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COGNITIVE PRINCIPLE S I N TH E DESIG N O F COMPUTER TUTORS 

John R. Anderson 
C.  Frankli n Boyl e 

Rober t  Farrel l 
Bria n Reise r 

Carnegie-Mello n Universit y 

This paper will identify and justify a set of principles derived from 
ACT (Anderson ,  1983 )  fo r  designin g intelligen t  compute r  tutor s (Sleema n & 
Brown ,  1982) .  I n doin g thi s w e wil l  b e drawin g o n ou r  studie s o f  hig h 
schoo l  student s learnin g geometr y an d colleg e student s learnin g t o progra m 
i n LISP .  We hav e observe d fou r  student s spen d approximatel y 3 0 hour s 
studyin g beginnin g geometr y an d thre e student s similarl y spendin g 3 0 hour s 
learnin g LISP .  We recorde d thes e session s an d hav e analyze d the m t o varyin g 
degrees .  Some o f  thes e analyse s hav e bee n reporte d i n a  serie s o f  prio r 
publication s (Anderson ,  1981 ;  Anderson ,  1982 ;  Anderson ,  1983a ;  Anderson , 
Farrell ,  &  Sauers ,  1984 ;  Anderson ,  Pirolli ,  &  Farrell ,  i n press) .  Thi s dat a 
bas e ha s serve d a s a  ric h sourc e o f  informatio n abou t  th e acquisitio n o f 
problem-solvin g skil l  an d ha s heavil y influence d ou r  desig n o f  compute r 
tutors .  We hav e use d thi s dat a bas e t o develo p tutor s bot h th e LIS P an d 
geometry .  Thes e tutor s ar e describe d elsewher e (Boyl e &  Anderson ,  1984 ; 
Farrell ,  Anderson ,  &  Reiser ,  1984) . 

Principle 1: Identify the Goal Structure of the Problem Space 

According to the ACT theory, and indeed most cognitive theories of 
problem-solving ,  th e proble m solvin g behavio r  i s organize d aroun d a 
hierarchica l  representatio n o f  th e curren t  goals .  I t  i s  importan t  tha t  thi s 
goa l  structur e b e communicate d t o th e studen t  an d instructio n b e cas t  i n 
term s o f  th e goa l  structure .  I t  i s  no t  communicate d i n typica l  instructio n 
i n course s lik e geometry . 

Proofs in geometry are almost universally in a two-column form. It is 
basicall y a  linea r  structur e o f  pair s wher e eac h pai r  i s  a  statemen t  an d 
justification .  Typica l  instructio n encourage s th e belie f  tha t  th e goa l 
structur e o f  th e studen t  shoul d mimi c thi s linea r  structure—tha t  a t  an y 
poin t  i n th e proo f  th e studen t  wil l  hav e generate d a n initia l  par t  o f  th e 
structur e an d th e curren t  goa l  i s  t o generat e th e nex t  lin e o f  th e 
structure . 

There are two serious flaws with using linear proofs as goal structures. 
Firs t  thi s practic e denie s th e validit y o f  problem-solvin g search .  I t 
encourage s th e ide a tha t  th e correc t  nex t  lin e shoul d b e obvious ,  bu t 
findin g th e nex t  lin e ofte n involve s considerabl e plannin g an d search . 
Student s engag e i n searc h bu t  fee l  ba d abou t  themselve s becaus e the y do . 
Second ,  searc h i n suc h a  linea r  structur e i s doome d t o b e hopelessl y 
unguided .  I f  th e onl y constrain t  i s  t o generat e a  lega l  line ,  th e searc h 
spac e fo r  th e correc t  proo f  i s hopelessl y large . 

We have observed students flail at solving geometry problems because 
the y tr y t o wor k withi n thi s linea r  goa l  structure .  We hav e evidenc e tha t 
successfu l  student s represen t  proof s t o themselve s a s hierarchica l 
structure s o f  implication s tha t  star t  wit h th e given s o f  a  proble m an d en d 



i n th e conclusio n t o b e proven .  I t  need s t o b e emphasize d tha t  conventiona l 
instructio n doe s no t  communicat e thi s structur e an d student s hardl y fin d i t 
obvious .  Thi s defici t  i s  particularl y grievou s becaus e th e successfu l 
student' s goa l  structur e i s muc h mor e closel y relate d t o thi s hierarchica l 
proo f  structur e tha n i t  i s  t o th e linea r  structur e o f  a  two-colum n proof . 
Basically ,  th e successfu l  studen t  engage s i n a  forwar d searc h fro m th e 
given s an d a  backwar d searc h fro m th e to-be-prove n statement . 

Principle 2: Provide Instruction In the Problea-Solvlng Context 

Students appear to learn information better if that information is 
presente d durin g proble m solvin g rathe r  tha n durin g instructio n tha t  i s 
apar t  fro m th e problem-solvin g context .  Ther e ar e a  numbe r  o f  reason s wh y 
thi s shoul d b e so : 

First, there is evidence that memories are associated to the features of 
th e contex t  i n whic h the y wer e learned .  Th e probabilit y  o f  retrievin g th e 
memorie s i s increase d whe n th e contex t  o f  recal l  matche s th e contex t  o f 
stud y (Tulving ,  1983 ;  Tulvin g an d Thomson ,  1973) .  A n extrem e exampl e o f 
thi s wa s show n b y Ros s (1984 )  wh o foun d tha t  secretarie s wer e mor e likel y t o 
remember  a  text-edito r  command learne d i n th e contex t  o f  a  recip e i f  the y 
wer e currentl y editin g anothe r  recipe . 

Second, it is often difficult to properly encode and understand 
informatio n presente d outsid e o f  a  proble m contex t  an d s o it s applicabilit y 
migh t  no t  b e recognize d i n a  proble m context .  Fo r  instance ,  student s ma y 
not  realiz e tha t  a  top-leve l  variabl e i s reall y th e sam e thin g a s a  functio n 
argumen t  eve n thoug h the y ar e obliquel y tol d so .  A s anothe r  example ,  man y 
student s readin g th e side-angle-sid e postulat e ma y no t  kno w wha t  include d 
angl e mean s an d s o misappl y tha t  postulate . 

Third, even if a student can recall the information and apply it 
correctly ,  the y ar e ofte n face d wit h man y potentiall y  applicabl e piece s o f 
informatio n an d d o no t  kno w whic h on e t o use .  We hav e frequentl y observe d 
student s painfull y tryin g dozen s o f  theorem s an d postulate s i n geometr y 
befor e findin g th e righ t  pne .  Th e basi c proble m i s tha t  knowledg e i s taugh t 
i n th e abstrac t  an d th e studen t  mus t  lear n th e goal s t o whic h tha t  knowledg e 
i s applicable .  I f  th e knowledg e i s presente d i n a  problem-solvin g contex t 
it s  goal-relevanc e i s muc h mor e apparent . 

Principle 3: Provide lamedlate Feedback on Errors 

Novices make errors both in selecting wrong solution paths and in 
incorrectl y applyin g th e rule s o f  th e domain .  Error s ar e a n inevitabl e par t 
of  learning ,  bu t  th e cos t  o f  thes e error s t o th e learne r  i s ofte n highe r 
tha n i s necessary .  The y ca n severel y ad d t o th e amoun t  o f  tim e require d fo r 
learning .  Mor e tha n hal f  o f  ou r  subjects '  problem-solvin g session s wer e 
actuall y spen t  explorin g wron g path s o r  recoverin g fro m erroneou s steps . 
Relativel y littl e i s learne d whil e student s ar e tryin g t o ge t  ou t  o f  th e 
hole s the y hav e du g fo r  themselves . 

In addition, errors often confuse the picture and make it difficult to 
determin e whic h step s wer e righ t  o r  wrong .  Th e classi c exampl e o f  thi s i s 
th e studen t  wh o finall y stumble s ont o th e correc t  cod e bu t  doe s no t 



understan d wh y i t  works .  Student s ofte n progres s i n thi s tria l  an d erro r 
mode wit h respec t  t o LIS P evaluation :  the y don' t  kno w whe n a n elemen t  wil l 
be treate d a s a  function ,  a  variable ,  o r  a  litera l  bu t  pla y aroun d wit h 
parenthese s an d quote s unti l  the y ge t  somethin g t o work .  I t  i s  particularl y 
difficul t  t o lear n fro m error s whe n th e feedbac k o n th e error s come s a t  a 
delay .  We (Lewi s &  Anderson ,  submitted )  hav e show n tha t  subject s lear n mor e 
slowl y i n a  problem-solvin g situatio n wher e the y ar e allowe d t o g o dow n 
erroneou s path s an d ar e onl y give n feedbac k a t  delay .  Also ,  th e importanc e 
of  immediat e feedbac k ha s bee n wel l  documente d i n othe r  learnin g situation s 
(Bilodeau ,  1969 ;  Skinner ,  1958) . 

Another cost of errors is the demoralization of the student. In these 
problem-solvin g domain s error s ca n b e ver y frequen t  an d frustrating .  We 
believ e tha t  muc h o f  th e negativ e attitude s an d mat h phobia s deriv e fro m th e 
bitte r  experience s o f  student s wit h errors . 

Principle 4: Minimize Working Memory Load 

Solving problems often requires holding a great deal of requisite 
informatio n i n a  menta l  workin g memory .  I f  som e o f  tha t  requisit e 
informatio n i s los t  ther e wil l  b e errors .  I t  surprise d u s t o fin d i n ou r 
LIS P protocol s tha t  mos t  o f  th e studen t  error s appea r  t o b e du e t o workin g 
memory failures .  A  frequen t  an d disastrou s typ e o f  erro r  i s "losin g a  leve l 
of  complexity" .  On e wa y thi s manifest s itsel f  i s  tha t  subject s los e trac k 
of  on e leve l  o f  parentheses .  Anothe r  wa y thi s occur s i s whe n subject s pla n 
t o us e function l  withi n function 2 withi n functions ,  bu t  forge t  th e 
intermediat e functio n an d writ e function s directl y withi n functionl . 

A good human tutor can recognize errors of working memory and typically 
provide s quic k correctio n (McKendree ,  Reiser ,  an d Anderson ,  1984) .  Tutor s 
realiz e tha t  ther e i s littl e profi t  i n allowin g th e studen t  t o continu e 
afte r  makin g suc h errors .  However ,  huma n tutor s reall y hav e n o mean s a t 
thei r  disposa l  t o reduc e th e workin g memor y load .  Thi s i s on e o f  th e way s 
we thin k compute r  tutor s ca n b e a n improvemen t  ove r  huma n tutors—on e ca n 
externaliz e muc h o f  workin g memor y o n th e compute r  screen .  Thi s involve s 
keepin g partia l  product s an d goa l  structure s availabl e i n windows . 

Principle 5: Represent the Student as a Production Set 

All of our work on skill acquisition has modelled students' behavior as 
bein g generate d b y a  se t  o f  productions .  Ther e i s a  fai r  amoun t  o f  evidenc e 
fo r  thi s vie w o f  huma n problem-solvin g (e.g. ,  Anderson ,  1983 ;  Newel l  & 
Simon ,  1972) .  I t  i s  als o th e cas e tha t  numerou s othe r  effort s i n th e domai n 
of  intelligen t  tutorin g hav e represente d th e to-be-tutore d skil l  a s a 
productio n se t  (e.g. ,  Brow n an d Va n Lehn ,  1980 ;  O'Shea ,  1979 ;  Sleeman , 
1982) . 

Productions in ACT represent the knowledge underlying a problem-solving 
skil l  a s a  se t  o f  goal-oriente d rules .  Some representativ e example s fo r 
LIS P an d geometr y are : 

IF the goal is to insert an element into a list 
THEN pla n t o us e CONS an d se t  a s subgoal s 

1.  T o cod e th e elemen t 
2.  T o cod e th e lis t 



I F th e goa l  i s  t o cod e a  functio n tha t  calculate s a  relatio n o n a  lis t 
THEN tr y t o us e CDR-recursio n an d se t  a s subgoal s 

1.  T o cod e th e terminatin g conditio n 
2.  T o cod e th e recursiv e conditio n 

IF the goal is to prove <XYZ ^<UVW 
and X Y ^ U V 
and Y Z ̂  V W 

THEN pla n t o us e side-angle-sid e an d se t  a s a  subgoa l 
1.  T o prov e <XY Z =  <UV W 

Such rules not only enable the system to follow student problem-solving 
but  the y defin e a n appropriat e grai n siz e fo r  instruction .  Basically ,  ou r 
tutorin g system s monito r  whethe r  a  studen t  use s eac h rul e correctl y an d 
correct s an y incorrec t  o r  missin g rules .  A s emphasize d b y Brow n an d Va n 
Lehn ,  studen t  misconception s o r  bug s ca n b e organize d a s perturbation s o f 
correc t  rules . 

Human tutors seem to intuit an appropriate grain size of rules for 

instructio n bu t  ofte n thei r  intuition s ar e wrong .  Thi s i s on e plac e wher e a 
syste m base d o n carefu l  analysi s o f  studen t  problem-solvin g ma y b e abl e t o 
outperfor m th e typica l  huma n tutor . 

Principle 6: Adjust the Grain Size of Instruction According to 
Learnin g Principle s 

One of the reasons human tutors have difficulty with the grain size for 
instructin g student s i s tha t  th e grai n siz e change s a s experienc e i s 
acquire d i n th e domain .  Accordin g t o th e AC T learnin g theory ,  thi s chang e 
i s produce d b y a  knowledg e compilatio n proces s tha t  collapse s a  sequenc e o f 
production s int o large r  "macro "  productio n rules .  Human tutors ,  bein g 
highl y skille d i n th e domain ,  exemplif y a  larg e grai n siz e i n thei r  problem -
solvin g an d hav e a  considerabl e difficult y intuitin g th e appropriat e grai n 
siz e fo r  th e student . 

An effectiv e compute r  tuto r  wil l  hav e t o adjus t  th e grai n siz e o f 
instructio n a s th e studen t  progresse s throug h th e material .  Usin g a  theor y 
of  productio n learnin g i t  wil l  hav e t o predic t  whe n th e origina l  production s 
become compile d int o macr o production s s o tha t  i t  ca n chang e th e grai n siz e 
of  instruction . 

Principle 7: Enable the Student to Approach the Target Skill by 
Successiv e Approxiaatio n 

Students do not become experts in geometry or LISP programming after 
solvin g thei r  firs t  problem .  The y graduall y approximat e th e exper t 
behavior ,  accumulatin g separatel y th e variou s piece s (productio n rules )  o f 
th e skill .  I t  i s  importan t  tha t  a  tuto r  suppor t  thi s learnin g b y 
approximation .  I t  i s  ver y har d t o lear n i n a  tutoria l  situatio n tha t 
require s tha t  th e whol e solutio n b e correct .  Th e tuto r  mus t  accep t 
partiall y  correc t  solution s an d shap e th e studen t  o n thos e aspect s o f  th e 
solutio n tha t  ar e weak . 

Generally, it is better to have the early approximations occur in 
proble m context s tha t  ar e a s simila r  t o th e fina l  proble m contex t  a s 



possible .  Skill s  learne d i n on e proble m contex t  wil l  onl y partiall y 
transfe r  t o a  secon d context .  Student s lear n feature s fro m earl y problem s 
t o guid e thei r  problem-solvin g operators .  I f  thes e feature s ar e differen t 
fro m th e fina l  proble m spac e th e problem-solvin g operator s wil l  b e 
misguided .  Fo r  instance ,  earl y problem s i n geometr y ten d t o involv e 
algebrai c manipulation s o f  measures .  Consequently ,  th e studen t  learn s t o 
conver t  segmen t  an d angl e congruenc e int o equality .  Late r  problems ,  suc h a s 
thos e involvin g triangl e congruence ,  d o no t  involv e convertin g congruenc e o f 
side s an d angle s int o equalit y o f  measures . 

The advantage of a private tutor is that he/she can help the student 
throug h problem s whic h ar e to o difficul t  fo r  th e studen t  t o solv e entirel y 
alone .  Thus ,  i t  i s  common t o se e a  sequenc e o f  problem s wher e th e tuto r 
wil l  solv e mos t  o f  th e firs t  proble m wit h th e studen t  jus t  fillin g i n a  fe w 
of  th e steps ,  les s o f  th e second ,  etc .  unti l  th e studen t  i s solvin g th e 
entir e problem . 

Principle 8: Pronote Use of General Problem-Solving Rules Over Analogy 

There are two basic methods that we have observed students using to 
solv e th e firs t  problem s i n a  domain .  On e i s t o us e analogie s t o earlie r 
problem s i n th e tex t  o r  problem s fro m othe r  domain s t o hel p guid e th e 
proble m solving .  Th e basi c strateg y i s t o tr y t o ma p th e structur e o f  a 
solutio n o f  on e proble m t o anothe r  problem .  Anderso n (198 1 tec h report) , 
Anderson ,  Farrell ,  an d Sauer s (1984) ,  an d Anderson ,  Pirolli ,  an d Farrel l  (i n 
press )  discus s specifi c  example s fro m ou r  protocol s o n geometr y an d LISP . 

The other method is to extract general problem-solving operators from 
th e instructio n an d appl y thes e t o th e problem .  Fo r  instance ,  i f  th e goa l 
i s  t o prov e triangle s congruent ,  on e ca n appl y postulate s abou t  triangl e 
congruence .  I f  th e goa l  i s  t o creat e a  lis t  structure ,  on e ca n tr y t o appl y 
a functio n tha t  create s lis t  structures .  Th e proble m wit h suc h genera l 
operator s i s tha t  i n man y domain s th e searc h spac e o f  th e combination s o f 
thes e operator s become s enormous .  Thi s i s perhap s wh y onl y a  littl e 
additiona l  informatio n tend s t o b e introduce d wit h eac h ne w sectio n o f  a 
textbook .  Th e studen t  ca n restric t  searc h t o thes e ne w potentia l  operation s 
(cf .  Va n Lehn ,  1983) . 

Another difficulty with the general problem-solving approach is that it 
i s  ofte n difficul t  t o encod e th e neede d problem-solvin g operators .  Ofte n 
th e instructio n doe s no t  contai n explici t  statement s o f  suc h operators . 
Rathe r  th e operator s hav e t o inferre d fro m th e instruction .  Eve n o n thos e 
occasion s i n whic h th e operator s ar e directl y stated ,  student s hav e a  har d 
tim e understandin g the m becaus e the y ar e state d s o abstractly .  Student s ar e 
ofte n onl y abl e t o encod e th e operator s correctl y whe n the y se e the m applie d 
t o a n exampl e problem . 

Students appear to prefer analogy as a method of solution in both 
geometr y an d LISP .  Th e preferenc e i s no t  overwhelmin g i n geometr y an d ther e 
ar e man y episode s o f  proble m solutio n b y genera l  problem-solvin g operators . 
I n contrast ,  th e preferenc e i s overwhelmin g i n novic e LIS P programming .  I n 
almos t  ever y cas e wher e a  studen t  wa s writin g a  firs t  instanc e o f  a 
particula r  typ e o f  LIS P function ,  th e studen t  relie d o n analog y t o exampl e 
LIS P functions . 



Privat e huma n tutor s diffe r  a s t o whethe r  the y ten d t o guid e th e studen t 
t o solutio n b y analog y o r  b y genera l  problem-solvin g operators .  We clai m 
tha t  solutio n wit h genera l  operator s woul d lea d t o th e bes t  long-ter m gains . 
Thi s i s becaus e th e studen t  ofte n successfull y generate s a  solutio n b y 
analog y bu t  doe s no t  understan d wh y th e solutio n works .  We hav e see n 
student s wor k thei r  wa y throug h problem s b y analog y an d no t  lear n anythin g 
of  permanen t  value .  What  the y ofte n lear n i s ho w t o d o analogies .  I f  w e 
tak e awa y th e problem s fro m whic h t o analogiz e an d the y ar e unabl e t o solv e 
problems .  Halas z an d Mora n (1983 )  hav e als o commente d o n th e negativ e 
consequence s o f  proble m solvin g b y analogy .  The y poin t  ou t  tha t  student s 
ar e pron e t o incorrec t  inference s i n usin g th e analogy .  A n analog y i s 
frequentl y use d i n plac e o f  a  dee p understandin g o f  th e proble m domain . 

Conclusions 

We have stated a number of cognitive principles that seem Important to 
designin g intelligen t  tutors .  Ou r  specifi c  geometr y an d LIS P tutor s (Boyl e 
and Anderson ,  1984 ;  Farrell ,  Anderson ,  an d Reiser ,  1984 )  ca n b e consulte d 
fo r  successfu l  applicatio n o f  suc h rules .  T o th e exten t  tha t  suc h 
application s ar e successful ,  the y ar e suppor t  no t  onl y fo r  thes e cognitiv e 
principle s o f  design ,  bu t  als o fo r  th e underlyin g AC T theor y o f  cognitio n o n 
whic h the y ar e based . 
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A FRAMEWORK FOR A  QUALITATIV E PHYSIC S 

John Seely Brown 
Joha n d e Klee r 

Xero x Par e 

Change is a ubiquitous characteristic of the physical world. But what 
i s it ? What  cause s it ? Ho w ca n i t  b e described ? Thousand s o f  year s o f 
investigatio n hav e produce d a  ric h an d divers e physic s whic h provide s man y 
answers .  Importan t  concept s an d distinction s underlyin g chang e i n physica l 
system s ar e state ,  cause ,  law ,  equilibrium ,  oscillation ,  momentum , 
quasistati c approximation ,  contac t  force ,  feedback ,  etc .  Notic e tha t  thes e 
term s ar e qualitativ e an d ca n b e intuitivel y understood .  Admittedl y the y 
ar e commonl y quantitativel y defined .  Th e behavio r  o f  a  physica l  syste m ca n 
be describe d b y th e exac t  value s o f  it s  variable s (forces ,  velocities , 
positions ,  pressures ,  etc. )  a t  eac h tim e instant .  Suc h a  description , 
althoug h complete ,  fail s  t o provid e muc h insigh t  int o ho w th e syste m 
functions .  Th e insightfu l  concept s an d distinction s ar e usuall y 
qualitative ,  bu t  the y ar e embedde d withi n th e muc h mor e comple x framewor k 
establishe d b y continuou s real-value d variable s an d differentia l  equations . 
Our  long-ter m goa l  i s  t o develo p a n alternat e physic s i n whic h thes e sam e 
concept s ar e derive d fro m a  fa r  simpler ,  bu t  nevertheles s formal , 
qualitativ e basis . 

The motivations for developing a qualitative physics stem from 
outstandin g problem s i n psychology ,  education ,  artificia l  intelligence ,  an d 
physics .  We wan t  t o identif y th e cor e knowledg e tha t  underlie s physica l 
intuition .  Humans appea r  t o us e a  qualitativ e causa l  calculu s i n reasonin g 
abou t  th e behavio r  o f  thei r  physica l  environment .  Judgin g fro m th e kind s o f 
explanation s human s give ,  thi s calculu s i s quit e differen t  fro m th e 
classica l  physic s taugh t  i n classrooms .  Thi s raise s question s a s t o wha t 
thi s (naive )  physic s i s like ,  an d ho w i t  help s on e t o reaso n abou t  th e 
physica l  world . 

In classical physics the crucial distinctions for characterizing 
physica l  chang e ar e define d withi n a  nonmechanisti c framewor k an d thu s the y 
ar e difficul t  t o groun d i n th e common-sens e knowledg e derive d fro m 
interactio n wit h th e world .  Qualitativ e physic s provide s a n alternat e an d 
simple r  wa y o f  arrivin g a t  th e sam e conception s an d distinction s an d thu s 
provide s a  simple r  pedagogica l  basi s fo r  educatin g student s abou t  physica l 
mechanisms . 

Artificial intelligence and (especially) its subfield of expert systems 
ar e producin g ver y sophisticate d compute r  program s capabl e o f  solvin g task s 
tha t  requir e extensiv e huma n expertise .  A  commonl y recognize d failin g o f 
suc h system s i s thei r  extremel y narro w rang e o f  expertis e an d thei r 
inabilit y  t o recogniz e whe n a  proble m pose d t o the m i s outsid e thi s rang e o f 
expertise .  I n othe r  words ,  the y hav e n o common-sense .  I n fact ,  exper t 
system s usuall y canno t  solv e simple r  version s o f  th e problem s the y ar e 
designe d t o solve .  Th e missin g common-sens e ca n b e supplied ,  i n part ,  b y 
qualitativ e reasoning . 

A qualitative causal physics provides an alternate way of describing 
physica l  phenomena .  A s compare d t o moder n physics ,  thi s qualitativ e physic s 
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i s onl y a t  it s  formativ e stage s an d doe s no t  hav e ne w explanator y value . 

However ,  th e qualitativ e physic s doe s sugges t  som e promise s o f  novelty , 
particularl y i n it s explici t  treatmen t  o f  causalit y -  somethin g moder n 
physic s provide s n o formalis m fo r  treating . 

Our proposal is to reduce the quantitative precision of the behavioral 
description s bu t  retai n th e crucia l  distinctions .  Instea d o f  continuou s 
real-value d variables ,  eac h variabl e i s describe d qualitativel y -  takin g o n 
onl y a  smal l  numbe r  o f  values ,  usuall y + ,  - ,  o r  0 .  Ou r  centra l  modelin g 
too l  i s  th e qualitativ e differentia l  equation ,  calle d a  confluence .  Fo r 
example ,  th e qualitativ e behavio r  o f  a  valv e i s expresse d b y th e confluenc e 
3P+9 A -  9 Q «  0  wher e Q  i s th e flo w throug h th e valve ,  P  i s th e pressur e 
acros s th e valve ,  A  i s th e are a availabl e fo r  flow ,  an d 9Q ,  9A ,  an d a ? 
represen t  change s i n Q ,  A ,  an d P -  Th e confluenc e represent s multipl e 
competin g tendencies :  th e chang e i n are a positivel y influence s flo w rat e 
and negativel y influence s pressure ,  th e chang e i n pressur e positivel y 
influence s flo w rate ,  etc .  Th e sam e variabl e ca n appea r  i n man y confluence s 
and thu s ca n b e influence d i n man y differen t  ways .  I n a n overal l  syste m 
eac h confluenc e mus t  b e satisfie d individually .  Thu s i f  th e are a i s 
increasin g bu t  th e flo w remain s constant ,  th e pressur e mus t  decreas e n o 
matte r  wha t  th e othe r  influence s o n th e pressur e are .  A  singl e confluenc e 
ofte n canno t  characteriz e th e behavio r  o f  a  componen t  ove r  it s entir e 
operatin g range .  I n suc h case s th e rang e mus t  b e divide d int o subregions , 
eac h characterize d b y a  differen t  componen t  stat e i n whic h differen t 
confluence s apply .  Fo r  example ,  th e behavio r  o f  th e valv e whe n i t  i s 
completel y ope n i s quit e differen t  fro m tha t  whe n i t  i s  completel y closed . 
Thes e tw o concepts ,  o f  confluenc e an d o f  state ,  for m th e basi s fo r  a 
qualitativ e physics ,  a  physic s tha t  maintain s mos t  o f  th e importan t 
distinction s o f  th e usua l  physic s bu t  i s fa r  simpler -

ENVISION 

One of our central tenets of our methodology for exploring the ideas 
and technique s i s t o construc t  compute r  system s base d o n the m an d t o compar e 
thei r  result s wit h ou r  expectations .  Th e progra m ENVISIO N ha s bee n ru n 
successfull y o n hundred s o f  example s o f  variou s type s o f  device s 
(electronic ,  translational ,  hydraulic ,  acoustic ,  etc. ) .  Althoug h w e vie w 
constructin g workin g program s a s a n importan t  methodologica l  strateg y fo r 
doin g research ,  th e existenc e o f  a  workin g implementatio n contribute s littl e 
t o th e conceptua l  coherenc e o f  th e theor y -  i t  i s  a n existenc e proo f  a t 
best . 

Although the algorithms ENVISION uses are not the primary focus of 
thi s talk ,  a  brie f  descriptio n o f  it s  inputs ,  outputs ,  an d succes s criteri a 
clarifie s th e stag e fo r  th e followin g conceptua l  presentations .  ENVISION' s 
basi c tas k i s t o deriv e functio n fro m structur e fo r  a n arbitrar y device .  I t 
relie s o n a  singl e librar y o f  generi c component s an d use s th e sam e mode l 
librar y t o analyz e eac h device .  Th e inpu t  t o ENVISIO N i s a  descriptio n o f  a 
particula r  situatio n i n term s o f  (1 )  a  se t  o f  component s an d thei r  allowabl e 
path s o f  interactio n (i.e. ,  th e device' s topology) ,  (2 )  th e inpu t  force s 
applie d t o th e devic e (i f  any) ,  an d (3 )  a  se t  o f  boundar y condition s whic h 
constrai n th e device' s behavior .  ENVISIO N produce s a  descriptio n o f  th e 
behavio r  o f  th e syste m i n term s o f  it s  allowabl e states ,  th e value s o f  th e 
system' s variables ,  an d th e directio n thes e variable s ar e changing .  Mos t 
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importantly ,  i t  produce s complet e causa l  an d logica l  analyse s fo r  tha t 
behavior .  Bot h o f  thes e analyse s provid e explanation s o f  ho w th e syste m 
behave s wit h th e causa l  analysi s als o identifyin g al l  possibl e feedbac k 
paths . 

The success criteria for ENVISION are also important. Our physics is 
qualitativ e an d henc e sometime s underdetermine s th e behavio r  o f  a  system . 
I n thes e case s ENVISIO N produce s a  se t  o f  behavior s (w e cal l  thes e 
interpretations) .  A t  a  minimum ,  fo r  a  predictio n t o b e correct ,  on e o f  th e 
interpretation s mus t  correspon d t o th e actua l  behavio r  o f  th e rea l  device . 
A stronge r  criterio n follow s fro m observin g tha t  a  structura l  description , 
abstracte d qualitatively ,  o f  a  particula r  devic e implicitl y  characterize s a 
wid e clas s o f  differen t  physicall y realizabl e device s wit h th e sam e devic e 
topology .  Th e stronge r  criterio n require s tha t  fo r  th e prediction s produce d 
by envisionin g t o b e correc t  the n (1 )  th e behavio r  o f  eac h devic e i n th e 
clas s i s describe d b y on e o f  th e interpretations ,  an d (2 )  ever y 
interpretatio n describe s th e behavio r  o f  som e devic e o f  th e class . 

We present a new unifying framework: the qualitative differential 
equation .  Thi s ne w researc h build s o n th e idea s o f  qualitativ e value , 
componen t  models ,  an d envisioning ,  develope d i n ou r  earlie r  investigations . 
Thes e concept s an d ou r  methodolog y ar e discusse d i n mor e detai l  i n ou r 
earlie r  papers .  Some o f  th e importan t  concept s develope d mor e recentl y 
withi n ou r  qualitativ e framewor k are : 

Quasistatic approximation; Most modeling, whether quantitative or 
qualitative ,  make s th e approximatio n tha t  behavio r  a t  som e smal l  tim e scal e 
i s unimportant .  I n moder n thermodynamic s thi s concep t  i s centra l  t o th e 
definitio n o f  equilibrium .  Unti l  no w qualitativ e physic s ha s treate d thi s 
modelin g issu e i n bot h a n a d ho c an d taci t  manner -  I n ou r  formulatio n 
quasisti c assumption s pla y a  theoreticall y motivate d an d explici t  role . 

Causality: The behavior of a device is viewed as arising from the 
interaction s o f  a  se t  o f  processors ,  on e fo r  eac h componen t  o f  th e "device. " 
The information-passin g interaction s o f  th e individua l  component s ar e th e 
cause-effec t  interaction s betwee n th e device' s components .  Withi n thi s 
framewor k causa l  account s ar e define d (a s interaction s tha t  obe y certai n 
meta-constraints )  an d thei r  limitation s explored . 

Mythical causality and mythical time: Any set of component models make 
some assumption s abou t  devic e behavio r  (i.e. ,  quasistati c assumptions )  an d 
henc e cannot ,  i n principle ,  yiel d causa l  account s fo r  th e change s tha t  mus t 
occu r  betwee n equilibriu m state s o f  a  system .  I n orde r  t o handl e thi s 
proble m w e hav e define d ne w notion s o f  causalit y an d tim e (i.e. ,  mythica l 
causalit y an d mythica l  time )  cas t  i n term s o f  information-passin g 
"negotiations "  betwee n processor s o f  neighborin g components . 

Generalized machines: Many physical situations can be viewed as some 
kin d o f  generalize d machine ,  whos e behavio r  ca n b e describe d i n term s o f 
variabl e values .  Thes e variable s includ e force ,  velocity ,  pressure ,  flow , 
current ,  an d voltage . 

Proof as explanation: Physical laws, viewed as constraints, are 
acausal .  We discus s ho w a  logica l  proo f  o f  th e solutio n o f  a  se t  o f 
constraint s i s a  kin d o f  acausa l  explanatio n o f  behavior . 
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Qualitativ e calculus ;  Qualitativ e physic s i s base d o n a  qualitativ e 

calculus ,  th e qualitativ e analo g t o th e calculu s o f  Newto n an d Leibniz .  We 
defin e qualitativ e version s o f  value ,  continuity ,  differential ,  an d 
Integral . 

Episodes: Episodes are used to quantize time into periods within which 
th e device' s behavio r  i s significantl y different . 

Digital physics; Each component of a physical system can be viewed as 
a simpl e informatio n processor .  Th e overal l  behavio r  o f  th e devic e i s 
produce d b y causa l  interaction s betwee n physicall y adjacen t  components . 
Physica l  law s ca n the n b e viewe d a s emergen t  propertie s o f  th e universa l 
"programs "  execute d b y th e processors .  A  ne w kin d o f  physica l  la w migh t 
thu s b e expressibl e a s constraint s o n thes e programs ,  processor s o r  th e 
Information-flo w amon g them . 

Structure to Function; We want to be able to infer the behavior of a 
physica l  devic e fro m a  descriptio n o f  it s  physica l  structure .  Th e devic e 
consist s o f  physicall y disjoin t  part s connecte d together .  Eac h componen t 
has a  type ,  whos e generi c mode l  (i.e. ,  law s governin g it s behavior )  i s 
availabl e i n th e mode l  library .  Th e structur e o f  a  devic e i s describe d i n 
term s o f  it s  component s an d Interconnections .  Th e tas k i s t o determin e th e 
behavio r  o f  a  devic e give n it s structur e an d acces s t o th e generi c mode l  a s 
specifie d i n th e mode l  library . 

No-function-ln-structure; The goal is to draw inferences about the 
behavio r  o f  th e composit e devic e solel y fro m law s governin g th e behavior s o f 
it s  parts .  Thi s vie w raise s a  difficul t  question ;  wher e d o th e law s an d 
th e description s o f  th e devic e bein g studie d com e from ? Unles s w e plac e 
some condition s o n th e law s an d th e descriptions ,  th e inference s tha t  ca n b e 
made ma y b e (implicitly )  pre-encode d i n th e structura l  descriptio n o r  th e 
model  library . 

The no-functlon-in-structure principle is central: the laws of the 
part s o f  th e devic e ma y no t  presum e th e functionin g o f  th e whole .  Tak e a s a 
simpl e exampl e a  ligh t  switch .  Th e mode l  o f  a  switc h tha t  states ,  "i f  th e 
switc h i s off ,  n o curren t  flows ;  an d I f  th e switc h i s on ,  curren t  flows, " 
violate s th e no-functlon-in-structur e principle .  Althoug h thi s mode l 
correctl y describe s th e behavio r  o f  th e switche s i n ou r  offices ,  i t  i s  fals e 
as ther e ar e man y close d switche s throug h whic h curren t  doe s no t  necessaril y 
flo w (suc h as ,  tw o switche s i n series) .  Curren t  flow s i n th e switc h onl y i f 
I t  i s  close d an d ther e i s a  potentia l  fo r  curren t  flow .  On e o f  th e reason s 
why i t  i s  surprisingl y difficul t  t o creat e a  "context-free "  descriptio n o f  a 
componen t  i s tha t  wheneve r  on e think s o f  ho w a  componen t  behaves ,  on e must , 
almos t  b y definition ,  thin k o f  i t  i n som e typ e o f  supportin g context .  Thus , 
th e propertie s o f  ho w th e componen t  function s i n tha t  particula r  supportin g 
contex t  ar e ap t  t o Influenc e subtl y ho w on e model s it . 

Locality; The principle of locality demands that the laws for a part 
canno t  specificall y refe r  t o an y othe r  part .  A  par t  ca n onl y ac t  o n o r  b e 
acte d o n b y it s immediat e neighbor s an d it s immediat e neighbor s mus t  b e 
Identifiabl e a  prior i  i n th e structure .  T o a n extent ,  localit y follow s fro m 
no-functlon-in-structure .  I f  a  la w fo r  par t  o f  typ e A  referre d t o a 
specifi c  othe r  par t  o f  typ e B  i t  woul d b e makin g a  presuppositio n tha t  ever y 
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devic e whic h containe d a  par t  o f  typ e A  als o containe d a  par t  o f  typ e B . 
The localit y principl e als o play s a  crucia l  rol e i n ou r  definitio n o f 
causality . 

Class-Wide Assumptions; Those assumptions that are idiosyncratic to a 

particula r  devic e mus t  b e distinguishe d fro m thos e tha t  ar e generi c t o th e 
entir e clas s o f  devices .  Fo r  example ,  th e explanatio n o f  th e pressur e 
regulator' s behavio r  ignore d turbulenc e a t  th e valv e seat ,  Brownia n motio n 
of  th e flui d molecules ,  an d th e compressibilit y  o f  th e fluid ;  thes e ar e 
howeve r  al l  reasonabl e assumption s t o mak e fo r  a  wid e clas s o f  hydrauli c 
devices .  We cal l  suc h assumption s class-wid e assumption s an d the y for m a 
kin d o f  universa l  resolutio n fo r  th e "microscope "  bein g use d t o stud y th e 
physica l  device . 

Given this definition for class-wide assumptions, the no-function-in-
structur e principl e ca n b e state d mor e clearly :  th e law s fo r  th e component s 
of  a  devic e o f  a  particula r  clas s ma y no t  mak e an y othe r  assumption s abou t 
th e behavio r  o f  th e particula r  devic e tha t  ar e no t  mad e abou t  th e clas s i n 
general . 

Although as originally phrased, no-functlon-in-structure is 
unachievable ,  it s  essentia l  ide a i s preserve d throug h th e us e o f  class-wid e 
assumptions .  A n presuppositio n behin d no-function-in-structur e i s tha t  i t 
i s  possibl e t o describ e th e law s an d th e part s o f  a  particula r  devic e 
withou t  makin g an y assumption s abou t  th e behavio r  o f  interes t  o f  th e device . 
Ther e I s n o neutral ,  objective ,  assumption-fre e wa y o f  determinin g th e 
structur e o f  th e devic e an d th e law s o f  it s  components .  Th e no-function-in -
structur e demand s a n infinit e regress :  a  complet e se t  o f  engineerin g 
drawings ,  a  geometrica l  description ,  an d th e position s o f  eac h o f  it s 
molecules ,  al l  mak e som e unwarrante d assumption s fo r  som e behavio r  tha t  i s 
potentiall y  o f  interest .  Thus ,  w e admi t  tha t  assumption s i n genera l  canno t 
be avoide d i n th e identificatio n o f  th e part s an d thei r  laws ,  whic h i s wh y 
class-wid e assumption s ar e crucial . 

Class-wide assumptions play two important roles in our qualitative 
physics .  First ,  the y pla y a  definitiona l  role .  Formalizin g th e 
idealizatio n (i.e. .  qualitativ e physics )  demand s tha t  w e b e explici t  abou t 
whic h assumption s w e ar e making .  Second ,  an d a s important ,  the y ar e 
importan t  fo r  buildin g exper t  systems .  I n constructin g a n exper t  syste m t o 
design ,  operat e o r  troubleshoo t  comple x device s i t  i s  critica l  t o clearl y 
stat e wha t  assumption s ar e bein g use d i n modelin g th e give n device .  Thus , 
when th e unexpecte d situatio n o r  causalt y occurs ,  thes e assumption s ca n b e 
examine d t o determin e whethe r  th e "knowledg e base "  ca n b e relie d on . 

The most common kind of class-wide assumption is that behavior of short 
enoug h duratio n ca n b e ignored .  Unde r  thi s assumptio n th e "settling " 
behavio r  b y whic h th e devic e reache s equilibriu m afte r  a  disturbanc e nee d 
not  b e modeled .  A s "shor t  enough "  i s a  relativ e term ,  thi s assumptio n ca n 
be mad e a t  man y levels .  Thi s assumptio n play s a  majo r  rol e i n studyin g th e 
heatin g an d coolin g o f  gases .  I n classica l  physic s i t  i s  calle d th e 
quasistati c approximation .  Fo r  example ,  th e lumpe d circui t  formulatio n o f 
electronic s make s th e quasistati c assumptio n tha t  th e dimension s o f  th e 
physica l  circui t  ar e smal l  compare d t o th e wavelengt h associate d wit h th e 
highes t  frequenc y o f  interest .  Othe r  example s o f  class-wid e assumption s ar e 
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tha t  th e mea n fre e pat h o f  th e flui d particle s I s smal l  compare d t o th e 
distance s ove r  whic h th e pressur e change s appreciabl y an d tha t  th e rat e o f 
chang e o f  th e field s I s no t  to o large . 

A sophisticated reasoning strategy concerns when and how to change the 
class-wid e assumption s whe n reasonin g abou t  a  particula r  device .  Suc h 
concern s ar e critica l  fo r  troubleshootin g wher e fault s ca n forc e device s 
Int o fundamentall y ne w mode s o f  operation .  However ,  eve n a  simpl e analysi s 
ca n sometime s requir e departure s fro m th e usua l  se t  o f  class-wid e 
assumptions .  Fo r  example .  I t  I s  sometime s Importan t  t o remov e a  class-wid e 
assumptio n fo r  som e localize d par t  o f  th e device ,  suc h a s tw o wire s runnin g 
clos e togethe r  whic h shoul d b e modele d a s a  transmissio n line . 

The Importance of the Principles; Violating the no-functlon-ln-
structur e principl e ha s n o direc t  consequence s o n th e representatio n an d 
Inferenc e scheme s presented .  Althoug h th e for m o f  th e structur e an d th e 
law s ar e chose n t o minimiz e blatan t  violation s o f  th e no-functlon-ln -
structur e principle ,  I t  I s  possibl e t o represen t  an d dra w Inference s fro m 
arbitrar y laws—I n fac t  I t  I s  to o easy . 

Without this principle our proposed naive physics would be nothing but 
a proposa l  fo r  a n architectur e fo r  buildin g hand-crafte d (an d thu s ad-hoc ) 
theorie s fo r  specifi c  device s an d situations .  I t  woul d provid e n o 
systemati c wa y o f  ensurin g tha t  a  particula r  clas s o f  law s di d o r  di d no t 
alread y hav e buil t  int o the m th e answer s t o th e question s tha t  th e law s wer e 
Intende d t o answer .  Tha t  i s no t  t o sa y tha t  th e hand-crafte d theorie s ar e 
uninteresting—quit e th e reverse ,  an d th e architectur e propose d i n thi s tal k 
may wel l  b e appropriat e fo r  thi s task .  Thi s i s especiall y tru e fo r 
constructin g a n accoun t  o f  th e knowledg e o f  an y on e individua l  abou t  th e 
give n physica l  situation .  We ar e doin g somethin g quit e different ;  w e wan t 
t o develo p a  physics—no t  a  psychologica l  account—whic h i s capabl e o f 
supportin g inference s abou t  th e world . 

Another purpose for the principles is to draw a distinction between the 
"work" :  ou r  propose d naiv e physic s doe s an d th e "work "  tha t  mus t  b e don e 
(outsid e o f  ou r  naiv e physics )  t o identif y th e part s an d laws .  Onl y afte r 
makin g suc h a  distinctio n i s evaluatio n possible .  Withou t  makin g th e 
distinction ,  a  reade r  coul d alway s ask ,  i n respons e t o som e complexit y i n a n 
example ,  "Wh y didn' t  the y mode l  i t  differently?" ;  o r  i n respons e t o som e 
cleve r  Inferenc e i n a n exampl e "The y buil t  thi s int o thei r  models. "  A s th e 
principle s defin e wha t  ca n an d wha t  canno t  b e assume d withi n th e models ,  th e 
criticism s implie d b y thes e tw o question s ar e Invalid .  Of  course ,  th e 
principle s themselve s ar e ope n t o challenge . 

Our Basic Strategic Move 

The essence of doing physics is modeling a physical situation, solving 
th e resultin g equation s an d the n Interpretin g th e result s i n physica l  terms . 
Modelin g a  physica l  situatio n require s a  descriptio n o f  it s  physica l 
structure .  Althoug h ther e doe s no t  exis t  a  genera l  methodolog y fo r 
describin g th e structur e o f  al l  physica l  situations ,  syste m dynamic s 
fortunately ,  provide s a  methodolog y fo r  describin g a  larg e an d interestin g 
collectio n o f  physica l  systems .  Thu s w e initiall y  focu s ou r  attentio n o n 
thi s clas s o f  situation s an d o n ho w behavio r  arise s fro m structure .  Thi s 
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move combine d wit h ou r  us e o f  causalit y a s a n ontologlca l  principl e result s 
I n a  ver y mechanisti c worl d view .  Ever y physica l  situatio n I s regarde d a s 
some typ e o f  physica l  devic e o r  machin e mad e u p o f  Individua l  components , 
eac h componen t  contributin g t o th e behavio r  o f  th e overal l  device . 
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An organism's cognitive system is a control mechanism whose function it 
i s  t o initiate ,  adjus t  and ,  i f  necessary ,  suppres s behavio r  i n th e servic e 
of  nee d an d (i f  applicable )  desir e satisfaction .  I n orde r  t o perfor m thi s 
functio n th e contro l  mechanis m mus t  hav e direc t  an d continuin g acces s t o 
intelligenc e abou t  th e circumstance s in_whic h activit y i s t o b e carrie d ou t  • 
Hence ,  th e cognitiv e syste m i s tha t  par t  o f  th e executiv e mechanis m whos e 
contribution s t o contro l  ar e themselve s unde r  th e contro l  o f  (o r  a t  leas t 
sensitiv e to )  whateve r  informatio n i s (o r  ha s been )  availabl e abou t  th e 
theate r  i n whic h operation s ar e t o b e performed .  I t  i s  a n information -
drive n contro l  system . 

Our ordinary attributions of perception, knowledge and belief reflect 
thi s genera l  pictur e o f  cognitiv e processes .  T o sa y wha t  someon e sees , 
knows o r  believe s i s t o identif y particula r  contro l  state s b y mean s o f  thei r 
representationa l  properties—i n term s o f  th e kin d o f  informatio n the y ar e 
themselve s unde r  th e contro l  of .  Such ,  a t  least ,  i s  th e representationa l 
theor y o f  cognitiv e processe s a s w e fin d i t  (o r  a s I  fin d it )  embodie d i n 
ordinar y description s an d explanation s o f  anima l  an d huma n behavior -  What  I 
want  t o d o her e i s t o explor e thi s wa y o f  lookin g a t  cognitiv e system s i n 
orde r  t o se e ho w muc h weigh t  i t  ca n bear .  Tha t  i s t o say ,  i s  th e genera l 
ide a o f  a  representationa l  contro l  syste m fertil e enoug h t o suppor t  th e 
enormousl y ric h an d variegate d attribution s o f  semanti c conten t 
characteristi c o f  ou r  ordinar y description s o f  wha t  w e see ,  kno w an d 
believe ? Ca n it ,  furthermore ,  provid e u s wit h a  wa y o f  understandin g ho w 
suc h attribution s figure ,  a s the y ar e ordinaril y  though t  t o do ,  i n 
explanation s o f  behavior ? 

By a representational system I shall mean any system whose function it 
i s  t o indicate ,  b y it s variou s states ,  ho w thing s stan d wit h respec t  t o som e 
othe r  object ,  conditio n o r  magnitude .  This ,  obviously ,  i s  no t  t o requir e 
much o f  a  representationa l  system .  A  variet y o f  simpl e device s qualify .  A 
tachometer ,  th e sor t  o f  instrumen t  foun d o n th e dashboar d o f  man y 
automobiles ,  i s  a  representationa l  syste m accordin g t o thi s 
characterization .  It s variou s state s indicat e somethin g abou t  th e rat e a t 
whic h th e engin e i s rotating .  Hence ,  i t  represent s th e angula r  velocit y o f 
th e crankshaft .  A  doorbell ,  i n virtu e o f  indicatin g th e conditio n o f  th e 
doorbutto n (depresse d o r  not) ,  thereb y represent s th e positio n o f  th e 
button .  An d th e firin g o f  a  neura l  cell ,  b y indicatin g th e presenc e an d 
orientatio n o f  a  certai n energ y gradien t  o n th e surfac e o f  a  photoreceptor , 
represent s th e whereabout s an d orientatio n o f  a n "edge "  i n th e optica l 
input . 

In speaking of a representational system I shall continue to speak of 
th e informatio n th e syste m carrie s abou t  th e quantities ,  condition s an d 
object s i t  represents .  I  inten d nothin g subversiv e i n thi s wa y o f  speaking -
-nothing ,  I  hope ,  tha t  beg s th e question s whic h i t  i s  my projec t  t o explore . 
For  b y informatio n I  mea n nothin g more ,  an d certainl y nothin g less ,  tha n 
what  th e particula r  state s o f  a  representationa l  syste m indicat e t o b e so . 
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Thus th e tachometer' s registratio n o f  "1,00 0 rpm "  indicates ,  an d thereb y 
carrie s th e informatio n that ,  th e engin e i s runnin g a t  1,00 0 revolution s pe r 
minute .  Th e ringin g doorbel l  carrie s th e informatio n tha t  th e doorbutto n i s 
bein g depresse d (an d therefor e th e informatio n tha t  someon e i s a t  th e door ) 
because ,  presumably ,  thi s i s wha t  i t  indicates .  Representationa l  system s 
and informatio n processin g system s are ,  o n thi s wa y o f  thinking ,  tw o side s 
of  th e sam e coin .  Informatio n i s wha t  representationa l  system s nee d i n 
orde r  t o represent ,  an d representatio n i s wha t  Informatio n processin g 
system s d o fo r  th e thing s abou t  whic h the y carr y information . 

In thinking of a cognitive system as an information-driven control 
mechanism ,  therefore ,  w e ar e thinkin g o f  i t  i n representationa l  terms .  Thi s 
may no t  b e al l  w e hav e t o sa y abou t  a  cognitiv e syste m i n orde r  t o 
distinguis h i t  fro m othe r  contro l  mechanism s (e.g. ,  thos e associate d wit h 
th e autonomi c nervou s system) ,  bu t  i t  wil l  d o a s a  start .  Th e projec t  i s  t o 
se e ho w larg e a n oa k w e ca n teas e ou t  o f  thi s tin y acorn ,  ho w fa r  on e ca n g o 
i n understandin g perception ,  knowledg e an d belie f  wit h thes e semanticall y 
meager  resources .  I f  the y prov e to o meager ,  i t  wil l  a t  leas t  tel l  u s 
somethin g abou t  th e specia l  characte r  o f  cognitiv e processes . 

In thinking about a representational system, there are at least two 
question s on e ca n as k abou t  it s representationa l  capacity .  An d whe n th e 
representationa l  syste m is ,  i n addition ,  a  contro l  system ,  ther e ar e a t 
leas t  thre e question s tha t  shoul d b e asked .  On e ca n ask ,  first ,  wha t  i t  is , 
what  quantity ,  property ,  object ,  perso n o r  condition ,  th e syste m i s 
representing .  A  thermomete r  represent s th e temperature ,  a  fue l  gaug e th e 
amount  o f  gasolin e i n th e tank ,  a  photograp h th e object s (persons ,  building , 
foliage )  tha t  th e pictur e wa s take n of .  Secondly ,  on e ca n as k ho w wha t  i s 
represente d i s represented .  What  doe s th e representatio n sa y abou t  wha t  i t 
represents ? Tha t  i t  i s  9 5 (i n th e cas e o f  th e thermometer) ? Tha t  th e ga s 
tan k i s almos t  empt y (fue l  gauge) ? Tha t  you r  niec e ha s le t  he r  hai r  gro w 
lon g (photograph) ? Th e firs t  questio n i s a  questio n abou t  th e referenc e o r 
denotatio n o f  th e representation .  Th e secon d questio n i s abou t  th e conten t 
of  th e representation .  Topi c an d comment . 

There are, in other words, pictures of^ black horses and what Nelson 
Goodman (Language s o f  Art ,  Hackett ;  Indianapolis ,  1976 ,  p .  29 )  ha s calle d 
black-hors e pictures .  Unles s th e pictur e o f  a  blac k hors e i s a  black-hors e 
picture ,  i t  wil l  no t  represen t  th e blac k hors e a £ a  blac k horse .  Imagine , 
fo r  example ,  a  pictur e o f  a  blac k hors e i n whic h th e hors e i s photographe d 
at  a  grea t  distanc e i n ba d ligh t  wit h th e camer a slightl y ou t  o f  focus .  Th e 
hors e appear s a s a  blurr y spo t  i n th e distance .  Thi s i s a  pictur e o f  a 
blac k hors e bu t  no t  wha t  Goodman call s a  black-hors e picture .  When invite d 
t o se e picture s o f  you r  friend' s blac k horse ,  yo u expec t  t o see ,  no t  onl y 
picture s o f  a  blac k horse ,  bu t  black-hors e pictures—picture s I n whic h th e 
denotatio n o f  th e pictur e i s identiflabl y a  blac k horse ,  picture s i n whic h 
th e blac k hors e i s represente d as ^  a  blac k horse . 

Similarly, the wolf's internal representation of the sick caribou may 
or  ma y no t  b e a  slck-fleelng-carlbo u representation .  Bu t  i t  certainl y i s a 
representatio n of ^  a  sic k fleein g caribou .  Ho w i t  represent s th e anima l  is , 
t o som e degree ,  a  matte r  o f  speculation ,  bu t  unles s i t  ha s som e mean s o f 
representin g defenseles s caribou ,  a  wa y o f  commentin g o n thes e creature s 
whic h is ,  fo r  practica l  purposes ,  extensionall y equivalen t  t o bein g a 
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defenseles s caribou ,  it s relentles s an d unerrin g pursui t  o f  thes e particula r 
animal s I s Inexplicable .  I t  woul d b e lik e tryin g t o explai n th e behavio r  o f 
a thermosta t  I n controllin g th e furnac e I f  I t  ha d n o mean s o f  representin g 
th e roo m temperatur e a s abov e o r  belo w th e desire d setting .  Ther e ha s t o b e 
somethin g i n ther e tha t  "tells "  th e thermosta t  wha t  i t  need s t o kno w fo r  I t 
t o carr y ou t  It s function .  Th e sam e i s tru e o f  th e wolf . 

I rehearse these familiar facts about representations only to emphasize 
tha t  i n thinkin g abou t  a  cognitiv e syste m a s a  representationa l  contro l 
mechanism ,  th e sam e question s ca n b e aske d abou t  ou r  cognitiv e states :  wha t 
do the y represen t  an d ho w d o the y represen t  it ? What  ar e the y gettin g 
informatio n abou t  an d wha t  informatio n ar e the y getting ? Bu t  I  sai d tha t 
ther e wer e thre e question s tha t  ca n b e aske d abou t  a  representationa l  syste m 
when i t  function s a s a  contro l  mechanism .  We ca n ask ,  no t  onl y abou t  it s 
topi c (wha t  i s represented )  an d th e comment s i t  make s abou t  tha t  topi c (th e 
way i t  i s  represented) ,  bu t  abou t  whic h o f  thes e comments ,  i f  any ,  ha s a 
contro l  function .  Whic h element s o f  th e representatio n pla y a  causa l  rol e 
i n th e determinatio n o f  behavior ? A  representatio n ma y b e eve r  s o ric h i n 
th e comment s i t  make s abou t  wha t  i t  represents ,  bu t  I f  non e o f  thi s 
Informatio n is ,  o r  ca n be ,  use d t o contro l  an d direc t  movements ,  i t  i s 
causall y inert ,  hence ,  functionall y Irrelevant .  Therefor e th e 
representation ,  qu a representation ,  play s n o rol e i n th e system' s cognitiv e 
economy .  A  black-hors e pictur e o f  a  black-hors e ca n b e use d t o pape r  ove r  a 
hol e i n my wall .  I n thi s case ,  th e representationall y significan t  aspect s 
of  th e pictur e ar e irrelevan t  t o th e wa y i t  i s  functionin g (concealin g th e 
hole) .  I  coul d a s wel l  hav e use d a  pictur e o f  a  whit e co w o r  a  pictur e o f 
nothin g a t  all .  An d i f  ou r  interna l  representation s ar e t o qualif y a s 
cognitive ,  the y mus t  (potentiall y  a t  least )  mak e som e contributio n t o th e 
way tha t  mechanis m function s i n controllin g an d directin g behavior .  The y 
must  d o so ,  furthermore ,  b y mean s o f  thei r  representationall y significan t 
properties .  Onl y b y s o doin g wil l  th e classificatio n o f  cognitiv e state s i n 
term s o f  thei r  conten t  figur e i n th e explanatio n o f  th e behavio r  the y 
produce . 

Our ordinary attributions of sensory and cognitive states reflect the 
kin d o f  distinction s jus t  discussed .  An d this ,  t o my min d a t  least , 
support s th e ide a tha t  ou r  familiar ,  fol k psychologica l  pictur e o f  cognitio n 
i s a  pictur e o f  a  kin d o f  representationa l  contro l  mechanism .  We say ,  fo r 
example ,  tha t  Clyd e ca n se e a  blac k hors e (i n th e distance )  withou t  (fo r 
variou s reason s havin g t o d o eithe r  wit h th e grea t  distance ,  th e camouflage , 
th e lighting ,  o r  th e fac t  tha t  h e doesn' t  hav e hi s glasse s on )  it s lookin g 
lik e a  blac k horse ,  withou t  it s presentin g a  black-hors e appearance .  I n 
describin g wha t  Clyd e sees ,  w e ar e describin g wha t  hi s sensor y 
representatio n i s a  representatio n of .  We ar e Ignorin g th e kin d o f  comment 
hi s perceptua l  syste m i s makin g abou t  tha t  topi c i n orde r  t o specif y th e 
topi c itsel f  abou t  whic h a  comment  i s bein g made . 

Thinking of the cognitive system as a representational mechanism, a 
mechanis m n o mor e comple x tha n a  simpl e gauge ,  give s us ,  therefore ,  th e 
resource s fo r  understanding ,  no t  onl y th e prepositiona l  attitudes ,  thos e 
attitude s (lik e knowledg e an d belief )  tha t  tak e (i n thei r  verba l  expression ) 
sententia l  clause s a s complemen t  o f  th e verb ,  bu t  als o thos e attitude s (lik e 
seein g an d hearing )  tha t  tak e concret e nominal s a s object s o f  th e verb .  S 
see s a  bush ,  mistake s i t  fo r  a n anima l  crouchin g besid e th e path ,  an d flee s 
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i n panic .  Th e descriptio n o f  wha t  S  see s i s a n expressio n o f  wha t  hi s 
interna l  representatio n i s a  representatio n o f — i n thi s cas e a  bush .  What 
he see s i t  as^ ,  wha t  h e take s i t  t o be ,  o r  (unde r  optima l  conditions )  wha t  h e 
ca n se e tha t  i t  is ,  i s  a n expressio n o f  th e wa y h e represent s th e bush .  I n 
thi s cas e h e ha s a  crouching-anima l  representatio n o f  a  bush—th e analogue , 
I  submit ,  o f  a  white-co w pictur e o f  a  blac k horse . 

There is then, as I see it, no real question about the validity of our 
ordinar y descriptiv e apparatu s fo r  assignin g perceptual-cognitiv e state s t o 
organisms .  Fo r  i n describin g a  creatur e a s seeing ,  knowin g o r  believin g 
something ,  w e ma y b e (and ,  I  woul d urge ,  certainl y are )  doin g n o mor e tha n 
what  w e ar e alread y doin g wit h suc h simpl e representationa l  device s a s 
gauges ,  instruments ,  an d detectors .  We ar e sayin g wha t  an d ho w thing s ar e 
bein g represented .  Th e onl y rea l  questio n abou t  th e representationa l  mode l 
(asid e fro m th e causa l  efficac y o f  thes e representations— a poin t  I  wil l  ge t 
t o later )  i s  whethe r  ou r  ordinar y description s o f  wha t  a  creatur e sees , 
knows an d believe s ar e semanticall y to o ric h t o b e supporte d b y th e actua l 
physica l  representationa l  resource s o f  th e organism .  Ar e ou r  ordinar y 
assignment s o f  referenc e an d conten t  t o a n organism' s interna l 
representation s compatibl e wi th—and ,  i f  so ,  ar e the y realizabl e in ,  th e 
actua l  neura l  machiner y availabl e fo r  generatin g thes e representations ? 
Ther e ma y b e n o rea l  disput e i n assignin g th e referenc e my ga s tan k an d th e 
conten t  hal f  ful l  t o my gauge' s representations ;  fo r  th e actua l  physica l 
constructio n o f  th e device ,  an d th e law s governin g it s operation ,  clearl y 
revea l  tha t  thi s i s wha t  th e devic e indicate s an d wha t  i t  indicate s i t 
about .  Bu t  i n sayin g tha t  th e wol f  sa w a  sic k caribo u o n th e edg e o f  th e 
herd ,  recognize d i t  a £ sic k and ,  therefore ,  a £ eas y pre y and ,  becaus e o f 
this ,  pursue d th e anima l  whil e ignorin g th e thousand s o f  health y one s 
nearby ,  ar e w e assignin g referenc e an d conten t  tha t  excee d th e 
representationa l  resource s o f  th e anima l  w e ar e describing ? I f  not ,  wha t 
abou t  ou r  description s o f  Jimm y a s seein g hi s uncl e an d recognizin g hi m a s 
th e ma n wh o promise d t o fi x  hi s bicycle ? 
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THE MEANING O F VISION-RELATE D TERMS T O A  BLIN D CHIL D 

Barbara Landau, Columbia University 

Lil a Gleitman ,  Universit y o f  Pennsylvani a 

To construct a realistic language learning theory, it seems necessary 
t o hav e ancho r  informatio n o f  thre e kinds :  wha t  inpu t  th e chil d receives , 
what  kind s o f  theor y o f  languag e ("interi m grammars" )  h e construct s a t 
variou s stage s durin g th e acquisitio n process ,  an d wha t  kin d o f  theor y o f 
languag e (adul t  grammar )  h e finall y constructs .  Give n thes e kind s o f 
informatio n i t  woul d becom e possibl e t o mak e inference s abou t  th e initia l 
representation s i n term s o f  whic h th e chil d learns ,  an d abou t  th e learnin g 
procedure s tha t  ar e involved .  Fo r  som e years ,  w e hav e focusse d attentio n o n 
th e firs t  tw o o f  thes e questions .  Ou r  assumption ,  followin g Chomsk y (1965 ) 
and Wexle r  an d Culicove r  (1980) ,  i s  tha t  th e relevan t  inpu t  t o th e learne r 
i s o f  tw o kinds :  H e require s sampl e string s o f  formatlve s fro m th e languag e 
t o whic h h e i s bein g exposed ;  an d h e require s tha t  thes e string s b e paire d 
wit h interpretabl e extralinguistl c informatio n abou t  th e construa l  o f  thes e 
speec h samples .  Accordingly ,  w e hav e bee n studyin g th e cours e o f  languag e 
learnin g unde r  condition s wher e tha t  inpu t  varies . 

In initial studies, we examined the sensitivity of learning to 
naturall y occurrin g difference s i n materna l  speec h (Newport ,  Gleitma n an d 
Gleitman ,  1977) .  Th e genera l  findin g wa s tha t  th e learnin g proces s i s 
strikingl y insensitiv e t o variation s i n materna l  speec h styl e withi n th e 
norma l  rang e o f  tha t  variation .  We tak e suc h finding s t o b e a  firs t 
indican t  tha t  learner s ar e endowe d wit h a  skeleta l  framewor k fo r  natura l 
language ,  whic h allow s the m t o overrid e detaile d difference s i n th e speec h 
input . 

More recently, we have been studying learning in the presence of 
pathologie s tha t  restric t  th e inpu t  t o th e chil d muc h mor e severely .  We 
firs t  studie d a  populatio n o f  dea f  childre n o f  hearin g parent s wh o wer e no t 
expose d t o sig n language ,  i.e. .  wh o wer e deprive d o f  th e norma l  sample s o f 
speec h (an d signing) .  Thes e individual s construc t  idiosyncrati c manua l 
communicatio n system s whic h develo p i n way s tha t  mirro r  th e norma l  cours e 
and timin g o f  languag e acquisitio n (Feldman ,  Goldin-Meadow ,  an d Gleitman , 
1977) ,  agai n supportin g th e vie w tha t  learner s o f  norma l  menta l  endowmen t 
ar e equippe d wit h rudimentar y schemat a fo r  languag e growt h tha t  surviv e 
environmenta l  deprivation . 

In the work summarized here, we examined what seems to be a symmetrical 
cas e o f  environmenta l  deprivation ,  on e i n whic h th e opportunit y t o receiv e 
extralinguistl c Informatio n abou t  th e construa l  o f  Inpu t  string s i s severel y 
reduced :  th e cas e o f  languag e learnin g I n congenltall y  blin d childre n 
(Landau ,  1980 ,  1981 ;  Landa u an d Gleitman ,  forthcoming) .  We studie d thre e 
blin d childre n ove r  th e whol e cours e o f  thei r  languag e learnin g (roughly , 
th e perio d fro m 1 8 month s throug h 5  years) .  Ver y often ,  thes e childre n d o 
not  kno w wha t  i s goin g o n i n th e invisibl e scen e aroun d them ,  the y exhibi t 
extrem e confusio n abou t  conversation s an d thei r  intents ,  an d (u p t o abou t 
age 3 6 months )  ofte n behav e i n way s tha t  see m s o bizarr e tha t  the y ar e ofte n 
calle d "autistic "  (Fraiberg ,  1977) .  Thu s th e evidenc e tha t  blin d childre n 
ar e experientlall y  deprive d i n relevan t  way s i s ver y strong .  Ou r  questio n 
i s whethe r  an d ho w suc h deprivatio n affect s th e learnin g o f  language . 
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FINDINGS 

The development of spontaneous speech In three blind children was 
compare d t o tha t  fo r  sighte d children ,  usin g al l  measure s no w standar d i n 
th e developmenta l  psycholinguisti c literature .  Afte r  a n initia l  mil d delay , 
ther e wa s n o discernibl e patholog y i n th e rat e o r  interna l  organizatio n o f 
thi s speech .  Still ,  i t  i s  possibl e t o suppos e tha t  th e blin d child' s 
comprehensio n i s restricte d o r  deforme d owin g t o th e experientia l 
deprivation s (fo r  thi s conjecture ,  se e Bloom ,  1983) .  T o fin d out ,  w e 
conducte d a n inquir y int o ho w certai n words ,  namel y thos e tha t  see m t o 
encod e visio n an d th e visua l  experience ,  ar e understoo d b y a  youn g blin d 
child .  Thes e includ e noun s suc h a s photograph ,  verb s suc h a s see ,  an d 
adjective s suc h a s green .  Thes e ar e th e case s fo r  whic h blin d children' s 
inpu t  circumstance s see m t o b e maximall y differen t  fro m th e inpu t 
circumstance s o f  thei r  sighte d peers .  We restric t  attentio n her e t o th e 
blin d child' s meaning s o f  vision-relate d verb s suc h a s look ,  se e an d show . 

It is well known that blind youngsters, including our own subjects, 
utte r  suc h word s a s earl y (a t  abou t  ag e 3 0 months )  an d ofte n a s sighte d 
youngsters .  We conducte d comprehensio n studie s wit h a  blin d 3-yea r  ol d an d 
fou r  blindfolde d sighte d contro l  subject s o f  th e sam e age ,  t o discove r  wha t 
thes e verbs ,  a s compare d t o hapti c verb s (e.g. ,  touch) ,  mean t  t o them . 
Summarizin g th e method ,  th e subject s wer e aske d t o "loo k at "  o r  "touch " 
variou s object s unde r  variou s conditions ,  e.g. ,  th e chil d migh t  b e tol d t o 
"Loo k behin d you, "  o r  "Sho w th e dol l  t o mommy"  o r  "Touc h th e doll "  o r  eve n 
"Touc h th e tabl e bu t  don' t  loo k a t  it. " 

The outcomes are very clear from a variety of such manipulations. Both 
blin d an d sighte d childre n distinguis h betwee n touc h an d look .  Fo r  example , 
any o f  thes e subject s aske d t o "Touc h th e table "  wil l  reac h towar d i t  an d 
contac t  it ,  usuall y b y a  ta p o r  a  ban g o n tha t  object .  Aske d t o "Loo k a t 
th e table, "  th e blindfolde d sighte d subject s tur n thei r  covere d eye s towar d 
th e object ,  i.e. ,  the y orien t  towar d i t  visually .  Eve n i f  commande d t o 
"Loo k a t  th e tabl e wit h you r  hands ,  the y apparentl y hav e n o choic e bu t  t o 
respon d visually :  The y agai n tur n thei r  covere d eye s towar d th e object ,  bu t 
thi s tim e als o mov e thei r  hand s i n som e way ,  no t  a  sensibl e wa y (e.g. ,  the y 
put  thei r  palm s together ,  a s i f  praying) .  I n contrast ,  th e blin d subjec t 
tol d t o "look "  move s he r  hand s towar d th e object—holdin g th e hea d immobile -
-an d the n explore s it s surface s b y movin g th e hand s al l  ove r  the m (i n 
contras t  wit h he r  respons e t o "touch, "  wher e sh e onl y bang s o r  tap s th e 
object) .  Moreover ,  i f  tol d t o "Touc h th e tabl e bu t  don' t  loo k a t  it "  sh e 
bang s th e table ;  the n tol d "No w yo u ca n loo k a t  it, "  sh e proceed s t o explor e 
al l  it s  surfaces . 

Such findings are consistent with the following interpretation. For 
bot h th e blin d an d sighte d subjects ,  touc h mean s 'contact. '  Fo r  bot h th e 
blin d an d sighte d subjects ,  loo k mean s 'explor e b y mean s o f  th e dominan t 
modalit y t o determin e objects. '  I n short ,  th e finding s lea d t o th e vie w 
tha t  blin d an d sighte d 3  yea r  old s mea n somethin g sensible ,  th e sam e thing , 
by term s suc h a s look .  What  differ s i s thei r  "dominan t  modality"—th e ey e 
fo r  sighte d childre n an d th e han d fo r  blin d children .  Bu t  despit e thi s 
differenc e i n th e explorator y modalit y tha t  i s  use d t o "achiev e looking" , 
al l  th e childre n hav e extracte d a  construa l  o f  th e ter m tha t  ha s t o d o wit h 
thei r  perceptua l  transaction s wit h th e world . 
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A furthe r  se t  o f  outcome s fo r  th e blin d learne r  i s wort h noting .  Sh e 
evidentl y forme d tw o construal s fo r  sight-relate d terms ,  on e usabl e o f 
herself ,  bu t  anothe r  usabl e a s th e term s relat e t o sighte d others .  Tha t  is , 
we hav e evidenc e tha t  th e blin d learne r  b y ag e 3 6 month s understand s th e 
followin g propertie s o f  "sighte d seeing" ;  (1 )  tha t  i t  ca n b e performe d a t  a 
distanc e (e.g. ,  a n objec t  is ^  place d i n th e mother' s han d i n respons e t o "Le t 
mommy touch "  o r  t o "Giv e mommy"  bu t  i s usuall y displaye d a t  a  distanc e i n 
respons e t o "Le t  mommy see "  an d "Sho w mommy") ;  (2 )  tha t  i t  require s 
orientatio n o f  th e lin e o f  sigh t  (e.g. ,  th e blin d chil d turn s he r  bod y 
appropriatel y i n respons e t o "Le t  mommy se e th e bac k o f  you r  pants/fron t  o f 
you r  shirt "  regardles s o f  whic h wa y sh e wa s initiall y  facin g a s th e command 
was given) ;  an d (3 )  tha t  i t  i s  blocke d b y a  barrie r  (e.g. ,  th e blin d chil d 
hide s a n objec t  b y placin g he r  bod y betwee n i t  an d th e mothe r  whe n tol d t o 
"Mak e i t  s o mommy can' t  see") . 

THE ENVIRONMENT OF LEARNING 

To determine the input conditions for these acquisitions, we examined 
15 hour s o f  videotape d session s whic h consiste d o f  th e blin d child' s mothe r 
interactin g naturall y wit h th e child ,  i n th e perio d (u p t o 3 6 months )  befor e 
th e learne r  wa s usin g loo k an d se e freel y an d frequentl y i n conversation . 
We teste d th e plausibl e conjectur e tha t  th e mothe r  use d loo k an d se e t o th e 
blin d learne r  whe n a n objec t  wa s i n th e child' s han d o r  a t  leas t  withi n 
arm' s reach ,  availabl e fo r  manua l  inspection .  Thi s hypothesi s prove d 
inadequat e b y itsel f  t o explai n th e learning ,  becaus e almos t  al l  verb s 
commonl y use d t o th e blin d chil d b y he r  mothe r  wer e uttere d whe n th e chil d 
had som e targe t  objec t  i n han d o r  nea r  t o hand .  Thu s thi s firs t  descriptio n 
of  th e contex t  fo r  learnin g serve s t o distinguis h th e visua l  verb s fro m a 
fe w other s (e.g. ,  ge t  an d come )  bu t  leave s mos t  o f  th e verb s (e.g. ,  look , 
play ,  an d put )  undifferentiated . 

However, we were able to show that the syntactic environments of the 
common verbs ,  a s use d b y th e mother ,  provid e a  potentiall y  ric h sourc e fo r 
furthe r  distinctions .  Fo r  example ,  onl y loo k an d see ,  amon g th e common 
verbs ,  tak e sententia l  complements :  Th e mothe r  doe s sa y "Let' s se e i f 
Granny' s home "  an d "Loo k wha t  Barbar a brought "  bu t  sh e neve r  say s anythin g 
lik e "Let' s pu t  i f  Granny' s home "  o r  "Giv e wha t  Barbar a brought, "  whil e giv e 
and put ,  bu t  no t  see ,  appea r  i n three-ter m argumen t  structure s ("Sh e gav e 
th e boo k t o Mary "  bu t  no t  "Sh e sa w th e boo k t o Mary." )  Suc h syntacti c 
information ,  take n togethe r  wit h th e informatio n fro m th e situationa l 
encoding s (objec t  "nearby") ,  i s  sufficien t  t o distinguis h eac h o f  th e common 
verb s i n th e corpu s fro m eac h o f  th e others . 

DISCUSSION 

Based on our findings and these analyses, we put forward a description 
of  ver b learnin g tha t  recruit s bot h situationa l  an d linguistic -
distributiona l  evidence .  We argu e tha t  syntacti c format s fo r  verb s ar e 
restricte d b y thei r  construals ,  an d thu s provid e a  principle d basi s fo r  th e 
blin d child' s acquisitio n o f  th e meanin g o f  loo k an d see .  T o tak e a  singl e 
example ,  perceptio n i s o f  event s a s wel l  a s o f  objects ,  an d thu s perceptua l 
verb s a s use d b y th e mothe r  appea r  wit h sententia l  complement s (e.g. ,  "Let' s 
see wha t  kin d o f  chees e yo u want "  o r  "Loo k wha t  I  did" )  whil e suc h verb s a s 
giv e neve r  appea r  i n suc h environments .  I f  a  learne r  i s prepare d t o see k 
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and analyz e fo r  thes e distinction s o f  syntacti c typ e a s the y correlat e wit h 
availabl e interpretation s o f  th e externa l  worl d circumstance ,  a  basi s fo r 
learnin g seem s t o exist .  We argu e tha t  a n analysi s i n thes e term s ha s 
importan t  virtue s i n understandin g *"h e developmen t  o f  ver b meanings :  Fo r 
one thing ,  suc h a  procedur e account s fo r  ou r  findings ,  whil e a  simpl e 
analysi s o f  "wha t  wa s goin g o n i n th e outsid e world "  doe s not .  Moreover ,  i f 
syntacti c informatio n i s recruite d b y th e learnin g procedure ,  th e require d 
storag e o f  word-to-even t  pairing s i s minimize d a s a  facto r  i n th e learnin g 
process .  Mos t  important ,  th e postulate d storag e o f  th e ver b frame s i s no t 
merel y a  temporar y pro p fo r  learning .  I t  represent s a  relevan t  outcom e o f 
languag e learning :  Ever y chil d mus t  an d doe s lear n tha t  on e neve r  say s 
"Let' s se e a  cracke r  t o mommy"  bu t  ca n an d doe s sa y "Let' s giv e a  cracke r  t o 
mommy." 

Summarizing, we hold that syntactic supports to language learning are 
usefu l  becaus e the y ar e informativ e (eac h verb' s format s ar e correlate d wit h 
th e semanti c description s i t  encodes) ,  becaus e the y ar e stabl e an d 
categorica l  rathe r  tha n probabilisti c  source s o f  evidenc e i n th e dat a base , 
and becaus e thei r  acquisitio n i s require d a s a  par t  o f  languag e learnin g 
whethe r  o r  no t  the y ar e take n t o bea r  causall y o n tha t  learning .  Mor e 
generally ,  th e emergin g competencie s o f  blin d childre n ar e anothe r 
Indication ,  supportiv e o f  ou r  finding s fo r  norma l  childre n expose d t o 
differen t  materna l  speec h style s an d fo r  isolat e dea f  children ,  tha t 
learner s hav e sufficien t  interna l  wherewitha l  t o overrid e difference s an d 
defect s i n th e ambian t  extralinguisti c circumstances ,  t o acquir e languag e 
normally . 
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1.  Introductio n 

Existing psycho Unguis tic models of word recognition are incapable of 
computationa l  realisatio n a s currentl y formulated .  Existin g computationa l 
linguisti c approache s t o lexica l  access ,  morpholog y an d spellin g correctio n 
provid e a  ric h repetoir e o f  computationa l  method s whic h appea r  t o offe r 
attractiv e possibilitie s fo r  addressin g thi s problem ,  bu t  ar e no t  a s the y 
stan d psychologicall y plausible .  Th e proposal s mad e i n thi s pape r  com e ou t  o f 
th e effort s o f  a n interdisciplinar y grou p i n th e Programm e i n Cognitiv e 
Scienc e o f  th e Schoo l  o f  Epistemic s a t  th e Universit y o f  Edinburg h t o 
reconcil e thes e tw o facts ,  an d arriv e a t  a  psych o Ungui s ti c  mode l  o f  wor d 
recognitio n i n continuou s speec h whic h i s explicitl y  an d realisabl y 
computational . 

The focus of this work is or. the normal processing of continuous speech, 
and w e tak e thre e point s t o follo w necessaril y  fro m this : 

1.  Wor d boimdarie s ar e no t  unequivocall y marke d 

2. The speech signal is not always in and of itself sufficient for 
recognition , 

and in particular 

3. The initial segments of words are not acoustically reliable 

Two possible sources can in principle be identified for the solution to the 
proble m pose d t o th e heare r  b y th e secon d poin t  above :  Linguisti c structura l 
knowledg e (e.g .  th e phonotactics ,  lexico n an d gramma r  o f  th e languag e 
involved )  an d contextual/pragmati c knowledge .  Bot h computiona l  experienc e 
(mos t  notabl y i n th e AEP A speec h understandin g researc h effor t  i n th e 70's ) 
and psycholinguisti c experiment s (e.g .  (Pollac k an d Picket t  1963) ,  (Lieberma n 
1963) )  hav e give n stron g suppor t  t o th e positio n tha t  th e informatio n require d 
by thes e source s t o recognis e ti e speec h signa l  sometime s occur s temporall y 
afte r  th e under-determine d sectio n -  th e so-calle d righ t  contex t  effect . 

Despite this the model we propose, which is for the moment concerned with 
onl y th e deploymen t  o f  lexica l  an d morphophonemi c structura l  knowledge ,  i s 
strictl y left-to-righ t  an d bottom-up .  I n th e nex t  section s a  sketc h o f  th e 

Many o f  th e idea s presente d her e wer e devlope d i n discussion s wit h Elle n 
Bard ,  Gerr y Altman n an d Ann e Johnstone ,  fo r  whos e constructiv e criticis m I  a m 
grateful .  My deb t  o n th e computationa l  linguistic s sid e t o Ro n Kapla n an d 
Marti n Ka y (Kapla n an d Ka y 1982) ,  fo r  thei r  idea s an d support ,  i s  substantial . 
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model  i s presente d i n sufficien t  detai l  t o sho w ho w i t  ca n none-the-les s 
generat e th e righ t  contex t  effect . 

The focus in these sections is on the computational characterisation of the 
model  -  owin g t o spac e restriction s th e psych o Ungu i s ti c  consequence s wil l 
largel y b e lef t  implicit . 

The basic question to be addressed is how to make effective computational 
us e o f  th e dramati c restrictio n o n th e proble m o f  speec h recognitio n whic h i s 
provide d b y th e fac t  tha t  th e signa l  t o b e analyse d i s constraine d t o consis t 
(b y an d large )  o f  sequence s o f  (fo r  th e sak e o f  argument )  Englis h words .  Tw o 
knowledg e bases ,  lexica l  an d morphophonemic ,  ar e required ,  plu s a 
computationa l  metho d fo r  deployin g them . 

The lexical knowledge base consists of a set of trees in which morphemes 
(stem s o r  affixes )  sharin g th e sam e initia l  phonem e sequenc e follo w th e sam e 
pat h unti l  thei r  phonemi c representation s diverge .  Recognisin g a  wor d the n 
consist s o f  stitchin g togethe r  a  morphotacticall y vali d pat h throug h thes e 
trees ,  an d recognisin g a  whol e utteranc e consist s o f  concatenatin g a  sequenc e 
of  suc h paths . 

The morphophonemic knowledge base consists of a set of (possibly context-
sensative )  rewrit e rules ,  whic h ar e expresse d a s a  finite-stat e transduce r 
whic h i s interpolate d betwee n th e lexicon s an d th e input . 

The easiest way to understand this approach is to start with a version 
appropriat e t o text ,  an d the n sugges t  ho w t o modif y i t  fo r  speech . 

2.  Th e Recognise r  -  Tex t  versio n 

2.1 .  Th e Lexico n 

In its simplest form, with only one tree-structured lexicon, looking up a 
wor d i s straight-forward .  On e start s a t  th e to p o f  th e tre e an d follow s th e 
branc h whos e labe l  i s  th e firs t  lette r  o f  th e wor d i n question .  Fro m th e en d 
of  tha t  branch ,  on e follow s th e branc h whos e labe l  i s  th e secon d lette r  o f  th e 
word ,  an d s o o n unti l  on e eithe r  run s ou t  o f  letter s o r  branches .  I n th e 
firs t  case ,  provide d ther e i s a n indicatio n i n th e tre e o f  a  wor d endin g a t 
thi s point ,  th e proces s ha s complete d satisfactorily .  Otherwise ,  eithe r  th e 
dictionar y o r  th e candidat e wor d i s faulty . 

A trivial example will clarify this. Consider the following (extract from 
a)  tree ,  wher e circle d node s indicat e th e presenc e o f  words ,  wit h lexica l 
entrie s attached : 
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1 .  e  e 

I f  on e look s u p 'a' ,  'act' ,  'able' ,  'active '  o r  'action' ,  th e proces s wil l 
succeed ,  bu t  i f  on e trie s 'abd' ,  'abled '  o r  'acti '  th e proces s wil l  fai l  i n 
one wa y o r  another . 

Although this approach is clearly much more efficient than one which 
compare s candidat e word s t o entrie s i n a  sequentia l  lexico n on e afte r  another , 
i t  woul d see m o f  n o interes t  onc e w e mov e fro m tex t  t o speech ,  a s i t  ignore s 
poin t  (1 )  above ,  dependin g a s i t  doe s o n prio r  knowledg e o f  jus t  tha t  thin g w e 
hav e sai d i s no t  availabl e i n speec h -  a n indicatio n o f  wher e word s begin . 
But  b y elaboratin g tw o feature s alread y allude d t o above ,  w e ca n the n confron t 
thi s proble m i n a n interestin g way . 

Firstly, the system can be made to process not words, but strings of 
characters .  It s goa l  i s  t o fin d a  sequenc e o f  path s throug h th e tre e which , 
when lai d en d t o end ,  wil l  cove r  th e entir e targe t  string .  T o accomplis h thi s 
i t  treat s space s an d punctuatio n a s alphabeti c characters ,  includin g the m i n 
th e lexico n a s well . 

Secondly, the lexicon consists not of one tree, but of a collection of 
tree s o r  sub-lexicons ,  on e fo r  eac h morphologica l  class ,  includin g prefixes , 
stems ,  nou n inflections ,  ver b inflections ,  derivationa l  suffixes ,  punctuatio n 
and s o on .  Morphotacti c constraints ,  insofa r  a s the y ar e finite-state ,  ca n b e 
expresse d b y includin g i n eac h lexica l  entr y a n indicatio n o f  th e sub -
lexicon(s )  wher e processin g shoul d carr y on . 

The crucial point about this approach is that spaces and other punctuation 
hav e no w los t  thei r  specia l  statu s wit h respec t  t o determinin g wor d 
boundaries .  I t  i s  th e ac t  o f  wrappin g aroun d bac k t o th e ste m (o r  prefix ) 
sub-lexico n tha t  mark s a  wor d boundary . 

2.2 .  Non-determinis m an d th e Char t 

This move, as well as other characteristics of the above proposal, 
introduce s a  non-deterministi c elemen t  int o th e looku p process .  A  principle d 
approac h t o thi s i s required ,  a s i t  wil l  prov e crucia l  onc e w e mov e t o speech . 
We tak e th e approac h o f  representin g al l  th e dat a i n th e system ,  a t  th e 
character ,  morp h an d wor d level ,  a s edge s i n a  lattic e o r  chart ,  an d adop t  th e 
Activ e Char t  Parsin g methodolog y fo r  dischargin g th e non-determinis m (Ka y 
1980) ,  (Thompso n an d Ritchi e 1984) .  Thi s methodolog y support s inte r  ali a a 
left-to-righ t  pseudo-paralle l  proces s whic h guarantee s tha t  al l  hypothese s 
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about possible paths will be pursued, and allows the search strategy through 
th e spac e o f  suc h possibilitie s t o b e closel y controlled .  Fo r  exampl e i f  " r  e 
d"  i s a n initia l  substrin g o f  a  tex t  t o b e analysed ,  provide d th e relevan t 
lexica l  entrie s ar e present ,  thre e hypothese s wil l  b e curren t  afte r  processin g 
thos e thre e letters .  On e wil l  b e fo r  th e wor d "red "  followe d b y som e a s ye t 
unsee n inflectio n and/o r  punctuation ;  on e fo r  th e se t  o f  Englis h stem s 
beginnin g "red" ,  e.g .  "rede" ,  "redcoat" ,  "redeem" ;  an d on e fo r  th e prefi x 
"re- "  followe d b y th e firs t  lette r  o f  a  ste m beginnin g wit h "d" . 

The chart-based approach allows ambiguities to be perspicuously and 
economicall y recorded .  Th e letter s " u n i o n i s e "  fo r  instanc e woul d b e 
spanne d b y tw o edges ,  on e fo r  th e ste m "union "  plu s th e suffi x  "-ise" ,  an d th e 
othe r  fo r  th e prefi x "un-" ,  th e ste m "ion "  an d th e suffi x  "-ise" . 

2.3 .  Morphographemic s 

The chart also provides a convenient basis for dealing with 
morphographemics .  On e ca n eithe r  vie w morphographemi c rule s a s rewritin g 
rule s t o b e applie d b y addin g edge s t o th e char t  (thu s y  - > i e /  _  s  ca n b e 
see n a s callin g fo r  th e additio n o f  a  pai r  o f  edge s wit h a  'ys '  o n spannin g 
any 'ies '  tri o o f  edges ,  whic h the n allow s e.g .  "flies "  t o b e correctl y 
analyse d a s "fly "  plu s "-s" )  (Ka y 1977) ,  o r  a s transducer s t o b e interpolate d 
eithe r  seriall y  (Kapla n an d Ka y 1981 )  o r  i n paralle l  (Koskenniem i  1983 ) 
betwee n th e char t  an d th e lexicon . 

3.  Th e Recognise r  -  Speec h versio n 

The conversion of the preceding text-based system to handle speech is 
surprisingl y straight-forward .  Th e principa l  difference s ste m fro m th e 
necessit y t o handl e th e imperfectio n o f  th e 'input '  acousti c data . 

3.1 .  Th e Lexico n 

Here the change is minimal, simply replacing letter-based branches with 
phoneme-base d branches ,  an d eliminatin g th e punctuatio n sub-lexicon . 

3.2 .  Non-determinis m an d th e Char t 

The chart provides a convenient device for dealing with the indeterminacy 
of  th e acousti c data .  A s i n th e AEP A speec h project s w e represen t  tha t 
indeterminac y wit h a  lattic e o f  alternativ e phonemi c analyses ,  wit h eac h 
alternativ e analysi s o f  a  give n segmen t  represente d b y a  distinc t  edg e i n th e 
chart . 

The Active Chart Parsing methodology insures that all possible matches 
betwee n phonem e edge s an d lexico n branche s wil l  b e tried ,  bu t  thi s i s no t  i n 
itsel f  enough .  Matchin g o f  char t  edge s agains t  lexico n branche s ca n n o longe r 
be considere d al l  o r  nothing .  Th e imperfection s o f  th e inpu t  dat a mos t  b e 
accounte d fo r  a t  thi s point .  Fo r  th e sak e o f  expositio n w e wil l  assum e tha t 

th e phonem e edge s hav e som e scor e betwee n 0  an d 1  associate d wit h them , 
representin g th e degre e o f  certaint y assigne d t o the m b y th e acoustic-phoneti c 
level s o f  th e system . 
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It follows that hypotheses about the presence of morphs, both complete and 
partial ,  wil l  hav e score s associate d wit h the m a s well .  I n th e firs t  instanc e 
we ca n thin k o f  computin g th e scor e incrementally ,  a s a  partia l  hypothesi s i s 
extende d t o cove r  anothe r  phoneme .  Th e scor e o f  th e ne w hypothesi s wil l  b e 
seme functio n o f  th e scor e o f  th e prio r  hypothesis ,  th e scor e o f  th e newl y 
incorporate d phoneme ,  an d th e goodnes s o f  matc h betwee n tha t  phonem e an d th e 
branc h followe d i n th e lexicon .  Fo r  exampl e i f  a  partia l  hypothesi s existe d 
analysin g th e initia l  tw o segment s o f  a  signa l  a s / r  e/ ,  wit h scor e 0.7 ,  an d 
one o f  th e segment s i n thir d plac e wa s a  /b /  wit h scor e 0.8 ,  the n w e woul d ge t 
among other s tw o ne w hypotheses ,  on e fo r  / r  e  b /  wit h scor e sa y 0.75 ,  an d on e 
fo r  / r  e  d /  wit h scor e sa y 0.6 . 

It follows that there will be a vast increase in the number of partial 
hypothese s entertaine d a t  an y give n poin t  i n th e processing .  Th e scorin g i s 
what  provide s a  mechanis m fo r  keepin g thi s explosio n unde r  control .  We 
suppos e tha t  a t  an y give n poin t  onl y som e numbe r  o f  th e highes t  scorin g 
hypothese s ar e extende d t o yiel d ne w ones .  I t  i s  thi s whic h produce s th e 
appearanc e o f  th e righ t  contex t  effect .  Suppos e th e actua l  wor d uttere d i n 
th e precedin g exampl e ha d bee n "reduplicate" .  I n th e proces s o f  extendin g th e 
tw o hypothese s th e successor s t o th e on e beginnin g / r  e  b /  wil l  slowl y dro p i n 
score ,  a s ther e i s n o lexica l  pat h whic h wil l  matc h wel l  agains t  th e input , 
whil e th e successor s t o th e on e beginnin g / r  e  d /  wil l  slowl y clim b i n scor e 
alon g th e correc t  path ,  i n effec t  retroactivel y confirmin g th e /d /  hypothesi s 
and rejectin g th e /b /  hypothesis . 

