  V  S t 

wher e P a -  Q a (wher e a  i s th e M G U 

betwee n th e tw o literals )  jin d S  de -

note s disjunctiv e litera l  set . 

we c£i n obtso n th e followin g resolven t 

(withi n th e inferentiz d powe r  o f  th e 

agent) , 

(S,. 5 V  B(agent ,  Sj,»,j,t )  V  Si,t)a . 

Our inference mechanism can be compared 

and contreiste d wit h Konolige' s approac h [85 ] 

whic h use s multipl e rule s o f  inferenc e fo r  aihi -

trar y form s o f  a  first  orde r  logi c supplemente d 

wit h a  B  predicate .  I n hi s approach ,  th e in -

ferentia l  powe r  o f  eac h agen t  i s  determine d b y 

th e se t  o f  rule s o f  inferenc e (o r  sequents )  h e 

has .  A s au-gue d i n th e introduction ,  multipl e 

rule s o f  inferenc e fo r  arbitrar y form s o f  logi c 

may no t  b e supporte d efficiently . 

I n addition ,  unlik e th e too-coarse-graine d 

possible-worl d approach ,  ou r  formedis m repre -

sent s belief s a s syntacti c clausa l  structure s t o 

be mzinipulate d an d th e consequentia l  closur e 

of  ei n agent' s belief s i s controlle d b y hi s in -

ferentiai l  power .  Howeve r  unlik e othe r  systac -

ti c scheme s (eg .  [Konolig e 85] )  whic h suffer s 

th e proble m o f  too-fin e granularity ,  w e us e a 

canonica l  clausa l  for m whic h help a t o remov e 

many spuriou s syntiu:ti c  distinctions .  I n thi s 

sense ,  ou r  formalis m ca n b e see n a s a  balanc e 

betwee n th e fine-graine d syntacti c approac h 

and th e coarse-graine d semanti c approach . 

Finally ,  i t  ma y b e note d tha t  ou r  inferenc e 

mechanis m doe s no t  hav e an y axioms .  How -

ever  certai n axiom s ma y b e useful .  T w o suc h 

ones ar e th e positiv e introspectio n B{a,p )  - > 

B(a,B{a,p) )  an d th e negativ e introspectio n 

-iB(a,p )  - *  B{a,-iB{a,p)) .  Belie f  introspectio n 

[Konolig e 85a ]  i s usefu l  becaus e i t  allow s a n 

agent  t o reflec t  upo n th e working s o f  hi s ow n 

cognitiv e function .  Thi s ca n b e don e i n ou r 

formalis m b y issuin g recursiv e querie s t o th e 

inferenc e syste m wit h perhap s reduce d infer -

entia l  powe r  fo r  eac h agent .  Howeve r  thi s dis -

cussio n i s outsid e th e scop e o f  thi s paper . 

4.2 Semantics 

The basic syntax of our belief logic is a first 

orde r  clausa l  for m o f  logi c supplemente d wit h 

a B E L / B predicat e whic h ca n tak e a  claus e 

Ji s argumen t  i n th e for m o f  B{agent ,  clause ) 

wher e claus e ca n b e a  variabl e o r  a  claus e in -

stance .  I n additio n t o th e norma l  semantic s 

of  a  standar d firs t  orde r  clause d for m o f  logi c 

whic h w e wil l  no t  describe ,  th e B  predicat e 

present s a n additiona l  semantic s whic h allow s 

B{agent ,  clause )  t o b e logicall y implie d b y a  se t 

of  clause s believe d b y th e agent .  I t  i s  thi s typ e 

of  semantic s w e wil l  describ e i n thi s paper . 

Becaus e ou r  intensione d mechanis m hav e re -

place d al l  th e qusuitifier s b y intensionall y lev -

elle d variable s an d skole m functions ,  th e se -

mantic s o f  ou r  formzdis m ca n uniforml y b e de -

fine d a s follows : 

B(agent, clause) is true iff the clause 

i s a  member  o f  th e belie f  spac e o f  th e 

agent . 

A clause c is a member of the belief space of 

an agen t  a  if f  i t  i s  a  IP-controlle d consequenc e 
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of  th e member s o f  th e belie f  spac e o f  a .  Thi s 

effectivel y determine s th e soondnes s an d com -

pletenes s result s o f  th e formedis m whic h ca n 

be state d a s foUows . 

Th e soundnes s resul t  o f  th e foimalis m is : 

if a clause c follows from the IP-

controUe d inferenc e o f  a n agen t  a, 

the n B{a,c )  i s true . 

The completeness result of the formalism is: 

if B(a, c) is true, then the clause c fol-

low s fro m th e IP-controlle d inferenc e 

of  th e agen t  a . 

Because the belief space of an agent is 

consequentially-close d unde r  th e inferentia l 

power  o f  th e agent ,  th e consistenc y o f  a  be -

lie f  spac e nee d t o b e define d differentl y fro m 

tha t  o f  a  standar d firs t  orde r  logic .  I n particu -

lar ,  w e ca n hav e contradictor y belief s withou t 

causin g a n agen t  t o believ e anythin g (a s i s th e 

cas e i n th e possibl e worl d approach) .  I n ou r 

formalism ,  a  belie f  spac e o f  a n agen t  (close d 

lude r  th e inferentia l  powe r  o f  th e agent )  i s 

consisten t  if f  i t  doe s no t  contai n tw o literal s 

pi  an d -ip 2 suc h tha t  p i  an d p 2 ar e unifiable . 

Thi s mean s tha t  a n inconsisten t  se t  o f  clause s 

i n a  standar d firs t  orde r  logic ,  ca n b e consis -

ten t  i n a  belie f  spjic e o f  a n agen t  provide d th e 

agent' s inferentia l  powe r  wil l  no t  allo w contra -

diction s t o b e deduced .  Fo r  example ,  a  perso n 

m ay believ e th e followin g statement s "Ever y 

Professso r  ha s a  P h D " ,  "Ever y M D doe s no t 

hav e a  P h D "  an d "Joh n i s a  Professo r  an d 

has a  M D "  withou t  realizin g tha t  the y ar e in -

consisten t  becaus e h e ha s a  limite d inferentia l 

power  o r  h e m a y hav e chose n relevan t  theorie s 

fo r  th e statement s i n suc h a  wa y tha t  h e wil l 

not  establis h inconsisten t  beliefs .  Th e latte r 

wil l  b e discusse d i n th e nex t  section . 

Al l  th e abov e result s ca n b e similarl y ap -

plie d t o recursive/neste d beliefe .  T o d o this , 

eac h belie f  spac e o f  a n agen t  i s  organize d hier -

archicall y wit h eac h sub-spsur e o f  a  spac e de -

notin g th e nex t  leve l  o f  agent s i n a  neste d be -

lief .  Thu s B(ol ,  B{a2 ,  c) )  i s  tru e if f  c  i s a  m e m-

ber  o f  th e belie f  spac e a 2 whic h i s a  sub-spjtc e 

of  al .  Howeve r  th e inferentia l  powe r  o f  al l  th e 

sub-agent s i n a  neste d belie f  i s  determine d b y 

th e outmos t  agent .  A  mor e detaile d descrip -

tio n o f  neste d belief s ca n b e foun d i n [Jian g 

86] . 

I t  m a y b e note d tha t  th e beisi c semantic s 

of  ou r  formalis m i s simila r  t o th e semantic s 

of  Konolige' s (85 )  deductiv e mode l  o f  belie f 

excep t  tha t  w e us e a  canonica l  clausa l  for m 

of  logi c an d a  singl e rul e o f  inferenc e a s th e 

computationa l  structure s o f  a n agent .  F ro m 

a logi c programmin g perspective ,  ou r  formzd -

is m m a y b e treate d a s a  more-viabl e compu -

tationa l  mode l  o f  belie f  th2i n Konolige's . 

5 Circumscriptive Non-

monotonic Reasoning 

Unlike a piece of knowledge, a belief may not 

be tru e i n th e rea l  world .  Thi s mean s tha t 

wit h ne w belief s i n hand ,  a n agen t  ca n retrac t 

hi s ol d beliefs .  Thi s for m o f  reasonin g i s some -

time s calle d belie f  revision .  O n e possibl e ap -

proac h o f  revisin g belief s i s t o buil d inferenc e 

path s o f  belief s s o tha t  a  retracte d belie f  ca n b e 

trace d bac k from  suc h inferenc e paths .  It s pur -

pos e i s t o detec t  contradictions ,  identif y thei r 

cause s an d tr y t o resolv e th e contradiction s 

by revisin g beliefs .  T w o example s o f  thi s ap -

proac h ar e London' s dependenc y network s [78 ] 

an d Doyle' s trut h mainteneuic e syste m [79] . 

Anothe r  possibl e approac h o f  revisin g belief s 

i s th e explici t  non-monotoni c reasoning .  It s 

purpos e i s no t  t o detec t  th e caus e o f  incon -

sistenc y bu t  t o ensur e tha t  th e belie f  syste m 

i s alway s consistent .  I n thi s approach ,  non -

monotoni c belief s ar e explicitl y  represente d a s 

non-monotoni c rule s an d ca n onl y b e derive d 

i f  the y ar e consisten t  withi n a  certai n belie f 

space .  Althoug h i t  i s  fel t  tha t  inferenc e path s 
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i n linea r  resolutio n system s o n clausa l  form s 

of  logi c ar e easie r  t o fin d tha n arbitrar y form s 

of  logic ,  i n thi s pape r  however ,  w e ar e onl y 

concerne d wit h th e problem s addresse d i n th e 

latte r  approach . 

Ther e ar e currentl y tw o importan t  type s o f 

non-monotoni c reasoning .  On e i s McCarthy' s 

circumscriptio n rul e [80] .  Anothe r  i s Reiter' s 

defaul t  rul e [Reite r  80]^ .  Bot h ca n b e specifie d 

i n th e followin g meta-axiom : 

X A C(y) ^ y 

where C(y) is true if ->y csmnot be proved. 

The differenc e betwee n thes e tw o ap -

proache s lie s i n th e Jtfe a o f  consistenc y check -

ing .  I n McCarthy' s approach ,  i t  i s  th e whol e 

belie f  spac e includin g al l  th e non-monotoni c 

rules ;  whil e i t  i s  onl y th e are a o f  th e belie f 

spac e tha t  exclude s defaul t  rule s i n Reiter' s 

approach . 

The proble m wit h McCeirthy' s approac h i s 

tha t  i t  i s  to o fine-grained  i n th e sens e tha t  i t 

tend s t o fai l  t o conclud e anything .  Thi s ca n 

be see n fro m th e followin g tw o defaul t  beliefs : 

1. if X is a professor and there is no proof 
tha t  X  i s a  M r  the n w e ma y infe r  tha t  x  i s 
a D r  (Ph.D) : 

Dt{t ) Prefix ) 

C(-Mr(x) ) 

2.  i f  X  ha s a  M D eoi d ther e i s n o proo f  tha t 
x i s a  D r  the n w e ma y infe r  x  i s a  Mr : 

Mr(x ) MD(x ) 

C{-.Dr{x) ) 

I n addition ,  w e assum e th e belie f  tha t  n o 
one ca n bot h b e a  D r  an d a  Mr : 

3. <- Dr{x) A Mr(r). 

'Moor e [85a ]  may argu e tha t  thi s i s bes t  calle d aut c 
epistemi c reasoning . 

I f  w e assum e tha t  Joh n ha s M D ,  an d i s a 

professor ,  the n i n provin g Dr{John) ,  w e nee d 

t o prov e C{->Mr{John) )  o r  Mr{John )  whic h 

land s u s i n th e provin g o f  C{-'Dr{John)) ,  o r 

Dr(John) ;  henc e bac k t o th e origina l  goal ,  ie . 

looping . 

Reiter' s approac h o n th e othe r  han d i s to o 

coarse-graine d i n th e sens e tha t  i t  tend s t o 

conclud e everything .  Fo r  instance ,  thoug h i t 

does no t  loo p fo r  th e abov e example ,  Reiter' s 

approac h woul d giv e u s bot h DT{John )  an d 

Mr{John) ,  ie .  a  contradictio n (t o belie f  (3)) . 

To solv e thes e problems ,  w e propos e a  neu -

tra l  approac h (bsise d o n [Bowen&Kowalsk i 

82] )  tha t  cover s a  rang e o r  varin g granularitie s 

of  non-monotoni c reasonin g systems .  Instea d 

of  bein g restricte d i n on e singl e predefine d the -

ory/are a o f  belie f  space ,  a m agen t  ca n perfor m 

consistenc y checkin g withi n a n explicitl y  de -

fine d theory .  Thi s mean s tha t  i n ou r  formal -

ism ,  a  belie f  spac e ca n b e divide d int o variou s 

overlappin g areas/theories .  Allowin g variou s 

explici t  specificatio n o f  theorie s i s cognitivel y 

feasibl e becaus e a n agen t  ma y onl y us e a  sub -

set  o f  hi s belief s whic h h e think s i s relevan t  t o 

achiev e a  certai n proces s o f  reasonin g (eg .  t o 

establis h th e proo f  tha t  Joh n i s guilty )  an d us e 

anothe r  subse t  o f  hi s belief s (mayb e overlap -

pin g wit h th e forme r  set )  t o achiev e anothe r 

proces s o f  reeisoning .  Thi s relevanc e o f  belief s 

t o a n agen t  i s sometime s csdle d circumscrip -

tiv e relevanc e [Konolig e 85] .  Fo r  thi s reason , 

we cal l  ou r  belie f  revisio n approac h circum -

scriptiv e non-monotoni c reasoning . 

To defin e th e explici t  theor y o f  a  clause ,  w e 
furthe r  exten d th e synta x o f  ou r  basi c logi c 
of  belie f  b y allowin g eac h claus e t o hav e a 
distinguishin g labe l  o r  number .  Th e ide a o f 
attachin g a  distinguishin g numbe r  t o a  wf f 
was initiate d b y Gode l  [Enderto n 72] ,  thu s 
b o m th e nsun e o f  godelizatio n o f  a  wfT .  Gode l 
showed tha t  th e godelization s o f  wfT s ar e rep -
resentable .  Thi s mean s tha t  w e ca n us e a  num -
ber  t o denot e a  wfF .  I n othe r  words ,  b y makin g 
assertion s o n godelization s o f  wfTs ,  w e cao i  in -
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directl y expres s assertion s abou t  othe r  asser -
tions .  Thu s base d o n th e ide a o f  godelization , 
we ca n expres s th e explici t  theor y o f  a  claus e 
by qualifyin g th e godelizatio n o f  th e claus e 
wit h th e theory .  Fo r  example ,  i f  th e claus e 
c i s i n th e theor y tl ,  w e ca n represen t  thi s as : 

THEORY{i^c,tl) 

where #c is the godelization of clause c. 

However  xinlik e [Bowen&Kowalsk i  82] ,  thes e 

theorie s ai e organize d i n hierarchicz J struc -

ture s i n ou r  formalis m s o tha t  a  claus e a t  a 

higher-leve l  theor y ca n b e inherite d b y a  lower -

leve l  theor y unles s i t  i s  fals e there .  Makin g th e 

theorie s explici t  ha s th e advantag e tha t  subtl e 

difference s i n meaning s ca n b e expresse d b y 

appropriat e orgeuiizatio n o f  theories . 
Thus t o solv e th e abov e loopin g an d contrei -

dictio n problems ,  w e ca n represen t  th e theor y 
hierarchie s i n suc h a  wa y tha t  T 2 i s on e leve l 
belo w T l  an d T 2 ha s belie f  # 2 bu t  T l  doe s 
not .  Thi s effectivel y assign s a  highe r  priorit y 
t o belie f  # 1 ove r  #2 .  Thi s ca n b e show n i n 
our  formalis m a s follows : 

#1 :  Dr(x )  ̂  Prof{x )  A  C(-.Mr(r),ri) -
#2 :  Mr(x )  ̂  MD{x )  A  C(-.Dr(a;) ,  r2) . 

SUB -  THEORY{T2,Tl) . 
T H E O RY {#2,T2) . 
-̂ THEORY{ifi2,Tl) . 
^  Dr{x )  A  Mr(r ) 

Finally, it should be noted that our explicit 

contro l  ove r  th e aa-e a o f  belie f  speic e fo r  han -

dlin g belie f  revisio n ca n b e generalize d t o ordi -

nar y proof e i n th e spiri t  o f  relevanc e logic s (An -

derson&Belna p 75] .  I n thi s case ,  ever y proo f 

must  b e associate d wit h a n ewe a o f  a  belie f 

space .  T o achiev e this ,  w e introduc e anothe r 

meta-predicat e P R O VE s o tha t  P R O V E { p ,  t ) 

stand s fo r  " p ca n b e prove d i n th e theor y 

t" .  Relevanc e proof s ar e usefu l  i n knowledg e 

representation .  Fo r  example ,  i t  distinguishe s 

Guilty{x )  fro m PROVE{GuiHy{x) ,  t )  a s w e 

shoul d d o becaus e w e ma y believ e a  perso n t o 

be guilty ,  bu t  w e ma y no t  thin k w e ca n prov e 

i t  give n th e evidence s w e thin k ar e relevan t  t o 

th e case . 

6 The consistency of self-

referential paradoxes 

Another expressive feature of our formalism 
i s  it s  abilit y  I n representin g self-referentia l  be -
liefs ,  eg .  "Joh n believe s tha t  hi s belie f  i s  fadse " 
and mutual-referentia l  beliefs ,  eg .  "Simo n be -
lieve s tha t  Tom' s belie f  i s  tru e an d T o m be -
lieve s tha t  Simon' s belie f  i s  false" .  Fo r  exam -
ple ,  th e abov e exampl e o f  mutua l  belie f  ca n 
be represente d i n ou r  godelize d clausa l  for m 
of  belie f  logi c a s follows : 

B(S»mon,# 2 :  TRUE{#Z) ) 
B{Tom,  # 3 :  ->TRUE{#2) ) 
As argue d before ,  i t  i s  pointles s t o ted k 

abou t  people' s belief s outsid e th e contex t  o f  a 
worl d i n whic h th e belief s ma y b e tru e o r  false . 
However  thi s coul d introduc e inconsistencie s 
t o belie f  spaces .  Thi s i s show n b y Tarsk i  [36 ]  i n 
hi s N o Trut h Definitio n Theorem ,  whic h state s 
tha t 

TRUE{#a )  ̂  a 

i s inconsistent .  Thi s ca n b e see n fro m th e ex -
ampl e i f  w e Eissum e Simon' s belie f  t o b e tru e 
and Simon' s inferentia l  powe r  i s capabl e o f 
makin g th e followin g inferences : 

TRUE{#2) — TRUE{TRUE{ifi3)) 

— TRUE{#3 ) 

— TRUE(-̂ TRUE(if:2) ) 

— -,TRUE{#2 ) 

ie. a pau'adox inconsistency has arisen. 

Tarksi' s  solutio n i s attzKrhin g numerica l  sub -

script s o r  level s t o 'true' .  I n Tewksi' s  approach , 

a trut h truc m i s restricte d t o appl y t o sen -

tence s containin g n o predicat e true ,̂ n >  m . 

Thi s requiremen t  effectivel y block s th e deriva -

tio n o f  contradiction .  Howeve r  Tarski' s  ap -

proac h suffer s th e problem s o f  inefficienc y du e 

t o differen t  operation s a t  differen t  level s [War -

re n 81] ,  an d limite d expressivenes s i n repre -
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sentin g belief s (Peril s  85 ]  suc h a s " I  hav e a  fals e 

belief" . 

Kripke' s solutio n [75 ]  thu s introduce s trut h 

gaps t o accoun t  fo r  paradoxes .  Howeve r  th e 

solutio n incur s th e invalidit y o f  th e excluded -

middl e principle ,  ie .  (p'̂ -'p) .  Thi s coul d mak e 

th e desig n o f  a n efficien t  provin g syste m diffi -

cult .  Thu s w e tak e a n zJtemativ e approac h i n 

th e spiri t  o f  Peril s  [85] . 
I n ou r  approach ,  th e Tarski' s  Trut h Defini -

tio n Theore m i s modifie d s o tha t  th e axio m 

TKUE{p) « p 

(called  the positive axiom) holds for all posi-
tiv e p  bu t  ma y no t  b e tru e fo r  negativ e p .  Fo r 
th e negativ e p ,  w e adop t  Gilmore' s reductio n 
rul e [74 ]  i n ou r  approac h i n suc h a  wa y tha t 
th e axio m 

TliUE{->TRUE{p)) -» TRUEi^p) 

(called the negative reduction axiom) holds 
fo r  al l  p .  T o allo w furthe r  reductions ,  w e in -
troduc e anothe r  axio m (calle d th e restricte d 
negativ e axiom) : 

TRUEi^p) — ->TRUE{p) 

which holds if the dereference of p involves 

no T R U E predicate .  B y dereferenc e o f  p ,  w e 

mean tha t  i f  p  i s a  label ,  the n th e dereferenc e 

of  p  i s th e wf F name d b y p ;  otherwise ,  th e deref -

erenc e o f  p  i s p  itself .  Th e restricte d negativ e 

axio m allow s u s t o deduc e ->TIUJE{EQ{1,2) ) 

fro m TRUE{->EQ{1,2) )  becaus e th e derefer -

enc e o f  EQ(1,2 )  contain s n o T R U E predicate ; 

whil e fro m TRUE(§3 )  i n th e abov e example , 

we canno t  deduc e -<TRUE{#2 )  becaus e th e 

dereferenc e o f  #3 ,  ie .  ->TRUE{#2) ,  contain s 

a T R U E predicate .  Not e tha t  fo r  th e abov e 

axiom s t o wor k correctly ,  w e nee d t o repre -

sent  a  claus e i n th e disjunctiv e clause d for m 

mentione d i n Sectio n 2 . 
Usin g th e restricte d negativ e axiom ,  w e ca n 

preserv e th e excluded-middl e principl e 

TRUE(p) V ->TRUE{p) 

but  no t 

TRUE{p)  V  TRUE{->p) . 

I n othe r  words ,  w e canno t  hav e bot h 

T R U E { p )  an d -^TRUE(p )  i n a  consisten t  be -

lie f  space ,  bu t  w e ca n hav e bot h TRUE{->p ) 

and T R U E { p )  i n a  consisten t  belie f  space . 

The fac t  tha t  T R U E ( p )  A  T R U E { ^ p )  holds , 

help s t o revea l  a  parado x withou t  lettin g thi s 

creat e a n inconsistenc y t o ou r  formalism .  Th e 

pric e i s simpl y tha t  w e stic k literall y  wit h wha t 

th e statement s express ,  an d thi s inconvenienc e 

wil l  b e a s rar e a s ax e thes e sentence s i n typ -

ics l  discours e situations .  A  consistenc y proo f 

of  th e modifie d trut h definitio n theore m ca n 

be foun d i n [Jian g 86] . 

To se e ho w w e hav e solve d th e parado x In -

consistency ,  w e us e th e earlie r  exampl e a s a n 

illustration . 
Suppos e w e assum e tha t  Simo n i s right ,  the n 

we hav e th e followin g Inferenc e chain , 

TRUE{#2)  -  TRUE{TRUE{m) ) 

-  TRUE{if:Z ) 

- ^  TRUE{-^TRUE{it2) ) 

— TRUE{->î 2 ) 

which is consistent. 
Suppos e w e assum e tha t  T o m i s right ,  the n 

we hav e th e followin g inferenc e chain , 

Ti«/£?(#3 )  -  TRUE{~>TRUE{42) ) 

- *  Titt/E(-.#2 ) 

— TRUE{-^TRUE{#3) ) 

^  TRUE(^i^3 ) 

which is still consistent. 

In both cases, paradoxes are revealed and at 

th e sam e tim e consistencie s ar e preserved . 

7 Conclusions 

In this paper, we have presented a scheme 
fro m a  logi c programmin g perspectiv e whic h 
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fonnzdize s belief s i n a n extende d clausa l  for m 

of  logic .  W e hav e show n tha t  ou r  formalis m 

i s free-fro m th e quantificatio n proble m tha t 

ofte n persist s i n existin g formzilisms .  I n par -

ticular ,  w e hav e indicate d tha t  ou r  formalis m 

allow s a n efficien t  resolution-lik e proo f  proce -

dur e t o b e developed .  A  levelle d intensiona l 

scheme whic h enable s th e clausalizatio n o f  be -

lief s ha s bee n proposed .  I t  ha s bee n argue d 

tha t  th e intensiona l  schem e i s free from  th e im -

putatio n problem .  A n inferentia l  powe r  boun d 

resolutio n rul e o f  belie f  ha s bee n introduced . 

A genera l  circumscriptiv e non-monotoni c rea -

sonin g syste m fo r  handlin g belie f  revisio n ha s 

bee n described .  Th e concep t  o f  godelizatio n 

whic h increase s th e expressivenes s o f  ou r  for -

malis m ha s bee n introduced .  I n psu-ticular , 

a modifie d Tarski' s  Trut h Theore m ha s bee n 

shown t o b e consisten t  wit h ou r  formalism . 

Ther e ar e issue s suc h a s c o m m o n belief s an d 

implie d belie f  o f  a  grou p o f  agent s whic h hav e 

not  bee d discusse d i n thi s pape r  du e t o th e 

spac e limit .  I n addition ,  w e hav e neithe r  ad -

dresse d belie f  introspectio n no r  implici t  belie f 

revision .  Thes e problem s wil l  b e sbjecte d t o 

furthe r  research . 

As regard s t o implementatio n o f  ou r  formal -

ism ,  i t  i s  fel t  tha t  i t  ca n b e don e quit e easil y i n 

Prolog .  I n particular ,  a m intensionjilly-levelle d 

ter m C2Ui  b e represente d a s a  stmctor e o f  th e 

for m (term,level) ;  an d a  godelize d claus e cs r 

be represente d a s a  structur e o f  th e for m (la -

beljClause) .  Howeve r  thi s discussio n i s outsid e 

th e scop e o f  thi s paper . 
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Usin g Cognitiv e Modei s o f  Learnin g i n Instructiona l  Desig n 
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The primary goal of this research was to facilitate learning by applying a model of the 
change s i n knowledg e representation s tha t  occu r  wit h increase d compute r  experienc e t o 
instructiona l  design .  Th e mode l  propose s tha t  users '  knowledg e representation s o f 
compute r  system s evolv e fro m bein g organize d accordin g t o preconception s t o bein g 
organize d accordin g t o th e goals ,  plan s an d mle s fo r  usin g th e system .  Th e nnode l  wa s 
implemente d i n a n on-lin e trainin g system .  I t  wa s propose d tha t  usin g a  mode l  o f  th e 
natura l  evolutio n o f  knowledg e t o organiz e th e presentatio n o f  informatio n i n th e trainin g 
woul d creat e a  bette r  fi t  betwee n learnin g proces s an d learnin g material s an d thus , 
facilitat e learning .  Th e model-base d trainin g syste m wa s compare d t o fou r  othe r  trainin g 
system s tha t  implemente d othe r  method s o f  organizatio n tha t  ar e currentl y use d i n 
researc h an d industry .  Th e result s illustrate d onl y partia l  validatio n fo r  th e nrwdel .  Tha t  is , 
th e trainin g base d directl y o n th e mode l  di d no t  lea d t o th e bes t  peformance ,  bu t  als o di d 
not  lea d t o th e worst .  Th e bes t  performanc e wa s observe d fo r  instruction s tha t  wer e 
organize d accordin g t o task s an d th e wors t  performanc e wa s observe d fo r  instruction s 
tha t  wer e organize d accordin g t o categorie s o f  commands .  I t  i s  propose d tha t  (1 )  usin g 
model s o f  learnin g i n instructiona l  desig n require s mor e tha n mappin g th e learnin g 
assumption s ont o a n instructiona l  settin g an d (2 )  instructiona l  desig n provide s a n 
importan t  metho d fo r  testin g th e assumption s o f  th e learnin g model . 

There has been a substantial amount of attention given to the investigation of the 

acquisitio n o f  knowledge .  Fro m thi s researc h ha s grow n a n Interes t  I n th e applicatio n o f 

cognitiv e model s o f  th e studen t  t o instructiona l  design .  Tha t  is ,  researcher s hav e begu n t o 

examin e th e benefit s o f  usin g knowledge-base d model s o f  learnin g t o guid e th e organizatio n o f 

instructiona l  information .  I n a  recen t  study ,  Ka y an d Blac k (1985 )  presente d a  mode l  tha t 

trace d th e change s i n th e conten t  an d organizatio n o f  knowledg e tha t  occu r  wit h th e acquisitio n 

of  text-editin g knowledge .  Th e presen t  stud y compare s th e performanc e tha t  result s fro m 

instructio n tha t  i s  base d upo n thi s mode l  t o th e performanc e tha t  result s fro m instructio n tha t  i s 

base d upo n othe r  method s o f  organizin g compute r  knowledge . 

By combinin g th e result s o f  thre e studie s tha t  examine d th e change s i n text-editin g 

knowledg e representations ,  Ka y an d Blac k (1985 )  propose d a  fou r  phas e mode l  o f  th e 

evolutio n o f  knowledg e a s on e proceed s fro m naive  t o exper t  compute r  user .  I n thi s model , 

phase s represen t  snapshot s o f  th e menta l  structure s tha t  exis t  a t  varyin g level s o f  ability . 

Phas e O n e o f  thi s mode l  describe s th e knowledg e representation s tha t  exis t  befor e th e learnin g 

proces s begins .  I n thi s phase ,  knowledg e i s organize d accordin g t o preconception s abou t  th e 

terminolog y tha t  wil l  late r  refe r  t o text-editin g c o m m a n d s .  I n Phas e T w o ,  users '  knowledg e 

representation s begi n t o reflec t  computer-relate d information .  Becaus e on e o f  th e firs t  thing s 

tha t  user s lear n i s th e goal s tha t  th e c o m m a n d s accomplish ,  th e n e w organizatio n o f  th e 

commands i s base d upo n th e relationship s betwee n th e c o m m a n d s an d th e relevan t  goal s tha t 

the y accomplish . 

Havin g acquire d th e basi c text-editin g goal s an d c o m m a n d s ,  user s begi n t o not e tha t 

ther e ar e certai n c o m m a n d s tha t  ar e frequentl y use d togethe r  i n accomplishin g a  goal .  I t  i s  thi s 

realizatio n tha t  lead s t o anothe r  reorganizatio n o f  knowledg e i n whic h action s tha t  wer e 

organize d separatel y i n Phas e T w o ar e n o w combine d int o th e plan-base d representation s o f 

Phas e Three .  Th e fina l  phas e o f  th e mode l  describe s th e knowledg e representation s fo r  user s 

who ar e expert s i n text-editing .  Th e representatio n propose d fo r  thi s phas e complete s th e 

acquisitio n proces s (asid e fro m mino r  form s o f  tunin g tha t  wil l  continuall y tak e place )  an d i s 

simila r  t o th e G O MS (Card ,  Mora n &  Newell ,  1983 )  accoun t  o f  text-editin g experts .  I n thi s 
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phase, knowledge is reorganized to incorporate (1) compound plans that are composed of the 
simpl e plan s o f  Phas e Thre e an d (2 )  selectio n condition s fo r  choosin g th e mos t  appropriat e 
pla n fo r  accomplishin g a  give n goal . 

Computer Instruction 

Scenario Machines. There are many forms of computer instruction. One form, that has 
bee n give n attentio n b y Carrol l  an d hi s colleagues ,  i s trainin g systems .  Thes e system s ar e 
designe d t o encourag e user s t o lear n b y explorin g th e function s availabl e I n th e system .  Thus , 
user s ar e activel y engage d i n th e learnin g process .  Th e "trainin g wheels *  interfac e (Carrol l  & 
Carrithers ,  1984a )  i s a  trainin g syste m i n whic h ne w user s ar e blocke d fro m accessin g 
advance d syste m function s an d fro m committin g typica l  use r  errors .  Th e motivatio n behin d thi s 
desig n i s t o encourag e "discover y learning, "  whil e sparin g user s th e confusio n an d frustratio n 
tha t  ofte n resul t  whe n ne w user s wande r  int o th e depth s o f  comple x compute r  systems .  B y 
blockin g of f  certai n syste m states ,  th e se t  o f  possibl e action s an d consequence s o f  thes e 
action s i s constrained .  Thus ,  user s ar e fre e t o activel y participat e i n an d contro l  thei r  learning . 

The "Scenari o Machine "  (Carrol l  &  Kay ,  1985 ;  McKendree ,  Schorno ,  &  Carroll ,  1985 )  i s 
a mor e restrictin g versio n o f  th e "trainin g wheels "  interface .  I n thi s design ,  no t  onl y ar e 
advance d function s an d use r  error s blocked ,  bu t  th e use r  i s directe d throug h a  singl e scenari o 
tha t  represent s th e basi c function s o f  th e system .  Th e us e o f  thi s typ e o f  syste m desig n provide s 
researcher s wit h knowledg e o f  wha t  th e use r  wil l  b e require d t o d o an d thus ,  w e ca n bette r 
contro l  ou r  investigatio n o f  use r  learning .  Th e curren t  experimen t  use s th e Scenari o Machin e 
desig n a s a  vehicl e fo r  examinin g th e applicatio n o f  cognitiv e model s o f  studen t  knowledg e 
representation s t o th e desig n o f  compute r  instruction . 

Curren t  method s o f  compute r  instructio n I f  w e surve y th e commercia l  form s o f  compute r 
instructio n tha t  ar e currentl y used ,  ther e ar e tw o prominen t  method s o f  organizatio n tha t  ar e 
use d - -  command-oriente d an d task-oriented .  Command-oriente d instructio n i s designe d b y 
organizin g th e compute r  informatio n accordin g t o categorie s o f  command s tha t  ca n b e use d i n 
th e system .  Th e proble m wit h thi s typ e o f  instructiona l  organizatio n i s tha t  th e orde r  o f 
presentatio n i s guide d b y categorie s o f  commands ,  rathe r  tha n b y th e orde r  i n whic h th e 
commands ar e encountere d a s par t  o f  a n editin g session .  Task-oriente d instructio n illustrate s 
an attemp t  t o fin d a  bette r  matc h betwee n orde r  o f  presentatio n an d orde r  o f  us e i n a n editin g 
session .  A  task-orientatio n present s th e editin g command s accordin g t o plan s fo r 
accomplishin g editin g tasks .  Recen t  researc h ha s improve d upo n th e commercia l  task-oriente d 
instructio n an d prove n i t  t o b e quit e effectiv e (Carroll ,  1984 ;  Carrol l  &  Carrithers ,  1984) . 

Example-base d instructio n i s a  metho d o f  instructio n tha t  ha s no t  bee n implemente d i n 
commercial  systems .  However ,  thi s typ e o f  instructio n ha s bee n examine d withi n th e contex t  o f 
researc h o n teachin g peopl e ho w t o us e computer s an d ha s bee n show n t o b e a n importan t 
par t  o f  learnin g (  Rissland ,  Valvarce ,  &  Ashley ,  1984) .  Example-base d instructio n i s simila r  t o 
th e task-oriente d instructio n i n tha t  th e comman d informatio n i s presente d i n accordanc e wit h it s 
us e i n compute r  session s o r  tasks .  However ,  usin g onl y example s doe s no t  provid e th e use r 
wit h conceptua l  knowledg e o f  th e syste m an d thus ,  th e use r  ma y hav e difficult y recoverin g fro m 
error s du e t o th e us e o f  incorrec t  commands . 

Curren t  Experimen t  Close r  examinatio n o f  th e curren t  method s o f  organizatio n show s 
tha t  non e o f  thes e method s i s base d directl y upo n th e change s i n th e conten t  an d organizatio n 
of  use r  representation s a s presente d b y th e Ka y an d Blac k fou r  phas e model .  Therefore ,  a n 
on-lin e trainin g syste m wa s designe d fo r  thi s experimen t  usin g th e fou r  phas e mode l  t o guid e 
th e organizatio n o f  information .  Th e informatio n presente d i n th e trainin g syste m i s fo r  a 
command-based ,  experimenta l  databas e system .  I n additio n t o th e fou r  phas e mode l  trainin g 
system ,  trainin g system s implementin g th e othe r  method s o f  instructio n wer e als o designe d fo r 
th e databas e system .  B y comparin g th e performanc e (i.e .  tim e t o complet e task s an d error s 
committed )  tha t  result s fro m usin g eac h o f  thes e trainin g systems ,  w e ca n asses s eac h o f  thes e 
method s o f  instruction .  Th e basi c hypothesi s i s tha t  fo r  th e model-base d training ,  ther e wil l  exis t 
a bette r  fi t  betwee n th e learnin g proces s an d learnin g materials .  A s a  result ,  i t  shoul d b e easie r 
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for users to acquire computer information. If using this model facilitates learning, then in 
additio n t o supportin g th e us e o f  cognitiv e model s i n instructiona l  design ,  ther e wil l  als o b e 
furthe r  validatio n o f  th e fou r  phas e model . 

Metho d 
Subject s 

Fort y Yal e undergraduate s participate d i n thi s study .  Al l  participant s ha d littl e o r  n o 
compute r  experience .  Tha t  is ,  the y ha d eithe r  neve r  use d a  compute r  o r  ha d use d th e compute r 
a fe w time s fo r  wor d processin g purpose s only . 

Materials 
Databas e Svstem .  A  simpl e experimenta l  databas e syste m wa s designe d fo r  th e study . 

The syste m wa s a  command-based ,  interactiv e syste m tha t  containe d informatio n abou t 
popula r  songs .  Ther e wer e fiftee n command s tha t  coul d b e use d i n th e syste m an d fiv e basi c 
task s tha t  sequence s o f  thes e command s coul d accomplish .  Th e syste m kep t  trac k o f  th e 
keystroke s entere d an d th e reactio n tim e betwee n keystrokes . 

Trainin g Systems .  I n additio n t o th e basi c databas e system ,  fiv e trainin g system s wer e 
als o designed .  Thes e system s taugh t  subject s ho w t o us e th e databas e syste m b y explainin g 
th e command s use d t o accomplis h th e databas e syste m tasks .  Th e presentatio n o f  th e 
commands withi n th e trainin g system s wa s dependen t  upo n th e metho d o f  instructio n 
implemente d i n tha t  trainin g system .  Fou r  o f  th e trainin g system s wer e base d upo n th e 
method s o f  organizatio n previousl y describe d - -  command-oriented ,  task-oriented ,  example -
base d an d fou r  phas e model .  Th e fift h trainin g syste m wa s use d a s a  contro l  conditio n fo r  th e 
fou r  phas e model .  Becaus e i t  i s  believe d tha t  th e orderin g o f  th e phase s i s importan t  t o th e 
learnin g process ,  a  trainin g syste m wa s designe d tha t  organize d th e fou r  phase s i n revers e 
order . 

Ther e wer e tw o part s t o th e desig n o f  thes e systems .  I n th e firs t  part ,  eac h o f  th e fiv e 
method s o f  organizatio n wa s mappe d ont o th e fiftee n command s use d i n th e databas e system . 
In th e secon d part ,  thes e mapping s wer e use d t o desig n a  metho d o f  organizatio n tha t 
generalize d acros s th e mapping s an d resulte d i n a n orderin g fo r  th e command s tha t  coul d b e 
applie d i n al l  th e trainin g systems .  Th e latte r  par t  o f  thi s desig n proces s wa s use d s o tha t  th e 
same exercise s coul d b e use d regardles s o f  th e metho d o f  Instruction . 

Ther e wer e fiv e part s t o th e trainin g systems .  Th e firs t  par t  o f  th e trainin g wa s th e sam e 
fo r  al l  fiv e trainin g syste m condition s an d consiste d o f  tw o parts ,  a n introductio n t o th e databas e 
syste m an d a  descriptio n o f  th e Qui t  command .  Thi s comman d wa s describe d separatel y 
becaus e i t  i s  use d throughou t  th e system ,  regardles s o f  th e task . 

I n Par t  2  o f  training ,  th e command s use d fo r  listing ,  printing ,  an d sortin g th e databas e 
wer e presente d together .  I n Par t  3 ,  th e command s fo r  addin g song s t o th e databas e wer e 
presented .  I n Par t  4 ,  th e command s fo r  searchin g i n th e databas e wer e presente d an d finally , 
i n Par t  5 ,  th e command s fo r  changin g th e databas e wer e presente d together .  Becaus e o f  th e 
similarit y i n comman d relationships ,  th e system s coul d b e designe d s o tha t  regardles s o f 
instructiona l  organization ,  th e sam e exercise s wer e presente d afte r  eac h section . 

The exercise s wer e th e sam e fo r  al l  fiv e trainin g systems .  I n performin g thes e exercises , 
subject s wer e take n int o a  modifie d versio n o f  th e databas e syste m tha t  ha d th e sam e scree n 
desig n a s th e ful l  databas e system .  However ,  th e exercis e environmen t  differe d i n it s  respons e 
t o subjec t  input .  A s describe d previously ,  th e syste m use d a  Scenari o Machin e desig n (Carrol l 
and Kay ,  1985 )  i n whic h th e syste m stall s unti l  th e correc t  comman d (tha t  require d fo r  th e tas k a t 
hand )  i s inpu t  b y th e subject .  Tha t  is ,  fo r  eac h exercise ,  ther e i s a  fixe d scenari o fo r 
accomplishin g th e tas k an d unles s th e subjec t  input s th e correc t  comman d fo r  th e scenario ,  th e 
syste m beep s an d prompt s th e subjec t  t o inpu t  a  command .  Thi s desig n wa s use d t o kee p 
subject s fro m enterin g incorrec t  command s an d gettin g los t  i n th e system . 
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Procedur e 

Learning Phase. The learning phase took place on the first day of the experiment. 
Subject s wer e tol d tha t  the y woul d b e followin g a n on-lin e descriptio n o f  ho w t o us e th e 
databas e syste m an d the n afte r  eac h par t  o f  th e training ,  the y woul d demonstrat e thei r 
understandin g o f  th e syste m b y workin g throug h a  serie s o f  exercise s relate d t o wha t  the y ha d 
jus t  learned .  The y wer e als o tol d tha t  fo r  eac h o f  th e exercises ,  the y woul d no t  b e require d t o 
us e an y comman d tha t  the y ha d no t  bee n previousl y introduce d t o an d tha t  i f  the y inpu t  a  wron g 
command,  th e syste m woul d bee p an d the n promp t  the m t o inpu t  anothe r  command . 

Subject s wer e als o give n a  manua l  tha t  containe d th e sam e informatio n tha t  wa s 
presente d o n th e computer .  The y wer e informe d tha t  the y coul d us e thi s manua l  whil e workin g 
on th e exercises ,  bu t  tha t  the y shoul d le t  th e on-lin e syste m guid e thei r  training .  Th e 
experimente r  informe d th e subject s tha t  the y wer e t o wor k o n thei r  own ,  bu t  tha t  i f  the y fel t  tha t 
the y wer e i n trouble ,  the y coul d cal l  fo r  help .  I n addition ,  subject s wer e informe d tha t  thei r 
interactio n wit h th e compute r  woul d b e video-taped . 

W h en th e subject s complete d th e trainin g tasks ,  a  compute r  concept s tes t  wa s 
administere d t o asses s conceptua l  understandin g o f  th e databas e system .  Thi s tes t  consiste d 
of  nin e questions .  S o m e o f  thes e question s aske d user s "ho w "  t o accomplis h certai n databas e 
tasks .  Othe r  question s aske d subject s abou t  th e function s associate d wit h certai n databas e 
commands.  Tw o version s o f  thi s tes t  wer e used .  On e versio n wa s administere d hal f  wa y 
throug h th e stud y (afte r  training )  an d th e othe r  wa s give n a t  th e en d o f  th e stud y (afte r  transfer) . 

Transfe r  Phase .  Th e transfe r  phas e too k plac e o n th e secon d da y o f  th e study .  Subject s 
wer e tol d tha t  the y woul d b e usin g th e databas e syste m again .  However ,  i n thi s par t  o f  th e 
study ,  the y woul d no t  b e usin g th e trainin g syste m tha t  guarde d the m agains t  errors ,  bu t  rather , 
the y wer e usin g th e complet e databas e system .  Subject s wer e give n th e manua l  tha t  the y ha d 
use d th e da y befor e an d a  bookle t  o f  1 2 transfe r  exercise s o f  varyin g level s o f  difficulty .  Fou r  o f 
th e exercise s wer e direc t  mapping s fro m th e trainin g exercise s tha t  wer e par t  o f  th e trainin g 
phase .  Fou r  o f  th e exercise s wer e simpl e extension s fro m th e trainin g exercise s (i.e .  the y 
combine d tw o o f  th e exercise s presente d i n training) .  Th e las t  fou r  wer e mor e comple x 
exercise s (i.e .  the y combine d mor e tha n tw o o f  th e exercise s presente d i n training) .  Agai n 
subject s wer e tol d tha t  thei r  interactio n wit h th e compute r  woul d b e video-tape d an d tha t  the y 
wer e t o wor k o n thei r  own ,  bu t  coul d cal l  fo r  hel p i f  the y wer e i n trouble . 

Afte r  completin g th e transfe r  tasks ,  subject s wer e give n anothe r  compute r  concept s tes t 
abou t  th e system .  I n thi s test ,  som e o f  th e question s wer e repeate d fro m th e trainin g tes t  an d 
some o f  th e question s wer e new .  Regardless ,  th e question s aske d "how "  t o accomplis h task s 
i n th e syste m an d "what "  task s certai n combination s o f  command s accomplished . 

Results 
Performanc e Measure s 

Each tim e subject s use d th e database ,  fiv e performanc e measure s wer e recorded .  Th e 
trainin g system s an d th e databas e syste m recorde d th e tim e t o complet e th e exercise s 
performe d whil e usin g th e systems .  A n overal l  tim e measur e fo r  eac h phas e wa s a\s o coWecle b 
by totallin g acros s th e exercis e times .  I n additio n t o th e tim e measures ,  tw o erro r  measure s 
wer e als o recorded .  O n e typ e o f  erro r  i s  a  "related "  erro r  i n whic h th e subject s use s a n incorrec t 
command tha t  i s  relate d t o th e correc t  command .  Th e secon d typ e o f  erro r  i s  a n "unreiated " 
erro r  i n whic h th e comman d inpu t  i s  no t  relate d t o th e correc t  command .  I n mos t  cases ,  th e 
"unrelated "  error s resul t  whe n th e use r  appear s t o b e inputtin g rando m commands . 

The fourt h performanc e measur e i s th e numbe r  o f  time s tha t  th e subjec t  requeste d ai d 
fro m th e experimente r  (experimente r  interventions) .  Th e rang e fo r  thi s measur e wa s zer o t o 
fou r  interventions .  Th e fift h performanc e measur e i s th e scor e o n th e compute r  concept s test . 
Thi s scor e i s a  numbe r  (0-9 )  representin g th e numbe r  o f  correc t  answer s t o th e question s 
asked . 
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Performance during learning 
Tabl e 1  present s th e relevan t  dat a fo r  th e learnin g phase .  Th e firs t  ro w o f  th e tabl e 

present s th e mea n tim e t o complet e training .  Th e result s o f  thi s analysi s showe d tha t  th e fiv e 
trainin g system s differe d i n thei r  tim e t o complet e th e learnin g exercise s £(4,35 )  =  4.4 ,  q  <  .01) . 
A follow-u p analysi s showe d tha t  (1 )  th e task-oriente d trainin g trainin g syste m too k significantl y 
les s tim e t o complet e th e exercise s tha n th e fou r  phas e model ,  th e revers e phas e mode l  an d 
th e command-oriente d trainin g system s a t  th e .0 5 leve l  an d (2 )  th e example-base d trainin g 
syste m wa s significantl y faste r  tha n th e command-oriente d trainin g system . 

As mentione d previously ,  i n additio n t o th e reactio n tim e measures ,  othe r  performanc e 
measure s wer e als o collecte d -  "related "  errors ,  "unrelated "  errors ,  experimente r  interventions , 
and scor e o n th e compute r  concept s test .  Th e result s fo r  thes e measure s durin g trainin g ar e 
presente d i n th e secon d throug h fift h row s i n Tabl e 1 .  A  multivariat e analysi s o f  varianc e 
showed a  significan t  mai n effec t  fo r  th e typ e o f  instructio n use d (Hotelling s trac e criterion , 

£(16l,102 )  =  2.2,c<.01) . 
To localiz e thes e effects ,  univariat e analyse s o f  varianc e fo r  th e individua l  measure s 

wer e used .  A  significan t  effec t  fo r  typ e o f  trainin g syste m wa s presen t  fo r  th e numbe r  o f 
"related "  error s (£(4,30 )  =  3.17 ,  c  <  .05 )  an d fo r  th e scor e o n th e compute r  concept s tes t  £(4,30 ) 
= 3.58 ,  c  <  .025) .  Furthe r  analysi s o f  thes e difference s showe d tha t  fo r  th e "related "  errors ,  th e 
command-oriente d trainin g syste m lea d t o significantl y mor e error s tha t  th e othe r  fou r  trainin g 
systems .  I t  appear s tha t  subject s usin g th e command-oriente d trainin g syste m ha d t o tr y mor e 
commands befor e finall y usin g th e correc t  command .  I n addition ,  th e analysi s o f  scor e o n th e 
compute r  concept s tes t  showe d tha t  th e example-base d trainin g syste m ha d significantl y poore r 
performanc e o n th e tes t  tha n th e task-oriented ,  fou r  phas e an d revers e phas e trainin g systems . 
Thus ,  althoug h thi s trainin g syste m lea d t o faste r  performanc e tha n som e o f  th e othe r  trainin g 
systems ,  th e conceptua l  knowledg e o f  th e subject s usin g thi s trainin g syste m wa s no t  a s goo d 
as th e knowledg e extracte d fro m th e othe r  trainin g systems . 

Table 1 

feriormsnc ^ 

Tota l  Tim e 
(i n mins ) 

Relate d 
Error s 

Unrelate d 
Error s 

Inter -
vention s 

Concept s 
Tes t 

5 ro r  ijear i 

Command 

37.46 2 

60.37 5 

50.25 0 

1.25 0 

6.56 3 

:iin g fnas e 

Trainin g Syste m 

Tas k 

20.37 6 

11.12 5 

9.87 5 

0.50 0 

7.18 8 

Exampl e 

•26.05 4 

29.00 0 

13.87 5 

1.12 5 

6.12 5 

Treatment s 

Four 
Phas e 

27.54 1 

30.00 0 

14.62 5 

0.75 0 

7.43 8 

Revers e 
Phas e 

30.26 5 

31.37 5 

23.87 5 

1.62 5 

7.18 8 

"•Th e degree s o f  freedo m i n thi s analysi s ar e smalle r  tha n expectedbecaus e a n analysi s  o f  covarianc e wa s 
used .  Th e covariate s use d an d th e result s  o f  thes e covariate s wil l  no t  b e discusse d i n thi s pape r  du e t o 
lac k o f  significan t  effect s an d spac e constraints . 
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Table 2 

Tota l  Tim e 
(i n mins ) 

Relate d 
Error s 

Unrelate d 
Error s 

Inter -
vention s 

Concept s 
Tes t 

Command 

41.47 4 

66.87 5 

17.00 0 

0.37 5 

7.31 3 

Trainin g Syste m 

Tas k 

35.84 1 

11.12 5 

3.00 0 

0.00 0 

7.75 0 

Exampl e 

38.85 7 

24.75 0 

7.37 5 

0.12 5 

7.62 5 

Treatment s 

Four 
Phas e 

42.64 1 

21.50 0 

5.12 5 

0.10 3 

7.50 0 

Revers e 
Phas e 

44.92 3 

41.25 0 

10.25 0 

0.25 0 

V.56 3 

The result s fo r  th e learnin g phas e sho w tha t  th e command-oriente d treatmen t  too k 
longe r  t o complet e th e learnin g exercise s an d committe d mor e error s whil e doin g thes e 
exercises .  O n th e othe r  en d o f  th e continuum ,  th e task-oriente d treatmen t  too k th e leas t  amoun t 
of  time .  Althoug h th e example-base d trainin g syste m ha d relativel y fas t  time s an d fe w errors , 
thi s treatmen t  seeme d t o lac k i n conceptua l  knowledg e o f  th e syste m a s i s show n b y th e poo r 
performanc e o n th e concept s test .  I t  appear s tha t  usin g th e example s t o trai n users ,  ease s us e 
of  th e system ,  bu t  doe s no t  provid e user s wit h a n understandin g o f  th e syste m beyon d th e task s 
at  hand . 

Transfer Phase 
Tabl e 2  present s th e performanc e measure s fo r  th e transfe r  phase .  A s i n th e learnin g 

analyses ,  a n analysi s o f  tota l  tas k tim e wa s use d first .  However ,  ther e wa s n o significan t  effec t 
fo r  trainin g syste m type s (E(4,30 )  =  .63,nsl .  A s i n th e learnin g phase ,  ther e wer e fou r  additiona l 
performanc e measure s recorde d i n additio n t o tim e t o complet e th e transfe r  exercises .  A s ca n 
be see n fro m th e table ,  th e mea n fo r  experimente r  intervention s fo r  th e task-oriente d trainin g 
syste m wa s zero .  Becaus e th e valu e fo r  thi s variabl e ca n onl y b e positive ,  th e varianc e fo r  thi s 
variabl e fo r  th e task-oriente d trainin g syste m ca n onl y b e zero .  Sinc e a  zer o varianc e disturb s 
th e homogeneit y o f  varianc e fo r  thi s variable ,  i t  wa s analyze d separately .  Th e result s o f  thi s 
analysi s showe d n o significan t  differenc e betwee n trainin g syste m treatment s i n th e numbe r  o f 

experimente r  intervention s Qi ^  =  2.927 ,  ds) -
A multivariat e analysi s o f  varianc e wa s performe d o n th e remainin g thre e measures . 

The result s o f  thi s analysi s showe d a  significan t  differenc e betwee n th e trainin g syste m 
treatment s (Hotelling s trac e criterion ,  £(12,95 )  =  1.95 ,  b. < .05) .  Thi s mai n effec t  wa s localize d t o 
a significan t  differenc e i n th e numbe r  o f  "related "  error s committe d (£(4,35 )  =  5.68 ,  q .  <  .01) .  A 
follow-u p analysi s reveale d tha t  th e command-oriente d trainin g syste m treatment s committe d 
significantl y mor e error s tha t  th e fou r  phase ,  revers e phase ,  an d task-oriente d treatments .  I n 
addition ,  th e revers e phas e treatmen t  committe d significantl y mor e error s tha n th e task-oriente d 
treatment . 
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In the transfer phase, the results show that all subjects learned to use the system and 
wer e abl e t o complet e th e exercise s I n roughl y th e sam e amoun t  o f  time .  However ,  whe n w e 
loo k a t  th e result s fo r  th e error s committed ,  th e command-oriente d an d revers e phas e 
treatment s committe d th e mos t  errors .  Th e syste m use d i n thi s stud y wa s a  simpl e system . 
However ,  i f  a  mor e comple x syste m wa s used ,  w e ca n imagin e tha t  committin g a  grea t  dea l  o f 
error s woul d lea d t o th e user s gettin g i n troubl e an d i n th e end .  takin g longe r  t o complet e th e 
tasks .  Thi s i s a n empirica l  questio n t o b e addresse d i n th e future . 

Discussion 

The primary goal of this study was to facilitate learning and improve performance by 
designin g instructio n tha t  i s  base d upo n a n analysi s o f  th e change s i n knowledg e 
representatio n wit h th e acquisitio n o f  compute r  knowledge .  Th e result s fro m th e trainin g phas e 
of  th e stud y showe d tha t  th e task-oriente d an d fo r  som e measure s th e example-base d 
organizatio n le d t o th e bes t  performance ,  whil e th e command-oriente d organizatio n le d t o th e 
worst .  Th e instruction s organize d accordin g t o th e fou r  phas e mode l  seeme d t o fal l  i n th e 
middl e wit h th e fou r  phas e mode l  bein g somewha t  bette r  tha n th e revers e fou r  phas e 
organizatio n (a t  leas t  a s measure d b y th e numbe r  o f  error s committe d durin g transfer) .  Thus , 
th e origina l  hypothesi s tha t  th e fou r  phas e treatmen t  woul d lea d t o th e bes t  performanc e i s no t 
totall y supported . 

Four Phase Facilitation of Learning 
utilit y  o f  Phas e Two .  On e possibl e explanatio n fo r  th e lac k o f  suppor t  o f  th e origina l 

hypothesi s refer s bac k t o th e origina l  proposa l  o f  th e model .  I n thi s presentation ,  Ka y an d Blac k 
(1985 )  provid e severa l  reason s fo r  th e existenc e o f  th e fou r  phase s tha t  the y observed .  The y 
argue d tha t  th e firs t  phas e wa s necessar y becaus e th e onl y informatio n tha t  ne w user s hav e t o 
use i n thei r  initia l  attempt s wit h a  compute r  syste m ar e th e prio r  knowledg e association s tha t 
the y brin g t o th e compute r  domain .  I n addition ,  th e fourt h phas e i s necessar y becaus e pas t 
researc h (albei t  minimal )  ha s suggeste d tha t  comple x plan s an d selectio n rule s ar e necessar y 
fo r  skille d compute r  performanc e (Card ,  Mora n &  Newell ,  1983) .  Th e questio n the n become s 
ar e bot h th e intermediat e phase s als o necessary ? 

It  woul d b e difficul t  fo r  user s t o progres s directl y fro m Phas e On e t o Phas e Fou r  becaus e 
thi s transitio n require s th e us e o f  mor e knowledg e tha n huma n workin g memor y i s capabl e o f 
holdin g a t  on e time .  Thus ,  th e tw o intermediat e phase s provid e a  wa y o f  movin g fro m Phas e 
One t o Phas e Fou r  withi n th e constraint s o f  workin g memor y capacity .  Tha t  is ,  thes e phase s 
allo w fo r  th e progressio n fro m Phas e On e t o Phas e Fou r  t o follo w step s tha t  ca n b e handle d b y 
workin g memory .  However ,  Ka y an d Blac k als o suggeste d tha t  i t  migh t  no t  b e necessar y t o 
hav e tw o intermediat e phases .  The y propose d tha t  Phas e Thre e wa s a  necessar y preconditio n 
fo r  Phas e Four ,  bu t  tha t  Phas e Tw o migh t  b e a n artifac t  o f  th e wa y tha t  user s currentl y lear n t o 
use a  computer .  Tha t  is ,  unti l  recently ,  mos t  commercia l  compute r  trainin g material s hav e use d 
a command-oriente d organizatio n an d therefore ,  i t  i s  no t  surprisin g tha t  novice s incorporat e thi s 
organizatio n int o thei r  representatio n o f  th e domai n i n th e for m o f  goal/actio n relationships . 

The trainin g syste m result s sugges t  tha t  i t  migh t  indee d b e th e cas e tha t  Phas e Tw o i s 
an artifac t  o f  learnin g materials .  I f  w e examin e th e task-oriente d trainin g system ,  w e se e tha t 
thi s syste m take s subject s directl y fro m Phas e On e (preconceptions )  t o Phas e Thre e (plans) . 
Becaus e o f  th e simplicit y o f  th e databas e syste m an d th e plan s necessar y fo r  usin g th e system , 
th e presentatio n o f  thes e plan s ca n easil y b e handle d withi n th e limit s o f  workin g memory . 
Therefore ,  subject s ca n lear n thes e plan s an d begi n usin g the m immediately .  I n th e fou r  phas e 
model  trainin g system ,  subject s ar e firs t  guide d throug h th e Phas e Tw o representatio n an d the n 
presente d wit h th e Phas e Thre e plans .  I t  i s  possibl e tha t  becaus e th e Phas e Tw o 
representatio n wa s unnecessary ,  thi s informatio n interfere d wit h subjects '  abilit y  t o lear n th e 
plan s presente d late r  i n th e instruction s an d performanc e wa s hampered . 
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Process + Representation. Another possible explanation pertains to the method by 
whic h th e fou r  phas e mode l  wa s applie d t o th e trainin g syste m design .  Recal l  tha t  on e o f  th e 
origina l  goal s o f  th e fou r  phas e mode l  wa s t o describ e th e change s i n th e conten t  an d 
organizatio n o f  users '  knowledg e representations .  However ,  i n applyin g th e fou r  phas e mode l 
t o instructiona l  design ,  th e organizatio n wa s focusse d o n th e change s i n knowledg e 
representatio n an d no t  o n th e processe s tha t  lea d t o thes e changes .  Tha t  is ,  th e instruction s 
guide d user s throug h th e fou r  phases ,  bu t  di d no t  describ e th e acquisitio n processes .  I t  i s 
possibl e an d probabl e tha t  fo r  th e mode l  t o b e use d successfully ,  instructio n need s t o includ e 
proces s an d representatio n information . 

Mappin g Learnin g ont o Instructio n A n implici t  assumptio n i n th e desig n o f  th e fou r 
phas e trainin g syste m i s tha t  b y mappin g knowledg e representation s an d learnin g processe s 
directl y ont o Instruction ,  w e ca n desig n bette r  instructio n tha t  wil l  facilitat e learning .  I t  i s 
possibl e tha t  thi s assumptio n i s no t  totall y correc t  an d therefore ,  th e fou r  phas e mode l  di d no t 
lea d t o th e bes t  performance .  Althoug h understandin g th e use r  ma y b e importan t  t o 
instructiona l  design ,  i t  ma y b e th e cas e tha t  wha t  w e kno w abou t  knowledg e representatio n an d 
learnin g need s t o b e reorganize d int o a  framewor k tha t  i s organize d aroun d th e goal s o f  th e 
instruction .  O n e sourc e o f  th e nee d fo r  thi s reorganizatio n i s tha t  learnin g analyse s wor k fro m 
th e mean s t o th e en d (i.e. ,  the y loo k a t  ho w peopl e progres s t o a  certai n leve l  o f  expertise) , 
whereas ,  instructio n work s fro m th e en d (knowledg e t o b e learned )  t o th e means .  I f  w e 
conside r  instructiona l  desig n a s a  proble m solvin g task ,  w e ca n propos e tha t  th e proble m 
specificatio n shoul d reflec t  th e goal s o f  th e instructio n an d th e domai n knowledg e tha t  i s  use d 
t o solv e th e problem s an d accomplis h thes e goal s i s ou r  knowledg e o f  th e "how "  an d "what "  o f 
learning . 

Example-based Learning 
Althoug h th e example-base d subject s wer e abl e t o successfull y perfor m th e trainin g 

task s withou t  a n extrem e numbe r  o f  errors ,  thei r  performanc e o n th e concept s tes t  wa s 
significantl y poore r  tha n th e othe r  trainin g treatments .  Thus ,  althoug h thes e subject s coul d us e 
th e databas e system ,  the y di d no t  hav e a  goo d conceptua l  representatio n o f  ho w th e syste m 
worked .  O n e possibl e explanatio n fo r  thi s resul t  i s  tha t  thes e subject s wer e performin g th e 
task s b y analogicall y mappin g the m ont o th e example s presente d i n th e trainin g system .  Tha t 
is ,  thes e subject s wer e applyin g th e command s i n th e example s withou t  understandin g ho w th e 
commands interact . 

Learnin g b y analog y ha s bee n show n t o b e a  prominen t  metho d use d b y novice s i n a 
domai n (Anderson ,  Farrell ,  &  Sauers ,  1984) .  However ,  a s suggeste d b y th e curren t  results , 
onc e th e problem s fro m whic h student s analogiz e ar e take n away ,  th e student s ar e n o longe r 
abl e t o perfor m successfully .  I n addition ,  pas t  researc h ha s show n tha t  usin g analogie s ofte n 
lead s t o misconception s i n students '  thinkin g (Dougla s &  Moran ,  1983 )  becaus e student s hav e 
difficult y notin g ho w th e analog y an d th e proble m ar e similar/differen t  (Halas z &  Moran ,  1982) . 

One o f  th e motivation s behin d usin g th e example-base d trainin g syste m wa s t o examin e 
example s a s a  sol e sourc e o f  instructio n sinc e i t  i s  mor e ofte n th e cas e tha t  example s ar e 
include d a s par t  o f  mor e detaile d instruction .  I t  appear s tha t  example s whe n presente d b y 
themselve s provid e onl y performanc e informatio n an d d o no t  provid e informatio n a t  a  mor e 
conceptua l  level .  Therefore ,  on e migh t  propos e tha t  example s shoul d b e include d i n additio n 
t o othe r  form s o f  informatio n tha t  d o provid e conceptua l  information . 

Task-oriented vs. Command-oriented 
Schema representations .  On e possibl e explanatio n fo r  th e observe d result s i s tha t  th e 

task-oriente d metho d o f  instructio n allow s th e subject s t o se e th e us e o f  th e command s a s a 
coheren t  whole .  Tha t  is ,  presentin g th e command s i n th e contex t  o f  th e plan s tha t  the y ar e par t 
of  provide s subject s wit h enoug h informatio n t o for m a t  leas t  a  sketch y schem a fo r  th e pla n tha t 
ca n late r  b e easil y applied .  O n th e othe r  hand ,  presentin g th e command s a s separat e 
fragment s o f  informatio n a s i n th e command-oriente d organizatio n force s subject s t o develo p 
th e plan s o n thei r  own .  Th e erro r  result s fo r  subject s i n th e command-oriente d treatmen t 
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suggest that this instruction leads to a strategy In which learners decide on a goal to accomplish 
and the n tr y al l  th e command s tha t  ar e relate d t o thi s goa l  unti l  the y ge t  thei r  desire d result .  A s 
a resul t  o f  thi s tria l  an d erro r  strategy ,  subject s obscure d th e coherenc e o f  th e inter-comman d 
relationships .  Thus ,  whe n require d t o perfor m a  simila r  task ,  the y wer e no t  abl e t o remembe r 
how the y ha d previousl y performe d th e task .  Th e result s fo r  th e transfe r  phas e i n whic h th e 
command-oriente d subject s wer e stil l  committin g significantl y mor e error s tha n th e othe r 
subject s lend s suppor t  t o thi s claim . 

Procedural/declarativ e representation .  Anothe r  wa y o f  explainin g th e trainin g syste m 
result s pertain s t o th e procedural/declarativ e distinctio n an d mor e specifically ,  it s  influenc e o n 
th e acquisitio n o f  knowledg e a s propose d i n th e ACT *  theor y (Anderson ,  1983) .  Applyin g th e 
procedural/declarativ e representatio n t o th e method s o f  organizatio n use d i n th e curren t  study , 
one ca n propos e tha t  th e task-oriente d organizatio n provide s user s wit h procedura l  informatio n 
whereas ,  th e command-oriente d organizatio n provide s onl y declarativ e information .  W h e n w e 
presen t  subject s wit h a  procedura l  organizatio n o f  information ,  w e ar e showin g the m th e ho w t o 
accomplis h domain-specifi c  task s an d thus ,  facilitatin g th e learnin g process .  W h e n w e presen t 
subject s wit h a  declarativ e organizatio n o f  information ,  w e ar e requirin g the m t o firs t  us e thei r 
genera l  proble m solvin g procedure s t o interpre t  th e declarativ e knowledg e an d the n us e thi s 
interpretatio n proces s t o develo p domain-specifi c  procedures .  Thus ,  w e ar e makin g th e th e 
learnin g proces s mor e difficult . 

Thus ,  combinin g thi s distinctio n an d th e result s o f  th e curren t  experimen t  suggest s tha t 
usin g a  procedura l  organizatio n o f  knowledg e ca n lea d t o bette r  performance .  Ther e are , 
however ,  tw o caveat s t o thi s proposal .  First ,  i t  i s no t  necessaril y  th e cas e tha t  procedura l 
informatio n alon e wil l  lea d t o th e bes t  performance .  I n th e curren t  experiment ,  th e example -
base d trainin g als o provide d som e procedura l  informatio n i n tha t  i t  provide d user s wit h 
informatio n abou t  ho w th e command s ar e use d togethe r  i n a  sequenc e fo r  a  specifi c  example . 
However ,  a s wa s discusse d previously ,  thi s organizatio n di d no t  provid e user s wit h a  complet e 
conceptua l  understandin g o f  th e compute r  system .  On e possibl e explanatio n fo r  th e differenc e 
betwee n th e task-oriente d an d example-base d trainin g system s i s tha t  th e task-oriente d 
organizatio n provide s mor e abstrac t  procedura l  informatio n tha t  include s informatio n abou t  th e 
genera l  goal s tha t  driv e th e procedure s an d thus ,  driv e performance . 

The othe r  cavea t  fo r  interpretin g th e us e o f  procedura l  informatio n t o facilitat e learnin g 
pertain s t o th e syste m use d i n th e curren t  experiment .  Th e databas e syste m use d i s a  simpl e 
compute r  syste m (i.e .  require s learnin g fo r  onl y a  smal l  se t  o f  command s tha t  ca n accomplis h a 
smal l  numbe r  o f  tasks )  an d onl y require s learnin g simpl e procedures .  I t  i s  no t  clea r  tha t 
procedura l  instructio n woul d affor d th e sam e benefit s i n a  mor e procedurall y comple x domain . 

The goal s o f  thi s researc h wer e t o improv e instructio n an d learnin g b y usin g a 
knowledge-base d analysi s o f  learnin g t o guid e th e desig n o f  th e instructio n an d a t  th e sam e 
tim e us e instructiona l  desig n a s a  metho d o f  validatio n fo r  th e Ka y an d Blac k fou r  phas e model . 
The result s o f  th e stud y provid e onl y partia l  evidenc e i n suppor t  o f  thes e goals .  A s previousl y 
described ,  th e fou r  phas e mode l  trainin g syste m wa s designe d b y mappin g th e learnin g mode l 
directl y ont o instruction .  Th e result s fro m th e trainin g syste m comparison s sugges t  tha t  i t  i s 
importan t  t o conside r  instructiona l  goal s i n additio n t o learnin g goal s an d thus ,  instructiona l 
desig n shoul d b e viewe d a s mor e tha n a  mappin g process .  I n addition ,  th e result s fro m th e 
model-base d trainin g suggest s tha t  instructiona l  desig n ca n an d shoul d b e use d a s a n 
importan t  tes t  o f  th e assumption s mad e i n propose d model s o f  learning .  Futur e researc h wil l 
addres s th e relationshi p betwee n learnin g model s an d instructiona l  desig n a s i t  pertain s t o 
thes e issues . 
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Abstrac t 

Questions asked during acquisition of a complex skill 
reflec t  th e type s o f  knowledg e tha t  learner s requir e a t 
differen t  stages .  Question s tha t  learner s as k themselve s 
may serv e t o generat e incomplet e conceptua l  frame s tha t  ca n 
be use d t o guid e explanatio n o f  futur e events .  Question -
askin g dat a collecte d fro m student s learnin g t o us e a 
spreadshee t  progra m sugges t  tha t  learner s initiall y  requir e 
knowledg e abou t  plan s an d th e structur e o f  th e skil l  domain . 
Next  the y requir e knowledg e abou t  th e structur e o f  task s 
tha t  the y wil l  b e performing .  Finall y the y concentrat e o n 
pla n refinement .  Model s o f  skil l  acquisitio n an d 
explanation-base d learnin g shoul d incorporat e mechanism s fo r 
monitorin g level s o f  knowledg e i n severa l  distinc t  domain s 
and dynamicall y alterin g strategie s fo r  knowledg e 
acquisitio n withi n thes e domains . 

Introduction 

The acquisition of new skills is difficult for both 
humans an d machines .  Traditiona l  psychologica l  learnin g 
theorie s stres s th e rol e o f  practic e an d reinforcemen t  i n 
learning .  Curren t  model s o f  learnin g an d skil l  acquisitio n 
stres s cognitiv e components .  Chang e i n th e structur e o f 
goa l  hierarchie s an d th e clusterin g o f  action s wit h practic e 
has bee n studie d extensivel y b y researcher s i n cognitiv e 
scienc e (Anderson ,  1982 ,  1983a ,  1983b ,  1*986 ;  Neve s & 
Anderson ,  1981 ;  Newel l  &  Rosenbloom ,  1981 ;  Robertso n & 
Black ,  1986 ;  Rosenbloo m &  Newell ,  1986 ;  Rumelhar t  &  Norman , 
1978) .  Recently ,  researcher s hav e begu n t o concentrat e o n 
th e abilit y  t o generaliz e an d reaso n fro m singl e instance s 
or  examples .  Researcher s i n thi s are a hav e emphasize d 
analog y (Burstein ,  1986 ;  Carbonell ,  1983 ;  Forbu s &  Centner , 

Thi s researc h i s supporte d b y th e Nationa l  Scienc e 
Foundatio n unde r  gran t  no .  IST-8696141 ,  "Errors , 
explanation ,  an d pla n modificatio n i n cognitiv e skil l 
learning, "  t o th e firs t  author . 
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1986 ;  Centner ,  1983) ,  schema-base d reasonin g (DeJong ,  1986 ; 
Schank ,  1982) ,  an d mor e forma l  rule s o f  inductio n an d 
generalizatio n (Hayes-Roth ,  1983 ;  Mitchell ,  Utgoff ,  & 
Banerj i ,  1983 ;  Sararau t  &  Banerj i ,  1986 ;  Step p &  Michalski , 
1986) . 

Reasonin g fro m examples ,  especiall y durin g learnin g o f 
comple x interactiv e behaviors ,  require s utilizatio n o f 
knowledg e fro m man y differen t  domains .  What  type s o f 
knowledg e ar e typicall y require d durin g acquisitio n o f  a  ne w 
skill ? Ho w i s domai n searc h constraine d durin g learning ? 
Her e thes e issue s ar e addresse d b y examinin g th e question s 
tha t  peopl e as k durin g comple x skil l  acquisit ion . 

Question Asking 

In contrast to question answering, question asking is 
no t  a  widel y studie d phenomenon .  I n on e o f  th e fe w A I 
implementation s o f  a  questio n askin g syste m (Sammu t  & 
Banerj i ,  1986) ,  question s t o a  teache r  ar e use d t o tes t 
hypothese s abou t  a  problem .  Miyak e an d Norma n (1979 ) 
conducte d on e o f  th e fe w studie s o f  questio n askin g i n th e 
psychologica l  literature -  The y foun d tha t  th e numbe r  o f 
question s aske d depende d o n a  combinatio n o f  th e learner' s 
leve l  o f  knowledg e an d th e difficult y o f  th e task .  Novice s 
aske d mor e question s whil e doin g eas y tasks ,  bu t  expert s 
aske d mor e question s whil e doin g har d tasks .  Miyak e an d 
Norman mad e th e poin t  tha t  mor e question s ar e aske d whe n th e 
tas k difficult y i s appropriat e fo r  th e leve l  o f  knowledg e 
becaus e questio n asker s mus t  hav e enoug h knowledg e t o 
formulat e questions .  Whil e thi s stud y suggest s ho w leve l  o f 
knowledg e migh t  affec t  questio n asking ,  i t  doe s no t  addres s 
how question s migh t  b e use d t o shap e th e learnin g process . 

A questio n present s a  concep t  o r  propositio n t o a 
listene r  alon g wit h informatio n abou t  unknow n informatio n 
relate d t o th e proposition .  Th e questio n "Ho w d o I  ge t  t o 
Newar k fro m here?" ,  fo r  example ,  present s th e fac t  tha t  th e 
questio n aske r  ha s a  goa l  bu t  n o pla n fo r  achievin g tha t 
goal .  A  cooperativ e answere r  wil l  provid e a  pla n fo r 
achievin g th e goa l  a s a n answe r  t o th e question .  Th e step s 
of  th e pla n wil l  becom e associate d wit h th e goa l  i f  the y 
succee d s o tha t  th e questio n aske r  ca n achiev e th e goa l  i n 
th e futur e withou t  askin g a  question .  We argu e tha t 
self-directe d question s ar e pose d i n orde r  t o generat e 
incomplet e knowledg e structure s (lik e a  plan-les s goal )  tha t 
ca n b e embellishe d b y informatio n gaine d fro m th e learnin g 
situation .  Thu s self-directe d questio n generatio n ca n b e 
viewe d a s a  strateg y fo r  acquirin g knowledg e b y generatin g 
incomplet e concept s an d usin g the m t o guid e exploratio n an d 
constrai n interpretatio n an d explanatio n o f  ne w information . 
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As a n example ,  conside r  a  learne r  tryin g t o lear n abou t 
a spreadshee t  progra m (thi s exampl e i s use d becaus e th e 
upcomin g dat a wa s collecte d fro m learner s i n thi s 
si tuat ion) .  A t  som e poin t  th e questio n "Ho w d o I  ge t  ri d o f 
dat a i n thi s cell? "  migh t  arise .  A  conceptua l 
representatio n o f  th e questio n show s a  se t  o f  relationship s 
among know n an d unknow n aspect s o f  th e concept : 

(CAUSE 
(?AC T 

(STATE-CHANGE 

(ACTOR learner ) 
(OBJECT ?system-obj) ) 

(ACTOR system) 
(INITIAL-STAT E (CONTAI N cell- x data-obj) ) 
(FINAL-STAT E (CONTAI N cell- x nil))) ) 

I n questio n a 
representati o 
search .  Whe 
the y kno w th a 
representati o 
reasonin g pr o 
th e problem , 
explanatio n d 
of  th e desi r 
STATE-CHANGE) 
desig n o r  b 
previousl y u n 
action s an d b 
syste m objec t 
proces s o f  e x 
actio n i s e 
understandin g 

nswerin g systems ,  th e specifie d part s o f  th e 
n woul d serv e a s template s fo r  simpl e memor y 
n learner s as k question s lik e this ,  however , 
t  th e answe r  i s no t  i n thei r  memor y an d s o th e 
n serve s anothe r  purpose .  I f  othe r  type s o f 
cesse s (e.g .  induction ,  analogy )  ca n no t  solv e 

th e questio n representatio n ca n serv e a s a n 
aemon whic h wil l  matc h an y subsequen t  occurenc e 
ed outcom e o f  th e unknow n actio n (i.e .  th e 

When th e desire d syste m actio n occurs ,  b y 
y accident ,  th e daemo n wil l  recogniz e a 
known relationshi p betwee n learne r  an d syste m 
e abl e t o fil l  i n th e unknow n actio n (?ACT )  an d 

(?system-obj )  slots .  Thi s constrain s th e 
planatio n require d whe n a n unexpecte d syste m 
ncountere d an d allow s earlie r  lapse s i n 

t o b e turne d int o opportunitie s fo r  learning . 

Some Dat a o n Questio n Askin g Durin g Skil l  Acquisitio n 

The previous diccussion suggests that questions can be 
use d stategicall y t o instantiat e incomplet e knowledg e 
structure s whic h wil l  b e usefu l  fo r  learning .  I f  thi s i s s o 
the n th e question s tha t  peopl e as k durin g learnin g shoul d 
fal l  int o categorie s tha t  reflec t  distinc t  an d usefu l 
knowledg e domains .  A s knowledg e i s acquire d i n certai n 
domains ,  question s i n tha t  domai n shoul d decreas e an d 
question s i n othe r  domain s shoul d increas e proportionately . 
I n thi s sectio n suc h dat a i s discussed . 

Si x student s wer e aske d t o lear n th e us e o f  a  subse t  o f 
commands fo r  a  popula r  spreadshee t  progra m an d ente r  fou r 
set s o f  data .  Th e student s wer e give n brie f  instruction s 
abou t  relevan t  keys ,  th e natur e o f  a  spreadshee t  an d th e 
spreadshee t  display .  Th e student s wer e instructe d t o tal k 
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T a b l e 1 .  E x a m p l e s o f  p l a n ,  sys te m o p e r a t i o n ,  t ask ,  an d ac t 
q u e s t i o n s aske d du r in g th e lea rn in g t r a i l s . 

Plan questions: 

"How do I erase it?" 
"Ca n I  g o bac k an d e ras e an d mov e i t  our'' " 
"D o I  h i t  'escape *  t o ge t  ou t  o f  th i s t h i n g ? " 

System operation questions: 

"Where did that go?" 
" I s the r e a  ce r ta i n amoun t  o f  space s i t  w i l l  l eave? " 
"Why di d i t  d o t h a t ? " 

Task questions: 

"Would I do those lines underneath there?" 
"No w I  us e th e add in g f o r m ? " 

Act questions: 

"What did I do wrong?" 
"What  wa s I  do in g b e f o r e ? " 
" I  don ' t  eve n kno w wha t  I  d i d . " 

a lou d a s the y corap l 
s t resse d tha t  ques t i o 
th e s tuden t s wer e to l 

Th e s t u d e n t s as k 
of  27 . 7 ques t i on s 
q u e s t i o n s a s t im e w e 
no t  ev iden t  fo r  a l l  t 

Q u e s t i o n s we r 
learn in g s i t ua t i o n t h 
wer e th e sys te m bein g 
an d th e sp readshee t  t 
we r e no t  use d fo r  ca t 
q u e s t i o n s "Ho w d o I  e 
w i t h th e D E L - k e y ? "  a r 
r e s p e c t i v e l y i n te rm s 
q u e s t i o n s re fe r  t o 
o p e r a t i o n ,  h o w e v e r , 
"p la n q u e s t i o n s . " 

Q u e s t i o n s abou t 
s p r e a d s h e e t  task s a 
q u e s t i o n s .  T a b l e 1  s 
F igu r e 1  show s chan g 
eac h o f  thes e ca tego r 

ete d th e fou r  da t 
n s wer e o f  g rea tes t 
d the y woul d no t  b e 
ed a  to ta l  o f  16 6 q 
pe r  s u b j e c t .  S t 
n t  o n ,  howeve r  th i 
ype s o f  q u e s t i o n s . 
e ca tego r i ze d b y 
a t  the y r e fe renced . 

l ea rned ,  huma n p i 
a s k s .  Th e su r fac e 
e g o r i z a t i o n purpos e 
ras e a  c e l l ? "  an d 
e p rocedura l  an d _v e 

o f  s t ruc tu r e (Le h 
human p lan s fo r  p 
s o the y woul d bot h 

a-ent r y t asks .  We 
i n t e r e s t ,  al thoug h 
a n s w e r e d . 

u e s t i o n s ,  a n averag e 
uden t s aske d fewe r 
s ove ra l l  tren d wa s 

th e f e 
Rel e 

an s ,  h 
fo rm s 

s .  F o 
"Ca n I 
r i f i c a 

a tur e o 
van t  f e 
uman a c 

of  qu e 
r  exarap l 

eras e a 
t io n qu e 

n e r t , 
e r fo r m 

b e c 

1 9 7 8 ) . 
in g a 
a tegor i z 

f  th e 
ature s 
t ions , 
stion s 
e ,  th e 

cel l 
stion s 

Bot h 
syste m 
ed a s 

p l a n s ,  a c t i o n s ,  sys te m ope ra t i on ,  an d 
ccoun te d fo r  7 9 % o f  a l l  observe d 
hows examp le s o f  eac h typ e o f  quest ion . 
e s i n th e p r o p o r t i o n s o f  ques t ion s i n 
ie s a s th e lea rn in g t r i a l s p rogressed . 
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Figur e 1 .  Change s i n th e proportion s o f  differen t  questio n 
type s ove r  trials . 
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Pla n q u e s t i o n s re f l ec te d lac k o f  k n 
p r o c e d u r e ,  a  s te p i n a  p l a n ,  o r  a  g o a l . 
o f t e n spec i f i e d a  goa l  o r  i nc lude d a  p ropos e 
F i g u r e 1  s h o w s ,  p la n q u e s t i o n s wer e a 
c o n s i s t e n t  an d impor tan t  o f  a l l  ques t i o n 
a c c o u n t e d fo r  fo r  3 0 % o f  a l l  q u e s t i o n s o n 
an d the i r  f r equenc y i nc rease d t o 4 5 % b y th e 

Sys te m ope ra t i o n q u e s t i o n s wer e t 
f r equen t  typ e o f  ques t i o n o v e r a l l .  Thes e 
abou t  s t a t e s o f  th e s y s t e m ,  reason s fo r  sys t 
causa l  l i nk s be twee n sys te m a c t i o n s .  S 
q u e s t i o n s wer e a s f requen t  a s p la n ques t i on s 
the i r  f r equenc y droppe d t o 2 4 % o f  a l l  ques t i 
t r i a l  (F igu r e 1 ) .  Eve n s o ,  i n th e las t 
sys te m o p e r a t i o n q u e s t i o n s comb ine d accoun t e 
q u e s t i o n s a s k e d . 

Tas k q u e s t i o n s wer e abou t  th e na tu r e o f 
o r  wha t  wa s requ i re d o f  th e l ea rne r .  Spec i f 
c h a r a c t e r i s t i c s o f  th e sys te m wer e no t  me n 
q u e s t i o n s .  R a t h e r ,  the y sough t  t o c la r i f y i 
e x p e r i m e n t e r  o r  demand s o f  th e task .  F ig u 
th e p ropo r t i o n o f  tas k q u e s t i o n s inc rease d 
t r i a l s bu t  rema ine d cons tan t  an d mode ra t e o t 

F i n a l l y ,  ac t  ques t i on s wer e abou t  t h 
a c t i o n s .  The y ind ica te d a  lac k o f  unde r s 
c o n s e q u e n c e s o f  a n ac t i o n o r  eve n a  fa i l u r e 
ac t i o n wa s jus t  pe r f o rmed .  The y genera l l y a 
t o a n unexpec te d sys te m b e h a v i o r .  Eve n tho u 
we r e rar e o v e r a l l ,  the y wer e ver y fre q 
a c c o u n t i n g fo r  2 0 % o f  a l l  ques t i on s i n t 
(F igur e 1 ) .  B y th e las t  tw o t r i a l s ,  ac t 
d i sappea re d c o m p l e t e l y . 

Q u e s t i o n s i n eac h o f  th e fou r  conc e 
e i the r  re fe r re d t o someth in g tha t  ha d ju s 
"What  di d I  p r e s s ? " ,  "Di d I  f i l l  i n th e ri g 
some th in g tha t  migh t  happe n (e=g .  "Wha t  s 
"Coul d I  p res s th e de le t e ke y t o remov e t h 
fo rme r  ar e " r e a c t i v e "  ques t i on s an d 
" p r e d i c t i v e "  q u e s t i o n s .  Nov ic e sub jec t s 
k n o w l e d g e o n wh ic h t o bas e p red ic t i o 
e x p l a n a t i o n s ,  s o fe w p red i c t i v e ques t i on s a 
q u e s t i o n s woul d b e expec te d i n i t i a l l y . 
d e v e l o p s ,  h o w e v e r ,  reac t i v e ques t i on s sh o 
p r e d i c t i v e ques t i on s shoul d becom e mor e c o 
show s tha t  bot h type s o f  ques t i on s decre a 
bu t  reac t i v e one s dec rease d mor e rap id l y . 
q u e s t i o n s wer e muc h mor e f requen t  i n th e 
p red i c t i v e o n e s ,  bu t  th i s t ren d ha d reve r 
t r i a l . 

ow ledg e abou t  a 
P la n quest ion s 

d p r o c e d u r e .  A s 
mong th e mos t 

t y p e s .  The y 
th e f i rs t  tria l 
las t  t r i a l . 
he secon d mos t 

ques t i on s wer e 
em behav io r ,  an d 
yste m operat io n 

i n i t i a l l y ,  bu t 
on s b y th e las t 
t r ia l  pla n an d 
d fo r  5 6 % o f  al l 

th e tas k 
i c proced u 
t ione d i n 
n ten t i on s 
r e 1  show s 

i n th e 
h e r w i s e . 
e learner s 
tand in g o 
t o rememb e 
ros e i n r e 
gh ac t  qu e 
uen t  ini t 
he f i rs t 

ques t io n 

itsel f 
re s o r 

thes e 
of  th e 

tha t 
secon d 

' own 
f  th e 
r  wha t 
spons e 
stion s 
ial ly , 

tria l 
s ha d 

p tua l 
t  happ e 
h t  ce l l 
houl d I 
a t  ent r 
th e l a 

hav e 
ns o r 
nd man y 

As 
ul d de c 
m m o n. 
se d ov e 

A l s o , 
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t te r 
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Summary an d Interpretatio n o f  th e Questio n Askin g Dat a 

Several different types of questions that are relevant 
t o distinc t  knowledg e domain s aros e durin g learning .  Th e 
distributio n o f  questio n type s change d dramaticall y a s 
learnin g progressed .  Th e mos t  frequen t  question s wer e abou t 
plan s an d th e operatio n o f  th e syste m bein g learned .  Thi s 
suggest s tha t  priorit y i s give n initiall y  t o buildin g a 
"use r  model "  (Norman ,  1986 )  o f  th e syste m an d it s operatio n 
and t o acquirin g rule s fo r  it s  use .  When basi c concept s an d 
rule s hav e bee n acquired ,  th e efficien t  achievemen t  o f 
specifi c  task s become s mor e importan t  an d a n increas e i n th e 
number  o f  tas k question s wa s observed .  Unlik e othe r 
questio n types ,  th e proportio n o f  pla n question s increase d 
i n late r  trial s suggestin g tha t  pla n refinemen t  begin s afte r 
basi c skill s  an d a n understandin g o f  th e task s hav e bee n 
acquired . 

The initia l  tendenc y fo r  reactiv e question s t o dominat e 
predictiv e question s suggest s tha t  learner s wer e tryin g t o 
explai n observe d phenomen a i n th e absenc e o f  wel l  understoo d 
goals ,  plans ,  o r  syste m knowledge .  Later ,  a s knowledg e 
develop s i t  ca n b e use d t o generat e hypothese s abou t  plan s 
and thei r  effects .  Thus ,  predictiv e question s becom e mor e 
prevalent . 

Implications for Models of Knowledge Acquisition 

The questions that people ask during learning 
demonstrat e tha t  differen t  learnin g strategie s aris e a t 
differen t  stage s o f  skil l  acquisit ion .  Novic e learner s mus t 
reaso n fro m ver y genera l  plans ,  ofte n fro m othe r  skil l 
domains ,  an d withou t  muc h understandin g o f  th e syste m the y 
ar e using .  A  novice' s strategy ,  therefore ,  i s  t o tes t 
alternativ e plans ,  fil l  i n procedure s fo r  achievin g goals , 
and notic e an y behavio r  o f  th e syste m tha t  wil l  contribut e 
t o proble m solving .  I n orde r  t o d o this ,  novice s construc t 
"questio n frames "  tha t  represen t  th e relationship s betwee n 
human action s an d syste m operations .  Thes e question s aris e 
i n reactio n t o unexpecte d syste m action s an d serv e t o guid e 
proble m solvin g an d constrai n explanatio n durin g early , 
failure-drive n learning . 

Novic e learner s restric t  themselve s t o elementar y 
operations .  Onl y whe n the y understan d basi c concept s abou t 
th e syste m an d acquir e procedure s fo r  performin g elementar y 
action s d o the y begi n t o worr y abou t  plan s fo r  achievin g 
comple x tasks .  A t  thi s stage ,  learner s begi n t o predic t 
syste m action s base d o n a  developin g mode l  o f  th e system . 
Question s becom e mor e abstrac t  an d relat e mor e t o task s an d 
refine d plans .  Thi s shif t  i n strateg y i s a n importan t 
consideratio n fo r  model s o f  skil l  acquisit ion . 
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Genera l  mechanism s fo r  learning ,  whethe r  the y ar e 
automati c lik e pla n compilatio n an d chunking ,  o r  mor e 
strategic ,  lik e structur e mappin g an d analogy ,  ma y onl y 
appl y a t  on e stag e o f  learning .  A n explorator y learne r  wil l 
us e differen t  strategie s tha t  ar e determine d b y th e 
learner' s leve l  o f  knowledg e i n severa l  distinc t  domains . 
I t  i s  importan t  i n futur e wor k t o understan d ho w learner s 
determin e wha t  the y nee d t o kno w an d ho w the y selec t 
exploratio n strategie s base d o n thei r  leve l  o f  knowledge . 
Viewin g self-generate d question s a s strategi c component s o f 
knowledg e constructio n durin g explorator y learnin g provide s 
a productiv e perspectiv e fo r  thi s effort . 
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ThinkerTools :  Enablin g Childre n 
t o Understan d Physica l  Law s 

Barbara Y. White and Paul Horwitz 

BBN Laboratories 

Abstrac t 

Thi s project ^  i s developin g a n approac h t o scienc e educatio n tha t  enable s 
sixt h grader s t o lear n principle s underlyin g Newtonia n mechanics ,  an d t o 
appl y the m i n unfamilia r  proble m solvin g contexts .  Th e students '  learnin g i s 

centere d aroun d proble m solvin g an d experimentatio n withi n a  se t  o f 
compute r  microworld s (i.e. ,  interactiv e simulations) .  Th e objectiv e i s fo r 
student s t o graduall y acquir e a n increasingl y sophisticate d causa l  mode l  fo r 
reasonin g abou t  ho w force s affec t  th e motio n o f  objects .  T o facilitat e th e 
evolutio n o f  suc h a  menta l  model ,  th e microworld s incorporat e a  variet y o f 
linke d alternativ e representation s fo r  forc e an d motion ,  an d a  se t  o f  game -
lik e proble m solvin g activitie s designe d t o focu s th e students '  inductiv e 
learnin g processes .  A s par t  o f  th e pedagogica l  approach ,  student s formaliz e 
what  the y lear n int o a  se t  o f  laws ,  an d criticall y examin e thes e laws ,  usin g 

criteri a suc h a s correctness ,  generality ,  an d parsimony .  The y the n g o o n t o 
appl y thei r  law s t o a  variet y o f  rea l  worl d problems .  Th e ide a i s t o 
synthesiz e th e learnin g o f  th e subjec t  matte r  wit h learnin g abou t  th e natur e 
of  scientifi c  knowledg e — it s form ,  it s evolution ,  an d it s application . 
Instructiona l  trial s foun d tha t  th e curriculu m i s equall y effectiv e fo r  male s 
and females ,  an d fo r  student s o f  differen t  abilit y  levels .  Further ,  sixt h 

grader s taugh t  wit h thi s approac h d o bette r  o n classi c forc e an d motio n 
problem s tha n hig h schoo l  student s taugh t  usin g traditiona l  methods . 

1 Introductio n 

Research has demonstrated that students can succeed in high school and even 

colleg e physic s courses ,  whil e stil l  maintainin g man y o f  thei r  misconception s an d 

withou t  acquirin g a n understandin g th e physica l  principle s addresse d i n th e cours e 

(Caramazz a e t  al .  (1981) ,  Clemen t  (1982) ,  diSess a (1988) ,  Larki n e t  al .  (1980) , 

McDermot t  (1984) ,  Trowbridg e &  McDermot t  (1981) .  Vienno t  (1979) ,  Whit e (1983) .  an d 

many others) .  Fo r  example ,  the y mak e incorrec t  prediction s abou t  wha t  wil l  happe n t o 

th e motio n o f  a  bal l  whe n i t  emerge s fro m passin g throug h a  spira l  tub e (McClosk y e t 

al. ,  (1980)) .  Suc h question s d o no t  cal l  fo r  computatio n o r  th e algebrai c manipulatio n 

of  formulas ;  rather ,  the y requir e understandin g th e implication s o f  th e fundamenta l 

Thi s researc h wa s sponsore d b y th e Nationa l  Scienc e Foundation ,  unde r  awar d number 
DPE-840028 e wit h th e Directorat e fo r  Scienc e an d Engineerin g Education . 
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tenet s o f  Newtonia n mechanics .  Students '  failur e t o correctl y answe r  suc h question s 

reveal s a  deficienc y i n thei r  knowledg e o f  th e causa l  principle s tha t  underl y th e 

formula s the y hav e bee n taught . 

We believe that students need, at an early age, experiences that will enable them 

t o acquir e accurat e causa l  model s (Bobro w (Ed. )  (1985) ,  Centne r  &  Steven s (Eds. ) 

(1983) ,  Whit e &  Frederikse n (1986(a) )  &  (1986(b)) )  fo r  ho w force s affec t  th e motion s o f 

objects .  Thi s wil l  inhibi t  th e developmen t  o f  misconception s an d foste r  th e typ e o f 

understandin g tha t  olde r  student s appea r  t o lack .  I n contras t  t o ou r  view ,  man y 

cognitiv e an d educationa l  theorist s believ e tha t  attempt s t o teac h childre n physic s wil l 

inevitabl y fai l  (see .  fo r  example ,  Shafe r  &  Ade y (1981)) .  The y argu e tha t 

understandin g physica l  principle s require s forma l  operationa l  thinkin g (Piage t  & 

Garcia ,  1964) ,  an d tha t  man y student s hav e no t  reache d thi s stag e o f  cognitiv e 

developmen t  a t  th e hig h schoo l  o r  eve n th e colleg e level ,  le t  alon e a t  th e elementar y 

schoo l  level .  Consequently ,  suc h student s canno t  b e expecte d t o maste r  physica l 

principles .  We hav e foun d thi s no t  t o b e th e case .  Thi s pape r  wil l  describ e a n 

instructiona l  approac h tha t  enable d sixt h grader s t o understan d importan t  aspect s o f 

Newtonia n mechanics .  Further ,  i t  wil l  illustrat e ho w the y als o bega n t o lear n abou t 

th e natur e o f  scienc e — wha t  ar e scientifi c  laws ,  ho w d o the y evolve ,  an d wh y ar e 

the y useful ? 

2 The Progression of Microworlds & Subject Matter 

The objectiv e wa s fo r  student s t o evolv e a  menta l  mode l  o f  sufficien t 

sophisticatio n t o enabl e the m t o analyz e projectil e motio n problem s (i.e. ,  problem s 

involvin g motio n unde r  a  constant ,  unifor m gravitationa l  force) .  Th e desire d mode l 

woul d incorporat e suc h fundamenta l  concept s o f  Newtonia n mechanic s a s force , 

velocity ,  an d acceleration ,  a s wel l  a s causa l  principles ,  suc h a s force s caus e change s 

i n velocity .  I n orde r  t o enabl e th e student s t o acquir e suc h a  causa l  model ,  w e 

create d a  progressio n o f  increasingl y comple x microworlds .  Associate d wit h eac h 

microworl d i s a  se t  o f  proble m solvin g activitie s an d experiment s designe d t o hel p th e 

student s discove r  th e law s governin g th e microworld .  Thes e microworld s graduall y 

introduc e th e ful l  se t  o f  principle s neede d t o analyz e projectil e motio n problems .  Al l 

of  the m requir e student s t o contro l  th e motio n o f  a  computer-generate d graphi c 

objec t  vi a th e applicatio n o f  forces .  Withi n thes e simulations ,  th e complication s 

introduce d b y frictio n an d gravit y ca n b e selectivel y eliminated ,  allowin g student s t o 

encounte r  firs t  simple r  situation s obeyin g Newton' s firs t  la w (object s d o no t  chang e 

thei r  velocit y unles s a  forc e i s applie d t o them) ,  an d late r  t o analyz e mor e comple x 

situation s i n term s o f  suc h basi c laws .  I n addition ,  th e microworld s incorporat e a 

number  o f  differen t  representation s fo r  th e applicatio n o f  force s an d fo r  th e motion s 

of  objects .  Fo r  example ,  ther e i s th e datacros s (se e Figur e 1) ,  whic h i s essentiall y  a 

pai r  o f  crosse d "thermometers "  tha t  registe r  th e horizonta l  an d vertica l  velocit y 

component s o f  a n objec t  vi a th e amoun t  o f  "mercury "  i n them .  Also ,  ther e ar e wake s 

(als o show n i n Figur e 1 )  tha t  provid e a  recor d o f  a n object' s pas t  spee d an d directio n 
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X 

t 

Figur e 1 :  Th e Representatio n o f  Motio n withi n th e Microworld s 

In this game, one must control the motion of the dot so that it navigates 
th e trac k an d stop s o n th e targe t  X .  Th e shade d circl e i n th e middl e o f  th e 
angle d pat h i s th e dot .  I t  represent s a  physica l  objec t  whic h ma y b e give n 
fixe d size d impulse s i n th e left-righ t  o r  up-dow n directions .  I n thi s figur e 
th e do t  ha s bee n give n th e (optional )  propert y o f  leavin g wakes "  i n th e for m 
of  littl e dot s lai d dow n a t  regula r  tim e intervals .  Thes e denote ,  b y thei r 
positio n an d relativ e separation ,  th e pas t  histor y o f  th e motion .  Th e larg e 
cros s i n th e middl e o f  th e figur e i s th e "datacross "  - -  a  devic e fo r 

displayin g th e instantaneou s value s o f  th e X  an d Y  velocit y components .  Her e 
th e datacros s i s depictin g a  velocit y incline d a t  +4 5 degree s t o th e 
horizontal .  Th e arrow s a t  th e botto m an d righ t  sid e o f  th e figur e continuall y 
poin t  t o th e dot .  unles s i t  leave s th e screen ,  i n whic h cas e the y "ge t  stuck " 
at  th e edg e o f  th e screen .  The y represen t  th e X  an d Y  coordinate s o f  th e 
dot s position ,  an d ar e usefu l  fo r  determinin g it s locatio n t o withi n a 
quadran t  whe n i t  i s  of f  th e screen .  Thei r  motions ,  whil e th e do t  i s o n th e 
screen ,  dynamicall y illustrat e th e X  an d Y  component s o f  th e dot s velocity . 
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of  motio n b y leavin g a  mar k o n th e scree n a t  fixe d tim e interval s Thes e 

representation s allo w th e effect s o f  force s o n a n object' s motio n an d velocit y 

component s t o b e directl y observed ,  an d thereb y facilitat e students '  attempt s t o 

formulat e th e principle s governin g thes e cause s an d effects . 

Microworld #1: At the beginning of the curriculum, we introduce a simple one-

dimensiona l  microworl d whic h ha s n o frictio n o r  gravity .  I n thi s world ,  student s tr y t o 

contro l  th e motio n o f  a n objec t  (referre d t o a s th e "dot" )  b y applyin g fixe d size d 

impulse s t o th e righ t  (  — > )  o r  t o th e lef t  (  < — ) .  Th e student s observ e tha t 

wheneve r  the y appl y a n impuls e t o th e dot ,  i t  cause s a  chang e i n it s speed :  I f  th e 

impuls e i s applie d i n th e sam e directio n tha t  th e do t  i s moving ,  i t  add s t o it s speed ; 

applie d i n th e opposit e direction ,  i t  subtract s fro m th e speed .  I n thi s way ,  th e 

student s discove r  tha t  a  formalis m the y learne d i n secon d grade ,  scala r  arithmeti c 

(e.g. ,  3  -  2  =  1) ,  wil l  enabl e the m t o mak e prediction s abou t  th e effec t  tha t  a 

particula r  impulse ,  o r  sequenc e o f  impulses ,  wil l  hav e o n th e motio n o f  th e dot .  A s 

par t  o f  thi s process ,  th e student s hav e discovere d a  corollar y o f  Newton' s firs t  la w — 

Whenever  yo u appl y a n impuls e t o a n object ,  yo u chang e it s velocity . 

Microworld #2: Next, the students are given a two-dimensional microworld. 

Again ,  ther e i s n o frictio n o r  gravity .  I n thi s world ,  th e student s ca n appl y impulse s 

up o r  down ,  a s wel l  a s t o th e lef t  o r  right .  Throug h carefull y designe d proble m 

solvin g activitie s (fo r  example ,  se e White ,  1984) ,  th e student s discove r  tha t  th e la w 

the y develope d fo r  th e horizonta l  dimensio n applie s equall y wel l  t o th e vertica l 

dimensio n o f  th e dot' s velocity .  Further ,  the y lear n tha t  thes e tw o component s o f  th e 

dot' s motio n ar e independen t  o f  on e anothe r  — fo r  instance ,  i f  yo u appl y a n upward s 

or  downward s impulse ,  i t  ha s n o effec t  o n th e horizonta l  velocit y o f  th e do t  .  Finally , 

the y acquir e th e foundatio n fo r  a n understandin g o f  vecto r  additio n — the y lear n 

how th e vertica l  an d horizonta l  velocit y component s combin e t o determin e th e spee d 

and directio n o f  th e dot' s motion . 

Microworld #3: The next step is to provide students with a microworld where the 

rat e a t  whic h the y ca n appl y impulse s ca n b e varied .  Th e purpos e o f  thi s microworl d 

i s t o introduc e student s t o continuou s force s vi a a  limi t  process ;  Th e student s ca n 

repeatedl y doubl e th e frequenc y wit h whic h the y ca n appl y impulses ,  whil e a t  th e sam e 

time ,  th e siz e o f  eac h impuls e i s halved .  A t  th e en d o f  thi s process ,  th e student s ar e 

applyin g ver y smal l  impulse s closel y space d i n time .  I n thi s way ,  th e student s lear n t o 

thin k o f  continuou s forces ,  lik e gravity ,  a s a  lo t  o f  smal l  impulse s applie d on e afte r 

another .  Thi s enable s student s t o appl y thei r  causa l  model ,  learne d i n th e simple r 

2 
Thi s i s leorne d b y givin g on e studen t  th e capabilit y  t o oppl y onl y horizonta l  impulse s t o 

th e do t  an d onothe r  th e capabilit y  t o appl y onl y vertico l  impulses .  Th e firs t  studen t  i s 
the n give n a  tas k tha t  require s controllin g th e orro w whos e motio n represent s th e dot' s 
horizonta l  velocity ,  an d th e secon d studen t  ha s t o contro l  th e arro w whos e motio n represent s 
it s vertica l  velocity .  The y discove r  tha t  th e othe r  student' s impulse s hav e n o effec t  o n 
th e motio n o f  thei r  arrow . 
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microworlds ,  t o understan d th e effect s o f  continuou s forces .  Fo r  example ,  the y ar e 

aske d t o thin k abou t  wha t  happen s whe n yo u thro w a  bal l  u p int o th e air .  The y 

discove r  tha t  gravit y i s  constantl y applyin g a n impuls e tha t  continuall y add s a  smal l 

amount  t o th e vertica l  velocit y o f  th e bal l  i n th e downward s direction .  Thi s cause s 

th e bal l  t o g o upward s a t  a  slowe r  an d slowe r  rat e unti l  i t  finall y stops ,  turn s around , 

and accelerate s downwards .  B y analyzin g suc h problems ,  th e student s develo p a n 

understandin g o f  acceleratio n an d o f  F=m a fo r  th e cas e wher e th e mas s an d th e forc e 

ar e constant .  I n othe r  words ,  the y lear n a  simple r  causa l  for m o f  F=ma ,  tha t  is ,  F 

— > a 

Microworld #4; Finally, the students are presented with a microworld in which 

gravit y i s acting ,  an d the y ca n agai n appl y impulse s t o th e lef t  an d right ,  a s wel l  a s 

up an d down .  I n thi s world ,  i n th e absenc e o f  othe r  forces ,  motio n i s characterize d 

by constan t  acceleratio n i n th e vertica l  dimensio n an d constan t  spee d i n th e 

horizonta l  dimension .  Th e student s ar e give n problem s o f  th e form :  "Imagin e tha t  yo u 

giv e tw o ball s a  horizonta l  pus h of f  th e sid e o f  a  table .  On e bal l  get s a  sof t  pus h an d 

th e othe r  bal l  get s a  har d push .  Bot h ball s ar e pushe d a t  th e sam e time .  Whic h bal l 

hit s th e floo r  first? "  Workin g i n thi s microworl d thu s enable s student s t o mak e 

connection s t o som e interestin g rea l  worl d situations .  Solvin g suc h problem s require s 

th e student s t o appl y th e causa l  mode l  tha t  the y learne d fro m interactin g wit h th e 

prio r  microworlds . 

3 The Instructional Approach 

The se t  o f  microworld s w e hav e create d focuse s on ,  simplifies ,  an d make s 

concret e certai n aspect s o f  Newtonia n mechanics .  Th e challeng e wa s t o devis e 

instructiona l  techniques ,  centere d aroun d th e microworlds ,  tha t  woul d facilitat e 

students '  acquisitio n o f  th e desire d menta l  model .  A  centra l  aspec t  o f  th e approac h 

tha t  w e develope d i s t o synthesiz e th e teachin g o f  subjec t  matte r  wit h teachin g abou t 

th e form ,  evolution ,  an d applicatio n o f  scientifi c  knowledge .  Student s ar e give n a 

variet y o f  law s tha t  hav e bee n propose d fo r  a  give n microworld ,  an d ar e aske d t o 

determin e whic h law s ar e correc t  an d whic h law s ar e incorrec t  (i.e. ,  demonstrabl y 

false) .  Then ,  fo r  th e correc t  laws ,  the y hav e t o devis e criteri a fo r  decidin g whic h law s 

ar e bette r  tha n others .  Finally ,  the y hav e t o appl y thei r  law s t o rea l  worl d context s 

and thereb y discove r  tha t  th e law s ar e genera l  an d enabl e on e t o mak e prediction s 

abou t  a  wid e rang e o f  physica l  phenomena . 

Within each of the existing four modules of the curriculum (corresponding to the 

fou r  microworld s describe d above) ,  instructio n wa s divide d int o fou r  distinc t  phases : 

The Motivation Phase. In the first phase, students are asked to make predictions 

abou t  wha t  the y thin k wil l  happe n i n simpl e rea l  worl d contexts .  Fo r  example ,  i n th e 

firs t  modul e o f  th e curriculum ,  th e teache r  ask s th e students ;  "Imagin e tha t  w e hav e a 

bal l  restin g o n a  frictionles s surfac e an d w e blo w o n th e ball .  Then ,  a s th e bal l  i s 
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movin g along ,  w e giv e i t  a  blow ,  th e sam e siz e a s th e first ,  i n th e opposit e direction . 

What  wil l  b e th e effec t  o f  thi s secon d blo w o n th e motio n o f  th e ball? "  Th e teache r 

simpl y tabulate s th e differen t  answer s an d reason s fo r  thes e answer s withou t 

commentin g o n thei r  correctness .  Thi s proces s demonstrate s t o th e student s tha t  no t 

everyon e hold s th e sam e beliefs .  Fo r  instance ,  som e thin k tha t  th e secon d blo w wil l 

caus e th e bal l  t o tur n aroun d an d g o i n th e opposit e direction ,  other s thin k tha t  i t 

wil l  mak e th e bal l  stop ,  an d ye t  other s believ e tha t  i t  wil l  simpl y caus e th e bal l  t o 

slo w down .  Sinc e no t  everyon e ca n b e right ,  student s ar e motivate d t o fin d ou t  wh o 

has correc t  explanation s an d wh o ha s misconceptions .  Further ,  sinc e th e prediction s 

ar e abou t  th e behavior s o f  rea l  worl d objects ,  thi s phas e set s u p a  potentia l  lin k 

betwee n wha t  happen s i n th e compute r  microworl d an d th e rea l  world . 

The Evolution Phase. In this phase students solve problems and perform 

experiment s i n th e contex t  o f  th e compute r  microworld .  Fo r  instance ,  on e o f  th e 

problem s i n th e firs t  modul e require s th e student s t o mak e th e do t  hi t  a  stationar y 

targe t  whil e movin g a t  a  specifie d speed .  Onc e th e studen t  succeeds ,  th e do t  return s 

t o it s startin g locatio n an d a  ne w targe t  spee d i s specified .  B y attemptin g t o solv e 

thi s problem ,  th e student s lear n ho w impulse s affec t  th e spee d o f  th e dot .  A s 

describe d i n th e previou s section ,  th e compute r  microworl d increase s i n complexit y 

wit h eac h ne w modul e o f  th e curriculum .  Th e problem s an d experiment s ar e designe d 

and sequence d t o buil d upo n th e students '  prio r  knowledg e an d t o enabl e the m t o 

induc e increasingl y sophisticate d concept s an d law s relevan t  t o understandin g th e 

implication s o f  Newton' s law s o f  motion . 

The Formalization Phase. In this phase the students are asked to evaluate a set 

of  law s formulate d t o describ e th e behavio r  o f  object s withi n th e microworld . 

Example s o f  suc h law s ar e (l )  wheneve r  yo u giv e th e do t  a n impuls e t o th e left ,  i t 

slow s down ,  an d (2 )  i f  th e do t  i s moving ,  an d yo u d o no t  appl y a n impulse ,  i t  wil l  kee p 

movin g a t  th e sam e speed .  Initiall y  student s ar e aske d t o sor t  th e law s int o tw o pile s 

— thos e tha t  the y ca n prov e wron g an d thos e fo r  whic h the y canno t  fin d a 

counterexample .  Then ,  fo r  th e subse t  o f  "true "  laws ,  the y ar e aske d t o pic k th e rul e 

the y lik e best ;  "i f  yo u coul d onl y hav e on e o f  thes e rule s i n you r  hea d t o bas e 

prediction s on ,  whic h on e woul d yo u pic k an d why? "  Thi s activit y typicall y engender s 

discussion s o f  (1 )  th e precisio n o f  a  rule' s predictions ,  (2 )  th e rang e o f  situation s t o 

whic h i t  applies ,  an d (3 )  it s simplicit y an d memorability . 

The Transfer Phase. In this phase the objective is to get students to appreciate 

how th e rul e the y hav e selecte d applie s t o rea l  worl d contexts .  I n th e firs t  stag e o f 

thi s process ,  student s appl y thei r  rul e t o th e predictiv e questio n tha t  the y wer e aske d 

at  th e beginnin g o f  th e instructiona l  cycle .  The y the n compar e th e answe r  tha t  th e 

rul e generate s t o th e se t  o f  answer s generate d b y th e class .  Fo r  answer s tha t  differ , 

student s g o t o th e microworl d an d experiment ,  fo r  example ,  b y puttin g frictio n and/o r 

gravit y int o th e microworld ,  t o se e whic h o f  thei r  "wrong "  prediction s ca n becom e 

correc t  prediction s unde r  thes e mor e comple x circumstances .  I n th e secon d stag e o f 

341 



th e transfe r  process ,  student s conduc t  experiment s wit h rea l  worl d objects ,  o r  desig n 

thei r  ow n experiment s t o illustrat e ho w th e rul e the y evolve d i n th e microworl d 

contex t  hold s i n thes e rea l  worl d contexts . 

4 Experimenta l  Res\ilt s 

The curriculu m wa s implemente d b y a  teache r  wh o taugh t  fiv e scienc e classe s i n 

th e sixt h grad e o f  a  middl e schoo l  locate d i n a  middl e clas s Bosto n suburb .  On e o f 

th e fiv e classe s wa s use d fo r  a  pilo t  tria l  o f  th e firs t  tw o module s o f  th e curriculum . 

Of  th e remainin g classes ,  tw o wer e use d a s a  pee r  contro l  grou p (containin g 3 7 

students) ,  an d th e othe r  tw o wer e give n th e ThinkerTool s curriculu m (containin g 4 1 

students) .  Th e curriculu m too k tw o month s t o complete .  Durin g thi s period ,  th e 

student s ha d a  scienc e clas s ever y schoo l  da y fo r  4 5 minutes .  Th e ThinkerTool s 

curriculu m occupie d th e entir e clas s period .  Student s i n th e contro l  classe s receive d 

th e standar d curriculu m which ,  a t  thi s poin t  i n th e year ,  wa s devote d t o a  uni t  o n 

inventions .  Al l  student s ha d complete d a  physic s uni t  earlie r  i n th e yea r  whic h 

include d materia l  o n Newton' s laws . 

In addition to the control group of sixth grade students, a second control group 

was employed ,  consistin g o f  tw o classe s o f  hig h schoo l  physic s student s (containin g 4 1 

students )  draw n fro m th e sam e schoo l  syste m a s th e sixt h graders .  Thes e student s 

had jus t  complete d tw o an d on e hal f  month s studyin g Newtonia n mechanic s usin g th e 

tex t  boo k "Concept s i n Physics "  (Miller ,  Dillon ,  &  Smit h (1980)) . 

We utilized a variety of evaluation instruments to help us determine the 

effectivenes s o f  th e ThinkerTool s curriculum .  Durin g th e cours e w e observe d numerou s 

classroo m session s an d kep t  videotap e an d audiotap e record s o f  certai n sessions .  A t 

th e en d o f  th e cours e w e administere d thre e writte n test s measuring :  (1 )  abilit y  t o 

translat e betwee n th e alternativ e representation s o f  motio n (datacrosse s an d wake s 

— se e Figur e l )  employe d withi n th e curriculum ,  (2 )  subjec t  matte r  knowledg e i n th e 

compute r  microworl d context ,  an d (3 )  transfe r  o f  th e underlyin g principle s t o real -

worl d contexts .  Thi s thir d tes t  wa s als o give n t o th e tw o contro l  groups .  I n addition , 

followin g th e administratio n o f  th e writte n tests ,  seve n o f  th e ThinkerTool s student s 

wer e interviewe d o n a n individua l  basis .  Thes e protocol s allowe d u s t o explor e i n 

dept h th e natur e o f  th e menta l  model s the y ha d acquired . 

Since the first two tests were given only to the experimental subjects, we will 

focu s i n thi s limite d spac e o n th e result s o f  th e thir d test .  Th e finding s wil l  b e 

discusse d wit h respec t  t o th e tw o primar y objective s o f  th e course :  (l )  understandin g 

th e principle s underlyin g Newtonia n mechanics ,  an d (2 )  learnin g abou t  th e for m an d 

evolutio n o f  scientifi c  knowledge . 
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4. 1 Understandin g Newtonia n Mechanic s 

The experimenta l  student s di d wel l  o n th e firs t  tw o tests ,  wit h a  thir d o f  the m 

gettin g mor e tha n ninet y percen t  o f  th e question s correct .  Protocol s o f  hig h scorin g 

student s revea l  tha t  thei r  patter n o f  correc t  answer s wa s produce d b y th e consisten t 

applicatio n o f  th e desire d menta l  mode l  fo r  reasonin g abou t  forc e an d motio n 

problems .  Thi s i s i n marke d contras t  t o th e inconsisten t  an d misconceptio n fraugh t 

reasonin g tha t  sixt h grader s displa y prio r  t o instructio n (Whit e &c Horwitz ,  i n 

preparation) ,  an d tha t  hig h schoo l  physic s student s exhibi t  followin g a  traditiona l 

physic s cours e (White ,  1983) . 

The third test, administered to the experimental group and two control groups, 

measure s students '  understandin g o f  Newtonia n mechanic s i n rea l  worl d proble m 

solvin g contexts .  I t  i s  compose d o f  question s use d b y othe r  researcher s i n studyin g 

misconception s amon g physic s student s (Clement ,  diSessa ,  McClosky ,  McDermott , 

Minstrell ,  White) .  Th e particula r  question s use d ar e simpl e predictiv e question s t o 

whic h hig h schoo l  an d colleg e student s frequentl y giv e wron g answers .  The y al l 

requir e reasonin g fro m basi c principles ,  rathe r  tha n constraint-based ,  algebrai c 

proble m solving . 

In the first analysis of this transfer test, we compared sixth graders who had 

th e ThinkerTooI s curriculu m wit h thos e wh o di d not .  A  thre e wa y betwee n subject s 

analysi s o f  varianc e wa s carrie d ou t  wit h (l )  treatmen t  (experimenta l  versu s control) , 

(2 )  gender ,  an d (3 )  abilit y  (low ,  middle ,  an d high ,  base d upo n Californi a Achievemen t 

Test  (CAT )  tota l  scores )  a s th e thre e factors .  Wit h thi s desig n w e coul d asses s th e 

effectivenes s o f  th e experimenta l  curriculu m fo r  subject s o f  eac h gende r  an d abilit y 

level .  Ther e wa s a  highl y significan t  mai n effec t  o f  instructiona l  treatmen t 

(F^  g2=62.9 ,  p<.OOOI) .  Th e averag e numbe r  o f  question s correc t  fo r  th e experimenta l 

subject s wa s 11.1 5 ou t  o f  17 ,  whil e th e averag e fo r  th e contro l  subject s wa s 7.56 .  I n 

addition ,  ther e wa s n o significan t  interactio n o f  gende r  wit h treatmen t  (  F ^  g2=.219 , 

p=.64) ,  o r  abilit y  wit h treatmen t  (F j  g2=.834 ,  p=.44) .  Thus ,  th e ThinkerTooI s 

curriculu m wa s equall y effectiv e fo r  girl s an d boy s a s wel l  a s fo r  student s o f  differen t 

abilit y  level s a s measure d b y th e CAT. 

With respect to the ThinkerTooIs students, the questions on the test can be 

classifie d int o tw o categories : 

1. Those that involve the application of a principle taught in the course and 
tha t  th e student s hav e applie d i n a  contex t  simila r  t o th e on e presente d i n 
th e problem ;  an d 

2. Those that involve a principle addressed in the course but that the 
student s hav e neve r  applie d t o th e particula r  contex t  presente d i n th e 
problem . 

An ite m analysi s reveale d tha t  th e experimenta l  student s di d bette r  tha n th e contro l 
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student s o n bot h type s o f  problems .  Thi s suggest s tha t  th e ThinkerTool s student s no t 

onl y learne d th e principle s focuse d o n i n th e course ,  bu t  als o coul d appl y the m t o 

unfamilia r  contexts . 

Finally, it is noteworthy that the Thinkertools students also did significantly 

bette r  o n thi s transfe r  tes t  tha n th e hig h schoo l  physic s student s (tg g =  1.7 ,  p  <  .05) , 

who wer e o n th e averag e si x year s olde r  an d ha d bee n taugh t  abou t  forc e an d motio n 

usin g traditiona l  methods .  A n ite m analysi s reveale d interestin g difference s betwee n 

thes e groups .  Th e ThinkerTool s student s performe d bette r  (i n som e case s dramaticall y 

better )  tha n th e hig h schoo l  physic s student s c. i  problem s tha t  involve d analyzin g th e 

effect s o f  force s i n term s o f  velocit y components .  Th e hig h schoo l  students ,  however , 

performe d bette r  o n problem s tha t  involve d constrain t  force s (suc h a s a  fixe d lengt h 

strin g constrainin g th e motio n o f  a  pendulu m bob) .  Thi s latte r  resul t  i s  no t  to o 

surprising ,  sinc e constrain t  force s wer e no t  deal t  wit h i n th e ThinkerTool s curriculum . 

4.2 Acquiring Scientific Inquiry Skills 

I n additio n t o teachin g student s principle s underlyin g Newtonia n mechanics ,  w e 

had th e symbioti c goa l  o f  helpin g the m lear n abou t  th e form ,  evolution ,  an d 

applicatio n o f  scientifi c  knowledge .  I n evaluatin g ou r  succes s wit h respec t  t o thi s 

secon d majo r  objectiv e o f  th e curriculum ,  w e relie d partl y upo n observation s o f 

students '  classroo m performance .  Fo r  instance ,  w e examine d th e qualit y o f  th e law s 

and experiment s tha t  the y formulate d fo r  themselves ,  a s wel l  a s th e sophisticatio n o f 

th e discussion s the y hel d whe n the y wer e attemptin g t o selec t  th e bes t  law .  I n 

addition ,  w e looke d a t  th e result s o f  th e writte n tests ,  particularl y th e transfe r  test , 

t o ai d i n thi s aspec t  o f  th e evaluation . 

Understanding the Form of Scientific Knowledge. Knowing the characteristics of 

a usefu l  scientifi c  la w i s a n importan t  aspec t  o f  understandin g th e for m o f  scientifi c 

knowledge .  Th e instructiona l  techniqu e w e develope d wa s t o presen t  student s wit h 

alternativ e law s fo r  eac h microworld ,  an d hav e the m selec t  th e bes t  law .  We observe d 

tha t  whe n student s wer e evaluatin g thes e set s o f  laws ,  the y spontaneousl y engage d i n 

discussion s concernin g th e simplicit y o f  a  law ,  th e precisio n o f  it s  predictions ,  an d it s 

rang e o f  applicability .  Th e se t  o f  law s wa s carefull y constructe d t o elici t  suc h 

discussion s an d thi s approac h thu s appear s t o hav e bee n highl y successful . 

Developing Scientific Inquiry Skills. It is important to understand that 

falsificatio n i s par t  o f  th e proces s b y whic h scientifi c  knowledg e evolves .  Fo r  a  rul e 

t o b e a  potentia l  scientifi c  law ,  i t  mus t  b e capabl e o f  bein g prove n wrong .  Bein g abl e 

t o develo p an d reaso n fro m counte r  evidenc e i s a n importan t  scientifi c  inquir y skill . 

We observe d tha t  whe n th e student s wer e evaluatin g th e set s o f  law s give n t o them , 

the y wer e adep t  a t  designin g experiment s tha t  woul d falsif y a  particula r  law . 
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When w e wen t  o n t o loo k a t  wha t  th e student s di d whe n the y formulate d law s fo r 

themselves ,  ther e wer e clea r  limit s t o thei r  scientifi c  inquir y skills .  Fo r  example ,  on e 

grou p o f  student s discovere d th e "linea r  frictio n law" :  i n th e microworl d th e effec t  o f 

frictio n i s linearl y proportiona l  t o th e spee d wit h whic h th e objec t  i s  moving .  Th e 

consequenc e i s tha t  whe n yo u appl y a  sequenc e o f  impulse s t o th e dot ,  i t  doe s no t 

matte r  whethe r  yo u appl y the m on e righ t  afte r  th e othe r  o r  whethe r  yo u separat e 

the m furthe r  i n time ,  th e do t  wil l  com e t o res t  a t  th e sam e point .  Th e student s 

discovere d thi s fact ,  bu t  the y di d no t  full y  explor e it s implications ,  no r  di d the y g o o n 

t o investigat e whethe r  i t  wa s tru e fo r  th e kin d o f  rea l  worl d frictio n tha t  affects ,  fo r 

instance ,  rolUn g ball s o r  slidin g hocke y pucks . 

If one looks at our instructional approach, this limitation in their inquiry skills 

i s  understandable .  We gav e th e student s activitie s t o hel p the m induc e th e laws ,  a s 

wel l  a s set s o f  possibl e law s t o evaluate ,  an d rea l  worl d activitie s tha t  enable d the m 

t o se e tha t  th e law s generalized .  Towar d th e en d o f  th e cours e the y wer e aske d t o 

formulat e thei r  ow n law s an d t o desig n rea l  worl d activitie s tha t  illustrate d th e laws . 

Thi s wa s clearl y to o abrup t  a  transition ,  an d a n importan t  are a o f  ou r  futur e researc h 

wil l  b e th e developmen t  o f  bridgin g activitie s tha t  enabl e a  mor e gradua l  transitio n t o 

independen t  scientifi c  discovery . 

Acquiring Scientific Problem Solving Skills. Students need to understand that the 

law s the y ar e evolvin g ar e o f  increasin g genera l  applicability ,  an d nee d t o b e abl e t o 

appl y the m i n ne w contexts .  Base d upo n classroo m observation s an d th e result s o f 

th e transfe r  test ,  w e se e tha t  th e student s wer e indee d abl e t o generaliz e principle s 

derive d i n th e microworl d context s t o a  variet y o f  simpl e rea l  worl d contexts .  Thi s 

was achieve d b y a  proces s o f  abstractin g wha t  the y learne d fro m th e compute r 

microworl d int o a  se t  o f  law s an d the n learnin g ho w t o ma p th e law s ont o differen t 

rea l  worl d proble m solvin g situations . 

The general conclusion is that the ThinkerTools students learned that a useful 

scientifi c  la w i s a  concis e principl e tha t  enable s prediction s acros s differen t  contexts . 

I n addition ,  the y develope d skil l  a t  designin g experiment s t o falsif y o r  sho w th e 

hmitation s o f  a  law ,  an d applyin g a  give n la w t o a  variet y o f  differen t  domains .  Thi s 

vie w o f  scientifi c  knowledg e an d thes e inquir y skill s  ar e a n importan t  componen t  o f 

understandin g wha t  scienc e i s al l  about . 

5 Discussion 

The desig n o f  th e curriculu m wa s base d upo n extensiv e protoco l  studie s o f  sixt h 

graders '  reasonin g abou t  forc e an d motio n problems .  Base d upo n thi s research ,  w e 

determine d whic h aspect s o f  thei r  prio r  knowledg e w e coul d buil d upon ,  an d whic h 

misconception s w e coul d us e t o motivat e thei r  learnin g abou t  Newtonia n mechanics . 

The progressio n o f  increasingl y comple x compute r  microworld s wa s the n designe d t o 

correspon d t o th e desire d evolutio n o f  th e students '  understandin g o f  th e phenomena . 
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Further ,  th e desig n o f  th e microworl d mad e abstractions ,  suc h a s Cartesia n 

component s o f  displacemen t  an d velocity ,  int o concret e observabl e data-objects ,  an d 

introduce d simplifications ,  suc h a s quantize d impulses ,  tha t  enable d student s t o lear n 

and mak e concret e wha t  ar e normall y regarde d a s abstrac t  an d difficul t  concepts . 

Another aspect of the instructional approach that we believe was crucial to its 

succes s i s th e proces s o f  reificatio n — student s wer e aske d t o conside r  alternativ e 

description s o f  wha t  the y learne d fro m th e compute r  microworl d i n th e for m o f  a  se t 

of  laws ,  an d ha d t o evaluat e th e propertie s o f  th e variou s laws .  Thi s enable d th e 

student s t o develo p a  concep t  o f  wha t  i t  wa s the y wer e tryin g t o lear n - -  fo r 

example ,  rathe r  tha n learnin g a  se t  o f  facts ,  the y wer e tryin g t o induc e a  se t  o f  law s 

and lear n abou t  th e propertie s o f  scientifi c  laws .  Further ,  th e proces s o f  gettin g 

student s t o appl y th e law s the y induce d fro m th e microworl d t o rea l  worl d context s 

was importan t  bot h fo r  thei r  understandin g o f  Newtonia n mechanic s an d fo r  thei r 

perceptio n o f  th e natur e o f  scientifi c  knowledge .  The y learne d tha t  thei r  law s appl y 

i n a  wid e rang e o f  context s an d the y gaine d experienc e i n transferrin g wha t  the y 

learne d i n on e contex t  (i.e. ,  th e compute r  microworld )  t o anothe r  contex t  (i.e. ,  a 

particula r  rea l  worl d situation) .  We conjectur e tha t  thes e formalizatio n an d transfe r 

phase s o f  ou r  curriculu m ar e responsibl e fo r  th e ThinkerTool s student s bein g abl e t o 

appl y thei r  knowledg e t o unfamilia r  context s — a  resul t  whic h i s rarel y obtaine d i n 

educationa l  research . 
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F R OM C H I L D R E N ' S A R I T H M E T I C T O M E D I C A L P R O B L E M S O L V I N G : 

A N E X T E N S I O N O F T H E K D S f T S C H - G R E E NO M O D EL 

Guy J. Groen & Janos P. Jerney 

M c G i l l  Universi t y 

ABSTRACT 

It has been found that expert physicians use forward reasoning in 

diagnosti c explanation s o f  clinica l  cases .  Thi s pape r  show s tha t  th e 

Kintsch-Green o m o d e l  fo r  solvin g arithmeti c w o r d problems ,  whic h 

assume s a  forwar d chainin g process ,  ca n b e extende d t o explai n thi s 

p h e n o m e n a .  T h e basi c approac h i s t o modif y th e lexico n an d th e 

s c h e m a structur e o f  th e existin g simulatio n progra m whil e retainin g 

th e basi c contro l  structure .  T h e principl e modification s ar e i n th e 

structur e o f  th e schemat a whic h m a k e us e o f  thre e slots :  indicator , 

abnormalit y an d consequence .  A s wit h th e Kintsch-Green o theory , 

th e m o d e l  proceed s b y usin g thes e schemat a t o buil d super-schemat a 

f ro m th e propositiona l  representatio n o f  th e proble m text . 
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F r o m Children' s Arithmeti c t o Medica l  P r o b l e m Solv ing : 

A n Ex tens io n o f  th e K in tsch -Green o M o d e l 

Guy J. Groen & Janos P. Jerney 

McGil l  Universit y 

Recently, two approaches have evolved that specifically combine the methodologies 
of  propositiona l  analysi s an d protoco l  analysis .  Th e first  i s  th e theor y b y Kintsc h an d 
Green o (1985 )  o f  th e processe s use d i n solvin g algebrai c an d arithmeti c wor d problem s 
and th e serie s o f  compute r  simulatio n program s tha t  ar e base d upo n i t  (Dellarosa ,  1986) . 
Such problem s pos e a  simpl e arithmeti c proble m a s a  story .  Th e simulatio n begin s wit h a 
propositiona l  representatio n o f  th e stor y whic h i t  transform s int o a  se t  o f  fram e structure s 
calle d propositio n frames .  O n thi s basis ,  i t  build s "se t  frames "  tha t  represen t  eac h numbe r 
specifie d i n th e stor y a s a  se t  o f  objects .  I t  the n build s a  "superschema "  tha t  specifie s th e 
relationa l  structur e betweee n thes e sets .  Th e presenc e o f  a  satisfactor y superschem a 
trigger s a n appropriat e algorith m tha t  generate s th e answer .  I f  a n incomplet e superschem a 
has bee n created ,  the n th e progra m produce s "intelligen t  guesses "  abou t  th e answer . 
Crucia l  t o thi s theor y i s th e distinctio n (va n Dij k &  Kintsch ,  1983 )  betwee n a  textbas e an d a 
situatio n model .  Th e textbas e i s th e semanti c representatio n o f  th e inpu t  text .  Th e situatio n 
model  i s th e representatio n o f  th e knowledg e require d t o solv e th e problem .  I n th e 
simulatio n program ,  th e textbas e i s th e propositio n frames .  Th e situatio n mode l  i s  th e final 
superschema . 

The second is an approach developed by Patel and Groen (1986) to study clinical 
reasonin g i n medicine .  Thi s involve s transformin g a  propositiona l  representatio n o f  a 
reasonin g protoco l  int o a  semanti c network ,  an d derivin g fro m thi s a  se t  o f  productio n 
rule s tha t  ar e adequat e t o simulat e di e reasonin g task .  Thi s wa s applie d t o stud y reasonin g 
i n a  tas k involvin g th e diagnosi s o f  a  cas e o f  acut e bacteria l  endocarditis .  Th e subject s 
wer e seve n specialist s i n cardiology .  I t  wa s show n tha t  th e diagnosti c explanation s o f 
subject s makin g a n accurat e diagnosi s coul d b e accounte d fo r  i n term s o f  a  mode l 
consistin g o f  pur e forwar d reasonin g (i.e .  fro m dat a t o diagnosis )  throug h a  networ k o f 
causal-conditiona l  rules ,  actuate d b y relevan t  proposition s i n th e stimulu s text .  I n contrast , 
subject s wit h inaccurat e diagnose s tende d t o mak e us e o f  a  mixtur e o f  forwar d an d 
backwar d reasoning ,  beginnin g wit h a  hig h leve l  hypothesi s an d proceedin g i n a  top-dow n 
fashio n t o th e proposition s embedde d i n th e stimulu s tex t  o r  t o th e generatio n o f  irrelevan t 
rules . 

It may seem that childrens' arithmetic word problems are a world apart from clinical 
case s i n medicine .  However ,  bot h involv e situation s i n whic h th e tas k i s t o mak e 
inference s fro m narrativ e discourse .  Th e simulatio n program ,  wit h appropriat e parameters , 
perform s lik e a n exper t  i n it s  domai n an d ha s on e featur e tha t  i s  extremel y impomn t  fo r  ou r 
purposes .  I t  build s th e superschem a fro m th e initia l  frame s b y mean s o f  a  simple ,  well -
known forwar d chainin g procedur e (Winsto n &  Horn ,  1981 )  o n th e basi s o f  a  se t  o f 
productio n rules .  Sinc e th e stronges t  finding  b y Pate l  an d Groe n wa s th e us e o f  forwar d 
reasonin g b y expert s wit h accurat e diagnoses ,  i t  seem s reasonabl e t o explor e a t  a  mor e 
precis e leve l  ho w th e tw o approache s ar e related . 

Groen and Patel (in press) have proposed that the van Dijk-Kintsch (1983) theory of 
comprehensio n ca n b e combine d wit h a  generalizatio n o f  th e Kintsch-Green o mode l  an d 
Dellarosa' s progra m t o yiel d a  simulatio n mode l  o f  exper t  diagnosti c reasonin g i n medicine . 
It s importan t  aspect s woul d b e a s follows : 
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.  Th e readin g o f  a  tex t  result s i n th e creatio n o f  a  prepositiona l  textbas e an d a  frame  base d 
situatio n model . 

.  Reasonin g task s resul t  i n a n elaboratio n o f  th e situatio n model . 

.  Expertis e reside s i n th e rule s tha t  develo p th e situatio n model .  Mor e satisfactor y rule s 
resul t  i n a  mor e satisfactor y situatio n model . 

.  A n individua l  wil l  appl y thes e rule s b y a  proces s o f  forwar d chainin g unti l  h e o r  sh e i s 
awar e o f  a n inaccurat e o r  incomplet e situatio n model .  Thi s account s fo r  th e 
phenomeno n o f  forwar d chainin g b y experts ,  bu t  doe s no t  preclud e forwar d chainin g b y 
th e les s tha n expert . 

.  A n individual' s awarenes s o f  a n inaccurat e o r  incomplet e situatio n mode l  wil l  resul t  i n 
some for m o f  backwar d chaining . 

.  Th e situatio n mode l  (i n a  preliminar y form )  wil l  als o affec t  th e structur e o f  th e textbas e 
by mean s o f  variou s strategie s specifie d b y va n Dij k an d Kintsch ,  whic h woul d als o 
affec t  th e natur e o f  th e macropropositions .  A n exper t  situatio n mode l  woul d resul t  i n 
highe r  leve l  macropropositions . 

The purpose of the research reported in this paper was to use these notions to develop 
a progra m tha t  i s capabl e o f  accountin g fo r  th e result s concernin g forwar d reasonin g 
obtaine d b y Pate l  an d Groe n (1986) .  Th e basi c strateg y wa s t o us e A R I T H P R O, 
Dellarosa' s instantiatio n o f  th e Kintsc h an d Green o mode l  a s a  shel l  wit h whic h t o develo p 
it .  Thi s simulatio n run s o n a  X E R O X 1108/118 6 computer .  Th e progra m include s a  rul e 
bas e writte n i n Interlis p an d a  lexico n writte n i n L O O P S.  Withi n th e rul e base ,  seperat e 
rule s exis t  fo r  1 )  buildin g th e propositio n frames  o f  th e textbase ,  2 )  buildin g th e se t  frames 
and superschemat a o f  th e situatio n model ,  3 )  encodin g th e procedura l  knowledg e fo r 
solvin g arithmeti c problems ,  4 )  encodin g th e procedura l  knowledg e fo r  convertin g on e typ e 
of  proble m t o anothe r  an d 5 )  encodin g th e procedura l  knowledg e fo r  defaul t  solutio n 
strategie s enablin g "good "  guesse s (consisten t  wit h guesse s youn g childre n woul d make ) 
give n incomplet e information .  Th e lexicon ,  o n th e othe r  hand ,  relie s o n L O O P S' 
inheritanc e syste m t o creat e a  taxonom y o f  th e word s likel y t o b e encountere d i n th e 
proble m text . 

Since ARITHPRO is currently the most complete and accurate instantiation of the 
Kintsch-Green o model ,  ever y attemp t  wa s mad e t o wor k withi n th e existin g framewor k o f 
th e program .  A s such ,  nearl y al l  o f  th e simulation' s contro l  structur e wa s take n directi y 
from  it .  I n a  simila r  fashion ,  mos t  o f  th e rule s fo r  constructin g th e propositio n frames  o f 
th e textbas e wer e retaine d thoug h slightl y modified .  Th e similarit y end s here ,  however ,  a s 
non e o f  th e se t  buildin g o r  arithmeti c countin g procedure s presen t  i n th e Kintsch-Green o 
model  ar e applicabl e t o th e domai n o f  medica l  proble m solving .  Therefore ,  a  completel y 
ne w se t  o f  rule s ha d t o b e constructe d t o buil d th e schemat a necessar y fo r  diagnosin g case s 
of  acut e bacteria l  endocarditis .  I n additio n t o this ,  th e lexico n wa s modifie d t o incorporat e 
th e ne w word s appropriat e fo r  thi s domain . 

In constructing the situation model, the simulation relies on a single general data 
structur e calle d a n Abnormalit y schem a whic h contain s thre e slots :  1 )  th e abnormalit y slo t 
whic h i s usuall y a  physiologica l  disorde r  (suc h a s a n emboli )  o r  diseas e category ,  2 )  th e 
indicato r  slo t  whic h i s generall y a  primar y clinica l  indicato r  o f  th e abnormalit y (suc h a s 
transien t  blindness )  an d 3 )  th e consequenc e slo t  whic h ca n eithe r  b e a  clinica l  o r 
physiologica l  consequenc e o f  th e abnormality .  I n th e curren t  implementation ,  thes e slot s 
appea r  t o b e adequat e fo r  encapsulatin g th e informatio n th e progra m need s t o us e i n orde r 
t o arriv e a t  a n acceptabl e solution .  However ,  consideration s ar e bein g mad e t o expan d th e 
schema structur e i n futur e implementation s t o allo w fo r  th e explici t  storag e o f  additiona l 
information .  Thi s i s facilitate d b y th e existin g rul e structur e whic h allow s fo r  a  gracefu l 
incrementation .  Th e structur e o f  a n Abnormalit y schem a alon g wit h a n exampl e i s give n i n 
Tabl e 1 . 
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Table 1. 
Structur e o f  Abnormalit y Schem a wit h exampl e 

(<schema name> (INDICATOR (: <indicator list>)) 
(CONSEQUENCE ( :  <consequenc e list>) ) 
(ABNORMALITY ( :  <abnormality>)) ) 

(EMBOLI (INDICATOR (: BLINDNESS)) 
(CONSEQUENCE ( :  HEMORRHAGE)) 
(ABNORMALITY ( :  EMBOLI)) ) 

Our simulation, like ARITHPRO, does not have a natural language parser. Instead, a 
prepositiona l  representatio n o f  th e inpu t  tex t  i s  presente d t o th e program .  A n exampl e o f  a 
(simplified )  proble m cas e i s presente d i n Tabl e 2 a alon g wit h a  correspondin g propositiona l 
representatio n i n Tabl e 2 b whic h woul d b e inpu t  t o th e simulation .  I n orde r  t o us e 
ARITHPRO's existin g rule s t o buil d th e propositio n frames ,  th e genera l  for m o f  th e inpu t 
propositiona l  representatio n ha d t o b e retained .  I n particular ,  th e proposition s wit h th e 
head elemen t  D U R A T I O N ar e modelle d afte r  th e quantit y proposition s i n A R I T H P R O. 
Thi s propositio n cause s th e goa l  MakeAbnormSchem a t o b e place d o n th e goa l  lis t  i n muc h 
th e sam e wa y tha t  a  quantit y propositio n create s a  MakeSe t  goa l  i n A R I T H P R O . 
Subsequen t  rule s the n loo k int o S T M t o find  th e abnormality .  I f  th e othe r  element s o f  th e 
premis e ar e presen t  i n eithe r  shor t  ter m o r  lon g ter m memory ,  th e appropriat e abnormalit y 
schema buildin g rul e i s fired .  A n exampl e o f  a n abnormalit y schem a rul e (paraphrase d i n 
English )  i s  give n i n Tabl e 3 . 

The simulation proceeds by attempting to build an abnormality schema for each cue in 
th e proble m text .  Onl y on e schem a i s buil d fo r  eac h abnormalit y an d subsequen t  cue s 
leadin g t o a n existin g abnormalit y schem a ar e appende d t o th e indicato r  slot .  W h e n on e o r 
more o f  th e indicator s o f  a n abnormalit y ar e themselve s schemas ,  a  superschem a i s created . 
The BACTERIAL - INFECTIO N superschem a rul e i s show n i n Tabl e 4 a whil e th e actua l 
superschem a tha t  i t  build s i s illustrate d i n Tabl e 4b .  I n thi s example ,  on e o f  th e indicator s 
i s a  cu e fro m th e text ,  P U N C T U R E - W O U N D S,  whil e th e othe r  i s th e I N F E C T I O N 
schema.  Thes e superschemat a ar e simila r  i n functio n t o th e one s use d b y Kintsc h an d 
Green o i n tha t  a  logica l  relationshi p i s establishe d betwee n th e indicator s th e superschem a 
subsumes .  A s wit h Dellarosa' s program ,  ke y informatio n suc h a s th e content s o f  S T M 
(th e textbas e an d th e situatio n model) ,  th e goa l  lis t  an d th e nex t  rul e t o fire  i s constantl y 
update d an d displaye d o n th e screen .  Th e proces s continue s unti l  th e en d o f  th e inpu t  tex t 
has bee n reache d an d n o mor e schem a buildin g rule s ca n fire.  W h e n thi s happens ,  th e top -
leve l  superschem a i s returne d a s th e mos t  likel y diagnosi s an d th e simulatio n ends .  Th e 
final  result ,  fo r  th e cas e discusse d i n thi s paper ,  i s  a  superschem a fo r  acut e bacteria l 
endocarditis . 

The role of the consequence slots have not been completely defined or implemented 
yet .  I n th e mos t  genera l  case ,  th e consequence s wil l  b e use d t o direc t  th e focu s o f  th e 
schema buildin g rule s b y placin g variou s goal s o n th e goa l  list .  Thi s proces s ma y b e us e t o 
aler t  th e simulatio n t o follo w u p o n certai n cue s an d wil l  probabl y b e use d extensivel y i n a 
futur e implementatio n tha t  include s backwar d chaining .  Thi s wil l  enabl e a  mor e complet e 
accoun t  o f  th e empirica l  phenomen a foun d b y Pate l  an d Groe n (1986 )  an d Patel ,  Aroch a 
and Groe n (1986) . 
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Table 2a. 
Englis h Text :  Acut e Bacteria l  Endocarditi s 

This unemployed young male was admitted to the emergency room complaining of a fever of 
fou r  day s duration .  Functiona l  inquir y reveale d a  transien t  los s o f  visio n i n hi s righ t  ey e whic h 
laste d approximatel y 4 5 s  o n th e da y befor e admissio n t o th e emergenc y ward .  Funduscopi c 
examinatio n reveale d a  flam e shape d hemorrhage .  Examinatio n o f  hi s limb s showe d punctur e 
wounds o n hi s arm .  Auscultatio n o f  hi s hear t  reveale d a  2/ 6 earl y diastoli c murmu r  i n th e 
aorti c area .  Ther e wa s n o splenomegaly .  Urinalysi s showe d numerou s re d cells . 

Tabl e 2b . 
Proposltlona l  Representatio n o f  Tex t 

(((P1 (EQUAL X t^LE)) 
(P 2 (AT T X  P3) ) 
(P3 (DURATIO N UNEMPLOYED-YOUNG UNKNOWN))) 
((P 4 (COMPLAI N X  P5) ) 
(P5 (DURATIO N FEVE R 4-DAYS)) ) 

((P 6 (COMPLAI N X  P7) ) 
(P 7 (DURATIO N BLINDNES S 45-SEC)) ) 

((P 8 (HAV E X  P9) ) 
(P9 (DURATIO N HEMORRHAGE UNKNOWN))) 
((P1 0 (HAV E X  P11) ) 
(P11 (DURATIO N PUNCTURE-WOUNDS UNKNOWN))) 
((P1 2 (HAV E X  P I  3) ) 
(P1 3 (DURATIO N EARLY-DIASTOLIC-MURMUR UNKNOWN))) 
((PI 4 (HAV E X  P15) ) 
(P1 5 (DURATIO N RED-BLOOD-CELLS-IN-URIN E UNKNOWN))) 
((PI 6 (HAV E X  P17) ) 
(P1 7 (DURATIO N NORMAL-SPLEEN UNKNOWN)))) 

Tabl e 3 . 
Emboli  Schem a rul e 

Rul e Make-Emboli-Schem a 

IF :  1 )  MakeAbnormSchem a i s o n th e goa l  list ,  an d 
2)  Th e indicato r  BLINDNES S i s presen t  I n ST M 

THEN: 1) Create and add the schema EMBOLI to STM, and 
2)  Bin d BLINDNES S t o th e indicato r  slo t  o f  th e EMBOLI  schema ,  an d 
3)  Bin d HEMORRHAGE t o th e consequenc e slo t  o f  th e EMBOLI  schema ,  an d 
4)  Bin d EMBOLI  t o th e abnormalit y slo t  o f  th e EMBOLI  schema ,  an d 
5)  Remov e th e MakeAbnormSchem a goa l  fro m th e goa l  list . 
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Tabl e 4a . 
Bacteria l  Infectio n superschem a rul e 

Rule Make-Bacterial-Infection-Schema 

IF: 1) MakeAbnormSchema is on the goal list, and 
2)  Th e indicato r  PUNCTURE-WOUNDS i s presen t  i n STM.  an d 
3)  Th e INFECTIO N schem a i s presen t  eithe r  i n ST M o r  LT M 

THEN: 1) Bring the INFECTION schema into STM from LTM if necessary, and 
2)  Creat e an d ad d th e superschem a BACTERIAL-INFECTIO N t o ST M 
3)  Bin d PUNCTURE-WOUNDS an d th e INFECTIO N schem a t o th e indicato r  slo t  o f  th e 

BACTERIAL-INFECTIO N superschema ,  an d 
4)  Bin d BACTERIAL-INFECTIO N t o th e abnormalit y slo t  o f  th e BACTERIAL-INFECTIO N 

superschema ,  an d 
5)  Remov e th e MakeAbnormSchem a goa l  fro m th e goa l  list . 

Tabl e 4b . 
Bacteria l  Infectio n Superschem a 

[BACTERIAL-INFECTION 
(INDICATO R 

(INDICATOR1 :  (PUNCTURE-WOUNDS)) 
(INDICATOR2 :  ((INFECTIO N 

(INDICATO R ( :  (FEVER)) ) 
(ABNORMALITY ( :  (INFECTION)))))) ) 

(ABNORMALITY ( :  BACTERIAL-INFECTION)) ] 

It is important to note that this program is not designed to provide a direct simulation 
of  subjects '  behavio r  i n th e diagnosti c explanatio n tas k examine d b y Pate l  an d Groe n 
(1986) .  Rather ,  i t  i s  designe d t o provid e a  detaile d mode l  o f  th e diagnosti c proces s i n 
whic h th e detaile d rules ,  frame s an d schemat a ca n b e mappe d ont o proposition s i n 
diagnosti c expanatio n protocols .  Thi s ma y enabl e a  detaile d examinatio n o f  th e hypothesi s 
tha t  th e diagnosti c explanatio n tas k reflect s element s o f  th e diagnosti c process ,  whic h 
underlie s muc h o f  ou r  previou s research .  I t  ma y als o enabl e th e us e mor e comple x 
diagnosti c problems ,  sinc e i t  wil l  remov e th e necessit y o f  selectin g clinica l  case s fo r  whic h 
th e logica l  validit y o f  model s o f  diagnosti c reasonin g ca n b e verifie d b y han d simulation . 

It also begins to throw light on a far more general issue. There is currently a 
widesprea d belie f  bot h i n Anificia l  Intelligenc e an d Cognitiv e Psycholog y tha t  proble m 
solvin g i s highl y domai n specific .  Ou r  attemp t  t o generaliz e th e Kintsch-Green o mode l  i s  a 
thrus t  i n th e opposit e direction .  A s th e progra m develops ,  i t  shoul d becom e possibl e t o 
make a  fa r  mor e precis e differentiatio n betwee n thos e aspect s o f  proble m solvin g tha t  ar e 
domai n specifi c  an d thos e tha t  ar e c o m m o n t o man y domains ,  regardles s o f  thei r 
complexity . 
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A T e m p o r a l - D i f f e r e n c e M o d e l  o f  Classica l  C o n d i t i o n i n g 
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Andrew G. Barto 

Universit y o f  Meissachusett s 

Abstract—^Rescorl a an d Wagner' s mode l  o f  classica l  conditionin g ha s bee n on e o f  th e mos t 

influentia l  an d successfu l  theorie s o f  thi s fundamenta l  learnin g process .  Th e learnin g rul e 

of  thei r  theor y wa s first  describe d a s a  learnin g procedur e fo r  connectionis t  network s b y 

Widro w an d Hoff .  I n thi s pape r  w e propos e a  simila r  confluenc e o f  psychologica l  an d en -

gineerin g constraints .  Sutto n ha s recentl y argue d tha t  adaptiv e predictio n method s c<ille d 

temporal-differenc e method s hav e advantage s ove r  othe r  predictio n method s fo r  certai n 

type s o f  problems .  Her e w e argu e tha t  temporal-differenc e method s ca n provid e detaile d 

account s o f  aspect s o f  classica l  conditionin g behavior .  W e presen t  a  mode l  o f  classica l 

conditionin g behavio r  tha t  take s th e for m o f  a  temporal-differenc e predictio n method .  W e 

argu e tha t  i t  i s  a n improvemen t  ove r  th e Rescorla-Wagne r  mode l  i n it s  handlin g o f  within -

tria l  tempora l  effect s suc h a s th e IS I  dependency ,  primac y effects ,  an d th e facilitatio n o f 

remot e association s i n serial-compoun d conditioning .  Th e ne w mode l  i s closel y relate d 

t o th e mode l  o f  classica l  conditionin g tha t  w e propose d i n 1981 ,  bu t  avoid s som e o f  th e 

problem s wit h tha t  mode l  recentl y identifie d b y Moor e e t  al .  W e sugges t  tha t  th e theor y 

of  adaptiv e predictio n o n whic h ou r  mode l  i s  base d provide s insigh t  int o th* ^  functionalit y 

of  classica l  conditionin g behavior . 

In t roduc t io n 

The increasing interest in connectionist or parallel distributed processing models of 

cognitiv e behavio r  provide s a  n e w rational e fo r  exzuninin g anima l  conditionin g behavior . 

M a ny o f  th e rule s use d fo r  adjustin g connectio n weight s i n connectionis t  model s ar e th e 

resul t  o f  postulatin g tha t  singl e neuron-lilc e unit s exhibit  simplifie d analog s o f  anima l  be -

havio r  i n conditionin g experiments .  Connectionis t  theorie s o f  highe r  function s therefor e 

provid e vehicle s fo r  integratin g insight s f ro m anima l  learnin g researc h int o m o r e compre -

hensiv e theorie s o f  behavior .  A t  th e s a m e time ,  th e mathematica l  theorie s associate d wit h 

connectionis t  learnin g provid e n e w theoretica l  perspective s o n conditionin g behavior . 

Thi s researc h wa s supporte d i n par t  b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h throug h gran t 

AFOSR-87-0030 .  Th e author s wis h t o than k Harr y Klopf ,  Ji m Morgan ,  Ji m Kehoe ,  Joh n Moore ,  Joh n 

Desmond,  Dian e Blazis ,  an d Nei l  Berthie r  fo r  sharin g thei r  idea s an d simulatio n result s wit h us .  W e 

als o particularl y than k Joh n Moor e fo r  readin g an d providin g valuabl e comment s o n a n earlie r  draf t 

of  thi s paper . 
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Viewe d a t  th e tria l  level ,  classical ,  o r  Pavlovian ,  conditionin g i s relate d t o supervise d 

associativ e learnin g a s studie d b y engineer s an d compute r  scientist s an d embodie d i n man y 

connectionis t  learnin g systems .  Th e syste m i s repeatedl y presente d wit h a n inpu t  pattern , 

correspondin g t o a  conditione d stimulu s (CS) ,  togethe r  wit h a  specificatio n o f  a  desire d 

response ,  whic h correspond s t o th e presentatio n o f  a n unconditione d stimulu s (US )  an d 

th e unconditione d respons e (UR )  tha t  i t  reflexivel y elicits .  Afte r  a  numbe r  o f  suc h CS-U S 

pairings ,  th e C S come s t o elici t  a  conditione d respons e (CR )  tha t  closel y resemble s th e 

U R o r  som e par t  o f  it .  *  W h e n detail s occurrin g withi n trial s ar e considered ,  classica l 

conditionin g i s see n t o involv e th e extractio n o f  predictiv e relationship s amon g stimul i  a s 

i f  causa l  rule s ar e bein g learned . 

In a previoxis paper (Sutton and Barto, 1981), we pointed out that the Rescorla-

Wagner  mode l  o f  classica l  conditionin g (Rescorl a an d Wagner ,  1972 )  i s nearl y identica l 

t o th e learnin g algorith m introduce d earlie r  b y engineer s Widro w an d Hofl F (1960) ,  whic h 

i s use d i n practica l  engineerin g application s (Dud a an d Hart ,  1973 ;  Widro w an d Stearns , 

1985 )  a s wel l  a s i n recen t  connectionis t  model s (e.g. ,  se e Rumelhar t  an d McClelland ,  1986) . 

Tha t  ther e i s thi s degre e o f  correspondenc e betwee n psychologica l  model s an d engineerin g 

method s shoul d no t  b e surprbin g give n th e similarit y o f  th e functiona l  demand s mad e 

i n eac h case .  I n thi s paper ,  w e propos e a  refinemen t  o f  thi s correspondence .  W e pro -

pos e a  ne w mode l  o f  classica l  conditionin g base d o n a  ne w theor y o f  engineerin g method s 

calle d temporal-differenc e method s (Sutton ,  1987) .  Temporal-differenc e method s hav e bee n 

show n t o b e superio r  i n certai n respect s t o th e Widrow-Hof f  algorith m an d t o othe r  engi -

neerin g algorithm s fo r  adaptiv e prediction .  Here ,  w e argu e tha t  th e ne w mode l  o f  classica l 

conditioning ,  whic h w e cal l  th e Temporal-Difference ,  o r  T D ,  model ,  als o provide s a  bette r 

accoun t  o f  anima l  learnin g dat a tha n th e Rescorla-Wagne r  model .  I n addition ,  th e T D 

model  an d th e theor y o f  temporal-differenc e method s provide s specifi c  ne w suggestion s 

abou t  th e functiona l  natur e o f  classica l  conditioning . 

The TD model is a minor varizint of the Adaptive Heuristic Critic (AHC) algorithm 

develope d b y Sutto n fo r  tempora l  credi t  assignmen t  (Sutton ,  1984 ;  Barto ,  Sutton ,  an d 

Anderson ,  1983 )  an d combine d wit h th e erro r  back-propagatio n metho d o f  Rumelhart , 

Hinton ,  an d William s (1985 )  b y Anderso n (1986) .  Th e A H C algorith m itsel f  i s  closel y 

For  example ,  a  huma n subjec t  i s  repeatedl y presente d wit h th e soun d o f  a  bel l  (CS )  followe d b y a 
puf f  o f  ai r  t o hi s ey e (US) ,  whic h cause s hi m t o blin k (UR) .  Afte r  severa l  suc h pairings ,  th e subjec t 

blink s immediatel y (CR )  i n respons e t o th e bel l  alone . 
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relate d t o th e mode l  o f  classica l  conditionin g tha t  w e propose d i n 198 1 (Sutto n an d Barto , 

1981 ;  Bart o an d Sutton ,  1982) ,  whic h w e her e cal l  th e Sutton-Barto ,  o r  SB ,  model ,  an d 

whic h wa s strongl y influence d b y th e wor k o f  Klop f  (1972 ,  1982) .  I n thi s paper ,  w e 

presen t  th e T D mode l  a s a  substantiall y  modifie d versio n o f  th e S B mode l  tha t  solve s 

some o f  th e problem s wit h tha t  mode l  identifie d b y Moor e e t  al .  (1986) .  W e sho w ho w 

th e T D mode l  perform s i n simulation s o f  single-C S acquisitio n an d extinction ,  trac e an d 

dela y conditioning ,  blocking ,  conditione d inhibition ,  second-orde r  conditioning ,  an d severa l 

serial-compoun d conditionin g paradigms .  W e als o discus s wha t  th e theoretica l  basi s o f  th e 

T D mode l  suggest s abou t  wha t  animal s ax e doin g i n classica l  conditioning .  Finally ,  w e 

briefl y mentio n som e o f  th e limitation s o f  th e T D model . 

Rea l -T im e M o d e l s o f  Classical  Conditionin g 

Whereas msiny models of classical conditioning (e.g., Rescorla and Wagner, 1972; 

Mackintosh ,  1975 ;  Pearc e an d Hall ,  1980 )  specif y change s i n associativ e strengt h onl y 

as th e resul t  o f  a  tria l  a s a  whole ,  th e T D an d S B model s specif y change s i n associativ e 

strength s fro m moment  t o moment  withi n trials .  W e wil l  cal l  model s wit h thi s propert y 

real-tim e model s (afte r  Moor e an d Stickney ,  1980 ;  Blazi s e t  al. ,  1986) .  Real-tim e model s 

hav e als o bee n propose d by ,  e.g. ,  Gelperin ,  Hopfield ,  an d Tan k (1985) ,  Gluc k an d T h o m p -

son (i n press) ,  Hawkin s an d Kande l  (1984) ,  Klop f  (1986) ,  Moor e e t  al .  (1986 )  Tesaur o 

(1986) ,  an d Wagne r  (1981) . 

Real-time models have several kinds of advantages over trial-level models. First, since 

real-tim e model s distinguis h betwee n time s withi n a  trial ,  the y ca n maJc e prediction s abou t 

th e effect s o f  varyin g th e tempora l  relationship s amon g stimul i  withi n a  trial ,  wherea s trial -

leve l  model s can't .  Th e trial-leve l  Rescorla-Wagne r  model ,  fo r  example ,  doe s no t  mak e 

prediction s abou t  th e effec t  o f  th e inter-stimulu s interva l  betwee n C S an d U S ,  eve n thoug h 

thi s i s well-know n t o hav e a  stron g effec t  o n conditioning .  A  secon d advantag e o f  real-tim e 

model s i s tha t  the y ar e mor e mechanisti c an d thu s i t  i s  easie r  t o se e ho w the y migh t  b e 

implemente d b y physica l  mechcinisms .  I n particular ,  the y ar e a  ste p close r  t o neiira l  model s 

sinc e thei r  behavio r  ca n b e compare d mor e directl y wit h electrophysiologica l  correlate s o f 

learning . 
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S o me real-tim e models ,  includin g th e S B model ,  hav e bee n presente d i n th e for m o f 

rule s fo r  alterin g th e connectio n weight s o f  a  neuron-lik e adaptiv e element ,  an d w e follo w 

thi s traditio n wit h ou r  descriptio n o f  th e T D model .  Althoug h thi s for m o f  presentatio n 

suggest s possibl e relationship s t o th e cellula r  basi s o f  learnin g an d make s i t  clea r  ho w 

th e mode l  ca n b e use d a s a  learnin g rul e fo r  connectionis t  networks ,  i t  i s  no t  essentia l  t o 

th e T D mode l  a s a  mode l  o f  conditionin g behavior .  No r  i s th e realizatio n o f  th e mode l 

suggeste d b y thi s adaptive-elemen t  th e onl y wa y th e mode l  coul d b e implemente d i n a 

nervou s system . 

T h e S B M o d e l 

We first describe the SB model and then discuss several of its shortcomings. Following 

our  198 1 pape r  (Sutto n an d Barto ,  1981 )  w e presen t  i t  a s a  se t  o f  rule s fo r  adjustin g th e 

connectio n weight s o f  a  neuron-lik e element ,  bu t  w e us e a  slightl y differen t  notation .  Figur e 

1 show s a  neuron-lik e adaptiv e elemen t  wit h n  +  1  inpu t  pathways ,  labele d x(0),., .  ,x(n) , 

an d a  singl e outpu t  pathwa y labele d y .  Fo r  eac h t ,  i  =  0,...,n ,  xt{i )  denote s th e 

strengt h o f  th e signa l  o n pathwa y t  a t  tim e t ;  y t  denote s th e strengt h o f  th e outpu t 

signa l  a t  ste p t .  Associate d wit h eac h inpu t  pathwa y x{i )  i s  a  weigh t  w{i )  tha t  specifie s 

th e efiicac y o f  tha t  pathway ;  tWf(t )  denote s th e weight' s valu e a t  tim e t .  Pathwa y x(0 ) 

b th e U S pathwa y an d it s weigh t  w{0 )  i s positiv e an d constan t  ove r  time .  Pattern s o f 

activit y ove r  th e remainin g inpu t  pathway s represen t  stimul i  tha t  ca n b e associate d wit h 

th e U S — t h e CSs .  *  Chsuige s i n th e weight s o f  th e C S pathway s ove r  tun e represen t 

change s i n th e th e associativ e strength s o f  th e CS s wit h respec t  t o th e U S .  W e denot e 

by x t  th e inpu t  vecto r  a t  tim e t  consistin g o f  th e n  component s o f  th e C S vector ,  i.e. , 

xt  =  {xt{^)i'--,xt{n)) .  Similarly ,  w t  denote s th e n-componen t  vecto r  o f  weight s o f  th e 

CS pathway s a t  tim e t .  T h e elemen t  output ,  y ,  i s assimie d t o contribut e t o bot h th e U R 

an d th e C R . 

Tesaor o (1986 )  correctl y point s ou t  tha t  th e origina l  descriptio n o f  th e S B mode l  suggest s tha t  th e 

model  i s applicabl e onl y whe n a  C S i s represente d locall y b y activit y o n a  singl e inpu t  pathway . 

However ,  th e mode l  obviousl y als o applie s t o th e cas e o f  distribute d CSs ,  an d w e wis h t o allo w tha t 

possiblit y  here .  Thi s i s als o tru e o f  th e T D model ,  bu t  i n th e simulation s presente d here ,  locall y 

represente d CS s ar e use d fo r  simplicity . 
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Figur e 1 .  A  neuron-lik e adaptiv e elemen t  use d i n th e 
S B m o d e l .  Ther e ar e n  modifiabl e C S inpu t  pathways , 
i(l),...,x(n) ,  an d a  pathwa y x(0 )  wit h fixed  weigh t  iu(0 ) 
tha t  correspond s t o th e U S .  Th e elemen t  outpu t  y  correspond s 
t o bot h th e U R an d th e C R . 

The element output at time f is a function of the weighted sum of the inputs at time 

t : 

yt  =  f { ^ m { i ) x t { t ) \ , 

,t= 0 
(1 ) 

wher e /{• }  b  som e S-shape d function ;  i n ou r  earlie r  simulation s w e assume d i t  wa s th e 

identity function. We assume that this input/output relationship is instantaneous because 

the model does not address intrinsic response latencies, which vary across response systems. 

The connection weights of the CS pathways are updated at each time step as follows: 

m-\- i  =  w t  +  c {y t -  yt-i)xt . (2 ) 

wher e c  >  0  an d x t  i s  th e vecto r  o f  eligibilit y  traces ,  eac h componen t  o f  whic h i s a  weighte d 

sum of past values of the corresponding input signal. * We compute these traces using 

the following recursion: 

xt = 0xt-i + {l-/3)xt-u (3) 

I n Sutto n an d Baxt o (1981 )  an d Bart o an d Sutto n (1982) ,  th e mode l  use d a n outpu t  trac e y t  i n 

plac e o f  t/t_ i  i n Equatio n 2 .  However ,  i n al l  th e simulation s describe d ther e w e use d onl y y t  =  Vt-i , 
whic h i s th e specia l  cas e o f  a  trac e resultin g fro m lettin g ^  =  0  i n Equatio n 3 .  Becaus e w e no w 

believ e tha t  thi s specia l  cas e i s bes t  fo r  reason s mad e clea r  i n th e theor y underlyin g th e T D model , 

we explicitl y  specif y thi s cas e i n ou r  restatemen t  o f  th e S B model . 
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wher e 0  <  / ? <  1 .  * 

Equation s 1 ,  2  an d 3  constitut e th e S B model .  W e ca n describ e th e learnin g proces s 

as follows :  Activit y o n an y inpu t  pathwa y i ,  »  =  l,...,n ,  ca n immediatel y influenc e 

th e element' s output ,  y ,  i f  u;(t )  5 ^  0 ,  bu t  als o cause s tha t  pathwa y t o becom e "tagged " 

by th e stimulu s trac e x{i )  a s bein g eligibl e fo r  modificatio n i n th e futur e (fo r  a s lon g a s 

th e trac e i s nonzero) .  A  connectio n weigh t  change s onl y i f  th e pathwa y i s eligibl e an d 

reinforcemen t  occurs ,  wher e reinforcemen t  i s define d a s a  deviatio n o f  th e curren t  outpu t 

fro m th e immediatel y proceedin g outpu t  (fo r  continuou s time ,  reinforcemen t  i s th e rate-of -

chang e o f  th e output) .  Figur e 2  show s th e tim e course s o f  th e relevan t  signal s fo r  a  smgl e 

tria l  wit h a n initiall y  neutra l  CS . 

US 

y 

CS =  X 

y, -  Vt- i 

w 

R 

Figur e 2 .  T i m e course s o f  elemen t  variable s i n 
th e S B m o d e l  fo r  a  tria l  i n w h i c h a n initiall y 
neutra l  ( w =  0 )  C S i s followe d b y th e U S . 

I n Sutto n an d Bart o (1981 )  an d Bart o an d Sutto n (1982 )  w e showe d tha t  thi s mode l  i s 

closel y relate d t o th e Rescorla-Wagne r  mode l  an d coul d similarl y accoun t  fo r  phenomen a 

i n classica l  conditionin g suc h a s blockin g an d conditione d inhibition .  Additionally ,  w e 

showe d h o w i t  coul d accoun t  fo r  inter-stimulu s interva l  (ISI )  effects ,  anticipator y CRs , 

an d aspect s o f  higher-ordfe r  an d serial-compoim d conditioning .  Recently ,  a  nove l  predictio n 

of  th e mode l  concernin g blockin g an d serial-compoun d conditionin g ha s bee n teste d an d 

^  I n Sutto n an d Bart o (1981) ,  i t  wa s define d a s i n Equatio n 3  excep t  tha t  th e facto r  o f  ( 1 -  fi) 
was absent .  Thi s factor ,  whic h wa s use d i n ou r  presentatio n i n Bart o an d Sutto n (1982) ,  simpl y 
normalize s th e trac e i n suc h a  wa y a s t o ensur e tha t  th e trac e o f  inpu t  tha t  i s  constan t  ove r  tim e wil l 
converg e t o tha t  constan t  valu e a s t  —» 00 . 
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confirme d b y Kehoe ,  Schreurs ,  an d Graha m (i n press) .  Tha t  resul t  i s  discusse d furthe r  i n 

th e sectio n o n serial-compoun d results . 

Despite these successes, the SB model suffers from several major problems. In our 

origina l  presentatio n o f  th e S B model ,  w e avoide d man y o f  th e problem s b y usin g a  U S 

tha t  wa s ver y long ,  whic h ensure d tha t  al l  C S trace s ha d falle n t o zer o b y th e tim e o f  U S 

offset .  Moor e e t  al .  (1986 )  hav e sinc e foun d tha t  i f  shorte r  US s ar e used ,  th e S B mode l  doe s 

not  generat e appropriat e conditionin g behavio r  a s a  functio n o f  th e CS-U S inter-stimulu s 

interva l  (ISI) .  Fo r  example ,  i f  C S onse t  i s simultaneou s wit h o r  shortl y afte r  U S onset ,  the n 

th e S B mode l  incorrectl y predict s stron g inhibitor y conditionin g t o th e C S .  Eve n worse , 

i f  C S offse t  i s simultaneou s wit h U S offset ,  a s i n standar d dela y conditioning ,  the n th e 

unmodifie d S B mode l  predict s tha t  th e C S wil l  fai l  t o acquir e a  positiv e associatio n a t  an y 

ISI . 

Moore et al. succeeded in producing a modified version of the SB model, called the 

Sutton-Barto-Desmond ,  o r  S B D ,  model ,  tha t  largel y solve s thes e an d othe r  problems , 

and als o reproduce s ke y feature s o f  respons e topograph y an d CR-relate d neuronal  firing 

(Moor e e t  al. ,  1986 ;  Blazi s e t  al. ,  1986) .  Th e primar y modification s t o th e S B mode l 

wer e 1 )  allowin g th e effec t  o f  th e U S t o var y a s a  functio n o f  curren t  weigh t  values ,  2 ) 

specifyin g a  particula r  lagge d relationshi p betwee n CS s an d thei r  correspondin g signal s 

x(t) ,  an d 3 )  makin g th e trac e deca y rat e 0  depen d o n C S duration .  Together ,  thes e 

modification s constitut e a  substantia l  increas e i n th e complexit y o f  th e model .  Wit h th e 

T D model ,  w e ar e attemptin g t o solv e th e IS I  problem s o f  th e S B mode l  i n a  simple r 

way.  Th e modification s mad e b y Moor e e t  al .  t o giv e th e S B mode l  a  mor e realisti c 

repons e topograph y an d t o relat e i t  t o neurona l  firings  m a y als o b e applicabl e t o th e T D 

model ,  bu t  thi s ha s no t  ye t  bee n explored .  Spac e limitation s preven t  u s fro m makin g a 

ful l  compariso n o f  th e T D mode l  wit h th e S B D mode l  sm d wit h othe r  competin g real-tim e 

model s (e.g. ,  Klopf ,  1986 ,  i n prep. ;  Tesauro ,  1986 ;  Gluc k an d Thompson ,  i n press) . 

T h e Temporal-Differenc e ( T D )  M o d e l 

A key desirable feature of the SB model and some other models (Gelperin, Hopfield, 

Tank ,  1985 ;  Hawkin s an d Kandel ,  1984 ;  Klopf ,  1986 ,  i n prep. ;  Moor e e t  al. ,  1986 ,  Tesauro , 
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1986 )  i s tha t  reinforcemen t  i s cause d b y th e onset s an d offset s o f  previousl y conditione d 

CSs.  Sinc e th e U S i s treate d exactl y lik e a  previousl y conditione d C S i n th e S B model , 

th e US' s reinforcin g effect s als o occu r  a t  it s  onse t  an d offset .  Experimentally ,  however ,  i t 

seems a s i f  simpl y th e presenc e o f  th e U S i s reinforcin g rathe r  tha n chsmge s i n it s presence . 

Thi s i s th e basi c differenc e betwee n th e S B mode l  an d th e T D model—i n th e T D model , 

US presenc e itsel f  i s  directl y remforcing ,  no t  it s initiatio n an d termination . 

We define the TD model by referring to the adaptive element shown in Figure 1. The 

element' s outpu t  a t  tim e t  i s 

yt  =  r t  +  P{wt,xt) , 

wher e r t  denote s th e valu e a t  tim e t  o f  a  signa l  indicatin g th e presenc e an d strengt h o f 

th e U S (i.e. ,  r t  i s  th e sam e a s wt{0)xt{0 )  o f  th e S B model )  an d P{wt,xt )  i s  define d b y 

P{w,x) = { (4) 
(̂  0 ,  otherwise . 

The weights are updated according to the rule 

wt+i = wt + c\jt + nP{m,xt) - P{wt,xt-i)jxt, (5) 

where c>0, 0<')f<l, and x^ is as defined by Equation 3. 

This model is similar to the SB model and basically works in the same manner, but 

i t  differ s fro m tha t  mode l  i n severa l  crucia l  ways .  First ,  not e tha t  th e su m P  play s a 

rol e i n th e weigh t  updat e equatio n simila r  t o th e rol e th e outpu t  y  play s i n th e S B mode l 

(Equatio n 2) :  Chzinge s i n P  ove r  tim e ar e critica l  determinant s o f  weigh t  changes .  Bu t 

her e th e s u m P  doe s no t  includ e a  contributio n fro m th e U S a s th e s u m y  doe s i n th e 

SB mode l  (Equatio n 1) .  Th e U S directl y contribute s t o weigh t  change s throug h th e ter m 

r t  i n Equatio n 5 .  Consequently ,  i n th e T D model ,  th e presenc e o f  th e U S (signale d b y 

a nonzer o valu e o f  rt) ,  rathe r  tha n it s onse t  an d offset ,  act s a s reinforcement .  Thi s i s 

accomplishe d whil e retainin g th e featur e o f  th e S B mode l  whereb y a  C S wit h a n existin g 

associatio n generate s reinforcemen t  a t  it s  onse t  an d offse t  (throug h th e CS' s contributio n 

t o P ) . 

A second major feature distinguishing the TD model from the SB model concerns 

th e paramete r  7 .  T h e theoretica l  interpretatio n o f  thi s paramete r  i s discusse d i n a  late r 

section .  Her e i t  suffice s t o poin t  ou t  tha t  thi s paramete r  cause s a  C S wit h a n existin g 

362 



SUTTON k B A R T O 

associativ e strengt h t o generat e reinforcemen t  throughou t  it s presenc e an d no t  jus t  a t 

it s  onse t  an d offset .  I n Equatio n 5 ,  i f  P  i s constan t  ove r  time ,  the n t o th e exten t  tha t 

7 i s les s tha n 1 ,  reinforcemen t  b  stil l  generated .  Th e strengt h o f  thi s reinforcemen t  i s 

proportiona l  t o th e strengt h o f  th e CS' s existin g association ,  bu t  o f  opposit e sign .  Th e 

choic e o f  7  determine s th e relativ e importanc e o f  reinforcemen t  generate d b y CS s wit h 

existin g association s du e t o thei r  constan t  presence ,  an d du e t o thei r  onset s an d offsets . 

'Y i s usuall y chose n t o b e nea r  1  (e.g. ,  7  =  .9 5 i n al l  simulation s describe d here) ,  s o tha t 

th e presenc e o f  a  C S generate s muc h les s reinforcemen t  tha n doe s it s onse t  o r  offset . 

Basi c Result s 

In this section we present simulation results showing the behavior of the TD model in a 

rang e o f  basi c conditionin g paradigms—single-C S acquisitio n an d extinction ,  IS I  curve s fo r 

trac e an d dela y conditioning ,  blocking ,  conditione d inhibition ,  an d th e lac k o f  extinctio n o f 

conditione d inhibitors .  W e regax d suc h result s a s basi c becaus e the y d o no t  involv e compli -

cate d temporal  relationship s betwee n CS s an d becaus e previou s model s hav e demonstrate d 

each o f  thes e abilities .  Nevertheless ,  t o ou r  knowledg e onl y th e S B D mode l  (Moor e e t  al. , 

1986 ;  Blazis ,  1986 )  ha s previousl y demonstrate d al l  o f  thes e abilities . 

The parameter values used in all simulations were c = .01, fi = .8, and 7 = .95. 

Thes e value s wer e chose n s o a s t o approximatel y matc h IS I  dat a fo r  th e rabbi t  nictitatin g 

membrane respons e (a s discusse d below) ,  unde r  th e interpretatio n tha t  eac h tim e ste p 

correspond s t o .0 5 seconds .  W h e n a  stimulu s wa s present ,  th e correspondin g inpu t  signa l 

( x o r  r )  wa s se t  t o 1 ,  an d whe n th e stimulu s wa s absent ,  th e signa l  wa s se t  t o 0 .  Th e 

tim e interva l  betwee n trial s wa s lon g enoug h fo r  al l  trace s t o fal l  t o zero .  Sinc e n o stimul i 

wer e presente d durin g th e inter-tria l  interval ,  i t  i s  clea r  fro m Equatio n 5  tha t  n o weigh t 

change s wil l  occu r  durin g th e bul k o f  thi s time .  Thus ,  mos t  o f  th e inter-tria l  interva l  wa s 

simulate d simpl y b y settin g th e trace s t o zero . 

Figure 3 shows the behavior of the TD model in a single-CS acquisition and extinction 

paradigm .  Th e tempora l  relationship s amon g stimul i  durin g th e acquisitio n phas e o f 

th e experimen t  ar e show n i n Figur e 3A .  Durin g extinction ,  onl y th e C S wa s presented . 

Over  acquisitio n trials ,  th e C S gain s associativ e strengt h i n a  negativel y accelerate d way , 

asymptoticall y approachin g a  fixed  value .  Durin g extinction ,  associativ e strengt h i s los t 
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TRIAL S 1-70 : 

CS-

US-

•  . 2 se c • !  . 1 se c 

•. 4 sec • •• ' 

B 

17 0 

T R I A L S 

Figur e 3 .  Simulatio n o f  Single-C S Acquisitio n a n d E x -
tinctio n i n th e T D M o d e l .  A )  Timin g relationship s betwee n 
stimul i  durin g acquisition .  B )  Th e behavio r  o f  th e weigh t  cor -
respondin g t o th e C S durin g acquisitio n (trial s 1-70 )  an d ex -
tinctio n (trial s 71-170) .  Durin g extinction ,  th e C S i s presente d 
not  followe d b y a  U S .  Th e tim e interval s ar e give n i n second s 
unde r  th e interpretatio n tha t  eac h tim e ste p correspond s t o .0 5 
seconds . 

i n a  simila r  manner . 

Figure 4 shows the ISI curves produced by the TD model in trace and delay condi-

tionin g experiments .  Thes e curve s sho w th e fina l  associativ e strengt h generate d b y th e 

T D mode l  afte r  8 0 CS-U S pairing s a s a  functio n o f  th e inter-stimulu s interva l  betwee n C S 

an d U S .  Th e genera l  shap e o f  thes e curve s i s independen t  o f  paramete r  settings ,  bu t  no t 

importan t  detail s suc h a s ho w rapidl y associativ e strengt h decline s a s th e IS I  increases . 

Roughl y speaking ,  ( 3 determine s th e rat e o f  declin e i n trac e conditioning ,  and ,  fo r  fixed 

J3,  7  determine s th e rat e o f  declin e i n dela y conditioning .  Th e paramete r  value s give n 

abov e wer e selecte d t o approximat e th e IS I  dat a fo r  rabbi t  N M R conditionin g show n i n 

Figur e 5 . 

The TD model exhibits complete blocking if first-stage training is conducted until 

asymptoti c zissociativ e strengt h i s achieve d an d i f  th e C S adde d i n th e secon d stag e ha s 
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TRACE CONDITIONING: 

CS 

US 

*  ̂  * > J-rtr t 

ISI 

1 
1 

:  . 1 se c 
• 

DELAY CONDITIONING: 

CS-

us-

ISI 

J L 

-».''4 -
. 1 se c 

1. 7 

W 

0 

D E L AY 

T R A CE 

B 

0 . 5 1  2 

C S - U S I S I  ( sec ) 

Figur e 4 .  Effec t  o f  th e C S - U S Inter-Stimulu s Interva l 
i n Trac e a n d Dela y Conditionin g o f  th e T D M o d e l . 
A)  Timin g relationship s betwee n stimul i  i n trac e an d dela y 
acquisitio n trials .  B )  Resultan t  C S weigh t  afte r  8 0 acquisitio n 
trial s a s a  fimctio n o f  ISI . 

exactl y th e sam e tim e cours e a s th e first  CS .  Thi s i s apparen t  fro m inspectio n o f  Equatio n 

5—the weights for the two CSs experience exactly the same increments during a second-

stage trial; if the weight of the first CS no longer experiences any net change, then neither 

will the weight of the added CS. 

Figure 6 shows the behavior of the TD model in a conditioned inhibition (CI) training 

regime. In CI, reinforced and unreinforced trials of the two types shown in Figure 6A are 
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• —•  TRACE -  Smit h e t  al .  (1969 ) 
D—a DELA Y -  Schneiderma n e t  al .  (1964 ) 
+—•»-  TRACE -  Schneiderma n (1966 ) 

Inter-Stimulu s Interva l  (sec ) 

Figure 5. Effect of the CS-US ISI in Trace and 
Dela y Conditionin g o f  th e Rabb i t  Nictitatin g 
M e m b r a n e Respons e ( N M R ) .  Th e tim e cours e o f 
th e IS I  dependenc y varie s widel y betwee n specie s an d 
respons e systems .  Th e parcimete r  value s use d her e i n 
th e T D mode l  wer e chose n s o tha t  th e model' s IS I  de -
pendency ,  show n i n Figur e 4 ,  approximatel y matche s 
thi s rabbi t  N M R data . 

intermixed .  CS"* "  i s  followe d b y th e U S excep t  i n th e presenc e o f  C S ~ .  CS"* "  i s  foun d 

experimentally to become positively conditioned whereas CS~ becomes a conditioned in-

hibitor, that is, it tends to inhibit CRs. This result is also found in the simulation. In 

the extinction phase of the CI experiment shown in Figure 6, both stimuli were presented 

individually without the US. The result shown is also the same as that found experimen-

tally: The association to the excitor extinguishes, but the association to the inhibitor does 

not (Zimmer-Hart and Rescorla, 1974). Moore et al. (1986) showed that the SB model 

will reproduce the desired behavior if the output y is prevented from becoming negative 

(this corresponds to a particular choice for / in Equation 1), and this is essentially what 

we have done in the TD model by using a threshold operation in Equation 4. 

Ser ia l -Compoun d Result s 

Real-tim e conditionin g model s ar e interestin g primaril y becaus e the y mak e prediction s 

for a wide range of situations that cannot be represented by trial-level models. These 

situations involve conditionable stimuli that occur together but not strictly simultaneously. 
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TRIAL S 1-80 : 

CS* 

CS-

US 

TRIAL S 81-130 : 

CS* 

CS" 

US 

1. 5 

W 0 -

-1. 5 

1 •  •  -i — • -  •]— 1 

^  \  1 

\ " ~ '  1 

^ ^ ^ ^ - ^ . _ C S " 

1 1  -  - .  1  1 

B 

8 0 

T R I A L S 

13 0 

Figur e 6 .  Conditione d Inhibitio n a n d it s Extinctio n 
i n th e T D M o d e l .  A )  T im e trace s showin g th e tw o kind s o f 
trial s presente d alternatel y i n a  conditione d inhibitio n exper -
imen t  (trial s 1-80 )  an d i n a  subsequen t  attemp t  t o extinguis h 
th e resultan t  association s (trial s 81-130) .  B )  Behavio r  ove r 

trial s o f  th e weight s zissociate d wit h CS" ^  an d C S ~ .  Durin g 

acquisition ,  th e weigh t  fo r  CS"* "  become s positive ,  whil e th e 

weigh t  fo r  C S ~ become s negative .  Th e associatio n t o CS"'" , 

but  no t  t o C S ~ ,  i s  extinguishe d b y nonreinforcement .  Bot h 
CSs ar e . 2 second s i n duratio n an d th e U S i s . 1 secon d i n 
duration . 

Any suc h compoun d stimulu s whos e component s d o no t  bot h begi n an d en d a t  th e sam e 

time is called a serial-compound stimulus. It should be recognized that almost all learning 

involves serial-compound stimuli, either becaiise the animal distinguishes earlier and later 
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portion s o f  a  stimulu s tha t  m a y b e viewe d a s a  singl e stimulu s b y th e experimenter ,  o r 

becaus e th e animal' s behavio r  give s ris e t o a  predictabl e sequenc e o f  situation s leadin g 

t o reinforcement ,  a s i n mziz e running .  Keho e (1982 )  survey s th e theoretica l  issue s an d 

empirica l  result s relevan t  t o serial-compoun d conditioning . 

One of the theoretical issues arising in serial-compound conditioning concerns the fa-

cilitatio n o f  remot e associations .  I t  ha s bee n foun d tha t  i f  a n empt y trac e interva l  betwee n 

th e C S an d th e U S i s fille d wit h a  secon d C S t o for m a  seria l  compoun d stimulus ,  the n 

conditionin g t o th e first  C S i s facilitated .  Figur e 7 B show s th e behavio r  o f  th e T D mode l 

i n a  simulatio n o f  suc h a n experiment ,  th e timin g detail s o f  whic h ar e show n i n Figur e 7A . 

Consisten t  wit h th e experimenta l  results ,  th e mode l  show s facilitatio n o f  bot h th e rat e o f 

conditionin g an d th e asymptoti c leve l  o f  conditionin g o f  th e first  C S du e o f  th e presenc e 

of  th e secon d C S . 

CSA 

CSB 

US 

• 2 sec - ••'• « . 2 sec—•'•• -
.1 se c 

1. 3 

"{:s A 

. 0 

1 

CSB PRESENT^. ^ 

1 

•  T 

" " ' ' ' ' 

CSB ABSENT 

1 

B 

8 0 

T R I A L S 

Figur e 7 .  Facilitatio n o f  a  R e m o t e Associatio n b y a n 
Intervenin g Stimulu s i n th e T D M o d e l .  A )  Tempora l  re -
lationship s amon g stimul i  withi n a  trial .  B )  Th e behavio r  ove r 
trial s o f  CSA' s weigh t  whe n C S A i s presente d i n a  seria l  com -
pound ,  a s i n A ,  an d whe n presente d i n a n identica l  tempora l 
relationshi p t o th e U S ,  onl y withou t  th e presenc e o f  C S B . 
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The stimulu s contex t  effect s suc h a s blockin g an d conditione d inhibitio n tha t  th e 

Resc o r  la-Wagne r  mode l  i s s o successfu l  a t  reproducin g involv e effect s o n th e condition -

in g o f  on e C S du e t o th e presenc e o f  others .  However ,  sinc e i t  i s  a  trial-leve l  model ,  th e 

Rescorla-Wagne r  mode l  doe s no t  tak e int o accoun t  th e tempora l  relationship s betwee n th e 

CSs,  whic h ar e know n t o b e capabl e o f  producin g dramati c behaviora l  consequences .  O n e 

of  th e best-know n earl y demonstration s o f  thi s i s th e Egger-Mille r  (1962 )  experimen t  tha t 

involve d tw o overlappin g CS s i n a  dela y configuratio n a s show n i n Figur e 8A .  Althoug h 

C SB i s i n a  bette r  tempora l  relationshi p wit h th e U S ,  th e presenc e o f  C S A reduce s condi -

tionin g t o C S B substantiall y  a s compare d t o control s i n whic h C S A i s absent .  Figur e 8 B 

shows th e sam e resul t  bein g generate d b y th e T D mode l  i n a  simulatio n o f  thi s experiment . 

CSA 

CSB 

US 

2 sec - •  . 2 se c • -••'-4 -
.1 se c 

1. 6 

" t s B 

CSA ABSENT 

CSA PRESENT 

B 

8 0 

T R I A L S 

Figur e 8 .  T h e Egger-Mille r  o r  P r imac y Effec t  i n th e 
T D M o d e l .  A )  Tempora l  relationship s amon g stimul i  withi n 
a trial .  B )  Th e behavio r  ove r  trial s o f  CSB' s weigh t  whe n C S B 
i s presente d wit h an d withou t  C S A . 

I n Sutto n an d Bart o (1981) ,  w e presente d simulatio n result s wit h th e S B mode l  fo r  a n 

experimen t  simila j  t o th e Egger-Mille r  experimen t  discusse d above .  Th e experimen t  w e 

simulate d differe d fro m th e Egger-Mille r  experimen t  i n tha t  C S B wa s give n prio r  trainin g 

unti l  i t  wa s full y associate d wit h th e U S .  W h e n C S A wa s subsequentl y introduced ,  th e 

pre-establishe d associatio n t o C S B decrease d t o zer o a s trainin g continued .  Althoug h 
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we di d no t  realiz e i t  a t  th e time ,  thi s i s a  nove l  an d surprisin g predictio n o f  th e S B 

model .  W h y shoul d a  well-traine d C S tha t  continue s t o b e paire d wit h th e U S i n a  goo d 

tempora l  relationshi p los e associativ e strengt h jus t  becaus e a  ne w C S i s introduce d wit h 

no initia l  associatio n an d i n a  poo r  tempora l  relationship ? Thi s i s a  situatio n i n whic h 

on e migh t  expec t  th e origina l  C S t o bloc k an d limi t  associatio n t o th e ne w CS .  However , 

th e S B mode l  predict s a  decremen t  i n th e othe r  direction .  Recently ,  Kehoe ,  Schreurs ,  an d 

Graiiaj n (i n press )  hav e teste d an d confirme d th e predictio n tha t  C S B wil l  los e associativ e 

strengt h unde r  thes e conditions .  The y als o not e tha t  alternativ e theorie s d o no t  mak e thi s 

predictio n an d hav e considerabl e difficult y i n explainin g thi s result .  Th e behavio r  o f  th e 

T D mode l  unde r  thes e condition s i s show n i n Figur e 9 .  Thi s behavio r  i s i n slightl y bette r 

accor d wit h th e dat a tha n i s th e S B model' s behavior ,  i n tha t  th e associatio n t o C S B i s 

reduce d afte r  th e introductio n o f  C S A ,  bu t  no t  completel y eliminated . 

C SA 

UoB •  • • 

US 
^ 

-  . 2 se c -

i 

— • • - 4 — -  . 2 se c -

1 

1 
1 J. 

.1 se c 

1. 6 

"'cS B 

CSA ABSENT 

B 

CSA PRESENT 

8 0 

T R I A L S 

Figur e 9 .  T e m p o r a l  P r i m a c y Overridin g Blockin g i n 
th e T D M o d e l .  A )  Tempora l  relationship s betwee n stimuli . 
B)  Th e behavio r  ove r  trial s o f  CSB' s weigh t  whe n C S B i s 
presente d wit h an d withou t  C S A .  T h e onl y differenc e betwee n 
thi s simulatio n an d tha t  show n i n Figur e 8  wa s tha t  her e C S B 
starte d ou t  full y conditioned—CSB' s weigh t  wa s initiall y  se t 
t o 1.653 ,  th e final  leve l  reache d whe n C S B wel s presente d 
alon e fo r  8 0 trials ,  a s i n th e "CSA-absent "  cas e i n Figur e 8 . 
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Figur e 1 0 show s th e behavio r  o f  th e T D mode l  i n a  second-orde r  conditionin g experi -

ment .  I n th e first  phas e (no t  show n i n th e figure),  C S B i s pretraine d wit h th e U S .  I n th e 

secon d phase ,  C S A i s paire d wit h C S B i n th e sequentia l  arangemen t  show n i n Figur e lOA , 

i n th e absens e o f  th e US .  Experimentally ,  C S A i s foun d t o acquir e associativ e strengt h eve n 

thoug h i t  i s  neve r  paire d wit h th e U S .  I n th e T D model ,  C S A first  acquire s a  substantia l 

associatio n an d the n thi s associatio n an d th e origina l  on e t o C S B ar e extinguished .  Thi s 

i s th e sam e patter n see n experimentally . 

CSA 1 

CSB 

•  . 4 se c • -••'•4 - .4 sec -

1. 6 r 

w B 

5 0 

T R I A L S 

Figur e 10 .  Second-Orde r  Conditionin g o f  th e T D 
M o d e l .  A )  Tempora l  relationship s betwee n stimuli .  B ) 
Th e behavio r  o f  th e weight s associate d wit h C S A an d C S B 
ove r  trials .  Th e secon d stimulus ,  C S B ,  ha s a n initia l  weigh t 
of  1.65 3 a t  th e beginnin g o f  th e simulation . 

Figur e 1 1 show s th e IS I  curv e fo r  th e T D mode l  i n second-orde r  conditioning .  I t 

plot s th e associativ e strengt h afte r  10 0 trial s a s a  functio n o f  th e C S A - C S B ISI .  Thi s 

IS I  curv e differ s significantl y fro m th e C S - U S IS I  curv e show n i n Figur e 4  primaril y i n 

tha t  her e simultaneou s presentatio n result s i n th e formatio n o f  a  larg e negativ e associatio n 

instea d o f  a  smal l  positiv e one .  Recal l  tha t  th e T D mode l  treat s th e reinforcemen t  du e t o 

USs an d previousl y conditione d CS s differently :  U S signal s directl y caus e reinforcemen t 

wherea s change s i n th e signal s o f  previousl y conditione d CS s caus e reinforcement .  Thus ,  i n 

simultaneou s presentation ,  a  US' s reinforcemen t  i s delivere d thoughou t  th e presentation , 
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wherea s a  previousl y conditione d C S deliver s reinforcemen t  onl y a t  it s  onset ,  an d negativ e 

reinforcemen t  a t  it s  offset ,  s o tha t  a  simultaneousl y paire d C S wil l  b e muc h mor e affecte d 

by th e negativ e reinforcemen t  tha n b y th e positiv e reinforcement . 

CSA 

CSB 

.4 sec -

IS I 

. 4 sec -

. 7 -

"^CS A °  ' 

-. 7 -

B 

-. 3 0  . 4 1 

C S A - C S B I S I  ( s e c ) 

1. 5 

Figur e 11 .  Effec t  o f  th e C S A - C S B IS I  o n Second-Orde r  C o n -
ditionin g o f  T D M o d e l .  A )  Tempora l  relationship s betwee n stim -
uli .  B )  Resultan t  valu e o f  CSA' s weigh t  afte r  1 0 trial s a s a  fimctio n 
of  C S A - C S B ISI . 

Experimentally ,  second-orde r  conditionin g i s observe d t o occu r  wit h bot h simultzuieou s 

an d sequentia l  C S A - C S B pairings .  T o explai n thi s observatio n i n term s o f  th e T D mode l 

we mus t  appea l  t o indirec t  associations ,  whic h ar e outsid e th e scop e o f  th e mode l  pe r  se . 

Tha t  is ,  th e mode l  clearl y predict s tha t  n o direc t  C S A —*  U S associatio n wil l  develop ,  bu t 

does no t  preclud e th e developmen t  o f  bot h C S A —>•  C S B an d C S B —> U S associations ,  whic h 

togethe r  coul d hav e th e sam e effect .  Thi s explanatio n o f  second-orde r  conditionin g i s i n 

fac t  partiall y  confirme d experimentally .  On e observe d differenc e betwee n simultaneou s 

an d sequentia l  second-orde r  conditionin g i s tha t  th e associatio n t o C S A i s eliminate d 

by extinguishin g C S B i n simultaneou s second-orde r  conditioning ,  bu t  no t  i n sequentia l 

second-orde r  conditionin g (Rescorla ,  1980) .  Thi s suggest s tha t  simultaneou s second-orde r 

conditionin g i n fac t  doe s no t  resul t  i n a  direc t  C S A —> U S association . 
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Theoretica l  Basi s o f  th e T D M o d e l 

hi addition to providing an account of the range of classical conditioning phenomena 

describe d above ,  th e T D mode l  ha s a  theoretica l  basi s tha t  suggest s a n accoim t  o f  th e 

functionalit y o f  thes e phenomena .  Sutto n (1987 )  ha s develope d a  clas s o f  method s fo r 

adaptiv e predictio n calle d temporal-differenc e (TD )  method s an d ha s show n tha t  the y hav e 

certai n advantage s ove r  othe r  predictio n method s fo r  problem s havin g a  certai n structure . 

The advantage s o f  T D method s includ e reduction s i n memor y requirements ,  a  mor e eve n 

distributio n o f  computatio n ove r  time ,  an d bette r  generalizatio n fro m pas t  experienc e t o 

ne w situations .  I f  classica l  conditionin g involve s prediction ,  a s m a n y believ e i t  does ,  the n 

T D method s ar e likel y candidate s fo r  th e underlyin g learnin g procedure .  Her e w e provid e 

a brie f  introductio n t o th e theor y a s i t  relate s t o th e T D model . 

At each time step t, the subject receives a pattern of CSs represented by the stimulus 

vecto r  xt ,  fro m whic h i t  form s a  predictio n P(u; ,  xt) ,  usin g it s curren t  weigh t  vecto r  w . 

But  wha t  doe s P{w^xt )  predict ? Clearly ,  P{w,xt )  shoul d tel l  th e subjec t  somethin g 

abou t  th e value s o f  th e U S signa l  r  i n th e nea r  future .  Fo r  example ,  P{w y xt )  migh t 

predic t  somethin g lik e 

wher e N  i s th e numbe r  o f  step s remainin g i n th e curren t  trial .  Th e s u m i s a  natura l  wa y t o 

hav e th e idea l  predictio n var y wit h th e intensity ,  duration ,  an d numbe r  o f  US s occurrin g 

on th e trial ,  an d th e expecte d valu e provide s a  principle d wa y t o dea l  wit h statistica l 

variatio n fro m tria l  t o trial . 

However, the particular sum given above, in which all the rt+k values in the rest of 

th e tria l  ar e give n equa l  weight ,  i s  problemati c fo r  tw o reasons .  First ,  trial s an d tria l 

boundarie s ar e generall y i n th e min d o f  th e experimente r  an d unknow n t o th e subject . 

Second ,  experimentall y th e associatio n forme d t o a  C S depend s strongl y o n th e tim e 

elapsin g betwee n i t  an d th e U S — t h e mor e closel y th e U S follow s th e C S ,  th e stronge r  th e 

associatio n i t  wil l  support .  Thi s las t  observatio n suggest s tha t  subject s ar e predictin g a 

su m i n whic h greate r  weigh t  i s give n t o rt+ k value s fo r  smalle r  value s o f  k .  Althoug h 

ther e ar e man y way s o f  varyin g th e weightin g wit h time ,  th e T D mode l  i s base d o n a n 

exponentia l  weightin g i n whic h th e weigh t  o f  eac h rt+ k >  fc >  1 ,  i s  'y*~^ ,  fo r  0  <  ' y  <  1 . 

That  is ,  th e T D mode l  i s base d o n th e hypothesi s tha t  th e subjec t  attempt s t o adjus t  w 
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so that ,  a t  eac h tim e t : 

f  *  1 
P { w ,  x t ) ^ E l Y ,  'Y*rHik+ i  [ .  (6 ) 

U =o 

T h e paxamete r  ' y  i s calle d th e discoun t  rai t  becavis e i s determine s th e rat e a t  whic h late r 

value s o f  r  ar e discounted . 

Although the theorems so far obtained for TD methods (Sutton, 1987) do not apply to 

predictin g th e quantit y give n b y Equatio n 6 ,  T D theor y nevertheles s provide s a  method -

olog y fo r  constructin g a  T D learnin g metho d specialize d fo r  predictin g thi s quantity .  Th e 

distinguishin g featur e o f  T D method s i s tha t  th e erro r  ter m the y us e b  th e differenc e 

betwee n temporall y successiv e predictions .  P{w^xt-\ )  an d P[wyXt )  ar e temporall y suc -

cessiv e predictions ,  bu t  i t  i s  no t  appropriat e t o us e thei r  differenc e directl y a s a n erro r 

becaus e the y ar e prediction s o f  tw o differen t  quantities ,  P[w,xt-\ )  o f  -̂ ^  (13*1̂ )'Y*•"«+* }  » 

an d P(iy,xt )  o f  E  {Y^̂ =ol̂ t̂-\-k-\̂ \ )  •  However ,  thes e tw o prediction s ar e closel y relate d 

as follows : 

P {w ,x t - i ) ^E l J ^ ' ) ^ r t  +  k 

oo 

= E l r t  +  ^^' 'rt+ k 

ik= l 

^rt + ^P{wyXt). 

Thus ,  r t  +  ^P{WfXt )  i s  a  predictio n o f  th e sam e quantit y predicte d b y P{wyXt-i) ,  bu t  i t 

i s  availabl e on e tim e ste p late r  an d i s base d o n slightl y bette r  information—o n th e newly -

availabl e actua l  valu e o f  r t  an d o n th e ne w stimulu s vecto r  xt .  I t  i s  thu s th e differenc e 

betwee n thes e tw o predictions ,  tha t  is ,  {r t  +  7P(ty,Xf) )  — P{to,xt-i) ,  tha t  i s  use d a s a 

reinforcemen t  o r  erro r  i n th e T D model' s updat e rul e (Equatio n 5) . 

The TD model proposed here is not the first model of classical conditioning to be based 

on change s o r  tempora l  difference s i n ne t  associativ e strength .  Thi s mechanis m i s a  ke y 

par t  o f  th e S B model ,  an d als o o f  th e model s propose d b y Hawkin s an d Kande l  (1984) , 

Gelperin ,  Hopfiel d an d Tan k (1985) ,  Klop f  (1986 ,  i n prep.) ,  Moor e e t  al .  (1986) ,  an d 

Tesaur o (1986) .  W h a t  i s differen t  abou t  th e T D mode l  i s tha t  th e precis e wa y tempora l 

difference s ar e use d i s base d o n a  formal ,  engineerin g theor y o f  prediction ,  couple d wit h a 

specifi c  proposa l  fo r  th e quantit y bein g predicted . 
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Limitation s an d Conclusio n 

Neither the SB model nor the TD model are complete models of classical conditioning. 

Among th e majo r  classe s o f  phenomen a tha t  ar e beyon d th e scop e o f  thes e model s an d 

whic h hav e bee n treate d b y othe r  model s ar e configuratio n an d patternin g phenomen a 

(e.g. ,  Kehoe ,  1986 ,  an d Grange r  an d Schlimmer ,  1986) ,  attentiona l  an d stimulu s selec -

tio n effects ,  learnin g t o learn ,  an d learne d salience/associabilit y  change s (e.g. ,  Moor e an d 

Stickney ,  1980 ;  Schmaju k an d Moore ,  1986 ;  Kehoe ,  1986) ,  sensor y preconditionin g an d 

othe r  effect s o f  indirec t  association s (e.g. ,  Schmaju k an d Moore ,  1986) ,  C R topograph y 

(e.g. ,  Moor e e t  al. ,  1986 ;  Fre y an d Sears ,  1978) ,  an d stimulu s preprocessin g issue s (e.g. , 

Gelperin ,  Hopfield ,  an d Tank ,  1985) .  Som e o f  thes e phenomen a m a y b e addressabl e wit h 

connectionis t  mechanism s suc h a s baxrkpropagatio n (Rumelhart ,  Hinton ,  an d Williams , 

1985 )  learning-rat e adjustmen t  rule s (e.g. ,  Fre y an d Sears ,  1978 ;  Sutton ,  1986 ;  Bart o an d 

Sutton ,  1981 ,  Appendi x  C ) ,  an d recurren t  network s (e.g. ,  Sutto n an d Barto ,  1981a ;  Sutto n 

and Pinette ,  1985) . 

Although animal learning is complex and subtle, with different processes operating at 

differen t  level s an d tim e scales ,  it s  regularitie s ar e fa r  mor e strikin g tha n it s variations . 

Althoug h on e theor y tha t  explain s al l  anima l  learnin g remain s a  goal ,  mos t  progres s i n thi s 

are a ha s bee n mad e b y focussin g o n identifiabl e componen t  processe s o f  anima l  learning . 

Agains t  thi s background ,  th e T D mode l  actuall y represent s a  substantia l  integration ,  sinc e 

it s behavio r  subsume s nearl y al l  th e behavio r  o f  th e trial-leve l  Rescorla-Wagne r  mode l 

but  additionall y generate s prediction s an d explanation s fo r  within-tria l  phenomena .  Th e 

simulation s o f  th e T D mode l  describe d i n thi s paper ,  togethe r  wit h th e theoretica l  basi s 

of  th e T D model ,  sugges t  tha t  thes e phenomen a migh t  b e regarde d a s consequence s o f  a n 

adaptiv e proces s fo r  predictin g a  discoimte d s u m o f  futur e value s o f  th e U S signal . 
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ABSTRACT 

Most AI systems model and represent natural concepts and categories using uniform taxo-
nomies ,  i n whic h n o leve l  i n th e taxonom y i s distinguished .  W e presen t  a  representatio n o f 
natura l  taxonomie s base d o n th e theor y tha t  huma n categor y system s ar e non-uniform . 
That  is ,  no t  al l  level s o f  abstractio n ar e equall y importan t  o r  useful ;  ther e i s a  basi c leve l 
whic h form s th e cor e o f  a  taxonomy .  Empirica l  evidenc e fo r  thi s theor y i s discussed ,  a s ar e 
th e linguisti c an d processin g implication s o f  thi s theor y fo r  a n artificia l 
intelligence/natura l  languag e processin g system .  W e presen t  ou r  implementatio n o f  thi s 
theor y i n SNePS,  a  semanti c networ k processin g syste m whic h include s a n A T N parser -
generator ,  demonstratin g h o w thi s desig n allow s ou r  syste m t o mode l  huma n performanc e 
i n th e natura l  languag e generatio n o f  th e mos t  appropriat e categor y nam e fo r  a n object . 
The interna l  structur e o f  categorie s i s als o discussed ,  an d a  representatio n fo r  natura l  con -
cept s usin g a  prototyp e mode l  i s presente d an d discussed . 

1.  INTRODUCTION. 

Knowledge-base systems typically model and represent natural concepts and categories using uni-
for m inheritiinc e network s [Quillia n 1967 ,  1968 ,  1969 ;  Collin s &  Quillia n 1970 ;  Fahlma n 1979 ]  o r 
fram e system s [Prathma n 1983 ;  Brachma n &  Schmolz e 1984] .  W e wil l  presen t  a  representatio n o f 
natura l  taxonomie s base d o n th e theor y tha t  huma n categor y system s ar e non-uniform ,  i.e. ,  tha t  no t  al l 

level s o f  abstractio n ar e equall y importan t  o r  useful .  Thi s theor y i s supjxirte d b y a  substantia l  bod y o l 

empirica l  evidenc e fro m th e fields  o f  psychology ,  anthropology ,  an d linguistic s [Rosc h e t  al .  1976 , 

1978 ;  Mervi s &  Rosc h 1981 ;  Berli n 1978 ;  C .  H .  Brow n e t  al .  1976 ;  Tversk y 1978 ;  Hun n 1976 ;  Canto r 

et  al .  1979 ;  Smit h <f e Medi n 1981] .  W e wil l  discus s som e o f  th e evidenc e fo r  thi s theory ,  a s wel l  a s 

some o f  th e linguisti c an d processin g implication s o f  thi s theor y fo r  a n A I  syste m modelin g huma n 

cognitiv e behavior . 

The nee d fo r  a  non-unifor m representatio n wil l  b e extende d a s w e conside r  th e interna l  structur e 

of  natura l  concepts .  W e wil l  presen t  an d discus s som e o f  th e empirica l  evidenc e tha t  support s th e us e 

of  a  prototyp e mode l  fo r  thes e concepts ,  an d presen t  a  representatio n usin g thi s model .  W e wil l  argue , 

however ,  tha t  certai n level s o f  abstractio n exhibi t  mor e o f  a  prototypicalit y structur e tha n others ,  an d 

that ,  therefore ,  distinc t  representation s ar e agai n neede d i n modelin g th e interna l  structur e o f  concept s 

at  differen t  level s o f  abstractio n i n a  taxonomy . 

Our  implementatio n use s th e SNeP S semanti c networ k processin g syste m whic h include s a n A T N 

parser-generato r  [Shapiro ,  1978 ,  1979 ,  1982 ,  1986] . 

2. THEORY THE VERTICAL DIMENSION OF CATEGORY SYSTEMS - A BASIC LEVEL. 

Our  representatio n i s base d o n th e followin g principle s o f  huma n categorizatio n se t  fort h b y 
Eleano r  Rosch .  Categorie s withi n taxonomie s ar e structure d suc h tha t  ther e i s on e leve l  o f  abstractio n 

at  whic h th e mos t  basi c categor y cut s ca n b e made .  Thi s leve l  o f  abstractio n form s th e "core "  [Berli n 

1978 ,  p .  24 ]  o f  a  taxonomy ,  an d i s calle d th e basi c level .  Basi c categorie s are :  (l )  thos e whic h carr y th e 

most  information ;  (2 )  thos e whos e member s hav e th e mos t  attribute s i n common ;  an d (3 )  th e categorie s 
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most  differentiate d fro m on e another .  Basi c leve l  categorie s are ,  i n fact ,  disjoint .  Chair ,  car ,  an d do g 

ar e example s o f  basi c leve l  objects . 

Level s o f  a  taxonom y above  th e basi c leve l  ar e calle d superordinat e categorie s (e.g. ,  furniture , 

vehicle ,  m a m m a l ) .  Fewe r  attribute s ar e share d amon g member s o f  superordinat e categories ,  i.e. ,  ther e 

i s les s categor y resemblance .  Categorie s belo w th e basi c leve l  ar e calle d subordinat e categorie s (e.g. , 

kitche n chair ,  statio n wagon ,  collie) .  Subordinat e categorie s contai n man y attribute s whic h overla p 

wit h thos e o f  othe r  subordinat e categories ,  i.e. ,  ther e i s les s contras t  betwee n categorie s acros s a  subordi -

nat e level . 

2.1. Empirical Evidence. 

The followin g summarize s som e o f  Rosch' s empirica l  evidenc e supportin g th e existenc e o f  a  basi c 

leve l  whic h form s th e cor e o f  a  taxonomy .  [Rosc h e t  al .  1976 ,  1978 ;  Mervi s &  Rosc h 1981] . 

2.1.1. Attributes of Objects. 

W h en subject s wer e aske d t o lis t  attribute s o f  basic ,  superordinate ,  an d subordinat e leve l  objects , 

ver y fe w attribute s wer e liste d fo r  superordinat e categories ,  a  grea t  numbe r  o f  attribute s wer e liste d 

fo r  basi c categories ,  an d a n insignifican t  numbe r  o f  additiona l  attribute s wer e liste d fo r  subordinat e 

leve l  categories .  Thi s resul t  support s th e theor y tha t  th e basi c leve l  i s  th e mos t  inclusiv e o r  genera l 

leve l  a t  whic h th e object s o f  a  categor y posses s a  larg e numbe r  o f  attribute s i n common .  Attribute s 

appea r  t o b e clustere d a t  th e basi c level . 

2.1.2. Object Recognition. 

Experiment s usin g average d shapes ,  obtaine d b y superimposin g outline s o f  object s t o for m nor -

malize d shapes ,  showe d tha t  th e basi c leve l  i s  th e mos t  inclusiv e leve l  a t  whic h th e average d shap e o f 

an objec t  ca n b e recognized .  Tha t  is ,  basi c object s (e.g. ,  chairs ,  dogs )  wer e th e mos t  genera l  object s tha t 

coul d b e identifie d fro m thes e shapes ;  superordinat e object s (e.g. ,  furniture ,  animals )  coul d no t  b e 

identifie d fro m average d shapes .  Thi s suggest s tha t  basi c leve l  objects ,  ar e th e mos t  inclusiv e categorie s 

fo r  whic h a  concret e menta l  imag e o f  th e categor y a s a  whol e ca n b e formed .  W e ca n for m a n imag e 

of  a  ca t  o r  do g whic h reflect s th e averag e member s o f  th e class ,  however ,  w e canno t  for m a n imag e o f 

a m a m m al  tha t  reflect s th e appearanc e o f  th e clas s a s a  whole . 

2.1.3. Object Names Categorization, 

Studie s o f  pictur e verificatio n hav e demonstrate d tha t  object s ar e first  recognize d a s member s o f 

thei r  basi c leve l  category .  W h e n subject s wer e show n picture s o f  objects ,  th e basi c leve l  nam e wa s th e 

name chose n fo r  a n object .  Wit h additiona l  processin g time ,  subject s wer e abl e t o categoriz e object s a t 

thei r  subordinat e an d superordinat e levels .  Thus ,  subject s k n e w th e subordinat e an d superordinat e 

names o f  objects ,  bu t  categorize d object s first  a t  th e basi c level .  Rosc h furthe r  state s tha t  basi c leve l 

object s ar e th e first  categorization s mad e durin g perceptio n o f  th e environment ,  a s wel l  a s th e 

categorie s mos t  named ,  an d mos t  necessar y i n language . 

2.1.4. Development of Categories. 

Basi c leve l  object s ar e no t  onl y th e first  categorie s learne d b y children ,  the y appea r  t o b e forme d 

difî erentl y fro m categorie s a t  othe r  levels .  Tha t  is ,  basi c categorie s ar e no t  learne d explicitl y  b y 

acquirin g a  definitio n o r  deductiv e rule ,  bu t  rathe r  ar e learne d implicitl y  b y exposur e t o multipl e 

instance s o f  th e category ;  i.e. ,  the y ar e forme d inductively .  Thi s i s ofte n calle d th e acquisitio n o f  type s 

throug h ostensiv e definition s [Jackendofi "  1983] .  Categorie s subordinat e an d superordinat e t o thi s leve l 

ar e ofte n forme d b y th e acquisitio n o f  a  deductiv e rul e [Berli n 1978] .  Fo r  example ,  th e concep t  mam-

mal  migh t  b e learne d i n term s o f  a  rul e whic h list s attribute s suc h as :  warm-blooded ;  bod y usuall y 

covere d wit h hair ;  femal e give s mil k t o young . 
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2.13. Summary of Empirical Evidence. 

Thus ,  recen t  categorizatio n researc h provide s a  grea t  dea l  o f  empirica l  evidenc e supportin g th e 

importanc e o f  basi c leve l  categorie s i n a  taxonomy ,  an d th e non-uniformit y o f  huma n categor y sys -

tems .  Basi c leve l  categorie s ar e th e first  categorie s developed ,  the y ar e forme d differentl y tha n non -

basi c categories ,  the y ar e th e mos t  use d an d usefu l  categories ,  an d therefore ,  the y mus t  b e distinguishe d 

fro m non-basi c categorie s i n som e way . 

3. REPRESENTATION AND USE OF CATEGORIES IN AN AI/NLP SYSTEM. 

I f  a n artificia l  intelligence/natura l  languag e processin g (AI/NLP )  syste m modelin g huma n 

categor y system s mus t  b e abl e t o distinguis h basi c leve l  categorie s fro m non-basi c categories ,  a n impor -

tan t  issu e t o b e considere d i s h o w an d wher e t o mak e th e distinction .  Basi c leve l  object s ar e use d i n 

tw o kind s o f  categorization :  "ordinary "  categorization ,  i.e. ,  th e classificatio n o f  a n individua l  i n a  class , 

and generi c categorization ,  i.e. ,  categorizatio n involvin g tw o classe s o r  types .  I t  seem s clea r  tha t  sinc e 

basi c leve l  categorie s ar e forme d earl y i n life ,  the y ar e forme d vi a ordinar y categorization .  Th e teach -

in g o f  thes e name s i s limite d t o th e presentatio n o f  example s an d counter-examples .  Thus ,  a  chil d m a y 

lear n th e basi c leve l  nam e 'dog' ,  a s someon e point s t o Rove r  an d say s 'dog' .  Therefore ,  ou r  syste m 

makes th e distinctio n betwee n basi c an d non-basi c level s i n th e representation s fo r  ordinar y categoriza -

tion ,  i.e. ,  i n th e individual/clas s relations . 

Figur e l a show s th e cas e fram e use d fo r  ordinar y categorizatio n o f  a  basi c leve l  object .  Her e m l 

represent s th e propositio n tha t  th e individua l  represente d b y i  i s a  member  o f  th e basi c leve l  categor y 

represente d b y j .  Figur e l b show s th e representatio n fo r  "Rove r  i s a  dog" .  [Se e Shapir o &  Rapapor t 

1986 fo r  th e synta x an d semantic s o f  othe r  constructs. ] 

Sinc e non-basi c categorie s ar e forme d late r  tha n basi c categories ,  an d ar e forme d i n th e cours e o f 

th e investigatio n o f  underlyin g principle s rathe r  tha n ostensiv e features ,  w e us e a  slightl y mor e com -

ple x cas e fram e t o represen t  membershi p i n a  non-basi c leve l  category .  Thus ,  i n Figur e 2 a m l 

represent s th e propositio n tha t  th e individua l  represente d b y i  i s a  member  o f  th e non-basi c categor y 

represente d b y j .  Th e representatio n o f  "Rove r  i s a  m a m m a l "  i s  show n i n Figur e 2b . 

^_ ^  >- < arg l  re l  arg 2 
j O Proper̂ am e \,,^ ,  i /  i  N . 

O 0 O 

le x le x 

;rover ) 

Figur e 2 a Figur e 2 b 
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Figure 3a Figure 3b 

These case frames in SNePS are the built-in syntactic structures of our modeled minds. The use 
of  th e member'clas s cas e fram e reflect s th e basi c o r  primitiv e natur e o f  categorizatio n i n basi c 
categories ,  wherea s th e us e o f  th e argl/rel/arg 2 cas e fram e treat s membershi p i n non-basi c categorie s 
as a n ordinar y binar y relation .  Thus ,  ou r  syste m distinguishe s tw o case s o f  ordinar y categorization : 
one representatio n i s use d whe n th e clas s membershi p involve s a  basi c leve l  category ,  anothe r  represen -
tation ,  whe n th e clas s membershi p involve s a  non-basi c category . 

I n additio n t o thi s ordinar y categorization ,  a  syste m must ,  o f  course ,  b e abl e t o represen t  generi c 
categorization ,  i.e. ,  class/clas s relations ,  suc h a s "EX)g s ar e mammals" .  Thes e relation s ar e represente d 
usin g a  subclass/superclas s cas e frame .  Se e Figur e 3a .  Her e m l  represent s th e propositio n tha t  th e clas s 
of  i' s  ar e a  subclas s o f  th e clas s o f  j's .  Th e representation s o f  "Dog s ar e mammals "  an d "Collie s ar e 
dogs "  ar e show n i n Figure s 3 b an d 3 c respectively . 

Thus ,  w e buil d a  traditiona l  unifor m typ e hierarch y o f  class/clas s relations .  W e se e n o reaso n t o 
distinguis h an y relation s i n th e hierarchy ,  sinc e w e find  n o evidenc e tha t  generi c categorizatio n sen -
tence s suc h a s "collie s ar e dogs" ,  "dog s ar e mammals" ,  "mammal s ar e vertebrates" ,  requir e differen t 
underlyin g representations .  (I t  i s  noteworth y tha t  ther e ar e n o cl2iss/clas s relation s betwee n tw o basi c 
leve l  categories. ) 

Sinc e a n abilit y  t o for m abstrac t  concept s i s require d fo r  generi c categorization ,  thi s categorizatio n 
occur s a t  a  late r  stag e o f  developmen t  tha n doe s ordinar y categorizatio n o f  basi c leve l  objects .  There -
fore ,  th e typ e hierarchy ,  whic h i s forme d afte r  basi c leve l  concept s ar e formed ,  i s no t  th e appropriat e 
plac e t o mak e th e distinctio n betwee n basi c an d non-bzisi c categories .  I n summary ,  a  singl e representa -
tio n i s use d fo r  class/clas s relations ,  bu t  tw o distinc t  representation s ar e use d fo r  individual/clas s rela -
tions . 

KRL- 0 [Bobro w &  Winogra d 1977a ,  1977b ,  1979 ]  is ,  t o ou r  knowledge ,  th e onl y othe r  A I  syste m 
t o distinguis h beisi c an d non-basi c level s i n th e representatio n o f  taxonomies .  KRL- 0 use d unit s t o 
represen t  bot h classe s an d individuals .  Thre e distinc t  level s o f  abstractio n wer e use d i n th e representa -
tio n o f  classe s o r  type s i n units :  a  basi c level ,  a n abstrac t  level ,  an d a  specializatio n level .  Bobro w an d 
Winogra d state d tha t  the y di d not ,  however ,  find  a n appropriat e wa y t o us e thes e uni t  categorizatio n 
level s fo r  classes ,  an d remove d uni t  categorizatio n fro m KRL- 1 [Bobro w &  Winogra d 1979 ,  p .  41] . 
Althoug h no t  precisel y specifie d i n thei r  papers ,  Bobro w an d Winogra d appea r  t o hav e mad e distinc -
tion s amon g th e level s o f  abstractio n i n th e typ e hierarch y o f  frame s only ,  no t  i n th e individual/clas s 
relationships .  W e coul d no t  find  an y evidenc e tha t  distinction s wer e mad e i n th e unit s representin g 
individual s [Bobro w &  Winogra d 1977 a p .  23] . 

3.1. INHERITANCE AND LINGUISTIC IMPLICATIONS. 

3.1.1. Inheritance. 

One o f  th e organizationa l  principle s t o whic h mos t  semanti c network s an d fram e system s adher e 
i s tha t  o f  storin g projjertie s i n th e hierarch y a t  th e plac e coverin g th e maximal  subse t  o f  node s sharin g 
them .  Thi s i s a n efficien t  organizationa l  schem e i n whic h propertie s d o no t  hav e t o b e replicate d a t 
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differen t  place s i n th e network ,  fo r  the y ar e inherite d b y node s belo w th e one s i n whic h the y ar e 

stored .  Thi s principl e fits  i n wel l  wit h th e theor y o f  cognitiv e economy ,  fo r  on e ca n gai n a  grea t  dea l 

of  informatio n fro m a  categor y syste m organize d i n thi s way ,  whil e conservin g resources . 

Categorizatio n researc h studies ,  however ,  d o no t  suppor t  thi s principl e o f  organization .  A s state d 

above ,  propertie s appea r  t o b e clustere d a t  th e basi c level ,  no t  a t  th e leve l  coverin g th e maxima l  subse t 

of  nodes .  Thi s mean s tha t  ther e i s no t  a  grea t  dea l  o f  inheritanc e o f  propertie s takin g plac e i n th e typ e 

hierarchy .  Instea d mos t  inheritanc e occur s a t  th e individua l  level ,  i.e. ,  fro m th e basi c leve l  categor y t o 

th e individual .  Thus ,  Rove r  inherit s attribute s fro m th e basi c leve l  categor y dog . 

3.1.2. Linguistic Implications. 

Perhap s th e mos t  dramati c enhancemen t  t o ou r  syste m resultin g fro m ou r  distinguishin g basi c 

and non-basi c leve l  categorie s i s ou r  abilit y  t o mode l  huma n performanc e b y choosin g th e mos t 

appropriat e categor y nam e fo r  a n object .  System s usin g unifor m taxonomie s hav e t o mak e arbitrar y 

wor d choic e decisions .  Fo r  example ,  th e NIGE L generato r  [Sondheime r  e t  al .  1986 ]  generate s a s specifi c 

a ter m a s possible .  However ,  w e k n o w fro m huma n categorizatio n researc h tha t  i n th e absenc e o f  a 

specifi c  contex t  tha t  woul d lea d on e t o us e a  non-basi c leve l  nam e fo r  a n object ,  th e basi c leve l  nam e 

shoul d b e used . 

The dialo g show n i n Figur e 4  illustrate s ou r  system' s abilit y  t o mode l  huma n performanc e i n 

thi s respect .  Sinc e th e basi c leve l  nam e i s th e mos t  usefu l  an d mos t  use d name ,  th e mos t  appropriat e 

answer  t o th e questio n "Wha t  di d Luc y pet? "  i s no t  th e specializatio n "collie "  o r  th e superordinat e 

leve l  nam e "mammal ,  bu t  th e basi c leve l  nam e "dog" . 

The additiona l  dialo g show n i n Figur e 5  demonstrate s tha t  th e basi c leve l  nam e i s chose n regard -

les s o f  th e orde r  i n whic h categorie s ar e mentioned ,  an d als o demonstrate s th e natura l  languag e inpu t 

of  classificationa l  information . 

4. THEORY - THE INTERNAL STRUCTURE OF CATEGORIES. 

Althoug h categorie s hav e bee n viewe d traditionall y a s concept s establishe d b y necessar y an d 
sufficien t  criteria ,  an d man y A l  system s hav e modele d natura l  concept s i n thi s w a y [Brachma n 1983 ; 

Brachma n &  Schmolz e 1984 ;  Fahlma n 1979] ,  recen t  categorizatio n researc h o n naturall y occurrin g con -

cept s doe s no t  suppor t  thi s vie w [Rosc h 1976 ,  1978 ;  Mervi s &  Rosc h 1981 ;  Smit h &  Medin ,  1981] . 

Rosch ha s suggeste d tha t  anothe r  w a y t o achiev e separatenes s an d clarit y o f  categorie s i s b y "conceiv -

in g o f  eac h categor y i n term s o f  it s  clea r  cases "  [Rosc h 1978 ,  p .  36] ,  tha t  is ,  i n term s o f  prototypes . 

Thus ,  al l  member s o f  a  categor y ar e no t  equall y representativ e o f  th e category ,  but ,  rather ,  som e exem -

plar s ar e mor e representativ e tha n others .  Prototypica l  categor y member s ar e thos e member s whic h 

hav e th e mos t  attribute s i n commo n wit h othe r  member s o f  th e categor y an d th e fewes t  attribute s i n 

common wit h member s o f  contrastin g categories . 

4.1. Empirical Evidence Supporting Prototype Theory. A large body of empirical evidence 

exist s whic h support s th e theor y tha t  categorie s ar e conceive d o f  i n term s o f  prototypes ,  an d that , 

therefore ,  categor y member s var y i n representativenes s [Rosc h 1978 ;  Mervi s &  Rosc h 1981 ;  Smit h & 

Medi n 1981] .  A  brie f  overvie w o f  som e supportin g evidenc e follows . 

4.1.1. Production of Exemplars. When subjects are asked to list exemplars of superordinate 

categories ,  the y lis t  th e mos t  representativ e exemplars .  Similarly ,  whe n subject s ar e aske d t o sketc h a n 

exempla r  fo r  a  particula r  category ,  the y sketc h th e mos t  representativ e exemplar s [Mervi s &  Rosch , 

1981] . 

4.1.2. Categorization: Speed of Processing. Reaction times studies show that the verification of a 

robi n a s a  bir d i s performe d faste r  tha n th e verificatio n o f  a n ostric h o r  pengui n a s a  bird .  Thus ,  sub -

ject s ar e abl e t o verif y categor y membershi p faste r  fo r  thos e object s rate d a s bein g prototypical ,  i.e. ,  fo r 

representativ e exemplars ,  tha n fo r  thos e rate d a s non-prototypica l  [Mervi s &  Rosch ,  1981] .  I n addition , 
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at n parse r  initudizatio n 

:  Luc y pette d a  yello w anima l 
I  undentan d tha t  Luc y pette d a  yello w anima l 

:  Th e anima l  wa a a  do g 
I  undentan d tha t  th e yello w anima l  U  a  do g 

:  Th e do g wa s a  colli e 
I  understan d tha t  th e yello w do g i s a  colli e 

:  Wha t  di d Luc y pe t 
Luc y pette d a  yello w do g 

:-en d 
(en d at n parser ) 

Figur e 4 

at n parse r  initializatio n 

:  Mar y pette d a  do g 
I  understan d tha t  Mar y pette d a  do g 

: The dog is a mammal 
I  understan d tha t  th e do g i s a  m a m m al 

: The dog was a labrador 
I  understan d tha t  th e do g i s a  labrado r 

: What did Mary pet 
Mar y pette d a  do g 

: Jane petted a manz 
I  understan d tha t  Jan e pette d a  man z 

: The manz is a cat 
I  understan d tha t  th e man z i s a  ca t 

: A cat is a mammal 
I  understan d tha t  cat s ar e mammal s 

: Mammals are anim«i« 
I  understan d tha t  m«mmai « ar e «nimai « 

: Who petted an animal 
Mar y pette d a  do g 
and 
Jan e pette d a  ca t 

:-en d 
(en d at n parser ) 

Figure 5 
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when a  prime ,  i^ ,  th e prio r  mentio n o f  th e categor y name ,  i s provided ,  th e respons e tim e t o verif y 

categor y membershi p o f  representativ e exemplar s decreases .  Priming ,  however ,  increase s th e respons e 

tim e necessar y t o verif y th e membershi p o f  non-representativ e exemplar s [Mervi s &  Rosch ,  1981] . 

4.1.3. Learning and Development of Categories. 

Categor y membershi p i s establishe d firs t  fo r  thos e exemplar s tha t  ar e mos t  representativ e o f  th e 

category ;  membershi p fo r  non-representativ e exemplar s vacillate s fo r  som e time .  Thus ,  th e formatio n 

of  categor y prototype s i s relate d t o th e initia l  formatio n o f  categories :  th e mos t  representativ e member s 

of  categorie s ar e th e one s firs t  establishe d a s categor y members .  I n addition ,  categorie s ar e learne d mor e 

easil y i f  initia l  exposur e i s confine d t o representativ e exemplar s [Mervi s &  Rosc h 1981] . 

4.1.4. Categorization: Indeterminacy of Category Membership. Category boundaries are not 

wel l  defined .  Man y experiment s hav e reveale d tha t  subject s disagre e concernin g th e categor y t o whic h 

poor  exemplar s belon g [Berli n &  Ka y 1969 ;  Labo v 1973 ;  McCloske y &  Glucksber g 1978] .  Bot h Soka l 

[1974 ]  an d Rosc h &  Mervi s [1975 ]  hav e demonstrate d tha t  poo r  exemplar s contai n attribute s tha t  over -

la p wit h thos e o f  contras t  categories . 

4.1.5. Perception of Typicality Differences. There is general agreement among subjects when 

the y ar e aske d t o rat e ho w goo d a n exampl e i s o f  it s  category ,  o r  t o choos e th e exemplar  mos t  represen -

tativ e o f  it s category .  [Rosc h 1978 ;  Mervi s &  Rosc h 1981] . 

4.2. Summary of Empirical Evidence. If natural categories are determined by necessary and 

sufficien t  criteria ,  the n categor y member s shoul d b e equivalent ,  i.e. ,  an y member  o f  th e categor y shoul d 

be a s goo d a n exampl e o f  th e concep t  a s an y othe r  one .  Th e empirica l  evidenc e outline d above  doe s no t 

suppor t  thi s view .  Reactio n tim e studie s showin g th e spee d o f  categorization ,  studie s o f  th e learnin g 

and developmen t  o f  categories ,  studie s o f  typicalit y ratings ,  an d studie s involvin g th e productio n o f 

exemplars ,  demonstrat e tha t  al l  member s ar e no t  equall y goo d example s o f  thei r  category ,  bu t  rathe r 

tha t  som e member s o f  a  categor y ar e mor e representativ e tha n others . 

We ar e no t  proposin g tha t  a  prototyp e mode l  i s a n appropriat e on e fo r  al l  concepts ,  bu t  ar e con -

sidering *  onl y natura l  concept s i n thi s paper .  Some classe s o f  entitie s ma y indee d b e determine d b y 

necessar y an d sufficien t  criteria . 

4.3. Representation. 

As Rosc h point s out ,  us e o f  a  prototyp e mode l  doe s no t  specif y a  representatio n o f  categories ,  i t 

merel y constrain s ou r  choic e o f  representatio n [Rosc h 1978] .  Differen t  theorie s o f  semanti c memor y 

can accomodat e thi s view .  However ,  i t  seem s clea r  tha t  a  representatio n base d o n th e classica l  model , 

i.e. ,  o n necessar y an d sufficien t  criteria ,  canno t  accomodat e th e evidenc e discusse d above . 

4.3.1. Additional Constraints. 

We agre e wit h th e proposa l  [Rosc h 1978 ]  tha t  an y representatio n fo r  a  natura l  concep t  shoul d 

satisf y th e requirement s o f  (l )  mirrorin g th e structur e i n th e perceive d worl d an d (2 )  cognitiv e econ -

omy.  Cognitiv e econom y dictate s tha t  a  representatio n fo r  th e concep t  do g shoul d includ e onl y th e 

essentia l  informatio n fo r  th e categorizatio n o f  nove l  instance s o f  thi s concept ,  i.e. ,  informatio n abou t 

ho w dog s resembl e on e anothe r  an d diffe r  fro m othe r  concepts .  I n addition ,  w e believ e tha t  cognitiv e 

economy furthe r  dictate s tha t  w e mentall y represen t  categorie s i n term s o f  a n abstractio n whic h i s a n 

amalgamatio n o f  th e mos t  salien t  an d mos t  moda l  feature s o f  categor y members .  A n alternativ e t o 

thi s featura l  mode l  i s th e menta l  image  mode l  o f  prototypes .  However ,  a s Johnson-Lair d [1983 ]  point s 

out ,  image s ar e highl y specific .  Thus ,  w e d o no t  for m a n image  o f  tree s i n genera l  o r  o f  frui t  i n gen -

eral ,  rathe r  w e for m a n image  o f  a  specifi c  tre e o r  a  specifi c  fruit .  W e canno t  for m a n imag e tha t  i s 

isomorphi c t o th e clas s a s a  whol e fo r  thes e categories .  Th e imag e mode l  woul d requir e menta l  image s 

fo r  eac h o f  th e clear-cu t  case s o r  typica l  categor y members ,  rathe r  tha n a  composit e o f  th e feature s o f 

thes e typica l  members ,  an d ye t  seem s n o mor e usefu l  i n categorizin g nove l  instances .  Thus ,  th e 
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featura l  mode l  i s a  mor e economica l  one .  Th e featura l  mode l  i s als o abl e t o captur e functiona l  attri -

bute s whic h canno t  easil y b e capture d i n a  menta l  imag e o r  holisti c model . 

Our  representatio n make s us e o f  on e furthe r  constraint :  ou r  belie f  tha t  type s o r  categorie s ar e 

non-projectabl e o r  non-referring ,  i.e ,  type s d o no t  exist .  A s Jackendof f  [1983 ]  point s out ,  w e canno t 

poin t  t o a  type ,  bu t  onl y t o mstance s o f  types .  W e d o no t  conside r  a  prototyp e t o b e a n additiona l 

member  o f  it s  category ,  bu t  rathe r  conside r  i t  t o b e a n abstraction :  a  lis t  o f  features .  Therefore , 

althoug h ou r  representatio n fo r  th e prototypica l  do g m a y contai n th e featur e four-leggedness ,  w e d o 

not  concer n ourselve s wit h structura l  informatio n suc h a s thi s prototypica l  dog' s typica l  lef t  fron t  leg . 

We ar e onl y intereste d i n th e abstrac t  featur e o r  propert y four-leggedness .  fo r  it s  facilitatio n o f 

categorization .  Thi s constrain t  allow s u s t o avoi d som e o f  th e inheritanc e problem s wit h whic h 

Fahlman' s N E T L [1979 ]  mus t  deal ,  sinc e h e mus t  concer n himsel f  tha t  a n individua l  elephan t  doe s no t 

inheri t  th e typica l  elephant' s typica l  lef t  fron t  leg .  (Se e als o Shapir o [1980 ]  fo r  a  revie w o f  NETL. ) 

4.4. Implementation of Prototype Model in SNePS. 

Our  implementatio n represent s a  categor y a s a  collectio n o f  abstrac t  feature s o r  properties .  A 

separat e propositio n i s use d t o captur e eac h abstrac t  feature .  Thus ,  th e categor y bir d i s represente d i n 

term s o f  th e mos t  salien t  an d moda l  feature s o f  th e member s o f  th e concep t  bird ,  e.g. ,  files,  feathered . 

winged ,  ha s a  beak ,  sings ,  etc .  Eac h o f  thes e propertie s i s represente d wit h a  defaul t  generalization , 

e.g. ,  flie s i s represente d wit h a  defaul t  generalizatio n tha t  ma y b e paraphrase d as :  Fo r  al l  x  i f  x  i s a 

bird ,  the n presumabl y x  flies.  Figur e 6  show s a  partia l  representatio n fo r  th e prototyp e bird ,  usin g 

tw o o f  th e feature s mentione d above .  Thus ,  a  prototyp e i n ou r  syste m consist s o f  a  bundl e of "  defaul t 

generalizations ,  al l  o f  whic h shar e th e sam e antecedent ,  x  i s a  bird ,  i n ou r  example ,  an d th e sam e vari -

able . 

clas s 

ant 

member  objec t  propert y 

lex / object 

h /  V 5 
J/^dc q propert y 

le x 

t 
flies " 

Figur e 6 
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4^ .  EflFec t  o f  th e Leve l  o f  Abstractio n o n th e Representation . 

Whil e superordinat e leve l  categorie s ar e forme d i n th e cours e o f  th e investigatio n o f  underlyin g 

principles ,  basi c leve l  categorie s ar e forme d b y exposur e t o multipl e instances ,  o n th e basi s o f  ostensiv e 

features .  Therefore ,  i t  seem s tha t  basi c leve l  leve l  categorie s shoul d exhibi t  mor e o f  a  protypicalit y 

structur e tha n superordinat e leve l  categories .  Th e basi c leve l  i s  als o th e leve l  o f  abstractio n a t  whic h 

attribute s ar e clustered ;  ver y fe w attribute s cluste r  a t  highe r  level s i n th e taxonomy .  Thus ,  i t  seem s 

appropriat e t o us e distinc t  representation s fo r  th e interna l  representatio n o f  basi c an d non-basi c leve l 

categories :  a  prototyp e representatio n fo r  basi c leve l  categorie s an d perhaps ,  a  mixe d representatio n 

tha t  combine s deductiv e rule s whic h ar e tru e universals ,  e.g. ,  mamma l s ar e warm-blooded ,  wit h a n 

exempla r  component ,  tha t  is ,  wit h a  listin g o f  prominen t  exemplars ,  fo r  superordinat e leve l  concepts . 

4.6. Understanding Generic Sentences. 

Thi s wor k gre w ou t  o f  a n interes t  i n understandin g generi c sentences ,  i.e. ,  sentence s containin g 

generi c concepts .  W e ar e n o w considerin g whethe r  th e prototyp e mode l  i s o f  us e i n understandin g 

thes e sentence s whe n the y involv e basi c leve l  o r  subordinat e leve l  concepts .  On e o f  th e problem s thes e 

sentence s pos e fo r  a n AI /NL U syste m i s tha t  a  multiplicit y o f  quantifier s ca n b e posite d fo r  sentence s 

of  thi s type .  Conside r  th e followin g sentences : 

(l) Cardinals are red. (The mature males are red.) 

(2) Mosquitos carry malaria. (Very few actually carry malaria.) 

(3) Dogs are four-legged. (Most are four-legged.) 

(4) Shamrocks are green. (Most are green.) 

(5) Men are mortal. (Mortality is a necessary criterion in this case.) 

It may be more appropriate to examine the properties or features expressed in terms of saliency, rather 

tha n t o tr y t o determin e th e sens e o f  quantificatio n i n thes e sentences .  Feature s whic h w e conside r  t o 

be especiall y salient ,  suc h a s transmit s dangerou s disease ,  ma y b e par t  o f  th e abstractio n tha t  for m th e 

prototypica l  mosquito ,  regardles s o f  th e sens e o f  quantificatio n i n th e sentenc e o r  utterance . 

4.7. PROCESSING IMPLICATIONS. 

The non-uniformit y o f  huma n categor y system s als o ha s implication s fo r  a  processin g mode l  fo r 

categorization .  Categor y researc h ha s establishe d tha t  object s ca n b e identifie d a s member s o f  thei r 

basi c leve l  categor y mor e rapidl y tha n a s member s o f  thei r  superordinat e o r  subordinat e categories .  A 

possibl e processin g mode l  fo r  ou r  implementation ,  compatibl e wit h Rosch' s empirica l  evidenc e an d th e 

curren t  genera l  processin g assumption s abou t  categorizatio n involvin g featura l  model s [Smit h &  Medi n 

1981 ]  suc h a s our s i s th e following .  A n objec t  i s first  identifie d o r  recognize d a s a  member  o f  it s  basi c 

class ,  sinc e propertie s o r  attribute s ar e clustere d a t  th e basi c level .  Becaus e o f  thi s bundlin g o f  attri -

bute s a t  th e basi c level ,  thi s processin g involvin g featur e matchin g ca n b e performe d quickly .  Categori -

zatio n o f  a n objec t  a s a  member  o f  it s  subordinat e classe s require s additiona l  processin g time ,  becaus e 

additiona l  feature s mus t  b e matched ,  som e o f  whic h ar e muc h les s salien t  tha n th e feature s fo r 

categorizin g a n objec t  a t  th e basi c level .  Categorizatio n o f  a n objec t  a s a  member  o f  it s  superordinat e 

classe s require s inferencin g usin g th e typ e hierarchy .  W e us e path-base d inferenc e t o accomplis h thi s 

[Shapir o 1986 ,  1978] .  Performin g thi s inferencing ,  o f  course ,  require s additiona l  processin g time . 

5. CONCLUSIONS. 

We hav e incorporate d principle s o f  categorizatio n derive d fro m severa l  year s o f  researc h i n ou r 

Al/NL P system .  Principle s o f  categorization ,  take n seriously ,  affec t  th e desig n an d representatio n o f 

taxonomie s fo r  natura l  concepts .  W e distinguis h on e level ,  th e basi c level ,  a s th e cor e o f  ou r 
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taxonomies ,  usin g a  representatio n fo r  membershi p i n basi c categorie s distinc t  fro m tha t  use d fo r 
membershi p i n non-basi c categories .  Thi s representatio n allow s ou r  syste m t o mode l  huma n perfor -
mance i n th e generatio n o f  appropriat e name s fo r  objects :  whe n ther e i s n o contex t  effect ,  th e basi c 
leve l  nam e i s used . 

The us e o f  a  prototyp e representatio n an d storin g o f  attribute s a t  th e basi c leve l  wil l  allo w u s t o 
model  huma n performanc e i n categorizatio n task s involvin g basi c an d non-basi c leve l  objects . 
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ABSTRACT 

The Baci c Propagatio n algorith m o f  Rumelhart ,  Hinton ,  an d William s (1986 ) 
i s a  powerfu l  learnin g techniqu e whic h ca n adjus t  weight s i n connectionis t 
network s compose d o f  multipl e layer s o f  perceptron-lik e units .  Thi s pape r 
describe s a  variatio n o f  thi s techniqu e whic h i s applie d to  network s wit h con -
straine d multiplicativ e connections .  Instea d o f  learnin g th e weight s to  com -
put e a  singl e function ,  i t  learn s th e weight s fo r  a  networ k whos e output s ar e 
th e weight s fo r  a  networ k whic h ca n the n comput e multipl e functions . 

The techniqu e i s elucidate d b y example ,  an d the n extende d int o th e real m 
of  sequenc e learning ,  a s prelud e to  wor k o n connectionis t  inductio n o f 
grammars .  Finally ,  a  hos t  o f  issue s regardin g thi s for m o f  computatio n ar e 
raised . 

1. Introduction 

Most  "Connectionist "  (Feldma n &  Ballard ,  1982 )  o r  "Paralle l  Distribute d 
Processing "  (Rumelhar t  et .  al. ,  1986b )  model s us e fixed-structure  networks ,  i n 
whic h th e weight s ar e se t  programmaticall y o r  ar e adjuste d slowl y b y som e 
iterativ e learnin g algorithm .  Th e resultan t  network s ar e essentiall y  "hard-wired " 
special-purpos e computer s tha t  perfor m som e application ,  lik e a  10-cit y travel -
in g Salesma n proble m (Hopfiel d &  Tank ,  1985) ,  past̂ tens e ver b conjugatio n 
(Rumelhar t  &  McClelland ,  1986) ,  text̂ to-speec h processin g (Sejnowsk i  & 
Rosenberg ,  1986) ,  o r  context-fre e parsin g o f  bounded-lengt h sentence s (Fanty , 
1985 ;  Selman ,  1985) .  Thi s las t  applicatio n i s particularl y disturbin g becaus e a 
bounded-lengt h context-fre e gramma r  i s simpl y a  regula r  grammar ,  recogniz -
abl e b y a  simpl e finite-state  machine .  I f  connectionis m entail s a  retur n t o pre -
Chomskia n theorie s o f  linguisti c capabilities ,  the n i t  wil l  b e i n trouble . 

One o f  th e majo r  difference s betwee n ou r  wor k i n connectionis t  languag e 
processin g (Pollac k &  Waltz ,  1982 ;  Walt z &  Pollack ,  1985 )  an d other s (Cottrell , 
1985 ;  Fanty ,  1985 ;  Selman ,  1985 )  i s ou r  us e o f  dynamicall y changin g networ k 
structure ,  i.e. ,  weight s tha t  ar e modifie d durin g a  computation .  Variou s 
researcher s hav e see n th e nee d fo r  dynami c connections ,  includin g (Feldman , 
1982 )  an d (McClelland ,  1985) ,  bu t  th e resultin g system s ar e ver y difficul t  t o 
manage.  I n th e mos t  unconstraine d cas e o f  a  syste m usin g multiplicativ e con -
nections ,  eac h weigh t  i n a  syste m o f  n  node s ca n b e a  functio n o f  th e activitie s 
of  al l  n  nodes ,  leadin g t o a  syste m wit h n ^  "parameters "  instea d o f  n^ . 

But  withou t  som e for m o f  dynami c connection s th e generativ e capacit y o f 
connectionis t  model s i s suspect .  I n th e past ,  w e hav e use d "normal "  compute r 
program s suc h a s a  char t  parse r  (Kay ,  1973 )  t o dynamicall y connec t  ou r  net ^ 
work .  Thi s pape r  outline s step s toward s a  bette r  way . 

A modifie d for m o f  back-propagatio n i s applie d t o network s wit h con -
straine d structure s o f  multiplicativ e connection s an d feedbac k t o buil d system s 
capabl e o f  learnin g t o sequentiall y  proces s inputs .  Usin g multiplicativ e connec -
tion s allow s al l  weight s i n th e syste m t o b e dynamicall y modifie d fo r  eac h input . 

The technique ,  calle d Cascade d Back-Propagation ,  i s  introduce d b y com -
pariso n t o norma l  back-propagatio n o n feed-forwar d networks . 
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2.  Back-Propagatio n 

The basi c for m o f  th e (Rumelhar t  et .  al. ,  1986a )  learnin g algorith m i s a s 
follows .  A  non-iterativ e feed-forwar d networ k o f  severa l  layers ,  compute s 
input/outpu t  relationship s usin g a  continuou s versio n o f  a  perceptron . 

Eac h uni t  i  ha s a n outpu t  bounde d betwee n 0  an d 1 .  Thi s bounde d outpu t 
i s compute d b y "squashing "  it s input ,  x ,  ( a linea r  combinatio n o f  weight s an d 
othe r  outputs )  wit h th e sigmoi d function : 

r(x) = —i 

which has a derivative (after some algebra) of: 

r ' ( x )=r (x ) ( i - r (x ) ) 

Figur e 1 : 
A simpl e feed-forwar d network .  Eac h laye r  i s completel y connecte d t o th e next .  Th e 

weights ,  therefore ,  ar e representabl e b y rectangula r  arrays . 

For a simple layered network as shown in Figure 1, this feed-forward computa-
tio n i s a s follows : 

Where a,- is the set of inputs, H-^ are the outputs of the hidden units, and 
^ t  ar e th e outputs .  Back-propagatio n i s give n a  se t  o f  case s consistin g o f 
matche d pair s o f  inpu t  an d desire d outpu t  vectors .  Th e overall_error ,  E ,  ca n b e 
compute d a s th e distanc e betwee n al l  desire d outpu t  vector s D ^  an d th e actua l 
outpu t  vector s compute d b y th e forward-pass ,  ̂ '̂ . 

c k 

The backward pass works by distributing this error to all the weights in the 
system .  Fo r  a  particula r  input/outpu t  case ,  c ,  thi s computatio n i s a s follows : 
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A nd b y summin g th e weigh t  error s ove r  al l  case s an d updatin g eac h weigh t  b y a 
fractio n o f  it s  error ,  // ,  plu s a  fraction ,  a ,  o f  it s  previou s error ,  AVK ,  th e algo -
rith m ca n find a  se t  o f  weight s b y gradien t  descent : 

W'=W-n^^a^W 
o W 

A M ^ = - M 
d E 

d W 

A coupl e o f  detail s complet e th e algorithm .  First ,  initia l  weight s nee d t o 
be chosen ;  i f  al l  weight s ar e initiall y  0 ,  ther e i s n o wa y fo r  th e syste m t o allo -
cat e error ,  s o usuall y weight s ar e chose n a s ver y smal l  rando m numbers ,  say , 
betwee n ±0.5 .  Secondly ,  th e networ k need s t o b e "grounded "  b y addin g a 
"bias "  t o eac h hidde n an d outpu t  unit .  Thi s amount s t o addin g anothe r  inpu t 
uni t  whos e outpu t  i s alway s 1 ;  th e adjustmen t  o f  th e biase s the n co-occur s wit h 
adjustmen t  o f  al l  th e othe r  weight s i n th e system . 

Figur e 2 : 
A simpl e feedforwar d networ k fo r  th e exclusive-o r  problem .  Instea d o f  puttin g biase s 

insid e th e circles ,  the y ar e show n a s link s fro m a  uni t  wit h a n outpu t  o f  1 . 

The simplest test of the algorithm is to learn to compute "Exclusive-or", a 
functio n whic h canno t  b e learne d i n a  singl e laye r  o f  perceptrons .  Figur e 2 
shows a  standar d feedforwar d networ k o n whic h thi s algorith m i s capabl e o f 
learnin g X O R .  Usin g /i=0. 5 an d a = 0 . 9 ,  bac k propagatio n ca n fin d thes e 
weight s usuall y i n a  on e t o tw o hundre d iterations . 
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3.  Cascade d Network s 

OUTPUT 

CONTEXT 

FUNCTION 

Figur e 3 : 
Cascade d network .  A  contex t  networ k wit h fixed  weight s run s first  an d set s variabl e 

weight s o n tli e functio n network . 

Instead of learning a fixed set of weights for one group of input^output 
relationships ,  on e networ k i s use d t o comput e s o m e inputroutpu t  functio n (th e 
"functio n network") ,  an d anothe r  networ k (th e "contex t  network" )  i s  use d t o 
comput e th e weight s fo r  th e functio n networ k (figur e 3 ) .  B y varyin g th e input s 
t o th e contex t  network ,  th e functio n networ k ca n b e use d t o comput e variou s 
functions . 

The forward-pas s consist s o f  a  forwar d pas s o n th e contex t  network ,  whic h 
set s th e weight s o n th e functio n network ,  the n a  forwar d pas s o n th e functio n 
network : 

^,=r(M^,-X) 

r,=r(H/,,-^/) 

Where C;,y and Q/y represent the fixed weights of the context network, 
Wif  an d Wi. 1 ar e th e varyin g weight s o f  th e functio n network ,  T j  ar e th e input s 
t o th e contex t  network ,  ̂ -  ar e th e input s t o th e functio n network ,  ffi  ar e th e 
output s o f  th e hidde n layer ,  an d î ^  ar e th e output s o f  th e functio n network . 

The backwar d pas s consist s o f  computin g th e error s fo r  th e variabl e 
weight s o f  th e functio n network ,  an d the n usin g the m t o comput e th e error s 
fo r  th e fixed  weights : 
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3.1 .  Exclusive-o r  P r o U e m 

Thi s approac h ca n buil d network s whic h run s multipl e function s ove r  th e 
same se t  o f  units .  T o comput e th e exclusive-o r  function ,  fo r  example ,  thi s 
amount s t o learnin g th e tw o functions : 

{y if x = 0 

^ y i f  x ^ l 

Figur e 4 : 

Cascade d networ k fo r  th e X O R problem .  Jli e functio n networ k act s a s eitlie r  a n invert -

er  o r  non-invertin g buffe r  dependin g o n th e contex t  bit . 

Figure 4 shows the cascaded network for the XOR problem. This network 
need s t o lear n onl y 4  weight s instea d o f  7 ,  and ,  wit h th e learnin g parameter s 
/i  =  0. 5 an d a = 0 . 9 ,  cascade d bac k propagatio n onl y need s abou t  3 0 cycle s t o 
lear n exclusive-or . 
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Figur e 5 : 

Typica l  learnin g curve s fo r  norma l  versu s cascade d X O R network .  Th e horizonta l  axi s 
represent s tim e a s iteration s o f  erro r  propagation ,  an d th e vertica l  represent s th e globa l 
error ,  E ,  ove r  al l  4  îs t  cases .  Th e algoritiim s hal t  whe n al l  output s ar e withi n . 2 o f 
Uiei r  desire d values . 

Figure 5 shows the learning curves for typical runs of back-propagation and 
cascade d back-propagatio n fo r  th e exclusive-o r  networks .  Th e numbe r  o f  itera -
tion s i s represente d alon g th e horizonta l  axi s an d th e globa l  error ,  E ,  i s 
represente d o n th e vertical . 

3.2. The 4-1 Multiplexor 

DATA 

OUTPUT 

OUTPUT 

/ ^  > ^ 

taoKs s 

FIHC11 » CONTEXT 
NETMOnK NETHOnK 

AOORESS 

Figur e 6 : 
Thre e version s o f  a  4- i  multiplexor .  Firs t  i s Ui e standar d bloc k diagra m use d fo r  logi c design ; 
next  i s a  6-4- 1 layere d network ;  an d finally ,  a  cascade d network . 

Another example is a 4-to-l multiplexor. A classic logical functional unit 
use d i n compute r  design ,  i t  ca n b e though t  o f  a s a  programmabl e 2- 1 logi c 
function .  Figur e 6  show s thre e view s o f  a  multiplexor .  On e o f  th e 4  "data " 
line s i s selecte d b y th e value s o n th e 2  addres s lines .  I n a  norma l  feed-forwar d 
network ,  ther e i s n o distinctio n betwee n thes e si x inputs ,  an d 4  hidde n unit s 
ar e neede d t o lear n al l  6 4 input/outpu t  cases .  Th e cascade d network ,  com -
pose d o f  a  single-laye r  4- 7 networ k connecte d t o th e standar d X O R network , 
essentiall y  learn s 5  interactin g set s o f  7  weights ,  whic h produc e 1 6 differen t 
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sets ,  on e fo r  eac h logi c function . 
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Typica l  learnin g curve s fo r  run s o f  norma l  versu s cascade d back-propagatio n o n th e 
multiplexo r  problem . 

In general, the cascaded solution for the multiplexor problem converges 
much quicke r  tha n th e feed-forwar d solution .  Figur e 7  show s typica l  behavio r 
fo r  bot h solution s wit h /i=0. 5 an d a=0 .9 . 

4. Sequential Cascaded Networks 

W h en th e output s o f  th e functio n networ k ar e use d a s input s t o contex t 
network ,  a  syste m ca n b e learne d whic h sequentiall y  processe s input s b y 
dynamicall y changin g th e weight s i n th e functio n networ k afte r  eac h input .  I n 
parsin g terms ,  i t  coul d b e sai d tha t  eac h wor d i s processe d i n th e contex t  o f  al l 
th e precedin g words .  A n d althoug h th e numbe r  o f  possibl e intermediat e state s 
are ,  o f  course ,  finite,^  thi s syste m ca n lear n grammar s whic h ar e bounde d i n 
depth ,  bu t  unbounde d i n length .  Th e intermediat e state s mus t  encod e variou s 
up/dow n counters .  Figur e 8  show s a  bloc k diagra m o f  a  simpl e sequentia l  cas -
cade d network .  Give n a n initia l  context ,  ?y(0) ,  an d a  sequenc e o f  inputs , 
Xi{t),t^l...n ,  th e networ k ca n comput e a  sequenc e o f  functio n output/contex t 
inpu t  vectors ,  T{t),t^l... n b y dynamicall y changin g th e se t  o f  weights , 

1.  Unles s i t  i s  assum e tha t  th e output s ar e tru e analo g value s o r  rationa l  numbers . 
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CONTEXT 

OUTPUT 

FUNCTION 

Figur e 8 : 

77j e output s o f  tli e functio n networ k ar e use d a s th e nex t  input s t o th e contex t  network , 

yieldin g a  syste m whos e functio n varie s ove r  time . 

W,it)=C,jf^{t-l) 

^/(0=r(M^,.(0-X(0) 

The error correction phase can be applied to just the final input: 
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wher e D j  i s th e desire d outpu t  fo r  a  particula r  sequence . 

4.1. Learning Parity 

W h en Exclusive-o r  i s generalize d t o mor e tha n 2  inputs ,  i t  become s th e 
parit y problem ,  t o determin e whethe r  a  boolea n strin g ha s a n od d o r  eve n 
number  o f  I' s  i n it .  Thi s proble m wa s discusse d a t  length ,  bot h b y (Minsk y & 
Papert ,  1969) ,  a s a  har d proble m fo r  perceptron s an d b y (Rumelhar t  et .  al. , 
1986a )  a s a  tes t  cas e fo r  back-propagation . 

1 

Figur e 9 :  ^ 
A simpl e 2-slal e machin e i s show n o n th e left ,  an d a  sequentia l  cascade d networ k i s 
shown o n th e right . 

A problem for normal back-propagation is that the parity problem of size 
K require s K  hidde n unit s t o work ,  s o a  syste m whic h learne d t o determin e 
parit y o f  5  bit s woul d no t  wor k fo r  6 .  Thi s proble m ca n b e overcom e b y 
"goin g sequential" ,  usin g th e cascade d exclusive-o r  networ k wit h feedbac k 
betwee n th e outpu t  o f  th e functio n networ k an d th e inpu t  t o th e contex t  net r 
work .  Thi s network ,  an d th e correspondin g smal l  finite-state  machin e ar e 
shown i n figure  9 . 

One proble m wit h th e cascade d networ k approac h i s tha t  i f  th e syste m i s 
traine d t o withi n . 2 o f  th e solutio n fo r  eac h trainin g case ,  th e weight s "fuz z 
out "  fo r  longe r  test s tha n th e one s given .  Ther e ar e severa l  solution s t o this . 
The simples t  on e i s t o pu t  a  truncatin g filter  betwee n th e functio n outpu t  an d 
contex t  inpu t  whic h convert s output s abov e 0. 8 t o 1  an d belo w 0. 2 t o 0 .  Othe r 
possibl e solution s includ e mor e complicate d filters  suc h a s a n auto-associativ e 
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m e m o ry o r  othe r  relaxatio n syste m whic h correct s fuzz y states. . 

4.2. Parenthesis Balancing 

Unfortunately ,  parit y i s ver y unnatural  an d extremel y finit e stat e 
"language" .  A  rea l  solutio n t o a  tempora l  credi t  assignmen t  proble m wit h 
applicatio n t o languag e processin g i s no t  serve d b y learnin g suc h finite  system s 
as parit y o r  eve n 6-lette r  sequenc e completio n a s use d b y (Rumelhar t  et .  al. , 
1986a )  t o demonstrat e recurren t  networks . 

A connectionis t  networ k a t  leas t  shoul d b e abl e t o lear n a  context-fre e 
languag e fro m exampl e i n orde r  t o clai m an y servic e t o languag e processing . 
Accordingly ,  experiment s hav e bee n performe d i n learnin g th e secon d simples t 
contextrfre e languag e k n o w n t o m a n :  Parenthesi s balancing. -  W e hav e success -
full y use d a  sequentia l  cascade d networ k fo r  parenthesi s balancin g consistin g o f 
of  a  layere d 1-3- 2 functio n networ k an d a  2-1 4 contex t  net .  Th e inpu t  i s eithe r 
1 o r  0  fo r  lef t  an d right  parenthese s an d on e outpu t  signifie s grammaticaiit y o f 
th e prefi x an d th e othe r  work s a s a  stack ,  b y shiftin g output s fro m 1  t o . 5 t o .2 5 
as mor e lef t  parenthese s ar e input . 

4.3. Other grammars 

CONTEXT 

(a )  ®  © 
Figur e 10 : 

A sequentia l  cascade d networ k fo r  parsing .  Th e curren t  stat e i s tie d bac k int o th e con -
text/o r  Ui e nex t  input ,  an d th e unlabele d unit s woul d develo p necessar y features . 

Usin g a  sequentia l  cascade d networ k engender s a  time-distribute d 
representatio n o f  a  parse-tree .  Fo r  exampl e i f  a  networ k wer e use d a s show n i n 
figure  10 ,  wit h lexica l  categorie s fo r  inpu t  an d phras e marker s fo r  outpu t  an d 
context ,  a  syste m coul d b e develope d that ,  fo r  a  simpl e declarativ e sentenc e 
lik e "Th e fa t  m a n at e th e spaghett i  Vit h sauce" ,  coul d hav e time-varyin g out -
put s whic h implicitl y  cod e it s pars e tree . 

The followin g tabl e show s th e output s o f  th e phrase-marke r  unit s ove r 
time .  Eac h contiguou s grou p o f  " o n "  state s coul d b e interprete d a s a  singl e 
nod e o f  a  tree ,  wit h interval-inclusio n determinin g dominance . 

2.  Th e simples t  contex t  fre e gramma r  i s describe d b y th e regula r  expressio n a "  6  " . 
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Ther e ar e severa l  problem s wit h thi s representation ,  th e mai n on e bein g 
tha t  self-recursiv e categorie s ar e no t  recoverable .  O n e possibilit y  whic h i s 
currentl y bein g examine d i s th e combinatio n o f  thi s learnin g techniqu e wit h th e 
representationa l  assumptio n tha t  output s ca n hav e arbitrar y fractiona l  resolutio n 
use d a s stack .  Experimentatio n wit h representin g an d learnin g large r  grammar s 
of  thi s typ e ha s jus t  begun ;  clearl y mor e wor k nee d b e done." ^ 

5. Discussion 

Cascade d network s d o no t  solv e everything ,  unfortunately .  The y ar e basi -
call y a  ver y constraine d typ e o f  networ k wit h multiplicativ e Jinks .  Thi s algo -
rithm ,  bein g a  variatio n o f  back-propagation ,  doe s no t  solv e it s inheren t  prob -
lems .  Fo r  example ,  i t  ca n stil l  ge t  stuc k i n loca l  minima ,  an d th e exac t  topol -
ogy neede d t o solv e a  particula r  proble m mus t  b e define d beforehand . 

But  th e combinatio n o f  faste r  convergenc e an d th e computationa l  powe r 
engendere d b y multiplicativ e connection s mak e cascade d back-propagatio n a 
usefu l  techniqu e fo r  connectionis t  modelin g an d worth y o f  furthe r  study .  S o m e 
issue s fo r  furthe r  discussio n ar e presente d below . 

5.1. Why is it Faster? 

For  bot h th e exclusive-o r  an d multiplexo r  problem s give n above ,  a s wel l 
as variou s othe r  problem s w e hav e experimente d with ,  cascade d back -
propagatio n converge s o n solution s significantl y faste r  tha n norma l  back -
propagation .  W e thin k thi s i s due ,  essentially ,  t o th e well-know n algorithmi c 
techniqu e o f  "divide-and-conquer" .  B y breakin g th e solutio n t o exclusive-o r 
int o tw o simple r  problem s (i.e .  a n invertin g an d non-invertin g buffer )  o r  th e 
multiplexo r  int o 1 6 smalle r  problem s (i.e .  eac h 2- 1 boolea n function) ,  w e 
reduc e th e amoun t  o f  wor k involve d tremendously . 

Conside r  runnin g norma l  back-propagatio n multipl e times ,  onc e fo r  eac h 
simpl e proble m o n th e functio n net ,  savin g th e discovere d weights ,  an d the n 
onc e fo r  mappin g th e contex t  input s t o t o thes e weights .  I f  bot h net s ar e capa -
bl e o f  learnin g thei r  functions ,  the n thi s schem e wil l  work ,  an d th e numbe r  o f 
iteration s neede d wil l  b e th e s u m o f  al l  th e smalle r  cases . 

But  whe n w e lear n al l  thes e subproblem s a t  th e sam e time ,  th e numbe r  o f 
iteration s wil l  b e relate d t o th e hardes t  subproble m t o learn .  Thu s fo r  th e 
exclusive-o r  problem ,  th e numbe r  o f  iteration s w e nee d i s relate d t o ho w har d 
i t  i s  t o lear n t o inver t  (i.e .  eve n a  perceptro n ca n d o this) ,  an d fo r  th e multi -
plexo r  proble m th e numbe r  o f  iteration s neede d wil l  b e relate d t o ho w har d i t 
i s  t o lear n norma l  exclusive-o r  o r  equivalence . 

Furthermore ,  a  particula r  solutio n t o a  subproble m foun d b y back -
propagatio n i s a  discret e poin t  i n "weigh t  space" ,  somewher e alon g th e edg e o f 
a regio n o f  goo d solutions .  Runnin g al l  subproblem s first  make s th e contex t 
mappin g proble m mor e diflScul t  b y addin g thi s unnecessar y edg e constraint ; 
mergin g th e subproblem s an d mappin g proble m remove s thi s constrain t  an d 

3.  On e learnin g tria l  ma y b e considere d a  success ,  however :  We inadvertenti y use d a 
trainin g se t  wit h a  simpl e principl e o f  grammaticalit y ~  th e syste m discovere d tha t  al l 
grammatica l  sentence s wer e o f  lengt h 0mo</3 ! 
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allow s eac h subproble m solutio n t o b e anywher e i n it s region . 

5.2. Relation to SigmarPi Units 

William s (1986 )  ha s classifie d variou s activatio n function s fo r  connectionis t 
models .  Th e ultimat e functio n fo r  combinin g input s t o a  uni t  ar e calle d 
"Sigma-Pi "  functions ,  whic h linearl y combine d multiplie d subset s o f  inputs . 
So fo r  n  inputs ,  Zj ,  .  .  .  ,a:„ ,  a  uni t  wit h j  weight s m a y provid e a s output : 

SjeP ies, 

Where P is the set of all subsets of {l,...,n}. This is the ultimate in com-
binin g function s becaus e w h e n y = 2 "  a  singl e uni t  ca n implemen t  a  genera l 
polynomial .  Th e d o w n sid e i s tha t  havin g 2 "  weight s associate d wit h a  singl e 
uni t  i s  th e combinatoria l  bru t  existan t 

A s fa r  a s classification ,  however ,  almos t  an y multiplicativ e connectio n sys -
te m i s a  specia l  cas e o f  Sigma-Pi .  Fo r  example ,  th e gatin g activatio n functio n 

describe d b y (Hinton ,  1981 )  use s j = — weights ,  wher e n  input s ar e separate d 

into — pairs which are multiplied and combined. A cascaded network can be 

als o see n a s a  specia l  case ,  wher e th e n  input s ar e broke n int o 2  set s whos e ele -

ments are multipled in pairs with j= weights. 
4 

5.3. Single-layered Context Networks 

I n th e example s give n i n th e paper ,  single-layere d contex t  network s wer e 
used .  Thi s constructio n wil l  wor k onl y i f  th e goo d region s i n weigh t  spac e fo r 
eac h subproble m ca n b e linearl y compose d wit h respec t  t o th e contex t  inputs . 
Tha t  a  single-laye r  contex t  work s wit h th e exclusive-o r  proble m i s obvious ;  tha t 
i t  worke d fo r  th e multiplexo r  i s surprising .  Fo r  harde r  problems ,  i t  m a y tur n 
ou t  tha t  mor e hidde n unit s ar e neede d i n th e functio n networ k t o provid e th e 
flexibility  fo r  thi s kin d o f  contex t  network .  O n th e othe r  hand ,  i f  back -
propagatio n works ,  ther e i s n o constrain t  tha t  th e contex t  networ k ha s t o b e 
single-layered . 

6. Conclusion: A Universal Neural Network? 

Conside r  th e notio n o f  a  Universal  Turin g Machine .  A  ver y simpl e con -
structio n which ,  w h e n presente d wit h a  descriptio n o f  an y othe r  Turin g 
Machin e an d it s initia l  state ,  run s a  simulatio n o f  tha t  T M t o completion .  Thi s 
i s simila r  t o a  virtua l  machin e emulato r  o r  programmin g languag e interprete r 
runnin g o n a  norma l  computer .  On e differenc e i s tha t  becaus e o f  th e random -
acces s propert y o f  a  compute r  versu s th e seria l  tap e acces s o f  a  U T M ,  th e nor -
mal  compute r  run s simulation s m u c h faster .  Fo r  eac h simulate d operatio n o f 
th e T M ,  th e U T M m a y hav e t o ste p fro m on e en d o f  it s  tap e t o th e other .  Fo r 
a progra m an d tap e o f  siz e n  thi s amount s t o abou t  a n n^ ,  o r  po/i/nomta/simula -
tio n time .  A  programme d interpreter ,  o n th e othe r  hand ,  ha s t o loo k u p a n 
operatio n i n a  tabl e an d cal l  a  simpl e routin e whic h update s th e stat e o f  th e 
interprete d system .  Assumin g eac h simulate d operatio n takes,abou t  k  machin e 
instructions ,  the n th e simulatio n take s /:n ,  o r  linea r  time .  Thi s efficienc y 
advantag e i s w h y n o moder n computer s ar e buil t  lik e Turin g machines . 

Consider ,  finally,  a n extende d cascade d networ k wher e th e contex t  net -
wor k i s presente d a  descriptio n o f  a  machin e an d produce s th e se t  o f  weight s 
fo r  th e functio n network .  Th e functio n networ k ca n the n ru n a t  ful l  "neura l 
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speed" .  I f  th e contex t  networ k take s a  constan t  time ,  k ,  t o d o it s computation , 
the n thi s simulatio n run s i n k-{-n ,  o r  coristan t  time . 

The poin t  o f  al l  thi s i s t o solv e a  conundru m fo r  connectionists :  W h e n 
attemptin g t o mode l  a  high-leve l  cognitiv e domai n on e quickl y realize s th e foll y 
of  equatin g a  neuro n wit h a n elemen t  o f  tha t  domain .  Neuron s ar e arraye d i n a 
fixed  network ,  an d onl y di e a s tim e goe s by .  I f  th e m e m o r y o f  you r  grand -
mothe r  wer e localize d t o a  singl e neuron ,  an d tha t  neuro n failed ,  yo u woul d 
forge t  her . 

One backu p positio n (whic h thi s autho r  ha s resorte d t o occasionally )  i s 
somethin g lik e th e following :  Th e unit s i n m y syste m ar e no t  reall y neurons , 
but  a  element s o f  a  highe r  leve l  syste m whic h ar e s o m e h o w simulate d b y neu -
rons .  Th e proble m fo r  thi s positio n ha s bee n tha t  simulatio n take s time ,  an d 
give n th e finite  numbe r  o f  cycle s availabl e fo r  "real-time "  cognition ,  i.e .  10 -
100 cycles ,  ther e isn' t  an y tim e fo r  th e simulatio n t o tak e place . 

I f  a  universa l  neura l  networ k coul d reall y ru n a  simulatio n o f  a  neura l  net r 
wor k i n constan t  time ,  the n th e backu p positio n become s viabl e — th e unit s i n 
th e higher-leve l  syste m ar e temporaril y  ru n o n neuron s a t  neura l  speed .  Cas -
cade d network s ar e a  first  ste p i n thi s direction . 
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IMPLEMENTING STAGES OF MOTION ANALYSI S I N NEURAL NETWORKS 

Margare t  E .  Seren o 
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Brown Universit y 

Abstract 

A neural model is proposed for human motion perception. The goal of the model is to 

calculat e th e tvra-dimensiona l  velxit y o f  element s i n a n image .  Unlilc e mos t  earlie r  approaches , 

th e presen t  mode l  i s structured ,  i n accor d wit h know n neurophysiologica l  data .  Thre e distinc t 

stage s ar e proposed .  A t  th e firs t  level ,  unit s ar e sensitiv e t o th e component s o f  motio n tha t  ar e 

perpendicula r  t o th e orientatio n o f  a  movin g contour .  Th e secon d leve l  integrate s thes e initia l 

motio n measurement s t o obtai n translatlona l  motion .  Th e thir d leve l  use s translatlona l  motio n 
measurement s t o comput e genera l  three-dimensiona l  motio n suc h a s rotatio n an d expansion .  Th e 

model  show s a  hig h leve l  o f  performanc e i n solvin g th e measuremen t  o f  two-dimensiona l 

translatlona l  motio n fro m loca l  motio n information .  Mos t  importantly ,  th e presen t  mode l  use s 

nervou s syste m structur e a s a  natura l  wa y t o formulat e constraints .  Th e psychologica l 

implication s o f  stage d motio n processin g ar e discussed . 

Visua l  motio n perceptio n serve s man y importan t  functions ,  includin g th e segregatio n o f 

objects ,  th e estimatio n o f  objec t  motion ,  th e octro i  o f  ey e movements ,  an d th e estimatio n o f  th e 

three-dimensiona l  structur e o f  object s &  th e environment .  Th e operation s responsibl e fo r  th e 
perceptio n o f  motion ,  however ,  ar e no t  wel l  known . 

As three-dimensiona l  surface s mov e i n space ,  the y projec t  ligh t  ont o th e eye ,  formin g a 

two-dimensiona l  imag e o f  th e worl d tha t  change s wit h time .  Th e visua l  syste m mus t  reconstruc t 

a three-dimensiona l  worl d fro m thi s two-dimensiona l  image .  Thi s reconstructio n ca n b e 

accomplishe d b y usin g informatio n abou t  th e organizatio n o f  movement  i n th e changin g image . 

However ,  th e motio n o f  element s i n th e two-dimensiona l  imag e (i.e. ,  thei r  spee d an d direction ) 

i s no t  a n inheren t  propert y o f  th e imag e bu t  mus t  b e inferre d fro m th e varyin g Intensitie s o f  th e 

Image.  Thus ,  motio n analysi s I s ofte n considere d a  two-stag e proces s (Hildreth ,  1963) . 

The goe l  o f  th e firs t  stag e i s th e measuremen t  o f  two-dimensiona l  motio n o f  element s i n a n 

image (i.e. ,  extractin g th e velaity—spee d an d direction—o f  movin g elements) .  T o accomplis h 
thi s goa l  ther e mus t  b e initia l  motio n detectio n an d measuremen t  b y motio n sensors ,  e n 
integratio n o f  th e initia l  motio n measurement s t o comput e a n instantaneou s two-dimensiona l 

velocit y fiel d (th e so-calle d "aperture "  problem) ,  an d th e detectio n o f  motio n discontinuities . 

The secon d stag e consist s o f  a n interpretatio n o f  th e three-dimensiona l  structur e o f  surface s 
fro m two-dimensiona l  motion . 

1 presen t  a  neura l  networ k mode l  o f  par t  o f  th e firs t  stag e o f  motio n analysi s (I.e. ,  th e 

integratio n o f  initial ,  loca l  measurement s t o comput e a  two-dimensiona l  velxit y  field) .  Th e 

model  extract s th e tru e two-dimensiona l  motio n o f  a n entir e patter n fro m ambiguou s loca l 
motio n informatio n availabl e a t  th e pattern' s componen t  contours .  I n othe r  words ,  I t  solve s th e 

"apertur e problem "  fo r  rigi d two-dimensiona l  motio n i n th e plane .  Loca l  motio n detector s 

provid e ambiguou s informatio n becaus e the y onl y measur e th e componen t  o f  motio n 

perpendicula r  t o th e orientatio n o f  a  movin g contour .  A  famil y o f  possibl e motion s exist s tha t  ca n 

giv e ris e t o th e locall y detecte d motion .  Th e apertur e problem ,  then ,  reduce s t o th e assignmen t 

of  8  uniqu e velrcit y t o a n objec t  give n onl y loca l  motio n measurement s (Se e Figur e I) . 
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Hlldret h (1983 )  ha s propose d a  computationa l  mode )  fo r  th e measuremen t  o f 

two-dimensiona l  motion .  I n he r  model ,  loca l  measurement s ar e obtaine d fro m th e imag e an d ar e 

the n combine d t o comput e a  uniqu e two-dimensiona l  velocit y fiel d b y applyin g constraint s t o 

limi t  th e solution .  Fo r  example ,  th e "smoothnes s constraint "  i s  base d o n th e observatio n tha t 

object s usuall y hav e smoot h surfaces .  Thi s constrain t  i s  implemente d b y findin g th e velocit y 

fiel d o f  leas t  variation .  Th e mode l  work s wel l  o n simpl e figure s f x plana r  an d genera l 

three-dimensiona l  motio n (e.g. ,  rotatio n an d expansion) . 
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S E R E NO 

The basi c motivatio n fo r  formulatin g th e presen t  mode l  i s t o buil d mor e structur e int o th e 

model  t o enabl e I t  t o perfor m transformation s o n th e inpu t  dat a leadin g t o a  i//}/(7i/esoM\on . 

Thi s i s don e b y closel y adherin g t o bot h neurophyslologica l  an d psychologica l  dat a o n motio n 

analysis .  Th e mode l  i s structure d i n accor d wit h neurophyslologica l  dat a becaus e I  assum e tha t 

th e natur e o f  th e hardwar e profoundl y affect s ho w th e proble m i s solved .  Th e ultimat e goa l  i s  t o 

integrat e th e neurophyslologica l  an d psychologica l  informatio n t o for m a  mor e coheren t  theor y 

of  motio n perception . 

Two idee s abou t  th e basi c operation s involve d i n motio n analysi s emerg e fro m th e 

psychological ,  psychophysical ,  neurophyslological ,  an d mathematica l  wor k o n motion .  On e i s 

tha t  ther e ar e primitive s o f  opti c flo w tha t  ar e analyze d b y specialize d neura l  mechanisms . 

Work o n th e mathematic s o f  opti c flow s demonstrate s tha t  an y flo w fiel d ca n b e decompose d int o a 

linea r  vecto r  combinatio n o f  severa l  basi c types :  translation ,  rotation ,  shear ,  an d dilatio n 

(Koenderin k &  Va n Doorn ,  1976 ;  Longuet-Higgin s &  Prazdny ,  1980) .  Psychophysica l  dat a 

fro m adaptatio n studie s hav e provide d evidenc e fo r  translation ,  rotation ,  an d expansio n sensitiv e 

mechanism s (Rega n &  Beverly ,  1978 ;  Regan ,  1986) .  Also ,  neurophyslologica l  studie s I n 

macaque visua l  corte x (are a MST)  demonstrat e tha t  neuron s ar e sensitiv e t o linear ,  rotational , 

anddilatlona l  motio n (Saitoetal. ,  1986) . 

The secon d Ide a I s tha t  th e integratio n o f  loca l  one-dimensiona l  motio n measurement s int o 

a ful l  two-dimensiona l  velocit y fiel d occur s i n severa l  stages .  Psychophysica l  studie s 

demonstrat e tha t  one-dimensiona l  motio n measurement s ar e combine d t o comput e 

two-dimensiona l  translationa l  motio n (Adelso n &  Movshon ,  1982 ;  Nakayam a &  Silverman , 

1983) .  Neurophyslologica l  dat a suggest s tha t  th e cnmputatio n o f  al l  type s o f  motio n i n th e 

nervou s syste m doe s no t  occu r  I n a  singl e step .  A  pervasiv e aspec t  o f  th e cortica l  architectur e o f 

sensor y system s i s th e presenc e o f  multipl e topographi c representation s o r  map s o f  sensor y 

surface s projectin g t o eac h other .  Severa l  area s involve d i n motio n analysi s i n th e macaqu e 

visua l  corte x includ e Area s VI ,  M T ,  an d MST.  Are a V I  neuron s ar e involve d i n th e analysi s o f 

component  motio n whil e som e M T neuon s respon d t o linea r  patter n motio n (Movshon ,  Adelson , 

eizzl ,  &  Newsome,  1985) .  A s previousl y noted ,  a  recen t  stud /  o f  cell s I n a  visua l  are a (MST ) 

upstrea m t o are a M T ha s discovere d neuron s tha t  respon d selectivel y t o translating ,  expanding , 

contracting ,  an d rotatin g pattern s (Sait o e t  al. ,  1986) . 

As a  firs t  step ,  a  mode l  I s constructe d t o solv e th e apertur e proble m fo r  rigi d motio n I n 

th e plan e (i.e. ,  translation) .  Thi s i s accomplished ,  first ,  b y usin g som e forma l  observation s o n 

how t o uniquel y limi t  th e solutio n and ,  second ,  b y structurin g th e mode l  i n accor d wit h 

neurophyslologica l  organization .  I t  i s  the n propose d tha t  thi s two-dimensiona l  translatio n 

Informatio n i s combine d t o comput e othe r  genera l  motiwts . 

Adelso n an d Movsho n (1982 )  discus s a  solutio n t o unambiguousl y determin e th e 

two-dimensiona l  motio n o f  a  patter n give n th e motio n o f  It s loca l  component s (Se e Figur e 2) . 

The dashe d line s indicat e th e famil y o f  globa l  patter n velocitie s whic h ar e consisten t  wit h th e 

locall y measure d componen t  velxlt y vector .  The y not e tha t  whe n a t  leas t  tw o nonparalle l  movin g 

contour s belongin g t o th e sam e patter n ar e compared ,  onl y on e vecto r  i s common t o bot h 

one-dimensiona l  families ,  an d i t  describe s th e motio n o f  th e entir e pattern .  Thi s vecto r  i s th e 

poin t  i n velxlt y spac e a t  whic h th e tw o dashe d line s Intersect . 
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V 

F i g u r e 2 

Thi s constrain t  wa s Implemente d i n a  mode l  (Sereno ,  1986 )  tha t  wa s structure d i n accor d 

wit h th e followin g neurophysiologica l  facts .  Som e neuron s i n striat e corte x (Are a VI )  ar e 

selectiv e fo r  orientation ,  spee d an d directio n o f  edges .  However ,  the y onl y respon d t o th e 

perpendicula r  componen t  o f  motion .  Are a M T ,  a n are a involve d i n motio n analysis ,  receive s a 

direc t  topographi c projectio n fro m VI .  i s  selectiv e fo r  th e directio n an d spee d o f  motio n o f  a 

stimulu s whil e havin g littl e selectivit y fo r  spatia l  structure ,  an d possesse s large r  receptiv e 

fields ,  indicatin g spatia l  summatio n o f  it s  inputs .  Moreover ,  2 S Z o f  M T neuron s exhibi t 

"pattern "  directio n selectivity ,  tha t  is .  the y ar e selectiv e f x th e motio n o f  th e patter n a s a 

whol e (Movshon.Adelson.Gizzi.&Newsome ,  1985) . 

A "Boltzman n Machine "  (Ackley ,  Hinton ,  &  Sejnowski .  1985 )  wa s constrxte d wit h a n 

inpu t  laye r  o f  unit s representin g V I  an d outpu t  laye r  o f  unit s representin g are a MT .  Eac h uni t 

i s  selectiv e fo r  a  specifi c  spee d an d directio n o f  motio n (Se e Figur e 3) .  Specifically ,  laye r  V t 

contain s 3 2 unit s ( 8 directions .  2  speed s an d 2  locations )  whil e laye r  M T contain s 2 4 unit s ( 8 

directions .  3  speed s an d 1  location) .  V I  unit s respon d onl y t o th e componen t  o f  motio n 

perpendicula r  t o th e orientatio n the y ar e sensitiv e to ;  M T unit s respon d t o two-dimensiona l 

motion . 
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S E R E NO 

The forma l  solutio n describe d abov e wa s hardwire d int o th e syste m b y havin g eac h V I  uni t 

projec t  t o th e famil y o f  patter n velaitie s i n th e outpu t  laye r  tha t  coul d describ e th e tru e motio n 

underlyin g it s response .  Wit h thi s predefine d connectivity ,  whe n a  numbe r  o f  differentl y 

xiente d lin e segment s belongin g t o th e sam e movin g patter n ar e inpu t  t o th e system ,  a  gradien t 

descen t  algorith m result s i n th e syste m changin g t o a  configuratio n i n whic h th e activit y o f  th e 

outpu t  uni t  describin g th e patter n motio n i s selectivel y enhanced .  Figur e 4  present s a n 

exampl e o f  a  patter n o f  lin e segment s movin g acros s th e tw o set s o f  inpu t  unit s (Se e Figur e 4) . 

Afte r  20,00 0 iterations ,  th e outpu t  uni t  describin g th e patter n velait y I s drive n t o a n "on " 

stat e lOO X o f  th e time .  I n addition ,  a  motio n illusio n (th e Spli t  Herringbon e Illusion )  i s 

presente d t o th e model .  Th e alternatin g column s o f  line s actuall y mov e i n opposit e direction s 

whil e th e perceive d motio n i s perpendicula r  t o thes e directions ,  consisten t  wit h a n "intersectio n 

of  constraints "  solution .  Afte r  20,00 0 iterations ,  th e perceive d directio n i s selectivel y 

enhanced . 

Thes e result s demonstrat e tha t  th e intersectio n o f  constraint s describe d abov e ca n b e 

realize d i n a  two-layere d neura l  network .  Th e specifi c  implementatio n make s a  testabl e neura l 

predictio n abou t  ho w th e firs t  laye r  o f  neuron s (are a VI )  project s t o th e secon d laye r  o f 

neuron s (MT )  t o transfor m th e neura l  respons e fro m selectivit y fo r  one-dimwisiona l  motio n t o 

selectivit y fo r  two-dimensiona l  motion .  Th e projection ,  consequently ,  produce s M T unit s wit h a 

wide r  rang e an d highe r  cut-of f  o f  preferre d speed s tha n Y l  units ,  a  findin g consisten t  wit h 

existin g neurophysiologica l  dat a (Va n Essen ,  1985) .  Anothe r  importan t  aspec t  o f  th e mode l  i s 

tha t  I t  predict s tha t  two-dimensiona l  motio n measurement s resul t  fro m th e Integratio n o f 

one-dimensiona l  motio n measurement s fro m nearb y spatia l  locations . 

To summarize ,  a  positiv e aspec t  o f  th e mode l  i s tha t  i t  i s  neurally-base d wit h th e resul t 

tha t  I t  produce s on e solutio n t o a  give n Input .  N o pos t  ho c assumption s o r  constraint s ar e neede d 

t o limi t  th e solution .  However ,  a  majo r  limitatio n o f  th e mode l  i s limite d t o th e discret e value s 

of  spee d an d directio n o f  movemen t  t o whic h th e inpu t  unit s ar e sensitive .  A  neurall y plausibl e 

solutio n t o thi s proble m o f  representin g Intermediat e value s o f  spee d an d directio n i s t o le t  th e 

informatio n b e carrie d b y a n ensembl e code .  Thi s require s tha t  individua l  unit s hav e continuou s 

value d activities .  Fo r  example ,  a  spee d o r  directio n tha t  lie s exactl y I n betwee n th e value s o f  2 

unit s ca n b e represente d b y activit y i n eac h uni t  tha t  i s  1/ 2 th e maximu m activity .  Suc h a 

representation ,  however ,  canno t  b e Implemente d o n a  Boltzman n Machin e becaus e th e unit s 

canno t  hav e continuou s value d activity .  However ,  i t  I s  no t  difficul t  t o sho w tha t  th e Intersectio n 

of  constraint s illustrate d i n Figur e 2  amount s t o a  solutio n o f  a  se t  o f  linea r  equation s an d hence , 

i t  ca n b e solve d wit h linea r  method s tha t  permi t  continuous-value d output .  Therefore ,  a  secon d 

model  wa s constructe d usin g a  simpl e linea r  assaiato r  wit h erro r  correction ,  suc h a s tha t  use d 

by Anderso n (1983 )  (Se e Figur e 5) . 

I n th e simpl e linea r  associativ e model ,  th e sam e neurophysiologica l  assumption s hold , 

excep t  tha t  learnin g ca n occur .  Thi s mean s tha t  th e connectio n weight s ar e modifiable .  Th e 

matrix .  A ,  o f  modifiabl e synapti c weight s describe s th e projectio n o f  th e inpu t  laye r  o f  neuron s 

t o th e outpu t  layer .  Th e vector s f  an d g  represen t  th e activitie s acros s th e Inpu t  an d outpu t 

layers ,  respectively .  Learnin g occur s whe n pair s o f  thes e vectors ,  on e pai r  pe r  pattern ,  or e 

associate d t o for m th e connectivit y matrix .  T o d o this ,  tw o assumption s ar e made :  Th e firs t 

assumptio n I s tha t  a  neuron' s activit y result s fro m th e linea r  summatio n o f  it s  input .  Tha t  is , 

th e activit y o f  eac h neuron ,  i n th e secon d layer ,  i s  determine d b y th e activit y o f  it s  input s 

weighte d b y thei r  connectio n strengths .  Second ,  th e matri x o f  connectio n strength s I s 

constructe d accordin g t o th e generalize d Hebbia n rul e fo r  connectivit y modificatio n whic h 

assert s tha t  synapti c strengt h i s porportiona l  t o pre -  an d postsynapti c cel l  activity .  Thi s 

learnin g rul e i s use d wit h erro r  correctio n i n whic h th e differenc e betwee n th e tru e association , 
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T w o a s s u m p t i o n s o f  t h e l i n e a r  a s s o c i a t i v e m o d e l : 

fj - vector of input layer neuron activities representing 

componen t  velocitie s fo r  th e it h patter n 

gj = vector of output layer neuron activities representing 

patter n velocitie s fo r  th e î ^  patter n 

g^' = vector of output layer neuron activities that results when 

a pattern ,  f  | ,  i s  inpu t  t o th e syste m 

1) Neurons take a linear summation of their input: 

2) Learning Rule: Synaptic strength is proportional to the 

p r o d u c t  o f  p r e - s y n a p t i c a n d p o s t - s y n a p t i c activities : 

n 

A A =  2  g |  f / 

i= 1 

Error Correction Procedure: 

AA = k (g| - g-) f^ ^ 

AA is learned and added to the developing A connectivity 

m a t r i x : 

A t + i  =  A t  +  A A 

Figur e 5 



SERENO 

g,  an d th e actua l  association ,  g' .  i s  learne d an d adde d t o th e developin g A  connectivit y matrix . 

To teac h th e model ,  differen t  pattern s movin g a t  differen t  velocitie s ar e inpu t  t o th e 

system .  Fo r  eac h pattern ,  a  vectx ,  f ,  describin g componen t  velxitie s an d a  vectx ,  g ,  describin g 

patter n velxitie s ar e assreiate d usin g erro r  correction . 

Afte r  learnin g i s completed ,  th e matri x i s tested .  Th e outpu t  o f  eac h store d inpu t  i s 

computed .  Tha t  is ,  eac h f  i s  inpu t  t o th e syste m t o ge t  a n outpu t  g' .  Th e outpu t  g '  i s  the n compare d 

t o th e tru e associatio n g  b y takin g th e cosin e betwee n them .  I f  th e vector s ar e th e same ,  th e 

cosin e wil l  equa l  1 .  Th e syste m I s the n teste d wit h nonassoclate d vecto r  pair s t o se e ho w wel l  th e 

syste m generalize s t o ne w stimuli . 

One simulatio n wil l  b e describe d t o illustrat e th e performanc e o f  th e system .  Fo r  thi s 

simulation ,  directio n sensitiv e unit s ar e place d ever y 1 5 degree s an d hav e bandwidth s o f  9 0 

degree s (pea k respons e taper s of f  t o 0 ,  4 5 degree s o n eithe r  sid e o f  th e pea k direction) .  Ther e 

ar e 1 7 pea k direction s (spannin g 18 0 degrees )  an d 8  pee k speed s (spannin g 3 0 degrees/sec) . 

Sinc e eac h uni t  i s  sensitiv e t o bot h a  spee d an d a  direction ,  a  tota l  o f  13 6 unit s (13 6 

speed/directio n combinations )  ar e availabl e a t  eac h location .  I n thi s simulation ,  th e syste m 

learn s o n 5 0 pattern s an d i s the n teste d o n thes e 5 0 pattern s an d o n 5 0 ne w patterns .  Th e 

pattern s ar e compose d o f  1  t o 3  lin e segment s positione d a t  differen t  angle s relativ e t o eac h 

other .  Some exampl e pattern s ar e show n i n Figur e 6  (Se e Figur e 6) .  Eac h patter n i s move d a t  a 

differen t  velxity . 

L i n e a r  A s s o c i a t i v e M o d e l 

E x a m p l e P a t t e r n s : 

Figur e 6 
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Afte r  1 5 assxiation s pe r  vecto r  pair ,  th e syste m reache s stabl e performanc e an d i s 

tested .  Th e mea n cosin e betwee n th e tru e associatio n tha t  th e syste m learns ,  g ,  an d th e actua l 

associatio n tha t  th e syste m produces ,  g' ,  i s  equa l  t o .98 ,  Thi s represent s ver y goo d performance . 

Moreover ,  th e mea n cosin e fo r  th e new ,  nonassxiate d vector s i s equa l  t o .97 .  Thi s als o 

represent s ver y goo d performanc e an d demonstrate s tha t  th e syste m i s abl e t o generaliz e quit e 

wel l  t o stimul i  i t  ha s neve r  see n before . 

To obtai n a  fine r  performanc e measure ,  a  calculatio n wa s mad e t o determin e on e valu e o f 

spee d an d on e valu e o f  directio n fo r  eac h pattern .  A  weighte d averag e wa s take n I n whic h eac h 

unit' s  preferre d spee d o r  directio n wa s weighte d b y it s activatio n leve l  (Se e Figur e 7) .  Th e 

mean differenc e betwee n th e weighte d averag e fo r  th e rea l  directio n (g )  an d th e reconstructe d 

directio n (g" )  fo r  ol d pattern s wa s 3. 0 degree s whil e th e mea n differenc e fo r  ne w pattern s wa s 

4. 2 degrees .  Th e mea n differenc e betwee n weighte d average s fo r  rea l  an d reconstructe d speed s 

fo r  ol d pattern s wa s 1. 1 degree s pe r  secon d compare d t o 1. 6 degree s pe r  secon d fo r  ne w 

patterns . 

W e i g h t e d A v e r a g e Calculatio n 

pattern speed = Zj (Pj * S|) / Z| Tj 

patter n directio n «  I j  (P j  *  dj )  /  2 j  T j 

where 1 = unit number 

r  =  activatio n leve l  o f  uni t 

s =  spee d t o w h i c h uni t  i s  m o s t  sensitiv e 

d =  directio n t o w h i c h uni t  i s  m o s t  sensitiv e 

Figure 7 

I n sum ,  th e mode l  show s excellen t  performanc e fo r  extractin g two-dimensiona l 

translationa l  motio n fro m one-dimensiona l  motio n information . 

The presen t  mode l  i s the n extende d t o handl e th e two-dimensiona l  projecte d velocit y o f 

object s movin g i n dept h (e.g. ,  i n rotatin g an d expandin g objects) .  Again ,  th e mode l  i s constrxte d 

talcin g int o accoun t  th e relevan t  neurophysiologica l  data .  Sait o e t  al .  (1986) ,  fo r  example , 

describ e thre e classe s o f  directionall y selectiv e cell s wit h larg e receptiv e field s (abou t  Z S 

degree s compare d t o a  mea n o f  abou t  6  degree s fo r  M T cells )  i n are a MST,  a n are a whic h receive s 

a direc t  projectio n fro m MT .  On e clas s o f  cell s i s sensitiv e t o translatio n i n th e plane ,  a  secon d 

clas s (size-chang e cells )  i s  selectiv e fo r  expandin g o r  contractin g patterns ,  an d a  fina l  clas s 

(rotatio n cells )  i s  selectiv e fo r  rotatin g pattern s (clockwis e o r  counterclockwise )  I n th e 

frontoparalle l  plane ,  o r  rotatin g pattern s i n depth .  A  common featur e o f  thes e neuron s i s tha t 

the /  respon d t o appropriat e pattern s anywher e i n thei r  larg e receptiv e field s a t  th e expens e o f 
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bein g abl e t o precisel y signa l  informatio n abou t  location .  Seit o e t  a1 .  (1986 )  argu e tha t  thes e 

cell s ar e sensitiv e t o "whol e events "  o f  visua l  motio n becaus e the y integrat e elementa l  motio n 

signal s fro m M T cells . 

Thes e dat a sugges t  tha t  th e visua l  systo n utilize s severa l  distinc t  stage s fo r  motio n 

analysis .  I n a n analogou s fashion ,  th e presen t  mode l  take s th e outpu t  o f  a  secon d laye r  tha t 

respond s t o two-dimentiona l  linea r  motio n an d feed s i t  int o a  thir d laye r  tha t  respond s t o motio n 

of  rotation ,  dilation ,  o r  contraction . 

The propose d mode l  wil l  b e teste d usin g comple x motio n (th e combinatio n o f  simple r 

motions) .  Moreover ,  th e mode l  wil l  b e introduce d t o movin g pattern s whic h giv e ris e t o 

illusor y perceptio n suc h a s th e rotatin g spira l  illusion .  I n thi s illusion ,  a  rotatin g spira l 

appear s t o expan d o r  contract .  Th e thre e layer s o f  th e presen t  mode l  resul t  i n th e extractio n o f 

elementa l  motio n whic h ca n the n b e combine d i n a n ensembl e cod e t o comput e th e perceive d 

two-dimensiona l  motion . 

The obviou s advantag e o f  suc h a  mode l  i s tha t  i t  make s us e o f  th e structur e o f  th e nervou s 

syste m a s a  natura l  wa y t o constrai n th e model .  Consequently ,  i t  ca n provid e Insigh t  Int o th e 

sequentia l  processe s Involve d i n motio n analysis . 
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Abstract 

Modelin g th e meanin g an d us e o f  linguisti c expression s describin g spatia l  relationship s holdin g 
betwee n a  targe t  objec t  an d a  landmar k objec t  require s a n understandin g o f  bot h th e consistenc y 
and variatio n i n huma n performanc e i n thi s area .  Previou s researc h [Herskovit s 1985 ]  attempt s t o 
accoun t  fo r  som e o f  thi s variatio n i n term s o f  th e angula r  deviatio n holdin g amon g object s i n th e 
visua l  display .  Thi s approac h i s show n t o fai l  t o accoun t  fo r  th e ful l  rang e o f  huma n variatio n i n 
performance ,  an d a  specifi c  alternativ e algorith m i s offere d whic h i s  grounde d i n tas k variabilit y 
and th e notion s o f  corrido r  an d centroid .  Th e significanc e t o thi s algorith m o f  tas k variation ,  o f  th e 
separatio n o f  semanti c fro m pragmati c issues ,  an d o f  th e rol e o f  functio n an d structur e i s discussed . 

Keywords :  spatia l  relations ,  natura l  language ,  reference . 

1 Introduction 

There is a growing body of literature in cognitive science which deals with the cognition of spatial 

relations .  T h e ai m o f  thi s researc h i s t o discove r  th e principle s whic h underU e th e appropriat e us e 

and comprehensio n o f  expression s concernin g spatia l  relationship s a m o n g objects .  However ,  curren t 

approache s t o th e proble m o f  th e languag e o f  spatia l  relation s typicall y fac e difficultie s i n explainin g 

why ther e see m t o b e s o m a n y differen t  spatia l  relation s wit h simila r  descriptions .  W h y d o mino r 

variation s i n physica l  relationship s see m t o giv e ris e t o majo r  difference s i n languag e use d t o describ e 

them ,  w h e n i n othe r  case s majo r  physica l  variation s resul t  i n consisten t  linguisti c descriptions ? T h e 

answer  t o thi s questio n come s fro m th e recognitio n tha t  curren t  theorie s o f  spatia l  relation s ten d t o 

oversimplif y th e rang e o f  h u m a n linguisti c performanc e tha t  mus t  b e accounte d for ,  an d ten d t o conflat e 

semanti c concern s wit h pragmati c ones .  I n thi s paper ,  w e sho w tha t  accountin g fo r  thes e fswitor s ca n 

explai n on e o f  th e problem s explicitl y  recognize d a s unaccountabl e i n earlie r  work .  W e demonstrat e 

tha t  a  mor e comple x theoretica l  treatmen t  o f  th e grammai r  o f  spatia l  relation s permit s a  goo d accoun t 

of  case s problemati c fo r  Herskovit s [1985] ,  an d provide s a  practica l  algorith m fo r  us e i n computationa l 

systems . 

Herskovit s [1985 ]  looke d a t  spatia l  relation s i n term s o f  "idea l  relations"-wha t  sh e migh t  hav e calle d 

prototypes ,  excep t  fo r  th e baggag e o f  controvers y ove r  meanin g whic h follow s prototypes .  Herskovit s 

buil t  o n th e wor k of ,  a m o n g others ,  Talm y [1983] ,  w h o observe d tha t  i n th e enormou s se t  o f  spatia J 

relation s a m o n g objects ,  onl y a  relativel y smal l  numbe r  wer e lexicalized .  Herskovit s sough t  t o explai n 
lexica l  choic e i n locativ e descriptions .  Thi s pape r  expand s o n on e aspec t  o f  he r  work-th e abilit y o f 

speaker s an d hearer s t o produc e an d accep t  ap t  locativ e description s wher e th e relatio n betwee n th e 

referent s deviate s fro m th e "prototype. "  Herskovit s describe d thi s variatio n i n angula r  terms : 

•Thi « researc h i s supporte d b y FIPS E gran t  #84.1160 . 
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X 
-- " 

Figur e 1 :  I s A  directl y t o th e righ t  o f  X ? 

There is a certain tolerance for deviation from truth of the ideal meaning, (or from the 

trut h o f  th e transforme d idea l  meanin g whe n suc h a  transformatio n ha s take n place.) .  I  a m 

concerne d her e wit h graulua l  deviation s measurabl e i n term s o f  a n angl e a t  a  distance .  Fo r 

example ,  I  wan t  t o ask :  h o w fa r  apao' t  ca n tw o object s b e s o tha t  on e ca n sa y on e i s a t  th e 

other ? .. .  O r  conside r  [Figur e 1] .  H o w clos e t o th e righ t  axi s mus t  a n objec t  A  be ,  for : 

A i s directl y t o th e righ t  o f  X . 

t o b e true ? [Herskovits ,  1985 :  366 ] 

Herskovits identifies indeterminacy arising from the nature of the objects and accuracy of perception, 

bu t  argue s tha t  allowabl e variatio n (whic h sh e call s  "tolerance") ,  depend s chiefl y o n relevanc e o f  th e 

relatio n t o th e discourse .  I n assessin g th e potentia l  effect s o f  thes e factors ,  sh e relie s o n angula r  deviatio n 

as th e measur e o f  variation .  Sh e the n add s 

But often, the tolerance reflects an accumulation of practices, of interactions with the 

objects ,  makin g predictio n impossible .  I n ou r  constan t  intercours e wit h th e object s i n ou r 

world ,  w e hav e integrate d int o ou r  knowledg e strategie s tha t  allo w u s t o coun t  o r  discoun t 

some fac t  accordin g t o context ;  wha t  thos e strategie s a^ e i s stil l  ver y muc h a  mystery .  Yet , 

toleranc e i s on e directio n i n whic h th e searc h fo r  systematicit y coul d proceed .  [Herskovits , 

1985 :  367 ] 

We believe that the mystery of acceptance of deviation from prototypical relations can be explained. 

T h e solutio n i s i n tw o parts .  First ,  w e sho w tha t  angula r  difference s ar e no t  th e mos t  usefu l  measur e o f 

deviation .  Second ,  w e develo p a  plausibl e algorith m fo r  descriptio n o f  spatia l  relation s whic h inherentl y 

account s fo r  consistenc y an d variation . 

2 Acceptable Sources of Variation 

Given the need to establish the basic semantics of spatial relations for right of, left of, above, below, and 

between ,  fo r  th e purpos e o f  buildin g a n ICA I  tuto r  fo r  beginnin g secon d languag e instruction ,  w e looke d 

originall y a t  th e linguistic s an d artiflcia l  intelUgenc e literatur e o n spatia l  relations ,  bu t  wer e unabl e t o 

fin d description s fo r  thes e relation s whic h wer e adequat e fo r  th e explanatio n o f  eve n th e mos t  simpl e 

case s o f  semanti c distinction .  Accordingly ,  w e bega n a  systemati c inquir y int o th e range s ain d boundarie s 

of  acceptabl e variatio n i n spatia l  relation s fro m whic h w e coul d infe r  a n algorithmi c description . 

Beginnin g wit h th e simples t  cases ,  w e not e tha t  th e exampl e pose d b y Herskovit s quickl y lead s t o 

difficulties .  I n Figure s 2  (a )  an d (b) ,  circle s A  an d B  hav e a  c o m m o n angula r  deviatio n a  fro m th e 

horizonta l  axis ,  ye t  A  seem s describabl e a s "directl y t o th e righ t  o f  th e squar e X ,  whil e B  clearl y i s  no t 

prototypicall y "directl y t o th e righ t  o f  X . 

T h e proble m show n i n Figur e 2  i s no t  simpl y attributabl e t o increasin g distance .  First ,  increasin g 

distanc e shoul d no t  b e a  facto r  i n th e angula r  deviatio n model ,  particularl y a t  th e relativel y smal l  chang e 

i n distanc e i n Figur e 2 .  Second ,  a  simila r  proble m occur s i n th e cas e o f  decreasin g distance .  I n Figur e 3 , 

w hy doe s rectangl e C  see m t o b e belo w squar e X  whil e rectangl e D  i s no t  prototypicall y belo w X ? I n bot h 

case s th e singula r  deviatio n i s identical ,  ye t  th e prototypica l  spatia l  relatio n hold s onl y fo r  rectangl e C . 
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(a )  A  i s directl y t o th e righ t  o f  X ,  althoug h (b )  B  i s no t  directl y t o th e righ t  o f  X , 

offse t  b y a .  althoug h agai n offse t  b y a . 

Figure 2: With constant angular deviation, change in distance affects judgments about 

directiona l  spatia l  relations . 

(a )  C  i s belo w X . (b )  D  i s no t  belo w X . 

Figur e 3 :  W i t h constan t  angula r  deviation ,  chang e i n distanc e affect s judgment s abou t 

directiona l  spatia l  relations ,  ye t  th e effec t  o f  th e chang e i n distanc e o n th e judgmen t  i s 
opposit e tha t  i n Figur e 2 . 

V 

(a )  E  i s lef t  o f  Y . (b )  F  i s no t  lef t  o f  Y . 

Figur e 4 :  Despit e constan t  angula r  deviation ,  qualitativ e natur e o f  th e spatia l  relation s 

change s markedly . 

o 

Figur e 5 :  Centroid s o f  variou s shapes . 
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Corrido r  axi s 

for"abov e Corrido r  fo r  "above " 

Horizonta l 

orthogona l 

tangen t  t o X 

Corrido r  intersectio n 

Centroi d o f  landmar k 

Figur e 6 :  Boundarie s an d region s define d b y a  landmar k shape . 

Another problem situation for angular deviation is shown in Figure 4. In Figure 4 (a), the circle E 

i s cleul y directl y t o th e lef t  o f  th e objec t  Y .  Ye t  i n Figur e 4  (b) ,  wit h th e sam e nul l  angula r  deviatio n 

fro m th e x-aocis ,  circl e F  canno t  reasonabl y b e considere d directl y t o th e lef t  o f  Y .  On e migh t  sa y tha t 

circl e E  i s insii t  objec t  Y ,  bu t  tha t  i s  no t  a  resul t  predicte d b y constan t  angula r  deviation . 

3 F u n d a m e n t a l  L o c i 

To overcome these problems, we propose an algorithm which uses the following concepts: 

1. Using terminology similar that of Langacker [1986], a spatial relation exists between a target and 

a landmark .  Th e targe t  i s th e objec t  whos e locatio n a n utteranc e seek s t o declare .  Th e landmar k 

i s a  differen t  objec t  whic h i s use d t o locat e th e target .  Thu s i n th e sentenc e 'Th e circl e i s directl y 

t o th e lef t  o f  th e square, "  th e circl e i s th e targe t  an d th e squar e i s th e landmark . 

2. The centroid of Jin object is the center of its area. That is, the centroid is like a flat object's "center 

of  gravity, "  excep t  tha t  th e objec t  i s  assume d t o hav e unifor m densit y [Rosenfeld ,  1976] .  Thu s th e 

centroi d o f  a  circl e i s it s  center ,  th e centroi d o f  a  synrunetrica l  dogbon e woul d b e i n th e cente r  o f 

it s  shank ,  an d th e centroi d o f  a n asymmetrica l  shap e i s proportionatel y offset .  Se e Figur e 5 . 

3. The corridors of a landmark are the horizontal and vertical "shadows" of the landmark defined by 

it s orthogona J tangents .  A s show n i n Figur e 6 ,  th e corridor s o f  th e landmark  objec t  X  ar e indicate d 

i n gray .  Th e corrido r  intersectio n i s th e rectangula r  regio n bounde d b y th e landmark' s orthogona l 

tangents .  Th e centroi d aoci s o f  a  corrido r  i s a  lin e extendin g fro m th e landmark' s centroi d i n a 

directio n paralle l  t o th e corridor . 

With these concepts, we now propose an algorithm for deciding which term in the set Itft of, right 

of ,  above ,  an d belo w bes t  fit s  a  give n spatia l  relatio n (i f  a t  all) . 

I F th e targe t  doe s no t  overla p th e Ijuidmark' s corrido r  intersectio n 

THEN I F 
OR 

(1 )  th e centroi d o f  th e targe t  i s  i n a  corridor , 

(2 )  exactl y on e o f  th e landmark' s corrido r 

contain s an y poin t  o f  th e target , 

(3 )  th e vecto r  fro m th e centroi d o f  th e landmar k 

t o th e centroi d o f  th e targe t 

i s close r  t o th e centroi d axi s o f  a  corrido r 

tha n t o th e centroi d axi s o f  an y othe r  corridor , 

th e relatio n betwee n th e targe t  an d th e landmar k 

correspond s t o th e directio n o f  th e corridor , 

E L SE n o particula r  spatia l  relatio n fro m thi s se t  i s  appairent . 

OR 

THEN 

The spatia l  relation s algorith m i s illustrate d i n Figur e 7 .  Squar e A  show s cas e (1) ;  i t  i s  clearl y t o 

lef t  o f  th e landmark .  Squar e B  show s cas e (2) ;  i t  i s  belo w th e landmark .  Squar e C  show s cas e (3) ;  i t 

i s  mor e above  tha n righ t  o f  th e landmar k becaus e th e vecto r  fro m th e centroi d o f  th e landmar k t o th e 

centroi d o f  th e targe t  i s close r  t o th e abov e centroi d axi s tha n t o th e right  o/centroi d axis . 
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Vecto r  fro m 
landmar k Z 

S~ t o targe t  C 

Figur e 7 :  Case s o f  th e spatia l  relation s algorithm . 

© T - - © -

(a )  Th e centroi d o f  A  i s i n th e righ t  o f  (b )  Th e centroi d o f  A  i s no t  i n th e righ t 

corrido r  o f  X .  o/corrido r  o f  X . 

Figure 8: Cases (1) and (3) of the spatial relations algorithm distinguished. 

(a )  Onl y on e corrido r  o f  X  contain s an y (b )  Mor e tha n on e corrido r  o f  X  contain s 

point s o f  C .  point s o f  D . 

Figur e 9 :  Case s (2 )  an d (3)  o f  th e spatia l  relation s algorith m distinguished . 

(a )  Th e centroi d o f  E  i s i n th e lef t  o f  cor -  (b )  Th e centroi d o f  F  i s i n th e corrido r 

rido r  o f  Y .  intersectio n o f  Y . 

Figure 10: Applicability of the non-overlapping cases of the spatial relations algorithm. 
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Figures 8 through 10 show the algorithm applied to the examples of Figures 2 through 4. In Fig-

ur e 8  (a) ,  th e centroi d o f  targe t  circl e A  i s i n th e right  o/corrido r  o f  landmar k squar e X ,  s o cas e (1 ) 

apphes .  I n Figur e 8  (b) ,  th e centroi d o f  targe t  circl e B  i s no t  i n an y corrido r  o f  Izuidmar k squar e X ; 

at  best ,  cas e (3 )  applies .  I n Figur e 9  (a) ,  exactl y on e corrido r  o f  landmar k squar e X  contain s point s o f 

tairge t  rectangl e C ;  thi s i s thu s cas e (2) .  Figur e 9  (b )  display s th e correspondin g cas e (3 )  situation .  I n 

Figur e 1 0 (a )  targe t  circl e E  i s clearl y t o th e lef t  o f  landmark  objec t  Y ;  E' s centroi d i s i n Y' s lef t  o f 

corridor .  I n Figur e 9  (b) ,  however ,  circl e F  i s i n Y' s corrido r  intersection ,  s o non e o f  case s (1) ,  (2) ,  o r 

(3 )  applies . 

Thi s approac h jJlow s fo r  variatio n fro m th e prototypica l  loci ,  ye t  avoid s th e anomalou s result s o f 

angula r  deviatio n a s th e standard .  Fo r  example ,  a s lon g a s th e centroi d o f  th e targe t  i s i n a  corrido r 

of  th e landmark ,  th e target' s locatio n ca n var y freel y an d ye t  th e perceive d spatia l  relationshi p wil l 

continu e t o hold .  A n importan t  aspec t  o f  thi s approac h i s tha t  i t  i s  no t  reducibl e t o boolea n evaluatio n 

of  simpl e relationa d predicates .  Rather ,  th e approac h seek s th e bes t  choic e fro m th e se t  o f  possibl e 

linguisticall y determine d spatia l  relation s base d o n th e physicall y determine d spatia l  relation s i n thei r 

semanti c context . 

4 Discussion 

4.1 Theoretical Premises 

Four theoretical or methodological premises have shaped both the criticisms and the alternatives we 
offe r  above . 

4.1.1 Task Variation 

First, the range of humem performance in dealing with the language of spatial relations is broader than 

typicall y addressed .  I n particular ,  i t  i s  importan t  t o recogniz e tha t  ther e ar e a t  leas t  fou r  differen t 

kind s o f  task s involvin g spatia l  relation s whic h subject s routinel y perform .  These  task s ar e illustrate d 

i n sentence s (1 )  -  (4) .  On e ca n as k subject s t o verif y th e trut h o f  som e sentence ,  a s i n (1) .  On e ca n 

ask subject s t o choos e th e mos t  appropriat e expressio n describin g som e stat e o f  affair s fro m a  se t  o f 

alternative ,  semanticall y "correct "  expressions ,  a s i n (2) .  On e ca n as k subject s t o describe ,  eithe r  simpl y 

or  i n grea t  detail ,  th e relatio n holdin g betwee n som e targe t  objec t  an d a  landmark ,  a s i n (3) .  And , 

one ca n as k subject s t o manipulat e som e par t  o f  th e worl d i n respons e t o a n utteranc e usin g a  spatia l 

relatio n expression ,  a s i n (4) . 

(1) The circle is above the square. 

(2) Is the circle above or to the right of the square? 

(3) Where is the circle located? 

(4) Put the circle above the square. 

Analysis of (i) seven protocols of two language teachers spontaneously teaching these spatial relations 

wit h geometri c tile s an d (ii )  fiv e protocol s o f  subject s describin g a  videotap e o f  movin g circle s an d square s 

disclose s n o tas k outsid e thi s set . 
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Previous work typically focused almost exclusively (and implicitly) on the first kind of task, relying 

principall y o n introspectiv e consideratio n o f  th e grammaticalit y o r  felicit y o f  sentence s lik e (1) .  Bu t 

whil e a  subjec t  wil l  agre e t o th e trut h o f  (1 )  whe n show n Figur e 8  (b) ,  n o subjec t  eve r  place s a  circl e 

i n tha t  locatio n i n respons e t o th e commamd i n (4) .  A  complet e accounting ,  then ,  o f  th e gramma r  o f 

spatia l  relation s require s tha t  w e accoun t  fo r  thi s wide r  rang e o f  huma n behavior . 

4.1.2 Lexical Alternatives 

Second, the problem one faces in modeling spatial relations is not one simply of specifying a precise 

meanin g o r  rule s o f  us e fo r  individua l  lexica l  expression s i n isolatio n fro m eac h other .  Rather ,  withi n a 

give n semanti c domain ,  suc h a s space ,  th e speake r  make s choice s amon g acceptabl e linguisti c expressions , 

identifyin g th e mos t  appropriat e expressio n fo r  th e give n context .  So ,  fo r  example ,  Figur e 8  (b )  ca n b e 

describe d eithe r  b y (6 )  o r  b y (7) , 

(6) The circle is to the right of the square. 

(7) The circle is above the square. 

for each correctly describes the state of affairs represented by Figure 8 (b), and subjects asked to verify 

th e trut h o f  eithe r  sentenc e alon e wil l  accep t  eac h a s true .  Bu t  o f  th e two ,  (7 )  i s recognizabl e a s mor e 

appropriate .  Th e us e o f  linguisti c expressions ,  then ,  i s  no t  wholl y determine d b y th e meanin g o f  a  give n 

expressio n alon e bu t  i n concer t  wit h semanticall y associate d item s i n th e sam e domain . 

4.1.3 Semantics or Pragmatics 

Third, previous approaches to spatial relations tend to conflate semantic facts concerning the intrinsic 

meanin g o f  expression s wit h pragmati c issue s concernin g thei r  use .  I n th e approac h take n here ,  th e 

semantic s o f  a n expressio n represent s th e ful l  rang e o f  case s fo r  whic h th e expressio n i s true .  Th e 

inheren t  semanti c meanin g o f  a  lexica l  expressio n fo r  a  spatia l  relatio n Uk e lef t  o r  abov e i s represente d 

by th e regio n whos e boundarie s ai e define d b y th e case s fo r  whic h th e expressio n i s tru e versu s thos e fo r 

whic h th e expressio n i s false .  Methodologically ,  i t  i s  th e verificatio n tas k tha t  permit s on e t o discove r 

exactl y wha t  tha t  regio n is .  Thi s approac h motivate s th e basi c notion s use d i n th e algorithm . 

The pragmatic s o f  hnguisti c expression s represent s th e principle s governin g th e choic e amon g alter -

nativ e tru e expressions .  I n ou r  approach ,  on e select s th e best-fittin g expressio n arisin g fro m th e domain . 

I n pragmatics ,  th e othe r  thre e kind s o f  linguisti c tas k describe d abov e ax e als o important .  Choic e task s 

hel p determin e th e boundarie s o f  alternative s i n conflict .  Manipulatio n task s hel p determin e optima l 

choices .  Descriptio n task s hel p determin e th e variable s relevan t  t o pragmati c principle s o f  use . 

Overall ,  w e hav e foun d tha t  a  stric t  separatio n o f  semanti c an d pragmati c issue s allow s on e t o accoun t 

fo r  th e wid e rang e o f  case s represente d b y th e fou r  tas k types .  Further ,  ther e appear s t o b e n o nee d t o 

formulat e prototyp e meaning s fo r  an y expression ,  fo r  th e prototyp e effect s fal l  ou t  fro m thi s treatment . 

4.2 Task Variation and the Proposed Algorithm 

If variation in the use and comprehension of linguistic expression of spatial relations depends in part 

on task ,  the n tas k serve s a s on e predicto r  fo r  acceptanc e o f  deviatio n fro m amy prototypica l  locus .  Th e 

algorith m presente d abov e addresse s som e o f  th e variabilit y  i n us e o f  expression s du e t o tas k variation . 

For  manipulatio n tasks ,  th e locu s o f  acceptabl e point s fo r  a  spatia l  relatio n correspond s t o a  specia l 

case o f  cas e (1 )  i n th e algorithm .  Thi s reflect s th e case ,  fo r  example ,  i n whic h on e tell s th e subjec t  "Pu t 

th e circl e t o th e lef t  o f  square. "  W e expec t  tha t  th e subjec t  wil l  typicall y pu t  th e targe t  relativ e t o th e 

landmar k s o tha t  th e centroi d o f  th e targe t  i s  o n th e centroi d axi s o f  th e landmark' s lef t  corridor ,  an d s o 

tha t  th e targe t  i s  nea r  th e landmar k withou t  overlapping .  Th e meanin g o f  nea r  i s th e subjec t  o f  relate d 

wor k [c f  Denofsky ,  1976] . 
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Figur e 11 :  Spatia l  relation s ca n b e non-commutative . 

For  th e descriptio n an d choic e tasks ,  a  subjec t  spontaneousl y use s th e bes t  ter m t o describ e a  spati2 d 

relatio n betwee n a  tairge t  an d landmark .  Thi s tas k correspond s t o cas e (1 )  o f  th e algorithm .  I f  th e 

centroi d o f  th e targe t  i s anywher e i n th e lef t  corrido r  o f  th e landmark ,  the n w e expec t  a  subjec t  t o 

describ e th e relatio n betwee n th e object s a s "Th e circl e i s t o th e lef t  o f  th e square. "  (Thi s assume s tha t 

th e object s don' t  overlap. )  Anywher e else ,  th e subjec t  choose s th e closes t  vector . 

For  th e verificatio n task ,  th e subjec t  choose s a  trut h valu e fo r  a  statemen t  abou t  th e spatia l  relatio n 

betwee n objects .  Thi s tas k correspond s t o case s (2 )  an d (3 )  o f  th e algorithm .  Subject s wil l  find  cas e (2 ) 

clear ,  an d wil l  find  cas e (3 )  les s clea r  a s th e vecto r  fro m th e landmar k t o th e targe t  become s equidistan t 

fro m tw o neighborin g centroi d axe s o f  th e landmark .  I n Figur e 7 ,  wit h respec t  t o th e landmsir k objec t 

Z,  squar e A  i s i n a  cas e (1 )  relation ,  squar e B  i s i n a  cas e (2 )  relation ,  an d squar e C  i s i n a  cas e (3 ) 

relation .  Not e tha t  th e locatio n o f  squar e A  correspond s t o a  prototypicall y correc t  respons e t o th e 

command "Pu t  th e squar e t o th e lef t  o f  Z. "  Likewise ,  th e location s o f  square s B  an d C  wil l  typicall y 

elici t  a n affirmativ e respons e t o th e th e questio n "I s th e squar e abov e (o r  below )  Z? " 

Not e tha t  thes e task s requir e a n expUci t  identificatio n o f  targe t  an d Izmdmark .  I f  thes e role s ar e 

reverse d fo r  a  give n display ,  th e perceive d spatia l  relatio n betwee n object s ma y no t  b e maintained .  Thi s 

lac k o f  commutativit y i s  reflecte d i n th e algorithm .  Fo r  example ,  i n Figur e 11 ,  a  subjec t  woul d probabl y 

describ e circl e A  a s bein g t o th e lef t  o f  circl e B ,  bu t  woul d no t  describ e circl e B  a s bein g t o th e righ t  o f 

A. 

4.3 Function and Structure 

The spatial relation algorithm presented above, on its terms, does not apply to many possible cases, 

especiall y  where  th e targe t  lie s wholl y o r  i n par t  i n th e landmark' s corrido r  intersection .  Evidenc e w e 

hav e collecte d suggest s tha t  man y o f  thes e case s ca n b e resolve d b y referenc e t o worl d knowledg e o f 

functio n an d structure .  B y function ,  w e mea n use s o f  objects ,  suc h a s containment .  B y structure ,  w e 

mean th e constituen t  part s o f  a n objec t  whic h mak e u p it s shape  (an d th e relatio n o f  thes e part s t o eac h 

other ,  o f  course) . 

Jus t  a s th e tas k i n whic h object s ar e involve d influence s th e natur e o f  thei r  perceive d spatia l  relations , 

so to o ma y th e functio n o f  object s affec t  spatia l  relations .  I n Figur e 4  (b) ,  th e targe t  circl e woul d b e 

bes t  describe d a s i n th e landmar k object .  However ,  simpl e geometri c definition s o f  i n an d ou t  ar e 

not  adequat e fo r  domain s whic h purpor t  t o mode l  real-worl d semantics .  While  th e landmar k objec t 

i n Figur e 4  (b )  ha s n o apparen t  semantic s asid e fro m it s polygona l  structur e (an d perhap s th e qualit y 

of  bein g a  reverse d lette r  "C " ) ,  w e believ e tha t  th e real-worl d semantic s o f  object s suc h a s thos e i n 

Figur e 1 2 woul d overwhel m th e naiv e geometrica l  approach .  A t  thi s point ,  then ,  w e represen t  th e 

functio n o f  object s b y explici t  referenc e t o thei r  functions .  Fo r  example ,  a  thin g i s o r  i s  no t  a  container . 
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Consistenc y an d Variatio n i n Spatia l  Referenc e 

'̂.'A«ffit i 

WP!*!? ^ 

Figur e 12 :  Th e domeii n semantic s o f  shape s affec t  thei r  spatia l  relations .  Thu s identica l 
shape s (i n outline )  i n th e sam e physica l  relatio n i n two-dimensiona l  representatio n wil l  cre -
at e differen t  apparen t  linguisti c relation s dependin g o n th e domai n informatio n imparte d 
by thei r  interna l  representations . 

o 

\- ^ 

"̂" ^ 

o 

k_/ 

(a )  Circl e C  i s lef t  0/shap e Z . 
(b )  Circl e D  i s no t  lef t  0/shap e Z ,  bu t 
rathe r  "abov e th e shan k jus t  t o th e righ t 
of  th e lef t  kno b o f  Z. " 

Figur e 13 :  Loca l  spatia l  relation s use d wher e th e targe t  overlap s th e corrido r  intersectio n 
of  th e landmark . 

X 
•nr : 

Figur e 14 :  Spatia l  relatio n d i samb igua te d b y c o m b i n i n g s h a p e s i n a n impl ie d globa l  struc -

ture .  Th e arro w indicate s fo r  th e shap e t o whic h th e experimente r  pointed ;  tu e arro w wa s 
not  presen t  i n th e figur e actuall y presente d t o subjects . 
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Consistenc y an d Variatio n i n Sp&tia d Referenc e 

With respect to structure, we noticed that where subjects had difficulty describing a relation (typically 

becaus e th e targe t  la y withi n th e landmark' s corrido r  intersection) ,  th e subjec t  woul d resolv e th e proble m 

by identifyin g a  par t  o r  pairt s o f  th e landmar k an d the n usin g th e usua l  spatia l  relation s expression s 

relativ e t o thos e parts .  A  typica l  exampl e i s show n i n Figur e 13 .  I n Figur e 1 3 (a )  th e targe t  circl e C  i s 

unambiguousl y lef t  o f  th e landmar k objec t  Z ,  an d subject s wil l  giv e th e expecte d response .  Bu t  whe n 

face d wit h Figur e 1 3 (b) ,  subject s wil l  produc e a  descriptio n lik e "Th e circl e i s abov e th e shan k jus t  t o 

th e righ t  o f  th e lef t  knob. "  Tha t  is ,  th e subjec t  ha s broke n dow n th e landmar k int o part s fro m whic h 

th e norma l  discours e o f  spatia l  relation s ca n b e constructed .  Interestingly ,  w e als o observe d a  convers e 

effec t  i n whic h ambiguit y amon g spatia l  referent s wa s avoide d b y ideatin g a  structur e comprise d o f  th e 

referent s an d the n constructin g a n utteranc e base d o n a  spatia l  relatio n involvin g th e structure .  Fo r 

example ,  whe n Figur e 1 4 wa s presente d an d th e indicate d objec t  pointe d out ,  subject s typicall y identifie d 

th e objec t  a a "th e secon d squar e fro m th e left, "  impliedl y creatin g a  horizonta l  structur e encompassin g 

al l  fou r  objects .  Subject s typicall y di d no t  identif y th e objec t  a s "th e squar e t o th e lef t  o f  th e circle. " 

4.4 Future Work 

Our future work in this area involves, among other things, systematic experimental verification of the 

spatia l  relation s algorithm .  W e plau i  t o presen t  subject s wit h a  variet y o f  task s an d relation s fro m whic h 

we ca n extrac t  dat a o n manipulation ,  description ,  choice ,  an d verification ,  wit h reactio n time s wher e 

appropriate .  Thi s wor k wil l  b e conducte d o n a  Symbolic s 364 5 Lis p machin e usin g testin g softwar e 

speciall y develope d fo r  thes e serie s o f  experiments . 

Othe r  wor k wil l  includ e continue d researc h int o th e meanin g o f  near .  W e expec t  t o appl y simila r 

technique s t o thi s term .  W e ar e als o continuin g t o analyz e taskin g i n th e discours e o f  spatia l  relations . 

Th e algorith m tha t  w e hav e presente d i n thi s paper ,  whil e inherentl y accommodatin g th e semantic s i f 

lef t  of ,  right  of ,  above ,  an d below ,  nevertheles s lack s explici t  procedure s fo r  generatin g th e pragmati c 

aspect s o f  task ,  function ,  an d structur e tha t  w e hav e discussed .  Ou r  futur e wor k wil l  focu s o n tha t 

elaboratio n an d it s empirica l  validation . 
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SIMULATION O F TAS K PERFORMANCE A S GUID E T O TH E IDENTIFICATIO N 
OF SOLUTIO N STRATEGY FROM EYE-MOVEMENT RECORDINGS 

Gerhar d Deffne r 
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Von-Melle-Park 5, 2000 Hamburg 20, West Germany 
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Summary 

An approach is presented which was developed for the goal of 
comparin g subject s wit h respec t  t o thei r  us e o f  solutio n 
strategies .  The y wer e give n a  serie s o f  eigh t  task s o f  a  typ e 
whic h ca n wel l  b e solve d b y tw o distinctl y differen t  methods : 
n-ter m serie s task s i n th e for m o f  statement s abou t  spatia l 
relations .  On e o f  thes e method s relie s o n menta l  imager y 
(Metho d o f  Serie s Formation )  whil e th e othe r  i s mor e o f  a n 
abstract ,  analytica l  metho d (Elimination) .  Fo r  th e purpose s 
of  comparison ,  eye-movement s wer e recorde d durin g tas k 
performance .  Th e sequenc e o f  gaze s recorde d durin g eac h 
individua l  solutio n attemp t  wa s subsequentl y matche d t o 
pattern s derive d fro m informatio n processin g model s o f  tas k 
performanc e whic h simulat e th e differen t  strategies .  Th e per -
centag e o f  successfu l  matche s t o on e o r  th e othe r  patter n wa s 
use d i n furthe r  analyse s comparin g th e tw o group s o f  sub -
ject s . 

Keywords :  cognitiv e simulation ,  eye-movemen t  data ,  strateg y 
identificatio n 
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Ident i f icat io n o f  Strategie s 

1. Introduction 

The methodology described here was developed for an experi-
ment  whic h continue d a  serie s o f  studie s (Deffner ,  1984 )  i n 
whic h silen t  contro l  subject s wer e compare d t o subject s wh o 
wer e require d t o thin k alou d durin g thei r  attemp t  t o solv e 
experimenta l  tasks .  I n th e ne w experiment ,  th e mai n variabl e 
of  interes t  wa s strateg y use ,  especiall y shift s i n th e 
selectio n o f  strategie s ove r  t ime . 

2. Material 

The experimental tasks were derived from Ohlsson's (1980) 
col lectio n o f  tasks .  The y consis t  o f  n-ter m serie s task s 
wher e proposit ion s refe r  t o th e relativ e posit ion s o f  person s 
sitt in g o n a  bench ,  thu s th e 'terms '  i n thes e task s ar e 
names,  an d th e proposit ion s us e spatia l  relat ions .  I n 
contras t  t o Ohlsson ,  wh o fo r  th e purpose s o f  studyin g th e 
solutio n o f  mor e comple x task s use d a  large r  numbe r  o f 
relationa l  term s (immediatel y t o th e left/r igh t  of ,  left -
/r ightmost ,  left-/r ightmos t  bu t  one ,  left /  r ight ,  between ) 
onl y on e typ e o f  relat io n wa s use d i n th e presen t  context .  A n 
exampl e i s give n i n Figur e 1 ,  wher e lin e number s ar e include d 
t o ai d i n th e understandin g o f  subsequen t  examples . 

SEVERAL BOYS ARE SITTING ON A BENCH: (line 0) 

KEITH IS LEFT OF CHUCK (line 1) 
CHUCK I S LEF T O F ROY (lin e 2 ) 
MARK I S RIGH T O F ROY (lin e 3 ) 
MARK I S LEF T O F PHI L (lin e 4 ) 

Figure 1: n-term series task 

In each task, subjects are required to answer a specific 
questio n wit h respec t  t o th e th e posit io n o f  on e particula r 
person ,  fo r  example : 

"Who is immediately to the right of Mark?" 

Eight experimental tasks were used (four 4-term and four 5-
ter m serie s tasks ) .  Eye-movement s wer e recorde d usin g a n 
Applie d Science s 199 6 system. ^  Thi s equipmen t  measure s x -
an d y-coordinate s fo r  gaz e directio n a t  a  samplin g rat e o f  6 0 

1 I  wan t  t o than k Richar d Ohlsso n fro m th e Universit y o f 
Colorad o fo r  th e privi leg e t o us e hi s laborator y an d fo r  hi s 
generou s help . 
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h z ,  an d r e c o r d i n g s ar e mad e o n th e leve l  o f  f i x a t i o n s (K l ieg l 
& O h l s s o n ,  1 9 8 1 ) .  T h i s mean s tha t  s u c c e s s i v e samp le s a r e 
aggregate d a s lon g a s the y l i e o n th e sam e c h a r a c t e r  p o s i t i o n 
of  th e d i sp l a y (K l ieg l ,  1 9 8 1 ) .  T h i s a g g r e g a t i o n i s v e r y f i n e 
an d i t  r esu l t s i n a  r eso lu t i o n o f  d i s t i n c t  f i x a t i o n p o i n t s 
w i th i n i nd i v i dua l  w o r d s .  Fo r  th e p r e s e n t  a n a l y s i s ,  a  m o r e 
na tu ra l  u n i t  o f  a n a l y s i s i s th e 'gaze '  r a t h e r  t h a n ' f i xa -
t ion '  .  G a z e s i n c o r p o r a t e a l l  f i x a t i o n s o n th e sam e w o r d .  T h i s 
reso lu t i o n w a s c h o s e n b e c a u s e i n th e p r e s e n t  c o n t e x t  w e a r e 
no t  conce rne d w i t h a n a n a l y s i s o f  th e r e a d i n g p r o c e s s d u r i n g 
tas k p e r f o r m a n c e b u t  w a n t  t o u s e u n i t s w h i c h a r e r e l e v a n t 
en t i t i e s i n i n f o r m a t i o n p r o c e s s i n g m o d e l s o f  tasl c p e r f o r m a n c e 
(fo r  a  d i s c u s s i o n o f  t h i s p r i n c i p l e ,  s e e :  J u s t  &  C a r p e n t e r , 
1 9 7 6 ) .  Fo r  t h i s r e a s o n ,  o n l y t h re e g a z e p o s i t i o n s w e r e 
iden t i f i e d p e r  l i n e : 

1) the term (name) on the left, 
2 )  th e r e l a t i o n a l  i n f o r m a t i o n i n th e m i d d l e 

("i s t o th e l e f t / r i g h t  o f " ) , 
3 )  th e te r m (name )  o n th e r i g h t . 

Figure 2 shows the beginning of a recorded sequence of gazes 
wher e th e f i r s t  n u m b e r  i n eac h p a r e n t h e s i s s t a n d s f o r  g a z e 
pos i t i o n r e l a t i v e t o th e l ayou t  o f  th e tas k (th e f i r s t  d i g i t 
refer s t o l i n e n u m b e r  an d th e secon d d i g i t  s t a n d s f o r  f i r s t , 
secon d o r  th i r d p o s i t i o n i n a  p r o p o s i t i o n ) ;  th e secon d n u m b e r 
stand s fo r  th e d u r a t i o n o f  th e gaz e o n tha t  l o c a t i o n . 

(0 3 38 ) (0 2 7 ) ( 0 1 13 ) (0 3 25 ) (1 1 5 ) (1 3 15 ) (1 2 7 ) ( 1 1 7 ) 
(1 3 70 )  (2 1 8 )  (1 3 36 )  (1 2 7 )  (1 1 12 )  (1 3 51 )  (1 2 13 )  (1 1 6 ) 
(1 3 61 )  (2 2 14 )  (2 1 17 )  (2 3 15 )  (2 1 13 )  (2 3 11 )  (2 2 7 )  (2 1 9 ) 
(2 3 7 )  (2 2 6 )  (2 1 10 )  (1 3 12 )  (2 2 8 )  (2 1 8 )  .. . 

Figure 2: Sequence of gazes recorded during performance 
o f  a n n - te r m se r i e s tas k 

Dat a o f  th i s k in d w e r e r eco rde d fo r  1 8 t h i nk -a lou d s u b j e c t s 
an d 1 8 s i l en t  c o n t r o l s . 

3.  Tas k ana l ys i s 

There has been much research on how subjects solve n-term 
serie s p rob lem s (se e S te rnbe rg ,  198 0 fo r  a n o v e r v i e w ) .  T h i s 
resul te d i n a  la rg e va r i e t y o f  m o d e l s fo r  th e s o l u t i o n 
p rocess .  T h e s e o n th e on e ex t rem e ar e base d upo n th e ide a o f 
subject s b u i l d i n g a  men ta l  imag e o f  th e sequen t i a l  a r r a n g e -
ment s o f  te rm s i n th e p r o p o s i t i o n s p r e s e n t e d t o them .  W h 6 n 
the y answe r  th e f ina l  q u e s t i o n the y " rea d o f f "  f ro m the i r 
menta l  imag e (DeSoto ,  Londo n &  H a n d e l ,  1 9 6 5 ;  H u t t e n l o c h e r , 
1 9 6 8 ) .  O n th e o the r  ex t rem e i s tha t  p o s i t i o n wh i c h c l a i m s 
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tha t  subject s extrac t  informatio n fo r  eac h ter m separatel y 
an d the n answe r  th e fina l  questio n o n th e basi s o f  integra -
tin g al l  individua l  piece s o f  informatio n (Clark ,  1969 ) .  Mor e 
recently ,  i t  ha s bee n argue d tha t  w e shoul d no t  tr y t o 
determin e whic h o f  thes e model s i s th e righ t  one ,  bu t  rathe r 
pa y attentio n t o th e tim e cours e o f  strateg y choic e durin g 
repeate d trial s (Johnson-Laird ,  1972 ) .  Wood ,  Shotte r  &  Godde n 
(1974 )  hav e show n tha t  subject s ten d t o begi n wit h a n imager y 
strateg y an d durin g succesiv e trial s chang e ove r  t o a n 
analytica l  strategy . 

Most research concentrated upon tasks using the left/right 
dimension ,  askin g subject s question s wit h respec t  t o th e 
extrem e end s o f  th e series .  Thi s leave s roo m fo r  quit e a 
number  o f  strategies .  B y choosin g Ohlsson' s wa y o f  concludin g 
th e experimenta l  task s (askin g fo r  a  specifi c  positio n withi n 
th e se r ies ) ,  th e fiel d ca n b e narrowe d dow n t o tw o strate -
g ies .  Thes e i n on e cas e g o bac k t o th e origina l  (DeSoto , 
Londo n &  Handel ,  1965 ;  Huttenlocher ,  1968 )  imager y model : 
Serie s Formation ,  an d i n th e othe r  ar e a  combinatio n o f 
Quinto n an d Fel lows '  (1975 )  an d Clark' s (1969 )  model : 
El imination .  Bot h strategie s a t  thei r  to p leve l  ca n easil y b e 
describe d a s LIS P programs . 

First, this is the definition of the Series Formation 
strategy : 

(DEFUN S F (PROP-LIS T QUESTION) 

(READ-OFF (SERIATE PROP-LIST) (CADR^QUESTION) (CAR QUESTION))) 

wher e PROP-LIS T contain s th e proposit ion s o f  a  tas k (term s 
symbolize d b y "T l " ,  "T2 "  ... ;  relation s b y "R "  o r  " L " ) ,  an d 
QUESTION i s a  lis t  continin g a  relatio n an d a  term .  READ-OFF 
build s a  serie s usin g SERIAT E an d return s tha t  elemen t  o f  th e 
serie s whic h i s connecte d t o th e targe t  (CAD R QUESTION) 
throug h th e targe t  relatio n (CA R QUESTION) .  SERIAT E i s 
define d as : 

(DEFUN SERIAT E (PROP-LIST ) 

(DO ((SERIES (PREFERRED-DIRECTION (CAR PROP-LIST))) 
(P-LIS T (CD R PROP-LIST)) ) 

((NUL L P-LIST )  SERIES ) 
(SETQ SERIE S (INTEGRAT E SERIE S (PREFERRED-DIRECTION (CA R P-LIST))) ) 
(SETQ P-LIS T (CD R P-LIST))) ) 
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wher e P R E F E R R E D - D I R E C T I ON re tu rn s th e tw o t e r m s o f  a  p r o p o -
s i t io n i n th e (p re fe r red )  l e f t - t o - r i gh t  o r d e r  an d I N T E G R A T E 
re turn s a  ne w s e r i e s f ro m a n o l d on e c o m b i n e d w i t h a  n e w p a i r 
of  te rm s i n l e f t - t o - r i g h t  o r d e r . 

Next is the definition for the Elimination strategy: 

(DEFUN E L (PROP-LIS T QUESTION) 

(DO ((ANSWER NIL) 
(ANSWER-TEMP NIL ) 
(TARGET-RELATION (CA R QUESTION) ) 
(TARGET (CAD R QUESTION)) ) 

((NUL L PROP-LIST )  ANSWER) 
(COND ((MEMBE R TARGET (CA R PROP-LIST) ) 

(SETQ ANSWER-TEMP (GET-ANSWER TARGET (CA R PROP-LIST ) 
TARGET-RELATION)) 

(SETQ ANSWER (CON D ((NUL L ANSWER-TEMP)  ANSWER) 
( T ANSWER-TEMP)))) ) 

(SETQ PROP-LIS T (CD R PROP-LIST))) ) 

(DEFUN GET-ANSWER (TARGET PROP RELATION ) 

(COND ((NULL PROP) NIL) 
((EQUAL (CAD R PROP)  RELATION ) 

(COND ((EQUA L (CADDR PROP)  TARGET)(RETURN (CA R PROP)) ) 
( T NIL)) ) 

( T (COND ((EQUA L (CADDR (CONVERT PROP) )  TARGET)(CADDR PROP) ) 
( T NIL)))) ) 

(DEFUN CONVERT (PROP ) 
(LIS T (CADDR PROP) 

(COND ((EQUA L (CAD R PROP)  'R )  ' D 
( T 'R) ) 

(CAR PROP)) ) 

Thes e tw o s t r a teg ie s hav e t o b e ex tende d s o tha t  the y ca n 
cop e w i t h a n i nc reas e i n tas k d i f f i c u l t y :  p r o p o s i t i o n s nee d 
no t  b e p resen te d i n th e o rde r  o f  sequen t i a l  o v e r l a p o f  t he i r 
terms .  A s a n e x a m p l e ,  th e tas k i n F igu r e 1  ca n b e p r e s e n t e d 
as show n i n F igu r e 3 : 
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S E V E R AL B O Y S A R E S I T T I N G O N A  B E N C H: 

KEITH IS LEFT OF CHUCK 
M A RK I S L E F T O F P H I L 
C H U CK I S L E F T O F R O Y 
M A RK I S R I G H T O F R O Y 

Figure 3: n-term series task without sequential overlap of 
t e r m s 

In order to process such tasks, an additonal function is 
r e q u i r e d fo r  S e r i e s F o r m a t i o n w h i c h c h e c k s w h e t h e r  p r o p o -
s i t i o n s o v e r l a p ( f unc t i on :  O V E R L A P ? ) .  U s i n g th i s f unc t i on , 
t h e r e a r e tw o a l t e r n a t i v e s fo r  e x t e n d i n g th e d e f i n i t i o n o f 
S E R I A T E:  1 )  S E R I A T E - D I S C A R D :  i f  a  secon d p r e m i s e doe s no t 
o v e r l a p ,  t he n th e o l d s e r i e s i s d i s c a r d e d an d a  ne w ser ie s i s 
b u i l t ;  th e o l d p r o p o s i t i o n w i l l  h a v e t o p r o c e s s e d aga i n 
l a t e r ,  2 )  S E R I A T E - 2 N D - S E R I E S :  i f  t h e r e i s n o o v e r l a p ,  a 

s e c o n d s e r i e s i s b u i l t  w h i c h h a s t o i n t e g r a t e d in t o th e f irs t 
o n e a f t e r  a l l  p r o p o s i t i o n s h a v e b e e n p r o c e s s e d . 

(DEFUN SERIATE-DISCAR D (PROP-LIST ) 
(DO ((SERIE S (PREFERRED-DIRECTION (CA R PROP-LIST)) ) 

(P-LIS T (CD R PROP-LIST)) ) 
({NUL L P-LIST )  SERIES ) 
(COND ((OVERLAP ? SERIE S (CA R P-LIST) ) 

(SETQ SERIE S (INTEGRAT E SERIE S 
(PREFERRED-DIRECTION (CA R P-LIST))) ) 

(SETQ P-LIS T (CD R P-LIST)) ) 
( T (SET Q SERIE S (PREFERRED-DIRECTION (CA R P-LIST)) ) 

(SETQ P-LIS T 
(APPEND (CD R P-LIST)(LIS T (CA R PROP-LIST))))))) ) 

(DEFUN SERIATE-2ND-SERIE S (PROP-LIST ) 

(DO ((SERIESl (PREFERRED-DIRECTION (CAR PROP-LIST))) 
(P-LIS T (CD R PROP-LIST) ) 
(SERIES2)(PAIR) ) 

((NUL L P-LIST)(CON D (SERIES 2 (INTEGRAT E SERIES l  SERIES2) ) 
( T SERIESl)) ) 

(SETQ PAI R (PREFERRED-DIRECTION (CA R P-LIST)) ) 
(COND ((OVERLAP ? PAI R SERIESl ) 

(SETQ SERIES l  (INTEGRAT E SERIES l  PAIR)) ) 
( T (SET Q SERIES 2 (INTEGRAT E SERIES 2 PAIR))) ) 

(SETQ P-LIS T (CD R P-LIST))) ) 
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For  Elimination ,  th e situatio n i s mor e simple ,  becaus e 
checkin g fo r  th e occurrenc e o f  targe t  term s i s alread y par t 
of  th e strategy ,  an d overla p therefor e doe s no t  hav e an y 
importance . 

Before these models can be used any further, they have to be 
judge d wit h respec t  t o thei r  plausibil i ty .  On e importan t 
qestio n is ,  whethe r  the y us e storag e mechanism s tha t  ar e 
compatibl e wit h ou r  knowledg e o f  huma n memory .  I n th e cas e o f 
Serie s Formation ,  a n analo g representatio n i s postulate d 
whic h hold s u p t o fiv e item s i n sequentia l  orde r  tha t  ca n b e 
rehearse d an d recalle d ove r  a  shor t  perio d o f  t ime .  I n th e 
cas e o f  Elimination ,  thre e item s hav e t o b e kep t  availabl e 
fo r  immediat e access :  TARGET,  TARGET-  RELATION ,  an d ANSWER; 
durin g intermediat e steps ,  on e additiona l  temporar y variabl e 
i s required :  ANSWER-TEMP.  N o matte r  wha t  limitation s an d 
mechanism s o f  shor t  ter m memor y w e assume :  bot h thes e 
assumption s ar e extremel y plausible . 

Another question is related to the complexity of the opera-
tion s use d i n th e models .  Thi s i s no t  critica l  i n th e presen t 
case :  th e mos t  difficul t  operation s ar e thos e concernin g th e 
conversio n o f  relationa l  information ,  i.e .  fro m "T l  i s  lef t 
of  T2 "  t o "T 2 i s righ t  o f  T l " ,  an d w e d o conside r  human s 
capabl e o f  this . 

4.  Strateg y identificatio n 

In contrast to earlier approaches (Deffner, 1985) where 
verba l  description s o f  informatio n processin g model s o f  tas k 
performanc e serve d a s a  basi s fo r  strateg y identif ication , 
th e program s Serie s Formatio n an d Eliminatio n ca n b e use d i n 
th e presen t  case .  Inpu t  an d outpu t  t o an d fro m operator s i n 
thes e model s ca n b e see n i n analog y t o attentiona l  proccesse s 
durin g tas k performance .  Bu t  no t  al l  attentiona l  processe s 
ar e observable ,  sinc e referenc e t o internall y represente d 
informatio n nee d no t  b e relate d t o observabl e behaviour . 
Acces s t o item s i n th e externa l  displa y nevertheles s i s 
accompanie d b y over t  behaviour :  gaze s o n thes e item s ca n b e 
understoo d t o b e indicator s o f  suc h attentiona l  processes , 
and th e overal l  gaz e sequenc e i s a  sequenc e o f  item s attende d 
to . 

One note of caution is necessary, though. Gaze direction is 
not  a  definit e indicato r  o f  subject s attendin g t o th e ite m 
looke d at .  A t  leas t  o n th e leve l  o f  f ixations ,  perceptua l 
processe s determin e som e eye-movement s (c.f .  Grone r  1978) , 
and als o ther e i s th e possibilit y  o f  'empt y stares '  wher e a 
gaz e i s no t  a t  al l  directe d a t  th e ite m o n th e display .  Fo r 
th e presen t  purposes ,  gaz e directio n nevertheles s remain s th e 
riches t  sourc e o f  dat a o n attentiona l  processe s a s the y ar e 
relate d t o visuall y displaye d tasks . 
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The basi c rat ional e o f  th e presen t  strateg y identif icatio n i s 
tha t  o f  matchin g observe d gaz e sequence s agains t  sequence s 
predicte d b y model s whic h stan d fo r  dif feren t  strategies .  Fo r 
eac h model ,  a  progra m trac e ca n provid e thi s predict ion .  Th e 
degre e t o whic h a n observe d sequenc e o f  gaze s resemble s 
trace s fro m thes e model s wil l  b e use d a s a  basi s fo r  quanti -
tativ e evaluat ion . 

4.1 .  Derivat io n o f  idea l  sequence s 

In order to establish these ideal sequences, both simulation 
program s wer e ru n o n al l  experimenta l  task s an d traced .  Task s 
3,4,7 ,  an d 8  wer e o f  th e non-sequential-overla p type ,  o f 
whic h SERIATE-DISCAR D coul d solv e task s 3  an d 4  an d onl y 
SERIATE-2ND-SERIE S coul d solv e th e las t  tw o tasks .  Thes e mor e 
comple x version s o f  SERIAT E wer e use d fo r  th e tas k whic h 
require d them .  Onl y thos e function s wer e traced ,  whic h ca n 
withou t  doub t  b e considere d informatio n processin g stage s 
involvin g visua l  input .  Thi s rule s ou t  processe s whic h hav e 
t o b e considere d perceptual ,  an d als o i t  rule s ou t  an y 
processe s involvin g symboli c processin g withou t  immediat e o r 
clea r  referenc e t o th e displaye d tas k {c.f .  storage/rehearsa l 
mechan isms) . 

For the SF-program, functions PREFERRED-DIRECTION, OVERLAP?, 
INTEGRATE,  an d READ-OFF wer e traced .  Figur e 4  show s a  trac e 
fo r  th e experimenta l  tas k fro m figur e 3  wher e term s ar e 
symbolize d b y "Tl "  throug h "T5 "  an d th e relation s lef t  an d 
righ t  b y "L "  an d "R "  respectively . 

In the case of EL, only GET-ANSWER and CONVERT were traced. 
MEMBER als o i s a n importan t  functio n i n th e program ,  bu t  i t 
was considere d to o clos e t o fas t  perceptua l  processe s t o b e 
relevan t  i n th e presen t  contex t  o f  slowe r  informatio n 
processin g stages .  Figur e 5  present s a  trac e o f  E L o n tas k 7 . 

I n a  nex t  step ,  element s i n th e trac e wer e matche d t o gaz e 
posit ion s an d segmente d int o stages .  Gaz e position s withi n 
eac h stag e wer e treate d a s havin g equa l  probabil it y  o f  bein g 
looke d at ,  an d wer e consequentl y joine d int o set s o f  possibl e 
gaz e location s fo r  a  give n stage .  Th e sequence s o f  set s mad e 
up idea l  pattern s o f  item s attende d t o unde r  th e on e o r  th e 
othe r  strategy .  Figur e 6  present s a n exampl e fo r  tas k 7 : 
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*  (S F TASK7 •( R T4) ) 
Entering :  PREFERRED-DIRECTION,  Argumen t  list :  {(T l  L  T2) ) 

Exiting :  PREFERRED-DIRECTION,  Value :  (T l  T2 ) 
Entering :  PREFERRED-DIRECTION,  Argumen t  list :  ({T 4 L  T5) ) 
Exiting :  PREFERRED-DIRECTION,  Value :  (T 4 T5 ) 
Entering :  OVERLAP?,  Argumen t  list :  ((T 4 T5 )  (T l  T2) ) 
Exiting :  OVERLAP?,  Value :  NI L 
Entering :  INTEGRATE,  Argumen t  list :  (NI L (T 4 T5) ) 
Exiting :  INTEGRATE,  Value :  (T 4 T5 ) 
Entering :  PREFERRED-DIRECTION,  Argumen t  list :  ((T 2 L  T3) ) 
Exiting :  PREFERRED-DIRECTION,  Value :  (T 2 T3 ) 
Entering :  OVERLAP?,  Argumen t  list :  ((T 2 T3 )  (T l  T2) ) 
Exiting :  OVERLAP?,  Value :  T 
Entering :  INTEGRATE,  Argumen t  list :  ((T l  T2 )  (T 2 T3) ) 
Exiting :  INTEGRATE,  Value :  (T l  T 2 T3 ) 
Entering :  PREFERRED-DIRECTION,  Argumen t  list :  ((T 4 R  T3) ) 
Exiting :  PREFERRED-DIRECTION,  Value :  (T 3 T4 ) 
Entering :  OVERLAP?,  Argumen t  list :  ((T 3 T4 )  (T l  T 2 T3) ) 
Exiting :  OVERLAP?,  Value :  T 
Entering :  INTEGRATE,  Argumen t  list :  ((T l  T 2 T3 )  (T 3 T4) ) 
Exiting :  INTEGRATE,  Value :  (T l  T 2 T 3 T4 ) 
Entering :  INTEGRATE,  Argumen t  list :  ((T l  T 2 T 3 T4 )  (T 4 T5) ) 
Exiting :  INTEGRATE,  Value :  (T l  T 2 T 3 T 4 T5 ) 
Entering :  READ-OFF,  Argumen t  list :  ((T l  T 2 T 3 T 4 T5 )  T 4 R ) 
Exiting :  READ-OFF,  Value :  T 5 

T5 

Figure 4: Trace of SF on task 7 

*  (E L TASK7 •( R T4) ) 
Entering :  GET-ANSWER,  Argumen t  list :  (T 4 {T 4 L  T5 )  R ) 

Entering :  CONVERT,  Argumen t  list :  ((T 4 L  T5) ) 
Exiting :  CONVERT,  Value :  (T 5 R  T4 ) 

Exiting :  GET-ANSWER,  Value :  T 5 
Entering :  GET-ANSWER,  Argumen t  list :  (T 4 (T 4 R  T3 )  R ) 
Exiting :  GET-ANSWER,  Value :  NI L 

T5 

Figure 5: Trace of EL on task 7 
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SF:  ((1 1 1 2 13)(2 1 2 2 23)(3 1 3 2 33)(4 1 4 2 43)(5 2 5 3 23) ) 
EL:  ((5 2 53)(2 1 2 2 5 2 5 3 23)(4 2 4 3 5 2 5 3 23) ) 

Figure 6: ideal patterns for SF and EL on task 7 

Ther e wa s on e mor e complicat ion ,  however :  wit h th e Elimina -
tio n method ,  ther e i s n o nee d t o us e onl y on e se t  orde r  i n 
whic h th e proposit ion s ar e processed .  Thoug h i t  doe s no t  see m 
reasonabl e t o assum e tha t  th e orde r  i s random ,  i t  mus t  b e 
concede d tha t  ther e ar e tw o plausibl e orders .  I n one , 
subject s wor k thei r  wa y dow n th e lis t  o f  thre e o r  fou r 
proposit ion s fro m th e to p t o bottom ,  wherea s i n th e othe r 
case ,  the y star t  fro m th e botto m lin e an d wor k upwards .  Fo r 
thi s reason ,  ther e hav e t o b e tw o idea l  sequence s to r  EL , 
thu s a  thir d patter n ha s t o b e adde d t o Figur e 6 :  EL-2 :  ((5 2 
53)(4 2 4 3 5 2 53)(2 1 2 2 5 2 5 3 2 3 ) ) . 

4.2 .  Matchin g gaz e sequence s t o progra m trace s 

Matching was straightforward: Starting with the first list in 
th e pattern ,  it s  element s wer e checke d agains t  successiv e 
element s o f  th e observe d gaz e sequence .  A  matc h starte d wit h 
th e firs t  elemen t  fro m tha t  lis t  an d wa s continue d unti l  mor e 
tha n on e successiv e elemen t  i n th e gaz e sequenc e wa s extrane -
ou s t o th e lis t  fro m th e pattern ,  o r  th e duratio n o f  a n 
individua l  extraneou s gaz e wa s longe r  tha n th e averag e gaz e 
duratio n i n th e tota l  gaz e sequence .  Whe n a  matc h wa s 
discontinued ,  th e nex t  lis t  fro m th e patter n wa s used ;  i f  th e 
patter n wa s exhausted ,  matchin g starte d fro m th e beginnin g o f 
th e pattern .  Becaus e o f  thi s stric t  sequentia l  orde r  i n whic h 
list s fro m th e patter n wer e matched ,  onl y suc h backu p i n tas k 
performanc e coul d b e identifie d whic h woul d star t  fro m th e 
ver y beginning .  Al l  attempt s t o allo w fo r  partia l  backu p 
resulte d i n substantia l  los s o f  clearnes s o f  strateg y 
identi f icat ion ,  an d wer e no t  include d i n th e fina l  versio n o f 
th e algorithm . 

This algorithm was used three times for each gaze sequence: 
onc e fo r  th e Serie s Formatio n strateg y an d twic e fo r  th e 
Eliminatio n strateg y (usin g th e forwar d an d th e backwar d 
pa t te rn ) .  Th e numerica l  informatio n use d fo r  furthe r  dat a 
analyse s consiste d o f  th e percentag e o f  tota l  gaz e sequenc e 
whic h coul d b e matche d t o eac h pattern .  Fo r  Elimination ,  onl y 
th e highe r  o f  th e tw o percentage s wa s used ,  s o tha t  differen -
ce s betwee n backwar d o r  forwar d tas k performanc e coul d b e 
ignore d i n th e overal l  compariso n o f  Eliminatio n t o Serie s 
Formation .  Anothe r  extensio n wa s tha t  thes e analyse s wer e 
performe d fo r  bot h gaz e duratio n an d gaz e frequenc y a s a 
basi s o f  percentages .  Th e reaso n fo r  usin g bot h thes e 
measure s wa s tha t  n o plausibl e argumen t  coul d b e foun d t o 
favo r  eithe r  on e o r  th e othe r  o n theoretica l  grounds .  Tabl e 1 
present s a n exampl e o f  th e result in g output . 
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T a b l e 1 :  Samp l e ou tpu t  o f  p e r c e n t  m a t c h e s 

Sub j . 

S-E L 
1 0 
1 1 
1 3 
1 4 
1 5 
1 7 
1 8 

%SF/du r 

0.0 0 
86 .8 9 

0.0 0 
95 .4 5 
38 .0 3 
29 .4 1 
60 .8 7 
46 .5 1 

%EL/du r 

59.3 8 
25 .4 0 
68 .7 5 
40 .9 1 

8.2 2 
17 .0 7 
10 .2 0 
10 .2 0 

%SF/ f re q 

0.0 0 
86 .1 7 

0-0 0 
99 .0 8 
44 .1 8 
28 .6 4 
59 .6 8 
36 .6 3 

%EL/f  r e 4 

4 6 . 5 0 
14 .1 7 
38 .0 2 
48 .3 1 

9-3 5 
14 .0 7 

9.6 4 
5.5 5 

As ca n b e see n f ro m T a b l e 1 ,  us in g d u r a t i o n o r  f r e q u e n c y a s a 
basi s o f  p e r c e n t a g e s d i d no t  resu l t  i n g r e a t  d i f f e r e n c e s ,  th e 
tw o measu re s ar e h igh l y co r re l a ted .  A l s o ,  th e p e r c e n t a g e s fo r 
EL tende d t o b e s m a l l e r .  T h i s a rgue s fo r  les s a p p r o p r i a t e n e s s 
of  th e pa t t e rn s and/o r  p a t t e r n m a t c h i n g use d fo r  E L .  T h e s e 

f igure s n e v e r t h e l e s s cou l d b e use d w e l l ,  th e on l y c o n s e q u e n c e 
was tha t  the y shou l d no t  b e t rea te d a s v a r i a b l e s o n th e sam e 
d imens ions . 

Two methods were used to extract information from the four 
var iab le s pe r  p e r s o n an d t ask :  p r i n c i p a l  c o m p o n e n t s a n a l y s i s 
an d c lus te r  a n a l y s i s .  Th e fo rme r  resu l t e d i n ve r y c lea r 
facto r  s t r uc tu re s w i t h on e fac to r  e x p l a i n i n g a  la rg e p r o p o r -
t io n o f  th e v a r i a n c e .  I t  w a s i den t i f i e d a s a  b i p o l a r  S F -  E L 
facto r  an d sco re s o n th i s fac to r  w e r e use d fo r  ana l yse s 
invo lv in g con t i nous l y sca le d n u m e r c i a l  i n f o r m a t i o n . 

Cluster analysis was used as a basis of a binary categoriza-
t io n o f  i nd i v i dua l  tas k p e r f o r m a n c e s w i t h r e s p e c t  t o t he i r 
p redominan t  s t r a tegy .  U s i n g th e k -mean s m e t h o d ,  i t  wa s 
poss ib l e t o ob ta i n c lea r  two -c l us te r  s o l u t i o n s fo r  a l l  e i gh t 
tasks .  I n a l l  e igh t  c a s e s ,  thes e cou l d eas i l y b e i d e n t i f i e d 
as a n E l i m i n a t i o n c lus te r  an d a  Ser ie s F o r m a t i o n c l u s t e r . 
Cluste r  m e m b e r s h i p wa s the n use d fo r  th e c a t e g o r i z a t i o n o f 
tas k pe r fo rmance -

5.  Va l i d i t y 

The validity of these measures was checked in two ways. 
F i rs t ly ,  th e ana l ys i s wa s p e r f o r m e d o n a d d i t i o n a l  d a t a 
recorde d f ro m sub jec t s wh o ha d rece i ve d p r i o r  t r a i n i n g i n on e 
of  th e s t r a t e g i e s .  Ou t  o f  a  g r o u p o f  s i x ,  t he r e w e r e on l y tw o 
subject s wh o i n the i r  subsequen t  j udgemen t  w e r e p o s i t i v e o f 
havin g use d n o t h i n g bu t  th e t r a i ne d s t r a t eg y -  on e sub jec t 
traine d t o us e E l i m i n a t i o n (cal le d S-EL )  an d on e t ra ine d t o 
us e Ser ie s F o r m a t i o n ( S - S F ) .  Tab l e 2  p r e s e n t s th e p e r c e n t a g e 
of  success fu l  m a t c h e s fo r  thes e tw o se t s o f  d a t a . 
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Tabl e 2 :  percen t  matche s fo r  tw o traine d subject s 

Subj . %SF/(lur %EL/dur %SF/fraq %EL/freq 

Task l 

Task 2 

Task 3 

Task 4 

Task s 

Task s 

Task ? 

Task s 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

S-E L 
S-S F 

0.0 0 
75.0 0 

0.0 0 
80.9 5 

0.0 0 
59.4 6 

0.0 0 
67.8 6 

0.0 0 
42.8 6 

0.0 0 
62.0 7 

0.0 0 
76.2 0 

0.0 0 
59.2 5 

59.3 8 
29.1 7 

47.0 6 
4.7 6 

100.0 0 
27.0 3 

91.6 7 
7.1 4 

60.0 0 
6.9 8 

63.6 4 
6.9 0 

35.2 9 
7.9 4 

25.0 0 
9.0 9 

0.0 0 
83.7 1 

0.0 0 
85.9 7 

0.0 0 
65-1 1 

0.0 0 
83.6 5 

0.0 0 
49.4 7 

0.0 0 
75.6 1 

0.0 0 
69.8 9 

0.0 0 
52.0 2 

46.5 0 
11.6 2 

58.2 4 
2.2 0 

100.0 0 
14.7 4 

98.0 2 
2.7 1 

76.9 5 
3.3 5 

54.9 6 
1.3 9 

30.3 2 
9.1 6 

23.6 3 
6.4 4 

As ca n b e see n fro m Tabl e 2 ,  ther e i s ver y goo d separatio n 
betwee n S-S F an d S-EL . 

The other line of approach was based on an idea used by Wood 
et  a l .  (1974) .  Thes e author s surprise d subject s wit h a 
repete d presentatio n o f  a  tas k wher e i n th e repetitio n the y 
di d no t  as k fo r  th e posit io n o f  on e specifi c  person ,  bu t 
require d subject s t o giv e th e tota l  arrangemen t  instead .  Th e 
differenc e i n solutio n tim e betwee n th e firs t  an d th e secon d 
solutio n o f  th e tas k wa s use d t o estimat e whethe r  subject s 
ha d bee n usin g th e Serie s Formatio n strateg y -  lon g time s o n 
th e repetit io n standin g fo r  prio r  us e o f  th e Eliminatio n 
strategy .  I n th e presen t  case ,  solutio n tim e o n th e repetio n 
of  tas k 8  (expresse d a s a  facto r  o f  solutio n tim e fo r  tas k 8 ) 
was compare d fo r  subject s whos e solutio n attemp t  ha d bee n 
classif ie d a s S F o r  E L o n th e basi s o f  cluste r  analyses . 
Tabl e 3  show s mean s scores : 

438 



Tabl e 3 :  Mean s score s fo r  relativ e solutio n tim e o n tas k 9 

SF ( N =  18 ) 

EL ( N =  17 ) 

X 

2.7 2 

7-0 4 

s 

3.0 5 

4.6 5 
t  =  3.90 8 P < .0 1 

Ther e i s a  clea r  differenc e i n th e expecte d direct ion : 
subject s whos e solutio n o f  tas k 8  wa s categorize d a s Serie s 
Formatio n require d significantl y les s tim e whe n aske d fo r  th e 
tota l  arrangement . 

Thus, both approaches to testing the validity of strategy 
identificatio n gav e ver y clea r  an d reassurin g results . 

6. Conclusion 

Instead of arguing for the appropriateness of the assumptions 
underlyin g th e approac h t o th e identificatio n o f  strategie s 
presente d here ,  I  shal l  presen t  a  brie f  glimps e a t  th e 
results . 

The comparison of mean factor scores {Factor SF-EL) revealed 
significan t  difference s i n th e cas e o f  tas k 3  an d 4 :  mea n 
score s wer e highe r  i n th e silen t  grou p (indicatin g mor e us e 
of  th e Eliminatio n st rategy) .  Thi s i s born e ou t  b y th e 
categorization s o n th e basi s o f  o n th e basi s o f  cluste r 
analyses ,  whic h len d themselve s mor e readil y fo r  graphica l 
presentation :  Figur e 7  show s th e frequenc y o f  Eliminatio n i n 
th e tw o groups . 

These differences can be interpreted as follows: There is no 
bi g differenc e betwee n th e tw o gropu s wit h respec t  t o 
strateg y use .  Wha t  i s different ,  i s  th e spee d a t  whic h the y 
discove r  th e Eliminatio n strategy :  Thinking-alou d subject s 
ar e slower . 
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Ident i f icat io n o f  Strategie s 
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Figur e 7 :  Us e o f  th e Eliminatio n strateg y ove r  8  task s 
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A b s t r a c t 

I n thi s pape r  w e addres s th e proble m o f  constructin g a  computationa l  devic e tha t  i s  abl e t o describ e i n 

natura l  languag e it s o w n conceptualizatio n o f  vbua l  input .  Thi s addresse s th e basi c issue s o f  even t  percep -

tio n fro m ra w data ,  a s wel l  a s wha t  connnectio n a  languag e wit h a  limite d vocabular y ha s t o thi s even t 

construction .  W e outlin e a  mode l  o f  ho w th e perceptua l  primitive s i n a  syste m ac t  t o bot h constrai n th e 

possibl e conceptualization s an d naturall y limi t  th e languag e use d t o describ e events . 

Topic: Visual Perception, Natural Language, Lexical Semantics 

1.  In t roduc t io n 

I n orde r  fo r  a n artificiall y  intelligen t  syste m t o interac t  wit h humans ,  i t  i s  desirabl e tha t  i t  b e abl e 

t o communicat e wit h them .  Characterizin g thi s interactio n will ,  i n part ,  requir e considerin g th e impac t 

of  languag e an d perceptio n o n th e communicatio n process .  Thi s pape r  wil l  addres s th e us e o f  languag e i n 

describin g visuall y perceive d events .  T h e focu s wil l  b e o n a  theoretica l  bu t  practica l  descriptio n o f  th e inter -

fac e betwee n a  limite d vocabular y linguisti c syste m whic h support s bot h tens e an d aspec t  an d a  perceptua l 

representatio n fo r  visua l  events .  T w o majo r  bsue s discusse d ar e vbuo-linguisti c tempora l  granularit y an d 

th e effec t  o f  th e interactio n betwee n "hard-wired "  an d learne d focu. $ o f  attentio n o n even t  conceptualization . 

Th e pape r  begin s wit h a  dbcussio n o f  vbion-languag e researc h an d th e problem s associate d wit h integratin g 

vbio n an d language .  I n sectio n 3 ,  w e presen t  ou r  lingubti c an d vbua l  concep t  structures .  Sectio n 4  follow s 

wit h a  descriptio n o f  th e vbuo-linguisti c interfac e illustrate d b y 4  examples .  Sectio n 6  conclude s th e pape r 

wit h a  s u m m a r y an d direction s fo r  futur e research . 
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2.  L a n g u a g e - V i s i o n R e s e a r c h 

Ther e ha s bee n littl e researc h concernin g th e interfac e o f  visua l  an d lingubti c processes .  O n e reaso n 

fo r  thi s i s  tha t  the y eac h currentl y appea r  t o involv e ver y differen t  an d difficul t  processes .  Considerabl e 

energ y ha s bee n focuse d o n low-leve l  o r  earl y vision .  Marr' s [17 |  prima l  sketc h include s severa l  low-leve l 

primitive s fro m whic h scene s ca n b e constructed .  M a n y other s hav e develope d formalism s tha t  relat e low -

leve l  visua l  informatio n t o th e analysi s o f  polyhedra l  scene s i n th e block s worl d ' .  Thei r  wor k point s ou t 

th e difficult y i n analyzin g eve n th e mos t  simpl e scenes .  Ther e ha s als o bee n som e researc h concernin g high -

leve l  vision .  [10 ]  implemen t  a  globa l  blackboar d m e m o r y i n a  scen e interpretatio n system ,  generatin g scen e 

description s b y sharin g th e blackboar d a t  severa l  abstrac t  level s o f  visua l  interpretation .  [5 ]  use s geometri c 

model s t o identif y aircraf t  object s i n aeria l  image s o f  a n airpor t  scene .  ' 

Ther e ha s bee n som e interes t  i n th e us e o f  languag e t o describ e event s an d spatia l  relationships .  [4 | 

develop s a n even t  calculu s whic h use s som e low-leve l  visua l  primitive s t o guid e th e interpretatio n o f  event s 

i n a  robo t  assembl y environment .  [3 |  describe s th e us e o f  spatia l  preposition s fo r  generatin g description s t o 

scene s fro m th e viewpoin t  o f  a  scen e observer ,  [ll j  analyze s locativ e preposition s an d point s ou t  tha t  th e 

use o f  suc h locative s establishe s "ideal "  relationship s whic h mus t  b e m a d e t o fit  t o eac h particula r  instanc e 

of  it s  usage .  Sh e ha s als o pointe d ou t  tha t  ther e i s a n implie d "geometri c conceptualizaton "  w h e n locative s 

ar e interpreted .  [I6 j  develop s a  cogpaitiv e g ramma r  whic h help s t o formaliz e th e us e o f  spatia l  an d perceptua l 

relationship s throug h th e us e o f  referent s an d trajector s a s key s whic h relat e a  linguisti c g r a m m a r  t o th e 

conceptualizatio n o f  th e object s whic h ar e spatiall y  related .  [23 |  explor e verb-drive n even t  processin g i n th e 

observatio n o f  traffi c  scene s fo r  th e generatio n o f  natura l  languag e descriptions .  [29 ]  ha s contribute d t o th e 

researc h wit h e?q)loration s o f  th e relationshi p betwee n languag e an d spatia l  relations .  [24 ]  ha s implemente d a 

syste m usin g visua l  predicate s fo r  earl y languag e development .  Whil e researc h ha s bee n accomplishe d towar d 

understandin g verba l  scen e description ,  ther e ha s no t  bee n enoug h wor k o n describin g th e visuo-linguisti c 

interfac e i n term s o f  ho w vbio n an d languag e influenc e an d constrai n eac h othe r  t o determin e visua l  an d 

lingubti c conceptualizations . 

Th e perceptua l  activitie s an d structure s associate d wit h visua l  perceptio n ar e no t  well-defined .  F r o m 

an apparentl y smal l  se t  o f  "hard-wired "  visua l  percepts ,  peopl e see m t o eventuall y buil d a  relativel y larg e se t 

of  comple x visua l  concepts .  Whil e languag e help s peopl e communicate ,  i t  i s  ofte n require d t o als o efficientl y 

conve y a  larg e amoun t  o f  perceptua l  information .  A  complet e analysi s o f  th e verba l  descriptio n o f  visua l 

concept s woul d requir e considerin g th e verba l  communicatio n proces s fro m perceptuall y low-level s throug h 

th e generatio n o f  linguisti c responses .  Thi s pape r  wil l  concentrat e however ,  o n outlinin g ho w linguisti c 

concept s o f  tens e an d aspec t  ca n b e generate d fro m mostl y intermediate-leve l  visua l  percepts . 

3.  Conceptua l iza t in g th e E v e n t 

To further dbcuss the model of a visuo-linguistic interface, it is important to define what concepts 

and conceptualization s are .  A  concep t  i s a n associatio n o f  object ,  state ,  an d even t  (objec t  an d stat e changes ) 

representation s whic h hav e perceptual ,  linguistic ,  physical ,  an d cognitiv e foundations .  Conceptualizatio n 

i s th e proces s o f  associatin g thos e representation s unde r  a  c o m m o n conceptua l  them e a s concepts .  Ther e 

i s n o defaul t  structur e fo r  concept s sinc e the y ar e representation s o f  distribute d knowledg e source s an d 

may b e associate d wit h severa l  othe r  concepts .  Conceptua l  associatio n i s  constraine d b y th e m e m o r y an d 

processin g capabilit y o f  th e conceptualizin g agent .  I n thi s paper ,  w e ar e concerne d wit h th e visuo-linguisti c 

conceptualizatio n o f  events :  th e proces s o f  associatin g sequentia l  visua l  object ,  state ,  an d even t  change s wit h 

Space doe s no t  permi t  xi s t o revie w th e low-leve l  visio n researc h bu t  Cf .  [2| ,  [6| ,  [l3] . 

An excellen t  collectio n o f  paper s concernin g compute r  visio n system s ma y b e foun d i n |10| . 
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languag e an d vic e versa .  T o addres s thi s concern ,  th e descriptio n o f  linguisti c an d visua l  concept s mus t  b e 

presented .  Th e followin g section s wil l  outlin e linguisti c an d visua l  concept s an d discus s thei r  properties . 

3. 1 Lexica l  S e m a n t i c s fo r  V e r b s 

In this section we outline the framework that defines our domain for lingubtic and lexical conceptu-

alization .  W e wil l  adop t  a n interval-base d semantics ,  th e Extende d Aipec t  Calcul m ([25]) ,  whic h provide s a 

semantic s fo r  lexica l  item s an d constrain s wha t  wor d meaning s ar e possibl e fo r  lexicalizatio n i n a  language . 

T h e thesi s o f  thi s approac h i s t o decompos e th e event s denote d b y verb s int o th e subinterva b tha t  compos e 

the m (cf .  |7l) . 

Our  mode l  i s a  first-order  logi c tha t  employ s specia l  symbol s actin g a s operator s ove r  th e standar d 

logica l  vocabulary .  Thes e ar e take n fro m thre e distinc t  semanti c fields.  The y are :  cautal ,  ipatial ,  an d 

aspectiio L T h e predicate s associate d wit h th e causa l  field  are :  (7au«er((7i) ,  CauaeelC^) ,  an d Inalrumenl(I) . 

T h e spatia l  field  ha s tw o predicat e types :  Locativ e an d T h e m e .  Finally ,  th e aspectua l  field  ha s thre e 

predicates ,  representin g thre e tempora l  intervals :  li ,  beginning ,  t̂ ,  middle ,  an d / j ,  end .  F ro m th e interactio n 

of  thes e predicate s al l  themati c type s ca n b e derived. ' 

Le t  u s illustrat e th e working s o f  th e calculu s wit h a  fe w eTcamples .  Fo r  eac h lexica l  item ,  w e specif y 

informatio n relatin g t o th e argumen t  structur e an d mapping s tha t  exis t  t o eac h semanti c field;  w e ter m thi s 

informatio n th e Themati c Mappin g Inde x ( T M I ) . 

Pair t  o f  th e semanti c informatio n specifie d lexicall y wil l  includ e som e classificatio n int o on e o f  th e 

foUowin g event-type s (cf .  (ij ,  (7| ,  [IS] ,  [26] ,  [30]) . 

even t  — type s 

state s no n — state s 

dynami c stati c processe s event s 

protracte d momentaneou s 

For example, the distinction between state, activity (or process), and accomplbhment can be cap-

ture d i n th e followin g way .  A  stat e ca n b e though t  o f  a s referenc e t o a n unbounde d interval ,  whic h w e wil l 

simpl y cal l  <2 ;  tha t  is ,  th e stat e span s thi s interval. *  A n activit y o r  proces s ca n b e though t  o f  a s referrin g 

t o a  designate d initia l  poin t  an d th e ensuin g process ;  i n othe r  words ,  th e situatio n span s th e tw o mterval s 

<i  an d / j .  Finally ,  a n even t  ca n b e viewe d a s referrin g t o bot h a n activit y an d a  designate d terminatin g 

interval ;  tha t  is ,  th e even t  span s al l  thre e intervals ,  (i ,  / j ,  an d tj . 

We assum e tha t  par t  o f  th e lexica l  informatio n specifie d fo r  a  predicat e i n th e dictionar y b  a 

classificatio n int o som e event-typ e a s wel l  a s th e numbe r  an d typ e o f  argument s i t  take s [18] ,  [31] .  Fo r 

example ,  conside r  th e ver b ru n i n sentenc e (1) ,  an d giv e i n sentenc e (2) . 

(1 )  Joh n ra n yesterday . 

(2 )  Joh n gav e th e boo k t o Mary . 

The prnentatio n o f  th e theor y i i  simplifie d here ,  a s w e d o no t  hav e th e spac e fo r  a  complet e discussion .  Se e [25 ]  fo r 

discussion . 

*  Thi s i s a  simpHcatio n o f  ou r  model ,  bu t  fo r  ou r  purpose s th e differenc e i s moot .  A  stat e i s actuall y interprete d a s a 

primitiv e homogeneou s event-sequence ,  wit h downwar d closure .  Cf .  [20| , 
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We associat e wit h th e ver b ru n a n aspec t  structur e P  (fo r  process )  an d a n argumen t  structur e o f  simpl y 

run[x] .  Fo r  giv e w e associat e th e aspec t  structur e A  (fo r  accomplishment) ,  an d th e argumen t  structur e 

give(x,y ,  z) .  Th e Themati c Mappin g Inde x fo r  eac h i s give n belo w i n (3 )  an d (4) . 

(3 ) 

ru n = 

Cy 

Th 

(4 ) 

giv e = 

U,  I , 

X y 

L T h L 

W 
I 

h J 

The sentenc e i n (1 )  represent s a  proces s wit h n o logica l  culmination ,  an d th e on e argumen t  b  linke d t o 

th e name d themati c (o r  case )  role ,  Th tm e [14] ,  [27| .  Th e entir e proces s i s associate d wit h bot h th e initia l 

interva l  t i  an d th e middl e interva l  i-i .  Th e argumen t  x  i s linke d t o (7 i  a s well ,  indicatin g tha t  i t  i s  a n Acto r 

as wel l  a s a  movin g objec t  (i.e .  Themt) .  Thi s represent s on e T M I  fo r  a n activit y verb . 

The structur e i n (2 )  specifie s tha t  th e meanin g o f  giv t  carrie s wit h i t  th e suppositio n tha t  ther e i s 

a logica l  culminatio n t o th e proces s o f  giving .  Thi s i s capture d b y referenc e t o th e final  subinterval ,  î .  Th e 

linkin g betwee n x  an d th e L  associate d wit h l \  i s  interprete d a s th e themati c rol e Source ,  whil e th e othe r 

linke d arguments ,  y  an d z  ar e Them e (th e book )  an d Goal ,  respectively .  Furthermore ,  x  i s specifie d a s a 

Cante r  an d th e objec t  whic h b  marke d Them e i s als o a n afi'ecte d objec t  (i.e .  Patient) .  Thi s wil l  b e on e o f 

th e TMI s fo r  a n accomplishment . 

Finall y le t  u s conside r  ho w thi s lexica l  informatio n i s actuall y use d whe n w e for m sentence s i n th e 

language .  I n particular ,  le t  u s examin e th e distinctio n betwee n th e limpl e pas t  form s o f  a  sentenc e (5 )  an d 

th e progressiv e form s i n (6) . 

(5 )  a .  Th e plan e landed . 

b.  Th e plan e descended . 

(6 )  a .  Th e plan e i s landing . 

b.  Th e plan e i s descending . 

Notic e tha t  (6b )  entail s (5b )  bu t  i t  i s  no t  tru e tha t  (6a )  entail s  (5a) .  Tha t  is ,  althoug h w e ca n sa y tha t  th e 

plan e ha s descende d i f  w e sa y tha t  i t  i s  currentl y descending ,  i t  i s  no t  th e cas e tha t  th e plan e ha s complete d 

it s landin g i f  w e sa y tha t  i t  b  landing .  I f  w e classif y descen d a s a n activit y an d lan d a s a n accomplbhment , 

however ,  w e ar e abl e t o captur e thi s dbtinctio n i n entailments . 

Let  u s sa y tha t  th e progressiv e act s a s a n operato r  ove r  a n even t  sequence ,  an d pick s ou t  th e middl e 

interva l  < ]  a s th e on e bein g referre d to . 

T h b mean s tha t  th e subeven t  bein g referre d t o b y us e o f  th e progressiv e i s insid e th e even t  / j ,  an d 

does no t  entai l  th e completio n o f  a  landing ,  sinc e ther e b  n o culminatin g even t  associate d wit h th e progressive . 

Give n th b analys b fo r  th e progressive ,  w e no w ca n explai n wh y proces s verb s allo w th e inferenc e i f  x  i s  V-ing , 

the n X  ha s V-ed . 
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3. 2 V i s u a l  E v e n t  C o n c e p t s 

Visua l  even t  concept s (o r  visua l  events )  ar e association s o f  percept s whic h ar e "hard-wired "  low-leve l 

visua l  primitive s (motion ,  location ,  intensity ,  size ,  color ,  etc. )  an d spatio-tempora l  relation s define d b y thos e 

primitive s (e.g .  under ,  near ,  between ,  etc.) .  A  majorit y o f  percept s represen t  objec t  state s an d relations , 

whil e onl y a  fe w percept s represen t  event s (e.g .  motion) .  Ou r  definition s fo r  motio n ar e foun d i n Figur e 1 . 

[motio n 

(objec t  (aotioB-righ t  motion-lef t  motion-forwar d 

motion-backwar d motion-n p motion-dow n 0))) ] 

[motion-righ t 

(objae t  (locatio n 0 )  (locatio n ( x (incroai o 1)))) ] 

[motion-down 

(objec t  (locatio n 0 )  (locatio n ( y (decreas e 1)))) ] 

[Figur e i ] 

We assum e a  viewer-oriente d coordinat e syste m wit h th e origi n a t  th e cente r  o f  th e field  o f  view .  Th e 

z-axi s i s th e lin e o f  sigh t  o f  th e observe r  (-t-z )  throug h th e origin .  Th e x-axi s correspond s t o th e observers ' 

right  (-l-x )  an d lef t  whil e th e y-axi s b  u p (-j-y )  an d down .  Th e number s ar e visua l  samplin g indice s whic h 

sugges t  th e expecte d sequenc e o f  locatio n state s whic h determin e motion .  W e presen t  thes e definition s t o 

illustrat e tha t  thoug h motio n an d locatio n ca n b e decompose d int o mor e primitiv e element s (coordinates) , 

we wil l  defin e locatio n an d motio n (chang e o f  location )  a s ou r  mos t  primitiv e stat e an d event ,  respectively . 

Our  theor y b  concerne d wit h percept s whic h ar e sufficien t  fo r  verba l  description s usin g tens e an d aspect , 

therefor e percept s whic h ar e determine d b y low-leve l  locatio n an d motio n ar e considere d intermediate-leve l 

vbua l  percepts . 

Sinc e event s ar e mor e salien t  tha n states ,  percept s whic h denot e event s hav e greate r  contro l  o f  a n 

observer' s vbua l  focu s o f  attentio n tha n percept s whic h simpl y denot e states .  Vbua l  event s whic h includ e 

suc h percep t  change s ca n infiuenc e (support ,  interrupt ,  suspend ,  o r  terminate )  th e observer' s attention . 

Furthermore ,  short-ter m memor y constraint s forc e th e observe r  t o atten d t o perceptua l  change s durin g a n 

observation .  W e defin e object ,  state ,  an d even t  change s a s simpl e event s s o tha t  a  visuz J even t  ma y b e 

define d a s a  sequenc e o f  on e o r  mor e simpl e events .  T h b sequenc e ma y b e a  sub-sequenc e (sub-event )  o f 

any numbe r  o f  othe r  dbtinc t  vbua l  events .  Fo r  th e remainde r  o f  th b paper ,  vbua l  event s wil l  b e referre d 

t o simpl y a s event s an d simpl e event s whic h boun d visua l  event s wil l  b e terme d initia l  an d final  event s ( a 

simpl e even t  b  th e initia l  an d final  even t  o f  itself) . 

Event s ar e largel y develope d throug h observatio n whic h b  th e concurren t  processin g o f  identifyin g 

object s an d thei r  behavior ,  predictin g an d matchin g event-schemata ,  an d evokin g linguistic ,  cognitive ,  an d 

physica l  descriptiv e procedures .  Thes e procedure s ar e evoke d a t  som e leve l  o f  abstractio n whic h b  appropri -

at e fo r  th e description ,  whic h b y defaul t  b  th e highes t  level .  Descriptio n complexit y ma y var y fro m simpl e 

perceptua l  recognitio n t o combination s o f  linguistic ,  cognitive ,  an d physica l  procedures .  Generally ,  event s 

ar e percep t  change s define d i n term s o f  objec t  combination s an d th e polyadicit y (numbe r  o f  objec t  argu -

ments )  o f  th e percepts .  W e hav e identifie d percept s whic h requir e one ,  two ,  o r  thre e object s simila r  t o thos e 

m 19] .  Eac h visua l  samplin g interva l  (scene )  i s represente d b y th e simpl e even t  whic h b  th e se t  o f  monadic . 

dyadic ,  an d triadi c percept s usin g eac h object ,  objec t  pair ,  an d objec t  tripl e a s arguments ,  respectively . 
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The purpos e o f  observatio n i s t o describ e know n event-schemat a an d t o defin e ne w event-schemata . 

Generally ,  ne w schemat a ar e constructe d fro m a  visua l  activit y histor y by :  retainin g th e histor y a s i t  wa s 

observed ;  definin g sub-event s fro m changin g "hard-wired "  percepts ;  definin g sub-event s fro m an y changin g 

percept s o r  simpl e events ;  o r  b y matchin g predicte d simpl e event s fro m know n event-schemata .  Ne w event -

schemat a ar e name d throug h interactio n wit h a  criti c  o r  b y concatenatin g th e name s o f  previousl y define d 

event s an d recognize d percepts .  Th e probabilit y  o f  even t  recognitio n b  measure d b y th e degre e t o whic h 

event-schemat a ar e matched . 

4.  A  Visuo-linguisti c Interfac e M o d e l 

At each scene, matched percepts, simple events, sub-events, and event-schemata will determine the 

generatio n o f  verba l  description s wher e object s assum e themati c roles .  Th e descriptio n proces s i s guided ,  i n 

part ,  b y recognizin g whethe r  th e objects ,  th e initia l  event ,  an d th e final  even t  ca n b e identified ,  partiall y 

identified ,  o r  unidentified .  Thi s wil l  m tur n determin e whethe r  th e even t  b  a  definite ,  probable ,  o r  possibl e 

past ,  present ,  o r  futur e process ,  achievement ,  o r  accomplishment .  Th e pas t  i s considere d whe n al l  event s 

have occurre d prio r  t o th e presen t  scene ;  th e presen t  whe n al l  simpl e event s occu r  withi n th e presen t  scene ; 

and th e f'itur e b  use d whe n al l  event s wil l  occu r  afte r  th e present .  Th e followin g i s ou r  algorith m fo r  th e 

vbuo-linguisti c interface : 

1. OBSERVE acencn. 

When a n observatio n begins ,  th e observe r  create s a  vbua l  hbtor y i n intermediate-ter m blackboar d 

memory.  A t  eac h scen e th e observe r  confirm s th e recognitio n o f  object s an d th e spatio-tempora l  relation s 

betwee n objects . 

2. PREDICT event-Bchemata. 

Prediction s o f  long-ter m memor y event-schemat a ar e goal-base d whe n selecte d b y th e observe r 

throug h non-vbua l  (e.g .  verbal )  input ,  object-base d whe n selecte d b y vbibl y identifyin g object s whic h 

ar e event-schemat a agents ,  an d event-base d whe n selecte d b y identifyin g spatio-tempora l  relatio n sequence s 

of  visibl y unidentifie d object s an d plausibl y inferrin g event-schemat a agents . 

3. DETERMINE changed percepts. 

The observer' s attentio n i s drive n b y percep t  change s durin g eac h scene .  Th e degre e o f  attentio n 

b roughl y proportiona l  t o th e numbe r  o f  change d percepts :  th e large r  th e numbe r  o f  changes ,  th e greate r 

th e nee d fo r  attention .  Goal-base d predictio n wil l  evok e e-xpectation-drive n attentio n whil e object-base d an d 

event-base d prediction s wil l  evok e data-drive n attention .  Puttin g thes e together ,  w e ca n defin e th e tota l 

attentio n t o b e th e cooperativ e and/o r  competitiv e interactio n betwee n th e data-drive n an d expectation -

drive n mechanisms . 

4. MATCH observed sub-events with predicted event-schemata. 

Sub-event s ar e identifie d b y focusin g attentio n o n defaul t  "hard-wired "  and/o r  learne d percepts . 

Identifie d sub-event s ar e matche d wit h sub-event s o f  predicte d event-schemata . 

5. CLASSIFY predicted event-schemata using matched sub-events. 

Matche d sub-event s ar e compare d wit h th e structur e o f  predicte d event-schemat a b y verifyin g objec t 

agents ,  an d determinin g th e stat e (past ,  present ,  o r  future )  o f  predicte d event-schemat a an d thei r  matche d 
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sub-events .  Predicte d event-schemat a ar e subsequentl y classifie d a s processes ,  achievements ,  o r  accomplish -

ment s . 

6. PRIORITIZE claBsifled predicted event-schemata. 

Predicted event-schemata are ordered based on the percept salience of the sub-events by which they 

wer e classified .  Fo r  example ,  a  nearb y objec t  quickl y movin g towar d th e observe r  ma y b e mor e salien t  tha n 

a dbtan t  objec t  movin g slowl y awa y fro m th e observer . 

7. DESCRIBE successfully predicted event-schemata. 

Verbal descriptions are generated based on the salience, state, and classification of the predicted 

event-schemata .  Thi s wil l  includ e tense ,  aspectual ,  an d causa l  references .  Th e fine-grained  tempora l  granu -

larit y o f  visua l  perception s wil l  b e mappe d int o medium-graine d perceptua l  change s whic h ar e mappe d int o 

coarse-graine d lingubti c descriptions . 

8. COMMENT and generate QUERIES about unsuccessful predictions. 

Verbal comments are generated for predicted event-schemata whose descriptions suggest improbable 

occurrenc e an d minima l  salience .  Th e observe r  wil l  direc t  question s t o a n interactiv e criti c  i n a n attemp t  t o 

relat e successfu l  prediction s t o unsuccessfu l  prediction s ([6] ,  [21]) . 

9. REFINE, UPDATE, and CREATE event-schemata. 

Through dialogue the observer will attempt to assign credit to percepts and sub-events in an effort 

t o creat e ne w event-schemat a an d revis e know n event-schemata . 

10. REPEAT UNTIL scenej. 

The process continues until the observation is terminated by a minimal amount of salience in the 

scen e fo r  a n extende d perio d o f  time ,  o r  throug h th e volitio n o f  th e observer . 

It should be pointed out that event-schemata predictions are made in order to reduce the search 

proble m o f  a  larg e numbe r  o f  event-schemat a wit h a  ver y larg e numbe r  o f  percepts .  Goal-base d prediction s ar e 

specifi c  an d requir e th e les s o f  th e observer' s attentio n resource s tha n object-base d prediction s whil e event -

base d prediction s ar e genera l  an d requir e mor e o f  th e observer' s attentio n tha n object-base d predictions . 

Thi s attentio n disparit y exist s a t  th e beginnin g o f  th e observation ,  bu t  i t  b  expecte d tha t  b y th e en d o f  th e 

observatio n a  smal l  numbe r  o f  event-schemat a wil l  hav e actuall y bee n described . 

5.  E x a m p l e s 

To illustrate our theory of the integration of language and perception, consider that an observer and 

a criti c  witnes s ai r  sho w event s a t  a n airport .  Ther e ar e tw o object s a t  th e show :  a  plan e an d a  runway . 

The observe r  i s a  novic e an d ca n identif y plane s an d runway s an d th e criti c  L s a n aviatio n expert .  Assum e 

tha t  fo r  ever y scen e i n th e observatio n th e observe r  perceive s th e locatio n an d motio n o f  bot h objects .  Fro m 

thes e "hard-wired "  percept s th e observe r  determine s othe r  percepts :  on ,  over ,  above ,  velocity ,  an d altitude . 

Let  u s sa y tha t  th e observe r  focuse s o n percep t  change s betwee n eac h scen e an d represent s the m i n a  visua l 

activit y history .  I f  a n observatio n yield s th e followin g histor y o f  percep t  changes : 
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(viaaal-histor y 

(ronwa y (locatio n 0) ) 

(plan *  (locatio n 0 )  (motio n 3 ) 

(valoclt y (zer o 0 )  (incraas a 4 )  (constan t  IE )  (dacraas a 19 ) 

(coaatan t  27) ) 

(altitnd a (constan t  0 )  (incraas a 10 )  (constan t  16 )  (dacraas a 20 ) 

(constan t  26) ) 

(ranva y (o n 0 )  (ova r  abov a 10)  (abov a 13 )  (ova r  abov a 20 ) 

(o n 25))) ) 

and the observer can verbally describe percepts, it could describe the activity in any scene in terms of the 

percepts : 

(scana-0 

(rnnwa y (locatio n 0) ) 

(plan a (locatio n 0 ) 

(valoclt y (zar o 0) ) 

(altitnd a (conatan t  0) ) 

(rnnva y (o n 0))) ) 

ING(»it x) 

ON(Th ,L ) 

Theme —•  plane/\—motion ] 

L —•  runwa y 

"A plana is aitting on a rnnvay." 

Scene 0 suggests that a motionless plane is the direct agent of sitting on a runway location. This would be 

th e cas e unti l  scen e 4 : 

(Bcans-4 

(ranva y (locatio n 0) ) 

(plan a (locatio n 0 )  (motio n 3 ) 

(velocit y (incraaa a 4) ) 

(altitnd a (conatan t  0) ) 

(rnnva y (o n 0))) ) 

ING(move z) 

ON(Th,L ) 
Theme - ^  plane/{-i-motion l 

L —•  runwa y 

"Ths plana is moving faster on tha rnnvay." 

Scene 4 shows that the plane had been on the runway since scene 0, moved since scene 3, and 

increase d velocit y i n scen e 4 .  Th e observe r  ca n als o generat e sub-event s base d o n an y particula r  changin g 

percept .  Fo r  instance ,  th e observe r  ca n defin e a  simpl e sub-even t  b y focusin g o n th e chang e i n velocit y o f  th e 

plan e a t  scen e 1 5 an d includ e al l  percep t  change s whic h occurre d betwee n th e las t  tw o successiv e velocit y 

change s i n scene s 4  throug h 1 5 an d cal l  i t  a  'Yoo" : 
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(Bub-BV«nt-fo o 

(rnnva y (loc&tio n 0) ) 

(plan *  (locatio n 0 )  (motio n 3 ) 

(valocit y (increas e 4 )  (constan t  16) ) 

(altitud e (increas e 10) ) 

(rnnva y (ove r  abov e 10 )  (abov e 13))) ) 

ING(foo x) 

Theme - *  plane/\+motion ] 

L —•  abov e runway/\+localion \ 

"The plane is increasing altitude above the rnnvay at constant speed." 

or 

"Th e plan e ha s fooed. " 

The observer could continue to generate descriptions of this visual activity in such terms, but for 

lon g an d comple x event s ther e coul d b e a  ver y larg e numbe r  o f  percept s an d sub-event s makin g verba l 

description s to o detailed ,  awkward ,  lengthy ,  o r  ridiculous .  Fo r  thes e reasons ,  i t  b  sometime s desirabl e tha t 

sub-event s hav e mor e concis e an d meaningfu l  descriptions .  Sub-event s coul d b e identifie d b y a n interactiv e 

criti c  wh o ca n recogniz e an d labe l  the m linguistically .  Conside r  tha t  th e followin g dialogu e take s plac e afte r 

witnessin g th e visua l  activity : 

Critic: "The plane takes-off vhen it accelerates on the rnnvay 

and tha n ascends. " 

Observer :  "Vha t  i s ascending?" . 

Critic :  "Th e plan e ascend s vhe n i t  increase s altitude. " 

This verbal exchange causes the observer to focus attention on "increasing altitude" at scene 10. The observer 

no w construct s a n "ascend "  sub-even t  schema : 

(ascend 

(rnnva y (locatio n 0) ) 

(plan e (locatio n 0 )  (motio n 3 ) 

(valocit y (zer o 0 )  (increas e 4) ) 

(altitud e (constan t  0 )  (increas e 10) ) 

(runva y (o n 0 )  (ove r  abov e 10))) ) 

From the observation and the dialogue, the role of the runway in the plane's ascending is not clear. Further-

more ,  th e criti c  ha s no t  give n an y definit e indicatio n a s t o whe n a n ascen d begin s an d ends .  I f  th e dialogu e 

continues : 

Observer: "Vhen does an ascend begin?" 

Critic :  "Th e plan e begin s t o ascen d vhe n i t  increase s 

altitude. " 

Observer :  "Vhe n doe s i t  end? " 

Critic :  "Vhe n th e plan e stop s increasin g altitude. " 

Observer :  "Doe s a  plan e nee d a  rnnva y t o ascend? " 

Critic :  "No. " 

Observer :  "Doe s i t  nee d velocit y t o ascend? " 

Critic :  "Tee. " 
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and scen e indice s ar e normalized ,  th e observe r  ma y generat e a  mor e refine d schem' a fo r  "ascend" : 

(ascand 

(plan a (locatio n 0 )  (motio n 1 ) 

(valocit y (incraas d 3 )  (constan t  4) ) 

(altitnd a (incraas a 3 )  (constan t  5))) ) 

Careful guidance by the critic could result in other refined event-schema definitions such as take-oflf, descend, 

and landing .  Th e observe r  coul d no w describ e th e sam e vbua l  activit y a t  a  highe r  leve l  o f  abstractio n ( ? 

indicate s unobserve d percept) : 

(8cana-4 

(runwa y (locatio n 0) ) 

(plan a (locatio n 0 )  (motio n 3 ) 

(valocit y (incraaa a 4) ) 

(altitnd a (constan t  0) ) 

(rnnva y (o n 0))) ) 

(taka-of f 

(runwa y (locatio n 0) ) 

(plan a (locatio n 0 )  (motio n 3 ) 

(valocit y (Incraas a 4} )  (altitnd a (ucraas a ?)) ) 

(rnnwa y (o n 0 )  (ova r  abov a ?))) ) 

•Tha plana is taking-off." 

(scana-2 3 

(rnnwa y (locatio n 0) ) 

(plan a (locatio n 0 }  (motio n 3 ) 

(valocit y (dacreas a 19) ) 

(altitnd a (dacraas a 20) ) 

(rnnwa y (ova r  abov a 20))) ) 

(dascan d 

(plan a (locatio n 0 )  (motio n 3 ) 

(valocit y (dacraas a 19 )  (con»tan t  ?) ) 

(altitnd a (dacraas a 20 )  (constan t  ?))) ) 

(lan d 

(rnnwa y (locatio n 0) ) 

(plan a (locatio n 0 )  (motio n 3 ) 

(valocit y (dacraas a 19) )  (altitnd a (dacraas a 20)) ) 

(rnnwa y (ova r  abov a 20 )  (o n ?))) ) 

"Tha plana is descanding and has almost landad." 
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I n thes e cases ,  th e observe r  i s guide d t o defin e sub-event s b y focusin g attentio n o n suggeste d percept s rathe r 

tha n focu s attentio n o n "hard-wired "  o r  motion-relate d percept s thoug h al l  percept s remai n buildin g block s 

fo r  sub-events .  Partia l  event-schemat a matche s wer e foun d t o b e helpfu l  i n generatin g description s wit h th e 

us e o f  word s suc h a s "almost "  an d "partially "  thoug h th e event s neve r  completel y occurred .  Th e observe r 

m ay no w describ e ne w visua l  activit y i n term s o f  event s tha t  i t  ca n recognize . 

Withou t  th e benefi t  o f  instruction ,  i t  woul d tak e ou r  observe r  severa l  observation s outsid e th e 

proximit y o f  a n airpor t  t o notic e tha t  plane s ofte n ascen d withou t  runway s an d sometime s ascen d du e t o 

increase d win d velocity .  *  Whil e th e plzme' s velocit y b  no t  essentia l  fo r  vbuall y recognizin g ascen t  o r 

descent ,  suc h percept s ca n b e include d i n event-schemat a t o hel p th e observe r  mak e causa l  inference s i n 

verba l  descriptions . 

O ur  example s sho w tha t  ou r  visua l  even t  definition s ar e hierarchica l  (sinc e sub-event s ar e constructe d 

fro m events )  an d concurrent .  W e ar e quic k t o poin t  ou t  tha t  withou t  th e benefi t  o f  language ,  even t  boundarie s 

m ay b e determine d b y percep t  salienc e alone ,  however ,  languag e ca n hel p t o determin e an d labe l  visua l  event s 

on non-salien t  o r  non-visua l  baaes .  Thu s th e defaul t  tempora l  granularit y an d focu s o f  attentio n durin g even t 

processin g ca n b e altere d b y usin g language . 

6. Summary and Future Work 

Our theory relates the thematic roles of objects in events to lexical and perceptual semantics. It 

present s a  plausibl e mappin g fro m visua l  percept s t o linguisti c description s an d th e invers e transformatio n 

fro m linguisti c description s t o visua l  event-schemata .  W e hav e suggeste d th e rol e tha t  languag e ma y pla y 

i n describin g perception s an d provid e a n algorith m whic h describe s thi s mappin g process .  W e introduc e 

goad-based ,  object-based ,  an d event-base d predictio n an d sho w ho w suc h prediction s ar e integrate d t o focu s 

attentio n o n input  whic h m a y b e linguisti c a s wel l  a s perceptual . 

T h e author s woul d lik e t o poin t  ou t  severa l  significan t  direction s tha t  ou r  researc h i n perceptual -

linguisti c interfacin g an d relate d issue s ca n b e explored .  First ,  thoug h w e ar e directl y concerne d wit h 

visio n an d languag e i n th b paper ,  suc h wor k shoul d lea d toward s investigation s i n perceptua l  modalit y 

an d descriptiv e integration .  Fo r  example ,  th e nex t  ste p i n definin g formalbm s coul d b e t o selec t  anothe r 

perceptua l  modalit y (e. g taction )  an d anothe r  descriptiv e mechanis m (e.g .  motor-control )  an d develo p 

formalism s whic h describ e ho w a n intelligent ,  observin g entit y m a y physicall y mov e a s a  resul t  o f  ho w i t 

b physicall y touched .  Alon g wit h th e theor y outline d i n thi s pape r  a  mor e complet e characterizatio n o f 

perceptua l  descriptio n m a y result . 

Anothe r  interestin g avenu e t o explor e woul d b e ho w moda l  an d descriptiv e integratio n ca n b e con -

trolled .  O n e ide a b  tha t  th e lexicon ,  percepts ,  an d event-schemat a ca n b e noda l  processor s i n a  massivel y 

paralle l  fine-grained  computationa l  networ k simila r  t o [12 ]  an d mor e sophbticate d memor y an d mferenc e 

an d searc h reductio n m e c h a n b m s suc h a s [28 |  m a y b e employed .  W e ar e explorin g suc h implementatio n 

detai b an d find  tha t  a  "Societ y o f  Mind "  (20 j  architectur e m a y b e mos t  prombing . 

Thi s i s th e sam e proble m a s learnin g th e necessar y condition s fo r  a n even t  o r  concept .  Th e mor e genera l  notio n o f 

th e concep t  wil l  aris e wit h th e righ t  trainin g instances .  Se e [2l] ,  [22] . 
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RHO-SPACE: 

A N E U R AL N E T W O RK FO R T H E DETECTIO N A N D REPRESENTATION O F O R I E N T E D EDGES* 

D.K.W.Walters, Computer Science Dept., State University of New York at Buffalo, NY 14260 

Abstract 

Thi s pape r  describe s a  neura l  networ k fo r  th e detectio n an d representatio n o f  oriente d edges .  I t 
was motivate d bot h b y th e inheren t  ambiguit y o f  convolution-styl e edg e operators ,  an d th e processin g 
of  oriente d edg e informatio n i n biologica l  visio n systems . 

The inpu t  t o th e networ k i s th e outpu t  o f  oriente d edg e operators .  Th e computation s withi n th e 

networ k ar e base d o n orientatio n dependent ,  three-dimensional ,  excitator y an d inhibitor y neighbor -

hoods i n whic h computation s suc h a s latera l  inhibitio n an d linea r  excitatio n ca n occur . 

Rho-spac e ha s a  variet y o f  interestin g properties ,  whic h hav e bee n investigated .  Thes e include : 

l )  Bot h coars e an d fine  representatio n o f  th e orientatio n informatio n i s possible . 

2)  N o globa l  thresholdin g i s required ,  an d th e loca l  adaptiv e thresholdin g i s localize d i n orientation ,  a s 

wel l  a s i n spatia l  position . 

3)  Th e filling-in  o f  dotte d an d dashe d line s readil y occurs . 

4)  Ther e i s a  natura l  representatio n o f  connectivity ,  whic h agree s wit h huma n perception . 

5)  Illusor y contours ,  o f  on e typ e produce d b y th e huma n visua l  syste m ar e produced . 

6)  Al l  processin g i s completel y data-driven ,  an d n o domai n dependen t  knowledg e o r  mode l  base d pro -

cessin g i s used . 

1. Introduction 

The mos t  univers,ill v  applie d stag e o f  low-leve l  visua l  processin g i s th e detectio n o f  imag e edges , 

be the y intensit y edges ,  motio n edge s o r  textur e edges .  Ye t  ther e ar e som e basi c theoretica l  problem s 

whic h complicat e th e detectio n an d representatio n o f  imag e edges .  On e suc h proble m i s th e inheren t 

ambiguit y i n th e respons e o f  an y singl e convolution-styl e edg e operator ;  th e operato r  respond s t o th e 

conjunctio n o f  edg e location ,  orientation ,  amplitude ,  etc. ,  an d th e value s o f  thes e contributin g factor s 

can no t  b e untangle d fro m a  singl e response .  I n thi s pape r  i t  i s  argue d tha t  th e ambiguit y proble m lie s 

not  wit h edg e operator s themselves ,  bu t  wit h h o w th e operato r  response s ar e bein g interprete d i n 

curren t  compute r  visio n systems .  Fo r  example ,  neural-base d biologica l  visio n system s us e 

convolution-style ,  oriente d edg e operator s an d appea r  t o hav e solve d th e ambiguit y problem .  Thi s sug -

gest s tha t  a  solutio n exist s usin g th e styl e o f  representatio n an d computatio n possibl e i n neura l  net -

works . 

Thi s pape r  explore s th e us e o f  a  neura l  networ k fo r  th e detectio n an d representatio n o f  oriente d 

edges .  Grossber g an d MingoU a [l ]  hav e als o addresse d th e edg e detectv) r  ambiguit y proble m throug h th e 

use o f  network s whic h mode l  neura l  computation s a t  th e leve l  o f  th e dynamic ,  cooperativ e an d com -

petitiv e interaction s o f  feedback ,  shunting ,  etc .  Ou r  researc h differ s i n tw o mai n ways :  first,  th e 

neura l  network s studie d perfor m static ,  noniterative ,  discret e computation s o f  th e typ e tha t  coul d b e 

easil y implemente d i n a  clocked ,  discrete ,  paralle l  digita l  architecture ;  an d second ,  emphasi s i s place d 

on th e typ e o i  dis t  ibute d representatio n tha t  i s  possibl e i n suc h networks . 

2. Representations for Oriented Edges 

Althoug h ther e i s considerabl e debat e amongs t  visio n researcher s a s t o th e existenc e o f  a n optima l 

edge detecto r  [2,3,4,5] ,  ther e i s genera l  agreemen t  abou t  h o w oriente d edge s shoul d b e represented .  Th e 

standar d representatio n consist s o f  a n amplitud e o r  gradien t  image ,  A(x,y X i n whic h eac h poin t 

represent s th e amplitud e o r  gradien t  o f  th e edg e a t  spatia l  positio n (x,y) ;  an d a n orientatio n imag e 

'  Thi s researc h i s funde d b v NSF Gran t  1S T 840982 7 awarde d t o th e author . 
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Bix,y) ,  i n whic h th e valu e o f  eac h poin t  represent s th e orientatio n o r  gradien t  directio n a t  spatia l  posi -

tio n (x,y) .  Th e implici t  assumptio n i s tha t  th e loca l  edg e amplitud e an d orientatio n a t  eac h imag e 

poin t  ca n b e measured .  Bu t  th e ambiguit y proble m invalidate s thi s assumptio n fo r  th e respons e o f 

individua l  edg e operators .  On e potentia l  solutio n i s t o loo k a t  th e respons e o f  a  se t  o f  edg e operator s a t 

eac h imag e location ,  suc h a s se t  o f  oriente d operators .  I t  wil l  b e show n tha t  th e respons e o f  th e se t  a s a 

whol e contain s significan t  structura l  information .  Bu t  mos t  technique s usin g oriente d edg e operator s 

use eithe r  thresholdin g o r  loca l  averagin g t o produc e a  singl e estimat e o f  edg e amplitud e an d orienta -

tio n fro m th e set ,  an d thi s lose s th e structura l  information .  Thi s poin t  ha s bee n mad e b y Zucke r  [6] , 

w ho propose s a  model-matchin g schem e fo r  reconstructin g th e edg e informatio n fro m th e responses .  A 

model-fre e approac h i s take n her e whic h use s a  distribute d representatio n o f  oriente d edg e information , 

p-space ,  i n whic h th e response s o f  oriente d edg e operator s fo r  a  singl e imag e poin t  ar e no t  combine d 

throug h thresholdin g o r  othe r  techniques ,  whic h allow s th e subsequen t  computation s t o disambiguat e 

th e orientation ,  positio n an d amplitud e information . 

3. Rho-Space Representation 

Rho-spac e i s a  thre e dimensiona l  space ,  wher e th e x  an d y  dimension s represen t  th e spatia l 

dimension s o f  a n image ,  an d th e thir d dimension ,  p ,  represent s th e orientatio n o f  image  contour s 

(intensit y edges ,  textur e boundaries ,  lines ,  etc.) .  Th e spac e i s discretize d i n al l  dimensions . 

The inpu t  t o p-spac e i s currentl y produce d b y convolvin g a n imag e wit h a  se t  o f  Canny-typ e 

oriente d edg e operator s [2] ,  o f  eithe r  8  o r  1 8 separat e orientations .  Figur e 1  show s a  diagra m o f  th e p -

space .  Eac h orientatio n plan e show n i n Fig .  1  ca n b e though t  o f  a s th e resul t  o f  convolvin g th e imag e 

wit h a n edg e operato r  o f  a  give n orientation .  Th e valu e a t  eac h locatio n o f  a  singl e orientatio n plane -

i s the n th e amplitud e o f  th e outpu t  o f  tha t  particula r  operato r  a t  tha t  imag e location .  Figur e 1  show s 

6 orientatio n planes ,  bu t  i n th e compute r  implementatio n eithe r  8  o r  1 8 orientatio n plane s wer e used . 

The algorithm s develope d fo r  th e p-spac e representatio n assum e tha t  ther e i s a  simpl e processo r 

associate d wit h eac h poin t  o r  pixe l  i n th e space ,  an d eac h processo r  i s locall y connecte d onl y t o thos e 

processor s i n it s three-dimensiona l  neighborhoo d (a s define d below) .  Eac h simpl e processo r  i s actuall y a 

networ k o f  neural-typ e units ,  bu t  ca n b e simulate d a s singl e processo r  whic h run s a  simpl e internall y 

store d program .  Th e p-spac e processor s perfor m local ,  noniterativ e computation s suc h a s discret e form s 

of  latera l  inhibition ,  shor t  an d lon g rang e linea r  excitation ,  an d shor t  an d lon g rang e linea r  inhibition . 

Thes e computation s pu t  th e oriente d edg e informatio n int o a  for m tha t  i s usabl e b y a  wid e rang e o f 

^ ^  ^  ' ^  ̂  -< • 

^yy "  x '  /  /  ^^^ ^ 

^ ^ ^ ^  ^^^^^  '^^ 

Figur e 1 
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lo w an d intermediat e leve l  visua l  computation s suc h a s perceptuall y base d enhancement ,  segmentatio n 

and groupin g [7] .  Furthe r  description s o f  th e p-spac e representatio n ca n b e foun d i n [8,9] . 

3.1. Definitions 

Assume ther e ar e k  processor s i n p^space ,  an d defin e X j  t o b e th e activit y o f  processin g uni t  j . 

3.2. Excitatory and Inhibitory Neighborhoods in Rho-Space 

Al l  p-spac e computations ,  an d th e definition s o f  oriente d line s i n p-spac e ar e base d o n th e concep t 

of  th e loca l  neighborhoo d o f  eac h poin t  i n p-space .  Th e excitator y neighborhood ,  E j ,  o f  poin t  j 

include s al l  point s whic h ar e directl y connecte d t o j ,  an d whic h participat e i n excitator y operations . 

The inhibitor y neighborhood ,  / j ,  o f  poin t  j  consist s o f  al l  point s whic h ar e directl y connecte d t o j , 

and whic h participat e i n inhibitor y computations . 

Al l  E j  an d I j  ar e define d a s function s o f  th e edg e operator s use d t o generat e th e inpu t  t o p -

space .  Th e tw o spatia l  dimension s o f  th e neighborhoods ,  n  b y m ,  ar e th e spatia l  dimension s o f  th e con -

volutio n kernel s o f  th e edg e operators .  Th e orientatio n dimension ,  d ,  o f  th e neighborhood s ar e deter -

mine d b y th e numbe r  o f  separat e orientation s represente d i n th e convolutio n kernels .  Fo r  example ,  fo r 

sixtee n oriente d 7  b y 7  operator s o f  th e typ e illustrate d i n Figur e 2a ,  th e excitator y neighborhoo d fo r 

th e centra l  soli d horizonta l  pixe l  i s  tha t  show n i n Figur e 2b ,  wher e th e non-empt y circle s represen t 

th e location s i n th e excitator y neighborhood .  Figur e 2 b show s jus t  a  smal l  portio n o f  p-space ,  par t  o f 

each o f  thre e consecutiv e orientatio n planes .  Th e middl e plan e correspond s t o horizonta l  edge s ( O 

degrees) ,  while  th e to p an d botto m plane s contai n informatio n abou t  orientation s o f  +22. 5 an d -22. 5 

degree s respectively .  Th e excitator y neighborhoo d o f  eac h poin t  i n p-spac e lie s withi n a  smal l  rec -

tangula r  bo x shape d regio n o f  p-space . 

The inhibitor y neighborhood ,  / j ,  o f  poin t  j  i s  th e complimen t  o f  th e excitator y neighborhood , 

Ej ,  define d ove r  th e n  b y m b y d  spac e centere d o n th e poin t  j . 

Each neighborhoo d ca n b e divide d int o tw o halve s b y a  plan e whic h passe s throug h th e centra l 

point ,  an d whic h i s orthogona l  t o th e orientatio n directio n o f  th e centra l  point .  Le t  fj j  an d E j ^  refe r 

t o th e tw o halve s o f  E j . 
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4.  Computat ion s Usin g th e Rho-Spac e Representatio n 

The computation s i n p-spac e ar e al l  loca l  computation s whic h involv e onl y a  singl e processo r  an d 

it' s  loca l  neighbors .  Fou r  suc h computation s ar e latera l  inhibitio n (LI) ,  short-rang e linea r  inhibitio n 

(SRLI) ,  short-rang e linea r  exciutio n (SRLE) ,  an d mid-rang e linea r  inhibitio n (MRLI) .  Eac h processor , 

X j ,  i s  compose d o f  5  neura l  units :  O j ,  i s  th e outpu t  o f  th e oriente d edg e operators ;  T j  i s  th e outpu t  o f 

LI ,  L j  i s  th e outpu t  o f  SRLI ;  F j  i s  th e outpu t  o f  SRLE ;  an d R j  i s th e outpu t  o f  MRLI .  Fo r  example , 

LI  i s  define d : 

Tj=Oji max (( Oj-Moj.), 0)/(Oj~Mo.,.)) 

where Mqj. = max (O^ st Oi is an element of Ij). 

SRLI is defined as : 

Lj =Tji max i-Mj^E^, 0)/-Mr,Ej^ 

where, Mj^e = niax (7^ st Ti is an element of Ej). 

All four computations are illustrated in Figure 3 where (a) shows a black-white checkerboard 

imag e i n whic h unifor m nois e ha s bee n adde d t o eac h pixel ,  an d par t  (b )  show s th e nonzer o pixel s 

presen t  i n th e inpu t  image .  I n par t  (c )  eac h whit e pixe l  indicate s tha t  a t  leas t  on e o f  th e oriente d 

operator s ha d a  non-zer o respons e a t  tha t  imag e point .  Thus ,  th e operator s ar e indicatin g tha t  al l  bu t 

one o f  th e point s i n thi s imag e coul d b e a n edg e point .  A  commo n metho d fo r  interpretin g suc h 

response s i s t o us e eithe r  a  globa l  o r  a  loca l  threshol d t o remov e unwante d responses ,  bu t  i t  i s  generall y 

not  possibl e t o find a  threshol d whic h remove s al l  o f  th e noise-generate d responses ,  an d non e o f  th e 

edge-generate d responses .  Par t  (d )  show s th e result s afte r  LI ,  whic h i s a  kin d o f  loca l  adaptiv e thres -

holding ,  bu t  whic h ha s th e adde d advantag e tha t  i t  i s  orientatio n selective .  Thu s a  hig h amplitud e 

horizonta l  edg e doe s no t  inhibi t  a  neighborin g lo w amplitud e vertica l  edge .  Par t  (e )  show s th e result s 

afte r  SRL I  whic h ha s th e functio n o f  removin g potentia l  edg e point s whic h ar e no t  connecte d t o othe r 

edge potentia l  points ,  an d thu s coul d no t  hav e arise n fro m tru e edges .  Par t  (f )  show s th e smal l  gap s i n 

th e line s representin g edge s bein g filled  i n b y SRLE ,  whil e par t  (g )  show s th e short ,  unconnecte d line s 

remove d afte r  MRLI ,  yieldin g th e connecte d edge s o f  th e checkerboard .  (Mor e detail s o f  thes e excita -

tor y an d inhibitor y interaction s ca n b e foun d i n [lO]) . 

5. Definitions of Lines in Rho-Space 

As on e o f  th e goal s fo r  computation s i n p-spac e i s t o grou p loca l  edge s int o a  for m whic h 

represent s mor e globa l  imag e edges ,  a  mean s o f  definin g a n imag e edg e i s required .  I f  w e wer e work -

in g i n euclidea n space ,  the n w e migh t  defin e a n imag e edg e a s a  connecte d lin e o f  loca l  edges ,  bu t  i n p -

P R l 

Figur e 3 
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spac e th e euclidea n definition s o f  connectivit y an d o f  line s d o no t  hold .  Thu s th e followin g p-spac e 

definition s ar e required . 

A poin t  j  i s  connecte d t o anothe r  poin t  j "  i f  an d onl y i f  bot h ar e nonzero ,  an d j  lie s withi n E y 

and j '  lie s withi n E j . 

(Not e tha t  tw o processor s i n rho-spac e ca n b e connected ,  withou t  th e edg e point s associate d wit h 

the m bein g connected. ) 

A lin e i s a  se t  o f  connecte d point s whic h lac k neighbor s i n thei r  inhibitor y neighborhoods . 

A lin e en d i s a  lin e point ,  j ,  whic h ha s neighbor s i n eithe r  f j ,  o r  J?p ,  bu t  no t  i n both . 

6. An Example of Grouping and Segmentation 

Fro m th e abov e definitions ,  i t  i s  possibl e t o grou p loca l  edg e point s i n p-spac e int o mor e globa l 

imag e edge s o r  lines ,  an d fro m structura l  informatio n abou t  lin e ends ,  i t  i s  als o possibl e segment  a n 

imag e int o set s o f  line s whic h ar e likel y t o hav e arise n fro m a  singl e objec t  [7] .  A n exampl e o f  thi s 

proces s i s see n i n Figur e 4 ,  wher e part s (a )  throug h (f )  sho w th e result s o f  th e p-spac e computation s 

describe d above ,  while  part s (g )  an d (h )  eac h sho w on e o f  th e tw o segment s generate d b y th e segmen -

tatio n algorithm .  Not e tha t  althoug h th e circl e an d th e rectangl e ar e connecte d i n th e imag e space , 

the y ar e no t  connecte d i n p-space ,  whic h aid s i n thei r  segmentation . 

7. Rho Space Properties 

Rho-spac e ha s a  variet y o f  interestin g properties ,  whic h hav e bee n investigated .  Thes e include : 

1)  Bot h coars e an d fine  representatio n o f  th e orientatio n informatio n i s possible . 

2)  N o globa l  thresholdin g i s required ,  an d th e loca l  adaptiv e thresholdin g i s localize d i n orientation ,  a s 

wel l  a s i n spatia l  position . 

3)  Th e fiUing-in  o f  dotte d an d dashe d line s readil y occurs . 

4)  Ther e i s a  natura l  representatio n o f  connectivity ,  whic h agree s wit h huma n perception . 

5)  Illusor y contours ,  o f  on e typ e produce d b y th e huma n visua l  syste m ar e produced . 

6)  Al l  processin g i s completel y data-driven ,  an d n o domai n dependen t  knowledg e o r  mode l  base d pro -

cessin g i s used . 

As a n example ,  conside r  th e illusor y contou r  property .  On e o f  th e propertie s o f  th e curren t 

implementatio n o f  p-spac e i s tha t  th e respons e t o a  singl e line ,  i s  th e lin e itself ,  an d tw o orthogona l 

end lines .  Thi s behavio r  wa s pointe d ou t  b y Mar r  an d Hildret h a s bein g a n undesirabl e sid e eff"ec t  o f 

oriente d edg e operator s [1 1 ] .  However ,  th e orthogona l  en d line s migh t  pla y a  positiv e rol e i n percep -

tio n th e formatio n o f  illusor y contours .  Fo r  example ,  whe n th e patter n i n Fig.5 a i s viewe d fro m th e 

Figur e 4 
Figur e 5 
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appropriat e distance ,  th e centra l  regio n m a y appea r  "darker "  tha n th e rest .  Thi s ca n b e explaine d i n 

par t  i n term s o f  a n illusor y circula r  contou r  bein g formed ,  an d th e orthogona l  en d line s ca n provid e 

suc h a  contour .  T o illustrat e this ,  a n exampl e p-spac e computatio n i s show n i n Figur e 5 .  Par t  (a ) 

show s th e inpu t  pattern .  Par t  (b )  show s th e nonzer o convolutio n responses ,  an d par t  (c )  show s th e 

nonzer o response s afte r  LI .  Par t  (d )  show s th e nonzer o response s afte r  SRLI ,  an d th e orthogona l  en d 

line s ar e apparent .  Par t  (e )  show s th e nonzer o response s afte r  th e SRLE ,  an d a  roughl y circula r  con -

tou r  whic h m a y correspon d t o th e illusor y contou r  i s formed .  I n par t  (f )  th e shor t  unconnecte d lin e 

segment s hav e bee n remove d b y M R L I  t o for m th e final  percept .  Thi s i s a n interestin g resul t  becaus e 

an illusor y contou r  ha s bee n forme d i n a  completel y data-drive n manner ,  withou t  referenc e t o models , 

or  inferrin g depth . 

Grossber g ha s show n tha t  th e illusor y contou r  forme d b y thi s patter n disappear s whe n th e indi -

vidua l  line s ar e rotate d b y 4 5 degree s abou t  thei r  interio r  en d points .  Unde r  suc h rotatio n th e orthogo -

nal  en d line s o f  th e line s woul d no t  joi n t o for m a  close d contour ,  an d n o illusor y contou r  woul d b e 

formed ,  thu s supportin g th e orthogona l  en d lin e hypothesi s fo r  thi s illusion . 
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ABSTRACT 

The recent development of powerful learning algorithms for parallel distributed networks has made it pos-

sibl e t o progra m computatio n i n a  n e w way .  Thes e ne w technique s allo w u s t o progra m massivel y paralle l  net -

work s b y exampl e rathe r  tha n b y algorithm .  Thi s kin d o f  extensiona l  programmin g i s  especiall y usefu l  whe n 

ther e ar e n o know n technique s fo r  solvin g a  problem .  Thi s i s  ofte n th e cas e wit h th e computation s associate d 

wit h basi c cognitiv e processe s suc h a s visio n an d audition .  I n thi s pape r  w e appl y th e techniqu e t o th e proble m 

of  learnin g a n efficien t  interna l  representatio n o f  imag e informatio n direcd y fro m a  gray-scal e image .  W e com -

par e th e result s o f  thi s t o th e engineerin g versio n o f  thi s problem ,  i.e. ,  imag e compression .  Ou r  result s demon -

strat e tha t  a  ver y simpl e learnin g metho d learn s interna l  representation s tha t  ar e nearl y a s efficien t  a s thos e 

develope d b y th e bes t  know n technique s i n imag e compression .  Thu s w e hav e a  techniqu e whereb y neuron-lik e 

network s ca n self-organiz e t o for m a  compac t  representatio n o f  a  visua l  environment . 
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INTRODUCTION 

The recent development of powerful learning algorithms for parallel distributed networks has made it pos-

sibl e t o progra m computatio n i n a  ne w way .  Thes e ne w technique s allo w u s t o progra m massivel y paralle l  net -

work s b y exampl e rathe r  tha n b y algorithm .  Thi s kin d o f  extensiona l  programmin g i s  especiall y usefu l  whe n 

ther e ar e n o k n o w n technique s fo r  solvin g a  problem .  Thi s i s  ofte n th e cas e wit h th e computation s associate d 

wit h basi c cognitiv e processe s suc h a s visio n an d audition .  I n thi s pape r  w e appl y th e techniqu e t o th e proble m 

of  learnin g a n efficien t  interna l  representatio n o f  imag e informatio n directl y fro m a  gray-scal e image .  W e com -

pare  th e result s o f  thi s t o th e engineerin g versio n o f  thi s problem ,  i.e. ,  imag e compression .  Ou r  result s demon -

strat e tha t  a  ver y simpl e learnin g metho d learn s interna l  representation s tha t  ar e nearl y a s efficien t  a s thos e 

develope d b y th e bes t  know n technique s i n imag e compression .  Thu s w e hav e a  techniqu e whereb y neuron-lik e 

network s ca n self-organiz e t o for m a  compac t  representatio n o f  a  visua l  environmen t 

The technique we employ is known as back propagation, developed by Rumelhart, Hinton, and Williams 

(1986) .  Whil e w e wil l  no t  g o int o th e detail s o f  i t  here ,  bac k propagatio n ca n b e considere d a  generalizatio n o f 

th e perceptro n learnin g procedur e fo r  multilaye r  nonlinea r  network s o f  neuron-lik e computin g elements .  Train -

in g th e netwoi k consist s o f  repeate d presentation s o f  input-outpu t  pair s representin g th e functio n t o b e learned . 

Th e learnin g algorith m operate s b y adjustin g th e weight s betwee n th e element s o f  th e networ k i n suc h a  wa y a s 

t o reduc e th e overal l  erro r  i n th e output .  I n man y cases ,  th e netwoi k finds  a  solutio n t o th e proble m tha t  wa s 

unknow n i n advanc e t o th e user .  I n doin g so ,  i t  develop s it s o w n interna l  representatio n o f  th e inpu t  tha t  i s  use -

fu l  fo r  solvin g th e problem .  I t  i s  ofte n difficul t  t o analyz e thi s representatio n becaus e m a n y unit s ar e involve d 

and th e representation s ar e highl y distribute d ove r  th e se t  o f  interna l  units .  A  subgoa l  o f  th e presen t  researc h i s 

t o m a k e a  first  ste p toward s unravelin g th e natur e o f  thes e representation s b y applyin g th e learnin g mechanis m 

t o a  domai n wher e th e type s o f  usefu l  representation s hav e bee n wel l  studied . 

Another aspect of this work is tiiat the representation of images in an efficient format by neuron-like com-

putin g element s m a y give  u s clue s t o th e wa y suc h informatio n i s represente d i n actua l  neura l  tissue .  Th e learn -

in g procedur e itsel f  i s no t  particularl y biologicall y plausible ,  bu t  th e mechanism s i t  discover s fo r  solvin g prob -

lem s ar e (Zipser ,  i n press) .  Whedie r  o r  no t  ther e i s anythin g lik e bac k propagatio n i n th e brain ,  w e lea m some -

thin g abou t  h o w th e brai n coul d solv e problem s fro m th e "neural "  solution s i t  discovers .  Suc h informatio n coul d 

be usefu l  i n guidin g neurobiologist s i n thei r  observation s o f  cel l  firing s durin g cognitiv e tasks . 
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Encode r  Network s 

The problem of finding an efficient internal representation of an environment is called the encoder prob-

lem.  '  I n PD P network s usin g bac k propagation ,  thi s proble m i s solve d b y givin g a  networ k th e proble m o f  per -

formin g a n identit y mappin g ove r  som e se t  o f  inputs .  Th e networ k i s constraine d t o perfor m thi s mappin g 

throug h a  narro w channe l  o f  th e network ,  forcin g i t  t o develo p a n efficien t  encodin g i n tha t  channel .  Ther e ar e 

two interestin g aspect s t o this :  (a )  th e networ k i s developin g a  compac t  representatio n o f  it s "environment" ;  an d 

(b )  althoug h th e algorith m use d wa s develope d a s a  supervise d learnin g scheme ,  i n thi s cas e th e learnin g ca n b e 

regarde d a s unsupervised—sinc e th e trainin g signa l  i s th e sam e a s th e input ,  th e syste m self-organize s t o encod e 

th e environment . 

A network appropriate for performing this task in the image domain is shown in Figure 1. It consists of 

an 8x 8 inpu t  patch ,  correspondin g t o a  two-dimensiona l  patc h o f  a n image ,  tha t  i s completel y connecte d t o six -

tee n hidde n units ,  th e "narro w channel "  throug h whic h th e patc h o f  imag e mus t  b e transmitted .  Thes e hidde n 

unit s ar e completel y connecte d t o a n 8x 8 outpu t  patch ,  wher e th e imag e i s reconstructed . 

PROCEDURE 

We trained the above network with a digitized image of the Intelligent Systems Group (ISG) at UCSD 

(Figur e 2) .  A  digitize d imag e i s a n Mx/ V ligh t  intensit y functio n f(x,y) ,  wher e x  an d y  correspon d t o th e spatia l 

coordinate s withi n th e image ,  2tn A f{x,y )  i s  a  ligh t  intensit y valu e fro m 0  t o 255 .  On e elemen t  o f  f(x,y )  i s 

ofte n referre d t o a s a  pixel ,  fo r  pictur e element .  Thu s th e origina l  imag e ha s eigh t  bit s o f  informatio n fo r  eac h 

pixel .  However ,  ther e i s a  grea t  dea l  o f  redundanc y i n thi s information .  Neighborin g pixe l  value s wil l  ten d t o 

be highl y correlated .  I f  th e networ k ca n captur e thi s redundancy ,  i t  ca n represen t  th e imag e mor e compactly . 

We traine d ou r  networ k b y randoml y samplin g 8x 8 patche s o f  thi s image ,  convertin g th e gra y leve l  valu e 

linearl y t o th e rang e [0,1]. ^  Thes e value s for m th e inpu t  t o th e network .  Activatio n passe s throug h th e net ,  an d 
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Figur e 1 .  Th e networ k use d i n mos t  o f  ou r  examples . 

'  Ackley ,  Hinlon ,  an d Sejnowsk i  (1985 )  wer e th e first  t o demonstrat e a  learnin g algorith m fo r  P D P network s tha t  coul d solv e th e encode r 
problem . 

2 We used the usual sigmoidal activation function, with the output range scaled to [-1,1]. Since this function only asymptotically achieves the 
end values ,  i t  i s  easie r  fo r  a  uni t  t o achiev e value s i n th e middl e o f  th e range.  Henc e convertin g th e gra y scal e value s t o th e rang e [0,.85 ] 
work s bette r  o n thi s problem .  W e sho w result s fro m th e [0,1 ]  conversio n fo r  historica l  reasons . 
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Figur e 2 .  Th e origina l  imag e o f  th e Intelligen t  System s Grou p (ISG )  a t  UCSD. 

activation of the output patch is obtained. This is compared with the input value, error is propagated back 

throug h th e network ,  an d th e weight s ar e update d accordin g t o th e bac k propagatio n algorithm .  W e use d a n ini -

tial  learnin g rat e o f  .2 5 (n o m o m e n t u m ) ,  an d traine d th e networ k o n 100,00 0 patche s o f  th e image .  The n th e 

learnin g rat e wa s lowere d t o .0 1 an d th e ne two ± wa s traine d fo r  a n additiona l  50,00 0 iterations . 

Th e resul t  o f  thi s trainin g i s a  "patc h compressor. "  A  reproductio n o f  th e imag e ca n b e obtaine d b y sys -

tematicall y applyin g thi s patc h compresso r  acros s th e origina l  image ,  reconstructin g a  (nonoverlapping )  patc h a t 

a time.  I n thi s way ,  th e entir e imag e i s passe d throug h th e narro w channe l  o f  th e hidde n units ,  an d w e ca n vie w 

th e reconstructe d imag e t o ge t  a n ide a o f  th e fidelit y o f  th e representatio n obtaine d b y th e hidde n units . 

I n orde r  t o compar e ou r  result s t o tha t  o f  imag e compressio n techniques ,  i t  i s  necessar y t o obtai n a  com -

parabl e measur e o f  th e numbe r  o f  bit s use d t o represen t  th e image .  Imag e compressio n i s measure d b y th e 

number  o f  bit s transmitte d pe r  pixe l  o f  th e reproduce d image .  I n ou r  cas e thi s correspond s to : 

, . . (bits/hidden unit output)x(# hidden units) 

# o f  pixel s reproduce d 

We must quantize (round off to a fixed number of values) the outputs of the hidden units in order to use this 

formula -  Fo r  example ,  i f  w e roun d of f  t o 3 2 differen t  ouQ)u t  values ,  the n thi s correspond s t o fiv e bit s pe r  hid -

de n uni t  outpu t  I n th e followin g examples ,  w e use d a  unifor m quantizer—th e rounded-of f  value s ar e equall y 

space d betwee n [-1,1] .  W e coul d hav e don e bette r  (i n term s o f  resultin g error )  b y quantizin g i n range s wher e 

th e hidde n uni t  output s spen d mos t  o f  thei r  time . 

Finally ,  w e nee d a n objectiv e fidelit y criterio n t o measur e h o w clos e th e reconstructe d imag e i s t o th e ori -

ginal .  Th e standar d measur e use d i s th e mea n squar e erro r  normalize d wit h respec t  t o th e square d intensit y o f 

th e image .  I f  g(x,y )  i s  th e reproduce d image ,  the n di e erro r  i s give n b y 

eix,y) = g(x,y)-f{x,y). 
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th e mean-squar e erro r  i s  give n b y 

MSB =^ZI.eHx,y). 

and the normalized MSE with respect to the average squared intensity of the image is given by 

MSE 
N M SE 

J M-lN- l 

T Pn 

Thi s i s wha t  w e wil l  use ,  expresse d i n percent . 

RESULTS 

The proble m i s t o develo p a n efficien t  representatio n o f  th e informatio n i n a  digitize d image .  Th e net -

wor k o f  Figur e 1  doe s thi s b y processin g repeate d presentation s o f  sample s o f  th e visua l  environmen t  (th e imag e 

i n Figur e 2) ,  usin g bac k propagatio n t o correc t  th e interna l  representation .  Th e resul t  i s  tha t  th e imag e ca n b e 

represente d wit h ver y litd e los s o f  informatio n wit h 1  bit/pixel ,  representin g a n eight-fol d compressio n o f  th e 

informatio n i n th e image .  Also ,  th e sam e representatio n doe s a  goo d jo b o f  reproducin g severa l  image s th e net -

wor k wa s no t  traine d on . 

Some reconstructions of the ISG image are shown in Figure 3. In Figure 3A five bits of hidden unit out-

put  wer e used ,  representin g 1.2 5 bits/pixel .  Th e mos t  noticeabl e degradatio n fro m di e origina l  imag e i s tha t  th e 

stripe s o n th e shir t  o f  th e seate d gentlema n (Do n Norman )  ar e gone .  Thi s i s no t  noticeabl y differen t  fro m th e 

resul t  i f  w e d o no t  quantiz e th e hidde n units .  O n th e othe r  hand ,  reducin g th e outpu t  level s b y anotfie r  bi t  (1 6 

values )  mor e noticeabl y degrade s th e imag e (Figur e SB) . 

I t  turn s ou t  w e ca n recove r  th e shir t  stripe s i f  w e us e mor e hidde n units ,  bu t  compressio n suffers .  Figur e 

4A i s a  reconstructio n usin g 3 2 hidde n units ,  wit h 1 6 outpu t  value s each .  Thi s represent s a  compressio n o f  2 

bits/pixel .  Highe r  compressio n ca n b e obtaine d b y usin g fewe r  hidde n units ,  bu t  th e resul t  i s  les s satisfying . 

Figur e 4 B show s th e result s o f  usin g a  networ k wit h 8  hidde n unit s an d 3 2 outpu t  values ,  resultin g i n .62 5 

bits/pixel .  Mor e example s explorin g th e spac e o f  number s o f  hidde n unit s vs .  number s o f  quantizatio n level s 

can b e foun d i n (Cottrell ,  Munro ,  &  Zipser ,  i n press) . 

How goo d a  representatio n i s thi s fo r  image s othe r  tha n th e trainin g image ? W e naivel y expecte d tha t 

perhap s a  networ k coul d b e traine d tha t  woul d wor k wel l  fo r  al l  images ,  justifyin g th e expens e o f  th e initia l 

training .  Thi s i s a  somewha t  misplace d dream ,  give n tha t  ou r  networ k learns ,  i n som e sense ,  th e statistic s o f  th e 

imag e i t  i s  traine d on ,  an d differen t  image s hav e differen t  statistics .  However ,  i t  ma y wor k wel l  fo r  a  clas s o f 

images .  I t  turn s ou t  tha t  i t  doe s a  goo d jo b o f  reproducin g som e image s tha t  i t  wasn' t  traine d on .  Tw o o f  th e 

image s w e teste d i t  o n an d thei r  reproduction s ar e show n i n Figur e 5 .  W e expec t  tha t  i t  woul d no t  wor k wel l 

fo r  image s wit h ver y differen t  statistics ,  suc h a s text ,  bu t  hav e no t  ha d a  chanc e t o tr y i t  o n suc h image s yet . 

The Internal Representation 

What  i s th e interna l  representatio n a t  th e hidde n uni t  layer ? Figur e 6  show s th e interna l  representatio n fo r 

eigh t  hidde n units .  Eac h ro w correspond s t o on e hidde n unit .  Figur e 6 A show s th e weigh t  matri x fo r  eac h o f 

eigh t  hidde n unit s diresholde d a t  variou s levels ,  on e hidde n uni t  pe r  row .  Th e cente r  column ,  representin g a 

threshol d o f  0 ,  identifie s whic h weight s ar e negativ e an d whic h positive .  Thi s give s a n ide a o f  th e kin d o f  pat -

ter n tha t  excite s eac h hidde n uni t  th e most .  Figur e 6 B show s th e outpu t  patc h drive n b y eac h hidde n uni t  alone . 

Again ,  eac h ro w correspond s t o on e hidde n unit ,  an d th e column s correspon d t o differen t  level s o f  activatio n 

from  th e hidde n uni t  Th e right-han d colum n thu s correspond s t o th e outpu t  weight s fro m tha t  hidde n unit .  On e 

obviou s thin g t o not e her e i s tha t  th e hidde n unit s tr y t o reproduc e wha t  the y "see. "  Figur e 6 C show s th e sam e 

informatio n a s 6B ,  i n a  gra y scal e imag e (6 B i s a  thresholde d versio n o f  6C) . 
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B 

Figures .  Quantizatio n effects .  A :  5  bits ,  1.2 5 bits/pixel ,  N M S E 0.474% .  B :  4  bits ,  1  bit/pixel ,  N M S E 0.676% . 
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Figur e 5 .  T w o image s (o n thi s pag e an d next )  reproduce d b y th e networ k traine d o n th e imag e i n Figur e 2 .  A :  Th e SymboHc s Graphic s 
group .  B :  Reproduce d image ,  usin g si x bit s o f  quantize d values ,  1. 5 bits/pixel ,  N M S E 1.267% . 
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Figures .  C :  Cadillac .  D :  Reproduce d Cadillac ,  1. 5 bits/pixel ,  N M SE 0.764% . 

What  d o thes e weights  represent ? W e don' t  hav e a n analyti c answe r  t o thi s question .  However ,  w e ca n 

compar e th e network' s solutio n t o a  standar d technique ,  di e Principa l  Component s Transfor m (PCT) ,  t o ge t  a n 

ide a o f  wha t  i t  does . 

Firs t  w e se t  u p som e correspondence s betwee n ou r  networ k an d th e usua l  imag e compressio n system .  Th e 

first  ste p i n a  transfor m encodin g syste m i s t o multipl y th e patc h vecto r  b y a  matri x t o obtai n les s correlate d 

coefficients : 

y =  Ax . 

The y, 's are sent through a channel in a coded form, and at the other end they are transformed back into image 

space .  Th e reconstructe d imag e i s th e invers e transfor m 

x = A-'y. 

It is the form of A that determines the type of transform. In the principal components transform, the rows of A 

ar e th e eigenvector s o f  th e covarianc e matri x o f  th e x  patc h vector .  Thi s correspond s t o settin g u p a  n e w coor -

dinat e syste m wit h axe s alon g th e direction s o f  m a x i m u m variance ,  an d sendin g th e coordinate s i n thi s n e w sys -

tem.  The n th e invers e matri x convert s bac k int o imag e coordinates .  Fo r  a  principa l  component s transform ,  thi s 

invers e matri x i s jus t  th e transpos e o f  A .  W h a t  i s ofte n don e i n thi s cas e i s t o jus t  sen d th e coordinate s alon g 

th e first  k  dimensions—th e one s wit h highes t  variance .  W h a t  thi s mean s i s tha t  th e coefficient s themselve s (th e 

coordinate s alon g thes e high-varianc e axes )  als o hav e varianc e tha t  i s hig h fo r  th e first  coordinat e an d tha t 

monotonicall y decreases . 

The analog in our network is that A is the weight matrix between the input and hidden unit layers, with 

each ro w o f  A  correspondin g t o th e inpu t  weights  o n on e hidde n unit ,  an d eac h hidde n uni t  outpu t  a  semilinea r 

versio n o f  y, .  Similarly ,  th e weigh t  matri x betwee n th e hidde n unit s an d th e outpu t  patc h correspond s t o A " ^ 

Now, we can begin to understand what the network does. First, observation has shown that during 
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Figur e 6 .  Th e interna l  representation.  A :  Th e weigh t  matrice s fro m th e inpu t  patc h t o eigh t  hidde n units ,  thresholde d fro m —.7 5 t o +.75 . 
The middl e colum n (zer o threshold )  show s th e "canonical "  featur e responded  t o b y tha t  hidde n uni t  B :  Th e outpu t  patc h drive n b y eac h hid -
den uni t  a t  differen t  outpu t  value s fro m —1 t o 1 .  C :  Th e sam e pictur e a s (B )  o n a  colo r  monitor . 

reconstruction of an image, the hidden unit outputs are mostly in the linear range of the activation function. So 

th e networ k make s littl e us e o f  th e nonlinearity .  Second ,  not e tha t  Figur e 6  show s tha t  th e networ k als o use s th e 

transpos e o f  th e inpu t  weight s a s th e outpu t  weights . 

Finally ,  notic e tha t  th e final  imag e ca n b e regarde d a s a  linea r  combinatio n o f  basi s images :  on e fo r  eac h 

coefficien t  (o r  hidde n uni t  output) .  Fo r  compariso n purposes .  Figur e 7  show s th e basi s image s fro m th e princi -

pal  component s transfor m fo r  a  pictur e o f  a  camerama n (fro m Gonzale s &  Wintz ,  1977) .  Figur e 6B ,  th e las t 

column ,  show s th e sam e thin g fo r  eigh t  unit s o f  ou r  network .  Unlik e th e principa l  component s transform ,  ther e 

i s n o obviou s w a y t o orde r  th e basi s images . 

Thi s i s  reflecte d i n th e variance s o f  th e hidde n units '  outputs :  The y ar e al l  abou t  equa l  (t o 0.1 )  an d th e 

amount  o f  erro r  i n th e outpu t  accounte d fo r  b y eac h on e i s o f  comparabl e size .  Bac k propagatio n ha s sprea d th e 

erro r  relativel y evenl y acros s th e hidde n units .  I n th e principa l  component s transform ,  th e "hidde n units "  woul d 
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Figur e 7 .  T h e se t  o f  Hotellin g basi s i m a g e s fo r  a  particula r  i m a g e .  ( F r o m G o n z a l e s &  W i n t z ,  1 9 7 7 .  Repr inte d b y pennission. ) 

have monotonically decreasing variance, and the variance typically falls off very quickly, so that they differ by 

order s o f  magnitude .  Ou r  conjectur e a t  thi s poin t  i s tha t  th e hidde n unit s spa n th e spac e o f  th e first  severa l  prin -

cipa l  components ,  bu t  ar e rotate d s o tha t  eac h ca n hav e abou t  equa l  variance . 

DISCUSSION 

This study has produced results that have implications for both connectionist networks and image 

compression .  T '  ̂s e ar e discusse d an d summarize d below . 

Implications for Connectionist Networks 

Extensional Programming 

The major result of this study is that a relatively straightforward application of the back-propagation learn-

in g procedur e t o a  proble m tha t  ha s bee n studie d fo r  man y year s result s i n nea r  state-of-the-ar t  performance . 

The ke y poin t  i s  tha t  thi s performanc e wa s obtaine d no t  b y progranmiin g a  connectionis t  solutio n t o th e prob -

lem,  bu t  b y th e proces s o f  extensiona l  programming .  I n thi s procedure ,  man y example s o f  th e desire d behavio r 

ar e presente d an d th e networ k mus t  progra m itsel f  t o achiev e th e behavior .  Thi s suggest s tha t  othe r  problems , 

wher e solution s ar e no t  know n i n advance ,  ma y b e solve d b y bac k propagation . 

A major problem with this technique is determining post hoc how the network solved the problem. In our 

case ,  w e hav e som e piece s o f  th e answer ,  mainl y becaus e imag e compressio n i s a  well-studie d problem .  Henc e 

we hav e som e ide a wha t  t o loo k  for ,  i f  no t  a n analytica l  solution .  B y compariso n o f  ou r  networ k t o th e tech -

nique s o f  imag e compression ,  w e ca n gai n insigh t  int o th e solutio n found .  However ,  thi s wil l  no t  b e th e cas e i n 

general .  Th e importanc e o f  bac k propagatio n i s tha t  whethe r  w e kno w ho w t o solv e th e proble m o r  not ,  whethe r 

we kno w o f  a n algorith m fo r  th e solutio n o r  not ,  bac k propagatio n wil l  i n mos t  case s find  a  solutio n t o th e map -

pin g simpl y fro m example s o f  th e input-outpu t  patterns . 

Another key point is that the network self-organizes to represent its environment. This is discussed else-

wher e wit h relatio n t o answerin g th e questio n o f  ho w meanin g migh t  b e grounde d i n perceptio n (Chauvin ,  1986 ; 

Cottrell ,  1987) . 
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Linea r  Network s 

There is currently a bias in the connectionist community, shared by the authors of this article, against 

linea r  networks .  Thi s i s partl y du e t o th e assumptio n tha t  "interesting "  problem s mus t  requir e nonlinearit y fo r 

thei r  solution .  Whil e th e result s wer e no t  reporte d here ,  w e foun d tha t  a  linea r  versio n o f  th e networ k produce d 

result s compatibl e wit h th e nonlinea r  version .  Sinc e identit y mappin g i s a  linea r  proble m thi s i s no t  to o surpris -

ing .  However ,  i t  i s  usefu l  t o chec k whethe r  nonlinearit y i s necessar y fo r  a  particula r  problem .  I f  not ,  th e elimi -

natio n o f  evaluatin g th e logisti c functio n ca n lea d t o mor e efficien t  solutions .  I f  bot h approache s appea r  viable , 

compariso n o f  th e tw o ca n lea d t o a  bette r  understandin g o f  nonlinea r  solutions ,  sinc e th e linea r  networ k lend s 

itsel f  t o analysi s m u c h mor e readil y tha n th e nonlinea r  on e (Williams ,  1985) .  Thi s approac h need s t o b e carrie d 

furthe r  i n futur e work . 

Internal Representations 

One of the typical ways to speak of the solutions discovered by back propagation learning is to say that 

th e networ k discover s regularitie s i n th e input .  Thi s pape r  add s a t  leas t  a  ne w vocabular y fo r  discussin g th e 

kind s o f  regularitie s discovere d i n th e cas e o f  autocoding .  W e ca n loo k a t  th e varianc e o f  th e hidde n unit s a s 

indicativ e o f  thei r  usefulnes s i n th e resultin g solution .  I t  m a y no t  b e th e cas e tha t  hidde n unit s spa n th e princi -

pal  subspac e o f  th e covarianc e matrix ,  tha t  is ,  th e spac e spanne d b y a  P C T solution ,  bu t  i t  i s  possibl e tha t  th e 

hidde n unit s ar e finding  th e bes t  approximatio n t o thi s withi n th e constrain t  tha t  th e logisti c functio n impose s o f 

a limite d rang e o n th e coefficients .  I f  thi s turn s ou t  t o b e true ,  the n w e m a y spea k o f  th e hidde n unit s a s finding 

at  leas t  a n analo g o f  th e principa l  subspac e an d a s discoverin g usefu l  axe s o f  covarianc e o f  th e input . 

Implications for Image Compression 

A major result of this work is the application of a new way of minizing mean square error to a real-world 

proble m tha t  show s i t  i s  competitiv e wit h P C T .  Thi s n e w techniqu e ha s severa l  possibl e advantage s ove r  P C T 

an d othe r  curren t  techniques .  Thes e nee d confirmatio n b y furthe r  investigation . 

One advantage is the relatively equal distribution of error among all of the coefficients. This should lead 

t o a  reductio n i n th e effect s o f  channe l  errors .  I n P C T an d othe r  technique s tha t  approximat e it ,  channe l  error s 

tha t  affec t  th e coefficient s wit h hig h varianc e ca n resul t  i n a  patc h tha t  i s  dominate d b y th e correspondin g basi s 

image .  Th e relativel y equa l  contribution s o f  eac h basi s imag e i n th e networ k solutio n shoul d mitigat e thes e 

effects .  I n particular ,  w e kno w i n advanc e wha t  rang e th e valu e shoul d b e in ,  an d i f  a  coefficien t  i s  suspecte d 

of  bein g i n error ,  a n acceptabl e restoratio n o f  th e patc h ca n probabl y b e effecte d b y simpl y eliminatin g tha t 

coefficien t  o r  replacin g i t  wid i  it s  averag e value . 

Second, because of the fixed range of the coefficients, problems with "tracking" the coefficients by an 

adaptiv e quantize r  i s mitigated .  Adaptiv e quantizer s tr y t o follo w coefficient s a s the y change ,  changin g th e 

quantizatio n a s th e coefficient s shift .  The y ca n "los e track. "  I n ou r  system ,  w e k n o w i n advanc e th e rang e o f 

th e coefficients ,  whic h shoul d mak e thi s les s o f  a  problem . 

Third, the ability of our network to generalize to novel images is striking. The performance of the linear 

networ k i s especiall y encouragin g i n thi s regard .  Thi s require s som e qualification .  First ,  i t  i s  likel y tha t  thi s 

generalizatio n doe s no t  appl y t o image s wit h ver y differen t  statistics ,  suc h a s text .  Second ,  w e ar e no t  awar e o f 

wor k i n thi s are a investigatin g th e abilit y  o f  P C T t o generaliz e t o image s othe r  tha n th e "training "  image . 

Furthe r  wor k shoul d compar e thes e techniques . 

CONCLUSIONS 

The major result of this work is in demonstrating the efficacy of current connnectionist techniques for pro-

grammin g b y example ,  rathe r  tha n algorithm .  W e hav e terme d thi s extensiona l  programming .  Th e result s her e 

sugges t  dia t  thi s techniqu e i s a  powerfu l  one .  It s naiv e applicatio n t o a  proble m o f  curren t  interes t  amon g 

engineer s resulte d i n respectabl e performanc e compare d t o curren t  methods . 
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However ,  bac k propagatio n i s no t  a  panacea—i t  bring s ne w problem s o f  it s  own .  Designin g a  connection -

is t  representatio n o f  th e inpu t  (an d outpu t  fo r  nonautocodin g problems )  i s itsel f  a n art .  Th e representatio n mus t 

contai n enoug h informatio n t o licens e solutio n o f  th e problem ,  withou t  providin g s o muc h tha t  th e solutio n i s 

trivial .  However ,  Hinto n (1986 )  ha s show n tha t  a t  leas t  i n som e domains ,  bac k propagatio n ca n eve n desig n th e 

inpu t  representatio n simpl y fro m th e occurrenc e o f  a  toke n i n context . 

The results of this study suggest that one useful approach to problems for which no algorithm is known, or 

fo r  whic h n o paralle l  algorith m i s known ,  i s t o us e connectionis t  representation s o f  th e proble m an d allo w th e 

networ k t o discove r  th e progra m itself .  Analysi s o f  th e th e program s thu s discovere d ma y ai d i n ou r  understand -

in g o f  th e proble m an d lea d t o method s fo r  doin g th e programmin g ourselves .  A  variet y o f  problem s tha t  cogni -

tiv e scienc e i s concerne d wit h ar e o f  thi s character—th e input-outpu t  behavio r  i s known ,  bu t  th e algorith m i s 

not  Wit h extensiona l  programmin g w e ca n begi n t o investigat e algorithm s tha t  w e di d no t  inven t  ourselves . 
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Abstract 

Current versions of distributed models have difficulty in 
accountin g fo r  th e representatio n o f  orde r  informatio n i n 
matchin g tasks .  I n thi s art ic le ,  experiment s ar e presente d 
tha t  al lo w discriminatio n betwee n physica l  an d ordina l 
representat ion s o f  ordina l  information ,  discriminatio n betwee n 
posit ion-dependen t  code s an d context-sensit iv e codes ,  an d 
general izat io n o f  th e result s o f  matchin g task s fro m string s o f 
letter s t o long-ter m memor y fo r  tr iple s o f  words .  Dat a fro m 
thes e experiment s constrai n th e kind s o f  model s tha t  ca n b e 
develope d t o accoun t  fo r  matchin g an d order ,  an d presen t 
problem s fo r  severa l  curren t  memor y models .  Includin g 
connectionis t  models .  Suggestion s ar e mad e fo r  modification s 
of  thes e model s t o accoun t  fo r  th e result s fro m matchin g tasks . 

The representation of order information is important to normal 
functionin g i n man y cognitiv e domains .  I n speech ,  bot h perceptio n an d 
product io n involv e th e processin g o f  a  continuou s tempora l  strea m o f 
informatio n tha t  require s th e maintenanc e o f  orde r  information .  I n 
th e perceptio n o f  visua l  patterns ,  th e processin g syste m i s usuall y 
require d t o maintai n eithe r  th e absolut e o r  relativ e position s o f 
object s i n th e visua l  scene .  Th e stud y o f  th e representatio n o f  orde r 
informatio n wa s o f  importanc e ove r  1 0 year s ag o a s a  topi c i n it s ow n 
righ t  (Le e &  Estes ,  1977 ;  Murdock ,  1974 ,  pp .  157-174) .  bu t  mor e 
recentl y i t  ha s becom e a  subtopi c withi n differen t  processin g domains . 
The domai n studie d i n thi s pape r  concern s th e maintenanc e o f  orde r 
wi th i n a  simultaneousl y presente d strin g o f  letter s o r  words . 

The task used in the experiments of this article is a matching 
tas k i n whic h subject s stud y a  strin g o f  item s (letter s i n Experiment s 
1 an d 2 .  word s i n Experiment s 3  an d 4 )  an d the n mus t  decid e whethe r  a 
tes t  str in g matche s th e stud y strin g (se e Murdock ,  1984 .  fo r  a  relate d 
recal l  t a s k ) .  Whe n string s o f  letter s ar e th e studie d items ,  a  tes t 
str in g i s presente d immediatel y afte r  eac h stud y string .  Whe n word s 
ar e used ,  th e tes t  i s  delaye d b y presentin g stud y string s i n blocks , 
an d the n presentin g tes t  string s fo r  al l  th e stud y string s i n th e tes t 
block .  Th e primar y experimenta l  manipulat io n considere d i n thi s pape r 
i s on e i n whic h th e orde r  o f  th e studie d item s i s rearrange d a t  tes t 
(Angiolillio-Ben t  &  Rips .  1982 :  Procto r  &  Healy ,  1985 :  Ratcllff ,  1981 : 
Ratcl l f f  &  Hacker ,  1981) .  Whe n item s adjacen t  i n a  stud y strin g ar e 
interchange d i n th e tes t  str ing ,  subject s fin d i t  difficul t  t o respon d 
tha t  th e tes t  strin g i s "different: "  accurac y i s poo r  an d reactio n 
tim e slo w relativ e t o "different "  condit ion s i n whic h ne w item s i n th e 
tes t  str in g replac e ol d item s i n th e stud y string .  Result s als o sho w 
tha t  th e greate r  th e displacemen t  i n th e switc h (e.g. ,  adjacen t 
letter s switche d versu s remot e letter s swi tched) ,  th e easie r  i t  i s  fo r 
subject s t o respon d "different. "  Ratcllf f  (1981 )  develope d a  mode l  t o 
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accoun t  fo r  thes e effect s tha t  assume s tha t  th e representation s o f 
item s ar e distribute d acros s positio n s o tha t  whe n Item s ar e inter -
change d i n th e tes t  string ,  ther e i s a  contributio n fro m clos e posi -
tion s t o th e matc h betwee n stud y an d tes t  strings . 

This article continues this work with three major aims. First, 
new experimenta l  result s o n matchin g task s ar e presente d tha t  tes t 
some specifi c  hypothese s abou t  th e natur e o f  th e representatio n o f 
orde r  an d als o generaliz e th e result s fro m lette r  string s t o wor d 
strings .  Second ,  th e result s allo w discriminatio n betwee n tw o mai n 
hypothese s abou t  th e representatio n o f  order ,  posit io n dependen t  code s 
versu s contex t  sensitiv e o r  associativ e codes .  Third ,  i t  i s  argue d 
tha t  memor y model s designe d t o accoun t  fo r  memor y fo r  singl e words , 
pair s o f  words ,  an d s o on ,  shoul d b e capabl e o f  representin g order , 
and I n th e las t  par t  o f  th e paper ,  som e o f  thes e model s ar e evaluated . 
Specifically ,  ther e ar e importan t  implication s o f  th e experimenta l 
dat a fo r  distribute d memor y model s an d connectionis t  models .  Th e 
argumen t  i s simple :  model s i n whic h item s ar e represente d a s vector s 
of  feature s assum e tha t  element s withi n th e vector s ar e Independent . 
Thus,i n thei r  presen t  form ,  the y ar e incapabl e o f  dealin g wit h th e 
transpositio n dat a presente d her e an d i n Ratclif f  (1981) . 

The empirical part of the paper will present four new experi-
ments .  Th e firs t  demonstrate s tha t  manipulation s o f  th e orde r  o f  th e 
item s i n th e stud y strin g ar e no t  sensitiv e t o exac t  physica l  pos i -
tion .  Th e secon d experimen t  examine s performanc e o n differen t  permu -
tation s o f  th e stud y strin g t o contras t  th e hypothese s o f  posit io n 
dependen t  versu s contex t  sensitiv e memor y codes .  Th e thir d experimen t 
replicate s th e lette r  matchin g tas k I n th e memor y domai n usin g triple s 
of  words ,  an d Experimen t  4  use s a  respons e signa l  procedur e t o examin e 
th e tim e cours e o f  processin g i n thi s memor y task . 

Experiment 1 

The letter matching task has been traditionally called the "per-
ceptual "  matchin g task .  Thi s labe l  come s fro m anothe r  clas s o f  per -
ceptua l  lette r  recognitio n tasks ,  i n whic h letter s ar e displaye d 
briefl y fo r  Identification ,  an d physica l  variable s suc h a s th e spacin g 
of  letter s i n th e strin g t o b e identifie d affec t  performanc e (e.g. , 
Bjor k &  Murray ,  1979 ;  Estes ,  1982) .  A  simila r  effec t  i n th e matchin g 
tas k woul d poin t  t o a  menta l  representatio n base d closel y o n physica l 
feature s o f  th e st imuli . 

Method 

To exeunlne whether performance in matching depends on physical 
location ,  th e spacin g o f  th e letter s i n a  strin g wa s altere d betwee n 
stud y an d test .  Subject s studie d thre e letter s presente d I n th e 
cente r  o f  th e displa y fo r  50 0 m s (e.g. ,  _ A B C _ ) .  Ther e wer e tw o mani -
pulation s a t  test .  Spacin g wa s teste d b y alterin g th e posit ion s o f 
th e letter s i n 5  slot s e.g. ,  AB C ,  AB_C_ ,  A B C ,  A_BC_ ,  (al l  thes e 
woul d requir e a  posit iv e response )  an d s o on .  Spacin g wa s crosse d 
wit h positiv e an d negativ e condit ions :  On e thir d o f  th e tr ial s wer e 
positiv e trial s i n whic h th e thre e stud y letter s wer e presente d a t 
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tes t  I n th e sam e orde r  a s a t  study .  Fo r  negativ e tr ials ,  ther e wer e 5 
permutat io n condi t ions ,  an d thre e condit ion s i n whic h a  singl e lette r 
was replace d b y a  ne w letter .  Th e tes t  str in g wa s displaye d immedi -
atel y afte r  th e stud y strin g fo r  20 0 m s an d the n remove d t o eliminat e 
possib l e ey e movemen t  ef fects .  Subject s wer e presente d wit h 1 0 block s 
of  12 0 t r ia ls .  Eightee n Northwester n undergraduat e subject s partici -
pate d i n a  one-hou r  sessio n fo r  cours e credit .  (Se e Ratcl i f f ,  1981 , 
fo r  furthe r  detai l s o f  th e experimenta l  procedure. ) 

Results 

Results are shown in Tables 1 and 2. Table 1 shows accuracy and 
react io n t im e fo r  th e posit iv e condit ion s a s a  functio n o f  spacing . 
The effec t  o f  spacin g i s signif ican t  (reactio n t ime :  F(9,153)=3.82 , 
p< .05 ,  mse=1720 ;  erro r  rate :  F(9,153)=2.45 ,  p<.05 ,  mse=.00226 )  ,  bu t 
inspect io n o f  Tabl e 1  show s tha t  th e effect s ar e quit e small .  Tukey' s 
HSD =  4 5 m s ,  s o tha t  di f ference s betwee n pair s o f  reactio n time s i n 
Tabl e 1  large r  tha n 4 5 m s ar e signif icant .  Fo r  erro r  rates ,  Tukey' s 
HSD i s 0.051 .  Inspectio n o f  Tabl e 1  show s tha t  onl y conditio n 6  (tes t 
A BC )  di f fer s fro m som e o f  th e othe r  condit ion s i n accuracy ,  an d onl y 
condit ion s 3  an d 6  i n reactio n t ime .  Th e powe r  o f  thes e contrast s I s 
h ig h becaus e ther e ar e aroun d 60 0 observation s pe r  condition . 

For negative conditions, there was no effect of spacing but large 
ef fect s o f  permutat ion ,  repl icatin g Ratclif f  an d Hacke r  (1981 )  an d 
Ratcl i f f  (1981 )  (se e Tabl e 2 ) .  Fo r  reactio n t ime :  spacin g effect , 
F(9,153)=1.3 .  no t  signif icant ,  negativ e condit ion ,  F(7,119)=31.5 , 
p< .05 .  an d th e interactio n betwee n spacin g an d negativ e condition , 
F(63,1071)=1.02 ,  no t  signif icant .  Fo r  accuracy :  spacing , 
F(9,153)=1.7 ,  no t  signif icant ,  negativ e condit ion ,  F(7,119)=26.6 , 
p< .05 ,  an d th e interaction ,  F(63,1071)=1.02 ,  no t  significant . 

Table 1 
Reactio n Tim e an d Accurac y fo r  Sam e Condit ion s i n Experimen t  4 

Condit io n 

1 AB C 
2 A B C 
3 A B C 
4 A  B C 
5 A  B  C 
6 A  B C 
7 AB C 
8 A B C 
9 A  B C 

10 AB C 

Number 

6 0 7 
60 9 
60 3 
59 9 
61 1 
57 6 
62 6 
60 3 
60 5 
61 2 

Accurac y 

.91 6 

.91 7 

.91 0 

.90 3 

.91 9 

.86 9 

.93 9 

.90 4 

.91 7 

.91 1 

Reactio n 
Tim e (ms ) 

624. 2 
645. 3 
674. 3 
627. 1 
629. 2 
670. 8 
612. 7 
657. 2 
635. 8 
629. 5 

Note .  Th e stud y strin g wa s presente d a s _ABC _ wher e th e symbo l  _ 
refer s t o a  blank . 
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Tab l e 2 
Reac t io n T i m e an d A c c u r a c y fo r  D i f f e r e n t  C o n d i t i o n s i n 

Negat iv e 
Condi t io n 

ACB 
BAG 
EGA 
CAB 
CBA 
XBC 
AXC 
ABX 

E x p e r i m e n t  4  a v e r a g e d 

N u m b er  o f 
R e s p o n s e s 

128 9 
157 4 
160 2 
160 8 
162 7 
162 7 
158 9 
156 7 

ove r  S p a c i n g 

A c c u r a c y 

.77 7 

.95 2 

.96 5 

.97 2 

.97 8 

.97 3 

.95 8 

.94 3 

R e a c t i o n 
T i m e (ms ) 

766 . 9 
666 . 6 
630 . 8 
619 . 1 
6 1 0 . 4 
597 . 0 
645 . 3 
666 . 2 

Note .  Th e s tud y s t r i n g i s d e n o t e d A B C an d X  i s a  le t te r  o t h e r  t ha n A , 

B,  o r  C . 

We ca n c o n c l u d e tha t  s p a c i n g d i f f e r e n c e s o f  t h e l e t t e r s b e t w e e n 
stud y an d tes t  h a v e sma l l  e f f e c t s tha t  a r e d e t e c t a b l e o n l y w i t h e x p e r -
iment s w i t h h i g h p o w e r .  T h u s ,  i t  i s  w i s e t o v i e w th e w o r d " p e r c e p -
tual "  i n th e te r m p e r c e p t u a l  m a t c h i n g a s a  n a m e fo r  th e tas k an d no t 
as a  desc r ip t i o n o f  w h a t  k i n d s o f  v a r i a b l e s a r e l i ke l y t o a f f ec t  p e r -
formanc e . 

Experiment 2 

The second experiment was designed to provide data to distinguish 
betwee n mode l s i n w h i c h a n i te m i s encode d i n t e r m s o f  i t s  a b s o l u t e 
posit io n an d m o d e l s i n w h i c h r e l a t i v e p o s i t i o n i s encoded .  T h e ide a 
i s tha t  ce r ta i n tes t  c o n d i t i o n s a l l o w thes e m o d e l s t o b e c o n t r a s t e d . 
I f  th e s t r in g A B C DE i s s t ud ied ,  the n a  tes t  s t r i n g B C D EA h a s fou r 
letter s i n the i r  co r rec t  ad j acen t  o rde r  (BCDE )  an d n o n e i n the i r 
correc t  abso lu t e p o s i t i o n .  I n c o n t r a s t ,  th e tes t  s t r i n g A E C DB h a s 
thre e le t te r s i n the i r  co r rec t  a b s o l u t e p o s i t i o n s bu t  on l y on e pa i r  i n 
th e correc t  ad jacen t  o rde r  ( C D ) .  T h e re l a t i v e d i f f i c u l t i e s o f  suc h 
tes t  s t r ing s ca n b e u s e d t o d i s c r i m i n a t e th e tw o k i n d s o f  m o d e l s . 

To perform this experiment, all permutations of the final four 
letter s w e r e th e m a i n c o n d i t i o n s s tud ie d (Ratc l i f f ,  1 9 8 1 ,  foun d tha t 
performanc e w h e n th e f i rs t  l e t te r  w a s change d w a s nea r  c e i l i n g ) . 
Ther e wer e a ls o c o n d i t i o n s i n w h i c h on e le t te r  w a s rep lace d b y a  n e w 
lette r  an d som e f i l l e r s i n w h i c h th e f i rs t  l e t te r  w a s p e r m u t e d . 

Method 

The method was similar to that of Experiment 1. except 5 Dart-
mout h unde rg radua te s w e r e vo lun tee r  sub jec t s (pai d a t  $3 /h r )  fo r  7 
one-hou r  s e s s i o n s .  Th e s tud y s t r i n g w a s p r e s e n t e d fo r  1. 2 s  an d th e 
tes t  s t r in g w a s p resen te d fo r  25 0 m s . 
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Resul t s 

Results are shown in Table 3. To compare the various negative 
condi t ions ,  Tukey' s HS D tes t  wa s used ,  an d difference s i n accurac y 
greate r  tha n .0 5 an d i n reactio n tim e greate r  tha n 4 1 m s ar e signifi -
can t  . 

Table 3 
React io n Tim e an d Accurac y fo r  th e Lette r  Matchin g Experimen t  2 

Condit io n 

Same 
ABC E D 
ABDCE 
ABDEC 
ABECD 
ABEDC 
ACBDE 
ACBED 
ACDBE 
ACDEB 
ACEBD 
ACEDB 
ADBCE 
ADBEC 
ADCBE 
ADCEB 
ADEBC 
ADECB 
AEBCD 
AEBDC 
AECBD 
AECDB 
AEDBC 
AEDCB 
AXCDE 
ABXDE 
ABCXE 
ABCDX 
BACDE 
CBADE 
DBCAE 
EBCDA 
XBCDE 
CABDE 
BCADE 

Number  o f 
Observat ion s 

652 0 
19 7 
28 2 
35 3 
34 9 
3 6 0 
31 1 
3 6 0 
34 7 
38 8 
39 3 
39 6 
34 7 
3 9 7 
35 1 
39 1 
40 4 
40 8 
39 2 
39 0 
39 7 
36 9 
40 2 
40 1 
35 1 
36 9 
30 7 
28 6 
40 9 
42 7 
42 3 
42 6 
39 7 
42 5 
41 9 

Accur a 

.92 6 

.43 0 

.60 9 

.76 2 

.74 6 

.76 3 

.67 0 

.77 6 

.73 2 

.82 2 

.83 6 

.84 3 

.73 7 

.83 8 

.75 6 

.82 7 

.86 1 

.86 3 

.83 8 

.82 6 

.84 1 

.79 0 

.84 3 

.85 1 

.75 0 

.78 2 

.66 7 

.62 0 

.88 7 

.91 0 

.91 0 

.90 8 

.87 1 

.90 0 

.89 5 

Reactio n 
Tim e (ms ) 

650 
73 4 
66 7 
64 5 
65 9 
64 3 
65 6 
63 2 
60 9 
60 6 
59 0 
59 6 
62 6 
60 3 
61 8 
58 2 
58 8 
59 1 
60 4 
60 8 
62 5 
59 7 
58 9 
58 4 
61 4 
60 7 
69 1 
72 2 
60 7 
57 8 
58 1 
595 
60 1 
57 4 
57 9 

Note .  I t  i s  assume d tha t  th e stud y strin g i s ABODE an d X 
othe r  tha n A ,  B ,  C ,  D ,  o r  E . 

i s a  lette r 
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Several comparisons can be made that address the issue of rela-
tiv e orde r  versu s absolut e location .  Assumin g tha t  ABODE i s th e stu -
die d string ,  th e strin g AEBCD wit h item s BC D i n correc t  orde r  bu t  fou r 
item s i n incorrec t  locatio n ca n b e compare d wit h ACEBD an d ADBEC whic h 
als o hav e 4  item s i n incorrec t  locatio n bu t  n o pair s i n correc t  re la -
tiv e positions .  Result s i n Tabl e 3  sho w tha t  thes e condit ion s produc e 
th e sam e value s o f  reactio n tim e an d accuracy .  Thus ,  th e posit io n o f 
an ite m wit h respec t  t o othe r  studie d item s i s no t  a  dimensio n tha t  i s 
of  importanc e i n matching .  I n contras t  t o thi s tes t  o f  pairwis e 
order ,  correc t  locatio n o f  a n ite m i n th e strin g doe s hav e a  larg e 
effect .  Fo r  example ,  ABCED.  ABDCE,  an d ACBDE ar e har d t o rejec t 
(accurac y les s tha n 0. 7 an d reactio n tim e greate r  tha n 68 0 m s ) . 

These results argue for a model with a position dependent code 
(Ratcliff ,  1981 )  o r  a  positio n dependen t  retrieva l  proces s (Procto r  & 
Healy .  1985) .  Thi s doe s no t  mea n tha t  a  positio n dependen t  cod e i s 
alway s use d o r  tha t  a  contex t  dependen t  cod e i s neve r  used ,  onl y tha t 
i n matchin g procedures ,  a  positio n dependen t  cod e i s used .  Bu t  i t 
doe s mea n tha t  model s mus t  hav e th e capabilit y  o f  usin g a  posit io n 
dependen t  cod e (se e McNico l  &  Heathcote .  1986 ,  fo r  simila r  argument s 
and experimenta l  suppor t ) . 

Experiment 3 

Ratcliff (1981) presented two perceptual matching experiments 
tha t  use d letter s string s a s stimuli .  Th e mode l  develope d t o accoun t 
fo r  th e result s assume d tha t  th e difficult y i n respondin g differen t 
t o a  reordere d lette r  strin g wa s locate d i n th e distribute d represen -
tatio n o f  letter s i n memory .  I f  thi s i s correct ,  the n th e result s 
shoul d generaliz e acros s paradigm s an d material s an d provid e contac t 
wit h bot h theoretica l  an d empirica l  wor k i n memor y researc h (e.g. , 
Gillun d &  Shiffr in ,  1984 ;  Murdock ,  1982) .  Experiment s 3  an d 4  ar e 
analog s o f  Experiment s 1  an d 2  i n Ratclif f  (1981 )  usin g wor d triple s 
instea d o f  5-lette r  str ings ,  an d a  study-tes t  procedur e i n whic h 8 
triple s ar e studie d an d the n tested .  Also ,  a  larg e poo l  o f  differen t 
word s wa s use d instea d o f  repetit ion s o f  th e sam e se t  o f  letters . 

Method 

Subjects were 17 Northwestern University Undergraduates partici-
patin g fo r  cours e credit .  Thirty-tw o list s wer e presented ,  eac h mad e 
up o f  8  stud y triple s ( 6 second s pe r  triple )  followe d b y 8  tes t  t r i -
ples .  Subject s wer e encourage d t o b e fas t  an d accurate ;  feedbac k 
("TO O SLOW!!" )  wa s give n fo r  response s slowe r  tha n 250 0 ms . 

Results 

Results are shown in Table 4. The results are similar to those 
foun d i n lette r  matchin g (Ratcliff ,  1981) :  adjacen t  switche s (tes t 
string s AC B an d BA G fo r  th e stud y strin g ABC .  wher e eac h lette r 
represent s a  word )  ar e difficul t  wit h lo w accuracy ,  othe r  permutation s 
ar e les s diff icult ,  an d sing^* *  replac e condition s (ABX ,  AXC .  an d XBC ) 
ar e leas t  diff icult .  Angiolillio-Ben t  an d Rip s (1982 )  define d d is -
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placement count as a measure of the size of the permutation, so ACB 
ha s a  displacemen t  coun t  o f  2  an d BC A ha s a  displacemen t  coun t  o f  4 . 
Displacemen t  coun t  seem s t o b e th e mai n determine r  o f  accurac y fo r  th e 
permutat ion s i n thi s study .  React io n t im e result s diffe r  fro m th e 
norma l  pat ter n (whic h i s lo w accuracy ,  slo w responses )  becaus e accu -
rac y an d react io n t im e ar e correlate d onl y whe n accurac y score s ar e 
al l  abov e (o r  below )  accurac y . 5 wi l l  b e slowest .  I n general ,  th e 
resul t s ar e qual i tat ivel y simila r  t o thos e foun d i n Ratclif f  (1981) , 
naunely .  th e smalle r  th e displacement ,  th e mor e diff icul t  i s  a  negativ e 
response . 

Table 4 
React io n Tim e an d Accurac y fo r  Wor d Tripl e Matchin g Experimen t  3 

Condi t io n 

Same 
ACB 
BAC 
BCA 
CAB 
CBA 
ABX 
AXC 
XBC 

Number  o f 
Observat ion s 

146 4 
11 9 
10 9 
14 7 
15 4 
14 6 
18 0 
17 8 
19 7 

Accurac y 

0.71 7 
0.46 5 
0.42 7 
0.57 6 
0.60 9 
0.57 5 
0.71 1 
0.69 8 
0.77 0 

Reactio n 
Tim e (ms ) 

134 6 
149 9 
148 9 
151 1 
150 5 
147 9 
142 4 
148 6 
140 1 

Note .  Th e studie d wor d tripl e wa s AB C an d X  refer s t o a  wor d othe r 
tha n A ,  B ,  o r  C . 

Experiment 4 

This experiment uses a response signal procedure to examine the 
growt h o f  accurac y i n th e sam e experimenta l  condit ion s i n Experimen t 
3.  Th e experimen t  i s  designe d t o provid e th e kin d o f  evidenc e 
obtaine d i n Experimen t  2  i n Ratclif f  (1981 )  whic h examine d th e growt h 
of  accurac y i n th e lette r  matchin g task .  I n tha t  procedure ,  subject s 
werc ^  require d t o respon d whe n a  signa l  t o respon d wa s presented . 
Resul t s showe d tha t  accurac y gre w rapidly ,  a t  th e sam e rat e fo r  eac h 
of  th e differen t  negativ e condit ions .  Thi s provide d stron g evidenc e 
fo r  a  paral le l  hol ist i c matchin g process . 

Method 

The method was the same as that of Experiment 3 except for one 
mai n di f ference :  Subject s wer e require d t o respon d upo n presentatio n 
of  a  signa l  (withi n 20 0 t o 30 0 ms )  an d th e signa l  wa s presente d a t 
lag s o f  150 ,  300 .  600 ,  900 .  an d 200 0 m s afte r  th e tes t  string .  Th e 
signa l  wa s a  ro w o f  asterisk s presente d directl y unde r  th e tes t  tri -
p le .  Eigh t  Northwester n undergraduate s serve d a s subject s fo r  cours e 
credi t  an d part icipate d i n 5  experimenta l  session s precede d b y on e 
pract ic e session . 
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Figur e 1 
Growt h o f  accurac y a s a  functio n o f  tim e fo r  Experimen t  4 .  Th e con -

tinuou s curve s ar e fit s  o f  th e diffusio n mode l  (Ratcliff ,  1978 :  1981 ) 
t o th e data .  Pareuneter s o f  th e mode l  ar e T  =501 ,  v=2910 ,  an d d ' 
fo r  th e thre e condition s (to p t o bottom)=l. i4 .  1.12 ,  0.88 .  Th e diffu -
sio n equatio n is :  d'(t)=d '  /sqrt( l+v/( t-T^^)) . 

Result s 

The main results are shown in Figure 1. The two test conditions 
ACB an d BA G ar e collapse d t o giv e th e "adjacen t  permutation " 
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condi t ion ,  th e othe r  permutat ion s ar e col lapse d t o giv e th e "non -
adjacen t  permutat ion "  condi t ion ,  an d th e thre e singl e replac e condi -
t ion s ar e col lapsed .  Accurac y grow s fo r  al l  th e condit ion s essen -
t ial l y  i n paral le l  t o dif feren t  asymptotes .  Thi s mean s tha t  informa -
t io n abou t  goodness-of-matc h i s avai labl e fo r  th e thre e differen t 
c lasse s o f  negat ive s a t  th e sam e rate .  Thu s an y mode l  tha t  explain s 
orde r  ef fect s b y a  systematic ,  ser ia l ,  element-by-elemen t  compariso n 
proces s i s no t  supporte d b y thi s data . 

The results of this experiment are qualitatively similar to those 
foun d i n Experimen t  2 ,  Ratcl i f f  (1981) .  Al l  th e function s begi n a t 
th e sam e poin t  i n tim e an d gro w i n paral le l .  Fi t s o f  th e diffusio n 
retr ieva l  mode l  (Ratcliff ,  1978 :  1981 )  t o th e respons e signa l  result s 
ar e show n i n Figur e 1 .  Th e fit s ar e excellen t  an d suppor t  th e clai m 
fo r  paral le l  growt h o f  thes e funct ions ,  s o tha t  informatio n abou t  al l 
th e differen t  k ind s o f  negativ e condit ion s i s availabl e t o th e ssun e 
exten t  a t  an y tim e durin g th e cours e o f  matching .  Thes e result s sho w 
tha t  th e memor y procedur e provide s equivalen t  result s t o th e lette r 
matchin g procedure ,  an d s o suggest s tha t  w e shoul d giv e specia l  atten -
t io n t o model s tha t  accoun t  fo r  bot h set s o f  phenomen a wit h simila r 
representat ion s and/o r  processes . 

Theory 

In this section, several memory models are considered with 
respec t  t o thei r  abi l i t ie s t o accoun t  fo r  posit io n dependen t  effect s 
(Experimen t  2 ) ,  an d th e immediat e availabi l i t y  o f  posit io n code s fo r 
us e i n letter-matchin g an d wor d tripl e matchin g i n long-ter m memor y 
(Experimen t  4 ) . 

Vector models. This class of models includes both distributed 
memory model s (e.g. ,  Anderson ,  1972 ;  1973 ;  Murdock ,  1982 )  an d connec -
tionis t  model s (Ackle y e t  a l ,  1985 ;  McClellan d &  Rumelhart ,  1985) . 
The firs t  poin t  t o not e abou t  curren t  theorie s i s tha t  man y hav e n o 
bui l t - i n capabil i t y  fo r  dealin g wit h posit io n code s an d distanc e 
ef fects .  I n vecto r  models ,  th e firs t  assumptio n tha t  migh t  b e mad e i s 
tha t  group s o f  element s withi n a  vecto r  represen t  letter s withi n a 
lette r  str ing .  Thu s th e memor y vecto r  fo r  a  fiv e lette r  strin g con -
sist s o f  5  group s o f  n  elements .  Th e mai n proble m wit h thi s ide a i s 
tha t  eac h elemen t  i s assume d t o b e independen t  o f  eac h othe r  elemen t 
s o switchin g element s withi n th e vector ,  th e analo g o f  studyin g ABCDE 
an d testin g ABDCE,  woul d produc e result s identica l  t o testin g ABXYE. 
The dat a i n Ratclif f  (1981 )  an d Experiment s 1- 4 her e sho w tha t  th e 
forme r  i s muc h mor e dif f icult ,  s o thi s approac h wil l  no t  work . 

One way of implementing position dependence in the framework of a 
vecto r  mode l  i s t o assum e tha t  eac h lette r  strin g i s a  vecto r  (wit h 
letter s bein g sub-vector s withi n tha t  vector )  an d tha t  th e lette r 
strin g vecto r  i s adde d t o a  longe r  memor y vecto r  man y time s a t  ran -
doml y varyin g posit ions .  I  hav e implemente d thi s mode l  an d foun d tha t 
10 0 presentat ion s o f  th e lette r  vecto r  ar e neede d wit h a  memor y vecto r 
of  lengt h 200 ,  a  lette r  vecto r  o f  lengt h 10 ,  an d storag e positio n nor -
mall y distr ibute d wit h standar d deviatio n 15 .  Fo r  thi s mode l  t o pro -
duc e th e correc t  distanc e ef fects ,  mor e copie s o f  th e lette r  strin g 

482 



Ratclif f 

vector must be stored In the central position (position at which the 
tes t  vecto r  matched )  an d th e numbe r  o f  copie s store d a t  mor e distan t 
position s mus t  decreas e wit h distanc e fro m th e cente r  (thi s i s wh y th e 
norma l  distributio n o f  storag e position s i s  u s e d ) .  T o Il lustrat e 
this ,  suppos e tha t  ABCDE i s store d an d ABDCE i s tested .  Durin g encod -
ing ,  som e copie s o f  ABCDE ar e store d i n posit ion s BCDE_,  i.e. ,  th e 
strin g i s shifte d on e lette r  positio n t o th e right ,  s o tha t  th e C  i n 
th e tes t  strin g matche s th e store d C  i n positio n D . 

Another possibility for Implementing position dependence is to 
assume tha t  a t  tes t  t ime ,  a  cros s correlatio n i s compute d betwee n th e 
stud y an d tes t  str ings .  Fo r  a  vecto r  model ,  thi s mean s tha t  no t  onl y 
th e matc h betwee n th e tw o string s i s assesse d (e.g. ,  i f  f  an d g  ar e 
th e stud y an d tes t  vectors ,  the n th e correlatio n i s  S I f . * g . ) ,  bu t 
als o th e matc h betwee n th e stud y an d tes t  string s wit h th e vecto r 
shifte d i n positio n (SIf^*g .  j ^  wher e k  varie s fro m 1  t o n-k ;  not e 
some weightin g ma y b e needeaj *  Thus ,  i f  tw o item s wer e interchanged , 
ther e woul d b e a  componen t  o f  matc h fro m th e cross-correlation . 

I have implemented both these schemes and they both mimic the 
model  presente d i n Ratclif f  (1981 )  tha t  assume d tha t  letter s ar e d i s -
tribute d acros s posit ion .  Th e firs t  vecto r  mode l  i s a  specifi c  imple -
mentatio n o f  th e distribute d memor y schem e an d th e cross-correlatio n 
model  i s a  retrieva l  implementation .  Th e critica l  issu e fo r  thi s 
clas s o f  model s i s no t  whethe r  a  mode l  ca n b e developed ,  bu t  whethe r  a 
unifie d mode l  wit h thi s kin d o f  mechanis m coul d als o accoun t  fo r  th e 
same rang e o f  dat a a s a  mor e traditiona l  model . 

Context sensitive models. Instead of the vector scheme out-
line d above ,  a  differen t  representatio n coul d b e use d i n whic h a n ite m 
i s encode d wit h respec t  t o it s neighborin g item s ( a contex t  sensitiv e 
code) .  Severa l  suc h model s hav e bee n develope d (e.g. ,  Cohe n & 
Grossberg ,  1986 ;  Rumelhar t  &  McClelland ,  1986 ;  Wickelgren ,  1969) .  Fo r 
th e domai n o f  speec h processing ,  th e contex t  sensitiv e representatio n 
i s appropriate ,  bu t  th e result s fro m Experiment s 2  an d 3  demonstrat e 
tha t  a  contex t  sensitiv e cod e wil l  no t  wor k fo r  th e matchin g task . 

Another representation that might be used is one in which both 
ite m an d positio n Informatio n ar e represented .  However ,  extr a assump -
tion s woul d b e necessar y t o accoun t  fo r  distanc e effect s whe n letter s 
or  word s wer e switche d i n position .  Th e mode l  o f  Ratclif f  (1981 )  an d 
th e cross-correlatio n schem e note d abov e woul d bot h provid e tha t 
metric . 

Gillund and Shiffrln (1984) model. This model assumes an asso-
ciativ e cod e fo r  th e representatio n o f  information .  A t  tes t  tim e i n 
recognition ,  th e familiarit y o f  th e tes t  prob e i s assesse d fro m pair -
wis e association s betwee n th e tes t  prob e an d memory .  Ther e i s n o 
positio n dependenc e i n thi s code .  I n recal l ,  th e associativ e cod e i s 
use d i n a  samplin g schem e fo r  recall .  Again ,  th e associativ e cod e 
wil l  no t  explai n th e result s o f  Experiment s 2  sai d 3 .  Thu s som e kin d 
of  positio n dependen t  cod e i s require d fo r  thi s mode l  t o accoun t  fo r 
th e experimenta l  result s presente d above . 
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Distr ibute d memor y models .  Fo r  Anderson' s (1973 )  an d Murdock' s 
(1982 )  vecto r  mode l ,  w e coul d assum e tha t  eac h lette r  (o r  word )  I s 
represente d a s a  subvecto r  wi th i n th e vecto r  representin g th e whol e 
Ite m str in g an d the n str ing s ar e entere d Int o th e memor y vecto r  a t 
di f feren t  posi t ions .  Th e Issu e I s whethe r  mult ipl e representation s 
wi l l  affec t  th e signa l  t o nois e rati o an d thu s mak e recognitio n per -
formanc e to o low .  Th e Anderso n an d Murdoc k model s als o hav e a n asso -
ciat iv e componen t  tha t  store s palrwls e associat ion s (Anderson ,  1972 .  a 
matr ix :  Murdock ,  a  convo lu t ion) .  Thi s associativ e componen t  woul d no t 
accoun t  fo r  posi t io n dependen t  'Effect s becaus e a n associativ e cod e I s 
contex t  sensit iv e an d s o woul d uo t  dea l  wi t h th e result s fro m Experi -
ment  2 . 

There are two connectlonlst models that are relevant here. The 
auto-assoclat lv e distr ibute d memor y mode l  o f  McClel lan d an d Rumelhar t 
(1985 )  assume s a  vecto r  representatio n an d assume s tha t  memor y I s 
represente d I n a  matr i x o f  connection s betwee n eac h elemen t  an d eac h 
othe r  element .  Th e mult i laye r  connectlonls t  mode l  (e.g. ,  Ackley ,  e t 
a l .  1985 )  assume s tha t  ther e ar e thre e layer s o f  uni ts ,  e.g. ,  a n Inpu t 
layer ,  a  hidde n layer ,  an d a n outpu t  layer .  Fo r  th e encode r  proble m 
(essentiall y  learnin g t o produc e a n outpu t  patter n tha t  i s th e sam e a s 
th e inpu t  pattern )  ,  memor y fo r  th e patter n reside s i n th e tw o matrice s 
of  connect ion s betwee n th e inpu t  an d hidde n laye r  an d hidde n an d out -
pu t  layers .  Bot h thes e model s a s the y stan d d o no t  allo w fo r  distanc e 
effect s a s note d earl ie r  becaus e the y assum e tha t  element s o f  th e vec -
tor s ar e Independen t  s o tha t  switche s o f  item s withi n th e strin g woul d 
b e th e sam e a s replacement s o f  ne w letters .  On e migh t  thin k tha t  on e 
of  th e scheme s note d abov e coul d b e use d t o encod e positio n dependen t 
information ,  i.e. ,  mult ip l e copie s o r  cross-correlatio n a t  retrieval . 
But  mult ipl e copie s o f  th e studie d material s shifte d i n positio n woul d 
no t  hel p becaus e pattern s ar e store d a s unit s (partl y a s a  resul t  o f 
nonl inea r  processing )  an d permutation s o f  letter s acros s positio n 
woul d no t  produc e th e require d crosstalk .  Cross-correlatio n a t  tes t 
t im e ma y b e a  bette r  candidate ,  bu t  i f  cross-correlatio n wer e use d 
rout inel y i n al l  retrieva l  processes ,  th e signa l  t o nois e rati o a t 
tes t  woul d b e severel y reduce d (becaus e o f  al l  th e contribution s fro m 
nonmatchin g cross-corre lat ions) .  Perhap s som e o f  th e notion s o f 
Zipse r  (1986 )  coul d b e incorporate d int o thes e schemes .  Th e mai n 
issu e fo r  thes e distr ibute d model s i s t o com e u p wit h a  consisten t  an d 
coheren t  accoun t  tha t  appl ie s acros s a  rang e o f  paradigm s includin g 
test s o f  orde r  informatio n a s wel l  a s othe r  phenomen a (e.g. ,  thos e i n 
Gil lun d &  Shiffr in ,  1984) . 

The final issue to be considered is whether positional informa-
t io n i s routinel y encode d int o memor y o r  whethe r  i t  i s  onl y encode d 
when i t  i s  needed .  McNlco l  an d Heathcot e (1986 )  argu e tha t  withi n th e 
domai n o f  short-ter m memory ,  thei r  result s ar e mos t  compatibl e wit h a 
theor y tha t  al low s differen t  subsystem s i n short-ter m memor y eac h wit h 
it s ow n forma t  fo r  preservin g orde r  (se e Ratcllf f  &  McKoon ,  198 7 fo r 
dat a showin g n o posi t io n dependen t  cod e an d availabil i t y  o f  orde r 
informatio n lat e i n process ing) .  I  endors e thi s an d argu e tha t  th e 
result s o f  Experiment s 3  an d 4  exten d th e us e o f  a  posit io n dependen t 
cod e int o th e domai n o f  long-ter m memory .  However ,  th e critica l  poin t 
i s  tha t  a  mode l  mus t  hav e th e capabil i t y  o f  representin g positio n 
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dependent codes without the Invocation of a completely new model Just 
fo r  tha t  task . 
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Abstract 

This paper describes work on the autonomous semantic network (ASN) knowledge 
representatio n an d natura l  languag e processin g architectur e an d it s implementatio n -  th e N O H A N S 

simulator .  A n A S N i s a n enhance d spreadin g activatio n semanti c network ,  bu t  on e withou t  a 

centralize d controller .  Rather ,  i n additio n t o th e semanti c networ k ar e type s o f  node s whic h hav e 

th e abilit y  t o chang e link s o r  ad d node s i n th e network .  Thes e node s ar e activate d b y th e energ y 
spreadin g throug h th e underlyin g semanti c network .  Thus ,  th e sam e spreadin g activatio n whic h 

infuse s th e knowledg e representatio n als o drive s th e contro l  mechanis m a s well .  Becaus e o f  this , 
ASN' s offe r  a  compromis e betwee n th e distribute d bu t  restrictiv e connectionis t  mode l  an d th e 

powerfu l  bu t  heretofor e essentiall y  seria l  conceptua l  natura l  languag e processin g models . 

Spreadin g activatio n i s als o th e basi s fo r  th e searc h capability ,  whic h i s loosel y base d o n th e 

connectionis t  winner-take-al l  idea .  W e construc t  a  simpl e conceptua l  analyze r  i n thi s mode l  an d 
indicat e ho w i t  works . 

1. Introduction 

The goal of this work is to be able to use the conceptual style of natural language processing in a 
massively-paralle l  form .  Conceptua l  natura l  languag e processin g merge s syntactic ,  semanti c an d 
worl d knowledg e an d facilitate s processin g b y allowin g high-leve l  inference s (o f  Schan k an d 
Abelson ,  1977 ;  Dyer ,  1983) .  On e o f  th e problem s wit h thi s approac h i s tha t  th e numbe r  o f 

alternative s tha t  need s t o b e searche d become s prohibitiv e usin g a  seria l  mode l  o f  compute r 
control .  Massively-paralle l  architecture s (c f  Hillis ,  1985 ;  Fahlman ,  1979 )  hav e ten s o f 

thousand s o f  nodes ,  eac h o f  whic h ha s a  limite d processin g capability .  Thei r  fort e i s extremel y fas t 

search .  B y castin g th e conceptua l  technique s int o a  for m wher e w e ca n utiliz e parallelism ,  w e hop e 

t o gai n insight s int o ho w t o increas e th e siz e an d complexit y o f  th e domain s whic h ca n b e handle d 
by suc h systems ,  eventuall y transcendin g th e micro-worl d limitiation s whic h hav e plague d th e 
field . 

I n recen t  year s ther e ha s bee n muc h wor k o n distribute d natura l  languag e processing .  Thes e 
effort s fal l  int o tw o mai n categorie s -  connectionis t  an d symbolic .  Th e connectionis t  system s 

(Cottrell ,  1985 ;  Walt z an d Pollack ,  1985 ;  Selma n an d Hirst ,  1985 )  ar e primaril y parser s -
the y produc e a  patter n o f  activatio n correspondin g t o a  pars e tree .  The y d o no t  ad d a  representatio n 

of  th e sentenc e t o thei r  networks .  Becaus e o f  this ,  the y ar e no t  goo d candidate s fo r  conceptua l 

analyzer s -  a n importan t  featur e o f  conceptua l  system s i s tha t  the y ca n buil d an d manipulat e a 

representatio n o f  th e inpu t  text .  Th e symboli c systems ,  suc h a s th e Wor d Exper t  Parse r  (Smal l 

and Rieger ,  1982 )  d o produc e a  representatio n o f  th e ne w information .  Unfortunately ,  the y us e a 
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high-level model of parallelism. They use powerful processing units which engage in complex 

communicatio n wit h one-another .  W e woul d lik e t o b e abl e t o us e th e simple r  processin g unit s an d 

communication s abilitie s whic h ar e suite d t o massive-parallelism . 

What  w e propos e i n thi s pape r  i s a  ne w mode l  -  th e autonomou s semanti c networ k (ASN) .  ASN' s 

offe r  parallelis m comparabl e t o th e connectionis t  model s whil e potentiall y  allowin g th e 

sophisticate d processin g o f  th e symbolic ,  conceptua l  systems . 

2. Autonomous Semantic Networks 

The idea underlying an ASN is a spreading-activation semantic network (cf Collins and Loftus, 

1975) .  Thes e system s hav e use d a  central ,  controllin g progra m t o direc t  thei r  activity .  Ou r 

approac h differ s because ,  t o tak e advantag e o f  th e parallelis m inheren t  i n suc h a n architecture ,  i t 

i s  necessar y t o distribut e th e controlle r  amon g node s connecte d t o th e network .  T o d o this ,  ne w 

kind s o f  node s wer e adde d whic h alte r  th e networ k i n respons e t o ne w information .  I n additio n t o 

th e norma l  node s an d link s o f  th e spreadin g activatio n network ,  w e ad d constructio n node s 

("c-nodes" )  whic h ca n manipulat e th e node s an d links .  Thes e c-node s ar e connecte d t o th e semanti c 

networ k an d ar e enable d b y th e sam e activatio n whic h spread s throug h th e network .  Th e activatio n 

energ y whic h provide s focu s i n th e knowledg e representatio n no w drive s th e system' s contro l 

mechanisms .  I n thi s wa y w e distribut e th e controller .  Ther e i s als o a  typ e o f  node ,  th e 

Winner-take-al l  ("wta") ,  whic h provide s a  searc h abilit y  b y comparin g th e activatio n o f  networ k 

nodes . 
Althoug h th e semanti c networ k whic h underlie s thi s mode l  i s essentiall y  connectionist ,  i t  wa s 

fel t  tha t  i t  wa s necessar y t o us e th e c-nodes ,  wit h thei r  relativel y sophisticate d abilities .  Curren t 
effort s t o ge t  connectionis t  model s t o d o high-leve l  task s stil l  requir e larg e number s o f  node s (c f 

Touretzk y an d Hinton .  1985) .  So .  t o retai n th e distribute d qualitie s o f  connectionism ,  bu t  t o b e 

abl e t o d o th e relativel y sophisticate d operation s necessar y fo r  conceptua l  natura l  languag e 

processing ,  th e mode l  add s th e c-nodes ,  eac h wit h a  limite d abilit y  t o chang e th e network .  Thi s wa y 

th e syste m i s no t  boun d b y th e computationa l  limit s o f  connectionism .  bu t  stil l  retain s it s 

amenabHit y t o massive-parallelism .  Fo r  a  detaile d treatmen t  o f  th e A S N mode l  se e Ber g (1987) . 

The behavio r  o f  node s i n th e spreadin g activatio n portio n o f  a n A S N i s lik e th e unit s i n a  loca l 

connectionis t  mode l  (c f  Feldma n an d Ballard.1982) .  The y receiv e excitator y an d Inhibitor y input s 

and.  base d o n a  simpl e activatio n an d deca y function ,  outpu t  activation .  The y ar e connecte d b y thre e 

kind s o f  links :  activation ,  hierarchical-activatio n ("h-act" )  an d inhibition .  Activatio n link s ar e 

one-wa y connection s whic h sprea d positiv e activatio n betwee n nodes .  Inhibitio n link s ar e 

one-wa y connection s whic h sprea d negativ e activation . 

The h-ac t  link s ar e wher e w e begi n t o se e th e interfac e betwee n th e semanti c networ k an d th e 

c-nodes .  A s fa r  a s th e semanti c networ k i s concerned ,  on e o f  thes e i s a  pai r  o f  activatio n links ,  on e 

i n eac h direction .  Thei r  importance ,  providin g a  backbon e fo r  search ,  wil l  b e discusse d i n th e nex t 

section .  Th e inpu t  an d outpu t  t o th e syste m wil l  b e throug h th e semanit c network .  Certai n nodes , 

calle d lexical-inpu t  node s wil l  b e activate d whe n th e syste m i s t o "read "  a  word .  Whe n a  nod e 

designate d a s a  lexical-outpu t  nod e i s activated ,  i t  print s a  wor d o n th e system' s output .  We wil l 

identif y fou r  type s o f  c-nodes :  link-h-act ,  link-act ,  de-lin k an d make .  Link-h-ac t  an d link-ac t 

node s wil l  construc t  a  nod e o f  th e appropriat e typ e betwee n th e tw o node s t o whic h the y point . 

Sinc e link s ar e directed ,  thes e kind s o f  node s us e tw o specialize d links :  fro m an d t o (figur e 1) . 

Similarly ,  a  de-lin k nod e wil l  remov e a  lin k betwee n tw o nodes .  C-node s ca n als o attac h link s 
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Figur e 2 .  A  link-ac t  nod e usin g indirectio n i n makin g a  lin k 

indirectly. When a c-node manipulates a link indirectly, it changes the link not on the node to 

whic h i t  points ,  bu t  t o th e nod e t o whic h th e secon d nod e point s (figur e 2) .  Indirec t  operation s b y 

constructio n node s wil l  b e indicate d b y tx)td-fac e link s i n th e figures .  I f  ther e i s n o nod e connecte d 

appropriatel y t o on e o f  it s  links ,  a  c-nod e wil l  wai t  unti l  ther e i s on e (howeve r  c-nodes ,  lik e 

norma l  nodes ,  ar e subjec t  t o becomin g inactiv e throug h decay) .  Indirectio n allow s u s t o us e 

intermediat e nodes ,  o r  structura l  markers ^  a s pointer s t o nodes .  Structura l  marker s serv e a n 

analogou s rol e t o slot s i n a  fram e system ;  an d th e node s connecte d t o the m b y activatio n link s ca n 

be see n a s th e slo t  filler s (se e sectio n 4) .  A  mak e nod e ca n introduc e ne w node s int o th e networ k b y 

creatin g a  ne w nod e an d placin g a n activatio n lin k fro m itsel f  t o th e ne w node . 

3. Distributed Search 

A conceptual natural language processing system needs a search capability. We provide that by 

establishin g a  paralle l  networ k whic h shadow s th e networ k o f  norma l  node s an d thei r  h-ac t  links . 

For  ever y norma l  nod e whic h ha s incomin g h-ac t  link s ther e i s a  wt a node ,  an d correspondin g t o 

ever y h-ac t  lin k i s a  searc h link .  Norma l  node s whic h hav e n o incomin g h-ac t  link s ar e 

represente d b y themselve s i n thi s network .  Th e resultin g networ k represent s th e inheritanc e 

hierarch y implici t  i n th e semanti c network .  Th e notio n o f  wt a come s fro m Feldma n an d Ballard' s 

winner-take-al l  networks .  W h e n activated ,  th e wt a nod e wil l  selec t  whicheve r  o f  th e node s 

connecte d t o i t  b y incomin g searc h link s i s activated .  I f  a  wt a nod e i s connecte d t o anothe r  b y a 

searc h link ,  th e subordinat e wt a nod e i s activated ,  an d th e winne r  o f  it s  searc h i s presente d t o th e 

superordinat e wt a node .  I f  mor e tha n on e nod e i s activated ,  th e wt a wil l  inhibi t  al l  o f  the m an d 

defe r  a  decisio n unti l  onl y a  singl e nod e i s active .  Thi s way ,  node s whic h wil l  b e reactivate d b y 

othe r  node s i n th e networ k wil l  b e selecte d i n preferenc e t o thos e wit h spuriou s o r  poorl y 

supporte d activation .  I n effect ,  a  searc h startin g a t  a  wt a nod e i n thi s networ k says ,  "fin d th e 
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Figure 3. The semantic network before the text is read. 

instance (leaf node) in the networl< below you which is in focus (has the highest supported 

activation). "  Th e wt a nod e wil l  construc t  a n activatio n lin k betwee n itsel f  an d th e "winner" .  Tha t 

way c-node s ca n acces s th e winnin g nod e indirectl y throug h th e wt a node . 

C-node s ca n us e thei r  indirectio n t o fin d th e wt a nod e associate d wit h a  norma l  nod e i n th e 

semanti c network .  Thi s i s necessar y because ,  i n man y cases ,  th e wt a nod e t o b e activate d wil l  no t 

be know n a  priori ,  an d i t  i s  necessar y t o acces s i t  throug h it s correspondin g norma l  node .  Fo r 

exampl e i f  w e wan t  t o kno w whic h instanc e o f  "cow "  i s currentl y activ e (o r  "i n focus" )  w e ca n 

connec t  th e nod e fo r  "cow "  t o a  c-nod e throug h a  structura l  marker .  Th e c-nod e wil l  fin d th e wt a 

nod e associate d wit h th e norma l  nod e (her e wta-cow) .  A n exampl e o f  thi s i s  show n i n sectio n 4 . 

C-nod e link s whic h initiat e a  wt a searc h ar e identifie d a s wta-fro m an d wta-t o links . 

4. Example: A Simple Analyzer 

To give an indication of how spreading activation can direct the analysis of a sentence, we give 

an extremel y oversimplifie d trac e o f  ho w th e sentenc e " A co w at e a n apple "  i s processed .  When a 

lexical-inpu t  nod e i s activate d i t  activate s c-node s whic h chang e th e networ k t o reflec t  th e word' s 

meanin g i n th e contex t  o f  th e network .  Figur e 3  show s th e semanti c networ k befor e th e sentenc e i s 

read .  T o simplif y th e presentation ,  th e initia l  networ k ha s n o node s whic h ar e instance s o f  it s 

concept s an d th e structura l  marker s ar e initiall y  unconnected .  I n thi s an d subsequen t  figures , 

h-ac t  link s wil l  b e show n a s one-wa y node s t o emphasiz e thei r  rol e i n wt a searches ,  althoug h the y 

sprea d activatio n bot h way s i n th e semanti c network . 

Most  o f  th e node s i n thi s figur e represen t  concept s i n ou r  taxonom y o f  thing s an d events . 

However ,  w e us e severa l  structura l  markers .  A  structura l  marke r  point s wit h a n activatio n lin k 

t o th e nod e whic h fill s  th e indicate d category .  Thei r  purpos e i s simila r  t o th e binder s o f  Selma n 

and Hirs t  (1985 )  an d Cottrel l  (1985) .  Current-concep t  i s use d t o indicat e whic h concep t  i s 

bein g processed .  B y connectin g current-concep t  t o a  nod e wit h a n activatio n link ,  th e nod e 

becomes accesibl e t o c-nodes .  I n a  simila r  fashion ,  current-actor ,  current-actio n an d 

current-objec t  ar e use d t o poin t  t o thos e node s whic h represen t  thos e categorie s i n ou r 
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sentence. Disambiguation-concept is used to point to a node wlien we want a c-node to access 

It s wt a node .  Current-topi c point s t o a  nod e indicatin g thi e overal l  topi c o f  th e curren t  text . 

Figur e 4  show s th e result s o f  activatin g th e lexica l  nod e fo r  "A" .  Tha t  nod e spread s activatio n t o 
a link-ac t  node .  Tha t  nod e construct s a n activatio n linl < fro m current-concep t  indirectl y 

throug h make .  Th e indirec t  referenc e throug h mak e cause s i t  t o construc t  a  ne w node ,  whic h i s 
th e nod e th e link-is a wants .  Th e resul t  o f  activatin g thos e node s create s a  ne w nod e (node_0 ) 

whic h i s th e focu s o f  th e system' s attentio n b y virtu e o f  bein g connecte d t o current-concept . 
When lexical-input-CO W i s activate d (figur e 5 )  i t  spread s activatio n t o tw o link-h-ac t 

nodes .  Whe n thes e node s ar e activate d the y connec t  th e nod e connecte d t o current-concep t  t o 
instanc e an d cow .  I n ou r  sentence ,  node_ 0 i s identifie d a s a n instanc e o f  a  cow . 

When th e nod e fo r  "ATE "  i s activated ,  i t  activate s c-node s whic h assembl e th e structur e o f  th e 
sentenc e (figur e 6) .  Lexical-input-EA T (w e ignor e tense )  activate s severa l  constructio n 

nodes .  Th e thre e boxe s represen t  group s o f  c-nodes .  Th e c-node s i n sub-acto r  chang e node_ 0 
fro m havin g a  lin k fro m current-concep t  t o havin g on e fro m current-actor .  Sub-actio n 

has c-node s whic h mak e a  ne w nod e (node_1 )  an d lin k i t  t o current-actio n an d establis h a n 

activatio n lin k fro m th e ne w nod e t o th e current-acto r  (node_0) .  Sub-object' s c-node s lin k 
th e nod e attache d t o current-concep t  (whic h i s th e a s ye t  unrea d secon d nou n phras e i n th e 

sentenc e -  henc e figur e 6  show s th e c-node s waiting )  t o current-objec t  an d create s a  lin k fro m 

node_ 1 t o th e nod e attache d t o current-object .  Th e thre e link-h-ac t  node s i n figur e 6  identif y 

th e filler s o f  th e current-actor ,  current-actio n an d current-objec t  role s a s eater ,  ea t  an d 

eatee ,  respectively ,  whe n activated . 

Activatin g th e node s fo r  th e secon d nou n phras e (" a pear" )  work s th e sam e a s th e first .  I t  wil l 
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create a node (node_2) and link It to instance and pear. Node_2 will be identified as the 

current-concept ,  an d thu s b e acte d o n b y th e c-node s activate d b y "ATE "  an d whic h wer e stalle d 

waitin g fo r  th e secon d nou n phras e t o b e read .  Figur e 7  show s th e semanti c networ k afte r  th e 

entir e sentenc e ha s bee n processed . 

i n additio n t o ou r  sentenc e le t  u s conside r  wha t  th e activatio n o f  on e othe r  lexical-inpu t  nod e 

does .  W h e n th e syste m read s "SHE "  (figur e 8 )  tw o c-node s ar e activated .  Th e firs t  link s femal e 

t o disambiguation-concept .  Thi s allow s th e secon d t o acces s wta-femai e throug h a n indirec t 

wta-t o link .  Wha t  thi s doe s i s activat e wta-female .  Th e wt a nod e wil l  initiat e a  search .  Her e it s 

onl y lin k i s t o w t a - c o w .  W t a - c o w i s activate d and ,  i n tur n doe s a  wt a search.  I n thi s example , 

ther e i s onl y on e candidat e -  node_0 .  Ha d ther e bee n mor e tha n on e activ e nod e alon g th e searc h 

paths ,  the y woul d hav e bee n Inhibite d unti l  onl y on e (presumabl y reactivate d b y it s neighbor s i n 

th e semanti c network )  wa s active .  A  pointe r  t o thi s "winning "  nod e i s passe d u p fro m wta-co w t o 

wta-femai e an d i s connecte d b y th e c-nod e t o th e cur rent -concept ,  identifyin g i t  a s th e 
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pronoun's referent. 

Our  presentatio n omit s man y importan t  detail s o f  th e actua l  analyzer .  I t  handle s definit e nou n 

phrases ,  adjective s an d subtl e problem s wit h usin g structura l  marker s whic h ar e beyon d th e 

scop e o f  thi s shor t  discussion .  T o giv e som e flavo r  o f  ho w th e syste m woul d analyz e a  text ,  figur e 9 

shows th e networ k afte r  i t  ha s rea d " A co w at e a n apple .  Th e appl e wa s green .  Sh e als o at e a  brow n 

pear. "  I n additio n t o th e node s fro m ou r  sentence ,  node_ 4 represent s th e "eatin g event "  o f  th e 

thir d sentence ,  node_ 5 i s th e brow n pear ,  an d node_ 3 i s a  nod e representin g th e entir e text . 

Thi s analyze r  ha s bee n implemente d o n th e N O H A N S system .  N O H A N S i s a  compile d Fran z Lis p 

progra m whic h simulate s th e spreadin g activatio n semanti c networ k an d th e mor e powerfu l 

constructio n an d wt a node s whic h th e networ k activates .  N O H A N S support s al l  o f  th e feature s o f 

th e A S N model ,  simulatin g the m a s a  generic ,  massively-paralle l  machine .  O n N O HANS,  th e 

analyze r  run s th e exampl e tex t  i n approximatel y fiv e minute s o f  real-tim e o n a  VA X 780 . 

6. Future Work 

We currently have several directions for our research on ASN's. Our short-term goal is to use 

the m t o addres s man y o f  th e issue s i n conceptua l  natura l  languag e processing .  Thes e includ e 

handlin g comple x sentenc e structure ,  wor d sens e disambiguation ,  conflic t  detection ,  inferenc e an d 

classification .  A  simpl e conflic t  woul d b e produce d b y introducin g tw o contradictor y piece s o f 

informatio n suc h a s "Spo t  i s a  dog .  H e i s als o a  pear "  o r  introducin g informatio n whic h violate s 

knowledg e alread y i n th e network .  Ou r  prototypica l  inferenc e proble m i s "Jane t  hi t  Sue .  Sh e fel t 

guilty. "  Th e inferenc e w e nee d t o mak e i s tha t  Jane t  migh t  fee l  guilt y fo r  hittin g Sue ,  thu s bein g 
th e referen t  o f  th e pronoun .  A n exampl e o f  classificatio n woul d b e t o hav e th e syste m rea d "Clyd e 

i s large ,  ha s fou r  legs ,  bi g ear s an d a  trunk "  an d hav e th e system' s interna l  representatio n 

indicat e tha t  Clyd e i s a n elephant . 

For  th e lon g term ,  thi s researc h i s aime d a t  understandin g longe r  an d mor e comple x text s -

takin g advantag e o f  th e distribute d contro l  t o b e abl e t o conside r  mor e inference s durin g 

processing .  A s massively-paralle l  machine s com e t o accomodat e this ,  an d mor e powerful ,  models , 

th e siz e an d breadt h o f  natura l  languag e processin g system s ca n increase .  Th e parallelis m wil l 

reduc e th e tim e necessar y t o analyz e texts .  But ,  ultimately ,  fo r  an y large-scal e syste m o f  thi s 

typ e t o b e effective ,  progres s mus t  b e mad e o n th e abilit y  t o mak e th e abstraction s an d comple x 

inference s necessar y fo r  learning .  Otherwis e w e becom e bogge d dow n creatin g th e representation s 

fo r  ever y ne w wor d an d concep t  ou r  system s wil l  use . 
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Abstract 

This paper presents a connectionist model of motor learning in which performance 

becomes mor e an d mor e efficien t  b y "chunking "  outpu t  sequences ,  organizin g smal l 

actio n component s int o increasingl y larg e structures .  Th e mode l  consist s c f  tw o 

sequentia l  networks :  on e tha t  map s a  stationar y representatio n o f  a n intentio n t o a 

sequenc e o f  actio n specification s o r  actio n plans ,  an d on e tha t  map s a n actio n pla n t o a 

sequenc e o f  actio n components .  A s th e networ k i s traine d t o produc e outpu t  sequence s 

faste r  an d faster ,  th e unit s tha t  represen t  th e actio n plan s graduall y discove r 

representationa l  format s tha t  ca n encod e large r  an d large r  chunk s o f  subsequences . 

The mode l  als o show s digrap h frequenc y effect s simila r  t o tha t  observe d i n 

typewriting ,  an d i t  generate s captur e error s simila r  t o tha t  observe d i n huma n actions . 

Organization of Action Sequences 

The idea that the size of perceptual and motor units increases with experience is not 

new.  Variou s model s hav e propose d differen t  way s i n whic h th e unit s ar e organized :  i n a 

hierarchica l  manne r  (Brya n &  Harte r  1897 ,  Lashle y 1951) ;  a s associativ e chain s o f  smal l 

element s (Wickelgre n 1969) ;  o r  element s linke d togethe r  b y inhibitor y connection s 

(Rumelhar t  &  Norma n 1982) ,  fo r  example .  Recently ,  Grudi n an d Larochell e (1982 )  an d 

Jorda n (1986 )  hav e argue d tha t  whe n a  comple x moto r  skil l  suc h a s typin g i s learned ,  th e 

learne r  develop s representation s o f  moto r  sequence s a t  level s highe r  tha n individua l  actio n 

components ,  suc h a s digraph s i n typing .  Representatio n o f  "chunks '  o f  moto r  sequence s 

seems t o b e formed . 

The connectionist framework (Feldman & Ballard 1982, Rumelhart & McClelland 1986) 

has bee n successfull y applie d t o th e domai n o f  moto r  contro l  i n a  numbe r  o f  studie s 

(Hinto n &  Smolensk y 1984 ,  Rumelhar t  &  Norma n 1982 ,  Jorda n 1986) .  Thes e studie s stresse d 

th e rol e o f  paralle l  computatio n i n solvin g th e problem s o f  man y degree s o f  freedo m an d o f 

multipl e an d comple x constraints .  However ,  th e issue s o f  h o w representatio n o f  actio n 

sequence s i s develope d an d ho w performanc e become s increasingl y efficien t  hav e no t  bee n 

addresse d directl y b y thes e models .  I n general ,  thes e model s tende d t o focu s o n th e 

performanc e o f  a n exper t  rathe r  tha n th e proces s o f  learnin g itself .  Thi s psqie r  present s a 

model  o f  moto r  learning ,  o f  th e shif t  fro m a  novic e t o a n exper t  performance . 
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T h e Architectur e o f  T h e M o d e l 

In the model, there are three basic levels of representation. The first is a conceptual 

representatio n o f  th e sequenc e t o b e produced ,  suc h a s a  wor d t o b e typed ,  tha t  i s  mo r e o r 

les s independen t  o f  motori c component s o r  physica l  requirement s o f  th e task .  T h e secon d i s 

a representatio n i n whic h action s ar e specifie d t o th e actio n system .  T h e thir d i s th e outpu t 

of  th e actio n syste m tha t  represent s eac h componen t  t o b e executed .  T h e executio n o f  a n 

actio n sequenc e i n th e mode l  thu s involve s tw o mappings :  th e mappin g fro m th e conceptua l 

representatio n t o th e actio n specification ,  an d th e mappin g fro m th e actio n specificatio n t o 

th e actua l  actio n components .  I n bot h mappings ,  a n inpu t  vecto r  i s m a p p e d t o a  sequenc e 

of  outpu t  vectors . 

Jordan's Network 

One important requirement for a model of action control is that it is capable of 

generatin g sequence s o f  outpu t  vectors .  T h e simulation s describe d i n thi s pape r  use d a 

techniqu e develope d b y Jorda n (1985 )  t o generat e sequences .  Figur e 1  show s th e 

architectur e o f  a  Jorda n network .  I t  receive s a n inpu t  t o a  laye r  o f  pla n units ,  calle d th e pla n 

vector .  Fo r  example ,  a  pla n vecto r  migh t  specif y th e sequenc e "ABCD. . "  an d th e tas k o f  th e 

networ k i s t o produc e firs t  outpu t  vecto r  A ,  the n B ,  C ,  an d s o on .  O n c e a  pla n vecto r  i s 

Contex t  Unit s 

6 

Pla n Uni t s 

H i d d e n Unit s 

O u t p u t  Uni t s 

Figur e 1 .  Th e basi c architectur e o f  a  Jorda n network .  Outpu t  i s  determine d b y a  stationar y pla n an d tempora l 

contex t  o f  pas t  outputs . 
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given ,  i t  produce s th e firs t  outpu t  vecto r  b y sendin g activatio n forwar d throug h on e laye r  o f 

hidde n units .  T h e n th e outpu t  vecto r  i s fe d bac k t o a  laye r  o f  contex t  units ,  whic h stor e th e 

histor y o f  outpu t  vector s b y recurren t  connection s t o themselves .  A t  eac h tim e step ,  th e 

nex t  outpu t  vecto r  i s determine d bot h b y th e pla n vecto r  whic h doe s no t  chang e durin g th e 

sequenc e an d b y th e contex t  vecto r  whic h change s a t  eac h tim e ste p an d thereb y specifie s 

plac e i n th e sequence . 

The Hybrid Model 

The model was constructed as a hybrid of two Jordan networks, one for each mapping 

(th e lef t  hal f  o f  Figur e 2) .  T h e uppe r  network ,  calle d Plan-ne t  supplie s pla n vector s fo r  th e 

lowe r  networ k calle d Action-net .  T h e righ t  hal f  o f  Figur e 2  illustrate s th e tim e cours e o f 

updatin g th e stat e o f  th e network .  A t  tim e 0 ,  a  specificatio n o f  th e sequenc e t o b e 

produce d i s give n a t  th e laye r  o f  unit s labele d "Intention "  whic h serve s a s th e inpu t  t o Plan -

net .  Plan-ne t  the n generate s it s outpu t  a s a  sequenc e o f  three  vector s a t  th e laye r  o f  unit s 

labele d "Plan "  a t  tim e 0 ,  3 ,  an d 6 .  T h e pla n unit s actuall y represen t  th e inpu t  fo r  Action-net . 

I n respons e t o eac h pla n vector ,  Action-ne t  generate s a  sequenc e o f  thre e outpu t  vectors , 

o n e a t  eac h tim e step ,  a t  th e laye r  labele d "Output" .  T h e n eac h outpu t  vecto r  i s converte d 

t o anothe r  vecto r  a t  th e laye r  labele d "Action "  b y choosin g th e mos t  activ e outpu t  unit . 

T h u s ,  Action-ne t  update s it s stat e m o r e ofte n tha n (i n thi s particula r  simulation ,  thre e time s 

as ofte n as )  Plan-net .  Ther e i s a  connectio n fro m th e contex t  unit s o f  Action-ne t  t o th e 

Plan-ne t 

ntention(12 )  *Context{8 ) 

hidden(8 ) 

Time cours e o f  updatin g networ k states . 

0 
- T i  m e 

2 3 

Intentio n (ABC ) 

Plan(4)/Context(8 ) 

iidden{8 ) 

k 

3utput(4 )  =>Action(4 ) 

Plan O Plan i Plan 2 

Action-ne t 

Out O Out l  Out 2 Out 3 0ut 4 0ut 5 Out 6 Out 7 0ut 8 

Output ->D C A 

Targe t  - > A A  A  B 

Figur e 2 .  Th e architectur e o f  th e mode l  (left )  an d th e tim e cours e o f  updatin g th e stat e o f  th e networ k (right) . 

Plan-ne t  map s fro m a n Intentio n t o a  sequenc e o f  thre e Plans .  Action-ne t  map s fro m eac h Pla n t o a  sequenc e o f 

thre e Outputs . 
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contex t  unit s o f  Plan-net :  thi s allow s Plan-ne t  t o ge t  s o m e informatio n abou t  wha t  Action -

net  ha s don e s o far . 

Training The Network 

The entire network was ttmned using the back-propagation algorithm (Rumelhart, 

Hinto n &  William s 1986) .  T h e trainin g procedur e fo r  a  networ k wit h recurren t  connection s 

i s slightl y mor e complicate d tha n th e trainin g o f  a  straigh t  feedforwar d networ k an d i s 

describe d i n detai l  i n Rumelhar t  e t  al. ,  (1986) . 

Each output vector and each action vector were compared with a target vector. 

Initiall y  th e targe t  vecto r  represente d th e firs t  componen t  t o b e produce d i n th e sequence . 

For  example ,  suppos e th e targe t  sequenc e i s A B C .  The n th e targe t  t o compar e wit h th e 

outpu t  an d actio n vector s i s initiall y  A .  I f  th e actio n vecto r  doe s no t  matc h th e targe t  the n 

th e targe t  stay s th e sam e s o tha t  th e sam e targe t  i s use d a t  th e nex t  tim e step .  I f  th e actio n 

vecto r  doe s matc h th e targe t  the n th e targe t  fo r  th e nex t  tim e ste p i s change d t o th e nex t 

component ,  B  i n thi s case .  A t  eac h tim e step ,  th e erro r  betwee n th e outpu t  vecto r  an d th e 

targe t  i s propagate d bac k throug h th e networ k an d al l  th e weight s i n th e network ^  ar e 

modifie d s o a s t o reduc e th e error . 

Pre-training 

In any learning situation for humans, the learner usually has a fair amount of a priori 

or  backgroun d knowledg e befor e th e learnin g starts .  Thi s prio r  knowledg e wa s modele d b y 

dividin g trainin g int o tw o parts :  on e t o pu t  backgroun d knowledg e an d on e t o trai n th e tas k 

itself .  Conside r  th e typin g tas k :  Eve n a  novic e typis t  ca n typ e correctl y b y "hun t  an d peck. " 

The proble m i s tha t  th e novic e i s ver y slow .  Th e networ k wa s pre-traine d s o tha t  i t  ca n 

perfor m th e tas k analogou s t o th e performanc e o f  a  novic e typist .  Thu s th e Plan-ne t  wa s 

traine d t o generat e a  sequenc e o f  pla n vectors ,  eac h pla n vecto r  representin g onl y on e actio n 

component .  T h e Action-ne t  wa s pre-traine d s o tha t  i n respons e t o eac h pla n vecto r  i t  coul d 

generat e th e actio n represente d b y th e pla n vector . 