An additional level of complexity is required to deal with the issue of 
wor d boundaries .  A  complet e wor d hypothesi s i s no t  independen t  o f  th e 
subsequen t  processin g i t  entails .  Goin g bac k t o ou r  example ,  an y hypothesi s 
tha t  th e sampl e i n fac t  begin s wit h th e wor d "red "  mus t  b e down-grade d b y th e 
necessaril y  lo w scor e o f  an y hypothesi s o f  a  wor d beginnin g /o o p  1/ .  Whethe r 
thi s i s accomplishe d b y filterin g a t  a  highe r  level ,  b y couplin g th e score s o f 
successiv e hypothese s togethe r  i n som e way ,  o r  b y recordin g complet e 
hypothese s onl y afte r  successfull y (t o som e leve l  o f  score )  identifyin g 
severa l  word s i n a  row ,  i s a  matte r  o f  som e uncertaint y a t  th e moment . 

3.3 .  Morphophonemic s 

The text-based approach translates easily into a speech-based one, 
retainin g th e thre e option s describe d unde r  tha t  hea d fo r  th e interpretatio n 
of  th e rules . 

4.  Meta-theoretica l  Consideration s 

The model as presented here begs many questions, both down the speech 
chain ,  b y assumin g a  phonemi c segmentation ,  albei t  imperfect ,  a s input ,  an d u p 
th e speec h chain ,  b y sayin g nothin g abou t  ho w syntacti c an d semanti c effect s 
may b e felt .  We believ e th e left-to-right ,  selectiv e interactio n approac h ca n 
wor k a t  thes e level s a s well ,  bu t  ar e no t  ye t  i n a  positio n t o offe r  detail s 
of  ho w thi s migh t  b e done .  Th e incorporatio n o f  man y o f  th e idea s presente d 
her e i n a  larg e scal e speech-processin g system ,  no w underway ,  wil l  giv e 
substantia l  impetu s t o providin g suc h detail s i n thes e area s a s well . 

The point we hope to have illustrated with even this brief sketch is that a 
carefu l  investigatio n o f  th e computationa l  tool s availabl e ma y revea l  a 
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straight-forwar d wa y o f  providin g a n accoun t  baae d o n a  left-to-righ t  proces s 
usin g onl y selectiv e interactio n o f  a  phenomeno n usuall y hel d t o requir e a 
right-to-lef t  proces s usin g instructiv e interaction . 

The question which must at this point in the discussion be most pressing 
howeve r  i s tha t  o f  computationa l  detai l  an d psychologica l  relevance .  Surel y a 
model  whic h i s s o computationall y explici t  make s fa r  to o man y detaile d 
prediction s t o withstan d experimenta l  test .  Thi s ma y prov e t o b e th e case , 
but  w e fee l  tha t  i f  Cognitiv e Scienc e i s t o b e mor e tha n jus t  a n indulgen t 
pastim e fo r  psycholinguists ,  the n th e attemp t  a t  full y  explici t  computationa l 
model s mus t  b e made ,  s o tha t  th e consequence s i n term s o f  submittin g su-̂ h 
model s t o experimenta l  verificatio n ca n b e mad e i n practice ,  rathe r  tha n i n 
theory .  We furthermor e fee l  tha t  th e close r  on e ca n ge t  t o th e automati c 
peripher y o f  th e perceptua l  system ,  th e bette r  chanc e on e ha s o f  makin g a 
usefu l  experimenta l  contributio n t o th e developmen t  o f  computationa l  models , 
and vic e versa .  I n thi s w e se e ourselve s a s i n a  smal l  wa y tryin g t o impor t 
int o th e linguisti c modalit y th e methodolog y whic h wa s s o sucessfull y 
introduce d b y Davi d Mar r  fo r  th e visua l  modality . 
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COGNITIVE PSYCHOLOGY AN D INTELLIGEN T TUTORING 
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This paper is an attempt to think through the relationship between 
intelligen t  tutorin g an d cognition .  Thi s i s a  particularl y crucia l  issu e t o 
me becaus e I  hav e bot h worke d o n th e AC T theor y o f  cognitiv e psycholog y 
(Anderson ,  1983 )  an d o n tutor s fo r  geometr y an d LIS P (Boyl e &  Anderson , 
1984 ;  Farrell ,  Anderso n &  Reiser ,  1984) .  Th e pape r  i s i n tw o parts .  First , 
I  wil l  star t  fro m th e goal s o f  intelligen t  tutorin g an d reaso n t o ho w 
cognitiv e psycholog y migh t  serv e thes e goals .  Second ,  I  wil l  star t  fro m th e 
goal s o f  cognitiv e psycholog y an d reaso n t o ho w intelligen t  tutorin g migh t 
serv e thes e goals .  I  foun d th e implication s i n bot h direction s t o b e quit e 
surprising . 

Implications of Cognitive Psychology for Intelligent Tutoring 

Instruction in general, and computer-based instruction in particular, 
i s  practice d prett y muc h a s a  blac k art .  Student s ar e expose d t o variou s 
experience s i n som e vagu e belie f  tha t  the y wil l  becom e mor e capabl e o f 
dealin g wit h certai n vaguel y conceive d situation s i n late r  life .  Ther e i s 
bot h failur e t o specif y wha t  th e to-be-learne d behavio r  i s an d ho w th e 
experienc e wil l  affec t  th e learning .  Whil e peopl e d o lear n fro m suc h poorl y 
conceive d instruction ,  ther e i s ever y reaso n t o believ e tha t  ther e i s a  lo t 
of  waste d motion .  Clearly ,  cognitiv e psycholog y ha s a  majo r  potentia l 
contributio n t o mak e i n addin g precisio n t o th e ar t  o f  educatio n generally , 
and mor e specificall y t o intelligen t  tutoring .  A n interestin g questio n 
concern s whic h aspect s o f  cognitiv e psycholog y ar e relevan t  t o achievin g 
intelligen t  tutoring .  I t  turn s ou t  tha t  ther e i s a  rathe r  interestin g 
demarcatio n betwee n thos e aspect s o f  cognitiv e psycholog y whic h ar e relevan t 
and thos e aspect s whic h ar e not . 

The first contribution of cognitive psychology would be to provide a 
well-specifie d mode l  o f  th e targe t  behavio r  t o b e tutored—th e goa l  t o whic h 
th e instructio n i s directed .  I n th e area s w e hav e though t  o f  tutoring , 
mathematic s an d science ,  thi s amount s t o developin g a  problem-solvin g mode l 
of  th e idea l  student .  Suc h a  mode l  involve s a  specificatio n o f  th e problem -
solvin g goals ,  th e representatio n o f  th e relevan t  knowledge ,  an d th e 
operator s tha t  contro l  th e transitio n amon g goals .  Thu s th e basi c 
ingredient s ar e goa l  structures ,  representation ,  an d control .  Suc h studen t 
model s ca n b e use d t o represen t  bot h th e stat e o f  th e curren t  an d th e stat e 
desire d fo r  th e studen t  a t  th e en d o f  th e instruction . 

Creating such models is no mean feat, but given that we had such 
models ,  wha t  woul d w e d o wit h them?  Thi s require s a  theor y o f  th e 
acquisitio n o f  problem-solvin g skill s  tha t  wil l  specif y wha t  th e 
consequence s o f  variou s experience s wil l  b e o n th e stat e o f  th e studen t 
model .  So ,  w e ca n ad d a  theor y o f  skil l  acquisitio n t o th e lis t  o f 
potentia l  contribution s o f  cognitiv e psycholog y t o intelligen t  tutoring . 

Exactly how the student model is used in an intelligent tutoring system 
depend s o n th e learnin g theory ,  bu t  ou r  AC T learnin g theor y lead s u s t o 
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buil d th e tutorin g syste m ver y directl y aroun d th e mode l  o f  th e idea l 
student .  Ou r  tutor s guid e th e student s throug h th e problem s tryin g t o mak e 
thei r  step s correspon d t o thos e o f  th e idea l  studen t  model .  A t  eac h nex t 
ste p th e student' s ste p i s compare d wit h th e rang e o f  acceptabl e step s and , 
i f  i t  doe s no t  correspond ,  immediat e explanatio n i s generate d whic h tell s 
th e studen t  wha t  th e correc t  ste p i s an d wh y i t  i s  correct .  Thi s i s a  ver y 
powerfu l  rol e fo r  a  studen t  mode l  i n th e tutoring .  I t  effectivel y 
structure s th e whol e tutorin g interaction .  I  refe r  t o thi s mod e o f  tutoria l 
interactio n a s model-tracing . 

Another important consequence of the conjunction of a learning theory 
and a  studen t  mode l  i s a  prescriptio n fo r  proble m sequence .  On e ca n loo k a t 
weaknesse s i n th e studen t  mode l  an d construc t  problem s whic h th e learnin g 
theor y predict s wil l  giv e th e bes t  opportunit y t o repai r  th e weaknesses . 

Another Important consequence of the conjunction of a learning theory 
and a  studen t  mode l  i s a  prescriptio n fo r  proble m sequence .  On e ca n loo k a t 
weaknesse s i n th e studen t  mode l  an d construc t  problem s whic h th e learnin g 
theor y predict s wil l  giv e th e bes t  opportunit y t o repai r  th e weaknesses . 

All forms of instruction require that one correctly interpret the 
student' s behavio r  an d successfull y impar t  informatio n t o th e student .  I n 
our  model-tracin g paradig m thi s require s tha t  w e understan d wh y th e studen t 
makes move s an d tha t  w e ca n correctl y describ e goal s t o th e student ,  th e 
operator s t o appl y a t  thes e goals ,  an d wh y thes e operator s shoul d apply . 
Thes e communicatio n need s plac e furthe r  demand s o n cognitiv e psychology : 

To the extent that the interaction involves natural language, this 
bring s u p Issue s o f  natura l  languag e processing .  Thes e issue s o f 
communicatio n tur n ou t  t o involv e issue s o f  knowledg e representation .  Fo r 
instance ,  a  majo r  proble m turn s ou t  t o b e tha t  o f  th e studen t  acquirin g th e 
righ t  representatio n o f  domai n concepts .  I n geometr y student s hav e t o lear n 
th e meanin g o f  term s lik e premis e an d consequence .  I n LIS P the y nee d t o 
understan d th e meanin g o f  term s lik e tai l  o f  a  lis t  an d evaluatio n o f  a n 
expression .  Par t  o f  th e tutorin g goa l  become s teachin g o f  domai n concepts . 
Als o on e need s t o b e abl e t o refe r  t o th e student' s interna l  goa l 
structures .  Thi s require s designin g a n efficien t  wa y o f  representin g th e 
goa l  structur e t o th e student .  Fo r  example ,  i n geometr y w e teac h student s a 
grap h representatio n fo r  forwar d searc h fro m th e given s an d backwar d searc h 
fro m th e to-be-prove n statement . 

Another issue in communication concerns the serious problems of working 
memory overload .  On e ha s t o hav e a n accurat e estimat e o f  ho w muc h 
informatio n th e studen t  ca n hol d a t  an y on e time .  I t  i s  ver y eas y fo r 
instructio n t o fai l  becaus e th e studen t  canno t  proces s i t  all . 

Requirements from Cognitive Psychology 

It is interesting to consider those things that intelligent tutoring 
need s tha t  cognitiv e psycholog y doe s no t  offer ,  thos e thing s whic h i t  need s 
tha t  cognitiv e psycholog y offers ,  an d thos e thing s whic h i t  doe s no t  nee d 
tha t  cognitiv e psycholog y offers .  I t  shoul d b e recognize d tha t  man y thing s 
go int o successfu l  tutorin g tha t  hav e nothin g t o d o wit h cognitiv e 
psychology .  Thi s tend s t o involv e th e computationa l  aspect s o f  th e medium . 
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I n ou r  ow n wor k thi s ha s include d principle s o f  graphics ,  desig n o f  highl y 
modularize d systems ,  efficien t  implementatio n o f  productio n systems , 
principle s fo r  automati c proble m generation ,  an d principle s fo r  inducini ^ 
studen t  model s fro m surfac e behavior .  Eac h o f  thes e i s a  majo r  concer n i n 
our  wor k bu t  a  concer n tha t  i s totall y devoi d o f  an y psychologica l  content . 

Then there are a set of psychological issues that seem key. To review, 
thes e were : 

1. Theory of goal structures, 
2.  Theor y o f  control , 
3.  Theor y o f  knowledg e representation , 
4.  Theor y o f  skil l  acquisition , 
5.  Theor y o f  natura l  languag e understanding ,  and , 
6.  Theor y o f  workin g memor y limitation . 

What is most interesting, however, is the large segments of cognitive 
psycholog y tha t  see m irrelevant .  Specifically ,  ther e i s n o rol e fo r  a 
theor y o f  th e spee d o r  probabilit y  wit h whic h knowledg e i s stored , 
retrieved ,  o r  applied .  I  canno t  thin k o f  on e timin g resul t  fro m 
experimenta l  psycholog y tha t  ha s implication s fo r  tuto r  design .  We woul d 
hav e ou r  tutor s engag e i n th e sam e behavio r  independen t  o f  ho w lon g th e 
student s studie d tha t  information ,  ho w lon g i t  too k the m t o retriev e it ,  an d 
whethe r  the y coul d remembe r  it .  N o matte r  what ,  w e woul d tes t  fo r  th e 
knowledg e a t  a  late r  poin t  an d provid e remedia l  instructio n i f  th e student s 
ar e wrong .  Issue s abou t  th e exac t  time s an d probabilitie s o f  performanc e 
ar e irrelevant .  We coul d buil d int o ou r  tuto r  th e abilit y  t o mak e accurat e 
prediction s abou t  time s an d probabilities ,  bu t  i t  coul d no t  us e thes e 
prediction s t o furthe r  it s tutoring .  Thes e ar e prediction s a t  th e wron g 
leve l  o f  analysis . 

It 1s useful to make a distinction between two levels of cognitive 
theory—th e leve l  o f  proces s specificatio n an d th e leve l  o f  proces s 
implementation .  Thi s ca n b e don e i n analog y t o th e distinctio n betwee n 
programmin g languag e an d machin e implementation .  Althoug h ther e i s som e 
controvers y abou t  th e matte r  (e.g. ,  Anderso n &  Hinton ,  1981) .  i t  seem s tha t 
ther e i s a  programmin g languag e o f  th e min d (compar e t o Fodor ,  1975 )  i n 
whic h cognitiv e processe s ar e specified .  Suc h a  languag e i s a t  a  leve l 
analogou s t o th e LIS P programmin g language .  I n ou r  work ,  w e tak e th e AC T 
productio n syste m a s thi s language .  Th e issue s liste d a s relevan t  t o 
tutoring—goa l  structure ,  control ,  knowledg e representation ,  skil l 
acquisition ,  an d workin g memory—ar e al l  concerne d wit h aspect s o f  thi s 
language .  Th e on e othe r  relevan t  issue ,  natura l  languag e understanding ,  i s 
concerne d wit h a  proces s Implemente d i n thi s menta l  language . 

Much of a cognitive theory like ACT is concerned vith how this mental 
languag e i s Implemented .  Thi s i s lik e askin g ho w LIS P i s implemente d o n a 
computer .  I t  i s  thes e aspect s o f  implementatio n whic h see m no t  t o b e 
relevan t  t o tutoring .  Thi s i s no t  t o say ,  o f  course ,  tha t  the y ar e 
uninteresting . 

So, the conclusion is that the division between issues of mental 
languag e an d issue s o f  it s  implementatio n correspond s t o th e divisio n 
betwee n thos e aspect s o f  cognitiv e psycholog y whic h ar e relevan t  t o 
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intelligen t  tutorin g an d thos e aspect s whic h ar e not .  T o th e 6/ten t  tha t 
intelligen t  tutorin g wor k ca n progres s withou t  consideratio n o f  th e 
implementation ,  thi s i s evidenc e fo r  th e distinctio n betwee n th e menta l 
programmin g languag e an d it s implementation . 

Implications of IntelligenL Tutoring for Cognitive Psyche logy 

It is natural to speculate that the relationship might be symmetrical 
and tha t  wor k i n intelligen t  tutorin g migh t  hav e implication s oil y fo r  th " 
m(Mila l  langu.ig p leve l  an d no t  fo r  th e implementatio n level .  Hovcver ,  thi s 
I  • :  nu t  !H) .  K y I  oo k i  ii)- ,  .i t  th e histor y o f  latenc y an d succes s I n workin g wit h 

a tuto r  on e may b e able "  t o mak e numerou s inference s abou t  cognitiv e 
implementation .  However ,  i t  i s  hardl y th e onl y wa y t o mak e inference s abou t 
cognitiv e irai)lementatio n an d fo r  man y istues ,  traditiona l  experiment s ar e 
more effective .  On th e othe r  hand ,  I  a m prepare d t o argu e tha t  th e onl y 
methodologie s tha t  ca n ge t  a t  th e languag e leve l  ar e th e tutorir g 
methodolog y an d variant s o n tha t  methodology . 

To make this argument, I will consider an analogy: Suppose a 
programme r  presente d t o u s a  fairl y  comple x program ,  an d w e wante d t o tes t 
whethe r  i t  wa s a  LIS P program .  I n th e analogy ,  LIS P correspond t  t o ou r 
theor y abou t  menta l  programmin g languag e an d th e programme r  i s th e learnin g 
syste m tha t  change s th e menta l  program .  T o mak e th e analog y wor k w e wil l 
hav e t o assum e w e canno t  as k th e programme r  wha t  th e languag e i f  no r  ca n w e 
physicall y inspec t  th e program .  Al l  w e ca n d o i s loo k a t  th e irput-outpu t 
behavio r  o f  th e program .  No w i t  i s  wel l  know n tha t  an y computationall y 
universa l  programmin g languag e ca n produc e an y input-outpu t  behavior . 
Similarly ,  an y "reasonable "  theor y o f  th e menta l  languag e coul d produc e an y 
behavior .  I t  i s  unlikel y tha t  implementation s i n tw o language s wil l  diffe r 
interestingl y i n thei r  timin g behavior ,  particularl y i f  al l  w e ca n loo k a t 
i s  relativ e tim e t o solv e tw o problems ,  no t  absolut e time .  Similarly ,  i t  i s 
unlikel y tha t  w e ca n choos e betwee n tw o theorie s o f  menta l  languag e b y 
lookin g a t  processin g time s o r  probabilitie s o f  correc t  responses . 

How in fact are decisions made about the mental language? The argument 
i s usuall y tha t  a  particula r  typ e o f  input-outpu t  behavio r  i s characteristi c 
of  th e "programmin g style "  appropriat e t o a  particula r  menta l  language .  A 
classi c exampl e o f  thi s kin d o f  reasonin g i s th e pape r  b y Hayes-Rot h & 
Hayes-Rot h (1979 )  arguin g fo r  opportunisti c planning .  Similarly ,  on e migh t 
argu e tha t  a  progra m tha t  printe d ou t 

=>(factorial 4) 
l<Enter > factoria l  (4 ) 
|2<Enter > factoria l  (3 ) 
!  3<Enter > factoria l  (2 ) 
I  l4<Enter > factoria l  (1 ) 
!  I  5<Enter > factoria l  (0 ) 
I  I  5<EXIT > factoria l  1 
I  |4<EX[T > factoria l  1 
I  3<EXIT > factoria l  2 
'2<EXIT > factoria l  6 
1<EXIT > factoria l  2 4 
24 
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was writte n i s LISP .  I n certai n contexts ,  thi s migh t  b e a  reasonabl e 
inference .  However ,  i n th e huma n cas e th e inferenc e fro m surfac e behavio r 
t o menta l  programmin g languag e i s quit e perilous . 

Probably a better method would be to ask the programmer to make some 
additio n o r  modificatio n t o th e progra m an d se e ho w lon g i t  too k t o 
accomplis h tha t  an d wit h ho w muc h difficulty .  Certai n thing s ar e eas y t o 
implemen t  i n LIS P an d certai n thing s ar e not .  Analogously ,  i n th e cas e o f 
th e menta l  programmin g languag e i t  i s  ver y informativ e t o loo k a t  wha t  th e 
effect s ar e o f  variou s instructiona l  manipulations .  Certai n instructiona l 
goal s shoul d b e eas y t o achiev e an d certai n shoul d b e hard . 

Thus, the way to test hypotheses about the mental programming language 
i s t o perfor m instructiona l  experiments .  Of  course ,  thes e nee d no t  tak e th e 
for m o f  constructin g intelligen t  tutors ,  bu t  ther e ar e advantage s t o tha t 
specifi c  methodology .  First ,  compute r  implementatio n operationalize s ver y 
precisel y th e instructiona l  methodology .  Second ,  interestin g instructiona l 
manipulation s tak e relativel y lon g times .  I t  i s  har d t o motivat e a  subjec t 
populatio n i n suc h experiment s unles s on e i s tryin g t o teac h a  usefu l 
domain .  Ther e ar e seriou s problem s wit h tryin g t o teac h a  usefu l  domai n i n 
some pervers e wa y t o tes t  cognitiv e theory .  I t  migh t  b e informativ e t o 
stud y th e instructio n o f  geometr y withou t  diagrams ,  fo r  instance ,  bu t  I 
coul d hardl y us e th e scientifi c  informatio n gathere d t o mollif y  angr y 
parent s whos e childre n wer e failin g hig h schoo l  math .  S o fo r  thes e reasons , 
one i s naturall y le d t o conduc t  instructiona l  test s o f  cognitiv e theor y a s 
good fait h effort s t o hav e computer s t o teac h rea l  topic s t o rea l  students . 
Beyon d thi s ther e i s somethin g ver y informativ e abou t  findin g th e optima l 
tuto r  fo r  a  topic—whethe r  tha t  optimu m i s jus t  a  ver y loca l  on e o r  a  globa l 
one .  Th e fac t  tha t  th e tuto r  i s a t  a n optimu m place s importan t  constraint s 
on th e natur e o f  th e menta l  programmin g language . 

Example Tutorial Experiments 

It is not hard to think of tutorial manipulations that serve to test 
alternativ e theorie s o f  th e menta l  system .  Conside r  fo r  instanc e th e 
contras t  betwee n schem a system s an d productio n systems .  Th e essenc e o f  a 
schema syste m i s th e notio n tha t  th e critica l  knowledg e structur e i s a n 
abstrac t  schem a whic h i s use d fo r  differen t  purpose s accordin g t o th e 
curren t  goal .  Thus ,  ther e migh t  b e a  recursio n schem a whic h coul d b e use d 
fo r  coding ,  debugging ,  an d evaluating .  Accordin g t o schem a theory ,  L t  i s 
necessar y an d sufficien t  t o buil d u p a  ric h schem a representatio n o f 
recursion .  Fro m tha t  suitabl e performanc e woul d flo w i n differen t  tasks . 
I n contrast ,  productio n system s theor y lead s t o th e conclusio n tha t  ther e 
ar e tas k specifi c  rule s tha t  mus t  b e acquired .  Obviously ,  suc h theorie s 
lea d t o ver y differen t  prediction s abou t  th e relativ e merit s o f  genera l 
versu s task-specifi c  instruction . 

To consider a controversy more local to CMU, consider two types of 
production s syste m architectures .  On e (e.g. ,  ACT )  hold s tha t  informatio n 
firs t  come s int o th e syste m i n a  declarativ e for m an d the n i s compile d int o 
productio n for m wit h practice .  Th e othe r  hold s tha t  al l  informatio n i s 
procedural ,  an d ther e i s n o separat e declarativ e representation .  Th e firs t 
viewpoin t  woul d hol d tha t  ther e i s a  poin t  t o understandin g an d memorizin g 
generall y relevan t  fact s i n advanc e t o actuall y usin g them .  Thi s woul d 
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establis h th e declarativ e encodin g an d permi t  th e procedura l  compilatio n 
righ t  away .  Th e secon d viewpoin t  woul d hol d tha t  student s migh t  a s wel l  b e 
tol d th e specifi c  rule s a s the y ar e neede d i n proble m solvin g withou t 
advanc e preparation. s 

As a third and final contrast, consider the claim that goal selection 
i s opportunisti c an d data-drive n versu s th e clai m tha t  goa l  selectio n i s i n 
respons e t o som e hierarchica l  plan .  Th e forme r  woul d argu e fo r  a  tutoria l 
strateg y tha t  gav e th e studen t  a  lo t  o f  flexibilit y  i n wha t  t o d o nex t 
wherea s th e secon d woul d promot e a  rathe r  rigi d flo w o f  contro l  throug h a 
problem . 

Each of the above three contrasts are somewhat caricatures, and people 
may wan t  t o argu e fo r  othe r  predictions .  Rigorou s prediction s requir e 
carefu l  interfacin g o f  specifi c  proposal s wit h specifi c  learnin g situations . 
However ,  th e example s d o serv e t o indicat e ho w tutoria l  manipulatio n ca n g o 
t o th e hear t  o f  fundamenta l  issue s abou t  th e menta l  programmin g language . 
(Also ,  i t  need s t o b e acknowledge d tha t  becaus e thes e tutor s requir e 
effectiv e computationa l  principle s a s wel l  a s correc t  cognitiv e assumptions , 
a particula r  tuto r  ca n fai l  eve n thoug h th e underlyin g theor y i s correct. ) 

Conclusion 

So in conclusion, there seems to be a very intimate relationship 
betwee n a  subse t  o f  issue s i n cognitiv e psycholog y an d intelligen t  tutoring . 
I t  goe s beyon d th e relationshi p betwee n a  scienc e an d it s applications . 
Researc h i n intelligen t  tutorin g i s th e natura l  methodolog y fo r  stud y o f  th e 
menta l  programmin g language .  Th e relationshi p i s thi s stron g becaus e th e 
hitma n min d i s mor e tha n a  naturall y occurrin g objec t  fo r  scientifi c  study ; 
i t  i s  a n objec t  whos e evolutio n wa s principl y directe d s o i t  coul d b e 
instructe d i n ne w problem-solvin g skills . 
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A logic-base d analysi s o f  heuristi c program s suggest s a  proble m solvin g 
model  thi t  i s  strongl y supporte d b y cognitiv e scienc e studie s o f 
categorizatio n an d understanding .  Thi s extende d abstrac t  describe s th e 
model ,  the n outline s epistemologi c consideration s fo r  constructin g 
instructiona l  program s tha t  ca n bot h generat e an d recogniz e suc h proble m 
solvin g behavior . 

A b-oad range of familiar problems—embracing forms of diagnosis, 
catalo g 3election ,  an d skeleta l  planning—ca n b e characterize d i n term s o f 
classifi'-,atio n [3] .  Solution s t o thes e problem s hav e a  characteristi c 
inferenc e structure ,  involvin g systemati c relatio n o f  dat a t o a  previousl y 
known s e ;  o f  solution s b y processe s o f  dat a abstraction ,  heuristi c 
associatio n t o a  schem a network ,  an d refinement .  Previou s researc h ha s 
describe d classificatio n proble m solvin g almos t  exclusivel y i n term s o f 
identificatio n o f  a n unknow n objec t  o r  phenomenon ,  wha t  w e commonl y cal l 
"diagnosis. "  However ,  a  stud y o f  th e heuristi c program s calle d "exper t 
systems "  indicate s tha t  reasonin g involve d i n selectin g a  produc t  o r  servic e 
i s characterize d b y th e sam e inferenc e structure .  Moreover ,  a  common kin d 
of  proble m involve s sequentia l  classificatio n problems :  firs t 
stereotyoicall y characterizin g a  user' s need s o r  requirement s an d the n 
heuristioall y selectin g a  produc t  o r  servic e [11] .  Routin e softwar e 
configuritio n an d experimen t  plannin g problem s ar e similar :  a  templat e 
solutio n i s foun d an d the n refine d [6] .  Studie s o f  routin e physic s proble m 
solvin g 2 ]  sho w th e sam e proces s o f  proble m featur e abstraction ,  heuristi c 
association ,  an d refinement . 

A computer program called NEOMYCIN implements a form of classification 
proble m solvin g i n a  genera l  wa y [4] .  Th e epistemologi c distinction s mad e 
i n th e inplementatio n mak e i t  possibl e t o us e NEOMYCIN fo r  bot h generatin g 
and reco;;nizin g classificatio n proble m solvin g behavior .  Thes e distinction s 
wer e pre"iousl y pu t  fort h b y logi c theorist s [8 ,  9 ) .  I n ou r  vie w the y are : 

- The knowledge to solve a problem is distinct from its implementation 
i n .'om e informatio n processo r  [10] .  Specifically ,  i n A I  researc h 
repiesentation/interprete r  description s o f  computationa l  model s hav e 
bee n frequentl y confuse d wit h mor e abstrac t  description s o f  wha t  th e 
proble m solve r  i s doin g an d wha t  h e knows . 

- The;e abstract descriptions of reasoning should make a distinction 
betvee n inferenc e structur e (logi c term s an d relations )  an d proces s 
structur e (rule s o f  inferenc e an d strategi c operators) .  Rule-base d 
program s lik e MYCI N an d R l  combin e factua l  knowledg e wit h procedura l 
infcrmatio n abou t  ho w inference s ar e t o b e made . 

- The'e is a distinction between statement of a relation or procedure 
and it s justificatio n o r  basis .  Fo r  example ,  heuristic s ar e justifie a 
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by some ,  generall y unstated ,  mode l  o f  th e world .  Makin g explici t  th e 
proces s structur e require s no t  onl y statin g th e procedur e I n 
computationa l  term s (suc h a s input ,  sequence .  Iteration) ,  bu t  als o i n 
term s o f  underlyin g assumption s an d constraint s tha t  justif y th e 
procedure ,  fro m whic h i t  ca n b e derived . 

We briefly relate these considerations to NEOMYCIN. The classification 
proble m solvin g mode l  describe s wha t  NEOMYCIN does ,  independen t  o f  it s 
representationa l  schem e (rules ,  frames ,  e t c ) .  Th e program' s fact s an d 
heuristi c ar e state d separatel y fro m th e inferenc e procedure .  Th e 
inferenc e procedur e i s represente d i n a  specia l  languag e tha t  allow s u s t o 
"declaratively "  expres s computationa l  constructs ,  a s wel l  a s t o annotat e 
some o f  th e underlyin g constraint s tha t  ar e usefu l  fo r  studen t  modeling . 
Thi s combine d desig n enable s u s t o us e NEOMYCIN t o directl y solv e problem s 
independently ,  o r  t o "ru n th e progra m backwards "  t o predic t  an d recogniz e 
behavio r  tha t  fit s  it s  model .  Th e progra m ca n als o provid e a  trac e o f  it s 
reasoning ,  servin g a s a  crud e for m o f  explanatio n [7] . 

With a general model of problem solving implemented that uses a body of 
"expert "  knowledge ,  w e ar e no w investigatin g studen t  behavior .  Specifically , 
we ca n us e th e progra m t o provid e partia l  interpretation s o f  wha t  student s 
ar e doing ,  wit h difference s indicatin g wher e th e mode l  mus t  b e extende d (an d 
what  kind s o f  assistanc e student s require) .  Followin g fro m som e proposal s 
made b y J .  S .  Brow n [1] ,  w e ar e designin g a  sequenc e o f  instructiona l 
program s b y whic h w e ca n explor e students '  reasonin g a s the y explor e 
NEOMYCIN.  Th e firs t  o f  th e serie s include s GUIDON-WATCH (fo r  learnin g tha t 
classificatio n proble m solvin g ha s a  certai n structure) ,  GUIDON-MANAGE (fo r 
learnin g th e effect s o f  proble m solvin g operator s [5]) ,  an d GUIDON-ANNOTATE 
(fo r  integratin g operator s wit h domai n knowledg e an d recognizin g pattern s o f 
efficien t  proble m solving) . 

In conclusion, a synthesis of theories of logic, experience in writing 

exper t  syste m programs ,  an d cognitiv e scienc e studie s ha s enable d u s t o 
develo p a  computationa l  mode l  o f  proble m solvin g tha t  ca n b e usefu l  fo r 
teaching .  Th e k e ide a i s tha t  epistemologi c distinctions — 
knowledge/processor ,  inference/process ,  an d relation/justification—ar e a n 
intricat e par t  o f  th e computationa l  model ,  providin g th e basi s fo r  no t  onl y 
generatin g proble m solvin g behavior ,  bu t  als o explainin g an d recognizin g it . 
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How Do Psychologists Think Anyhow? 

John Black and Arthur Graesser 

Yale University and California State University at Fullerton 

What do psychologists know and how do they use that knowledge to answer questions?* These are 

tw o o f  th e issue s w e hav e ha d t o addres s a s par t  o f  a  projec t  t o desig n a n intelligen t  compute r  assiste d 

instructio n (ICAI )  syste m tha t  wil l  hel p peopl e lear n abou t  psychology .  Question s lik e thes e ar c critica l 

fo r  an y ICA I  system ,  becaus e centra l  t o th e desig n o f  suc h system s i s determinin g ho w knowledg e o f  th e 

domai n i s t o b e represented ,  determinin g wha t  tha t  knowledg e is ,  an d determinin g ho w tha t  knowledg e 

i s t o b e use d t o interac t  wit h th e student s (e.g. ,  t o answe r  studen t  questions) . 

Several ICAI systems address these issues for rule-based domains like electronics (e.g., Brown and 

IJurton ,  1975) ,  arithmeti c (Brow n an d Burton ,  1978) ,  algebr a (Sleeman ,  1982) ,  an d compute r 

programmin g (Soloway ,  Rubin ,  Woolf ,  Bona r  an d Johnson ,  1982) ;  bu t  ho w t o addres s the m i s  les s clea r 

fo r  non-rule-base d domain s lik e psychology ,  history ,  literar y studies ,  law ,  an d managemen t  o f 

organizations .  I n fact ,  domain s lik e medica l  diagnosi s ar e probabl y les s rule-base d tha n curren t  exper t 

system s (e.g. ,  Shortliffe ,  1976 )  mak e the m appear ,  an d ar e thu s mor e lik e psychology '  tha n algebra .  W e 

hav e approache d thes e issue s o f  ho w t o represen t  exper t  knowedg e i n non-rule-base d domain s b y tryin g 

t o devis e a n ICA I  syste m tha t  contain s knowledg e abou t  psycholog y i n a  for m tha t  allow s i t  t o 

intelligentl y answe r  studen t  question s a s a  huma n exper t  woul d (o r  perhap s better) . 

Psychological Thinking 

Th e kind s o f  knowledg e an d reasonin g use d b y psychologist s t o answe r  question s i s  illustrate d b y 

th e followin g "thin k aloud "  protoco l  o f  a  cognitiv e psychologis t  (wh o i s a  facult y member  a t  a  researc h 

university )  determinin g ho w t o answe r  a  studen t  question .  Th e psychologis t  wa s give n th e backgroun d 

and studen t  question ,  the n gav e th e followin g verba l  repor t  o f  hi s  thought s (whic h w e hav e edite d 

slightly )  a s h e figure d ou t  ho w t o answe r  th e student : 

B a c k g r o u n d :  Th e studen t  askin g th e questio n i s i n a  clas s tha t  ha s jus t  learne d 

abou t  dept h o f  processin g an d elaboratio n theorie s o f  memory . 

Student Question: I'm taking Spanish and I was wondering if using imagery is a 

goo d wa y t o lear n th e vocabulary ? 

Paychologist'a Reasoning: Well, imagery is a deep processing task, so by depth 

of  processin g theory ,  imagcrj '  shoul d giv e goo d memories.. .  Ah ,  I' m rememberin g tha t 

ther e i s a n experimen t  abou t  thi s b y Atkinso n an d Raugh .  The y foun d tha t  interactin g 

image s i s th e critica l  thing .  Tha t  is ,  th e subject s ha d t o for m image s o f  th e Englis h 

words ,  the n for m image s o f  th e Spanis h words '  sounds ,  an d the n sho w th e image s 

interacting .  Jus t  formin g image s b y themselve s wa s no t  goo d enoug h the y ha d t o b e 

interactin g .. .  Th e exampl e I  remembe r  (I' m no t  sur e it' s  right )  i s  "hors e — caballo. "  Her e 

th e imag e i s o f  a  hors e kickin g a n ey e becaus e "caballo "  sor t  o f  sound s lik e "eye. "  S o I 

need t o tel l  th e studen t  abou t  thi s stud y an d tha t  the y mus t  u.s e interactin g images.. .  Ah , 

I  ca n explai n thi s usin g elaboration ,  becaus e th e interactin g image s provid e elaborativ e 

connection s betwee n th e words.. . 

So wha t  i s goin g o n here ? Ou r  psychologis t  start s ou t  b y tryin g t o relat e th e quer y t o th e dept h o f 

Thi s researc h wa s supporte d b y a  gran t  fro m th e I B M Corporation .  However ,  th e view s expresse d i n thi s pape r  ar e thos e o f 
th e author s an d ar e no t  necessaril y  endorse d b y IBM . 
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processing theory of memory (probably because he has been told that the student knows that theory), 

the n realize s tha t  h e know s o f  a n experimen t  (ha t  directl y addresse s th e strateg y o f  usin g image s t o lear n 

vocabulary .  H e retrieve s fro m memor y th e detail s o f  th e relevan t  experimen t  an d realize s tha t  th e 

result s provid e mor e specifi c  informatio n abou t  exactl y ho w t o us e image s t o lear n vocabular y - -  namely , 

use interactin g images .  Bu t  ho w i s h e t o exjilni n thi s t o th e student ? Th e dept h o f  processin g theor y 

(ioc s no t  hav e a  clea r  wa y o f  explainin g wh y interactin g image s woul d b e bette r  tha n image s alone ,  s o h e 

retrieve s wha t  h e know s abou t  th e elaboratio n theor y o f  memor y (th e othe r  theor y h e ha s bee n tol d th e 

studen t  knows )  an d realize s tha t  tha t  theor y provide s a n explanation .  Hi s eventua l  answe r  t o th e 

studen t  i s t o describ e th e specifi c  experimenta l  resul t  an d rationaliz e i t  usin g th e elaboratio n theor y o f 

memory. 

Note that the crucial information for the answer is provided by the memory for a specific expert, 

not  b y th e models .  Thu s th e importan t  reasonin g her e i s case-base d reasonin g rathe r  tha n rule-base d 

reasoning ,  becaus e th e experimen t  i s a  specifi c  cas e o r  observatio n an d th e neede d specifi c  rul e i s store d 

as par t  o f  th e memor y fo r  tha t  case .  I f  thi s ha d bee n a  rule-base d domain ,  the n th e exper t  woul d hav e 

merel y derive d th e answe r  usin g th e rule s store d a s par t  o f  th e knowledg e representatio n o f  th e mode l 

"  perhap s citin g a  cas e t o illustrat e th e rule .  However ,  suc h complet e model s ar e rar e i n field s lik e 

psychology ,  s o case-base d reasonin g seem s t o dominate .  Thu s expert s i n field s lik e psycholog y see m t o 

hav e a  menta l  representatio n compose d o f  case s (memorie s fo r  specifi c  experiments )  tha t  ar e organize d s o 

tha t  the y ca n b e accesse d directl y t o answe r  queries .  Thes e specifi c  case s als o see m t o hav e link s t o 

variou s explanator y framework s (e.g. ,  th e dept h o f  processin g an d elaboratio n theorie s o f  memory )  tha t 

ca n provid e explanation s fo r  th e result s o f  th e experiments . 

The ECALP System 

We have been working on an ICAI system that we call ECALP, for Expert Computer Assisted 

Learnin g o f  Psychology .  Whil e i t  i s  fa r  fro m adequat e t o d o th e kind s o f  reasonin g show n i n ou r 

protocol s o f  actua l  reasonin g b y psychologists ,  i t  doe s sho w a  fe w o f  th e neede d feature s i n rudimentar y 

form .  E C A L P I S implemente d a s a  P R O L OG progra m tha t  use s tw o level s o f  representatio n t o embod y 

psychologica l  knowledg e ~  a  conceptua l  packe t  leve l  an d a n explanator y packe t  level . 

The conceptual packet level contains interrelated packets of information each using conceptual 

grap h structure s (Graesser ,  1981 )  t o represen t  experimenta l  result s (e.g. ,  Byrn e an d Nelso n foun d tha t 

th e proportio n o f  simila r  attitude s wa s mor e importan t  i n causin g attractio n tha n wa s th e numbe r  o f 

simila r  attitudes )  an d genera l  fact s (e.g. ,  perso n X  familia r  wit h perso n Y  cause s X  t o b e attracte d t o Y) . 

Eac h conceptua l  packe t  ha s si x informatio n slots :  on e tha t  contain s a  patter n describin g whe n th e packe t 

wil l  b e relevant ,  anothe r  slo t  tha t  contain s a  uniqu e identifier ,  a  thir d slo t  tha t  i s  th e categor y o f  th e 

packe t  (e.g. ,  even t  o r  state) ,  a  fourt h slo t  i s  a  lis t  o f  link s fro m othe r  packet s (e.g. ,  i s  a  consequenc e of ,  i s 

an implicatio n of) ,  a  fift h slo t  i s  a  lis t  o f  link s t o othe r  packet s (e.g. ,  causes ,  implies) ,  an d th e sixt h slo t 

provide s alternativ e way s o f  expressin g th e packe t  informatio n t o th e student .  Th e firs t  slo t  provide s th e 

mechanis m neede d t o acces s th e conceptua l  packe t  directl y whe n relevan t  querie s aris e an d th e fift h slo t 

provide s acces s t o othe r  relevan t  conceptua l  an d explanator y packets . 

The explanatory packet level contains interrelated packets of information that organize the 

informatio n a t  th e conceptua l  packe t  leve l  tha t  relate s t o th e variou s relevan t  explanator y frameworks . 

Th e explanator y packet s contai n si x informatio n slots :  on e slo t  containin g th e name s use d t o describ e 

th e explanator y framewor k (e.g. ,  dept h o f  processing ,  level s o f  processing) ,  anothe r  slo t  describin g th e 

genera l  phenomen a addresse d b y th e framewor k (e.g. ,  h u m a n memory) ,  a  thir d slo t  describin g th e typ e 

of  explanator y framewor k (e.g. .  theory ,  model ,  hypothesis ,  o r  folklore) ,  a  fourt h slo t  containin g indexin g 

link s t o th e conceptua l  packet s tha t  describ e th e mechanism s o f  th e framework ,  a  fifth  slo t  containin g 

indexin g link s t o conceptua l  packet s tha t  describ e th e prediction s o f  th e framework ,  an d a  sixt h slo t  tha t 

provide s indexin g link s t o conceptua l  packet s tha t  describ e experimenta l  result s providin g evidenc e 

relate d t o th e explanator y framework . 
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Using this two level representation, the question-answering procedures given in Graesser and 

Murachve r  (i n press) ,  an d a  simpl e deHnit e claus e gramma r  (Pereir a an d Warren ,  1980 ;  McCord ,  1982) , 

we hav e bee n abl e t o ge t  E C A L P t o flexibly  answe r  question s o f  th e followin g kinds : 

1.  Wha t  doe s X  mean ! 

2.  I s th e answe r  t o X  YE S o r  NO ? 

3.  Ho w doe s X  occur ! 

4.  W h y doe s X  occu r  (o r  X  exist) ! 

5.  Wha t  ar e th e consequence s o f  X  occurin g (o r  existing) ! 

6.  Wha t  i s th e evidenc e fo r  X ! 

7.  Accordin g t o theor y T ,  <question> ! 

With these capabilities ECALP can serve as an expert consultant on psychology (to a limited 

exten t  a t  thi s time )  tha t  th e studen t  ca n tr y ou t  idea s o n an d us e t o see k furthe r  information .  Whe n th e 

studen t  firs t  broache s a  topi c (e.g. ,  huma n memor y o r  interpersona l  attraction) ,  E C A L P give s th e 

studen t  a  fe w ke y concept s tha t  th e studen t  ca n the n us e t o guid e fiirthe r  querie s (e.g. ,  askin g wha t 

variou s term s mean )  an d t o deriv e idea s o f  thei r  ow n whic h E C A L P ca n evaluat e (e.g. .  I s semanti c 

encodin g remembere d bette r  tha n acousti c encoding!) .  Th e teachin g strateg y use d i n E C A L P i s t o tr y 

t o establis h a  learnin g environmen t  | n whic h th e student s ca n themselve s generat e mos t  o f  th e idea s 

about  a  topic .  Th e reaso n fo r  thi s i s tha t  i f  student s ca n generat e idea s themselves ,  the n the y wil l  kno w 

and remembe r  thos e idea s bete r  tha n i f  the y wer e merel y tol d th e idea s (Jacoby ,  1978 ;  Blac k an d 

McGuigan ,  1983 ;  Carrol l  an d Carrithers ,  1983) .  W e believ e tha t  ICA I  system s tha t  exploi t  th e 

potentiall y  powerfu l  learnin g mechanism s o f  suc h generatio n effect s wil l  b e mor e effectiv e tha n othe r 

ICAI  systems ,  bu t  thi s i s a n hypothesi s tha t  need s t o b e empiricall y evaluated . 

Conclusions 

I n ou r  investigatio n o f  psychology ,  w e hav e foun d tha t  ICA I  system s fo r  suc h non-rule-base d field s 

need knowledg e representation s o f  specifi c  case s i n additio n t o th e rule s represente d i n curren t  rule-base d 

ICAI  systems .  W e hav e implemente d a  prototyp e o f  on e suc h syste m ( E C A L P )  tha t  use s case s an d 

rule s t o answe r  studen t  querie s abou t  psychology .  Thi s syste m als o embodie s th e teachin g strateg y tha t 
we thin k i s potentiall y  th e mos t  powerful :  namely ,  presentin g th e studen t  wit h a  fe w ke y idea s an d the n 

havin g the m generat e th e rest . 
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M i s - g e n e r a l i z a t i o n :  a n e x p l a n a t i o n o f  o b s e r v e d m a l - r u l e s 

D.  Sleema n 

Heuristi c Programmin g Projec t 

Departmen t  o f  Compute r  Scienc e 

STANFORD Universit y 

Californi a 9430 5 

1.  Introductio n 

intelligen t  Tutorin g System s (ITSs )  forc e thei r  implementor s t o b e explici t  abou t  domai n knowledge , 

tutorin g rules ,  likel y studen t  misunderstanding s fo r  a  particula r  domain ,  etc .  Althoug h thi s 

explicitnes s i s demandin g i t  doe s hav e th e advantag e tha t  i f  th e syste m behave s differentl y tha n 

expected ,  th e implemento r  ca n determin e th e reason s fo r  this ,  modif y th e suspecte d rule/knowledg e 

and reru n th e system. ^  Furthe r  onc e on e ha s identifie d misunderstanding s whic h on e believe s aris e 

prett y consistentl y i n a  subjec t  domain ,  b y thi s o r  mor e conventiona l  techniques ,  the n a  serie s o f 

additiona l  investigation s ar e possible .  Thes e include : 

1. hypothesizing the nature of the processes used by students to solve tasks given the 

incorrect/buggy/mal-rules . 

2. building a remedial subsystem which exploits the inferred student model (this will involve 

furthe r  analysi s o f  teacher-studen t  remedia l  dialogues) . 

3. undertaking studies aimed at improving the initial instruction in the domain so as to avoid 

(som e of )  th e observe d difficulties . 

In this article I discuss the first of these points in the context of extensive studies undertaken with 

14-  t o 15-year-ol d algebr a students .  Th e Leed s Modellin g System ,  LMS ,  wa s implemente d an d a 

databas e o f  examples ,  correct -  an d incorrect ,  o r  mal -  rule s ha d bee n establishe d whic h wa s sufficien t 

t o diagnos e th e majorit y o f  difficultie s encountere d b y 15-yea r  ol d students ,  Sleema n [1982] .  Th e 

same databas e wa s the n use d wit h 2 4 14-yearol d student s an d th e outcom e wa s ver y different .  A 

hig h percentag e o f  th e studen t  error s wer e no t  diagnose d b y LMS .  Th e investigato r  analyse d thes e 

protocol s i n som e detai l  an d the n carrie d ou t  individua l  interview s t o determin e th e natur e o f  th e 

students '  difficulties ,  Sleema n [1983a] .  Th e pertinen t  observation s fro m thi s latte r  experimen t  are : 

1. Students appear to regress under cognitive load. That is they are often able to use a 

particula r  rul e correctl y i n th e contex t  o f  simpl e tasks ,  bu t  mak e error s wit h thi s sam e rul e 

when th e task s ar e mor e complex. ^  Se e Sleema n [1983a ]  fo r  examples . 

The approac h use d withi n (h e Exper t  System s parndiym . 

2 
Thi s analysi s assume s tha t  domai n lulo s ar e independen t  an d on e tu! o doe s no t  subsum e another . 
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2.  Ther e appear s t o b e a  numbe r  o f  clearl y identifiabl e type s o f  error ,  (sectio n 2) . 

3. Students use a number of alternative "metfiods" to solve tasks of tfie same type, (section 

3) . 

2 .  O b s e r v e d t y p e s o f  s t u d e n t  e r ro r s 

From the protocols and the interviews I concluded that in this domain errors could be classified as: 

manipulative ,  parsing ,  execution/clerica l  an d random .  Th e firs t  tw o topic s wil l  b e deal t  wit h i n som e 

detai l  i n th e res t  o f  thi s section ;  se e Sleema n [1983b ]  fo r  detail s o f  th e others . 

2. 1 M a n i p u l a t i v e E r ro r s 

I define a manipulative mal-rule to be a variant on a correct rule which has one substage either 

omitte d o r  replace d b y a n inappropriat e o r  incorrec t  operation ,  c.f. ,  Youn g &  O'She a [1981] .  Fo r 

example ,  M N T O R H Ŝ  i s a  mal-rul e whic h capture s th e movemen t  o f  a  numbe r  t o th e othe r  sid e o f  th e 

equation ,  wher e th e studen t  omit s t o chang e th e sig n o f  th e number .  IvIXTOLH S i s th e mal-rul e whic h 

correspond s t o th e analogou s X-to-lh s rule .  (Mos t  o f  th e error s note d wit h 15-year-ol d student s wer e 

of  thi s form. )  Not e tha t  thi s schem a woul d A L S O generat e man y mal-rules ,  whic h w e hav e N O T ye t 

observed ;  i n th e nex t  paragrap h w e giv e a n explanatio n wh y som e o f  th e possibl e mal-rule s ar e no t 

observed . 

a) Analysis of some manipulative mal-rules: A schema for generating manipulative mal-rules 

I n a  recen t  experimen t  w e note d thre e (additional )  mal-rule s whic h ca n b e explaine d b y thi s 

mechanism .  T w o o f  the m wil l  b e analyse d i n som e detail : 

1. A variant on SOLVE. The variant on SOLVE transformed: 

4*X = 6toX = 6 

whereas SOLVE would change the same expression to X = 6/4. It is suggested that the 

studen t  realize s h e ha s a  tas k i n whic h th e S O L V E rul e shoul d b e activate d an d forget s t o 

appl y on e o f  th e operations ,  namel y dividin g b y Ivl .  S O L V E ha s thre e principa l  actions : 

notin g dow n N ,  th e divid e symbo l  an d Ivt ,  an d s o thi s mal-rul e coul d b e sai d t o b e omittin g 

some o f  th e principa l  steps .  Furthermore ,  i t  appear s tha t  student s hav e a n ide a abou t  th e 

acceptabl e F O R M o f  answer s an d s o give n th e abov e tas k w e hav e no t  see n X  =  6 /  o r 

X =  /4 . 

2. A variant on SItvlPLIFY. Examples of the two mal-rules noted here, which have occurred 

reasonabl y frequentl y are : 

X = 6/4 = > X = 3/4 

3 
M N T O R HS i s shor t  fo r  mal-number-to-rh s rule . 
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X =  6/ 4 =  >  X  =  6/ 2 

(Th e SIMPLIF Y rul e transform s th e sam e expressio n t o X  =  3/2) . 

Again we argue that the above observations can be explained if we assume that this rule 

has severa l  principa l  step s including ,  calculat e th e c o m m o n factor ,  divid e "top "  b y 

c o m m on factor ,  divid e botto m b y c o m m o n factor ,  writ e dow n th e components ,  an d tha t 

eac h o f  thes e mal-rule s correspond s t o on e ste p bein g omitted . 

bl  "Grai n size "  an d manipulativ e mal-rules . 

Ther e i s a  sens e i n whic h detaile d analyse s o f  manipulativ e mal-rule s allow s on e t o infe r  th e subste p 

processe d b y students ,  an d thi s i n tur n allow s on e t o predic t  th e se t  o f  mal-rule s tha t  wil l  b e 

encountere d i n a  domain .  (Bearin g i n min d th e ide a o f  acceptabl e for m outline d above) .  Further ,  on e 

migh t  argu e tha t  th e representatio n o f  th e task s shoul d b e a t  thi s "lower "  level ;  th e justificatio n fo r  th e 

representatio n chosen ,  i s  tha t  thi s appear s t o b e mor e consisten t  wit h th e collecte d verba l  an d writte n 

protocol s fo r  student s solvin g thes e tasks .  Th e schem a discusse d abov e fo r  generatin g manipulativ e 

mal-rule s b y omitting ,  o r  modifying ,  on e subste p i s thu s consisten t  wit h Youn g an d O'Shea' s 

modellin g o f  subtraction . 

2. 2 Incor rec t  R e p r e s e n t a t i o n o f  t h e T a s k o r  P a r s e E r ro r s 

I assert that many of the students whom we interviewed carried out steps of the computations in 

ways whic h woul d no t  fal l  withi n th e definitio n give n earlie r  fo r  manipulativ e mal-rules .  Below ,  I  giv e 

typica l  protocol s fo r  tw o student s workin g th e tas k 6* X =  3* X +  12 : 

I : 6* X =  3* X 
9* X =  1 2 

X =  12/ 9 
X =  4/ 3 

+ 1 2 I I :  6* X =  3* X +  1 2 

2*X = 9 
X =  9/ 2 

W h en I  presse d th e "first "  studen t  fo r  a n explanatio n o f  ho w th e origina l  equatio n wa s transforme d 

int o th e second ,  i.e. ,  9* X =  12 ,  th e studen t  talke d abou t  movin g th e 3* X ter m acros s t o th e lef t  han d 

side .  Thu s th e interviewe r  conclude d tha t  thi s wa s a n instanc e o f  a  studen t  usin g a  varian t  o f  th e 

correc t  rule ,  namel y a  manipulativ e mal-rule .  W h e n th e "second "  studen t  wa s presse d h e simpl y 

asserte d tha t  th e chang e fro m th e origina l  equatio n t o th e secon d lin e "wa s al l  don e i n on e step" . 

Hence th e interviewe r  conclude d i t  wa s a  ver y differen t  typ e o f  mal-rul e involve d an d no t  a  simpl e 

varian t  o n th e correc t  rule .  Thu s th e interview s provide d essentia l  additiona l  informatio n as ,  o f 

course ,  th e secon d student' s protoco l  coul d b e explaine d b y th e us e o f  M X T O L HS an d th e mal-rule : 

M'X => M + X 

•^which some people might wish to argue constitutes a manipulative mal-rule (replacing the * operator 

by th e +  operator) .  Eve n i f  w e di d no t  hav e th e additiona l  experimenta l  evidence ,  thi s investigato r 

woul d maintai n tha t  suc h a  transformatio n belay s a  profoun d misunderstandin g o f  algebrai c notatio n 

and s o shoul d b e considere d a s a  parsin g malrule .  Se e Sleema n [1983b ]  fo r  additiona l  discussio n o f 

thi s issue . 

Where M stand s fo r  a n integer ,  an d wher e i n th e abov e exampl e G* X =  >  6  +  X  an d 3* X =  >  3  +  X . 



3.  B u g Migratio n o r  Usin g Alternativ e M e t h o d s 

Repair theory gives a neat explanation for the ohserved phenomena of bug migration in the domain 

of  multi-colum n arithmetic ,  Brow n &  VanLeh n [1980] ,  namel y tha t  th e studen t  wil l  us e a  relate d famil y 

of  mal-rules ,  an d possibl y th e correc t  rule ,  durin g a  singl e sessio n wit h on e particula r  tas k set . 

There seems to be an alternative explanation which should also be considered. Although a task-

set  ma y hav e bee n designe d t o highligh t  on e particula r  feature ,  th e studen t  ma y spo t  completel y 

differen t  feature(s )  an d thes e ma y dominat e hi s solution. ^  Repai r  theor y account s fo r  som e bug s b y 

hypothesizin g tha t  th e studen t  ha d no t  encountere d th e appropriat e teachin g necessar y t o perfor m 

th e task .  Suppos e w e mak e th e convers e assumption ,  tha t  th e appropriat e teachin g ha d bee n carrie d 

out ,  an d furthe r  suppos e tha t  som e students ® d o no t  gai n competenc e i n thi s domai n b y bein g tQl d 

th e rule s bu t  rathe r  b y inferrin g rule s fo r  themselve s b y notin g th e transformation s whic h ar e applie d 

t o task s b y th e teache r  an d i n texts. ^  I t  seem s reasonabl e tha t  th e student' s inferenc e procedur e 

shoul d b e guide d b y hi s previou s knowledg e o f  th e domain ,  i n thi s cas e th e numbe r  system ,  an d tha t 

th e studen t  wil l  normall y infe r  severa l  rule s v/hic h ar e consisten t  wit h th e example ,  an d no t  jus t  th e 

"correct "  rule .  Indee d du e t o som e missin g knowledg e th e "correct "  rul e ma y no t  b e inferred .  (An d 

so th e fac t  tha t  th e studen t  neve r  use s th e "correct "  metho d alon g wit h severa l  "buggy "  method s i s 

not  evidenc e tha t  h e ha s NO T encountere d th e materia l  before) .  W e shal l  refe r  t o thi s proces s a s 

Knowledg e Directe d Inferenc e o f  Multipl e rules ,  o r  mis-generalizatio n fo r  short . 

Suppose, the student saw the following stages in an algebraic simplification: 

3*X = 6 =>X = 6/3 

Then h e migh t  infe r 

X =  R H S number/LH S numbe r  O R X  =  LARGER number/SMALLE R numbe r 

We will surmise how a student would use such a rule-set. We will suppose that the abler students 
activel y experimen t  wit h differen t  "methods" ,  an d us e thei r  ow n earlie r  examples ,  example s worke d 

by th e teache r  an d i n th e tex t  t o provid e discriminator y feedback .  Fro m ou r  experimen t  wit h 14-year -

ol d student s w e hav e direc t  evidenc e tha t  som e student s ar e awar e o f  havin g a  rang e o f  applicabl e 
rule s an d bein g unsur e o f  whe n t o selec t  a  particula r  method ,  Sleema n [1983a] .  Tha t  stud y di d no t 

provide d an y insight s int o th e rule-selectio n processe s use d b y thes e students .  W e coul d sugges t  th e 

common default ,  i.e. ,  tha t  th e proces s i s random .  However ,  studie s i n cognitiv e modellin g hav e 

Earlie r  Sleema n an d Brow n [1982 ]  hav e argued :  "  Perhap s mor e immediately ,  i t  suggest s tha t  a  Coac h must-pa y 
attentio n t o th e sequenc e o f  worke d examples ,  an d encountere d tas k states ,  fro m whic h th e studen t  i s ap t  t o abstrac t  (invent ) 
functiona l  invariances .  Thi s suggest s tha i  n o matte r  ho w carefull y a n instructiona l  designe r  plan s a  sequenc e o f  examples ,  h e 
ca n neve r  kno w al l  th e intermediat e step s an d abstracte d structure s tha t  a  studen t  wil l  generat e whil e solvin g a n exercise . 
Indeed ,  th e studen t  ma y wel l  produc e illega l  step s i n hi s solutio n an d fro m thes e inven t  illega l  (algebraic )  "principles" . 
Implementin g a  syste m wit h thi s leve l  o f  sophisticatio n stil l  present s a  majo r  challeng e t o th e ITS/Cognitiv e Scienc e 
community.. .  " 

Note I am not claiming that there is a single mechanism. 

Independently, VanLehn has come to a similar conclusion, the Sierra system described in his thesis relies heavily on 
inference ,  VanLeh n [1983] . 
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alread y discredite d thi s explanatio n man y times ,  s o w e wil l  postulat e tha t  th e proces s i s deterministi c 

but  currentl y "undetermined" .  I t  i s  furthe r  suggeste d tha t  task s whic h sho w a  rul e i s inadequat e wil l 

weake n belie f  i n th e rule ,  bu t  onc e a  (nial )  rul e i s create d i t  ma y no t  b e completel y eliminate d 

-  particularl y  i f  th e "counter-examples "  ar e no t  presente d t o th e studen t  fo i  som e period .  Thu s give n 

thi s vie w point ,  th e phenomen a o f  bu g migratio n occur s becaus e th e (les s able )  studen t  ha s inferre d 

a whol e rang e o f  rule s an d select s a  rul e usin g a  "blac k box "  process. .  Give n a  furthe r  task ,  h e agai n 

choose s a  metho d an d henc e select s th e sam e o r  a n alternativ e algorithm ,  influence d partl y b y th e 

relativ e strength s o f  th e rules .  Tha t  i s  i f  th e relativ e weight s ar e comparable ,  i t  i s  mor e likel y tha t  th e 

studen t  wil l  selec t  a  differen t  metho d fo r  eac h task .  I f  on e weigh t  "dominates "  the n i t  i s likel y tha t  th e 

correspondin g metho d wil l  b e selecte d frequently .  Further ,  i f  onl y on e (mal )  rul e i s generate d b y th e 

inductio n proces s the n thi s approac h predict s tha t  th e studen t  wil l  consistentl y us e tha t  rule . 

We suggest that many of the bugs encountered in the subtraction domain can be accounted for by 

thi s (inference )  mechanism .  Fo r  instanc e th e Smaller-from-Large r  bug ,  wher e th e smalle r  numbe r  i s 

subtracte d fro m th e large r  independen t  o f  whethe r  th e large r  numbe r  i s o n to p o r  th e botto m row , 

seems on e suc h example ,  Brow n &  Burto n [1978 ]  an d Youn g &  O'She a [1981] .  Brow n &  VanLeh n 

[1980 ]  repor t  tha t  becaus e borrowin g wa s introduced ,  wit h on e grou p o f  students ,  usin g onl y task s 

wit h 2  columns ,  thes e student s inferre d tha t  wheneve r  borrowin g wa s involve d the y shoul d borro w 

fro m th e left-mos t  column ,  thei r  "Always-Borrow-Left "  bug .  S o i t  appear s importan t  t o ensur e tha t  th e 

exampl e se t  include s som e example s t o counte r  previousl y experience d mal-rules .  Indee d i t  seem s 

as i f  task-set s ca n b e damagin g i f  the y ar e to o preprocesse d an d contai n to o littl e "intellectua l 

ruffage" ;  Michene r  [1978 ]  put s a  simila r  argument .  Additionally ,  Ginsbur g [1977] ,  quote s severa l 

instance s o f  youn g childre n inferrin g th e nam e "three-ty "  fo r  30 ,  give n th e name s fo r  "3" ,  "4" ,  "5" , 

"40" ,  "50" ,  "60" .  S o give n th e wealt h o f  experimenta l  evidenc e thi s alternativ e explanatio n shoul d 

be give n seriou s consideration . 

Further, I have two philosophical reservations about repair theory. Firstly, that by some mechanism 

not  articulate d al l  student s acquir e a  c o m m o n se t  o f  impasses ,  an d moreove r  the y consistentl y 

observ e these .  Secondly ,  repai r  theor y whic h set s ou t  t o explai n majo r  individua l  difference s a t  th e 

tas k level ,  itsel f  propose s a  specifi c  mechanis m c o m m o n t o al l  students. ^  O n th e othe r  hand ,  mis -

generalizatio n predict s tha t  th e individual' s initia l  knowledg e profoundl y influence s th e knowledg e 

whic h i s subsequentl y inferred ,  an d capture s th e sens e i n whic h learner s ar e activ e theor y builder s 

tryin g t o fin d patterns ,  makin g sens e ou t  o f  observations ,  formin g hypotheses ,  an d testin g the m out . 

4 .  S u m m a r y 

Firstly, there are two hypotheses which explain bug-migration the one given by repair theory and 

th e on e pu t  forwar d here ,  namel y mis-generalization .  O f  cours e i t  i s  possibl e tha t  eac h ma y b e 

applicabl e i n differen t  situations .  Secondly ,  severa l  "algorithms "  hav e bee n presente d fo r  creatin g 

studen t  models .  I  believ e thes e ar e suggestiv e abou t  th e processe s use d whe n a  studen t  solve s 

(these )  tasks .  Repai r  theor y suggest s tha t  i t  ca n b e explaine d b y makin g "repairs "  t o incomplet e 

core-procedures ,  wherea s Youn g an d O'She a sugges t  tha t  i t  i s adequat e t o tak e a  correc t  procedur e 

and merel y delet e components .  Th e dat a fo r  th e algebr a manipulativ e mal-rule s ca n b e adequatel y 

explaine d b y either .  However ,  Youn g an d O'Shea' s approac h seem s inadequat e t o explai n th e 

o 
Indee d I  a m concerne d tha t  man y theorie s o f  (child )  developmen t  d o not  accep t  th e possibilit y  o f  ther e bein g significan t 

individua l  diffeience s i n development ,  bu t  merel y i n th e individual' s rat e o f  progres s an d th e leve l  o f  hi s fina l  maturation . 
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parsin g mal-rules .  Indeed ,  w e hav e t o exten d revise d repai r  theor y befor e th e result s reporte d her e 

can b e accommodated .  Thi s pape r  claim s tha t  ther e ar e Wj o ver y differen t  type s o f  malrule s a t  larg e 

wit h algebr a student s -  namel y manipulativ e an d parsin g mal-rules .  An d tha t  thi s secon d categor y o f 

algobr a errors ,  an d muc h o f  th e dat a collecte d i n othe r  areas ,  appear s t o b e bes t  explaine d b y a 

furthe r  mechanism ,  namel y mis-generalization .  However ,  onc e inferre d I  believ e rule s ar e additionall y 

applie d incorrectly ,  an d tha t  th e mechanism{s )  describe d i n Youn g &  O'Shoa ,  repai r  theor y an d 

sectio n 2.1 ,  ar e appropriat e fo r  thi s stage . 
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REMEMBRANCE OF BLUNDERS PAST : 
A RETROSPECTIVE ON TH E DEVELOPMENT OF PROUST̂  

Elliott Soloway 
W.  Lewi s Johnso n 

Departmen t  o f  Compute r  Scienc e 
Yal e Universit y 

Three years ago we set out to build an ICAI system that would help 
novices '  learnin g t o program ,  a t  th e moment  whe n the y mos t  nee d help :  whe n 
the y ar e sittin g one-on-on e wit h th e beast .  We confidentl y charge d ahea d 
and attempte d t o buil d "it" .  Other s to o hav e apparentl y adopte d a  simila r 
methodologica l  approac h t o thi s problem .  Whil e w e wer e initiall y  surprise d 
by th e magnitud e o f  ou r  failure ,  i n retrospec t  w e ca n se e ho w th e seed s o f 
our  destructio n wer e se t  i n motion :  w e ha d onl y a n anecdota l  sens e o f  th e 
bug s tha t  rea l  student s mad e i n rea l  programs ,  an d w e ha d preciou s littl e 
theor y t o guid e us . 

Our confidence only a bit shaken, we set out on a more strategic 
course :  let' s  se e wha t  i s ou t  ther e i n th e wa y o f  bugg y an d correc t 
program s an d let' s  develo p a  theor y o f  programmin g tha t  ca n guid e th e 
system' s processin g o f  thos e studen t  programs .  Firs t  off ,  w e wer e stunne d 
by th e unbelievabl e variabilit y  tha t  i s  "ou t  there" :  i f  yo u loo k a t  20 0 
studen t  programs—al l  attemptin g t o solv e th e sam e programmin g assignment — 
yo u wil l  fin d 20 0 differen t  program s (unless ,  o r  course ,  ther e wa s som e 
collusion) .  Copin g wit h thi s variabilit y  ha s bee n a  drivin g forc e i n th e 
developmen t  o f  ou r  curren t  system ,  PROUST. 

Thus, we now develop theory, build systems, and conduct all manner of 
empirica l  studies .  Thi s approac h appear s t o b e payin g off :  (1 )  w e hav e th e 
making s o f  a n empiricall y supporte d theor y o f  th e knowledg e an d reasonin g 
strategie s tha t  programmer s emplo y i n th e understandin g o f  programs ,  an d (2 ) 
we hav e buil t  a  system ,  PROUST,  tha t  ca n identif y an d correctl y diagnos e 
rea l  studen t  programs—albei t  o f  a  smal l  class—a t  abou t  75 % accuracy ;  thi s 
leve l  o f  performanc e i s abou t  a s goo d a s huma n teachin g assistant . 

Thi s wor k wa s co-sponsore d b y th e Personne l  an d Trainin g Researc h 
Groups ,  Psychologica l  Science s Division ,  Offic e o f  Nava l  Researc h an d th e 
Army Researc h Institut e fo r  th e Behaviora l  an d Socia l  Sciences ,  Contrac t  No . 
N00014-82-K-0714 ,  Contrac t  Authorit y Identificatio n Number ,  N r  154-492 . 
Approve d fo r  publi c release ;  distributio n unlimited .  Reproductio n i n whol e 
or  par t  i s  permitte d fo r  an y purpos e o f  th e Unite d State s Government . 
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T h e E m e r g e n c e o f  Cognitiv e P h e n o m e n a f r o m Sub-symbol i c Processe s 

David E. Rumelhart 

Institut e fo r  Cognitiv e Scienc e 
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Discussion of cognition, especially of language and 

though t  ofte n revolve s arouin d a  discussio n o f  th e ride s o f 

languag e an d th e rule s o f  thought .  Th e former ,  namel y th e 

rule s o f  language ,  w e ofte n cal l  th e gramma r  o f  th e languag e 

-  i n par t  I  suppos e b y analog y wit h th e gramma r  rule s w e al l 

lear n i n school .  Th e latter ,  th e rule s o f  thought ,  w e ofte n 

cal l  natura l  logi c o r  jus t  plai n logi c -  agai n I  suppos e b y 

analog y wit h th e rule s o f  logi c w e lear n i n school .  Thes e 

rule s tha t  peopl e hav e i n min d ar e normall y expresse d a s 

relation s amon g cognitiv e element s -  relationship s amon g 

N Fs an d VP' s o r  premise s an d conclusions .  Moreover ,  i n 

many model s o f  languag e an d thought ,  thes e rule s pla y a n 

operativ e role ,  tha t  i s  the y ar e interprete d b y som e inter -

prete r  an d decision s ar e mad e o n th e basi s o f  th e rule s them -

selves .  Ther e ar e obviou s reason s wh y i t  i s  temptin g t o 

thin k o f  languag e an d though t  i n jus t  thi s wa y -  a s a  se t  o f 

rule s w e follo w whil e producin g o r  interpretin g wha t  w e se e 

or  hea r  i n th e cas e o f  languag e an d a s th e se t  'o f  rule s o f 

inference '  w e emplo y i n reasoning .  Languag e i s no t  hapha -

zard .  I n Englis h word s mus t  b e use d i n certai n orders ,  cer -

tai n inflection s mus t  b e use d t o signa l  certai n meaning s (th e s 

fo r  plural ,  th e -e d fo r  pas t  etc. )  an d certai n word s mus t  b e 

use d fo r  certai n meanings .  Mos t  importantly ,  mos t  sen -

tence s ar e entirel y nave l  — the y ar e obviousl y generated ,  no t 

store d an d recalle d again .  O n thi s analysis ,  explic t  rule s 

woul d see m t o b e a  ver y parsimoniou s explanatio n o f  th e 

facts .  Thi s suggest s tha t  languag e learnin g involve s th e 

abstractio n o f  a  se t  o f  suc h rule s an d tha t  languag e produc -

tio n an d comprehensio n involve s th e applicatio n o f  thes e 

genera l  rule s t o th e situatio n a t  hand .  Similarly ,  i n th e cas e 

of  reasoning ,  i t  woul d appea r  tha t  th e mos t  parsimoniou s 

explanatio n o f  ou r  abilit y  t o produc e an d interpre t  argu -

ment s i s tha t  w e hav e someho w abstracte d fro m ou r  experi -

enc e a  se t  o f  rule s o f  inferenc e whic h ar e the n interprete d i n 

any give n situation . 

As neat as these accounts have seemed, there are seri-

ous problem s wit h them .  Ther e ar e characteristi c flaws  i n 

our  reasonin g -  sometime s w e don' t  follo w th e rules .  Simi -

larly ,  languag e i s ful l  o f  exception s t o th e rule s -  case s wher e 

th e genera l  rul e doesn' t  see m t o apply .  Thi s include s 

straî t  forwar d case s lik e th e fac t  tha t  ran g i s th e pas t  o f 
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ring,  no t  ringed  a s w e migh t  hav e though t  t o mor e interest -

in g example s suc h a s th e fac t  tha t  'cold '  mean s somethin g 

rathe r  differen t  i n th e phras e 'col d person '  tha n i t  doe s i n 

th e phras e 'col d water. "  Withi n th e framewor k o f  th e rul e 

accoun t  w e mus t  proliferat e rules ,  differentiat e betwee n rul e 

governe d an d non-rul e governe d case s o r  distinguis h betwee n 

competenc e condition s an d performanc e conditions . 

It has seemed to me for some years now that the 

"explici t  rule '  accoun t  o f  languag e an d thou^ t  wa s wrong . 

I t  ha s seeme d tha t  ther e mus t  b e a  unifie d accoun t  i n whic h 

th e so<alle d rule-governe d an d exceptiona l  case s wer e deal t 

wit h b y a  unifie d underiyin g proces s -  a  proces s whic h pro -

duce s rule-lik e an d rul e exceptio n behavio r  throu ^  th e 

applicatio n o f  a  sin^ e process .  O n thi s account ,  th e rule s 

tha t  w e analyst s discove r  ar e mor e i n ou r  analysi s tha n i n th e 

head s o f  ou r  subjects .  I n short ,  I  hav e com e t o believ e tha t 

th e explanatio n o f  huma n cognitio n b y appealin g t o th e 

interpretatio n o f  rule s state d a t  th e symboli c leve l  i s  not ,  i n 

general ,  goin g t o work . 

I have instead become very interested in a much 

differen t  conceptio n o f  huma n cognitiv e processin g -  a  sys -

te m i n whic h cognitiv e performanc e i s no t  produce d b y th e 

processin g o f  symboli c rules ,  bu t  on e i n whic h bot h th e rul e 

lik e an d non-rule-lik e behavio r  i s a  produc t  o f  th e interac -

tio n o f  a  ver y larg e numbe r  o f  "sub-symbolic '  processes .  I n 

thi s sens e th e rule-lik e behavio r  i s see n t o 'emerge "  fro m 

thes e interaction s rathe r  tha n t o hav e th e processo r  i n an y 

sens e "interpret "  th e rule s a t  hand .  Thi s vie w ha s bee n 

motivate d b y tw o ver y differen t  concern s -  o n th e on e 

hand ,  I  hav e bee n increasingl y disillusione d wit h attempt s t o 

formulat e a n adequat e se t  o f  explanation s a t  th e rul e level . 

The mor e I  lear n abou t  th e wa y languag e an d though t 

proceed s th e les s i t  seem s lik e a n applicatio n o f  genera l 

abstrac t  rules .  O n th e othe r  hand ,  I  hav e becom e increas -

ingl y impresse d wit h th e powe r  o f  wha t  w e hav e com e t o 

cal l  Paralle l  Distribute d Processin g (PDP )  system s a s a n alter -

nativ e t o th e mor e conventiona l  accounts . 

Parallel distributed processing is my short-hand for 

brain-lik e o r  neurall y inspire d processin g systems .  I  a m con -

vince d tha t  brain s proces s informatio n i n way s fundamen -

tall y differen t  fro m conventiona l  digita l  computers . 

Whereas m o d e m computer s ar e capabl e o f  carryin g ou t 
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seria l  operation s i n 10 s o f  nanoseconds ,  brain s carr y ou t 

thei r  operation s i n time s measure d i n th e millisecond s — 

brai n unit s see m t o proces s informatio n 100,00 0 fine s slowe r 

tha n computers! !  Yet ,  eve n ou r  bes t  artificia l  intelligenc e 

system s canno t  com e clos e t o matchin g brain s o n simpl e 

task s lik e recognizin g a  spoke n wor d o r  catchin g a  ball . 

What then is the brain's advantage? I suspect that this 

lie s i n th e kin d o f  computatio n th e brai n i s abl e t o carr y 

out .  Primarily ,  th e brai n succeed s becaus e i s ha s a n enor -

mous numbe r  o f  processin g unit s al l  workin g i n paralle l  an d 

cooperativel y settlin g int o a  solutio n - -  rathe r  tha n calculatin g 

a solution .  Processin g i s don e b y cooperatin g coalition s o f 

independen t  unit s eac h workin g o n th e informatio n mad e 

availabl e t o it .  I t  i s  a s i f  computatio n wer e don e b y havin g 

each littl e processo r  carr y ou t  it s smal l  computatio n an d 

the n vot e o n th e answe r  t o th e question .  Solution s ar e 

reache d b y majorit y rule ,  o r  b y reachin g a  compromise . 

Ther e i s n o centra l  processor ,  rathe r  a  highl y distribute d se t 

of  unit s whos e combine d activit y pushe s th e whol e syste m 

towar d a n action .  Thi s i s a  ver y differen t  vie w tha t  tha t 

implici t  i n th e symboli c rul e oriente d processesin g systems . 

Ther e i s n o interpreter ,  ther e i s n o plac e i n th e syste m wher e 

th e rule s abid .  Thi s doe s no t  den y th e existenc e an d impor -

tantc e o f  symbols .  Symbol s themselve s ar e emergen t  proper -

tie s o f  th e interaction s o f  suc h a  se t  o f  processin g units . 

Symbol s ar e not ,  however ,  processed .  Th e processin g occur s 

at  a  sub-symboli c level .  Regularitie s a t  th e symboli c leve l 

occu r  an d w e ca n writ e description s o f  thos e regularities , 

but  wheneve r  w e formulat e a  rul e a t  tha t  leve l  w e mus t 

recogniz e tha t  th e rul e (o r  law )  i s no t  interprete d b y th e sys -

te m an y mor e tha t  a  bal l  flying  throu ^  th e ai r  compute s th e 

differentia l  equation s whic h describ e it s behavior .  I t  i s 

siml y a  descriptio n o f  th e syste m a t  th e symboli c level . 

The research program I have been carrying out in con-

junctio n wit h Jame s McClellan d an d severa l  othe r  colleague s 

has bee n t o sho w ho w th e cooperativ e interaction s amon g 

many o f  thes e sub-symboli c processin g unit s ca n accoun t  fo r 

th e regularitie s whic h hav e le d t o th e postulatatio n o f 

specifi c  rule s an d which ,  a t  th e sam e time ,  ca n allo w u s t o 

accoun t  fo r  phenomen a whic h ar e difficul t  fo r  a n explicitl y 

rul e base d account .  McClellan d an d I  hav e produce d 

model s i n tw o case s whic h I  believ e offe r  a  genera l  paradig m 

fo r  thi s sor t  o f  informatio n processin g system .  W e hav e 
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shown ho w a  simpl e activatio n mode l  o f  wor d perceptio n 

can behav e a s i f  i t  know s th e rule s o f  En^is h orthograph y 

and w e hav e show n ho w a  simpl e associativ e memor y syste m 

can mimi c th e aquisitio n o f  pas t  tens e ver b morpholog y 

withou t  explicitl y  distinguishin g betwee n regula r  an d excep -

tio n verbs .  Thes e ar e tw o example s o f  a  larg e numbe r  o f 

case s tha t  w e hav e bee n investigating .  I n bot h o f  thes e case s 

th e syste m i s generative ,  bu t  i n neithe r  cas e i s thei r  a n inter -

prete r  o r  anythin g tha t  coul d b e construe d a s a n explici t 

representatio n o f  a  rule . 



63 

L E A R N I NG S E M A N T I C F E A T U R ES 

Geoffrey E. Hinton 

Conipulc r  Scienc e Departmen t 

Carnegic-Mcllo n Universit y 

& 

Tcrrenc c J .  Scjnowsk i 

Biophysic s Departmen t 

The John s Hopkin s Univei-sit y 

An important idea within cognitive science is that much general 

knowledg e ca n b e represente d a s constraint s betwee n th e slot-filler s o f 

a schema .  ITi e centra l  ide a o f  "connectionism "  i s  tha t  knowledg e i s 

represente d b y th e stjcngth s o f  th e connection s i n a  larg e networ k o f 

simpl e processin g elements .  T h e relatio n betwee n thes e tw o idea s i s 

complex . 

Several ways of using connectionist networks to implement schemas 

hav e bee n proposed .  1  h e obvious ,  "localist "  approac h i s t o identif y 

processin g unit s i n th e physica l  networ k wit h concepts ,  an d t o trea t  th e 

physica l  link s a s i f  the y wer e direc t  "implementation s o f  th e pointer s 

tha t  ar e conventionall y use d t o represen t  th e filling  o f  a  schema-slo t  b y 

an objec t  (Feldma n an d Ballard ,  1982 ;  Fahlman ,  1979) .  A n alter -

native ,  "distributed "  approac h i s t o allocat e a  larg e numbe r  o f  unit s t o 

eac h slo t  o f  a  schema ,  an d t o represen t  th e filler  o f  tha t  slo t  b y th e 

patter n o f  activit y o f  tha t  se t  o f  unit s (Hinton ,  1981) .  T h e mai n dif -

ferenc e i s i n h o w th e physica l  parallelis m i s used .  I n th e distribute d 

approach ,  onl y on e instantiatio n o f  a  particula r  schem a i s possibl e a t  a 

tim e becaus e tli e unit s dedicate d t o eac h slo t  ca n only  hav e on e patter n 

of  activit y a t  a  time .  Th e physica l  link s ar e use d t o implemen t  con -

straint s betwee n slot-fillers .  B y settin g tli e strength s o f  th e link s ap -

propriately ,  i t  i s  possibl e t o m a k e a  patter n o f  activit y i n on e se t  o f 

unit s caus e (o r  prohibit )  a  patter n i n anothe r  se t  o f  units .  I f  eac h 

componen t  o f  a  patter n o f  activit y i s  viewe d a s a  semanti c featur e o f 

th e objec t  represente d b y tlia t  pattern ,  th e physica l  link s betwee n unit s 

allo w m a n y semanti c constraint s t o b e enforce d i n parallel . 

A major difficulty for the distributed approach is this: Someone has to 

choos e wha t  patter n o f  activit y t o us e t o represen t  a  particula r  slot -

filler.  I f  a  rando m patter n i s  used ,  i t  m a y b e har d t o represen t  th e 

constraint s betwee n slot-filler s becaus e th e underlyin g semanti c fea -

ture s ar c no t  explicit .  W h a t  i s  neede d i s a n intelligen t  choic e tha t 

makes i t  eas y t o implemen t  th e constraints .  If ,  fo r  example ,  al l  mal e 

fillers  o f  slo t  1  ar e represente d b y pattern s tha t  hav e uni t  25 3 turne d 

on ,  an d al l  mal e fillers  o f  slo t  2  hav e uni t  49 1 turne d on ,  the n th e 

constrain t  tha t  no t  bot h fillers  ca n b e mal e ca n b e implemente d b y 

makin g thes e tw o unit s inhibi t  eac h other . 

Unfortunately, it is hard to discover usefiil semantic features automati-

cally .  'ITi e definitio n o f  a  usefu l  featur e i s tlia t  i t  put s relativel y stron g 

constraint s o n tli c  feature s o f  object s i n othe r  slots ,  bu t  thes e othe r 



feature s als o hav e t o b e learne d ,in d s o ther e i s a  chickeii-and-eg g 

problem .  Thi r  pape r  describe s a  wa y o f  learnin g set s r f  feature s tha t 

wor k wel l  togetlier .  Th e learnin g algorith m use s som e rathe r  compli -

cate d idea s fro m statistica l  mechanics ,  an d i t  run s ver y slowl y o n con -

ventiona l  computers ,  s o th e exampl e give n i s ver y simple . 

A very simple example 

Imagin e a  worl d i n whic h object s alway s (x;cu r  i n pairs ,  an d onl y on e 

pai r  occur s a t  a  time .  Eac h objec t  ca n b e paire d wit h man y bu t  no t  al l 

of  th e othe r  objects .  O n e wa y t o characteriz e di e structur e o f  thi s 

worl d woul d b e t o simpl y lis t  al l  th e pair s an d thei r  probabilit y o f 

occurence .  I f  tli e possibl e pair s wer e determine d randomly ,  thi s 

metho d migh t  b e sensible ,  bu t  i f  ther e ar e underlyin g propertie s o f 

object s tha t  influenc e th e pairings ,  i t  wil l  generall y b e m u c h mor e 

efficien t  t o expres s tli e probabilit y  distributio n ove r  th e possibl e pair e 

by extractin g thes e underlyin g feature s an d usin g tlie m t o expres s law s 

of  combination .  Moreover ,  thi s secon d mctlio d wil l  allo w predictions : 

a m o ng th e pair s tha t  hav e neve r  bee n observed ,  th e one s whic h satisf y 

th e law s o f  combinatio n ar e mor e likel y t o occu r  tha n th e one s whic h 

don't .  Th e difficult y i n usin g th e secon d metho d i s tha t  di e numbe r  o f 

potentia l  feature s i s enormous ,  eve n i f  w e restric t  ourclve s t o clcarcu t 

binar y features .  Give n n  object s tiier e ar e 2 "  way s o f  pickin g a  subse t 

an d henc e 2 "  potentia l  binar y features .  Findin g jus t  dios e feature s 

whic h lea d t o goo d law s o f  combinatio n i s a  formidabl e problem . 

We use this simple example to illustrate a learning algorithm which 

ca n discove r  usefu l  features .  Tli e tw o object s tha t  occu r  togethe r  i n a 

pai r  ar e lik e tw o slot-fillers .  Fo r  eac h slo t  w e hav e 9  unit s an d 8 

possibl e fillers.  H i e differen t  fillers  ar e represente d b y turnin g o n 

exactl y on e o f  th e first  8  unit s i n a  slot ,  bu t  w e d o no t  decid e i n 

advanc e whethe r  o r  no t  th e 9 *  uni t  shoul d b e on .  I t  i s  lef t  t o th e 

learnin g algorith m t o decid e h o w t o us e th e 9 *  uni t  Th e learnin g 

algorith m i s  Uierefor c capabl e o f  modifyin g th e representation s tha t 

ar e use d fo r  th e variou s slo t  fillers. 

Simulations 

Figur e 1  show s som e example s o f  pair s o f  object s draw n fro m a  prob -

abilit y  distribuuo n ove r  al l  possibl e pair s compose d o f  on e objec t  fi-om 

th e se t  {A ,  B,.. .  H }  an d on e fro m th e se t  {S ,  T,.. .  Z } .  Implici t  withi n 

thi s probabilit y  distributio n i s a  stron g underlyin g regularity :  I f  th e 

first  se t  i s  divide d int o th e subset s { A B  C  D }  an d { E F  G  H }  an d di e 

secon d se t  i s  divide d int o th e subset s { S T  U  V }  an d { W X  Y  Z } ,  the n 

ther e i s a  simpl e wa y o f  expressin g di e probabilit y  distribution :  I f  di e 

first  objec t  i s  i n di e se t  { A B C 0 }  th e othe r  wil l  b e i n th e se t  { S T  U 

V }  wit h probabilit y  0.9 ,  an d i f  di e first  objec t  i s i n di e se t  { E F  G  H } 

th e secon d wil l  b e i n di e se t  { W X  Y  Z }  wit h probabilit y  0.9 . 

Figure 2 shows a network which has been exposed to die probability 

distributio n b y clampin g di e state s o f  som e o f  it s  units .  State s dia t 

represen t  a  particula r  pai r  o f  object s ar e clampe d wit h th e appropriat e 

probability .  Th e networ k starte d wit h al l  it s  connectio n strength s 

equa l  t o zero ,  an d afte r  bein g show n 500 0 pair s o f  object s i t  ha s cap -

64 



65 

m u x WA D v c s CI "  I- /  ir r  i-: y c u i w 

HY A S C T K l  IV l  I  W G Y F X G V G W B X 
CV D S A U C I  II Y U S A I G / A S F Y H Z 
II X H X C I  IT /  A U C V C S F X D U A Y K Z . 

Figure !: A collection of pairs of objects. These pairs were drawn from 

a probabilit y  distributio n tlia t  ca n b e describe d relativel y simpl y (se e 

text) .  T h e proble m i s t o discove r  way s o f  dividin g tli e object s int o set s 

tha t  allo w th e simpl e descriptio n t o b e expressed . 

Figur e 2 :  Eac h uni t  i s  represente d b y a  gra y " H "  shape d region . 

Withi n thi s region ,  connection s t o othe r  unit s ar e represente d b y whit e 

(positiv e weight )  o r  blac k (negativ e weight )  rectangle s i n th e positio n 

tha t  correspond s t o th e locatio n o f  th e othe r  uni t  i n tli e overal l 

diagram .  ITi e siz e o f  th e whit e o r  blac k bo x indicate s th e absolut e 

magnitud e o f  th e weight .  I'o r  example ,  th e whit e rectangl e i n tli e to p 

lef t  han d uni t  represent s a n excitator y connectio n betwee n tha t  uni t 

an d th e leftmos t  o f  th e tw o centra l  units .  Al l  connection s betwee n unit s 

appea r  twic e i n Ui e diagram ,  onc e i n th e bo x fo r  eac h o f  th e tw o unit s 

bein g connected .  S o th e whit e rectangl e i n th e to p left-han d corne r  o f 

th e leftmos t  centra l  uni t  i s  th e sam e connectio n a s describe d above . 

Unit s neve r  connec t  t o themselves ,  s o i n th e positio n wher e tha t  con -

nectio n woul d b e displaye d (e .  g .  th e to p left-han d corne r  o f  tli c  to p 

left-han d unit )  w e displa y th e tlircshol d usin g blac k t o mea n a  positiv e 

tlireshold .  ITi e empt y gra y area s o n th e right-han d side s o f  th e left -

han d grou p o f  8  unit s sho w tlia t  thes e unit s ar e no t  directl y connecte d 

t o th e right-han d grou p o f  8 .  Notic e tha t  th e unit s i n eac h grou p o f  8 

hav e learne d t o inhibi t  eac h other .  Thi s implement s th e within-slo t 

constrain t  tha t  onl y on e o f  the m shoul d b e o n a t  a  time ,  llii s  con -

strain t  follow s fro m ou r  decisio n t o represen t  eac h slo t  filler  b y a  pat -

ter n o f  activit y wit h onl y on e o f  th e 8  unit s turne d on . 



turc d Ui e regularit y b y settin g it s weight s s o tha t  on e o f  it s  tw o centra l  g g 

unit s detect s whethe r  th e firs t  objec t  i s  i n th e se t  { A l i  C  1)} ,  tJi c othe r 

centra l  uni t  detect s whethe r  tli c  secon d objec t  i s  i n th e se t  { W X  Y  Z } , 

an d tli c  tw o unit s inhibi t  eac h other . 

It is hard to learn such features because there is no infomiation to 

sugges t  the m i n th e fillers  o f  eitiic r  slo t  considere d separately .  Al l  8 

fillers  occu r  equall y ofte n an d hav e n o inU"insi c similarit y t o eac h 

other .  ITi c onl y reaso n fo r  selectin g thes e particula r  feature s i s tha t 

tlie y allo w th e implici t  constrain t  betwee n slot-filler s t o b e expressed . 

Finding combinations of slot fillers that 

s a t i s f y e x i s t i n g c o n s t r a i n t s 

Befor e describin g th e learnin g algoritlii n i t  i s  necessar y t o describ e h o w 

a networ k wit h a  fixed  se t  o f  weight s ca n arriv e a t  combination s o f 

slot-filler s tha t  satisf y th e constraint s whic h ar e implemente d b y th e 

weights .  A n arbiu^ar y combinatio n o f  slot-filler s wil l  generall y violat e 

some constraints ,  an d th e proces s o f  finding a  goo d combinatio n in -

volve s a n iterativ e searc h i n whic h individua l  unit s chang e thei r  state s 

so a s t o minimiz e th e violadon .  Th e stochasti c iterativ e searc h proce-

dur e w e us e wa s first  describe d b y Hinto n &  Scjnowsk i  (1983 )  an d i s 

describe d mor e briefl y here . 

We start by showing that networks of asynchronous, symmetrically 

connected ,  binar y threshol d element s obe y a n energ y function ,  an d 

tha t  repeate d iteration s ar e guarantee d t o find  a n energ y m i n i m u m 

(Hopfield ,  1982) .  Thi s m i n i m u m correspond s t o a  combinatio n o f  slo t 

fillers  tha t  minimize s th e constrain t  violation .  T h e globa l  potentia l 

energ y o f  th e syste m i s define d a s 

Kj i 

wher e Wy i s th e strengt h o f  connectio n (synapti c weight )  fro m the/ *  t o 

tli e /•' *  unit ,  S j  i s  a  boolea n trut h valu e ( 0 o r  1) ,  an d d j  i s  a  tlireshold . 

A simple algorithm for finding a combination of truth values that is a 

loca l  m i n i m u m i s t o switc h eac h hypodiesi s int o whicheve r  o f  it s  tw o 

state s yield s th e lowe r  tota l  energ y give n th e curren t  state s o f  th e othe r 

hypotheses .  I f  hardwar e unit s mak e thei r  decision s asynchronously, 

an d i f  transmissio n time s ar e negligible ,  the n th e syste m alway s settle s 

int o a  loca l  energ y m in imum .  Becaus e di e connection s ar e symmetri -

cal ,  th e differenc e betwee n th e energ y o f  th e whol e syste m wit h th e k' ^ 

hypothesi s fals e an d it s energ y wit h th e k'' ^  hypothesi s tru e ca n b e 

determine d locall y b y th e k' ^  unit ,  an d i s jus t 

Therefore, the rule for minimizing the energy contributed by a unit is 

t o adop t  th e tru e stat e i f  it s  tota l  inpu t  fro m th e othe r  unit s an d fro m 

outsid e th e syste m exceed s it s threshold .  I'hi s i s th e familia r  rul e fo r 

binar y Uireshol d units . 
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Usin g probabilisti c  decision s t o e s c a p e 

fro m loca l  m in im a 

The deterministic algorithm suffers from the standard weakness of 

gradien t  descen t  methods :  I t  get s stuc k a t  loca l  minim a tha t  ar e no t 

globall y optimal .  Thi s i s a n inevitabl e consequenc e o f  onl y allowin g 

jump s t o state s o f  lowe r  energy .  If ,  however ,  jump s t o highe r  energ y 

state s occasionall y occur ,  i t  i s  possibl e t o brea k ou t  o f  loca l  minima . 

An algorith m wit h thi s propert y ha s recentl y bee n applie d t o difficul t 

constrain t  satisfactio n problem s b y Kirkpatrick ,  Gelat t  &  Vecch i 

(1983) .  W e adop t  a  for m tha t  i s suitabl e fo r  paralle l  computation :  I f 

th e energ y ga p betwee n th e tru e an d fals e state s o f  th e *'' '  uni t  i s  AEj t 

the n regardles s o f  th e previou s stat e se t  5^ = 1  wit h probabilit y 

where T is a parameter which acts like the temperature of a physical 

system .  Thi s paralle l  algorith m ensure s tha t  i n therma l  equilibriu m 

th e relativ e probabilit y o f  tw o globa l  state s i s  determine d solel y b y 

thei r  energ y difference ,  an d follow s a  Boltzman n distribution . 

where P is the probability of being in the a^ global state, and E is 

th e energ y o f  tha t  state . 

At low temperatures there is a strong bias in favor of states with low 

energy ,  bu t  tli e tim e require d t o reac h equilibriu m ma y b e long .  A t 

highe r  temperature s th e bia s i s no t  s o favorabl e bu t  equilibriu m i s 

reache d faster .  Th e fastes t  wa y t o reac h equilibriu m a t  a  give n tem -

peratur e i s t o star t  wit h a  highe r  temperatur e an d graduall y reduc e i t 

The learning algorithm 

When a  networ k i s allowe d t o reac h therma l  equilibriu m usin g th e 

probabilisti c  decisio n rul e i n Eq .  3 ,  th e probabilit y o f  findin g i t  i n an y 

particula r  globa l  stat e depend s o n th e energ y o f  tha t  stat e (E q 4.) . 

Thes e equation s allo w u s t o deriv e th e wa y i n whic h th e probabilit y o f 

a stat e change s a s a  weigh t  i s  changed : 

a Wy T 
Si  S j ^ P p s f j s ^ ]  (5 ) 

wher e o  i s a  globa l  stat e o f  th e networ k an d s. ^  i s th e binar y stat e o f 

th e i* ^  uni t  i n th e a *  globa l  state .  Eq .  5  show s tlia t  th e effec t  o f  a 

weigh t  o n th e lo g probabilit y  o f  a  globa l  stat e ca n b e compute d fro m 

purel y loca l  infonnation ,  becaus e i t  onl y involve s th e behavio r  o f  di e 

tw o unit s tha t  th e weigh t  connect s (th e secon d ter m i s jus t  th e prob -

abilit y o f  finding  tli e i *  an d j* ^  unit s o n together) .  ITii s  make s i t  eas y t o 

manipulat e th e probabilitie s o f  globa l  state s provide d th e desire d 

probabilitie s ar e know n (se c Hinto n &  Sejnowski ,  198 3 fo r  details) . 

Unfortunately, it is nonnally unreasonable to expect the environment 
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or  a  icachc r  t o specif y th e require d probabilitie s o f  entir e globa l  state s 

of  tli c  network .  A  networ k typicall y contain s soni c "visible "  unit s tlia t 

receiv e th e inpu t  o r  produc e tJi e outpu t  an d i t  als o contain s som e othe r 

unit s tlia i  w c cal l  "hidden "  becaus e Lhe y ar e no t  directl y involve d i n 

representin g th e inpu t  o r  output .  Fo r  example ,  th e tw o centra l  unit s i n 

figure  2  ar e hidde n unit s an d th e res t  ar c visible .  T h e tas k tha t  th e 

networ k mus t  perfom i  i s define d i n term s o f  th e state s o f  th e visibl e 

units ,  an d s o di e environmen t  o r  teache r  onl y ha s direc t  acces s t o th e 

state s o f  thes e unit s (henc e th e n a m e visible) .  Th e difficul t  learnin g 

proble m i s t o decid e h o w t o us e th e hidde n unit s t o hel p achiev e th e 

require d behavio r  o f  th e visibl e units .  A  learnin g rul e whic h assume s 

tlia t  th e networ k i s tol d fro m outsid e h o w t o us e al !  o f  it s  unit s i s o f 

limite d interes t  becaus e i t  evade s th e mai n proble m whic h i s t o dis -

cove r  appropriat e representation s fo r  a  give n tas k amon g th e hidde n 

units . 

In statistical terms, the hidden units can be used to represent the 

higher-orde r  statistica l  regularitie s dia t  ar c implici t  i n th e ensembl e o f 

vector s dia t  th e environmen t  cause s i n di e visibl e units .  T h e learnin g 

proble m i s t o decid e h o w bes t  t o us e di e capacit y o f  di e weight s t o 

captur e dii s  higher-orde r  statistica l  stnicture .  I n common-sens e terms . 

di e weight s shoul d b e chose n s o dia t  di e hidde n unit s represen t  sig -

nifican t  semanti c feature s an d th e interaction s a m o n g hidde n unit s 

captur e th e importan t  constraints .  I f  w e m a k e certai n assumption s i t  i s 

possibl e t o deriv e a  measur e o f  ho w effectivel y th e weight s ar e bein g 

used ,  an d i t  i s  als o possibl e t o sho w h o w di e weight s shoul d b e 

change d t o progressivel y improv e dii s measure . 

We assume diat the environment "clamps" a pardcular vector over the 

visibl e unit s an d i t  keep s i t  dier e fo r  lon g enoug h fo r  di e networ k t o 

reac h dierma l  equilibriu m wit h dii s  vecto r  a s a  boundar y conditio n 

(i.e .  t o "interpret "  it) .  W e als o assum e (unrealistically )  dia t  di e dier c i s 

n o structur e i n di e sequentia l  orde r  o f  di e environmentall y clampe d 

vectors .  Thi s mean s dia t  di e complet e stnictur e o f  di e ensembl e o f 

environmenta l  vector s ca n b e specifie d b y givin g th e probability . 

Pi  Va) ,  o f  eac h o f  th e 2 ^  vector s ove r  th e v  visibl e units .  Notic e dia t  th e 

P(Va )  d o no t  depen d o n di e weight s i n th e networ k becaus e di e en -

vironmen t  clamp s th e visibl e units . 

A particular set of weights can be said to constitute a perfect model of 

di e stnictur e o f  di e environmen t  i f  i t  lead s t o exacd y di e sam e prob -

abilit y  distribudo n o f  visibl e vector s w h e n di e networ k i s runnin g 

freel y wit h n o environmenta l  input .  Becaus e o f  di e stochasti c behavio r 

of  di e units ,  di e networ k wil l  wande r  diroug h a  variet y o f  state s eve n 

wid i  n o inpu t  an d i t  wil l  dierefor e generat e a  probabilit y  distribudon , 

^'(Kx) .  ove r  al l  2 "  visibl e vectors .  Thi s distribudo n ca n b e compare d 

wit h di e environmenta l  distribudon .  /X 'a) -  ' "  general ,  i t  wd l  no t  b e 

possibl e t o exacd y matc h di e 2 "  environmentii l  probabilitie s usin g di e 

weight s a m o n g th e v  visibl e an d h  hidde n unit s becaus e dier e ar c a t 

most  0. 5 (v-rh-1 )  ( v + h )  symmetrica l  weight s an d ( v +  h )  diresholds . 

However ,  i t  m a y b e possibl e t o d o ver y wel l  i f  th e environmen t  con -

tain s regularitie s dia t  ca n b e expresse d i n di e weights .  A n informatio n 

theoreti c measur e (Kullback .  1959 )  o f  di e distanc e betwee n di e en -
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vironmcnta l  an d free-runnin g probabilit y  distribution s i s give n by : 

G=Yj\yji»jijf^ (6) 
a \  a / 

wher e J\V^ J i s th e probabilit y  o f  th e a ^  stat e o f  di e visibl e unit s whe n 

thei r  state s ar e determine d b y di e environment ,  an d P'(Va )  ' S tli c 

correspondin g probabilit y  whe n th e networ k i s runnui g freel y wit h n o 

environmenta l  inpu L 

G is never negative and is only zero if die distribudons are idcndcal. It 

i s  possibl e t o improv e th e network' s mode l  o f  th e stioictur e o f  it s  en -

vironmen t  b y changin g di e weight n s o a s t o reduc e G .  I t  ca n b e show n 

diat : 

where;?. is the probability, averaged over all environmental inputs and 

measure d a t  equilibrium ,  dia t  di e i'̂ '  an d j" '  unit s ar e bot h o n whe n di e 

networ k i s bein g drive n b y di e environment ,  an d p', .  i s  th e correspond -

in g probabilit y  whe n tJi e networ k i s fre e nuining . 

One surprising feature of Eq. 7 is Uiat it does not matter whether the 

weigh t  i s  betwee n tw o visibl e units ,  tw o hidde n units ,  o r  on e o f  each . 

Th e sam e rid e applie s fo r  di e gradien t  o f  G .  A n eve n mor e surprisin g 

fac t  i s dia t  ih e gradien t  involve s onl y locall y availabl e information , 

eve n dioug h G  i s a  globa l  propert y o f  di e whol e se t  o f  weight s an d di e 

effec t  o f  on e weigh t  o n G  dicrcfor e depend s o n di e curren t  value s o f 

al l  di e othe r  weights .  Fortunately ,  di e othe r  weight s affec t  p. .  an d /?'. . 

i n jus t  di e right  wa y t o mak e di e dependenc e locall y available . 

Pararrielers for the learning algorithm 

The ability to discover die pardal derivative of G by observing p.. and 

p'. .  doc s no t  completel y determin e di e learnin g algoridim .  I t  i s  sdl l 

necessar y t o decid e ho w muc h t o chang e eac h weight ,  h o w lon g t o 

collec t  co-occurenc e statistic s befor e changin g di e weight ,  h o w man y 

weight s t o chang e a t  a  Ume ,  an d wha t  temperatur e schedul e t o us e 

durin g di e annealin g searches .  Reasonabl e value s fo r  thes e parameter s 

wer e foun d b y tria l  an d error .  FurOie r  discussio n o f  di e effect s o f 

thes e parameter s ca n b e foun d i n Hinton ,  Sejnowsk i  &  Ackle y (1984) . 

A "sweep "  consiste d o f  annealin g 1 6 time s wit h environmentall y deter -

mine d vector s clampe d o n di e visibl e units ,  an d 1 6 time s wid i  n o 

clamping .  Afte r  eac h sweep ,  eac h o f  th e weight s wa s update d wid i  a 

probabilit y  o f  0.5 .  Thi s pardall y asynchronou s updaUn g help s avoi d 

oscillation s i n th e weights .  W h e n a  weigh t  wa s updated ,  i t  wa s alway s 

increase d o r  decrease d b y di e sam e fixe d amount .  Th e sig n o f  di e 

incremen t  wa s determine d b y di e sig n o f  p . -  p'. .  Th e magnitud e o f 

th e weight-ste p wa s 0.2 . 

The annealing schedule started by randomizing the state and dien ran 

fo r  th e followin g time s a t  di e followin g tei.iperatures :  2@2.0 ,  2@1.5 , 

2@1.2.  2@1.0 ,  wher e on e uni t  o f  tim e mean s runnin g di e networ k fo r 

lon g enoug h s o dia t  di e expecte d numbe r  o f  dnie s eac h uni t  i s  picke d 



i s  1 .  Afte r  Llii s  annealing ,  th e networ k wa s assume d l o b e a t  equi -

libriu m a t  a  temperatur e o\ '  1.0 ,  an d wa s lu n fo r  a  fiirtlic r  tim e o f  1 0 

wliil c  co-occurcnc c statistic s wer e collected . 

Conclusion 

One of the major problems \\iili using distributed patterns of activity 

as representation s i s t o choos e th e patterns .  S o m e choice s wor k muc h 

bette r  tha n other s becaus e the y mak e importan t  underlyin g feature s 

explici t  an d thu s the y allo w t!i e physica l  link s i n th e networ k t o captur e 

th e constraint s tha t  characteriz e th e domain .  W e hav e presente d a 

learnin g algoritli m fo r  choosin g representations ,  an d show n tJia t  i t  ca n 

creat e semanti c feature s tlia t  ar c usefu l  fo r  expressin g th e constraint s 

betwee n th e Tiller s o f  tw o slots . 
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WHY "COMPUTING"  REQUIRES SYMBOLS 

Zenon Pylyshyn 
Universit y o f  Wester n Ontari o 

For some years now I have been advocating the view that to understand 
what  i s essentia l  abou t  cognitio n a s computin g i t  i s  mandator y tha t  w e 
preserv e a  numbe r  o f  distinctions .  I  hav e discusse d severa l  o f  thes e 
distinction s i n my boo k (Pylyshyn ,  1984) .  Fo r  th e presen t  purpos e I  wis h t o 
examin e on e o f  thes e distinctions :  tha t  betwee n a  machin e an d th e 
symbolicall y encode d "rule s an d representations "  tha t  th e machin e uses .  (I t 
doesn^ t  matte r  her e whethe r  b y "th e machine "  on e mean s th e devic e describe d 
I n th e manufacturer' s manual ,  o r  wha t  i s sometime s calle d th e "virtua l 
machine "  consistin g o f  th e ra w machin e plu s a n interprete r  fo r  som e highe r 
leve l  programmin g language .  Thi s i s jus t  a  conceptua l  distinctio n i n an y 
cas e sinc e th e virtua l  machin e i s n o les s a  rea l  physica l  machin e tha n th e 
one delivere d fro m th e manufacturer ,  onl y wit h a  differen t  initia l  state. ) 
Sinc e th e distinctio n betwee n th e machin e an d th e symbo l  structure s i s on e 
of  thos e distinction s tha t  som e peopl e hav e bee n tryin g t o d o awa y wit h 
(cf. ,  Anderso n an d Hinton ,  1981) ,  I  wil l  revie w on e o f  th e fundamenta l 
reason s wh y I  believ e tha t  th e tas k o f  providin g explanation s i n cognitiv e 
psycholog y canno t  b e carrie d ou t  successfull y withou t  it . 

The difference between a very complicated device that goes through 
distinguishabl e state s (bu t  i s no t  characterize d a s processin g symbols )  an d 
what  I  woul d cal l  a  compute r  i n th e stric t  sens e (a s wel l  a s i n th e usua l 
compute r  scienc e sense )  i s exactl y th e differenc e betwee n a  Turin g Machin e 
and an y arbitraril y  complicate d finit e stat e automaton ,  network ,  o r 
"connectionist "  machine .  Th e mai n difference ,  fro m ou r  perspective ,  i s  no t 
tha t  th e Turin g Machine' s tap e i s unbounde d (thoug h tha t  doe s hav e 
consequence s whos e relevanc e t o cognitiv e scienc e i s no t  clear) ,  bu t  tha t 
when w e d o no t  impos e a  boun d a s par t  o f  th e definitio n o f  th e machin e 
itsel f  w e forc e a  certai n kin d o f  qualitativ e organizatio n o n th e system . 
I n particula r  i t  force s u s t o distinguis h betwee n a  strictl y finit e 
mechanis m (th e Turin g machine' s finit e stat e "contro l  box" )  an d a  finit e bu t 
unbounde d strin g o f  symbols .  I f  i t  wer e no t  fo r  tha t  distinctio n i t  woul d 
not  b e possibl e t o hav e a  Universa l  Turin g machine .  Th e finit e 
characterizatio n o f  machine s tha t  suc h a  distinctio n give s u s i s crucial . 
Turin g machine s ar e individuate d b y thei r  finit e par t  — that' s wha t  allow s 
the m t o b e enumerated .  A  finit e par t  i s  similarl y require d fo r  proo f  theor y 
(th e axiom s an d rule s o f  Inferenc e hav e t o b e finitel y specified) . 

It is Important to see that what Is at stake here is the nature of the 
organizatio n capture d i n a  certai n description .  A n ordinar y Vo n Neuman n 
styl e compute r  ca n clearl y b e characterize d a s a  finit e stat e automaton .  I t 
can als o b e give n a  tru e descriptio n a t  th e circui t  level .  Bu t  it' s  onl y 
when i t  i s  describe d a s processin g symbol s (an d i n fac t  onl y whe n it' s 
viewe d a s processin g th e particula r  symbol s tha t  ar e semantlcall y 
interpreted )  tha t  w e ca n explai n it s input-outpu t  behavio r  I n suc h a  wa y a s 
t o captur e thos e regularitie s tha t  ar e invarian t  ove r  certai n implementatio n 
differences .  An d what' s eve n mor e t o th e point ,  it' s  onl y whe n w e describ e 
i t  a t  th e symbo l  leve l  tha t  w e ca n explai n wha t  it' s  doin g i n semanti c term s 
(e.g. ,  i n term s o f  doin g arithmetic ,  o r  playin g chess ,  o r  carryin g ou t 
Inferences ,  o r  whateve r  els e th e devic e ma y b e correctl y describe d a s 
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doing) .  Tha t  (a t  leas t  some )  huma n reasonin g (e.g. ,  doin g arithmetic , 

decidin g wha t  t o hav e fo r  dinner ,  plannin g a  trip ,  decidin g o n th e intende d 
referen t  o f  a n anaphori c expression ,  etc. )  i s  correctl y characterize d i n 
term s o f  suc h rule s canno t  b e i n dispute .  Th e onl y arguabl e poin t  ha s bee n 
whethe r  th e behavio r  describe d b y Eac h rule s ca n b e realize d b y a  syste m 
tha t  work s accordin g t o som e principle s tha t  d o no t  reflec t  th e structur e o f 
thes e rules . 

Consider a simple example. A semantically interpretable procedure such 
as on e fo r  addin g tw o number s canno t  b e adequatel y describe d i n term s o f 
state-transitio n diagrams ,  suc h a s thos e use d i n th e descriptio n o f  finit e 
stat e automata .  Th e reaso n i s tha t  th e genera l  rul e fo r  addin g number s 
canno t  b e finitel y state d a s a  rul e fo r  producin g a  transitio n fro m stat e S n 
t o stat e Sn+ 1 i n a  computer .  Rather ,  i t  mus t  b e state d a s a  rul e (o r  a  se t 
of  rules )  fo r  transformin g a n expressio n o f  numeral s int o a  ne w expression . 
An interprete d rule ,  suc h a s th e rul e fo r  addition ,  applie s t o state s whic h 
hav e a  particula r  semanti c interpretatio n (say ,  a s certai n numbers) . 

Of course changes in the machine"s state are the result of physical, 
not  number-theoretic ,  causes .  Consequentl y th e wa y th e machin e mus t  wor k i n 
orde r  t o b e correctl y describe d a s followin g a n interprete d (e.g. , 
mathematical )  rule ,  i s  tha t  o n ever y occasio n i n whic h th e rul e i s invoke d 
ther e mus t  b e physica l  propertie s o f  th e machine' s stat e tha t  ar e capabl e o f 
servin g a s physica l  code s fo r  tha t  semanti c interpretation .  I n othe r  words , 
fo r  eac h distinc t  rule-relevan t  semanti c propert y ther e mus t  b e a 
correspondin g distinc t  physica l  propert y associate d wit h tha t  state : 
distinc t  semanti c propertie s mus t  b e preserve d b y som e distinc t  physica l 
propertie s — an d i n fac t  the y mus t  b e th e ver y sam e physica l  propertie s 
tha t  caus e th e machin e t o behav e a s i t  doe s o n tha t  occasion .  Suc h 
articulatio n o f  th e state s int o distinc t  propertie s must ,  furthermore , 
correspon d t o th e articulatio n o f  th e semanti c rul e i n term s o f  symboli c 
expressions .  I n othe r  words ,  th e articulatio n o f  th e state s mus t  b e mad e 
explici t  i f  w e ar e t o bot h expres s th e rule s tha t  gover n th e computatio n an d 
at  th e sam e tim e sho w how ,  i n principle ,  suc h rule s migh t  b e realize d i n a 
physica l  system . 

There are all standard ideas. What they come down to is that in order 
t o finitel y expres s som e computationa l  regularity ,  suc h a s tha t  capture d b y 
a mathematica l  (o r  other )  rule ,  w e hav e t o refe r  t o a  structur e o f  symbols , 
and th e structur e o f  th e expression s mus t  b e preserve d b y th e structur e o f 
th e state s o f  th e system .  A  characterizatio n o f  th e machiner y tha t  doe s no t 
articulat e th e state s o f  th e syste m i n thi s wa y canno t  explai n ho w th e 
syste m ca n exhibi t  regularitie s expresse d i n th e for m o f  suc h rule s a s rule s 
of  inference .  Thu s i f  huma n behavio r  ca n b e correctl y describe d a s 
followin g rule s — i f  capturin g importan t  regularitie s require s suc h a 
formulatio n — the n i t  appear s tha t  thi s ha s implication s fo r  th e natur e o f 
th e syste m tha t  realize s suc h behavior . 

People who object to the conventional view of computation as symbol 
processin g frequentl y hav e i n min d th e implausibilit y  o f  th e min d workin g 
lik e a  VAX .  I  hav e muc h sympath y fo r  tha t  view ,  a s I  kee p saying :  that' s 
why it' s  s o importan t  i n cognitiv e scienc e t o fin d ou t  wha t  th e functiona l 
architectur e o f  th e min d is .  I  woul d no t  b e th e leas t  surprise d t o fin d 
tha t  i t  i s  s o ver y differen t  fro m a  Vo n Neuman n machin e tha t  i t  ma y scarcel y 
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be recognlzeabl e a s a  compute r  b y examinin g it s command set .  I t  will ,  n o 
doub t  hav e massiv e parallelism .  Man y peopl e thin k tha t  havin g a  lo t  o f 
parallelis m wil l  mak e a  fundamenta l  differenc e t o wha t  w e coun t  a s 
computing .  Bu t  th e issu e i s no t  whethe r  th e min d i s a  seria l  o r  a  highl y 
paralle l  computer .  Th e issu e i s whethe r  i t  processe s sjnnbols :  whethe r  i t 
has rule s an d representations .  A  highl y paralle l  syste m ca n proces s symbol s 
i n a t  leas t  tw o ways .  On e i s tha t  i t  ma y b e paralle l  onl y i n th e wa y i t 
implement s it s primitiv e functions ,  i.e. ,  th e functiona l  architectur e ma y b e 
neurall y Implemente d i n a  highl y paralle l  way .  But ,  o f  course ,  tha t  muc h i s 
tru e o f  th e Vo n Neuman n computer .  It s rando m acces s memor y mechanis m 
require s a  grea t  dea l  o f  simultaneou s activit y i n ever y par t  o f  th e memory . 
The othe r  wa y tha t  i t  ma y b e paralle l  i s  tha t  th e primitiv e operation s nee d 
not  for m a  tota l  orderin g i n time .  Bu t  eve n i n a n architectur e a s radicall y 
nonlinea r  a s on e base d o n population s o f  ACTORS,  ther e i s n o conflic t  wit h 
th e sens e o f  computin g tha t  I  clai m mus t  b e goin g o n i n th e mind ,  s o lon g a s 
eac h acto r  processe s semanticall y interprete d symbols ,  a s oppose d t o jus t 
sendin g activation s tha t  hav e n o semanti c interpretation s i n th e domai n o f 
our  perceptions ,  thoughts ,  an d th e like . 

The point of all this is to suggest that so long as cognition (human or 
otherwise )  involve s semanti c regularities ,  suc h a s knowledg e base d decision s 
and inferences ,  an d s o lon g a s w e vie w i t  a s computin g i n an y sense ,  w e wil l 
need t o vie w i t  a s computin g ove r  symbols .  N o connectionis t  device ,  howeve r 
complex ,  wil l  do .  No r  wil l  an y analo g computer ,  bu t  tha t  i s  a  topi c fo r 
anothe r  occasio n (fo r  example ,  se e Pylyshyn ,  1984) . 
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A critiqu e o f  th e connectionis t  hypothesi s 

tha t  recognitio n use s templates ,  an d no t  rule s 
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Connectionis t  model s o f  cognitio n featur e a  networ k o f  nodes , 

whose topolog y i s assume d t o b e relativel y permanent .  Computatio n 

(i.e. ,  thinking )  i s represente d b y fluctuation s o f  th e activatio n level s o f 

node s an d b y transmissio n o f  excitatio n an d inhibitio n alon g 

connections .  Mor e elaborat e formulation s equi p node s wit h smal l 

stat e register s instea d o f  activations ,  an d connection s pas s smal l 

messages instea d o f  a n excitator y o r  inhibitor y quantities .  Th e mai n 

architectura l  principle s ar e (1 )  informatio n transmissio n alon g 

connection s happen s i n parallel .  (2 )  ther e i s little ,  i f  any ,  globa l  contro l 

(i.e. ,  n o centra l  prtKCSsor) ,  an d mos t  importantly ,  (3 )  a  cognitiv e mode l 

may us e a s man y node s an d connection s a s i t  needs ,  bu t  tlicr e ar c 

sever e limitation s o n th e amoun t  o f  informatio n store d i n node s o r 

transmitte d b y connections . 

Historically, conncctionism is analogous to the production system 

movement .  Bot h school s ar e revision s o f  earlie r  movements .  Bot h 

school s ros e t o recen t  prominenc e i n psycholog y whe n extraordinaril y 

good piece s o f  researc h wer e don e withi n thei r  respectiv e paradigms . 

Newel l  an d Simon' s (1972 )  stud y o f  proble m solvin g kicke d of f  th e 

productio n syste m movement .  Studie s b y Rumelhar t  an d hi s 

colleague s o f  reading ,  typin g an d speec h kicke d of f  conncctionis m 

(McClellan d &  Rumelhart ,  1981 ;  Rumelhar t  &  McClelland ,  1982 ; 

Rumelhar t  &  Norman ,  1982 ;  Elma n &  McClelland ,  1983) .  Bot h 

productio n system s an d connectio n system s hav e attracte d th e hel p o f 

compute r  scientist s intereste d i n the m fo r  non-psychologica l  reasons . 

Connectio n architecture s lik e Fahlman' s Nirii .  o r  Hinton' s Boltzman n 

Machin e (Kahlman ,  Hinto n &  Sejnowski ,  1983 )  ar e th e analog s o f 

productio n syste m language s lik e Oi* S an d ACr .  Unlik e productio n 

systems ,  connectio n system s hav e attracte d hardwar e designer s wh o ar c 

buildin g massivel y paralle l  computer s fo r  rapi d executio n o f 

connectio n systems .  Connectio n system s ar c a s ho t  today ,  o r  eve n 

hotter ,  tha n productio n system s wer e a  decad e ago . 

If the analogy between production systems and connection 

system s ca n b e trusted ,  psycholog y wil l  soo n enjo y th e frui t  o f  a  ne w 

formalism .  I t  i s  goo d t o hav e a  wealt h o f  technica l  notation s an d 

distinctions .  Althoug h today' s cognitiv e scientis t  ma y no t  lik e 

productio n systems ,  sh e o r  h e stil l  know s wha t  th e left-han d sid e o f  a 

rul e is ,  an d ho w importan t  conflic t  resolution s strategie s arc .  Suc h 

widely-share d conceptua l  tool s enric h an d empowe r  th e field  b y 

makin g i t  easie r  t o communicat e comple x ideas .  Perhap s the y eve n 

make i t  easie r  t o generat e thos e idea s i n th e first  place . 

•  Thi s wor k wa s supporte d b y th e Personne l  an d Trainin g Researc h Programs , 
Psychologica l  Science s Division .  Offic e o f  Nava l  R&scarch .  unde r  contrac t  numt>e r 
N00014-82C-O0b7 ,  contrac t  auUioril y  numbe r  N R 667-477 .  ITiank s t o Davi d 
Chrislman ,  Dann y Bobro w an d Joha n d c Klccr . 
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However ,  th e analog y issue s a  warnin g a s wel l  a s heraldin g a 

benefit .  Althoug h th e researc h tha t  kicke d of f  th e productio n syste m 

movement  wa s outstandin g psychology ,  som e late r  work s claime d 

psychologica l  validit y solel y becaus e the y use d productio n system s t o 

expres s thei r  model s Sinc e on e ca n easil y expres s absur d cognitiv e 

model s i n productio n systems ,  psychologist s mus t  d o muc h mor e tha n 

notat e thei r  model s a s a  productio n syste m befor e the y ar e entitle d t o 

eve n sugges t  tha t  th e mode l  i s psychologicall y plausible .  1  sincerel y 

hop e tha t  thi s methodologica l  erro r  wil l  no t  plagu e conncctionism .  A 

connectionis t  mode l  i s no t  a  psychologica l  plausibl e mode l  jus t 

becaus e i t  use s th e sam e connectio n syste m that .  say .  McClellan d an d 

Rumclhar t  used .  Eve n i f  on e wire d u p th e mode l  wit h squi d neurons , 

ther e woul d b e n o reaso n t o believ e i t  ha d anythin g t o d o wit h th e 

mind .  O n e ca n writ e rubbis h i n an y representatio n language .  I t  lake s 

har d wor k t o uncove r  tli e principle s tha t  ar e fundamenta l  t o a 

particula r  model ,  an d eve n mor e har d wor k t o sho w tha t  thos e 

principle s ar c psychologicall y valid .  Thi s extr a work ,  whic h i s ove r 

and beyon d th e wor k neede d t o implemen t  th e mode l  a s a  connectio n 

or  productio n system ,  i s jus t  exactl y wha t  yield s theor y (VanF.ehn , 

Brow n &  Grecno .  1982) .  Withou t  it ,  on e ha s jus t  anothe r  progra m 

tha t  behave s wit h a n amusing,  superficia l  similarit y t o humans .  I t  ha s 

no mor e scicniid c meri t  tha n ili c  "robots "  hire d b y shoppin g malls . 

Enough methodology! Let's move on to substantive psychological 

issues . 

Conncctionism makes an important hypothesis: For some tasks, 

th e bes t  model s ar c thos e tha t  achiev e a  rule-lik e behavio r  withou t 

mie s b y usin g a  large ,  finite  stor e o f  templates .  Perhap s th e mos t 

impressiv e demonstratio n o f  thi s hypothesi s i s Rumelhar t  an d 

McClclland' s interactiv e activatio n mode l  o f  wor d recognition .  I t  ha s 

a stor e o f  th e 117 9 mos t  c o m m o n four-lette r  Englis h words ,  an d i t  ha s 

no orthographi c o r  phonologica l  rules .  Ye t  i t  account s fo r  a  hos t  o f 

rule-lik e huma n behavior . 

The experimental task goes as follows: 'ITic subject is shown a 

fou r  lette r  strin g fo r  a  shor t  time ,  the n i t  i s  replace d b y a  mas k (e.g. ,  a 

strin g o f  " # "  signs) .  Th e subjec t  i s  teste d o n a  singl e lette r  i n th e 

stimulus ,  usin g a  force d choic e betwee n tw o letters .  Th e subjec t 

guesse s whic h lette r  occurre d i n tha t  position .  Thre e mai n effect s ar c 

observe d i n suc h experiments .  Wor d advantage :  W h e n th e stimul i  ar e 

Englis h words ,  th e subjects '  guesse s ar e correc t  abou t  1 7 % mor e ofte n 

tha n the y ar c i f  th e stimul i  ar e non-word s suc h a s Qxr l  o r  acuu . 

l*seudowor d advantage :  W h e n th e stimul i  ar e pseudoword s (i.e. , 

orthographicall y regular ,  suc h a s mav e o r  spet ,  bu t  no t  Englis h 



words) ,  th e subjects *  guesse s ar e correc t  abou t  1 5 % mor e ofte n tha n 

the y ar c wit h non-words .  Wordlik e consonan t  string s advantage : 

When th e stimul i  ar e consonan t  string s (an d henc e orthographicall y 

and phonologicall y irregular )  tha t  ar e constnicte d b y replacin g a 

word' s vowe l  wit h a  consonan t  (e.g. ,  spa t  become s spct) ,  the n 

subjects '  guesse s ar c abou t  15 % mor e accurat e tha n wit h non-wor d 

stimuli .  llii s  thir d finding  tend s t o refut e an y theor y o f  wor d 

recognitio n base d o n store d orthographi c o r  phonologica l  niles . 

To account for these three findings, the interactive activation 

model  store s al l  commo n four-lette r  Englis h words .  'ITii s  i s th e ke y 

feature .  O n e ca n ge t  adequat e empirica l  accuracy ,  I  contend ,  withou t 

a connectio n syste m a s lon g a s ther e i s a  wor d stor e an d i t  i s  use d i n 

certai n ways .  ITia t  is ,  th e credi t  fo r  explainin g th e mai n effect s 

belong s t o th e hypothesi s tha t  peopl e recogniz e word s wit h template s 

instea d o f  rules .  Th e succes s o f  th e explanatio n doc s no t  depen d o n 

th e representatio n language ,  whic h i s good .  T o demonstrat e thi s point , 

a simplifie d versio n o f  th e McClclland/Rumclhar t  mode l  i s presented . 

Let  th e functio n Friends{S,L,P,l )  retur n th e se t  o f  al l  word s i n th e 

stor e tha t  shar e I  letter s wit h th e stimulu s S  an d hav e lette r  L  a t 

positio n P .  Olcourse ,  1 < i < 4 an d 1 < P < 4 .  I f  tJi e stimulu s wer e th e 

pseudowor d "mave" ,  the n 

Friends("MAVE","H",1,3) = {"have"} 

Friends("MAVE"."M",1,4 )  =  { } 

Friends("MAVE","A".2,3 )  =  {"have","SAVE","male",... } 

Given this function to access the word store, the percentage of correct 

guesse s i s predicte d usin g th e followin g formuli : 

Activation(S,L.P) = 2ailF''iends(S,L,P,i)| 

i 
Activation(S,P,R ) 
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%Correct(S.P )  = 
Activation(S,P,R )  +  Activation(S.P,W ) 

where R is the right letter choice, W is the wrong one, the dj arc task 

parameters ,  an d |X |  i s  th e cardinalit y o f  se t  X . 

Let's see how this model behaves with each of \hc stimuli kinds. 

I f  th e stimulu s S  i s a  non-word ,  Uic n bot h R  an d W wil l  hav e fe w 2- . 

3-  o r  4-lcttc r  friend s (i.e. .  Friends(S,R,P,l )  ~  Friends(S,W,P,l )  s r  { } 

fo r  al l  \^^ ,  fo r  al l  P ) .  The y wil l  bot h hav e man y 1-lette r  friends .  S o 

Activation(S,P,R )  ~  Activation(S,P,W) .  an d %Correc t  i s  roughl y 

50%.  I f  S  i s a  word ,  the n R  wil l  hav e exactl y on e 4-lette r  frien d (I.e. , 

S)  an d W won' t  hav e any .  becaus e W i s chose n b y th e experimente r 

so tha t  i t  form s a  wor d whe n substilutc d int o S .  W ha s exactl y on e 3 -

Icttc r  friend .  O n th e othe r  hand .  R  usuall y ha s man y 3-lette r  friends . 

Similarly ,  R  wil l  generall y hav e mor e 2-lcttc r  friend s tha n W .  Sinc e 

|Friends(S,R,P,l) |  >  |Friends(S.W,P,l) |  fo r  al l  l>1 ,  Activation(S,R,P ) 

> Activation(S,W,P) .  an d henc e %Correc t  i s  greate r  tha n 50% .  Th e 

cas e fo r  pseudoword s an d wordlik e consonan t  string s i s jus t  lik e th e 

cas e fo r  words ,  excep t  tha t  R  wil l  hav e n o 4-lette r  friends .  Hence ,  th e 

%Correc t  wil l  b e a  la d lowe r  tha n tli e %Correc t  fo r  words ,  bu t  i t  i s 

stil l  greate r  tha n th e 5 0 % correc t  o f  nonwords .  Ilies e prediction s ar e 

qualitativel y simila r  t o th e mai n findings.  T o ge t  quantitativ e accurac y 

woul d requir e fitting  th e a ^  parameters .  Paramete r  a ^  control s th e 

relativ e advantag e o f  word s ove r  pseudoword s an d wordlik c 

consonants .  Parameter s a ^  an d a. ^  contro l  th e advantag e o f 



pscudoword s an d wordlik c consonant s ove r  nonwords .  Interestingly ,  i f 

subject s ar e no t  instructe d t o expec t  pseudowor d stimuli ,  the n th e 

pseudowor d advantag e disappcai"S .  Unde r  tlics e conditions . 

The above model is a simplification of the one actually used by 

Rumclhar t  an d McClelland .  T o compet e wit h theirs ,  i t  woul d nee d a n 

input/outpu t  mode l  wrappe d aroun d i t  i n orde r  t o accoun t  fo r 

phenomena involvin g th e duratio n an d imag e qualit y o f  th e stimuli , 

th e kin d o f  masking ,  seria l  positio n effects ,  an d s o on .  Th e interactiv e 

activatio n mode l  ca n explai n som e o f  thes e effects ,  althoug h som e 

extra ,  non-conneciionis t  mechanism s mus t  adde d (e.g. ,  a  cloc k an d a 

gate d respons e buffer )  i n orde r  t o d o so .  Extensibilit y  o f  a  mode l  i s 

important ,  bu t  i t  i s  no t  a s importan t  a s accountin g fo r  th e mai n 

effects .  I  tak e i t  tha t  Rumclhar t  an d McClellan d hav e convincingl y 

demonstrate d tha t  th e mai n fnuling s ar e bes t  explaine d b y th e 

hypoUicsi s o f  wor d storag e rathe r  orthographi c o r  phonologica l  rul e 

storage .  Moreover ,  i t  doesn' t  matte r  whetlie r  on e expresse s th e 

hypotliesi s wit h connections ,  a s i n th e interactiv e activatio n model ,  o r 

wit h a  simpl e additiv e model ,  a s above . 

To return to die production/connection analogy, this "templates, 

not  rules "  hypothesi s i s analogou s t o Ncwcll' s  proble m spac e 

hypothesi s (Newell ,  1980) .  Neithe r  o f  th e tw o hypothese s mentio n th e 

representatio n languag e (whic h i s  good) ,  bot h ar e quit e genera l  (whic h 

i s excellent) ,  an d bot h ca n b e teste d i n specifi c  case s (whic h i s bes t  o f 

all) .  A s i t  turn s out ,  bot h ar e controversial ,  an d that' s goo d too . 

Contentio n ove r  hypothese s lik e thes e wil l  advanc e cognitiv e science , 

but  fights  abou t  connectit)n s versu s rule s ar e mer e religiou s squabbles . 

In the interest of controversy, I'll try to indicate some problems 

tlia t  th e tcmplates-not-rulc s hypothesi s migh t  hav e i n accountin g fo r 

othe r  kind s o f  recognitio n tha n wor d recognition .  1  undertak e thi s 

wit h som e reluctance .  I  prefe r  t o evaluat e specifi c hypoUiese s agains t 

specifi c  empirica l  facts .  However ,  I  ca n find  n o problem s wit h th e 

way tha t  di e teniplates-not-rulc s hypothesi s account s fo r  th e wor d 

recognitio n phenomena ,  s o I  hav e n o alternativ e bu t  t o attac k i t  wit h 

genera l  observations . 

First, a few quick shots. Any straightforward realization of the 

ter n plates-not-nilc s hypothesi s mean s dia t  th e recognize r  output s 

template s fro m it s finite  store .  A  wor d recognize r  output s words .  A 

wor d sens e disambiguato r  output s wor d senses .  Hu t  Uier e ar e plent y 

of  cognitiv e domain s wher e ther e isn' t  a  finite  se t  o f  classe s t o 

recognize .  Tak e natura l  languag e understanding .  I f  ther e wer e a 

finite  numbe r  o f  Uiing s Uia t  a n utteranc e coul d mean ,  the n the y coul d 

be th e template s i n th e store ,  an d th e interactiv e activatio n mode l 

migh t  b e a  perfectl y adequat e explanatio n o f  natura l  languag e 

understanding .  Iki t  clearl y ther e ar e no t  a  finite  numbe r  o f  meanings . 

It' s  likel y tha t  meanings ,  an d mayb e eve n utterance s a s well ,  ar e no t 

countable .  Wher e doe s on e sto p an d anothe r  begin ? Thi s suggest s 

tha t  th e tcmplates-not-rulc s hypothesi s ha s significan t  troubl e witl i 

domain s tha t  don' t  admi t  o f  finite  classifications . 

Here's another quick shot. A big advantage of template systems 

i s tha t  ne w knowledg e i s eas y t o acquire .  T o lear n a  ne w word ,  on e 

jus t  add s i t  t o th e wor d store .  That' s a  bi t  to o simple ,  o f  course , 

becaus e i t  i s  ver y rar e fo r  a  recognitio n stitnulu s t o exactl y matc h an y 

of  th e trainin g instances .  Ther e i s a  ccrtiii n amoun t  o f  abstraction , 
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difFercntiatio n an d nois e remova l  tha t  ha s t o g o o n i n gettin g fro m a 

trainin g exampl e t o a  recognitio n stimulus .  A  rule-base d syste m doc s 

most  o f  thi s wor k durin g learning .  A  syste m tha t  store s trainin g 

instance s doc s mos t  o f  th e wor k durin g recognition .  Whic h d o peopl e 

do? A  genera l  observatio n abou t  huma n behavio r  i s tha t  learnin g 

somethin g i s muc h harde r  tha n recognizin g it .  I t  migh t  tak e severa l 

second s o f  rehearsa l  t o ad d a  ne w wor d t o one' s vcKabuIary .  bu t  onc e 

tha t  wor d i s learned ,  recognitio n take s mer e milliseconds .  Thi s 

observatio n tend s t o refut e th e templates-not-rule s hypothesis . 

rU finish with a longer criticism of the hypothesis, which may 

ultimatel y b e mor e interestin g t o compute r  scientist s tha n t o 

psychologists .  W h e n KIma n an d McClellan d (1983 )  applie d th e 

interactiv e activatio n mode l  t o speec h perception ,  the y ha d a  littl e 

problem ,  whic h turn s ou t  t o b e symptomati c o f  a  nearl y fata l  fla w i n 

th e connectionis t  approach .  The y assume d tha t  th e templat e stor e 

hel d words ,  represente d a s sequence s o f  phonemes .  The y assume d 

tha t  th e inpu t  (stimulus )  wa s a  mixtur e o f  phonemes ,  wher e th e 

strengt h o f  eac h phonem e varie d wit h eac h tic k o f  th e clock . 

(Actually ,  the y use d phonologica l  feature s a s input ,  bu t  that' s 

irrelevan t  t o th e curren t  account. )  Th e mode l  ha d tw o difficulties .  (I ) 

I t  depende d to o muc h o n finding a  clea r  occurrenc e o f  th e initia l 

phoneme o f  a  wor d i n tli e inpu t  stream .  (2 )  Th e mode l  ha d difficult y 

recognizin g word s spoke n mor e slowl y o r  mor e rapidl y tha n usual . 

Bot h difficultie s ca n b e trace d t o th e sam e underlyin g problem :  th e 

word' s phoneme s mus t  b e brough t  int o registratio n wit h th e phoneme s 

i n th e inpu t  sequence .  Fo r  th e wor d recognitio n Lis k describe d above , 

registratio n i s no t  a  problem .  Ther e ar e alway s exactl y fou r  stimulu s 

letters ,  whic h ca n b e matche d i n onl y on e wa y agains t  th e store d four -

lette r  words .  I f  instea d th e stimulu s were ,  say ,  a  1 4 lette r  strin g wit h a 

fou r  lette r  wor d biuic d somewher e insid e it ,  the n ther e woul d b e 1 0 

possibl e way s t o matcl i  th e inpu t  wit h a  store d word .  Thi s woul d b e a 

10-wa y ambiguou s registratio n problem .  Th e speec h recognitio n tas k 

has thi s registratio n problem ,  an d more .  I t  ha s a  secon d sourc e o f 

ambiguit y becaus e th e phoneme s ar e no t  guarantee d t o b e certai n 

cannonica l  lengths ,  no r  mus t  the y b e adjacent .  I f  a  wor d i s spoke n 

slowly ,  noise s ma y intervene .  Thes e ar e no t  problem s fo r  jus t  th e 

Klman/McClellan d model .  The y ar e inheren t  i n tli e speec h 

recognitio n task .  Al l  speec h recognizer s mus t  dea l  wit h them . 

In fact, all recognizers of any kind must deal with the registration 

problem .  I n vision ,  fo r  instance ,  i t  i s  no t  enoug h t o stor e a n imag e o f 

an object .  Th e syste m mus t  b e abl e t o recogniz e th e objec t  unde r 

translation ,  rotation ,  scalin g an d possibl y othe r  kind s o f 

transformation .  Perhap s th e cleares t  case s o f  th e registratio n proble m 

occu r  i n non-metri c tasks ,  suc h a s stor y recognition .  Suppos e a 

stimulu s stor y ha s N  actors ,  an d a n old .  store d stor y ha s M actors . 

Ther e ar c N* ^  possibl e way s t o ma p stimulu s actor s t o th e store d 

actors .  Th e numbe r  o f  possibl e registration s decrease s i f  on e add s th e 

constrain t  tha t  tw o stimulu s actor s can' t  fill  th e sam e rol e i n th e store d 

story .  I'h c numbe r  o f  registration s decrease s eve n mor e i n task s wit h 

more constraine d topologies ,  suc h a s reading ,  speec h o r  vision .  A s 

illustrate d a  moment  ago .  ther e ar c onl y N  -  M registration s t o chec k 

i n orde r  t o find  a n M-lon g wor d i n a n N-lon g stimulu s string . 
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Not  onl y i s th e registratio n proble m universal ,  it s  intransigen t 

The typica l  recognitio n procedur e fo r  a  seria l  machin e ha s tw o neste d 

loops : 

(For each template in the store do 

(Fo r  eac h lega l  registratio n o f  th e part s o f  th e templat e 

wit h th e part s o f  th e stimulu s d o 

(.. .  s o m e matchin g o f  th e templat e t o th e stimulu s 

unde r  th e mappin g o f  th e registratio n ...)) ) 

Connection machines basically eliminate the outer loop by doing all 

instantiation s o f  it s  bod y i n parallel .  1"ha t  is ,  eac h templat e i s 

associate d wit h a  distinc t  grou p o f  nodes .  Th e stimulu s i s broadcas t 

al l  a t  onc e t o eac h group ,  whic h the n try s t o recogniz e it s templat e i n 

th e stimulus .  F̂ ac h nod e grou p ha s th e connectionis t  equivalen t  o f  th e 

inne r  loop ,  whic h doc s registration .  I f  th e registratio n proble m i s 

trivial ,  the n th e nod e grou p ca n b e small .  Fo r  instance ,  eac h grou p 

consist s o f  a  singl e nod e i n th e Kumclhart/McClcIlan d mode l  becaus e 

tlier e i s onl y on e wa y t o registe r  a  four-lcite r  stimulu s agains t  a  four -

lette r  icmplate .  O n th e othe r  hand ,  i f  th e registratio n proble m i s 

complex ,  the n nod e group s ar e large .  Fo r  instance ,  th e genera l  cas e o f 

registerin g a n N-par t  stimulu s t o a n M-par t  templat e coul d us e a  tre e 

of  node s tha t  i s M level s dee p wit h a  unifor m branchin g facto r  o f  N. * 

'ilier e ar e ©(N*^ )  node s pe r  nod e group .  Replacin g th e inne r  loo p b y 

a paralle l  schem e merel y replace s tim e complexit y b y spac e 

complexity .  Th e registratio n proble m i s inherentl y comple x a s wel l  a s 

universal . 

A common approach to coping with the registration problem is to 

reduc e M ,  th e numbe r  o f  part s i n th e templat e t o b e matched .  Instea d 

of  M parts ,  a  templat e ha s J  subtemplatc s a s it s part s wher e J « M ,  an d 

eac h subtemplat e ha s it s J  parts ,  whic h i n tur n ma y hav e parts ,  an d s o 

on.  A n old ,  fla t  templat e become s a  part-whol e hierarchy .  A s i t 

stands ,  thi s doesn' t  reduc e th e combinatoric s o f  registration .  Conside r 

a fla t  templat e wit h 6  parts .  W h e n i t  matche s a n inpu t  wit h N  objects . 

tliei r  ar c N ^  registration s t o check .  Suppos e th e ne w templat e ha s tw o 

parts .  A  an d B .  eac h o f  whic h i s a  tliree-par t  subtemplate .  ITier e ar e 

N"*  possibl e matche s fo r  A ,  an d N ^  matche s fo r  B .  I f  ther e ar c n o 

constrainL s o n A  an d B  tha t  ar e independen t  o f  th e mai n template . 

tlic n th e mai n templat e ha s t o chec k al l  N ^  binding s fo r  A  agains t  al l 

N^  binding s fo r  B .  Sinc e N"̂ N' ^  =  N®,  th e registratio n pioble m i n n o 

easier .  Simpl y dividin g fla t  template s int o subtemplatc s doesn' t  reduc e 

th e combinatoric s a t  all .  Combinatoric s onl y begi n t o decreas e whe n 

constraint s ca n b e adde d a t  th e subtemplat e level .  Sharin g 

subtemplatc s amon g template s als o helps . 
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*  Th e details :  F.ac h nod e ha s N  descendents .  Th e roo t  nod e passe s a 

message t o it s firs t  daughte r  tha t  pair s th e first  templat e par t  t o th e 

first  o f  th e N  stimulu s parts .  Th e secon d daughte r  get s a  messag e 

pairin g tJi c first  templat e par t  t o th e secon d stimulu s part ,  an d s o o n 

fo r  al l  N  daughters .  S o th e first  leve l  ( = roo t  node )  take s car e o f 

pairin g th e first  templat e par t  t o eac h o f  th e N  stimulu s parts .  Th e 

secon d leve l  ( = th e daughter s o f  th e roo t  node )  pair s of f  th e secon d 

templat e par t  i n simila r  fashion .  I n orde r  t o bin d al l  M templat e 

parts ,  th e tre e ha s M levels .  S o i t  ha s (N"^* ^  -  1)/(N-1 )  nodes . 



Her e i s a  tcmplatc-subtcmplat c hierarch y tha t  share s subtemplate s 

and ha s lot s o f  constraint s amon g subtemplates .  I  thin k yo u wil l  find 

th e notatio n familiar . 

S -^ NP VP 

NP - •  Determine r  N B A R 

NBAR - •  Adjective *  Nou n 

VP -> •  Auxiliar y VBA R 

VBAR - •  Ver b (NP )  (NP )  PP * 

PP - •  Prepositio n N P 

A tcmplatcs-not-mlcs recognizer that "optimizes" its performance by 

adoptin g a  part-whol e hierarch y wit h constraint s i s n o longe r  a 

templates-not-rulc s system .  I t  i s  a  rule-base d system . 

The conclusion is that temphites-not-rules systems are infcasible 

fo r  an y recognitio n problem s lh.i t  requir e non-trivial ,  non-metri c 

registration .  Neithe r  seria l  computer s no r  connectio n machine s ca n 

ru n the m fas t  enough .  O n th e othe r  hand ,  rule-base d system s ar e 

feasible . 

A psychologist can draw one of two conclusions from this. 

Eitlicr ,  (1 )  peopl e ar c subjec t  t o th e sam e "law s o f  informatio n 

processing "  a s machines ,  tliercfor c the y mus t  us e rule-base d 

recognizers ,  an d therefor e th e templates-not-rule s hypothesi s i s 

generall y false ,  o r  (2 )  peopl e hav e templates-not-rule s recognizers ,  bu t 

the y ru n the m (s o t o speak )  o n som e a s ye t  undiscovere d informatio n 

processin g architectur e tha t  someho w solve s registratio n problem s ver y 

quickly . 
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SYMPOSIUM:  Cross-Disciplinar y Approache s t o Languag e Processin g 

Chair: Morton Ann Gernsbacher, Department of Psychology and Cognitive 
Scienc e Program ,  Universit y o f  Orego n 

Thi s symposiu m present s wor k recentl y complete d an d stil l  i n progress , 
conducte d withi n th e Cognitiv e Scienc e Progra m a t  th e Universit y o f  Orego n 
and th e Cognitiv e Neuropsycholog y Laborator y a t  Goo d Samarita n Hospital , 
Portland ,  Oregon .  Thi s bod y o f  wor k reflect s a  collectiv e interes t  i n a 
variet y o f  issue s relate d t o identifyin g an d pursuin g area s o f  fruitfu l 
interactio n betwee n linguistics ,  cognitiv e psycholog y an d cognitiv e 
neuropsychology .  Th e focu s o f  th e researc h i s th e cognitiv e operation s 
underlyin g languag e processing ,  an d thei r  relationshi p t o syntacti c device s 
propose d b y variou s linguists . 

Givon ,  Kellogg ,  Posne r  an d Ye e wil l  describ e thei r  us e o f  menta l 
chronometric s fo r  testin g th e psychologica l  realit y o f  a  linguisti c theor y 
of  referentiality .  Friedric h wil l  discus s wha t  th e semanti c an d syntacti c 
processin g capabilitie s o f  a  conductio n aphasi c wit h a  phonological  codin g 
defici t  sugges t  abou t  norma l  sentenc e processing .  Gernsbache r  wil l  describ e 
some cognitiv e response s (attentional ,  integrativ e an d memorial )  tha t  occu r 
afte r  a  linguisti c topi c change .  Tom!i n wil l  describ e hi s us e o f  laborator y 
manipulation s (primin g an d cueing )  t o investigat e th e rol e o f  attentio n 
i n themati c organizatio n an d it s accompanyin g syntacti c manifestations . 
Followin g th e fou r  pape r  presentations ,  Jusczy k wil l  conmen t  o n som e o f 
th e benefit s an d caveat s o f  cross-disciplinar y approache s t o language , 
and lea d a n ope n discussio n o f  th e wor k presented . 

The cross-disciplinar y effort s represente d b y thes e studie s yiel d a t 
leas t  thre e benefit s t o a n understandin g o f  languag e an d languag e processing , 

First ,  eac h disciplin e offer s nove l  methodologica l  tool s t o th e others , 
openin g u p ne w avenue s fo r  empirica l  investigation s o f  linguisti c problems . 
Second ,  suc h effort s hel p theoreticall y t o develo p theorie s o f  languag e 
by considerin g ho w cognitiv e processe s influenc e an d constrai n linguisti c 
performance .  And ,  third ,  cros s disciplinar y effort s prov e intellectuall y 
stimulatin g an d provid e a  crucia l  opportunit y t o reconside r  disciplin e 
dependen t  thinkin g abou t  languag e processin g an d cognition . 



Tim e dynamic s o f  referentia l  processe s i n discours e 

T. Givon, Wendy Kellogg, Michael I. Posner, Penny Yee 
Depts .  o f  Linguistic s an d Psycholog y an d Cognitiv e Scienc e Progra m 

Universit y o f  Oregon ,  Eugen e 

Thoughts exhibit continuity over time. It is the ability to integrate 
separat e element s int o a  coheren t  them e tha t  i s a n essentia l  aspec t  o f 
cognition .  Ye t  i t  ha s prove n difficul t  t o fin d experimenta l  method s t o 
investigat e th e processe s providin g th e basi s o f  suc h continuity .  On e o f 
th e attractiv e part s o f  th e stud y o f  discours e i s tha t  discours e i s define d 
i n term s o f  th e existenc e o f  a  coheren t  them e tha t  allow s u s t o relat e 
varie d elements .  I n orde r  t o continu e a  them e ove r  tim e i t  i s  importan t 
t o refe r  t o concept s tha t  hav e bee n mentione d previousl y bu t  ar e no t  no w 
present .  Languag e provide s a  numbe r  o f  specifi c  device s fo r  referrin g th e 
listene r  o r  reade r  bac k i n tim e t o th e concept s tha t  ar e relevan t  t o th e 
curren t  information .  Pronouns ,  repetition s o f  a  nou n phras e use d previously , 
or  closel y relate d nou n phrase s tha t  serv e t o reinstat e th e previou s concep t 
ar e al l  device s tha t  ca n b e use d t o reestablis h i n th e reader' s min d a 
previou s topic . 

Givo n ha s propose d tha t  language s us e differin g syntacti c device s t o 
signa l  th e reade r  o r  listene r  ho w fa r  bac k th e informatio n whic h i s bein g 
reference d occurs .  I f  a  topi c ha s bee n absen t  fo r  som e time ,  a  nou n phras e 
wil l  b e use d t o refe r  t o it .  Sinc e reader s o r  listener s neve r  kno w ho w 
lon g th e discours e wil l  be ,  i t  appear s likel y tha t  the y retriev e th e topi c 
on-lin e whil e the y continu e t o liste n t o o r  rea d ne w information .  I t  woul d 
be usefu l  t o b e abl e t o observ e th e tim e dynamic s o f  th e processe s whic h 
ar e use d t o reinstat e suc h topics . 

The presen t  studie s employe d chronometri c method s t o examin e th e tim e 
dynamic s o f  th e processe s use d t o reinstat e concept s centra l  t o th e discours e 
topic .  Subject s presse d a  ba r  t o receiv e eac h successiv e wor d o f  discours e 
whil e monitorin g th e CRT scree n fo r  a  visua l  probe ,  t o whic h a  speede d 
detectio n respons e wa s required .  Dependen t  measure s wer e th e tim e t o 
respon d t o th e prob e an d th e bar-pres s tim e o n a  referrin g devic e an d it s 
surroundin g words .  Thes e measure s wer e examine d i n tw o experiment s a s a 
functio n o f  th e degre e o f  continuit y o f  th e discours e an d th e typ e o f 
referrin g devic e (nou n phras e o r  pronoun) . 

Result s showe d difference s i n maxima l  interferenc e fo r  nou n phrase s 
vs .  pronouns .  Pronoun s sho w a n earlie r  interferenc e effec t  tha n nou n phrases . 
A carefu l  examinatio n o f  th e tim e ocurs e dat a fro m Experiment s I  an d I I  als o 
reveal s som e evidenc e i n favo r  o f  prolonge d processin g i n case s wher e th e 
syntacti c devic e i s no t  appropriate .  When a  pronou n i s use d t o reinstat e 
a topi c whic h ha s bee n absen t  fo r  severa l  clauses ,  interferenc e i s prolonge d 
relativ e t o th e cas e wher e a  pronou n refer s t o a  continuousl y presen t  topic . 
I n contrast ,  interferenc e fo r  nou n phrase s doe s no t  diffe r  a s a  functio n o f 
th e referentia l  distance .  Th e result s sho w tha t  on-lin e psychologica l 
method s ar e sensitiv e t o difference s i n referenc e betwee n nou n phrase s an d 
pronouns ,  an d ma y provid e dat a usefu l  fo r  evaluatin g linguisti c theorie s o f 

reference . 
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Consequence s o f  a  phono!ogtca l  codin g defici t  o n sentenc e processin g 

France s J .  Friedric h 
VA Medica l  Cente r 

Fresno ,  Californi a 

It is often difficult to determine the role of specific cognitive 
code s o r  processe s i n comple x languag e skills ,  suc h a s sentenc e 
comprehension ,  becaus e o f  th e numbe r  qfoperation s an d th e flexibilit y 
tha t  individual s displa y i n combinin g thes e operations .  Neuropsychologica l 
dat a fro m patient s wit h brai n injurie s ca n b e usefu l  i n constructin g 
model s o f  norma l  languag e processin g b y demonstratin g ho w languag e break s 
down whe n a  specifi c  cod e o r  operatio n i s impaired .  Th e wor k reporte d 
her e examine d th e sentenc e processin g abilitie s o f  a  patien t  wit h a 
specifi c  impairmen t  i n phonologica l  coding .  Th e patter n o f  abilitie s 
and deficit s tha t  emerge s ca n b e use d t o clarif y th e rol e tha t  th e 
phonologica l  cod e play s i n norma l  sentenc e processing . 

The dat a wer e collecte d fro m E.A. ,  a  conductio n aphasi c wit h th e 
primar y repetitio n disorde r  an d th e goo d spontaneou s speec h an d compre -
hensio n tha t  characteriz e th e syndrome .  E.A.' s digi t  spa n wa s severel y 
impaire d (auditor y =  1. 5 items ;  visua l  =  2. 4 items) ,  bu t  variou s test s 
suggeste d tha t  th e memor y defici t  wa s secondar y t o a n inabilit y  t o 
represen t  informatio n i n a  phonologica l  code .  Th e mai n concer n i n thi s 
study ,  however ,  wa s wit h th e consequence s o f  a  phonologica l  code/short -
ter m memor y Impairmen t  o n sentenc e comprehensio n an d production . 
Comprehensio n test s o f  reversibl e activ e an d passiv e sentence s reveale d 
tha t  E.A .  mad e fe w error s o n th e activ e sentence s (5 % overall )  bu t 
frequentl y mad e subject-objec t  reversa l  error s fo r  th e passiv e sentence s 
wit h bot h auditor y an d visua l  presentatio n (33 % an d 19% ,  respectively) . 
Thus ,  sh e appeare d t o us e a n S-V- 0 mappin g strateg y whe n assignin g 
grammatica l  role s t o th e constituen t  nou n phrases . 

Productio n tests ,  includin g stor y completio n an d pictur e descriptio n 
tasks ,  demonstrate d tha t  E.A .  wa s abl e t o generat e a  variet y o f  sentenc e 
construction s an d wa s generall y sensitiv e t o th e contextua l  cue s tha t 
dictat e wha t  construction s ar e appropriate ,  althoug h sh e di d sho w som e 
tendenc y t o produc e sentence s i n activ e voice .  Man y o f  he r  errors , 
however ,  involve d th e omissio n o f  grammatica l  morpheme s fro m he r  writte n 
productio n an d di d no t  occu r  i n spontaneou s speec h o r  i n ora l  response s 
t o th e productio n task . 

Overall ,  th e dat a collecte d fro m E.A .  hel p defin e th e rol e o f  th e 
phonologica l  cod e an d short-ter m memor y i n norma l  languag e processing . 
Specifically ,  thes e dat a sugges t  tha t  a  phonologica l  cod e i s th e primar y 
means b y whic h importan t  syntacti c marker s ar e represente d an d tha t  th e 
abilit y  o f  intac t  adult s t o recomput e grammatica l  role s whe n th e S-V- O 
mappin g i s violate d ma y b e heavil y dependen t  o n . a phonologica l 
representation . 
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Cognitiv e response s t o (linguistic )  topi c chang e i n discours e 

Morton Ann Gernsbacher 
Departmen t  o f  Psycholog y an d Cognitiv e Scienc e Progra m 

Universit y o f  Oregon ,  Eugen e 

Imagine the following scenario: I am at a conference having a conversation 
wit h on e o f  my colleagues .  We ar e discussin g som e o f  th e paper s w e hear d durin g 
th e day' s meeting .  I n th e middl e o f  thi s discussion ,  I  nonchalantl y mention : 
"Watermelon s gro w wel l  i n th e South. "  Thi s utteranc e woul d lea d t o severa l 
consequences .  Wit h th e exceptio n o f  rri y  colleagu e concludin g tha t  I  wa s a  bi t 
odd ,  mos t  o f  thes e consequence s woul d b e a t  hi s o r  he r  expense . 

Subjectively ,  th e feelin g on e ha s whe n th e discours e topi c change s abruptl y 
i s somethin g lik e a  menta l  double-take .  We sto p fo r  a  puzzle d moment .  Mentall y 
we questio n th e speake r  o r  author :  Wai t  a  minute ,  weren' t  yo u jus t  talkin g 
abou t  Cognitiv e Science ? What  i n th e worl d doe s tha t  hav e t o d o wit h watermelons ? 
However ,  thi s over t  respons e occur s onl y t o th e mos t  blatan t  topi c changes . 
Thos e tha t  occu r  i n natura l  discours e ar e muc h mor e subtle .  I  sugges t  tha t  wha t 
occur s ther e i s a  cover t  response ,  a  cognitiv e Processin g Shift . 

The notio n o f  processin g shift s i s draw n fro m a  framewor k recentl y sketche d 
(Gernsbacher ,  1984) .  Accordin g t o thi s framework ,  th e goa l  o f  comprehensio n i s 
t o buil d u p a  coheren t  menta l  representatio n o f  th e complet e stimulu s an d thi s 
representatio n i s buil t  i n th e followin g way .  Durin g comprehensio n memor y "cells " 
ar e activate d b y incomin g information .  (Memor y cell s contai n previousl y store d 
menta l  representation s o r  traces) .  Initia l  activatio n o f  memor y cell s an d thei r 
transmissio n o f  processin g informatio n (enhancemen t  an d suppression )  lay s a 
foundation .  Onc e laid ,  congruen t  (simila r  o r  related )  stimulu s informatio n 
simpl y add s o n t o th e developin g structure .  Thi s i s becaus e th e mor e overlappin g 
th e incomin g informatio n i s wit h tha t  previousl y received ,  th e mor e likel y i t 
wil l  b e t o activat e th e sam e o r  connecte d cells .  However ,  th e les s congruen t  th e 
incomin g informatio n is ,  th e les s likel y i t  wil l  b e t o activat e th e sam e o r 
connecte d cells ;  hence ,  th e les s likel y i t  wil l  b e t o buil d o n t o th e developin g 
structure .  I n thi s case ,  a  differen t  se t  o f  cell s wil l  b e activated .  Becaus e 
thi s secon d se t  o f  cell s ha s no t  bee n recentl y activated ,  a  relativel y ne w 
foundatio n begin s t o b e laid .  Thi s shif t  fro m activel y buildin g on e structure , 
reall y a  sub-structure ,  t o initiatin g anothe r  i s a  processin g shift . 

Presumabl y processing  shift s shoul d b e manifeste d i n cognitiv e behavior . 
Likel y consequence s ar e tha t  processing  shift s consum e attention ,  retar d integration , 
and reduc e memoria l  retentio n (a t  leas t  o f  th e pre-topi c chang e material) .  Ther e 
i s som e evidenc e t o substantiat e eac h o f  thes e assume d responses .  Bu t  thi s 
evidenc e ha s bee n collecte d fro m comprehensio n situation s wher e th e topi c change s 
ar e o f  th e gros s semanti c typ e - -  simila r  t o my introductor y example .  I  wa s 
intereste d i n whethe r  indee d w e ar e als o sensitiv e t o mor e subtl e indicant s o f 
topi c change .  I n particular ,  I  wante d t o kno w wha t  cognitiv e response s migh t 
resul t  fro m processin g linguisti c device s tha t  signa l  topi c change .  Thre e suc h 
device s are :  Renomalization ,  Object-Subjec t  Conversion ,  an d Adverbia l  Leads . 
Thes e device s ar e bes t  describe d b y example ;  moreover ,  illustratin g the m wil l 
giv e me a  chanc e t o explai n som e o f  th e study' s methodologica l  nut s an d bolts . 

I  constructe d severa l  pair s o f  seven-sentenc e paragraphs .  Eac h pai r  differe d 
onl y b y thei r  fourt h an d fift h sentence .  I n on e member  o f  a  pair ,  th e linguisti c 
devic e appeare d i n th e fourt h sentence ,  whil e i n it s mat e paragraph ,  th e devic e 
appeare d i n th e fift h sentence .  I  wil l  refe r  t o thes e member s o f  a  pai r  a s version s 
A an d B ,  respectively .  So ,  fo r  example ,  a  pai r  o f  paragraph s usin g Renomalizatio n 

bega n wit h thes e thre e sentences :  (1 )  Jo e wa s studyin g har d fo r  hi s mat h test . 
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(2 )  H e ha d rea d tw o ohapter a i n th e book .  (3 1 H e was .  no w tryin g t o WQrk .  th e 
problems .  I n versio n A ,  th e fourt h sentenc e restate d th e m a m character' s name ; 
{4A )  Jo e coul d tel l  h e woul d b e u p al l  night .  I n versio n B. ,  tKt s renomallzatlp n 
di d no t  occu r  i n th e fourt h sentence ;  (4B) _ H e coul d tel l  h e woul d b e u p al l  night . 
Rather ,  i t  occurre d i n th e fift h sentence :  (5B. )  Jo e kne w h e shoul d Hau e begu n 
earlier .  I n contrast ,  th e fift h sentenc e o f  versio n A  resume d pronomaltzation ; 
(5A )  H e kne w h e shoul d hao e begu n earlier .  Bot h pair s ende d identically : 
(6 )  Bu t  earlie r  h e ha d a  bi g softbal l  game .  {J \  An d h e mua U preferre d softbal l 
t o math . 

A pai r  o f  paragraph s usin g Object-Subjec t  conversio n bega n wit h thes e thre e 
sentences :  (1 )  On e afternoo n Bet h wa s feelin g bored .  {2. \  Sh e wa s tire d o f 
watchin g television .  (3 )  Sh e picke d u p th e phon e an d calle d Jack ,  Then ,  i n 
versio n A ,  th e objec t  o f  th e previou s sentenc e wa s converte d t o tK e subject ; 
(4A )  Jac k aske d he r  wha t  sh e Ha d bee n doing .  T n versio n B ,  i t  wa r  not ;  C4B 1 
She aske d Jac k wha t  h e ha d bee n doing .  Rather ,  th e object-subjec t  conversio n 
appeare d i n th e fift h sentence :  (SB )  Jac k reall y di'dn H hav e muc h t o saxf .  Th e 
fift h sentenc e i n versio n A  maintaine d th e conversion :  C5A )  H e reall u didn' t 
hav e to o muc h t o say .  An d agai n th e tw o pair s ende d identically ;  (6 J Hk'jixA t 
tol d he A abou t  It U balin g day .  (7 1 At t  kz' d bee n doin g mi s uxutchln g T,V . 

Finally ,  a  pai r  o f  paragraph s usin g a n Adverbia l  Lea d bega n wit h thes e thre e 
sentences :  (1 1 Th z ma n Ma& fittin g o n hl & ^ncn t  pon.ali .  {2 \  H e tm ^  alon z an d 
fizadln Q a  mmspapoA.  (3 1 H e wa 4 znjoijln g th z pzac z an d qulzt .  Th e fourt h 
sentenc e o f  versio n A  bega n wit h a n adverb :  (4A l  SaddznZy ,  he .  hzoA d 6om^on2 . 
CjoJUL fv U najno. .  I n versio n B ,  i t  di d not :  C4B1 tfe  RzoA d 6om2jo m stoA t  catLCn g 
out  Iv u naxm .  Rather ,  th e adver b frontin g occurre d i n th e fift h sentence ; 
(5B l  Suddznly ,  ho .  Ka n i  î ld z t o iln d ou t  iohy .  An d again ,  th e tw o version s 
ende d identically :  (.6 1 H e £oun d Hi s uiL{,e .  fiy-Cn g t o ope n a  ja/i .  0 \  T- t  appQ.aAz d 
tha t  jsh z nzzdz d hi s heZp .  CNot e als o tha t  despit e thes e manipulations ,  th e 
critica l  fourt h an d fift h sentence s alway s containe d approximatel y th e sam e 
number  o f  character s i n th e A  o r  B  versio n 1 . 

I n eac h o f  thes e pairs ,  comparin g th e cognitiv e response s occurrin g afte r 
th e critica l  fourt h vs .  fift h sentence s shoul d indicat e whethe r  th e manipulate d 
linguisti c devic e effecte d a  processin g shif t  (presumin g tha t  processin g shift s 
ar e indee d manifeste d int o cognitiv e behaviors! .  I n a  firs t  experiment ,  I  looke d 
at  wha t  migh t  b e considere d attentiona l  o r  integrativ e responses .  Subject s wer e 
presente d wit h thes e paragraph s t o rea d line-by-line .  Thei r  self-pace d readin g 
time s wer e recorded .  Presumably ,  th e mor e attentio n demandin g o r  difficul t  th e 
integratio n process ,  th e longe r  th e readin g titne .  I n a  secon d experiHient ,  a  mor e 
direc t  measur e o f  attentiona l  capacit y wa s taken :  whil e subject s wer e compre -
hendin g thes e paragraph s the y simultaneousl y monitore d fo r  a  stimulu s externa l 
t o th e sentence s ( a probel .  Presumably ,  th e mor e attentio n consumed ,  th e slowe r 
th e respons e t o th e probe .  I n a  thir d experiment ,  memoria l  availabilit y wa s 
observed .  Immediatel y afte r  comprehendin g th e fourt h o r  fift h sentence ,  subject s 
wer e aske d t o mak e a  speede d judgmen t  a s t o whethe r  a  tes t  sentenc e wa s identica l 
t o a  previousl y presente d one .  Presumably ,  th e les s availabl e a  memor y 
representation ,  th e slowe r  an d les s accurat e th e judgment . 

Ther e wer e severa l  possibilities .  First ,  i t  wa s possibl e tha t  w e ar e onl y 
sensitiv e t o on e o r  tw o o f  thes e linguisti c codin g devices .  Second ,  perhiip s onl y 
one o r  tw o o f  th e investigate d cognitiv e response s ar e manifestation s o f  th e 
propose d processin g shifts .  Thir d an d leas t  optimistic ,  i t  coul d b e tha t  non e o f 
th e linguisti c codin g device s noticeabl y lea d t o an y o f  th e cogniti-v e responses , 
at  leas t  a s I  operationalize d al l  thes e concepts .  Now ,  speakin g o f  watermelon s .. . 
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Themati c organizatio n an d attentio n i n discours e productio n 

Russell S. Tom!in 
Departmen t  o f  Linguistic s an d Cognitiv e Scienc e Progra m 

Universit y o f  Oregon ,  Eugen e 

On-line oral descriptions of brief computer animated films show 
tha t  th e organizatio n o f  discours e productio n an d it s accompanyin g 
syntacti c manifestation s ca n b e change d unde r  differentia l  primin g o f 
visua l  attentio n befor e an d durin g viewing . 

I n recen t  linguisti c literature ,  ther e ha s bee n considerabl e 
interes t  i n th e rol e playe d b y synta x i n codin g differen t  kind s o f 
discours e informatio n (cf .  recen t  collection s b y Chaf e (1980 )  o r 
Givo n (1983)) .  Numerou s studie s hav e examine d th e syntacti c codin g 
of  themati c information ,  informatio n o f  relativel y greate r  importanc e 
t o th e overal l  discourse ,  considerin g bot h clause-leve l  them e o r 
topi c (themati c arguments )  an d foreground-backgroun d informatio n 
(themati c propositions) .  I n eac h o f  thes e kind s o f  case s difference s 
i n th e relativ e importanc e o r  salienc e o f  argument s o r  proposition s 
t o th e overal l  discours e correlat e wit h difference s i n thei r  syntacti c 
treatmen t  (e.g .  themati c argument s ar e code d b y syntacti c subject ; 
themati c proposition s b y independen t  clauses) . 

I n al l  suc h studie s o f  themati c informatio n an d synta x ther e exist s 
a fundamenta l  weaknes s i n argumentatio n fo r  th e functiona l  correlatio n 
proposed .  Thi s weaknes s i s th e proble m o f  identifyin g th e themati c 
unit s o f  interes t  i n actua l  discours e dat a clearl y an d explicitl y  an d 
wit h syntax-independen t  criteria .  Curren t  identificatio n strategie s 
rel y eithe r  o n syntacti c evidenc e (resultin g i n circula r  argumentation ) 
or  o n individua l  introspection . 

Lookin g t o researc h i n cognitiv e psycholog y suggest s tha t  th e 
selectiv e focusin g o n informatio n accordin g t o it s importanc e i n discours e 
may b e th e linguisti c reflectio n o f  th e mor e genera l  processe s o f 
selectivel y focusin g attentio n durin g informatio n processing .  I f  a 
connectio n ca n b e establishe d betwee n cognitiv e attentio n an d linguisti c 
attention ,  empiricall y mor e soun d method s o f  identifyin g themati c 
informatio n i n natura l  discours e dat a may b e developed . 

Two group s o f  subject s wer e aske d t o produc e ora l  on-lin e description s 
of  animate d film s compose d o f  multipl e character s interactin g i n a  variet y 
of  ways .  Tw o version s o f  th e compute r  animate d fil m wer e made .  Identica l 
targe t  segment s i n eac h fil m wer e differentiall y  prime d t o increas e o r 
decreas e th e overal l  importanc e o f  individua l  character s an d th e targe t 
segment  even t  t o th e overal l  film .  Visua l  prime s consiste d eithe r  o f 
scene s focusin g o n differen t  character s precedin g th e targe t  segmen t 
(externa l  priming )  o r  highlightin g character s withi n th e targe t  segmen t 
(interna l  priming) . 

I t  i s  expecte d tha t  particula r  character s an d event s wil l  tak e o n 
differen t  level s o f  importance ,  o r  thematicity ,  i n respons e t o differentia l 
priming .  Thi s shoul d resul t  i n subject s producin g protocol s whic h diffe r 
significantl y i n th e assignmen t  o f  argument s t o subjec t  positio n an d i n 
th e us e o f  referrin g expressions . 
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G E N E R AL S U M M A RY O F S Y M P O S I UM 

Thi s symposiu m i s concerne d wit h th e natur e o f  competen t  performanc e b y 
exper t  physicians .  Whil e thi s issu e ha s bee n studie d fro m th e poin t  o f  vie w o f 
cognitiv e scienc e fo r  a  numbe r  o f  years ,  th e earlie r  wor k tende d t o concentrat e 
on genera l  proble m solvin g processes .  N o effor t  wa s mad e t o characteriz e th e 
knowledg e bas e o r  investigat e processe s highl y dependen t  o n it .  I n term s o f 

Newell' s  wel l  know n distinction ,  th e focu s wa s o n wea k rathe r  tha n stron g 
methods . 

More recently, however, a number of approaches have evolved that attempt 
t o tak e directl y int o accoun t  th e relationshi p betwee n th e knowledg e bas e an d th e 
processe s utilized .  The y ste m fro m fou r  areas ,  eac h o f  whic h i s represente d i n 
thi s symposium :  proble m solvin g (Feltovich) ,  knowledg e engineerin g (Clancey) , 
propositiona l  analysi s (Pate l  e t  al )  an d th e psycholog y o f  perceptio n an d memor y 
(Lesgol d e t  al) . 

These approaches all have in common the fact that they tend to go beyond 
th e standar d theor y an d empirica l  methodolog y o f  proble m solving .  Comprehensio n 
processe s pla y a  crucia l  role .  Th e model s ar e mor e oriente d toward s frame s an d 
schemas .  Th e empirica l  technique s mak e fa r  mor e extensiv e us e o f  probes . 

Medical problem solving is almost a prototype of a "messy", realistic domain. 
I t  deal s wit h extremel y comple x stimul i  an d verball y ric h protocols .  Performanc e 
i s highl y dependen t  o n a n elaborat e bu t  onl y partiall y  wel l  define d knowledg e base . 
Becaus e o f  this ,  th e approache s describe d b y th e participant s o f  thi s symposiu m 
may b e relevan t  t o othe r  area s wher e simila r  issue s o f  complexit y mus t  b e faced . 
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Knowledge-base d Component s o f  Expertis e 
i n Medica l  Diagnosi s 

Paul  J .  Feltovic h 
Souther n Illinoi s Universit y Schoo l  o f  Medicin e 

Studie s o f  clinica l  reasonin g prio r  t o thi s on e ha d establishe d th e 
genera l  for m o f  clinica l  reasonin g a s hypothesi s testing ;  cue s i n patien t  dat a 
sugges t  interpretiv e hypothese s whic h direc t  furthe r  interrogatio n o f  a  case . 

However ,  parameter s o f  thi s proces s reflectin g timin g an d numbe r  o f  hypothese s 
di d no t  discriminat e exper t  fro m novic e reasoning .  A s als o indicate d b y othe r 
psychologica l  studie s emergin g a t  th e tim e (e.g. ,  chess) ,  expertis e appeare d 
t o resid e i n th e qualit y o f  diagnosti c outcome s (intermediat e an d ultimate ) 
and i n th e knowledg e bas e supportin g reasoning .  Th e presen t  stud y i n pedi -
atri c cardiolog y se t  ou t  t o explor e th e root s o f  qualit y i n th e knowledg e bas e 
of  clinica l  practitioners . 

Hypotheses about the disease knowledge base and its development with 
experienc e wer e proposed ,  involving :  (1 )  density ,  th e clusterin g o f  simila r 
disease s int o categories ,  (2 )  precision ,  th e tunin g o f  clinica l  expectation s 
i n a  diseas e t o thei r  naturall y occurrin g variability ,  an d (3 )  non -
classicality ,  th e elaboratio n o f  diseas e prototype s int o man y les s repre -
sentativ e variations . 

Medical subjects (students through highly experienced professionals) diag-
nose d clinica l  case s whil e thinkin g aloud .  Eac h cas e wa s designe d t o tes t  on e 
of  th e aspect s o f  diseas e knowledge .  Thi s wa s aide d b y th e us e o f  a  "garde n 
path "  methodolog y b y whic h subject s wer e le d initiall y  t o a n erroneou s hypo -
thesi s an d ha d t o adjus t  i n particula r  way s i f  the y wer e t o b e successfu l  i n 
th e case .  Th e focu s o n qualit y i n th e stud y wa s addresse d throug h analysi s o f 
subjects '  us e o f  "logica l  competito r  sets "  (LCS) ,  hypothese s sharin g a  "deep " 
physiologica l  commonalit y an d define d i n advanc e t o b e plausibl e explanation s 
fo r  eac h case . 

Results were generally consistent with the hypotheses concerning knowledge 
bas e development .  Expert s generate d an d considere d LC S disease s i n groups , 
branche d t o subtl e diseas e variation s wher e appropriate ,  an d evaluate d alter -
native s appropriatel y t o mak e discriminations .  Novice s considere d subset s o f 
th e LC S mor e i n isolation ,  ofte n focusin g o n th e classi c prototype ,  an d mad e 
systemati c error s o f  evaluation ,  reflectin g imprecision . 

Quality in clinical reasoning was attributed partly to a dense interactive 
knowledg e bas e fo r  disease s organize d b y pathophysiologica l  "dee p structure, " 
many variation s o n eac h diseas e theme ,  an d well-tune d clinica l  expectation s 
fo r  diseases . 
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Radiologic& l  Expertis e an d It s Acquisitio n 

Alan Lesgold 
Rober t  Glase r 

Harrie t  Rubinso n 
Dal e Klopfe r 

Data will be presented froa studies of radiology residents and experts shoving 
difference s i n th e qualitativ e characteristic s o f  th e diagnosti c proces s a t 
journeyma n an d maste r  levels .  Thes e difference s ar e generall y consisten t  wit h othe r 
dat a o n e]q)ertis e bu t  hav e a  uniqu e qualitativ e characte r  becaus e o f  th e heav y 
perceptua l  loadin g o f  th e radiologica l  diagnosi s tas k i n additio n t o it s cognitiv e 
sid e Expertis e play s a  heav y rol e eve n i n wher e particula r  feature s ar e seen . 
Preliminar y result s o f  longitudina l  trackin g o f  attende d feature s ove r  th e cours e o f 
learnin g lil l  b e use d t o illustrat e effect s o f  dee p conceptua l  knowledg e o n 
diagnosis . 

Some of the assertions supported by the results to date include: 

• The ability to construct detailed mental representations of the physical 
situation s thic h gav e ris e t o a n imag e i s a  critica l  aspec t  o f  expertis e 
i n perceptua l  diagnosti c skills . 

e The knowledge which underlies radiological expertise includes the mental 
representatio n o f  relevan t  bod y structures ,  a  theor y o f  th e perturbatio n 

of  thos e structure s unde r  pathology ,  an d th e projectio n o f  thos e 
structure s int o th e domai n o f  diagnosti c imager; . 

• Experts have more automated perceptual processes that are sensitive to a 
variet y o f  anatomica l  variation s Thes e automate d capabilitie s ar e th e 
produc t  o f  mor e elaborate d an d flexibl e schemat a tha t  ar e slowl y buil t  u p 
ove r  th e cours e o f  training . 

• Novices have difficulty constructing representations in which the same 
stimulu s featur e i s mappe d ont o tw o differen t  objects . 

• The precise, rapid recognition skill that characterizes expertise involves 
interaction s betwee n highe r  an d lowe r  level s o f  representation .  I t  i s  no t 
purel y top-dow n o r  bottom-up . 

• Experts recognize constraints on problem solution early but defer 
decision s unti l  the y ar e necessary .  &q)ert s ar e opportunisti c planners . 

• Novices are more likely to maintain bad film interpretations in the face 
of  discrepan t  evidenc e fro m th e patient' s clinica l  history . 

• Novice schemata are classic and less tunable 
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The Operator s o f  Diagnosti c Strateg y 

William 3. Clancey 

Stanford University 

N E O M Y C IN i s a  compute r  progra m tha t  model s on e physician' s diagnosti c 
reasonin g withi n a  limite d are a o f  medicine .  NEOMYCIN ' S diagnosti c procedur e 
i s represente d i n a  well-structure d way ,  separatel y fro m th e domai n knowledg e i t 
operate s upon .  W e ar e testin g th e hypothesi s tha t  suc h a  procedur e ca n b e use d 
t o simulat e bot h exper t  problem-solvin g behavio r  an d a  goo d teacher' s explanation s 
of  reasoning . 

The model is acquired by protocol analysis, using a framework that separates 
an expert' s  causa l  explanation s o f  evidenc e fro m hi s description s o f  knowledg e 
organizatio n an d strategies .  Th e mode l  i s represente d b y a  procedura l  networ k o f 
goal s an d rule s tha t  ar e state d i n term s o f  th e effec t  th e proble m solve r  i s tryin g 
t o hav e o n hi s evolvin g mode l  o f  th e world .  Th e mode l  i s evaluate d fo r 
sufficienc y b y testin g i t  i n differen t  setting s requirin g expertise ,  suc h a s providin g 
advic e an d teaching .  Th e mode l  i s evaluate d fo r  plausibilit y  b y arguin g tha t  th e 
constraint s implici t  i n th e diagnosti c procedur e ar e impose d b y th e tas k domai n 
and huma n computationa l  capability . 

This paper discusses NEOMYCIN'S diagnostic procedure in detail, viewing it 
as a  memor y aid ,  a s a  se t  o f  operators ,  a s proceduralize d constraints ,  an d a s a 
grammar .  Thi s stud y provide s ne w perspective s o n th e natur e o f  "knowledg e 
compilation "  an d ho w a n expert-teacher' s explanation s relat e t o a  workin g program . 
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P R O P O S I T I O N AL R E P R E S E N T A T I ON I N T H E 
A N A L Y S IS O F CLINICA L P R O B L EM SOLVIN G 

Vim! a L .  Pate l 
Guy 3 .  Groe n 

Centre for Medical Education, 
McGil l  Universit y 

We conside r  a  mode l  o f  clinica l  reasonin g base d o n theorie s o f  cognitiv e 
processe s i n tex t  comprehensio n whic h view s exper t  diagnosti c reasonin g a s drive n 
by cas e comprehension .  Ou r  principa l  mean s fo r  identifyin g th e cognitiv e 
processe s underlyin g cas e comprehensio n i s throug h th e applicatio n o f  th e 
propositiona l  analysi s technique s o f  C.H .  Frederiksen .  I n a n analysi s o f  inference s 
tha t  subject s produce d i n recallin g cas e information ,  Pate l  an d Frederikse n hav e 
show n tha t  ther e i s a  differenc e i n cas e representatio n an d interpretatio n b y 
physician s an d medica l  students . 

In this paper we focus on procedures which look directly at problem solving 
an d th e relationshi p o f  proble m solvin g t o cas e comprehension .  Here ,  proble m 
solvin g i s viewe d a s a  sequenc e o f  fram e transformations ,  th e fina l  transformatio n 
bein g th e on e tha t  generate s th e diagnosis .  W e investigat e th e physicians '  abilit y 
t o shif t  betwee n variou s frames ,  usin g specifi c  question s a s probes .  Th e tas k 
involve s presentin g a  physicia n wit h a  clinica l  proble m tex t  (infectiou s endocarditis ) 
t o rea d an d the n recall .  Next ,  th e physicia n i s aske d t o summariz e th e 
pathophysiologica l  aspect s o f  th e clinica l  problem .  Finally ,  th e physicia n i s 
require d t o mak e a  diagnosis .  Th e fram e constructio n durin g a  proble m solvin g 

tas k reveale d i n th e subjects '  response s t o specifi c  probe s provide s th e "baseline " 
informatio n agains t  whic h al l  question-induce d shift s i n fram e processin g ar e 
assessed . 

This procedure directly manipulates the frame construction (or transformation) 
processe s throug h th e us e o f  probe s tha t  requir e processin g a  proble m solvin g tex t 
accordin g t o a  particula r  fram e structure ,  an d w e us e thi s procedur e t o stud y th e 
exten t  t o whic h ther e i s a  fram e shif t  wit h respec t  t o specifi c  probe s i n 
physicians '  clinica l  reasonin g process . 
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The Biologica l  Constrain t 

A Symposium 

Organizer: James L. McClelland 
Departmen t  o f  Psycholog y 

Carnegie-Mello n Universit y 

Many biologists see human cognition as a supreme example of the power of 
biologica l  mechanisms .  Bu t  cognitiv e scientist s ofte n forge t  tha t  cognitio n 
i s a  biologica l  proces s a t  all . 

In the early days of cognitive science and its predecessors, a shift away from 
biolog y wa s importan t  an d Justified .  Ou r  firs t  tas k wa s t o sho w tha t  ideas , 
memories ,  thought s an d perception s wer e importan t  explanator y constructs , 
independen t  o f  thei r  possibl e implementatio n i n th e brain .  Now ,  i t  occur s t o 
more an d mor e o f  u s tha t  wha t  w e kno w abou t  th e brai n an d it s evolutio n migh t 
hel p u s t o understan d cognitio n mor e deeply .  T o some ,  th e standar d tool s o f 
th e cognitiv e psychologis t  see m insufficien t  t o answe r  fundamenta l  questions . 
To others ,  th e struggl e t o implemen t  intelligenc e i n th e vo n Neuman n compute r 
has yielde d increase d respec t  fo r  th e computationa l  powe r  o f  th e brain .  Thes e 
and othe r  feeling s hav e motivate d a  searc h fo r  clue s t o cognitiv e functio n i n 
th e biologica l  substrate . 