Figure 3 illustrates the performance of the network after the pre-training phase. An 

activit y patter n i n a  laye r  o f  unit s ( a vector )  i s  show n a s a  ro w o f  vertica l  bars ,  th e heigh t  o f 

a ba r  representin g th e activatio n leve l  o f  a  unit .  A  sequenc e o f  vector s i s s h o w n a s a  matri x 

compose d o f  severa l  row s o f  vertica l  bars ,  eac h ro w representin g th e vecto r  a t  eac h tim e 

step .  Th e botto m ro w represent s th e firs t  vecto r  produce d an d th e to p ro w th e las t  vector . 

The 12-dimensiona l  vecto r  labele d "Intention" ,  i s  th e inpu t  patter n t o Plan-ne t  a t  Intentio n 

layer .  Thi s patter n represent s th e outpu t  sequenc e A B C .  I n respons e t o thi s input .  Plan-ne t 

produce s a  sequenc e o f  thre e 4-dimensiona l  pla n vectors ,  show n t o th e righ t  a s thre e row s o f 

vectors ,  representin g th e action s A ,  B ,  an d C ,  respectively .  I n respons e t o th e firs t  pla n 

'  Th e recurren t  connectio n fron n th e unit s i n Contex t  laye r  t o themselve s ha d fixe d se t  o f  weight s whic h forme d 
a diagona l  matrix :  i.e. ,  eac h uni t  i n Contex t  laye r  wa s connecte d onl y t o itself . 
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Plan-ne t 

tim e 

ntention(12 )  •Context{8 l 

time 

••hiddenfa ) 

k 

Intentio n 

0.-..O....DJ 

Plan(4)/Context{8 ) 

iidden(8 ) 

k 

3utput(4 )  =>Action(4 ) 

_ _  D _ l 

Action-ne t 

_ a  -  _ l 

a 1 

A 8  C  0 

Outpu t 

2 _  _  n  _  I 

'  _ n _  _ I 

•> D  I 

Ron 

_ _  a  _ 

_ D  _  _ 

D 

A B C 0 

Actio n 

D _ 

D _ 

D _ 

_ D  _  _ 

_ D  _  _ 

'  _ n _ _ 

' D 

A B  C  0 

Targe t 

Figur e 3 .  Respons e o f  th e networ k afte r  th e pre-trainin g phase :  I n respons e t o a n inpu t  (Intention )  specifyin g 
th e sequenc e ABC,  Plan-ne t  produce s a  sequenc e o f  thre e pla n vector s (Plan )  specifyin g th e action s A ,  B  an d C . 

I n respons e t o eac h pla n vector ,  Action-ne t  produce s th e actio n specifie d b y th e plan .  I t  take s seve n tim e step s 

t o complet e th e sequence . 

vector, Action-net then produces the action A, and in response to the second plan vector it 

produce s th e actio n B ,  an d s o on .  T h e thre e matrice s a t  th e bot to m sho w sequence s o f  nin e 

outpu t  vectors ,  actio n vectors ,  an d targe t  vectors ,  a t  tim e ste p 0  throug h 8 .  I n thi s 

simulatio n th e networ k wa s traine d o n ai l  th e possibl e sequence s o f  thre e outputs ,  eac h 

outpu t  representin g on e o f  fou r  actions ,  A ,  B ,  C  an d D .  Ther e ar e 6 4 suc h sequences .  Afte r 

th e pre-trainin g th e networ k ca n perfor m al l  th e sequence s bu t  onl y ver y slowly . 

Results - New Plan Representations 

This situation changes as the result of training. Notice that as soon as the first action 

i s m a d e correctl y th e targe t  shift s t o th e secon d componen t  an d trie s t o tur n o n th e uni t 

tha t  correspond s t o tha t  component .  I n effect ,  thi s kin d o f  trainin g woul d b e expecte d t o 

spee d u p th e executio n o f  th e entir e sequence .  Tha t  i s i n fac t  wha t  happens .  Figur e 4 

show s th e respons e o f  th e networ k t o th e sam e inpu t  sequenc e a s s h o w n i n Figur e 3  afte r 

s o me 160 0 presentation s o f  al l  6 4 patterns .  Befor e training ,  i t  too k seve n tim e step s t o 

complet e eac h sequence .  Afte r  training ,  al l  th e sequence s ar e complete d i n thre e steps , 

whic h i s th e m a x i m u m rate .  T h e pla n unit s which ,  befor e th e training ,  coul d represen t  onl y 

on e actio n componen t  a t  a  time ,  n o w represen t  th e entir e sequence .  Thes e unit s hav e 

develope d representationa l  format s tha t  ca n encod e al l  6 4 sequences . 
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tim e 
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time 
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Intentio n 
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iidden(8 ) 

3utput(4 )  =>Action(4 ) 
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_ _ D _ 
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3 
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On 

A B C D 

Actio n 

$ 
5 

2 _  _  D  _ 
'  _  n _ _ 
° D 

A B  C  D 

Targe t 

Figur e 4 .  Respons e o f  th e networ k afte r  th e trainin g phas e t o th e sam e inpu t  a s i n Figur e 3 .  Onl y on e pla n vec -
to r  i s  neede d t o specif y  th e sequenc e ABC.  Th e sequenc e i s complete d i n thre e tim e steps . 

The network, as the result of training, showed a transition from an inefficient 

performanc e analogou s t o tha t  o f  a  novic e t o a  mor e efficien t  performance .  Th e nex t 

sectio n demonstrate s tha t  durin g th e proces s o f  training ,  th e performanc e o f  th e networ k 

exhibit s a  certai n characteristi c als o observe d i n huma n experts . 

Digraph Frequency Effects 

One strong source of evidence for the existence of higher-order (multi-character) 

representationa l  unit s i n typewritin g come s fro m th e digrap h frequenc y effects .  Grudi n an d 

Larochell e (1982 )  foun d tha t  th e inter-keystroke-interval s fo r  highe r  frequenc y digraph s wer e 

reliabl y shorte r  tha n fo r  lowe r  frequenc y digraphs .  Th e presen t  mode l  speed s u p it s outpu t 

by developin g higher-orde r  representatio n o f  th e outpu t  sequences .  I t  i s  interestin g t o se e i f 

th e mode l  exhibit s th e sam e kin d o f  effect :  Doe s a  transitio n fro m on e actio n t o anothe r 

become faste r  i f  tha t  particula r  transitio n i s experience d mor e frequentl y b y th e network ? 

To tes t  thi s possibility ,  a  se t  o f  twelv e sequence s o f  thre e action s wer e constructe d usin g si x 

digraph s (Tabl e 1) .  Eac h sequenc e wa s presente d wit h differen t  frequency ,  a s show n i n th e 

table ,  s o tha t  a s a  resul t  thre e o f  th e si x digraph s (AC ,  BA ,  an d CB )  wer e presente d twic e a s 

ofte n a s th e othe r  thre e (AB ,  B C an d CA) .  A  frequenc y mean s th e numbe r  o f  time s a n ite m 

i s presente d t o th e networ k durin g eac h cycl e o f  training .  Th e networ k use d i n thi s 

simulatio n wa s identica l  t o th e on e describe d i n th e previou s sectio n excep t  that ,  becaus e 

ther e wer e onl y thre e possibl e actions ,  ther e wer e onl y thre e unit s eac h i n th e output , 
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Tabl e 1 

Twelve sequences were presented to the network with different frequencies so that 
thre e o f  th e digraph s containe d wer e presente d twic e a s ofte n a s th e othe r  three . 

Frequenc y 

4 
2 
1 

Sequence s presente d 
t o th e networ k 

ACB.  BAC ,  CB A 
ABA,  ACA .  BAB ,  BCB,  CAC,  CB C 
ABC,  BCA ,  CA B 

Frequenc y 

Hig h (8 ) 
Low (4 ) 

Digraph s containe d 
i n th e sequenc e 

AC,  BA ,  C B 
AB,  BC ,  C A 

action ,  an d pla n layer s an d nin e unit s i n th e intentio n layer .  Th e trainin g procedur e wa s 

identica l  t o th e on e use d before . 

Results 

Intervals (number of time steps) between two successive actions were recorded during 

th e trainin g phase .  Thre e pair s o f  digraph s wer e compared :  A B vs .  AC ,  B C vs .  BA ,  an d C A vs . 

CB,  th e secon d digrap h i n eac h pai r  havin g th e highe r  frequency .  Thes e pair s wer e chose n 

becaus e tw o digraph s i n eac h pai r  appeare d i n ver y simila r  context s durin g th e training :  fo r 

example ,  A B appeare d i n th e sequence s ABA ,  ABC ,  BA B an d CA B whil e A C appeare d i n ACA, 

ACB.  BA C an d CAC. 

The network was faster with the higher-frequency digraph than with the lower-

frequenc y digrap h withi n ever y pai r  o f  digraphs .  Tabl e 2  show s th e digrap h frequenc y 

effect s i n eac h pai r  o f  digraph s durin g fiv e block s o f  10 0 learnin g cycles .  Followin g Gnidi n 

and Larochell e (1982) ,  th e "digrap h frequenc y effect "  ( D F E )  i s define d a s th e averag e interva l 

fo r  th e lower-frequenc y digrap h minu s th e averag e interva l  fo r  th e higher-frequenc y digraph . 

Thi s represent s th e tim e save d producin g th e secon d actio n o f  a  higher-frequenc y digraph . 

The interva l  fo r  a  digrap h i s define d a s th e tim e step s require d betwee n th e firs t  an d th e 

Tabl e 2 

Digraph Frequency Effects (time saved producing 
secon d actio n o f  hî er-frequenc y digraph ) 

Block s o f  learnin g cycle s 

500-59 9 
600-69 9 
700-79 9 
800-89 9 
900-99 9 

Digrap h Pair s Compare d 

A B — AC B C — BA C A — CB 

1.2 7 2.1 8 1.3 7 
1.3 6 1.8 0 1.4 3 
0.8 1 2.2 0 1.4 3 
1.0 0 2.0 0 0.8 6 
1.0 4 2.0 4 0.5 1 
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secon d action s i n th e digraph .  I f  th e actio n B  i n th e digrap h A B i s produce d a t  tim e ste p 

immediatel y followin g th e tim e ste p th e actio n A  wa s produced ,  the n th e interva l  fo r  th e 

digrap h i s 1 .  T h e overal l  digrap h frequenc y effec t  wa s significan t  (i.e. ,  D F E >  0 ) ,  F(l ,  2 )  = 

20.72 ,  p  <  0.05 ,  usin g th e pair s a s th e rando m variable . 

Capture Errors 

One interesting aspect of action control is that errors seem to exhibit certain general 

patterns .  Thi s ha s bee n s h o w n i n controlle d experiment s i n speec h (Motley ,  C a m d e n & 

Baar s 1982 ,  Del l  1984 )  an d i n typin g (Grudi n 1983 ,  Selle n 1986 )  a s wel l  a s observation s i n 

natura l  setting s (Norma n 1982 ,  Reaso n 1979) .  O n e clas s o f  error s ar e calle d captur e errors . 

" A captur e erro r  occur s w h e n a  familia r  habi t  substitute s itsel f  fo r  a n intende d actio n 

sequence .  . .  Pas s to o nea r  a  well-forme d habi t  an d i t  wil l  captur e you r  behavio r  (Norma n 

1982). "  Th e presen t  mode l  seem s t o hav e a  potentia l  t o generat e thi s typ e o f  errors .  Thi s i s 

becaus e th e mapping s i n th e networ k hav e th e characteristi c tha t  simila r  input s ten d t o b e 

mapped t o simila r  outputs .  I f  tw o outpu t  sequence s hav e simila r  subsequences ,  thi s result s 

i n simila r  contextua l  informatio n i n th e contex t  vecto r  tha t  migh t  lea d t o a n error . 

This possibility was tested by simulating Sellen's psychological experiment (1986) using 

a Jorda n networ k a s th e subject .  T h e desig n o f  th e experimen t  i s summarize d i n Tabl e 3 . 

The networ k wa s give n fou r  plan-targe t  pair s t o learn .  I n respons e t o eac h o f  th e fou r  pla n 

vector s a .  b ,  c ,  an d d ,  th e networ k wa s t o generat e fou r  differen t  outpu t  sequence s A B C ,  A B D , 

E F G,  an d E H I .  T h e firs t  tw o sequence s — A B C an d A B D — ar e ver y simila r  t o eac h other : 

thes e ar e calle d "hig h similarit y sequences" .  Th e las t  tw o sequence s — E F G an d E H I  — hav e 

onl y on e c o m m o n component :  thes e ar e calle d "lo w similarit y sequences" .  T h e sequence s 

ABC an d E F G ar e calle d "hig h familiarit y sequences "  becaus e the y ar e presente d t o th e 

networ k thre e time s mor e ofte n tha n th e "lo w familiarit y sequences "  A B D an d E H I .  Ther e 

wer e nin e possibl e actions .  A ,  B ,  C ,  ... ,  H ,  I ,  an d thu s th e networ k ha d nin e outpu t  units . 

The actio n produce d b y th e networ k wa s decide d b y choosin g th e mos t  activ e outpu t  unit . 

Tabl e 3 

Similarity and familiarity of the four 

plan-targe t  sequenc e pair s learne d b y th e network . 

Pla n - > Targe t  Sequenc e 

a A B C 
b A B D 

c E F G 
d EH I 

Similarit y 

Hig h 

Hig h 
Lo w 
Lo w 

Familiarit y 

Hig h 
Lo w 

Hig h 
Lo w 
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Tabl e 4  show s th e fou r  possibl e "captur e errors "  tha t  ca n occur .  A  captur e erro r  ca n 

occu r  eithe r  betwee n t w o hig h similarit y sequence s A B C an d A B C ,  o r  betwee n tw o lo w 

similarit y sequence s E F G an d E H I .  I t  ca n occu r  eithe r  fro m a  hig h familiarit y sequenc e t o a 

lo w familiarit y sequenc e o r  vic e versa .  Fo r  example ,  i f  th e networ k generate s th e sequenc e 

A BD i n respons e t o th e pla n 'a' ,  i t  i s  a  captur e erro r  betwee n hig h similarit y sequence s an d i t 

i s  a  high-to-lo w familiarit y error . 

The network used was a Jordan network with four plan units, six hidden units, four 

contex t  unit s an d nin e outpu t  units .  Eac h outpu t  uni t  represente d on e o f  th e nin e possibl e 

actions :  A ,  B ,  C,... .  I .  T h e networ k wa s traine d o n th e fou r  pair s o f  plan s an d outpu t 

sequence s describe d above .  Gaussia n nois e wa s adde d t o eac h pla n uni t  s o tha t  th e networ k 

continue d t o m a k e s o m e error s eve n afte r  i t  learne d th e sequences .  Testin g wa s don e b y 

presentin g eac h plan ,  wit h nois e added ,  on e thousan d time s afte r  th e networ k ha d reache d 

stabl e state .  Seve n network s wer e ru n tha t  wer e identica l  excep t  fo r  initia l  rando m weights . 

Results 

Figure 5 shows the results. Both similarity and familiarity affected the probability of 

captur e errors .  Ther e wer e mor e captur e error s betwee n th e hig h similarit y sequence s AB C 

and A B D tha n betwee n th e lo w similarit y sequence s E F G an d EHI ,  F(l ,  6 )  =  141.9 ,  p  <  .001 . 

A n d ther e wer e mor e captur e error s fro m a  low-familiarit y sequenc e t o a  high-familiarit y 

sequenc e tha n fro m hig h t o lo w familiarity ,  F(l ,  6 )  =  293.9 ,  p  <  .001 . 

In Sellen's (1986) experiment the familiarity factor had a significant effect on the 

probabilit y  o f  captur e errors ,  but-th e effec t  o f  similarit y wa s smal l  an d no t  significant .  Th e 

discrepanc y betwee n he r  experimenta l  result s an d thi s simulatio n ca n b e attribute d t o a 

number  o f  factors :  Th e differenc e ca n simpl y b e becaus e th e experimen t  di d no t  hav e enoug h 

power  t o detec t  th e effec t  (fewe r  trials ,  smalle r  overal l  erro r  rate) .  Anothe r  possibilit y  i s 

tha t  th e tempora l  contex t  store d i n th e contex t  unit s di d no t  correspon d t o th e experiment . 

A fine r  graine d manipulatio n o f  similarit y i n th e experimen t  a s wel l  a s manipulatio n o f 

temporal  characteristi c o f  th e contex t  unit s i n th e simulatio n migh t  b e neede d t o mak e the m 

Table 4 

Four possible capture errors 

Pla n - > Targe t 

a AB C 
b AB D 
c EF G 
d EH I 

Captur e Erro r 

ABD 
ABC 
EHI 
EFG 

Similarit y 

Hig h 
Hig h 
Lo w 

Lo w 

Familiarit y 

H i ^  - > Lo w 
Lo w - > Hig h 

H i ^  - > Lo w 

Lo w - > Hig h 
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C A P T U R E E R R O R S B Y N E T W O R K S 
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L o w - > H i g h 

F a m i l i a r i t y 

H i g h — > L o w 

L o w 
S i m i l a r i t y 

H i a h 

Figur e S.  Th e effec t  o f  similarit y an d familiarit y o n captur e error s mad e b y seve n networks :  Captur e error s wer e 
more likel y fro m low-familiarit y sequenc e t o high-familiarit y sequenc e tha n th e revers e direction ,  an d mor e like -
l y betwee n mor e simila r  sequences . 

more comparable. 

This simulation used a single Jordan network with noise to generate capture errors. 

Interestingly ,  captur e error s wer e als o observe d withou t  noise  w h e n th e hybri d networ k 

learne d m a n y sequences .  W h e n som e o f  th e sequence s wer e presente d m o r e ofte n tha n 

othe r  sequences ,  i t  wa s observe d tha t  a  low-frequenc y sequenc e tha t  share d a  subsequenc e 

wit h a  high-frequenc y sequenc e wa s sometime s capture d b y th e high-frequenc y sequence ,  bu t 

a captur e erro r  i n th e revers e directio n wa s rare .  Thi s suggest s tha t  som e actio n error s ca n 

occu r  a s th e resul t  o f  interactio n a m o n g m a n y differen t  mapping s tha t  a  singl e networ k i s 

tryin g t o leam . 

Summary 

The model presented in this paper has a number of interesting properties. First, it was 

abl e t o mode l  th e shif t  fro m a  serial ,  novic e performanc e t o a  highl y parallel ,  exper t 

performance .  Trainin g o f  th e networ k starte d fro m a n initia l  stat e wher e Action-ne t  di d 

onl y a  simpl e mappin g o f  on e pla n t o on e action ,  an d muc h o f  th e wor k wa s don e b y Plan -

net  tha t  mappe d a n intentio n t o a  sequenc e o f  plans .  Th e trainin g reverse d th e situation : 
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th e mappin g fro m intentio n t o pla n becam e one-to-one ,  an d th e mappin g fro m pla n t o 

actio n becam e one-to-sequence .  Fo r  Plan-net ,  th e tas k change d fro m a  seria l  on e t o a  highl y 

paralle l  one . 

Second, this model seems to show a way "chunking* can be done in a connectionist 

network .  Th e networ k wa s abl e t o discove r  ne w representatio n o f  actio n plan s s o tha t  eac h 

pla n represent s a  increasingl y larg e chun k o f  outpu t  sequence .  Th e proces s o f  chunkin g i n 

th e mode l  i s gradua l  rathe r  tha n discrete ,  an d n o ne w representationa l  entit y need s b e 

create d whe n chunk s ar e formed .  I t  i s  no t  necessar y t o presuppos e wha t  "level *  o f 

informatio n eac h componen t  i n th e mode l  shoul d represent :  rathe r  suc u a  "level "  i s  a 

dynami c propert y o f  eac h componen t  tha t  ca n chang e throug h learning . 

Third, the model exhibits digraph frequency effects similar to those observed in studies 

of  typing .  Th e mode l  als o simulate d captur e error s an d ha s th e propert y tha t  captur e error s 

ar e mor e likel y t o b e mad e fro m a  lo w frequenc y sequenc e t o a  highe r  frequenc y sequenc e 

tha n th e revers e direction . 
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M U S A C T:  A  Connectionis t  Mode l  o f  Musica l  H a r m o n y 

JAMSHED J. BHARUCHA 

Dartmout h Colleg e 

A connectionist model of musical harmony is proposed to account for 

intuition s o f  schemati c expectanc y an d sequentia l  consonance .  Th e mode l 

distinguishe s betwee n schemati c an d episodi c structures ,  an d th e curren t 

versio n focusse s o n th e former .  Unit s representin g tones ,  chord s an d key s 

ar e linke d i n a  network .  Activatio n receive d b y ton e unit s fro m a  musica l 

even t  spread s throug h th e networ k phasically ,  reverberatin g unti l  th e 

networ k settle s int o a  stat e o f  equilibrium .  Th e settle d stat e represent s th e 

expectancie s fo r  event s t o follo w an d th e perceive d consonanc e o f  thes e 

event s shoul d the y occur .  Th e mode l  account s fo r  psychologica l  dat a o n 

ratin g judgment s an d recognitio n memory .  Evidenc e fo r  th e sprea d o f 

activatio n come s from  experiment s o n primin g o f  chords . 

Several features of connectionist models—in which simple processing units, connected by 

weighte d link s i n a  network ,  activat e eac h othe r  i n paraUeJ-recommen d the m a s model s o f  musi c 

cognition .  First ,  the y ar e highl y interactive ,  s o tha t  lo w leve l  processe s ca n influenc e highe r  leve l 

processe s an d vic e versa .  TTius ,  a  sequenc e o f  tone s ca n impl y a  chor d o r  a  key ,  an d th e implie d 

chor d o r  ke y ca n i n tur n influenc e th e perceptio n o f  tone s tha t  foJJow .  Second ,  th e architectur e o f  a 

connectionis t  syste m hook s u p naturall y wit h a  sensor y fron t  en d tha t  code s firequenc y a s a  (spatia l 

or  temporal )  patter n o f  activation s o f  neuron s i n th e inne r  ear .  Third ,  patte m matchin g o f  a  currentl y 

hear d sequenc e ca n b e achieve d i n paralle l  b y content-addressin g al l  simila r  m e m o r y traces , 

enablin g recognitio n o f  sequence s an d variation s thereof .  Finally ,  connectionis t  network s ca n 

internaliz e persisten t  regularities ,  suc h a s occu r  i n ou r  musica l  environment ,  withou t  explici t 

instruction . 

A network's ability to internalize regularities~by altering the strengths of connections 

betwee n unit s (McClellan d &  Rumelhart ,  1986)~enable s th e parsimoniou s vie w tha t  musi c 

cognitio n i s a  consequenc e o f  genera l  principle s o f  cognitio n operatin g o n structura l  regularitie s i n 

th e environment .  T h e averag e listene r  ha s little ,  i f  any ,  explici t  knowledg e o f  musica l  structure ,  ye t 

show s evidenc e o f  considerabl e taci t  knowledge .  Fo r  example ,  eve n listener s wit h n o forma l 

trainin g i n musi c sho w systemati c difference s i n processin g tim e fo r  chord s a s a  functio n o f  th e 

prio r  harmoni c contex t  (Bharuch a &  Stoeckig ,  1986 ,  1987) . 

The model proposed here, MUSACT, is designed to capture musical intuitions and 

psychologica l  dat a concemin g expectancy ,  sequentia l  consonanc e an d shor t  ter m memor y fo r 

musica l  harmony .  Schenke r  (1906/1954 )  observe d tha t  on e o f  th e qualitie s o f  th e dominan t  chor d i s 

"t o indicat e tha t  th e toni c i s ye t  t o come "  (p.219) .  Expectancie s o f  thi s sor t  ar e drive n b y cognitiv e 

structure s an d processe s tha t  hav e internalize d regularitie s i n th e musica l  environmen t  i n orde r  t o 

facihtat e subsequen t  perception .  H a n d i n han d wit h expectancie s ar e intuition s abou t  sequentia l 

consonance .  T h e greate r  a n event' s expectancy ,  th e greate r  it s context-dependen t  consonance .  A 

compose r  m a y choos e t o satisf y o r  violat e thes e expectancie s t o varyin g degrees ,  thereb y evokin g 

varyin g degree s o f  sequentia l  consonanc e o r  dissonance .  Th e aestheti c valu e o f  subtl e departure s 

from  th e expecte d ha s figure d i n numerou s theoretica l  writing s abou t  musi c an d abou t  emotio n 

(e.g .  Mandler ,  1984 ;  Meyer ,  1956) .  A  ne w piec e i s hear d a s culturall y anomalou s t o th e exten t  tha t 

expectancie s ar e violated .  Indeed ,  th e connectio n strength s betwee n unit s ar e assume d t o b e traine d 

by minimizing ,  ove r  th e histor y o f  one' s exposure ,  th e discrepanc y betwee n expectancie s generate d 

by th e networ k an d transitiona l  probabilitie s i n th e musi c o f  one' s culture . 

People exposed to Western music are assumed to acquire a network representation of chord 

function s (hereafte r  referre d t o a s chords )  an d thei r  organizatio n i n th e for m o f  keys ,  whic h serve s 
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to schematize subsequent perception. Constraints on the combining of tones into chords and 
constraint s o n th e sequencin g o f  thes e chord s ar e amon g th e mor e obstinat e regularitie s i n Wester n 
music .  Ever y amateu r  musicia n know s tha t  a  master y o f  onl y si x chord s enable s yo u t o accompan y 
a vas t  majorit y o f  popula r  songs .  Thes e basi c harmoni c regularitie s hav e eve n begu n t o permeat e 
much o f  tiie  popula r  musi c o f  countrie s i n th e East .  Give n th e pervasivenes s o f  thes e regularities , 
and give n th e evidenc e o f  taci t  knowledg e o f  tiiem  (Bharuch a &  Stoeckig ,  1986,1987) ,  i t  i s 
reasonabl e t o conclud e tha t  the y hav e bee n internalize d a s cognitiv e structure s tha t  facilitat e an d bia s 
subsequen t  perception . 

Schematic & Episodic Structures: Schematic & Veridical Expectancy 

Two broad classes of cognitive structures for music are envisioned: schematic structures, 
whic h represen t  abstrac t  structura l  regularitie s (sometime s formalize d a s granmiars )  o f  th e musi c o f 
one' s culture ,  an d episodi c structures ,  whic h represen t  particula r  musica l  sequence s (Bharucha , 
1984b) .  Th e forme r  embod y typica l  relationship s betwee n type s o r  classe s o f  events ,  an d th e latte r 
embody relationship s betwee n particula r  even t  tokens .  Th e expectatio n generate d b y a  dominan t 
chor d fo r  th e toni c t o follo w arise s fro m schemati c structure s tha t  encod e th e typicalit y o f 
relationships ,  wherea s th e expectatio n fo r  a  V I  chor d t o follo w a  particula r  dominan t  chor d i n a 
particula r  familia r  piec e arise s fro m episodi c strucmre s tha t  encod e th e particula r  event s i n tha t 
piece .  Th e forme r  generat e schemati c expectancie s an d th e latte r  veridica l  expectancies .  Th e tw o ar e 
usuall y i n agreemen t  bu t  ofte n i n conflict ,  givin g rise  t o th e peculia r  effec t  know n a s th e deceptiv e 
cadenc e ( a dominan t  chor d followe d b y a  V I  chord) .  Th e unavoidabl e effec t  o f  schemati c 
expectancies ,  eve n whe n listenin g t o a  piec e tha t  violate s them ,  provide s a  resolutio n o f 
Wittgenstein' s puzzl e (se e Dowlin g &  Harwood ,  1985 )  concemin g th e possibilit y  o f  violatin g 
expectancie s whe n listenin g t o a  familia r  piece . 

S C H E M A T IC 

S T R U C T U R ES 

/^""episodi c 
V t o a c e un i t s 

K EY un i t s 

I 

C H O RD UNIT S 

f 

T O NE UNIT S 

E X P E C T A N CY 

S E Q U E N T I AL C O N S O N A N CE 

R E C O G N I T I ON 

M U S IC 

F I G U RE 1 .  A  sketc h o f  th e mode l 
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Although schematic expectancies can in principle be generated from episodic structures by 
addin g veridica l  expectancie s ove r  episodi c trace s activate d i n parallel ,  a  mode l  o f  thi s sor t  woul d 
requir e documentin g al l  th e episodi c memor y trace s i n a  typica l  person' s brain .  M U S A CT focusse s 
on schemati c structures ,  employin g episodi c structure s onl y t o th e exten t  o f  implementin g 
experiment s o n shor t  ter m memor y fo r  sequence s o f  chords . 

The Model 

Architecture 

We have the sense that certain typical tone clusters, such as major and minor chords, are 
hear d a s unitary .  W e als o hav e th e sens e o f  a n eve n mor e abstract ,  meaning-like ,  stat e induce d b y 
music ,  calle d th e key .  Sequence s o r  cluster s o f  tone s ma y unavoidabl y sugges t  a  chor d o r  severa l 
alternativ e chords ,  an d combination s o f  chord s establis h a  sens e o f  key .  On e o f  th e advantage s o f 
th e mode l  i s tha t  i t  enable s chor d an d ke y instantiation s t o b e grade d an d ambiguous .  Thes e 
ambiguitie s ar e a n importan t  featur e o f  music ,  exploite d durin g modulation s o r  othe r  transitions , 
and use d t o creat e grade d degree s o f  expectanc y violation . 

The schematic network consists of three layers of units, representing tones, chords and keys 
(se e Figure s 1  an d 2) .  Ther e ar e symmetri c Unk s betwee n unit s o f  adjacen t  layer s (i.e .  betwee n ton e 
unit s an d chor d units ,  an d betwee n chor d unit s an d ke y units )  bu t  n o link s betwee n unit s withi n a 
layer .  Th e link s betwee n ton e an d chor d unit s reflec t  th e relationship s betwee n tone s an d th e chord s 
of  whic h the y ar e components .  Th e link s betwee n chor d an d ke y unit s reflec t  th e relationship s 
betwee n chord s an d thei r  paren t  keys .  I n th e curren t  versio n o f  th e model ,  onl y majo r  an d mino r 
chord s ar e implemented ,  an d onl y majo r  keys . 

The input to the network is a sequence of events, each event being a simultaneous cluster of 
tones .  Inpu t  i s  receive d vi a th e ton e units ,  whic h represen t  th e twelv e octave-equivalen t  pitc h 
categories .  Thi s laye r  constitute s a  discret e pitc h schem a t o whic h th e pitc h continuu m i s 
assimilate d (se e Shepar d &  Jordan ,  1984) .  Th e frequenc y response s o f  thes e unit s ar e equall y 
space d alon g a  logarithmi c scal e o f  frequency,  an d ar e fixe d onl y relativ e t o eac h other ,  underlyin g 
th e relationa l  natur e o f  pitc h memory .  Th e sensor y front  en d tha t  provide s th e inpu t  t o thes e unit s i s 
beyon d th e presen t  scope ,  bu t  neura l  ne t  model s tha t  extrac t  octave-equivalen t  pitc h categorie s (se e 
Deutsch ,  1969 )  ca n b e adapte d quit e naturall y t o a  connectionis t  mode l  o f  mor e abstrac t  phenomen a 
as propose d here . 

The output of the model is the pattern of activation of the chord and key units. A chord unit is 
activate d eithe r  b y th e explici t  soundin g o f  som e o r  al l  o f  it s  componen t  tones ,  o r  b y indirec t 
influences ,  vi a it s paren t  keys ,  fro m relate d chords .  W h e n onl y som e o f  th e chord' s componen t 
tone s ar e sounded ,  th e contex t  ma y hel p disambiguat e th e chor d b y top-dow n activatio n fro m 
paren t  ke y units .  A  ke y uni t  i s  activate d b y som e o r  al l  o f  it s  daughte r  chords ,  o r  b y indirec t 
influences ,  vi a it s  daughte r  chords ,  fro m relate d keys .  Indirec t  activatio n o f  chor d unit s permit s 
smoot h excursion s (suc h a s secondar y dominant s an d modulations )  from  th e focu s o f  activation . 

Phasic Activation 

After an event is heard, activation spreads through the network, via the weighted links, 
reverberatin g bac k t o unit s tha t  wer e previousl y activated .  I n thi s model ,  activatio n i s phasic , 
meanin g tha t  unit s respon d onl y t o change s i n activatio n o f  neighborin g units .  Phasi c activatio n 
was selecte d becaus e o f  th e salienc e o f  even t  onset s i n music .  O n eac h cycle ,  unit s ar e 
synchronousl y update d o n th e basi s o f  activatio n levels ,  fro m th e previou s cycle ,  o f  neighborin g 
units .  Phasi c activatio n eventuall y dissipate s unti l  th e networ k settle s int o a  stat e o f  equilibrium . 
The networ k wil l  setti e i f  n o uni t  transmit s mor e phasi c activatio n tha n i t  receive d o n th e previou s 
cycle .  Thi s requiremen t  i s easil y satisfie d i f  th e weight s ar e smal l  relativ e t o th e fan-i n o r  fan-out . 
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Activation ,  Tonality ,  an d Expectatio n 

The patter n o f  activatio n o f  ke y unit s represent s th e degre e t o whic h key s ar e established . 
Tona l  musi c wil l  ten d t o buil d u p activatio n i n on e regio n o f  th e network ,  suc h tha t  on e ke y uni t  i s 
most  highl y activated ,  wit h activatio n taperin g of f  witf i  increasin g distanc e fro m th e foca l  key . 
Atona l  musi c wil l  typicall y induc e a  les s focusse d pattern ,  an d polytona l  musi c woul d resul t  i n 
multiple ,  thoug h no t  ver y strong ,  foci .  Th e mode l  thu s allow s fo r  gradation s o f  key ,  an d fo r 
multipl e keys ,  consisten t  wit h th e finding s o f  Krumhans l  (Krumhans l  &  Kessler ,  1982 ;  Krumhans l 
& Schmuckler ,  1986) . 

The pattern of activation of chord units represents the pattern of expectancies for chords to 
follow .  A  chor d whos e uni t  i s  highl y activate d i s strongl y expected ,  an d a  strongl y expecte d chor d 
i s hear d a s consonant .  Th e patter n o f  activatio n o f  chor d unit s thu s underlie s ou r  harmoni c 
expectation s a s wel l  a s ou r  intuition s o f  context-dependen t  sequentia l  consonance . 

In future versions of the model that incorporate additional pitch structure, such as pitch 
proximit y (se e Bharuch a 1984a ;  Deutsch ,  1978 )  fo r  voic e leading ,  ton e unit s wil l  als o serv e a s 
outpu t  unit s respondin g t o top-dow n an d latera l  influences .  A t  present ,  althoug h th e ton e unit s d o 
propogat e top-dow n activation ,  th e mode l  i s  intende d t o b e teste d onl y fo r  it s  harmonic ,  no t 
melodic ,  adequacy . 

Weights 

All links between tone units and chord units are assumed to have equal weights. There are 
si x classe s o f  weight s betwee n chor d unit s an d ke y units ,  correspondin g t o th e si x chord s i n eac h 
key .  Al l  th e link s o f  th e sam e clas s mus t  hav e th e sam e weight ,  resultin g i n a  repeatin g patter n o f 
weight s ove r  th e network .  (Fo r  example ,  th e G  majo r  chor d ha s th e sam e relationship-th e 
dominant-t o th e ke y o f  C  a s th e C # majo r  chor d ha s t o th e ke y o f  F#. )  I n music-theoreti c terms ,  a 
chord' s relationship s t o it s paren t  key s ar e it s function s i n thos e keys .  Th e si x classe s o f  weight s 
thu s correspon d t o th e si x chor d functions .  Sinc e som e chor d function s ar e stronge r  instantiator s o f 
ke y tha n odier s (e.g .  th e ke y o f  C  i s mor e strongl y instantiate d b y th e C  majo r  chord-th e 
tonic-tha n b y th e F  majo r  chord-th e subdominant—eve n thoug h bot h ar e daughte r  chords) ,  i t 
woul d b e reasonabl e t o assum e tha t  link s fo r  stronge r  function s hav e highe r  weights .  However ,  i t 
turn s ou t  tha t  th e mode l  ca n exhibi t  al l  th e essentia l  qualitativ e pattem s o f  behavio r  eve n whe n th e 
weight s ar e no t  differentiate d accordin g t o function .  Thus ,  th e typica l  hierarch y o f  strength s o f  th e 
thre e majo r  chor d function s (tonic ,  dominant ,  subdominant )  emerge s eve n i f  thei r  weight s ar e 
equal .  Th e patter n o f  connectivit y alon e i s sufficien t  t o brin g abou t  functiona l  differentiation .  Th e 
model  thu s generate s th e desire d functiona l  hierarch y o f  chord s simpl y b y knowin g whic h chord s 
ar e member s o f  whic h key s an d whic h tone s ar e component s o f  whic h chords .  Thi s i s a  remarkabl e 
and unanticipate d propert y o f  th e model ,  an d point s t o it s power . 

The weights are assumed to be higher for major chord units than for minor chord units, since 
majo r  chord s ar e stronge r  instantiator s o f  key .  A s discusse d below ,  wit h onl y thes e elementar y 
constraint s o n link s an d thei r  weights ,  base d o n fundamenta l  tenet s o f  musi c theory ,  a  se t  o f 
weight s ca n b e foun d tha t  enabl e th e mode l  t o accoun t  fo r  a  comple x arra y o f  psychologica l  dat a o n 
th e perceptio n o f  harmon y a s wel l  a s som e subtl e aspect s o f  musi c theory .  Indeed ,  on e o f  th e 
advantage s o f  a  connectionis t  mode l  i s  tha t  complexitie s an d interaction s ma y emerg e namrall y fro m 
simpl e constraint s o n architecture . 

The Spread of Activation 

The activation, Bj ^, of the i*'' unit after the network has reverberated to equilibrium 

followin g th e e** *  even t  is : 
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equi l 

c=l 

where d is the rate of decay (0 < d, < 1) for one time unit, t is the time elapsed since the offset of 

th e las t  event ,  A  i s th e sourc e activatio n du e t o th e stimulus ,  an d s  i s 1  i f  th e uni t  i s  receivin g 

environmenta l  inpu t  an d 0  otherwise .  (Fo r  simplicity ,  th e presen t  versio n o f  th e mode l  assume s tha t 

al l  event s ar e o f  equa l  duration ;  duratio n i s varie d simpl y b y repeatin g events. )  Aa ,  ̂  j ,  i s  th e chang e 

i n activatio n afte r  reverberatio n cycle  c ,  an d i s th e outpu t  o f  th e uni t  o n cycl e c+1 .  Aa ,  ̂  j .  i s  th e 

su m o f  th e output s o f  it s n  neighborin g units ,  weighte d b y thei r  links ,  W y ,  ( 0 <  W y <  1) .  Thus , 

n 

Simulations 

The simulation results reported below were obtained with a weight assignment in which all 

chor d unit s o f  th e sam e m o d e (majo r  o r  minor )  hav e equall y weighte d link s wit h thei r  paren t  keys . 

Thi s enable s u s t o observ e th e differentiatio n o f  chor d function s withou t  forcin g thei r  differentiatio n 

vi a th e weights .  Majo r  chor d unit s wer e assigne d mor e strongl y weighte d link s (0.244 )  wit h thei r 

paren t  ke y unit s tha n wer e mino r  chor d unit s (0.22 ,  9 0 % o f  0.244) ,  sinc e majo r  chord s mor e 

strongl y establis h thei r  paren t  keys .  Link s betwee n ton e unit s an d chor d unit s wer e als o unifor m 

(0.0122 ,  5 % o f  0.244) ,  wit h n o preferenc e give n t o th e roo t  o f  th e chord .  Thi s weigh t  assignmen t 

yield s a n initia l  stron g influenc e o f  th e inpu t  tone s o n thei r  loca l  region s o f  th e network ,  followe d 

by a n extende d percolatio n durin g whic h th e tw o mor e abstrac t  layer s exer t  thei r  influence .  Thus ,  i f 

th e inpu t  ton e cluste r  i s  (C,E,G} ,  i.e. ,  a  C  majo r  chord ,  th e chor d unit s linke d t o thes e ton e unit s 

sho w a n initia l  prominence ,  s o that ,  fo r  example ,  th e A  majo r  chor d uni t  i s  mor e highl y activate d 

tha n th e D  majo r  chor d unit .  However ,  afte r  th e activatio n ha s ha d a  chanc e t o reverberat e fo r  a 

number  o f  cycles ,  th e D  majo r  chor d uni t  overtake s th e A  majo r  chor d unit ,  b y virtu e o f  it s  greate r 

proximit y t o th e eventua l  activatio n peak ,  whic h i s a t  C  major .  Withi n 4 0 cycles ,  al l  constraint s 

inheren t  i n th e networ k ar e satisfied ,  an d th e patter n o f  activatio n doe s no t  chang e qualitatively . 

Withi n 5 0 cycles ,  th e phasi c activatio n ha s dissipate d t o th e poin t  a t  whic h th e rati o Aa -  ̂  ̂ A doe s 

not  excee d 0.00 5 fo r  an y unit .  Fo r  th e result s discusse d below ,  th e equilibriu m stat e i s stipulate d t o 

be th e stat e o f  th e networ k whe n thi s 0.00 5 criterio n i s reached . 

The tone cluster {C,E,G}, i.e., a C major chord, played without any prior context, generates 

th e followin g patter n o f  activatio n (se e Figur e 3) .  Th e mos t  highl y activate d ke y i s C ,  o f  whic h th e 

sourc e chor d i s th e tonic .  Activation s o f  othe r  ke y unit s decreas e monoticall y wit h distanc e from  C , 

th e lowes t  bein g F# .  Th e patte m o f  activatio n o f  th e chor d unit s mirror s tha t  o f  th e ke y unit s wit h 

th e sam e alphabeti c name . 

Even though the weights between the source chord, C major, and its parent keys, F, C, and 

G,  ar e equal ,  th e paren t  key s ar e no t  activate d t o th e sam e degree .  I n decreasin g order ,  th e 

activation s o f  thes e thre e key s ar e C ,  F ,  an d G ,  whic h ar e th e key s i n whic h th e sourc e chor d i s th e 

tonic ,  dominant ,  an d subdominant ,  respectively .  Thi s i s exactl y th e hierarch y o f  harmoni c 

function s t o b e expecte d from  musi c theory . 

There seems at first to be a paradox here. On the one hand, a chord more strongly instantiates 

th e ke y o f  whic h i t  i s  th e dominan t  tha n th e ke y o f  whic h i t  i s  th e subdominant .  O n th e othe r  hand . 
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FIGURE 3. The pattern of activation of key units after activating the tone units C, E, 
and G  (hear d a s a  C  majo r  chord) . 

the key of the dominant is generally thought to be closer to the current key than is the key of the 
subdominant ,  an d shoul d therefor e hav e a  highe r  activation .  Thi s parado x i s no t  peculia r  t o th e 
presen t  model ;  th e mode l  simpl y force s u s t o confron t  it .  (Interestingly ,  th e mode l  conform s t o th e 
latte r  altemativ e i f  th e lin k betwee n a  ton e uni t  an d a  chor d uni t  i s  weighte d mor e heavil y  fo r  th e 
roo t  o f  th e chor d tha n fo r  th e othe r  tones ,  illustratin g th e unanticipate d interdependenc e o f 
apparentl y disparat e factors. )  Th e resolutio n o f  th e parado x lie s i n th e fac t  tha t  dominan t  chord s 
typicall y occu r  muc h mor e ofte n tha n subdominan t  chord s i n a  piec e o f  music ,  presumabl y becaus e 
dominan t  chord s contribut e t o a  mor e stab e key .  Give n th e hig h frequenc y o f  dominan t  chords ,  th e 
dominan t  build s u p mor e activatio n tha n th e subdominant . 

For an input consisting of a sequence of events, the rate at which activation decays between 
event s wa s se t  a t  0.3 .  I f  th e inpu t  sequenc e i s th e ton e cluste r  {F,A,C }  followe d b y {G,B,D} ,  i.e. , 
an F  majo r  chor d followe d b y a  G  majo r  chord ,  th e mode l  show s th e mos t  highl y activate d ke y uni t 
t o b e C ,  eve n thoug h th e toni c chor d o f  tha t  key ,  th e C  majo r  chord ,  ha s no t  occurred .  This ,  again , 
i s consisten t  wit h wha t  woul d b e expecte d from  musi c theory . 

Psychological Data 

The model's performance in experiments eliciting rating judgments and memory 
confusion s i s qualitativel y equivalen t  t o huma n performanc e o n thes e tasks .  I n a  serie s o f 
experiment s o n th e perceptio n o f  harmon y (Bhanich a &  Krumhansl ,  1983 ;  Krumhansl ,  Bharucha , 
& Castellano ,  1982) ,  th e perceive d relationshi p betwee n chord s a s a  functio n o f  contex t  wa s 
studie d usin g thes e tasks . 

Rating Judgments 

In the rating task, subjects were presented with two chords in succession and rated, on a 
scal e fro m 1  t o 7 ,  ho w wel l  th e secon d followe d th e first.  Fo r  th e simulation ,  th e ratin g judgmen t 
consiste d o f  readin g of f  th e leve l  o f  activatio n o f  th e las t  chord .  O n thi s assumption ,  th e observe d 
ratin g judgment s ar e equivalen t  t o judgment s o f  expectanc y o r  sequentia l  consonance . 

When both chords of the pair shared a parent key, subjects gave higher judgments when the 
las t  chor d wa s majo r  tha n whe n i t  wa s minor .  Thi s resul t  wa s particularl y interestin g fo r  a  pai r 
consistin g o f  on e majo r  chor d an d on e mino r  chord ,  becaus e th e sam e tw o chord s elicite d differen t 
judgment s dependin g upo n thei r  tempora l  order .  I n th e model ,  a  majo r  chor d activate s it s uni t 
slighd y mor e tha n doe s a  mino r  chord ,  eve n thoug h th e sourc e activation .  A ,  i s th e same ,  becaus e 
of  mor e reverberator y activatio n from  it s paren t  keys .  Thi s asymmetr y doesn' t  requir e asymmetri c 
links ,  sinc e i t  follow s directl y from  th e fac t  tha t  majo r  chord s establis h thei r  paren t  key s mor e 
strongl y tha n d o mino r  chords .  I n music ,  thi s translate s int o a  tendenc y t o en d wit h a  majo r  chord , 
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ofte n eve n i f  th e ke y i s minor . 

W h en th e tw o chord s wer e precede d b y a  contex t  tha t  establishe d a  key ,  subject s gav e highe r 
judgment s th e mor e closel y relate d th e las t  chor d wa s t o th e ke y o f  th e context .  I n th e model ,  thi s 
occur s becaus e th e contex t  activate s closel y relate d chord s mor e tha n distantl y relate d chords .  A n 
interestin g asymmetr y wa s containe d i n thi s resul t  a s well :  tw o chord s o f  th e sam e mod e (majo T o r 
minor )  elicite d a  highe r  judgmen t  i f  th e on e close r  t o th e ke y o f  th e contex t  wa s playe d last .  Thus , 
i n th e ke y o f  C ,  a n F  majo r  chor d followe d b y a  C  majo r  chor d i s a  mor e stabl e endin g tha n th e 
reverse ,  eve n thoug h th e revers e ma y b e tru e i n th e absenc e o f  a  prio r  context . 

Recognition Memory 

Memory for a sequence does not take the form of an explicit representation, but rather is 
encode d b y weigh t  increase s o f  link s betwee n th e unit s i n th e networ k an d episodi c unit s tha t  ar e 
temporall y organized .  Eac h even t  i n a  sequenc e increase s th e weight s o f  link s betwee n a  proprietar y 
episodi c uni t  an d th e schemati c units ,  i n proportio n t o th e activation s o f  thes e latte r  units .  Th e 
episodi c unit s ar e the n activate d ever y tim e th e tone ,  chor d o r  ke y unit s t o whic h the y hav e stron g 
link s ar e highl y activated .  Onc e activated ,  th e episodi c unit s i n tur n activat e th e schemati c units . 
Thi s architectur e ca n accomplis h patter n completio n (recallin g a  piec e give n onl y a  fe w note s o r  a 
sketch y rendition) ,  recognitio n o f  variations ,  an d retrieva l  o f  pas t  musica l  memorie s i n a  parallel , 
content-addressabl e fashio n rathe r  tha n throug h seria l  search . 

In the present implementation, episodic units serve only to simulate short term recognition of 
a sequence .  Conside r  a  to-be-remembere d sequenc e o f  chords .  Eac h chor d toke n i n th e sequenc e 
has it s proprietar y episodi c unit .  Link s betwee n thi s uni t  an d th e schemati c unit s hav e thei r  weight s 
increase d i n proportio n t o th e phasi c activation s o f  th e schemati c unit s afte r  tha t  chor d i s heard .  I n 
thi s way ,  th e patte m o f  activatio n o f  th e networ k afte r  hearin g a  particula r  chor d toke n ca n b e 
recovere d simpl y b y activatin g it s episodi c unit . 

Data from experiments on recognition memory for chord sequences show trends similar to 
thos e observe d fo r  ratin g judgment s (Bharuch a &  Krumhansl ,  1983 ;  Krumhansl ,  Bharucha ,  & 
Castellano ,  1982) .  I n thes e experiments ,  subject s judge d whethe r  tw o presentation s o f  a  sequenc e 
of  chord s wer e identica l  o r  ha d differen t  chord s (th e targe t  chords )  i n on e seria l  position .  I f  th e 
sequenc e a s a  whol e establishe d a  key ,  a  chang e wa s les s likel y t o b e detecte d th e mor e closel y 
relate d th e secon d targe t  wa s t o th e key .  Thi s manifes t  itsel f  i n tw o ways .  First ,  a  chang e wa s les s 
likel y t o b e detecte d i f  bot h target s wer e closel y relate d t o th e ke y tha n i f  bot h wer e distantl y relate d 
t o th e key .  Second ,  i f  on e targe t  wa s mor e closel y relate d t o th e ke y tha n th e other ,  a  chang e wa s 
les s likel y t o b e detecte d whe n th e mor e closel y relate d on e occurre d i n th e secon d presentatio n 
rathe r  tha n th e first .  I n general ,  i f  a  chang e i s mad e t o a  sequence ,  i t  i s  les s likel y t o b e detecte d i f  i t 
render s th e sequenc e mor e coheren t  tha n mor e anomalous .  Coherenc e i s a  consequenc e o f  th e 
stron g activatio n o f  a  subsumin g unit ,  suc h a s a  ke y uni t  i n music ,  o r  a  subsumin g semanti c uni t  i n 
languag e (Bharucha ,  Olney ,  &  Schnurr ,  1985) ,  relativ e t o th e othe r  subsumin g unit s i n th e 
network . 

In the model, the probability with which the second target is judged to be the same as the first 
i s  monotonicall y relate d t o th e activatio n o f  th e uni t  representin g th e secon d target ,  relativ e t o th e 
activation s o f  th e othe r  chor d units ,  whe n th e firs t  targe t  wa s heard .  Sinc e th e mor e closel y relate d 
th e secon d targe t  i s  t o th e ke y o f  th e context ,  fals e alar m rate s increas e wit h closenes s o f  th e secon d 
targe t  t o th e ke y o f  th e context . 

This short term memory architecture also predicts that if the second presentation is 
transpose d t o a  differen t  key ,  fals e alar m rate s shoul d decreas e wit h th e distanc e (alon g th e 
network )  betwee n th e tw o keys .  Thi s woul d b e consisten t  wit h recognitio n memor y result s fo r 
sequence s o f  tone s (Cuddy ,  Cohen ,  &  Miller ,  1979) . 
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Evidenc e o f  Spreadin g Activation :  Primin g 

Evidence that chords indirectiy activate representations of related chords comes from 
experiment s o n priming .  Bhanich a an d Stoecki g (1986 )  presente d subject s wit h tw o majo r  chord s 
i n succession ,  th e firs t  calle d th e prim e an d th e secon d th e target .  O n hal f  th e trials ,  th e chor d i n th e 
targe t  positio n wa s a  mistune d foil .  Subject s wer e instructe d t o judge ,  a s fas t  a s possible ,  whethe r 
th e chor d i n th e targe t  positio n wa s in-tun e o r  out-of-tune .  Subject s firs t  practice d withou t  th e prim e 
unti l  a  criterio n leve l  o f  accurac y wa s reached .  I n th e mai n task ,  respons e time s wer e significantl y 
faste r  whe n th e prim e an d targe t  wer e clos e togethe r  alon g th e networ k tha n whe n the y wer e 
distant .  Thi s demonstrate s tha t  th e prim e activate s unit s correspondin g t o closel y relate d targets ,  a s 
woul d b e predicte d b y th e model . 

Error rates mirrored response times, so that the target was more likely to be judged in-tune 
th e close r  i t  wa s (alon g th e network )  t o th e prime .  Th e respons e tim e an d erro r  rat e dat a measur e 
th e prime' s influenc e o n th e target' s expectanc y an d sequentia l  consonance ,  respectively . 

An alternative explanation of the above results is that the priming is due to overlapping 
harmoni c spectr a betwee n closel y relate d prim e an d targe t  chords .  I n a  subsequen t  stud y (Bhanich a 
& Stoeckig ,  1987) ,  harmonic s tha t  overlappe d wer e remove d from  th e stimul i  an d primin g wa s stil l 
observed .  Thi s demonstrate s tha t  ther e mus t  b e a  sprea d o f  activatio n a t  a  fairl y  abstrac t  cognitiv e 
level . 
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Abstract 

A method for learning phonetic features from speech data using connec-

tionis t  network s i s described .  A  tempora l  flo w mode l  i s  introduce d i n whic h 

sample d speec h dat a flows  throug h a  paralle l  networ k fro m inpu t  t o out -

put  units .  Th e networ k use s hidde n unit s wit h recurren t  link s t o captur e 

spectral/tempora l  characteristic s o f  phoneti c features .  A  supervise d learn -

in g algorith m i s presente d whic h perform s gradien t  descen t  i n weigh t  spac e 

usin g a  coars e approximatio n o f  th e desire d outpu t  a s a n targe t  function . 

A simpl e connectionis t  networ k wit h recurren t  link s wa s traine d o n a 

singl e instajic e o f  th e wor d pai r  "no "  an d "go "  represente d a s fine  time -

scal e filterbank  channe l  energies ,  an d successfull y learne d t o discriminat e 

th e wor d pair .  Th e traine d networ k als o correctl y separate d 9 8 % o f  2 5 

othe r  token s o f  eac h wor d b y th e sam e speaker .  Th e sam e experimen t  fo r  a 

secon d speake r  resulte d i n 100 % correc t  discrimination .  Th e discriminatio n 

tas k wa s performe d withou t  segmentatio n o f  th e input ,  an d withou t  a  direc t 

compariso n o f  th e tw o items . 

A secon d experimen t  designe d t o extende d th e us e o f  thi s mode l  t o dis -

criminatio n o f  voice d sto p consonant s i n variou s vowe l  context s i s described . 

Preliminar y result s ar e describe d i n whic h th e networ k wa s optimize d usin g 

a second-orde r  metho d an d learne d t o correctl y classif y th e voice d stops . 

The result s o f  thes e experiment s sho w tha t  connectionis t  network s ca n b e 

designe d an d traine d t o lear n phoneti c feature s fro m minima l  wor d pairs . 

^Thank s t o Wolfgan g Feix ,  Ale x Waibel ,  Ma x Mint z an d Bruc e Ladendor f  fo r  helpfu l  discussion . 
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1 I n t r o d u c t i o n 

Connectionist networks offer significant advantages in addressing problems of machine perception 

becaus e o f  thei r  inherentl y paralle l  structure ,  whic h i s wel l  matche d t o th e biologica l  architectur e 

tha t  ha s serve d a s thei r  paradigm .  Thei r  learnin g capabilities ,  robus t  behavior ,  nois e toleranc e 

and gracefu l  degradatio n ar e al l  capabilitie s whic h ar e becomin g increasingl y wel l  understoo d an d 

documente d [SR86] . 

Th e solutio n o f  certai n perceptua l  problem s require s tha t  th e tempora l  relationship s amon g 

stimulu s characteristic s b e properl y represented .  Thi s i s especiall y tru e i n speec h recognition , 

wher e th e relationshi p betwee n tim e an d frequenc y i s wonderfull y complex .  On e majo r  resul t  fro m 

th e pas t  thirt y year s o f  speec h recognitio n an d synthesi s researc h i s tha t  i t  i s  generall y impossibl e t o 

defin e speec h a s a  sequenc e o f  event s wit h stati c spectra l  characteristics .  Instead ,  speec h i s produce d 

and perceive d a s a  continuou s flo w o f  sound ,  wit h constantl y changin g spectra l  properties .  I n th e 

productio n o f  speech ,  basi c speec h unit s (phonemes )  ar e integrate d int o a  smoot h sequence ,  s o tha t 

th e acousti c boundarie s ca n b e ver y difficul t  t o specify .  Moreover ,  phoneme s ar e ofte n co-produce d 

(coarticulated) ,  s o tha t  th e phoneme s exer t  a  strongl y context-dependen t  interaction .  Th e effec t 

of  contex t  i s  see n i n th e change s i n forman t  trajectory ,  duratio n an d energ y contours .  Thus ,  th e 

perceptio n o f  speec h depend s o n th e correc t  analysi s o f  dynami c temporal/spectra l  relationships . 

M a ny solution s t o th e proble m o f  speec h recognitio n hav e bee n advanced ,  includin g signa l 

processing ,  featur e extraction ,  patter n matchin g wit h dynami c non-linea r  tim e alignment ,  linea r 

predictiv e coding ,  stochasti c modeling ,  segmentatio n an d labeling ,  syntacti c grammar s an d exper t 

systems ,  wit h explici t  rule-base d knowledg e representation .  Thes e approache s shar e th e goa l  o f 

capturin g th e regula r  structur e inheren t  i n th e speec h signa l  i n th e presenc e o f  tremendou s vari -

ability .  Althoug h thes e technique s hav e al l  succeede d t o som e extent ,  a  genera l  shortcomin g ha s 

been tha t  mino r  irregularitie s i n th e input ,  whethe r  fro m signa l  noise ,  backgroun d acousti c noise , 

or  speake r  variability ,  hav e majo r  negativ e effect s o n performance .  Thi s lac k o f  robustnes s ha s bee n 

ver y frustrating ,  becaus e i t  i s  contrar y t o ou r  experienc e o f  speec h communication ,  i n whic h mino r 

irregularitie s ar e easil y overcome ,  i f  consciousl y perceive d a t  all . 

Th e connectionis t  networ k approac h i s attractiv e becaus e i t  offer s a  computationa l  mode l  whic h 

has inherentl y robus t  properties .  Th e network s consis t  o f  simpl e processin g element s whic h inte -

grat e thei r  input s an d broadcas t  th e result s t o th e unit s t o whic h the y ar e connected .  Thus ,  th e 

networ k respons e t o inpu t  i s th e aggregat e respons e o f  m a n y interconnecte d units .  I t  i s  th e mutua l 

interactio n o f  man y simpl e component s tha t  i s  th e basi s fo r  robustness . 

Connectionis t  network s als o provid e a  fundamentall y differen t  languag e fo r  knowledg e represen -

tation .  Thi s i s importan t  i n establishin g a  conceptua l  framewor k i n whic h solution s ca n b e conceive d 

and investigated .  I n addition ,  th e computationa l  spee d o f  paralle l  network s i s a  requiremen t  fo r 

real-tim e performanc e i n non-trivia l  speec h systems . 

The proble m o f  designin g connectionis t  network s whic h ca n lear n th e dynami c spectral/tempora l 

characteristic s o f  speec h ha s no t  ye t  bee n widel y studied .  Mos t  wor k i n connectionis t  network s s o 

fa r  ha s focusse d o n th e stati c relationshi p betwee n input/outpu t  pairs ,  suc h a s associativ e memorie s 

[KL81,Hop82] ,  variou s encoding ,  decoding ,  parit y an d additio n problem s [ R H W 8 6 ] ,  an d mappin g 

fro m wor d spellin g t o phonem e label s [SI186] . 

Th e T R A C E mode l  [EM86,ME86 ]  i s th e firs t  well-develope d mode l  fo r  studyin g speec h recog -

nitio n usin g connectionis t  networks .  A s discusse d below ,  thi s mode l  represent s tempora l  sequenc e 

directl y usin g set s o f  networ k unit s allocate d t o subsequen t  tim e slices .  Th e approac h develope d i n 

thi s pape r  i s differen t  i n tha t  tempora l  sequenc e i s represente d implicitly . 

Learnin g t o associat e stati c input/outpu t  pair s ca n b e accomplishe d wit h layere d connec -

tionis t  network s wit h feedforwar d link s alone .  Bu t  recurrent ,  o r  feedback ,  link s ar e require d t o 
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provid e th e networ k wit h stat e sequenc e information ,  i n orde r  t o captur e sequentia l  behavior . 

[Jor86,Sut85,RHW86] . 

T h e experiment s reporte d her e wer e designe d t o explor e th e capabilitie s o f  paralle l  network s t o 

lear n dynami c propertie s o f  time-varyin g data . 

We firs t  choos e a  moderatel y difficul t  speec h recognitio n proble m t o tes t  th e exten t  t o whic h a 

connectionis t  networ k coul d for m a n interna l  representatio n o f  th e temporal/spectra l  characteristic s 

whic h distinguis h tw o simila r  words .  A  simpl e networ k wit h recurren t  link s wa s traine d o n a  singl e 

instanc e o f  th e wor d pai r  "no "  an d "go" ,  an d successfull y discriminate d 9 8 % o f  2 5 othe r  token s o f 

eac h wor d fo r  th e sam e speaker .  Th e experimen t  wa s repeate d fo r  a  secon d speake r  an d resulte d 

i n 1 0 0 % discriminatio n performance . 

Thi s researcl i  i s  bein g extende d t o mor e difficul t  problem s o f  speec h recognition .  Preliminar y 

result s ax e reporte d whic h sho w tha t  connectionis t  network s ca n b e use d t o successfull y discriminat e 

th e voice d sto p consonants ,  /b,d,g/ ,  i n variou s vowe l  contexts . 

T h e result s o f  th e preliminar y experiment s sho w tha t  connectionis t  network s ca n indee d b e 

designe d an d traine d t o successfull y discriminat e simila r  wor d pair s b y learnin g acoustic-phoneti c 

features . 

2 Experiment I 

The experiment selected for this first examination of connectionist networks in speech recognition 

was th e discriminatio n betwee n th e minima l  pai r  "no "  an d "go" .  Thi s i s a  typica l  speec h recognitio n 

problem ,  whic h i s include d i n a  standar d databas e fo r  evaluatio n o f  speec h recognizer s [DS81] .  Th e 

utterance s "no "  an d "go "  shar e fo r  th e majo r  an d final  portio n th e voice d phonem e /o/ .  Th e 

"no "  utteranc e i s characterize d b y a  lowe r  energ y nasa l  m u r m u r  precedin g th e transitio n t o th e 

bac k vowe l  /o/ .  T h e "go "  i s distinguishe d b y a  ver y lo w energ y voicin g interva l  durin g th e lingua -

palata l  closure ,  a  brie f  burs t  a s th e closur e i s released ,  an d a  voice d transitio n t o th e ful l  vowel . 

Th e distinctio n betwee n "n o "  an d "go" ,  therefore ,  i s  concentrate d i n th e brie f  interva l  o f 

relativel y lo w energ y a t  th e beginnin g o f  th e word .  Thes e difference s consis t  i n th e relativ e voicin g 

energy ,  burs t  spectrum ,  an d forman t  valu e an d transitio n pattern . 

2.1 Network Architecture 

For  thi s first  experiment ,  a  three-laye r  connectionis t  networ k consistin g o f  a n inpu t  layer ,  on e 

hidde n laye r  an d a n outpu t  laye r  wa s implemented ,  a s show n i n Figur e 1 .  Th e sample d speec h 

dat a flowed  throug h th e networ k i n tim e sequentia l  order .  Thus ,  th e 1 6 channe l  energie s wer e 

applie d t o 1 6 inpu t  units ,  fro m whic h activatio n sprea d towar d th e outpu t  unit s simultaneousl y a s 

th e inpu t  unit s wer e update d b y subsequen t  speec h samples .  Thi s desig n wil l  b e referre d t o a s th e 

tempora l  flo w model ,  or ,  mor e simpl y a ^  th e flo w model . 

Othe r  approache s hav e use d a n arra y o f  inpu t  units ,  an d represente d th e tim e axi s alon g on e 

inde x o f  inpu t  uni t  arra y [PNH86,EM86,ME86] .  I n thes e cases ,  tim e i s spatialize d acros s units .  Th e 

tempora l  flow  mode l  wa s chose n becaus e i t  doe s no t  requir e 'chunking '  o f  variabl e lengt h utterance s 

ont o a  fixed  siz e network ,  i t  avoid s th e proble m o f  tempora l  symmetry ,  an d th e tempora l  flow  mode l 

seems t o b e close r  t o th e biologica l  mode l  o f  speec h processing . 

Integratio n ove r  tim e o f  spectra l  characteristic s i s accomplishe d b y th e recurren t  uni t  links . 

A positiv e recurren t  lin k weigh t  wil l  fee d bac k a s inpu t  som e o f  th e uni t  outpu t  t o reinforc e an d 

integrat e th e uni t  response . 
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Outpu t  Unit s 

24-2 5 

Hidde n Unit s 

16-2 3 

Inpu t  Unit s 

0-1 5 

Figur e 1 :  "Tempora l  Flo w Mode l  showin g input ,  hidde n an d outpu t  layers " 
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2.1. 1 Uni t  Function s 

The function s whic h defin e th e uni t  behavio r  wer e chose n fro m one s i n commo n us e i n connectionis t 

network s [SR86,RHW86] .  Thes e function s approximat e th e computationa l  propertie s o f  neura l  cells , 

and hav e convenien t  mathematica l  propertie s fo r  th e learnin g algorith m use d i n thi s experiment . 

The uni t  output ,  Oj{t) ,  i s  give n b y th e sigmoi d function : 

oAt) = 
1 +  e-P'(̂ ) 

where Pj{t), the potential function is given by: 

i,d 

where d is the time delay along the link between units Uj and Uj. 

2.2 Back-Propagation Lccirning Algorithm 

For this experiment, an extended form of the back-propagation learning algorithm was chosen to 

accommodat e network s wit h recurren t  link s [RHW86] .  Th e derivatio n o f  a  mor e genera l  for m o f 

th e algorith m fo r  variabl e dela y an d recurren t  link s i s give n i n [WS86] . 

The error-propagatio n algorith m modifie s the'Uni t  connectio n weight s i n orde r  t o minimiz e th e 

mean square d erro r  betwee n th e actua l  an d desire d outpu t  values .  Th e weigh t  chang e rul e ca n b e 

writte n as : 

T 

wher e 6j{ t  -  r )  i s  th e erro r  signa l  a t  uni t  j  a t  tim e t  -  r ,  wit h respec t  t o th e targe t  value s a t  th e 

outpu t  unit s a t  tim e t .  Thi s erro r  i s  give n by : 

Sj{t -r) = Yl^jkaSkit - r + a)^{t - r) 
a, k " j 

for a < T. 

The erro r  signa l  fo r  a n outpu t  uni t  i s  define d b y th e differenc e betwee n th e actua l  an d targe t 

values ,  time s th e uni t  functio n slop e a t  tim e t : 

The target function for the output units consists of a simple ramp. For the output unit which 

corresponde d t o th e utteranc e bein g trained ,  th e ram p increase d fro m a  valu e o f  0. 5 t o 1.0 0 ove r  th e 

duratio n o f  th e utterance .  Th e othe r  uni t  wa s correspondingl y decrease d fro m 0. 5 t o 0 .  Thi s rep -

resente d th e intuitio n tha t  evidenc e fo r  o r  agains t  a  particula r  wor d accumulate s ove r  it s  duration , 

and reache s a  leve l  o f  confidenc e afte r  th e utteranc e i s completed . 

2.3 Data 

The data used for this experiment consisted of speech data for one male (GD) and one female 

speake r  (CP )  fro m th e Texa s Instrument s standar d isolate d wor d recognitio n databas e [DS81] . 

The digitize d dat a wa s playe d throug h a n A / D converte r  (Digita l  Soun d Corporatio n DS C 2000 ) 
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int o a  commercia l  speec h recognitio n devic e (Siemen s C S E 1200) ,  wher e i t  wa s passe d throug h a 

16-channe l  filter  bank ,  full-wav e rectified ,  lo g compresse d an d sample d ever y 2. 5 milliseconds .  T h e 

filters  wer e lo w Q  bandpzis s filters,  wit h linear-lo g space d cente r  frequencie s [Mar70] .  Twenty-si x 

repetition s o f  eac h wor d compris e th e corpus ,  fo r  a  tota l  o f  fifty-two  utterance s (2 6 "no "  an d 2 6 

"go" )  fo r  eac h speaker .  Th e filter  ban k respons e t o th e trainin g utterance s i s show n i n Figur e 2 . 

2.4 Results 

The connectionist network experiments were conducted on a sequential machine using a network 

simulator ,  writte n specificall y fo r  thi s experiment .  Th e experiment s wer e carrie d ou t  o n a  V A X 

865 0 an d a  S U N 3/16 5 workstation .  Th e networ k describe d previousl y wa s initialize d wit h smal l 

rando m lin k weight s aji d traine d o n a  singl e pai r  o f  no/g o utterance s fo r  600 0 trainin g iterations . 

Each speaker' s dat a wa s use d t o optimiz e separat e networks . 

Th e result s o f  th e optimizatio n ar e show n i n Figur e 3  fo r  th e first  speaker .  T h e valu e o f 

th e squared-erro r  ter m i s neithe r  monotoni c decreasin g no r  a  smoot h functio n o f  th e numbe r  o f 

optimizatio n iterations .  Thi s i s though t  t o b e du e t o th e loca l  natur e o f  th e weigh t  chang e algorithm , 

and th e limite d exten t  o f  back-propagatio n i n time .  Th e networ k coincidin g wit h th e shar p notc h 

i n th e square d erro r  valu e wa s chose n fo r  furthe r  study . 

2.4.1 Output Unit Response to Training Data 

The response of the output units for the network at the selected critical point in the learning process 

was recorded ,  an d ca n b e see n i n Figur e 4 .  Th e outpu t  unit s respon d i n equa l  an d opposit e way s t o 

th e inpu t  stimuli ;  i n addition ,  thei r  tim e respons e roughl y approximate s a  ramp .  Sinc e th e learne d 

respons e closel y fits  th e trainin g function ,  th e networ k show s ver y goo d discriminatio n betwee n th e 

singl e pai r  o f  th e trainin g set . 

Th e significanc e o f  thi s resul t  shoul d no t  b e overlooked .  First ,  th e applicatio n locall y o f  globa l 

optimizatio n metri c provide d a  successfu l  optimizatio n pat h t o a  desire d networ k respons e pattern . 

Second ,  althoug h n o segmentatio n decision s wer e made ,  th e networ k wa s abl e t o for m discrimi -

natin g spectra l  feature s independently .  Third ,  th e approximation s o f  constan t  weigh t  value ,  an d 

restriction s t o majcimu m r  valu e i n th e extende d ba<:k-propagatio n algorith m di d no t  preven t  con -

vergenc e t o a  goo d solution .  Fourth ,  althoug h th e shap e o f  th e erro r  contou r  i s unknown ,  i t  i s 

almos t  certainl y no t  smooth ;  consequently ,  th e learnin g pat h apparentl y avoide d loca l  min im a i n 

arrivin g a t  a  solution . 

2.4.2 Extension to Test Set 

I n orde r  t o tes t  th e generalit y an d robustnes s o f  th e interna l  representation s obtaine d fro m th e 

trainin g wor d pair ,  an d t o furthe r  investigat e th e characteristic s an d behavio r  o f  th e hidde n units , 

th e networ k o f  leas t  square d erro r  valu e wa s teste d o n a  se t  o f  2 5 additiona l  pair s o f  no/g o ut -

terance s b y th e sam e speaker .  Usin g a  simpl e deterministi c decisio n algorithm ,  th e inpu t  wor d 

coul d b e clearl y categorize d b y th e networ k response .  Unde r  thes e conditions ,  th e traine d networ k 

successfull y discriminate d al l  bu t  on e o f  th e tes t  case s ( 9 8 % accuracy) .  Th e result s fo r  th e secon d 

speake r  wer e simila r  (100 % accuracy) . 

Th e response s o f  th e hidde n unit s wer e analyze d fo r  th e 5 0 tes t  utterance s a s wel l  a s th e 2 

trainin g utterance s fo r  eac h speaker .  I n nearl y ever y respect ,  th e hidde n uni t  response s o f  th e tes t 

utterance s wer e isomorphi c t o th e respons e t o th e trainin g data .  A  singl e hidde n uni t  provide d 

th e discriminator y response .  I n th e singl e erro r  case ,  thi s singl e uni t  faile d t o respon d t o th e inpu t 

523 



f  ni'V'it/j^ y 

no go 

Figur e 2 :  "Channe l  Energie s fo r  no/g o pair " 
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Figur e 3 :  "Square d Erro r  fo r  Trainin g Se t  vs .  Iteration " 
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Figur e 4 :  "Outpu t  Uni t  2 4 Respons e t o No/G o Pair " 
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data .  T h e channe l  energ y inpu t  dat a fo r  thi s utteranc e i s extremel y lo w level ,  especiall y i n th e mi d 

t o uppe r  channels . 

Base d o n thes e encouragin g results ,  a  secon d se t  o f  experiment s wa s designe d t o explor e exten -

sion s o f  th e us e o f  connectionis t  network s fo r  mor e difHcul t  problem s i n speec h recognition . 

3 Experiment II 

The next set of experiments were designed to learn acoustic-phonetic properties of the phonemes 

i n th e categor y o f  th e voice d sto p consonants .  T h e method ,  however ,  i s  completel y genera l  an d wil l 

be extende d t o othe r  classe s o f  speec h sounds .  Th e experimenta l  desig n i s presented ,  followe d b y 

th e networ k architectur e an d learnin g algorithm . 

3.1 Design of Experiments 

The plan of the experiments to learn acoustic properties of phonemes uses a principle of incremental 

optimization .  A n initia l  networ k i s optimize d t o discriminat e th e phoneme s /b,d,g /  i n a  particula r 

vowel  context ,  sa y /i/ .  W h e n th e networ k ha s bee n modifie d t o correctl y discriminat e th e C V 

word s /bi,di,gi/ ,  th e trainin g dat a i s expande d t o includ e anothe r  vowe l  context . 

T h e subsequen t  vowe l  contex t  fo r  optimizatio n wa s chose n b y tw o methods .  I n th e first,  th e 

subsequen t  vowe l  wa s chose n t o b e phoneticall y clos e t o th e first.  Thi s i s designe d t o tes t  th e 

exten t  t o whic h th e networ k i s abl e t o generaliz e th e consonan t  discriminatio n acros s vowe l  con -

texts .  T h e secon d metho d wa s t o choos e a  subsequen t  vowe l  phoneticall y fa r  fro m th e first  vowel . 

Thi s i s designe d t o tes t  th e exten t  t o whic h th e networ k coul d mak e context-specifi c  consonan t 

discriminations . 

T h e choic e o f  subsequen t  vowel s wa s don e t o increas e th e likelihoo d o f  successfu l  optimizatio n 

by minimizin g th e incrementa l  learnin g required .  A  serie s o f  incrementa l  experiment s i s define d 

i n thi s way ,  b y whic h increasingl y dissimila r  context s ar e adde d t o th e networ k fo r  invarian t  dis -

criminatio n o f  /b,d,g /  an d increasin g simila r  context s ar e subtracte d fro m th e networ k desig n t o 

respon d selectivel y t o /bi,di,gi/ . 

A n alternativ e desig n woul d involv e optimizin g th e respectiv e network s ove r  th e complet e dat a 

set  o f  positiv e an d negativ e sample s i n a  singl e step .  Thi s approac h ha s th e advantag e tha t  th e net -

wor k i s force d fro m th e star t  t o atten d t o th e desire d goal ;  a  weaknes s o f  th e incrementa l  approac h 

i s tha t  th e networ k coul d b e optimize d fo r  on e contex t  usin g a n interna l  representatio n whic h i s 

inappropriat e fo r  th e large r  task .  I n thi s case ,  th e networ k woul d b e require d t o "unlearn "  th e 

origina l  solution ,  whic h coul d prove  a  difficul t  optimizatio n problem .  Nevertheless ,  th e incrementa l 

approac h wa s selecte d fo r  thes e initia l  experiment s becaus e th e progres s o f  optimizatio n coul d b e 

mor e closel y controlle d an d evaluated . 

I t  i s  clea r  eithe r  th e subtractiv e o r  th e additiv e cas e woul d b e sufficien t  fo r  speec h recognition . 

Eithe r  context-dependen t  o r  context-independen t  recognitio n woul d achiev e th e goa l  o f  consonan t 

discrimination .  Ther e is ,  however ,  a n importan t  theoretica l  questio n a t  issu e her e o f  acoustica l 

invarianc e [Blu86,BS79,BS80,LGB84] ,  whic h wil l  b e explore d i n a  subsequen t  paper .  Th e result s 

obtaine d t o thi s poin t  d o no t  warran t  a  ful l  discussio n o f  th e issu e o f  invariance . 

3.2 Network Architecture 

For these preliminary experiments, a three-layer temporal flow model was implemented, as shown 

i n Figur e 1 ,  wit h a  thir d outpu t  uni t  t o accommodat e th e thre e voice d consonants . 
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3. 3 N e t w o r k Learnin g A lgor i th m 

For these experiments, a second-order optimization algorithm was selected called the Broyden-

Fletcher-Goldfarb-Shann o algorith m (BEGS )  [FleSO] .  Thi s algorith m combine s a  linea r  searc h 

alon g a  minimizin g vecto r  wit h a n approximatio n o f  th e second-derivativ e o f  th e objectiv e functio n 

/.I n thi s way ,  knowledg e abou t  th e structur e o f  th e erro r  surfac e i s use d t o selec t  optima l  searc h 

direction s an d achiev e muc h mor e rapi d convergence ,  especiall y i n th e neighborhoo d o f  th e minim a 

of  th e objectiv e function .  Althoug h suc h second-orde r  method s d o no t  shar e th e localit y propert y o f 

first-order  methods ,  th e B F G S algorith m wa s employe d fo r  th e purpose s o f  mor e rapi d optimizatio n 

usin g a  sequentia l  machine . 

The B F G S updat e formul a i s give n as : 

Hik+i) = Ih +11 + -^\ -^ - I ^ I 

wher e / /  i s  th e approximat e invers e o f  G  =  V^/(u;) ,  and : 

7 =  ̂ (A:+l )  -  9(k ) 

^ = ^{k+i) - W{k) 

The algorith m basicall y iterate s throug h thre e steps ,  a s follows : 

1.  comput e th e searc h directio n a s 5  =  -IIg . 

2. execute a linear search along s; that is, minimize f{w + as) over a, a scalar, a > 0. 

3. update // according to the BFGS formula above. 

The computatio n o f  th e gradien t  vecto r  g  w«l s accomplishe d b y a n extende d for m o f  th e back -

propagatio n learnin g algorith m fo r  network s wit h recurren t  link s a s describe d above . 

For  thes e experiments ,  th e initia l  valu e o f  / /  wa s chose n t o b e I .  I n case s wher e th e linea r 

searc h failed ,  / /  wa s rese t  t o / ,  an d th e searc h continued . 

The linea r  targe t  functio n describe d i n th e previou s experiment s wa s als o use d fo r  th e consonan t 

discriminatio n experiments . 

3.4 Data 

The speech data used for the second set of experiments was taken from a small database of iso-
late d consonant-vowe l  (CV )  utterance s fo r  a  singl e speake r  (RW )  consistin g o f  th e sto p consonant s 

(/p,t,k,b,d,g/ )  i n combinatio n wit h te n vowel s (/i,I,e,ae,a, "  ,o,u,U,3/) .  Fiv e repetition s o f  eac h C V 

word fo r  a  tota l  o f  thre e hundre d utterance s wer e recorde d o n a  Nakamich i  Mode l  48 0 tap e recorde r 

usin g th e Digita l  Soun d Corporatio n Mode l  24 0 preamplifier .  Th e recorde d speec h wa s playe d int o 

a commercia l  speec h recognitio n devic e (Siemen s CS E 1200 )  wher e i t  wa s filtere d an d sample d a s 

describe d above .  Additiona l  dat a fro m th e origina l  an d othe r  speaker s wil l  b e collecte d fo r  furthe r 

experiments . 

The dat a file s wer e segmente d b y han d t o extrac t  th e transitio n portio n o f  th e C V word .  Th e 

initia l  segmentatio n boundar y wa s se t  a t  a  poin t  o f  silenc e a t  leas t  5 0 m s prio r  t o th e consonan t 

releas e an d th e fina l  segmen t  boundar y a t  th e poin t  o f  maximu m vocali c energy ,  approximatel y i n 

th e cente r  o f  th e vowe l  nucleus .  Thi s segmentatio n wa s performe d withou t  difficult y an d di d no t 

involv e a n attemp t  t o identif y th e consonant-vowe l  boundary .  Th e segmentatio n wa s don e primaril y 

t o decreas e th e computationa l  loa d o n th e optimizatio n algorithm .  I t  i s  certai n tha t  sufficien t  i f 

not  complet e discriminator y informatio n remaine d i n th e segmente d data . 
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Figur e 5 :  "Objectiv e Functio n Durin g Optimization " 

4 Results 

The network described previously was trained on a single set of/bi,di,gi/ using the back-propagation 

metho d fo r  network s wit h recurren t  link s use d i n experimen t  I .  T h e networ k converge d afte r  ap -

proximatel y 300 0 iterations . 

T h e resultin g networ k wa s the n traine d i n tw o experiments ,  a n additiv e experimen t  incorpo -

ratin g /bl,dl,gl /  an d a  subtractiv e experimen t  reducin g b y /bu,du,gu/ .  Thes e experiment s wer e 

conducte d wit h th e B F G S algorith m describe d above .  I n bot h cases ,  th e network s converge d fo r 

prope r  discriminatio n i n bot h contexts . 

T h e objectiv e functio n valu e durin g optimizatio n fo r  th e subtractiv e experimen t  i s show n i n 

Figur e 5 .  T h e respons e o f  th e outpu t  unit s t o th e positiv e trainin g sampl e fo r  th e optimize d 

networ k ca n b e see n i n Figur e 6 . 

T h e networ k make s a n unambiguou s discriminatio n betwee n th e voice d sto p consonant s i n th e 

respons e o f  th e outpu t  units .  T h e uni t  response s roughl y approximat e th e targe t  functio n an d 

clearl y begi n discriminatin g response s a t  th e initia l  wor d boundary . 

5 D i s c u s s i o n 

The results of the "no/go" experiment have been discussed at length elsewhere [WS86]. In summary, 

th e networ k forme d a n interna l  representatio n o f  a n acoustic-phoneti c featur e characteristi c o f  th e 

burst-releas e o f  th e vela r  consonan t  /g/ .  I n addition ,  th e networ k forme d a  simila r  discriminator y 

mechanis m fo r  bot h speakers .  Thi s discriminator y featur e wa s quit e robus t  acros s repetition s b y 

th e sam e speake r  o f  th e sam e word .  Take n together ,  thes e tw o fact s strengthe n th e conclusio n 

tha t  connectionis t  network s ca n b e use d t o infe r  significan t  acoustic-phoneti c feature s directl y fro m 

rea l  speec h data .  Thi s suggest s tha t  connectionis t  learnin g m a y b e use d t o uncove r  acoustica l 

characteristic s o f  th e speec h wavefor m i n whic h computationa l  optimaJit y m a y b e foun d t o hav e 

perceptua l  significance . 

T h e result s o f  th e consonan t  discriminatio n tas k ar e preliminary ;  i t  i s  significant ,  however ,  tha t 

th e tempora l  flow  mode l  wa s correctl y optimize d t o mak e thi s discriminatio n i n th e contex t  o f  a 

singl e vowel ,  an d tha t  thi s discriminatio n wa s extende d additivel y an d subtractivel y t o th e neares t 

correspondin g phoneti c contexts .  Furthe r  testin g o f  th e invarianc e hypothesi s i n th e contex t  o f 
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connectionis t  network s i s currentl y i n progress . 
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Touchin g ft  Minimall x Structure d Back-Propftgfttio n Networ k t o Recognis e Speec h Sound s 

T. K. Lftndftuer 

C.  A .  Kam m 
S.  Singhft l 

Bel l  Communication s Research ,  Morristown ,  N.J .  0796 0 

Abitraet :  A n associatir e networ k wa s traine d o n a  speec h recognitio n tas k usin g continuou s speech .  T h e 

inpu t  speec h wa s processe d t o produc e a  spectra l  representatio n incorporatin g som e o f  th e transformation s 

introduce d b y th e periphera l  auditor y syste m befor e th e signa l  reache s th e brain .  Inpu t  node s t o th e 

networ k represente d a  150-millIsecon d tim e w indo w throug h whic h th e transforme d speec h passe d i n 2 -

millisecon d steps .  Outpu t  node s represente d elementa l  speec h sound s (demisyllables )  whos e targe t  ralue s 

wer e specifie d base d o n a  h u m a n listener' s abilit y  t o identif y th e sound s i n th e sam e inpu t  segment .  Th e 

wor k reporte d her e focuse s o n th e experienc e an d trainb g condition s neede d t o produc e natura l 

generalisation s betwee n trainin g an d tes t  utterances . 

The primary goal of this work is to explore the use of learning networks as an analytical tool for gaining 

insigh t  b t o comple x h u m a n patter n recognitio n processes .  Thi s goa l  motirate s th e choic e o f  inpu t 

representation ,  architecture ,  an d trainin g regimen .  T h e strateg y i s t o gir e a  minimall y structure d networ k 

th e experienc e an d trainin g i t  need s t o perfor m a  comple x patter n recognitio n tas k o f  a  kin d tha t  h u m a n s 

readil y master ,  an d the n t o us e th e w a y i n whic h i t  learns ,  generalises ,  an d fails ,  an d th e bterna l  weigh t 

organisatio n whic h i t  adopts ,  a s a  mean s o f  studyin g way s i n whic h th e patter n classificatio n i n questio n 

ca n b e accomplished .  T o th e exten t  tha t  th e feature s o f  th e inpu t  stimul i  an d th e informatio n processin g 

tha t  a  successfu l  networ k use s resembl e thos e use d b y a  human ,  thes e result s m a y sugges t  ne w hypothese s 

abou t  ho w human s accomplis h th e patter n recognitio n task. ' 

The input to our network model of speech recognition was processed to mimic several transforms that the 

periphera l  auditor y syste m impose s o n th e acousti c signal ,  bu t  tha t  ar e no t  specifi c  t o recognisin g speech . 

Thus ,  th e informatio n i n th e inpu t  migh t  b e considere d grossl y analogou s t o informatio n th e brai n receive s 

fro m th e inne r  ear .  Th e networ k wa s require d t o lear n t o extrac t  speech-relevan t  informatio n fro m a 

continuou s signal .  Erro r  feedbac k consiste d onl y o f  informatio n abou t  whic h speec h element s a  h u m a n 

coul d detec t  i n th e signal ,  an d n o knowledg e o r  theor y abou t  th e proces s o r  mechanis m o f  speec h 

perceptio n a s suc h wa s embedde d i n th e interna l  architectur e o f  th e learnin g networ k o r  th e codin g o f  it s 

output . 

Th e networ k readil y learne d t o pic k a  smal l  numbe r  o f  speec h sounds ,  fo r  example ,  th e initia l  portion s o f 

th e syllable s do ,  re ,  mi ,  fa ,  so ,  la ,  an d ti ,  ou t  o f  continuou s "sentences "  consistin g o f  onl y thes e syllables , 

and generalise d successfull y t o othe r  sentence s compose d o f  th e sam e element s spoke n b  differen t  orders . 

Th e succes s o f  generalisatio n an d th e naturalnes s o f  th e error s an d partia l  recognition s evince d b y th e 

networ k appea r  t o depen d i n interestin g way s o n th e trainin g se t  t o whic h i t  w a s expose d an d th e 

discrimination s require d o f  it s  output .  W e wil l  presen t  bot h systemati c dat a an d impression s gaine d fro m 

experiment s wit h thes e networks .  First ,  however ,  w e giv e necessar y detail s o n th e inpu t  transformation , 

networ k configuration ,  learnin g rules ,  an d training-procedures . 

1. Input Speech Tranaformation 

Th e motivatio n fo r  th e signa l  processin g o f  th e inpn t  speec h wa s t o approximatel y simulat e severa l  o f  th e 

modification s tha t  th e inne r  ea r  impose s o n a n acousti c signal .  Th e processin g consiste d o f  five  steps . 

First ,  th e inpu t  speec h wa s digitise d an d low-pas s filtered  t o 5  k H s bandwidth .  Spectra l  estimate s wer e 

1.  Whil e thi s i t  tb c primtr y |oal ,  th e rctcMc h c u »l» o b e viewe d m a a sttemp t  t o appl y lc»rnio c oetwoi k aclhod t  t o th e proble m 
of  automati c tpe«c b recofnitioB .  l o tbi i  rttpect ,  i t  aak t  whethe r  th e bi(b-dimeD»ioDa l  aoD-linea r  reprcMnlatio n o f  aac h net s an d 
tb c lolutioD-optimitatio n procedur e o f  back-propafatio o wil l  produc e th e tame ,  o r  perhap s iotcrc«tin(l y different ,  rcsalt a fro m 
thos e obtaioe d usio (  mor e traditiona l  pattern-tnatcbiB f  o r  pattern-clauificatio D alforitbmi . 
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obtaine d usin g 128-poin t  PPT* .  T o mimi c th e Moiitivit j  o f  th e huma n listene r  t o rapi d change s i n hig h 

frequenc y component s an d t o fine  frequenc y distinction s a t  lo w frequencies ,  severa l  PPT s wer e computed , 

usin g tempora l  window s o f  4  t o 2 0 ms ,  wit h a  2-m s fram e shift .  Fo r  eac h 2-m s frame ,  a  composit e 

amplitud e spectru m wa s obtaine d b y extractb g lo w frequenc y component s fro m th e F F T wit h 20-m s 

window ,  th e highes t  component s fro m th e P P T wit h 4-m s window ,  an d intermediat e component s fro m 

PPTs compute d wit h tempora l  window s betwee n 4  an d 2 0 ms .  Second ,  th e frequenc y scal e wa s 

transforme d t o a  Bar k scal e t o reflec t  th e frequenc y '.pacin g alon g th e basila r  membran e o f  th e inne r  ea r 

(Schroeder ,  Ata l  &  Hall ,  1979) .  Third ,  th e Bark-scale d spectr a wer e convolve d wit h a n asymmetri c filter 

simulatin g th e sprea d o f  excitatio n alon g th e basila r  membran e (Schroede r  ft  Hall ,  1974) ,  whic h result s i n 

« highl y smoothe d outpu t  spectrum .  Th e combinatio n o f  step s tw o an d thre e serve s t o simulat e th e 

filtering  know n t o occu r  m th e periphera l  auditor y system .  Ponrth ,  t o mode l  th e short>ter m adaptatio n o f 

th e periphera l  auditor y system ,  change s i n th e amplitud e o f  eac h componen t  wer e modifie d b y applyin g a 

multiplicativ e functio n o f  th e differenc e betwee n successiv e frames ,  wit h exponentia l  decay ,  producin g a n 

enhancemen t  o f  spectrotempora l  "edges" .  Pifth ,  th e amplitud e o f  eac h componen t  wa s scale d relativ e t o 

th e overal l  minimu m amplitud e b y a  powe r  functio n wit h exponen t  0. 6 t o simulat e th e transfor m fro m 

acousti c pressur e t o relativ e loudness .  Fbally ,  I S o f  th e 12 8 transforme d amplitudes ,  space d a t  on e Bar k 

(approximatel y on e critica l  band )  mterval s fro m 3  t o 1 7 Bark s (28 7 t o 488 4 Hs) ,  wer e selecte d fo r  mpu t  t o 

th e network . 

Clearly this transformation does not perfectly represent the signal sent from ear to brain • for one thing it 

carrie s muc h les s bformatio n •  bu t  i t  doe s hav e severa l  o f  th e importan t  characteristic s o f  tha t  signal . 

Thus ,  th e informatio n th e networ k learn s t o extrac t  fro m thi s mpu t  t o recognis e speec h sound s shoul d 

hav e a  fai r  chanc e o f  beb g bformatio n th e huma n bra b coul d als o extract . 

2. Network Architecture and Training Procedure 

Ther e wer e 1,12 5 inpu t  node s representin g th e 1 5 transforme d amplitude s fo r  eac h o f  7 5 successiv e 2 -

millisecon d frame s o f  a  150-miIIisecon d windo w o f  speech .  O n eac h trainin g cycl e a  rea l  valu e betwee n 0 

and 1 ,  proportiona l  t o th e amplitud e o f  eac h spectra l  component ,  wa s applie d t o eac h inpu t  node .  Variou s 

number s o f  hidde n nodes ,  usuall y  20 ,  wer e full y  interconnecte d wit h th e bpu t  node s an d wit h a  varyin g 

number  o f  outpu t  node s dependin g o n th e numbe r  o f  speech-soun d element s tha t  wer e t o b e detected . 

Trainin g proceede d b y steppin g th e 150-millisecon d speec h windo w acros s a n utteranc e i n 2-miUbecon d 

steps ,  a t  eac h on e calculatin g th e result s o f  forwar d activatio n t o th e outpu t  nodes ,  calculatin g a n erro r 

signal ,  an d updatb g weight s b y th e standar d back-propagatio n procedur e (Rumelhart ,  Hbto n an d 

Williams ,  1986) . 

To specify targets, judgments of whether each of the speech sounds to be trained was or was not present in 

th e inpu t  windo w wer e mad e b y Ibtenin g t o 150-milUsecon d segment s o f  th e signa l  an d b y vbna l 

inspectio n o f  th e speec h wavefor m an d a  speec h spectrogra m o f  th e signal .  Judgment s wer e mad e o n a 

nine-poin t  confidenc e scale ,  fro m "possibly "  t o "definitely "  present .  Th e erro r  signa l  a t  eac h outpu t  nod e 

was adjuste d b  proportio n t o th u confidenc e value .  A  separat e judgmen t  wa s mad e a s t o whethe r  th e 

syste m shoul d b e trabe d o n a  particula r  soun d elemen t  fo r  tha t  w b d o w ,  o r  allowe d t o produc e a n outpu t 

writhou t  erro r  beb g propagate d bac k fro m th e correspondb g outpu t  uni t  (th b strateg y i s relate d t o th e 

"don' t  care "  procedur e o f  Jordan ,  1986) . 

S. Reaults, Observations, Modifications, Comparisons and Lessons. 

I n earl y trial s wit h a  smal l  numbe r  o f  artificiall y sjnthesise d tpeech-Iik e •timuli ,  i t  quickl y becam e 

apparen t  tha t  th e syste m woul d lear n a  trabb g se t  readily ,  bu t  di d no t  generalis e vei l  t o th e sam e 

nomina l  "speech "  sound s b  othe r  contexts ,  an d tha t  th e error s i t  mad e wer e no t  alway s sensibl y relate d t o 

th e confusion s betwee n sound s tha t  a  huma n listene r  woul d make .  T w o feature s o f  th e procedur e seeme d 

at  fault .  First ,  w e though t  tha t  th e syste m wa s no t  beb g expose d t o enoug h differen t  speec h sound s i s 

enoug h differen t  context s t o b e abl e t o extrac t  th e importan t  feature s an d structur e o f  th e stimuli .  Second , 

th e erro r  calculatio n procedur e wa s forcb g th e syste m t o discrimbat e strongl y betwee n sound s tha t  woul d 

be perceive d a s simila r  b y a  human ,  suc h a s "fa "  an d "va" .  Therefore ,  fo r  ou r  mai n bvestigation ,  w e use d 

natura l  speec h inpu t  wit h a  greate r  variet y o f  speec h sound s i n man y differen t  contexts ,  althoug h stil l  a 

ver y tin y subse t  o f  English .  A  professiona l  announce r  spok e 14-syllabl e "sentences "  compose d o f  tw o 
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token s o f  e»c h o f  t r t n sylUble s (do ,  re ,  mi ,  fa ,  bo ,  U ,  ti )  atrun g togethe r  i n t  Lati n aquar e desig n luc h 

tha t  oTe r  th e sentence s studie d eac h syllabl e followe d an d precede d ever y othe r  syllable ,  includin g itself , 

equall y often .  Th e speake r  di d no t  sin g th e "sentences" ,  bu t  spok e thea i  wit h wid e rariation s i n 

intonation ,  duratio n an d phrasing .  (Example s o f  th e recording s wil l  b e played. )  T h e tota l  se t  containe d 3 9 

demisyllable s ( 7 initia l  an d 3 2 final  demisyllables )  o f  th e roughl y 80 0 t o 1,00 0 demiayllable s neede d t o 

transcrib e al l  o f  Englis h speec h (Fujimura ,  Macch i  &  Lovins ,  1977) .  T w o representativ e sentence s ar e give n 

i n Tabl e 1 .  W e typicall y traine d th e syste m t o recognis e th e subse t  o f  initia l  demisyllables . 

Tabl e 1 .  Sampl e Inpu t  "Sentences' * 

1.  d o d o r e t o m i  r e f a l a s o m i  l a t i  t i  fa . 

2. mi mi fa ti so fa la do ti so do re re la. 

I n additio n t o usin g thi s riche r  trunin g se t  i n th e mai n experiments ,  w e als o altere d th e rul e fo r  erro r 

calculatio n t o encourag e mor e generalisation .  I n particular ,  th e erro r  fo r  outpu t  node s correspondin g t o 

demisyllable s no t  presen t  i n th e windo w wa s multiplie d b y a  constan t  betwee n 0  an d 1 ,  s o tha t  a  hig h 

valu e o n a  nod e correspondin g t o a n absen t  elemen t  wa s no t  a s strongl y correcte d a s a  lo w ralu e o n a  nod e 

correspondin g t o a  presen t  element .  Fo r  a  give n residua l  criterio n trainin g error ,  thi s cause s th e syste m t o 

move toward s a  solutio n i n whic h i t  adopt s hig h outpu t  value s fo r  al l  positiv e pattern s bu t  allow s itsel f 

moderat e outpu t  value s fo r  othe r  outpu t  node s tha t  ten d t o b e excite d b y th e sam e inputs . 

Result s o f  thi s trainin g procedur e wer e quit e encouraging .  T h e seve n plot s i n Figur e 1  sho w th e outpu t 

value s fo r  th e seve n unit s correspondin g t o th e initia l  demisyllable s a s a  functio n o f  tim e fo r  a  tes t  sentenc e 

afte r  trainin g o n jus t  on e othe r  sentence .  Th e syllable s a t  th e to p o f  th e figure,  an d th e line s a t  th e to p o f 

eac h pane l  indicat e th e position s i n th e utteranc e wher e eac h targe t  syllabl e occurred .  Th e figure  show s 

that ,  i n al l  instances ,  th e outpu t  uni t  correspondin g t o th e targe t  syllabl e ha d th e highes t  outpu t  o f  th e 

seve n units .  Ther e ar e severa l  instance s wher e a  secon d outpu t  uni t  als o ha d relativel y hig h activatio n 

(e.g. ,  th e "so "  uni t  show s activatio n o f  abou t  0. 8 whe n th e "do "  syllabl e i s i n th e inpu t  window) .  Suc h 

evidenc e o f  similarit y (o r  confusability )  typicall y occurre d fo r  outpu t  unit s sharin g th e sam e vowe l  soun d 

(e.g. ,  "do "  an d "so" ,  "fa "  an d "la") . 

We ar e als o studyin g th e effec t  o f  variatio n i n th e trainin g se t  b y testin g o n on e se t  afte r  havin g traine d o n 

on e o r  mor e others .  Preliminar y dat a sugges t  tha t  mor e varie d trainin g produce s somewha t  bu t  no t 

dramaticall y bette r  generalisation .  A  mor e detaile d characterizatio n o f  thes e effect s await s th e completio n 

of  additiona l  experiments . 

Another technique that we are exploring in an attempt to improve the generalisation of the network 

involve s trainin g th e syste m t o simultaneousl y recognis e th e se t  o f  speec h element s an d perfor m a n encode r 

or  auto-associatio n function .  I n thi s network ,  th e outpu t  laye r  consbt s o f  outpu t  node s o f  th e se t  o f  speec h 

element s an d 1,12 5 additiona l  outpu t  nodes ,  full y  interconnecte d t o th e hidde n layer .  T h e erro r  o n eac h o f 

th e latte r  node s i s calculate d a s th e differenc e betwee n it s outpu t  an d th e activatio n applie d t o a 

correspondb g inpu t  node .  Th e rational e fo r  th u combinatio n o f  directe d trainin g an d auto-associatio n i s 

tha t  thi s architectur e shoul d suppl y a  muc h greate r  degre e o f  constrain t  o n th e representation s adopte d b y 

th e hidde n nodes ,  an d tha t  thes e additiona l  constraint s m a y resul t  i n a  solutio n tha t  demonstrate s bette r 

generalisatio n fo r  identifyin g speec h sounds .  Th e syste m i s require d t o maintai n it s abilit y  t o represen t 

faithfull y th e ra w spectra l  informatio n a t  th e sam e tim e i t  i s  learnin g t o recognis e a  particula r  speec h 

element ,  an d shoul d thu s b e les s likel y t o generat e a n idiosyncrati c representatio n whic h distort s it s overal l 

representatio n o f  soond .  Preliminar y result s usin g thi s networ k sugges t  tha t  th e performanc e an d th e 

apparen t  naturabes s o f  th e generalisatio n ar e improved .  Figur e 2  show s tim e function s displayin g th e 

activatio n o f  eac h inita l  demisyUabl e outpu t  nod e fo r  a  trainin g ra n o f  thi s combine d direci -

training/auto-associativ e network .  Notabl e i n Figur e 2  i s tha t  demisyllable s wit h c o m m o n vowe l  portion s 

appea r  t o b e slightl y bette r  differentiate d tha n th e sam e dembyllabl e pair s i n Figur e 1 ,  an d tha t  th e silen t 
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Figur e 1 .  Generalizatio n Tet t  follOMin o Directe d Trainin g 

Input :  d o d o r e e o mi  r e f e lee o ailatltif a 

. 4 

. S 

. ! 

. 1 

. S 

. 1 

do 

>-v->NW"*;̂ '̂ ...r\f-» - u 

l a 

--•̂ --̂ fs- w 

I 

t i 

0. 0 1. 0 2. 0 3. 0 
Tim e (aec ) 

4. 0 

Fi g 1 .  Th e networ k who M recognitio n performuic e b  thow n her e ha d bee a Irabe d o n Jus t  on e 

othe r  "sentence "  consistin g o f  th e tftm e syllable *  I n a  differen t  order .  Show n i n eac h horjionta l 

fram e I « th e activatio n leve l  o f  a n ontpu t  nod e traine d t o respon d t o th e presenc e o f  a  particula r 

demisyllable ,  a s a  functio n o f  tim e a s th e continuou s tes t  sentenc e wa s steppe d throug h th e IS O 

msec inpu t  window .  Label s acros s th e to p o f  th e figure  indicat e th e demuyllahle s judge d presen t 

h j  a  huma n observer ;  th e smal l  horiionta l  line s indicat e interval s I n whic h th e highes t  confidenc e 

of  presenc e wa s assigned . 
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Figur e 2 .  Directe d Treinin g •  Auto-Associetlo n 

Input :  d o d o r e 8 0 ml  r e f e les o milatit i  f a 
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. 1 

do 
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4t  .  '  ' 
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•  . 1 

. ! 

3. 1 

i -

. 5 

.1 

a A - , J L k — L j U l i 

. s 

. 1 

M j l i J O l - a ^  > U 

80 

- J j V U j U * 

k J [ a . ^ \ 

. s 

.s 

.1 Av 

n 

^ a L a j l ^ . j i / ^ ^ ' ' ' — v i / g ^ 

t i 

L A 

0. 0 1. 0 2. 0 3. 0 
T i M (eec ) 

4. 0 

Fi g 2 .  Performanc e afte r  a  moderat e degre e o f  trainin g fo r  a  networ k tha t  wa s simultaneoual y learnin g t o 

recognit e seve n demisyllable s an d t o reconstruc t  th e activatio n level s o f  it s  inpu t  nodes .  Onl y th e 

demisyllabl e recognitio n nod e activitie s ar e shown .  Th e trainin g (an d test )  sentenc e i s th e sam e a s th e tes t 

sentenc e o f  fig  1 . 
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perio d (a t  approximatel y 1. 7 -  2. 6 lecondt )  contain s onl y lo w level s o f  activation ,  th e highes t  o f  whic h ar c 

fro m outpu t  unit s correspondin g t o demisyllable s wit h voiceles s initia l  consonant s containin g fricatio n 

nois e o r  nois e burst s (/f/ ,  /t/ ,  /s/) . 

This woric clearly rcpreMnts only the first few steps toward the goal of being able to use the network to 

analys e th e importan t  constituent s o f  speec h sound s an d thei r  processing .  I t  doe s appear ,  however ,  that , 

wit h sufficien t  experienc e an d prope r  trainin g techniques ,  suc h a  comple x ye t  minimally-structure d syste m 

can lear n t o us e approximatel y natura l  inpu t  t o recognis e speec h sound s i n a  wa y tha t  lead s t o fairl y 

natura l  generalisation ,  a s evidence d b y th e recognitio n performanc e fo r  non*trainin g token s o f  th e syllable s 

and th e representatio n o f  perceptua l  "similarities "  i n th e outpu t  activatio n patterns .  Thi s wor k als o 

encourage s th e developmen t  o f  method s fo r  studyin g wha t  th e networ k i s extractin g fro m th e transforme d 

speec h signal .  Experiment s alon g thi s lin e ma y wel l  resembl e one s tha t  migh t  b e performe d usin g huma n 

obaervers ,  fo r  exampl e makin g variou s systemati c modification s o f  th e speec h signa l  an d observin g th s 

result ,  o r  tryin g variou s systematicall y arrange d generalisatio n tests .  Amon g th e advantage s o f  usin g 

network s a s oppose d t o nsin g huma n listener s woul d b e tha t  suc h experiment s coul d b e ru n ver y rapidl y 

and tha t  th e interna l  state s o f  th e network ,  includin g th e continuou s activatio n function s o n al l  o f  th e 

differen t  outpu t  nodes ,  a s wel l  a s th e auto-associatio n function ,  ar e availabl e fo r  analysis . 
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Abstrac t 

NETtal k i s a  connectionis t  networ k mode l  tha t  learn s t o conver t 
Englis h tex t  int o phonemes .  Whil e th e networ k perform s th e tas k wit h 
considerabl e aiccurac y an d ca n generaliz e t o nove l  texts ,  httl e ha s bee n 
known abou t  wha t  regularitie s th e networ k discover s abou t  Englis h 
pronunciation .  I n thi s paper ,  th e structur e o f  th e interna l  representa -
tio n learne d b y NETtal k i s analyze d usin g tw o varietie s o f  multivariat e 
analysis ,  hierarchica l  clusterin g an d facto r  analysis .  Thes e procedure s 
revea l  a  grea t  dea l  o f  interna l  structur e i n th e patter n o f  hidde n uni t 
ŵ;tivations .  Th e majo r  distinctio n reveale d b y thi s analysi s o f  hidde n 
unit s i s vowel/consonant .  A  grea t  dea l  o f  substructur e i s als o apparent . 
For  vowels ,  th e networ k appear s t o construc t  a n articulator y mode l  o f 
vowel  heigh t  an d plac e o f  articulatio n eve n thoug h n o articulator y fea -
ture s wer e use d i n th e encodin g o f  th e phonemes .  Thi s interpretatio n 
i s corroborate d b y a n analysi s o f  th e error s o r  confusion s produce d b y 
th e network ;  Th e networ k make s substitutio n error s tha t  reflec t  thes e 
posite d vowe l  articulator y features .  Thes e observation s subsequentl y 
le d t o th e discover y tha t  articulator y feature s o f  plac e o f  articulatio n 
and,  t o som e extent ,  vowe l  height ,  ar e largel y presen t  i n first-orde r  cor -
respondence s betwee n vowe l  phoneme s ar e thei r  spellings .  Thi s wor k 
demonstrate s ho w th e stud y o f  languag e ma y b e profitabl y augmente d 
by model s provide d b y connectionis t  networks . 

Introduction 

Speech synthesis is the translation of written text into an acoustic speech 

signal .  I n mos t  speec h synthesi s systems ,  tw o distinc t  knowledg e source s ar e 
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iteveaiiu g th e Structur e o f  NETtailk' s laterna l  Representation s 

used in the determination of the pronunciations of words: rules which encode 

regularities ,  an d a  dictionar y o f  exception s t o thos e rule s whic h handl e thos e 

case s wher e th e regularitie s brea k down .  Whe n a  correspondenc e ca n b e 

predicte d o n th e basi s o f  regularitie s operatin g a t  som e level ,  i t  ca n b e 

encode d mor e efficientl y a s a  generativ e rule ,  suc h a s th e rul e tha t  whe n 

th e lette r  "c "  occur s befor e a  high ,  fron t  vowel ,  typicall y spelle d wit h th e 

letter s "i" ,  "e" ,  o r  "y" ,  i t  i s  pronounce d lik e a n "s "  a s i n "icy "  o r  "center " 

but  lik e a  "k "  i n othe r  contexts .  Bu t  eve n th e bes t  letter-to-soun d rule s 

hav e exceptions ,  an d s o th e rule s mus t  b e augmente d b y a  dictionar y whic h 

i s checke d befor e an y rule s ar e applied .  Thi s dictionar y i s generall y use d 

wit h grea t  frequenc y becaus e th e mos t  frequen t  word s i n Englis h ar e als o 

th e mos t  irregular . 

NETtal k i s a  connectionis t  networ k mode l  whic h learn s th e pronuncia -

tio n o f  Englis h text ,  represente d a s phonemes ,  o r  distinctiv e speec h sound s 

(Sejnowsk i  &  Rosenberg ,  1986 ;  1987a ;  1987b) .  N o rule s o f  pronunciatio n 

wer e provide d t o NETtalk .  Rather ,  th e networ k reache s a  reasonabl e leve l 

of  performanc e b y bein g presente d wit h a  numbe r  o f  trainin g example s an d 

bein g incrementall y correcte d usin g th e back-propagatio n rul e (Rumelhart , 

Hinto n &  Williams ,  1986) . 

I s NETtalk' s knowledg e o f  pronunciation s divide d u p i n thi s way ,  be -

twee n dictionary-lik e knowledg e an d rule-lik e knowledge ? Sinc e al l  knowl -

edge share s th e sam e architectural/representationa l  spac e i n NETtalk ,  a n 

answer  t o tha t  questio n i s no t  immediatel y obvious .  However ,  ther e i s som e 

indicatio n tha t  bot h exception s an d regularitie s ar e learned .  Fo r  example ,  i t 

learn s correctl y tha t  "o f  i s  pronounce d /xv /  (se e Appendix) ,  eve n thoug h 

th e lette r  " P i s no t  pronounce d thi s wa y i n an y othe r  case .  O n th e othe r 

hand ,  whe n traine d o n a  16,00 0 wor d selectio n fro m th e entir e 20,00 0 wor d 

Webster' s Pocke t  dictionary ,  th e networ k i s abl e t o generaliz e t o th e res t  o f 

th e corpu s wit h a n accurac y exceedin g 9 0 % correc t  phonemes .  Moreover , 

th e confusion s ar e usuall y betwee n phoneme s tha t  ar e phonologicall y sim -

ilar .  Thi s abilit y  t o generaliz e t o nove l  word s indicate s tha t  th e networ k 

does muc h mor e tha n memoriz e specifi c  input-outpu t  pair s a s foun d i n a 

dictionary .  Bu t  wha t  exactl y ar e th e regularitie s tha t  i t  discover s i n Englis h 

pronunciation ? 

Many networ k model s t o dat e hav e bee n simpl e enoug h s o tha t  th e func -

tionalit y o f  man y o f  th e hidde n unit s coul d b e discovere d throug h direc t 

visua l  inspectio n o f  th e uni t  activation s an d weigh t  values .  I n large r  net -

works ,  wher e on e ma y hav e hundred s o f  hidde n unit s an d ten s o r  hundred s 

of  thousand s o f  weights ,  i t  become s difficul t  o r  impossibl e t o detec t  underly -
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Revea,lin g th e Structur e o f  N E T talk' s Interna l  Representsition s 

ing structures by such direct methods. We must turn to more sophisticated 

techniques . 

Analytical tools 

Factor analysis 

Factor analysis (eg. Harman, 1976; Rummel, 1967) is a well-known tech-

niqu e fo r  attemptin g t o accoun t  fo r  th e varianc e i n a  larg e numbe r  o f  vari -

able s i n term s o f  a  muc h smalle r  numbe r  o f  relativel y independen t  underlyin g 

factors .  Facto r  analysi s i s base d o n th e assumptio n o f  a  Unea r  model ,  mean -

in g tha t  th e observe d variable s mus t  b e predicte d b y a  linear ,  weighted , 

combinatio n o f  underlyin g factors .  Specifically ,  a  facto r  i s  define d a s 

.=1 

wher e th e tu' s ar e th e facto r  weight s (t o b e estimate d fro m th e data )  an d 

th e X' s ar e th e k  origina l  variables .  Th e facto r  loading s ar e th e correlation s 

betwee n th e fina l  factor s an d th e origina l  variables . 

Factor s ar e determine d i n tw o stages .  Th e initia l  facto r  extractio n i s 

base d o n th e metho d o f  principle-component s analysis .  Th e firs t  principle -

componen t  i s tha t  weighte d combinatio n o f  variable s tha t  account s fo r  th e 

greates t  amoun t  o f  th e tota l  varianc e i n th e data .  Th e secon d principle -

componen t  account s fo r  th e greates t  amoun t  o f  varianc e no t  accounte d fo r 

by th e firs t  principle-component ,  an d s o on .  Th e principle-component s ar e 

chose n s o a s t o b e mutuall y uncorrecte d o r  statisticall y independent ,  bu t 

ar e typicall y har d t o interpret .  Consequently ,  a  secon d proces s i s generall y 

performe d wher e thes e initia l  factor s ar e rotated . 

Cluster analysis 

A techniqu e whic h make s fewe r  assumption s abou t  th e underlyin g for m o f 

th e dat a i s cluste r  analysi s (eg .  Everitt ,  1974) .  Here ,  item s ar e progres -

sivel y groupe d o r  clustere d togethe r  base d o n relativ e similarit y withi n a 

cluster ,  an d relativ e dissimilarit y betwee n clusters .  Th e metho d i s ver y sim -

ple :  Give n som e matri x o f  similarities ,  cluste r  analysi s iterativel y merge s 

th e tw o mos t  simila r  clusters .  O f  course ,  ther e ar e man y way s t o determin e 

whic h group s ar e mos t  similar .  Th e thre e mos t  common method s ar e "cen -

troid" ,  wher e th e distanc e betwee n tw o group s i s define d a s th e averag e o f 
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T E A C H E R: 

/t / Iv l /x / In ! Iz l l\ l I d IS / 

G U E S S: 

It l Ir l Ice l Iml 

OUTPUT 

\ 

HIDDEN 

ooooao coaoo o taxx a oosoo o cooct o ooaoo o aooos o INPUT 
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Figure 1: The Architecture of NETtalk. 

distances between all pairs of members in each group, "complete linkage" or 

"farthes t  neighbor" ,  wher e th e tw o group s ar e merge d tha t  hav e th e neares t 

most  remot e members ,  an d "singl e linkage "  o r  "neares t  neighbor" ,  wher e 

group s ar e merge d o n th e bzisi s o f  thei r  neares t  members .  Th e resultin g 

cluster s ca n b e graphe d a s a  dendogram ,  an d cut s throug h th e dendograj B 

yield s th e group s forme d a t  tha t  particula r  dept h o r  distance . 

A Brief Overview of NETtalk 

NETtalk is composed of simple processing units arranged into layers. In 

th e experiment s reporte d here ,  I  use d a n architectur e wit h thre e layer s o f 

unit s aji d tw o layer s o f  modifiabl e weight s completel y connectin g successiv e 

layer s o f  unit s (se e Fig .  1) .  Th e activatio n o f  a  uni t  i n th e networ k ca n 

tak e an y valn e fro m zer o t o one .  Th e connectio n strength s o r  "weights " 

can hav e an y value ,  positiv e o r  negative .  Eac h uni t  compute s a  weighte d 

su m o f  uni t  activation s time s th e weight s fro m unit s i n th e laye r  belo w 
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and determines its output value according to a nonlinear function that is 

zer o fo r  larg e negativ e input s an d monotonicall y approache s on e fo r  larg e 

positiv e inputs ,  (Hopfield ,  1984 ;  Rumelhar t  e t  al. ,  1986) .  Thus ,  informatio n 

travel s throug h th e network ,  fro m th e inpu t  laye r  t o th e intermediat e laye r 

of  "hidden "  unit s an d finall y t o th e outpu t  layer .  Th e inpu t  laye r  receive s 

informatio n fro m a n Englis h tex t  an d th e networ k produce s a  patter n o f 

activatio n a t  th e outpu t  laye r  o f  unit s tha t  i s  a  representatio n o f  h o w th e 

inpu t  tex t  shoul d b e pronounced .  T h e representation s o n th e inpu t  an d 

outpu t  layer s ar e fixed ,  bu t  thos e o f  th e hidde n unit s i s constructe d b y th e 

learnin g procedure .  T h e representation s forme d a t  thi s hidde n laye r  ar e th e 

focu s o f  th e presen t  work . 

T h e pronunciatio n o f  a  give n lette r  i s  generall y influence d b y th e sur -

roundin g letters .  Lette r  contex t  wa s represente d i n th e networ k b y extendin g 

th e inpu t  laye r  ou t  ove r  seve n letters ,  wher e eac h o f  th e seve n lette r  posi -

tion s wa s represente d b y separat e group s o f  inpu t  unit s (se e Fig .  1) .  A t 

eac h sequentia l  step ,  th e networ k receive d inpu t  simultaneousl y fro m al l  th e 

letter s tha t  fel l  withi n th e fixed-size d inpu t  window .  Baise d o n thi s informa -

tion ,  a  gues s wa s m a d e a s t o th e pronunciatio n o f  th e middl e lette r  o f  th e 

windo w i n tw o steps :  1 .  th e value s o f  th e outpu t  unit s wer e determine d b y 

forward-propagatin g th e activatio n o f  th e inpu t  unit s throug h th e networ k 

t o th e outpu t  layer ,  the n 2 .  th e s u m o f  th e square s o f  th e difference s wa s 

compute d betwee n th e outpu t  unit s an d eac h o f  th e possibl e phonem e tar -

gets .  T h e phonem e whic h minimize d thi s distanc e wa s chose n a s th e gues s 

made b y th e network .  ̂  

Change s wer e compute d fo r  th e weight s followin g eac h forward-propagatio n 

step ,  bu t  thes e change s wer e actuall y incorporate d int o th e weight s onl y be -

twee n word s i n orde r  t o reduc e computatio n time .  Th e outpu t  unit s wer e 

compared ,  unit-by-unit ,  wit h th e correc t  phonem e supplie d t o th e network , 

and th e weigh t  change s fo r  interna l  connection s u-er e compute d b y recur -

sivel y applyin g back-propagatio n fro m th e outpu t  laye r  t o th e inpu t  layer . 

Th e seven-lette r  inpu t  windo w wa s the n move d dow n on e lette r  positio n i n 

th e inpu t  text ,  an d th e proces s repeated .  W h e n th e en d o f  th e corpu s wa s 

reached ,  th e networ k continue d a t  th e beginning .  (Se e Sejnowsk i  k  Rosen -

berg ,  1986 ,  1987 b fo r  detail s o n NETtal k an d Rumelhar t  et .  al ,  198 6 fo r 

detail s o n th e erro r  back-propagatio n algorithm. ) 

'Thi s procedur e fo r  selectin g th e phonem e i s slightl y differen t  fro m tha t  previousl y 
reporte d (Sejnowsk i  k  Rosenberg ,  1986 ,  1987b) . 
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The Analyses 

These multivariate techniques were applied to the analysis of the patterns of 

hidde n uni t  activitie s observe d i n NETtalk ,  wher e phoneme s constitute d th e 

variable s o f  th e analysis .  Fo r  eac h phoneme ,  averag e hidde n uni t  activation s 

wer e collecte d ove r  al l  lette r  contexts .  Sinc e ther e wer e 8 0 hidde n unit s i n 

thi s versio n o f  NETtalk ,  th e representatio n o f  eac h phonem e a t  th e hidde n 

laye r  w<l s cas t  a s a n 80-dimensiona l  vector .  Pair-wis e correlation s betwee n 

thes e vector s wer e compute d an d thi s correlatio n matri x wa s submitte d a s 

similarit y dat a t o cluste r  analysi s an d facto r  analysis .  I f  phoneme s wer e en -

code d a s orthogona l  dimension s i n thi s space ,  the n thi s correlatio n matri x 

woul d hav e one' s alon g th e diagona l  (phoneme s ar e correlate d wit h them -

selves) ,  bu t  zero' s everywher e else .  O n th e othe r  hand ,  i f  ther e i s structur e 

i n th e wa y th e networ k represent s phonemes ,  th e phoneme s migh t  b e foun d 

t o cluste r  togethe r  i n som e way . 

Initial Training 

A network with a single hidden layer of 80 units was trained on an eleven 

thousan d wor d selectio n fro m th e ful l  20,00 0 wor d Webster s Pocke t  Dic -

tionary .  Phoneme s an d letter s wer e bot h encode d usin g a  loca l  encoding , 

wher e a  singl e uni t  i n eac h inpu t  an d outpu t  grou p encode d a  singl e lette r  o r 

phoneme.  Ther e wer e seve n group s o f  2 9 inpu t  unit s pe r  grou p an d a  singl e 

grou p o f  5 5 outpu t  unit s wit h complet e connectivit y betwee n layers .  Th e 

networ k mad e te n complet e passe s throug h thi s corpus ,  thu s bein g traine d 

on a  tota l  o f  160,00 0 words ,  o f  whic h 16,00 0 wer e differen t  words .  Th e orde r 

of  th e word s wa s randomized .  Performanc e a t  thi s poin t  i n learnin g wa s 

9 2 % correc t  phoneme s an d 5 6 % full y correc t  word s o n th e trainin g corpus . 

Fro m th e remainde r  o f  th e 20,00 0 wor d corpus ,  100 0 word s wer e selecte d 

at  random .  Thes e word s wer e no t  include d i n th e trainin g set .  Learnin g 

was turne d of f  an d th e networ k wa s teste d o n thi s ne w corpus .  9 0 % o f  th e 

phonemes an d 4 9 % o f  th e word s wer e completel y correct . 

Data Collection 

With learning turned off, data was collected from this net^^'ork as it went 

throug h thi s 1000-wor d corpu s o f  nove l  words .  Fo r  eac h o f  4 8 phoneme s (th e 

thre e "special "  symbols ,  /./ ,  /-/ ,  an d /_/ ,  an d fou r  othe r  phoneme s /!/ ,  /K/ , 

/q/ ,  an d /  I  /  wer e dropped ,  th e latte r  becaus e the y di d no t  occu r  i n th e 100 0 

wor d corpus) ,  hidde n uni t  activation s wer e average d ove r  al l  inpu t  window s 
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that had that phoneme as it's pronunciation. Trials where the network failed 

t o gues s th e phonem e correctl y wer e no t  include d i n th e means .  Sinc e th e 

networ k guesse d 9 0 % o f  th e phoneme s correctly ,  roughl y te n percen t  o f  th e 

trial s wer e thrown-ou t  fo r  thi s reason .  ^  Thus ,  a n 80-dimensiona l  vecto r 

of  mea n activatio n value s wa s constructe d fo r  eac h phoneme .  Th e sampl e 

correlatio n coefficient ,  r ,  the n wa s compute d fo r  eac h pai r  o f  phonemes , 

resultin g i n a  4 8 x  4 8 correlatio n matrix .  Eac h cel l  i n thi s matri x represente d 

th e correlatio n o f  th e patter n o f  hidde n uni t  activit y tha t  resulte d fo r  th e 

tt h an d jib .  phoneme . 

Results from Hierarchical Clustering 

A hierarchical clustering of all the phonemes using the centroid clustering 

metho d i s show n i n Fig .  2 ,  wher e th e dissimilarities ,  wer e define d a s 1  — 

r .  Thi s analysi s reveale d tw o majo r  clusters ,  correspondin g t o vowel s an d 

consonants .  Al l  phoneme s o n th e lef t  majo r  branc h ar e vowels ,  an d nearl y 

al l  o f  th e phoneme s o n th e right-side  ar e consonants ,  wit h th e exception s o f 

/* /  an d /y/ .  Centroi d clustering s ar e shown ,  thoug h simila r  result s wer e 

obtaine d usin g complet e linkag e clustering . 

Differen t  organizationa l  scheme s ar e apparen t  withi n th e tw o majo r 

groups .  Withi n th e vowe l  group ,  th e nex t  majo r  divisio n i s betwee n th e 

"front "  vowels ,  /i/ ,  /I/ ,  /E/ ,  /e/ ,  an d / @ / ,  wher e th e sound s ar e produce d 

wit h th e tongu e toward s th e fron t  o f  th e mouth ,  an d th e "back "  vowels ,  /u/ , 

/U/ ,  /a/ ,  /c/ ,  an d /o/ ,  produce d mor e toward s th e rea r  o f  th e mouth .  Next , 

th e centra l  vowels ,  /x /  an d /* /  spli t  of f  fro m th e "back "  group .  Thus ,  th e 

majo r  organizationa l  principl e withi n th e vowe l  cluste r  appear s t o b e plac e 

of  articulation .  Th e nex t  majo r  divisio n i s base d o n th e heigh t  o f  th e tongu e 

when th e soun d i s produce d ("vowe l  height") ,  a s th e "high "  phonemes ,  /i / 

and /I /  spli t  of f  fro m th e "low "  phoneme s /e /  an d / @ / ,  wit h th e mid-vowel , 

/E/ ,  fallin g betwee n th e tw o groups .  Th e sam e phenomen a occur s fo r  th e 

bac k vowels ,  wher e th e lo w /o /  an d /a /  grou p ar e distinguishe d fro m th e 

hig h /U /  an d /u/ . 

The consonan t  cluste r  appear s t o quickl y divid e int o anywher e fro m five 

t o te n majo r  groups .  Unlik e th e vowek ,  th e consonan t  cluster s correspon d t o 

plac e o f  articulatio n onl y weakly .  Rather ,  the y see m t o cluste r  aroun d typi -

cal  inpu t  letters .  Fo r  example ,  on e majo r  groupin g consist s o f  th e phoneme s 

/T/ ,  /D/ ,  /C/ ,  /S /  an d /t/ :  thes e ar e th e phoneme s tha t  th e lette r  "t " 

^However ,  th e patter n o f  result s doe s no t  chang e significantl y i f  thi s requiremen t  i s 
relaxed . 
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Al l  P h o n e m e s 
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Figur e 2 :  Hierarchica l  clusterin g result s fo r  4 8 phonemes . 

typically corresponds to. Another grouping are the phonemes /#/ and /X/. 

Thes e ar e th e phoneme s fo r  th e lette r  "x" .  Wit h fe w exceptions ,  th e sam e 

patter n follow s fo r  th e "m "  grou p (/M/ ,  / m / ) ,  th e "s "  grou p (/$/ ,  /z/ ,  /Z / ) , 

th e "n "  grou p (/n/ ,  /N/ ,  / G / ) ,  th e "p "  grou p (/f/ ,  /p/) ,  an d th e "g "  grou p 

(/g/ ,  /J/) . 

Results from Factor Analysis 

A set of ten non-dipthong vowels were selected for factor analysis. Since 

dipthongs ,  suc h a s /A /  i n th e wor d "bite" ,  involv e a  chang e i n th e plac e o f 

articulatio n an d heigh t  durin g th e cours e o f  thei r  pronunciation ,  i t  wa s no t 

desire d t o complicat e matter s b y includin g thes e mor e ambiguou s vowel s i n 

th e dat a set .  A  1 0 x  1 0 correlatio n matri x wa s prepare d an d submitte d t o 

a Varima x rotate d orthogona l  facto r  analysis .  Thre e factor s wer e extracted , 

whic h togethe r  accounte d fo r  6 8 % o f  th e tota l  variance .  Th e rotate d factor s 

ar e presente d i n Tabl e 1 .  Facto r  loading s les s tha n 0.5 5 ar e generall y con -

sidere d unreliabl e (Comrey ,  cite d i n K i m &  Mueller ,  1978) .  Loading s les s 

tha n 0.2 5 wer e delete d i n Tabl e 1 . 
The result s fro m th e facto r  analysi s i n genera l  confirme d th e analysi s 

base d o n clustering ,  tha t  th e vowel s organize d accordin g t o plac e o f  articu -
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SORTED ROTATED FACTOR LOADINGS 

PHONEME 

c /cAUght / 
a /fAther / 
e /bAt / 
u /boot / 
U /book / 
•"  /bUn / 
i  /bEAt / 
I  /bit / 
X /womEn / 
E /bEt / 

Var  explaine d 
Cumm va r 

FACTOR 
1 

0.80 5 
0.77 1 
0.74 6 

0.46 9 

0.41 1 

23.04 % 
23.04 % 

FACTOR 
2 

0.34 5 
-0.26 6 
0.90 9 
0.90 1 
0.51 6 

0.27 8 

22.42 % 
45.46 % 

FACTOR 
3 

0.37 2 

0.80 8 
0.78 8 
0.67 6 
0.49 9 

22.37 % 
67.83 % 

Table  1 :  Thre e factor s an d accompanyin g facto r  loading s e.xtrax:te d fro m a 

Varima x rotate d orthogona l  facto r  analysi s employin g 1 0 vowel s a s variables . 

Zer o facto r  loadin g wa s 0.25 . 

lation and vowel height. The three vowels that loaded highest on the first 

facto r  ar e th e lo w vowels ,  /c/ ,  /a /  an d / @ / ,  whic h suggest s th e interpreta -

tio n o f  th e first  facto r  a s a  "lowness "  factor ,  /u /  an d / U /  bot h loade d hig h 

on Facto r  2 ,  leadin g t o th e interpretatio n tha t  thi s facto r  relate s t o "back -

ness" .  / I /  an d /i /  bot h loa d hig h o n th e thir d factor ,  suggestin g tha t  thi s 

facto r  describe s "frontness" .  A  bi t  o f  a n anomal y i s th e hig h loadin g o f  th e 

schw a /x /  o n thi s "frontness "  dimension .  Thus ,  Facto r  1  wa s interprete d 

as representin g vowe l  height ,  bu t  tw o factors .  Factor s 2  an d 3 ,  represente d 

plac e o f  articulation . 

I t  wa s desire d t o collaps e thes e thre e factor s t o tw o dimension s s o tha t 

the y coul d b e compare d t o know n relationship s betwee n plac e an d height . 

Standar d value s fo r  plac e o f  articulatio n an d vowe l  heigh t  ca n b e foun d 

i n an y introductor y linguistic s textbook .  Th e se t  o f  value s use d fo r  th e 

purpose s o f  thi s analysi s ar e plotte d i n Fig .  3 . 

Usin g least-square s linea r  regression ,  weight s wer e foun d t o predic t  thes e 

tru e value s o f  plac e o f  articulatio n an d vowe l  heigh t  base d o n th e facto r 

loading s o n th e thre e factor s fo r  eac h vowel .  Excellen t  fits  wer e foun d i n 

bot h cases .  Fo r  "place" ,  r  =  0.96 ,  F(3,6 )  =  25.37 ,  p  <  0.001 ,  an d fo r 
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Figure 3: "Place of aiticulation" and "vowel height" attribute values for the 

set  o f  te n vowel s use d th e analysis . 

"height", r = 0,96, F(3,6) = 23.41, p < 0.005. These two dimensions were 

not  orthogonal ,  bu t  wer e negativel y correlate d wit h eac h other ,  r  =  -.079 . 

The facto r  loading s wer e the n substitute d bac k int o th e regressio n equation s 

and th e derive d estimate s fo r  "place "  an d "height "  ar e plotte d i n Fig .  4 . 

Thus ,  th e patter n o f  result s fro m th e facto r  analysi s largel y agree d wit h 

th e result s base d o n hierarchica l  clustering :  th e representatio n o f  vowel s a t 

th e hidde n laye r  o f  NETtal k appear s t o b e organize d aroun d tw o articulator y 

feature s o f  vowels ,  plac e o f  articulatio n ain d vowe l  height .  I n addition ,  th e 

clusterin g o f  al l  o f  th e phoneme s suggest s tha t  th e vowel s an d consonant s 

ar e represente d b y distinctl y differen t  pattern s o f  hidde n uni t  activation . 

Results from Confusion Data 

If the internal representations of vowels and consonants are structured in 

th e wa y suggeste d b y th e previou s analysi s o f  th e hidde n units ,  the n thes e 

pattern s ough t  t o b e reflecte d i n th e over t  behavio r  o f  th e network .  Fo r  ex -

ample ,  i f  vowel s an d consonant s ar e a s distinguishabl e a s the y appea r  t o be , 

the n th e networ k shoul d rarel y confus e them ,  b y guessin g a  consonan t  whe n 

th e targe t  wa s a  vowel ,  an d vis a versa .  W e migh t  als o expec t  th e structur e o f 
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V o w e l s ( F i t t e d )  -  H i d d e n U n i t s 

t o 

3 4  5 
Fitte d Dimensio n 1 

Figur e 4 :  Fit s base d o n linea r  regressio n o f  th e thre e facto r  solutio n o n th e 

attribut e dimension s "plac e o f  articulation "  an d "vowe l  height" ,  plotte d i n 

Fig .  3 .  Dat a base d o n hidde n uni t  activations .  Th e grouping s ar e base d o n 

a centroi d hierarchica l  cluste r  analysi s o f  th e origina l  correlatio n matrix . 

the internal representation of vowels to be reflected in the pattern of confu-

sion s displayed ,  s o tha t  mor e confusion s shoul d b e apparen t  betwee n nearb y 

vowel s i n articulator y space ,  tha n betwee n mor e distan t  vowels .  O f  course , 

thi s woul d improv e th e intelligibilit y  o f  NETtalk ,  sinc e mistake s woul d b e 

limite d t o simila r  phonemes .  Th e followin g experimen t  wa s designe d t o tes t 

thi s prediction . 

Wit h learnin g turne d off ,  th e networ k wen t  throug h th e sam e 1000-wor d 

corpu s use d i n th e previou s experiment .  Fo r  eac h o f  th e 4 8 phoneme s ex -

amine d previously ,  th e guesse s mad e b y th e networ k wer e recorded .  Thes e 

response s wer e cas t  a s a  4 8 x  4 8 confusio n matrix ,  wher e th e row s wer e 

th e targe t  phoneme s an d th e column s wer e guesse s o r  response s mad e b y 

th e networ k t o tha t  target .  Th e fractio n o f  th e tim e th e networ k guesse d 

phoneme j  i n respons e t o targe t  i  wa s recorde d i n th e it h x  jth .  cel l  o f  th e 

matrix .  Correlation s wer e compute d betwee n eac h o f  th e targe t  phoneme s 

(rows )  o f  th e confusio n matrix ,  an d th e resultin g correlatio n matri x wa s 

clustere d usin g th e "centroid "  o r  "average "  clusterin g procedure .  Th e re -

sult s ar e show n i n Fig .  5 .  Simila r  result s wer e foun d usin g th e complet e 
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Confusions :  Al l  P h o n e m e s 
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Figur e 5 :  Hierarchica l  cluste r  analysi s o f  te n vowels ,  base d o n th e patter n 

of  confusion s produce d b y NETtalk . 

linkag e clusterin g procedure . 

Beside s fou r  pair s o f  consonant s tha t  wer e consistentl y confused ,  / D / 

an d / T / ,  /J /  an d / Z / ,  / n /  an d /N / ,  an d / X /  an d /# / ,  nearl y al l  o f  th e dis -

similaritie s ar e quit e hig h -  th e networ k simpl y di d no t  confus e ver y m a n y o f 

th e phonemes .  Thi s lac k o f  structur e make s an y analysi s difficult .  However , 

mor e confusion s wer e m a d e o n th e vowel s tha n th e consonants ,  an d som e 

structur e i s apparent .  Thre e mai n cluster s form ,  conformin g fairl y closel y 

t o "front "  (/i/ ,  / E / ,  / I / ) ,  "back "  (/u/ ,  / U / ) ,  an d "not-high "  (/x/ ,  /©/ , 

/a/ ,  /c/ ,  /o/) .  Th e dipthongs ,  /W/ ,  /e/ ,  /Y/ ,  /A /  an d /O/ ,  ar e mor e dif -

ficul t  t o interpre t  fo r  reason s give n previously .  Th e "not-high "  grou p the n 

appear s t o spli t  furthe r  int o wha t  migh t  b e calle d a  "back ,  not-high "  grou p 

(/a/ ,  /c/ ,  /o/ )  an d a  "not-back ,  not-high "  grou p (/@/ ,  /x/) . 

A facto r  analysi s extracte d a  se t  o f  fou r  factor s whic h ar e ver y simila r  t o 

th e group s observe d i n th e cluste r  analysis .  A s before ,  least-square s linea r 

regressio n analysi s wa s use d t o predic t  vowe l  heigh t  an d plac e o f  artictilatio n 

fro m th e facto r  loadings .  Th e fitte d dimension s ar e plotte d i n Fig .  6 .  Fit s 

t o th e attribute s wer e no t  quit e a s goo d a s i n th e hidde n uni t  analysis .  Th e 

correlation ,  r ,  betwee n th e fitte d dimensio n fo r  "place "  an d th e attribut e 

vecto r  wa s 0.87 ,  F(4,5 )  =  3.92 .  Fo r  "height" ,  r  =  0.85 ,  F(4,5 )  =  3.35 .  Bot h 
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Figur e 6 :  Fit s o f  "plac e o f  articidation "  an d "vowe l  height" ,  base d o n linea r 

regressio n o f  th e fou r  facto r  solutio n o n th e attribut e dimension s plotte d 

i n Fig .  3 .  Dat a wa s base d o n confusions .  Th e grouping s ar e base d o n a 

centroi d hierarchica l  cluste r  analysi s o f  th e origina l  correlatio n matrix . 

F-tests narrowly failed to rccich significant levels. 

T h e overal l  patter n o f  result s fro m th e confusio n dat a i s simila r  t o tha t 

foun d previousl y base d o n hidde n uni t  aictivations :  1 .  vowel s ten d t o b e 

confuse d wit h vowek ,  an d consonant s wit h consonants ,  an d 2 .  vowel s tha t 

wer e simila r  t o eac h othe r  i n term s o f  plac e o f  articulatio n an d heigh t  wer e 

mor e likel y t o b e confused . 

Letter-to-Phoneme Correspondences 

Why should vowels organize around these articulatory dimensions? Appar-

ently ,  ther e i s a  "map "  o f  articulator y feature s hidde n i n letter-to-phonem e 

correspondence s fo r  vowels ,  a  ma p whic h doe s no t  exis t  (a t  leas t  no t  t o th e 

same extent )  fo r  consonants .  Upo n close r  inspectio n o f  first-order  letter-to -

phoneme correspondences ,  thi s wa s foun d t o b e true . 

First-orde r  correspondence s betwee n vowe l  letter s an d thei r  pronuncia -

tion s i n th e Webster s corpu s wer e investigate d i n muc h th e sam e wa y a s 

th e hidde n activation s an d confusion s wer e analyze d previously .  Th e ful l 
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a e  i  o  u  y  othe r 
a 32. 5 0. 6 0. 2 66. 7 0. 0 0. 0 0. 0 
c 42. 4 0. 0 0. 0 57. 6 0. 0 0. 0 0. 0 
i  0. 0 35. 4 25. 4 0. 0 0. 0 39. 1 0. 0 
u 0. 0 3. 7 0. 0 45. 7 50. 5 0. 0 0. 0 
X 24. 8 15. 0 20. 6 25. 7 13. 5 0. 5 0. 0 
E 6. 2 93. 6 0. 0 0. 0 0. 1 0. 0 0. 1 
I  2. 1 17. 9 76. 9 0. 1 0. 1 3. 0 0. 0 
U 0. 0 0. 0 0. 0 50. 0 50. 0 0. 0 0. 0 
@ 99. 9 0. 0 0. 1 0. 0 0. 0 0. 0 0. 0 

0. 0 0. 0 0. 0 6. 3 93. 8 0. 0 0. 0 

Tabl e 2 :  Frequenc y wit h whic h th e te n vowe l  phoneme s ar e spelle d b y th e 

letter s "a" ,  "e" ,  "i' ,  "o" ,  "u" ,  an d "y" . 

Websters corpus of 20,000 words was searched for the percentage of times 

eac h o f  th e te n vowe l  phoneme s wa s spelle d wit h eac h letter .  T h e resul t 

was cas t  a s a  1 0 x  7  matrix ,  wher e th e row s correspon d t o th e phoneme s 

an d th e column s t o thei r  spelling .  Thes e percentage s ar e presente d i n Tabl e 

2.  A s ca n b e see n b y inspection ,  ther e ar e obviou s correlation s betwee n 

th e phoneme s i n thei r  spelling ,  an d tha t  thes e correlation s agree ,  t o som e 

extent ,  wit h th e articidator y dimension s o f  plac e an d height .  Fo r  example , 

th e high-fron t  vowel s / I /  an d /i /  bot h frequentl y correspon d t o th e letter s 

"e "  an d "i" .  T h e low-bac k vowels ,  /u /  an d / U /  bot h frequentl y correspon d 

t o "o "  an d "u" .  Performin g a  facto r  analysi s o n thi s data ,  agai n usin g 

Varima x orthogona l  rotation ,  fou r  factor s wer e foun d t o accoun t  fo r  8 9 % 

of  th e variance .  A s before ,  linea r  least-square s regressio n wa s performe d 

i n orde r  t o predic t  th e attribut e dimension s o f  "plac e o f  articulation "  an d 

"vowe l  height" .  "Place "  wai s predicte d well ,  th e correlatio n betwee n th e 

attribut e value s an d th e predicte d value s bein g 0.95 ,  F(4,5 )  =  12.98 ,  p  < 

0.001 .  "Height "  wa s predicte d les s well ,  r  =  0.79 ,  F(4,5 )  =  2.06 ,  p  <  0.25 . 

Estimate s fo r  "height "  an d "place "  base d o n th e regressio n o f  th e facto r 

loading s o n th e attribut e dimension s ar e plotte d i n Fig .  7 . 

Thes e regularitie s inheren t  i n thes e first-orde r  letter-to-phonem e cor -

respondence s g o fa r  i n explainin g th e previou s hidde n uni t  an d confusio n 

results :  Simila r  phonemes ,  wher e similarit y i s base d o n plac e o f  articulatio n 

an d vowe l  height ,  overla p i n th e letter s wit h whic h the y ar e typicall y spelled . 

Thi s " m a p "  o f  articulator y feature s i s hidde n withi n letter-to-phonem e cor -

respondence s fo r  vowels .  However ,  "height "  wa s no t  3 5 wel l  represente d i n 

thi s first-order  dat a a s i t  wa s i n th e previou s analyse s usin g N E T talk .  Thi s 

suggest s tha t  tha t  vowe l  height ,  unlik e plac e o f  articulation ,  m a y requir e 

informatio n fro m severa l  letter s t o b e adequatel y predicted .  I f  true ,  the n 
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V o w e l s (Fitted )  -  C o r r e s p o n d e n c e s 
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Fignre 7: Fits of "place of articulation" and "vowel height", based on linear 

regressio n o f  th e fou r  facto r  solutio n o n th e attribut e dimension s plotte d i n 

Fig .  3 .  Dat a wa s base d o n correspondence s betwee n phoneme s an d letters . 

The grouping s ar e base d o n a  centroi d hierarchica l  cluste r  analysi s o f  th e 

origina l  correlatio n matrix . 

networks with only a single input group and output group ought to exhibit 

a simila r  disadvantag e i n th e acquisitio n o f  vowe l  height . 

Conclusions and Directions for Future Research 

Summing up, vowels and consonants are encoded at the hidden layer of 

NETtal k a s distinctl y differen t  pattern s o f  activation .  Withi n thes e tw o cat -

egories ,  vowel s organiz e accordin g t o plac e o f  articulatio n an d vowe l  height , 

wherea s th e consonant s see m t o organiz e aroun d inpu t  letter .  Th e patter n 

of  confusion s o r  error s produce d b y th e networ k ar e simila r  t o thos e observe d 

at  th e hidde n layer . 

Thes e observation s le d m e t o g o directl y t o th e trainin g corpus ,  th e Web-

ster' s Pocke t  dictionary ,  t o investigat e letter-to-phonem e correspondence s 

fo r  simila r  regularities .  Surprisingly ,  articulator y feature s wer e foun d t o b e 

largel y presen t  i n first-orde r  correspondence s betwee n phoneme s an d letters ; 

I t  i s  possibl e t o reconstruc t  a  fairl y  accurat e ma p o f  vowe l  heigh t  an d plac e 
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of articulation using distances derived from the dissimilarities between the 

vowel s i n term s o f  thei r  spellings .  I n short ,  simila r  vowe l  phoneme s ar e 

spelle d i n simila r  ways .  T o m y knowledge ,  thi s regularit y ha s no t  bee n de -

scribe d previousl y bu t  ca n b e see n a s a  usefu l  propert y o f  languag e sinc e 

i t  make s i t  possibl e t o mak e a  goo d gues s abou t  th e spellin g o f  a  wor d b y 

"soundin g i t  out "  phonetically . 

Al l  o f  th e hidde n uni t  analyse s reporte d her e wer e base d o n averagin g 

activit y level s ove r  al l  input s fo r  a  give n phoneme .  A  simila r  analysi s ha s 

been performe d fo r  letter-to-phonem e correspondence s (Sejnowks i  &  Rosen -

berg ,  1987b) ,  an d eve n mor e coul d b e learne d b y examinin g grapheme s an d 

othe r  lette r  combination s a t  th e hidde n layer .  Fo r  example ,  w e hav e clus -

tere d hidde n uni t  activatio n pattern s i n context s i n whic h th e lette r  "c "  i s 

at  th e center ,  an d hav e foun d regularitie s an d subregularitie s i n th e codin g 

scheme eve n fo r  irregiila r  case s (Sejnowsk i  k  Rosenberg ,  1987a) . 

Ther e i s a  grea t  dea d tha t  coul d b e learne d abou t  languag e an d abou t 

representatio n fro m analyzin g large r  connectionis t  networks ,  onc e analyti -

cal  tool s hav e bee n appropriatel y adapte d fo r  thi s purpose .  Judgin g fro m 

previou s studie s o f  smal l  network s fo r  problem s suc h a s X O R an d th e en -

code r  problem ,  i t  i s  possibl e tha t  NETtal k solve s certai n problem s i n letter -

to-phonem e translatio n i n elegan t  an d perhap s nove l  ways .  I t  als o seem s 

possibl e tha t  simila r  kind s o f  technique s t o thos e foun d usefu l  i n analyz -

in g mode l  system s suc h a s NETtalk ,  ma y eventuall y b e applicabl e t o th e 

understandin g o f  ho w knowledg e i s organize d i n rea l  neura l  systems . 
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A p p e n d i x 

Tabl e o f  P h o n e m e s 

Phoneme 
/a / 
/b / 
Ic l 
/d / 
/• / 
It l 
l%f 
/h / 
/i / 
It l 
IXI 
Iml 
/n / 
/o / 
/P / 
/q / 
Ir l 
/> / 
It l 
/u / 
h i 
/» / 
Ix l 
h i 
h i 
h i 

Soun d 
fathe r 

bet 
bough t 

deb 
bak e 
fin 

gues s 
iiea d 
Pet e 
Ken 
ie t 
met 
net 

boa t 
pet 

uh-o h 
red 
si t 
tes t 
lut e 
ves t 
wet 

abou t 
yet 
zoo 
bit e 

Phoneme 
/c / 
/D/ 
/E / 
IGI 
II I 
HI 
I V 
I V 
1*1 
hi 
IQI 
191 
hi 
h i 
I V 
hi 
h i 
hi 
h i 
n i 
h i 
I'. i 
h i 
h i 
i\ i 
I' l 

Sovmd 
chi n 
thi s 
bet 
sin ^ 
bi t 
gi n 

sexua l 
bottJ e 
abey m 
butto n 

boy 
ques t 
bin ! 
shi n 
thi n 

boo k 
bout 

exces s 
cut e 

leisur e 
bat 

Nazi 
examin e 

one 
logi c 
but 

O u t p u t  representation s fo r  p h o n e m e s a n d punctuat ions .  T h e s y m b o l s 

fo r  p h o n e m e s i n th e first  c o l u m n ar e a  superse t  o f  A R P A b e t  a n d ar e associ -

ate d w i t h th e s o u n d o f  th e italicize d par t  o f  th e adjacen t  w o r d .  C o m p o u n d 

p h o n e m e s w e r e introduce d w h e n a  singl e lette r  w a s associate d w i t h m o r e 

tha n on e primar y phoneme .  Th e continuatio n symbol ,  /-/ ,  no t  show n here , 

was use d whe n a  lette r  wa s silent . 
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Abstrac t 

Thi s pape r  dbcusse s th e desig n an d implementatio n o f  a  connectionis t  syste m fo r  generatio n 

of  well-forme d Englis h sentence s o f  limite d lengt h an d syntacti c variability .  Th e desig n employ s 

severa l  level s o f  interactin g unit s fo r  makin g appropriat e decisions .  I t  use s a  simpl e techniqu e fo r 

specifyin g assignmen t  o f  inpu t  concept s t o role s i n a  sentenc e an d aJs o ha s a  reusabl e subnetwor k 

fo r  th e expansio n o f  nou n phrases .  Th e sam e NP-subnetwor k i s use d fo r  th e expansio n o f  nou n 

phrase s correspondin g t o th e subjec t  a s wel l  a s th e objec t  phrase s o f  th e generate d sentences . 

The inpu t  t o th e syste m consist s o f  paralle l  activatio n o f  a  cluste r  o f  node s representin g con -

ceptua l  specificatio n o f  th e sentenc e wherea s th e outpu t  i s i n th e for m o f  sequentia l  activatio n 

of  node s correspondin g t o th e word s constitutin g th e sentence .  Th e syste m ca n produc e sim -

pl e sentence s i n bot h activ e an d passiv e voices ,  an d i n severa l  tenses .  Result s o f  a  simulatio n 

experimen t  performe d ar e als o included . 

1 Introduction 

It is generally accepted that text generation involves three distinct sequential phases - content 

determination ,  tex t  plannin g an d surfac e generation .  Conten t  determinatio n involve s identifyin g 

informatio n tha t  need s t o b e include d i n th e generate d text .  Tex t  plannin g i s concerne d wit h 

appropriatel y sequencin g th e intende d content s i n orde r  t o achiev e coherenc e i n th e generate d 

text .  Th e final  phas e — surfac e generatio n produce s th e actua l  sentence s give n thei r  interna l 

representations .  I n thi s paper ,  v̂^ e ar e no t  involve d wit h th e first  tw o phases .  Ou r  emphasi s i s o n 

th e generatio n o f  well-forme d sentence s assumin g tha t  th e initia l  tw o phase s hav e bee n successfull y 

performed . 

Currently ,  ther e ar e severa l  approache s t o surfac e generation .  Thes e includ e th e approac h base d 

on functiona l  gramma r  a s use d b y M c K e o w n i n he r  T E X T syste m [McKeow n 85] ,  th e propositiona l 

logi c base d syste m employe d b y Appel t  [Appel t  83 ]  an d th e stepwis e refinemen t  approac h take n 

by McDonal d i n th e M U M B LE syste m [McDonal d 83] .  Th e functiona l  g ramma r  approac h i s non -

deterministic ;  th e generatio n o f  a  sentenc e fro m a  conceptua l  specificatio n involve s th e proces s o f 

unificatio n whic h i s slo w an d inefficien t  takin g potentiall y  exponentia l  computatio n time .  Appel t 

assumes homogeneit y o f  variou s decisio n processes ;  hi s approac h whic h require s implementatio n o f 

theore m provin g technique s i s als o no t  easil y amenabl e t o a  parallelism .  M U M B LE employ s severa l 

level s o f  processin g t o achiev e it s goal .  Consequently ,  processin g requirement s ar e relativel y simpl e 

at  eac h leve l  enhancin g efficienc y an d modifiability .  I t  i s  deterministi c i n th e natur e o f  processin g 

involved . 
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Our  approac h t o surfac e languag e generatio n i s simila r  t o tha t  o f  McDonald .  W e hav e modele d 

th e generatio n proces s a s a  hierarch y o f  processin g levels .  Decision s hav e t o b e m a d e a t  eac h o f 

thes e level s unti l  node s correspondin g t o th e word s constitutin g th e sentenc e ar e activate d i n a n 

appropriat e order .  W e attemp t  t o implemen t  th e variou s processin g level s b y usin g th e connec -

tionis t  mode l  o f  computatio n i n th e spiri t  o f  [Feldma n e t  a l  82] .  Th e technique s employe d i n ou r 

implementatio n hav e bee n influence d b y Cottrell' s  syste m [Cottrel l  85 ]  fo r  v/ord-sens e disambigua -

tio n an d parsing .  W e successfull y generat e Englis h sentence s o f  limite d lengt h an d limite d syntacti c 

variabilit y  give n a  non-linguisti c specificatio n o f  thei r  contents . 

2 The Levels of Processing 

As indicated earlier, there are several levels of computation in the generation of a well-formed sen-

tence  fro m it s conceptua l  specificatio n i n ou r  generationa l  paradigm .  I n thi s respect ,  ou r  chose n ap -

proac h i s simila r  t o th e approache s t o perceptua l  processin g reporte d i n [McClellan d e t  a l  81,Sabba h 8 5 

wher e eac h leve l  o f  processin g i s concerne d wit h formin g representatio n o f  th e inpu t  a t  a  differen t 

leve l  o f  abstraction .  I n ou r  system ,  level s represen t  variou s decisio n step s tha t  nee d t o b e take n i n 

orde r  t o generat e a  sentence . 

T h e mai n level s o f  processin g employe d i n th e syste m ar e 

• input level 

• realization-class level 

• choice level 

• constituent level 

• morphology level 

The relationships among the various levels are shown in figure 1. 

Eac h leve l  o f  processin g i s carrie d ou t  b y on e o r  mor e speciall y designe d cluste r  o f  nodes .  Th e 

inpu t  leve l  node s represen t  a  communicativ e goa l  (alon g wit h som e constraint s t o b e discusse d 

later) .  Thi s informatio n i s i n th e for m o f  a  non-linguisti c conceptua l  specification s o f  wha t  need s 

t o b e conveye d throug h a n intende d utterance .  Example s o f  concep t  leve l  node s ar e concept-eat , 

concept-monkey-1 ,  concept-banana- 1 etc . 

Eac h concep t  nod e i s linke d t o a  realization-clas s node .  Severa l  concep t  node s m a y b e linke d 

t o th e sam e realization-clas s node ,  bu t  eac h concept  nod e i s connecte d t o a  uniqu e realization-clas s 

node .  T h e realization-clas s nod e whic h i s connecte d t o a  concep t  nod e determine s ho w tha t  concep t 

wil l  b e translate d int o English .  Th e translatio n o f  al l  concept s whos e correspondin g node s ar e 

connecte d t o a  realization-clas s nod e procee d i n a n identica l  fashion .  Example s o f  realization-clas s 

node s ar e sv o an d individual-item .  T h e sv o nod e require s concep t  node s linke d t o i t  b e translate d 

int o a  sentenc e wher e th e subject ,  ver b an d th e objec t  ar e al l  present .  Concep t  unit s correspondin g 

t o transitiv e verb s suc h a s eat ,  giv e etc. ,  ar e connecte d t o th e sv o node .  Concep t  node s suc h a s 

concept-monkey-1 ,  concept-baboon-1 ,  concept-banana-1 ,  whic h denot e individua l  object s tha t  ca n 

be expresse d i n Englis h i n term s o f  nou n phrases ,  ar e eac h connecte d b y a n excitator y lin k t o th e 

individual-ite m nod e i n th e realization-clas s level . 

Eac h realization-clcis s nod e ha s activatio n link s t o on e o r  mor e choic e leve l  nodes .  Th e choic e 

node s connecte d t o a  realization-clas s nod e for m a  winner-take-al l  network .  I n othe r  words ,  onl y 

on e o f  the m ca n b e activ e a t  an y instan t  o f  time .  Eac h choic e nod e connecte d t o a  realization-clas s 
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Figur e 1 :  Variou s level s a n d thei r  interaction s 

nod e represent s a  differen t  grammatica l  wa y o f  realizin g a  concep t  linke d t o tha t  realization-clas s 

node .  Fo r  example ,  th e realization-clas s nod e sv o i s connecte d t o tw o choic e nodes :  active-svo -

choic e an d passive-svo-choice .  Thi s allow s a  concep t  suc h a s concept-ea t  (whos e correspondin g 

nod e i s connecte d t o th e sv o node )  t o b e translate d int o eithe r  a n activ e o r  a  passiv e sentenc e afte r 

it s  subjec t  an d objec t  role s ar e filled. 

Th e choic e node s hav e othe r  activatio n link s fro m constraint-specificatio n node s (whic h ar e 

inpu t  nodes )  inciden t  upo n them .  Activatio n o n eac h inpu t  lin k i s necessar y fo r  a  choic e nod e t o 

become active .  Th e constraint-specificatio n node s mus t  b e activate d b y th e tex t  planne r  befor e 

th e proces s o f  surfac e generatio n i s started .  Example s o f  constraint-specificatio n node s includ e 

current-voice-is-active ,  current-aspect-is-perfec t  etc .  I n orde r  fo r  th e active-svo-choic e nod e t -  b e 

active ,  i t  mus t  receiv e activatio n input s bot h fro m th e sv o nod e ( a realization-clas s node )  an d th e 

current-voice-is-activ e nod e ( a constraint-specificatio n node) . 

A choic e nod e ha s activatio n link s t o on e o r  mor e constituen t  leve l  nodes .  Th e constituen t 

node s specif y th e role s tha t  nee d t o b e filled  i n orde r  t o achiev e a  particula r  choic e o f  realizatio n 

of  a n inpu t  concept .  Example s o f  constituen t  node s connecte d t o th e choic e nod e active-svo-choic e 

ar e subject-slot ^  active-svo-ver b an d object-slo t  nodes .  Th e activatio n o f  th e constituen t  node s i s 

sequentialized .  Thus ,  th e translatio n o f  a  concep t  nod e connecte d t o th e sv o nod e ( a realization-clas s 

node) ,  assumin g th e current-voice-is-activ e nod e i s active ,  involve s filling  i n thre e role s i n sequence : 

subject ,  ver b an d object .  Sequencin g i s accomplishe d usin g sequentializatio n node s discusse d later . 

Each constituen t  nod e i s eithe r  connecte d t o on e o r  mor e node s tha t  handl e morpholog y o r 

a cluste r  o f  node s tha t  specif y rol e association .  Activatio n o f  a  constituen t  nod e m a y resul t  i n 

excitatio n o f  on e o r  mor e wor d node s i n a  predetermine d sequence .  I f  a  constituen t  nod e i s connecte d 

t o a  nod e tha t  specifie s rol e assignment ,  the n it s activatio n start s expansio n o f  anothe r  realization -

specificatio n nod e correspondin g t o th e conceptua l  specificatio n o f  a  par t  o f  th e sentenc e (e.g .  th e 

subjec t  o r  objec t  rol e o f  th e sentence) . 

The morpholog y handlin g leve l  contain s tw o type s o f  nodes :  generic-wor d an d wor d nodes .  I t 
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i s  assume d tha t  ctctivatio n o f  a  wor d nod e lead s t o th e wor d bein g spoke n alou d o r  writte n out , 

A generic-wor d nod e represent s a  wor d whos e lexicaJizatio n i s dependen t  upo n th e grammatica l 

context .  Fo r  example ,  th e nod e generic-word-ea t  i s connecte d t o th e wor d node s word-ea t  an d 

word-eats .  I t  shoul d b e note d tha t  comple x form s o f  verb s suc h a s ha s bee n eatin g (i.e. ,  thre e wor d 

nodes :  word-has ,  word-bee n an d word-eatin g whos e activatio n i s sequenced )  ar e als o connecte d 

t o th e generic-word-ea t  node .  Dependin g o n constraint s suc h a s curren t  tense ,  curren t  voic e an d 

curren t  aspect,  on e o f  thes e set s o f  wor d node s wil l  b e activated . 

I n additio n t o activatio n link s fro m binde r  an d constraint-specificatio n nodes ,  th e morpholog y 

node s m a y hav e activatio n link s fro m concep t  node s vi a th e cluste r  o f  node s specifyin g rol e asso -

ciation .  T h e realization-specificatio n nod e t o whic h a  concept  nod e i s connected ,  determine s th e 

structur e o f  th e phras e o r  claus e tha t  result s fro m th e concept' s translatio n throug h it s link s t o 

choic e an d constituen t  nodes .  O n e o r  mor e o f  th e wor d node s whic h nee d t o b e activate d t o fil l  i n 

th e slot s i n th e translate d phras e o r  claus e m a y b e determine d directl y b y th e concep t  nod e itsel f 

by havin g activatio n link s ont o specifi c  generic-wor d o r  wor d nodes . 

3 Implementation Details 

Each of the levels of processing discussed in the previous section has one or more unit types associ-

ate d wit h it .  Thus ,  w e hav e th e followin g uni t  types :  concept ,  constraint-specification ,  reahzation -

class ,  choice ,  constituent ,  generic-wor d an d word . 

Inpu t  node s whic h includ e concept  an d constraint-specificatio n node s ar e activate d b y th e tex t 

planner .  The y ar e activate d simultaneousl y an d thereafte r  the y driv e th e proces s o f  generation . 

Generatio n o f  a  well-forme d sentenc e involve s activatin g th e node s whic h correspon d t o word s 

i n th e sentence .  However ,  paralle l  activatio n o f  wor d node s canno t  b e considere d a s generatin g 

a sentence .  Sequentializatio n o f  activatio n o f  wor d node s i s imperativ e i n orde r  t o generat e a 

meaningfu l  sentence .  I t  shoul d b e note d a t  thi s poin t  tha t  a  connectionis t  mode l  i s inherentl y 

parallel ,  an d henc e additiona l  effort s ar e require d t o achiev e th e sequentializatio n neede d b y th e 

natur e o f  th e proble m unde r  consideration .  Th e sequencin g techniqu e discusse d nex t  i s simila r  t o 

th e on e employe d i n [Cottrel l  85] . 

I n orde r  t o achiev e appropriat e wor d sequencing ,  a  ne w uni t  typ e ha s bee n defined :  th e sequen -

tializatio n type .  Sequentializatio n node s als o assis t  i n meetin g th e crucia l  requiremen t  tha t  onl y 

on e wor d nod e remai n activ e a t  an y instan t  o f  time .  Feedbac k fro m a  correspondin g sequentializa -

tio n nod e turn s of f  a  wor d nod e a  fe w cycle s afte r  i t  ha s bee n activated .  Sequentializatio n node s 

als o facilitat e th e deactivatio n o f  unit s whic h hav e alread y participate d i n th e generatio n proces s 

an d ar e n o longe r  required . 

Eac h uni t  i n th e networ k ha s severa l  sites .  Th e natur e o f  thes e site s i s dependen t  o n th e uni t 

type .  A m o n g th e site s are :  or ,  and ,  expansion-complete d an d reuse-site .  A n o r  sit e compute s it s 

valu e t o b e th e highes t  amon g al l  it s  weighte d inpu t  signals ,  wherea s th e computatio n carrie d ou t 

i n a t  th e an d site s involve s selectin g th e m i n i m u m o f  it s  weighte d input s a s it s value .  Th e functio n 

of  th e othe r  tw o site s ar e discusse d later . 

T h e unit s ca n b e i n thre e possibl e states .  The y ar e initial-inactivation ,  activatio n an d final-

inactivation .  Al l  node s ar e initiall y  i n th e initial-inactivatio n state .  A  nod e i s switche d t o th e 

activatio n stat e o n receivin g appropriat e excitatio n signal s a t  it s  o r  o r  an d sites .  Onc e i n th e 

activatio n state ,  a  uni t  remain s s o unti l  suc h tim e whe n a  signa l  i s  receive d a t  it s  expansion -

complete d sit e fro m a  sequence r  unit .  Thi s force s a  uni t  t o final-inactivation  state .  Thus ,  whe n al l 

activit y ceases ,  th e node s whic h participate d i n th e processin g ar e lef t  i n final-inactivation  state . 

T h e uni t  behavio r  discusse d thu s fa r  i s  sufficien t  t o generat e simpl e sentences ,  bu t  i n orde r  t o 
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achiev e bette r  resourc e utilization ,  i t  i s  necessar y t o introduc e anothe r  sit e calle d th e reuse-site .  A 

positiv e inpu t  a t  thi s sit e o f  a  uni t  i n final-inactivation  stat e cause s th e uni t  t o chang e it s stat e t o 

initial-inactivatio n stat e s o tha t  th e uni t  ca n b e reused .  Reuse-site s ar e use d onl y fo r  th e node s i n 

th e subnetwor k fo r  nou n phras e expansion .  Thi s enable s u s t o us e th e sam e nou n phras e expansio n 

subnetwor k fo r  expandin g th e subjec t  a s wel l  a s th e objec t  o f  a  sentence .  Usin g tw o separat e 

subnetwork s fo r  nou n phras e expansio n -  on e fo r  th e subjec t  an d th e othe r  fo r  th e objec t  woul d 

lea d t o a  wastag e o f  resource .  Sinc e th e tas k i s essentiall y  th e same ,  w e hav e decide d t o desig n a 

reusabl e NP-subnetwork .  W h e n a  nou n phras e expansio n i s complete ,  a  speciall y designate d uni t 

i n th e N P expansio n subnetwor k get s activated .  Thi s unit ,  then ,  send s a  positiv e activatio n t o al l 

unit s i n th e nou n phras e subnetwor k a t  th e reuse-sit e a s a  resul t  o f  whic h th e unit s becom e read y 

t o resum e thei r  activity . 

This ,  i n ou r  view ,  i s a  significan t  featur e o f  ou r  implementation .  Supposin g w e ar e generatin g a n 

activ e sentence ,  th e subjec t  N P need s t o b e expande d first .  I n orde r  t o achiev e this ,  th e subject-slo t 

constituen t  nod e i s activated .  Thi s initiate s th e expansio n o f  th e subjec t  N P .  Onc e thi s expansio n 

i s complete ,  al l  node s tha t  participate d i n thi s expansio n i n th e N P subnetwor k ar e rese t  b y a 

signa l  a t  th e reuse-sit e a s explaine d earlie r  an d ar e availabl e fo r  reuse .  Afte r  subjec t  N P expansion , 

th e activ e ver b phras e i s generated .  Follov/in g this ,  th e sam e N P expansio n subnetwor k i s use d t o 

generat e th e nou n phras e correspondin g t o th e object . 

I n orde r  t o generat e activ e a s wel l  a s passiv e sentences ,  w e hav e a  passive-sv o choic e uni t 

connecte d t o th e realizatio n clas s uni t  svo .  Th e passiv e choic e uni t  get s activate d onl y whe n i t 

receive s activatio n fro m th e realizatio n clas s uni t  sv o an d th e constrain t  specificatio n uni t  current -

voice-is-passive .  Th e subnetwor k employe d fo r  generatio n o f  subjec t  an d objec t  nou n phrase s fo r 

activ e sentence s i s als o use d fo r  passiv e sentence s withou t  an y modification .  N e w sequencin g node s 

hav e bee n introduce d s o tha t  th e expansio n o f  th e objec t  phras e precede s tha t  o f  th e ver b an d agen t 

phrase s fo r  th e passiv e case .  Unit s fo r  handlin g passiv e form s o f  verb s hav e als o bee n implemented . 

Th e distinctio n betwee n th e tw o inactiv e state s i s introduce d t o preven t  oscillatio n o f  a  nod e 

betwee n activ e an d inactiv e states .  Thi s requiremen t  i s extremel y important ,  i n particular ,  fo r 

wor d node s i n orde r  t o achiev e prope r  sequentializatio n o f  utterance .  I n ou r  implementation ,  i t  wa s 

require d o f  a  uni t  t o remai n i n inactiv e stat e onc e ther e i s a  transitio n fro m activ e t o inactiv e stat e 

t o preven t  unexpecte d potentia l  an d stat e oscillations .  A  nod e whic h i s inactiv e t o star t  wit h play s 

it s appropriat e rol e i n th e proces s o f  generatio n b y becomin g activ e o n receivin g excitator y inputs . 

Consequently ,  i t  activate s othe r  units ,  an d i n turn ,  i t  become s inactiv e agai n (final-inactivation) . 

However ,  th e arriva l  o f  a  positiv e inpu t  a t  th e reuse-sit e cause s a  uni t  i n final-inactivatio n stat e t o 

make a  transitio n t o initial-inactivatio n stat e enablin g it s participatio n i n repetitiv e processing . 

Th e mechanis m b y whic h th e inpu t  t o th e networ k i s specifie d i s describe d belo w wit h th e ai d 

of  figur e 2 .  W e shoul d b e abl e t o associat e concept s wit h role s suc h a s subjec t  an d objec t  i n a 

sentence .  Correspondin g t o eac h objec t  tha t  ca n fil l  i n th e subject/objec t  rol e o f  a  sentence ,  w e 

hav e a  concep t  nod e suc h a s concept-monkey-1 ,  concept-banana-1 ,  et c a s discusse d earlier .  Eac h o f 

thes e concep t  node s i s connecte d t o th e realization-clas s uni t  individual-item .  Eac h o f  thes e concep t 

unit s i s als o connecte d t o tw o binde r  unit s fo r  th e purpos e o f  rol e association .  Conside r  th e concep t 

uni t  concept-monkey-1 .  I t  i s  connecte d t o tw o unit s labele d e-s- 1 an d e-o- 1 i n th e diagram ,  e-s- 1 

i s calle d a  subject-binde r  unit ;  e-o- 1 i s a n object-binde r  unit .  Ther e ax e tw o suc h unit s fo r  eac h 

concep t  tha t  ca n fil l  th e rol e o f  subject/object .  I n thi s example ,  e-s- 1 play s a  rol e i n associatin g 

concept-monkey-1  uni t  t o th e subjec t  role ;  aji d e-o- 1 help s associat e concept-monkey- 1 t o th e objec t 

role .  I t  shoul d b e note d tha t  eac h subject-binde r  nod e (fo r  eac h concept )  ha s a n activatio n lin k 

fro m th e subject-slo t  uni t  (whic h i s a  constituen t  uni t  drive n b y th e svo-active/svo-passiv e choic e 

unit s fo r  th e realization-clas s uni t  svo) .  Similarly ,  th e object-binde r  nod e fo r  eac h concept  ha s a n 

activatio n lin k fro m th e object-slo t  constituen t  unit . 
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Figure 2: Binding of Concepts to Roles in Input Specification 

Several other units are also used in this process. Two such units are the global-subject-enable and 

global-object-enabl e nodes .  Thes e node s alway s kep t  active .  Ther e i s a  lin k fro m global-subject-enabl e 

nod e t o th e subject-binde r  nod e fo r  eac h concep t  node .  Ther e i s a  simila r  lin k fro m global-object -

enabl e t o th e object-binde r  nod e fo r  tha t  concept .  Initially ,  eac h suc h lin k i s i n a  disable d state . 

Appropriat e link s ar e enable d befor e processin g a  sentenc e t o specif y rol e assignments .  Enablin g 

of  rol e assignmen t  link s i s don e a t  inpu t  tim e befor e processin g i s initiated .  Thi s i s a  require d i n 

orde r  t o correctl y specif y a t  a  conceptua l  leve l  whic h concept  play s wha t  rol e i n th e sentenc e t o 

be generated .  If ,  however ,  ou r  syste m need s t o b e interface d wit h highe r  leve l  generatio n system s 

tha t  perfor m tex t  planning ,  suc h enablin g o f  link s wil l  hav e t o b e performe d automatically .  Thi s 

i s a  proble m whic h futur e researc h mus t  address . 

I n orde r  t o assig n th e concept-monkey- 1 uni t  t o th e subjec t  role ,  th e lin k fro m th e global-subject -

enabl e t o th e subject-binde r  uni t  fo r  concept-monkey- 1 (here ,  uni t  e-s-1 )  i s enable d a t  inpu t  time . 

(Pleas e not e tha t  al l  othe r  link s fro m global-subject-enabl e uni t  t o aJ l  othe r  subject-binde r  node s ar e 

sti U disabled. )  And ,  similarl y t o assig n anothe r  uni t  (say ,  concept-banana-1 )  t o th e objec t  role ,  th e 

lin k fro m global-object-enabl e uni t  t o th e object-binde r  uni t  fo r  concept-banana- 1 i s als o enabled . 

So,  th e crucia l  ste p i n specifyin g th e inpu t  properl y constitute s enablin g th e linkage s appropriatel y 

befor e th e processin g o f  a  sentenc e starts . 

T h e subject-binde r  an d th e object-binde r  node s ar e suc h tha t  the y nee d al l  thei r  input s t o ge t 

activated .  A  subject-binde r  nod e provide s excitator y inpu t  t o th e subject-drive r  node .  Excitatio n 

fro m an y subject-binde r  nod e excite s th e subject-drive r  node .  Similarly ,  ther e i s a n object-drive r 

nod e whic h receive s excitator y inpu t  fro m th e object-binde r  nodes .  T h e subject-drive r  an d th e 

object-drive r  node s hav e excitator y input s t o a n np-expansion-drive r  node .  Thi s nod e drive s a  nod e 

calle d th e binding-completion-signale r  whic h initiate s th e expansio n o f  th e choic e node s connecte d 

t o th e individual-ite m realization-clas s node .  Thus ,  excitatio n o f  th e binding-completion-signale r 
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Figur e 3 :  A  sectio n o f  th e relevan t  portio n o f  th e networ k (als o se e figur e 4 ) 

unit which sits between the realization-class node individual-item and its choice units initiates the 

excitatio n o f  unit s tha t  lead s t o th e expansio n o f  th e nou n phras e correspondin g t o th e subjec t  o r 

objec t  o f  a  sentence . 

The choic e uni t  active-sv o ha s excitator y input s t o subject-slot ,  active-svo-ver b an d object-slo t 

unit s -  th e activatio n o f  thes e unit s i s sequentialized .  Thus ,  durin g th e expansio n o f  th e subject , 

onl y th e subject-slo t  uni t  i s  active ;  a s a  restilt ,  th e subject-drive r  nod e i s activate d (object-drive r 

node i s  off) .  Thi s lead s t o th e generatio n o f  a  nou n phras e correspondin g t o th e subjec t  o f  th e 

sentence .  Similarly ,  whe n th e object-slo t  uni t  i s active ,  th e object-binde r  uni t  correspondin g t o th e 

objec t  concep t  get s activated .  Thi s activate s th e object-drive r  nod e whic h finall y result s i n th e 

generatio n o f  a  nou n phras e correspondin g t o th e objec t  concept . 

4 A n E x a m p l e S i m u l a t i o n 

We will now briefly run through an example simulation showing the various steps involved in 

generatin g a  sentenc e give n th e conceptua l  specificatio n o f  it s  contents .  Th e networ k fo r  th e 

simulatio n wa s buil t  usin g th e ISCO N simulato r  [Fant y  85] .  Th e networ k ha s abou t  on e hundre d 

units .  Th e relevan t  portion s o f  th e networ k ar e show n i n figure s 3  an d 4 .  Sequentializatio n node s 

ar e no t  show n here . 

Initiall y  th e inpu t  unit s correspondin g t o th e conceptua l  leve l  descriptio n o f  th e sentenc e t o 

be generate d ar e activated .  Fo r  example ,  i n orde r  t o generat e th e sentenc e A  monke y i s eatin g a 

banana ,  w e activat e th e unit s correspondin g t o concept-eat ,  concept-monkey- 1 an d concept-banana -

1.  We als o activat e th e constraint-specificatio n unit s -  current-voice-is-active ,  an d current-aspect -
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Figur e 4 :  Sectio n o f  th e networ k handlin g nou n phrase s 

is-continuous. The units global-subject-enable and global-object-enable are also activated and the 

link s f r o m concept-monkey- 1 t o it s  subject-binde r  (viz. ,  e-s-1 )  a n d f r o m concept-banana- 1 t o it s 

object-binde r  (viz. ,  e-o-2 )  ar e enabled . 

Activatio n o f  th e concept-ea t  uni t  activate s th e realization-clas s uni t  svo .  Thi s alon g wit h th e 

fac t  tha t  th e current-voice-is-activ e uni t  i s  on ,  turn s o n th e choic e uni t  active-svo-choic e which ,  i n 

turn ,  sequentiall y  activate s th e thre e constituen t  unit s connecte d t o it ,  viz. ,  deep-subject ,  active -

svo-ver b a n d deep-object . 

M e a n w h i l e ,  activatio n o f  th e concept-leve l  uni t  concept-monkey- 1 h a d turne d o n th e realization -

clas s uni t  individual-ite m wh ic h feed s a n activatio n lin k t o th e binding-completion-signale r  nod e 

wh i c h however ,  remain s inactive .  A m o n g th e constituen t  units ,  th e deep-subjec t  uni t  i s  activate d 

first .  N o w ,  th e se t  o f  unit s wh ic h participat e i n th e bindin g proces s c o m e s t o pla y it s  role .  Sinc e 

deep-subjec t  uni t  i s  active ,  th e uni t  e-s- 1 receive s activatio n f ro m al l  it s  inputs ,  a n d thi s result s i n 

th e bindin g o f  th e concept-monkey- 1 uni t  t o th e subjec t  role .  Finally ,  a s a  resul t  o f  binding ,  th e 

np-expansion-drive r  uni t  provide s activatio n t o th e binding-completion-signale r  u m t  whic h become s 

active .  I t  feed s th e activatio n lin k t o th e choic e uni t  indefinite-n p whic h i s  turne d on .  I t  provide s 

excitator y inpu t  t o th e constituen t  unit s determine r  a n d n o u n p wh ic h ar e activate d resultin g i n 

th e sequentia l  activatio n o f  th e unit s word- a a n d word-monkey .  Expans io n o f  th e subjec t  i s  n o w 

complete .  A  specia l  sequence r  n o d e i s activated ;  i t  reset s th e variou s node s involve d i n th e expansio n 

of  th e subjec t  m a k i n g th e N P subnetwor k availabl e fo r  reus e fo r  th e objec t  phras e expansion ,  an d 

als o start s th e expansio n o f  th e ver b phras e b y sendin g a n excitator y signa l  t o th e active-svo-ver b 

constituen t  unit . 

T h e expansio n o f  th e ver b phras e o f  th e sentenc e lead s t o th e utteranc e o f  th e w o r d unit s word-i s 
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Figure 5: Graph of potentials of relevant units 

and word-eating in sequence. All units involved in the expansion of the verb phrase are turned off, 

and expansio n o f  th e nou n phras e correspondin g t o th e objec t  o f  th e sentenc e i s initiate d resultin g 

i n activatio n o f  th e wor d unit s word- a an d word-banan a i n sequence .  Thi s complete s generatio n 

of  th e whol e sentenc e an d i s followe d b y deactivatio n o f  al l  unit s tha t  too k par t  i n th e proces s o f 

generatio n an d ar e sti U active .  Finally ,  a  specialize d sequentializatio n uni t  i s  turne d on .  Activatio n 

of  thi s uni t  ca n b e use d t o generat e a n appropriat e paus e (i n cas e o f  speech )  o r  th e punctuatio n 

symbol  '. '  i n cas e o f  writte n text . 

A grap h showin g th e potential s o f  th e concept ,  restriction-specificatio n an d th e wor d unit s fo r 

thi s exampl e ar e show n i n figure  5 .  Thi s clearl y show s tha t  th e word s tha t  constitut e th e sentenc e 

ar e activate d i n prope r  sequence .  Eac h wor d uni t  i s  activ e fo r  a  shor t  perio d o f  tim e durin g whic h 

i t  i s  assume d t o b e spoke n o r  written .  Example s o f  othe r  sentence s tha t  ca n b e generate d b y ou r 

syste m includ e A  monke y ha s bee n eatin g a  banana ,  A  banan a i s bein g eate n b y a  monkey ,  A  baboo n 

was peelin g a  banana ,  etc . 

5 Discussions 

The sentences generated by the current network are aU of the form svo where a sentence contains 

a subject ,  a  ver b an d a n object .  The y ca n b e i n activ e o r  passiv e voic e an d i n severa l  differen t 

tenses .  Al l  nou n phrase s generate d hav e a  determine r  followe d b y a  noun .  Al l  verb s use d s o fa r  ar e 

transitive .  Also ,  a U passiv e sentence s currentl y generate d hav e th e 6y-phras e followin g th e verb . 

563 



We nee d t o incorporat e intransitiv e verb s an d allo w th e agen t  phras e t o b e optiona l  i n passiv e 

sentences .  Futur e researc h i s als o necessar y i n m a n y othe r  fronts ,  suc h as ,  incorporatio n o f  relativ e 

clauses ,  repeate d constituent s suc h a s prepositiona l  phrase s an d adjectives ,  anaphori c pronomina l 

phrases ,  etc . 

A n ope n proble m tha t  need s t o b e addresse d i s regardin g mechanism s fo r  interfacin g ou r  surfac e 

generatio n syste m wit h othe r  system s tha t  perfor m conten t  determinatio n an d tex t  plannin g i n 

natura l  languag e generation .  Ou r  approac h t o specifyin g thi s interfac e i s simple ,  bu t  inefficient .  A 

mor e sophisticate d techniqu e migh t  involv e usin g explode d cas e frame s introduce d i n [Cottrel l  85] . 

Thi s wil l  allo w u s t o prevent  th e generatio n o f  suc h absur d sentence s suc h a s A  banan a i s eatin g a 

monkey b y imposin g selectiona l  constraint s o n th e filler s o f  role s o f  th e verbs .  Thi s wil l  necessitat e 

th e incorporatio n o f  a n elaborat e knowledg e bas e describin g th e concept s tha t  ar e availabl e i n ou r 

domai n o f  interest .  T h e specificatio n an d organizatio n o f  suc h a  knowledg e bas e suc h tha t  response s 

t o pertinen t  querie s ca n b e elicite d efficientl y ca n b e modele d afte r  [Shastr i  85] .  Additionally ,  i n 

th e curren t  implementation ,  w e nee d tw o binde r  unit s -  a  subject-binde r  an d a n object-binde r 

fo r  eac h concep t  tha t  ca n fil l  th e subject/objec t  rol e o f  a  sentence .  Since ,  th e numbe r  o f  suc h 

concept s i s usuall y ver y large ,  i t  wil l  b e worthwhil e t o investigat e othe r  approache s t o th e proble m 

of  binding .  I n general ,  thi s proble m i s a n instanc e o f  th e bindin g proble m i n connectionis t  systems . 

Thi s proble m i s no t  specifi c  t o ou r  work ,  an d an y elegan t  solutio n t o i t  wil l  b e applicabl e here . 

Currently ,  w e ar e workin g o n automatin g th e proces s o f  buildin g u p th e networ k fro m a  declar -

ativ e specificatio n o f  th e realization-specifications ,  choice s an d constituent s an d th e bindings .  Thi s 

wil l  hel p i n addin g ne w sentenc e type s an d componen t  structure s easil y fo r  th e purpose s o f  testin g 

an d development .  I t  wi U als o involv e automaticall y identifyin g unit s whic h ca n b e share d amon g 

th e variou s constituen t  schemat a an d ho w sequentializatio n node s ar e t o b e interconnected . 

Anothe r  directio n i n whic h w e inten d t o pursu e furthe r  researc h i s regardin g th e choic e o f 

lexica l  token s i n th e generate d sentences .  Lexica l  choic e i s governe d b y a  larg e numbe r  o f  factor s -

syntactic ,  semanti c an d pragmatic .  Thes e includ e consideration s suc h a s relevan t  characteristic s o f 

th e speake r  an d th e hearer ,  thei r  interpersona l  goals ,  th e conversationa l  setting ,  etc .  Identificatio n 

of  suc h factors ,  an d a  carefu l  analysi s o f  th e natur e o f  thei r  interpla y i s essentia l  i n orde r  t o b e 

abl e t o develo p a  systemati c theor y o f  lexica l  choice .  I t  i s  believe d tha t  differen t  factor s provid e 

differen t  level s o f  evidenc e fo r  th e selectio n o f  competin g words ,  an d thes e hav e t o b e appropriatel y 

combine d i n orde r  t o b e abl e t o selec t  a  particula r  wor d ove r  it s competitors . 
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Abstrac t 

Recent studies have revealed interesting differences between lexical 
decisio n an d namin g tasks .  Namin g response s see m t o b e primaril y sensitiv e t o 
lexica l  processe s an d lexica l  decision s t o bot h lexica l  an d message-leve l 
processes .  Thi s differentia l  sensitivit y t o leve l  o f  representatio n wa s use d 
t o investigat e th e followin g questions :  1 )  Ar e probabl e instrument s fo r  a n 
actio n routinel y inferre d durin g sentenc e comprehension ? Previou s wor k ma y 
hav e faile d t o sho w tha t  instrximent s ar e inferred ,  i n part ,  becaus e processin g 
measure s wer e use d tha t  wer e relativel y insensitiv e t o th e leve l  o f 
representatio n involve d i n th e inferenc e an d 2 )  I f  instrument s ar e inferred , 
doe s thi s proces s requir e accessin g element s o f  th e linguisti c o r  th e 
constructe d representation ? Fou r  experiment s wer e performe d tha t  use d cross -
modal  lexica l  decisio n an d namin g task s a s measure s o f  instrtunen t  primin g i n 
sentence s tha t  implie d th e us e o f  a n instrviment .  N o primin g wa s foun d fo r 
sentence s wit h n o context ,  replicatin g Doshe r  an d Corbet t  (1982) .  When 
sentence s wer e precede d b y a  contex t  tha t  explicitl y  mentione d th e instrument , 
however ,  primin g wa s foun d wit h th e lexica l  decisio n task .  I n combinatio n 
wit h th e resul t  o f  th e firs t  tw o experiments ,  thi s suggest s tha t  instrument s 
ar e inferre d whe n th e instrumen t  implie d b y a  sentenc e i s availabl e fro m th e 
contex t  bu t  no t  whe n sentence s ar e presente d withou t  contexts .  Primin g wa s 
no t  foxin d wit h th e namin g task ,  however .  Th e lexica l  decision/namin g dat a 
togethe r  sugges t  tha t  makin g a n instrumen t  inferenc e involve s accessin g 
element s o f  a  constructe d representatio n o f  th e discourse . 

In addition, in sentences that contained pronoxins that referred to the 
instruments ,  primin g wa s fo\m d fo r  appropriat e referent s wit h th e lexica l 
decisio n tas k bu t  no t  wit h naming .  Thi s suggest s tha t  locatin g antecedent s fo r 
pronoun s als o involve s a  constructe d representation . 

' Introduction 

The lexical decision and naming tasks have both been widely used in the 
stud y o f  wor d recognition .  Recently ,  interestin g difference s betwee n th e tw o 
task s hav e surfaced ,  indicatin g tha t  the y ar e sensitiv e t o differen t  type s o f 
information .  Seidenberg ,  Waters ,  Sanders ,  an d Lange r  (198A )  compare d th e tw o 
task s an d foun d tha t  namin g response s wer e sensitiv e primaril y t o linguisti c 
(particularl y lexical )  -leve l  processe s an d lexica l  decision s wer e sensitiv e 
t o bot h lexica l  processe s an d post-lexica l  message-leve l  processes . 
Seidenber g e t  al .  suggeste d tha t  thi s wa s becaus e th e lexica l  decisio n tas k 
require s a n explici t  yes-or-n o discriminatio n tha t  benefit s fro m a  post-acces s 
chec k t o determin e i f  th e targe t  i s compatibl e wit h it s context .  Naming ,  o n 
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th e othe r  hand ,  require s onl y procedura l  knowledg e abou t  pronunciatio n an d is , 
therefore ,  mor e likel y t o b e influence d solel y b y informatio n tie d directl y t o 
th e lexical  representatio n o f  th e word . 

This difference is potentially important because it may provide a 
methodologica l  too l  fo r  discriminatin g th e differen t  level s o f  representatio n 
use d i n sentenc e comprehension .  Fo r  example ,  base d o n th e linguisti c evidenc e 
provide d b y Hankame r  an d Sa g (1976) ,  Tanenhaus ,  Carlson ,  an d Seidenber g (1985 ) 
suggeste d tha t  anteceden t  assignmen t  fo r  differen t  type s o f  anaphor s involve s 
linkin g th e anapho r  t o element s i n eithe r  a  linguisti c representatio n o f  th e 
surfac e o r  logica l  for m o f  a  sentenc e o r  a  conceptua l  representation .  Th e 
latte r  i s  a  mode l  o f  th e discours e constructe d b y usin g th e output s o f  th e 
linguisti c system .  A n earlie r  stud y use d th e lexica l  decision/namin g tas k 
differenc e t o tes t  thi s hypothesi s fo r  definit e nou n phrase s (Lucas , 
Tanenhaus ,  Carlson ,  an d Senytka ,  1985) .  Knowledge-leve l  processin g i s 
generall y require d t o determin e th e antecedent s o f  definit e nou n phrases , 
suggestin g tha t  a  constructe d representatio n i s mor e likel y t o b e involve d i n 
antecen t  assignmen t  fo r  tha t  kin d o f  anapho r  tha n a  linguisti c representation . 
I n th e study ,  subject s listene d t o sentenc e pair s tha t  containe d definit e nou n 
phrase s a t  th e en d o f  th e secon d sentence .  Subject s the n mad e lexica l 
decision s o r  neimin g response s t o target s tha t  wer e appropriat e o r 
inappropriat e antecedents .  Namin g response s di d no t  sho w a n appropriatenes s 
effec t  indicatin g tha t  linguisti c representation s wer e no t  involve d i n 
anteceden t  assignment .  Ther e wa s a  sizeabl e appropriatenes s effec t  fo r  lexica l 
decisio n responses ,  however ,  suggestin g tha t  th e definit e noxi n phrase s wer e 
linke d t o element s o f  th e constructe d representation . 

One of the purposes of the present studies was to extend this methodology 
t o othe r  form s o f  inference ,  i n particula r  t o inference s involvin g knowledg e 
of  th e tool s o r  instrxoment s typicall y use d t o accomplis h som e action .  Fo r 
example ,  upo n hearin g th e sentence ,  "Mar y cu t  int o a  steak "  listener s migh t 
infe r  tha t  Mar y use d a  knife .  Presumably ,  makin g suc h inference s require s 
accessin g som e for m o f  representatio n o f  th e instrument .  On e issu e 
investigate d i n th e studie s reporte d her e concern s th e leve l  o f  representatio n 
involved .  Thi s i s a  particularl y interestin g tes t  o f  th e lexica l 
decision/namin g differenc e becaus e i t  i s  no t  obviou s whethe r  th e linguisti c o r 
conceptua l  leve l  i s  involved .  Schem a theorie s tha t  maintai n tha t  word s ar e 
mapped ont o well-forme d conceptua l  structure s whic h for m th e basi s fo r 
inferenc e (Schank ,  197A ;  Bobro w an d Norman ,  1975 )  woul d predic t  tha t 
instrument s commonl y use d i n certai n action s woul d b e inferre d a t  th e leve l  o f 
th e schem a o r  conceptualizatio n fo r  tha t  action .  O n th e othe r  hand ,  Fillmore' s 
cas e theory ,  i n whic h cas e role s lik e instrument s ar e par t  o f  th e 
representatio n o f  th e ver b i n th e lexicon ,  i s compatibl e wit h th e vie w tha t 
typica l  instrument s fo r  action s ca n b e derive d fro m th e lexica l  representatio n 
of  th e ver b (Fillmore ,  1971) . 

Before this issue can be investigated, however, the issue of whether 
instrumen t  inference s ar e draw n mus t  b e addressed .  Th e empirica l  literatur e 
on thi s issu e i s mixed .  Ther e i s som e evidenc e tha t  instrumen t  inference s ar e 
encode d an d store d a s par t  o f  th e memor y representatio n o f  a  sentenc e 
(Johnson ,  Bransford ,  an d Solomon ,  1973 ;  McKoo n an d Ratcliff ,  1981 ;  Pari s an d 
Lindauer ,  1976) ,  bu t  othe r  evidenc e contradict s thi s (Corbet t  an d Dosher , 
1978;Doshe r  an d Corbett ,  1982 ;  Singer ,  1979) .  On e possibl e reaso n fo r  th e 
discrepanc y i s tha t  som e studie s use d on-lin e measure s o f  sentenc e processing , 
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bu t  man y involve d recal l  o r  recognition .  Thes e latte r  studies ,  therefore , 

provid e mor e informatio n abou t  memor y processe s tha n abou t  th e proces s o f 
computin g inference s on-line .  Also ,  recognitio n task s requir e th e subjec t  t o 
explicitl y  conside r  th e instrximen t  i n relatio n t o th e discours e an d therefor e 
may no t  reflec t  norma l  sentenc e processing .  Th e on e stud y tha t  use d a n on -
lin e processin g measur e tha t  di d no t  als o requir e a  recognitio n decisio n wa s 
Doshe r  an d Corbet t  (1982) .  Usin g stroo p interference ,  Doshe r  an d Corbet t 
foun d n o evidenc e tha t  implie d instrument s wer e activate d followin g simpl e 
sentences .  The y argue d tha t  encodin g implici t  instrument s i s no t  necessar y 
fo r  discours e processing .  Give n th e evidenc e tha t  differen t  primin g task s ca n 
ta p differen t  level s o f  representation ,  however ,  i t  i s  possibl e tha t  th e 
Stroo p interferenc e tas k i s no t  sensitiv e t o th e representationa l  leve l 
involve d i n instrvimen t  inferences .  A  differen t  primin g tas k ma y wor k wher e 
Stroo p failed . 

Also, Dosher and Corbett presented sentences with no context, but some 
previou s researc h suggest s tha t  instrumen t  inference s ma y occu r  whe n ther e i s 
a contex t  tha t  explicitl y  mention s th e instrumen t  (McKoo n an d Ratcliff ,  1981) . 
Thi s suggest s tha t  studie s o f  instrximen t  inference s mus t  als o b e sensitiv e t o 
th e fac t  tha t  comprehensio n strategie s depen d o n th e availabilit y  o f  context . 

The first two studies reported here attempted to replicate the Dosher and 
Corbet t  finding s wit h isolate d sentence s usin g cross-moda l  lexica l  decisio n 
and namin g tasks .  I f  Doshe r  an d Corbet t  faile d t o fin d evidenc e fo r 
instrumen t  primin g becaus e th e Stroo p interferenc e tas k doe s no t  ta p processe s 
at  th e appropriat e leve l  o f  representation ,  the n i t  i s  possibl e tha t  th e 
lexica l  decisio n o r  namin g task s wil l  ta p th e appropriat e processes .  I n an y 
case ,  th e result s o f  thes e "n o context "  experiment s wil l  for m a  basi s fo r 
compariso n fo r  th e nex t  tw o studie s whic h examin e comprehensio n strategie s 
when th e sam e stimul i  ar e precede d b y context . 

Experiments 1 and 2 

Method 

Subjects. Thirty-two University of Rochester undergraduates participated 
i n th e firs t  tw o experiments ,  sixtee n i n th e lexica l  decisio n versio n an d 
sixtee n i n th e namin g version . 

Materials. The experimental sentences were generated from twenty-eight 
verb-instriimen t  pairs .  Sentence s fo r  eac h verb-instrumen t  pai r  wer e compose d 
whose ver b phrase s containe d on e o f  th e verb s bu t  whic h di d no t  explicitl y 
mentio n th e instrument .  A n exampl e o f  a n experimenta l  sentenc e i s give n i n 

(1 ) . 

(1 )  H e swep t  th e floo r  ever y wee k o n Saturday . 

Each sentenc e wa s paire d wit h eithe r  a  targe t  tha t  wa s a  plausibl e 
instrumen t  o r  a  contro l  targe t  tha t  wa s a n implausibl e instrumen t  fo r  th e 
actio n specifie d b y th e verb .  Fo r  example ,  target s fo r  th e sentenc e i n (1 ) 
wer e "broom" ,  th e appropriat e instrumen t  an d "closet "  th e inappropriat e 
control .  Instrument s an d control s wer e simila r  i n lengt h an d frequency .  Tw o 
presentatio n condition s wer e produce d b y combinin g th e sentenc e lis t  wit h tw o 
targe t  list s tha t  counterbalance d typ e o f  targe t  (instnimen t  o r  control) .  Th e 
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experimenta l  sentence s wer e intermixe d wit h 8 8 fille r  sentence s an d th e firs t 

si x sentence s i n th e lis t  wer e fillers .  I n th e lexica l  decisio n version ,  6 0 
of  th e fille r  trial s wer e paire d wit h non-wor d target s an d th e remainin g 3 2 
wit h wor d targets .  Material s fo r  th e namin g versio n wer e identica l  t o th e 
lexica l  decisio n versio n excep t  tha t  nonwor d target s wer e replace d b y wor d 
target s i n th e fille r  sentences . 

Procedure. In each experiment, eight subjects were assigned to each of 
th e tw o presentatio n conditions .  Eac h presentatio n versio n wa s precede d b y 1 0 
practic e trials .  Subject s hear d th e sentence s binaurall y ove r  stere o 
headphones .  A  timin g ton e inaudibl e t o th e subjec t  wa s place d a t  th e en d o f 
th e secon d phras e followin g th e ver b bu t  neve r  a t  th e en d o f  a  sentence .  Fo r 
example ,  th e ton e i n (1 )  appeare d a t  th e en d o f  "week" .  Subjects ,  therefore , 
had plent y o f  tim e t o mak e th e inferenc e befor e th e targe t  wa s presente d i f 
the y wer e goin g t o d o so .  Th e ton e initiate d presentatio n o f  a  targe t 
stimulu s midscree n o n a n Appl e li e compute r  monitor .  I n th e lexica l  decisio n 
version ,  subject s presse d a  butto n t o indicat e thei r  response .  Lexica l 
decisio n time s wer e recorde d b y a  Digitr y millisecon d time r  fro m th e onse t  o f 
th e targe t  t o th e subject' s buttonpress .  I n th e namin g versio n subject s sai d 
th e targe t  wor d ou t  lou d a s soo n a s i t  appeared .  Response s wer e spoke n int o a 
microphon e an d namin g time s wer e measure d fro m th e onse t  o f  th e targe t  t o th e 
onse t  o f  th e subject' s spoke n response .  I n orde r  t o ensur e tha t  subject s wer e 
attendin g t o th e sentences ,  comprehensio n question s wer e aske d followin g on e 
thir d o f  th e trials . 

Results and Discussion 

Analyses of variance (ANOVA's) with subjects and items as random factors 
and Appropriatenes s (plausibl e instrumen t  o r  implausibl e control )  a s a  fixe d 
facto r  wer e ru n separatel y o n th e lexica l  decisio n an d namin g data .  Fo r  eac h 
subjec t  outlie r  score s greate r  tha n or-les s tha n 2. 0 standar d deviation s fro m 
th e subjec t  mea n wer e replace d b y th e 2. 0 standar d deviatio n cutof f  score . 
Conditio n mean s fo r  bot h th e lexica l  decisio n an d namin g experiment s ar e 
presente d i n Tabl e 1 .  Ther e wa s n o evidenc e fo r  a n Appropriatenes s effec t  i n 
eithe r  th e lexica l  decisio n version ,  F(l,15 )  =  .0 1 b y subject s an d 
F(l,27 )  =  .00 1 b y items ,  o r  th e namin g version ,  F(l,15 )  =  1.9 1 b y subject s an d 
F(l,27 )  =  1.6 A b y items .  Thi s i s tru e eve n whe n th e result s o f  bot h 
experiment s ar e combined .  A n ANOVA o n th e combine d dat a wit h Tas k a s a n 
additiona l  facto r  reveale d onl y a  mai n effec t  o f  Task , 
F(l,30 )  =  25.2 ,  p  <  .000 1 b y subject s an d F(1,5A )  =  160.8 ,  p  <  .000 1 b y items . 
Thi s wa s du e t o lexica l  decisio n time s bein g abou t  30 0 m s slowe r  tha n namin g 
time s o n th e average .  Bu t  ther e wa s stil l  n o mai n effec t  o f  Appropriateness , 
F(l,30 )  =  .3 9 b y subject s an d F(1,5A )  =  .3 A b y items ,  an d n o interactio n 
betwee n Tas k an d Appropriateness ,  F(l,30 )  =  .6 1 an d F(1,5A )  =  .36 . 

The fact that there was no appropriateness effect in either experiment 
indicate s tha t  th e implie d instrumen t  wa s n o mor e accessibl e tha n a n 
inappropriat e control .  Th e results ,  therefore ,  replicat e Doshe r  an d Corbet t 
i n findin g n o evidenc e fo r  instrumen t  primin g i n sentence s withou t  context , 
usin g lexical  decisio n an d namin g task s instea d o f  Stroo p interference .  I n 
th e nex t  tw o experiment s w e sough t  evidenc e tha t  providin g a  contex t  tha t 
explicitl y  mention s th e instrumen t  woul d caus e subject s t o infe r  th e us e o f 
th e instrximent . 
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One proble m addresse d i n th e nex t  se t  o f  studie s concerne d th e fac t  tha t 

concludin g tha t  instrumen t  inference s ar e no t  routinel y mad e depend s o n 
gettin g a  nul l  result .  I n suc h case s i t  i s  unclea r  whethe r  th e effec t  di d no t 
occu r  becaus e th e nul l  hypothesi s i s correc t  o r  becaus e ther e i s a  defec t  i n 
th e material s o r  th e technique .  T o counte r  thi s possibility ,  i n th e followin g 
studie s instrumen t  inference s wer e directl y compare d wit h anothe r  for m o f 
inferenc e -  anteceden t  assignmen t  fo r  pronouns .  Althoug h instrumen t  inference s 
may no t  b e necessar y fo r  comprehension ,  antecedent s mus t  b e assigne d t o 
pronoun s i f  sentence s ar e t o b e understood .  Anteceden t  assignment ,  then ,  ca n 
serv e a s a  chec k o n th e experimenta l  design ,  t o insur e tha t  th e techniqu e i s 
sensitiv e t o inference s draw n usin g ou r  materials . 

In addition, using the lexical decision/naming difference as a 
diagnostic ,  th e level s o f  representatio n involve d i n bot h instrumen t 
inference s an d anteceden t  assignmen t  fo r  pronoun s coul d b e determined . 
Earlier ,  i t  wa s argue d tha t  instriunen t  inference s coul d requir e acces s t o 
eithe r  a  linguisti c o r  a  constructe d representation .  Likewise ,  Tanenhaus , 
Carlson ,  an d Seidenber g (1985 )  hav e argue d tha t  findin g th e referen t  o f  a 
pronou n coul d requir e linkin g th e anapho r  t o element s i n eithe r  a  linguisti c 
or  a  constructe d representation . 

The next two experiments, then, were undertaken with several goals in 
mind .  On e wa s t o determin e i f  instrtimen t  inference s woul d b e mad e whe n 
sentence s wit h implie d instrvunent s wer e presente d followin g context s tha t 
explicitl y  mentione d th e instrument .  Sentence s tha t  referre d t o th e 
instrumen t  b y usin g pronoun s woul d serv e a s a  chec k o n th e material s an d 
desig n o f  th e experimen t  shoul d ther e bj a anothe r  nul l  resul t  fo r  th e 
instrumen t  inferences .  Also ,  th e lexica l  decision/namin g differenc e woul d 
revea l  whethe r  representation s fo r  implie d instrument s an d pronou n antecedent s 
wer e foun d a t  a  linguisti c o r  a  conceptua l  level . 

Experiments 3 and 4 

Method 

Subjects. Forty-eight subjects from the University of Rochester 
participate d i n th e nex t  tw o experiments ,  twenty-fou r  i n th e lexica l  decisio n 
versio n an d twenty-fou r  i n th e namin g version . 

Materials. The sentences from the first two experiments were also used 
i n thes e experiments .  Ther e wer e tw o modification s t o th e experimenta l 
design .  First ,  a  contex t  sentenc e wa s constructe d fo r  eac h o f  th e 
experimenta l  sentences .  Thi s contex t  sentenc e containe d bot h th e instrumen t 
and contro l  targe t  word s fro m th e firs t  study .  Fo r  example ,  th e sentenc e "H e 
swept  th e floo r  ever y wee k o n Saturday "  fro m th e firs t  experiment s wa s give n 
th e context ,  "Joh n too k th e broo m ou t  o f  th e closet" .  I n hal f  th e contex t 
sentence s th e implie d instrumen t  occurre d earlie r  tha n th e control .  Th e 
revers e wa s tru e fo r  th e remainin g half .  A  secon d modificatio n involve d th e 
introductio n o f  a n additiona l  se t  o f  sentences ,  contructe d fro m th e sam e 
sentence s tha t  implie d th e instrvunents ,  i n whic h th e secon d phras e followin g 
th e ver b wa s replace d b y a  phras e tha t  containe d a  pronoun .  Th e pronoii n 
alway s referre d t o th e instrumen t  explicitl y  mentione d i n th e precedin g 
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sentence .  I n th e exampl e sentence ,  th e sentenc e i n th e pronou n conditio n 

woul d becom e "H e drov e t o wor k i n i t  ever y morning" . 

Procedure. Subjects all heard the same context sentences but heard final 
sentence s i n eithe r  thei r  pronou n o r  non-pronou n form .  Fou r  presentatio n 
condition s wer e forme d combinin g tw o sentenc e list s whic h counterbalance d 
pronou n an d non-pronou n version s o f  th e fina l  sentenc e wit h th e tw o targe t 
list s fro m th e firs t  tw o experiments .  Fo r  bot h th e lexica l  decisio n an d 
namin g versions ,  si x subject s wer e assigne d t o eac h o f  th e fou r  presentatio n 
conditions .  Th e procedur e fo r  thes e experiment s wa s identica l  t o tha t  fo r  th e 
firs t  tw o experiment s wit h on e exception .  I n sentence s containin g pronouns , 
target s wer e presente d a t  th e en d o f  th e pronoun .  Sinc e phrase s wit h pronoun s 
replace d phrase s fro m th e origina l  sentences ,  target s wer e th e sam e distanc e 
fro m th e ver b i n th e pronou n version s a s the y wer e i n th e non-pronou n 
versions . 

Results and Discussion 

ANOVA's with subjects and items as random factors and Appropriateness 
(plausibl e instrumen t  o r  implausibl e control )  an d Typ e (pronou n o r  non -
pronou n version )  a s fixe d factor s wer e ru n separatel y o n th e lexica l  decisio n 
and namin g data .  Conditio n mean s fo r  bot h experiment s ar e presente d i n Tabl e 
2.  Ther e wa s a  mai n effec t  o f  Appropriatenes s i n th e lexica l  decisio n data , 
F(l,23 )  =  10.15 ,  p  <  .00 5 b y subject s an d F(l ,  26 )  =  6.31 ,  p  <  .0 2 b y items , 
but  no t  i n th e namin g data ,  F(l,23 )  =  .5 2 b y subject s an d F(l,26 )  =  .6 3 b y 
items .  Th e mai n effec t  o f  Typ e an d th e interactio n o f  Typ e b y Appropriatenes s 
was no t  significan t  i n eithe r  th e lexica l  decisio n o r  th e namin g data . 

The fact that there was a significant Appropriateness effect in the 
lexica l  decisio n dat a an d n o significan t  interactio n o f  Typ e b y 
Appropriatenes s indicate s tha t  ther e wa s instrxunen t  primin g no t  onl y i n th e 
pronou n versio n o f  th e sentences ,  wher e listener s neede d t o locat e th e 
instrumen t  anteceden t  i f  the y wer e t o understan d th e sentence ,  bu t  als o i n th e 
non-pronou n version s wher e th e us e o f  th e instrumen t  wa s merel y implied .  I n 
combinatio n wit h th e result s o f  th e previou s experiments ,  thes e result s 
suppor t  th e hypothesi s that ,  althoug h instrumen t  inference s ar e no t  draw n fo r 
sentence s ou t  o f  context ,  the y wil l  b e draw n whe n sentence s ar e presente d i n 
context ,  particularl y i f  th e sentence s explicitl y  mentio n th e instrxunents . 

The results just discussed suggest that certain forms of inference, 
instrumen t  inference s an d anteceden t  assignmen t  fo r  pronouns ,  ar e mad e whe n 
th e righ t  contex t  condition s ar e i n place .  What  ca n b e sai d abou t  th e for m o f 
representatio n accesse d i n bot h type s o f  inference ? Becaus e th e 
Appropriatenes s effec t  occurre d onl y i n th e lexica l  decisio n dat a an d no t  i n 
th e namin g dat a i t  seem s tha t  th e constructe d representatio n o f  th e discours e 
i s th e sol e leve l  accesse d fo r  bot h type s o f  inference .  A n ANOVA wit h Task , 
Type ,  an d Appropriatenes s a s factor s wa s ru n o n th e combine d lexica l  decisio n 
and namin g dat a fo r  furthe r  confirmatio n o f  this .  Althoug h ther e wa s a  mai n 
effec t  o f  Task ,  F(l,46 )  =  20.04 ,  p  <  .000 1 b y subject s an d 
F(l,27 )  =  332.26 ,  p  <  .0000 1 b y item s an d a  mai n effec t  o f  Appropriateness , 
F(1,A6 )  =  7.51 ,  p  <  .0 1 b y subject s an d F(l,27 )  =  5.39 ,  p  <  .0 5 b y items ,  n o 
othe r  mai n effect s o r  interaction s wer e significant .  I f  th e conceptua l  leve l 
(an d no t  th e linguisti c level )  o f  representatio n ha d bee n accessed ,  w e woul d 
expec t  a n interactio n o f  Tas k b y Appropriateness .  Bu t  thi s wa s onl y 
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marginall y significan t  b y subjects ,  F(l,46 )  »  2.92 ,  p  <  .1 0 an d no t  b y items , 

F(l,27 )  =  1.84 .  A n inspectio n o f  th e mean s show s tha t  thi s ma y b e du e t o a 
smal l  Appropriatenes s effec t  fo r  instrumen t  inference s i n th e namin g version . 
Thi s suggest s tha t  listener s accesse d linguisti c representation s whe n thes e 
inference s wer e mad e bu t  thi s i s no t  confirme d elsewher e i n th e analysi s 
(eithe r  b y a  mai n effec t  o f  Appropriatenes s i n th e namin g dat a alon e o r  i n an y 
interaction s involvin g typ e i n eithe r  th e namin g o r  th e combine d data) .  Th e 
tentativ e conclusio n remains ,  therefore ,  tha t  bot h anteceden t  assignmen t  fo r 
pronoun s an d instrvimen t  inference s requir e acces s t o a  constructe d 
representation . 

Conclusion 

The studies reported here provide further evidence that the lexical 
decision/namin g tas k differenc e ca n b e use d a s a  diagnosti c tes t  fo r  differen t 
level s o f  representatio n i n sentenc e comprehension .  Comparin g result s i n th e 
tw o task s suggest s tha t  drawin g a n instrumen t  inferenc e an d findin g a n 
anteceden t  fo r  a  pronou n bot h involv e makin g link s t o element s i n a 
constructe d representatio n o f  th e discourse .  I n addition ,  th e evidenc e showe d 
tha t  inference s ar e no t  routinel y mad e \inde r  al l  condition s o f  sentenc e 
processing .  Ther e wa s n o instrumen t  primin g i n sentence s ou t  o f  context ,  but , 
when sentence s wer e presente d i n context s tha t  explicitl y  mentione d th e 
potentia l  instrument ,  instrximen t  primin g di d occur . 

This research provides a demonstration of how the lexical decision and 
namin g paradigm s ca n b e use d togethe r  t o revea l  mor e abou t  th e system s 
involve d i n sentenc e comprehensio n tha n eithe r  tas k coul d revea l  alone .  Thi s 
methodolog y shoul d prov e valuabl e i n futur e investigation s o f  differen t  form s 
of  inferentia l  processing . 

Tabl e 1 

Mean reaction times in ms for experiments 1 (lexical decision) and 2 (naming) 

Type of Target 

Typ e o f  Tas k 

Lexica l  Decisio n 

Namin g 

Combine d 

Appropriat e 
(Plausibl e Instrument ) 

929 

60A 

766 

Inappropriat e 
(Inplausibl e control ) 

926 

630 

778 
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Tabl e 2 

Mean reaction times in ms for experiments 3 (lexical decision) and 4 (naming) 

Type of Target 

Typ e o f  Tas k 

Lexica l  decisio n 

Naming 

Combine d 

Lexica l  decisio n 

Naming 

Combine d 

Pronou n 

Appropriat e 
Plausibl e Instruunent ) 

987 

735 

861 

Non-Pronou n 

982 

718 

850 

Inappropriat e 
(Inplausibl e control ) 

103 2 

739 

886 

104 0 

738 

889 

Prono\in/Non-Pronou n refer s t o whethe r  o r  no t  th e sentenc e containe d a n anapho r 
tha t  referre d t o th e instrument . 
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Abstract 

An account of coherence is proposed which tries to clarify the relationship 
betwee n semanti c relations ,  metonymy ,  an d th e resolutio n o f  lexica l  ambiguity . 

Coherenc e i s th e synergis m o f  knowledg e (synergis m i s th e interactio n o f  tw o o r  mor e 
discret e agencie s t o achiev e a n effec t  o f  whic h non e i s individuall y capable )  an d play s a 

substantia l  rol e i n cognition .  I n th e accoun t  o f  coherence ,  semanti c relation s an d 

metonym y ar e instance s o f  coherenc e an d coherenc e i s use d fo r  lexica l  ambiguit y reso -
lution .  Thi s accoun t  o f  coherence ,  semanti c relations ,  metonym y an d lexica l  ambi -
guit y resolutio n i s embodie d i n Collativ e Semantics ,  whic h i s a  domain-independen t 
semantic s fo r  natura l  languag e processing .  A  natura l  languag e progra m calle d meta S 
uses CS ;  a n exampl e o f  ho w i t  discriminate s a  metaphorica l  relatio n i s given . 

1 Introduction 

An accoun t  o f  coherenc e i s propose d whic h attempt s t o unpic k th e relationshi p 
betwee n semanti c relations ,  metonymy ,  an d th e resolutio n o f  lexica l  ambiguity . 

Coherenc e i s define d a s th e synergis m o f  knowledge ,  wher e synergis m i s th e interac -
tio n o f  tw o o r  mor e discret e agencie s t o achiev e a n effec t  o f  whic h non e i s individuall y 
capable .  I n th e account ,  semanti c relation s an d metonym y ar e instance s o f  coherenc e 
and coherenc e i s als o use d i n resolvin g lexica l  ambiguity .  Thi s accoun t  o f  coherence , 
semanti c relations ,  metonym y an d lexica l  ambiguit y resolutio n i s embodie d i n Colla -

tiv e Semantics ,  hereafte r  CS .  C S i s a  semantic s fo r  natura l  languag e processin g whic h 

extend s th e idea s o f  Preferenc e Semantic s (Wilk s 1973 ,  1975a ,  1975b ,  1978 ;  Fas s an d 
Wilk s 1983) . 

To explai n ou r  accoun t  o f  coherence ,  w e establis h tw o set s o f  relationship s tha t 
involv e coherenc e an d the n unif y thos e relationships .  Sectio n 2  establishe s th e firs t 
relationshi p whic h i s betwee n coherence ,  semanti c relations ,  an d metonymy .  W e tak e 
th e genera l  conceptio n o f  coherenc e use d i n theorie s o f  discours e an d exten d i t  down -
ward s fro m th e discours e leve l  t o th e sentenc e leve l  t o argu e tha t  semanti c relation s 
and metonymie s i n sentence s ar e instance s o f  coherence . 

Sectio n 3  establishe s a  secon d relationshi p whic h i s betwee n coherenc e an d th e 
resolutio n o f  lexica l  ambiguity .  W e develo p a  conceptio n o f  coherenc e tha t  i s 
grounde d i n propertie s o f  semanti c network s whic h ar e a  c o m m o n kin d o f  knowledg e 

representatio n scheme .  T w o basi c kind s o f  coherenc e ar e distinguishe d tha t  ar e 

terme d "inclusion "  an d "distance. "  Thi s genera l  conceptio n o f  coherenc e i s extende d 

upward s an d i t  i s  argue d tha t  inclusio n an d distanc e underli e tw o o f  th e mai n 
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approache s t o lexica l  ambiguit y resolution . 

The las t  par t  o f  sectio n 3  integrate s th e tw o set s o f  relationship s t o produc e th e 

skeleto n o f  ou r  accoun t  o f  coherence ,  whic h i s tha t  [1 ]  basi c notion s o f  coherenc e ar e 

founde d o n principle s o f  knowledg e representation ,  [2 ]  semanti c relation s an d meto -

nymy withi n sentence s ar e instance s o f  coherence ,  [3 ]  coherenc e i s use d fo r  lexica l 

ambiguit y resolution ,  an d [4 ]  discours e phenomen a ar e instance s o f  coherence . 

Sectio n 4  connect s [l ]  t o [2 ]  an d [2 ]  t o [3 ]  b y describin g th e fou r  component s o f 

CS an d thei r  interrelationships .  Th e fou r  component s ar e "sense-frames, "  "colla -

tion, "  "semanti c vectors, "  an d "screening. "  C S i s embodie d i n a  natura l  languag e 

progra m calle d meta5 .  A n exampl e sentenc e i s give n tha t  meta S analyses .  Th e sen -

tenc e contain s a  metaphorica l  relatio n an d illustrate s th e interaction s betwee n th e com -

ponent s o f  CS .  Sectio n 5  provide s a  brie f  summary . 

2 Coherence, Semantic Relations, and Metonymy 

Thi s sectio n selectivel y survey s th e literature s o n coherence ,  semanti c relations , 

and metonymy ,  an d argue s tha t  semanti c relation s an d metonym y ar e case s o f  coher -

ence . 

Coherenc e i s a  centra l  notio n i n theorie s o f  discours e (e.g. .  Va n Dij k 1977 , 

Chapte r  4 ;  d e Beaugrand e an d Dressie r  1981 ,  Chapte r  V ;  Va n Dij k an d Kintsc h 1983 , 
Chapte r  5 ;  Myer s e t  al ,  pp.6-8 )  an d trut h (e.g. ,  Resche r  1973) .  I n discours e theories , 

coherenc e refer s t o ho w a  discours e "hang s together, "  "make s sense, "  o r  i s  "mean -

ingful. "  Discours e theorie s vie w th e coherenc e o f  a  discours e a s amalgamate d fro m 

th e coherenc e relation s betwee n sentence s i n tha t  discours e (e.g. .  Va n Dijk ,  1977) . 

Littl e attentio n i s pai d b y discours e theorie s t o coherenc e relation s tha t  exis t  withi n 

part s o f  sentences .  Th e coherenc e relation s withi n a  sentenc e determin e th e coher -

enc e o f  tha t  sentence .  Thes e coherenc e relation s includ e semanti c relation s an d meto -

nymy. 

I n ou r  view ,  semanti c relation s betwee n term s ar e comple x system s o f  mapping s 

betwee n description s o f  thos e term s withi n som e context .  Thi s vie w o f  semanti c rela -
tion s draw s fro m definition s o f  metapho r  a s system s o f  relationship s o r  "implicativ e 

complexes "  (Blac k 1979) ,  mapping s (Carbonel l  1981) ,  correspondence s betwee n 

domain s (Tourangea u an d Sternber g 1982) ,  an d selectiv e inference s (Hobb s 1983) . 

Next ,  w e develo p som e terminolog y fo r  describin g semanti c relations .  Th e tw o 
term s i n a  semanti c relatio n ar e calle d th e "source "  an d th e "target "  (Marti n 1985) . 

The sourc e initiate s an d direct s th e mappin g process ,  th e targe t  ha s mapping s lai d 

upo n it ,  an d ther e i s directio n fro m th e sourc e toward s th e target . 

We distinguis h si x type s o f  semanti c relation .  Thes e ar e terme d literal ,  meta -

phorical ,  anomalous ,  redundant ,  inconsistent ,  an d nove l  relations .  Brie f  definition s o f 
th e si x semanti c relation s ar e no w given ,  togethe r  wit h a n exampl e sentenc e fo r  eac h 

relation .  Thes e sentence s assum e a  nul l  contex t  i n whic h ther e ar e n o complicatin g 
effect s fro m prio r  sentence s o r  th e pre-existin g belief s o f  producer s o r  understanders . 

The definition s o f  literal ,  metaphorical ,  an d anomalou s semanti c relation s develo p th e 

observatio n b y Katz ,  Wilk s an d other s tha t  a  satisfie d selectio n restrictio n o r  prefer -

enc e indicate s a  litera l  semanti c relatio n wherea s a  violate d restrictio n indicate s a  meta -

phorica l  o r  anomalou s semanti c relation .  Th e descriptio n o f  redundant ,  inconsistent , 

and nove l  semanti c relation s i s a n expansio n o f  Kat z an d Fodor' s idea s o n "attribu -

tion "  (1964 ,  pp.508-509) ,  whic h wer e a  developmen t  o f  som e idea s b y Lee s (1960) . 

The meta S progra m analyse s al l  si x sentences . 
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(1 )  " T h e m a n dran k beer. " 

Ther e i s a  litera l  relatio n betwee n 'man '  an d 'drink '  i n (1 )  becaus e 'drink '  prefer s 

an anima l  a s it s agen t  (i t  i s  animal s tha t  drink )  an d a  m a n i s a  typ e o f  anima l  s o th e 

preferenc e i s satisfied . 

(2 )  " T h e ca x dran k gasoline. "  (adapte d fro m Wilk s [1978] ) 

By contrast ,  th e semanti c relatio n betwee n 'car '  an d 'drink '  i n (2 )  i s metaphorica l 

becaus e 'drink '  preferre d a n anima l  a s it s agen t  bu t  a  ca r  i s no t  a  typ e o f  anima l  s o th e 

preferenc e i s violated .  However ,  ther e i s a n analog y betwee n animal s an d car s tha t  i s 

relevan t  i n th e contex t  o f  a  sentenc e abou t  drinking ,  suc h a s (2) .  Th e relevan t  anal -

ogy i s tha t  animal s drin k potabl e liquid s a s car s us e gasoline. ^ 

(3 )  " T h e ide a dran k th e heart. " 

I n (3) ,  th e semanti c relatio n betwee n 'idea '  an d 'drink '  i s  anomalou s becaus e 

'idea '  i s  no t  a n preferre d agen t  o f  'drink '  an d n o relevan t  analog y ca n b e found . 

(4 )  "Hi s wif e i s married. " 

Th e semanti c relatio n betwee n 'wife '  an d 'married '  i s  semanticall y redundan t  i n 

(4 )  becaus e a  wif e i s b y definitio n a  marrie d w o m e n s o th e informatio n tha t  a  wif e i s 

marrie d i s no t  n e w information . 

(5 )  "Hi s wif e i s unmarried. " 

I n (5) ,  th e semanti c relatio n betwee n 'wife '  an d 'married '  i s  inconsisten t  becaus e 

th e informatio n adde d b y 'unmarried '  i s  incompatibl e wit h 'married '  i n th e definitio n 

of  a  wif e a s a  marrie d w o m a n .  I n ou t  terminology ,  inconsisten t  semanti c relation s 

includ e contradictor y an d contrar y ones. ^ 

(6 )  "Hi s wif e i s young. " 

Finally ,  (6 )  contain s a  nove l  semanti c relatio n betwee n 'wife '  an d 'young ' 

becaus e th e informatio n tha t  a  wif e i s youn g i s n e w information . 

Semanti c relation s ar e manifestation s o f  coherenc e becaus e the y ar e th e syner -

gis m o f  knowledge .  Synergism ,  remember ,  i s  th e interactio n o f  tw o o r  mor e discret e 

agencie s t o achiev e a n effec t  o f  whic h non e i s individuall y capable .  Consider ,  fo r 

example ,  th e metaphorica l  relatio n observe d i n (2 )  an d th e relevan t  analog y tha t  i s 

centra l  t o it s recognition .  Th e analog y arise s fro m th e interactio n o f  thre e agencie s 

tha t  ar e 'car '  (th e surfac e subject) ,  'animal '  (th e expecte d agent) ,  an d 'drink '  (th e 

relevan t  context ;  als o th e mai n sentenc e verb) .  Th e analog y i s a n efi"ec t  achieve d o f 

whic h non e o f  th e thre e agencie s i s individuall y capable .  Th e analog y i s a  synergis m 

of  knowledg e an d th e metaphorica l  relatio n a s a  whol e i s a  mor e comple x synergis m o f 

knowledge . 

Anothe r  for m o f  coherenc e apar t  fro m semanti c relation s i s me tonymy .  Meto -

nymy i s a  nonlitera l  figure  o f  speec h i n whic h th e n a m e o f  on e thin g i s substitute d fo r 

'  I t  ha s bee n frequentl y claime d tha t  th e critica l  matc h i n a  metaphorica l  relatio n i s som e 
analog y o r  correspondenc e betwee n tw o propertie s (e.g. ,  Wilk s 1978 ;  Orton y 1979 ,  p .  167 ; 
Tourangea u an d Sternber g 1982 ,  pp.218-221 ,  Gentne r  1983) .  Th e importanc e o f  relevanc e ha s 
been argue d b y Tversk y (1977 )  an d Hobb s (1983) . 

2 Contrar y relation s exis t  betwee n term s gradabl e o n som e scale ,  e.g. ,  hot/col d an d big/smal l 
wherea s contradictor y relation s exis t  betwee n ungradabl e terms ,  e.g. ,  female/male , 
single/marrie d (Lyon s 1963 ,  pp.460-469 ;  Lehre r  1974 ,  p.26) .  Thi s differenc e i s compatibl e wit h 
th e standar d philosophica l  distinctio n betwee n contrarie s an d contradictorie s (Lyon s 1977 , 
p.272) . 
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tha t  o f  anothe r  relate d t o i t  (Lakof f  an d Johnso n 1980 ,  pp.35-40) .  Lakof f  an d Johnso n 

grou p individua l  case s o f  metonym y int o seve n genera l  "metonymi c concepts "  (1980 , 

pp.38-9) .  On e o f  thos e metonymi c concepts ,  wit h exampl e sentences ,  i s : 

P R O D U C ER F O R P R O D U CT 

" H e bough t  a  Ford. " 

" I  hat e t o rea d Heidegger.' ^ 

Our  treatmen t  o f  metonym y distinguishe s i t  fro m semanti c relation s bu t  tha t 

treatmen t  ca n onl y b e describe d ver y briefl y here .  Metonym y i s treate d a s a  typ e o f 

inferenc e an d metonymi c concept s ar e encode d a s "metonymi c inferenc e rules. "  Fou r 

type s o f  metonymi c concept s ar e currentl y represented .  Thes e ar e Par t  fo r  "Whole , 

Containe r  fo r  Contents ,  Artis t  fo r  Artform ,  an d Co-Agen t  fo r  Activit y 

Thi s sectio n ha s develope d a  conceptio n o f  coherenc e tha t  include s semanti c rela r 

tion s an d metonymy .  Th e nex t  sectio n develop s anothe r  conceptio n o f  coherenc e tha t 

i s use d a s a  mean s o f  resolvin g lexica l  ambiguity . 

3 Coherence and Lexical Ambiguity Resolution 

Thi s sectio n discusse s tw o wel l  know n approache s t o th e resolutio n o f  lexica l 
ambiguit y an d attempt s t o sho w ho w the y utilis e coherence .  W e cal l  thes e approache s 

th e "inclusion-based "  an d "distance-based "  approaches .  Inclusion-base d approache s 

includ e Katz' s semanti c theor y (Kat z an d Posta l  1964 ;  Kat z 1972) ,  Preferenc e Seman -

tics ,  messag e passin g (Riege r  an d Smal l  1979 ;  Smal l  an d Riege r  1982) ,  an d CS . 

Distance-base d approache s includ e scheme s fo r  spreadin g activatio n (Quillia n 1968 ) 

and marke r  passin g (Charnia k 1983 ;  Hirs t  1983) .  Bot h approache s us e semanti c net -

works .  Ou r  contentio n i s tha t  eac h approac h i s founde d o n tw o differen t  basi c notion s 

of  coherenc e tha t  exis t  i n semanti c networks ,  tha t  w e cal l  "inclusion "  an d "dis -

tance. " 

A semanti c networ k i s a  networ k wit h node s organise d a s a  taxonom y o f  genu s 
and specie s term s linke d b y arc s tha t  hav e label s denotin g clas s inclusion. ^  I n a  seman -

ti c network ,  a  pat h betwee n an y pai r  o f  node s ha s tw o intrinsi c propertie s tha t  ar e th e 
tw o basi c notion s o f  coherence . 

One intrinsi c propert y i s th e semanti c distance ,  o r  numbe r  o f  arc s traversed , 
betwee n th e tw o nodes .  Fo r  example ,  'vehicle '  an d 'car '  hav e a  smal l  distanc e 

betwee n the m wherea s 'animal '  an d 'car '  hav e a  muc h greate r  distanc e betwee n 

them . 

The othe r  intrinsi c propert y i s th e inclusio n relatio n betwee n th e tw o nodes .  Fo r 
example ,  th e pat h betwee n networ k node s fo r  'vehicle '  an d 'car '  denote s inclusio n 

becaus e a  ca r  i s a  typ e o f  vehicle ;  o n th e othe r  hand ,  th e pat h betwee n 'animal '  an d 

'car '  denote s exclusio n becaus e a  ca r  i s no t  a  typ e o f  animal . 

Bot h distanc e an d inclusio n describ e kind s o f  conceptua l  relatedness .  A  shor t 

distanc e indicate s clos e conceptua l  relatednes s (i.e. ,  'vehicle '  an d 'car' )  wherea s alon g 

distanc e indicate s remot e conceptua l  relatednes s (i.e. ,  'animal '  an d 'car') .  Inclusio n 

^  Th e genu s i s th e n a m e o f  a  clas s tha t  include s subordinate s calle d th e species .  A  specie s i s 
distinguishe d fro m othe r  specie s o f  th e sam e genu s b y it s differentia .  Tak e fo r  exampl e 

Car  :  a  vehicl e tha t  carrie s passenger s 

Th e wor d 'vehicle '  serve s a s th e genu s ter m whil e "tha t  carrie s passengers "  differentiate s car s fro m othe r 
specie s suc h a s buse s an d motorbikes . 
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signifie s conceptua l  relatednes s (i.e. ,  a  'vehicle '  i s  a  'car' )  wherea s exclusio n signifie s 

conceptua l  unrelatednes s (i.e. ,  a  'car '  i s  no t  a n 'animal') . 

Not e tha t  thes e basi c notion s o f  coherenc e (distanc e an d inclusion )  ar e no t  expli -

ci t  i n a  semanti c networ k bu t  instea d tha t  the y ar e a  by-produc t  o f  pat h buildin g 

betwee n node s i n tha t  network .  I n othe r  words ,  thi s n e w conceptio n o f  coherenc e i s 

th e synergis m o f  knowledge ,  a s wa s th e conceptio n o f  coherenc e i n sectio n 2 .  Syner -

gism ,  onc e again ,  i s  th e interactio n o f  tw o o r  mor e discret e agencie s t o achiev e a n 

effec t  o f  whic h non e i s individuall y capable .  Th e agencie s her e ar e networ k nodes ,  th e 

interactio n i s pat h building ,  an d th e effec t  achieve d i s th e basi c kind s o f  coherence , 

i.e. ,  distanc e an d inclusion .  Next ,  i t  i s  show n h o w thes e tw o basi c kind s o f  coherenc e 

underli e inclusion-base d an d distance-base d approache s t o lexica l  ambiguit y resolution . 

Inclusion-base d approache s t o lexica l  ambiguit y resolutio n ar e base d o n th e satis -

factio n an d violatio n o f  selectio n restriction s whic h ar e calle d expectation s i n messag e 

passin g an d preference s i n Preferenc e Semantic s an d CS.' *  Th e notion s o f  "satisfac -

tion "  an d "violation "  ar e base d o n inclusion ,  whic h i s on e o f  th e tw o basi c kind s o f 

coherence .  Satisfie d selectio n restrictions ,  preference s an d expectation s ar e al l  path s 

denotin g inclusio n throug h a  semanti c network .  Conversely ,  violate d selectio n restric -

tions ,  preference s an d expectation s ar e al l  path s denotin g exclusion .  Fo r  example ,  i f  a 

selectio n restrictio n wa s fo r  'vehicle '  the n 'car '  woul d satisf y th e restrictio n becaus e a 

car  i s a  typ e o f  vehicle ;  bu t  i f  th e restrictio n wer e fo r  'animal '  the n 'car '  woul d caus e a 

violatio n becaus e a  ca r  i s no t  a  typ e o f  animal . 

Distance-base d approache s al l  see k th e pat h wit h th e shortes t  distanc e betwee n 

tw o node s i n a  semanti c network ,  i.e. ,  th e secon d basi c kin d o f  coherence .  Searc h i s 

unconstraine d excep t  fo r  th e rulin g ou t  o f  certai n pat h sequence s (Charnia k 1983 , 

1986 )  an d th e us e o f  mathematica l  function s fo r  limitin g th e lengt h o f  networ k path s 

(Hirs t  1983 ;  Charnia k 1986) . 

The conceptio n o f  coherenc e develope d i n thi s sectio n i s grounde d i n propertie s 

of  semanti c networks .  I t  i s  argue d tha t  distanc e an d inclusio n ar e basi c kind s o f 

coherenc e tha t  ar e emergen t  fro m networ k path s an d underpi n tw o o f  th e mai n 

approache s t o lexica l  ambiguit y resolution .  I f  thi s conceptio n o f  coherenc e i s com -

bine d wit h th e conceptio n o f  coherenc e fro m sectio n 2  the n ou r  accoun t  o f  coherenc e 

i s tha t 

1]  basi c notion s o f  coherenc e ar e founde d o n principle s o f  knowledg e representatio n 

(fro m sectio n 3) , 

2]  semanti c relation s an d m e t o n y m y i n sentence s ar e instance s o f  coherenc e (fro m 

sectio n 2) , 

3)  coherenc e i s use d fo r  lexica l  ambiguit y resolutio n (sectio n 3) ,  an d 

[4 ]  discours e p h e n o m e n a ar e instance s o f  coherenc e (sectio n 2 ) . 

What  i s missin g i s th e link s betwee n [1] ,  [2] ,  [3] ,  an d [4] .  Sectio n 4 ,  whic h i s o n C S 

(Collativ e Semantics) ,  attempt s t o suppl y th e missin g link s betwee n [l] ,  [2] ,  an d [ 3 . 

*  Th e term s 'preference '  (Wilk s 1975a )  an d 'expectation '  (Schan k 1975 )  highligh t  differen t 
aspect s o f  th e us e o f  selectio n restrictions .  Wilk s emphasise s tha t  selectio n restriction s ma y o r 
may no t  b e satisfied ,  henc e th e wor d 'preference '  Schan k stresse s tha t  selectio n restriction s ar e 
used fo r  top-dow n prediction ,  henc e th e ter m 'expectation ' 
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4 Collativ e Semantic s 

CS ha s fou r  component s whic h ar e "sense-frameg, "  "collation, "  "semanti c vec -

tors, "  an d "screening. "  Sense-frame s ar e th e knowledg e representatio n schem e an d 

represen t  individua l  word-senses .  Collatio n matche s th e sense-frame s o f  tw o word -

senses ,  finds  an y metonymies ,  an d discriminate s th e semanti c relation s betwee n th e 

word-sense s a s a  comple x syste m o f  mapping s betwee n thei r  sense-frames .  Semanti c 

vector s represen t  suc h system s o f  mapping s produce d b y collatio n an d henc e th e 

semanti c relation s encode d i n thos e mappings .  Screenin g choose s betwee n tw o 

semanti c vector s b y applyin g ran k ordering s a m o n g semanti c relation s an d a  measur e 

of  conceptua l  similarity ,  thereb y resolvin g lexica l  ambiguity . 

CS ha s bee n implemente d i n th e meta 5 program .  T h e meta S progra m i s writte n 

i n Quintu s Prolo g an d consist s o f  a  lexico n containin g th e sense-frame s o f  46 0 word -

senses ,  a  smal l  g rammar ,  an d semanti c routine s tha t  e m b o d y collatio n an d screening , 

th e tw o processe s o f  CS. ^  A n exampl e sentenc e show s h o w semanti c relation s ar e 

discriminate d b y metaS ,  an d henc e b y C S . 

(2 )  " T h e ca r  dran k gasoline. " 

Ther e i s a  metaphorica l  relatio n betwee n 'car '  an d 'drink '  i n (2) .  Figur e 1  show s 

th e sense-frame s fo r  carl ,  drinkl ,  an d animal l  whic h i s th e agen t  preferenc e o f 

drinkl .  Sense-frame s ar e compose d o f  othe r  word-sense s tha t  hav e thei r  o w n sense -

frames ,  m u c h lik e Quillian' s (1968 )  planes .  Ther e ar e n o semanti c primitive s i n th e 

sens e o f  Schank' s (1975 )  Conceptua l  Dependenc y o r  Wilks '  Preferenc e Semantics. ^ 

sf(car1 , 

[[arcs , 

[[supertype , 

[nodeO , 

[[it1 ,  carryl , 

sf(drink1 , 

[[arcs , 

[[supertype , 

[node2 , 

[[agent , 

[preference , 

[object , 

[preference , 

motor_vehicle1]]] , 

passenger !  ]]]]) . 

ingesti]]] , 

animal l  ]] . 

drinkl]]]]]) . 

sf(animal1 , 

[[arcs , 

[[supertype ,  organismi]]] ,  1 

[nodeO , 

[[biotogyl , 

[it1 ,  drin k 

[it1 ,  eat1 , 

animall] , 

1,  drinkl] , 

foodi]]]]) . 

Figur e 1 .  Sense-frame s o f  carl ,  animall ,  an d drink l  (verb) . 

*  MetaS' s gramma r  i s adapte d fro m th e gramma r  o f  X T R A (Huan g 1985) ,  a n English -
Chines e machin e translatio n progra m als o writte n i n Prolog .  X T R A i s th e lates t  i n a  successio n 
of  program s tha t  originat e fro m Boguraev' s (1979 )  natura l  languag e analyse r  tha t  wa s writte n i n 
LISP .  Huang' s an d Boguraev' s program s us e version s o f  Preferenc e Semantics . 

*  On e o f  th e mai n claim s o f  C S t o b e a  semantic s i s it s treatmen t  o f  semanti c primitives .  Se e 
Pass (1986 )  fo r  details . 
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The nod e par t  o f  a  sense-fram e i s th e differenti a tha t  provide s a  descriptio n o f 

th e word-sens e represente d b y th e sense-fram e tha t  differentiate s i t  fro m othe r  word -

senses .  Sense-fram e node s fo r  noun s (node-typ e 0 )  resembl e Wilks '  (1978 )  pseudo -

texts .  The y contai n list s o f  two-elemen t  an d three-elemen t  list s calle d "cells. "  Eac h 
cel l  expresse s a  piec e o f  functiona l  o r  structura l  informatio n an d ca n b e though t  o f  a s 

a comple x semanti c featur e o r  propert y o f  a  noun . 

The arc s par t  o f  a  sense-fram e contain s a  labelle d ar c t o it s genu s ter m ( a word -

sens e wit h it s ow n sense-frame) .  Th e mos t  c o m m o n ar c label s describ e type s o f  clas s 

inclusio n suc h a s 'supertype '  tha t  denote s membershi p o f  a  clas s o f  individual s b y a 

clas s o f  individual s an d 'superinstance '  tha t  denote s membershi p o f  a n individua l 

withi n a  clas s o f  individuals .  Together ,  th e arc s o f  al l  th e sense-frame s compris e a 

densel y structure d semanti c networ k o f  word-sense s calle d th e "sense-network. "  Thi s 
genera l  architectur e o f  a  semanti c networ k wit h frame-lik e structure s a s node s i s simi -
la r  t o man y frame-base d an d semanti c network-base d systems ,  suc h a s Quillian' s 
(1968 )  memor y model ,  schem a theor y (Norma n an d Rumelhar t  1975) ,  K R L (Bobro w 

and Winogra d 1977) ,  F R L (Robert s an d Goldstei n 1977) ,  K L O N E (Brachma n 1979) , 

and frai l  (Won g 1981) . 

Collatio n i s th e secon d componen t  o f  CS .  I n (2) ,  collatio n matche s wha t  wa s 
expecte d (animall )  agains t  wha t  i s ther e i n th e sentenc e (carl )  s o th e sense-frame s o f 

animal l  an d car l  ar e matche d together .  Collatio n find s a  syste m o f  multipl e mapping s 

betwee n thos e sense-frames ,  thereb y discriminatin g th e metaphorica l  relatio n betwee n 

animal l  an d carl .  Collatio n contain s a  grap h searc h algorith m an d a  frame-matchin g 
algorithm .  Th e grap h searc h algorith m distinguishe s fiv e type s o f  sense-networ k path . 

Two path-type s denot e inclusion ;  thre e denot e exclusion .  Thes e path-type s ar e th e 

basi c mapping s produce d b y collation .  Th e frame-matchin g algorith m matche s th e set s 

of  cell s fro m tw o sense-frames .  Seve n type s o f  cel l  matc h ar e distinguished .  Thes e 

cel l  matche s ar e mor e comple x mapping s tha t  ar e buil t  fro m sense-networ k path s an d 
henc e als o embod y inclusion . 

First ,  collatio n finds a  preferenc e o r  expectatio n violatio n :  a  ca r  i s no t  a  kin d o f 
animal .  Next ,  collatio n matche s th e inherite d cell s o f  animal l  an d carl .  Wha t  i s 
"relevant "  i n th e presen t  contex t  i s  th e actio n o f  drinkin g becaus e tha t  i s wha t  (2 )  i s 

about .  Collatio n the n inherit s th e cell s o f  animal l  dow n th e sense-networ k an d 
searche s thos e cell s fo r  on e tha t  refer s t o drinking . 

Relevan t  cel l  o f  animal l 

[animall ,  drinki ,  drinki ] 

Cell s  o f  ca n 

[[bounds1,distinct1], 
[extenti ,  three_dimensional1] , 
[behavioun ,  solidi] , 
[compositio n 1 ,  metaH] , 
[animacyl ,  nonlivingl] , 
[can ,  rolH ,  [on3 ,  landl]] , 
[driven ,  drivel ,  carl] , 
[can ,  havel ,  [4 ,  wheell]] , 
[can ,  havel ,  enginel] , 
[can ,  use2 ,  gasoiinel] , 
[can ,  carryl ,  passenger !  ] ] 

Figur e 2 .  Matc h o f  relevan t  cel l  fro m animal l  wit h cell s fro m car l 
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I t  find s a  relevan t  cel l  [animall ,  drinkl ,  drinkl ]  an d seek s a  matc h fo r  tha t  cel l 

agains t  th e lis t  o f  inherite d cell s fo r  car l  (se e figure  2 ) .  I t  finds a  matc h wit h [carl , 

use2 ,  gasolinel ]  (highlighte d i n figure  2 )  whic h i s th e relevan t  analog y tha t  animal s 

drin k potabl e liquid s a s car s us e gasoline .  Thi s relevan t  analog y i s crucia l  t o recognis -

in g th e semanti c relatio n betwee n car l  an d th e drink l  a s metaphorical . 

NQn-relevan t  cell s o f  animal l  NQn-reievan t  cell s o f  car l 

[[boundsl.distinctl] , 

[extenti ,  three_dimensional1] , 
[behavioun ,  solidi] , 

[compositionl.fleshl], 
[animacyl ,  iivingi] , 

[animall, eat1, foodi], 
[biologyl ,  animall] ] 

[[boundsl.distinctl] , 
[extenti ,  three_dimenslonall] , 
[behavioun ,  solidi] , 

[compositioni, metall], 

[animacyl ,  nonlivingl] , 

[can ,  rolll ,  [on3 ,  landl]] . 
[driven ,  drivel ,  carl] , 

[carl ,  havel ,  [4 ,  whee l  1]] . 
[can.havei.enginel] , 
[carl ,  carr y 1 ,  passenger l  ] ] 

Cel l  matche s 

3 identica l 
cel l  matche s 

2 sister 

cel l  matche s 

2 distinctive 
cell s o f 

animal l 

5 distinctive 
cell s o f  car l 

Figur e S .  Matche s o f  non-relevan t  cell s fro m animal l  an d carl . 

Finally ,  collatio n matche s togethe r  th e remainin g non-relevan t  cell s o f  animal l 

an d car l  (se e figure  3 )  becaus e suc h matche s m a y figure  i n th e aptnes s o f  a  meta -

phor." ^  T h e cel l  [carl ,  use2 ,  gasolinel ]  ha s bee n remove d t o preven t  i t  fro m bein g 

use d a  secon d time .  Al l  o f  thes e matche s m a d e b y collatio n ar e recorde d i n a  seman -

ti c vecto r  whic h figure 4  shows . 

[preference , 

[[pathjype . 

[0 ,  0 .  0 ,  0 ,  1]] . 

[cell_matches , 

[[relevant , 

[0.0,1,0.0.0.10]] . 

[no n relevant , 

[0 ,  3 ,  2 ,0.0,2 ,  5]]]]] ] 

Firs t  arra y : 

exclusiv e sense-networ k pat h 

Secon d arra y : 

analogica l  matc h o f  relevan t  cel l 

Thir d arra y : 

matche s o f  non-relevan t  cell s 

Figur e 4 -  Semanti c vecto r  fo r  a  metaphorica l  semanti c relation . 

Semanti c vector s ar e th e thir d componen t  o f  C S .  Semanti c vector s ar e a  for m o f 

representation ,  alon g wit h sense-frames ;  bu t  sense-frame s represen t  knowledge , 

wherea s semanti c vector s represen t  coherence .  Semanti c vector s ar e therefor e a  kin d 

of  "coherenc e representation. "  A  semanti c vecto r  i s a  dat a structur e tha t  contain s 

7 Tourangea u an d Sternber g (1982 )  hav e claime d tha t  th e mor e distanc e betwee n th e concep -
tua l  domain s o f  th e sourc e an d target ,  th e bette r  th e metapho r  W e hav e develope d a  measur e 
tha t  test s thi s claim . 
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neste d label s an d ordere d array s structure d b y a  simpl e dependenc y syntax .  Th e 

column s o f  th e array s recor d differen t  kind s o f  mappin g betwee n sense-frames . 

The crucia l  element s o f  th e metaphorica l  relatio n i n (2 )  wer e th e preferenc e vio -

latio n an d th e relevan t  analogy .  I n figure  4 ,  th e preferenc e violatio n ha s bee n 

recorde d a s th e 1  i n th e first  arra y (fift h column )  an d th e relevan t  analog y i s th e 1  i n 

th e secon d arra y (thir d column) .  Th e aptnes s o f  a  metapho r  ma y b e determine d b y 

th e matche s o f  non-relevan t  cells .  I n figure  4 ,  thos e matche s ar e recorde d i n th e thir d 

arra y (compar e wit h figure  3) .  Othe r  semanti c relation s hav e differen t  semanti c vec -

tors . 

Together ,  th e label s an d array s o f  a  semanti c vecto r  specif y th e synergisti c 

interactio n o f  source s o f  knowledg e i n a  semanti c relation ;  i n othe r  words ,  th e label s 

and array s represen t  coherence .  T o se e this ,  recal l  onc e agai n tha t  w e defin e coher -

ence a s th e synergis m o f  knowledge ,  an d tha t  synergis m i s th e interactio n o f  tw o o r 

more discret e agencie s t o achiev e a n effec t  o f  whic h non e i s individuall y capable .  I n 

th e semanti c vecto r  o f  figure  4 ,  th e discret e agencie s ar e thre e knowledg e source s ([ 1 

th e surfac e subjec t  carl ;  [2 ]  th e agen t  preferenc e animall ;  an d [3 ]  drinkl ,  th e relevan t 
contex t  an d als o th e sens e o f  th e mai n sentenc e verb) ,  th e interactio n o f  thos e 
source s i s th e system s o f  mappings ,  an d th e effec t  achieve d i s th e metaphorica l  seman -

ti c relatio n i n (2) . 

The fourt h componen t  o f  C S i s th e proces s o f  screening .  Durin g analysi s o f  a 
sentenc e constituent ,  meta S compute s a  semanti c vecto r  fo r  pairwis e combination s o f 

word-senses .  Thes e word-sens e combination s ar e calle d "semanti c readings "  o r  sim -
pl y "readings. "  Eac h readin g ha s a n associate d semanti c vector .  Screenin g choose s 

betwee n tw o semanti c vector s an d henc e thei r  attache d semanti c readings .  Ran k ord -

ering s amon g semanti c relation s ar e applied .  I n th e even t  o f  a  tie ,  a  measur e o f  con -
ceptua l  similarit y i s applied . 

The detai l  ca n no w b e supplie d fo r  th e missin g link s fro m ou r  skeleto n accoun t 
of  coherenc e i n sectio n 3 .  Th e first  missin g lin k wa s fro m [1 ]  t o [2] ,  namel y ho w 
inclusio n i s use d i n th e recognitio n o f  semanti c relation s an d metonym y (distanc e i s 
not  use d i n CS) .  Ou r  explanatio n i s tha t  collatio n discriminate s semanti c relation s an d 

perform s metonymi c inferencin g b y finding  multipl e sense-networ k path s betwee n tw o 
sense-frames . 

The secon d missin g lin k wa s fro m [2 ]  t o [3] ,  whic h i s ho w semanti c relation s an d 
metonymy ar e use d i n th e resolutio n o f  lexica l  ambiguity .  Ou r  explanatio n i s tha t 
semanti c relation s ar e represente d i n semanti c vector s a s system s o f  mapping s an d tha t 
screenin g use s thos e mapping s t o appl y ran k ordering s o f  semanti c relation s and ,  i f 
necessary ,  a  measur e o f  conceptua l  similarit y t o choos e betwee n semanti c reading s an d 
thereb y resolv e lexica l  ambiguit y (metonym y help s t o establis h semanti c relation s an d 

does no t  figure  directl y i n lexica l  ambiguit y resolution) . 

The missin g link s betwee n [l ]  an d [3 ]  ar e filled  b y th e fou r  component s o f  CS . 
What  unifie s ou r  accoun t  o f  coherenc e i s th e treatmen t  o f  semanti c relation s tha t  col -

latio n discriminate s ([1 ]  t o [2] )  an d semanti c vector s represen t  ([2 ]  t o [3]) . 

5 Summary 

Thi s pape r  ha s attempte d t o describ e th e relationshi p betwee n semanti c relations , 

metonymy ,  an d lexica l  ambiguit y resolution .  Coherenc e wa s use d a s a n explanator y 
concep t  tha t  organise d tha t  relationship .  C S wa s introduce d a s a  theoretica l  framewor k 

i n whic h th e rol e o f  coherenc e i n th e relationshi p betwee n semanti c relations . 
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metonymy ,  an d lexica l  disambiguatio n wa s mad e mor e concrete .  Finally ,  a n exampl e 

fro m meta S wa s use d t o mak e th e descriptio n o f  C S an d th e relationshi p betwee n al l 

fou r  phenomen a (coherence ,  semanti c relations ,  metonymy ,  an d lexica l  disambigua -

tion )  mor e concret e still . 

Coherenc e i s th e mai n theoretica l  focu s o f  CS ,  togethe r  wit h semanti c primitives . 

Collatio n produce s coherence ,  semanti c vector s represen t  coherence ,  an d screenin g 

use s coherence .  I n CS ,  th e representatio n an d processin g o f  knowledg e (sense-frame s 

and collation )  ar e distinguishe d fro m th e representatio n an d processin g o f  coherenc e 

(semanti c vector s an d screening) . 

Ther e ar e man y phenomen a tha t  a  coherence-base d approac h suc h a s C S ca n 

explore .  W e hav e argue d tha t  semanti c relation s an d metonym y ar e manifestation s o f 

coherence .  Coherenc e exist s betwee n linguisti c structure s o f  al l  sizes .  W e hav e 

argue d tha t  coherenc e exist s withi n sentence s an d i s prominen t  i n approache s t o lexi -

cal  ambiguit y resolution .  Coherenc e als o exist s betwee n sentence s - -  i t  i s  basi c t o 

theorie s o f  discourse .  Coherenc e merit s thoroug h investigatio n a s i t  appear s t o pla y a 

substantia l  rol e i n cognition ,  no t  jus t  semanti c relations ,  metonym y an d lexica l  ambi -

guit y resolution . 
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1 Abstract 

We present some ideas about how thematic roles (case roles) associated with verbs 

ar e use d durin g on-lin e languag e comprehensio n alon g wit h som e supportin g ex -

perimenta l  evidence .  Th e basi c idea ,  followin g Cottrel l  (1985) ,  i s  tha t  al l  o f  th e 

themati c role s associate d wit h a  ver b ar e activate d i n paralle l  whe n th e ver b i s 

encountered .  I n addition ,  w e propos e tha t  themati c role s ar e provisionall y assigne d 

t o argument s o f  th e verb s a s soo n a s possible ,  wit h an y themati c role s incompat -

ibl e wit h suc h a n assignmen t  becomin g inactive .  Activ e themati c role s tha t  ar e 

not  assigne d argument s withi n th e sentenc e ar e entere d int o th e discours e mode l  a s 

unspecifie d entitie s o r  addresses .  I n ou r  first  experimen t  w e sho w tha t  temporar y 

garden-path s aris e whe n subject s initiall y  assig n th e wron g sens e t o a  ver b a s i n 

Bil l  passe d th e tes t  t o hi s friend ,  bu t  no t  whe n subject s initiall y  assig n th e wron g 

rol e t o th e nou n phrase ,  a s i n Bil l  loade d th e ca r  ont o th e platform .  Thi s predictio n 

follow s directl y fro m ou r  assumptions .  I n ou r  secon d experimen t  w e sho w tha t  def -

init e nou n phrase s withou t  explici t  antecedent s i n th e precedin g discours e ca n b e 

more readil y integrate d int o a  precedin g discours e whe n the y ca n b e indexe d t o a n 

addres s create d b y a n ope n themati c role . 

2 Introduction 

Although case roles have played an important part in linguistic theory since the 

semina l  wor k o f  Fillmor e (1968) ,  an d the y ar e frequentl y incorporate d int o A I  mod -

el s o f  natura l  languag e understanding ,  ther e ha s bee n littl e experimenta l  wor k tha t 

examine s thei r  rol e i n huma n languag e processing .  I n thi s pape r  w e presen t  exper -

imenta l  evidenc e suggestin g tha t  themati c role s (cas e roles )  associate d wit h verbs , 

pla y a n importan t  rol e i n languag e comprehension .  Th e ide a tha t  w e wil l  b e explor -

in g i s tha t  themati c role s ca n provid e a  mechanis m whereb y th e parse r  ca n mak e 

earl y semanti c comm.itments ,  ye t  quickl y recove r  fro m th e inevitabl e missasign -

ment s tha t  occu r  a s a  consequenc e o f  th e loca l  indeterminac y tha t  i s characteristi c 

of  natura l  language .  W e furthe r  sugges t  tha t  themati c role s provid e a  mechanis m 

fo r  interactio n amon g th e parser ,  th e discours e model ,  an d real-worl d knowledge . 

'Thi s researc h wa s supporte d i n par t  b y N S F gran t  BNS-8217378 . 
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3 Motivation 

Our motivation for exploring these ideas comes from a confluence of findings from 

th e languag e comprehensio n an d wor d recognitio n literature .  First ,  researc h o n 

languag e processin g suggest s tha t  th e languag e processo r  make s extremel y earl y 

commitments ,  wit h eac h wor d bein g full y interprete d an d integrate d wit h precedin g 

contex t  a s i t  i s  processe d (Marslen-Wilson ,  1975) .  Secondly ,  th e processo r  appear s 

t o comput e structure s seriall y  (Frazier ,  1978 ;  For d e t  al ,  1983 ;  Frazie r  &  Rayner , 

1982) .  Evidenc e come s fro m studie s demonstratin g loca l  increase s i n processin g 

complexit y whe n th e parse r  pursue s a n analysi s tha t  turn s ou t  t o b e inconsisten t 

wit h th e remainde r  o f  th e sentenc e o r  resolve s a n ambiguit y i n a  manne r  tha t  i s 

contextuall y inappropriate .  Ye t  feedbac k fro m contex t  clearl y enable s th e parse r  t o 

rapidl y recove r  fro m an d perhap s occasionall y avoi d thes e loca l  garden-paths .  Thi s 

pictur e suggest s tha t  th e parse r  compute s structure s seriall y  bu t  als o ha s rapi d 

acces s t o alternativ e structures . 

4 Multiple Codes 

Our central assumption is that thematic roles associated with a verb are activated 

i n parallel .  Placin g th e parallelis m i n th e lexico n i s attractiv e becaus e ther e i s 

a larg e bod y o f  researc h o n lexica l  processin g demonstratin g tha t  multipl e code s 

associate d wit h a  wor d becom e activate d regardles s o f  processin g context .  Fo r 

example ,  multipl e sense s o f  ambiguou s word s ar e initiall y  accesse d eve n i n th e pres -

enc e o f  contextua l  bia s (Seidenber g e t  al ,  1982 ;  Swinney ,  1979 ;  Tanenhau s e t  al , 

1979) .  Moreover ,  a  numbe r  o f  lexica l  an d sublexica l  effect s suc h a s th e wor d su -

periorit y effect ,  effect s o f  spelling-soun d regularity ,  an d o f  orthographi c regularit y 

i n visua l  wor d recognitio n ca n b e explaine d elegantl y b y th e assumptio n tha t  ther e 

i s a  grea t  dea l  o f  bottom-u p paralle l  activation ,  wit h incompatibl e representation s 

inhibitin g on e anothe r  (McClellan d &  Rumelhart ,  1981 ;  Seidenberg ,  1985) .  W h e n 

representation s ar e compatible ,  however ,  multipl e code s remai n activ e (Seidenber g 

& Tanenhaus ,  1979 ;  Tanenhaus ,  Flaniga n &  Seidenberg ,  1980) . 

Frazie r  an d colleague s (Frazier ,  1986 ;  Rayner ,  Carlso n &  Frazier ,  1984 )  hav e 

argue d tha t  th e vocabular y o f  themati c relation s i s share d b y th e parser ,  discours e 

model ,  an d worl d knowledge .  The y hav e propose d a  themati c processo r  whic h pro -

vide s a  channe l  o f  communicatio n amon g thes e domains .  I n ligh t  o f  th e growin g 

evidenc e fo r  multipl e cod e activatio n i n lexica l  processing ,  fo r  stron g lexica l  effect s 

i n parsing ,  an d fo r  on-lin e seria l  commitmen t  an d rapi d loca l  garden-pat h recov -

ery ,  i t  seem s reasonabl e t o see k a  mechanis m whereb y lexica l  structure s ca n hel p 

t o organiz e a  parse ,  guid e loca l  garden-pat h recovery ,  an d coimnunicat e wit h th e 

discours e model .  Themati c role s provid e a  promisin g candidat e fo r  suc h structures . 

5 Representational and Processing Assumptions 

In order to motivate our experiments it will be necessary to briefly outline some 

representationa l  an d processin g assumptions .  Thes e assumption s ar e presente d i n 

mor e detai l  i n Carlso n an d Tanenhau s (1987) . 
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5.1 Representational Assumptions 

We assume that a verb meaning is represented in terms of a core meaning (sense) 

and a n associate d se t  o f  themati c roles .  Followin g Carlso n (1984 )  w e assum e tha t 

th e mai n functio n o f  themati c role s i s t o relat e th e argument s o f  a  ver b t o th e 

cor e meanin g i n semanti c interpretation .  W e als o assum e tha t  a n integra l  par t 

of  th e interpretatio n o f  a  discours e i s a  menta l  model ,  o r  discours e model ,  whic h 

represent s a n ongoin g recor d o f  th e discours e (Heim ,  1982 ;  Johnson-Laird ,  1983 ; 

K a m p,  1979) .  W e als o mak e th e followin g standar d assumption s abou t  th e mappin g 

betwee n themati c role s an d arguments. ^ 

1. Every argument of a given verb is assigned a thematic role. 

2. No argument is assigned more than one thematic role. 

3. Every argument of a verb is assigned a unique thematic role. 

We finally assume that the set of arguments that are assigned thematic roles by 

a ver b ar e th e subjec t  o f  th e sentenc e an d th e subcategorize d phrase s i n th e ver b 

phrase. ^ 

5.2 Processing Assumptions 

In addition, we make the following processing assumptions: 

1. Lexical access makes available the core meaning (sense) of a verb and the 

themati c role s associate d wit h th e sense .  Fo r  a n ambiguou s verb ,  al l  th e sense s 

wil l  b e activate d i n parallel ,  alon g wit h th e se t  o f  themati c role s associate d 

wit h eac h sens e (se e Cottrell ,  1985 ,  fo r  a  simila r  proposal) . 

2. Only the sense of the verb that is contextually appropriate (or, in the absence 

of  biasin g context ,  th e mos t  frequen t  sense )  remain s active ,  alon g wit h it s 

themati c roles . 

3. Thematic roles are provisionally assigned to arguments of the verb as soon 

as possible ;  an y activ e themati c role s incompatibl e wit h suc h a n assignmen t 

becomes progressivel y les s active . 

4. Any active thematic roles not assigned to an argument remain as open thematic 

role s i n th e discours e model ,  appearin g a s fre e variable s o r  unspecifie d addresse s 

i n th e model .  Thus ,  w e d o no t  assum e tha t  ever y activ e themati c rol e assigne d 

by a  ver b end s u p assigne d t o th e meanin g o f  som e syntacti c constituent . 

6 Experiment 1: Sense and Thematic Role Ambiguities 

The model we have sketched above predicts a processing difference for sentences 

exhibitin g temorar y ambiguitie s suc h a s thos e illustrate d i n (1 )  an d (2) . 

^See Carlso n an d Tanenhau s (1987 )  fo r  som e qualificatioM . 
T h e phrasin g her e i s a  matte r  o f  convenience .  I t  i s  actuall y th e meaning s themselve s tha t  ar e assigne d themati c 

roles .  Se e Carlso n (1984 )  an d Carlso n an d Tanenhau s (1987 )  fo r  discussion . 
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1. Bill passed the test to his friend. 

2.  Bil l  loade d th e ca r  ont o th e platform . 

In sentence (l), passed is ambiguous between two senses, roughly, earning a passing 

grade ^  an d han d over .  I n sentenc e (1) ,  th e phras e whic h follow s th e verb ,  th e test , 

biase s th e grad e sense .  Reader s shoul d experienc e a  smal l  garden-pat h whe n thi s 

sens e late r  turn s ou t  t o b e incorrect .  Thi s follow s fro m th e assumptio n tha t  lexi -

cal  acces s wil l  mak e availabl e multipl e sense s o f  suc h a  wor d a s pass ,  bu t  onl y th e 

contextuall y mos t  appropriat e (or ,  i n absens e o f  context ,  mos t  frequen t  (Simpso n 

& Burgess ,  1985) )  sens e wil l  remai n activ e an d th e other s becom e unavailabl e (se e 

Simpson ,  1984 ,  fo r  a  revie w o f  relevan t  literature) .  W h e n a  reade r  o r  heare r  ini -

tiall y  select s th e wron g sens e o f  a n ambiguou s verb ,  reinterpretatio n woul d requir e 

retrievin g th e alternativ e sense .  Thi s shoul d tak e tim e an d processin g resources .  I n 

sentenc e (2) ,  th e nou n phras e th e truc k coul d eithe r  b e th e locatio n o f  th e loading , 

or  wha t  i s bein g loaded .  W h e n th e wron g themati c assignmen t  i s initiall y  made , 

themati c reassignmen t  shoul d b e relativel y cost-fre e because :  (a )  th e cor e meanin g 

of  th e ver b remain s constant ,  an d henc e th e verb' s lexica l  entr y nee d no t  b e re -

opened ;  (b )  th e alternativ e themati c role s ar e generall y activ e an d available ;  and , 

(c )  th e syntactic-themati c mapping s provid e explici t  informatio n abou t  ho w role s 

axe t o b e assigne d s o onl y a  limite d domai n o f  informatio n need s t o b e reexamined . 