As we have been moving in these directions, there has been considerable 
developmen t  aroun d us .  A  numbe r  o f  researcher s traine d i n neurophysiolog y 
hav e begu n t o sugges t  ho w wha t  w e kno w abou t  th e brai n ca n b e use d t o enhanc e 
our  model s o f  cognitiv e processes .  Neuropsychologist s hav e bee n employin g th e 
methodologica l  an d theoretica l  tool s o f  th e cognitiv e scientis t  i n thei r 
analyse s o f  neurologica l  dysfunction ,  wit h result s whic h ar e sur e t o influenc e 
theorizin g abou t  norma l  cognition .  An d som e psychobiologist s hav e suggeste d 
how a n evolutionar y perspectiv e migh t  hel p u s understan d som e aspect s o f 
menta l  organization . 

This symposium is intended to celebrate and reinforce these trends. Four 
speakers ,  eac h representin g a  differen t  viewpoin t  o n th e biologica l  constrain t 
on cognition ,  wil l  giv e u s brie f  glimpse s o f  thei r  work .  Nea l  Cohe n describe s 
some strikin g evidenc e o f  preserve d abilit y  t o acquir e cognitiv e skill s  i n 
patient s wh o sho w profoun d deficit s i n th e abilit y  t o remembe r  fact s an d 
events .  Thi s evidenc e ha s profoun d implication s fo r  theorie s o f  learnin g an d 
memory.  Pau l  Rozi n explain s ho w a n evolutionar y approac h ca n she d ligh t  o n 
th e role s o f  specialize d module s an d generalizabl e system s i n cognition . 
Terr y Sejnowsk i  describe s som e o f  th e propertie s o f  th e cerebra l  corte x an d 
point s t o som e o f  th e implication s o f  thes e propertie s fo r  biologica l 
computation .  An d Jerr y Feldma n tell s u s som e o f  th e way s w e mus t  chang e ou r 
thinkin g abou t  cognitiv e processe s i f  w e wis h t o develo p model s tha t  respec t 
th e strength s an d weaknesse s o f  th e brain . 
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Neuropsychological Constraints on the Organization of Memory 

Neal J. Cohen 
Departmen t  o f  Psycholog y 
John s Hopkin s Universit y 

Neuropsychological investigation of patients with cognitive impairments 
followin g brai n insul t  ha s lon g bee n directe d a t  understandin g th e th e 
organizatio n o f  menta l  processe s a t  a n anatomica l  level .  Recently ,  however , 
considerabl e attentio n ha s bee n focuse d o n th e potentia l  contribution s o f 
neuropsychologica l  wor k t o a n understandin g o f  organizatio n a t  a  functiona l  o r 
cognitiv e level .  Damage t o discret e region s o f  th e brai n ca n produc e 
surprisingl y circumscribe d deficit s tha t  ar e specifi c  t o particula r  cognitiv e 
domains ,  and ,  indeed ,  specifi c  t o particula r  componen t  processe s o r  system s 
withi n a  give n cognitiv e domain .  Th e selectivit y o f  thes e deficit s indicate s 
constraint s o n cognitiv e organizatio n impose d b y th e architectur e o f  th e 
brain .  Identificatio n an d characterizatio n o f  th e natur e o f  thes e selectiv e 
cognitiv e deficit s ha s permitte d new ,  principle d inference s t o b e draw n abou t 
th e organizatio n o f  norma l  cognitiv e systems ,  an d i t  ha s provide d confirmatio n 
of  th e biologica l  validit y o f  aspect s o f  model s derive d fro m wor k wit h norma l 
subject s o r  compute r  simulations . 

This paper will focus on one example of the way in which cognitive 
neuropsychologica l  researc h identifie s importan t  biologica l  constraint s o n 
cognition .  I n brief ,  recen t  studie s hav e reveale d tha t  amnesi c patient s wit h 
sever e an d pervasiv e disorder s i n learnin g an d memor y ca n nonetheles s acquir e 
new cognitiv e skill s  a t  a  rat e an d i n a  manne r  comparabl e t o norma l  contro l 
subjects .  Thes e subject s retai n th e capacit y t o acquir e informatio n tha t 
guide s performanc e whil e a t  th e sam e tim e showin g a  profoun d disabilit y  i n 
acquirin g memor y trace s accessibl e t o verba l  repor t  o r  othe r  explici t  memor y 
retrieva l  processes .  Fo r  example ,  suc h patient s ca n lear n th e optima l 
solutio n t o th e Towe r  o f  Hano i  problem ,  eve n thoug h the y ma y b e incapabl e o f 
rememberin g tha t  the y hav e don e th e proble m before ,  o r  tha t  the y kno w ho w t o 
solv e it .  The y ma y als o b e incapabl e o f  explainin g eithe r  th e solution s the y 
produc e o r  th e constraint s the y observ e i n producin g a  lega l  an d optima l 
serie s o f  moves . 

Future models of normal learning and memory must account for this striking 
dissociation .  Suc h account s ma y b e buil t  aroun d th e assumptio n tha t  ther e ar e 
fundamenta l  difference s betwee n th e memor y processe s o r  system s mediatin g 
skille d performanc e an d thos e mediatin g th e rememberin g o f  fact s an d events . 
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Adaptiv e Evolutio n Applie d t o Cognitio n 
and th e Concep t  o f  Accessibilit y 

Paul Rozin 
Depsu'tmen t  o f  Psycholog y 

Universit y o f  Pennsylvani a 

Cognitive processes, like other biological phenomena, are subject to adaptive 
and evolutionar y explanation s a s wel l  a s t o explanatio n i n term s o f 
mechanisms .  I n additio n t o providin g a  differen t  typ e o f  explanation , 
adaptiv e (functional )  an d evolutionar y explanation s ca n enlighte n th e searc h 
fo r  mechanis m i n a  numbe r  o f  ways .  Fo r  example ,  principle s o f  behavio r  o r 
cognitio n ca n b e arrive d a t  b y a  stud y o f  functio n (e.g. ,  optimization) .  I n 
addition ,  functiona l  consideration s ma y provid e clue s t o mechanis m an d focu s 
researc h o n phenomen a wit h ecologica l  validity . 

The adaptive and evolutionary approach emphasises diversity, both within the 
organis m an d acros s species .  Some processe s — an d certainly ,  som e processin g 
principle s — ma y b e domai n general .  Bu t  mos t  cognitiv e an d behaviora l 
adaptation s ar e see n a s solution s t o specifi c  problem s an d henc e ar e expecte d 
t o sho w specifi c  adaptatio n t o th e peculia r  propertie s o f  thes e problems . 
Adaptiv e specialization s o f  thi s sor t  ar e illustrate d b y highl y sophisticate d 
perceptua l  an d navigationa l  abilitie s i n som e species .  Thes e specialization s 
ar e availabl e onl y t o a  restricte d se t  o f  input s an d outputs ,  an d ar e 
therefor e describe d a s inaccessible . 

It is proposed that cognitive capacities can be arrayed on a dimension of 
accessibility .  A t  on e extrem e thes e capacitie s ar e inaccessibl e o r  domai n 
limited .  A t  th e othe r  extrem e the y ar e utilize d i n man y system s an d perhap s 
availabl e t o consciousness .  Par t  o f  th e evolutio n o f  intelligenc e migh t 
involv e increasin g accessibilit y  o f  originall y tightl y wire d o r  inaccessibl e 
programs .  Thus ,  whil e Pavlovia n Conditionin g ma y hav e originall y appeare d i n 
a ver y specifi c  context ,  throug h evolutio n i t  become s a  generall y accessibl e 
system .  Th e majo r  evolutionar y mechanis m responsibl e fo r  thi s i s probabl y 
preadaptation ,  i n whic h a  structur e originall y evolve d fo r  on e purpos e i s use d 
fo r  another .  Thi s ca n happe n i n tw o ways :  B y sharin g o f  th e actua l  circuitr y 
or  b y reduplicatio n o f  th e circuitr y throug h us e o f  geneti c blueprints . 

Accessibility also describes some basic features of development. Piagetian 
decollage s ar e example s o f  increasin g accessibilit y  i n whic h th e sam e progra m 
becomes operativ e i n wide r  an d wide r  domains .  Similarly ,  som e aspect s o f 
educatio n involv e gettin g acces s t o wha t  on e alread y knows .  Thus ,  i n learnin g 
alphabet s th e critica l  insigh t  ha s t o d o wit h phonemi c segmentation .  Thi s i s 
carrie d ou t  b y a  specialize d par t  o f  th e brai n involve d i n speec h perceptio n 
and tie d int o th e ear-mout h inpu t  outpu t  system .  Bu t  i n learnin g t o read ,  on e 
must  acces s thi s syste m throug h a  ne w route ,  th e visua l  system .  O n th e othe r 
hand ,  man y aspect s o f  neuropsycholog y ca n b e describe d a s los s o f  access . 
Thi s i s essentiall y  wha t  Geschwin d describe s a s a  disconnectio n syndrome . 

In general, the concept of accessibility allows for different degrees of 
domai n specificit y an d fo r  systemati c change s usuall y i n th e directio n o f 
greate r  accessibilit y  i n evolutio n an d development ,  an d i n th e directio n o f 
decrease d accessibilit y  i n agin g an d neuropathology . 
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Cortica l  Computatio n 

Terrenc e J .  Sejnowak i 

Biophysic s Departmen t 
John s Hopklr s Universit y 

Computation by digital computers is the only thoroughly studied model of 
symboli c informatio n processin g tha t  w e have ,  s o i t  i s  no t  to o surprisin g tha t 
computatio n i s ofte n define d withi n th e conceptua l  framewor k o f  vo n Neuman n 
machines .  I t  i s  difficul t  t o underestimat e ho w thi s mode l  o f  computatio n 
dominate s ou r  thinking .  I f  on e wante d t o stud y language ,  fo r  example ,  i t 
woul d see m tha t  measurin g electrica l  an d chemica l  signal s insid e th e brai n 
woul d b e o f  a s littl e us e a s measurin g signal s insid e a  digita l  compute r  i f 
one wante d t o stud y th e program s tha t  wer e running .  Thi s reasoning ,  however , 
may b e profoundl y misleadin g becaus e digita l  computer s wer e designe d wit h ver y 
differen t  constraint s an d fo r  ver y differen t  purposes . 

Structural reasoning about biological systems can best be explained in a 
syste m tha t  i s alread y understoo d a t  a  conceptu5 d level .  Tak e fo r  example , 
th e digestiv e system ,  whic h onc e wa s a s obscur e a s th e nervou s system .  Ho w 
much ca n b e learne d abou t  digestio n i f  on e examine s onl y wha t  goe s i n an d wha t 
comes out ? A  grea t  dea l  ca n b e learne d abou t  th e compositio n o f  foo d an d th e 
compositio n o f  waste ;  however ,  th e transformatio n betwee n the m i s highl y unde r 
determine d an d wil l  als o depen d o n a n unpredictabl e interna l  state .  Th e 
problem s o f  digestio n wer e solve d b y lookin g int o ou r  bodie s an d discoverin g 
organ s an d function s fo r  thos e organs .  Th e concep t  o f  a n enzyme ,  a  ke y t o th e 
digestiv e process ,  followe d fro m a  detaile d analysi s o f  th e interna l  fluids . 

The architecture of the brain is much more closely tied to its function than 
i s th e architectur e o f  genera l  purpos e digita l  computers .  Th e anatomica l 
connectivity ,  bot h withi n a n are a an d betwee n areas ,  i s itsel f  highl y 
revealin g abou t  th e typ e o f  computatio n tha t  i s performed .  Man y area s o f  th e 
brai n ar e dedicate d t o specia l  tasks ,  suc h a s photo-transductio n i n th e retin a 
and ey e movement s i n th e oculomoto r  nuclei ,  an d th e par t  o f  th e brai n tha t  i s 
most  closel y associate d wit h cognition ,  cerebra l  cortex ,  i s  parcele d int o 
area s havin g differen t  functions .  Fro m recen t  anatomica l  an d physiologica l 
wor k i n man y cortica l  areas ,  a  ne w vie w o f  cortica l  processin g i s emergin g 
tha t  i s differen t  fro m th e vo n Neuman n architecture .  Thi s vie w i s base d o n 
paralle l  rathe r  tha n seria l  processing ,  distribute d rathe r  tha n loca l 
representation s an d stochasti c rathe r  tha n deterministi c algorithms ,  an d ma y 
offe r  a n alternativ e conceptua l  framewor k withi n whic h t o thin k abou t  ou r 
cognitiv e abilities . 
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Computational Constraints from Biology 

Jerry Feldman 
Departmen t  o f  Compute r  Scienc e 

Universit y o f  Rocheste r 

Even the crudest consideration of neural computation imposes severe 
constraint s o n th e plausibl e organization s fo r  cognitiv e processes .  Th e mos t 
obviou s constrain t  i s  th e remarkabl y smal l  numbe r  o f  sequentia l  tim e step s 
involve d i n intelligen t  activity ,  bu t  ther e ar e additiona l  constraint s impose d 
by th e moderat e numbe r  (~1011 )  o f  units ,  thei r  limite d ( < sqr t  N ) 
connectivity ,  an d th e relativ e lac k o f  plasticit y i n adulthood .  Th e 
exploratio n o f  th e computationa l  consequence s o f  thes e constraint s ha s alread y 
been fruitfu l  an d coul d becom e a  significan t  aspec t  o f  Cognitiv e Science . 

One consequence of taking these computational constraints seriously is a 
profoun d reservatio n o n th e ultimat e viabilit y  o f  man y o f  th e informatio n 
processin g model s currentl y dominatin g th e field .  An y paradig m tha t  depend s o n 
centra l  control ,  dat a structure s o r  symbo l  manipulatio n present s th e proble m 
of  havin g n o obviou s reductio n t o th e underlyin g computationa l  system . 
Researcher s motivate d b y biologica l  constraint s hav e tende d t o wor k o n 
positiv e result s rathe r  tha n argu e paradigm s an d hav e bee n exploitin g insight s 
gaine d throug h traditiona l  approaches .  Bu t  i t  doe s see m likel y tha t  man y 
problem s tha t  appea r  intractabl e i n conventiona l  informatio n processin g 
paradigm s wil l  b e accessibl e i n a  mor e natura l  formalis m an d tha t  cognitiv e 
scientist s fro m al l  domain s shoul d examin e whethe r  carefu l  consideratio n o f 
th e biologica l  constrain t  migh t  b e timely . 
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A M O D EL O F E X P E RT DESIG N 

Beth Adelson, D&yid Littmui, and Elliot Soloway 

Cognitioo and Programming Project 

Departmen t  o f  Compnte r  Scienc e 

Yal e Universit y 

New Haren ,  Connecticu t  0052 0 

1.  Motivatio n a n d Goals * 
I n thi s pape r  w e wil l  presen t  a  mode l  o f  exper t  softwar e desig n whic h w e hav e develope d i n th e 

cours e o f  analyzin g protocol s o f  exper t  designer s designin g a n electroni c mai l  system .  T w o goal s 

motivate d thi s work :  Th e firs t  wa s t o se e expert s solvin g problem s whic h calle d upo n thei r 

proble m solvin g abilities ,  a s wel l  a s thei r  "Voutin e cognitiv e skills" .  Th e secon d wa s t o creat e a 

situatio n i n whic h genera l  proble m solvin g operator s coul d b e see n t o interac t  wit h a  ric h 

knowledg e base .  Towards '  thes e goal s w e presente d exper t  softwar e designer s wit h a  nove l  an d 

comple x proble m fro m a  domai n wit h whic h the y wer e familiar .  Th e resul t  wa s a  mode l  whic h 

unite s severa l  repeatedl y foun d behavior s int o a n interpretabl e whol e (Jeffries ,  Turner ,  Poiso n & 

Atwood ,  1081 ;  Kan t  an d Newell ,  1982 ;  Atwood ,  Turner ,  Ramse y an d Hooper ,  1079) . 

2 .  Me thodo log y 

Subjects .  Thre e exper t  designers .  Eac h o f  ou r  expert s ha d worke d fo r  a t  leas t  eigh t  year s i n 

commercia l  setting s designin g a  wid e variet y o f  software . 

Procedure. We presented each of the designers with the following design task to work on. 

T A SK — Desig n a n electroni c mai l  syste m aroun d th e followin g primitives :  RE1\D ,  REPLY, 
SEND,  DELETE,  SAVE,  EDIT ,  LIST-HEADERS .  Th e goa l  i s  t o ge t  t o th e leve l  o f  pseudocod e 
tha t  coul d b e use d b y professiona l  programmer s t o produc e a  runnin g program .  Th e mai l  syste m 
wil l  ru n o n a  ver y large ,  fas t  machin e s o hardwar e consideration s ar e no t  a n issue . 

The task we gave our subjects had several important properties: It was complex, requiring 

clos e t o tw o hour s o f  ou r  expert' s  time .  W e hope d therefor e t o b e abl e t o se e somethin g o f  th e 

skill s  tha t  mak e u p expertise .  I t  wa s novel ,  non e o f  ou r  expert s ha d designe d a  solutio n t o th e 

proble m previously .  Thi s mean t  tha t  w e woul d no t  b e seein g onl y "routin e cognitiv e skill" ,  bu t 
some proble m solvin g a s well .  I n addition ,  th e proble m w e chos e wa s simila r  t o th e typ e o f 

proble m wit h whic h ou r  expert s wer e familiar .  Therefore ,  althoug h non e o f  ou r  expert s ha d 

designe d a  mai l  syste m before ,  the y wer e use d t o designin g othe r  type s o f  communication s 

system s an d s o w e woul d b e abl e t o observ e the m i n a  situatio n wher e the y ha d rich  knowledg e 

base s t o tur n to . 

Organisation 

In Section 3 we outline the main elements of the model. Next, in Section 4, we present larger 
portion s o f  ou r  experts '  protocol s i n orde r  t o suppor t  ou r  claim s an d t o brin g ou t  som e o f  th e 

interestin g interaction s amon g th e component s o f  th e model . 

*Th b wor k wa s sponsore d b y a  gran t  fro m ITT . 
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3.  T h e M o d e l 

3.1 .  C o m p o n e n t s o f  th e M o d e l 

Our  mode l  o f  th e experts '  desig n proces s contain s foo r  majo r  elements : 

•  A  Desig n Meta-Script .  Th e functio n o f  th e Meta-Scrip t  i s  t o driv e th e desig n proces s 

by settin g thre e genera l  goals : 

1.  T o chec k th e curren t  stat e o f  th e desig n fo r  sufficiency .  Thi s mean s tha t  al l  o f 

th e element s neede d t o specif y th e desig n a t  th e curren t  leve l  ar e present . 

2.  T o chec k th e curren t  stat e o f  th e desig n fo r  consistency .  Thi s mean s tha t  al l 

element s o f  th e desig n ar e compatibl e a t  th e curren t  leve l  o f  specificity ,  an d 

tha t  n o elemen t  cause s a n inconsistenc y wit h currentl y know n constraint s bot h 

at  highe r  an d a t  lowe r  levels . 

3.  T o expan d th e desig n fro m it s curren t  leve l  o f  specificit y int o th e nex t  leve l  o f 

specificity . 

The mai n operato r  use d t o achiev e thes e goal s i s th e runnin g o f  menta l  simulation s o f 

th e partiall y  complete d design .  Th e functio n o f  thes e simulation s i s explaine d i n th e 

nex t  sectio n whic h describe s ho w th e element s o f  th e mode l  function . 

•  A  Sketch y Model .  Th e Sketch y Mode l  reside s i n workin g memor y an d a s th e desig n 

proces s proceed s th e mode l  become s iocreasingl y les s sketchy .  Th e mode l  i s initiall y 

sketch y i n tha t  th e designe r  doe s no t  ye t  understan d it s functionalit y dow n t o a  leve l 

of  detai l  whic h woul d b e sufficien t  t o produc e a n implementabl e program .  I n 

addition ,  th e constraint s o r  assumption s o f  th e desig n ar e no t  entirel y understood . 

One wa y o f  picturin g th e mode l  i s a s a  tre e tha t  grow s i n bot h dept h an d breadt h a s 

th e designer' s understandin g o f  th e proble m specificatio n increase s (Jeffrie s e t  al. , 

1981 ;  Atwood ,  Turner ,  Ramsey ,  an d Hooper ,  1979. ) 

•  Th e Curren t  Lon g Ter m Memoi y Set .  Thi s i s th e se t  o f  lon g ter m memor y element s 

tha t  ar e currentl y unde r  consideration .  Thi s se t  woul d consis t  o f  al l  o f  th e know n 

solution s appropriat e t o th e aspec t  o f  th e desig n tha t  i s currentl y bein g worke d on . 

Choosin g a n elemen t  fro m th e se t  currentl y unde r  consideratio n allow s th e designer' s 

model  t o becom e les s sketch y becaus e th e elemen t  selecte d fro m lon g ter m memor y i s 

now adde d t o th e mode l  i n workin g memory .  I t  als o cause s a  differen t  lon g ter m 

memory se t  t o b e considere d o n th e nex t  iteratio n o f  th e desig n process . 

•  Th e Demons .  Thes e contai n th e designer' s note s t o himself .  Th e note s ar e thing s t o 

remember  suc h a s constraints ,  assumptions ,  o r  potentia l  inconsistencies .  A  not e wil l 

be place d i n a  demo n i f  i t  is :  a .  to o concret e t o b e resolve d a t  th e tim e tha t  i t  i s 

though t  o f  an d b .  need s t o b e considere d whe n th e designer' s mode l  ha s reache d a 
leve l  o f  concreteoes s tha t  matche s th e note .  Th e demon s ar e abl e t o monito r  th e 

stat e o f  th e Sketch y Model .  Whe n th e leve l  o f  detai l  o f  th e Mode l  i s equ d t o th e 

leve l  o f  detai l  o f  th e not e th e demo n call s attentio n t o itself .  (Th e reade r  wil l  notic e 

tha t  ou r  demon s ar e rathe r  unusua l  i n tha t  the y ar e activ e formatio n gatherers. ) 

Summary of the Model 

At the most abstract level, the designers were performing a means-ends analysis driven by the 

Meta-Script .  I n th e analym s th e goa l  stat e wa s a n implementabl e desig n specificatio n an d th e 

curren t  stat e wa s th e designer' s increasingl y detaile d Sketch y Mode l  o f  th e proble m solution .  Th e 
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designer s move d toward s th e goa l  stat e b y rrpeatedl y simnlatin g execation s o f  thei r  incomplet e 

models .  Fo r  al l  o f  th e designer s observed ,  thi s appear s t o b e th e mos t  powerfu l  an d frequentl y 

nse d operato r  i n th e means-end s analysis .  Howeve r  thes e simulatio n m n s o f  th e partia l  model s 

serve d t o decreas e th e ga p betwee n th e curren t  an d goa l  state s i n a  numbe r  o f  wajrs .  Thi s wil l  b e 

expande d npo n i n th e nex t  sectio n wher e w e presen t  portion s o f  ou r  protocols .  T h e protocol s wil l 

hel p t o giv e th e reade r  a  cleare r  pictor e o f  ho w th e mode l  functions .  I t  wil l  als o brin g ou t  som e 

of  th e interestin g interaction s amon g th e component s o f  th e mode l  an d generat e som e a s ye t 

unaddresse d questions . 

4 .  R e c u r r e n t  B e h a v i o r  Accou i i t e d fo r  b y t h e M o d e l 

Her e w e presen t  behavior s whic h w e foun d wer e repeatedl y exhibite d b y ou r  designers .  T h e 

model  unite s thes e behavior s int o a n interpretabl e whole . 

Obsenratloii L How the Design Proceeded 

There was a surprising degree of similarity in the time line of the subjects. 

Stt rt Finish 

EXPERTS:  ustr  assump -  sbstrsc t  eoncrstt. .  .discussio n 

nod s I  tion s nod s I s o f  dtsig n 

«•i I  syste m 

"10 mins "10 mins "80 wins "10 nins 

Figur e 1 :  Subjects '  Timelin e 

As illustrated in the figure above, first the designers described how a user would view the mail 

system ,  the n the y expande d upo n th e variou s assumption s an d constraint s o f  th e proble m (e.g , 

SI :  " W e wil l  assum e d u m b terminals" ,  S2 :  "th e numbe r  o f  user s wil l  no t  b e fixed").  Onl y then , 

approximatel y 2 0 minute s int o th e session ,  di d th e expert s begi n t o construc t  a  workin g mode l  o f 

th e mai l  system .  Thi s mode l  als o change d ove r  tim e i n tha t  i t  bega n a s a  ver y skeleta l  versio n o f 

a mai l  syste m an d the n becam e increasingl y concret e a s th e desig n progressed .  Th e followin g 

quot e fro m designe r  S 2 illustrate s thi s progression . 

At 20 minutes into the task expert S2 said: 

"We can now start thinking aboat what type of processing structare is required for implementing 

(th e mai l  system) .  I n orde r  t o ge t  th e ide a aboa t  th e strnctare ,  w e ca n se e som e kin d o f  a  stat e 

diagra m whic h show s th e dynamic s o f  th e system... .  Wha t  w e ca n se e her e i s on e stat e (accessing ) 

severa l  othe r  state s an d afte r  th e operatio n i s completed ,  contro l  o f  th e stat e transitio n goin g 

bac k t o th e bitia l  state .  Thi s wil l  hel p a s structar e oa r  solutio n t o th e proble m a t  a  highe r  level . 

Then w e wil l  g o int o eac h on e o f  th e buildin g block s tha t  hel p « s writ e th e processin g ste p a t  eac h 

ste p m th e stat e diagram. " 

Why did the experts spend the first twenty minutes of the session gathering information? The 

answer  i s no t  tha t  the y wer e hesitant ,  (e.g .  Si' s  quot e te n minute s int o th e session :  "Th e progra m 

desig n give s m e n o caus e fo r  concer n a t  dl." )  A s discusse d i n th e previou s section ,  th e exper t 
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designer s searc k lon g ter m m e m o r y fo r  store d solutio n elements .  A n effectiT e searc h result s fro m 

firs t  choosin g th e righ t  se t  o f  memor y element s an d the n choosin g th e right  elemen t  fro m amon g 

th e set .  Thi s typ e o f  choic e woul d b e aide d b y havin g a  sufficientl y rich  se t  o f  constraint s an d 

assumptions .  A n d i t  seem s tha t  expert s d o no t  begi n thei r  searc h unti l  thi s informatio n ha s bee n 

obtained . 

Obaervation 11. Maintaining Balanced Development 

The designers always followed a course of balanced development. Our subjects attempted to 

develo p eac h o f  th e component s o f  th e desig n s o tha t  non e o f  the m acquire d significantl y m o n 

detai l  tha n an y o f  th e others .  Th e followin g quot e i s representativ e o f  thi s behavior .  It s 

significanc e become s clea r  whe n w e conside r  th e nex t  observation ,  Simutatio n R u n a o f  th e 

Sketch y Model . 

S3:  ...you'v e neve r  go t  s o dee p i n tha t  yo u caa' t  improv e i t  takin g accoun t  o f  somethin g yo n 

thin k o f  later.. .  No .  o h n o I' m no t  goin g t o tak e somethin g dow n t o it s itt y  bitt y conclnsio n 

becaus e be t  yo u I' m goin g t o hav e t o chang e it .  Whe n I  tak e somethin g els e ou t  an d sa y (eckh?? ) 

there' s n o logica l  consistenc y betwee n that ,  rememberin g tha t  mai l  i s  a  tw o wa y thing .  I' m goin g 

t o hav e t o repl y t o i t  an d I  ma y hav e t o us e thi s bformstio n t o construc t  a  messag e bac k .. .  I 

can se e to o man y possibl e interaction s betwee n th e piece s s o i t  woul d b e nice r  i f  the y al l  ha d som e 

logica l  similarity . 

Observation HI. Simulation Runs of the Sketchy Model. 

We observed dl of our subjects repeatedly conducting mental simulation runs of their piulially 

complete d designs .  Th e expert s woul d consul t  th e stat e o f  th e sketch y mode l  an d the n conduc t  a 

simulatio n o f  th e mode l  a t  it s  curren t  leve l  o f  abstraction .  Thu s w e observe d simulation s whic h 

became increasingl y concret e a s th e desig n progressed .  Fo r  example ,  i n S3* s earl y simulatio n h e 

sa w th e maile r  a s "informatio n flowing  throug h a  system" ,  wherea s i n a  late r  simulatio n whe n 

considerin g hi s modul e fo r  th e R E A D function ,  S I  dre w a  stat e diagra m fo r  al l  o f  th e state s 

whic h coul d b e reache d fro m R E A D .  W h a t  i s th e functio n o f  thes e simulations ,  whic h appea r  i n 

ou r  protocol s an d i n thos e o f  Kan t  an d Newel l  (1982) f  Recal l  tha t  th e desig n proces s i s drive n b y 

th e Meta-Script .  Th e goal s o f  th e designer' s Meta-Scrip t  ar e t o chec k th e curren t  Sketch y Mode l 

fo r  consistenc y an d completenes s an d i f  thes e criteri a ar e me t  th e nex t  goa l  i s  the n t o tr y t o 

expan d th e Model .  Therefore ,  i n orde r  t o mee t  th e goal s o f  th e Meta-Scrip t  a  simulatio n ru n o f 

th e Sketch y Mode l  i n it s curren t  stat e i s conducte d (e.g .  S I  draw s a  stat e diagra m fo r  th e curren t 

R E AD modul e t o se e ho w i t  behave s a t  thi s poin t  i n it s  development) .  W e ca n no w se e wh y th e 

designer s maintai n balance d development ;  i (  woul d h e difficul t  t o ru n a  eimulatio n wit h 

element a a t  differen t  level s o f  detail . 

Recall that the other goal of the Meta-Script was to expand the Sketchy Model. The 

simulatio n i s use d i n thi s proces s a s well .  I t  point s ou t  a n elemen t  o f  th e Sketch y Mode l  tha t 

need s expansio n an d th e subjec t  the n accesse s th e appropriat e lon g ter m memor y se t  i n orde r  t o 

choos e ho w th e expansio n shoul d proceed .  Thi s issu e i s furthe r  addresse d below . 

Observation IV. Notes and Interrupts 

We found that the expert designers would frequently make "notes", to themselves about things 

t o remembe r  late r  i n th e desig n process .  Thes e note s ha d t o d o wit h constraint s o r  partia l 

solution s o r  potentia l  inconsistencie s whic h neede d t o b e handle d i n orde r  t o produc e a  successfu l 

design .  T h e reaso n tha t  thes e note s wer e no t  handle d immediatel y wa s tha t  the y wer e concerne d 

wit h a  leve l  o f  detai l  whic h wa s greate r  tha n th e leve l  o f  detai l  o f  th e curren t  stat e o f  th e Sketch y 

Model .  Thi s mean s tha t  incorporatin g the m int o th e desig n whe n the y wer e though t  o f  woul d 
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har e violate d th e principl e o f  balance d development .  Thi s i n tar n woul d hav e interfere d wit h th e 

proces s o f  runnin g simulations ,  which ,  a s mentione d above ,  wa s a  proces s upo n whic h th e expert s 

rel y quit e heavily .  W e als o foun d tha t  th e exper t  designer s woul d b e reminde d o f  previousl y 

made note s onc e th e curren t  stat e ha d reache d a  leve l  o f  detai l  whic h woul d allo w th e not e t o b e 

incorporate d int o th e desig n withou t  violatin g balance d development .  Dat a o f  thi s sor t  i s  wha t 

le d u s t o posi t  th e existenc e o f  demon s whic h wer e abl e t o monito r  th e stat e o f  th e Sketch y 

Model  i n orde r  t o interac t  wit h th e desig n proces s withou t  disruptin g it . 

6.  O p e n Question s 

Thre e issue s o f  theoretica l  significanc e ar e raise d bu t  no t  settle d b y ou r  observations . 

•  H o w d o exper t  deeipttr a decid e whic h elemen t  i n th e Sketch y Mode l  t o expan d upo n f 

We sugges t  that ,  th e proces s o f  accessin g lon g ter m memor y serve s bot h t o guid e th e 
articulatio n o f  plan s fo r  expandin g th e curren t  nod e i n th e desig n tre e an d fo r 

elaboratin g goal s approfwiat e t o th e nex t  leve l  o f  detail . 

•  Th e secon d stem s fro m th e no t  unlikel y possibilit y  tha t  th e expert' s  lon g ter m 

memory wil l  contai n severa l  potentia l  solution s fo r  som e aspec t  o f  a  problem . 

Thi e raiee t  th e questio n o f  ho w th e exper t  ehoose a amon § them f  W e believ e tha t  ou r 

exper t  designer s coul d an d di d rel y heavil y o n effectiv e communicatio n betwee n th e 

curren t  stat e o f  thei r  Sketch y Mode l  an d thei r  store d knowledg e abou t  softwar e 

design .  Tha t  is ,  w e believ e tha t  th e exper t  designers '  understandin g o f  th e curren t 

proble m serve d t o for m a n effectiv e inde x int o memory .  However ,  w e d o no t  kno w 

what  thi s inde x look s like .  W e als o d o no t  kno w whethe r  th e inde x hande d t o 

memory i s th e resul t  o f  heav y inferencing .  I t  coul d jus t  a s wel l  b e tha t  memor y doe s 

th e inferencin g abou t  wha t  i s neede d i n th e curren t  context .  Eithe r  way ,  th e expert s 

hav e develope d a  highl y effectiv e retrieva l  mechanism . 

•  H o w I S th e Sketch y Mode l  use d t o perfor m th e simulatio n f  I n ou r  description ,  th e 

Sketch y Mode l  ha s th e qualit y mor e o f  a  structur e tha n o f  a  process ,  bu t  someho w i t 

i s  repeatedl y use d a s a  runnin g syste m whic h th e designe r  ca n "pla y with "  i n orde r  t o 
fin d emergen t  properties .  Th e ide a o f  a  Sketch y Mode l  need s t o b e conceive d o f  i n a 

way whic h take s thi s aspec t  o f  it s  functionin g int o accoun t  (Collin s an d Center , 

1082) . 

6.  Concludin g R e m a r k s 
We hav e chose n a  comple x an d nove l  tas k fo r  ou r  subject s fro m a  domai n wit h whic h the y 

wer e familiar .  Thi s ha s allowe d u s t o develo p a  mode l  whic h ca n accoun t  fo r  severa l  interestin g 

behavior s suc h a s constrain t  gathering ,  balance d development ,  an d th e buildin g an d runnin g o f 

simulation s o f  partiall y  complete d designs .  W e hav e propose d a  mode l  i n whic h ther e i s a  goo d 

deal  o f  intelligenc e give n t o som e o f  th e component s (e.g .  demon s whic h ca n understan d th e 

curren t  stat e o f  th e Sketch y Model) ,  a s wel l  a s frequen t  interactio n betwee n meta-knowledg e 

abou t  desig n an d conten t  specifi c  knowledg e abou t  communicatio n systems . 
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1.  INTRODUCTION 

In this paper we investigate the structure of communication 
l a interpersona l  planning . 

Human action is mostly interpersonal and thus reveals the 
abilit y  o f  actor s t o cooperate .  Interpersona l  plan s contai n bot h 
action s t o b e performe d b y th e planne r  an d action s t o b e 
performe d b y partners .  I n orde r  t o obtai n cooperation ,  th e 
planne r  ha s t o induc e th e partne r  t o perfor m th e actio n assigne d 
t o hi m i n th e plan ;  thi s require s tha t  th e planne r  cause s th e 
partner' s intentio n t o perfor m suc h a n action .  Th e mos t  usua l  wa y 
fo r  th e planne r  o f  achievin g suc h a  resul t  I s throug h 
communication . 

To deal with communication within the context of action, we 
assume th e standpoin t  o f  speec h ac t  theor y (Searle ,  1969) .  We 
conside r  Inducin g th e partne r  t o perfor m a n actio n a s a 
perlocutlonar y ac t  performe d b y th e planner .  We assum e tha t  suc h 
a perlocutlonar y ac t  I s performe d vi a a n lllocutlonar y ac t  o f  th e 
directiv e typ e (Searle ,  1979) ,  lik e a n actio n o f  requesting . 

In Airentl, Bara and Colombettl (1983a, b) , we have argued 
tha t  interpersona l  actio n i s regulate d b y script-lik e structure s 
whic h w e cal l  games .  Games defin e th e role s o f  th e actor s withi n 
th e interactio n an d I n particula r  mediat e betwee n th e reques t  o f 
th e planne r  an d th e motivation s o f  th e partner . 

I n thi s pape r  w e sugges t  tha t  th e communicativ e transactio n 
aime d a t  gainin g th e cooperatio n o f  th e partne r  i s alway s 
parallele d b y communicatio n abou t  th e role s t o b e playe d b y th e 
actor s i n th e game .  Th e analysi s o f  communicatio n abou t  role s i s 
therefor e necessar y t o accoun t  fo r  th e performanc e o f  th e 
perlocutlonar y ac t  o f  Inducing ,  eithe r  successfu l  o r  not . 

2. INDUCING A PARTNER TO COOPERATE 

In the following we shall analyze examples of communicative 
transaction s o f  th e typ e describe d i n Fig .  1 ,  wher e a n 
lllocutlonar y ac t  o f  reques t  i s performe d i n orde r  t o induc e 
somebody t o execut e a n action . 

(1) Anna needs a stamp, gets into the nearest shop and asks the 
shopkeepe r  fo r  the.loca l  pos t  off ice . 

(l.a )  th e shopkeepe r  give s th e informatio n requeste d 
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REQUEST INDUC E 
acto r  A  acto r  A 
partne r  P  >  partne r  P 
act io n X  actio n x 

acto r  P  acto r  P 

Fig. 1. 

(l.b) the shopkeeper answers he Is not an Information office 

(2) Alexandra rneets ?t veil knovn psychoanalyst at a party and 
tell s hi m he r  las t  drea m 

(2.a )  th e psychoanalys t  stoicall y accept s t o liste n 

(2.b) the psychoanalyst replies giving her the phone number 
of  hi s offic e 

(3) The boss and his secretary are sitting In their office with 
th e windo w open . 

(3*a) the boss says It Is cold and his secretary stands up 
an d close s th e windo w 

(3.b) the secretary says It Is cold and the boss replies she 
ca n clos e th e windo w 

I n exampl e (1 )  Ann a addresse s a  partne r  proposin g a n 
interactio n dif feren t  fro m hi s expectat ions .  I n fac t  Ann a think s 
sh e ca n ge t  th e Informatio n sh e need s b y playin g a  courtes y game / 
wit h th e shopkeeper .  Th e repl y o f  th e shopkeepe r  depend s o n hi s 
motivat io n t o pla y th e propose d gam e beside s hi s usua l  rol e o f 
dealer .  Th e mai n poin t  her e I s tha t  Ann a doe s no t  propos e th e 
interactio n specif i c  t o th e contex t  o f  th e shop ,  bu t  a  mor e 
genera l  an d broadl y applicabl e one . 

A different case is shown In example (2), where Alexandra 
propose s t o th e partne r  t o pla y hi s usua l  professiona l  role ,  bu t 
i n a n Inadequat e sett ing .  Respons e (2.b )  ca n b e attribute d t o a 
refusa l  b y th e psychoanalys t  t o mee t  th e reques t  o n th e basi s o f 
a wron g context .  Instead ,  respons e (2.a )  ca n b e viewe d eithe r  a s 
th e playin g o f  a  politenes s game ,  quit e appropriat e i n th e part y 
context ,  o r  a s th e extensio n o f  th e psychoanalysi s gam e beyon d 
th e usua l  sett ing . 

I n exampl e (3 )  th e sam e statemen t  assume s tw o differen t 
meaning s dependin g o n th e respectiv e role s o f  speake r  an d hearer . 
We ca n explai n cas e (3.a )  considerin g th e statemen t  o f  th e bos s 
as a  reques t  tha t  th e secretar y clos e th e window .  I n cas e (3.b ) 
th e statemen t  o f  th e secretar y ca n b e interprete d a s a  reques t  o f 
permissio n t o clos e th e window .  Bot h case s admi t  alternativ e 
explanation s accordin g t o differen t  intention s o f  th e actors .  I n 
(3.a )  th e bos s coul d hav e n o intentio n o f  indirectl y requestin g 
th e cooperatio n o f  hi s secretary .  I n thi s case ,  he r  respons e 
coul d b e Interprete d eithe r  a s a  misunderstandin g o r  a s a n 
intentiona l  redef ini t ion .  I n cas e (3.b )  th e statemen t  o f  th e 
secretar y coul d b e a n Indirec t  reques t  tha t  th e bos s clos e th e 
window .  Als o th e answe r  o f  th e 'bos s ca n b e viewe d eithe r  a s a 
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The analysi s o f  th e 

HI 

response .  w e mus t  thereror e postulat e knowledg e structure s 
(games )  whic h codif y suc h role s i n a  specifie d contex t  an d ar e 
use d fo r  th e function s jus t  mentioned.Moreover ,  I n orde r  t o 
explai n wh y th e partne r  accept s th e rol e propose d b y th e planne r 
or  rathe r  make s a  ne w proposal ,  w e mus t  tak e Int o accoun t  th e 
motivation s o f  th e partner . 

3. COMMUNICATING ABOUT ROLES 

We think of games as knowledge structures defining which 
action s shoul d b e performe d b y eac h player ,  a t  a  give n leve l  o f 
abstraction .  Th e rol e o f  th e playe r  i n th e gam e correspond s t o 
th e action s assigne d t o hi m i n tha t  structure .  Th e gam e provide s 
fo r  validit y condition s whic h caracteriz e th e contex t  i n whic h i t 
i s  suppose d t o b e played .  I n orde r  t o b e playe d b y tw o actors ,  a 
game mus t  b e shared ,  i.e .  know n t o bot h o f  them ,  an d i t  mus t 
Includ e th e tw o actor s a s possibl e player s i n th e give n validit y 
conditions .  Games ma y b e share d b y everybod y (e.g .  genera l  law s 
of  socia l  behav ior ) ,  b y a  grou p o f  peopl e (e.g = i n professiona l 
practic e o r  i n th e underwor ld) ,  o r  b y a  ver y restricte d grou p 
(e.g .  a  family ,  o r  tw o ol d f r iends) . 

Different kinds of games are played on the basis of different 
motivations .  Fo r  Instanc e th e motivation s whic h underli e 
professiona l  practic e ar e differen t  fro m thos e involve d i n 
friendship .  Fo r  ou r  purpos e a  motivatio n ca n b e regarde d a s a 
menta l  structur e whic h generate s a n intentio n unde r  give n 
condition s (compar e wit h th e concep t  o f  them e i n Wllensky ,  1983) . 
For  example ,  th e motivatio n o f  preservin g one' s lif e generate s 
th e Intentio n t o ru n awa y fro m a  dangerou s situation . 

I n Airenti ,  Bar a an d Colombett i  (1984) ,  w e provid e fo r  a 
forma l  treatmen t  o f  th e inferenc e processe s whic h underli e 
plannin g an d understandin g communicativ e transaction s o n th e 
basi s o f  game s an d motivations .  Th e critica l  featur e o f 
motivation s fo r  playin g a  gam e i s tha t  the y alway s contain ,  amon g 
thei r  activatio n conditions ,  th e fac t  tha t  th e planne r  i s 
proposin g himsel f  a s a  playe r  o f  th e game .  Fo r  Instance ,  i f  on e 
ask s fo r  a  coffe e i n a  coffe e shop ,  h e i s proposin g himsel f  a s a 
clien t  an d thus '  activate s th e waiter' s motivatio n t o d o hi s job . 

In Fig. 2 we give the complete sketch of a communicative 
transactio n withi n a n interpersona l  plan ,  followin g th e forma l 
model  presente d i n Airenti ,  Bar a an d Colombett i  (1984) .  I n orde r 
t o induc e th e partne r  t o perfor m a n action ,  th e planne r  ha s t o 
induc e th e partne r  t o pla y hi s rol e i n th e gam e whic h assigne s t o 
th e partne r  th e desire d action .  Suc h a  resul t  ca n b e achieve d i f 
th e partne r  ha s a n ade^quat e motivatio n which ,  a s w e hav e alread y 
seen ,  require s tha t  h e i s convince d tha t  the -  planne r  i n tur n 
Intend s t o pla y hi s rol e i n th e game .  Therefore ,  th e planne r  ha s 
t o convinc e th e partne r  abou t  hi s ow n intentions ,  an d thi s 
amount s t o performin g a  secon d perlocutionar y act . 
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INFORM 
ac to r  A  — 
pa r tne r  P 

fac t  W A N TS 

s u b j e c t  A 

s i nce r i t y 

a c t i o n P L A Y - R O L E 
ac to r  A 

game g 

gac c 

CONV INC H 
a c  t  u  r  A  — 
pa r  t  li e r  P 
fac t  WANTS 

sub jec t  A 

aiotivatlo n 

ac t io n PLAY-ROL K 
acto r  A 
game g 

R E Q U E ST 
ac to r  A 
p a r t n e r  P 
a c t i o n X 

a c t o r  P 

INDUCE 
acto r  A 
par tne r  P 
ac t io n PLAY-ROL E 

acto r  P 

game g 

game 

INDUCE 
ac to r  A 
par tne r  P 
ac t i o n X 

acto r 

F i g .  2 

cn e rox e o r  a  pe rso n neea in g nei p i n a  cources y game .  i n 
s h o p k e e p e r  th ink s tha t  Ann a i s s incer e abou t  he r  i n ten t i o n an d i 
t h e r e f o r e conv ince d sh e ac tua l l y wan t s t o pla y tha t  g a m e .  I f  n o now 

means b e 
take n fo r  g ran te d i n mor e comp le x i n t e r a c t i o n s . 

4 .  C O N C L U S I O NS 

Th e m a i n t h e o r e t i c a l  imp l i ca t i on s o f  th e mode l  w e hav e 
p r e s e n t e d a r e : 

-  th e reques t  o f  a n a c t o r ,  in tende d t o induc e a  par tne r  t o 
p e r f o r m a n a c t i o n ,  i s  a lway s para l le le d b y communica t io n 
abou t  th e r e s p e c t i v e r o l e s ,  i n orde r  t o mee t  th e partner ' s 
m o t i v a t i o n t o c o o p e r a t e 
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-  communicatin g abou t  th e respectiv e role s require s onl y tha t 
th e reques t  I s performe d withi n th e validit y contex t  o f  th e 
game.  Therefor e th e actio n tha t  th e planne r  ha s t o perfor m i s 
th e sam e describe d i n Fig .  1 

- an action of inducing may be performed through the same 
request ,  vi a differen t  game-motivatio n pairs .  Fo r  instanc e i n 
(2 )  th e psychoanalys t  coul d hav e Interprete d Alexandra' s 
reques t  a s a  seductiv e approac h an d eithe r  accep t  o r  refus e 
th e interactio n o n tha t  basis . 
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Abstract 

The inference capabilities of humans suggest that they might be using 

algorithm s wit h hig h degree s o f  parallelism .  Thi s pape r  develop s a  completel y 

paralle l  connectionis t  inferenc e mechanism .  Th e mechanis m handle s obviou s 

inferences ,  wher e eac h claus e i s onl y use d once ,  bu t  ma y b e extendabl e t o 

harde r  cases . 

1.  Motivatio n 

The prospect of automating inferences has long been the goal of researchers in 

artificia l  intelligence .  Th e mos t  obviou s advantag e i s a  mor e compac t  representatio n 

of  knowledg e base s (KBs) .  Withou t  inferenc e abilit y  al l  relevan t  fact s mus t  b e 

explicitl y  represente d i n th e K B .  Usin g inference ,  onl y a  subse t  o f  th e fact s nee d b e 

explicitl y  represented ,  sinc e th e res t  ca n b e derive d whe n required .  However ,  despit e 

th e hug e payoff ,  thi s goa l  ha s s o fa r  prove d elusive .  O n e reaso n fo r  pessimis m i s tha t 

th e know n algorithm s fo r  reasonin g fal l  int o th e clas s terme d NP-complete .  I n a 

nutshell ,  thi s classificatio n mean s tha t  n o bette r  algorithm s ar e know n tha n one s tha t 

tr y ou t  al l  th e possibilities .  Fo r  theore m proving ,  th e numbe r  o f  possibilitie s ca n b e 

ope n ended .  I n contras t  t o thi s pessimisti c resul t  stand s h u m a n performanc e data . 

Psychologist s hav e show n th e followin g performanc e result :  a  hug e variet y o f  forced -

choic e decision s ca n b e mad e b y huma n subject s i n unde r  a  fe w hundre d milliseconds . 

This is a huge discrepancy in results. The theoretical result implies that problems 

of  eve n a  modes t  siz e ca n overwhel m today' s computers ,  wherea s th e practica l  test s 

sho w comple x decisio n makin g i n 10 0 -  40 0 ms .  Furthermore ,  w e kno w tha t  human s 

brin g hug e number s o f  fact s t o bea r  t o solv e a  specifi c  problem .  Thu s w e ar e le d t o 

conclud e tha t  either :  (1 )  human s d o no t  mak e comple x inferences ;  o r  (2 )  human s us e 

a bette r  algorith m and/o r  dat a structure .  I n thi s pape r  w e explor e th e secon d 

possibility .  Ou r  ai m i s t o sho w tha t  theore m provin g ca n b e don e usin g a  paralle l 

probabilisti c  relaxatio n algorithm .  Th e algorith m require s tha t  problem s b e 

formulate d a s th e intersectio n o f  (possibl y huge )  number s o f  loca l  constraint s 

represente d i n networks .  Th e intersectio n proces s take s a  worst-cas e tim e 

proportiona l  t o th e diamete r  o f  th e networ k bu t  i n practic e ofte n run s i n constan t 

time .  O f  cours e an y machin e o f  constan t  siz e wil l  no t  b e abl e t o handl e har d 
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theorem s i n constan t  time .  However ,  ou r  conjectur e i s that :  theorem s tha t  human s 

ca n solv e i n a  fe w hundre d milliscond s hav e a  constan t  lim e solutio n o n a  paralle l 

machine . 

For many scientific appUcations, an inference mechanism that handles only the 

simple r  cases ,  an d fail s i n man y cases ,  migh t  no t  b e useful .  However ,  fo r  h u m a n 

inferenc e mechanisms ,  thi s m a y no t  b e th e case .  Th e reaso n i s tha t  th e h u m a n 

inferenc e mechanis m ca n b e viewe d a s on e componen t  o f  severa l  i n a  perception -

actio n process .  Fo r  example ,  i n ou r  model ,  i f  th e inferenc e mechanis m fail s t o 

identif y a  visua l  object ,  on e o f  th e option s availabl e i s t o m o v e close r  an d gathe r 

mor e data .  Thu s ou r  goa l  i s  t o develo p a n inferenc e mechanis m tha t  allow s man y 

inference s t o b e m a d e i n paralle l  bu t  m a y als o fai l  i n m a n y cases . 

A general formulation of theorem proving is that of Robinson [1965]: to prove S 

= > W wher e S  an d W ar e set s o f  clauses ,  w e attemp t  t o sho w tha t  S  U  ~ W i s 

unsatisfiable .  O n e classica l  wa y o f  doin g thi s i s t o us e resolution .  T w o clauses , 

P(x)Q(x )  an d ~P(a) ,  ca n b e resolve d t o produc e Q(a) .  Th e proces s o f  constrainin g th e 

binding s o f  variable s i n th e clause s i s know n a s unification .  Th e resolutio n theore m 

provin g techniqu e resolve s pair s o f  clause s wit h th e objectiv e o f  producin g th e nul l 

clause .  I f  thi s i s done ,  th e unsatisfiabilit y  o f  th e se t  o f  clause s S  U  ~ W ha s bee n 

demonstrated ,  an d consequentl y th e theore m S  = > W i s true . 

The approach has several important assumptions: (1) clauses may be used only 

once ;  (2 )  th e knowledg e bas e mus t  b e logicall y consistent ;  an d (3 )  th e metho d use s a 

larg e networ k tha t  mus t  b e preconnected . 

Our approach uses observations by Kowalski [1975] and Sickel [1976]. First we 

tr y an d filter  th e clause s usin g variou s kind s o f  constraints .  Thi s filtering  proces s i s 

paralle l  an d remove s option s tha t  ar e no t  compatibl e wit h th e constraints .  Onc e thi s 

i s don e w e resolv e clause s i n parallel .  Durin g th e development ,  th e reade r  mus t 

constantl y kee p i n min d th e natur e o f  th e result :  i t  i s  no t  guarantee d t o work ,  bu t  th e 

hop e i s tha t  i t  wil l  wor k i n mos t  cases . 

The overall organization of our parallel inference is shown in Figure 1. The 

machin e ha s thre e basi c parts : 

1) Consistency Constraints. The first part has the goal of activating 

a logicall y consisten t  se t  o f  constraints .  Thi s i s th e focu s o f  othe r 

research ,  an d w e assum e tha t  th e enterpris e i s successful . 

2)  Inferenc e Constraints .  Filterin g constraint s [Sickel ,  1976 ; 

Kowalski ,  1975 ]  deactivat e part s o f  th e networ k tha t  d o no t 

appl y t o th e problem . 

3)  Resolution .  T h e las t  par t  o f  th e algorith m use s a  secon d filtering 

techniqu e base d o n resolution .  I n thi s phase ,  part s o f  th e 

networ k ar e deactivate d i f  the y correspon d t o pair s o f  clause s 

tha t  woul d resolv e wher e on e o f  th e pai r  contain s a  singl e 

predicate .  I f  th e entir e networ k ca n b e deactivate d i n thi s way ,  a 

proo f  ha s bee n found ;  otherwise ,  th e resul t  i s  inconclusive. . 
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Th e formulatio n o f  th e algorith m i s i n term s o f  a  connectionis t  networ k 

[Feldma n an d Ballard ,  1982 ]  usin g a  recently-develope d probabilisti c  relaxatio n 

algorith m [Hopfield ,  1982] .  O n e o f  th e ke y contribution s o f  thi s pape r  i s t o sho w tha t 

theore m provin g ca n b e describe d i n term s o f  thi s formalism .  T h e formalis m ha s 

severa l  advantages ,  bu t  th e mai n on e i s elegance :  th e proble m ca n b e describe d i n 

term s o f  node s whic h hav e binar y states .  Durin g th e cours e o f  th e computation , 

constraint s caus e node s t o b e turne d of f  o r  on . 

2. The Filtering Process 

The objective of the filtering process is to define a set of local constraints that 

reflec t  th e rule s o f  predicat e logic .  Startin g wit h a  predicat e logi c formulation ,  w e ca n 

examin e th e se t  o f  clause s an d deriv e constraint s tha t  mus t  hol d betwee n them ,  th e 

predicat e symbols ,  an d th e terms .  Thes e constraint s ar e expresse d i n a  c o m m o n 

networ k formalism .  Th e networ k consist s o f  node s whic h hav e binar y state s a s 

describe d i n th e previou s section .  A t  eac h ste p i n th e filtering  proces s th e constraint s 

fo r  a  particula r  nod e ca n b e evaluate d b y evaluatin g tha t  node' s loca l  inpu t  I f  i t 

canno t  b e par t  o f  th e solutio n base d o n thi s loca l  evaluation ,  i t  i s  turne d off .  Th e 

turnin g of f  o f  a  nod e m a y caus e othe r  node s t o b e turne d off .  Thi s proces s converge s 

when n o mor e nod e stat e change s ca n b e made . 

The filter network has five sets of nodes: (1) C, the set of clause nodes; (2) P, the 

set  o f  predicat e letter s an d thei r  complements ;  (3 )  F ,  th e se t  o f  claus e fragments ;  (4 ) 

B,  th e se t  o f  binding s betwee n fragments ;  an d (5 )  S ,  th e se t  o f  substitutions .  I n an y 

set  o f  clause s ther e wil l  b e on e cluas e node ,  c  €  C  fo r  eac h claus e i n th e se t  Ther e 

wil l  b e on e claus e fragmen t  nod e f  €  F  fo r  eac h predicat e lette r  mentione d i n th e 

clause .  Ther e wil l  b e a  separat e binde r  nod e b  €  5  fo r  eac h possibl e resolutio n 

betwee n complementar y predicates .  Finall y ther e wil l  b e a  substitutio n nod e s  €  5 

fo r  eac h possibl e substitutio n involvin g a  binder .  Fo r  example ,  i n th e followin g se t  S 

= {ci :  P(x,a) ,  C2 :  -•P(b,y)} , 

C = {ci, C2} 

P =  {P .  - P } 
F =  {(ci ,  P) ,  (C2 ,  -P ) } 

B =  {((ci ,  P )  C2 ,  -P)) } 

S =  {xb ,  ya > 

There are five different kinds of constraints: (1) a predicate letter constraint; (2) a 

clause-predicat e substitutio n constraint ;  (3 )  a  claus e constraint ;  (4 )  unificatio n 

constraints ;  an d (5 )  a  substitutio n constraint . 

The Predicate Letter Constraint. The predicate letter constraint is derived from 

prepositiona l  logic .  I f  i n th e se t  o f  clause s a  predicat e lette r  appear s withou t  it s 

complemen t  o r  vic e versa ,  the n tha t  symbo l  ca n b e prune d fro m th e solution .  I n 

term s o f  th e filter  network ,  thi s constrain t  i s  easil y expresse d a s a n excitator y 

constrain t  betwee n differen t  node s representin g predicat e letters ,  a s show n i n Figur e 

2.  Th e weight s an d threshold s ar e arrange d s o tha t  bot h th e nod e an d it s complemen t 
must  b e o n t o kee p eac h othe r  turne d on . 
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Th e Clause-Predicate-Substitutio n Constraint .  Thi s constrain t  i s  derive d fro m th e 

clause s i n a  straightforwar d way .  Eac h claus e m a y b e decompose d int o triple s 

consistin g of :  (claus e symbol ,  predicat e letter ,  term) .  Fo r  example ,  Cj^ :  P(x)Q(a )  ma y 

b e decompose d int o (Cj ,  P ,  sj )  an d (Cj ,  Q ,  S2 )  wher e s j  an d S 2 ar e appropriat e 

substitution s (thes e wil l  b e discusse d furthe r  a s par t  o f  th e substitutio n constraints) . 

I n th e filter  network ,  ther e ar e a  se t  o f  claus e fragmen t  node s F ,  on e fo r  eac h triple . 

A claus e fragmen t  nod e /  i s  connecte d t o eac h nod e i n th e tripl e b y mutuall y 

excitator y connection s a s show n i n Figur e 3 .  It s threshol d i s suc h tha t  i t  wil l  tur n of f 

i f  an y o f  it s  constituent s turn s of f 

The Clause Constraint. The clause constraint captures the notion that a clause 

ca n onl y b e par t  o f  th e solutio n i f  al l  o f  it s fragment s hav e viabl e bindings .  Thu s th e 

fragment s ar e connecte d t o th e nod e wit h a  conjunctiv e connection .  Figur e 4  show s 

an exampl e o f  a  claus e wit h thre e fragments .  T h e conjunctiv e connectio n mean s tha t 

i f  an y o f  th e fragment s ar e turne d off ,  th e claus e wil l  b e turne d off . 

The Unification Constraints. The unification constraints capture possible 

binding s betwee n terms .  T h e clause s tha t  ca n potentiall y  resolv e constrai n possibl e 

bindings ,  an d thes e possibl e binding s ar e realize d b y a  se t  o f  bindin g node s B . 

Binding s tha t  ar e incompatibl e ar e connecte d b y mutuall y inhibitor y connections . 

Compatibl e binding s ar e connecte d b y mutuall y excitator y connections .  Fo r  example , 

i n th e se t  o f  clause s -P(a,b) ,  P(x,y)Q(y,z) ,  -Q(c,d) ,  -P(a,c) ,  th e possibl e binding s ar e 

xa ,  yb ,  yc ,  an d zd .  O f  these ,  compatibl e pair s are :  (xa ,  yb) ,  (xa ,  yc )  an d (yc ,  zd) ,  an d 

ther e i s on e incompatibl e pair :  (yc ,  yd) .  Thi s exampl e i s simpl e an d doe s no t  captur e 

al l  th e constraint s possibl e i n unification .  A t  leas t  tw o other s ar e necessary .  Thes e 

relat e binding s betwee n constant s an d variables .  O n e i s tha t  i f  a  variabl e i s boun d t o 

a constan t  an d anothe r  variabl e i s boun d t o a  differen t  constant ,  the n th e tw o 

variable s canno t  b e boun d t o eac h other .  T h e othe r  constrain t  i s  tha t  i f  a  variabl e i s 

boun d t o a  constan t  an d th e sam e variabl e i s boun d t o a  secon d variable ,  the n th e 

secon d variabl e ca n b e boun d t o th e constan t  Thes e constraint s ar e summarize d 

below : 

X, y : var; c, d const 

x c & y d = > ->x y 

x c & x y = > y c 

xc = > -"x d 

In the network there are potentially |T|^ nodes where T is the set of literals used in 

th e formula e t o denot e al l  possibl e variable-constan t  pairings .  Thu s th e constraint s i n 

abov e ar e connecte d betwee n al l  relevan t  groupings .  A  representativ e networ k 

fragmen t  i s show n i n Figur e 5 . 

Substitution Constraints. The possible substitutions constrain the network in two 

importan t  ways .  O n e additiona l  constrain t  i s  necessar y t o lin k th e differen t  binding s 

together .  I n th e logica l  formalis m thi s constrain t  ca n b e derive d b y observin g th e 

potentia l  resolution s betwee n clauses .  (I n Sickel' s notation ,  thes e ar e arcs. ) 

Substitutio n node s S  relat e substitution s t o bindings .  Th e secon d constrain t  relate s 

th e substitutio n node s t o th e claus e fragmen t  nodes .  Eac h claus e fragmen t  nod e 
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mention s th e term s i n it s predicate .  I f  thes e term s ar e als o mentione d i n th e 

substitutio n the n ther e i s a  two-wa y positiv e lin k betwee n th e tw o nodes .  Formally ,  a 

nod e s  €  5  i s positivel y linke d t o a  nod e f  €  F  i f  f  i s positivel y linke d t o a  ter m t] ^  C  T 

an d s  i s positivel y linke d t o a  bindin g t2 X wher e t2 ,  x  € T  an d t j  =  t2 .  Figur e 6 a 

shows tiie  assignmen t  nod e t o relat e tiiree  binding s betwee n tw o claus e fragments . 

Sinc e al l  th e assignment s mus t  b e satisfied ,  th e connection s int o th e assignmen t  nod e 

ar e conjunctive . 

3. The Resolution Process 

The filtering constraints combine to reduce the network to a state where none of 

th e binding s ar e inconsistent .  I f  ther e ar e choices ,  the y ar e decide d arbitrarily .  Fo r 

example ,  th e se t  {c^ :  P(x) ,  C2 :  -"PCa) ,  C3 :  -"PCb) }  result s i n a  networ k wit h tw o 

inconsisten t  substitutions :  x a an d xb .  Th e probabilisti c  relaxatio n algorith m wil l 

make a n arbitrar y choic e betwee n thes e tw o possibilities .  Thu s th e objectiv e o f  th e 

filterin g proces s i s t o reduc e th e networ k t o a n essentia l  state ,  wherei n onl y on e 

claus e fragmen t  ca n resolv e wit h it s complement .  Thi s migh t  see m ver y restrictive , 

but  th e filter  networ k ca n mak e man y example s int o thi s form .  Fo r  example ,  th e 

proo f  use d b y Hensche n [1976 ]  t o introduc e resolutio n ca n b e reduce d t o thi s for m 

withou t  usin g resolution .  However ,  th e usefulnes s o f  thi s strateg y wil l  hav e t o b e 

teste d wit h man y differen t  examples . 

Once the network has been put into an essential state, the way constraints are 

handle d ca n b e change d slighti y an d th e networ k wil l  perfor m resolution .  T o d o this , 

thre e change s ar e made : 

1) the thresholds on clauses are changed so that singleton clause 

node s ar e turne d off ; 

2)  th e threshold s o n clause s ar e change d s o tha t  droppin g on e 

fragmen t  inpu t  doe s no t  tur n of f  th e nod e unles s i t  i s  th e las t 

one ;  an d 

3)  th e binde r  networ k i s fixed,  s o tha t  n o furthe r  change s tak e 

place . 

The effect of turning off singleton clauses is to remove the fragment associated with 

thei r  complements .  Turnin g of f  al l  th e node s i n thi s fashio n i s equivalen t  t o finding a 

proo f  b y resolution . 

4. Examples 

To describe the process, consider the example where S U -"W is given by: 

{P(x)Q(y)W(y) ,  --WCz) ,  -"PCa) ,  -«Q(b)} .  Th e networ k i s show n i n Figur e 7 .  Not e tha t 

al l  th e clause s ar e essential .  Removin g an y claus e wil l  caus e al l  th e node s i n th e 

networ k t o b e turne d off .  Fo r  example ,  withou t  claus e C4 ,  f ^  i s turne d off .  Thi s 

coul d propagat e a s follows :  -^Q ,  Q ,  a3 ,  f̂ ,  C2 ,  f̂ ,  f2 ,  P .  -"P ,  sj ,  S2 ,  cj ,  f̂ ,  W .  -"W .  O f 

course ,  man y othe r  sequence s ar e possible ;  th e exac t  sequenc e i n an y give n cas e 

depend s o n th e probabilisti c  relaxatio n process . 
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Let  u s chang e th e substitution s slightl y an d se e wha t  happens .  Suppos e c j  i s 

change d t o P(z)Q(y)W(y) .  Thi s modificatio n i s show n a s a  dotte d Un e i n Figur e 7 . 

N o w th e substitutio n constrain t  networ k come s int o play .  Th e networ k i s prewire d s o 

tha t  i f  z a an d y b ar e turne d on ,  the n the y wil l  tur n of f  yz .  Onc e thi s i s don e it s effec t 

wil l  propagat e throug h S 2 t o tur n of f  th e entir e network . 

To continue the example, we now describe the resolution phase. Note that in this 

cas e turnin g o f  al l  th e singleto n clauses ,  C2 ,  C3 ,  an d C4 ,  i s sufficien t  t o tur n of f  th e 

remainin g claus e C]̂ .  Not e tha t  th e clause s i n {P(x)Q(y) ,  W(y)-iP(a) ,  ->Q{h) ,  -'W(z) } 

ca n als o b e turne d of f  i n th e sam e manner ,  bu t  no t  thos e i n {P(x)Q(y) ,  W(y)-iP(a) , 

-iQ(b)-'W(z)} .  whic h ha s n o singletons ,  o r  thos e i n {P(x)Q(y)W(y) ,  -iW(z)-»P(a) , 

-Q(b)} -

5. Summary and Conclusions 

The implementation of the first order logic constraints results in two coupled 

networks :  (1 )  a  claus e networ k tha t  represent s th e claus e syntax ;  an d (2 )  a  bindin g 

networ k tha t  represent s th e relationship s betwee n term s i n differen t  clauses .  Th e 

metho d fo r  resolvin g bindings ,  unification ,  ca n b e a s comple x a s th e entir e inferenc e 

mechanism .  Thu s fo r  ou r  purpose s w e depen d o n th e actua l  binding s i n th e K B t o 

hav e a  simpl e structure . 

At the outset, the possibility of reusing clauses was ruled out, but there are some 

limite d case s tha t  ca n b e handled .  T o se e th e necessit y o f  reusin g clauses ,  conside r 

{ S U - .  W }  =  {Ci:P(a) ,  C2:P(b) ,  C3:--P(x)Q(x) ,  C4:-.Q(a)-.Q(b)} .  Thi s ca n b e 

handle d b y resolutio n i n a  straightforwar d way .  Th e resolutio n tre e is :  ((Cj ,  C3) , 

((C2 ,  C3) ,  C4)) .  However ,  not e tha t  C 3 appear s twice .  Th e consequenc e o f  thi s i s tha t 

sinc e th e unificatio n constraint s d o no t  allo w x a an d x b simultaneously ,  th e networ k 

wil l  no t  pas s th e filter  test .  T o handl e thi s cas e w e not e tha t  bot h possibilitie s fo r  C 3 

involv e constan t  bindings .  Thu s w e ca n resolv e thi s b y makin g tw o copie s o f  C3 : 

-«P(a)Q(a )  an d ->P(b)Q(b) .  Onc e thi s i s done ,  th e inferenc e mechanis m wil l  find  th e 

proof . 

The main intent of this paper has been to force a new look at formal inference 

mechanism s fro m th e standpoin t  o f  performance .  O u r  contentio n i s tha t  model s tha t 

d o no t  hav e a  paralle l  implementatio n ar e unlikel y candidate s fo r  model s o f  h u m a n 

inference .  Thi s realizatio n m a y prov e catalyti c fo r  approache s tha t  tr y t o unif y th e 

complementar y goal s o f  competenc e an d performance . 

The technical contribution of this paper is in the detailed specification of a 

networ k an d inferenc e mechanism .  T h e networ k run s i n paralle l  an d ca n handl e 

obviou s inference s i n first  orde r  logic .  Th e runnin g tim e i s bounde d fro m belo w b y 

0(1 )  whic h occur s whe n al l  th e constraint s ar e loca l  an d 0(diamete r  o f  network ) 

whic h occur s whe n th e constraint s hav e t o propagat e th e ful l  exten t  o f  th e network . 
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O P P O R T U N I S T I C P L A N N I N G A N D F R E U D I A N S L I P S 

Lawrenc e B i m b a u m an d Greg g Collin s 

Yal e Universit y 

Departmen t  o f  Compute r  Scienc e 

N ew Haven ,  Connecticu t 

Freud' s stud y o f  th e psycholog y o f  error s (see ,  e.g. ,  Freud ,  1935) ,  includin g notabl y "slip s o f 

th e tongue, "  le d hi m t o th e conclusio n tha t  m a n y suc h error s ar e no t  merel y th e resul t  o f  rando m 

malfunction s i n menta l  processing ,  bu t  rathe r  ar e meaningfu l  psychologica l  acts .  Tha t  is ,  the y 

ar e intentiona l  action s i n ever y sens e o f  th e word ,  reflectin g an d indee d carryin g ou t  th e goals , 

whethe r  consciou s o r  not ,  o f  th e perso n w h o commit s them .  I n particular ,  Freu d argues ,  suc h 

error s ste m fro m attempt s t o carr y ou t  suppreese d intentions ,  intention s whic h hav e bee n forme d 

but  the n i n som e sens e withdraw n becaus e the y conflic t  wit h other ,  mor e powerfu l  intentions . 

For example, in the simplest case a person may decide to say something, but then change his 

min d an d decid e t o sa y somethin g els e instead .  Nevertheless ,  th e origina l  intentio n someho w 

intrude s itsel f  int o hi s utterance .  Freu d (1935 )  discusse s th e exampl e "Dan n abe r  sin d Tatsache n 

su m Voreehwei n gekommen, "  ("an d the n certai n fact s wer e revealcd/diagueting") ,  i n whic h 

Voraehwei n i s a  conflatio n o f  Voraehei n (revealed )  an d Schweinereic n (disgusting) .  T h e speake r 

relate s tha t  h e ha d originall y intende d t o sa y tha t  th e fact s wer e disgusting ,  bu t  controlle d 

himsel f  an d decide d t o sa y somethin g milde r  instead .  I n spit e o f  thi s decision ,  however ,  th e 

suppresse d intentio n apparentl y exerte d a n influenc e o n hi s speech . 

Example s o f  thi s sor t  sho w tha t  goals ,  onc e formed ,  ca n influenc e subsequen t  behavio r 

despit e intervenin g decision s t o suppres s them .  Viewe d fro m a n informatio n processin g 

perspective ,  however ,  ther e ar e tw o radicall y differen t  interpretation s o f  thi s fact ,  correspondin g 

t o tw o distinc t  model s o f  ho w th e influenc e migh t  b e exerted .  O n on e account ,  n o furthe r 

processin g o f  th e goa l  i s  undertake n afte r  it s  suppression ,  an d th e influenc e i s simpl y a  residu e o f 

th e processin g tha t  too k plac e prio r  t o tha t  suppression .  I n th e abov e example ,  fo r  instance ,  i t 

m ay simpl y b e tha t  th e prio r  contemplatio n o f  th e goa l  t o sa y th e precis e word ,  "Schweinereien, " 

activate d tha t  wor d i n memory ,  an d tha t  thi s residua l  activatio n ha d a n effec t  o n th e proces s o f 

choosin g wha t  word s t o say ,  thu s causin g th e slip .  O n thi s account ,  althoug h th e sli p doe s i n 

some sens e reflec t  th e suppresse d goal ,  i t  i s  no t  reall y a n attemp t  t o carr y ou t  th e goal . 

However ,  mor e comple x example s sho w tha t  thi s sor t  o f  residu e explanatio n i s not ,  i n 

general ,  adequate .  Conside r  Freud' s exampl e o f  th e toas t  "Gentlemen ,  I  cal l  upo n yo u t o 

hiccoug h t o th e healt h o f  ou r  Chief, "  i n whic h th e wor d aufzuatoaae n (hiccough )  ha s bee n 

substitute d fo r  th e wor d anzuetoest n (drink) .  I n hi s explanation ,  Freu d argue s tha t  thi s sli p i s a 

manifestatio n o f  a n unconsciou s goa l  o n th e par t  o f  th e speake r  t o ridicule  o r  insul t  hi s superior , 

suppresse d b y th e socia l  an d politica l  dut y t o d o hi m honor.  However ,  notic e tha t  i n thi s case ,  i n 

contras t  wit h th e simple r  exampl e above ,  on e canno t  reasonabl y expec t  tha t  th e speaker' s 

intentio n t o ridicul e hi s superio r  gav e rise  originall y t o a  pla n involvin g th e us e o f  th e wor d 

"hiccough. "  Tha t  wor d ca n onl y hav e bee n chose n i n th e cours e o f  attempting  t o retriev e th e 

consciousl y intende d wor d "drink, "  t o whic h i t  bear s a  clos e similarit y i n German .  Yet ,  i f  w e 

accep t  Freud' s analysi s o f  th e example ,  th e wor d "hiccough "  wa s selecte d becaus e i t  achieve s th e 

speaker' s goa l  t o ridicule  hi s superior .  Thu s w e ar e force d t o conclud e tha t  thi s goa l  wa s stil l 



125 

activ e durin g th e attemp t  t o retriev e th e wor d "drink, "  despit e th e fac t  tha t  i t  wa s «uppresae d 

prio r  t o tha t  attempt . 

Th e mer e fac t  tha t  suppresse d goal s ar e abl e t o affec t  th e over t  behavio r  o f  planner s i s 

enoug h t o justif y th e assertio n tha t  the y ar e active .  However ,  th e sens e o f  activit y implie d b y 

example s lik e th e abov e transcend s thi s abilit y  alone .  Ther e i s n o wa y tha t  a  planne r  coul d hav e 

reasonabl y anticipate d tha t  th e goa l  o f  ridiculin g o r  insultin g it s superio r  woul d b e satisfie d b y 

utterin g th e wor d "hiccough. "  I f  fo r  n o othe r  reason ,  thi s i s becaus e ther e ar e hundred s o f  a 

prior i  mor e plausibl e word s an d phrase s tha t  ca n b e use d t o insul t  o r  ridicule  someone .  However , 

i f  th e planne r  wa s no t  lookin g fo r  thi s opportunit y i n particular ,  the n i t  mus t  hav e bee n lookin g 

fo r  an y opportunit y i n general .  I n thi s case ,  recognisin g th e opportunit y involve d realizin g tha t 

th e substitutio n o f  th e wor d "aufiustossen "  (hiccough )  fo r  th e wor d "anrustossen "  (drink )  would , 

withi n th e contex t  o f  th e toast ,  resul t  i n a  ridiculous  an d insultin g utterance .  Becaus e th e effec t 

of  th e substitutio n depend s o n th e context ,  considerabl e inferenc e i s neede d t o determin e whethe r 

i t  would ,  indeed ,  serv e t o carr y ou t  th e goa l  o f  insultin g th e superior .  Thus ,  th e planne r  mus t 

hav e expende d considerabl e cognitiv e resource s i n checkin g potentia l  opi>ortunitie s fro m th e tim e 

of  th e goal' s formatio n t o th e tim e tha t  thi s particula r  opportunit y i n fac t  arose . 

But why would a planner expend such resources on a goal which it had already determined 

not  t o pursue ? I n fac t  ther e i s n o coheren t  wa y t o vie w th e planne r  a s a  whol e a s th e agen t 

behin d th e expenditur e o f  cognitiv e resource s i n th e pursui t  o f  suppresse d goals .  W h a t  example s 

lik e th e abov e see m t o indicate ,  therefore ,  i s  tha t  th e goal s themselve s ar e activ e cognitiv e 

agents ,  capabl e o f  commandin g th e cognitiv e resource s neede d t o recogniz e opportunitie s t o 

satisf y themselves ,  an d th e behaviora l  resource s neede d t o tak e advantag e o f  thos e opportunities . 

I d a  ver y rea l  sense ,  suc h goal s mus t  b e activel y observin g th e menta l  processin g bein g carrie d ou t 

fo r  othe r  goals ,  no t  onl y inspectin g feature s o f  tha t  processing ,  bu t  als o drawin g inference s abou t 

ho w thos e feature s migh t  b e usefu l  i n thei r  o w n satisfaction .  The y ar e no t  merely ,  fo r  example , 

dat a structure s i n som e monolithi c plannin g system ,  whic h coul d b e triviall y  suppresse d simpl y 

by bein g erase d o r  marke d a s inactive .  The y mus t  b e activel y suppressed ,  an d suc h suppressio n 

m ay i n fac t  fail . 

We no w com e t o th e centra l  questio n o f  thi s pape r  I s th e conceptio n o f  goal s an d goa l 

processin g neede d t o explai n Freudia n slip s functionall y justifiable ,  o r  doe s i t  merel y reflec t  a n 

accidenta l  attribut e o f  h u m a n psychology ? 

Fundamenta l  t o th e abov e explanatio n o f  Freudia n slip s i s th e abilit y  t o recogniz e an d seiz e 

opportunities .  I n B i m b a u m (i n press) ,  i t  i s  argue d tha t  thi s abilit y  i s  a  fundamenta l  elemen t  o f 

intelligen t  plannin g i n general .  T o tak e a  simpl e example ,  suppos e yo u g o t o th e stor e t o bu y 

something .  If ,  whil e yo u ar e a t  th e store ,  yo u notic e a n ite m tha t  yo u wan t  o n sale ,  yo u ma y 

the n decid e t o purchas e th e item ,  eve n thoug h yo u di d no t  originall y g o t o th e stor e i n orde r  t o 

satisf y tha t  intention .  Th e poin t  her e i s tha t  i t  i s  not ,  i n general ,  possibl e t o forese e al l  th e 

situation s i n whic h a n unsatisfie d goa l  m a y b e satisfiable .  Intelligen t  behavio r  require s th e abilit y 

t o recogniz e an d seiz e suc h unforesee n opportunitie s t o satisf y goals . 

As we saw in the case of Freudian slips, recognizing opportunities may entail significant 

inference .  Thi s i s particularl y tru e i f  w e conside r  people' s abilit y  t o seiz e nove l  opportunities .  I t 

i s  eas y enoug h t o suppos e tha t  som e feature s o f  situation s woul d p>oin t  directl y t o goal s tha t  the y 

satisfy .  Fo r  example ,  i t  i s  arguabl e that ,  indexe d unde r  th e featur e "money, "  w e hav e th e goa l  o f 

possessin g money .  Thus ,  i t  isn' t  har d t o se e ho w th e opportunit y implici t  i n seein g som e mone y 

o n th e stree t  woul d b e recognized . 

On th e othe r  hand ,  suppos e a  perso n goe s t o a  hardwar e stor e an d see s a  gadge t  h e di d no t 

previoiisl y kno w existed ,  e.g. ,  a  router .  Peopl e see m perfectl y capable ,  a t  leas t  sometimes ,  o f 
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coDBtructin g th e inferentia l  chai n necessar y t o recognir e ho w suc h a  nove l  opportunit y migh t 

facilitat e th e achievemen t  o f  a  goa l  tha t  the y coul d not ,  ahea d o f  time ,  hav e know n tha t  i t  woul d 

facilitate .  Fo r  example ,  someon e w h o ha d th e goa l  o f  possessin g bookshelve s woul d see m 

perfectl y capabl e o f  realisin g tha t  a  route r  woul d b e usefu l  i n buildin g them .  Thi s seem s 

plausibl e eve n i f  h e ha d no t  intende d t o buil d th e bookcases ,  bu t  rathe r  ha d intende d t o bu y 

them .  I n tha t  case ,  h e probabl y wouldn' t  hav e give n muc h though t  t o ho w the y migh t  b e built . 

But ,  onc e h e understand s wha t  a  route r  does ,  h e m a y realiz e tha t  i t  ca n b e use d t o cu t  channel s 

i n th e sid e board s o f  th e bookcase ,  int o whic h horizonta l  board s ca n b e fitte d a s shelves . 

While the need for this kind of opportunistic processing provides us with a functional 

justificatio n fo r  th e abilit y  o f  a  goa l  t o recogniz e th e mean s fo r  it s o w n accomplishmen t  whe n 

the y unexpectedl y presen t  themselves ,  i t  remain s t o b e explaine d w h y goal s whic h hav e fo r  goo d 

reaso n bee n suppresse d shoul d b e abl e t o overcom e thei r  suppressio n whe n opportunitie s fo r  thei r 

achievemen t  arise .  Tha t  is ,  w h y shoul d a n intentiona l  syste m lac k th e mean s t o den y suc h a 

suppresse d goa l  acces s t o mechanism s fo r  producin g rea l  behavior ? 

Surprisingly, it turns out that opportunistic processing even offers a functional justification 

fo r  thi s seemingl y unproductiv e characteristi c o f  a n intentiona l  system .  Conside r  first  wha t  i t 

meant  fo r  a  goa l  t o b e "suppressed. "  A  goa l  woul d nee d t o b e suppresse d i f  i t  wer e foun d t o b e 

i n conflic t  wit h anothe r  goa l  i n th e system .  Ther e ar e tw o way s tha t  a  goa l  conflic t  coul d arise : 

eithe r  becaus e th e goal s themselve s ar e inherentl y mutuall y exclusive ,  o r  becaus e som e rathe r 

more contingen t  proble m arise s i n attempting  t o pla n fo r  bot h o f  them .  Tha t  is ,  i t  migh t  b e tha t 

tw o goal s ar e foun d t o b e i n conflic t  base d o n th e planner' s judgmen t  o f  th e resource s an d 

option s availabl e unde r  th e circumstance s i n whic h th e goal s ar e bein g weighed .  (Se e Wilensky , 

1083 ,  fo r  a n analysi s o f  th e consideration s involve d i n makin g suc h judgments. )  Fo r  example ,  th e 

goal  o f  insultin g one' s bos s i s presumabl y suppresse d becaus e i t  conflict s wit h mor e importan t 

socia l  an d politica l  goals .  However ,  th e conflic t  betwee n thes e goal s i s situation-dependent .  I t  i s 

perfectl y possible ,  albei t  unlikely ,  tha t  ther e m a y b e som e futur e situatio n i n whic h insultin g th e 

bos s an d achievin g one' s politica l  end s woul d b e compatible . 

Once a goal conflict is recognized, a planner must decide to suppress one goal and pursue the 

othe r  base d o n a n assessmen t  o f  whic h cours e o f  actio n i s mos t  reasonabl e i n ligh t  o f  cxirren t  o r 

expecte d futur e circumstances .  However ,  i t  i s  quit e possibl e tha t  i n fac t  futur e circumstance s wil l 

be differen t  tha n originall y foreseen .  Thu s a n opportunisti c planne r  mus t  b e abl e t o overrid e 

previou s decision s abou t  whic h o f  it s  goal s t o pursue .  Decision s mad e whe n formulatin g th e plan s 

cuirentl y bein g pursue d shoul d no t  b e immutable . 

Consider the following example. Supix>se a person is out in the forest and is both hungry 

and thirsty .  Give n hi s knowledg e abou t  foo d source s an d wate r  sources ,  an d whateve r  othe r 

pragmati c consideration s pertai n i n th e circumstances ,  h e decide s tha t  thes e tw o goal s conflict , 

and tha t  h e wil l  suppres s th e thirs t  goa l  whil e h e pursue s th e ai m o f  satisfyin g hi s hunger .  Whil e 

pursuin g hi s pla n t o obtai n food ,  however ,  h e come s upo n a  strea m whic h h e hadn' t  previousl y 

know n about .  Thi s i s precisel y th e kin d o f  situatio n i n whic h w e woul d expec t  — or ,  indeed , 

demand — a n opportunisti c response ,  regardles s o f  an y previou s decisio n t o suppres s th e thirs t 

goal . 

The implication here is that the decision to suppress a goal is really just a decision to forego 

plannin g fo r  tha t  goal ,  an d tha t  i n a n opportunisti c proeeseor ,  n o goa l  i a eve r  reall y 

'̂ tuppressed. "  Viewe d i n thi s light ,  th e fac t  pointe d t o b y Freudia n slips ,  tha t  goal s whic h hav e 

putativel y bee n suppresse d ca n stil l  tak e advantag e o f  opportunitie s fo r  thei r  o w n achievement , 

ca n no t  onl y b e understood ,  bu t  ca n b e see n t o b e a  desirabl e an d possibl y necessar y aspec t  o f  a 

planner . 
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What  ye t  remain s unexplained ,  however ,  i s  wh y opportunitie s woul d b e acte d upo n eve n 

when furthe r  reflectio n b y th e planne r  woul d presumabl y reaffir m th e decisio n t o suppres s them , 

as i s undoubtedl y th e cas e wit h Freudia n slips .  I t  woul d see m somewha t  counter-productiv e no t 

t o deman d tha t  th e planne r  b e allowe d t o reconside r  th e reason s wh y a  goa l  wa s suppressed ,  i n 

ligh t  o f  th e sudde n appearanc e o f  a n opportunit y t o achiev e tha t  goal .  W e migh t  expect ,  fo r 

example ,  tha t  despit e th e opportunit y t o insul t  o r  ridicul e one' s boss ,  thi s opportunit y woul d no t 

be taken ,  sinc e i t  woul d stil l  b e impoliti c  t o d o so .  W e might ,  i n fact ,  assum e tha t  thi s i s  ofte n 

what  happens .  I n th e cas e o f  th e hungr y an d thirst y person ,  fo r  example ,  i t  woul d mak e sens e 

fo r  tha t  perso n t o reconside r  wh y h e though t  ther e wa s a  conflic t  betwee n thos e goal s upo n 

findin g th e stream . 

There will not always be time to do this, however. The fortuitous presence of a rock or 

stick ,  fo r  example ,  notice d i n th e cours e o f  a  struggl e wit h a n animal ,  i s  a n opportunit y whic h 

woul d hav e t o b e seiie d virtuall y withou t  though t  t o b e helpful .  Thus ,  w e migh t  expec t  tha t 

when ther e i s sever e tim e pressur e i n decidin g whethe r  t o pursu e a n opportunit y o r  not ,  actio n 

ca n b e take n withou t  du e consideratio n b y th e plannin g mechanis m a s a  whole .  Lexica l  selection , 

whil e lackin g th e life-or-deat h implication s o f  struggle s wit h predators ,  i s  nevertheles s a  proces s 

whic h mus t  occu r  i n split-second s t o produc e smoot h vocalizations .  W e might ,  therefore ,  vie w 

Freudia n slip s a s a n unfortunat e bu t  unpreventabl e side-effec t  o f  th e nee d fo r  thi s kin d o f 

opportunisti c short-cu t  t o behavior . 

In conclusion, we have argued that in order to accept Freud's intentional explanations for 

slip s o f  th e tongue ,  w e mus t  postulat e tha t  goal s ar e activ e menta l  agents ,  commandin g th e 

cognitiv e resource s neede d t o recogniz e opportunitie s t o satisf y themselves ,  an d capabl e o f  actin g 

on suc h opportunitie s eve n whe n suppresse d o r  unconscious .  W e hav e furthe r  show n tha t  suc h a 

conceptio n o f  goal s ca n b e functionall y justifie d o n th e ground s tha t  i t  fulfill s  th e requirement s o f 

opportunisti c processing .  I n particular ,  w e hav e see n tha t  th e abilit y  o f  suc h goal s t o manifes t 

themselve s eve n afte r  thei r  "suppression "  i s no t  merel y a  flaw  i n huma n beings ,  bu t  i s  a  necessar y 

attribut e o f  a n adequat e opportunisti c processor .  Thus ,  i t  seem s tha t  th e kin d o f  intentiona l 

machiner y neede d t o suppor t  opportunisti c plannin g woul d quit e naturall y exhibi t  Freudia n slips . 
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A B S T R A CT 

A mode l  o f  computer-manua l  comprehensio n 

i s propose d i n whic h fou r  processe s operat e simul -

taneously :  task-mappin g o f  th e structur e o f  regula r 

procedure s ont o th e structur e o f  compute r  com -

mands,  constructin g a  menta l  mode l  o f  th e com -

pute r  system ,  inducin g th e comman d languag e 

grammar ,  an d learnin g th e structur e o f  compute r 

procedures .  Finding s fro m a  stud y o f  fiv e novices ' 

comprehensio n problem s unt h U N I X documenta -

tio n ar e analyze d i n term s o f  thes e fou r  processes . 

Two o f  th e fou r  processes—task-mappin g an d pro -

cedur e learning—ar e describe d i n thi s paper .  Th e 

analysi s focuse s o n th e knowledg e structure s 

involve d i n comprehendin g a  technica l  text . 

The solution to the problem of computer 

manual  comprehensio n ha s bee n narrowl y viewe d 

as simpl y a  matte r  o f  eliminatin g jargon ,  usin g 

"good "  sentenc e structure ,  an d s o on .  Tha t  is , 

th e emphasi s ha s bee n o n low-leve l  linguisti c 

aspect s instea d o f  th e fundamenta l  cognitiv e one s 

involvin g th e knowledg e structure s tappe d b y a 

technica l  text .  Th e comprehensio n proble m ma y 

be considere d fro m th e perspectiv e o f  eac h o f  th e 

thre e factor s tha t  giv e ris e t o it ,  viz. ,  th e system , 

th e reader ,  an d th e writer . 

First ,  a  compute r  manua l  give s direction s 

fo r  operatin g a  devic e tha t  i s  unlik e an y othe r 

machine .  Compute r  system s ar e difficul t  t o lear n 

bot h becaus e the y ar e operate d symbolically ,  an d 

becaus e the y "operat e o n invisibl e object s wit h 

consequence s tha t  ar e no t  readil y apparent " 

(Nakatan i  an d Rohrlich ,  1983) .  I n particular ,  th e 

reade r  mus t  understan d bot h th e system' s con -

ceptua l  mode l  an d interface . 

Second ,  th e reader' s knowledg e bas e mus t 

be take n int o account .  I f  th e reade r  i s a  non -

programme r  ther e ar e onl y tw o thing s tha t  h e o r 

sh e ca n brin g t o th e text :  a  mode l  o f  ho w con -

ventiona l  editin g i s done ,  an d som e expectation s 

abou t  tex t  structure .  Beyon d this ,  non -

programmer s ar e a t  a  loss .  The y hav e n o under -

standin g o f  compute r  programmin g whic h som e 

hav e argue d i s th e basi s fo r  a  generativ e mode l  o f 

th e syste m (e.g. ,  Shell ,  1981) . 

Third ,  th e technica l  writer' s abilit y t o con -

ve y th e ne w informatio n mus t  b e analyzed .  T h e 

writer' s rol e i s on e i n whic h h e o r  sh e mus t  com -

pensat e fo r  bot h th e novice' s naivete ,  an d an y 

unnaturalnes s i n th e system' s design .  T o date , 

writer s hav e onl y bee n give n ver y genera l  sugges -

tion s fo r  accomplishin g thi s fea t  (e.g. ,  "writ e 

cleatfly") .  Th e ga p betwee n th e suggestion s an d 

thei r  implementatio n mus t  b e filled  entirel y b y 

intuition .  Cognitiv e psychology ,  an d i n particu -

la r  tex t  comprehensio n research ,  ca n provid e a 

means o f  bridgin g thi s ga p b y elucidatin g th e 

specifi c  schemat a tappe d b y a  technica l  text . 