Thus ,  themati c role s allo w th e processo r  t o mak e earl y commitment s withou t  undu e 

cost .  Th e nul l  hypothesi s i s tha t  bot h ambiguitie s ar e reall y jus t  sens e ambiguities , 

an d henc e ar e no t  fundamentall y distinct . 

6.1 Experimental Methodology 

6.1. 1 Stimul i 

The experimental materials are illustrated in (3) and (4), for sense and thematic 

rol e ambiguities ,  respectively . 

3.  a .  Bil l  passe d th e tes t  t o hi s complet e surprise . 

3.  b .  Bil l  faile d th e tes t  t o hi s complet e surprise . 

3.  c .  Bil l  passe d th e tes t  t o th e perso n behin d him . 

3.  d .  Bil l  hande d th e tes t  t o th e perso n behin d him . 

4.  a .  Bil l  loade d th e truc k wit h bricks . 

4.  b .  Bil l  filled  th e truc k wit h bricks . 

4.  c .  Bil l  loade d th e truc k ont o th e ship . 

4.  d .  Bil l  drov e th e truc k ont o th e ship . 

I n example s (3a )  an d (3c) ,  differen t  sense s o f  pas s ar e selecte d b y th e final  dis -

ambiguatin g phrase ;  disambiguatio n doe s no t  tak e plac e unti l  afte r  presentatio n o f 

th e direc t  objec t  nou n phrase .  Example s (3b )  an d (3d )  ar e contro l  sentence s usin g 

unambiguou s verb s tha t  hav e cor e meaning s relate d t o th e appropriat e sens e i n th e 

ambiguou s versio n o f  th e sentence .  Th e sentence s o f  (4 )  repea t  tha t  sam e patter n 

fo r  th e themati c ambiguities ;  (4a )  an d (4c )  involv e temporar y ambiguit y o f  themati c 

assignmen t  t o th e direc t  object ,  t o b e disambiguate d b y th e final  constituent ;  (4b ) 

an d (4d )  serv e a s unambiguou s controls .  Set s o f  sentence s simila r  t o thos e i n (3 )  an d 

(4 )  wer e constructe d fo r  1 6 verb s wit h differen t  sense s an d 1 6 verb s fo r  whic h th e 
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thematic assignment of the following noun phrase is ambiguous. The four sentences 

fo r  eac h ver b wer e counterbalance d acros s fou r  lists ,  wit h eac h subjec t  seein g onl y 

one list . 

6.1.2 Procedure 

The sentences were displayed on a CRT and the subjects' task was to decide as 

quickl y a s possibl e whethe r  o r  no t  th e sentenc e mad e sense .  W e zissume d tha t 

subject s woul d initiall y  selec t  th e incorrec t  ver b sens e o r  themati c assignmen t  o n 

approximatel y hal f  th e trial s wher e temporar y ambiguit y i s possible .  I f  incorrec t 

sens e selectio n result s i n a  garden-pat h onc e disambiguatin g informatio n t o th e 

contrar y arrives ,  thi s shoul d b e reflecte d eithe r  i n fewe r  sentence s wit h sens e ambi -

guitie s bein g judge d t o mak e sens e o r  i n longe r  reactio n time s t o comprehen d thes e 

sentences ,  al l  relativ e t o contro l  sentences .  I n constrast ,  themati c rol e ambiguitie s 

shoul d resul t  i n muc h weake r  garde n paths .  Fille r  trial s include d som e sentence s 

tha t  wer e incongruous ,  suc h as :  Severa l  peopl e borrowe d idea s unde r  th e bed . 

6.2 Results and Discussion 

Data from 28 subjects are presented in Table 1, which displays reaction time (in 

msec)  t o th e sentence s judge d t o mak e sense ,  an d th e percentag e o f  sentence s judge d 

t o mak e sense .  Separat e A N O V As wer e conducte d o n th e judgmen t  dat a an d o n th e 

reactio n tim e data .  Th e A N O V A o n th e judgmen t  dat a reveale d a  significan t  inter -

actio n betwee n Ver b Typ e (Sens e versu s Thematic )  an d Ambiguit y (Ambiguou s o r 

Contro l  conditions )  wit h subject s a s a  rando m factor ,  {F{1 ,  24 )  =  6.17 ,  p  =  .02) . 

The interactio n obtaine d becaus e sentence s wit h sens e ambiguitie s wer e les s likel y 

t o b e judge d t o mak e sens e tha n thei r  control s {F{1 ,  13 )  =  6.07 ,  p  =  .029) ,  wherea s 

sentence s wit h themati c rol e ambiguitie s wer e no t  (̂''(l ,  15 )  =  .02 ,  p  =  .88) . 

The reactio n tim e result s wer e les s clea r  cut .  Bot h sens e an d themati c rol e ambi -

Ambiguit y Typ e Ver b Typ e Contro l 

SENSE 2445 (77) 2290 (94) 

T H E M A T IC 223 9 (92 )  216 8 (93 ) 

Tabl e 1 :  Latencie s (i n msec )  fo r  sentence s judge d t o mak e sense .  Percen t  judge d t o mak e sens e i n 
parentheses . 

guities took longer to comprehend when they were judged to make sense than their 

control s (F(l ,  24 )  =  14.69 ,  p  =  .0008) ,  an d althoug h th e effec t  wa s numericall y 

large r  fo r  th e sens e ambiguities ,  th e interactio n betwee n typ e o f  ver b an d ambigu -

it y wa s no t  significant .  However ,  th e effec t  o f  ambiguit y wa s significan t  onl y fo r  th e 

sens e ambiguitie s i n th e ite m analysi s {F{1 ,  13 )  =  6.73 ,  p  =  .02) .  Th e reactio n tim e 

result s wer e mor e consisten t  wit h th e judgmen t  results ,  whe n usin g ou r  intuitions . 
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Figur e 1 :  Latencie s fo r  sentence s judge d t o mak e sens e whe n preferre d (P )  o r  les s preferre d (LP ) 
sens e o r  themati c assignmen t  turne d ou t  t o b e correc t  ( A =  ambiguou s verb ;  C  =  unambiguou s 
contro l  verb) . 

we divided the ambiguous sentences into those in which the preferred and less pre-

ferre d initia l  sens e o r  themati c assignmen t  i s correc t  an d incorrec t  (se e Figur e 1) . 

We se e tha t  th e sens e ambiguitie s ar e mor e difficul t  tha n thei r  control s onl y whe n 

th e les s preferre d sens e turn s ou t  t o b e correct .  Thi s i s reflecte d i n th e interactio n 

betwee n Sens e (preferre d an d les s preferred )  an d Ambiguit y {F{1 ,  13 )  =  6.79 ,  p  = 

.02) .  Thi s interactio n i s no t  presen t  wit h th e themati c rol e ambiguitie s {F{l ,  15 )  = 

1.19 ,  p  =  .29) . 

7 Experiment 2: Open Thematic Roles 

The results of Experiment 1 demonstrate a processing difference between thematic 

rol e ambigutie s an d sens e ambiguities ,  thu s lendin g suppor t  t o ou r  assumptio n tha t 

themati c role s ca n b e distinguishe d fro m cor e meanings .  Experimen t  2  teste d th e 

ide a tha t  ope n themati c role s ar e entere d int o th e discours e mode l  ai s unspecifie d 

discours e entities .  Ope n themati c role s obtai n whe n a n activ e themati c rol e i s no t 

filled  b y a n argument .  Fo r  example ,  th e ver b loa d ha s thre e themati c role s associate d 

wit h it :  Agent ,  T h e m e an d Location .  I n a  sentenc e suc h a s (5 ) 

5. Bill loaded the car. 

one of the thematic roles, most likely the Theme, would be left open. If this idea is 

correct ,  the n listener s shoul d no t  hav e difficult y interpretin g a  subsequen t  sentenc e 

tha t  begin s wit h a  definit e nou n phras e a s lon g a s th e nou n phras e coul d plausibl y 

fill  th e ope n role .  Thu s sentenc e (6 ) 
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6. The suitcases were heavy. 

should be relatively natural when it follows (5) in a discourse because the suitcases 

ca n fill  th e ope n T h e m e role .  I n contras t  th e sam e sentenc e shoul d b e mor e difficul t 

t o understan d whe n ther e i s no t  a n ope n themati c role ,  becaus e th e reade r  wil l 

hav e t o mak e a n inferenc e t o buil d a  bridg e fro m th e nou n phras e t o th e contex t 

(Havilan d &  Clark ,  1974) . 

7.1 Experimental Methodology 

7.1. 1 Stimul i 

We constructed sixteen sets of two sentence discourses in which a target sentence 

beginnin g wit h a  definit e nou n phrats e (8 )  wa s precede d b y eithe r  a  contex t  sentenc e 

tha t  introduce d a n ope n themati c rol e tha t  th e N P coul d fill  a s i n (7b )  o r  a  sentenc e 

tha t  create d a  plausibl e contex t  fo r  th e targe t  sentenc e bu t  tha t  di d no t  leav e a n 

ope n role ,  a s i n (7a) . 

7. a. John had difficulty running fast to catch his plane 

7.  b .  Joh n ha d difficult y loadin g hi s car . 

8.  Th e suitcase s wer e ver y heavy . 

The two context sentences for each set were counterbalanced across two presentation 

lists . 

7.1.2 Procedure 

Subjects were presented with the context sentence on a CRT. When they pressed 

a butto n indicatin g tha t  the y ha d rea d an d understoo d th e contex t  sentence ,  the y 

wer e presente d wit h th e targe t  sentence .  Thei r  tas k wa s t o decid e whethe r  o r  no t 

th e targe t  sentenc e mad e sens e give n th e context . 

7.2 Results 

Target sentences were judged to make sense more often when the context sentence 

introduce d a n ope n themati c rol e tha n whe n i t  di d not ,  (97 % v s 8 4 % ;  F{1 ,  22 )  = 

5.76 ,  p  =  .025) .  Latencie s t o targe t  sentence s judge d t o mak e sens e wer e faste r 

when th e contex t  introduce d a n ope n themati c rol e tha n whe n i t  di d not ,  (162 8 

msec v s 184 7 msec ;  F{1 ,  22 )  =  6.32 ,  p  =  .019) .  Thu s th e result s strongl y supporte d 

th e hypothesis . 

8 Discussion 

The studies that we have presented provide initial encouragement for the frame-

wor k tha t  w e hav e bee n developing .  T w o interesting ,  an d t o ou r  knowledge ,  pre -

viousl y unobserve d phenomen a wer e predicte d an d confirme d experimentally .  I t  i s 

importan t  t o acknowledge ,  however ,  tha t  themati c role s ar e no t  th e onl y possibl e 

explanatio n fo r  ou r  results .  I t  i s  difficult ,  fo r  example ,  t o rul e ou t  th e hypothesi s 

tha t  themati c role s ar e no t  distinc t  grammatica l  entities ,  bu t  rathe r  jus t  aspect s o f 
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verb meajiings as Ladusaw and Dowty (1987) have argued. A great deal of future 

reseajc h wil l  b e necessar y befor e i t  become s clea r  whic h o f  thes e framework s wil l 

provid e th e mor e interestin g insight s abou t  comprehensio n processes . 
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ABSTRACT 

The contex t  dependen t  natur e o f  languag e processin g require s th e synchronizatio n o f  severa l  sub -

processe s ove r  time .  On e clai m whic h follow s i s tha t  de-synchronizatio n i s likel y t o distur b languag e pro -

cessing . 

Aphasi a i s a  languag e disorde r  whic h arise s followin g certai n type s o f  brai n lesion .  Man y theorie s o f 

aphasi a ar e competenc e base d theorie s an d d o no t  addres s aspect s o f  performanc e whic h ca n b e affecte d 

under  condition s o f  processin g degradation .  Th e discussio n i n thi s pajje r  wil l  focu s o n de-synchronizatio n 

as a  possibl e explanatio n fo r  aphasi c languag e comprehensio n problems . 

H O P E,  a  compute r  mode l  fo r  singl e sentenc e comprehension ,  provide s a  too l  t o systematicall y stud y 

th e effect s o f  variou s hypothesize d de-synchronizatio n problem s o n differen t  languag e processin g level s an d 

on overal l  comprehensio n performance .  H O P E include s a  neural-lik e architectur e tha t  incorporate s a 

grammar  whic h function s i n a  predict/feedbac k manner .  I t  illustrate s on e wa y i n whic h serial-orde r  inpu t 

can ma p int o synchronous ,  paralle l  subprocesse s tha t  ca n effectivel y produc e norma l  sentenc e comprehen -

sio n performance . 

Usin g H O P E,  th e stud y o f  explici t  de-synchronizatio n effect s o n a  cove r  se t  o f  stimul i  sentence s sug -

gest s erro r  pattern s t o b e sough t  i n neurolinguisti c evidence .  Withi n a  subse t  o f  a  cove r  se t  o f  stimuli , 

simulatio n result s fro m a  slowe d propagatio n lesio n experimen t  wil l  demonstrat e ho w timin g problem s ca n 

resul t  i n observe d aphasi c comprehensio n performance . 

1. INTRODUCTION 

The context dependent nature of language processing requires synchronization of several subprocesses 

over  time .  On e clai m whic h follow s i s tha t  de-synchronizatio n a s a n exampl e o f  a  processin g degradatio n i s 

likel y t o caus e problem s wit h languag e processing . 

Followin g brai n lesion ,  usuall y o n th e lef t  side ,  ther e i s ofte n a  disturbanc e o f  languag e facilit y  calle d 

aphasia .  Wh i l e i t  i s  k n o w n tha t  brai n proces s subserve s language ,  unti l  recently ,  theorie s o f  aphasi a hav e 

bee n chiefl y define d withi n competenc e theorie s o f  languag e instea d o f  processin g ones .  (Fo r  s o m e excep -

tion s see .  V o n M o n a k o w ,  1914 :  Kolk ,  V a n Grunsven ,  an d Keyse r  1985 ;  Kol k an d V a n Grunsven ,  1985. ) 

Neurolinguisti c studie s o f  aphasia ,  focusin g o n linguisti c competenc e theories ,  analyz e observe d 

languag e difficultie s i n aphasi a a s th e resul t  o f  knowledg e dissolutio n and/o r  rul e degradation .  I n contrast , 

a processin g base d theory ,  th e focu s o f  thi s paper ,  attend s t o competenc e issue s a s studie d i n behaviora l 

research ,  bu t  als o employ s constraint s develope d withi n architectura l  consideration s o f  th e processin g 

mechanis m underlyin g th e behavior . 

Ther e ar e severa l  possibl e reason s fo r  th e genera l  emphasi s o n competenc e theor y motivate d studie s 

i n neurolinguistic s a s oppose d t o processin g degradatio n motivate d ones . 

(1 )  I t  i s  difficul t  t o kee p trac k o f  th e on-lin e effec t  tha t  a  particula r  de-synchronizatio n proble m ha s o n dif -

feren t  level s o f  processin g b y Jus t  usin g pape r  an d pencil .  T o giv e a n exampl e o f  a  particula r  de -

synchronizatio n problem :  H o w doe s a n hypothesize d slowin g o f  propagatio n o f  activit y afte r  phoneti c 

recognitio n affec t  th e processin g o n differen t  levels ,  suc h a s th e syntacti c an d th e semanti c level ? 

|1 1 DfpaitiiKMi l  o l  Psychology .  Uniwrsil y  o f  Nijiiu'gen .  MonU'ssorilaa n 3 .  652 5 H E Nijnic'gen .  Thi '  Netheilancl s 

Tht initial ilfvelopineni of the iU|X>rn;il lescaicli was Mipporicil Ihoiii;!! an Allii-il P. Sloan Foiinilalion Grant entilk'd ""A Trainiiij: Pro-
ciaii i  i n Cognitiv e Science "  a t  th e Universit y  ol '  Massachusett s a t  Amherst .  Continuini :  ilcvelopnien i  i s  supporte d throiijl h a  Bioineilica l 
Researc h Suppor t  Gran t  a t  th e Universil v  o f  Ne w Hampshir e atu i  thioug h a  gra m Iro m th e Netherland s America n Fulbrigh t  Committe e 
and Iron i  IB M Netherland s NV . 

597 



(2 )  Huma n performanc e studie s ca n onl y induc e synchronizatio n problem s b y manipulatin g th e inpu t  t o 

th e languag e system .  Interna l  manipulations ,  suc h a s th e slowin g o f  activit y propagation ,  a s previ -

ousl y mentioned ,  ar e impossible .  Bu t  suc h slowin g migh t  explai n par t  o f  th e difference s i n th e result s 

foun d i n comprehensio n studie s o f  aphasi a whic h manipulat e th e rat e o f  sentenc e input .  (Brookshire , 

1971 ;  Blumstein ,  Katz ,  Goodglass ,  Shrie r  an d Dworetski ,  1985 ;  Laskey ,  Weidner ,  an d Johnson ,  1976 ; 

Lile s an d Brookshire ,  1975) . 

H O P E,  a  mode l  o f  singl e sentenc e comprehension ,  wa s explicitl y  designe d t o provid e a  conceptua l 

too l  tha t  enable s on-lin e stud y o f  th e effect s o f  variou s hypothesize d de-synchronizatio n problem s (Gigley , 

1982 ;  1983 ;  1985b ;  1986) .  Pre\iou s model s o f  pathologica l  languag e comprehensio n (Baron ,  1975 ; 

Lavorel ,  1982 ,  Marcus ,  1982 )  implemente d t o varyin g degrees ,  ar e rul e base d an d d o no t  includ e facilit y  t o 

manipulat e th e synchronizatio n o f  informatio n flov ^  i n th e manne r  include d i n H O P E. 

Usin g generall y observed ,  independentl y affecte d competenc e knowledg e a s th e basi s o f  representa -

tions ,  H O P E wa s designe d t o b e abl e t o stud y ho w processin g change s coul d affec t  over t  behavior .  I t  wa s 

not  designe d t o specificall y model ,  "aphasi a typ e x "  fro m th e literature .  I n direc t  contras t  t o th e rol e com -

putationa l  model s assum e i n researc h i n general, ,  th e natur e o f  th e approac h i n H O P E i s t o stud y process -

in g degradations ,  formin g hypothesize d patien t  performanc e profile s an d t o g o t o th e literatur e o r  t o desig n 

specifi c  studie s t o determin e th e bes t  fit  t o th e behaviora l  data . 

The bes t  fit  o f  simulatio n result s tha t  ha s bee n foun d t o dat e appear s i n th e dat a o f  studie s o f  agram -

mati c patients .  Kea n (1985 )  describes ,  Agrammails m i s typicall y define d a s a  disorde r  o f  sentenc e productio n 

involvin y th e h'Icc .  liv e omissio n o f  Jhnciio n word s an d som e grammulica l  endin}; s o n words .  A n extensiv e dis -

cussio n o f  th e clinica l  pictur e ca n b e foun d i n Kea n (1985 )  an d issue s o f  knowledg e los s theorie s relate d t o 

it  i n Kol k an d Va n Grunsve n (1985) .  Variou s difficultie s whic h completel y defin e an y classificatio n ar e 

discusse d b y Capla n (1985. ) 

HOPE'S uniqu e rol e a s a  mode l  o f  languag e processin g tha t  include s issue s relate d t o neurolinguisti c 

and neural-lik e processe s wil l  b e discussed .  T o illustrat e th e specifi c  feature s o f  H O P Es desig n whic h 

addres s th e processin g motivate d lesions ,  w e uil l  describ e ho\ *  H O P Es lesionabilit y  i s  dependen t  o n it s 

neural-lik e architectur e an d o n th e time-coordinatin g functio n o f  it s  grammar .  The n w e wil l  procee d b y 

describin g variou s possibl e way s t o distur b th e svnchronizatio n o f  H O P Es sub-processes .  Whil e H O PE 

als o include s way s t o lesio n it s competenc e factors ,  suc h a s grammatica l  knowledge ,  o r  interpretatio n abil -

ity ,  thes e wil l  no t  b e discusse d i n thi s paper . 

. \  brie f  descriptio n o f  a  simulatio n ru n o f  H O P E wil l  b e use d t o demonstrat e ho w de-synchronizatio n 

can produc e result s whic h ca n b e attribute d t o competence-base d analyses .  Whil e othe r  de-synchronizatio n 

simulation s ca n b e show n t o produc e distinct h differen t  result s (Gigley .  1982 ;  1983 :  1986 )  thei r  scop e can -

not  b e describe d i n detai l  here .  Furthermore ,  withi n th e simulations ,  w e wil l  discus s th e nee d fo r  a  cove r 

set  o f  sentenc e stimul i  an d wil l  discus s th e implication s o f  i t  o n th e desig n o f  suitabl e tes t  stimul i  durin g 

validation . 

FinalK .  base d o n a n hypothesize d patien t  profile ,  th e rol e o f  suc h modellin g i n providin g a  mechan -

is m fo r  explorin g processin g motivate d theorie s o f  languag e performanc e wil l  b e shown .  Th e final  clai m i s 

tha t  throug h th e evolutio n o f  suc h modellin g anempt s a  bette r  understandin g o f  th e neura l  mechanism s sub -

servin g languag e wil l  b e gained . 

2. THE LEVELS OF REPRESENTATION IN HOPE 

The basic unit of computation is based on a lexical item. An example of an open class item is given in 

Figur e (Close d clas s item s hav e a  les s comple x distribute d form. )  Eac h lexica l  ite m include s a  phoneti c 

representation ,  al l  meanin g representation s associate d wit h it ,  a n interpretatio n representatio n calle d prag -

mati c tha t  reflect s th e correc t  meanin g fo r  th e sententia l  context ,  an d morphologica l  informatio n appropriat e 

t o th e phoneti c form . 

Furthe r  competenc e knowledg e include s a  meanin g fo r  eac h syntacti c categor y typ e tha t  define s a 

down-lin e predicte d categor y typ e an d a n associate d semanti c categor y typ e tha t  occur s followin g correc t 

interpretatio n an d composition .  Interpretatio n o f  a  syntacti c t\p e i s 'computed "  withi n a n interpretatio n 

functio n tha t  i s define d fo r  eac h syntacti c type . 

The lexica l  ite m i s represente d i n a  connecte d hypergrap h formalis m (Berge ,  1970. )  Space s o r  hyper -

graph s ar e show n a s enclose d area s i n Figur e 1 .  Th e neural-lik e computation s ove r  thes e unit s i s describe d 
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Figur e 1 :  Exampl e open-clas s wor d representation . 

Open-clas s wor d representation s ar e distribute d acros s spaces ,  P H O N E T I C ,  P H O N - C A T - M E A N, 

and morphologicall y relate d V E R B an d C N spaces .  Th e orde r  o f  activatio n o f  thi s informatio n 

acros s tim e durin g processin g i s tune d t o produc e norma l  performanc e results . 

below . 

Briefly ,  sentence s ar e inpu t  a s phoneti c wor d string s on e wor d a t  a  time .  The n al l  meaning s fo r  eac h 

homophon e ar e activate d simultaneousl y (Seidenberg ,  Tanenhaus .  Leima n an d Bienkowski ,  1982 ;  Swinney , 

1979 )  throug h spreadin g actixation .  Thes e meaning s interac t  wit h subsequen t  inpu t  producin g th e final  stat e 

of  simulate d sentenc e comprehension .  Thi s i s represente d a s th e bindin g determination s fo r  agen t  an d 

objec t  relationship s o n th e interprete d ver b for m o f  th e sentenc e an d i s activate d a s a  subgrap h i n a  prag -
mati c space . 

At  thi s point ,  on e shoul d not e tha t  eac h o f  unit s i n th e representation s a s illuustrate d i n Figur e 1 

receiv e activit y i n a  neural-lik e manner .  The y ar e no t  al l  actixate d simultaneously ,  bu t  ove r  tim e a s par t  o f 

th e proces s o f  syntacticall y motivate d meanin g disambiguation .  Furthermore ,  eac h uni t  ma y li e i n mor e 

tha n on e spac e i n th e giaph .  Space s currentl y denote,  phonetic .  n i e a n i n g ( P H O N - C A T - M E A N ) ,  g rammar , 

and pragmati c interpretation s o f  th e units .  Th e hypergrap h representatio n capture s th e redundanc y sup -

porte d i n neurophysiolog y o f  multipl e meaning /  multipl e effec t  a s eac h uni t  whe n activ e ca n affec t  differen t 

connecte d informatio n i n differen t  way s dependin g o n th e space s i n whic h i t  lies .  Th e detail s o f  thi s ar e 

relevan t  t o processin g bu t  no t  critica l  t o th e focu s o f  thi s paper .  (  Fo r  mor e detai l  se e Gigley ,  1982 ;  t o 

appear ;  an d Gigle y an d Boulicaut .  1985. ) 

3. HOPE'S NEURAL-LIKE ARCHITECTURE 

This section will describe HOPEs neural-like architecture as far as is necessary to acquaint the 

reade r  wit h th e genera l  notio n o f  usin g a  gramma r  a s a  coordinato r  o f  activatio n amon g level s o f  representa -

tion .  Fo r  a  complet e understandin g th e intereste d reade r  i s referre d t o Gigle y (1982 ;  1983 ) 

H O P Es architectur e i s neural-like .  I t  i s  connectionis t  i n th e sens e tha t  al l  knowledg e i s represente d 

as a  distribute d connecte d networ k o f  unit s tha t  ar e activate d ove r  time .  Eac h uni t  i s  intende d t o correlat e 

wit h a  paner n o f  activatio n ove r  mor e abstrac t  neural-lik e unit s (Hinton ,  1981 :  Hinton .  McClelland ,  an d 
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Riimelhart ,  1986 ;  Smolensky ,  1986. )  A  uni t  i s  no t  a  grandmothe r  cell .  A t  a n A I  level ,  eac h lexica l  ite m i s 

a collectio n o f  unit s tha t  togethe r  ar e th e "lexica l  item .  '(Se e Figur e 1. ) 

H O P ES basi c informatio n uni t  i s  define d a s a  threshol d uni t  wit h m e m o r y whos e activit y valu e i s 

bein g manipulate d b y severa l  automaticall y applie d processes : 

(I )  Decay :  Al l  activ e unit s tha t  d o no t  receiv e additiona l  inpu t  hav e thei r  activit y valu e exponentiall y 

reduced . 

(2 )  Chang e o f  Stat e computations :  A  uni t  ca n b e i n fou r  differen t  state s an d change s stat e automaticall y 

afte r  i t  reache s threshol d an d fires . 

a)  Short-term-memor v state .  T h e initia l  stat e o f  activatio n fo r  a  uni t  tha t  ha s no t  reache d thres -

hold . 

b )  Firin g state .  T h e stat e whe n th e uni t  ha s reache d o r  surpasse d threshol d an d fires . 

c )  Refractor y state .  W h e n a  uni t  ha s jus t  fired ,  i t  i s  se t  t o a  stat e i n whic h i t  canno t  affec t  th e 

computation . 

d)  Post-refractor y state .  Th e stat e th e uni t  i s  i n afte r  havin g bee n i n th e refractor y state . 

Currently ,  th e uni t  i s  subjec t  t o a  differen t  deca y rat e tha n befor e firing . 

(3 )  Firing-information-propagation .  Firin g stat e propagate s activit y t o othe r  units .  Th e propagate d infor -

matio n i s eithe r  excitator y o r  inhibitory .  Excitator y informatio n serve s tw o differen t  function s throug h 

feedbac k o r  feedforwar d (meanin g spread )  (Collin s an d Loftus ,  1975 ;  Hinton ,  1981 ;  Quillian , 

1968/1980) . 

Activit y inpu t  t o unit s occur s ove r  tim e acros s lexica l  ite m representations .  Unit s ar e passiv e 

receixer s o f  input ;  ther e i s n o self-modulation .  Th e unit s tha t  compris e eac h lexica l  ite m se t  ar e activate d i n 

a fixed-orde r  ove r  tim e usin g a  spreadin g activatio n paradigm .  Th e nex t  sectio n wil l  illustrat e thi s spreadin g 

activation .  I n Contrast ,  eac h tim e a  uni t  fires,  i t  dynamicall y compute s wher e it s informatio n i s sent .  Th e 

effec t  o f  th e activit y o n th e unit s whic h receiv e inhibitor y o r  excitator y inpu t  m a y diffe r  fro m contex t  t o con -

text . 

An assumptio n share d wit h th e connectionis t  approac h i s tha t  unit s d o no t  hav e th e abilit y  t o loo k 

aroun d t o se e i f  certai n precondition s necessar y fo r  thei r  actio n ar e fulfille d (Feldma n an d Ballard ,  1982 ; 

Gigle y an d Lavorel .  1985 ;  McClellan d an d Rumelhart ,  1986. )  Suc h precondition s viewe d withi n a n A I 

sense ,  ca n b e though t  o f  a s pattern s t o b e matche d suc h a s " D E T followe d b y a  CN." " 

H O PE doe s no t  comput e rul e interpretation s o f  th e occurrenc e o f  a  rul e patter n a s suggeste d i n com -

petenc e theories .  A n y result s i n H O P E instea d depen d o n activitie s arrivin g a t  th e appropriat e informatio n 

withi n certai n lime-bounds .  Propagatio n result s ar e no t  al l  o r  no n i n effec t  bu t  mus t  hav e concurrenc y wit h 

othe r  relate d activit y propagatio n fro m othe r  input s down-lin e t o attai n a  resul t  simila r  t o rul e application . 

Evidenc e tha t  a  rul e o r  patter n ha s occurre d arise s i n th e time-sequenc e trac e o f  activit y propagation s durin g 

a simulation .  A  rul e a s state d above ,  become s a  predictio n o f  th e anticipate d down-lin e informatio n i n a 

subsequen t  tim e interval . 

Becaus e o f  th e prediction s an d feedbac k whe n the y ar e confirmed ,  ther e i s n o forma l  syntacti c struc -

tur e buil t  durin g th e processing .  A s eac h uni t  fires  i t  affect s subsequen t  represente d aspect s o f  th e lexica l 

ite m i n multipl e ways .  Thes e generat e a  compositiona l  interpretatio n fo r  th e inpu t  strin g ( a predicat e for -

malism )  whic h capture s th e dynami c binding s o f  agen t  an d objec t  fo r  th e simpl e S-V- 0 sentence s ove r 

whic h H O P E i s currentl y bein g run . 

Thi s i s i n direc t  contras t  t o othe r  connectionist-typ e model s dealin g wit h an y o f  th e norma l  processin g 

issue s m H O P E .  Thes e model s includ e syntacti c preprocessin g o r  filtering  (Cottrell .  1985 :  Walt z an d Pol -

lack ,  1985 ;  McClellan d an d Kawamoto ,  1986. )  H O P E claim s thi s i s no t  necessar y an d furthermore ,  tha t 

syntacti c an d semanti c processin g mus t  occu r  i n a  full y  integrate d on-lin e fashion .  Simultaneou s on-lin e 

syntacti c disambiguatio n an d semanti c interpretatio n i s coordinate d throug h th e categoria l  g ramma r  formal -

ism ,  describe d later . 

Computation s ar e m a d e ove r  th e entir e grap h representatio n o f  th e curren t  stat e o f  th e solutio n (al l 

activ e node s o f  information )  i n a  time-synchronized ,  lock-ste p fashion .  A  proces s interva l  i s  define d a s on e 

applicatio n o f  al l  processe s t o al l  informatio n units .  Ther e i s a  separat e interva l  drive n proces s tha t  deter -

mine s th e time-cours e o f  th e introductio n o f  th e phoneticall y encode d word s o f  a  sentence .  Afte r  eac h pro -

ces s time-interval ,  on e ca n stud y th e stat e o f  th e entir e grap h (th e proces s trace. ) 

T h e processe s ar e governe d b y a  se t  o f  modifiabl e parameter s tha t  determin e rat e o f  decay ,  amoun t  o f 

inhibitio n an d excitation ,  heigh t  o f  th e firing  threshold ,  tim e laps e o f  activit y propagation ,  an d th e initia l 

600 



activi n level s o f  th e short-term-memory ,  refractor y an d post-refractor y states .  Furihermore ,  a  word-time -

interva l  paramete r  determine s whe n a  ne w wor d i s  introduced .  Th e processe s ar e synchronize d o r  exter -

nall y tune d b y th e mode l  use r  t o defin e th e nornui l  proces s model .  Th e modifiabl e parameter s mus t  b e 

set  i n suc h a  wa y tha t  fo r  a  complet e cove r  se t  o f  sentences ,  eac h wil l  b e correctl y interpreted .  A  complet e 

cove r  se t  o f  sentence s i s th e minima l  se t  o f  sentence s whic h captur e on e exampl e o f  eac h correc t  syntacti c 

sentenc e th e mode l  i s  define d t o proces s an d includ e al l  combination s o f  syntacti c form-clas s combination s 

fo r  eac h positio n o f  th e input .  Th e paramete r  value s ar e se t  relativ e t o eac h other . 

Once tuned ,  n o computation s suc h a s waitin g fo r  signals ,  ar e necessar y fo r  synchronization .  Furth -

ermore ,  relativ e change s i n th e paramete r  value s fro m thei r  synchronize d sening s defm e processin g lesio n 

conditions .  Not e tha t  usuall y onl y on e modificatio n o f  a  paramete r  i s  mad e pe r  simulatio n experimen t 

althoug h multipl e "lesions "  ar e possibl e i n th e model .  O f  critica l  impor t  i s  th e synchronizatio n rol e o f  th e 

grammar  discusse d next . 

4. THE COORDINATING ROLE OF HOPE'S GRAMMAR 

The function of HOPEs grammar is to coordinate the on-line interactions of the compositional mean-
in g representation s o f  a  sentenc e wit h th e incomin g word s (Gigley ,  1982 .  1983 ,  1985a) .  Thi s i s  achieve d b y 

usin g th e activit y state s o f  th e gramma r  t o contro l  feedforwar d an d feedbac k relation s whic h ar e encode d a s 

par t  o f  th e meanin g o f  syntacti c categories .  Furthermore ,  th e gramma r  currentl y serve s a s a  filte r  o f  th e 

amount  o f  activit y propagate d i n thes e relations .  Th e goa l  o f  thi s sectio n i s t o introduc e thi s genera l  notio n 

of  a  predict-feedbac k cycl e b y mean s o f  a  specifi c  example .  Late r  o n w e wil l  se e ho w de-synchronizatio n 

can caus e comprehensio n problem s b y disruptin g thi s predict-feedbac k cycl e an d th e event s tha t  happe n a s a 

consequenc e o f  it . 

To giv e a n example ,  th e meanin g o f  th e lexica l  category ,  determiner ,  i s  encode d as :  D E T :  = 

T E R M / C N.  Thi s i s  calle d a  derive d specificatio n an d i s t o b e rea d a s follows :  A  determine r  (DET ) 

P R E D I C TS a  c o m m o n nou n (CN )  an d F O R MS a  T E R M afte r  successfu l  compositiona l  interpretatio n wit h 

th e C N meaning .  Th e interpretatio n compulatio n i s par t  o f  th e categor y meanin g a s previousl y described . 

The definitio n i s draw n fro m categoria l  gramma r  (Ajdukiewicz ,  1935 .  Lewis ,  1972)) .  whic h make s th e 

assumptio n tha t  correc t  meanin g compositio n ca n b e assume d simultaneousl y wit h syntacti c well -

formedness .  I n categoria l  grammar ,  fo r  example ,  a  D E T followe d b y a  C N i s semanticall y equivalen t  t o a 

T E R M,  whic h ca n als o b e a  syntacti c type .  Thus ,  th e categorie s o f  bot h phrase s T H E S A W ( D E T C N )  an d 

P A UL ( T E R M )  ar e syntacticall y an d semanticall y T E R M s whic h denot e specifi c  instances . 

As a n example .  Figur e 2  show s th e tim e cours e o f  th e semanti c compositio n o f  th e phras e / T H - U H 

S-AO/  ( T H E S A W)  relativ e t o th e incomin g phoneticall y encode d word s usin g th e determine r  meanin g 

D ET : = T E R M / C N .  Th e numbere d E" s i n Figur e 2  refe r  t o event s tha t  wil l  no w b e described .  Fo r  clar -
ity ,  deca y an d stat e computation s (excep t  firing )  wil l  no t  b e discussed . 

I n th e firs t  time-interval :  / T H - U H /  fires  representin g P H O N E T I C recognitio n (E-1) .  Thi s ha s tw o 
effects : 

S P A CE 

P R A G M A T IC 

GRAMMAR 

PHON-CAT-MEAN 

PHONETIC 

time l 

£- 2 

E -  1 

time s 

E- 3 

time s 

B -B .E - d 

E- 4 

E-

timc 4 

E- 1 

E -  1 0 

-S,E-Q,E -  \ 1 

time s 

E -  1 2 

Figur e 2 :  Exampl e o f  processin g ove r  time . 

Numbere d event s (E-n )  whic h occu r  durin g a  simulatio n ar e describe d i n th e text .  T im e interval s 

ar e labelled ,  time N 
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(1 )  Spreadin g activatio n t o P H O N - C A T - M E A\  (lexica l  meaning)  occur s i n th e sam e time-interval .  Thi s 

acti\ate s th e category-meanin g entrie s o f  th e recognize d phoneti c word .  /TH-UH /  ha s onl y on e 

meanin g entry :  T H - U H < -  D E T -  T H E .  D E T i s it s categor y an d T H E i s a  spellin g representatio n 

fo r  it s  meanin g i n P H O N - C A T - M E AN (E-2; . 

(2 )  Th e predictiv e meanin g o f  th e categor y aspec t  o f  th e recognize d phoneti c word s meaning ,  i f  i t  ha s 

one ,  wil l  b e activate d i n th e G R A M M AR spac e th e nex t  time-interval .  Thi s i s a n exampl e o f  fixed -

tim e spreadin g activation .  I n thi s exampl e th e predicti\ e meanin g o f  D E T i n th e grammar ,  C N ,  wil l 

be acti\ate d a t  time-interva l  2  (E-3) . 

I n th e thir d time-interval .  /S-AO /  fires  a t  th e P H O N E T I C level(E-4) .  Again ,  i n th e sam e time -

interva l  spreadin g acti\aiio n activate s th e category-meanin g representation s o f  /'S-AO/ :  S-A O < -  VTP -

S A W;  <  -  VI P S A W an d <  -  C N S A W,  wher e V T P stand s fo r  a  transitiv e ver b phras e an d VI P fo r  a n 

intransitiv e ver b phras e (E-5) .  Th e category-meanin g < -  C N S A W tha t  i s associate d wit h /S-AO/ , 

receives ,  lik e al l  othe r  CN-meanin g pairs ,  additiona l  activity ,  becaus e i t  i s  predicte d i n th e grammar .  Thi s 

cause s i t  t o fire  (E-6) .  Firin g ha s thre e effect s tha t  wil l  b e visibl e i n th e fourt h time-interval . 

(1 )  Th e secon d aspec t  o f  eac h categor y meaning ,  th e categor y specifi c  interpretatio n function ,  i s ap -

plied .  Th e interpretatio n functio n fo r  C N wil l  interpre t  th e lexico-graphicall y encode d meanin g 

" S A W"  whic h i s associate d wit h th e firing  C N a s a  generi c N O U N o n th e P R A G M A T IC leve l 

(E- 7 i n time4. ) 

(2 )  Th e acti\it y  o f  categorie s an d meaning s competin g wit h <- -  C N S A W wil l  b e inhibite d (E-8) . 

(3 )  Becaus e C N i s a  predicte d categor y an d acti\ e i n th e G R A M M A R,  al l  lexica l  entrie s whos e asso -

ciate d categor y predic t  a  C N (her e onl y D E T )  wil l  receiv e additiona l  activatio n b y feedbac k (E-9 ) 

and th e activit y o f  th e predicte d categor y C N wil l  b e dampene d i n th e gramma r  (E-IO) .  Not e tha t 

th e C N itsel f  doe s no t  predic t  anothe r  categor y i n th e simulatio n define d model . 

Also ,  i n th e fourt h time-interval ,  th e category-meanin g pai r  associate d wit h /TH-UH /  < -  D E T 

T HE fires  (E- l  I )  afte r  havin g receive d additiona l  activatio n du e t o feedback .  Becaus e i t  doe s no t  hav e com -

petin g meaning s o r  categories ,  n o inhibitio n occurs .  It s onl y effec t  wil l  b e th e applicatio n o f  th e interpreta -

tio n functio n associate d wit h th e categor y DET .  whic h check s t o se e i f  ther e i s onl y on e C N availabl e fo r 

compositio n o n th e P R A G M A T IC le\e l  an d attache s i t  t o a  T E R M indicatin g tha t  i t  ha s bee n interprete d a s 

a specifi c  instanc e (E-l 2 i n time5. ) 

H O PE allow s a  use r  t o defin e hi s ow n specifi c  mode l  withi n th e constraint s o f  H O P E computations , 

hi s lexicon ,  category-meanin g set ,  grammatica l  interactions ,  an d associate d interpretatio n computation s fo r 

each category .  I n th e 198 2 mode l  th e followin g gramma r  wa s define d ove r  a  lexico n o f  item s havin g dif -

feren t  degree s o f  svntacti c form-clas s anibiguitv :  1 )  D E T : = T E R M / C N;  2 )  VI P :  = 

SENTENCE ENDCONTOUR:  3 )  VT P : = VIPTERM. ' 
The derive d specification s fo r  D E T an d V T P (transitiv e verb )  hav e bee n adopte d fro m a  categoria l 

grammar  o f  English ,  wherea s th e E N D C O N T O U R,  a  symbo l  fo r  th e en d o f  sentenc e intonatio n contour ,  i n 

V IP s derive d specificatio n (intransitiv e verb) ,  trigger s th e completio n o f  a  sentenc e an d th e stoppin g o f  pro -

cessing .  Amon g othe r  things ,  firing  o f  V T P result s i n th e interpretatio n o f  th e objec t  cas e relatio n o f  th e 

ver b (dir-obj )  an d firing  o f  VI P i n th e interpretatio n o f  th e agen t  cas e relatio n o f  th e verb .  I t  i s a t  thi s time , 

afte r  firing,  durin g interpretation ,  tha t  th e morphologica l  an d tens e constraint s betwee n th e ver b an d th e 

lexica l  item s ar e activated .  Th e compositio n o f  a  V T P wit h a  T E R M phras e i s semanticall y equivalen t  t o a 

VI P categor y a s ca n b e conclude d fro m th e derive d specification . 

Becaus e o f  th e time-sequenc e activatio n o f  paralle l  prediction s an d thei r  affec t  o n down-lin e input ,  th e 

semanti c compositio n o f  a  phras e wil l  onl y succee d i f  th e individua l  unit s involve d i n it s compositio n receiv e 

a sufficien t  amoun t  o f  activit y (inhibitor y o r  excitatory )  a t  th e righ t  moment  i n time .  Her e moment  o f  tim e 

reall y i s a  tim e bounde d windo w o f  on e o r  mor e compute d time-intervals . 

Some o f  th e modifiabl e se t  o f  parameter s determin e th e relevan t  time-cours e employe d fo r  an y give n 

specifi c  mode l  defined .  Othe r  parameter s affec t  th e degre e o f  interactio n du e t o firing  an d decay . 

5. DE-SVNCHRONIZATION OF THE PREDICT FEEDBACK CYCLE 

Any deviation from normal fine-tuning can be viewed as de-synchronization. Studying the effect of 

de-synchronizatio n acros s th e complet e cove r  se t  o f  sentence s provide s th e basi s fo r  definin g hypothesize d 
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aphasi c patien t  profiles .  Thes e ca n b e use d t o bette r  defin e an d understan d aspect s o f  performanc e prob -

lem s i n aphasia . 

Example s o f  de-synchronizatio n effect s are : 

(I )  Increasin g th e deca y rat e o f  al l  unit s ma y resul t  i n a n activit y leve l  tha t  i s  insufficien t  fo r  threshol d fir-

ing .  Th e resul t  o f  non-firin g ma y b e incomplet e o r  erroneou s interpretation . 

(2 )  Increasin g th e rat e o f  ne w wor d introduction ,  ca n caus e incorrec t  down-lin e syntacti c disambiguation . 

I f  a  wor d o r  phras e associate d wit h a  predicte d categor y come s i n befor e th e predic t  categor y i s activ e 

i n G R A M M AR i t  wil l  no t  fire. 

A mor e explici t  encodin g o f  th e secon d lesion ,  achieve d b y slowin g th e effectiv e propagatio n o f 

spreadin g activatio n t o grammatica l  meaning(s )  (Haarmann ,  1987) ,  wil l  b e use d her e t o illustrat e h o w tim -

in g issue s ca n b e a  facto r  o f  aphasi c performance .  The n th e observe d simulate d performanc e wil l  b e com -

pare d t o severa l  studie s o f  agrammati c aphasi c performanc e t o sho w wher e ther e i s suppor t  fo r  th e 

hypothese s an d t o poin t  ou t  wher e additiona l  studie s mus t  b e done . 

Th e effect s o f  differen t  de-synchronizatio n lesion s ca n b e distinguishe d b y runnin g simulation s usin g 

an entir e cove r  se t  o f  sentence s unde r  particula r  "lesion "  conditions .  Fo r  example ,  fo r  th e correc t  (S-V-O ) 

syntacti c sentenc e for m of :  D E T C N V T P D E T C N ,  on e mus t  includ e sentence s wit h lexica l  item s havin g 

form-clas s combination s tha t  matc h exactly ,  i e tha t  ar e unambiguousl y o f  th e correc t  for m class ,  an d also : 

IJt: ! 

DF: T 

DKT 

CN 
VIP 

CN 
VIP 
VTP 

CN 
VIP 
VTP 

CN 
VTP 

CN 
VTP 

CN 
VIP 
VTP 

Dl- T C N 
VI P 

DET CN 
VI P 

DET C N 
VI P 

...etc . 

Tab l e 1  s h o w s th e syntacti c f o r m o f  severa l  o f  a  cove r  se t  o f  sentence s w  hic h ar e currentl y define d i n 

H O P E.  A t  leas t  tw o example s fo r  eac h for m ar e given .  Th e first  on e contain s unambiguou s lexica l  items . 

The secon d an d subsequen t  sentence s (4 c an d 4d )  contai n differen t  degree s o f  lexica l  form-clas s ambigui -

ties . 

For  eac h "lesion "  simulation ,  on e ca n defin e a  patien t  profil e tha t  summarize s th e performanc e pat -

ter n o n th e whol e cove r  se t  o f  sentences .  Eve n thoug h onl y a  ver y limite d domai n o f  linguisti c construc -

tion s i s covere d (simpl e declaratives ,  S- V an d S-V- O sentenc e types )  th e patien t  profile s appea r  t o b e suit -

abl y fine-grained  t o allo w distinction s betwee n \ariou s iesion "  condition s (Gigley ,  1982 ;  1983 :  1985b : 

1986. )  Th e patien t  profile s o f  th e increase d deca y an d th e slowe d propagatio n "lesions "  ar e describe d i n 

Gigle y (1985c ;  198b) .  Her e w e wan t  t o dra w th e attentio n t o a n interestin g differenc e w e foun d betwee n th e 

effec t  o f  slowe d propagatio n o n a  cove r  se t  o f  sentence s wit h an d withou t  syntacti c ambiguitie s unde r  th e 

"lesion" "  conditio n o f  slowe d propagatio n only . 

6. AMBIGUITY AND SLOWED PROPAGATION 

During simulation runs where the length of time to propagate activitv' from a syntactic category to its 

meanin g i s increased ,  wit h cove r  set s o f  sentence s wit h an d withou t  syntacti c lexica l  ambiguities ,  w e hav e 

foun d difference s tha t  sugges t  ho w syntacti c lexica l  ambiguit y ca n affec t  languag e understanding .  Instea d o f 

describin g th e difference s fo r  th e whol e cove r  se t  o f  sentences ,  thi s sectio n wil l  contras t  th e final  processin g 

state s fo r  th e se t  o f  sentence s o f  Tabl e I  i n th e "slowe d propagatio n lesion "  state .  Th e final  state s o f 

interpretatio n fo r  eac h ar e summarize d i n Table s 2  an d ? .  Tabl e 2  contain s th e result s o f  th e unambiguou s 

sentence s whil e Tabl e 3  show s th e result s o f  th e ambiguou s ones .  Al l  syntacti c for m clas s set s ar e derive d 

fro m definition s i n Webste r  (1981) . 

Becaus e o f  th e level s o f  representatio n an d th e remainin g activit y o f  activ e unit s i n them ,  H O P E pro -

vide s a n hypothesize d patien t  profil e acros s eac h level .  Here ,  th e discussio n wil l  focu s o n onl y th e P R A G-

M A T I C o r  interpretatio n leve l  results .  B e cautione d tha t  a n hypothesize d patien t  profil e require s a  complet e 

cove r  se t  o f  sentence s fo r  analysi s an d w e ar e onl y dealin g wit h a  subse t  here .  A  ful l  cove r  se t  i s  necessar y 

t o mathematicall y defin e al l  possibl e outcome s base d o n syntacti c interaction s an d not e specifi c  pattern s tha i 
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(I ) lER M VTP IKR M 

(2) 

O) 

(4 ) 

a.  Pau l 
b Pau l 

DET 

a.  Th e 
b.  Th e 

TERM 

a.  Pau l 
b.  Pau l 

DET 

a.  Th e 
b.  Th e 
c.  Th e 
d.  Th e 

slappe d 
saw 

CN 

gir l 
gir l 

VTP 

slappe d 
sa w 

CN 

gir l 
gir l 
gir l 
gir l 

John . 
John . 

VTP 

slappe d 
sa w 

DET 

th e 
th e 

VTP 

slappe d 
sa w 
sa w 
sa w 

TERM 

John . 
Paul . 

CN 

girl . 
girl . 

DET 

th e 
Ih c 
(h e 
ih e 

CN 

boy . 
Ix>y . 
seal . 
buildin g 

T a b l e 1 :  E x a m p l e s f r o m a  syntacti c cove r  se t  o f  sentences . 

N o t e :  (a )  sentence s ar e u n a m b i g u o u s i n eac h lexica l  item ;  (b )  sentence s contai n lexica l  a m b i g u i -

ties .  Sen tence s (4c )  a n d (4d )  contai n m o r e c o m p l e x c o m b i n a t i o n s o f  lexica l  ambiguit ie s tha n thei r 

syntacti c counterpart s i n sentence s (4a )  a n d ( 4 b ) . 

ICORRECTLY INTERPRETED CONSTITUENTS A N D BINDING S 
jAGENT lOBjnC T |VER B |CONSrnUI-NT | 

SENTENCE I 

(la ) 
(2a ) 
Oil ) 
(4a ) 

(PAUL 
|*abseii i 
|*absen i 
|*abscn i 

I 
IJOH N 
JPAUL 
i*absen i 
|TH E BO Y 

I 
ISLAPPED 
ISLAPPED 
|*.-)bsen i 
ISLAPPED 

ITERM-PAUL 

correc i 

Tabl e 2 :  S u m m a r y fina l  state s o f  interpretatio n fo r  unamb iguou s sentences . 

I n th e table ,  *absen t  indicate s ther e wa s n o interprete d boun d referen t  fo r  th e give n rol e a s intend -

ed fro m th e input .  Sentenc e .̂ a show s tha t  whil e th e prope r  n a m e referen t  i s understood ,  ther e i s 

n o ver b understoo d an d henc e n o binding s occur . 

produce them. 
T h e patien t  profil e base d o n th e informatio n i n Table s 2  an d 3  wil l  necessaril y  omi t  aspect s o f  th e pro -

fil e definitio n du e t o it s incompleteness .  T o giv e a n ide a o f  suc h a  profil e i n thi s limite d context ,  on e ca n 

stat e tha t  comprehensio n abilit y  i s  inconsisten t  acros s a n S -V- O analysi s o f  sentenc e structure .  Base d o n 

th e simulation ,  on e expect s s o m e sentence s t o b e interprete d correctly ,  bu t  no t  all .  Evidenc e tha t  thi s 

occur s i n agrammati c aphasic s ha s bee n reporte d i n Schwartz .  Saffran ,  an d Mar i n ,  (1980 )  an d relate d 

affect s i n agrammati c productio n hav e bee n reporte d fo r  Duic h patients ,  i n Kol k an d V a n Grunsve n (1985) . 

A m o r e fine-grained  obser\atio n i s tha t  sentence s whic h hav e agent s an d object s tha t  ar e bot h prope r 

n a m es ca n b e correctl y understoo d an d boun d i n s o m e syntacti c contexts ,  bu t  no t  al l  (Gigley ,  1985b :  1986) . 

C o m p a r e sentence s (la )  an d (lb )  wher e th e ver b syntactic-form-clas s ambiguit y differs . 

T h e simulatio n als o suggest s tha t  certai n erro r  type s wil l  occu r  withi n certai n syntacticall y ambiguou s 

contexts .  Fo r  on e erro r  type ,  wher e a  nou n mean in g fo r  a n intende d ver b occur s a s th e final  interpretation , 

recentl y presente d evidenc e ha s bee n reporte d fo r  Frenc h i n th e performanc e o f  a  Frenc h aphasi c (Hanne -

quin ,  Deloche .  Branchereau ,  an d Nespoulous ,  1986. )  Suc h findings  hav e no t  bee n clinicall y studie d fo r 
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ICORRIXIL V INTLRPRKTK D C O N S H T U E N IS A N D BINDING S 
lAOI.N T lOBJEC T IVER B |CONSTITUEN T 

SUN n iNC C 1 

(lb )  IJOH N 
(2b )  |*absen l 

1 
Ob)  |*abscn i 
(4b )  |*ab5cn i 

1 
(4c )  |*absen i 

1 
(4d )  |non-n)orpho -

1 logica l 
lagreemen t 

1 
1 
|*absen t 
IPAUL 
|TH E SA W 
|*absen i 
|*absen i 
1 
|*absen i 
1 
|*absen i 
1 
1 

1 
1 
ISAW-VI P 
1 
ISAW-VTP 
|*absen l 
|*abser i 
1 
|*absen i 
1 

1 1 
1 1 1 1 
ITERM-PAUL 1  rexersal ? 
1 1 
1 1 
ITERM-PAUL 1 
JTERM-THE | 
1 SA W 1 
1 TERM-THE | 
1 SA W 1 

IBUILDING-VI P 1 
1 
1 

ITERM-THE | 
1 SA W 1 

Tabl e 3 :  S u m m a r y fina l  state s o f  interpretatio n fo r  lexicall y ambiguou s sentences . 

Lexica l  ambiguit y affect s th e abilit y  o f  th e hypothesize d patien t  t o understand ,  Often ,  onl y a  nou n 

wil l  b e understood .  Often ,  i t  i s  no t  a  nou n whic h wa s intende d b y th e "speaker. "  Sentence ,  (4d) , 

shows tw o misinterpretations ,  on e wit h respec t  t o a  nou n referen t  an d th e other ,  a  misinterpreta -

tio n o f  a n intende d nou n a s a  verb .  O f  additiona l  interes t  i s  th e fac t  tha t  thes e meaning s ar e 

semanticall y related . 

English to date. It is through the enumeration of these contexts and corresponding error hypotheses and the 

abilit y  t o manipulat e an d stud y the m tha t  H O P E contribute s a  ne w dimensio n i n th e stud y o f  natura l 

languag e processing . 

I n addition ,  withi n thi s simpl e lesio n context ,  on e sentence ,  (lb) ,  demonstrate s a n incomplet e 

interpretatio n whic h include s reversa l  o f  agen t  bindin g fro m th e orde r  presente d i n th e sentence .  Thes e las t 

tw o aspect s o f  performanc e hav e bee n note d i n clinica l  evaluation s withou t  an y supporte d explanation .  W e 

suggest ,  base d o n th e simulatio n results ,  tha i  timin g difficultie s no t  directl y observabl e no r  manipulabie , 

can provid e a n explanatio n o f  th e agrammati c patien t  performanc e problems .  Fo r  severa l  misinterprete d 

sentences ,  o n analysi s o f  th e over-tim e trac e o f  th e simulation s (no t  provide d du e t o spac e constraints ) 

shows th e caus e o f  th e misinterpretatio n t o b e tha t  th e predic t  categor y i n G R A M M A R,  C N .  i s activate d to o 

lat e fo r  th e C N .  (Se e sentence s 4b,c,d. )  Slowe d propagatio n ca n thu s lea d t o th e non-interpretatio n o f  cer -

tai n sentenc e element s a s wel l  a s misinterpretatio n o f  th e intende d syntacti c sens e o f  others .  Thes e 

"lesion "  result s sugges t  tha t  neurolinguists .  aphasiologist s an d clinician s shoul d b e carefu l  i n considerin g 

syntacti c lexica l  ambiguitie s whic h migh t  caus e non-obviou s difficultie s i n processing .  I t  als o demonstrate s 

th e impor t  o f  th e selectiona l  constraint s o r  th e se t  o f  possibl e answer s fo r  th e tas k an d th e recorde d observa -

tions . 

7. HOPE'S LNIOLE PLACE IN ARTIFICIAL APHASIA 

This section v^ill discuss several characteristics that give HOPE a unique place in developing a pro-

cessin g motivate d theor y o f  norma l  natura l  languag e comprehensio n an d comprehensio n i n aphasia : 

dynami c lesionabilit x  an d time-drive n parallelism . 

7.1. Dynamic Lesionability 

Dynamic lesionability refers to the ability in HOPE to manipulate the dynamics of the process without 

rewritin g o r  redesignin g th e system .  I t  make s lesionabilit y  a  facto r  whic h i s separabl e fro m store d 

knowledg e issues .  Th e poin t  i s  tha t  on e doe s no t  nee d t o assum e tha t  a  lesio n cause s a  los s o f  som e sor t  o f 

knowledg e o r  rule .  I t  i s  no t  necessar \  tha t  lesion s affec t  competenc e define d i n th e linguisti c sense . 
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T h e result s o f  th e de-synchronizatio n lesion s tha t  wer e induce d b y changin g th e fine-tunin g o f 

H O P Es contro l  proces s parameter s see m t o offe r  a  conceptua l  justificatio n o f  th e importanc e tha t  neurop -

SNthologist s attac h t o tempora l  constraint s i n brai n processin g (Vo n M o n a k o w ,  1914 ;  Goldstein ,  1948 ; 

Lenneberg .  1967 ;  Luria ,  1970 ;  an d Ojemann .  I98.V )  Jackso n (1965/1884 )  wa s amon g on e o f  th e firs t  neu -

rologist s t o poin t  ou t  tha t  brai n lesion s d o no t  necessaril y  lea d t o a  los s o f  knowledge .  Almos t  a  centur y late r 

W o od (1978/82 )  an d Gigle y (1982,1983 )  provide d compute r  simulation s o f  thi s idea ,  althoug h i n differen t 

clinica l  contexts .  Recently ,  withi n adaptatio n theor y th e importanc e o f  tempora l  constraint s ha s bee n dis -

cusse d b y Kol k an d va n Grunsve n (1985) . 

7.2. Time-driven Parallelism 

A number of arguments have been put forward that emphasize the need and existence of parallel pro-

cessin g i n intelligen t  system s (se e fo r  instance :  Fahlman ,  1982 :  Feldma n an d Ballard ,  1982 ;  Marslen -

Wilso n an d Tyler ,  1980 ;  McClellan d an d Rumelhart ,  1981 ;  Scholes ,  1978 ;  Walt z an d Pollack ,  1985) .  Bu t 

afte r  choosin g paralle l  processin g on e stil l  need s t o decid e ho w t o conceptualiz e it .  Th e inclusio n o f  lesiona -

bilit y  directi v affect s th e conceptualizatio n o f  H O P E ' S parallelism . 

H O P E ' S conceptualizatio n o f  parallelis m i s depicte d i n Figur e 3 .  Th e Figur e show s a  simplifie d 

abstractio n fro m H O P E s rea l  architecture ,  whic h wa s define d earlier .  Space s ca n b e though t  o f  a s per -

spective s tha t  pro\id e a  contex t  fo r  th e interpretatio n o f  th e knowledg e the y contain .  The y d o no t  impl v a 

rigi d hierarch y o f  processin g levels ,  bu t  represen t  differen t  siewpoint s o n representation s activate d ove r 

time . 

We hav e previousl y discusse d th e lock-ste p paralle l  applicatio n o f  th e basi c computation s o f  th e H O P E 

architectur e whic h "cut' "  throug h spaces .  (Se e Figur e 3) .  Simultaneously .  H O P E s time-drive n parallel -

is m include s a  thir d dimension . 

O ne ca n stud y th e event s whic h occu r  v̂ ithi n a  space  ove r  tim e fo r  al l  space s simultaneously .  Th e 

event s whic h occu r  withi n a  spac e ove r  tim e tak e th e appearanc e o f  separat e independen t  processe s withi n 

on e typ e o f  kno w ledge . 

Contrar y t o som e othe r  paralle l  approache s t o natura l  languag e processin g (Cottrell ,  1983 ;  1985 ; 

McClellan d an d Kawamoto ,  1986 :  Scholes .  1978 :  Walt z an d Pollack ,  1985) ,  H O P E doe s no t  implemen t  th e 

processe s withi n a n individua l  space  ove r  tim e a s separat e independen t  processes .  H O P E assume s n o leve l 

specifi c  processes .  Instead ,  th e processe s ar e uni t  specifi c  an d homogeneou s acros s al l  level s o f  representa -

tion .  Leve l  specifi c  processe s ar e no t  directl y programme d bu t  depen d o n th e time-coordinatio n o f  th e 

result s o f  al l  processe s applie d ove r  th e entir e grap h o f  information ,  an d ca n b e observe d withi n on e spac e 

representatio n ove r  time . 

Thi s sectio n ha s describe d dynami c lesionabilit y  an d it s rol e i n processin g model s o f  natura l  languag e 

comprehension .  I t  ha s als o illustrate d th e H O P E conceptualizatio n o f  parallelism .  I t  show s tha t  ther e ma y 

be man \  level s o f  parallelis m i n paralle l  processin g model s o f  cognitio n an d tha t  som e apparen t  paralle l 

effect s ma v b e th e resul t  o f  computation s whic h ar e non-specifi c  t o thos e effects . 

8. CONCLUSION 

By virtue of its neural-like parallel architecture, \\hich employs internal synchronization and time-

drive n parallelism .  H O P E provide s a  too l  t o systematicall y stud v th e effect s o f  variou s de-synchronizatio n 

problem s o n processin g ove r  time .  De-synchronizatio n problem s occu r  a s a  consequenc e o f  a  disturbanc e 

of  th e time-coordinatin g rol e o f  H O P E s grammar .  B y changin g th e value s o f  th e proces s parameter s 

severa l  lesion s ca n b e define d althoug h onl v on e i s discusse d i n detai l  here .  Lesion s tha t  impl y th e violatio n 

of  tempora l  constraint s i n languag e processin g appea r  t o affec t  sentence s differentl y dependin g o n whethe r 

th e sentence s contai n syntacti c lexica l  ambiguitie s o r  no t  an d t o v\ha t  degre e th e ambiguitie s exist . 

T h e proble m o f  comprehensio n ma > b e characterize d i n term s o f  Kar l  Lashley' s proble m o f  seria l 

orde r  o f  behavio r  (1967) :  F ro m a  serial K encode d inpu t  tha t  i s  comin g i n on-line ,  a  simultaneou s meanin g 

representatio n ha s t o b e constructed .  L'sin g H O P E ,  a s a  mode l  o f  hov \  thi s construction" '  ma y b e viewed , 

thi s pape r  demonstrate s th e vita l  rol e tha t  synchronizatio n play s i n suc h a  process .  Furthermore ,  i t  demon -

strate s tha t  synchronizatio n problems .  especial K problem s v\it h tempora l  constraints ,  ca n affec t  thi s con -

structio n an d thu s b e a  caus e o f  comprehensio n performanc e problem s o f  aphasics . 
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Figur e 3 :  Overvie w o f  parallelis m i n H O P E. 

To each unit in each space, each process is applied at the same time. Not all control processes of 
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A Model of Purpose-driven Analogy and 

Skil l  A c q u i s i t i o n i n P r o g r a m m i n g 

Pe te r  Piroll i 

Universi t y o f  California ,  Bericele y 

Abstract 

X is a production system model of the acquisition of programming skill. Skilled 
programmin g i s modelle d b y th e goal-drive n applicatio n o f  productio n rule s (productions) . 
Knowledg e compilatio n mechanism s produc e ne w production s tha t  summariz e successfu l 
proble m solvin g experiences .  Analogica l  proble m solvin g mechanism s us e representation s o f 
exampl e solution s t o overcom e proble m solvin g impasses .  Th e interactio n o f  thes e tw o 
mechanism s yield s production s tha t  generaliz e ove r  exampl e an d targe t  proble m solutions . 
Simulation s o f  subject s learnin g t o progra m recursiv e function s ar e presente d t o illustrat e th e 
operatio n o f  X . 

Introduction 

Theoretica l  progres s i n cognitiv e scienc e hinge s cruciall y o n th e abilit y  o f  theorie s t o 
addres s issue s o f  knowledg e acquisition .  I n turn ,  theorie s o f  knowledg e acquisitio n hav e direc t 
bearin g o n theoretica l  an d practica l  issue s i n instruction .  I  presen t  a  mode l  o f  analogica l 
proble m solvin g an d skil l  acquisition ,  calle d X ,  develope d a s a n extensio n o f  th e ACT *  theor y 
(Anderson ,  1983 )  fo r  th e domai n o f  learnin g t o progra m recursiv e functions .  Thi s mode l  wa s 
develope d t o explor e th e notio n insightfu l  conceptua l  understanding s o f  exampl e solution s ar e 
instrumenta l  i n skil l  acquisition .  Analogica l  proble m solvin g make s us e o f  goal-relevan t  an d 
plan-relevan t  informatio n tha t  i s encode d i n a  menta l  representatio n o f  a n exampl e solution . 
The conten t  an d detai l  o f  thi s informatio n ha s a n impac t  o n th e succes s o f  analogica l  proble m 
solving .  I n turn ,  skil l  acquisitio n mechanism s transfor m thes e analogica l  proble m solvin g 
experience s int o skills .  Ultimately ,  th e qualit y o f  th e skill s  acquire d fro m analog y rest s upo n 
th e conten t  an d detai l  o f  th e goal-relevan t  an d plan-relevan t  informatio n i n th e exampl e 
representation .  Analog y thu s serve s a s a  mean s toward s effectin g repair s (Brow n &  Va n Lehn , 
1980 )  t o domain-specifi c  proble m solvin g procedures . 

Analogy is a term with many denotations and connotations in cognitive science as well as 
everda y language .  Th e particula r  analogica l  proble m solvin g mechanism s implemente d i n X 
work fro m representation s o f  exampl e solution s tha t  migh t  b e presente d b y a  textboo k o r 
teacher .  Basically ,  thes e representation s constitut e a n explanatio n o f  th e structur e an d 
functionalit y o f  component s o f  th e solutio n structur e alon g wit h constraint s o n th e condition s 
under  whic h suc h component s apply .  I n thi s respect ,  th e X  analogica l  proble m solvin g 
mechanism s ar e simila r  t o machin e learnin g wor k o n explanation-base d learnin g (DeJon g & 
Mooney,  1986 ;  Mitchell ,  Kellar ,  &  Kedar-Cabelli ,  1986) .  Th e invocatio n o f  analogica l 
proble m solvin g an d th e selectio n o f  relevan t  analog s i s drive n b y activ e proble m solvin g goals . 
Thi s aspec t  o f  X  i s simila r  t o machin e learnin g wor k o n purpose-drive n analog y (Kedar -
Cabelli ,  1985) .  Althoug h simila r  i n spiri t  t o thes e cluster s o f  machin e learnin g research ,  X 
evolve d fro m th e ACT *  productio n syste m theor y o f  proble m solvin g an d i s a  mino r  varian t  o f 
anothe r  descenden t  o f  ACT* ,  th e PUP S productio n syste m (Anderso n &  Thompson ,  1986) .  Lik e 
othe r  member s o f  th e ACT *  family ,  accountin g fo r  phenomen a o f  huma n cognitio n i s on e majo r 
impetu s fo r  developin g X .  Anothe r  motivatio n fo r  developin g X ,  i s th e notio n tha t  riche r 
theorie s o f  learnin g wil l  lea d t o richer ,  mor e effective ,  an d mor e efficien t  mean s o f  instruction . 
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Programming Recursion 

An Idea l  Mode l 

The X  mode l  wa s initiall y  develope d t o addres s observation s o f  peopl e learnin g t o 
progra m recursiv e functions .  Recursio n i s usuall y a  nove l  concep t  fo r  introductor y 
programmin g student s an d consequentl y serve s a s a  usefu l  domai n fo r  studyin g knowledg e 
acquisition ,  A  typica l  exampl e o f  a  recursiv e functio n i n LIS P i s th e definitio n o f  th e functio n 
FACT t o comput e factorial s presente d i n Tabl e 1 .  Lik e al l  recursiv e functions ,  FAC T i s define d 
i n term s o f  itself .  Th e bod y o f  th e definitio n fo r  FAC T consist s o f  a  conditiona l  structur e 
containin g a  serie s o f  conditiona l  clauses .  Th e conditiona l  structur e i s implemente d b y th e LIS P 
for m C O ND an d eac h conditiona l  claus e i s represente d a s a  lis t  withi n th e C O ND structur e ( a lis t 
i n LIS P i s anythin g enclose d i n parentheses ;  e.g. ,  ( A B  C )  i s a  list) .  Eac h conditiona l  claus e 
contain s tw o parts .  Th e firs t  par t  i s  a  lis t  tha t  specifie s a  conditio n an d th e secon d par t 
specifie s a n actio n t o tak e i f  th e conditio n doe s no t  evaluat e t o NIL ,  whic h stand s fo r  "false. "  Th e 
firs t  claus e i n FAC T state s tha t  i f  th e inpu t  N  i s equa l  t o zero ,  the n th e resul t  o f  FAC T wil l  b e 1 . 
The secon d clause ,  state s tha t  i n al l  othe r  cases ,  th e resul t  o f  FAC T wil l  b e N  time s th e resul t  o f 
FACT applie d t o N  -  1 . 

Tabl e 1 

A recursive LISP function to compute factorials 

Definitio n Comment s 

(DEFUN FAC T (N )  ;  defin e n l 
(COND ((ZERO P N )  1 )  ;l f  n  =  0  the n retur n 1 

( T (TIME S N  (FAC T (SUB 1 N))))) )  ;Els e retur n n  x  ( n -  1) 1 

I n previou s studie s o f  exper t  an d novic e programmin g (Piroll i  &  Anderson ,  1985 )  w e 
identifie d concept s tha t  appeare d t o b e crucia l  t o efficientl y learnin g genera l  skill s  fo r 
programmin g recursion .  A  prescriptiv e mode l  o f  programmin g skill s  fo r  recursion ,  calle d a n 
idea l  model ,  ha s bee n implemente d i n th e G R A P ES productio n syste m an d use d a s th e basi s fo r 
instructio n o n recursio n i n a n intelligen t  tutorin g syste m (Pirolli ,  i n press) .  G R A P ES i s a 
syste m tha t  emulate s a  subse t  o f  th e ACT *  theor y (Anderson ,  1983) . 

Recursive functions, in general, have a conditional structure consisting of two types of 
cases .  Th e recursiv e case s comput e a  resul t  b y usin g th e result s o f  on e o r  mor e recursiv e call s 
t o th e function .  Fo r  example ,  th e las t  conditiona l  claus e o f  th e FAC T functio n presente d i n Tabl e 
1 i s a  recursiv e cas e tha t  involve s computin g th e resul t  o f  th e recursiv e call ,  (FAC T (SUB 1 
N)) ,  an d use s tha t  resul t  t o comput e th e resul t  o f  (FAC T N) .  Th e terminatin g case s terminat e 
th e recursiv e process .  I n Tabl e 1  th e terminatin g cas e i s th e firs t  conditiona l  clause ,  whic h 
return s th e valu e 1  whe n th e inpu t  N  =  0 . 
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The recursive relation holds between the value of the function and the value of a 
recursiv e cal l  t o th e function .  I n FACT ,  th e recursiv e relatio n i s th e relatio n betwee n betwee n 
th e resul t  o f  n \  an d ( n -  1)l"tha t  is .  n l  -  n  x  ( n -  1)1 .  Student s ofte n hav e a  grea t  dea l  o f 
difficult y identifyin g an d plannin g ou t  th e recursiv e case s o f  recursiv e functions .  Base d o n ou r 
analyse s o f  exper t  proble m solvin g wit h recursiv e function s (Pirell i  &  Anderson ,  1985 )  th e 
genera l  metho d fo r  determinin g th e recursiv e relatio n i s to :  (a )  assum e tha t  th e resul t  o f  a 
recursiv e cal l  ca n b e achieved ,  the n (b )  determin e ho w t o achiev e th e resul t  o f  th e functio n 
usin g th e resul t  o f  th e recursiv e call . 

GRAPES productions, in general, decompose programming goals into subgoals until some 
actio n ca n b e achieved ,  formin g a  hierarchica l  goa l  tree .  A  typica l  productio n fo r  programmin g 
LIS P migh t  be : 

PI: IF the goal is to write a function definition in LISP 
and th e nam e o f  th e functio n i s give n 
and th e argument s t o th e functio n ar e give n 

THEN writ e "(DEFU N <name > <arguments > <body>) " 
wher e <name > i s th e nam e o f  th e functio n 
and <arguments > ar e th e argument s t o th e functio n 
and se t  a  subgoa l  t o cod e th e <body > o f  th e functio n 
whic h implement s a  proces s tha t  achieve s th e functio n 

Some observations on analogical problem solving 

Instruction in problem solving domains usually includes descriptions of the entities In 
th e domain ,  genera l  rule s fo r  proble m solving ,  an d exampl e solutions .  Protoco l  studie s (Piroll i 
& Anderson ,  1985 )  hav e indicate d tha t  subject s hav e a  toug h tim e derivin g solutio n method s 
fro m genera l  definition s o r  rule s o f  thum b fo r  a  domai n an d tur n t o exampl e solution s fo r 
guidanc e i n earl y proble m solvin g attempt s .  Thes e subject s ar e usuall y successfu l  i n producin g 
some solutio n b y analog y t o a n exampl e onc e th e exampl e ha s bee n selecte d (se e als o Gic k & 
Hoyoak ,  1980 ;  Reed ,  Dempster ,  an d Ettinger ,  1985 ;  Reed ,  Ernst ,  an d Banerji ,  1974) .  W e 
als o observe d (Piroll i  &  Anderson ,  1985 )  tha t  proble m solvin g procedure s ar e learne d fro m 
suc h analogica l  proble m solvin g (se e als o Gic k &  Holyoak ,  1983 ;  Swelle r  &  Cooper ,  1985) . 
However ,  subject s sometime s conceptualiz e example s i n a  shallo w an d litera l  manne r  an d 
sometime s conceptualiz e example s i n a  dee p an d insightfu l  manne r  (Piroll i  &  Anderson ,  1985) . 
Thes e variation s hav e a n impac t  o n th e proble m solvin g behavio r  generate d b y analog y t o 
examples .  I n som e case s subject s basicall y cop y progra m cod e tha t  the y d o no t  understan d an d i n 
othe r  case s the y produc e solution s base d o n th e mor e principle d method s the y se e embodie d i n 
th e exampl e programs .  Thes e variation s i n earl y proble m solvin g experience s involvin g th e us e 
of  example s i n tur n hav e a n impac t  o n earl y skil l  developmen t  (Piroll i  &  Anderson ,  1985) . 

The pervasiveness of analogical problem solving in the early stages of skill acquisition is 
born e ou t  b y a n experimen t  i n whic h subject s ha d acces s t o a n onlin e exampl e o f  a  recursiv e 
function ,  tha t  ha d bee n par t  o f  thei r  instruction .  Whil e codin g thei r  firs t  recursiv e function , 
subject s spen t  approximatel y 3 0 % o f  thei r  tim e lookin g a t  th e example .  Analysi s o f  targe t 
proble m solution s reveale d tha t  portion s tha t  wer e simila r  t o th e exampl e accounte d fo r  fewe r 
errors .  Later ,  whe n subject s wer e codin g thei r  fourt h recursiv e function ,  lookin g a t  th e 
exampl e solutio n onl y accounte d fo r  abou t  5 % o f  thei r  proble m solvin g time . 

The impact on skill acquisition of the particular manner in which an example is encoded 
i s illustrate d b y anothe r  experimen t  i n whic h th e sam e exampl e progra m wa s presente d t o on e 
grou p o f  subject s (structur e group )  i n th e contex t  o f  a n explanatio n o f  ho w recursiv e function s 
ar e writte n (base d o n th e G R A P ES idea l  model )  an d t o anothe r  grou p (proces s group )  i n th e 
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context of how recursive functions execute (the typical pedagogical approach). The structure 
grou p too k les s trainin g tim e tha n th e proces s grou p I n achievin g th e sam e leve l  o f  proficienc y 
Indicatin g tha t  knowin g ho w a n exampl e recursiv e functio n i s writte n yield s mor e efficien t 
learnin g tha n knowin g ho w a  recursiv e functio n works .  A  simulatio n o f  a  structur e grou p 
subjec t  i s  presente d late r  i n thi s paper . 

The X Model 

The X model of analogical problem solving was Implemented as an extension of the 
G R A P ES productio n system .  Th e X  mode l  i s als o a  subse t  o f  a  productio n syste m architectur e fo r 
analogica l  proble m solvin g an d skil l  acquisition ,  calle d PUPS,  tha t  i s  bein g develope d b y 
Anderso n an d Thompso n (1986) .  Basically ,  X  take s severa l  idea s develope d I n P U P S abou t 
analogica l  proble m solvin g an d instantiate s the m i n th e G R A P ES architecture . 

Like several other proposals for problem solving by analogy (e.g., Carbonell, 1986; 
GIc k &  Holyoak ,  1980 ,  1983 )  th e X  analog y mechanism s suppl y a  metho d fo r  proble m solvin g 
when domain-specifi c  method s ar e lackin g o r  Inadequate .  Th e genera l  notio n i s tha t  th e learne r 
has som e declarativ e knowledg e o f  ho w th e structure ,  Sq ,  o f  a n exampl e achieve s variou s 

functions ,  Fg ,  unde r  certai n preconditions ,  C©,  an d i s face d wit h achievin g goal s Gf,unde r 

condition s C f  i n a  targe t  problem .  Th e tas k i n analogica l  proble m solvin g i s t o com e u p wit h a 

targe t  solutio n S f  b y solvin g th e analog y SQiF^-S t  :Gf .  subjec t  t o th e constrain t  tha t  th e mappin g 

of  S q ont o S f  transform s Cg ^  int o a  se t  o f  precondition s tha t  ar e i n C f  o r  satisfiabl e i n th e targe t 

solution . 

Representation 

The X system makes use of a representation scheme for declarative knowledge that 
capture s th e functionality ,  structure ,  an d conditionality ,  o f  concept s o r  action s i n a  proble m 
solvin g domain .  Thi s knowledg e representatio n schem e i s crucia l  t o th e workin g o f  analog y an d 
i s a n importan t  additio n t o th e ACT *  theory .  Th e principl e component s o f  thi s schem e ar e 
schemati c knowledg e structure s calle d unit s tha t  hav e slot s tha t  ar e fille d o r  instantiate d b y 
particula r  values .  Althoug h arbitrar y slot s ar e allowed ,  ther e ar e thre e type s o f  slot s tha t  hav e 
preeminanc e i n th e representation :  (a )  functionalit y whic h describe s th e purpos e o r  goal s 
achieve d b y a  unit ,  (b )  structur e whic h describe s th e compositio n o f  a  uni t  fro m othe r  units , 
and (c )  conditionalit y whic h describ e constraint s o n th e unit . 
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Table 2 

Examples of X representations 

The P O W ER program . 

power-definition 
functionality :  defines(power-functio n arg s power-result ) 
preconditions :  implemented-in(power-functio n LISP ) 
structure :  steps(defu n power-nam e arg s body ) 

The Factorial Problem. 

fact-definition 
functionality :  defines(fact-functio n x-ar g fact-result ) 

preconditions :  implemented-in(fact-functio n LISP ) 

Some example s o f  th e representatio n ca n b e see n i n Tabl e 2 ,  whic h present s a 
declarativ e descriptio n o f  par t  o f  a n exampl e progra m an d a  targe t  proble m i n LISP .  Th e 

exampl e i s a  recursiv e definitio n o f  a  function ,  P O W E R,  tha t  compute s m "  .  Th e targe t  progra m 
i s th e factoria l  functio n presente d i n Tabl e 1 .  Unit s thu s provid e a  knowledg e representatio n 
scheme tha t  capture s importan t  goal-relevan t  an d plan-relevan t  informatio n fo r  us e i n 

proble m solving .  A  uni t  ca n b e though t  o f  a s rul e o f  th e for m 

conditlonailty a structure => functionality 

So,  power-definitio n i n Tabl e 2  ca n b e translate d int o th e rul e 

steps(defun power-name args body) 

A implemented-in(power-functio n L ISP ) 

=>defines(power-functio n arg s power-result ) 

Problem solving 

Goals in the X system are to-be-achieved units that have functionality but no structure. 
An exampl e o f  a  to-be-achieve d goa l  i n th e Tabl e 2  i s fact-definition .  Th e X  syste m consider s 
one goa l  a t  a  tim e an d consider s onl y production s tha t  ar e applicabl e t o tha t  goal .  Th e 
proposition s o n th e structur e slot s represen t  orderings ,  partia l  orderings ,  an d hierarchica l 
relationship s amon g th e action s represente d b y units .  Th e agend a fo r  goa l  processin g i s achieve d 
by production s tha t  searc h throug h th e structura l  link s fro m a  curren t  activ e goal .  Unit s 
encountere d i n thi s searc h tha t  hav e a  specifie d functionalit y bu t  n o structur e ar e place d o n th e 
goal  agenda .  Analogica l  proble m solvin g i s invoke d b y X  a t  proble m solvin g impasses-i n othe r 
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words, when a goal is activated and no production matches, analogical problem solving is 
invoked .  X  select s a n analo g fo r  furthe r  processin g base d o n a  specificit y principle .  I n theory , 
thi s i s a n associativ e memor y retrieva l  achieve d b y th e spreadin g activatio n mechanism s o f 
ACT*  (Anderson ,  1983 ;  Anderso n &  Pirolli ,  1985) .  I n th e compute r  implementatio n o f  X ,  th e 
effect s o f  spreadin g activatio n ar e approximate d b y a  specificit y principl e base d o n th e numbe r 
of  correspondence s an d identica l  element s tha t  hol d betwee n th e th e exampl e an d target .  Sinc e 
th e goa l  o f  analogica l  proble m solvin g i s t o ma p a n existin g solutio n structur e fro m a n analo g 
uni t  t o a  targe t  unit ,  on e constrain t  o n th e selectio n o f  a n analo g uni t  i s  tha t  i t  mus t  hav e a 
filled-i n structur e slot .  Ther e ar e thre e majo r  subprocesse s involve d i n solvin g a  targe t 
proble m b y analogy : 

• Function matching, the first step taken by X is to place the target goal unit into 
correspondenc e wit h th e functionalit y o f  potentia l  analog s an d t o selec t  th e bes t 
analog .  Tw o functio n proposition s ca n b e place d int o correspondenc e i f  th e predicate s 
i n bot h function s ar e identical .  Th e argument s o f  on e functio n propositio n ar e place d 
int o correspondenc e wit h a  anothe r  functio n propositio n b y virtu e o f  th e slot s the y 
fil l  withi n th e propositions .  Thes e correspondence s ar e use d t o ma p informatio n 
abou t  th e analo g ont o ne w informatio n i n th e target .  Functio n matchin g als o check s 
tha t  th e condition s o n th e analo g uni t  ar e no t  violate d i n th e targe t  problem .  I f  ther e 
i s a  violatio n the n ther e i s n o match . 

Structure mapping. This involves mapping an analog structure onto a new target 
structure .  However ,  ther e i s n o guarante e tha t  th e correspondenc e se t  wil l  b e 
elaborat e enoug h t o permi t  suc h a  mapping . 

• Function elaboration. This occurs when an element of an analog's structure has no 
correspondence .  Ther e ar e a  numbe r  o f  way s tha t  functio n elaboratio n ca n b e carrie d 
out  i n orde r  t o ma p a  particula r  structura l  elemen t  e ^  o f  a n analo g ont o a  ne w 

structura l  elemen t  e f  i n a  target .  First ,  th e functionalit y o f  e ^  ma y matc h th e 

functionalit y o f  som e existin g targe t  uni t  ê .  Th e correspondenc e se t  ca n b e 

elaborate d wit h thi s correspondenc e plu s th e correspondence s resultin g fro m th e 
functio n matc h o f  e^an d ef .  Second ,  a  ne w targe t  uni t  ca n b e create d an d assigne d a 

functionalit y mappe d fro m e ^  an d thi s ma y recursivel y invok e furthe r  functio n 

elaboration .  Third ,  additiona l  correspondence s ca n b e foun d b y elaboratin g th e matc h 
of  a n analo g uni t  t o a  targe t  unit .  Thi s i s achieve d b y recursivel y matchin g th e 
function s o f  element s alread y place d int o correspondence .  Thi s ma y lea d t o a n 
elaborate d se t  o f  correspondence s tha t  permit s e ^  t o b e mappe d ont o a  ne w ef . 

Learning from Analogy 

One major outcome of analogical problem solving is the induction of new production 
rule s b y a  se t  o f  knowledg e compilatio n mechanism s tha t  generaliz e ove r  informatio n presen t  i n 
th e declarativ e unit s representin g analo g an d targe t  problem s an d thei r  solutions .  Knowledg e 
compilatio n mechanism s creat e ne w production s tha t  summariz e th e proble m solvin g involve d 
i n analog y (fo r  th e detail s o f  knowledg e compilatio n se e Anderson ,  1983) .  Thes e ne w 
production s appl y i n situation s simila r  t o thos e tha t  invoke d analogica l  proble m solvin g i n th e 
firs t  place .  Th e compilatio n o f  solution s produce d b y analog y yiel d genera l  proble m solvin g 
operator s an d thu s th e interactio n o f  analog y an d knowledg e compilatio n offer s a n alternativ e 
procedur e fo r  th e generalizatio n o f  cognitiv e skill s  i n ACT *  (Anderson ,  1986) . 
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To see how skills are acquired from analogy, consider that analogical problem solving in 

X consist s o f  tw o things :  (a )  matchin g condition s an d functionalitie s o f  th e analo g an d target ,  an d 

(b )  creatin g targe t  conditions ,  functionalities ,  an d structure s base d o n th e analog .  Knowledg e 

compilatio n create s n e w production s wit h condition s tha t  specif y th e targe t  function s an d 

condition s tha t  wer e matche d i n th e analog y proces s an d tha t  hav e action s tha t  specif y th e 

structures ,  functions ,  an d condition s tha t  wer e create d i n th e targe t  b y analogy .  Th e condition s 

create d b y compilatio n retai n th e component s o f  th e targe t  tha t  matche d exactl y t o th e analo g an d 

variablize s ove r  targe t  Informatio n tha t  mismatched .  Thus ,  a  compilatio n o f  th e analogica l 

proble m solvin g involve d i n achievin g th e goa l  uni t  fact-definitio n base d o n th e examplepower -

definitio n produce s th e production : 

L1: IF the goal is to achieve 

^definitio n 

functionality :  defines(=functio n =argument s =result ) 

precondition :  implemented-in(=functio n LISP ) 

and 

= n a me 

functionality :  name-of(=function ) 

T H EN th e structur e o f  =definitio n i s 

steps(defu n = n a m e =argument s =body ) 

an d th e functionalit y o f  =bod y i s 

implements{= f  unction ) 

where the items preceded by the equal sign denote variables. Production L1 applies when the 

goal  i s  t o achiev e a  functio n definitio n i n LIS P whe n th e n a m e o f  th e functio n ha s bee n decide d on . 

The actio n specifie d b y L I  lay s ou t  a  templat e fo r  th e cod e t o defin e th e function .  Productio n L 1 

has th e sam e semantic s a s productio n P 1 presente d earlier . 

Example Simulations 

Previous protocol analyses and experiments on learning recursion (Pirolli, 1985; 

Piroll i  &  Anderson ,  1985 )  indicat e tha t  subject s wit h riche r  representation s o f  h o w recursiv e 

function s ar e writte n lear n mor e efficientl y an d effectivel y tha n subject s w h o eithe r  jus t 

understan d h o w recursiv e function s operat e o r  w h o hav e a  encode d a  rathe r  litera l 

representatio n o f  examples .  Wit h X  i t  i s  possibl e t o explor e i n greate r  detai l  wha t  knowledg e 

promote s efficien t  an d effectiv e learning .  T w o simulation s o f  X  ar e presente d here .  Thes e 

simulation s addres s verba l  protoco l  dat a analyse d an d modelle d previousl y (Piroll i  &  Anderson . 

1985 )  i n a  mor e genera l  manner .  Th e firs t  simulatio n illustrate s h o w a  rathe r  litera l 

representatio n o f  a n exampl e ca n lea d t o a  successfu l  solutio n b y analogica l  proble m solving , 

wit h ver y littl e gai n i n skil l  acquisition .  Th e secon d simulatio n illustrate s a  cas e o f  analogica l 

proble m solvin g tha t  lea d t o effectiv e proble m solvin g skill s  fo r  programmin g recursion . 

Literal Analogy 

The first simulation addressed the data gathered from subject JP, an eight year old 

learnin g recursio n i n L O G O.  He r  firs t  programmin g proble m w a s t o writ e a  functio n tha t  woul d 

recursivel y dra w a  se t  o f  square s o f  increasin g size .  JP' s fina l  solution ,  calle d T U N N L E [sic ] 

was 
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TOTUNNLE -̂  
SQUARE i < 
I F : X =  4 2 T H E N S T O P 
T U N N L E : X + 10 
END 

In coding TUNNLE, JP used an example program, CIRCLES, to guide her analogical 
proble m solving .  Afte r  writin g T U N N L E (whic h works) ,  J P wa s unabl e t o cod e eve n sligh t 
variant s o f  T U N N L E (e.g. ,  drawin g mor e squares) . 

The analysis of protocol data and interview data suggested that JP has a very literal 
representatio n o f  th e CIRCLE S progra m an d largel y copie d tha t  solutio n ont o th e TUNNLE [sic ] 
solution .  Figur e 1  present s th e representatio n o f  CIRCLE S tha t  i s encode d initiall y  i n X  fo r  th e 
simulatio n o f  JP .  I n Figur e 1 ,  litera l  cod e fro m th e exampl e i s i n uppercase .  Th e structur e o f 
th e CIRCLE S cod e i s no t  represente d a t  an y deepe r  leve l  (e.g. ,  a s a  tre e structur e representin g 
th e differen t  L O G O structures ,  terminatin g cases ,  recursiv e cases ,  etc.) .  Th e functionalit y o f 
onl y som e o f  th e progra m symbol s ar e elaborate d (e.g. ,  CIRCLE S i s th e nam e o f  th e function , 
"50 "  i s th e maximu m siz e o f  th e circles) . 

n a m e - o f 

circles-functio n 

circles-definitio n 

defin e 

circles-functio n 

inpu t 

ircles-figur e 

size-of 

circles-figur e 

C I R C L ES 

D r a w 

R C I R C LE 

T O circle s inpu t 

rcircl e 

I F inpu t  =  m a x - s i ^ e J H E N S T O P 

_^ s 

circle input + 10 

Figur e 1 :  JP' s representatio n o f  th e CIRCLE S example .  Arrow s labelle d s 
Indicat e structur e slots ;  f  Indicate s functio n slots .  Boxe s indicat e structure s 
tha t  fil l  structur e slots . 
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Analogica l  proble m solvin g world s i n thi s cas e becaus e th e targe t  proble m i s simila r 

enoug h t o th e exampl e representatio n t o permi t  successfu l  mappings .  Th e followin g matche s ar e 

made i n th e simulation : 

• Both definitions define a function talking an input and produce a composite figure 

•  Th e proces s implemente d b y bot h function s i s t o repeatedly  dra w a  figur e o f 

increasin g siz e 

•  R C I R C L E draw s a n elemen t  o f  th e composit e circle s figur e an d S Q U A RE draw s a n 

elemen t  o f  th e composit e square s figur e 

•  5 0 i s th e m a x i m u m siz e o f  th e circle s figur e an d 4 2 i s th e m a x i m u m siz e o f  th e 

squar e figur e 

•  Th e functionalit y o f  th e input s matc h 

Knowledge compilation of this analogical problem solving yields the following production 

L2: IF the goal is to define a function =name with input =x 

tha t  draw s a  =composite-figur e 

by repeatedl y drawin g a  figur e wit h a  functio n =figure-drawe r 

up t o m a x i m u m siz e =numbe r 

THEN writ e 

T O =nam e = x 

=figure-drawe r 

I F = x =  =numbe r  T H E N S T O P 

= n a me = x +  1 0 

Production L2 will basically code other fuctions that draw composite figures of increasing size 

lik e CIRCLES ,  bu t  i s no t  effectiv e fo r  codin g recursiv e function s i n general . 

Insightful Analogy 

The second simulation addressed data gathered from subject AD, a college student 

learnin g recursio n i n S I M P L E (Shrage r  &  Pirolli ,  1983) .  AD' s programmin g task s centere d o n 

writin g function s tha t  searche d an d gathere d selection s fro m a  databas e o f  librar y entries . 

Thes e librar y entrie s coul d b e identifie d b y a  numbe r  o r  title ,  an d S I M P L E predicate s wer e 

availabl e t o tes t  whethe r  entrie s belonge d i n on e o f  thre e categorie s (science ,  religion ,  o r 

fiction) .  Th e recursio n problem s assigne d t o A D involve d collectin g librar y entrie s o f  variou s 

categorie s int o list s wit h differen t  ordering s place d o n th e lis t  items .  AD' s instructio n o n 

recursio n w a s identica l  t o tha t  give n t o th e structur e grou p i n th e experimen t  discusse d 

earlier--tha t  is ,  i t  emphasize d ho w recursiv e function s ar e written .  Th e exampl e discusse d i n 

thi s instructio n w a s S O R T,  a  functio n tha t  sorte d a  lis t  o f  entrie s suc h tha t  scienc e book s wer e a t 

th e beginnin g o f  th e lis t  resul t  o f  S O R T. 

From AD's protocol gathered as she read instructions out loud and wrote her first 

recursiv e function ,  i t  wa s clea r  tha t  sh e ha d encode d a  ric h representatio n o f  th e S O R T example . 

Afte r  writin g he r  firs t  recursiv e function ,  A D code d a n additiona l  1 9 recursiv e function s 

withou t  error .  Par t  o f  th e encodin g o f  S O R T give n t o X  i n simulatin g A D i s presente d i n Figur e 

2,  whic h depict s th e representatio n o f  a  recursiv e cas e o f  S O R T .  Th e representatio n include s 

th e notio n tha t  th e recursiv e cas e i s a  conditiona l  structur e an d tha t  th e actio n i n thi s cas e 

involve s a  recursiv e relation .  Th e recursiv e relatio n i s achieve d b y determinin g th e resul t  o f  a 

recursiv e cal l  t o S O R T an d the n comparin g i t  t o th e resul t  o f  S O R T . 
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sort-case 2 

recursive-relatio n 

conditiona l 

I F test 2 T H E N action 2 

sort-resul t 

resuit-o f 

sort-recursive-relatio n reduce-differenc e 

sort-recursive-resul t  sort-difference-reductio n 

sort-proces s 

sort-next-ste p 

S O RT rest-lis t 

first-elemen t  P R E sort-recursive-resul t 

Figur e 2 :  AD' s representatio n o f  th e recursiv e cas e o f  th e S O R T example . 
Arrow s labelle d s  indicat e structur e slots ;  f  indicate s functio n slots .  Boxe s 
indicat e structure s tha t  fil l  structur e slots . 

Knowledge compilation of AD's analogical problem solving yield the following productions 

L3: IF the goal is to code the action of a conditional clause 
of  a  functio n tha t  place s al l  element s 
of  a  specifie d typ e int o a  resul t  i n a  specifie d orde r 

THEN se t  a  goa l  t o cod e th e recursiv e relatio n 
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L4:  I F th e goa l  i s t o cod e a  recursiv e relatio n 
THEN se t  subgoal s t o 

1.  refin e th e recursiv e cal l 
2.  achiev e th e resul t  o f  th e functio n usin g th e recursiv e cal l 

L5: IF the goal is to code a recursive call to a function 
and a  valu e tha t  i s on e ste p close r 
t o th e terminatin g cas e tha n th e curren t  functio n inpu t  I s knov̂ ^ n 

THEN writ e th e nam e o f  th e functio n followe d b y tha t  valu e 

L6: IF the goal is to achieve a value that is one step closer 
t o th e terminatin g cas e tha n th e curren t  functio n inpu t 
and th e functio n inpu t  i s a  numbe r 

THEN se t  a  goa l  t o writ e cod e tha t  wil l  subtrac t  1  fro m th e inpu t 

Production L3 specifies that the action of a conditional clause that is supposed to place all 
element s o f  a  certai n typ e i n a n outpu t  lis t  ca n b e solve d b y codin g th e recursiv e relation . 
Productio n L 4 lay s ou t  a  pla n fo r  inducin g a  recursiv e relatio n t o satisf y th e constraint s o f  th e 
program .  Productio n L 5 code s a  recursiv e call .  Productio n L 6 specifie s tha t  th e argumen t  t o a 
recursiv e cal l  i n a  functio n tha t  ha s a  numeri c inpu t  shoul d b e on e les s tha n th e input .  Th e ke y 
poin t  t o b e mad e i n thi s simulatio n o f  subjec t  A D i s tha t  havin g a n abstrac t  representatio n o f  th e 
underlyin g structur e an d functionalit y o f  a  recursio n exampl e tha t  encode d ho w recursiv e 
function s ar e writte n facilitate d th e learnin g o f  production s tha t  ar e simila r  t o thos e o f  th e idea l 
model  implemente d i n G R A P E S.  Th e generalit y o f  th e production s acquire d b y X  i n simulatin g 
subjec t  A D account s fo r  th e eas e wit h whic h A D code d he r  subsequen t  recursio n problems . 

Summary 

The X model of analogical problem solving and skill acquisition was developed as an 
extensio n o f  ACT *  (Anderson ,  1983 )  t o dea l  wit h th e pervasiv e phenomen a o f  analogica l 
proble m solving .  A  majo r  difficult y wit h ACT *  ha s bee n wit h it s abilit y  t o dea l  wit h th e 
structurin g o f  proble m solvin g performanc e whe n encounterin g a  nove l  domai n (e.g. ,  Anderson , 
1983 ,  ch .  6) .  Th e analogica l  proble m solvin g mechanism s i n X  (an d PUPS,  Anderso n & 
Thompson,  1986 )  compris e a  wea k proble m solvin g metho d tha t  appear s t o serv e thi s functio n 
i n a  numbe r  o f  domain s suc h a s programming ,  geometr y (Anderson ,  Greeno ,  Kline ,  &  Neeves , 
1981) ,  an d algebr a (Ree d e t  al. ,  1985 ;  Swelle r  &  Cooper ,  1985) .  Th e interactio n o f  analog y 
and knowledg e compilatio n yield s generalize d production s fro m a  singl e proble m solvin g episode . 
Thi s appear s t o mor e accuratel y fi t  th e phenomen a o f  earl y skil l  acquisitio n (e.g. ,  Kiera s & 
Bovair ,  1986 )  bette r  tha n th e ACT *  mechanis m o f  productio n generalizatio n whic h require s 
two simila r  productio n applications . 

The major gap in X is that it does not address the process of comprehending example 
solution s t o for m th e representatio n tha t  serve s a s th e basi s fo r  late r  analogica l  proble m 
solving .  Curren t  wor k i s focuse d o n fillin g thi s gap .  I t  i s  assume d tha t  understandin g a n 
exampl e i s drive n b y a  proces s o f  attemptin g t o explai n (b y instantiatin g declarativ e schemati c 
knowledg e abou t  plan s an d goals )  ho w a n exampl e solutio n achieve s variou s goal s (of .  DeJon g & 
Mooney,  1986) .  Th e goa l  o f  thi s effor t  i s  t o wor k toward s a  mode l  tha t  addresse s som e aspect s 
of  ho w variation s i n prio r  knoweledg e abou t  plan s an d goal s interac t  wit h variation s i n 
instructio n usin g examples . 

619 



Analog y an d Learnin g i n Programmin g 

R e f e r e n c e s 

Anderson, J.R. (1983). The architecture of cognition. Cambridge, MA: Harvard University 
Press . 

Anderson, J.R. (1986). Knowledge compilation: The general learning mechanism. In R.S. 
Mickalski ,  J.G .  Carbonell ,  an d T.M .  Mitchel l  (Eds. )  Machin e Learning ,  Volum e 2 .  (pp . 
289-310) .  Lo s Altos ,  CA :  Morga n Kaufmann . 

Anderson, J.R., Greeno, J.G., Kline, P.J., and Neves, D.M. (1981). Acquisition of problem-
solvin g skill .  I n J.R .  Anderso n (Ed.) ,  Cognitiv e sl<ill s  an d thei r  acquisitio n (pp .  191 -
230) .  Hillsdale .  NJ :  Lawrenc e Eribaum . 

Anderson, J.R. and Pirolli, P.L. (1984). Spread of activation. Journal of Experimental 
Psychology :  Learning ,  Memory ,  an d Cognition ,  10 ,  791-798 . 

Anderson, J.R. and Thompson, R. (1986). Use of analogy in a production system architecture. 
Unpublishe d manuscript ,  Carnegie-Mello n University ,  Departmen t  o f  Psychology , 
Pittsburgh ,  PA . 

Brown, J.S. and VanLehn, K. (1980). Repair theory: A generative theory of bugs in procedural 
skills .  Cognitiv e Science ,  4 ,  379-426 . 

Carbonell, J.G. (1986). Derivational analogy: A theory of reconstructive problem solving and 
expertis e acquisition .  I n R.S .  Mickalski ,  J.G .  Carbonell ,  an d T.M .  Mitchel l  (Eds. ) 
Machin e Learning ,  Volum e 2 .  (pp .  371-392) .  Lo s Altos ,  CA :  Morga n Kaufmann . 

DeJong, G. and Mooney, R. (1986). Explanation-based learning: An alternative view. Machine 
Learning ,  1 ,  145-176 . 

Gick, M. L. and Holyoak, K. J. (1980). Analogical problem solving. Cognitive Psychology, 12, 
306-355 . 

Gick, M. L. and Holyoak, K. J. (1983). Schema induction and analogical transfer. Cognitive 
Psychology ,  15 ,  1-38 . 

Kedar-Cabelli, S. (1985). Purpose-directed analogy. In Proceedings of the Cognitive Science 
Society .  Irvine ,  CA :  CSS . 

Kieras, D.E. and Bovair, S. (1986). The acquisition of procedures from text: A production-
syste m analysi s o f  transfe r  o f  training .  Journa l  o f  Memor y an d Language ,  25 ,  507 -
524 . 

Mitchell, T.M., Kellar, R.M., and Kedar-Cabelli, S.T. (1986). Explanation-based 
generalization :  A  unifyin g view .  Machin e Learning ,  1 ,  47-80 . 

Pirolli, P.L. (1985). Problem solving by analogy and skill acquisition in the domain of 
programming .  Unpublishe d doctora l  dissertation ,  Carnegie-Mello n University . 

Pirolli, P. (in press). A cognitive model and computer tutor for programming recursion. 
Human-Compute r  Interaction . 

620 



Analog y an d Learnin g i n Programmin g 

Reed, S.K.. Dempster, A., and Ettinger. M. (1985). Usefulness of analogous solutions for 
solvin g algebr a wor d problems .  Journa l  o f  Experimenta l  Psychology :  Learning , 
Memory,  an d Cognition ,  11 ,  106-125 . 

Reed, S.K., Ernst, G.W., and Banerji, R. (1974). The role of analogy in transfer between 
simila r  proble m states .  Cognitiv e Psychology ,  6 ,  436-450 . 

Pirolli, P.L, and Anderson, J.R. (1985). The role of learning from examples in the acquisition 
of  recursiv e programmin g skills .  Canadia n Journa l  o f  Psychology ,  39 ,  240-272 . 

Shrager, J. & Pirolli, P. L. (1983). SIMPLE: A simple language for research in programmer 
psycholog y [Compute r  program] .  Pittsburgh :  Carnegie-Mello n University ,  Departmen t 
of  Psychology , 

Sweller, J, and Cooper, G.A. (1985). The use of worked examples as a substitute for problem 
solvin g i n learnin g algebra .  Cognitio n an d Instruction ,  2 ,  59-89 . 

621 



T h e Operationa l  Leve l  o f  a  C o m m o n s e n s e Planne r 

Richar d Alterma n 

Departmen t  o f  Compute r  Scienc e 

Brandoi s Universit y 

ABSTRACT 

Thi s pape r  characterise s th e operationa l  leve l  o f  a  commonsens e planner .  I n 

particula r  i t  wil l  compar e tw o approache s o n th e proble m o f  leve l  o f  operation .  A 

'pla n instantiater '  planne r  ha s acces s t o a  sor t  o f  summarisatio n o f  th e activitie s 

involve d i n eac h o f  th e subkind s o f  a  (pve n categor y o f  plans ,  an d b y a  proces s 

of  instantiatio n i t  selectivel y add s detail s t o matc h th e curren t  plannin g situation . 

Such planner s abando n th e detail s o f  th e lowe r  pla n an d dynamicall y recreat e the m 

unde r  th e exigencie s o f  a  give n situation .  A  'referenc e point '  planne r  select s a 

subordinat e plan ,  fro m a  give n categor y o f  plans ,  t o represen t  th e categor y a s a 

whole .  Th e referenc e poin t  planne r  assume s a  leve l  o f  operatio n whic h ca n directl y 

acces s a  greate r  numbe r  o f  fxmctiona l  detail s tha n it s pla n instantiatio n counterpart , 

but  perhap s a t  th e los s o f  flexibility. 

The thrus t  o f  thi s pape r  i s tha t  referenc e poin t  planner s ar e th e appropriat e 

model  o f  plannin g fo r  th e commonsens e domain . 

1. Intro dnction 

T h e ter m commonsens e plannin g refer s t o th e mundan e day-to-da y activitie s o f  huma n 

planner s [21] .  Thi s include s th e plannin g o f  suc h activitie s a s fetchin g a  newspaper ,  makin g 

a deposi t  a t  th e bank ,  takin g a  chil d t o daycare ,  fixin g breakfast ,  riding a  bu s t o work , 

goin g t o a  movie ,  makin g a n airlin e reservation ,  shoppin g a t  a  supermarket ,  eatin g a t  a 

restauran t  -  i n shor t  -  plannin g fo r  th e quotidia n concern s o f  huma n existenc e a s i t  varie s 

unde r  th e flux  o f  dail y circumstances .  I n commonsens e plannin g i t  i s  les s th e cas e tha t 

th e activitie s o f  th e planne r  var y a  grea t  deal ,  an d mor e th e cas e tha t  th e circumstance s 

underwhic h th e plan s ar e applie d vary . 

Adaptiv e Plannin g [1,2 ]  i s  a n approac h t o plannin g i n th e commonsens e domain .  A n 

adaptiv e planne r  take s advantag e o f  th e habitua l  natur e o f  m a n y o f  th e plannin g situation s 

fo r  whic h i t  plan s b y basin g it s activitie s o n pre-existin g plans .  A  critica l  issue ,  an d th e 

subjec t  o f  previou s papers ,  i s  th e questio n o f  flexibility:  H o w doe s a n adaptiv e planne r 

refi t  a n ol d pla n i n orde r  t o mee t  th e demand s o f  som e ne w plannin g situation ? 

O ne o f  th e importan t  theme s o f  adaptiv e plannin g i s th e wa y i t  characterize s th e leve l 

of  operation .  I t  take s th e followin g position :  specifi c  plan s ar e foregrounde d (i n orde r  t o 

tak e advantag e o f  th e mas s o f  detail s associate d wit h th e mor e specifi c  plan) ,  an d genera l 

plan s ar e i n th e backgroun d (servin g mor e t o organiz e ol d plan s int o categories) .  Thi s 

pape r  i s intente d t o ac t  a s a  clarificatio n o f  thi s position .  I n particula r  i t  wil l  compar e 

tw o approache s o n th e proble m o f  leve l  o f  operation .  Approac h on e i s tha t  conmionsens e 

planner s wor k fro m plan s tha t  ar e basicall y underspecifie d an d the n ad d detail s a s th e 

situatio n demands .  Approac h tw o i s tha t  th e planne r  work s fro m plan s that ,  i f  anything , 

ar e overspecifie d an d the n remove s detail s an d refit s th e pla n onl y a s indicate d b y th e 

situation .  A  critica l  poin t  i n thi s discussio n wil l  b e th e habitua l  natur e o f  th e commonsens e 

plannin g domain .  Th e pape r  i s fairl y  tendentiou s (i n favo r  o f  th e secon d approach) . 
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Conside r  th e categor y o f  plan s concernin g T E L E P H O N I N G (se e figure  1) . 

iun g distanc e (communicatio n 

(eieprioninq 
J5 A 

poy pfion e fron )  hom e fro m offji l 

figure I: Tiiioflpproiitnes. 

I  wil l  refe r  t o a  planne r  tha t  work s a t  th e leve l  o f  T E L E P H O N I N G a s a  planne r 

tha t  work s vi a a  proces s o f  pla n instantiation .  Th e notio n her e i s tha t  th e planne r  ha s 

acces s t o a  sor t  o f  summarizatio n [17 ]  o f  th e activitie s involve d i n eac h o f  th e subkind s 

of  T E L E P H O N I N G,  an d b y a  proces s o f  instantiatio n i t  selectivel y add s detail s t o matc h 

th e curren t  plannin g situation .  Suc h planner s abando n th e detail s o f  th e lowe r  pla n an d 

dynamicall y recreat e the m unde r  th e exigencie s o f  a  give n situation . 

I  wil l  refe r  t o a  planne r  tha t  work s fro m on e o f  th e subordinat e leve l  plan s (i.e . 

from-office ,  from-home ,  o r  pay-phone )  a s a  referenc e poin t  [10,14 ]  planner .  Eac h o f 

th e subordinat e plan s liste d fo r  T E L E P H O N I N G ca n serv e a s a  referenc e poin t  fo r  th e 

categor y dependin g o n th e plannin g context .  Th e genera l  ide a her e i s t o us e a  subordinat e 

pla n t o represen t  th e categor y a s a  whole .  Th e referenc e poin t  planne r  assume s a  leve l  o f 

operatio n whic h ca n directl y accesse s a  greate r  numbe r  o f  functiona l  detail s tha n it s pla n 

instantiatio n counterpart ,  bu t  perhap s a t  th e los s o f  flexibility. 

Thi s pape r  wil l  articulat e th e trade-of f  betwee n a  planne r  tha t  work s operationall y a s 

a pla n instantiato r  an d on e tha t  work s operationall y a s a  referenc e poin t  planner . 

2. Generalising the Information in a Subordinate Plan 

I  wil l  distinguis h betwee n tw o sort s o f  generalization :  objec t  generalizatio n an d se -

quenc e o f  actio n generalization .  Objec t  generalizatio n i s concerne d wit h generalizin g th e 

objects ,  o r  props ,  associate d wit h a  give n se t  o f  plans :  a n objec t  tha t  ca n b e generalize d 

out  o f  th e thre e telephon e plan s i s th e 'telephone' .  A  sequenc e o f  actio n generalizatio n 

i s concerne d wit h generalizin g ove r  th e step s o f  th e subordinat e plans .  Th e focu s o f  thi s 

discussio n wil l  b e o n sequenc e o f  actio n generalizations :  I  wil l  giv e a  detaile d accountin g 

of  th e kind s o f  actio n knowledg e tha t  i s los t  a s a  resul t  o f  summarizin g a  give n categor y o f 

plans .  Thi s analysi s shoul d suppor t  tw o sort s o f  conclusions .  Firs t  tha t  makin g a  usefu l 

generalizatio n fo r  a  give n se t  o f  subordinat e leve l  plan s i s by-and-larg e a  difllcul t  proposi -

tion .  Secon d tha t  eve n i n th e even t  tha t  a  usefu l  generalizatio n ca n b e made ,  th e proble m 

of  re-instantiatin g detail s o n th e fly  fo r  a  give n habitua l  situatio n i s doublel y complicate d 

sinc e th e generalizatio n ha s los t  no t  onl y th e detail s associate d wit h individua l  steps ,  bu t 

als o th e detail s tha t  correspon d t o th e inter-relationship s amongs t  thos e steps . 
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2. 1 Delet e Step s 

Belo w ar e show n th e sequenc e o f  action s associate d wit h th e tw o kind s o f  T E L E -

P H O N I N G: 

froxn-hoxne - 1) lift receiver 2) hear dial tone 3) remember number 4) dial 5) 

ringin g soun d 6 )  ask-fo r  7 )  tal k 

pay-telephon e -  l)ge t  chang e fro m pocke t  2 )  lif t  receive r  3 )  hea r  dia l  ton e 4 ) 

inser t  coin s 5 )  dia l  numbe r  6 )  ringin g soun d 7 )  ask-fo r  8 )  tal k 

It would be possible to form a generalization over these two kinds of telephone calling 

by removin g tw o step s fro m th e pay-telephon e plan :  gettin g chang e fro m one' s pocke t  an d 

insertin g coin s int o th e telephon e box .  Ther e i s a n implici t  los s o f  defaul t  informatio n whe n 

individua l  step s ar e deleted .  Th e subordinat e pa y telephon e pla n encode s th e fac t  tha t 

th e planner' s preferre d pla n fo r  gettin g chang e i s t o reac h int o his/he r  pocket .  Fo r  anothe r 

plan ,  sa y doin g th e laundr y a t  th e laundromat ,  th e preferre d pla n fo r  gettin g chang e i s t o 

use a  chang e machine . 

2.2 Generalise Individual Actions 

Conside r  th e followin g tw o plans : 

theatre-pla n -  1 )  bu y theatr e ticke t  2 )  ente r  playhous e 3 )  vie w pla y 4 )  leav e 

movie-pla n -  1 )  bu y movi e ticke t  2 )  ente r  movi e 3 )  vie w movi e 4 )  leav e 

I n thi s cas e i t  woul d b e possibl e t o for m a  generalizatio n b y generalizin g thre e o f  th e 

individua l  steps ,  i.e. , 

show-plan - 1) buy ticket 2) enter show 3) view show 4) leave show 

Ther e i s a  cos t  involve d i n generalizin g a n individua l  step .  Conside r  th e first  step s o f 

th e theatr e an d movi e plans .  The y bot h involv e buyin g tickets ,  bu t  on e usuall y require s a 

reservatio n an d fo r  th e othe r  a  reservatio n i s no t  possible .  I n th e theatr e pla n situatio n th e 

planne r  call s an d make s a  reservation ,  thu s savin g a  tri p i f  th e sho w i s sol d out .  Simila r 

sort s o f  los s o f  informatio n occu r  fo r  ste p tw o (i n on e cas e refreshment s ar e bough t  befor e 

th e show )  an d ste p thre e (i n on e cas e ther e i s a n intermission) .  Wher e a  pla n instantiato r 

must  re-discove r  thes e detail s i n a  piecemea l  fashion ,  a  referenc e poin t  planner ,  b y selectin g 

a subordinat e leve l  plan ,  accesse s al l  o f  th e details ,  o f  on e o r  th e othe r  plan ,  al l  a t  once . 

2.3 Relax Sequence Constraints 

Ther e i s anothe r  kin d o f  informatio n tha t  ca n b e los t  whe n generalizin g ove r  subcat -

egorie s o f  a  pla n an d tha t  i s sequencin g information .  Conside r  thre e subcategorie s o f  a 

restauran t  plan : 

s i tdow n restauran t  -  1 )  seatin g 2 )  orderin g 3 )  servin g 4 )  eatin g 5 )  payin g 

fastfoo d pla n -  1 )  orde r  2 )  pa y 3 )  serv e 4 )  si t  5 )  ea t 

cafeteri a pla n -  1 )  selec t  foo d 2 )  pa y 3 )  si t  4 )  ea t 

Thes e thre e plan s includ e m a n y o f  th e sam e actions ,  bu t  the y ar e performe d i n a 

differin g orders .  I n thi s case ,  i t  woul d b e possibl e t o facto r  ou t  man y o f  th e actions ,  wit h 

some generalizations ,  bu t  sequencin g informatio n woul d b e lost . 
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Relevan t  t o thi s issu e i s th e proble m o f  sequencing .  Ther e ar e thre e sort s o f  position s 

take n o n th e sequencin g proble m i n th e A I  literature .  O n e approac h (linea r  assumptio n 

19] )  i s  tha t  th e planne r  commi t  itsel f  t o an y orderin g o f  actions ,  an d i f  difficultie s arise , 

due t o subgoa l  interactions ,  mak e th e appropriat e changes .  T h e secon d approac h (leas t 

commitmen t  (15) )  i s  t o mak e a  commitmen t  t o a n orderin g onl y whe n necessary .  T h e 

thir d approac h (opportunis m [6] )  i s  t o perfor m a  give n ste p whe n convenient .  Workin g 

fro m referenc e point s offer s a  fourt h approach :  Selec t  a n ol d ordering .  Th e se t  o f  referenc e 

points ,  i n effect ,  offer s a  shor t  lis t  o f  possibl e orderings .  Encode d i n eac h referenc e poin t 

ar e sequencin g considerations ,  man y o f  whic h ar e dictate d fo r  causa l  sort s o f  reasons .  A 

good heuristi c fo r  domain s o f  habitua l  activit y i s t o select ,  o r  reselect ,  ordering s fro m th e 

shor t  list . 

3. Does a good reference point always exist? 

H ow d o w e kno w tha t  ther e i s alway s a  reasonabl e referenc e point ? Suppos e th e 

categor y o f  pla n concerne d wit h telephonin g consist s o f  th e followin g tw o subordinat e 

plans : 

from-home - 1) lift receiver 2) hear dial tone 3) remember number 4) dial 5) 

ringin g soun d 6 )  ask-fo r  7 )  tal k 

pay-telephon e -  l)ge t  chang e fro m pocke t  2 )  lif t  receive r  3 )  hea r  dia l  ton e 4 ) 

inser t  coin s 5 )  dia l  numbe r  6 )  ringin g soun d 7 )  ask-fo r  8 )  tal k 

Furthermore suppose the new situation is that the planner intends to make a telephone 

cal l  fro m wor k an d mus t  dia l  a  nin e i n orde r  t o ge t  a n outsid e line .  Claim :  i f  ther e exist s 

a generalizatio n ove r  thes e tw o plan s tha t  i s applicabl e an d reasonabl e fo r  th e plannin g 

situatio n above ,  the n on e o f  th e tw o referenc e point s i s reasonabl e fo r  th e sam e plannin g 

situation .  Or ,  mor e generally ,  i f  fo r  a  give n plannin g situatio n ther e i s a  reasonabl e pre -

existin g genera l  plan ,  the n ther e alway s exist s a  reasonabl e referenc e poin t  pla n fo r  th e 

same situation .  Belo w i s show n a n argumen t  a s t o wh y thi s mus t  b e th e case . 

1] If a generalization gets to be too abstract then it stops being useful. Consider the 

followin g example :  Suppos e a  graduat e studen t  come s t o yo u an d ask s yo u fo r  a  pla n 

t o ge t  a  Phd .  O n e answe r  is :  pas s you r  generals ,  pas s you r  orals ,  writ e a  dissertation , 

defen d you r  dissertation .  Suc h a  pla n i s a  descriptio n o f  wha t  th e studen t  mus t  do , 

but  i t  i s  muc h to o abstrac t  t o b e o f  an y use . 

2)  I f  a  pla n P  i s instantiate d fro m a  generalizatio n G ,  G  i s a  generalizatio n o f  P . 

3] Given a set of plans the amount of abstraction that is required over that set in order 

t o for m a  generalizatio n work s a s a  functio n o f  th e differenc e betwee n an y pai r  o f  plan s 

i n tha t  set .  Th e greate r  th e differenc e betwee n an y tw o plan s i n th e set ,  th e mor e 

abstrac t  th e genera l  pla n mus t  be .  Give n an y numbe r  o f  plan s P i  ...P „  ther e exist s a 

reasonabl e generalizatio n ove r  thes e plan s if f  th e difference s betwee n an y tw o plans , 

A(P,,P,) ,  i s  reasonabl e a s define d b y som e constan t  C ,  i.e . 

A(P„P,)<C forl<iJ<n 
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4]  A n y pla n P  whic h i s derive d fro m a  generalisatio n G  i s par t  o f  th e se t  o f  plan s whic h 

G generalize s ove r  (2) ,  an d consequently ,  b y ou r  notio n o f  a  mor e genera l  plan ,  mus t 

not  b e to o differen t  fro m th e othe r  plan s i n th e clas s (3) ,  i.e . 

A(P„P)<C forl<i<n. 

The above shows that if there is a reasonable generalization which applies to a given 

situatio n the n ther e i s a  reasonabl e subordinat e pla n whic h als o applies .  Tha t  doe s no t 

m e an tha t  ther e i s alway s a  reasonabl e pre-existin g genera l  plan .  Th e previou s sectio n 

demonstrate s som e o f  th e difficultie s i n formin g a  reasonabl e genera l  plan .  I n general ,  i t  i s 

not  har d t o find  case s wher e ther e exist s a  categor y o f  plan s wher e i t  i s  difficul t  t o find a 

usefu l  summary ,  bu t  i s nevertheles s a  usefu l  categor y o f  plans .  Conside r  th e followin g tw o 

plan s fo r  telephoning . 

from-home 1) lift receiver 2) hear dial tone 3) dial 5) ringing sound 6) ask for 

7)  tal k 

f rom-wor k 1 )  lif t  receive r  2 )  buz z secretar y 3 )  reques t  cal l  4 )  hang-u p an d wai t 

5)  hea r  buz z an d pick-u p receive r  6 )  gree t  an d tal k 

It is hard to see what a useful generalization would be over these two plans, yet it is clear 

tha t  the y represen t  tw o kind s o f  telephoning .  Moreover ,  ther e ar e an y numbe r  o f  plannin g 

situation s wher e on e o f  thes e tw o subordinat e leve l  plan s woul d b e a n appropriat e startin g 

point . 

Perhap s i t  woul d b e possibl e t o ge t  aroun d thi s kin d o f  proble m b y splittin g th e 

categor y o r  allowin g fo r  multipl e generalization s fo r  a  give n categor y o f  plans .  Thes e kind s 

of  technique s woul d wor k -  th e generalization s ar e makin g finer  an d finer  discrimination s 

-  bu t  dividin g u p th e categor y i s jus t  anothe r  wa y o f  convergin g o n referenc e points . 

Ther e i s a n assumptio n her e tha t  th e planne r  i s workin g fro m prestore d plans .  Per -

hap s i f  th e mor e genera l  plan s ar e dynamicall y create d i t  woul d b e possibl e t o wor k fro m 

mor e genera l  plans .  A  whol e generatio n o f  A I  planners ,  beginnin g wit h [15] ,  ha s bee n 

constructe d alon g thes e lines .  Bu t  ther e ar e difficultie s fo r  thi s sor t  o f  approac h i n th e 

commonsense domain .  Largel y thes e difficultie s aris e fro m th e fac t  tha t  th e planne r  fail s 

t o tak e advantag e o f  th e habitua l  natur e o f  mos t  o f  his/he r  activities .  Th e constrain t  o f 

habitualit y decidedl y favor s usin g pre-existin g plans . 

Notic e tha t  ther e i s n o clai m her e tha t  ther e alway s exist s a  usefu l  pre-existin g plan . 

Ther e wil l  b e plannin g situation s tha t  requir e th e planne r  t o pla n fo r  a  non-habitua l 

activity .  Th e poin t  i s  tha t  fo r  plannin g an d actin g wit h regard s t o habitua l  activie s ther e 

i s nothin g t o los e -  an d a  lo t  t o gai n -  i n selectin g an d workin g fro m a  referenc e point . 

Finally ,  th e clai m i s abou t  th e existenc e o f  a  reasonabl e referenc e poin t  plan .  Ther e 

i s a  questio n a s t o ho w hard ,  o r  easy ,  i t  i s  t o find a  referenc e poin t  plan .  Th e associativ e 

technique s suggeste d b y [18,7 ]  ar e goo d candidate s fo r  th e tas k o f  finding  a  referenc e poin t 

fo r  a  give n plannin g situation .  Sinc e th e activitie s w e ar e concerne d wit h ar e habitual , 

the y shoul d b e relativel y eas y t o find. 
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4.  Flexibilit y  a n d Level s 

H ow ca n a  commonsens e planne r  maintai n th e advantage s o f  bot h flexibility  an d 

habituality ? On e candidat e answe r  i s t o hav e th e commonsens e planne r  wor k fro m specifi c 

plan s an d whe n thing s g o awry ,  i t  ca n retrea t  t o wea k method s [3,4] .  Unde r  certai n 

circumstance s thi s coul d b e th e appropriat e choice ,  bu t  ther e ar e m a n y instance s wher e 

th e planne r  ca n succee d withou t  a  ful l  retrea t  t o wea k methods .  I n thi s sectio n I  wil l 

describ e a  referenc e poin t  planne r  P L E X U S tha t  ca n perfor m flexibly  withou t  retreatin g 

t o wea k methods .  Fo r  furthe r  detail s an d trace s se e [1,2] . 

Assume tha t  th e referenc e poin t  planne r  ha s acces s t o th e conten t  an d organizatio n 

of  backgroun d knowledg e associate d wit h th e ol d plan .  I n [1,2 ]  th e importanc e o f  back -

groun d knowledg e i s described ,  a s wel l  a s som e detail s abou t  fou r  kind s o f  backgroun d 

knowledge .  Here ,  i t  wil l  suffic e t o dra w attentio n t o on e o f  th e kind s o f  backgroun d knowl -

edge ,  distribute d categorizatio n knowledge .  Distribute d categorizatio n knowledg e refer s 

t o th e categorizatio n hierarchie s associate d wit h th e variou s step s an d subplan s o f  th e 

referenc e poin t  plan s (a s oppose d th e categorizatio n hierarch y associate d wit h th e overal l 

plan) . 

Assume th e commonsens e planne r  select s a  referenc e poin t  fro m th e categor y o f  plan s 

tha t  i t  intend s t o accomplish .  I n a  give n situation ,  i f  a  proble m arises ,  th e planner' s refit -

tin g behavio r  i s directe d toward s finding  a n alternat e referenc e point .  Alternat e referenc e 

point s ca n tak e on e o f  thre e forms : 

1]  Selec t  a  differen t  referenc e poin t  fro m th e overal l  categor y o f  plans .  Suppos e th e 

planne r  intend s t o mak e a  cal l  fro m work ,  an d it s usua l  pla n fo r  th e offic e situatio n 

i s with-secretar y (se e figure  2) .  Furthermore ,  suppos e th e secretar y wa s ou t  o f  th e 

office .  I n thi s cas e planne r  i s directe d toward s choosin g a n alternat e referenc e poin t 

fo r  th e overal l  categor y o f  plan ,  i.e .  from-home . 

2)  Selec t  a  differen t  referenc e poin t  fo r  th e individua l  step .  Suppos e th e planne r  decide s 

t o us e a  pay-phon e an d discovers ,  a s i t  attempt s th e first  ste p o f  th e plan ,  tha t  i t  ha s 

insufficien t  pocket-chang e (se e figure  3) .  Adaptin g t o thi s situatio n doe s no t  requir e 

tha t  th e overal l  pla n b e change d -  instea d a n alternat e versio n o f  th e individua l  ste p 

must  b e used .  Withi n th e distribute d categorizatio n hierarch y associate d wit h getting -

chang e ther e exist s severa l  alternat e referenc e points :  gettin g chang e fro m a  merchant , 

askin g somebod y els e fo r  change ,  o r  usin g a  chang e machine .  Dependin g o n th e curren t 

plannin g circumstanc e on e o r  anothe r  o f  th e referenc e point s i s appropriate . 

3]  Selec t  a  differen t  referenc e poin t  fo r  th e implici t  subplan .  A  g^ve n pla n ca n b e con -

strue d a s a  collectio n o f  interleave d subplans .  Unde r  certai n circumstance s th e planne r 

must  find  a n alternat e referenc e poin t  fo r  on e o f  th e subplans .  Suppos e th e planne r 

intend s t o mak e a  telephon e cal l  fro m a  pay-phon e an d discover s tha t  i t  ha s n o mone y 

at  al l  (se e figure  4) .  I n thi s cas e i t  i s  th e implici t  pay-direc t  subpla n fo r  whic h a n 

alternat e referenc e poin t  need s t o b e found ,  i.e .  call-collec t 

The commonalit y fo r  eac h o f  thes e method s i s tha t  the y al l  involv e abstractio n an d 

specialisatio n withi n a  categorizatio n hierarchy .  B y a  proces s o f  abstractio n th e planne r 

remove s detail s tha t  ar e no t  appropriat e t o th e planner' s curren t  circumstances .  B y a 

proces s o f  specializatio n th e planne r  add s details ,  e n masse ,  whic h ar e appropriat e fo r  th e 
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curren t  circumstances .  Se e [1,2 ]  fo r  heuristic s tha t  appl y t o eac h o f  thes e processe s an d a 

descriptio n o f  fou r  kind s o f  situatio n differenc e tha t  ca n occu r  betwee n a n ol d pla n an d a 

ne w situation . 

Eac h o f  th e abov e method s o f  adaptatio n requir e tha t  th e planne r  retur n t o th e refer -

enc e poin t  leve l  o f  operation .  I n a  sens e th e highe r  level s o f  th e categorizatio n hierarchie s 

act  i n a n organizationa l  capacity ,  whil e th e mor e specia l  plan s captur e th e habitua l  quali -

tie s o f  th e commonsens e domain . 

5. Discnssion and Suminary 

5.1 Discnssion 

Unti l  recently ,  Wilensky' s wor k o n commonsens e plannin g virtuall y stoo d alon e i n th e 

AI  literatur e a s a  computationa l  mode l  o f  a  commonsens e planne r  [21] .  A s opppose d t o 

weak metho d reasoner s [12 ]  tha t  appl y t o knowledg e poo r  domains ,  Wilensk y contende d 

tha t  commonsens e plannin g wa s knowledg e intensive .  Althoug h th e emphasi s o f  hi s wor k 

was o n developin g goa l  an d pla n meta-structure s tha t  wer e share d b y bot h plannin g an d 

understandin g activities ,  Wilensk y di d propos e a n architectur e fo r  commonsens e plannin g 

base d o n a  cycl e o f  pla n proposal ,  pla n projectio n (o r  simulation) ,  an d goa l  detection . 

Wilensk y assume d tha t  hi s planne r  wa s workin g fro m th e mos t  specifi c  pla n tha t  wa s 

appropriat e t o a  give n situation ,  bu t  neve r  reall y develope d o r  defende d thi s idea . 

T h e notio n o f  cognitiv e referenc e point s i s attributabl e t o Rosc h [14] .  Thi s pape r  ha s 

bee n mos t  directl y influence d b y th e recen t  wor k o f  Lakof f  o n referenc e point s (Lakof f  refer s 

t o referenc e poin t  reasonin g a s metonymi c reasoning )  [10) .  Bot h Rosc h an d Lakof f  wer e 

interes t  i n usin g referenc e point s t o accoun t  fo r  prototyp e effects .  Thi s wor k complement s 

thes e previou s studie s b y lookin g a t  domain s othe r  tha n natura l  kind s an d natura l  languag e 

(i.e .  plans) .  Her e th e rol e o f  th e referenc e poin t  i s importan t  becaus e i t  encapsulate s man y 

of  th e importan t  detail s tha t  ar e no t  availabl e a t  highe r  levels . 

Thi s wor k i s als o relate d t o th e recen t  wor k o n case-base d reasoner s [8,9,13,5] .  Fo r  th e 

purpose s o f  thi s pape r  I  woul d lik e t o differentiat e betwee n tw o type s o f  knowledg e tha t 

case-bas e reasoner s ca n access :  semanti c knowledg e an d episodi c knowledge .  Roughly , 

an episod e i s a  particula r  experienc e i n th e biograph y o f  a n individual ,  an d semanti c 

knowledg e refer s t o th e conceptua l  thesauru s o f  th e individua l  [20] .  Semanti c knowledg e 

ca n b e use d t o inde x an d interpret e th e episode s o f  a n individua l  [16] .  Episode s ca n b e 

interprete d b y mor e tha n on e piec e o f  semanti c knowledge .  W h e n a  case-bas e reasone r 

work s fro m a n episode ,  i t  mus t  first  extrac t  th e relevan t  pla n structur e an d the n adap t 

it .  W h e n a  case-bas e reasone r  work s fro m semanti c structures ,  i t  nee d onl y adap t  th e 

structure .  By-and-larg e th e habitua l  natur e o f  th e commonsens e domai n suggest s tha t  th e 

planne r  i s workin g fro m semanti c structure s -  i n al l  likelihoo d th e correc t  interpetatio n o f 

an episod e ha s alread y bee n made . 

5.2 Snnunary 

A pla n instantiato r  planne r  work s a t  th e leve l  o f  th e genera l  pla n an d recreate s th e 

detail s o f  a  mor e specifi c  pla n a s th e situatio n demands .  A  referenc e poin t  planne r  select s 

one o f  th e subordinat e plan s a s a  basi s fo r  plannin g activity ,  thu s i t  ca n acces s a  greate r 
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number  o f  functiona l  details .  Thi s pape r  present s severa l  analyse s whic h sugges t  tha t 

commonsense planner s ar e referenc e poin t  planners . 

O ne analysi s demonstrate d th e difficultie s associate d wit h formin g generalization s ove r 

set s o f  plans .  I n orde r  t o creat e a  genera l  pla n fro m a  subordinat e plan ,  thre e kind s o f 

change s ca n b e necessary :  th e deletio n o f  steps ,  th e generalizatio n o f  th e individua l  action s 

of  th e plan ,  an d th e relaxatio n o f  sequenc e constraints .  Eac h kin d o f  chang e represent s a 

los s o f  informatio n an d ha s a n associate d cost . 

Whenever  ther e exist s a  reasonabl e pre-forme d genera l  pla n fo r  a  give n task ,  ther e 

exist s a  reasonabl e referenc e poin t  plan .  I n man y case s th e subordinat e plan s diffe r  suf -

ficiently  t o mak e th e formatio n o f  a  usefu l  generalizatio n difficult ,  i f  no t  impossibl e -

nevertheles s th e subordinat e leve l  plan s o f  suc h categorie s ca n prov e t o b e quit e useful . 

Planner s tha t  dynamicall y creat e genera l  plans ,  befor e instantiatin g them ,  are ,  o n th e 

whole ,  inappropriat e fo r  commonsens e plannin g becaus e the y fai l  t o tak e advantag e o f  th e 

habitua l  natur e o f  th e commonsens e domain . 

A referenc e poin t  planne r  ca n achiev e flexibility  b y takin g advantag e o f  th e distribute d 

categorizatio n hierarchie s tha t  exis t  i n th e backgroun d knowledge .  Achievin g flexibility  i s 

largel y a  functio n o f  finding  a n alternat e referenc e point .  P L E X U S i s a n exampl e o f  a 

commonsense planne r  tha t  adapt s a  plan ,  withou t  resortin g t o wea k methods ,  vi a th e 

selectio n o f  alternat e referenc e points .  I n a  give n situatio n P L E X U S ca n adap t  a  pla n i n 

one o f  thre e ways :  i t  ca n selec t  a  differen t  referenc e poin t  fro m th e overal l  categor y o f  th e 

plan ;  i t  ca n selec t  a  differen t  referenc e poin t  fo r  a n individua l  step ;  i t  ca n selec t  a  differen t 

referenc e poin t  fo r  th e implici t  subplan .  Eac h o f  thes e thre e adaptiv e method s ca n b e 

characterize d a s a  proces s o f  abstractio n an d specialization . 

I n som e way s thi s argumen t  i s analogou s t o th e followin g choic e o f  wagers : 

Heads yo u win .  Tail s n o bet . 

Heads yo u win .  T îl s  yo u lose . 

For  habitua l  activite s referenc e poin t  plannin g i s equivalen t  t o th e first  wage r  an d pla n 

instantiatio n i s equivalen t  t o th e secon d wager .  Unde r  th e bes t  o f  circumstance s th e 

referenc e poin t  pla n i s tailor-mad e fo r  a  give n situation ,  an d unde r  th e wors t  o f  condition s 

i t  i s  n o wors e tha n workin g fro m a  genera l  pla n vi a a  proces s o f  pla n instantiation .  Thu s 

i n domain s o f  habitua l  activit y -  tha t  i s  domain s wher e habitua l  activitie s ar e th e rul e 

and no t  th e exceptio n -  gearin g th e planner ,  an d it s representatio n o f  plannin g knowledge , 

toward s referenc e point s ca n b e a  savin g heuristic . 
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Figur e 2 :  Ouerai l  Pla n 
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A b s t r a c t 

We present a theory of classical conditioning based on a parallel, rule-based performance system 

integrate d wit h mechanism s fo r  inductiv e learning .  Inferentia l  heuristic s ar e use d t o ad d ne w rule s 

t o th e syste m i n respons e t o th e relationshi p betwee n th e system' s prediction s an d environmenta l 

input .  A  majo r  heuristi c i s base d o n "unusualness" :  nove l  cue s ar e favore d a s candidate s t o 

predic t  important ,  unexpecte d events .  Rule s hav e strengt h value s tha t  ar e revise d o n th e basi s 

of  feedback .  Th e performanc e syste m allow s rule s t o operat e i n parallel ,  competin g t o contro l 

behavio r  an d t o obtai n rewar d fo r  successfu l  predictio n o f  importan t  events .  Set s o f  rule s ca n 

for m defaul t  hierarchies ,  i n whic h exceptio n rule s "censor "  usefu l  bu t  imperfec t  defaul t  rules , 

protectin g the m fro m los s o f  strength .  Th e theory ,  implemente d a s a  compute r  simulation , 

account s fo r  a  variet y o f  phenomen a (e.g. ,  rapi d learnin g i n certai n inhibitio n paradigms ,  an d 

failur e t o extinguis h non-reinforce d inhibitor y cues )  tha t  previou s associationis t  account s hav e 

not  deal t  wit h successfully . 

In t roduc t io n 

Intelligence manifests itself in the adaptation of goal-directed systems to complex and poten-

tiall y  dangerou s environments .  Th e kind s o f  learnin g tha t  underli e suc h adaptatio n fal l  unde r 

th e rubri c o f  induction ,  broadl y define d a s thos e inferentia l  processe s tha t  expan d knowledg e i n 

th e fac e o f  uncertaint y (Holland ,  Holyoak ,  Nisbett ,  i i  Thagard ,  1986) .  Hollan d e t  a L presente d 

a framewor k fo r  inductio n tha t  encompasse s phenomen a rangin g fro m anima l  learnin g t o huma n 

categorization ,  analogica l  reasoning ,  an d scientifi c  discovery .  I n th e presen t  pape r  w e presen t 

a theory ,  derive d fro m th e genera l  Hollan d e t  a L framework ,  tha t  applie s t o som e o f  th e sim -

ples t  form s o f  inductiv e learning :  thos e observe d i n studie s o f  classica l  conditionin g i n animals . 

The theor y i s implemente d i n a  compute r  simulatio n tha t  create s an d revise s rule-base d defaul t 

hierarchies .  W e wil l  first  describ e som e limitation s o f  previou s conditionin g models . 

CER Paradigm and Earlier Models 

I n a  typica l  conditionin g experiment ,  a  ra t  i s first  traine d t o pres s a  leve r  t o ge t  food .  Afte r 

many session s o f  pressin g th e leve r  fo r  food ,  a  distinctiv e ton e (th e conditione d stimulus ,  o r  CS ) 

i s presente d fo r  severa l  seconds .  Jus t  a s th e ton e goe s off ,  a  shoc k (th e unconditione d stimulu s 

or  US ,  als o terme d th e "reinforcer" )  i s  delivere d t o th e rat' s  feet .  A s thi s sequenc e o f  event s 

i s repeated ,  th e ra t  soo n begin s t o sho w sign s o f  fea r  whe n th e ton e i s heard .  Whil e th e ton e 

i s on ,  th e anima l  suppresse s it s routin e leve r  pressin g an d eating ,  an d display s a  collectio n o f 

behaviors ,  suc h a s crouching ,  tha t  constitut e a  conditione d emotiona l  respons e (CER) .  Th e ton e 

no w signal s shoc k an d th e ra t  exhibit s fea r  i n respons e t o it . 
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Earl y theorie s o f  conditionin g generall y assume d tha t  tempora l  contiguit y  o f  th e C S an d th e 

US wa s necessar y an d sufficien t  t o establis h a  conditione d respons e (CR) .  I n fact ,  however ,  a n 

even t  ma y b e paire d wit h anothe r  even t  an d stil l  no t  resul t  i n conditioning ,  a s m th e "blocking " 

phenomeno n observe d b y Kami n (1968 )  (fo r  recen t  reviews ,  se e Mackintosh ,  1983 ;  Rescorl a & 

Holland ,  1982) .  Furthe r  difficultie s fo r  conditionin g theorie s base d simpl y o n associatio n aris e 

i n studie s o f  conditione d inhibition .  Kami n (1968 )  traine d rat s t o associat e nois e wit h shock . 

He the n paire d th e nois e wit h light .  Thi s compoun d wa s presente d fo r  severa l  trials ,  bu t  wa s 

neve r  paire d wit h shock .  TYaditiona l  associationis t  assumption s woul d predic t  tha t  th e ligh t 

woul d tak e o n th e acquire d fea r  conditione d t o th e noise .  I n fact ,  however ,  th e effec t  o f  th e 

ligh t  wa s t o inhibi t  fear ,  whic h i t  di d fro m th e ver y firs t  trial .  Th e phenomen a associate d wit h 

conditione d inhibitio n indicat e tha t  whethe r  conditionin g i s excitator y o r  inhibitor y depend s o n 

th e informatio n tha t  th e cu e provide s abou t  occurrenc e o f  th e US ,  an d canno t  b e predicte d b y 

simpl e tempora l  contiguity . 

Rescorl a an d Wagne r  (1972 )  propose d a n associationisti c mode l  o f  conditioning ,  i n whic h 

th e strengt h Vc s o f  a n associatio n i s revise d i n accor d wit h a  linea r  model , 

ti 

^ V c s =  a c s i > ^ u s - ^ V j )  (1 ) 

i= i 

where acs is a constant that determines how fast conditioning can occur for a given CS, Xus 

denote s th e asymptoti c limi t  o f  conditionin g tha t  ca n b e supporte d b y th e US ,  an d EV }  represent s 

th e su m o f  th e curren t  strength s o f  association s t o th e U S fro m th e stimul i  presen t  (th e particula r 

CS plu s al l  othe r  concurren t  cues) . 

Equatio n 1  i s essentiall y  equivalen t  t o th e Widrow-Hof f  rul e familia r  i n adaptive-system s 

theory ,  an d i s a  generalizatio n o f  th e perceptro n convergenc e rul e (se e Sutto n k  Barto ,  1981) .  Th e 

Rescorla-Wagne r  mode l  i s thu s closel y relate d t o a  majo r  clas s o f  strength-revisio n procedure s 

used t o mode l  associativ e learnin g withi n adaptiv e network s o f  th e sor t  currentl y bein g explore d 

by connectionis t  theorist s (Rumelhart ,  Hinton ,  &  Williams ,  1986) .  Withi n th e connectionis t 

framework ,  al l  learnin g i s viewe d a s th e produc t  o f  incrementa l  change s i n connectio n strength s 

wit h experience . 

Problems with the Rescorla-Wagner Model 
Despit e notabl e empirica l  successes ,  th e Rescorla-Wagne r  mode l  doe s no t  accoun t  wel l  fo r 

a wid e variet y o f  othe r  phenomena ,  som e o f  whic h antedat e thei r  treatmen t  an d som e o f  whic h 

ar e mor e recent .  Thes e inadequ£u:ie s hav e spurre d developmen t  o f  numerou s othe r  model s tha t 

provid e refinement s an d alternative s (Mackintosh ,  1975 ;  Pearc e k  Hall ,  1980 ;  Wagner ,  1978 , 

1981) .  Al l  o f  th e model s subsequen t  t o tha t  o f  Rescorl a an d Wagne r  (1972 )  adop t  variation s o f 

th e standar d associationis t  framewor k i n whic h conditionin g i s treate d solel y i n term s o f  strengt h 

revbion .  I n ou r  view ,  non e solve s al l  o f  th e empirica l  difficultie s tha t  bese t  th e Rescorla-Wagne r 

theor y whil e preservin g it s successes .  Her e w e describ e som e o f  thes e dilTiculties . 

Learne d irrelevance .  A  majo r  proble m fo r  th e Rescorla-Wagne r  formulatio n i s tha t  i t 

does no t  accoun t  fo r  change s i n th e processin g o f  CS s wit h experience .  Equatio n 1  predict s tha t  a 

stimulu s tha t  i s uncorrelate d wit h a  reinforce r  wil l  begi n an d en d wit h zer o associativ e strength . 

No distinctio n i s draw n betwee n stimul i  tha t  th e anima l  ha s encountere d befor e an d thos e tha t  i t 

has not .  Bu t  i n fac t  conditionin g i s severel y retarde d i f  th e to-be-conditione d stimulu s ha s bee n 

presente d previousl y (Bake r  k .  Mackintosh ,  1977) . 

Rapi d learnin g effects .  Non e o f  th e associationis t  model s provide s a  satisfactor y accoun t 

of  extremel y rapi d learnin g effect s tha t  ar e sometime s observe d i n conditionin g studies .  Kami n 
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(1968 )  an d Rescorl a (1972 )  hav e bot h show n tha t  conditionin g ca n tak e plac e afte r  on e trial ,  o r 

indeed ,  eve n durin g a n initia l  trial .  Fo r  example ,  rat s i n th e Kami n stud y showe d les s fea r  o n th e 

ver y firs t  tria l  o n whic h th e excitator y stimulu s wa s precede d b y th e inhibitor y stimulus ,  despit e 

th e fac t  tha t  th e anima l  ha d n o wa y o f  knowin g whethe r  thi s lessene d fearfulnes s wa s justified . 

Such one-tria l  an d no-tria l  effect s loo k muc h mor e lik e inference s tha n lik e product s o f  traditiona l 

trial-and-erro r  learning . 

Of  course ,  learnin g i s ofte n muc h les s rapid ,  an d associationis t  model s al l  includ e fre e pa -

rameter s tha t  gover n rat e o f  learning .  Th e problem ,  however ,  i s  tha t  th e model s provid e n o 

principle d specificatio n o f  whe n t o expec t  rapi d one-tria l  learnin g an d whe n t o expec t  slo w learn -

in g requirin g score s o r  eve n hundred s o f  trials .  Th e rapi d acquisitio n o f  conditione d inhibitio n 

i s particularl y problemati c fo r  al l  connectionis t  model s o f  learning ,  becaus e i t  involve s th e rapi d 

alteratio n o f  a  well-learne d respons e (fea r  elicite d b y th e excitator y CS) ,  whic h ha s bee n gradu -

all y strengthene d b y reinforcemen t  ove r  man y trials .  There  ha s bee n n o demonstratio n tha t  an y 

connectionis t  model ,  usin g a  consisten t  se t  o f  parameter s fo r  strengt h revision ,  ca n simultane -

ousl y accoun t  fo r  th e slo w acquisitio n o f  a  stron g respons e wit h reinforcement ,  it s typica l  patter n 

of  slo w extinctio n wit h nonreinforcement ,  an d it s inunediat e displacemen t  b y a n incompatibl e 

respons e unde r  certai n specifiabl e conditions . 

Conditione d inhibition .  Th e Rescorla-Wagne r  mode l  ca m accoun t  fo r  th e basi c phe -

nomenon o f  conditione d inhibition ,  a s establishe d i n a n A-I- ,  AX -  paradig m (tha t  is ,  stimulu s A 

i s alway s followe d b y th e US ,  wherea s th e compoun d stimulu s A X neve r  is) .  Th e mode l  assume s 

tha t  strengt h value s ca n b e negativ e a s wel l  a s positive .  Cu e A  wil l  reac h a n asymptoti c strengt h 

equa l  t o Xus ^  wherea s X  wil l  reac h a n asymptot e equa l  t o —Xusi  thu s th e ne t  strengt h o f  th e 

A X compoun d wil l  b e 0 . 

However ,  thi s accoun t  incorrectl y predict s tha t  inhibitor y conditionin g effects ,  onc e estab -

lished ,  shoul d b e extinguishabl e b y presentin g th e inhibitor y C S alone ,  i n th e absenc e o f  eithe r 

th e U S o r  o f  excitator y CSs .  A s Zimmer-Har t  an d Rescorl a (1974 )  pu t  it ,  ''Assumin g tha t  nonre -

inforcemen t  support s a  zer o asymptot e .. .  a  simpl e nonreinforcemen t  o f  a  previousl y establishe d 

inhibito r  shoul d produc e a  change .  I f  V x i s negative ,  the n th e quantit y ( O — V x )  i s positiv e an d 

consequentl y V x shoul d b e incremente d towar d zer o whe n i t  i s  sepau'atel y nonreinforced .  Tha t 

is ,  th e theor y predict s tha t  repeate d nonreinforce d presentatio n o f  a n inhibito r  shoul d attenu -

at e tha t  inhibition "  (pp .  837-838) .  On e migh t  expect ,  however ,  tha t  whe n a  cu e predict s th e 

nonoccurrenc e o f  a  US ,  the n repeate d presentation s o f  th e cu e i n th e absenc e o f  th e U S wil l 

provid e additiona l  confirmation s o f  th e expectatio n o f  nonoccurrence ,  an d henc e woul d enhanc e 

it s inhibitor y properties .  I n fac t  (whe n ceilin g effect s o n inhibitio n wer e controlled) ,  thi s i s th e 

resul t  obtaine d b y Zimmer-Har t  an d Rescorl a (1974) . 

A d a p t a t i o n W i t h i n a  R u l e - B a s e d Defau l t  H i e r a r c h y 

I n vie w o f  th e abov e an d othe r  limitation s o f  associationis t  model s o f  conditioning ,  i t  seem s 

worthwhil e t o investigat e a n alternativ e approach .  Th e theor y o f  conditionin g w e wil l  presen t 

i s derive d fro m th e framewor k fo r  inductio n propose d b y Hollan d e i  al .  (1986) .  W e wil l  firs t 

sketc h th e genera l  framework ,  an d the n outlin e th e specifi c  theor y o f  conditionin g an d describ e 

it s embodimen t  i n a  compute r  simulation . 

Rule-Based Mental Models 

Hollan d e t  a l  propose d tha t  representation s o f  th e environmen t  tak e th e for m o f  set s o f 

rules ,  wit h associate d strengt h values ,  tha t  compris e menta l  models .  A  menta l  mode l  i s a n 
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interna l  representatio n tha t  encode s th e worl d int o categories ,  an d use s thes e categorie s t o defin e 

an interna l  transitio n functio n tha t  mimic s th e stat e change s tha t  unfol d i n th e world .  I n th e 

relativel y simpl e worl d o f  a  rat' s  conditionin g chamber ,  fo r  example ,  th e anima l  ma y lear n tha t  a n 

occurrenc e o f  a n instanc e o f  th e categor y "lou d tone "  signal s a  transitio n t o th e environmenta l 

stat e "painfu l  shock" .  Th e rat' s knowledg e abou t  th e relationshi p betwee n tone s an d shock s 

migh t  b e informall y represente d b y a  rul e suc h as ,  "I f  a  ton e sound s i n th e chamber ,  the n a 

shoc k wil l  occur ,  s o sto p othe r  activitie s an d crouch. "  Rule s a t  differen t  level s o f  generalit y for m 

defaul t  hierarchies ,  a s i n situation s tha t  giv e ris e t o conditione d inhibition .  Fo r  example ,  i f  tone s 

ar e typicall y followe d b y shock ,  unles s paire d wit h a  light ,  th e rul e "I f  tone ,  the n expec t  shock " 

can serv e a s a  usefu l  bu t  fallibl e default ,  t o b e overridde n b y th e exceptio n rul e "I f  ligh t  an d 

tone ,  the n d o no t  expec t  shock "  whe n bot h rule s ar e matched . 

The Hollan d e i  at .  (1986 )  framewor k provide s a  numbe r  o f  specifi c  principle s tha t  ca n b e 

applie d t o anima l  conditioning : 

(1 )  Th e probabilit y  tha t  a  se t  o f  rule s wil l  contro l  behavio r  increase s monotonicall y wit h 

th e strength s o f  th e rule s i n th e se t  relativ e t o th e strength s o f  competin g rule s tha t  ar e matched . 

The functio n relatin g strengt h an d respons e probabilit y  mus t  b e probabilisti c  i n orde r  t o allo w 

opportunitie s fo r  weake r  rule s t o b e tested ,  an d t o gai n strengt h i f  the y prov e mor e usefu l  tha n 

thei r  competitors . 

(2 )  Rule s for m defaul t  hierarchie s i n whic h usefu l  bu t  imperfec t  defaul t  rule s ar e "pro -

tected "  fro m strengt h reductio n b y mor e specifi c  exceptio n rule s tha t  ca n overrid e th e default s 

i n peo-ticula r  circumstances . 

(3 )  Onl y rule s tha t  succee d i n controllin g response s ar e subjec t  t o strengt h revision .  I n 

term s o f  a n economi c analogy ,  rule s tha t  contro l  behavio r  "pay "  fo r  th e privileg e b y a  reductio n 

i n thei r  strength ,  an d mus t  "earn "  a t  leas t  a s muc h rewar d i n th e for m o f  a  subsequen t  strengt h 

increas e i n orde r  t o mak e th e transactio n worthwhile .  Rule s tha t  d o no t  gai n contro l  ove r 

response s produc e n o consequence s fo r  th e system ,  an d therefor e neithe r  gM n no r  los e strength . 

(4 )  Whe n multipl e rule s operat e a s a  se t  t o contro l  behavior ,  the y divid e an y attendan t 

reward .  Thi s competitio n fo r  rewar d implie s tha t  rule s accru e greate r  rewar d whe n the y uniquel y 

make a  correc t  predictio n tha n whe n othe r  rule s mak e th e sam e predictio n (cf .  Kelley's ,  1973 ,  • 

"discountin g principle") .  Rewar d competitio n provide s a n inductiv e pressur e tha t  tend s t o favo r 

genera l  rule s ove r  redundan t  rule s tha t  ar e mor e specific ,  an d tha t  impair s learnin g o f  ne w rule s 

tha t  serv e th e sam e functio n a s existin g stron g rules . 

(5 )  Ne w rule s ar e generate d i n respons e t o particula r  state s o f  th e syste m tha t  sugges t  a  ne w 

rul e migh t  b e useful .  I n th e curren t  implementatio n o f  ou r  conditionin g theory ,  thre e triggerin g 

situation s ar e identified :  (a )  th e occurrenc e o f  a n unexpecte d an d importan t  event ;  (b )  th e failur e 

of  a  predictio n base d o n a  rul e tha t  ha d previousl y bee n highl y successful ;  an d (c )  th e occurrenc e 
of  a n unusua l  featur e i n tempora l  contiguit y wit h a  know n predicto r  o f  a n importan t  event . 

(6 )  Inferentif J heuristic s favo r  certai n feature s ove r  other s a s buildin g block s fo r  ne w rules . 

I n particular ,  unusua l  feature s o f  th e environmen t  ar e favore d a s candidate s t o buil d th e condi -

tion s o f  ne w rules . 

A Rule>Based Theory of Conditioning 

We hav e constructe d a  simulatio n mode l  o f  conditionin g base d o n th e abov e principles . 

Figur e 1  depict s th e basi c component s o f  th e processin g system .  I n genera l  terms ,  th e syste m 

matche s th e condition s o f  rule s agains t  a  "message "  representin g th e curren t  stat e o f  th e envi -

ronment  (simulatin g perceptua l  input) ,  an d use s th e matche d rule s t o selec t  a n effecto r  actio n 

and t o generat e a  messag e describin g th e predicte d nex t  stat e o f  th e environment .  Th e predicte d 

message i s compare d t o tha t  observe d o n th e nex t  tim e step ,  an d th e resul t  govern s th e rewar d 
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give n t o rule s tha t  generate d th e prediction ,  storag e o f  unusua l  event s i n a  short-ter m buffer , 

and triggerin g o f  th e generatio n o f  ne w rules . 

Know ledg e representation .  A s Figur e 1  indicates ,  th e mode l  include s fou r  type s o f 

information ,  whic h fo r  simplicit y w e wil l  describ e i n term s o f  fou r  memor y stores .  Thre e o f  thes e 

stor e informatio n o f  a  declarativ e nature :  a  long-ter m stor e o f  al l  th e cue s tha t  hav e appeare d 

i n th e environment ,  tagge d wit h a  measur e o f  degre e o f  familiarity ;  a  short-ter m stor e fo r  recen t 

unusua l  events ;  an d currentl y activ e messages .  Th e fourt h stor e contain s th e rule s i n th e system . 

Each o f  thes e store s i s dynamicall y update d a s th e mode l  operate s i n a  simulate d environment . 

I n th e simulation ,  rule s ar e represente d i n "classifier "  notatio n (Holland ,  1986) .  Fo r  pur -

pose s o f  exposition ,  w e wil l  us e a  mor e mnemoni c notation .  Thu s th e rule ,  "I f  ton e occurs ,  the n 

expec t  shoc k an d crouch, "  wil l  b e represente d sunpl y a s T= > S .  W e wil l  us e th e classifie r  symbo l 

" # "  t o represen t  a  maximall y genera l  condition .  Thu s th e rule ,  "I f  i n th e conditionin g chamber , 

expec t  shoc k an d crouch, "  wil l  b e represente d a s #  = ^  S .  A  rul e wit h th e conditio n " # "  wil l  b e 

matche d o n ever y processin g cycle . 

The thre e declarativ e store s ar e eac h extremel y simple .  A t  an y time ,  th e messag e buffe r 

contain s thre e activ e messages :  on e describin g th e curren t  environment ,  on e describin g th e envi -

ronmen t  o f  th e precedin g cycle ,  an d one ,  create d o n th e precedin g cycle ,  tha t  predict s th e curren t 

environment . 

The short-ter m even t  buffe r  hold s recen t  "unusual "  event s tha t  occu r  b  th e environment . 

I n th e simulation ,  a n unusua l  even t  i s define d a s a n observe d messag e tha t  include s th e onse t  o f 

an "unfamiliar "  feature ,  wher e familiarit y  o f  a  featur e i s a  functio n o f  it s  numbe r  o f  occurrences . 

Thi s familiarit y coun t  fo r  eac h featur e i s maintaine d i n th e long-ter m featur e store .  Whe n a n 

unusua l  even t  occurs ,  th e messag e representin g it ,  wit h th e unfamilia r  feature s tagged ,  i s place d 

i n th e short-ter m even t  stor e an d hel d fo r  a  fe w cycles ,  durin g whic h perio d i t  ma y b e use d b y 

th e rule-generatio n heuristic s describe d belo w t o for m condition s o f  ne w rules . 

Performanc e system .  Eac h cycl e o f  th e processin g syste m begin s whe n a  messag e de -

scribin g th e curren t  stat e o f  th e environmen t  i s received .  Th e featur e portio n i s compare d wit h 

th e correspondin g portio n o f  th e predictio n messag e poste d o n th e previou s cycle .  Th e resul t 

determine s ho w muc h reward ,  R  (i f  any) ,  i s  give n t o th e rule s tha t  acte d o n th e previou s cycle . 

Specifically ,  rewar d i s give n i n thre e circumstances :  (a )  i f  shoc k wa s predicte d an d occurre d ( a 

larg e positiv e reward) ;  i f  absenc e o f  shoc k wa s predicte d an d shoc k di d no t  occu r  ( a lesse r  positiv e 

reward) ;  an d (c )  i f  absenc e o f  shoc k wa s predicte d bu t  shoc k occurre d ( a negativ e reward ,  i.e. ,  a 

punishment) .  Otherwis e th e rewar d i s zero .  Th e reward ,  i f  any ,  i s adde d t o th e strengt h value s 

of  th e relevan t  rules .  Th e compariso n i s als o use d t o trigge r  th e generatio n o f  ne w rule s (se e 

below) . 

The messag e representin g th e curren t  environmen t  i s compare d t o th e messag e representin g 

th e previou s environmenta l  stat e t o determin e whethe r  a n unusua l  even t  ha s occurred .  I f  a 

feature-onse t  occurs ,  a  chec k o f  th e long-ter m featur e lis t  i s mad e t o determin e i f  th e featur e i s 

unfamiUar ,  i n whic h cas e th e curren t  even t  i s define d a s unusua l  an d entere d i n th e short-ter m 

even t  store . 

Rul e matchin g an d respons e selection .  Condition s o f  al l  rule s ar e the n matche d 

agains t  th e messag e describin g th e curren t  environment .  Eac h matche d rul e post s a  bid ,  whic h 

i s a  proportio n o f  it s  strength .  Tha t  is ,  th e bi d b  mad e b y Rul e i  wil l  b e 

bi  =  k*Si ,  (2 ) 
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wher e k  i s a  const&n t  betwee n 0  an d 1 .  Rule s tha t  mak e th e sam e predictio n su m thei r  bid s an d 

act  togethe r  a s a  set . 

The rule s tha t  wil l  gover n th e system' s respons e ar e the n selecte d i n accor d wit h Principle s 1 

and 2  above .  Principl e 1 ,  th e assumptio n o f  a  probabilisti c  relationshi p betwee n relativ e strength s 

of  competin g rule s an d respons e selection ,  i s  realize d b y applyin g a  simpl e versio n o f  th e Luc e 

(1963 )  choic e mode l  t o th e strength s o f  matche d rules .  Principl e 2 ,  th e assumptio n tha t  defaul t 

rule s ar e protecte d b y exceptio n rules ,  i s  realize d b y allowin g exceptio n rule s t o "censor "  thei r 

correspondin g defaul t  rule s (cf .  Winston ,  1986) .  Whe n exceptio n rule s censo r  a  default ,  th e 

exceptio n rule s substitut e fo r  th e defaul t  o n tha t  cycle .  Th e rule s tha t  ar e selecte d t o determin e 

th e system' s respons e o n a  cycl e wil l  b e terme d th e winnin g set ,  W .  Th e actio n calle d fo r  b y th e 

winnin g se t  i s performed ,  creatin g a  ne w predicte d message ,  an d th e indicate d effecto r  actio n i s 

taken .  Th e nex t  cycl e the n begins . 

Strengt h revision .  Strengt h revisio n take s plac e i n tw o steps .  I n accor d wit h Principl e 

3 above ,  onl y th e rule s i n W hav e thei r  strength s changed .  Th e rule s i n W effectivel y compet e 

fo r  reward ,  a s calle d fo r  b y Principl e 4 ,  i n accor d wit h th e followin g scheme .  First ,  whe n th e 

winnin g se t  i s selected ,  eac h rul e i n th e se t  ha s it s strengt h reduce d b y a n equa l  portio n o f  th e 

summed bi d mad e b y th e rule s i n W ,  53"_ i  bj ,  wher e n  i s th e numbe r  o f  rule s i n W .  Second , 

when th e rewar d R  i s assigne d t o th e winnin g se t  o n th e subsequen t  cycle ,  a n equa l  portio n o f  R 

(i.e. ,  R/n )  i s  adde d t o th e strengt h o f  eac h rul e i n W .  Th e ne t  chang e i n th e strengt h o f  Rul e t , 

then ,  i s 
n 

As ,  =  i R - ^ b j  )/ n fo r  x  c  W,  0  otherwise .  (3 ) 

i= i 

Rul e generation .  Th e progra m contain s thre e inferentia l  heuristic s fo r  generatin g ne w 

rules ,  triggere d b y particula r  state s o f  th e syste m a s specifie d b y Principl e 5 .  Al l  thre e heuristic s 

ar e specifi c  instantiation s o f  th e unusualnes s heuristi c (Principl e 6) . 

(1 )  Covariatio n Detection .  I f  a  shoc k occur s unexpectedly ,  an d i s precede d b y o r  concurren t 

wit h a n unusua l  even t  store d i n th e short-ter m buffer ,  the n a  ne w rul e wil l  b e constructed .  Th e 

new rul e wil l  includ e th e unfamilia r  featur e o f  th e unusua l  even t  i n it s condition ,  an d wil l  hav e 

an actio n specifyin g expectatio n o f  a  shoc k an d crouching .  Fo r  example ,  i f  a n unfamilia r  ton e 

begin s prio r  t o a n unexpecte d shock ,  th e rul e T  ^  S  wil l  b e generated .  I f  n o unusua l  even t 

i s stored ,  an d n o othe r  heuristi c  applies ,  the n wit h som e probabilit y  les s tha n 1  a  genera l  rul e 

i s constructe d wit h a  maximall y genera l  conditio n an d th e sam e actio n a s above .  Thu s i f  a n 

unexpecte d shoc k occurs ,  an d n o unusua l  even t  i s stored ,  th e rul e #  ^  S  ma y b e generated . 

(2 )  Exceptio n Formation .  I f  a  stron g rul e make s a n erroneou s predictio n abou t  th e presenc e 

or  absenc e o f  a  shock ,  an d a n unusua l  even t  occurre d prio r  t o o r  concurren t  wit h th e prio r  cycl e 

(whe n th e faile d rul e wa s matched) ,  the n exceptio n rule s ar e forme d b y (a )  addin g th e unusua l 

featur e t o th e conditio n o f  th e faile d rule ,  an d substitutin g th e appropriat e action ,  an d (b )  usin g 

th e unusua l  feature s alon e t o for m th e condition .  Th e faile d rul e i s preserve d a s a  default , 

tagge d wit h th e newl y create d exceptio n rules .  Fo r  example ,  suppos e a  ton e occur s paire d wit h 

an unfamilia r  light ,  an d th e stron g rul e T  = > S  i s a  member  o f  th e winnin g se t  an d create s 

an expectatio n o f  shock ,  whic h fail s t o occur .  Th e rule s L  +  T  = > S  an d L  = > 5  wil l  the n 

be generated .  Th e forme r  exceptio n rul e correspond s t o th e hypothesi s tha t  th e unusua l  cu e 

(L )  signal s nonoccurenc e o f  shoc k onl y i n th e presenc e o f  th e know n predicto r  (T) ;  th e latte r 

exceptio n rul e capture s th e mor e genera l  possibilit y  tha t  th e unusua l  cu e migh t  signa l  absenc e 

of  shoc k regardles s o f  whethe r  th e know n predicto r  occurs . 

(3 )  Chaining .  I f  a n unusua l  even t  i s store d i n th e buffer ,  an d a  stron g rul e i s include d i n 

th e curren t  winnin g set ,  the n a  ne w rul e ma y b e forme d tha t  use s th e unfamilia r  feature s o f  th e 
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unusua l  even t  i n th e condition ,  an d whic h ha s th e sam e actio n a s th e paren t  rule .  Th e initia l 

strengt h i s se t  t o a  proportio n o f  th e strengt h o f  th e stron g rul e fro m whic h th e ne w rul e wa s 

constructed .  Chainin g tacitl y  seek s earlie r  predictor s o f  th e US ;  henc e th e strengt h o f  th e ne w 

rul e i s se t  highe r  i f  th e onse t  o f  th e unusua l  even t  precede d th e ol d C S (tha t  is ,  precede d th e cycl e 

on whic h th e paren t  rul e wa s matched )  tha n i f  i t  wa s concurren t  wit h it .  A s a n example ,  suppos e 

a ton e occur s concurrentl y wit h a n unfamilia r  light ,  an d th e stron g rul e T  = > S  i s a  member  o f 

th e winnin g set .  The n th e rul e L  ̂  S  ma y b e generate d (a t  th e lesse r  initia l  strengt h value) . 

The thre e heuristic s serv e relate d bu t  distinc t  functions .  Covariatio n Detectio n provide s 

initia l  rule s t o explai n unexpecte d occurrences ,  wherea s Exceptio n Formatio n an d Chainin g buil d 

on existin g partia l  knowledge .  Exceptio n Formatio n create s exceptio n rule s tha t  ma y censo r  (an d 

henc e protec t  from  furthe r  strengt h reduction )  stron g defaul t  rule s tha t  er r  unde r  identifiabl e 

circumstances .  Exceptio n Formatio n i s thu s a  reactio n t o a n erroneou s prediction .  I n contrast , 

Chainin g represent s a n opportunisti c attemp t  t o identif y a n earlie r  predicto r  o f  a  U S tha t  i s 

alread y predicte d b y a  CS . 

Simulations of Conditioned Inhibition 

We hav e simulate d severa l  variation s o f  th e C E R paradigm ,  includin g blockin g (Kamin , 

1968 )  an d th e effect s o f  statistica l  predictabilit y  o n learnin g (Rescorla ,  1972) .  Th e unusualnes s 

heuristi c provide s a n explanatio n o f  th e fac t  tha t  unfamilia r  cue s ar e m2odmaIl y conditionable . 

Her e w e wil l  presen t  simulation s o f  tw o studie s o f  conditione d inhibitio n describe d earlier ,  whic h 

pos e difficultie s fo r  th e Rescorla-Wagne r  model . 

Rapi d learnin g efTects .  A n experimen t  b y Kami n (1968 )  provide s a  dramati c demonstra -

tio n o f  rapi d inhibitor y conditioning .  Kami n traine d rat s fo r  1 6 trial s t o associat e whit e nois e 

wit h shock .  H e the n create d tw o differen t  groups .  Grou p L N receive d eigh t  trial s o f  a  compound , 

simultaneou s light-plus-nois e stimulu s tha t  wa s neve r  reinforce d b y shock ,  followe d b y fou r  trial s 

of  th e origina l  nois e stimulu s whic h wa s agai n nonreinforced .  Grou p N  simpl y receive d 1 2 stan -

dar d extinctio n trials ,  durin g whic h th e nois e wa s presente d bu t  neve r  wit h shock .  Al l  animal s 

receive d fou r  trial s pe r  day . 

Let  u s analyz e th e prediction s ou r  mode l  make s fo r  thi s study ,  base d o n rul e generatio n 

and subsequen t  competition .  Grou p N  i s o f  cours e expecte d t o sho w jus t  th e customw y gradua l 

extinctio n a s th e rul e N  ^  S  die s a  slo w deat h du e t o nonreinforcement .  Th e situatio n i s muc h 

more comple x fo r  Grou p LN .  Give n tha t  a  tria l  i n Kamin' s experimen t  spanne d a  fairl y  lon g 

interva l  (severa l  minutes) ,  thi s tim e perio d woul d correspon d t o severa l  cycle s o f  matchin g an d 

firin g rules .  Sinc e n o shoc k wa s presente d o n th e firs t  tria l  i n whic h th e ligh t  occurre d alon g 

wit h th e tone ,  th e stron g rul e N  ^  S  woul d repeatedl y fail .  Give n th e availabilit y  o f  a n unusua l 

event—th e occurrenc e o f  th e light—heuristic s fo r  rul e generatio n wil l  b e triggered .  I n particular , 

Exceptio n Formatio n shoul d o n th e initia l  extinctio n tria l  generat e ne w exceptio n rules ,  L  - h N 

=> S  an d L  ^  5 .  Bot h ne w rule s wil l  hav e a n immediat e inhibitor y influence . 

W h en th e ligh t  i s  first  paire d wit h th e excitator y noise ,  Chainin g ma y creat e th e excitator y 

rul e L  ^  S ,  whic h wil l  compet e wit h th e othe r  ne w rules .  However ,  becaus e th e ne w cu e doe s 

not  occu r  prio r  t o th e origina l  CS ,  th e initia l  strengt h o f  th e rul e generate d b y Chainin g wil l  b e 

low .  Consequently ,  th e influenc e o f  th e ne w inhibitor y rule s wil l  outweig h th e influenc e o f  th e 

excitator y ones ,  s o tha t  Grou p L N migh t  b e expecte d t o sho w som e inhibitio n o f  suppressio n 

eve n o n th e ver y firs t  trial .  Furthermore ,  th e ne w inhibitor y rule s wil l  o f  cours e b e confirmed , 

and s o th e anima l  shoul d sho w rapi d developmen t  o f  inhibitio n ove r  triads—muc h faste r  tha n 

Grou p N ,  whic h ha s n o cu e t o sugges t  tha t  th e initia l  learnin g situatio n ha s no w changed . 

W h at  shoul d happe n when ,  afte r  th e first  eigh t  trials ,  th e nois e alon e i s presented ? Fo r 

Grou p N ,  nothin g interesting .  Thi s i s merel y a  continuatio n o f  th e slo w competitio n betwee n 
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th e rul e N  ^  S  an d it s origina l  competito r  #  = > Press .  Fo r  Grou p LN ,  however ,  w e expec t  a 

reversio n t o substantia l  suppressio n effects ,  becaus e fo r  rat s i n thi s conditio n th e rul e N  ^  S  wil l 

hav e bee n protecte d t o som e exten t  du e t o th e censorin g effec t  o f  th e successfu l  exceptio n rules . 

Figur e 2  present s th e th e simulatio n results ,  whic h captur e th e majo r  qualitativ e aspect s 

of  Kamin' s findings .  Th e dat a ar e presente d a s supprtssio n ratios—th e rati o o f  bar-pressin g 

rat e durin g C S presentation s t o th e rat e durin g th e C S plu s durin g it s absence .  A  rati o o f  . 5 

indicate s n o excitator y conditionin g t o th e CS ,  an d a  rati o o f  0  indicate s maxima l  conditioning . 

The result s fo r  Grou p N ,  presente d wit h th e nois e alone ,  ma y b e see n a t  th e botto m o f  Figur e 

2.  Thes e animal s showe d th e customar y slo w extinctio n process .  Th e result s fo r  grou p L N 

ar e utterl y different .  Th e ver y first  tria l  show s a  substantiall y  reduce d suppressio n effect .  Th e 

nex t  trial ,  th e first  tha t  confirm s th e ne w inhibitor y rules ,  show s a  furthe r  reduce d suppressio n 

effect .  B y th e fourt h experienc e o f  th e nonreinforce d compound ,  th e suppressio n rati o ha s becom e 

asymptotic . 

Then ,  fou r  trial s afte r  that ,  th e singl e stimulu s N  i s introduced .  Fo r  Grou p N ,  thi s b  b y 

no w simpl y th e standar d occurrence ,  bu t  fo r  Grou p L N i t  i s  a n even t  no t  encountere d sinc e th e 

origina l  conditionin g trials ,  durin g whic h N  alon e wa s alway s accompanie d b y shock .  Becaus e 

th e rul e N  =* •  S  ha s bee n partiall y  protecte d fro m strengt h reductio n b y th e exceptio n rul e L  + 

N = » 5 ,  Grou p L N rat s sho w considerabl e suppressio n o n th e ver y first  presentatio n o f  N  alone . 

Increase d inhibitio n du e t o a n "extinction^ *  procedure .  W e earlie r  discusse d a  phe -

nomenon tha t  i s  especiall y problemati c fo r  th e Rescorla-Wagne r  formulation— f̂ailur e t o demon -

strat e extinctio n o f  th e inhibitor y powe r  o f  a n inhibitor y cu e tha t  i s presente d i n th e absenc e o f 

eithe r  th e excitator y cu e o r  reinforcemen t  (Zimmer-Har t  &  Rescorla ,  1974) .  I n on e experimen t 

al l  rat s wer e first  give n trainin g i n ba r  pressin g t o obtai n food ,  followe d b y a n initia l  sessio n i n 

whic h a  30-secon d ton e wa s presente d fou r  times ,  endin g eac h tim e wit h a  shock .  Thi s woul d 

establis h th e rul e T  = » S . 

The animal s the n wer e divide d int o tw o groups ,  whic h receive d differen t  procedure s fo r 

inhibitor y conditioning .  Fo r  bot h groups ,  eac h subsequen t  sessio n involve d fou r  presentation s o f 

th e ton e paire d wit h shock ,  intermixe d wit h fou r  presentation s o f  th e ton e i n combination^wit h 

a flashing  ligh t  withou t  shock .  Thes e event s woul d generat e th e inhibitor y rule s L  +  T  ^  S  an d 

L ̂  5  b y Exceptio n Formation ,  establishin g th e ligh t  a s a n inhibitor y cue . 

Grou p 1  receive d n o othe r  presentation s o f  CSs .  However ,  Grou p 2  als o receive d fou r 

intermixe d presentation s o f  th e ligh t  alon e withou t  shock .  Fro m th e perspectiv e o f  th e Rescorla -

Wagner  theory ,  thes e wer e "extinction "  trial s tha t  shoul d hav e diminishe d th e inhibitor y powe r  o f 

th e light ,  thu s slowin g dow n th e acquisitio n o f  inhibitio n t o th e Ught-ton e compoun d fo r  Grou p 

2 relativ e t o Grou p 1 .  I n contrast ,  fro m th e poin t  o f  vie w o f  ou r  theor y thes e ar e additiona l 

occasion s fo r  strengthenin g o f  th e L  =* •  5  rule .  Sinc e thi s rul e contribute s a n inhibitor y influenc e 

when th e light-ton e compoun d i s presented ,  it s strengthenin g whe n th e ligh t  i s  presente d alon e 

shoul d actuall y accelerat e earl y acquisitio n o f  inhibitio n t o th e compound .  However ,  th e "light " 

rul e wil l  shar e rewar d wit h th e othe r  "ligh t  plu s tone "  exceptio n rul e whe n th e compoun d i s 

presented .  Greate r  strengt h o f  th e forme r  rul e wil l  eventuall y lea d t o diminishe d strengt h o f  th e 

latter .  Accordingly ,  ou r  mode l  predict s tha t  Grou p 2  wil l  sho w les s suppressio n tha n Grou p 1 

t o th e compoun d earl y i n acquisition ,  bu t  tha t  th e tw o group s wil l  sho w comparabl e suppressio n 

late r  i n training . 
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Figur e 3  present s th e dat a fro m ou r  simulatio n o f  thi s experiment .  Thes e dat a wer e ob -

taine d o n tes t  triad s involvin g thre e reinforce d presentation s o f  th e ton e an d tw o nonreinforce d 

presentation s o f  th e light-ton e compound .  Suppressio n t o th e ton e presente d alon e wa s asymp -

toti c fo r  bot h group s ove r  th e entir e tes t  period .  Th e simulatio n mode l  correctl y indicate s tha t 

animal s i n Grou p 2 ,  whic h experience d separat e presentation s o f  th e inhibitor y ligh t  C S withou t 

reinforcement ,  shoul d exhibi t  increase d inhibitio n t o th e light-ton e compoun d durin g earl y trials . 

C o n c l u s i o n s a n d F u t u r e Di rect ion s 

We are optimistic that the present theory can provide insights into forms of learning more complex 

tha n classica l  conditioning .  Th e mode l  ca n b e extende d t o th e acquisitio n o f  rul e sequence s b y 

addin g th e "bucke t  brigade "  algorith m fo r  back-chainin g strengt h t o earl y rule s i n a  sequenc e 

tha t  eventuall y achieve d a  goa l  (Holland ,  1986) .  W e als o hop e tha t  th e theor y wil l  a t  som e leve l 

prov e relevan t  t o understandin g higher-leve l  huma n cognition .  Som e recen t  wor k ha s begu n t o 

appl y theoretica l  model s derive d fro m studie s o f  anima l  learnin g t o huma n categorizatio n an d 

decisio n making .  Gluc k an d Bowe r  (1986 )  foun d evidenc e tha t  peopl e weigh t  cue s t o categor y 

membershi p i n term s o f  thei r  relativ e predictiv e power :  th e degre e t o whic h a  cu e i s use d t o predic t 

categor y membershi p i s decrease d b y th e presenc e o f  othe r  mor e vali d cues .  Thi s phenomeno n 

can b e accounte d fo r  b y model s suc h a s tha t  o f  Rescorl a an d Wagne r  (1972 )  an d ou r  ow n i n 

whic h redundan t  cue s compet e t o acquir e strength .  Interestingly ,  a s Gluc k an d Bowe r  poin t 

out ,  mos t  curren t  theorie s o f  huma n categorizatio n d o no t  displa y thi s property .  Give n tha t  th e 

presen t  mode l  exhibit s bot h competitiv e learnin g an d th e capacit y t o represen t  nonindependen t 

cue s (a n importan t  aspec t  o f  huma n categorization) ,  i t  ma y prov e applicabl e t o th e analysi s o f 

performanc e i n categorizatio n tasks . 

Our  genera ]  ai m ha s bee n t o develo p a  mode l  tha t  integrate s mechanism s o f  hypothesi s 

formatio n an d strengt h revisio n withi n a  comprehensiv e performanc e system .  Theorie s tha t 

invok e th e notio n o f  hypothesi s generatio n ofte n hav e bee n undul y restrictive ,  i n ou r  view ,  i n 

assumin g tha t  hypothese s ar e entertaine d an d teste d serially ,  an d ultimatel y rejecte d i f  an y 

exception s ar e found .  B y representin g hypothese s a s rule s tha t  ca n operat e i n parallel ,  tak e 

on continuou s strengt h values ,  interac t  a s default s an d exceptions ,  an d activel y compet e t o 

contro l  behavio r  an d t o gai n rewar d fo r  predictiv e successes ,  a  grea t  dea l  o f  theoretica l  powe r  i s 

gained .  Th e presen t  theor y make s extensiv e us e o f  mechanism s fo r  strengt h revision ;  however ,  th e 

introductio n o f  heuristic s fo r  rul e generatio n i s crucia l  i n allowin g u s t o accoun t  fo r  phenomena , 

suc h a s rapi d acquisitio n o f  exceptio n rules ,  tha t  purel y associationis t  mechanism s hav e no t  deal t 

wit h successfully .  W e suspec t  tha t  th e explanator y powe r  o f  learnin g model s base d entirel y o n 

strengt h revisio n wil l  prov e t o hav e limits ,  an d tha t  thos e limit s wil l  b e foun d t o li e shor t  o f  a 

ful l  accoun t  o f  classica l  conditionin g i n rats ,  fa r  les s o f  hum£i n cognition .  A  majo r  limitatio n o f 

curren t  connectionis t  model s o f  learnin g i s tha t  th e propose d algorithm s fo r  adjustin g connectio n 

weight s becom e computationall y intractabl e whe n th e numbe r  o f  interconnecte d unit s grow s 

large .  Heuristic s tha t  propos e plausibl e candidat e rule s ca n functio n t o drasticall y reduc e th e 

effectiv e siz e o f  th e searc h spac e i n whic h strength-revisio n procedure s operate . 

640 



Acknowledgement s 

Preparation of this paper was supported by NSF Grants BNS-8615316 to K. Holyoak and SES-
850734 2 t o R .  Nisbett .  Request s fo r  reprint s ma y b e sen t  t o Keit h J .  Holyoak ,  Departmen t  o f 
Psychology ,  Universit y  o f  California ,  Lo s Angeles ,  Californi a 90024 . 

References 

Baker, A. G., k. Mackintosh, N. J. (1977). Excitatory and inhibitory conditioning following uncorre-
late d presentation s o f  C S an d UCS.  Anima l  Learnin g an d Behavior ,  5 ,  315-319 . 

Gluck ,  M .  A. ,  k ,  Bower ,  G .  H .  (1986) .  Conditionin g an d categorization :  Some common effect s o f 
informationa l  variable s i n anima l  an d huma n learning .  I n Proceeding s o f  th e Cognitiv e 
Scienc e Societ y Conference . 

HoUand,  J .  H .  (1986) .  Escapin g brittleness :  Th e possibilitie s o f  genera l  purpos e machin e learnin g 
algorithm s applie d t o paralle l  rule-base d systems .  I n R .  S .  Michalski ,  J .  G .  Carbonell ,  fc  T .  M . 
Mitchel l  (Eds.) ,  Machin e learning :  A n artificia l  intelligenc e approach ,  Vol .  2 .  Lo s Altos ,  Calif . 
Kaufmann . 

Holland ,  J .  H. ,  Holyoak ,  K .  J. ,  Nisbett ,  R .  E. ,  &  Thagard ,  P .  R .  (1986 )  Induction :  Processe s 
of  inference ,  learnin g an d discovery .  Cambridge ,  Mass. :  Bradfor d Books/MI T Press . 

Kamin ,  L .  J .  (1968) .  "Attention-like "  processe s i n classica l  conditioning .  I n M .  R .  Jone s (Ed.) ,  Miam i 
symposiu m o n th e predictio n o f  behavior :  Aversiv e stimulation .  Miami ,  Florida :  Universit y o f 
Miami  Press . 

Kelley ,  H .  H .  (1973) .  Th e processe s o f  causa l  attribution .  America n Psychologist ,  28 ,  107-128 . 
Mackintosh ,  N .  J .  (1975) .  A  theor y o f  attention :  Variation s i n th e associabilit y  o f  stimul i  wit h rein -

forcement .  Psychologica l  Review ,  82 ,  276-298 . 
Mackintosh ,  N .  J .  (1983) .  Conditionin g an d associativ e learning .  Ne w York :  Oxfor d Universit y Press . 
Pearce ,  J .  M ,  k .  Hall ,  G .  (1980) .  A  mode l  fo r  Pavlovia n learning :  Variation s i n th e effectivenes s o f 

conditione d bu t  no t  o f  unconditione d stimuli .  Psychologica l  Review ,  87 ,  532-552 . 
Rescorla ,  R .  A .  (1972) .  Informationa l  variable s i n Pavlovia n conditioning .  I n G .  H .  Bowe r  (Ed.) ,  Th e 

psycholog y o f  learnin g an d motivation .  Vol .  6 .  Ne w York :  Academi c Press . 
Rescorla ,  R .  A. ,  &  Holland ,  P .  C .  (1982) .  Behaviora l  studie s o f  associativ e learnm g i n animals .  Annua l 

Revie w o f  Psychology ,  S3 ,  265-308 . 
Rescorla ,  R .  A. ,  &  Wagner ,  A .  R .  (1972) .  A  theor y o f  Pavlovia n conditioning :  Variation s i n th e 

effectivenes s o f  reinforcemen t  an d nonreinforcement .  I n A .  H .  Blac k L  W.  F .  Prokas y (Eds.) , 
Classica l  conditionin g II :  Curren t  theor y an d research .  Ne w York :  Appleton-Century-Crofts . 

Rumelhart ,  D .  E. ,  Hinton ,  G .  E. ,  k .  Williams ,  R .  J .  (1986) .  Learnin g interna l  representation s 
by erro r  propagation .  I n Rumelhart ,  D .  E. ,  McClelland ,  J .  L. ,  k  th e PD P Researc h Grou p 
(1986) .  Paralle l  distribute d processing :  Exploration s i n th e microstruciur e o f  cognition .  Vol .  1 . 
Cambridge ,  Mass. :  Bradfor d Books/MI T Press . 

Sutton ,  R .  S. ,  k  Barto ,  A .  G .  (1981) .  Towar d a  moder n theor y o f  adaptiv e networks :  Expectatio n 
and prediction .  Psychologica l  Review ,  88 ,  135-170 . 

Wagner,  A .  R .  (1978) .  Expectancie s an d th e primin g t o STM.  I n S .  H .  Hulse ,  H .  Fowler ,  k  W.  K . 
Honi g (Eds.) ,  Cognitiv e processe s i n anima l  behavior .  Hillsdale ,  NJ :  Erlbaum . 

Wagner,  A .  R .  (1981) .  SOP:  A  mode l  o f  automati c memor y processin g i n anima l  behavior .  I n N  E . 
Spear  &  R .  R .  Mille r  (Eds.) ,  Informatio n processin g i n animals :  Memor y mechanisms .  Hillsdale , 
NJ:  Erlbaum . 

641 



Winston ,  P  H .  (1986) .  Learnin g b y augmentin g rule s an d accumulatin g censors .  I n R .  S .  Michalski , 

J.  G .  Carboncll ,  L  T .  M .  Mitchel l  (Eds.) ,  Machin e Uaming :  A n artificia l  intelligenc e approach , 

Vol .  2 .  Lo s Altos ,  Calif .  Kaufmann . 

Zimmer-Hart ,  C .  L. ,  L  Rescorla ,  R .  A .  (1974) .  Extinctio n o f  Pavlovia n conditione d inhibition .  Journa l 
of  Comparativ e an d Physiologica l  Psychology ,  86 ,  837-845 . 

A / e m o r y 

Store s 

Processe s 

Function s 

Lon g ter m stor e fo r 

featur e familiarit y 

Short term store for 
unusua l  event s 

Active messages 

observation ,  cycl e t- 1 

prediction ,  cycl e t 

observation ,  eyele t 

C o m p a r i s o n J 

R e w a r d 

Even t  s torag e 

Rul e genera t io n 

Rul e 

Rul e 

c 

Lon g ter m stor e fo r 

rules ,  strengt h value s 

1 
I ' 

Rul e 
N 

M a t c h infiT ) 

Predictio n generatio n 

Effecto r  selectio n 

Figur e 1 .  Th e memor y store s an d majo r  processe s Involve d I n th e proces s mode l  o f 
conditioning . 

642 



o 

o 
w 
c 
o 

a 
a 
2 
c 
o 

"  \ 

N-

h 8 

N 

1 3 5  7  9 

Extinctio n tria l  (post-l6N ) 

11 

Figur e 2 .  Simulatio n o f  experimen t  b y Kaml n (1968) ,  showin g predicte d extinctio n o f 
•uppreelon ,  b y trial ,  followin g 1 6 eesslon e o f  conditionin g t o nois e (N) .  Th e group s wer e 
extinguishe d eithe r  t o nois e alon e o r  t o a  llght-plus-nols e (LN )  compound .  Th e arro w I n th e 
absciss a Indicate s poin t  a t  whic h grou p extinguishe d t o compoun d wa s switche d t o nois e alone . 

. 5 0 ^ 

.4 0 

« .3 0 

a 
a 

c 
o 

.2 0 

.1 0 

G r o u p 2 

G r o u p 1 

--r.-- ^ 

6 1 4 

Days of Pavlovion conditioning 

2 2 

Flsur e 3 .  Simulatio n o f  experimen t  b y Zimer-Har t  an d Rescorl a (1974) ,  depictin g mea n 
suppreslo n ratio s durin g tone-alon e (T )  an d light-ton e (LT )  trial s i n singl e tes t  session s 
followin g variou s amount s o f  training .  Bot h group s receive d T* ,  LT -  j>resentations ;  Crou p 2 

.^lao ^  receive d Intermixe d L -  presentations . 



SEAS:  A  DUAL MEMORY ARCHITECTURE 
FOR COMPUTATIONAL COGNITIV E MAPPIN G 

Nestor A. Schmajuk 
Cente r  fo r  Adaptiv e System s 

Departmen t  o f  Mathematic s 
Bosto n Universit y 

1987 

ABSTRACT 

We introduce a dual memory architecture that, by way of 
computin g condit ioned-condit ione d stimulu s (CS-CS ) 
associat ion s an d condit ioned-uncondit ione d stimulu s (CS-US ) 
associat ions ,  i s  capabl e o f  computat iona l  cognit iv e mapping . 

The networ k i s abl e t o describ e comple x classica l 
condi t ionin g paradigm s i n whic h cognit iv e mappin g i s 
presumabl y involve d suc h a s blocking ,  overshadowing ,  sensor y 
precondit ioning ,  second-orde r  condit ioning ,  compoun d 
condit ioning ,  seria l  compoun d condit ioning ,  an d sensor y 
precondit ioning .  B y assumin g tha t  l imbic-cortica l  region s o f 
th e bra i n ar e involve d i n CS-C S associat ions ,  th e networ k i s 
abl e t o describ e severa l  cognitiv e impairment s tha t  hav e bee n 
reporte d afte r  l imbic-cortica l  lesions . 

INTRODUCTION 

Two major approaches characterize the study of the 
neurobiologica l  basi s o f  memory .  On e approac h consider s tha t 
memory i s a  unitar y proces s tha t  involve s th e whol e brain . 
Anothe r  approac h regard s memor y a s a  mult ipl e proces s tha t 
involve s dif feren t  area s o f  th e brain ,  eac h are a bein g 
involve d i n a  dif feren t  typ e o f  memor y (Kesner ,  1984) .  Fo r 
example ,  Squir e (1982 )  suggeste d tha t  hippocampa l  an d 
cimygdala r  region s o f  th e brai n ar e part icipate d i n th e 
acquisi t io n o f  ne w informatio n abou t  th e worl d (declarativ e 
memory)  bu t  no t  i n th e acquisit io n o f  ne w perceptual-moto r 
skil l s  (procedura l  memory ) .  I n th e sam e vein ,  othe r  author s 
propose d tha t  th e limbic-cortica l  region s o f  th e brai n woul d 
b e involve d i n processe s suc h a s off- l in e association s 
(Hirsh ,  1974 ) ,  stimulu s configuratio n (Mishki n an d Petri , 
1 9 8 4 ) ,  vert ica l  associativ e memor y (Wickelgren ,  1979) ,  o r 
representat iona l  memor y (Thoma s an d Spafford ,  1984) . 
Str iata l  an d cerebella r  region s o f  th e brai n woul d b e 
involve d i n processe s suc h a s on-l in e association s (Hirsh , 
1 9 7 4 ) ,  habi t  formatio n (Mishki n an d Petr i ,  1984 ) ,  horizonta l 
associat iv e memor y (Wickelgren ,  1979) ,  o r  disposit iona l 
memory (Thoma s an d Spafford ,  1984) . 

I n lin e wi t h th e approac h tha t  regard s memor y a s a 
mul t ip l e process ,  w e hav e introduce d a  dua l  memor y 
architectxir e that ,  b y wa y o f  computin g condit ioned -
condit ione d stimulu s (CS-CS )  association s an d conditioned -
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unconditione d stimulu s (CS-US )  associations ,  al low s t o bui l d 
computationa l  cognit iv e map s (Schmajuk ,  1986a ;  Schmajuk , 
1986b ;  Schmaju k an d Moore ,  1986) .  I n th e contex t  o f  th e 
multipl e memor y proces s approach ,  CS-C S association s migh t  b e 
regarde d a s component s o f  off-l in e associations ,  declarat iv e 
memory,  stimulu s configuration ,  vert ica l  associativ e memory , 
or  representationa l  memory .  CS-U S association s migh t  b e 
regarde d a s component s o f  on-lin e associations ,  procedura l 
memory,  habi t  formation ,  horizonta l  associativ e memory ,  o r 
dispositiona l  memory .  Limbic-cortica l  area s woul d b e 
involve d i n CS-C S associat ions ,  wherea s striata l  an d 
cerebella r  region s woul d b e involve d i n CS-U S associat ions . 

The presen t  pape r  present s a  second-orde r  associativ e 
network ,  designate d th e SEA S networ k (a s a  mnemoni c fo r 
SEcond-orde r  Associat ive) ,  an d il lustrate s it s behavio r  i n 
comple x classica l  condit ionin g paradigms .  Th e SEA S networ k 
i s abl e t o describ e condit ionin g paradigm s suc h a s 
conditione d inhibit ion,blocking ,  overshadowing ,  sensor y 
preconditioning ,  second-orde r  conditioning ,  compoun d 
conditioning ,  seria l  compoun d conditioning ,  an d sensor y 
preconditioning .  Th e networ k i s als o abl e t o describ e som e 
ver y wel l  know n effect s o f  l imbic-cortica l  an d str iatal -
cerebella r  lesions . 

THE SEAS NETWORK 

First-order associations. Consider the case of one CS, 
CSi  ,  tha t  predict s even t  k .  Ne t  associativ e value ,  V i ^ , 
represent s th e first-orde r  predictio n o f  even t  k  b y CSi  . 
When th e CSi  i s accompanie d o r  followe d b y even t  k ,  th e 
associativ e valu e betwee n CSi  an d even t  k ,  Vi k ,  increase s b y 

A Vi Vc = Si |3i r Ti ( r k - Bk ), [ 1 ] 

where Si is the salience of CSi, pi r is (3i r = Si r (0 <9i r < 1) 
when r  k  >  Bk ,  an d pi r  =  Qi ^  '  ( 0 <  Gif '  <  Sir )  whe n T  k  <  B k ,  x i 
i s  th e trac e o f  CSi  ,  T  k  -th e intensit y o f  even t  k ,  an d B k th e 
aggregat e predictio n o f  even t  k . 

Second-order associations and cognitive mapping. 
Conside r  no w th e cas e o f  tw o CSs ,  CSi  an d CSr  ,  tha t  predic t 
even t  k .  I t  i s  assume d tha t  CSi  predict s k  directl y b y Vi k 
and indirectl y b y predictin g CSr ,  b y V i  r  .  I n tur n CSr 
predict s k  b y Vrk .  Th e second-orde r  ne t  predictio n o f  even t 
k b y CSi  ,  i s  expresse d a s th e produc t  Vi r  Vr k .  Th e produc t 
Vi  r  Vr k ca n expres s -  quantitativel y -fou r  logica l 
inferences .  Fo r  example ,  i f  CSi  predict s th e absenc e o f  CSr 
(negativ e V i r ) ,  an d CSr  predict s th e presenc e o f  even t  k 
(positiv e V r k ) ,  CSi  wil l  predic t  th e absenc e o f  even t  k 
(negativ e V i  r  V r  k  ) 

Bi k ,  th e f irst -  an d second-orde r  predictio n o f  even t  k 
by CSi  ,  i s 

Bi k = ( Vi k + 2r Wi r Vi r Vr k ) Xi . [ 2 ] 
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Vi k i s th e ne t  associat iv e valu e o f  CSi  wi t h even t  k .  Th e 
su m ove r  th e inde x r  involve s al l  CS s wit h inde x r  =  k .  V i  r 
i s  th e ne t  associat iv e valu e o f  CS i  wi t h al l  CS s wit h inde x 
r  =  k .  Vi r  i s  th e ne t  associat iv e valu e o f  al l  C S wit h even t 
k .  x i  i s  th e trac e o f  CS i  .  Th e mathematica l  expressio n fo r 
Ti  i s  give n below .  Coeff icien t  wi r  serve s t o adjus t  th e 
relat iv e weight s o f  f i rs t -  an d second -  orde r  prediction s i n 
paradigm s suc h a s condit ione d inhibit ion .  I n orde r  t o avoi d 
redundan t  CSi-U S an d CSi-CSi -  U S associat ions ,  wi r  = 0 whe n i 
= r ,  an d wi r  >  0  whe n i  /  r.  © « ,  th e aggregat e predictio n 
of  even t  k  mad e upo n al l  CS s (includin g th e context )  wit h x  > 
0 a t  a  give n moment ,  i s 

Bit = Si Bik . [ 3 ] 

Variable B^^ participates in the rules governing the 
computat io n o f  V i  >« .  I n addit ion .  Bu s determine s th e 
topograph y o f  th e N M response ,  a s describe d below . 

The integratio n o f  differen t  predict ions ,  V i  r  V r  ̂ ^  ,  int o 
a large r  an d ne w predict ion .  H i^ ,  i s  simila r  t o th e proces s 
Tolma n (1932 )  calle d inference .  Fo r  Tolman ,  expectancie s ca n 
b e combine d i n orde r  t o for m ne w expectancie s an d organize d 
i n a  "cognitiv e map" .  U p t o th e present ,  model s fo r 
classica l  condit ionin g di d no t  hav e an y mechanis m t o accoun t 
fo r  " inference "  processes .  Th e introductio n o f  second-orde r 
associat ion s al low s t o buil d "computationa l  cognitiv e maps " 
i n whic h CS-C S predict ion s ca n b e combine d amon g them ,  an d 
wi t h CS-U S associat ions .  B y th e introductio n o f  second-orde r 
associat ion s th e SEA S mode l  i s capabl e o f  describin g sensor y 
precondit ionin g an d secondar y reinforcement . 

Figur e 1  show s ho w SEA S explain s sensor y 
precondit ioning .  Sensor y precondit ionin g i s predicte d b y 
al lowin g CS b t o b e associate d t o CS a i n a  firs t  phase , 
denote d b y th e soli d circl e Vb* ,  an d CS a t o b e associate d t o 
th e U S i n a  secon d phase ,  denote d b y th e soli d circl e VaUS . 
When CS b i s presente d alon e i n a  tes t  t r ia l ,  i t  activate s th e 
A representat io n throug h nod e VfiA ,  an d thi s A  representatio n 
activate s th e nod e Va^S ,  generatin g a  conditione d respons e 
(CR) . 

Trace function. It is assumed that a CSi generates a 
t race ,  x i  ,  tha t  increase s ove r  t im e t o a  maximum ,  stay s a t 
thi s leve l  fo r  a  perio d o f  t im e independen t  o f  th e C S 
durat ion ,  an d the n graduall y decay s bac k t o zero .  Formally , 
t rac e x  i s define d fo r  t  < = 20 0 mse c b y 

X(t) = CSmaK ( 1 - e -( ki t ) ), [ 4 ] 

where CSmax is the maximum intensity of the CS and kl is a 
constant ,  0  <  k l  <  1 .  Paramete r  k l  i s  selecte d s o tha t  th e 
IS I  fo r  optima l  condit ionin g i s 20 0 msec . 

x ( t )  remain s equa l  t o CSmax a s lon g a s th e C S doe s 
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Figur e 1 .  SEA S neura l  network .  CS a an d CS b :  conditione d 
stimul i  .  CX :  Context .  US :  unconditione d stimulus .  CR : 
condione d response .  VaB :  CSa-CS b associativ e value .  Va^s ; 
CSa-US associativ e value .  Fo r  explanatio n se e text . 

no t  decay .  I f  th e C S =  0  an d t  >  20 0 msec ,  x  (t )  decay s b y 

T(t )  =  CSmax (  e  - (  k i  t  )  ) , [  5  ] 

I f  CSi  i s no t  presen t  20 0 mse c afte r  it s onset ,  th e trac e 
decay s t o zero . 

Performanc e Rules .  Th e SEA S networ k incorporate s 
performanc e rule s tha t  permi t  realisti c description s o f 
rabbit' s  classicall y conditione d nictitatin g membran e (NM ) 
response s i n rea l  t im e (Gormezano ,  Kehoe ,  an d Marshal l , 
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1 9 8 3 ) .  Performanc e rule s relat e var iabl e BU S t o th e 
topograph y o f  N M responses . 

Tim e o f  C R onse t  i s th e earl ies t  t im e t  suc h tha t 

Stf =ti 2j BjUS(t') >= LI , [ 6 ] 

where ti denotes the time step at which CSi onset occurs. 
The su m ove r  th e inde x j  involve s Bj" S o f  al l  CS s wit h x j  > 
0 ,  excludin g th e context .  Su m ove r  inde x t  involve s al l 
t im e step s fo r  whic h x j  >  0  ,  start in g a t  th e t im e ste p whe n 
th e ampl i tud e o f  th e N M respons e a s define d b y Equatio n 7 
equal s zero .  L I  i s  a  threshol d greate r  tha n zero .  Equatio n 
6 implie s tha t  a s BjU S increase s ove r  t r ia ls ,  C R onse t  move s 
progressivel y t o a n asymptot e determine d b y Li . 

Durin g th e C S period ,  fo r  t im e step s t  >  t i  ,  th e 
cunplitud e o f  th e N M response ,  N M R ( t ) ,  i s  change d b y 

ANMR (t) = k2 ( BUS(t) - NMR(t)), [ 7 ] 

where k2 is a constant ( 0 < k2 < 1). 
Durin g th e U S period ,  whi l e BUS(t )  >  r u s ( t ) ,  i s  give n b y 

Equat io n 7 .  However ,  whe n Bus(t )  <  r u s ( t ) ,  NMR (t )  increase s 
by 

ANMR (t) = k2 ( rus(t) - NMR(t)), [ 8 ] 

When BUS(t) and fus(t) equal zero, NMR(t) decays to 
basel in e b y 

Z^ NMR (t) = - k2 NMR(t). [ 9 ] 

Effects of cerebellar lesions. A description of the 
effec t  o f  cerebella r  lesion s (CL )  i n agreemen t  wit h Lincoln , 
McCormick ,  an d Thompson' s (1982 )  resul ts ,  i s  obtaine d b y 
assumin g tha t  lesion s o f  thi s limbi c structur e impai r  CS-U S 
associat ion s bu t  no t  th e computatio n o f  CS-C S associations . 
Mathematical ly ,  afte r  C L i t  i s  ViU S =  Q . 

Effects of hippocampal lesions. A description of the 
effec t  o f  hippocampa l  lesion s (HL )  i n agreemen t  wit h 
experimenta l  dat a (se e Schmajuk ,  1984 ,  fo r  a  review )  i s 
obtaine d b y assumin g tha t  lesion s o f  thi s limbi c structur e 
impai r  CS-C S association s bu t  no t  th e computatio n o f  CS-U S 
associat ions .  Mathematical ly ,  afte r  H L i t  i s  Vi r  = 0 . 

Impairment s i n CS-C S associat ion s impl y impairmen t  i n 
cognit iv e mapping .  Sinc e Vi '  = 0 ,  B i  i « i s give n b y 

Bik = Vik xi . [ 10 ] 

Because Bi ^ for HL animals computed with Equation 10 is 
large r  tha n Bi k fo r  norma l  animal s give n b y Equatio n 2 ,  us e 
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Figur e 2 .  Sensor y preconditioning .  [1 ]  • -  CS(1 ) .  [2 ]  : 
CS(2) .  [X ]  :  Context .  Lef t  Panels :  N M respons e topograph y 
i n 1 -  an d 2 -  tr ials ,  afte r  1 0 CS(1)-CS(2 )  nonreinforce d 
trial s an d 1 0 CS(1)reinforce d tr ials .  Upper-Righ t  Panels : 
CS-US associativ e values ,  V(CS,US) ,  a t  th e en d o f  eac h tr ia l , 
as a  functio n o f  tr ials .  Lower-Righ t  Panels :  CSl-C S 
associativ e values ,  V(CS1,CS) ,  a t  th e en d o f  eac h tr ia l ,  a s a 
functio n o f  trials . 

of  Equatio n 1 0 implie s impairment s i n severa l  classica l 
conditionin g paradigms ,  includin g blockin g an d sensor y 
preconditioning . 

COMPDTER SIMDLATION S 
I n th e simulations ,  continuou s tim e wa s converte d t o 

discret e tim e step s o r  bin s o f  1 0 mse c i n duration .  Eac h 
tria l  consiste d o f  6 0 bins .  Otherwis e specified ,  th e 
simulation s assume d 20 0 mse c CSs ,  th e las t  5 0 mse c o f  whic h 
overlap s th e US . 

Initia l  value s o f  V s wer e zer o fo r  al l  i's .  Parameter s 
value s fo r  variation s o f  associativ e value s wer e :  S i  = 1 ,  S 2 
= 1 ,  S x =  . 1 .  ei r  =  0. 3 an d eir '  =  0.0 3 fo r  r  =  U S .  Si r  = 
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0.01 5 an d 8i r  '  =  0.001 5 fo r  r  =  U S .  Fo r  computat ion s o f  Bi ^ 
:  \fi ^  - 2 whe n i  /  r ;  an d wii « =  0  whe n i  =  r.  Fo r 
computat ion s o f  th e N M C R :  L I  =  2 .  Fo r  computatio n o f  th e 
t race :  k l  =  0. 1 ,  an d fo r  th e N M respons e topograph y :  k 2 = 
0.5 . 

Simulation results. 
Sensor y precondit ioning .  Figur e 2  show s simulation s o f 

a sensor y precondit ionin g paradigm .  I n th e firs t  phase ,  1 0 
nonreinforce d tr ial s wi t h a  compoun d CS( 1 an d 2 ) .  Durin g th e 
secon d phase ,  on e o f  th e nonreinforce d CS s (1 )  wa s reinforce d 
fo r  1 0 t r ia ls .  A  tes t  tr ia l  assesse d th e C R t o CS(2 )  neve r 
paire d wi t h th e US .  Simulat ion s showe d tha t  contex t 
associabi l i t y  decrease s durin g precondit ioning .  I n th e 
nonreinforce d tes t  tr ia l  CS(2 )  acquire d inhibitor y 
associat iv e valu e becaus e i t  wa s presente d i n a  contex t  wit h 
excitator y associat iv e value .  CS(2 )  generate d a  CR. 
Simulat io n result s ar e i n agreemen t  wi t h dat a reporte d b y 
Por t  an d Patterso n (1984 )  fo r  norma l  animals .  Afte r  HL ,  CS -
CS associat ion s ar e absen t  an d therefor e sensor y 
precondit ionin g i s als o absent ,  a  resul t  i n agreemen t  wit h 
Por t  an d Patterso n (1984) ,  wh o foun d tha t  fibria l 
(hippocampa l  output )  lesion s i n rabbit s impaire s sensor y 
precondit ioning . 

Seria l  Compoun d Condit ioning .  Figur e 3  show s 
simulat ion s o f  a  seria l  compoun d condit ionin g paradigm ,  i n 
whic h tw o condit ione d stimul i  (CS l  an d CS2 )  ar e followe d b y 
th e US .  Th e tempora l  primac y o f  CS l  ove r  CS 2 determine s CS l 
t o becom e mor e strongl y associate d wi t h th e U S tha n CS2 ,  i n 
spit e o f  th e contiguit y o f  CS 2 an d th e US .  A s show n i n 
Figur e 3 ,  CS l  generate s a  C R large r  tha n tha t  generate d b y 
CS2. 

Our  result s ar e i n agreemen t  wi t h Wickens ,  e t  a l 
(1973) ,  wh o foun d that ,  afte r  a  CS1-CS 2 seria l  compoun d ha d 
bee n paire d wi t h a  US ,  association s acquire d b y CS l  an d CS 2 
wer e funct ion s o f  th e CS1-CS 2 interval .  Wit h a  lon g CS1-CS 2 
interval ,  eac h CS-U S associatio n wa s inversel y proportiona l 
th e respectiv e CS-U S interval ,  an d therefore ,  th e C R 
generate d b y CS 2 wa s large r  tha n th e C R elicite d b y CSl . 
Wit h a n intermediat e CS1-CS 2 interval ,  a s i n th e cas e o f  ou r 
simulat ion ,  th e C R elicite d b y CS l  wa s large r  tha n tha t 
el icite d b y CS2 .  Final ly ,  wit h a  shor t  CS1-CS 2 interval ,  th e 
CR generate d b y CS 2 wa s large r  tha n tha t  produce d b y CSl . 
Accordin g t o th e SEA S model ,  association s acquire d b y CS l  an d 
CS2 ar e function s o f  th e CS1-CS 2 interval ,  becaus e th e CSl -
CS2 interva l  establ ishe s th e degre e o f  associatio n betwee n 
CSl  an d CS 2 (Vi 2 b y Equat io n 1 ) ,  an d thi s degre e o f 
associat io n betwee n CS l  an d CS 2 control s th e associativ e 
valu e o f  CS l  an d CS 2 wi t h th e U S (Bu s b y Equatio n 2 ) . 
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Figur e 3 .  Seria l  compovm d conditioning .  [1 ]  :  CS(1 ) .  [2 ]  : 
CS(2) .  [X ]  :  Context .  Lef t  Panels :  N M respons e topograph y 
i n 1 -  an d 2 -  tr ials ,  afte r  1 0 CS(1)-CS(2 )  nonreinforce d 
trial s an d 1 0 CS(1)reinforce d tr ials .  Upper-Righ t  Panels : 
CS-US associativ e values ,  V(CS,US) ,  a t  th e en d o f  eac h tr ia l , 
as a  functio n o f  tr ials .  Lower-Righ t  Panels :  CSl-C S 
associativ e values ,  V(CS1,CS) ,  a t  th e en d o f  eac h t r ia l ,  a s a 
functio n o f  trials . 

The SEA S networ k predict s tha t  seria l  compoun d 
conditionin g i s impaire d afte r  HL ,  eac h C S bein g abl e t o 
acquir e association s inversel y proportiona l  t o thei r 
contiguit y wit h th e US .  Thi s prediction s await s experimenta l 
testing . 
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Blocking .  Figur e 4  show s simulat ion s o f  a  blockin g paradigm . 
Exper imental s receive d 1 0 tr ial s wi t h C S (1 )  (blocker )  paire d 
w i t h th e U S fol lowe d b y 1 0 tr ial s wi t h C S (1 )  an d CS(2 ) 
(blocke d CS )  paire d wit h th e US .  Th e networ k showe d 
simulate d blockin g i n th e norma l  cas e (N )  becaus e th e 
designate d blocke d CS(2 )  doe s no t  generat e a  CR.  Afte r  H L 
th e networ k predict s tha t  th e blocke d C S (2 )  wil l  sho w a 
large r  C R tha n i t  doe s i n th e norma l  case .  Th e result s agre e 
w i t h blockin g dat a i n th e norma l  rabbi t  N M respons e 
preparat io n a s reporte d b y Marchan t  an d Moor e (1973) ,  an d i n 
th e H L rabbi t  a s reporte d b y Solomo n (1977) . 

DISCUSSION 

The present paper introduce SEAS, a dual memory 
architectur e tha t  i s capabl e o f  generatin g computationa l 
cognit iv e maps .  Whe n applie d t o classica l  conditioning ,  th e 
networ k describe s severa l  comple x classica l  conditionin g 
paradigm s i n rea l  t ime . 

The SEA S networ k i s abl e t o describ e paradigms ,  suc h a s 
seria l  compoun d condit ioning ,  tha t  ha d bee n succesfull y 
explaine d b y attentiona l  theorie s o f  condit ionin g (se e Kehoe , 
1983 ) .  Thi s fac t  point s ou t  t o a  degre e o f  equivalenc e 
betwee n attentiona l  approache s an d higher-orde r  associativ e 
approache s suc h a s tha t  presente d here .  Thi s equivalenc e 
betwee n attentiona l  an d higher-orde r  associativ e approache s 
migh t  b e base d o n th e fac t  tha t  bot h ar e dua l  memor y system s 
tha t  rel y o n th e existenc e o f  a  secon d memor y fo r  storin g 
informatio n no t  inmediatel y connecte d t o 
ope n responses ,  suc h a s CS-U S associat ions . 

I n addit io n t o th e descript io n o f  norma l  behavior ,  th e 
SEAS networ k ca n describ e som e o f  th e effect s o f  cerebella r 
an d hippocampa l  lesion s o n th e classicall y conditione d N M 
respons e i n th e rabbit . 

Thi s stud y wa s supporte d i n par t  b y NS F Gran t  IST8417756 . 

REFERENCES 

Gormezano, I., Kehoe, E.J., & Marshall, B.S. (1983). 
Twent y year s o f  classica l  condit ionin g researc h wit h th e 
rabbit .  Progres s i n Psychobiolog y an d Physiologica l 
Psychology ,  10 ,  197 -  275 . 

Hirsh ,  R .  (1974 )  Th e hippocampu s an d contextua l 
retr ieva l  o f  informatio n fro m memory :  A  theory .  Behaviora l 
Biology ,  12 ,  421-444 . 

Kehoe ,  E.J .  (1983) .  CS-U S contiguit y an d C S intensit y 
i n condit ionin g o f  th e rabbit ' s  nict i tat in g membran e respons e 
t o seria l  compoun d condit ioning .  Journa l  o f  Experimenta l 
Psychology ,  9 ,  307-319 . 

652 



(V(CS,US )  :  1  a  X  CSI D CS2 I RESPOKSES 

JHM-J- H 

i t U H k i t i i m u n f f n u x 
mi.ci )  - .  2 

frDODODD 

)e)(xxxxxx>) ^ 

689iisE(r'**'''"'' "  iwii i 

N 
RESPONSES (V(CSJS )  =  1  € X X  CSI O CS2 I 

tf^ODDDDDDDQ 

(IKCSl.CS )  :  2  IRIAL S 

268 4  48 8 
J I 

frfrWfrBsa  J i 

.vjHcxnxxx ^ 

^ ^ ^ ^ u m m I 

^ J - X - H - i H H K 1 

I  I  I  I  I  I  I  I  I  I 
TRIAL S 

BLOCKXNG 

Figur e 4 .  Blocking .  N :  norma l  case .  HL :  hippocampa l 
lesione d case .  [1 ]  :  CS(1 ) .  [2 ]  :  CS(2) .  [X ]  :  Context . 
Lef t  Panels :  N M respons e topograph y i n 1 -  an d 2 -  tes t  tr ial s 
afte r  1 0 CS(1 )  reinforce d trial s an d 1 0 CS(1 )  an d CS(2 ) 
reinforce d trials .  Upper-Righ t  Panels :  CS-U S associativ e 
values ,  V(CS,US) ,  a t  th e en d o f  eac h tr ial ,  a s a  functio n o f 
trials .  Lower-Righ t  Panels :  CSl-C S associativ e values , 
V(CS1,CS) ,  a t  th e en d o f  eac h tr ial ,  a s a  functio n o f  tr ials . 

653 



Kesner ,  R.P .  (1984) .  Th e neurobiolog y o f  memory -
implici t  an d expl ic i t  assumptions .  I n "Th e Neurobiolog y o f 
Learnin g an d Memory" ,  G.Lynch ,  J.L.McGaugh ,  an d 
N.M.Weinberge r  (Eds . ) ,  Ne w York :  Gui l for d Press . 

Lincoln ,  J.S. ,  McCormick ,  D.A. ,  &  Thompson ,  R.F .  (1982) . 
Ipsi latera l  cerebel la r  lesion s preven t  learnin g o f  th e 
classical l y condit ione d nict i tat in g membrane/eyeli d response . 
Bra i n Research ,  242 ,  190-193 . 

Marchant ,  H.G. ,  &  Moore ,  J.W .  (1973) .  Blockin g o f  th e 
rabbit ' s  condit ione d nict i tat in g membran e respons e i n Kamin' s 
two-stag e paradigm .  Journa l  o f  Experimenta l  Psychology ,  101 , 
155-158 . 

Mishkin ,  M. ,  &  Petr i . ,  H.L .  (1984) .  Memorie s an d 
habi ts :  Som e implicat ion s fo r  th e analysi s o f  learnin g an d 
retention .  I n L.R ,  Squir e an d N .  Butter s (Eds . ) , 
Neuropsycholog y o f  Memory .  Ne w York :  Guilfor d Press . 

Port ,  R.L. ,  &  Patterson ,  M.M .  (1984) .  Fimbria l  lesion s 
an d sensor y precondit ioning .  Behaviora l  Neuroscience ,  98 , 
584-589 . 

Schmajuk ,  N.A .  (1984) .  Psychologica l  theorie s o f 
hippocampa l  function .  Physiologica l  Psychology ,  12 ,  13-22 . 

Schmajuk ,  N.A .  (1986a) .  Real-t im e attentiona l 
associat iv e model s o f  classica l  condit ionin g an d th e 
hippocampus .  Unpublishe d Doctora l  Dissertation .  Universit y 
of  Massachusetts . 

Schmajuk ,  N.A .  (1986b) .  A  real-t im e mode l  fo r  classica l 
condit ioning .  19t h Annua l  Meetin g of ,  th e Societ y o f 
Mathematica l  Psychology .  Cambridge ,  Massachusetts . 

Schmajuk ,  N.A. ,  &  Moore ,  J.W .  (1985) .  Real-t im e 
attentiona l  model s fo r  classica l  condit ionin g an d th e 
hippocampus .  Physiologica l  Psychology ,  13 ,  278-290 . 

Schmajuk ,  N.A. ,  &  Moore ,  J.W .  (1986) .  A  real-tim e 
attentional-associat iv e networ k fo r  classica l  conditionin g o f 
th e rabbit ' s  NMR.  Proceeding s o f  th e 8t h Annua l  Conferenc e 
of  th e Cognit iv e Society ,  Amherst ,  Massachusetts . 

Solomon ,  P.R .  (1977) .  Rol e o f  th e hippocampu s i n 
blockin g an d condit ione d inhiit io n o f  rait ' s  nictitatin g 
response .  Journa l  o f  Comparativ e an d Physiologica l 
Psychology ,  91 ,  407-417 . 

Squire ,  L.R .  (1982) .  Th e neuropsycholog y o f  huma n 
memory.  Annua l  Revie w o f  Neuroscience ,  5 ,  241-273 . 

Thomas,  G.J. ,  &  Spafford ,  P.S .  (1984) .  Deficit s fo r 
representationa l  memor y induce d b y septa l  an d cortica l 
lesion s (Singl y an d combined )  i n rats .  Behaviora l 
Neuroscience ,  98 ,  394-404 . 

Tolman ,  E.C .  (1932) .  Cognitiv e map s i n rat s an d men . 
Psychologica l  Review ,  55 ,  189-208 . 

Wickelgren ,  W.A .  (1979) .  Chunkin g an d consolidation :  A 
theoret ica l  synthesi s o f  semanti c networks ,  configurin g i n 
condit ioning ,  S- R versu s cognitiv e learnig ,  norma l 
forgett ing ,  th e amnesti c syndrome ,  an d th e hippocampa l 
arousa l  system .  Psychologica l  Review ,  86 ,  44-60 . 

Wickens ,  D.D. ,  Nield ,  A.F. ,  Tuber ,  D.S. ,  & W i c k e n s ,  C D . 
(1973) .  Stimulu s selectio n a s a  functio n o f  CS1-CS 2 interva l 
i n compoun d condit ionin g o f  cats .  Journa l  o f  Comparativ e an d 
Physiologica l  Psychology ,  85 ,  295-303 . 

654 



JANUS:  A n Architectur e fo r  Integratin g 

A u t o m a t i c a n d Controlle d P r o b l e m Solvin g 

David S. Day 

Experimenta l  Knowledg e System s Laborator y 

Departmen t  o f  Compute r  an d Informatio n Scienc e 

Universit y o f  Massachusett s 

Amherst ,  Massachusett s 0100 3 

Abstract :  Thi s pape r  attempt s t o unif y 

tw o problem s i n cognitiv e science :  th e re -

lationshi p betwee n "controlled "  an d "auto -

matic "  processin g an d th e competin g com -

putationa l  model s o f  intelligenc e propose d b y 

symboli c Artificia l  Intelligenc e an d th e con -

nectionis t  school .  A n architectur e i s propose d 

i n whic h symboli c an d connectionis t  proble m 

solvin g system s interac t  an d tak e advantag e 

of  thei r  differen t  strengths .  I t  i s  argue d tha t 

th e resultin g syste m ca n accoun t  fo r  muc h o f 

th e proble m solvin g behavio r  associate d wit h 

automati c an d controlle d processin g a s wel l 

as thei r  comple x interplay .  Thus ,  th e ar -

chitectur e ca n accoun t  fo r  ho w expertis e ca n 

be transforme d fro m "explicit "  t o "compiled " 
form s vi a automatization ,  an d ho w th e opac -

it y o f  th e resultin g automati c behavio r  ca n 

be counterbalance d i n a  cognitivel y plausi -

bl e manne r  b y explanation s generate d e i  pos t 

facto . 

1. Introduction. 

This paper proposes a model for integrat-
in g controlle d an d automati c processing .  Thi s 

model  assume s tha t  thes e tw o proble m solv -

in g style s ar e distinc t  no t  onl y i n behavio r  bu t 

i n implementatio n a s well ,  an d s o a n archi -

tectur e ha s bee n designe d i n whic h th e tw o 

competin g mechanism s ca n als o communicat e 

and cooperat e wit h eac h other .  I t  i s  believe d 

tha t  thi s wil l  resul t  i n system-wid e behavio r 

tha t  accord s wel l  wit h psychologica l  account s 

of  controlle d an d automati c proble m solvin g 

and relate d behaviors . 

The assumption of the distinct implementa-

tio n o f  controlle d an d automati c proble m solv -

in g grow s ou t  o f  th e curren t  progres s i n con -

nectionis t  model s o f  cognitio n an d th e result -

in g tensio n betwee n thi s vie w an d tha t  o f  th e 

symboli c Artificia l  Intelligenc e (AI )  approac h 

t o thes e sam e problems .  A  debat e ha s forme d 

tha t  pit s thes e tw o view s agains t  eac h othe r  a s 

competin g models .  Th e presen t  wor k join s a 

smal l  bu t  growin g corpu s o f  researc h devote d 

t o establishin g tha t  a  synthesi s o f  thes e tw o 

model s i s bot h possibl e an d desirable .  (See ,  fo r 

example ,  Touretsk y k  Hinto n [17] ,  Touretsk y 

[18] ,  Derthic k [3) ,  Rumelhart ,  Smolensky ,  M c -

Clellan d i i  Hinto n |ll) ,  Anderso n (ij ,  Derthic k 

i c Plan t  [4] ,  amon g others. )  Wherea s othe r 

wor k ha s concentrate d o n establishin g th e the -

oretica l  possibilit y  o f  incorporatin g on e mode l 

withi n another—usuall y b y simulatin g sym -

boli c A I  technique s i n connectionis t  systems — 

we advocat e th e pragmati c incorporatio n o f 

bot h model s int o a  singl e syste m t o stud y th e 

comple x interpla y betwee n thes e type s o f  com -

putation .  Specifically ,  thi s pape r  claim s tha t 

th e prope r  computationa l  mode l  fo r  controlle d 

proble m solvin g i s derivabl e fro m th e symboli c 

AI  vie w o f  rule-based ,  categorica l  reasoning , 

whil e th e prope r  computationa l  mode l  fo r  au -

tomati c proble m solvin g ca n b e foun d i n th e 

connectionis t  vie w o f  paralle l  distribute d pro -

cessing . 

This claim requires demonstrating how such 

distinc t  computationa l  model s ca n interac t  s o 

as t o presen t  a  plausibl e accoun t  o f  th e ric h 

interpla y characteristi c o f  th e correspondin g 

cognitiv e phenomena .  Th e desig n o f  a n ar -

chitectur e t o suppor t  thi s interpla y i s th e first 

ste p i n thi s direction ;  a n implementatio n o f 

th e syste m describe d her e ha s no t  ye t  bee n 

completed . 

The ultimate goal of this research is to elim-

inat e th e knowledge -  o r  rule-base d technique s 

use d t o implemen t  thi s system .  Tha t  i s t o say . 
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we believ e tha t  th e categorical ,  multi-ste p rea -

sonin g tha t  i s currentl y bes t  exhibite d b y sym -

boli c A I  program s ca n eventuall y b e incorpo -

rate d int o a  wholl y connectionis t  framework . 

However ,  w e fee l  tha t  attemptin g t o accom -

plis h thi s directl y delay s addressin g importan t 

question s whos e answer s ca n hel p direc t  th e 

eventua l  developmen t  o f  th e totall y connec -

tionis t  systems .  I n addition ,  som e o f  th e issue s 

brough t  ou t  b y thi s attemp t  t o integrat e wha t 

ca n b e calle d th e "propositional "  an d th e "ex -

periential "  ar e interestin g i n thei r  o w n right . 

For  example ,  w e believ e tha t  i t  i s  necessar y 

fo r  connectionis t  model s t o adop t  som e for m 

of  propositiona l  representatio n t o successfull y 

model  th e importan t  cognitiv e behavior s de -

scribe d late r  i n thi s paper . 

2. Competition and Cooperation Be-

t w e e n th e Control le d a n d th e A u t o -

mat ic . 

The concepts of controlled and automatic 

processin g hav e bee n a  topi c o f  resecirc h i n 

psycholog y fo r  som e time .  (See ,  fo r  exam -

ple ,  Schneide r  &  Shiffri n (16) ,  Treisma n [19] , 

an d Schneider ,  Dumai s i c Shiffrin ,  amon g oth -

ers. )  Shiffri n k .  Dumai s [13 ]  characteris e au -

tomati c processe s a s highl y parallel ,  exhibit -

in g a  marke d abilit y  t o improv e wit h practice , 

a limite d propensit y t o "transfer "  thi s exper -

tis e t o dissimila r  proble m solvin g situations , 

makin g minima l  demand s o n processin g re -

source s (othe r  tha n thos e o n whic h th e pro -

cessin g i s bein g directl y carrie d out) ,  an d be -

in g outsid e o f  th e explici t  contro l  o f  th e prob -

le m solver .  Controlle d processing ,  o n th e othe r 

hand ,  i s characterize d a s serial ,  exhibitin g lit -

tl e improvemen t  wit h practice^ ,  bein g unde r 

th e direc t  an d explici t  contro l  o f  th e proble m 

solver ,  an d bein g m u c h mor e amenabl e t o it s 

applicatio n i n "unfamiliar "  situations . 

While these behaviors seem quite distinct, 

ther e i s considerabl e interpla y betwee n th e tw o 

type s o f  processes .  First ,  virtuall y al l  auto -

mati c skill s  (w e wil l  concentrat e o n cognitiv e 

skill s  i n thi s paper )  ar e originall y playe d ou t 

unde r  th e direc t  contro l  o f  th e proble m solver . 

Thus ,  a  comple x ches s openin g require s con -

siderabl e analysi s b y a  playe r  whe n i t  i s  first 

encountered ,  bu t  give n tha t  thi s openin g ap -

pear s a  larg e numbe r  o f  time s i n subsequen t 

play ,  i t  i s  likel y tha t  recognizin g an d reactin g 

t o th e defens e wil l  ten d t o becom e automati c 

and stylized .  H o w i s thi s transformation , 

or  "automatization, "  effected ? S o m e prob -

le m solvin g i s o f  a  "mixed "  character ,  wher e 

some step s ar e automated ,  an d other s requir e 

"strategic "  intervention .  Eve n whe n som e be -

havio r  ha s bee n automate d i t  m a y b e possi -

bl e t o overrid e it s "suggestions "  an d solv e th e 

proble m again ,  "fro m first  principles. "  Thi s 

migh t  b e don e i n situation s tha t  cal l  fo r  ex -

trem e car e fo r  on e reaso n o r  another .  I n ad -

dition ,  full y  automate d behavior s ten d t o b e 

opaqu e wit h respec t  t o introspectio n an d ex -

planation ,  an d ye t  sometime s explanation s (o r 

"justifications" )  ar e nonetheles s provide d fo r 

what  clearl y see m automati c cognitiv e skills. ^ 

Al l  o f  thi s suggest s tha t  a n explanatio n o f  thi s 

behavio r  require s a  mode l  no t  jus t  o f  th e in -

dependen t  mechanism s bu t  o f  thei r  interactio n 

as well . 

While the psychological literature on these 

issue s ha s grown ,  Schneide r  [14 ]  point s ou t 

tha t  th e treatmen t  o f  m a n y o f  th e particu -

la r  phenomen a associate d wit h thi s distinc -

tio n ha s tende d t o remai n a t  th e leve l  o f  onl y 

vagu e verba l  description s o f  th e underlyin g 

mechanisms .  Schneider' s pape r  propose s a 

fou r  phas e mode l  o f  th e developmen t  o f  au -

tomati c processing .  Whil e Schneider' s wor k 

concentrate s o n a  particula r  proble m an d pro -

vide s a  ver y detaile d accoun t  o f  thi s example , 

th e presen t  pape r  advocate s a  genera l  com -

putationa l  architecture .  Schneide r  describe s a 

particula r  algorith m fo r  variably-mappe d cat -

egor y searc h wit h tw o categories .  Th e imple -

^Thi s exclude s th e proces s o f  automatieation ,  o f 
course ,  i n whic h th e skil l  become s automati c ove r  time . 

'Thi s ha s bee n illustrate d i n man y places .  Fo r  ex -
ample ,  i n Exper t  Syste m constructio n i t  ha s appeare d 
when interviewin g expert s abou t  wh y the y performe d 
certai n action s i n som e task .  Ofte n thei r  explanation s 
see m eithe r  t o disagre e wit h th e rapidit y o f  th e sub -
ject' s choic e o f  action ,  o r  els e th e explanatio n i s insuf -
ficien t  t o accoun t  fo r  action s chose n i n othe r  simila r 
situations . 
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mentatio n involve s th e comparison ,  modifica -

tio n an d combinatio n o f  activatio n value s o f 

threshol d units .  A s a  controlle d process ,  thes e 

step s ar e carrie d ou t  b y a n algorith m tha t  i s 

"hard-coded *  int o th e system ,  whic h manip -

ulate s th e value s an d gate s i n th e syste m o f 

units . 

The JANUS architecture described in this pa-

per  migh t  b e see n a s a  generalisatio n o f  thi s 

process ,  sinc e thi s an d an y othe r  algorith m ca n 

be encode d withi n a  syste m o f  productions. ' 

Thi s allow s th e researche r  t o furthe r  stud y ef -

fect s o f  attentio n an d proble m solvin g strat -

egy withi n th e productio n syste m p a r a d i g m — 

at  leas t  s o fa r  a s controlle d cognitiv e skill s ar e 

concerned .  T h e relationshi p betwee n thes e 

production s an d th e value s o f  unit s tha t  ar e 

involve d i n th e subsequen t  automaticatio n i s 

m u ch mor e comple x tha n tha t  i n Schneider' s 
model  du e t o th e translatio n o f  thes e rule s int o 

a distribute d representation .  Despit e thes e 

differences ,  w e believ e a  se t  o f  phase s simila r 

t o Schneider' s fou r  phas e mode l  wil l  fal l  ou t  o f 

th e syste m describe d her e a s wel l  (se e Sectio n 

3) . 

2. A Description of the JANUS Architec-

tiire . 

The proposed system contains three mod-
ule s (se e Figur e 2-1) .  O n e contain s a  sim -

pl e rule-base d proble m solvin g system .  Thi s 

i s calle d th e P-modul e (fo r  "propositionar) . 

As wit h an y rule-base d system ,  th e P-modul e 

consist s o f  a  lon g ter m m e m o r y i n whic h 

ar e store d th e rules ,  an d a  workin g m e m o r y 
( P W M i n Figur e 2-1 )  i n whic h ar e store d wha t 

i s  currentl y asserte d (o r  "believed" )  b y th e P -

module. *  T h e P W M o f  th e P-modul e contain s 

th e descriptio n o f  th e current  proble m state . 

As th e step s i n solvin g a  proble m ar e followed , 

'Schneide r  make s not e o f  th e logica l  connectio n 
betwee n th e controlled-proceitin g operation i  i n hi s 
model  an d rule s i n a  productio n system . 

*One atypica l  restrictio n o n thi s rule-base d syste m 
i s tha t  th e til t  o f  th e working-memor y i s limite d t o 
a fairl y  smal l  numbe r  o f  propositions—approximatel y 
twent y o r  so .  Thi s i s t o kee p th e P-module' s availabl e 
workin g memor y clos e t o th e sam e sie e a s tha t  o f  th e 
C-  an d R-modules ,  discusse d below . 

P-Motiul c 

p-iSUOOECTIOM 

Hr v Piopostto a 

CDWM 

idHiMSt t 
R-Modu e C-Modul e 

Figur e 2-1 . 

th e intermediat e results ,  hypothese s an d final 

solutio n propose d ar e als o place d i n thi s work -

in g memory . 

The other two modules are both three layer 

feedforwar d network s (wher e tw o layer s hav e 

modifiabl e weights )  utilizin g th e backpropa -
gatio n learnin g rul e (Rumelhart ,  Hinto n i c 

William s [10]) .  Thes e tw o module s ar e th e 

C-modul e (fo r  "connectionist" )  an d th e R -

modul e (fo r  "resolution"—thoug h it ,  too ,  i s 

a connectionis t  module) .  Th e inpu t  laye r 

of  bot h connectionis t  module s i s obtaine d i n 

th e followin g way .  A s eac h ne w proposi -

tio n i s asserte d b y th e P-modul e an d thereb y 

place d i n it s loca l  propositiona l  workin g m e m-

or y ( P W M ) ,  i t  get s coarse-code d (i n a  manne r 

t o b e describe d shortly) ,  an d thi s distribute d 

representatio n o f  th e propositio n i s place d a t 

th e fron t  o f  a  relativel y smal l  queu e o f  suc h en -

code d propositions—i t  ca n hol d onl y te n suc h 
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propositions .  Thi s queu e i s calle d th e D W M 

(Distribute d Workin g Memory )  an d a s eac h 

new distribute d propositio n i s adde d t o th e 

top-mos t  cell ,  al l  th e othe r  propositio n ar e 

pushe d down ,  removin g th e propositio n i n th e 

bottom-mos t  cel l  altogether .  Al l  te n o f  thes e 

distribute d representation s o f  proposition s ar e 

the n coalesce d int o on e distribute d represen -

tatio n o f  al l  o f  the m b y simpl y addin g th e vec -

tor s together .  I t  i s  thi s coalesce d vecto r  (th e 

C D WM i n th e 6gure )  whic h i s th e inpu t  laye r 

fo r  bot h th e C -  an d R-modules . 

It might at first appear that information is 

bein g hopelessl y confuse d whe n th e separat e 

proposition s i n th e D W M ar e "coalesced "  int o 

th e singl e C D W M.  However ,  th e los s o f  infor -

matio n ca n b e significantl y reduce d b y usin g 

an adequat e coarse-codin g scheme .  Thi s i s be -

caus e eac h featur e i n th e coarse-code d repre -

sentatio n ha s th e abilit y  t o distinguis h th e rol e 

bein g playe d b y som e domai n objec t  (o r  con -

cept )  i n th e propositio n fro m whic h i t  i s  de -

rived .  Thi s allow s th e C-modul e an d th e R -

modul e t o includ e a  mor e complet e "descrip -

tion "  o f  th e curren t  proble m stat e b y view -

in g u p t o te n proposition s a t  on e time .  (Mc -

Clellaud' s CI D mechanis m [8 ]  utilise s a  simila r 

technique. ) 

The C- and R-modules differ, however, in 
thei r  outpu t  layer s an d th e effect s o f  differen t 

value s o n thes e outpu t  layers .  Th e outpu t  o f 

th e C-modul e i s a  distribute d representatio n 

of  a  proposition .  Th e outpu t  o f  th e R-modul e 

i s a  singl e binar y unit .  Th e C-module' s out -

put  laye r  i s place d i n a  vecto r  ("C' s  Sugges -

tion" )  whic h i s the n translate d int o a  loca l 

(propositional )  representatio n o f  th e module' s 

output .  Tha t  is ,  ther e i s a  singl e laye r  net -

wor k whic h take s a  distribute d representatio n 

of  a  propositio n an d generate s o n it s outpu t 

laye r  a  "local "  representatio n o f  tha t  proposi -

tion .  Thi s proces s i s simpl y computin g th e in -

vers e o f  th e coarse-codin g proces s mentione d 

earlier .  I f  th e valu e o f  th e R-module' s out -

put  uni t  i s  greate r  tha n zero ,  i t  ha s th e effec t 

of  placin g thi s loca l  representatio n o f  th e C -

module' s outpu t  laye r  i n th e "Ne w Proposi -

tion "  buffe r  (se e Figur e 2-1) .  I f  th e R-modul e 

has instea d produce d a n outpu t  let s tha n sero , 

the n th e C-module' s outpu t  laye r  woul d b e 

ignored ,  an d th e content s o f  th e loca l  work -

in g memor y buffe r  withi n th e P-modul e ("P' s 

Suggestion" )  woul d b e th e sourc e o f  th e nex t 

additio n t o th e propositiona l  workin g memor y 

("Ne w Proposition" )  withi n th e P-module . 

Thus, the basic structure of the system is 

tha t  th e P -  an d C-module s ar e bot h generat -

in g proposition s base d o n th e content s o f  th e 

P-module' s workin g memor y (thoug h th e C -

module' s versio n i s somewha t  remove d fro m 

th e origina l  becaus e o f  th e coarse-codin g an d 

coalescin g processes) ,  an d bot h ar e "compet -

ing "  t o hav e thei r  propose d proposition s "as -

serted "  b y th e syste m a s a  whol e b y havin g 

the m place d i n th e "Ne w Proposition "  buffer , 

fro m whenc e i t  i s  forwarde d t o th e workin g 

memorie s o f  al l  thre e modules .  Th e arbite r  o f 

thi s competitio n i s th e R-module .  Th e action s 

tha t  th e C -  an d P-module s woul d carr y ou t  o n 

th e P-module' s propositiona l  workin g memor y 

( P W M)  ar e 'gated, '  an d thi s gat e i s controlle d 

by th e R-module . 

Training the Connectionist Modules. 

The R-Module. The R-module is a back-

propagatio n network ,  an d th e basi s o f  it s 

trainin g schedul e i s t o prefe r  th e suggestion s 

fro m tha t  modul e whic h lea d t o a  solution . 

However ,  th e R-modul e als o ha s a  built-i n 

bia s toward s lettin g th e C-module  se t  th e 

P WM (sinc e w e wan t  t o encourag e thi s mor e 

efficien t  for m o f  proble m solving) .  Th e R -

modul e i s thu s computin g a  confidenc e ratin g 

of  th e C-module' s abilities .  Thi s mean s tha t 

i n th e earl y stage s o f  performance ,  sinc e th e 

C-modul e ha s ha d to o littl e tim e t o lear n any -

thing ,  th e R-modul e wil l  quickl y lear n t o favo r 

th e P-module' s suggestion s fo r  ho w t o chang e 

th e stat e o f  P W M i n orde r  t o solv e a  give n 

problem .  Ove r  time ,  a s th e C-module  begin s 

t o lear n t o mimi c th e P-module' s actions ,  th e 

R-module' s bia s toward s automati c processin g 

wil l  lea d t o th e C-module' s takin g ove r  som e 

or  al l  o f  th e proble m solving .  Th e R-module' s 

inpu t  laye r  i s provide d wit h th e whol e C D WM 
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i n orde r  t o allo w i t  t o distinguis h thos e prob -

le m state s fo r  whic h th e suggestion s fro m ei -

the r  th e C -  o r  P-modul e shoul d b e selected. ^ 

The C-Module. The C-modulc is only 

traine d (it' s  erro r  backpropagate d an d weight s 

modified )  i f  th e P-module' s "suggestion "  i s 

place d i n th e P W M (vi a th e "Ne w Proposi -

tion "  buffer) .  I n thi s event ,  th e C-modul e i s 

traine d t o matc h th e P-module' s suggestion .  I f 

th e C-module' s ow n suggestio n ha s bee n cho -

sen b y th e R-modul e t o b e place d i n th e P W M, 

the n n o trainin g o f  th e C-modul e i s done .  I f 

th e resultin g solutio n lead s t o a n error ,  the n 

onl y th e R-modul e i s penalize d fo r  relyin g o n 

th e C-module' s suggestion .  (Thi s i s discusse d 

furthe r  i n th e nex t  section. ) 

Distributed Representation of Propositions. 

The prepositiona l  workin g memor y ( P W M ) 

of  th e P-modul e require s tha t  proposition s b e 

use d t o represen t  th e problem s an d th e inter -

mediat e state s leadin g t o solutio n i n orde r  t o 

allo w rule s t o b e invoke d usin g patter n match -

ing .  Bu t  symboli c proposition s canno t  b e pre -

sente d directl y t o th e connectionis t  module s 

C-  an d R- ;  the y requir e featur e vectors .  Spac e 

preclude s a  detaile d treatmen t  o f  thi s impor -

tan t  representationa l  issue ,  bu t  a  transforma -

tio n o f  th e P-module' s loca l  prepositiona l  W M 

ca n b e performe d b y a  coarse-codin g techniqu e 

adapte d fro m th e wor k o f  Hinto n [6] ,  McClel -

lan d &  K a w a m o t o (7] ,  an d Saun d [12] .  Th e 

basi c ide a her e i s tha t  symbol s i n th e prepo -

sitiona l  pattern s o f  W M shoul d b e identifiabl e 

independen t  o f  th e differen t  role s the y migh t 

pla y i n differen t  propositions .  A t  th e sam e 

time ,  th e rol e the y pla y i s als o importan t  t o 

expres s th e meanin g o f  th e proposition .  Th e 

metho d adopte d b y Hinto n [6 ]  i s  particularl y 

usefu l  i n thi s regard . 

The distributed representation is generated 
by a  trainin g schedul e whic h mus t  b e per -

mit  i s  probabl e tha t  th e R-modul e coul d actuall y 
be incorporate d int o th e C-modul e b y addin g a n extr a 
outpu t  uni t  t o th e C-modul e wit h th e abov e interpre -
tation .  However ,  thi s aspec t  i s  separate d ou t  fo r  eas e 
i n testin g alternativ e formulation s o f  th e R-module' s 
behavior . 

forme d befor e th e variou s module s ar e pu t  to -

gether .  Thi s networ k woul d b e traine d t o m a p 

th e loca l  featur e vecto r  representatio n o f  th e 

propositio n t o anothe r  loca l  featur e vecto r  rep -

resentatio n o f  thi s sam e propositio n throug h 

th e intermediat e laye r  o f  units ,  whic h woul d 

consis t  o f  a  smalle r  numbe r  o f  unit s tha n eithe r 

of  th e othe r  tw o layer s (se e Saun d [12 ]  fo r  a 

simila r  setup) .  I t  i s  thi s proces s whic h derive s 

th e coars e codin g representatio n use d i n th e 

C-  an d R-module s o f  th e JANU S architecture . 

Once thi s se t  o f  weight s ha s bee n developed , 

th e weight s betwee n th e first  an d intermedi -

at e laye r  o f  thi s networ k (coars e encoding ) 

ar e use d t o translat e betwee n th e mos t  re -

cen t  propositiona l  additio n t o th e P-module' s 

P WM (vi a th e "Ne w Proposition" )  an d th e 

distribute d representatio n o f  tha t  propositio n 

i n th e top-mos t  queu e entr y o f  th e D W M (se e 

Figur e 2-1) .  Th e weight s betwee n th e inter -

mediat e an d outpu t  layer s (coars e tie-coding ) 

ar e use d t o m a p th e C-module' s propositiona l 

"suggestion "  befor e bein g place d i n th e "Ne w 

Proposition "  buffer . 

8. Using the Architecture to Model Cog-

nitiv e Behavior . 

The architecture just outlined was devel-

ope d a s a n attemp t  t o mode l  th e followin g 

type s o f  behavior . 

Categorical Reasoning. The basis of con-

nectionis t  proble m solvin g is ,  s o far ,  vi a prob -

le m recognition ;  a  solutio n t o eve n a  nove l  sit -

uatio n i s base d o n havin g generate d a  m a p -

pin g fro m proble m state s t o solution s which , 

throug h generalization ,  wil l  captur e situation s 

sufficientl y simila r  t o thos e i n th e trainin g 

set .  However ,  ther e ar e classe s o f  p rob lems — 

additio n i s a  goo d example ,  a s i s tryin g t o de -

termin e th e voltag e o n som e wir e i n a  fairl y 

comple x circui t  d iagram—wher e i t  seem s tha t 

a multipl e ste p solutio n i s calle d fo r  base d o n 

what  ha s bee n calle d a  'model '  o f  th e domain . 

Similarit y t o previou s problem s tend s t o b e 

a wea k indicator .  S o far ,  suc h model s hav e 

bee n abl e t o b e mos t  easil y expresse d an d use d 

i n 'categorical, '  symboli c A I  systems .  A s th e 

P-modul e i s a  relativel y standar d rule-base d 

659 



system ,  suc h knowledg e wil l  b e abl e t o b e en -

code d an d use d i n thi s powerfu l  wa y b y th e 

P-inodule .  A s mentione d i n th e previou s sec -

tion ,  th e P-modul e wil l  ver y soo n ten d t o b e 

favore d ove r  th e C-modul e a s th e modul e t o b e 

"trusted "  i n nove l  situations—tha t  is ,  i n nove l 

state s o f  th e P W M . ) 

Automatieity. The C-module is not idle, 

however ,  whe n th e P-modul e i s bein g deferre d 

to .  Whil e th e P-modul e i s holdin g sway, ® th e 

C-modul e i s bein g traine d t o produc e th e so -

lution s generate d b y th e P-module ,  whic h i s 

th e sourc e o f  trainin g example s fo r  th e C -

module .  A s a  growin g numbe r  o f  problem s 

ar e presente d t o th e syste m a s a  whole ,  i t  i s 

presume d tha t  th e C-modul e wil l  b e abl e t o 

generat e a  mappin g suc h tha t  th e solution s 

ca n b e suggeste d o n th e basi s o f  th e simi -

larit y o f  th e proble m stat e t o previousl y see n 

problems. '  Thi s i s simpl y th e standar d wa y i n 

whic h connectionis t  network s lear n t o perfor m 

mappings . 

Automatization. This refers to the trans-

fe r  o f  knowledg e fro m a n explicit ,  categorica l 

(o r  propositional )  for m (i n th e P-module )  t o 

th e distribute d an d mor e efficien t  recognition -

base d for m i n th e C-module .  I t  i s  th e mai n 

goa l  o f  thi s researc h t o demonstrat e tha t  th e 

knowledg e tha t  i s initiall y  encode d explicitl y 

an d tha t  ca n b e use d onl y b y chainin g throug h 

some numbe r  o f  reasonin g step s wil l  b e subjec t 

t o incorporatio n int o th e C-modul e afte r  suffi -

cien t  instance s o f  suc h proble m solvin g ar e pre -

sented .  Thi s proces s woul d procee d i n stage s 

not  dissimila r  t o thos e describe d i n Schneide r 

[14 ]  an d th e "compilation "  proces s modelle d i n 

"Thi s wil l  ten d t o happe n fo r  relativel y lon g period * 
of  time ,  sinc e th e P W M change s onl y slowl y a t  eac h 
cycle ,  an d i t  i s  o n th e basi s o f  recogniein g state s o f 
th e P W M tha t  th e R-modul e assign s priorit y  t o eithe r 
module . 

^Thi s relies ,  o f  course ,  o n th e R-modul e al$ o notin g 
thi s similarit y an d bein g prepare d t o 'trust '  th e solu -
tio n 'proposed '  b y th e C-module .  Thi s suggest s tha t 
th e ''natura l  degree "  t o whic h th e R-modul e ha s pref -
erentia l  bia s fo r  th e C-modul e migh t  b e ou t  o f  line — 
eithe r  to o muc h o r  to o little—wit h th e rat e a t  whic h 
th e C-modul e actuall y learns ;  thi s shoul d mak e itsel f 
readil y apparen t  whe n testin g th e system . 

Anderson ,  e t  al .  |2| .  A s inference s becom e au -

tomate d b y th e C-module ,  thi s allow s th e cor -

respondin g proposition s i n th e P-modul e t o b e 

skipped .  This ,  i n turn ,  allow s mor e proposi -

tion s o f  th e P W M t o "fi t  into "  th e distribute d 

workin g memor y ( D W M ) ,  whic h woul d allo w 

furthe r  automatieatio n t o occur .  I n thi s way , 

mor e an d mor e multi-ste p inference s ar e slowl y 

encompasse d b y singl e ste p inference s carrie d 

out  b y th e C-module .  Th e advantag e o f  thi s 

scheme ove r  th e rule-base d schem e adopte d b y 

Anderson ,  e t  al .  [2 ]  i s  tha t  th e C-modul e ca n 

generalis e an d thereb y generat e plausibl e sug -

gestion s fo r  changin g th e P W M fo r  problem s 

neve r  see n befor e b y th e syste m a s a  whole ,  a s 

lon g a s ther e i s sufficien t  similiarit y t o previ -

ousl y see n problems . 

Explanation. A major difficulty of connec-

tionis t  system s ha s bee n thei r  opacity .  W h e n 

a networ k present s som e 'solution '  o n it s  out -

put  units ,  i t  i s  no t  a t  al l  clea r  th e 'reasons ' 

tha t  suppor t  thi s computation .  O f  course ,  th e 

onl y trul y vali d explanatio n woul d involv e a 

complet e listin g o f  al l  th e net' s previou s train -

in g example s whic h le d i t  t o hav e th e weight s 

i t  no w has ;  an d the n thes e weights ,  an d thei r 

ramifications ,  migh t  als o b e explicate d i n som e 

fashion .  Excep t  fo r  trivia l  problems ,  thi s ap -

proac h seem s ludicrous . 

On the other hand, following a plausible 

model  o f  ho w w e generat e som e explanation s 

ourselves ,  w e ca n imagin e tha t  th e explana -

tion s o f  full y  (o r  partially )  automati c behav -

ior s ar e generate d pos t  fact o b y utilisin g an y 

relevan t  categorica l  knowledg e withi n th e P -

module .  Fo r  example ,  i n solvin g fo r  th e volt -

age o n a  wir e i n som e comple x circui t  diagra m 

a syste m a s describe d her e migh t  generat e a n 

opinio n base d o n th e similarit y o f  th e networ k 

layou t  t o a  Ijirg e numbe r  o f  previousl y see n 

layouts .  Aske d fo r  a n explanatio n ('justifica -

tion '  migh t  b e a  mor e accurat e term) ,  th e sys -

te m migh t  us e th e propose d solutio n an d th e 

know n initia l  proble m stat e t o generat e a  so -

lutio n usin g th e P-module' a knowledg e alone . 

Thi s pos t  fact o (an d mor e expensivel y derived ) 

solutio n ha s th e advantag e o f  perspicuousnes s 

of  th e knowledg e use d t o generat e th e solution . 
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Of  course ,  thi s i s hardl y th e sam e wa y i n whic h 

th e origina l  solutio n wa s i n fac t  generated . 

On th e othe r  hand ,  t o th e exten t  tha t  th e C -

module' s knowledg e i s th e resul t  o f  automa -

tizatio n o f  previou s explicitl y  encode d knowl -

edge i n th e P-module ,  suc h a n 'explanation ' 

migh t  no t  b e s o inappropriat e o r  unrelate d t o 

th e automaticall y derive d solution . 

It should be noted that with this method 

i t  i s  perfectl y possibl e tha t  th e "explanation " 

woul d no t  agre e wit h th e origina l  solution . 

Thi s woul d hardl y see m t o b e undesirable , 

however ,  sinc e i f  w e ar e t o mak e assumption s 

on th e basi s o f  generalizin g fro m pas t  expe -

rience ,  i t  i s  ver y usefu l  t o kno w whe n thos e 

assumption s disagre e wit h th e knowledg e ac -

quire d directl y i n th e for m o f  rule s o r  othe r 

propositions . 

Other Types of 'Mixed Reasoning'. The 

previou s descriptio n o f  explanatio n introduce s 

othe r  possibilitie s fo r  intermixin g th e tw o 

type s o f  knowledg e t o obtai n satisfactor y per -

formance .  Suc h technique s woul d tak e th e 

for m o f  th e R-module' s alternatin g betwee n 

th e tw o 'knowledg e sources '  t o modif y work -

in g memor y i n th e intermediat e step s o f  solv -

in g som e large r  problem .  Fo r  example ,  i n 

th e circui t  analysi s example ,  a n initia l  se t 

of  solution s migh t  b e 'proposed '  b y th e C -

modul e o n th e basi s o f  th e circuit' s  similarit y 

t o othe r  circuits ,  whic h migh t  b e followe d b y 

an explanation-lik e proces s i n whic h th e roug h 

possibl e solution s ar e checke d and/o r  refine d 

by mor e expensiv e (bu t  possibl y bette r  sup -
porte d b y referenc e t o 'firs t  principles' )  cate -

gorica l  reasonin g o f  th e P-module . 

4. Summary. 

This paper proposes a method of integrat-
in g automati c an d controlle d form s o f  proble m 

solvin g b y buildin g a n architectur e i n whic h 

connectionis t  an d standar d symboli c A I  imple -

mentatio n technique s complemen t  eac h othe r 

i n a  singl e system .  Thi s i s see n a s a n impor -

tan t  ste p toward s eventuall y incorporatin g th e 

propositiona l  (o r  rule-based )  for m o f  knowl -

edge foun d i n A I  system s int o completel y con -

nectionis t  networks .  Thi s architectur e i s de -

scribe d structurally .  Th e pape r  describe s var -

iou s cognitiv e behavior s whic h deriv e fro m 

th e interpla y betwee n th e tw o proble m solvin g 

style s an d tha t  thi s architectur e woul d b e abl e 

t o model .  Th e emphasi s o f  thi s researc h i s o n 

th e wa y i n whic h expertis e ca n b e transforme d 

fro m "explicit "  t o "compiled "  vi a automatiza -

tion ,  an d ho w th e opacit y o f  th e resultin g au -

tomati c behavio r  ca n b e counterbalance d i n a 

cognitivel y plausibl e manner . 
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A Dynami c Connect ionis t  Mode l  O f  Proble m Solv in g 

James Lundell and Bernice Laden 

Universi t y o f  Washingto n 

Connectionis t  computin g offer s a  flexibl e approac h t o 
modellin g automati c cognitiv e processes ,  whil e productio n 
system s provid e reasonabl e model s o f  controlle d processe s 
involve d i n proble m solving .  Ou r  initia l  motivatio n fo r  th e 
developmen t  o f  thi s proble m solvin g simulatio n wa s t o buil d 
a mode l  whic h coul d predic t  th e tim e require d t o solv e a 
proble m an d th e type s o f  error s peopl e ar e likel y t o mak e 
unde r  tim e pressure .  Asid e fro m it s predictiv e ability ,  w e 
believ e th e simulatio n offer s a  uniqu e approac h t o modellin g 
cognitiv e tasks .  We refe r  t o th e mode l  a s a  Dynami c 
Connectionis t  Mode l  o f  Proble m Solvin g (DCOMPS).  I t  i s 
connectionis t  becaus e workin g memor y consist s o f 
proposition s whic h ar e organize d int o a  connecte d 
activationa l  network ,  an d i t  i s  dynami c becaus e thi s networ k 
change s it s organizatio n ove r  tim e a s a  resul t  o f  th e firin g 
of  productio n rules .  It s architectur e i s designe d t o handl e 
a variet y o f  proble m solvin g tasks ,  includin g arithmeti c 
wor d problems ,  two-ter m serie s an d a  stroo p task . 

Our purpose in this project is to develop a model of problem 
solvin g tha t  predic t s th e t im e require d t o solv e a  prob le m an d th e 
error s whic h peopl e ar e l ikel y t o mak e unde r  t im e pressure .  We 
assume tha t  proble m solvin g occur s a s a  serie s o f  menta l  events , 
eac h o f  whic h consist s o f  th e recognit io n o f  a  pat ter n an d a 
response .  Th e t im e require d t o respon d t o a  pat ter n i s a  funct io n 
of  th e interact io n betwee n automati c an d control le d processe s 
(Neely ,  1 9 7 7 ) .  Th e tw o mos t  commonl y use d archi tecture s i n 

modell in g cogni t iv e processes ,  connect ionis t  network s an d 
productio n systems ,  closel y paral le l  automati c an d contro l le d 
processes ,  respect ively .  Connect ionis t  network s ar e use d t o 
simulat e th e pat tern-matchin g capabi l i t ie s o f  th e cogni t iv e syste m 
-  the y ar e part icular l y goo d a t  resolvin g incomplet e o r  ambiguou s 
patterns .  Thes e networks ,  however ,  d o no t  easi l y accomodat e th e 
goal-driven ,  seria l  natur e o f  huma n cognit iv e process ing . 
Productio n systems ,  o n th e othe r  hand ,  ar e goal-dr ive n an d seria l 
i n nature .  Connect ionis t  network s d o no t  easi l y dea l  w i t h 
instantiat io n o f  severa l  concurren t  concepts ;  product io n system s 
ca n accommodat e instant iat io n an d var iabl e b inding . 

We would like to thank Earl Hunt, Aura Hanna, Simon Farr and Penny Yee for 
thei r  comment s o n earlie r  drafts .  Thi s researc h wa s supporte d b y a  gran t  fro m 
th e Offic e o f  Nava l  Researc h Gran t  N0014-84-K-00 3 t o th e Universit y o f 
Washington ,  Ear l  Hun t  Principa l  Investigator . 
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Take n together ,  productio n system s an d connectionis t  model s 
compensat e fo r  eac h others '  weaknesses .  Th e huma n cognitiv e syste m 
may hav e evolve d thes e tw o type s o f  processin g primaril y becaus e 
the y compensat e fo r  eac h others '  deficiencies .  Thu s ther e ar e 
theoretica l  a s wel l  a s pragmati c reason s fo r  attemptin g t o 
integrat e th e tw o approache s t o cognitiv e modelling . 

Our work builds on two attempts to combine models of automatic 
an d controlle d processing :  Anderson' s ACT *  (1983 )  an d Hun t  an d 
Lansman' s (1986 )  production-activatio n model .  I n th e ACT *  approach , 
productio n rule s ar e embedde d i n a  connecte d network ,  an d th e rule s 
fir e whe n the y attai n a  sufficien t  leve l  o f  activation . 

Hunt and Lansman's theory is similar to ACT* but focuses upon 
simpl e cognitiv e task s suc h a s th e Stroo p task ,  fou r  an d 
eight-choic e reactio n tim e tasks ,  an d ha s bee n extende d t o simpl e 
arithmeti c task s (Richardso n an d Hunt ,  1986) .  Productio n rule s ar e 
matche d t o feature s i n workin g memory .  A  productio n rul e i s fire d 
when activatio n strengt h exceed s tha t  o f  al l  competin g production s 
by a  paramete r  delta .  Th e tim e require d fo r  a  give n productio n t o 
fir e i s a  decreasin g functio n o f  th e degre e o f  matc h betwee n th e 
productio n patter n an d th e content s o f  workin g memory ,  an d a n 
increasin g functio n o f  th e numbe r  o f  competin g productions . 

Our simulation is based upon the Hunt and Lansman system, but has 
severa l  basi c changes .  Hun t  an d Lansma n represente d object s a s 
vector s o f  features ;  w e chos e a  prepositiona l  representation .  I n 
th e Hun t  an d Lansma n model ,  activatio n spread s throug h a  networ k o f 
productio n rules .  I n ou r  model ,  activatio n spread s throug h a 
networ k o f  proposition s i n whic h th e link s betwee n th e proposition s 
ar e determine d b y a  fe w genera l  principles ,  an d ca n b e modifie d b y 
productio n rules . 

DCOMPS: An Overview 

The program is called DCOMPS, which stands for Dynamic 
Connectionis t  Mode l  o f  Proble m Solving .  DCOMPS i s base d upo n 
thre e assertions :  1 )  automati c processe s ca n b e modelle d b y th e 
paralle l  activatio n o f  relate d node s i n a  prepositiona l  network , 
2)  controlle d processe s ca n b e modelle d b y a  productio n syste m 
and ,  3 )  th e tim e require d t o solv e a  proble m i s a  functio n o f  th e 
interactio n betwee n th e tw o processes . 

The following points describe some of the more salient features 
of  DCOMPS: 

First, we have loosely adapted the system described by Kintsch 
(1974) ,  fo r  th e prepositiona l  representatio n o f  problems .  Comple x 

proble m solvin g task s ar e represente d b y simpl e propositions ,  wher e 
a propositio n consist s o f  a  predicat e an d on e o r  mor e arguments . 
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Second ,  fo l lowin g Hun t  an d Lansma n w e d is t ingu is h betwee n 
interna l  an d externa l  channels .  Work in g memor y cons is t s o f  a 
semanti c (internal )  channe l  an d on e o r  mor e externa l  channe ls .  Eac h 
channe l  ma y conta i n severa l  l inke d propos i t ions .  Eac h propos i t io n 
ha s a n act ivat io n leve l  tha t  i s  determine d b y th e act iv i t y i n th e 
network .  Representat ion s i n th e externa l  channe l  hav e bee n 
processe d t o a  certai n extent ,  bu t  hav e no t  bee n semant ica l l y 
encoded .  I n th e curren t  vers ion ,  ther e i s onl y on e externa l  channe l 
whic h receive s preposi t iona l  representat ion s o f  v isua l l y p resente d 
word s o r  sentences .  Othe r  externa l  channels ,  suc h a s audi tor y an d 
tacti l e channels ,  coul d b e added .  Connect ion s acros s channel s ar e 
allowed ,  a l thoug h the y ar e general l y weake r  tha n wi th in-channe l 
connect ions . 

Third, control of the problem solving process is governed by the 
patter n o f  act ivat io n o f  proposi t ion s residen t  i n work in g memor y 
ove r  t ime .  Thi s i n tur n i s governe d b y simpl e rule s whic h d ic ta t e 
ho w proposi t ion s ma y b e l inke d together ,  an d b y th e incorporat io n 
an d t ransformat io n o f  proposi t ion s i n work in g memory . 