I n orde r  t o investigat e users '  problem s 

learnin g a  syste m wit h a  manual ,  a n in-dept h 

qualitativ e stud y wa s carrie d ou t  i n whic h 5 

novice s attempte d t o lear n U N I X ^  wit h onl y a 

manual  t o guid e them .  Th e subject s wer e aske d 

t o rea d a  sectio n o f  tw o locall y produce d tutorial s 

i n advanc e o f  meetin g wit h th e researcher .  Th e 

tutorial s covere d file  manipulatio n an d tex t  edit -

in g wit h a  line-oriente d edito r  calle d "Edit. " 

Durin g th e meeting s subject s use d th e compute r 

t o follo w th e instruction s i n th e tutorial .  Th e 5 

*  UNI X i *  k  tndeEur k o f  Bel l  LftborUoriet . 
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session s laste d tw o hour s o n averag e an d wer e 

tap e recorded ,  yieldin g approximatel y 1 0 hour s o f 

tap e fro m eac h subject . 

The mode l  derive d fro m th e analysi s o f  th e 

dat a partition s th e informatio n containe d i n com -

pute r  manual s int o fou r  classes ,  eac h wit h a 

correspondin g comprehensio n task .  Functiona l 

informatio n describe s th e purpos e o f  eac h com -

mand an d trigger s a  task-mappin g comprehen -

sio n process .  I n thi s process ,  user s ma p th e ne w 

functiona l  informatio n give n i n th e manua l  ont o 

thei r  taci t  model s o f  regula r  text-editin g an d gen -

era l  offic e procedures .  Example s o f  suc h pre -

existin g model s ar e th e familia r  procedure s o f 

cuttin g an d pastin g tex t  i n documents ,  creatin g 

new files,  an d typewrite r  editing .  Structura l 

informatio n describe s th e underlyin g structure s 

and processe s o f  th e compute r  syste m itself .  A 

descriptio n o f  a  devic e trigger s a  model * 

buildin g proces s i n whic h th e reade r  attempt s t o 

construc t  a  menta l  mode l  o f  ho w th e devic e func -

tions ,  fo r  example ,  ho w th e edito r  buffe r  an d dis k 

(importan t  entitie s whic h th e use r  neve r  sees )  ar e 

related .  C o m m a nd informatio n describe s th e 

way i n whic h command s ar e issued .  I t  trigger s 

th e c o m m a n d learnin g proces s i n whic h user s 

attemp t  t o lear n th e synta x an d semantic s o f  th e 

command language .  Procedura l  informatio n 

provide s direction s fo r  navigatin g throug h th e 

system ,  i.e. ,  knowin g whic h comman d t o issu e i n 

whic h context .  Th e correspondin g procedur e 

learnin g proces s entail s recognizin g thes e 

differen t  progra m contexts ,  an d learnin g th e 

orde r  i n whic h command s mus t  b e issued . 

Thoug h eac h o f  thes e processe s tap s radi -

call y differen t  knowledg e structures ,  the y ar e fun -

damentall y th e same :  i n eac h cas e i t  i s  necessar y 

fo r  th e ne w informatio n t o connec t  wit h th e 

reader' s knowledg e base .  I t  i s  apparen t  fro m th e 

problem s novice s ha d tha t  th e documentatio n 

the y use d ha d seriou s shortcoming s i n eac h o f 

thes e areas .  Becaus e o f  spac e limitations ,  onl y 

tw o o f  th e fou r  comprehensio n processe s wil l  b e 

describe d here—th e task-mappin g proces s an d 

th e procedure-learnin g process . 

T A S K - M A P P I NG 

The task-mopin g proces s wa s initiall y 
describe d i n Clemen t  (1983 )  a s a  globa l  proces s o f 

mappin g th e structur e o f  th e regula r  editin g tas k 

ont o th e correspondin g compute r  versio n o f  th e 

task .  So ,  fo r  example ,  th e regula r  editin g prc ^ 

cedur e o f  changin g a  wor d b y crossin g i t  ou t  an d 

writin g anothe r  wor d abov e it ,  get s mappe d t o 

th e tex t  editor' s substitut e command .  Recently , 

thi s sam e proces s ha s bee n describe d i n mor e 

detai l  b y Mora n (1983) .  Mora n state s tha t  th e 

user' s knowledg e o f  editin g procedure s consist s o f 

at  leas t  eigh t  editin g function s (add ,  remove , 

change ,  transpose ,  move ,  copy ,  split ,  join )  whic h 

operat e o n five  tex t  entitie s (character ,  word , 

sentence ,  line ,  paragraph) .  Th e 3 7 task s tha t 

resul t  fro m th e combinatio n o f  editin g function s 

and tex t  entitie s constitut e th e cor e knowledg e 

th e use r  possesses .  Thi s knowledg e comprise s th e 

"externa l  tas k spaMre. "  Th e compute r  syste m 

als o ha s entitie s an d operation s define d withi n it , 

but  thes e ma y b e ver y differen t  fro m th e one s th e 

user  knows .  Th e entitie s an d operation s interna l 

t o th e compute r  constitut e th e "interna l  tas k 

space. "  Mora n give s th e exampl e o f  a  syste m 

tha t  define s onl y on e entit y ( a characte r  string) , 

and onl y thre e editin g operations .  Wit h thi s sys -

te m user s mus t  lear n t o conflat e th e five  separat e 

tex t  entitie s the y ar e familia r  wit h ont o thi s on e 

syste m entity ,  an d th e eigh t  editin g function s 

the y ar e use d t o mus t  b e collapse d ont o three : 

cut ,  paste ,  an d insert .  I n othe r  words ,  th e task -

mappin g proces s require s tha t  th e use r  lear n t o 

carr y ou t  famUia r  task s b y mean s o f  unfamilia r 

function s whic h operat e o n unfamilia r  entities . 

The operatio n o f  thi s proces s wa s especiall y 

eviden t  whe n subject s attempte d t o lear n th e 

U N I X rea d conomand .  Thi s comman d allow s a 

file  t o b e inserte d int o th e file  currentl y bein g 

revised ,  tha t  is ,  i t  allow s th e use r  t o cu t  an d 

paste .  H o w i s i t  simila r  t o conventiona l  cuttin g 

and pasting ? I n bot h th e compute r  versio n an d 

th e regula r  versio n o f  th e cuttin g an d pastin g 

procedur e th e poin t  a t  whic h th e ne w informa -

tio n i s t o b e inserte d mus t  b e located .  The n th e 

pastin g actio n ca n b e carrie d out .  I n th e com -

pute r  procedur e th e "read "  comman d i s issued ; 

i n th e regula r  procedur e th e materia l  i s  actuall y 

paste d in .  Ther e ar e tw o way s i n whic h th e pro -

cedure s differ .  First ,  i n regula r  cuttin g an d past -

in g th e materia l  paste d i n typicall y n o longe r 

exist s i n it s origina l  location .  I n contrast ,  i n th e 

compute r  versio n o f  th e task ,  th e file  paste d i n 

stil l  exist s a s a  separat e file.  Second ,  i n regula r 

cuttin g an d pastin g usuall y onl y par t  o f  a  remot e 

document  i s splice d int o th e documen t  unde r 

revision .  I n contrast ,  i n compute r  cuttin g an d 

pastin g th e entir e remot e file  i s paste d in ,  no t 

jus t  a  sectio n o f  it . 

The manua l  describe d th e conunan d a s fol -

lows . 



130 

Read in g addH lon* !  fllea  (r ) 

The read (r) commaDd allows you to add the 

content s o f  a  file  t o th e buffe r  a t  a  specifie d loca -

tion ,  essentiall y  copyin g ne w line s betwee n tw o 

existin g lines .  T o us e it ,  specif y th e lin e afte r 

whic h th e ne w tex t  wil l  b e placed ,  th e rea d (r ) 

command,  an d the n th e nam e o f  th e file.  I f  yo u 

hav e a  file  name d "example" ,  th e c o m m a n d 

t$r example 

"example "  1 8 lines ,  47 3 character s 

reads the file "example" and adds it to the buffer 

afte r  th e las t  line .  Th e curren t  filename  i s no t 

change d b y th e rea d command .  {Edit :  A  Tutoria l 

p.  22 ) 

I n general ,  th e subject s ha d difficult y understand -

in g thi s paragraph .  Afte r  the y wer e tol d tha t  i t 

referre d t o cuttin g an d pastin g furthe r  discussio n 

reveale d thei r  attempt s t o m a p th e structur e o f 

th e regula r  procedur e ont o th e compute r  pro -

cedure .  T w o subject s though t  tha t  th e file 

paste d i n disappear s fro m it s  origina l  location . 

Notic e tha t  thi s i s wha t  woul d b e predicte d fro m 

a mode l  o f  regula r  editing .  Anothe r  subjec t  won -

dere d i f  onl y par t  o f  th e remot e file  i s paste d in , 

or  th e whol e file. 

F ro m a  tex t  comprehensio n standpoin t  thi s 

paragraph  fro m th e manua l  i s reminiscen t  o f  pa» -

sage s use d i n tex t  comprehensio n studie s i n th e 

earl y 70' s (e.g. ,  Doolin g an d Lachman ,  1972 ) 

wher e subject s wer e presente d wit h text s tha t 

wer e incomprehensibl e withou t  a  title .  Onc e a 

titl e wa s provide d th e text s wer e easil y 

comprehende d becaus e th e titl e triggere d th e 

tehem a tha t  th e tex t  wa s about .  Similarly ,  thi s 

tex t  woul d hav e bee n easie r  fo r  th e subject s t o 

assimilat e ha d th e cuttin g an d pastin g schem a 

been activate d a t  th e outset ,  say ,  i n th e heading . 

Thi s i s a  poin t  tha t  ca n b e o f  us e t o documen t 

developers .  Onc e th e appropriat e regular-editin g 

schema i s  activate d the n th e task-mappin g pro -

ces s ca n b e carrie d ou t  mor e easily .  Th e docu -

ment  develope r  ca n furthe r  facilitat e th e task -

mappin g proces s b y explicitl y  comparin g th e 

similaritie s an d difference s betwee n th e regula r 

editin g procedur e an d th e compute r  procedure . 

Thi s woul d reduc e th e amoun t  o f  inferencin g th e 

reade r  woul d hav e t o engag e in ,  an d woul d simul -

taneousl y answe r  th e reader' s questions . 

P R O C E D U RE L E A R N I N G 

Accordin g t o th e Card ,  Moran ,  an d Newel l 
(1080 )  mode l  o f  th e manuscrip t  editin g task ,  a n 

expert' s  knowledg e dt/uctur e consist s o f  goals , 

operators ,  methods ,  an d selectio n rules .  Tha t  is , 

expert s hav e pre-store d informatio n abou t  th e 

sequenc e o f  operation s an d alternativ e method s 

availabl e fo r  performin g a n editin g task .  I t  i s 

thi s knowledg e tha t  th e novic e mus t  acquir e fro m 

th e manua l  an d fro m interaction s wit h th e sys -

tem . 

I t  i s  clea r  fro m th e dat a tha t  novice s com e 

t o th e procedur e learnin g tas k wit h a  rudimen -

tar y procedur e schem a containin g slot s fo r  goals , 

steps ,  an d methods .  However ,  th e proces s o f 

filling  thes e slot s i s no t  eas y t o d o i f  th e rol e o f 

eac h piec e o f  informatio n i s no t  clearl y marke d i n 

th e text .  Fo r  example ,  on e sectio n o f  th e 

tutoria l  describe d ho w t o correc t  typographica l 

error s wit h a  line-oriente d editor .  T o carr y ou t 

thi s tas k th e use r  mus t  understan d thre e things : 

1)  ho w th e edito r  function s (th e nee d t o positio n 

i t  o n th e relevan t  line) ;  2 )  th e sequenc e o f  step s 

necessar y fo r  carryin g ou t  th e task ;  an d 3 )  th e 

variou s method s tha t  ca n b e use d t o carr y ou t 

th e task .  Th e structur e o f  th e tas k i s a s follows : 

Goal: Correct typographical error in text. 

Step 1: Position editor on relevant 

line . 

Method 1: Search for pattern on 

relevan t  line . 

Metho d 2 :  Typ e 

relevan t  line . 

number  o f 

Ste p 2 :  Issu e substitut e c o m m a n d . 

Afte r  performin g onl y th e first  ste p i n th e pro -

cedure ,  tw o subject s assume d tha t  th e tas k ha d 

bee n completed ,  i.e. ,  tha t  th e correctio n ha d bee n 

made.  Thi s indicate s tha t  th e manua l  di d no t 

make clea r  th e two-ste p natur e o f  th e task .  O n e 

subjec t  rea d abou t  th e tw o method s fo r  carryin g 

ou t  a  ste p an d assume d tha t  eac h metho d wa s a 

necessar y par t  o f  th e sequence .  Thi s indicate s 

tha t  th e variou s method s wer e no t  clearl y 

marke d i n th e manua l  a s alternatives .  Afte r 

readin g th e tw o page s describin g th e procedure , 

on e subject ,  afte r  m u c h thought ,  manage d t o 

induc e th e two-ste p structur e o f  th e task . 

Togethe r  thes e example s sho w ho w muc h 

inferencin g th e subject s wer e force d t o do ,  an d 
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ho w difficul t  i t  wa s fo r  them . 

Thi s analysi s describe s novices '  attempt s t o 

bduc e th e structur e o f  a  particula r  editin g task . 

Yet  w e kno w fro m th e researc h previousl y 

describe d tha t  th e expert' s  knowledg e i s a  fine'y 

articulate d goa l  structur e i n whic h th e step s an d 

method s ar e clearl y differentiated .  Th e write r 

coul d facilitat e th e constructio n o f  thi s structur e 

by simpl y makin g i t  explicit .  I f  th e goals ,  steps , 

and method s o f  th e procedur e wer e explicitl y 

marke d i n th e text ,  the n th e novic e woul d b e 

abl e t o assimilat e eac h piec e o f  information ,  a s i t 

i s  read ,  t o th e appropriat e slo t  i n th e schema . 

Lik e th e suggestio n pu t  fort h i n th e task -

mappin g section ,  thi s suggestio n als o reduce s th e 

amount  o f  inferencin g th e reade r  woul d hav e t o 

do. 

Researc h o n th e schemat a novice s brin g t o 

th e text ,  a s wel l  a s th e schemat a ultimatel y con -

structe d b y th e exper t  ca n len d mor e precisio n t o 

th e tas k o f  packagin g informatio n i n a  technica l 

text .  I n particular ,  thi s kin d o f  analysi s give s 

ris e t o psychologically-base d heuristic s fo r  docu -

ment  developmen t  whic h addres s th e importan t 

conceptua l  aspect s o f  comprehendin g compute r 

documentation . 
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Ethni c Attitud e i n Discourse : 
a Competition-fram e Analysi s 

Marte n J .  de n Uy l  Teu n A .  va n Dij k 

University of Amsterdam 

I.INTRODUCTION 

The problems of ethnic prejudice and intergroup conflict have traditionally been 
a focu s o f  attentio n i n socia l  psychology .  I n thi s lon g researc h histor y littl e 
effor t  ha s bee n investe d i n a  systemati c analysi s o f  th e form s o f  informa l 
conversatio n i n whic h attitude s toward s ethni c group s ma y b e expressed .  Yet , 
everyda y tal k i s on e o f  th e mos t  importan t  medi a fo r  th e difusio n o f  ethni c 
prejudic e (e.g .  Va n Dij k  1984) .  On e reaso n fo r  th e neglec t  o f  thi s topi c i s tha t 
i t  require s a n interdisciplinar y approach .  Onl y whe n insight s fro m discours e 
analysis ,  socia l  psycholog y an d cognitiv e modelling ,  particularl y wor k o n belie f 
systems ,  ar e combined ,  on e ca n hop e t o b e successfu l  i n answerin g th e 
followin g closel y interrelate d questions : 
a)  H o w ar e knowledge ,  belief s an d feeling s toward s ethni c group s organized ? 
A representatio n mode l  fo r  etni c belie f  system s i s needed . 
b)  What  processe s operat e i n discours e involvin g etni c attitudes ? Thi s entail s 
i n fac t  tw o questions :  1 )  ho w ca n discours e productio n generall y b e analyze d 
as a  strategi c proces s (Va n Dij k &  Kintsc h 1983) ;  an d 2 )  wha t  strategie s i n 
conversatio n ar e specifi c  t o discours e relatin g t o ethni c minorities ? 
c)  O n a  socia l  psychologica l  level ,  th e mai n questio n i s wha t  rol e informa l 
discours e play s i n intergrou p relations . 

Our analysis of ethnic attitude in discourse is based on an extensive data base 
draw n fro m informa l  interview s conducte d i n a  numbe r  o f  fiel d studies .  We 
canno t  dea l  wit h th e discours e propertie s o f  thes e interview s her e (cf .  Va n Dij k 
1984) .  Th e (ope n an d unstructured )  interview s wer e hel d wit h autochtonou s 
inhabitant s o f  a  neighbourhoo d i n Amsterda m wit h a  hig h percentag e o f  ethni c 
minorities .  Th e larges t  minorit y group s i n th e Netherland s ar e immigran t 
worker s (Turks ,  Maroccans )  an d peopl e fro m th e forme r  dutc h colon y o f 
Suriname . 

The researc h describe d i n thi s pape r  i s sponsore d i n par t  b y th e 
Netherland s Organizatio n fo r  th e Advancemen t  o f  Pur e Researc h (ZWO) . 
We than k Adr i  va n de r  Wurf f  fo r  comment s an d suggestions . 
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2.TH E S T R U C T U RE O F E T H N I C A T T I T U D E 

Ambivalence of Ethnic Attitude. We assume that positive and negative ethnic 
attitude s coul d b e represented ,  a s a  firs t  approximation ,  b y postulatin g 

differen t  goaltree s (Carbonel l  1979 )  fo r  th e "pro "  an d "con "  orientations . 
Hov /̂ever ,  i t  ha s bee n note d befor e (e. g Allpor t  1954 )  tha t  ethni c attitude s ofte n 
giv e a n impressio n o f  ambivalenc e an d inconsistency .  Fo r  instance ,  i t  i s  no t 
uncommon t o hea r  someon e argu e fo r  equa l  right s a t  on e tim e an d fo r 
protectio n o f  majorit y interest s a  littl e later .  Thi s woul d see m t o impl y tha t 
th e goal s tha t  determin e positiv e an d negativ e attitude s ca n b e presen t 
simultaneousl y withi n a n ethni c attitude .  Thi s become s eve n mor e likely ,  onc e 
i t  i s  realize d tha t  thes e goal s ar e o f  a  differen t  nature ;  th e positiv e sid e 
appear s t o b e base d o n genera l  value s an d norm s i n society .  Th e negativ e side , 
we propose ,  i s base d o n a  general ,  schematic ,  representatio n forma t  fo r 
intergrou p conflict . 

Competition-frames. Competition-frames are based on the Triangle repre-
sentatio n fo r  socia l  conflict s introduce d b y Schan k &  Carbonel l  (1979) .  A 
typica l  fragmen t  fro m a n intervie w ma y serv e t o introduc e thi s notion . 

"Now these are bip houses, vou can see that. But they are all 
foreiqner s tha t  com e t o liv e here .  Don' t  w e hav e an y Dutc h 
anymor e wh o nee d a  house ? (... )  Wh y shoul d th e foreigner s hav e 
al l  thos e nic e bi q houses ? The y al l  q o dow n th e drain ,  thos e 
houses. "  (approximat e translation ) 

In a competition two parties, labelled WE (e.g. "the Dutch") and THEY (e.g. 
"th e foreigners") ,  ar e i n conflic t  ove r  som e ISSU E (e.g .  "th e distributio n o f 
houses") .  A  thir d party ,  th e DISTRIBUTO R determine s th e outcom e o f  th e 
conflict . 
Some importan t  feature s distinguis h perceive d competitio n betwee n group s fro m 

most  othe r  socia l  conflicts . 
-  I n a  competitio n i t  i s  no t  a  singl e objec t  tha t  i s  a t  stake .  Rather ,  th e ISSU E 
i s a n ongoin g conflic t  o f  interests .  Thi s implie s tha t  competitio n migh t  continu e 
as lon g a s th e need s o f  th e group s involve d remai n unchange d an d ca n b e 
settle d i n a  definit e wa y b y ver y drasti c mean s only . 
-  Th e group s i n a  competitio n nee d no t  b e prope r  socia l  actors .  Fuzz y 
categorie s suc h a s "foreigners "  o r  "autochtonou s Dutch "  canno t  perfor m socia l 
acts .  Thi s i s a n importan t  differenc e wit h socia l  conflic t  Triangles .  Th e latte r 
deriv e thei r  usefulnes s a s representationa l  device s mainl y fro m th e possibilit y 
of  analyzin g socia l  conflict s i n term s o f  a  ver y limite d numbe r  o f  basi c socia l 
acts .  Suc h act s ma y b e nonexisten t  i n th e contex t  o f  competition-frames . 

-  Th e DISTRIBUTO R slo t  i n a  competition-fram e i s no t  alway s fille d b y a n 
authority .  A t  th e extreme s w e distinguis h "close d competition "  wher e th e 
outcome s ar e completel y determine d b y som e authorit y tha t  i s  believe d t o b e 
bot h impartia l  an d effective ,  an d "ope n competition "  wher e n o authorit y i s 
believe d t o hav e an y influenc e o n th e outcomes . 
-  A t  an y moment  th e stat e o f  a  competitio n ca n b e evaluated .  We assum e suc h 
evaluatio n alway s t o tak e plac e fro m th e W E perspective .  Th e stat e o f  a 
competitio n i s a  functio n o f  thre e elements :  th e C L A I M o f  eac h part y t o a 
shar e o f  wha t  i s a t  stak e i n th e competition ;  th e GAIN ,  tha t  wha t  eac h part y 
has receive d sofar ;  an d th e R U L E S ,  th e distributio n rule s tha t  th e DIS -
T R I B U T OR i s perceive d t o use .  A n evaluatio n usuall y take s th e for m o f 
comparin g th e presen t  stat e o f  th e competitio n t o othe r  (pas t  o r  future )  state s 
of  th e sam e competitio n o r  t o othe r  competitions . 
-  Th e essentia l  ste p i n maintainin g a  competition-fram e representatio n fo r  som e 
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socia l  situatio n i s identificatio n wit h th e WE-group .  Thi s identificatio n entail s 
mor e tha n th e categorizatio n o f  sel f  a s a  member  o f  thi s group ,  i t  implie s 
internalizin g th e grou p interest s a t  stak e a s persona l  concerns .  Th e fulfillmen t 
of  grou p interest s the n become s equivalen t  t o th e fulfillmen t  o f  persona l  goals . 

Functions of Competition-frames. The most evident function of a competition-
fram e i s tha t  i t  enable s on e t o explai n negativel y value d socia l  situations .  Fo r 
most  socia l  problem s i t  ca n b e argue d tha t  W E ar e i n a  ba d positio n becaus e 
T H EY har m ou r  interests .  Th e wide-sprea d phenemeno n o f  scape-goatin g 
illCisTffte s the '  point . 
Competition-frame s furthe r  pla y a  rol e i n th e interpretatio n o f  particula r 
event s calle d incidents .  A n inciden t  i s a n even t  involvin g member s o f  th e 
competin g group s tha t  touche s upo n th e interest s o f  thes e group s i n th e 

competition .  Everyda y event s ar e understoo d b y creatin g a n episodi c structure , 
a "situatio n model "  (Va n Dij k &  Kintsc h 1983 )  i n whic h specifi c  informatio n 
abou t  th e even t  i s integrate d wit h genera l  knowledg e abou t  th e contex t  an d 
backgroun d o f  thi s event .  Par t  o f  a  situatio n mode l  ar e th e belief s abou t  th e 
need s an d motive s o f  actor s use d t o explai n thei r  actions .  A  c o m m o n 
mechanis m fo r  inferrin g explanation s o f  huma n actio n i s identification ;  i.e .  w e 
understan d someone' s action s i f  w e fee l  w e woul d hav e don e th e sam e i n 
his/he r  place .  Competition-frame s enhanc e identificatio n wit h WE-grou p m e m-
bers ,  bu t  suppres s identificatio n wit h member s o f  a  THEY-group .  Whe n 
interpretin g action s o f  th e latter ,  th e mechanis m o f  identificatio n i s replace d 
by a n interpretatio n proces s tha t  make s us e o f  grou p interest s an d charac -
teristic s represente d i n th e competition-frame .  Thus ,  whe n a n even t  suc h a s 
a Turkis h famil y movin g int o a  ne w hous e i s interprete d a s a n inciden t  i n th e 
competitio n fo r  houses ,  th e individua l  concern s o f  thes e actor s ar e no t 
represente d i n th e situatio n model .  Instead ,  th e perceive d threa t  t o in-grou p 
interest s i s represented .  Th e resul t  o f  suc h a n interpretatio n proces s ma y b e 
illustrate d i n anothe r  citatio n fro m th e sam e responden t  w e quote d before : 

"Look, and when a Dutchman gets such a bia house, then I say 
yes ,  that's. ,  that' s  cjreat .  Bu t  wh y shoul d thos e foreianer s al l 
snea k int o thos e houses? " 

Competition-frames have a function in the organization of knowledge in 
memory a s well .  Competitiv e relation s ca n b e perceive d t o exis t  betwee n tw o 
group s o n man y differen t  ISSUES ,  bot h materia l  (e.g .  housing )  an d immateria l 
(e.g .  religion ,  power) .  We assum e hierarchica l  relation s ca n obtai n betwee n 
competition-frame s wit h th e sam e opposin g groups .  Specifically ,  w e assum e tha t 
al l  suc h frame s ar e dominate d b y a  hig h leve l  competition-fram e wher e th e 

ISSUE i s lef t  unspecified .  Suc h a  hierarchica l  organizatio n o f  competition -
frame s i s equivalen t  t o a  goaltree . 

3.COMPETITION-FRAMES IN DISCOURSE 

Polarization Strategies. Competition-frames have yet another function: they 
contro l  a  speaker s contribution s t o a  conversation . 
A mayo r  ai m o f  informa l  conversatio n i s self-exoression .  Peopl e attemp t  t o 
expres s thei r  affectiv e evaluatio n o f  th e topi c unde r  discussio n a s convincingl y 
as possible ,  s o a s t o mak e th e heare r  shar e thei r  views .  Th e urg e t o d o s o 
i s especiall y strong ,  w e suggest ,  whe n th e topi c ha s persona l  relevanc e fo r  th e 
speaker ,  an d whe n th e speake r  consider s him/hersel f  t o hav e sufficien t 
expertis e o n th e topic . 
The evaluatio n o f  a  competitio n lead s t o a  se t  o f  characteristi c opinion s 
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regardin g th e fou r  cor e element s o f  th e frame : 
-  Th e ISSU E i s a  seriou s problem . 
-  W E ar e i n a  ba d position . 
-  T H E Y for m a  threa t  t o ou r  interests . 
-  Th e D ISTRIBUTO R i s partia l  and/o r  ineffective . 

The expressio n o f  thes e opinion s ii i  conversatio n i s a  for m o f  persuasiv e 
communicatio n tha t  ca n b e describe d b y a  se t  o f  Dolarizatio n strateaie s (se e 
figur e 1) . 

figure 1 

polarizatio n strategie s 

jComplain 
legitimatio n 

y/" ^  ^positiv e evaluatio n 
suppor t  WE-group^^—identification^stres s similaritie s 

^triomfalis m 
persuasion ^ 

^oppos e THEY-group—illegitimatio n 

\  ^.negativ e evaluatio n 
distantiation-:—-hyperdifferentiatio n 

undermin e authorit y 

- By complaining the seriousness of the ISSUE is stressed. Incidents are 
frequentl y use d t o illustrat e ho w badl y grou p interest s hav e bee n hur t  i n th e 
past ,  bu t  als o extrapolation s int o th e futur e ar e effectiv e persuasiv e moves : 
"It' s  qettin a wors e everyday" . 
-  Suppor t  WE-group ;  i n thi s strateg y i t  i s  argue d tha t  W E ar e i n a  ba d positio n 
and henc e ar e i n nee d o f  support .  On e for m thi s take s i s legitimation ,  th e 
legitimac y o f  th e C L A I M S o f  th e WE-grou p i s elaborate d upon .  Anothe r  for m 
i s th e enhancemen t  o f  positiv e identificatio n wit h th e WE-group ,  whic h 
branche s int o a  numbe r  o f  substrategies . 
-  Oppos e THEY-group ;  thi s i s th e mos t  centra l  polarizatio n strategy .  Th e basi c 
argumen t  i s tha t  sinc e T H E Y for m a  threa t  t o ou r  interest s T H E Y shoul d b e 
oppose d mor e firmly .  T w o substrategie s her e ar e th e invers e o f  suppor t 
strategies :  i n illegitimat e th e C L A I M S o f  th e opponent s ar e playe d down ;  i n 
distantiatio n th e evaluativ e distanc e t o th e THEY-grou p i s increased .  Tw o 

majo r  aspect s o f  distantiatio n ar e negativ e evaluatio n o f  th e THEY-grou p an d 
hyperdifferention ,  th e underscorin g o f  presume d devian t  characteristics . 
-  Undermin e authority ,  refer s t o attack s agains t  authoritie s tha t  functio n a s 
DISTRIBUTOR i n th e competition .  I t  shoul d b e note d tha t  a  competition-fram e 
interpretatio n o f  socia l  situation s almos t  unavoidabl y lead s t o a n evaluatio n o f 
authoritie s a s partia l  an d ineffective . 

a Dilemma. People in informal conversation have more concerns than 
self-expression .  Anothe r  importan t  concer n i n mos t  socia l  situation s i s 
self-presentation .  Peopl e prefe r  t o presen t  favorabl e image s o f  themselves .  I n 
discussin g ethni c relation s thes e tw o concern s ca n easil y com e int o conflict . 
Negativ e evaluation s ma y backfir e i f  insufficientl y substantiated .  Explici t 
discriminatio n an d racis m ar e no t  onl y generall y frowne d upon ,  bu t  actuall y 
punishabl e b y law .  Th e strategi c proble m ou r  respondent s face ,  then ,  i s ho w 
t o expres s thei r  negativ e evaluation s o f  minorities ,  withou t  appearin g pre -
judiced .  Thi s dilemm a i s apparen t  i n man y way s i n conversation .  Negativ e 
remark s ar e frequentl y introduce d wit h "positive "  phrase s suc h a s " I  don' t  hav e 
anvthin a aaains t  foreianer s but..." .  Negativ e generalization s ar e ofte n presente d 
jokingl y o r  i n a  highl y exaggerate d form .  However ,  th e mos t  popula r  solutio n 
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t o th e strategi c proble m i s tellin g stories . 

Strateqic Storytellinq. A considerable part of informal discourse on ethnic 
minoritie s consist s o f  storytellinq .  Th e topi c o f  mos t  o f  thes e narrative s i s a 

mino r  everyda y Incident .  O n close r  analysi s som e consisten t  pattern s becom e 
eviden t  i n thes e seemingl y innocen t  stories . 
First ,  almos t  al l  storie s concernin g minoritie s hav e negativ e complications . 
Second ,  almos t  alway s member s o f  minorit y group s ar e hel d responsibl e fo r  th e 
unpleasan t  events .  Third ,  actor s fro m thes e group s hardl y eve r  ge t  an y furthe r 
introduction ;  the y ar e onl y presente d a s representativ e member s o f  thei r 

groups .  Explanation s fo r  thei r  behavio r  ar e lef t  implicit ,  o r  refe r  t o 
stereotypica l  grou p characteristics .  Fourth ,  th e solutio n categor y i s ofte n 
missing .  Th e negativ e impac t  o f  th e stor y i s thereb y enhanced .  Sixth ,  i n th e 

cod a a  generalizin g conclusio n i s drav/ n fro m th e narrative :  'Tha t  haooen s t o 
us al l  th e time. "  Al l  thes e feature s ca n b e explaine d o n th e assumptio n tha t 
th e mai n strategica l  ai m o f  suc h storie s i s distantiation . 

4.TH E R O L E O F D I S C O U R SE I N INTE R G R O UP R E L A T I O N S 

It may have been noted that a vicious circle is inherently present in what we 
hav e outline d sofar :  competitiv e interpretation s o f  societa l  problem s trigge r  th e 
use o f  polarizatio n strategies ,  whic h i n tur n enhanc e th e belie f  i n competitiv e 
analyses ,  an d s o on .  Ther e ar e counterforces ,  suc h a s th e syste m o f  equalitaria n 
value s that ,  i n combinatio n wit h th e concer n fo r  self-presentation ,  als o ha s it s 
influenc e o n discourse . 
I n ethni c attitude s pr o an d co n orientation s ar e i n dynami c balance .  Intra-grou p 
conversatio n ca n b e conceive d o f  a s th e socia l  switc h mechanis m tha t  regulate s 
th e degre e o f  antagonis m betwee n groups .  Detaile d analysi s o f  discours e ca n 
unrave l  th e man y factor s tha t  a t  an y moment  ma y ti p th e balance .  Thes e 
factor s includ e th e presenc e o f  ISSUES ,  candidat e problem s fo r  a  competitiv e 
interpretation ;  th e -lac k of -  confidenc e i n authoritie s tha t  functio n a s 
DISTRIBUTOR;  th e salienc y o f  potentia l  THEY-groups . 
Most  important ,  perhaps ,  i s identificatio n wit h th e WE-group .  Recen t  socia l 
psychologica l  theorie s assum e tha t  socia l  identificatio n i s th e resul t  o f  socia l 
compariso n processe s motivate d b y th e nee d fo r  positiv e socia l  identit y (e.g . 
Tajfe l  1982) .  Thi s ma y b e correc t  fo r  th e minima l  grou p paradig m commonl y 
employe d i n experimenta l  research .  A n analysi s o f  natura l  discourse ,  however , 
favor s th e hypothesi s tha t  peopl e identif y wit h group s i n orde r  t o acquir e a 
sens e o f  contro l  ove r  everyda y concerns . 
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Mood,  Emotio n an d Action : 
a concern-realizatio n model . 

Marte n J .  de n Uy l  Nic e H .  Frijd a 

University of Amsterdam 

1.INTRODUCTION 

A promising starting point for attempts at a further understanding of the 
relation s betwee n affec t  an d cognitio n ar e th e effect s o f  mood s o r  feelin g 

state s o n cognitiv e processes .  Fro m recen t  review s o f  thes e effect s (e. g Bowe r 
1981 ;  Clar k &  Ise n 1982 )  i t  ca n b e conclude d tha t  a t  leas t  th e followin g 
cognitiv e function s ar e influence d b y feelin g states : 
memory;  "Moo d Stat e Dependen t  Retention "  (MSDR )  refer s t o th e observatio n 
tha t  recal l  o f  informatio n i s facilitate d i f  th e moo d state s a t  th e tim e o f 
learnin g an d o f  recal l  correspond ,  bu t  i s inhibite d i f  thes e mood s ar e different . 
selection ;  th e "Moo d Congruit y Effect "  (MCE )  refer s t o th e increase d salienc y 
of  mood-congruen t  materials ;  processin g o f  informatio n i s facilitated ,  whe n th e 
affectiv e valenc e o f  thi s informatio n i s congruen t  wit h th e moo d o f  th e subject . 
production ;  i t  ha s bee n foun d tha t  subject s i n productio n task s ten d t o generat e 
response s tha t  ar e congruen t  t o thei r  mood .  E.g .  i n fre e associatio n an d i n 
interpretiv e task s angr y subject s giv e mor e angr y responses . 

2.A NETWORK THEORY 

Bower (1981) proposes an extension of general semantic network theories to 
explai n thes e results .  I n hi s theor y eac h distinc t  emotio n i s represente d b y a 
specifi c  nod e i n th e memor y network .  Al l  informatio n specifi c  t o a  particula r 
emotiona l  stat e i s assume d t o b e linke d t o th e nod e fo r  thi s emotio n an d thu s 
can generat e activatio n toward s thi s node .  Moreover ,  episodi c representation s 
of  event s i n whic h thi s emotio n wa s experience d ar e als o connecte d t o th e 
emotio n node . 
The explanatio n i n thi s mode l  fo r  th e M S DR phenomeno n i s tha t  moo d function s 
as a  retrieva l  cue ;  th e moo d durin g learnin g wil l  becom e linke d t o th e episodi c 
representatio n the n formed .  I f  th e sam e moo d i s experience d a t  th e tim e o f 
recall ,  th e emotio n nod e wil l  generat e activatio n toward s thi s episodi c 
representation . 
The selectio n an d productio n effect s ar e als o explaine d b y th e principl e tha t 
mood spread s activatio n t o relate d informatio n i n memory .  Thi s principl e coul d 
explai n selectiv e learnin g o f  mood-congruen t  material s i n a  numbe r  o f  ways . 
For  instance ,  mood-congruen t  material s migh t  becom e connecte d t o mor e 
informatio n i n memory ,  o r  migh t  b e elaborate d upo n more . 
The moo d effect s o n productio n ar e implie d b y th e assumptio n tha t  increase d 
activatio n o f  mood-relate d material s increase s thei r  availability . 

A question unanswered sofar is how emotion nodes become activated. Bower 
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<5c Cohe n (1982 )  presen t  a  mode l  o f  emotiona l  appraisa l  o f  event s tha t  addresse s 

thi s question .  The y exten d th e networ k mode l  b y addin g a  blackboar d contro l 
structure .  Thi s contro l  structur e facilitate s interactio n an d integratio n o f 
informatio n fro m differen t  knowledg e source s b y allowin g al l  source s t o pu t 

hypothese s o n th e blackboard .  Th e content s o f  th e blackboar d ar e change d b y 
a se t  o f  productio n rules .  Eac h productio n ha s a  left-han d sid e (LHS )  tha t  ca n 
be matche d agains t  th e content s o f  th e blackboard ,  an d a  right-han d sid e (RHS ) 

tha t  change s th e plausibilit y  value s o f  th e hypothese s o n th e board . 
Emotiona l  appraisa l  o f  event s i s th e resul t  o f  th e applicatio n o f  emotional -
interpretatio n (E-I )  rules .  I n th e L H S o f  E- I  rule s a  cognitiv e interpretatio n o f 

event s i s specified ,  th e R H S specifie s som e adjustmen t  o f  th e activatio n leve l 
of  emotio n nodes .  A s a n exampl e o f  th e us e o f  E- I  rule s conside r  th e even t 
of  " a bi g bo y Sa m hittin g a  smalle r  bo y Johnny" .  Thi s even t  coul d matc h a n 

E- I  rul e wit h L H S " a bull y hurt s a  weakling" .  Thi s rul e the n assign s emotiona l 
interpretation s t o th e component s o f  th e event ,  e.g .  i t  associate s ange r  wit h 
Sam an d sympath y wit h John .  A s a  resul t  bot h th e ange r  an d th e sympath y 

emotio n node s becom e mor e highl y aroused . 
Bower  &  Cohe n assum e th e existenc e o f  larg e number s o f  E- I  rule s tha t  var y 
i n generalit y an d ar e hierarchicall y organized .  Thus ,  man y E- I  rule s ma y b e 

applicabl e t o an y give n situation ,  bu t  th e mos t  specifi c  E- I  rule s ar e favored . 
However ,  th e selectio n o f  E- I  rule s i s als o dependen t  o n thei r  momentar y 
priorit y ordering . 
Interaction s betwee n emotiona l  state s an d emotiona l  interpretation s o f  event s 
-on e react s differentl y t o a  sligh t  annoyanc e i n a  goo d o r  a  ba d mood -  ar e 
accounte d fo r  b y postulatin g interactio n rules , 

2.1. problems for network theories 
The mai n proble m wit h th e networ k theor y i s that ,  eve n wit h th e blackboar d 
as extension, ,  i t  i s  a t  bes t  onl y hal f  a  theor y o f  emotion .  Th e questio n remain s 

unanswere d wha t  th e implication s ar e o f  th e emotiona l  interpretatio n o f  a n 
even t  fo r  th e observer .  Ther e i s littl e explanator y powe r  i n postulatin g emotio n 

node s fo r  eac h emotion .  Th e mode l  ma y predic t  tha t  emotiona l  state s influenc e 
th e processin g o f  informatio n tha t  ha s a  correspondin g emotiona l  quality ;  th e 
model  doe s no t  predic t  wha t  informatio n wil l  hav e tha t  quality . 

The proble m o f  pinpointin g wha t  informatio n on e ca n expec t  t o b e affecte d 
by a  give n moo d manipulatio n i s highlighte d b y som e recen t  experimenta l 
results .  Johnso n &  Tversk y (1983 )  ha d subject s estimat e th e frequenc y o f 

fatalitie s du e t o variou s causes .  Befor e makin g estimates ,  experimenta l  subject s 
rea d a  stor y describin g on e fata l  even t  i n som e detail .  Th e strikin g result s o f 
thes e experiment s were ,  tha t  experimenta l  subject s rate d al l  risk s considerabl y 

highe r  tha n contro l  subjects ,  bu t  di d no t  overestimat e risk s relate d t o th e moo d 
inducin g stor y mor e tha n unrelate d risks .  A s Johnso n &  Tversk y (1983 )  conclude : 

The pervasive global effect of mood and the absence of a local 
effec t  pos e a  seriou s proble m t o memory-base d model s o f  thi s 
effect ,  suc h a s spreadin g activatio n withi n a  semanti c network . 

I n suc h model s .. .  Risk s tha t  ar e closel y linke d t o th e stor y shoul d 
be influence d mor e tha n unrelate d risks ,  contrar y t o th e presen t 
findings . 

We claim that two assumptions are needed to explain these results. A first 
assumptio n i s tha t  moo d select s informatio n no t  o n th e basi s o f  som e affectiv e 
quality ,  bu t  o n th e relevanc e o f  informatio n t o planning .  Specifically ,  w e 
propose : 
i n positiv e mood s th e processin g o f  knov/iedg e concernin g th e succes s o f 
goal-base d actio n i s facilitated ,  whil e i n negativ e mood s informatio n relatin g 
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t o failur e i s mor e readil y processed . 
Thus ,  i n a  depresse d moo d ai l  w e kno w abou t  unattainabl e goals ,  unsuitabl e 
instruments ,  incompeten t  actor s an d ba d outcome s come s easil y t o mind .  I n a n 
elate d mood ,  o n th e othe r  hand ,  w e ar e expert s o n success . 

However ,  ther e i s a  proble m associate d t o thi s proposal :  i t  seem s ver y har d 
t o envisag e a n associativ e memor y mode l  wherei n informatici' i  relatin g t o 
succes s o f  certai n plan s ca n b e activate d independentl y o f  informatio n relatin g 
t o failur e o f  thos e sam e plans .  A  solutio n t o thi s proble m i s t o assum e tha t 
i t  i s  no t  th e data-bas e bu t  th e logic-engin e tha t  i s th e sourc e o f  moo d effects . 
We propos e that : 
th e mai n locu s o f  moo d effect s i n cognitiv e processin g lay s no t  i n th e 
activatio n pattern s i n th e genera l  semanti c network ,  bu t  i n th e 'tuning '  o f 
certai n inferentia l  procedure s tha t  operat e o n th e network . 
We wil l  briefl y outlin e a  genera l  theor y o f  emotion ,  t o sho w ho w thes e tw o 
assumption s coul d b e incorporate d i n a  mode l  o f  moo d effects . 

3. A C O N C E R N - R E A L I Z A T I ON M O D EL O F E M O T I O N 

Emotions can be regarded as changes in action readiness elicited by significant 
event s (Frijd a 1984 ;  i.p.) .  Actio n readines s ca n chang e i n thre e ways :  chang e 
i n activation ,  th e genera l  readines s fo r  action ;  chang e i n inhibition ,  th e blockin g 
of  actio n readiness ;  an d change s i n th e readines s fo r  specifi c  kind s o f  actions . 
Such a  specifi c  readines s o r  "impulse "  i s calle d actio n tendency . 
Actio n tendencie s ca n b e conceive d o f  a s th e highes t  leve l  o f  plannin g (i.e . 
meta-plans ,  Wilensk y 1981) .  The y diffe r  fro m plan s i n tha t  the y ar e steere d 

by th e goa l  o f  changin g th e curren t  situation ,  rathe r  tha n b y tha t  o f  achievin g 
an anticipate d state .  Fo r  example ,  th e actio n tendenc y attac k i s controlle d b y 
th e goa l  o f  changin g th e mode-of-existenc e o f  th e objec t  o f  th e attac k i n th e 
presen t  situation ,  no t  b y th e goa l  o f  decreasin g th e well-bein g o f  tha t  objec t 
t o som e specifiabl e degree . 
The significanc e o f  event s i s determine d b y concerns .  A  concer n ca n b e define d 
generall y a s a  dispositio n t o prefe r  certai n state s o f  th e worl d ove r  others . 
I n th e computationa l  contex t  o f  a  blackboar d contro l  structure ,  a  concer n i s 
represente d b y a  Concern-Realizatio n Rul e (C- R rule) .  A  C- R rul e consist s o f 
a LH S an d a  R H S part : 
th e LH S contain s a  descriptio n o f  a  preferre d state ,  th e concer n proper .  Th e 
preferre d stat e i s matche d agains t  th e interpretation s o f  situation s poste d o n 
th e blackboard .  Thi s matchin g proces s ca n signa l  thre e type s o f  even t 
relevance :  th e even t  ca n b e congruen t  t o th e concern ,  resultin g i n positiv e 
emotions ,  o r  discordan t  wit h th e concern ,  fo r  negativ e emotions ,  o r  relevant , 

withou t  bein g evidentl y congruen t  o r  discordant ;  th e latte r  i s  th e conditio n fo r 
attentio n an d interest . 
The R H S o f  a  C- R rul e increment s o r  decrement s specifi c  actio n tendencies , 
genera l  activation ,  o r  inhibition . 

The concern-realization model further assumes the existence of a general 
plannin g mechanis m tha t  transform s actio n tendencie s int o plan s an d put s thes e 
t o action .  Followin g Wilensk y (1981 )  w e distinguis h thre e classe s o f  rule s i n 

th e plannin g mechanism : 
Propose r  Rule s tak e i n actio n tendencie s an d propos e plan s t o effectuat e them ; 
Projecto r  Rule s tak e i n plan s an d tes t  th e feasibilit y  o f  thes e plans .  Projecto r 
rule s ma y produc e scenario s o f  potentia l  failure s o f  th e plan . 
Reviso r  Rule s attemp t  t o revis e plan s s o a s t o overcom e difficultie s projecto r 
rule s hav e com e u p with . 
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The crucia l  differenc e betwee n th e presen t  proposal s an d th e Bowe r  &  Cohe n 

(1982 )  mode l  i s tha t  th e concern-realizatio n mode l  i s actio n oriented .  C- R rule s 
map event s int o specific ,  object-related ,  actio n tendencies .  We sugges t  tha t  thi s 
featur e enable s on e t o accoun t  fo r  th e emotiona l  appraisa l  o f  event s wit h a 
fa r  mor e coheren t  an d comprehensiv e se t  o f  rules .  Som e appreciatio n o f  thi s 
poin t  ma y com e fro m a  furthe r  reflecMo n o n th e earlie r  exampl e o f  "bull y Sa m 
hittin g littl e Johnny" . 

Imagin e tha t  th e mother s o f  bot h Sa m an d Johnn y happe n t o b e watchin g thi s 
event .  I n th e networ k mode l  Johnny' s mother s appraisa l  o f  thi s even t  will ,  fo r 
any likel y se t  o f  E- I  rules ,  lea d t o a  stron g activatio n o f  bot h th e "anger "  an d 

th e "sympathy "  nodes ,  originatin g fro m ange r  wit h Sa m an d sympath y wit h 
Johnny .  I t  i s  possible ,  i f  perhap s unlikely ,  tha t  som e se t  o f  E- I  rule s woul d 
lea d t o th e sam e degre e o f  activatio n o f  thes e node s fo r  Sam' s mother ,  bu t 

wit h Sa m a s th e singl e sourc e o f  thi s activation .  (E.g .  Sam' s mothe r  i s angr y 
fo r  Sa m stainin g hi s clothes ,  sh e i s sympatheti c t o hi s sho w o f  strengt h an d 
she doesn' t  car e abou t  Johnny. ) 
I f  " A person' s curren t  emotiona l  stat e ma y h e describe d a s th e activatio n leve l 

of  a  se t  o f  N  emotion s lik e fear ,  ange r  ... "  (Bowe r  &  Cohe n 1982 )  the n thi s 
woul d see m t o impl y tha t  bot h mother s ar e i n th e sam e emotiona l  state . 
Intuitively ,  thi s doe s no t  see m right .  I t  shoul d mak e som e differenc e whethe r 
th e object s o f  ange r  an d sympath y ar e differen t  o r  th e same .  I n th e 
concern-realizatio n mode l  th e reaction s o f  bot h mother s ca n b e describe d i n 
term s o f  tw o actio n tendencies ,  attac k an d support ,  roughl y correspondin g t o 
ange r  an d sympath y respectively .  Fo r  Johnny' s mother ,  thes e tw o actio n 
tendencie s ar e i n thi s situatio n virtuall y identica l  (i.e .  the y shar e th e sam e goa l 
of  changin g Sam' s presenc e i n th e situation) .  Fo r  Sam' s mothe r  howeve r  th e 
actio n tendencie s "attac k Sam "  an d "suppor t  Sam "  clearl y conflict . 
The genera l  poin t  shoul d b e clear .  I t  i s  on e o f  th e essentia l  feature s o f  node s 

i n a n associativ e semanti c networ k tha t  the y ca n accumulat e activation ,  bu t 
do no t  represen t  wher e tha t  activatio n cam e from .  Thus ,  an y mode l  tha t 
represent s emotio n i n term s o f  th e activatio n o f  emotio n node s wil l  hav e a 

proble m i n representin g th e distinctio n betwee n tru e emotiona l  ambivalenc e 
(whic h i s alway s base d o n th e presenc e o f  conflictin g actio n tendencies )  an d 
emotiona l  complementarity ,  tha t  result s fro m a n actio n tendenc y implyin g 

differen t  orientation s toward s differen t  objects .  Solutio n t o thi s proble m wil l 
be entirel y a d ho c unles s a n actio n componen t  i s adde d t o th e model . 

4 . M O OD R E C O N S I D E R ED 

There exists considerable confusion over the meaning of the concepts "mood" 
and "emotion" .  Sometime s n o distinctio n appear s t o b e mad e a t  al l  (e.g .  Bowe r 
1981) ,  sometime s th e distinctio n i s onl y a  matte r  o f  degre e (e.g .  Clar k &  Ise n 

1982) .  We ris k t o ad d t o thi s confusio n i n arguin g tha t  moo d i n fac t  i s  no t 
a feelin g stat e a t  all .  Feelin g state s refe r  t o th e experienc e o f  concer n 
relevanc e an d o f  actio n readiness ,  includin g interoceptio n o f  activatio n an d 

inhibition .  Mood ,  w e suggest ,  refer s no t  t o actio n readines s an d concer n 
relevance ,  bu t  t o th e tunin g o f  th e concern-realizatio n system .  We hav e 
mentione d i n passin g tha t  th e applicatio n o f  E- I  rule s i s dependen t  o n a 
momentar y priorit y ordening .  Th e sam e hold s fo r  planner -  an d C- R rules .  Th e 
tunin g o f  th e syste m then ,  i s th e momentar y priorit y orderin g o f  th e rule s tha t 
make u p th e system . 
Our  earlie r  hypothesi s o n th e relatio n betwee n moo d an d knowledg e abou t 
succes s o r  failur e ca n thu s b e furthe r  understood .  We hav e assume d tha t  th e 
plannin g mechanis m entail s Propose r  an d Projecto r  rules .  A  Propose r  i s b y 
natur e a n optimist ,  i t  generate s plan s tha t  migh t  succeed .  A  Projector , 
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however ,  i s  a  pessimist :  it s  tas k i s t o demonstrat e ho w plan s ma y fail .  We 
propos e then ,  tha t  elate d an d depresse d mood s correspon d t o hig h priorit y 
assignment s t o Propose r  an d Projecto r  rules ,  respectively .  Thi s proposa l  find s 
some suppor t  i n a  stud y b y Ise n &  Nowick i  (1981) .  Thes e author s foun d tha t 
subject s i n a  creativ e proble m solvin g tas k generate d mor e idea s an d mor e 

ofte n reache d a  solutio n afte r  seein g a  funn y movie . 
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1 .  IMTRODPCIIQ M 

Durin g th e pas t  decade ,  researcher s i n psycholog y an d artificia l 
intelligenc e hav e becom e increasingl y intereste d i n th e plans ,  goals , 
motivations ,  an d emotion s o f  stor y character s [Schan k an d Abelson ,  1977 ; 
Wilensky ,  1978 ;  Dyer ,  1982 ;  Lehnert ,  1982 ;  Wilensky ,  1983] .  A n 
inevitabl e outcom e o f  thi s proces s ha s bee n a n increaisin g concer n wit h 
what  make s storie s interestin g [Wilensk y 19833 ,  enjoyabl e [Brewer ,  1982 ; 
Brewe r  an d Lichtenstein ,  1982] ,  an d thematicall y significan t  [Dyer , 
1982 ;  Lehner t  ^  âi- 1 1982] .  However ,  despit e recen t  progres s i n 
analyzin g stories ,  curren t  stor y processin g model s wil l  hav e littl e 
succes s i n recognizin g high-leve l  construct s suc h a s theme s unles s the y 
include ,  i n additio n t o a  mode l  o f  th e characters '  plans ,  goals , 
motivation s an d emotions ,  a  reasonabl y complet e mode l  o f  th e reader' s 
belie f  system .  Ideally ,  th e reader' s belie f  syste m shoul d enabl e th e 
reade r  t o understan d th e author' s poin t  i n writin g th e story .  Fo r 
example ,  i f  a  stor y i s ironic ,  th e reade r  mus t  understan d th e author' s 
implici t  belief s wel l  enoug h t o kno w whe n th e autho r  i s bein g sarcasti c 
or  satiric .  Similarly ,  i f  a  tex t  i s  didactic ,  th e reade r  mus t 
understan d th e author' s attitud e towar d mora l  an d immora l  action s i n 
orde r  t o gras p th e poin t  o f  th e story . 

In this paper we propose an alternative to current story processing 
model s whic h includes ,  i n additio n t o a  mode l  o f  th e characters ' 
motivation s an d actions ,  a  mode l  o f  th e reader' s belie f  system .  Sinc e 
our  mode l  i s intende d t o accoun t  fo r  th e comprehensio n o f  didacti c 
stories ,  suc h a s fables ,  th e reader' s belie f  syste m i s base d o n th e 
concep t  o f  a  "jus t  world "  [Lerner ,  I98O] .  Lerner' s "jus t  worl d 
hypothesis "  describe s a  syste m o f  mora l  justic e i n whic h i t  i s 
intrinsicall y satisfyin g fo r  goo d action s t o triump h ove r  evi l  actions . 
I n th e contex t  o f  th e stor y world ,  th e jus t  worl d hypothesi s predict s 
tha t  storie s wil l  b e moredl y satisfyin g whe n "good "  cheiraoter s 
experienc e positiv e outcome s an d "bad "  character s experienc e negativ e 
outcomes .  However ,  i n orde r  t o assig n character s positiv e o r  negativ e 
valenc e relativ e t o th e story' s outcome ,  i t  i s  firs t  necessar y t o 
compar e eac h character' s action s t o a  se t  o f  normativ e rule s tha t 
describ e appropriat e conduct .  T o illustrat e th e importanc e o f  thi s 
proces s i n determinin g th e poin t  o f  a  story ,  w e wil l  compar e th e 
prediction s mad e b y ou r  mode l  t o stor y understandin g system s recentl y 
develope d i n artificia l  intelligence . 
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Sinc e th e poin t  o f  a  stor y depends ,  i n part ,  o n th e action s an d 
emotion s o f  stor y characters ,  a n adequat e mode l  o f  stor y understandin g 
wil l  hav e t o includ e a  leve l  o f  analysi s tha t  i s  abl e t o represen t  wha t 
character s actuall y d o an d feel .  Researcher s i n artificia l  intelligenc e 
hav e mad e severa l  importan t  contribution s t o thi s endeavor .  Fo r 
example ,  Dyer' s [1982 ]  syste m BORI S includes ,  amon g othe r  knowledg e 
sources ,  a  componen t  fo r  representin g th e emotion s an d interpersona l 
interaction s betwee n stor y characters .  Similarly ,  Lehnert' s  [I98I ; 
1982 ]  wor k o n plo t  unit s provide s a n excellen t  notatlona l  devic e fo r 
capturin g th e emotiona l  reaction s o f  character s t o narrativ e events . 
Lehner t  suggest s tha t  narrative s ca n b e represente d b y thre e affec t 
state s generate d b y th e dimension s Desirabilit y  an d Attainment .  Thes e 
state s includ e emotion s associate d wit h positiv e event s (+) ,  negativ e 
event s (-) ,  an d menta l  state s (M) .  I n addition ,  Lehner t  specifie s fou r 
type s o f  connections ,  o r  affec t  links ,  tha t  describ e a n oriente d ar c 
betwee n tw o states .  MOTIVATIO N link s (m) ,  fo r  example ,  connec t  positiv e 
or  negativ e state s t o menta l  states ,  whil e ACTUALIZATIO N (a )  link s 
connec t  menta l  state s t o positiv e o r  negativ e outcomes .  TERMINATIO N (t ) 
and EQUIVALENCE (e )  link s connec t  menta l  state s t o othe r  menta l  states , 
or  event s t o othe r  events .  Accordin g t o Lehnert ,  state s an d link s ca n 
ccanbln e t o produc e affec t  unit s tha t  ar e capabl e o f  representin g 
differen t  type s o f  plo t  structures .  A n exampl e o f  ho w Lehner t  woul d 
analyz e a  simpl e stor y base d o n retaliatio n i s presente d below .  JJSiS . 

COMSYS Stor y 

John and Bill were competing for the same job promotion at IBM. John got 
th e promotio n an d Bil l  decide d t o leav e IB M t o star t  hi s ow n consultin g 
firm ,  OOMSYS.  Withi n thre e year s COMSYS wa s flourishing .  B y tha t  tim e 
Joh n ha d becom e dissatisfie d wit h IB M s o h e aske d Bil l  fo r  a  job .  Bil l 
spitefull y turne d hi m down . 
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B want s promotio n 

doesn' t  ge t  i t 

start s COMSYS 

CXDMSYS I s succes s 

want s reveng e 

refuse s jo b 

J want s promotio n 

want s ne w Jo b 

i s denie d 

Usin g Lehnert' s  summarizatio n algorithm ,  w e ca n generat e 

summary base d o n th e pivota l  uni t  RETALIATION : 

th e followin g 

"Becaus e Joh n wa s promote d ove r  Bil l  a t  IBM ,  Bil l  starte d hi s ow n 

company ,  an d late r  refuse d t o giv e Joh n a  jo b whe n h e aske d fo r  one. " 

While the plot unit analysis provides an appropriate summary for 
th e "COMSYS Story "  (summarizatio n was ,  i n fact ,  Lehnert' s  goal) ,  a 
summary i s no t  a s genera l  a s th e story' s poin t  o r  theme .  Fo r  example , 
i f  w e wer e aske d t o generat e a  mora l  fo r  COMSYS w e migh t  sa y tha t  "on e 
bad tur n deserve s another, "  replacin g specifi c  actor s an d action s i n th e 
stor y b y a n abstrac t  genera l  statement .  I n addition ,  a  summar y i s no t 
reall y evaluative ,  i n tha t  i t  doe s no t  tel l  u s whethe r  th e actor s o r 
action s i n th e stor y wer e goo d o r  ba d o r  righ t  o r  wrong .  Mora l 
judgment s o f  thi s kind ,  whil e triggere d b y th e characters '  motivation s 
and actions ,  ar e typicall y embodie d i n th e belie f  syste m o f  th e reader . 
I n th e followin g section ,  w e wil l  describ e a n augmente d mode l  o f  stor y 
understandin g tha t  use s plo t  uni t  representation s i n conjunctio n wit h 
th e reader' s belie f  syste m i n orae r  t o mak e prediction s relevan t  t o th e 
poin t  o f  th e story . 

1. A .fi£AI2£fi-£A2££ lMi£L J2£ NARRATIVE UNDERSTANDING 

The mode l  w e propos e contain s thre e level s o f  analysi s (se e Figur e 
1 ) .  Th e firs t  leve l  i s  base d o n Lehnert' s  notio n o f  a  plo t  unit ,  an d 
represent s th e intentions ,  behaviors ,  an d affectiv e state s o f  th e stor y 
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characters .  Th e secon d leve l  o f  analysi s represent s th e jus t  worl d 
belie f  syste m o f  a  hypothetica l  reader .  Durin g stor y processing ,  th e 
reade r  (o r  stor y processor )  compare s th e action s o f  stor y character s 
represente d a t  th e firs t  leve l  ae,ains t  jus t  worl d rule s describin g 
normativel y appropriat e behavior .  I f  a  stor y characte r  commit s a  mora l 
transgression ,  tha t  character' s valenc e change s fro m 0  (neutral )  t o - . 
Conversely ,  i f  a  stor y characte r  uphold s a  normativ e rule ,  tha t 
character' s valenc e change s fro m 0  (neutral )  t o •«• .  Characte r  valenc e i s 
th e fina l  leve l  o f  analysi s tha t  i s  necessar y t o generat e prediction s 
relevan t  t o th e poin t  o f  th e story . 

Base d o n th e precedin g description ,  th e analysi s i n Figur e 1  ca n b e 
summarize d a s follows .  Th e firs t  plo t  unit ,  COMPETITION,  tell s  u s tha t 
Joh n ha s succeede d i n defeatin g Bill .  However ,  althoug h Joh n 
experience s positiv e affec t  a s a  resul t  o f  success ,  th e jus t  worl d rule s 
tel l  u s that ,  i f  Joh n cause s negativ e affec t  fo r  Bill ,  eithe r  Bil l  o r 
some unknow n agen t  wil l  caus e negativ e affec t  fo r  John .  Thus ,  althoug h 
th e characte r  Joh n experience s positiv e affect ,  th e reade r  assign s 
negativ e valenc e t o Joh n an d predict s a  negativ e outcom e fo r  Joh n i n 
th e future .  Th e nex t  plo t  unit ,  SUCCESS BORN OF ADVERSITY,  doe s no t 
satisf y th e predictio n spawne d b y COMPETITION,  an d spawn s n o furthe r 
prediction s o f  it s  own .  However ,  th e plo t  uni t  RETALIATION ,  i n whic h 
Bil l  cause s negativ e affec t  fo r  John ,  satisfie s th e predictio n spawne d 
by COMPETITION.  ( A satisfie d predictio n i s marke d b y a n asteris k i n th e 
characte r  valenc e column. )  Onc e a n activ e predictio n ha s bee n satisfied , 
th e poin t  o f  th e stor y i s generate d b y formin g a  causa l  lin k betwee n th e 
anteceden t  o f  th e jus t  worl d rul e tha t  spawne d th e predictio n (I f  X  — > 
-Y )  an d th e even t  satisfyin g th e predictio n ( Y — > - X ) .  Thi s bas e rul e 
correspond s t o th e mora l  o f  th e stor y suggeste d i n th e previou s section : 
"One ba d tur n deserve s another. " 

1. CONCLUSION 

The purpos e o f  thi s pape r  ha s bee n t o establis h th e importanc e o f  a 

non-character-base d belie f  syste m i n generatin g th e mora l  o r  poin t  o f  a 
story .  Th e mai n differenc e betwee n th e mode l  propose d her e an d othe r 
stor y understandin g systems ,  suc h a s Lehnert's ,  i s  tha t  Lehner t  use s 
plo t  unit s t o generat e th e summarie s o f  stories ,  whil e w e vie w plo t 
unit s a s a  mean s t o generat e prediction s relevan t  t o th e poin t  o f  th e 
story .  Althoug h a  representatio n o f  th e characters '  plans ,  goals , 
behaviors ,  an d emotion s i s a  necessar y componen t  o f  an y stor y 
understandin g model ,  th e leve l  o f  characte r  analysis ,  whil e appropriat e 
fo r  th e purpos e o f  summarization ,  i s  no t  sufficien t  t o generat e th e 
poin t  o f  th e story .  Understandin g stor y point s require s bot h th e 
abilit y  t o mak e mora l  judgment s abou t  th e action s o f  stor y characters , 
and t o us e suc h judgment s t o mak e furthe r  prediction s abou t  characte r 
outcomes .  A  prescriptiv e belie f  syste m tha t  describe s normativel y 
appropriat e behavio r  i s requisit e i n bot h o f  thes e cases . 

An interestin g sid e effec t  o f  a  multi-levele d belie f  syste m i s tha t 
reader s an d character s ofte n experienc e differen t  reaction s t o stor y 
events .  Fo r  example ,  i n th e "COMSYS Story "  w e sa w that ,  althoug h Joh n 
experience d positiv e affec t  i n defeatin g Bill ,  th e reade r  assigne d 
negativ e valenc e t o John .  Similarly ,  althoug h Joh n experience s negativ e 
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affec t  a t  th e conclusio n o f  th e atory » th e reade r  feel s moral l y 

satisfie d becaus e th e Jus t  wor l d predict io n B  — > - J i s ful f i l led .  A s 

lon g a s suc h di f ference s i n expectat ion s exist » on e need s t o hav e a 

theor y o f  stor y understandin g tha t  include s bot h reader-base d 

character-base d Informat ion . 

PLOT aHI T IMALZSI S 

COHPETITIOl l 

r 

SOCCESS BORK 
OF ACTEBSIT I 

JUST WORLD ROLES 

roSITCTE  A a (J,B ) 
(B.J ) 

If J ~> •B 
B 
? — > W 

CHIBACTES VALENCE 

BIL L 

NECATI7E ACT (J,B ) 
(B.J } 

I T J  — > _ B 
B 
7 — > - J 

ACTIVE PREDICTIONS 

B 
7 — > - J 

CHABACTEB TALENCS 

BIL L 

ACTIVE PREDICTIONS 

—> - J 

ClARACTEB VALBXCE 

jdH N BIL L 

ACTIVE PREDICTIONS 

Nona 

RETALIATIOU 

Fig .  1 .  ltiitl-l«T« i  analysi s o f  tb e "COHSI S Story" 
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WHY DOES A  SAILBOA T G O WIT H A  POSTMAN? SCRIP T 

JUSTIFICATIONS OF 5-YR-OLDS & ADULTS 

S. Farnham-Diggory 
Universit y o f  Delawar e 

This report addresses the general question of how we expand 
or  contrac t  schemat a o f  everyda y event s t o tak e accoun t  o f  ne w 
factors .  Schemat a fo r  mai l  deliver y i n suburba n setting s seldo m 
includ e sailboats ,  bu t  i f  aske d "Ho w coul d a  sailboa t  g o wit h a 
postman? "  yo u coul d easil y thin k o f  severa l  way s — th e postma n 
coul d g o sailin g o n hi s da y off ,  mai l  coul d b e delivere d t o 
island s o n sailboats ,  walkin g aroun d t o delive r  mai l  an d sailin g 
ar e bot h form s o f  movement ,  etc .  Alternatively ,  yo u coul d i f 
necessar y exclud e item s tha t  ar e normall y par t  o f  everyda y 
scripts .  Aske d "Ho w coul d a  lette r  no t  g o wit h a  postman? "  yo u 
woul d probabl y cit e compute r  mai l  — bu t  not e tha t  wha t  yo u di d 
was generat e a  whol e alternativ e scrip t  aroun d th e letter .  Th e 
question s befor e us :  Ca n genera l  strategie s fo r  scrip t  expansio n 
or  contractio n b e identified ? And ,  i f  so ,  d o the y develop ? 

By way of background, in addition to the sparse current 
literatur e o n scrip t  developmen t  (e.g. .  Nelson ,  1978 ;  Schank , 
1982 )  ther e i s a n olde r  literatur e o n over -  an d under-inclusio n 
stemmin g fro m attempt s t o diagnos e defectiv e thinkin g fro m 
categorizatio n behavio r  (e.g. ,  Goldstei n &  Scheerer ,  1941) .  Thi s 
was eventuall y absorbe d int o th e mor e comple x model s o f  categor y 
decisio n makin g tha t  w e hav e toda y (Rosc h &  Lloyd ,  1978 ;  se e 
especiall y th e articl e b y Mil ler ,  1978) . 

Procedure 
The studie s reporte d her e use d th e followin g procedures : 

subject s firs t  sa w a  slid e o f  a n everyda y scen e familia r  eve n 
t o 5-yr-old s (e.g. ,  a  postma n deliverin g mai l ,  a  gir l  combin g 
her  hair ,  a  bab y i n a  tub ,  a  dentis t  i n hi s off ice ,  e t c . ) . 
Followin g th e scene ,  subject s wer e show n a  slid e o f  a n objec t 
whic h bor e (i n th e opinio n o f  judges )  a  varyin g degre e o f 
relationshi p t o th e scene .  Typ e A  object s (e.g. ,  postman :  letter ; 
baby :  towel )  wer e clearl y par t  o f  th e scen e thoug h no t  visibl e 
i n th e precedin g slide ;  Typ e B  object s (postman :  mailtruck ; 
baby :  sink )  wer e les s clearl y related ;  Typ e C  object s (postman : 
sailboat ;  baby :  bab y carriage )  coul d no t  b e par t  o f  th e scene ; 
and Typ e D  object s (postman :  tricycle ;  baby :  stove )  wer e eve n 
more remote .  Ther e wer e 1 0 scene s an d 4  type s o f  object s fo r 
each ,  randoml y interspersed . 

There were free choice and forced choice studies. In the 
fre e choic e study ,  subject s decide d whethe r  o r  no t  a n objec t 
went  wit h a  scene ,  an d the n explaine d th e basi s o f  thei r  decision s 
Decisio n time s fro m onse t  o f  th e objec t  slid e t o th e subject' s 
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"yes "  o r  "no "  vocalizatio n wer e obtained .  Justif icatio n proto -
col s wer e the n requested . 

In the forced choice study, subjects were required to give 
reason s wh y al l  object s eithe r  di d (inclusio n condition )  o r  di d 
no t  (exclusio n condit ion )  g o wit h th e precedin g scene .  Onl y 
justif icatio n protocol s wer e col lected ,  decisio n tim e varianc e 
bein g typicall y overwhelme d b y respons e se t  factors . 

Results 
I n th e fre e choic e study ,  th e patter n o f  inclusio n an d 

exclusio n decision s wer e predictabl e function s o f  th e degre e o f 
objec t  relatednes s (Typ e A  throug h D ) .  O f  mai n interes t  wer e 
th e natur e o f  th e justi f ications ,  th e decisio n time s tha t  pre -
cede d them ,  an d developmenta l  effects .  Justif ication s fel l 
reliabl y int o 3  overal l  categories : 

1.  Give n Scrip t  justif ication s — th e initia l  scen e i s 
th e referen t  an d th e objec t  i s  teste d fo r  inclusio n suitability . 
E.g. ,  give n Gir l  Combin g Hai r  followe d b y Pl iers : 

Adul t :  No. . .  Sh e wouldn' t  b e 
usin g pl ier s fo r  an y sor t  o f  grooming . 

Child: No... She doesn't use the 
pl ier s t o brus h he r  hair . 

2.  Ne w Scrip t  justif ication s - -  a  ne w scrip t  i s  generate d 
aroun d th e object ;  thi s ne w scrip t  become s th e referent ,  an d th e 
agen t  o f  th e precedin g scen e i s teste d fo r  inclusio n suitability . 
E.g. ,  give n th e abov e sequence : 

Adult: No... They're rather sophisticated 
cuttin g tool s whic h I  don' t  thin k a  chil d woul d 
use . 

Child: No... Because she isn't cutting any 
f lowers . 

Note that the role of the object in both Given and New scripts 
ca n b e classifie d a s objec t  o f  a  direc t  action ,  instrumental , 
or  par t  o f  th e genera l  scene . 

3. Dual Script justifications — both given and new scripts 
ar e constructed ,  an d thei r  compatibil it y  i s  tested .  I f  i t  i s 
decide d the y ar e incompatible ,  exclusio n results .  E.g. ,  Gir l 
Combin g Hai r  followe d b y Book : 

Adult: No... A little girl combing her hair 
probabl y wouldn' t  b e ver y intereste d i n readin g a 
book ,  a t  th e sam e tim e anyway . 

Child: No... Because she can't read a book if 
she' s combin g he r  hair . 
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However ,  subject s coul d als o construc t  a  higher-orde r 
scrip t  tha t  relate s th e give n an d ne w scripts .  E.g. ,  Dentis t 
at  Wor k o n a  Patien t  followe d b y Kleene x box : 

Adult: Yes... Because if the poor fellow starts 
cryin g fro m th e pai n he'l l  hav e t o blo w hi s nos e 
an d wip e hi s eyes . 

Child: Yes... If he wants to blow his nose while 
th e dentis t  clean s hi s teet h h e could . 

As the examples suggest, children produced about the same 
percentag e o f  Give n Script ,  Ne w Scrip t  an d Dua l  Scrip t  justif ica -
tion s a s adult s did .  However ,  childre n wer e mor e likel y t o bas e 
Give n Scrip t  justification s o n th e direc t  objec t  rol e o f  th e ite m 
bein g tested . 

Decision times for both groups reflected the mental sequence 
of  firs t  representin g th e give n script ,  the n generatin g th e ne w 
one ,  an d the n comparin g th e two .  I n th e adul t  grou p bu t  les s s o 
i n th e children' s grou p ther e wa s als o a n effec t  o f  negation . 

The forced choice study corrected for scene-specific response 
patterns .  I f  eithe r  inclusio n o r  exclusio n wer e require d fo r  al l 
scene-objec t  pairs ,  woul d th e sam e frequenc y o f  justification s 
appear ? 

In general, across the object types (A to D), children were 
lik e adult s i n bot h inclusiv e an d exclusiv e Give n Scrip t  justif i -
cations .  However ,  the y wer e fa r  mor e likel y tha n adult s t o 
us e Ne w Scrip t  justif ications ,  an d les s likel y t o us e Dua l  Scrip t 
justifications . 

The general implication is that 5-yr-olds are well-equipped 
wit h th e logica l  reasonin g mechanism s neede d fo r  expandin g an d 
tunin g schemat a fo r  everyda y events .  Thei r  conceptua l  developmen t 
woul d thu s b e primaril y a  functio n o f  th e experientia l  opportunitie s 
availabl e t o them . 
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Students have extreme difficulty learning their first programming language. This 

difficult y i s magnifie d b y th e learnin g environmen t  -  a  col d terminal ,  a n unforgivin g 

textbook ,  an d a n inaccessibl e teache r  Th e studen t  ma y b e entirel y los t  unti l  a  teachin g 

assistan t  o r  mor e experience d studen t  volunteer s hi s o r  he r  expertise .  W e estimat e tha t 

privat e instructio n i s somewher e betwee n tw o an d fou r  time s a s effectiv e a s classroo m 

instruction .  Ou r  researc h progra m i s aime d a t  findin g thos e aspect s o f  privat e tutorin g 

tha t  ca n b e implemente d a s a  compute r  program ,  s o tha t  w e ca n provid e automate d 

privat e tutorin g t o a  larg e numbe r  o f  students . 

I n thi s pape r  w e describ e a n initia l  versio n o f  a  computer-base d tuto r  fo r  LIS P tha t 

incorporate s som e o f  th e ingredient s o f  goo d huma n tutoring .  W e wil l  firs t  describ e ho w 

we hav e applie d ou r  previou s cognitiv e modellin g wor k t o th e domai n o f  intelligen t 

tutoring .  W e the n describ e th e structur e o f  ou r  tutorin g syste m fo r  LISP .  W e sho w ho w 

thi s tuto r  make s learnin g easie r  b y conveyin g th e problem-spac e structure ,  reducin g 

working-memor y demands ,  an d directin g problem-solving .  Finally ,  w e repor t  th e result s 

of  som e initia l  evaluatio n studie s wit h ou r  tuto r  an d giv e som e futur e direction s fo r  ou r 

research . 

Interactive Student Modelling 

To interactively model a student, a tutoring system must continually recogni2e students' 

•goal s an d thei r  procedure s t o achiev e thos e goals .  W e develope d a  Goal-Restricte d 

Productio n Syste m (GRAPES)  t o mode l  ho w novice s writ e LIS P function s (Sauer s an d 

Farreli ,  1982 )  t o achiev e programmin g goals .  W e hav e use d GRAPES t o construc t  a n idea l 

model  tha t  incorporate s al l  o f  th e correc t  procedure s tha t  student s migh t  us e I n a 

particula r  tutorin g session .  Durin g students '  problem-solving ,  th e tutorin g syste m mus t 

discove r  whic h procedure s o r  deviation s fro m procedure s a  studen t  i s actuall y using .  W e 

als o develope d a  knowledg e compilatio n mechanis m fo r  GRAPES whic h account s fo r  th e 

differenc e i n performanc e betwee n novice s an d advance d student s (Anderson ,  1983) . 

Usin g knowledg e compilation ,  w e ca n adjus t  instructio n accordin g t o th e student' s 
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learnin g rate . 

Tutorial Interaction 

Our LISP tutor consists of a domain-independent interpreter that incorporates tutoring 

strategies ,  a  se t  o f  LIS P programmin g rule s fo r  modellin g th e student ,  a  se t  o f  tutoria l 

rule s tha t  analyz e studen t  cod e an d provid e feedback ,  an d variou s problem s characterize d 

by a n initia l  goa l  an d a  proble m statement . 

Our  tutorin g syste m interact s wit h th e studen t  b y firs t  explainin g a  LIS P problem-solvin g 

goal ;  th e studen t  read s th e goa l  descriptio n an d enter s a n answe r  tha t  shoul d achiev e 

tha t  goal .  I f  th e student' s choic e i s acceptable ,  th e tuto r  pursue s th e chose n pat h an d 

generate s mor e problem-solvin g goals .  I f  th e student' s choic e i s unacceptable ,  th e tuto r 

explain s wh y th e choic e wa s incorrec t  an d permit s th e studen t  t o tr y again .  I f  th e studen t 

canno t  generat e a  goo d answer ,  th e syste m wil l  explai n th e bes t  possibl e response . 

We pla n t o us e ou r  tuto r  t o teac h a  shor t  cours e i n LISP ,  includin g basi c structure s an d 

functions ,  functio n definition ,  conditional s an d predicates ,  helpin g functions ,  recursion ,  an d 

iteration . 

Conveying Problem Space Structure 

Producing a program in any language consists of a medley of algorithm design, coding, 

and debuggin g (Brooks) .  A  goo d huma n tuto r  ca n convers e wit h th e studen t  i n a  variet y 

of  proble m spaces .  I n thi s sectio n w e describ e ho w ou r  tuto r  communicate s i n th e 

problem-space s involve d i n algorith m desig n an d coding .  W e ar e no t  concerne d wit h 

debuggin g sinc e w e neve r  allo w th e studen t  t o produc e a n fina l  solutio n tha t  i s incorrect . 

Our  tuto r  currentl y utilize s fou r  proble m space s fo r  codin g an d algorith m design : 

* The LISP coding problem space is used in normal problem-solving. The 

studen t  enter s LIS P cod e i n a  syntax-base d editor .  Th e hierarchica l  structur e 

of  th e proble m i s represente d b y symbol s t o b e expanded .  Fo r  instance ,  (con s 

< 1 > < 2 > )  tell s  th e studen t  tha t  h e o r  sh e ca n choos e t o produc e cod e fo r 

eithe r  < 1 > o r  < 2 > . 

* The means-ends analysis space is used when the student is having trouble 

producin g cod e fo r  a  proble m tha t  ca n b e characterize d b y a  se t  o f 

successiv e operation s o n a n example .  Th e studen t  produce s a  solutio n b y 

supplyin g LIS P operator s tha t  reduc e difference s betwee n th e curren t  stat e 

and th e goa l  stat e i n th e example . 

* The problem decomposition space is used when the student is having trouble 

producin g cod e fo r  a  proble m tha t  ca n b e easil y decompose d int o pieces . 

The syste m display s a  men u o f  possibl e decomposition s o f  th e proble m an d 
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th e studen t  mus t  pic k a  correc t  decomposition . 

* The case analysis problem space is used when the student is having trouble 

producin g cod e fo r  a  proble m tha t  ha s a  decomposabl e input-outpu t  behavior . 

The studen t  specifie s a n actio n fo r  eac h input-outpu t  cas e an d the n produce s 

cod e tha t  achieve s al l  o f  th e actions . 

Reducing Working Memory Demands 

In previous work (Anderson, Farrell, and Sauers, 1983) we estimated that half of 

students '  tim e spen t  solvin g programmin g problem s i s spen t  recoverin g fro m workin g 

memory failures .  A  goo d huma n tuto r  constantl y remind s th e studen t  o f  th e informatio n 

necessar y t o solv e th e proble m tha t  th e studen t  i s attempting .  Ou r  tuto r  reduce s workin g 

memory demand s i n th e followin g ways : 

* The tutor always displays the problem statement in a separate window. 

* The tutor displays the entire student answer and that portion of the answer 

tha t  i s  correc t  s o far . 

* The tutor prov/ides a tree-structured help facility that describes all of the LISP 

operator s tha t  th e studen t  ha s learne d s o far . 

Directing Problem Solving 

• Novices spend a large amount of time exploring incorrect solutions that result in little 

learning .  A  goo d huma n tuto r  direct s th e studen t  towar d correc t  answers ,  whil e stil l 

lettin g th e studen t  lear n fro m mistakes .  Lewi s an d Anderso n (1984 )  hav e show n tha t 

student s lear n mor e slowl y whe n the y ar e give n feedbac k abou t  thei r  erroneou s 

application s o f  operator s onl y afte r  a  delay . 

Our  tuto r  direct s problem-solvin g b y firs t  focusin g th e studen t  o n a  singl e problem -

solvin g goal .  Th e tuto r  formulate s a  quer y tha t  direct s th e studen t  t o suppl y a  particula r 

piec e o f  LIS P cod e t o d o a  specifi c  task .  Th e tuto r  ca n suppl y example s t o illustrat e a 

sampl e inpu t  o r  outpu t  t o th e cod e i t  i s  requesting . 

The tuto r  keep s th e studen t  fro m generatin g incorrec t  solution s b y providin g immediat e 

feedbac k o n errors .  I f  th e studen t  canno t  solv e a  proble m subtas k afte r  a  smal l  numbe r 

of  tries ,  th e tuto r  explain s th e bes t  answer .  Bot h explanation s an d querie s ar e generate d 

by instantiatin g natura l  languag e pattern s associate d wit h eac h rul e o r  goal .  Th e resultin g 

englis h i s modifie d b y a  se t  o f  transformationa l  rewrit e rule s t o enhanc e readibility . 
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Conclusio n 

We have constructed a computer-based tutor for LISP based upon some abilities of 

goo d huma n tutors .  Th e tuto r  ca n interac t  wit h th e studen t  i n a  numbe r  o f  differen t 

proble m spaces ,  correspondin g t o differeri t  studen t  solutio n strategies .  Ou r  tuto r  reduce s 

workin g memor y demand s b y us e o f  pop-u p window s an d directe d dialogue .  I t  als o 

direct s problem-solvin g b y immediatel y intervenin g whe n a  studen t  generate s a n 

unacceptabl e answer .  Ou r  syste m interactivel y model s th e studen t  b y updatin g a  se t  o f 

productio n rules .  W e hav e performe d a n evaluatio n stud y o n ou r  tuto r  whic h confirm s ou r 

belie f  tha t  ou r  tuto r  i s abou t  twic e a s effectiv e a s classroo m instruction ,  bu t  i s onl y hal f 

as effectiv e a s a  goo d privat e tutor .  W e pla n t o furthe r  tes t  th e pedagogica l  effectivenes s 

of  ou r  tuto r  b y automatin g a  shor t  LIS P cours e taugh t  i n th e fal l  o f  1984 . 
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Introductio n 

Psychological and biological results suggest that many cognitive tasks like visual 

recognition ,  categorizatio n an d associativ e retrieva l  d o no t  tak e mor e tha n 10 0 

computationa l  steps .  Thi s follow s becaus e typica l  neurona l  firin g rate s ar e a  fe w 

millisecond s an d th e respons e tim e o f  cognitiv e agent s durin g numerou s 

experimenta l  task s i s a  fe w hundre d milliseconds .  Give n tha t  mos t  cognitiv e task s 

requir e acces s t o a  larg e bod y o f  information ,  th e abov e observatio n impose s a  majo r 

constrain t  o n th e manne r  i n whic h conceptua l  informatio n ma y b e organize d an d 

accesse d b y cognitiv e processes .  I n particula r  i t  seem s t o preclud e a n interprete r  tha t 

examine s th e knowledg e base .  Thi s pape r  briefl y outline s a  framewor k fo r  organizin g 

and accessin g conceptua l  informatio n tha t  appear s t o offe r  severa l  advantage s ove r 

previou s wor k [Fahlma n 79] .  Th e propose d framewor k suggest s a n evidentia l 

semantic s fo r  knowledg e an d describe s ho w th e abov e ma y b e encode d a s a n activ e 

and massivel y paralle l  (connectionist )  networ k [Feldma n &  Ballar d 82] .  Th e resultin g 

syste m ha s bee n ru n o n simpl e example s an d i s capabl e o f  supportin g existin g 

semanti c networ k application s dealin g wit h problem s o f  recognitio n an d recal l  i n a n 

unifor m manner .  Th e framewor k als o provide s a  natura l  wa y o f  representin g 

"inconsistent "  o r  conflictin g informatio n an d usin g i t  i n makin g inferences .  I t 

embodie s a n importan t  clas s o f  inferenc e tha t  ma y b e characterize d a s workin g wit h 

a se t  o f  competin g hypothesis ,  gatherin g evidenc e fo r  eac h hypothesi s an d selectin g 

th e bes t  amon g these .  A  detaile d treatmen t  o f  thi s framewor k appear s i n [Shastr i  & 

Feldma n 84] . 

Overview 

In the proposed framework, conceptual knowledge is organized as a network of 

activ e element s whic h interac t  wit h on e anothe r  vi a controlle d spreadin g o f 
activation .  Th e informatio n encode d i n th e "memory "  networ k i s accesse d vi a othe r 

networ k fragments ,  eac h o f  whic h i s a  connectionis t  encodin g o f  a  routine .  W e 

presen t  a  simpl e exampl e t o introduc e th e notatio n an d th e overal l  framework . 

Figur e 1  depict s th e interactio n betwee n a  fragmen t  o f  a n agent' s restauran t  routin e 

and a  par t  o f  hi s memor y network .  Th e routin e fragmen t  decide s whethe r  som e foo d 

goes wel l  wit h re d win e o n th e basi s o f  th e food' s taste .  A  routin e i s represente d a s a 

sequenc e o f  node s (units )  connecte d s o tha t  activatio n ca n serv e t o sequenc e throug h 

di e routine .  I n th e cours e o f  thei r  execution ,  routine s pos e querie s t o th e memor y 

networ k b y activatin g relevan t  node s o f  th e memor y network .  Th e memor y networ k 

return s th e answe r  b y activatin g appropriat e unit s i n th e routine .  W e depic t  actio n 

step s a s oval-shape d nodes ,  querie s a s hexagona l  node s an d answe r  node s a s circula r 
nodes .  I n thi s routin e fragment ,  th e tas k o f  decidin g o n a  win e result s i n a  quer y t o 

th e memor y networ k abou t  th e tast e o f  foo d an d th e decisio n i s mad e o n th e basi s o f 
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th e answe r  returne d b y th e memor y network .  Answe r  node s i n a  routin e mutuall y 

inhibi t  eac h othe r  an d th e answe r  nod e receivin g th e m a x i m u m activatio n fro m th e 

m e m o ry networ k trigger s th e appropriat e action .  Th e memor y networ k i n th e 

exampl e encode s th e followin g information : 

HAM and YAM are two concepts in the domain. 

Concept s i n th e exampl e domai n ar e characterize d b y tw o properties ,  HAS-TAST E 

and HASFOOD-KIND. 
H AM i s SALT Y i n tast e an d i s a  kin d o f  M E A T,  Y A M i s swee t  i n tast e an d i s a  kin d o f 

VEGETABLE. 

Each arc in the network represents a pair of links, one in either direction. The 

triangula r  node s associat e objects ,  propertie s an d propert y values .  Eac h nod e i s a n 

activ e elemen t  an d whe n i n a n "active "  state ,  send s ou t  activatio n t o al l  th e node s 

connecte d t o it .  A  nod e ma y becom e activ e o n receivin g activatio n for m anothe r 

nod e i n th e memor y networ k o r  a  routin e node .  Triangula r  node s behav e slightl y 

differentl y i n tha t  the y becom e activ e onl y o n receivin g simultaneou s activatio n fro m 

a pai r  o f  nodes . 

The crude deroutineion given above is sufficient to demonstrate how simple 

recognitio n an d retrieva l  task s ma y b e handle d b y suc h networks .  T o find  th e tast e o f 

H AM a  routin e woul d activat e th e node s Has-Tast e an d H A M.  Th e triangula r  nod e 

b l  linkin g has-tast e an d H A M t o salt y wil l  receiv e coinciden t  activatio n alon g 

tw o o f  it s  link s an d becom e active .  A s a  result ,  i t  wil l  transmi t  activatio n t o SALT Y 

whic h wil l  ultimatel y becom e active .  Figur e 2  show s th e activatio n level s o f  variou s 

node s durin g th e processin g o f  th e abov e query .  I f  a  routin e need s t o find  a n objec t 

tha t  ha s a  salt y tast e i t  woul d activat e th e node s HAS-TAST E an d SALTY .  Thi s wil l 

caus e th e sam e triangula r  nod e t o becom e activ e an d transmi t  activatio n t o HAM. 

Eventually ,  H A M wil l  becom e activ e completing  th e retrieval .  Th e tw o example s 

roughl y correspon d t o ho w retrieva l  an d recognitio n ma y b e processe d b y th e 

network .  I n th e res t  o f  th e pape r  w e wil l  focu s o n representationa l  issue s an d hop e 

tha t  th e exampl e discusse d abov e wil l  giv e th e reade r  a n ide a o f  th e dynamic s o f 

networ k operation . 

Representational framework 

The semantic information forms a conceptual structure defined over a space spanned 

by conceptua l  attributes .  Al l  domai n knowledg e i s define d i n term s o f  thes e attribute s 

an d thei r  values .  Example s o f  attribute s are :  has-shap e (wit h value s suc h a s round , 

triangular) ,  has-color ,  is-an-instance-o f  an d is-a-part-o f 

The primary level of organization in the conceptual structure is in terms of Concepts. 

Thes e ar e labelle d cluster s o f  "coherent "  <attribute ,  value > pairs .  Th e valu e o f  a n 

attribut e i s als o a  Concep t  an d henc e Concept s ma y b e arbitraril y  complex .  Concept s 

m ay refe r  t o differen t  sort s o f  thing s i n th e domai n suc h a s individuals ,  categories , 

events ,  properties ,  location s an d relations .  Attribute s ar e classifie d int o tw o broa d 

categories :  PROPERTIES an d structura l  links .  Propertie s correspon d t o th e intrinsi c 

feature s o f  Concept s an d ma y var y fro m domai n t o domain .  Thus ,  physica l  object s 

m ay hav e propertie s lik e HAS-SHAPE an d HAS-COLOR,  whil e event s ma y hav e 

propertie s lik e HAS-LOCATIO N an d HAS-DURATION.  Structura l  link s ar e fairl y 
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domai n independen t  an d defin e "inheritance-like "  inferenc e paths .  Th e mos t 

representativ e o f  thes e i s th e is-an-instance-o f  hn k tha t  i s use d t o organiz e 

informatio n i n hierarchica l  structure s i n semanti c networks .  Ou r  formulatio n employ s 

an extende d notio n o f  propert y inheritanc e an d include s othe r  structura l  link s suc h 

as th e is-a-part-o f  an d th e occurs-durin g link s [Alle n 83 ]  beside s th e is-an-instance-o f 

link . 

Concepts are classified into Types and Tokens. Tokens refer to instances and Types 

refe r  t o abstraction s define d ove r  Tokens .  Abstraction s m a y i n tur n b e define d ove r 

Type s t o yiel d mor e abstrac t  Types ,  o r  a  Typ e ma y b e differentiate d t o resul t  i n mor e 

refine d Types .  I n thi s framework ,  a  Typ e i s no t  viewe d a s a  se t  an d it s structur e i s 

simila r  t o tha t  o f  a  Toke n viz .  a  labelle d collectio n o f  <attribute ,  value > pairs .  Th e / > 

fl/i-m5to«ce-o/structural  link s encod e th e relatio n betwee n a  Toke n an d a  Typ e whil e 

is-instantiated-b y link s encod e th e invers e relationship . 