The incorporation of prepositional information is based on 
Kintsc h an d va n Di jk ' s (1978 )  mode l  o f  d iscours e understanding . 
Kintsc h an d va n Di j k dist inguis h betwee n a  microst ructur e an d a 
macrostructur e representat io n o f  text .  Th e microst ructur e consist s 
of  th e par t  o f  th e discours e whic h i s current l y be in g comprehended . 
The macrostructur e consist s o f  proposi t ion s whic h hav e bee n 
extracte d fro m th e microstructur e an d whic h ar e retaine d i n work in g 
memory a s a n ai d t o understandin g incomin g propos i t ions .  Becaus e w e 
eventuall y inten d t o simulat e man y di f feren t  type s o f  v isua l  an d 
auditor y tasks ,  w e hav e chose n t o cal l  th e macrost ructur e an d 
microstructur e th e semanti c an d externa l  channels ,  respect ively . 
Proposit ion s ar e extracte d fro m th e externa l  channe l  an d 
incorporate d int o th e semanti c channe l  base d o n th e concep t  o f 
referentia l  coherence .  Tha t  is ,  th e proposi t ion s whic h contai n 
argument s tha t  ar e mos t  of te n referre d t o ar e extracte d f i rst , 
whil e othe r  proposi t ion s ten d t o b e discarded .  Kintsc h (persona l 
communication ,  July ,  1986 )  ha s suggeste d ho w thi s theor y ma y b e 
implemente d i n a  connect ionis t  framework . 

Propositions are linked to themselves by a connection strength of 
1.0 .  Proposi t ion s tha t  shar e argument s ar e l inke d b y a  connect io n 
strengt h o f  0.5 .  Proposi t ion s tha t  ar e bot h reference d b y a  th i r d 
proposit io n ar e l inke d b y a  strengt h o f  0.3 .  Fo r  example ,  PI(agen t 
(John) )  an d P 3 (Objec t  (ball) )  woul d b e l inke d t o eac h othe r  b y a 
strengt h o f  0. 3 i f  proposi t io n P2(ha s (P I  P3) )  wer e als o present . 
Proposit ion s tha t  ar e relate d mor e distant l y ar e l inke d b y a 
connectio n strengt h o f  0.2 .  Fo r  example ,  i f  P 4 wer e (Colo r  (re d 
P 3 ) ) ,  i t  woul d b e l inke d t o P I  b y 0.2 .  Thu s fo r  th e propos i t ion s 
P1-P 4 w e hav e th e fol lowin g connect io n matr ix : 
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PI  P 2 P 3 P 4 

PI 1.0 0.5 0.3 0.2 

P2 0.5 1.0 0.5 0.3 

P3 0.3 0.5 1.0 0.5 

P4 0.2 0.3 0.5 1.0 

We have chosen these link strengths arbitrarily. The actual 
value s themselve s ar e no t  a s importan t  a s th e ide a tha t  th e 
connectio n strength s decreas e wit h th e distanc e fro m relate d 
propositions .  Proposition s place d i n th e externa l  channe l  ar e give n 
an initia l  activatio n valu e o f  1.0 .  Eac h proposition' s activatio n 
valu e a t  tim e i .  i s  compute d synchronousl y b y th e followin g formula : 

^nt = ^i(t-l)^i/N 
wher e Aj^ ^  i s  th e activatio n o f  propositio n n  a t  tim e L ,  Aĵ (t-l )  ^ ^ 

th e activatio n o f  propositio n 1  a t  tim e t-1 ,  an d Cj ^  i s  th e 

connectio n strengt h betwee n propositio n n  an d propositio n i .  N  i s a 
normalizin g facto r  whic h prevent s activatio n i n th e networ k fro m 
becomin g unacceptabl y high .  Th e activatio n leve l  o f  eac h nod e i n 
th e networ k i s iterativel y compute d unti l  th e networ k become s 
sufficientl y "stable" ,  i.e .  whe n th e chang e i n activatio n level s 
fo r  eac h nod e drop s belo w a  criterio n amount .  Onc e th e networ k 
reache s stability ,  th e proposition s whic h ar e mos t  highl y 
reference d ar e th e mos t  active .  I n thi s way ,  a  hierarch y o f 
activatio n level s i s formed ,  an d th e leas t  activ e proposition s ma y 
be droppe d fro m th e network .  Th e mos t  activ e proposition s wil l  the n 
be transforme d int o a  semanti c cod e an d place d int o th e semanti c 
channel .  Th e macrostructur e wil l  eventuall y contai n a  parsimoniou s 
representatio n o f  th e topi c o f  discourse ,  base d o n th e concep t  o f 
referentia l  coherence . 

As Kintsch and van Dijk (1978) have noted, referential coherence 
onl y partiall y  account s fo r  discours e comprehension .  Sinc e 
comprehensio n require s th e additiona l  us e o f  informatio n residen t 
i n lon g ter m memory ,  th e syste m contain s tw o othe r  type s o f  nodes : 
schema node s an d rul e nodes .  Thes e ca n b e conceive d o f  a s 
knowledg e th e syste m alread y has .  Schem a node s resid e i n th e 
semanti c channe l  o f  workin g memor y wher e the y differentiall y 
activat e certai n type s o f  propositions ,  an d thu s hel p contro l  th e 
activatio n o f  th e importan t  aspect s o f  a  statement .  Fo r  example ,  i f 
we wer e t o rea d Joh n ha s thre e dollar s i n th e contex t  o f  a n 
arithmeti c problem ,  w e woul d probabl y atten d t o th e quantit y three . 
Thi s i s becaus e ou r  schem a fo r  arithmeti c problem s activate s al l 
proposition s whic h pertai n t o numbers .  I f  w e wer e t o rea d th e sam e 
sentenc e a t  a  tim e whe n w e happe n t o nee d money ,  w e woul d atten d 
mor e strongl y t o th e objec t  o f  th e sentence ,  dollars . 

Rules are part of the knowledge base of the system, and are 
linke d t o classe s o f  proposition s o r  schem a node s whic h appea r  i n 
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workin g memory .  Th e act ivat io n algor i th m fo r  ru le s i s s imp le :  ru le s 
inheri t  th e act iva t io n o f  th e node s t o whic h the y ar e connected . 
Al l  rule s ar e negat ive l y l inke d t o al l  o the r  ru le s b y a  va lu e o f 
-0 .5 .  Eac h t im e th e networ k stabi l izes ,  th e mos t  act iv e rul e f i res . 
When a  rul e f i res ,  i t  ma y chang e th e connect io n strengt h be twee n 
proposi t ion s o r  i t  ma y inser t  ne w proposi t ion s int o work in g memory . 
Thi s metho d o f  inser t in g ne w proposi t ion s o r  'nodes '  in t o th e 
networ k const i tu te s a  brea k wit h t radi t iona l  connect ion is t 
model ing . 

A Specific Exanple: The Two-term Series Problem 

The DCOMPS' architecture will be illustrated by showing how the 
simulatio n work s o n two-ter m serie s problems.Th e two- ter m ser ie s 
proble m i s a  deduct iv e reasonin g tas k contain in g a  re lat iona l 
statemen t  an d a  quest ion .  A n exampl e i s :  Joh n i s be t te r  tha n Pe te . 
Who i s bes t ? I n th i s typ e o f  proble m peopl e mak e inference s base d 
upo n l inguist ic ,  rathe r  tha n logica l  in terpretat ions .  Per formanc e 
ha s bee n show n t o b e inf luence d b y thre e factors :  1 )  lex ica l 
marking ,  2 )  us e o f  negat ion s an d 3 )  statement-quest io n congruenc e 
(Clark,1969) .  We hav e incorporate d thes e aspect s int o th e 
simulation . 

TABLE 1 

Eight Versions of the Two-Term Series Problem 

T3 
0) 
U 

C 
D 

•0 

U 

s 

Joh n 

Joh n 

Pet e 

Pet e 

Pet e 

Pet e 

Joh n 

Joh n 

Proposi t io n 

i s 

i s 

i s 

i s 

i s 

i s 

i s 

i s 

bet te r  tha n Pete . 

bet te r  tha n Pete . 

no t  a s goo d a s John . 

no t  a s goo d a s John . 

wors e tha n John . 

wors e tha n John . 

no t  a s ba d a s Pete . 

no t  a s ba d a s Pete . 

Quest io n 

Who 

Who 

Who 

Who 

Who 

Who 

Who 

Who 

i s best ? 

i s wors t ? 

i s best ? 

i s worst ? 

i s best ? 

i s worst ? 

i s best ? 

i s worst ? 

Ther e ar e eigh t  vers ion s o f  th e two-ter m serie s proble m i f  on e 
take s int o considerat io n lexica l  marking ,  negat io n an d congruence . 
Thes e ar e summarize d i n Tabl e 1 .  We hav e selecte d on e o f  the m t o 
illustrat e th e detai l s o f  ou r  mode l .  I n tex t  for m th e proble m i s : 
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Joh n i s wors e tha n Pete .  Who i s best ? I n prepositiona l  for m th e 
tex t  i s  represente d a s follows : 

PI(Agent John) 
P2(Worse_tha n P I  P3 ) 
P3(Agen t  Pete ) 
P4 (Questio n P 5 P6 ) 
P5(Agen t  unknown ) 
P6(Bes t  P5 ) 

Initially, working memory contains a reasoning schema and an 
instructio n node ,  II ,  i n th e semanti c channel .  Th e semanti c channe l 
i s  organize d a s depicte d i n Figur e 1 .  I I  i s  th e initia l  instructio n 
t o rea d th e problem .  S I  i s linke d t o th e rul e Rl .  When R l  i s fire d 
th e syste m wil l  rea d th e firs t  sentenc e o f  th e problem .  S 2 i s 
linke d t o rul e R 2 whic h whe n fire d wil l  attemp t  t o solv e th e 
problem .  S 4 i s linke d t o R5 .  R 5 wil l  b e fire d i f  th e tex t  contain s 
a negation ,  suc h a s Joh n i s no t  a s goo d a s Pete ,  an d wil l  transfor m 
thos e proposition s t o a  positiv e interpretation ,  Pet e i s bette r 
tha n John .  S 3 i s a  specia l  nod e whic h wil l  loo k fo r  an y 
relationa l  propositions ,  suc h a s "Better_than "  o r  "Worse_than "  i n 
th e externa l  channe l  an d lin k itsel f  t o tha t  proposition .  Thu s an y 
relationa l  proposition s wil l  ten d t o b e mor e active ,  an d s o wil l 
receiv e a  greate r  amoun t  o f  'attention' . 

SO is initialized with an activation level of 1.0, and the system 
iterate s unti l  th e networ k stabilizes .  Al l  positiv e link s i n th e 
superschem a ar e give n a  valu e o f  0.5 ,  an d al l  negativ e link s ar e 
give n a  valu e o f  -0.5 .  When th e syste m settles ,  rul e Rl , 
read_sentence ,  i s highl y active .  Th e syste m read s i n th e firs t 
sentence ,  Joh n i s wors e tha n Pet e b y placin g th e firs t  thre e 
proposition s i n th e externa l  channel .  Th e worse_tha n relationshi p 
i s lexicall y marke d relativ e t o th e better_tha n relationship .  I n 
th e curren t  example ,  lexica l  markin g i s simulate d throug h th e 
additio n o f  inference s tha t  ar e mad e b y th e syste m wheneve r  a 
worse_tha n relationshi p i s encountered .  DCOMPS infer s tha t  Pet e i s 
bad ,  an d tha t  Joh n i s ver y bad .  Thes e inference s ar e constructe d a s 
proposition s an d linke d t o PI(Agen t  John )  an d P3(Agen t  Pete ) 
respectively .  Al l  inferenc e proposition s ar e linke d t o thei r 
relate d proposition s b y a  connectio n strengt h o f  0.2 .  Inferre d 
proposition s ar e give n a n initia l  activatio n leve l  o f  0 .  Accordin g 
t o Clark ,  lexicall y marke d adjective s tak e longe r  t o recove r  fro m 
memory.  I n ou r  interpretation ,  lexicall y marke d adjective s ar e 
adjective s whic h caus e a  numbe r  o f  inference s t o b e made .  Thi s 
means tha t  a  sentenc e containin g a  lexicall y marke d adjectiv e wil l 
lin k t o mor e (inferred )  propositions .  I t  wil l  tak e longer ,  o n 
average ,  fo r  th e large r  networ k t o stabilize . 

At this point, node S3 in the term schema is linked to 
propositio n P2 ,  (Worse_tha n P I  P 3 ) .  I n orde r  t o kee p th e 
computationa l  overhea d down ,  rule s fro m th e rulebas e ar e onl y adde d 
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Semgntl g Chgnng | 

SO(Ter m schema ) 

l1(read_problem ) 

S3(relation_match ) 

S2(answer_question ) 

S1(read_problem ) 
S4(not_match ) 

BiilS l 

Rl(Read_sentence ) R5(Not_match ) R2(Solve_problem ) 

Externa l  Channe l 

Eirpty 

P -  Propsitiona l  Nod e 
S -  Schem a Nod e 
R -  Rul e Nod e 
I  -  Instructio n Nod e 

Figur e 1 .  Initially ,  workin g memor y contain s a  schem a 
organize d i n th e semanti c channel . 

t o th e networ k i f  ther e i s a  correspondin g proposi t io n matc h i n 
workin g memory .  Rul e R 4 ,  worse_than_relat ion ,  i s  adde d t o th e 
networ k becaus e i t  no w ha s a  correspondin g matc h i n P 2 .  Th e stat e 
of  th e networ k a t  th i s poin t  i s  descr ibe d i n Figur e 2 . 
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Semanti c Channe l 

l1(read_probie m 1 ) 

SO(Ter m schema ) 

/ 

S2(answe r  question ) 
S4(not_match )  )  S3(relatlon_match ) 

SI  (rea d problem ) 

Rule s 

R2(Solve_problem ) 

R5(Not_match ) 

R4(Worse_relation ) 

R1(Read_sentence )  i 

Externa l  Channe l 

P2(Worse_than ) 

P1(Agen t  John ) P3(Agen t  Pete ) 

Figur e 2 .  Th e firs t  sentenc e i s rea d in .  Th e relationa l 
nod e o f  th e schema ,  S 3 i s linke d t o th e propositio n P2 . 
Rul e R 4 i s adde d t o th e network . 

The system again cycles through the activation updating function 
un t i l  th e networ k s tab i l i zes .  Thi s t im e R 4 f i res ,  whic h doe s tw o 
t h i ngs :  i t  add s a  propos i t io n t o th e semant i c channe l  assert in g 
tha t  th i s f i rs t  sentenc e contain s a  Worse_tha n relat ion ,  an d i t 
i ncorpora te s th e propos i t ion s P1-P 3 int o th e schem a b y changin g th e 
l in k s t rength s be twee n th e propos i t ion s t o 0. 3 i f  on e proposi t io n 
i s con ta ine d i n another ' s argumen t  l is t ,  an d 0. 2 i f  tw o 
p ropos i t i on s shar e a  commo n argument .  No w th e schem a look s lik e 
F igu r e 3 . 
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Semanti c nhpnn^ ^ 

l1(read_proble m l ) 

SO(Ter m schema ) 

Sl(rea d problem ) 

S2(answer question) 

S3(relation_match ) 

S4(not_match) 

fiul£l 

R1(Read_sentence ) 

P1(Agen t  John ) 

^ . 

S5(Worse_relation ) 

P2(Worsejhan) 

P6(Ba d PI ) 

P3(Agen t  Pete ) 

P4(Bad P3) 

R2(Solve_probiem ) 
R5(Not_match ) 

Externa l  Channe l 

Empty 

Figur e 3 .  Bot h tex t  an d inferre d proposition s ar e 
incorporate d int o th e schema . 

The presence of the term schema was necessary for proper 
understandin g o f  th e firs t  sentence .  Th e schem a nod e S 3 di recte d 
attentio n toward s th e relat io n state d i n th e tex t .  A s a  resul t ,  R 4 
fire d an d create d a  ne w proposi t io n (S5 )  l inkin g P 2 an d SO . 
Withou t  th e schem a th e mode l  woul d no t  hav e bee n abl e t o extrac t 
informatio n fro m th e sentenc e whic h i s crucia l  t o solv in g th e 
two-ter m serie s problem . 

The connection strengths between the propositions are lowered 
onc e th e proposi t ion s ar e incorporate d int o th e semanti c channel . 
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Thi s i s a  deca y mechanis m use d i n th e simulatio n whic h w e foun d wa s 
necessar y t o allo w th e syste m t o atten d t o ne w proposition s place d 
on th e externa l  channel . 

During the next cycle the system proceeds as before which 
eventuall y result s i n th e rul e R l  firing .  Th e syste m place s th e 
nex t  sentence .  Who i s best? ,  int o th e visua l  channel ,  settin g al l 
activatio n value s fo r  P7-P 9 t o 1.0 .  Rul e R6(Quest_rule )  i s linke d 
int o th e network .  Rul e R6(Quest_rule )  win s out ,  whic h create s 
propositio n S6(Find_agen t  Best) .  II ,  th e instructio n t o read ,  i s 
remove d fro m th e networ k becaus e th e Quest_rul e propositio n i s a 
signa l  tha t  thi s i s th e las t  sentenc e i n th e problem . 

The system cycles through again, now firing R2 because 
propositio n I I  ha s bee n remove d fro m th e network .  Rul e R 2 i s a 
comple x rul e whic h form s variou s hypothese s abou t  th e answer .  A t 
thi s poin t  thre e hypothese s ar e possible :  Joh n i s best ,  Pet e i s 
bes t  o r  th e statemen t  i s incongruen t  wit h th e questio n an d mus t  b e 
converte d t o th e prope r  representation .  Thes e hypothese s ar e linke d 
int o th e networ k a s S7 ,  S 8 an d S9 .  DCOMPS gather s evidenc e fo r 
eac h hypothesi s b y linkin g eac h on e t o th e proposition s i n th e 
semanti c channe l  whic h suppor t  it .  I n thi s cas e ther e ar e n o 
proposition s whic h suppor t  th e Joh n an d Pet e hypotheses ,  becaus e 
th e propositio n term s suc h a s P4(Ba d PI )  ar e incongruen t  wit h th e 
question .  Who i s best .  Hypothesi s S 9 i s mos t  activ e becaus e ther e 
i s a  worse_tha n relatio n an d a  bes t  questio n presen t  i n th e curren t 
representation ,  signallin g tha t  a  conversio n i s necessary . 

Three rules are linked to the three newly formed hypotheses. As 
wit h al l  othe r  rule s whic h ar e presen t  i n th e network ,  inhibitor y 
link s ar e create d betwee n them .  When th e networ k stabilizes ,  rul e 
R9(Convert )  fires .  Thi s rul e wil l  reforma t  th e proposition s create d 
by th e firs t  sentenc e s o tha t  th e relatio n i s congruen t  wit h th e 
question .  Th e conver t  rul e change s worse_tha n t o better_tha n i n 
P2,  a s wel l  a s S5 .  I t  als o switche s th e agents ,  Joh n an d Pete ,  s o 
tha t  th e initia l  sentenc e no w ha s th e interpretatio n Pet e i s bette r 
tha n John .  Th e "bad "  inference s dro p ou t  o f  workin g memor y a s wel l 
as th e conver t  hypothesis ,  S9 . 

Now that the problem is represented correctly, the conversion 
rul e n o longe r  applies .  Tw o hypothese s remain :  Joh n i s bes t  o r 
Pet e i s best .  Thes e hypothese s ca n no w gathe r  evidenc e becaus e th e 
worse_tha n propositio n ha s bee n converte d t o better_than .  Figur e 4 
depict s ho w thes e hypothes e ar e no w linke d t o workin g memory .  Tw o 
rules ,  R7(Agent1 )  an d R8(Agent2 )  ar e adde d t o th e rul e list .  R 8 i s 
most  active ,  sinc e i t  i s  linke d t o P I  (Agen t  Pete) ,  an d 
P2(better_tha n P I  P 3 ) .  Thus ,  Pet e i s bes t  i s determine d t o b e th e 
answer . 
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Sgmanti c Channe l 

SO(Ter m schema ) 

Sl(rea d problem ) 

4(not_match ) 

6(Find_agen t  Best ) 
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How doe s DCOMPS compar e t o enplrca l  results ? 

Table 2 presents a comparison of the original Clark data and the 
number  o f  cycle s require d fo r  DCOMPS t o solv e th e sam e problem . 
Ther e i s a  Spearma n correlatio n o f  .99 4 betwee n th e ran k orde r  o f 
th e time s require d fo r  solutio n b y huma n subject s an d b y DCOMPS.  A 
ti e occur s betwee n th e time s require d t o solv e Joh n i s wors e tha n 
Pete .  Who i s best ? an d Joh n i s no t  a s goo d a s Pete .  Who i s best ? 
We attribut e thi s t o th e fac t  tha t  DCOMPS take s les s tim e t o 
proces s no t  statement s tha n d o people .  Becaus e Joh n i s no t  a s goo d 
as Pete .  Who i s best ? i s th e quickes t  o f  th e negativel y frame d 
problem s an d Joh n i s wors e tha n Pete .  Who i s best ? i s th e longes t 
of  th e positivel y frame d problems ,  a  ti e occur s betwee n th e time s 
require d t o solv e thes e tw o problem s b y DCOMPS. 

TABLE 2 

A comparison between data from Clark (1969) and DCOMPS for 
performanc e o n two-ter m serie s problems . 

Clar k DCOMPS 
Proble m Questio n sees .  cycle s 

Joh n i s bette r  tha n Pete . 
Joh n i s wors e tha n Pete . 
Joh n i s bette r  tha n Pete . 
Joh n i s wors e tha n Pete . 
Joh n i s no t  a s goo d a s Pete , 
Joh n i s no t  a s goo d a s Pete , 
Joh n i s no t  a s ba d a s Pete . 
Joh n i s no t  a s ba d a s Pete . 

Who i s best ? 
Who i s worst ? 
Who i s worst ? 
Who i s best ? 
Who i s best ? 
Who i s worst ? 
Who i s worst ? 
Who i s best ? 

.6 1 

.6 2 

.6 8 
1.0 0 
1.1 7 
1.4 7 
1.5 8 
1.7 3 

91 
95 
10 8 
11 3 
11 3 
12 8 
13 0 
14 7 

The tim e require d t o solv e thes e problem s i s a  functio n bot h o f 
controlled ,  seria l  processin g an d automatic ,  paralle l  processing . 
Tha t  is ,  problem s involvin g incongruen t  question s o r  negativ e 
assertion s requir e th e firin g o f  additiona l  production s whic h 
transfor m th e appropriat e propositions .  Th e tim e require d fo r  thes e 
factor s i s a  resul t  o f  seria l  operations ,  an d ca n b e predicte d b y a 
simpl e productio n syste m model .  However ,  th e differenc e betwee n 
solvin g problem s wit h marke d an d unmarke d adjective s i s a  resul t  o f 
th e paralle l  activatio n o f  th e inferre d proposition s whic h wer e 
incorporate d int o th e network .  Durin g som e step s o f  th e proble m 
solvin g process ,  i t  take s longe r  fo r  th e networ k t o "settle "  whe n 
thes e additiona l  proposition s ar e present . 
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Conclusio n 

DCOMPS currently performs two other tasks: arithmetic word 
problem s an d St roo p tasks .  Th e syste m solve s wor d a r i thmet i c 
problem s i n a  manne r  simi la r  t o two- ter m ser ie s p rob lems .  DCOMPS 
begin s wi t h a n ar i thmet i c schem a whic h aid s i n in terpre t in g 
sentence s whic h appea r  o n th e externa l  channel .  I n pa r t i cu la r ,  th e 
arithmeti c schem a di f ferent ia l l y  act ivate s an y Quant i t y 
proposi t ions .  A s eac h sentenc e i s read ,  ru le s f i r e wh ic h 
incorporat e th e proposi t ion s int o th e schema ,  an d c lass i f y th e 
proposit ion s accord in g t o th e typ e o f  se t  whic h i s ind icated .  Fo r 
example ,  th e sentenc e Joh n ha s f iv e mor e marb le s tha n Sara h i s 
classif ie d a s a  more_tha n set .  Whe n a  quest io n i s encountered ,  suc h 
as Ho w man y marb le s doe s Joh n have? ,  DCOMPS generate s hypothese s 
abou t  th e operat ion s require d t o solv e th e proble m base d o n th e 
set s whic h hav e bee n identi f ied . 

Like the two-term series problems, a theory of the particular 
proble m solvin g proces s alread y exist s (Kintsc h an d Greeno ,  1 9 8 5 ) . 
Our  simulat io n i s a n attemp t  t o implemen t  th e theor y wi th i n th e 
DCOMPS arch i tecture ,  an d t o compar e th e t ime s require d b y th e 
syste m t o solv e var iou s problem s wi t h th e t ime s require d b y humans . 

The time to respond to various types of Stroop conditions 
compare s favorabl y wit h huma n dat a i n thre e ways .  F i rs t ,  colo r 
word s presente d i n contrast in g color s ar e no t  ident i f ie d a s quickl y 
as colo r  word s presente d i n th e sam e color .  Second ,  i t  take s DCOMPS 
longe r  t o identi f y th e colo r  o f  th e wor d tha n th e meanin g o f  th e 
word .  Third ,  DCOMPS display s between-tr ia l  e f fects .  I t  take s th e 
syste m longe r  t o identi f y a  featur e whic h wa s inhibi te d o n th e 
previou s t r ia l .  Fo r  example ,  i f  th e tas k i s t o ident i f y th e colo r 
of  th e wor d an d th e firs t  wor d presente d i s th e wor d jbiu e pr in te d 
i n th e colo r  red ,  i t  woul d tak e longe r  t o identi f y th e colo r  o f  th e 
nex t  wor d i f  i t s  colo r  i s  jblue ,  sinc e tha t  featur e wa s inhib i te d o n 
th e previou s t r ia l . 

We are currently working on simulating two additional types of 
task s usin g DCOMPS:  factua l  an d counterfactua l  reasoning ,  an d 
musica l  chor d pr iming .  Futur e plan s fo r  DCOMPS include :  1 )  pursuin g 
severa l  approache s t o relat e DCOMPS'  performanc e wit h huma n data , 
2)  studyin g individua l  di f ference s i n proble m solvin g b y 
manipulatin g th e parameter s o f  th e model ,  an d 3 )  simulat in g severa l 
additiona l  cognit iv e tasks . 

DCOMPS offers a flexible compromise between production systems 
and connectionis t  mode ls .  Al thoug h som e researcher s hav e suggeste d 
a wa y i n whic h a  stati c connectionis t  mode l  migh t  s imulat e 
sequentia l  processes s (e.g ,  Rximelhart ,  Smolensky ,  McClel land ,  & 
Hinton ,  1986 )  thi s metho d i s ver y l ikel y t o b e computat ional l y 
expensiv e and ,  mor e important ly ,  t o b e s o comple x a s t o b e 
intractabl e i n simulat in g proble m solvin g tasks .  DCOMPS explore s 
th e possibi l i t y  tha t  a  simpl e syste m suc h a s th e on e propose d ca n 
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solv e problem s whic h involv e bot h sequence s o f  action s an d paralle l 
processing . 
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The present paper is intended to demonstrate the feasibility of a cogni-
tiv e approac h towar d understandin g real-worl d scienc e throug h th e intensiv e 
analysi s o f  a  scientifi c  diary .  Th e approac h draw s o n man y concept s o f  con -
temporar y cognitiv e science ,  especiall y  protoco l  analyti c (PA )  techniques . 
As Ericsso n &  Simo n (1984 )  emphasize ,  no t  ever y verba l  recor d o f  though t  i s 
amenabl e t o suc h analysis .  Generally ,  P A i s applie d t o "thin k aloud "  proto -
col s gathere d durin g th e solutio n o f  a  problem .  I n mos t  cases ,  th e proble m 
subjecte d t o analysi s ha s bee n a  carefull y designe d tas k wit h a  clea r  goa l 
state ,  a  minimu m o f  backgroun d informatio n neede d fo r  solution ,  an d a  leve l 
of  difficult y whic h ca n b e solve d b y mos t  subject s withi n on e hou r  o r  less . 
The classi c example s mee t  thes e criteria ;  fo r  example ,  th e DONALD &  GERALD 
proble m an d proo f  problem s i n symboli c logic . 

I n applyin g P A t o th e analysi s o f  a  workin g scientifi c  diary ,  ther e i s 
frequentl y n o clea r  proble m space ,  mor e tha n on e proble m spac e i s ofte n unde r 
exploration ,  an d th e backgroun d knowledg e brough t  t o th e tas k i s extensiv e 
and ofte n no t  eas y t o characterize .  Specifi c  diar y entrie s (unlik e utter -
ance s i n a  thin k alou d protocol )  ma y reflec t  eithe r  th e content s o f  workin g 
memory o r  retrieve d informatio n brough t  fro m lon g ter m memory .  Th e tempora l 
sequenc e o f  a  diar y i s generall y clear ,  bu t  th e fullnes s o f  th e recor d i s 
\ier y suspect .  Finally ,  i t  i s  ver y likel y tha t  keepin g a  diar y i s reactive . 

I n spit e o f  thes e problems ,  i t  i s  possibl e t o modif y conventiona l  P A t o 
permi t  meaningful  analysi s o f  th e microstructur e o f  a  scientifi c  diary .  Ou r 
basi s fo r  thi s clai m i s a  modifie d P A o f  a  portio n o f  th e scientifi c  diar y o f 
Michae l  Farada y (1791-1867) ,  th e eminen t  Englis h physicis t  wh o discovere d 
electromagneti c inductio n i n 1831 .  Par t  o f  Faraday' s diarie s hav e bee n pub -
lishe d (Faraday ,  1932-1936) ;  a  fragmen t  o f  th e publishe d portio n serve d a s 
th e sourc e protoco l  fo r  th e presen t  analysis . 

Goal  state s i n th e presen t  pape r  ar e take n t o b e empirica l  observation s 
of  phenomen a whic h ha d no t  previousl y bee n observe d b y Faraday .  State s an d 
operator s wer e define d a s correspondin g roughl y t o "ideas "  an d t o "actions, " 
respectively .  Throughou t  th e series ,  Farada y wa s actin g upo n som e menta l 
representatio n i n th e hop e o f  transformin g i t  int o anothe r  menta l  representa -
tion .  Thus ,  a  stat e ca n refe r  t o a  highl y abstrac t  construa l  o f  a  theoreti -
cal  notio n o r  t o a  ver y specific ,  concret e recor d o f  a n empirica l  observation . 
The operator s whic h appl y t o thes e state s posses s a  simila r  rang e fro m highl y 
abstrac t  menta l  transformation s (analogies ,  metaphors ,  instance s o f  forma l 
and informa l  reasoning ,  etc. )  t o \/er y specifi c  manua l  operation s upo n 
apparatus . 

Analysi s focuse d o n a  sequenc e o f  ove r  10 0 experiment s conducte d b y 
Farada y betwee n Augus t  29 ,  183 1 an d Novembe r  4 ,  1831 .  Th e firs t  experimen t 
i n th e serie s recorde d hi s discover y o f  induction .  Takin g a n iro n rin g woun d 
wit h tw o coils ,  h e foun d tha t  a  brie f  transien t  curren t  wa s generate d i n on e 
coi l  wheneve r  a  batter y curren t  wa s turne d o n o r  of f  i n th e secon d coil .  Ove r 
th e nex t  severa l  months ,  Farada y explore d th e propertie s o f  th e ne w phenomena , 
finall y readin g a  pape r  o n Novembe r  4  t o th e Roya l  Society .  Tw o previou s 
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paper s hav e deal t  wit h th e proble m o f  wha t  constitute s a n experimen t  i n thi s 
contex t  (Tweney ,  1984 )  an d wit h th e genera l  proble m o f  wher e th e ide a fo r  th e 
experimen t  cam e fro m (Tweney ,  1985) .  Th e presen t  accoun t  demonstrate s tha t 
th e microstructur e o f  experimenta l  exploratio n o f  th e ne w discover y i s als o 
amenabl e t o analysis . 

Each recor d wa s firs t  segmente d int o unitar y propositions .  Segmentatio n 
was highl y reliabl e (i n exces s o f  901 $ agreemen t  fo r  tw o independen t  coders) . 
Each segmen t  wa s classifie d a s representin g a  stat e alone ,  a n operato r  alone , 
or  a  combinatio n o f  on e o r  mor e state s an d on e operator .  Distinguishin g 
state s an d operator s wa s highl y reliabl e amon g independen t  coders .  However , 
classifyin g operator s int o specifi c  categorie s prove d onl y moderatel y reliabl e 
(abou t  60 % agreemen t  betwee n th e tw o author s workin g independently) .  Repeate d 
attempt s t o refin e th e classificatio n syste m resulte d i n n o gain s i n reliabil -
ity ,  probabl y becaus e man y o f  th e judgement s depen d upo n contextua l  knowledg e 
o f  th e relevan t  physics ,  Faraday' s overal l  goals ,  an d th e heuristic s use d b y 
Farada y (Tweney ,  1985) .  Disagreement s wer e resolve d b y discussio n an d re -
ferenc e t o prio r  historica l  account s o f  Faraday' s experimentation .  Th e mos t 
frequen t  operator s wer e DO,  OBSERVE,  INFER ,  COMPARE an d US E ANALOGY. 

DO operator s wer e generall y followe d b y OBSERVE operators .  I n th e earl y 
portio n o f  th e record ,  non-D O operator s wer e muc h les s frequen t  tha n D O 
operators ,  al l  o f  whic h involv e som e for m o f  manipulatio n o f  physica l  entities ; 
i n late r  portions ,  Farada y sometime s use d ver y fe w D O operators .  A  "Proble m 
Behavio r  Graph, "  PBG,  fo r  th e firs t  tw o day s o f  th e recor d i s show n i n th e 
figure .  Eac h geometrica l  shap e correspond s t o a n operato r  locate d i n th e 
numbere d segmen t  printe d withi n th e shape .  Th e grap h explicitl y  show s onl y 
thos e operator s whic h culminat e a  sequenc e o f  manipulation s havin g som e sor t 
of  consequence ,  eithe r  a n observatio n (show n b y a  squar e box )  o r  som e othe r 
operato r  (show n b y a  circle) .  Tim e i s show n i n th e diagra m b y movemen t  eithe r 
rightwar d o r  downward .  Rightwar d movemen t  wa s use d wheneve r  a  ne w empirica l 
observatio n wa s made ;  downwar d movemen t  wa s use d i n al l  othe r  cases .  I f  a n 
observatio n wa s mad e whic h Farada y judge d t o b e spuriou s (eithe r  the n o r 
later) ,  the n th e tempora l  sequenc e wa s jumpe d backwar d t o th e las t  non-spuriou s 
observation ,  an d move d downwar d t o th e nex t  operator .  Thu s th e overal l  shap e 
of  th e grap h i s movin g rightward s whe n Farada y wa s learnin g ne w things ,  down -
ward s whe n h e wa s no t  observin g ne w things ,  an d backward s whe n h e wa s tempo -
raril y  "tricked "  int o believin g somethin g whic h late r  turne d ou t  t o b e false . 

Simila r  graph s wer e prepare d coverin g th e entir e sequenc e o f  experiments , 
and inspected .  Th e grap h move s rightwar d a t  a  generall y hig h rat e initially , 
at  a  lo w o r  zer o rat e durin g th e middle ,  rightward s agai n towar d th e en d o f 
th e series ,  an d straigh t  downwar d a t  th e ver y end .  ^er y littl e "branching " 
exists ;  thi s PB G i s fa r  les s "foliated "  tha n PBGs develope d fro m laborator y 
studie s o f  proble m solving .  I n general ,  Farada y doe s no t  loo k a s i f  h e wer e 
blindl y searchin g a  proble m space ,  graduall y tracin g a  pat h t o a  solutio n b y 
eliminatin g blin d alleys .  Instead ,  h e appear s t o hav e ha d \/er y littl e 
patienc e wit h unproductiv e results .  I f  a  particula r  se t  o f  manipulation s 
faile d t o produc e ne w result s yer y quickly ,  the n Farada y abandone d th e lin e o f 
inquir y an d turne d t o another .  Thi s appear s t o b e a  kin d o f  "workin g forward " 
generall y no t  observe d i n laborator y studie s o f  huma n proble m solving . 

Tweney (1985 )  argue d tha t  Faraday' s 183 1 researche s coul d b e understoo d 
as th e applicatio n o f  specifi c  script s applie d t o specifi c  schemat a an d guide d 
"i n th e large "  b y powerfu l  heuristic s tha t  regulate d searc h fo r  confirmator y 
and fo r  disconfirmator y results .  Th e presen t  analysi s extend s suc h a  vie w b y 
tyin g i t  t o lower-leve l  state s an d operators .  D O operator s reflec t 
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instantiation s o f  specifi c  scripts ;  durin g th e analyze d serie s ther e i s reaso n 
t o believ e tha t  Farada y i s i n th e proces s o f  developin g a  ne w script ,  "Produc e 
an induce d current, "  whic h figure d extensivel y i n hi s subsequen t  research . 
State s i n ou r  analysi s mos t  ofte n instantiat e perceptua l  information ,  bu t  o n a 
fe w occasion s represen t  instantiation s o f  a  slowl y developin g schem a concern -
in g th e natur e o f  force s a s field-lik e phenomena .  Faraday' s greates t 
theoretica l  contributio n t o scienc e i s implici t  here ,  sinc e h e i s generall y 
considere d t o hav e develope d th e firs t  trul y non-Newtonia n conceptio n o f  fiel d 
force s (Miller ,  1984 ;  Nersessian ,  1984) .  Goodin g (1985 )  argue d tha t  Farada y 
typicall y proceede d fro m fairl y loos e "construals "  t o tightl y define d scien -
tifi c  "concepts, "  vi a a  serie s o f  studie s tha t  culminate d i n clear-cut ,  simpl e 
demonstratio n experiments .  Th e presen t  analysi s display s suc h a  sequence . 

The mos t  strikin g implication s fo r  cognitiv e scienc e concer n th e differ -
ence s betwee n th e presen t  analysi s an d othe r  recen t  account s o f  science . 
Klah r  &  Dunba r  (i n press) ,  fo r  example ,  demonstrate d tha t  th e proces s o f  dis -
coverin g ho w a n electroni c devic e worke d coul d b e represente d a s a  dua l  searc h 
throug h tw o proble m spaces ,  a n hypothesi s spac e an d a n experimenta l  space . 
Such a  vie w i s inadequat e a s a  descriptio n o f  Faraday' s wor k becaus e i t  i s  no t 
helpfu l  t o constru e Farada y a s searchin g throug h a n experimenta l  an d a n hypoth -
esi s space ;  n o finit e lis t  o f  hypothese s o r  experiment s ca n captur e th e bound -
les s possibilitie s facin g hi m afte r  th e initia l  discover y i n 1831 .  Instead , 
Faraday' s activit y i s bette r  construe d a s a  multi-leve l  searc h i n whic h larg e 
number s o f  promisin g line s o f  exploratio n ar e abandone d i n favo r  o f  line s 
whic h coincid e wit h highe r  leve l  goal s (t o elaborat e a  field-lik e theor y o f 
force ,  say) .  I n contras t  t o Klah r  &  Dunbar' s problem ,  ther e i s no t  on e defin -
abl e goa l  stat e bu t  man y overlappin g goals . 

Langley ,  e t  al .  (1986 )  focu s upo n th e pursui t  o f  intermediat e goal s vi a 
selectiv e searc h o f  intermediat e situatio n trees .  Suc h a  representatio n 
prove s t o b e extremel y cumbersom e fo r  Faraday ,  however ,  becaus e on e need s t o 
postulat e a  ne w intermediat e tre e ever y fe w experiments .  I n effect ,  eac h ne w 
observatio n open s a  ne w situatio n tree .  We prefe r  a  schemati c approac h vi a 
th e redefine d notio n o f  goal ,  an d w e believ e tha t  suc h a n approac h hold s ou t 
more promis e fo r  th e successfu l  analysi s o f  th e kin d o f  scienc e whic h Farada y 
conducted . 

FOOTNOTE 

Presented at the Ninth Annual Conference of the Cognitive Science Society, 
Jul y 16-18 ,  1987 ,  Seattle ,  Washington .  Gratefu l  acknowledgemen t  i s mad e t o 
th e Facult y Researc h Committe e o f  Bowlin g Gree n Stat e Universit y fo r  it s 
suppor t  o f  thi s project ,  t o th e Roya l  Institutio n o f  Grea t  Britai n (London , 
England )  fo r  acces s t o archiva l  materials ,  t o Ren a Corbi n an d Ki m Schalle r  fo r 
assistanc e i n coding ,  an d t o Kari n G.  Huber t  fo r  assistanc e i n preparatio n o f 
graphica l  analyses . 
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Explanation-Base d Decisio n Makin g 

Nancy Pennington and Reid Hastie 

University of Chicago Northwestern University 

Abstract 

In complex decision tasks the decision maker frequently 
construct s a  summar y representatio n o f  th e relevan t  evidenc e i n 
th e for m o f  a  causa l  explanatio n an d relie s o n tha t 
representation ,  rathe r  tha n th e "raw "  evidenc e base ,  t o selec t  a 
cours e o f  actio n fro m a  choic e se t  o f  decisio n alternatives .  We 
introduc e a  genera l  mode l  fo r  thi s for m o f  decisio n making ,  calle d 
explanation-base d decisio n making ,  becaus e o f  th e centra l  rol e 
playe d b y th e intervenin g evidenc e summary .  Severa l  origina l 
empirica l  studie s o f  judicia l  decisio n making ,  a  prototyp e o f  th e 
clas s o f  explanation-base d decisio n tasks ,  ar e reviewe d an d th e 
finding s ar e adduce d i n suppor t  o f  th e explanation-base d decisio n 
model .  I n lega l  decisio n makin g task s subject s spontaneousl y 
construc t  evidenc e summarie s i n th e for m o f  storie s comprisin g th e 
perceive d underlyin g causa l  relationship s amon g decisio n relevan t 
events .  Thes e explanation s ar e primar y mediator s (i.e. ,  causes ) 
of  th e subjects '  decisions . 

Many important decisions in engineering, medical, legal, policy, and 
diplomati c domain s ar e mad e unde r  condition s wher e a  larg e bas e o f 
implication-rich ,  conditionally-dependen t  piece s o f  evidenc e mus t  b e 
evaluate d a s a  preliminar y t o choosin g a n alternativ e fro m a  se t  o f 
prospectiv e course s o f  action .  We propos e tha t  a  genera l  mode l  o f 
explanation-base d decisio n makin g describe s behavio r  unde r  thes e condition s 
(Penningto n &  Hastie ,  1986) .  Accordin g t o th e explanation-base d decisio n 
model ,  decisio n maker s begi n thei r  decisio n proces s b y constructin g a  causa l 
model  t o explai n th e availabl e facts .  Concommitan t  wit h o r  subsequen t  t o 
th e constructio n o f  a  causa l  mode l  o f  th e evidence ,  th e decisio n make r  i s 
engage d i n a  separat e activit y t o lear n o r  creat e a  se t  o f  alternative s fro m 
whic h a n actio n wil l  b e chosen .  A  decisio n i s mad e whe n th e causa l  mode l  o f 
th e evidenc e i s successfull y matche d t o a n altenativ e i n th e choic e set . 
The thre e processin g stage s i n th e explanation-base d decisio n mode l  ar e 
shown i n Figur e 1 . 

The distinctiv e assumptio n i n ou r  explanation-base d approac h t o 
decisio n makin g i s th e hypothesi s tha t  decisio n maker s construc t  a n 
intermediat e summar y representatio n o f  th e evidenc e an d tha t  thi s 
representation ,  rathe r  tha n th e origina l  "raw "  evidence ,  i s th e basi s o f  th e 
fina l  decision .  Interpositio n o f  thi s organizatio n facilitate s evidenc e 
comprehension ,  direct s inferencing ,  enable s th e decisio n make r  t o reac h a 
decision ,  an d determine s th e confidenc e assigne d t o th e accurac y o r  succes s 
of  th e decision .  Thi s mean s tha t  th e locu s o f  theoretica l  account s fo r 
difference s i n decision s rendere d b y differen t  individuals ,  systemati c 
biase s share d b y man y individuals ,  an d th e effect s o f  mos t  variation s i n 
decisio n tas k characteristic s wil l  usuall y li e i n th e evidenc e evaluatio n 
stag e o f  th e decisio n process . 
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Figur e 1 
Overvie w o f  th e Processin g Stage s o f  th e Explanation-base d Mode l 

The structure of the causal model constructed to explain the evidence 
wil l  b e specifi c  t o th e decisio n domain .  Fo r  example ,  w e hav e propose d tha t 
a juro r  use s narrativ e stor y structure s t o organiz e an d interpre t  evidenc e 
i n crimina l  trials .  Differen t  causa l  rule s an d structure s wil l  underli e a n 
internist' s  causa l  mode l  o f  a  patient' s conditio n an d it s precedent s (Pople , 
1982) ,  a n engineer' s menta l  mode l  o f  a n electrica l  circui t  (d e Klee r  & 
Brown ,  1983) ,  a  merchant' s imag e o f  th e economi c factor s i n a  resor t  tow n 
(Hogarth ,  Michaud ,  &  Mery ,  1980) .  o r  a  diplomat' s causa l  ma p o f  th e 
politica l  force s i n th e Middl e Eas t  (Axelrod ,  1976) .  Thus ,  a  primar y tas k 
i n researc h o n explanation-base d decisio n makin g i s th e identificatio n o f 
th e typ e o f  intermediat e summar y structur e tha t  i s impose d on *  evidenc e b y 
decisio n maker s i n a  specifi c  domai n o f  decisio n making .  Thi s i s i n 
contras t  wit h earlie r  process-oriente d calculationa l  model s wher e th e 
theoretica l  focu s wa s o n attentiona l  processe s an d th e computation s whereb y 
separat e source s o f  informatio n wer e integrate d int o a  unitar y valu e o r 
utilit y  (Anderson ,  1981 ;  Edwards ,  1954 ;  Kahneraa n &  Tversky ,  1979) . 

Explanation-based Decision Making in Judicial Decisions 
I n th e presen t  pape r  w e concentrat e o n th e exampl e o f  juro r  decisio n 

making .  Th e juror' s decisio n tas k i s a  prototyp e o f  th e task s t o whic h th e 
explanation-base d mode l  shoul d apply :  First ,  a  massiv e "database "  o f 
evidenc e i s inpu t  a t  trial ,  frequentl y requirin g severa l  day s t o present . 
Second ,  th e evidenc e come s i n a  scramble d sequence ,  usuall y severa l 
witnesse s an d exhibit s conve y piece s o f  a  historica l  puzzl e i n a  jumble d 
tempora l  sequence .  Third ,  th e evidenc e i s piecemea l  an d gapp y i n it s 
depictio n o f  th e historica l  event s tha t  ar e th e focu s o f  reconstruction : 
even t  description s ar e incomplete ,  usuall y som e critica l  event s wer e no t 
observe d b y th e availabl e witnesses ,  an d informatio n abou t  persona l 
reaction s an d motivation s i s no t  presente d (ofte n becaus e o f  th e rule s o f 
evidence) .  Finally ,  subpart s o f  th e evidenc e (e.g. ,  individua l  sentence s o r 
statements )  ar e interdependen t  i n thei r  probativ e implication s fo r  th e 
verdict .  Th e meanin g o f  onc e statemen t  canno t  b e assesse d i n isolatio n 
bacaus e i t  depend s o n th e meaning s o f  severa l  relate d statements . 

Evidenc e Summary .  Empirica l  researc h ha s demonstrate d tha t  th e juror' s 
"explanation "  o f  lega l  evidenc e take s th e for m o f  a  "story "  i n whic h causa l 
and intentiona l  relation s amon g event s ar e prominen t  (Bennet t  &  Feldman , 
1981 ;  Hutchins ,  1980 ;  Pennington ,  1981 ;  Penningto n &  Hastie ,  1986) .  Th e 
stor y i s constructe d fro m informatio n explicitl y  presente d a t  tria l  an d 
knowledg e possesse d b y th e juror .  Tw o kind s o f  knowledg e ar e critical : 
(a )  expectation s abou t  wha t  make s a  complet e stor y an d (b )  knowledg e abou t 
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event s simila r  i n conten t  t o thos e tha t  ar e th e topi c o f  dispute . 
Genera l  knowledg e abou t  th e structur e o f  huma n purposiv e actio n 

sequences ,  characterize d a s a n episod e schema ,  serve s t o organiz e event s 
accordin g t o th e causa l  an d intentiona l  relation s amon g the m a s perceive d b y 
th e juror .  A n episod e schem a specifie s tha t  a  stor y shoul d contai n 
initiatin g events .  goals ,  actions ,  consequences ,  an d accompanyin g states ,  i n 
a particula r  causa l  configuratio n (Handler ,  1980 ;  Penningto n &  Hastie ,  1986 ; 
Rumelhart ,  1977 ;  Stei n &  Glenn ,  1979 ;  Trabass o &  va n de n Broek ,  1985) .  Eac h 
componen t  o f  a n episod e ma y consis t  o f  a n episod e s o tha t  th e stor y th e 
juro r  construct s ca n b e represente d a s a  hierarch y o f  embedde d episodes . 
The highes t  leve l  episod e characterize s th e mos t  importan t  feature s o f  "wha t 
happened. "  Component s o f  th e highes t  leve l  episod e ar e elaborate d i n term s 
of  mor e detaile d even t  sequence s i n whic h causa l  an d intentiona l  relation s 
among subordinat e stor y event s ar e represented .  Expectation s abou t  th e 
kind s o f  informatio n necessar y t o mak e a  stor y tel l  th e juro r  whe n importan t 
piece s o f  th e explanatio n structur e ar e missin g an d whe n inference s mus t  b e 
made.  Knowledg e abou t  th e structur e o f  storie s allow s th e juro r  t o for m a n 
opinio n concernin g th e completenes s o f  th e evidence ,  th e exten t  t o whic h a 
stor y ha s al l  it s  parts . 

More tha n on e stor y ma y b e constructe d b y th e juror ,  howeve r  on e stor y 
wil l  ususall y b e accepte d a s mor e coheren t  tha n th e others .  Coherenc e 
combine s judgment s o f  completeness ,  consistency ,  an d plausibility . 
Consistenc y concern s th e exten t  t o whic h th e stor y doe s no t  contai n 
contradiction s an d th e plausibilit y  o f  alternativ e storie s ma y b e assesse d 
by comparin g stor y sequence s t o know n o r  imagine d event s i n th e rea l  world . 
I f  mor e tha n on e stor y i s judge d t o b e coherent ,  the n th e stor y wil l  lac k 
uniquenes s an d grea t  uncertaint y wil l  result .  I f  ther e i s on e coheren t 
story ,  thi s stor y wil l  b e accepte d a s th e explanatio n o f  th e evidenc e an d 
wil l  b e instrumenta l  i n reachin g a  decision . 

Choic e Set .  Th e decisio n maker' s secon d majo r  tas k i s t o lear n o r  t o 
creat e a  se t  o f  potentia l  solution s o r  actio n alternative s tha t  constitut e 
th e choic e set .  I n som e decisio n task s th e potentia l  action s ar e give n t o 
th e decisio n make r  (instruction s fro m th e tria l  judg e o n verdic t 
alternatives )  o r  know n beforehan d (treatmen t  option s availabl e t o a 
physician) .  I n others ,  creatio n o f  alternative s i s a  majo r  activit y o f  th e 
decisio n make r  (fo r  example ,  draftin g alternat e regulation s fo r  industria l 
wast e disposal ,  plannin g alternat e marketin g strategies ,  o r  negotiatin g 
alternat e acceptabl e trad e contracts) .  Thes e solutio n desig n task s may 
invok e thei r  ow n (embedded )  decisio n tasks . 

I n crimina l  trial s th e informatio n fo r  thi s processin g stag e i s give n 
t o juror s a t  th e en d o f  th e tria l  i n th e judge' s instruction s o n th e law . 
The proces s o f  learnin g th e verdic t  categorie s i s a  one-tria l  learnin g tas k 
i n whic h th e materia l  t o b e learne d i s ver y abstract .  Interferenc e may 
occu r  fro m jurors '  prio r  knowledg e o f  concept s suc h a s firs t  degre e murder , 
manslaughter ,  arme d robbery ,  etc .  Th e juro r  attempt s t o lear n th e definin g 
feature s (element s o f  th e crime )  o f  eac h verdic t  alternativ e an d a  decisio n 
rul e specifyin g thei r  appropriat e combination .  We hypothesiz e tha t  th e 
conceptua l  uni t  i s  a  categor y (frame )  define d b y a  lis t  o f  criteria l 
feature s referrin g t o identity ,  menta l  state ,  circumstances ,  an d action s 
linke d conjunctivel y o r  disjunctivel y t o th e verdic t  alternativ e (Kaplan , 
1978 ;  Penningto n &  Hastie ,  1981) . 

Matc h Process .  Th e fina l  stag e i n th e globa l  decisio n proces s involve s 
matchin g solutio n alternative s t o th e summar y evidenc e representatio n t o 
fin d th e mos t  successfu l  pairing .  Confidenc e i n th e fina l  decisio n wil l  b e 
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partl y determine d b y th e goodness-of-fl t  o f  th e evidence-solutio n pairin g 
selecte d an d th e uniquenes s o f  th e winnin g combinatio n whe n compare d t o 
alternativ e pairings .  Becaus e verdic t  categorie s ar e unfamilia r  concepts , 
th e classificatio n o f  a  stor y int o a n appropriat e verdic t  categor y i s likel y 
t o b e a  deliberat e process .  Fo r  example ,  a  juro r  ma y hav e t o decid e whethe r 
a circumstanc e i n th e stor y suc h a s "pinne d agains t  a  wall "  constitute s a 
good matc h t o a  require d circumstance ,  "unabl e t o escape, "  fo r  a  verdic t  o f 
Not  Guilt y b y Reaso n o f  Sel f  Defense . 

The classificatio n proces s i s aide d b y relativel y direc t  relation s 
betwee n attribute s o f  th e decisio n categorie s an d th e component s o f  th e 
episod e schema .  Th e crimina l  la w ha s evolve d s o tha t  th e mai n attribute s 
of  th e decisio n categorie s suggeste d b y lega l  expert s (Kaplan ,  1978)- -
identify ,  menta l  state ,  circumstances ,  an d action s - -  correspon d closel y t o 
th e centra l  feature s o f  huma n actio n sequence s represente d a s episodes- -
initiatin g events ,  goals ,  actions ,  an d accompanyin g states . 

The stor y classificatio n stag e als o involve s th e applicatio n o f  th e 
judge' s procedura l  instruction s o n th e presumptio n o f  innocenc e an d th e 
standar d o f  proof .  Tha t  is ,  i f  no t  al l  o f  th e verdic t  attribute s fo r  a 
give n verdic t  categor y ar e satisfie d "beyon d a  reasonabl e doubt, "  b y event s 
i n th e accepte d story ,  the n th e juro r  shoul d presum e innocenc e an d retur n a 
defaul t  verdic t  o f  no t  guilty . 

Confidenc e i n Decisions .  Severa l  aspect s o f  th e decisio n proces s 
influenc e th e juror' s leve l  o f  certaint y abou t  th e fina l  decision .  First , 
th e accepte d stor y i s judge d t o b e th e mos t  coheren t  bu t  th e leve l  o f 
coherenc e wil l  affec t  confidence .  Thus ,  i f  th e stor y lack s completeness , 
consistency ,  o r  plausibility ,  confidenc e i n th e stor y an d therefor e i n th e 
verdic t  wil l  b e diminished .  Second ,  i f  a  stor y lack s uniqueness ,  tha t  is , 
ther e i s mor e tha n on e coheren t  story ,  the n certaint y concernin g th e 
accurac y o f  an y on e explanatio n wil l  b e lowere d (Einhor n &  Hogarth ,  1986) . 
Finally ,  th e poodness-of-fi t  betwee n th e accepte d stor y an d th e best-fittin g 
verdic t  categor y wil l  influenc e confidenc e i n th e verdic t  decision . 
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I n summary ,  ou r  applicatio n o f  th e genera l  explanation-base d decisio n 
model  t o lega l  decision s i s base d o n th e hypothesi s tha t  juror s impos e a 
narrativ e stor y organizatio n o n tria l  information ,  i n whic h causa l  an d 
intentiona l  relation s betwee n event s ar e centra l  (Bennet t  &  Feldman ,  1981 ; 
Pennington ,  1981 ;  Penningto n &  Hastie ,  1986) .  Meanin g i s assigne d t o tria l 
evidenc e throug h th e incorporatio n o f  tha t  evidenc e int o on e o r  mor e 
plausibl e account s o r  storie s describin g "wha t  happened "  durin g event s 
testifie d t o a t  th e trial .  Th e stor y organizatio n facilitate s evidenc e 
comprehensio n an d enable s juror s t o reac h a  predeliberatio n verdic t 
decision .  We cal l  ou r  applicatio n Th e Stor y Mode l  becaus e o f  th e centra l 
rol e playe d b y narrative ,  story-lik e evidenc e summarie s i n th e decisio n 
process .  Th e Stor y Mode l  include s thre e components :  (a )  evidenc e 
evaluatio n throug h stor y construction ,  (b )  representatio n o f  th e decisio n 
alternative s b y learnin g verdic t  categor y attributes ,  an d (c )  reachin g a 
decisio n throug h th e classificatio n o f  th e stor y int o th e bes t  fittin g 
verdic t  categor y (se e Figur e 2 ) . 

Previous Research 
Our  previou s researc h o n th e Stor y Mode l  provide d description s o f 

menta l  representation s o f  evidentiar y informatio n an d verdic t  informatio n a t 
one poin t  i n tim e durin g th e decisio n proces s (Penningto n &  Hastie ,  1986) . 
I n tha t  researc h w e establishe d tha t  th e evidenc e summarie s constructe d b y 
juror s ha d stor y structur e (an d no t  othe r  plausibl e structures) ;  verdic t 
representation s looke d lik e featur e list s (o r  simpl e frames) ;  an d tha t 
juror s wh o chos e differen t  verdict s ha d constructe d differen t  storie s suc h 
tha t  ther e wa s a  distinc t  causa l  configuratio n o f  event s tha t  constitute d a 
stor y correspondin g t o eac h verdic t  category .  Moreover ,  juror s choosin g 
differen t  verdict s di d no t  hav e systematicall y differen t  verdic t 
representations ,  no r  di d the y appl y differen t  classificatio n criteria .  Thu s 
verdic t  decision s covar y wit h stor y structure s bu t  d o no t  covar y wit h 
verdic t  learnin g o r  stor y classification .  However ,  th e intervie w metho d 
use d i n thi s researc h preclude d stron g inference s concernin g th e spontaneit y 
of  stor y constructio n th e functiona l  rol e o f  storie s i n th e decisio n phase . 

I n a  secon d empirica l  stud y w e establishe d tha t  decisio n maker s 
spontaneousl y constructe d causa l  account s o f  th e evidenc e i n th e lega l 
decisio n tas k (Penningto n &  Hastie ,  1987) .  I n thi s study ,  subjects ' 
response s t o sentence s presente d i n a  recognitio n memor y tas k wer e use d t o 
dra w conclusion s abou t  subjects '  post-decisio n representation s o f  evidence . 
Subject s wer e expecte d t o "recognize "  a s havin g bee n presente d a s tria l 
evidenc e sentence s fro m th e stor y associate d wit h thei r  decision ,  wit h a 
highe r  probabilit y  tha n t o recogniz e sentence s fro m storie s associate d wit h 
othe r  (rejected )  decisions .  Thi s implie s tha t  hi t  rate s (correc t 
recognitions )  an d fals e alar m rate s (fals e recognitions )  fo r  sentence s fro m 
eac h stor y ca n b e predicte d fro m subjects '  verdicts .  Thes e prediction s wer e 
confirmed ;  verdic t  decision s predicte d th e hig h hi t  an d fals e alar m rate s 
foun d fo r  sentence s i n th e subjects '  stories .  Thus ,  a  differen t  method , 
subjec t  population ,  an d stimulu s material s yielde d result s convergin g wit h 
th e intervie w stud y conclusion s abou t  th e correlatio n betwee n memor y 
structur e an d decisio n outcome .  Eve n thoug h w e ca n conclud e tha t  stor y 
representation s wer e constructe d spontaneously ,  th e causa l  rol e o f  storie s 
i n decision s i s stil l  no t  establishe d becaus e subject s coul d decid e o n a 
verdic t  an d the n (spontaneously )  justif y i t  t o themselve s b y constructin g a 
coheren t  story . 
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The Effec t  o f  Evidenc e Structur e o n Decision s 
An experimen t  wa s conducte d t o stud y th e effect s o f  variation s i n th e 

orde r  o f  evidenc e presentatio n o n judgments .  Ou r  primar y goa l  wa s t o tes t 
th e clai m tha t  th e constructio n o f  storie s i n evidenc e evaluatio n cause s 
decisions .  A  secondar y goa l  wa s t o determin e whethe r  stor y coherenc e an d 
uniquenes s influenc e judgment s o f  confidenc e i n th e correctnes s o f  verdicts . 

We use d lega l  cas e material s base d o n th e transcrip t  o f  a n actua l  murde r 
trial ,  title d Commonwealt h v .  Johnson ,  an d varie d pres«itatio n orde r  t o 
influenc e th e eas e wit h whic h a  prosecutio n (Firs t  Degre e Murder )  o r  defens e 
(No t  Guilt y b y Reaso n o f  Sel f  Defense )  stor y coul d b e constructe d (se e 
Penningto n &  Hastie ,  198 6 fo r  a  summar y o f  th e trial) .  Th e "logic "  o f  th e 
experimen t  wa s siommarize d i n ou r  hypothesi s tha t  (manipulated )  eas e o f  stor y 
constructio n woul d influenc e verdic t  decisions ;  easy-to-construc t  storie s 
woul d resul t  i n mor e decision s i n favo r  o f  th e correspondin g verdicts . 

Storie s wer e considere d eas y t o construc t  whe n th e evidenc e wa s ordere d 
i n a  tempora l  an d causa l  sequenc e tha t  matche d th e occurrenc e o f  th e 
origina l  event s (Stor y Order ;  Baker ,  1978) .  Storie s wer e considere d 
difficul t  t o construc t  whe n th e presentatio n orde r  di d no t  matc h th e 
sequenc e o f  th e origina l  events .  We base d th e non-stor y orde r  o n th e 
sequenc e o f  evidenc e a s conveye d b y witnesse s i n th e origina l  tria l  (Witnes s 
Order) .  One-hundre d an d thirt y colleg e studen t  mock-juror s listene d t o a 
tap e recordin g o f  a  100-sentenc e summar y o f  th e tria l  evidenc e (5 0 
prosecutio n statement s an d 5 0 defens e statements) ,  followe d b y a  judge' s 
charg e t o choos e betwee n a  Murde r  verdic t  an d a  No t  Guilt y verdict .  Th e 5 0 
prosecutio n statements ,  constitutin g th e Firs t  Degre e Murde r  stor y 
identifie d i n ou r  initia l  intervie w stud y (Penningto n 6e Hastie ,  1986) ,  wer e 
presente d eithe r  i n a  Stor y Orde r  o r  a  Witnes s Order .  Similarly ,  th e 
defens e statements ,  th e No t  Guilt y story ,  wer e presente d i n on e o f  th e tw o 
order s creatin g a  four-cel l  factoria l  design .  I n al l  fou r  orde r  condition s 
th e prosecutio n evidenc e precede d th e defens e evidenc e a s pe r  standar d lega l 
procedure .  Afte r  listenin g t o th e tap e recorde d tria l  materials ,  th e 
subject s complete d a  questionnair e indicatin g thei r  verdict ,  confidenc e i n 
th e verdict ,  an d thei r  perception s o f  th e strength s o f  th e prosecutio n an d 
defens e cases . 

As predicted ,  subject s wer e likelies t  t o convic t  th e defendan t  whe n th e 
prosecutio n evidenc e wa s presente d i n Stor y Orde r  an d th e defens e evidenc e 
was presente d i n Witnes s Orde r  (78 % chos e guilty )  an d the y wer e leas t  likel y 
t o convic t  whe n th e prosectio n evidenc e wa s i n Witnes s Orde r  an d defens e wa s 
i n Stor y Orde r  (31 % chos e guilty ,  se e Tabl e 1 ) .  Convictio n rate s wer e 
intermediat e i n condition s wher e bot h side s o f  th e cas e wer e i n Stor y Orde r 
(59 % convictions )  o r  bot h wer e i n Witnes s Orde r  (63 % convictions) . 
Statistically ,  th e bes t  summar y o f  th e effect s o f  evidenc e orde r  o n verdic t 
choic e wa s tw o mai n effects ,  on e fo r  defens e sid e orde r  (Stor y versu s 
Witness )  an d on e fo r  prosecutio n sid e orde r  (log-linea r  mode l  analysis ,  chi -
square d "badness-of-fit "  statisti c ( 2 df )  =  .42 ,  p  >  .80 . 

Analyse s wer e conducte d o n th e rating s o f  strengt h o f  th e defens e an d 
prosecutio n case s an d thes e rating s wer e influence d b y presentatio n order , 
wit h Stor y Orde r  evidenc e rate d a s stronge r  tha n Witnes s Order . 
Furthermore ,  th e perceive d strengt h o f  on e sid e o f  th e cas e depende d o n bot h 
th e orde r  o f  evidenc e fo r  tha t  sid e an d fo r  th e othe r  sid e o f  th e case . 
Thi s findin g support s ou r  clai m tha t  th e uniquenes s o f  th e best-fittin g 
stor y i s on e importan t  basi s fo r  confidenc e i n th e decision .  We als o 
examine d th e verdic t  confidenc e rating s an d foun d that ,  regardles s o f 
verdic t  chosen ,  juror s wh o hear d bot h side s o f  th e cas e i n Stor y Orde r  wer e 
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verdic t  chosen ,  juror s wh o hear d bot h side s o f  th e cas e i n Stor y Orde r  wer e 
more confiden t  tha n juror s wh o hear d on e o r  neithe r  sid e i n Stor y Order . 
Thi s resul t  reinforce s ou r  conclusio n tha t  alternat e stor y strengt h i s 
important ,  althoug h th e findin g wa s no t  predicted . 

Defens e Cas e Presente d I n 

S T O RY F O R M W I T N E S S F O R M 

S T O RY F O R M 5 9 % 7 8 % 

Prosecutio n Cas e 
Presente d I n 

W I T N E SS F O R M 3 1 % 6 3 % 

Tabl e 1 
Percentage s o f  Subject s Choosin g th e "Guilty "  Verdic t 

Conclusions 
We hav e introduce d a  mode l  o f  decisio n makin g tha t  describe s huma n 

behavio r  i n task s wher e a  large ,  implication-rich ,  conditionally-dependen t 
se t  o f  proposition s constitut e a n evidenc e bas e fo r  selectio n o f  a n optio n 
fro m a  limite d se t  o f  decisio n alternatives .  We propos e tha t  considerabl e 
processin g occur s t o understan d th e evidenc e bas e b y constructin g a  summar y 
explanatio n o r  causa l  mode l  o f  th e decision-relevan t  facts ,  assumptions ,  an d 
premises .  Onc e a  satisfactor y explanatio n ha s bee n constructed ,  th e 
decisio n make r  attempt s t o selec t  a n optio n b y matchin g feature s o f  th e 
summary explanatio n t o correspondin g characteristic s o f  solution s o r  course s 
of  actio n i n th e decisio n set . 

The decisio n proces s i s divide d int o thre e stages :  constructio n o f  a 
suimnar y explanation ;  determinatio n o f  decisio n alternatives ;  mappin g th e 
explanatio n ont o a  best-fittin g decisio n alternative .  Thi s subtas k 
framewor k i s i n contras t  t o th e unifor m on-lin e updatin g computatio n o r  th e 
unitar y memory-base d calculatio n hypothesize d i n mos t  alternativ e approache s 
(cf .  Hasti e &  Park ,  1986) .  Furthermore ,  w e diverg e sharpl y fro m traditiona l 
approache s wit h ou r  emphasi s o n th e structur e o f  memor y representation s a s 
th e ke y determinan t  o f  decisions .  We als o depar t  fro m th e common assumptio n 
that ,  whe n causa l  reasonin g i s involve d i n judgment ,  i t  ca n b e describe d b y 
algebraic ,  stochastic ,  o r  logica l  computation s tha t  lea d directl y t o a 
decisio n (e.g. ,  Anderson ,  1974 ;  Einhor n &  Hogarth ,  1985 ;  Kelley .  1973) .  I n 
our  mode l  causa l  reasonin g play s a  subordinat e bu t  critica l  rol e b y guidin g 
inference s i n evidenc e evaluatio n an d constructio n o f  th e intermediat e 
explanation . 
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Abstract 

This paper describes our model for diagnosis of student errors in statistical problem-

solving .  A  simulatio n o f  tha t  diagnosis ,  G I D E ,  i s  presente d togethe r  wit h empirica l 

validatio n o n studen t  solutions .  Th e mode l  consist s o f  tw o components .  A n "intention -

based "  diagnosti c componen t  analyze s solution s an d locate s error s b y tryin g t o synthesiz e 

studen t  solution s fro m knowledg e abou t  th e goa l  structur e o f  th e proble m an d relate d 

knowledg e abou t  plannin g errors .  Thi s approac h ca n accoun t  fo r  abou t  8 2 % o f  th e line s 

and ove r  9 5 % o f  th e goal s i n a  se t  o f  6 0 studen t  t-tests .  W h e n solution s contai n error s i n 

procedura l  implementatio n suc h plan-base d analysi s i s  quit e effective .  I n m a n y cases , 

however ,  student s d o no t  pursu e a n "appropriate "  solutio n path .  T h e diagnosti c model , 

therefore ,  include s a  secon d componen t  whic h i s  use d t o determin e whic h typ e o f  proble m 

th e studen t  i s  using ,  i t  i s  modele d b y a  spreadin g activatio n networ k o f  statistica l  knowledge . 

On a  sampl e o f  3 8 studen t  solutions ,  th e simulatio n correctl y identifie d 8 6 % o f  th e proble m 

types .  Th e mode l  appear s t o accoun t  fo r  a  wid e rang e o f  problem-solvin g behavio r  withi n 

th e domai n studied .  T h e preliminar y performanc e dat a sugges t  tha t  ou r  mode l  ma y serv e a s 

a usefu l  par t  o f  a n intelligen t  tutorin g system . 

In t roduc t io n 

An important part of problem-solving is the ability to detect and explain errors in proposed 

solutions .  Suc h "diagnostic "  abilit y ha s gaine d particula r  prominenc e fro m attempt s t o analyz e fault y 

problem-solvin g durin g nuclea r  powe r  plan t  failures .  However ,  a  simila r  typ e o f  skil l  constitute s a n 

importan t  par t  o f  th e dail y activit y i n almos t  an y classroom .  I n bot h settings ,  th e assumptio n i s  tha t 

we ca n lear n b y ou r  failures . 

Although the behavior is common, it is not simple. Diagnosis includes a wide range of general 

strategie s an d domai n specifi c  behaviors .  I n thi s paper ,  w e repor t  ou r  initia l  attempt s t o analyz e on e 

common typ e o f  instructiona l  diagnosis :  locatin g an d explainin g error s i n solution s t o statistic s 

problems . 
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SEBRECHTS &  SCHOOLER -  DIAGNOSIN G STATISTICA L ERRORS 

We will first describe the general principles that guide our conception of the task. They are 

base d o n bot h ou r  informa l  analysi s o f  exper t  protocol s i n statistic s an d o n reporte d strategie s i n th e 

literature .  Thes e principle s the n serv e a s th e basi s fo r  ou r  mode l  o f  diagnosis .  Tha t  mode l  i s mad e 

explici t  i n a  simulation .  Finally ,  w e repor t  test s o f  ou r  mode l  o n dat a collecte d fro m students . 

Thes e analyse s ar e mean t  t o provid e a  tes t  o f  sufficienc y only .  Additiona l  dat a wil l  b e neede d t o 

verif y a  mor e detaile d mappin g betwee n th e "process "  o f  ou r  implementatio n an d tha t  o f  experts . 

General Principles 

Before describing the diagnostic system, it should be noted that "diagnosis" covers a wide range 

of  problems .  It s mos t  familia r  us e i s i n medicine ,  an d substantia l  advance s hav e bee n mad e i n 

developin g a  mode l  o f  medica l  diagnosi s (Clancey .  1985 :  Clance y an d Lestinger ,  1984 :  Shortliffe , 

1976) .  Althoug h thi s researc h borrow s heavil y fro m th e medica l  domain ,  th e "diagnostic "  goal s ar e 

rathe r  different .  I n medicine ,  diagnosi s i s use d t o determin e th e underlyin g caus e o f  a  se t  o f 

symptoms .  I n th e cas e o f  statistic s (o r  othe r  situation s wher e w e ar e tryin g t o instruc t  th e student) , 

th e ultimat e diagnosti c goa l  i s  no t  onl y t o understan d th e sourc e o f  th e erro r  i n th e solution ,  bu t  t o 

specif y th e sourc e o f  th e erro r  wiif i  rexpcc l  l o ilt e sludenl' s conceptio n o f  ih c problem . 

O ur  mode l  o f  thi s typ e o f  diagnosi s i s guide d b y a  serie s o f  genera l  principle s abou t  th e natur e 

of  errors .  First ,  i t  i s  recognize d tha t  error s i n problem-solvin g ar e frequentl y systemati c rathe r  tha n 

random .  Eve n fo r  a n apparentl y simpl e domai n suc h a s subtraction ,  ther e ar e larg e number s o f 

potentia l  systemati c errors .  Frien d an d Burto n (1981) ,  fo r  example ,  liste d 11 0 primitive "  subtractio n 

error s whic h ca n lea d t o a  muc h large r  numbe r  o f  compoun d error s (Brow n &  Burton ,  1978 ; 

Burton ,  1982) .  Treatin g erro r  diagnosi s a s a  proble m o f  detectin g misdirecte d systematicit y make s i t 

possibl e t o develo p usefu l  strategie s fo r  isolatin g an d correctin g th e mistakes .  Th e mode l  o f  th e 

exper t  diagnosticia n mus t  therefor e includ e systemati c deviation s fro m correc t  procedure s a s par t  o f  it s 

knowledg e base . 

Second ,  a n erro r  is ,  a t  leas t  i n part ,  generate d b y it s context .  I t  i s  ofte n difficul t  t o sa y 

whethe r  o r  no t  a  particula r  actio n wa s appropriat e o r  inappropriat e withou t  knowin g th e reaso n fo r  it s 

inclusion .  Th e prototyp e cas e fo r  suc h reasonin g i s programming .  Ther e ar e a n infinit e numbe r  o f 

syntacticall y correc t  step s tha t  ar e possibl e i n eve n a  moderatel y comple x program .  However ,  th e 

number  o f  legitimat e step s fo r  a  particula r  progra m ar e fa r  mor e constrained . 

I n th e mor e genera l  cas e o f  problem-solving ,  i t  i s  ofte n difficul t  t o judg e th e correctnes s o f  a 

componen t  procedur e i n isolation .  I t  i s  therefor e necessar y t o embe d knowledg e o f  error s withi n a 

contex t  tha t  characterize s th e norma l  structur e o f  proble m solutions :  an d th e knowledg e o f  th e 

diagnosticia n mus t  someho w captur e tha t  embedde d structure .  Belo w i t  i s  argue d tha t  suc h a  contex t 

must  includ e a  proble m descriptio n an d associate d goa l  structur e i n orde r  t o captur e th e "intention "  o f 

th e student . 
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The third general principle is closely related to the second: solution strategies share many 

concept s i n c o m m o n .  Thi s mean s tha t  solutio n component s ca n b e viewe d a s par t  o f  comple x 

heterarchy .  Detectin g individua l  concept s o r  formula e wil l  no t  b e sufficien t  t o analyz e a  solution . 

Wit h respec t  t o ou r  model ,  thi s principl e argue s fo r  a  proces s o f  searc h tha t  i s goa l  an d pla n 

directed .  I t  i s  th e goal/pla n structur e tha t  disambiguate s th e rol e o f  a  procedure .  I t  i s  importan t  t o 

recogniz e tha t  thi s mode l  attempt s t o captur e "diagnosis "  b y a n instructor ;  tha t  proces s nee d not ,  an d 

usuall y doe s not ,  mimi c studen t  proble m solving .  Ther e i s evidenc e tha t  a n explici t  pla n structur e 

can improv e students '  performanc e i n programmin g (Miller ,  1978) ,  bu t  tha t  dat a actuall y suggest s tha t 

student s d o no t  usuall y follo w suc h systemati c plannin g i n thei r  unconstraine d problem-solving . 

The Intention-Based Approach 

These principles concerning the relationship of a knowledge base and error diagnosis served as 

th e basi s fo r  ou r  mode l  o f  diagnosi s i n statistic s (Sebrechts ,  Schoole r  &  LaClaire ,  1986 ;  Sebrechts , 

LaClaire ,  Schoole r  &  Soloway ,  1986) .  Thi s portio n o f  th e mode l  i s base d o n a  strateg y develope d b y 

Johnso n an d Solowa y (1985 )  i n th e real m o f  programmin g ( P R O U S T ) .  Thi s approac h i s calle d 

"intention-based "  diagnosis ,  sinc e i t  use s a  goa l  structur e tha t  represent s th e proble m th e studen t 

apparentl y "intended "  t o solve .  I n thi s approac h a  proble m i s describe d i n term s o f  a  serie s o f 

necessar y an d sufficien t  goals .  Th e goal s i n tur n hav e a  variet y o f  pla n implementations ,  bot h correc t 

and "buggy "  tha t  ca n b e use d t o describ e th e student' s solution .  Th e instructors '  knowledg e i s thu s 

describe d a s consistin g o f  knowledg e abou t  th e domai n an d knowledg e abou t  c o m m o n errors .  I n 

addition ,  error s ar e though t  t o b e understoo d withi n a  contex t  o f  goal s an d plans .  A  statement' s 

"meaning "  i s determine d relativ e t o th e broade r  solutio n context . 

The simulatio n fo r  statistics ,  calle d G I D E ,  analyze s a  solutio n b y attemptin g t o describ e h o w th e 

studen t  solutio n matches ,  o r  fail s  t o match ,  som e realizatio n o f  a n intende d solution .  Th e procedur e 

consist s o f  analysis-by-synthesis :  a n attemp t  i s mad e t o analyz e a  solutio n b y buildin g a  plausibl e 

descriptio n o f  ho w tha t  solutio n satisfie s th e goal s define d b y th e problem . 

For  eac h problem ,  G I D E ha s a  proble m descriptio n tha t  indicate s thos e goal s tha t  mus t  b e 

satisfie d b y an y correc t  solution .  G I D E attempt s t o find  som e satisfactio n o f  thos e goal s i n th e 

student' s solutio n b y testin g a  serie s o f  plans .  I f  n o correc t  solutio n i s located ,  G I D E trie s t o 

explai n th e discrepancy .  Thi s ca n b e don e b y tryin g "buggy "  plan s tha t  represen t  c o m m o n 

conceptua l  error s i n a  pla n (suc h a s confusin g standard-erro r  an d standard-deviation) ,  o r  b y examinin g 

"buggy "  rule s representin g c o m m o n mistake s acros s differen t  type s o f  plan s (suc h a s reversin g a  sig n 

i n a  computation) . 

G I D E attempt s t o exten d th e mode l  use d fo r  programmin g i n P R O U ST t o differen t  domains . 

Studen t  solution s i n statistic s diffe r  i n numerou s way s fro m programmin g solutions .  First ,  student s 

frequentl y leav e ou t  steps .  Component s tha t  ar e obvious "  o r  ca n b e calculate d mentall y ar e lef t  out . 

I n addition ,  ther e i s a  ver y loos e syntax ,  whic h allow s frequen t  change s i n construction .  I n contras t 
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to most programming languages, students use assignment to values, they include free (unbound) 

expression s i n thei r  solutions ,  an d the y occasionall y chang e th e symbol s the y ar e using .  Thes e ar e 

al l  component s tha t  ca n b e analyze d successfull y b y teachin g assistants . 

I n orde r  t o handl e th e wid e rang e o f  expression s used ,  G I D E ca n matc h a  procedur e i n severa l 

ways .  T h e firs t  strateg y i s t o loo k fo r  a n appropriat e symboli c structure .  I f  a  studen t  write s "Std E 

= 2 0 /  sqr t  n" ,  G I D E wil l  matc h thi s t o it s interna l  representatio n o f  on e for m fo r  standar d erro r 

(?S e =  ?S d /  sqr t  ?count) .  Anothe r  wa y i n whic h th e studen t  ma y indicat e th e standar d erro r  i s b y 

usin g th e appropriat e values .  Th e for m " 5 =  2 0 /  4 "  .woul d als o b e recognize d a s standar d erro r  i f 

?Sd ha d bee n previousl y boun d t o 2 0 an d ?coun t  ha d bee n boun d t o 16 .  Finally ,  i f  a  pla n i s no t 

satisfie d symbolicall y o r  b y value ,  G I D E wil l  attemp t  t o fin d a  fre e expression .  Thus ,  fo r  example , 

th e "-14 "  o n lin e 9  o f  Figur e 2 ,  i s  recognize d a s a  deviatio n score . 

I n orde r  t o handl e step s tha t  ar e lef t  out ,  G I D E use s "implici t  matching" .  G I D E contain s a 

dependenc y tre e tha t  show s th e relationshi p a m o n g knowledg e o f  concepts :  fo r  example ,  determinin g 

th e varianc e require s th e sum-of-squares .  I f  th e studen t  include s i n thei r  solutio n th e correc t 

variance ,  bu t  no t  th e sum-of-squares ,  G I D E infer s tha t  th e studen t  understand s th e sum-of-squares . 

Th e detail s o f  thes e technique s ar e describe d i n Sebrechts ,  Schoole r  an d LaClair e (1986) .  Her e w e 

wil l  focu s o n th e empirica l  outcom e o f  thi s genera l  approach . 

Empirical Tests of Plan Analysis 

In order to evaluate our diagnostic model, we examined GIDE's performance on a series of 43 

solution s collecte d fro m student s i n a n introductor y statistic s course .  I n orde r  t o examin e th e type s o f 

plan s neede d fo r  differen t  solutio n strategie s w e use d rw o testin g conditions .  I n th e firs t  conditio n 

(calle d "Directed" )  th e proble m wa s accompanie d b y a  se t  o f  direction s indicatin g th e appropriat e step s 

fo r  solution ,  an d wa s simila r  t o a  homewor k assignment .  I n th e secon d conditio n ("Undirected" ) 

another  proble m wa s give n a s a n exa m proble m withou t  an y accompanyin g materials . 

Th e specifi c  statistica l  proble m w e hav e examine d i s a  repeated-measure s t-test .  Thi s typ e o f 

proble m attempt s t o determin e whethe r  o r  no t  ther e i s a  reliabl e differenc e betwee n tw o measurement s 

on th e sam e group .  Fo r  example ,  yo u migh t  us e thi s tes t  t o determin e i f  a  trainin g progra m ha s 

improve d th e efficienc y o f  worker s b y measurin g efficienc y befor e an d afte r  trainin g (Figur e I) . 

Studen t  solution s wer e writte n o n pape r  an d wer e code d directl y int o G I D E .  A n exampl e 

solutio n fro m eac h o f  th e tw o condition s i s show n i n Figure s 2  an d 3 .  Th e onl y informatio n adde d 

by G I D E ar e lin e number s fo r  reference .  G I D E s outpu t  fo r  th e tw o solution s i s include d wit h eac h 

solution . 

Bugg y Solutions .  No t  surprisingly ,  a  greate r  percentag e o f  solution s ha d bug s i n th e 

"undirected "  condition .  O f  thos e solution s wit h bugs ,  however ,  th e greates t  percentag e i n bot h 

condition s consiste d o f  missin g an d implici t  goals .  A n implici t  goa l  i s  on e tha t  i s no t  explicitl y  state d 

but  i s obviou s fro m othe r  concepts .  Fo r  example ,  i n orde r  t o comput e a n average ,  th e studen t  mus t 

kno w th e sum .  G I D E catche s ove r  9 0 % o f  suc h implici t  goal s base d o n it s knowledg e o f 
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Proble m Statement : 

An employer at an automotive plant is interested in determining 

whethe r  o r  no t  a  trainin g progra m ca n improv e efficienc y o f  hi s 

employees .  H e ha s trie d i t  ou t  tentativel y fo r  fou r  wor k group s 

i n on e o f  th e plants .  Belo w ar e th e result s o f  th e trial : 

efficienc y i s measure d b y a  standardize d tes t  rangin g fro m I 

(extremel y efficient )  t o 2 5 (extremel y inefficient) .  Determin e 

whethe r  o r  no t  ther e i s a  reliabl e chang e i n efficiency . 

W o rk G r o u p 

A 
B 

C 
D 

Pre-Trainin g 

14 

19 
16 
18 

Post-Training 

9 
7 

10 
5 

Post  M inu s Pr e 

-5 
-1 2 

-6 
-1 3 

Figur e 1 .  A n exampl e o f  a  repeated-measure s t-test . 

dependencies .  Missin g goal s ar e thos e tha t  neve r  appea r  i n th e solutio n an d ar e no t  implicit .  G I D E 

catche s a  moderatel y hig h numbe r  o f  suc h goal s ( 7 1 % an d 8 6 % fo r  directe d an d undirecte d problem s 

respectively) .  Th e mai n reaso n wh y performanc e i s no t  highe r  i s tha t  th e mechanis m fo r  implici t 

matchin g i s to o powerful .  I t  occasionall y give s credi t  fo r  knowin g a  concep t  tha t  i s  actuall y no t 

eviden t  i n th e studen t  solution . 

G I D E wa s abl e t o detec t  al l  o f  th e relativel y smal l  numbe r  o f  specifi c  pla n errors .  Ther e were , 

however ,  importan t  difference s betwee n th e type s o f  error s generate d i n th e tw o conditions ,  a s ca n b e 

seen i n Figur e 4 .  Fo r  Directe d problems ,  th e error s tende d t o b e mor e lo w level ,  involvin g failure s 

i n computationa l  plans .  I n th e Undirecte d case ,  student s tende d t o mak e highe r  leve l  mistakes .  Fo r 

example ,  i n Figur e 3 ,  th e studen t  confuse d th e standar d deviatio n wit h th e standar d error . 

Problem-Recognition Through an Associative Network 

GIDE performed extremely well on the set of problems initially provided. As we began to 

exten d th e domai n o f  G I D E s capabilities ,  however ,  w e discovere d tha t  th e syste m coul d becom e 

involve d i n extensiv e searche s tha t  wer e no t  reflecte d i n ou r  protocol s o f  experts .  W h e n w e teste d 

expert s o n thes e problems ,  the y woul d say ,  "thi s studen t  i s usin g th e wron g kin d o f  test" ,  befor e 

doin g a  carefu l  analysis .  I n brief ,  ther e wa s a  proble m recognitio n phas e tha t  wa s no t  capture d b y 

th e systemati c approac h o f  G I D E . 

Of  course ,  G I D E ca n manag e t o ge t  aroun d thi s difficult y b y a n exhaustiv e search .  However , 

suc h a  searc h woul d eliminat e th e heuristi c valu e o f  intention-base d diagnosis .  A s a  consequenc e i t 
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Directe d Studen t  Solutio n (i d #48 ) Undirecte d Studen t  Solutio n (i d 1̂2 ) 

1: 

2: 

3: 
4 

5 

6 
7 

8 
9 

10 
11 
12 

13 
14 

15 

16 
17 

18 
19 
20 
2! 

22 

-5 
-1 2 

-6 

-1 3 
n 
4 

- 6 -t -  -1 3 -1 -  - 5 -1 -  -1 2 = 

d dba r 

-1 4 

-2 1 

-1 5 
-2 2 

d dbar 2 

'19 6 

441 

225 
484 

1346 

1346/ 3 =  44 8 =  s 2 

sqr t  44 8 =  2 1 =  s 

sdba r  =  21/ 2 =  1 1 

-9/1 1 =  t 

= -3 6 

The averag e wa s implicitl y  include d i n you r 

solution . 

Your  calculatio n o f  th e deviation s wa s 

incorrect .  A  usefu l  wa y t o avoi d thi s mistak e 

i s t o not e tha t  th e su m o f  th e deviation s 

shoul d alway s equa l  0 .  Th e su m o f  you r 

calculate d deviation s equal s 72. 0 

I n th e proces s o f  calculatin g th e standar d 

deviation ,  yo u adde d th e individua l  deviatio n 

score s t o th e mea n o f  th e deviations :  instead , 

you shoul d hav e subtracte d th e mea n o f  th e 

deviation s fro m th e individua l  deviatio n scores . 

For  example ,  where  yo u hav e -14 ,  yo u shoul d 

hav e 4.0 . 

Thes e erroneou s value s wer e use d t o complet e 

th e analysis . 

1 

2 

3 
4 

5 
6 
7 

8 
9 

10 
11 

12 

13 
14 

15 
16 
17 

18 
19 

20 
21 
22 

23 
24 

d 
:  - 4 

- 8 
:  - 4 

- 4 

-2 0 =  su m d 

X dba r 

'  1 

3 
1 
1 

X dbar 2 

'  1 

9 

1 

1 

ss =  1 2 

dbar  =  - 5 

t  =  (dba r  Uo) /  sdba r 

Sd =  sqr t  (12/3 )  =  sqr t  4  =  2 

sdba r  =  sd/sqr t  n  =  2/sqr t  4  =  1 

t  =  -5/ 2 =  -2. 5 

alph a =  0.0 5 

tcri t  =  3.1 8 

The coun t  o f  th e observation s wa s implicitl y 

include d i n you r  solution . 

The varianc e wa s implicitl y  include d i n you r 

solution . 

On lin e 22 .  whe n calculatin g th e t  statistic , 

you substitute d th e standar d deviatio n fo r  th e 

standar d error . 

Thi s erroneou s valu e wa s use d t o complet e th e 

analysis . 

Figur e 3 :  Studen t  solutio n (i d ffl )  an d GIDE s 

associate d comments . 

Figur e 2 :  Studen t  Solutio n (i d #48 )  an d 

G I D Es associate d comments . 
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G I D E ' s Performanc e 

Criteria Directed Undirected 

Solutions 

Total number of solutions 43 17 

Tota l  receivin g complet e analysi s 4 3 (100.0% )  1 6 (94.0% ) 

Tota l  receivin g partia l  analysi s 0  (0.0% )  1  (6.0% ) 

Goals 

Total number of goals in solutions 445 216 

Tota l  numbe r  o f  goal s correctl y analyze d 44 3 (99.5% )  20 7 (96.0% ) 

Tota l  numbe r  o f  goal s incorrectl y analyze d 2  (0.5% )  9  (4.0% ) 

Lines 

Total number of lines included in solutions 1203 403 

Tota l  numbe r  o f  line s correctl y interprete d 98 6 (82.0% )  32 9 (81.6% ) 

Tota l  numbe r  o f  line s misinterprete d 1  (0.0% )  9  (2.2% ) 

Tota l  numbe r  o f  line s unaccounte d fo r  21 6 (18.0% )  6 5 (16.1% ) 

Bugs 

In solutions: 

tota l  numbe r  o f  solution s wit h bug s 2 7 (62.8% )  1 7 (100.0% ) 

tota l  numbe r  o f  bug s 6 9 9 1 

missin g goal s 2 8 (40.5% )  3 7 (40.6% ) 

implici t  goal s 3 5 (50.7% )  4 8 (52.7% ) 

pla n error s 6  (8.6% )  5  (5.5% ) 

errorneou s solution s 0  (0.0% )  1  (1.1% ) 

Detected: 

tota l  numbe r  o f  bug s detecte d 5 8 (84.0% )  8 4 (92.0% ) 

missin g goal s 2 0 (71.4% )  3 2 (86.5% ) 

implici t  goal s 3 2 (91.4% )  4 7 (97.9% ) 

pla n error s 6  (100.0% )  5  (100.0% ) 

erroneou s solution s 0  I  (100.0% ) 

fals e alarm s 8  4 

Figure 4: Summary of GIDEs performance on directed and undirected student solutions. 
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would require a knowledge base and search times that are unreasonable as parts of a psychological 

model  o f  th e task . 

I n m a n y cases ,  althoug h th e proble m descriptio n doe s sugges t  wha t  th e studen t  i s tryin g t o do , 

i t  doe s no t  captur e th e strateg y tha t  th e studen t  select s towar d tha t  end .  Expert s appea r  t o b e abl e t o 

recogniz e h o w statement s ar e relate d t o mor e globa l  problems .  Thi s wa s demonstrate d i n th e cas e o f 

programmin g b y Adelso n (1981) .  Sh e foun d tha t  althoug h novice s groupe d progra m statement s 

syntactically ,  expert s groupe d statement s accordin g t o th e program s fro m whic h the y wer e derived .  I n 

term s o f  ou r  diagnosti c problem ,  thi s implie s tha t  expert s shoul d b e abl e t o recogniz e th e typ e o f 

solutio n bein g presente d b y examinin g constituen t  statements . 

Thi s i s consisten t  wit h th e proble m analysi s w e hav e observe d i n statistics .  Th e instructo r  tend s 

t o classif y solution s fairl y  quickly ,  frequentl y wit h referenc e t o specifi c  aspect s o f  th e solution .  Ou r 

model  o f  h o w thi s occur s i s tha t  th e diagnosticia n scan s throug h th e problem ,  identifyin g th e 

componen t  term s o f  th e solution .  Eac h ter m provide s som e degre e o f  activatio n fo r  associate d 

concepts .  T h e proble m typ e tha t  receive s th e highes t  leve l  o f  activatio n durin g scannin g i s selecte d a s 

th e appropriat e response . 

We hav e simulate d thes e processe s b y a  networ k structur e whic h consist s o f  letters ,  symbol s 

("words") ,  goals ,  an d proble m types .  T h e basi c laye r  structur e i s simila r  i n concep t  t o tha t  describe d 

by McClellan d (1979 )  i n hi s cascad e model .  Node s a t  eac h leve l  hav e excitator y link s t o node s a t 

th e nex t  highe r  level .  I n addition ,  ther e ar e reciproca l  link s fro m symbol s ("words" )  t o individua l 

letter s a s i n th e McClellan d an d Rumelhar t  (1981 )  model ,  bu t  i n contras t  t o thei r  model ,  ther e ar e 

no inhibitor y links .  (Likewis e ou r  mode l  doe s no t  includ e an y phoneti c o r  morphemi c information. ) 

T h e mode l  i s constraine d b y th e fac t  tha t  it s  onl y recognitio n capabilit y  i s  th e particula r 

statistica l  domai n o f  interest .  Ther e ar e a t  leas t  tw o plausibl e way s t o characteriz e thi s network .  I t 

ca n b e viewe d a s a  subse t  o f  a  mor e complet e "reading "  networ k i n whic h th e domain-relevan t 

element s hav e highe r  initia l  activatio n levels :  a s such ,  onl y thos e initiall y  activate d node s ar e relevant . 

Alternatively ,  i t  ca n b e viewe d a s a  domain-specifi c  networ k fo r  statistic s whic h i s activate d mor e o r 

les s a s a  unit .  T h e mode l  doe s no t  mak e an y differentiatio n betwee n thos e options . 

At  th e beginnin g o f  a  particula r  proble m type ,  G I D E ' s goa l  structur e i s use d t o construc t  th e 

appropriat e network .  Thi s proces s ca n b e though t  o f  a s potentiatin g th e portion s o f  th e networ k tha t 

ar e relevan t  t o th e statistic s problems .  Base d o n th e proble m description ,  eac h goa l  i s  linke d t o it s 

subgoals .  Thus ,  fo r  example ,  th e goa l  fo r  Standard-Deviatio n woul d b e linke d t o th e subgoal s o f 

M e a n,  Count ,  Sum-of-Squares .  Th e goal s an d subgoal s ar e likewis e linke d t o associate d symbols . 

Standard-Deviatio n i s linke d t o th e symbo l  Std" ,  a  c o m m o n abbreviation .  Finally ,  eac h symbo l  i s 

linke d t o it s constituen t  lette r  nodes ,  whic h indicat e bot h th e characte r  an d th e positio n o f  eac h letter . 

So.  th e lette r  nod e 's- '  woul d indicat e a n initia l  s "  an d woul d activat e th e "Std "  symbol ,  wherea s 

th e lette r  nod e "-s "  indicate s a  termina l  s "  an d woul d no t  directl y activat e Std" . 

O n ce th e networ k i s establishe d i n thi s way ,  eac h o f  th e symbol s i n th e solutio n i s "read "  an d 

decompose d int o it s constituen t  letters .  T h e relate d symbol s an d goal s ar e the n activate d throug h 
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spreading activation following a reduced version of the general model described by Anderson (1983a: 

1983b )  fo r  A C T * .  Ther e ar e n o direc t  connection s betwee n letters ,  bu t  on e lette r  ca n indirectl y 

activat e anothe r  lette r  throug h a  symbo l  o r  goal .  Th e networ k i s ru n a s thoug h activatio n occurre d 

i n parallel .  Followin g th e sprea d o n eac h cycle ,  al l  element s ar e decayed .  Thi s result s i n a 

dynami c se t  o f  activatio n level s whic h ar e update d a s th e line s ar e "scanned. " 

Thi s networ k approac h t o recognitio n make s sens e i n ligh t  o f  behavior s w e hav e observed . 

Statistic s include s a  se t  o f  fairl y  c o m m o n symbols .  However ,  unlik e th e cas e o f  readin g Englis h i n 

whic h word s an d non-word s ar e differentiated ,  i n statistic s ther e ar e numerou s deviation s fro m thos e 

symbols ,  dependin g o n idiosyncracie s o f  individua l  students .  Spreadin g activatio n help s t o captur e 

suc h deviation s a s wel l  a s t o locat e mino r  error s withou t  havin g t o anticipat e al l  possibl e form s o f 

eac h symbol .  Thus ,  fo r  example ,  "d-dbar "  i s a n appropriat e for m fo r  finding a  deviatio n scor e i n a 

repeate d measure s t-test .  S o m e student s us e "x-dbar" ,  whic h m a y indicat e eithe r  a  differen t  notatio n 

or  a n erro r  i n th e procedure .  I n eithe r  case ,  i t  doe s sugges t  tha t  th e studen t  i s gettin g deviatio n 

score s bas e o n th e mea n o f  deviation s ("dbar") .  W h e n th e networ k i s presente d wit h "x-dbar "  i t  wil l 

activat e "d-dbar "  give n th e stron g similarit y o f  th e tw o symboli c expressions . 

Empirical Tests of Network Activation Analysis 

In order to evaluate this portion of the model, we conducted network activations on 38 student 

solutions .  Th e networ k include d fou r  standar d statistica l  test s tha t  serve d a s proble m types :  repeated -

t ,  independent-t ,  repeate d A N O V A,  an d independen t  A N O V A.  W e compare d th e highes t  goa l 

activatio n leve l  i n th e networ k wit h categorizatio n b y th e tw o authors .  O n average ,  th e syste m wa s 

abl e t o identif y 8 6 % o f  th e problem s correctly .  I t  wa s mor e successfu l  a t  identifyin g repeated -

measure s t-test s ( 9 5 % )  tha n independen t  sampl e t-test s ( 7 5 % ) .  Thi s i s du e t o th e fac t  tha t  repeate d 

measure s t-test s i n ou r  sampl e ar e usuall y conducte d usin g deviatio n scores :  th e term s associate d wit h 

thos e deviation s ar e mor e distinc t  tha t  th e term s i n th e independen t  t-test . 

Informa l  analysi s suggest s tha t  thi s performanc e i s roughl y comparabl e t o tha t  o f  a  teachin g 

assistant .  M o r e importantly ,  th e problem s tha t  ten d t o creat e th e greates t  difficult y fo r  instructor s ar e 

als o thos e tha t  provid e th e leas t  differentiatio n fo r  th e simulation .  Likewis e th e simulation s 

microbehavio r  reflect s sensibl e change s i n th e relativ e activation s o f  differen t  goal s a s line s ar e 

scanned .  Figur e 5  show s a  trac e o f  activatio n level s fo r  fou r  type s o f  statistica l  test .  Throug h 

symbol  lin e 14 ,  th e syste m indicate s roughl y equa l  activatio n fo r  repeate d an d independen t  t-tests . 

Thi s i s becaus e mos t  o f  th e symbol s ar e c o m m o n t o bot h tests .  Th e presenc e o f  S I J M X 2 an d 

X B A R2 ha s provide d slightl y greate r  activatio n fo r  independent-t ,  sinc e repeated- t  i s  usuall y 

constructe d wit h deviatio n score s rathe r  tha n a  secon d se t  o f  sums .  D B A R (line s 2 0 an d 2 5 i n 

Figur e 5 ) ,  however ,  i s  th e mea n deviatio n scor e an d i s use d onl y i n repeated-t .  A s a  consequenc e 

th e final  solutio n i s judge d t o b e a  repeate d t  base d o n overal l  activation .  Sinc e thes e test s ar e i n 

fac t  quit e similar ,  an d th e studen t  ha s use d symbol s c o m m o n t o both ,  a s w e woul d expect ,  th e 

activatio n difference s ar e no t  ver y large . 
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Activatio n Leve l  Analysi s o f  Studen t  Solutio n # 1 6 

Studen t  Solutio n 

1 
2 

3 
4 

5 
6 
7 

8 
9 

10 
11 
12 

d 
4 

8 
4 

4 

su m > 

nl  = 

xbar l 

ss = 

alph a 

sumx^ 

n2 = 

;1 =  4 2 

4 

= 10, 5 

29 

0.0 5 
1 

4 

13 xbar 2 = 5 . 5 

14 s s =  5 

15 n  =  4 

16 k  =  2 

17 alph a =  .0 5 

18 su m d  =  2 0 

19 n d =  4 

20 dba r  =  5 

2!  s s =  1 2 

11 s d =  sqr t  (l2/(n-l) ) 

23 sdba r  =  sqr t  (12/3 )  =  2 

24 sdba r  =  2/sqr t  4  =  1 

25 t  =  (dbar-ud)/sdba r  =  (5-0)/ 1 = 5 

Goal  Activatio n Level s 

Symbol s i n 

Solutio n 

D 
XI 
Nl 
X B A RI 

SS 
ALPHA 
S U M X2 
N2 
XBAR2 

SS 
N 
K 
ALPHA 

D 
ND 
DBAR 

SS 
SD 
N 
SDBAR 
SDBAR 

T 
DBAR 

Repeate d 
t-tes t 

0. 0 

0.03 6 

0.01 2 

0.36 3 

0.18 8 

0.11 2 

0.02 9 

0.00 6 

0.15 7 

0.11 2 

0.07 2 

0.49 1 

0.23 0 

0.23 0 

0.97 5 

0.87 3 

0.30 9 

0.98 9 

0.63 3 

0.95 5 

1.64 0 

3.47 1 

2.61 2 

Independen t 

t-tes t 

0. 0 

0.03 5 

0.01 2 

0.55 4 

0.37 8 

0.14 4 

0.76 0 

0.46 1 

0.88 7 

0.47 1 

0.30 2 

0.63 8 

0.25 4 

0.25 4 

0.10 4 

0.60 4 

0.20 4 

0.12 3 

0.07 9 

0.48 4 

0.87 7 

2.98 2 

1.85 5 

Repeate d 

A N O VA 

0. 0 
0. 0 
0. 0 

0.10 0 
0.02 1 

0.00 4 

0.00 0 

0.00 0 

0.04 7 

0.01 0 

0.00 6 

0.00 4 

0.00 1 

0.00 1 

0.00 0 

0.09 2 

0.01 9 

0.00 4 

0.00 3 

0.09 0 

0.14 3 

0.09 2 

0.20 8 

Independen t 

A N O VA 

0. 0 
0. 0 
0. 0 

0.02 8 
0.40 5 
0.33 8 
0.04 8 
0.01 0 
0.01 4 

0.35 ! 

0.22 4 

0.14 4 

0.29 1 

0.29 1 

0.11 9 

0.04 1 

0.35 0 

0.29 7 

0.19 0 

0.06 5 

0.06 6 

0.04 2 

0.06 9 

Figur e 5 :  A  trac e o f  goa l  activatio n level s fo r  a  line-by-lin e evaluatio n o f  a  studen t  problem . 
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Initial problem recognition is good, but it should be noted that there are several assumptions 

implici t  i n thes e results .  I n thi s analysis ,  w e hav e assume d tha t  th e highes t  activatio n leve l  i s  th e 

appropriat e characterizatio n o f  th e goa l  selection .  Th e reasonin g behin d thi s approac h i s tha t  a n 

exper t  actuall y scan s a  proble m i n a  non-linea r  fashion .  T h e problem-typ e i s define d b y focusin g o n 

th e mos t  salien t  feature s i n th e problem .  I n th e simulation ,  salienc e i s describe d b y pea k activation . 

Our  analysi s suggest s tha t  th e simulatio n ca n handl e studen t  solution s i n way s simila r  t o tha t  o f  a n 

instructor .  However ,  additiona l  dat a wil l  b e neede d t o confir m th e mode l  a t  a  proces s level . 

Summary and Conclusions 

We have presented two components of what we believe to be a reasonable characterization of 

diagnosi s fo r  statistics .  T h e combinatio n o f  "automatic "  proble m recognitio n an d mor e deliberat e 

goal-directe d searc h i s consisten t  wit h othe r  theorie s i n psychology .  Th e genera l  distinctio n ha s bee n 

par t  o f  psychologica l  model s fo r  a  numbe r  o f  year s (Shiffri n &  Shneider ,  1977) .  Onl y recently , 

however ,  hav e thes e component s bee n integrate d int o a  mode l  tha t  attempt s t o accoun t  fo r  proble m 

solvin g (Hun t  &  Lansman ,  1986) .  Despit e substantia l  advance s i n th e developmen t  o f  lo w leve l 

model s o f  processin g (McClelland ,  Rumelhart ,  an d th e P D P Group ,  1986) ,  ther e i s stil l  a  cas e t o b e 

made fo r  separatin g automati c associativ e processin g fro m goal-base d knowledg e (Norman ,  1986 ,  call s 

thi s "deliberat e consciou s control") . 

Thi s tw o componen t  mode l  als o exhibit s behavio r  tha t  i s  comparabl e i n man y way s t o tha t  o f 

instructors .  Th e goal-direction ,  "intention-based "  aspec t  provide s a  wa y t o accoun t  fo r  a  rang e o f 

errors .  Thi s approac h provide s analysi s o f  ove r  8 0 % o f  th e individua l  line s an d almos t  al l  o f  th e 

goal s i n a  se t  o f  t-test s tha t  w e hav e collecte d fro m students .  Observatio n o f  instructors ,  however , 

indicate s tha t  the y ar e abl e t o selec t  individua l  type s o f  procedure s b y scannin g th e problem .  W e 

hav e modelle d thi s behavio r  a s th e spreadin g activatio n o f  a n associativ e networ k o f  letters ,  symbol s 

("words") ,  goal s an d proble m types .  Usin g highes t  leve l  o f  activatio n a s th e criterio n fo r  goa l 

selection ,  thi s metho d ca n correctl y identif y 8 6 % o f  th e problem s tested .  I n orde r  t o serv e a s a  goo d 

psychologica l  model ,  difficultie s encountere d b y th e simulatio n shoul d mirro r  thos e o f  instructors . 

Our  preliminar y observation s confir m tha t  match ,  althoug h i t  wil l  b e necessar y t o verif y th e behavio r 

wit h a  large r  sampl e o f  independen t  judges . 

Althoug h th e mode l  ha s me t  reasonabl e performanc e criteria ,  i t  i s  no t  a n exhaustiv e mode l  o f 

diagnosis ,  an d ther e ar e a t  leas t  tw o importan t  qualification s o n th e results .  First ,  th e tw o 

component s o f  th e model ,  automati c recognitio n an d goal-base d reasoning ,  ar e currentl y onl y weakl y 

linke d i n th e simulation .  O u r  mode l  o f  thes e component s woul d sugges t  greate r  interactio n betwee n 

th e components ,  i n a  manne r  simila r  t o Hun t  an d L a n s m a n s (1986 )  production-activatio n model . 

The activatio n level s availabl e durin g problem-scannin g shoul d b e use d t o provid e mor e specifi c 

directio n t o th e deliberat e search .  I n th e curren t  simulatio n thos e level s ar e onl y use d t o selec t 

among proble m type s a t  th e globa l  level .  Second ,  th e dat a w e hav e reporte d dea l  wit h a  relativel y 

circumscribe d proble m spac e i n statistics :  additiona l  dat a wil l  b e neede d t o demonstrat e th e generalit y 

of  th e model . 

70 1 



SEBRECHTS &  SCHOOLER -  DIAGNOSING STATISTICA L ERRORS 

The proposed model seems to provide a reasonable approximation to several important aspects of 

diagnosis .  Th e "intention-based "  componen t  o f  th e mode l  ha s no w bee n validate d i n bot h 

programmin g (Solowa y &  Ehrlich ,  1984 ;  Sac k e t  al. ,  i n prep. )  an d i n statistics .  Th e spreadin g 

activatio n componen t  ha s no t  bee n explicitl y  validate d outsid e o f  statistic s i n it s curren t  form ,  bu t  i t 

has bee n show n t o b e o f  genera l  utilit y  a s a  mode l  fo r  differen t  kind s o f  psychologica l  processe s 

(Anderson .  1983b) .  Extendin g th e mode l  w e hav e describe d her e shoul d prov e usefu l  fo r  th e 

developmen t  o f  intelligen t  tutorin g systems . 

Reference s 

Adelson, B. (1981). Problem-solving and the development of abstract categories in programming 

languages .  Memor y an d Cognition ,  9 ,  422-433 . 

Anderson, J.R. (1983a). The architecture of cognition. Cambridge, MA: Harvard University Press. 

Anderson, JR. (1983b). A spreading activation theory of memory. Journal of Verbal Learning 

and Verba l  Behavior ,  22 ,  261-295 . 

Brown, J.S. & Burton, R.R. (1978). Diagnostic models for procedural bugs in basic mathematical 

skills .  Cognitiv e Science ,  2 ,  155-192 . 

Burton, R.R. (1982). Diagnosing bugs in a simple procedural skill. In D. Sleeman & J.S. Brown, 

(Eds) ,  Intelligen t  tutorin g systems ,  pp .  157-183 . 

Clancey, W.J. (1985). Acquiring, representing, and evaluating a competence model of diagnostic 

strategy .  Repor t  No .  STAN-CS-85 -  1067 ,  Departmen t  o f  Compute r  Science ,  Stanfor d University . 

Clancey, W.J. and Lestinger, R. (1984). NEOMYCIN: Reconfiguring a rule-based expert system for 

applicatio n t o teaching .  I n W.J .  Clancey ,  an d E.H .  Shortliffe ,  (Eds.) .  Reading s i n medica l 

artificia l  intelligence :  Th e first  decade ,  pp .  361-381 . 

Friend, J. & Burton, R.R. (1981). Teacher's manual of subtraction bugs. CIS Working Paper. 

Xero x Pal o Alt o Scienc e Center . 

Hunt, E. & Lansman, M. (1986). Unified model of attention and prob'^m solving. Psychological 

Review ,  93(4) ,  446-461 . 

Johnson. W.L. (1985). Intention-based diagnosis of errors in novice programs. Research Report 

#395 .  Departmen t  o f  Compute r  Science .  Yal e University ,  Ne w Haven ,  CT . 

702 



SEBRECHTS &  SCHOOLER -  DIAGNOSING STATISTICA L ERRORS 

Johnson ,  W.L .  &  Soloway .  E .  (1985) .  PROUST:  A n automati c debugge r  fo r  Pasca l  programs . 

Byte .  April ,  179-190 . 

McClelland, J.L. (1979). On the time relations of mental processes: An examination of processes in 

cascade .  Psychologica l  Review ,  86 ,  287-290 . 

McClelland, J.L. & Rumelhart, D.E. (1981). An interactive model of context effects in letter 

perception :  Par t  I .  A n accoun t  o f  basi c findings.  Psychologica l  Review ,  88 ,  375-407 . 

McClelland, J.L., Rumelhart, D.E., & the PDP Research Group (1986). Parallel distributed 

processing .  Cambridge :  M I T Press . 

Miller, M.L. (1978). A structured planning and debugging environment for elementary programming. 

Internationa l  Journa l  o f  Man-Machin e Studies ,  // ,  79-95 . 

Norman, D.A. (1986). Reflections on cognition and parallel distributed processing. In J.L. 

McClelland .  D.E .  Rumelhart ,  an d th e P D P Grou p (Eds) ,  Paralle l  Distribute d Processing . 

531-546 . 

Sack, W., Littman, D., Spohrer, J.C, Liles, A. & Soloway, E. (in prep.) Empirical evaluation of 

PROUST. 

Sebrechts, M.M., LaClaire, L., Schooler, L.J., & Soloway, E. (1986). Towards Generalized 

Intention-base d diagnosis :  GIDE .  I n Proceeding s o f  th e 7t h Nationa l  Educationa l  Computin g 

Conference .  Sa n Diego ,  CA . 

Sebrechts. M.M., Schooler, L.J., & LaClaire, L. (1986). Matching strategies for error diagnosis: 

A statistic s tutorin g aid .  I n Proceeding s o f  th e Internationa l  Conferenc e o n Systems .  M a n an d 

Cybernetics .  Atlanta . 

Shiffrin, R.M. &. Schneider, W. (1977). Controlled and automatic human information processing: II. 

Perceptua l  learning ,  automati c attending ,  an d a  genera l  theory .  Psychologica l  Review ,  84 , 

127-190 . 

Shortliffe, E.H. (1976). Computer-based medical consultations: MYCIN. New York: Elsevier. 

Soloway, E. & Ehrlich, K. (1984). Empirical investigations of programming knowledge. IEEE 

Transaction s o f  Softwar e Engineering .  SE-I0(5) . 

703 



A T i m e - D e p e n d e n t  D i s t r i b u t e d P r o c e s s i n g M o d e l 

of Strategy-Driven Inference Behavior 

Kurt P. Eiselt 

R i c h a r d H .  G r a n g e r ,  J r . 

Irvin e Computationa l  Intelligenc e Projec t 

Departmen t  o f  Informatio n an d Compute r  Scienc e 

Universit y o f  Californi a 

Irvine ,  Californi a 9271 7 

Abstract 

Experimental evidence suggests that some readers make inference decisions early on 

i n tex t  understandin g an d mol d th e inference s fro m late r  tex t  t o fi t  wit h th e eairlie r 

inferences ,  whil e othe r  reader s postpon e inferenc e decision s unti l  late r  i n th e tex t  an d 

the n bas e thei r  fina l  interpretatio n o f  th e tex t  o n thos e postpone d inferences .  Thi s 

behavio r  ha s bee n calle d strategy-drive n inferenc e behavio r  becaus e i t  wâ s originall y 

ascribe d t o differen t  strategie s use d b y reader s t o guid e th e coiirs e o f  thei r  inferenc e 

decisions .  Thi s pape r  present s a  ne w theor y o f  ho w thi s behavio r  come s about , 

attributin g th e observe d difference s i n behavio r  no t  t o differen t  strategie s bu t  t o ver y 

smal l  difference s i n th e underlyin g cognitiv e Jirchitecture .  Thi s theor y i s illustrate d 

by a  simpl e mode l  o f  inferenc e processin g durin g tex t  tmderstanding .  Th e inferenc e 

processin g mode l  employ s a  hybri d connectionis t  networ k whos e behavio r  i s  extremel y 

sensitiv e t o th e orde r  o f  activatio n o f  node s i n th e network ,  whic h i n tur n correspond s 

t o th e orde r  o f  presentatio n o f  event s i n th e story . 

1 Introduction 

One of the more intriguing mysteries of natural language understanding is that of strategy-

drive n inferenc e behavior .  Accordin g t o th e theor y o f  strategy-drive n inferenc e behavior , 

differen t  reader s consistentl y emplo y differen t  strategie s t o guid e thei r  choic e o f  aj i  inter -

pretatio n fo r  a  text .  Thes e strategie s ar e time-dependent ;  tha t  is ,  the y zur e sensitiv e t o 

th e orde r  o f  presentatio n o f  event s i n th e text .  Experimenta l  evidenc e suggest s tha t  som e 

reader s mak e inferenc e decision s earl y o n i n tex t  understandin g an d mol d th e inference s 

from  late r  tex t  t o fi t  wit h th e earlie r  inferences ,  whil e othe r  reader s postpon e inferenc e 

decision s unti l  late r  i n th e tex t  an d the n bas e thei r  fina l  interpretatio n o f  th e tex t  o n 

thos e postpone d inferences .  Thes e difference s i n inferenc e behavio r  ca n b e elicite d wit h 

th e us e o f  speciall y constructe d text s tha t  hav e tw o equall y likel y interpretations .  Upo n 

readin g thes e texts ,  som e reader s wil l  arriv e a t  on e interpretatio n whil e th e othe r  reader s 

wil l  find  th e alternativ e interpretation ,  an d thei r  choice s appea r  t o b e entirel y dependen t 

upo n th e sequenc e o f  event s i n th e story .  I f  th e orde r  o f  presentatio n i s reversed ,  th e 

differen t  set s o f  reader s wil l  revers e thei r  interpretations . 
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Previously ,  w e hav e buil t  tw o computational  model s o f  tex t  understandin g i n attempt s 

t o she d ligh t  o n th e processe s underlyin g strategy-drive n inferenc e behavior .  Thoug h 

th e explsmation s provide d b y thes e model s wer e satisfyin g a t  th e tim e th e model s wer e 

constructed ,  w e hav e sinc e foun d weaknesse s i n thes e explanations .  Thi s pape r  describe s 

our  ne w mode l  o f  tex t  understandin g whic h explain s observe d difference s i n inferenc e 

behavio r  a s th e resvd t  o f  a  connectionis t  networ k i n whic h th e interpretatio n settle d upo n 

i s determine d b y th e orde r  o f  activatio n o f  th e node s i n th e network . 

2 Old Problems, Old Solutions 

Granger and Holbrook (1983) reported the results of a psychological experiment that 

investigate d th e processe s peopl e us e i n makin g pragmati c inference s whil e readin g text . 

Thes e residt s provide d suppor t  fo r  Grange r  an d Holbrook' s theor y tha t  differen t  reader s 

employe d differen t  strategie s fo r  selectin g fro m alternativ e interpretation s o f  a  singl e text . 

I n thi s experiment ,  subject s rea d a  numbe r  o f  shor t  text s tha t  ha d tw o equall y plausibl e 

interpretations ,  suc h a s th e followin g text : 

Text 1: Wilma began to cry. 

Fre d ha d jus t  aske d he r  t o marr y him . 

Interpreting this text reqmres that a causal relationship between Fred's proposal and 

Wilma' s tear s b e inferred .  Th e experimenta l  result s showe d tha t  m a n y subject s inferre d 

tha t  Wi lm a wa s happ y abou t  Fred' s proposa l  an d wa s cryin g "tear s o f  joy, "  whil e ap -

proximatel y th e sam e numbe r  o f  subject s inferre d tha t  W i lm a wa s cryin g becaus e sh e 

was saddene d o r  upse t  b y th e proposal .  However ,  th e subjects '  interpretation s wer e no t 

base d o n thei r  predisposition s towar d a  particula r  interpretation ;  fo r  example ,  test s ru n 

on anothe r  se t  o f  subject s draw n fro m th e sam e subjec t  poo l  confirme d tha t  th e subject s 

almos t  unanimousl y associate d cryin g wit h sadnes s an d marriag e wit h happiness .  In -

stead ,  th e result s indicate d tha t  th e subjects '  interpretation s wer e base d o n th e orde r  o f 

presentatio n o f  th e event s i n th e story .  I n othe r  words ,  whe n som e subject s rea d Tex t  1 , 

the y determine d tha t  W i lm a wa s sa d base d o n inference s generate d fro m th e firs t  stor y 

event ,  th e fac t  tha t  W i lm a wa s crying ,  whil e othe r  reader s determine d tha t  sh e wa s happ y 

base d o n th e secon d stor y event ,  Fred' s marriag e proposal . 

Grange r  an d Holbroo k theorize d tha t  som e reader s consistentl y mak e inferenc e deci -

sion s a s earl y a s possibl e i n readin g an d tr y t o mak e inference s from  late r  tex t  tha t  agre e 

wit h th e earhe r  inferences ;  thes e reader s wer e calle d perseverers .  Othe r  readers ,  calle d 

recencies ,  postpon e makin g inferenc e decisions .  W h e n recencie s eventuall y d o mak e de -

cisions ,  the y ar e base d o n th e mos t  recentl y rea d text .  A  computationa l  mode l  o f  th e 

processe s suggeste d b y thi s theor y wa s develope d soo n thereafte r  (Granger ,  Eiselt ,  & 

Holbrook ,  1983) .  Thi s model ,  calle d S T R A T E G I S T ,  arrive s a t  eithe r  o f  tw o interpreta -

tion s o f  a n inpu t  tex t  usin g th e sam e componen t  inferenc e processe s bu t  differen t  rule s 

fo r  decidin g whe n th e processe s ar e invoked ,  resultin g i n differen t  interpretation s o f  th e 

same text . 

S T R A T E G I ST wa s late r  subsume d b y anothe r  computationa l  mode l  o f  inferenc e pro -

cessing .  Thi s model ,  A T L A S T ,  attempt s t o unif y lexica l  an d pragmati c inferenc e decisio n 
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processe s an d offer s a n explanatio n o f  ho w reader s ar e abl e t o correc t  erroneou s inferenc e 

decision s (Eiselt ,  1985 ;  Granger ,  Eiselt ,  &  Holbrook ,  1986 ;  Eiselt ,  1987) .  I n addition , 

A T L A ST als o provide s a  framewor k i n whic h t o furthe r  stud y strategy-base d inferenc e 

behavior . 

A T L A ST use s marker-passin g t o searc h a  relationa l  networ k fo r  path s whic h connec t 

meaning s o f  open-clas s word s fro m th e inpu t  text .  A  singl e pat h i s a  chai n o f  nodes ,  rep -

resentin g object s o r  events ,  connecte d b y link s tha t  correspon d t o relationship s betwee n 

th e nodes .  A n y node s i n a  pat h tha t  ar e no t  explicitl y  mentione d i n th e tex t  ar e event s 

or  object s tha t  ar e inferred ;  therefore ,  thes e path s ar e calle d inferenc e paths .  A  se t  o f 

inferenc e path s whic h join s al l  o f  th e word s i n th e tex t  int o a  connecte d grap h represent s 

one possibl e interpretatio n o f  th e text .  I n thi s respec t  A T L A S T resemble s a  numbe r  o f 

othe r  model s o f  tex t  understandin g tha t  utiliz e marker-passin g o r  spreadin g activatio n 

(e.g. ,  Charniak ,  1983 ;  Cottrel l  &  Small ,  1983 ;  Hirst ,  1984 ;  Quillian ,  1969 ;  Riesbec k & 

Martin ,  1986 ;  Walt z &  Pollack ,  1985) . 

For  an y give n text ,  however ,  ther e m a y b e a  grea t  numbe r  o f  possibl e interpretations , 

m a ny o f  whic h ar e nonsensiceJ .  T h e proble m the n i s determinin g whic h o f  th e possi -

bl e interpretation s provide s th e bes t  explanatio n o f  th e text .  A T L A S T deal s wit h thi s 

proble m b y applyin g inferenc e evaluatio n metrics .  Thes e metric s ar e use d t o compar e 

tw o competin g inferenc e path s an d selec t  th e mor e appropriat e one .  T w o inferenc e path s 

compet e whe n the y connec t  th e sam e tw o node s i n th e relationa l  networ k vi a differen t 

combination s o f  link s aoi d nodes .  Th e pat h tha t  fit s  bette r  wit h th e existin g interpreta -

tio n i s the n adde d t o th e interpretation .  Th e choic e o f  on e inferenc e pat h ove r  anothe r  i s 

m a de a s soo n a s A T L A S T discover s tha t  th e tw o path s compete ;  unlik e S T R A T E G I S T , 

A T L A ST doe s no t  postpon e inferenc e decisions .  A s th e marker-passin g searc h mecha -

nis m find s mor e paths ,  A T L A S T construct s a n interpretatio n consistin g o f  thos e path s 

tha t  surviv e th e evaluatio n process .  W h e n th e marker-passin g an d evaluatio n processe s 

end ,  th e survivin g inferenc e path s mak e u p th e fina l  interpretatio n o f  th e text . 

Most  o f  th e evaluatio n metric s attemp t  t o mak e eithe r  a  quantitativ e o r  qualitativ e 

judgmen t  o f  th e relativ e merit s o f  competin g inferenc e path s i n orde r  t o provid e th e 

most  parsimoniou s interpretation :  on e metri c favor s th e shorte r  o f  tw o paths ,  anothe r 

favor s th e pat h tha t  share s mor e node s wit h th e curren t  interpretation ,  an d stil l  anothe r 

metri c favor s th e mor e specifi c  pat h a s determine d b y th e relationship s represente d b y 

th e link s i n th e path .  I f  thes e metric s fai l  t o yiel d a  decisio n th e las t  remainin g metri c 

i s invoked ;  thi s metri c alon e determine s th e differenc e betwee n persevere r  an d recenc y 

behavior .  W h e n th e programme r  want s A T L A S T t o mode l  persevere r  behavior ,  a  rul e 

tha t  choose s th e inferenc e pat h foun d earlie r  i s used ;  recenc y behavio r  i s obtaine d b y us -

in g a  rul e tha t  select s th e inferenc e pat h foun d later .  Thu s th e theor y o f  strategy-drive n 

inferenc e behavio r  embodie d i n A T L A S T differ s significantl y fro m tha t  o f  it s predecessor , 

S T R A T E G I S T.  I n S T R A T E G I S T ,  th e differen t  inferenc e behavior s wer e cause d b y dif -

feren t  ordering s o f  invocatio n o f  th e sam e inferenc e decisio n processes .  I n A T L A S T ,  th e 

inferenc e decisio n processe s (i.e. ,  th e evaluatio n metrics )  ar e invoke d i n th e sam e orde r 

fo r  bot h type s o f  readers ,  an d th e differenc e i n inferenc e behavio r  i s attribute d t o th e us e 

of  a  differen t  "tie-breaker "  metri c tha t  i s  applie d onl y whe n th e othe r  metric s ar e unabl e 

t o choos e on e inferenc e pat h ove r  another . 

Ther e ar e a t  leâ t  tw o problem s wit h thi s explanatio n o f  strategy-base d inferenc e 
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behavior .  Th e first  proble m i s wit h th e natur e o f  th e evaluatio n metrics .  I n A T L A S T , 

th e perseverer/recenc y metri c ha s th e sam e statu s a s th e othe r  metric s i n tha t  the y ar e 

al l  rule s t o b e applie d afte r  competin g inferenc e path s hav e bee n discovered .  However , 

human understander s exhibi t  substantia l  difference s i n th e behavio r  tha t  woul d b e de -

termine d b y persevere r  o r  recenc y metrics ,  bu t  the y d o no t  appea r  t o exhibi t  significan t 

difference s i n th e behavio r  tha t  woul d b e determine d b y th e othe r  metrics .  I n othe r 

words ,  whil e w e se e equall y larg e proportion s o f  perseverer s an d recencie s i n th e labora -

tory ,  ther e i s nothin g tha t  suggest s tha t  reader s wh o favo r  paxsimoniou s interpretation s 

and thos e wh o d o no t  exis t  i n thes e sam e proportions .  Yet ,  i f  th e differenc e betwee n per -

severe r  an d recenc y behavio r  i s i n fac t  ride-based ,  an d simila r  rvde s ar e use d t o determin e 

othe r  inferenc e decisio n behavio r  a s well ,  w e woul d expec t  t o se e difference s i n behavio r 

alon g thos e lines .  W e simpl y d o no t  se e thes e othe r  differences ;  i n fac t  i t  i s  difficul t  t o 

imagin e ho w anyon e coul d functio n i n thi s worl d whil e alway s pursmn g th e lejis t  plausi -

bl e interpretatio n o f  everythin g rea d o r  heard. ^  Thus ,  a  mode l  tha t  coul d explai n w h y 

reader s exhibi t  difference s i n som e type s o f  inferenc e behavio r  bu t  no t  i n other s withou t 

resortin g t o arbitrar y difference s i n rule s woul d b e superio r  t o A T L A S T . 

The secon d proble m i s tha t  perseverer/recenc y behavio r  i n A T L A S T depend s upo n 

a seria l  orderin g o f  th e competin g inferenc e path s a s determine d b y th e relativ e time s 

at  whic h the y wer e discovered .  Althoug h A T L A S T i s intende d t o b e a  paralle l  model , 

th e parallelis m i s onl y simulate d an d th e inferenc e path s ar e discovere d an d evaluate d 

serially ;  A T L A S T take s advantag e o f  thi s latte r  fact .  I n a  trul y paralle l  system ,  tw o 

competin g inferenc e path s m a y b e discovere d a t  exactl y th e sam e time .  I n thi s case , 

ATLAST' s persevere r  an d recenc y metric s woul d no t  b e abl e t o mak e a  decision .  A  mor e 

desirabl e explanatio n o f  th e differenc e betwee n perseverer s an d recencie s woul d b e on e 

tha t  coul d functio n i n a  tru e paralle l  processin g environment . 

3 The New Solution 

The new model, called CATLAST (for Connectionist ATLAST), is directly inspired by 

th e wor k o f  Cottrel l  an d Smal l  (1983 )  an d Walt z an d Pollac k (1985) .  Thes e system s d o 

not  us e th e marker-passin g styl e o f  spreadin g activatio n tha t  A T L A S T employs .  Instead , 

thes e system s sprea d continuousl y variabl e numeri c quantitie s representin g activatio n 

energie s throug h a  networ k o f  node s connecte d b y excitatio n an d inhibitio n links .  A n 

interpretatio n o f  inpu t  tex t  i s  chose n no t  b y applicatio n o f  rules ,  bu t  b y th e iterativ e 

adjustmen t  o f  activatio n energie s a t  th e nodes .  Whil e thi s metho d o f  makin g inferenc e 

decision s i s clearl y a n exampl e o f  distribute d processing ,  th e representatio n schem e i s 

jus t  a s clearl y no t  distributed :  thes e network s al l  adher e t o th e "on e nod e equal s on e 

concept "  principl e (cf .  Collin s &  Loftus ,  1975 ;  Quillian ,  1968) .  Thus ,  thes e model s shar e 

feature s o f  rule-base d symbol-manipulatio n system s an d paralle l  distribute d processin g 

system s (Rumelhar t  &  McClelland ,  1986) . 

T̂her e ma y b e rar e exception s t o thi s rule ,  bu t  w e ar e unawar e o f  them .  Thoug h w e hav e no t  ru n 
experiment s t o tes t  fo r  thi s sor t  o f  anomalou s behavio r  i n h u m a n subjects ,  w e hav e ru n A T L A S T wit h th e 

metric s modifie d t o favo r  th e leas t  parsimoniou s interpretatio n o f  a  story .  Th e resultin g interpretation s 

bor e n o similarit y t o an y o f  th e interpretation s offere d b y h u m a n readers . 
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Propose -
Marriag e 

Figur e 1 :  C A T L A S T ' s m e m o r y network . 

The excitation/inhibition network used in CATLAST is simply a modified version of 

th e relationa l  networ k use d i n A T L A S T (se e Figur e 1) .  T w o uni-directiona l  inhibitor y 

links ,  represente d b y singl e dashe d line s i n Figur e 1 ,  hav e bee n adde d betwee n pair s o f 

incompatibl e nodes .  Th e inhibitio n weight s ca n tak e o n value s fro m 0  t o — 1 .  A  soH d 

lin e represent s tw o uni-directiona l  excitator y links .  T h e value s o f  excitatio n weight s ca n 

rang e fro m 0  t o 1 .  S o m e o f  th e excitator y link s ar e preferre d link s i n tha t  thei r  excitatio n 

weight s ar e highe r  tha n th e norm .  Fo r  th e example s discusse d i n thi s paper ,  th e preferre d 

hnk s ar e fro m Cry-Tear s t o Sad-Stat e (bu t  no t  fro m Sad-Stat e t o Cry-Tears )  an d from 

Propose-Marriag e t o Happy-Even t  (bu t  no t  from  Happy-Even t  t o Propose-Marriage) . 

T h e activatio n functio n use d t o comput e activatio n level s a t  th e individua l  node s 

or  computin g unit s i s loosel y base d o n th e interactiv e activatio n functio n describe d b y 

McClellan d an d Rumelhar t  (1981) : 

aj{i -I-1) = mm(l,max(0,Cia,(0 + C^iY^y^iM^))!^,)) 

where ai{t) is the activation energy at node i at time <, Wij is the excitation or inhibition 

weigh t  o n th e Hn k from  nod e i  t o nod e j ,  U j  i s  th e numbe r  o f  input s t o nod e j ,  an d C \ 

an d C 2 ar e dampin g factor s tha t  represen t  degree s o f  confidenc e i n thei r  respectiv e terms . 

Wi t h C A T L A S T w e ar e tryin g onl y t o find a  bette r  explanatio n fo r  strategy-drive n 

inferenc e behavior ;  w e ar e not ,  a t  thi s time ,  attemptin g t o buil d a  robus t  languag e 

understandin g system .  Therefore ,  w e hav e take n th e libert y o f  simplifyin g CATLAST ' s 

inpu t  text s dow n t o th e event s explicitl y  state d i n thos e texts .  W h e n C A T L A S T processe s 

a text ,  th e first  even t  i s read ,  th e correspondin g nod e i s raise d t o it s m a x i m u m activatio n 

leve l  (i.e. ,  1) ,  an d th e networ k i s allowe d t o settl e throug h iterativ e applicatio n o f  th e 

functio n give n above .  The n th e nex t  even t  i s read ,  it s correspondin g nod e i s activated , 

an d th e networ k settle s again .  C A T L A S T ' s interpretatio n o f  th e tex t  i s  determine d b y 

comparin g th e final  activatio n level s a t  th e nodes ,  wit h hig h level s favore d ove r  lo w levels . 

By adjustin g th e parameters ,  C A T L A S T ca n b e tune d s o tha t  i t  eithe r  alway s select s 

th e "sad "  interpretatio n o r  i t  alway s select s th e "happy "  interpretation ,  regardles s o f 

whic h even t  i s presente d first.  M u c h mor e interestin g i s th e fac t  tha t  C A T L A S T ca n 

als o b e tune d s o tha t  i t  select s th e interpretatio n preferre d b y th e first  even t  presented . 

Tha t  is ,  i t  exhibit s persevere r  behavior :  i f  Cry-Tear s i s activate d first  C A T L A S T choose s 

th e "sad "  interpretation ,  bu t  i t  choose s th e "happy "  interpretatio n i f  Propose-Marriag e i s 

activate d first. 
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However ,  equippe d wit h onl y th e feature s describe d s o far ,  C A T L A S T canno t  b e 

tune d s o tha t  i t  consistentl y exhibit s recenc y behavior .  I n orde r  t o correc t  thi s deficiency , 

C A T L A ST mus t  b e endowe d wit h th e abilit y  t o postpon e makin g a  decisio n unti l  i t  read s 

th e secon d event .  Thi s i s accomplishe d b y th e additio n o f  a n inhibitio n threshol d fo r  th e 

inhibitor y link s an d a n excitatio n threshol d fo r  th e nodes . 

The inhibitio n threshol d prevent s th e inhibitor y lin k fro m feedin g inhibitio n energ y 

int o a  destinatio n nod e unti l  th e activatio n energ y a t  th e sourc e nod e exceed s a  prescribe d 

value .  Increasin g thi s threshol d ha s th e effec t  o f  delayin g th e onse t  o f  inhibition ,  thu s 

helpin g t o postpon e th e inferenc e decision .  Th e excitatio n threshol d hold s th e activatio n 

of  a  nod e a t  th e m i n i m u m valu e (i.e. ,  0 )  unti l  th e tota l  activatio n energ y a t  tha t  nod e 

exceed s a  prescribe d value .  Increasin g thi s threshol d effectivel y slow s th e sprea d o f  ac -

tivatio n energ y throug h th e network .  Neithe r  o f  thes e feature s alon e ca n postpon e th e 

decisio n lon g enoug h t o caus e C A T L A S T t o exhibi t  recenc y behavior ,  a s fa r  a s w e hav e 

been abl e t o determine .  O n th e othe r  hand ,  th e tw o threshold s combine d d o provid e th e 

necessar y dela y whe n th e appropriat e value s hav e bee n assigned . 

4 The New Solution in Action 

Figure 2 shows the time course of the activation of the individual nodes while CATLAST 

exhibit s persevere r  behavio r  o n a n abbreviate d versio n o f  Tex t  1 .  I n thi s example ,  th e 

first  even t  i s rea d an d Cry-Tear s i s raise d t o it s m a x i m u m activatio n level. ^  A s activatio n 

energ y feed s int o Sad-Stat e an d Happy-State ,  th e activatio n leve l  a t  Cry-Tear s dip s briefl y 

and the n recovers .  Sad-Stat e an d Happy-Stat e follo w almos t  th e sam e cours e o f  activatio n 

fo r  awhile ,  thoug h th e leve l  a t  Sad-Stat e i s alway s slightl y highe r  becaus e th e weigh t  o n 

th e excitatio n lin k fro m Cry-Tear s t o Sad-Stat e i s greate r  tha n th e weigh t  o n th e lin k fro m 

Cry-Tear s t o Happy-State . 

Activatio n energ y the n spread s t o neighborin g nodes .  Becaus e Sad-Stat e i s alway s 

highe r  tha n Happy-State ,  th e excitatio n threshol d a t  Sad-Even t  i s exceede d befor e tha t 

threshol d i s reache d a t  Happy-Event ,  Th e activatio n leve l  a t  Sad-Even t  begin s t o rise , 

whic h furthe r  encourage s th e increas e a t  Sad-State .  A s th e leve l  a t  Sad-Stat e approache s 

th e max imum ,  th e inhibitio n threshol d o n th e inhibitor y lin k fro m Sad-Stat e t o Happy -

Stat e i s exceede d an d th e activatio n leve l  a t  Happy-Stat e begin s t o plummet .  Meanwhile , 

activatio n energ y from  Sad-Even t  spread s t o Propose-Marriag e whic h i n tur n spread s t o 

Happy-Event .  Receivin g suppor t  fro m bot h Propose-Marriag e an d th e stil l  activ e Happy -

State ,  Happy-Even t  exhibit s a  brie f  increas e i n activatio n whic h quickl y die s a s Happy -

Stat e drag s Happy-Even t  down .  Th e networ k settle s int o a  stabl e stat e i n whic h al l  node s 

ar e a t  m a x i m u m activatio n level s excep t  fo r  Happy-Stat e an d Happy-Event ,  whic h ar e 

at  m in imu m levels ;  thi s occur s befor e th e secon d even t  i s read .  Activatin g Propose -

Marriag e doe s no t  chang e th e distributio n o f  energ y i n th e networ k a s Propose-Marriag e 

i s alread y a t  th e m a x i m u m leve l  an d th e networ k i s stable ,  s o C A T L A S T maintain s it s 

"sad "  interpretatio n o f  Tex t  1 .  Ha d C A T L A S T bee n presente d wit h th e sam e event s bu t 

'Fo r  thos e w h o wis h t o tr y  thi s a t  h o m e ,  th e patametei s ar e se t  a s follows :  C i  i s  0.6 ,  C 2 i s  0.9 ,  th e 

inhibitio n weigh t  i s  —1.0 ,  th e standar d excitatio n weigh t  i s 0.9 ,  th e preferre d excitatio n weigh t  i s 0.95 ,  th e 

inhibitio n threshol d i s 0.999 ,  an d th e excitatio n threshol d i s 0.192 . 
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Figure 2: The time course of activation as CATLAST exhibits perseverer behavior. 
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i n th e revers e order ,  i t  woul d hav e settle d upo n th e "happy "  interpretation .  Becaus e o f 

th e symmetr y o f  th e network ,  th e resultin g tim e cours e o f  activatio n woul d hav e bee n th e 

same a s tha t  show n i n Figur e 2 ,  wit h th e exceptio n tha t  th e orde r  o f  th e label s assigne d t o 

th e individua l  graph s woul d b e inverted .  Thus ,  Cry-Tear s woul d exhibi t  th e tim e cours e 

tha t  Figur e 2  no w show s fo r  Propose-Marriage ,  Sad-Stat e woul d displa y th e tim e cours e 

no w show n fo r  Happy-Event ,  an d s o on . 

Figur e 3  show s th e tim e cours e o f  nod e activatio n a s C A T L A S T processe s Tex t  1  a s 

a recency. '  Afte r  readin g th e firs t  event ,  C A T L A S T ' s behavio r  a s a  recenc y pzLrallel s it s 

behavio r  a s a  perseverer ,  bu t  raisin g th e excitatio n threshol d ha s prevente d activatio n 

energ y fro m spreadin g beyon d Sad-Stat e an d Happy-State ;  th e networ k stabilize s wit h a 

sUghtl y highe r  activatio n leve l  a t  Sad-Stat e tha n a t  Happy-State ,  agai n becaus e o f  th e 

increase d weigh t  o n th e excitator y lin k fro m Cry-Tear s t o Sad-State . 

C A T L A ST read s th e secon d stor y even t  an d raise s Propose-Marriag e t o th e m a x i m u m 

activatio n level .  Becaus e bot h Sad-Even t  an d Happy-Even t  ar e no w receivin g activatio n 

energ y from  tw o sources ,  thei r  activatio n level s ris e sharply ,  thoug h Happy-Even t  rise s 

a bi t  mor e quickl y becaus e i t  i s  preferre d b y Propose-Marriage .  A t  th e exac t  tim e tha t 

Happy-Even t  reache s m a x i m u m activation ,  Sad-Even t  i s jus t  fa r  enoug h behin d t o mak e al l 

th e differenc e i n C A T L A S T ' s behavio r  becaus e th e energ y a t  Happy-Even t  ha s exceede d 

th e inhibitio n threshol d bu t  th e energ y a t  Sad-Even t  ha s not .  Happy-Even t  begin s t o 

inhibi t  Sad-Even t  bu t  no t  vice-versa ,  an d Sad-Even t  begin s t o fall .  A t  th e sam e time , 

Sad-Stat e an d Happy-Stat e hav e reache d m a x i m u m activatio n an d inhibi t  eac h other . 

They the n fal l  belo w th e inhibitio n threshold ,  thei r  activatio n level s ris e t o m a x i m u m , 

and the y inhibi t  eac h othe r  again ,  thu s displayin g oscillator y behavior .  Sad-State ,  though , 

lose s reinforcemen t  a s Sad-Even t  declines ,  activatio n level s a t  bot h node s decreas e t o th e 

minimum ,  an d C A T L A S T settle s upo n th e "happy "  interpretation .  Again ,  i f  th e stor y 

event s ha d bee n presente d i n th e revers e order ,  C A T L A S T woul d hav e settle d o n th e 

alternat e interpretation .  Th e resultin g tim e cours e o f  activatio n ca n b e constructe d b y 

invertin g th e orde r  o f  th e label s o f  Figur e 3  a s describe d previously . 

5 Conclusion 

The explanation of strategy-driven inference behavior offered by CATLAST is that such 

behavio r  i s no t  strategy-drive n afte r  all .  C A T L A S T explain s difference s i n inferenc e 

behavio r  a s resultin g from  exactl y th e sam e architectur e wit h onl y ver y sligh t  difference s 

i n th e computin g units '  sensitivit y t o activatio n energy .  (I n th e example s give n above , 

th e abrup t  chang e from  persevere r  t o recenc y behavio r  wa s cause d b y a n increas e i n 

th e excitatio n threshol d o f  onl y 0.001. )  Whethe r  C A T L A S T behave s a s a  recenc y o r  a 

perseverer ,  th e model' s preferenc e fo r  th e mos t  parsimoniou s interpretatio n i s preserved , 

as suc h preference s ar e inheren t  i n connectionis t  architecture s (e.g. ,  give n tw o competin g 

inferenc e path s i n a  connectionis t  network ,  th e node s i n th e shorte r  pat h wil l  hav e highe r 

level s o f  activatio n tha n th e node s i n th e longe r  pat h an d th e shorte r  pat h wil l  b e favored) . 

I n addition ,  th e mode l  doe s no t  rel y o n an y seria l  orderin g whic h arise s throug h simulatio n 

^The value s o f  th e parameter s fo r  thi s exampl e diffe r  fro m th e previou s exampl e onl y i n tha t  th e 
excitatio n threshol d i s no w 0.19 3 instea d o f  0.192 . 
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Figure 3: The time course of activation as CATLAST exhibits recency behavior. 
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of  a  paralle l  proces s o n a  seria l  processor .  Thus ,  C A T L A S T provide s solution s t o th e tw o 

problem s discusse d earlie r  tha t  wer e lef t  unsolve d b y A T L A S T . 

Not  al l  inferenc e decisio n behavio r  i s automati c o r  unconscious ,  bu t  w e believ e th e 

perseverer/recenc y behavio r  discusse d i n thi s pape r  certainl y is .  Anecdota l  evidenc e 

fro m th e experimen t  describe d i n Sectio n 2  provide s som e suppor t  fo r  thi s claim :  severa l 

experimenta l  subject s no t  onl y wer e consisten t  i n th e interpretation s the y assigne d t o 

tes t  stories ,  the y proteste d tha t  othe r  interpretation s wer e entirel y implausibl e (Grange r 

et  al. ,  1983) .  I f  attentiona l  o r  consciou s processe s ha d bee n involve d i n interpretin g a 

give n story ,  on e woul d expec t  tha t  th e subject s woul d hav e ha d som e memor y o f  differen t 

possibl e interpretation s the y mus t  hav e entertaine d whil e readin g th e text ;  i n a t  leas t 

thes e case s the y di d not .  Thu s i t  seem s reasonabl e t o tr y t o explai n thi s aspec t  o f 

th e huma n languag e understandin g mechanis m a s th e resul t  o f  subtl e difference s i n th e 

underlyin g cognitiv e architecture ,  thoug h i t  i s  no t  necessaril y  th e cas e tha t  al l  aspect s o f 

languag e understandin g ca n b e modele d adequatel y a t  thi s level . 

Finally ,  som e migh t  conclud e tha t  th e questio n o f  ho w perseverer/recenc y behavio r 

comes abou t  doe s no t  warran t  th e attentio n w e hav e give n it .  Afte r  all ,  thi s behavio r 

i s usuall y onl y elicite d b y speciall y constructe d texts ;  everyda y text s ar e seldo m i f  eve r 

constructe d i n suc h a  wa y a s t o leav e th e reade r  wit h tw o equall y likel y interpretation s an d 

no clu e a s t o whic h interpretatio n i s correct .  However ,  th e fac t  tha t  peopl e d o consistentl y 

exhibi t  thes e differences ,  eve n i f  i t  occur s onl y i n th e laboratory ,  inform s u s abou t  th e 

human languag e understandin g mechanism—i t  provide s constraint s whic h mus t  guid e 

th e developmen t  o f  a  comprehensiv e mode l  o f  languag e understanding ,  howeve r  fa r  i n 

th e futur e tha t  m a y be . 
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Abstract 

In case-based reasoning, previous reasoning experiences are used directly to solve new problems and make Infer-

ences ,  rathe r  tha n doin g thos e task s fro m saatc h usin g generalize d methods .  O n e majo r  advantag e o f  a  case-base d 

approac h i s tha t  I t  ca n hel p a  reasone r  avoi d repeatin g previously-mad e mistakes .  W h e n th e case-base d reasone r  I s 

reminde d o f  a  cas e i n whic h a  mistak e wa s made .  I t  provide s a  warnin g o f  th e potentia l  fo r  a  mistake .  I f  th e previou s 

cas e wa s finall y solve d successfully ,  i t  ca n provid e a  suggestio n o f  wha t  t o d o instead .  I n thi s paper ,  w e describ e th e 

proces s b y whic h a  case-base d reasone r  ca n tak e advantag e o f  previou s failures .  W e Illustrat e wit h case s fro m th e 

domain s o f  common-sens e mediatio n an d men u plannin g an d sho w a  progra m calle d JULI A reasonin g I n th e domai n 

of  men u planning . 

1. IntroduetiQn 

Over  th e pas t  severa l  years ,  ther e ha s begu n t o b e a  grea t  dea l  o f  Interes t  i n case-tese d an d analogica l  rea -

sonin g (e.g. ,  Aiterman ,  1986 ,  Ashley ,  1986 ,  Carbonell ,  1983 ,  1966 ,  H a m m o n d,  1986 ,  Hoiyoak ,  1984 ,  Kolodner ,  e t  al. , 

1984 ,  1985 ,  Rissland ,  1986 ,  Simpson ,  1985) .  Case-base d reasonin g I s a  proble m solvin g metho d I n whk: h previou s 

reasonin g experience s ar e use d directl y t o solv e a  n e w problem ,  rathe r  tha n solvin g th e proble m fro m scratc h usin g 

generalize d methods .  Th e majo r  advantage s o f  a  case-base d approac h ar e tha t  i t  ca n provid e shortcut s I n proble m 

solvin g an d tha t  i t  ca n hel p a  reasone r  avoi d repeatin g previously-mad e mistakes . 

We shal l  se e tha t  previou s failure s serv e severa l  purpose s durin g proble m solving .  The y ca n provid e warning s 

of  th e potentia l  fo r  failur e i n th e curren t  case ,  an d the y ma y als o provid e suggestion s o f  wha t  t o d o instead .  Analyzin g 

th e potentia l  fo r  failur e i n a  ne w case ,  a  necessar y par t  o f  capitalizin g o n a n ol d failure ,  ma y requir e th e proble m solve r 

t o gathe r  additiona l  information ,  thu s causin g th e proble m solve r  t o chang e It s focu s o f  attention .  A  previou s faile d 

cas e tha t  wa s finall y solve d correctl y ca n hel p th e proble m solve r  t o chang e It s poin t  o f  vie w i n interpretin g a  situatio n 

If  tha t  i s wha t  i s necessar y t o avoi d potentia l  failure . 

We shal l  illustrat e th e processe s involve d i n capitalizin g o n failur e usin g example s fro m tw o donnalns :  c o m m o n -

sens e mediatio n o f  everyda y dispute s an d men u planning .  Case-base d resolutio n o f  common-sens e dispute s i s imple -

mente d i n th e M E D I A T O R (Kolodner ,  e t  at. ,  1985 ,  Simpson ,  1985) ,  a n earl y case-base d reasonin g program .  JULI A 

(Cullingfor d &  Kolodner ,  1986 )  interactivel y solve s problem s i n th e caterin g domain .  Th e processe s tha t  capitaliz e o n 

failur e ar e Implemente d I n JULIA . 

2. Background 

I n th e simples t  case ,  makin g a  case-base d inferenc e involve s th e followin g steps: * 

*  Thi s wor k I s supporte d I n par t  b y N S F unde r  Gran t  No .  IST-831771 1 an d Gran t  No .  IST-8608362 ,  b y 
A RO unde r  Contrac t  No .  DAAG29-85-K-0023 ,  an d b y AR I  unde r  Contrac t  No .  MDA-903-86-C-173 . 
Programmin g o f  th e examples ,  an d muc h wor k o n analogica l  reasonin g tha t  I s Incorporate d Int o JULIA' S 
case-base d reasone r  wa s provide d b y Hon g Shinn .  Discussion s wit h othe r  member s o f  th e A l  Group , 
past  an d present ,  hav e als o bee n useful . 
'  Eac h o f  thes e steps ,  o f  course ,  I s a  complicate d process .  Fo r  mor e Informatio n abou t  ste p 1 ,  se e Kolodne r  (1983) , 
Hammond (1986) ,  Hoiyoa k (1984) ,  Schan k (1982) ;  abou t  ste p 2 ,  se e Kolodner ,  e t  al .  (1985) .  Simpso n (1985) ;  fo r  ste p 
3,  se e Aiterma n (1986) ,  Ashle y (1966) ,  Carbonel l  (1963 ,  1986) ,  Hammond (1986) ,  Kolodne r  (1985 ,  1986) ,  Kolodne r  e l 
al. ,  (1985) ,  Risslan d (1986) .  Simpso n (1985) ;  fo r  ste p 4 ,  se e Simpso n (1985) . 
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1.  Recal l  a  relevan t  cas e fro m memor y 

2.  Determin e whic h part s o f  tha t  cas e ar e appropriat e t o mak e th e necessar y proble m solvin g decisio n fo r  th e ne w 

cas e (I.e. ,  focu s o n appropriat e part s o f  th e previou s case ) 

3.  Achiev e th e targette d proble m solvin g goa l  fo r  th e ne w cas e b y makin g a n Inferenc e base d o n th e ol d cas e 

4.  Chec k th e consistenc y o f  wha t  I s derive d I n ste p 3  t o th e ne w cas e 

Consider, for example, the following case: 

Avocado Dispute 1 

A proble m solve r  I s attemptin g t o resolv e a  disput e ove r  possessio n o f  a n avocado .  T w o peopl e wan t  It . 

Th e proble m solve r  i s attemptin g t o fil l  i n th e underlyin g goal s o f  th e disputant s (i.e. ,  wh y doe s eac h wan t 

th e avocado?) .  I t  I s reminde d o f  a  disput e I n whic h tw o kid s wante d th e sam e cand y bar .  The y bot h 

wante d t o ea t  th e cand y bar ,  an d th e reasone r  compromise d b y dividin g th e cand y ba r  equall y betwee n 

them ,  havin g on e divid e I t  an d th e othe r  choos e hi s hal f  first . 

The problem solver has already been reminded of another case (step 1). Because the problem solver's goal Is to Infer 

th e underlyin g goal s o f  th e disputant s i n th e avocad o case ,  I t  focuse s o n th e underlyin g goal s o f  th e disputant s I n th e 

cand y disput e (ste p 2) .  The y bot h ha d th e goa l  o f  eatin g th e whol e cand y bar .  Thi s goa l  wa s Inferre d throug h a 

default-us B inference .  Th e reasone r  nnake s th e case-base d Inferenc e tha t  th e disputant s i n th e avocad o disput e als o 

want  t o ea t  th e dispute d objec t  (I.e. ,  th e avocado )  (ste p 3) .  Becaus e thi s hypothesi s I s consisten t  wit h wha t  i s  alread y 

know n abou t  th e cas e (ste p 4) ,  th e representatio n o f  th e cas e I s update d t o Includ e thi s Inferre d knowledge . 

W h en a  recalle d cas e resulte d i n failure ,  however ,  reasonin g I s no t  a s straightforward .  Consider ,  fo r  example , 

th e following : 

Avocado Dispute 2 

A proble m solve r  I s attemptin g t o resolv e a  disput e ove r  possessio n o f  a n avocado .  T w o peopl e bot h 

want  K .  Th e proble m solve r  I s tryin g t o Infe r  th e underlyin g goal s o f  th e disputants .  Thi s tim e I t  i s  rem -

inde d o f  a  cas e wher e tw o sister s bot h wante d th e sam e orange .  Th e proble m solve r  i n tha t  cas e Inferre d 

th e sisters '  goal s b y usin g a  default-ua e Inferenc e t o infe r  tha t  bot h disputant s wante d t o ea t  th e orange .  I t 

turne d out ,  however ,  tha t  th e goa l  o f  on e o f  th e disputant s wa s t o us e th e pee l  o f  th e orang e t o bak e a 

cake .  Th e default-us e inferenc e applie d t o th e orang e a s a  whol e le d t o selectio n o f  th e wron g pla n fo r 

resolutio n o f  th e conflk:t ,  an d th e pla n failed .  W e shal l  cal l  thi s par t  o f  th e cas e orange-dlapute-f . 

Th e proble m solve r  reinterprete d th e disput e an d solve d It .  Th e goal s o f  th e sister s wer e amended :  on e 

wante d possessio n o f  th e frui t  o f  th e orange ,  th e othe r  It s peel .  Thei r  underlyin g goal s wer e als o 

amended :  on e wante d t o satisf y hunge r  b y eatin g th e fruit ,  th e othe r  wante d t o bak e wit h th e peel .  I t 

finall y resolve d th e proble m b y dividin g th e orang e i n a  bette r  way .  O n e siste r  w a s give n th e frui t  an d th e 

othe r  w a s give n th e peel .  W e shal l  cal l  thi s par t  o f  th e cas e orange-dlspute-a . 

Th e proble m solve r  als o analyze d it s failur e I n orange-dlapute-f ,  an d adde d it s analysi s t o it s memor y o f 

tha t  case :  Failur e wa s du e t o a  wrong-goa l  Inference .  Defaul t  us e applie d t o th e entir e dispute d objec t 

(orange )  resulte d I n failure ,  whil e defaul t  us e applie d t o part s o f  th e orang e (th e pee l  an d th e fruit )  woul d 

hav e resulte d i n success . 

Suppose now that the problem solver Is reminded of orange-dlapute-f, the case that resulted in failure. This case acts 

as a  warnin g t o th e proble m solve r  o f  th e potentia l  t o mak e a  fault y inferenc e i n th e curren t  case .  I t  mus t  chec k t o se e 

If  th e Inferenc e use d previousl y woul d als o resul t  i n erro r  i n th e curren t  case .  Th e questio n tha t  mus t  b e aske d o f  th e 

avocad o disput e base d o n analysi s o f  th e orang e disput e i s whethe r  a n avacad o als o ha s part s use d fo r  differen t  pur -

pose s tha t  migh t  predic t  th e goal s o f  th e curren t  disputant s bette r  tha n I f  the y wer e compute d b y applyin g default-ua e 

t o th e whol e avacado .  I n othe r  words ,  base d o n It s remindin g o f  orange-dlspute-f ,  whic h failed ,  case-base d 
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reasonin g alert s th e reasone r  t o th e fac t  tha t  H  th e dispute d objec t  ha s severa l  parts ,  th e goal s o f  th e disputant a m a y 

hav e somethin g t o d o wit h th e part s an d no t  neceeaarll y wit h th e avocad o a a a  whole. *  T h e potentia l  fo r  failur e I s 

flagge d an d tw o alternativ e solution s ar e presented . 

Error s I n reasonin g ca n happe n durin g an y proble m solvin g step .  T h e proble m migh t  hav e bee n misunderstoo d 

Initially ,  reeultin g i n incorrec t  classificatio n o f  th e proble m o r  Incorrec t  Inference s durin g th e proble m elaboratio n phase . 

Sinc e proble m understandin g i s a n earl y par t  o f  th e proble m solvin g cycle ,  suc h misunderstanding s an d Incorrec t  Infer -

ence s propagat e throug h t o th e plannin g phase ,  resultin g I n a  poo r  plan .  A  proble m migh t  b e understoo d correctl y 

and ai l  th e necessar y detail s know n abou t  It ,  bu t  migh t  stil l  b e solve d Incorrectl y becaus e poo r  decision s wer e m a d e 

whil e plannin g a  solution ,  i n general ,  suc h error s ar e du e t o fault y proble m solvin g knowledge .  Th e proble m solve r 

migh t  no t  hav e complet e knowledge ,  fo r  example ,  abou t  unde r  wha t  circunrwtance s a  partk:ula r  plannin g polic y o r  pla n 

ste p I s appropriate .  Finally ,  a  proble m migh t  b e solve d correctl y bu t  carrie d ou t  Incorrectl y b y th e agen t  carryin g ou t 

th e plan ,  o r  unexpecte d circumstance s migh t  caus e executio n t o fail .  Remindin g o f  a  cas e wher e an y o f  thee e thing s 

happene d warn s th e th e proble m solve r  o f  th e potentia l  fo r  th e s a m e typ e o f  erro r  i n th e n e w case .  I f  th e previou s 

cas e wa s finall y resolve d correctly ,  detail s o f  It s correc t  reeolutk m sugges t  correc t  declskx w fo r  th e curren t  case . 

3.  t o m e P r o b l e m Solv ln a A s s u m p t i o n s 

Befor e presentin g th e se t  o f  processe s tha t  capitalize s o n previously-teile d cases ,  w e briefl y presen t  th e 

relevan t  part s o f  ou r  proble m solvin g paradigm .  First ,  whe n w s refe r  t o proble m solving ,  w e Includ e th e entir e cycl e o f 

understandin g a  proble m an d elaboratin g It s features ,  comin g u p wit h a  pla n fo r  it s solution ,  executin g tha t  plan , 

analyzin g th e results ,  an d i f  necessary ,  goin g bac k t o th e beginnin g an d tryin g again .  Ou r  o w n prevtou s wor k 

(Koiodner ,  e t  ai. ,  1985 ,  Simpson ,  1985 )  an d tha t  o f  other s (e.g. ,  H a m m o n d,  1986 )  ha s show n tha t  case-base d Infer -

enc e ca n b e use d fo r  a  variet y o f  task s durin g an y o f  thes e proble m solvin g phases . 

The secon d importan t  assumptio n o f  ou r  paradig m i s tha t  menrK)r y acces s an d proble m solvin g ar e happenin g I n 

paralle l  (Koiodner ,  1985 ,  Koiodne r  &  Cuiilngford ,  1986) .  Th e memory' s jo b I s t o integrat e th e cas e tha t  i s currentl y 

bein g reasone d abou t  Int o th e memor y tha t  alread y exist s (Schank ,  1982) ,  resultin g I n remlndlngs .  Menrtor y ca n retur n 

generalize d knowledg e (e.g. ,  knowledg e structure e o r  rules )  fo r  th e proble m solve r  t o us e o r  a  previou s cas e tha t  l a 

simila r  t o wha t  th e proble m solve r  I s currentl y dealin g with .  A s th e proble m an d it s solutio n ar e furthe r  elaborated , 

memory I s abl e t o recal l  t>ot h mor e relevan t  genera l  knowledg e an d bette r  relate d case e fo r  th e proble m solve r  t o use . 

Our  thir d Importan t  assumptk m I s tha t  case-t>ase d reasonin g i s happenin g I n th e contex t  o f  a  se t  o f  reasonin g 

goal s an d that ,  i n additio n t o th e case-base d reasoner ,  othe r  reesoner s ar e als o keepin g trac k o f  thos e goal s an d 

makin g an y suggestion s the y can .  Thus ,  I n additio n t o th e case-base d reasoner ,  a  proble m reductio n proble m solve r 

migh t  b e availabl e t o brea k th e proble m Int o smalle r  parts ,  whil e a  constrain t  propagato r  migh t  d o forwar d chainin g 

inferences ,  an d a  trut h maintenanc e syste m migh t  b e checkin g fo r  inconsistencie s an d constrain t  violatkxis .  S o m e -

thin g we'l l  cal l  th e overal l  proble m solve r  keep s trac k o f  reasonin g goal s an d subgoal s a s the y c o m e up ,  an d eac h o f 

th e reasoner s watche s th e goa l  networ k an d attempt s t o achiev e an y goa l  I t  can . 

Finally ,  th e processe s w e presen t  belo w assum e tha t  remindin g ha s bee n o f  th e faile d par t  o f  a  cas e tha t  migh t 

hav e bee n resolve d correctl y later .  I n th e cas e o f  th e orang e dispute ,  fo r  example ,  w e assum e remindin g ha s bee n o f 

th e episod e tha t  failed ,  oranga-dlapute-f .  Remindin g durin g proble m solvin g ma y b e o f  eithe r  th e successfu l  o r  th e 

faile d versio n o f  an y case .  W h e n remindin g I s o f  th e successfu l  instanc e o f  solvin g it ,  th e fault y reasonin g tha t  pro -

ceede d th e successfu l  solutio n I s bypasse d an d a  goo d solutio n I s suggeste d Immediately .  Th e proble m solve r  I s 

neve r  alerte d t o possibl e problems .  Onl y whe n remindin g I s o f  a  faile d attemp t  a t  resolvin g a  cas e I s th e proble m 

solve r  alerte d an d th e analysi s desaibe d beto w done . 

*  I t  ma y b e judge d I n thi s cas e tha t  Inferenc e base d o n th e part s i s Inappropriat e (sinc e on e rarel y plant s avocad o 
seeds) . 
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Qlve n thi s se t  o f  assumptions ,  w e se e tha t  th e proble m solve r  migh t  b e reminde d o f  a  previou s cas e tha t 

resulte d I n failur e an y tim e durin g proble m solving .  Becaus e o f  this ,  th e processe s tha t  capitaliz e o n previou s failure s 

must  b e applicabl e durin g an y par t  o f  th e proble m solvin g cycle .  Th e followin g se t  o f  step s ar e execute d an y tim e 

durin g proble m solvin g tha t  a  faile d cas e I s recalled . 

1. Determine whether the failed case was ever followed up on, and. If so, recall the entire reasoning 

sequenc e tha t  followe d It . 

This step malces alternatives that were attempted previously to solve the recalled problem available to the problem 

solver . 

I n th e representatio n w e ar e currentl y using ,  eac h ful l  analysi s o f  a  proble m i s Itep t  separatel y wit h pointer s 

betwee n them .  Thus ,  th e representatio n fo r  a  cas e tha t  faile d an d wa s reanalyzed ,  suc h a s th e orang e dispute ,  i s 

actuall y represente d a s tw o cases .  Th e firs t  i s  th e on e tha t  faile d {oranga-dlapute-f) ,  wher e on e se t  o f  assumption s 

w as m a d e abou t  th e goal s o f  th e disputants .  Tha t  on e Include s th e mistake n proble m description ,  th e suggeste d pla n 

(cu t  I t  I n half) ,  feedbac k afte r  suggestin g o r  carryin g ou t  tha t  pla n (afte r  suggestin g tha t  th e orang e b e cu t  I n half) ,  an d 

th e analysi s o f  wha t  wen t  wron g ( a wrong-goal-inference) .  Th e firs t  (faile d episode )  als o include s a  pointe r  t o th e 

nex t  proble m solvin g episode .  I.e. ,  th e reasonin g tha t  i s carrie d ou t  t o solv e th e proble m afte r  th e failure s o f  th e firs t 

episod e hav e bee n diagnose d an d repaired .  Thus ,  orange-dlapute- f  point s t o orange-dlapute-a ,  wher e th e proble m 

i s d e s a b e d a s on e wher e th e disputant s hav e th e secon d se t  o f  goals ,  an d th e solutio n pla n tha t  goe s wit h tha t 

(divki e agreeably )  i s  recorded . 

2. Recall or determine what was responsible for the previous failure. 

In some instances, responsibility for failure will already have been attributed during previous reasoning. In that case, 

thi s ste p I s a n eas y ste p o f  retrievin g th e erro r  attributio n fro m th e representatio n o f  th e case .  I n othe r  instances , 

ther e migh t  no t  hav e bee n an y analysi s o f  w h y th e previou s proble m occured .  W h e n thi s happens ,  I t  i s  appropriat e 

fo r  th e proble m solve r  t o tr y t o figur e ou t  w h y th e previou s erro r  happened .  W e d o no t  g o int o tha t  proces s i n thi s 

paper. -

I n general ,  failure s happe n becaus e s o m e inferenc e w a s m a d e incorrectl y o r  no t  m a d e a t  all .  Thi s migh t  b e du e 

t o fault y o r  missh g infornvitlo n abou t  th e proble m itself ,  o r  fault y o r  incomplet e proble m solvin g knowledge .  A n 

analysi s o f  a  failur e m a y recor d onl y whte h inferenc e w a s nriad e incorrectl y o r  wa s no t  made ,  o r  i t  m a y recor d th e rea -

son s w h y th e Inferenc e w a s m a d e incorrectly .  A s w e shal l  see ,  th e bette r  a n analysi s o f  a  previou s failur e is ,  th e mor e 

th e proble m solve r  wil l  b e abl e t o capitaliz e o n th e failure .  Th e bes t  analysi s o f  a  failur e wil l  recor d reason s fo r  fault y 

reasonin g al l  th e wa y bac k t o a  poin t  i n th e reasonin g wher e i t  coul d hav e bee n corrected .  I.e. ,  wher e th e missin g o r 

fault y informatio n ca n b e obtaine d o r  fixed .  Fo r  example ,  failur e i n orange-dlapute- f  ca n b e trace d t o a  wrong-goa l 

Inference .  Th e goal s wer e Inferre d incorrectly .  Th e reaso n fo r  thi s i s tha t  default-ua e w a s applie d t o th e wron g 

objec t  (i-e. ,  t o orang e a s a  whol e rathe r  tha n th e part s o f  th e orange) .  Th e reaso n fo r  thi s i s tha t  th e proble m solve r 

w as viewin g th e orang e i n th e wron g way :  a s a  whol e rathe r  tha n a s a  thin g wit h functiona l  parts .  I f  th e reason s f a 

thi s inferenc e erro r  ar e recorde d t o thi s level ,  the n b y usin g thi s cas e an d followin g th e se t  o f  step s t o b e presented , 

th e proble m solve r  wil l  b e abl e t o conside r  whethe r  s o m e othe r  objec t  migh t  b e bette r  viewe d a s a  thin g wit h func -

tk>na l  parts .  I f  onl y th e fac t  tha t  th e goa l  wa s Inferre d Incorrectl y wer e recorded ,  I t  woul d no t  hav e a s m u c h t o g o on , 

but  wouk j  onl y b e abl e t o conside r  I f  ther e I s anothe r  goa l  associate d wit h th e object . 

3. Determine the relationship of the decision currently being focussed on to the previous failure and refocus 

as required : 

*  I f  responsibilit y  f w failur e i s no t  know n a t  th e en d o f  thi e step .  I t  i s  stil l  possibl e t o capitaliz e o n th e failure . 
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(a )  W a s th e decisio n anaJogou s t o th e on e th e proble m solve r  I s currentl y tryin g t o m a k e responsibl e fo r 

th e failure ? i f  so ,  maintai n curren t  proble m solvin g focus . 

(b )  i f  not ,  w a s th e decisio n analogou s t o th e on e th e proble m solve r  i s currentl y tryin g t o m a k e depen -

den t  o n th e on e responsibl e fo r  th e failure ,  o r  alternatlveiy ,  di d th e valu e th e proble m solve r  I s 

currentl y attemptin g t o deriv e chang e i n th e fina l  solutio n t o th e problem ? I f  so ,  refocu s th e proble m 

solve r  o n th e decisio n analogou s t o th e on e tha t  w a s responsibl e fo r  th e previou s failure . 

(c )  i f  not ,  the n refocu s a s i n (b )  t o b e carefu l  o r  maintai n curren t  focu s t o b e fast . 

When the decision the problem solver is currently trying to mal<e was responsible for the previous failure (I.e, the 

answe r  t o 3(a )  I s  yes) ,  the n mor e effor t  mus t  g o int o makin g tha t  decision .  Thi s I s th e cas e I n avocad o disput e 2 . 

The proble m solve r  ha s th e goa l  o f  inferrin g th e goal s o f  th e disputants ,  an d I t  w a s thi s decisio n tha t  wa s responsibl e 

fo r  th e failur e i n oranga-diapute-f . 

Th e mor e interestin g cases ,  however ,  i s  whe n th e answe r  t o 3(b )  i s yes .  I n thes e cases ,  s o m e decisio n othe r 

tha n th e on e currentl y bein g attempte d w a s responsibl e fo r  th e previou s failure .  T h e proble m eolve r  wil l  hav e t o 

refocu a Itsel f  o n tha t  decision ,  an d (re)mak e I t  fo r  th e curren t  cas e befor e continuing .  Consider ,  fo r  example ,  th e fol -

lowing : 

Panama Canal Dispute 

Bot h Panam a an d th e Unite d State s wan t  possessio n o f  th e Panam a Cana l  Zone .  Th e proble m solve r  i s 

attemptin g t o figur e ou t  h o w t o classif y th e dispute .  Th e proble m solve r  I s reminde d o f  th e disput e 

betwee n Israe l  an d Egyp t  ove r  th e SInal .  Bot h wante d th e Sinai ,  an d th e proble m solve r  ha d originall y 

classifie d I t  a s a  phyalca l  disput e ove r  possessio n o f  th e land .  I t  ha d therefor e suggeste d tha t  the y cu t  i t 

down th e middl e an d shar e it .  Bot h Israe l  an d Egyp t  baked .  O n furthe r  analysis ,  th e failur e o f  thi s 

suggestio n wa s tracke d d o w n t o a  se t  o f  mlaslng-goa l  Inferencea .  Th e goal s o f  Israe l  an d Egyp t  wit h 

respec t  t o th e Sina i  ha d no t  bee n inferred .  Israe l  wante d militar y contro l  o f  th e are a fo r  securit y reasons , 

whil e Egyp t  wante d possessio n o f  th e lan d Itsel f  fo r  reason s o f  nationa l  Integrely .  Thi s interpretatio n 

makes th e disput e int o a  politica l  disput e rathe r  tha n a  physica l  one ,  i.e. ,  on e fo r  whic h polltica l  alterna -

tive s ar e suggeste d rathe r  tha n alternative s havin g t o d o wit h th e physica l  objec t  Itself . 

Responsibility for the failure in the previous case (the SInal Dispute) had already been tracked down to missing goal 

inferences .  Tli e proble m solve r  i s currentl y attemptin g t o decid e wha t  kin d o f  disput e i t  i s  (e.g. ,  physica l  o r  political?) . 

The origina l  classificatio n o f  th e Sina i  Disput e a s a  physica l  disput e wa s no t  pe r  s e th e reaso n tha t  solutio n failed . 

Rathe r  tha t  decisio n w a s base d o n th e goal s o f  th e disputants ,  whic h ha d bee n inferre d incorrectl y previou s t o 

attemptin g classification .  T h e physica l  classification ,  however ,  change d t o politica l  i n th e fina l  analysis ,  an d w a s depen -

dent  o n wha t  w a s responsibl e fo r  th e failur e i n reasoning .  Remindiin g o f  th e Sina i  Disput e shoul d refocu a th e prob -

le m solve r  o n th e se t  o f  decision s tha t  wer e responsibl e fo r  It s failure ,  namel y inferenc e o f  disputan t  goals . 

If  th e decisio n bein g focusse d o n a t  th e beginnin g o f  thi s se t  o f  step s w a s a  correc t  on e fo r  th e previou s cas e 

and i f  I t  di d no t  chang e whe n th e cas e w a s reanalyze d (cas e c) ,  ther e i s n o reaso n w h y th e proble m solve r  mus t  con -

side r  th e previou s failur e a t  all .  However ,  a  carefu l  proble m solve r  wil l  als o conside r  whethe r  tha t  failur e i s possibl e i n 

th e curren t  environment ,  thu s refocusin g Itsel f  o n whateve r  cause d th e failur e previousl y befor e goin g on . 

i n case s wher e th e proble m solve r  change s It s focus .  I t  continue s b y tryin g t o red o th e tas k tha t  coul d hav e 

bee n mad e i n error ,  followin g th e se t  o f  step s below .  I f  th e proble m solve r  change s a  decisio n I t  ha d m a d e previously , 

the n I t  mus t  als o remak e an y decision s tha t  depende d o n I t  befor e goin g on .  Afte r  thi s se t  o f  step s I s complete ,  th e 

proble m solve r  mus t  refocu s appropriatel y t o finis h solvin g th e problem .  Processin g tha t  happen s I n th e cours e o f 

recomputin g already-mad e decision s m a y direc t  th e proble m solve r  I n differen t  direction s tha n I t  ha d bee n plannin g 

when i t  wa s interrupte d b y th e faile d case .  O n th e othe r  hand .  I f  ther e ar e n o othe r  recomputation s t o b e m a d e o r  I f 

no othe r  proble m solvin g direction s ar e suggested ,  th e proble m solve r  continue s afte r  thi s ste p a s I t  ha d bee n plannin g 

originally .  Tha t  is .  I t  goe s bac k t o th e goa l  i t  wa s workin g o n whe n i t  reache d thi s ste p an d continue s fro m there . 
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T h e prcx»88in g tha t  happen s afte r  ste p 3  depend s o n whethe r  o r  no t  a  succeesfu l  solutio n w a s eve r  foun d i n 

th e previou s cas e an d whethe r  o r  no t  analysi s ca n b e o r  ha s bee n don e o f  th e previou s failure .  I f  ther e w a s neithe r  a 

solutio n foun d t o th e previou s proble m no r  a n explanatio n o f  th e previou s failure ,  the n onl y a n analysi s o f  th e potentia l 

fo r  failur e ca n b e contribute d b y th e th e previou s case .  And ,  I f  ther e I s n o explanatio n o f  th e failure ,  the n les s ca n b e 

contribute d tha n I f  ther e i s a n explanation .  Wit h a n explanation ,  w e kno w wha t  feature e o f  th e previou s cas e wer e 

responsibl e fo r  th e failur e an d w e ca n chec k fo r  th e presenc e o f  thos e I n th e ne w case .  Withou t  tha t  explanation ,  w e 

ca n us e th e justification s fo r  previousl y m a d e inference s an d se e i f  the y hol d I n th e n e w case ,  bu t  suc h analysi s I s I n a 

sens e "superstitious "  sinc e n o causa l  explanatio n available . 

4. Recall the inference rules and justifying conditions used to Infer the focused-on portion of the failed case. 

I F ther e w a s followup ,  TIHE N als o recal l  th e Inferenc e rule s an d justifyin g condition s use d t o infe r  th e 

focused-o n portio n o f  eac h o f  th e followu p cases. * 

The inference rules and justifying conditions of any failed cases will be used to check for the potential for failure In the 

curren t  case .  Thos e fro m th e successfully-resolve d cas e wil l  b e use d t o guid e th e proble m solve r  t o a  correc t  ded -

slon . 

I n th e cas e o f  oranga-dlaputB-t ,  th e Inferenc e rul e use d t o Infe r  th e goal s o f  th e disputant s wa s dsfault-ua e 

applie d t o th e dispute d object .  I t  i s  justifie d b y It s preconditions ,  l.e. ,  ther e I s a n objec t  o f  curren t  Interes t  (th e orange ) 

tha t  ha s a  defaul t  us e (eating) .  I t  migh t  als o hav e bee n justifie d b y it s us e previousl y I n th e cand y dispute ,  wher e i t 

worke d fine .  Fo r  orange-dlsputa-a ,  ther e wer e tw o Inferenc e rule s use d t o Infe r  th e goal s o f  th e disputants .  I n on e 

case ,  default-ua a w a s applie d t o th e frui t  o f  th e orange ,  i n th e othe r  I t  w a s applie d t o th e pee l  o f  th e orange .  Th e frui t 

an d pee l  o f  th e orang e ar e It s majo r  part s an d eac h ar e use d fo r  differen t  purposes . 

5. Check to see if there Is the same potential for failure In the new case. This Is done by a variety of 

methods .  W e lis t  tw o here . 

(a )  Chec k th e reaso n w h y th e reasonin g erro r  w a s n m d e I n th e firs t  case .  A n erro r  ca n b e mad e 

becaus e o f  incomplet e information ,  becaus e o f  fault y Information ,  becaus e o f  a  fault y Inferenc e rule , 

or  becaus e o f  fault y focu s (whic h migh t  Itsel f  b e tracke d dow n t o on e o f  thes e causes) . 

(b )  Determin e I f  th e justifyin g Inferenc e rule s an d condition s fro m th e faile d an d successfu l  case s als o 

hok l  I n th e n e w case . 

Let us conskJer (a) first. This is the way we determine potential for failure In a new case if we know why the 

previously-mad e decisio n failed .  I f  a  previou s reasonin g erro r  w a s m a d e becaus e o f  lac k o f  knowledge ,  th e appropri -

at e knowledg e i s n o w sough t  fo r  th e curren t  case .  I f  I t  w a s becaus e o f  fault y Information ,  thi s ste p wil l  requir e clarifi -

catio n o f  th e analogou s knowledg e I n th e ne w case .  I f  I t  w a s becaus e o f  a  fault y Inferenc e rule ,  tha t  rul e wil l  b e rule d 

out  i n thi s case .  A n d I f  I t  w a s becaus e o f  fault y focu s (probabl y du e t o on e o f  th e othe r  type s o f  error) ,  a  suggestio n 

wil l  b e nr^d e fro m th e previou s cas e o f  wher e t o focu s i n th e n e w case .  Analyzin g th e orang e disput e usin g thi s step , 

we fin d tha t  th e reaso n fo r  th e wrong-goal-lnfarenc a w a s fault y focus .  Focu s ha d bee n o n th e orang e a s a  whol e 

whil e I t  shoul d hav e bee n o n it s functiona l  parts .  Th e suggestio n I s thu s m a d e t o focu s o n th e functiona l  part s o f  th e 

avacado ,  rathe r  tha n th e avacad o a s a  whol e i n inferrin g th e goal s o f  th e disputant s wit h respec t  t o th e avacado .  A s 

I n th e analysi s o f  th e orang e disput e fro m above ,  i n th e nex t  steps ,  th e reasone r  wil l  eithe r  as k th e disputant s whic h 

part s o f  th e avacad o the y ar e intereste d i n o r  wil l  decid e tha t  th e onl y functiona l  par t  tha t  I s wort h considerin g I s th e 

fruit . 

W h en ther e i s n o knowledg e abou t  w h y a  previously-mad e decisio n wa s i n error ,  th e bes t  tha t  ca n b e don e I s 

t o evaluat e whethe r  condition s tha t  le d t o tha t  decisio n ar e als o presen t  I n th e curren t  case .  Thi s I s cas e (b) .  Thes e 

'  Recal l  tha t  th e proble m solve r  migh t  hav e refocuse d It s goal s I n th e las t  step ,  s o th e portio n o f  th e cas e bein g 
focuse d o n no w migh t  no t  b e th e on e originall y considered . 
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condition s ca n b e foun d I n th e justification s fo r  th e valu e tha t  w a s compute d previously .  I f  justification s o f  bot h th e 

tailed  an d th e succeesfu l  decisio n ar e applicabl e I n th e ne w case ,  a n evaluatio n mus t  b e don e o f  whic h i s best .  I n 

oranga-dlaputa-f ,  fo r  example ,  th e goal s o f  eac h disputan t  wer e compute d usin g a  default-ua ^  Inferenc e applie d t o 

th e dispute d object .  Justificatio n fo r  th e dafault-ua a Inferenc e come s fro m It s anteceden t  clause ,  whic h aek t  whethe r 

ther e i s s o m e majo r  defaul t  us e fo r  th e objec t  I n queetlo n tha t  ha s a n "obvious "  goa l  associate d wit h It .  A n orang e 

an d a n avocado ,  o f  course ,  bot h hav e th e s a m e defaul t  us e (eating )  an d "obvious "  goa l  (satisf y hunger) ,  i n oranga -

diaputa-a ,  th e goal s o f  eac h disputan t  wer e compute d usin g a  dafault-ua a Inferenc e applie d t o th e functiona l  part s o f 

th e dispute d object .  Justificatio n fo r  thi s applicatio n o f  thi s Inferenc e rul e i s a  combinatio n o f  th e justificatio n fo r 

choosin g th e object s t o b e focusse d o n (th e dispute d objec t  ha s functiona l  parts )  an d th e anteceden t  claus e o f 

dafault-ua a applie d t o eac h o f  thos e parts . 

Usin g th e orang e disput e a s a  mode l  fo r  th e avocad o dispute ,  justification s fo r  eac h o f  th e goa l  decision s m a d e 

In resolvin g tha t  disput e ar e evaluate d wit h respec t  t o th e avocad o dispute .  Sinc e th e avacad o ha s a  defaul t  us e (eat -

ing) ,  th e inferenc e fro m oranga-dlaputa- f  ca n b e made .  Sinc e I t  als o ha s part s wit h defaul t  use e (th e frui t  i s  eate n 

whil e th e see d ca n b e planted) ,  th e Inference s fro m oranga-dlaputa- a ca n als o b e made .  I n thi s case ,  furthe r  evalua -

tio n i s neede d t o determin e whic h wa y t o Toak B th e inference .  Whil e case-base d reasoning .  I n thi s case ,  doe s no t  pro -

vid e a n answer ,  I t  doe s war n o f  th e potentia l  fo r  misinterpretin g th e cas e an d I t  als o provide s suggestion s o f  alternat e 

interpretations .  I t  thu s act s a s a  pravantlv a maaaur a t o ai d i n avoidin g failure . 

It  i s  interestin g t o not e tha t  th e knowledg e necessar y t o d o th e computation s jus t  desalbe d m a y no t  ye t  hav e 

bee n considere d (e.g. ,  th e proble m solve r  m a y no t  hav e considere d I f  a n avacad o ha s part s use d fo r  differen t  pur -

poses) .  Sometimes ,  gatherin g appropriat e Itnowiedg e consist s o f  jus t  a n eas y questio n t o th e user .  I n s o m e cases , 

however ,  answerin g th e question s pose d I n thi s se t  o f  step s m a y requir e significan t  reasoning .  Thi s extr a computa -

tion ,  whil e significant ,  i s  don e onl y whe n a  previou s cas e point s t o th e nee d t o \oo k ou t  fo r  a  problem .  A s w e state d 

previously ,  I t  i s  a  preventiv e ai d i n avoidin g failure . 

Th e outpu t  o f  thi s ste p i s a n evaluatio n o f  whethe r  th e previou s fellure  coul d happe n i n th e n e w case ,  an d I f  th e 

previou s cas e w a s solve d successfully ,  a n evaluatio n o f  whethe r  th e previou s successfu l  solutio n I s applicabl e t o th e 

ne w case .  Base d o n thes e tw o evaluations ,  th e reasonin g continues . 

6. 

(a )  i f  th e previou s failur e wil l  no t  repea t  Itsel f  i n th e ne w case ,  g o o n wit h th e proble m solving .  Th e (failed ) 

suggestio n fro m th e previou s cas e ca n b e transferre d t o th e ne w cas e I f  ther e i s s o m e independen t  rea -

so n tha t  I t  ca n b e supporte d o r  o r  a  decisio n ca n b e m a d e independen t  o f  th e recalle d case . 

(b )  I f  th e previou s failur e coul d repea t  Itsel f  I n th e ne w case ,  rul e ou t  th e Inferenc e rul e o r  valu e use d previ -

ousl y fo r  th e n e w case . 

(c )  I f  th e previou s successfu l  solutio n I s judge d applicabl e t o th e n e w case ,  us e I t  an d appl y case-base d rea -

sonin g method s t o deriv e a  valu e fo r  th e ne w cas e base d o n It . 

(d )  I f  th e previou s successfu l  solutio n o r  an y o f  th e Interi m solution s fro m th e previou s proble m ar e judge d 

Inappilcabl e t o th e ne w problem ,  rul e the m ou t  fo r  th e n e w case . 

(e )  i f  bot h th e faile d an d successfu l  solution s t o th e previou s proble m ar e judge d applicabl e t o th e n e w one , 

us e s o m e decislon-maldn g procedur e t o decid e betwee n them . 

B.  C l 

i n th e followin g proble m solvin g session ,  w e se e JULI A followin g th e se t  o f  step s abov e t o capitaliz e o n a  previ -

ous proble m solvin g failure .  JULI A (Culilngfor d &  Kolodner ,  1986 )  I s designe d t o b e a n automate d colleagu e whos e 

tas k I s t o hel p a  catere r  desig n a  meal .  JULIA' S proble m solvin g component s includ e a  case-base d reasoner ,  a  prob -

le m reductio n planner ,  a  constrain t  propagator ,  an d a  reason-nulntenanc e system ,  i t  als o ha s a  m e m o r y fo r  events . 

Each decisio n JULI A make s whe n I t  I s  solvin g a  proble m i s recorde d alon g wit h th e justification s fo r  th e decisk>ns . 

Thus ,  i n late r  proble m solving ,  thos e justification s ar e availabl e t o us e i n case-t>ase d reasoning. *  I n th e firs t  case -

*  Sa e Kolodne r  (1986 )  f a a  descriptio n o f  th e representationa l  suppor t  f a thes e processes ,  especiall y th e conten t  an d 
structur e o f  th e Justification s JULI A maintains . 
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base d reasonin g example ,  w e se e JULI A usin g a  previou s cas e t o avoi d servin g a  spic y Mexica n meal  t o peopl e wh o 

doni  ea t  spic y food .  Th e previously-faile d case ,  whic h faile d becaus e o f  a  lac k o f  thi s Information ,  cause s JULI A t o 

gathe r  th e appropriat e infornmtlo n I n th e ne w case ,  thu s lettin g I t  pla n fo r  thos e peopl e Immediately .  Thi s make s 

JULI A retrac t  tw o previously-mad e decision s (th e entre e an d th e cuisine) .  JULI A refocuse e Itsel f  o n th e cuisine , 

retract s an d remake s tha t  decision ,  an d continue s wit h It s proble m solving . 

The dlak) g begin s wit h JULI A Introducin g Itsel f  an d th e use r  statin g he r  problem .  W e stat e th e proble m I n 

Englis h here .  Actua l  inpu t  fo r  thi s proble m I s a  conceptua l  representation . 

<JULIA> Hello. I'm JULIA, a Caterer's Advisor. May I help you? 

USER = > 

I' m havin g a  dinne r  nex t  wee k fo r  my researc h group . 

Ther e i s n o roo m fo r  al l  o f  the m I n th e dinin g room . 

<JULIA > 

•* *  Th e Initia l  proble m Is : 

•"• *  Fram e # < F R A ME 34502032 > 

Name:  M-MEAL77 4 

Isa :  (<M-MEAL> ) 

Category :  INDIVIDUA L 

Slots : 

ACTUAL-RESULT:  NI L 

CHARACTERS:  (7H0S T 7GUESTS 7PARTICIPANTS ) 

CONSTRAINTS:  {<C-LIMITED-SPACE778> ) 

DEFINED-SLOTS:  NI L 

DESCRIPTOR:  NI L 

EXPECTED-RESULT:  NI L 

FOLLOW-UP:  NI L 

GOALS:  (<E-EAT776 > <S-HUNGER777>) 

GUESTS:  <*JLK*S-GROUP > 

HOST:  <*JLK* > 

ORDER:  NI L 

PARTICIPANTS:  (7H0S T 7GUESTS) 

SETTING:  <*JLK*S-HOUSE > 

STEPS:  NI L 

TIME:  NI L 

JULIA'S problem reduction problem solver starts out. It immediately reduces the Instantlate-a-meal task to Its com-

ponen t  part s an d begin s workin g o n th e firs t  o f  them ,  th e meal  descripto r  task .  Meal  descriptor s Include ,  amon g othe r 

things ,  th e meal' s cuisine . 

"*" Planning for the task MEAL-TASK775 

TASK-TREE =  ((<MEAL-TASK775>) ) 

The activ e goa l  chai n i s (  M-MEAL ) 

Reducin g th e tas k MEAL-TASK77 5 t o subtask s (<MEAL-DESCRIPTOR-TAS K > 

<MAIN-COURSE-TASK> <APPETIZER-TASK > <SALAD-TASK > <DESSERT-TASK>) 

"" •  Plannin g fo r  th e tas k MEAL-DESCRIPTOR-TASK 

TASK-TREE =  ((<MEAL-DESCRIPTOR-TASK > <MAIN-COURSE-TASK> <APPETIZER-TASK > 

<SALAD-TASK> <DESSERT-TASK>)  (<MEAL-TASK775>) ) 

The activ e goa l  chai n I s (MEAL-DESCRIPTO R < = M-MEAL) 
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As par t  o f  thi s task ,  JULI A attempt s t o formulat e a  culsloe ,  bu t  can' t  d o I t  wit h th e Infamatlo n supplie d s o tar  b y th e 

user ,  s o I t  asks . 

Constraint Satisfaction 

Checkin g constraint s fo r  slo t  CUISIN E o f  M E A L - D E S C R I P T O R 7 83 .. . 

Instantiatin g sk) t  CUISIN E o f  fram e M E A L - D E S C R I P T O R 7 83 .. . 

<JULIA > Wha t  culsm e woul d yo u Ike ? 

U S ER = > mexica n 

<JULIA > 

Constrain t  Satisfactio n 

Checkin g constraint s fo r  slo t  CUISIN E o f  M E A L - D E S C R I P T O R 7 e3 .. . 

Instantiatin g slo t  CUISIN E o f  fram e M E A L - D E S C R I P T O R 7 83 .. . 

~ > Th e valu e I s MEXICAN-CUISIN E 

JULIA goes on to Its next task, choosing a main course, and suggests chill for the nnain course (we leave out the way 

It  di d that) .  A t  tha t  point ,  i t  I s  reminde d o f  a  mea l  i n whic h chil l  wa s served .  I f  thi s mea l  ha d bee n a  successfu l  one , 

th e remindin g wouk )  provid e suggestion s abou t  othe r  part s o f  th e meal .  I n thi s case ,  however ,  som e gueets ,  w h o di d 

not  ea t  ho t  food ,  wer e lef t  unsatisfied . 

•"•* Planning for the task MAIN-COURSE-TASK 

TASK-TREE =  ( ( < M A i N - C O U R S E - T A S K > < A P P E T I Z E R - T A S K > < S A L A D - T A S K > 

< D E S S E R T - T A S K >)  (<MEAL-TASK775>) ) 

The activ e goa l  chai n i s (  S C - M A I N - C O U R SE < = M - M E A L ) 

<JULiA > Wha t  abou t  CHiLi79 1 fo r  th e mai n course ? 

U S ER = > o k 

<JULIA > 

•••* *  Reminde d o f  MEAL80 ,  wher e chil i  wa s th e mai n cours e 

**** *  Case-base d reasonin g wit h th e cas e M E A L 8 0 

** *  Tryin g t o d o anaiogy-nr«ppin g wit h th e cas e M E A L 8 0 .. . 

Checkin g I f  th e previou s pla n fo r  goal s S - H U N G E R 80 E-EAT8 0 wa s successfu l 

Previou s pla n executio n failur e foun d 

The se t  o f  goal s faile d wa s S - H U N G E R 80 E-EATS O 

it  wa s becaus e ((NO T E V E R Y O N E A T E SPIC Y DISH) ) 

JULIA will try to avoid making this mistake again. It finds (through looking at the representation of the previous case) 

tha t  th e previou s failur e wa s becaus e o f  a  missin g constrain t  abou t  spice s an d seek s t o fin d ou t  i f  thi s constrain t 

shoul d b e take n int o accoun t  i n th e curren t  case .  Afte r  asking ,  I t  find s tha t  t o b e s o an d create s a  a  "non-spicy-food " 

constrain t  fo r  th e curren t  case .  I t  propagate s tha t  constrain t  an d check s I t  agains t  wha t  i t  ha s alread y decided .  I t 

find s ou t  tha t  chil i  an d Mexica n foo d ar e spicy ,  an d rule s bot h out .  Becaus e choosin g a  mai n cours e i s dependen t  o n 

havin g a  valu e fo r  cuisine ,  i t  delete s th e choose-a-main-cours e tas k fro m th e tas k network ,  reschedule s th e meal -

descripto r  tas k an d th e choose-a-main-cours e task ,  an d attempt s th e meal-descripto r  tas k agai n I n a n effor t  t o choos e 

a cuisine . 

*** Attempting to avoid the previous plan failure 

The assigne d blam e wa s tha t  C-NON-SPICY-PREF8 0 ha d no t  bee n considered . 

To avoi d previou s pla n failur e .. . 

Askin g th e use r  o f  a  missin g constrain t  C-NON-S P ICY-P R E F 

<JULIA > I s ther e anyon e wh o doesn' t  Ik e spic y food ? (Ho w many? ) 

USER = > 3 

<JULIA > 
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Tryin g t o propagat e th e constrain t  C-NON-SPICY-PREF79 3 

- > Generatin g a  ne w constrain t  C-NON-SPICY-CUISINE79 4 

-- > Qeneratm g a  ne w constrain t  C-NON-SPICY-DISH79 5 

Applyin g constrain t  C-NON-SPICY-DISH79 5 t o CHILI79 1 

-• > Abortin g CHILI79 1 

Applyin g constrain t  C-NON-SPICY-CUISINE79 4 t o MEXICAN-CUISIN E 

~ > Abortin g MEXICAN-CUIS IN E 

~ > Killin g th e curren t  tas k M A I N - C O U R S E - T A SK 

- > Reschedulin g M E A L - D E S C R I P T O R - T A SK M A I N - C O U R S E - T A SK int o th e tas k networ k 

Plannin g fo r  th e tas k M E A L - D E S C R I P T O R - T A SK 

T A S K - T R EE =  ( { < M E A L - D E S C R I P T O R - T A S K > < M A I N - C O U R S E - T A S K> < A P P E T i Z E R - T A S K > 

< S A L A D - T A S K> < D E S S E R T - T A S K >)  (<MEAL-TASK775>) ) 

Th e activ e goa l  chai n i s ( M E A L - D E S C R I P T O R < = M - M E A L ) 

Constrain t  Satisfactio n 

Checkin g constraint s fo r  slo t  CUISIN E o f  M E A L - D E S C R I P T O R 7 83 .. . 

~ > Applyin g constrain t  C-NON-SPICY-CUiSINE7g 4 t o slo t  CUISIN E 

~ > Th e slo t  CUISIN E I s no t  ye t  fille d m 

ir«tantlatln g sk> t  CUISIN E o f  fram e M E A L - D E S C R I P T O R 7 83 .. . 

Because there has been little in the way of preferences offered by the user up to now, JULIA cannot suggest a new 

cuisin e b y itsel f  a t  thi s point .  I t  ask s th e use r  agai n fo r  a  cuisin e preference ,  thi s tim e tellin g th e use r  constraint s o n 

th e preference .  Th e use r  suggest s Italian ,  an d JULI A goe s on .  T o complet e th e menu ,  JULI A continue e It s reason -

ing ,  choosin g lasagn e fo r  th e nul n cours e an d i s reminde d o f  a  cas e I n whic h vegetarian s wer e a t  a  lasagn e dinne r 

an d couk J no t  eat .  JULI A know s tha t  i n th e previou s case ,  the y coul d hav e eate n I f  th e meatles s versk m o f  th e dis h 

had bee n served ,  an d propose s th e sam e I n thi s case .  Th e mea l  JULI A finall y come s u p wit h include s vegetaria n 

antlpast o a s th e appetizer ,  veggi e lasagn e an d Italia n brea d fo r  th e mai n course ,  mixe d gree n sala d a s th e salad ,  an d 

ic e crea m fo r  dessert . 

8. Discussion 

I n ou r  scheme ,  potentia l  failure s ca n t> e encountere d an d thu s nee d t o b e deal t  wit h durin g an y ste p o f  th e 

proble m solving .  An y tim e th e proble m solve r  encounter s a  cas e wit h a  previou s problem .  I t  consider s whethe r  ther e 

i s th e potentia l  fo r  tha t  proble m I n th e ne w case .  Thi s ma y caus e i t  t o refocu s Itsel f  unti l  th e potentia l  fo r  failur e I s 

determined ,  an d i f  suc h potentia l  I s determine d an d th e proble m solve r  ha s t o retrac t  decision s mad e previou s t o th e 

curren t  one ,  the n I t  mus t  remak e an y decision s dependen t  o n thos e declsiorts .  Suc h processing ,  o f  course ,  require s 

tha t  th e proble m solve r  b e integrate d wit h a  reason-maintenanc e syste m tha t  keep s trac k o f  th e dependencie s amon g 

it s decisions .  Othe r  step s requir e tha t  th e reasone r  recor d justification s fo r  eac h o f  th e decision s I t  makes .  W e hav e 

not  don e a  grea t  dea l  o f  wor k i n thes e areas ,  bu t  ou r  experienc e s o fa r  lead s u s t o believ e tha t  a  standar d trut h 

maintenanc e syste m (Doyle ,  1979 ,  McAllester ,  1980 ,  DeKleer ,  1986 )  I s no t  adequat e t o d o al l  o f  th e wor k w e nee d 

suc h a  syste m t o do .  I n particular .  I n additio n t o It s standar d bookkeepin g functions ,  suc h a  syste m wil l  nee d stra -

tegie s o r  policie s t o follo w i n makin g decision s abou t  h o w t o mak e th e worl d consisten t  whe n a  conditio n chec k fails , 

or  wil l  nee d t o interac t  wit h a  reasone r  tha t  ca n mak e suc h decisions .  Whil e i t  i s  standar d fo r  a  trut h maintenanc e sys -

te m t o retrac t  decision s tha t  ar e inconsisten t  an d t o propagat e thos e retraction s a s fa r  a s I t  need s to .  I n th e proble m 

solvin g situatio n w e ar e lookin g at ,  i t  I s  ofte n mor e advantageou s t o tr y t o satisf y constraint s I n a  differen t  wa y (e.g. ,  t o 

replac e a  retracte d valu e wit h anothe r  tha t  satisfie s th e necessar y constraints) . 

H a m m o nd (1986 )  take e th e complexit y ou t  o f  thi s issu e b y havin g th e reasone r  explicitl y  tr y t o avok J mistake s I n 

on e o f  it s  earl y plannin g steps .  Th e advantang e o f  this ,  o f  course .  I s tha t  afte r  potentia l  mistake s ar e discovered ,  th e 

proble m solve r  nee d onl y kee p the m I n min d durin g th e remainde r  o f  proble m solvin g rathe r  tha n havin g t o dea l  wit h 

ne w issue s an d possibl e chang e o f  focu s par t  o f  th e wa y through .  Ther e i s thu s n o nee d fo r  th e complexit y o f  a  trut h 

maintenanc e system .  O n th e othe r  hand ,  th e reasone r  ca n onl y avoi d thos e mistake s tha t  ca n b e foresee n a t  th e 

onse t  o f  proble m solving ,  bu t  canno t  avoi d mistake s tha t  th e proble m solve r  migh t  no t  b e abl e t o anticipat e unti l  lat e i n 
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th e proble m solving . 

Carbonel l  (1986 )  deal s wit h thi s Issu e I n ye t  anothe r  way .  Hi s wor k assume s tha t  eac h ol d proble m I s stae d 

as a  sequenc e o f  reasonin g steps ,  an d tha t  an y tim e tw o problem s ar e simila r  I n thei r  se t  o f  steps ,  th e secon d I s 

store d o n wit h th e first ,  branchin g fro m I t  a t  th e plac e the y begi n t o b e different .  Thus ,  onc e th e case-base d reesone r 

I s reminde d o f  a  previou s case .  I t  ha s availabl e t o I t  al l  o f  th e case s tha t  hav e bee n solve d b y th e s a m e Initia l  se t  o f 

step s a s th e on e I t  I s currentl y tryin g t o solve .  Thi s mean s tha t  a t  eac h decisio n poin t  I n th e proble m solving ,  eac h o f 

th e previou s decision s tha t  hav e bee n mad e ar e availabl e alon g wit h thei r  justifications .  Reasonin g simila r  t o tha t 

describe d I n thi s pape r  happen s t o evaluat e whic h o f  th e possibilitie s I s appropriat e fo r  th e n e w case .  Th e advan -

tage s o f  thi s metho d ar e simila r  t o th e advantage s I n Hammond' s method :  th e proble m solver ,  I n general ,  neve r  need s 

t o refocu s Itself ,  an d ther e I s n o nee d fo r  a  trut h maintenanc e system .  Th e majo r  disadvantage ,  however .  I s tha t  onc e 

Carboneir s proble m solve r  find s a  se t  o f  previou s case s tha t  ar e simila r  t o It s curren t  one .  I t  I s wedde d t o tha t  set ,  an d 

no othe r  case s tha t  migh t  b e simila r  alon g a  differen t  se t  o f  dimension s ca n contribut e t o th e proble m solving . 

7. Summary 

Previou s proble m solvin g failure s ca n b e a  powerfu l  ai d I n helpin g a  proble m solve r  t o becom e bette r  ove r  time . 

W h en a  previou s cas e I n whic h a n erro r  wa s mad e I s recalled ,  I t  flag s th e potentia l  fo r  a  simila r  mistak e an d th e ree -

sone r  consider s whethe r  th e sam e potentia l  fo r  erro r  exist s I n th e n e w case .  Th e direc t  resul t  o f  thi s I s tha t  reasonin g 

i s directe d t o tha t  par t  o f  th e curren t  proble m tha t  wa s responsibl e fo r  th e previou s error ,  sometime s changin g th e 

proble m solver' s focus .  Evaluatio n o f  th e potentia l  fo r  erro r  I n th e curren t  cas e m a y requir e th e proble m solve r  t o 

gathe r  knowledg e I t  doesn' t  alread y have ,  anothe r  wa y focu s migh t  b e redirected .  A  cas e wit h a n erro r  ma y als o sug -

ges t  a  correc t  solutio n fo r  th e n e w case .  Th e combinatio n o f  thes e help s th e proble m solve r  t o avok )  repeat^ g mis -

take s an d suggest s shorteut s I n reasonin g tha t  avoi d th e tria l  an d erro r  o f  previou s cases . 
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Abstract 

Proble m solvin g I s know n t o var y i n som e predictabl e way s a s a  functio n o f  experience .  I n thi s study ,  w e hav e 

Investigate d th e effect s o f  experienc e o n th e proble m solvin g behavio r  an d knowledg e bas e o f  worker s I n a n applie d 

setting :  automobil e mechanics .  Th e automobil e itsel f  i s a  highl y comple x syste m wit h man y interconnecte d subsys -

tems .  Proble m description s (i.e. ,  symptoms )  presente d t o a  mechani c w h o need s t o diagnos e a  car ,  however ,  ar e 

usuall y quit e sketchy ,  requirin g th e collectio n o f  mor e informatio n befor e solution .  Novice s ar e les s abl e tha n expert s 

t o diagnose  an y bu t  th e obviou s problems ,  an d w e ar e Intereste d i n Identifyin g th e qualitativ e difference s betwee n 

mechanic s a t  differen t  level s o f  expertise .  I n th e stud y reported ,  w e observe d thre e studen t  mechanic s i n a  post -

secondar y technica l  school ,  eac h a t  a  differen t  leve l  o f  expertise ,  diagnos e si x problem s Introduce d Int o car s I n th e 

school .  W e the n analyze d th e protocol s w e collecte d t o fin d th e knowledg e an d strategie s use d i n solvin g eac h prob -

lem .  W e als o analyze d th e serie s o f  protocol s fo r  eac h studen t  t o fin d th e change s i n knowledg e an d strategie s use d 

In solvin g late r  problem s a s compare d t o earlie r  problems .  Difference s wer e see n i n bot h th e knowledg e use d b y th e 

subject s an d i n thei r  genera l  approac h t o diagnosis .  A s a  resul t  o f  experience ,  th e studen t  mechanic s seeme d t o 

Improv e I n thre e areas :  (1 )  thei r  knowledg e o f  th e relationship s betwee n symptom s an d possibl e failure s w a s aug -

mented ,  (2 )  thei r  causa l  model s o f  th e car' s system s wer e augmented ,  an d (3 )  thei r  genera l  troubleshootin g pro -

cedure s an d decisio n rule s wer e muc h Improved . 

• 

1.  Introductio n 

Proble m solvin g I s know n t o var y i n som e predictabl e way s a s a  functio n o f  expertise .  W h e n th e proces s o f 

proble m solvin g firs t  c a m e unde r  scrutin y b y psycholog y an d compute r  scienc e researchers ,  th e problem s studie d 

wer e I n knowledge-lea n domain s i n whic h well-define d situation s hav e know n solution s (Reed ,  Ernst ,  &  Banerji ,  1974 ; 

Reed &  Johnson ,  1977 ;  Reitman ,  1976 ;  Simon ,  1975) .  I n tha t  work ,  th e behavio r  o f  interes t  wa s generall y a  variabl e 

suc h a s numbe r  o f  step s t o completio n o r  numbe r  o f  correc t  solutions .  Recentl y however ,  interes t  i n proble m solvin g 

has leane d mor e towar d problem s I n knowledge-ric h domain s suc h a s physic s (Chi ,  Glaser, & Rees ,  1982 ;  Simo n & 

Simon ,  1978) ,  thermodynamic s (Bhaska r  &  Simon ,  1977) ,  architectur e (Akin ,  1980) ,  an d politica l  scienc e (Voss , 

Greene ,  Post ,  &  Penner ,  1983 ;  Vos s &  Tyler ,  1981) .  Withi n thes e domains ,  researcher s hav e continue d t o loo k a t  th e 

step s an d plan s generate d I n comin g t o a  solution ,  bu t  the y hav e als o develope d a  furthe r  Interes t  I n th e natur e o r 

organizatio n o f  th e knowledg e use d I n th e proces s o f  proble m solving .  A  majo r  questio n regardin g th e natur e o r 

organizatio n o f  knowledg e ha s bee n h o w tha t  knowledg e an d It s change s influenc e performance . 

Our  knowledg e o f  th e difference s betwee n novice s an d expert s ha s reache d th e poin t  wher e severa l  genera l 

statement s ca n b e made .  First ,  expert s I n an y fiel d ar e mor e abl e t o recogniz e an d remembe r  typica l  condition s withi n 

thei r  are a o f  expertise .  Second ,  expert s generall y organiz e thei r  knowledg e b y functiona l  characteristic s o f  problem s 

whil e novice s ar e mor e Ikel y t o us e surfac e feature s t o characteriz e problems.* *  Ther e hav e no t  bee n a  lo t  o f  expltel t 

conclusions ,  however ,  abou t  th e particula r  knowledg e structure s use d b y expert s an d novices .  No r  ha s ther e bee n 

wor k describin g th e particula r  change s i n knowledg e an d processin g behavio r  tha t  happe n a s a  resul t  o f  a  singl e 

experience . 

*  Thi s researc h I s  supporte d i n par t  b y th e Arm y Researc h Institut e fo r  th e Behaviora l  an d Socia l 
Science s unde r  Contrac t  No .  MDA-903-86-C-173 .  Thank s t o Ke n Alliso n an d GIt a Rangarajan ,  w h o 
provide d representation s fo r  th e pape r  an d idea s abou t  analyzin g th e protocols . 
"Se e Chi ,  « t  a l  (1982 )  an d QIase r  (1985 )  (o r  mor e discussio n o (  novice/exper t  differences . 
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Our  primar y goa l  I s t o discove r  th e change e tha t  IndlvldLia l  experience s hav e o n a  proble m solver .  I n orde r  t o 

achiev e tha t  goal ,  w e firs t  hav e t o fin d ou t  wha t  knowledg e th e proble m solve r  start s wit h befor e solvin g an y proble m 

an d wha t  Itnowledg e h e ha s late r  t o solv e a  simila r  problem .  Whil e earlie r  wor k ha s indk:ate d tha t  "good "  diagnosti c 

abilit y  i s  a  functio n mor e o f  knowledg e abou t  th e proble m are a bein g diagnose d tha n o f  genera l  diagnosti c skill s 

(Miller ,  1975) ,  w e fin d tha t  th e diagnosti c skill s  o f  novice s an d expert s als o differ ,  an d therefor e als o observ e Initia l 

strategie s o f  proble m solver s an d thos e use d afte r  a  particula r  experience . 

I n th e particula r  experimen t  t o b e discussed ,  w e ha d tw o goals .  Ou r  firs t  wa s t o fin d ou t  wha t  knowledg e sub -

ject s a t  differen t  level s o f  expertis e ha d an d t o b e abl e t o stat e th e proble m solvin g strategie s use d b y subject s a t 

varyin g level s o f  expertise .  This ,  w e felt ,  woul d giv e u s a  goo d Ide a o f  wha t  thing s experienc e teaches .  Base d o n ou r 

previou s wor k o n memor y an d proble m solvin g (Kolodner ,  1985 ;  Kolodne r  &  Simpson ,  1984 ;  Kolodne r  &  Kolodner , 

1987) ,  w e expecte d tha t  difference s woul d b e I n bot h th e amoun t  know n an d accessibilit y  (o r  organizatk>n )  o f  know n 

knowledge .  Ou r  secon d goa l  wa s t o Identif y particula r  change s ove r  tim e i n eac h individual' s handlin g o f  specifi c  prob -

lem s an d type s o f  problems .  Th e sequenc e o f  problem s presente d t o th e subject s wa s derive d suc h tha t  thi s wouk i 

be possible . 

Th e tas k domai n w e hav e chose n t o loo k at ,  diagnosi s o f  automotiv e problems .  I s Interestin g fo r  severa l  rea -

sons .  Th e automobil e engin e I s a  highl y comple x entity .  I t  consist s o f  a  numbe r  o f  Interactin g system s actin g t o pro -

duc e th e car' s motion .  Failure s I n an y componen t  o r  syste m o f  th e engin e usuall y produc e notlcabi e symptom s o r 

change e I n th e car' s performance ,  bu t  th e failure s themselve s ar e seldo m obvtou s t o th e amateur ,  i n addition ,  a  give n 

sympto m ca n indicat e numerou s possibl e failure s withi n th e engine .  Th e perso n w h o come s t o th e sho p wit h a  prob -

le m describe s a  sympto m o r  se t  o f  symptom s t o th e mechanic ,  an d i t  i s  th e mechanic' s jo b t o furthe r  Investigat e th e 

car  t o fin d ou t  whic h o f  th e man y possibl e problem s tha t  coul d caus e th e reporte d symlom(s )  i s I n fac t  responsibl e fo r 

it .  Expert s ar e muc h bette r  tha n novice s a t  determinin g th e cause s o f  automotiv e problems .  (A s th e ok l  stor y goes ; 

it' s  te n cent s fo r  th e s a e w an d twent y dollar s fo r  knowin g whic h on e t o replace. ) 

T h e domai n i s knowledge-rich ,  an d th e dept h o f  knowledg e an d abilit y  t o us e i t  ar e bot h Importan t  I n makin g a 

goo d diagnosis .  School s teac h abou t  car s i n general ,  bu t  sinc e ther e ar e s o man y differen t  kind s o f  cars ,  eac h o f 

whic h hav e thei r  o w n peculiarities ,  textbook s an d school s can' t  teac h everything .  Diagnosin g a  ca r  wit h a  give n se t  o f 

symptom s ma y depen d a s muc h o n th e ag e an d typ e o f  engin e a s o n th e symptom s presented .  A  give n failur e ca n b e 

a c o m m o n caus e o f  a  particula r  sympto m I n on e engin e an d no t  possibl e I n another .  Experienc e wit h differen t  type s o f 

car s an d differen t  type s o f  problem s i s thu s essentia l  i n gainin g expertise .  Furthermore ,  ther e ar e to o man y type s o f 

car s (mos t  model s chang e a t  leas t  a  littl e ever y year )  an d to o muc h i n th e set s o f  manual s fo r  Individua l  car s fo r  a 

mechani c t o kno w everythin g abou t  ever y car .  Thus ,  i t  I s  essentia l  fo r  th e exper t  mechani c t o dra w hi s ow n generali -

zation s abou t  car s tha t  allo w hi m t o organiz e an d acces s knowledg e appropriat e t o an y particula r  ca r  an d proble m h e 

I s lookin g at . 

I n th e wor k reporte d here ,  thre e studen t  mechanto s wer e observe d whil e diagnosin g ca r  failures .  Si x problem s 

wer e presente d a t  weekl y interval s an d think-alou d protocol s wer e collecte d whil e th e student s worke d an d wer e tran -

scribe d an d code d fo r  late r  analysis .  Eac h wee k th e Instructo r  demonstrate d th e correc t  o r  optimu m troubleshootin g 

sequenc e fo r  diagnosi s o f  th e failur e afte r  ai l  subject s wer e finished .  Thus ,  eac h studen t  ha d a n opportunit y f a feed -

bac k an d a n explanatio n o f  th e car' s proble m whethe r  o r  no t  h e ha d diagnose d I t  correctly .  Eac h failur e wa s intro -

duce d Int o th e ca r  deliberatel y an d eac h proble m wa s cause d b y onl y on e faile d part .  Analysi s o f  th e dat a focusse d o n 

th e knowledg e an d strategie s use d b y student s a t  differen t  level s o f  training ,  h o w thei r  knowledg e wa s organized ,  an d 

h o w thei r  knowledg e an d strategie s change d wit h experience . 

We expecte d tha t  th e mor e experience d studen t  woul d solv e mor e problem s an d woul d giv e evktonc e o f  havin g 

a mor e organize d knowledg e bas e tha n th e les s experience d students .  I n addition ,  w e expecte d tha t  Indlvkjual s wouk I 

sho w evidenc e ove r  th e serie s o f  problem s o f  acquirin g n e w diagnosti c skill s  an d n e w knowledg e an d connection s 

withi n thei r  knowledge . 
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2.  M a t h e d 

2.1. SubJ*eta 

Thre e student s a t  a  pos t  secondar y technica l  schoo l  volunteere d t o participat e I n th e project .  Th e technica l 

progra m I s a  two-year ,  eight-quarte r  program .  Durin g muc h o f  th e secon d year ,  th e student s wor k i n a  sho p settin g 

withi n th e school .  Car s belongin g t o schoo l  personne l  an d friend s o f  th e student s an d Instructor s ar e diagnose d an d 

repaire d b y students ,  i n addition ,  th e schoo l  own s severa l  car s tha t  ca n b e use d I n teachin g student s t o teac h abou t 

specifi c  problems . 

Each o f  th e thre e studen t  volunteer s wa s a t  a  differen t  poin t  I n th e program .  Th e novic e studen t  wa s I n hi s firs t 

quarte r  o f  th e progra m an d ha d n o prio r  trainin g o r  experience .  Th e Intermediat e studen t  wa s a t  th e beginnin g o f  hi s 

secon d yea r  I n th e program .  Th e advance d studen t  wa s nea r  th e en d o f  th e secon d yea r  an d hel d a  part-tim e Jo b a s 

a mechani c outsid e o f  school .  Eac h studen t  worke d o n a t  leas t  fou r  o f  si x problems . 

2.2. Procedure 

Subject s wer e observe d onc e a  wee k whil e diagnosin g a n actua l  proble m I n a  car .  Th e problem s use d wer e 

selecte d b y a n Instructo r  i n th e progra m I n consultatio n wit h th e experimenter .  Th e problem s an d th e Informatio n 

give n a s th e customer' s complain t  ar e describe d I n Tabl e 1 .  Eac h faul t  wa s Introduce d int o a  ca r  b y th e Instructo r  o r 

by a  studen t  no t  I n th e stud y unde r  th e directio n o f  th e instructor .  Th e car s use d wer e al l  owne d b y th e schoo l  wit h 

one exception :  a  n e w ca r  brough t  i n b y a  schoo l  officia l  tha t  ha d symptom s w e ha d bee n presentin g t o th e student s I n 

previou s weeks .  I n ever y case ,  a  singl e complain t  wa s give n an d a  singl e faul t  coul d b e trace d t o accoun t  fo r  th e 

complaint .  Student s wer e tol d t o trac k dow n th e fault ,  bu t  no t  t o fi x  I t  unles s repai r  wa s necessar y t o confir m th e diag -

nosis . 

I n eac h session ,  th e studen t  wa s le d t o th e ca r  and ,  wit h th e experimente r  posin g a s a  customer ,  tol d tha t  th e 

car  wa s exhibitin g a  parttoula r  symptom .  Th e studen t  wa s the n allowe d t o perfor m an y test s desire d o n th e ca r  an d 

It s engine ,  wit h th e exceptio n o f  a  drivin g roa d test ,  prohibite d primaril y b y th e symptom s presente d b y th e car .  Th e 

studen t  wa s instructe d t o thki k alou d a s h e worke d t o fin d th e faile d componen t  i n th e car .  Hi s comment s wer e tap e 

recorde d b y th e experimenter ,  w h o als o serve d a s a n assistan t  t o th e studen t  whe n necessary . 

Tabl e 1 

Fault s an d thei r  complaint s a s presente d t o subject s 

Proble m 

1 

2 

3 

4 

5 

6 

Complain t  (Symptom ) 

aank s bu t  wil l  no t  star t 

crank s slowl y whe n starlin g 

aank s bu t  wil l  no t  star t 

crank s bu t  wil l  no t  star t 

crank s bu t  wil l  no t  star t 

detonatio n o n acceleratio n 

Faul t 

sedimen t  o r  othe r  blockag e i n ga s lin e 

ba d cel l  I n battery-wil l  no t  hol d charg e 

ba d connectio n behin d fus e pane l  an d 

fue l  p u m p fus e 

loos e groun d wire s fro m Electroni c 

Contro l  Modul e (computer ) 

ope n tac h circui t 

poorl y adjuste d timin g 

2.3 .  C e d i n g 

Afte r  al l  protocol s wer e transcribed ,  eac h statemen t  wa s code d Int o on e o f  si x categories ,  show n I n Tabl e 2 

wit h examples .  Staten>ent s code d a s hypotheae a wer e thos e I n whic h a  specifi c  syste m o r  componen t  wa s firs t 

named a s a  possibl e sourc e o f  th e failur e o r  I n whic h th e syste m o r  componen t  wa s accepte d o r  rejecte d a s th e 
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Categor y 

Hypothese s 

Rule s 

Informatio n Gatherin g 

Observatio n 

Restatement s 

Tabl e 2 1 
Codin g Categorie s fo r  Protocol s 

Additiona l  Specification s 

Number  an d Statu s 

Topi c (Failure ,  norma l  functioning , 

troubleshooting ) 

Sourc e o f  inforrratio n obtaine d 

Topi c (hypothesl8(number ) 

complaint ) 

Topi c (complain t  o r  summar y 

observations ) 

or 

or 

of 

Example s 

Coul d b e starve d fo r  ga s (N-P1 ) 

It  coul d be ,  coul d b e th e starte r  (N -

P2) 

Fuel  P u m p shoul d c o m e o n fo r  3 

second s (i-P4 ) 

Firs t  o f  all ,  1  hav e t o local e th e 

connecto r  t o th e bac k o f  th e fue l 

p u mp (A-P3 ) 

Befor e 1  loo k I n th e book ,  I' m goin g t o 

chec k th e fus e (A-P3 ) 

What  w e don' t  hav e i s fue l  t o th e 

throttl e bod y (A-P3 ) 

1 don' t  believ e 1  hea r  I t  runnin g (A-P3 ) 

t o rephras e that-th e throttl e bod y i s 

not  injectin g fue l  (A-P3 ) 

sourc e o f  th e failure .  Hypothese s wer e numbere d i n orde r  o f  appearanc e and ,  eac h tim e on e wa s mentioned ,  it s 

statu s w a s noted .  It s statu s coul d b e opan ,  acceptod ,  conflrmad ,  o r  rajactad .  Rula s wer e statement s givin g known , 

constan t  informatio n abou t  a n engin e o r  abou t  th e proces s o f  diagnosis .  Statement s code d a s Informatio n gatharin g 

wer e generall y description s o f  th e action s bein g take n b y th e subjec t  a t  th e time .  Suc h action s coul d elici l  o r  obtai n 

Informatio n fro m th e customer ,  fro m a  book ,  o r  vi a a  procedur e o r  tes t  applie d t o th e engine .  Obaarvatlon a wer e 

statement s givin g th e informatio n obtaine d fro m th e actio n taken .  Rastatamant a wer e repetition s o f  previousl y state d 

or  collecte d informatio n rathe r  tha n n e w information .  Eac h statemen t  fallin g int o on e o f  th e las t  thre e categorie s wa s 

ktontifte d wit h a  specifi c  hypothesi s b y it s numbe r  i f  possible .  Al l  othe r  statement s wer e uncodabl e an d wer e marke d 

as such . 

3. 

As expected ,  th e abilit y  o f  th e student s t o correctl y diagnos e th e problem s change d substantiall y  betwee n th e 

novic e leve l  an d th e intermediat e an d advance d levels .  Th e diagnose s give n b y eac h subjec t  an d th e numbe r  o f 

hypothese s considere d ar e show n i n Tabl e 3 .  Th e novte e correctl y diagnose d onl y on e o f  fou r  problem s attempted , 

whil e th e intermediat e studen t  correctl y diagnose d thre e o f  si x an d th e advance d studen t  thre e o f  four .  I n addition ,  th e 

number  o f  hypothese s considere d increase d wit h expertise .  Th e novic e generate d a  mea n o f  3. 0 hypothese s pe r 

proble m an d th e Intermediat e an d advance d student s generate d 6. 8 an d 5. 0 hypothese s pe r  proble m respectively . 

730 



Tabl e 3 

Fina l  Diagnose s an d Numbe r  o f  Hypothese s Considere d b y Eac h Subjec t 

Proble m 

1 

2 

3 

4 

5 

6 

Novic e 

not  gettin g fuel(4 ) 

dea d batter y C8ll(5 ) 

fue l  pump(3 ) 

no dlagno8i8(0 ) 

Intermediat e 

clogge d fue l  llne(3 ) 

8tarter(4 ) 

fue l  p u m p relay(S ) 

no dlagno8ls(6 ) 

ope n lac h circult(9 ) 

ba d tlming(lO ) 

Advance d 

dea d batter y cel l  (6 ) 

fue l  p u m p fuse(5 ) 

Injecto r  80lenoid(9 ) 

ba d tlmlng(2 ) 

3.1 .  K n o w l e d g e S t ruc tu re s a n d K n o w l e d g e Organizat io n 

I n general ,  th e diagnosti c behavio r  w e sa w wa s simila r  t o tha t  reporte d b y othe r  researcher s (Hunt ,  1981 ; 

Rasmussan ,  1978 ;  1979 ;  Rasmusse n &  Jensen ,  1974) .  Student s generate d on e o r  mor e possibl e hypothese s fo r  th e 

failur e Immediatel y afte r  observin g th e symptom(s) .  Thes e hypothese s wer e the n teste d i n a  fairl y  systemati c (albei t 

sometime s Idlosynaatic )  wa y eithe r  b y observatio n o f  th e Input s t o an d output s fro m specifi c  component s an d sys -

tem s o r  b y performanc e o f  specifi c  diagnosti c tests .  I n successfu l  cases ,  a  singl e diagnosi s ultimatel y wa s given , 

accompanie d b y a n explanatio n o f  h o w o r  wh y tha t  failur e woul d generat e th e observe d 8ymptom(s) . 

We interpre t  thi s proces s a s bein g Indicativ e o f  a n Interactio n betwee n tw o type s o f  knowledg e structures .  Th e 

first ,  a  causa l  moda l  o f  th e car' s engine ,  contain s knowledg e abou t  Individua l  component s an d thei r  inputs ,  outputs , 

and norma l  behavior ;  relate s component s withi n a  syste m t o on e another ;  an d describe s th e relationship s an d connec -

tkm s betwee n systems .  I t  I s use d t o evaluat e hypothese s i n ligh t  o f  th e evidenc e obtaine d fro m th e faile d engin e an d 

t o lea d th e mechani c throug h th e engin e t o th e sourc e o f  th e proble m i n a  systemati c way .  Th e causa l  mode l  i s gen -

erall y quit e large ,  an d th e secon d typ e o f  knowledg e structure ,  symptom-faul t  aata .  I s use d t o Inde x Int o th e causa l 

model  a t  appropriat e places .  Symptom-faul t  set s represen t  th e relationship s betwee n particula r  symptom s o r  set s o f 

symptom s an d failures .  Fo r  example ,  give n th e sympto m "th e ca r  crank s bu t  wil l  no t  start" ,  th e symptom-faul t  set s wil l 

kientif y thre e system s a s possibl e location s fo r  th e failure :  th e fue l  system ,  th e ai r  intak e system ,  an d th e Ignitio n sys -

tem.  Withi n eac h o f  thes e systems ,  additiona l  symptom-faul t  set s wil l  Identif y Individua l  component s tha t  nru y caus e 

th e 8ymptom(s) .  Fo r  th e fue l  system ,  thes e woul d b e a  faile d fue l  pump ,  a n empt y ga s tank ,  o r  a  blocke d fue l  line . 

For  th e Ignitio n system ,  thes e woul d b e a  ba d distributor ,  ba d spar k plu g wires ,  o r  ba d spar k plugs .  Thes e 

symptom-faul t  set s ar e use d t o deriv e Initia l  hypotheses ,  directin g th e mechani c t o loo k a t  onl y appropriat e place s I n 

th e causa l  model . 

If ,  I n fact ,  mechanic s ar e usin g thes e tw o type s o f  knowledg e structure s durin g troubleshooting ,  the n w e ca n 

predic t  severa l  change s w e shoul d expec t  t o se e i n thes e structure s a s a  resul t  o f  experience ,  an d fro m those ,  w e ca n 

predic t  th e processin g difference s tha t  woul d resul t  fro m thes e changes .  First ,  w e predic t  tha t  throug h experience ,  a 

mechanks' s se t  o f  symptom-faul t  set s increase s an d tha t  th e set s h e alread y know s becom e mor e accurate .  A s a 

resul t  o f  thes e changes ,  th e mechank :  shoul d hav e bette r  way s t o Inde x Int o th e causa l  model ,  leadin g t o mor e effi -

cien t  searche s fo r  th e correc t  failure .  Second ,  th e causa l  mode l  shoul d becom e mor e fille d ou t  wit h experience ,  bot h 

throug h additio n o f  component s and/o r  system s tha t  wer e previousl y unknow n an d throug h additio n o f  relationship s 

and dependencie s betwee n th e know n components .  Th e causa l  model ,  Ik e symptom-faul t  sets ,  shoul d als o becom e 

more accurate .  A s a  resul t  o f  havin g a  bette r  causa l  model ,  a  mechani c shoul d b e bette r  abl e t o systematicall y reaso n 

abou t  th e wa y th e ca r  works ,  allowin g hi m t o fin d engin e failure s mor e systematlcaii y an d i n mor e cases . 

We did ,  i n fact ,  se e clea r  difference s betwee n student s a t  differen t  level s o f  experienc e reflectin g exactl y thes e 

change s I n thei r  knowledg e structures .  First ,  w e sa w evidenc e tha t  bot h th e organizatio n an d numbe r  o f  symptom -

faul t  set s Increase d wit h experience .  Th e advance d studen t  seeme d t o kno w mor e symptom-faul t  set s tha n th e 

novice ,  a s evidence d b y th e large r  numbe r  o f  hypothese s h e wa s abl e t o generat e fo r  eac h problem .  I n addition ,  th e 

advance d studen t  seeme d t o organiz e hi s symptom-faul t  set s differentl y tha n th e novice ,  evidence d b y th e mor e sys -

temati c procedur e h e use d fo r  generatin g an d testin g hypotheses .  Th e advance d student' s procedur e wa s t o zer o I n 
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on on e o f  th e engine' s subsystem s an d the n t o conside r  whic h componen t  o f  tha t  syste m wa s faulty ,  whil e th e novic e 

di d no t  differentiat e betwee n system s an d component s o f  system s I n diagnosis .  Whil e fo r  th e novice ,  al l  fault s ar e 

equa l  an d a n hypothesi s a t  th e componen t  leve l  wa s a s Ikel y t o b e selecte d a s th e firs t  t o Investigat e a s a n hypothesi s 

at  th e syste m level ,  th e mor e advance d troubieshoote r  seeme d t o organiz e hi s symptom-faul t  set s Int o tw o categories , 

eac h use d fo r  differen t  purposes .  O n e se t  pointe d t o fault y aubayatam a withi n th e ca r  (e.g. ,  fue l  system ,  electrica l 

systems )  an d wa s use d earl y I n diagnosi s t o zer o I n o n th e fault y subsystem ,  whil e th e secon d se t  pointe d t o fault y 

component s o f  thes e system s (e.g. ,  th e fue l  pump ,  th e battery )  an d wa s use d t o diagnos e th e proble m withi n tha t 

system .  Suc h a  chang e require s tha t  th e mechani c als o reorganiz e hi s knowledg e abou t  th e car' s engin e I n a  mor e 

hierarchica l  wa y tha t  differentiate s betwee n system s an d component s o f  systems .  Figur e 1  show s a  portio n o f  th e 

novic e an d advance d student' s organization s o f  th e causa l  mode l  o f  th e engine . 

N O V I CE 

Leve l  o f  Abstractio n 

Highes t 

Component Level 

Value s 

Car  Engin e Engin e 

Batter y Coi l  Distributo r  Spark-Plu g 
l^TTan k Fuei:PumTcSBureto r  Alr̂ llte r 

ADVANCED 
Leve l  o f  Abstractio n 

Highes t 

System Level 

Component Level 

Value s 

Car  Engin e 

Ignition 
Alrlntak e 

BLyCo^^B^itu^oT^-P^u ^  Qaa-Tan k Fuel-Pum p ureio r  Air-Filte r 

Figur e 1 

Novic e an d Advance d Studen t  Representation s o f  th e Car' s Engin e 

We als o s a w evidenc e tha t  conten t  o f  th e causa l  mode l  change d wit h experience .  T h e causa l  mode l  o f  th e 

m o r e advance d student s containe d no t  onl y mor e knowledg e abou t  individua l  components ,  bu t  als o mor e knowledg e 

abou t  th e interconnecte d natur e o f  th e engine' s systems .  T h e behavio r  o f  th e student s durin g troubleshootin g illus -

trate s thes e findings .  Consider ,  fo r  example ,  th e behavio r  o f  th e advance d studen t  I n Proble m 4 .  Hi s reasonin g wen t 

a s follows: * 

T h e firs t  thin g yo u wan t  t o do ,  whic h i s th e easies t  thin g t o do ,  I s loo k an d se e i f  w e hav e an y fuel , 

becaus e yo u gott a hav e fuel ,  air ,  an d heat.. .  Don t  hav e fuel..Th e firs t  thin g I  wan t  t o d o I s chec k 

th e fuse...they'r e OK.. .  hoo k thi s jumpe r  lea d t o th e bypas s t o th e fue l  pump...th e fue l  p u m p I s 

running.. .  chec k an d se e ou r  connectio n u p her e t o th e energizer...goin g fro m th e E C M u p t o th e 

injecto r  I s OK...tr y t o energiz e thi s solenoi d b y hand...chec k t o se e I f  w e go t  an y gas...al l  th e line s 

ar e airlght...go t  ga s t o th e throttl e body.. .  m y diagnosi s i s th e solenoi d i s ba d becaus e everythin g 

els e check s out . 

T h e hypothese s generate d b y thi s studen t  ar e i n a n orde r  tha t  reflect s th e multi-leve l  an d highl y Integrate d 

*  F a a  ful l  protoco l  o l  th e session ,  writ e t o th e firs t  author . 

732 



organizatio n o f  bot h hi s causa l  mode l  an d hi s symptom-faul t  sets .  H e firs t  determine d whic h o f  thre e possibl e sys -

tems o f  th e engin e wa s affecte d an d the n Investigate d It s component s an d other s tha t  coul d Imping e o n th e behavio r 

of  th e syste m unde r  focus .  I n fact ,  hi s primar y focu s wa s o n th e electroni c (o r  compute r  controlled )  Influence s o n th e 

behavio r  o f  th e fue l  pum p an d fue l  Injectors .  Thi s reasonin g showe d a n awarenee s (reflecte d I n th e student' s causa l 

model )  o f  th e Interdependende s betwee n subsystenw .  Hi s reasonin g show s tha t  h e know s tha t  systen w (suc h a s th e 

fue l  an d electroni c systems )  ma y Intersec t  a t  severa l  point s an d tha t  a n apparentl y o r  possibl y faile d componen t  I n on e 

syste m ma y reflec t  a n action ,  o r  lac k o f  actio n I n anothe r  system . 

I n contrast ,  th e novic e generate d relativel y fe w hypothese s fo r  an y give n problem .  Hi s protocol s Indicat e tha t 

thi s I s becaus e h e ha s littl e knowledg e abou t  th e relationship s betwee n give n symptom s an d thei r  cause s an d als o 

becaus e hi s causa l  mode l  i s Inadequate .  I n solvin g th e sam e proble m th e advance d studen t  wa s workin g o n above , 

th e novic e reasoned : 

Thi e proble m couk i  b e I n th e fue l  system ,  Ignitio n system...w e kno w It' s  no t  I n th e startin g syste m 

becaus e th e ca r  wil l  cran k over...On e smal l  dro p o f  fuel...l n tha t  bowl...8 0 It' s  i n th e fue l 

system...th e fue l  pump's.. .  suppose d t o tur n fo r  1 0 t o 1 5 8econds... l  can' t  hea r  it...l t  migh t  jus t  b e 

a ba d fue l  pump . 

We ca n se e littl e evidenc e o f  a n integrate d hierarch y o f  level s I n hi s organizatio n o f  symptom-faul t  sets .  Whil e hi s 

hypothese s wer e sometime s a t  th e syste m leve l  (l.e. ,  fue l  system )  an d sometime s a t  th e componen t  leve l  (i.e. ,  fue l 

pump I s bad) .  I n onl y on e proble m (thi s one )  di d h e clearl y conside r  firs t  a  syste m an d the n a  componen t  withi n tha t 

system .  Mor e commonly ,  h e generate d hypothese s a t  bot h level s an d the n Investigate d onl y speclfk :  components . 

Furthermore ,  h e showe d a  simila r  lac k o f  Integratio n I n hi s causa l  model .  Speclfk»lly ,  h e neve r  considere d th e possi -

bilit y  tha t  on e syste m coul d affec t  th e behavio r  o f  another .  Hi s knowledg e appeare d t o sto p a t  th e Individua l 

component' s behavk x an d di d no t  includ e th e possibilit y  tha t  th e action s o f  anothe r  syste m (th e electronk :  system ) 

coul d b e affectin g th e behavio r  o f  th e componen t  h e wa s considerin g (th e fue l  pump) . 

Whil e th e novte e kne w abou t  man y o f  th e component s o f  th e car' s engin e an d abou t  wha t  thei r  connection s 

wer e withi n a  singl e system ,  h e di d no t  kno w ho w th e system s an d th e component s I n differen t  system s wer e Interre -

lated .  Th e advance d student ,  o n th e othe r  hand ,  kne w bot h th e connection s betwee n component s an d th e connec -

tkHi s betwee n systems .  Thu s th e advance d studen t  ha d a  mor e integrate d an d complet e understandin g o f  th e car' s 

engine ,  whil e th e novice' s understandin g seeme d t o b e highl y disjoint .  Figur e 2  show s ou r  Interpretatio n o f  wha t  th e 

novic e an d advance d student s kne w abou t  th e fue l  pump ,  fo r  example . 

P U MP Source :  a  containe r 

Substance :  a  substanc e I n th e containe r 

Conduit :  a  pip e 

Destination :  a  containe r 

Energy-Source :  a n energ y devic e 

NOVICE 

FUEL P U MP IS A P U MP 

Source :  ga s tan k 

Substance :  gasolin e 

Conduit :  hos e 

Destination :  carbureto r 

A D V A N C ED 

FUEL P U MP IS A P U MP 

Source :  ga s tan k 

Substance :  gasolin e 

Conduit :  hos e 

Destination :  carbureto r 

Energy-Source :  electrica l  syste m 

Figur e 2 

Novic e an d Advance d Studen t  Representation s o f  a  Fue l  Pum p 
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Not e tha i  th e genera l  Informatio n abou t  p u m p s I s availabl e t o bot h th e novic e an d th e advance d student .  How -

ever ,  th e informatio n tha t  th e fue l  p u m p require s a n energ y sourc e whic h I s th e electrica l  syste m o f  th e ca r  i s no t  par t 

of  th e novice' s representatio n o f  th e fue l  pump .  I f  aske d "Wha t  make s th e fue l  p u m p run?" ,  th e novic e i s abl e t o con -

struc t  th e appropriat e answe r  b y usin g th e mor e genera l  Informatio n abou t  pumps ,  bu t  h e doe s no t  us e thi s 

knowledg e durin g proble m solving .  Th e sam e patter n I s probabl y tru e o f  knowledg e abou t  system s an d components . 

Th e novic e ca n undoubtedl y tel l  a n Inquire r  wha t  syste m o f  th e engin e a  particula r  componen t  reside s In ,  bu t  h e doe s 

not  maintai n thi s informatio n wher e I t  I s readil y usabl e durin g proble m solving . 

We als o s a w within-subjec t  change s i n thes e knowledg e structure s ove r  th e cours e o f  th e experiment .  Thes e 

change s wer e mos t  eviden t  i n th e intermediat e student .  T w o example s wil l  serv e t o demonstrat e change s acros s 

problems .  I n workin g o n proble m three ,  th e Intermediat e studen t  mad e a  lon g an d protracte d searc h fo r  th e fue l  pum p 

rela y usin g bot h writte n referenc e material s an d extende d visua l  examinatio n o f  th e engine .  Whil e workin g o n proble m 

four ,  h e wa s abl e t o immediatel y locat e an d chec k th e sam e part .  Thi s component ,  an d It s physica l  relationshi p t o 

others ,  ha d bee n Incorporate d Int o th e causa l  mode l  durin g o r  followin g proble m three .  Similarly ,  th e symptom-faul t 

set s change d a s n e w Informatio n w a s acquired .  Fo r  example ,  th e firs t  hypothesi s th e intermediat e studen t  checke d a t 

th e comporwn t  leve l  fo r  proble m fou r  wa s th e fue l  p u m p fuse ,  whic h wa s th e correc t  diagnosi s fo r  proble m three .  IH e 

m a de th e poin t  a s h e worke d tha t  h e wa s checkin g thi s possibilit y  ou t  firs t  becaus e o f  th e previou s case .  ("I' m gonn a 

chec k th e fue l  p u m p fus e firs t  [thi s time]." ) 

3.2. Dlagnoetle Strategies 

I n additio n t o th e change s experienc e make s i n knowledg e structure s an d organization ,  w e als o sa w difference s 

I n diagnostk :  style .  Diagnosti c strategie s seeme d t o b e use d differentl y b y subject s a t  differen t  level s o f  expertis e an d 

evaluatio n criteri a change d significantl y wit h experience .  S o m e o f  thes e change s ar e du e t o th e developmen t  o f  bette r 

strategie s fo r  testin g an d confirmin g hypothese s wit h experienc e whil e other s appea r  t o resul t  fro m th e difference s i n 

th e knowledg e availabl e fo r  diagnosi s a s a  mechani c get s mor e experienced . 

Th e chang e i n h o w th e mechanic s teste d an d confirme d hypothese s wa s strklng .  A s th e exampl e abov e 

showed ,  th e novic e studen t  wa s willin g t o accep t  a n hypothesi s whe n preliminar y evidenc e coul d b e interprete d a s 

congruen t  wit h tha t  hypothesi s an d no t  pursuin g th e tas k an y furthe r  (i.e .  "can' t  hea r  th e fue l  pump") .  I n contrast ,  th e 

advance d studen t  sought ,  fo r  eac h hypothesis ,  speclfk:ail y  confirmin g o r  disconfirmin g evidenc e tha t  wa s par t  o f  a 

causa l  explanatk)n .  Whil e h e wa s willin g t o selec t  a n hypothesi s t o pursu e o n th e basi s o f  preliminar y evidence ,  h e 

woul d no t  accep t  o r  rejec t  I t  withou t  causall y base d Informatio n (I.e .  "th e fue l  pump' s no t  running ,  no w w e hav e t o fin d 

out  why") . 

Th e change s I n diagnosti c strategie s tha t  resulte d fro m change s i n th e knowledg e structure s wer e mor e 

apparen t  i n th e efficienc y o f  diagnosis .  A s th e causa l  mode l  get s fille d out .  I t  shoul d allo w th e mechani c t o pursu e a 

kxige r  systemati c searc h throug h th e engin e an d als o allo w hi m t o evaluat e informatio n I n mor e detai l  an d wit h mor e 

concer n fo r  th e rea l  effect s o f  th e behavio r  observed .  A t  th e s a m e time ,  a s th e numbe r  an d complexit y o f  symptom -

faul t  set s inaeases ,  tong  searche s shoul d becom e les s necessary ,  becaus e th e mechank :  i s abl e t o inde x int o hi s 

model  I n more ,  an d mor e effective ,  kxations . 

Thes e tw o type s o f  change s i n th e mechanic' s diagnosti c strategie s wor k togethe r  t o produc e th e result s w e 

saw.  A s th e mechani c gain s experienc e wit h makin g correc t  an d Incorrec t  diagnoses ,  h e gain s a  sens e o f  wha t  kin d 

an d h o w muc h Informatio n i s "enough "  t o b e sur e o f  hi s opinions .  I n addition ,  a s hi s causa l  mode l  an d symptom-faul t 

set s becom e mor e complet e an d accurate ,  h e I s mor e abl e t o selec t  hypothese s fo r  Investigatio n appropriatel y an d t o 

continu e Invgestlgatin g a  proble m t o th e poin t  tha t  onl y on e hypothesi s remain s a s a  possibl e diagnosis .  Conse -

quently ,  th e condition s unde r  whic h h e wil l  accep t  a n hypothesi s a s a  fina l  diagnosi s wil l  becom e mor e accurat e an d 

th e pat h b y whic h h e reache s hi s diagnosi s wil l  becom e mor e efficient . 

Thi s resul t  I s clearl y eviden t  i n protocol s o f  th e novic e an d advance d students .  W h e n th e novk:e' s workin g 

hypothesi s wa s a  tha t  a  particula r  componen t  wa s faulty ,  h e eithe r  accepte d I t  o r  rejecte d I t  a s th e caus e o f  th e symp -

tom .  H e neve r  investigate d othe r  effect s o n o r  Input s t o tha t  component .  Fo r  example .  I n proble m 2 ,  th e failur e wa s a 

dea d batter y cei l  whic h cause d th e ca r  t o cran k ver y slowly .  Th e novic e base d hi s diagnosi s o n th e followin g informa -

tton : 
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Firs t  o f  all ,  wel l  hav e t o chec k thi s batlsry...l t  coul d b e th e starter.. .  K  coul d b e th e alternator...i t 

coul d b e a  voltag e loss...coul d b e a  dea d cel l  I n th e battery...weV e onl y go t  1 0 volt s i n th e battery -

-eac h batter y cel l  I s 2  volt s an d there' s 6  cell s I n th e battery ,  s o dea d batter y cell . 

Her e w e se e th e novic e generatin g bot h syste m an d componen t  leve l  hypothese s but ,  becaus e hi s knowledg e I s no t 

hierarchicall y organized ,  no t  pursuin g the m i n tha t  order .  Rather ,  h e look s firs t  a t  th e batter y charge .  Becaus e I t  I s 

tow,  h e accept s th e hypothesi s o f  a  dea d cell .  Hi s diagnosti c strateg y doe e no t  requir e tha t  h e conside r  an y 

hypothese s relatin g t o w h y th e batter y migh t  b e low ,  suc h a s a  malfunctio n i n anothe r  system . 

i n contrast ,  th e advance d studen t  generall y collecte d mor e Informatio n befor e givin g a  diagnosis .  I f  possible ,  h e 

confirme d hi s diagnosi s b y visuall y findin g th e conditio n tha t  aeate d th e sympto m (I.e. ,  th e disable d fus e pane l  con -

nectio n i n Proble m 3) .  W h e n tha t  w a s no t  possible ,  h e justifie d hi s diagnosi s withi n hi s causa l  model .  Fo r  example ,  I n 

Proble m 2 ,  th e failur e coul d no t  b e confirme d b y visua l  evidence .  Instead ,  th e advance d studen t  reache s hi s diag -

nosi s wit h th e followin g information : 

...chec k th e starte r  draw...It' s  pullin g enoug h dow n t o ge t  th e starte r  t o g o alright...W e pu t  th e bat -

ter y unde r  load ,  yo u ca n se e th e a m p s risin g an d It' s  chargin g th e battery...S o th e alternator' s 

workin g OK...wha t  i  believ e w e hav e i s th e cel l  i s  dea d I n th e battery...Tr y th e tes t  o n th e VAT...A s 

yo u se e o n th e indicato r  I s als o showin g tha t  I t  need s chargin g fo r  th e batter y I s bad...S o wha t  w e 

hav e her e I s a  batter y wit h a  coupl e o f  cell s dead ,  an d It' s  a  seale d batter y an d yo u canno t  chec k 

th e specifi c  gravit y wit h a  hydromete r  t o chec k an d se e whic h one' s dead . 

He reache d an d Justifie d hi s diagnosi s b y eliminatin g al l  othe r  possibilitie s fro m hi s symptom-faul t  set s an d th e causa l 

model ,  i n othe r  words ,  h e teste d an d verifie d norma l  functionin g o f  bot h th e startin g syste m (  "it' s  pullin g enoug h 

down t o ge t  th e starte r  t o g o alright" )  an d th e chargin g syste m ("S o th e alternator' s workin g O K " ) .  Thes e ar e th e onl y 

tw o systems ,  othe r  tha n accessorie s suc h a s headlight s an d radio ,  tha t  affec t  th e leve l  o f  charg e i n th e battery .  Con -

sequently ,  accordin g t o th e student' s causa l  model .  I f  th e battery' s charg e i s lo w an d th e startin g an d chargin g sys -

tem s ar e functionin g correctly ,  th e onl y remainin g componen t  k i  whic h th e failur e ca n b e locate d i s th e batter y itself ,  i n 

some type s o f  batteries ,  thi s conclusio n ca n b e teste d directly ,  bu t  I n th e ca r  use d i n thi s problem ,  th e batter y I s 

sealed .  Therefore ,  th e mechani c mus t  sto p wit h hi s explanatio n rathe r  tha n attemp t  t o verif y th e diagnosi s an y further . 

I n compariso n t o th e novice ,  h e selecte d hi s hypothese s mor e efficiently ,  firs t  eliminatin g competin g system s fro m con -

sideration ,  i n addition ,  h e base d hi s acceptanc e o f  th e diagnosi s o n a  ful l  causa l  explanatio n rathe r  tha n o n superficia l 

evidence . 

4. Conclusions 

Th e result s ar e a s predicte d b y ou r  interpretatio n o f  th e diagnosti c behavio r  a s a n interactio n betwee n severa l 

knowledg e structures .  Bot h th e causa l  mode l  an d th e symptom-faul t  set s chang e wit h experience ,  an d w e hav e see n 

some example s o f  exactl y wha t  change s occur .  I n th e causa l  model ,  th e mos t  notabl e chang e I s th e inaeasln g com -

plexit y o f  th e model ,  reflecte d i n th e growin g awarenes s o f  th e interconnectednes s o f  system s withi n th e engine .  Th e 

novic e i s clearl y unawar e o f  th e possibilit y  tha t  electroni c failure s ca n affec t  thing s Ik e fue l  delivery ,  sinc e h e know s lit -

tl e abou t  th e dependencie s betwee n th e fue l  syste m an d th e electrica l  system ,  whil e th e mor e advance d mechani c no t 

onl y know s tha t  suc h relationship s exist ,  h e consider s the m a  highl y c o m m o n sourc e o f  failures .  Similarly ,  th e 

number ,  organization ,  an d accurac y o f  th e symptom-faul t  set s change s wit h increasin g experience .  Ultimately ,  the y 

ar e abl e t o represen t  a  complex ,  hierarchica l  syste m o f  relationships .  Th e dat a sugges t  tha t  component s ar e organ -

ize d hierarchicall y unde r  thei r  respectiv e system s an d ar e neve r  directl y considered  unles s thei r  syste m I s determine d 

t o hous e th e failure ,  o r  a t  leas t  t o b e th e sourc e o f  Informatio n crucia l  t o kxatin g th e failure . 

Buildin g partl y o n thes e change s I n th e knowledg e structures ,  an d partl y o n Independen t  effect s o f  experienc e 

on dedskx i  processes ,  th e mechanic' s procedure s an d gukJeline s fo r  acceptin g hypothese s a s diagnose s als o change . 

The processe s o r  procedure s use d becom e Inaeasingl y focusse d o n informatio n tha t  wil l  allo w a  causa l  Interpretatio n 

of  th e behavio r  observed .  A t  th e s a m e time ,  th e developin g knowledg e structure s allo w th e mechani c t o searc h fo r 

and aquir e more ,  an d mor e accurate ,  informatio n fro m hi s symptom-faul t  set s an d hi s causa l  model .  Th e Interactio n 

of  thes e change s i n bot h knowledg e an d proces s lea d t o th e mor e accurat e an d efficien t  proble m solvin g see n i n 

experts . 
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Thus ,  w e se e tha t  experienc e I s providin g th e mechani c wit h thre e things .  Hi s overal l  leve l  o f  knowledg e I s 

Increasing ;  th e organizatio n an d Integratio n o f  hi s knowledg e structures ,  bot h th e symptom-faul t  set s an d th e causa l 

model ,  ar e Increasing ;  an d hi s processe s an d alteri a fo r  reachin g diagnose s ar e becomin g mor e accurate ,  mor e effi -

cient ,  an d mor e focusse d o n causa l  Information . 
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Abstrac t 

In this paper we focus on the Distinguisher 's Wedge, an intellectual tool for respond-

in g t o a n argumen t  tha t  tw o case s ar e alik e b y assertin g reason s wh y the y ar e differen t 

and wh y th e difference s matter .  W e characteriz e th e wedg e a s involvin g a  searc h fo r 

distinctions ,  factua l  difference s betwee n th e case s tha t  ti e int o justification s fo r  treatin g 

the m differently .  W e sho w ho w th e wedg e ca n b e modelle d computationall y i n a  Case -

Based ReEisonin g ("CBR" )  syste m usin g precerfenh'a/justification s an d describ e ho w th e 

model  i s realize d i n ou r  H Y P O progra m whic h perform s lega l  reasonin g i n th e domai n 

of  trad e secre t  law .  Lega l  argument ,  wit h it s emphzisi s o n citin g an d distinguishin g 

precedent s an d lac k o f  a  stron g domai n model ,  i s  a n excellen t  domai n fo r  studyin g th e 

wedge.  W e sho w ho w H Y P O use s "dimensions" ,  "case-analysis-record "  an d "clai m lat -

tice "  mechanism s t o cit e an d distinguis h rea l  case s an d sugges t  ho w th e mode l  ma y b e 

extende d t o cove r  mor e sophisticate d kind s o f  distinguishing . 

1. Introduction 

Distinguishing is making explicit what is different about two cases and why that difference 

justifie s no t  treatin g the m th e sam e way .  I n everyda y argument ,  w e ar e ofte n calle d upo n t o 

distinguis h cases .  Fo r  example ,  a  twelv e yea r  old ,  whos e birthda y i s nex t  month ,  demand s tha t 

hi s over-protectiv e parent s tel l  hi m wh y h e can' t  g o t o th e movie s t o se e "Littl e Sho p o f  Horrors " 

but  hi s fifteen  yea r  ol d siste r  can .  Th e parents '  tas k i s t o distinguis h th e brother' s cas e fro m th e 

sister's .  Th e shor t  answer ,  a s i f  i t  wer e enough ,  is ,  "Becaus e you r  siste r  i s thre e year s older. "  But , 

one migh t  ask ,  o r  -  i f  on e i s twelve ,  deman d -  wh y tha t  differenc e make s a  difference ,  a  questio n t o 

whic h ther e ar e man y dubiou s responses ,  amon g them :  "You r  siste r  i s mor e mature" ;  "Th e movi e 

get s ou t  to o lat e -  it' s  pas t  you r  bedtime." ;  "Th e movi e i s rate d PG-1 3 -  it' s  fo r  teenagers." .  .  . , 

t o whic h ther e ar e a t  leas t  a s man y indubitabl e retorts :  "Bu t  I  a m a  teenager !  I' m goin g t o b e 1 3 

nex t  month." ;  o r  " I  coul d se e i t  i f  i t  wa s o n a  V C R bu t  no t  a t  th e movies!" ;  o r  "Noah' s parent s 

'Thi s wor k wa s supporte d (i n part )  by :  th e Advance d Researc h Project s Agenc y o f  th e Departmen t  o f  Defense , 
monitore d b y th e Offic e o f  Nava l  Researc h unde r  contrac t  no .  N0O014-84-K-0O17 ,  an d a n IB M Graduat e Studen t 
Fellowship . 

'Copyrigh t  ©1986 .  Kevi n D .  Ashle y Al l  right s reserved . 
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le t  hi m g o se e it. "  Dubiou s a s th e response s are ,  ther e ar e plent y o f  othe r  difference s tha t  mee t  th e 

issu e eve n less :  "You r  siste r  i s a  gir l  an d you'r e a  boy." ;  "You r  siste r  ha s mor e mone y tha n yo u 

do. "  (On e ca n imagin e th e issue s fo r  whic h thes e difference s woul d mak e a  difference.) ;  an d som e 

difference s tha t  appea r  t o favo r  th e opposit e conclusion :  "You r  siste r  ha s mor e homewor k tha n yo u 

do. " 

Distinguishin g i s s o fundamenta l  i t  i s  lik e on e o f  mechanics '  simpl e machines ,  lik e a  reasoner' s 

wedge,  a  too l  tha t  use s th e poin t  o f  th e factua l  differenc e t o pr y th e tw o case s apart .  On e hear s 

thi s kin d o f  argumen t  i n man y divers e domains :  i n argument s abou t  mathematic s (I f  figur e 6 

i s a  polyhedro n the n wh y isn' t  figur e 7 ? [Lakatos ,  1976]) ;  i n scientifi c  researc h (I f  tw o person s 

wer e expose d t o th e sam e viru s wh y di d onl y on e ge t  th e disease?) ;  i n historica l  politica l  analysi s 

(America' s Nicaragu a polic y i s leadin g t o anothe r  Vietnam.) ;  And ,  o f  course ,  i n lega l  argument s 

(Levi ,  1949] .  I n eac h domain ,  th e distinction s (o r  lac k o f  them )  elucidate d i n th e response s ar e th e 

bedroc k o f  effectiv e analysis . 

2. The Distinguisher's Wedge 

Distinguishing involves searching for distinctions, factual differences between the two cases that 

ti e int o justification s fo r  treatin g the m differently .  I n it s mos t  genera l  form ,  th e wedg e work s lik e 

this : 

(1) A reeisoner must respond to an assertion in an argument by analogy that since case 

Q i s jus t  lik e cas e /3 ,  a  shoul d b e treate d i n th e sam e wa y a s /9 ; 

(2 )  A m o n g th e tool s i n th e reeisoner' s ki t  i s  th e wedge .  I n searchin g fo r  distinctions ,  th e 

would-b e distinguishe r  ha s tw o alternative s tha t  h e pursue s i n parallel : 

1. Search for factual differences with which to take advantage of known justifications. 

I f  possible ,  th e reasone r  wil l  tr y t o fin d ou t  o r  infe r  ne w fact s abou t  a  o r  / 9 tha t 

constitut e suc h differences . 

2.  Searc h fo r  possibl e justification s wit h whic h t o tak e advantag e o f  know n o r  possibl e 

factua l  difference s betwee n a  an d /? . 

(3) Assuming that the search for distinctions is successful, the reasoner must still evaluate 

ho w usefu l  th e distinction s ar e a s responses .  B y citin g th e distinction ,  th e reasone r 

change s th e stat e o f  th e argumen t  an d ma y introduc e ne w fact s o r  justification s tha t  wil l 

hav e t o b e defended . 

The need to distinguish drives both factual inquiry and theory building. It prompts the dis-

tinguishe r  t o investigat e fo r  ne w factua l  difference s an d t o find  o r  creat e theorie s tha t  assig n th e 

desire d significanc e t o th e differences .  Th e parents '  responses ,  fo r  example ,  poin t  ou t  factua l  dif -

ferences ,  i n th e childrens '  ages ,  maturit y an d bedtimes ,  a s wel l  a s theorie s wh y th e difference s 

matter ,  rangin g fro m invokin g th e rul e tha t  movie s ar e onl y fo r  thei r  rate d ag e grou p t o a n implie d 

theor y abou t  movies '  effec t  o n children .  Th e factua l  differenc e an d th e justificatio n are ,  o f  course , 

intimatel y related .  Th e se x difference ,  fo r  example ,  ma y no t  appea r  relevan t  except ,  arguably ,  i n 

ligh t  o f  a  theor y tha t  girl s  matur e faste r  tha n boys . 

A purporte d distinctio n ca n b e dispute d a t  a  range  o f  levels ,  includin g disagreement s abou t  th e 

asserte d factua l  differences ,  thei r  significance ,  o r  th e validit y o f  th e justifications .  A m o n g th e way s 
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t o respon d t o a  distinctio n are :  (1 )  t o cit e anothe r  cas e tha t  minimize s th e difTerenc e asserte d b y th e 

distinguisher ,  i n effec t  grantin g tha t  th e differenc e doe s matte r  (e.g. ,  citin g th e exampl e o f  twelv e 

year  ol d Noa h wit h th e permissiv e parents .  On e ca n almos t  hea r  th e parent' s nex t  distinction : 

"Jus t  becaus e Noah' s parent s allo w hi m t o d o certai n thing s doe s no t  mea n . . . " ) ;  (2 )  t o asser t 

tha t  th e justificatio n applie s t o a  jus t  a s muc h a s i t  applie s t o (3 ,  (e.g. ,  " I  a m a  teenager!") ,  i n 

effec t  grantin g tha t  th e justificatio n i s vali d bu t  questionin g th e meanin g o f  th e justification .  Thi s 

i s a n exampl e o f  ho w th e wedg e put s pressur e o n a  definition ;  (3 )  t o gran t  th e differenc e bu t  sho w 

tha t  i t  actuall y lead s t o th e opposit e o f  th e distinguisher' s conclusion .  Fo r  example ,  th e suppose d 

differenc e i n maturit y ma y impl y tha t  th e siste r  ha s greate r  responsibilit y  -  lik e homewor k -  an d 

driv e a  factua l  quer y whethe r  siste r  doe s no t  hav e a  bi g repor t  du e tomorro w an d shouldn' t  b e goin g 

t o th e movie s afte r  all .  I n othe r  words ,  th e asserte d distinctio n backfires ;  o r  (4 )  t o cit e a  counte r 

exampl e t o th e justificatio n (e.g. ,  Noa h sa w th e PG-1 3 movi e despit e bein g les s tha n thirteen. ) 

Ther e ar e man y way s t o evaluat e w h o win s th e battl e ove r  whethe r  ther e i s a  distinctio n betwee n 

th e cases .  Goo d way s t o los e suc h arguments ,  a t  leas t  i n som e domains ,  ar e t o lea d of f  wit h a n 

exampl e a  fo r  whic h th e opponen t  ca n cit e numerou s equall y analogou s counte r  examples ,  o r  t o 

asser t  a  distinctio n tha t  ca n b e turne d agains t  th e distinguisher' s position .  Goo d arguer s tak e thes e 

evaluatio n criteri a int o accoun t  i n strategicall y plannin g thei r  arguments . 

3. Computationally Modelling the Wedge - a Case-Based Approach 

One major problem for computationally modelling the wedge is controlling the inferencing 

necessar y t o find a  distinctio n betwee n case s a  an d /? .  Th e justificatio n par t  o f  a  distinctio n ma y 

be a n explanator y chai n o f  inference s i n term s o f  som e causa l  theory ,  fo r  exampl e th e "maturity " 

theor y o f  th e initia l  example ,  o r  mor e simply ,  invocatio n o f  th e rul e tha t  PG-1 3 movie s ar e onl y fo r 

teenagers ,  whos e conclusio n applie s t o / ? bu t  not ,  becaus e o f  som e factua l  difference ,  t o a .  I n ligh t 

of  th e theory ,  tha t  differenc e i s crucia l  an d worth y o f  a  distinction .  Bu t  ho w doe s a  syste m find  th e 

differenc e an d th e theory ? Ther e ma y b e man y difference s betwee n a  an d /? ,  no t  al l  o f  whic h ar e 

relevan t  t o th e issu e posed .  Th e relevanc e o f  eve n a  crucia l  differenc e ma y no t  becom e apparen t 

excep t  afte r  a  possibl y lon g chai n o f  inferences ,  an d i t  ma y "cut "  th e wron g way ,  tha t  is ,  lea d t o a 

chai n o f  inference s tha t  hurt s th e distinguisher' s position .  Ther e m a y als o b e man y theorie s tha t 

woul d lea d t o th e conclusio n tha t  tha t  a  an d ̂  shoul d b e treate d differently .  Whic h on e shoul d th e 

syste m try ? H o w fa r  shoul d i t  backchai n befor e decidin g tha t  ther e i s n o crucia l  differenc e betwee n 

a an d 1 3 alon g th e line s o f  tha t  theory ? 

Anothe r  proble m i s i n dealin g wit h th e "ope n texture "  o f  th e predicate s i n th e rule s representin g 

th e theory .  I t  i s  no t  possibl e simpl y t o defin e th e predicate s an d hop e tha t  there' s a n en d t o it . 

The boy' s respons e i s quit e reasonable .  Dependin g o n th e context ,  "Teenager "  sometime s mean s 

" > 13 "  bu t  sometime s i t  ma y als o mea n "o f  th e leve l  o f  maturit y o f  a t  leas t  a n averag e 1 3 yea r 

old. "  Ad d thi s wrenc h int o th e machiner y o f  controllin g inferencin g an d thing s ge t  reall y messy . 

A case-base d approac h t o modellin g th e wedg e take s a  shor t  cu t  acros s th e proble m o f  controllin g 

inferencing .  A  centra l  element  o f  a  G B R approac h i s th e us e o f  precedentia l  justification s instea d 

of  chain s o f  inference s t o simplif y th e contro l  problem .  A  C B R syste m assume s tha t  th e fact s tha t 

a prio r  cas e ha d a  certai n cluste r  o f  features ,  an d tha t  th e decisio n o f  th e prio r  cas e wa s mad e 

becaus e o f  som e o f  thos e feature s an d inspit e o f  others ,  ar e a  basi s fo r  a  precedentia l  justificatio n 

fo r  comin g t o th e sam e conclusio n i n a  futur e ceis e wit h a  simila r  combinatio n o f  features . 