We use a graphical notation for the representational framework. Figure 3 displays a 

sampl e networ k encodin g th e followin g information : 

"Birds are a kind of Things, Swan is a kind of Bird, Hansa is a Swan, Things have 

th e propert y color .  Swan s ar e generall y Whit e an d Whit e i s a  Color. " 

The representation uses three kinds of nodes: the Type node, the Token node and 

th e Binde r  node .  Arc s i n th e networ k represen t  bidirectiona l  links .  Typ e an d Toke n 

node s labe l  cluster s o f  <attribute ,  value > pairs ,  eac h o f  whic h i s represente d b y a 

Binde r  node .  Fo r  instance ,  b l  represent s th e fact :  "Thing s hav e th e propert y color" , 

whil e b 2 represent s th e fact :  "Swan s ar e generall y colore d white "  i.e .  "th e valu e o f 
th e propert y colo r  fo r  Swan s i s generall y White" .  Th e framewor k permit s associatin g 

propertie s a s wel l  a s propert y value s wit h concepts .  Fo r  example ,  w e ma y represen t 

tha t  fruit s hav e colo r  withou t  specifyin g an y particula r  colo r  values . 

A weight is associated with each link and these provide the basis for the evidential 

semantic s o f  knowledge .  A  lin k fro m nod e A  t o nod e B  ma y b e interprete d t o mea n 

" A provide s evidenc e fo r  B" .  Conside r  th e link s fro m Typ e node s t o thei r  Binde r 

nodes .  Th e weight s o n thes e link s provid e a  wa y o f  encodin g th e strengt h o f 

generalization s represente d b y a  Type .  Thus ,  th e lin k fro m S W AN t o b l  i n figur e 3  i s 

a quantitativ e measur e o f  th e evidenc e provide d b y th e assertio n " x i s a  Swan "  t o th e 

assertio n "th e colo r  o f  x  i s White" .  Case s wit h mor e tha n on e typica l  valu e ar e easil y 

represente d a s show n i n figur e 4 .  I f  re d i s a  mor e typica l  colo r  o f  Appl e tha n green , 

th e weigh t  w l  wil l  b e greate r  tha n w2 .  Th e us e o f  weight s ha s otiie r  interestin g 

consequences .  Fo r  instance ,  i f  th e nod e Appl e i s activate d (th e networ k i s "imaginin g 

an Apple" )  activatio n fro m th e nod e Appl e wil l  driv e th e associate d Binde r  nodes . 
The Binde r  node s correspondin g t o th e mos t  typica l  propert y value s wil l  receiv e th e 

highes t  activatio n resultin g i n th e activatio n o f  wha t  woul d amoun t  t o a  virtua l 

Toke n correspondin g t o th e mos t  typica l  instanc e o f  th e Type .  Thus ,  th e colo r  o f  th e 

imagine d Appl e wil l  mor e likel y b e re d tha n green .  I n thi s framework ,  th e 

representatio n o f  a  Typ e doe s doubl e dut y an d act s a s i f  i t  wer e a  prototypica l 

representatio n [Rosc h 75] ,  beside s bein g a n abstrac t  representatio n o f  a  clas s o f 

Tokens . 

The use of weighted links from a Type to its Binders provides a more natural 
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interpretatio n o f  "exceptions "  an d "cancellations "  an d give s a  clea n semantic s o f  th e 

is-an-instance-of\m\i .  I n thi s framework ,  on e canno t  bot h say :  "Al l  Swan s ar e White " 

an d "Gisell e i s a  Swa n whos e colo r  i s black" .  However ,  on e ma y say :  "Mos t  Swan s 

ar e White "  an d "Gisell e i s a  Swa n whos e colo r  i s black" .  Thi s i s illustrate d i n Figur e 

5.  Th e crucia l  poin t  i s  tha t  Gisell e ma y no t  b e attache d a s a n instanc e o f  Swa n unles s 

th e weigh t  o f  th e lin k fro m Swa n t o b 2 i s reduce d t o a  valu e les s tha n 1.0 .  I n Figur e 

5 th e lin k fro m Swa n t o b 2 i s a  statemen t  o f  typicalit y an d henc e ha s a  weigh t  les s 

tha n l.O ,  wherea s th e lin k fro m Gisell e t o b 3 encode s a  definit e statemen t  an d henc e 

has a  weigh t  o f  1.0 . 

Just as weights on links from concepts to Binders were significant, the weights on 

link s fro m Binder s t o Concept s als o serv e a n importan t  functio n i n categorizin g a n 

instanc e (assignin g a  Typ e t o a  collectio n o f  <attribute ,  value > pairs) .  Th e weight s o n 

link s fro m Binder s t o Concept s ca n b e use d t o assig n a  metri c t o th e significanc e o f  a 

matc h betwee n th e <attribute ,  value > o f  a  Typ e an d tha t  o f  a n instance .  Th e proces s 

of  categorizatio n easil y translate s int o a  "bes t  fit"  situation .  Eac h Typ e receive s 

evidenc e fro m Binder s tha t  matc h th e inpu t  data .  Typ e node s accumulat e thi s 

evidenc e an d thei r  leve l  o f  activatio n provide s a  quantitativ e measur e o f  th e goodnes s 

of  match .  Th e Typ e wit h th e highes t  activatio n win s [Feldma n 82] .  Furthermore ,  thi s 

als o provide s a n interpretatio n o f  th e notio n o f  a  prototypica l  instanc e o f  a  category . 

I f  th e propert y value s o f  a n instanc e matc h th e typica l  value s o f  th e Typ e the n th e 

occurrenc e o f  thi s instanc e result s i n th e highe r  activatio n o f  th e Typ e node . 

Consequently ,  suc h a n instanc e appear s t o b e mor e prototypical .  Thus ,  a  Robi n 

matche s th e propertie s i n th e representatio n o f  th e Typ e Bir d mor e strongl y tha n a 
Penguin . 

Conclusion 

The representation and use of conceptual knowledge remains a core issue in 

cognitiv e science .  Thi s pape r  present s a n approac h t o thes e problem s tha t  appear s t o 

offe r  severa l  advantage s ove r  previou s work .  Th e basi c idea s o f  evidentia l  reasoning , 

multipl e hierarchie s an d connectionis t  implementatio n fit  togethe r  remarkabl y wel l 

an d coul d for m th e basi s fo r  a  detaile d modelin g o f  h o w knowledg e i s handle d i n 

natura l  systems . 
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ABSTRACT 

The CEL model of learning and memory (Components of Episodic Learning) [Granger 1982, 
198Sa,  198Sb j  provide s a  proces s mode l  o f  certai n aspect s o f  learnin g an d memor y i n anima b an d 
humans.  Th e mode l  consist s o f  a  se t  o f  asynchronou s an d semi-iodependen t  functiona l  operator s 
tha t  coiiectivel y creat e an d modif y memor y trace s a s a  resul t  o f  experience .  Th e mode l  conform s 
t o relevan t  result s i n th e learnin g literatur e o f  psycholog y an d neurobiology .  Ther e ar e tw o goal s t o 
thi s work :  on e i s t o creat e a  se t  o f  workin g learnin g system s tha t  wil l  improv e thei r  performanc e o n 
th e basi s o f  experience ,  an d th e othe r  i s t o compar e thes e systems '  performanc e wit h tha t  o f  livin g 
systems ,  a s a  ste p toward s th e eventua l  comparativ e characterizatio n o f  differen t  learnin g systems . 

Part s o f  th e mode l  hav e bee n implemente d i n th e CEL- 0 program ,  whic h operate s i n a  'Maze -
World '  simulate d maz e environment .  Th e progra m exhibit s simpl e explorator y behavio r  tha t  lead s 
t o th e acquisitio n o f  predictiv e an d discriminator y schemata .  A  numbe r  o f  interestin g theoretica l 
prediction s hav e arise n i n par t  fro m observatio n o f  th e operatio n o f  th e program ,  som e o f  whic h ar e 
currentl y bein g teste d i n neurobiologica l  experiments .  I n particular ,  som e neurobiologica l  evidenc e 
fo r  th e exbtenc e o f  multiple ,  seperabl e memor y system s i n human s an d animal s i s interprete d i n 
term s o f  th e model ,  an d som e ne w experiment s ar e suggeste d arisin g fro m th e model' s predictions . 

1.  In t roduc t io n t o t h e p r o b l e m 

1.1 Characterization of learning processes 

The amnesic patient identified by his initiab 'H.M.' is apparently incapable of learning any new 
information ;  sinc e th e operatio n tha t  remove d a  par t  o f  th e limbi c syste m o f  hi s brain ,  h e ha s bee n 
unabl e t o lear n t o recogniz e ne w peopl e o r  situations .  Fo r  instance ,  h e re-introduce s himsel f  t o hi s 
docto r  Brend a Milne r  ever y tim e sh e visit s him ,  eve n thoug h sh e ha s visite d hi m man y time s a  wee k 
fo r  man y years !  I n contrast ,  hi s pre-operatio n memorie s appea r  no t  t o b e impaired ,  no r  i s hi s abilit y 
t o carr y o n a  relativel y norma l  conversatio n o r  othe r  everyda y functions . 

However ,  H.M .  ca n acquir e certai n categorie s o f  ne w abilities .  Fo r  instance ,  h e ha s bee n teste d 
on th e 'mirror-writing '  tas k o f  writin g whil e seein g onl y a  mirro r  imag e o f  wha t  h e writes .  Ever y 
tim e th e experimente r  cam e i n th e room ,  onc e a  da y fo r  severa l  weeks ,  H.M .  ha d t o b e re-introduce d 
t o bot h th e experimente r  an d th e experiment ,  an d insiste d tha t  h e ha d o f  cours e neve r  see n eithe r 
before ,  an d tha t  h e didn' t  kno w ho w t o d o thi s (mirror-writing )  task .  Ye t  bi s performanc e o a th e 
tas k improve d steadil y ove r  th e several-wee k period ;  i a fact ,  b e leane d tb e tas k a t  abou t  tb e sam e 
rat e tba t  coatro l  subject s did .  Whe n confronte d wit h example s o f  hi s poo r  earl y trial s compare d 
wit h hi s much-improve d recen t  trials ,  h e b  unabl e t o explai n ho w th e difference s arose ,  an d doesn' t 
remember  eve r  performin g thos e experiments . 

These and other results in humans and animals have led inescapably to the hypothesis that there 
ar e multipl e memor y systems ,  i.e. ,  separabl e biologica l  system s tha t  semi-independentl y establis h 

Thi s researc h w&e supporte d i n par t  b y th e Nationa l  Scienc e Foundatio n unde r  gran t  IST-81-20685 ,  an d 

by the Naval Ocean Systems Center under contract N66001-83-C-0255. 
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long-ter m memorie s fro m experience .  A s suggeste d b y H.M.' s behavior ,  thes e tw o system s hav e 
distinc t  characteristics ;  i.e. ,  eac h i s onl y capabl e o f  learnin g certai n type s o f  information . 

However, an accurate characterization of precisely which tasks are learnable by which mechar 
nis m ha s prove n elusive ;  ther e currentl y exis t  a  numbe r  o f  competin g neuropsychologica l  hypothese s 
characterisin g th e differen t  memor y system s (se e e.g. ,  /Squir e 1980 ;  Squire ,  Cohe n an d Nade l  1982 ; 
Miahki n 1982J) . 

A long-term goal of the research described here is to attempt to characterize these different 
learnin g system s i n term s o f  th e type s o f  learnin g behavio r  the y produce .  Ou r  curren t  subgoa l  i s  t o 
creat e a  syste m i n whic h th e behavio r  o f  learnin g an d memor y system s ca n b e characterized .  W e 
hop e t o b e abl e t o buil d tw o differen t  system s ou t  o f  simila r  functiona l  components ,  eac h o f  whic h 
has a  particula r  se t  o f  learnin g abilities .  W e woul d the n b e abl e t o sho w wha t  difference s i n th e 
model s gav e ris e t o th e difference s i n learnin g abilities . 

Recent research on learning and memory in AI has focused primarily on advanced human 
abilitie s (se e e.g. ,  fSchan k 198S ;  Schan k an d Burstei n 1981 ;  Lebowit z 1982 ;  Kolodne r  198S ;  Carbonel l 
1982 ;  Langte y 1981 ,  1982 ;  Mitchel l  1981/) .  W e hav e adapte d som e idea s o n M O Ps [Schan k 1983 } 
and th e indexin g o f  E>MOPs (Kolodne r  198Sa ,  198Sh J t o th e task s w e ar e modeling .  Ou r  focu s 
i s o n muc h lower-leve l  domain s o f  learnin g an d memory ,  especiall y 'subcognitive *  task s tha t  lowe r 
mammals (e.g. ,  rats )  ca n learn .  Thi s ha s enable d u s t o concentrat e ou r  model s o n th e processe s 
underlyin g learnin g an d memory ,  rathe r  tha n o n comple x memor y structures ;  ou r  approac h ha s bee n 
t o attemp t  t o identif y a  candidat e se t  o f  mechanism s sufficien t  t o allo w th e acquisition ,  storag e an d 
retrieva l  o f  simpl e episodi c information ,  an d t o compar e ou r  result s agains t  experimenta l  dat a o n 
learnin g an d memor y processe s i n animals . 

A key point here is that these 'subcognitive' learning and memory tasks, as far below 'higher' 
human abilitie s a s the y are ,  ar e nonetheles s stil l  difficul t  an d elusive ,  an d therefor e eminentl y worth y 
of  bein g th e focu s o f  a n A l  learnin g mechanism .  Thes e an d relate d task s hav e bee n extensivel y 
studie d b y cognitiv e psychologist s an d neurobiologist s i n thei r  experimenta l  approache s t o learnin g 
and memory ;  ye t  thei r  theorie s o f  huma n an d anima l  learnin g an d memor y hav e bee n insufficientl y 
precis e t o allo w fo r  th e constructio n o f  compute r  model s fo r  testin g th e theories .  Stil l  missin g 
i s a  bridg e betwee n A I  model s o f  learning ,  an d psychologica l  an d neurobiologica l  experiment s o n 
learning . 

1. 2 Introductio n t o C E L 

The CEL model of learning and memory [Granger 1982, 198Sa, 198SbJ providts a process model 
of  th e acquisitio n an d operatio n o f  certai n aspect s o f  learnin g an d memor y i n animal s an d humans . 
The mode l  conform s t o constraint s provide d b y relevan t  result s i n psychology ,  neuropsycholog y 
and neurobiology ;  a  numbe r  o f  behaviora l  dat a ar e explaine d i n term s o f  th e model ,  an d certai n 
specifi c  theoretica l  lesion s an d modulation s o f  th e mode l  predic t  behaviora l  effect s tha t  correspon d 
t o observe d behavior s i n similarl y manipulate d animals . 

Parts of the model have been implemented in a computer program called CEL>0. CEL>0 takes as 
inpu t  a  sequenc e o f  experientia l  sensor y event s code d i n term s o f  sensor y modalit y an d featur e sets . 
The progra m operate s o n th e inputs ,  buildin g a  memor y databas e o f  informatio n derive d fro m th e 
inpu t  streams .  Sampl e domain s tha t  hav e bee n worke d o n includ e a  simpl e 'feeding '  microworl d i n 
whic h th e mode l  learn s t o predic t  (vi a classica l  conditioning )  whic h event s reliabl y an d predictabl v 
lea d u p t o it s bein g fed ;  an d a  'maze '  microworl d i n whic h th e mode l  explore s an d learn s (operantly ) 
t o identif y wher e 'interesting '  an d rewardin g area s o f  th e maz e are ,  an d t o creat e a  simpl e 'cognitiv e 
map'  [Tolma n 19S2 ,  O'Keef e an d Nade l  1979 J o f  th e maz e environment .  I n th e maz e microworld , 
CEL- 0 interact s wit h MazeWorld ,  a  simulate d 'maz e environment '  program ,  tha t  receive s CEL- 0 
inpu t  moves ,  an d return s a  valu e indicatin g CEL-O' s ne w locatio n i n th e maze ;  hence ,  eac h mov e o f 
CEL- 0 cause s 'feedback '  fro m th e simulate d maze ,  whic h i n tur n trigger s CEL-O' s nex t  move . 

Some of CEL-O's unexpected behavior in the MazeWorld has triggered some new theoretical 
idea s whic h ar e presente d here .  Fo r  instance ,  w e hav e identifie d seve n differen t  categorie s o f  learning , 
i.e. ,  seve n differen t  way s tha t  ne w memor y trace s ca n b e create d i n CEL-0 ,  eac h correspondin g t o 
a differen t  'caJlin g sequence '  o f  operators ,  eac h o f  whic h i n tur n seem s t o correspon d t o a  logica l 
clas s o f  trainin g situation s tha t  migh t  aris e i n th e rea l  world .  Thes e seve n classe s o f  learnin g wil l  b e 
briefl y discusse d i n a  late r  sectio n o f  thi s paper . 

Other examples of theoretical ideas that have arisen from working with the program in the 
MazeWorl d include :  a  mechanis m fo r  activ e 'explorator y behavior '  durin g learning ,  a  mechanis m 
fo r  creatin g subgoal s fro m goal s durin g learning ,  acquisitio n o f  'landmarks '  durin g learnin g tha t  serv e 
as usefu l  inde x points ,  an d a  compariso n o f  'efficient '  learne d behavio r  vs .  'superstitious '  learne d 
behavior ;  som e o f  thes e ar e describe d i n som e detai l  i n [Grange r  an d McNull y  1984] . 
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Attempt s t o find  detaile d correspondence s betwee n th e mode l  an d experimenta l  dat a i n neuro -
biolog y hav e s o fa r  bee n fruitful .  A  numbe r  o f  specifi c  prediction s arisin g fro m wor k wit h th e mode l 
ar e i n th e disparat e area s o f  selectiv e attention ,  modulatio n o f  memory ,  an d rapi d forgettin g an d 
learnin g deficit s associate d wit h certai n limbi c lesion s ([Grange r  198Sb J present s detaile d analyse s 
of  thes e thre e substantiv e area s o f  CEL' s modelin g efforts) . 

Thb paper will present first a description of CEL-O's behavior in the MazeWorld simulation, 
and the n a  specifi c  neurobiologica l  predictio n dealin g wit h multipl e memor y systems ;  th e predictio n 
i s currentl y bein g teste d i n a  neurobiologica l  la b a t  th e Cente r  fo r  th e Neurobiolog y o f  Learnin g an d 
Memory a t  Irvine . 

2.  Introductio n t o th e m o d e l :  T h e twelv e C E L operator s a n d thei r  function s 

The CEL model proposes a characterization of the constituent functional operators that com-
pris e learnin g processes ,  i n th e hop e tha t  thes e primitiv e operator s ma y eac h hav e specifi c  instanti -
ation s tha t  ca n b e identifie d i n th e neura l  substrate .  Th e mode l  identifie s a  se t  o f  twelv e 'primitive ' 
memory operator s whic h operat e i n paralle l  t o collectivel y perfor m five  classe s o f  memor y manip -
ulation :  reception ,  recording ,  retried ,  reconstructio n an d refinement .  Th e mode l  consist s o f  th e 
operatio n o f  thes e twelv e operator s o n memor y representation s w e ter m episodi c schemata .  De -
taile d description s o f  th e function s o f  thes e operator s an d thei r  (ofte n nonintuitive )  interaction s ar e 
provide d i n /Grange r  1982 ,  198Sa ,  198SbJ , 

In brief, the twelve operators have the following functions: 

• Reception operators: 

DETECT • set of sensory input cbannels and any associated bard-wired preprocessing per-
forme d b y thos e inpu t  cbannels ,  suc b a s visua l  an d auditor y processing ; 

S E L E CT •  'tuoabie '  inpu t  Bite r  t o selectivel y atten d t o som e input s ove r  otber s o n th e basi s 
of  prio r  experience ; 

• Recording operators: 

NOTICE - matches inputs against known desirable and undesirable states; triggers COL-
L E CT whe n a  matc h occurs ; 

C O L L E CT -  package s recen t  strea m o f  input s int o a  kerne l  episodi c scbema ; 
I N D E X -  create s ne w indices ,  an d book s int o existin g indices ,  fo r  eac h ne w epbodi c 

schema; 

• Retrieval operators: 

REMIND - matches inputs against indices for existing schemas; triggers ACTIVATE when 
matc h occurs ; 

A C T I V A TE -  incorporate s REMINDe d schema s int o curren t  prediciv e schema ;  trigger s th e 
Reconstructio n operators ; 

• Reconstruction operators: 

ENACT - performs any efferent actions in current predictive schema; 'tunes* SELECT's 
Bite r  t o atten d t o predicte d afferen t  events ; 

S Y N T H E S I ZE -  matche s input s agains t  predicte d event s i n curren t  predictiv e schema ;  trigger s 
Refinemen t  operator s t o modif y scbem a i n respons e t o matche s an d mismatches ; 

• Refinement operators: 

REINFORCE- incrementally strengthens current schema(ta) according to SYNTHESIZE's 
judgmen t  o f  it s  successfu l  predictivenes s (i.e. ,  matches^ ; 

B R A N CH -  create s a  branc h i n curren t  schema(ta )  accordin g t o SYNTHESIZERS judgmen t 
of  unsuccessfu l  predictivenes s (i.e. ,  mismatches) ; 

D E T O UR -  create s a  non-pursuab/ e branc h i n curren t  scbem a accordin g t o NOTICEing s o f 
undesirabl e events ,  predicte d o r  not . 

These operators act in parallel, asynchronously and semi-independently in the CEL model, and 
comple x interaction s amon g the m a t  ru n tim e enabl e thes e relativel y straightforwar d operator s t o 
giv e rise  t o a  ric h se t  o f  learnin g an d memor y behaviors . 
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3.  A  brie f  e x a m p l e o f  t h e o p e r a t i o n o f  t h e C E L - 0 p r o g r a m 

3.1 Introduction to the CEL-0 environment 

The setting described here for CEL-O's operation is a relatively simple maze, that CEL-0 moves 
throug h b y interactin g wit h MazeWorld ,  a  simulate d 'maz e environment '  program .  MazeWorl d 
receive s CEL- 0 inpu t  moves ,  an d return s a  valu e indicatin g CEL-O' s ne w locatio n i n th e maze ; 
hence ,  eac h mov e o f  CEL- 0 cause s 'feedback '  fro m th e simulate d maz e environment ,  whic h i n tur n 
trigger s CEL-O' s nex t  move .  Followin g i s a  schemati c vie w o f  th e relativel y simpl e MazeWorl d maz e 
tha t  w e wil l  us e fo r  th e example s i n thi s section ;  'MO *  i s th e entr y poin t  int o th e maze ,  an d 'M4 ' 
contain s water ,  whic h wil l  b e use d fo r  a  'reward '  unde r  circumstance s t o b e describe d later . 

Ml •-• M2 

t 

M3 •<-»M 5 

© 

The followin g section s describ e a  connecte d se t  o f  example s o f  CEL-O' s operatio n i n th b maze . 
The descriptio n wil l  b e i n thre e phases : 

Phase 1 ('Exploration' phase): CEL-O uses 'innate' (built-in) episodic schemas to move through 
th e maze ,  establishin g episoai c trace s correspondin g t o it s  'routes '  throug h th e maze . 

Phase 2 ^'Effectiveness' phase): CEL-0 has an added desired state (satisfy-thirst) that drives 
it s behavior ;  i t  searche s fo r  an d finds  a  (no t  necessaril y  mos t  efficient )  rout e throug h th e maz e 
t o an y locatio n o f  water . 

Phase 3  ('Efficiency '  phase) :  CEL- 0 refine s it s already-effectiv e route s throug h th e maz e t o 
rewar d locations .  (Thi s 'phase '  i s actuall y goin g o n i n paralle l  wit h th e othe r  two) . 

In each phase, CEL-O's behavior can be described in terms of three lists: a sequence of CEL 
operators ,  th e correspondin g sequenc e o f  over t  move s i n th e simulate d environmen t  (i f  any) ,  an d th e 
correspondin g addition s o r  change s t o long-ter m memor y (i f  any) . 

3. 2 CEL-O' s explorator y behavio r  i n M a z e W o r l d 

For the purposes of this example, CEL-0 will start at location MO in the maze, facing towards 
M 3.  Th e interna l  representatio n i s describe d i n /Grange r  an d McNuUy 1984J ;  i t  simpl y consist s o f 
informatio n abou t  wha t  view s ar e i n fron t  of ,  t o th e righ t  of ,  behin d an d t o th e lef t  o f  th e curren t 
positio n o f  CEL- 0 i n th e maze .  Hence ,  th e startin g positio n ha s a  vie w o f  M 3 i n front ,  wall s t o th e 
righ t  an d behind ,  an d M l  t o th e left . 

(This is an admittedly huge oversimplification of a 'realistic' maze situation, but it seems justi-
fied  fo r  tw o importan t  reasons :  (1 )  selectiv e attentio n t o relevan t  feature s i s th e ke y thin g tha t  get s 
slighte d b y thi s oversimplification ,  an d w e hav e alread y don e som e analyse s o f  selectiv e attentio n i n 
comple x environment s (se e /Grange r  198SbJ) ;  an d (2 )  ther e ar e a  numbe r  o f  interestin g an d comple x 
processin g problem s tha t  aris e eve n wit h thi s simplification ,  an d thes e problem s woul d b e difficul t 
t o presen t  withou t  first  simplifyin g awa y th e selectiv e attentio n problem s fo r  pedagogica l  reasons. ) 

Because of the extremely simplified inputs for this example, DETECT and SELECT essentially 
jus t  atten d t o everythin g here ;  se e /Grange r  198Sb J an d th e selectiv e attentio n sectio n i n thi s pape r 
fo r  a n explanatio n o f  ho w thes e operator s becom e muc h mor e comple x i n th e fac e o f  mor e comple x 
inputs . 

Once SELECT has entered a representation into temporary memory, NOTICE attempts to 
matc h i t  agains t  desirabl e an d undesirabl e states ,  an d R E M I N D attempt s t o matc h i t  agains t  an y 
existin g schema s tha t  migh t  b e relevan t  t o th e situation .  Ther e ar e thre e built-i n 'explorator y 
schemas '  i n CEL-0 ,  tw o o f  whic h ge t  REMINDe d b y thi s input .  Eac h o f  th e thre e schema s (ESI , 
ES2 an d ES3 )  i s simpl y tw o event s long ,  eac h correspondin g t o th e 'impetus '  t o mov e i n a  particula r 
typ e o f  situation ,  essentiall y  correspondin g t o th e followin g sequences : 
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ESI :  se e fron t  openin g ̂  g o straigh t 

ES2:  se e obstructio n = > loo k aroun d (360** ) 

ESS:  se e sid e openin g = > tur n toward s openin g 

So at location MO, REMIND will find both ESI and ESSa, then ACTIVATE will have to choose 
at  mos t  on e o f  the m t o pursue ;  fo r  thi s exampl e le t  i t  choos e ESI .  (ACTIVAT E i n fac t  contain s 
a se t  o f  (currentl y six )  'preferenc e metrics '  tha t  i t  use s t o decid e amon g propose d (REMINDed ) 
alternativ e schema s -  [Grange r  an d McNult y 1984 }  describ e thes e i n detail) .  E N A C T an d SYN -
THESIZ E the n begi n t o reconstruc t  ESI .  E N A C T doe s s o b y performin g an y event s i n th e schema , 
and SYNTHESIZ E b y comparin g ne w input s tha t  resul t  fro m successiv e ENACTed event s agains t 
th e 'predicted '  input s i n th e schem a itself .  SYNTHESIZ E note s tha t  th e matc h betwee n th e even t 
and th e mor e generalize d representatio n i n ES I  i s onl y a  partia l  match ,  an d becaus e it' s  no t  a n 
exac t  match ,  call s B R A N CH t o creat e a  ne w branc h o f  th e schema ,  an d begin s recordin g thi s ne w 
branch . 

CEL-0 continues in this fashion, making the following moves through the maze: MO - M3 - M5 
-  M 3 -  M O -  M l  -  M 2 -  M l  -  M O -  M 3 -  M 5 -  M 3 -  M 4 -  M S -  M O -  M l  -  M 2 -  etc .  A n extensiv e 
descriptio n an d explanatio n o f  th e operato r  sequence s drivin g thes e move s ca n b e foun d i n (Grange r 
and McNuUy 1984J . 

Not e tha t  whe n M 4 i s arrive d at ,  th e fac t  tha t  ther e i s wate r  ther e wil l  caus e a  R E M I N D o f 
anothe r  innat e (built-in )  schem a tha t  essentiall y  say s whe n wate r  i s  seen ,  drin k it .  However ,  thi s 
schema ma y no t  b e reconstructivel y ENACTed unles s A C T I V A T E let s i t  b e (o r  unles s ther e ar e n o 
alternativ e schema s tha t  ge t  REMINDed) ;  on e o f  ACTIVATE' s preferenc e metric s say s no t  t o prefe r 
schemas tha t  d o no t  matc h an y currentl y desirabl e state ,  a s specifie d o n th e 'Desirabl e Stat e List ' 
(DSL) . 

3. 3 Effectiv e goa l  pursui t  i n CEL- 0 

The result of the 'exploration' phase is the creation of a number of schemas describing various 
'routes '  throug h th e maze ,  indexe d b y thei r  startin g an d endin r  position s (mor e detai l  o n I N D E X 
i s provide d i n [Grange r  198Sb J an d [Grange r  an d McNuUy 1984}) . 

In phase 2, we simply add a desired event to CEL-O's Desirable State Lbt (DSL) - this is the list 
tha t  N O T I C E matche s incomin g event s against ,  an d tha t  A C T I V A T E check s t o se e whethe r  o r  no t 
t o bothe r  t o E N A C T a  REMINDe d schema .  Hence ,  i f  w e ad d 'drin k water '  t o th e DSL ,  CEL- O wil l 
now 'ac t  thirsty' ,  i n th e followin g thre e senses :  (l )  i t  wil l  drin k wate r  i f  i t  see s an y (vi a R E M I N D , 
A C T I V A TE an d E N A C T o f  th e built-i n schem a tha t  say s whe n wate r  i s  seen ,  drin k it) ;  (2 )  i t  wil l 
ten d t o prefe r  sequence s tha t  lea d t o seein g wate r  (vi a ACTIVATE S preferenc e metri c fo r  currently -
desirabl e states) ;  an d (3 )  i t  wil l  stor e an y sequence s o f  event s tha t  lea d t o wate r  (vi a N O T I C E an d 
C O L L E C T ).  Hence ,  vi a al l  thre e o f  thes e mechanisms ,  CEL-O' s memor y wil l  no w contai n schema s 
tha t  ar e 'effective '  wit h respec t  t o th e achievemen t  o f  it s  goa l  o f  finding  an d drinkin g water . 

3.4 Active exploration by CEL-O: Sensitivity analysis 

A schema that leads to M4 at the end of the exploration phase b: MO - M3 - M5 - M3 - M4. 
Not e tha t  whil e eifective ,  thi s schem a i s no t  maximall y efficien t  -  i t  coul d simpl y g o M O -  M 3 -  M 4 . 
The fac t  tha t  i t  doesn' t  i s  simpl y a n acciden t  o f  th e exploratio n phas e (se e Sectio n 4. 2 below) .  CEL- O 
has a  proces s tha t  cause s schema s t o b e teste d fo r  thei r  sensitivit y t o change s i n th e sequence ;  th e 
proces s make s multipl e variation s o f  schema s b y deletin g variou s feature s o r  event s fro m th e even t 
sequence ,  an d the n test s th e resultin g variation s fo r  thei r  effectiveness . 

The process effectively establbhes a set of multiple internal 'hypotheses' as to which of the 
feature s o f  th e episod e ar e th e mos t  critica l  an d predictive .  Hence ,  thi s proces s amount s t o a  tes t  o f 
th e sensitivit y o f  th e ne w episod e t o change s i n thos e features .  Thi s proces s o f  testin g episode s fo r 
thei r  sensitivit y t o change s i s terme d 'sensitivit y analysis' .  Th e followin g subsection s briefl y outlin e 
th e process . 
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3.4. 1 latroductio D t o seositivit y analyai s 

When the model senses an instance of an episode, say, a pursuit-type episode such as MO - M3 
-  M 5 -  M 3 -  M 4 ,  whic h result s i n som e N O T I C E d desirabl e state ,  tha t  episod e i s COLLECTed int o 
a Ions-ter m memor y trace .  Th e I N D E X operato r  the n begin s t o choos e feature s o f  th e event s i n 
th e episod e t o us e a a indices ,  whic h wil l  b e use d a s recognitio n cue s a t  retrieva l  time ,  i.e. ,  wheneve r 
simila r  event s happe n subsequently .  Dependin g o n whic h feature s ar e chose n a s indices ,  o f  course , 
subsequen t  retrieva l  eithe r  wil l  o r  wil l  no t  tak e plac e base d o n th e presenc e o r  absenc e o f  an y 
particula r  featur e i n th e ne w inpu t  trace .  Hence ,  th e effectiv e recognitio n o f  an y ne w instanc e o f  a 
learne d episod e i s sensitiv e t o th e feature-indice s tha t  ar e create d a t  I N D E X tim e durin g recordin g 
of  th e episode . 

During the establbhment of these feature indices on a new trace, the INDEX operator performs 
a multi-ste p proces s whic h ha s th e effec t  o f  creatin g multipl e trace s o f  th e episode ,  eac h wit h a 
differen t  featur e o r  se t  o f  feature s delete d fro m th e trace .  Th e multipl e version s o f  th e episod e 
tha t  resul t  fro m thi s proces s serv e th e purpos e o f  enablin g CEL- 0 t o tes t  instance s o f  th e episod e fo r 
thei r  sensitivit y t o change s i n th e constituent s o f  th e episode :  th e long-ter m trac e undergoe s ongoin g 
modificatio n an d refinemen t  dependin g o n whic h version s o f  th e episod e tur n ou t  t o accuratel y matc h 
subsequen t  instance s o f  th e inpu t  stimuli . 

Intuitively, what is happening is that the INDEX operator is hypothesizing a series of variations 
of  th e instanc e o f  th e episode ,  implicitl y  predictin g tha t  thes e version s migh t  serv e a s usefu l  predictor s 
of  subsequen t  instance s o f  th e episode .  Thos e predictiv e hypothese s ar e teste d eac h tim e th e se t 
of  variation s o f  episode s ar e retrieve d an d reconstructivel y compare d t o a  ne w inpu t  instanc e (vi a 
E N A CT an d SYNTHESIZE) .  I n thi s way ,  th e sensitivit y analysi s proces s allow s th e mode l  t o lear n 
more tha n wa s containe d i n th e singl e instanc e o f  th e episode :  i t  learn s th e way s i n whic h tha t 
episodi c instanc e migh t  b e sensitiv e t o change s an d variations .  Furthermore ,  th e proces s ha s th e 
effec t  o f  robustl y reducin g an y dependanc e o n th e orde r  o f  presentatio n o f  events ,  makin g th e mode l 
eventuall y lear n th e sam e thing s abou t  th e maz e regardles s o f  wha t  orde r  i t  happen s t o acquir e the m 
in . 

3.4.2 The Bve steps ot seasitivity aoa/ysis 

1. When a new long-term trace is written, INDEX'S first step is to search for any existing feature 
indice s tha t  matc h an y feature s i n th e ne w trace .  I f  so ,  the n thos e indice s ar e 'attach^ '  t o th e 
trace ,  i.e. ,  eac h inde x no w point s t o th e ne w trac e i n additio n t o an y othe r  trace s i t  ma y alread y 
be pointin g to . 

2. For each sensory feature in the input, create a new index for that feature, that points to the 
epbode . 

3. For each feature-index pointing to the episode, either found by step 1 or created by step 2, 
begi n creatin g variation s o f  th e episod e b y leavin g ou t  on e o r  mor e o f  th e feature s containe d i n 
th e initia l  copy .  Eac h variatio n i s writte n int o memor y a s a  'near-miss '  cop y o f  th e episode . 

4.  Fo r  eac h o f  th e ne w episode-variations ,  searc h fo r  a n existin g inde x tha t  ha s th e ne w subset -
feature s o f  th e variation ;  i f  found ,  attac h i t  t o th e episode . 

5.  Fo r  eac h feature-se t  inde x created ,  attemp t  t o find  other s wit h subset s o f  th e sam e features .  Fo r 
each suc h inde x se t  found ,  creat e a  ne w higher-leve l  inde x (se e (Grange r  IQSSbJ) ,  correspondin g 
t o th e share d feature s tha t  point s t o eac h o f  th e member s o f  th e inde x set . 

The combined effect of these steps will be to create a growing set of indices pointing to the 
episode ,  eac h o f  whic h wil l  b e triggere d b y a  differen t  se t  o f  featur e cue s a t  retrieva l  time .  A t  th e 
same time ,  multipl e copie s o f  th e episod e itsel f  ar e bein g created ,  eac h a  sligh t  variatio n o f  th e 
others ;  i.e. ,  n o tw o ar e exactl y alike .  Th e indice s wil l  slowl y becom e a  hierarchica l  set ,  becaus e 
ste p 5  create s higher-leve l  o r  'second-order '  indices ,  eac h o f  whic h point s onl y t o othe r  indice s (se e 
[Grange r  198Sb^.  Fo r  instance ,  'templat e indices '  ar e example s o f  highe r  indexe s tha t  contai n onl y 
event-sequenc e inform^ion ,  wit h specifi c  sensor y informatio n deleted . 

4 .  S o m e insight s resultin g f r o m expe r i enc e w i t h C E L - 0 

There are a number of difficulties that have arisen during the programming of CEL-0 that 
hav e th e for m o f  interestin g theoretica l  problem s tha t  wer e no t  obviou s unti l  th e implementatio n 
difficultie s arose .  Some o f  thes e ar e discusse d here ,  wit h th e focu s o n th e emergenc e o f  seve n 
categorie s o f  learning ,  base d o n seve n differen t  'callin g sequences '  o f  C E L operator s al l  o f  whic h ar e 
capabl e o f  establishin g o r  modifyin g a  memor y trace ,  i.e. ,  learning . 



4. 1 Seve n way s t o establis h a  m e m o r y trac e i n C E L 

The twelve CEL operators do not call each other serially; hence, although COLLECT is the 
primar y wa y fo r  episodi c trace s t o b e establishe d i n permanen t  memory ,  ther e ar e fou r  distinc t  callin g 
sequence s tha t  ma y resul t  i n th e creatio n o f  a  ne w trace ,  eac h o f  whic h constitute s a  categor y o f 
learnin g i n CEL ;  i n turn ,  thes e fou r  categorie s hav e betwee n the m a  numbe r  o i  differen t  subcategories , 
fo r  a  tota l  o f  seven .  Thes e ar e liste d here ,  followe d b y a  se t  o f  brie f  description s an d example s o f 
each subcategory . 

Goal-base d establishment : 

1.  pursui t  o f  desirabl e resul t  (Pursuit-base d learning ) 

2.  avoidanc e o f  undesirabl e resul t  (Avoidance-base d learning ) 

Expectation-base d establishment : 

1.  matc h betwee n expectatio n an d environmen t  (Success-drive n learning ) 

2.  mismatc h betwee n expectatio n an d environmen t  fFai/ure-drive o learning ) 

Exploration-base d establishment : 

1.  analysi s o f  relevanc e o f  schem a feature s (Sensitivit y analysis ) 

Coincidence-base d establishment : 

1.  schem a activate d simultaneousl y wit h newly-create d schem a Appeod-drive o learning ) 

2.  tw o schema s concurrentl y activate d Splice-drive n learning ) 

4.1.1 Goal-based trace establbbment 

When the NOTICE operator finds that an incoming event matches something on either the 
Desirabl e o r  Undesirabl e stat e Ib t  {DS L o r  USL )  (se e [Grange r  198SbJ) ,  N O T I C E trigger s th e C O L -
L E CT an d I N D E X operato r  t o mak e a  recor d o f  th e sequenc e o f  event s tha t  le d u p t o th e desirabl e 
or  undesirabl e event . 

Case one: Pursuit-based learning 

I n th e desirabl e case ,  th e I N D E X operato r  simpl y indexe s th e sequenc e o f  event s b y SELECTe d 
feature s (se e [Grange r  198SbJ) . 

Case two: Avoidance-based learning 

I n th e undesirabi e case ,  I N D E X call s th e D E T O UR operato r  t o attemp t  t o creat e a  lin k pointin g 
t o potentia l  alternative s t o th e undesirabl e result ,  s o tha t  tha t  pat h won' t  b e pursue d i n th e future . 

•l.i.2£xpectation-ba5ed (race establishment 

While a schema is being reconstructively ENACTed after having been triggered (REMINDed 
and ACTIVATEd )  b y som e cue ,  th e SYNTHESIZ E operato r  i s  constantl y matchin g incomin g real -
worl d event s agains t  event s i n th e schem a (i.e. ,  i t  i s  checkin g th e schema' s implici t  expectations) . 
Bot h matche s an d mismatche s ca n caus e ne w thing s t o b e writte n int o memory . 

Case three: success-driven learning 

I f  SYNTHESIZ E finds  a  match ,  the n i t  call s R E I N F O R CE t o ad d 'strength '  t o th e link s pointin g 
t o th e successfull y predictiv e schema . 

Case four: failure-driven learning 

I f  a  mismatc h i s found ,  B R A N CH i s calle d t o creat e a  ne w lin k betwee n th e inde x an d th e 
new sequenc e o f  event s (whateve r  jus t  actuall y  happened) ,  thereb y effectivel y reducin g th e relativ e 
strengt h o f  th e lin k fro m th e inde x t o th e previously-expecte d result . 

167 
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4.1. 3 ExploratioD-base d tr&c e estabtisbmeo t 

Apparent exploratory behavior by C£L arises from the operation of the 'sensitivity analysis' 
procedur e describe d abov e (an d describe d i n mor e dept h i n [Grange r  IQSSbj) ,  combine d wit h th e 
existenc e o f  th e se t  o f  simpl e 'explorator y schemata' .  Recal l  tha t  sensitivit y analysi s cause s a  numbe r 
of  variation s o f  eac h schem a t o b e created ,  eac h o f  whic h wil l  b e teste d an d eithe r  strengthene d o r 
weakene d accordin g t o it s succes s o r  failur e Thes e wil l  operat e o n th e schema s collecte d durin g 
CEL-O' s 'wandering '  throug h th e maze ,  t o refin e th e model' s representatio n o f  pathway s throug h 
th e maz,e ,  eliminat e som e redundancies ,  an d identif y som e 'landmarks '  tha t  mak e usefu l  indice s t o 
th e se t  o f  pathway s (se e (Grange r  an d McNuUy 19841) . 

As it collects sequences of paths through pieces of the maze, sensitivity analysis refines them 
by testin g th e relevanc e o f  thei r  consituen t  events . 

Case five: Sensitivity analysis 

For  instance ,  i f  a n initia l  rout e throug h th e maz e i s th e sequenc e M O -  M 3 -  M 5 -  M 3 •  M 4 , 
a diminutio n o f  th e rout e yield s M 3 -  M S -  M 3 -  M 4 ,  whic h wil l  wor k whe n th e startin g poin t  i s 
M 3.  Furthe r  diminutio n cuase s th e eventua l  creatio n o f  th e rout e M 3 -  M 4 ,  whic h i s actuall y a n 
improvemen t  ove r  th e origina l  i n term s o f  efficiency ,  sinc e i t  ca n ge t  t o th e presumabl y desirabl e 
stat e M 4 withou t  botherin g t o g o throug h M 5 an d doublin g bac k throug h M3 .  Not e tha t  i n ligh t  o f 
thi s ne w schema ,  th e initia l  five-step  rout e ca n b e viewe d a s 'superstitious '  behavior ;  i.e. ,  th e mode l 
i s actin g a s thoug h i t  'thinks '  tha t  jus t  becaus e i t  wen t  throug h M 5 t o ge t  t o M 4 th e first  time , 
i t  mus t  d o s o o n subsequen t  triab .  I t  i s  crucia l  t o not e tha t  efficienc y i s no t  alway s best ;  i n fact , 
mammals ca n b e traine d t o repea t  lon g sequence s o f  otherwis e 'superstitious '  behavior ,  a s lon g a s 
tha t  behavio r  i s  rewarded ,  whil e an y variation s g o unrewarde d (se e e.g. ,  /Hilgar d an d Bowe r  1970j) . 

4.1.4 Coincidence-based trace estab/isZunent 

There are two cases of 'coincidence' that can arbe in the model: either an existing schema gets 
R E M I N D ed durin g th e COLLECTio n o f  a  ne w schema ,  o r  a  schem a get s R E M I N D e d durin g th e 
ENACTin g o f  anothe r  schem a tha t  ha s bee n previousl y REMINDe d an d ACTIVATEd . 

Case six: Append-driven learning 

If the model b COLLECTing a new schema that leads to, say, an undesirable result, such as an 
unpleasan t  taste ,  tha t  N O T I C E d tast e ma y simultaneousl y caus e a  R E M I N D of ,  sa y a n innat e 'ga g 
reflex '  schem a (i.e. ,  i t  say s t o spi t  ou t  afte r  sensin g a  ba d taste) .  I n suc h a  case ,  th e I N D E X (an d 
D E T O U R)  operator s creat e inde x link s t o bot h th e sequenc e o f  event s leadin g u p t o th e ba d taste , 
so tha t  i t  migh t  b e avoide d i n th e future ,  an d t o th e sequenc e o f  event s REMINDe d b y th e event , 
so tha t  th b sequenc e migh t  b e substitute d fo r  th e undesirabl e sequenc e th e nex t  tim e i t  happens ; 
thi s b  a n instanc e o f  a n 'activ e avoidance '  situation . 

Case seven: Splice-driven learning 

If the model b currently ENACTing an active schema, e.g., running a maze toward a food 
reward ,  an d durin g thb ,  anothe r  schem a get s REMINDe d (e.g. ,  a  ligh t  flash  tha t  b  know n t o lea d 
t o som e differen t  reward) ,  the n bot h schema s ar e indexe d togethe r  b y th e sam e initiatin g feature , 
givin g tha t  featur e adde d predictiv e power . 

4.2 Note: Design decisions affecting CEL-O's performance 

It should be noted here that a number of design decbions in CEL-0 (including the specifics of 
th e A C T I V A T E preferenc e metrics ,  th e detai b o f  th e built-i n explorator y schemas ,  an d th e detad b 
of  th e function s o f  th e operators ,  notabl y SYNTHESIZE ,  R E M I N D an d ACT IVATE )  wil l  affec t  th e 
pat h i t  wil l  tak e throug h th e maze ,  an d i n man y case s wil l  affec t  whethe r  o r  no t  th e correc t  learnin g 
wil l  tak e plac e a t  all .  W e hav e bee n experimentin g wit h version s o f  CEL- 0 t o se e whic h change s caus e 
whic h behaviors ,  bu t  w e inten d t o continu e t o compar e th e resultin g behavior s agains t  th e learnin g 
literatur e whereve r  possibl e (se e es p /Rescorl a an d Wagne r  1972/) ,  an d t o sugges t  ne w experiment s 
(an d thei r  predicte d outcomes )  whe n th e literatur e doesn' t  provid e th e necessar y dat a o n som e 
specifi c  poin t  abou t  ho w a  rat ,  fo r  instance ,  shoul d ru n th e maze .  Sectio n 5  o f  th b pape r  make s 
some brie f  remark s abou t  ou r  us e o f  som e result s i n anima l  learnin g a s a  'requirement s specification ' 
fo r  CEL-O' s performance ;  [Grange r  an d McNult y 1984 J contain s mor e discussio n o f  thb . 
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5. The neurobiology of multiple memory systems 

5.1 The constellation of deficits in the amnesic syndrome 

The patient H.M., like most other amnesics, exhibits a whole constellation of related deficits. 
Th e ke y defici t  i s  th e inabilit y  t o consciousl y stor e ne w information ,  a s describe d earlie r  i n thi s 
paper .  T w o o f  th e othe r  majo r  component s o f  th e overal l  amnesi c syndrom e are : 

• Retrograde amnesia: H.M not only is incapable of consciously storing new information aiace his 
operation ;  h e ak o ha s los t  som e o f  th e memorie s tha t  happene d t o hi m immediatel y preced'iD g 
th e operation ,  u p t o abou t  tw o year s befor e th e operation ,  whil e memorie s olde r  tha n tha t 
remai n unimpaired .  Thi s strikin g finding  fSquir e 1980j' a use d a s evidenc e tha t  m e m o r y coaaol -
idatio D take s tim e (perhap s u p t o tw o years )  befor e i t  become s a  permanen t  par t  o f  memory ; 
hence ,  perhap s memorie s tha t  wer e stil l  bein g consolidate d a t  th e tim e o f  th e operatio n wer e 
disrupted ,  an d neve r  go t  firmly  establishe d a a permanen t  memories . 

• Rapid Forgetting: H.M. b able to carry on conversations, and perform other tasks of long 
duration ,  a s lon g a s th e tas k isa H iotemipted ;  whe n interrupte d fo r  mor e tha n a  fe w minutes , 
he completel y forget s wher e h e was ,  an d start s ove r  agai n 'fro m scratch' ,  e.g. ,  h e migh t  the n 
hav e th e exac t  sam e conversatio n al l  ove r  agai n withou t  realizin g he' s jus t  don e it . 

5.2 Of rats and men 

There are recently-discovered situations in which rats in a maze exhibit forms of learning previ-
ousl y onl y attribute d t o primate s an d humans .  'Learoiog-se t  learning '  refer s t o ver y rapi d (usuall y 
jus t  a  singl e trial )  learnin g o f  ne w situation s tha t  ar e simila r  t o previously-learne d ones ,  i.e. ,  th e 
anima l  seem s t o for m a  'template '  tha t  i t  ca n us e t o expidit e th e learnin g o f  subsequen t  situations . 
Th e rats '  learning-se t  learnin g (LSL )  syste m a4)parentl y u  entirel y separabl e fro m it s mor e standard , 
slowe r  'associativ e learning '  (AL )  syste m -  ther e ar e specifi c  drug s aa d lesion s tha t  hav e bee n use d 
t o entirel y eliminat e abilitie s associate d wit h th e L S L syste m withou t  affectin g th e performanc e o f 
th e A L system ,  an d vic e versa .  Thi s constitute s evidenc e tha t  rat s hav e multipl e memor y systems . 

Furthermore, recent experimentation fStaubli and Lynch 198SJ has shown that rats can be 
give n amnesi c symptom s strikingl y simila r  t o thos e i n humans ,  b y makin g correspondin g lesion s 
t o th e hippocampu s an d anothe r  limbi c structure ,  th e thalamus .  I n particular ,  rat s ar e traine d t o 
selec t  on e o f  tw o odor s fo r  a  wate r  reward .  Thi s initiall y  require s 5b-10 0 trial s befor e a  minima l 
criterio n o f  learnin g i s me t  (i.e. ,  associativ e learnin g (AL)) .  Ove r  successiv e pair s o f  odors ,  th e rats ' 
behavio r  change s suc h tha t  the y com e t o lear n th e correc t  odo r  i n subsequen t  odor-pair s i n onl y 3- 4 
trial s (learning-se t  learnin g (LSL)) .  T w o form s o f  learnin g ar e thou(^ t  t o b e Involved :  (1 )  abstrac t 
'template-driven '  (LSL-type )  informatio n abou t  th e tas k (e.g. ,  th e fac t  tha t  i t  contain s a  'correct ' 
and a n 'incorrect '  olfactor y cue) ,  an d (2 )  specifi c  memor y (AL-type )  a s t o whic h particula r  odo r 
was correc t  fo r  a  give n pair . 

O ne specifi c  typ e o f  lesio n (lesion s o f  th e connectio n betwee n th e dorsomedia l  nucleu s ( D M N ) 
of  th e thalamu s an d th e fronta l  cortica l  system )  eliminate s th e animals '  abilit y  t o g o fro m th e many -
tria l  (AL )  mod e t o th e subsequen t  rapid-learnin g (LSL )  mod e ove r  successiv e pair s o f  odors .  Thi s 
suggest s tha t  th e rat s ar e learnin g th e speciB c memorie s fo r  correc t  odors ,  bu t  ar e failin g t o lear n 
th e templat e informatio n abou t  th e existenc e o f  correc t  an d incorrec t  odor s i n eac h pair . 

Disconnection or lesions of the hippocampus, on the other hand, produces an ^parent inverse 
of  thi s result ,  wit h a  time-dependenc y a s well :  th e rat s acauir e th e rapi d learnin g m o d e (i.e. ,  the y 
appea r  t o lear n th e abstrac t  correct-incorrec t  information) ,  bu t  fo r  an y give n pai r  o f  odor s the y 
canno t  recal l  th e right  specifi c  odo r  (i.e. ,  canno t  perfor m th e task )  i f  delay s o f  mor e tha n abou t 
5 minute s ar e interpose d betwee n trial s (i.e. ,  a  defici t  simila r  t o rapi d forgetting) .  Henc e i t  seem s 
tha t  thes e rat s ar e acquirin g th e abstrac t  memory ,  bu t  ar e tailin g t o creat e a  long-ter m trac e o f  th e 
specifi c  memory . 

5.3 Interpretation of the data 

What ability, i.e., what specific knowledge or process, is available to the rat the LSL situation, 
but  no t  i n th e A L situation ,  t o enabl e template-drive n learning ? T h e proble m fo r  C E L (o r  fo r  an y 
othe r  mode l  o f  learnin g an d memory )  i n attemptin g t o provid e a  consbten t  accoun t  o f  thes e results , 
i s  tha t  apparentl y th e template s ar e learne d bu t  th e specifi c  memorie s leadin g t o thos e template s ar e 
lost .  W e d o no t  hav e a  complet e solution ,  bu t  w e hav e com e u p wit h a  se t  o f  opposin g hypotheses , 
eithe r  o f  whic h coul d potentiall y  explai n th e data .  Thes e opposin g hypothese s hav e bee n use d t o 
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desig n a n experimen t  tha t  i s  currentl y bein g ru n t o hel p furthe r  clarif y th e th e question ,  an d t o 
narro w dow n th e se t  o f  possibl e consisten t  model s o f  thes e tw o learnin g systems . 

In the language of the CEL model, there are two classes of possible explanations: (1) the 
hippocampa l  (AL )  losse s ar e du e t o a  'storage-side '  failur e t o eithe r  C O L L E CT o r  I N D E X th e 
specifi c  information ,  o r  els e (2 )  thes e losse s ar e du e t o a  'retrieval-side '  failur e t o correctl y us e th e 
specifi c  odo r  memor y t o find  th e wate r  reward ;  i.e. ,  perhap s R E M I N D finds  bot h th e templat e 
memory an d th e specific-odo r  memory ,  bu t  A C T I V A T E i s no t  correctl y usin g th e specific-odo r 
memory t o instantiat e th e templat e memor y i n orde r  t o find  th e reward . 

The articulatio n o f  thes e tw o opposin g possibilitie s ha s suggeste d a n experimen t  t o tr y t o tes t 
whethe r  th e specifi c  odo r  wa s i n fac t  presen t  i n memor y a t  all .  Th e memor y seem s no t  t o sho w 
up i n th e odor-choic e situation ,  bu t  i f  explanatio n (2 )  abov e i s correct ,  the n th e memor y ma y b e 
ther e bu t  jus t  no t  bein g use d correctl y i n tha t  situation .  I t  turn s ou t  tha t  ther e i s a  relativel y 
simpl e experimenta l  methodolog y fo r  testin g fo r  'ra w memories '  lik e this .  Detail s ar e provide d i n 
/Grange r  198Sb] ,  bu t  briefly ,  th e experimen t  allow s u s t o se e whethe r  a  ra t  ha s an y memor y o f  a 
particula r  even t  (suc h a s a  specifi c  odor )  o r  n o memor y o f  tha t  event .  Tha t  is ,  th e rat' s behavio r 
i n th e presenc e o f  som e previously-see n even t  ca n b e reliabl y distinguishe d fro m it s behavio r  i n th e 
presenc e o f  a n unrecognize d event ;  hence ,  w e shoul d b e abl e t o tel l  whethe r  o r  no t  th e specifi c  odo r 
i s i n memor y o r  not .  Thi s experiment ,  describe d i n fGrange r  IQSSbJ ,  i s currentl y bein g ru n a t  th e 
Cente r  fo r  th e Neurobiolog y o f  Learnin g an d Memor y a t  Irvine . 

I f  i t  turn s ou t  tha t  th e memor y show s u p i n th b experiment ,  the n w e ma y hypothesiz e tha t 
th e defici t  i s  o n th e retrieva l  side ,  tha t  is ,  th e memor y i s present ,  bu t  i t  canno t  b e correctl y use d 
t o perfor m th e choic e behavior .  I n C E L terms ,  i t  i s  possibl e tha t  A C T I V A T E canno t  instantiat e 
th e memor y int o th e templat e tha t  ca n us e i t  t o find  th e wate r  reward .  If ,  o n th e othe r  hand ,  th e 
rat s exhibi t  n o recognitio n o f  th e specifi c  odors ,  w e wil l  hypothesiz e tha t  th e defici t  ma y indee d b e 
a storage-sid e deficit ,  an d w e wil l  hav e t o attemp t  t o alte r  th e mode l  t o accoun t  fo r  th e los s o f  a 
spcifi c  memor y afte r  th e creatio n o f  a  templat e fro m it . 

Either way, the CEL model will have aided in suggesting a key experiment that can deicde 
th e questio n o f  whethe r  th e rapid-forgettin g phenomeno n i s a  storage-sid e o r  a  retrieval-sid e deficit . 
Thi s bring s u s a  ste p close r  t o a n understandin g o f  th e natur e o f  th e multipl e (LS L an d A L )  learnin g 
and memor y systems . 

6.  C o n c l u s i o n s :  Artificia l  a n d na tu ra l  learnin g m e c h a n i s m s 

There exist many theoretical questions in learning and memory that rely on the consistent 
interpretatio n o f  a n almos t  bewilderin g arra y o f  interrelate d experimenta l  results .  Th e field  o f 
multipl e memor y system s i s on e particularl y excitin g curren t  exampl e o f  this ;  a  battl e ove r  th e 
characteristic s o f  thes e system s i s currentl y ragin g amon g memor y researcher s i n th e neuroscience s 
[Squir e 1980 ;  Squire ,  Cohe n an d Nade l  1982 ;  Mishki n 1982 ;  Tulvin g 1984J . 

The searc h fo r  consisten t  interpretation s o f  thes e dat a ca n b e aide d b y artificia l  model s o f 
learnin g an d memory ,  and ,  reciprocally ,  th e developmen t  o f  consisten t  model s ca n b e furthere d b y 
th e experimenta l  testin g o f  th e models '  prediction s agains t  natura l  learnin g systems .  Whil e i t  a 
not  necessar y fo r  a n artificia l  learnin g syste m t o precisel y accoun t  fo r  al l  availabl e psychologica l 
dat a o n learning ,  i t  ha s happene d tim e an d agai n i n A I  tha t  sincer e attempt s t o provid e consisten t 
interpretation s o f  problemati c psychologica l  result s hav e resulte d i n bot h bette r  psychologica l  theor y 
and riche r  an d mor e productiv e compute r  systems . 

Ther e ar e certai n specifi c  processin g problem s tha t  an y learnin g system ,  natura l  o r  artificial , 
must  hav e a  wa y o f  solving .  W e ar e tryin g t o characteriz e som e o f  thos e processin g problem s i n 
specifi c  learnin g situations ,  i n hope s o f  identifyin g th e similaritie s among ,  an d difference s between , 
differen t  instance s o f  learnin g systems .  Th e C E L mode l  ha s s o fa r  bee n helpfu l  i n identifyin g an d 
clarifyin g som e o f  th e possibl e theoretica l  interpretation s o f  result s i n th e are a o f  multipl e memor y 
systems .  W e hop e tha t  b y continuin g t o iterat e th e loo p fro m theoretica l  suggestio n t o experimenta l 
resul t  an d back ,  w e ca n furthe r  refin e an d narro w dow n th e rang e o f  possibl e interpretation s o f  mul -
tipl e learnin g an d memor y systems ,  s o tha t  th e stud y o f  artificia l  an d natura l  learnin g mechanbm s 
can productivel y us e eac h others '  results . 
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1.  I n t r o d u c t i o n 

Ambiguous interpretations that arise during text understandbg are triggered by meanmgs of 
word s i n context .  O u r  recen t  researc h int o on-lin e processe s o f  tex t  understandin g ha s examine d ho w 

reader s choos e betwee n tw o equall y plausibl e interpretation s o f  a  complet e tex t  [Grange r  i c Holbrook , 

1983 ;  Granger ,  Ebelt ,  i i  Holbrook ,  1983] .  Othe r  researcher s hav e focuse d o n ho w reader s resolv e 

ambiguit y o f  individua l  word s i n contex t  [e.g. ,  Swinney ,  1979 ;  Tanenhaus ,  Leiman ,  k  Seidenberg , 

1979 ;  Lucas ,  1983] .  T h e proble m addresse d i n thi s pape r  focuse s o n th e overla p betwee n thes e 

tw o line s o f  research :  i n particular ,  ho w th e on-lin e proces s o f  selectin g fro m a m o n g ambiguou s 

word-sense s contribute s to ,  an d i s itsel f  affecte d by ,  th e proces s o f  selectin g fro m a m o n g alternative , 

equall y plausibl e interpretation s o f  th e overal l  text . 

Althoug h initia l  contex t  i n a  tex t  m a y sugges t  a  word-sens e fo r  a n ambiguou s wor d i n context , 

th e word' s ambiguit y ofte n persist s i n reading .  T h b ca n b e illustrate d b y usin g a  tex t  i n whic h th e 

initia l  contex t  i s  misleading .  Fo r  example ,  compar e th e followin g thre e texts : 

[1 ]  Th e C I A calle d i n a n inspecto r  t o chec k fo r  bugs .  S o m e o f  th e secretarie s ha d reporte d 

seein g roaches . 

[2 j  Th e managemen t  calle d i n a n inspecto r  t o chec k fo r  bugs .  S o m e o f  th e secretairie s ha d 

reporte d seein g roaches . 

[3 j  Th e managemen t  calle d i n a n inspecto r  t o chec k fo r  bugs .  The y kne w thei r  rivab  woul d 

sto p a t  nothin g t o ge t  thei r  trad e secrets . 

Th e wor d "bugs "  i s ambiguou s i n al l  thre e text s unti l  th e secon d sentence ,  ye t  th e first  sentenc e 

of  eac h tex t  suggest s a  particula r  reading .  I n th e first  text ,  th e "Microphone "  meanin g o f  bu g initiall y 

appear s t o b e mor e appropriat e tha n th e "insect "  meaning .  Ye t  th e secon d sentenc e o f  tex t  [l ]  make s 

i t  clea r  tha t  th e "insect "  meanin g i s correct .  I n tex t  [2] ,  bot h sentence s sugges t  th e "insect "  reading . 

I n tex t  [3| ,  th e first  sentenc e suggest s th e "insect "  reading ,  whil e th e secon d sentenc e force s "insect " 

t o b e droppe d i n favo r  o f  "microphone" . 

Thi s researc h w u supporte d i n p&r t  b y th e N&tion& l  Scienc e Foundatio n unde r  fran t  IST-81-2098 5 an d b y th e Nava l 
Ocean System s Cente r  unde r  contract s N00I2S-81-C-107 8 an d N66001-83-C-02M . 
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Thus ,  eve n i f  a  meanin g o f  a  wor d seem s inappropriat e initially ,  ther e mus t  b e som e wa y t o 

retriev e tha t  meanin g a s mor e contex t  become s available .  W e cal l  th e proces s b y whic h initiall y 

inappropriat e meaning s ar e reactivated ,  cue d reactivation .  Ther e ar e tw o logicall y competin g 

hypothese s a s t o wha t  happen s t o th e unselecte d word-sense s onc e contex t  ha s rule d the m out .  Th e 

first,  propose d b y Tzuienhaus ,  e t  al .  (1979] ,  i s  know n a s activ e suppression .  Wit h activ e sup -

pression ,  a  meanin g i n accor d wit h initia l  contex t  i s  selected .  Th e othe r  meaning s ar e n o longe r 

primed ,  tha t  is ,  n o longe r  availabl e fo r  quic k recall .  I n fact ,  th e primin g effec t  fo r  initiall y  inap -

propriat e meaning s b  los t  muc h mor e quickl y whe n th e wor d i s i n a  biasin g contex t  tha n whe n th e 

wor d i s no t  i n a  biasin g context .  Thus ,  a  wor d an d al l  it s  meaning s woul d hav e t o b e re-examine d 

i f  initia l  contex t  wa s misleading .  Conside r  agai n text s (l ]  an d [2] : 

[1] The CIA called in an inspector to check for bugs. Some of the secretaries had reported 

seein g roaches . 

(2] The management called in an inspector to check for bugs. Some of the secretaries bad 

reporte d seein g roaches . 

If active suppression is correct, then with text |l), the context of "CIA" will choose "micro-

phone "  a s th e correc t  word-sens e o f  "bugs" .  Onc e "microphone "  b  chosen ,  othe r  meanings ,  includin g 

"insect" ,  wil l  b e suppressed .  Afte r  th e wor d "roaches "  b  read ,  th e reade r  wil l  no t  b e abl e t o recon -

cil e "microphone "  wit h "roaches" ,  s o al l  meaning s wil l  hav e t o b e recalled ,  an d a  meanin g chose n 

on th e bas b o f  th e furthe r  context .  I f  instead ,  th e reade r  sa w tex t  (2l ,  th e "insect "  meanin g o f 

"bugs "  woul d b e selecte d initially .  Therefore ,  whe n th e wor d "roaches "  i s read ,  ther e woul d b e n o 

conflic t  i n meaning,  an d th e severa l  word-sense s o f  bug s woul d no t  hav e t o b e re-activated .  I t  shoul d 

be possibl e t o measur e th e differenc e i n th e processe s neede d t o understan d thes e tw o text s a s a 

differenc e i n readin g times . 

We propose a second theory, which we call conditional retention. With conditional retention, 

th e initiall y  inappropriat e meaning ^  o f  a  wor d ar e no t  activel y suppresse d i f  furthe r  tex t  i s  avulable . 

I n othe r  words ,  al l  meaning s retai n thei r  primin g whe n i t  b  possibl e tha t  furthe r  contex t  coul d caus e a 

re-interpretatio n o f  earlie r  contex t  an d therefor e earlie r  word-sens e choices .  Thus ,  fo r  example ,  whe n 

tex t  [1 }  i s  read ,  th e "microphone "  meanin g o f  "bugs "  woul d b e selecte d a s ztppropriat e t o context . 

I f  th e tex t  ende d afte r  th e first  sentence ,  othe r  meaning s woul d b e suppressed .  However ,  i f  th e tex t 

continue d afte r  th e first  sentence ,  th e othe r  meanings ,  includin g th e "insect "  meanbg ,  woul d stil l 

be primed .  Thus ,  whe n th e wor d "roaches "  i s read ,  th e connectio n betwee n "roaches "  an d "insect " 

woul d b e available ,  an d ther e woul d b e n o nee d t o re-proces s "bugs" .  Processin g tex t  (2 j  woul d b e 

no different :  th e "insect "  meanin g woul d b e initiall y  selected ,  an d th e matc h betwee n "insect "  an d 

"roaches "  discovere d i n th e sam e way .  Therefore ,  ther e shoul d b e n o significan t  differenc e i n readin g 

time s i f  conditiona l  retentio n i s correct . 

This paper describes two experiments we ran which were designed to decide between the active 

suppressio n an d th e conditiona l  retentio n theories .  Th e result s fro m thes e experiment s ar e presente d 

as evidenc e fo r  a  ne w theor y o f  on-lin e word-sens e disambiguatio n durin g tex t  processing .  T h b ne w 

theor y i s on e par t  o f  a  ne w mode l  o f  ho w al l  inferenc e decision s ar e mad e durin g tex t  comprehension . 

The theor y w e presen t  her e incorporate s experimenta l  result s o f  othe r  researcher s (Swinney ,  1979 ; 

Tanenhaus ,  e t  al. ,  1979 ;  Lucas ,  1983 ]  wit h ou r  ow n t o creat e a  mor e comprehensiv e theor y o f  th e 

interactio n betwee n word-leve l  an d text-leve l  inferenc e phenomen a tha n ha s previousl y bee n possible . 
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2 .  B a c k g r o u n d 

In building an earlier model of inference behavior [Granger, Eiselt, k, Holbrook, 1983], we, as did 

othe r  researchers ,  mad e implici t  assumption s b y pre-parsin g th e inpu t  t o ou r  model .  W e essentiall y 

starte d i n th e middl e o f  th e whol e inferenc e process .  W e hav e foun d tha t  man y o f  th e inference s 

whic h coul d b e mad e abou t  a  singl e statemen t  wer e ofte n triggere d b y a  singl e word ,  an d sinc e mos t 

word s ar e ambiguou s t o som e degree ,  ou r  mode l  no w ha d t o includ e a  metho d o f  resolvin g lexica l 

ambiguit y i n a  wa y consisten t  wit h ou r  result s fro m experiment s o n huma n subjects .  A s a  result ,  w e 

hav e incorporate d som e idea s abou t  resolvin g lexica l  ambiguit y whic h ar e suggeste d b y severa l  recen t 

experiment s i n lexica l  access ,  th e low-leve l  processe s tha t  retriev e an d us e word s an d word-sense s 

durin g readin g (Swinney ,  1979 ;  Warren ,  1977 ;  Tanenhaus ,  e t  al. ,  1979 ;  Lucas ,  1983) . 

2.1. The Lexical Access Findings 

Lexical access involves the translation of a word's phonological or orthographic code into its 

underlyin g meaning .  O f  course ,  man y word s ar e ambiguou s t o som e degree ,  s o som e proces s b 

neede d t o disambiguat e thes e words ,  selectin g th e mos t  appropriat e meanin g fo r  th e context .  T w o 

suc h processe s ar e possible :  eithe r  contex t  suggest s th e correc t  meanin g befor e a n ambiguous  wor d 

i s processed ,  s o tha t  th e inappropriat e meanin g i s neve r  accessed ,  o r  al l  meaning s o f  a n ambiguou s 

wor d ar e accesse d initially ,  an d contex t  is'subsequentl y consulte d t o determin e th e mos t  appropriat e 

meanmg. 

To decid e betwee n thes e tw o theories ,  experiment s woul d utiliz e th e effect s o f  word-sens e prim -

ing .  Essentially ,  wha t  ha s bee n foun d wit h primin g i s tha t  whe n a n ambigou s wor d b  presente d 

t o a  subject ,  word s whic h ar e relate d i n meanin g t o an y o f  th e ambiguous  word' s sense s ar e mor e 

quickl y recognize d tha n word s whic h ar e unrelate d t o th e ambiguou s word' s word-senses .  However , 

when ther e i s n o contex t  present ,  on e meanin g o f  th e ambiguou s wor d b  chose n a s a  default ,  an d 

th e othe r  meaning s whic h ar e no t  chose n los e thei r  priming ;  tha t  b ,  the y ar e n o longe r  recognize d 

more quickl y tha n word s whic h ar e no t  relate d t o an y o f  th e meanings .  I f  th e first  theor y b  correct , 

so tha t  th e contex t  narrow s th e searc h dow n t o onl y th e meaning s whic h ar e i n accor d wit h it ,  an d 

th e inappropriat e meaning s ar e thu s neve r  accessed ,  the n th e inappropriat e meaning s woul d no t  b e 

prime d whe n th e wor d i s read .  However ,  i f  contex t  b  consulte d onl y afte r  ai l  meaning s hav e bee n 

accessed ,  the n al l  meaning s shoul d b e prime d whe n th e wor d b  read .  Onc e a  meanin g b  chosen ,  th e 

othe r  meaning s woul d presumabl y los e thei r  primin g i n th e sam e wa y tha t  non-defaul t  meaning s o f 

word s presente d wit h n o contex t  los e thei r  priming . 

Swinne y [1979 ]  an d Tanenhaus ,  e t  al .  (1979 ]  foun d tha t  al l  meaning s o f  a  wor d ar e initiall y 

accessed ,  an d contex t  i s  the n consulte d t o determin e whic h word-sens e b  mos t  appropriate .  Luca s 

[1983 ]  extende d thei r  result s i n tw o ways .  First ,  sh e showe d tha t  befor e a n ambiguou s wor d b  seen , 

contex t  itsel f  prime s th e appropriat e word-sense .  Second ,  afte r  th e wor d b  seen ,  al l  wor d sense s 

ar e accesse d regardles s o f  context .  A t  10 0 msec ,  afte r  th e ambiguou s wor d i s shown ,  th e defaul t 

meanin g b  "more "  prime d (slightl y mor e quickl y recognized )  tha n non-defaul t  meanings ,  whethe r  th e 

defaul t  b  appropriat e t o contex t  o r  not .  Withi n th e nex t  10 0 msec. ,  though ,  th e contex t  select s th e 

most  ̂ propriat e meaning ;  thus ,  contex t  become s full y activ e agai n a s th e disambiguatio n proces s 

continues .  A t  20 0 msec ,  afte r  th e wor d b  seen ,  onl y th e context-appropriat e meanin g o f  th e wor d b 

stil l  primed . 

When a n ambiguous  wor d i s presente d wit h context ,  th e inappropriat e meaning s remai n activ e 
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(o r  betwee n 10 0 an d 20 0 msec. ,  a s note d above .  However ,  Warre n [1977 ]  indicate s tha t  whe n a n am -

biguou s wor d i s presente d withou t  context ,  al l  meroiing s ar e availabl e fo r  muc h longe r  tha n 20 0 msec . 

Therefore ,  Tanenhaus ,  e t  al .  [1979 ]  hav e suggeste d tha t  whe n contex t  i s  availabl e fo r  disambigua -

tion ,  inappropriat e meaning s o f  a  wor d ar e activel y suppressed ;  i n othe r  words ,  disambiguatio n 

involve s no t  onl y th e identificatio n o f  th e correc t  meaning ,  bu t  th e immmediat e erasur e o f  prime d 

but  inappropriat e meanings .  Tanenhaus ,  e t  al .  di d no t  tes t  thi s theor y experimentally . 

3. The Dilemma 

As was shown with texts |l-3] above, initial context may suggest a misleading interpretation 

whic h i s correcte d b y th e late r  text .  Whil e activ e suppressio n explain s th e differenc e betwee n th e 

primin g o f  meaning s whe n a  wor d i s no t  i n contex t  versu s whe n th e wor d i s i n th e contex t  o f  a 

sentence ,  i t  ma y no t  explai n wha t  happen s whe n ther e ar e tw o conflictin g contexts ,  a s i n th e text s 

above .  I t  ma y b e tha t  whe n a  wor d i s presente d wit h mor e contex t  tha n simpl y th e sentenc e i n whic h 

i t  appears ,  activ e suppressio n doe s no t  occur .  Reader s ma y instea d kee p bot h meaning s o f  th e wor d 

primed ,  whil e waitin g fo r  confirmin g context .  I n contras t  t o th e activ e suppressio n hypothesis ,  w e 

wil l  cal l  thi s th e conditiona l  retentio n hypothesb ;  wit h thi s hypothesis ,  althoug h initia l  contex t 

select s a  meaning ,  th e othe r  meaning s wil l  b e retaine d o n th e conditio n tha t  ther e i s furthe r  tex t 

whic h migh t  sugges t  a  secon d meaning ,  an d suppresse d o n th e conditio n tha t  n o mor e contex t  i s 

available . 

Conditiona l  retentio n i s a  possibl e solutio n t o th e question s raise d whe n a  theor y base d o n 

activ e suppressio n i s adopted :  i f  th e meanin g o f  th e wor d whic h i s selecte d initiall y  turn s ou t  t o 

be incorrect ,  a s i n text s [i j  an d [3 ]  above ,  ho w wil l  th e othe r  meanin g b e recovered ? Mus t  bot h 

meaning s b e re-primed ,  an d th e secon d meanin g b e selecte d instead ? O r  wil l  th e secon d meanin g 

not  b e recoverable ,  an d th e tex t  b e difficul t  t o understand ? Yet ,  i f  w e discar d activ e suppressio n 

altogether ,  ho w ca n w e explai n wh y inappropriat e meaning s ar e n o longe r  prime d whe n ther e i s 

context ,  an d ar e equall y prime d wit h n o context ? Wit h th e conditiona l  retentio n hypothesis ,  thes e 

problem s ar e solved . 

4. The Experiments 

Two experiments were conducted to test between the active suppression and the conditional 
retentio n hypothese s o f  cue d reactivation .  Th e first  experimen t  ha d subject s rea d text s whic h con -

sbte d o f  sentenc e pairs .  Th e first  sentenc e ha d a n ambiguou s wor d i n it ,  wit h th e tex t  precedin g th e 

wor d eithe r  biase d towar d on e o f  th e meaning s o f  th e wor d o r  biase d towar d neithe r  meaning .  Th e 

secon d sentenc e o f  th e text s eithe r  di d no t  bia s towar d eithe r  word-sense ,  continue d biasin g towar d 

th e sam e meanin g a s th e first  sentence ,  o r  biase d towar d th e othe r  meaning .  Thus ,  th e subject s sa w 

fou r  type s o f  tex t  wit h tw o sentence s i n each :  (1 )  n o biasin g context ,  (2 )  bia s follow s th e ambiguou s 

word ,  (3 )  singl e bia s surround s th e ambiguou s word ,  an d (4 )  tw o differen t  biase s o n eithe r  sid e o f 

th e ambiguou s word .  Tabl e 1  contain s example s o f  eac h typ e o f  text . 

Afte r  th e subjec t  rea d a  text ,  h e o r  sh e sa w a  strin g o f  letter s an d ha d t o decide ,  a s quickl y a s 

possible ,  i f  th e strin g wa s a  word .  On e o f  fou r  string s o f  letter s wa s presente d afte r  eac h text .  On e 

of  th e string s wa s a  nonsens e word .  On e o f  th e string y wa s a  wor d unrelate d t o eithe r  meanin g o f 
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No biasin g contex t  wit h ambiguou s wor d (NONE) : 

Bia a followin g ambiguou s wor d (FOLLOWS) : 

Bia s surroundin g ambiguou s wor d ( S U R R O U N D S ): 

Doubl e bia s aroun d ambiguou s wor d ( D O U B L E ) : 

They ha d someon e chec k fo r  bugs .  I t  wa s 

a routin e precaution . 

They ha d someon e chec k fo r  bugs .  Th e 

secretarie s ha d reporte d seein g roaches . 

The C L \  calle d i n a n inspecto r  t o chec k 

fo r  bugs .  Th e secretarie s ha d reporte d 

seein g microphones . 

The CIA .  rolle d i n a n inspecto r  t o chec k 

fo r  bugs .  Th e secretarie s ha d reporte d 

seein g roaches . 

Tabl e 1 :  Example s o f  th e fou r  type s o f  tex t  presente d t o subjects . 

the word. Two other strings were words each related to one of the meanings of the ambiguous word. 

Tabl e 2  contain s example s o f  eac h typ e o f  lette r  string . 

Nonsens e string : 

Unrelate d word : 

Relate d t o meanin g 1 : 

Relate d t o meanin g 2 : 

RUD 
PEN 

SPY 

ANT 

Tabl e 2 :  Example s o f  th e fou r  strin g type s presente d afte r  tex t  containin g th e wor d ''bugs " 

I f  th e initiall y  inappropriat e meanin g i s activel y suppressed ,  the n tha t  meanin g i s n o longe r 

primed ,  an d thu s wil l  hav e t o b e re-prime d whe n furthe r  contex t  reverse s th e appropriatenes s judg -

ment  mad e earlie r  i n th e text .  I f  meaning s ar e activel y suppressed ,  ambiguit y i s essentiall y  n o 

longe r  present ;  therefore ,  th e initiall y  inappropriat e meanin g shoul d nee d t o b e re-activated .  Thus , 

a doubly-biase d stor y shoul d tak e mor e tim e t o understan d tha n a n unbiased ,  a  bias-following ,  o r 

a bias-surroundin g stor y becaus e th e latte r  thre e type s d o no t  initiall y  bia s inappropriately ,  an d 

therefor e d o no t  forc e suc h a  reinterpretation ,  wherea s a  doubly-biase d stor y initiall y  biase s th e 

understande r  towar d on e meanin g whic h turn s ou t  t o b e inappropriate ,  forcin g a  reinterpretatio n o f 

th e ambiguou s word .  Wit h activ e suppression ,  i f  bot h meaning s ar e suggeste d i n th e text ,  w e woul d 

expec t  a  slowe r  judgmen t  o f  whethe r  th e strin g followin g th e tex t  wa s a  rea l  wor d tha n i f  onl y on e 

meanin g i s suggeste d b y th e texts . 

Wit h th e conditiona l  retentio n hypothesis ,  becaus e al l  meaning s o f  a  wor d ar e retaine d a s lon g 

as furthe r  tex t  i s  available ,  cue d reactivatio n become s a  simpl e matte r  o f  selectin g on e meanin g 

over  th e othe r  usin g al l  availabl e context ,  rathe r  tha n initia l  context .  Becaus e ther e ar e stil l  link s 

lef t  t o th e initiall y  inappropriat e meaning ,  ther e shoul d b e littl e differenc e i n th e tim e i t  take s t o 

understan d a  stor y wit h bot h meaning s o f  a  wor d presente d an d a  tex t  wit h onl y on e o f  th e meaning s 

presented . 

The secon d experimen t  ha d subject s rea d th e sam e text s a s i n th e first  experiment ,  bu t  th e 

subjects '  tas k wa s slightl y different :  the y ha d t o decid e a s quickl y a s possibl e whic h o f  tw o word s 

was mos t  closel y relate d t o th e meanin g o f  th e text .  Eac h o f  th e tw o word s wa s relate d t o on e o f  th e 

meaning s o f  th e ambiguou s wor d i n th e tex t  (se e Tabl e 2) .  I f  th e activ e suppressio n theor y i s correct , 
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initiall y  inappropriat e meaning s woul d hav e t o b e re-accessed ,  an d initiall y  appropriat e meaning s 

woul d the n b e suppressed .  Thus ,  fe w mistake s woul d b e mad e abou t  whic h wor d wa s mos t  closel y 

relate d t o th e text .  Wit h th e conditiona l  retentio n hypothesis ,  bot h meaning s woul d b e retained ,  s o 

tha t  error s o n th e decisio n tas k shoul d b e fairl y frequent . 

5. Results and Conclusions 

The data for the first experiment are not all collected. The results of the second experiment 

strongl y sugges t  tha t  a  conditiona l  retentio n hypothesi s shoul d b e adopted . 

sentence-pai r  types : 

percentag e o f  errors : 

NONE 
0 % 

FOLLOWS 
7 % 

SURROUNDS 
7 % 

DOUBLE 
54 % 

Tabl e 3 :  Percentag e o f  error s mad e i n wor d choic e task . 

When subjects were given unbiased texts which did not have an ambiguous word primed by 

text ,  the y mad e n o error s i n judgmen t  abou t  whic h wor d wa s mos t  associate d wit h th e text .  Whe n 

subject s wer e give n bias-followin g text s wit h th e first  sentenc e unbiase d an d th e secon d sentenc e 

biase d towar d on e meanin g o f  a n ambiguou s word ,  onl y T % o f  th e decision s wer e errors .  Whe n 

subject s wer e give n bias-surroundin g text s wit h bot h sentence s biase d towar d th e sam e meanin g o f 

th e ambiguou s word ,  onl y 7 % o f  th e decision s wer e errors .  Th e differenc e betwee n thes e condition s 

i s no t  significant .  However ,  whe n subject s wer e give n doubly-biase d text s wit h on e sentenc e biase d 

towar d on e meanin g o f  a n ambiguou s word ,  an d th e secon d sentenc e biase d towar d a  differen t 

meaning,  5 4 % o f  th e decision s wer e errors .  Th e numbe r  o f  error s mad e i n thi s conditio n i s significant . 

Althoug h th e result s s o fa r  indicat e tha t  a  conditiona l  retentio n theor y i s correct ,  w e ar e cur -

rentl y re-runnin g ou r  experiments .  W e are ,  amon g othe r  mino r  changes ,  usin g a  large r  populatio n 

t o increas e externa l  validity . 

Thes e result s hav e helpe d u s t o refin e ou r  mode l  o f  inferenc e decision s [Granger ,  Eiselt ,  k 

Holbrook ,  1984) .  W e d o no t  se e thes e findings  a s applicabl e onl y t o th e lexica l  analysi s level ,  becaus e 

th e ambiguou s word s wer e th e basi s fo r  pragmati c inference s abou t  th e whol e text .  Therefore ,  w e 

ar e incorporatin g ou r  findings  a t  bot h th e lexica l  analysi s leve l  an d th e prâ pnati c inferenc e level . 

We ar e usin g thi s mode l  t o predic t  th e result s o f  othe r  experiment s whic h w e hav e designed . 
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J u m p i n g t o Conclusions : 

Psychologica l  Realit y an d Unrealit y i n a  W o r d Disambiguat io n P r o g r a m 

Oneme Hint 

Deptrtmen t  o f  Compote r  Sdenc e 
Unhrenit y o f  Toront o 

Toronto ,  Canad a MSS 1A 4 

L Introdnctio a 

Human languag e understandin g sometime s jump s 

t o conclusion s withou t  havin g al l  th e informatio n 

i t  need s o r  eve n usin g al l  tha t  i t  has .  So ,  there -

fore ,  shoul d an y psychologicall y rea l  language -

understandin g program .  H o w thi s ca n b e don e i n 

a discret e computationa l  mode l  i s no t  obvious .  I n 
thi s paper ,  I  loo k a t  thre e aspect s o f  th e problem : 

•  W h e n i s informatio n ignored ? 

•  W h e n i s a  decisio n mad e ou t  o f  impatience ? 

•  W h e n i s n o decisio n mad e a t  all ? 

I  giv e illustration s o f  thes e problem s i n th e 

domai n o f  wor d disambigiiatio n wit h th e Polaroi d 

Words system . 

2 .  Polaroi d W o r d s 

Polaroid *  Word s ar e a  syste m fo r  th e disambigua -
tio n o f  word s an d cas e slots ;  the y ar e a  par t  o f 
th e Absit y natura l  languag e understandin g syste m 

(Hirs t  1983a ,  1983b) .  Thei r  desig n i s base d i n 
par t  o n th e result s o f  recen t  psycholinguisti c stu -
die s o f  wor d disambiguatio n tha t  sho w tha t  usu -

all y al l  meaning s o f  a n ambiguou s wor d ar e 
activate d an d on e i s the n chose n (Swinnc y 1979 . 
Onife r  an d Swinne y 1981 ,  Scidenberg ,  Tanenhaus , 

Leima n an d Bienkowsk i  1982) .  Thu s i n Th e ma n 
walke d o n th e deck ,  bot h meaning s o f  deck ^  *pac k 
of  cards '  an d *par t  o f  a  boat' ,  ar e activate d belo w 

Thi s wor k w u carrie d ou t  whil e I  wa s a t  th e Depart -
ment  o f  Compute r  Science ,  Brow a University ,  Provl -
deace ,  Rhod e Island .  Financia l  suppor t  wa s provide d 
i n par t  b y th e \JS .  Offic e o f  Nava l  Researc h unde r 
contrac t  numbe r  N00014-79-C-OS92 .  I  a m gratefu l  t o 
Eugene Chamia k fo r  discussion s fro m whic h thi s wor k 
developed . 

^Folmro U i s a  uademar k o f  th e Polaroi d Corporation . 

consciou s awareness .  Thi s i s i n contras t  t o 
script-baM d model s (Schan k an d Abelso n 1977) , 

i n whic h th e scrip t  act s a s a  contea t  t o pre -

determin e a  uniqu e meanin g (o r  eac h ambiguou s 

word ,  a n apfvoac h clearl y inadequat e fo r 
polysemou s words . 

Each Polaroi d Wor d (FW )  i s a n independen t 
procedur e tha t  i s responsibl e fo r  th e disambigua -

tio n o f  on e wor d o r  cas e slo t  i n th e inpu t  sen -

tence .  Th e F W s operat e i n paralle l  wit h on e 

anothe r  an d wit h othe r  processe s i n th e system. ^ 

Ther e i s on e typ e o f  P W fo r  noims ,  anothe r  fo r 

prepositions ,  an d s o on .  Eac h begin s wit h a 
packe t  o f  knowledg e tha t  list s al l  possibl e mean -

ing s fo r  it s  wor d o r  slot ,  and ,  a s i t  obtain s th e 

knowledg e t o d o so ,  eliminate s al l  meaning s tha t 
ar e inappropriat e unti l  jus t  on e i s left .  Th e possi -

bilitie s i n th e PW' s lis t  ar e alway s well-forme d 

semanti c object s i n th e Frai l  fram e syste m (Char -
niak ,  Gavi n an d Hendle r  1983) ,  an d therefor e 

may b e use d fo r  retrieva l  an d inferenc e bot h b y 
P Ws an d b y othe r  processe s i n th e system , 
regardles s o f  th e exten t  t o whic h disambiguatio n 

has o r  hasn' t  take n place .  Polaroi d Word s an d 
thei r  man y virtue s ar e describe d mor e full y i n 
Hirs t  (1963a )  an d Hirs t  an d Chamia k (1982) ;  i n 

th e presen t  pape r  w e concentrat e o n thei r 
deficiencies . 

3.  J u m p i n g t o conclosion s 

3.1 .  Spreadin g activatio n an d magi c number s 

I t  ha s bee n show n tha t  semanti c primin g b y 
^readin g activatio n (Collin s an d Loftu s 1975 )  i s 

importan t  i n huma n lexica l  disambiguation . 

Accessin g a  concep t  i n memor y temporaril y 

2i o thi s respect ,  the y bea r  a  superficia l  similarit y t o 
Small' s  (1980 )  Wor d ExperU . 
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activate s bot h tha t  concep t  an d thos e closel y coo -

necte d t o it ,  facilitatin g thei r  subsequen t 

retrieval .  Seidenber g e t  a t  foun d tha t  stron g 
semanti c primin g o f  on e sens e o f  a n ambiguou s 

wor d wa s th e onl y cas e wher e no t  al l  meaning s 

wer e considered .  Fo r  example ,  i n Th e bridg e 
playe r  trumpe d th e spade ,  th e wor d bridg e prime s 

th e *playin g car d suit '  meanin g o f  spade ,  an d 'dig -

gin g instrument '  i s no t  considered . 

T o accoun t  fo r  th e effect s o f  spreadin g activa -

tio n i n ambiguit y resolution ,  Polaroi d Word s us e 

marke r  passing ,  a  discret e mode l  o f  spreadin g 

activatio n i n a  networ k o f  frame s an d slot s i n th e 

Frai l  representation .  Marke r  passin g ca n b e 

though t  o f  a s q>readin g token s alon g th e arc s o f 

th e representation ,  markin g eac h nod e reached . 

unti l  al l  node s withi n a  certai n distanc e o f  th e 

origi n hav e bee n marked .  Th e trail s o t  mark s 

thu s create d ar e calle d paths .  Marker s ma y b e 

passe d alon g an y connectio n i n th e network :  fro m 
fram e t o slot ,  slo t  t o filler,  slo t  t o constraint , 

clas s t o sub-class ,  an d s o on .  Marker s ar e passe d 

onl y t o node s withi n a  fe w step s o f  th e origin ; 
otherwise ,  o f  course ,  th e whol e knowledg e bas e 

woul d alway s ge t  marked ,  a  useles s situation . 

Befor e i t  doe s anythin g else ,  a  P W check s 

whethe r  on e o f  it s  possibilitie s has ,  a s resul t  o f 

previou s activity ,  receive d a  marker .  I f  so ,  i t 

decide s immediatel y o n thi s possibilit y  withou t 

any furthe r  consideration .  Otherwise ,  i t  ask s 
Frai l  t o star t  passin g marker s fro m eac h <r f  it s 

possibilities .  I f  on e o f  th e path s s o create d inter -

sect s wit h a  previousl y mact e path ,  thi s i s take n a s 
evidenc e tha t  th e origi n i s th e appropriat e sens e 
of  th e ambiguou s word .  Th e close r  th e intersec -

tio n i s t o th e origin ,  th e strcmge r  th e connectio n 
i s considere d t o be ;  i f  th e pat h i s stron g e n o u ^ , 

th e indicate d sens e i s chosen .  (I f  n o suc h inter -

section s ar e found ,  o r  onl y wea k ones ,  th e P W 

resort s t o othe r  methods ,  describe d i n Hirs t 
(1983a ;  Hirs t  an d Chamia k 1982).) ^  Fo r  example , 

i n sentenc e (1) : 

(1) The plane taxied to the terminal. 

the ambiguous words plane and terminal are 

resolve d b y finding  th e pat h betwee n thei r 

aviation-relate d senses ,  bu t  finding  n o pat h 

betwee n an y activ e concep t  an d thei r  othe r 

senses . 