Consistentl y wit h it s us e o f  precedentia l  justifications ,  C B R assume s tha t  whe n a  decisio n i s 
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made abou t  a  cjise ,  th e decide r  assign s credi t  o r  blam e t o som e o f  th e case' s factua l  feature s a s eithe r 

contributin g i n favo r  o f  o r  agains t  th e decision .  I n effect ,  th e decisio n o f  a  case :  (1 )  Select s certai n 

feature s tha t  ar e importan t  enoug h fo r  purpose s o f  credi t  assignment ;  (2 )  Cluster s th e selecte d 

features ;  an d (3 )  "Weights "  them ,  rankin g th e feature s i n th e cluste r  tha t  favo r  th e decisio n highe r 

tha n thos e agains t  it ,  a t  leas t  i n tha t  case .  Th e factua l  similaritie s an d difference s amon g case s tha t 

ar e importan t  i n th e domai n ar e th e one s tha t  previou s case s hav e foun d t o b e important ;  the y ar e 

predefine d fo r  th e syste m an d use d a s th e basi s fo r  indexin g th e case s i n th e C K B .  i n othe r  words , 

th e ceise s i n th e C K B ar e indexe d b y th e sam e feature s tha t  ar e involve d i n credi t  assignmen t  an d 

precedentia l  justifications . 

I n essence ,  th e C B R approac h control s th e inferencin g proble m b y flattening  ou t  th e dept h o f 

inferencin g neede d t o com e u p wit h precedentia l  justifications .  Althoug h th e dept h o f  inferencin g 

i s shallow ,  th e dept h o f  analysi s i s no t  b y virtu e o f  th e breadt h o f  th e index ,  th e siz e an d diversit y 

of  th e C K B ,  an d th e mechanis m fo r  selectin g th e bes t  case s t o us e a s precedents . 

4. The HYPO Program 

HYPO is a CBR program that reasons about a fact situation by critically comparing it to 

preceden t  cases .  It s domai n i s trad e secre t  la w [Risslan d & ;  Ashley ,  1986 ;  Risslan d A :  Ashley , 

1987 ;  Ashle y &  Rissland ,  1987] .  Th e la w i s a n excellen t  domai n fo r  studyin g th e wedge ,  sinc e 

distinguishin g an d th e us e o f  precedentia l  justification s ar e primar y component s o f  lega l  argumen t 

Levi ,  194 9 . 

The mai n source s o f  lega l  knowleg e i n H Y P O ar e containe d i n HYPO' s C K B an d it s librar y o f 

dimensions .  Dimension s represen t  th e lega l  relationshi p betwee n variou s cluster s o f  operativ e fact s 

and th e lega l  conclusion s the y suppor t  o r  undermine .  Dimension s provid e no t  onl y indice s int o 

line s o f  case s bu t  a  scal e fo r  comparin g case s i n term s o f  importan t  factua l  difference s tha t  affec t 

th e strength ,  o r  weakness ,  o f  a  fac t  situatio n wit h respec t  t o tha t  lin e o f  reasoning .  Fo r  instance , 

one lin e o f  trad e secre t  case s focusse s o n th e degre e t o whic h th e "ca t  (i.e. ,  secret )  ha s bee n le t 

out  o f  th e bag" ,  eve n b y th e complainin g plaintiff ,  himself :  tha t  is ,  ho w man y disclosure s o f  th e 

putativ e secre t  wer e ther e an d o f  wha t  kind ? Thi s wa y o f  lookin g a t  a  trad e secre t  cas e (capture d 

by th e Disclose-Secret s dimension )  provide s on e approac h t o resolvin g a  misappropriatio n disput e 

and wji s use d i n th e Dat a Genera l  an d Yokan a case s discusse d belowj ^  Anothe r  approac h migh t 

emphasiz e th e competitiv e advantag e gaine d b y th e defendan t  a t  th e plaintiff' s  expens e o r  th e 

switchin g o f  a  ke y employe e fro m th e plaintif f  t o th e defendan t  [Risslan d k .  Ashley ,  1986] .  Eac h 

dimensio n has :  prerequisites ,  expresse d i n term s o l  factua l  predicates ,  tha t  tel l  whethe r  a  dimensio n 

applie s t o a  cas e o r  not ;  foca l  slot s tha t  singl e bu t  th e particula r  fact s makin g a  cas e stronge r  o r 

weaker  alon g th e dimensio n an d rang e informatio n tha t  tell s  ho w a  chang e i n th e foca l  slo t  affect s 

tha t  strengt h (e.g. ,  fo r  Disclose-Secrets ,  th e foca l  slo t  i s  th e numbe r  o f  disclosees .  Increasin g tha t 

number  weaken s th e plaintiff' s  position. )  Se e generall y (Ashley ,  198 6 . 

5. HYPO'S Model of Distinguishing 

HYPO's model of distinguishing uses dimensions, case-analysis-records an6 claim lattices to find 

bot h relevan t  factua l  difference s an d precedentia l  justifications .  Dimension s provid e HYPO' s handl e 

on factua l  difference s an d a  mean s fo r  extrapolatin g fro m prio r  cases .  B y virtu e o f  dimensions ' 

definitions ,  H Y P O know s tha t  a  particula r  differenc e i s significan t  an d whic h side ,  n  o r  8 ,  th e 
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differenc e favors .  Dimension s als o provid e a  precedentia l  justificatio n fo r  wh y th e differenc e matter s 

-  becaus e th e differenc e represent s eithe r  a  strengthenin g o r  weakenin g o f  feature s tha t  mattere d 

i n prio r  case s indexe d b y th e dimension .  Th e case-anaiysis-recor d an d clai m lattice s enabl e H Y P O 

t o compar e case s i n term s o f  multipl e dimensions '  cumulativ e effect s a s wel l  a s alon g individua l 

dimensions .  Th e difference s the y dea l  wit h represen t  eithe r  a  strengthenin g o r  weakenin g o f  th e 

closenes s o f  th e analog y betwee n a  prio r  cas e an d th e cfs . 

Her e i s ho w th e mode l  works .  First ,  i n analyzin g a  ne w cfs ,  H Y P O run s throug h th e librar y o f 

dimension s an d produce s a  case-analysis-recor d tha t  contains :  (1 )  applicabl e factua l  predicates ; 

(2 )  applicabl e dimensions ;  (3 )  near-mis s dimensions ;  (4 )  potentia l  claim s an d (5 )  relevan t  case s fro m 

th e C K B .  Near-mis s dimension s ar e thos e fo r  whic h some ,  bu t  no t  all ,  o f  th e prerequisite s ar e 

satisfied .  Th e combine d lis t  o f  applicabl e an d near-mis s dimension s i s calle d th e D-Hst .  Figur e 1 

describe s a  cf s based ,  fo r  purpose s o f  illustration ,  o n Dat a Genera l  v .  Digita l  Compute r  Controls , 

Inc. ,  a  rea l  cas e i n th e C K B (bu t  wit h on e difference :  th e cf s involve s 1200 0 disclosure s o f  plaintiff' s 

secre t  whil e Dat a Genera l  involve d onl y 6000. )  Figur e 2  show s th e case-analysis-recor d fo r  th e cfs . 

Second ,  H Y P O use s th e case-analysis-recor d t o construc t  th e clai m lattice ,  whic h i s a  lattic e 

suc h that :  (I )  th e roo t  i s th e cf s togethe r  wit h it s D-list ;  an d (2 )  successo r  node s contai n pointer s 

t o case s tha t  shar e a  subset ,  usuall y proper ,  o f  th e dimension s i n th e cfs' s D-list .  Figur e 3  show s 

th e clai m lattic e actuall y generate d b y th e H Y P O progra m fo r  analyzin g th e cf s o f  Figure s 1  fro m 

th e viewpoin t  o f  a  trad e secret s misappropriatio n clai m [Ashle y &c Rissland ,  1987] .  (Ther e i s a 

separat e clai m lattic e fo r  eac h possibl e claim. ) 

The orderin g schem e enable s clai m lattice s t o captur e a  sens e o f  closenes s t o th e cf s o f  case s i n 

th e C K B .  Thos e sharin g mor e dimension s ar e neare r  t o th e cfs .  Thos e node s closes t  t o th e roo t 

whose subset s o f  th e cfs' s D-lis t  d o no t  contai n near-mis s dimension s ca n b e considere d most-on -

point-case s "rnopc's "  t o th e cfs ;  lea f  node s ar e th e least-on-point .  Al l  o f  th e case s displaye d ar e 

relevan t  t o th e cf s becaus e the y al l  shar e som e legall y importan t  strength s o r  weaknesse s wit h th e 

fac t  situatio n a s represente d b y th e dimension s share d wit h th e cfs . 

Third ,  H Y P O use s th e case s i n th e clai m lattic e t o mak e an d respon d t o argument s b y analog y 

abou t  th e cf s citin g thos e case s a s precedents .  Differen t  majo r  branche s o f  th e lattic e indicat e 

differen t  way s t o argue  th e case ,  effectivel y on e wa y fo r  eac h grou p o f  mope's .  H Y P O ca n argue  th e 

cas e fo r  sid e 1 ,  le t  u s sa y th e plaintif f  ("jr" )  i n th e cfs ,  b y citin g a  pro-; r  mope .  A s i t  happens ,  i n 

Figur e 3 ,  th e onl y m o p e i s th e pro-; r  Dat a Genera l  ease ,  s o H Y P O cite s i t  i n favo r  o f  th e plaintiff : 

a] ^-* For Side 1: (point) n wins. 

Case Cited :  Dat a Genera l 

{ n i n ef s an d cite d cas e disclose d secret s 

but  disclosure s subjec t  t o restriction. ) 

Since mope's share the most legally important strengths and weaknesses with the cfs (i.e. mope's 

ar e th e closes t  analogie s t o th e efs) .  Dat a Genera l  i s  th e mos t  persuasiv e cas e H Y P O coul d cit e 

fo r  th e defendan t  a s sid e 1 .  (Fo r  purpose s o f  illustratio n Dat a Genera l  i s  als o th e basi s o f  th e cf s 

i n Figur e 1 .  I t  i s  encouragin g tha t  afte r  analyzin g th e efs ,  H Y P O ha s foun d th e nearl y indentica l 

cas e t o b e mos t  o n point! )  Tele x v .  IBM ,  fo r  example ,  i s  no t  a  mop e because ,  althoug h i t  i s  ver y 

clos e t o th e root ,  th e Competitive-Advantag e dimensio n whic h applie s t o Telex ,  an d whic h woul d 

hel p n  i f  i t  applie d t o th e cfs ,  i s  onl y a  near-mis s fo r  th e cfs .  (Not e tha t  Competitive-Advantag e i s 

*' d i n Figur e 3. )  I n support  o f  th e citation ,  H Y P O draw s th e analog y betwee n th e mop e an d th e 

cfs .  Th e relevantl y simila r  fact s ar e jus t  thos e summarize d b y th e dimension[s ]  tha t  appl y t o bot h 
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(i.e. ,  Disclosed-Secret s an d Restricted-Disclose ,  th e latte r  capturin g th e ide a tha t  i f  th e disclosee s 

agre e t o maintai n confidentiality ,  the n th e secre t  i s  safe. ) 

H Y PO respond s t o point s lik e [a ]  b y distinguishin g th e cite d cas e usin g thre e basi c methods : 

(I )  Comparin g th e strength s o f  cf s an d cite d cas e alon g th e dimension s the y shar e i n common ;  (2 ) 

Findin g strength s o r  weaknesses ,  represente d b y dimensions ,  tha t  cf s an d cite d cas e d o no t  share . 

(3 )  Findin g othe r  cjise s tha t  ar e mor e o n poin t  tha n th e cite d case . 

Response s [b] ,  [d ]  an d [f ]  belo w illustrat e thes e methods .  A s a n exampl e o f  th e first  method , 

conside r  ho w H Y P O distinguishe s Data-Genera l  fro m th e cfs ,  o n behal f  o f  sid e 2 ,  th e defendant , 

by comparin g value s o f  th e foca l  slot s o f  th e share d dimension : 

b| <—^ For Side 2: (response to [a]) 

Case Distinguishe d b y 6 :  Dat a Genera l 

{ n i n csis e disclose d t o 600 0 outsiders ;  ' 

600 0 « :  1200 0 disclosure s i n cfs. ) 

HYPO knows from the claim lattice and the range information about the Disclose-Secrets di-

mension ,  tha t  Dat a Genera l  present s a  stronge r  cas e becaus e n  disclose d th e confidentia l  informatio n 

t o fewe r  outsiders . 

Th e secon d metho d involve s focussin g o n fact s associate d wit h unsAarerfdimension s tha t  helpe d 

a part y (j r  o r  S )  i n th e cite d cas e o r  hur t  th e correspondin g part y i n th e cfs .  Suppos e th e Tele x 

cas e wer e cite d o n behal f  o f  plaintif f  a s Sid e 1 : 

c] '—• For Side 1: (point) n wins. 

Case Cited :  Telex . 

In Figure 3, Telex is a potential mope, that is, a case close to the root, some of whose applicable 

dimension s ar e onl y near-misse s wit h respec t  t o th e cfs .  H Y P O distinguishe s Tele x o n behal f  o f 

defendan t  a s Sid e 2  b y pointin g ou t  th e fact s tha t  hel p t t  i n Tele x an d tha t  ar e associate d wit h 

dimension s tha t  ar e eithe r  near-misse s {^Competitive-Advantage )  o r  inapplicabl e {Bribe-Employee ) 

t o th e cfs : 

d] «-^ For Side 2: (response to [c]) 

Case Distinguishe d b y 8 :  Tele x 

{• n i n cas e gaine d competitiv e advantage ; 

6 i n cas e bribe d tt' s  employees. ) 

The third method of distinguishing involves finding a case, favorable to the responding side, 

whose overal l  factua l  differenc e fro m th e cf s i s les s tha n tha t  o f  th e cite d case .  A  mope ,  fo r  example , 

distinguishe s al l  pro-opponen t  case s i n an y successo r  node s o f  th e clai m lattic e becaus e i t  i s  mor e 

on point .  ( A m o p e doe s no t  distinguis h opponent' s case s i n othe r  branche s o f  th e lattic e -  tha t 

woul d b e lik e comparin g apple s an d oranges. )  I f  on e wer e startin g th e argumen t  fro m th e othe r 

sid e an d cite d th e Midland-Ros s an d Yokan a case s o n behal f  o f  defendan t  a s Sid e 1 : 

^-* For Side 1: (point) 6 wins. 

Cases Cited :  Midland-Ross ,  Yokan a 

{i r  i n cf s an d cite d case s disclose d secret s t o outsiders.) , 
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H Y PO respond s b y pointin g ou t  th e pro-j r  strengt h tha t  Dat a Genera l  share s wit h th e cf s 

but  whic h i s missin g fro m Midland-Ros s an d Yokana ,  namel y tha t  th e disclosure s wer e subjec t  t o 

restriction s t o maintai n confidentialit y  ( a featur e capture d b y th e Restricted-Disclos e dimensio n 

tha t  applie s t o th e cf s an d Dat a Genera l  bu t  no t  t o Midland-Ros s o r  Yokana) .  I n othe r  words , 

hypo' s respons e fo r  plaintif f  a s sid e 2  is : 

f] <-^ For Side 2: (response to [e]) 

Cases Distinguishe d b y jt :  Midland-Ross ,  Yokan a 

(Althoug h n  i n case s an d cf s mad e disclosures , 

disclosure s i n case s wer e no t  o n confidentia l  basis ; 

Dat a Genera l  i s  mor e o n point. ) 

HYPO uses the knowledge of how a case may be distinguished to prompt the user to find 

new factua l  difference s an d ne w justification s tha t  woul d strengthe n o r  weake n th e argument .  Fo r 

example ,  H Y P O use s th e distinctio n betwee n th e Tele x cas e an d th e cf s elucidate d i n respons e 

[d )  t o pos e a  hypothetica l  varian t  o f  th e cf s i n whic h th e factua l  differenc e betwee n th e tw o i s 

reduce d (Risslan d k .  Ashley ,  1986 ;  Ashle y k  Rissland ,  1987] .  Th e hypothetica l  prompt s th e use r  t o 

investigat e whethe r  n  i n th e cf s gaine d a  competitiv e advantag e o r  S  i n th e cf s bribe d n' s employees , 

i n whic h cas e th e Tele x cas e woul d becom e a  powerfu l  preceden t  fo r  th e n  tha t  coul d no t  b e s o 

readil y distinguished . 

6. Evaluating HYPO's Model of the Distinguisher's Wedge 

hypo's model allows it to distinguish cases in a manner similar to what is actually done in 

cour t  opinion s i n case s involvin g simila r  issue s t o ou r  cfs .  I n Mixin g Equipmen t  Co .  v .  Philadelphi a 

Gear,  Inc. ,  43 6 F.2 d 1308 ,  131 5 (3 d Cir. ,  1971) ,  th e cour t  distinguishe d th e Yokan a cas e a s follows : 

(Another case] and Midland-Ross Corp. v. Yokana, 293 F. 2d 411 (3 Cir. 1961) cited 

by appellant s ar e inapposite .  The y involv e situation s i n whic h restrictiv e covenant s ha d 

not  bee n utilize d b y th e forme r  employer . 

In Data General Corp. v. Digital Computer Controls, Inc., 357 A.23 105, 109 (Del. Ch., 1975), 

th e rea l  cas e o n whic h th e cf s i s based ,  th e cour t  too k pain s t o poin t  out ,  wit h respec t  t o th e 

drawing s tha t  ha d bee n disclose d t o customers : 

Such drawings bore a proprietary notice or legend, and the machine itself was accom-

panie d b y a  ...confidentialit y  agreemen t  limitin g tli e us e o f  suc h drawing s t o mainte -

nance ,  a s oppose d t o manufacture ,  whic h wa s state d t o b e forbidde n withou t  plaintiff' s 

consen t  i n writing . 

In National Rejectors, Inc. v. Trieman, 409 S.W. 2d 1, 40-42 (Sup. Ct. Mo., 1966) the court 

said : 

Wje do find some significant parallels between the i&(.„s of this case and those of 

Midland-Ros s Corporatio n v .  Yokana ,  (D.C .  N.J.) ,  18 5 F  Supp .  594 .  ...Wha t  wa s 

lackin g i n Yokan a a s i n thi s case ,  wa s an y evidenc e that ,  prio r  t o defendant' s competition , 
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plaintif f  considere d th e informatio n whic h Yokan a sough t  t o us e trad e secrets .  Th e cour t 

pointe d ou t  tha t  plaintiff' s  blueprint s i n Midland-Ros s wer e furnishe d plaintiff' s  supplier s 

and customer s an d potentia l  customers .  Th e cour t  foun d a n absenc e o f  precaution s o n 

th e par t  o f  plaintif f  t o kee p secre t  informatio n regardin g it s machines . 

7. Extending HYPO's Model of the Wedge 

hypo's model of distinguishing does not yet support all of the kinds of disputes that attorneys 

hav e abou t  justifications .  Attorney s argu e abou t  th e significanc e o f  a  court' s  holdin g i n a  prio r  cas e 

i n mor e abstrac t  terms ,  usin g predicate s tha t  obtai n wid e currenc y i n th e analysi s o f  particula r 

claim s (e.g. ,  wha t  attorney s woul d cal l  th e element s o f  a  claim ,  generalize d statement s tha t  purpor t 

t o defin e th e necessar y requirement s o f  a  claim. )  Consider ,  fo r  example ,  alternativ e way s fo r 

defendant' s attorne y t o stat e th e respons e i n [b] : 

Data General does not help the plaintiff. With 12000 disclosures, plaintiff doesn't have 

a secre t  t o protec t  anymore ,  regardles s o f  whethe r  th e disclosee s agree d t o maintai n 

confidentialit y  o r  not . 

More interestingly, the attorney might address the court: 

If you hold in favor of a plaintiff who heis disclosed its "secret" to 12000 outsiders then, 

regardles s o f  whethe r  the y hav e agree d t o maintai n confidentialit y  o r  not ,  yo u ar e effec -

tivel y doin g awa y wit h th e requiremen t  impose d i n Midlan d Ros s an d Yokan a tha t  trad e 

secret s b e secret . 

This kind of response (reminiscent of the "I am a teenager!" response) is common enough in the 

law .  H Y P O avoid s representin g detaile d definition s o f  predicate s use d i n justification s lik e "secret " 

so et s no t  t o compoun d th e inferenc e contro l  problem .  Compar e thi s t o th e classi c rule-base d 

approac h o f  Waterma n an d Peterso n [1981 ]  wh o woul d us e eve r  mor e refine d rule s t o defin e lega l 

predicates .  A s Gardne r  point s out ,  ther e i s n o wa y i n jurisprudenc e t o specif y logica l  definition s 

fro m whic h i t  i s  possibl e t o deduc e whethe r  th e predicat e i s satisfie d [Gardner ,  1984] .  Gardne r 

propose d t o us e case s t o resolv e "hard "  issue s abou t  th e meaning s o f  predicates ,  bu t  he r  mai n 

approac h an d he r  "cases "  wer e ver y rule-like . 

HYPO's mode l  does ,  however ,  poin t  t o a  middl e groun d fo r  providin g predicate s wit h a  kin d 

of  operationa l  meaning ,  no t  i n term s o f  a  logica l  definition ,  bu t  i n term s o f  th e boundarie s o f 

fac t  situation s t o whic h th e predicat e ha s bee n hel d t o appl y o r  no t  an d knowledg e o f  ho w thos e 

boundarie s ma y b e stretched .  H Y P O doe s know ,  fo r  example ,  tha t  Dat a Genera l  i s  a n extrem e cas e 

fo r  plaintiff s i n som e sense .  I t  i s  a  boundar y cas e fo r  plaintif f  alon g th e Disclose-Secret s dimension , 

th e weakes t  cas e alon g th e dimensio n tha t  th e plaintif f  stil l  won .  A  boundar y cas e ma y o r  ma y 

not  b e a s o n poin t  a s a  mope ,  bu t  i t  i s  stil l  usefu l  a s a  precedent .  A  boundar y cas e ma y b e use d 

t o convinc e a  cour t  tha t  i t  i s  no t  makin g ne w la w b y showin g that ,  eve n i f  th e cour t  wer e t o rul e 

fo r  th e plaintif f  i n th e cfs ,  th e cf s woul d stil l  no t  b e th e wors t  case ,  a t  leas t  i n som e sense ,  tha t  a 

plaintif f  ha s won . 

Of  course ,  th e meanin g o f  a  predicat e i n a  justificatio n lik e "secret "  i s  no t  one-dimensiona l  bu t 

the n neithe r  i s th e meanin g o f  th e clai m o f  trad e secret s misappropriation .  H Y P O represent s th e 

latte r  b y associatin g variou s claim s wit h cluster s o f  dimensions .  I n a  sense ,  th e case s indexe d b y th e 

744 



dimension s scop e ou t  th e boundarie s o f  fac t  situation s tha t  hav e o r  hav e no t  bee n deeme d t o presen t 

winnin g trad e secret s claims .  I n a  simila r  way ,  H Y P O coul d "tag "  certai n importan t  predicate s 

suc h a s th e element s o f  a  claim ,  wit h case s tha t  scop e ou t  th e boundarie s o f  fac t  situation s tha t 

have o r  hav e no t  bee n deeme d t o satisf y th e predicate .  H Y P O woul d the n kno w wha t  kind s o f 

factua l  change s effec t  no t  onl y th e strengt h o f  th e claim ,  bu t  als o th e meanin g o f  th e predicates . 

Whateve r  a  "secret "  is ,  H Y P O woul d kno w wha t  factua l  circumstance s woul d mak e somethin g 

more o r  les s o f  one . 

8. Conclusion 

In this paper we have described the Distinguisher's Wedge, a tool for responding to an argument 

tha t  tw o case s ar e alik e b y assertin g distinctions ,  tha t  is ,  factua l  difference s an d justification s 

why th e difference s matter. ^  We hav e show n ho w a  computationa l  mode l  o f  th e wedg e ca n b e 

incorporate d int o a  C£ise-B2ise d Reasonin g (GBR )  syste m tha t  make s an d respond s t o argument s 

usin g precedentia l  justifications .  W e hav e describe d ho w th e H Y P O progra m realize s thi s mode l 

and hav e suggeste d a n extensio n o f  th e mode l  usefu l  i n generatin g mor e sophisticate d dispute s 

about  th e term s o f  justifications . 

9. Figures 

Plaintiff Data General (;r), who developed and marketed the Nova 1200 minicom-

puter ,  complaine d tha t  defendan t  Digitia l  {6 )  develope d a  competin g minicomputer ,  th e 

D-116 ,  b y misappropriatin g n' s trad e secrets .  Specificall y n  complaine d tha t  5  copie d 

;r' s  drawing s o f  th e desig n o f  th e Nov a 120 0 an d use d the m t o desig n th e substantiall y 

identica l  D-116 .  Th e drawing s appeare d i n a  maintenanc e manual  tha t  n  distribute d t o 

12,00 0 customer s wh o purchase d th e Nov a 1200 .  Th e drawing s an d manua l  containe d a 

legen d tha t  prohibite d thei r  copyin g excep t  b y writte n permissio n o f  n . 

Figure 1: Current Fact Situation (cfs) based on Data General Corp. v. Digital 

Compute r  Controls ,  Inc . 

Applicabl e Factua l  Predicates : 

exists-corporate-claimant ,  exists-confidential-info ,  exists-disclosure s 

Applicabl e Dimensions :  Disclose-Secrets ,  Restricted-Disclos e 

Near-Mis s Dimensions : 

Competitive-Advantage ,  Vertical-Knowledg e 

Potentia l  Claims :  Trad e Secret s Misappropriatio n 

Relevan t  C K B cites :  Se e clai m lattice ,  Figur e 3 

Figure 2: Case-Analysis-Record for CFS 
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Distinguishe s 

Applicabl e 
Dinieusiou s 

Near-Miss _ 
Dimensions " 

(*'d ) 

M o pe 

Boundar y 

Case 

GRAPH-NODE-80 
DIMENSIONS: 
Restricted-Disclos e 
Disclose-Secret s 
Vertical-Knowledg e * 
Competitive-Advantag e 

C FS 

GRAPH-NODE-86 
DIMENSIONS;  I 
Disclose-Secret s 
Restricted-Disclos e 
CASES:  / 
Dat a Genera l  v 

GRAPH-NODE-84 
Vertical-Knowledg e 
CASES: 
Automate d System s 6 

QRAPH-NODE-83 
Competitive-Advantag e 
CASES: 
Tele x V .  IB M n 
Widget  Kin g t t 

QRAPH-NODE-81 
DIMENSIONS: 
DisclostB-Secret s 
CASES: 
Midlan d Ros s 6 
Yokan a S 

GRAPH-NODE-82 
DIMENSIONS: 
Restricted-Disclos e 

Potentia l 
Mope' s 

The roo t  nod e represent s th e cf s an d it s D-list .  (Dimension s tha t  ar e near-misse s fo r  cf s 

hav e *'s. )  Successo r  node s contai n pro-plaintif f  (tt )  o r  pro-defendan t  {6 )  cases ,  involvin g 

trad e secret s misappropiatio n claims ,  tha t  ar e o n poin t  t o cfs .  Node s closes t  t o roo t 

tha t  d o no t  hav e near-mis s dimension s contai n mope's ;  otherwis e the y ma y contai n 

potentia l  mope's .  Lea f  node s ar e least-on-point .  Eac h majo r  branc h o f  lattic e tha t 

contain s mope' s represent s on e wa y o f  arguin g th e cfs .  Mope' s distinguis h case s i n 

successo r  nodes .  Boundar y case s ar e example s o f  extreme s alon g particula r  dimensions . 

Hypothetica l  hybri d mope' s combin e feature s o f  differen t  mope' s tha t  hol d fo r  n  an d 

6.  Potentia l  mope' s sugges t  fruitfu l  hypothetica l  variant s o f  cfs . 

Figure 3: A Claim Lattice. 
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Abstrac t 

Thi s pape t  describe s ho w inductivel y produce d geneialiiation s ca n influenc e th e proces s o f  belie f  revi -

sion ,  drawin g ex£unple s fro m a  computationa l  mode l  o f  scientifi c  discover y cedle d REVOLVER.  Thi s syste m 

construct s componentia l  model s i n chemistry ,  usin g technique s fro m trut h maintenanc e system s t o resolv e 

inconsistencie s tha t  aris e i n th e cours e o f  mode l  formulation .  Th e latte r  proces s involve s reinterpretin g ob -

servation s (premises )  give n t o th e syste m an d selectin g th e bes t  o f  severa l  plausibl e revision s t o make .  We 

wil l  se e ho w generalisation s ai d i n suc h decisions .  Th e choic e i s mad e b y considerin g thre e mai n factors :  th e 

number  o f  model s eac h premis e supports ,  th e numbe r  o f  premise s supportin g th e generalize d reaction ,  an d 

whethe r  a  propose d revisio n t o tha t  premis e matche s an y prediction s mad e b y an y generalizations .  Base d 

on thes e factors ,  a  cos t  i s  assigne d t o eac h premis e bein g considere d fo r  revision ;  th e hypothesi s (se t  o f 

revisions )  havin g th e lowes t  cos t  i s chose n a s best ,  an d it s revision s ar e carrie d out .  B y viewin g generalize d 

premis e reaction s a s a  pariuligm ,  w e wil l  argu e tha t  th e revisio n proces s o f  REVOLVER model s ho w scientifi c 

paradigm s shif t  ove r  time . 

Introduction 

I n thi s paper ,  w e discus s thre e mai n topics :  ho w t o for m simpl e scientifi c  theories ,  ho w 

t o revis e theorie s i n orde r  t o accoun t  fo r  ne w information ,  an d ho w empirica l  generalization s 

ca n hel p t o direc t  tha t  revisio n process .  I n earlie r  papers ,  w e hav e discusse d STAHL p 

(Ros e &  Langley ,  1986a ,  1986b) ,  a  compute r  progra m tha t  discover s explanator y model s 

of  chemica l  substances .  I n thi s respec t  i t  wa s simila r  t o th e STAH L syste m (Zytko w & 

Simon ,  1986) ,  whic h als o constructe d suc h models .  However ,  unlik e it s predecessor ,  STAHL p 

feature d a  unifie d mechanis m fo r  reinterpretin g it s give n observation s whe n inconsistencie s 

arose . 

Yet  STAHL p itsel f  ha d a  numbe r  o f  limitations .  O n e o f  th e mos t  importan t  i s th e nee d 

t o tak e generalization s int o accoun t  durin g th e belie f  revisio n process .  Fo r  instance ,  on e 

shoid d recogniz e whe n revisin g a  premis e wil l  affec t  strongl y hel d generalization s -  i.e. , 

thos e supporte d b y m a n y observations .  Take n together ,  a  se t  o f  generalization s ca n b e 

viewe d a ^  a  paradig m i n th e sens e o f  K u h n (1970) .  Fo r  example ,  m a n y o f  STAHLp' s run s 

involve d observation s associate d wit h tw o mai n paradigm s o f  18t h centur y chemistry :  phlo -

gisto n theor y an d oxyge n theory .  Th e phlogisto n framework ,  whic h cam e first  historically , 

wa^  ba^e d o n th e assumptio n tha t  burnin g substance s emitte d a  substanc e (phlogiston ) 

durin g combustion .  Oxyge n theor y too k a n opposin g vie w o f  thi s process ,  statin g tha t 

when a  substanc e b u m s ,  i t  gain s anothe r  substanc e (oxygen )  i n th e process . 

Historically ,  scientist s lik e Lavoisie r  use d generalization s t o argu e fo r  thei r  paradig m 

(e.g. ,  oxyge n theory )  an d t o reinterpre t  observation s m a d e b y supporter s o f  competin g 
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paradigm s (e.g. ,  phlogisto n theory) .  Gradually ,  prediction s m a d e fro m th e genera l  re -

action s sunamarizin g th e oxyge n paradig m wer e confirme d b y ne w experiments ,  m a n y o f 

whic h wer e propose d afte r  th e observation s o f  th e phlogisto n paradig m wer e reinterpreted . 

Late r  i n th e paper ,  w e describ e REVOLVER,  a  mode l  o f  scientifi c  theor y formatio n tha t 

take s suc h inductiv e generalization s int o accoun t  durin g it s belie f  revisio n process .  Bu t 

first,  le t  u s recoun t  th e earlie r  wor k o n STAHLp . 

STAHLp: Scientific Discovery and Belief Revision 

As w e hav e mentioned ,  STAHL p constructe d componentia l  model s base d o n m a n y kind s 

of  observations .  Fo r  example ,  suppos e th e syste m i s give n initia l  belief s from  phlogisto n 

theory :  charcoa l  an d calx-of-iro n (know n a s iro n oxid e today )  reac t  t o for m iro n an d ash , 

and charcoa l  decompose s int o phlogisto n an d ash .  I n shorte r  notation ,  th e premise s ar e {C I 

Ch}  —^  { I  Ash }  an d {Ch }  —» {P h Ash} .  Th e progra m woul d first  infe r  th e component s o f 

charcoa l  (C h =  {P h Ash}) ,  the n substitut e it s component s int o th e first  reaction ,  yieldin g 

{C I  P h Ash }  - > { I  Ash} .  Cancellin g as h from  bot h side s yield s {C I  P h }  -> •  {I} ,  an d th e 

syste m woul d no w infe r  a  mode l  fo r  iro n ( I  =  {C I  Ph}) . 

Usin g thi s method ,  STAHL p constructe d man y componentia l  models ,  replicatin g severa l 

episode s from  th e histor y o f  science .  However ,  i n th e proces s o f  discoverin g suc h compo -

nentia l  models ,  inconsistencie s ca n arise .  Thi s occur s whe n th e premise s leadin g t o thes e 

belief s ar e themselve s mutuall y inconsistent ;  eithe r  specifi c  observation s m a y b e faulty , 

or  group s o f  premise s canno t  b e believe d simultaneously .  I n bot h cases ,  som e observa -

tion s mus t  b e reinterprete d i n orde r  t o arriv e a t  a  consensus .  I n a n attemp t  t o mode l 

ho w scientist s reinterpre t  thei r  observation s whe n confronte d wit h inconsistencies ,  STAHL p 

use d belie f  revisio n technique s bzise d o n thos e o f  trut h maintenanc e system s (Doyle ,  1979 ; 

de Kleer ,  1984) . 

Let  u s loo k a t  a n exampl e o f  ho w STAHL p handle s th e tas k o f  reinterpretin g (i.e. , 

revising )  it s premises .  Th e first  premis e give n t o th e syste m i s agai n from  phlogisto n 

theory :  th e belie f  tha t  mercur y decompose s int o calx-of-mercur y an d phlogisto n ( { M }  —^ 

{ C M Ph}) .  Th e mode l  M =  { C M P h }  i s the n inferred .  Nex t  STAHL p i s give n a  secon d 

premise ,  on e whic h embodie s oxyge n theory :  { M 0 }  —^  { C M } .  Substitutin g mercury' s 

component s int o th e secon d premis e yield s { C M P h 0 }  —*•  { C M } ,  an d cancellin g C M from 

bot h side s o f  thi s transforme d reactio n result s i n {P h 0 }  —*  {} .  Thi s i s a n inconsisten t 

reaction ,  becaus e i t  ha s input s bu t  n o outputs . 

At  thi s poin t  STAHL p invoke s belie f  revisio n t o find  th e premise s tha t  cause d thi s error , 

propos e revision s t o thos e premises ,  an d implemen t  th e bes t  se t  o f  revisions .  Eac h propose d 

revisio n t o a  premis e ca n b e viewe d a s a  reinterpretatio n o f  th e observatio n encapsulate d 

by tha t  premise .  I n ou r  example ,  th e syste m propose s fou r  set s o f  revision s (hypotheses) , 

eac h o f  whic h woul d remov e th e inconsisten t  reaction : 

(1 )  Premis e 2 :  output s reall y ha d P h an d O ; 

(2 )  Premis e 2 :  output s reall y ha d Ph ,  input s reall y ha d n o O ; 

(3 )  Premis e 1 :  input s reeJl y ha d O ,  output s reall y ha d n o Ph ; 

(4 )  Premis e 1 :  output s reall y ha d n o Ph ;  Premis e 2 :  input s reall y ha d n o O . 

N ow th e syste m mus t  evaluat e eac h hypothesis .  STAHL p use d on e heuristi c t o driv e it s 

evaluation :  prefe r  th e revisio n o f  premise s tha t  suppor t  th e leas t  numbe r  o f  models .  Tha t 
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is ,  th e syste m trie d t o reac h a  consensu s b y alterin g th e curren t  theor y (se t  o f  model s plu s 

th e inconsistency )  i n th e leas t  drasti c way .  I n ou r  example ,  th e cos t  o f  revisin g premis e 1  i s 

2 becaus e tha t  premis e support s th e mode l  o f  mercur y an d th e inconsistency .  I n contrast , 

premis e 2  ha s a  cos t  o f  1  becaus e i t  support s onl y th e inconsistency .  Sinc e th e cos t  o f 

eac h hypothesi s i s th e cos t  o f  it s  suggeste d revisions ,  th e fou r  hypothese s hav e a  cos t  o f 

1,1, 2 aji d 2 ,  respectively .  Th e syste m the n select s th e bes t  (lowes t  cost )  hypothesi s -  i n 

thi s case ,  eithe r  th e firs t  o r  secon d hypothesis .  Eithe r  se t  o f  revision s result s i n remova l  o f 

th e inconsistenc y whe n inferencin g begin s again ,  an d thu s th e premise s wil l  b e mutuall y 

consistent . 

REVOLVER: Using Generalizations to Influence Belief Revision 

We hav e see n tha t  th e STAHL p progra m modelle d a n importan t  aspec t  o f  scientifi c 

discovery :  th e nee d t o reinterpre t  one' s observation s whe n conflict s caus e a n inconsisten t 

theor y t o b e formed .  Whil e STAHLp' s successe s wer e significant ,  it s  belie f  revisio n proces s 

lef t  n o plac e fo r  generalization s lik e thos e use d b y Lavoisier .  I n respons e t o thi s hmitation , 

we ar e integratin g inductiv e reasonin g int o REVOLVER,  a  ne w mode l  o f  scientifi c  theor y 

formation .  Thi s syste m wil l  b e abl e t o us e generalization s a s par t  o f  th e beUe f  revisio n 

proces s stnd ,  ultimately ,  t o formulat e thes e generalization s o n it s ow n initiative . 

Th e us e o f  generalizatio n i n REVOLVER take s th e for m o f  tw o ne w heuristics ,  incor -

porate d int o th e evaluatio n functio n tha t  decide s whic h revision s t o mak e durin g belie f 

revision .  N e w heuristi c (1 )  i s use d t o prefe r  revisio n t o premise s tha t  suppor t  relativel y 

weak generalize d beliefs .  Fo r  example ,  whe n considerin g whic h o f  a  se t  o f  premise s t o re -

vise ,  REVOLVER woul d chang e th e premis e tha t  le d t o th e generalizatio n havin g th e leas t 

niimbe r  o f  supportin g premises ,  al l  othe r  factor s bein g equal .  W h e n selectin g amon g can -

didat e revisions ,  ne w heuristi c (2 )  i s use d t o prefe r  revision s tha t  confir m prediction s mad e 

by stron g generalize d beliefs .  Fo r  example ,  i f  plausibl e revision s hav e bee n generated ,  an d 

onl y on e o f  the m matche s a  predictio n m a d e b y som e generalization ,  the n REVOLVER woul d 

selec t  tha t  revision ,  al l  othe r  factor s bein g equal .  I f  ther e ar e severa l  suc h matches ,  th e 

syste m woul d selec t  th e revisio n matchin g th e predictio n tha t  i s par t  o f  th e mos t  heavil y 

supporte d generalization . 

Let  u s tak e a  close r  loo k a t  ho w thes e rule s wil l  b e incorporate d int o REVOLVER.  Th e 

metho d o f  detectin g inconsistencie s an d generatin g plausibl e revision s wil l  remai n th e same ; 

onl y th e functio n use d t o evaluat e th e revision s wil l  change .  Th e ne w evaluatio n functio n 

select s revision s o f  premise s whic h suppor t  fe w model s an d generalizations ,  an d whic h 

matc h a  predictio n i f  possible .  Ignorin g predictio n matchin g fo r  th e moment ,  th e ne w 

evaluatio n functio n compute s th e cos t  fo r  eac h propose d revisio n b y addin g th e numbe r 

of  model s supporte d b y th e premis e t o b e revised ,  plu s th e tota l  numbe r  o f  premise s 

supportin g eac h generalizatio n t o whic h tha t  premis e lend s support .  Th e highe r  thi s 

nunnibe r  fo r  a  give n premise ,  th e mor e damag e woul d b e don e t o th e belie f  syste m b y 

revisin g tha t  premise .  However ,  i f  revisin g a  premis e woul d matc h a  predictio n mad e b y 

a generalization ,  the n th e cos t  woiil d b e decreased ,  indicatin g tha t  th e revisio n i s mor e 

desirable . 

To illustrat e h o w thes e ne w ride s wil l  b e use d i n REVOLVER,  le t  u s reanalyz e ou r 

previou s example ,  takin g int o accoun t  th e abov e changes .  T h e previou s exampl e onl y 

involve d tw o premises :  { M }  —> { C M P h }  (premis e 1 )  an d { M 0 }  —^  { C M }  (premis e 2) . 
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Suppos e tw o ne w premise s ar e adde d t o th e system :  {1 }  —> {C I  P h }  (premis e 3 )  an d { I  O } 

—> {CI }  (premis e 4) ,  wher e I  represent s iro n an d C I  represent s calx-of-iron .  A t  thi s point , 

th e syste m ca n for m tw o genera l  reactions :  premise s 1  an d 3  lea d t o { X }  —» { C X P h } , 

whil e premise s 2  an d 4  lea d t o { Y 0 }  —» { C Y } .  Th e ne w classe s X  an d Y  represen t  thos e 

substance s obeyin g th e genera l  reaction s describe d (i n thi s example ,  bot h classe s contai n 

M an d I) .  Th e firs t  generalizatio n represent s phlogisto n theory :  whe n an y combustibl e 

burns ,  th e cal x o f  tha t  substanc e (a n element )  remain s an d phlogisto n i s emitted .  Th e 

secon d generalizatio n represent s oxyge n theory :  whe n an y combustibl e burns ,  oxyge n i s 

gaine d an d th e cal x o f  tha t  substanc e ( a compound )  remains . 

Afte r  thi s inductiv e ste p ends ,  standar d deductio n take s place .  REVOLVER follow s th e 

same inferenc e pat h a s before ,  arrivin g a t  M =  { C M P h }  an d the n a t  th e inconsisten t 

reactio n {P h 0 }  —*•  {} .  Th e set s o f  revision s (hypotheses )  propose d ar e als o th e same . 

However ,  th e cos t  assigne d t o eac h i s no w different .  Le t  u s reexamin e th e fou r  hypothese s 

propose d b y bot h STAHL p an d REVOLVER,  alon g wit h th e cost s assigne d b y eac h system . 

Each o f  th e first  tw o hypothese s involve d changin g onl y premis e 2  ( { M 0 }  —*•  { C M } ) . 

Whil e STAHL p woul d assig n eac h a  cos t  o f  1  (becaus e premis e 2  onl y support s th e inconsis -

tency) ,  th e ne w REVOLVER wovd d assig n eac h hypothesi s a  cos t  o f  3 ,  sinc e premis e 2  als o 

support s th e generalizatio n { X 0 }  —> { C X } ,  whic h ha s tw o premise s a s support .  Th e thir d 

hypothesi s involve s changin g premis e 1  ( {M }  - ^  { C M Ph}) .  Whil e STAHL p woul d assig n a 

cos t  o f  2  (becaus e premis e 1  support s on e mode l  plu s th e inconsistency) ,  REVOLVER woul d 

assig n a  cos t  o f  4 ,  sinc e premis e 1  als o support s th e generalizatio n {X }  - ^  { C X P h } ,  whic h 

has tw o premise s a s support .  Th e fourt h hypothesi s involve s changin g bot h premis e 1  an d 

premis e 2 .  STAHL p woid d agai n assig n a  cos t  o f  2 ,  sinc e premis e 1  an d 2  togethe r  suppor t 

one mode l  plu s th e inconsistency ;  i n contrast ,  REVOLVER woul d assig n a  cos t  o f  6 ,  sinc e 

eac h premis e support s a  generalizatio n tha t  ha s tw o premise s a s support . 

To summarize ,  STAHLp' s hypothese s ha d cost s o f  1 ,  1 ,  2  an d 2 ,  respectively ;  thos e o f 

REVOLVER ha d cost s o f  3 ,  3 ,  4  an d 6 .  Not e tha t  th e first  tw o hypothese s wil l  b e considere d 

th e bes t  b y bot h systems ,  bu t  tha t  th e las t  hypothesi s i s clearl y th e wors t  i n th e vie w o f 

REVOLVER,  sinc e i t  involve s premis e change s tha t  woul d affec t  tw o generalization s (al l 

other s woul d impac t  onl y on e generalization) .  I f  w e continu e alterin g thi s exampl e b y 

addin g mor e premises ,  th e choic e o f  bes t  hypothesi s wil l  als o becom e differen t  betwee n 

th e tw o systems .  I n partictdar ,  conside r  th e additio n o f  anothe r  premis e tha t  fits  oxyge n 

theory .  Thi s woul d mea n tha t  it s generalizatio n ({ X 0 }  —> { C X } )  woul d no w hav e thre e 

supportin g premises ,  an d thu s th e hypothesi s cost s woul d no w becom e 4 ,  4 ,  4  an d 7 , 

respectively .  Not e tha t  thre e hypothese s no w ti e fo r  best ;  th e ne w entr y i s th e thir d 

hypothesis ,  whic h suggest s revisin g onl y premis e 1  -  a  belie f  from  phlogisto n theory . 

I n othe r  words ,  addin g mor e suppor t  t o th e oxyge n theor y generalizatio n make s revisio n 

of  th e phlogisto n theor y premis e mor e plausible .  Thi s tren d continue s furthe r  i f  w e ad d ye t 

anothe r  oxyge n theor y premise ;  thi s increase s th e suppor t  o f  it s  associate d generalizatio n 

t o fou r  premises .  Th e ne w hypothesi s cost s woul d thu s b e 5 ,  5 ,  4  an d 8 ,  respectively ; 

not e tha t  th e thir d hypothesi s i s no w th e sol e bes t  choice .  I n short ,  a s th e genera l  belie f 

embodyin g oxyge n theor y gaine d i n strength ,  i t  becam e les s desirabl e t o revis e premis e 

2 (whic h support s it) ,  an d thu s mor e desirabl e t o revis e premis e 1  (whic h support s th e 

genera l  belie f  embodyin g phlogisto n theory) . 
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Discussio n 

Whil e th e previou s exampl e involve d inductio n o n a  relativel y smal l  numbe r  o f  premises , 

on e ca n envisio n example s involvin g larg e system s o f  beliefs ,  wher e th e generalization s em -

bod y law s supporte d b y substantia l  observationa l  evidence .  I f  w e loo k a t  eac h la w (plu s 

it s supportin g premises )  a s a  paradig m an d not e tha t  competin g paradigm s m a y resul t 

from  differen t  subset s o f  th e premises ,  w e fee l  tha t  ou r  ne w heuristic s relatin g inductio n 

an d belie f  revisio n brin g u s close r  t o modellin g ho w paradigm s shif t  ove r  time .  I n thi s 

view ,  olde r  paradigm s woul d usuall y consis t  o f  well-supporte d generalization s (i.e. ,  law s 

tha t  summariz e m a n y observations) ,  whil e ne w paradigm s woul d consis t  o f  generalization s 

havin g onl y a  fe w observation s a s supportin g evidence .  InitiEdly ,  ne w heuristi c (1 )  -  pre -

ferrin g revision s t o premise s supportin g wea k generalization s -  wotd d ten d t o protec t  olde r 

paradigms .  W e clai m tha t  thi s i s a  plausibl e mode l  o f  h o w scienc e normall y proceeds ; 

ol d paradigm s ten d t o becom e entrenche d an d requir e a  stead y accumulatio n o f  negativ e 

evidenc e t o overthro w them . 

Thi s negativ e evidenc e come s a s mor e observation s ar e gathere d tha t  fit  th e gener -

alizatio n fo r  th e competin g paradigm .  I n thi s manner ,  th e competin g paradig m gain s 

strengt h Jin d eac h o f  it s  premise s become s les s vulnerabl e t o revision .  Couple d wit h thi s 

effec t  as e th e effect s o f  ne w heuristi c  (2) ,  wher e prediction s m a d e b y th e ne w paradig m 

si e confirme d b y revise d premises .  Eac h confirme d predictio n ca n no w ad d it s suppor t  t o 

th e ne w paradigm ,  whic h i n tur n make s eac h supportin g premis e les s v;ilnerabl e t o revi -

sion .  I n short ,  ou r  tw o inductio n heuristic s reflec t  tw o direction s i n whic h paradigm s ca n 

shift ;  heuristi c (2 )  tend s t o buil d suppor t  fo r  newe r  generalization s havin g Uttl e confirme d 

suppor t  bu t  m a n y predictions ,  whil e heuristi c (1 )  tend s t o retai n suppor t  fo r  olde r  general -

ization s havin g firm  support .  I n ou r  futur e research ,  w e pla n t o us e thi s genera l  approac h 

t o mode l  historica l  shift s i n scientifi c  paradigms ,  i n particula r  th e shif t  from  phlogisto n 

theor y t o oxyge n theory . 
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Abstrac t 

We presen t  a n implemente d computationa l  theor y o f  motivate d inferenc e intende d t o accoun t  fo r  a  variet y 

of  experimenta l  results .  Peopl e m a k e motivate d inference s w h e n thei r  conclusion s ar e biase d b y thei r  genera l 

motive s o t  goals .  O u r  theor y postulate s fou r  element s t o accoun t  fo r  suc h biasing .  (1 )  A  representatio n o f  th e 

self ,  includin g attribute s an d motives .  (2 )  A  mechanis m fo r  evaluatin g th e relevanc e o f  a  potentia l  conclusio n t o 

th e motive s o f  th e self .  (3 )  Mechanism s fo r  motivate d m e m o r y searc h t o retriev e desire d conception s o f  th e sel f 

and evidenc e supportin g desire d conclusions .  (4 )  Inferenc e rule s wit h parameter s tha t  ca n b e adjuste d t o 

encourag e desire d inference s an d imped e undesire d ones . 

1. INTRODUCTION 

Pasca l  (1966 )  sai d tha t  th e hear t  ha s it s reason s tha t  reaso n doe s no t  know .  Bu t  relativel y littl e attentio n i n 

cognitiv e scienc e ha s bee n pai d t o "hot "  cognitio n involvin g motivatio n an d affect ,  a s oppose d t o "cold "  cognitio n 

involvin g proble m solving ,  learning ,  an d s o on .  Phenomen a o f  motivate d inferenc e hav e bee n discusse d b y philo -

sopher s suc h a s Fingarett e (1969 )  an d Haigh t  (1980) ,  an d hav e bee n investigate d experimentall y b y socia l 

psychologist s (fo r  review s se e Greenwald ,  1980 ;  Wicklun d &  Brehm ,  1976) .  Bu t  asid e firom  th e path-breakin g 

stud y b y Abelso n (1963) ,  ther e ha s bee n littl e investigatio n o f  h o w motivate d inferenc e take s place ,  o f  th e 

mechanism s b y whic h motivation s o f  th e sel f  influenc e th e conclusion s tha t  i t  reache s (cf .  Hastie ,  1983 ;  Sorrentin o 

&Higgins ,  1986) . 

Her e w e propos e a  computationa l  mode l  o f  motivate d inferenc e tha t  account s fO T a  variet y o f  phenomen a 

tha t  hav e bee n investigate d empirically .  O u r  accoun t  build s o n th e P I  mode l  o f  col d cognitio n develope d b y Tha -

gar d an d Holyoa k (1985 ;  Holland ,  Holyoak ,  Nisbett ,  an d Thagard ,  1986) .  P I  i s a  computationa l  mode l  o f  proble m 

solvin g an d learning .  W e wil l  describ e a n extensio n o f  PI ,  Motiv-PI ,  i n whic h inference s suc h a s generalizatio n 

ca n b e biase d b y th e motivation s o f  th e system . 

2. ELEMENTS OF A THEORY OF MOTIVATED INFERENCE 

2.1. Kinds of Motivated Inference. 

Our  mode l  i s designe d t o provid e a n integrate d accoun t  o f  severa l  kind s o f  motivate d inference . 

(a )  Motivate d change s o f  self-conceptions .  H o w peopl e se e themselve s m a y b e influence d b y h o w the y 

woul d lik e t o se e themselves .  Thu s peopl e le d t o believ e tha t  extraversio n i s predictiv e o f  academi c succes s c o m e 

t o vie w themselve s a s mor e extravme d (Kund a &  Santioso ,  1986) . 

(b )  Motivate d change s o f  theorie s abou t  th e world .  Peopl e ten d t o generat e thos e theOTie s abou t  th e causa l 

determinant s o f  event s dia t  ar e mos t  likel y t o suppor t  thei r  goals .  Thu s peopl e ten d t o believ e tha t  thei r  o w n attri -

bute s ar e mor e predictiv e o f  happ y marriag e tha n ar e otho -  people' s attribute s (Kunda ,  1987) .  Thi s allow s the m t o 

"PI" i> short for "processes of induction" and is pronounced "pie". 
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maintai n th e belie f  tha t  the y wil l  achiev e a  happ y marriage . 

Our  mode l  view s bot h thes e phenomen a a s resultin g fro m selectiv e memor y searc h amon g th e wid e arra y o f 

relevan t  beliefs .  Thu s motivatio n help s t o determin e whic h self-conception s wil l  b e accesse d an d whic h belief s 

an d wha t  evidenc e pertainin g t o causa l  theorie s wil l  b e accessed . 

(c )  Motivate d change s o f  ir̂ erentia l  rules .  Motivatio n affect s th e evaluatio n o f  evidence ,  s o tha t  individual s 

threatene d b y som e evidenc e ar e les s likel y t o believ e it .  Thu s w o m e n w h o ar e heav y coffe e drinker s wer e foun d 

10 b e particularl y reluctan t  t o believ e tha t  caffein e cause s diseas e (Kunda ,  1987) .  Thi s reluctanc e m a y hav e bee n 

du e t o th e ̂ plicatio n o f  particularl y stringen t  inferentia l  rule s t o th e evaluatio n o f  th e evidence ,  althoug h t o dat e 

ther e i s n o direc t  suppor t  fo r  thi s notion .  Ou r  mode l  assume s tha t  motivatio n affect s people' s willingnes s t o gen -

eraliz e b y influencin g th e threshol d require d fo r  generalization .  Thu s large r  sample s m a y b e require d t o suppor t 

generalization s tha t  clas h wit h one' s goals . 

(d )  Motivate d change s o f  goals .  Ther e i s som e evidenc e tha t  whe n peopl e realiz e tha t  the y ar e unlikel y t o 

obtai n thei r  goals ,  the y diminis h th e importanc e o f  thes e goal s t o th e self .  Thu s whe n individual s ar e outper -

fcMine d b y other s o n a  give n task ,  the y c o m e t o conside r  tha t  tas k a s les s importan t  t o thei r  view s o f  themselve s 

(Tesse r  &  Campbell ,  1983) .  Thi s allow s the m t o maintai n positiv e self-evaluation . 

Thu s motivatio n m a y affec t  inferenc e b y guidin g th e searc h amon g a  wid e arra y o f  potentiall y  relevan t 

belief s abou t  th e world ,  othe r  people ,  an d th e self ,  an d b y guidin g th e applicatio n o f  inferentia l  rules . 

IJ.. Mechanisms. 

We postulat e fou r  element s t o describ e th e mechanism s underiyin g suc h motivate d inferences : 

1.  A  representatio n o f  th e self .  Thi s shoul d includ e motive s o f  th e sel f  suc h a s stayin g health y an d attribute s 

of  th e sel f  suc h a s drinkin g coffee . 

2.  A  mechanis m fo r  evaluatin g th e relevanc e o f  a  potentia l  conclusio n t o th e motive s o f  th e self .  Thi s wil l 

b e a n inferenc e engin e lo r  tracin g ou t  th e consequence s o f  a  potentia l  conclusio n an d determinin g whethe r  thes e 

hav e an y impac t  o n th e motive s o f  th e self . 

3.  Mechanism s fo r  motivate d memor y search. .  W e hypothesiz e tha t  motivatio n affect s h o w peopl e retriev e 

memorie s an d m a k e inference s abou t  thei r  o w n characteristic s an d goal s an d abou t  evidenc e fo r  an d agains t 

potentia l  inductiv e conclusions . 

4.  Mechanism s fo r  adjustin g th e parameter s o f  inferenc e rules .  Thes e wil l  distor t  th e norma l  inferenc e 

rule s t o ensur e tha t  inference s favorabl e t o th e sel f  ar e mor e likel y t o b e mad e an d tha t  unfavorabl e inference s ar e 

les s likel y t o b e made . 

Th e interaction s o f  thes e element s i s depicte d i n figure  1 .  T o begin ,  inferenc e o f  a  potentia l  conclusio n tha t 

woul d resul t  from  th e applicatio n o f  som e inferenc e rul e i s triggered .  Th e ke y questio n is :  doe s th e inferenc e rul e 

licens e th e conclusion ? I n motivate d inferenc e thi s i s no t  simpl y a  matte r  o f  seein g whethe r  th e availabl e evidenc e 

an d th e inf^enc e rul e warran t  th e conclusion ,  becaus e bot h th e activatio n o f  evidenc e an d th e parameter s o f  th e 

rul e m a y b e influence d b y motivation .  Firs t  th e potentia l  relevanc e o f  th e conclusio n t o th e sel f  i s checked .  I f  th e 

conclusio n i s irrelevan t  t o th e self ,  motivatio n play s n o rol e i n inferenc e an d th e standar d col d inferenc e rul e i s 

^plied .  Bu t  i f  th e conclusio n ha s positiv e consequence s fo r  th e motivation s o f  th e self ,  the n applicatio n o f  th e 

inferenc e rul e i s enhance d t o m a k e i t  mor e likel y tha t  th e inferenc e get s made .  Motivate d m e m o y searc h 

encourage s th e retrieva l  o f  informatio n tha t  wil l  suppor t  th e conclusion ,  an d evidenc e threshold s fo r  applyin g th e 

inferenc e rul e ar e lowered .  If ,  o n th e othe r  hand ,  th e potentia l  conclusio n ha s negativ e consequence s fo r  th e 

motivation s o f  th e self ,  the n ̂ plicatio n o f  th e rul e wil l  b e impeded .  Sometimes ,  however ,  evidenc e wil l  b e s o 

overwhelmin g tha t  inferenc e wil l  g o throug h anyway ,  whic h prompt s re-evaluatio n o f  th e importanc e t o th e sel f  o f 

th e implicate d goals . 

3. A COMPUTATIONAL MODEL 

Th e element s jus t  describe d provid e onl y a  sketc h o f  a  theor y o f  motivate d inference .  W e nee d t o kno w a 

lo t  mor e abou t  th e structure s an d processe s postulate d i n Figur e 1 .  Th e bes t  mean s currentl y availabl e fa t  specify -

in g suc h structure s an d irocesse s i s t o develo p a  detaile d compute r  progra m tha t  ha s dat a structure s correspondin g 

t o th e representations  postulate d an d procedure s correspondin g t o th e processe s postulated .  Fo t  a  theor y o f 

motivate d inference ,  w e nee d a n accoun t  o f  th e sel f  an d o f  th e mechanism s o f  relevanc e evaluation ,  memor y 
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Figur e 1 :  Genera l  mode l  o f  motivate d inference . 
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search ,  an d distorte d applicatio n o f  inferenc e rules . 

We n o w propos e a  computationa l  mode l  tha t  build s o n th e P I  mode l  o f  proble m solvin g an d learning ,  a 

mor e detaile d descriptio n o f  whic h ca n b e foun d elsewher e (Holland ,  Holyoak ,  Nisbett ,  an d Thagard ,  ch .  4) .  I n PI , 

proble m solvin g i s a  [ntxes s o f  firing  o f  rule s an d spreadin g activatio n o f  concepts .  Durin g proble m solving ,  th e 

curren t  stat e o f  activatio n trigger s variou s kind s o f  inductiv e inference ,  includin g generalization ,  abductio n (infer -

enc e t o explanator y hypotheses) ,  an d concep t  formation . 

3.1. The Self. 

T o expan d P I  int o Motiv-PI ,  ou r  mode l  o f  motivate d inference ,  w e adde d a  representatio n o f  th e sel f  t o Pi' s 

set  o f  knowledg e structure s whic h currentl y include s productio n rules ,  concept s (schemas) ,  an d message s (facts , 

propositions) .  Representatio n o f  th e sel f  ha s tw o crucia l  components :  motive s an d attributes .  Th e attribute s o f  a 

sel f  ca n includ e prq)ertie s suc h a s bein g a  coffe e drinker ,  a  student ,  o r  a  female .  It s motive s ar e it s highes t  leve l 

goals ,  suc h a s bein g health y an d happy .  Figur e 2  contain s a  simplifie d depictio n o f  a  sel f  use d i n Motiv-PI' s simu -

lations .  Th e activatio n o f  motive s an d attribute s i s variable ,  t o allo w difference s i n th e degre e t o whic h the y 

matte r  t o th e sel f  a t  differen t  times .  Fo r  example ,  you r  motiv e t o ea t  m a y b e mor e activ e a t  on e tim e tha n a t 

anothe r  w h e n yo u hav e jus t  eaten ,  an d you r  vie w o f  yoursel f  a s extraverte d migh t  b e mor e activ e whe n yo u ar e a t 

a part y tha n whe n yo u ar e alon e a t  you r  desk .  Independen t  o f  activation ,  w e postulat e tha t  motive s hav e differen t 

priorities ,  s o tha t  reflectio n woul d tel l  yo u tha t  bein g health y i s mor e importan t  t o yo u tha n bein g successful ,  eve n 

i f  a t  a  particula r  m o m e n t  yo u ar e overworkin g yoursel f  t o accomplis h som e career-relate d goal . 

Self :  Sandr a 

Attributes: Motives: 

Drinks_coffee :  Healthy : 

Importance :  0. 6 Priority :  0. 9 

Activation :  0. 4 Activation :  0. 4 

Female :  Rich : 

Importance :  0. 5 Priority :  0. 7 

Activation :  0. 6 Activation :  0. 8 

Student :  Happy : 

Importance :  0. 1 Priority :  0. 9 

Activation :  0. 6 Activation :  O. S 

Smokes:  Successful_career : 

Importance :  0. 7 Priority :  0. 6 

Activation :  0. 4 Activation :  0. 7 

Had_non_working_mothe n 
Importance :  0. 1 

Activation :  0. 4 

Had_close_fathCT : 

Importance :  0. 1 

Activation :  0. 6 

Figure 2: A sample self. 

Inductio n i n Motiv-P I  i s  triggere d jus t  a s i n PI ,  b y th e curren t  stat e o f  activatio n o f  th e problem-solvin g sys -

tem .  Fo r  example ,  th e attemp t  t o generaliz e tha t  al l  A  ar e B  wil l  b e triggere d b y havin g th e concept s o f  A  an d B 

simultaneousl y activ e a s wel l  a s th e informatio n tha t  somethin g i s bot h A  an d B .  Providin g example s o f  peopl e 

w ho drin k coffe e an d the n develo p fibrocystic  diseas e woul d b e sufficien t  t o trigge r  th e inferenc e tha t  coffe e 

drinker s ge t  th e disease . 
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3^ .  Determinin g Relevanc e o f  a  Conclusion . 

Th e secon d elemen t  o f  th e theor y o f  motivate d inferenc e mentione d i n th e las t  sectio n i s a  mean s o f  deter -

minin g th e relevanc e o f  a  potentia l  conclusio n t o th e selT s motives .  Motiv-P I  doe s thi s b y usin g th e proble m solv -

in g apparatu s alread y presen t  i n PI .  Determinin g relevanc e i s a  specia l  cas e o f  proble m solving ,  wher e th e startin g 

condition s o f  th e proble m consis t  o f  description s o f  th e attribute s o f  th e sel f  alon g wit h th e potentia l  conclusion , 

and th e goal s o f  th e conclusio n ar e th e motive s o f  th e self .  Namal ly ,  th e poin t  o f  attemptin g t o solv e a  proble m i s 

t o accomplis h al l  th e goal s o f  th e iMX)blem ,  bu t  fo r  determinin g relevanc e o f  a  conclusio n w e wan t  onl y t o k n o w 

whic h goals ,  i.e .  whic h motives ,  hav e bee n accomplished .  Fo r  example ,  t o determin e th e relevanc e o f  th e poten -

tia l  conclusio n tha t  Sandr a ha s fibrocystic  diseas e t o th e sel f  Sandra ,  w e se t  u p a  n e w proble m whos e startin g con -

dition s includ e th e hypothetica l  propositio n tha t  sh e ha s th e diseas e an d whos e goal s ar e he r  motives : 

Problem: 

Start :  (has_fibrocystic_diseas e (Sandra )  projected_true ) 

.. .  plu s othe r  attribute s o f  Sandra . 

Goals :  (is_health y (Sandra )  true ) 

(is_h^p y (Sandra )  true ) 

.. .  plu s othe r  motive s o f  Sandra . 

Solving the problem consists of seeing whether any of Sandra's motives could be affected by the hypotheti-

cal  star t  I n th e cas e above ,  th e conclusio n tha t  Sandr a ha d fibrocystic  diseas e woul d lea d t o th e consequenc e tha t 

she i s no t  healthy ,  indicatin g a  negativ e evaluatio n o f  th e conclusion .  Figur e 3  provide s a n ov«v ie w o f  thi s pro -

cess .  I n man y cases ,  a  chai n o f  deduction s wil l  b e necessar y t o calculat e relevance .  Fo r  example ,  t o asses s th e 

motivationa l  relevanc e o f  doin g wel l  i n graduat e school ,  Motiv-P I  infer s tha t  doin g wel l  i n graduat e schoo l  wi U 

lea d t o a  goo d first  job ,  an d gettin g a  goo d first  jo b wil l  hel p t o lea d t o a  successfu l  career ,  s o tha t  doin g wel l  i n 

graduat e schoo l  i s  positivel y relevan t  t o havin g a  successfu l  career .  Anothe r  evaluation ,  thi s tim e o f  havin g a 

stabl e marriage ,  i s base d o n inference s tha t  a  stabl e marriag e lead s on e t o fee l  mor e secur e an d therefor e t o b e 

hî pier .  Thu s evaluatin g th e relevanc e o f  a  possibl e conclusio n depend s o n bein g abl e t o trac e ou t  it s conse -

quences .  W e vie w i t  a s a n advantag e o f  ou r  mode l  tha t  n o specia l  mechanis m i s postulate d fo r  doin g this ,  sinc e 

th e norma l  proces s o f  proble m solvin g i s used .  Jus t  a s P I  solve s problem s b y simulatin g th e effect s o f  possibl e 

actions ,  Motiv-P I  determine s relevanc e t o th e sel f  b y usin g informatio n store d i n concept s an d rule s t o infe r  th e 

consequence s fo r  th e sel f  a  potentia l  conclusion .  Th e proble m solve r  note s wha t  motive s ar e accomplishe d b y a 

potentia l  conclusion ,  yieldin g a  numerica l  tota l  tha t  take s int o accoun t  bot h th e priorit y o f  th e differen t  goal s 

accomplishe d an d thei r  degre e o f  activation . 

33. Motivated Memory Search. 

Peq>l e posses s a  broa d arra y o f  differen t  an d sometime s contradictor y belief s abou t  themselves ,  others ,  an d 

th e world .  Motivatio n ca n determin e whic h o f  thes e beUef s the y wil l  retriev e s o a s t o suppor t  o r  hinde r  potentia l 

inductiv e conclusicms .  Motiv-P I  implement s suc h motivate d us e o f  memor y ver y naturall y becaus e o f  th e 

subgoalin g mechanis m i n PI .  Pi' s  basi c proble m solvin g mechanis m i s forwar d chaining ,  matchin g productio n 

rule s suc h a s If x i s  sociable ,  the n x  i s extroverte d agains t  message s suc h a s Sandr a i s sociabl e t o generat e conclu -

sion s suc h a s Sandr a i s extroverted .  Bu t  i f  th e syste m i s motivate d t o sho w tha t  Sandr a i s extraverted ,  i t  set s tha t 

as a  goa l  an d chain s backward s t o activat e informatio n abou t  he r  bein g sociable .  Furthe r  subgoalin g occur s usin g 

an activ e rul e tha t  say s tha t  peopl e w h o g o t o lot s o f  partie s ar e sociable ,  leadin g th e syste m t o as k i f  Sandr a goe s 

t o lot s o f  parties .  Retrievin g thi s informatio n wil l  the n mak e possibl e th e inferenc e tha t  Sandr a i s sociabl e an d 

thu s i s extraverted .  I f  th e desire d conclusio n i s reached ,  th e searc h slops ,  s o th e syste m doe s no t  g o o n t o find  con -

tradictor y informatio n tha t  migh t  impl y tha t  th e sel f  i s  introverted .  Thi s contradictor y informatio n wil l  therefor e 

not  b e accesse d unles s i t  i s  availabl e t o begi n wit h o r  i s  activate d a s a  side-effec t  o f  th e mai n search .  I f  instea d th e 

syste m wer e motivated  t o sho w tha t  Sandr a i s introverted ,  i t  coul d d o s o b y activatin g differen t  rules ,  suc h a s tha t 

shy peopl e ar e introverted ,  an d differen t  facts ,  suc h a s episode s wher e i n fac t  Sandr a wa s shy .  Thu s motivate d 

memory retrieva l  occur s usin g th e subgoalin g whic h i s a n integra l  par t  o f  th e proble m solvin g operatio n o f  PI . 

Th e sam e mechanism s gover n motivate d retrieva l  o f  evidence .  I n motivated  generalization ,  yo u ca n b e 

motivate d t o believ e tha t  al l  A' s ar e B's ,  i n whic h cas e yo u wan t  t o retriev e a s m a n y A' s tha t  ar e B' s a s possible . 

Or ,  i f  yo u ar e motivate d no t  t o for m thi s generalization ,  the n yo u wil l  wan t  t o find  example s o f  A' s tha t  ar e no t 

B's .  Motivate d retrieva l  i n th e forme r  cas e consist s o f  givin g Pi' s  proble m soIvc t  th e goal s o f  finding  thing s tha t 
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Set  u p proble m with : 

start :  conclusio n 

goals :  motive s o f  sel f 

\ 1 

Attemp t  t o solv e proble m b y 

firing  rule s an d spreadin g 

activatio n o f  concept s 

Not e whic h motive s 

(goals )  wer e accomplishe d 

Calculat e valu e fo r  eac h 

eac h motiv e b y considerin g 

it s activatio n an d priorit y 

Calculat e tota l  relevanc e 

(+ ,  - ,  o r  0 )  o f  conclusio n 

Hgur e 3 :  Calculatin g th e relevanc e o f  a  potentia l  conclusion . 

ar e A' s an d B' s an d stwin g thi s informatio n awa y wit h th e th e concept s A  an d B  fo r  us e a s evidenc e i n favo r  o f 

th e generalization .  Fo r  example ,  i f  yo u wan t  t o infe r  tha t  extravert s ar e successful ,  yo u wil l  d o a  memor y searc h t o 

construc t  an d retriev e example s o f  successfu l  extraverts .  whic h m a y involv e th e realizatio n tha t  som e peopl e 

w h o m yo u ha d no t  previousl y encode d i n thes e term s d o i n fac t  fal l  unde r  bot h categories . 

I n Motiv-PI ,  th e exten t  o f  th e motivate d searc h fo r  evidenc e i s a  functio n o f  h o w motivate d th e sel f  i s t o 

for m a  particula r  conclusion .  Th e amoun t  o f  inference s Pi' s proble m solve r  wil l  emplo y t o tr y t o tur n u p desire d 

informatio n i s a  functio n o f  th e exten t  t o whic h th e potentia l  conclusio n i s relevan t  t o th e self ,  takin g int o accoun t 

bot h th e importanc e an d th e degre e o f  activatio n o f  th e relevan t  motives .  Experimenta l  result s sugges t  tha t  hig h 

level s o f  motivatio n ar e require d fo r  motivate d inferenc e t o occu r  (Kunda ,  1987) . 

3.4. Motivated Generalization. 

Th e calculate d motivationa l  relevanc e o f  a  potentia l  conclusio n an d motivate d m e m o r y searc h ca n b e use d 

b y Motiv-P I  t o distor t  variou s inferenc e processes .  Her e w e wil l  concentrat e o n generalization ,  sinc e th e kind s o f 

inference s studie d experimentall y b y Kund a fal l  mos t  appropriatel y unde r  tha t  heading .  I n PI ,  generalizatio n i s 

don e i n accor d wit h a  theor y develope d b y Thagar d an d Nisbet t  (1982 )  an d teste d experimentall y b y Nisbett , 

Krantz ,  Jepso n an d Kund a (1983) .  People' s willingnes s t o generaliz e fro m instance s i s a  functio n bot h o f  th e 

number  o f  instance s tha t  provid e evidenc e fo r  th e rul e t o b e forme d an d o f  backgroun d knowledg e abou t  variabil -

ity .  Y o u ar e mor e pron e t o generaliz e tha t  al l  instance s o f  a  ne w kin d o f  meta l  b u m wit h a  gree n flame  tha n yo u 

ar e t o generaliz e tha t  al l  instance s o f  a  n e w kin d o f  bir d ar e blue ,  sinc e yo u k n o w tha t  bird s ar e mor e variabl e wit h 

respec t  t o col w tha n metal s ar e wit h respec t  t o cranbustio n properties .  P I  generalize s tha t  al l  A' s ar e B  onl y whe n 

i t  calculate s tha t  a  combine d measur e o f  th e numbe r  o f  instance s o f  A' s tha t  ar e B' s an d th e invariabilit y  o f  A' s 

wit h respec t  t o B' s exceed s a  give n threshold .  (Fo t  furthe r  discussio n o f  generalizatio n an d variability ,  se e Hol -

land ,  Holyoak ,  Nisbett ,  an d Thagard ,  1986 ,  ch .  8. ) 
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Motiv-P I  use s th e sam e consideration s whe n aitcmptin g t o for m generalizations ,  bu t  motive s influenc e th e 

proces s i n th e way s summarize d i n Figur e 4  an d describe d below .  A  rul e "Al l  A  ar e B "  i s typicall y relevan t  t o a 

sel f  i f  (1 )  th e sel f  ha s attribut e A ,  an d (2 )  B  i s motivationall y relevan t  t o th e sel f  -  th e sel f  desire s o r  fear s bein g 

B.  Fo r  example ,  th e rul e " W o m e n w h o drin k coffe e ge t  fibrocystic  disease "  i s onl y relevan t  t o someon e w h o i s 

female ,  drink s coffee ,  an d care s abou t  bein g healthy . 

W h en attemptin g t o for m th e generalizatio n "al l  A  ar e B "  Motiv-P I  first  determine s whethe r  bein g B  woul d 

be relevan t  t o th e self .  I f  ther e i s n o relevance ,  the n i t  doe s generalizatio n jus t  a s i n PI ,  wit h th e standar d threshol d 

{( X numbe r  o f  instance s an d variability .  I f  bein g B  i s positivel y relevan t  t o th e self ,  leadin g t o satisfactio n o f  it s 

motives ,  the n Motiv-P I  first  attempt s t o sho w tha t  th e sel f  i s  A ,  usin g th e motivate d m e m o r y searc h describe d 

above .  Fo t  example ,  w h e n considerin g th e potentia l  generalizatio n b y Sandr a tha t  al l  extravert s ar e successful ,  i t 

first  determine s tha t  bein g successfu l  i s  positivel y relevan t  t o Sandra ,  an d the n trie s t o sho w tha t  Sandr a i s 

extraverted .  Sinc e P I  simulate s th e parallelis m o f  numerou s rule s firing  an d subgoalin g a t  once ,  th e followin g 

subgoalin g chain s occu r  simultaneously : 

extravert <- friendly <- has many friends (Sandra) 

extravert <-sociable <-goes to parties (Sandra) 

extravert <- outgoing <- talks to strangers (Sandra) 

If B is relevant to the self and the search just described shows that the self is A, then the system fosters gen-

eralizatio n tha t  al l  A' s ar e B' s i n tw o ways .  First ,  i t  attempt s t o find  a s m a n y example s o f  A' s tha t  ar e B' s a s pos -

sible ,  i n orde r  t o ge t  abov e th e threshol d fo r  th e numbe r  o f  instance s require d fo r  generalizatio n a t  a  give n leve l  o f 

variability .  I n th e extravert/succes s example ,  th e syste m searche s fo r  instance s o f  individual s w h o ar e bot h 

extraverte d an d successfu l  b y settin g itsel f  th e subgoal s o f  finding  thing s tha t  fal l  unde r  thes e categories .  Second , 

th e syste m adjust s th e threshol d o f  th e inferenc e rul e use d i n generalizatio n t o requir e fewe r  instance s give n th e 

calculate d variability . 

I f  bein g B  i s a  propert y suc h a s gettin g breas t  diseas e tha t  ha s negativ e consequence s fra *  th e self s motives , 

the n Motiv-P I  trie s t o sho w tha t  th e sel f  i s  no t  A .  Fo r  example ,  i f  generalizatio n i s triggere d b y example s o f 

extravert s tha t  faUed ,  Motiv-P I  attempt s t o sho w tha t  th e sel f  i s  no t  extraverted .  I f  th e sel f  i s  foun d nevertheles s t o 

be extraverted ,  the n th e syste m attempt s i n tw o way s t o bloc k generalizatio n tha t  extravert s fail .  First ,  i t  doe s a 

memory searc h b y subgoalin g t o tr y t o find  example s o f  non-failin g extraverts .  (Pi' s  norma l  generalizatio n 

mechanis m block s inferenc e w h e n suc h counterexample s ar e available. )  Second ,  jus t  a s positiv e motivate d gen -

eralizatio n use s a  lowe r  threshol d o f  numbe r  o f  instance s an d variability ,  i n thi s negativ e cas e a  highe r  threshol d i s 

use d t o imped e generalization . 

These mechanisms do not, however, guarantee that the undesired generalization will be blocked, since if 

sufficien t  evidenc e i s foun d th e generalizatio n wil l  b e m a d e nevertheless .  I n thi s case ,  Motiv-P I  adjust s th e 

representatio n o f  th e sel f  t o m a k e i t  les s concerne d wit h th e ba d consequence s tha t  deriv e firom  th e conclusio n tha t 

al l  A  ar e B .  Thi s for m o f  rationalizatio n consist s o f  decidin g tha t  perhap s bein g B  i s no t  s o ba d afte r  all .  I n othe r 

words ,  Motive-P I  reduce s th e priorit y o f  th e motiv e tha t  B  affected .  T o continu e th e abov e example ,  afte r  con -

cludin g tha t  it s personalit y wil l  m a k e i t  les s likel y t o succeed ,  th e syste m wil l  decid e tha t  succes s i s no t  al l  tha t 

impOTtan t  t o it . 

Currently ,  th e variabilit y  calculatio n i s no t  affecte d b y motivation ,  bu t  conceivabl y th e m e m o r y searc h o n 

whic h th e calculatio n o f  variabilit y  i s  base d coul d b e substantiall y  affecte d b y motivation .  Variabilit y  calculation s 

depen d o n selectio n o f  appropriat e referenc e classes .  T o generaliz e tha t  al l  shreeble s ( a n e w kin d o f  bird )  ar e 

blue ,  P I  calculate s th e backgroun d variabilit y  o f  bird s wit h respec t  t o color ,  bu t  a  mor e sophisticate d progra m 

woul d pic k referenc e classe s les s automatically .  I t  might ,  fo r  example ,  b e appropriat e t o conside r  mor e specifi c 

classes ,  calculatin g th e variabilit y  o f  tropica l  bird s wit h respec t  t o primar y colors .  Perhap s motivatio n play s a  rol e 

i n searchin g fo r  referenc e classe s t o generat e variabilit y  estimate s tha t  foste r  o r  imped e generalization .  M o r e 

experimenta l  studie s ar e needed ,  however ,  t o sho w whethC T motivatio n ha s a n effec t  o n variabilit y  calculation s 

and instanc e retrieval . 
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Appl y standar d rul e 

Search :  tr y t o sho w 

tha t  S  i s A . 

Si s A ? 

Searc h fo r  A' s an d B' s 

Generaliz e wit h 

lo w threshol d 

Appl y standar d rul e 

Adjus t  representatio n 

ofS . 

B relevan t  t o S ? Generaliz e A  - > B ? 

+relevanc e 

-relevanc e 

yes 

Search :  tr y t o 

sho w tha t  S  i s 

not  A 

Searc h {< x A' s tha t 

ar e no t  B' s 

Generaliz e wit h 

hig h threshold . 

Generalization ? 

Figur e 4 :  Motivate d generalizatic m b y sel f  S  tha t  al l  A' s ar e B's . 
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3^ .  Motivate d Deductio n an d Hypothesi s Evaluatio n 

Othe r  type s o f  info-enc e beside s generalizatio n m a y als o b e subjec t  t o motivationa l  biases ,  althoug h thes e 

hav e no t  ye t  bee n studie d experimentall y o r  implemente d computationally .  O n e migh t  thin k tha t  deductio n i s 

immune from  motivationa l  biases ,  sinc e an y conclusio n tha t  follow s deductivel y fro m tru e premise s ha s t o b e true . 

But  i n an y realisti c processin g system ,  deductio n ha s t o b e constraine d pragmatically ,  sinc e an y syste m tha t  mad e 

al l  possibl e deductiv e infoence s woul d suffe r  a  combinatoria l  explosion .  I n PI ,  wha t  deduction s ge t  m a d e durin g 

proble m solvin g i s a  functio n o f  pragmatic s suc h a s th e proble m solvin g context ,  particularl y th e goal s t o b e 

accomplished .  Thu s th e m e m o r y searc h describe d abov e i s a  kin d o f  motivate d deduction . 

PI  als o poform s abduction ,  tha t  is ,  formatio n o f  explanator y hypotheses .  Th e simples t  kin d offer s a n expla -

natio n o f  a  fac t  tha t  somethin g ha s a  propert y B  b y hypothesizing ,  o n th e basi s o f  a  rul e Al l  A  ar e B  tha t  i t  i s  A . 

For  example ,  t o explai n w h y a  frien d i s exhauste d an d dissipated ,  yo u migh t  abduc e tha t  h e o r  sh e i s o n drugs , 

sinc e bein g o n drug s ca n lea d t o dissipation .  Evaluatio n o f  hypothese s forme d b y abductio n i s b y inferenc e t o th e 

best  explanation ,  whic h P I  perfcxm s b y compilin g list s o f  alternativ e hypothese s an d fact s t o b e explained ,  an d 

evaluatin g whic h o f  th e hypothese s mos t  comprehensivel y an d simpl y explain s th e evidenc e (Thagard ,  forthcom -

ing ,  ch .  5) .  I t  i s  eas y t o se e h o w motivatio n coul d distor t  inferenc e t o tiie  bes t  explanation :  i f  yo u ar e motivate d t o 

accep t  a  hypothesis ,  the n yo u migh t  b e les s thoroug h i n searchin g fo r  alternativ e hypothese s an d mor e prepare d t o 

accep t  th e hypothesi s o n les s evidence .  Indeed ,  i t  ha s bee n show n tha t  di e succes s o f  a  like d perso n i s attribute d t o 

th e person' s ability ,  wherea s th e succes s o f  a  dislike d perso n i s attribute d t o th e eas e o f  th e tas k (Regan ,  Strauss ,  & 

Fazio ,  1974) .  Fo r  Motiv-PI ,  alteration s coul d easil y b e m a d e t o bia s inferenc e t o th e bes t  explanation . 

3.6. Limitations of Motiv-PI. 

Motiv-PI ,  includin g representatio n o f  th e self ,  calculatio n o f  motivationa l  consequences ,  motivate d generali -

zation ,  an d rationalizatio n i s implemente d i n C o m m on LIS P an d run s i n conjunctio n wit h PI .  A  fulle r  implementa -

tion  woul d ad d feature s suc h a s th e following : 

\ .  A  dynami c self ,  i n whic h th e degre e o f  activatio n o f  it s  attribute s an d motive s i s update d b y th e progra m 

itself . 

2.  Motivate d variabUit y judgments . 

3.  Motivate d inferenc e t o th e bes t  explanation . 

4.  M o r e sophisticate d rationalizatio n b y adjustin g motiv e importanc e indirecti y throug h motivate d m e m o r y 

search :  instea d o f  merel y reducin g th e priorit y o f  a  motive ,  th e syste m woul d tr y t o retriev e evidenc e tha t 

woul d diminis h th e inferre d impoitanc e o f  th e motive . 

S.  Greate r  parallelis m s o tha t  differen t  motivate d memor y searche s coul d b e simulate d a s occurrin g a t  th e 

same time . 

4. COMPARISON WITH OTHER VIEWS 

4.1. Computational Models of Motivation and Affect 

Abelso n ( 1 % 3 )  propose d a n interestin g mode l  o f  sentenc e evaluatio n tha t  ha d som e o f  th e feature s w e hav e 

discusse d i n connectio n wit h motivate d inference .  H e describe d a  syste m fo r  cognitiv e balancing ,  i n whic h a  sen -

tenc e tha t  enter s though t  i s evaluate d an d unbalance d sentence s ar e subjec t  t o furthe r  processin g befor e the y ar e 

stored .  Fo r  example ,  th e sentenc e " M y goo d frien d i s a  murderer "  i s  unbalance d becaus e it s subjec t  an d predicat e 

get  ver y differen t  evaluations .  Her e rationalizatio n consist s o f  modifyin g th e subjec t  o r  predicat e i n som e w a y t o 

restor e balance .  Ou r  accoun t  ca n b e though t  o f  a s a  wa y o f  achievin g balance ,  o r  reducin g dissonance ,  betwee n 

th e motive s o f  th e sel f  an d th e inference s i t  makes ,  bu t  th e empirica l  an d computationa l  wor k describe d her e ar e 

nove l  i n tha t  the y shif t  th e focu s t o th e memor y an d inferenc e processe s diroug h whic h balanc e i s maintained . 

We ca n onl y briefl y mentio n som e othe r  computationa l  studie s o f  affec t  W e g m an (1985 )  offer s a  computa -

tional  mode l  o f  Freud' s theorie s o f  al̂ eactio n an d repression .  Orton y (1986 )  ha s propose d a  mode l  o f  even t 

evaluatio n whic h i s somewha t  simila r  t o ou r  accoun t  o f  evaluatin g th e relevanc e o f  potentia l  conclusion s concern -

in g th e self .  Dye r  (1983 )  an d H o v y (1986 )  hav e discusse d th e relevanc e o f  affec t  i n tex t  processing . 
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4 2 .  Philosophica l  Application s 

Philosopher s hav e pai d muc h attentio n t o phenomen a closel y relate d t o motivate d inference :  weaknes s o f 

wil l  an d self-deceptio n (Davidso n 1980 ,  Fingarett e 1969 ,  Haigh t  1980 ,  Marti n 1985) .  O n e centra l  questio n ha s 

bee n whethe r  thes e phenomen a ar e possibl e a t  all .  O n a  simpl e vie w o f  th e mind ,  i t  ca n b e difficul t  t o understan d 

h o w a n agen t  coul d ac t  othe r  tha n i n it s o w n interest s o r  coul d deceiv e itself .  However ,  th e structure s and 

processe s use d i n Motiv-P I  mak e i t  eas y t o se e h o w weaknes s o f  wil l  an d self-deceptio n ca n a t  leas t  b e possible . 

I t  i s  anothe r  question ,  tha t  ough t  t o b e answere d experimentally ,  whethe r  peopl e ar e actuall y subjec t  t o them . 

We se e self-deceptio n a s a n extrem e cas e o f  motivate d inferenc e leadin g t o inconsistency .  I n self -

deception ,  on e make s a n inferenc e tha t  a t  som e leve l  on e know s t o b e false .  I f  I  infe r  tha t  m y finances  ar e soli d 

eve n thoug h I  kno w tha t  bankruptc y i s imminent ,  the n I  a m guilt y o f  deceivin g myself .  O n som e philosophica l 

views ,  i t  i s har d t o se e h o w suc h a  contradictio n coul d exist .  Bu t  i t  i s perfectl y consisten t  wit h Pi' s  representation s 

and processe s tha t  a  syste m b e inconsisten t  withou t  realizin g i t  Onl y a  portio n o f  th e system' s belief s nee d b e 

activ e a t  an y time ,  s o i t  i s ver y possibl e t o infe r  a  belie f  tha t  i s  activ e bu t  inconsisten t  wit h anothe r  belie f  tha t  i s  no t 

active .  Accordin g t o Aud i  (1985) ,  i n typica l  case s o f  self-deceptio n w e hav e no t  onl y a  motivate d inferenc e o f  a 

belie f  tha t  contradict s a n existin g one ,  bu t  als o remova l  fro m consciousnes s o f  th e origina l  belief ,  whic h sound s a 

lo t  lik e Freudia n repression .  A  repressio n mechanis m coul d easil y b e adde d t o Motiv-PI .  Th e syste m coul d evalu -

at e th e relevanc e t o th e sel f  o f  eac h activ e messag e (proposition )  an d de-activat e th e negativ e ones ,  bu t  thi s seem s 

much to o strong :  ther e i s n o reaso n t o expec t  tha t  al l  informatio n wil l  b e activ e a t  a  give n time ,  s o self-deceptio n 

woul d see m t o b e possibl e withou t  a  repressio n mechanism .  Motivate d memor y retrieva l  an d inferenc e suffic e t o 

produc e th e phenomenon . 

On ou r  view ,  weaknes s o f  wil l  ca n b e understoo d i n term s o f  th e differenc e betwee n priorit y an d activatio n 

of  motives .  Weaknes s o f  wil l  occur s whe n a  decisio n i s motivate d b y desire s tha t  ar e mor e activ e tha n one s t o 

whic h reflectio n give s a  highe r  priority .  T o tak e a n extrem e case ,  conside r  a  cocain e addic t  fighting  a  cravin g fo r 

th e drug .  Fo r  physiologica l  reasons ,  th e motiv e t o ge t  som e cocain e i s fa r  mor e activ e tha n long-ter m motive s 

suc h a s bein g healthy ,  happy ,  an d successful ,  s o tha t  eve n thoug h th e addic t  woul d o n reflectio n giv e highe r  prior -

it y t o th e latte r  motives ,  th e desir e fo r  cocain e win s out . 

5. CONCLUSION 

We hav e describe d mechanism s fo r  motivate d inferenc e tha t  hav e bee n worke d ou t  i n enoug h detai l  t o b e 

implemente d computationally .  W e clos e b y sketchin g a  practica l  motiv e fo r  thes e investigations .  Motivate d 

inferenc e m a y sometime s b e harmless ,  o r  eve n beneficial ,  despit e fosterin g fals e conclusions .  Fo r  example , 

believin g o n littl e evidenc e tha t  yo u wil l  succee d a t  som e difficul t  tas k ma y wel l  improv e you r  performance .  Bu t 

motivate d inference s ca n als o b e dangerous ,  eve n lif e threatening .  Th e smoke r  w h o fail s t o conclud e tha t  smokin g 

contribute s t o cance r  m a y pa y fo r  thi s b y incurrin g th e disease .  W e hop e tha t  th e investigatio n o f  th e processe s 

underlyin g motivate d inferenc e wil l  eventuall y lea d t o th e developmen t  o f  method s fo r  helpin g peopl e avoi d 

hazardou s reasoning s from  th e hear t 
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ABSTRACT 

Four experiments show that people differ strongly in the extent to v^ich they 
depen d o n linguisti c structur e durin g languag e comprehension . 
Structure-dependen t  peopl e ar e immediatel y affecte d b y grammatica l  variables , 
vrtiil e structure-independen t  peopl e ar e les s affecte d b y suc h variables .  A 
surprisin g populatio n differenc e betwee n th e tw o type s o f  peopl e suggest s a 
geneti c an d neurologica l  basi s fo r  th e behaviora l  difference .  Al l  subject s 
wer e right-handed .  However ,  structure-dependen t  peopl e repor t  n o left-hander s 
i n thei r  family ,  whil e structure-independen t  peopl e d o repor t  left-hander s i n 
thei r  family .  Thi s suggest s tha t  th e neurologica l  organizatio n fo r  linguisti c 
abilit y  i n righ t  hander s wit h familia l  left-handedness ,  i s mor e diffus e tha n 
fo r  righ t  hander s wit h n o familia l  left-handedness .  Othe r  fact s connec t  thi s 
t o a  curren t  hormona l  theor y o f  th e ontogenesi s o f  hemispheri c asymmetries . 

I t  i s  a  common belie f  tha t  ther e i s a  norma l  wa y o f  landerstandin g 
sentences ,  v^ic h i s essentiall y  th e sam e fo r  everybody .  Thi s presuppositio n 
londerlie s th e searc h fo r  a  singl e mechanis m fo r  sentenc e comprehension .  I t  i s 
als o a  common belie f  tha t  ther e i s a  norma l  neurologica l  configuratio n fo r 
language ,  a t  leas t  amon g right-hande d people .  Thi s presuppositio n underlie s 
th e practic e o f  takin g cerebra l  asymmetrie s i n normal s an d behaviora l  syndrome s 
i n aphasics ,  t o revea l  th e norma l  functio n o f  a  universa l  configuration .  Th e 
researc h reporte d i n thi s pape r  suggest s tha t  thes e assunption s ar e false : 
individual s diffe r  markedl y i n th e wa s the y proces s language ,  an d th e 
differenc e i s relate d t o a  geneti c differenc e i n neurologica l  organizatio n fo r 
language . 

Most linguistic theories distinguish two aspects of language: The 
structura l  system ,  v^ic h concern s syntactic ,  semanti c an d phonologica l 
knowledge ;  th e conceptua l  system ,  vdiic h include s lexica l  referenc e an d 
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concepttial knowledge of the world. Normal variation in language behavior can 
be define d i n term s o f  variatio n i n th e degre e t o v^ic h a  perso n depend s o n 
eac h o f  thes e system s durin g behavior .  I n thi s discussion ,  w e focu s o n 
coirprehension ,  i n particula r  o n differentiatin g thos e peopl e wh o depen d o n 
structura l  feature s o f  th e languag e fro m thos e vrti o depen d o n mor e o n non -
structura l  knowledg e o f  language . 

The extent to which a subject depends on structure might be related to his 
familia l  handedness .  Ther e ar e obviou s reason s t o expec t  tha t  left-hande d 
peopl e hav e a  differen t  neurologica l  organizatio n fo r  languag e fro m 
right-handers .  Accordingly ,  w e hav e bee n keepin g trac k o f  th e persona l  an d 
familia l  handednes s o f  ou r  subject s i n psycholinguisti c studies .  Ove r  th e las t 
decade ,  w e hav e frequentl y notice d tha t  'mixed-background '  right-handers ,  fro m 
left-hande d families ,  respon d t o languag e stimul i  differentl y fro m 'pur e 
background '  right-handers ,  fro m familie s wit h n o left-handers .  I n particular , 
i t  seeme d t o u s tha t  durin g comprehension ,  'mixe d background '  righ t  bander s ar e 
les s sensitiv e t o syntacti c variable s tha n 'pur e background '  righ t  banders ,  bu t 
see m t o hav e mor e facilit y  wit h task s involvin g singl e words .  I n th e researc h 
reporte d here ,  w e attende d directl y t o handednes s background ,  usin g i t  a s th e 
basi s fo r  isolatin g a  12-membe r  grou p o f  wha t  w e though t  woul d b e "structur e 
dependent "  peopl e fro m anothe r  12-membe r  grou p o f  wha t  w e though t  woul d b e 
"structur e independent "  people .  Thre e experimenta l  studie s confirme d th e 
preliminar y differentiatio n tha t  w e mad e betwee n th e grou p o f 
structure-dependen t  peopl e an d th e grou p o f  structure-independen t  people ,  base d 
on handednes s background .  ' 

The first study used a percept v^ich is affected by clause boundaries, the 
perceive d locatio n o f  a  brie f  ton e presente d objectivel y durin g a  two-claus e 
sentence .  I n thi s paradigm ,  th e listene r  hear s th e sentenc e wit h a  ton e i n i t 
and mus t  b e prepare d t o writ e th e sentenc e dow n an d repor t  th e locatio n o f  th e 
tone .  O n critica l  trial s th e listene r  i s unexpectedl y presente d wit h a  writte n 
versio n o f  th e sentence .  Th e listene r  locate s th e ton e withi n a  3- 4 wor d lon g 
"window "  alread y marke d o n th e sentenc e a s i n Figur e 1  below .  Ther e wer e 3 
kind s o f  respons e windows ,  on e wit h th e cente r  o n th e wor d befor e th e claus e 
break ,  on e i n th e claus e brea k an d on e o n th e wor d afte r  th e claus e break .  Th e 
correc t  locatio n fo r  th e ton e wa s alway s i n th e cente r  o f  th e window .  Th e 
seria l  positio n o f  th e claus e brea k wa s varied . 

All listeners reported the correct tone location better v^en it was 
objectivel y i n th e brea k betwee n th e clauses ,  tha n i n eithe r  th e wor d precedin g 
or  followin g (Figur e 2 ) .  Response s t o "catch "  trials ,  i n vrtiic h ther e wa s n o 
objectiv e ton e a t  all ,  showe d a  smalle r  guessin g bia s i n favo r  o f  th e 
between-claus e position .  When th e respons e pattern s ar e correcte d fo r  thi s 
guessin g bias ,  th e mixed-backgroun d listener s showe d n o overal l  superiorit y fo r 
th e claus e break ,  v̂ iil e th e pure-backgroun d listener s di d (p<.0 5 b y Fishe r 
exac t  tes t  o n subjects ,  p<.0 5 b y Wilcoxo n matche d pair s signe d rank s tes t  o n 
materials) ,  i^parently ,  sinc e pure-backgroun d subject s ar e structure -
dependent ,  the y hav e relativel y mor e attentio n availabl e t o liste n fo r  th e ton e 
betwee n clauses :  thi s suggest s tha t  the y activel y assig n eac h claus e a  separat e 
representatio n a s the y hea r  it ,  vdiil e mixed-backgroun d listener s d o not . 

We studied the form in vrfiich listeners immediately represent a clause with 
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a word-recognition technique commonly used in laboratory studies of language 
processin g (Townsen d an d Bever ,  1978) .  I n thi s paradigm ,  a  listene r  hear s a 
wor d sequence ,  followe d b y a  singl e prob e word :  th e listene r  mus t  respon d 
verball y i f  th e prob e wor d wa s i n th e origina l  sequenc e o r  not .  (Tabl e 3 
outline s th e paradigm) .  I n ou r  study ,  th e critica l  wor d sequence s wer e 
subordinat e clause s (introduce d b y ' i f  o r  'though') *  al l  spoke n wit h a n 
intonatio n patter n suggestin g tha t  the y woul d continu e wit h a  followin g clause . 
Among th e prob e word s wer e verb-particle s an d adverbs ,  v^ic h coul d occu r  i n 
eithe r  a  lat e o r  a n earl y positio n i n eac h sentence . 

This task involves isolating a single word from the representation of a 
vAiol e clause .  We predicte d tha t  structur e independen t  subject s woul d perfor m 
relativel y wel l  o n thi s task ,  because ,  b y hypothesis ,  the y mak e mor e us e o f  th e 
referenc e o f  individua l  word s i n thei r  processing .  Thi s predictio n wa s 
confirme d fo r  pure-backgroun d subjects :  the y responde d positivel y t o word -
probe s mor e slowl y tha n di d mixe d backgroun d listener s (p<.0 1 B y a  Fishe r  exac t 
test )  (Figur e 4 ) .  I n English ,  phras e orde r  i s on e clu e t o th e themati c 
structur e o f  a  claus e (e.g. ,  agent s preced e th e ver b unles s ther e ar e specia l 
morphemes indicatin g th e reverse) .  Accordingly ,  a  structure-dependen t  listene r 
shoul d retai n a  sequentia l  representatio n o f  a  clause ,  i f  s/h e expect s tha t  th e 
claus e wil l  b e integrate d wit h late r  material .  I n contrast ,  a  structure -
independen t  listene r  shoul d retai n a  claus e i n a n unordered ,  conceptua l  form . 
Consisten t  wit h thi s difference ,  pure-backgroun d listener s wer e sensitiv e t o 
th e serial  positio n o f  th e prob e wor d i n th e fragment ,  an d mixed-backgroun d 
listener s wer e no t  (th e seria l  positio n effec t  wa s large r  fo r  pure-backgroun d 
subjects ,  p<.0 1 o n a  Fishe r  exact) .  Pure-backgroun d listener s responde d mor e 
slowl y t o lat e probe s tha n t o earl y probes .  Thi s suggest s tha t  the y sca n thei r 
representatio n o f  th e just-hear d sentenc e fragmen t  fro m beginnin g t o th e end ,  a 
self-terminatin g seria l  scannin g patter n tha t  occur s i n man y non-linguisti c 
prob e tasks .  Th e lac k o f  a  seria l  positio n effec t  fo r  concept-dependen t 
listener s suggest s tha t  thei r  representatio n an d searc h o f  th e sentenc e 
fragmen t  ar e unordered . 

We ran a coitplementary study with the same subjects and the same type of 
sentenc e material ,  excep t  tha t  th e prob e wa s no w a  2- 4 wor d phras e -  th e 
listener' s tas k wa s t o sa y v^ethe r  th e phras e wa s relate d i n meanin g t o th e 
sentence .  (Th e orde r  o f  presentatio n o f  th e thre e tasks ,  tone-location ,  word -
prob e an d phrase-prob e wa s counterbalance d acros s th e groups) .  I n thi s study , 
we use d bot h mai n an d subordinat e initia l  claus e fragments ,  a s show n i n Figur e 
5.  Al l  listener s responde d mor e quickl y t o main-claus e probe s tha n t o 
subordinate-claus e probes* .  Thi s follow s fro m th e genera l  vie w tha t  a  mai n 
claus e ca n b e immediatel y processe d fo r  meanin g whil e a  lower-leve l 
representatio n o f  a  subordinat e claus e mus t  b e retained ,  s o tha t  i t  ca n b e 
integrate d wit h th e ultimat e mai n clause .  Th e distinctio n betwee n mai n an d 
subordinat e clause s i s structural ,  whic h explain s wh y th e respons e tim e 
differenc e i s large r  fo r  pure-backgroun d listener s tha n fo r  mixed-backgroun d 
listener s (p<.0 1 b y Fishe r  exact )  (Figur e 6 ) . 

We also carried out a somewhat more naturalistic study of conprehension, 
vrtiic h include s readin g complet e sentence s an d the n answerin g question s abou t 
them .  We use d a  self-pace d word-by-wor d readin g paradigm ,  currentl y i n 
psycholinguisti c fashion .  Ever y tim e th e subjec t  presse s a  butto n o n a 
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conpater keyboard, the next word appears in the same location on a video 
screen ,  wipin g ou t  th e previou s word .  Th e fina l  wor d o f  eac h sentenc e wa s 
indicate d wit h a  punctuatio n mark ,  th e period .  When finishe d readin g th e fina l 
word ,  th e subjec t  presse d th e butto n again :  thi s elicite d a  questio n abou t  th e 
sentence ,  whic h th e subjec t  answered . 

Twenty-four new male subjects of each type of handedness background 
participate d i n thi s study .  Th e result s sho w tha t  pure-backgroun d subject s 
presse d th e butto n fo r  eac h wor d 21 % slowe r  (48 3 milliseconds/Word )  tha n 
mixed-backgroun d subject s (39 9 milliseconds/word )  (p<.00 1 b y X-square) .  Thi s 
findin g i s consisten t  wit h th e relativ e slownes s o f  thi s kin d o f  perso n i n th e 
word-prob e task .  O n ou r  interpretation ,  thi s occur s becaus e forcin g a 
structure-dependen t  reade r  t o rea d o n a  word-by-wor d basi s interfere s wit h th e 
usua l  coitprehensio n process ,  i n a  wa y tha t  i s no t  tru e fo r  th e 
structure-independen t  reader .  (W e shoul d not e tha t  th e pure-backgroun d reader s 
wer e slightl y bette r  a t  answerin g th e question s correctly .  Ther e was ,  however , 
no speed/accurac y trade-of f  acros s subjects ;  r=.04 .  Overal l  accurac y wa s abou t 
80%) . 

Although they read each word more slowly, pure-background readers are 
relativel y sensitiv e t o structura l  informatio n withi n singl e word s a s wel l  a s 
wor d order .  We use d tw o type s o f  verb s t o explor e this .  On e typ e o f  ver b wa s 
a sinpl e transitiv e ver b suc h a s 'hit ,  see ,  love' .  Thes e verb s maintai n th e 
conventiona l  overla p betwee n grammatica l  objec t  an d themati c object .  Th e othe r 
typ e o f  ver b invert s tha t  relation ,  suc h a s 'frighten ,  upset ,  please' : 
intuitively,  th e grammatica l  objec t  o f  thes e verb s i s th e themati c agen t  o f  a n 
intransitiv e for m o f  th e verb .  Th e wor d 'Sam' ,  i n "Joh n scare d Sam" ,  i s th e 
themati c subjec t  o f  'scare' ,  i n a  wa y tha t  h e i s no t  i n th e sentenc e "Joh n hi t 
Bill. "  Thi s fac t  i s  reflecte d differentl y i n differen t  linguisti c theories . 
But ,  howeve r  i t  i s  correctl y represented ,  i t  i s  a  themati c fac t  abou t  th e ver b 
'scare' ,  no t  a  conceptua l  fac t  abou t  th e activit y o f  scarin g o r  bein g scared . 
We expecte d thematically-invers e verb s t o b e comprehende d mor e slowl y tha n 
sinpl e transitives ,  jus t  becaus e the y violat e th e conventiona l  relatio n betwee n 
syntacti s an d themati c relations .  I n fact ,  fina l  word s o f  sentence s wit h 
thematically-invers e verb s wer e rea d mor e slowl y -  a s predicted ,  thi s effec t 
was muc h large r  fo r  pure-backgroun d reader s tha n mixed-backgroun d reader s 
(p<.0 1 b y X-square )  (Figur e 7 ) .  (Thi s stud y als o varie d othe r  aspect s o f 
structur e -  se e Carrithers ,  1986) . 

These results justified our preliminary differentiation of structure-
dependen t  an d structure-independen t  coitprehenders .  I n eac h o f  fou r 
experiments ,  th e pure-backgroun d peopl e depende d o n aspect s o f  th e sentenc e 
structur e mor e strongl y tha n th e mixed-backgroion d people .  Conside r  agai n th e 
populatio n differenc e betwee n thes e tw o kind s o f  listeners .  Figur e 8  list s 
some populatio n variable s tha t  on e migh t  thin k coul d underl y suc h difference s 
i n languag e processin g style .  I n fact ,  th e sxibjec t  group s wer e tightl y 
balance d o n eac h o f  thos e variables .  (W e matche d group s closel y fo r  SA T scores , 
usin g a  SAT-yoke d desig n fo r  th e firs t  thre e studie s -  i n th e fourt h study ,  th e 
mean verba l  SA T score s o f  th e tw o group s wer e withi n 2 0 points .  Right -
handednes s wa s determine d b y a  scor e o f  a t  leas t  98 % o n a  varian t  o f  th e 
Oldfiel d handednes s inventory. ) 
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There was only one consistent population difference between the subjects: 
The structure-dependen t  subject s ha d bee n chose n a s reportin g onl y 
right-hander s i n thei r  famil y envelope ,  whil e th e structure-independen t 
subject s reporte d a t  leas t  on e left-hande r  i n thei r  famil y envelope .  Th e 
envelop e include d siblings ,  parents ,  uncle s o r  aunt s an d grandparents .  A t 
leas t  on e lef t  hande r  i n tha t  envelop e predicte d tha t  a  perso n wa s structur e 
independent .  (Wit h thi s envelo p a s a  criterion ,  abou t  40 % o f  colleg e 
undergraduate s hav e left-hander s i n thei r  family .  We counte d onl y ful l 
biological  relatives ;  an y relativ e v^ o wa s reporte d a s "havin g bee n 
left-handed ,  bu t  force d t o becom e right-handed "  wa s counte d a s left-handed ,  a s 
wer e "ambidextrous "  relatives. ) 

Consider some some morals from this result. First, it suggests that there 
reall y i s mor e tha n on e wa y t o initiat e understandin g o f  a  sentence .  Some 
peopl e rel y mor e o n structura l  representations ,  som e o n lexica l  an d conceptua l 
knowledge .  Th e inplication s o f  thi s fo r  interpretin g existin g psycholinguisti c 
researc h i s troubling :  i t  migh t  see m tha t  experimenta l  result s woul d 
qualitativel y chang e a s a  functio n o f  subjects '  handednes s background . 
Fortunately,  w e hav e no t  foun d tha t  on e typ e o f  subjec t  reverse s th e effect s 
shown b y th e othe r  type .  Rather ,  th e group s ar e mutuall y relativel y 
insensitiv e t o th e conceptua l  an d structura l  variables .  I n genera l  thi s ma y 
hav e adde d satistica l  nois e t o previou s studie s tha t  di d no t  contro l  fo r 
handednes s background ,  bu t  i t  wil l  no t  hav e cause d qualitativ e eccentricit y i n 
al l  cases . 

Our finding also enphasizes the importance of understanding how a person 
goes abou t  processin g languag e befor e h e become s aphasic .  Th e individua l 
variabilit y  amon g normal s highlight s th e possibilit y  o f  a  "reduced-efficiency " 
theor y o f  aphasia .  O n thi s theory ,  damag e t o a  portio n o f  th e languag e 
neurolog y result s i n a  reductio n o f  th e efficienc y o f  al l  linguisti c behavior . 
I f  al l  system s o f  linguisti c behavio r  becom e les s efficien t  i n aphasia ,  the n 
thos e tha t  wer e prominen t  v^e n th e patien t  wa s norma l  wil l  stil l  b e abov e 
behaviora l  threshold :  th e patien t  wil l  appea r  t o hav e thos e systems ,  an d appea r 
t o hav e actuall y los t  th e othe r  systems .  Differen t  configuration s o f  aphasi c 
symptoms wil l  result ,  sinpl y a s a  functio n o f  norma l  differences .  I n thi s 
regard ,  i t  i s  interestin g t o not e tha t  concept-dependen t  listener s hav e th e 
same relativ e respons e patter n a s agrammati c aphasic s wit h respec t  t o thei r 
relativ e sensitivit y t o conceptua l  informatio n an d phras e order . 

Finally, we can consider specific hypotheses about why familial 
left-handednes s lead s t o mor e relianc e o n extra-linguisti c conceptua l  knowledg e 
and les s relianc e o n languag e structure .  Luri a (1954 )  pointe d ou t  tha t  peopl e 
wit h left-hander s i n thei r  famil y hav e a  large r  chanc e tha n norma l  o f  havin g 
aphasi a fro m a  gunsho t  woun d bu t  als o hav e a  bette r  chanc e tha n norma l  o f 
recoverin g fro m it .  Thi s suggest s tha t  peopl e wit h familia l  sinistralit y hav e 
a relativel y widesprea d neurologica l  modul e fo r  languag e -  i t  i s  teitporaril y 
more vulnerabl e t o a  randoml y locate d wound ,  bu t  ha s mor e widesprea d reserve s 
fo r  recovery .  Peopl e vrti o hav e onl y righthander s i n thei r  backgroun d ma y hav e a 
tighter ,  mor e localize d neurologica l  modul e fo r  language .  Thi s differenc e 
woul d offe r  a n interpretatio n o f  wh y peopl e wit h familia l  left-handednes s ar e 
relativel y sensitiv e t o conceptua l  information .  I f  suc h informatio n i s 
neurologicall y instantiate d throughou t  th e brain ,  the n a  large r  are a fo r 
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lauiguage would allow for more points of contact between language and other 
kind s o f  knowledge .  Conversely ,  a  small ,  localize d languag e are a woul d hav e t o 
depen d mor e o n purel y linguisti c processes .  Familia l  sinistralit y ma y b e a 
phenotypi c marke r  tha t  a n individua l  ha s a  geneti c predispositio n fo r  a  les s 
tighl y localize d neurologica l  instantiatio n o f  language . 

It is interesting to integrate this speculation with a recent theory that 
left-handednes s i s th e expressio n o f  particula r  hormona l  event s i n uter o 
(Geschwin d an d Galaburda ,  1987) .  The y not e tha t  left-hander s hav e a  muc h 
highe r  incidenc e o f  auto-immun e disorder s tha n righ t  handers ,  whic h indicate s 
specia l  hormona l  event s i n utero .  We recentl y conducte d a  surve y o f  Universit y 
of  Rocheste r  undergraduate s an d foun d tha t  right-hander s wit h lef t  hande d 
familie s repor t  allergie s muc h mor e frequentl y (49% )  tha n pur e righ t  hander s 
(15%) .  I t  appear s possibl e tha t  familia l  sinistralit y i s a  marke r  fo r  peopl e 
v^ o becom e neurologicall y predispose d t o acquir e left-handednes s i n utero ,  bu t 
v^ o hav e no t  expresse d i t  haptically . 

In conclusion, we propose an interpretation that familial right-handers 
hav e a  beautiful ,  well-forme d smal l  languag e module ,  vrtierea s peopl e wit h left -
hander s i n thei r  famil y hav e a  correspondingl y ugly ,  mishapen ,  larg e module : 
tha t  is ,  thei r  languag e functio n i s neurologicall y instantiate d i n a 
"quasimodule" . 
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Computationa l  D e m a n d an d Resource s i n Aphasia * 

(lary Libbcn 

University of Calgary 

This paper presents evidence from a brain-damaged patient's production of English multimorphemic 

words .  I t  i s  argue d tha t  th e pattern s o f  impairmen t  displaye d b y thi s patien t  ar c bes t  explaine d a s a n 

interactio n betwee n th e computationa l  demand s o f  Englis h morpholog y an d th e limitatio n o f  workin g 

memory resource s resultin g fro m damag e t o th e brain . 

The patient' s particula r  disabilit y  involve d a  sensitivit y  t o afrixatio n processe s i n Englis h wor d formation . 

He coul d no t  repea t  phrase s containin g unusua l  morphologica l  sequence s suc h a s thos e foun d i n th e 

expressio n "n o if s and s o r  buts" .  H e wa s als o unabl e t o repea t  word s whic h containe d bot h a  non-neutra l 

prefi x (e.g. ,  "un-" )  an d a  non-neutra l  suffi x  (e.g. ,  "-ity") .  Althoug h th e patient' s morphologica l  defici t 

coul d b e relate d t o specifi c  type s o f  affixation ,  hi s perfomianc e wa s dependen t  o n th e overal l  complexit y o f 

th e wor d formatio n process .  I t  wa s therefor e reasone d tha t  a n explanatio n frame d i n term s o f  th e 

representation  o f  linguisti c construct s i n th e brai n coul d no t  adequatel y captur e th e natur e o f  th e patient' s 

impairment .  Th e alternativ e processin g explanatio n account s fo r  th e dat a an d point s t o a  researc h progra m 

i n whic h languag e patholog y research  woul d b e brough t  int o close r  proximit y t o th e researc h o n languag e 

productio n i n normals . 

A major goal of the linguistic study of language disorders is to understand the functional 

architectur e o f  languag e competence .  Thi s pape r  present s evidenc e fro m th e stud y o f  a  brain -

d a m a g e d patien t  ' s  productio n o f  Englis h mult imorphemi c words .  I t  i s  suggeste d tha t  th e 

pattern s o f  impairmen t  observe d i n thi s patien t  hav e significan t  implication s fo r  linguisti c an d 

psycholinguisti c model s o f  languag e competence . 

Sinc e th e developmen t  o f  th e doctrin e o f  Phrenolog y i n th e lat e eighteent h centur y b y Joh n 

Gall ,  i n whic h a  fractionatio n o f  th e brai n wa s propose d t o accommodat e a  theoretically-motivate d 

fractionatio n o f  mind ,  ther e ha s bee n a  countermovemen t  suc h a s tha t  spearheade d b y Flouren s i n 

th e earl y nineteent h century ,  i n whic h i t  wa s contende d tha t  th e relevan t  propert y o f  th e brai n i s 

tha t  i t  function s a s a  whole .  T h e debate ,  o f  course ,  i s stil l  wit h us . 

T h e las t  coupl e o f  decade s hav e witnesse d a  grea t  renaissanc e o f  variou s relative s o f  Facult y 

Psychology .  Thus ,  agains t  th e backgroun d o f  generativ e grammar ,  modularit y o f  mind ,  h u m a n 

intelligences ,  an d numerou s version s o f  th e left-brain ,  right-brai n dichotomy ,  i t  i s  no t  surprisin g 

tha t  putativ e syndrome s suc h a s agrammat is m receiv e m u c h attentio n i n bot h th e aphasiologica l 

an d linguisiti c  literature . 

T h e ter m agrammat is m ha s bee n use d t o describ e a  defici t  associate d wit h Broca' s aphasi a 

whic h i s characterize d b y halting ,  laboure d speec h an d th e relativ e absenc e o f  functio n word s an d 

inflectiona l  affixe s i n speec h production .  Thi s impairmen t  i s ofte n see n i n th e presenc e o f  intac t 

comprehension . 

T h e stud y o f  agrammat is m ha s attracte d th e interes t  o f  a  n u m b e r  o f  linguist s w h o hav e 

propose d characterization s o f  th e defici t  i n term s o f  linguisti c theory .  Kea n (1977 ,  1980 ,  1982 ) 

ha s propose d a n accoun t  o f  agrammat is m whic h claim s tha t  th e natur e o f  th e defici t  ca n b e 

capture d b y th e formalis m o f  generativ e phonolog y (Chomsk y an d I  lall e 1968) .  Th e approache s 

take n b y Grodzinsk y (1983 )  an d Rizz i  (1985 )  hav e suggeste d tha t  th e defici t  ca n b e characterize d 

i n term s o f  Chomsky ' s (1981 )  theor y o f  syntax . 

' This paper developed from a report presented at the Alberta Conference on Language in 

N o v e m b er  1986 .  Pleas e addres s correspondenc e to :  Gar y Libben ,  Departmen t  o f  Linguistics , 

T h e Universit y o f  Calgary ,  25(X )  Universit y Driv e N .W. ,  Calgary ,  Alberta ,  Canad a T 2 N 1 N 4 
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Agrammatis m ha s als o attracte d th e attentio n o f  investigator s wh o hav e see n th e associatio n 
betwee n th e linguisti c defici t  terme d Broca' s aphasi a an d lesion s o f  th e posterio r  thir d o f  th e lef t 
thir d fronta l  convolutio n (know n a s Broca' s area )  a s pointin g t o a  significan t  relationshi p betwee n 
brai n structur e an d languag e structur e (Ojeman n an d Whitake r  1978 ;  Whitake r  an d Ojeman n 
1977) . 

The existenc e o f  suc h a  relationshi p encourage s a  researc h progra m i n whic h unit s o f 
linguisti c theor y coul d b e employe d i n th e characterizatio n o f  th e function s o f  discret e cortica l 
areas . 

I n thi s paper ,  a n alternativ e vie w o f  th e relationshi p betwee n linguisti c theor y an d languag e 
impairmen t  resultin g fro m damag e t o th e brai n i s presented .  I t  i s  argue d tha t  i t  ma y no t  b e 
necessar y t o postulat e a  modula r  language-dedicate d brai n mechanis m t o accoun t  fo r  th e 
relationshi p betwee n pattern s o f  aphasi a an d linguisti c theory .  Th e observe d pattern s m a y wel l 
reflec t  a n interactio n betwee n genera l  processin g factor s an d th e forma l  propertie s o f  language . 
Thi s vie w i s presente d o n th e basi s o f  evidenc e obtaine d fro m a  patien t  observe d i n earl y 1985 . 

Case 118501: L. J. 
Histor y 

L.  J. ,  a  6 4 year-ol d right-handed  male ,  suffere d a  strok e du e t o a n aneuris m o f  th e right 
middl e cerebra l  artery .  Th e patien t  wa s a  nativ e speake r  o f  Englis h wit h som e comman d o f 
conversationa l  French .  Immediatel y followin g th e stroke ,  h e wa s completel y unabl e t o speak , 
althoug h comprehensio n seeme d intact .  Hi s expressiv e abilitie s improve d greatl y withi n 2 4 hour s 
of  hospitalization ,  an d h e wa s diagnose d a s dysarthri c rathe r  tha n dysphasi c b y th e attendin g 
neurologists .  I t  shoul d b e note d tha t  thi s diagnosi s wa s largel y base d o n th e fac t  tha t  th e cerebra l 
infarctio n wa s locate d i n th e are a o f  th e righ t  pre-centra l  gyrus .  Ha d th e infarctio n bee n left -
hemispheri c i n a  right-hande d patient ,  the n a  diagnosi s o f  aphasi a woul d hav e bee n mor e likely . 

As i t  turne d out ,  th e patient' s genera l  languag e abilit y  ha d recovere d withi n te n day s o f  th e 
stroke ,  s o tha t  i t  wa s comparabl e t o it s genera l  pre-morbi d state .  Thi s genera l  recovery ,  however , 
i s  t o b e contraste d wit h a  perplexin g an d persisten t  difficult y tha t  th e patien t  ha d wit h tw o 
particula r  set s o f  words . 

Pluralized Function Words 
The firs t  se t  o f  word s migh t  b e terme d -  fo r  wan t  o f  a  bette r  descripto r  -  pluralize d functio n 

words .  The y resul t  fro m th e affixatio n o f  plura l  marker s t o word s suc h a s "the "  ,  "and" ,  "if , 
etc .  Suc h form s ar e practicall y non-existen t  i n sample s o f  Englis h speech .  Wher e the y ar e found , 
thei r  us e i s restricte d t o metalinguisti c reference ,  a s i n (1 ) 
(1 )  " A c o m m o n erro r  i s  t o typ e tw o r/je' 5 i n a  row. " 
The form s ar e als o foun d i n a  highl y restricte d se t  o f  idiomati c expressions ,  a s i n (2) . 
(2 )  "N o if s and s o r  buts " 

The evidenc e relatin g t o th e patient' s performanc e o n suc h item s emerge d durin g a  routin e 
examinatio n i n whic h th e patien t  wa s aske d t o repea t  th e phras e i n (2) .  L.J .  wa s unabl e t o repea t 
th e phras e an d showe d n o recognitio n o f  i t  a s a n idiomati c expression .  Thi s appeare d no t  t o b e a n 
unsystemati c performanc e error .  Ove r  a  two-wee k period ,  th e patien t  wa s aske d t o repea t  thi s 
phras e roughl y 5 0 times .  Non e o f  hi s repetition s wer e correct .  Moreover ,  i t  appeare d that ,  o n 
each trial ,  h e wa s hearin g th e phras e fo r  th e firs t  time .  A n inspectio n o f  hi s erroneou s repetition s 
suggest s tha t  hi s error s reflec t  a n attemp t  t o arrang e and/o r  alte r  th e componen t  word s s o tha t 
some meanin g coul d b e attache d t o th e phrase .  A  representativ e sampl e o f  suc h attempt s ar e give n 
i n Tabl e 1 . 
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Tabl e 1 
Ora l  Repetitio n o f  a n Idiomati c Expressio n 

TARGET: No ifs ands or buts 

REPETITIONS: No ifs and buts 
But  n o if s an d but s 
No if s an d n o but s 
Ends an d but s 

The inability of L.J. to repeat correctly was revealed not to be limited to either the idiomatic 
phras e "n o if s and s o r  buts "  o r  t o th e tas k o f  repetition .  I n fact ,  h e wa s unabl e t o correctl y repea t 
any strin g o f  pluralize d functio n words .  Sample s o f  hi s repetitio n performanc e fo r  rando m 
function-wor d string s ar e give n i n Tabl e 2 . 

Table 2 
Oral  Repetitio n o f  Function-wor d String s 

TARGET: The's of s and's 

REPETITIONS: Ends 
Of  th e en d 

And th e offic e [Of's ] 
Ends an d but s 

L.J.' s  inabilit y  t o repea t  pluralization s wa s restricte d t o thos e case s i n whic h th e pluralizatio n 
woul d b e normall y blocke d b y th e constraint s o f  Englis h morphology .  I n contras t  t o hi s functio n 
wor d performance ,  h e showe d n o difficult y repeatin g series '  o f  concret e noun s suc h a s "dogs , 
houses ,  chairs ,  cards "  . 

As fa r  a s th e task-specificit y o f  th e impairmen t  i s concerned ,  th e patien t  showe d al l  sign s o f 
what  i s  popularl y terme d a  'centra l  impairment' .  H e manifeste d a n inabilit y  t o proces s pluralize d 
functio n word s i n an y modality .  H e coul d no t  writ e the m t o dictation ;  h e wa s unabl e t o rea d the m 
aloud ,  an d h e showe d a  6 5 % erro r  rat e whe n require d t o cop y individua l  pluralize d functio n 
word s fro m on e shee t  o f  pape r  t o another . 

I t  shoul d b e pointe d ou t  tha t  L.J.' s  impairmen t  wa s accompanie d b y virtuall y unimpaire d 
languag e productio n an d comprehension .  I n term s o f  communicativ e competence ,  hi s linguisti c 
abilit y  wa s wel l  withi n th e norma l  range.  H e did ,  however ,  displa y a n articulator y disabilit y 
whic h turne d out ,  upo n close r  inspection ,  t o b e limite d t o a  narrowly-define d clas s o f 
multimorphemi c words . 

Non-neutral Affixation 
I n th e stud y o f  Englis h morpholog y an d phonology,  a  distinctio n ha s bee n draw n betwee n 

tw o type s o f  affixation .  Th e firs t  typ e ma y resul t  i n soun d change s a t  th e poin t  o f  contac t  betwee n 
th e ste m an d th e affi x  and/o r  a  re-assignmen t  o f  stres s interna l  t o th e stem .  Th e phenomeno n ha s 
bee n terme d 'weak '  o r  'non-neutral '  affixatio n (Kiparsky ,  1982 )  an d ca n b e see n i n th e 
attachmen t  o f  th e suffi x [-ity ]  t o a  wor d suc h a s [legal] .  I n th e resultin g for m [legality] ,  stres s 
has bee n move d fro m th e firs t  syllabl e o f  th e wor d t o th e secon d syllabl e .  Th e characteristic s o f 
non-neutra l  affixatio n ca n als o b e see n i n th e attachmen t  o f  th e prefi x  [in- ]  t o word s suc h a s 
[legal] .  I n thi s case ,  phoneti c characteristic s o f  th e las t  segmen t  o f  th e prefi x assimilat e t o th e 
phoneti c characteristic s o f  th e firs t  segmen t  o f  th e stem .  Th e resulting  for m i s [illegal] . 

Non-neutra l  affixatio n ca n b e contrasted ,  i n English ,  wit h neutra l  affixatio n i n whic h a 
stron g boundar y i s sai d t o exis t  betwee n th e affi x  an d th e stem .  Example s o f  neutra l  suffixatio n 
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ar e [-ment ]  attachmen t  (e.g .  gover n ~ > government) ,  an d [-ness ]  attachmen t  (e.g .  happ y ~ > 
happiness) .  Th e neutra l  prefixatio n associate d wit h th e attachmen t  o f  [un- ]  t o adjective s show s 
no assimilatio n (e.g .  unlikely) . 

L.J.' s  linguisti c impairmen t  seeme d t o includ e a  sensitivit y t o th e distinctio n betwee n neutra l 
and non-neutra l  affixation .  Thi s sensitivit y wa s relate d t o cumulativ e effect s o f  non-neutra l 
affixatio n processes .  Specifically ,  h e wa s unabl e t o repeat ,  read ,  o r  writ e an y wor d whic h 
containe d bot h a  non-neutra l  prefi x an d a  non-neutra l  suffix .  H e coul d not ,  fo r  example ,  correctl y 
repea t  word s suc h a s "inseparable" ,  "illegal" ,  o r  "irregularity" ,  a s i s displaye d i n Tabl e 3 . 

Table 3 
Non-neutra l  Prefixe s an d Suffixe s 

TARQET REPETITION 
(a )  inseparabl e insepudibl e 
(b )  irrefutabl e inrefutabl e 
(c )  iiregularit y regulalarit y 
(d )  illegalit y legalit y 
(e )  incomparabl e incompArabl e 
(f )  iireparabl e irrepAIrabl e 

The patient's productions were impaued only in those cases in which both a non-neutral 
suffi x  an d a  non-neutra l  prefi x wer e presen t  i n th e targe t  word .  H e ha d n o difficult y wit h form s 
suc h a s "penetrate "  o r  "penetrable" .  H e coul d not ,  however ,  repea t  "impenetrable" .  Similarly , 
althoug h h e coul d no t  repea t  th e wor d "illegality" ,  h e ha d n o difficult y wit h th e word s "legal" , 
"illegal" ,  o r  "legaUty" . 

As ca n b e see n i n Tabl e 3 ,  th e patien t  als o showe d a  failur e t o assimilat e th e [in- J prefi x t o 
th e stem ,  producin g form s suc h a s "inrefutable" .  Thi s "unassimilation "  occurre d i n roughl y 
15 % o f  th e erroneou s repetition s acros s form s suc h a s "illegality" ,  "irrefutable" ,  an d 
"irreversible" . 

I n thos e fe w case s i n whic h L.J.' s  repetition s wer e partiall y  successful ,  ther e wa s a 
tendency ,  a s show n i n (e )  an d (f )  o f  Tabl e 3 ,  t o improperl y assig n stres s t o th e multimorphemi c 
word .  Thi s wa s als o commo n i n hi s repetition s o f  simpl e non-neutra l  suffixation .  W h e n aske d t o 
repea t  th e wor d "reputable" ,  wher e stres s i s o n th e firs t  syllable ,  hi s pronunciatio n wa s typicall y 
"reputable "  wit h stres s o n th e secon d syllable .  Thus ,  h e seeme d t o b e treatin g non-neutra l  affixe s 
as thoug h the y wer e neutral . 

Agai n i t  shoul d b e note d tha t  L.J.' s  impairmen t  wit h respec t  t o thes e word s wa s eviden t 
acros s task s an d acros s modalities .  I n fact ,  th e repetitio n glosse s i n (a) ,  (b )  an d (c )  o f  Tabl e 3 
correspon d exacd y t o hi s spellin g o f  thes e word s i n a  dictatio n task . 

L.J.' s  performanc e i n repetitio n an d dictatio n showe d a  negativ e correlatio n betwee n wor d 
lengt h an d accuracy .  Thi s effect ,  however ,  seeme d onl y t o b e eviden t  i n case s o f  non-neutra l 
affixation .  H e ha d n o difficult y i n th e ora l  o r  writte n repetitio n o f  othe r  multisyllabi c word s suc h 
as "minimization" ,  "encouragement "  etc . 

Implication s 
The linguisti c defici t  manifeste d b y thi s particula r  patien t  i s  bot h puzzlin g an d 

challenging .  Th e followin g explanatio n seema d t o bes t  accoun t  fo r  th e obtaine d data . 
1.  Th e production s o f  L.J .  sugges t  that ,  a t  leas t  i n hi s case ,  certai n morphologicall y comple x 
item s wer e generate d onlin e i n th e productio n proces s fo r  eac h repetition ,  readin g an d writin g 
trial . 
2.  Ther e i s a  psychologica l  cos t  associate d wit h [in- ]  attachmen t  (an d th e require d assimilation) , 
3.  Ther e i s similarl y a  cos t  associate d wit h th e attachmen t  o f  non-neutra l  suffixe s whic h appear s 
t o b e relate d t o th e accompanyin g stres s adjustments . 
4.  Ther e i s a  cos t  associate d wit h th e "unblocking "  o f  blocke d affixation .  Thi s account s fo r  th e 
patient' s difficult y wit h "n o if s and s o r  buts" . 
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5.  Th e cost s appea r  t o b e additive .  Th e notio n o f  additivit y i s require d t o accoun t  fo r  LJ.' s 
abilit y  t o produc e "legal" ,  "legality" ,  "illegal" ,  bu t  no t  "illegality" . 

Explanations of the sort given above point to a relationship between the computational 
resource s require d t o attac h non-neutra l  affixes ,  an d th e limitatio n o f  thos e resource s cause d b y 
th e infarctio n i n th e non-dominan t  hemisphere .  Pu t  anothe r  way ,  i n thi s patient ,  onlin e 
morpholog y require s unavailabl e workin g memor y fo r  it s execution .  A  characterizatio n o f  th e 
defici t  i n term s o f  th e interactio n o f  workin g memor y a s a  subjec t  variabl e an d affixatio n a s a 
linguisti c variable ,  give s rise  t o th e hypothesi s tha t  th e limitation s impose d b y workin g memor y 
woul d b e manifes t  i n othe r  tasks . 

As i t  turne d out ,  th e patien t  performe d quit e poorl y i n immediat e recal l  tasks ,  considerin g 
hi s overal l  functiona l  ability .  H e coul d recal l  n o mor e tha n 3  single-digi t  numbers ,  an d n o mor e 
tha n 2  three-digi t  numbers . 

He coul d recal l  a  max imu m o f  4  concret e nouns ,  3  functio n words ,  an d a  max imu m o f  2 
nonsens e words . 

Ther e seemed ,  therefore ,  t o b e a  considerabl e amoun t  o f  convergin g evidenc e tha t  a n 
explanatio n state d i n term s o f  workin g memor y resource s an d th e computationa l  demand s o f 
Englis h morpholog y woul d tur n ou t  t o b e revealin g o f  propertie s o f  Englis h morpholog y an d 
functiona l  propertie s o f  computatio n i n th e brain . 

I t  i s  noteworth y tha t  th e patien t  di d no t  sho w a  dominan t  hemispher e lesio n o r  majo r 
languag e impairmen t  On e woul d expec t  tha t  furthe r  investigatio n o f  suc h cases ,  i n additio n t o th e 
mor e dramati c case s o f  aphasia ,  woul d brin g languag e patholog y researc h int o close r  proximit y 
t o th e norma l  speec h erro r  researc h an d model s o f  speec h productio n o f  th e typ e suggeste d b y 
Garret t  (1982 ,  1984) . 

Finally ,  i t  shoul d b e emphasize d tha t  th e approac h t o linguisti c deficit s i n aphasi a whic h i s 
presente d i n thi s pape r  differ s radicall y fro m on e whic h view s neurolinguistic s a s th e searc h fo r 
th e cerebra l  receptacle s o f  theoretically-motivate d constructs .  Th e patient' s patter n o f  impairmen t 
maps i n a  non-trivia l  manne r  ont o linguistically-motivate d characteristic s o f  Englis h morphology . 
However ,  i t  i s argue d her e tha t  th e natur e o f  L.J.' s  impairmen t  canno t  b e capture d b y reference s 
t o "th e representatio n o f  morpholog y i n th e brain" .  Rather ,  th e impairmen t  mus t  b e capture d i n 
term s o f  a  processin g accoun t  whic h reflect s th e interactio n betwee n linguisti c propertie s o f 
Englis h morpholog y an d computationa l  propertie s o f  th e brain . 
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ABSTRACT 

It is sometimes claimed that interactive-activation models are 
to o powerful ,  an d tha t  i t  i s  difficul t  t o constrai n the m adequately .  I 
illustrat e thi s proble m b y showin g tha t  th e basi c interactive-activatio n 
architectur e ha s severa l  differen t  possibl e source s fo r  effect s o f 
spelling-to-soun d regularit y o n wor d naming .  I  the n sho w ho w dat a ca n 
constrai n th e architecture .  Ne w dat a lea d t o a  rathe r  differen t  an d mor e 
constraine d versio n o f  th e interactive-activatio n mode l  t o accoun t  fo r 
spelling-to-soun d conversion .  Analysi s o f  th e error s mad e b y patient s 
sufferin g fro m acquire d surfac e dyslexi a confirm s th e prediction s o f  th e 
constraine d model .  I t  i s  conclude d tha t  th e traditiona l  interactive -
activatio n framewor k mus t  b e considerabl y constraine d t o accoun t  fo r 
norma l  an d disturbe d wor d naming . 

INTRODUCTION 

An early version of the interactive-activation (lA) model (McClelland 
& Rumelhar t  1981 ;  Ruraelhar t  &  McClelland ,  1982 )  successfull y accounte d 
fo r  contextua l  effect s o n lette r  perception .  Sinc e then ,  th e l A 
framewor k ha s bee n use d t o accoun t  fo r  huma n performanc e i n a  wid e variet y 
of  domains . 

One reaso n fo r  th e popularit y o f  th e l A framewor k i s tha t  i t  provide s 
a genera l  an d powerfu l  mechanis m fo r  buildin g cognitiv e models . 
Some researcher s hav e worrie d tha t  th e resultin g model s ma y eve n b e to o 
powerful ,  an d difficul t  t o constrain .  I n thi s pape r  I  sho w tha t  thi s worr y 
i s sometime s justified ,  fo r  a  numbe r  o f  differen t  l A architecture s ca n 

1 Thi s wor k wa s supporte d b y th e Economi c an d Socia l  Researc h 
Counci l  (U.K.) ,  referenc e numbe r  C08250011 .  Reprin t  request s to : 
Departmen t  o f  Languag e an d Linguistics ,  Universit y o f  Essex ,  Wivehho e 
Park ,  Colcheste r  C0 4 3SQ ,  England . 
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predict the "basic findings" in the psychology of spelling-to-sound 
conversion .  Nevertheless ,  ne w finding s ca n constrai n l A model s i n 
thi s domain ,  an d a n appropriatel y constraine d mode l  make s nove l 
prediction s tha t  ar e testable . 

A secon d reaso n fo r  th e popularit y o f  th e l A framewor k i s 
th e compatibilit y  o f  l A model s wit h neural-leve l  modelin g techniques .  I t 
i s  no t  alway s plausibl e t o interpre t  l A model s a s neura l  net s 
directl y (McClelland ,  1985) ;  l A modeler s woul d no t  alway s clai m tha t  ther e 
i s jus t  on e neuro n pe r  nod e i n thei r  l A model .  Nevertheless ,  i t  i s 
typicall y assume d tha t  a n l A mode l  coul d easil y b e cashe d ou t  i n term s o f 
a mor e distribute d neura l  networ k (se e Smolensky ,  1986) .  S o curren t  l A 
model s ofte n com e i n betwee n neura l  modelin g an d th e functionalis t 
approach :  muc h l A modelin g i s no t  neural-leve l  becaus e i t  i s  no t 
distributed ,  an d i t  i s  no t  functionalis t  becaus e i t  i s  no t  hardware -
independen t  an d becaus e i t  involve s sub-symboli c processing . 

The fac t  tha t  l A model s ar e intende d t o b e cashe d ou t  i n neura l 
terra s mean s tha t  the y shoul d mak e prediction s abou t  th e behavio r  o f 
patient s sufferin g fro m neurologica l  impairment .  Tha t  is ,  l A model s 
and thei r  distribute d implementation s shoul d no t  onl y b e abl e t o accoun t 
fo r  gracefu l  degradatio n o f  performanc e unde r  damage ;  the y shoul d als o 
accoun t  fo r  thos e case s involvin g sever e brai n injur y wher e degradatio n 
i s no t  gracefu l  an d lead s t o quit e specifi c  sympto m complexes . 
Progres s ha s alread y bee n mad e i n thi s area ,  usin g bot h loca l  an d 
distribute d model s (e.g .  Cottrell ,  1985 ;  Hinto n &  Sejnowski ,  1986 ; 
McClellan d &  Rumelhart ,  1986) .  On e ai m o f  th e presen t  pape r  i s t o 
presen t  furthe r  evidenc e tha t  a n l A mode l  ca n mak e nove l  prediction s 
abou t  th e natur e o f  thes e impairments ,  an d t o sho w tha t  thes e 
prediction s ar e upheld .  Th e dat a ca n i n tur n constrai n th e architectur e 
of  th e l A model . 

BACKGROUND 

In this paper I will be concerned with one procedure: the conversion 
of  orthographi c representation s t o phonologica l  representations .  Thi s 
provide s u s wit h a  classi c computational-leve l  mappin g proble m (Marr , 
1982) ,  i n whic h on e se t  o f  representation s (o f  printe d words )  mus t  b e 
mapped int o anothe r  se t  o f  representation s (o f  wor d pronunciations) .  Thi s 
particula r  mappin g proble m i s a  difficul t  one ,  becaus e th e 
pronunciatio n o f  a n Englis h wor d canno t  reliabl y b e predicte d fro m it s 
orthography .  McClellan d an d Rumelhar t  (1981 )  mentio n spelling-soun d 
translatio n a s a  suitabl e domai n o f  applicatio n fo r  thei r  l A model ,  an d 
indee d refe r  t o th e wor k o f  Glushk o (1979 )  a s a  sourc e o f  inspiration . 

Humans can derive the correct pronunciations of words, even though 
some word s hav e pronunciation s tha t  ar e no t  predictabl e fro m thei r 
spelling .  Word s wil l  b e calle d exceptiona l  o r  irregula r  her e whe n the y 
contai n orthographi c segment s o f  a t  leas t  tw o letter s tha t  ar e pronounce d 
differentl y i n severa l  othe r  word s (se e Henderson ,  1985 ,  fo r  a 
discussio n o f  terminology) .  Fo r  example ,  th e wor d PIN T ha s a n irregula r 
or  exceptiona l  pronunciatio n compare d wit h it s orthographi c neighbor s suc h 
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as MINT, HINT, TINT etc.^ So the exception word PINT may be contrasted 
wit h PILL ,  whic h ha s a  pronunciatio n tha t  i s regula r  an d consisten t  (c£ . 
MILL ,  HILL ,  TIL L etc.) . 

The basic experimental finding is that it takes longer to 
prepar e pronunciation s o f  exceptio n word s lik e PIN T tha n t o prepar e 
pronunciation s o f  consisten t  word s lik e PIL L (Glushko ,  1979) .  Thi s 
exception-wor d effec t  i s  mor e likel y t o b e obtaine d whe n th e word s ar e 
lo w i n frequenc y an d whe n subject s proces s th e word s mor e slowl y 
(Seidenberg ,  Waters ,  Barne s &  Tanenhaus ,  1984 ;  Seidenberg ,  1985a) . 
So subject s d o sometime s mak e us e o f  spelling-to-soun d correspondenc e 
informatio n i n wor d naming ,  an d thi s i s mor e likel y t o happe n whe n 
processin g i s slo w an d ther e i s mor e tim e fo r  phonologica l 
informatio n t o becom e activate d (Seidenber g e t  al. ,  1984 ; 
Seidenberg ,  1985a) . 

A variet y o f  mor e detaile d finding s ha s bee n obtained ,  an d man y 
differen t  model s hav e bee n pu t  forwar d t o accoun t  fo r  th e finding s (fo r 
recen t  reviews ,  se e Humphrey s &  Evett ,  1985 ;  Kay .  1985) .  Man y o f  th e 
model s ar e basicall y l A i n orientation ,  althoug h a s mos t  o f  the m hav e no t 
been implemente d i t  i s  no t  alway s clea r  exactl y wha t  prediction s the y 
make.  Th e mode l  tha t  account s fo r  th e wides t  rang e o f  dat a i s tha t  o f 
Seidenber g an d hi s colleague s (Seidenber g e t  al .  ,  1984 ;  Seidenberg , 
1985a ;  1985b ;  i n press ;  Water s an d Seidenberg ,  1985) .  Thi s mode l  ca n 
accoun t  fo r  th e basi c effect s o f  spelling-to-soun d characteristic s o n 
wor d namin g an d lexica l  decisio n time ,  an d th e interaction s o f  suc h effect s 
wit h wor d frequenc y an d subjec t  speed ,  withi n th e l A modelin g tradition . 
Seidenber g (i n press )  ha s develope d an d extende d thi s mode l  t o accoun t 
fo r  effect s o f  morphologica l  an d syllabi c structur e o n lexica l 
processing .  Sejnowsk i  an d Rosenber g (1986 )  hav e implemente d a 
connectionis t  system ,  NETtalk ,  whic h exhibit s grea t  succes s i n learnin g 
th e spelling-to-soun d constraint s i n Englis h usin g th e back-propagatio n 
algorith m describe d i n Rumelhart ,  Hinto n an d William s (1986 )  (se e als o 
Rosenber g &  Sejnowski ,  1986) .  S o th e basi c l A framewor k i s apparentl y 
ver y successfu l  i n accountin g fo r  a  wid e variet y o f  sophisticate d 
experimenta l  dat a an d tas k performance .  Bu t  i t  ma y b e tha t  thi s i s 
becaus e th e framewor k i s insufficientl y constraine d i n certai n respects , 
as w e se e below . 

How do interactive-activation models predict the exception word 
effect ,  whereb y word s lik e PIN T wit h exceptiona l  pronunciation s tak e 
longe r  t o pronounc e tha n matche d word s lik e PIL L wit h regula r  consisten t 
pronunciations ? Figur e On e i s simila r  t o th e ful l  versio n o f  th e l A 
model  se t  ou t  i n McClellan d an d Rumelhar t  (1981) ,  althoug h i t 
differ s i n tha t  i t  contain s separat e lexica l  level s fo r  orthograph y an d 
phonolog y an d doe s no t  includ e a  featur e level .  An y suc h a  mode l 
can easil y b e extende d t o includ e intermediat e level s betwee n word s 
and letters ,  representin g sub-lexica l  lette r  an d phonem e cluster s (Brown , 

2 Fo r  discussio n purposes ,  w e conside r  jus t  th e pronunciatio n o f 
termina l  trigram s i n four-lette r  words .  O f  course ,  som e lette r 
cluster s i n a n exceptio n wor d wil l  b e pronounce d regularly ;  th e mode l 
t o b e discusse d take s accoun t  o f  this . 
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W o rd 

leve l 

/ 7 n 

U 

Lette r 

leve l 

Or thog rap y 

inpu t 

Phonolog y 

outpu t 

A 

W h o l e w o r d 

phono log y 

r r 

U 

' n 

l A 

Sublexica l 

phonolog y 

Figur e On e 

1987; Seidenberg, in press). Note that the model has inhibition flowing 
fro m word s t o letters ,  letter s t o words ,  phonolog y t o orthograph y an d 
orthograph y t o phonology ,  a s wel l  a s mutua l  inhibitio n withi n eac h 
level^ .  I f  a n l A mode l  contain s bot h orthographi c an d phonologica l 
levels ,  wit h connection s betwee n them ,  ther e ar e a t  leas t  tw o way s i n 
whic h exception-wor d effect s wil l  b e predicted .  On e wa y i s b y 
inhibitio n flowin g fro m th e phonologica l  t o th e orthographi c level s 
(pathwa y A  i n Figur e One) .  Thi s woul d operat e i n th e followin g way .  A 
nod e fo r  a n orthographi c segmen t  wit h mor e tha n on e possibl e 
pronunciatio n wil l  activat e mor e tha n on e nod e i n th e correspondin g 
phonologica l  level .  Fo r  example ,  th e intermediate-leve l  orthographi c 
nod e fo r  -IN T (a s i n PIN T an d MINT )  wil l  activat e phonolog y node s 

3 Althoug h th e letter-to-lette r  inhibitio n an d th e word-to -
lette r  inhibitio n wer e bot h se t  a t  zer o i n th e simulatio n reporte d 
by McClellan d an d Rumelhar t  (1981) .  Furthermore ,  McClellan d 
(1985 )  report s a  proble m wit h letter-to-wor d inhibition ,  whic h i s 
tha t  i f  thre e competin g lette r  node s ar e al l  equall y active ,  tw o 
of  the m wil l  produc e enoug h inhibitio n t o cance l  ou t  excitatio n 
fro m th e remainin g candidate . 
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corresponding to pronunciations faint/ and /int/ (not shown on Figure One). 
Thes e sub-lexica l  phonolog y node s wil l  the n caus e activatio n t o sprea d t o 
lexical-leve l  phonolog y node s suc h a s /paint/ ,  /mint/ ,  /lint /  etc .  I f 
thes e lexical-leve l  phonolog y node s ca n inhibi t  lexical-leve l  orthograph y 
node s (pathwa y A ) ,  th e resul t  wil l  b e tha t  lexical-leve l  node s fo r 
exceptio n word s lik e PIN T wil l  buil d u p activatio n mor e slowl y tha n node s 
fo r  consistently-pronounce d word s lik e PILL .  Thi s i s mainl y becaus e 
PINT' S orthographi c neighbor s caus e inconsisten t  phonolog y t o b e 
activated ,  an d thi s inconsisten t  phonolog y indirectl y inhibit s activit y 
i n PINT' S lexical-orthographi c node ,  vi a phonology-to-orthograph y feedback . 

But  l A model s wil l  normall y predic t  exceptio n effect s eve n i f  ther e 
i s n o feedbac k fro m phonologica l  t o orthographi c level s (Brown ,  1987 ; 
Seidenberg ,  i n press) .  A  mode l  wil l  stil l  predic t  exception-wor d 
effect s i f  ther e i s mutua l  inhibitio n withi n th e phonologica l  levels , 
eve n i f  pathwa y A  doe s no t  exist ,  becaus e ther e wil l  b e slowe r 
activatio n o f  phonolog y wheneve r  inconsisten t  phonolog y i s active .  A n 
exampl e i s th e cas e abov e wher e th e tw o differen t  phonologica l  node s 
activate d a t  th e sam e leve l  ar e / a m t /  an d / m t / .  Becaus e o f  mutua l 
inhibition ,  bot h o f  thes e wil l  becom e activate d mor e slowl y tha n the y 
woul d hav e o n thei r  own .  Thi s i s becaus e o f  th e reciproca l  natur e o f  th e 
inhibition :  th e mos t  highl y activate d member  i n a  "winne r  tak e all " 
networ k wil l  alway s wi n eventuall y (Feldraa n &  Ballard ,  1982) ,  bu t  whe n 
inhibitio n i s mutua l  th e winne r  wil l  wi n mor e slowl y i f  i t  ha s mor e 
competition .  Jus t  ho w muc h mor e slowl y i t  win s wil l  o f  cours e depen d o n 
th e precis e natur e o f  th e mutua l  inhibitio n function .  So ,  l A model s 
wil l  predic t  delaye d pronunciatio n o f  exceptionally-pronounce d word s 
eve n whe n ther e i s n o feedbac k fro m phonologica l  t o orthographi c 
levels . 

Yet  anothe r  interactive-activatio n architectur e ha s bee n pu t  forwar d 
t o accoun t  fo r  exceptio n effect s (e.g .  Glushko ,  1979 ;  Ka y &  Marcel ,  1981 ; 
Marcel ,  1980) .  Thi s allow s phonolog y t o b e activate d onl y a s a  resul t  o f 
activatio n withi n th e lexical-leve l  orthographi c levels .  I f  ther e i s 
downwar d inhibitio n fro m phonolog y t o orthography ,  o r  i f  ther e i s mutua l 
inhibitio n withi n th e phonolog y levels ,  exceptio n effect s wil l  b e 
predicted .  Th e wa y thi s work s wil l  depen d o n whethe r  onl y whole-wor d o r 
sublexica l  phonolog y i s represented ,  bu t  eithe r  cas e wil l  lea d t o 
inhibitio n fo r  word s wit h orthographi c neighbor s pronounce d differently . 
Some implementation s o f  thi s possibilit y  wil l  b e equivalen t  t o th e 
architectur e i n Figur e On e (se e Marcel ,  198 0 fo r  a  detaile d discussion) . 

CONSTRAINING TH E ARCHITECTURE 

The previous section demonstrated that interactive activation 
model s coul d accoun t  fo r  th e exception-wor d effec t  i n a  numbe r  o f 
differen t  ways .  Thi s suggest s tha t  th e architectur e i s underdetermine d b y 
th e data .  However ,  Brow n (1987 )  ha s claime d tha t  th e reaso n a n 
exceptio n wor d lik e PIN T take s longe r  t o pronounc e tha n a  consisten t 
wor d lik e PIL L i s no t  i n fac t  du e t o interferenc e comin g fro m th e 
activatio n o f  inconsisten t  phonolog y associate d wit h PINT' S orthographi c 
neighbors .  Rather ,  i t  i s  becaus e o f  th e lo w frequenc y o f  th e 
spelling-soun d correspondenc e -IN T - > / a m t /  compare d wit h th e high -
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frequency correspondence -ILL -> /il/. The contrast can easily be seen 
by considerin g a  wor d lik e SOAP.  Thi s wor d i s no t  inconsistentl y 
pronounced ,  becaus e ther e ar e n o orthographi c neighbor s 
pronounce d differently .  SOAP i s th e onl y four-lette r  Englis h wor d 
endin g i n -OA P (remember ,  w e ar e considerin g jus t  th e pronunciation s 
of  th e las t  thre e letter s i n four-lette r  words) .  An d i t  turn s ou t 
tha t  word s lik e SOAP ar e delaye d i n pronunciatio n jus t  a s muc h a s 
exceptio n word s (PINT )  compare d t o consisten t  word s lik e PILL ,  eve n 
thoug h SOAP doe s no t  hav e differently-pronounce d orthographi c neighbor s 
t o caus e interference .  What  thi s strongl y suggest s i s tha t  th e 
frequenc y of ,  no t  th e numbe r  o f  exception s to ,  a  spelling-to-soun d 
correspondenc e i n a  wor d determine s th e spee d wit h whic h tha t  wor d i s 
pronounce d b y norma l  adults .  Brow n (1987 )  therefor e suggeste d tha t  th e 
strengt h o f  a  lin k betwee n a n orthographi c nod e an d correspondin g 
phonolog y node s wil l  depen d o n th e frequenc y o f  tha t  spelling -
soun d correspondenc e i n th e languag e (Seidenberg ,  i n press ,  make s 
th e sam e suggestion) .  Th e implemente d versio n o f  th e mode l  als o 
contain s spelling-soun d correspondence s a t  man y differen t  level s 
(letters ,  bigrams ,  trigram s etc) . 

What  I  wan t  t o d o no w i s t o outlin e th e implication s o f  thes e dat a 
fo r  th e architectur e o f  interactiv e activatio n models .  A s discusse d 
above ,  th e standar d l A mode l  ha s between-leve l  inhibition ,  an d 
within-leve l  mutua l  inhibition ,  bot h o f  whic h predic t  tha t  ther e shoul d 
be effect s o f  a  word' s spellin g t o soun d regularit y o n th e tim e take n t o 
pronounc e tha t  word .  Ye t  n o suc h effec t  exists :  effect s tha t  hav e 
previousl y bee n attribute d t o thi s variabl e ar e i n fac t  du e t o th e 
frequenc y o f  spelling-to-soun d correspondence .  Th e inhibitor y mechanism s 
tha t  predic t  th e effec t  mus t  therefor e b e removed .  ( I  ignor e th e 
unattractiv e alternativ e possibilit y  tha t  th e inhibitio n i s simpl y to o 
smal l  t o b e detectabl e experimentally. )  I t  i s  a  simpl e matte r  t o 
remov e feedbac k fro m phonologica l  t o orthographi c levels .  Thi s 
involve s removin g th e relevan t  excitator y an d inhibitor y connection s 
betwee n phonologica l  an d orthographi c level s fro m th e ful l  versio n o f  th e 
model  se t  ou t  b y McClellan d an d Rumelhar t  (1981) .  Bu t  th e secon d 
mechanis m tha t  predict s exception-wor d effect s i s mutua l  inhibitio n 
withi n th e phonologica l  levels .  Man y previou s researcher s hav e 
attribute d exceptio n effect s t o thi s source .  I t  seem s undesirabl e t o 
remov e thi s mutua l  inhibition ,  becaus e o f  th e possibl e saturatio n i f  to o 
many node s a t  a  give n leve l  ca n b e activ e a t  th e sam e time . 

However ,  ther e ar e severa l  way s t o preserv e th e desirabl e 
inhibitio n withi n a  leve l  withou t  th e undesirabl e side-effec t  o f  predictin g 
non-existin g experimenta l  findings .  I n a  typica l  l A mode l  a  nod e o n a 
give n leve l  i s  connecte d t o al l  th e othe r  node s o n th e sam e level .  A  nod e 
i  wit h activatio n a ^  wil l  su m th e inhibitor y evidenc e reachin g it ,  an d 
(ignorin g deca y an d incomin g activation )  it s activatio n a t  tim e (t+6t ) 
wil l  b e give n b y somethin g o f  th e form : 

aiit+St) - a^it) (l-n_£(t)) 
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where n^ is the summed incoming inhibition (assumed less than 1.0) from 
othe r  node s i n th e sam e layer ,  an d th e nod e ha s a  restin g leve l  o f  zero . 
Thi s ha s th e effec t  tha t  eve n th e nod e wit h th e highes t  activatio n 
leve l  wil l  b e inhibite d t o som e exten t  b y it s neighbors ,  i.e. ,  mutua l 
inhibition .  What  i s needed ,  however ,  i s  a  cas e wher e th e highest -
activate d nod e receive s n o inhibitio n itself ,  bu t  inhibit s al l  th e 
othe r  node s i n th e leve l  (non-mutua l  inhibition) .  Shastr i  an d Feldraa n 
(1984 )  discus s suitabl e type s o f  unit ,  wit h whic h i t  i s  possibl e fo r 
eac h participatin g nod e t o receiv e inhibitio n dependen t  o n th e highes t 
activatio n o f  an y participatin g node .  Thi s kin d o f  schem e ha s tw o quit e 
independen t  advantages .  Th e firs t  advantag e i s tha t  th e numbe r  o f 
connection s neede d i s drasticall y reduced .  I n a  non-distribute d laye r 
wit h N  nodes ,  th e numbe r  o f  connection s neede d t o serv e a  mutua l 
inhibitio n proces s wil l  b e a  quadrati c functio n o f  N .  Bu t  usin g th e 
Shastr i  an d Feldma n "raax-calculator "  units ,  th e numbe r  o f  connection s 
neede d wil l  b e onl y a  linea r  functio n o f  N ,  becaus e ther e i s a  maste r 
node whic h receive s activatio n fro m eac h nod e i n th e layer ,  an d send s 
th e maximu m activatio n i t  receive s bac k t o eac h nod e a s inhibition . 
Furthermore ,  th e existenc e o f  a  separat e maste r  nod e provide s a  mean s 
of  contro l  ove r  th e within-laye r  inhibition .  Thi s featur e i s usefu l 
fo r  strategi c purpose s (se e Cottrell ,  1985) . 

I n ou r  implemente d versio n o f  suc h a  system ,  th e effec t  o f 
inhibitio n i s give n b y th e followin g for m o f  equation ,  whic h give s 
th e ne w activatio n o f  a  participatin g nod e afte r  a  cycl e o f  inhibition : 

ai(t+6t) - ai(t) (1 + P[ai(t) - M(t)]) 

where Af(t) is the maximum activation at time t of any node participating 
i n th e WTA system ,  an d | )  i s  a  constant . 

I n othe r  words ,  eac h nod e i s inhibite d t o a n exten t  tha t  depend s o n 
th e differenc e betwee n it s activatio n an d th e activatio n o f  th e mos t 
activ e nod e i n th e layer .  Fo r  th e mos t  activ e nod e itself ,  o f  course , 
thi s differenc e i s zero ,  an d s o ther e wil l  b e n o inhibition .  Thi s i s 
the n a  WTA networ k pa r  excellenc e (becaus e th e ric h ge t  riche r  withou t 
payin g ta x o n th e way) . 

I n term s o f  th e mode l  o f  phonologica l  processing ,  thi s i s wha t 
i s necessary .  Th e within-leve l  inhibitio n prevent s saturatio n o f  th e 
network ,  withou t  slowin g dow n i n an y wa y th e activatio n o f  th e winnin g 
node .  I n th e currentl y implemente d versio n o f  th e model ,  th e 
inhibitio n work s i n thi s wa y (althoug h th e onl y within-leve l 
inhibitio n i s a t  th e lexical-leve l  orthographi c an d phonologica l 
level s i n th e implemente d versio n o f  th e model ,  se e Brown ,  1987) .  So , 
accordin g t o th e constraine d model ,  th e reaso n tha t  PIN T i s name d mor e 
slowl y tha n PIL L i s becaus e o f  th e lo w frequenc y o f  th e spelling-soun d 
correspondenc e i n PINT ,  an d no t  becaus e o f  interferenc e fro m PINT' S 
differently-pronounce d orthographi c neighbors . 

We therefor e hav e a  resolutio n i n whic h a  differen t  inhibitio n 
scheme,  whic h ma y b e independentl y preferre d o n th e ground s tha t  i t 
require s fewe r  node s an d allow s th e possibilit y  o f  strategi c contro l  ove r 
inhibition ,  als o provide s a  bette r  accoun t  o f  th e data . 
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The lA model is therefore considerably constrained. The data 
sugges t  tha t  ther e i s n o feedbac k fro m phonologica l  t o orthographi c levels , 
and tha t  th e within-leve l  inhibitio n i s no t  mutua l  inhibition . 

SURFACE DYSLEXI A 

We have claimed that the powerful lA architecture needs to be 
constraine d t o accoun t  fo r  empirica l  dat a fro m norma l  subjects .  Bu t  a 
crucia l  tes t  o f  th e newly-constraine d mode l  i s it s abilit y  t o mak e nove l 
predictions .  We no w examin e th e prediction s mad e b y th e constraine d l A 
model  fo r  th e performanc e o f  patient s sufferin g fro m variou s form s o f 
acquire d dyslexia .  Th e syndrom e mos t  relevan t  t o th e presen t  mode l  i s 
tha t  o f  surfac e dyslexia . 

Surface dyslexic patients are able to synthesize pronunciations of non-
words ,  bu t  hav e difficult y i n pronouncin g man y word s wit h 
exceptiona l  pronunciations .  Furthermore ,  thes e patient s hav e 
difficult y i n definin g homophone s (se e account s i n Marshal l  &  Newcorabe , 
1973 ;  Shallic e &  Warrington ,  1980 ;  Coltheart ,  Masterson ,  Byng ,  Prio r  & 
Riddoch ,  1983 ;  Shallice ,  Warringto n &  McCarthy ,  1983 ;  Ka y &  Lesser ,  1985 ; 
Patterson ,  Marshal l  &  Coltheart ,  1985) .  Thes e symptom s lea d naturall y t o 
th e suggestio n tha t  surfac e dyslexic s ar e makin g us e o f  sub-lexica l 
spelling-to-soun d correspondenc e information ,  an d tha t  thei r  acces s t o 
a semanti c lexico n i s ofte n vi a a  phonologica l  representation . 
Most  surfac e dyslexic s ca n pronounc e som e exceptio n words ,  especiall y 
when the y ar e high-frequenc y (Bub ,  Cancellier e &  Kertesz ,  1985 ) 
suggestin g tha t  som e lexical-leve l  correspondence s ar e preserved .  Als o 
the y sho w lexicalit y effect s (Marcel ,  1980) ,  suggestin g lexical-leve l 
involvemen t  (althoug h no t  al l  patient s sho w lexicalit y effects :  Shallic e 
et  al. ,  1983 ;  Ka y &  Lesser ,  1985) . 

Shallice et al. (1983) show that their patient, HTR, is affected 
by "degree s o f  irregularity" ,  an d ca n pronounc e man y "mildl y irregular " 
word s correctly .  Mildl y irregula r  word s ar e define d a s word s tha t 
contai n a  spelling-to-soun d correspondenc e tha t  i s th e secon d mos t 
frequen t  i n th e language .  Not e tha t  althoug h thi s i s a  measur e o f  th e 
relativ e frequenc y o f  a  spelling-soun d correspondence ,  i t  i s  likel y t o b e 
correlate d wit h th e absolut e frequenc y o f  tha t  correspondence .  I t  i s 
therefor e difficul t  t o tel l  whic h o f  th e tw o factor s i s causin g th e 
effects .  Th e dat a lea d Shallic e e t  al .  t o conclud e tha t  surfac e 
dyslexic s fal l  o n a  continuu m accordin g t o th e siz e o f  orthographi c unit s 
the y ca n translat e t o phonology .  I n general ,  th e consensu s vie w i s tha t 
surfac e dyslexic s ar e impaire d o n "irregular "  words ,  wher e regularit y 
i s i n som e wa y define d i n term s o f  othe r  word s containin g th e sam e 
orthographi c segmen t  pronounce d differently .  I n term s o f  a n interactiv e 
activatio n mode l  wit h spelling-soun d link s a t  man y differen t  levels ,  i t 
i s  reasonabl e t o conclud e tha t  surfac e dyslexic s hav e preserve d 
low-leve l  correspondence s bu t  hav e los t  mos t  high-level 
spelling-to-soun d correspondences .  Indeed ,  Shallic e e t  al .  giv e a n 
accoun t  ver y simila r  t o this ,  an d poin t  ou t  tha t  i f  highe r  frequenc y o r 
early-acquire d correspondence s wer e mor e likel y t o b e preserved ,  surfac e 
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dyslexia could result. This is because level of correspondence 
i s confounde d wit h frequenc y o f  correspondence ,  becaus e high-leve l 
correspondence s wil l  occu r  i n fewe r  words . 

What I want to do now is examine the predictions of the newly-
constraine d l A mode l  fo r  th e natur e o f  th e error s mad e b y thes e surfac e 
dyslexi c patients .  Th e mai n relevan t  propertie s o f  th e constraine d 
versio n o f  th e mode l  ar e tha t  (a )  connection s betwee n orthographi c an d 
phonologica l  node s ar e weighte d accordin g t o th e frequenc y o f  tha t 
spelling-soun d correspondenc e i n th e language ;  (6 )  ther e i s n o feedbac k 
fro m phonologica l  t o orthographi c levels ,  an d (c )  within-leve l  inhibitio n 
i s no t  mutua l  inhibition . 

When higher-leve l  correspondence s ar e abolished ,  i t  i s  reasonabl e 
t o suppos e tha t  th e highes t  frequenc y correspondence s withi n tha t  leve l  ar e 
most  likel y t o b e disrupted .  Therefore ,  word s tha t  contai n low-frequenc y 
spelling-to-soun d correspondence s ar e mos t  likel y t o b e pronounce d 
incorrectl y o r  no t  a t  all ,  becaus e th e correc t  pronunciatio n o f  thes e 
word s relie s o n th e us e o f  high-leve l  (i.e .  lexica l  o r  trigra m level ) 
correspondences .  Mos t  previou s model s hav e assume d i n contras t  tha t 
word s wit h exceptiona l  o r  irregula r  pronunciation s wil l  b e susceptibl e 
t o disruption . 

The predictio n mad e b y th e constraine d l A mode l  is ,  then , 
tha t  surface/semanti c dyslexic s wil l  b e mor e likel y t o mak e error s 
on wor d containin g unusua l  spelling-to-soun d correspondence s a t  hig h 
levels .  Th e regularit y o f  th e word ,  wher e regularit y i s define d (a s i t 
normall y is )  i n term s o f  th e numbe r  o f  a  word' s neighbor s tha t  ar e 
spel t  similarl y bu t  pronounce d differently ;  shoul d hav e n o effect . 

THE ANALYSI S 

Several researchers have examined the prediction that surface 
dyslexic s shoul d mak e mor e error s o n irregula r  words .  Mos t  hav e use d 
th e list s o f  regula r  an d irregula r  word s publishe d b y Colthear t  e t  al . 
(1979) ,  an d man y hav e publishe d ful l  listing s o f  th e word s tha t 
thei r  patien t  pronounce d wrongly .  I t  i s  therefor e possibl e t o re -
analys e thes e dat a t o determin e whethe r  i t  i s  i n fac t  th e numbe r  o f 
differently-pronounce d bu t  similarly-spelle d word s tha t  impair s 
performance ,  o r  whethe r  i t  i s  i n fac t  th e frequenc y o f  th e spelling-to -
soun d correspondenc e i n th e word .  Ther e ar e si x complet e publishe d 
corpor a o f  error s o n th e Colthear t  e t  al .  words .  Thes e ar e foun d i n 
Colthear t  e t  al .  (1983) ;  Shallic e e t  al .  (1983) .  Ka y an d Lesse r  (1985) . 
and Saffra n (1985) .  A  numbe r  o f  othe r  paper s d o includ e corpora ,  bu t  thes e 
eithe r  contai n onl y a  subse t  o f  th e error s mad e error s (e.g .  Margolin , 
Marce l  &  Carlson ,  1985 ;  Masterson ,  Colthear t  &  Meara ,  1985 )  o r  ar e 
base d o n differen t  set s o f  regula r  an d irregula r  word s (e.g .  Newcombe & 
Marshall ,  1985) .  We therefor e analyse d th e si x complet e corpora , 
althoug h tw o ar e fro m on e patient .  Thi s patien t  wa s teste d o n tw o 
occasion s tw o month s apar t  (Saffran ,  1985) ;  o n th e firs t  occasio n 3 1 
error s wer e made ,  o n th e secon d occasio n 1 7 o f  thos e 3 1 word s wer e 
misrea d alon g wit h 1 0 othe r  words .  Thi s i s simila r  t o th e norma l  overla p 
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between two di££erent patients.^ One of the corpora came from a 
"developmenta l  surfac e dyslexic "  ("CD. "  i n Colthear t  e t  al. ,  1983) ;  fiv e 
fro m acquire d surfac e dyslexics . 

For  eac h four-lette r  an d five-lette r  monosyllabi c wor d i n th e 
Colthear t  e t  al .  (1979 )  list s (N-54 )  w e calculate d a  measur e o f  th e 
frequenc y o f  th e spelling-to-soun d correspondence ,  an d th e exceptionalit y 
of  th e spelling-to-soun d correspondence .  Thes e wer e calculate d b y 
lookin g a t  th e phonolog y asociate d wit h eac h o f  th e trigram s i n th e word . 
The exceptionalit y o f  eac h trigra m withi n a  wor d wa s calculate d a s th e 
cumulativ e Kucer a &  Franci s (1967 )  frequenc y o f  al l  same-lengt h word s 
containin g th e sam e trigra m i n th e sam e positio n bu t  pronounce d 
differently .  Th e exceptionalit y o f  eac h wor d wa s th e su m o f  it s trigra m 
exceptionalities .  Th e spelling-soun d frequenc y o f  eac h trigra m wa s 
calculate d a s th e cumulativ e frequenc y o f  al l  same-lengt h word s 
(includin g th e wor d i n question )  containin g th e sam e trigra m pronounce d 
th e sam e way .  Th e spelling-soun d frequenc y o f  a  wor d wa s the n obtaine d b y 
summing th e spelling-soun d frequencie s o f  th e trigram s withi n tha t  word . 

Ther e ar e therefor e tw o measure s fo r  eac h word ,  on e relatin g t o th e 
frequenc y o f  th e spelling-soun d correspondence s containe d i n th e word ,  an d 
th e othe r  relatin g t o th e exceptionalit y o f  th e wor d (i.e .  th e numbe r  o f 
othe r  word s containin g th e sam e orthographi c segmen t  pronounce d 
differently) .  An d th e predictio n i s tha t  th e numbe r  o f  error s mad e b y 
surfac e dyslexic s wil l  b e relate d t o spelling-soun d frequency ,  i n 
contras t  t o previou s claim s tha t  th e relevan t  facto r  wil l  b e spelling-soun d 
irregularity . 

The 2 7 o f  ou r  word s classifie d a s irregula r  b y Colthear t  e t  al .  ha d 
a media n exceptionalit y o f  231 ,  an d a  media n spelling-soun d frequenc y o f 
203 .  Th e word s classifie d a s regula r  b y Colthear t  e t  al .  ha d a 
media n exceptionalit y o f  54 ,  an d a  media n spelling-soun d frequenc y o f  498 . 

Overall ,  ignorin g th e Colthear t  e t  al .  classification ,  ther e wa s a  clea r 
negativ e correlatio n betwee n spelling-soun d frequenc y an d erro r 
rate :  Spearman' s Rh o -  -0.39 ,  t-3.0 ,  p<.01 .  I n contrast ,  ther e wa s n o 
correlatio n betwee n erro r  rat e an d exceptionality :  Rh o • •  0.19 ,  t-1.4 , 
p>.10 .  Thi s clearl y support s th e predictio n mad e b y th e constraine d l A 
model  discusse d above ;  error s ar e mor e likel y t o b e mad e o n word s 
containin g infrequen t  spelling-soun d correspondence s rathe r  tha n o n 
word s wit h irregula r  spelling-soun d correspondences . 

It could be argued that these correlations result from our own 
definitio n o f  exceptionality ,  whic h i s base d onl y o n high-level 
spelling-soun d correspondences .  I n fac t  thi s i s unlikely ,  becaus e 
th e higher-leve l  correspondence s ar e apparentl y mor e susceptibl e t o 
damage i n surfac e dyslexics .  Nevertheless ,  i t  coul d als o b e argue d 
tha t  four-lette r  an d five-lette r  word s shoul d b e analyse d separately , 
i n cas e wor d lengt h ha s a n independen t  influenc e o n erro r  rat e (ove r 
and abov e th e tendenc y fo r  longe r  word s t o contai n les s frequen t 
spelling-soun d correspondences) .  Therefore ,  furthe r  analysi s wa s 
carrie d o n o n th e 1 2 four-lette r  monosyllabi c word s an d th e 1 5 five -

4 Th e figure s her e ar e base d o n Saffran' s corpu s rathe r  tha n o n 
th e figure s i n th e accompanyin g text . 
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letter monosyllabic words classified by Coltheart et al. as irregular. 
The result s wer e a s follows . 

For  five-lette r  irregula r  words ,  spelling-soun d frequenc y 
correlate d significantl y an d negativel y wit h erro r  rate :  Rh o -  -0.59 , 
t«2.7 ,  j7<.02 .  Exceptionalit y di d no t  correlat e significantl y wit h erro r 
rate :  Rh o -  -0.17 ,  t-0.6 ,  p>.20 .  A  simila r  patter n o f  correlatio n wa s 
observe d fo r  th e four-lette r  words ,  althoug h th e correlatio n betwee n 
spelling-soun d frequenc y an d erro r  rat e faile d t o reac h significance : 
Rho -  -0.32 ,  t-1.1 ,  p>.20 .  Exceptionalit y agai n faile d t o correlat e 
wit h erro r  rate :  Rh o -  0.05 ,  t»0.2 ,  i>>.20 . 

In combination, these results clearly suggest that surface dyslexics 
ten d t o mak e mor e error s o n word s containin g infrequen t  spelling -
to-soun d correspondences ,  rathe r  tha n o n word s wit h exceptiona l 
spelling-soun d patterns .  Apparen t  effect s o f  exceptionalit y hav e i n 
fac t  bee n du e t o spelling-soun d frequency .  Thi s i s exactl y th e patter n 
of  result s predicte d b y th e constraine d versio n o f  th e l A model . 

I t  shoul d b e note d tha t  w e hav e no t  controlle d fo r  th e frequenc y o f 
purel y orthographi c regularit y i n ou r  analysis ;  thi s i s impossibl e t o d o 
fo r  th e word s fo r  whic h erro r  corpor a hav e bee n reported .  Thi s i s 
unlikel y t o b e a  majo r  problem ,  fo r  Brow n (1987 )  foun d effect s o f 
spelling-soun d frequenc y whe n orthographi c regularit y wa s controlle d for , 
and othe r  author s hav e obtaine d spelling-soun d effect s tha t  ar e no t  du e 
t o orthography .  An d i n reaction-tim e experiment s i t  i s  unlikel y tha t 
orthographi c frequenc y an d spelling-soun d regularit y effect s woul d exactl y 
cance l  eac h othe r  ou t  acros s a  wid e rang e o f  wor d frequenc y an d subjec t 
decodin g speed . 

I t  shoul d als o b e note d tha t  th e spelling-soun d frequenc y o f  a  wor d 
i s relate d t o th e frequenc y o f  occurrenc e o f  tha t  word ,  becaus e th e 
frequenc y o f  a  wor d contribute s t o th e frequenc y o f  th e spelling-soun d 
correspondence s containe d withi n it .  Again ,  a  numbe r  o f  experiment s hav e 
foun d effect s o f  spelling-soun d characteristic s whe n wor d frequenc y i s 
controlled .  Fo r  exampl e i t  i s  clea r  tha t  surfac e dyslexic s d o mak e 
more error s o n th e Coltheart-irregula r  tha n o n th e Coltheart-regula r 
word s eve n thoug h th e tw o set s o f  word s ar e matche d fo r  wor d frequency . 
The clai m her e i s jus t  tha t  th e effect s ar e reall y du e t o th e 
confounde d facto r  o f  spelling-soun d frequency .  Indeed ,  ou r  mode l 
interpret s effect s o f  wor d frequenc y o n wor d namin g tim e a s bein g du e t o 
th e frequenc y o f  spelling-soun d correspondence s i n tha t  word ,  includin g 
th e lexical-leve l  spelling-soun d correspondenc e (th e strengt h o f  whic h 
wil l  depen d directl y o n wor d frequency) . 

CONCLUSION 

We have shown that the full interactive activation framework 
when applie d t o th e domai n o f  spelling-to-soun d conversio n i s i n som e 
respect s to o powerful ,  becaus e man y differen t  inhibitio n mechanism s 
coul d giv e ris e t o delaye d processin g o f  word s wit h exceptiona l 
pronunciations .  Becaus e effect s whic h hav e previousl y bee n see n a s 
exceptionalit y effect s ar e i n fac t  simpl e spelling-to-soun d frequenc y 
effects ,  th e mode l  need s t o b e constrained .  A  mor e constraine d l A 
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model  i s discussed ,  whic h ha s n o feedbac k fro m phonologica l  t o 
orthographi c level s an d whic h als o use s a  differen t  mechanis m fo r  within -
leve l  inhibition .  Thi s ha s th e dua l  advantage s o f  givin g a  bette r  accoun t 
of  th e dat a an d requirin g fewe r  within-leve l  inhibitor y connections .  Th e 
constraine d mode l  give s ris e t o nove l  prediction s abou t  th e error s mad e b y 
surfac e dyslexi c patients ,  an d thes e prediction s ar e confirmed .  Thu s i t 
i s  bot h possibl e an d necessar y t o constrai n model s withi n th e 
interactive-activatio n framework . 
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Abstract :  Information-processin g model s fo r  comprehensio n typicall y regar d tex t  a s th e de -
positor y o f  a  singl e determinat e meaning ,  place d i n i t  b y th e writer .  Conversely ,  a  reader-base d 

approac h view s meanin g a s constitute d b y th e interaction s betwee n a n individua l  an d a  text .  Fro m 

a computationa l  standpoint ,  reader-base d understandin g suggest s abandonin g model s whic h de -

pen d o n a  prior i  rule s o f  interpretatio n an d limitin g th e desig n o f  a n algorith m t o th e quantitativ e 

aspect s o f  tex t  comprehension .  I  propos e tha t  th e perceptio n o f  subjec t  matte r  b e viewe d a s a 

rac e proces s wher e th e generatio n o f  bridgin g inference s an d expectation s i s  partl y controlle d b y 

quantitativ e factor s (suc h a s th e dela y fo r  m e m o r y retrieval )  whic h emphasiz e th e invisibl e bu t 

omnipresen t  rol e o f  tim e durin g reading . 

1 Introduction 

In this paper, I am concerned with the comprehension of long, unrestricted, written text rather 
tha n wit h th e desig n o f  single-sentenc e systems .  I  assum e tha t  subjec t  matte r  i s wha t  give s a  tex t 

a certai n unity :  i f  w e fai l  t o perceiv e th e subjec t  matte r  o f  a  text ,  w e fin d i t  difficul t  t o understan d 

tha t  tex t  (Bransfor d an d Johnson ,  1973) . 

Researcher s i n tex t  understandin g (e.g .  Dyer ,  1983 ;  Graesse r  an d Clark ,  1985 )  typicall y assum e 

tha t  conceptua l  structure s ar e constructe d durin g comprehension :  eac h linguisti c elemen t  mus t 

be connecte d t o som e o f  th e cognitiv e construct s obtaine d fo r  th e tex t  rea d s o far .  Intuitively ,  on e 

ca n thin k o f  eac h o f  suc h construct s a s a  se t  o f  link s (o r  connections )  tha t  specifie s whic h word s 

an d clause s ar e connecte d on e t o th e other ;  eac h lin k correspond s t o a  conceptua l  pat h o f  som e 

sort .  I n thi s paper ,  I  shal l  tr y t o avoi d representationa l  issue s b y workin g a t  thi s basi c leve l  o f 

conceptua l  links . 

Loca l  coherenc e allow s th e reade r  t o perceiv e successiv e clause s o f  a  tex t  a s a  se t  o f  relate d 

ideas .  T h e connectio n betwee n tw o successiv e clause s m a y b e e.xplicitl y  state d i n th e tex t  (e.g .  us -

in g connective s suc h a s because ,  therefore ,  when) .  Suc h explici t  inter-clausa l  connection s ar e no t 

problematic .  T h e difficult y i n perceivin g coherenc e instea d involve s clause s wit h n o explici t  con -

nections .  I n thi s case ,  th e reade r  mus t  bridg e fro m on e claus e t o anothe r  b y mean s o f  inferences . 

Researcher s generall y assum e tha t  ther e i s a  correc t  inferenc e pat h t o connec t  tw o clauses .  Cor -

rectnes s i s  define d wit h respec t  t o th e a  prior i  rule s o f  interpretation .  Similarly ,  i t  i s  generall y 

hypothesize d tha t  th e perceptio n o f  globa l  coherenc e i s  als o rule-base d an d depend s o n certai n 

globa l  pattern s o f  organizatio n calle d macrostructure s (Phillips ,  1985) .  T h e fe w model s whic h 

tackl e th e proble m o f  globa l  coherenc e assum e th e existenc e o f  a  small ,  correc t  se t  o f  macrostruc -

tures ,  whic h ar e specifie d i n cognitiv e schemata .  I n othe r  words ,  th e possibl e gist s o f  a  tex t 

^  Suppor t  fro m th e Nationa l  Scienc e an d Engineerin g Researc h Counci l  i s  gratefull y acknowledged .  I  a m indebte d 
t o E d Planting a an d Graem e Hirs t  fo r  severa l  discussion s an d valuabl e comment s o n thi s research . 
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are ,  i n essence ,  specifie d a  priori :  th e rule s o f  interpretatio n o f  thes e model s com e t o for m a n 

'understandin g algorithm '  whic h define s wha t  i t  i s  t o correctl y understan d a  text . 

The ide a tha t  a  tex t  contain s a  singl e determinat e meanin g ha s bee n rejecte d b y th e propo -

nent s o f  reader-base d understandin g wh o conside r  th e meanin g o f  a  tex t  t o b e constitute d b y th e 

interaction s betwee n tex t  an d reade r  (se e Holub ,  1984) .  Fro m thi s standpoint ,  th e algorithm s 

of  existin g model s constitut e mer e mechanica l  encoding s o f  set s o f  rule s mor e o r  les s arbitraril y 

establishe d b y th e programmers . 

I n th e contex t  o f  reader-base d understanding ,  comprehensio n i s take n t o procee d fro m th e 

privat e respons e o f  a  reade r  t o a  text .  Fo r  example ,  Gadame r  (1976 )  propose s tha t  th e ac t  o f 

interpretatio n b e understoo d a s a n interactio n betwee n th e horizo n provide d b y th e tex t  an d th e 

horizo n tha t  th e interprete r  bring s t o it .  Fro m thi s perspective ,  th e tex t  act s a s a  stabilizin g facto r 

i n th e idiosyncrati c interpretatio n o f  a  reader .  Fro m a  computationa l  viewpoint ,  reader-base d 

understandin g suggest s tha t  w e abando n attempt s a t  specifyin g a  prior i  rule s o f  comprehensio n 

and,  i n particular ,  macrostructures .  Instead ,  th e desig n o f  a n algorith m shoul d b e limite d t o th e 

quantitativ e (i.e .  non-qualitative )  aspect s o f  comprehension .  I  investigat e thes e aspect s i n thi s 

paper . 

2 From Local to Global Coherence 

2.1 Fundamental Hypothesis 

By definition, one can establish that A causes B only after having inferred that B takes place after A 

i n th e chronolog y constructe d fro m th e text .  Unles s on e assume s tha t  al l  causa l  path s ar e encode d 

exhaustivel y i n a  knowledg e base ,  i n whic h cas e comprehensio n reduce s t o pattern-matching ,  i t 

i s  importan t  t o notic e tha t  ther e i s a n orde r  i n whic h certai n inference s ar e produced :  certai n 

type s o f  inference s mus t  b e precede d b y others .  Tim e display s a  simila r  invisibl e omnipresenc e 

fo r  th e problem s o f  anaphor a (Hirst ,  1981 ;  Stevenson ,  1986) ,  an d ambiguit y (Hirst ,  1987) .  Th e 

fundamenta l  hypothesi s o f  m y wor k i s tha t  tim e play s a  crucia l  rol e durin g comprehension . 

2.2 Time-Constrained Comprehension 

2.2.1 Time. "Working Memory, and Context 

Ultimately, text consists of linguistic elements juxtaposed in a linear sequence. At time <i, a 

wor d \VORD(<i )  i s  input .  Mos t  aspect s o f  synta x ca n b e viewe d a s linguisti c device s t o establis h 

intra-clausa l  connections ,  tha t  is ,  t o connec t  WORD(< i )  t o som e o f  th e element s o f  th e cognitiv e 

construc t  existin g a t  < i  fo r  th e claus e bein g currentl y processed ,  CLAUSE(ti) . 

For  simplicity ,  le t  m e glos s ove r  th e syntacti c analysi s process .  A  fe w instant s later ,  a t  tim e 

<2,  onc e WORD(^ i )  ha s bee n integrate d wit h CLAUSE(<i) ,  th e reade r  ha s a  ne w construc t  fo r  th e 

curren t  clause .  CLAUSE(<2) -  Thi s construc t  ma y contai n unresolve d reference s suc h a s pronoun s 

or  ambiguou s words .  Followin g Stevenson' s (1986 )  work ,  I  assum e tha t  th e reade r  immediatel y 

trie s t o connec t  CLAUSE(<3 )  wit h th e construct s h e ha s create d fo r  previou s clauses ,  rathe r  tha n 

waitin g fo r  a  complet e syntacti c representatio n o f  th e curren t  clause . 

Typically ,  a  reade r  onl y ha s a  limite d numbe r  o f  construct s i n focus ,  tha t  is ,  readil y accessible . 

The othe r  construct s obtaine d fo r  th e tex t  rea d s o fa r  requir e significantl y mor e tim e t o access , 

i f  the y ca n stil l  b e accesse d a t  all .  Thi s correspond s t o th e usua l  heuristi c distinctio n betwee n a 

workin g memor y o f  limite d 'capacity '  an d anothe r  partitio n o f  storage ,  th e background ,  whic h i s 

considerabl y slowe r  t o access . 
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As th e reade r  advance s throug h th e text ,  th e construct s i n th e workin g memor y change ,  th e 

focu s i s constantl y modified .  Le t  u s denot e th e se t  o f  construct s i n focu s a t  tim e t  b y FOCUS(l) , 

and th e se t  o f  construct s i n th e backgroun d b y B A C K G R O U N D ( 0.  F O C US an d B A C K G R O U ND 

compris e al l  th e informatio n store d b y th e comprehende r  durin g hi s reading .  Therefore ,  a t  tim e 

<2,  CLAUSE(t2 )  ca n onl y b e connecte d t o th e element s o f  F0CUS(<2 )  an d B A C K G R 0 U N D ( t 2 ) . 

I  tak e contex t  t o b e th e unio n o f  F O C US an d B A C K G R O U ND a t  an y give n poin t  i n time .  Le t  u s 

denot e th e contex t  a t  tim e /  b y C O N T E X T ( 0 . 

2.2.2 Bridging Inferences Revisited 

At a given point t in time, the reader must connect CLAUSE(<) with CONTEXT(<). Ultimately, 

whic h connection s ar e mad e depend s o n th e reader' s prio r  knowledge .  Ye t  I  sugges t  tha t  certai n 

quantitativ e factor s als o affec t  th e generatio n o f  conceptua l  connection s an d thu s th e perceptio n 

of  subjec t  matter . 

T wo quantitativ e factor s ca n b e distinguishe d durin g th e generatio n o f  conceptua l  connections : 

• the processing time required for establishing connections. 

• the access time of target constructs. 

These two factors emphasize a most significant fact about text comprehension, namely, that it is 

a real-tim e process .  Th e importanc e o f  thi s postulat e ha s bee n defende d b y Gigle y (1985a ,  1985b ) 

i n he r  semina l  wor k i n Neurolinguistic s fro m whic h muc h o f  th e presen t  researc h proceeds . 

Marku s (1983 )  make s a  crucia l  observatio n whe n h e remark s tha t  bridgin g inference s ar e gener -

all y restricte d t o wha t  i s i n focus .  Fo r  him ,  th e failur e t o conside r  th e content s o f  B A C K G R O U ND 

originate s i n th e pressur e t o jn/e r  typicall y fel t  b y th e comprehende r  wh o allocate s himsel f  bu t  a 

relativel y shor t  amoun t  o f  tim e t o integrat e clauses .  Sinc e th e cognitiv e construct s i n focu s ar e 

much faste r  t o acces s tha n thos e i n th e background ,  the y ar e th e first,  an d generally ,  th e onl y one s 

t o b e considered .  Thi s suggest s tha t  th e perceptio n o f  coherenc e b e viewe d a s a  time-constraine d 

process :  tim e constitute s th e stoppin g criterio n fo r  th e generatio n o f  conceptua l  links .  Mor e pre -

cisely ,  connectin g CLAUSE(< )  t o C O N T E X T ( < )  shoul d b e regarde d a s a  rac e proces s wher e th e 

actua l  (a s oppose d t o a  theoreticall y correct )  se t  o f  bridgin g connection s i s th e on e availabl e whe n 

thi s rac e stops .  Th e orde r  i n whic h bridgin g inference s ar e create d become s crucial .  Fo r  example , 

give n a  'hard '  tex t  an d a  shor t  dela y betwee n clauses ,  mos t  tempora l  connections ,  bu t  probabl y 

onl y a  fe w implici t  causa l  ones ,  woul d b e obtained . 

2.3 On the Emergence of Global Coherence 

Since CLAUSE is necessarily in focus and consists of the same types of links as the contents of 

th e workin g memory ,  C L A U S E i s take n t o b e a  subse t  o f  F O C U S.  Thus ,  eac h tim e a  conceptua l 

connectio n i s foun d betwee n C L A U S E an d th e res t  o f  F O C U S,  i t  i s  adde d t o F O C U S,  tha t  is ,  t o 

th e workin g memory .  Sinc e F O C US ha s limite d capacity ,  i t  ma y becom e filled  u p a t  a  certai n poin t 

i n time .  Eac h tim e F O C US i s saturated ,  th e additio n o f  a  ne w connectio n require s tha t  a t  leas t 

one o f  th e existin g connection s b e move d ou t  o f  focus ,  tha t  is ,  eithe r  place d i n B A C K G R O U ND 

or  suppressed . 

Ther e i s a  fundamenta l  differenc e betwee n bein g move d t o B A C K G R O U ND an d bein g sup -

pressed :  i n th e first  case ,  th e lin k i s stil l  accessible ,  i n th e secon d case ,  i t  i s  lost .  Intuitively ,  w e 

woul d lik e th e mos t  'important '  o r  'relevant '  connection s o f  th e tex t  t o sta y i n focus ,  les s impor -

tan t  one s t o b e i n th e background ,  an d trivia l  one s t o b e suppressed .  Followin g suc h a n approach . 

globa l  coherenc e ca n simpl y b e define d a s th e content s o f  th e workin g memor y a t  a  give n p'>'• !  i n 
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time .  Th e cruci d poin t  i s  tha t  ther e ca n b e n o a  prior i  rule s o f  'importance '  o r  'relevance' ;  th e 

selectio n o f  wha t  mus t  b e move d ou t  o f  focu s mus t  operat e a t  th e quantitativ e level . 

Each conceptua l  connectio n link s tw o constructs .  Th e connectio n itsel f  ma y b e direc t  o r 

consis t  o f  a n inferenc e path .  Sinc e eac h elemen t  i n a n inferenc e pat h i s onl y relevan t  wit h respec t 

t o th e whol e path ,  th e conceptua l  connectio n betwee n tw o construct s shoul d b e though t  o f  a s a n 

indivisibl e unit .  I n orde r  t o quantitativel y distinguis h conceptua l  connections ,  I  propos e tha t  eac h 

one b e assigne d a n activatio n leve l  {o t  equivalently ,  energy) :  th e link s wit h th e greates t  energ y ar e 

kep t  i n focus ,  th e other s ar e move d ou t  o f  focus .  Le t  u s investigat e th e notio n o f  a n activatio n 

level . 

Fro m a  quantitativ e poin t  o f  view ,  whe n a  connectio n A  i s adde d t o F O C U S,  i t  ma y affec t  th e 

energ y o f  a  connectio n B  alread y existin g i n F O C US i n on e o f  thre e ways : 

1. independence: A and B are independent if the addition of A to FOCUS does not affect B's 

energy . 

2. additivity: A and B are additive if the addition of A to FOCUS increases B's energy. 

3. adversity: A and B are adversative if the addition of A to FOCUS decreases B's energy^. 

Each of these quantitative relations is defined over conceptual connections which control the per-

ceptio n o f  coherence ,  a  semanti c phenomenon .  I n othe r  words ,  ho w a  lin k affect s anothe r  on e 

(whe n on e i s adde d t o F O C US an d th e othe r  i s alread y i n th e workin g memory )  i s no t  determine d 

quantitativel y bu t  qualitativel y an d dynamically ,  tha t  is ,  accordin g t o th e curren t  contex t  an d t o 

th e semanti c knowledg e possesse d b y th e comprehende r  prio r  t o th e reading . 

The additio n o f  a  ne w connectio n t o F O C US i s no t  th e onl y facto r  tha t  affect s th e energ y o f 

th e connectio n i n th e workin g memory .  Mor e precisely ,  tim e als o affect s activatio n levels .  M y 

hypothesi s i s two-fold .  Firstly ,  energ y i s constantl y los t  a s tim e goe s by .  Thi s proces s i s know n 

as constan t  decaying .  Secondly ,  th e longe r  a  connectio n stay s i n F O C U S,  th e mor e difficul t  i t 

becomes t o mov e ou t  o f  focus .  Sinc e a  connectio n ca n maintai n itsel f  i n F O C US onl y i f  i t  keep s a 

hig h leve l  o f  activation ,  I  tak e a  connection' s energy ,  whic h i s a  functio n define d ove r  time ,  t o b e 

inversel y proportiona l  t o tha t  connection' s decay ,  whic h i s als o a  functio n define d ove r  time .  Thus . 

fro m a  qualitativ e viewpoint ,  th e energ y o f  a  lin k ma y b e see n a s a  measur e o f  it s 'importance ' 

wit h respec t  t o coherence . 

Let  u s retur n t o th e proble m o f  coherence . 

Firstly ,  i f  th e activatio n leve l  o f  a  connectio n drop s unde r  a  specifie d minimum ,  tha t  connectio n 

i s remove d fro m F O C US an d lost .  Intuitively ,  thi s connectio n ha s bee n forgotte n ( a quantitativ e 

phenomenon )  o r  contradicte d ( a semanti c phenomeno n which ,  lik e al l  others ,  carrie s dow n t o th e 

quantitativ e level) .  Sinc e i t  i s  seldo m th e cas e tha t  th e exac t  wordin g o f  a  tex t  i s  memorize d 

(Baddeley ,  1976 ,  pp.315-316) ,  i t  seem s reasonabl e t o assum e that ,  fo r  example ,  syntacti c link s 

wil l  b e quickl y forgotten . 

Secondly ,  upo n th e arriva l  o f  a  ne w connectio n i n F O C U S,  th e workin g memor y constraint s wil l 

trigge r  th e selectio n o f  a  (possibl y empty )  se t  o f  connection s t o b e move d out .  Severa l  researcher s 

hav e suggeste d numerou s kind s o f  constraint s fo r  th e workin g memory .  Sinc e ther e i s n o genera l 

agreement ,  I  propos e tha t  ther e b e onl y on e constrain t  fo r  th e workin g memory :  it s tota l  activatio n 

leve l  a t  an y poin t  i n time .  Thi s assumptio n ha s th e advantag e o f  bein g independen t  o f  an y typ e 

of  representation ,  an d o f  no t  explicitl y  restrictin g th e numbe r  o r  th e siz e o f  element s i n F O C U S. 

Thi s uniqu e constrain t  o n th e tota l  energ y i n F O C US constitute s th e criterio n tha t  determine s ho w 

•'Additivit y correspond s t o th e connectionis t  notio n o f  a n activatio n link ,  an d adversity ,  t o th e notio n o f  a n 
inKibiior y lin k (se e Feldman ,  1984) . 
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many aji d whic h connection s mus t  b e move d ou t  o f  focus .  Abstractin g fro m details ,  connection s 

ar e move d ou t  s o tha t  th e constrain t  i s  alway s respected .  Onc e i t  ha s bee n selecte d fo r  remova l 

fro m F O C U S,  a  connectio n ca n eithe r  b e transferre d t o th e backgroun d o r  forgotten .  Sinc e thi s 

decisio n mus t  b e quantitative ,  admissio n t o B A C K G R O U ND shoul d b e controlle d b y a  minimu m 

require d energ y (whic h woul d obviousl y b e greate r  tha n th e threshol d use d fo r  forgetting) .  I f  a 

connectio n i s abov e thi s threshold ,  i t  i s  transferre d t o th e background ;  otherwise ,  i t  i s  lost . 

I  clai m tha t  th e mechanism s describe d abov e adequatel y cove r  th e constructio n o f  globa l  co -

herenc e fro m th e loca l  connection s establishe d withi n an d betwee n clauses .  Indeed ,  sinc e F O C US 

i s no t  restricte d t o loca l  connection s bu t  rathe r  maintain s a  se t  o f  'important '  o r  'relevant '  con -

nections ,  eac h ne w claus e ca n b e immediatel y linke d t o bot h it s linea r  neighbour s tha t  woul d hav e 

not  ye t  bee n move d ou t  o f  focus ,  an d t o th e 'important '  clause s o f  th e text . 

3 On the Perception of Subject Matter 

According to the proposed model of comprehension, global coherence is restricted to the conceptual 

connection s triggere d b y th e text .  A s tim e goe s by ,  onl y th e 'important '  bridge s (i.e .  thos e tha t 

accoun t  fo r  globa l  coherence )  remai n i n th e workin g memory ,  th e other s bein g move d t o th e 

backgroun d o r  forgotten .  Fro m thi s viewpoint ,  globa l  coherenc e strictl y proceed s fro m th e text . 

But  subjec t  matte r  i s  no t  boun d t o th e text :  i t  als o involve s wha t  Gadame r  (1976 )  call s th e horizo n 

of  th e reader .  Thre e factors ,  namel y expectations ,  remindings ,  an d interestingness ,  accoun t  fo r  thi s 

horizon .  Le t  u s briefl y discus s eac h o f  these . 

3.1 On Expectations and Remindings 

A schema is a cluster of 'knowledge', that is, a set of conceptual links. These links are bound 

togethe r  i n som e wa y o r  anothe r  s o tha t  the y com e t o for m a  conceptua l  unit .  Thus ,  whe n on e o f 

th e element s o f  a  schem a i s use d t o bridg e tw o element s o f  a  text ,  th e whol e schem a i s momentaril y 

accessible .  A n expectatio n shoul d b e regarde d a s a  connectio n whic h 'force s it s way '  i n th e workin g 

memory whe n anothe r  lin k o f  on e o f  th e schemat a i t  belong s t o i s require d fo r  bridging .  I n othe r 

words ,  eac h tim e a  connectio n o f  a  schem a i s use d durin g comprehension ,  i t  ma y 'drag "  wit h i t 

othe r  element s o f  tha t  schema ,  whic h constitut e th e expectation s associate d wit h th e bridgin g 

connection . 

Sinc e a n expectatio n i s jus t  anothe r  connectio n i n th e workin g memory ,  i t  obey s al l  th e rule s 

previousl y introduced .  I n particular ,  i t  ha s a n activatio n leve l  an d decay s wit h time .  A s wit h othe r 

element s i n F O C U S,  it s initia l  energ y i s determine d dynamicall y accordin g t o th e curren t  contex t 

and t o th e semanti c knowledg e possesse d b y th e comprehende r  prio r  t o th e reading .  Intuitively , 

we woul d lik e t o assum e tha t  thi s initia l  activatio n leve l  i s  relativel y low ,  s o tha t  expectation s 

woul d b e amon g th e first  thing s t o b e move d ou t  o f  focu s whe n necessary .  Thi s lo w initia l  energ y 

woul d als o emphasiz e th e nee d fo r  th e readin g t o confir m a n expectatio n soo n afte r  it s  additio n t o 

th e workin g memory ,  tha t  is ,  befor e i t  i s  forgotten .  Th e confirmatio n o f  a n expectatio n consist s i n 

th e additio n t o F O C US o f  connection s tha t  ar e additiv e wit h thi s expectation .  Fro m thi s poin t  o f 

view ,  expectation s pla y a  mos t  importan t  quantitativ e rol e i n tha t  the y spee d u p th e bridgin g o f  th e 

clause(s )  tha t  confirm(s )  them :  th e presenc e o f  a n expectatio n i n th e workin g memor y constitute s 

a pre-constructe d bridg e whos e explanator y powe r  i s grounde d i n th e schem a associate d wit h thi s 

expectation .  Finally ,  th e selectio n an d additio n t o F O C US o f  a n expectatio n i s par t  o f  th e time -

constraine d rac e whic h delimit s th e bridgin g o f  eac h claus e t o it s context .  I n othe r  words ,  tim e 

restrict s th e numbe r  o f  expectation s place d i n focus . 
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I t  wa s observe d earlie r  tha t  th e fe w information-processin g researcher s wh o addres s th e proble m 

of  subjec t  matte r  postulat e a n a  prior i  se t  o f  macrostructure s that ,  i n essence ,  specifie s exhaus -

tivel y th e gist s tha t  thei r  model s ca n recognize .  I  rejec t  th e ide a tha t  on e ca n find a  correc t  an d 

complet e se t  o f  suc h macrostructures .  However ,  I  d o no t  wan t  t o den y that ,  wit h experience , 

each reade r  acquire s suc h macrostructures .  Bu t  eac h macrostructur e merel y provide s a  se t  o f 

expectation s idiosyncrati c t o th e reader :  a  macrostructur e i s viewe d a s a  schem a fo r  a  particula r 

gist .  Thus ,  th e expectation s o f  a  reade r  ar e no t  limite d t o th e loca l  leve l  bu t  indee d ma y concer n 

th e globa l  coherenc e o f  a  text .  Macrostructure s ar e no t  require d i n th e propose d mode l  o f  com -

prehension ;  the y d o no t  defin e wha t  th e tex t  i s  o r  isn' t  about ,  bu t  rathe r  the y mostl y facilitat e 

comprehension . 

Schemat a provid e a  mechanis m t o assembl e conceptua l  link s int o a  cognitiv e unit .  Throug h 

th e generatio n o f  expectations ,  the y allo w th e reade r  t o plac e i n focu s element s whic h ar e no t 

require d fo r  th e perceptio n o f  globa l  coherence . 

Schemati c membershi p i s no t  th e onl y devic e tha t  ca n introduc e non-bridgin g (an d therefore , 

non-required )  connection s i n th e workin g memory .  Reminding s (se e Schank ,  1982 )  ma y als o plac e 

i n focu s conceptua l  link s which ,  i n thi s case ,  hav e n o direc t  relatio n t o th e text .  Fro m thi s ob -

servation ,  a  sligh t  distinctio n ca n b e mad e betwee n globa l  coherenc e an d subjec t  matter ,  whic h 

extend s beyon d th e connection s generate d fro m th e tex t  t o includ e suc h indirec t  links .  Typically , 

reminding s ar e eve n mor e idiosyncrati c tha n expectation s an d operat e a t  al l  level s o f  comprehen -

sion :  a  word ,  a  sentence ,  o r  th e entir e content s o f  F O C US a t  a  give n poin t  i n tim e ma y conjur e 

up suc h remindings .  Thei r  effec t  varie s greatly :  on e ma y facilitat e comprehension ,  i n whic h cas e 

i t  essentiall y  act s a s a  schem a whic h set s u p expectations ,  o r  i t  ma y d o nothin g mor e tha n slo w 

down th e reader . 

3.2 On Interestingness 

The proposed model of comprehension operates at the basic level of conceptual connections. One 

of  th e characteristic s o f  thi s mode l  i s tha t  whe n selecte d t o b e adde d t o th e workin g memory , 

a connectio n i s qualitativel y assigne d a n initia l  activatio n level .  Thi s initia l  energ y constitute s 

a majo r  facto r  i n determinin g th e futur e rol e o f  th e connectio n itself .  I  no w sugges t  tha t  thi s 

initia l  activatio n leve l  correspond s t o th e interestingnes s o f  th e connection .  Hid i  an d Bair d (1986 ) 

repor t  tha t  th e perceptio n o f  thi s interestingnes s i s partl y idiosyncratic :  "Interes t  occur s onl y i n 

th e interactio n o f  stimulu s an d perso n s o tha t  on e ca n neve r  stipulat e it s origi n i n on e t o th e 

exclusio n o f  th e other" .  The y als o remar k tha t  "wha t  i s centra l  t o th e respons e o f  interes t  i s 

tha t  a  perso n i s compelle d t o increas e intellectua l  activit y t o cop e wit h th e greate r  significanc e 

of  incomin g information"' .  Wha t  doe s i t  mea n t o "increas e intellectua l  activity" ? Th e answe r 

t o thi s questio n ha s mostl y t o d o wit h time .  Upo n th e additio n o f  a  connectio n t o th e workin g 

memory,  it s  initia l  energ y ma y affec t  severa l  parameter s o f  th e model .  Consider ,  fo r  example ,  a 

'ver y interesting '  connection ,  tha t  is ,  on e wit h a  hig h initia l  activatio n level : 

1. working memory capacity: the maximum for the total energy of connections in FOCUS could 

be increased . 

2. decay: all decay functions of elements in FOCUS could be 'slowed down'. 

3. racing delay: the time allowed to search for bridges could be significantly increased. 

The example intuitively corresponds to a comprehender who, after reading something he considers 

interesting ,  start s t o concentrat e (a t  leas t  temporarily )  o n subsequen t  input .  Similarly ,  a  reade r 

who get s bore d woul d probabl y decreas e thes e parameters .  Interestingnes s i s necessar y fo r  th e 
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perceptio n o f  subjec t  matter .  I t  canno t  b e grounde d solel y i n th e text ,  an d i t  affect s ever y aspec t 

of  comprehensio n leadin g to ,  i n effect ,  a  personalization ,  a n appropriatio n o f  th e text .  And ,  i n th e 

end ,  thi s i s wha t  t o comprehen d (fro m co m +  prehender e t o grasp )  means . 

4 Conclusion 

In this paper, I have investigated some of the quantitative aspects of text comprehension and 

suggeste d tha t  the y originat e i n time .  Several ,  i f  no t  all ,  o f  th e quantitativ e parameter s o f  th e 

propose d mode l  ma y var y fro m on e individua l  t o th e next ;  the y for m a  first  leve l  o f  explanatio n 

fo r  th e idiosyncrati c natur e o f  reader-base d comprehension . 

Thi s pape r  shoul d b e regarde d ai s th e preliminar y specification s o f  a  mode l  o f  reader-base d tex t 

comprehension .  Al l  aspect s o f  thi s proposa l  mus t  b e explicited ,  explained ,  an d illustrate d wit h 

respec t  t o a  particula r  representationa l  scheme .  Th e ultimat e goa l  o f  thi s researc h i s th e detaile d 

specification s o f  a n implementatio n o f  a  mode l  o f  comprehensio n whic h follow s a  reader-base d 

desig n philosophy :  a  tex t  i s  processe d wit h respec t  t o a  reader' s knowledg e base ;  ther e i s n o ques t 

fo r  th e knowledg e o f  a  'competent '  reader .  I n othe r  words ,  th e issu e i s no t  wha t  shoul d b e i n th e 

knowledg e bas e bu t  rathe r  ho w ever y elemen t  o f  thi s knowledg e bas e shoul d b e specifie d an d used . 
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Causa l  Reasonin g i n th e Constructio n 
of  a  Proposit iona l  Textbas e 

Charles R. Fletcher and Charles P. Bloom 
Universi t y o f  Minnesot a 

Abstract 

The goal of this research is to unify two different 
approache s t o th e stud y o f  tex t  comprehensio n an d 
recal l .  Th e firs t  o f  thes e approaches ,  exemplif ie d b y 
th e wor k o f  Trabass o an d hi s colleague s (Trabass o & 
Sperry ,  1985, *  Trabass o &  va n de n Broek ,  1985 )  view s 
comprehensio n a s a  proble m solvin g tas k i n whic h th e 
reade r  mus t  discove r  a  serie s o f  causa l  l ink s tha t 
connec t  a  text ' s openin g t o it s fina l  outcome .  Th e 
secon d approach ,  typif ie d b y Kintsc h an d va n Dij k 
(1978 ;  va n Dij k &  Kintsch ,  1983 )  emphasize s th e 
importanc e o f  short-ter m memor y a s a  bott lenec k i n th e 
comprehensio n process .  We combin e thes e approache s b y 
assumin g tha t  th e mos t  likel y causa l  anteceden t  t o th e 
nex t  sentenc e i s alway s hel d i n short-ter m memory . 
Fre e recal l  dat a fro m thre e text s ar e presente d i n 
suppor t  o f  thi s assumption . 

The research reported here represents an attempt to unify 
tw o separat e approache s t o th e stud y o f  tex t  comprehensio n an d 
recal l .  Th e firs t  o f  thes e approache s view s comprehensio n a s a 
proble m solvin g proces s i n whic h th e reade r  mus t  discove r  a 
sequenc e o f  causa l  l ink s tha t  connec t  a  text' s openin g t o it s 
fina l  outcom e (Blac k &  Bower ,  1980 ;  Schank ,  1975 ;  Trabass o & 
Sperry ,  1985 ;  Trabass o &  va n de n Broek ,  1985) .  Th e secon d 
approac h (Kintsc h &  va n Dijk ,  1978 ;  Mil le r  &  Kintsch ,  1980 ; 
Fletcher ,  1981 ,  1986 ;  va n Dij k &  Kintsch ,  1983 )  emphasize s th e 
importanc e o f  short-ter m memor y a s a  bott le-nec k i n th e 
comprehensio n process .  We wil l  sho w tha t  a  reader' s short-ter m 
memory alway s contain s th e mos t  likel y causa l  antecedent s o f  th e 
nex t  sentence .  Thi s allow s th e discover y o f  a  "causa l  chain " 
l inkin g a  text ' s openin g t o it s fina l  outcom e withi n th e 
constraint s impose d b y a  l imited-capacit y short-ter m memory . 

Both of the approaches we are considering here have been 
use d t o predic t  whic h element s o f  a  tex t  wil l  b e recalle d best . 
I n th e proble m solvin g approac h o f  Trabass o an d hi s colleague s 
clause s ar e treate d a s th e primar y uni t  o f  analysi s an d i t  ha s 
bee n demonstrate d that :  (1 )  Clause s tha t  li e o n th e causa l  chai n 
tha t  connect s a  text ' s openin g t o it s fina l  outcom e ar e recalle d 
bet te r  tha n otherwis e comparabl e clause s (Blac k &  Bower ,  1980 ; 
Trabass o &  va n de n Broek ,  1985) .  (2 )  Th e mor e causa l  connection s 
a claus e ha s t o th e res t  o f  th e text ,  th e bette r  i t  i s  recalle d 
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(Trabass o &  va n de n Broek ,  1985) .  Thes e result s provid e clea r 
suppor t  th e conclusio n tha t  th e causa l  structur e o f  a  tex t  i s  a n 
importan t  determinan t  o f  ho w tha t  tex t  wi l l  b e understoo d an d 
remembered . 

Kintsch and his colleagues (see e.g. Kintsch & van Dijk, 
1978 ;  Mi l le r  &  Kintsch ,  1980 )  hav e als o bee n successfu l  a t 
predictin g whic h port ion s o f  a  tex t  wil l  b e recalle d best .  The y 
begi n wit h th e followin g assumptions :  (1 )  Th e meanin g o f  a  tex t 
i s  represente d i n long-ter m memor y a s a  networ k o f  semanti c 
proposit ion s calle d a  textbase .  (2 )  Text s ar e processe d i n 
cycles ,  roughl y correspondin g t o sentences .  (3 )  Durin g eac h 
cycle ,  short-ter m memor y ca n onl y hol d th e curren t  sentenc e plu s 
on e t o fou r  proposit ion s fro m earlie r  i n th e text .  (4 )  Tw o 
proposition s mus t  co-occu r  i n short-ter m memor y t o b e strongl y 
associate d i n long-ter m memory .  (5 )  Tw o proposit ion s mus t  b e 
referentiall y  coheren t  (i.e. ,  the y mus t  refe r  t o th e sam e person , 
object ,  o r  event )  t o b e strongl y associate d i n long-ter m memory -
They the n argu e tha t  eac h proposit io n fro m a  tex t  shoul d b e 
recalle d wit h probabil i t y  I - ( I -e ) ^  wher e p  i s th e probabil i t y  o f 
recallin g a  proposit io n tha t  remain s i n short-ter m memor y fo r 
jus t  on e processin g cycl e an d k  i s th e numbe r  o f  cycle s tha t  a 
give n proposit io n remain s i n short-ter m memory .  A  procedur e 
calle d th e "leading-edg e strategy "  i s use d t o predic t  th e 
content s o f  short-ter m memor y durin g eac h processin g cycl e and , 
therefore ,  th e valu e o f  k  fo r  eac h proposit ion .  Thi s strateg y 
use s forma l  propertie s o f  th e underlyin g textbas e t o determin e 
whic h proposit ion s remai n i n short-ter m memory . 

Clearly, there are important differences between these two 
approaches .  The y assum e differen t  basi c unit s o f  analysi s 
(clause s v s .  proposi t ions) .  The y assum e tha t  th e component s o f  a 
text s ar e hel d togethe r  b y differen t  relation s (causa l  v s . 
referent ial) .  On e assume s tha t  tw o tex t  element s ca n onl y b e 
connecte d i f  the y co-occu r  i n a  limite d capacit y short-ter m 
memory,  th e othe r  assume s tha t  al l  possibl e connection s ar e mad e 
by th e reader .  Finally ,  differen t  mechanism s ar e assume d t o 
contribut e t o th e recallabilit y  o f  a  tex t  elemen t  (causa l 
structur e vs .  tim e i n short-ter m memory) . 

We believe that each approach has captured elements of the 
truth .  A s a n initia l  ste p towar d a  unifie d model ,  w e wil l 
attemp t  t o show :  (1 )  Tha t  Trabasso' s causa l  analysi s work s a s 
wel l  whe n proposition s ar e take n a s th e fundamenta l  uni t  o f 
analysi s a s i t  doe s wit h claus e units .  (2 )  Tha t  bot h referentia l 
and causa l  connection s contribut e t o th e coherenc e o f  a  text . 
(3 )  Tha t  th e proposition s mos t  usefu l  fo r  understandin g th e 
causa l  structur e o f  a  tex t  ar e alway s hel d i n short-ter m memory . 
(4 )  Tha t  bot h th e numbe r  o f  processin g cycle s tha t  a  proposit io n 
spend s i n short-ter m memor y an d th e numbe r  o f  referentiall y  an d 
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causal l y relate d proposit ion s tha t  co-occu r  wi t h i t  i n short-ter m 
memory inf luenc e it s recallabil i ty . 

The success of our approach depends critically on the 
assumptio n tha t  reader s ca n identif y an d hol d i n short-ter m 
memory th e proposit ion s tha t  ar e th e mos t  likel y causa l 
antecedent s o f  th e nex t  sentenc e the y read .  Ye t  i t  i s  obviou s 
tha t  Kintsc h an d va n Dijk' s (1978 )  leading-edg e strateg y doe s no t 
accompl is h th i s task .  I n thre e simpl e narrative s tha t  w e 
analyzed ,  th e leading-edg e strateg y onl y allowe d 31 % o f  th e 
possibl e causa l  connection s betwee n proposit ion s t o b e detected . 
Two al ternat iv e strategie s tha t  w e examine d offe r  a  significan t 
improvemen t  ove r  thi s f igure .  Th e firs t  o f  thes e w e cal l  th e 
current-stat e strategy .  A  reade r  followin g thi s strateg y woul d 
selec t  th e las t  proposit ion ,  o r  conjunctio n o f  proposit ions , 
adde d t o th e causa l  chai n t o retai n i n short-ter m memor y a t  th e 
en d o f  eac h processin g cycle .  Thi s strateg y allow s 51 % o f  th e 
causa l  connect ion s i n a  tex t  t o b e detected .  Th e othe r 
al ternat iv e strateg y w e wis h t o conside r  wil l  b e referre d t o a s 
th e current-stat e plu s goa l  strategy .  A  reade r  usin g thi s 
strateg y woul d alway s retai n i n short-ter m memor y th e current -
stat e i n th e causa l  chai n (a s define d above )  a s wel l  a s th e 
proposi t ion ,  o r  conjunctio n o f  proposit ions ,  describin g th e 
curren t  goa l  i n th e text .  Thi s strateg y represent s a  significan t 
increas e i n short-ter m memor y loa d relativ e t o th e current-stat e 
strategy ,  essential l y  doublin g th e numbe r  o f  proposit ion s tha t 
must  b e held-ove r  fro m earlie r  i n th e text .  Bu t  i t  al low s 69 % o f 
th e causa l  connection s i n a  tex t  t o b e detecte d an d bear s a 
marke d similari t y t o state-spac e searc h model s o f  huma n proble m 
solvin g (se e e.g .  Newel l  &  Simon ,  1972 ) .  I n wha t  follow s w e wil l 
at temp t  t o determin e whic h o f  thes e short-ter m memor y allocatio n 
strategie s (leading-edge ,  curren t  state ,  o r  current-stat e plu s 
goal )  mos t  accuratel y describe s th e performanc e o f  colleg e 
studen t  readers . 

Method 

Subjects 

Twenty-four students recruited from the subject pool at the 
Universi t y o f  Minnesot a participate d i n th e stud y fo r  cours e 
credi t .  Al l  subject s wer e nativ e speaker s o f  English .  Subject s 
wer e ru n i n smal l  group s o f  u p t o eigh t  people . 

Materials 

Nine texts were used in the experiment: six fillers and 
,thre e targets .  Eac h tex t  consiste d o f  te n sentences ,  an d 
containe d fou r  goal s hierarchicall y embedde d wit h on e 
superordinat e goal .  Tes t  booklet s wer e constructe d tha t 
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containe d a  pag e o f  instruction s followe d b y th e nin e text s i n 
th e followin g sequence :  tw o fille r  text s a t  th e beginning ,  tw o 
fille r  text s randoml y distribute d amon g th e thre e targe t  texts , 
and tw o fi l le r  text s a t  th e end ,  followe d b y fre e recal l 
instruction s fo r  eac h o f  th e fiv e middl e texts .  Recal l  o f  th e 
fiv e text s wa s i n th e sam e orde r  a s presented .  Eac h tex t  an d 
eac h recal l  wa s o n a  separat e page . 

The prepositional structure for each text was derived 
independentl y b y th e tw o author s usin g th e procedure s describe d 
i n Bovai r  an d Kiera s (1985) .  Th e causa l  connection s an d th e 
proposition s include d i n eac h causa l  uni t  wer e determine d 
independentl y b y th e tw o author s accordin g t o th e criteri a 
propose d i n Trabass o an d Sperr y (1985) .  An y discrepancie s wer e 
resolve d throug h discussion . 

Procedure 

The experiment consisted of two self-paced phases. During 
th e firs t  phase ,  al l  subject s wer e instructe d t o rea d th e nin e 
text s throug h onc e a t  thei r  norma l  readin g speed ,  payin g clos e 
attentio n t o th e storie s becaus e late r  the y woul d b e aske d t o 
recal l  them .  I n th e secon d phase ,  subject s wer e give n th e t i t le s 
fro m th e fiv e middl e text s o n separat e page s an d instructe d t o 
tr y t o writ e dow n a s muc h a s the y coul d fro m eac h tex t  usin g th e 
exac t  word s i f  possible . 

Results 

All recall protocols for the three target texts were scored 
agains t  thei r  correspondin g prepositiona l  structure s 
independentl y b y th e tw o authors .  A  proposit io n wa s score d a s 
recalle d i f  an y meaning-preservin g paraphras e o f  i t  wa s presen t 
i n th e recal l  protocol .  Agreemen t  wa s 95 % an d al l  discrepancie s 
wer e resolve d throug h discussion . 

All analyses were conducted on the three target texts 
combine d (i.e. ,  analyzin g fo r  th e effec t  o f  tex t  an d it s 
interact ions) ,  a s wel l  a s independently .  Bu t  becaus e th e effec t 
of  tex t  an d it s interaction s accounte d fo r  les s tha n on e percen t 
of  th e varianc e i n eac h o f  ou r  analyses ,  w e wil l  onl y presen t 
result s fo r  th e thre e text s combined . 

The first step in attempting to integrate the two approaches 
t o tex t  comprehensio n an d recal l  i s  t o asses s whethe r  o r  no t  th e 
causa l  analysi s o f  text ,  a s propose d b y Trabass o an d Sperr y 
(1985 )  ca n b e applie d t o th e proposit io n a s th e uni t  o f  analysis . 
Multipl e regressio n analyse s wer e carrie d ou t  o n th e probabil i t y 
of  recal l  o f  eac h proposit io n i n eac h story ,  wi t h th e independen t 
variable s bein g whethe r  o r  no t  a  proposit io n wa s o n th e causa l 
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chai n (Causa l  Chai n S ta tus ) ,  an d th e numbe r  o f  direc t  causa l 
connect ion s a  proposi t io n ha d wit h th e othe r  proposit ion s i n th e 
stor y (Causa l  Connection s Poss ib le ) .  Causa l  Chai n Statu s wa s a 
categorica l  independen t  var iable ,  wi t h proposit ion s o n th e causa l 
chai n receivin g a  scor e o f  one ,  an d proposit ion s no t  o n th e 
causa l  chai n receivin g a  scor e o f  zero . 

Table 1 
Proport ion s o f  Varianc e Accounte d fo r  b y Causa l  Chai n Statu s an d 
Causa l  Connect ion s Possibl e 

r 2 
Alon e Uniqu e 

Ful l  Mode l  =  .1934* * 
Causa l  Connect ion s Possibl e .1273** *  .001 6 
Causa l  Chai n Statu s .1918** *  .0661* * 
*  E< .05 ;  * *  E< .01 ;  ** *  e<.00 1 

As can be seen by examination of Table I, Causal Connections 
Possibl e alone ,  an d Causa l  Chai n Statu s alon e eac h accounte d fo r 
signif ican t  proport ion s o f  var iance .  I n addit ion ,  Causa l  Chai n 
Statu s uniquel y accounte d fo r  a  signif ican t  proport io n o f 
var iance ,  whi l e Causa l  Connection s Possibl e faile d t o accoun t  fo r 
an y signif ican t  uniqu e var iance .  Th e interactio n betwee n th e tw o 
factor s wa s no t  signif icant . 

The previous results demonstrate that causal analysis works 
usin g th e proposit io n a s th e uni t  o f  analysis .  However ,  thes e 
analyse s wer e conducte d unde r  th e operationa l  assumptio n tha t  th e 
workin g memor y i s o f  unlimite d capacity .  A  crit ica l  assumptio n 
of  th e Kintsc h an d va n Dij k (1978 )  tex t  processin g mode l  i s tha t 
becaus e o f  th e limite d capacit y o f  short-ter m memory ,  reader s 
proces s a  tex t  i n a  numbe r  o f  cycles .  Durin g eac h cycle ,  a 
l imite d numbe r  o f  proposit ion s ente r  short-ter m memor y an d ar e 
interrelate d wi t h proposit ion s retaine d fro m th e previou s cycle . 

The next step in attempting to integrate the two approaches 
i s t o tes t  th e causa l  assumption s withi n th e confine s o f  a 
l imite d capacit y shor t  ter m memory .  T o accomplis h th is ,  th e nex t 
se t  o f  analyse s wa s conducte d t o ascertai n whic h o f  th e variou s 
shor t  ter m memor y al locatio n strategie s describe d earlie r 
provide s th e bes t  fi t  wit h th e recal l  data .  First ,  a  minimu m 
chi-squar e criterio n wa s use d t o fin d th e valu e o f  p  whic h 
produce s th e bes t  fi t  betwee n predicte d an d observe d recal l 
probabi l i t ie s i n th e equatio n Pr(recall )  =  I - ( I -e ) ^  fo r  eac h 
combinat io n o f  strateg y an d text .  The n separat e mult ipl e 
regressio n analyse s o n th e probabil i t y  o f  recal l  wer e compute d 
fo r  eac h strategy ,  wi t h th e independen t  variable s bein g th e tim e 
eac h proposi t io n wa s predicte d t o spen d i n Short-ter m memor y 
(Tim e i n S T M ) ,  compute d a s I - ( I -e )^ ,  th e numbe r  o f  direc t  causa l 
connect ion s a  proposit io n ha d wit h th e othe r  proposit ion s allowe d 
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by thei r  co-occurrenc e i n Short-ter m memor y (Causa l  Connect ion s 
A l lowed) ,  an d th e numbe r  o f  referentia l  connection s a  proposit io n 
ha d wit h th e othe r  proposit ion s allowe d b y thei r  co-occurrenc e i n 
Short-ter m memor y (Referentia l  Connection s A l l owed) .  Th e presen t 
experimen t  use d sentenc e boundarie s t o del imi t  th e numbe r  o f 
proposition s enterin g Short-ter m memor y i n eac h cycle .  Tabl e 2 
present s th e proportion s o f  varianc e accounte d fo r  b y eac h model . 

Table 2 
Proportion s o f  Varianc e Accounte d fo r  b y th e Differen t  Shor t  Ter m 
Memory Allocatio n Strategie s 

r 2 
Alon e Uniqu e 

Current-State ;  Ful l  Mode l  = 
Tim e i n ST M 
Causa l  Connection s Allowe d 
Referentia l  Connection s Allowe d 

.2521** * 
.1976** * 
.2050** * 
.0470 * 

0466 * 
0455 * 
000 3 

Current-Stat e Plu s Goal ;  Ful l  Mode l  =  .1506** * 
Tim e i n ST M .1099** *  .009 0 
Causa l  Connection s Allowe d .1330** *  .0400* * 
Referentia l  Connection s Allowe d .021 1 .  010 5 

Leadincf-Edcfe ;  Ful l  Mode l  = 
Tim e i n ST M 
Causa l  Connection s Allowe d 
Referentia l  Connection s Allowe d 

.1293** * 
.0278 * 
.1283** * 
.0305 * 

001 0 
0921** * 
000 6 

E<.05 ;  * *  p<.01 ; :  ** * E<.00 1 

Tabl e 2  show s tha t  althoug h al l  thre e ful l  model s accoun t 
fo r  significan t  amount s o f  variance ,  th e Curren t  Stat e mode l 
account s fo r  th e most .  Withi n th e Curren t  Stat e model ,  al l  thre e 
variable s alon e accoun t  fo r  significan t  proportion s o f  var iance . 
However ,  onl y Tim e i n ST M an d Causa l  Connection s Allowe d accoun t 
fo r  significan t  amount s o f  uniqu e variance .  I t  appear s tha t 
withi n th e confine s o f  a  limite d capacit y Short-ter m memory ,  th e 
us e o f  a  strateg y base d o n retainin g th e las t  item s adde d t o th e 
causa l  chai n provide s th e bes t  fi t  wit h th e data . 

One result that is somewhat incongruous with previous 
finding s ha s t o d o wit h th e influenc e o f  referentia l  connections . 
Trabass o an d va n de n Broe k (1985 )  foun d tha t  referentia l 
connection s di d no t  accoun t  fo r  an y significan t  varianc e whe n 
compare d wit h causa l  connections .  However ,  thei r  analyse s wer e 
base d o n phrase s a s th e uni t  o f  analysis ,  an d o n al l  o f  th e 
possibl e connection s amon g thos e phrase s withi n a n unl imite d 
capacit y workin g memory .  Th e presen t  stud y foun d referentia l 
connection s t o contribut e a  significan t  non-uniqu e amoun t  o f 
varianc e withi n th e confine s o f  a  limite d capacit y Short-ter m 
memory.  Subsequen t  multipl e regressio n analyse s carrie d ou t  o n 
th e probabil i t y  o f  recal l  fo r  eac h proposit io n i n a n unlimite d 
capacit y Short-ter m memory ,  wit h th e numbe r  o f  referentia l 
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connect ion s an d th e numbe r  o f  causa l  connection s a s th e 
independen t  var iab les ,  replicate d th e finding s o f  Trabass o an d 
va n de n Broe k (1985) .  However ,  a  mode l  containin g bot h causa l 
an d referentia l  connection s account s fo r  mor e varianc e i n a 
l imite d capacit y Short-ter m memor y ( r2=.206) ,  tha n i t  doe s i n a n 
unl imi te d capacit y Short-ter m memor y (r2=.129) . 

These findings address the question of the manner in which 
th e proposi t ion s becom e interrelated .  Trabass o an d hi s 
col league s assum e thes e connection s t o b e solel y causal . 
However ,  th e presen t  experimenta l  result s see m t o sugges t  tha t 
bot h causa l  an d referentia l  connection s ar e established ,  wit h th e 
causa l  connect ion s bein g o f  greate r  strength . 

The final step in integrating these two approaches involved 
a direc t  compariso n o f  th e variable s employe d i n th e structura l 
analyse s (e.g. .  Causa l  Chai n Statu s an d Causa l  Connection s 
Poss ib le ) ,  wi t h th e variable s employe d i n th e processin g analyse s 
(e.g. .  Tim e i n STM,  Causa l  Connection s Allowed ,  an d Referentia l 
Connect ion s A l l owed ) . 

Table 3 
Proport ion s o f  Varianc e Accounte d fo r  b y Bot h th e Structura l 
Analysi s an d th e Processin g Analysi s Variable s 

r 2 
Alon e Uniqu e 

Structural Analysis Variables .1934*** .0199 
Processin g Analysi s Variable s .2521** *  .0786** * 
*  E< .05 ;  * *  E< .01 ;  ** *  e<.00 1 

Examination of Table 3 reveals that although both the 
structura l  an d processin g analysi s variable s alon e accoun t  fo r 
signif ican t  amount s o f  var iance ,  th e processin g analysi s 
var iable s accoun t  fo r  bot h mor e var iance ,  a s wel l  a s a 
signif ican t  amoun t  o f  uniqu e var iance . 

Discussion 

The results of this experiment can be summarized as follows. 
Firs t  o f  a l l ,  w e hav e show n tha t  th e causa l  analysi s suggeste d b y 
Trabass o an d hi s colleague s (e.g .  Trabass o &  Sperry ,  1985 ; 
Trabass o &  va n de n Broek ,  1985 )  ca n b e applie d a t  th e leve l  o f 
individua l  proposit ions .  Next ,  w e hav e demonstrate d tha t  th e 
proposi t ion s necessar y fo r  buildin g causa l  chains ,  a s identifie d 
by th e current-stat e strategy ,  ar e hel d i n short-ter m memor y a s a 
reade r  progresse s throug h a  text .  Finally ,  w e hav e show n tha t 
causal l y signif ican t  proposit ion s ar e recalle d bes t  because :  (1 ) 
the y remai n i n short-ter m memor y longer ,  an d (2 )  the y for m mor e 
referent ia l  an d causa l  l ink s t o othe r  proposit ions .  Thes e 
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finding s ar e importan t  becaus e the y provid e a  l inkag e betwee n tw o 
separate ,  an d sometime s competing ,  approache s t o th e stud y o f 
tex t  comprehensio n an d recal l . 

We are currently extending this research in a number of 
directions .  On e o f  thes e involve s examinin g o f  th e general i t y o f 
th e current-stat e strategy .  Her e w e ar e intereste d i n tw o 
issues :  (1 )  i s th e sam e strateg y use d wit h othe r  genr e o f  texts , 
an d (2 )  d o bot h goo d an d poo r  reader s emplo y thi s strategy ? We 
ar e particularl y intereste d i n th e possibi l i t y  tha t  poo r  reader s 
migh t  us e a  mor e rando m o r  idiosyncrati c selectio n strategy .  Th e 
instructiona l  implication s o f  suc h a  findin g ar e obvious .  We ar e 
als o developin g a  compute r  mode l  tha t  use s th e current-stat e 
strateg y t o cycl e throug h a  tex t  an d construc t  a  preposit iona l 
textbase .  Ou r  goa l  i s  t o combin e thi s comprehensio n mode l  wit h a 
model  o f  retrieva l  fro m long-ter m memor y s o tha t  w e ca n bette r 
understan d ho w thes e processe s interact . 
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Synta x an d th e accessibi l i t y  o f  antecedent s 
i n relat io n t o neurophysiologica l  var iat io n 

Wayne Cowart 
The Ohi o Stat e Universit y 

ABSTRACT 

Results of a word-by-word reading experiment argue 
fo r  a  specif ical l y syntacti c mechanis m (N.B. ,  no t  a 
discours e mechanism )  tha t  assign s antecedent s t o 
pronoun s suc h a s h e an d they ,  eve n thoug h suc h 
assignment s ar e grammaticall y optiona l  an d l ikel y t o b e 
revise d i n man y instance s b y subsequen t  discours e 
processes .  Thes e result s argu e fo r  a  modula r  vie w o f 
menta l  architectur e alon g th e line s o f  Fodo r  (1983) . 

However ,  thi s stud y als o draw s o n certai n ne w 
proposal s concernin g possibl e behavioral l y signif ican t 
variat io n i n th e neurophysiologica l  substrate s o f 
languag e processing .  Part i t ionin g subject s o n certai n 
biologica l  criteri a reveal s that ,  whi l e th e patter n 
describe d abov e seem s t o appl y t o th e majori t y o f 
subjects ,  ther e i s a  larg e minorit y tha t  seem s t o sho w 
an importantl y differen t  pattern . 

On its face, the research reported in this paper is about 
anaphora .  I t  argue s fo r  th e existenc e o f  a n antecedent-assignin g 
mechanis m ver y unlik e th e powerfu l  discourse-oriente d mechanism s 
tha t  hav e bee n eviden t  i n muc h recen t  research .  Thi s mechanis m 
seems t o b e acutel y sensitiv e t o syntacti c structure . 
Apparently ,  i t  canno t  detec t  a  potentia l  anteceden t  eve n i n a n 
immediatel y precedin g claus e unles s ther e i s a n intimat e 
syntacti c relatio n betwee n th e clause s involved .  Thi s seem s t o 
occu r  i n spit e o f  th e apparen t  fact s tha t  n o grammatica l 
principl e mandate s th e coreferenc e assignment s th e devic e make s 
and tha t  man y relation s forme d b y thi s mechanis m wil l  probabl y 
hav e t o b e undon e b y subsequen t  discours e processes . 

Beyon d anaphora ,  thi s resul t  bear s o n importan t  genera l 
issue s i n cognit iv e science .  I t  support s Fodor' s (1983 )  modula r 
accoun t  o f  menta l  architecture .  Thoug h ther e ar e surel y 
discours e mechanism s availabl e tha t  ca n readil y detec t  an y 
potentia l  anteceden t  i n th e precedin g clause ,  th e mechanis m a t 
wor k i n th e presen t  result s i s someho w unabl e t o acces s analyse s 
of  th e contex t  thes e device s migh t  generate .  Thus ,  th e devic e 
seems t o b e "informationall y encapsulated. " 

An importan t  relate d issu e i s th e questio n o f  variat ion .  I f 
th e min d i s t o b e regarde d a s compose d o f  som e ensembl e o f 
module s (whethe r  o r  no t  thes e confor m t o Fodor' s p roposa ls ) ,  th e 
questio n arise s directl y whethe r  th e characte r  o f  individua l 
modules ,  o r  th e manne r  i n whic h the y col laborate ,  ma y var y 
significantl y fro m individua l  t o individual .  Modula r  model s o f 
th e mind ,  togethe r  wit h recen t  wor k i n neurophysiolog y an d 
psycholinguistics ,  virtuall y forc e th e questio n whethe r  ther e i s 
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significant variation in the logical architecture of the human 
cogni t iv e system . 

Background 

Pronominal anaphora within syntactic processing 

Much recent linguistic research has suggested that there is 
an interest in g se t  o f  syntacti c pr inciple s bearin g o n pronomina l 
anaphor a (amon g othe r  phenomena) .  Withi n singl e sentence s thes e 
pr inc ip le s appea r  t o t ight l y constrai n wha t  pair s o f  potentia l 
antecedent s an d pronoun s must ,  ma y o r  mus t  no t  b e take n t o b e 
coreferent ia l  (see ,  fo r  example ,  Chomsky ,  1981 ,  1986 ,  Reinhart , 
1983 ,  Aoun ,  1 9 8 5 ) .  Thoug h ther e ar e l inguist s wh o advocat e quit e 
di f feren t  approache s (Bolinger ,  1979 ,  Bosch ,  1983 ,  Cornish , 
1 9 8 6 ) ,  th e larg e bod y o f  l inguist i c wor k bearin g o n syntacti c 
aspect s o f  intrasentent ia l  pronomina l  anaphor a a t  leas t  suggest s 
tha t  thi s are a meri t s som e attent io n i n th e languag e processin g 
l i terature . 

Psychologica l  researc h o n pronomina l  anaphor a i n adult s ha s 
general l y bee n concerne d almos t  exclusivel y wi t h case s wher e th e 
pronou n an d anteceden t  ar e i n di f feren t  sentence s (see ,  fo r 
example ,  Hirs t  &  Br i l l ,  1980 ,  Del l ,  McKoo n &  Ratcl i f f ,  1983 , 
Tyle r  an d Marslen-Wi lson ,  1982 ,  an d th e revie w i n Garnham ,  1985 , 
pp .  148-152) .  Intrasententia l  relat ion s hav e sometime s bee n 
examined ,  bu t  usual l y no t  i n way s tha t  exercis e th e syntacti c 
pr incip le s feature d i n th e l inguisti c l i terature .  Fo r  example , 
Corbet t  an d Chan g (1983 )  use d coordinat e structure s tha t  functio n 
as tw o separat e sentence s wit h respec t  t o th e bindin g theor y 
discusse d i n Chomsk y (1981) .  Garve y an d Caramazz a (1974 )  use d 
main/subordinat e claus e structure s tha t  constitut e a  mor e 
integrate d syntacti c domain ,  bu t  thei r  researc h wa s concerne d 
wi t h semanti c inf luence s o n referenc e relat ions . 

The larger investigation of which the present work is a part 
i s  designed ,  amon g othe r  th ings ,  t o explor e th e rol e o f  th e 
syntact i c processin g syste m i n th e assignmen t  o f  referenc e 
relat ion s amon g pronoun s an d thei r  variou s candidat e antecedents . 
I n part icular ,  i t  ha s examine d th e possibi l i t y  tha t  som e 
referenc e relat ion s (o r  a t  leas t  som e relation s tha t  ult imatel y 
ge t  interprete d a s referenc e relat ions )  ar e assigne d b y th e 
syntact i c processor .  Previou s experimenta l  result s indicat e tha t 
certai n cataphori c instance s o f  the y ca n exer t  a n influenc e o n 
th e syntacti c analysi s o f  ambiguou s gerun d phrase s (e.g. ,  flyin g 
p l a n e s ) ,  tha t  th e referenc e relat ion s implicate d i n thi s findin g 
ar e assigne d eve n whe n the y resul t  i n a  manifest l y od d o r 
implausibl e interpretat ion ,  tha t  thes e relation s ar e blocke d whe n 
the y violat e syntacti c constraint s o n referenc e relat ions ,  tha t 
thes e relat ion s ar e unaffecte d b y alternativ e antecedent s i n a 
precedin g sentence ,  an d tha t  effect s o f  thes e kind s ar e 
demonstrabl e wit h severa l  experimenta l  paradigm s (Cowar t  & 
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Cairns, in press, Cowart, 1986a, 1986b). 

The work described here extends this line of investigation 
t o mor e commonplac e instance s o f  pronomina l  anaphor a wher e th e 
anteceden t  precede s th e pronou n an d wher e a  wide r  var iet y o f 
pronoun s ca n b e investigated .  Th e mos t  basi c goa l  o f  th e wor k 
describe d her e wa s t o determin e whethe r  a  certai n varian t  o f  th e 
word-by-wor d readin g procedur e ca n detec t  an y indicat io n tha t 
pronoun s (o r  word s fol lowin g them )  ar e processe d di f ferent l y 
accordin g t o whethe r  o r  no t  a n anteceden t  appear s ahea d o f  th e 
pronou n i n th e sam e sentence .  A  secon d mor e theoret ical l y 
significan t  goa l  wa s t o determin e whethe r  an y effect s o f  thi s 
kin d ar e sensit iv e t o th e syntacti c relatio n betwee n tw o clause s 
wher e th e anteceden t  i s i n th e firs t  an d th e pronou n i n th e 
second .  Th e reference-assignin g mechanis m tha t  appear s t o b e 
involve d i n th e cataphori c case s investigate d earl ie r  appl ies ,  b y 
hypothesis ,  t o third-perso n pronoun s generall y (apar t  fro m 
reflexives) ,  an d thu s shoul d b e relevan t  here .  I f  i t  is ,  an d i t 
i s  a n essentiall y  syntacti c mechanism ,  i t  shoul d b e sensit iv e t o 
syntacticall y signif ican t  variation s i n claus e relat ions . 

Laterality and language processing 

There has long been evidence suggesting that the 
distributio n o f  language-relate d function s acros s an d withi n th e 
tw o hemisphere s o f  th e brai n i s subjec t  t o som e variat ion . 
Thoug h thi s evidenc e i s difficul t  t o interpre t  an d stil l  th e 
focu s o f  muc h controversy ,  i t  i s  nonetheles s noteworth y tha t  i t 
has ha d virtuall y n o effec t  o n th e bul k o f  sentenc e processin g 
research ,  apar t  fro m spott y attempt s t o contro l  fo r  subjec t 
handedness .  Thi s apparentl y ha s tw o causes :  1 )  i t  i s  diff icul t 
t o asses s dominance ,  an d 2 )  whe n i t  i s  assessed ,  ther e i s littl e 
evidenc e tha t  i t  ha s an y effects . 

Recently, Geschwind and Galaburda (1986) have put forward a 
new an d ver y comprehensiv e theor y o f  cerebra l  lateralizatio n tha t 
suggest s tha t  variabil i t y  i n behaviora l  lateralizatio n (e.g. , 
handedness ,  ea r  advantage s i n speech ,  etc. )  i n matur e adult s i s 
largel y th e produc t  o f  geneticall y an d developmentall y induce d 
difference s i n th e extent ,  character ,  an d interconnectednes s o f 
th e specifi c  neura l  structure s tha t  suppor t  part icula r  cognit iv e 
functions .  Geschwin d an d Galaburd a argu e tha t  ther e ar e man y 
norma l  asymmetrie s betwee n th e tw o hemisphere s o f  th e brain .  Fo r 
example ,  variou s structure s i n o r  nea r  th e apparen t  languag e 
center s i n th e lef t  hemispher e see m t o b e typicall y large r  tha n 
homologou s structure s i n th e righ t  hemisphere .  Geschwin d an d 
Galaburd a cal l  thi s norma l  patter n o f  asymmetrie s "standar d 
dominance. "  The y als o identif y a  complex ,  mult i-facete d 
phenomeno n linke d t o variou s departure s fro m standar d dominance , 
i.e. ,  "anomalou s dominance. "  Anomalou s dominanc e i s take n t o b e 
no t  a  singl e alternativ e patter n bu t  a  wid e rang e o f  differin g 
dominanc e pattern s tha t  ar e mor e o r  les s continuousl y grade d i n 
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the degree to which they depart from the standard pattern. 
Anomalou s dominanc e i s though t  t o b e associate d no t  onl y wit h 
lef t -handednes s bu t  als o wit h a  var iet y o f  othe r  phenomena , 
includin g increase d frequenc y o f  dyslexia ,  certai n othe r  learnin g 
d isorders ,  som e specia l  ta lents ,  an d man y immun e syste m 
d isorders ,  amon g others .  Severa l  furthe r  observation s ar e o f 
specia l  relevanc e here .  First ,  anomalou s dominanc e appear s t o b e 
considerabl y mor e widel y distr ibute d tha n i s left-handedness , 
perhap s af fect in g 3 0 % t o 3 5 % o f  th e populat ion ,  b y Geschwin d an d 
Galaburda' s est imate .  Second ,  anomalou s dominanc e appear s t o 
concentrat e i n part icula r  fami l ies ,  wit h frequen t  evidenc e o f  tw o 
or  mor e affecte d individual s amon g group s o f  clos e relat ives . 
Final ly ,  Geschwin d an d Galaburd a sugges t  tha t  languag e function s 
wi l l  b e affecte d b y anomalou s dominanc e mor e frequentl y tha n wil l 
thos e tha t  determin e handedness . 

Recently, Bever, Townsend and Carrithers (1986) reported 
f inding s suggest in g tha t  a  frui t fu l  l in k betwee n Geschwin d an d 
Galaburda' s wor k o n cerebra l  lateral izat io n an d question s abou t 
sentenc e processin g ma y b e possible .  Bever ,  e t  a l . ,  foun d 
evidenc e tha t  som e processin g phenomen a ar e linke d t o th e 
presenc e o f  lef t-hander s amon g a  subject ' s biologica l  relative s 
( i .e. ,  parents ,  s ib l ings ,  grandparents ,  aunt s an d unc les ) .  Fo r 
example ,  i n on e experimen t  subject s wer e aske d t o indicat e 
whethe r  a  prob e wor d hear d i n isolat io n shortl y afte r  th e 
auditor y presentat io n o f  a  sentenc e fragmen t  wa s on e o f  th e word s 
i n th e fragment .  Considerin g onl y th e correc t  posit iv e 
responses ,  subject s wh o reporte d n o left-hander s i n thei r 
famil ie s (hereafte r  thes e wil l  b e terme d 'SD '  subjects ,  fo r 
Standar d Dominance )  wer e muc h slowe r  i n respondin g t o probe s 
draw n fro m th e latte r  par t  o f  th e fragmen t  tha n the y wer e wit h 
word s draw n fro m th e earl ie r  part .  B y contrast ,  subject s wit h 
on e o r  mor e left-hande d relat ive s ('AD '  subject s hereafter ) 
showe d n o seria l  orde r  effec t  whatever ;  th e A D subject s responde d 
equal l y rapidl y t o probe s draw n fro m earl y o r  lat e part s o f  th e 
fragmen t  an d the y als o responde d mor e rapidl y overal l  tha n th e S D 
subjects .  Not e tha t  al l  subject s wer e themselve s strongl y right -
handed .  Beve r  e t  a l . ,  sugges t  tha t  th e performanc e o f  th e S D 
subject s ref lect s thei r  rel ianc e upo n a  self-terminatin g seria l 
searc h throug h a  l inea r  representat io n o f  th e utteranc e jus t 
heard .  Th e A D subjects ,  b y contrast ,  ar e presume d t o trea t  th e 
tas k b y wa y o f  a  semanti c representat io n tha t  provide s 
simultaneou s acces s t o al l  part s o f  th e contex t  mater ial . 

It is, of course, not at all obvious why processing effects 
of  thes e kind s shoul d b e relate d t o th e presenc e o f  left-hander s 
i n a  subject ' s family .  However ,  categorizin g subject s i n thi s 
way ma y b e regarde d simpl y a s a  convenien t  devic e fo r  separatin g 
tw o populat ion s tha t  dif fe r  i n th e exten t  t o whic h the y exhibi t 
th e phenomeno n o f  anomalou s dominance .  Bever ,  e t  a l . ,  sugges t 
tha t  i n wha t  w e ar e cal l in g A D subject s ther e i s typicall y a 
r iche r  interconnectio n betwee n th e languag e processin g system , 
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especially its syntactic component, and the balance of the 
cognitiv e system ,  especiall y thos e component s involve d i n 
semantic s an d interpretation . 

Against this background, the work discussed below was 
intende d t o provid e a  tes t  o f  th e proposal s o f  Eaver ,  e t  a l . ,  vi a 
method s an d linguisti c phenomen a differen t  tha n thos e the y used . 
Pronoun-anteceden t  relation s ar e notoriousl y subjec t  t o a  grea t 
diversit y o f  inf luences ,  rangin g fro m stres s t o syntacti c 
structur e t o discours e structure .  I f  th e phenomen a Beve r  an d hi s 
colleague s discovere d ar e relate d t o th e degre e o f 
interconnectio n betwee n syntacti c an d semanti c mode s o f 
processing ,  anaphori c phenomen a shoul d provid e a  usefu l  bod y o f 
experimenta l  material .  T o th e degre e tha t  th e richnes s o f 
interconnectio n betwee n th e syntacti c an d semanti c (an d 
discourse )  processin g component s var ies ,  thi s shoul d affec t  th e 
relativ e accessibi l i t y  o f  variou s approache s t o antecedent -
finding . 

Experimental Evidence 

Kennedy and Murray (1984) provide evidence that a certain 
varian t  o f  th e word-by-wor d readin g procedur e i s muc h mor e 
sensitiv e t o syntacti c structur e tha n wer e earl ie r  form s o f  thi s 
method .  On e goa l  o f  th e presen t  experimen t  wa s simpl y t o 
determin e whethe r  thi s revise d procedur e ca n detec t  effect s 
relate d t o th e presenc e o r  absenc e o f  a n anteceden t  fo r  a 
pronoun .  Secondly ,  th e experimen t  wa s designe d t o manipulat e th e 
syntacti c relatio n betwee n th e clause s bearin g anteceden t  an d 
pronou n t o determin e whethe r  an y simpl e anteceden t  effect s tha t 
migh t  appea r  ar e sensit iv e t o thi s factor .  Final ly ,  th e 
experimen t  wa s planne d t o b e ru n o n tw o distinc t  samples ,  a  grou p 
of  strongl y right-hande d S D subject s an d a n equall y strongl y 
right-hande d grou p o f  A D subjects . 

Method 

The experimental materials consisted of 24 sets of items 
simila r  t o (1 )  . 

(1) a. Even though the librarians had made an awful lot 
of  noise ,  sh e kep t  o n workin g o n he r  ow n stuff . 

b .  Eve n thoug h th e l ibraria n ha d mad e a n awfu l  lo t  o f 
noise ,  sh e kep t  o n workin g o n he r  ow n stuff . 

c .  Th e librarian s ha d mad e a n awfu l  lo t  o f  noise ,  bu t 
sh e kep t  o n workin g o n he r  ow n stuff . 

d.  Th e libraria n ha d mad e a n awfu l  lo t  o f  noise ,  bu t 
sh e kep t  o n workin g o n he r  ow n stuff . 

Note that the second clauses, including their pronoun subjects, 
ar e identica l  throughout ,  apar t  fro m th e coordinat in g conjunct io n 
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in the (c) and (d) forms. The subject of each first clause is a 
lexica l  N P tha t  provide s a n acceptabl e anteceden t  fo r  th e pronou n 
i n th e (b )  an d (d )  case s only .  Th e pronoun s use d include d h e an d 
she ,  bu t  the y predominated .  Th e tw o clause s o f  th e (a )  an d (b ) 
case s ar e i n th e relat io n subordinate-main ,  whi l e thos e o f  th e 
(c )  an d (d )  case s ar e coordinate . 

The experimental design involved three within-subjects 
factors ,  Anteceden t  (N o Antecedent ,  Anteceden t  P resen t ) ,  Claus e 
Relat io n (Subordinate ,  Coordinate )  an d Wor d Posit io n (th e 
posi t io n o f  eac h st imulu s wor d relat iv e t o th e pronou n i n th e 
secon d c lause ) .  Thes e thre e factor s wer e crosse d b y a  fourth , 
Histor y (S D vs .  A D subjects ,  thos e lackin g o r  havin g left-hande d 
re lat ives ,  respect ive ly ) . 

These materials, together with 48 fillers of diverse kinds, 
wer e presente d t o subject s vi a a  mino r  varian t  o f  th e cumulativ e 
word-by-wor d procedur e discusse d b y Kenned y an d Murra y (1984) . 
I n thi s tas k th e subjec t  mus t  pres s a  ke y t o se e eac h succeedin g 
wor d i n th e st imulu s sentenc e o n a  compute r  display .  Th e 
interva l  betwee n ke y presse s i s recorde d an d serve s a s a  crud e 
measur e o f  readin g t im e pe r  word .  Unl ik e othe r  version s o f  th e 
word-by-wor d task ,  eac h wor d i s presente d on e spac e t o th e righ t 
of  th e wor d precedin g (apar t  fro m lin e breaks )  an d stay s o n th e 
scree n unti l  th e subjec t  presse s th e ke y fol lowin g presentatio n 
of  th e las t  word .  Thu s th e effec t  i s  tha t  o f  seein g a  normall y 
formatte d tex t  appea r  on e wor d a t  a  t ime .  A  yes/n o questio n 
appeare d afte r  eac h sentenc e presentat io n an d th e subjec t 
responde d vi a a  ke y press .  Thi s respons e wa s timed ,  evaluate d 
an d recorded ,  an d th e subjec t  wa s give n feedbac k a s t o th e 
correctnes s o f  th e reply .  Whe n averag e respons e t im e pe r  wor d 
went  abov e 55 0 msec. ,  th e feedbac k messag e als o urge d th e subjec t 
t o respon d mor e rapidly . 

In preparation for this work, a survey form was distributed 
t o a  larg e numbe r  o f  student s i n variou s undergraduat e course s a t 
Ohi o Stat e University .  Thi s for m wa s derive d fro m Geschwind' s 
var ian t  o f  th e Oldf iel d inventory .  I t  aske d for ,  amon g othe r 
th ings ,  informatio n abou t  th e handednes s o f  th e respondent' s 
b io logica l  re lat ives .  Fift y subject s fo r  thi s experimen t  wer e 
draw n fro m a  poo l  o f  abou t  43 0 individual s wh o complete d thi s 
form .  Al l  wer e strongl y right-handed,/"wit h lateralit y score s 
(usin g Geschwind' s LS )  o f  9 0 t o 100 .  Twenty-fou r  ha d n o left -
hande d relat ive s an d 2 6 ha d on e o r  mor e suc h relat ive . 

Results 

The results are summarized in Figures 1 and 2. Note that 
when a n anteceden t  wa s present ,  S D subject s responde d faste r  o n 
th e pronou n an d th e thre e word s fol lowin g it ,  bu t  onl y wher e th e 
claus e relat io n wa s subordinate/main .  B y contrast ,  wit h A D 
subject s th e anteceden t  produce d faste r  response s fo r  severa l 
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words after the pronoun regardless of the relation between the 
tw o c l a u s e s .  T h i s p a t t e r n s e e m s t o b e r e l i a b l e .  V a r i a t i o n s i n 

th e s i z e o f  t h e a n t e c e d e n t  e f f e c t  a r e b e s t  r e v e a l e d i n F i g u r e 2 . 

The principal statistical analyses covered the first three 
word s f o l l o w i n g t h e p r o n o u n .  T h e l i m i t s o f  t h i s z o n e w e r e 
de te rm ine d p o s t  h o c ;  i t  e x c l u d e s s o m e p o t e n t i a l l y  r e l e v a n t 
con t ras t s o n r e s p o n s e s t o t h e p r o n o u n i t s e l f  an d t o w o r d s 
f o l l o w i n g t h i s z o n e b u t  s e e m s o n t h e w h o l e t o i n c l u d e e f f e c t s 
r e p r e s e n t a t i v e o f  t h e o v e r a l l  r e s u l t .  A n a n a l y s i s c o v e r i n g t h e 
spa n r u n n i n g f r o m t h e p r o n o u n t h r o u g h t h e f i f t h w o r d f o l l o w i n g 

th e p r o n o u n p r o d u c e d s i m i l a r  b u t  s o m e w h a t  w e a k e r  r e s u l t s .  F o r 
th e p u r p o s e s o f  t h i s p r e l i m i n a r y r e p o r t ,  e f f e c t s an d i n t e r a c t i o n s 
tha t  d o n o t  s e e m t o b e t h e o r e t i c a l l y r e l e v a n t  w i l l  b e i g n o r e d . 
E x t r e m e r e s p o n s e v a l u e s w e r e r e s e t  t o + / -  2S D f r o m t h e s u b j e c t ' s 
mean. 
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F igu r e 1 .  M e a n r e s p o n s e t i m e p e r  w o r d f o r  S D s u b j e c t s ( u p p e r 
pane l )  a n d A D s u b j e c t s a s a  f u n c t i o n o f  1 )  t h e p r e s e n c e o r 
absenc e o f  a n a n t e c e d e n t ,  2 )  t h e s y n t a c t i c r e l a t i o n b e t w e e n t h e 
tw o c l a u s e s ,  an d 3 )  w o r d p o s i t i o n r e l a t i v e t o t h e p r o n o u n 
( 'PRON') . 
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The strongest statistical evidence for a contrast between 
th e per fo rmanc e o f  S D an d A D subject s appear s whe n analyse s ar e 
rest r ic te d t o jus t  on e o f  thes e group s a t  a  t ime .  Fo r  th e S D 
subject s th e Anteceden t  b y Claus e Relat io n interact io n i s highl y 
s ign i f icant ,  F i  (1,20)=8.89 .  MSe=1357 ,  p< .01 ,  F2(1,22)=8.78 , 
MSe=1470,  p< .01 ,  indicat in g tha t  th e apparen t  contras t  betwee n 
th e e f fec t s o f  th e Anteceden t  facto r  i n th e tw o Claus e Relat io n 
cond i t ion s i s re l iab le .  I n th e A D subjects ,  thi s sam e 
in teract io n doe s no t  approac h s igni f icance ,  F i ,2< l . 

On the other hand, the main effect of the Antecedent factor 
i s s ign i f ican t  i n th e resul t s fo r  th e A D subjects ,  F i  (1,22)=5.84 , 
MSe=1949,  p< .05 ,  F2(1 ,22)=4.64 ,  MSe=2092 ,  p<.05 ,  indicat in g tha t 
th e anteceden t  speede d response s general ly ,  wi thou t  regar d t o th e 
re la t io n betwee n th e c lauses .  Fo r  th e S D subjects ,  thi s mai n 
e f fec t  fa l l s  wel l  shor t  o f  s igni f icance ,  F i  (1,20)=2.42 ,  MSe=1907 , 
p > . l ,  F2(1 ,22)<1 . 

An overall analysis covering results from both subject types 
produce d onl y inconclus iv e resul ts .  Ther e wa s a n interact io n i n 
th e by-subject s analys i s involv in g th e Antecedent ,  Claus e 
Re la t io n an d His tor y factors ,  F i (1 ,42)=4.87 ,  MSe=1638 ,  p<.05. , 
F2(1 ,22)=1 .2 ,  N S ,  a s wel l  a s a  mai n effec t  fo r  th e Anteceden t 
fac tor ,  F i  (1,42)=7.68 ,  MSe=1929 ,  p< .01 .  Fa(1,22)=3.02 ,  MSe=4644 , 
p < . l .  Th e in teract io n support s th e v ie w tha t  th e include d two -
way in teract io n betwee n th e Anteceden t  an d Claus e Relat io n 
fac tor s i s d i f feren t  fo r  S D an d A D subjects . 

3 5 

^ 
25- -
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1 5 

5 

- 5 

- 1 5 

E 3 Subordinat e 

••Coordinat e 
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F igur e 2 .  Averag e anteceden t  ef fec t  (N o Anteceden t  -  Anteceden t 
Presen t )  i n th e tw o synta x condi t ion s fo r  th e thre e word s 
fo l lowin g th e pronoun . 
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Pilot studies as well as the present experiment suggest that 
on e rel iabl e dist inct io n betwee n S D an d A D subject s i s tha t  th e 
latte r  general l y respon d faster .  Thoug h thi s contras t  (th e 
Histor y mai n ef fect )  i s  no t  signif ican t  i n th e by-subject s 
analysis ,  i t  i s  highl y signif ican t  i n th e by-sentence s analysi s 
(wher e i t  i s  treate d a s a  wi th in- 'subjects '  f ac to r ) ,  F i ( l ,42)< l , 
F2(l,22) = 25.7 ,  MSe=1900 ,  p<.001 .  Comparin g th e fou r  S D subjec t 
cell s a t  eac h o f  eigh t  wor d posi t ion s wit h th e correspondin g fou r 
AD subjec t  cell s show s tha t  th e S D subject s wer e slowe r  i n 3 0 o f 
32 comparisons ,  p<.001 . 

These results support two important conclusions. First, 
ther e i s som e syntax-base d antecedent-f indin g mechanis m tha t  ca n 
influenc e performanc e whe n a n anteceden t  fo r  a  pronou n i s 
availabl e i n a  prio r  claus e tha t  i s syntactical l y integrate d wi t h 
th e on e bearin g th e pronoun .  Second ,  effect s attr ibutabl e t o 
suc h a  mechanis m ar e apparen t  onl y wi t h subject s wh o hav e n o 
left-hander s amon g thei r  clos e biologica l  relatives . 

General Discussion 

Pronouns are important from several points of view. 
Question s abou t  ho w pronoun s ar e associate d wit h thei r 
antecedent s defin e on e o f  th e centra l  problem s i n th e theor y o f 
discours e processing .  Thes e question s bea r  quit e directl y o n th e 
genera l  organizatio n o f  th e languag e comprehensio n system , 
especiall y question s abou t  1 )  ho w th e divers e kind s o f 
informatio n involve d i n languag e comprehensio n ar e brough t  t o 
bea r  o n a n incomin g utterance ,  an d 2 )  ho w th e result s o f  divers e 
analyse s ar e integrated .  Thi s i n tur n ca n b e see n a s a  specia l 
cas e o f  th e comple x o f  problem s i n th e philosoph y o f  min d tha t 
hav e recentl y bee n discusse d unde r  th e headin g o f  modularit y 
theor y (Fodor ,  1983) . 

To properly determine pronoun-antecedent relations, 
listener s mus t  emplo y man y differen t  kind s o f  information .  Som e 
of  th e kind s o f  informatio n use d ar e clearl y syntactic ,  bu t  mos t 
ar e semanti c o r  hav e t o d o wit h discours e structur e o r  knowledg e 
of  th e world .  Modularit y theor y i s consisten t  wit h onl y certai n 
possibl e account s o f  th e interfac e amon g thes e variou s kind s o f 
knowledge .  Strictl y speaking ,  th e linguisti c syste m i s modula r 
i n Fodor' s sense ,  s o lon g a s ther e i s a n informationally -
encapsulate d parser, -  regardles s o f  ho w th e syntacti c aspect s o f 
pronoun-anteceden t  relation s ar e handled .  Nevertheless ,  ther e 
ar e way s t o handl e syntacti c constraint s o n pronoun-anteceden t 
relation s tha t  woul d b e a  seriou s embarrassmen t  t o modularit y 
theory .  Suppos e tha t  a  putativel y autonomou s syntacti c 
processin g syste m i s pu t  i n harnes s wit h a  discours e processin g 
syste m that ,  togethe r  wit h variou s sort s o f  semanti c an d 
discours e analyses ,  compute s c-comman d relation s i n th e cours e o f 
assignin g antecedent s t o pronouns .  Th e questio n woul d naturall y 
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arise as to why other aspects of syntactic analysis might not 
als o b e undertake n b y thi s system ,  thu s makin g th e autonomou s 
syntact i c processo r  a t  leas t  part l y redundant .  I f  modulari t y 
theor y i s general l y correct ,  a  mor e consisten t  outcom e woul d see m 
t o b e tha t  a n inventor y o f  th e capacit ie s o f  th e syntacti c 
processo r  exhaust s th e syntacti c capacit ie s o f  th e l istener ,  an d 
fur ther ,  tha t  (consciou s reasonin g aside )  l istener s hav e n o 
capaci t y t o handl e syntacti c relat ion s apar t  fro m wha t  i s 
implemente d i n th e syntacti c processin g system . 

Within this framework, the interface problem for pronouns 
take s thi s form :  ho w ca n th e syntacti c constraint s o n pronomina l 
anaphor a b e implemente d withou t  compromisin g th e uniquenes s o f 
th e var iou s processin g subsystems ,  especial l y th e syntacti c 
processor ? O f  course ,  whateve r  solut io n i s propose d her e mus t 
respec t  th e fac t  tha t  fo r  onl y a  relat ivel y smal l  proport io n o f 
al l  pronou n instance s wil l  syntacti c constraint s uniquel y an d 
def ini t ivel y determin e a n antecedent . 