The proble m tha t  immediatel y arise s wit h th u 

scheme i s tha t  o f  settin g thre îdids .  H o w fa r 

fro m th e origi n shoul d marke r  passii ^  go ? H o w 
stron g doe s a  pat h hav e t o b e befor e th e P W ca n 

jum p t o a  conclusio n withou t  considerin g othe r 

evidence ? I t  i s  clea r  tha t  ther e ar e psychologi -

call y rea l  thresholds ,  fo r  the y sometime s resul t  i n 

peopl e misinterpretin g negativel y prime d ambigui -
ties.- * 

(2) The astronomer married the star. 

(3) The rabbi was hit on the temple. 

(4) The sailor ate the submarine. 

(5) The catcher filled the pitcher. 

Although the selectional restrictions on marry in 

(2 )  ar e sufficien t  t o uniquel y determin e th e sens e 
of  sta r  a s 'celebrity* .  q)readin g activatio n fro m 

th e meanin g o f  astronome r  cause s mos t  listener s 
t o selec t  th e sens e 'celestia l  object' ,  despit e th e 

nonsensica l  result. ^  Tha t  is ,  th e huma n disambi -

guatio n mechanis m wil l  sometime s wrongl y jum p 

t o a  conclusio n — an d P Ws ar e likewis e foole d 

by thes e sentence s — eve n thoug h informatio n i s 

presen t  tha t  woul d le t  i t  avoi d th e error .  O n th e 

othe r  hand ,  peopl e generall y hav e n o troubl e 

wit h th e fallowin g sentences ,  whic h fal l  o n th e 

othe r  sid e o f  th e thresholds: ^ 

(6) The lawyer bent the bar. 

(ba r  #  'lega l  profession* ) 

(7) The dog chewed the bark. 
(bar k #  'do g noise* ) 

(8) The statistician sat on the table. 

(tabl e *  'arra y o f  figures') 

At present in Polaroid Wwds, markers are 

passe d t o node s u p t o foti r  step s awa y fro m th e 
origin ;  bu t  thi s threshol d i s jus t  a  magi c numbe r 

chose n arbitrarily ,  an d i s dependen t  upo n th e 

exac t  degre e o f  coarsenes s o f  th e Frai l  knowledg e 
representation .  Wha t  w e nee d i n orde r  t o deter -

min e a  mor e realisti c threshol d i s a  larg e se t  o f 

^ e a k path s ar e no t  ignore d entirely ;  rather ,  addition -
al  evidenc e i s sough t  befor e a  final  dtcmo n u  nude . 

^ntence s (3 )  an d (5 )  ar e fro m Rede r  (1983) . 

Ha th e othe r  secteaces ,  templ e -  'par t  o f  sknll' ;  tub -
marin e -  'sandwich' ;  ̂ ic*« r  -  'Jug* . 

^WUle individual s var y a s t o exactl y whic h sentence s 
fal l  where ,  a  disambiguatio n syste m wit h claim s t o 
psychologica l  realit y ihoul d b e i n accor d wit h th e gea -
era l  consensus . 
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dat a o n th e aubjectiv e lemanti c distanc e betwee n 
many differen t  concepts ,  an d the n se e ho w thi a 
translate s int o "physica l  distance "  i n Frai l  (o r 

othe r  representatio n o f  choice) .  Wor d associa -

tio n norm s (« .̂ ,  Postma n an d Keppe l  1970 )  ma y 

provid e a n initia l  bas e fo r  suc h a  se t  o f  data . 

Gettin g th e threshold s rig|i t  i n marke r  passin g 

i s importan t  no t  onl y s o tha t  Polaroi d Word s ca n 

confidentl y us e marke r  passin g a s a  disambigua -

tio n cue ,  bu t  als o becaus e properl y deploye d 

marke r  passin g ha s man y othe r  use s i n cognitiv e 

modeling :  thes e includ e contex t  determinatio n 

and explanatio n finding  (Chamia k 19S3) . 

32 .  Impatienc e 

Recent  psycholinguisti c researc h (e^. ,  Marden -
Wilso n an d Tyle r  1980 )  ha s emphasize d huma n 

languag e understanding' s followin g th e principl e 

of  "d o i t  a s earl y a s possible "  — tha t  interpreta -

tio n happen s a s soo n a s sufficien t  informatio n i s 
available ,  an d th e interpretatio n o f  earlie r  part s 

of  a  sentenc e i s use d t o guid e th e interpretatio n 
of  th e late r  parts .  Thi s principl e i s followe d b y 

Absit y (Hirs t  1983a ,  1983b) ,  th e syste m o f  whic h 

Polaroi d Word s for m a  part . 

Ther e ar e ver y fe w data ,  however ,  o n ho w 

quickl y lexica l  disambiguatio n take s plac e i n 
humans.  Almos t  al l  studie s o f  disambiguatio n 

hav e onl y considere d th e specia l  cas e i n whic h 

sufficien t  disambiguatio n informatio n i s presen t 
when th e ambiguou s wor d occurs ;  often ,  th e tes t 

wor d i s th e las t  o f  th e sentence .  Unde r  thes e 

conditions ,  disambiguatio n i s extremel y rapi d — 
betwee n 10 0 an d 20 0 mse c (Luca s 1983) . 

But  wha t  o f  case s i n whic h th e necessar y 

informatio n i s no t  initiall y  present ? H o w lon g 
wil l  peopl e wai t  fo r  i t  befor e jumpin g t o a  con -

clusio n wit h partia l  infonnation ? Th e followin g 
example s ar e bot h processe d withou t  error , 
althoug h th e final  nou n phras e ha s t o b e inter -

prete d befor e boo k ca n b e disambiguate d a s 
literar y work '  o r  "printe d volume' : 

(9) Nadia's favorite book is The House at 
Pooh Corner . 

(10) Nadia's favorite book is her signed first 
editio n o f  Th e Hous e a t  Poo h Corner . 

Thus, in at least some cases people will wait until 

th e en d o f  th e clause .  O n th e othe r  hand ,  i t  i s 
my intuitio n tha t  fan s i s disambiguate d a s 'devo -

tee '  i n (11 )  a s soo n a s th e ver b line d u p i s 

processed : 

(11) The fans were lined vp for hours to buy 

th e Stone s tickets . 

even though one can construct quite reasonable 

(albei t  les s probable )  sentence s tha t  star t  th e 

same wa y an d i n whic h fa n mean s *air-movin g 

device* : 

(12) The fans were lined up awaiting their 

final  factor y in^>ection . 

This suggests that PWs should use a cumulat-

in g evidenc e approac h an d jettiso n unlikel y altcr -

lutive s quickl y i f  ther e i s n o positiv e evidenc e fo r 

them .  Tha t  is ,  on e doe s no t  mak e a n inunediat e 

best  guess ,  bu t  on e doe s mak e a  reasonabl e gues s 

as M>c n a s ther e i s e n o u ^  infonnatio n t o d o so . 

eve n i f  on e canno t  b e definite .  Thi s ha s th e 

advantag e o f  helpin g t o preven t  combinatoria l 
explosion . 

However ,  I  hav e bee n loat h t o conside r  usin g 
thi s approac h i n Polaroi d Words ,  i n vie w o f  th e 

deart h o f  dat a o n th e correspondin g huma n 

behavio r  an d th e fuzzines s o f  th e whol e notion . 
Any interi m solutio n woul d hav e t o fal l  bac k o n 

th e magi c number s w e hav e alread y bemoaned . 
Nevertheless ,  P Ws d o us e th e relativ e frequenc y 

of  th e variou s meaning s o f  a n ambiguou s wor d i n 

some o f  thei r  decisions ,  bu t  sinc e w e kno w littl e 
yet  o f  ho w peopl e us e frequencie s i n disambigua -
tio n (se e Hirs t  1983a )  w e hav e limite d thei r  us e i n 

P Ws t o tidyin g u p loos e end s a t  th e en d o f  a  sen -

tence .  Anothe r  possibilit y  migh t  b e t o ad d a 
mechanis m tha t  watche s oii t  fo r  loomin g com -

binatoria l  explosio n an d force s P Ws t o mak e a n 
earl y gues s i f  i t  sense s danger .  (I n Hirs t  1983a ,  I 
discus s ho w th e demand s o f  structura l  disambi -

guatio n ma y forc e P Ws t o mak e a n eari y deci -
sion ,  als o i n orde r  t o avoi d combinatoria l  explo -
sion. ) 

33 .  Cowardic e 

Despit e everythin g w e hav e sai d above ,  i t  i s  obvi -
ous tha t  som e sentence s ar e genuinel y ambiguou s 

t o people .  I t  i s  therefor e inappropriat e fo r  a 
disambiguatio n proces s t o jum p t o a  conclusio n i n 

suc h case s o r  t o tak e extraordinar y measure s o r 
go t o heroi c effort s t o resolv e residua l  problems . 
That  is ,  P Ws shoul d b e afrai d t o jxun p t o a  con -

clusio n i f  th e lea p seem s to o great .  I f  reasonabl e 
effort s fail ,  the y ca n alway s as k th e use r  wha t  h e 
or  sh e reall y meant : 
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( D )  User :  I  nee d tom e informatio n o n get * 

tin g rid  o f  moles . 

System :  Ar e yo u trouble d b y unsightl y 

blemishes ,  b y thos e lovabl e bu t  destruc -

tiv e insectivorou s garde n pests ,  b y uter -

in e debris ,  o r  b y enem y secre t  agent s 

tha t  hav e penetrate d dee p int o you r 

organization ? 

(PWs do not actually have such a natural 

languag e respons e component. ) 

4 .  C o a d n s i o a 

The notio n o f  jumpin g t o a  conclusio n whe n 

ther e i s "enough "  evidenc e i s a n inherentl y fuzz y 

one ,  bu t  on e tha t  i s clearl y involve d i n wor d 

disambiguation ,  a s wel l  a s othe r  cognitiv e 

processes .  Th e "easy "  solution ,  usin g magi c 
number s i n a  delicatel y balance d knowledg e base , 

i s obviousl y inadequate .  A  bette r  understandin g 

of  th e tim e cours e o f  huma n wor d disambiguatio n 

i s neede d befor e th e psychologica l  realit y o f 

Polaroi d Word s ca n b e improved . 

References 

Charniak, Eugene (1983). "Paasiag markers: A 
theor y o f  contextua l  influenc e i n languag e 
comprehension. "  Cognitiv e science ,  7(3) ,  July -
Septembe r  1983,171-190 . 

Cha&niak, Eugene, Gavin. Michael sod Hendler, 
James (1983) .  "Th e Frail/NAS L referenc e manual. " 
Technica l  repor t  CS-834)6 ,  Departmen t  o f  Com-
pute r  Science ,  Brow n University ,  Februar y 1983 . 

COLLD4S, Allan M and Loftus, Elizabeth F (1975). 
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Abstrac t 

Vcty onto of th* knowMgv that an operator of a comptox physical tystam brings to th« Job It purely quantBative in 

form .  Virtuall y al l  o f  a n operator' s knowledg e ca n t M represente d a s quamathr e relation s o r  quasi-quantllallv e rela -

tion s suc h as  roug h proportionalities .  Th e roaUzatto n tha t  computer-base d instructio n system s nee d t o provM e 

Instruction s an d explanation s I n term s tha t  student s ca n use ,  tha t  Is ,  ofte n i n qualitativ e terms ,  ha s le d t o recen t 

effort s m cognitiv e scienc e an d artmda l  intelligenc e t o develo p qualitativ e sinuiatlo n model s o f  comple x dynamk : 

systems ,  i n thi s pape r  w e discus s theoretica l  an d pragmati c problem s involve d i n usin g quaUtatlv e model s t o si4>por t 

automate d explanatto n f  acilltiee . 

Much recen t  wor k i n cognitiv e scienc e ha s addresse d th e natur e o f  quaiitativ e reasoning .  A 

number  o f  studie s hav e provide d detaile d analyse s o f  protocol s o f  subject s reasonin g abou t  a  variet y 

of  physica l  system s (Larldn ,  1983 ;  Williams ,  Hollan ,  an d Stevens ,  1983 )  an d hav e documente d th e 

extensiv e us e o f  qualitativ e form s o f  reasoning .  I n addition ,  ther e hav e bee n m a n y recen t  attempt s b y 

Al  researcher s t o develo p qualitativ e calcul i  whic h migh t  b e use d b y a  progra m t o perm h I t  t o reaso n 

abou t  variou s classe s o f  physica l  device s o r  t o provid e qualitativ e explanation s o f  th e operatio n o f 

suc h device s (d e Kleer ,  1975 ;  d e Kleer ,  1979 ;  Forbus ,  1981 ;  Forbus ,  1982 ;  d e Klee r  &  Brown,1983) .  T h e 

fac t  tha t  suc h qiaittativ e form s o f  reasonin g appea r  t o b e importan t  i n urxlerstandin g th e operatio n o f 

physica l  system s migh t  lea d on e t o believ e tha t  qualitativ e simiiatlon s wil l  b e th e mos A effectiv e w a y o f 

buildin g automate d qualitativ e explanatio n systems .  Oi x experienc e i n th e developmen t  o f  Steanrte r 

(Holla n &  Hutchins ,  1984) ,  however ,  lead s u s t o a  quit e differen t  vie w o f  h u m a n reasonin g abou t  physi -

cal  system s an d motivate s u s t o discus s a  numbe r  o f  limitation s o f  qualitativ e model s fo r  supportin g 

qualitativ e explanations . 

We have two fundamental reservations about the use of qualitative models as the basis of quali-

tativ e explanatio n facilities .  Whil e ther e i s  stron g evidenc e tha t  menta l  arithmeti c play s littl e rol e i n 

everyda y calculatio n task s (Lave ,  Murtaugh ,  &  d e l a Rocha ,  I n press) ,  w e ar e struc k b y h o w m u c h o f 

human reasonin g s e e m s t o rel y o n th e us e o f  judgement s tha t  ar e mor e precis e tha n coul d b e pro -

duce d b y purel y qualitativ e calcJatkin .  Muc h reasonin g tha t  a t  firs t  blus h appear s totall y qualitativ e 

can .  upo n close r  inspection ,  b e see n t o involv e approximat e magnitud e estimates .  Ou r  firs t  reserva -

tio n i s  tha t  sinc e purel y qualitativ e simulation s wil l  no t  suppor t  th e processin g o f  eve n approximat e 

quantities ,  the y canno t  b e th e basi s o f  explanation s tha t  contai n suc h quasi-quantitativ e Information . 

Pape r  submitte d t o th e Conferenc e o f  th e Cognitiv e Scienc e Society ,  Boulder ,  Colorado ,  Jun e 28-30 . 

1984 .  Thi s researc h w a s supporte d b y th e Personne l  an d Trainin g Researc h Progra m o f  th e Offic e o f 

Nava l  Researc h unde r  W o r k Reques t  N0001483WR30106/07 ,  W o r k Uni t  N R 667-507 .  Thi s pape r  ha s 

benefite d fro m th e critica l  commen t s o f  Joha n d e Klee r  an d K e n Forbus . 
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Second ,  purel y qualitativ e model s ar e underdetermine d I n th e sens e tha t  the y canno t  accoin t  fo r  man y 

qualitativ e aspect s o f  th e behavio r  o f  som e systems .  Fo r  example ,  I n negativ e feedbac k system s th i 

qualitativ e characte r  o f  th e respons e o f  th e syste m t o perturbatio n (dampin g versu s hunting )  I s no t 

determine d b y th e devic e topolog y alon e bu t  I s dependen t  upo n th e actua l  quantitativ e setting s o f  a 

number  o f  componen t  parts .  Certai n setting s wil l  resul t  I n a  dampin g behavio r  an d othe r  setting s wil l 

resul t  I n hunting . 

Quasi-quantitative Reasoning 

Close observation of people reasoning about physical systems shows that there Is considerable 

relianc e o n th e us e o f  quasi-quantitativ e knowledge .  Conside r  fo r  exampl e th e knowledg e an d model s 

tha t  peopl e us e t o giv e ball-par k estimate s o f  th e roug h magnitude s o f  variou s aspect s o f  events .  Th e 

knowledg e tha t  support s suc h prediction s I s no t  entirel y qualitative ,  sinc e quantit y I s roughl y specified , 

and ye t  no t  entirel y quantitativ e sinc e th e quantitie s ar e no t  compute d exactly .  Suc h model s ar e essen -

tia l  fo r  ou r  prediction s abou t  man y aspect s o f  everyda y a s wel l  a s technica l  life .  Example s abound : 

H o w fa r  ca n I  step ? H o w lon g wil l  i t  tak e t o brin g thi s wate r  t o a  boil ? H o w muc h rudde r  i s require d 

t o tur n a  shi p around .  W e ar e al l  quit e capabl e o f  makin g thes e type s o f  predictk)ns .  W e d o no t  mak e 

exac t  prediction s bu t  w e hav e a  ver y definit e fee l  fo r  th e genera l  magnitud e o f  th e quantitie s involved . 

These types of ballpark estimates appear well designed to interact with feedback from the world. 

O ne produce s a n estimat e tha t  i s  I n th e neighborhoo d o f  th e actua l  value .  Tha t  estimat e I s applie d an d 

ca n the n b e tune d base d upo n th e feedbac k receive d fro m havin g mad e a n actio n base d o n th e esti -

mate .  Muc h o f  wha t  goe s ifide r  th e headin g o f  gettin g th e fee l  o f  i t  I s  probabl y th e acquisitio n an d 

tirin g o f  thi s sor t  o f  quasi-quantitativ e knowledge .  W e believ e tha t  I t  underlie s muc h o f  th e reasonin g 

I n man y domains .  Fo r  example ,  th e menta l  computation s tha t  MIcronesla n navigator s mak e t o deter -

min e th e distanc e the y hav e covere d aton g thei r  cours e see m t o depen d o n th e us e o f  thi s typ e o f 

knowledg e (Hutchins ,  1983) .  Likewise ,  th e reasonin g involve d I n mderstandin g th e operatio n o f  a  hea t 

exchange r  (Williams ,  Hollan ,  &  Stevens ,  1983 )  o r  a  stea m reducin g valv e concern s prediction s no t  onl y 

abou t  th e directio n o f  change s bu t  als o th e approximat e magnitude s o f  th e changes .  Th e importan t 

connectio n betwee n thes e domain s I s I n th e specifk»tio n o f  th e unit s In '  whte h th e chang e I s 

expressed .  Jus t  a s th e navigato r  expresse s th e change s h e monitor s i n term s o f  unit s tha t  sui t  th e 

computatton s h e need s t o mak e (nautica l  mile s o r  locatio n irde r  sta r  bearings ,  deperxiin g o n th e com -

putationa l  apparatu s h e ha s a t  hi s disposal )  s o th e use r  o f  a  menta l  mode l  o f  a  stea m plan t  o r  an y 

othe r  devic e I s likel y t o asses s th e change s o f  variable s abou t  whic h h e i s concerne d i n term s o f  unit s 

tailore d t o suppor t  th e necessar y subsequen t  computations .  Suc h uilt s  migh t  expres s somethin g lik e 

sufficien t  t o caus e a  stat e transitio n or .  I n th e mor e familia r  domai n o f  driving ,  a  spee d increas e migh t 

be specifie d a s enoug h t o ge t  m e pas t  tha t  ca r  befor e th e on-comin g truc k arrives . 

How are such units arrived at and how are measurements made using them? Ima^ne, for exam-

ple ,  a  golfe r  involve d I n tryin g t o sin k a  put .  H e ha s neve r  ha d jus t  thi s li e bu t  h e ha s t o catetiat e ho w 

har d t o hi t  th e bai l  an d wher e t o hi t  i t  t o accoun t  fo r  th e spee d an d sk>p e o f  th e green .  On e migh t  con -

jectur e tha t  h e mentall y Imagine s th e trajector y o f  th e bal l  an d ha s a  mode l  o f  th e effect s alon g th e 

way.  A  mode l  o f  th e initia l  velocit y o f  th e bal l  (no t  expresse d i n fee t  pe r  sec ,  bu t  I n term s o f  visualizin g 

It  movin g acros s th e surfac e o f  th e green :  analo g units )  an d a  mode l  o f  ho w th e bai l  wil l  bs e spee d 

(dependin g upo n th e hardnes s o f  th e green ,  th e lengt h o f  th e grass ,  etc )  an d a  mode l  (als o I n term s o f 

th e Imagine d effect s o n th e trajector y o f  th e bail )  o f  th e acceleratlv e effect s o f  th e sbp a o f  th e surface . 

O ne ca n construc t  th e sam e kin d o f  scenari o t o accoun t  fo r  nunerou s othe r  everyda y an d techntea l 

endeavors .  Th e Importan t  poin t  thoug h i s th e omnipresenc e o f  suc h quasi-quantitativ e unit s i n 
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reasonin g abou t  physica l  phenomena .  Currentl y w e kno w virtuall y nothin g abou t  ho w the y ar e pro -

cessed ,  ho w the y ar e managed ,  o r  ho w the y ar e connecte d t o a  performance . 

Underdetermined Quatftative Models 

Another precipitating mtivatlon for this paper is a consideration for how difficult qualitative sinmi-

lation s ar e t o construct .  A n appreciatio n fo r  thi s difficult y arise s fro m ou r  experienc e wit h th e Steame r 

system ,  fro m effort s w e hav e mad e i n buildin g qualitativ e simulation s (Williams ,  Hollan ,  &  Steven s 

1983) ,  an d fro m a  lac k I n qualitativ e simulation s o f  th e type s o f  quasi-quantitativ e reasonin g device s 

tha t  w e hav e detaile d above .  Th e ver y Interestin g represenlattona l  advance s o f  d e Klee r  an d Brow n 

(1982,1983 )  bea r  witnes s t o th e difficult y o f  constructin g purel y qualitativ e calcul i  tha t  ca n suppor t  rea -

sonin g abou t  physica l  devices .  Par t  o f  thi s difficult y arise s fro m th e desir e t o mak e th e qualltattv e cal -

cul i  genera l  an d t o avoi d assumption s o f  syste m functio n i n th e specificatio n o f  componen t  devic e 

structure .  Thi s make s i t  possibl e fo r  a  singl e se t  o f  devic e model s t o qualitativei y simiJat e th e behavio r 

of  a  larg e clas s o f  systems.Th e no-function-in-structur e principle ,  whil e crucia l  t o th e constructio n o f 

th e fjhysic s tha t  d e Kiee r  an d Brow n (1982 )  ar e I n searc h of ,  engender s a  numbe r  o f  problem s fo r  sup- ' 

portin g a  qualitativ e explanatio n syste m an d fo r  captioln g importan t  qualitativ e an d non-qualitatlv e 

aspect s o f  people' s reasonin g processes .  Fo r  example ,  peopl e normall y violat e thi s principl e I n rea -

sonin g abou t  phystoa i  device s an d systems .  I n fact .  I n dealin g wit h a  reducin g valve ,  a s the y d o I n a 

recen t  pape r  (d e Klee r  &  Brown ,  1982) ,  eve n the y appea r  t o nee d t o violat e thei r  principl e i n orde r  t o 

explai n th e dampin g tha t  occur s i n thi s system .  Thei r  envisionin g treatmen t  o f  th e redudn g valv e pull s 

a dampin g rabbi t  ou t  o f  a  hat .  The y provid e a n Englis h languag e renderin g o f  thei r  program' s explana -

tion : 

An Increase in soiree pressure Increases the pressire drop across the valve. Since the 

fk> w throug h th e valv e i s proportiona l  t o th e pressir e acros s It ,  th e flo w throug h th e valv e 

als o increases .  Thi s increase d flo w wil l  Increas e th e pressur e a t  th e load .  However ,  thi s 

increase d pressir e i s sense d b y [th e sensin g line ]  causin g th e diaphrag m t o mov e down -

war d agains t  th e sprin g pressure .  Th e diaphrag m i s mechanicall y connecte d t o th e valv e , 

so th e downwar d movemen t  o f  th e diaphrag m wil l  ten d t o dos e th e valve ,  thereb y pinchin g 

of f  th e valve .  Becaus e th e flo w i s no w restricte d th e outpu t  pressur e wil l  ris e muc h les s 

tha n i t  otherwis e woul d hav e an d thu s remai n approximatel y constant ,  (d e Klee r  &  Brown , 

1982 ,  p2 ;  emphasi s added ) 

There Is, In fact, no way to predict from a purely qualitative analysts whether a negative feedback sys-

te m I s stabl e o r  unstable .  Thi s aspec t  o f  th e behavio r  o f  th e devic e depend s upo n th e quantitativ e 

relationshi p o f  th e controlle d variabl e an d th e controllin g action .  Withou t  knowin g thi s relationshi p I t  I s 

impossibl e t o kno w f f  th e valu e o f  th e controlle d variabl e wil l  stabiliz e o r  continu e t o oscillate . 

Others have also noted limttatbns with qualitative modeling. For example. Simmons (1983) has 

pointe d ou t  difficultie s I n expressin g features ,  suc h a s shape ,  i n qualitativ e terms ,  tha t  qualitativ e 

nradel s ar e necessaril y  ambiguou s I n tha t  a  singl e qualitativ e representatio n map s t o man y real-worl d 

situations' ,  an d tha t  mos t  user s o f  qualitativ e representation s hav e neede d t o mak e us e o f  quantitativ e 

knowledg e t o dea l  wit h ambigtitie s (Simmons ,  1983 ;  Simmon s &  Davis ,  1983) . 



186 

February 28,1984 

Function in Structure 

When an expert explains the behavior of such a device he assumes It Is either working property 

or  someho w malfunctioning .  WKhI n th e contex t  provide d b y tha t  assume d behavio r  a  descriptio n o f  th e 

propagatio n o f  effect s I n qualitativ e term s ca n b e rendered .  Th e determinin g variable s ar e no t 

describe d quantitatively ,  bu t  ar e describe d relativ e t o functionall y embedde d criteria .  Conside r  th e fol -

lowin g typica l  statemen t  abou t  th e behavio r  o f  a  reducin g valve :  'I f  th e gai n I s to o high ,  the n th e sys -

te m wil l  hunt *  Th e sirfac e for m o f  thi s statemen t  I s tha t  o f  a  prediction ,  bu t  I t  Is ,  I n fact ,  no t  a  predic -

tio n becaus e th e criteri a fo r  decidin g th e trut h o f  th e anteceden t  (whethe r  o r  no t  th e gai n I s to o Ngh ) 

ar e base d o n th e observatio n o f  th e consequent .  See n I n thi s light ,  th e statemen t  I s a  tautology ,  bu t  a 

ver y usefi i  one .  I t  I s base d o n th e premis e tha t  ther e ar e correc t  setting s fo r  thes e parameter s tha t  wil l 

produc e appropriat e behavior .  Certai n abnorma l  behavior s ar e see n a s diagnosti c o f  deviation s o f 

parameter s fro m thei r  'correct *  settings . 

The utility of such functionally embedded specifications of parameter settings is that the device 

may b e tune d withou t  quantitativ e knowledge ,  a s k)n g a s I t  wa s designe d s o tha t  I t  wil l  wor k wit h som e 

settings .  Th e tunin g proces s nee d onl y b e capabl e o f  Interpretin g th e observe d behavio r  a s a  symp -

to m o f  a  particula r  qualitativ e relatio n o f  a  paramete r  t o it s  'correct '  setting .  Base d o n thi s Information , 

th e operato r  ca n ofte n hil l  clim b t o th e correc t  settin g withou t  havin g an y ide a o f  H s actua l  quantitativ e 

value .  Bu t  notic e tha t  thi s strateg y require s th e assumptio n tha t  th e devic e ca n functio n properly .  I t 

als o require s a  descriptio n o f  prope r  finctionin g an d a  se t  o f  correspondence s betwee n devic e 

behavio r  pattern s o n th e on e han d an d th e relation s o f  controllin g parameter s t o thei r  correc t  setting s 

on th e other .  A s w e mentione d earlier ,  i t  i s  ou r  contentio n tha t  ther e I s sometiiin g ver y Importan t  abou t 

thi s for m o f  interactio n wit h th e world .  On e begin s wit h wha t  i s essentiall y  open-loo p ballisti c  behavio r 

I n th e world ,  whic h require s quasi-quantitativ e representation s an d assumption s abou t  fmctlon ,  an d 

the n on e become s par t  o f  a  close d loo p system ,  makin g us e o f  qualitativ e evaluatton s t o contro l  th e 

tunin g process . 

Conclusions 

Qualitative physics Is an Important line of Al research, but models based on qualitative calculi 

may b e Inappropriat e a s a  bas e fo r  providin g qualitativ e explanatio n i n automate d tutoria l  system s 

becaus e 1 .  qualitatatlv e calud i  fai l  t o represen t  Importan t  classe s o f  feature s o f  event s an d objects ,  2 . 

the y ar e fundamentall y underdetermine d wit h respec t  t o som e physica l  behavtors ,  an d 3 .  th e principle s 

tha t  guid e th e representatio n o f  event s an d device s I n qualitativ e model s (no-function-in-structur e an d 

th e derivatio n o f  devic e behavio r  fro m componen t  interactions )  conflic t  wit h observe d structure s o f 

human interpretatio n an d explanatio n o f  devic e behavior . 
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Ambiguit y Resolutio n I n th e Absenc e o f  Contextua l  Bia s 

Susan B. Hudson 
Michae l  K .  Tanenhau s 

Universit y o f  Rocheste r 

Natural languages contain a high proportion of words that have multiple 
meanings .  Fo r  example ,  orga n ca n b e a  typ e o f  musica l  instrumen t  o r  a n 
interna l  bod y par t  an d ros e ca n b e a  flowe r  o r  th e pas t  tens e o f  th e ver b t o 
rise .  Understandin g ho w th e languag e processo r  deal s wit h lexica l  ambiguit y 
ca n provid e importan t  insight s int o th e structur e o f  th e huma n natura l 
languag e processin g system .  A s a  consequence ,  lexica l  ambiguit y ha s bee n th e 
focu s o f  a  grea t  dea l  o f  psycholinguistl c research .  Th e fundamenta l  issu e ha s 
been whethe r  on e meanin g o r  mor e tha n on e meanin g o f  a n ambiguou s wor d i s 
typicall y accesse d whe n th e wor d i s presente d i n a  contex t  tha t  biase s on e o f 
it s  possibl e meanings .  A  numbe r  o f  studie s usin g variation s o f  th e so-calle d 
cross-moda l  lexica l  primin g paradig m see m t o hav e resolve d thi s issu e i n favo r 
of  th e multipl e meaning s alternative . 

In the cross-modal priming paradigm, the subject listens to a sentence 
and respond s t o a  visua l  targe t  wor d presente d a t  strategi c point s durin g th e 
sentence .  Th e avalliabilit y  o f  componen t  meaning s o f  a n ambiguou s wor d i s 
inferre d fro m reactio n time s t o eithe r  nam e o r  mak e a  lexica l  decisiio n t o a 
targe t  wor d relate d t o eithe r  it s contextuall y appropriat e o r  inappropriat e 
meaning .  Luca s (1983) ,  Onife r  an d Swinne y (1981 )  Seidenberg ,  Tanenhaus , 
Leiman ,  an d Bienkowsk i  (1982) ,  Swinne y (1979 )  Tanenhau s an d Donnenwerth-Nola n 
(i n press )  an d Tanenhaus ,  Leiman ,  an d Seidenber g (1979 )  hav e demonstrate d tha t 
respons e time s t o target s presente d immediatel y afte r  a n ambiguou s wor d ar e 
equall y facilitate d whe n the y ar e relate d t o eithe r  th e contextuall y biase d o r 
unbiase d meaning .  When target s ar e delaye d unti l  20 0 mse c afte r  th e ambiguou s 
word ,  primin g obtain s onl y t o target s relate d t o th e appropriat e meaning . 
Thes e result s indicat e tha t  multipl e meaning s o f  ambiguou s word s ar e initiall y 
accesse d regardles s o f  contextua l  bia s an d contex t  i s  the n use d t o rapidl y 
selec t  th e contextuall y appropriat e meaning . 

An important question unanswered by these studies is what happens when 
th e contex t  i s  no t  strongl y biase d toward s on e readin g o f  th e ambiguou s word . 
I s selectio n o f  a  singl e meanin g rapidl y mad e o n th e basi s o f  lexica l 
informatio n alon e suc h a s th e frequenc y o f  th e alternativ e reading s o r  ar e 
multipl e reading s hel d ont o unti l  biasin g informatio n become s availabl e o r 
unti l  som e natura l  decisio n poin t  suc h a s a  claus e boundary ? 

Only one study using a cross-modal priming paradigm has addressed this 
issue .  Seidenber g e t  a l  (1982 )  ha d subject s nam e a  targe t  wor d (e.g. ,  SIP ) 
tha t  followe d a  sentenc e fragmen t  whic h ende d i n eithe r  a n ambiguou s wor d wit h 
one meanin g relate d t o th e targe t  (STRAW) ,  a n unambiguou s wor d relate d t o th e 
targe t  (e.g .  SODA)  o r  a  wor d unrelate d t o th e targe t  (e.g .  WHEAT).  I f 
multipl e meaning s o f  ambiguou s word s ar e accessed ,  target s relate d t o th e 
ambiguou s wor d shoul d hav e bee n equall y facilitate d followin g th e ambiguou s 
wor d an d th e unambiguou s wor d whe n compar d t o th e unrelate d contro l  condition . 
If ,  however ,  onl y on e meanin g wa s accessed ,  the n th e ambiguou s wor d an d th e 
targe t  woul d b e unrelate d o n som e proportio n o f  th e trial s an d les s 
facilitatio n woul d obtai n t o th e targe t  whe n i t  followe d a n ambiguou s wor d 
tha n whe n i t  followe d a n unambiguou s word .  Th e result s wer e clear .  When th e 
targe t  followe d immediatel y afte r  th e ambiguou s word ,  equa l  facilitatio n 
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obtaine d i n th e ambiguou s an d unambiguou s relate d conditions .  When a  20 0 mse c 
dela y wa s Introduce d betwee n th e ambiguou s wor d an d th e targe t  word ,  target s 
I n th e ambiguou s relate d conditio n showe d approximatel y hal f  a s muc h 
facilitatio n a s target s I n th e relate d unambiguou s condition ,  Indicatin g tha t 
listener s ha d alread y selecte d on e meaning .  Seldenber g e t  a l  argue d tha t 
meanin g selectio n take s plac e rapidl y eve n I n th e absenc e o f  contextua l  bias . 
However ,  ther e I s a  seriou s proble m wit h th e Seldenber g e t  a l  study .  Th e 
ambiguou s wor d wa s alway s th e fina l  wor d o f  a  sentenc e fragment .  Thu s I n th e 
200 mse c dela y condition ,  th e brie f  paus e ma y hav e signalle d th e subject s tha t 
th e sentenc e fragmen t  ha d ended .  Thi s migh t  hav e triggere d meanin g selectio n 
unde r  circumstance s wher e multipl e meaning s woul d normall y hav e bee n 
maintaine d i n continuou s speech . 

The present study explored the question of whether multiple readings of 
ambiguou s word s ar e maintaine d fo r  longe r  tha t  20 0 mse c i n th e absenc e o f 
biasin g contex t  usin g a  cross-moda l  lexica l  decisio n tas k an d continuou s 
speech .  Subject s listene d t o sentence s containin g a n ambiguou s wor d o r  a n 
unambiguou s wor d relate d t o on e o f  it s  meanings .  A  targe t  wor d tha t  wa s 

eithe r  relate d t o on e o f  th e meaning s o f  th e ambiguou s wor d o r  unrelate d wa s 
presente d a t  on e o f  thre e points :  (1 )  Immediatel y afte r  th e ambiguou s word , 
(2 )  afte r  50 0 msec ,  an d (3 )  a t  th e claus e boundar y (severa l  word s downstream) . 
When th e targe t  i s presente d Immediatel y afte r  th e ambiguou s wor d bot h 
meaning s shoul d b e availabl e resultin g i n equa l  facilitatio n fo r  relate d 
target s whe n the y follo w ambiguou s an d unambiguou s words .  Th e mos t 
interestin g questio n i s wha t  wil l  happe n a t  th e 50 0 mse c delay .  I f  multipl e 
meaning s ar e retaine d i n th e absenc e o f  a  biasin g context ,  th e sam e patter n 
shoul d obtai n a s i n th e immediat e condition .  If ,  however ,  on e meanin g i s 
selected ,  mor e facilitatio n shoul d obtai n t o relate d taget s followin g 
unambiguou s word s tha n followin g ambiguou s words .  Th e result s a t  th e claus e 
boundar y conditio n shoul d provid e additiona l  informatio n abou t  th e tim e cours e 
of  ambiguit y resolution .  Give n tha t  previou s researc h suggest s tha t  th e 
claus e boundar y i s a  majo r  decisio n an d integratio n point ,  w e woul d expec t  t o 
se e ambiguit y resolutio n b y thi s point . 

Method 

Subjects. Study particpants were 72 students at Wayne State University 
who receive d cours e credi t  fo r  thei r  participation . 

Materials. The materials were constructed from thirty-two noun-noun 
ambiguou s words .  Eac h ambiguou s wor d wa s place d i n th e firs t  claus e o f  a  tw o 
claus e sentence .  Th e firs t  claus e wa s constructe d s o a s no t  t o bia s eithe r 
meanin g o f  th e ambiguou s wor d usin g th e followin g procedure .  Norm s wer e 
collecte d i n whic h subject s complete d sentenc e fragments .  Thes e wer e the n 
score d accordin g t o whic h meanin g wa s chosen .  Item s retaine d fo r  th e stud y 
wer e thos e i n whic h th e meanin g chose n occurre d wit h th e sam e proportio n whe n 
th e wor d wa s presente d i n a  sentenc e fragmen t  a s whe n th e wor d wa s present d i n 
Isolation .  Th e unambiguou s contro l  stimul i  wer e forme d b y replacin g th e 
ambiguou s wor d wit h a  wor d relate d t o it s alternat e readings .  Fo r  example , 
th e ambiguou s wor d PUPIL S wa s replace d wit h th e unambiguou s word s CORNEA an d 
STUDENTS.  Target s wer e selecte d tha t  wer e relate d t o eac h o f  th e meanings ;  i n 
th e example ,  thes e wer e EY E an d SCHOOL.  Unrelate d target s wer e the n selecte d 

tha t  wer e matche d t o th e relate d target s i n lengt h an d frequency .  I n th e 
example ,  GAME wa s th e unrelate d targe t  matche d wit h EY E an d PART wa s th e 
unrelate d targe t  matche d wit h STUDENTS.  Sampl e sentenc e ar e presente d i n 

Tabl e 1 . 
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Tabl e 1 
Sampl e Sentence s an d Target s 

Bill examined his pupils (corneas) carefully this morning, because he thought 
tha t  ther e wa s somethin g wron g wit h hi s eyes . 

Related Target: EYE 
Unrelate d Target :  GAME 

Bill examined his pupils (students) carefully this morning, because he wanted 
the m t o d o wel l  o n th e exam . 

Related Target: SCHOOL 
unrelate d Target :  PART 

The experimental design was a2X2X2X3 with the factors being 
Meanin g (th e meanin g o f  th e ambiguou s wor d relate d t o th e target) .  Ambiguit y 
(whethe r  th e sentenc e containe d a n ambiguou s o r  unambiguou s word ,  Relatednes s 
(whethe r  th e targe t  wa s relate d o r  unrelate d t o th e wor d I n th e sentence ,  an d 
Targe t  presentatio n poin t  (target s wer e presente d immediatel y afte r  th e 
ambiguou s word ,  50 0 mse c afte r  th e ambiguou s word ,  an d a t  th e claus e boundar y 
whic h wa s usuall y thre e o f  fou r  word s afte r  th e ambiguou s word .  I n orde r  t o 
kee p subject s fro m focusin g o n th e firs t  clause ,  fille r  stimul i  wer e include d 
i n th e experimen t  i n whic h targe t  word s wer e presente d a t  variou s point s i n 
th e sentence .  Fille r  stimul i  wer e als o include d i n whic h th e targe t  wa s a 
non-word .  Th e target s wer e non-word s o n hal f  o f  th e trials . 

Procedure. Each subject listened to the sentences while seated at a CRT. 

Subject s mad e lexica l  decision s t o th e targe t  stimul i  usin g th e keyboar d o f  a 
microcomputer .  O n one-quarte r  o f  th e trial s th e subjec t  als o answere d a  true -
fals e comprehensio n questio n befor e beginnin g th e nex t  experimenta l  item . 

RESULT AND DISCUSSION 

The data of interest are the mean lexical decision times for the related 
ambiguous ,  unrelate d ambiguou s an d unrelate d condition s whic h ar e presente d i n 
Tabl e 2 .  I n th e Immediat e condition ,  lexica l  decision s t o target s i n th e 
amiguou s relate d an d unambiguou s relate d conditio n showe d approximatel y th e 
same amoun t  o f  facilitatio n (3 9 an d 3 5 m s e c ,  respectively )  compare d t o thei r 
unrelate d contro l  conditions .  A  simila r  patter n obtaine d i n th e 50 0 mse c 
conditio n wit h 5 4 mse c o f  facilitatio n I n th e amiguou s relate d condtio n an d 4 4 
m se c i n th e unambiguou s relate d condition .  A t  th e claus e boundary ,  ambiguou s 
relate d target s wer e facilitate d b y 7  mse c compare d t o 3 7 mse c i n th e 
unambiguou s relate d condition . 
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Tabl e 2 

Lexical Decision Times and Facilitation Scores In msec 

Target Presentation Point 

Conditio n Immediat e 50 0 mse c Dela y Claus e Boundar y 

Ambiguous Related 846 739 779 
Ambiguou s Unrelate d 88 5 79 3 78 6 

Facilitation 39 54 7 

Unambiguous Related 841 733 757 
Unambiguou s Unrelate d 87 6 77 7 79 4 

Facilitation 35 44 37 

ANOVAS were conducted using both subject and item condition means. 
Meaning ,  Targe t  Relatedness ,  an d Ambiguit y wer e crosse d i n bot h analyses .  I n 
additio n ther e wer e eigh t  Presentatio n lists ,  whic h wer e neste d withi n 
subjects .  Targe t  presentatio n poin t  wa s neste d withi n subject s an d crosse d 

wit h items .  Th e analysi s reveale d a  significan t  effec t  o f  Targe t  Relatednes s 
bot h b y subjec t  F  (1 ,  48 )  =  27.89 ,  p-i.O l  an d b y ite m F  (1 ,  93 )  -  8.74 ,  p<:.01 . 
The Ambiguit y b y Relatednes s an d Ambiguit y b y Relatednes s b y Targe t 
Presentatio n Poin t  interaction s di d no t  approac h significance .  Separat e 
analyse s a t  eac h presentatio n poin t  reveale d significan t  effect s o f  targe t 

relatednes s an d n o interactio n betwee n ambiguit y an d targe t  relatednes s i n th e 
immediat e an d 50 0 mse c conditions .  Thi s i s jus t  th e patter n o f  result s 
consisten t  wit h multipl e access .  A t  th e claus e boundar y condition ,  th e effec t 
of  relatednes s wa s onl y marginall y significan t  b y subjec t  an d b y ite m an d th e 
relatednes s b y ambiguit y Interactio n approache d significance .  Thi s patter n 
obtaine d becaus e onl y target s followin g unambiguou s word s showe d facilitatio n 
compare d t o th e unrelate d condition . 

The results in the immediate condition replicate previous research in 
demonstratin g tha t  multipl e meaning s o f  ambiguou s word s ar e initiall y 
accessed .  I n contras t  t o previou s researc h wit h biasin g context s i n whic h 
ambiguit y resolutio n too k plac e withi n 20 0 msec ,  th e 50 0 mse c conditio n 
continue d t o sho w a  multipl e acces s pattern .  Thu s multipl e meaning s continu e 
t o b e availabl e i n th e absenc e o f  biasin g context .  Th e result s a t  th e claus e 
boundar y indicate d tha t  ambiguit y resolutio n ha d take n plac e b y thi s point . 
I n contras t  t o th e immediat e an d 50 0 mse c conditions ,  les s facilitatio n 
obtaine d t o target s i n th e ambiguou s relate d conditio n tha n i n th e unambiguou s 
condition .  Althoug h th e amoun t  o f  facilitatio n i n th e ambiguou s relate d 
conditio n wa s small ,  a  pos t  ho c analysi s base d o n ou r  frequenc y norm s 
indicate d tha t  target s relate d t o th e dominan t  readin g o f  th e ambiguou s wor d 
wer e showin g a  significan t  amoun t  o f  facilitatio n whil e target s relate d t o 
subordinat e reading s wer e no t  bein g facilitated .  I n contrast ,  target s relate d 
t o bot h dominan t  an d subordinat e reading s wer e bein g significantl y facilitate d 
i n bot h th e immediat e an d 50 0 mse c conditions . 
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LEVELS OF PROCESSING IN METAPHOR COMPREHENSION 

Janice Johnson 
Institut e o f  Human Learning ,  Universit y o f  California ,  Berkele y 

In a metaphor a topic is described in terms of a vehicle. The topic and 
vehicl e term s generall y refe r  t o tw o diverse ,  conceptua l  o r  experiential , 
domains .  Severa l  theorie s o f  metapho r  assum e tha t  metaphori c comprehensio n 
involve s a  mappin g fro m vehicl e t o topi c o f  vehicl e propertie s o r  aspects .  Fo r 
example ,  Orton y (1979 )  propose s tha t  i n a  metapho r  highl y salien t  attribute s o f 
th e vehicl e ar e matche d wit h lo w salien t  attribute s o f  th e topic .  Th e matche d 
(i.e. ,  shared )  attribute s nee d no t  b e identical ,  bu t  mus t  hav e hig h similarity . 
Glucksberg ,  Gildea ,  an d Booki n (1982 )  sugges t  tha t  metapho r  comprehensio n involve s 
instantiation ,  i n term s o f  th e topic ,  o f  a  smal l  se t  o f  salien t  propertie s o f  th e 
vehicle .  Tourangea u an d Sternber g (1982 )  criticiz e th e notio n tha t  th e topi c an d 
vehicl e i n a  metapho r  hav e matchin g (i.e. ,  shared )  attributes ,  ye t  stil l  conside r 
tha t  metapho r  comprehensio n require s a  mappin g o f  attribute s betwee n vehicl e an d 
topic .  The y propos e tha t  th e attribute s o f  th e vehicl e domai n mus t  b e transforme d 
t o appl y i n th e topi c domain .  I n a  simila r  vein ,  Verbrugg e an d McCarrel l  (1977 ) 
argu e tha t  metapho r  comprehensio n involve s a  "nove l  schematizatio n o f  th e topi c 
domain "  (p .  494 )  i n term s o f  transformationa l  an d structura l  invariant s o f  th e 
vehicl e domain . 

Thes e approache s al l  propos e som e mappin g fro m vehicl e t o topi c o f  vehicl e 
aspects .  The y diffe r  i n thei r  definition s o f  th e aspect s an d i n th e degre e t o 
whic h the y se e vehicl e aspect s a s bein g transforme d rathe r  tha n matche d i n th e 
topic .  Combinin g an d extendin g thes e approaches ,  I  propos e her e a  metapho r 
comprehensio n mode l  whic h allow s fo r  varyin g degree s o f  transformatio n i n th e 
mappin g o f  vehicl e aspects ,  tha t  is ,  differen t  level s o f  accommodatio n o f  th e 
vehicl e aspect s t o th e semantic s o f  th e topic .  I  formaliz e thes e level s i n term s 
of  differen t  kind s o f  mappin g processes . 

A Semantic Mapping Model of Metaphor Comprehension 

I propose that the semantic process of comprehending a metaphor involves 
selectin g som e facet s o r  aspect s o f  th e vehicl e tha t  ar e potentiall y  applicabl e t o 
th e topic ,  the n mappin g thes e facet s t o th e topi c t o evaluat e analyticall y th e 
appropriatenes s o f  th e mapping .  Th e mappin g i s don e b y mean s o f  semanti c 
combinator s (i.e. ,  mappin g functors) ;  thes e ar e semanti c transformation s tha t 
conver t  on e o r  mor e semanti c facet s int o othe r  differen t  facets—combinator s ca n 
appl y o n topi c o r  vehicl e facets .  I n term s o f  structure ,  th e topi c an d vehicl e 
i n a  metapho r  refer ,  i n th e subject ,  t o knowledg e representation s I  cal l  ob s (shor t 
fo r  "objec t  schemes") .  A n ob ^  i s a  comple x menta l  structur e tha t  stand s fo r  al l 
th e discriminative ,  manipulative ,  an d functiona l  aspect s o r  facet s o f  a  dista l 
objec t  (Pascual-Leone ,  Goodman ,  Ammon,  &  Subelman ,  1978) ;  i t  i s  thu s th e menta l 
representatio n o f  a  thin g i n th e environment .  Th e notio n o f  a n ob ^  i s analogou s 
t o othe r  notion s o f  memor y structure ,  suc h a s "frame, "  "schema, "  an d "prototype. " 
Facet s ar e th e functiona l  component s (propertie s o r  relations )  o f  a n ob ^  tha t 
emerg e fro m goal-directe d interactio n wit h th e object ;  facet s ar e no t  propertie s 
inheren t  i n th e objec t  itself ,  bu t  ar e constraint s th e subjec t  ha s experienced . 

I  propos e tha t  th e semanti c processin g o f  metaphor s take s plac e i n successiv e 
moments.  I n a  firs t  moment  o f  globa l  processing/mapping ,  th e semanti c relatio n 
betwee n topi c an d vehicl e i s investigate d b y wa y o f  shallow ,  mor e o r  les s concrete , 
semanti c conten t  processing .  Globa l  processin g ca n yiel d a n adequat e metapho r 
interpretatio n onl y i f  topi c an d vehicl e shar e (low-level )  conten t  facets .  A 
furthe r  moment  o f  deeper ,  analytica l  processing/mappin g involve s analytica l 
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elaboration or modification of the global meaning in light of the detailed 
meaning s o f  bot h topi c an d vehicle .  Analytica l  processing ,  mor e s o tha n globa l 
mapping ,  i s guide d b y an d obedien t  t o semanti c constraint s impose d b y th e topic ; 
i t  thu s represent s a n accommodatio n o f  th e vehicl e facet s t o th e semantic s o f 
th e topi c ob .  A  firs t  leve l  o f  analytica l  processing  involve s modificatio n o f 
th e globa l  meaning ;  a  secon d leve l  may involv e a  movement  fro m on e topi c face t 
t o another .  I  wil l  mak e th e processing  level s cleare r  whe n I  describ e semanti c 
combinato r  kind s tha t  ar e instance s o f  th e levels .  I n orde r  t o specif y th e sem -
anti c combinato r  kinds ,  I  develope d a  metho d o f  codin g metapho r  interpretations . 

Method 

I collected metaphor interpretations from children and adults. I report 
her e dat a fo r  th e adul t  subjects :  2 4 student s a t  Yor k Universit y i n Toronto . 
I  interviewe d subject s individuall y an d aske d the m t o interpre t  orall y eac h o f 
19 metaphori c sentences .  Thi s pape r  report s result s fo r  6  o f  th e metaphors ; 
thes e wer e constructe d b y combining ,  i n a  sentenc e fram e o f  th e for m "  wa s 
a " ,  eac h o f  thre e vehicl e noun s (rock ,  mirror ,  butterfly )  wit h eac h o f  tw o 
topic s (M y sister .  My shirt )  t o for m sentence s suc h a s "M y siste r  wa s a  mirror, " 
"My shir t  wa s a  rock, "  etc .  Subject s wer e encourage d t o giv e a s man y interpreta -
tion s a s the y coul d fo r  eac h item . 

Coding of metaphor interpretations. According to the processing model, in 
interpretin g a  metapho r  th e subjec t  map s facet s fro m vehicl e t o topi c b y mean s o f 
some semanti c combinator .  I n codin g a  metapho r  interpretation,  on e firs t  infer s 
th e actua l  vehicl e facet(s )  tha t  underli e th e interpretatio n an d the n th e kin d o f 
semanti c combinato r  tha t  mus t  hav e applie d o n th e facet(s )  t o generat e th e inter -
pretation .  Th e thre e mai n kind s o f  semanti c combinator s I  propos e (an d th e onl y 
one s spac e limit s permi t  me t o discus s here )  ar e th e Identity ,  Analogy ,  an d 
Predicat e combinators .  Identit y an d Analog y ar e type s o f  between-ob s combinator s 
tha t  map facet s fro m vehicl e t o topic . 

The Identit y semanti c combinato r  i s a n instanc e o f  th e initial ,  globa l  leve l 
of  metapho r  processing .  I n a n Identit y mappin g th e subjec t  find s a  face t  i n th e 
vehicl e ob ^  tha t  ha s (o r  coul d have )  th e sam e nam e an d semanti c definitio n i n th e 
topi c oj b an d doe s a  direc t  mappin g o f  th e face t  fro m vehicl e t o topic .  Th e face t 
i s mappe d withou t  an y chang e i n meaning .  A n exampl e i s th e followin g respons e t o 
th e sentenc e "M y siste r  wa s a  rock" :  "Mayb e sh e fel t  t o th e physica l  touc h ver y 
hard. "  Th e roc k face t  use d i s "hardness" ,  th e definin g statemen t  o f  whic h coul d b e 
<<rock s d o no t  chang e shap e unde r  th e applicatio n o f  externa l  physica l  force>> . 
Her e th e subjec t  select s a  salien t  face t  o f  th e roc k o b an d map s i t  t o th e siste r 
ob withou t  changin g th e sens e o f  th e facet .  Fo r  a  respons e t o b e score d a s a n 
Identit y th e mappe d facet(s )  mus t  b e compatibl e wit h th e semantic s o f  th e topi c ob . 
A secon d exampl e i s th e followin g respons e t o "M y shir t  wa s a  mirror" :  "I t  coul d 
actuall y b e a  mirror—mad e ou t  o f  som e kin d o f  materia l  tha t  woul d actuall y reflect. " 
Thi s respons e i s base d o n on e o r  bot h o f  tw o mirro r  facets :  a  face t  correspondin g 
t o th e optica l  "image "  produce d b y th e mirro r  (<< a mirro r  give s bac k a  reproductio n 
or  likenes s i n tw o dimension s o f  whateve r  i s i n fron t  o f  it>> )  an d a  face t  corre -
spondin g t o th e mirror' s abilit y  t o reflec t  ligh t  (i.e. ,  it s  "shininess") . 

The Analog y combinato r  i s a n instanc e o f  th e firs t  leve l  o f  analytica l 
metapho r  processing .  I n a n Analog y mappin g th e facet(s )  emergin g fro m globa l 
processin g underg o a  chang e i n sens e a s the y appl y fro m vehicl e t o topic .  Th e 
chang e i n sens e represent s a n accommodatio n o f  th e vehicl e facet(s )  t o th e semantic s 
of  th e topic .  A n exampl e i s th e followin g respons e t o "M y siste r  wa s a  rock" :  "Sh e 
was ver y fir m an d unyieldin g sor t  o f  lik e a  roc k .  .  .  hi s siste r  i s lik e a  roc k 
as fa r  a s th e wa y sh e behave s o r  acts ,  lik e har d a s a  rock. "  Her e th e "hardness " 
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vehicl e face t  i s acconanodate d t o th e topi c o b throug h a  proces s o f  constructiv e 
abstraction ,  whereb y topic-relevan t  conten t  i s inserte d int o th e vehicl e face t 
structur e (se e definitio n o f  "hardness "  roc k face t  above) :  "doe s no t  chang e 
shape "  become s "doe s no t  chang e behavior "  an d "externa l  physica l  force "  become s 
somethin g lik e "verba l  instruction "  o r  "psychologica l  pressure. "  I n a n Analog y 
mapping ,  th e vehicl e face t  an d th e (semanticall y different )  topi c face t  i t  map s 
ar e relate d b y wa y o f  a  higher-leve l  (i.e. ,  generic )  superface t  tha t  subsume s th e 
topi c an d vehicl e senses .  A  secon d exampl e i s th e followin g respons e t o "M y 
shir t  wa s a  mirror" :  "Mayb e i t  woul d mea n tha t  yo u sa w someon e els e wit h th e 
same shir t  a s you. "  Thi s respons e i s base d o n th e mirro r  "image "  face t  describe d 
above ,  bu t  i n thi s cas e th e face t  i s mappe d wit h a  chang e i n sense ;  tha t  is ,  i t 
i s  applie d wit h th e sens e o f  resemblanc e rathe r  tha n optica l  reproduction . 

The Predicat e i s a  typ e o f  within-ob s combinato r  tha t  applie s withi n th e 
topi c o b followin g a  between-ob s mapping ;  i t  i s  a n instanc e o f  th e secon d leve l 
of  analytica l  processing .  Th e Predicat e serve s t o expres s th e resul t  o f  a 
between-ob s mappin g i n term s tha t  closel y confor m t o th e pragmatic s o f  th e topi c 
ob.  T o thi s end ,  th e subjec t  elaborate s th e initia l  mappin g i n term s o f  a 
concep t  o r  a n instantiatio n tha t  i s relevan t  t o th e topic ,  bu t  no t  t o th e vehicle . 
An exampl e i s th e followin g respons e t o "M y siste r  wa s a  rock" :  "Wheneve r  I  thin k 
of  a  roc k I  thin k o f  somethin g hard ,  s o mayb e you r  siste r  i s col d o r  unfriendly . 
You ar e no t  ver y clos e wit h you r  sister. "  Again ,  thi s respons e i s base d o n 
Analogica l  mappin g o f  th e "hardness "  roc k face t  (wit h th e sens e o f  non-responsiveness) , 
but  her e th e subjec t  elaborate s th e initia l  mappin g i n term s o f  unfriendlines s 
and psychologica l  distance—concept s tha t  ar e relevan t  fo r  describin g persons , 
but  no t  rocks .  I n contras t  t o th e Analogy ,  i n a  Predicat e respons e th e 
topic-relevan t  concep t  o r  instantiatio n i s cue d b y th e generi c superfacet ,  bu t  i s 
not  subsume d unde r  it .  Anothe r  Predicat e exampl e i s th e followin g respons e t o 
"My shir t  wa s a  mirror" :  "M y shir t  wa s a  reflectio n o f  myself ,  s o i f  I  ha d o n a 
whit e shir t  I' d b e a  conservative ,  an d i f  I  ha d o n a  wil d shir t  I  woul d b e a  wil d 
person. "  Her e th e shir t  is .  Analogically ,  a n "image "  o f  th e wearer' s personality . 
and th e subjec t  instantiate s thi s Analog y i n term s o f  type s o f  shirt s an d 
personalities . 

Identity ,  Analogy ,  an d Predicat e ar e thre e mai n kind s o f  semanti c combinator s 
tha t  ar e instance s (an d mos t  characteristic )  o f  thre e propose d level s o f  metaphori c 
processing :  global ,  analytical-1 ,  an d analytical-2 .  Elsewher e (Johnso n & 
Pascual-Leone ,  1984 )  I  hav e describe d additiona l  kind s o f  combinator s an d develop -
menta l  dat a tha t  suppor t  th e validit y an d reliabilit y  o f  th e codin g metho d (se e 
als o Johnson ,  Fabian ,  &  Pascual-Leone ,  i n press) .  Her e I  us e th e notion s o f 
semanti c combinator s an d vehicl e facet s t o characteriz e adul t  processin g o f 
metaphors .  I n th e Result s I  us e th e combinato r  name s introduce d abov e t o refe r 
t o th e processin g levels ;  response s code d wit h othe r  kind s o f  combinator s ar e 
assimilate d t o th e appropriat e level. 1 

Results and Discussion 

Leve l  o f  processing .  Subject s typicall y gav e mor e tha n on e interpretatio n 
fo r  a n item ;  th e mea n numbe r  o f  response s acros s subject s an d item s wa s 2. 6 (th e 
modal  number s o f  response s wer e 2  an d 3) .  Of  th e tota l  numbe r  o f  responses ,  17 % 
ar e a t  th e globa l  leve l  (i.e. ,  ar e o f  th e Identit y  type) ,  27 % ar e a t  th e Analog y 
level ,  an d 50 % ar e a t  th e Predicat e leve l  (6 % ar e belo w th e globa l  level ;  e.g. , 
response s tha t  violat e th e realit y constraint s o f  th e topi c o b o r  tha t  d o no t 
make a  mappin g fro m vehicl e t o topic) .  Thus ,  adult s us e al l  thre e processin g 
level s whe n interpretin g metaphors ,  bu t  mor e ofte n respon d a t  th e highe r  levels . 
Eightee n ou t  o f  2 4 subject s gav e response s a t  al l  thre e levels . 
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As on e woul d expect ,  th e Identit y leve l  i s  use d mor e ofte n fo r  item s wit h 
th e shir t  topi c (27% )  tha n fo r  thos e wit h siste r  (7%) .  Shir t  share s mor e 
physica l  facet s wit h th e vehicl e ob s tha n doe s siste r  (i.e. .  Identit y mapping s 
ar e mor e likel y t o b e compatibl e wit h th e semantic s o f  shirt) .  I n orde r  t o sa y 
somethin g meaningfu l  abou t  sister ,  i n ligh t  o f  th e vehicles ,  th e vehicl e facet s 
must  b e transformed :  Fo r  item s wit h th e siste r  topic ,  33 % o f  th e response s ar e 
at  th e Analog y leve l  an d 53 % ar e a t  th e Predicat e level ;  fo r  shirt ,  21 % ar e 
Analogie s an d 46 % ar e Predicates .  "M y shir t  wa s a  butterfly "  ha s th e highes t 
rat e o f  Identit y response s (39%) ;  ther e ar e a  numbe r  o f  butterfl y facet s (e.g. , 
colorful ,  light ,  soft )  tha t  ar e directl y compatibl e wit h possibl e shir t  facets . 
"My siste r  wa s a  mirror "  ha s th e highes t  rat e o f  Analog y respondin g (51%) ;  th e 
most  frequentl y use d mirro r  face t  i s th e mirro r  "image"—subject s mak e numerou s 
Analogie s concerning  resemblanc e i n look s o r  behavior .  Al l  item s yiel d a  hig h 
rat e o f  Predicat e respondin g (rangin g fro m 40-59%) ,  bu t  "M y siste r  wa s a  rock " 
has th e highes t  rate ;  her e th e mos t  frequentl y use d vehicl e facet s refe r  t o th e 
hardness ,  strength ,  an d immobilit y  o f  rock ,  an d i n siste r  thes e aspect s ar e 
transforme d int o Predicate s expressing  emotiona l  coldness ,  strengt h o f  character , 
and stubbornness . 

Vehicle facets. It is often proposed that facets that have high salience in 
th e vehicl e ar e selecte d fo r  mappin g t o th e topi c (e.g. ,  Ortony ,  1979) .  Result s 
of  th e curren t  stud y sho w tha t  som e vehicl e facet s ar e mor e frequentl y use d tha n 
other s i n th e metapho r  interpretation s (on e migh t  characteriz e thes e frequentl y 
use d facet s a s mor e salient) ,  bu t  tha t  th e topi c als o play s a  rol e i n th e 
vehicle-face t  selection .  Fo r  example ,  I  inferre d 2 3 differen t  facet s o f  roc k 
as underlyin g th e 6 1 response s give n t o "M y shir t  wa s a  rock. "  Th e mos t 
frequentl y use d facet s correspon d t o th e hardnes s an d heavines s o f  rocks ;  thes e 
facet s ar e involve d i n 31 % an d 28 % o f  th e responses ,  respectively. ^  Th e nex t 
most  use d facet s refe r  t o th e greyis h colo r  (11% )  an d roug h textur e (10% )  o f 
rocks .  Of  2 6 roc k facet s inferre d t o accoun t  fo r  th e 7 1 response s t o "M y siste r 
was a  rock "  (1 8 o f  thes e als o inferre d fo r  th e shir t  item) ,  th e "hardness "  face t 
i s use d mos t  ofte n an d i s involve d i n 48 % o f  th e responses .  Th e nex t  mos t  use d 
facet s refe r  t o th e strengt h (23%) ,  immobilit y  (rock s d o no t  themselve s move — 
17%,  an d ar e difficul t  fo r  peopl e t o move—18%),  an d changelessnes s (14% )  o f 
rocks .  Thus ,  beyon d wha t  i s likel y th e mos t  salien t  face t  o f  roc k (i.e. , 
"hardness") ,  differen t  facet s ten d t o b e mappe d t o shir t  tha n t o sister ;  simila r 
result s obtai n fo r  th e othe r  vehicl e obs . 

Conclusions 

The notion that the topic and vehicle in a metaphor share low-level content 
facets ,  whic h constitut e th e metaphori c ground ,  i s probabl y tru e onl y fo r 
relativel y trit e metaphor s (e.g. ,  thos e base d o n immediat e topic-vehicl e 
resemblance) .  Th e groun d i s mor e likel y t o b e facet s share d a t  a  highe r  leve l 
(i.e. ,  superfacets) ,  an d thu s on e mus t  propos e som e proces s whereb y conten t 
facet s selecte d fro m th e vehicl e ar e transforme d int o relate d facet s i n th e topic . 
I  formaliz e thi s proces s i n term s o f  semanti c combinators .  Th e vehicl e facet s 
selecte d fo r  mappin g ar e likel y t o b e one s tha t  hav e bee n salien t  i n th e subject' s 
constructio n o f  th e vehicl e o b (o r  tha t  ar e mad e salien t  i n som e context) . 
However ,  i n interpretin g a  metapho r  on e mus t  constru e somethin g meaningfu l  abou t 
th e topic ,  i n ligh t  o f  one' s knowledg e o f  th e vehicle ;  thu s topi c an d vehicl e 
interact ,  i n tha t  th e selecte d facet s i n th e vehicl e mus t  b e transformabl e int o 
pragmaticall y importan t  aspect s o f  th e topi c ob .  On e ca n represen t  metapho r 
interpretation s i n term s o f  vehicl e conten t  an d th e proces s b y whic h thi s conten t 
i s accommodate d t o th e topic . 
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Note s 
* 

Preparatio n o f  thi s pape r  wa s supporte d b y a  Socia l  Science s an d Humanitie s 
Researc h Counci l  o f  Canad a postdoctora l  fellowship .  Th e researc h wa s supporte d 
i n par t  b y a  Natura l  Science s an d Engineerin g Researc h Counci l  o f  Canad a gran t 
t o Dr .  J .  Pascual-Leone ,  wit h who m I  develope d man y o f  th e idea s expresse d here . 

Note that the metaphoric processing levels are ordered because they are 
embeddin g an d becaus e o f  thei r  cognitive-developmenta l  difficultie s whic h lea d 
t o thei r  ordere d emergenc e i n developmen t  (se e Johnso n e t  al. ,  i n press ;  Johnso n 
& Pascual-Leone ,  1984) . 

2 
Response s ca n b e base d o n mor e tha n on e vehicl e facet ;  thus ,  percentage s 

do no t  ad d t o 100% . 
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The Interactio n Betwee n Workin g Memor y 
and Unit s o f  Procedura l  Knowledg e 

Thomas A .  Kanarsk i 
Donal d J .  Fos s 

Universit y o f  Texa s a t  Austi n 

Thi s stud y focuse s o n th e interactio n betwee n unit s o f  procedura l 
knowledg e an d workin g memory .  Evidenc e i s provide d supportin g th e 
concep t  tha t  procedura l  knowledg e i s store d i n memor y a s modula r  unit s 
ofte n referre d t o a s subroutines .  Th e pape r  als o give s evidenc e 
supportin g th e notio n tha t  mor e tha n on e workin g memor y exist s i n 
cognitiv e processing . 

To illustrate the idea of units or modules of procedural knowledge, 
conside r  a  perso n wh o mus t  eliminat e informatio n fro m a  compute r  dat a 
bas e system .  A  reasonabl e descriptio n o f  th e activit y wil l  brea k i t  int o 
a sequenc e o f  chunk s (menta l  o r  behaviora l  units )  tha t  var y i n 
complexit y an d duration .  Fo r  a  particula r  dat a bas e managemen t  system , 
calle d OMNI ,  on e suc h descriptio n is :  1 )  fin d th e information ;  2 ) 
mar k th e informatio n fo r  late r  elimination ;  3 )  el iminat e th e marke d 
information .  Thes e step s ca n b e though t  o f  a s labels .  "Fin d th e 
in fo rmat ion "  wou l d b e a n ident i f ie r  fo r  a  g rou p o r  packe t  o f 
instruction s t o ge t  th e appropriat e dat a displaye d o n th e CRT.  Fo r  th e 
purpose s o f  thi s paper ,  a  packe t  o f  instruction s i s calle d a  uni t  o r 
modul e o f  procedura l  knowledge . 

A module of procedural knowledge may use other units. In the 
example ,  th e "fin d th e information "  modul e ma y us e a  modul e calle d "GET ' 
(instruction s t o us e th e "GET "  comman d i n OMNI) .  I n turn ,  th e "GET " 
modul e ma y us e othe r  modules ,  whic h us e stil l  others ,  an d s o forth , 
unti l  specifi c  moto r  command s ar e issued .  Th e mor e genera l  module ,  "fin d 
th e information, "  deal s wit h a  pla n o f  action ,  th e leve l  a t  whic h thi s 
stud y focuses . 

WORKING MEMORY 

An assumption made in this study is that the units are processed in 
workin g memor y area s tha t  hol d instructio n group s fo r  processin g o n a 
temporar y basi s (Baddele y an d Hitch ,  1974) .  Thi s centralize d setu p 
greatl y reduce s processin g overhea d (Kanarski ,  1984) . 

Two subroutine retrieval models of working memory are considered 
i n thi s pape r  (Sternberg ,  Monsell ,  Knoll ,  an d Wright ,  1980) .  Fo r  a 
discussio n o f  ho w a  limited-capacit y mode l  (Baddele y an d Hitch ,  1974 ) 
and a  competitio n mode l  (Lashley ,  1951 ;  Wickelgren ,  1969 )  o f  workin g 
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memory woul d interac t  wit h unit s o f  knowledg e se e Kanarsk i  (1984) .  Th e 
firs t  subroutin e retrieva l  mode l  (SRM-1 )  load s module s o r  subroutine s 
int o workin g memor y a s needed .  Th e modul e i s processed ,  the n th e nex t 
modul e i s foun d an d loade d int o workin g memory .  SRM- 1 ha s bee n use d t o 
predic t  th e rapi d movemen t  sequenc e o f  speec h an d typin g a t  th e leve l  o f 
moto r  command s (Sternberg ,  e t  al. ,  1980) .  Th e dat a als o sugges t  tha t 
moto r  command module s ar e subjec t  t o eithe r  rapi d deca y o r  destructiv e 
reads . 

A closer look at the plan-of-action level of processing suggests 
tha t  th e rapi d los s o f  informatio n i n workin g memor y ma y no t  b e 
efficient .  Unlik e moto r  movements ,  th e sam e modul e implementin g som e 
portio n o f  th e overal l  pla n i s ver y likel y t o b e repeated .  Usin g th e 
exampl e above ,  a  perso n findin g severa l  item s o f  informatio n i n th e dat a 
bas e whic h ar e t o b e delete d ma y repea t  th e sam e comman d sequenc e 
severa l  time s t o fin d al l  o f  th e items .  I n thi s case ,  i t  woul d b e mor e 
efficien t  t o chec k th e content s o f  workin g memor y an d determin e i f  the y 
ar e neede d fo r  th e nex t  roun d o f  processin g (Kanarski ,  1984) .  Thi s typ e 
of  workin g memor y wil l  b e referre d t o a s th e subroutin e retrieva l  mode l 
-  typ e 2  (SRM-2) .  Th e primar y differenc e betwee n th e tw o workin g memor y 
model s i s whethe r  informatio n i s subjec t  t o rapi d los s (a s i n SRM-1 )  o r 
no t  (a s i n SRM-2) . 

By having a person perform a task for which more than one method 
exists ,  i t  i s  possibl e t o behaviorall y differentiat e th e tw o workin g 
memory models .  Th e exampl e o f  eliminatin g informatio n fro m a  dat a bas e 
usin g th e OMNI  dat a bas e managemen t  syste m i s suc h a  task .  Th e 
appropriat e OMNI  command s ar e "GET "  (fin d th e informat ion) ,  "DELETE " 
(mar k th e informatio n fo r  late r  elimination) ,  an d "WEED"  (eliminat e th e 
informat ion) .  Suppos e th e use r  ha d severa l  item s o f  informatio n t o 
eliminat e fro m th e dat a base .  Th e use r  coul d "GET "  th e locatio n o f  eac h 
item ,  "DELETE "  (mark )  eac h item ,  an d the n "WEED"  al l  o f  th e items .  Thi s 
i s calle d a  shor t  cycl e metho d an d i s denote d b y GET /  DELETE /  WEED / . 
Alternatively ,  th e use r  coul d "GET "  on e ite m an d "DELETE "  (mark )  it . 
Thi s i s repeate d unti l  al l  o f  th e i tem s ar e foun d an d marked .  The n th e 
use r  coul d "WEED"  al l  o f  th e i tems .  Thi s i s calle d a  mediu m cycl e 
metho d an d i s represente d b y GET DELET E /  WEED / .  Usin g th e las t 
possibl e method ,  th e use r  coul d "GET "  on e item ,  "DELETE "  (mark )  it ,  an d 
the n "WEED"  it .  Thi s sequence ,  th e lon g cycl e method ,  i s repeate d fo r 

eac h item .  Thi s metho d i s denote d b y GET DELETE WEED / . 

Suppose that each OMNI command is represented as a module of 
procedura l  knowledg e i n th e user' s memory .  Afte r  processing ,  a  modul e 
i n th e SRM- 1 workin g memor y i s no t  availabl e fo r  furthe r  processing .  I f 
th e modul e i s t o b e use d again ,  i t  mus t  b e foun d an d loade d int o workin g 
memory.  I n term s o f  th e OMNI  task ,  th e tim e fo r  th e operato r  t o restar t 
a DELET E comman d i n th e shor t  cycl e metho d shoul d b e th e sam e a s th e 
tim e t o star t  th e DELETE command afte r  finishin g th e GET command i n bot h 
th e mediu m an d lon g cycl e methods . 
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I n a  SRM- 2 workin g memory ,  a  chec k I s mad e t o determin e i f  th e 
curren t  modul e i s require d fo r  furthe r  processing .  I f  i t  i s  no t  needed , 
th e prope r  modul e i s foun d an d loade d int o workin g memory .  I f  th e 
curren t  modxil e i s needed ,  processing  ca n simpl y b e restarted ,  bypassin g 
th e searc h an d loa d processes .  I n term s o f  th e OMNI  task ,  i t  shoul d b e 
faste r  t o restar t  th e DELETE command i n th e shor t  cycl e metho d tha n t o 
star t  th e DELETE command afte r  finishin g th e GET command i n eithe r  th e 
mediu m o r  lon g cycl e methods .  Also ,  th e t im e t o star t  th e DELET E 
command i n bot h th e mediu m an d lon g cycl e method s shoul d b e th e same . 
Bot h method s requir e tha t  a  ne w modul e (DELETE )  b e foun d an d loade d 
befor e processin g ca n continue . 

METHODS 

The subjects were thirty undergraduates at the University of Texas 
at  Austi n selecte d fro m introductor y psycholog y course s an d thos e 
responding  t o a  newspape r  advertisement .  Al l  o f  th e subject s ha d littl e 
or  n o compute r  experienc e an d the y wer e al l  wer e abl e t o touc h typ e a t 
leas t  3 0 WPM.  Exper t  user s wer e no t  use d becaus e the y woul d hav e 
specialize d tas k strategie s tha t  woul d confoun d th e study . 

The subjects were tested individually. After a typing test, the 
subjec t  wa s give n a  modifie d versio n o f  th e OMNI  manua l  t o read .  Th e 
subjec t  wa s tol d no t  t o memoriz e th e manua l  sinc e i t  woul d b e availabl e 
durin g th e experiment .  Th e subjec t  the n attempte d seve n practic e tasks . 
Thes e coul d b e accomplishe d usin g onl y on e OMNI  command . 

The subject was then given seven experimental tasks. The tasks 
fel l  int o on e o f  thre e type s an d ther e wer e a t  leas t  tw o possibl e 
method s t o accomplis h eac h tas k type .  On e tas k wa s t o eliminat e fiv e 
item s fro m th e dat a base .  Th e method s ar e describe d earlie r  i n thi s 
paper .  Anothe r  tas k wa s t o ad d fiv e item s t o th e dat a bas e an d maintai n 
th e alphabetica l  orde r  o f  th e dat a base .  Th e command s ar e AD D (ad d a n 
ite m t o th e en d o f  th e dat a base )  an d ORDER (ge t  th e dat a bas e i n 
alphabetica l  order) .  Thi s tas k ha s a  shor t  cycl e metho d (AD D /  ORDER / ) 
and a  lon g cycl e metho d (AD D ORDER / ) .  Th e las t  tas k wa s t o chang e 
informatio n o f  fiv e item s i n th e dat a base .  Th e command s ar e GET (fin d 
th e item )  an d CHANGE (chang e informatio n i n th e item) .  Thi s tas k als o 
ha s a  shor t  cycl e metho d (GE T /  CHANGE / )  an d a  lon g cycl e metho d 
(GET CHANGE / ) . 

The instructions for each task stated how the task was to be 
accomplishe d withou t  explicitl y  statin g whic h command s wer e t o b e used . 
Thus ,  eac h subjec t  performe d eac h tas k typ e usin g th e short ,  medium ,  an d 
lon g cycl e methods .  Tha t  is ,  cycl e lengt h wa s th e within-subjec t 
variable .  Th e experimente r  di d no t  giv e th e subjec t  an y hel p unles s 
ther e wa s a n equipmen t  failur e o r  th e subjec t  deviate d fro m th e tas k 
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instructions .  Th e subject s wer e no t  tol d abou t  eithe r  th e experimenta l 
hypothesi s o r  whethe r  a  tas k wa s practic e o r  experimental . 

The subjects were randomly assigned to one of two groups depending 
on th e orde r  tha t  th e task s wer e presented .  Th e task s wer e interweave d 
as no t  t o hav e a  tas k o f  a  particula r  typ e follo w a  tas k o f  th e sam e 
type . 

The commands of interest were DELETE, ADD, and CHANGE. Each of 
thes e command s occure d i n onl y on e tas k typ e an d wer e use d th e sam e 
number  o f  time s i n eac h task .  Th e dependen t  measur e wa s th e mea n time s 
befor e th e third ,  fourth ,  an d fift h us e o f  a  comman d o f  interest .  Th e 
firs t  an d secon d t ime s wer e no t  use d becaus e pilo t  studie s indicate d 
tha t  ther e wer e larg e practic e effect s influencin g th e measure .  B y th e 
thir d us e o f  a  comman d wit h a  task ,  non e o f  th e subject s referre d t o 
eithe r  th e manua l  o r  th e tas k instructions . 

RESULTS 

Three ANOVAs were performed, one for each command of interest. If 
th e las t  thre e time s t o th e nex t  us e o f  a  command coul d no t  b e properl y 
extracted ,  tha t  subject' s dat a wer e throw n ou t  fo r  tha t  comman d only . 
Thi s occurre d onc e i n eac h analysis . 

In each ANOVA, the time to the next use of the command in the short 
cycl e metho d wa s significantl y les s tha n tha t  t im e i n th e lon g cycl e 
metho d (se e Tabl e 1) . 

TASK 

ADD 

CHANGE 

DELETE 

CYCLE LENGTH 

SHORT 
LONG 

SHORT 
LONG 

SHORT 
MEDIUM 
LONG 

MEAN TIM E T O 
THE 

OF 
NEXT US E 
COMMAND 

(SECONDS) 

2.6 5 
3.3 4 

3.8 0 
4.8 8 

3.5 0 
4.4 5 
4.2 4 

TABLE 1 

5.8 6 

DF 

1,2 7 <  .0 5 

12.2 7 1,2 7 <  .0 5 

6.6 5 1,5 4 <  .0 5 
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The orde r  mai n effect s an d th e orde r  b y cycl e lengt h interaction s wer e 
no t  significan t  i n an y o f  th e analyses .  A  planne d compariso n showe d 
tha t  th e tim e t o th e nex t  comman d i n th e shor t  cycl e metho d o f  th e 
DELETE tas k wa s significantl y les s tha n bot h th e mediu m an d long  cycl e 
method s ( F =  13.70 ,  p  <  .05) .  Also ,  th e mediu m an d lon g cycl e metho d 
time s wer e no t  significantl y differen t  ( F <  1.0) . 

DISCUSSION 

The data clearly support the subroutine retrieval model in which 
th e content s o f  workin g memor y ar e no t  subjec t  t o rapi d los s (SRM-2) . 
The faste r  time s t o star t  command s o f  interes t  i n th e shor t  cycl e 
method s ove r  th e long  cycl e method s indicat e tha t  th e curren t  content s 
of  workin g memor y ar e checked .  I f  th e matc h i s successful ,  a s i t  woul d 
be i n a  shor t  cycl e method ,  processin g th e curren t  content s simpl y 
recurs .  I f  th e matc h i s no t  successful ,  a s i n th e mediu m an d lon g cycl e 
methods ,  th e prope r  modul e mus t  b e foun d an d loade d int o workin g memor y 
befor e processin g ca n continue . 

SRM-2 also predicted that there would be no difference in the times 
t o th e nex t  us e o f  th e DELETE command betwee n th e mediu m an d long  cycl e 
methods .  I n bot h cases ,  th e DELET E modul e wa s no t  i n workin g memory . 
The sam e amoun t  o f  t ime ,  o n th e average ,  wa s spen t  searchin g fo r  an d 
loadin g th e modul e i n bot h o f  th e methods . 

The assumption that procedural knowledge is packaged into modules 
simplif ie s computationa l  theorie s o f  cognition .  Th e result s o f  thi s 
stud y wer e als o predicte d unde r  thi s assumption .  Fo r  a  discussio n o f  ho w 
non-modula r  procedura l  knowledg e interact s wit h workin g memor y se e 
Kanarsk i  (1984) . 

The data from this study and from Sternberg, et al. (1980) suggest 
tha t  ther e exis t  a t  leas t  tw o workin g memories .  On e I s responsibl e fo r 
processin g moto r  command modules .  Thi s workin g memor y act s lik e SRM-1 , 
tha t  is ,  ther e i s a  rapi d los s o f  informatio n t o preven t  i t  fro m 
interferin g wit h ne w informatio n comin g int o workin g memory .  Th e othe r 
workin g memor y processe s informatio n a t  th e plan-of-actlo n level .  Thi s 
workin g memor y retain s dat a fo r  possibl e continue d processing .  Tha t 
ther e ma y b e two ,  possibl y more ,  workin g memorie s tha t  hav e differen t 
propertie s i s no t  unreasonable .  Considerin g th e tremendou s replicatio n 
of  neura l  structure s an d localizatio n o f  functio n i n th e brain ,  man y 
workin g memor y areas ,  eac h wit h specialize d processin g capbllities ,  ar e 
certainl y possibl e (Rosenzwei g an d Leiman ,  1982) . 
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Lexica l  Acces s Usin g a  Neura l  Ne twor k 
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Introductio n 

To understand language, one must first be able to access items 

i n a n interna l  lexico n an d retriev e th e semanti c propertie s o f  th e 

toke n specifie d graphemicall y o r  phonemically .  I n recen t  years ,  a 

number  o f  differen t  model s o f  thi s proces s hav e bee n propyosed . 

Thes e includ e Morton' s logoge n mode l  (Morton ,  1982) ,  Mfu-slen -

Wilso n an d Tyler' s interactiv e mode l  (Marslen-Wilso n an d Tyler , 

1978 )  an d th e McClellan d an d Rumelhart' s  interactiv e activatio n 

model  (McClellan d an d Rumelhart ,  1981) . 

One aspect of lexical retrieval that has received a great deal of 

attentio n recentl y i s th e proble m o f  lexica l  disambiguation .  Despit e 

th e fac t  tha t  almos t  ever y c o m m o n wor d i s a  homograp h o r 

homophone ,  w e almos t  alway s acces s th e appropriat e one . 

Althoug h syntactic ,  semantic ,  an d pragmati c cue s constrai n th e 

choic e t o th e appropriat e one ,  al l  meaning s see m t o b e activate d 

initially .  A  mode l  o f  lexica l  memor y mus t  accoun t  fo r  thes e 

properties .  Wit h th e interes t  i n natura l  languag e parsin g b y 

computers ,  a  numbe r  o f  A I  researcher s hav e als o pursue d th e 

proble m o f  lexica l  disambiguation .  Recen t  wor k b y Hirs t  (1983 ) 

describe s on e recen t  approac h whic h consider s psychologica l  dat a i n 

th e implementatio n an d provide s a  revie w o f  recen t  A I  attempt s t o 

resolv e thi s problem . 
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The-Brain-State-in-a-Bo x 

Neural network: The model presented here is part of a 

continuin g effor t  o f  Anderso n an d hi s colleague s (fo r  recen t  reviews , 

see Anderso n e t  al. ,  1977 ;  Anderson ,  1983 )  t o simulat e aspect s o f 

m e m o ry an d categorizatio n usin g a  networ k o f  neuron-lik e elements . 

The us e o f  a  larg e numbe r  o f  interactin g element s functionin g 

simultaneousl y reflect s th e larg e degre e o f  parallelis m foun d i n th e 

nervou s system .  Thi s overcome s th e inheren t  slownes s o f  th e 

individua l  component s an d th e nois y operatin g environment . 

Althoug h w e d o no t  m a k e an y claim s regardin g thes e element s a s 

realisti c manifestation s o f  neurons ,  w e d o believ e tha t  th e majo r 

constraint s impose d b y th e nervou s syste m hav e bee n take n int o 

account .  W e assum e tha t  (1 )  nervou s syste m activit y ca n b e 

represente d a s th e simultaneou s activit y o f  a  grou p o f  neurons ,  (2 ) 

activitie s o f  singl e neuron s ar e code d b y thei r  firin g frequenc y 

(abov e an d belo w stead y stat e levels )  an d bounde d b y a  m a x i m u m 

and m i n i m u m level ,  (3 )  memor y i s distribute d rathe r  tha n localized , 

wit h eac h neuro n participatin g i n eac h m e m o r y trace ,  an d (4 ) 

synapse s associat e activit y i n on e elemen t  wit h anothe r  b y 

incrementin g connectio n weight s b y a  proportio n o f  th e produc t  o f 

value s dependen t  o n pre -  an d post-synapti c activity . 

In our system, learning results in modification of the synaptic 

weight s couplin g tw o neurons .  Th e entir e se t  o f  coupling s i s give n 

by th e matri x A ,  wher e a n elemen t  a -  i s th e synapti c weigh t 

couphn g neuro n i  t o neuro n j .  Unlik e previou s studie s wher e 

learnin g occurre d i n a n unsupervise d environment ,  ou r  curren t 

effort s ar e directe d towar d system s whic h lear n wit h a  "teacher. " 

To begi n a  learnin g trial ,  a  stimulu s i s chose n fro m th e learnin g se t 

describe d i n th e followin g sectio n an d scale d s o non e o f  th e element s 

ar e saturated .  Th e resultin g activit y patter n i s presente d t o th e 

networ k an d successivel y iterate d b y th e schem e 

\+l = BOUND[(A + aDx^] 

where a is a decay constant and 

B O U ND limit s th e activity . 

The activity after tau iterations, x^.^^ , is compared with the desired 

output ,  X ,  provide d b y th e "teacher. ^  Rathe r  tha n simpl y learnin g 

a proportio n o f  th e outer-produc t  o f  x̂ ^̂^ ^  (th e produc t  o f  eac h neuro n 

wit h ever y othe r  neuron) ,  a  proportio n o f  th e outer-produc t  o f  ( X -

x^^ )  i s learned .  Thi s error-correctin g schem e limit s th e amoun t  o f 

learnin g allowe d o n an y give n tria l  an d a s th e curren t  stat e 

approache s th e desire d state ,  les s learnin g occurs .  I n fact ,  i f  th e 

curren t  stat e i s equa l  t o th e desire d state ,  n o learnin g occurs . 
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Stimulu s coding :  Althoug h a  numbe r  o f  modellin g attempt s 

us e non-overlappin g stimulu s representations ,  eac h neuro n 

contribute s t o ever y stimulu s representation .  I n th e simulation s 

below ,  eac h lexica l  entr y i s 64-dimension£ d an d i s forme d b y 

concatenatin g subvector s comprisin g it s graphemic ,  phonemic , 

syntactic ,  an d semanti c (GPYS )  fields .  Eac h field  i s a 

16-dimensiona l  Walsh-Hadamar d vecto r  an d eac h distinc t  valu e o f  a 

give n field  i s represente d b y a  uniqu e Walsh-Hadamar d vector .  I n 

thes e initia l  attempts ,  th e si x word s shovr a i n tabl e 1  wer e learned . 

The 4  he x value s ar e a  shorthan d notatio n wher e eac h valu e 

represent s th e correspondin g Walsh-Hadarmar d vector .  Thus ,  a s 

see n i n th e table ,  al l  noun s hav e identica l  value s i n th e thir d field, 

and likewis e fo r  verbs .  Th e onl y othe r  cas e wit h identica l  value s i n 

th e sam e field  fo r  mor e tha n a  singl e lexica l  entr y i s th e homograp h 

wind .  T o simulat e th e differen t  frequencie s o f  occurranc e i n 

language ,  eac h stimulu s i s represente d a  differen t  numbe r  o f  time s 

i n th e learnin g set .  Des k i s th e mos t  frequent ,  an d aga r  i s th e least . 

Furthermore ,  fo r  th e homograp h wind ,  th e nou n wil l  b e regarde d a s 

th e dominan t  homograp h becaus e o f  it s  greate r  frequenc y relativ e 

t o th e verb . 
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Simulatio n Result s 

In our simulations, we present part of a given lexical entry and 

allo w th e outpu t  o f  th e networ k t o b e fe d bac k unti l  al l  element s 

reac h saturation .  W e tak e th e numbe r  o f  iteration s require d fo r  al l 

element s t o saturat e a s a  measur e o f  reactio n tim e (RT) .  I n al l 

cases ,  th e graphemi c fiel d i s presente d wit h eac h elemen t  i n thi s 

field  full y  saturated .  I n som e cases ,  activit y i s als o presen t  i n th e 

syntacti c o r  semanti c fields . 

Another method probes the semantic field and measures the 

activit y o f  th e curren t  stat e relativ e t o a  numbe r  o f  differen t 

meanings .  Becaus e al l  th e meaning s ar e mutuall y orthogona l  i n th e 

stimulu s codin g schem e use d here ,  th e do t  produc t  o f  th e activit y i n 

thi s field  wit h a  particula r  meanin g yield s a  measur e o f  th e degre e 

t o whic h tha t  meanin g i s activated . 

Lexical access: Two of the most important observations 

regardin g retrieva l  fro m th e lexico n ar e th e effect s o f  frequenc y an d 

hint s o n R T .  Bot h o f  thes e propertie s ca n b e observe d i n Tabl e 2 . 

Thes e result s sho w th e niunbe r  o f  iteration s require d fo r  th e tes t 

stimulu s t o b e correctl y regenerate d afte r  200 ,  500 ,  1000 ,  2000 , 

and 500 0 learnin g trials ,  a s wel l  a s wit h a  "hint. * •I 

The frequenc y effec t  i s  manifeste d i n tw o ways .  First ,  th e 

greate r  th e frequency ,  th e soone r  th e wor d i s correctl y regenerated . 

We se e tha t  des k an d rant ,  wit h relativ e frequencie s o f  4  an d 3 , 

respectively ,  ar e learne d b y th e first  20 0 trials .  Lurk ,  wit h a 

relativ e frequenc y o f  2  i s learne d b y 50 0 trials ,  an d rant ,  wit h a 

relativ e frequenc y o f  1 ,  i s  no t  learne d vmti l  500 0 trials . 