These considerations seem to allow several different ways to 
organiz e th e interact io n betwee n syntacti c an d discours e 
processing .  On e woul d b e fo r  th e syntacti c processo r  t o ad d a 
tabl e t o th e syntacti c representat io n o f  eac h sentenc e tha t 
specif ie s al l  possibl e syntact ical l y acceptabl e coreferenc e 
relat ion s wi th i n tha t  sentenc e (cf. ,  Jackendoff ,  1972) .  Anothe r 
possib i l i t y  i s fo r  th e syntacti c processo r  t o propos e som e 
speci f i c  networ k o f  coreferenc e relat ion s withi n eac h sentence , 
thu s resolvin g sentence-interna l  ambiguit ies .  Thi s se t  o f 
relat ion s i s the n evaluate d b y th e discours e processor ,  whic h ha s 
th e capacit y t o revis e man y o f  th e relat ion s posite d b y th e 
syntact i c processor .  Th e invers e mus t  als o b e considered ;  i t 
coul d b e tha t  th e syntacti c processo r  make s n o assignment s o f  it s 
own,  bu t  onl y evaluate s thos e mad e b y th e discours e processor . 
Thi s woul d apparent l y requir e tha t  ther e b e som e mechanis m b y 
whic h i t  migh t  ' insist '  o n certai n relat ions ,  a s wit h reflexive s 
an d reciprocals . 

The evidence reviewed here suggests that the second of these 
possibi l i t ie s i s th e bette r  mode l  fo r  S D subjects .  Th e larg e 
Anteceden t  effec t  i n th e Subordinat e condit io n indicate s tha t 
somethin g lik e a  referenc e relat io n i s bein g assigned ,  bu t  th e 
extrem e sensit ivi t y o f  thi s effec t  t o variat ion s i n th e syntacti c 
relat io n betwee n th e clause s suggest s tha t  th e mechanis m tha t 
produce s i t  i s  essential l y  syntact ic ;  i t  seem s unl ikel y tha t  an y 
mechanis m tha t  evaluate s prospect iv e antecedent s i n term s o f 
thei r  plausibi l i t y  o r  reasonablenes s i n th e discours e woul d b e s o 
dramatical l y sensit iv e t o thi s sor t  o f  syntacti c variat ion . 
Sinc e thes e subject s can ,  presumably ,  stil l  tak e th e N P i n th e 
f i rs t  claus e a s th e anteceden t  o f  th e pronou n b y late r 
appl icat io n o f  discours e processes ,  thes e processe s see m t o b e 
posit ione d t o receiv e a n inpu t  fro m th e syntacti c processo r  wit h 
some referenc e relat ion s alread y specif ied . 
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The results for the AD subjects reveal less about the 
interfac e betwee n syntacti c an d discours e processing .  Th e 
uniformit y o f  th e Anteceden t  effec t  clearl y show s tha t  th e 
mechanis m tha t  produce s i t  i n thes e subject s i s les s sensitiv e t o 
syntacti c structur e tha n i s th e mechanis m controll in g th e 
performanc e o f  S D subjects .  This ,  however ,  doe s no t  preclud e th e 
possibilit y  tha t  som e relation s ar e assigne d b y a  syntacti c 
mechanism ;  i t  migh t  b e tha t  fo r  thes e subject s th e syntax-base d 
assignment s ar e mor e readil y supplemente d b y thos e produce d b y 
th e discours e processor .  I t  doe s see m clear ,  however ,  tha t  a 
discourse-oriente d mod e o f  processin g i s a t  leas t  mor e 
influentia l  fo r  thes e subject s tha n i t  i s  fo r  th e S D subjects . 

The general question about the difference between SD and AD 
subject s wil l  likel y b e har d t o resolve .  Bever ,  e t  a l . ,  (1986 ) 
see m t o sugges t  that ,  fo r  A D subjects ,  syntacti c an d interpretiv e 
processin g ar e mor e intimatel y integrated ,  bu t  tha t  thes e 
subjects '  capacit y fo r  syntacti c analysi s i s n o les s develope d 
tha n i t  i s  i n S D subjects .  Riche r  interconnectio n betwee n 
syntacti c an d interpretiv e mode s o f  analysi s simpl y make s th e 
interpretiv e mode s mor e salien t  cognitivel y an d mor e influentia l 
i n behavior .  Detaile d demonstration s o f  syntacti c influence s o n 
AD subject s may ,  however ,  b e difficul t  t o provide . 

Though much further research is required, it is clear that 
th e result s reporte d her e bea r  o n th e tw o set s o f  issue s raise d 
i n th e introduction .  Ther e doe s see m t o b e a  syntax-base d 
mechanis m fo r  assignin g somethin g lik e a  coreferenc e relation . 
Ther e d o see m t o b e biologica l  difference s betwee n subject s tha t 
affec t  th e wa y variou s mode s o f  languag e processin g ar e 
integrated . 

Note s 

* I am indebted to Tom Bever for a preview of his 1986 
Philosoph y an d Psycholog y pape r  ( a precurso r  o f  Bever ,  Townsen d & 
Carrithers ,  1986) ,  whic h le d directl y t o th e consideratio n o f 
handednes s backgroun d i n thi s work ,  an d fo r  furthe r  discussion s 
relate d t o thes e issues .  Number s o f  other s hav e mad e valuabl e 
contribution s t o th e experimenta l  wor k describe d here .  Thes e 
includ e Debora h Brennan ,  Heid i  Carman ,  Joh n Dai ,  Baozhan g He , 
Susa n Jasko ,  Sung-A e Kim ,  Juli a Sommerkamp ,  Kare n Steensen ,  an d 
Uma Subramanian .  Thi s wor k wa s supporte d i n par t  b y a  See d Gran t 
and variou s smal l  grant s fro m th e Offic e o f  Researc h an d Graduat e 
Studie s o f  th e Ohi o Stat e Universit y a s wel l  a s b y variou s grant s 
fro m th e Colleg e o f  Humanitie s a t  OSU. 
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Abstrac t 

This paper discusses how Scenes, declarative representations of the 
intentiona l  an d attentiona l  structur e o f  discourse ,  facilitat e th e infer -
ence o f  appropriat e responses . 

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

When peopl e engag e i n conversation ,  on e o f  th e mos t  strikin g feature s i s 

th e abiUt y o f  th e particpant s t o infe r  th e meanin g o f  utterance s an d re -

spon d appropriately .  Man y researcher s i n discours e processin g explai n thi s 

phenomeno n throug h pla n recognition :  conversationa l  participant s generat e 

and recogniz e plan s t o mak e an d understan d utterance s designe d t o acheiv e 

certai n goals .  Th e mos t  successfu l  wor k alon g thes e hue s ha s involve d in -

dividua l  utterance s [Alle n k ,  Perraul t  80,Cohe n i i  Perraul t  79] .  Recently , 

Gros z an d Sidner[Gros z < k Sidne r  86 ]  hav e suggeste d tha t  w e requir e a  bet -

te r  understandin g o f  discours e structur e i n orde r  t o exten d thi s wor k t o 

sequence s o f  utterance s i n a  larg e discourse . 

Grosz and Sidner have proposed a model of discourse structure with 

thre e distinct ,  bu t  interactin g components : 

•Thi s wor k wa s supporte d b y MITR E Sponsore d Researc h Projec t  90780 . 
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1.  th e structur e o f  th e actua l  sequenc e o f  utterance s o f  th e discours e 

2. a structure of intentions 

3. an attentional state 

The linguisti c structur e o f  th e discours e i s compose d o f  discours e segment s 

(DSs) ,  whic h ar e aggregate s o f  th e actua l  utterance s o f  th e discourse .  Th e 

intentiona l  structur e o f  th e discours e consist s o f  discours e segmen t  purpose s 

(DSPs) ,  whic h specif y ho w th e DS' s contribut e t o th e overal l  purpos e o f  th e 

discours e (th e D P ) .  Gros z an d Sidne r  hav e identifie d tw o intentiona l  rela -

tion s tha t  pla y a  crucia l  rol e i n th e structur e o f  a  discourse :  dominanc e an d 

satisfaction-precedence .  I f  a n actio n (physica l  o r  linguistic )  whic h satisfie s 

one intention ,  sa y DSPl ,  i s  intende d t o partiall y  satisf y anothe r  intention , 

say DSP2 ,  the n w e sa y tha t  DSP 2 dominate s DSPl .  I f  DSP l  mus t  b e sat -

isfie d befor e DSP2 ,  the n w e sa y tha t  DSP l  satifaction-precede s DSP2 .  Th e 

attentiona l  structur e o f  th e discours e i s represente d b y a  collectio n o f  focu s 

spaces .  Th e attentiona l  stat e capture s th e salien t  objects ,  properties ,  an d 

relation s a t  eac h poin t  o f  th e discourse . 

At the MITRE Corporation, we have devised a representation for the 

intentiona l  an d attentiona l  structur e o f  discours e base d upo n thi s model , 

calle d a  scene ,  whic h serve s a s th e basi s fo r  th e discours e componen t  o f 

th e K I N G - K O N G syste m ( a transportabl e natura l  languag e interfac e fo r 

exper t  systems) .  B y keepin g trac k o f  th e curren t  intentiona l  an d atten -

tiona l  stat e discourse ,  K I N G - K O N G i s abl e t o reeiso n abou t  th e underlyin g 

goal s an d intention s o f  th e use r  i n orde r  provid e appropriat e responses .  I n 

thi s paper ,  I  woul d hk e t o briefl y describ e scene s (fo r  a  fulle r  description , 

see[Zwebe n i c Chas e 87] )  an d the n sho w ho w discours e structur e contribute s 

t o th e recognitio n o f  th e speaker' s plan s an d faciUtate s appropriat e an d in -

telligen t  response . 

2 S c e n e s 

A scen e i s a  schem a representation ,  simila r  i n spiri t  t o frame s Minsk y 7 5 

scripts[Schan k &  Abelso n 77] ,  an d relate d formalisms[Bobro w k  Collin s 7 5 
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T HE INTENTIONA L STRUCTURE 

Fiel d 

Name 
Role s 
Inferior s 
Superior s 
Enable s 
Enabled-b y 
Action s 

Descriptio n 

The typ e o f  scen e 
The prominen t  objec t  classe s 
The scene s dominate d b y thi s on e 
The scen e dominatin g thi s on e 
The post-requisit e scene s 
The pre-requisit e scene s 
The exper t  syste m operation s 
appropriat e t o thi s scen e 

T HE ATTENTIONAL STRUCTURE 

Fiel d 

Role-Filler s 
Predecessor s 

Successor s 

Focu s Cach e 

Domai n Goa l 

Descriptio n 

The object s fillin g th e role s 
The scene s precedin g thi s on e 
i n th e actua l  discours e 
The scene s followin g thi s on e 
i n th e actua l  discours e 
The object s availabl e fo r 
anaphori c reference s 
The curren t  exper t  syste m tas k 

Figur e 1 :  T h e Slot s o f  a n Instantiate d Scen e 

A scene defines the potential intentional structure of the discourse of an in-

teractio n wi t h th e exper t  sys te m b y definin g th e user' s intende d action s a n d 

thei r  relationships .  A n instantiate d scen e capture s th e attentiona l  structur e 

of  th e discours e b y recordin g wh ic h intention s hav e bee n satisfied ,  an d w h a t 

object s a n d exper t  sys te m operation s wer e involved . 

In a typical expert system, the user wishes to carry out some t?isk which 

i s ofte n d e c o m p o s e d int o subtasks .  T h e task s involv e a  limite d n u m b e r  o f 

operations ,  wh ic h ca n b e performe d o n a  hmi te d n u m b e r  o f  objec t  classes . 

T h u s ,  eac h scen e contain s informatio n abou t  th e possibl e objec t  classe s in -

volve d i n a  task ,  calle d roles ;  th e potentia l  exper t  syste m operation s o n 

thes e roles ,  calle d actions ;  a n d th e relation s be twee n differen t  tasks ,  th e 

inferior ,  superior ,  enables ,  a n d enabled-b y scenes .  Together ,  thes e piece s 

of  informatio n permi t  th e computat io n o f  th e intentiona l  structur e o f  th e 

actua l  discourse . 

When a scene is recognized as the current intentional state, it is in-

stantiate d i n orde r  t o represen t  th e attentiona l  state .  It s  role s an d focu s 

cach e ar e filled  wit h th e referent s o f  th e object s i n th e curren t  utterance . 
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N a m e:  Oca-Missio n 

Dominates , natesy/ ^  Dominates X 
Dominate s 

N a m e:  Oca-Mission-Fram e 

Roles :  (Oca-Mission-# ) 

Actions :  (xreate-frame ) 

Satisfaction -
Precede s 

^ 

N a m e:  Oca-Targe t 

Roles :  (Target ) 

Actions :  (:fil l  xhang e 
:orde r  etc. ) 

Satisfaction -
Precede s 

Name: 

Roles : 

Oca-Aircraf t 

(Aircraft ) 

Actions :  (:fil l  :chang e 
:orde r  etc. ) 

Figur e 2 :  Th e Intentiona l  Structur e 

predecessor/successor links are created which model the actual flow of the 

interaction ,  an d th e goa l  (whic h exper t  syste m tas k i s involved )  i s recorded . 

See Figur e 1  fo r  a  descriptio n o f  th e mos t  importan t  informatio n maintaine d 

i n a  scene . 

To make this description a little more concrete, consider the following 

exampl e draw n fro m th e Knowledge-Base d Replannin g Syste m ( K R S )  mis -

sio n plannin g application .  Th e primar y goa l  o f  thi s applicatio n i s t o pla n 

an Offensiv e Counte r  Ai r  ( O C A )  mission .  I n orde r  t o achiev e thi s goal , 

severa l  choice s mus t  b e made ,  suc h a s th e targe t  an d th e typ e o f  aircraft . 

Th e syste m i s a  mixed-initiativ e exper t  system ,  whic h i s  capabl e o f  full y 

plannin g missions ,  o r  ca n guid e a  use r  plannin g a  missio n b y verifyin g tha t 

th e use r  ha s mad e appropriat e choice s an d suggestin g suitabl e choice s o n re -

quest .  Th e roo t  o f  th e scen e hierarch y correspond s t o th e D P o f  th e overal l 

discourse-plannin g a n O C A mission .  Th e inferio r  scene s mode l  th e inten -

tion s o f  fulfillin g th e subtask s o f  th e missio n plannin g tsusk .  Eac h scen e ha s 

a singl e rol e an d a  numbe r  o f  exper t  syste m action s (fo r  makin g a  choice , 

changin g a  choice ,  requestin g suitabilit y  information ,  etc.) .  Figur e 2  depict s 

th e intentiona l  structur e an d Figur e 3  th e attentiona l  structur e generate d 
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Instanc e o f  Oca-Missio n 

Z 

Instanc e o f  Oca-Mission-Fram e 

Roles :  Oca-Mission- # fille d wit h 

#<OCA-1001 > 

Exper t  Syste m Action : 

:Create-Fram e 

Instanc e o f  Oca-Targe t 

Roles :  Targe t  fille d wit h 

#<Mermin > 

Exper t  Syste m Action : 

:Fil l 

\ / 

Instanc e o f  Oca-Aircraf t 

Roles :  Aircraf t  fille d wit h 

#<F-4C > 

Exper t  Syste m Action : 

:Fil l 

Note :  (1 )  Arrow s represen t 

predecessor/successo r  link s 

(2 )  # < >  notio n i s a  semanti c 

representatio n 

Figur e 3 :  Th e Attentiona l  Stat e 

by the following discourse fragment: 

User: Create a mission. 

Computer :  Display s a  ne w missio n template . 

User :  Sen d F-4Cs . 

Computer :  Fill s  i n th e aircraf t  slo t  o f  th e templat e wit h F-4C . 

User :  Attac k Mermin . 

Computer :  Fill s  i n th e targe t  slo t  o f  th e templat e wit h Mermin . 

3 I n f e r r i n g A p p r o p r i a t e R e s p o n s e s 

I n orde r  t o respon d appropriatel y t o a n utterance ,  th e syste m mus t  recog -

niz e th e user' s intentio n i n makin g thi s utteranc e withi n th e contex t  o f  th e 
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discourse .  Thi s involve s recognizing ,  throug h us e o f  th e intentiona l  an d at -

tentiona l  structure s o f  th e discourse ,  bot h th e linguisti c ac t  an d th e domai n 

act  intende d b y th e user . 

In an expert system interface, the linguistic acts performed by the user 

ar e typicall y request s t o infor m o r  request s t o act ;  thes e request s ar e m a d e 

t o hel p satisf y th e D P o f  th e interziction ,  namely ,  t o carr y ou t  som e exper t 

syste m task .  T o respon d t o thes e requests ,  th e syste m mus t  understan d th e 

intende d meanin g o f  th e request ,  reaso n abou t  th e rol e o f  thi s intentio n i n 

th e overal l  intentiona l  structur e o f  th e discourse ,  an d selec t  a n appropriat e 

respons e base d upo n th e attentiona l  structur e o f  th e discours e (th e object s 

an d D S P s i n focus) . 

3. 1 R e c o g n i z i n g t h e User ' s In tent io n 

In many natural language systems, the process of recognizing the intentions 

of  utterance s involve s describin g th e user' s speec h act s a s plan s an d recogniz -

in g them[Alle n &  Perraul t  80] ,  [Cohe n < k Perraul t  79] ,  [Sidne r  k  Israe l  81] , 

Sidne r  83b] ,  [Litma n 86] .  I n th e K I N G - K O N G interface ,  thes e act s ar e de -

scribe d a s schemat a o f  pattern s t o b e matched ,  an d th e Respons e Handle r 

(th e portio n o f  th e syste m tha t  determine s th e appropriat e respons e t o a n 

utterance )  use s th e intentiona l  an d attentiona l  informatio n i n th e curren t 

scen e an d linguisti c an d semanti c informatio n fro m th e utteranc e t o recog -

niz e th e user' s pla n an d respon d accordingly .  Sinc e eac h scen e encapsulate s 

a collectio n o f  object s (th e prominen t  role s o f  th e scene )  an d th e domai n 

action s tha t  manipulat e thes e objects ,  th e amoun t  o f  inferencin g involve d i n 

recognizin g th e user' s pla n i s constrained . 

The patterns in the schemata essentially describe the pre-requisites and 

post-requisite s o f  th e pla n correspondin g t o th e user' s intentions .  Eac h 

actio n schem a contain s th e followin g pattern s t o b e matched : 

1.  Scene s -  a  lis t  o f  scene s appropriat e fo r  th e action ,  o r  a  lis t  o f  scene s 

inappropriat e fo r  th e actio n 

2. Speech Act- the Unguistic action of the utterance 
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3.  Semanti c Representatio n -  th e semanti c representatio n o f  th e utter -

ance ,  eithe r  a  backen d operatio n an d it s arguments ,  o r  a  databas e 

relatio n an d it s argument s 

4. Scene Roles - the roles from intentionally related scenes that must 

alread y b e filled 

5. Effects - the effects upon the intentional and attentional structure of 

th e discourse ,  an d th e backend ,  o f  executin g thi s actio n 

W h en th e Scen e Controller ,  th e portio n o f  th e syste m tha t  recognize s th e 

intentiona l  an d attentiona l  state s o f  th e discourse ,  propose s a  scen e t o th e 

Respons e Handler ,  th e Respons e Handle r  trie s t o matc h eac h actio n schem a 

agains t  informatio n fro m th e utteranc e an d th e curren t  scene .  First ,  th e Re -

spons e Handle r  check s t o se e i f  th e scen e i s appropriat e t o th e action .  Then , 

linguisti c feature s fro m th e utteranc e ar e use d t o deduc e th e speec h act . 

Next ,  th e syste m infer s th e domai n actio n o f  th e reques t  b y examinin g th e 

semanti c interpretatio n o f  th e utteranc e (determined ,  i n part ,  b y th e scene) . 

F r o m th e intentiona l  structur e encode d i n th e scene ,  an d th e linguisti c ac t 

an d th e semanti c interpretatio n o f  th e utterance ,  th e Respons e Handle r  in -

fer s th e intentio n o f  th e utterance ;  thi s include s determinin g whethe r  th e 

intentio n i s par t  o f  th e curren t  discours e segmen t  o r  anothe r  one .  Finally , 

th e syste m consider s th e attentiona l  stat e containe d i n th e scen e (th e roles ) 

i n orde r  t o determin e h o w m u c h o f  th e user' s pla n ha s bee n satisfied .  B y 

default ,  al l  satisfaction-precedenc e intention s shoul d hav e bee n satisfied ,  bu t 

th e schem a descriptio n permit s on e t o rela x thi s condition .  I f  th e matc h i s 

successful ,  th e Respons e Handle r  transmit s th e effect s t o th e Scen e Con -

troller ,  s o th e intentiona l  an d attentiona l  state s ca n b e updated ,  an d issue s 

th e appropriat e c o m m a n d s t o th e exper t  syste m t o execut e th e specifie d 

action . 

A couple of examples will clarify how this mechanism allows KING-

K O NG t o provid e intelligen t  responses .  T h e first  exampl e illustrate s h o w 

enablin g action s ar e inferre d an d executed .  Th e secon d exampl e demon -

strate s h o w a n underlyin g reques t  fo r  informatio n i s inferred . 
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3. 2 E x a m p l e :  Implie d Action s 

In the KRS domain, the choice of target is so central to planning an OCA 

missio n tha t  specifyin g a  targe t  signal s th e intentio n o f  creatin g a  ne w mis -

sion .  So ,  i f  th e use r  begin s a  plannin g sessio n b y sayin g "Mak e Mermi n th e 

target, "  th e syste m shoul d first  creat e a  ne w missio n an d the n fill  i n th e tar -

get  slo t  wit h Mermin .  K I N G - K O N G doe s indee d carr y ou t  thi s interaction . 

The intentional structure of this interaction, captured in the intentional 

relation s encode d i n th e scen e hierarch y is : 

DSP (oca-mission) dominates DSP (oca-target) 

D SP (oca-mission-frame )  satisfaction-precede s DSP(oca-target ) 

These intentional relations describe this formal plan: 

INTEND(user ,  I N T E N D (computer ,  DO(pIan-mission)) )  A 

INTEND(user ,  I N T E N D (computer ,  DO(mission-frame)) )  A 

INTEND(user ,  I N T E N D (computer ,  D O (fill (  target ,  Mermin)) )  A 

BELIEVES(user ,  GENERATES(plan-mission , 

mission-fram e A  fill(target,  Mermin)) )  A 

BELIEVES(user ,  E N A B L ES (mission-frame ,  fill(target,  Mermin)) ) 

When th e Scen e Controlle r  propose s th e oca-targe t  scene ,  th e followin g ac -

tio n schemat a bot h match : 

Name:  fill-action 

Scenes :  (oca-target ) 

Speech Act :  :ac t 

Semanti c Representation :  (:fil l  (current-scen e prominent-roles) ) 

Scene Roles :  (enabling-scen e prominent-role s :optional ) 

Effects :  Discourse :  D S P (enabling-scene )  satisfie d A 

DSP (oca-target )  satisfie d 

Backend :  fill  tzurge t  i n oca-missio n firame 
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and 

Name:  create-mission-frame-actio n 

Scenes :  (oca-target ) 

Speech Act :  :ac t 

Semanti c Representation :  (:fil l  (current-scen e prominent-roles) ) 

Scene Roles :  (enabling-scen e prominent-role s :absent ) 

Effects :  Discourse :  DSP(enabling-scene )  satisfie d 

Backend :  creat e oca-missio n fram e 

At  thi s poin t  i n th e discours e th e intentio n o f  th e utteranc e "Mak e Mer -

mi n th e target "  i s INTEND(user ,  I N T E N D (computer ,  DO(fill(target ,  Mer -

min)))) .  Thi s intentio n i s recognize d becaus e feature s o f  th e utteranc e an d 

th e stat e o f  th e discours e represente d i n th e scen e matc h th e specification s 

of  bot h schemata .  Th e domai n actio n i s recognize d b y matchin g th e seman -

ti c representatio n specifie d i n th e schemat a agains t  th e interpretatio n o f  th e 

utteranc e (i.e. ,  t o fill  th e targe t  slo t  wit h Mermin) .  Th e forc e o f  th e utter -

anc e ( a reques t  t o act )  i s deduce d b y matchin g th e Hnguisti c actio n o f  th e 

utteranc e (a n imperative )  agains t  th e speec h ac t  specifie d i n th e schemat a 

and determinin g ho w fa r  th e pla n ha s progresse d fro m th e attentiona l  in -

formatio n i n th e scen e hierarch y (wha t  scen e i s propose d an d whic h inten -

tionall y relate d scene s hav e ha d thei r  discours e purpose s satisfied) .  Further , 

th e fill-action  schem a indicate s tha t  th e satisfaction-precedenc e intention s 

of  th e scen e nee d no t  b e filled  (sinc e th e prominent-role s o f  th e enablin g 

scene-th e scen e tha t  satisfaction-precede s th e curren t  scene-nee d no t  hav e 

been filled).  Sinc e th e missio n fram e ha s no t  bee n created ,  th e schem a 

matches .  Similarly ,  th e create-mission-frame-actio n schem a specifie s tha t 

th e satisfaction-precedenc e intentio n ha s no t  bee n satisfied ,  s o thi s schem a 

als o matches .  Th e effect s specifie d i n th e tw o schemat a ensur e tha t  th e 

create-mission-frame-actio n i s execute d befor e th e fill-action . 

3. 3 E x a m p l e :  Under ly in g Intention s fo r  Informatio n 

Requests for information typically are made to support the satisfaction of 

th e intentiona l  structur e o f  th e plannin g session .  Some o f  thes e question s 

directl y involv e role s an d thei r  attributes ,  an d th e intentio n o f  th e reques t  t o 
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obtai n th e informatio n neede d t o fil l  a  missio n fram e slo t  wit h a n appropriat e 

choice . 

Other questions are more obUque and do not directly request information 

abou t  a  role .  Fo r  example ,  conside r  th e followin g discourse : 

User: Send 4 F-4Cs from Halfort to Mermin. 

Computer :  Display s a  ne w missio n templat e an d fills  i n th e 

slots . 

User :  Leav e a t  033 0 hours . 

Computer :  Fill s  i n th e tim e o f  departur e slot . 

User :  Wha t  i s a n F-4C ? 

Computer :  A n F-4 C i s a n oca-aircraft . 

User :  I s th e missio n a t  night ? 

Computer :  Yes .  A  missio n a t  033 0 hour s shoul d no t  b e flown 

by an y o f  Halfort' s  aircraft . 

The intention underlying the final question reflects a concern about the 

night-flyin g abilitie s o f  th e aircraft . 

The intentional structure of this interaction is simply: 

DSP (oca-mission) dominates DSP (oca-aircraft) 

which represents the plan: 

INTEND(user ,  I N T E N D (computer ,  DO(plan-mission)) )  A 

INTEND(user ,  I N T E N D (computer ,  DO(fill(aircraft ,  X))) )  A 

BELIEVES(user ,  G E N E R A T ES (plan-mission ,  fiU(aircraft,  X)) ) 

The first  scen e propose d b y th e Scen e Controlle r  i s  th e oca-aircraf t  scene , 

sinc e tha t  wa s th e previou s intentiona l  an d attentiona l  stat e o f  th e discourse . 

I n thi s context ,  th e followin g schem a matches : 
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N a m e:  aircraft-inferenc e 

Scenes :  (oca-aircraft ) 

Speec h Act :  :infor m 

Semanti c Representation :  (verify(possession(mission-time ,  night)) ) 

Scen e Roles :  (:o r  (current-scen e prominent-role s :present ) 

(constraining-scen e prominent-role s :present) ) 

Effects :  Discourse :  D S P (current-scene )  satisfie d 

Backend :  respon d t o infor m reques t  A 

verif y rol e choice s consisten t  wit h respons e 

The aircraft-inference schema specifies that in the context of the oca-

aircraf t  scene ,  request s fo r  informatio n abou t  th e missio n tim e ar e relevan t 

t o th e discours e purpos e o f  th e scene .  Thus ,  th e intentiona l  structur e o f 

th e interactio n matche s th e intentio n o f  thi s request .  F ro m th e attentiona l 

stat e o f  th e discourse ,  eithe r  th e prominent-rol e o f  th e scen e (th e aircraf t 

i n thi s case )  o r  th e prominent-role s o f  constrainin g scene s (scene s tha t  d o 

not  dominat e o r  satisfaction-preced e th e curren t  scene ,  becaus e th e orde r 

i n whic h th e scene s ar e traverse d i s flexible,  bu t  scene s whos e intention s 

involv e domai n constraints ;  fo r  example ,  th e choic e o f  airbas e an d aircraf t 

constrai n on e another )  mus t  hav e bee n filled;  tha t  i s  th e intention s o f  th e 

curren t  scen e o r  constrainin g scene s mus t  hav e bee n satisfied .  Thi s i s th e 

defaul t  specificatio n fo r  a  reques t  havin g a n underlyin g intention ,  an d th e 

respons e i t  trigger s i s t o answe r  th e surfac e reques t  fo r  information ,  an d t o 

verif y tha t  th e rol e choice s specifie d b y th e Scen e Role s i s consisten t  wit h 

th e resul t  o f  th e infor m act .  Hence ,  th e syste m respond s a s show n i n th e 

abov e fragment . 

* 

Thi s particula r  schem a i s extremel y specifi c  i n it s plan ;  currentl y w e 

ar e generalizin g thi s inferentia l  ability .  Th e schem a wil l  encod e variou s 

relationship s an d attribute s tha t  constrain t  th e tas k represente d b y a  scen e 

(describe d b y th e combinatio n o f  role s an d exper t  syste m operations) ,  an d 

th e effec t  wil l  b e t o verif y tha t  a  particula r  choic e satisfie s thes e constraints , 

t o generat e choice s an d filter  the m b y thes e constraints ,  an d s o on . 
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4 C o n c l u s i o n 

We hav e implemente d a  syste m base d upo n th e discours e structur e mode l 

propose d b y Gros z an d Sidner .  I n a  restricte d domain ,  suc h a s a n exper t 

syste m interface ,  w e hav e discovere d tha t  i t  i s  possibl e t o us e a  represen -

tation ,  calle d scene s t o captur e th e intentiona l  an d attentiona l  stat e o f  a 

discourse ,  an d us e thi s informatio n t o reaso n abou t  a  user' s intentions . 

We d o no t  sugges t  tha t  thi s approac h ca n solv e th e genera l  discours e 

processin g problem ,  bu t  i t  provide s a  mechanis m fo r  trackin g discours e 

and understandin g intention s i n a  restricte d context .  T o mak e thi s sys -

te m mor e flexible,  w e inten d t o generaliz e th e repons e component ,  inves -

tigat e ho w t o acquir e ne w scenes[Moone y i c DeJon g 85 ]  an d reaso n abou t 

misconceptions[Pollac k 86 ]  withi n th e scen e framework . 
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Abstrac t 

Thi s pape r  describe s th e Scene s knowledg e representatio n tha t  capture s th e intentiona l 
and attentiona l  structur e o f  discourse .  Usin g thi s informatio n a  natura l  languag e inter -
fac e ca n isolat e contex t  an d resolv e anaphor s wit h focusin g heuristics .  Further ,  anapho r 
resolutio n ca n b e coordinate d wit h interruption s s o tha t  complete d digression s ar e ignored . 

1 Introduction 

One of the goals of the KING-KONG Expert System Interface developed at the MITRE Cor-
poratio n i s t o perfor m anaphori c resolutio n usin g a  mode l  o f  discourse .  Gros z an d Sidne r 

[Gros z k .  Sidne r  86 ]  clai m tha t  an y discours e ha s thre e mai n constituents :  1 )  th e structur e o f  th e 

actua l  sequenc e o f  discours e utterances ;  2 )  a  structur e o f  intentions ;  3 )  a n attentiona l  state .  Thi s 

pape r  describe s Scene s [Zwebe n &  Chas e 87 ]  whic h ar e declarativ e knowledg e representation s o f 

th e intentiona l  an d attentiona l  structur e o f  discours e tha t  facilitat e anapho r  resolution .  Utiliz -

in g th e attentiona l  structur e store d i n scenes ,  anaphor s ca n b e resolved .  Further ,  sinc e scene s 

delineat e interruptions ,  resolutio n strategie s ca n correctl y ignor e antecedent s tha t  resid e i n in -

terruptions .  Thi s pape r  describe s th e discotirs e mode l  underlyin g scenes ,  th e scen e mechanis m 

an d finally,  th e anapho r  resolutio n algorith m employed . 

2 Intention and Attention 

Grosz and Sidner distinguish between the intentional state of discourse and the attentional state. 

Intentiona l  structur e represent s th e underlyin g purpose s tha t  causall y relat e th e utterance s o f  a 

coheren t  discourse .  Attentiona l  state ,  o n th e othe r  hand ,  capture s th e focu s o f  attentio n i n th e 

discours e a t  an y on e m o m e n t ,  b y recordin g th e salien t  object s an d relationships . 

'Thi s wor k wa s supporte d b y M I T R E Sponsore d Researc h Projec t  90780 . 
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2. 1 In ten t iona l  S t r u c t u r e 

Discourses can be partitioned into segments, each representing some purpose or intention. These 

discours e segmen t  purpose s (DSP's )  ca n b e rekte d i n specia l  ways .  Gros z an d Sidne r  presen t  tw o 

kind s o f  D S P relationships :  dominanc e an d satisfaction-precedence .  Th e satisfaction-precedenc e 

relatio n represent s on e intende d actio n bein g a  pre-requisit e o f  another .  Th e dominanc e relatio n 

state s tha t  satisfyin g on e intende d actio n contribute s t o th e satisfactio n o f  another .  Thi s relatio n 

establishe s a  hierarchica l  structur e o f  DSP' s representin g thei r  dependencies .  Th e intention s 

tha t  dominat e eac h othe r  depen d upo n th e typ e o f  discours e (e.g. ,  genera l  conversatio n vs . 

task-oriente d dialogue) .  A n exper t  syste m interfac e i s primaril y concerne d wit h th e compute r 

accomplishin g tasks .  Th e D S P dominanc e relation ,  i n a n exper t  syste m interface ,  adopt s th e 

task-oriente d dialogu e rul e presente d here : 

'̂ i=i,...,n\Intend{user,Intend{computer,Do{A)) )  / \ 

Intend{user ,  Intend{computer ,  Z?o(o,)) )  A 

Believe{user ,  Generates[A ,  01,03,,... ,  On)) ] 

Dominates(Intend{user ,  Intend{computer ,  Do{A))) , 

Intend{u3er ,  Intend(computer ,  Do{ai))) ) 
A genera l  interpretatio n o f  th e abov e is :  I f  th e use r  intend s tha t  th e exper t  syste m exe -

cute s task s A  an d a, -  ,  an d th e use r  believe s tha t  th e performanc e o f  tas k a, -  contribute s t o th e 

performanc e o f  tas k A ,  the n th e intentio n concernin g tas k A  dominate s th e intentio n o f  tas k a,- . 

2.2 Attentional Structure 

The attentional structure captures the focus of attention in a discourse. It represents the promi-

nent  object s an d relationship s tha t  ar e dynamicall y encountere d i n conversation .  Th e attentiona l 

stat e i s modele d b y a  se t  o f  focu s space s an d rule s fo r  transitionin g amon g them .  Focu s space s 

ar e paire d wit h thei r  respectiv e discours e purpose s t o associat e intentiona l  stat e wit h atten -

tiona l  state .  On e ca n vie w a  focu s spac e a s th e representatio n o f  wha t  th e discours e participan t 

i s  talkin g about ,  whil e it s associatio n wit h intentiona l  stat e explain s why . 

3 Knowledge Representation - Scenes 

Scenes are knowledge representations of the intentional and attentional states of discourse. They 

ar e schem a representation s [Minsk y 75] ,  [Bobro w &  Collin s 75 ]  ,  [Schan k &  Abelso n 77 ]  o f  plan s 

of  stereotypica l  interaction s wit h th e exper t  system .  Th e hierarchica l  structur e o f  scene s repre -

sent s th e dependencie s o f  th e user' s intende d action s accordin g t o th e dominanc e relatio n define d 

fo r  intentiona l  structure .  Thus ,  th e roo t  o f  a  scen e hierarch y represent s th e overal l  discours e 

purpos e (DP )  o f  th e dialogue ,  an d eac h remainin g scen e ,  i n a  hierarchy ,  support s it s  dominatin g 

scene . 

I n additio n t o intentiona l  structure ,  scene s constrai n th e attentiona l  structur e o f  a  discours e 

by definin g th e kind s o f  object s tha t  woul d b e prominen t  i f  a  scen e wer e active .  These  objec t 

descriptions ,  calle d th e role s o f  a  scene ,  represen t  th e player s participatin g i n th e actio n tha t  th e 

scen e represents .  Scen e recognitio n i s directe d b y th e role s tha t  ar e observe d i n th e conversation ; 

thi s proces s i s describe d i n detai l  later . 

W h en a  scen e i s appropriat e (i.e. ,  recognize d a s th e curren t  intentiona l  state) ,  i t  i s  instantiate d 

t o represen t  attentiona l  state .  It s role s ar e filled  wit h th e referent s o f  th e object s i n th e curren t 

claus e an d othe r  object s alread y presen t  i n th e discourse .  Th e precedin g scen e i s linke d t o th e 

ne w one ,  maintainin g a  predecessor/successo r  networ k o f  scene s modelin g th e discourse . 
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Scene * 

The Intentiona l  Structur e 

Fiel d 

Name 

Role s 

Inferior s 

Superio r 

Enable s 

Enables-b y 

Trigger s 

Descriptio n 

The typ e o f  scene . 

The prominen t  objec t  classes . 

The scene s tha t  thi s on e dominates . 

The scen e dominatin g thi s one . 

The post-requisit e scenes . 

The pre-requlslt e scenes . 

The lexica l  Item s tha t  ar e recognize d 

fo r  thi s scen e an d thei r  filterin g maps . 

The Attentlona l  Structur e 

Fiel d 

Role-Filler s 

Predecessor s 

Sucessors 

Focu s Cach e 

Exper t  Syste m Goa l 

Descriptio n 

The semanti c representation s o f 

thos e object s filling  th e roles . 

The scene s precedin g thi s on e I n th e 

actua l  discourse . 

The scene s followin g thi s one . 

The object s availabl e fo r  anaphori c 
reference . 

The abstrac t  exper t  syste m action s 
t o apply . 

Figur e 1 :  T h e slot s o f  a  scene . 

An important distinction must be made between a plan and an intentional scene hierarchy. 

T h e scene s represen t  stereotypica l  interaction s wit h a n exper t  system .  However ,  the y d o 

no t  represen t  th e sequenc e o f  action s a n exper t  syste m wil l  take .  Thi s informatio n i s capture d 

i n th e exper t  system' s plans ,  goal s an d problem-solvin g strategies .  Onl y dat a relevan t  t o th e 

user-machin e interfac e i s capture d b y th e scen e hierarchy . 

T o clarif y th e expositio n o f  a  scen e hierarchy ,  th e followin g figures  presen t  example s o f  scene s 

fro m th e K R S missio n plannin g application .  T h e primar y goa l  o f  thi s applicatio n i s t o pla n a 

O CA missio n task .  I n orde r  t o complet e th e plan ,  a m o n g othe r  things ,  a  target ,  a n airbase , 

an d a  typ e o f  aircraf t  mus t  b e chosen .  T h e K R S syste m i s a  mixed-initiativ e syste m whic h 

ca n full y pla n mission s o r  guid e a  use r  alon g usin g it s constrain t  satisfactio n mechanism .  T h e 

followin g scene s represen t  th e interaction s wit h a  use r  plannin g a  mission .  Figur e 2  represent s 

th e intentiona l  an d attentiona l  structur e o f  th e followin g discourse . 

1.  Buil d a  mission . 

2.  Leav e fro m Halfor t 

3.  Sen d F.4cs . 

4.  M a k e M e r m i n th e target . 

5.  W h a t  i s th e rang e o f  a n F-4c ? 

By capturing both intentional and attentional state, our expert system interface demon-

strate s th e abilit y  t o perfor m anaphori c reference .  Intentiona l  structur e (i.e. ,  scen e hierar -

chies )  enable s th e respons e handle r  t o perfor m limite d pla n recognitio n [Alle n i c Perraul t  80] , 

[Cohe n &  Perraul t  79] ,  [Sidne r  i c Israe l  81] ,  [Sidne r  83b] ,  [Litma n 86] ,  whic h isolate s context , 

whil e attentiona l  structur e provide s th e dynami c informatio n abou t  object s i n conversation . 

T h e nex t  sectio n describe s scen e recognition .  Subsequently ,  a n extensiv e demonstratio n o f  th e 

syste m i s presente d followe d b y a  descriptio n o f  th e anaphori c referenc e algorithm . 
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intentiona l  Structur e -  inferio r  a n d Superio r  Relationshi p 

N a me Aircraft-Scen e 

Role s Ocat-Alrcraf t 

Name Mission-Scen e 

Role s Ocat-Mlsslon # 

Name Target-Scen e 

Role s Ocat-Targe t 

Name Alrbase-Scen e 

Role s Ocat-Alrbas e 

Attentlona i  Structur e -  Tli e N e t w o r k o f  P r e d e c e s s o r / S u c c e s s o r  Linl< s 

instanc e o f  Mission-Scen e 
Role s Ocat-Mlssion # 

fille d b y 
#<OCA1001 > 

Focus-Cache Focused Items 
E.S.-Actio n -.Fil l 

gr̂ ».i i  ln.<.n>. a 9 

T h e # < foo > notatio n 
signifie s a  semant i c 
representatio n a s 
o p p o s e d t o a  lexica l  one . 

I n s t a n c e o f  A i rbase -Scen e 
R o l e s Oca t -A l rbas e 

fille d b y 
# < Halfort > 

Focus-Cache Focused Items 

E.S.-Action :FIII 

tSrnn B Instanrf l  4 

fi<~nfin  lnct«n/-« » - j 

Instanc e o f  Target-Scen e 
Role s Ocat-Targe t 

fille d b y 
#< Mermln > 

Focus-Cache Focused Items 

E.S.-Actio n :Fll i 

Instanc e o f  Aircraft-Scen e 
Role s Ocat-Alrcraf t 

fille d b y 
#< F-4c > 

Focus-Cache Focused Items 

E.S.-Action :FIII 

The focus-cach e hold s th e item s 
availabl e fo r  anaphoric-reference . 
item s ar e store d her e base d o n 
focusing/centerin g heuristics . 

Figur e 2 :  A n Exampl e o f  Intentiona l  an d Attentiona l  Structure . 
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4 S c e n e R e c o g n i t i o n 

Scene recognition is the process of determining attentional state. This process is failure driven; 

a ne w scen e i s foun d i f  th e respons e mechanis m i s unabl e t o interpre t  th e inpu t  i n th e curren t 

scene .  Th e respons e handle r  ca n eithe r  tel l  th e scen e controlle r  wha t  scen e t o mov e to ,  o r  i t  ca n 

instruc t  th e scen e controlle r  t o us e it s discours e heuristic s t o find  th e ne w attentiona l  state . 

4.1 General Control Flow 

Scene recognition is a generate and test process in which heuristics guide the generation of 

possibilitie s an d role s filter  them .  Whe n a  ne w scen e i s required ,  intentiona l  an d attentiona l 

structur e i s use d t o provid e ne w possibilities .  Fo r  eac h scen e proposed ,  th e curren t  inpu t  claus e 

i s teste d agains t  th e lexica l  trigger s o f  th e scene ,  whic h map s th e hea d verb ,  th e argument s an d 

th e modifier s o f  th e sentenc e t o th e role s o f  th e scene .  Th e goa l  o f  thi s tes t  i s  t o determin e 

whethe r  th e referent s o f  th e semanti c argument s an d modifier s i n th e sentenc e matc h th e rol e 

descriptio n specifie d i n th e lexica l  trigge r  mapping .  I f  al l  th e referent s ar e consisten t  wit h 

th e rol e description ,  th e propose d scen e become s th e curren t  scen e an d i s inserte d int o th e 

predecessor/successo r  network .  Her e i s a n exampl e o f  a n inconsisten t  match : 

Lexical Trigger: Hit [OBJ -• Airbase, INSTR -• Aircraft] 

Input Clause: Hit the tank with an ordnance. 

Bot h th e objec t  an d instrumen t  violat e th e lexica l  trigge r  map . 

If the heuristics fail to provide a current scene, the user is asked what context his utterance 

pertain s t o (ie .  whic h scen e i s appropriate )  an d i s the n requeste d t o re-phras e hi s input .  I n th e 

future ,  w e hop e t o provid e intelligen t  failur e mechanism s wit h th e abilit y  t o lear n ne w scene s 

[Moone y k  DeJon g 85 ]  an d reaso n abou t  misconception s [Pollac k 86] . 

4.2 Scene Heuristics 

Some of the scene heuristics that currently generate possibilities for scene recognition are: 

1. Intentional Clues - Choose a context that follows the plan. 

• preceded-by - Try all the post-requisites. 

•  precede s -  Tr y al l  th e pre-requisites . 

•  superio r  -  Tr y th e mor e genera l  scene . 

•  inferior s -  Tr y th e supportin g scenes . 

•  sibling s -  Tr y th e scene s a t  th e sam e intentiona l  level . 

•  aU-relative s -  Tr y al l  th e scene s tha t  ar e causall y related . 

2. Attentional Clues - Choose a context that was recently referred to. 

Backtrac k throug h a  scene' s predecessor/successo r  network . 

3. Interrupt - Find a new scene in a different dominance hierarchy. 

Sequenc e throug h th e contextua l  lexico n t o find  a  scen e tha t  recognize s th e mai n ver b o f 

th e sentence . 

4. Ask - Query the user for the current context. 

For  eac h know n scene ,  as k th e use r  whethe r  i t  i s  th e intende d context . 
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\  Inpu t  L ^ 

\3 iaus e / 

P a r s e 

Syntacti c 
Analysi s 

S e m a n t i c 
Analysi s 

Fil l  Ro le s R e s p o n s e 
Handle r 

i 

O u t p u t 
e s p o n s 

G e n e r a t e 

Figur e 3 :  Overal l  Contro l  Flo w 

5 Implementation 

The entire interface is implemented in Zetalisp on Symbolics lisp machines. Scene instances 
ar e represente d a s flavor  instance s wit h instanc e variable s fo r  th e fields  presente d an d method s 
fo r  executin g th e heuristics .  Scen e recognitio n i s handle d b y th e scen e controller ,  whic h i s als o 
implemente d a s a  flavor  instanc e t o retai n dynami c informatio n an d t o facilitat e integratio n wit h 
th e exper t  system' s i/ o loop .  Th e overal l  contro l  structur e i s show n i n Figur e 3 . 

6 Demonstration 

• Pane 1 is the KRS main window with a command entered to plan a mission. 

• In response to the first sentence, KRS creates the mission frame shown in Pane 2 with 
th e appropriat e slot s filled  in .  Th e sentence s i n Pan e 2  demonstrat e th e abilit y  t o re -
spon d intelligentl y an d th e abilit y  t o respon d differentl y t o th e sam e utteranc e i n differen t 
contexts . 

• In pane 3, f-llles are made prominent and then they are referred to with a pronoun. 

• Pane 4 is a digression into a refueling context. 

• Pane 5 demonstrates that the scene maintained its attentional state with an anphoric 
referenc e t o th e salien t  F-llle .  Th e conversatio n end s wit h a  contextua l  inferenc e tha t 
used th e contex t  o f  target s t o constrai n th e weathe r  query . 
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7 A n a p h o r s 

Pronouns are processed using simple focus heuristics [Sidner 83a], [Reichman 85]. Each scene 

has a n ordere d focu s cach e o f  semanti c representation s tha t  ar e salient .  Afte r  eac h sentenc e i s 

processed ,  it s  semanti c argument s ar e pushe d ont o th e curren t  scene' s cache .  W h e n a  pronou n i s 

encountered ,  th e focu s cach e i s searche d fo r  a  referent .  Thi s searc h require s a  semanti c analysi s 

tha t  check s whethe r  th e cache d objec t  make s sens e a s a  substitut e fo r  th e pronoun .  I f  successful , 

th e objec t  i s  move d t o th e fron t  o f  th e lis t  an d a  messag e i s supplie d t o th e use r  t o infor m hi m o f 

th e pronou n resolution .  Otherwise ,  a  messag e tha t  n o referen t  wa s foun d i n th e curren t  scen e i s 

provide d followe d b y recursiv e searc h i n th e previou s scene' s focu s cache .  Currently ,  th e syste m 

does no t  forge t  focusse d object s an d backtrack s exhaustivel y throug h th e scene s unti l  successful . 

Anapho r  resolutio n i s integrate d wit h a n interruptio n componen t  o f  th e scen e controlle r  s o tha t 

complete d interruption s d o no t  provid e possibl e antecedents ,  whic h i s th e topi c o f  th e nex t 

section . 

7.1 Interruptions 

When the scene controller chooses a scene in a different scene hierarchy, it is changing its ex-

pectatio n o f  th e overal l  intentio n o f  th e user .  Thi s represent s a n interruptio n whic h i s flagged 

accordingl y i n th e ne w scene .  W h e n th e digressio n i s complet e an d th e use r  return s t o th e ol d 

context ,  th e ol d contex t  i s  marked .  W h e n searchin g fo r  antecedents ,  thi s region ,  whic h represent s 

a ful l  interruption ,  i s  skipped .  Thi s i s show n i n th e demonstratio n whe n th e syste m i s asked , 

"Ho w fas t  i s  i t  ?" .  Th e mos t  recen t  anteceden t  i s th e kc-lS 5 referre d t o i n th e interruption . 

Instead ,  th e interruptio n i s skippe d an d th e F-lll e i s chosen .  Thi s demonstrate s th e utilit y  o f 

scene s an d thei r  abilit y  t o retai n an d manag e attentiona l  state .  Eve n thoug h th e interruptio n 

cause s a  contex t  change ,  th e salien t  object s (  e.g .  F-llle )  ar e maintaine d an d th e interruptio n 

i s marked ,  thu s enablin g th e correc t  anapho r  resolution . 

7.2 Other Approaches 

This approach to anaphoric resolution diflFers from previous attempts in the following manner: 

th e algorith m i s base d upo n a  discours e mode l  tha t  distinguishe s intentiona l  an d attentiona l 

structure .  Thi s integrate s anapho r  resolutio n wit h contex t  processing ,  resultin g i n th e abilit y 

t o "skip "  ove r  interruption s a s possibl e placeholder s fo r  antecedents .  Mos t  commercia l  system s 

simpl y searc h fo r  th e mos t  recen t  NP ,  whic h ofte n lead s t o strang e resolutions .  Further ,  th e us e 

of  focu s heuristic s i s no t  sufficien t  t o provid e intelligen t  resolutions .  Th e mos t  desirabl e approac h 

i s t o us e focu s heuristic s o n to p o f  a  discours e model ,  whic h wa s originall y propose d b y Gros z 

and Sidne r  [Gros z &  Sidne r  86] . 

However ,  th e scene s mechanis m differ s fro m Gros s an d Sidner' s mode l  i n th e representatio n 

of  attentiona l  state .  W e maintai n a  predecessor/successo r  grap h o f  focu s spaces ,  whil e Gros z 

and Sidne r  us e a  focu s stack .  I n thei r  model ,  focu s space s ar e pushe d ont o th e stac k unti l 

completed .  Anaphor s ca n b e resolve d wit h antecedent s foun d b y iteratin g throug h th e focu s 

space s o n th e stac k unti l  on e o f  tw o conditions :  a n interruptio n i s foun d o r  th e botto m o f  th e 

stac k i s encountered .  W h e n a  focu s spac e i s i s completed ,  i t  i s  poppe d of f  th e stack ,  thereb y 

makin g it s focuse d object s inaccessible .  Hence ,  complete d interruption s ar e n o longe r  availabl e t o 

provid e possibl e antecedents .  I f  th e sam e intentiona l  stat e i s returne d t o later ,  a  ne w focu s spac e 

i s instantiated ,  whic h ignore s th e object s tha t  wer e prominen t  i n th e ol d space .  I n th e scene s 

system ,  complete d focu s space s ar e flagged  a s such ,  bu t  the y maintai n thei r  focu s cache .  I f  a 

discours e participan t  return s t o a  close d scene ,  th e cache d item s i n th e focu s lis t  ar e stil l  availabl e 

fo r  reference .  Whil e thi s capabilit y  exist s i n th e scen e mechanism ,  th e linguisti c evidenc e fo r 

848 



thi s behavio r  i s  no t  conclusive .  Nevertheless ,  user s o f  th e natura l  languag e syste m see m t o refe r 

t o object s tha t  ar e prominen t  i n complete d focu s spaces .  Gros z an d Sidne r  clai m tha t  al l  thes e 

item s mus t  b e re-introduce d t o b e availabl e fo r  anaphori c reference .  Her e i s a n interactio n whic h 

seems contradictor y t o thi s assumption . 

User: Are F-4c8 and F-llles night aircraft ? (Aircraft Scene) 

Computer: Yea 

User: Send an F-4c. (In a stack model, this focus space would now be popped) 

Computer: O.K. 

User: Send a BIO. (Ordnance Scene) 

Computer: F-4cs do not carry BlO's. 

User: Send the other one. (In a stack model, the referent would have been popped) 

The scenes mechanism is able to skip over interruptions without enforcing the stack model. 

The discours e i s represente d a s a  predecessor/successo r  grap h o f  th e scene s used ,  possibl y marke d 

wit h interruptio n boundaries .  Anaphor s ar e resolve d b y backtrackin g throug h thi s graph ,  skip -

pin g interruptions .  Currently ,  thi s grap h i s neve r  prune d creatin g a  ver y larg e structur e i n 

length y interactions .  W e recogniz e th e problem s o f  maintainin g thi s grap h bu t  th e us e o f  th e 

stac k mode l  seem s to o drasti c becaus e o f  example s lik e th e on e above .  Mor e researc h i s necessar y 

t o determin e th e correc t  mode l  o f  attentiona l  state . 

8 Conclusion 

We have designed a natural language interface that makes extensive use of the Scene knowledge 

representation .  Scene s ar e base d upo n Gros z an d Sidner' s mode l  o f  discours e tha t  distinguishe s 

attentiona l  an d intentiona l  structure .  Thi s knowledg e representatio n facilitate s limite d pla n 

recognitio n whic h establishe s th e contex t  o f  a n utterance .  Further ,  i t  capture s th e salien t  object s 

of  a  discours e a s wel l  a s maintainin g a  mode l  o f  a  user' s interaction .  Utilizin g thi s information , 

th e interfac e resolve s anaphori c references . 
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ABSTRACT 

M u ch o f  expertis e i n problem-solvin g situation s involve s rajiidl y choosinj ? a  tightly-constraine d schem a 
tha t  i s appropriat e t o th e curren t  problem .  Th e paradig m o f  explanation-base d learning ,  i s  bein g applie d t o 
investigat e hou -  a n intelligen t  syste m ca n acquir e thes e "appropriatel y general "  schemata .  Whi l e th e 
motivation s fo r  producin g thes e specialize d schemat a ar e computational ,  result s reporte d i n th e psychologica l 
literatur e ar e corroborate d b y a  fully-implemente d comjjute r  model .  .Acquirin g thes e specia l  cas e schemat a 
involve s combinin g schemat a fro m t w o differen t  classes .  O n e clas s contain s domain-independen t  problem -
solvin g schemata ,  whil e th e othe r  clas s consist s o f  domain-specifi c  knowledge .  B y analyzin g solution s t o 
sampl e problems ,  ne w doma i n knowledg e i s produce d tha t  ofte n i s no t  easil y usabl e b y th e problem-solvin g 
schemata .  .Specia l  cas e schemat a resul t  f ro m constrainin g thes e genera l  schemat a s o tha t  a  k n o w n problem -
solvin g techniqu e i s guarantee d t o work .  Thi s significantl y reduce s th e amoun t  o f  ])lannin g tha t  th e proble m 
solve r  woul d other>*is e nee d t o perlor m elaboratin g th e genera l  schem a i n a  n e w problem-solvin g situation . 
The mode l  an d a n applicatio n o f  i t  i n th e domai n o f  classica l  physic s ar e presented . 

INTRODUCTION 

We ar e invesligalin g Ih e rol e o f  specialize d knowledg e i n schema-base d proble m solvers .  Thi s 

researc h illustrate s th e importanc e o f  special-purpos e knowledg e an d demonstrate s h o w th e 

knowledg e ca n b e acquired .  Furthermore ,  thi s specialize d leve l  o f  knowledg e i s computationall y 

motivate d an d corroborate s a  numbe r  o f  findings  i n th e psychologica l  literature . 

I n a  schema-base d approac h t o proble m solving ,  a  fe w genera l  schemat a ar e brough t  t o bea r  o n 

a problem .  Ver y littl e searchin g i s performed ,  therefor e th e syste m ca n onl y solv e thos e ne w 

problem s tha t  ca n easil y b e mad e t o fit  int o a n existin g genera l  schema .  W e ar e examinin g h o w a 

compute r  syste m ca n lear n ne w problem-solvin g schemat a fo r  itself .  Th e paradig m w e adop t  i s 

explanation-base d learnin g [DeJong81 .  DeJong86 ,  Mitchell86] .  fo r  whic h ther e i s alread y som e 

psychologica l  evidenc e [Ahn87] .  I n thi s typ e o f  learning ,  a  specifi c  proble m solutio n i s generalize d 

int o a  for m tha t  ca n b e late r  use d t o solv e conceptuall y simila r  problems .  Th e generalizatio n 

proces s i s drive n b y th e explanatio n o f  w h y th e exampl e .solutio n worked ,  hxtensiv e knowledg e 

abou t  th e domai n a t  han d allow s th e explanatio n t o b e develope d an d the n extended .  Th e resultin g 

.schem a i s quit e general .  It s generalit y i s limite d i n par t  b y characteristic s o f  th e observe d example , 

but  primaril y b y th e system' s domai n model . 

One woul d expec t  tha t  suc h problem-solvin g schemat a shoul d b e a s genera l  a s possibl e s o tha i 

the y migh t  eac h cove r  th e broades t  clas s o f  problems .  Indeed ,  ou r  previou s researc h ha s bee n 

primaril y aime d a t  th e acquisitio n o f  suc h maximall y genera l  schemata .  Recently ,  fo r 

computationa l  reasons ,  w e hav e adopte d a n intermediat e leve l  o f  generalizatio n fo r  variou s 

schemata .  Th e clas s o f  intermediat e generalit y schemat a improve s th e performanc e o f  th e proble m 

solve r  b y supplyin g "appropriatel y general "  schemat a instea d o f  forcin g th e syste m t o rel y o n it s 

maximall y genera l  schemata .  Thi s result s i n muc h improve d efficienc y a t  a  relativel y mino r  cos t  i n 

'  Thi s researc h wa s partiall y  supporte d b y th e Nationa l  Scienc e Foundatio n unde r  gran t  N S F 1S T 85-11542 . 

^  Universit y o f  Illinoi s Cognitiv e Science/Artificia l  Intelligenc e Fellow . 

85 1 



Acquirin g Specia l  Cas e Srhrma U i n EB L 

generality. 

Aulomalicall y acquirin g schemat a o f  th e intermediat e leve l  o f  generalit y require s tha t  th e 

system s schemat a b e organize d int o tw o classes :  a )  schemat a tha t  represen t  knowledg e o f  th e 

domai n o f  applicatio n an d b )  schemat a tha i  represen t  genera l  problem-solvin g knowledge ,  whic h 

appl y acros s m a n y applicatio n domains .  N e w schemat a ar e learne d b y ou r  implemente d syste m a s 

describe d i n [Shavlik87a] .  A s wel l  a s storin g th e ne w schem a i n it s genera l  form ,  th e syste m als o 

store s specia l  cases .  Thes e specia l  case s ar e th e resul t  o f  composin g th e new .  genera l  schem a wit h a 

smal l  numbe r  o f  problem-solvin g schemata .  A  successfu l  compositio n result s i n a  specializatio n 

whic h i s guarantee d t o wor k usin g th e compose d problem-solvin g technique .  Thi s free s th e 

proble m solve r  fro m performin g th e plannin g tha t  woul d otherwis e b e require d t o elaborat e th e 

genera l  schem a t o fi t  th e curren t  problem-solvin g episode .  Th e sy.ste m can .  o f  course ,  alway s resor t 

t o it s collectio n o f  maximall y genera l  schema . 

An exampl e (discusse d furthe r  i n a  late r  .section )  tha t  illustrate s thi s ide a involve s 

m o m e n t u m conservation ,  a  fundamenta l  concep t  i n physics .  Th e explanation-base d generalizatio n 

of  a  .sampl e collisio n proble m lead s t o a  physic s formul a tha t  describe s h o w externa l  force s chang e 

a system' s m o m e n t u m .  Thi s genera l  schem a i s broadly-applicable ,  bu t  ascertainin g tha t  i t  wil l  lea d 

t o th e solutio n o f  a  give n proble m require s a  goo d dea l  o f  work .  Th e constructe d specia l  cas e state s 

tha t  whe n ther e ar e n o externa l  forces ,  m o m e n t u m i s conserved . 

Althoug h th e motivatio n fo r  thi s intermediat e leve l  o f  generalizatio n wa s computational ,  th e 

us e o f  thi s leve l  help s t o reconcil e ou r  approac h wit h a  variet y o f  psychologica l  evidenc e showin g 

tha t  proble m solver s us e highl y specifi c  schemat a [Chase73 .  Ilinsley77 .  Schoenfeld82 ,  SwellerSS] . 

M u ch o f  experti.s e consist s o f  raidl y choosin g a  lightly-constraine d schem a appropriat e t o th e 

curren t  problem .  However ,  th e differenc e betwee n th e knowledg e o f  a n exper t  an d a  novic e canno t 

be explaine d o n th e basi s o f  numbe r  o f  schemat a alone .  Th e scop e an d organizatio n o f  thes e 

schemat a hav e bee n show n i n psychologica l  experiment s t o b e qualitativel y differen t  [ChiSl . 

Larkin80 .  Schoenfeld82] .  I n representin g a  problem ,  novice s mak e grea t  us e o f  th e specifi c  object s 

mentione d i n th e proble m statement ,  whil e expert s first  categoriz e accordin g t o th e technique s 

appropriat e fo r  .solvin g th e problem . 

We hav e foun d tha t  th e intermediate-leve l  .schemat a generate d b y ou r  syste m ar e simila r  i n 

scop e o f  applicabilit y  t o thos e tha t  h u m a n expert s appea r  t o possess .  Fo r  example ,  th e conservatio n 

of  m o m e n t u m proble m result s i n a  specia l  cas e schem a characterize d b y th e absenc e o f  externa l 

force s an d th e specificatio n o f  a  befor e an d afte r  situation .  The.s e feature s ar e thos e cite d b y expert s 

as th e relevan t  cue s fo r  th e principl e o f  conservatio n o f  m o m e n t u m (se e tabl e 1 2 o f  [ChiSl]) .  I t 

shoul d b e note d tha t  i t  wa s no t  ou r  explici t  inten t  t o mode l  thi s p.sychologica l  data .  Rather . 

computationa l  efficienc y consideration s le d t o a  syste m tha t  produce d result s matchin g thi s 

empirica l  data . 

OVERVIEW OF THE MODEL 

Our  mode l  involve s combinin g tw o type s o f  schemata :  domain-independen t  problem-solvin g 

schemat a (e.g. .  a  schem a fo r  utilizin g a  con.serve d quantit y t o .solv e a  problem )  an d schemat a tha t 

repre.sen t  domain-specifi c  knowledg e (e.g. .  Newton' s laws) .  Peopl e wit h matur e problem-solvin g 

background s posses s th e fir.st  typ e o f  .schem a an d ar e tol d .schemat a o f  th e secon d typ e whe n 

introduce d t o a  ne w domain .  Throug h stud y the y acquir e a  larg e collectio n o f  schemat a tha t 

combin e aspect s o f  bot h types ,  thereb y increasin g thei r  performanc e i n th e domain .  Combinin g 

genera l  problem-.solvin g technique s wit h domai n specifi c  knowledg e produce s schemat a that ,  whe n 

applied ,  lea d t o th e rapi d solutio n o f  ne w problems . 

Figur e 1  contain s a n overvie w o f  ou r  model .  W e a.ssum e a  k n o w n problem-solvin g schem a i s 

use d t o understan d a  solutio n t o a  specifi c  problem .  Th e explanation-base d analysi s o f  th e .solutio n 

m ay lea d t o th e con.structio n o f  a  ne w broadly-applicabl e .schema .  Th e generalizatio n proces s ofte n 

produce s a  ne w schem a that ,  i n it s fulles t  form ,  i s no t  usabl e b y th e originall y applie d problem -

.solvin g schema .  Constrainin g th e genera l  resul t  s o tha t  thi s problem-solvin g schem a doe s appl y 

produce s a  specia l  case .  I n th e specia l  cas e schema ,  th e constraine d schema ,  it s constraints ,  an d th e 
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Sampl e 

Piobli m 

Specifi r  Proble m Solutio n 

y"' ^  Genera l 

[  Problem-Solvin g 

\ ^  Knowledg e 
Genera l  Schem a 

Domain-Si>eciD c 

Knowledg e 

Specia l  Cas e Schem a 

Figur e 1 .  Overvie w o f  th e Mode l 

original problem-solving schema are packaged together to produce a specialized problem-solving 

strategy . 

I'igur e 2  show s th e relatio n w e propos e betwee n a  genera l  schem a an d it s specia l  cases . 

Althoug h no t  show n i n th e figure ,  ther e ca n b e specia l  case s o f  th e specia l  cases .  Retrieva l  cue s 

directl y inde x th e specia l  cases. '  I f  th e indexe d specia l  cas e i s no t  applicable ,  th e genera l  concep t  i s 

the n accessed .  Beside s bein g constructe d whe n th e genera l  cas e i s acquired ,  a  ne w specia l  cas e m a y 

be create d wheneve r  th e genera l  cas e i s use d t o solv e a  late r  problem . 

The nex t  sectio n present s example s o f  th e constructio n o f  genera l  an d specifi c  cas e schemat a i n 

th e domai n o f  classica l  physics . 

Genera l  Concep t 

Specia l 
Case 2 

Specia l 
Casef , 

/ I \  / l \ /  \ 

cue s 1  cue s 2  c u e s \ 

Figure 2. Inter-Srhema Organization 

'  Th e metho d o f  usin g thes e specia l  cas e cue s t o selec t  th e appropriat e schem a i s no t  addresse d i n thi s paper .  Possibl e 
indexin g technique s includ e approache s base d o n discriminatio n net s iFeigenbaumO.^ .  KolodnerK'l ,  SchankX2 l  an d approache s 
base d o n spreadin g activatio n |  AndersonSi ,  Ou'llian*)"! -
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AN APPLICATION OF THE MODEL IN CLASSICAL PHYSICS 

We hav e implemente d a  psychologically-plausibl e mode l  o f  th e proces s b y whic h a 
malhemalically-sophislicaie d studen t  become s a  bette r  proble m solve r  i n a  ne w domain .  I n 
particular ,  w e hav e bee n investigatin g th e transitio n fro m novic e t o exper t  proble m solve r  i n th e 
field  o f  classica l  physics .  Ou r  model ,  implemente d i n a  compute r  syste m name d Physic s 101 . 
assumes th e studen t  ha s a n understandin g o f  mathematic s throug h introductor y calculus . 

Ther e ar e thre e mai n component s o f  ou r  model .  Th e first  i s  a  mode l  o f  ho w operator s ar e 
chose n durin g proble m solvin g [Shavlik86b] .  Th e .secon d explore s th e processe s b y whic h on e ca n 
understan d an d generaliz e solution s t o nove l  problem s [Shavlik85] .  Th e third ,  th e topi c o f  thi s 
paper ,  addre.sse s th e proces s o f  storin g learne d result s s o tha t  the y ca n b e use d t o improv e 
subsequen t  proble m solving . 

The nex t  section s discus s tw o .sampl e problem s analyze d b y Physic s 101 .  On e involve s 
momentum con.servalion .  an d th e other ,  energ y conservation .  Th e genera l  schem a produce d i n 
thes e tw o cases ,  th e resultin g specia l  ca.ses ,  an d thei r  selectio n cue s ar e presented . 

The schem a tha t  make s us e o f  conserve d quantitie s durin g proble m solvin g i s containe d i n 
tabl e 1 .  (Term s beginnin g wit h a  questio n mar k ar e universall y instantiate d variables. )  T o appl y 
thi s schema ,  a  formul a tha t  i s  constan t  wit h respec t  t o som e variabl e i s needed .  Thi s formul a i s 
instantiate d a t  tw o differen t  points .  I f  th e value s o f  al l  bu t  on e variabl e a t  thes e tw o point s ar e 
known ,  simpl e algebr a ca n b e use d t o easil y find  th e unknown . 

Example 1 - Momentum Conservation 

One o f  th e problem s presente d t o Physic s 10 1 involve s a  collisio n amon g thre e balls .  I n thi s 
one-dimensiona l  proble m (show n i n figure  3) ,  ther e ar e thre e ball s movin g i n fre e space ,  withou t 
th e influenc e o f  an y externa l  forces .  Nothin g i s specifie d abou t  th e force s betwee n th e balls . 
Beside s thei r  mutua l  gravitationa l  attraction ,  ther e could ,  fo r  example ,  b e a  long-rang e electrica l 
interactio n an d a  ver y complicate d interactio n durin g th e collision .  I n th e initia l  stal e (stat e A )  th e 
first  bal l  i s  movin g towar d th e tw o stationar y ones .  Some tim e late r  (stat e B )  th e secon d an d thir d 
ball s ar e recoilin g fro m th e resultin g collision .  Th e tas k i n thi s proble m i s t o determin e th e 
velocit y o f  th e first  bal l  afte r  th e collision . 

Tabl e 1 .  Conserve d Quantit y Schem a 

Precondition s 

(AN D (IsaFormul a ?formul a ) 
(ConstantWithRespectT o ?formul a ?x ) 
(SpecificPointO f  ? x ,  ? x ) 
(SpecificPointO f  ?X2?x ) 
( ^  ?X i  ?X2 ) 
i = ?lef t  Han d Sid e (Instantiate d A t  ?/ormw/ a ?x,) ) 
( = ?rightIIandSid e (InstantiatedA t  ?formul a Pxj) ) 
( = ?equalio n (CreateEqit̂ tio n ?leftHandSid e ?righlJ{andSid e ) ) 

(AllButOneValueKnow n ?equatio n )  ) 

Schema Body 

(SolveForSingleUnknow n ?equatlo n ) 
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Stat e A 

velocit y "  5  m/s i vflocii y  -  0  m/ i 

Stat e B 

veliicii y -  ?  m/ n velocit y -  1  m/ s 

Figur e 3 .  A  Three-Bod y Collisio n Prob le m 

A teacher' s solutio n t o figure  3' s  p rob le m i s analyze d b y P h y s i c s 101 .  T h e teacher' s solutio n 

use s th e concep t  o f  m o m e n t u m {mas s x  velocit y )  conservatio n t o solv e th e problem .  Sinc e thi s i s a 

conservatio n l aw ,  th e t im e be twee n th e t w o state s nee d no t  b e k n o w n . '  (Anothe r  importan t 

attribut e o f  m o m e n t u m conservatio n i s  tha t  th e propertie s o f  th e inter-objec t  force s nee d no t  b e 

provided. )  I n verifyin g th e provide d solution ,  th e sys te m applie s a  problem-solvin g s c h e m a i n 

wh ic h a  constan t  functio n i s  equate d a t  t w o differen t  point s (tabl e 1) .  I n accordanc e w i t h th e 

explanation-base d learnin g approach ,  th e system' s justificatio n o f  th e provide d solutio n i s 

generalize d a s fa r  a s possibl e wh i l e maintainin g th e veracit y o f  th e solutio n technique .  Thi s result s 

i n th e genera l  s c h e m a presente d i n tabl e 2 .  (Se e [Shavlik86a ]  o r  [Shavlik87a ]  fo r  m o r e detail s o n 

th e con.structio n o f  thi s schema. ) 

T h e explanation-base d approac h result s i n a  fo rmu l a tha t  applie s t o situation s significantl y 

differen t  f r o m th e s a m p l e p rob lem .  I n additio n t o no t  bein g restricte d t o p rob lem s containin g 

exactl y thre e objects ,  th e newly-acqui re d fo rmu l a i s no t  restricte d t o situation s w h e r e th e externa l 

force s ar e al l  zero .  Instead ,  a n understandin g o f  h o w th e externa l  force s effec t  m o m e n t u m i s 

obtained .  Thi s proce.s s als o determine s tha t  ther e i s n o constrain t  tha t  restrict s thi s fo rmu l a t o th e 

x-direction .  I t  applie s equall y wel l  t o th e y -  an d 2 -componen t s o f  velocity .  Hence ,  th e acquire d 

formul a i s a  vecto r  l aw .  T h e mathemat ica l  operation s use d i n th e specifi c  solutio n require ,  fo r  th e 

solutio n strateg y t o b e valid ,  tha t  al l  object s hav e non-zer o m a s s an d tha t  thes e masse s ar e constan t 

ove r  time ,  f-inally ,  th e generalizatio n algorith m determine s tha t  th e inter-objec t  force s nee d no t  b e 

k n o w n ,  sinc e the y ar e algebraicall y cancelle d durin g th e derivatio n o f  th e m o m e n t u m law . 

Notic e tha t  th e resul t  i n tabl e 2  i s no t  a  conservatio n law .  I t  describe s h o w th e m o m e n t u m o f 

a sys te m evolve s ove r  time .  A l t houg h thi s n e w fo rmu l a applie s t o a  larg e clas s o f  prob lems . 

recognizin g it s applicabilit y i s  no t  easy .  T h e externa l  force s o n th e sys te m m u s t  b e s u m m e d an d a 

possibl y complicate d differentia l  equatio n need s t o b e solved .  App l y i n g thi s l a w require s m o r e 

tha n countin g th e n u m b e r  o f  u n k n o w n s i n th e equation ,  determinin g ther e i s  onl y one ,  an d the n 

usin g simpl e algebr a t o find  it s value . 

I n orde r  fo r  th e originall y use d problem-solvin g s c h e m a (tabl e 1 )  t o b e applicabl e t o thi s n e w 

formula ,  i t  mu.s t  b e th e cas e tha t  m o m e n t u m b e constan t  w i t h respec t  t o l im e an d easil y calculabl e 

at  t w o differen t  times .  Thi s m e a n s tha t  th e derivativ e o f  m o m e n t u m b e zero ,  w h i c h lead s t o th e 

•*  Whe n th e inter-stat e lim e i s unknown ,  simpl y solvin g th e equation s o f  motio n resultin g fro m Newton' s law s i s no t 
possible . 
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Tabl e 2 .  Th e Genera l  M o m e n t u m L a w 

Formul a 

d "  ^ ' 
— 2 2 "lo*̂ .  vehKity ,  ,,(t )  =  £  forc e ,„„„„ i  j  ,̂ U ) 

Precondition s 

( A N D (IsaComponen l  ?c ) 

V i  e l  n  (NO T (ZeroValue d mass ,  ) 
V i  €  1 ,  .  . .  ,  n  (IndependenlO f  mass ^  t  )  ) 

Eliminated Terms 

Vi y j^i force i J ,,U) 

requiremen t  tha t  th e externa l  force s su m l o zero .  Whe n thi s occurs ,  th e momentu m o f  a  syste m 
can b e equate d a t  an y tw o dislinc l  stales .  Th e specia l  cas e schem a fo r  momentu m conservatio n i s 
containe d i n tabl e 2sc .  Sinc e thi s i s a  conservatio n schema ,  th e tim e a t  whic h eac h slat e occur s nee d 
not  b e provide d i n a  proble m fo r  thi s schem a l o apply . 

Tabl e 2sc .  Th e Special-Cas e Momentu m L a w 

Formula 

ri  n 
22 rnass i  velocUy ,  , ^  i? t  x )  =  J ^  f̂ asS j  velocity ^  •>f.{? t  2 ) 

I  = \  /= 1 

Preconditions 

(AND (IsaComponenl ?c ) (Time ?t,) (Time ?l 2) (^ ?t, ?t 2) 

V i  €  1  n  (NO T (ZeroValue d masSj  ) ) 

V i  e  1 ,  .  , n (IndependenlO f  masSj  t  )  ) 

Eliminated Terms 

yiVj^i force, j.,U), ?l i. ?t 2 

Special Case Conditions 

V i  €  1  n  forc e ,„„„„ ,  ,7 ^  = 0 
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Slat e A 

bric k 

i 

I g 
1 

Stal e B 

g 'bric k 1 

Figur e 4 .  A  Fallin g Bric k 

Example 2 - Energy Conservation 

A secon d proble m (figur e 4 )  presente d t o Physic s 10 1 involve s a  bric k fallin g unde r  th e 

influenc e o f  gravity .  Again ,  informatio n a t  tw o differen t  state s i s presented .  Th e mas s o f  th e 

brick ,  it s  initia l  velocity ,  an d it s heigh l  i n th e tw o slate s ar e provided .  Th e goa l  i s  t o find  it s 

velocit y i n th e secon d state .  Th e teacher' s solutio n t o thi s proble m use s energ y conservation .  Th e 

kineti c energ y ( 1 mas s x  velocity'̂ )  plu s th e potentia l  energ y (mas s x  g  x  heigh t  )  i n th e tw o state s 

i s equated .  Th e genera l  la w Physic s lOl' s produce s b y analyzin g th e sampl e solutio n i s presente d 

i n tabl e 3 . 

The genera l  energ y conservatio n la w applie s wheneve r  th e tota l  forc e o n a n objec t  i s  known . 

Notice ,  though ,  tha t  a  rathe r  complicate d vecto r  integra l  involvin g th e scala r  (dot )  produc t  o f  tw o 

vector s need s t o b e compute d i f  thi s genera l  la w i s t o b e used .  T o us e thi s formula ,  i t  i s  no t 

sufficien t  t o posses s knowledg e o f  th e value s o f  variable s a t  tw o differen t  times .  A  proble m solve r 

must  als o kno w ho w th e ne t  forc e depend s o n positio n fo r  a  continuu m o f  limes .  I n th e specifi c 

proble m ther e i s a  constan t  ne t  forc e (gravity) .  W h e n th e forc e i s constan t  th e proble m i s greatl y 

simplified .  Integratin g a  constan t  forc e lead s t o a  potentia l  energ y determine d b y tha t  constan t 

forc e multiplie d b y th e object' s position .  Th e positio n onl y need s t o b e know n a t  th e tw o distinc t 

limes ,  an d no t  fo r  al l  intervenin g times .  Th e specia l  cas e schem a fo r  energ y conservatio n i s 

containe d i n tabl e 3sc .  Again ,  sinc e thi s i s a  conservatio n schema ,  th e tim e a t  whic h eac h stat e 

occur s nee d no t  b e known . 

SIMILARITY-BASED APPROACHES TO LEARNING SPECIAL CASES 

A c o m m o n inductio n schem e i s t o posi t  tha t  learner s compar e particula r  instance s o f  a  concep t 

(.suc h a s specifi c  problem s o f  a  proble m type )  an d abstrac t  ou t  thos e aspect s tha t  ar e c o m m o n t o 

bot h problem s [Anderson83 ,  Michalski83 ,  MitchellTS ,  Posner68] .  Th e fac t  tha t  proble m solver s 

Tabl e 3 .  T h e Genera l  Energ y L a w 

Formul a 

d r  1 - -  [  '  mass, ,  velocitŷ , ,  i t  )  -  [forc e „ „  .ji t  ) •  dpositio n ; ,  )  =  0  t ± I ^ 
at  ^  * *  '  * ' 

Precondition s 

( A N D (Objec t  ? i  )  (IndependentO f  mass, ,  t  )  ( N O T (ZeroValue d mxiss, ,  ) )  ) 
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Tabl e 3sc .  Th e Special-Cas e Energ y L a w 

Formu l a 

^ niais>j velocity^^j(?t j) + mass,, g position •>,_,^ {?i,) 

= ' masS', veUKity^0j(.?t2) + mass,, g position ^i ^c^^h) 

Preconditions 

(AND (Object ?i ) (Component ?c ) (Time ?(,) (Time ?t 2) (?* ?i 1 ^^2) 

(IndependenlO f  mass, ,  t  )  (NO T (ZeroValue d mass^ ,  ) )  ) 

Eliminated Terms 

Special Case Conditions 

forc e „̂ ,  . ,  { t  )  =  mass7 ,  g  ? c 

use highl y specifi c  schemat a support s suc h a  view ,  sinc e thes e schemat a woul d aris e wheneve r  tw o 

problem s fro m a n intermediat e leve l  proble m typ e ar e compared .  Althoug h w e believ e tha t 

similarity-base d generalizatio n i s a n importan t  mean s o f  learning ,  especiall y fo r  novice s 

[OentnerS? ,  Ross84 .  Ross87] ,  th e researc h describe d i n thi s pape r  show s tha t  m a n y o f  thes e highl y 

specifi c  schemat a ca n aris e fro m a n explanation-base d approach .  Fve n som e stron g proponent s o f 

exampl e compariso n learnin g hav e begu n t o incorporat e som e explanation-base d idea s i n orde r  t o 

accoun t  fo r  h o w muc h i s learne d fro m on e exampl e [Anderson87] . 

Becaus e explanation-base d learnin g require s extensiv e domai n knowledge ,  i t  clearl y i s no t 

appropriat e fo r  al l  learnin g i n a  ne w domain .  However ,  i t  m a y b e usefu l  eve n i n earl y learnin g i f 

th e n e w domai n relie s heavil y upo n a  domai n fo r  whic h th e novic e doe s hav e substantia l 

knowledge .  Becaus e mathematic s underlie s man y othe r  domains ,  a  novic e wit h som e mathematica l 

sophisticatio n m a y b e abl e t o mak e us e o f  explanation-base d technique s withou t  extensiv e 

knowledg e o f  th e ne w domain . 

CONCLUSION 

M u ch o f  expertis e i n problem-.solvin g situation s involve s rapidl y choosin g a  tightly -

constraine d schem a tha t  i s appropriat e t o th e curren t  problem .  W e ar e applyin g th e paradig m o f 

explanation-base d learnin g t o investigat e ho w a n intelligen t  syste m ca n acquir e thes e 

"appropriatel y general "  .schemata .  Whil e ou r  motivation s fo r  producin g thes e specialize d schemat a 

ar e computational ,  result s reporte d i n th e psychologica l  literatur e ar e corroborate d b y ou r  fully -

implemente d compute r  model . 

A majo r  issu e i n explanation-ba.se d learnin g concern s th e operationality/generalit y trade-of f 

[DeJong86 .  Mitchell86 ,  Segre87] .  A  schem a whos e relevanc e i s eas y t o determin e m a y onl y b e 

usefu l  i n a n overly-narro w rang e o f  problems .  Conversely ,  a  broadly-applicabl e schem a m a y 

requir e extensiv e wor k befor e a  proble m solve r  ca n recogniz e it s appropriateness .  Othe r  approache s 

t o selectin g th e prope r  leve l  o f  generalit y involv e prunin g easily-reconstruclabl e portion s o f  th e 

explanatio n structure .  Ou r  approac h t o thi s proble m i s t o produc e a s genera l  a  schem a a s possibl e 
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from the analysis of a specific solution, and then construct a special case of this general schema. In 

constructin g th e genera l  .schema ,  th e origina l  explanatio n structur e i s ofte n substantiall y  altere d 

durin g generalizatio n [Shavlik87a .  ShavlikN7b] .  Augmentatio n o f  th e explanatio n i s neede d i n 

orde r  t o generaliz e suc h thing s a s th e numbe r  o f  entitie s i n a  concep t  o r  th e numbe r  o f  time s som e 

actio n i s perlormed .  A  specia l  ca.s e i s produce d b y constrainin g a  genera l  schem a i n suc h a  wa y tha t 

it s relevanc e i s easil y checked .  Thi s result s i n additiona l  feature s tha t  a  situatio n mus t  posses s i f 

th e .specia l  cas e i s t o apply . 

Acquirin g thes e specia l  ca.s e schemat a involve s cornbinin g schemat a fro m tw o differen t  clas.ses . 

One clas s contain s domain-independen t  problem-solvin g schemata ,  whil e th e othe r  clas s consist s o f 

domain-specifi c  knowledge ,  i n ou r  model ,  learnin g b y analyzin g sampl e proble m solution s 

produce s broadly-applicabl e schemat a that ,  often ,  ar e no t  usabl e b y th e originall y applie d 

problem-solvin g schemata .  Specia l  cas e schemat a resul t  fro m constrainin g the.s e genera l  schemat a 

so tha t  th e originall y use d problem-solvin g technique s ar e guarantee d t o work .  Thi s significantl y 

reduce s th e amoun t  o f  plannin g tha t  th e proble m solve r  woul d otherwis e nee d t o j)erfor m 

elaboratin g th e genera l  schem a t o matc h a  ne w problem-solvin g episode . 

Beside s improvin g a  proble m solver' s efficiency ,  specia l  ca.se s als o indicat e goo d assumption s t o 

make.  l"o r  instance ,  i f  yo u d o no t  kno w wha t  th e externa l  force s are ,  assum e the y ar e zero .  Physic s 

problem s ofte n requir e on e t o assum e thing s lik e "ther e i s n o friction" ,  "th e strin g i s massless" , 

"th e gravit y o f  th e moo n ca n b e ignored" ,  etc .  Proble m description s give n t o student s contai n cue s 

suc h a s these ,  an d student s mus t  lear n h o w t o tak e advantag e o f  them .  Fact s i n th e initia l  proble m 

statemen t  sugges t  possibl e problem-solvin g strategies ,  whil e an y additiona l  requirement s o f  th e 

specia l  cas e situation s indicat e goo d assumption s t o mak e (provide d the y d o no t  contradic t 

anythin g els e tha t  i s  known) . 

Thi s pape r  demonstrate s tha t  thes e highly-specifi c  schemat a ca n aris e i n a n explanation-base d 

fashion .  Hxplanalion-base d learnin g require s extensiv e knowledge ,  an d seem s particularl y suite d 

fo r  modellin g learnin g b y experts .  Althoug h al l  learnin g canno t  b e o f  thi s type ,  explanation-base d 

learnin g ca n prov e usefu l  eve n i n earl y learnin g i n a  ne w domain .  Thi s ca n occu r  i f  th e ne w 

domai n relie s heavil y upo n anothe r  domai n i n whic h th e novic e learne r  ha s substantia l  abilities . 
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GENfERATING SCRIPT S F R O M M E M O R Ŷ  

by 

Walter Kintsch & Suzanne M. Mannes 

University of Colorado 

Abstract 

A variation of the Raaijmaker and Shiffrin (1981) retrieval model is proposed to account for 
typica l  scrip t  generatio n data .  I n ou r  model ,  knowledg e i s represente d a s a n associativ e networ k 
wit h proposition s a s th e nodes .  A  contro l  proces s whic h utilize s tempora l  informatio n i n thes e 
proposition s supplement s th e probabilisti c  memor y retrieva l  proces s t o produc e ordere d retrieva l 
of  scripta l  events .  Simulation s ar e reporte d whic h provid e a  goo d qualitativ e fit  t o dat a collecte d 
fro m subject s i n bot h scrip t  generatio n an d fre e associatio n tasks .  Thes e result s suppor t  a  vie w 
of  memor y a s a n unorganize d knowledg e bas e rathe r  tha n a  stable ,  organize d structure . 

1. Scripts as Mental Structures 

Scripts are representations of simple stereotyped event sequences. As such, they are a 
subtyp e o f  frame s o r  schemata .  I n orde r  t o b e useful ,  knowledg e ha s t o b e organize d i n som e 
way,  an d scripts ,  a s wel l  a s frames ,  schemata ,  an d semanti c nets ,  provide d tha t  organizatio n 
(e.g .  Anderson ,  1980 ;  Graesser ,  1981 ;  Schank ,  1980 ;  Schan k &  Abelson ,  1977) .  Script s ar e 
claime d t o b e menta l  structures ,  an d psychologist s se t  ou t  t o demonstrat e th e psychologica l 
realit y o f  thes e structure s an d t o investigat e thei r  properties .  Bower ,  Black ,  &  Turne r  (1979 ) 
observe d a  hig h leve l  o f  agreemen t  whe n subject s wer e aske d t o lis t  th e characteristi c event s tha t 
the y though t  belonge d t o a  script ,  an d thei r  order . 

However ,  th e vie w tha t  script s ar e precompile d menta l  structure s wa s soo n challenge d 
fro m severa l  sides .  Computationally ,  fixe d menta l  structure s lik e script s turne d ou t  t o b e to o 
inflexibl e t o reall y serv e th e purpose s fo r  whic h the y wer e originall y designe d (va n Dij k & 
Kintsch ,  1983 ;  Schank ,  1982) .  I f  script s guid e retrieval ,  ho w clos e event s occu r  i n th e scrip t 
strucmr e shoul d determin e th e time  i t  t^e s t o retriev e on e event ,  give n th e other .  However ,  suc h 
distanc e effect s hav e no t  bee n observe d (  Haberland t  &  Bingham ,  1984 ;  Galambo s &  Rips , 
1982 ;  Bowe r  e t  al. ,  1979) .  A t  most ,  i t  appear s tha t  immediatel y succeedin g event s ar e retrieve d 
faste r  tha n event s farthe r  awa y (Bowe r  e t  al.) ,  bu t  tha t  argue s mor e fo r  a  loca l  relatio n lik e 
"next" ,  rathe r  tha n fo r  a  large r  scrip t  structure . 

For  thes e reasons ,  ther e ha s bee n a  genera l  mov e awa y fro m considerin g script s a s fixe d 
menta l  structures .  I n th e presen t  pape r  w e clai m tha t  knowledg e i s no t  pre-organize d i n term s o f 
script s an d schemata ,  bu t  tha t  suc h structure s ar e generate d fro m a n unorganize d associativ e ne t 
i n respons e t o a  specifi c  tas k deman d i n a  specifi c  context .  Onl y i n thi s wa y ca n th e flexibilit y 

1 Thi s researc h wa s supporte d b y gran t  numbe r  M H -  1587 2 fro m th e Nationa l  Institut e o f  Menta l 
Health .  I t  i s  publicatio n numbe r  87- 3 o f  th e Institu e o f  Cognitiv e Scienc e a t  th e Universit y o f 
Colorado ,  Boulder ,  C O 8030 9 
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and contex t  sensitivit y tha t  characteriz e huma n scrip t  us e b e achieved .  Here ,  w e shal l  sho w ho w 
a behavio r  tha t  ha s bee n take n a s prima-faci e evidenc e fo r  th e existenc e o f  script s a s menta l 
structure s ca n b e generate d fro m a  knowledg e bas e i n whic h ther e ar e n o pre-existin g globa l 
structure s lik e scripts .  Specifically ,  w e shal l  simulat e ho w peopl e g o abou t  listin g th e event s 
whic h constitut e c o m m o n scripta l  activities ,  suc h a s goin g t o a  grocer y store . 

2. Scripts and Categories 

The approach taken here extends earlier work on generating conceptual categories to 
scripts .  Walke r  &  Kintsc h (1985 )  hav e modelle d thi s proces s b y makin g tw o crucia l 
assumptions . 

Firs t  o f  all ,  the y assume d tha t  knowledg e retrieva l  obey s th e sam e law s a s retrieva l  fro m 
episodi c memory .  I n particular .  Walke r  &  Kintsc h assume d tha t  th e automati c componen t  o f  th e 
retrieva l  proces s ca n b e describe d b y th e Raaijmaker s &  Shiffri n (1981 )  theory .  Give n a 
particula r  retrieva l  cue ,  thi s mode l  predict s wha t  wil l  b e retrieved ,  an d when .  O n th e othe r  hand , 
th e contro l  processe s whic h ar e necessar y t o pu t  togethe r  a n appropriat e retrieva l  cu e i n th e 
presen t  situatio n ar e outsid e th e Raaijmaker s &  Shiffiri n model ,  an d wil l  b e discusse d below . 

Secondly ,  Walke r  &  Kintsc h assume d tha t  th e retrieva l  proces s operate s o n a n associativ e 
net  i n whic h categorie s ar e no t  explicitl y  represented .  O f  course ,  ther e mus t  b e informatio n 
store d wit h eac h categor y member  tha t  identifie s i t  a s such .  I n th e simples t  cas e thi s migh t  b e a n 
associate d IS- A proposition . 

A mode l  o f  scrip t  generatio n wil l  b e outline d belo w whic h i s analogou s t o th e categor y 
generatio n mode l  o f  Walke r  &  Kintsch ,  excep t  tha t  i t  utilize s a  differen t  contro l  proces s t o 
reconstitut e exhauste d retrieva l  cues :  instea d o f  randoml y pickin g a n associate d nod e an d addin g 
i t  t o th e retrieva l  cue ,  loca l  informatio n abou t  wha t  come s nex t  i s used .  I n thi s wa y th e 
unproductiv e searc h phase s whic h ar e characteristi c o f  categor y retrieva l  ar e avoided ,  an d a n 
essentiall y  linea r  retrieva l  functio n i s obtained .  Furthermore ,  th e retrieva l  proces s doe s no t 
slowl y pete r  out ,  bu t  stop s whe n th e en d o f  th e chai n i s reached .  Befor e describin g thi s mode l  i n 
mor e detail ,  however ,  i t  i s  necessar y t o loo k mor e closel y a t  ho w peopl e generat e scripts ,  s o tha t 
we hav e a  mor e soli d dat a bas e wit h whic h t o compar e ou r  model . 

3. Generating Scripts: Experimental Results 

3. 1 Mgthp d 

Six subjects were asked to think aloud (Ericsson & Simon, 1984) as they pretended to tell a 
strange r  fro m anothe r  cultur e wha t  typicall y happen s i n th e followin g thre e situations :  gt>m ^  t o a 
restauran t  fo r  a  meal ,  goin g t o a  grocer y stor e t o bu y groceries ,  an d goin g t o a  doctor' s offic e fo r 
a checkup .  Thes e wer e th e sam e script s tha t  wer e use d b y Walke r  &  Kintsc h (1985) . 

3.2 ResyltS 

Each subject's protocol was divided into idea units, roughly corresponding to propositions 
i n th e sens e o f  va n Ehj k &  Kintsc h (1983).Thes e unit s wer e classifie d a s eithe r  scripta l  event s o r 
elaborations .  Event s wer e alway s singl e propositions ,  whil e elaboration s wer e sometime s mor e 
complex .  Fo r  example ,  th e even t  mak e a  lis t  wa s elaborate d wit h o f  wha t  yo u wan t  t o buy . 

Ther e wa s goo d agreemen t  amon g subject s abou t  th e event s the y though t  belonge d t o eac h 
of  th e thre e scripts .  Figur e 1  show s th e percentag e o f  al l  response s whic h wer e produce d b y 5 
or  6  subjects ,  3  o r  4  subjects ,  o r  b y onl y 1  o r  2  subjects .  Mor e tha n hal f  o f  al l  response s wer e 
give n b y a  majorit y o f  th e subjects .  Almos t  al l  item s wer e generate d i n thei r  natura l  order ;  onl y 
1 % o f  al l  response s wer e ou t  o f  order .  Figur e 2  show s th e cumulativ e numbe r  o f  scripta l  unit s 
as a  functio n o f  retrieva l  time  fo r  on e o f  ou r  subjects .  Th e importan t  point s t o notic e ar e firs t  tha t 
th e rat e a t  whic h a  scrip t  i s  generate d i s approximatel y constant .  Secondly ,  th e curv e i s relativel y 
smooth ,  i n contras t  t o th e sever e scallopin g observe d fo r  categor y namin g tasks . 
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Figure 1. Percent of events agreed upon by 6+5,4+3, and 2+1 subjects. 

T I M E 

Figur e 2 .  Numbe r  o f  grocer y stor e item s retrieve d b y a  singl e subjec t 
as a  functio n o f  tim e (plotte d i n 3 0 secon d intervals) . 

I n listenin g t o thes e protocols ,  on e i s struc k b y thei r  fluency .  Subject s alway s see m t o 
kno w wha t  t o sa y next ,  wit h littl e hesitation .  Ther e wa s apparentl y n o nee d fo r  a n extende d 
searc h fo r  a  ne w retrieva l  cue .  W e therefor e closel y inspecte d eac h protoco l  fo r  possibl e 
evidenc e a s t o th e natur e o f  th e retrieva l  cue s tha t  permitte d suc h smoot h transitio n fro m even t  t o 
event .  I n th e cours e o f  thes e analyse s w e arrive d a t  th e distinctio n betwee n scripta l  event s an d 
elaborations .  A s alread y mentioned ,  event s ar e single-propositio n units ,  expressin g a n actio n 
eithe r  b y th e mai n acto r  o r  b y som e othe r  participan t  (checkout-clerk ,  nurse ,  waiter )  whic h ca n 
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stan d o n thei r  own .  Tha t  is ,  event s wer e meaningful  b y themselves ,  an d di d no t  requir e 
referenc e t o som e othe r  uni t  fo r  thei r  interpretation .  Elaboration s o n th e othe r  hand ,  hav e t o b e 
interprete d i n th e contex t  o f  som e othe r  unit ,  usuall y a n event .  Th e even t  mak e a  lis t  wa s 
elaborate d b y o f  wha t  yo u wan t  t o buy .  Thus ,  elaboration s appea r  t o b e dependen t  o n events . 
Events ,  however ,  eithe r  follo w directi y previou s events ,  o r  ar e precede d b y explici t  tempora l 
connectives ,  suc h a s then ,  o r  afte r  that .  A  strikin g asymmetr y wa s note d i n thi s respect :  tempora l 
connective s wer e use d b y mos t  o r  al l  o f  th e subject s i n certai n places ,  whil e the y wer e rar e 
otherwise .  Fo r  instance ,  eac h subjec t  use d a  tempora l  marke r  (connective )  betwee n th e las t  ite m 
tha t  deal t  wit h preparatio n fo r  shoppin g an d enterin g th e stor e an d th e firs t  ite m tha t  deal t  wit h th e 
actua l  shopping .  Th e transitio n betwee n shoppin g an d checking-ou t  wa s similarl y marke d b y al l 
subjects ,  an d 5  o f  th e 6  subject s separate d checlung-ou t  an d leavin g th e stor e wit h a  tempora l 
marker .  Withi n eac h o f  thes e episodes ,  i n contrast ,  tempora l  connective s wer e rar e an d use d 
idiosyncratically .  Thus ,  explici t  tempora l  connective s appea r  t o segmen t  th e scrip t  int o separat e 
episode s whic h ar e crucia l  fo r  a n understandin g o f  ho w script s ca n b e generate d fro m a n 
associativ e knowledg e base .  Th e distributio n o f  thes e tempora l  marker s i s show n i n Figur e 3 . 

3.3 A Hvpothesis about Retrieval 

In Table 1 the events and elaborations for the grocery store script which were produced by 
our  subject s ar e shown ,  broke n dow n int o episode s a s suggeste d b y Figur e 3 .  Item s generate d 
by 5  o r  6  subject s ar e show n wit h asterisks ;  inferre d item s (th e episod e labels )  ar e show n i n 
brackets .  Th e reponse s mad e b y on e subjec t  ar e connecte d b y a  continuou s line ,  t o sho w thi s 
subject' s retrieva l  path . 

We ar e n o w i n a  positio n t o stat e a  possibl e hypothesi s abou t  th e retrieva l  cue s whic h 
contro l  th e proces s o f  scrip t  generation .  Th e answe r  i s simpl e fo r  elaborations :  sinc e al l 
elaboration s ca n b e co-ordinate d wit h a  specifi c  event ,  w e assum e tha t  th e event s serv e a s thei r 
retrieva l  cue .  Fo r  th e event s themselves ,  w e propos e a  dua l  process :  som e event s ar e retrieve d 
vi a specifi c  tempora l  information ,  whil e other s ar e retrieve d associatively ,  muc h a s categor y 
members are .  Ou r  dat a sugges t  tha t  goal-directe d retrieva l  o n th e basi s o f  specifi c  tempora l  cues , 
suc h a s X  F O L L O WS Y  operate s a t  th e leve l  o f  episodes :  whe n enoug h informatio n withi n a n 
episod e ha s bee n generated ,  th e subjec t  doe s no t  searc h fo r  a  ne w retrieva l  cu e b y checkin g 
rando m associations ,  bu t  use s specifi c  tempora l  informatio n t o establis h a  ne w episod e cue . 
Thus ,  onc e th e subjec t  i s  don e wit h checking-out ,  th e knowledg e bas e i s searche d fo r  a 
propositio n A F T E R [ C H E C K - O U T,  $] ,  yieldin g A F T E R [ C H E C K - O U T,  L E A V I N G ] ,  an d 
L E A V I N G become s th e nex t  retrieva l  cue .  Th e episod e cu e itsel f  work s muc h lik e th e categor y 
cue i n th e categor y namin g task :  repeate d retrieva l  attempt s ar e mad e usin g thi s cu e i n conjunctio n 
wit h recend y retrieve d information .  Thus ,  within-episod e retrieva l  i s  locall y governed ,  an d stop s 
when a  certai n numbe r  o f  unsuccessfu l  retrieva l  event s hav e occurred .  A t  tha t  point ,  a  ne w 
episod e cu e i s generate d i n th e manne r  discusse d above .  Tempora l  informatio n availabl e i n th e 
loiowledg e bas e specifie s wha t  tha t  cu e ha s t o be ,  an d henc e a  lon g searc h i s superfluous ,  givin g 
th e scrip t  generatio n proces s it s characteristi c smoothnes s an d fluidity.  I n th e nex t  section ,  thi s 
hypothesi s abou t  ho w script s ar e generate d wil l  b e specifie d furthe r  t o th e poin t  wher e 
simulation s ca n b e performed .  Th e goa l  o f  thes e simulation s wil l  b e t o determin e whethe r 
simulate d scrip t  retrieva l  i s  a t  leas t  qualitativel y simila r  t o th e huma n data . 
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[PREPARATION]  T . 

G R O C E R Y S T O RE 

: TIME VISIT ' ' • SO THE STORE ISNT CROWDED 

[SHOWING]  T 

MAKE LIS T 

GO T O STORE 

PARK 

GO IN * 

GET CART* 

\ 

•  GET A  BASKET 

START AT ONE END 

^ GO DOWN AISLES 

V . 

OF WHAT YOU WANT T O BU Y 

IF FOOD SHOPPING OR MIGHT GET TOO MUCH 

HOWEVER YOU GET THERE. DRIVING OR WALKING 

IN FRONT OF STORE 

•>> THROUGH DOORS 

WHICH AR E BI G METAL CARTS 

IF YOU ARE GETTING LOTS 

POSSIBLY WIT H FRUI T 

IF YOU KNOW WHERE THING S AR E 

AISLES AR E DESIGNATED B Y NUMBERS 

START A T TOP OF LIS T 

LOOK IN DIRECTORY 

ASKSOMEONE 

GO THROUGH PRODUCE 

PICK LITTLE BAGS 

I 
PUT FTEMS I N BAGS 

CATEGORIES AR E LISTE D ABOVE 

POSSIBLY 

THEN THEY WEIGH THE M FOR YOU WHEN YOU CHECK OUT 

ACHi GO T O EACH SUBSECTION T O GET AN Y SORT OF FRESH MEAT 

GET LETTUCE ^ IF YOU NEED TT FOR SALAD ONE NIGHT 

GO T O DAIR Y ^  I F YOU NEED EGGS O R CHEESE 

NOTICE PRICE S 

Tabl e 1 .  Item s whic h subject s produce d i n respons e t o th e Grocer y Shoppin g cue .  Th e line s 
sho w on e subject' s pat h throug h th e network .  Se e tex t  fo r  furthe r  explanation . 
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^^.-<X )  T O FRONT 

[CHECKING OUT]  T * 

"^"^G O T O CHECK OUT 

TAKE OUT GROCERIES 

PUT BASKET U P 

THERE AR E MAGAZINE RACKS 

THERE'S A  CASHIE R 

MACHINE READS CODES 

SEE PRODUCTS OVER SCANNER EVERY ITE M HA S A  CODE 

'RIN G U P ITEM S 

SEE ITEM S DOWN BEL T 

PRICES AR E REGISTERED I N COMPUTER 

THERE'S A  S  ACKER THERE 

CLERK PUTS GROCERIES I N BAGS *  DEPENDING O N TH E NUMBER O F ITEM S 

[PAY/LEAVE ]  T  • 

CLERK PUTS BAGS I N CART 

CASHIER TELLS YOU THE AMOUNT * 

YOU TAKE WALLET OUT 

WRITE CHECK 

PAY • THE RIGH T AMOUNT YO U OWE 

GETCHANGE 

V . 

WALKOUT 

GET HELP WITH BAGS 

CARRY BAGS OUT 

i 
LOAD CA R 

I F YOU'R E OL D O R JUS T LAZ Y 

GO HOME* 

Tabl e 1 .  (continued) . 
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4.  Generatin g Scripts :  A  Simulatio n 

Memory is an associative network with concepts and propositions as nodes. Nodes are 
relate d eithe r  positively ,  negatively ,  o r  no t  a t  all ,  wit h connection s rangin g fro m - 1 t o +1 . 
Mathematically ,  thi s networ k wil l  b e represente d b y a  matrix ,  K .  Th e row s (i )  an d column s (j ) 
of  thi s matri x represen t  th e node s o f  th e network ,  an d th e entrie s ( s n )  represen t  th e connectio n 

strength s betwee n th e nodes . 
A retrieva l  cu e consist s o f  on e o r  mor e node s o f  thi s network .  Eac h retrieva l  attemp t  wit h a 

particula r  retrieva l  cu e result s i n th e retrieva l  o f  a  singl e nod e fro m th e networ k (thoug h no t 
necessaril y  i n a n over t  response) .  Th e mode l  ca n b e concisel y statedi n term s o f  th e well-lmow n 
model  o f  memor y retrieva l  propose d b y Raaijmaker s &  Shiffri n (1981) .  Memor y i n thei r  model , 
i s  represente d a s a n associativ e net ,  an d th e retrieva l  proces s whic h the y describ e result s i n th e 
followin g equation . 

(1 )  Pr(J/ij,._k )  = 
i= l 

n k 

j=i i=i 

Suppos e tha t  node y ha s no w bee n retrieved .  I f  i t  ha s no t  alread y bee n retrieve d previously , 
i t  wil l  b e outpu t  a s a n over t  response .  A n unsuccessfu l  retrieva l  attemp t  occur s whe n th e 

retrieve d nod e duplicate s a n earlie r  retrieval. ^ 
The newl y retrieve d nod e i s adde d t o th e retrieva l  cue ,  whic h i s no w o f  siz e k + L I f  thi s 

number  exceed s som e max imu m valu e m ,  a n ol d elemen t  mus t  b e dropped .  W e assum e tha t  thi s 
wil l  b e th e mos t  recentl y adde d element .  Thus ,  th e natur e o f  tiie  retrieva l  cu e change s 
dynamicall y i n respons e t o loca l  effects ,  bu t  a t  th e sam e tim e retain s a  stabl e core . 

Fre e associatio n differ s fro m scrip t  generatio n onl y i n tha t  n o tempora l  cue s ar e use d t o 
guid e retrieval .  H  i s use d t o retriev e som e associat e whic h the n take s o n th e rol e /// .  Afte r  i t 

has becom e ineffective ,  som e othe r  associat e o f  H  take s it s  place .  Thus ,  w e obtai n cluster s o f 
relate d associates ,  wit h occasiona l  unpredictabl e jump s t o ne w ones . 

4.1 Simulating Qroggry ghppping 

In order to test the model outlined above, we attempted to simulate the generation of a 
grocery-shoppin g script .  Th e goa l  o f  thi s simulatio n wa s t o accoun t  qualitativel y fo r  th e dat a 
describe d i n Sectio n 3 .  Specifically ,  w e wante d t o se e whethe r  th e simulatio n yielde d a n outpu t 
comparabl e t o th e huma n dat a i n Tabl e 1 ,  an d whethe r  th e rat e wit h whic h i t  wa s produce d wa s 
constant ,  a s i n Figur e 2 .  Fo r  thi s purpose ,  a n associativ e knowledg e syste m containin g 
informatio n abou t  grocer y shoppin g ha d t o b e constructe d first . 

4.1.1 The Knowledge Base. 
Sinc e merel y a  qualitativ e accoun t  i s  attempte d here ,  w e nee d no t  concer n ourselve s wit h al l 

th e knowledg e peopl e hav e abou t  grocer y shopping .  Instead ,  fiftee n typica l  item s fro m Tabl e 1 
wer e selecte d mor e o r  les s randoml y an d groupe d b y episodes .  I n addition ,  th e scrip t  heading , 
th e fou r  episod e heading s a s wel l  a s th e tempora l  marker s betwee n the m wer e include d i n th e 

2 In other cases this editing process must be more complex. E.g., in category naming a check 
needs t o b e mad e t o determin e whethe r  th e retrieve d nod e is ,  i n fact ,  a  categor y member . 
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knowledg e base .  Furthermore ,  fo r  eac h o f  th e 1 5 scripta l  event s plu s th e 5  heading s fre e 
association s wer e obtaine d fro m a  grou p o f  1 6 subjects .  Th e tw o mos t  frequentl y produce d 
association s fo r  eac h ite m wer e als o adde d t o th e knowledg e base .  Al l  th e item s i n th e 
knowledg e bas e thu s fa r  ar e relate d t o grocer y shopping .  T o mak e th e simulatio n mor e 
challenging ,  item s unrelate d t o th e grocer y scrip t  ar e needed ,  t o se e whethe r  o r  no t  th e retrieva l 
proces s suffer s interferenc e from  suc h items .  Therefore ,  a  closel y relate d scrip t  wa s selected ,  fo r 
whic h tiiree  o f  th e fou r  episode s overlapped .  Subject s wer e aske d t o provid e u s wit h a  shoe -
stor e script .  Thi s yielde d th e thre e episode s Entering ,  Shopping ,  an d Leaving .  I n additio n t o th e 
thre e episod e headings ,  fou r  o f  th e produce d scripta l  event s ar e associate d wit h bot h scripts .  I f 
th e tw o script s wil l  interfer e wit h eac h other ,  ther e i s certainl y opportunit y t o d o so .  Fo r  eac h o f 
th e shoe-stor e events ,  tw o high-frequenc y associate s wer e als o adde d t o th e knowledg e base . 
Ther e is ,  o f  course ,  i n th e knowledg e bas e n o distinctio n betwee n scripta l  events ,  episod e 
headers ,  o r  associates :  al l  ar e jus t  node s i n a  network ,  -  w e categoriz e the m i n thi s wa y onl y o n 
th e basi s o f  th e protocol s subject s generate . 

The tota l  matri x thu s constructe d ha d 6 3 row s an d column s -  a  tin y fragmen t  o f  a  huma n 
knowledg e system .  Th e 3,96 9 connectio n strength s s  \ \  i n thi s matri x wer e estimate d fro m 

actua l  scrip t  an d fre e associatio n data .  Onl y roug h estimate s wer e made :  Wheneve r  a  stimulu s 
elicite d th e sam e respons e i n 7 5 % o f  th e subjects ,  a  strengt h valu e o f  1  wa s used ;  response s 
give n b y fewe r  subject s wer e assigne d a  connectio n strengt h o f  .5 ;  an d response s whic h di d no t 
occu r  i n ou r  sampl e wer e give n a  strengt h o f  0 .  Al l  association s wer e assume d t o b e symmetric . 

I n addition ,  connection s wer e establishe d o n th e basi s o f  th e scrip t  dat a i n th e followin g 
way.  Th e scrip t  header s grocer y shoppin g an d sho e stor e wer e connecte d wit h a  strengt h o f  1  t o 
thei r  respectiv e episod e header s an d wit h a  valu e o f  . 5 t o th e scripta l  event s withi n eac h episode . 
The episod e header s wer e connecte d wit h a  strengt h o f  1  t o thei r  respectiv e scrip t  events . 
Finally ,  scrip t  event s withi n eac h episod e wer e connecte d t o eac h othe r  b y a  valu e o f  .5 . 
However ,  th e strength s o f  thes e connection s wer e no t  necessaril y  symmetric :  pickin g u p 
vegetable s an d goin g throug h th e aisle s ar e connecte d bot h ways ,  an d bot h ar e connecte d t o 
goin g t o th e check-ou t  counter ,  bu t  th e latte r  ha s n o strengt h connectin g i t  t o eithe r  o f  th e tw o 

forme r  nodes .  Thus ,  S(vegetables,aisles )  =  S(aisles,vegetables) '  bu t  S(aisles,checkout )  ̂  

^(checkout ,  aisles) -  Furthermore ,  th e backward s connection s betwee n episod e header s an d thei r 

scrip t  headers ,  a s wel l  a s betwee n scrip t  event s an d thei r  episod e headers ,  wer e mad e les s stron g 
(.5 )  tha n th e forwar d connection s betwee n thes e elements .  Thus ,  scripta l  event s ma y b e 
directional ,  (I t  i s  o f  cours e possibl e tha t  th e sam e ma y b e tru e fo r  association s i n general ,  bu t 
thi s possibilit y  wa s no t  explore d here. )  Th e tempora l  connective s -  B E G I N [ G R O C E R Y-
S H O P P I N G,  E N T E R ] ,  B E G I N [ S H O E - S H O P P I N G,  E N T E R ] ,  A F T E R [ E N T E R , 
S H O P P I N G ],  A F T E R [ S H O P P I N G,  C H E C K - O U T ] ,  A F T E R [ S H O P P I N G,  L E A V E ] , 
A F T E R [ C H E C K - O U T,  L E A V E ]  -  whic h ar e neede d t o contro l  th e retrieva l  proces s i n th e scrip t 
generatio n tas k ar e connecte d b y a  valu e o f  + 1 t o thei r  secon d argument ,  an d a  valu e o f  - 1 t o thei r 
first  argument .  Th e decisio n t o us e onl y th e value s 1  an d . 5 fo r  connectio n strength s i s bot h 
crud e an d arbitrary ,  bu t  b y restrictin g ourselve s t o suc h roug h approximation s w e hav e reduce d 
th e nee d fo r  subjectiv e judgments .  I t  shoul d als o b e note d tha t  precis e strengt h value s matte r 
relativel y litd e here :  I t  i s  th e ovCT-al l  patte m o f  connection s tha t  determine s th e results . 

4.1.2 Retrieval. 
Instea d o f  estimatin g th e parameter s o f  th e mode l  from  th e dat a an d tryin g t o fit  th e dat a 

quantitatively ,  al l  th e parameter s wer e specifie d a  priori. ^  Specifically ,  w e assum e tha t  th e 
retrieva l  cu e ha s thre e components ,  tw o stabl e (whic h woul d b e th e scrip t  heade r  an d a n episod e 

3 Whil e i t  woul d b e possibl e t o estimat e th e parameter s o f  th e retrieva l  mode l  statistically ,  a 
quantitativ e fit  woul d presum e a n adequat e simulatio n o f  th e knowledg e base ,  whic h i s beyon d ou r 
possibilitie s a t  present . 
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header )  an d th e thir d on e variabl e (th e las t  ite m retrieved) .  W e als o assum e L  =  3 ,  tha t  is ,  a 
retrieva l  cu e i s abandone d afte r  thre e successiv e retrieva l  failures .  Conside r  a  particula r 
simulatio n ru n wit h thi s model ,  then .  Wha t  w e observ e i s a n interpla y betwee n th e controlle d 
searc h fo r  a  ne w retrieva l  cue ,  an d th e automati c retrieva l  process .  Give n Grocer y Shopping ,  th e 
propositio n B E G I N [ G R O C E R Y - S H O P P I N G,  $ ]  i s  use d t o retriev e E N T E R vi a a  patter n 
matchin g process .  Thes e tw o node s the n for m th e firs t  retrieva l  cue ,  activatin g 7  node s i n th e 
syste m t o som e exten t  o r  other .  Enterin g Stor e i s selected .  I t  i s  produce d a s a  response ,  an d 
becomes th e thir d componen t  o f  th e retrieva l  cue .  Thi s modifie d cu e no w activate s fou r  othe r 
nodes ,  and ,  afte r  2  failure s (th e cu e retrieve s a  componen t  o f  itself) .  Gettin g a  Car t  i s  retrieved . 
Thi s no w replace s Enterin g Stor e a s a  componen t  o f  th e retrieva l  cue ,  whic h retrieves ,  afte r  on e 
faile d attempt ,  a  nod e whic h entere d th e networ k a s a n elaboratio n o f  Gettin g a  Cart :  i s  fun .  Th e 
ne w retrieva l  cu e activate s 5  nodes ,  3  o f  the m ne w ones ,  bu t  fail s  anyhow ,  becaus e th e same ,  ol d 
node i s retrieve d coincidentall y thre e time s i n a  row .  N o w th e contro l  proces s take s over ,  again : 
A memor y searc h i s mad e o n th e basi s o f  A F T E R [ E N T E R,  $] ,  whic h yield s S H O P P I N G a s th e 
ne w episod e cue ,  an d th e proces s onc e agai n shift s int o it s automati c retrieva l  mode .  Thi s 
interpla y continue s unti l  th e las t  episod e cu e i s exhausted .  I n th e simulatio n ru n unde r  discussio n 
here ,  a  tota l  o f  1 2 node s i s thu s retrieved ,  amon g the m 5  node s whic h w e hav e calle d -  o n th e 
basi s o f  th e dat a ou r  subject s ha d give n u s -  scripta l  events ;  th e res t  wer e episod e header s an d 
elaborations .  Th e dat a fro m thi s simulatio n ru n ar e show n i n Tabl e 2 .  Thi s networ k look s muc h 
lik e a n abbreviate d versio n o f  Tabl e 1 :  obviously ,  wha t  th e mode l  doe s i s quit e clos e t o wha t 
peopl e d o whe n the y generat e scripts .  Mos t  importantly ,  th e retrieva l  proces s staye d o n track : 
no intrusion s from  th e shoe-stor e domai n occurred ,  i n spit e o f  th e fac t  tha t  severa l  o f  th e item s 
produce d a s par t  o f  th e grocer y scrip t  wer e als o associate d wit h th e forme r  domain .  Secondly , 
th e item s wer e produce d i n th e correc t  order ,  whereve r  orde r  mattered ,  a s i n th e actua l  data . 

Figur e 4  show s th e result s o f  thre e independen t  simulatio n run s wit h th e grocer y script . 
Thes e simulatio n result s hav e th e sam e feature s a s th e dat a obtaine d from  th e individua l  subjec t  i n 
th e scrip t  generatio n tas k (Figur e 2) :  th e rat e a t  whic h scripta l  event s ar e produce d i s constant , 
ther e i s n o slowin g dow n toward s th e end ,  an d th e curve s ar e relativel y smooth ,  withou t  th e 
larg e scallop s whic h characteriz e categor y retrieval . 

4.1.3 Free Associations. 
Figur e 5  show s th e rat e a t  whic h fre e association s t o bot h grocer y stor e an d sho e stor e ar e 

produce d b y th e model .  T o arriv e a t  thi s figure,  a  differen t  contro l  proces s wa s assume d tha n fo r 
scrip t  generation ,  whic h doe s no t  involve s th e us e o f  tempora l  cues .  Give n th e scrip t  header ,  a n 
associate d ite m wa s produced .  Thes e tw o item s the n forme d th e firs t  retrieva l  cue .  A s th e thir d 
ite m wa s retrieve d i t  wa s adde d t o thi s retrieva l  cue ,  bu t  th e nex t  ite m retrieve d replace d it ,  an d s o 
on.  Afte r  thre e unsuccessfu l  retrieva l  attempts ,  thi s cu e wa s abandoned ,  an d th e proces s wa s 
starte d al l  ove r  agai n wit h th e scrip t  heade r  a s th e sol e componen t  o f  th e retrieva l  cue .  Onc e th e 
scrip t  heade r  itsel f  lea d t o thre e successiv e retrieva l  failures ,  th e whol e proces s stopped . 

The retrieva l  function s show n i n Figur e 5  ar e negativel y accelerate d an d somewha t 
scalloped .  The y loo k mor e lik e a  categor y namin g functio n tha n a  scrip t  generatio n function . 
Nevertheless ,  the y wer e generate d fro m th e sam e knowledg e base ,  b y th e sam e retrieva l  proces s 
as Figur e 4  -  onl y th e contro l  proces s wa s different .  Scripts ,  categories ,  an d associativ e 
structure s d o no t  reflec t  th e organizatio n o f  memory ;  rather ,  the y ar e generate d fro m a n 
unorganize d knowledg e bas e -  a n associativ e ne t  wit h onl y loca l  connection s betwee n concept s 
and propositions .  Structure s nee d no t  b e i n th e mind ;  the y ma y resul t  fro m particula r  kin d o f 
contro l  processe s -  tha t  i s  wha t  thi s mode l  suggests . 
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T E M P O R AL M A R K E RS 

SCRIPT HEADER AND 
EPISODE H E A D E RS 

E V E N TS E L A B O R A T I O NS 

G R O C E RY SHOPPIN G 

> ^ 
E N T ER 

S H O P P I NG 

\ C H E CK O U T 

1 

\ E A VE 

GO T O S T O RE 

PICK UP CART 
I S F U N 

MONEY 

G ET V E G E T A B L ES 

GO THROUGH AISLES 

NOTE PRICES 

P UT THING S O N B E L T 

R IN G U P PRICE S 

S C AN PRIC E C O DE 

CASHIER 

L O AD C A R 

W O R K ER HELP S 

Tabl e 2 .  Item s whic h th e mode l  retrieve d ove r  thre e run s i n respons e t o 
th e Grocer y Shoppin g cue .  Th e line s sho w th e resul t  o f  on e run . 
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Figure 4. Number of scriptal items retrieved by the mcxiel in three runs 

as a  functio n o f  time . 
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Figur e 5 .  Numbe r  o f  item s retrieve d b y th e mode l  i n a  fre e 
associatio n tas k a s a  functio n o f  time . 
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Abstract 

A traditional paradigm for retrieval from a conceptual knowledge base is to gather 
up indice s o r  feature s use d t o discriminat e amon g o r  locat e item s i n memory ,  an d 
the n perfor m a  retrieva l  operatio n t o obtai n matchin g items .  Thes e item s ma y the n 
be evaluate d fo r  thei r  degre e o f  matc h agains t  th e input .  Thi s typ e o f  approac h t o 
retrieva l  ha s som e problems .  I t  reqmre s on e t o loo k explicitl y  fo r  item s i n memor y 
wheneve r  th e possibilit y  exist s tha t  ther e migh t  b e somethin g o f  interes t  there .  Also , 
thi s approac h doe s no t  easil y tolerat e discrepancie s o r  omission s i n th e inpu t  feature s 
or  indices .  I n a  question-answerin g system ,  a  use r  ma y mak e incorrec t  assumption s 
abou t  th e content s o f  th e knowledg e base .  Thi s make s a  toleran t  retrieva l  metho d eve n 
more necessary . 

An alternative ,  two-stag e mode l  o f  conceptua l  informatio n retrieva l  i s  proposed . 
The first  stag e i s a  spontaneou s retrieva l  tha t  operate s b y a  simpl e marker-passin g 
scheme.  I t  i s  spontaneou s becaus e item s ar e retrieve d a £ a  by-produc t  o f  th e inpu t 
understandin g process .  Th e secon d stag e i s a  grap h matchin g proces s tha t  filters  o r 
evaluate s item s retrieve d b y th e first  stage .  Thi s schem e ha s bee n implemente d i n 
th e SCISO R informatio n retrieva l  system .  I t  i s  successfu l  i n overcomin g problem s o f 
retrieva l  failur e du e t o omitte d indices ,  an d als o facilitate s th e constructio n o f  appro -
priat e response s t o a  broade r  rang e o f  inputs . 

1 Introduction 

The System for Conceptual Information Summarization, Organization and Retrieval 
(SCISOR)  i s a n informatio n retrieva l  syste m designe d t o ajialyze ,  answe r  question s 
about ,  an d summariz e shor t  newspape r  storie s i n natura l  language .  Operatin g i n 
th e domai n o f  corporat e takeover s an d finance,  SCISO R i s uniqu e i n it s approac h t o 
retrieva l  o f  th e comple x conceptua l  event s store d i n it s  knowledg e base . 

Most  approache s t o conceptua l  informatio n retrieva l  ca n b e broke n dow n int o th e 
followin g fou r  phases : 

1. Retrieval decision: The system comes to a point in its processing when it 
desire s som e informatio n fro m memory . 

2.  Retrieval setup: Indices or features are collected and put into a correct format 
fo r  retrieval . 
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3.  Retrieval :  Th e retrieva J proces s i s performed . 

4. Post-processing / Matching: The outcome of the retrieval process is exam-
ine d an d conditiona l  action s ma y b e taken . 

The conceptual information retrieval performed in FRUMP (DeJong, 1979), CYRUS 
(Kolodner ,  1984) ,  C O R EL (DiBenigno ,  Cros s &  DeBessonet ,  1986) ,  (whic h use s th e 
P E A RL A T packag e (Deering ,  Falett i  feWilensky,  1981) ,  an d IP P (Lebowitz ,  1983 ) 
can al l  b e pu t  int o thi s framework ,  a s coul d an y syste m tha t  perform s deductiv e infor -
matio n retrieva l  i n th e styl e o f  Charniak ,  Riesbec k an d McDermot t  (1980) .  A n exac t 
matc h restrictio n ma y b e relaxe d afte r  th e initia l  fetc h return s a  negativ e result .  Th e 
model  o f  findin g item s i n memor y her e i s a n iterativ e on e o f  generat e an d test .  Thi s 
model  ha s certai n problem s whe n w e conside r  ho w i t  coul d b e use d t o perfor m certai n 
desirabl e function s i n a n intelligen t  informatio n retrieva l  system . 

I n contras t  t o thi s model ,  i n SCISOR ,  item s ar e retrieve d fro m memor y automat -
icall y a s a  resul t  o f  th e instantiatio n o f  ne w inpu t  instances .  Whe n a  user' s questio n 
i s instantiated ,  potentia l  answer s appea r  i n a  short-ter m buffer .  Whe n a  ne w stor y 
i s instantiated ,  an y previousl y existin g contex t  fo r  tha t  stor y appear s i n th e buffer . 
Thi s automati c retrieva l  i s  implemente d wit h a  constraine d for m o f  marker-passing . 
Item s spontaneousl y retrieve d i n thi s manne r  ar e the n ru n throug h a  mor e computatio n 
intensiv e matchin g process . 

Thre e problem s wit h th e mode l  o f  retrieva l  initiall y  describe d wil l  b e given ,  followe d 
by a  descriptio n o f  th e SCISO R syste m an d it s solutio n t o thes e problems . 

2 Problem Description 

2.1 Find things without looking 

One capability the SCISOR system has is to retrieve automatically a user's previously 
pose d bu t  unanswere d questio n whe n a n answe r  t o tha t  questio n become s know n o r 
refined .  Fo r  example ,  conside r  th e followin g scenario : 

User: How much did the ACE company offer to take over ACME? 

System: Figures for the ACE-ACME takeover have not yet been disclosed. 

Intervening time... 

System: BEEP! Figures for the ACE-ACME takeover have just been released. ACE 
has offere d $4 0 /  shar e fo r  al l  outstandin g share s o f  A C M E. 

In order to provide this capability to a system that performs retrieval as previously 
described ,  th e syste m woul d hav e t o kee p a  lis t  o f  unanswere d question s present .  Whe n 
ne w storie s wer e inpu t  t o th e system ,  i t  woul d pol l  th e unanswere d questions ,  askin g 
"doe s thi s answe r  you?" .  A  bette r  approac h woul d b e t o se t  u p demon s o n eac h 
unanswere d questio n tha t  loo k fo r  certai n inpu t  feature s tha t  migh t  relat e t o th e 
conten t  o f  th e question .  I n eithe r  case ,  however ,  th e syste m i s alway s lookin g fo r  answer s 
t o it s questions .  I n SCISOR ,  i f  inpu t  feature s happe n t o relat e t o a n unanswere d 
questio n i n memory ,  tha t  questio n i s spontaneousl y brough t  u p fo r  consideration .  I f 
th e inpu t  doe s no t  relat e t o an y unanswere d questions ,  nothin g happens . 
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2. 2 R e t r i e v a l  w i t h i nco r rec t  o r  m i s l e a d i n g i n p u t s 

SCISOR has another capability that would be awkward to implement in the model of 
retrieva l  previousl y described :  t o find  event s i n memor y eve n whe n a  user' s questio n 
contain s onl y partial ,  o r  eve n incorrec t  information .  Fo r  example ,  conside r  th e follow -
in g question ,  alon g wit h som e independen t  potentia l  state s o f  th e worl d tha t  migh t  b e 
tru e a t  th e tim e th e use r  aske d th e question . 

• Did ACE food company take over ACME hardware company? 

1. The ACME hardware company took over ACE food company. 

2.  Th e A C E foo d compan y too k ove r  th e B I G - A C M E company ,  whic h own s 
th e A C M E hardwar e company . 

3.  Th e A C E foo d compan y mad e a n offe r  t o th e A C M E hardwar e company , 
but  ha s no t  ye t  succeede d i n takin g ove r  th e A C M E company . 

4.  A C E i s a  conglomerat e an d no t  simpl y a  foo d company . 

In each of these cases, the question asked cannot be well answered simply "yes" 
or  "no" .  Conside r  wha t  a  deductiv e informatio n retrieva l  mechanis m suc h a s tha t 
describe d i n Chamiak ,  et .  al .  (1980) .  migh t  d o t o find  th e answer s t o th e question s 
above .  On e possibl e metho d woul d b e t o retriev e al l  takeove r  event s i n whic h th e 
company takin g ove r  anothe r  compan y wa s th e A C E foo d company .  Th e episode s 
foun d woul d the n b e checke d t o find  one s i n whic h A C E too k ove r  anothe r  company . 
The resultin g event s ar e examine d t o se e whethe r  th e objec t  o f  th e takeove r  wa s th e 
A C ME hardwar e company .  Suc h a  procedur e i s incapabl e o f  detectin g an y o f  th e 
scenario s describe d abov e withou t  furthe r  augmentation . 

Ther e ar e man y possibl e augmentation s on e coul d make .  Fo r  example ,  on e coul d 
tr y switchin g th e arguments ,  lookin g u p an d dow n a n "isa "  hierarchy ,  o r  lookin g wit h 
al l  subset s o f  th e se t  o f  features .  On e coul d als o generat e plausibl e indice s throug h 
reconstructio n o f  wha t  wa s likel y t o b e presen t  i n th e situation ,  a s i s don e i n th e 
C Y R US progra m (Kolodner ,  1984) .  Althoug h thi s procedur e ha s a  certai n cognitiv e 
appeal ,  i t  i s  no t  guarantee d t o find  event s presen t  i n th e memory .  I n fact ,  non e o f 
th e augmentation s describe d i s guarantee d t o find  relevan t  situations ;  som e ar e no t 
particularil y  principled ,  an d al l  involv e substantia l  additiona l  computation . 

I n SCISOR ,  finding  partiall y  matchin g scenario s i s a  by-produc t  o f  th e retrieva l 
proces s becaus e th e first  pas s o f  th e two-stag e retrieva l  proces s SCISO R use s simpl y 
finds  event s wit h feature s tha t  ar e th e sam e as ,  o r  simila r  to ,  feature s i n th e inpu t 
question .  Th e validit y o f  th e relationship s betwee n th e feature s i s no t  considere d unti l 
th e secon d pas s o f  th e two-stag e proces s i s performed .  Thus ,  an y o f  th e scenario s abov e 
woul d b e retrieve d give n th e inpu t  questio n a s stated .  Th e evaluatio n mechanis m 
the n determine s wha t  i s th e sam e a s th e user' s questio n an d wha t  th e difference s are . 
Thes e difference s ma y the n b e expresse d t o th e user .  Not e tha t  whe n nothin g closel y 
matche s wha t  th e use r  asked ,  n o event s i n th e system' s knowledg e bas e wil l  hav e 
enoug h activatio n t o excee d th e threshold ,  an d th e syste m wil l  respon d tha t  i t  doesn' t 
know. 

Finally ,  th e SCISO R syste m ca n find  previou s article s store d i n memor y whe n a 
new articl e i s inpu t  tha t  deal s wit h th e sam e situation .  I n th e corporat e takeove r 
domain ,  event s happe n ove r  time .  Fo r  example ,  A C E ma y mak e a n offe r  t o A C M E 
on Monday ,  an d A C M E ma y respon d t o th e offe r  o n Friday .  Th e initia l  offe r  shoul d 
be retrieve d fro m memor y whe n th e respons e t o th e offe r  i s input ,  s o tha t  thi s ne w 
piec e o f  informatio n ca n b e properl y integrated .  Th e wa y tha t  thi s coul d b e don e 
wit h th e traditiona l  metho d o f  retrieva l  i s  simila r  t o th e cas e o f  retrievin g unanswere d 
question s whe n th e answer s ar e input .  Checkin g afte r  eac h ne w stor y t o se e i f  i t  i s  a 
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Figur e 1 :  S C I S O R Syste m Architectur e 

continuation of a known story would result in substantial additional overhead. Also, 
dealin g wit h th e feature s presen t  i n a  stor y continuatio n coul d hav e th e sam e proble m 
as dealin g wit h missin g o r  incorrec t  feature s i n a  user' s inpu t  questions .  Fo r  example ,  i t 
woul d b e difficul t  t o find  ou t  tha t  A C E wa s tryin g t o tak e ove r  A C M E i f  subsequentl y 
A C ME announce d i t  wa s tryin g t o tak e ove r  A C E .  Bot h o f  thes e concern s ar e elegantl y 

addresse d wit h SCISOR' s metho d o f  retrieval . 
Thi s sectio n ha s describe d som e o f  th e problem s wit h traditiona l  method s o f  con -

ceptua l  informatio n retrieval .  Th e nex t  sectio n describe s th e SCISO R syste m an d i n 
more detai l  ho w it s approac h t o retrieva l  addresse s th e problems . 

3 System Description 

3.1 Implementation 

SCISOR takes input in natural language, integrates new information in memory, and 
answer s natura l  languag e question s i n natura l  language .  Th e natura l  languag e inpu t 
i s processe d wit h th e T R U MP parse r  an d semanti c interprete r  (Jacobs ,  1986) .  Ne w 
event s ar e integrate d a s a  continuatio n o f  a n ongoin g stor y (i f  present )  b y th e even t 
integrator ,  whic h als o store s ne w event s fo r  retrieval .  Th e F L U S H acquisitio n tool s 
(Besemer ,  1986 )  ar c aid s t o th e acquisitio n o f  vocabular y an d phrase s i n th e system' s 
phrasa l  lexicon .  Th e event s i n SCISO R ar e represente d usin g th e K O D I A K knowledg e 
representatio n languag e (Wilensky ,  1986) ,  augmente d wit h som e scripta l  knowledg e 
(Schan k k  Abelson ,  1977 )  o f  typica l  event s i n th e domain .  Linguisti c knowledg e i s 
represente d usin g th e Ac e linguisti c knowledg e representatio n framewor k (Jacob s l i 
Rau,  1985) .  Response s t o th e use r  ar e t o b e generate d wit h th e K I N G (Jacobs ,  1985 ) 
natura l  languag e generator .  Figur e 1  illustrate s th e architectur e o f  SCISOR . 

The followin g exchang e illustrate s th e kin d o f  input-outpu t  behavio r  SCISO R wa s 

designe d t o exhibit : 

User: Did ACE food company take over the ACME hardware company? 
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System :  Ye s the y did .  Th e A C E foo d compan y complete d th e $13. 2 millio n friendl y 
takeove r  las t  Friday . 

User: What was the sequence of events in the AC&ACME takeover deal? 

System: Rumors that ACME was to be taken over started May IS, 1985. The stock 
ros e $ 5 a  shar e t o $65 .  O n Ma y 16 ,  th e A C E compan y announce d tha t  i t  ha d 
made a n offe r  t o A C M E value d a t  $6 6 a  share .  Th e offe r  wa s a  cas h offe r  t o 
purchas e al l  2  millio n outstandin g share s o f  A C M E.  Afte r  a  mont h o f  deliberatio n 
involvin g som e potentia l  conflic t  o f  interes t  matters ,  th e A C E - A C ME dea l  wa s 
complete d las t  Friday . 

User: What happened yesterday in the HAL Corporation bid for BIG? 

System: HAL Corporation increased its bid for the BIG company yesterday, up $4 to 
$70 a  share .  BI G ha s no t  commente d o n th e ne w offer . 

3.2 Memory Organization 

SCISOR manipulates conceptual structures represented in the KODIAK knowledge 
representatio n language .  K O D I A K ca n b e viewe d a s a  hybri d fram e an d semanti c net -
base d language ,  simila r  i n spiri t  t o K R Y P T ON (Brachman ,  Fike s &  Levesque ,  1983 ) 
or  K L - O N E (Brachma n &  Schmolze ,  1985) .  I n SCISOR ,  knowledg e store d i s eithe r 
specific ,  abstract ,  o r  semantic .  A n exampl e o f  a  specifi c  memor y i s th e memor y o f  th e 
A CE foo d compan y acquirin g th e A C M E hardwar e company .  A  traditiona l  episodi c 
memory (Tulving ,  1972 )  i s compose d o f  specifi c  memories .  A n exampl e o f  a n abstrac t 
memory i s th e generalizatio n acros s specifi c  experience s w e migh t  hav e hear d abou t 
wher e companie s hav e acquire d othe r  companies .  Abstrac t  (o r  generalize d episodic ) 
memorie s ar e o n th e borde r  betwee n specifi c  memorie s an d semanti c memory .  Semanti c 
memory i s th e memor y o r  knowledg e o f  wha t  "companies "  ar e an d wha t  "acquiring " 
is .  Semanti c memor y i s use d i n understandin g an d makin g inference s abou t  th e inpu t 
t o th e system .  Figur e 2  illustrate s th e structur e o f  long-ter m memor y wit h associate d 
examples . 

I n additio n t o thi s tripartit e division ,  anothe r  leve l  o f  organizatio n i s superimpose d 
on memory .  Group s o f  relate d concept s i n episodi c o r  abstrac t  memor y ar e linke d 
togethe r  throug h a  common node ,  calle d a  TAG .  Eac h T A G ha s a  numerica l  threshol d 
value ,  currentl y equa l  t o a  fractio n o f  th e numbe r  o f  concept s i n th e episode ,  currentl y 
one-third .  Lon g article s ma y consis t  o f  TAG s tha t  hav e TAG s a s components .  Figur e 
3 illustrate s th e kin d o f  structur e th e integrato r  superimpose s o n memory . 

3.3 The Retrieval Mechanism 

Retrieval in SCISOR is a two-stage process. The first stage is a coarse search that 
finds  event s i n memor y likel y t o b e relevant .  Relevanc e i s determine d b y th e numbe r 
of  feature s presen t  i n a n even t  i n memor y relate d t o feature s i n th e input .  Afte r  th e 
most  likel y candidate s hav e bee n isolated ,  a  matchin g proces s i s performed . 

The first  stag e o f  th e retrieva l  proces s i s performe d b y a  proces s o f  primin g o r 
constraine d sprea^n g activation .  A s concept s ar e instantiate d i n th e system ,  instance s 
of  concept s tha t  ar e relate d vi a categor y membershi p link s ar e marke d {i.e. ,  prime d 
or  activated) .  Whe n a  certai n subse t  o f  th e concept s i n a n even t  o r  episod e i s marked , 
th e entir e episod e i s pu t  int o th e system' s short-ter m memor y buffer .  Thi s i s th e 
spontaneou s retrieva l  phase .  Th e event s tha t  hav e bee n spontaneousl y retrieve d ca n 
the n b e ru n throug h th e matc h filter  t o chec k th e natur e o f  th e matc h betwee n th e 
inpu t  an d th e event s retrieved .  Periodically ,  al l  mark s ar e delete d fro m th e system . 
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Marker-passin g "waves "  ar e propagate d continuousl y a s ne w concept s ar e instantiated . 

Thi s mechanis m retrieve s answer s t o inpu t  questions ,  ol d unanswere d question s t o ne w 

inpu t  answers ,  an d storie s give n relate d inpu t  storie s i n exactl y th e sam e manner . 

I n mor e detail ,  th e retrieva J mechanis m operate s i n th e followin g manner : 

1. At the time of concept instantiation, related concepts are marked according to 

th e "primin g rules "  (se e nex t  section) .  Ever y concep t  tha t  i s  marke d cause s 

it s containin g episod e o r  episode s (it s T A G s )  t o hav e increase d activation .  Th e 

curren t  aji d threshol d level s o f  activatio n ar e simpl e propertie s o f  th e T A G . 

2. TAGs that have had their values increased check themselves to see whether their 

curren t  activatio n level s excee d thei r  threshold . 

3. If the TAG threshold has been exceeded, an intersection has been detected, and 

th e entir e episod e i s pu t  int o th e short-ter m memor y buffer . 

4. In the current implementation, all concepts in the memory are unmarked after 

ever y on e o r  tw o sentence s an d afte r  ever y questio n ar e input . 

Components of experiences in the input cause other concepts to be marked, but 

i f  thos e othe r  concept s ar e no t  component s o f  relevan t  experiences ,  th e markin g doe s 

not  contribut e t o retrieval . 

Th e rule s tha t  guide  ho w level s o f  activatio n o r  mark s ax e passe d throug h th e 

conceptua l  hierarch y ar e give n below .  Thes e rule s wer e formulate d t o decreas e th e 

possibilit y  o f  retrievin g memorie s tha t  hav e limite d predictiv e capacit y o r  relevanc e t o 

th e curren t  situation . 

3.3.1 Priming Rules 

The effect of the following rules is that all instances of concepts that are components 

of  episode s an d ar e childre n o f  th e incomin g paren t  o f  th e paren t  o f  th e incomin g 

instanc e i n th e conceptua l  hierarchy ,  ar e marked .  Also ,  al l  instance s o f  concept s tha t 

ar e component s o f  memories ,  an d ar e direc t  instance s o f  concept s tha t  ar e parent s o f 

th e incomin g instance ,  ar e marked .  Thi s rul e prevent s everythin g i n th e hierarch y 

fro m bein g marked ,  an d limit s wha t  i s marke d t o a  leve l  o f  conceptua l  abstractio n 

supporte d b y th e presenc e o f  a  direc t  instanc e a t  tha t  level . 

For  exampl e i f  a  use r  aske d "wha t  happene d t o th e A C E company?" ,  th e even t 

bein g aske d abou t  i s a t  a  fairl y  genera l  leve l  o f  conceptua l  abstraction .  A n y even t 

mor e specifi c tha n thi s genera l  "event "  instanc e woul d b e a  vali d answer .  I f  n o even t 

wer e known ,  th e unanswere d questio n woul d b e stored .  I n th e future ,  an y inpu t  event s 

involvin g th e A C E compan y (i.e. ,  offers ,  rumors )  woul d caus e th e unanswere d questio n 

t o b e activated . 

Figur e 4  show s a  simpl e exampl e o f  wher e component s o f  memorie s woul d cross -

inde x eac h othe r  an d whe n component s o f  memorie s woul d not .  Doubl e arrow s be -

twee n instance s (concept s wit h number s followin g them )  signif y cross-indexing .  Single -

heade d arrow s signif y wher e th e instantiatio n o f  on e concep t  wil l  activat e th e concep t 

pointe d to ,  bu t  no t  vic e versa .  Not e tha t  al l  concept s a s the y ar e instantiate d cause 

any relate d instance s t o b e marked ,  whic h allow s an y featur e i n th e inpu t  t o b e a 

potentiall y  usefu l  inde x ke y int o memory .  Also ,  not e tha t  eac h instanc e i s par t  o f  a 

specifi c  memor y tha t  i s  no t  show n i n Figur e 4 .  Fo r  example ,  "material-company! " 

m ay b e par t  o f  th e memor y o f  th e unspecifie d material s compan y tha t  rumor s wer e 

circulatin g abou t  yesterday . 

Rules: 
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Figur e 4 :  Exampl e o f  Implici t  Indexin g 

1.  Mar k onl y concept s tha t  ar e component s o f  specifi c  o r  abstrac t  memories .  Thes e 
concept s ar e marke d wit h TAGs . 

2. Determine the categories to which the incoming instance belongs 
(Categories-o f  A ) . 

3. Determine the concepts in the reflexive, transitive closure along category mem-
bershi p link s o f  Categories-o f  (Categories-o f  A ) . 

4. Mark the direct instances of concepts in this reflexive, transitive closure. Each 
marke d concep t  increase s th e curren t  activatio n valu e o f  eac h o f  it s TAGs . 

5. Check to determine whether the current activation level of the episodes that just 
had thei r  component s marke d exceed s th e threshol d level . 

Additional refinements to this algorithm have been made to increase the system's 
efficiency .  On e suc h refinemen t  ha s bee n t o chec k th e numbe r  o f  episode s containin g a 
certai n concep t  befor e passin g marker s t o al l  thos e episodes .  Thi s chec k ca n b e mad e 
easil y b y maintainin g a  coun t  o f  th e numbe r  o f  categor y member s i n eac h conceptua l 
category .  Fo r  example ,  i f  th e syste m ha d rea d abou t  event s involvin g thousand s o f 
companies ,  thi s numbe r  woul d b e store d a t  th e paren t  COMPANY node .  Whe n thi s 
number  i s ver y large ,  th e syste m suppresse s th e marker-passin g operation .  Event s 
tha t  ar e retrieve d throug h th e activatio n o f  mor e uniqu e concept s the n incorporat e 
th e high-frequenc y concep t  information .  Thi s simpl e refinemen t  suppresse s wave s o f 
activatio n uiilikel y t o caus e significan t  differentiatio n amon g event s i n memory ,  whil e 
stil l  taJdn g a U feature s o f  th e inpu t  int o consideration . 

Afte r  a  se t  o f  event s ha s bee n spontaneousl y retrieved ,  a  matc h filterin g operatio n 
i s performe d t o ensur e tha t  th e correc t  rtlationshi p exist s betwee n concept s withi n th e 
events . 

3.3.2 The Match Filter 

The match filter iteratively checks to see that the relationships between marked con-
cept s ar e correct .  Fo r  example ,  conside r  th e exampl e illustrate d i n Figs .  5  an d 6 . 
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Figur e 5 :  H o w muc h ar e takeove r  offer s fo r  appare l  companies ? 
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Figur e 6 :  Par t  o f  a  Stor y Episod e 
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The stor y episod e contain s informatio n abou t  a  kin d o f  offer ,  a  cash-offer ,  mad e 
by Warnac o fo r  a  clothin g company .  Th e questio n episod e request s th e valu e o f  an y 
offer s mad e b y a  compan y i n a  takeove r  attemp t  o n a n appare l  company . 

Due t o th e marker-passing ,  th e instantiatio n o f  offe r  i n th e questio n episod e 
cause s CASH-OFFER t o b e marked .  Th e matc h filte r  begin s a t  a  nod e tha t  i s marke d 
onl y b y on e nod e fro m th e input .  OFFER2 i s suc h a  node ,  bu t  not e tha t  C0MPANY2 
and CO M PA N y 3 ar e bot h marke d b y COM PA N y 4 an d COM PA N y5 . 

The filte r  proceed s t o chec k tha t  th e OFFER o f  cash-offer 3 (TAKEOVERS)  i s 
marke d b y th e offe r  o f  OFFER2 (takeover2) .  Thi s proces s i s repeate d fo r  ever y 
nod e i n th e input .  I n th e cas e o f  answerin g a  question ,  thos e node s tha t  d o no t 
correspon d ar e adde d t o a  lis t  o f  presupposition s t o b e expresse d t o th e user .  Also , 
any nod e tha t  matche d bu t  wa s mor e genera l  tha n th e inpu t  ma y b e expresse d t o th e 
user .  Fo r  example ,  i f  th e use r  wa s intereste d i n wha t  pet-foo d companie s wer e bein g 
take n over ,  an d th e syste m onl y kne w abou t  foo d companies ,  thi s generalizatio n i s 
pointe d out . 

4 Related Research 

4.1 Question Answering 

In SCISOR, the processes that find the approximate location of an answer to a user's 
questio n an d th e processe s tha t  determin e wha t  th e answe r  shoul d b e ax e separate . 
A grea t  dea l  o f  wor k ha s bee n don e o n th e secon d problem ,  mos t  notabl y b y Lehner t 
(1978) .  Determinin g a n appropriat e answe r  t o a  user' s question ,  give n tha t  th e contex t 
i n whic h th e user' s questio n wa s pose d i s alread y known ,  i s a  separat e proces s fro m 
th e initia l  retrieva l  o f  a  contex t  i n Whic h t o searc h fo r  a n answer .  Thi s initia l  retrieva l 
of  a  contex t  i s  th e spontaneou s retrieva l  thi s pape r  describes . 

4.2 Conceptual Information Retrieval 

Kolodner (1984) has a well-developed theory of conceptual information retrieval. How-
ever ,  th e syste m i s no t  guarantee d t o answe r  correctly .  A s a  cognitiv e model ,  it s  mem-
or y failure s ar e understandabl e an d interesting ,  bu t  whe n accurac y an d reliabilit y  o f 
informatio n ar e important ,  suc h a  mode l  i s no t  viable .  He r  theor y o f  retrieva l  devel -
oped ca n b e viewe d a s on e attemp t  t o overcom e problem s an d limitation s wit h existin g 
method s o f  conceptua l  informatio n retrieval ,  suc h a s thos e describe d i n Charniak ,  et . 
al 

4.3 Distributed Representation 

As Hinton points out (Hinton, 1984) a localist knowledge representation scheme com-
bine d wit h a  spreadin g activatio n o r  primin g mechanis m i s har d t o distinguis h fro m 
a distribute d representatio n i n term s o f  functionality .  Tw o mai n propertie s o f  dis -
tribute d representation s ar e tha t  th e knowledg e bas e i s contents-addressabl e an d tha t 
generalizatio n i s automatic .  Becaus e th e SCISO R knowledg e bas e i s represente d us -
in g th e K O D I A K localis t  knowledg e representatio n languag e an d perform s retrieva l  o f 
item s i n th e knowledg e bas e b y a  constraiine d for m o f  marker-passin g (Charniak ,  1983) , 
SCISOR representation s for m a n effectiv e distribute d representation ,  an d therefor e th e 
structure s i n th e knowledg e bas e ar e contents-addressable .  Thus ,  th e conten t  o f  inpu t 
question s o r  storie s "address "  event s i n memor y wit h simila r  feature s o r  content .  Th e 
automati c generalizatio n tha t  SCISO R als o exhibit s wil l  b e discusse d i n anothe r  paper . 
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4. 4 C o g n i t i v e Ef fec t s 

In systems such as SCISOR that use the same parsing mechanism for both question 
parsin g an d stor y parsing ,  interestin g effect s occur .  Fo r  example ,  i n BORI S (Dyer , 
1983) ,  th e syste m woul d occasionall y tak e a s tru e informatio n presen t  i n a  user' s 
questio n no t  previousl y know n t o th e system .  Althoug h thi s ha s bee n show n t o b e a 
cognitivel y vali d effec t  (Loftus ,  1975) ,  an d doe s increas e th e system' s opportunitie s t o 
learn ,  i t  i s  no t  a  desirabl e effec t  fo r  a n informatio n retrieva l  system .  I n th e SCISO R 
system ,  a  stric t  differenc e i s maintaine d betwee n informatio n rea d i n articles ,  an d 
informatio n presen t  i n user' s question s i n tha t  al l  informatio n presen t  i n question s 
and no t  previousl y know n t o th e syste m i s flagge d a s potentiall y unreliable .  Thu s th e 
syste m believe s nothin g i t  i s  told ,  bu t  everythin g i t  read s i n th e paper . 

The mode l  o f  retrieva l  discusse d ha s a  certai n cognitiv e appeal .  I t  exhibit s th e sam e 
kin d o f  spontaneou s recal l  a s peopl e do ,  a s i s discusse d i n Schank' s wor k o n remindin g 
(Schank ,  1982) .  Also ,  th e answe r  t o a  user' s questio n ma y b e retrieve d befor e th e 
user  ha s finishe d askin g th e question ,  a n interestin g effec t  als o firs t  achieve d i n Dyer' s 
BORIS syste m (1983) . 

5 Summary 

SCISOR performs retrieval in a two-stage process. The first step, a spontaneous and 
coars e search ,  operate s a s foDows : 

1. New inputs are instantiated 

2. Marker passing occurs 

3. Items are spontaneously retrieved 

4. Items are evaluated 

The second stage is a graph matching process that performs a syntactic matching 
functio n o n th e likel y candidate s retrieve d b y th e firs t  process .  Thi s spontaneou s 
metho d o f  retrieva l  elegantl y solve s som e retrieva l  problem s foun d i n othe r  systems : 

1. SCISOR addresses a user's previously unanswered questions if an answer be-
comes know n withou t  alway s lookin g fo r  a n answer . 

2. SCISOR can locate relevant information in response to a user's questions, even 
when tha t  questio n contain s misleadin g o r  partia l  information . 

3. SCISOR retrieves previous events when updates of those events are read. This 
i s don e i n th e sam e manne r  a s retrievin g a n unanswere d question ,  an d wit h th e 
same toleranc e fo r  partia l  o r  contradictor y inpu t  a s i n th e question-answerin g 
case . 

6 System Status 

SCISOR is implemented in Common Lisp; it is used on VAX computers and Symbolics 
and S U N workstations .  Th e T R U MP parse r  an d semanti c interprete r  ha s no t  ye t 
been teste d wit h a  larg e gramma r  o r  vocabular y but ,  i n thes e earl y stages ,  i t  ha s 
been relativel y eas y t o customize .  O n th e SUN- 3 i t  processe s inpu t  a t  th e rat e o f 
a fe w second s pe r  sentence ,  includin g th e selectio n o f  candidat e pars e an d semanti c 
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interpretation .  Th e K I N G natura l  languag e generato r  wa s implemente d i n Fran z Lisp , 
and a t  thi s writin g ha s no t  ye t  bee n converte d t o C o m m on Lis p t o ru n wit h T R U M P. 

The syste m ha s no w bee n teste d wit h a  doze n o r  s o storie s store d i n th e knowledg e 
base .  Hundred s o f  semanti c concept s an d domai n vocabular y ar e als o present .  Abou t 
a doze n question s ar e answere d b y th e system . 

7 Problems 

One problem with SCISOR is in the kind of questions it can answer. Currently the 
SCISOR syste m i s capabl e o f  answerin g onl y question s abou t  informatio n explicitl y 
store d i n th e knowledg e base .  An y informatio n tha t  potentiall y  coul d b e reconstructe d 
or  inferre d fro m informatio n store d i n th e knowledg e bas e i s no t  available .  Th e lin e be -
twee n wha t  i s explici t  i n a  stor y an d wha t  ca n b e deduce d fro m tha t  stor y i s no t  sharp , 
becaus e som e amoun t  o f  "figuring "  mus t  g o o n t o obtai n an y reasonabl e understand -
in g o f  th e story .  T o obtai n thi s understanding ,  SCISO R compute s somethin g simila r 
t o a  maximall y complet e inferenc e se t  (Cullingford ,  1986 )  a s th e se t  o f  informatio n 
presen t  explicitl y  i n article s an d inferre d fro m th e contex t  an d othe r  worl d knowledge . 
Anythin g i n tha t  understandin g ca n b e directl y retrieved . 

For  example ,  SCISO R i s abl e t o answe r  th e questio n "Wha t  compan y wa s sol d fo r 
$3 billion? "  withou t  pre-indexin g a  stor y containin g tha t  informatio n b y amount -
OF-SALE.  Howeve r  th e syste m canno t  answe r  th e questio n "Whic h companie s hav e 
been take n ove r  mor e time s tha n the y hav e take n ove r  othe r  companies? "  fo r  example , 
becaus e a n answe r  woul d requir e countin g al l  th e time s a  compan y ha s bee n take n ove r 
and ha s take n ove r  othe r  companies ,  comparin g thes e tw o numbers ,  an d repeatin g th e 
proces s fo r  ever y othe r  compan y i n th e knowledg e base . 

Anothe r  proble m tha t  ultimatel y mus t  b e addresse d i s th e spee d an d memor y 
requirement s necessar y i n a  viabl e informatio n system .  A  simpl e calculatio n base d o n 
th e numbe r  o f  relevan t  article s pe r  yea r  (10,000 )  an d th e averag e siz e o f  th e memor y 
requirement s pe r  conceptua l  representatio n o f  th e article s yield s a  conservativ e memor y 
requiremen t  estimat e o f  2 5 Mbyte s o f  storage .  Suc h a  larg e knowledg e bas e ma y effec t 
th e spee d an d ax:curac y o f  th e retrieva l  mechanism . 

8 Conclusions 

SCISOR is an experiment in the usefulness of a spontaneous, marker-passing approach 
t o conceptua l  informatio n retrieval .  I n it s  curren t  implementation ,  i t  ha s demonstrate d 
some promisin g results .  Th e marker-passin g scheme ,  combine d wit h th e knowledg e 
representatio n used ,  produce s a n effectiv e contents-addressable ,  distribute d represen -
tation .  Retrieva l  occur s spontaneousl y whe n feature s i n th e inpu t  ar e relate d t o fea -
ture s o f  event s i n memory .  SCISO R ca n fin d answer s t o inpu t  question s eve n i n ligh t 
of  missin g o r  misleadin g inpu t  information . 

The syste m ha s no t  ye t  bee n teste d o n a  larg e numbe r  o f  documents .  Howeve r 
so fax ,  th e test s tha t  hav e bee n performe d ar e quit e promising .  Befor e an y definitiv e 
claim s c<i n b e mad e abou t  th e ultimat e usefulnes s o f  thi s typ e o f  system ,  i t  mus t  b e 
teste d wit h a  larg e sampl e o f  document s i n rea l  I R tasks .  Th e nex t  stag e o f  th e projec t 
wil l  includ e suc h tests . 
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ABSTRACT 

Schema selection involves determining which pre-stored schema best matches the current input. 

Traditiona l  seria l  approache s utiliz e a  match/predic t  cycl e whic h i s heavil y dependen t  upo n back -

tracking .  Thi s pape r  present s a  paralle l  interactiv e mode l  o f  schem a selectio n calle d S A M P A N 

whic h i s mor e flexible  an d adaptive .  S A M P AN i s a  hybri d syste m tha t  combine s marke r  passin g 

wit h connectionis t  spreadin g activatio n t o provid e a  highl y malleabl e an d genera l  representatio n 

fo r  schem a selection .  Thi s wor k i s motivate d b y recen t  succes s i n connectionis t  schem a represen -

tation s an d i n natura l  languag e marke r  passin g systems .  A  connectionis t  schem a representatio n 

provide s m a n y attractiv e feature s ove r  traditiona l  schem a representations .  However ,  a  pur e con -

nectionis t  representatio n lack s generality ;  ne w proposition s canno t  easil y b e represented .  S A M -

P A N get s aroun d thi s proble m b y usin g marke r  passin g t o perfor m variabl e bindin g o n general -

ize d concepts .  T h e S A M P AN syste m i s a  constrain t  satisfactio n networ k wit h node s tha t  perfor m 

simpl e patter n matchin g an d inpu t  summation .  Thi s approac h i s directl y applicabl e t o curren t 

schema-base d systems . 

I. INTRODUCTION 

The most difficult task in schema-driven systems^ is to select a schema that can accurately 

represen t  th e curren t  input .  A  typica l  seria l  approac h t o schem a selectio n firs t  extract s cue s (i n 

th e for m o f  settings ,  participants ,  events ,  etc. )  fro m th e inpu t  an d the n use s thes e cue s t o hel p 

selec t  a n appropriat e schema .  I f  th e selecte d schem a i s late r  show n t o b e incorrect ,  th e syste m 

must  backtrac k an d selec t  anothe r  schema .  Onc e a  schem a i s selected ,  top-dow n expectatio n o r 

predictio n ca n b e use d t o assis t  recognitio n o r  natura l  languag e understanding .  Fo r  example , 

schema o r  scrip t  selectio n i n S A M [SCHA75 ]  involve s matchin g th e inpu t  wit h a  lis t  o f  conceptu -

alization s store d i n eac h script .  I f  th e inpu t  matches ,  thi s scrip t  wil l  b e activated .  S A M use s a 

searc h lis t  tha t  i s  dynamicall y update d t o indicat e whic h script s ar e m o s t  likel y t o occu r  base d o n 

th e conceptualization s o r  object s see n s o far .  F R U M P [ D E J 0 7 9 ] ,  o n th e othe r  hand ,  processe s 

th e firs t  paragrap h t o selec t  a  sketch y script .  Fo r  efficiency ,  sketch y script s ar e ma tche d usin g a 

n-wa y branchin g discriminatio n tree . 

There are several problems with current serial schema selection techniques [HAVE83 . 

W h en a  syste m select s a n incorrec t  schema ,  i t  m u s t  backtrack ,  retr y anothe r  schema ,  an d possi -

bl y reinterpre t  th e inputs .  Fo r  a  syste m wit h a  larg e n u m b e r  o f  schemata ,  thi s computationa l 

overhea d m a y greatl y reduc e it s effectiveness .  I n addition ,  ther e i s a  "chicke n an d eg g problem. " 

T h e syste m canno t  m a k e us e o f  s c h e m a knowledg e whil e interpretin g th e inpu t  t o perfor m 

1.  Throughou t  thi s paper ,  th e term s schemata ,  frame s an d script s ar e use d interchangeabl y t o represen t  knowledg e structure s 
tha t  describ e typica l  situation s o r  objects .  Th e term s massivel y paralle l  network s an d connectionis t  network s ar e als o use d inter -
changeabl y t o represen t  th e notio n o f  larg e paralle l  network s wit h man y simpl e processin g elements . 

887 



C H UN &  M I M O 

schema selection. On the other hand, the system must hypothesize a correct schema before the 

materia l  i t  i s  tryin g t o explai n i s full y  given .  Ther e i s als o a  "matc h o r  nea r  miss "  problem ,  i n 

whic h th e syste m mus t  decid e whethe r  a n adequat e matc h ha s bee n mad e o r  t o continu e search -

ing .  Althoug h variou s inde x an d searc h strategie s hav e bee n use d t o improv e th e selectio n pro -

cess ,  ther e i s stil l  n o elegan t  approac h tha t  perform s schem a selectio n efficiently .  Thi s overal l 

proces s o f  backtrackin g an d reinterpretin g input s happen s rarel y i n huma n perceptio n an d 

interpretation ,  suggestin g tha t  AI' s heav y dependenc e o n heuristi c searc h migh t  b e inappropriate . 

Recently, several connectionist schema representations have been introduced [RUME86, 

SHAR861 offerin g solution s t o thes e problems .  Th e paralle l  natur e o f  connectionis t  network s 

avoid s th e "matc h o r  nea r  miss "  proble m sinc e al l  schemat a ar e "matched "  simultaneously .  I n 

addition ,  i n [CHUN85 ,  RUME86] ,  bottom-u p schem a activatio n an d top-dow n predictio n genera -

tio n ar e considere d a s continuou s processe s rathe r  tha n discret e match ,  predic t  an d backtrac k 

stages .  Severa l  schemat a ma y b e activ e a t  an y on e tim e t o provid e prediction s wit h varyin g cer -

taint y level .  Hence ,  th e "chicke n an d eg g problem "  disappear s sinc e schem a knowledg e i s con -

tinuousl y availabl e durin g inpu t  interpretation .  Th e connectionis t  spreadin g activatio n als o pro -

vide s a  defaul t  mechanis m tha t  i s multivariat e distribute d [RUME86 ]  i n whic h default s ar e deter -

mine d b y value s fillin g othe r  slots .  Charnia k [CHAR86a ]  indicate d tha t  th e connectionis t  defaul t 

mechanis m avoide d redundanc y foun d i n th e squar e formatio n proble m wher e redundan t  infor -

matio n i s generate d du e t o man y level s o f  generality .  Connectionis t  networ k als o provide s a 

"resonanc e effect "  i n whic h activate d slot s o f  th e sam e schem a reinforc e themselve s an d 

strengthe n th e selectio n o f  tha t  schema . 

However, a pure connectionist representation for schemata lacks generality. For example, 

a syste m ma y hav e a  nod e tha t  represent s " a perso n wen t  home. "  However ,  i n orde r  t o under -

stan d a  particula r  instance ,  suc h a s "Mar y wen t  home, "  th e syste m mus t  als o hav e thi s nod e 

encode d beforehand .  I n othe r  words ,  an y possibl e combinatio n o f  schem a structure s wit h thei r 

instantiate d binding s mus t  b e encode d int o th e networ k structur e befor e th e networ k ca n under -

stan d them .  Severa l  approache s [MCCL86 ,  TOUR85]  hav e bee n propose d t o solv e thi s proble m 

of  representin g ne w proposition s o r  variabl e binding .  Althoug h thes e approache s provid e connec -

tionis t  network s wit h mor e flexibility ,  th e se t  o f  al l  possibl e input s mus t  stil l  b e know n before -

hand .  I n addition ,  the y ten d t o los e th e simpl e structur e o f  connectionis t  network s whic h make s 

the m attractive . 

SAMPAN maintains the elegance and simplicity of distributed connectionist networks yet 

solve s th e variabl e bindin g proble m b y augmentin g th e syste m wit h marke r  passin g capabilitie s 

and node s tha t  represen t  generalize d concepts .  Th e S A M P AN mode l  itself ,  i s  influence d b y th e 

P DP schem a representatio n [RUME86] ,  th e N E X US dictionar y structur e [ALTE85] ,  an d Wimp' s 

marke r  passin g algorith m [CHAR86] .  S A M P AN integrate s feature s foun d i n thes e recen t 

representationa l  paradigm s t o construc t  a  mode l  o f  schem a selectio n tha t  i s highl y flexible ,  gen -

era l  an d dynamic : 

— Connectionist networks are very good at completing patterns from partial information. 

S A M P AN use s thi s representatio n t o encod e genera l  schem a knowledg e a s wel l  a s perfor m 

schema activatio n an d predictio n generation . 

— Marker passing algorithms have proven successful as a method of sharing and locating 

information .  S A M P AN use s a  marke r  passin g algorith m simila r  t o tha t  o f  W i m p 

[CHAR86]  t o bin d variables . 
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— In order to represent general episodic events and concepts, SAMPAN uses nodes which 

ar e conceptua l  template s simila r  t o thos e foun d i n NEXUS' s dictionar y network . 

SAMPAN is relevant to many AI applications, such as natural language understanding 

(expectation-drive n processing) ,  recognitio n (fil l  partia l  pattern s wit h defaults) ,  learnin g (recog -

niz e unexpecte d events) ,  an d run-tim e pla n generatio n (throug h expectation) .  Thi s pape r  concen -

trate s mainl y o n th e proble m o f  schem a selection . 

n .  O V E R V I E W O F S A M P A N 

SAMPAN networks are massively parallel constraint satisfaction networks. Nodes 

represen t  concep t  template s an d link s represen t  association s betwee n concepts .  Communicatio n 

i s i n th e for m o f  marke r  passin g combine d wit h connectionis t  valu e passing .  Informatio n passe d 

consist s o f  purel y loca l  information .  Th e processin g withi n a  S A M P AN networ k i s totall y paral -

le l  withou t  globa l  procedures . 

To demonstrate SAMPAN, a script-driven natural language understanding system is used 

as a n example .  I n thi s paper ,  S A M P AN perform s schem a selectio n an d generate s expectation s 

whic h ca n b e use d b y a  natura l  languag e understandin g system .  I n othe r  words ,  th e S A M P AN 
networ k act s a s a n activ e schem a knowledg e base .  Inpu t  t o S A M P AN consist s o f  pre-parse d 

interna l  representations .  Th e outpu t  o f  S A M P AN i s a  strea m o f  expecte d conceptualizations . 

The stat e o f  th e S A M P AN networ k a t  an y on e tim e represent s a n emergen t  schem a structure . 

Currently ,  S A M P AN i s no t  interface d t o a n actua l  parser .  However ,  th e exampl e ca n stil l  ade -

quatel y illustrat e SAMPAN' s performance ,  sinc e onl y th e pre-parse d inpu t  i s needed .  I n th e 
future ,  w e ar e intereste d i n explorin g a  tighte r  integratio n betwee n th e S A M P AN networ k an d a 
massivel y paralle l  parser . 

The next section introduces the connectionist schema representation in detail. This is fol-
lowe d b y a  descriptio n o f  th e marke r  passin g use d an d computation s involved .  Explanatio n o f 
th e tes t  domai n i s the n given . 

in. DISTRIBUTED SCHEMA REPRESENTATION 

The SAMPAN network, in terms of its connectionist structure, is adapted from the PDP 
distribute d schem a representatio n [RUME86| .  Th e structur e i s a  constrain t  satisfactio n networ k 
of  node s tha t  represent s schem a slots .  A  coalitio n o f  activ e node s represent s a  schema .  I n 

RUME86],  schemat a wer e use d t o represen t  differen t  roo m type s (e.g .  kitchen ,  livin g room ,  etc. ) 

and slot s t o represen t  roo m descriptor s (e.g .  ceiling ,  coffe e cup ,  refrigerator ,  etc.) .  I n S A M P A N, 
schemat a represen t  episodi c event s an d slot s represen t  generalize d concept s (o r  event/stat e con -

cept  [ALTE85 ]  suc h a s " a perso n wen t  t o a  restaurant") .  Th e representatio n i s distribute d sinc e 

each schem a i s represente d no t  a s a  singl e nod e bu t  a s th e activatio n o f  a  collectio n o f  nodes . 

Through this connectionist representation, concepts that usually occur together will tend to 
suppor t  eac h other ,  whil e suppressin g thos e tha t  d o not .  I n othe r  words ,  node s tha t  ar e usuall y 

activ e o r  inactiv e a t  th e sam e tim e wil l  hav e a n activatin g lin k betwee n them .  I n th e opposit e 
case ,  a n inhibitor y lin k wil l  b e found .  I n S A M P A N,  node s ca n b e activate d eithe r  b y th e parse r 

(analogou s t o "clamping" )  o r  b y othe r  node s throug h th e inpu t  links .  Link s ar e bi-directiona l 

and th e weight s ar e symmetrical .  Unlik e marke r  passin g networks ,  th e link s ar e no t  labele d an d 
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are used solely to modify the information passed through them. For simplicity, the weights are 

set  accordin g t o a  Bayesia n probabilit y  measuremen t  [RUME86 ]  (althoug h learnin g rule s ca n b e 

used a s well) : 

P{x.= 0 &  x.=\ )  P(a:.= l  &  x.=0 ) 

w. .  =  -  I n 
^  P{x.= l  &  Xj=l )  P(a;.= 0 &  X j ^ ) 

wher e w ^ 

tha t  th e 

•.  i s  th e weigh t  o f  th e lin k betwee n node s i  an d j ,  P { x ^ ^  &  x  •=! )  i s  th e probabilit y 

activatio n leve l  o f  nod e i  i s  0  an d th e activatio n leve l  o f  nod e j  i s  1 ,  an d s o on . 

The resul t  o f  inpu t  activatio n t o thi s networ k i s a  gradua l  emergenc e o f  a  coalitio n o f 

activ e nodes .  Thi s coalitio n represent s a  schem a structure .  Thi s approac h i s reminiscen t  o f 

even t  concep t  coherenc e presente d b y Alterma n [ALTE85 ]  wher e concept s ar e coheren t  i f  thei r 

position s i n th e ne t  ar e proximal .  I n th e S A M P AN network ,  concept s ar e coheren t  i f  the y ar e 

connecte d b y activatin g link s (link s wit h a  positiv e weight) . 

There are several representational advantages to this distributed model. Traditional 

schema structure s ar e ofte n rigi d an d static ,  lackin g i n flexibilit y  an d generativity .  Although , 

script s ma y hav e track s t o represen t  variation s o r  hav e embedde d script s t o represen t  hierarchi -

cal  structure ,  thi s knowledg e i s stil l  rigidl y defined .  I n a  distribute d connectionis t  representation , 

a schem a i s no t  a n explici t  representationa l  entity ,  bu t  a n emergen t  structur e base d o n th e event s 

seen s o far .  Th e resul t  i s  a  ver y malleabl e representatio n tha t  i s  highl y dynami c an d adaptive . 

SAMPAN networks are used differently from that of the PDP schema representation. 

Instea d o f  "clamping "  al l  th e input s a t  th e sam e time ,  input s t o S A M P AN network s ar e fe d 

sequentially .  Thi s permit s a  natura l  languag e syste m whic h processe s sentence s sequentiall y  t o 

interpre t  eac h sentenc e i n th e contex t  o f  wha t  ha s bee n processe d before .  I n addition ,  instea d o f 

representin g a  schem a a s th e stabl e coalitio n o f  node s (wher e al l  th e node s o f  a  particula r  schem a 

wil l  eventuall y b e full y  activated) ,  S A M P AN allow s node s t o deca y i n th e proces s o f  schem a 

selection .  I n thi s case ,  a  S A M P AN schem a i s a  "dynamic "  coalitio n o f  node s tha t  reflect s recen t 

input s an d th e expectation s generate d fro m them .  Thi s permit s S A M P AN t o continuousl y pro -

ces s inpu t  storie s withou t  havin g t o firs t  clea r  networ k activit y afte r  eac h schema .  Otherwise , 

th e networ k migh t  exhibi t  a  "hea t  death "  phenomeno n wher e to o man y concept s woul d b e 

activate d o r  expected . 

IV. COMPUTATION OF SAMPAN 

This section describes the massively parallel computation involved in schema selection and 

contextua l  expectatio n generation .  First ,  th e interna l  structur e o f  S A M P AN node s i s presented . 

Next ,  th e patter n matchin g procedur e tha t  i s invoke d b y input s i s introduced .  Finally ,  th e relax -

atio n functio n tha t  i s  evaluate d a t  eac h relaxatio n cycl e i s described . 

Node Structure 

In contrast to a connectionist node that contains a memory of its activation level and its 

interna l  parameters ,  a  S A M P AN nod e contain s a  memor y o f  it s  loca l  variabl e binding s aug -

mente d wit h activatio n level s an d a  conceptua l  template .  Eac h nod e i n S A M P AN represent s a 

genera l  concept .  Concep t  template s ar e i n th e form : 
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{Primitive {Rolel Filler 1) {Role2 FillerB) ... ) 

wher e Primitiv e i s a  semanti c primitive ,  Rol e i s a  cas e structur e fo r  Primitiv e an d Fille r  i s  it s 

defaul t  value .  Afte r  eac h filler ,  ther e ma y b e propert y valu e pair s t o describ e th e filler .  I n thi s 

paper ,  th e interna l  representatio n use d fo r  concept s i s base d upo n Schank' s [SCHA77 ]  Conceptua l 

Dependenc y (CD )  theory .  Th e choic e o f  interna l  representatio n i s no t  crucia l  t o th e overal l  SAM-

P AN model ;  othe r  simila r  representation s wil l  als o suffice . 

For example, a node that represents "a person went to a store" will have the following con-

ceptua l  templat e stored : 

(PTRANS (ACTO R TPERSON)  (OBJEC T ?PERSON)  (T O ?STORE) ) 

Thi s wil l  matc h th e inpu t  "Joh n wen t  t o K -MART" : 

(PTRANS (ACTO R JOHN-1 )  (OBJEC T JOHN-1 )  (T O K-MART-1) ) 

Pattern Matching 

Pattern matching occurs whenever a node receives direct input from the natural language 

syste m (a s oppose d t o input s fro m othe r  nodes) .  Whe n th e concep t  templat e matche s a n input , 

th e nod e create s a  mar k i n th e for m o f  a  bindin g list .  A  S A M P AN mar k contain s a  lis t  o f  vari -

abl e binding s augmente d wit h a n activatio n level : 

{Variable l  Value l  Activation! )  {Variable 2 Value2Activation2 )  .. . 

I n th e abov e example ,  th e resultin g mar k wil l  be : 

((PERSON JOHN- 1 1.0 )  (STOR E K-MART- 1 1.0) ) 

Activatio n i s a  rea l  numbe r  rangin g fro m 0  t o 1 .  Thi s ca n b e considere d a s a  measuremen t  o f 

how certai n a  particula r  bindin g is ,  base d upo n th e concept s see n s o far .  Th e activatio n leve l  i s 

set  t o 1. 0 i f  th e mar k i s generate d a s a  resul t  o f  a  direc t  matc h wit h th e natura l  languag e input . 
Lin k wil l  attenuat e thi s activatio n leve l  a s th e mar k i s passe d fro m nod e t o node .  Thi s indicate s 

tha t  node s whic h ar e furthe r  awa y fro m th e matche d concep t  wil l  b e expecte d les s (o r  les s 
coherent )  tha n thos e whic h ar e directl y connected .  Charnia k [CHAR86 ]  use s a  "zorch "  a s a 

roug h measur e o f  th e "strength "  o f  a  mark . 

Type constraint checking is also performed during pattern matching. For example, the 

abov e templat e i s actuall y a  shorthan d notatio n for : 

(PTRANS (ACTO R ? X TYP E PERSON) 

(OBJECT ? X TYP E PERSON) 

(T O ? Y TYP E STORE) ) 

wher e PERSON an d STORE ar e objec t  types .  A n objec t  typ e hierarch y i s neede d s o tha t  a  sub -
clas s wil l  matc h a  typ e constrain t  requirin g it s paren t  class .  Fo r  example ,  a n inpu t  o f  typ e PER-

SON shoul d matc h a n ANIMA.T E constraint .  T o avoi d storin g a  typ e hierarch y i n eac h node ,  a  bi t 
representatio n o f  set s [HILL85 ]  i s used .  Eac h typ e i s represente d a s a  strin g o f  bits .  Fo r  exam -

ple ,  al l  type s (includin g PERSON)  unde r  th e se t  o f  ANIMAT E hav e thei r  firs t  bi t  set .  Whe n th e 
syste m trie s t o matc h ANIMAT E i t  wil l  onl y nee d t o chec k fo r  th e firs t  bit .  Hierarchica l  informa -
tion ,  i n th e for m o f  a  bi t  string ,  i s  thu s passe d wit h th e typ e description .  Throughou t  thi s paper , 

onl y th e simplifie d shorthan d notatio n wil l  b e used . 

891 



C H UN &  M I M O 

Relaxatio n Computat io n 

Connectionist relaxation involves a weighted summation of the input activations. In SAM-

P A N,  th e relaxatio n i s similar ,  excep t  th e input s ar e i n th e for m o f  activation s tagge d wit h vari -

abl e bindings .  Whe n S A M P AN perform s weighte d summation ,  onl y activation s wit h th e sam e 

variabl e bindin g wil l  b e summed together .  W e cal l  thi s proces s marke r  merging ,  i.e .  mark s wit h 

consisten t  binding s ar e merge d together .  I n thi s way ,  input s ar e merge d wit h th e bindin g lis t 

store d locally .  Th e ne t  resul t  ma y b e on e o r  mor e bindin g list s i f  inconsistencie s ar e found . 

Bein g abl e t o differentiat e inconsisten t  binding s i s a  featur e o f  S A M P AN tha t  permit s multipl e 

instantiatio n o f  th e sam e concep t  template .  Th e followin g exampl e illustrate s thi s relaxatio n 

computation : 

NODE #0018: 

CONCEPT TEMPLATE: 

(POSS (ACTO R ?PERSON)  (OBJEC T ?POBJ) ) 

LOCAL BINDINGS : 

((PERSON MARY- 2 0.2 )  (POB J BOOK- 2 0.1) ) 

DECAY:  0. 2 

INPUT M A R K S: 

((PERSON MARY- 2 0.5) )  INPU T WEIGHT:  0. 1 

((PERSON MARY- 2 0.4 )  (POB J BOOK- 2 0.4 )  (FRO M JOHN- 1 0.2) ) 

INPUT WEIGHT:  0. 2 

((PERSON JOE- 3 0.5 )  (POB J CUP- 3 0.5) )  INPU T WEIGHT:  0. 5 

LOCAL BINDINGS (AFTER RELAXATION): 

((PERSON MARY- 2 0.29 )  (POB J BOOK- 2 0.16) ) 

((PERSON JOE- 3 0.25 )  (POB J CUP- 3 0.25) ) 

In this example, the local binding of NODE #0018 originally contained only one binding list. 

Afte r  relaxatio n o r  marke r  mergin g wit h th e thre e inpu t  marks ,  tw o loca l  bindin g list s results . 

Thi s indicate s tw o instantiatio n o f  th e concep t  template ,  namely : 

(POSS (PERSO N MARY-2 )  (POB J BOOK-2) )  an d 

(POSS (PERSO N JOE-3 )  (POB J CUP-3) ) 

I n addition ,  an y variabl e binding s i n th e inpu t  mark s tha t  ar e no t  neede d fo r  th e loca l  concep t 

templat e wil l  b e removed .  Fo r  exampl e th e bindin g (FRO M JOHN- 1 0.2 )  i n th e abov e exampl e 

was removed .  Thi s keep s th e siz e o f  th e loca l  bindin g list s manageabl e an d reduce s communica -

tio n overhead .  Hence ,  onl y binding s require d fo r  th e loca l  concep t  templat e wil l  b e passe d t o 

othe r  nodes .  Eve n thoug h onl y a  partia l  bindin g lis t  i s  passed ,  thi s shoul d no t  b e problematic , 

sinc e eac h nod e receive s input s fro m man y othe r  nodes ,  th e ne t  binding s receive d collectivel y fil l 

i n th e require d loca l  variables .  Node s wil l  no t  hav e an y output s an d henc e wil l  no t  sprea d mark s 

t o othe r  nodes ,  unles s al l  th e require d loca l  variable s ar e bound . 

In SAMPAN, activated nodes provide contextual expectation. For example, whenever the 

activatio n leve l  withi n a  loca l  bindin g lis t  reache s a  particula r  threshol d value ,  th e instantiate d 

concep t  templat e ca n b e sen t  t o th e natura l  languag e system .  Thes e expecte d concept s assis t  th e 

natura l  languag e syste m i n interpretin g th e inputs .  I n addition ,  th e prediction s provid e defaul t 

value s t o missin g concepts . 
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V. EXAMPLE APPLICATION 

To investigate the use of SAMPAN, a network was constructed to represent five different 

schemata : 

restauran t  schem a — genera l  eatin g ou t  scenari o 

theate r  schem a — movie ,  concert ,  opera ,  etc . 

subway schem a — subwa y transportatio n 

shoppin g schem a — purchasin g o f  merchandis e 

spor t  schem a — spor t  relate d physica l  activit y 

Thes e schemat a wer e chose n t o demonstrat e th e generalit y an d flexibilit y  o f  S A M P AN schem a 

selection ,  sinc e the y shar e man y common concept s (suc h a s goin g out ,  travelling ,  payin g fo r 

something ,  etc.) .  I n addition ,  thes e schemat a ca n exhibi t  man y type s o f  interactions .  Fo r  exam -

ple ,  thes e schemat a ma y occu r  b y themselves ,  embe d wit h anothe r  (e.g .  eatin g i n a  shoppin g 

mall) ,  overla p wit h anothe r  (e.g .  bu y hotdo g whil e leavin g subway) ,  o r  occu r  i n paralle l  wit h 

anothe r  (e.g .  goin g t o a  restauran t  pla y house) . 

The network currently contains 70 concept templates and 4830 links. The templates 
encod e genera l  concept s whic h ma y b e share d b y severa l  schemata .  Th e followin g i s a  sampl e o f 

th e concep t  template s encode d int o th e S A M P AN network : 

A perso n leave s hi s home . 

A perso n sit s o n a  chair . 

A busines s establishmen t  give s a  perso n a n object . 

An employe e take s a  person' s money . 

A perso n pick s u p exercis e equipment . 

A perso n i s hungry . 

A perso n listen s t o music . 

A perso n order s food . 

The SAMPAN network was constructed by gathering five sets of data from each of ten dif-
feren t  huma n subjects .  Eac h subjec t  wa s aske d t o visualiz e a  particula r  scenari o withi n eac h o f 
th e fiv e schemata .  Th e subject s the n checke d th e lis t  o f  concep t  template s an d indicate d thos e 

tha t  wer e relevan t  t o th e scenario .  Finally ,  a  progra m constructe d th e S A M P AN networ k base d 

upon th e collecte d statistics . 

For experimentation, new stories were constructed and feed to the network. SAMPAN 
correctl y matche s concept s i t  know s abou t  i n th e storie s an d generate s th e appropriat e expecta -

tions .  Th e followin g i s a n exampl e stor y processe d b y S A M P A N: 

;  Joh n wa s hungry . 

(I S (ACTO R JOHN-1 )  (STAT E *HUNGER*)  (VA L 0) ) 

;  Joh n lef t  hi s hom e t o g o t o McDonald's . 

(PTRANS (ACTO R JOHN-1 )  (OBJEC T JOHN-1 )  (FRO M HOME-1)  (T O MCDONALDS-1)) 

;  Joh n tol d th e cashie r  h e wante d a  hamburger . 

(MTRANS (ACTO R JOHN-1 )  (OBJEC T HAMBURGER-1)  (T O CASHIER-1) ) 

;  Joh n pai d th e cashier . 

(ATRANS (ACTO R JOHN-1 )  (OBJEC T *MONEY* )  (FRO M JOHN-1 )  (T O CASHIER-1) ) 

;  Th e cashie r  gav e Joh n th e hamburger . 

(ATRANS (ACTO R CASHIER-1 )  (OBJEC T HAMBURGER-1)  (FRO M CASHIER-1 )  (T O JOHN-1) ) 

;  Joh n sa t  down . 
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(PTRANS (ACTOR JOHN-1) (OBJECT JOHN-1) (TO *CHAIR*)) 

;  Joh n at e hi s hamburger . 

(INGES T (ACTO R JOHN-l )  (OBJEC T HAMBURGER-1)) 

;  Joh n wa s happy . 

(I S (ACTO R JOHN-1 )  (STAT E *MENTAL* )  (VA L 10) ) 

;  Joh n thre w awa y som e garbag e int o th e garbag e can . 

(PROPEL (ACTO R JOHN-1 )  (OBJEC T *GARBAGE*)  (T O GARBAGE-CAN-1) ) 

;  Joh n returne d home . 

(PTRANS (ACTO R JOHN-1 )  (OBJEC T JOHN-1 )  (FRO M MCDONALDS-1)  (T O HOME-1) ) 

For each concept in the story, SAMPAN sends the concept to all the seventy nodes in the 

networ k an d relaxe s th e networ k fo r  on e cycle .  Durin g th e relaxation ,  patter n matchin g an d 

marke r  mergin g wa s performed .  Figur e 1  i s a  scree n printou t  fro m a  persona l  compute r  showin g 

th e stat e o f  th e S A M P AN networ k whe n th e abov e stor y wa s processed .  Eac h ro w represent s th e 

networ k activatio n a t  a  particula r  cycle .  Eac h colum n represent s a  particula r  nod e i n th e net -

work .  Th e darknes s o f  th e shadin g i s proportiona l  t o th e activatio n leve l  i n a  node . 

SAMPAN NETWORK OUTPUT 

12 3 4 5 6 7 
123456789012345678901234567890123436789012343678901234567890123456789 0 

I 

cycl e 
cycl e 
cycl e 
cycl e 
cycl e 
cycl e 
cycl e 
cycl e 
cycl e 
cycl e 

1 
2 
3 
4 
3 
6 
7 
8 
9 
10 

Figur e 1 .  Th e activatio n leve l  o f  th e sevent y node s i n th e exampl e network . 

The figure shows that the network formed coalitions of concepts as it processed the story. 

(Du e t o th e deca y factor ,  som e o f  th e node s graduall y die d out. )  Thes e coalition s represen t  th e 

emergen t  schem a structure .  Fo r  example ,  afte r  S A M P AN processe d th e thir d input : 

;  Joh n tol d th e cashie r  h e wante d a  hamburger . 

(MTRANS (ACTO R JOHN-1 )  (OBJEC T HAMBURGER-1)  (T O CASHIER-1) ) 

activatio n an d binding s wer e sprea d t o th e node s representing :  Joh n havin g t o wait ,  a  cashie r 

givin g Joh n a  hamburger ,  Joh n holdin g a  hamburger ,  Joh n eatin g a  hamburger ,  Joh n leavin g 

McDonald' s t o g o home ,  etc .  Thes e expecte d concept s ca n b e use d b y a n expectation-drive n 

natura l  languag e syste m o r  ca n hel p fil l  i n missin g concept s no t  provide d b y th e input . 

The example network also handles simple pronoun references. For example, if the concept: 

(MTRANS (OBJEC T HAMBURGER-1)  (T O CASHIER-1) ) 

was use d instea d o f  th e origina l  thir d input ,  th e networ k fill s  i n th e A C T OR rol e t o b e JOHN- 1 

throug h relaxation .  However ,  i n complicate d storie s involvin g man y actors ,  inferenc e rule s nee d 

t o b e use d t o resolv e pronou n references .  Thes e inferenc e rule s ca n b e encode d i n th e link s a s 

constraint s o n ho w variable s shoul d b e mappe d a s the y ar e passe d fro m on e nod e t o another . 

894 



C H U N & M I MO 

For  example ,  th e A C T OR o f  on e concep t  templat e migh t  b e restricte d t o b e th e OBJECT o f 

another . 

Summarizing, SAMPAN is able to form coalitions of related concepts that represented the 

schema structures .  Th e networ k i s flexibl e enoug h t o accommodat e man y variation s o f  th e sam e 

schema a s wel l  a s nove l  even t  sequences .  Storie s wit h multipl e schemat a (embedde d o r  over -

lapped )  ar e als o processe d withou t  an y difficulty . 

SAMPAN was implemented using the MicroAINET language [CHUN86b] written in Golden 

Common Lisp .  MicroAINE T i s a  languag e t o define ,  construct ,  an d simulat e a  genera l  clas s o f 

massivel y paralle l  networks .  Th e experiment s wer e performe d usin g 386-base d hardware . 

VI. RESEARCH DIRECTIONS 

This paper represents the first step in providing a massively parallel schema representation. 
Onl y th e proble m o f  schem a selectio n ha s bee n discusse d i n detai l  i n thi s paper .  W e ar e 

intereste d i n explorin g othe r  issue s suc h a s th e learnin g o f  ne w structures ,  th e storag e o f  ne w 

schema instances ,  an d th e integratio n wit h existin g memor y structure s [SCHA82] .  Anothe r  issu e 
tha t  need s t o b e addresse d i s th e representatio n o f  tempora l  constraint s an d relationship s (w e 
have alread y don e som e preliminar y wor k i n thi s are a [CHUN86a]) .  W e als o hop e t o integrat e 

S A M P AN wit h a  massivel y paralle l  natura l  languag e understandin g syste m [LI87] .  Th e SAM-

P AN marke r  passin g ha s grea t  potentia l  o f  providin g a n inferenc e mechanis m an d explanatio n 

facilit y  withi n th e networ k (possibl y simila r  t o tha t  o f  W i m p [CHAR86]) . 

Vn. SUMMARY 

This paper presented a massively parallel model of schema selection which solved many 
problem s inheren t  i n seria l  approaches .  Th e selectio n proces s i s mor e flexibl e an d adaptiv e tha n 
presen t  method s used .  I n addition ,  th e resultin g schem a structur e i s mor e malleabl e an d general . 

S A M P AN ha s bee n teste d successfull y i n th e domai n o f  natura l  languag e understanding . 
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Abstrac t 

People who understand mechanical systems can infer the principles of operation of an 

unfamilia r  devic e fro m thei r  knowledg e o f  th e device' s component s an d thei r  mechanica l 

interactions .  Individual s var y i n thei r  abilit y  t o mak e thi s tjrp e o f  inference .  Thi s pape r 

describe s studie s o f  performanc e i n psychometri c test s o f  mechanica l  ability .  Base d o n 

subjects '  retrospectiv e protocol s an d respons e patterns ,  i t  wa s possibl e t o identif y rule s o f 

mechanica l  reasonin g whic h accounte d fo r  th e performanc e o f  subject s wh o diffe r  i n 

mechanica l  ability .  Th e rule s ar e explicitel y state d i n a  simulatio n mode l  whic h demonstrate s 

th e sufficienc y o f  th e rule s b y producin g th e kind s o f  response s observe d i n th e subjects . 

Thre e factor s ar e propose d a s th e source s o f  individua l  difference s i n mechanica l  ability :  <1 | 

abilit y  t o correctl y identif y whic h attribute s o f  a  syste m ar e relevan t  t o it s mechanica l 

function ,  (2 )  abilit y  t o us e rule s consistently ,  an d (3 |  abilit y  t o quantitativel y combin e 

informatio n abou t  tw o o r  mor e relevan t  attributes . 

Introductio n 

We generally associate mechanical ability with a person's understanding of how 

machine s work ,  th e abilit y  t o buil d a  machin e ou t  o f  it s  elementar y components ,  an d th e 

abilit y  t o determin e wh y a  machin e i s no t  working .  T o understan d a  machin e i n thi s way ,  a 

perso n ha s t o b e abl e t o identif y th e elementar y component s o f  th e machine ,  kno w whic h 

propertie s o f  thes e elementar y component s ar e relevan t  t o thei r  functio n i n th e system ,  an d 

als o understan d ho w thes e elementar y component s interac t  t o accomplis h th e machine' s 

function .  Thi s pa{)e r  explore s th e menta l  model s o f  individual s wit h differen t  level s o f 

understandin g o f  machines . 

One approach to imderstanding mechanical ability used by psychometricians is to 

measur e th e correlation s betwee n test s o f  mechanica l  abilit y  an d test s o f  othe r  basi c 

cognitiv e traits .  Studie s usin g thi s approac h suggeste d tha t  ther e wer e severa l  component s 

of  mechanica l  ability ,  suc h a s genera l  reasonin g ability ,  an d knowledg e acquire d throug h 

Thi s wor k wa s supporte d i n par t  b y contrac t  numbe r  N00014-86-K-068 4 fro m th e Ofiic e o f  Nava l  Research , 
gran t  numbe r  MH-961 7 fro m th e Nationa l  Institut e o f  Menta l  Health ,  an d a n NSERC post-doctora l  fellowshi p 
t o Ia n Morrison .  We than k Patrici a Carpente r  an d Carolann e Fishe r  fo r  thei r  conunent s an d suggestions . 
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experienc e wit h machine s {Cronbach ,  1984) .  Thi s suggest s tha t  mechanica l  abilit y  i s  no t  a 

stati c trait ,  bu t  ca n develo p a s a  resul t  o f  experience . 

Our approach includes an analysis of verbal protocols as well as an analysis of the 

respons e pattern s obtaine d durin g th e performanc e o n tes t  items .  Thi s approac h allow s u s 
t o examin e th e menta l  model s o f  differen t  individual s a s reflecte d i n whic h attribute s o f  a 

mechanica l  syste m peopl e conside r  relevan t  t o it s function ,  thei r  rule s relatin g th e attribute s 
t o th e function ,  thei r  preference s amon g differen t  rules ,  an d thei r  method s fo r  combinin g 

rule s pertainin g t o differen t  attributes .  Th e resultin g model s o f  hig h an d lo w abilit y  subject s 
ar e instantiate d a s tw o compute r  simulatio n models ,  whos e performanc e o n th e tes t  item s 
produce s pattern s resemblin g thos e o f  huma n subjects . 

We studied performance on pulley problems of the type used in the Bennett test of 
Mechanica l  Comprehensio n (Bennett .  1969) .  Paper-and-penci l  text s suc h a s thi s hav e bee n 
foun d t o b e highl y predictiv e o f  performanc e i n a  numbe r  o f  technica l  field s suc h a s 
machin e assembly ,  mechanica l  repai r  an d vehicl e operatio n (Bennett ,  1969 .  Ghiselli ,  1955 , 
Verno n an d Parry ,  1949) .  Ou r  focu s o n pulley s permitte d u s t o construc t  a  larg e numbe r 

of  pulle y problem s whic h systematicall y varie d th e numbe r  an d typ e o f  attribute s tha t 
distinguishe d th e tw o system s depicte d i n eac h problem .  Th e Bennet t  typ e o f  pulle y 
problem s wer e a t  a n appropriat e difficult y leve l  fo r  ou r  college-studen t  subjects ,  allowin g 
measuremen t  o f  a  rang e o f  individua l  difference s i n performance .  Restrictin g th e 
experiment s t o pulle y problem s doe s no t  compromis e th e generalit y o f  th e research ,  sinc e 
previou s analyse s o f  th e Bennet t  tes t  (Cronbach .  1984 )  an d ou r  ow n pilo t  stud y hav e show n 
tha t  separat e score s fo r  differen t  type s o f  item s ar e highl y correlated .  Thus ,  ou r 
examinatio n o f  th e mechanica l  abilit y  tha t  deal s wit h pulley s shoul d appl y t o reasonin g 
abou t  othe r  t)rpe s o f  mechanica l  systems . 

Figure 1: A typical pulley problem. 

W i t h whic h pulle y syste m 

doe s th e m a n hav e t o pul l 

wit h mor e forc e t o lif t 

th e weight ? 

A 

B 

I f  n o difference , 

m a r k C . 
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M e t h o d 

Problems. We analyze performance on 17 pulley system problems, including some 

item s fro m th e Bennet t  Mechanica l  Comprehensio n Tes t  (Bennett ,  1969 )  an d othe r  simila r 

item s whic h wer e constructe d especiall y fo r  thi s study .  Al l  o f  th e item s wer e multipl e 

choice ,  requirin g a  selectio n amon g thre e respons e alternatives .  Eac h proble m depicte d tw o 

pulle y system s liftin g a  weigh t  an d aske d whic h pulle y syste m require d mor e forc e t o lif t 

th e weigh t  (se e Figur e 1) . 

The two pulley systems depicted in each item differed on one or more of the 

followin g dimensions :  mechanica l  advantage ,  weigh t  t o b e lifted ,  heigh t  (rop e length) ,  an d 

pulle y diameter .  Pulle y system s tha t  differe d i n mechanica l  advantage ,  als o differe d o n 

some othe r  attribute s (relevan t  attributes) ,  whic h ar e correlate d wit h mechanica l  advantage , 

suc h a s th e numbe r  o f  load-bearin g rope s an d th e numbe r  o f  pulleys . 

Three types of problems differed in the kinds of attributes that distinguished the two 

system s depicte d i n th e problem .  I n on e typ e o f  problem ,  th e tw o system s differe d onl y o n 

attribute s irrelevan t  t o th e mechanica l  advantag e o f  a  pulle y syste m (heigh t  o r  pulle y size) . 

I n th e secon d typ e o f  proble m th e tw o pulle y system s differe d i n mechanica l  advantage , 

whil e th e weight s the y lifte d wer e equal .  I n th e thir d typ e o f  problem ,  bot h th e mechanica l 

advantag e an d th e weight s wer e differen t  fo r  th e tw o systems . 

Subjects. The subjects were 43 undergraduate students, 27 students at Carnegie-Mellon 

Universit y an d 1 6 student s a t  th e Communit y Colleg e o f  Alleghen y County .  Fourtee n o f 

th e student s ha d take n tw o o r  mor e course s i n physic s a t  colleg e level ,  whil e th e remainde r 

had take n n o colleg e leve l  physic s courses . 

Procedure. Thirty-eight subjects were administered the test in a group setting, while 

fiv e othe r  subject s wer e teste d individuall y an d gav e verba l  protocol s whil e the y solve d th e 

problems .  T w o o f  th e fiv e protoco l  subject s ha d take n colleg e leve l  phjrsics . 

For the purposes of comparing different levels of ability, the data from the 38 

subject s wh o performe d th e tes t  i n a  grou p settin g wer e divide d int o tw o groups ,  a  high -

scorin g grou p an d a  low-scorin g group ,  o n th e basi s o f  thei r  overal l  scores .  A  discontinuit y 

i n th e distributio n o f  score s define d th e boundar y betwee n th e hig h an d lo w abilit y  subjects . 

Twent y fiv e subject s solve d les s tha n 5 9 % o f  th e problem s correctl y whil e thirtee n o f  th e 

remaining '  subject s score d mor e tha n 6 5 % o f  th e problem s correctly .  Th e high-scorin g 

grou p therefor e consiste d o f  th e to p thir d o f  th e distribution . 

Result s 

General Solution Processes. An analysis of the subjects' verbal protocols suggested the 

followin g genera l  accoun t  o f  ho w the y solve d th e tes t  items .  Th e subject s decide d whic h o f 

th e tw o pulle y systems '  distinguishin g attribute s (suc h a s th e numbe r  o f  pulleys )  wer e 

relevan t  t o reducin g th e effor t  require d t o lif t  th e weight .  The y the n compare d th e tw o 
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system s usin g rule s whic h relat e thes e attribute s t o th e amoun t  o f  effor t  required . 

The repertoire of rules used was inferred from the five subjects who gave verbal 

protocols .  Th e rule s pertai n t o thos e attribute s tha t  th e subject s describe d a s relevant . 

whic h wer e al l  attribute s o f  th e visibl e component s o f  th e system s -  eithe r  thei r  number . 

size ,  o r  attachment s t o othe r  components .  A s Tabl e 1  shows ,  mos t  o f  th e rule s wer e base d 

on syste m attribute s tha t  ar e correlate d wit h mechanica l  advantage .  T w o o f  th e rule s wer e 

base d o n irrelevan t  attribute s (heigh t  an d pulle y size) .  T w o o f  th e rule s wer e quantitative . 

i.e. ,  the y expresse d th e effor t  a s th e rati o o f  th e weigh t  t o som e som e attribut e o f  th e 

pulle y system .  Th e remainde r  o f  th e rule s wer e qualitative .  A  qualitativ e rul e coul d stat e 

tha t  pulle y syste m wit h a  highe r  valu e o f  som e attribut e require s les s effor t  o r  tha t  a 

syste m wit h a  lowe r  valu e th e attribut e require s les s effort . 

When two or more of a subject's rules were applicable in a problem, the rule that 

was use d t o generat e th e answe r  reflecte d a  preferenc e orderin g amon g th e rules .  Th e 

preferenc e orderin g amon g rule s implie s tha t  eve n i f  a  subjec t  know s a  rule ,  h e wil l  no t  us e 

i t  t o generat e th e answe r  t o th e proble m unles s i t  i s  th e mos t  preferre d i n th e situation . 

Table 1: Rules used by the Protocol Subjects 

Rul e Numbe r  o f  Subject s wh o use d th e Rule . 

Qualitative Rules (relevant attributes): 

A pulley system with ... requires less effort 

less weight 5 

mor e pulley s 4 

mor e load-bearin g rope s (tensions )  3 

mor e attachment s t o th e ceilin g 2 

mor e fre e pulley s 2 

Qualitative Rules (irrelevant attributes): 

A pulley system with ... requires less effort 

larger pulleys 1 

les s heigh t  1 

Quantitative Rules (relevant attributes): 

A pulley system with ... requires less effort. 

less weight per pulley 1 

les s weigh t  pe r  attachmen t  1 
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Individua l  Differences .  Th e respons e pattern s o f  a  larg e proportio n o f  subject s coul d b e 

classifie d a s consisten t  wit h th e rule s observe d i n th e protocols .  Thes e respons e pattern s 

reveale d tha t  thre e factor s accounte d fo r  individua l  difference s i n mechanica l  ability ;  (1 ) 

abilit y  t o discriminat e relevan t  fro m irrelevan t  attributes .  (2 )  consistenc y o f  rul e us e an d (3 / 

abilit y  t o quantitativel y combin e informatio n abou t  tw o attribute s withi n a  singl e rule .  W e 

wil l  discus s eac h o f  thes e factor s i n turn . 

High-scoring subjects were better able to discriminate relevant from irrelevant 

attribute s o f  pulle y systems .  Th e majorit y o f  high-scorin g subject s (92% )  correctl y identifie d 

heigh t  an d pulle y siz e t o b e irrelevant ,  whil e 5 2 % o f  low-scorin g subject s considere d heigh t 

t o b e relevan t  an d 4 4 % o f  low-scorin g subject s considere d pulle y siz e t o b e relevant .  Thi s 

was reflecte d i n th e answer s tha t  the y chose .  High-scorin g subject s chos e a  significantl y 

highe r  proportio n o f  correc t  response s (.90 )  tha n di d low-scorin g subject s <.44 )  i n problem s 

tha t  varie d th e heigh t  o f  th e syste m (t(36 )  =  4.00 ,  p  <.001| .  I n problem s tha t  varie d 

pulle y siz e .9 8 o f  high-scorin g subjects '  response s an d .3 5 o f  low-scorin g subjects '  response s 

wer e correc t  (t(36 )  =  6.09 ,  2  <.001) . 

High-scoring subjects used rules more consistently in problems that varied mechanical 

advantag e an d th e rule s tha t  the y use d wer e mor e likel y t o b e correct .  I f  consistenc y i s 

define d a s havin g a t  leas t  fou r  ou t  o f  si x response s tha t  ar e consisten t  wit h on e rule , 

twelv e o f  th e thirtee n high-scorin g subject s responde d consistently .  I n contras t  onl y eleve n 

of  th e twenty-fiv e low-scorin g subject s responde d consistently .  Seve n o f  th e thirtee n high -

scorin g subject s wer e classifie d a s usin g th e rul e tha t a  syste m wit h mor e load-bearin g 

rope s require s les s effort ,  whic h give s th e correc t  answe r  t o al l  o f  th e problem s o f  thi s 

type .  High-scorin g subject s answere d a  sigfnificantl y highe r  proportio n (.77 )  o f  thes e 

problem s correctl y tha n di d low-scorin g subject s (.47) ,  (t(36 )  =  4.48 ,  p<.001 ) 

High-scoring subjects also demonstrated the ability to quantitatively combine 

informatio n abou t  tw o attribute s withi n a  singl e rule .  I n problem s involvin g bot h 

mechanica l  advantag e an d weigh t  differences ,  th e response s o f  te n o f  th e high-scorin g 

subject s (77% )  wer e consisten t  wit h rule s expressin g a  rati o o f  th e weigh t  t o som e attribut e 

of  th e system ,  suc h a s weigh t  pe r  load-bearin g strand ,  attachment ,  o r  pulley .  Th e low -

scorin g subjects ,  o n th e othe r  hand ,  wer e mor e likel y t o bas e thei r  comparison s o f  th e 

system s eithe r  o n weigh t  o r  o n a  singl e attribut e o f  th e system ,  bu t  di d no t  combin e th e 

consideratio n o f  weigh t  an d th e syste m attribut e int o a  singl e rule .  Th e mos t  c o m m o n rul e 

use d b y thes e subject s wa s tha t  mor e effor t  i s  require d t o lif t  a  heavie r  weight .  High -

scorin g subject s answere d a  muc h highe r  proportio n (.62 )  o f  thes e problem s correctl y tha n 

di d low-scorin g subject s (.33 )  (t(36 )  =  4.03 ,  p<.001) . 

In summary, high-scoring subjects are better able to identify the attributes relevant to 

th e operatio n o f  a  pulle y system ,  the y ar e mor e consisten t  i n thei r  us e o f  rules ,  an d the y 

ar e mor e likel y t o us e rule s tha t  indicat e a  quantitativ e understandin g o f  pulle y systems . 

Not  onl y d o th e thre e factor s hav e sigpiifican t  effect s o n performance ,  bu t  the y ar e als o 

similarl y relate d t o th e tota l  scores ,  a s assesse d b y th e followin g procedure .  Eac h subjec t 

was give n a  scor e o f  1  o r  0  o n eac h o f  th e thre e factors .  A  scor e o f  1 ,  base d o n th e 

respons e patter n o n th e relevan t  problems ,  indicate d tha t  th e subjec t  ha d th e abilit y 

measure d b y a  give n factor ,  whil e a  scor e o f  0  indicate d tha t  th e subjec t  di d no t  hav e thi s 

ability .  Eac h o f  th e factor s ha d a  correlatio n wit h th e overal l  scor e whic h la y betwee n .4 9 

and .51 .  Thu s th e thre e factor s ar e o f  approximatel y comparabl e importance  i n predictin g 

an individual' s performance .  Together  th e thre e factor s accounte d fo r  38.6 % o f  th e varianc e 

among th e tota l  scores . 
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A M o d e l  o f  Performance . 

In order to specify mechanisms which can underlie the individual differences identified 

i n th e experiment ,  w e develope d a  simulatio n model ,  writte n i n Soa r  jLaird ,  Newell ,  an d 

Rosenbloom .  i n pres s I .  Th e mode l  simulate s th e performanc e o f  on e high-scorin g subjec t 

an d on e low-scorin g subjec t  w h o gav e protocol s i n th e exijeriment .  I t  simulate s th e respons e 

choice s tha t  th e subject s gav e t o th e problems ,  a s wel l  a s statin g th e rational e fo r  eac h 

choice . 

Representational Format. The model operates on a problem description for each of 

th e 1 7 problem s i n th e experiment .  Eac h proble m descriptio n contain s al l  th e informatio n 

tha t  i s directl y availabl e t o a  h u m a n subjec t  throug h visua l  inspection .  However ,  no t  al l  o f 

th e informatio n i n th e proble m descriptio n i s necessaril y  use d b y b y th e mode l  o r  b y th e 

subjec t  i t  simulates . 

The format of a problem description is a structured description list which consists of 

identifier s an d list s o f  attribute s an d values .  Ther e ar e fou r  type s o f  attributes :  properties . 

relations ,  comparisons ,  an d questions .  Th e simples t  typ e o f  attribut e i s a  propert y o f  a 

pulle y syste m o r  componen t  o f  a  pulle y system ,  suc h a s th e numbe r  o f  pulley s i n th e 

system .  Th e secon d typ e o f  attribut e i s a  relatio n betwee n tw o objects .  Fo r  example ,  a 

relatio n migh t  stat e tha t  a  particula r  pulle y i s fixe d t o th e ceiling .  Th e thir d typ e o f 

attribute ,  a  comparison ,  compare s tw o propertie s o r  tw o relations .  Th e fourt h typ e o f 

attribute ,  a  question ,  contain s a n attribut e wit h a  missin g valu e an d state s tha t  th e valu e 

shoul d b e obtained .  Th e requiremen t  i n eac h ite m o f  th e test ,  namel y t o compar e th e 

relativ e effort s require d t o lif t  th e weight s wit h th e tw o depicte d pulle y systems ,  i s 

represente d a s a  questio n abou t  th e compariso n o f  th e effor t  attribute . 

Production Rules. The simulation model uses a set of productions that can be divided 

int o tw o subsets ,  on e subse t  c o m m o n t o al l  subjects ,  an d a  secon d subse t  uniqu e t o th e 

individua l  whos e solution s wer e simulated .  Th e c o m m o n production s contro l  th e operator s 

tha t  see k informatio n abou t  th e proble m an d th e operator s tha t  generat e answer s t o th e 

questio n posed ,  expres s th e reason s fo r  producin g thes e answers ,  an d sto p th e processin g 

when th e fina l  answe r  ha s bee n selected .  Th e subject-specifi c  production s determin e wha t 

informatio n a n individua l  seek s an d ho w h e reason s fro m tha t  informatio n t o generat e a n 

answe r  t o th e problem .  Thes e production s reflec t  th e rule s tha t  a  subjec t  possesse s 

relatin g attribute s o f  pulle y system s t o thei r  functio n (reducin g th e effor t  require d t o lif t  a 

weight) . 

The model can evoke one of two types of operators, elaboration operators and 

hypothesi s operators .  W h e n a  valu e i n a  questio n i s missing ,  elaboratio n operator s loo k fo r 

informatio n i n th e proble m statemen t  tha t  migh t  b e relevan t  t o answerin g th e question . 

Hjrpothesi s operator s suggest  value s fo r  attribute s tha t  ar e sough t  b y elaboratio n operator s 

an d us e thes e value s t o sugges t  tentativ e answer s t o th e problem .  Eac h suggeste d answe r 

i s accompanie d wit h a  reaso n fo r  thi s answer .  Fo r  example ,  a  hypothesi s operato r  m a y 

sugges t  pulle y syste m A  require s a  greate r  effor t  tha n syste m B  becaus e th e weigh t  tha t 

syste m A  i s liftin g i s heavier . 

The productions choose among elaboration and hypothesis operators on the basis of 
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preferences ,  expresse d i n Soa r  a s specia l  dat a elements .  A  preferenc e migh t  favo r  a n 

answer  supporte d b y a  particula r  reason .  Fo r  exampl e a  preferenc e migh t  favo r  a n answe r 

base d o n th e amoun t  o f  weigh t  t o b e lifte d b y a  syste m ove r  a n answe r  base d o n th e 

number  o f  pulley s i n a  system .  Alternatively ,  a  preferenc e migh t  expres s a  respons e bias . 

For  exampl e a  preferenc e migh t  favo r  a  hypothesi s operato r  statin g tha t  th e effort s 

require d t o lif t  th e load s o f  th e tw o pulle y system s ar e differen t  ove r  a n operato r  statin g 

tha t  th e effort s ar e th e same . 

Flow of Control. The model proceeds from the problem description and question to its 

ultimat e respons e b y evokin g a  sequenc e o f  operator s whic h deriv e informatio n fro m th e 

proble m descriptio n an d sugges t  answer s o n th e basi s o f  th e obtaine d informatio n (se e 

Figur e 2) .  W h e n th e questio n i s firs t  interpreted ,  a n elaboratio n operato r  i s evoke d t o see k 

th e informatio n tha t  th e questio n interrogates .  Th e questio n ("Wit h whic h pulle y syste m 

does th e m a n hav e t o pul l  wit h mor e forc e t o lif t  th e weight?" )  interrogate s a  compariso n 

of  th e effor t  attribute s o f  th e tw o pulle y systems .  Becaus e ther e i s n o informatio n 

availabl e tha t  allow s thi s compariso n t o b e mad e directly ,  additiona l  elaboratio n operator s 

ar e evoke d t o see k othe r  informatio n tha t  migh t  b e relevan t  t o th e answer .  Fo r  example , 

informatio n abou t  th e numbe r  o f  pulley s o r  ceilin g attachment s i n th e tw o pulle y system s 

migh t  b e sough t  a t  thi s point .  I n addition ,  i f  th e perso n bein g modele d ha s sufficien t 

knowledg e t o calculat e th e effort s require d b y th e tw o pulle y systems ,  a  subgoa l  i s 

generate d t o calculat e th e efforts .  (Th e dotte d line s i n Figur e 2  indicat e component s o f  th e 

model  tha t  ar e presen t  fo r  subject s wit h thi s knowledge) .  Hypothesi s operator s us e th e 

informatio n obtaine d b y elaboratio n operator s t o sugges t  answer s t o th e question .  I f  n o 

answer  i s suggested ,  th e mode l  choose s randoml y amon g th e possibl e answers .  I f  onl y on e 

answer  i s suggested ,  i t  become s th e respons e o f  th e mode l  fo r  tha t  problem .  I f  mor e tha n 

one answe r  i s suggested ,  a  subgoa l  i s  create d t o resolv e th e tie .  T o satisf y th e subgoa l  o f 

resolvin g th e tie ,  on e hypothesi s operato r  m a y b e selecte d ove r  anothe r  a s a  resul t  o f  a 

preference .  Otherwise ,  a  rando m choic e i s mad e amon g th e operators . 

Modeling individual differences in performance. The three sources of individual 

difference s observe d i n th e experimen t  ar e modele d i n th e simulatio n i n th e followin g ways . 

To accoun t  fo r  th e difference s amon g subject s i n wha t  the y conside r  t o b e relevant ,  th e 

model  fo r  a  give n subjec t  relate s th e effor t  require d i n th e cas e o f  a  particula r  pulle y 

syste m t o precisel y thos e attribute s o f  th e syste m tha t  th e subjec t  consider s relevant .  Tha t 

is .  th e attribute s tha t  wer e considere d relevan t  wer e i n th e condition s o f  th e production s 

embodyin g th e mechanica l  rules .  T o accoun t  fo r  th e difference s amon g subject s i n ho w 

consistentl y the y us e on e rule ,  th e mode l  varie s o r  keep s constan t  it s preference s amon g 

h)T)othesi s operator s acros s th e differen t  problems .  I f  ther e i s a  preferenc e fo r  on e 

hypothesi s operato r  ove r  al l  othe r  hypothesi s operator s i n a  situation ,  th e mode l  wil l  alway s 

choos e th e answe r  an d th e reaso n give n b y tha t  operato r  i n an y simila r  situation .  I f  ther e 

i s n o preferenc e amon g operators ,  the n th e mode l  choose s randoml y amon g applicabl e 

operators ,  producin g th e sam e typ e o f  inconsisten t  behavio r  a s observe d fo r  low-scorin g 

subject s i n th e exjieriment .  Finally ,  t o accoun t  fo r  th e difference s amon g subject s i n thei r 

abilit y  t o quantitativel y combin e informatio n fro m tw o relevan t  attributes ,  th e mode l  ca n 

eithe r  contai n o r  no t  contai n production s tha t  sugges t  value s fo r  th e effor t  base d o n a  rati o 

of  th e weigh t  o f  th e syste m t o som e othe r  relevan t  attribute . 

The model simulated the jjerformance of one high-scoring subject and one low-scoring 

subjec t  wh o gav e protocol s i n th e experiment .  Th e simulatio n fo r  bot h subject s provide d 

th e sam e respons e an d th e sam e explanatio n o f  th e respons e a s th e huma n subjec t  i n 1 6 

of  th e 1 7 problems . 
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Figur e 2 :  Flo w o f  contro l  o f  th e simulatio n mode l  throug h a  problem . 
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Th e simulation s fo r  th e high-scorin g an d th e low-scorin g subject s differe d i n th e 

followin g ways : 

1. The high-scoring simulation produces fewer suggested answers than the low-

scorin g simulation .  Thi s i s becaus e th e low-scorin g mode l  make s suggestion s 

abou t  a n irrelevan t  attribut e i n additio n t o makin g suggestion s abou t  a  numbe r 

of  relevan t  attributes .  Al l  o f  th e answer s suggeste d b y th e simulatio n o f  th e 

high-scorin g subjec t  wer e base d o n relevan t  attributes . 

2. The high-scoring simulation calculated numerical values for the the efforts 

require d t o lif t  th e load s o f  th e pulle y system s b y quantitativel y combinin g tw o 

attributes ;  weigh t  an d numbe r  o f  pulleys .  Th e low-scorin g di d no t  attemp t  t o 

determin e th e effort s directl y an d di d no t  quantitativel y combin e attributes . 

W h en tw o o r  mor e attribute s produce d th e sam e answer ,  th e low-scorin g 

simulatio n combine d the m int o a  singl e answe r  justifie d b y th e severa l 

explanations .  I f  tw o o r  mor e suggestion s produce d contradictor y answers ,  thes e 

comparison s cancele d eac h othe r  an d th e low-scorin g simulatio n gav e a n answe r 

of  equality . 

3. The high-scoring simulation organized the search for information so that 

numerica l  value s fo r  th e effort s wer e calculate d onl y whe n th e answe r  coul d no t 

be determine d b y qualitativ e comparisons .  Th e orde r  o f  searc h fo r  informatio n 

i n th e low-scorin g mode l  wa s random . 

In summary, the model specified mechanisms which can account for the individual 

difference s identifie d i n th e experiment .  I t  successfull y simulate d th e performanc e o f  a  high -

scorin g an d a  low-scorin g subjec t  indicatin g th e sufficienc y o f  th e theoretica l  proposal .  Th e 

model  suggeste d tha t  th e proces s o f  applyin g rule s i s simila r  fo r  high-scorin g an d low -

scorin g subjects ,  bu t  th e conten t  o f  th e rule s change s wit h increase s i n mechanica l  ability . 

Discussio n 

The research reported in this paper provided both a general model of the processes 

involve d i n solvin g item s fro m test s o f  mechanica l  abilit y  an d identifie d source s o f  individua l 

differenc e i n performanc e o n thes e tasks .  I t  wa s foun d tha t  subject s encode d mechanica l 

system s i n term s o f  attribute s o f  system s tha t  the y considere d relevan t  t o thei r  function . 

Compariso n o f  th e pulle y system s b y differen t  subject s wa s base d o n rule s whic h expresse d 

a relatio n betwee n on e o r  mor e o f  thes e attribute s an d th e attribut e i n questio n i.e .  th e 

effor t  require d t o lif t  th e weigh t  wit h th e pulle y system . 

According to the description of individual differences presented in the paper, low-

scorin g subject s ar e characterize d a s usin g qualitativ e rule s base d o n bot h relevan t  an d 

irrelevan t  attribute s o f  pulle y systems ,  an d hav e n o clea r  preference s amon g thei r  rule s s o 

tha t  thei r  response s appea r  inconsisten t  wit h an y particula r  rule .  High-scorin g subjects ,  o n 

th e othe r  hand ,  ca n us e quantitativ e rule s whe n th e proble m demand s th e us e o f  thes e 

rules ,  thei r  rule s ar e base d o n relevan t  attributes ,  an d the y prefe r  rule s base d o n attribute s 

tha t  ar e highl y correlate d wit h mechanica l  advantage . 
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A strikin g featur e o f  th e rang e o f  solutio n processe s use d b y subject s wit h differen t 

mechanica l  abilit y  i s  thei r  similarit y t o th e developmenta l  stage s observe d b y Siegle r  (1978 . 

1981 )  i n hi s analysi s o f  youn g children' s understandin g o f  a  balanc e beam .  Th e paralle l 

betwee n ou r  finding s an d developmenta l  finding s suc h a s Siegler' s suggest s th e intriguin g 

hypothesi s tha t  th e processe s tha t  underli e th e developmen t  o f  mechanica l  abilitie s als o 

characteriz e difference s alon g a n individua l  differenc e dimension .  Ou r  result s sugges t  tha t 

mechanica l  abilit y  shoul d no t  b e though t  o f  a s a  stati c trai t  bu t  a s a n abilit y  tha t  ca n 

develo p wit h increase d experienc e i n thi s domain .  Thi s vie w o f  mechanica l  abilit y  i s 

consisten t  wit h th e dominan t  vie w o f  mechanica l  abilit y  i n th e psychometri c literature ,  i.e. , 

tha t  i t  i s  a  measur e o f  understandin g acquire d throug h genera l  exposur e t o tool s an d 

machiner y (Cronbach ,  1984) . 

Our results demonstrate that qualitative mental models of pulley systems precede 

quantitativ e models .  I n a  qualitativ e model ,  attribute s o f  pulle y system s ar e code d b y 

compariso n wit h correspondin g attribute s o f  othe r  pulle y systems .  A  qualitativ e mode l  als o 

include s rule s relatin g attribute s o f  mechanica l  systems ,  situation s i n whic h i t  i s  appropriat e 

t o appl y thes e rules ,  an d preference s amon g thes e rules .  Preference s ca n resolv e conflict s 

betwee n qualitativ e rule s tha t  ar e equall y applicabl e i n a  situation ,  bu t  ther e i s n o simpl e 

way i n a  qualitativ e mode l  t o resolv e conflict s betwee n rule s wit h equa l  preference .  I n a 

quantitativ e model ,  o n th e othe r  hand ,  attribute s ar e g^ve n numerica l  value s s o tha t 

mathematica l  operation s ca n b e applie d t o thes e value s t o resolv e conflicts . 

The development of understanding of a physical system such as the balance beam or 

th e pulle y ca n b e see n a s a  progressio n o f  menta l  model s i n whic h eac h mode l  elaborate s 

an d refine s th e earlie r  models ,  rathe r  tha n replacin g them .  Th e progressio n fro m lo w 

abilit y  t o hig h abilit y  i n mechanica l  abilit y  involve s advancin g alon g a  numbe r  o f  differen t 

dimensions .  O n e dimensio n involve s adjustin g preference s betwee n differen t  rule s s o tha t 

rule s base d o n relevan t  attribute s ar e preferre d t o rule s base d o n irrelevan t  attribute s an d 

at  highe r  level s o f  mechanica l  ability ,  preference s amon g rule s base d o n differen t  correlate d 

attribute s correspxjn d t o ho w highl y thes e attribute s ar e correlate d wit h mechanica l 

advantage .  A  secon d advanc e i s th e progressio n fro m a  qualitativ e t o a  quantitativ e mode l 

of  mechanica l  advantag e tha t  enable s th e subjec t  t o quantif y th e exten t  t o whic h mechanica l 

advantag e ca n reduc e th e effor t  require d t o lif t  a  weight . 
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Abstrac t 

A computational tool is presented for maintaining and accessing knowledge of certain types of 

constrain t  i n data :  whe n dat a sample s i n a n n-dimensiona l  featur e spac e ar e al l  constraine d t o 

li e o n a n m-dimensiona l  surface ,  m <  n ,  the y ca n b e encode d mor e concisel y an d economicall y i n 

term s o f  locatio n o n th e m-dimensiona l  surfac e tha n i n term s o f  th e n  featur e coordinates .  Th e 

recedin g o f  dat a i n thi s wa y i s calle d dimensionality-reduction .  Dimensionality-reductio n ma y prov e 

a usefu l  computationa l  too l  relevan t  t o late r  visua l  processing .  Example s ar e presente d fro m shap e 

analysis . 

1 Introduction 

It is commonly understood that vision involves the interaction of incoming data with a priori 

knowledg e abou t  th e world .  I n Earl y Vision ,  constrain t  du e t o th e physic s o f  imag e formation , 

rule s o f  imagin g geometry ,  an d statistica l  propertie s o f  th e worl d ca n b e analyze d mathematicall y 

t o suppor t  inference s abou t  primitiv e scen e propertie s base d o n imag e measurements .  Problem s 

of  late r  vision ,  however ,  involvin g th e interpretatio n o f  imag e dat a i n term s o f  tas k goals ,  objec t 

models ,  an d meaningfu l  worl d events ,  d o no t  offe r  straightforwar d mathematica l  characterization s 

of  th e mor e abstrac t  constraint s tha t  giv e ris e t o comprehensibl e images .  Fo r  example ,  i t  i s  difficul t 

t o characteriz e th e constraint s o n a  shap e profil e tha t  migh t  qualif y i t  t o b e calle d a  "scissors " 

shape . 

One typ e o f  constrain t  tha t  arise s i n shap e analysi s ca n b e cas t  i n term s o f  surface s embedde d i n 

high-dimensiona l  featur e spaces .  Thi s pape r  suggest s tha t  th e computationa l  too l  o f  dimensionality -

reductio n ca n b e use d t o maintai n an d acces s knowledg e o f  comple x constraint s o f  thi s form . 

2 Dimensionality-Reduction 

An idealized view of early visual processing is that certain image features are extracted from raw 

images .  Fo r  example ,  figure  1  show s primitiv e feature s extracte d fro m a n imag e o f  a  pai r  o f  scissors , 

makin g explici t  th e z-location ,  y-location ,  an d orientation s o f  edge s an d corners .  Slightl y mor e 

comple x feature s ma y b e constructe d b y combinin g primitives ,  say ,  b y measurin g th e distance s 

and relativ e orientation s betwee n pair s o f  corners .  W e migh t  imagin e tha t  on e aspec t  o f  earl y 

visua l  processin g involve s th e deliver y o f  imag e description s i n term s o f  dat a point s i n a  hug e 

multidimensiona l  featur e spac e whos e coordinat e axe s ar e define d b y th e feature s measured .  Th e 

jo b o f  late r  visua l  processin g i s t o mak e sens e ou t  o f  th e featur e description s delivere d it . 

Imag e featur e dat a ca n onl y b e meaningfull y interprete d b y appea l  t o knowledg e o f  constraint s 

governin g th e worl d givin g ris e t o images .  Thes e constraint s ar e reflecte d i n th e behavio r  o f  ex -

tracte d feature s fo r  give n classe s o f  shapes .  Fo r  example ,  feature s associate d wit h a  pai r  o f  scissor s 
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Figur e 1 .  Hypothetica l  corne r  primitive s extracte d fro m th e imag e o f  a  pai r  o f 

scissors .  Thes e ca n b e combine d int o mor e comple x feature s suc h a s th e distance s 

betwee n pair s o f  corners . 
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Figur e 2 .  Slic e o f  featur e spac e plottin g value s o f  feature s / i  an d / ]  fro m figure 

1.  A  scissor s shap e generate s a  one-dimensiona l  constrain t  curv e i n featur e spac e a s 

th e blade s ope n an d close .  Differen t  objects ,  suc h a s wir e cutters ,  generat e differen t 

constrain t  curves . 

generat e no t  a  singl e point ,  bu t  a  pat h throug h featur e spac e a s th e blade s rotat e abou t  th e pivot . 

The shap e class ,  "pai r  o f  scissors, "  eichlbit s on e degre e o f  freedom  i n th e featur e space ,  an d ever y 

featur e spac e descriptio n o f  th e scissor s mus t  b e a  dat a poin t  lyin g somewher e o n th e constrain t 

curve ,  jus t  wher e dependin g upo n ho w ope n th e blade s ar e (se e figure  2) .  Dimensionality-reductio n 

[Krishnaia h an d Kanal ,  1982 ;  Kohonen ,  1984 ]  i s  th e computationa l  mappin g betwee n th e descrip -

tio n o f  dat a expresse d i n term s o f  it s  locatio n i n a  high-dimensiona l  featur e space ,  an d i n term s o f 

it s  locatio n o n a  lower-dimensiona l  constrain t  surface .  Figur e 3  illustrates .  Thi s mappin g employ s 

knowledg e o f  th e lower-dimensiona l  constrain t  surface ,  embedde d i n th e high-dimensiona l  featur e 
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F igu r e 3 .  Dimensional i ty-reduct io n i s a  m a p p i n g b e t w e e n point s describe d i n a 

h igh-d imens iona l  featur e space ,  a n d point s describe d i n t e r m s o f  locatio n o n a  lower -

d imens iona l  constrain t  surface . 

space ,  tha t  i s  generate d b y a  physica l  proces s o r  clas s o f  data .  Differen t  object s generat e differen t 

constrain t  surface s i n th e featur e space ,  a s see n i n figur e 2 . 

T h e p u r p o s e serve d b y dimensionality-reductio n i s  abstractio n a n d simplificatio n i n th e descrip -

tio n o f  da ta .  A  descriptio n consistin g o f  a  symbo l i c t oke n indicatin g tha t  a n inpu t  d a t u m lie s o n 

th e "scissors "  constrain t  surfac e i n th e featur e space ,  plu s o n e p a r a m e t e r  indicatin g w h e r e i t  lie s o n 

th e surfac e ( h o w o p e n th e scissor s a re ) ,  i s  certainl y preferabl e t o a  listin g o f  th e input' s coordinat e 

locatio n a lon g e a c h o f  th e n  featur e d imens ions .  I n general ,  a  dimensional i ty-reduce d represen -

tatio n c a n b e expec te d t o m a k e explici t  descriptiv e pa rame te r s captur in g th e natura l  degree s o f 

variabilit y  inheren t  t o a  clas s o f  da ta ,  whi l e i t  factor s ou t  r e d u n d a n c y laten t  a m o n g th e origina l 

m e a s u r e d features . 

3 Achievin g Dimensionality-Reductio n 

A black box depiction of a dimensionality-reducer is presented in figure 4. Each such box contains 

knowledg e o f  on e constrain t  surface ,  suc h as ,  fo r  example ,  migh t  characteriz e on e clas s o f  objec t 

shapes .  A t  th e botto m o f  th e bo x enter s th e descriptio n o f  a n imag e i n term s o f  a n n-dimensiona l 

featur e vector .  Ou t  th e to p emerg e n  lines ,  an d ou t  th e side ,  m more ,  wher e m i s th e dimensionalit y 

of  th e constrain t  surface .  Eac h lin e ca n represen t  a  bounde d rea l  number ;  fo r  convenienc e suppos e 

tha t  th e featur e coordinate s ar e normalize d s o tha t  al l  feature s tak e value s betwee n 0  an d 1 . 

The dimensionality-reduce r  operate s a s follows .  I f  th e number s comin g ou t  th e to p o f  th e blac k 

box matc h thos e comin g i n th e bottom ,  the n i t  i s  determine d tha t  th e dat a poin t  whos e featur e 

vecto r  i s give n doe s i n fac t  li e o n th e constrain t  surface ,  an d it s locatio n o n th e constrain t  surfac e 

may b e rea d o n th e m line s comin g ou t  th e sid e (th e dimensionality-reduce r  implicitl y  create s a 

coordinat e syste m fo r  th e constrain t  surface) .  I f  th e number s comin g ou t  th e to p d o no t  matc h th e 

inpu t  featur e vector ,  the n i t  i s  determine d tha t  th e dat a poin t  specifie d a t  th e inpu t  doe s no t  li e 

on th e constrain t  surface . 

Thi s black-bo x dimensionality-reduce r  ma y als o b e use d i n th e opposit e direction .  Tha t  is ,  a n 

m-dimensiona l  vecto r  specifyin g a  locatio n o n th e constrain t  surfac e ma y b e place d o n th e sid e line s 

as input ,  an d th e dimensionality-reduce r  wil l  the n compute ,  an d outpu t  a t  th e top ,  th e coordinate s 

of  thi s dat a poin t  i n th e n-dimensiona l  featur e space . 

Severa l  alternativ e implementation s o f  suc h a  blac k bo x dimensionality-reduce r  ar e possible . 
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Figur e 4 .  Blac k bo x dimensionality-reducer . 
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Figur e 5 .  A  connectionis t  networ k i s compose d o f  simpl e computin g element s con -

necte d b y weighte d links ,  u;,-,,- .  a .  "Activity "  i n a  uni t  i s compute d t o b e th e weighte d 

su m o f  activitie s i n unit s o f  th e previou s layer ,  passe d throug h a  semilinea r  functio n 

mappin g th e activit y t o a  numbe r  betwee n 0  an d 1 .  b .  Thre e laye r  network . 

When i t  i s  assume d tha t  th e constrain t  surfac e i s alway s linear ,  the n dimensionality-reductio n 

amount s  t o principl e component s analysis ,  o r  facto r  analysis ,  an d th e computatio n ma y b e expresse d 

as a  matri x multiplicatio n [Watanabe ,  1965 ;  To u an d Heydorn ,  1967 ;  Fukunag a an d Koontz ,  1970 ; 

Kittle r  an d Young ,  1973] . 

A mor e genera l  implementation ,  i n whic h th e constrain t  surfac e ma y curv e t o a  considerabl e 

degree ,  use s a  connectionis t  networ k o f  simpl e computin g elements .  Figur e 5  illustrate s a  three -

laye r  network .  Eac h uni t  take s a n activit y betwee n 0  an d 1 .  Activit y  i s fixed  a t  th e botto m laye r 

as input ,  the n activit y fo r  eac h uni t  i n th e middl e laye r  (calle d th e "hidden "  layer )  i s compute d a s 
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Figur e 6 .  Scala r  value s be twee n 0  a n d 1  ar e represente d i n set s o f  units ,  calle d scala r 

sets ,  w h o s e activit y take s a  characteristi c u n i m o d a l  pattern .  Activit y o f  a  uni t  i s 

represente d a s siz e o f  circle .  T h e activit y patter n s h o w n i n thi s 12-uni t  scalar-se t 

represent s th e n u m b e r ,  .4 . 
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Figur e 7 .  Connectionis t  dimensionality-reducer .  I n thi s case ,  t w o scalar-set s ar e 

provide d a t  th e inpu t  a n d ou tpu t  layers ,  a n d th e h idde n laye r  i s a  one-dimensiona l 

scala r  set ,  therefore ,  this  networ k ca n represen t  one-dimensiona l  constrain t  curv e 

i n a  two-dimensiona l  feature-space .  Du r i n g trainin g period ,  error s f r o m desire d 

activit y ar e use d t o trai n ne twor k t o reproduc e inpu t  activit y patter n a t  output . 

a semilinear function of the weighted sum of activities on the input units. Output layer activity is 

c o m p u t e d f r o m th e h idde n laye r  activit y i n a  simila r  way . 

E a c h scala r  featur e valu e i s represente d a s th e patter n o f  activit y ove r  a  se t  o f  units ,  calle d a 

scalar-set ,  a s illustrate d i n figure  6 .  A  one-dimensiona l  scalar-se t  i s  provide d a t  th e inpu t  laye r  an d 

at  th e ou tpu t  laye r  fo r  eac h d imensio n o f  th e higher-dimensiona l  featur e space .  T h e h idde n laye r  i s 

configure d a s a  scalar-se t  w h o s e dimensionalit y ma tche s tha t  o f  th e e m b e d d e d constrain t  surface . 

T h e input ,  h idden ,  a n d outpu t  layer s o f  th e ne twor k correspon d t o th e b o t t o m ,  side ,  an d to p o f 

th e blac k b o x dimensionality-reduce r  (se e figure  7 ) . 

Dimensionality-reducin g behavio r  i s achieve d b y virtu e o f  th e lin k weight s be twee n successiv e 

layer s o f  th e network .  T h e s e weight s ar e establishe d usin g th e backpropagat io n trainin g procedur e 

R u m e m l a r t ,  H in to n a n d Wil l iams ,  1985 ;  R u m e l h a r t  a n d McCle l land ,  1986] ,  wh ic h furnishe s crucia l 

self-organizin g propertie s durin g th e trainin g phase .  Trainin g consist s o f  repeate d presentatio n o f 

inpu t  activity/desire d outpu t  activit y paurs ,  w h e r e th e desire d outpu t  i s define d t o b e identica l 
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t o th e inpu t  activity .  A t  eac h trainin g trial ,  activit y a t  th e inpu t  laye r  i s fixed  accordin g t o th e 

coordinate s o f  a  dat a sampl e expresse d term s o f  th e high-dimensiona l  featur e space .  Fo r  example , 

eac h imag e o f  a  pai r  o f  scissors ,  wit h blade s ope n t o som e degree ,  generate s on e trainin g sample , 

or  dat a poin t  i n featur e space .  Activit y propagate s throug h th e network ,  an d th e outpu t  laye r 

activit y i s  compare d wit h tha t  o f  th e input ,  t o creat e a n outpu t  erro r  vector .  Thi s erro r  i s use d t o 

incrementall y updat e lin k weight s betwee n th e hidde n an d outpu t  layer s i n suc h a  wa y a s t o reduc e 

th e error .  I n addition ,  th e outpu t  activit y erro r  i s  backpropagate d throug h th e hidde n layer/outpu t 

laye r  lin k weight s t o arriv e a t  a n equivalen t  erro r  i n activit y a t  th e hidde n layer .  Thi s essentiall y 

amount s t o analyzin g h o w eac h uni t  a t  th e hidde n laye r  contribute d t o th e erro r  observe d a t  th e 

outpu t  layer .  T h e hidde n laye r  erro r  i s i n tur n use d t o updat e lin k weight s betwee n th e inpu t  an d 

hidde n layers .  I n orde r  t o achiev e pattern s o f  activit y a t  th e hidde n laye r  tha t  ar e interpretabl e i n 

term s o f  a  locatio n o n th e lower-dimensiona l  constrain t  surface ,  a n auxiliar y erro r  i s introduce d a t 

th e hidde n laye r  t o b e adde d t o th e backpropagate d error .  Thi s axixiliar y erro r  serve s t o pressur e 

th e input/hidde n link s int o creatin g pattern s o f  activit y a t  th e hidde n laye r  scalar-se t  takin g a 

characteristi c unimoda l  for m representin g a  locatio n o n th e constrain t  surface .  A  mor e detaile d 

discussio n o f  th e connectionis t  dimensionality-reduce r  i s presente d i n [Saund ,  1986 ]  an d [Saund , 

1987] , 

4 Dimensionality-Reduction in Shape Description 

The practical matter of using a dimensionality-reducer involves measuring feature parameters on 

image s an d pluggin g the m int o appropriat e slot s i n th e '*blac k box "  input .  Eac h dimensionality -

reduce r  possesse s knowledg e o f  lega l  configuration s o f  feature s fo r  a  give n clas s o f  data ,  suc h a s a 

shap e category .  Task s suc h a s objec t  recognitio n ar e i n principl e accomplishe d b y testin g featur e 

vector s delivere d b y earl y visio n agains t  variou s objects '  dimensionality-reducers ,  amountin g t o a 

sor t  o f  generalize d templat e matching .  Som e mean s mus t  b e provide d fo r  determinin g jus t  wha t 

measure d feature s t o pati r  wit h eac h inpu t  line ;  a s th e numbe r  o f  measure d feature s increase s ther e 

occur s a  combinatori c explosio n o f  possibl e feature/inpu t  matchings .  Therefore ,  t o b e utilize d b y a 

visua l  syste m th e dimensionality-reductio n too l  mus t  b e use d withi n a  computationa l  shel l  control -

lin g th e mechanic s o f  measurin g features ,  selectin g candidat e objec t  models ,  assignin g measure d 

featur e value s t o appropriat e inpu t  lines ,  evaluatin g th e dimensionality-reducer' s applicabilit y  t o 

th e featur e vector ,  an d readin g th e reduce d descriptio n of f  th e sid e outpu t  lines . 

Th e choic e o f  feature s definin g a  higher-dimensiona l  featur e spac e i s importan t  t o achievin g 

usefu l  dat a abstractio n throug h dimensionality-reduction .  T h e exampl e abov e illustrate s tha t  a 

pai r  o f  scissor s generate s a  one-dimensiona l  constrain t  surfac e i n a  featur e space  derive d fro m simpl e 

edge an d come r  primitives .  However ,  differentl y shape d scissor s giv e ris e t o differen t  constrain t 

curve s i n th e featur e spac e becaus e the y al l  creat e somewha t  differen t  configuration s o f  edg e an d 

corne r  features ,  an d a  separat e dimensionality-reduce r  woul d b e require d fo r  eac h constrain t  curve . 

Where dimensionality-reductio n migh t  mor e realisticall y com e int o pla y i s i n interpretin g featur e 

description s a t  a  mor e abstrac t  level ,  say ,  onc e edg e an d come r  primitive s hav e bee n groupe d int o 

parts .  Then ,  a  singl e dimensionaJity-reduce r  migh t  suffic e t o captur e th e blad e pivotin g constrain t 

inheren t  t o al l  pair s o f  scissors . 

Prio r  t o trainin g a  dimensionality-reducer ,  i t  i s  importan t  t o selec t  a  dimensionalit y fo r  th e con -

strain t  surfac e t o matc h th e inheren t  dimensionalit y o f  th e data .  T h e connectionis t  dimensionality -

reduce r  describe d abov e provide s n o mean s fo r  doin g thi s automatically .  However ,  i t  i s  eas y t o 

detec t  whethe r  th e constrain t  surfac e i s o f  inadequat e dimensionality ,  becaus e unde r  thi s condition , 

durin g training ,  a  networ k wil l  converg e t o a  stat e i n whic h i t  doe s no t  correctl y m a p activit y a t 

th e inpu t  laye r  t o (nearly )  identica l  activit y a t  th e outpu t  laye r  i n term s a  unimoda l  patter n o f 
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Figur e 8 .  a .  Banan a shape s arrange d accordin g t o thei r  location s o n a  two -

dimensiona l  constrain t  surfac e foun d b y a  connectionis t  dimensionality-reducer . 

Thes e wer e originall y describe d i n term s o f  si x simpl e feature s suc h a s distance s 

betwee n th e end s an d length s an d curvature s o f  variou s contou r  segments .  Th e 

parameter s o f  variabilit y  foun d t o pertai n amon g thes e banana s ar e roughl y th e 

curvatur e o f  th e lowe r  par t  o f  th e banan a (left/right) ,  an d th e overal l  siz e o f  th e 

banan a (up/down) ,  b .  Activit y o f  th e dimensionality-reductio n networ k fo r  on e 

banana .  Not e tha t  outpu t  activit y matche s inpu t  activity ,  an d tha t  hidde n laye r 

activit y i s centere d aroun d on e locatio n i n th e two-dimensiona l  scalar-set . 

activit y a t  th e hidde n layer . 

I t  i s  desirabl e t o see k constrain t  surface s o f  lo w dimensionalit y fo r  tw o reasons .  First ,  limit s m a y 

exis t  o n th e tractabilit y  o f  discoverin g many-dimensiona l  constrain t  surfaces .  Th e amoun t  o f  dat a 

tha t  mus t  b e ainalyze d i n orde r  t o establis h a  constrain t  surfac e increase s a s th e powe r  o f  th e sur -

face' s dimensionality .  I n th e curren t  compute r  implementatio n o f  th e connectionis t  dimensionality -

reducer ,  th e cos t  i n term s o f  networ k link s an d node s appear s t o becom e prohibitiv e afte r  m become s 

thre e o r  four .  Second ,  th e dat a simplificatio n afforde d b y dimensionality-reductio n m a y los e som e 

valu e whe n th e underlyin g constrain t  surfac e i s ye t  o f  hig h dimensionality .  Fo r  example ,  i t  i s  no t 

certai n tha t  m u c h i s gaine d b y describin g dat a i n term s o f  a  ten-dimensiona l  coordinat e syste m in -

stea d o f  a  twenty-dimensiona l  coordinate  system .  Dimensionality-reductio n i s perhap s mos t  usefu l 

when th e constraint s operatin g i n a  give n proble m ca n b e decompose d int o system s o f  jus t  a  fe w 

inheren t  degree s o f  freedo m each . 

Constrain t  surface s i n multidimensiona l  featur e space s aris e i n severa l  differen t  ways .  Th e 

scissor s exampl e illustrate s a  situatio n i n whic h a  singl e objec t  generate s a  one-dimensiona l  pa -

rameterize d clas s o f  shape s b y virtu e o f  physicall y constraine d motio n betwee n parts .  Constrain t 

surface s m a y als o originat e i n classe s o f  shap e object s i n whic h eac h individua l  objec t  ha s a  fixe d 

shape ,  bu t  on e tha t  ca n var y i n onl y certai n way s fro m th e shape s o f  othe r  object s i n th e class . 

Figur e 8  show s a  se t  o f  banana s tha t  wer e originall y describe d i n term s o f  si x propertie s crudel y 

measure d o n th e banan a shapes ,  suc h a s th e distanc e betwee n th e end s an d averag e curvatur e o f 

variou s contou r  segments .  B y trainin g a  connectionis t  dimensionality-reduce r  o n thes e dat a sam -

ples ,  th e banana s wer e foun d t o li e o n a  two-dimensiona l  constrain t  surfac e i n th e six-dimensiona l 

featur e space .  T h e organizatio n o f  thi s constrain t  surfac e i s illustrate d i n th e figure ;  banana s ar e 
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place d o n a  plan e accordin g t o thei r  respectiv e two-dimensiona l  coordinates .  Not e tha t  banan a 

shape s ar e organize d o n th e basi s o f  ver y subtl e difference s i n thei r  geometrica l  properties . 

Althoug h th e reduce d dimensionalit y representatio n concisel y encode s th e essentia l  parameter s 

of  variabilit y  amon g member s o f  th e dat a clas s fallin g o n a  constrain t  surface ,  th e lower-dimensiona l 

coordinat e axe s d o no t  necessaril y alig n wit h interpretation s o f  thes e parameter s preferre d b y huma n 

observers .  Fo r  example ,  th e horizonta l  an d vertica l  axe s o f  figur e 8  roughl y correspon d t o curvatur e 

of  th e lowe r  par t  o f  a  banana ,  an d banan a size ,  respectively ,  however ,  th e dimensionality-reductio n 

trainin g procedur e ru n agai n o n th e sam e banan a dat a migh t  rotat e thes e axe s a n arbitrar y amoun t 

i n th e plane . 

5 Conclusion 

Dimensionality-reduction is a computational tool for exploiting knowledge of constraint latent in 

a collectio n o f  dat a i n orde r  t o achiev e simple r  an d mor e perspicuou s descriptions .  I t  i s applicabl e 

when dat a sample s li e o n a  lower-dimensiona l  constrain t  surfac e embedde d i n a n initial ,  higher -

dimensional ,  descriptiv e featur e space .  Unlik e mathematica l  an d physica l  mode l  base d procedure s 

fo r  capturin g constrain t  i n earl y vision ,  dimensionality-re d notio n i s a  quit e genera l  concep t  whic h 

hold s th e possibilit y  fo r  capturin g th e rathe r  mor e comple x an d non-analyti c natur e o f  regularitie s 

inheren t  t o late r  visua l  analysis .  Th e ultimat e utilit y  o f  thi s too l  i n computationa l  visio n an d 

Cognitiv e Scienc e rest s wit h th e degre e t o whic h th e visua l  worl d exhibit s th e appropriat e typ e o f 

constraint .  Thi s pape r  present s tw o rathe r  simpl e example s o f  dimensionality-reductio n a t  wor k i n 

th e analysi s o f  visua l  shape . 
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Abstract 

T h e effor t  withi n A I  t o improv e th e robustnes s o f  exper t  system s ha s le d t o 

increasin g interes t  i n "deep "  reasoning ,  whic h i s representin g an d reasonin g abou t 

th e knowledg e tha t  underlie s th e compile d knowledg e o f  exper t  systems .  O n e vie w 

i s tha t  dee p reasonin g i s th e sam e a s causa l  reasoning .  Ou r  ai m i n thi s pape r  i s 

t o sho w tha t  thi s vie w i s naive ,  specificall y tha t  certai n kind s o f  causa l  model s 

omi t  mioTinat\o u tha t  i s  crucia l  t o understandin g th e causalit y withi n a  physica l 

situation .  Ou r  conclusio n i s tha t  "deepness "  i s relativ e t o th e phenomen a o f  inter -

est .  I.e .  whethe r  th e representatio n describe s th e propertie s an d relationship s tha t 

mediat e interaction s amon g th e phenomen a an d whethe r  th e reeisonin g processe s 

tak e thi s informatio n int o account . 

1. Introduction 

Most  exper t  system s depen d upo n compile d representation s an d reasonin g 

processes .  Thei r  representation s associat e dat a wit h conclusions ,  an d thei r  reason -

in g processe s us e thes e associations ,  bu t  the y d o no t  tak e int o accoun t  th e reason s 

w hy th e dat a an d conclusion s ar e related .  Withou t  thi s extr a knowledge ,  exper t 

system s wil l  b e limite d i n wha t  explanation s the y ca n provid e an d i n reaisonin g 

abou t  thei r  ow n limitations . 

Within AI, there hcis been increasing interest in deep reasoning, i.e. represent-

in g an d reaisonin g abou t  thes e "reasons. "  A  numbe r  o f  suggestion s hav e bee n 

made tha t  identif y dee p reasonin g wit h causa l  reasoning .  Har t  suggest s tha t  dee p 

reasonin g involve s commonsens e idea s abou t  causalit y a s wel l  a s mathematica l 

modelin g (Hart ,  1982) .  Michi e suggest s tha t  th e fundamenta l  law s o f  th e domai n 

constitut e dee p reasonin g (Michie ,  1982) .  A  numbe r  o f  program s coul d b e sai d t o 

perfor m dee p recisonin g beise d o n thes e criteria .  Instea d o f  summarizin g an d com -

parin g thes e programs ,  whic h woul d probabl y b e confusin g rathe r  tha n enlightenin g 

give n th e plethor a o f  domain s an d reasonin g methods ,  m y strateg y i s t o tak e on e 

progra m an d compar e a n explanatio n o f  it s  domai n b y th e program' s builder s wit h 

an explanatio n produce d b y th e program .  Th e goa l  o f  th e compariso n i s t o gai n 

insigh t  o n th e relationshi p betwee n "causa l  reasoning "  an d "dee p reasoning. " 

* 
Thi s researc h i s supporte d b y Ai r  Forc e Offic e o f  Scientifi c  Researc h gran t  AFOSR-82-0255 , 

and gran t  NIH R G O A OE 82048-0 2 fro m th e Nationa l  Institut e o f  Handicappe d Research . 

This is not a claim that expert systems cannot perform interesting problem solving. 
Chandrasekara n an d Mitta l  (Chandrasekaran ,  1983 )  hav e pointe d ou t  ho w a n exper t  system ,  fo r  a 

particula r  reasonin g situation ,  ca n full y incorporat e th e appropriat e dee p knowledge .  However ,  i t 

woul d no t  incorporat e th e dee p knowledg e fo r  tiios e situation s tha t  wer e no t  considere d i n it s  design . 
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2.  T w o Causa l  Explanation s 

Thes e tw o explanation s ar e take n fro m a  pape r  b y Patil ,  Szolovits ,  an d 

Schwartz ,  whic h describe s a  progra m calle d A B E L (Patil ,  1981) ,  on e th e first 

program s t o perfor m interestin g causa l  reasoning .  Th e first  explanatio n i s b y th e 

authors ;  th e secon d b y th e A B E L program .  Th e reade r  i s forewarne d tha t  thes e 

explanations ,  althoug h the y concer n th e sam e domain ,  d o no t  involv e exactl y th e 

same phenomena . 

Explanation #1. "... let us consider the electrolyte and acid-base dis-

turbance s tha t  occu r  wit h diarrhea ,  whic h i s th e excessiv e los s o f  lowe r 

gastrointestina l  fiuid  (lowe r  G I  loss) .  Th e compositio n o f  th e lowe r 

gastrointestina l  flui d an d plasm a fluid  ar e a s follows .  I n compariso n wit h 

plasm a fluid,  th e lowe r  G I  fluid  i s ric h i n bicarbonat e (HCO3 )  an d potas -

siu m (K )  an d i s deficien t  i n sodiu m (Na )  an d chlorid e (CI).. .  Th e los s o f 

lowe r  G I  fluid  woul d resul t  i n th e los s o f  correspondin g quantitie s o f  it s 

constituent s (i n proportio n t o th e tota l  quantit y o f  fluid  loss).. .  Therefore , 

an excessiv e los s o f  lowe r  G I  fluid  withou t  prope r  replacemen t  o f  fluid  an d 

electrolyte s woul d resul t  i n a  ne t  reductio n i n th e tota l  quantit y o f  fluid  i n 

th e extracellula r  compartmen t  (hypovolemia) .  Becaus e th e concentratio n o f 

K an d H C O3 i n lowe r  G I  fluid  i s highe r  tha n tha t  i n plasm a fluid,  ther e 

i s a  correspondin g reductio n i n th e concentratio n o f  K  (hypokalemia )  an d 

H C O3 (hypobicarbonatemia )  i n th e extracellula r  fluid.  Finally ,  a s th e con -

centratio n o f  C I  an d N a i n th e lowe r  G I  fluid  i s lowe r  tha n tha t  i n 

plzLsm a fluid,  ther e i s a n increas e i n th e concentratio n o f  C I 

(hyperchloremia )  an d N a (hypernatremia )  i n th e extracellula r  fluid."  (Patil , 

1981 -  p .  894 ) 

Explanatio n #2 .  "Moderat e lowe r  G I  loss ,  reduce d rena l  H C O3 

threshold ,  an d norma l  H C O3 buffe r  bindin g jointl y caus e n o H C O3 change . 

Th e n o H C O3 chang e cause s lo w extracellula r  fluid  H C O 3,  whic h cause s 

lo w seru m H C O 3.  Th e lo w seru m H C O3 an d lo w seru m P C O2 jointl y 

caus e lo w seru m pH .  Th e lo w seru m p H cause s K  shif t  ou t  o f  cell s an d 

cause s increase d respiratio n rate .  Th e increase d respiratio n rat e cause s lo w 

seru m P C O 2 ,  whic h cause s norma l  H C O3 buffe r  binding .  Th e lo w seru m 

P C O2 als o cause s reduce d rena l  H C O3 threshol d an d increase d respiratio n 

rat e cause s increase d ventilation .  Th e lowe r  G I  los s an d K  shif t  ou t  o f 

cell s jointl y caus e K  loss .  Th e K  los s cause s lo w extracellula r  fluid  K , 

whic h cause s lo w seru m K. "  (Patil ,  198 1 -  p .  898 ) 

Both of these explanations have a causal story to tell, but in different ways 

and i n differen t  terms .  Th e crucia l  differenc e i s tha t  th e first  quot e make s us e o f 

our  physica l  understandin g abou t  ho w th e worl d works .  I t  evoke s a  physica l 

representatio n o f  th e bod y an d appeal s t o ou r  understandin g o f  ho w physica l 

phenomen a behave .  Th e secon d quot e i s a  differen t  typ e o f  a  physica l  explanation . 

Whil e th e secon d quot e causall y relate s physica l  states ,  i t  doe s no t  expres s an y 

physica l  relationship s tha t  le t  u s understan d th e causa l  assertion s i n term s o f  som e 

physica l  principle .  Assertion s lik e "lo w seru m p H cause s K  shif t  ou t  o f  cells "  im -
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body 

extracellula r  flui d 
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relativel y lo w 
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of  K  an d HCO3 

Gl  flui d 

relativel y hig h 

concentration s 
of  K  an d HCO3 

Figur e 1 :  Representatio n o f  Patil ,  Szolovits ,  an d Schwartz' s Explanatio n 

plicitly depend on the structure of the human body and how certain parts of the 

bod y behave .  Wit h respec t  t o physica l  phenomena ,  th e firs t  explanatio n i s dee p an d 

th e secon d explanatio n i s compiled . 

3. An Analysis of the First Explanation 

Th e first  quot e build s u p th e representatio n displaye d i n figure  1 .  (N a an d C I 

hav e bee n omitte d fo r  th e purpose s o f  thi s discussion. )  Th e bod y ca n b e though t 

of  a s havin g a  containe r  o f  extracellula r  fluid.  Th e extracellula r  fluid  compartmen t 

ca n b e decompose d int o a  plasm a fluid  compartmen t  an d lowe r  G I  fluid  compart -

ment .  Lowe r  G I  fluid  ha s certai n concentration s o f  H C O3 an d K ,  whic h happe n t o 

be greate r  tha n i n plasm a fluid.  W h e n th e amoun t  o f  lowe r  G I  fluid  decrease s (a s 

happen s i n diarrhea) ,  a  correspondin g amoun t  o f  H C O3 an d K  als o decrease .  I t 

ca n b e inferre d tha t  th e tota l  concentratio n o f  H C O3 an d K  i n extracellula r  fluid 

als o decreases . 

This representation lists the parts of the situation: fluid compartments, fluids, 

H C O 3,  an d K .  I t  incorporate s structura l  relationship s betwee n th e parts ,  e.g. ,  con -

tainer ,  composed-of ,  an d concentration ,  a s wel l  a s behaviora l  informatio n abou t 

them ,  e.g. ,  fluid  i s somethin g tha t  ca n b e contained ,  an d ca n move .  Als o a  fluid 

ca n b e compose d o f  othe r  things ,  includin g H C O3 an d K  i n thi s case .  Th e physi -

cal  principl e tha t  thi s explanatio n appeal s t o i s tha t  whe n a  certai n amoun t  o f 
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flui d moves ,  th e flui d als o take s wha t  i t  i s  compose d o f  alon g wit h it .  Wit h a  lit -

tl e bi t  o f  qualitativ e (o r  quantitative )  analysi s abou t  concentrations ,  i t  i s  no t  har d 

t o determin e ho w certai n concentration s wil l  increas e o r  decreas e dependin g o n ho w 

flui d moves . 

In general, reasoning about physical situations faces two problems: (l) changes 

i n physica l  structur e ca n chang e th e overal l  behavio r  an d propertie s o f  a  situation , 

and (2 )  change s i n a  part' s  behavio r  ca n chang e th e overal l  behavio r  an d propertie s 

of  a  situation .  S o t o perfor m dee p reasonin g abou t  physica l  phenomena ,  represen -

tation s nee d t o expres s th e structur e an d behavio r  o f  physica l  situation s an d thei r 

constituents ,  an d reasonin g processe s nee d t o b e abl e t o tak e thi s informatio n int o 

account .  M u c h o f  th e wor k i n naiv e physic s i s aime d a t  reasonin g abou t  physica l 

informatio n suc h a s behaviora l  propertie s o f  components ,  connection s betwee n com -

ponents ,  an d containmen t  o f  substance s (Hayes ,  1985 ,  deKleer ,  1984 ,  Forbus ,  1984 , 

Bylander ,  1985) .  Ther e ha s als o bee n researc h o n reasonin g abou t  ho w shap e af -

fect s behavio r  (Forbus ,  1983 ,  Stanfill ,  1983 ,  Shoham ,  1985) . 

4. An Analysis of the Second Explanation 

Th e secon d quot e i s a  descriptio n o f  th e causa l  networ k illustrate d i n figur e 2 . 

The physica l  relationship s tha t  support s th e causa l  networ k i s no t  presen t  i n thi s 

explanation .  Fo r  example ,  on e par t  o f  th e causa l  networ k i s tha t  los s o f  G I  flui d 

contribute s t o lo w concentratio n o f  K  i n th e extracellula r  fluid .  However ,  thi s 

representatio n doe s no t  hav e structura l  an d behaviora l  informatio n suc h a s 

"Extracellula r  flui d ca n b e decompose d int o plasm a flui d an d G I  fluid. " 

W hy i s thi s additiona l  informatio n important ? I f  th e progra m onl y ha s causa l 

network s suc h a s i n figure  2 ,  th e omitte d physica l  informatio n become s a  larg e se t 

of  assumption s tha t  ar e implicitl y  encode d int o th e causa l  network .  Th e resul t  i s 

tha t  th e robustnes s o f  th e causa l  networ k depend s o n th e likelihoo d tha t  thes e 

physica l  assumption s ar e true . 

For example, suppose that GI fluid in a particular person had a lower con-

centratio n o f  K  tha n plasm a fluid ,  the n th e causa l  networ k woul d b e wrong .  Sinc e 

th e causa l  networ k doe s no t  expres s wher e G I  flui d sit s i n th e body' s structur e an d 

tha t  G I  fluid  normall y ha s a  greate r  concentratio n o f  K  tha n plasm a fluid,  th e pos -

sibilit y  tha t  thi s informatio n i s wron g canno t  b e hypothesize d an d canno t  b e 

reasone d about .  Thes e ar e th e sam e characteristic s o f  compile d reasonin g tha t 

typica l  exper t  system s have .  Causal  network s represen t  mor e informatio n abou t  as -

sociation s betwee n dat a an d conclusions ,  bu t  becaus e the y d o no t  represen t  physica l 

relationships ,  causa l  network s an d thei r  reasonin g processe s ar e als o compiled . 

Each causa l  lin k i n ABE L ha s a  "slot "  fo r  statin g it s assumptions .  I t  i s  unclea r  wha t  kin d o f 
informatio n wa s bein g represente d b y th e assumptions ,  an d wha t  reasonin g processe s coul d b e per -
forme d o n them .  I t  i s  conceivabl e tha t  a  causa l  networ k coul d poin t  t o th e informatio n tha t  sup -
port s it ,  bu t  thi s additiona l  informatio n woul d b e somethin g differen t  tha n causa l  networks . 
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F i g u r e 2 :  Representatio n o f  A B E L ' s Explanatio n 

5. Some Misconceptions about Deep Reasoning 

I t  migh t  b e claime d tha t  representation s lik e figure 1  ar e n o bette r  of f  tha n 

thos e lik e figure 2  becaus e th e informatio n i n figure 1  i s a  ver y qualitativ e 

representation ,  whil e figure 2  coul d relat e physica l  state s i n mor e detail .  Thi s lead s 

t o th e misconceptio n tha t  reasonin g a t  a  greate r  leve l  o f  detai l  i s  "deeper "  reason -

ing .  Thi s simpl y misse s th e point .  A n y representatio n wort h considerin g ca n 

describ e thing s a t  variou s level s o f  detail ,  bu t  withou t  representin g physica l 

relationships ,  certai n kind s o f  reasonin g processe s ca n neve r  b e applied ,  n o matte r 

th e leve l  o f  detail . 

Another misconception is that quantitative reasoning, such as solving or 

simulatin g differentia l  equations ,  i s  deepe r  tha n qualitativ e reasoning .  Thi s i s a 

misconceptio n abou t  th e rol e o f  quantitativ e reasonin g i n reasonin g abou t  th e 

world .  A  quantitativ e mode l  i s use d whe n a  situatio n ca n b e mappe d int o it ,  an d 

th e result s o f  applyin g th e quantitativ e proces s ca n b e interprete d i n term s o f  th e 

situation .  T o d o this ,  ther e need s t o b e a n understandin g o f  wha t  th e situatio n i s 

like ,  whe n th e mappin g i s applicable ,  ho w t o appl y th e mapping ,  an d ho w t o inter -

pre t  th e results .  Eac h o f  thes e step s involv e representatio n an d reasonin g 

(presumabl y qualitative )  ove r  an d abov e th e quantitativ e model .  Quantitativ e 

reasonin g supplement s othe r  reasonin g processes ;  i t  doe s no t  substitut e fo r  them . 
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6.  T h e Genera l  Na tu r e o f  D e e p Reasonin g 

On th e basi s o f  thes e examples ,  I  propos e th e followin g definitio n o f  "deep" : 

A representation is "deep" with respect to a ciaiss of phenomena iff 

th e representatio n describe s th e propertie s an d relationship s b y whic h th e 

phenomen a interact . 

A reasoning strategy is "deep" with respect to a class of phenomena 

if f  th e strateg y reason s base d o n ho w th e phenomen a interact . 

Relative to a certain class of phenomena, deep representations describe the 

propertie s an d relationship s tha t  lead s t o interactio n amon g thes e phenomena ,  an d 

deep reasonin g processe s operat e o n thi s information .  Becaus e physica l  phenomen a 

interac t  o n th e basi s o f  physica l  structur e an d behavior ,  ther e nee d t o b e represen -

tationa l  primitive s whos e meanin g ar e structura l  an d behavioral ,  an d reasonin g 

processe s tha t  ca n tak e thi s informatio n int o account . 
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Abstract 

This research concerns the effect of learning history for a general 

principl e o n th e abilit y  t o appl y th e principl e t o nove l  situations .  Adul t  subject s 

learne d genera l  proble m solvin g principle s unde r  thre e alternativ e conditions : 

(a )  abstractio n o f  principle s fro m divers e example s (b )  stud y o f  explici t  genera l 

statement s o f  principle s an d (c )  practic e i n mappin g give n statement s ont o 

examples .  Th e specifi c  ai m o f  thi s researc h wa s t o explor e ho w example s give n 

durin g learnin g a  genera l  principl e affec t  it s  applicatio n t o nove l  problem s whic h 

do no t  shar e "surface "  feature s wit h th e examples . 

Result s showe d tha t  example s di d no t  significantl y facilitat e applicatio n o f 

principle s ove r  learnin g onl y a  give n genera l  statement .  Moreover ,  subject s 

who abstracte d principle s fro m examples ,  althoug h the y ha d abstracte d th e 

relevan t  information ,  wer e significantl y wors e a t  applicatio n tha n subject s wh o 

learne d onl y th e genera l  statemen t  o r  wh o learne d th e give n statemen t  an d 

examples .  Thes e subject s ha d particula r  difficult y accessin g an d selectin g th e 

appropriat e principl e fo r  a  problem . 

Result s sugges t  tha t  th e representatio n o f  specifi c  informatio n fro m 

example s m a y interfer e wit h efficienc y a t  matchin g a  principl e t o a  nove l 

problem .  Whethe r  suc h interferenc e occur s m a y depen d o n th e relationshi p 

betwee n th e principl e an d it s example s i n th e m e m o r y representation .  Thi s 

relationshi p m a y b e influence d b y th e wa y example s ar e initiall y  encoded . 

The general concern of this research is the ability to apply an abstract 

concep t  o r  general  principl e t o nove l  situations .  I t  i s  a  commo n intuitio n tha t 

specifi c  example s ar e helpfu l  i n learnin g an d bein g abl e t o appl y abstrac t 

principle s suc h a s general  scientifi c  principle s o r  genera l  proble m solvin g 

strategies .  Man y studie s o n th e effect s o f  example s o n th e acquisitio n an d us e 

of  a  principl e hav e focuse d o n "surfac e similarities "  (similaritie s no t  strictl y 

relate d t o th e principle )  betwee n example s an d ne w instances .  Fo r  example , 

surfac e similaritie s wit h prio r  example s provid e cue s tha t  a  principl e i s 

relevan t  t o a  ne w situatio n (e.g .  Ross ,  1984 ,  1986 ;  Lewi s an d Anderson ,  1985) . 

Such relianc e o n surfac e cue s i s a  no t  usefu l  i f  th e principl e i s neede d fo r  nove l 

situation s "dissimilar "  t o learning-examples .  Othe r  researc h doe s sugges t  tha t 

learning-example s ca n ai d applicatio n o f  a  principl e eve n whe n surfac e 

similaritie s wit h ne w instance s ar e absen t  (Gic k an d Holyoak ,  1982 ;  Nitsch ,  1977) . 

I n thes e studie s subject s wh o learne d a  genera l  principl e fro m example s wer e 

bette r  a t  applyin g th e principl e t o nove l  instance s tha n thos e wh o learne d onl y a n 

abstrac t  descriptio n o f  th e principle .  However ,  th e strengt h o f  thes e finding s i s 

unclea r  an d i t  i s  als o unclea r  wha t  factor s m a y allo w prio r  example s t o affec t 
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applicatio n t o nove l  situation s (Clement ,  1986) . 

The purpos e o f  th e presen t  researc h I s t o understan d ho w exannple s give n 

durin g learnin g a  genera l  principl e affec t  it s  applicatio n t o nove l  problem s whic h 

do Dfi l  shar e surfac e feature s wit h th e examples .  Learnin g historie s fo r  a 

genera l  principl e wer e varie d i n thre e ways .  Subject s eithe r  ha d t o abstrac t 

principle s fro m specifi c  examples ,  stud y give n genera l  description s o f 

principles ,  o r  stud y genera l  description s an d examples . 

The context s i n whic h principle s wer e applie d wer e als o varied .  Thre e 

context s wer e use d whic h differe d i n th e exten t  t o whic h th e choic e o f  a  principl e 

fo r  a  proble m wa s specifie d fo r  th e proble m solver .  Sinc e eac h contex t  m a y 

demand differen t  cognitiv e processe s th e effect s o f  learnin g histor y m a y var y 

dependin g o n context .  I n on e contex t  th e relevan t  principl e fo r  a  proble m wa s 

full y specifie d fo r  subject s an d the y onl y ha d t o ma p I t  t o th e curren t  problem . 

Such mappin g m a y b e describe d a s translatin g th e genera l  term s o f  th e give n 

principl e int o specifi c  proble m element s tha t  generat e a  solution .  I n th e secon d 

context ,  th e s£ l  o f  potentiall y  relevan t  principle s wa s specifie d an d subject s ha d 

t o selec t  a  principl e fro m th e set .  Selectio n m a y Involv e exhaustiv e o r 

terminatin g test s o f  th e fi t  betwee n principle s I n th e se t  an d th e problem .  I n th e 

thir d contex t  n o Informatio n abou t  th e relevan t  principl e wa s give n an d subject s 
had t o spontaneousl y acces s th e principle .  Suc h acces s m a y requir e 

spontaneousl y noticin g a  similarit y betwee n a n abstrac t  representatio n o f  th e 

proble m an d th e feature s o f  th e relevan t  principl e I n LTM .  Figur e 1  summarize s 

th e processe s demande d i n eac h context . 

Figur e 1 .  Genera l  Descriptio n o f  Processe s Require d fo r  Applicatio n o f 

Principle s I n Thre e Contexts . 

I MaPDina Onlv 

Translating between the general terms of the principle 

I n workin g memor y an d specifi c  proble m element s 

11 Selectio n an d Mappin g 

Exhaustive or ternnlnating test mappings of principles 

i n workin g memory . 

Il l  Spontaneou s Acces s an d Mappin g 

Spontaneous similarity matching between an abstract 

representatio n o f  th e proble m an d th e principl e hel d 

I n lon g tern n memory . 
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I t  wa s speculate d tha t  learnin g historie s wit h example s nnigh t  affec t 

applicatio n o f  principle s fo r  tw o reasons .  First ,  sinnilaritie s betwee n th e 

processe s o f  derivin g a  principl e fro m example s an d th e processe s o f  applyin g i t 

ne w instance s m a y b e important ,  i n bot h situation s subject s mus t  translat e 

betwee n a  specifi c  an d genera l  representatio n o f  th e principl e an d mus t 

expliotl y distinguis h betwee n relevan t  an d irrelevan t  information .  Thus ,  eve n i f 

th e example s an d ne w problem s ar e dissimila r  i n surfac e features ,  th e genera l 

processe s use d durin g learnin g ar e simila r  t o thos e require d b y application . 

Processe s use d durin g learnin g m a y transfe r  t o th e tas k i n whic h th e sam e 

principl e mus t  b e applie d (  Clement ,  1986) . 

Second ,  learnin g wit h example s m a y affec t  th e representatio n o f  a  principl e 

i n way s tha t  ar e relevan t  t o application .  Fo r  example ,  subject s wh o represen t 

link s wit h th e example s hav e a  concret e mode l  o f  th e principl e whic h the y ma y 

exploi t  durin g applicatio n t o ne w instance s (eve n i f  instance s ar e no t  surfac e 

simila r  t o th e model) .  However ,  i t  m a y b e crucia l  tha t  subject s clearl y 

represen t  th e hierarchica l  relatio n betwee n th e principl e itsel f  an d examples .  I f 

the y inadequatel y differentiat e thei r  descriptio n o f  th e principl e fro m th e 

examples ,  example-specifi c  informatio n m a y interfer e wit h matchin g an d 

mappin g th e principl e t o nove l  problems . 

EXPERIMENT 1 

T wo independen t  group s learne d genera l  principle s i n on e o f  tw o learnin g 

conditions :  G S subject s studie d give n general  description s o f  principle s an d E X 

subject s abstracte d thei r  ow n genera l  descriptio n fro m divers e examples . 

Afte r  learning ,  subject s ha d t o us e th e principle s learne d t o solv e nove l  stor y 

problems .  Th e context s i n whic h the y solve d th e problem s varie d i n th e exten t 

t o whic h subject s wer e Informe d tha t  a  particula r  principl e wa s relevant . 

Metho d 

Subjects were 106 undergraduate students. 

Learnin g Material ? an d Tq? k 
Two principle s wer e learned .  Thes e wer e highl y abstrac t  an d describe d 

"surviva l  strategies "  use d b y organism s o r  organization s t o solv e problems . 

For  example ,  accordin g t o th e "convergence "  principl e (adapte d fro m Duncker , 

1945 an d Gic k an d Holyoak,1983 )  "i f  a  stron g forc e canno t  b e sen t  alon g a  singl e 

pat h t o a  target ,  the n wea k force s shoul d b e sen t  alon g man y path s 

simultaneously. " 

GS subject s (n=45 )  studie d general  statement s o f  principle s (se e Appendi x 

A ) .  Subject s paraphrase d th e statement s fro m m e m o r y an d the n checke d thei r 

paraphras e agains t  th e give n statement . 

EX subject s (n=40 )  studie d tw o o r  thre e storie s whic h exemplifie d eac h 

principl e (se e Appendi x  B) .  Subject s ha d t o discove r  an d writ e a  genera l 

descriptio n o f  th e "surviva l  strategy "  commo n I n a  se t  o f  examples .  The y als o 

had t o Illustrat e eac h mai n poin t  i n thei r  descriptio n wit h a  par t  o f  eac h 

example . 

Afte r  learning ,  a  Recal l  Tas k require d subject s t o describ e eac h principl e 

fro m memory . 
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Proble m Solvin g Material s an d Tas k 

The Proble m Solvin g Tas k include d tw o Targe t  problem s (eac h solubl e wit h a 

principl e learned )  an d thre e D u m my problem s (no t  solubl e wit h eithe r  principle) . 

The Targe t  problem s describe d comple x "rea l  world "  proble m situation s (se e 

Appendi x  C) .  (Th e Targe t  proble m fo r  th e convergenc e principl e i s a  versio n o f 

Duncker' s (1945 )  "radiatio n problem") . 

The tas k consiste d o f  thre e phase s allowin g subject s thre e passe s a t  th e 

problems .  Phas e 1  require d spontaneou s acces s o f  principles :  subject s wer e 

not  tol d tha t  th e principle s learne d wer e relevan t  t o th e problems .  A t  phas e 2 

subject s ha d t o selec t  on e o f  th e principle s fo r  problems :  subject s wer e tol d t o 

figur e ou t  whic h principl e applie s t o whic h problem .  A t  phas e 3  subject s onl y 

had t o m a p a  specifie d principl e t o th e appropriat e targe t  problem . 

Figur e 2  summarize s th e metho d fo r  Experimen t  1 . 

Figur e 2 .  Outlin e o f  th e Procedur e fo r  Experimen t  1 . 

l^<3^r^ Principles 
GS Grou p E X Grou p 

•Stud y give n genera l  statemen t  •Discove r  simila r  principl e i n 

•Paraphras e fro m m e m o r y divers e example s 

•Correc t  agains t  origina l  •Writ e genera l  descriptio n 
•Illustrat e mai n point s 

Recall Task 

Recal l  genera l  description s 

Problem Solving Task 

Phas e 1 -  Spontaneou s Acces s an d Mappin g 
Phas e 2 -  Selectio n an d Mappin g 
Phas e 3 -  Mappin g Onl y 

Result s an d Discussio n 

Figur e 3  show s th e proportio n o f  correc t  solution s t o Targe t  problem s b y 

eac h phase .  Th e G S grou p I s significantl y bette r  tha n th e E X grou p a t  eac h phas e 

(se e figur e note). ^  Thi s patter n o f  betwee n grou p difference s remain s whe n 

"initia l  learning "  o f  th e principle s I s take n int o account ,  I.e .  whe n onl y thos e 

subject s wh o accuratel y describe d principle s a t  th e recal l  tas k ar e considered . 
Among thes e subject s th e proportio n o f  correc t  solution s i s highe r  i n bot h 

group s bu t  th e differenc e betwee n group s i s th e same . 

Grou p difference s wer e greates t  fo r  acces s an d selectio n o f  principles . 
For  mapping ,  th e group s ar e equivalen t  fo r  on e principl e (  E X subject s caugh t  u p 

wit h G S subject s b y th e en d o f  phas e 3) .  Fo r  th e othe r  principle ,  whic h account s 
fo r  grou p difference s i n mapping ,  irrelevan t  informatio n fro m example s 
appeare d t o lea d t o a n Incorrec t  instantiatio n o f  th e principl e b y E X subjects . 
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Figur e 3 .  Experimen t  1 .  Th e Proportio n o f  Correc t  Solution s t o Targe t  Problem s I n Eac h Group * 

by Eac h Phase .  (Phas e 1  require s spontaneou s acces s an d mapping ;  Phas e 2  require s selectio n 

and mapping ;  Phas e 3  onl y require s mapping) . 

0 6 t 

•  G3n-9 0 

•  .EXn-8 0 

selectio n mippIn Q 

'n«th e numbe r  o f  response s possibl e i n eac h group . 

Note. Subjects who were correct at an earlier phase, and who did not change to an Incorrect 

response ,  wer e include d a s correc t  a t  subsequen t  phases .  A t  phas e 1  statistica l  analyse s 

considere d th e proportio n o f  subject s wh o solve d a t  leas t  on e problem ,  (p-.OI .  fisher  exact ,  tw o 

taile d test) .  A t  phas e 2  an d 3  analyse s considere d th e proportio n o f  subject s solvin g 0 ,  1  o r  2 

problem s (Ch i  squar e •7.26 .  df-2 ,  p  i.0 5 an d Ch i  square-7,78 .  df-2 .  pi.05 .  a t  phase s 2  an d 3 

respectively) . 

in sum, EX subjects were significantly worse than GS subjects at application 

o f  pr inciple s t o nove l  p r o b l e m s .  T h e s e resul t s con t ras t  wi t h th e finding s o f  Gic k 

and Holyoa k (1983 )  an d provid e n o evidenc e tha t  th e procedure s involve d i n 

learnin g fro m examples ,  o r  th e concret e mode l  provide d b y examples ,  facilitat e 

applicatio n o f  principles .  Moreover ,  result s sugges t  tha t  th e representatio n o f  a 

principl e wa s negativel y affecte d b y learnin g fro m example s eve n fo r  thos e E X 

subject s wh o ha d develope d a  correc t  descriptio n o f  a  principle .  Th e 

representatio n m a y hav e faile d t o clearl y differentiat e th e descriptio n o f  th e 

principl e fro m th e examples . 

Experiment 2 
I n Experimen t  2 ,  a  ne w grou p o f  subject s (P M subjects )  wer e aske d t o stud y 

a give n statemen t  o f  a  principl e an d the n practic e mappin g th e statemen t  t o 

examples .  Thi s experimen t  ha d tw o alms .  First ,  P M subject s wer e compare d t o 

EX subject s t o observ e whethe r  processin g th e example s unde r  th e guidanc e o f  a 

give n statemen t  woul d b e important .  Althoug h P M subject s receive d th e sam e 
example s a s E X subjects ,  thei r  learnin g tas k migh t  lea d t o a  representatio n i n 

whic h th e example s an d th e principl e ar e bette r  differentiated .  P M subject s 

lear n a  statemen t  o f  th e principl e befor e readin g th e example s an d rea d th e 

example s onl y fo r  th e purpos e o f  findin g element s whic h instantiat e thi s 
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statement .  Thu s thei r  encodin g o f  example s m a y b e les s thoroug h an d m o r e 

directe d tha n th e encodin g b y E X subjects .  The y migh t  b e les s likel y t o encod e 

informatio n irrelevan t  t o th e principl e an d m o r e likel y t o represen t  th e 

hierarchica l  relatio n be twee n th e principl e an d th e examples .  Th e secon d a i m 

of  thi s exper imen t  w a s t o agai n asses s whethe r  examp le s coul d facilitat e 

application ;  P M subject s w e r e als o c o m p a r e d t o 6 S subject s f ro m exper imen t  1 . 

The practic e mapp in g tas k involve d procedure s i n whic h subject s ha d t o 

translat e be twee n variable s o f  th e genera l  principl e an d th e specifi c  element s o f 

examples .  A s discusse d earlier ,  suc h translatio n processe s use d durin g 

learnin g a  principl e m a y transfe r  t o facilitat e It s late r  application . 

Metho d 

Subiect s 

Subject s w e r e 2 3 undergraduat e students .  Thes e subject s w e r e c o m p a r e d 

t o a  subse t  o f  6 S an d E X subject s i n Experimen t  1  chose n f ro m th e s a m e schoo l 

as P M subjects . 

Pesig n gn j  prgcgclur e 

Subject s studie d th e s a m e genera l  statement s o f  principle s use d b y G S 

subject s i n Exper imen t  1 .  Then ,  give n th e s a m e example s use d previously ,  the y 

ha d t o fin d th e part s o f  eac h examp l e tha t  illustrate d th e idea s i n th e principle . 

(Thi s mappin g tas k ha d als o bee n give n t o E X subject s afte r  the y ha d abstracte d 

thei r  genera l  statement. ) 

Afte r  learning ,  subject s w e r e give n th e recal l  an d applicatio n tas k use d i n 

Experimen t  I . 

Figur e 4 .  Experimen t  2 .  Th e Proportio n o f  Correc t  Solution s t o Targe t  Problem s i n Eac h Group * 

by Eac h Phase .  (Phas e 1  require s spontaneou s acces s an d mapping ;  Phas e 2  require s selectio n 

and mapping ;  Phas e 3  onl y require s mapping) . 

0.7 t 

£ 0. 2 

•  pnn-4 6 

» 6Sn-5 0 

•  EXn-4 -

selectio n 

'n-the number of responses possible in each group. 

rrappin g 

Note .  Subject s wh o wer e correc t  a t  a n earlie r  phase ,  an d wh o di d no t  chang e t o a n incorrec t 

response ,  wer e include d a s correc t  a t  subsequen t  phases.A t  phas e 1  an d 2  statistica l  analyse s 

considere d th e proportio n o f  subject s wh o solve d a t  leas t  on e problem ,  (p*.01 ,  fishe r  exact ,  tw o 

taile d test) .  A t  phas e 3  analyse s considere d th e proportio n o f  subject s solvin g 0 .  1  o r  2  problem s 

Chi  square-14.19 .  df-2 .  Pi.001) . 

927 



Result s <an< a Olsgusslo n 
Figur e 4  show s th e proportio n correc t  i n eac h group .  Difference s betwee n 

PM an d 6 S subject s ar e no t  significant .  I n contrast ,  difference s wit h th e E X 

grou p a t  eac h phas e ar e significant .  Agai n result s ar e th e sam e whe n onl y 

subject s wh o gav e goo d recal l  description s o f  a  principl e ar e considered . 

I n sunn ,  result s sugges t  tha t  processin g th e exannple s unde r  th e guidanc e o f 

th e give n statennen t  o f  a  principle ,  rathe r  tha n havin g t o abstrac t  th e principle , 

allowe d bette r  representatio n an d applicatio n o f  th e principle .  However , 

contrar y t o speculations ,  practic e mappin g a  principl e t o example s di d no t 

significantl y improv e applicatio n ove r  learnin g onl y th e give n statement . 

GENERAL DISCUSSIO N 
Subject s wh o abstracte d a  principl e fro m example s wer e poo r  a t  applicatio n 

relativ e t o subject s wh o learne d onl y a  genera l  statemen t  o f  principl e eve n whe n 

the y ha d abstracte d th e relevan t  information .  Thes e subject s wer e als o poo r 

relativ e t o subject s wh o processe d example s unde r  th e guidanc e o f  th e genera l 

statement .  On e accoun t  o f  thes e finding s i s tha t  E X subject s m a y no t  hav e 

adequatel y differentiate d th e descriptio n o f  th e principl e fro m th e example s i n 

thei r  representatio n o f  th e principle .  P M subjects ,  whos e learnin g tas k shoul d 

hav e lea d t o a  mor e differentiate d representatio n o f  th e specifi c  an d genera l 

information ,  wer e bette r  a t  application .  Fo r  E X subject s thei r  descriptio n o f  th e 

principl e m a y hav e bee n represente d a s par t  o f  eac h example ,  rathe r  tha n a s a 

descripto r  o f  a  categor y i n whic h th e example s ar e som e o f  man y possibl e 

instances .  Th e principl e m a y no t  hav e bee n salien t  relativ e t o othe r 

information .  O r  th e principl e m a y hav e bee n represente d a t  a  relativel y lo w 

leve l  o f  abstraction . 

How woul d a  poorl y differentiate d representatio n lea d t o poo r  applicatio n 

especiall y whe n spontaneou s acces s an d selectio n ar e required ? On e 

consequenc e m a y b e tha t  similarit y matchin g betwee n th e proble m an d th e 

principl e i s inefficient .  Th e thre e applicatio n context s m a y b e viewe d i n term s 

of  a  continuu m tha t  varie s i n th e exten t  t o whic h efficien t  similarit y matchin g i s 

demanded .  A t  on e extrem e i s th e contex t  i n whic h principle s mus t  b e 

SDontaneousl v accessed .  I n thi s context ,  sinc e th e principl e i s no t  alread y 

availabl e i n workin g memory ,  subject s m a y hav e t o automaticall y notic e a 

similarit y betwee n th e proble m an d th e principl e hel d i n lon g ter m memory . 

Thus ,  a  representatio n o f  th e principl e whic h i s surrounde d b y specifi c 

informatio n fro m example s shoul d lea d t o difficult y sinc e thi s specifi c 

informatio n I s dissimila r  t o th e targe t  proble m whe n th e example s an d th e 

proble m d o no t  shar e surfac e features .  (Th e usefu l  similarit y exist s a t  a n 

abstrac t  leve l  o f  representatio n o f  th e proble m an d th e principle. )  I n contrast , 

a representatio n o f  th e principl e whic h i s no t  linke d t o specifi c  examples ,  o r  i n 

whic h th e example s an d th e principl e ar e clearl y differentiated ,  shoul d allo w 

mor e efficien t  recognitio n o f  similaritie s betwee n th e principl e an d th e problem . 

At  th e othe r  extrem e o f  th e continuu m i s th e contex t  i n whic h th e relevan t 

principl e i s alread y identifie d an d subject s onl y hav e t o m a p it .  Efficienc y a t 

similarit y matchin g shoul d b e les s o f  a  facto r  her e sinc e th e correc t  principl e i s 

alread y availabl e i n workin g memory .  Subject s ca n wor k ou t  th e 

correspondenc e wit h th e proble m eve n i f  thei r  representatio n o f  th e principl e i s 

poorl y differentiate d fro m prio r  examples .  Result s suggeste d tha t  wit h thi s 
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decrease d deman d fo r  efficienc y a  poorl y differentiate d representatio n wa s les s 

of  0  problem .  E X subject s wer e equivalen t  t o G S subject s i n mappin g fo r  on e o f 

th e tw o principles .  Selectio n error s ar e to o comple x t o discus s i n th e presen t 

paper ,  bu t  result s sugges t  tha t  bot h efficienc y a t  similarit y matchin g an d th e 

intrusio n o f  irrelevan t  informatio n fro m th e example s lea d t o poo r  E X 

performance . 

I n sum ,  result s sugges t  tha t  a n abstrac t  representatio n o f  a  principle , 

clearl y differentiate d fro m specifi c  example s enable d th e mos t  read y applicatio n 

of  principle s t o nove l  problems .  Example s m a y interfer e wit h applicatio n i f  th e 

hierarchica l  relationshi p betwee n th e example-specifi c  an d genera l  informatio n 

i s no t  clearl y represented .  A  poorl y differentiate d representatio n m a y 

particularl y affec t  acces s an d selectio n (rathe r  tha n mapping )  becaus e i t  m a y 

not  permi t  efficien t  similarit y matching .  Thi s accoun t  i s consisten t  wit h recen t 

description s b y Gentne r  (1987 )  an d Holyoa k an d Thagar d (1986 )  o f  acces s an d 

mappin g processe s i n case-base d reasoning . 

Result s als o sugges t  tha t  th e wa y th e example s ar e initiall y  encode d m a y 

affec t  representatio n an d application .  Genera l  an d particula r  informatio n m a y 

be bette r  differentiate d whe n subject s hav e prio r  knowledg e o f  th e genera l 

principl e tha n whe n the y hav e th e relevan t  genera l  informatio n onl y afte r  initia l 

processin g o f  examples .  Th e specifi c  natur e o f  th e representatio n o f  th e 
principl e forme d b y P M an d E X subject s I s bein g explore d furthe r  i n curren t 

studie s whic h ar e varyin g th e similaritie s betwee n targe t  problem s ar e prio r 

examples . 
Even whe n example s wer e processe d unde r  th e guidanc e o f  a  give n 

statemen t  o f  a  principl e applicatio n wa s no t  significantl y bette r  tha n whe n onl y a 

give n statemen t  wa s learne d (however ,  a  tren d towar d improvemen t  wit h 
example s wa s found) .  Futur e researc h shoul d furthe r  explor e circumstance s i n 

whic h th e processe s involve d i n learnin g fro m examples ,  o r  th e mode l  provide d 
by examples ,  ca n b e use d t o facilitat e applicatio n o f  a  principl e t o nove l 

instances . 

FCQtngtg? 
1.  I n orde r  t o ge t  a  bas e solutio n rat e fo r  problems ,  a  contro l  grou p (n=21) , 

receive d th e Proble m Solvin g Tas k bu t  receive d n o prio r  training .  G S subject s 
but  no t  E X subject s gav e significantl y mor e correc t  solution s a t  phas e on e tha n 

thi s bas e rat e group . 
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Appendi x A 

Genera l  Statement s Give n t o Subject s i n th e G S an d P M Group s 

Convergence Principle 

Ofte n a  system ^  mus t  protec t  against ,  o r  destroy ,  a  ba d o r  opposin g thing ,  an d I t  mus t  d o 

thi s b y applyin g a  forc e i n ful l  strength .  However ,  sometime s a  forc e i s availabl e bu t  i t  canno t 

be applie d i n ful l  strengt h alon g a  singl e path .  I n thi s cas e th e stron g forc e shoul d b e divide d int o 

severa l  wea k force s vhic h ar e applie d t o th e opposin g thin g simultaneousl y alon g severa l  paths . 

I n thi s va y th e force s wil l  converg e i n ful l  strengt h o n th e opposin g thing . 

'subject s ar e tol d tha t  a  "system "  i s an y kin d o f  organis m o r  organization . 

Mimic Principle 

Ofte n a  syste m mus t  protec t  Itsel f  against ,  o r  destroy ,  a n opposin g thing ,  bu t  ther e I s n o 

forc e i n th e syste m whic h wil l  allo w i t  t o cop e wit h th e opposin g thing .  Unwante d consequence s 

occu r  whe n th e syste m an d th e opposin g thin g Interact . 

Sometime s thi s proble m ca n b e solve d b y findin g o r  makin g a  mimi c o f  th e opposin g thing , 

whic h th e syste m ca n interac t  with .  Th e mimi c ha s th e sam e non-destructiv e feature s a s th e 

opposin g thing ,  bu t  doe s no t  hav e th e destructiv e features . 

I f  th e syste m i  nteract s wit h th e mi  mic ,  th e syste m ca n change ,  o r  develo p abilitie s t o cope , 

withou t  havin g t o fac e destruction .  Then ,  whe n th e syste m i s late r  confronte d wit h th e rea l 

opposin g thing .  I t  ha s th e abilitie s t o cop e wit h It . 

APPENDIX B 

Laten t  Example s Give n t o Subject s i n th e LE X an d P M Group s 

Convergence Exampjes' 

The Genera l 

A smal l  countr y wa s rule d fro m a  stron g fortres s b y a  dictator .  Th e fortres s wa s situate d 

I n th e cente r  o f  th e country ,  surrounde d b y farm s an d villages .  Man y road s le d t o th e fortres s 

fro m al l  differen t  part s o f  th e country3ide .  A  rebe l  genera l  vowe d t o captur e th e fortress .  Th e 

genera l  kne w tha t  a n attac k b y hi s entir e arm y woul d captur e th e fortress .  H e gathere d hi s 

army a t  th e hea d o f  on e o f  th e roads ,  read y t o launc h a  full-scal e direc t  attack .  However ,  th e 

genera l  the n learne d tha t  th e dictato r  ha d plante d mine s o n eac h o f  th e roads .  Th e mine s wer e se t 

30 tha t  smal l  bodie s o f  me n coul d pas s ove r  the m safel y sinc e th e dictato r  neede d t o mov e hi s 

troop s an d worker s t o an d fro m th e fortress .  However ,  an y larg e forc e woul d detonat e th e mines . 

Not  onl y woul d thi s blo w u p th e road ,  bu t  i t  woul d als o destro y man y neighborin g villages . 

Consequently ,  th e genera l  devise d a  simpl e plan .  H e divide d hi s arm y int o smal l  group s 

and dispatche d differen t  group s t o th e hea d o f  eac h o f  th e road s whic h le d int o th e fortres s fro m 

variou s sides .  Whe n al l  wa s read y h e gav e th e signa l  an d eac h grou p nrarche d dow n a  differen t 

road .  Eac h grou p continue d dow n it s roa d t o th e fortres s s o tha t  th e entir e arm y arrive d togethe r 

at  th e fortres s a t  th e sam e time .  I n thi s way ,  th e genera l  capture d th e fortress . 

The Fire 

One nigh t  a  fir e brok e ou t  i n a  woo d she d ful l  o f  timbe r  o n Mr .  Johnson' s place .  A s soo n a s h e 

saw flame s h e sounde d th e alar m an d withi n minute s dozen s o f  neighbor s wer e o n th e scene .  Th e 

shed wa s alread y burnin g fiercely ,  an d everyon e wa s afrai d tha t  i f  i t  wasn' t  controlle d quickl y 

th e hous e woul d g o u p next .  Fortunately ,  ther e wa s plent y o f  wate r  availabl e sinc e th e she d wa s 

righ t  besid e a  lake . 

The me n ha d buckets ,  bu t  the y neede d somethin g large r  t o carr y wate r  in .  T o pu t  th e fir e 

out ,  a  larg e amoun t  o f  wate r  ha d t o reac h th e fir e a t  once .  Th e me n searche d aroun d an d foun d a n 
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enormo w v«te r  troug h u$a d fo r  cattle ,  sittin g b«3id e th e shed .  Severe l  me n carrie d i t  t o th e 

lak e an d fille d i t  wit h water .  Unfortunately ,  a s the y wer e atruq(j)\w)\ o br\w)\\\o\t « 1\re,VV « 

bi g wate r  troug h broke .  I t  looke d lik e th e hous e wa s doomed . 

Jus t  the n the y realize d a  wa y t o sav e th e house .  Everyon e too k a  bucke t  an d tMle d W vUt \ 

water .  The n the y waite d i n a  circl e surroundin g th e burnin g shed ,  to  soo n a s tb e las t  ma n wa s 

prepared ,  the y counte d t o 3 ,  the n al l  th e smal l  bucket s o f  wate r  togethe r  wer e Ibrow n o n tt * 

fire .  Th e forc e o f  al l  thi s wate r  a t  once ,  dampene d th e fir e righ t  down ,  an d I t  wa s quickl y 

brough t  unde r  control . 

^  Thes e material s ar e modifie d version s o f  storie s use d b y Gic k an d Holyoa k (1983 ) . 

Mimic Examples 

Boot  Camp 

Men wt o sig n u p fo r  militar y servic e d o no t  com e t o th e situatio n prepare d fo r  battle . 

They mus t  b e intensivel y traine d i f  the y ar c t o b e effectiv e an d survive .  A  commo n militdr y 

trainin g strateg y i s t o pu t  ne w soldier s i n "boo t  camp" .  I n boo t  camp ,  soldier s tak e par t  i n 

war-lik e activitie s bu t  ar e no t  face d wit h actua l  bombs ,  bullet s etc .  whfc b ca n fcil l  them . 

Thus ,  soldier s figh t  on e anothe r  bu t  sto p fightin g befor e seriou s injur y occurs ,  group s o f 

soldier s tak e o n th e role s o f  enemie s an d the y hun t  on e another ;  soldier s attemp t  t o aurviv e alon e 

i n th e wildernes s wit h n o food ,  thoug h the y ar e rescue d befor e seriou s har m occurs .  Also ,  feUo v 

soldier s ac t  a s enem y interrogators ,  threatenin g punishmen t  i f  certai n "aecreta'ar e no t 

revealed ;  however ,  real ,  dangerou s punishmen t  i s no t  given . 

Wit h thes e exercise s th e soldier s develo p skill s  neede d fo r  eac h o f  thes e situation s whic h 

the y migh t  f i  n d whe n the y g o t o war . 

The Space Vehicle 

A spac e vehicl e wa s bein g buil t  fo r  a  fligh t  t o Jupiter .  Th e materia l  use d fo r  th e spac e 

shi p ha d t o b e abl e t o withstan d a  gas ,  calle d JGAS ,  whic h surrounde d Jupiter .  Thi s wa s a 

proble m becaus e test s showe d tha t  JGA S affecte d th e materia l  usuall y use d fo r  spac e ships : 

exposur e t o th e ga s cause d th e sh i  p -  materia l  t o crumble .  Someth i  n g ha d t o b e done . 

Engi  neer s work i  n g o n th e sh i  p  exam i  ne d piece s o f  th e crumble d ship -  materia l  an d 

discovere d tha t  th e materia l  wa s dense r  an d stronge r  tha n i t  wa s befor e exposur e t o th e JGAS.  I t 

appeare d tha t  ther e wer e tw o effect s o f  JGAS:  th e ga s cause d th e materia l  t o crumble ,  an d th e ga s 

als o change d th e densit y o f  th e materia l  an d mad e i t  stronger .  Apparentl y th e nrateria l  crumble d 

befor e i t  wa s mad e stronger . 

Tl w engineer s figure d ou t  wha t  element s o f  JGA S ha d th e tw o differen t  effect s o n th e 

material .  The n the y foun d a  differen t  gas .  Thi s ga s wa s exactl y th e sam e a s JGAS ,  excep t  tha t  i t 

di d no t  contai n th e elemen t  tha t  cause d th e materia l  t o crumbl e -  -  thi s ga s wa s calle d Jgas-x . 

The eng i  neer s expose d som e o f  th e sh i  p -  materia l  t o Jgas-x .  Th e materia l  di d no t  crumble , 

thoug h i t  wa s mad e dense r  an d stronger .  The n the y expose d th e sam e piec e o f  materia l  t o JGAS. 

Thi s tim e th e materia l  withstoo d th e ga s an d di d no t  crumble . 

The engineer s decide d t o trea t  al l  o f  th e materia l  t o b e use d i n th e spac e vehicl e wit h 

Jgas-x .  The n th e materia l  woul d b e abl e t o stan d u p t o th e atmospher e o n Jupite r  whic h contain s 

JGAS. 

The Computer 

At  a  high-technolog y compan y a  specia l  digita l  compute r  ha s bee n develope d t o teac h ne w 

personne l  a t  th e Aja x nuclea r  powe r  plan t  abou t  th e operatio n an d repai r  o f  th e powerplant .  Th e 

compute r  ha s a  large ,  hig h resolution ,  colo r  scree n whic h display s it s ow n "Ajax "  plan t  wit h al l 

it s  inne r  workings .  Whe n a  perso n i s usin g th e computer ,  th e compute r  wil l  se t  u p a  dangerou s 

proble m situatio n tha t  migh t  occu r  i n th e rea l  Aja x powerplant ;  fo r  instanc e th e proble m migh t 
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be the t  e  wast e dispoee l  uni t  i $ abou t  t o leak .  Th e emploge e mue t  decid e ho w t o repai r  th e lee k i n 

8 limite d amoun t  o f  time .  Usin g voic e commands ,  th e perso n ca n tel l  th e computer  th e step s t o 

be take n t o fi x  th e unit .  Eac h ste p bein g take n t o fi x  th e uni t  an d it s effect s wil l  the n b e 

displayed .  I f  th e step s ar e wrong ,  th e "nuclea r  waste "  wil l  lea k an d th e dangerou s consequence s 

ar e graphical l  y  demonstrate d o n th e screen .  I f  th e step s ar e correct ,  th e compute r  wil l  displa y 

th e uni t  i n a  repaire d state .  Thi s compute r  metho d o f  teachin g ha s som e obviou s advantage s ove r 

trainin g personne l  a t  th e Aja x powe r  plan t  - -  there ,  th e personne l  (a s wel l  a s others )  migh t  no t 

liv e lon g enoug h t o lear n th e operatio n o f  th e powerplant . 

APPENDIX C 

Targe t  Problem s Give n t o Al l  Subject s 

Convergence Problem 

A docto r  wa s face d wit h a  patien t  wh o ha d a  malignan t  tumo r  i n hi s stomach .  An y operatio n 

woul d kil l  th e patien t  becaus e o f  anothe r  incurabl e (thoug h no t  fatal )  illnes s th e patien t  had . 

But  unles s th e tumo r  wa s destroye d th e patien t  woul d die .  Th e onl y possibl e wa y t o destro y th e 

tumo r  wa s t o us e a  kin d o f  ray .  I f  th e ray s reache d th e tumo r  a t  a  sufficientl y hig h intensity ,  th e 

tumo r  woul d b e destroyed .  Unfortunately ,  a t  thi s intensit y th e health y tissu e tha t  th e ray s pas s 

throug h o n th e wa y t o th e tumo r  woul d als o b e destroyed .  A t  lowe r  intensitie s th e ray s ar e 

harmles s t o health y tissue ,  bu t  the y woul d no t  affec t  th e tumo r  either .  Th e docto r  ha d t o 

discove r  a  wa y t o us e tt e ray s t o destro y th e tumo r  an d a t  th e sam e tim e avoi d destroyin g th e 

health y tissue .  Consultant s suggeste d insertin g a  protecte d tub e int o th e patien t  an d sendin g th e 

ray s throug h thi s tube .  Th e docto r  pointe d ou t  tha t  thi s require d a n incisio n whic h wa s 

impossibl e wit h thi s patient .  Puttin g a  tub e throug h an y natura l  opemn g I n th e bod y wa s als o 

impossible .  What  coul d th e docto r  do ? 

Mimic Problem 

Ther e ar e smal l  amphibian s calle d "Zylots "  whic h fee d o n living ,  tin y organism s i n water ; 

thei r  digestiv e system s ca n brea k dow n th e strwjtur e o f  certai n type s o f  organisms .  A n 

individua l  Zylo t  ca n readil y adap t  it s  digestiv e syste m t o th e availabl e foo d i n th e environment , 

i f  i t  i s  foo d i t  ca n tolerate . 

One summer  th e smal l  fis h 1  n  a  popula r  man -  mad e lak e wer e dy i  n g 1  n  larg e numbers . 

They wer e apparentl y kille d b y parasite s i n th e lake .  Th e parasit e attache d itsel f  t o th e stomac h 

linin g o f  th e fis h an d sucke d it s blood .  A t  firs t  official s wer e puzzle d becaus e th e parasite s 

appeare d t o b e a  common variet y whic h wer e know n t o b e harmles s t o th e fish .  However , 

official s discovere d tha t  thes e parasite s wer e slightl y differen t  fro m th e comnw n variety ;  thes e 

had th e abilit y  t o suc k larg e quantitie s o f  bloo d fro m a  hos t  an d the n mov e o n t o a  ne w hos t  whe n 

th e origina l  died .  Thes e parasite s wer e calle d Drats .  Th e official s considere d usin g a  pesticid e t o 

kil l  th e parasite s i n th e lake ,  bu t  i t  turr̂ d ou t  the y wer e to o poo r  t o bu y an y chemicals .  Sinc e 

the y wer e force d t o fin d a  ver y chea p solutio n t o th e problem ,  th e official s fel t  tha t  killin g th e 

Drat s ma y b e impossible . 

A forest-range r  though t  tha t  i t  migh t  b e possibl e us e Zylot s t o consum e Drats ;  th e Zylot s 

migh t  b e abl e t o ea t  Drat s an d no t  hav e thei r  bloo d sucked .  Th e forest-range r  gathere d a 

populatio n o f  1,000,00 0 Zylots .  Unfortunately ,  whe n sh e firs t  too k hal f  o f  th e Zylot s t o a 

smal l  inle t  I n th e lak e thing s di d no t  wor k out ;  th e Zylot s died .  Whe n a  Zylo t  Ingeste d a  Drat ,  th e 

Zylo t  coul d no t  successfull y brea k dow n th e structur e o f  th e Dra t  befor e havin g a  lo t  o f  it s  bloo d 

sucked . 

The forest-range r  foun d a  wa y t o solv e thi s problem .  On e da y sh e brough t  th e res t  o f  th e 

Zylot s t o th e lak e an d showe d official s tha t  the y coul d ea t  an d kil l  th e Drats .  Ho w wa s sh e abl e t o 

do this ? 

933 



DISCOURSE MODELS AN D TH E ENGLIS H TENS E SYSTEM 

John Dinsmore 
Departmen t  o f  Compute r  Scienc e 

Souther n Il l inoi s Universit y a t  Carbondal e 

It is shown how Reichenbach's (1947) tense system is a direct 
consequenc e o f  th e interactio n o f  som e straight-forwar d an d 
independentl y motivate d semanti c rule s fo r  th e Englis h tens e 
operator s (past ,  present ,  future ,  perfec t  an d prospective )  an d o f 
th e knowledg e partit ionin g framewor k (Dinsmore ,  1 9 8 7 ) ,  use d i n 
representin g an d structurin g discours e knowledge .  Thi s accoun t 
treat s th e semantic s an d pragmatic s o f  tempora l  operator s i n a 
coheren t  an d integrate d way ,  an d provide s additiona l  evidenc e fo r 
th e viabi l i t y  o f  th e theor y o f  knowledg e part i t ioning . 

1. INTRODUCTION 

A central observation in the study of the English verb system 
i s tha t  man y tens e form s apparentl y canno t  b e distinguishe d 
truth-condit ional l y ye t  diffe r  i n som e intuitiv e wa y 
pragmat ical ly .  A  significan t  an d recurren t  ide a i s tha t  th e 
dist inct ion s betwee n th e pas t  an d th e presen t  perfect ,  fo r 
instance ,  hav e somethin g t o d o wit h th e perspectiv e fro m whic h 
an even t  i s viewed .  Reichenbac h (1947 )  introduce s th e ter m 
referenc e t im e (R )  a s distinguishe d fro m even t  tim e (E )  an d 
speec h t im e (S )  t o refe r  t o thi s tempora l  perspective .  Bul l 
(1960 )  correct s som e mistake s i n Reichenbach' s syste m an d i t  i s 
actual l y Bull ' s  revisio n wit h whic h w e wil l  b e concerned .  Th e 
relation s amon g R ,  E ,  an d S  belo w correspon d t o th e followin g ver b 
forms . 

Past: R = E < S 
Pas t  per fect :  E  <  R  <  S 
Pas t  prospect ive :  R  <  S ,  R  <  E 
Present :  R  =  E  =  S 
Presen t  perfect :  E  <  R  =  S 
Presen t  prospect ive :  R  = S  <  E 
Future :  S  <  R  =  E 
Futur e perfect :  S  <  R ,  E  <  R 
Futur e prospect ive :  S  <  R  <  E 

There seems to be a concensus, articulated for instance by 
Taylo r  (1977) ,  tha t  th e pragmati c aspect s o f  th e Englis h tens e 
syste m mus t  b e strict l y distinguishe d fro m th e semanti c aspect s o n 
th e basi s o f  trut h condi t ions .  I n thi s pape r  I  wil l  oppos e thi s 
ide a an d argu e tha t  Reichenbach' s tens e syste m i s a  consequenc e o f 
th e semantic s o f  th e operator s involved ,  alon g wit h th e 
independentl y motivate d underlyin g discours e mode l  use d i n 
representin g an d structurin g discours e knowledge .  Thi s i s th e 
knowledg e part i t ionin g framewor k develope d b y Dinsmor e (1987) . 
Famil iar i t y wit h thi s framewor k i s presuppose d i n th e presen t 
paper . 
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1.  A  SEMANTICS FO R TH E ENGLIS H TENSE SYSTEM. 

To indicate in the semantics that expression S is true of 
tim e t ,  I  wi l l  writ e T ( t , S ) .  Th e followin g rule s ar e proposed . 

(Pres) T(t,pres(S)) iff T(t,S) and t = now. 
(Past )  T(t,pa(S) )  if f  T(t,S )  an d t  <  now . 
(Put )  T(t,fut(S) )  if f  T(t,S )  an d t  >  now . 
(Perf )  T(t,perf(S) )  if f  ther e i s a  tim e t '  suc h tha t  T(t ' ,S ) 

and t '  <  t . 
(Pros )  T(t,prosp(S) )  if f  ther e i s a  tim e t '  suc h tha t  T(t ' ,S ) 

and t  <  t' . 

It can be shown that a variety of facts about cooccurence of 
th e tens e form s wit h variou s adverbials ,  th e trut h condition s o f 
comple x sentence s usin g non-finit e form s o f  Perfec t  an d 
Prospective ,  an d th e interactio n o f  th e tens e form s wit h tempora l 
adverb s ca n b e predicte d fro m thes e rule s (Dinsmor e 1981 ,  1982 ) . 

2. THE STRUCTURE OF DISCOURSE MODELS 

In knowledge Partitioning the information communicated in a 
discours e i s distribute d ove r  a  larg e se t  o f  spaces ,  eac h o f 
whic h define s a  loca l  domai n o f  reasoning .  Space s ar e relate d b y 
contexts ,  eac h o f  whic h provide s a  mappin g o f  knowledg e 
belongin g t o on e spac e int o another .  A  numbe r  o f  logica l 
constraint s ar e impose d o n th e wa y space s ar e se t  u p an d 
connected . 

The followin g notationa l  convention s hav e prove d helpfu l  i n 
discussin g knowledg e partit ioning ;  "base "  represent s th e rea l 
world .  " S I  P "  mean s tha t  S  i s tru e i n spac e S .  "S O I  f  ISl ] " 
means tha t  f  i s  a  contex t  tha t  map s knowledg e o f  S I  ont o knowledg e 
of  SO ,  Fo r  instance ,  t o represen t  George' s bel iefs ,  w e migh t  us e 
th e contex t  bas e I  "Georg e believe s tha t  [s i ] " ,  the n pu t  ever y 
propositio n P  tha t  Georg e believe s t o b e tru e i n s i  a s s i  I  P .  We 
ca n alway s us e th e mappin g t o deriv e bas e I  "Georg e believe s tha t 
P" . 

Perhap s th e primar y implicatio n o f  thi s mode l  fo r  natura l 
languag e discours e processin g i s tha t  a t  an y poin t  i n a  discours e 
some spac e i s i n focus .  A  discours e sentenc e i s rarel y assume d 
t o b e tru e i n an y absolut e sense ,  bu t  contribute s knowledg e abou t 
th e curren t  focu s space . 

3. USING SPACES WITH THE ENGLISH TENSE SYSTEM 

Knowledge partitioning in discourse involves the distribution 
of  temporall y constraine d knowledg e ove r  man y spaces ,  eac h o f 
whic h coul d b e th e focu s spac e a t  som e poin t  i n a  discourse .  I t  i s 
shown i n thi s sectio n ho w th e tens e syste m serve s t o refe r  t o 
temporall y boun d knowledg e fro m th e perspectiv e o f  differen t  focu s 
spaces . 

Withi n base ,  th e occuranc e o f  thing s lik e event s an d state s 
ca n b e expresse d b y statement s o f  th e for m bas e I  a t ( t , P ) ,  " P 
happen s a t  tim e t" .  Th e followin g describe s th e semantic s o f  a t . 
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(At )  Fo r  an y tim e t  an d sentenc e P # at(t,P )  i s tru e if f  T ( t , P ) . 

Within the knowledge paritioning framework we may derive temporal 
space s a s fol lows .  F i rs t ,  observ e tha t  th e environmen t  at( t ,  ) 
i s  entai lmen t  preserving ,  s o b y th e restrictio n o n lega l 
contex ts ,  wheneve r  w e hav e bas e I  at(t,p )  w e ma y deriv e bas e I 
at( t , [s] )  an d s  I  p ,  wher e s  i s a  previousl y unuse d spac e symbol . 
Second ,  observ e tha t  i f  a t ( t ,  )  i s  entailmen t  preserving ^  Thi s 
means tha t  b y th e distr ibutiv e constrain t  i f  w e hav e bas e I 
at( t , [s] )  an d bas e I  at(t,p }  w e shoul d infe r  s  I  p .  I n Dinsmor e 
(i n press )  th e rul e involve d her e i s know n a s spac e 
augmentat ion .  A  tempora l  spac e i s an y spac e S  wit h a  contex t  o f 
th e for m S '  I  a t ( t , [S l ) ,  fo r  som e spac e S '  an d tim e t .  Lik e an y 
othe r  space ,  a  tempora l  spac e ma y b e th e focu s spac e a t  som e poin t 
i n a  discourse . 

Reichenbach' s tens e syste m follow s immediatel y i f  w e defin e 
referenc e tim e a s fol lows : 

(RefTm) t is the reference time at a point p in a discourse iff 
fo r  som e spac e S ,  S  i s th e focu s spac e a t  p  an d bas e I 
at  (t ,  [ S D . 

Reichenbach's observation is that the difference between the 
referenc e tim e an d th e even t  tim e correspond s t o th e us e o f 
per fect ,  prospect ive ,  pas t  an d presen t  forms .  We ca n predic t  thi s 
as fo l lows .  Suppos e tha t  a n even t  E  occur s a t  som e pas t  tim e t2 . 
Thi s ca n b e expresse d a s bas e I  a t ( t2 ,E ) .  Further ,  suppos e tha t 
t ime s t l ,  t 3 ,  t 4 ,  an d t 5 ar e suc h tha t 

tl < t2 < t3 < t4 = now < t5. 

We define spaces si through s5 such that base I at(ti,[sil) for 1 
< i  <  5 .  Conside r  wha t  sentence s tha t  mentio n E  woul d b e tru e 
i n eac h o f  thes e spaces : 

For  s i :  Fro m t l  <  t 2 an d bas e I  at(t2,E )  w e hav e bas e I 
a t ( t l rprosp(E)) .  Fro m thi s an d t l  <  no w w e hav e bas e I 
a t ( t l ,pa(prosp(E)) .  B y spac e augmentatio n w e hav e s i  I 
pa(p rosp(E) ) . 

For  s2 :  Fro m t 2 <  no w an d bas e I  at(t2,E )  w e hav e bas e I 
a t ( t2 ,pa(E) ) ,  an d b y spac e augmentatio n s 2 I  p a ( E ) . 

For  s3 :  Fro m t 3 >  t 2 an d bas e I  at(t2,E )  w e hav e bas e I 
at(t3,per f  (E)) .  Sinc e t 3 <  now ,  bas e I  at( t3,pa(perf(E))) .  B y 
spac e augmentat ion ,  s 3 I  pa(per f (E) ) . 

For  s4 :  Fro m t 4 >  t 2 an d bas e I  at(t2,E )  w e hav e bas e I 
at(t4,perf(E) )  an d sinc e t 4 =  no w bas e I  at( t4,pres(perf(E))) .  B y 
spac e augmentat ion ,  s 4 I  pres(per f (E) ) . 

For  s5 :  Fro m t 5 >  t 2 an d bas e I  at(t2,E )  w e hav e bas e I 
a t ( t4 ,per f (E) ) .  Sinc e t 5 >  now ,  bas e I  at( t4, fut(perf(E))) .  B y 
spac e augmentat ion ,  s 5 I  fu t  (perf(E)) . 

I n thi s wa y a  complet e accoun t  o f  referenc e tim e emerges .  No w 
we ar e i n a  posit io n t o se e wh y wh e hav e Perfec t  an d Prospectiv e 
a t  a l l :  Withou t  the m w e woul d no t  b e abl e t o refe r  t o E  whil e 
maintainin g s i ,  s 3 ,  s 4 ,  o r  s 5 a s th e focu s space .  A  numbe r  o f 
implication s o f  thi s accoun t  fo r  th e us e o f  th e pas t  an d th e 
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perfec t  ar e discusse d i n Dinsmor e (i n p r e s s ) . 

4.CONCLUSION 

This account bridges the gap between the semantics and the 
pragmatic s o f  th e Englis h tens e syste m b y showin g ho w th e 
discours e us e o f  Englis h ver b form s i s relate d t o thei r  semanti c 
interpretations ,  whic h ma y b e derive d i n th e usua l  composit iona l 
way.  I t  i s  wel l  integrate d int o th e knowledg e partit ionin g mode l 
of  natura l  languag e discours e processing . 
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Abstract 

This paper proposes that a fairly standard connectionist category mode can provide a 
mechanis m fo r  th e generatio n o f  counterfactual s ~  non-veridica l  version s o f  perceive d event s o r 
objects .  A  distinctio n i s mad e betwee n evolve d counterfactuals ,  whic h generat e menta l  space s (a s 
propose d b y Fauconnier) ,  an d fleetin g counterfactuals ,  whic h d o no t  TTii s pape r  explore s onl y th e 
latte r  i n detail .  A  connectio n i s mad e wit h th e recentl y propose d counterfactua l  theor y o f 
Kahneman an d Miller ,  specificall y ou r  mode l  share s wit h their s a  fundamenta l  rul e o f  counterfactua l 
productio n base d o n normality .  Th e relationshi p betwee n counterfactual s an d th e psychologica l 
construct s o f  "schem a wit h correction "  an d "goodness "  i s examined .  A  compute r  simulatio n i n 
suppor t  o f  ou r  mode l  i s  included . 

Introduction 

We believe that a picture is emerging in which counterfactuals play a significant role in 
human cognition ;  the y ar e no t  a  mer e curiosit y whic h ma y b e safel y ignored .  Human s Uv e i n a 
menta l  worl d wher e acmalitie s ar e surrounde d b y possibilities .  I n othe r  word s (a s Kahnema n an d 
Miller ,  1986 ,  hav e proposed) ,  whe n peopl e experienc e a n event ,  the y ma y als o experienc e 
plausibl e counterfacma l  altematives ,  an d thes e hav e a  profoun d effec t  o n thei r  reactio n t o th e actua l 
event -

A simpl e exampl e i s th e affectiv e differenc e betwee n missin g a n airplan e b y a n hou r  o r  b y a 
minute .  Th e outcome s ar e identical ,  bu t  th e latte r  cas e i s a n orde r  o f  magnitud e mor e frustrating . 
The explanatio n fo r  thi s center s o n th e clai m tha t  i n th e latte r  case ,  havin g mad e th e plan e i s a  highl y 
availabl e counterfactua l  alternative ,  whil e i n th e forme r  case ,  i t  i s  no t  Functionall y speaking ,  thi s 
affectiv e reactio n i s appropriate .  I t  "marks "  situation s that ,  i f  repeated ,  coul d easil y hav e thei r 
outcome s improve d th e nex t  time . 

I n keepin g wit h ou r  clai m tha t  counterfactual s ar e no t  "specia l  purpose "  phenomena ,  w e wil l 
als o propos e tha t  thei r  productio n require s n o a d hoc ,  specia l  purpos e machinery .  Instead ,  w e 
sugges t  tha t  a  fairl y  standar d connectionis t  categor y mode l  suffices .  Furthermore ,  w e propos e tha t 
th e proces s b y whic h counterfactual s ar e generate d i s closel y relate d t o th e cognitiv e mechanism s 
underlyin g "goodness "  o r  "schem a wit h correction" . 

Counterfactual Generation vs. Counterfactual Development 

The distinction between counterfactual generation and counterfactual development is not a 
c o m m on one ,  bu t  i s  nonetheles s crucia l  t o ou r  argument .  W e se e th e differenc e betwee n 
counterfactua l  generatio n an d counterfactua l  developmen t  a s bein g analogou s t o th e differenc e 
betwee n producin g a n aco m an d it s subsequen t  developmen t  int o a n oa k tree .  Fo r  example ,  Gille s 
Fauconnie r  i n Menta l  Space s (1986) ,  i s  conceme d wit h th e counterfacma l  worl d (o r  menta l  space ) 
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t o whic h a  counterfactua l  proposa l  give s rise.  ( A menta l  spac e i s a  counterfactua l  worl d se t  u p b y 
statement s lik e "I f  I  ha d a  millio n dollars... "  o r  "I f  I' d lef t  te n minute s earlier...." )  Similarly , 
Davi d Lewi s (1973 )  and ,  mor e recently ,  Matthe w Ginsber g (1986 )  examin e counterfactual s withi n 
th e framewor k o f  standar d an d non-standar d forma l  logic .  I n contrast ,  ou r  presen t  conce m begin s 
and end s wit h th e productio n o f  th e seed ,  a n initia l  counterfactua l  tiiat  ma y (bu t  firequentiy  doe s not ) 
develo p int o a  counterfactua l  "world "  o r  "space" .  W e wil l  cal l  thes e counterfactual s "fleetiin g 
counterfacmals" . 

A concret e exampl e ma y hel p t o mak e thi s clearer .  Suppos e yo u ar e standin g a t  a  come r  nea r 
a puddl e talkin g t o a  friend .  A  ca r  passe s an d swerve s slightl y t o avoi d splashin g you .  Yo u think : 
"Goo d thin g tha t  ca r  swerved ;  I  woul d hav e gotte n soake d otherwise "  an d yo u g o o n talkin g an d 
completel y forge t  th e incident .  I n thi s cas e a  fleeting  counterfactua l  i s  produce d bu t  the n disappear s 
withou t  engenderin g a  menta l  space .  However ,  thi s  fleeting  counterfacma l  woul d hav e serv« i  a s 
th e "seed "  fo r  th e developmen t  o f  a  menta l  spac e ha d yo u gon e o n t o reaso n abou t  th e 
consequence s o f  havin g bee n splashed :  " I  jus t  bough t  thes e pant s an d th e dirt y wate r  woul d hav e 
staine d thenL..o r  woul d it ? Anyway ,  I  woul d hav e bee n col d an d dirty...probabl y shoul d stan d 
bac k from  th e cur b a  littl e farther..." . 

The importan t  poin t  i s  th e minima l  natur e o f  fleeting  counterfactuals .  The y ar e th e resul t  o f  a 
low-leve l  process ,  a n automati c by-produc t  o f  activatin g a  category .  Thi s productio n i s no t  unde r 
consciou s contro l  (yo u coul d neve r  decid e t o sto p havin g th e possibilit y  o f  bein g splashe d occu r  t o 
yo u whe n a  passin g ca r  near s a  puddle) .  Furthermore ,  th e productio n o f  fleeting  counterfactual s 
does no t  diver t  alread y activ e menta l  processe s ~  i n th e example ,  th e ongoin g conversatio n nee d 
not  hav e bee n disrupted .  O n th e othe r  hand ,  th e developmen t  o f  a  counterfactua l  menta l  spac e doe s 
engag e highe r  leve l  menta l  processe s an d doe s s o i n direc t  proportio n t o th e degre e o f  developmen t 
of  a  menta d space .  I n th e precedin g example ,  i f  yo u ha d gon e o n t o develo p a  space ,  i t  i s  likel y tiiat 
yo u als o woul d hav e misse d som e o f  wha t  you r  companio n wa s saying :  "Sorry ,  I  wa s jus t  thinkin g 
abou t  wha t  woul d hav e happene d ha d tha t  ca r  hi t  th e puddl e an d soake d me .  Wha t  di d yo u jus t 
say? " 

We believ e ther e i s a  counterfactua l  continuu m runnin g from  fleeting  counterfactual s (i.e. ,  n o 
menta l  spac e create d a t  all )  throug h th e creatio n o f  a  ver y smal l  menta l  spac e (on e o r  tw o step s o f 
reasonin g withi n a  counterfactua l  world )  t o ful l  blown ,  long-duratio n counterfactua l  space s ("Wha t 
i f  I  ha d marrie d Lyn n instea d o f  Nancy?") . 

Normal and Abnormal Events 

Kahneman and Miller divide events into normal and abnormal ones. They define an 
abnorma l  even t  a s "on e tha t  ha s highl y availabl e [counterfactual ]  altematives ,  whethe r  retrieve d o r 
constructed "  whil e a  normal  even t  i s  on e tha t  "mainl y evoke s representation s tha t  resembl e it" . 
Normal  events ,  accordin g t o them ,  d o no t  evok e surprise ;  abnorma l  one s do . 

The perceptio n o f  th e abnorma l  featur e arise s a s th e resul t  o f  a  (consciou s o r  unconscious ) 
compariso n t o it s  normal ,  expecte d alternative .  Suppos e w e ente r  a n offic e i n whic h everythin g 
clearl y satisfie s ou r  expectation s excep t  tha t  th e des k i s upsid e down .  Th e inverte d des k i s clearl y 
th e "abnormal "  aspec t  o f  th e office ,  an d i t  generate s a  counterfactua l  alternative ,  specificall y th e 
"hormal "  office .  Kahnema n an d Mille r  clai m tha t  th e abnorma l  aspect s o f  a  norma l  even t  ar e th e 
ones tha t  chang e whe n w e counterfactualize .  W e clai m tha t  th e first  counterfacmalizatio n tha t 
occur s "slips "  di e abnorma l  featur e t o on e mor e commonl y associate d wit h th e prototypica l 
categor y correspondin g t o th e even t 

Representation of categories 

In what follows we represent categories as clusters of "feature nodes" with mutually 
excitator y interconnections .  I n additio n t o interconnections ,  featur e node s als o hav e connection s 
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Normal  Categor y 

N o de 1 :  pu g nos e 

N o de 2 :  ful l  Up s 

N o de 3 :  hig h forehea d 

N o de 4 :  glasse s 

N o de 5 :  etc . 

N o de 6 :  etc . 

N o de 7 :  shoulder-lengt h hai r 

N o de 8 :  cre w cu t 

Abnormal 
featur e 

Environmen t  i n whic h even t  i s perceive d 

Fjgw^ l 

throug h whic h the y receiv e environmenta l  inpu t  Thi s  i s no t  unlike ,  fo r  example ,  th e schem a 

model  o f  Rumelhart ,  Smolensky ,  McClelland ,  an d Hinto n (1986) .  W e represen t  thi s schematicall y 

i n Figur e 1  fo r  th e categor y "Joe" . 

T o explai n initia l  counterfactua l  production ,  w e begi n b y distinguishin g tw o differen t  source s 

of  activation :  on e extema l  (fro m th e environmen t  vi a featur e detectors )  an d th e othe r  interna l 

(spreadin g activatio n fro m othe r  node s i n th e category) .  Assum e tha t  yo u se e you r  frien d Joe , 

w h o m yo u hav e alway s k n o w n t o hav e shoulder-lengti i  hair ,  wit h a  cre w cut .  Node s 1  throug h 6 

represen t  feature s tha t  ar e presen t  an d sufficien t  t o allo w yo u t o recogniz e you r  friend .  N o d e 7 

correspond s t o th e featur e "shoulder-lengt h hair "  (alway s activ e i n th e pas t  w h e n yo u sa w you r 

friend )  whil e nod e 8  correspond s t o th e featur e "cre w cut "  (activate d i n th e presen t  circumstance) . 

Nodes 1  throug h 6  receiv e dua l  support ,  bot h fro m th e environmen t  an d fro m othe r  node s 

withi n th e category .  N o d e 8  receive s support  onl y fro m th e environment ,  whil e nod e 7  receive s 

n o extema l  suppor t  bu t  clearl y ha s interna l  support ,  sinc e you r  categor y fo r  "Joe "  ha s alway s 

include d th e featur e "shoulder-lengt h hair" .  Ou r  discussio n wil l  focu s o n thes e tw o nodes . 

Onl y i n th e situatio n wher e environmenta l  inpu t  violate s stton g expectation s wil l  a  stron g 

fleetin g counterfacma l  sli p b e produced .  T h e situatio n i s s u m m e d u p i n Figur e 2  below . 

The central role of inhibition 

We will focus only on nodes 7 and 8, i.e. the long-hair and crew cut nodes respectively. We 

m ay assum e tha t  thes e node s bot h receiv e stron g support ,  th e first  intemally ,  th e secon d externally . 

Sinc e peopl e generall y perceiv e th e worl d a s i t  actuall y i s an d no t  merel y accordin g t o thei r 

expectations ,  w e ca n assum e a n environmenta l  bia s and ,  consequently ,  tha t  nod e 8  receive s 

stronge r  inpu t  tha n nod e 7 .  (Wer e th e opposit e t o b e th e case ,  misperceptio n woul d occur ,  whic h 

doe s happe n occasionally. )  Sinc e cre w cut s an d lon g hai r  ar e mumal l y exclusiv e features ,  w e als o 

assum e tha t  th e correspondin g featur e node s ar e mutuall y inhibitory .  Initia l  counterfactua l 

productio n (i.e. ,  th e "slip "  t o th e norma l  category )  woul d onl y occu r  onc e th e inhibitor y effec t  o f 

th e "crew-cut "  nod e (8 )  o n th e "shoulder-length-hair "  nod e (7 )  ceased . 

The roles of habituation and short-term connection strength 

There are essentially two phenomena that would cause the inhibitory effect of node 8 to 

cease .  T h e mos t  obviou s i s  i f  th e suppor t  fro m th e environmen t  simpl y ceased .  T h e second ,  les s 

obvious ,  phenomeno n tha t  woul d caus e th e activatio n o f  N o d e 7  t o dominat e tha t  o f  nod e 8  i s 

habimation ,  als o calle d fatigue .  I n th e firs t  case ,  i f  environmenta l  inpu t  ceases ,  ou r  mode l  easil y 

demonstrate s th e sli p t o th e counterfactua l  altemative .  W e decide d t o answe r  a  harde r  question , 

namely :  Wil l  th e sli p occu r  eve n i f  environmenta l  support  continue s unabated ? O u r  mode l 

confirme d ou r  intuitio n tha t  th e answe r  i s yes . 
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The notion of neural habituation has been invoked by certain authors to explain a wide range 

of  cognitiv e phenomen a includin g decrease d recal l  o f  mataia l  immediatel y followin g intensiv e 

attempt s a t  it s memorizatio n (Pomerantz ,  Kaplan ,  an d Kaplan ,  1969) ,  th e Necke r  cub e perceptua l 

fli p (Feldman,1981) ,  flexibilt y i n proble m solvin g (Levenick ,  1985) ,  etc .  W e clai m tha t 

habituatio n i s als o a n importan t  mechanis m i n th e productio n o f  counterfacmals . 

I n ou r  model ,  node s tha t  receiv e on-goin g dual  suppor t  fro m th e categor y an d th e 

environmen t  ar e les s susceptibl e t o th e effect s o f  fatigu e tiian  singly-supporte d nodes .  I n ou r 

example ,  nod e 8  initiall y  receive s suppor t  onl y fro m th e environment .  A s i t  fatigues' ,  it s inhibitin g 

influenc e o n nod e 7  decreases .  T h i s ^ o w s th e activit y i n th e latte r  t o rise .  N o d e 7 ,  increasingl y 

active ,  begin s t o inhibi t  th e alread y fatiguin g nod e 8 ,  furthe r  contributin g t o th e latter' s dro p i n 

activity .  Th e activit y i n nod e 8  fall s  eve n faster ,  furthe r  decreasin g it s inhibitio n o f  nod e 7 ,  an d s o 

on.  Nea r  th e pea k o f  activit y i n nod e 7  (neve r  hig h enoug h fo r  perception )  w e experienc e th e 

counterfacma l  alternativ e "Jo e witi i  lon g hair" .  (Th e result s o f  ou r  simulatio n ar e consisten t  wit h 

thi s prediction. ) 

As w e becom e (quit e rapidly )  accustome d t o "Jo e wit h a  cre w cut" ,  w e n o longe r  experience 

th e counterfactua l  alternative .  Th e mechanis m w e propos e t o accoun t  fo r  thi s i s a  short-ter m 

increas e i n th e connectio n strengt h betwee n th e categor y an d th e n e w featur e node .  Short-ter m 

potentiatio n i s a  well-know n phenomeno n i n neurophysiologica l  investigation s o f  synapti c 

plasticit y (Goddard ,  1980 )  an d i t  als o ha s bee n propose d a s a  mechanis m t o allo w activit y t o briefl y 

persis t  i n a  grou p o f  previousl y unassociate d neura l  units ,  thu s supportin g th e formatio n o f  n e w 

cel l  assemblie s (Kaplan ,  1970) .  Fo r  us ,  though ,  th e importanc e o f  short-ter m connectio n strengt h 

i s tha t  i t  serve s t o temporaril y  strengthe n th e connectio n betwee n th e categor y nod e an d th e 

abnorma l  featur e node . 

Counterfactuals, goodness, and normality 

One of the most significant results of Eleanor Rosch's extensive work with natural categories 

i s th e ide a o f  "goodness "  (Rosch ,  1977) .  Sh e showe d tha t  categorie s ha d n o definit e boundarie s 

and tha t  no t  al l  member s ar e equal .  Instance s close r  t o th e prototyp e (o r  mos t  norma l  instance )  ar e 

judge d a s bein g bette r  tha n thos e whic h ar e mos t  distant . 

We clai m tha t  ou r  categor y mode l  provide s a  simple ,  direc t  codin g o f  goodnes s b y th e overal l 

leve l  o f  activatio n o f  th e node s makin g u p th e category .  Wheneve r  a  norma l  featur e i s replace d b y 

an abnorma l  alternative ,  th e norma l  nod e act s a s a n activit y sink ;  i t  receive s activatio n fro m othe r 

featur e node s bu t  doe s no t  generat e an y i n return .  Thu s th e overal l  leve l  o f  activit y o f  th e categor y 

i s reduce d an d th e instanc e i s experience d a s poorer .  W h e n th e violatio n o f  expectation s i s stron g 

enough ,  counterfactualizatio n als o occurs . 
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Figure s Activit y trac e showin g productio n o f  a  fleeting  counterfactua l 

Counterfactualization and schema with correction 

A time-honored construct in psychology is schema with conection (Woodworth, 1958). The 
usua l  contex t  i s on e o f  askin g peopl e t o redra w nonsens e figure s fro m memory .  Wher e possible , 
peopl e remembe r  suc h figures  a s familia r  figures  plu s a n abnoraia l  featur e (eg. ,  a  squar e wit h a 
"funny "  comer) .  Bu t  thi s  i s actuall y a  cas e o f  counterfactualization .  Th e "square "  wit h a  "funn y 
comer "  is ,  i n fact ,  no t  a  squar e a t  all .  I t  woul d b e a  squar e onl y  i f  th e funn y come r  wer e normal . 
A prerequisit e fo r  schem a wit h correctio n i s counterfactualizatio n an d identificatio n o f  a n 
abnormality . 

Simulation of the production of a fleeting counterfactual 

The feature nodes in our category model do not represent single neural-level elements but 
rathe r  interconnecte d group s o r  assemblies .  So ,  a  standar d weighted-su m activit y functio n wa s 
inappropriat e fo r  th e simulation .  Accordingly ,  w e base d ou r  simulatio n o n o n a  slighti y 
modifie d mathematica l  mode l  develope d b y Stephe n Kapla n i n 1970 .  Hi s mode l  wa s originall y 
designe d t o describ e th e tim e cours e o f  activit y withi n a  singl e cel l  assembly .  I t  allow s persisten t 
nod e activit y (du e t o interna l  positiv e feedback )  and ,  significantiy ,  include s fatigu e an d shor t 
ter m potentiatio n mechanisms .  W e create d a  networ k o f  thre e node s eac h o f  whic h woul d behave , 
i n isolation ,  lik e Kaplan' s cel l  assembly .  W e create d link s betwee n th e tw o node s i n competition . 
Initially ,  w e di d no t  us e changin g short-ter m connectio n strengt h betwee n th e categor y an d th e 
competin g node s t o influenc e th e sprea d o f  activit y t o thes e nodes .  Thi s resulted  i n a  continua l 
alternatio n o f  activit y peak s betwee n th e norma l  an d counterfactua l  nodes .  W h e n w e realize d tha t 
activit y spreadin g betwee n node s wa s n o differen t  tha n withi n a  node ,  w e adde d a  short-ter m 
connectio n strengt h mechanis m t o ou r  links .  Thereafte r  th e mode l  behave d accordin g t o ou r 
prediction s (Figur e 3) . 

Conclusion 

In the world of human cognition, actualities are surrounded by a context of counterfactual 
possibilities .  Thi s contex t  ha s a  powerfu l  effec t  o n people' s reactions  t o object s an d events .  W e 
hav e chose n t o stud y wha t  see m t o b e t o u s th e simplest ,  mos t  easil y isolate d counterfacmal s whic h 
we hav e calle d fleeting  counterfactuals .  W e hav e show n tha t  a  slighti y extende d connectionis t 
categor y mode l  wil l  produc e thi s counterfactua l  behavio r  an d thu s provide s th e beginning s o f  a n 
explanator y mechanis m fo r  th e phenomeno n o f  counterfacmals . 
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Appendi x I 

Mathematical details of the simulation 

The following equations, originally developed by Stephen Kaplan in 1970, model the time course 

of  activit y i n a  neura l  net .  Onl y ver y minima l  modification s t o th e origina l  equation s wer e 

require d t o adap t  the m t o ou r  ow n model .  (Note :  F ^  denote s F(t) ,  S ^  denote s S(t) ,  etc. ) 

Sensitivity of connections: 

This equation says, in essence, that as fatigue builds, the sensitivity (i.e., the ability to pass 

activation )  o f  th e affecte d connectio n drop s rapidly .  Sensitivit y i s describe d by : 

(Z, .  + 5 . ) ( 1 - F , ) ' 

" • -  K l 

where : 

Lj  an d S ^  are ,  respectively ,  long-ter m an d short-ter m connectio n strength ; 

F^  i s fatigue ; 

K^  i s a  constan t  designe d t o ensur e tha t  a  doe s no t  excee d 1 . 

Change in short-term connection strength over time: 

where: 

Ŝ  i s  short-ter m connectio n strength ; 

Pj  i s  th e activit y o f  th e net ; 

K ,  an d K  ,  ar e constants . 
sseal e sdeca y 

Change in fatigue over time: 

AFe = K,„^, Pt (1 - F, )2 - Kf,,,ay Ft 

where : 

Fj  i s  fatigue ; 

P i s th e activit y o f  th e net ; 

K,  ,  an d K, .  ar e constants . 
fscal e fdeca y 

Input to the system: 

I^: Input to the nodes under examination was supplied by a square input function. Environmental 

inpu t  t o nod e 8  wa s weighte d somewha t  highe r  (10% )  tha n th e categor y inpu t  t o nod e 7 ,  ou r 

reaso n bein g tha t  environmenta l  suppor t  i s  give n mor e weigh t  tha n equivalen t  interna l  support ,  i n 

orde r  t o improv e th e probabilit y  tha t  misperceptio n o f  th e environmen t  doe s no t  occur . 

Change in activity over time: 

AP, = [Pe +{1-Pt )/e ](1 - Pt )at - [Pt'+ Pt (1 - Pt )"'](l " «t) 

where : 

[Pt  +  ( 1 -  P ,  )I t  ]( l  -  P t  )oi t  i s  th e ris e componen t  an d 
[Pt *  +  P ,  ( 1 -  P t  y°]{ l  -  a( )  i s  th e fal l  componen t  o f  activity . 

For a more detailed explanation of the derivations of these equations, see (Kaplan, 1970). 
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Answerin g Why-Quest ions : 

Test of a Psychological Model of Question Answering 

Jonatha n M .  Goldin g Arthu r  C .  Graesse r 
Memphis Stat e Universit y Memphi s Stat e Universit y 

Abstrac t 

We conducted an experimental test of the Graesser and 
Clar k (1985 )  mode l  o f  question-answerin g fo r  why -
questions .  Thi s mode l  specifie s ho w individual s answe r 
differen t  type s o f  question s b y searchin g throug h 
variou s source s o f  informatio n afte r  comprehendin g a 
text .  Th e source s o f  informatio n includ e th e passag e 
structur e an d th e generi c knowledg e structure s whic h 
ar e associate d wit h th e conten t  word s i n th e query . 
Afte r  thes e knowledg e structure s ar e activate d i n 
workin g memory ,  searc h component s narro w dow n a  se t  o f 
relevan t  answers .  A  subse t  o f  thes e component s wer e 
teste d i n thi s experiment :  (1 )  a n ar c searc h procedur e 
specifyin g whic h node s an d arc s withi n a n informatio n 
sourc e ar e sample d fo r  answer s t o a  why-question ;  (2 ) 
ar c distance ,  th e numbe r  o f  arc s i n th e 
representationa l  networ k tha t  connec t  th e querie d nod e 
t o th e answe r  node ;  an d (3 )  th e intersectio n o f 
informatio n betwee n th e passag e structur e an d th e 
generi c knowledg e structure s associate d wit h th e query . 
Afte r  readin g shor t  stories ,  subject s wer e presente d 
wit h question s an d a  numbe r  o f  theoretica l  answer s t o 
eac h question .  Subject s wer e time d a s the y judge d 
whethe r  eac h answe r  wa s "Good "  (appropriat e an d 
relevant )  o r  "Bad "  (inappropriat e o r  i r re levant) . 
Result s supporte d th e validit y o f  th e ar c searc h 
procedur e i n tha t  subject s robustl y dist inguishe d 
theoreticall y goo d answer s fro m theoretical l y ba d 
answer s t o specifi c  questions . 

Thi s pape r  report s a n empirica l  tes t  o f  Graesse r  an d 
Clark' s (1985 )  mode l  o f  questio n answerin g i n th e contex t  o f 
why-quest ions .  Thi s mode l  i s a n extensio n o f  earl ie r  model s 
o f  question-answerin g (Graesse r  &  Murachver ,  1985 ;  Graesser , 
Robertson ,  &  Anderson ,  1981 ;  Lehnert ,  1978 ) ,  an d i s 
develope d fro m a  ric h dat a bas e o f  questio n answerin g 
protocol s an d othe r  relevan t  dat a (fo r  detai l s abou t 
methods ,  se e Graesse r  &  Clark ,  1985) .  Th e mode l  specif ie s 
(1 )  th e majo r  source s o f  informatio n tha t  ar e tappe d fo r 
answer s t o question s an d (2 )  th e processin g component s tha t 
acces s node s withi n th e relevan t  informatio n sources . 
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Ther e ar e tw o majo r  informatio n source s fo r  answer s t o 
quest ions :  th e passag e structur e an d generi c knowledg e 
structure s (GKSs) .  Th e passag e structur e include s explici t 
statement s an d knowledge-base d inference s tha t  ar e neede d 
fo r  establ ishin g coherenc e betwee n th e explici t  statements . 
Th e generi c knowledg e structure s ar e eithe r  associate d wit h 
expl ic i t  conten t  word s i n a  quer y o r  wit h highe r  leve l  GKSs 
whic h ar e tr iggere d b y pattern s o f  informatio n (e.g , 
FAIRYTALE) .  Fo r  example ,  conside r  th e questio n "Wh y di d th e 
drago n kidna p th e maidens? "  i n th e contex t  o f  narrativ e 
passag e N .  Fou r  informatio n source s woul d b e searche d fo r 
answers :  passag e N ,  th e GK S fo r  DRAGON,  th e GK S fo r  KIDNAP , 
an d th e GK S fo r  MAIDEN.  Th e fou r  passage s Graesse r  an d 
Clar k (1985 )  studie d containe d 2 5 explici t  statement s an d 
10 0 inferences ,  o n th e average .  I n addit ion ,  a  typica l 
passag e activate d 3 5 GKSs ,  wi t h approximatel y 16 0 statemen t 
node s i n eac h GKS. 

Each passage and each GKS were represented in the form 
o f  a  conceptua l  grap h structure .  A  structur e contain s 
proposit ion- l ik e statemen t  node s tha t  ar e interrelate d b y a 
networ k o f  categorized ,  directe d arcs .  Eac h statemen t  nod e 
i s assigne d t o on e o f  fiv e categories :  Event ,  State ,  Goal , 
Act ion ,  an d Style .  Ar c categorie s included :  Reason , 
Outcome ,  Ini t iate ,  Manner ,  Consequence ,  Implies ,  Property , 
Set  Membership ,  an d Referentia l  Pointer .  Graesse r  an d Clar k 
(1985 ,  Chapte r  2 )  hav e define d th e statemen t  nod e an d ar c 
categorie s i n detai l .  Fo r  th e purpos e o f  th e presen t  paper , 
i t  i s  importan t  t o not e tha t  th e conceptua l  grap h i s 
structure d accordin g t o expl ici t ,  quasi-forma l  constraints . 

There are seven major components involved in accessing 
informatio n source s an d convergin g o n a  smal l  se t  o f 
answer s relevan t  t o a  question .  Thes e includ e (1 )  workin g 
memory,  (2 )  th e activatio n o f  knowledg e structure s i n 
workin g memory ,  (3 )  ar c searc h procedure s (specifyin g 
" legal "  ar c p a t h s ) ,  (4 )  priori t ie s amon g knowledg e 
structure s i n workin g memory ,  (5 )  th e intersectio n 
between/amon g knowledg e structures ,  (6 )  distanc e betwee n 
node s (ar c d is tance) ,  an d (7 )  constraint s o n knowledg e 
structures .  Fo r  example ,  whe n answerin g a  why-questio n 
involvin g a n actio n (e.g. ,  "Wh y di d th e drago n kidna p th e 
ma idens?" ) ,  specif i c  informatio n woul d b e activate d i n 
workin g memor y (th e passag e structure ,  an d th e GKSs fo r 
DRAGON,  KIDNAP ,  an d MAIDEN) .  A n entr y nod e (E )  i n workin g 
memory woul d b e foun d whic h matche d th e querie d statement . 
An ar c searc h procedur e woul d examin e path s o f  arc s 
radiat in g fro m nod e E  t o superordinat e goal s vi a forwar d 
Reaso n arc s an d backwar d Manne r  arcs .  Finally ,  convergenc e 
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mechanism s (e.g. ,  intersectio n betwee n structures , 
pr ior i t ies ,  constraints )  woul d converg e furthe r  o n a  se t  o f 
relevan t  answers . 

Testing Components of the Model 

The present experiment focuses on three of the model's 
component s fo r  why-questions :  ar c searc h procedures ,  ar c 
distance ,  an d th e intersectio n o f  informatio n betwee n th e 
passag e structur e an d th e GKSs associate d wit h th e query . 
Sixtee n subject s rea d tw o shor t  storie s analyze d b y Graesse r 
an d Clar k (1985) .  Afte r  readin g eac h story ,  subject s wer e 
presente d wit h fou r  why-even t  question s an d fou r  why-actio n 
question s o n a  CRT .  Followin g eac h questio n wer e a  numbe r 
of  differen t  answer s t o tha t  question .  Subject s wer e aske d 
t o decid e (b y pressin g a  specifi c  key )  whethe r  eac h answe r 
was "good "  (appropriat e an d relevant )  o r  "bad " 
(inappropriat e o r  i r re levant) ,  base d o n th e story .  I n 
additio n t o recordin g good/ba d judgments ,  decisio n t im e wa s 
measure d i n mil l iseconds .  Eac h subjec t  mad e judgment s fo r 
25 6 answers ,  altogether . 

An answer to a specific question was designated as 
"theoreticall y good "  i f  th e ar c searc h procedur e generate d 
th e answer .  Fo r  eac h goo d answe r  ther e wa s a  lega l  pat h o f 
arc s betwee n th e querie d nod e an d th e answe r  nod e i n th e 
passag e structure .  Otherwise ,  a n answe r  wa s designate d a s 
"theoreticall y bad. "  Ar c distanc e wa s define d a s th e numbe r 
of  arc s (i n th e passag e structure )  betwee n th e querie d nod e 
an d th e answe r  node .  Eac h answe r  wa s als o scale d o n th e 
number  o f  intersectin g GKSs .  A  GK S wa s score d a s 
"intersecting "  i f  i t  containe d a  nod e tha t  matche d th e 
answe r  node .  Fo r  example ,  ther e woul d b e a  matc h betwee n 
th e answe r  nod e "th e daughte r  cried "  an d "th e perso n cried " 
i n th e GK S fo r  KIDNAP .  Base d o n th e Graesse r  an d Clar k 
model ,  i t  wa s predicte d that :  (1 )  subject s woul d distinguis h 
theoreticall y goo d fro m ba d answers ,  (2 )  subject s woul d 
respon d mor e quickl y t o answer s havin g a  greate r  overla p 
betwee n passag e knowledg e an d GKSs associate d wit h th e quer y 
(se e als o Reder ,  1982) ,  an d (3 )  woul d tak e longe r  t o respon d 
t o answer s whic h wer e mor e arc s awa y fro m th e entr y nod e 
(se e als o Anderson ,  1983 )  . 

Analyses robustly confirmed the validity of the arc 
searc h procedure s fo r  why-actio n an d why-even t  questions . 
Subject s correctl y judge d goo d theoretica l  answer s a s "good " 
( M =  .6 5 fo r  action s an d M =  .  6 2 fo r  events )  mor e tha n the y 
judge d ba d answer s a s "good "  ( M =  .2 0 fo r  action s an d 
M =  .2 3 fo r  events) .  Multipl e regressio n analyse s wer e 
performe d t o asses s th e impac t  o f  severa l  predicto r 
variable s o n th e subjects '  likelihoo d o f  judgin g a n answe r 
as good .  Th e importan t  predictor s include d whethe r  th e 
answe r  wa s theoreticall y goo d o r  theoreticall y ba d 
(GOOD/BAD),  th e numbe r  o f  GKSs wit h node s tha t  intersec t  th e 
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answe r  nod e ( INTERSECT) ,  an d th e numbe r  o f  arc s betwee n th e 
entr y nod e an d th e answe r  nod e (DISTANCE) .  A  les s importan t 
predicto r  wa s th e l ikelihoo d tha t  a  part icula r  answe r 
presente d i n th e experimen t  ha d bee n generate d t o it s 
associate d questio n b y a n independen t  grou p o f  subject s i n 
Graesse r  an d Clark' s (1985 )  questio n answerin g tas k 
(GENERATE).  I n addit ion ,  eac h answe r  wa s scale d o n othe r 
predicto r  var iable s whic h wer e no t  o f  direc t  concer n i n thi s 
stud y (e.g. ,  numbe r  o f  word s i n th e answer ,  difference s 
betwee n stor ies ,  whethe r  th e answe r  wa s a  state ,  event ,  o r 
g o a l ) .  Amon g th e predictors ,  ther e wa s n o proble m o f  co -
l ineari t y fo r  eithe r  action s (rang e r^ = -.3 5 t o .34 )  o r 
event s (rang e r^ = -.2 5 t o . 3 8 ) ,  excep t  fo r  GENERATE an d 
GOODBAD (actio n r ^  =  .5 9 an d even t  r ^  =  . 5 0 ) . 

The overall regression equations were significant for 
bot h answer s t o why-act io n questions ,  F(7,125 )  =  18.50 , 
p <  .01 ,  R ^  =  .5 1 an d answer s t o why-even t  quest ions , 
F (7 ,  135 )  =  12.35 ,  p  <  -01 ,  R ^  =  .39 .  A s show n i n Tabl e 1 , 
th e bet a weight s indicat e tha t  GOOD/BAD wa s th e onl y 
signif ican t  predicto r  variabl e fo r  bot h o f  thes e questio n 
types .  I n fact ,  GOOD/BAD accounte d fo r  mos t  o f  th e 
predictabl e varianc e fo r  bot h action s (R ^  =  .46 )  an d event s 
(r 2 =  . 3 4 ) .  I t  i s  importan t  t o not e tha t  th e GENERATE 
predicto r  wa s onl y marginall y signif ican t  fo r  th e querie d 
events .  Thus ,  th e theoretica l  ar c searc h procedur e 
(reflecte d i n th e GOOD/BAD variable )  i s a  mor e robus t 
predicto r  tha n simpl y th e numbe r  o f  peopl e wh o generat e a 
specif i c  answe r  t o a  specif i c  questio n i n a  quest ion -
answerin g task . 

Another set of multiple regression analyses were 
performe d o n decisio n latencies ,  usin g th e sam e predicto r 
var iables .  Th e overal l  regressio n equation s significantl y 
predicte d latencie s fo r  act ions ,  F(7 ,  125 )  =  6.37 ,  p  <  .01 , 
R^  =  .26 ,  an d fo r  events ,  F(7 ,  135 )  =  5.98 ,  p  <  .01 , 
R^  =.24 .  Th e beta-weight s i n Tabl e 2  indicat e tha t  GOOD/BAD 
was agai n th e onl y signif ican t  predictor .  Decisio n 
latencie s wer e signif icantl y longe r  fo r  goo d answer s tha n 
ba d answers . 

The lack of effects for arc distance (DISTANCE) and 
intersectin g GKSs (INTERSECT )  le d t o additiona l  mult ipl e 
regressio n analyses .  I t  wa s fel t  tha t  th e overal l  spee d o f 
a judgmen t  migh t  hav e determine d whethe r  th e predicto r  ha d 
an effec t  o n decisio n latencies .  Perhap s th e DISTANC E an d 
INTERSECT variable s ar e signif ican t  onl y whe n decisio n 
latencie s ar e comparativel y fast ;  th e effec t  ma y b e maske d 
by othe r  processe s whe n th e decisio n latencie s ar e ver y 
long .  Th e analyse s wer e conducte d o n th e fou r  fastes t  t ime s 
an d fou r  slowes t  t ime s fo r  eac h answer ,  segregatin g querie d 
act ion s an d querie d events .  Onc e again ,  however ,  GOOD/BAD 
was th e onl y consisten t  signif ican t  predictor .  Moreover , 
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accurac y wa s essentiall y  equa l  fo r  th e fas t  an d slo w 
judgments .  Regardles s o f  th e t im e take n t o mak e th e 
judgment ,  th e ar c searc h procedur e yielde d th e sam e degre e 
o f  accuracy . 

Discussion 

This experiment investigated three components of 
Graesse r  an d Clark' s (1985 )  mode l  o f  questio n answering :  ar c 
searc h procedures ,  ar c distance ,  an d th e intersectio n 
betwee n th e passag e structur e an d GKSs associate d wit h th e 
query .  Ther e wa s clea r  suppor t  fo r  th e ar c searc h 
component .  Fo r  bot h event s an d act ions ,  subject s robustl y 
distinguishe d goo d theoretica l  answer s fro m ba d theoretica l 
answers .  Decisio n latencie s wer e longe r  fo r  th e goo d 
theoretica l  answer s tha n th e ba d theoretica l  answers .  Thes e 
result s underscor e th e importanc e o f  specifyin g th e lega l 
path s o f  arc s an d node s whil e searchin g fo r  answer s durin g 
questio n answering . 

The lack of significant effects for other predictor 
variable s await s furthe r  investigation .  Th e lac k o f  a n ar c 
distanc e effect ,  especiall y i n th e fast-slo w analyse s i s 
perplexing .  Th e us e o f  cohesiv e text s ma y hav e maske d thi s 
effect .  Perhap s th e effect s o f  ar c distanc e an d passage-GK S 
intersectio n wil l  emerg e fo r  expositor y tex t  an d narrative s 
whic h d o no t  fi t  a  clea r  scrip t  o r  prototypica l  stor y forma t 
(e.g .  Keenan ,  Bail let ,  &  Brown ,  1984 )  . 

The absence of an effect for passage-GKS intersection 
migh t  b e a  resul t  o f  th e typ e o f  questio n bein g studied . 
Why-question s generall y prob e th e explici t  statement s an d 
comprehension-generate d inference s i n th e passag e structur e 
(Graesse r  &  Clark ,  1985) .  Consequently ,  th e GKSs ma y hav e 
ha d a  minima l  rol e i n questio n answerin g procedures .  Othe r 
type s o f  question s migh t  highligh t  th e rol e o f  GKSs durin g 
questio n answering .  Fo r  example ,  how-question s involv e GKSs 
t o a  greate r  exten t  tha n th e passag e structure .  Perhap s th e 
passage-GK S intersectio n wil l  b e mor e pronounce d whe n how -
question s ar e analyze d i n th e contex t  o f  ou r  narrat iv e 
passages . 
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Tabl e 1 

Question Answering Data for Answers to Why-Questions 

Regression Coefficients of Predictor Variables"'-: 

Probability of Saying Good Answer 

Queried Queried 
Actio n Even t 

GOOD/BAD .61*** .48*** 
INTERSECT .15* *  .0 4 
DISTANCE -.0 2 .0 1 
GENERATE -.0 2 .17* * 

Regression Coefficients of Predictor Variables-*-: 

Decision Latencies 

Queried Queried 
Actio n Even t 

GOOD/BAD .16* .25*** 
INTERSECT .0 3 .0 3 
DISTANCE -.0 4 .1 0 
GENERATE -.1 5 -.0 7 

*  p  <  .1 0 
* *  p  <  .0 5 
** *  p  <  .0 1 

'-GOOD/BA D :  whethe r  a n answe r  wa s generate d b y 
theoretica l  ar c searc h procedure . 

INTERSECT:  numbe r  o f  GKSs wit h a  nod e intersectin g th e 
answe r  nod e i n th e passag e structure . 

DISTANCE :  numbe r  o f  arc s betwee n querie d nod e an d 
answe r  nod e i n passag e structure . 

GENERATE :  numbe r  o f  subject s wh o woul d generat e th e 
specifi c  answe r  t o th e questio n i n 
question-answerin g protocols . 
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Observin g Machinists '  Plannin g M e t h o d s : 

Using Goal Interactions to Guide Search 

Caroline Hayes 

Robotics Institute, Carnegie Mellon University 

The following paper describes a model of expert planning behavior, and suggests 
strategie s observe d i n machinists '  behavio r  tha t  migh t  improv e plannin g performanc e 
when applie d t o othe r  domains .  Th e domai n i s th e desig n o f  manufacturin g plan s fo r 
machine d parts .  Th e exper t  machinis t  use s a  plannin g metho d whic h novice s d o no t  use . 
The exper t  searche s fo r  interaction s betwee n th e problem' s goals ,  the n use s th e result s o f 
th e searc h t o guid e th e constructio n o f  a  pla n tha t  avoid s th e interactions .  Additionally , 
th e exper t  know s ho w t o divid e th e proble m int o tw o relativel y independen t  subproblems . 
The subproblem s ar e solve d separatel y aru i  th e result s merged .  A  portio n o f  th e mode l  i s 
implemente d i n a  progra m calle d Machinist ,  whic h ha s successfull y create d machinin g 
plan s tha t  wer e bette r  the n thos e o f  a  machinis t  wit h 5  year s experience . 

INTRODUCTION 

This paper briefly discusses the planning methods observed in expert machinists, and 
compare s behavio r  o f  apprentic e machmist s t o tha t  o f  a  program ,  Machinis t  tha t  implement s 
thes e plannin g methods .  Als o discusse d ar e a  numbe r  o f  th e method s observe d i n th e 
machinist' s  plannin g behavio r  tha t  coul d b e applie d t o othe r  plannin g domain s t o improv e 
performance . 

Machinin g i s th e ar t  o f  producin g meta l  part s usin g a  variet y o f  powe r  tool s t o shap e metal . 
I t  i s  a  highl y skille d tas k requirin g 1 0 t o 1 5 year s t o becom e accomplished .  Exper t  machinist s 
ar e a n importan t  resourc e fo r  almos t  al l  manufacturin g industries ,  bu t  ther e ar e relativel y fe w 
highl y experience d ones . 

TTi e dat a wer e gathere d fro m a  serie s o f  twent y si x verba l  protocol s ove r  a  yea r  an d a  half . 
T wo subject s wit h mor e tha n 1 5 year s experienc e wer e studied .  Protocol s o f  th e machinist s 
behavio r  wit h a  mor e detaile d analysi s ar e discusse d i n (Hayes ,  1987a) .  Th e implementatio n o f 
th e program ,  a  mor e extensiv e discussio n o f  it' s  performance ,  an d a  synopsi s o f  wor k tha t  thi s 
researc h i s base d o n ar e include d i n (Hayes ,  1987b; . 

INTERACTIONS MAKE THE PROBLEM DIFFICULT 

A maior problem that machinists confront in planning is "interactions" between the different 
"features '  tha t  ar e cu t  int o th e part .  Feature s ar e th e individua l  geometri c shape s tha t  ar e cu t 
int o a  bloc k o f  metal .  Featur e interaction s happe n whe n cuttin g on e collectio n o f  feature s 
affect s th e wa y i n whic h other s ca n b e made .  Th e difficult y i n m a k m g a  pla n i s t o find  a n orde r 
i n whic h non e o f  th e feature s interfere s to o seriousl y wit h producin g th e others . 

Most  commonly ,  featur e interaction s ar e cause d b y clampin g problems ;  producin g on e 
featur e destroy s th e clampin g surface s neede d t o gri p th e piec e whil e cuttin g anome r  feature .  A 
featur e interactio n i s show n i n figur e 1 .  Th e piec e ha s tw o feature s o n it :  a n angl e an d a  slot .  I f 
th e angl e i s mad e firs t  i t  i s  difficul t  t o clam p th e piec e s o tha t  th e slo t  ca n b e cut .  Th e righ t  han d 
vic e ja w mus t  pres s o n th e angle d surface .  Thi s i s a n unstabl e situatio n becaus e th e par t  ma y b e 
force d upwar d ou t  o f  th e vise .  Th e angl e ca n b e sai d t o interac t  wit h th e slot .  A  simpl e 
reorderin g o r  th e feature s ca n avoi d thi s interaction . 

THE MACHINIST'S PLANNING METHODS 

Examples for this paper were taken from one protocol fi-om a machinist planning how to 
make th e par t  show n i n figur e 2 . 

The protoco l  showe d tha t  th e huma n plan s b y first  scannin g th e proble m specification ,  (a n 
engineenn g drawin g an d notes) ,  an d notin g cue s tha t  indicat e problem s an d featur e interactions . 
Associate d wit h eac h o f  thes e cues ,  th e machinis t  ha s a  se t  o f  restriction s tha t  wil l  hel p avoi d tha t 
proble m o r  interaction . 
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Slo t  A 

^ 

pblgm ; 

Angl e B. l 

ic e ca n no t  gri p angle d surfac e firmly . 

Figur e 1 :  Featur e Interaction :  Th e slo t  mus t  b e cu t  befor e th e angle . 

The features that drew the machinist's attention during the protocol were the large features: 
C,  A ,  an d D ,  an d th e larg e angles :  El ,  E2 ,  B l  an d B2 .  Thes e feature s ar e o f  particula r  interest , 
becaus e the y caus e th e par t  t o hav e a n irregula r  shap e an d henc e mak e clampin g difficult .  W h e n 
clampin g i s difficult ,  th e par t  ca n b e clampe d onl y i n restricted  way s t o produc e othe r  features . 

Next ,  th e machinis t  investigate d thes e attentio n attractin g feature s i n mor e detail .  H e 
explore d th e way s i n whic h eac h featur e restricte d an d affecte d others .  Durin g thi s stag e h e als o 
groupe d feature s int o set s tha t  coul d b e mad e durin g th e sam e clampin g operation .  Al l  feature s 
i n a  ̂ ou p coul d b e mad e wit h th e sam e sid e facin g up .  Groupin g make s i t  easie r  fo r  th e 
machmis t  t o pla n becaus e entir e group s ar e manipulate d a s singl e components ;  al l  restrictions  o n 
any featur e m th e grou p appl y t o th e whol e group .  Th e strateg y effectivel y reduce s th e 
complexit y o f  th e plannin g process .  Eve n so ,  th e machinis t  eventuall y foun d i t  difficul t  fo r  kee p 
trac k o f  al l  th e restriction s o n al l  th e group s a t  th e sam e time ,  s o h e dre w a  pictur e whic h i s 
represente d b y th e grap h i n figure  3 .  Thi s i s a n interactio n graph . 

Whol e group s ar e represented  b y a  singl e lette r  i n th e graph .  Fo r  instanc e "C "  represent s th e 
grou p consistin g o f  C ,  R ,  an d th e fou r  holes ;  an d "E "  represent s th e grou p El ,  E2 ,  G l ,  an d G2 . 

The orde r  restriction s represente d b y thi s interactio n grap h are :  eithe r  shoulde r  A  o r  grou p C 
can g o first  i n eithe r  order .  The n th e angle s i n grou p B  (Bl ,  B2 )  ca n b e cut ,  followe d b y th e E 
group ,  followe d b y D .  Th e number s besid e th e letter s indicat e whic h sid e mus t  fac e u p whil e tha t 
featur e grou p i s cut .  (Al l  th e side s i n figure  1  ar e give n number s fi-om  1-6) .  B  an d E  hav e n o 
number s becaus e the y ar e angles ;  th e piec e mus t  b e tilte d whe n the y ar e cut ,  s o n o sid e face s 
directl y up . 

Befor e an y o f  thes e feature s ca n b e cu t  severa l  preliminar y step s mus t  b e taken .  Typically , 
thre e orthogona l  side s ( a grou p o f  side s tha t  touc h o n on e comer )  mus t  b e machine d smoot h an d 
scjuar e t o eac h othe r  befor e a  featur e ca n b e cut .  Thi s i s s o tha t  ther e wil l  b e precisel y define d 
side s fro m whic h t o measur e featur e positions .  I f  th e side s ar e no t  accurate ,  th e featur e positio n 
wil l  no t  b e accurate . 

Thi s proces s o f  smoothin g th e side s i s know n a s squaring .  Ther e ar e stric t  rule s fo r  squarin g 
tha t  mus t  b e followe d s o tihat  th e minimu m amoun t  o f  materia l  i s  wasted ,  an d accurac y 
maintained .  Th e squarin g mle s ar e dependen t  onl y o n th e characteristic s o f  th e startin g material . 
They ar e independen t  o f  th e th e feature s t o b e cu t  s o squarin g rule s ar e relativel y invarian t  fo r  al l 
part s regardles s o f  thei r  final  shape ,  whil e o n th e othe r  hand ,  th e featur e interactio n grap h alway s 
change s fro m par t  t o part ,  eve n whe n th e final  shape s ar e ver y similar . 

The machinis t  dre w a  smal l  diagra m indicatin g th e orde r  i n whic h h e intende d t o squar e u p 
th e sides .  H e explicitl y  dre w ou t  onl y ou t  th e first  thre e squarin g step s (s o h e woul d hav e thre e 
orthogona l  sides )  an d lef t  th e other s t o b e decide d later .  Figur e 4  show s th e orde r  tha t  h e decide d 
on.  Step s i n th e horizonta l  ro w (eg .  4 ,  5 ,  6 )  ca n b e don e i n an y order .  Th e number s indicat e 
whic h sid e face s up . 

Next ,  th e squarin g grap h mus t  b e merge d a s efficientl y a s possibl e wit h th e interactio n 
graph .  Th e mor e step s tha t  ca n b e overlappe d th e bette r  becaus e th e fina l  pla n wil l  b e shorter . 
Typically ,  i f  th e sam e sid e face s u p i n tw o steps ,  the y ca n b e merged ,  providin g tha t  non e o f  th e 
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Figur e 3 :  Th e Featur e Interaction s fo r  P A R T X I 

"before" and "after" constraints of either graph are violated. Figure 5 shows the two graphs 
merged . 
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Figur e 4 :  Th e Squarin g Grap h fo r  Par t  X I 

4 D ] 

Figur e 5 :  Th e combinatio n o f  th e Interactio n Grap h an d th e Squarin g Grap h 

Lastly the plan is verified. The machinist looks over the plan and checks that there no 
interaction s wer e overlooked ,  an d tha t  th e par t  ca n b e clampe d properl y a t  eac h step .  I f  th e pla n 
does no t  pas s thi s tes t  h e ma y hav e t o g o bac k t o previou s plannm g stage s an d replan . 

The Machinis t  program ,  discusse d i n (Hayes ,  1987b )  implement s thes e steps ,  excep t  fo r  th e 
verificatio n ste p an d grouping .  Fort y nin e o f  it' s  production s identif y featur e interaction s an d 
othe r  problems .  Groupin g speed s u p th e plannin g proces s bu t  doe s no t  generall y affec t  th e 
qualit y o f  th e plan .  Verificatio n i s neede d onl y i f  interactio n i s missed ,  s o a s lon g a s th e progra m 
stay s withi n th e domai n o f  part s containin g interaction s tha t  i t  know s about ,  verificatio n w2 l  b e 
unnecessary . 

EVALUATION OF THE PROGRAM AGAINST HUMAN PERFORMANCE 

The program's performance was compared with that of four machinists at various experience 
levels :  tw o secon d yea r  apprentices ,  on e thir d yea r  apprentice ,  an d on e journeyma n wit h 5  year s 
experience .  Eac h o f  thes e subject s wa s aske d t o creat e a  machinin g pla n fo r  th e sam e serie s o f 
thre e parts .  Th e specification s fo r  th e thre e part s use d i n th e stud y a s wel l  a s a  fe w exampl e 
plan s generate d b y th e apprentices ,  ar e describe d i n (Hayes ,  1987a) . 

Thei r  resultin g plan s wer e judge d b y tw o ver y experience d machinists ,  eac h havin g mor e 
tha n 1 5 year s experience .  Th e program' s averag e performanc e wa s bette r  tha n tha t  o f  th e 
apprentice s o r  th e journeyman .  Th e averag e score s earne d b y eac h machinis t  o r  progra m ar e 
shown i n figure  6 .  I n fact ,  Machinis t  1  declare d th e program' s pla n fo r  Par t  II I  t o b e Almos t  th e 
perfec t  plan .  W h o eve r  di d thi s i s a  ma n afte r  m y ow n heart .  A s i t  turne d out ,  i n makin g th e 
pla n fo r  Par t  HI ,  th e progra m use d a  heuristi c take n fro m machinis t  1 .  Consequently ,  th e pla n 
coincide d wit h hi s ide a o f  wha t  wa s correc t  an d wa s indee d "afte r  (his )  o w n heart. "  However ,  i t 
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wasn' t  mad e b y a  man ,  bu t  a  machine . 

Performance of Apprentice Machinists and Program 

Total 5 -| 

ratin g 
points: . 

3 . 

2 . 

pla n 
qualit y 

1 -

0 - • 
2nd Yea r  2n d Yea r  3r d Yea r  5t h Yea r  Machinis t 
Appr .  B  Appr .  A  Appr .  Joumey .  Progra m 

Figur e 6 :  Averag e score s receive d b y eac h subjec t 

Judging was done in the following way: for each of the three parts there were five plans: one 
fro m eac h o f  th e fou r  youn g machinists ,  an d on e fro m th e program .  Al l  informatio n mdicatin g 
who (o r  what )  create d th e pla n wa s removed .  Independently ,  th e tw o experience d machinist s 
ordere d eac h se t  o f  five  plan s fro m bes t  t o worst .  Th e bes t  plan s wer e give n a  scor e o f  5  an d th e 
wors t  1 . 

Ther e wa s fairl y hig h agreemen t  betwee n th e tw o machinists ,  despit e a  fe w anomalies .  Th e 
Spearma n ran k correlatio n o f  thei r  judgement s i s 0.92 .  Thus ,  th e judgement s ar e quit e reliable . 

One interestin g outcom e o f  thi s tes t  wa s tha t  i t  highlighte d th e differenc e betwee n th e exper t 
machinist s an d th e novices .  Th e novice s wit h les s the n tw o year s experienc e showe d n o abilit y 
t o spo t  featvu- e interaction s eithe r  befor e o r  afte r  planning .  No t  onl y coul d the y no t  forese e th e 
problems ,  the y seeme d unabl e t o detec t  tha t  ther e wa s a  mistak e i n th e finished  plan .  I t  seeme d 
tha t  the y lacke d th e percepmal  skil l  tha t  th e exper t  ha d fo r  identifyin g featur e interactions .  Thi s 
abilit y  seem s t o b e k£ y t o th e exper t  machinist s tim e efficienc y an d accurac y i n planning . 

Additionally ,  th e novice s wit h les s tha n five  year s experienc e wer e unabl e t o mak e efficien t 
plans .  I t  wa s difficul t  enoug h fo r  the m t o mak e workin g plan s a t  all .  The y use d rot e method s fo r 
many steps .  I t  wa s no t  til l  abou t  5  year s tha t  an y o f  the m starte d t o us e mor e flexible  method s 
tha t  allowe d mor e efficienc y i n th e plans . 

CONCLUSION 

The planning steps for expert machinist are: 

1.  Orientation :  Identifie s th e ke y feature s interaction s an d make s a n estimat e o f  th e 
proble m difficulty . 

2. Exploration of Feature Interactions: Groups features and explores the ways in 
whic h the y interac t  wit h others . 

3. Integration of the Feature Interactions with a Squaring Plan: Merges feature 

interaction s wit h squarin g constraints . 

4. Elaborating and Verifying the Plan: Checks to see that the plan is correct. If 

ther e i s a n error ,  h e make s a  fix  o r  replans . 
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The Machinis t  progra m implement s thi s metho d an d produce s plan s tha t  expert s judge d t o 
be comparabl e o r  bette r  tha n thos e o f  a  5  yea r  journeyman .  Th e plan s ar e ver y simila r  m for m t o 
thos e tha t  exper t  machinist s produce .  Thi s stud y als o showe d tha t  plannin g method s o f  expert s 
wer e ver y differen t  tha n thos e o f  novices :  novice s ha d neithe r  th e experts '  abilit y  t o forese e 
problem s no r  thei r  flexibilit y  i n planning . 

The machinist' s  metho d o f  usin g pattem s t o spo t  problem s firs t  an d pla n aroun d the m ha s 
potentia l  fo r  improvin g plannin g efficienc y i n othe r  exper t  domains .  Otne r  behavior s see n i n 
machinist s behavio r  tha t  coul d b e applie d t o othe r  domain s are :  grouping ,  t o cu t  dow n 
complexit y o f  th e pla n space ;  an d calculatin g th e varyin g constraint s (feature s interactions ) 
separatel y fro m th e invanan t  constraint s (squaring )  an d latte r  mergin g them .  Thi s techniqu e 
simplifie s plannin g b y dividin g th e proble m nicel y mt o tw o relativel y independen t  sub-problems . 
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Abstract 

This paper addresses part of the question "how do we say the same thing in different ways 
i n orde r  t o communicat e non-literal ,  pragmati c information?" .  Sinc e th e styl e o f  th e tex t  ca n 
communicat e muc h informatio n — i t  ma y b e stuffy ,  slangy ,  priss y — generator s tha t  see k 
t o satisf y pragmatic ,  hearer-relate d goal s i n additio n t o simpl e informativ e one s mus t  hav e 
rule s tha t  contro l  ho w an d whe n differen t  style s ar e used .  Bu t  wha t  i s  "style "  ?  I n thi s paper , 
forma l  an d informa l  languag e i s analyse d t o provid e stylisti c  rule s tha t  enabl e a  progra m t o 
produc e text s o f  variou s level s o f  formahty . 

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

When we produce language, we ttiilor our text to the hearer and to the situation. This enables us 

t o communicat e mor e informatio n tha n i s containe d i n th e litera l  meaning s o f  ou r  words ;  indeed , 

th e additiona l  informatio n ofte n hzt s a  stronge r  effec t  o n th e heare r  tha n th e litera l  conten t  has . 

Thi s informatio n i s carrie d b y bot h th e conten t  jm d th e for m o f  th e text .  A s speaker s an d hearers , 

we associat e variou s interpretation s o f  th e speaker ,  hi s goals ,  th e hearer ,  an d th e conversationa l 

circumstances ,  wit h th e variou s way s o f  expressin g a  singl e underlyin g iac t  o r  idea . 

The leve l  o f  formalit y o f  tex t  i s  on e o f  th e stronges t  carrier s o f  additiona l  information .  Thi s 

leve l  reflect s th e leve l  o f  formalit y o f  th e conversationa l  settin g (fo r  instance ,  a  buria l  o r  a  party ) 

and o f  th e interpersona l  distanc e betwee n th e interlocutors .  Bu t  wha t  doe s i t  mea n fo r  languag e 

t o "see m relaxed "  o r  t o "b e formal" ? N o singl e ite m i n th e languag e define s th e leve l  o f  formality ; 

rather ,  tex t  seem s t o contai n a  numbe r  o f  littl e clue s tha t  cumulativel y creat e a  certai n impression . 

What  ar e thes e littl e clues ? Wher e d o the y appea r  i n languag e an d ho w d o w e decid e t o us e them ? 

To answe r  thi s question ,  handbook s o f  writin g ar e o f  littl e use :  typically ,  the y describ e style s 

i n term s o f  th e characteristic s o f  complet e paragraph s o f  tex t  (see ,  say ,  [Bir k i c Bir k 65 ]  an d [Hil l 

1892]) ,  whic h i s no t  usefu l  fo r  a  practical ,  generator-oriente d approach .  Instead ,  a  functiona l 

approac h i s t o describ e style s i n term s o f  th e decision s a  generato r  ha s t o make :  decision s suc h 

as sentenc e content ,  claus e orde r  an d content ,  an d wor d selection . 

T̂hi s pape r  wa s writte n whil e th e autho r  wa s a t  Yal e Universit y CTompute r  Scienc e Department ,  215 8 Yal e 
Station ,  Ne w Haven ,  C T 06520-2158 ,  U.S.A .  Thi s wor k wa s supporte d i n par t  b y th e Advance d Researc h Project s 
Agency monitore d b y th e Offic e o f  Nava l  Researc h unde r  contrac t  N00014-82-K-0149 .  Th e wor k wa s als o supporte d 
by AFOSR contrac t  r49620-87-C-0005 . 
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2 F o r m a l i t y 

The level of textual formality is probably the pre-eminent stylistic aspect; it comes into play along 
th e whol e rang e o f  generato r  decision s (fro m th e initia l  sentenc e topi c selectio n an d organizatio n 
down t o th e final  wor d selection) .  Al l  languag e user s hav e rule s fo r  makin g thei r  tex t  mor e o r 
les s formal .  Th e bes t  wa y t o illustrat e thes e rule s i s t o dissec t  a  piec e o f  text : 

Yesterday, December 7, 1941 — a date which will live in ialamy — the United St&tea 

of  Americ d wa s suddenl y an d deliberatel y attacke d b y nava l  an d ai r  force s o f  th e Empir e o f 

Japan . 

The Unite d State s wa s a t  peac e wit h tha t  natio n and ,  a t  tli e solicitatio n o f  Japan ,  wa s stil l 

i n conversatio n wit h it s Governmen t  an d it s Empero r  lookin g forwar d t o th e maintenanc e o f 

peac e i n th e PaciEc . 

Indeed, one hour after Japanese air squadrons had commenced bombing Oabu, the 

Japanes e Ambassado r  t o th e Unite d State s an d hi s colleagu e delivere d t o th e Secretar y o f 

Stat e a  forma l  repl y t o a  recen t  America n message .  Whil e thi s repl y state d tha t  i t  seeme d 

useles s t o continu e th e existin g diplomati c negotiations ,  i t  containe d n o threa t  o r  hin t  o f  wa r 

or  arme d attack . 

I t  wil l  b e recorde d tha t  th e distanc e o f  Hawai i  fro m Japa n make s i t  obviou s tha t  th e attetc k 

was deliberatel y pianne d man y day s o r  eve n week s ago .  Durin g th e intervenin g time ,  th e 

Japanes e Governmen t  ha s deliberatel y sough t  t o deceiv e th e Unite d State s b y fals e statement s 

and expression s o f  hop e fo r  continue d peace . 

["W e Wil l  Gai n th e Inevitabl e TViump h — S o Hel p U s God" ,  wa r  addres s b y F.D .  Roosevel t 

t o join t  sessio n o f  Congres s o f  th e Unite d States ,  Decembe r  8 ,  1941. ] 

What characteristics make this address formal? Certainly, one factor is the use of formal verbs 

an d noun s instea d o f  mor e c o m m o n ones ,  suc h a s "solicitation "  instezu l  o f  "request" .  Anothe r 

facto r  i s th e us e o f  ful l  name s an d title s instea d o f  thei r  conuno n abbreviations .  Accordingly , 

we replac e word s an d phrase s i n th e addres s b y les s forma l  equivalent s ((a )  below )  an d us e th e 

c o m m on name s fo r  entitie s (b) . 

The result, however, is definitely not informal. The sentences still seem long and involved. In 

orde r  t o simplif y them ,  w e (c )  remov e conjunction s an d multi-predicat e phrases ,  an d (d)  remov e 

adverbia l  clauses ,  o r  plac e the m towar d th e end s o f  sentences .  N o w ,  however ,  th e tex t  seem s odd ; 

fo r  example ,  phrase s suc h a s "i t  wil l  b e recorded "  d o no t  blen d wit h phrase s suc h a s "deliberatel y 

trie d t o cheat "  (introduce d b y (a)) .  T o improv e this ,  w e (e )  eliminat e th e us e o f  pzissiv e voice , 

an d (f )  refe r  t o th e involve d partie s — speaker ,  hearer ,  em d other s — directly . 

N o w som e phrase s soun d flowery  an d ou t  o f  place .  T o simplify ,  som e nominaUze d verb s ca n 

be converte d t o verb s (g) ;  nou n group s ca n b e simplifie d b y droppin g redundan t  adjective s an d 

noun s (h) ;  pronominalizatio n ca n b e incresise d (i) .  Finally ,  a  fe w finishing  touches :  simplifie d 

tense s (j) ;  colloquia l  phrase s (k) ;  complet e ehsio n o f  redundan t  word s wher e granunatica l  (1) : 

Wewercf^f) suddenly and deliberately attacked by naval and air forces of Japan n,) 

yesterday ,  DecemJie r  7 ,  194 1 g ) .  We'l l  neve r  forge t  thi s dat e (c.d.fc,< )  • 

We were(f )  a t  peace  wit h them^i) .  /and,/̂ ^  -A t  Japan' s reques t  (̂.h )  wewere(/ )  stil l 

talkin g t o (a )  thei r  (e )  Government ,  [an d it s Emperor. }  (h )  W e w s e ( j )  lookin g forwar d t o 

liaviiig(a,0 )  peac e i n tli e PaciBc . 
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[Indeed, ]  (I )  On e hou r  afte r  Japanes e ai r  aquadron B [ha Ĵ̂ j )  starte d (a )  bombin g Oabu , 

thei r  Ambassado r  ̂^ )  [an d bi a colleague](i )  gav e (g )  £!!£(/ )  Secretar y o f  Stat e a  forma l  re -

pl y t o a  recen t  message .  [Wbile j  ̂̂e )  iTbi s repl y 5aiJ(« )  tAat/(j )  They(f,i )  though t  i t  wa s (e ) 

useles s t o continu e negotiating(g) .  [ther e waa „̂)}(̂ )  But_tAcy(< )  didn't(̂ k )  [threate n or]̂ k ) 

tal k abou t  (̂ )  war .  fo r  arme d attack.){h ) 

[ffô (e,j )  that](I )  Th e distanc e o f  Hawai i  fro m Japa n make s i t  obviou s tha t 

they(f )  deliberatel y planne d (e )  th e attac k a  whil e (t )  fo r  eve n weeks ]  ̂i )  ago .  [In̂ a )  th e 

intervenin g time,](d )  Th e Japanes e Governmen t  [has](j )  deliberatel y trie d (« )  t o chea t  [„ )  M{ / ) 

bv [fals e statement s and/(i. )  pretendin g (a )  [expression s o f  hop e fo r  continued ]  ( d t o hop e fo r 

peac e i n th e mea n tim e (fc) . 

3 Rules for Creating Formal Text 

A number of texts, ranging from politicians' speeches and writings to discussions with friends, 

wer e analyze d i n th e manne r  above .  Th e transformatio n step s wer e state d a s rule s tha t  provid e 

criteri a b y whic h PAULINE *  make s appropriat e choice s a t  decisio n points .  On e o f  th e program' s 

rhetorica l  goals ,  th e goa l  controllin g formality ,  take s on e o f  th e value s bighfalutiD ,  normal ,  col -

loquial .  I n orde r  t o mak e tex t  mor e formal ,  th e progra m examine s it s option s a t  decisio n point s 

and applie s th e strategie s paraphrase d here : 

• topic inclusion: to make long sentences, select options that contedn causal, temporal, or 

othe r  relation s t o othe r  sentenc e topic s 

• topic organization: to make complex sentences, select options that are subordinated in 

relativ e clauses ;  tha t  conjoi n tw o o r  mor e sentenc e topics ;  tha t  ai e juxtapose d int o relation s 

and multi-predicat e enhance r  an d mitigato r  phrase s 

• sentence organization: make sentence seem weighty by including many adverbial clauses; 

by placin g thes e clause s towar d th e beginning s o f  sentences ;  b y buildin g paralle l  clause s 

withi n sentences ;  b y usin g passiv e voice ;  b y usin g mor e "complex "  tense s suc h a s th e perfec t 

tenses ;  b y avoidin g ellipsis ,  eve n thoug h i t  ma y b e grammatica l  (suc h a s "Jo e go t  mor e tha n 

Pet e [did]" ,  "Whe n [ I  was ]  2 0 year s old ,  I  go t  married" ) 

• clause organization: make weighty, formal clauses, by including many adjectives and 

adjectiva l  clause s i n nou n groups ;  b y doublin g noun s i n nou n group s ("Governmen t  an d 

Emperor" ,  "statement s an d expressions") ;  b y includin g man y adverb s an d stres s word s i n 

predicates ;  b y usin g long ,  forma l  phrases ;  b y nominalizin g verb s an d adverb s ("thei r  flight 

circle d th e tree "  instea d o f  "the y flew  roun d th e tree") ;  b y pronominedizin g wher e possible ; 

by no t  referrin g directl y t o th e interlocutor s o r  th e settin g 

• phrase/word choice: select formal phrases and words; avoid doubtful grammar, slang, 

an d contraction s (sa y "man "  rathe r  tha n "guy "  an d "cannot "  rathe r  tha n "can't" ) 

In contrast, by following inverted strategies, PAULINE makes its text less formal. 

'PAULIN E (Plannin g An d Utterin g Languag e I n Natura l  Environments )  i a a  generato r  progra m tha t  pro -
duce s variou s text s from a  singl e stor y representatio n unde r  variou s setting s tha t  mode l  pragmati c circumstances . 
PAULINE consist s o f  ove r  12,00 0 line s o f  T ,  a  Scheme-lik e dialec t  o f  LIS P develope d a t  Yal e University .  I t  generate s 
over  10 0 variation s o f  a  descriptio n o f  a n episod e tha t  occurre d a t  Yal e i n Apri l  198 6 (se e belo w an d [Hov y 87a , 
87b]) ,  a s wel l  a s differen t  version s o f  text s i n tw o othe r  domain s (se e [Hov y 86b] ,  [Bai n 86] ,  an d [Hov y 86a]) . 
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4 D e t e r m i n i n g A p p r o p r i a t e L e v e l s o f  F o r m a l i t y 

Knowing how to make formal text is not enough. The generator must also know when it is 

appropriate .  Sinc e th e leve l  o f  formalit y i s no t  actuall y measurable ,  i t  i s  mos t  apparen t  onl y 

when th e leve l  i s  suddenl y change d o r  i s inappropriate .  I n orde r  t o determin e th e pragmati c 

effect s o f  formality ,  then ,  th e importan t  questio n is :  wha t  doe s th e speake r  achiev e b y alterin g th e 

leve l  o f  formalit y f 

First ,  i f  yo u becom e les s formal ,  yo u signa l  a  perceive d o r  desire d decreas e i n th e interpersona l 

distanc e betwee n yoursel f  an d th e hearer .  I n an y relationship ,  th e participant s maintai n a  certai n 

distanc e (say ,  fro m intimat e t o aloof )  whic h i s mirrore d b y a  correspondin g leve l  o f  formality . 

Whic h interpersona l  distanc e correspond s t o whic h leve l  o f  formalit y depends ,  o f  course ,  o n socia l 

conventio n an d o n th e interlocutor s an d thei r  relationship ;  fo r  example ,  colloquia l  o r  informa l 

languag e i s ofte n use d t o discus s relativel y intimat e topics ,  an d mor e forma l  languag e ofte n 

indicate s tha t  yo u feel ,  o r  wis h t o feel ,  mor e distan t  tha n th e conversatio n ha d bee n implyin g 

(perhap s afte r  yo u ar e offende d o r  becom e uncomfortabl e wit h th e topic) .  Se e [Brow n &  Levinso n 

78]  o n th e us e o f  forma l  honorific s an d [Kun o 73 ]  an d [Hareid a 76 ]  o n Japanes e deicti c honorifics . 

Second ,  i f  yo u alte r  th e leve l  o f  textua l  formaUty ,  yo u ma y pertur b th e ton e o r  atmospher e 

of  th e conversation .  Sinc e th e conversationa l  atmospher e i s als o mirrore d b y textua l  formality , 

a seriou s conversatio n ( a buria l  speec h o r  a  conferenc e talk )  require s mor e formalit y tha n a n 

everyda y conversatio n ( a repor t  t o th e famil y o f  th e day' s events) .  A n inappropriat e leve l  o f 

formalit y ca n aSec t  th e hearer' s emotio n towar d you :  i f  yo u ar e to o informal ,  yo u ma y see m 

cheek y o r  irreverent ;  i f  yo u ar e to o distant ,  yo u ma y see m snoot y o r  cold .  A  larg e amoun t  o f 

wor k b y sociologists ,  anthropologists ,  an d psycholinguist s describe s th e characteristic s o f  variou s 

setting s an d th e appropriat e level s o f  formalit y i n variou s culture s (see ,  fo r  example ,  [Irvin e 79 ] 

and [Atkinso n 82 ]  o n forma l  events ;  [Good y 78 ]  an d [R .  Lakof f  77 ]  o n politeness) . 

Based o n thes e considerations ,  afte r  P A U L I N E i s give n value s fo r  th e parameter s tha t  char -

acteriz e th e conversationa l  setting ,  th e speaker ,  an d th e heare r  (i n boldface) ,  i t  use s th e followin g 

rule s t o activat e it s rhetorica l  goa l  o f  formality : 

1. set the rhetorical goal of formality to 

• colloquial when the depth of acquaintance is marked friends, or when the relative 

socia l  statu s i s marke d equal s i n a n atmospher e (tone )  marke d informa l 

•  norma /  whe n th e dept h o f  acquaintanc e i s meirke d acquaintance s 

•  bigbfaluti n whe n th e dept h o f  acquaintanc e i s marke d stranger s 

2. then, reset the goal value one step toward colloquial if desired effect on interpersonal 

distanc e i s mztrke d clos e o r  i f  ton e i s marke d informa l 

3. or reset the goal value one step toward bigbfalutin if desired effect on interpersonal 

distanc e i s marke d distan t  o r  i f  ton e i s marke d forma l 

4. and invert the value if desired effect on hearer^s emotion to'ward speaker is mzu-ked 

dislik e o r  i f  desire d effec t  o n hearer^ s emotiona l  stat e i s marke d angr y 

962 



5 T h e R u l e s a t  W o r k 

P A U L I NE use s thes e rule s t o produc e th e followin g tw o text s whe n i t  i s  bein g bigbfaJuti n (say , 

writin g fo r  a  newspaper )  an d colloquia l  (say ,  talkin g t o a  friend) .  (Thi s episod e i s represente d 

i n a  property-inheritanc e networ k suc h a s describe d i n [Charniak ,  Riesbec k &  McDermot t  80 ] 

usin g element s base d o n Conceptua l  Dependenc y (se e [Schan k 82 ]  an d [Schan k i i  Abelso n 77]) . 

Approximatel y 13 0 representatio n element s denot e th e events ,  actors ,  locations ,  props ,  an d thei r 

relationship s (temporal ,  intergoal ,  causjil ,  etc.). ) 

H IGHFALUTI N 

[I N EARLY APRIL] . 

A SHANTYTOWK — NAMED WINNI E 
MANDELA CIT Y ~ 
[WAS [ERECTED]  BY] 
[SEVERAL]  STUDENTS 
ON BEINECKE PLAZA. 

[S O THAT ] 

YALE UNIVERSIT Y WOULD [DIVES T 
FROM]  COMPANIES DOIN G 
BUSINESS I N ̂ OUT H AFRICA . 

[LATER.  A T 6:3 0 A M ON APRI L 14] . 
THE SHANTYTOWN [WA S DESTROYED] 
BY OFFICIALS ; 
[ALSO.  A T THA T TIME. ]  TH E 
POLICE ARRESTED 7 6 STUDENTS. 

SEVERAL LOCAL POLITICIAN S AN D 
FACULTY MEMBERS [EXPRESSED 
CRITICISM ]  O F [YALE'S ]  ACTION . 

[FINALLY] , 
YALE [GAVE ]  TH E STUDENTS 
[PERMISSION]  T O [REASSEMBLE] 
THE SHANTYTOWN THERE 
[AND.  CONCURRENTLY]. 
THE UNIVERSIT Y [ANNOUNCED] 
THAT A  COMMISSION WOULD 
GO T O SOUTH AFRIC A I N JUL Y 
TO [INVESTIGATE ]  TH E SYSTEM 
OF APARTHEID. 

COLLOQUIAL 

[  ] 
STUDENTS [PUT ] 
A SHANTYTOWN.  [  ]  WINNI E 
MANDELA CITY .  U P 

[ON BEINECK E P U Z A ] 
[I N EARL Y APRIL] . 

THE STUDENTS WANTED 
YALE UNIVERSIT Y T O [PUL L THEI R 
MONEY OUT OF ]  COMPANIES DOIN G 
BUSINESS I N SOUTH AFRICA . 

[  ] 
OFFICIAL S [TOR E [IT ]  DOWN] 
AT 6:3 0 A M ON APRI L 14 . 
[AND]  TH E 
POLICE ARRESTED 7 6 STUDENTS. 

SEVERAL LOCAL POLITICIAN S AN D 
FACULTY MEMBERS [CRITICIZED ] 
THE [  ]  ACTION . 

[LATER. ] 
YALE [ALLOWED]  TH E STUDENTS 
TO [PU T [IT ]  UP ] 
THERE [AGAIN] . 
[  ] 
THE UNIVERSIT Y [SAID ] 
THAT A  COMMISSION WOULD 
GO T O SOUTH AFRIC A I N JUL Y 
TO [STUDY]  THE SYSTEM OF 
APARTHEID. 

Decisio n T y p e 

claus e positio n 
ver b formalit y 
ellipsi s 

mode,  ver b formalit y 
adjectiv e inclusio n 
claus e positio n 

conjunctio n 

ver b formalit y 

claus e positio n 
mode,  ver b formalit y 

conjunctio n 

ver b formalit y 
adjectiv e inclusio n 

wor d formalit y 
ver b formalit y 
ver b formalit y 

conjunctio n 
ver b formalit y 

ver b formalit y 
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ittstract 

On-line processing of inflected spoken words was examined using 
phoneme-monitorin g R T t o followin g targets .  Plura l  an d singula r  noun s 
followe d context s tha t  require d plural s (e.g. ,  A  doze n bagels/bage l  tumble d 
... )  o r  wer e neutra l  (e.g. .  Th e froze n bagels/bage l  tumble d ... )  .  Relativ e 
t o th e neutra l  contexts ,  recognitio n o f  congruen t  plura l  novin s wa s 
facilitated ,  an d recognitio n o f  incongruen t  singula r  noun s wa s disrupted . 

Intxxxiuction 

The research reported in this paper investigates how inflected words 
ar e recognize d an d understoo d i n spoke n sentences .  Thi s lin e o f 
investigatio n aim s t o mak e u p fo r  th e relativ e neglec t  o f  tw o relate d topic s 
i n th e stud y o f  spoke n wor d recognition ,  th e recognitio n o f  inflecte d an d 
derive d forms ,  an d th e processin g o f  grammatica l  (syntactic )  structure . 

Recent research on spoken language processing has focussed on the 
contributio n o f  precedin g context ,  a  focu s whic h ha s prove d t o b e a  fruitfu l 
strategy ,  bot h theoreticall y an d methodologically .  Borrowin g fro m thi s 
tradition ,  th e presen t  stud y examine s th e contributio n o f  precedin g contex t 
t o th e recognitio n o f  plura l  nouns . 

The present research uses the on-line task of phoneme-monitoring in the 
same wa y tha t  Blan k an d Fos s (1978 )  use d i t  t o examin e semanti c constraints . 
They varie d th e constraint s o n a  critica l  nou n b y precedin g i t  wit h a 
relate d verb ,  adjective ,  o r  both .  The y compare d sentence s containin g 
semanticall y relate d word s wit h contro l  sentence s containin g n o relate d 
words .  Fo r  exanple ,  recognitio n o f  th e wor d "eye "  wa s measure d i n th e 
contex t  "Th e drun k winke d hi s bloodsho t  ... "  an d i n th e contex t  "Th e drun k 
conceale d hi s achin g "  Blan k an d Fos s foun d faste r  recognitio n o f  th e 
critica l  word s v^e n the y wer e precedin g b y semanticall y relate d verb s o r 
adjectives . 

Blank and Foss measured recognition of the critical words indirectly, 
by measurin g tim e t o detec t  phoneme-target s a t  th e beginnin g o f  th e 
followin g words .  I n th e sentence s above ,  th e targe t  wa s /p /  i n th e wor d 
"probably. "  Th e reasonin g behin d thi s on-lin e measur e i s tha t  a  respons e t o 
a word-initia l  targe t  depend s o n recognizin g tha t  th e targe t  soun d begin s a 
word ,  whic h i n tur n iitplie s tha t  th e en d o f  th e previou s wor d ha s bee n 
recognized .  Faste r  recognitio n o f  th e precedin g (critical )  wor d woul d 
resul t  i n faste r  detectio n o f  th e word-initia l  targe t  phoneme .  Delaye d 
recognitio n o f  th e critica l  wor d woul d dela y detectio n o f  th e target . 

The present study examines a local and specific grammatical constraint: 
th e dependenc y betwee n th e initia l  par t  o f  a  nou n phrase ,  an d th e for m o f 
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th e noun .  Ther e ar e som e common grammatica l  construction s i n Englis h tha t 
requir e th e plura l  (inflected )  for m o f  a  noun ,  an d other s tha t  d o no t 
incorporat e thi s constraint .  We refe r  t o thi s sourc e o f  constrain t  a s 
grammatica l  t o enphasiz e tha t  th e constrain t  i s  o n th e for m o f  th e word , 
rathe r  tha n o n it s semanti c content .  Whethe r  i t  i s  a  purel y syntacti c 
constrain t  i s  a  proble m vdiic h w e wil l  ignor e fo r  th e present . 

There are two possible ways of showing an effect of context on the 
processin g o f  inflecte d words .  On e i s t o sho w tha t  th e violatio n o f 
structura l  constraint s cause s disruptio n o r  slowin g o f  recognition ,  relativ e 
t o a  conditio n vdiic h obey s th e constraints .  A  secon d i s t o sho w tha t  th e 
availabilit y  o f  additiona l  constraint s speed s o r  facilitate s recognitio n o f 
th e inflecte d forms .  Th e presen t  stud y look s fo r  bot h disruptiv e an d 
facilitativ e effects .  I t  woul d no t  b e surprisin g t o fin d tha t  grammaticall y 
incongruou s word s produce d som e d isnpt io n o f  sentenc e processing .  I t  woul d 
b e mor e unusual ,  an d therefor e interesting ,  t o fin d tha t  a  mor e constrainin g 
grammatica l  contex t  lead s t o faste r  recognitio n tha n a  les s constraining , 
bu t  nonetheles s appropriat e context .  T o ou r  knowledge ,  n o on e ha s 
demonstrate d suc h a  grammatica l  contex t  effect . 

In the present experiment, recognition of the nouns was assessed by 
measurin g phonene-monitorin g R T t o target s a t  th e beginnin g o f  th e word s 
immediatel y afte r  th e critica l  nouns ,  a s i n Blan k an d Foss '  (1978 )  study . 
Thi s indirec t  measxor e wa s chose n becaus e thi s paradig m i s mos t  likel y t o 
revea l  effect s o n processin g o f  th e en d o f  th e critica l  word . 

There were four conditions in the present study, vdiich resulted from 
th e coribinatio n o f  tw o context s an d tw o form s o f  th e critica l  noun ,  plura l 
an d singular .  I n on e context ,  th e firs t  par t  o f  th e critica l  nou n phras e 
containe d a  quantifier ,  numbe r  o r  othe r  wor d tha t  require s th e followin g 
nou n t o b e plural ;  fo r  exanple ,  "many, "  "three, "  an d "various. "  Thi s contex t 
i s  calle d th e Predicts-plura l  context .  I n th e secon d context ,  th e 
introductor y word s wer e one s tha t  coul d b e followe d b y eithe r  a  plura l  o r 
singula r  noun ;  fo r  exanple ,  "the, "  "his. "  Thi s contex t  i s  referre d t o a s 
th e Neutra l  context .  I n eac h context ,  th e critica l  noiji n wa s eithe r  plura l  o r 
singular .  Fou r  version s o f  on e sentenc e fro m th e ejqperimen t  ar e show n 
below ,  wit h th e targe t  phonem e underlined . 

Neutral context, plural noun: 
The froze n bagel s tumble d ou t  o f  th e ba g vdie n sh e droppe d it . 

Predicts-plural context, plural noun: 
A doze n bagel s tumble d ou t  o f  th e ba g whe n sh e droppe d it . 

Neutral context, singular noun: 
The froze n bage l  tumble d ou t  o f  th e ba g v*ie n sh e droppe d it . 

Predicts-plural context, singular noun: 
A doze n bage l  tumble d ou t  o f  th e ba g v*ie n sh e droppe d it . 

For plural nouns, a corparison between the Predicts-plural context and 
th e Neutra l  contex t  ask s v^ethe r  ther e i s facilitatio n du e t o greate r 
constrain t  o n th e inflecte d form .  Fo r  singula r  nouns ,  a  coirpariso n betwee n 
th e Neutra l  contex t  an d th e Predicts-plura l  context ,  v îer e a  singula r  nou n 
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i s  inappropriate /  reveal s viiethe r  a  violatio n o f  thi s grammatica l  constrain t 
disnjpt s on-lin e processin g o f  th e sentence .  I n thi s se t  o f  ccxtparisons / 
phoneme-monitorin g RT s i n th e sam e phoneti c contex t  ar e conpared . 

Method 

Materials 

There were 72 critical sentences. Each of the regular plural forms of 
Englis h wa s represented .  I n one-thir d o f  th e sentences ,  th e critica l  nou n 
too k /s /  i n it s plura l  form ;  i n anothe r  third /  th e plura l  endin g wa s / z / ; 
and i n anothe r  thir d i t  wa s /Iz/ .  Withi n eac h third /  ther e wer e equa l 
number s o f  one ,  two ,  an d thre e syllabl e nouns .  Th e targe t  phoneme s wer e th e 
si x sto p (plosive )  consonants :  /b/ ,  /d/ /  Iql ,  /•£>/ ,  /t/ ,  an d /k/ . 

The critical sentences were randomly assigned to fixed serial positions 
on a  list .  Fou r  list s wer e prepare d fo r  recording .  Onl y on e versio n o f 
eac h sentenc e occurre d o n a  list ,  s o tha t  eac h subjec t  woul d hea r  onl y on e 
versio n o f  eac h sentence .  Eac h lis t  containe d a n equa l  numbe r  o f  th e fou r 
versions ,  a s wel l  a s equa l  number s o f  th e thre e type s o f  plurals ,  an d o f 
one ,  two ,  an d thre e syllabl e nouns . 

In addition to the critical sentences, there were filler sentences of 
tw o types .  Some containe d targe t  phonemes ,  place d o n noun s an d adjective s 
fo r  variety .  Othe r  filler s ha d n o targets .  Ther e wer e twenty-eigh t 
fillers ,  fo r  a  tota l  o f  10 0 sentence s pe r  list .  Th e sentence s wer e divide d 
int o 5  block s o f  2 0 sentences .  Ead i  lis t  bega n wit h fou r  fillers ,  an d eac h 
bloc k bega n wit h a  filler . 

A female speaker recorded the sentences on one channel of a tape. Each 
sentenc e tria l  consiste d o f  th e wor d "Ready "  followe d b y a  specificatio n o f 
th e targe t  phonem e fo r  tha t  sentence ,  fo r  exampl e "/b /  a s i n Bob, "  the n th e 
sentence .  Click s wer e place d o n th e secon d channel ,  coinciden t  wit h th e sto p 
burst s o f  th e targets .  Th e clicks ,  v*iic h wer e inaudibl e t o subjects , 
starte d th e recordin g o f  R T b y a n Appl e microcorrputer .  Afte r  250 0 msec ,  th e 
tria l  wa s terminated . 

Procedure 

Subjects were tested individually. They were given four practice 
sentences .  Subject s wer e warne d t o pa y clos e attentio n t o th e meanin g o f  th e 
sentences ,  sinc e the y woul d receiv e a  comprehensio n tes t  afterwards .  Th e 
tes t  wa s a  recognitio n memor y tes t  fo r  th e fillers . 

Subjects 

Subjects were students at the University of Wisconsin-Madison. They 
participate d fo r  pay ,  o r  fo r  extr a cours e credit .  Fift y si x subject s wer e 
tested . 

Results 

Only data from subjects who scored 75% or better on the comprehension 
tes t  wer e include d i n th e analysi s o f  phoneme-monitorin g RTs .  Thi s 
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criterio n exlude d 4  subjects ,  leavin g 1 3 subject s v*i o hear d eac h tape . 

For each subject, a mean RT for each of the four conditions was 
calculated .  Fo r  eac h versio n o f  th e critica l  sentences ,  a  mea n reactio n 
tim e wa s calculated .  Th e subjec t  an d ite n mean s wer e analyse d i n tw o 
separat e analyse s o f  variance ,  v*ios e factor s wer e th e natur e o f  th e 
precedin g context ,  an d th e natur e o f  th e nou n precedin g th e phonem e target . 
The tabl e belo w present s th e overal l  mean s fo r  th e fou r  conditions ,  average d 
ove r  th e 7 2 sentences . 

Table 1 
Mean Phonane-monitorin g RT s (i n msec )  t o target s afte r  critica l  nouns . 

Critica l  Nou n 
Plura l 
Singula r 

Precedin g Contex t 
Predict s Plura l  Neutra l 

514 55 8 
55 2 53 4 

The firs t  ro w i n th e tabl e show s tha t  th e monitorin g tim e t o target s 
followin g plura l  noun s i s faste r  i n context s tha t  predic t  plural s tha n i n 
context s tha t  allo w singula r  an d plura l  nouns .  Thi s resul t  indicate s tha t 
recognitio n o f  th e inflecte d for m i s facilitate d i n a  constrainin g context , 
relativ e t o a  les s constrainin g context .  Th e secon d ro w o f  th e tabl e show s 
tha t  averag e monitorin g tim e afte r  singula r  noun s i s slowe r  i n context s tha t 
requir e plura l  noun s tha n i n neutra l  contexts .  Thi s result s indicate s tha t 
recognitio n o f  th e noun s i s delaye d v*ie n the y violat e grammatica l 
constraints . 

The main result of the analyses of variance was a significant 
interactio n betwee n th e tw o factors :  F ^  (1,51 )  =  15.31 ,  p  <  .001 ;  F ^  (1,72 ) 
= 17.77 ,  p  <  .001 ;  mi n F '  (1,115 )  =  8.^2 ,  p  <  .01 .  Separat e one-wa y 
analyse s o f  varianc e wer e performe d t o ccxipar e th e Neutra l  context s an d th e 
Predicts-pliara l  contexts .  When th e critica l  noun s wer e plural ,  th e subject s 
analysi s showe d a  marginall y significan t  effec t  (F .  (1,51 )  =  3.48 ,  p  <  .07 ) 
an d th e item s analysi s showe d a  significan t  effec t  (E 2 (1/71 )  =  12.93 ,  p  < 
.001 .  When th e critica l  noun s wer e singular ,  th e subject s analysi s showe d a 
significan t  effec t  (F .  (1,51 )  =  11.76 ,  p  <  .001 )  an d th e item s analysi s 
showe d a  margina l  effec t  (F ^  d / ^ D =  3.18 ,  p  <  .08 . 

Discussion 

The results of the present e^qseriment show two effects of graimiatical 
contex t  o n th e on-lin e processin g o f  spoke n words ,  on e harmful ,  th e othe r 
beneficial .  When th e precedin g contex t  lead s th e listene r  t o expec t  th e 
plura l  for m o f  a  noun ,  an d th e ejqsectatio n i s violated ,  processin g a t  tha t 
poin t  i n th e sentenc e i s disrupted ,  cortpare d eithe r  t o processin g o f  th e 
singula r  nou n i n a  neutra l  context ,  o r  t o processin g o f  th e appropriat e 
plura l  for m i n th e sam e constrainin g context .  Th e latte r  catpariso n i s 
betwee n a  context-wor d canbinatio n tha t  violate s a  se t  o f  constraints ,  an d a 
coribinatio n tha t  satisfie s th e sam e se t  o f  constraints .  I t  i s  analogou s t o 
th e ccxrpariso n mad e i n Gurjanov ,  Lukatela ,  Lukatela ,  Savic ,  an d Turvey' s 
(1985 )  stuct y o f  inflecte d forms .  Gurjano v e t  al .  coipare d grammaticall y 

correc t  pairing s o f  possessiv e adjective s an d noun s wit h incongruou s 
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pairings /  an d foun d slowe r  recognitio n o f  th e noun s i n incongruou s contexts . 

In the present study the disnaptive effect of violating grammatical 
constraint s ca n als o b e see n relativ e t o a  neutra l  context /  a  catpariso n 
tha t  Gurjano v e t  al. /  a s wel l  a s Goodman ,  MoClelland /  an d Gihb s (1981) ,  wer e 
unabl e t o make .  Thi s effec t  migh t  hav e bee n stronge r  excep t  fo r  a  problo n 
wit h th e e3^)eriment .  Wheneve r  ther e wa s a  grammatica l  violation ,  a  phonon e 
targe t  followed .  Subject s ma y hav e bee n abl e t o anticipat e th e occurrenc e 
of  a  targe t  i n thi s condition ,  counteractin g th e d isnpt iv e effec t  somev^iat . 

The second effect of grammatical context was facilitated recognition of 
inflecte d word s i n context s tha t  predicte d plura l  forms .  Thi s conclusio n i s 
possibl e becaus e o f  th e inclusio n o f  a n appropriat e neutra l  context .  I f  th e 
context s ar e no t  reall y neutral ,  the n thi s nove l  findin g i s discredited .  A n 
alternativ e accoun t  o f  th e differenc e betwee n Predicts-plura l  an d Neutra l 
context s assume s tha t  th e neutra l  context s actuall y favo r  singula r  nou n 
continuations .  Thus ,  v*ie n a  plura l  for m follows ,  i t  i s  unexpected .  O n thi s 
accoimt ,  recognitio n o f  plura l  noun s i s slowe r  i n th e Neutra l  context s tha n 
i n th e Predicts-plura l  contexts ,  i n whic h n o es^^ectatio n ar e violated . 

The resolution of this problem remains for another experiment. If the 
neutra l  context s ar e trul y neutral ,  the n i t  shoul d b e possibl e t o conpar e 
the m t o differen t  constrainin g contexts ,  an d als o fin d facilitation .  Jus t 
as ther e ar e danonstrative s an d quantifier s tha t  requir e plurals ,  ther e ar e 
determiner s ("a" ,  "an" )  an d demonstrative s ("this" ,  "that" )  tha t  requir e 
singulars .  A n experimen t  testin g thi s predictio n i s i n progress . 

The present experiment provides an interesting demonstration of the 
effect s o f  grammatica l  contex t  o n wor d recognition .  It s broade r 
iirplication s concer n th e purpos e o f  variou s linguisti c device s an d 
properties .  Agreemen t  phencxtiena ,  suc h a s agreemen t  i n numbe r  an d gende r 
betwee n a n adjectiv e an d noun ,  ar e canmon ,  an d probabl y serv e som e purpos e 
othe r  tha n t o frustrat e foreig n languag e students .  Agreemen t  provide s 
redundancy ,  an d s o aid s i n successfu l  comnamication .  Th e presen t  result s 
sugges t  tha t  suc h grammatica l  constraint s als o confe r  a  processin g 
advantage .  Ironically ,  suc h a  processin g advantag e canno t  b e measure d i n a 
languag e wit h ful l  agreement ,  becaus e ther e i s n o neutra l  baseline . 
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Proposal -for poster session 

ANALOGICAL REASON I  NGt  "  In f  er-In- f  er-Compare "  v s 
"Infer-Apply-Test "  informatio n processin g models . 

Geometri c analog y solutio n wa s studie d a s a  -functio n o f 
systemati c variation s i n th e task s variable s use d i n th e 
generatio n an d manipulatio n o f  ite m difficulty .  Also ,  th e 
assumption s o n whic h th e tas k desig n fo r  componentia l 
analysi s ar e base d wer e tested .  Th e differen t  componentia l 
t r ia l s varie d i n th e amoun t  o f  informatio n presente d s o a s 
t o includ e redundan t  o r  no n redunda t  term s i n solutio n 
tr ia ls . 

The experimenta l  analogie s wer e systematicall y 
generate d i n term s o f  th e numbe r  o f  transformations ,  type s 
of  dimensiona l  changes ,  true-fals e counterpart s an d zero-tw o 
precuein g trials/fou r  term s (redundant)-tw o term s (no n 
redundant )  solutio n tr ials .  Analogie s wit h tw o an d thre e 
transformation s presente d solutio n time s tha t  wer e close r  t o 
th e dimensiona l  chang e whic h showe d th e highes t  difficult y 
leve l  i n problem s wit h on e transformation .  Thi s complexit y 
graduatio n di d no t  alway s correpon d t o forme r  prediction s 
formulate d i n functio n o f  th e numbe r  o f  transformations . 
Attr ibut e salienc e ma y probabl y influenc e th e eas e wit h 
whic h certai n dimension s ar e encode d an d late r  processed . 
Thes e result s emphasiz e th e importanc e o f  takin g i n 
consideratio n th e informatio n whic h ha s t o b e execute d b y 
th e differen t  operation s include d i n processin g model s o f 
geometri c analogies .  Analysi s o f  solutio n trial s wit h 
redundan t  an d no n redundan t  term s sugges t  tha t  additiona l 
processin g mechanism s shoul d b e considere d i f  al l  analogica l 
term s ar e include d i n th e desig n o f  thes e secon d trials .  Th e 
result s foun d i n th e no n redundan t  conditio n corroborate d 
Evans '  prediction s o n th e processin g duration s o f  th e 
operat ion s execute d o n th e secon d pai r  o f  analogica l  terms . 

Futur e researc h shoul d futhe r  explor e th e circumstance s 
unde r  whic h informatio n reprsentatio n migh t  improv e 
processin g abil it y  i n additio n t o th e dimensiona l  salienc e 
effect s o f  task s variables . 
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ANALOGICAL REASONING; "Inf er~Inf er-Cotnpare" vs 
"Infei—Apply-Test "  in-formatio n processin g models . 

Despite the extensive use of analogy items on 
intelligenc e testin g an d th e recen t  researc h don e o n th e 
natur e o f  th e processin g involve d i n analogica l  performance , 
th e principl e theoretica l  an d empirca l  analysi s o f  th e 
informatio n processe s necessar y fo r  solvin g thes e typ e o f 
problem s converg e o n tw o mai n models .  Thes e processin g 
model s hav e bee n describe d a s "infer—infer—compare "  an d 
"infer—apply-test "  an d wer e postulate d b y Evan s (1968 )  an d 
Sternber g (1977) ,  respectively .  Bot h model s relat e proces s 
executio n an d overal l  performanc e t o th e amoun t  o f 
informatio n tha t  mus t  b e processed ,  bu t  th e operation s 
include d i n th e procedur e fo r  th e secon d par t  o f  th e proble m 
ar e substantiall y  different . 

Bethe l  1-Fox ,  Lohma n an d Sno w (1984 )  suggeste d tha t 
thes e model s coul d represen t  differen t  processin g 
strategies :  constructiv e matchin g fo r  th e infer—apply-tes t 
model  an d respons e eliminatio n fo r  th e infer — infer—compar e 
model .  Althoug h i t  seem s plausibl e tha t  thes e strategie s 
migh t  b e use d i n th e solutio n processin g o f  analogica l 
problems ,  th e identificatio n o f  Evan s 'mode l  wit h a  respons e 
eliminatio n strateg y i s rathe r  questionable .  Th e respons e 
eliminatio n notio n i s Evans'artificia l  intelligenc e progra m 
i s execute d whe n th e respons e alternative s presen t  notoriou s 
difference s i n relatio n t o th e proble m ste m terms ,  an d afte r 
th e inferentia l  relation s hav e bee n processed . 

The objective s outline d i n th e presen t  stud y see k t o 
futhe r  explor e th e differen t  prediction s formulate d o n th e 
tim e consumin g duration s associate d wit h th e tw o alternativ e 
processes .  I n orde r  t o analyz e th e processin g duration s 
employe d i n th e execution s o f  eac h pai r  o f  analogica l  terms , 
th e experimenta l  tas k wa s designe d followin g Sternberg' s 
componentia l  method .  Thi s metho d divide s th e analogica l 
proble m i n tw o presentations ,  eac h requirin g successivel y 
les s processin g demands .  Tes t  trial s Ar e divide d i n tw o 
parts ,  wit h precuein g i n th e firs t  presentatio n an d solutio n 
i n th e second .  Precuein g condition s ma y includ e zero ,  one , 
tw o o r  thre e term s an d thei r  solutio n counterpart s presen t 
th e previou s informatio n plu s th e remainin g term s necessar y 
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fo r  solut ion .  I t  i s  assume d tha t  precuein g informatio n wil l 
b e use d durin g thi s tria l  an d wil l  no t  b e reexecute d durin g 
solutio n t r ia ls .  Solutio n test s tr ial s varie d th e amoun t  o f 
informatio n presente d i n orde r  t o tes t  th e forme r 
assumption . 

Als o ite m informatio n structur e researc h o n analogica l 
problem s indicat e tha t  onl y tw o mayo r  variable s -numbe r  o f 
element s an d transformations -  ar e enoug h i n th e predictio n 
of  performanc e data .  Recen t  researc h o n th e effect s o f  task s 
variable s use d i n th e manipulatio n o f  ite m difficult y showe d 
tha t  th e differen t  type s o f  transformation s shoul d als o b e 
considere d a s a n additiona l  sourc e o f  proble m complexit y 
(Whitel y Schneider ,  1981 ;  Bethel1-Fox ,  Lohma n Snow ,  1984) . 
Therefor e th e effect s o n solutio n t ime s an d erro r  rate s o f 
thre e common type s o f  dimensiona l  change s (rotation ,  siz e 
and color )  an d thei r  combinatio n i n problem s wit h tw o an d 
thre e transformation s wer e analyzed . 

The analogica l  problem s wer e generate d fro m seve n type s 
of  transformation s i n a  true—fals e presentatio n forma t  an d 
th e geometri c f igure s tha t  constitue d th e term s wer e 
counterbalance d i n eac h typ e o f  analogy .  Eac h problem a wa s 
divide d i n tw o tes t  tr ials :  precuenin g presentation s 
include d zer o o r  tw o term s an d solutio n tr ial s containe d al l 
fou r  term s o r  th e las t  pai r  .  Presentatio n rat e an d solutio n 
t im e fo r  eac h proble m wa s controlle d b y th e subject s o n a 
thre e fiel d tachistoscope .  Th e sampl e wa s constitute d b y 6 0 
psycholog y student s fro m th e Complutens e Universit y o f 
Madrid . 

The analysi s o f  solutio n tr ial s wit h redundan t 
informatio n (fou r  terms )  showe d significan t  longe r  solutio n 
t ime s tha n th e precuein g tr ials .  Thes e result s coul d sugges t 
an additiona l  reinspectio n operatio n o f  th e previou s 
presente d informatio n an d it s duratio n woul d b e confounde d 
wit h th e inference/o r  applicatio n processin g t imes .  Bu t  whe n 
solutio n tr ial s wer e analyze d i n th e no n redundan t  conditio n 
(secon d pai r  o f  terms )  a  no n significan t  differenc e wa s 
foun d betwee n tes t  tr ials .  Thes e result s favo r 
Evans'predict ion s an d indicat e a  significan t  effec t  i n 
relatio n t o th e typ e o f  componentia l  desig n use d i n solutio n 
t r ia ls .  Thi s effec t  shoul d b e considere d i n futur e 
interpretat ion s o f  componen t  duration s unde r  th e assumptio n 
of  th e differentia l  processin g demand s require d i n solutio n 
t r ia ls . 

Mhen th e dat a wa s analyze d takin g i n consideratio n onl y 
th e numbe r  o f  transformations ,  i t  wa s foun d tha t  increasin g 
th e value s o f  thi s variabl e systematicall y increase d tim e 
solutio n an d erro r  rates .  However ,  i f  solutio n tim e an d 
error s wer e analyze d i n term s o f  th e differen t  type s o f 
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trans-Formation s th e patter n o f  s-Ffect s wer e quit e different . 
Problem s wit h on e transformatio n presente d rotatio n a s th e 
highes t  difficult y dimensiona l  change ,  followe d b y change s 
i n siz e an d color .  When problem s combine d tw o o r  thre e 
transformation s th e solutim e time s wer e close r  t o th e 
dimensiona l  chang e tha t  independentl y presente d th e highes t 
difficult y level .  Thi s findin g suggest s tha t  averagin g 
solutio n t ime s i n functio n o f  th e numbe r  o f  transformation s 
i s probabl y cancelin g th e significan t  effect s o f  th e 
dimensiona l  propertie s o f  th e terms .  Thi s coul d als o impl y 
tha t  th e variabl e numbe r  o f  transformation s migh t  b e 
considere d a s a  criterio n t o facilitat e ite m difficult y 
manipulatio n provide d tha t  al l  type s o f  dimensiona l  change s 
ar e counterbalanced .  However ,  i t  i s  no t  admissibl e t o infe r 
tha t  th e significan t  difference s foun d i n solutio n t ime s an d 
error s ma y b e explaine d b y th e numbe r  o f  t ime s eac h proces s 
ha s t o b e executed .  Th e salienc e o f  th e attribute s ma y 
probabl y influenc e th e eas e wit h whic h certai n dimension s 
ar e encode d an d late r  processed .  Futur e researc h i n thi s 
are a shoul d explor e th e circumstance s unde r  whic h 
informatio n representatio n migh t  improv e processin g abil ity . 
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Abstract 

Model s o f  learnin g wor d meaning s hav e generall y assume d prio r  knowledg e o f  th e concept s t o 

whic h th e word s refer .  However ,  nove l  natura l  languag e tex t  o r  discours e ca n ofte n presen t  bot h 

unknow n concept s an d word s whic h refe r  t o thes e concepts .  Also ,  developmenta l  dat a suggest s tha t 

th e learnin g o f  word s an d thei r  concept s frequentl y occur s concurrentl y instea d o f  concep t  learnin g 

proceedin g wor d learning .  Thi s pape r  present s a n integrate d computationa l  mode l  fo r  acquirin g 

bot h wor d meaning s an d thei r  underlyin g concept s concurrently .  Thi s mode l  i s implemente d a s a 

wor d learnin g componen t  adde d t o th e CI-NLSI S explanation-base d schem a acquisitio n syste m fo r 

narrativ e understanding .  A  detaile d exampl e i s describe d i n whic h CnNHSI S learn s provisiona l 

definition s fo r  th e word s "kidnap" ,  "kidnapper" ,  an d "ransom "  a s wel l  a s a  kidnappin g schem a fro m 

a singl e narrative . 

Introduction 

Previou s computationa l  model s o f  th e acquisitio n o f  wor d meanin g [Berwick83 ,  Granger?? , 

Selfridge82 ]  hav e assume d existin g knowledg e o f  th e concep t  underlyin g th e wor d t o b e learned .  I n 

thes e models ,  wor d learnin g i s a  proces s o f  usin g .surroundin g contex t  t o establis h a n identificatio n 

betwee n a  ne w lexica l  ite m an d a  know n concept .  However ,  ne w word s ar e no t  alway s encoun -

tere d a s label s fo r  k n o w n concepts .  W h e n encounterin g a  ne w concep t  i n natura l  languag e tex t  o r 

discourse ,  i t  i s  quit e likel y tha t  on e wil l  al.s o com e acros s unknow n word s whic h refe r  t o variou s 

aspect s o f  th e ne w concept .  A  wor d learnin g mode l  whic h require s prio r  knowledg e o f  th e under -

lyin g concep t  wil l  b e unabl e t o acquir e eve n provisiona l  meaning s fo r  suc h words . 

Developmenta l  studie s sugges t  tha t  th e learnin g o f  word s an d thei r  underlyin g concept s fre -

quentl y occur s concurrently .  Hxperimenl s b y Gopni k an d Meltzof f  reveale d tha t  children' s acquisi -

tio n o f  "disappearance "  word s occurre d a t  abou t  th e sam e tim e the y learne d t o solv e object -

permanenc e task s involvin g invisibl e displacement s I(]!opnikS6] .  Fro m thi s data ,  the y conclude d 

tha t  learnin g m a y ofte n involv e "concurren t  cognitiv e an d semanti c developments ,  rathe r  tha n 

involvin g cognitiv e prerequisite s fo r  semanti c developments. "  Bowerma n [BowermanSO ]  an d Kuc -

zaj  [Kuczaj82 ]  hav e als o use d developmenta l  dat a t o argue  fo r  a n interactiv e approac h t o languag e 

and concep t  acquisition . 

Thi s pape r  describe s a n integrate d computationa l  mode l  o f  th e acquisitio n o f  wor d meaning s 

and thei r  underlyin g concepts .  Thi s approac h wa s develope d i n a n attemp t  t o ad d wor d learnin g 

abilitie s t o th e GENESI S explanation-ba.se d schem a acquisitio n syste m [Mooney85] .  Fro m a  singl e 

natura l  languag e narrative ,  th e curren t  GENESI S syste m i s abl e t o acquir e a  ne w schem a a s wel l  a s 

provisiona l  meaning s fo r  severa l  schem a relate d words . 

An Overview of Schema Acquisition in GENESIS 

GENESIS [.Mooney85 ]  i s a n explanation-base d learnin g .syste m (DeJong86 ,  ]VIilchell86 ]  whic h 

learn s a  pla n schem a fro m a  singl e instanc e b y determinin g wh y a  particula r  sequenc e o f  action s 

observe d i n a  specifi c  narrativ e allowe d th e actor s t o achiev e thei r  goals .  Durin g th e understandin g 

process .  GENESI S attempt s t o construc t  explanation s fo r  characters '  action s i n term s o f  th e goal s 

thei r  action s wer e mean t  t o achieve .  Thi s proce.s s involve s pla n an d script-base d understandin g 

'  Thi s researc h wa s supporte d b y Ih c Otlic e o f  Nava l  Researc h unde r  gran t  N-0001 4 8 6 K  0309 . 
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mechanism s lik e thos e employe d b y previou s narrativ e processin g system s [SchankSl] .  W h e n th e 

syste m observe s tha t  a  characte r  ha s achieve d a n interestin g goa l  i n a  nove l  way .  i t  generalize s th e 

compositio n o f  action s th e characte r  use d t o achiev e thi s goa l  int o a  ne w schema .  Th e generaliza -

tio n proces s (describe d i n [Mooney86] )  consist s o f  a n analysi s o f  th e causa l  mode l  o f  th e narrativ e 

whic h remove s unnecessar y detail s whil e maintainin g th e validit y o f  th e explanation .  Th e result -

in g generalize d se t  o f  action s i s the n store d a s a  ne w schem a an d use d b y th e syste m t o correctl y 

proces s narrative s whic h wer e previousl y beyon d ils-capabililies . 

I n [Ahn87] .  experimenta l  evidenc e i s presente d whic h indicate s that ,  lik e GENHSIS ,  peopl e ca n 

als o a  acquir e a  schem a b y generalizin g th e explanatio n o f  a  singl e narrative .  Afte r  readin g on e 

specifi c  instanc e o f  a  nove l  plan ,  subject s wer e abl e t o describ e th e underlyin g schem a i n abstrac t 

terms ,  generat e a  differen t  instance ,  an d correctl y answe r  question s abou t  th e genera l  schema . 

An Example of Learning Words with their Concepts 

Thi s sectio n present s a n exampl e o f  GENlfSlS '  abilit y  t o lear n wor d meaning s a s wel l  a s thei r 

correspondin g concept s fro m a  singl e example .  Firs t  th e syste m i s give n th e followin g kidnappin g 

story .  A t  thi s point ,  GHNHSI S ha s schemat a fo r  threatening ,  capturing ,  makin g bargains ,  an d a 

number  o f  othe r  action s a s wel l  a s definition s fo r  m a n y words ;  however ,  i t  doe s no t  hav e a  schem a 

fo r  kidnapping-for-ranso m no r  definition s fo r  th e word s "kidnap" ,  "kidnapper" ,  o r  "ransom" . 

Stor y 1 

Fre d i s Mary' s fathe r  an d i s a  millionairf .  Joh n approaclu d Mar y an d pointe d a  gu n a t  her .  Slj e 
was vkearin g blu e jeans .  H e tol d he r  i f  sh e di d no t  ge t  i n hi s ca r  the n h e woul d shoo t  her .  Me drov e 
her  t o hi s hote l  an d locke d lu- i  i n hi s room .  Joh n calle d Fre d an d tol d hi m Joh n wa s holdin g Mar y 
captive .  Joh n tol d Fre d i f  Fre d gav e hi m $25000 0 a t  Treno s the n Joh n uoul d releas e Mary .  Fre d 
pai d hi m th e ranso m an d th e kidnapi>e r  release d Mary .  Valeri e i s Fred' s wif e an d h e tol d he r  tha t 
someone ha d kidnappe d Mary . 

Fro m thi s singl e instance .  GENESI S learn s a  genera l  .schem a fo r  kidnapping-for-ranso m (whic h i t 

call s CaptureBargai n base d o n th e tw o mai n action s whic h compos e it )  a s wel l  a s preliminar y 

definition s fo r  "kidnapper" ,  "ransom" ,  an d "kidnap" .  A  paraphras e o f  th e CaptureBargai n schem a i s 

show n below : 

CaplureBargain(?x97.?a52.?bll,?c4,?yl5,?119 ) 

?bl l  i s  a  ixTson .  ?c 4 i s a  location .  ?x9 7 i s a  character .  ?bl l  i s  free .  ?x9 7 capture s ?bll .  ?a5 2 i s a 
character .  ?\9 7 contact s ?a5 2 an d tell s i t  tha t  ?bl l  i s  ?x97' s captive .  7yl 5 i s a  valuable .  7x9 7 
want s t o hav e ?yl 5 mor e tha n i t  want s ?b l  1  t o b e ?x97' s captive .  ?a5 2 ha s a  positiv e relationshi p 
wit h ?h l  1 .  ?a5 2 ha s ?yl5 .  7x9 7 an d ?a5 2 carr y ou t  a  bargai n i n whic h 7x9 7 release s 7bl l  an d ?a5 2 
give s 7x9 7 ?yl 5 a t  7119 . 

The provisiona l  definitio n learne d fo r  "kidnap "  i s a n actio n de.scribin g a n instanc e o f  CaptureBargai n 

wher e th e subjec t  i s  th e acto r  (?x97 )  an d th e direc t  objec t  i s  th e perso n h e capture s an d the n 

release s i n exchang e fo r  paymen t  (?bll) .  Th e definitio n conjecture d fo r  "kidnapper "  i s a  perso n 

filling  th e acto r  rol e o f  th e ne w schem a (?x97 )  an d th e definitio n fo r  "ransom "  i s a  valuabl e ite m 

give n t o thi s acto r  (?yl5) .  Thes e definition s d o no t  exactl y matc h th e standar d dictionar y 

definition s o f  thes e words ,  bu t  the y ar e reasonabl e approximation s give n thei r  us e i n thi s on e exam -

ple .  Th e lexica l  an d schemati c knowledg e acquire d fro m thi s exampl e enable s th e syste m t o subse -

quentl y explai n th e followin g storie s a s instance s o f  it s  ne w CaptureBargai n schema . 

Stor y 2 

Ted i s Alice' s husband .  A  kidnappe r  too k .A.lic e int o a  room .  Bo b go t  $7500 0 an d release d Alice . 

Stor y 3 

Ted i s .̂ lice' s husband .  Joh n too k .\lic e int o a  room .  Te d pai d Joh n th e ranso m an d Joh n release d 
Alice . 

Stor y 4 

.Stev e kidnapî e d Valerie .  Mik e wa s Valerie' s fathe r  an d pai d .Stev e $30000 . 
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Prio r  t o learning ,  GENHSI S coul d no t  conslruc l  explanation s fo r  an y o f  thes e storie s sinc e eac h on e 

require s bot h knowledg e o f  th e schem a an d a  definitio n fo r  th e appropriat e kidnap-relate d word . 

How GENESIS Learns Word Meanings 

Sinc e th e processe s fo r  learnin g rol e label s suc h a s "kidnapper "  an d "ransom "  an d tha t  fo r 

learnin g schem a label s suc h a s "kidnap "  ar e somewha t  different ,  eac h o f  thes e procedure s wil l  b e 

discusse d separately . 

learning Role Labels 

The procedur e use d t o lear n rol e label s i s simila r  t o th e techniqu e use d b y th e F O U L - U P sys -

te m [Granger?? ]  excep t  tha t  i t  i s  integrate d wit h th e schem a learnin g an d schem a activatio n 

processes .  W h e n th e parse r  ( a modifie d versio n o f  M c D Y P AR [Dyer83] )  encounter s a n unknow n 

wor d whe n ther e i s a n expectatio n fo r  a  nou n o f  som e class ,  a  d u m m y variabl e i s created ,  anno -

tate d wit h th e unknow n word ,  an d allowe d t o fill  th e expectation .  Fo r  example ,  th e phras e "Fre d 

pai d hi m th e ransom "  i n Stor y 1  i s parse d int o th e assertion :  Atran.sCPersonl,?xl,Person3 )  wher e 

?x l  i s  marke d wit h th e fac t  tha t  i t  cam e fro m th e unknow n wor d "ransom. "  I f  a n inpu t  patter n 

wit h a n unknown-wor d variabl e lik e ?x l  matche s a  patter n expecte d b y currentl y activ e schema . 

the n a  provisiona l  definitio n fo r  th e wor d i s mad e base d o n th e constraint s o n th e schem a rol e 

whic h matche s th e variable .  Fo r  example ,  i n th e "ransom "  case ,  th e previou s sentenc e i n Stor y 1 

suggeste d a  Bargai n schem a betwee n Joh n an d Fre d an d se t  u p expectation s fo r  th e tw o propose d 

actions .  Sinc e "Fre d pai d hi m th e ransom "  matche s th e expecte d actio n "Fre d give s Joh n th e 

$250000. "  an d "ransom "  fill s  th e rol e o f  th e ite m whos e possessio n i s transferred ,  a n initia l 

definitio n i s mad e fo r  "ransom "  statin g tha t  i t  i s  a  physica l  objec t  whos e possessio n i s transferre d 

durin g a  Bargain . 

However ,  thi s i s no t  th e final  definitio n create d fo r  "ransom "  sinc e a n additiona l  proces s i s per -

forme d whe n a  ne w schem a i s learned .  Eac h o f  th e sub-action s composin g a  ne w schem a i s checke d 

fo r  role s whic h ar e filled  b y unknown-wor d variable s o r  whic h wer e previousl y matche d t o suc h a 

variabl e resultin g i n a n initia l  definition .  I n eithe r  case ,  a  ne w definitio n i s create d fo r  th e unk -

n o wn wor d base d o n th e rol e i t  fills  i n th e learne d schem a an d th e schem a constraint s o n thi s role . 

Consequently ,  whe n th e CaptureBargai n schem a i s subsequentl y recognize d an d learne d fro m Stor y 

1.  i t  cause s "ransom "  t o b e redefine d a s a  valuabl e ite m who.s e possessio n i s transferre d t o th e acto r 

i n a  CaptureBargai n schem a (?yl5) .  Th e rational e fo r  havin g learne d schemat a tak e precedenc e 

when definin g suc h word s i s tha t  a  learne d schem a represent s a  ne w situatio n an d therefor e ne w 

word s ar e assume d mor e likel y t o b e directl y as.sociate d wit h i t  tha n wit h a n existin g schem a lik e 

Bargain . 

Th e provisiona l  definitio n fo r  a  rol e labe l  lik e "ransom "  contain s tw o parts .  Th e first  i s  a  se t 

of  constraint s o n th e objec t  itself ,  suc h a s a n assertio n tha t  i t  b e Valuable .  Th e secon d par t  i s  a 

suggestio n o f  th e schem a o f  whic h i t  i s  a  role .  Th e fac t  tha t  a  rol e labe l  definitio n ca n sugges t  a 

relevan t  schem a allow s GFNESI S t o us e th e definitio n t o construc t  explanation s fo r  narrative s 

whic h i t  otherwis e woul d no t  understand .  W h e n th e wor d "ran.som "  i s subsequentl y encountere d 

i n Stor y 3 .  i t  suggest s tha t  th e CaptureBargai n schem a migh t  b e relevant .  Thi s schem a i s the n use d 

i n a  top-dow n fashio n t o construc t  a n explanatio n fo r  th e text .  Sinc e n o othe r  piec e o f  informatio n 

suggest s CaptureBargain ,  th e learne d definitio n fo r  "ransom "  i s crucia l  i n understandin g thi s story . 

However ,  mos t  word s ar e no t  rol e label s lik e "kidnapper "  an d "ransom. "  Fo r  example ,  con -

side r  replacin g th e wor d "ran.som "  i n Stor y 1  wit h th e wor d "moolah. "  Sinc e th e wor d "moolah "  i s 

unknown .  G E N F S I S give s i t  a  definitio n identica l  t o th e on e i t  learne d fo r  "ransom. "  I n orde r  t o b e 

abl e t o recove r  fro m suc h mi.stakes ,  th e syste m monitor s th e .schemat a suggeste d b y newl y learne d 

words .  I f  a  ne w wor d subsequentl y suggest s a  .schem a whic h doe s no t  explai n an y futur e inputs , 

th e suggestio n i s removed .  Consequently ,  afte r  receivin g a  murder-for-inheritanc e stor y i n whic h 

th e wor d "moolah "  i s used ,  "moolah "  cease s t o sugges t  CaptureBargain . 
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I^arnin g Schem a Label s 

Learnin g meaning s fo r  verb s whic h refe r  t o entir e pla n schemat a i s a  mor e difficul t  tas k sinc e 

th e relevan t  contex t  i s  potentiall y  muc h broader .  A  sentenc e suc h a s "Joh n robbe d th e store "  m a y 

be use d t o introduc e a  lon g piec e o f  tex t  elaboratin g th e situation ,  t o succinctl y summari^j e a  previ -

ous piec e o f  text ,  o r  t o simpl y refe r  t o a  singl e actio n i n a n eve n large r  plan .  A  numbe r  o f  heuris -

tic s hav e bee n develope d whic h allo w a  reasonabl e gues s t o b e mad e regardin g th e referenc e o f  suc h 

unknow n verbs .  Th e followin g on e i s use d t o resolve *  th e meanin g o f  "kidnap "  a s use d i n Stor y 1 . 

i f  on e characte r  inform s anothe r  tha t  som e actio n occurre d an d a  schem a whos e acto r  i s  th e 

same a s thi s action' s wa s recentl y acquire d fro m th e narrative ,  an d thi s schem a als o ha s 

role s fille d b y th e speake r  an d an y direc t  an d indirec t  object s o f  th e action ,  the n assum e 

th e speake r  i s summarizin g th e even t  an d tha t  th e unknow n ac t  refer s t o th e ne w schema . 

Specifically ,  sinc e Fre d tell s hi s wif e tha t  "someon e kidnappe d Mary "  an d bot h hi m an d Mar y wer e 

participant s i n th e jus t  complete d CaptureBargai n schema ,  GENESI S assume s "kidnap "  refer s t o 

CaptureBargai n (i.e .  on e ca n summariz e th e schem a b y saying :  ?x9 7 kidnappe d ?b l  1) .  A n appropri -

at e definitio n i s the n create d fo r  "kidnap "  an d ca n b e use d t o hel p understan d Stor y 4 .  I n thi s nar -

rative ,  "Stev e kidnappe d Valerie "  i s interprete d a s describin g a n instanc e o f  CaptureBargai n i n 

whic h Stev e i s th e acto r  an d Valeri e i s th e victim .  Th e assertion s tha t  "Mik e i s Valerie' s father " 

and "Mik e pai d Stev e $30000 "  ar e the n understoo d a s part s o f  th e expansio n o f  thi s instanc e o f  Cap -

tureBargain .  Anothe r  heuristi c involve s th e mentionin g o f  a n unknow n actio n followe d b y a n ela -

boratio n whic h describe s a  nove l  schema . 

Conclusions 

Unlik e previou s approache s t o th e acquisitio n o f  wor d meanings ,  th e presen t  approac h doe s 

not  assum e prio r  knowledg e o f  th e underlyin g concepts .  Learnin g definition s fo r  ne w word s i s 

integrate d wit h a n explanation-base d concep t  learnin g mechanism .  Thi s allow s th e syste m t o lear n 

concept s an d wor d meaning s concurrently ,  whic h i s a  phenomeno n whic h ha s bee n observe d i n 

developmenta l  studies .  However ,  thi s pape r  report s onl y preliminar y wor k i n th e are a o f 

integrate d wor d learning .  Ther e ar e m a n y problem s whic h stil l  nee d t o b e addressed .  A  fe w o f 

thes e ar e liste d below . 

(1 )  Th e procedur e fo r  removin g .schem a suggestion s fro m ne w definition s i s lo o strict .  On e 

counter-exampl e shoul d no t  eliminat e a  suggestio n an d repeate d usefulnes s o f  a  suggestio n 

shoul d mak e i t  resistan t  t o elimination . 

(2 )  Morpholog y o f  unknow n word s shoul d b e considered .  A  "kidnapper "  i s clearl y th e acto r  o f  a 
"kidnapping. " 

(3 )  Mor e an d bette r  heuristic s ar e neede d fo r  determinin g whethe r  a  wor d migh t  b e a  schem a labe l 

and t o wha t  schem a i t  migh t  refer . 

(4 )  Onl y rul e label s an d schem a label s ar e considered .  M a n y word s d o no t  fal l  int o eithe r  o f  thes e 

tw o categories . 

(5 )  Onl y integratio n wit h explanation-base d learnin g i s considered .  Integratio n wit h similarity -

base d learnin g [Dietterich83 ]  shoul d als o b e examined . 

Nevertheless ,  th e curren t  wor k demonstrate s th e feasibilit y  an d usefulnes s o f  integratin g th e 

acquisitio n o f  wor d meaning s an d concepts .  Furthe r  researc h i s neede d i n bot h A I  an d psycholog y 

t o explor e th e potentia l  symbioti c relationshi p betwee n languag e an d concep t  acquisition . 
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INTRODUCTION. 

Linear (auto)associators capture the structure inherent in a set of patterns as long as the 

ensembl e o f  exampl e pattern s adhere s t o th e linea r  predictabilit y  constraint .  Conjunction s an d 

exclusive-disjunctions ,  however ,  requir e tha t  th e compoun d feature s hav e a  differen t  associativ e 

strengt h tha n th e individua l  inpu t  i n isolation .  I n general ,  i t  i s  har d t o specif y i n advanc e 

what  orde r  o f  conjunction s i s require d t o captur e th e dat a dependencies .  Th e majo r  motivatio n 

behin d th e developmen t  o f  learnin g protocol s fo r  network s wit h hidde n unit s (LeCun ,  1985 , 

1986 ;  Hinton ,  Sejnowsk i  &  Ackley ,  1984 ;  Rumelhart ,  Hinto n &  Williams ,  1985 )  i s t o discove r 

th e relationship s i n th e inpu t  automatically . 

There is a close relationship between this work and modelling the phenomena of classical 

conditioning .  There ,  th e anima l  mode l  trie s t o predic t  singl e even t  (US )  whil e th e 

(auto)associato r  must ,  i n effect ,  develo p suc h predictio n fo r  eac h individua l  vecto r  element .  I n 

bot h cases ,  th e goa l  i s  a  metho d o f  determinin g whic h feature s ar e predictiv e o f  other s an d 

distinguishin g usefu l  cue s fro m contex t  an d backgroun d noise .  Severa l  contemporar y atiima l 

learnin g theorie s handl e conjunction s an d disjunction s b y assumin g tha t  th e co-occurenc e o f 

tw o stimul i  result s i n som e n e w (external )  "resonant "  propert y bein g signalle d b y th e 

perceptua l  system .  Othe r  model s us e "interna l  resonant "  features :  n e w compoun d feature s 

(boolea n combination s o f  existin g ones )  ar e introduce d int o th e representatio n a s th e resul t  o f 

system' s predictio n failur e ((Juinqueto n &  Szdlantin ,  1983 ;  Schlimme r  &  Grjmger ,  1986) . 

Similarly ,  network s wit h hidde n unit s ca n implemen t  a n arbitrar y input/outpu t  mappin g i f 

the y hav e th e right  connection s an d larg e enoug h se t  o f  hidde n unit s (Minsk y &  Papert , 

1969) .  Fo r  example ,  t o solv e th e X O R problem ,  on e ca n ad d a  uni t  tha t  detect s th e 

conjunctio n o f  th e tw o inputs .  Thi s amount s essentiall y  t o enlargin g th e dimensionalit y o f 

th e input :  fro m th e poin t  o f  vie w o f  th e oupu t  uni t  th e hidde n uni t  i s  treate d a s anothe r 

inpu t  unit .  I n thi s sense ,  network s wit h hidde n unit s ca n b e sax6 .  t o b e discoverin g th e 

"resonant "  propertie s o f  stimulatio n (featur e combination s predictiv e o f  th e desire d outcome )  i n 

a w a y simila r  t o th e classica l  conditionin g models. ^  Th e numbe r  o f  suc h potentia l  resonsin t 

propertie s i n th e genera l  cas e o f  a  non-Hnea r  autoassociator ,  wher e th e valu e o f  a  featur e i s 

predictable ,  i n general ,  onl y fro m a  non-Unea r  combinatio n o f  value s o f  othe r  se t  o f  features , 

grow s exponentiall y  wit h th e vecto r  length ,  n .  Potentially ,  on e need s 2 M n + l )  "resonant " 

feature s fo r  th e predictio n o f  a  singl e elemen t  (i.e .  th e domai n i s th e se t  o f  al l  subsets) . 

Hidde n unit s an d recurren t  connection s are ,  i n themselves ,  o f  littl e help ,  however .  On e ha s t o 

fin d a  usefu l  w a y t o us e them .  T o illustrate ,  McClellan d &  Rumelhar t  (1986 )  attempte d t o 

implemen t  a  non-linea r  autoassociato r  fo r  th e "one-same-one "  proble m usin g hidde n unit s an d 

recurren t  connections .  T o achiev e th e require d efec t  the y ha d t o trai n th e networ k wit h al l 

possibl e completio n patterns .  Tha t  is ,  fo r  eac h patter n t o b e learne d (e.g .  Ill )  the y traine d 

th e networ k t o associat e al l  o f  th e possibl e incomplet e pattern s (11? ,  1?1 ,  ?11 )  wit h th e 

complet e (ill )  patter n (McClellan d &  Rumelhart ,  1986 ,  p.21l) .  Thi s is ,  o f  course ,  "cheating" : 

the y hav e replace d a n autoassociatio n tas k wit h a n associatio n task .  I n general ,  th e 

enumeratio n o f  al l  possibl e completion s i s impractical ;  a  dauntin g tas k fo r  eve n moderatel y 

lon g inputs . 
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W H AT C A N T H E N E T W O R KS L E A R N ? 

One rather serious disadvantage of the PDP networks with fixed length input^ is that 

th e informatio n the y acquir e i n th e cours e o f  thei r  "education "  i s no t  cumulative .  Tha t  is , 

havin g bee n taugh t  i n on e situatio n i s o f  absolutel y n o hel p i n learnin g i n a  differen t  bu t 

simila r  situation .  Ther e i s n o possibilit y  o f  transferin g th e accumulate d knowledg e t o a  n e w 

but  simila r  situation *  a s oppose d t o a  n e w bu t  simila r  inpu t  Eve n th e within-situatio n 

generalizatio n i s apparentl y difficul t  t o achieve .  Confronte d wit h n e w patterns ,  th e steepes t 

descen t  weigh t  updatin g procedure s preferentiall y  change s existing ,  alread y usefu l 

representationa l  feature s becaus e th e erro r  gradien t  (an d thu s th e weigh t  change )  i s directl y 

proportiona l  t o th e curren t  weigh t  magnitud e (Sutton ,  1986) .  Thi s protoco l  thu s destroy s wha t 

has bee n learne d previously .  I  wil l  illustrat e som e o f  thes e point s o n th e parit y problem . 

Parit y ca n b e define d i n tw o way s fo r  input s i n {0 ,  i h (i )  "th e su m o f  input s i s odd" , 

or  recursivel y a s (ii )  parity(0)-value(0 )  an d parity(n+l)-XORlparity(n),value(n+l) ]  wher e 

value(n )  i s th e valu e o f  th e n ^  inpu t  element ,  an d parityO O i s i n {0 ,  1} .  Suppos e w e hav e 

a networ k wit h wit h m inpu t  an d hidde n units ,  an d wit h a  singl e outpu t  uni t  an d teac h th e 

parit y t o th e firs t  n  input s (n<m) .  Doe s thi s "education "  hel p i n acquirin g th e parit y 

proble m o f  siz e n+ 1 (o r  n+k) ,  e.g .  doe s th e network ,  converg e sooner ? Th e answe r  i s tha t 

previou s experience s wit h th e parit y proble m o n n  input s i s o f  absolutel y n o hel p i n learnin g 

th e parit y proble m o f  large r  (o r  smaller )  size .  I n fact ,  i n non e o f  ou r  experiment s di d th e 

network ,  wit h weight s obtaine d fro m th e previou s teachin g ru n eve n converg e (a U imuse d 

input s wer e kep t  constan t  a t  th e resting ,  0.5 ,  level) .  Thi s phenomeno n i s understandabl e i n 

th e vie w o f  learnin g a s creatin g an d traversin g th e "energ y landscape "  i n th e weigh t  space : 

th e energ y minim a ar e simpl y a t  differen t  places !  Th e network s wit h hidde n unit s d o no t 

lear n n e w concepts ,  the y ar e "merely "  discoverin g dat a dependencie s (input/outpu t 

contingencies )  i n a  particula r  situation .  Similarly ,  th e classica l  conditionin g model s an d 

algorithm s fo r  learnin g logica l  formula s lear n "boolea n combinations "  o f  antecenden t  conditions , 

not  th e underlyin g concept." * 

Suppos e tha t  w e teac h a  networ k th e parit y proble m wit h 2 ,  3 ,  4 ,  - .  inputs .  W h a t  kin d 

of  computationa l  mechanis m woul d b e require d t o abstrac t  th e concep t  o f  parit y fro m suc h a 

teachin g sequence? ^  A n obviou s answe r  m a y b e tha t  on e need s anothe r  networ k tha t  see s al l 

th e weight s an d biases ,  an d h o w the y ar e bein g modifie d fro m on e instanc e o f  th e concep t  t o 

another ,  an d tha t  change s it s interna l  structur e s o tha t  w h e n a  give n situatio n arise s i t 

program s th e weigh t  distributio n o f  th e networ k appropriately .  Th e proble m wit h thi s 

approac h i s tha t  ther e i s n o guarante e o f  an y lawful l  relationshi p betwee n th e weigh t 

distribution s accros s th e variou s instance s o f  a  give n concept  Tha t  is ,  th e se t  o f  weight s fo r 

th e (n+1 )  proble m m a y no t  b e predictabl e fro m th e se t  o f  weight s fo r  th e (n-k )  problem . 

Wit h larg e enoug h numbe r  o f  unit s an d connection s (weights )  relativ e t o th e m in imu m 

necessar y fo r  th e give n task ,  Le .  wit h larg e degre e o f  freedom ,  ther e i s a  larg e numbe r  o f 

way s i n whic h a  give n se t  o f  input/outpu t  specificatio n ca n b e mappe d int o th e weigh t  space , 

ie .  th e mappin g i s one-to-many .  I n othe r  words ,  ther e i s n o guarante e tha t  th e regularitie s 

obviou s i n on e domai n will  appea r  i n th e weigh t  space .  I n addition ,  on e canno t  i n general , 

k n o w i n advanc e th e limi t  o n th e numbe r  o f  inputs. ^  A  concep t  ca n describ e a n infinit e 

number  o f  situations :  i t  ha s a  generativ e qualit y o f  a  rul e no t  capture d b y th e stimulus -

respons e association s o f  a  P D P network. ^ 
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C O N C L U S I O N. 

There are two distinct (not necccssarily related) problems: (I) how do you create/develop 

a n e w concep t  (e.g .  parity )  a s oppose d t o (H )  h o w d o yo u solv e a  particula r  proble m (e.g . 

parit y wit h n  inputs) .  A n intelligen t  agen t  shoul d (probably )  b e require d t o posse s th e abilit y 

t o solv e (n )  \isin g (I) .  Genuin e concep t  learning ,  i f  i t  ca n b e implemente d usin g connectionis t 

architecture s a t  all ,  ha s t o b e don e b y a  mechanis m tha t  monitor s th e adaptin g networ k no t 

limite d o r  constraine d b y th e numbe r  o f  inputs .  Thi s evaluativ e mechanis m mus t  b e capabl e 

of  gatherin g informatio n accros s differen t  situatio n o r  instance s o f  th e sam e concept .  I t  i s  thi s 

mechanis m tha t  woiil d lear n n e w concept s a s oppose d t o adaptin g t o th e immediac y o f  th e 

incomin g stimulation .  I t  i s  doubtful l  tha t  thi s ca n b e don e i n a  connectionis t  syste m (o f 

eithe r  th e weigh t  adjustmen t  o r  signatur e tabl e variety )  wher e al l  knowledg e i s constraine d b y 

a finit e structur e an d ther e i s n o distinctio n betwee n informatio n an d control .  Th e abilit y  t o 

construc t  an d manipulat e symboli c structure s an d procedure s seem s necessary . 
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Note s 

^Context-sensitive encoding where a code for an element depends on other elements 

correspond s t o creatio n o f  compoun d feature s o r  "resonant "  propertie s tha t  ar e impose d o n a 

sĵ stem ,  usuall y a  linea r  (auto)associator ,  fro m th e outside .  Context-sensitiv e encodin g i s 

performe d i n a n attemp t  t o achiev e linea r  separabilit y  tha t  enable s th e us e o f  a  linea r  syste m 

(whic h ha s nic e an d predictabl e "generalization "  properties) . 

^This characteristic shows the close similarity of the PDP networks to the classical 

patter n recognitio n work .  Inpu t  vector s ar e o f  fixe d length ,  i.e .  th e informatio n i s code d b y 

position ,  eac h positio n i s a  differen t  feature ,  a  differen t  (orthogonal )  dimensio n o f  a  (finit e 

dimensional )  vecto r  space .  Thus ,  ther e ca n b e n o shif t  invariancy :  010 0 i s orthogona l  t o 

0010 .  Suppos e tha t  th e inpu t  i s a  histogram .  The n < 0 1 6 0  0  0 > i s mor e simila r  t o < 0 0 

16 0  0 > tha n t o < 0 0  0  0  16 > becaus e nearb y vecto r  element s encod e simila r  values .  I n th e 

vecto r  spac e formalis m wher e th e distanc e i s equivalen t  t o th e inne r  produc t  al l  thre e ar e 

orthogona l  (i.e .  dissimilar) . 

^ o w woul d model s relyin g o n explici t  rul e generatio n handl e th e parit y concept ? The y 

woiil d en d u p wit h th e exhaustiv e enumeratio n o f  th e permissibl e combinations .  E.g. ,  fo r  th e 

2 inpu t  parit y (XOR )  problem ,  th e syste m wil l  en d u p wit h a  compoun d featur e "(( 1 an d 0 ) 

or  ( 0 an d l))" ,  an d fo r  th e 3  inpu t  situatio n i t  woul d produc e "(( 1 an d 0  an d O )  o r  ( O an d 

1 an d 0 )  o r  - - ~ . ) "  o r  perhaps ,  give n previou s experienc e wit h th e X O R problem ,  "((( l  an d O ) 

and 0 )  o r  (( 0 an d l )  an d 0 )  ) "  I t  i s  relativel y eas y t o envisag e a  concep t  formatio n 

mechanis m operatin g o n suc h rule s tha t  woul d develo p th e parit y concep t  define d b y (ii) . 

ut may be interesting to know if and how well humans and e.g. the dogs can do this, 

Len i f  the y ca n develo p a  genuin e parit y concep t  a s oppose d t o a  se t  o f  response s t o a  se t  o f 

situations .  Doe s teachin g parit y o n e.g .  2  an d 3  input s produc e generalization ,  i.e .  correc t 

respons e o n e.g .  4  inputs ? 

^Tier e ar e other ,  relate d problem s tha t  d o no t  requir e variabl e lengt h inputs : 

parametrize d concepts .  Consider ,  fo r  example ,  th e concep t  o f  negatio n (Rumelhar t  & 

McQelland ,  1986 )  o n a  vecto r  wit h fixe d length ,  N .  Th e concep t  has ,  i n it s simples t  form , 

onl y on e paramete r  th e positio n o f  th e negatio n bit .  I s ther e a  connectionis t  mechanis m tha t 

can ,  afte r  i t  learn s concep t  example s parametrize d b y th e firs t  n  inputs ,  generaliz e t o th e 

remainin g (untaught )  N- n parameters ? 

"Th e notio n o f  a  concep t  i s probabl y intimatel y relate d t o th e notio n o f  a  program :  tw o 

string s o f  differen t  lengt h ca n b e describe d b y th e sam e program ,  Unfortimately ,  th e theor y 

of  program-siz e complexit y (e.g .  Chaitin ,  1975 )  whil e relevan t  her e i s no t  constructiv e an d 

canno t  offe r  an y guidanc e i n th e constructio n o f  a  progra m fro m examples . 
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Abstract 

This paper presents a simulation of the selective deficits and the partial breakdown patterns 

characteristi c o f  th e ora l  readin g performanc e o f  dee p dyslexics .  Th e mos t  strikin g sympto m o f  dee p 

dyslexi a — usuall y considere d it s definin g characteristi c — i s th e occurrenc e i n ora l  readin g task s o f 

semanti c paralexias :  th e vocalizatio n o f  a  wor d semanticall y relate d t o a n isolated ,  printe d targe t 

word .  Th e patter n o f  simulate d paralexi c error s b y th e neura l  mode l  i s strongl y controlle d b y th e 

similarit y structur e o f  th e trainin g se t  stimul i  and ,  t o a  lesse r  extent ,  th e frequenc y o f  presentatio n o f 

stimul i  durin g learnin g b y th e model .  Thi s resul t  fit s  wel l  wit h effect s o f  stimulu s typ e o n pattern s o f 

paralexi c erro r  amon g dee p dyslexics .  Further ,  th e mode l  ver y naturall y reproduce s th e pattern s o f 

partia l  breakdow n observe d i n dee p dyslexics ,  includin g a  slo w respons e tim e (RT )  an d withi n subjec t 

variatio n o f  respons e t o a  particula r  targe t  wor d i n successiv e tes t  sessions . 

Keywords: neural models, deep dyslexia, similarity structure. 

Symptoms and characteristics of deep dyslexia 

Loss of a selected subset of cognitive skills often accompanies brain damage. Deep dyslexia 

i s a n exampl e o f  a  selectiv e symptom-comple x resultin g fro m brai n damag e i n whic h deficit s i n 

certai n ora l  readin g skill s  ten d t o co-occur .  Th e mos t  strikin g sympto m o f  dee p dyslexi a ~  usuall y 

considere d it s definin g characteristi c - -  i s  th e occurrenc e i n ora l  readin g task s o f  semanti c 

paralexias :  th e vocalizatio n o f  a  wor d semanticall y relate d t o a n isolated ,  printe d targe t  wor d 

(e.g. ,  visua l  target :  B E A R ;  ora l  response :  L ION) .  Dee p dyslexic s als o m a k e visua l  paralexias , 

error s wher e th e ora l  respons e wor d graphemicall y resemble s th e targe t  wor d (e.g. ,  visua l  target : 

B E A R;  ora l  response :  P E A R ) . 

The type of stimulus word used in oral reading tasks strongly affects the likelihood of a 

paralexi c respons e b y a  dee p dyslexic .  Shallic e an d Warringto n (1975 )  sho w tha t  noun s o f  lo w 

usag e frequenc y o r  o f  lo w concretenes s hav e a  relativel y hig h probabiht y o f  elicitin g a  paralexi c 

response ,  wit h concretenes s havin g a  stronge r  effect .  Syntacti c clas s als o ha s a n effect :  correc t 

response s ar e mos t  likel y fo r  nouns ,  wit h adjectives ,  verb s an d fimctio n word s (e.g. ,  "is," ,  "to, " 

"and" )  causin g successivel y highe r  rate s o f  paralexi c error . 

The selectivity of deep dyslexia is evident in the stimulus effects just mentioned and from the 

observatio n tha t  dee p dyslexic s ca n ofte n perfor m task s analogou s t o ora l  reading ,  bu t  involvin g 

differen t  inpu t  and/o r  outpu t  modalities ,  wit h littl e o r  n o evidenc e o f  degradatio n i n performance . 

For  example ,  som e dee p dyslexic s ca n perfor m almos t  perfectl y i n a  pictur e namin g tas k i n whic h 

th e pictur e stimul i  correspon d t o wor d stimul i  wit h whic h th e patient s mak e frequen t  paralexia s 

durin g ora l  reading .  (Patterso n &  Marcel ,  1977) . 

Deep dyslexia involves patterns of partial breakdown, patterns of a statistical rather than 

a deterministi c nature .  I n particular : 

(1 )  Respons e tim e (RT )  o f  dee p dyslexic s i n ora l  readin g task s i s slowe r  tha n fo r  th e norma l 

population .  I n addition ,  dee p dyslexic s ofte n mak e "omissions, "  i n ora l  readin g tasks ;  tha t  is ,  the y 

fai l  t o offe r  an y respons e a t  al l  t o a  printe d targe t  stimulus . 

(2 )  Intra-subjec t  respons e variation .  Conside r  a n ora l  readin g tas k i n whic h th e printe d targe t 
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stimulus "BEAR" is one of several stimuli presented in random order during a single test session. 
I n successiv e tes t  sessions ,  a  dee p dyslexi c migh t  correctl y rea d th e wor d "BEAR "  aloud ,  commi t  a 
semanti c paralexi a ("LION") ,  an d a  visua l  paralexi a ("PEAR") . 
(3 )  Inter-subjec t  respons e variation .  Tw o dee p dyslexic s ca n mak e differen t  response s t o a 
particula r  targe t  word ,  ye t  hav e simila r  statistica l  likelihood s o f  semanti c an d visua l  paralexias . 

Anderson (1983), Kawamoto (1985), and McClelland & Rumelhart (1986) have all employed 
neura l  model s t o examin e variou s characteristic s o f  brai n damage d patients .  Kawamot o 
specificall y modele d aspect s o f  dee p dyslexia .  Th e simulation s i n thi s pape r  concentrat e o n som e 
characteristic s o f  dee p dyslexi a no t  addresse d b y thes e previou s studies .  Simulation s on e throug h 
thre e sho w tha t  a  full y  traine d neura l  mode l  ca n simulat e paralexi c response s an d reproduc e th e 
pattern s o f  partia l  breakdow n jus t  described .  Simulation s thre e an d fou r  sugges t  tha t  th e 
stimulu s effect s outline d abov e tha t  underscor e th e selectiv e natur e o f  dee p dyslexi a ca n b e 
interprete d i n term s o f  th e similarit y structur e o f  wor d representatio n (se e below )  an d th e 
frequenc y wit h whic h a  wor d i s learne d b y th e model . 

The Brain-state-in-a-box (BSB) neural network model 

The BSB model (Anderson, 1983) employs a training algorithm (la) and a classification 
algorith m (lb) .  Th e algorithm s emplo y a  vecto r  o f  idealize d neura l  activitie s t o represen t 
informatio n flowin g throug h th e system .  Eac h vecto r  elemen t  ca n tak e o n a  continuou s rang e 
of  value s betwee n - 1 an d 1 ,  representin g th e minimu m an d maximu m activit y level s o f  a  neuron . 
A matri x o f  idealize d synapti c weight s inter-connectin g th e neuron s represent s informatio n 
store d withi n th e system . 

I i T ) = A f ( T ) (basic computation) 

A : matrix of synaptic weights 
f  :  vecto r  o f  neura l  activitie s 
T :  scala r  discret e tim e inde x 

A(t+1) =A(t) +7[f(T)-f*(T)]f'^ (W-H training algorithm) (la) 

T 
f  :  transpos e o f  f 
7 :  scala r  learnin g paramete r 

f(T + l) =a|af*(T) +/3f(r)] (BSB classification algorithm) (lb) 

a : scalar feedback parameter 
P :  scala r  deca y paramete r 
o :  functio n tha t  limit s activitie s t o regio n [-1,1 ] 

Training procedure. Training consists of modification of a 50 percent connected weight matrix 
"A "  b y repeate d applicatio n o f  th e Widrow-Hof f  (W-H )  trainin g algorith m (la )  wit h eac h o f  th e 
members o f  th e trainin g stimulu s se t  (se e below) .  Eac h stimulu s i s learne d a n equa l  numbe r  o f 
times ,  excep t  i n simulatio n thre e whe n learnin g frequenc y effect s ar e explicitl y  examined .  T o 
eliminat e potentia l  recenc y effect s o f  training ,  th e orde r  o f  stimulu s presentatio n i s randomize d 
and th e learnin g paramete r  i s tapere d a s trainin g near s completio n (Anderson ,  1983) .  T o ensur e 
th e robustnes s o f  training ,  nois y version s o f  th e trainin g se t  vector s ar e use d t o tes t  th e system . 
The nois e i s calculate d s o that ,  whe n adde d t o a  trainin g vecto r  t o creat e a  tes t  stimulu s vector , 
th e tes t  stimulu s i s alway s withi n a  con e aroun d th e trainin g stimulu s whos e axia l  angl e i s hal f 
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the angle between the training vector and its nearest neighbor in the training set. Training is 

terminate d whe n th e syste m classifie s fou r  set s o f  nois y trainin g se t  vector s withou t  error . 

The stimuli. A word stimulus is represented as an activity vector that specifies the system's 

initia l  state .  Th e classificatio n algorith m (lb )  iterate s th e activit y vecto r  throug h th e weigh t 

matri x unti l  th e vecto r  reache s a  corne r  i n activit y space ,  o r  unti l  unti l  a  m a x i m u m o f  9 6 

iteration s i s reached .  Thi s final  activit y vecto r  correspond s t o a  classificatio n o f  th e stimulu s 

vector .  I n al l  o f  th e simulation s considere d here ,  a  192-dimensiona l  syste m i s use d t o lear n a 

trainin g se t  o f  eigh t  normalized ,  demeane d stimuli ,  eac h pointin g t o a  differen t  corne r  i n activit y 

space .  Th e cosin e betwee n tw o activit y vector s define s thei r  similarity .  Table  1  show s th e 

similarit y structur e o f  th e trainin g set .  Eac h stimulu s vecto r  ha s a  .7 5 cosin e wit h thre e neares t 

neighbo r  stimuli ,  a  . 5 cosin e wit h on e stimulu s an d a  .37 5 cosin e wit h th e remainin g the e stimuli . 

Thi s idealize d similarit y structur e allow s fo r  quantitativ e analysi s o f  simulate d paralexia s (se e 

below )  a s a  functio n o f  wor d stimulu s similarity . 

Performanc e measure s 

RT is simulated by the iteration count in the BSB classification algorithm (lb). A final 

classificatio n b y th e syste m i s considere d a n omissio n erro r  i f  les s tha n 9 5 percen t  o f  th e neuron s 

ar e a t  thei r  m a x i m u m o r  m in imu m activit y level .  I f  a  classificatio n i s no t  a n omission ,  the n th e 

syste m respons e i s defme d a s th e trainin g se t  vecto r  t o whic h th e classificatio n i s mos t  similar .  I f 

tha t  trainin g se t  vecto r  wa s th e inpu t  stimulus ,  the n th e respons e i s considere d correct . 

Otherwise ,  th e respons e constitute s a n erroneou s classification ,  a  simulate d paralexia . 

Simulating brain damaged subjects and multiple test sessions 

Damage consists of ablation of a randomly chosen, fixed percentage of the synapses of the 

weigh t  matri x afte r  terminatio n o f  learning .  Differen t  compute r  subject s ar e simulate d usin g 

th e sam e traine d networ k wit h differen t  rando m ablations .  A  particula r  dee p dyslexi c subjec t  als o 

varie s a s t o whic h word s he/sh e make s error s o n fro m on e tes t  sessio n t o th e next .  T o allo w thi s 

patter n t o emerg e fro m th e formall y deterministi c syste m employe d i n thes e simulations ,  nois y 

version s o f  th e trainin g se t  stimul i  ar e employed ,  a s describe d i n th e sectio n o n trainin g procedure . 

Table 1. Similarity structure of training set stimuli. 

Training Training stimulus 
stimulu s 1 2 3 4 5 6 7 8 

1 
2 
3 
4 
5 
6 
7 
8 .37 5 .37 5 .37 5 . 5 .7 5 .7 5 .7 5 1 . 

985 

1. 
.7 5 
.7 5 
.7 5 

. 5 
375 
375 

.7 5 
1. 

.7 5 

.7 5 
.37 5 

. 5 
.37 5 

.7 5 
..7 5 

1, 
,7 5 

,37 5 
,37 5 

. 5 

.7 5 
75 

.7 5 
1. 

.37 5 

.37 5 

.37 5 

. 5 
.37 5 
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Simulation one: (When) are errors made by a neural model? 

Procedure. Ten Computer subjects are derived from the trained sj'Stem, with damage ranging 

fro m five  percen t  t o 9 5 percen t  synaps e ablation .  Eac h compute r  subjec t  participate s i n on e tes t 

sessio n o f  classifyin g nois y version s o f  th e trainin g se t  stimuli . 

Results. Ablation of synapses have observable effects on system dynamics as measured by 

bot h R T an d erro r  occurrence .  Figur e l a show s R T ,  average d acros s th e tes t  stimuli ,  plotte d 

agains t  proportio n o f  synaps e ablation .  R T reache s th e syste m m a x i m u m fo r  a t  leas t  som e o f  th e 

tes t  stimul i  afte r  onl y a  2 5 percen t  ablation .  Simulate d paralexia s occu r  fo r  onl y a  narro w range 

of  ablatio n level s (Figur e lb) .  Al l  response s ar e correc t  wit h 4 5 percen t  ablatio n o r  less ,  whil e 

onl y omissio n error s occu r  wit h 7 5 percen t  o r  mor e synaps e ablation . 

Discussion. The response time data corresponds well with the tendency of deep dyslexics to 

respon d mor e slowl y tha n normals .  Th e locatio n o f  th e pea k fo r  paralexi c error s a t  6 5 percen t 

ablatio n leve l  underscore s th e robus t  natur e o f  distribute d memor y storage .  Increasin g m a x i m u m 

iteratio n numbe r  doe s increas e th e numbe r  o f  paralexia s somewhat ,  bu t  th e basi c shap e o f  th e 

curve  i n Figur e l b remain s th e same .  Simulate d paralexia s hav e no t  bee n observe d wit h th e 

presen t  stimulu s se t  wit h les s tha n 5 5 percen t  ablation .  Pilo t  studie s sho w tha t  highe r  o r  lowe r 

cosine s amon g neares t  neighbor s lead s t o mor e o r  les s simulate d paralexias ,  respectively ,  give n a 

fixed  percentag e o f  ablate d synapses .  N o simulate d paralexia s coul d b e observe d a t  an y damag e 

level ,  give n presen t  operationa l  definitions ,  fo r  stimulu s set s i n whic h neares t  neighbor s ha d a 

cosin e o f  onl y .25 .  Also ,  additiona l  trainin g decrease s th e numbe r  o f  error s fo r  a  give n amoun t  o f 

damage,  bu t  th e effec t  wa s negligible . 

Simulation two: Within subject variability of error 

Procedure. This simulation tests the abihty of a computer subject with simulated brain 

damage t o giv e variabl e classification s t o th e sam e tes t  stimulu s i n successiv e tes t  sessions .  On e 
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Neura l  Mode l  o f  Dee p Dyslexi a 

Tabl e 2 .  Simulatio n 2 :  Simulate d paralexia s b y on e compute r  subjec t  i n 2 4 tes t  sessions . 

Inpu t 

stimulu s 

4 
5 

1 

0 
0 

2 

15 
0 

3 

1 
0 

4 

(3 ) 
0 

Outpu t 

5 

0 
(12 ) 

corne r 

6 

0 
0 

7 

0 
12 

8 

0 
0 

paralexia s 

16 
12 

compute r  subjec t  wit h 6 5 percen t  synaps e ablatio n perform s 2 4 tes t  session s o f  identifyin g nois y 

version s o f  th e trainin g se t  stimuli . 

Results. Table 2 shows the number and type of simulated paralexias for each test stimulus 

(omissio n error s ar e no t  included) .  N o error s occu r  fo r  6  o f  th e stimuli .  1 6 simulate d paralexia s 

ar e mad e o n stimulu s four ;  1 5 o f  the m converg e t o stimulu s tw o an d on e o f  the m t o stimulu s 

three .  1 2 simulate d paralexia s ar e mad e wit h stimulu s five,  al l  t o stimulu s seven . 

Discussion. Simulated paralexic error patterns are variable over the sessions, conforming to 

th e erro r  pattern s reporte d i n th e literatur e fo r  dee p dyslexi c patients .  O f  th e trainin g se t 

members wit h whic h simulate d paralexia s ar e made ,  neithe r  o f  the m alway s produce d error s wit h 

th e system ,  an d on e o f  the m produce d tw o differen t  type s o f  paralexias . 

Simulation three: Error patterns across computer subjects 

Procedure. This simulation examines the effect of similarity between activity vectors on the 

patter n o f  simulate d paralexia s b y compute r  subjects .  Becaus e o f  th e th e symmetri c similarit y 

structur e o f  th e trainin g set ,  paralexi c error s shoul d b e equall y likel y fo r  eac h stimulus .  O n th e 

othe r  hand ,  i f  similarit y structur e i s important ,  the n paralexi c error s shoul d b e mor e likel y t o b e 

classifie d a s nea r  neighbo r  stimuli .  2 5 compute r  subject s eac h wit h 6 5 percen t  synaps e ablatio n 

perfor m on e tes t  sessio n o f  identifyin g th e trainin g se t  stimul i  wit h n o nois e added . 

Results. Table 3 shows the distribution of simulated paralexias from and to each of the 

trainin g se t  stimuli .  Th e mos t  prominen t  characteristi c o f  thes e result s i s tha t  error s onl y 

correspon d t o neares t  neighbo r  stimuli .  Withi n set s o f  neares t  neighbor s (stimul i  on e thoug h fou r 

and stimul i  five  throug h eight ,  a s ca n b e see n b y consultin g Tabl e 1) ,  distributio n o f  error s fro m 

an d t o eac h o f  th e stimul i  i s  almos t  flat,  wit h th e exceptio n o f  stimulu s on e t o whic h mor e error s 

tende d an d fro m whic h les s error s wer e made . 

Discussion. The absence of simulated paralexias to anything but a nearest neighbor stimulus 

ca n b e interprete d a s a  tendenc y fo r  th e syste m t o mak e semanti c (a s oppose d t o random )  error s 

when damag e i s i n th e for m o f  rando m synapti c ablation .  Thi s predictio n assume s tha t 

semanticall y relate d word s ar e represente d i n memor y a s highl y correlate d pattern s o f  activation . 

Suppor t  fo r  thi s assumptio n ca n b e foun d i n th e wor k o f  Anderso n (1983 )  an d Kawamot o (1985) . 

One migh t  speculat e furthe r  tha t  noun s an d adjective s (a s oppose d t o verbs) ,  an d word s wit h 

concret e meaning s ar e represente d b y activit y pattern s relativel y isolate d fro m th e activit y 

pattern s o f  neares t  neighbo r  words .  Thi s woul d serv e a s a n explanatio n fo r  th e syntacti c clas s 

and concretenes s effect s foun d i n dee p dyslexi c ora l  readin g performance . 
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Rosse n 

Tabl e 3 .  Simulatio n 3 :  Classificatio n o f  tes t  stimul i  b y 2 5 compute r  subjects . 

Inpu t 

stimulu s 

1 
2 
3 
4 
5 
6 
7 
8 

Tot^ l  psiralexia s 

1 

20 
7 
3 
3 
0 
0 
0 
0 

13 

2 

2 
13 

2 
3 
0 
0 
0 
0 

7 

3 

1 
2 

17 
2 
0 
0 
0 
0 

5 

4 

2 
3 
3 

17 
0 
0 
0 
0 

8 

Outpu t  ( 

5 

0 
0 
0 
0 

16 
5 
4 
2 

11 

corne r 

6 

0 
0 
0 
0 
1 

16 
2 
5 

8 

7 

0 
0 
0 
0 
5 
2 

15 
3 

10 

8 

0 
0 
0 
0 
4 
2 
4 

15 

10 

paralexia s 

5 
12 

8 
8 

10 
9 

10 
10 

72 

Simulatio n four :  T h e effec t  o f  variabl e frequenc y o f  stimulu s presentatio n durin g 

training . 

Procedure, This simulation is concerned with the effects of variable frequency of stimulus 

presentatio n durin g learnin g o n th e patter n o f  simulate d paralexia s b y compute r  subjects .  Towar d 

thi s end ,  stimulu s on e i s learne d b y th e syste m thre e time s a s frequentl y a s an y o f  th e othe r 

stimuli .  Hig h frequenc y o f  presentatio n fo r  a  particula r  stimulu s cause s tha t  stimulu s t o b e 

learne d mor e quickl y tha n othe r  stimuli .  Thoug h thi s effec t  i s  mute d somewha t  b y th e erro r 

correctio n natur e o f  th e W - H learnin g algorithm ,  i t  i s  stil l  possibl e tha t  th e hig h presentatio n 

frequenc y o f  stimulu s on e durin g learnin g render s i t  mor e resistan t  t o erro r  withi n a  damage d 

system . 

A side effect of the skewed presentation frequency is that the system requires relatively more 

trainin g t o lear n al l  th e stimuli .  A s wa s mentione d i n simulatio n one ,  on e o f  th e result s o f  extr a 

trainin g i s a  sligh t  increas e i n stabiht y wit h respec t  t o damage .  Thus ,  a  7 5 percen t  ablatio n leve l 

i s  use d t o maximiz e th e numbe r  o f  simulate d paralexias .  Dat a i s gathere d fro m 10 0 compute r 

subject s tha t  eac h perfor m on e tes t  sessio n identifyin g th e trainin g se t  stimul i  wit h n o nois e added . 

Results. Table 4 shows the distribution of classification errors from and to each of the 

trainin g se t  stimuli .  A  stron g tendenc y exist s fo r  simulate d paralexia s t o converg e t o stimulu s 

one ,  th e stimulu s traine d wit h a  hig h frequenc y o f  presentation .  Conversely ,  th e compute r 

subject s ar e relativel y unlikel y t o m a k e a  simulate d paralexi a wit h stimulu s on e a s input . 

As in simulation three, no errors at adl are made to any but nearest neighbor stimuli. The 

tota l  numbe r  o f  classificatio n error s mad e o n stimul i  five  throug h eigh t  i s virtuall y equa l  t o th e 

number  m a d e wit h stimul i  on e throug h four .  N o stimulu s withi n th e se t  o f  stimul i  five  throug h 

eigh t  i s markedl y mor e o r  les s likel y t o caus e a  simulate d paralexia . 
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Neura l  Mode l  o f  Dee p Dyslexi a 

Tabl e 4 .  Simulatio n 4 :  Classificatio n o f  tes t  stimul i  b y 10 0 compute r  subjects .  Learnin g frequenc y o f 

stimulu s on e wa s tripl e tha t  o f  th e others . 

Inpu t 

stimulu s 

Outpu t  corne r 

4 5  6 8 paralexia s 

1 

2 

3 

4 

5 

6 

T 

8 

73 
20 
34 
22 

0 
0 
0 
0 

10 
49 
14 
23 

0 
0 
0 
0 

8 
11 
44 

7 
0 
0 
0 
0 

9 
20 

8 
48 

0 
0 
0 
0 

0 
0 
0 
0 

60 
11 
18 
18 

0 
0 
0 
0 

11 
56 
16 
28 

0 
0 
0 
0 

18 
15 
52 
10 

0 
0 
0 
0 

11 
18 
14 
44 

27 
51 
56 
52 
40 
44 
48 
54 

Tota l  paralexia s 76 47 26 37 47 55 42 43 373 

Discussion .  Dee p dyslexic s ten d t o mak e mor e paralexia s wit h lo w frequenc y words ; 

however ,  thi s effec t  i s  ofte n overshadowe d b y wor d concretenes s effects .  I f  wor d concretenes s ca n 

i n par t  b e interprete d a s th e degre e o f  isolatio n o f  a  word' s activit y pattern ,  the n th e result s o f 

thi s simulatio n ar e i n accordanc e wit h bot h o f  thes e findings .  Moreover ,  i n a  pilo t  stud y identica l 

t o thi s simulatio n excep t  tha t  onl y stimul i  on e throug h five  wer e learne d b y th e system ,  n o 

paralexi c error s a t  al l  wer e m a d e wit h stimulu s five,  eve n thoug h stimulu s on e ha d a  highe r 

learnin g presentatio n rate .  Thi s mode l  make s th e furthe r  predictio n tha t  whe n semanti c 

paralexia s occur ,  th e paralexi a i s likel y t o b e o f  highe r  frequenc y i n th e languag e tha n th e targe t 

word . 
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Plannin g Principle s Specifi c  t o Mutua l  Goal s 
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an d Nav y Personne l  Researc h an d Developmen t  Cente r 

Abstract 

A theor y o f  plannin g shoul d provid e a  mode l  o f  ho w plannin g knowledg e 
migh t  b e learne d an d store d i n memor y s o a s t o b e availabl e an d 
utilize d i n appropriat e situations .  Thi s pape r  present s a  conten t  theor y 
of  th e plannin g strategie s an d constraint s o n plannin g specifi c  t o join t 
plannin g situations .  Th e categorizatio n help s t o explai n wha t 
mformatio n i s relevan t  t o thi s genera l  clas s o f  plannin g problems , 
namel y goa l  pursui t  situation s wher e goal s canno t  b e satisfie d withou t 
th e participatio n o f  imothe r  planner .  Th e taxonom y o f  plannin g 
principle s presente d outline s th e commo n problem s i n mutua l  goa l 
pursui t  situations ,  an d provide s strategie s fo r  resolvin g th e problemati c 
mteractions .  Th e principle s appl y t o a  variet y o f  type s o f  mutua l  goa l 
pursui t  arrangement s suc h a s busines s partners ,  a  politica l  coalition ,  o r 
socia l  relationships . 

Variou s type s o f  plannin g principle s hav e bee n propose d t o accoun t  fo r  constraint s 
on th e plannin g proces s base d upo n th e typ e o f  goa l  pursui t  involved ;  fo r  example , 
th e characterizatio n o f  goa l  interaction s i n term s o f  whethe r  th e goal s involv e on e 
planne r  o r  mor e tha n one ,  an d whethe r  th e relationshi p betwee n th e planner s i s 
positiv e (concord )  o r  negativ e (competition )  ha s bee n propose d b y WUensk y (1983) . 
Mutua l  goa l  pursuit s pos e a  uniqu e clas s o f  plannin g problem s havin g t o d o wit h 
th e involvemen t  o f  anothe r  planne r  i n join t  operations .  Wilenslg ^  define d th e 
positiv e goa l  relationshi p betwee n tw o actor s a s "goa l  concord, "  wher e a  planne r 
has th e sam e goa l  a s someon e else ,  resultin g i n th e pla n t o accomplis h th e goa l 
together .  Th e goal s o f  differen t  planner s ca n b e mutuall y beneficial ;  suc h a  share d 
commitmen t  t o a  goa l  i s  terme d a n allianc e (Wilensky ,  1983) .  However ,  i n thi s 
pape r  I  explor e th e plannin g situatio n wher e th e mutualit y o f  goal s involve s no t 
simpl y havin g th e sam e goal s (e.g. ,  bot h partie s wan t  t o b e i n N e w York) ,  bu t 
rathe r  tha t  th e mutua l  goal s ar e join t  goal s - -  th e goal s ca n no t  b e satisfie d 
withou t  th e activ e participatio n o f  th e partne r  i n th e goal ,  an d the y involv e a 
particula r  partne r  rathe r  tha n an y agen t  wh o happen s t o shar e a  goal .  I n a  mutua l 
goal  ptu-suit ,  tw o o r  mor e partner s pursu e share d goal s wit h share d responsibility , 
formin g th e basi s fo r  a  relationshi p betwee n th e planner s define d b y th e conten t  o f 
th e mutua l  goa l  (o r  goals )  involved .  Thi s definitio n o f  mutua l  goa l  pursui t 
therefor e include s a n importan t  clas s o f  plannin g situations :  namely ,  th e 
relationship s peopl e for m t o satisf y thei r  goals ,  suc h a s marriages ,  collaborations , 
and busines s partnerships . 

The plannin g theor y presente d her e i s a  typ e o f  memory-base d pleinning ,  wher e 
appropriat e plan s an d plannin g heuristic s ar e retrieve d fro m memor y base d upo n 
th e feature s o f  th e plannin g situation .  Relevan t  plannin g strategie s retrieve d fro m 
memory ai d th e planne r  i n decision s abou t  th e mutua l  goa l  pursui t  i n relatio n t o 
othe r  goal s th e planne r  i s pursuing .  Characterizin g th e plannin g constraint s fo r 
differen t  type s o f  plannin g situation s provide s a  mean s t o acces s genera l 
knowledg e abou t  plannin g strategie s fro m man y differen t  contexts ,  an d thi s 
knowledg e ca n b e use d t o preven t  plannin g error s fro m recurrin g i n simila r 
situation s (Schank ,  1982 ;  Dyer ,  1983) .  Eac h principl e describe s a  constrain t  o n 
plannin g i n term s o f  a  causa l  vocabular y o f  goals ,  plan s an d thei r  context ,  an d 
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provide s inference s applicabl e t o th e situatio n a s wel l  a s possibl e repai r  strategie s 
fo r  th e problem .  Example s o f  problem s eviden t  i n mutua l  goa l  pursui t  (MGP ) 
situation s wer e analyze d t o determin e th e interaction s an d strategie s tha t  aris e 
whic h affec t  suc h situations .  Basically ,  th e jo b o f  categorizin g th e plannin g 
strategie s involve d i n join t  plannin g situation s require s specifyin g th e type s o f 
thing s tha t  ca n g o wrong ,  an d characterizin g th e man y factor s tha t  ma y affec t 
M GP arrangements .  Thes e factor s brea k dow n int o thre e categories : 

• assignment of responsibility for pursuit 

• amoimt of effort towards pursuit from either partner 

• differences in criterion of satisfaction for partners 

The importance of characterizing the planning strategies involved in MGP is that 
the y provid e informatio n abou t  people' s behavio r  i n mutua l  goa l  situations .  Fro m 
th e specificatio n o f  plannin g strategie s i n M G P,  i t  wil l  b e possibl e t o explai n 
problem s b y identifyin g th e plannin g principle s operatin g i n the m an d perhap s 
thei r  misuse ,  an d i t  wil l  b e possibl e t o predic t  whic h strategie s ma y b e usefii l  i n 
particula r  proble m situations .  Th e M G P strategie s propose d i n th e nex t  section s 
allo w fo r  plannin g withi n th e constraint s o f  th e factor s imiqu e t o M G P situations . 
I n additio n t o thes e strategies ,  genera l  plan s t o motivat e anothe r  perso n t o wor k 
on a  goal ,  suc h a s th e powe r  t o remin d the m o f  th e commitmen t  the y mad e t o th e 
goal  pxu-suit ,  provid e commo n sens e solution s base d upo n th e proble m an d th e 
variable s withi n th e M G P. 

Assignmen t  o f  Responsibilit y  fo r  Pursui t 

A mai n sourc e o f  problem s i n M G P i s th e assignmen t  o f  responsibility .  Sinc e th e 
mutua l  goa l  p\irsui t  situatio n i s characterize d b y th e join t  effor t  o f  tw o planners ,  i t 
reqvdre s coordinatio n beyon d tha t  reqviire d o f  tw o actor s wh o happe n t o hav e th e 
same goa l  a t  th e sam e time .  W h e n a n agen t  i s hire d t o adop t  yoiu -  goa l  (i.e. ,  a 
housekeepe r  wh o wil l  als o hav e th e goa l  o f  keepin g you r  hous e clean) , 
responsibilit y  fo r  pvirsm t  i s clear .  Th e agen t  relationshi p i s invoke d simpl y t o pas s 
responsibilit y  t o th e agent .  However ,  M G P i s muc h mor e complicated :  no t  onl y ar e 
ther e join t  goal s whic h bot h partner s wan t  achieved ,  suc h a s keepin g th e share d 
househol d clean ,  bu t  ther e ar e mutua l  goal s wher e th e successfu l  attainmen t  o f 
th e goal s require s th e effort s o f  bot h partner s (e.g. ,  commimication) .  Th e possibl e 
ways fo r  th e actor s t o fai l  t o satisf y thei r  responsibilit y  fo r  goal s ar e 
correspondingl y complicated .  Further ,  th e tw o partner s ma y no t  agre e upo n th e 
coordinatio n o f  responsibilitie s fo r  th e mutual  goa l  pursuits .  Thus ,  M G P situation s 
must  settl e th e questio n o f  th e assignmen t  o f  responsibilit y  amon g partner s a s wel l 
as executio n o f  plan s fo r  whic h eac h partne r  i s responsible . 

Agre e o n assignmen t  o f  responsibilities .  I f  th e responsibilit y  fo r  a  particxila r  goa l 
or  pla n i s no t  clearl y defined ,  severa l  outcome s ar e possible : 

• Bot h planner s ca n independentl y ass\im e responsibilit y  an d piu-su e th e goal .  Thi s 
wil l  satisf y th e goal ,  bu t  wil l  resul t  i n a  wast e o f  resources ,  sinc e th e goa l  wil l 
be satisfie d twice ,  o r  twic e th e necessar y effor t  wil l  hav e bee n expended . 

One planner can assvime responsibility and pursue the goal while the other does 
not .  Thi s wil l  satisf y th e goal ,  bu t  wil l  resid t  i n a  lon g ter m commitmen t  t o 
takin g car e o f  th e goa l  withou t  th e advantag e o f  sharin g th e goa l  pursui t  wit h 
th e partne r  wh o benefit s fro m it . 
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•  Bot h partner s assvun e thei r  coplanne r  i s responsibl e fo r  th e goal ,  therefor e 
neithe r  partne r  pursue s it .  Thi s result s i n goa l  failure ,  whic h ma y b e furthe r 
complicate d b y a  difficult y i n quickl y detectin g thi s problem . 

The repair for these bugs is to coordinate responsibility. It is not always easy to 
do thi s sinc e multipl e goal s ma y b e involved ,  bu t  som e lon g ter m arrangemen t  i s 
essential ,  a s th e recurrenc e o f  goal s wil l  mak e error s i n assignmen t  ver y costly . 

Separate responsibility. How responsibihty is assigned may result in other MGP 
problems : 

• Both partners pursuing a plan may impede plan execution. This is represented 
by th e adag e to o man y cook s spoi l  th e broth :  separat e actor s ma y imd o o r 
adversel y ĝ fec t  eac h others '  goal-directe d actions . 

• A plan may require more than one actor; if so, the actions in service of the plan 
must  b e coordinate d t o avoi d unplanne d interaction s o f  eac h partner' s effort s 
whil e accoimtin g fo r  wh o i s responsibl e fo r  wha t  part s o f  th e plan . 

• A planner assigned responsibility should be allowed to function independently. 
Once assignmen t  o f  responsibilit y  ha s bee n made ,  interferenc e o r  assistanc e o n 
th e par t  o f  th e othe r  planne r  ma y b e problematic .  "Kibitzing "  i s greatl y resente d 
onc e responsibilit y  i s  undertake n b y on e planner . 

Communicate plan contents to coplanner. At times, the particular plans or steps 
involve d i n pursuin g a  goa l  ma y requir e informin g th e coplanne r  o f  th e content s o f 
th e plan .  Fadlur e t o d o s o ma y resul t  i n th e followin g proble m configurations : 

• One partne r  inadvertentl y imdoe s th e pla n step s alread y execute d b y th e othe r 
partner . 

• One partner misimderstands the other's actions as failing to pursue the goal 

• One partner believes a deceptive plan that is intended by the other to foil 
outsiders .  Th e coplanne r  mus t  b e informe d o f  deceptiv e tactics . 

• Coplanners must be informed of changes in plans; otherwise, they may take 
furthe r  actio n base d upo n presume d outcome s tha t  wil l  no t  occur .  Thi s involve s 
"countin g you r  chicken s befor e the y hav e hatched "  throug h th e lac k o f  courtes y 
of  th e coplanne r  t o inform . 

• Coplanners must communicate planning decisions involving shared resources. 
Thi s i s illustrate d b y th e stor y "Gif t  o f  th e Magi " 

• While communication is necessary in all of these cases, there is a caveat: 
overinformatio n ma y b e th e equivalen t  o f  forcin g th e coplanne r  t o perfor m th e 
goal  pursui t  themselves . 

Optimize planning choices over the mutual pursuit 

• Use the individual planner's abilities to their advantage. While each partner 
may b e capabl e o f  handlin g eac h goa l  pursuit ,  th e optima l  arrangemen t  fo r  th e 
M GP i s t o plac e th e individua l  bes t  suite d fo r  th e goa l  i n th e positio n o f 
responsibility . 
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•  Us e th e mutua l  resource s t o th e bes t  advantage .  Sinc e resource s ar e join t  an d 
ar e involve d i n man y plans ,  coordinatio n o f  resource s wil l  b e necessary . 

• Take advantage of joint planning ability. For some planning needs, the 
partnershi p wil l  provid e a n advantag e m abilit y  t o pla n fo r  complicate d needs . 
Thi s i s capture d b y th e adage ,  "tw o head s ar e bette r  tha n one. " 

Amount of Effort towards Pursuit from Either Partner 

A secon d majo r  soxirc e o f  problem s i n M G P situation s involve s th e expenditur e o f 
effor t  toward s mutua l  goals .  I n a  mutua l  goa l  situation ,  wher e effor t  i s  require d o f 
bot h partners ,  a  variet y o f  response s ar e possible .  Th e tw o partner s migh t  no t  b e 
willin g t o pu t  fort h th e sam e amoim t  o f  effor t  t o satisf y th e goal :  on e o r  th e othe r 
partne r  ma y expen d to o littl e o r  to o muc h effor t  o n th e goa l  piu-suit ,  accordin g t o 
th e judgmen t  o f  th e othe r  partner .  Thi s conflic t  i s  du e t o th e individual' s goa l 
structure ,  whic h include s th e M G P,  competin g wit h th e MGP' s need s fo r  effor t 
fro m th e planner .  Becaus e o f  th e meta-pla n t o "minimiz e effor t  i n goa l  pursuit, "  i t 
i s  alway s advantageou s t o fin d optima l  arrangement s i n goa l  pursui t  t o avoi d 
wastin g resources ,  note d b y Zip f  (1949 )  a s th e principl e o f  leas t  effort .  Th e 
decisio n abou t  th e amovmt  o f  effor t  t o pu t  fort h toward s a  goa l  i s  particularl y 
importan t  whe n i t  come s t o recurrin g goals .  W h e n th e satisfactio n o f  a  goa l  i s 
goin g t o b e periodicall y required ,  the n attentio n toward s minimizin g th e 
expenditur e o f  effor t  toward s th e goa l  i s  mor e importan t  tha n whe n piu-suin g a 
goal  tha t  i s  onl y satisfie d once .  Th e resolutio n o f  th e conflic t  i n amoim t  o f  effor t 
expende d toward s goal s result s i n thes e pattern s o f  M G P interaction s an d 
strategie s fo r  thei r  solution : 

• Pull your own weight. When you are in a mutual goal pursuit, you have equal 
responsibilit y  wit h you r  partne r  fo r  th e goa l  pursuit ;  therefore ,  yo u shoiil d 
expen d equa l  effor t  i n th e goa l  pursuit .  Abando n thi s strateg y i f  you r  partne r 
fau s t o mak e effor t  i n goa l  pursuit . 

• Optimize effort. When you are in a mutual goal pursuit, and a recurring goal 
makes optimizin g effor t  important ,  mak e httl e effor t  i n th e pursui t  an d you r 
co-planne r  wil l  b e force d t o satisf y th e goal .  Abando n i f  thi s strateg y threaten s 
th e mutua l  goa l  (n o on e serve s th e goal )  o r  threaten s th e basi s o f  th e mutua l 
goal  (th e partnershi p agreement) . 

• Playing hard to get. When you are in a mutual goal pursuit, and your 
co-planne r  fail s  t o pursu e a  mutua l  goal ,  abando n th e goa l  vmti l  th e co-planne r 
carrie s ou t  pursuit .  Abando n i f  th e basi s o f  th e mutua l  goa l  (th e partnershi p 
agreement )  i s  i n question . 

• Expend effort only when detectable. No "credit" will accrue for work on a 
M GP i f  th e effor t  require d i s no t  observe d b y th e coplanner .  Coas t  alon g 
withou t  effor t  i f  th e effor t  wil l  no t  b e perceived ,  an d dra w attentio n t o effor t 
when i t  i s  made . 

•  Expen d effor t  onl y whe n required .  Perfunctor y performanc e o n recurrin g goal s 
i s adequat e unles s circumstance s requir e a  bes t  effort .  A n exampl e i s goin g 
throug h th e motion s instea d o f  hustlin g durin g practic e drill s  i n sport s events . 

Fil l  th e gap .  Le t  you r  partne r  pursu e th e goal ,  an d matc h you r  effor t  t o th e 
differenc e betwee n you r  partner' s effor t  an d th e require d level .  Sinc e you r  effor t 
i s  require d fo r  successfu l  achievement ,  yo u contribut e withou t  bearin g heav y 
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burden . 

• Tit for tat. Match your effort to your partner's. If it is sufficient, you can try 
t o adjus t  th e amoun t  t o avoi d wastin g effort .  I f  i t  i s  insufficient ,  i t  wil l  convinc e 
bot h partner s tha t  mor e effor t  i s  req\iire d fro m both . 

Some general strategies for goal pvirsuit are of particular importance in mutual 
goal  pursui t  situations .  Thes e include : 

• Juggle effort towards threatened goals. Work hardest on those goals that 
threate n t o fai l  imminently ;  coas t  o n thos e tha t  ar e currentl y satisfactory .  Thi s 
refer s t o th e carniva l  tric k o f  keepin g a  se t  o f  dishe s spinnin g o n individua l 
rod s ~  addin g spi n mus t  b e don e t o th e plat e tha t  need s i t  mos t  first ,  leavin g 
th e other s t o struggl e o n imti l  thei r  turn . 

• Prioritize goals for extra effort. Place more effort into those goals considered 
important .  Les s importan t  goal s ca n suffe r  fro m littl e effor t  bette r  tha n 
importan t  ones . 

• Cut your losses. Minimize effort towards failing and imimportant goals. This is 
"no t  throwin g goo d mone y afte r  bad. " 

Differences in Criterion of Satisfaction for Partners 

Anothe r  sourc e o f  M G P problem s lie s i n difference s i n th e criterio n o f  satisfactio n 
fo r  th e differen t  partners .  I f  bot h partner s agre e abou t  th e amoun t  o f  effor t 
require d t o satisf y a  goal ,  the n th e proble m o f  optimizin g th e planners '  effort s t o 
achiev e tha t  leve l  i s  relativel y straightforward .  However ,  th e tw o partner s i n th e 
M GP ma y no t  agre e o n th e natur e o f  th e mutvia l  goal :  X  ma y thin k tha t  particula r 
plan s o r  action s h e perform s ar e i n servic e o f  th e goa l  pursuit ,  bu t  Y  ma y thin k 
th e effort s d o no t  lea d t o goa l  satisfaction .  I n addition ,  th e tw o partie s migh t  no t 
agre e o n th e importanc e o f  th e goal ;  fo r  example ,  on e partne r  migh t  fee l  tha t 
financia l  suppor t  i s  mos t  important ,  an d piu-su e i t  ove r  th e emotiona l  suppor t  th e 
othe r  prefers .  Finally ,  th e proble m i s greatl y complicate d b y th e natur e o f  th e 
goal s commonl y pursue d i n mutua l  goa l  situations .  Fo r  example ,  suppos e th e 
mutua l  goa l  i s emotionj d support ;  th e leve l  o f  satisfactio n require d fo r  on e 
individua l  ma y no t  b e th e sam e a s tha t  require d fo r  th e other .  Becaus e o f  th e "fai r 
play "  notio n o f  effor t  i n mutua l  goa l  pursuits ,  th e partne r  mor e easil y satisfie d wil l 
complai n abou t  th e extr a effor t  require d t o satisf y th e mor e demandin g partner . 
The principl e o f  fai r  exchang e (Blau ,  1964 )  form s th e basi s fo r  a  standar d o f  wha t 
ca n b e expecte d o f  a  partner .  Thi s i s a  frequen t  proble m i n M G P situations ,  an d 
th e followin g strategie s propos e som e responses : 

• Adopt your partner's satisfaction criteria. When your partner's criterion 
reqxiire s mor e effor t  tha n yoiurs ,  accep t  th e additiona l  demand s an d wor k t o 
satisf y the m i f  possible . 

• Attend to yoiur partner's priority goals. Expend the effort demanded on those 
goal s deeme d mos t  importan t  b y you r  partner ;  slac k of f  o n th e rest .  Fo r 
example ,  i f  bein g a  goo d economi c provide r  i s mos t  importan t  t o yoiu -  partner , 
decid e t o wor k lat e rathe r  tha n spen d th e evenin g a t  home . 

• Increase your criterion on goals important to you. Make up the difference in 
effor t  tha t  yo u expen d o n a  demandin g partne r  b y increasin g you r  criteri a o n 
goal s mor e importan t  t o you . 
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•  Qui d pr o quo .  Mak e a  clea r  exchang e o f  needs .  Offe r  t o satisf y you r  partner' s 
particula r  satisfactio n criteri a i n exchang e fo r  th e satisfactio n o f  on e o f  yours . 

The MGP reqioires planners to make decisions not only about their individual 
plannin g efforts ,  bu t  als o t o influenc e anothe r  planner' s effort s i n orde r  t o achiev e 
th e goal .  Eve n whe n ther e ar e problem s i n th e M G P,  an d on e partne r  ha s t o pla n 
t o ge t  th e othe r  t o liv e u p t o hi s sid e o f  th e agreement ,  thi s doe s no t  mea n tha t 
th e relationshi p i s competitive .  Yo u ar e no t  ou t  t o caus e you r  partne r  t o fail ;  yo u 
ar e ou t  t o influenc e hi m int o cooperating .  Therefore ,  eve n whe n yo u ar e 
"counterplanning "  agains t  him ,  th e en d goa l  i s  t o enlis t  hi s cooperation .  Thi s put s 
definit e constraint s o n wha t  plan s ca n b e use d t o influenc e th e othe r  planner ;  fo r 
example ,  avoidin g strategie s tha t  migh t  produc e negativ e response s whic h ma y 
linge r  sifte r  th e issu e i s resolved .  Resolvin g problem s i n M G P situation s require s 
strategie s tha t  elici t  increase d cooperatio n fro m th e partne r  whil e minimizin g you r 
own effort . 

Conclusio n 

The purpos e o f  th e theor y o f  plannin g i s t o accoun t  fo r  th e choice s a  plaime r 
makes i n attemptin g t o reac h a  goal ,  an d t o provid e a  mode l  o f  ho w plannin g 
knowledg e migh t  b e learne d an d store d i n memor y s o a s t o b e availabl e an d 
utilize d i n appropriat e situations .  Th e abov e categorizatio n outline s th e commo n 
problem s i n M G P,  an d provide s strategie s fo r  resolvin g th e problemati c 
interactions .  Th e principle s ar e genera l  enoug h t o appl y a s we U t o M G P wit h an y 
number  o f  actors ,  an d t o a  variet y o f  tĵ pe s o f  M G P arrangements .  A  taxonom y o f 
constraint s specifi c  t o M G P plannin g situation s provide s an d understandin g o f 
what  feature s o f  th e plannin g environmen t  ar e relevan t  t o pla n selectio n an d 
plannin g failures ,  an d therefor e serv e a s specification s fo r  plannin g rule s i n 
compute r  model s o f  planners .  Th e conten t  theor y presente d advance s a n 
understandin g abou t  wha t  informatio n i s relevan t  t o plannin g situation s an d 
broaden s th e scop e o f  problem s tha t  memory-base d plannin g theorie s ca n accoun t 
for . 
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ABSTRACT 

This paper presents a method for generating creative solutions to resolve 

adversaria l  impasse s tha t  make s us e o f  memor y structure s base d o n goa l 

interaction s an d blam e attribution .  Thes e knowledg e structure s ar e calle d Situa -

tiona l  Assessmen t  Packet s (SAPs) .  SAP s contai n genera l  strategie s fo r  satisfy -

in g multipl e conflictin g goal s eithe r  totall y o r  partially .  Thes e resolutio n stra -

tegie s ar e evaluate d fo r  £̂ plicabilit y  t o a  situatio n b y considerin g interaction s o f 

th e goal s o f  th e proble m solve r  an d th e goal s o f  th e interactin g agents .  Thi s 

wor k i s par t  o f  th e P E R S U A D E R,  a  compute r  progra m tha t  function s a s a  thir d 

part y proble m solve r  (mediator )  i n hypothetica l  labo r  negotiations . 
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1.  Inlzoductio Q 

Event 1: The Blackhound union's demands in contract negotiations are a 20 percent 

wage increase ,  an d 6  percen t  increas e i n pensions .  T h e company' s counterproposa l 

i s 3  percen t  wag e increase ,  an d 1  percen t  increas e i n pensions .  Afte r  a n incrementa l 

shiftin g o f  positions ,  th e partie s  ̂ r e e t o th e followin g proposa l  o f  a  mediator :  8  per -

cen t  wag e increase ,  an d 4  percen t  increas e i n pensions . 

Event 2: During contract negotiations. Southern Airlines presents its employees with 

th e ultimatu m tha t  i f  the y don' t  tak e wag e cut s o f  8 % ,  th e c o m p a n y whic h ha s 

b e c o me non-competitive ,  wil l  g o bankrupt .  T h e employee s protes t  an d a  mediato r  i s 

calle d in .  Th e mediato r  finds  ou t  tha t  Souther n Airline s ha s bee n loosin g m o n e y 

becaus e o f  m ismanagemen t  i n a n industr y wher e othe r  airhne s ar e makin g money . 

She propose s tha t  th e employee s accept  6 % wag e cut s an d tha t  th e compan y hav e 

employe e representative s si t  o n th e boar d o f  directors . 

Event s 1  an d 2  dea l  wit h adversaria l  situations .  I n adversaria l  situation s th e goal s o f  tw o o r 

mor e disputant s ar e i n conflict .  Bot h Event s illustrat e a  resolutio n b y compromis e o f  th e 

conflictin g goals .  Ther e i s a  mai n difference ,  however .  Th e solutio n i n Even t  1  i s a  perturba -

tio n o f  th e value s o f  th e adversaries '  origina l  goals .  I n Even t  2 ,  o n th e othe r  hand ,  n e w ele -

ment s no t  predicte d b y th e inpu t  (employe e representatio n o n th e boar d o f  directors )  als o ente r 

th e solution . 

Whil e a n even t  suc h a s Even t  1  i s  fairl y  typica l  an d therefor e require s fairl y  shallo w rea -

soning .  Even t  2  i s  atypica l  (companie s i n a  prosperou s industr y d o no t  usuall y los e m o n e y )  an d 

require s creativ e proble m solving .  I n case s wher e th e situatio n i s  novel ,  a  proble m solve r  ha s t o 

tak e int o account ,  no t  onl y th e apparen t  goal s o f  th e agents ,  bu t  als o highe r  leve l  goal s an d 

thei r  interactions .  I n general ,  case s tha t  requir e creativ e proble m solvin g ar e thos e tha t  violat e 

expectation s abou t  (a )  prevailin g practice ,  namel y wha t  th e situatio n o f  simila r  agent s i s (b ) 

rol e theme s o f  th e interactin g agents ,  (c )  belief s abou t  th e rationalit y o f  th e agents,* *  (d ) 

belief s abou t  th e tempora l  continuatio n o f  a  state . 

We propos e a  hig h leve l  knowledg e structure ,  calle d a  Situationa l  Assessmen t  Packe t 

( S A P )  tha t  capture s th e abstrac t  structur e o f  a n atypica l  proble m solvin g situatio n involvin g 

interactin g agent s i n term s o f  expectatio n violations .  S A P s ar e lik e M O P s (Schank ,  1982 )  i n 

tha t  the y ar e organizin g m e m o r y structure s tha t  stor e generalize d information .  The y ar e als o 

lik e T O P s (Schank ,  1982 )  i n tha t  the y organiz e expectation s an d explanation s o f  expectatio n 

failure s i n a  domain-independen t  manner .  Whil e Haonmond ' s T O P s (1986 )  generall y involv e 

goa l  interaction s associate d wit h a  singl e agent ,  S A P s involv e interaction s o f  goal s i n a  multiagen t 

situation .  T h e inclusio n o f  partia l  goa l  fulfillmen t  strategie s i s  anothe r  nove l  featur e o f  S A P s , 

*  Thi s wor k wa s supporte d b y A R O Gran t  No .  D A A G 29-85-K-002 3 
**  B y rationalit y w e mea n a n agent' s reluctanc e t o follo w a  cours e o f  actio n tha t  wil l  resul t  i n los s o f  benefits . 
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and on e tha t  furthe r  differentiate s SAP s fro m plannin g TOP s (Hammond ,  1986) ,  an d fro m 

Wilensky' s (1983 )  wor k o n planning .  SAPs ,  unlik e T A U s (Dyer ,  1983 )  recor d th e reaso n fo r 

th e failur e o f  th e outcom e o f  a  situation .  Becaus e SAP s includ e blam e attributio n information , 

the y provid e a  proble m solve r  wit h predietion a abou t  th e agents '  subsequen t  behavior ,  some -

thin g tha t  neithe r  T A U s no r  TOP s allow . 

The abilit y  t o stor e cross-contextua J episodes/case s make s SAP s ver y powerfu l  mechan -

ism s since ,  wha t  i s learne d i n on e plannin g situatio n ca n b e use d i n plannin g fo r  a  subsequen t 

situatio n tha t  fits  th e sam e SAP .  SAP s ar e accesse d whe n th e cas e unde r  consideratio n i s atypi -

cal .  The y contai n a n abstracte d structur e representin g situation-outcom e pattern s i n term s of : 

(l )  a  proble m solvin g situation ,  (2 )  expectation s associate d wit h th e situation ,  (3)  th e reaso n 

th e expectatio n i s violate d (4 )  who/wha t  i s responsibl e fo r  th e violation ,  (5 )  ho w a  thir d part y 

proble m solve r  ca n find  a n equitabl e solution ,  an d (6 )  ho w t o justif y th e solution .  I n addition , 

SAPs war n th e proble m solve r  abou t  potentia l  failures ,  s o tha t  thes e failure s ca n b e avoided . 

SAPs ar e intende d t o prepackag e knowledg e abou t  situation s i n whic h psychologica l  con -

sideration s affec t  th e acceptabilit y  o f  solution s o r  argument s t o influenc e th e acceptanc e o f  solu -

tions .  Psychologica l  validit y applie s onl y t o individua l  SAP s becaus e SAP s ar e a  genera l 

mechanis m fo r  introducin g departure s fro m a  mode l  base d o n rationa l  agents .  S A P 

M I S M A N A G E M E N T,  tha t  capture s th e situatio n i n Even t  2 ,  embodie s equit y theor y Walse r 

(1978 )  an d th e principl e o f  distributiv e justic e whic h hol d tha t  huma n agent s wil l  see k equit y 

and/o r  proportionalit y i n payoff s eve n a t  som e sacrific e t o themselves. *  S A P M I S P L A C E D-

L O Y A L TY employ s Festinger' s (1957 )  cognitiv e dissonanc e theor y t o direc t  argument s a t  loy -

alt y (attraction )  t o a  part y i n orde r  t o weake n attractio n t o tha t  party' s position .  Othe r  SAP s 

functio n i n simila r  way s t o customiz e rationa l  solution s t o th e know n vagarie s o f  huma n agents . 

1.1. Situational Assessment Packets (SAPs) 

I n adversaria l  situation s a  proble m solve r  ha s t o com e u p wit h a  solutio n tha t  satisfie s 

multipl e goal s simultaneously .  Describin g a  proble m i n term s o f  goal s an d plan s alon e force s 

th e proble m solve r  i n considerin g separat e plan s fo r  th e satisfactio n o f  eac h goal .  Thi s deprive s 

th e proble m solve r  o f  th e opportunit y t o acces s "analogous "  plan s usefu l  fo r  similarit y betwee n 

th e abstrac t  interelation s o f  th e goal s an d plans .  Fo r  example ,  suc h a  planne r  woul d no t  b e abl e 

t o recogniz e th e similarit y o f  Even t  2  t o th e followin g event : 

Even t  3 :  T o m an d Jerr y ar e projec t  partner s i n a  compute r  scienc e class .  T o m 

finishes  hi s par t  o f  th e projec t  i n time ,  bu t  Jerr y start s hi s par t  th e nigh t  befor e th e 

projec t  i s  du e an d doe s a  lous y job .  Th e teache r  assign s separat e grade s t o th e tw o 

part s o f  th e project ,  thoug h thi s i s no t  hi s customar y practice . 

Even t  3  i s a n exampl e o f  th e S A P M I S M A N A G E M E N T,  show n below ,  sinc e Jerr y mismanage s 

tim e wit h th e resul t  o f  jeopardizin g th e succes s o f  th e join t  project . 

SAP MISMANAGEMENT 
recognitio n criteria : 

(a )  X  an d y  hav e a  non-competitiv e hig h leve l  goa l  G 

(b )  X  mismanage s som e resourc e tha t  i s a n enablemen t  conditio n C  fo r  th e achievemen t 

of  G . 

(c )  G  i s i n dange r  o f  failin g 

solution : 

an equitabl e solutio n t o preven t  th e failur e o f  G  i s t o hav e x ,  th e guilt y party ,  bea r  th e 

brun t  o f  th e recover y cos t 

•  Thi s ha s bee n born e ou t  i n rea l  situations ,  a s fo r  exampl e th e recen t  (1985 )  Easter n Airline s settlemen t 
wit h th e Internationa l  Pilots '  Association . 
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justification : 

appea l  t o them e o f  fairnes s an d ad d tha t  i f  y  doe s no t  perceiv e th e solutio n a s just ,  the n y 

wil l  no t  cooperat e an d thu s G  wil l  fai l  (whic h certainl y x  doe s no t  want) . 

S AP M I S M A N A G E M E N T,  fo r  example ,  organize s case s suc h a s Event s 2  an d 3 ,  case s wher e 

an office r  o f  a n organizatio n (e.g. ,  a  union ,  a  church )  ha s mismanage d funds ,  o r  wher e a  mili -

tar y leade r  ha s mismanage d hi s par t  o f  a  campaign . 

Anothe r  S A P i s M I S P L A C E D - L O Y A L T Y tha t  capture s th e dilemm a o f  a n acto r  cause d 

by hi s loyalt y t o anothe r  acto r  wit h w h o m th e first  i s  boun d throug h a  themati c relationship .  A 

thir d part y proble m solve r  i s aske d t o giv e advic e regardin g thi s dilemma .  Conside r  th e follow -

in g events : 

Event 4: A local union gives high priority to pensions although tiie majority of its 

members ar e youn g wit h th e resul t  o f  makin g agreemen t  durin g contrac t  negotia -

tion s impossible .  Th e mediato r  tha t  handle s th e cas e finds  ou t  tha t  thi s unio n atti -

tud e i s du e t o it s desir e t o follo w th e guideline s o f  th e internationa l  unio n whos e 

progra m mandate s a s a  negotiatio n goa l  hig h pensio n increases . 

Even t  5 :  Susa n i s tor n betwee n he r  lov e fo r  Joh n an d wis h t o marr y hi m an d he r 

family' s oppositio n becaus e o f  disapprova l  o f  hi s lifestyl e an d politica l  views .  A 
frien d tell s he r  tha t  i f  he r  famil y reall y care d fo r  he r  the y woul d respec t  he r  wishes . 

SAP MISPLACED-LOYALTY 

recognition criteria: 

(a )  X  goe s agains t  hi s interes t  i n orde r  t o confor m t o thir d party' s wishe s 

(b )  thi s endanger s a n achievemen t  goa l  G  o f  x 

(c )  thir d part y i s blame d 

solution : 

suggestio n t o loo k afte r  ow n interes t 
justification : 

poin t  ou t  contradictor y attitud e o f  thir d part y toward s x 

Othe r  SAP s w e hav e identifie d includ e U N F O R E S E E N - D I S A S T ER (externa l  chanc e event s 

forc e th e agent s int o unpleasan t  situations) ,  L A M E ) - D U C K (a n agen t  ha s th e titl e o f  a n offic e 

but  no t  th e authority) ,  an d D E T R I M E N T A L - P R E R O G A T I V ES ( a prerogativ e i s n o longe r 

advantageuo s t o th e granto r  becaus e o f  changin g circumstances) .  A  ful l  presentatio n o f  SAP s 

can b e foun d i n (Sycara ,  1987) . 

SAPs ar e recognize d base d o n (1 )  expectation s tha t  th e proble m solvin g situatio n violates , 

and (2 )  th e caus e o f  th e violatio n (wh o i s t o blame) .  S A P recognitio n rule s ar e associate d wit h 

eac h expectatio n violatio n categor y (presente d i n th e introduction) .  I f  a  give n situatio n indi -

cate s th e possibilit y  o f  a  failure ,  preventiv e advic e fro m th e appropriat e S A P ca n hel p th e rea r 

sone r  avoi d th e failure . 

1.2. Causal Structure of SAPs 

The causa l  structur e o f  a  S A P i s a  grap h whos e node s represen t  goals ,  state s an d action s 

of  th e agent s an d ar e connecte d vi a link s tha t  indicat e relation s betwee n th e goal s an d states . 

The abstrac t  causa l  structur e o f  S A P M I S P L A C E D - L O Y A L T Y i s illustrate d below : 
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Abstrac t  causa l  structur e o f  SA P MISPLACED-LOYALTY 

Higher level goal GO 

I Instrumental goal 
acto r  x :  Gl 

\ 

caus e ^ ^ 
abando n Gl  ^ n 

^.  /  resul t 
acto r  y :  S I  S 2 

leads-t o 

Figure 1 

G2:  ACHI  EVE-LOYALT Y t o y 

j precondition PI 
OBEY(x,  y ) 

Gl  i s  instrumenta l  t o th e highe r  leve l  goa l  G O o f  acto r  x .  S i  cause s S2 .  Acto r  y' s  stat e S 2 
i s a  caus e fo r  th e abandonmen t  o f  G l  b y acto r  x .  OBEY(x,y )  i s  a  preconditio n fo r  th e satisfac -
tio n o f  G2 .  Whil e th e conten t  o f  particula r  goal s o f  differen t  episode s withi n th e abov e SA P i s 
different ,  th e interaction s tha t  occu r  betwee n th e goal s i n thes e situation s ar e similar .  The y al l 
involv e a n actor' s desir e t o satisf y a  primar y goa l  Gl ,  a s wel l  a s a  secondar y goal ,  G 2 whic h i s 
A C H I E V E - L O Y A L TY t o y .  G l  i s  i n dange r  o f  failin g becaus e o f  belie f  state s S i  an d S 2 o f  y . 
Thus ,  Event s 4  an d 5  ca n b e handle d throug h th e us e o f  similji r  strategie s fo r  dealin g wit h th e 
particula r  goa l  an d stat e interaction .  Figur e 2  represent s graphicall y ho w Even t  5  fits  int o th e 
SAP MISPLACED-LOYALTY. 

Event 5: Susan's dilemma 

High-level-goal GO: (HAPPINESS (actor SuSAN)) 

I instrumental goal 

G2:ACHIEVE-LOYALTY (SUSAN, PARENTS) acto r  SUSAN:  GI:«ARR Y JOHN 

caus e 

abando n (SUSAN ,  MARRY JOHN) 

acto r  PARENTS: 

preconditio n P I 

obey' (SUSAN, PARENTS) 
I 

^>. ^  resul t 
- V j 

DISAPPROVE JOHN UNSUITABL E JOHN 
leads-t o 

Figure 2 

1.3. Using SAPs to guide {x-oblein solving 

One advantag e o f  usin g SAP s i n proble m solvin g i s tha t  the y contai n domain-independen t 
plannin g strategie s tha t  depen d onl y o n th e causa l  structur e o f  a  SAP .  Thus ,  a  planne r  doe s no t 
hav e t o conside r  al l  possibl e plan s fo r  th e achievemen t  o f  a  goal ,  bu t  onl y th e one s suggeste d 
by th e strategie s i n th e SAP .  Fo r  example ,  th e possibl e genera l  strategie s i n MISPLACED-
L O Y A L TY include :  (l )  fulfil l  bot h G l  an d G2 ,  (2 )  abando n G2 ,  (3 )  partiall y  fulfil l  G2 ,  (4 ) 
abando n Gl ,  (5 )  partiall y  fulfil l  Gl .  T o achiev e bot h goal s G l  an d G 2 o f  x ,  fo r  example ,  mor e 
specifi c  strategie s ar e (a )  caus e y  t o chang e hi s beUe f  stat e Si ,  (b )  wai t  fo r  y  t o chang e hi s 
belie f  stat e S i  A n exampl e o f  a n argumen t  t o chang e S i  i n Even t  5  migh t  b e tha t  John' s 
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politica l  view s ar e no t  s o undesirabl e sinc e politicia n z' s (who m Susan' s parent s respect )  so n 

als o ha s the m an d z  doe s no t  see m t o disapprov e o f  him . 

The interaction s o f  th e goal s o f  th e agent s wit h th e goal s o f  th e proble m solve r  serv e a s 

metarplannin g knowledge .  Th e proble m solve r  wil l  sugges t  on e strateg y ove r  anothe r  dependin g 

on ho w hi s goal s interac t  wit h thos e o f  th e disputants .  Fo r  example ,  whethe r  th e strateg y 

"Abando n G 2 "  wil l  b e suggeste d depend s o n whethe r  th e A C H I E V E - L O Y A L T Y goa l  G 2 inter -

fere s wit h G 3 ,  a  goa l  o f  th e thir d part y proble m solve r  (i n conflic t  resolutio n G 3 i s findin g a n 

acceptabl e compromise) .  I n Even t  4 ,  th e union' s hig h priorit y t o pension s interfere s wit h th e 

mediator' s goa l  o f  findin g a  mutuall y acceptabl e settlement .  I f  th e unio n abandon s it s loyalt y 

goal  t o th e internationa l  an d lower s th e priorit y i t  attache s t o pensions ,  th e searc h fo r  a n accept -

abl e solutio n wil l  b e facilitated .  Hence ,  th e pla n "asser t  ow n priorities "  tha t  i s  instrumenta l  t o 

strateg y "Abando n G 2 "  wil l  b e suggeste d b y th e mediator . 

SAPs als o giv e a  proble m solve r  th e abihty ,  absen t  fro m presen t  plannin g work ,  t o includ e 

solution s tha t  effec t  partia l  goa t  satisfaction .  Thi s coul d b e helpfu l  when ,  fo r  example ,  ther e wa s 

no pla n tha t  coul d b e use d fo r  tota l  goa l  satisfaction . 

1.3.1. Indexing in SAPs 

SAPs organiz e generalize d episode s (Kolodne r  e t  al. ,  1985 )  o r  M O Ps (Schank ,  1982 )  a s 

wel l  a s singl e cases .  Onc e a  solutio n ha s bee n discovere d fo r  a  particula r  problem ,  an d th e cas e 

has bee n appropriatel y indexe d insid e a  SAP ,  i t  i s  availabl e throug h remindin g whe n anothe r 

cas e shsirin g th e sam e abstrac t  goal/plan/state/conditio n interrelation s i s bein g processed .  Thi s 

remindin g focuse s th e attentio n o f  th e proble m solve r  t o a  solutio n tha t  migh t  b e directl y appli -

cabl e i n th e curren t  problem . 

To inde x episode s an d plannin g advic e unde r  SAPs ,  th e indice s hav e t o b e suc h tha t  the y 

affor d efficien t  retrieva l  o f  strategie s an d plans .  T o d o thi s w e inde x plan s (strategies )  unde r  th e 

precondition s the y satisf y o r  th e effect s tha t  nee d t o b e achieved .  Unde r  th e plan s eithe r  gen -

eralize d o r  simpl e episode s ca n b e indexed . 

Figur e 3  show s par t  o f  th e indexin g structur e fo r  S A P M I S P L A C E D - L O Y A L T Y.  Th e 

uppe r  par t  o f  thi s figur e i s th e sam e a s Figur e 1  an d depict s th e causa l  structur e o f 
M I S P L A C E D - L O Y A L T Y.  I n additio n t o th e goal s an d state s th e precondition s fo r  th e accom -

plishmen t  o f  th e goal s ar e depicted . 
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Indexin g structur e fo r  SA P M I S P L A C E D - L O Y A L TY 

Highe r  goa l  G O 

instrumental goal 

acto r  z :  Goa l  G l 

caus^ 

abando n G J 

Goal  G2 :  ACf f lEVE-LOYALT Y (x ,  y ) 

precondition PI 

Cond:  P I  necessar y fo r  G 2 

O B EY (X .  y ) 

acto r  y :  Stat e S I  Stat e 
leads-t o \ 

Strategy :  Canno t  us e 
Pla n agains t  P I 

Cond:  S I  revocabl e 

Strategy :  Pla n agains t  S I 

S2 revocabl e 

Pla n agains t  S 2 

actor :  problem-solve r  Goa l  G 3 

Cond:  G 2 interfere s wit h G 3 

Strategy: Abandon G2 

Cond:  x  goo d a t  deceivin g 

Plan: PRACTICE-DECEIT 

Susan's dilemma 

fulfillin g G 2 cos u x  a  lo t 

I 

ASSERT-OWN-PRIORITIES 

generalize d episod e 
"asser t  monetar y priorities " 

Epsilon-disput e 

Figur e 3 

Northern-disput e 

At  th e leave s o f  a  SA P ar e pointer s t o generalize d an d individua l  episodes .  I f  a  general -
ize d episod e i s reached ,  additiona l  indice s ar e traverse d t o acces s a  particula r  experienc e withi n 
th e generalize d episode .  Fo r  example ,  th e tw o case s show n organize d unde r  th e generalize d 
episod e "asser t  monetar y priorities "  ar e th e Epsilo n disput e an d Norther n dispute .  Bot h 
dispute s ar e indexe d i n thi s locatio n i n memor y sinc e the y use d th e sam e plan . 
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1.4 .  Suminai y 

I n thi s p^e r  I  hav e presente d a  clas s o f  abstrac t  knowledg e structures ,  calle d SAPs ,  whic h 

represen t  th e causa l  structur e o f  atypica l  proble m solvin g situation s involvin g man y interactin g 

agents .  SAP s perfor m th e followin g majo r  function s i n proble m solving :  (1 )  provid e th e basi s 

fo r  findin g a n appropriat e solution ,  (2 )  ac t  a s a  sourc e o f  preventiv e an d recover y advice ,  (3 ) 

provid e justification s fo r  th e propose d solution ,  (4 )  provid e reminding s acros s differen t 

domains . 
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