Furthermore ,  unti l  R T reache s som e asymptoti c leve l  (probabl y a s a 

resul t  o f  asymptoti c learning) ,  th e greate r  th e frequenc y o f 

presentation ,  th e faste r  th e RT . 

The second major property of lexical access, the decrease in RT 

wit h contextua l  cues ,  ha s als o bee n simulated .  T o simulat e 

contextua l  cues ,  th e semanti c field  o f  th e entr y (wit h th e magnitud e 

of  eac h elemen t  i n th e subvecto r  equa l  t o 0.5 )  i s als o presente d 

initially .  A s see n i n th e las t  colum n o f  tabl e 2 ,  th e presenc e o f 

thes e cue s decrease d th e R T fo r  ever y wor d excep t  lurk .  I n 

addition ,  w e hav e foun d tha t  a s th e inpu t  become s mor e degrade d 

(reversin g th e activit y o f  a  numbe r  o f  element s i n th e graphemi c 

field),  th e RT s increase . 

Lexical ambiguity: In our approach, ambiguous words are 

treate d i n th e sam e fashio n a s al l  othe r  words .  However ,  us e o f  th e 

dot-produc t  measur e describe d abov e afte r  eac h successiv e iteratio n 

allow s th e time-cours e o f  activatio n o f  th e semanti c field  t o b e 

revealed .  A s i n th e propertie s o f  lexica l  acces s i n general ,  bot h 

frequenc y an d contex t  affec t  whic h meanin g o f  a  homograp h i s 

accesse d initially .  Wit h n o context ,  th e mor e frequen t  (dominant ) 

homograph' s meanin g i s initiall y  accessed .  Wit h th e appropriat e 

contextua l  cue ,  th e les s frequen t  (subordinate )  homograph' s 

meanin g i s als o accessed .  A s i n th e result s o f  Simpso n (1981) ,  w e 
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fin d tha t  i f  th e appropriat e contextua l  cu e i s no t  larg e enough ,  th e 

mor e dominan t  homograph' s meanin g i s accessed . 

However, recent studies reported by Swinney (1982) indicate 

tha t  bot h meaning s ar e initiall y  activated ,  independen t  o f  context . 

As see n i n figur e la ,  wit h n o context ,  bot h th e dominan t  an d 

subordinat e meaning s ar e activate d initially .  Eve n wit h a 

contextua l  cu e biasin g a  particula r  interpretation ,  bot h meaning s 

ar e stil l  activate d (se e figure s l b an d Ic) .  Eve n whe n th e sjmtacti c 

field  i s specified ,  agai n bot h appropriat e an d inappropriat e meaning s 

ar e initiall y  activate d a s see n i n figur e 2 . 

S u m m a ry 

In this study, we present a method of learning, storing, and 

retrievin g stimul i  constructe d a s lexica l  entries .  Ou r  formulatio n 

allow s th e differen t  field s comprisin g a  wor d t o interac t  throug h 

couplin g weights .  I t  i s  thi s propert y whic h allow s th e reconstructio n 

of  th e entir e wor d fro m a  par t  o f  th e stimulus .  Appropriat e hints , 

implemente d a s partia l  activit y i n field s othe r  tha n th e graphemi c 

one ,  decreas e RTs .  I n addition ,  th e sam e schem e use d fo r 

unambiguou s word s i s use d fo r  ambiguou s ones .  W h e n presente d 

wit h a  homograph ,  th e dominan t  on e i s accesse d initially .  However , 

when give n sufficientl y larg e cues ,  th e subordinat e homograp h ca n 

als o b e accessed .  Moreover ,  w e hav e bee n abl e t o sho w tha t  despit e 

conflictin g cue s fo r  on e o f  th e homographs ,  bot h meaning s ar e 

activate d initially .  W e fee l  tha t  thi s approac h i s quit e promisin g 

and ar e currentl y explorin g mor e realisti c codin g scheme s an d 

enlairgin g th e lexicon . 
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LEXICON 

lexica l  entr y 

WIND \wind\ n.; weather 
W I ND \wlnd \  v. ;  rotat e 
D E SK \desk \  n. ;  furnitur e 
A G AR \agar \  n. ;  gelati n 
R A NT \rant \  v. ;  yel l 
L U RK \lurk \  v. ;  hid e 

cod e rel .  freq . 

428 5 
49I C 
2D83 
E78A 
9C1D 
CFI E 

3 
2 
4 
1 
3 
2 

Tabl e 1 .  Complet e lexico n givin g Walsh -
Hadamard codin g representatio n 
and relativ e frequency . 
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RTs A S A  FUNCTION O F LEARNIN G 

wor d 20 0 50 0 100 0 200 0 500 0 hint * 

WIND 
DESK 
AGAR 
RANT 
LURK 

85 
32 
XX 
48 
XX 

33 
15 
XX 
22 
77 

19 
11 
XX 
13 
18 

17 
11 
XX 
12 
11 

20 
11 
23 
12 
11 

11 
10 
13 
10 
11 

XX erro r 
*  afte r  500 0 learnin g trial s 

Tabl e 2 .  RT s a s a  functio n o f  learnin g (200 , 
500 ,  1000 ,  2000 ,  an d 500 0 learnin g 
trials ,  an d effec t  o f  hints) . 
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Fig ,  1 .  Tim e cours e o f  activatio n o f  meaning s 
wit h semanti c cues .  Magnitud e o f 
element s i n th e graphemi c fiel d ar e 
saturated ,  an d th e magnitude s o f  ele -
ment s i n th e semanti c fiel d (rotate ) 

ar e (a )  0.0 ,  (b )  0.05 ,  an d (c )  0.2 . 
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S u m m a r i i i n g th e Wal l  Stree t  Journa l 

Dana S. Kay and John B. Black 

SummariEation, whether it is used incidentally in text comprehension or intentionally as a 

stud y technique ,  u  a n importan t  skil l  t o acquire .  Variou s model s hav e bee n presente d whic h 

attemp t  t o describ e thi s comple x proces s o f  transformin g det̂ le d knowledg e representation s int o 

concise ,  coheren t  summarie s (Lehnert ,  1981 ,  an d va n Dij k an d Kintsch ,  1077) .  Th e majorit y o f 

thes e model s ar e base d upo n th e stud y o f  individua l  summarie s o f  nairatives .  Th e model s wer e 

create d b y notin g differentia l  characteristic s acros s summaries .  Thi s research ,  however ,  use d 

peopl e wit h averag e experienc e i n summarizatio n an d thus ,  onl y a  limite d aspec t  o f  th e 

lummarieatio n proces s wa s examined .  A  proble m wit h thi s approac h i s tha t  i t  doe s no t  allo w on e 

t o stud y summarizatio n a s a  cognitiv e skil l  wit h variou s level s o f  expertise . 

The expert/novice paradigm has recently received a great deal of attention in fields such as 

Cognitiv e Psychology ,  Cognitiv e Science ,  an d Artificia l  Intelligence .  Thi s paradig m i s 

particularl y usefu l  i n th e stud y o f  th e developmen t  o f  a  give n behavior .  Brow n an d Da y (1083 ) 

examine d th e difference s i n th e summarizatio n processe s use d b y novice s (youn g children )  an d 

expert s (graduat e students) .  Usin g variation s o n th e macrorule s o f  va n Dij k an d Kintsc h (1077) , 

the y wer e abl e t o trac e th e developmen t  o f  th e summarizatio n proces s fro m simpl e deletio n o f 

trivia l  an d redundan t  informatio n t o mor e comple x transformationa l  rule s o f  condensation . 

The current study extends the development of summarization to the expert level and examines 

th e characteristic s o f  summarie s afte r  th e acquisitio n o f  basi c summarizatio n strategies .  Thes e 

characteristic s wil l  includ e bot h conten t  difference s an d processin g difference s tha t  ma y b e 

accountin g fo r  difference s i n summarization .  Th e domai n i n whic h w e looke d a t  thes e 

characteristic s i s th e summarizatio n o f  Wal l  Stree t  Journa l  articles .  Thi s domai n i s optima l 
becaus e (1 )  exper t  summarie s appea r  i n th e newspape r  ever y da y an d (2 )  novice s (colleg e 

undergraduates )  understan d th e conten t  o f  articles ,  bu t  lac k advance d summarizatio n knowledge . 

We used six articles from the Wall Street Journal. These articles were chosen because (a) they 

wer e summarize d o n th e fron t  pag e o f  th e pape r  an d (b )  the y wer e writte n i n a  narrativ e styl e 

rathe r  tha n th e styl e o f  a  stoc k report .  Th e storie s wer e abou t  economi c concern s suc h a s 

bankruptcie s an d marketin g changes .  Subjects ,  wh o serve d a s th e novice s i n ou r  experiment , 

wer e aske d t o giv e th e stor y a  titl e an d writ e a  on e t o tw o sentenc e summar y o f  th e story .  Th e 

exper t  summarie s wer e take n directl y fro m th e Wal l  Stree t  Journa l  an d wer e roughl y th e sam e 

length . 

The titles generated by the novices were used to be sure that the subjects understood the main 

topi c o f  th e article .  Fo r  al l  th e stories ,  th e title s wer e simila r  t o th e actua l  articl e titles .  I n som e 

cases ,  th e title s state d th e mai n topic ,  whil e i n othe r  cases ,  th e novice s sensationalize d th e title s 

t o soun d lik e a  newspape r  article .  Th e latte r  findin g suggest s tha t  th e subject s wer e usin g thei r 

knowledg e o f  typica l  newspape r  articles ,  thoug h th e article s wer e referre d t o a s "stories "  i n th e 
experiment . 

To exemplify the novice/expert differences that were observed, we present a sample expert 

summary alon g wit h a  tw o novic e summaries .  Thes e summarie s ar e fo r  a n articl e whic h 

discusse d th e possibl e failur e o f  Osborn e Compute r  an d th e situatio n tha t  th e compan y wa s 
currentl y facing . 
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Exper t  S u m m a i y 

Osboro e Compute r  face s poesibl e failure ,  unles s i t  finds  n  purchaser .  Tb e compan y i s deepl y i n 

debt  t o suppliers ,  jus t  furloughe d nearl y 8 0 % o f  it s employee s an d ha s halte d compute r 

production .  On e possibl e buyer ,  ITT ,  denie s an y involvement . 

Novice Summaries 

Osborne Computer Corp., a portable computer industry, is failing and looking for someone to 

acquir e i t  an d len d i t  mone y fo r  debts .  Th e compan y bega n a s a  prosperous ,  fast-growin g 

company whic h wa s ruine d whe n i t  trie d t o chang e th e compute r  marke t  an d tangle d wit h th e 

jumb o companie s suc h a s IBM . 

Osborn e Compute r  Corp. ,  bein g deep ^  i n debt ,  face s failur e unles s i t  i s  acquire d b y a  brge r 

company ,  possibl y ITT .  It s downfal l  ca n b e attribute d t o to o rapi d a  climb ,  tryin g to o muc h an d 

pressur e fro m a  muc h large r  competitor ,  IBM . 

Before comparing the noyice and expert summaries, we analysed each type of summary and 

possibl e strategie s tha t  coul d accoun t  fo r  th e informatio n tha t  wa s selecte d fro m th e articl e an d 

pu t  i n th e summary .  I t  shoul d b e note d tha t  eac h stor y generall y presente d a  mai n even t  an d 

severa l  sub-event s tha t  eithe r  elaborate d upo n th e mai n even t  o r  describe d pas t  event s relevam t  t o 

th e mai n event .  Ther e ar e thre e type s o f  informatio n reporte d i n th e exper t  summaries .  Th e 

firs t  informatio n typ e i s a  concis e statemen t  o f  th e m u n event .  Thi s statemen t  i s usuall y a 

condense d versio n o f  th e firs t  paragrap h o f  th e article .  T h e secon d typ e o f  informatio n i s a n 

elaboratio n o f  th e event ,  wit h othe r  informatio n presen t  i n th e article .  Usin g th e exampl e above , 

thi s informatio n refer s t o th e secon d sentenc e i n whic h Osborne' s failur e i s define d b y it s debt , 

furloug h o f  employee s an d haltin g o f  compute r  production .  T h e fina l  typ e o f  informatio n presen t 

i n th e dat a refer s t o implication s o f  th e curren t  situation .  Tha t  is ,  statement s abou t  th e futur e 

outcom e o f  th e even t  described .  I n th e exampl e above ,  thi s informatio n i s th e denia l  o f 

involvemen t  b y ITT . 

For the novice summaries, only one of the experts' three types of information is present. 

Novice s presen t  th e mai n topi c o f  th e story ,  bu t  d o no t  elaborat e th e even t  o r  not e th e 

implication s o f  th e event .  Instead ,  the y includ e informatio n abou t  th e cause s o f  th e situation . 

Example s o f  thi s informatio n ca n b e see n i n th e secon d sentence s o f  th e novic e summarie s 

previousl y presented .  Thi s typ e o f  informatio n wa s foun d i n ove r  on e hal f  o f  th e novic e 

summarie s fo r  eac h article .  Thu s suggestin g tha t  novice s se e cause s o f  a n even t  a s mor e 

importan t  tha n elaboration s o r  implication s o f  a n event . 

Having examined the content of each of the novice and expert summaries, we proposed 

algorithm s tha t  coul d accoun t  fo r  thes e observe d behaviors .  I t  appear s tha t  expert s decid e o n th e 

mai n even t  o f  th e articl e an d the n infe r  a  possibl e goa l  tha t  b  activ e fo r  thi s event .  Usin g thi s 

goal ,  th e exper t  follow s th e event s associate d wit h th e goa l  an d note s th e succes s o r  failur e o f 

thes e events .  Tha t  is ,  th e exper t  seem s t o loo k a t  th e futur e result s o f  th e situation . 

The novice summarisation process begins in the same manner as the expert process in that the 

curren t  goa l  i s  inferred .  However ,  rathe r  tha n carryin g th e goa l  throug h t o th e possibl e 

implications ,  novice s attemp t  t o explai n th e goa l  b y reportin g othe r  event s tha t  ar e causall y 

linke d t o th e activ e goa l  an d presen t  thes e events . 

These content differences suggest that there are novice/expert distinctions in summarization 

eve n afte r  the y hav e acquire d th e basi c structura l  strategie s suc h a s thos e presente d i n Brow n an d 

Day .  Thes e distinction s appea r  i n th e differen t  selectio n an d abstractio n strategie s used .  W h e n 
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•electing what to report in a sammary, Dovices focus on the causes of the main topic, whereas, 

expert s focu s thei r  attentio n o n th e possibl e outcome s o f  th e event .  I n addition ,  expert s presen t  a 

mor e detaile d representatio n o f  th e event ,  rathe r  tha n presentin g a  numbe r  o f  causall y relate d 

event s a t  les s detaile d levels . 

The question which must now be answered is why does this difTerence occur? The explanation 

tha t  w e woul d lik e t o giv e fo r  th e observe d difference s i s tha t  novice s ar e viewin g summarizatio n 

as a  proces s b y whic h on e attempt s t o pu t  a s m u c h informatio n a s possibl e fro m th e articl e int o 

th e constraint s o f  th e summary .  A s a  result ,  the y presen t  les s detaile d version s o f  a s m a n y event s 

as possible .  O n th e othe r  hand ,  expert s se e summarie s a s brief ,  coheren t  presentation s o f  th e 

most  importan t  even t  i n th e passage .  Therefore ,  the y presen t  a  mor e detaile d accoun t  o f  th e 

even t  an d th e implication s o f  tha t  even t  tha t  migh t  late r  b e o f  importance . 

However, there are other possible explanations for these results which should be noted. One 

explanatio n i s tha t  th e expert s i n ou r  experimen t  hav e ha d experienc e wit h th e individua l  event s 

an d assum e tha t  th e reader s o f  thei r  summarie s hav e als o bee n followin g th e story .  Thus ,  the y d o 

not  se e th e pas t  causall y relate d event s a s important ,  bu t  rathe r  tr y t o predic t  futur e event s tha t 

th e reade r  shoul d b e awar e of .  W e ar e currentl y testin g thi s explanatio n b y givin g novice s a  se t 

of  relate d article s tha t  describ e th e entir e progressio n o f  th e even t  an d askin g fo r  summarie s o f 

eac h articl e i n th e set .  I f  th e abov e explanatio n i s true ,  the n th e summarie s o f  th e firs t  article s i n 

th e se t  shoul d b e simila r  t o th e novic e summarie s abov e an d th e fina l  summarie s shoul d b e 

simila r  t o th e exper t  summaries . 

Another explanation is that the novices and experts in our study had different goals. That is, 

th e expert s wer e tryin g t o ge t  someon e t o rea d th e ful l  articl e presente d late r  i n th e pape r  an d 

th e novice s wer e simpl y complyin g wit h ou r  instruction s an d presentin g a  basi c summary .  Thi s 

explanation ,  i f  true ,  suggest s tha t  pas t  model s o f  summar y ar e incomplet e i n tha t  th e goal s o f  th e 

write r  o f  th e summar y hav e no t  bee n considered .  W e pla n t o tes t  thi s hypothesi s b y tellin g th e 

novice s tha t  the y ar e writin g a  summar y fo r  th e Wal l  Stree t  Journa l  an d givin g the m a n exampl e 

of  a  summar y writte n fo r  th e paper .  I f  th e goa l  explanatio n i s correct ,  the n th e novic e 

summarie s shoul d b e mor e simila r  t o th e exper t  summaries . 

This study was proposed as an exploratory experiment. From the data, we were able to 

generat e a n numbe r  o f  hypothese s abou t  summarizatio n an d conten t  difference s tha t  ar e presen t 

afte r  th e acquisitio n o f  genera l  summarizatio n rules .  A t  thi s point ,  w e ar e pursuin g severa l  o f 

thes e hypotheses .  I n addition ,  w e us e verba l  protocol s o f  th e summarizatio n proces s t o ge t  a 

bette r  pictur e o f  th e process .  Th e result s tha t  w e hav e observe d thu s fa r  sugges t  tha t 

summarizatio n i s mor e dynami c tha n previou s model s hav e suggeste d an d need s furthe r 

exploratio n o f  th e goal s i n summarizatio n a s wel l  a s th e plan s use d t o achiev e thes e goals . 

Acknowledgements :  Jhi a reeeare h wa s supporte d i p a  gran t  f ro m th e System s Developmen t 

Foundation . 
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Quite often people must learn procedures from written 
instructions .  I n th e contex t  o f  th e currentl y developin g theor y 
of  procedura l  knowledg e an d cognitiv e ski l l ,  thi s tas k mus t 
involv e th e formatio n o f  productio n rule s fro m th e informatio n 
availabl e i n text .  Thi s proces s ha s no t  bee n systematicall y 
explored ;  th e result s reporte d her e provid e a n initia l 
characterization .  Tw o mai n conclusion s wil l  b e presented .  Th e 
firs t  i s  tha t  usin g a  productio n rul e representatio n ca n provid e a 
ver y precis e characterizatio n o f  th e difficult y o f  learnin g 
procedures .  Th e secon d i s tha t  apparentl y ther e ar e powerfu l 
comprehension-lik e processe s tha t  operat e ver y earl y i n learnin g 
on declarativ e representation s o f  productio n rules .  Thi s 
supplement s Anderson' s (1982 )  descriptio n o f  th e acquisitio n o f 
skil l ,  i n tha t  muc h o f  th e wor k o f  learnin g a  procedur e ca n tak e 
plac e befor e a  procedura l  representatio n ha s bee n formed . 

Our approach is to have subjects learn procedures for 
operatin g a  simpl e piec e o f  equipmen t  b y readin g step-by-ste p 
instructions .  B y measurin g th e readin g t ime ,  an d th e accurac y o f 
executio n o f  th e procedure ,  w e ar e abl e t o essentiall y  trac k th e 
acquisitio n o f  individua l  rules .  Th e procedure s ar e related ,  s o 
some transfe r  o f  trainin g i s possible .  A  majo r  resul t  i s  tha t 
thi s transfe r  ca n b e predicte d ver y wel l  base d o n th e productio n 
syste m representatio n fo r  th e procedures .  Thi s pape r  i s highl y 
condensed ;  ful l  detail s ca n b e foun d i n Kiera s an d Bovai r  (i n 
preparat ion) . 

METHOD 

The subjects learned how to operate a device consisting of a 
simpl e contro l  panel ,  whic h i s describe d i n Kiera s an d Bovai r  (i n 
press ,  i n preparat ion) .  Th e goa l  o f  operatin g th e devic e wa s t o 
ge t  a  certai n indicato r  ligh t  t o flash .  Eac h procedur e consiste d 
of  severa l  steps ,  illustrate d i n Table s 1  an d 2 .  Tabl e 1  i s th e 
procedur e fo r  a  "normal "  situation ,  i n whic h th e devic e i s 
operatin g properly .  Tabl e 2  i s th e procedur e fo r  a  "malfunction " 
situation .  Th e devic e coul d b e i n on e o f  severa l  malfunctio n 
states ,  i n whic h som e imaginar y componen t  o f  th e devic e wa s no t 
operating .  Dependin g o n th e natur e o f  th e malfunction ,  th e devic e 
eithe r  coul d b e mad e t o wor k b y a n alternat e procedure ,  o r  coul d 
not .  Th e fina l  ste p i n eac h procedur e wa s t o signa l  succes s o r 
failur e i n gettin g th e devic e t o work .  Not e tha t  thi s wa s a  rot e 
learnin g situation ;  th e interna l  organizatio n o f  th e devic e wa s 
no t  taugh t  t o th e subjects .  Eac h subjec t  learne d a  serie s o f  1 0 
suc h procedure s i n a  fixe d order .  Ther e wer e thre e differen t 
orders ,  chose n a s describe d below ,  wit h a  separat e grou p o f  2 0 
subject s fo r  eac h order . 
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Tabl e 1 
An Exampl e o f  a  "Normal "  Procedur e 

I f  th e comman d i s t o d o th e MA procedure ,  the n d o th e following : 

Step 1. Turn the SP switch to ON. 

Step 2. Set the ES selector to MA. 

Step 3. Press the FM "button, and then release it. 

Step 4. If the PF indicator flashes, 
the n notic e tha t  th e operatio n i s successful . 

Ste p 3 '  Whe n th e P F indicato r  stop s f lashing ,  se t  th e E S selecto r  t o N 

Ste p 6 .  Tur n th e S P switc h t o OFF . 

Step 7. If the operation was successful, 
the n typ e " S "  fo r  success . 

Ste p 8 .  Procedur e i s finished . 

Tabl e 2 
An Exampl e o f  a  "Malfunction "  Procedur e 

I f  th e comman d i s t o d o th e M A procedure ,  the n d o th e following : 

Step 1 . Turn the SP switch to ON. 

Step 2. Set the ES selector to MA. 

Step 3. Press the PM button, and then release it. 

Step 4. If the PF indicator does not flash, 
the n notic e tha t  ther e i s a  malfunction . 

Ste p 5 « I f  th e E B indicato r  i s on ,  an d th e MA indicato r  i s off , 
the n notic e tha t  th e malfunctio n migh t  b e compensate d for . 

Ste p 6 .  Se t  th e E S selecto r  t o SA . 

Step 7. Press the FS button, and then release it. 

Step 8. If the PF indicator does not flash, 
the n notic e tha t  th e malfunctio n ca n no t  b e compensate d for . 

Ste p 9 -  Se t  th e E S selecto r  t o N . 

Step 10. Turn the SP switch to OFF. 

Step 11. If the malfunction could not be compensated for, 
the n typ e "N "  fo r  no t  compensated . 

Ste p 12 .  Procedur e i s finished . 
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To learn each procedure, the subjects first read a set of 
step-by-ste p instruction s fo r  th e procedure ,  suc h a s thos e i n 
Table s 1  an d 2 ,  an d the n attempte d t o execut e th e procedur e o n th e 
device .  I f  the y mad e a n error ,  the y wer e immediatel y informed , 
and the n bega n t o rea d th e instruction s again .  The y wer e require d 
t o execut e th e procedur e correctl y thre e time s i n a  ro w befor e 
precedin g t o th e nex t  procedure .  Th e dat a recorde d wer e th e 
readin g tim e o n eac h ste p o f  th e instructions ,  th e accurac y o f 
eac h ste p whil e executin g th e procedure ,  an d th e spee d an d 
accurac y o f  a  fina l  retentio n test ,  whic h wil l  no t  b e discusse d 
here . 

THEORETICAL ANALYSIS 

The step-by-step instructions exemplified in Tables 1 and 2 
wer e prepare d s o tha t  eac h sentenc e i n th e instruction s appeare d 
t o correspon d t o a  singl e productio n rule ,  on e fo r  eac h ste p o r 
actio n (interna l  o r  external )  involve d i n th e procedure .  Eac h 
procedur e coul d the n b e expresse d a s a  serie s o f  productio n rules . 
Tabl e 3  provide s a n exampl e correspondin g t o Tabl e 1 .  Th e synta x 
of  thes e rule s i s ver y simpl e an d wil l  no t  b e discusse d here .  Se e 
Kiera s an d Poiso n (i n press )  fo r  a  ful l  descriptio n o f  th e 
productio n syste m notation ,  alon g wit h a  descriptio n o f  th e 
user-devic e interactio n simulatio n tha t  wa s use d t o tes t  th e 
productio n rule s fo r  accuracy .  Th e system' s workin g memor y 
contain s description s o f  eithe r  GOALS,  o r  NOTES,  whic h consis t  o f 
non-goa l  item s concernin g processe s underway ,  th e environment ,  o r 
specification s o f  th e task s t o b e accomplished . 

In earlier work with this device (see Kieras and Bovair, 
1983 )  i t  wa s notice d tha t  th e tim e require d t o lear n th e 
procedure s unde r  rot e condition s varie d ove r  a  ver y wid e range . 
Obviou s variable s lik e th e numbe r  o f  step s i n th e procedure ,  o r 
seria l  order ,  coul d no t  explai n thi s variation .  Rather ,  th e 
explanatio n appeare d t o li e i n th e orde r  i n whic h th e procedure s 
wer e learned ,  an d th e relatio n betwee n th e step s i n a  ne w 
procedur e an d thos e tha t  th e subject s ha d alread y learned .  A 
transfe r  proces s wa s define d t o explai n ho w thi s transfe r  o f 
trainin g woul d wor k i n term s o f  productio n rules ,  an d formalize d 
as a  LIS P program . 

The transfer process compares the production rules for a new 
procedur e wit h th e productio n rule s fo r  al l  th e procedure s tha t 
hav e alread y bee n learned .  Eac h rul e i n th e ne w procedur e ca n 
the n b e place d i n on e o f  thre e categories :  Th e rul e i s identica l 
t o a  previousl y learne d rule ,  o r  th e rul e i s completel y ne w 
compare d t o th e alread y learne d rules ,  o r  i t  i s  generalizabl e wit h 
an ol d rule .  Th e generalizabl e categor y require s som e 
explanation :  I f  th e rul e fro m a  ne w procedur e i s simila r  t o a n 
alread y know n rule ,  differin g i n onl y on e ter m i n th e descriptio n 
of  a  goa l  o r  not e i n workin g memory ,  the n thi s ter m i n th e ol d 
rul e ca n b e replace d wit h a  "wil d card, "  whic h matche s an y ter m i n 
memory,  an d th e rul e fro m th e ne w procedur e ca n b e discarded . 



Tabl e 3  "  ,. , 
Exampl e o f  Productio n Rule s ^^ 1 

(MA-N-START 
I P (AN D (TEST-GOA L DO MA PROCEDURE) 

(NOT (TEST-GOA L D O ?? ? STEP)) ) 
THEN ((ADD-GOA L DO SP-O N STEP) )  ) 
(MA-N-SP-ON 
I F (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO SP-O N STEP) ) 
THEN (fOPERATE-CONTROL *3 P ON) 

(WAIT-POR-DEVICE ) 
(DELETE-GOAL DO SP-O N STEP) 
(ADD-GOAL DO ES-SELECT STEP) )  ) 

(HA-N-ES-SELECT 
I F (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO ES-SELECT STEP) ) 
THEN ((OPERATE-CONTROL 'ES S MA) 

(WAIT-FOR-DEVICE ) 
(DELETE-GOAL D O ES-SELECT STEP) 
(ADD-GOAL DO FM-PUSH STEP) )  ) 

(MA-N-FM-PUSH 
I P (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO FM-PUSH STEP) ) 
THEN ((OPERATE-CONTROL •P M PUSH) 

(WAIT-FOR-DEVICE ) 
(OPERATE-CONTROL *P M RELEASED) 
(DELETE-GOAL DO PM-PUSH STEP) 
(ADD-GOAL DO PPI-CHEC K STEP) )  ) 

(MA-N-PPI-CHECK 
I P (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO PPI-CHEC K STEP) 
(LOOK 'PP I  FLASHING) ) 

THEN ((ADD-NOT E OPERATION SUCCESSFUL) 
(DELETE-GOAL DO PPI-CHEC K STEP) 
(ADD-GOAL DO ES- N STEP) )  ) 

(HA-N-ES-N 
I P (AN D (TEST-GOA L D O MA PROCEDURE) 

(TEST-GOAL DO ES- N STEP) 
(LOOK •PP I  OPP) ) 

THEN ((OPERATE-CONTROL •ES S N ) 
(WAIT-POR-DEVICE ) 
(DELETE-GOAL DO ES- N STEP) 
(ADD-GOAL DO SP-OF P STEP) )  ) 

(MA-N-SP-OPP 
I P (AN D (TEST-GOA L D O MA PROCEDURE) 

(TEST-GOAL DO SP-OP P STEP) ) 
THEN ((OPERATE-CONTROL *S P OFF) 

(WAIT-POR-DEVICE ) 
(DELETE-GOAL DO SP-OP P STEP) 
(ADD-GOAL DO TA P STEP) )  ) 

(MA-N-TAP 
I P (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO TA P STEP) 
(TEST-NOTE OPERATION SUCCESSFUL)) 

THEN ((DELETE-NOT E OPERATION SUCCESSFUL) 
(ADD-NOTE TYPE S-PO R SUCCESS) 
(DELETE-GOAL D O TA P STEP) 
(ADD-GOAL DO FINIS H STEP) )  ) 

(MA-N-FINISHED 
I F (AN D (TEST-GOA L DO MA PROCEDURE) 

(TEST-GOAL DO FINIS H STEP) 
(TEST-NOTE TYPE S-PO R SUCCESS)) 

THEN ((DELETE-NOT E TYPE S-PO R SUCCESS) 
(DELETE-GOAL DO FINIS H STEP) 
(DELETE-GOAL DO MA PROCEDURE))  ) 
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The assumption is that the only rules that require 
substantia l  effor t  t o lear n ar e th e completel y ne w ones ;  th e 
identica l  an d generalizabl e rule s shoul d b e ver y eas y t o learn , 
sinc e al l  o r  almos t  al l  o f  thei r  conten t  i s alread y known .  Thus , 
th e numbe r  o f  ne w rule s i n a  procedur e shoul d b e closel y relate d 
t o th e difficult y o f  learnin g th e procedure .  I n th e dat a reporte d 
i n th e rot e conditio n i n Kiera s an d Bovai r  (1983 )  th e numbe r  o f 
new rule s i n a  procedur e account s fo r  79 ^  o f  th e varianc e amon g 
th e mea n trainin g time s fo r  th e 1 0 procedures ,  supportin g th e 
valu e o f  th e productio n syste m analysi s o f  transfe r  i n th e 
learnin g o f  procedures . 

By using three different training orders, this study was 
designe d t o ge t  a  mor e comprehensiv e se t  o f  dat a o n th e relatio n 
of  th e productio n rul e representatio n t o transfe r  o f  training . 
The thre e differen t  trainin g order s wer e chose n b y analyzin g th e 
productio n rul e set s fo r  eac h procedur e usin g th e transfe r  proces s 
program ,  an d selectin g trainin g order s tha t  produce d substantia l 
variatio n i n th e numbe r  o f  ne w rule s i n eac h procedure ,  an d als o 
th e numbe r  o f  ne w rule s i n eac h seria l  positio n i n th e trainin g 
order -

RESULTS 

Trainin g Tim e 

The tota l  trainin g tim e fo r  a  procedur e i s define d a s 
startin g whe n a  subjec t  begin s th e firs t  readin g o f  th e firs t 
sentenc e o f  th e instructions ,  unti l  th e las t  ste p o f  th e las t 
attempte d execution .  Th e trainin g time s fo r  eac h subjec t  o n eac h 
procedur e i n th e thre e trainin g orde r  condition s ( a tota l  o f  60 0 
observations )  wer e analyze d wit h multipl e regressio n i n term s o f 
th e transfe r  statu s o f  th e rule s i n eac h procedure .  Figur e 1 
shows th e predicte d an d observe d mea n time s an d th e fina l 
regressio n equation .  Th e mos t  importan t  predicto r  variabl e wa s 
th e numbe r  o f  ne w rule s i n eac h procedur e (NEW) ,  whic h alon e coul d 
accoun t  fo r  69 ^  o f  th e variance .  Th e partia l  regressio n 
coefficien t  fo r  NE W i s substantiall y  large r  tha n thos e fo r 
identica l  (OLD )  rule s an d generalizabl e rule s (GEN) ,  whic h wer e 
ver y similar .  I n addition ,  ther e wer e othe r  effects ,  notabl y som e 
learning-to-lear n effect s (FIRS T an d ORDER),  an d a n apparen t 
"overload "  effec t  (C2PIRST) ,  i n whic h th e firs t  procedur e i n th e 
secon d trainin g orde r  conditio n wa s ver y comple x an d too k a n 
extremel y lon g amoun t  o f  tim e t o learn .  Detail s appea r  i n Kiera s 
and Bovai r  (i n preparat ion) .  Despit e thes e othe r  effects , 
however ,  th e productio n syste m variable s provide d b y th e transfe r 
proces s explai n th e trainin g time s ver y wel l ;  i n fact ,  th e numbe r 
of  ne w rule s i s a  bette r  predicto r  tha n th e subjects '  individua l 
means! 

Thus, by analyzing the procedures in terms of production 
rules ,  an d th e relation s betwee n them ,  i t  i s  possibl e t o accoun t 
fo r  th e difficult y o f  th e learnin g th e procedure s wit h grea t 
precision . 
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Reading Time 

The time required to read each sentence of the instructions, 
was average d ove r  procedures ,  bu t  classifie d b y trainin g tria l 
(e.g .  firs t  reading ,  secon d reading ,  etc. )  an d b y th e transfe r 
statu s o f  th e correspondin g productio n rules .  Figur e 2  show s 
thes e means .  Th e ke y poin t  i s  simple .  Ther e wa s a  substantia l 
differenc e i n th e readin g time s fo r  instructio n step s dependin g o n 
th e transfe r  statu s o f  th e correspondin g productio n rule .  Th e 
readin g time s fo r  generalizabl e an d identica l  rule s wer e almos t 
identical ,  bu t  readin g time s fo r  ne w rule s wer e muc h longer .  A 
ke y resul t  i s  tha t  thi s differenc e appear s o n th e firs t  reading , 
meanin g tha t  subject s ca n immediatel y distinguis h whethe r  a 
sentenc e describin g a  ste p correspond s t o a  ne w rul e o r  a n ol d 
one ,  an d gover n thei r  readin g an d stud y tim e accordingly . 

CONCLUSIONS 

A basic conclusion is that production rules, as a way to 
represen t  procedura l  knowledge ,  ca n provid e a  detaile d accoun t  o f 
learning .  Thi s support s th e approac h suggeste d b y Kiera s an d 
Poiso n (i n press )  wh o sugges t  tha t  th e production-rul e theor y o f 
skil l  acquisitio n i s usefu l  fo r  practica l  applications .  Tha t 
ther e ar e othe r  phenomen a involved ,  suc h a s th e "overload " 
describe d above ,  i s clarifie d b y th e productio n syste m analysi s a s 
well . 

These results present a puzzle for the theory of skill 
acquisitio n a s formulate d b y Anderso n (1982) .  Th e transfe r 
proces s define d her e ha s man y similaritie s t o som e o f  Anderson' s 
compilatio n an d tunin g processes .  However ,  hi s processe s ar e 
define d i n term s o f  operation s o n procedura l  representations . 
Thes e ar e constructe d a s a  by-produc t  o f  th e activit y o f  genera l 
interpretiv e procedure s tha t  ar e drive n b y a n initia l  declarativ e 
encoding .  However ,  i n thes e results ,  rule s ar e bein g compared , 
modified ,  an d constructe d ver y rapidly ,  an d apparentl y befor e the y 
exis t  i n a  procedura l  form .  A s Figur e 2  shows ,  a  generalizatio n 
proces s ca n apparentl y occu r  o n th e firs t  reading ,  an d i s almos t 
as fas t  a s recognizin g a n identica l  rule .  Althoug h ther e i s n o 
rigorou s basi s a t  thi s tim e fo r  sayin g so ,  i t  seem s tha t  thes e 
aspect s o f  th e result s ar e no t  reasonabl y subsume d unde r 
Anderson' s compilatio n an d tunin g processes . 

Instead, perhaps the work of relating new and old rules is 
don e b y processe s simila r  t o thos e propose d fo r  macroprocessin g i n 
comprehensio n (e.g .  Kieras ,  1982) ,  whic h ca n compare ,  modify ,  an d 
construc t  comple x prepositiona l  representation s whil e readin g i s 
goin g on .  Thus ,  subject s translat e th e instructio n sentenc e int o 
a declarativ e representatio n o f  a  complet e productio n rule ,  whic h 
ca n the n b e relate d t o othe r  suc h representations .  A s i n 
Anderson' s proposals ,  thi s declarativ e representatio n woul d b e 
interprete d b y a  genera l  procedur e fo r  followin g instructions ,  an d 
th e procedura l  for m o f  th e rule s woul d eventuall y b e formed . 
However ,  correc t  executio n o f  th e procedur e woul d begi n whe n th e 
declarativ e rul e se t  ha s bee n successfull y encoded ,  an d th e tim e 
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required to do so would depend on how much use could be made of 
previousl y learne d rul e representations .  Thus ,  whe n procedure s 
ar e acquire d fro m text ,  comprehension-lik e processe s ca n pla y a 
majo r  rol e earl y i n learning ,  leavin g th e compilatio n an d tunin g 
processe s t o gover n learnin g onc e th e initia l  declarativ e for m o f 
th e rule s i s i n place . 
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Abstrac t 

Children (4 to 6 years old) were presented with problems requiring from 4 to 

7 move s fo r  solution .  Th e problem s wer e constructe d suc h tha t  th e subgoa l 

orderin g wa s ambiguous .  Children' s performanc e wa s consisten t  wit h a 

generat e an d tes t  strateg y tha t  ha d a  2-mov e lookahea d fo r  a  goa l  state ,  a 

no-backu p constrain t  an d som e partia l  evaluatio n o f  progres s towar d th e goal . 
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When faced with problems in unfamiliar domains, adults draw on a small 

repertoir e o f  processe s calle d "wea k methods' ,  includin g generate-and-test , 

heuristi c search ,  means-end s analysis ,  hill-climbing ,  an d plannin g (Newell ,  1969 ; 

Lair d &  Newell ,  1983a) .  Th e wea k method s ar e usuall y inadequat e an d inefficien t 

compare d t o knowledge-rich ,  problem-specifi c  methods .  Nevertheless ,  the y ar e 

extremel y general ,  an d the y ofte n provid e th e onl y basi s fo r  intelligen t  action . 

Young childre n als o us e rudimentar y form s o f  wea k method s requirin g th e us e o f 

subgoals ,  suc h a s means-end s analysi s (Klahr ,  1978 ;  Klah r  &  Robinson ,  1981 ,  Spit z 

8» Borys ,  1984 ;  Spitz .  Webster ,  &  Borys ,  1982) . 

Klahr 8t Robinson (1981) presented pre-school children with two variants of the 

Tower  o f  Hano i  (TOH) .  The y foun d tha t  performanc e decline d whe n subgoa l 

orderin g wa s no t  self-evident .  O n th e standar d "tower-ending "  problems ,  i n whic h 

al l  th e object s ar e stacke d o n a  singl e peg ,  i t  i s  clea r  tha t  th e bottom-mos t  objec t 

must  ge t  t o th e goa l  pe g first ,  the n th e secon d fro m th e bottom ,  an d s o on .  Thi s 

subgoa l  sequenc e i s apparen t  eve n thoug h th e exac t  mov e sequenc e necessar y t o 

achiev e i t  i s  not .  O n thes e problems ,  hal f  o f  th e 6-year-ol d subject s coul d solv e 

6-mov e problems ,  an d eve n 5-yea r  old s wer e abl e t o solv e 4-mov e problem s 

most  o f  th e time . 

On "flat-ending" problems, in which each peg has one object on it, the 

proportio n o f  5 -  an d 6-year-old s w h o coul d reliabl y pla n a t  leas t  fou r  move s 

ahea d droppe d fro m 8 1 % t o 40% .  Flat-endin g problem s d o no t  hav e a n obviou s 

orde r  i n whic h disk s reac h thei r  goa l  pegs .  Whe n th e surfac e for m o f  th e proble m 

doe s no t  sugges t  a n unambiguou s orderin g o f  subgoals ,  the n childre n hav e a 

difficul t  tim e applyin g MEA.  Instead ,  the y mus t  us e a n eve n weake r  on e o f  th e 

weak methods . 

This study further investigates how pre-school children behave when confronted 

wit h suc h ambiguou s subgoa l  problems .  W e addres s th e followin g questions : 

* Do children move haphazardly when subgoals are ambiguous? 

* Do children avoid unnecessary backup? 

* Do children advance directly toward a goal once it becomes "visible"? 

* Are children reluctant to move away from a goal temporarily in order 

t o ultimatel y reac h it ? 

* Are they easily led down "garden paths'? 



Ambiguou s sub-goal s 

228 

Th« Dog-Cat-Mous e Puzzl e 

The Oog-Cat-Mouse (OCM) puzzle consists of three toy animals and three toy 

food s tha t  "belong '  t o th e animal s ( a bone ,  a  fis h an d a  piec e o f  cheese )  arrange d 

on th e game-boar d illustrate d i n Figur e 1 .  Th e boar d ha s fou r  groove s runnin g 

paralle l  t o eac h sid e o f  th e square ,  an d a  diagona l  groov e betwee n th e uppe r  lef t 

and lov«̂e r  righ t  corner s o f  th e squar e forme d b y th e fou r  outsid e grooves .  Th e 

animal s ca n b e move d alon g th e groves ,  an d th e food s ca n b e fastene d t o an d 

unfastene d fro m eac h o f  th e fou r  corners . 

Fis h 

Cheese 

Figur e 1 The apparatu s fo r  th e Dog-Cat-Mous e problem .  Eac h anima l 

must  b e move d t o it s favorit e food :  th e do g t o th e bone ,  th e 

cat  t o th e fish ,  an d th e mous e t o th e cheese . 

A proble m consist s o f  a n initia l  stat e ~  indicate d b y som e arrangemen t  o f  th e 

animal s an d a  fina l  stat e — indicate d b y som e arrangemen t  o f  th e foods . 

Problem Set 

The stat e spac e fo r  th e D C M puzzl e i s illustrate d i n Figur e 2  .  Eac h nod e 

represent s a  lega l  configuration .  Th e labe l  o n eac h ar c correspond s t o th e anima l 

tha t  wa s move d t o ge t  fro m on e stat e t o it s neighbor . 
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m ^  d  R l 

t 3 H  S 

Figur e 2 Stat e spac e fo r  th e D C M problem .  Eac h nod e represent s a 

uniqu e configuratio n o f  th e thre e animals . 

Severa l  propertie s o f  th e stat e spac e ar e relevan t  t o ou r  subsequen t  discussion : 

* Rotation problems have both initial and final states on the same 

hexago n — eithe r  th e inne r  o r  th e outer .  The y hav e minimu m path s 

tha t  d o no t  us e th e diagona l  o f  th e gam e boar d (Examples :  1-5 ,  23-17) . 

Permutatio n problem s hav e initia l  an d fina l  state s o n differen t 

hexagons ,  an d requir e th e us e o f  th e diagonal .  Thes e problem s star t 

and en d wit h differen t  permutation s o f  th e thre e animals ,  an d th e 

permutatio n orde r  ca n b e change d onl y b y usin g th e diagona l 

(Example s 1-15 ,  22-3) . 

* Permutation problems generally have several minimum paths. For 

example ,  th e minimu m pat h fro m nod e 1  t o nod e 1 9 coul d cros s fro m 

th e oute r  t o th e inne r  loo p a t  node s 2 ,  4  o r  6 . 

* If we abstract over the specific identity of the pieces, then there are 

onl y tw o type s o f  nodes :  thos e wit h ope n diagonals ,  havin g thre e 

adjacen t  state s (e.g. ,  2 ,  4 ,  19 ,  21) ,  an d thos e wit h close d diagonals , 

havin g tw o adjacen t  state s (e.g. ,  1 ,  3 ,  18 ,  20) .  A t  a n ope n node ,  ther e 

ar e thre e possibl e moves ;  a t  a  close d node ,  ther e ar e tw o possibl e 

moves . 



Ambiguou s sub-goal s 230 

Proble m Ml«ctio n 

Problems were designed to vary path length (from 4 to 7), type of initial node 

(ope n o r  close d diagonal) ,  an d proble m typ e (permutatio n o r  rotation) .  Th e eigh t 

problem s selecte d ar e liste d i n th e botto m sectio n o f  Tabl e 1 .  I n addition ,  four 

three-mov e trainin g problem s wer e used .  The y ar e s h o w n a t  th e to p o f  Tabl e 1 . 

Tabt o 1 :  Prebla m S« t 

Trainin g 
S«t 

Probla m 
S«t 

T1 
T2 
T3 
T4 

1 

2 
3 
4 
5 
6 
7 

8 

Initla t 
Stat a 

1 
7 

12 
2 

17 
18 
11 
10 
13 
24 
14 
15 

Qoai 
Stat a 

4 
22 
9 
17 

21 
8 

20 
S 

19 
18 
7 
8 

Pit h 
Langt h 

3 
3 
3 
3 

4 
4 
S 
5 
6 
6 
7 
7 

Initia l 
Noda 

closa d 
closa d 
opan 
opan 

opan 
closa d 
closa d 
opan 
opan 
closa d 
closa d 
opan 

Probla m 
Typa 

rotatio n 
parmutatio n 
rotatio n 
parmutatio n 

rotatio n 
parmutatio n 
parmutatio n 
rotatio n 
rotatio n 
rotatio n 
parmutatio n 
parmutatio n 

Subject s 

Metho d 

Thirty-nin e predominantl y middle-clas s children ,  rangin g i n ag e fro m 4 5 t o 7 0 

month s old ,  complete d thi s experiment . 

Procedure 

Problem s wer e presente d i n th e orde r  show n i n Tabl e 1 .  Childre n wer e tol d a 

cove r  stor y abou t  animal s wh o wante d t o ge t  t o thei r  favorit e food .  Childre n wer e 

give n tw o chance s t o produc e a  minimu m pat h solutio n t o eac h problem .  I f  a 

proble m wa s solve d i n th e minimun h numbe r  o f  moves ,  the n th e nex t  proble m i n 

th e sequenc e wa s presented .  I f  i t  wa s solve d i n mor e tha n th e minimu m number , 

or  i f  i t  ha d no t  bee n solve d afte r  twic e th e minimu m numbe r  o f  move s ha d bee n 

made,  the n i t  wa s presente d a  secon d time .  Regardles s o f  whethe r  th e secon d tria l 

produce d th e minimu m path ,  a  longe r  solutio n path ,  o r  n o solution ,  th e nex t 

proble m i n th e sequenc e wa s the n presented . 
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Result s 

For each trial, subjects were assigned a 0/1 score based on the number of 

moves the y made .  I f  th e numbe r  o f  move s mad e o n an y tria l  wa s greate r  tha n tw o 

mor e tha n th e minimu m path ,  the n th e scor e wa s 0 ,  otherwis e i t  wa s 1 .  Not e tha t 

th e scorin g i s somewha t  mor e lenien t  tha n th e actua l  procedur e use d t o decid e 

whethe r  o r  no t  t o repea t  a  trial .  T w o extr a move s wer e allowe d becaus e the y 

correspon d t o c o m m o n mino r  error s i n thi s particula r  stat e space : 

* On rotation problems, if subjects unnecessarily use the diagonal to 

move fro m th e inne r  t o oute r  hexagon ,  an d the n mov e bac k t o th e 

correc t  hexagon ,  the y wil l  mak e tw o extr a moves . 

* If subjects make a false start, but immediately correct it, then they will 

make tw o extr a moves . 

Each subject was assigned a score based on the percentage of passes (Is) — on 

eithe r  th e firs t  o r  secon d presentatio n o f  eac h proble m — acros s th e eigh t 

problems .  Eac h proble m wa s assigne d a  scor e base d o n th e proportio n o f 

subject s passin g it .  Th e scores ,  ranke d b y subjec t  performanc e an d proble m 

difficulty ,  ar e show n i n Tabl e 2 . 

Subjects' performance varied widely: from maximum scores for the three best 

subject s t o almos t  tota l  failur e fo r  th e wors t  subject .  Proble m difficult y als o varie d 

widely :  fro m nearl y al l  subject s passin g th e easies t  proble m t o abou t  two-third s o f 

th e subject s failin g th e hardes t  problems . 

The most important result shown in Table 2 is the rank order of the problems. 

Recal l  tha t  th e problem s varie d i n pat h lengt h fro m 4  move s (problem s 1  an d 2 )  t o 

7 move s (problem s 7  an d 8) .  Pat h lengt h i s a  poo r  predicto r  o f  proble m difficult y 

(r  =  .34) .  (Se e als o th e soli d lin e i n Figur e 3. )  Th e tw o easies t  problem s ar e als o 

th e tw o shortest ,  bu t  eve n thoug h the y bot h hav e a  pat h lengt h o f  4 ,  ther e i s a 

2 0 % differenc e i n th e proportio n o f  subject s passin g them .  Th e nex t  tw o easies t 

problem s ar e th e tw o longes t  ( 7 moves) .  Th e fou r  hardes t  problem s ar e 

intermediat e i n pat h length ,  an d withi n tha t  set ,  ther e i s a  larg e differenc e betwee n 

th e pair s wit h th e sam e pat h length . 

In the following analysis, we will show how path length, solution strategy and the 

structur e o f  th e proble m spac e interac t  t o produc e thi s patter n o f  results . 

Strategic analysis 

How might children attempt to solve these problems? In this section we will 

describ e a  basi c strateg y an d compar e i t  t o th e subjects '  performance .  The n w e 

wil l  propos e severa l  variation s o n tha t  strategy ,  an d sho w tha t  non e o f  the m fi t  th e 

dat a a s wel l  a s th e basi c strategy . 

Consider the following procedure — called Strat2 — for making moves in the 
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Tabi a 2 :  Pass/fai l  score s (b y secon d trial )  fo r  al l  subject s o n al l 

problems .  Ranke d fro m bes t  t o wors t  subjec t  an d easies t  t o hardes t  problem . 

Proble m 

Number  7 

Subjec t 

4 1 

12 1 

26 1 

18 1 

20 1 
17 1 

5 1 
11 1 
14 1 

33 1 

3 1 

36 1 
27 1 

2 1 

16 1 
7 

39 

56 
41 

51 
1 1 

13 

19 
50 

9 
29 

6 
30 

15 1 
25 
31 
43 

45 
8 

40 

10 

55 
24 

42 

Proble m 

mean 

t  1 

1 0 

1 0 

1 0 
1 1 

)  0 

1 1 

1 1 

1 0 
1 1 

1 1 

1 1 

1 1 
B 0 

1 0 
1 0 

1 0 

1 0 

95 .7 4 

8 

1 

1 

1 

1 

1 

1 

1 
1 

1 

1 

1 

1 

1 
1 

1 

1 

1 

1 

1 

0 
1 

1 

1 

1 

1 
1 

0 
0 

1 

0 
0 
1 

0 

0 

0 
0 

0 

0 

0 

AQ 

7 

0 
0 

0 

0 

0 

0 

0 
0 
1 

1 

1 

0 

0 
0 

0 

0 

0 

0 

0 

CO 

3 

0 
0 

0 

0 
1 

1 

1 

0 

0 
1 

1 

1 

1 

0 

0 
1 

0 
1 

0 
1 

0 

0 

0 

0 

0 
1 

1 

0 
0 

0 

0 

ff  « 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 
1 

0 

0 
1 
• 

1 
1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

6 

1 

1 

1 

0 

1 
• 

1 

0 
1 

1 

0 

0 

0 
1 

0 

0 
1 

1 

0 
1 

0 

0 

0 
0 
1 

0 
0 

0 

0 
0 

0 

0 
1 

0 

0 

0 

0 

0 
0 

4 

1 

1 

1 

1 

0 

0 

0 

0 

0 

0 
1 

1 

1 

1 
1 

0 

0 

0 

1 

1 

1 

0 

0 
0 

0 
0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

mean 

1. 0 

1. 0 

1. 0 

88 

88 

85 

.7 5 

.7 5 

.7 5 

.7 5 

.7 5 

.7 5 

.7 5 

.7 5 

.7 5 

.6 3 

.6 3 

.6 3 

63 

.6 3 

.5 0 

50 

.5 0 

.5 0 

50 

50 

.5 0 

.4 3 

38 

38 

.3 8 

'  3 8 

38 

38 

38 

25 

25 

.1 3 

.1 3 

51 50 34 .3 3 
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D CM stat e space : 

1. If there is a two-move sequence that can reach the goal state, then 

make it ,  otherwise : 

2. Generate all candidate moves: (all legal moves, except the piece just 

moved. ) 

3. If there is more than one candidate, choose randomly. 

4. Go to step 1. 

This is a simple generate-and-test strategy, with two constraints: a) Two-move 

lookahea d t o th e goa l  state .  Th e lookahea d ha s a  ver y simpl e evaluatio n function : 

th e stat e i s eithe r  th e goa l  stat e o r  i t  i s  not .  N o partia l  evaluation s ar e mad e 

(suc h a s th e numbe r  o f  piece s i n thei r  goa l  positions. )  b )  N o immediat e backup .  I n 

th e D C M puzzle ,  a  constrain t  agains t  movin g th e sam e piec e twic e i s equivalen t  t o 

a prohibitio n o n immediat e backup . 

We can determine the probability that Strat2 would discover a minimum path 

solutio n fo r  eac h proble m b y computin g th e compoun d probabilitie s tha t  i t  wil l 

sta y o n a  minimu m path . 

By applying this analysis to each of the eight problems, we can compare the 

probabilit y  tha t  Strat Z woul d pas s eac h proble m wit h th e subjects '  actua l 

performance .  Fo r  eac h o f  th e problem s i n Tabl e 3  — ranke d fro m easies t  t o 

hardes t  — w e hav e liste d th e proble m number ,  th e initia l  an d fina l  states ,  th e pat h 

length ,  th e probabilit y  tha t  Strat 2 woul d fin d th e minimu m pat h solutio n o n a 

singl e trial ,  th e probabilit y  tha t  Strat 2 woul d b e successfu l  i f  i t  wer e give n tw o 

chance s t o fin d th e minimu m path ,  and ,  i n th e fina l  column ,  th e proportio n o f 

subject s passin g eac h proble m b y th e secon d trial . 

Tabl e 3 :  Subjec t  p«rformane « an d Moda l  psrformane * 

Probia m 
Number 

2 

1 
8 
7 
3 
5 
6 
4 

State s 
Initia l  Fina l 

1 8 —> 8 
17 >  2 1 
15 >  8 
14 >  7 
11 — > 2 0 
13 — > 1 9 
24 >  1 8 
10 >  5 

Pat h 
Lengt h 

4 
4 
7 
7 
5 
6 
6 
5 

Strat 2 
P 

500 
333 
500 
.50 0 
.37 5 
.33 3 
.25 0 
.16 7 

2p-p 2 

.75 0 
556 
.75 0 
.75 0 
.60 9 
.55 6 
.44 0 
.31 0 

Proportio n 
Passin g 

95 
.7 4 
69 
59 
51 
50 
34 
33 
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A plo t  Of  bot h th e model' s an d th e subjects '  likelihoo d o f  succes s fo r  eac h 

problem ,  i s show n i n Figur e 3 .  Strat 2 explain s almos t  6 0 % o f  th e varianc e i n 

proble m difficuit v { £ -  767 ,  t  -  2.9 ,  d f  -  7 ,  p  <  .05) .  I f  w e eliminat e th e tw o 4 -

move problems ,  whic h wer e muc h easie r  fo r  th e subject s tha n fo r  th e model ,  the n 

th e correlatio n betwee n Strat 2 an d subjec t  performanc e i s r  »  .9 5 {t-6.02 ,  df=»5 ,  p 

< .01) . 

1.0 0 

90 

.8 0 

w 
O o 
c 
o ' Z 
ta e a e t» 0. 

.7 0 

.6 0 

SO 

Subitct t 

Stro t  2 

4 0 -Stro t  1 / 

.30 - <i* 

_L A. A. 
3 4  5  6 

Probia m Numb* r 

Figur e 3 Probabilit y  o f  passin g a  proble m b y th e secon d tria l  fo r  subject s 

{soli d line) ,  Strat 2 (dashe d line )  an d Strat i  (dotte d line) . 

Strat 2 ca n b e characterize d a s a  rando m wal k throug h th e stat e spac e wit h tw o 

constraints :  n o immediat e backup ,  an d a  two-ste p lookahea d fo r  th e goa l  state . 

We ca n as k tw o question s abou t  thes e constraints .  First ,  ho w wel l  d o subject s 

adher e t o them ? Second ,  ho w importan t  ar e they ? 

The No-Backup Constraint. Children's compliance with the no-backup constraint 

was assesse d b y countin g th e numbe r  o f  time s -  ove r  bot h successfu l  an d 

unsuccessfu l  trial s -  tha t  the y move d th e sam e piec e twic e i n succession .  Overall , 

ther e wa s a  violatio n rat e o f  11% .  I f  move s wer e mad e withou t  th e constraint ,  w e 

woul d expec t  3 3 % o f  move s t o b e doubl e moves . 

Removin g th e no-backu p constrain t  fro m Strat 2 substantiall y  reduce s th e 

probabilit y  o f  solution .  Al l  th e two-wa y branche s becom e three-wa y branches . 
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and all the direct connections (e.g., 11-10 in problem 7) become binary nodes. 

Even wit h two-mov e lookahead ,  suc h a  mode l  woul d perfor m fa r  belo w th e 

averag e solutio n rate s fo r  ou r  subjects . 

Depth of Lookahead. Compliance with the two-move lookahead constraint was 

assesse d b y computin g th e proportio n o f  trial s i n whic h subject s mov e t o th e goa l 

directl y fro m state s tha t  ar e n  move s distan t  fro m th e goal .  Figur e 4  show s th e 

actua l  proportio n o f  minimu m pat h solution s a s a  functio n o f  distanc e fro m th e 

goal .  Als o show n ar e th e proportion s predicte d b y Strat 2 an d b y a  rando m mov e 

generator . 

Strat2's two-move lookahead predicts perfect performance from up to 2 moves 

away fro m a  goal ,  an d the n a  shar p decline .  Subjec t  performanc e i s indee d quit e 

goo d a t  2  move s away ,  bu t  i t  remain s hig h (nearl y 90% )  fo r  3  move s away ,  rathe r 

tha n droppin g a s predicted .  I n fact ,  abou t  4 0 % o f  th e subject s exhibite d perfec t 

performanc e onc e the y wer e 3  move s awa y fro m th e goal . 

Given this relatively good performance from 3 moves away, it is reasonable to 

conside r  a n alternativ e t o Strat 2 tha t  differ s onl y i n havin g three-move ,  rathe r  tha n 

two-mov e lookahea d t o th e goal .  Strat 3 woul d produc e ver y hig h likelihood s o f 

succes s withi n tw o trials ,  rangin g fro m .9 7 an d .9 4 fo r  problem s 8  an d 7 ,  t o low s 

of  .5 6 fo r  problem s 1 ,  4 ,  an d 5 .  No t  onl y doe s Strat 3 produc e unacceptabl y hig h 

solutio n rates ,  bu t  also ,  i t  onl y explain s abou t  5 % o f  th e varianc e i n subjects ' 

solutio n rates . 

If we degrade the two-move lookahead to a one-move lookahead, then we get a 

model  tha t  explain s onl y 2 6 % o f  th e variance . 

All-or-none Evaluation. Associated with Strat2's two-move lookahead is an all-

or-non e evaluatio n function .  I f  th e childre n wer e usin g a  partia l  evaluatio n 

functio n tha t  wa s sensitiv e t o som e — bu t  no t  al l  — o f  th e piece s bein g i n thei r 

goal  positions ,  the n w e shoul d se e tw o kind s o f  biase s i n thei r  mov e patterns . 

One bia s woul d sho w u p a s a  tendenc y t o favo r  move s — earl y i n th e solutio n 

— tha t  increas e th e numbe r  o f  piece s i n thei r  goa l  locations .  Fo r  example ,  i n 

Proble m 2  (1 8 — > 8) ,  a  firs t  mov e o f  th e ca t  increase s th e evaluatio n function , 

whil e movin g th e do g doe s not .  Th e do g i s als o of f  th e minimu m path .  Ove r  al l 

trial s an d al l  subjects ,  o n thi s problem ,  th e ca t  wa s move d 8 1 % o f  th e time .  Eve n 

mor e revealin g ar e th e "garde n path "  problems .  I n Proble m 4  (1 0 — > 5) ,  th e 

minimu m pat h mov e i s th e mouse ,  whic h doe s no t  increas e th e evaluatio n 

function .  Onl y th e ca t  increase s th e partia l  evaluatio n function ,  an d i t  i s  preferre d 

on 6 6 % o f  th e trials ,  eve n thoug h i t  i s  of f  th e minimu m path .  Similarly ,  o n 

Proble m 5  (1 3 — > 1 9 ) ,  th e non-minimu m mov e o f  th e do g i s preferre d o n 6 1 % o f 

th e trials . 
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Figur e 4 Proportio n o f  m i n i m u m pat h solution s fro m n  m o v e s away ,  fo r 

Strat2 ,  subject s an d a  rando m model . 

The othe r  bia s woul d b e a  reluctanc e t o remov e piece s fro m thei r  goa l  location s 

— t o reduc e th e valu e o f  a  partia l  evaluatio n function .  Thi s ca n b e assesse d o n 

Proble m 3  (1 1 — >20) ,  wher e th e m i n i m u m pat h sequenc e require s tha t  th e do g b e 

temporaril y  remove d fro m it s goa l  position .  O n 6 5 % o f  al l  trial s wit h Proble m 3 , 

subject s preferre d t o m o v e th e ca t  rathe r  tha n th e dog ,  eve n thoug h thi s too k 

the m of f  th e m i n i m u m path .  Th e all-or-non e evaluatio n functio n i n Strat 2 

understate s th e sensitivit y o f  childre n t o partiall y  correc t  solutions . 

Summary of Strategic Analysis 

Strat2 explains almost 60% of the variance over all problems and 95% of the 

varianc e ove r  th e si x mos t  difficul t  problems .  Strategie s tha t  var y th e dept h o f  th e 

lookahea d d o no t  d o a s well .  Strat i  explain s 2 6 % o f  th e variance ,  an d Strat 3 onl y 

5%.  Eliminatio n o f  no-backu p fro m Strat 2 yield s unacceptabl y lo w solutio n rates . 

Strat2 slightly understates children's abilities in two respects. First, the children 

appea r  t o b e capabl e o f  s o m e partia l  evaluation ,  wherea s Strat 2 i s not .  Second , 

onc e the y ar e onl y 3  m o v e s awa y fro m th e goa l  state ,  th e childre n ar e m o r e likel y 

t o fin d a  m i n i m u m pat h solutio n tha n i s Strat2 .  Nevertheless ,  withi n th e spac e o f 
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plausible alternative strategies explored here, Strat2 provides the best account of 

ho w childre n solv e problem s wit h ambiguou s subgoals . 

Discussion 

Piaget (1976) concludes from his observations of 5- and B-year-old children 

solvin g conventiona l  TO H problem s tha t  the y ar e unabl e t o pla n an d tha t  "Ther e i s 

.. .  a  systemati c primac y o f  th e trial-and-erro r  procedur e ove r  an y attemp t  a t 

deduction ,  an d n o cognizanc e o f  an y correc t  solutio n arrive d a t  b y chance. "  (p . 

291) .  I n contrast ,  studie s o f  pre-schooler s solvin g a  modifie d versio n o f  th e TO H 

(Klah r  &  Robinson ,  1981 )  sho w that ,  althoug h th e amoun t  o f  plannin g the y ca n d o 

i s limited ,  th e procedure s the y us e ar e highl y simila r  t o adul t  forms . 

In this investigation, pre-schoolers were presented with problems having 

ambiguou s subgoals .  W e discovere d tha t  her e too ,  Piaget' s characterizatio n doe s 

not  d o justic e t o youn g children' s abilities .  First ,  a s describe d earlier ,  eve n th e 

rando m componen t  o f  Strat 2 i s highl y constrained .  Th e avoidanc e o f  doubl e 

moves reveal s a  rudimentar y knowledg e abou t  thoroughl y useles s action s tha t  i s 

not  conveye d b y th e "trial-and-error "  view .  Second ,  solution s ar e no t  reall y 

arrive d a t  b y chance" ,  sinc e ther e i s a  lookahea d t o th e goa l  state ,  an d littl e 

deviatio n fro m th e minimu m path ,  onc e i t  i s  i n sight .  Third ,  childre n us e partia l 

evaluation s o f  nearl y correc t  state s t o guid e thei r  choic e o f  moves . 
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ABSTRACT 

Most research into problem solving has considered each problem to be solved 
as a  uniqu e event .  Ou r  observation s lea d u s t o conclud e tha t  muc h o f  th e 
proble m solvin g peopl e d o i s base d o n previou s experience .  Analog y t o previou s 
simila r  problem s help s i n solvin g ne w problems ,  an d eac h proble m solvin g 
experienc e contribute s t o th e knowledg e availabl e fo r  late r  proble m solving . 
Thi s pape r  present s a  framewor k fo r  thos e component s o f  proble m solvin g whic h 
rel y o n previou s experience .  Th e processe s involve d an d th e organizatio n o f 
experienc e whic h support s thos e processe s ar e considered .  Example s ar e draw n 
fro m tw o proble m domains :  diagnosi s an d treatmen t  o f  moo d disorder s an d pla n 
selectio n fo r  resolutio n o f  disputes . 

1. EXPERIEHCE'S ROLES IN PROBLEM SOLVING 

Problem-solving is a widely-studied area in both psychology and artificial 
intelligenc e (e.g. ,  [1],[5],[7]) .  Yet ,  wit h rar e exception s [6] ,  ther e i s lit -
tl e stud y o f  experience' s rol e i n th e process .  Ou r  observation s hav e le d u s t o 
believ e tha t  experienc e play s tw o importan t  role s i n proble m solvin g [3] : 
First ,  experienc e contribute s t o refinemen t  an d modificatio n o f  reasonin g 
processes .  Successfu l  experience s reinforc e already-know n rule s o r  previou s 
hypotheses ,  whil e failure s requir e analysi s o f  th e reasonin g an d knowledg e use d 
originally ,  an d modificatio n o f  fault y rule s an d knowledge .  Experience' s secon d 
rol e i s equall y important .  Individua l  experience s ac t  a s exemplar s upo n whic h 
t o bas e late r  decisions .  Analog y t o previou s case s serve s t o guid e an d focu s 
late r  decisio n making .  A n exampl e fro m medicin e illustrate s ou r  claims : 

Dr. X sees a patient who shows classic signs of Major Depression. 
She ha s previousl y bee n diagnose d a s Depressive ,  an d wa s treate d i n a 
menta l  hospita l  wit h antidepressants .  Sh e wa s sickl y a s a  child ,  ha s 
had a  drinkin g problem ,  an d ha s ha d som e unexplaine d physica l  illnes -
ses .  Dr .  X  conclude s tha t  sh e i s sufferin g fro m Majo r  Depression , 
Recurrent ,  withou t  Melancholi a an d treat s he r  wit h antidepressants . 
They see m t o work ,  bu t  th e woman come s bac k complainin g o f  additiona l 
majo r  physica l  disorders .  Takin g a  furthe r  history ,  th e docto r  find s 
tha t  he r  unexplaine d medica l  problem s hav e bee n numerous .  Realizin g 
tha t  thi s i s a n importan t  consideration ,  h e make s a  secon d diagnosi s 
of  Somatizatio n Disorde r  (adapte d fro m [11] ,  cas e #125) . 

As a result of this case. Dr. X should learn that it is important to 
conside r  medica l  histor y i n choosin g predominan t  clinica l  features ,  an d tha t 
Depressio n ca n camouflag e Somatizatio n Disorder .  Usin g th e firs t  fact ,  h e ca n 

Thi s researc h i s supporte d i n par t  b y NS F Gran t  No .  IST-811689 2 an d i n par t  b y 
th e AFIT .  Th e view s expresse d ar e solel y thos e o f  th e authors .  Thank s t o Dr . 
Rober t  M.  Kolodner ,  Dan a Eckart ,  an d Kati a Sycara-Cyranski . 
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refin e hi s rule s fo r  choosin g predominan t  clinica l  features .  Th e relationshi p 
betwee n Depressio n an d Somatizatio n Disorde r  wil l  b e helpfu l  i n diagnosin g an d 
treatin g late r  cases .  T o illustrat e experience' s rol e i n providin g exemplars , 
conside r  Dr .  X' s capabilitie s upo n seein g a  secon d patien t  diagnose d fo r  Majo r 
Depressio n wh o als o ha s unexplaine d medica l  problems .  We expec t  hi m t o transfe r 
hi s knowledg e fro m th e previou s cas e t o th e ne w on e an d conside r  whethe r  th e ne w 
patien t  migh t  als o hav e Somatizatio n Disorder . 

In building a framework for problem solving which includes experience, we 
must  conside r  a  numbe r  o f  issues : 

1. Which reasoning processes use experience? 
2.  What  knowledg e i s availabl e a s a  resul t  o f  experience ? 
3.  Ho w i s experientia l  knowledg e integrate d int o reasonin g processes ? 
4.  Ho w doe s experienc e chang e th e structur e o f  knowledg e i n memory ? 

We are studying these problems in two domains: the common-sense resolution of 
dispute s [10] ,  an d th e diagnosi s an d treatmen t  o f  moo d disorder s [3] . 

2. EXFEEIEHCE COHTRIBUTES TO LEARNING 

We begin by considering the reasoning processes which rely on experience. 
We identif y tw o experientia l  processe s whos e primar y purpos e i s refinemen t  an d 
modificatio n o f  reasonin g processe s an d domain-specifi c  knowledge :  similaritjr -
triggere d generalizatio n an d failure-triggere d explanation . 

Similarity-triggered generalization [2] occurs when two cases already clas-
sifie d i n th e sam e wa y shar e additiona l  feature s no t  accounte d fo r  b y th e clas -
sification .  I n tha t  case ,  a  ne w concep t  describe d b y th e share d feature s i s 
created .  I t  i s  a  generalizatio n o f  th e case s an d a  specializatio n o f  th e 
origina l  classification .  Thus ,  i f  mos t  o f  th e case s a  docto r  ha s see n i n whic h 
th e patien t  i s  diagnose d fo r  Majo r  Depressio n an d ha s hear t  problem s respon d t o 
th e sam e treatment ,  the n a  generalizatio n ca n b e mad e tha t  thi s medicatio n i s 
goo d fo r  treatin g Majo r  Depressive s wit h hear t  problems .  Generalizatio n o f  thi s 
sor t  ca n b e though t  o f  a s confirmin g hypothese s tha t  migh t  hav e bee n mad e o n th e 
basi s o f  on e example . 

When a hypothesis is violated, or a piece of knowledge (e.g., rule) fails 
t o wor k a s expected ,  failure-triggere d explanatio n occur s [3] ,  [9l .  A n explana -
tio n fo r  th e failur e i s found ,  an d th e faile d piec e o f  knowledg e i s modified . 
Thi s i s illustrate d i n th e psychiatri c exampl e above .  I n general ,  trackin g dow n 
a failur e an d explainin g i t  ar e har d problems .  A s w e shal l  se e late r  however , 
experienc e ca n pla y a  rol e i n thi s proces s i f  a  failur e i s reminiscen t  o f  a 
previou s one .  A  thir d typ e o f  learnin g i s th e integratio n o f  a  ne w cas e int o 
memory' s alread y existin g structures .  Thi s i s discusse d i n sectio n 4 . 

3. EXPERIENCE COHTRIBUTES EXEMPLARS FOR ANALOGY 

A second set of experiential processes transfer knowledge from a previous 
cas e t o a  curren t  one .  We cal l  th e proces s b y whic h thi s happen s similarity -
triggere d analogica l  reasoning .  When a  ne w cas e i s reminiscen t  o f  previou s 
cases ,  thos e case s ar e use d a s exemplar s t o ai d i n evaluatio n o f  th e ne w case . 
A prerequisit e fo r  analogica l  reasonin g i s th e capabilit y  o f  rememberin g 
appropriat e previou s episodes .  Thi s wil l  b e discusse d i n sectio n 4 .  Fo r  now , 
i t  wil l  suffic e t o sa y tha t  a  previou s episod e ca n b e recalle d i f  i t  i s  clas -
sifie d similarl y t o th e curren t  on e an d ha s simila r  feature s no t  predicte d b y 
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tha t  classification .  A n attemp t  t o recal l  previou s simila r  case s occur s eac h 

tim e ne w feature s o f  th e curren t  cas e ar e discovered .  I n general ,  particula r 
pas t  experience s calle d t o min d b y a  curren t  proble m ca n b e usefu l  i n an y o f  th e 
followin g proble m solvin g tasks : 

1. They can aid in problem classification by predicting additional 
feature s t o b e investigate d o r  b y pointin g ou t  alternativ e clas -
sifications . 

2.  The y ca n hel p i n plannin g b y suggestin g procedure s o r  course s o f 
actio n t o b e followe d o r  avoided ,  o r  b y suggestin g a  mean s o f 

implementin g a  plan . 
3.  The y ca n sugges t  a n explanatio n an d a  mean s o f  recover y fro m 

failure . 

We saw experience functioning as an aid in classification earlier when Dr. 
X diagnose d hi s secon d cas e o f  Majo r  Depressio n combine d wit h unexplaine d 
physica l  problems .  Whil e th e firs t  tim e h e ha d t o wai t  fo r  th e treatmen t  t o 
fai l  t o mak e th e secondar y diagnosi s o f  Somatizatio n Disorder ,  h e ha s a n exem -
pla r  t o bas e hi s diagnosi s o n th e secon d tim e h e see s suc h a  patient . 

Experience is useful in plan selection in several important ways. First a 
previou s cas e ca n sugges t  a  pla n fo r  proble m resolutio n o r  on e t o b e avoide d 
(e.g. ,  a  previou s treatmen t  tha t  worke d o r  didn' t  wor k i n a  simila r  case) . 
Analogica l  reasonin g i s als o usefu l  durin g pla n selectio n i n evaluatin g 
potentia l  plan s an d i n choosin g betwee n alternatives .  Th e proces s involve s 
simulatin g th e result s o f  alternativ e treatment s o r  course s o f  actio n an d 
evaluatin g the m i n ligh t  o f  previou s experience .  Simulatio n o f  alternative s 
provide s hypothetica l  situation s simila r  t o previou s ones .  Th e succes s o r 
failur e o f  previou s attempt s a t  implementin g th e sam e pla n unde r  simila r  con -
dition s provide s a  metri c fo r  evaluatio n o f  a  potentia l  cours e o f  action .  We 
see thi s us e o f  analog y quit e ofte n i n prescribin g treatment .  Thi s proces s i s 
relate d t o Schank' s intentiona l  remindin g [9 ]  an d Wilensky' s [12 ]  Projector . 
Experienc e ca n als o b e helpfu l  i n choosin g th e mean s fo r  implementin g a  selecte d 
pla n (simila r  t o Mostow' s [4 ]  operationalization) .  An y particula r  pla n tha t  i s 
selecte d fo r  resolutio n o f  a  proble m migh t  b e applie d i n severa l  ways .  Applica -
tio n o f  th e common-sens e pla n "on e cuts ,  th e othe r  chooses",fo r  exampl e require s 
differentiatin g betwee n th e part y whic h wil l  d o th e cuttin g an d whic h wil l  d o 
th e choosing . 

Experience, as part of follow-up, aids with explanation of and recovery 
fro m failure s [10] .  Upo n failur e recognition ,  th e reasone r  attempt s t o recal l  a 
simila r  previou s error .  Feature s availabl e fo r  suc h recal l  includ e th e origina l 
ones plu s thos e associate d wit h th e failure .  A  previou s simila r  failur e ma y 
provid e a n explanatio n whic h ca n b e applie d i n diagnosin g th e erro r  i n th e 
curren t  case .  I t  ma y als o sugges t  a  pla n fo r  erro r  recovery . 

The following scenerio shows multiple uses of analogy in solving a complex 
problem .  Conside r  a  common-sens e reasone r  readin g i n th e pape r  abou t  th e 
disput e betwee n Egyp t  an d Israe l  ove r  possessio n o f  th e Sinai .  Sh e know s 
somethin g abou t  th e Korea n War  an d th e recen t  disput e betwee n th e U S an d Panam a 
tha t  resulte d i n th e U S givin g bac k economi c an d politica l  bu t  no t  militar y 
contro l  o f  th e cana l  t o Panama .  Initia l  consideratio n o f  th e Sina i  disput e 
cause s remindin g o f  th e Korea n War  sinc e bot h involv e dispute s ove r  land ,  bot h 
ar e competitive ,  an d i n neithe r  ca n th e conflic t  b e resolve d completel y fo r  bot h 
sides .  Base d o n thi s reminding ,  sh e predict s tha t  Israe l  an d Egyp t  wil l  divid e 
th e Sina i  equally .  Sh e late r  read s tha t  thi s advic e wa s give n an d rejecte d b y 



242 

bot h sides .  Considerin g tha t  "divid e equally "  failed ,  sh e i s reminde d o f  th e 
tim e he r  daughter s wer e quarrellin g ove r  a n orange .  Sh e ha d suggeste d tha t  the y 
divid e i t  equally ,  an d the y ha d rejecte d that ,  sinc e on e wante d t o us e th e 
entir e pee l  fo r  a  cake .  Realizin g tha t  sh e hadn' t  take n thei r  rea l  goal s int o 
account ,  sh e the n suggeste d tha t  the y divid e i t  agreeabl y — on e tak e th e peel , 
th e othe r  th e fruit .  Thi s remindin g provide s th e suggestio n tha t  failure s 
sometime s occu r  becaus e th e goal s o f  th e disputant s ar e misunderstood .  Sh e 
therefor e attempt s a n alternat e understandin g o f  Israe l  an d Egypt' s goals . 
Considerin g tha t  Israe l  want s th e Sina i  a s a  militar y buffe r  zon e i n suppor t  o f 
nationa l  security ,  an d tha t  Egyp t  want s th e lan d fo r  nationa l  integrity ,  sh e ca n 
now reconside r  th e conflic t  a s a  politica l  disput e wit h concordan t  goals . 
Furthe r  reasonin g fro m th e orang e disput e suggest s tha t  "agreeabl e division " 
base d o n th e rea l  goal s o f  th e disputant s i s appropriate .  Thi s cause s remindin g 
of  th e Panam a disput e sinc e i t  i s  politica l  wit h simila r  goal s an d name d plan . 
The analog y mad e possibl e throug h thi s remindin g allow s operationalizatio n o f 
th e "agreeabl e division "  plan .  Usin g th e settlemen t  betwee n Panam a an d th e U S 
as a  guide ,  th e U S i s replace d b y Israe l  (th e part y currentl y i n contro l  o f  th e 
object )  an d Panam a i s replace d b y Egyp t  (th e part y wh o use d t o ow n i t  an d want s 
i t  back) .  A s wa s th e cas e i n th e Panam a Cana l  agreement ,  th e predictio n i s mad e 
tha t  Egyp t  wil l  ge t  economi c an d politica l  contro l  o f  th e Sinai ,  whil e it s 
norma l  righ t  o f  militar y contro l  wil l  b e denied . 

4. EHC0DIH6 AND ORGANIZING EXPERIENCE 

A prerequisite for learning from and using experience is the capability of 
retrievin g relevan t  pas t  experience s applicabl e t o a  ne w situation .  Th e memor y 
structur e w e propos e i s base d o n generalize d episode s [2] ,  [8 ] .  Thes e struc -
ture s hol d generalize d knowledg e compile d fro m th e experience s the y organize , 
and individua l  experience s ar e indexe d i n thes e structure s accordin g t o thei r 
differences .  When tw o experience s diffe r  fro m th e generalize d episod e i n th e 
same way ,  a  collision ,  whic h w e cal l  "reminding "  [2] ,  [8 ]  occurs .  Prediction s 
base d o n th e firs t  episod e ca n b e use d t o analyz e th e ne w on e (analogy) . 
Similaritie s betwee n th e tw o episode s ca n b e compile d t o for m a  ne w memor y 
schema wit h th e structur e jus t  describe d (generalization) . 

The organization provides a way of locating exemplars to use in evaluating 
a ne w case .  Th e proces s whic h allow s analogica l  "reminding "  i s a  traversa l 
procedure .  When a  ne w cas e i s encountered ,  appropriat e generalize d episode s ar e 
chose n fo r  it .  Feature s whic h differentiat e a  ne w cas e fro m other s i n th e sam e 
generalize d episod e ar e extracte d fro m i t  an d indice s associate d wit h thos e 
feature s ar e traversed .  I n th e process ,  th e ne w cas e collide s wit h previou s 
case s alread y indexe d i n memory .  I t  i s  thos e case s whic h ar e no w availabl e fo r 
furthe r  evaluation .  Ne w case s ar e adde d t o memor y b y th e sam e process . 

Cases are indexed in memory by their differentiating features and also by 
failure s whic h occu r  i n th e cours e o f  processing .  This.allow s learnin g an d 
remindin g o n th e basi s o f  failure .  I f  blam e ca n b e assigne d fo r  a  failure ,  th e 
cas e i s indexe d b y thos e feature s whic h cause d th e failure .  When a  secon d 
simila r  situatio n i s encountered ,  th e marke r  serve s a s a n inde x t o a  faile d 
episode .  I f  a  solutio n wa s foun d t o th e firs t  failur e situation ,  i t  ca n b e 
applie d t o th e secon d s o tha t  th e failur e won' t  happe n again .  When blam e ha s 
not  bee n assigned ,  a  marke r  denotin g th e differenc e betwee n th e faile d episod e 
and other s i s left ,  agai n servin g a s a n inde x whe n a  simila r  situatio n i s 
encountered .  I n thi s case ,  a  procedur e t o b e avoide d wil l  b e found . 



243 

I n th e psychiatri c domain ,  fo r  example ,  diagnosti c categorie s (e.g. ,  Majo r 
Depression )  ac t  a s generalize d episodes .  Th e medica l  exampl e abov e i s 
differentiate d fro m othe r  case s o f  Majo r  Depressio n b y (amon g othe r  things )  (1 ) 
th e fac t  tha t  ther e wer e unexplaine d physica l  disorder s i n additio n t o thos e 
symptom s considere d i n th e origina l  diagnosi s an d (2 )  treatmen t  faile d i n tha t 
th e patien t  seeme d cure d o f  depressio n bu t  complaine d o f  additiona l  physica l 
disorders . 

5. WHERE DO VE 60 FROM HERE? 

In this paper, we have attempted to provide a framework for experience's 
rol e i n proble m solving .  We hav e name d processe s whic h us e experienc e an d sug -
geste d a  memor y organizatio n i n suppor t  o f  thos e processes .  We hav e not , 
however ,  state d exactl y ho w eac h o f  th e experientia l  processe s work .  We ar e 
currentl y investigatin g thes e processe s i n th e tw o domain s cited .  Ou r  memor y 
structures ,  too ,  nee d considerabl y mor e work .  I n particular ,  w e mus t  specif y 
th e type s o f  feature s appropriat e fo r  indexin g an d th e allowabl e type s o f  clas -
sificatio n structures .  Finally ,  w e migh t  b e criticize d fo r  no t  takin g int o 
accoun t  ho w experientia l  reasonin g interact s wit h causa l  reasoning .  Eac h o f  th e 
problem s presente d represent s a n importan t  researc h area .  I t  i s  onl y throug h 
investigatio n o f  eac h tha t  w e ca n discove r  ho w experientia l  an d mor e 
traditionall y considere d form s o f  reasonin g combine . 
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Introduction: Taxonomies and Principles 

Taxonomie s pla y a n importan t  rol e i n emergin g field s o f  science ,  sinc e the y identif y significan t 

dimension s alon g whic h tli e entitie s studie d b y Llios e field s ca n differ .  Ye t  on e mus t  eventuall y mov e beyon d 

simpl e t;jxonomie s t o formulat e principle s tlia t  relat e thos e dimension s o f  variatio n t o observe d bcliavior .  fh e 

emergin g field  o f  Cognitiv e Scienc e i s concerne d wit h tli e behavio r  o f  intelligen t  entities ,  bot h h u m a n an d 

artificial .  However ,  Cognitiv e Scienc e i s notabl y lackin g i n bot h taxonomie s fo r  th e structur e o f  intelligen t 

systems ,  an d i n principle s whic h relat e suc h structure s t o intelligen t  behavior .  I n dii s  paper ,  w e describ e a n 

evolvin g taxonom y o f  cognitiv e architectures ,  an d propos e som e initia l  principle s base d o n thi s taxonomy . 

Cognitiv e Scienc e an d it s siste r  discipline .  Artificia l  Intelligence ,  hav e generall y bee n empirica l  sciences , 

i n tha t  the y hav e spen t  considerabl e tim e collectin g example s o f  intelligen t  behavior ,  tliroug h experiment s 

wit h h u m a n s an d throug h constructin g simpl e intelligen t  artifacts .  Thi s wor k ha s bee n worthwhil e an d shoul d 

continue ,  bu t  eventuall y w e mus t  begi n t o develo p theorie s o f  intelligenc e tha t  cove r  no t  onl y h u m a n 

intelligence ,  bu t  cognitiv e behavio r  i n general .  Sinc e differen t  intelligen t  entitie s m a y rel y o n differen t 

cognitiv e mechanisms ,  Ohlsso n [1 ]  ha s propose d tha t  a  genera l  tlieor y o f  intelligenc e mus t  b e concerne d wit h 

th e relatio n betwee n suc h mechanism s an d th e for m o f  intelligen t  behavio r  tha t  results . 

I n science ,  a  researche r  ofte n limit s hi s attentio n t o ensur e progress ,  an d i n tlii s  cas e w e hav e focuse d o n 

th e clas s o f  cognitiv e architecture s k n o w n a s productio n systems .  Productio n system s wer e first  propose d a s 

model s o f  th e h u m a n informatio n processin g architectur e b y Newel l  an d Simo n [2] .  Sinc e tha t  time ,  the y hav e 

bee n use d t o simulat e a  variet y o f  intelligen t  behavior ,  rangin g fro m proble m solvin g t o natura l  languag e 

understandin g t o cognitiv e development .  Productio n syste m scheme s hav e a  numbe r  o f  feature s tha t  m a k e 

the m attractiv e candidate s fo r  cognitiv e architectures ,  independen t  o f  thei r  valu e a s model s o f  h u m a n 

behavior .  Fo r  instance ,  the y see m t o b e a  viabl e compromis e betwee n th e stimulus-respons e approac h o f 

behaviorism ,  an d th e goal-drive n approac h o f  cognitiv e psychology .  I n addition ,  tli e relativ e independenc e o f 

th e condition-actio n rule s makin g u p a  productio n syste m progra m lend s itsel f  t o modelin g th e learnin g 

process ,  sinc e interactio n betwee n ne w an d ol d component s wil l  b e minimal . 

Dimensions of Production System Architectures 

Our  researc h goa l  ha s bee n t o identif y th e significan t  dimension s alon g whic h productio n syste m 

architecture s m a y vary .  Thi s ha s resulte d i n a  formalism ,  P R 1 S M 2,  whic h specifie s a  se t  o f  suc h dimensions , 

alon g wit h possibl e value s fo r  eac h o f  thes e dimensions .  Usin g thi s formalism ,  on e m a y succinctl y describ e 

architecture s tha t  hav e bee n explored  b y othe r  researchers ,  a s wel l  a s architecture s tha t  hav e neve r  befor e 

bee n examined .  Thi s allow s compariso n o f  th e difference s betwee n variou s architectures ,  an d shoul d 

facilitat e communicatio n betwee n researcher s i n th e area . 

Sinc e w e ar e concerne d wit h th e relatio n betwee n architecture s an d intelligen t  behavior ,  w e hav e 

implemente d P R I S M 2 i n suc h a  wa y tha t  on e ca n "run "  a n architectur e i n conjunctio n wit h a  particula r 

productio n syste m program .  Thus ,  P R I S M 2 ha s som e o f  th e characteristic s o f  a  programmin g language . 

Thi s researc h wa s supporte d b y Contrac t  N00014-83-K-007 4 fro m th e GfTic e o f  Nava l  Research .  We woul d lik e t o than k Davi d 
Nicholas .  Rober t  Neches ,  an d Rol f  Pfeife r  fo r  thei r  assisunc e i n th e earl y stage s o f  ou r  wor k o n PRISM2 . 
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thoug h i t  actuall y define s a n entir e c/«5 5 o f  productio n syste m languages ,  i n thi s context ,  a  give n architMiUr c 

ca n b e viewe d a s providin g "free "  contro l  stmctur e tha t  nee d no t  b e specifie d explicitl y  i n th e progra m HJielf . 

1 -e t  u s examin e th e dimension s o f  architectura l  variatio n supporte d b y tli e F R I S M 2 formalism : 

•  Th e structur e o f  memory .  P K I S M 2 provide s fo r  multipl e declarativ e an d productio n memories ,  allowin g 

"flat "  productio n syste m schemes ,  hierarchicall y organize d systems ,  o r  mor e exoti c contro l  structures . 

Moreover ,  eac h m e m o r y m a y hav e differen t  characteristics ,  l̂.g. ,  P R I S M 2 allow s arbitrar y numeri c 

attribute s (suc h a s strength ,  activation ,  an d affect )  t o b e associate d wit h eac h memory . 

•  Deca y an d forge t  ling .  Productio n syste m architecture s diffe r  i n tli e manne r  i n whic h m e m o r y element s 

decay  ove r  time ,  an d i n tli c  detail s o f  th e forgettin g process .  I n P R 1 S M 2,  element s i n a  give n m e m o r y ma y 

deca y b y a  fixed  amoun t  o n ever y cycle ,  o r  a s a  functit> n o f  th e numbe r  o f  element s enterin g memory .  Th e 

formalis m support s a  numbe r  o f  alternat e deca y an d forgettin g mctliods . 

•  Retrieva l  b y spreadin g activation .  Productio n syste m architecture s diffe r  i n th e manne r  b y whic h the y 

retriev e forgotte n element s throug h spreadin g activation .  H.g. ,  activatio n ma y deca y accordin g t o differen t 

function s a s i t  spread s throug h adjacen t  elements ,  ceilin g effect s ma y occur ,  an d tli e threshol d belo w whic h 

activatio n m a y no t  sprea d ca n differ .  P R I S M 2 support s a  variet y o f  constraint s o n spreadin g activation . 

•  Th e matc h process .  Productio n syste m architecture s diffe r  i n thei r  matchin g abilities ,  an d P R 1 S M2 support s 

a variet y o f  differen t  matchin g styles .  E.g. ,  condition s m a y matc h agains t  embedde d structures ,  find 

sequence s o f  symbols ,  an d matc h agains t  list s a s thoug h the y wer e sets .  I n addition ,  th e use r  m a y requir e 

one-to-on e mapping s betwee n condition s an d memory ,  o r  allo w many-to-on c matche s t o occur . 

•  Conflic t  resolution .  Productio n syste m architecture s diffe r  i n th e conflic t  resolutio n method s the y emplo y 

fo r  selectin g a m o n g competin g instantiation s o f  nilcs .  Thre e relevan t  dimension s o f  conflic t  resolutio n are : 

o Orderin g strategies .  T h e architectur e order s instantiation s o f  production s alon g som e dimensions ,  suc h a s 

recenc y o f  matche d elements ,  o r  specificit y o f  th e matche d rules . 

o Selectio n strategies .  T h e architectur e select s on e o r  mor e instantiation s base d o n th e resultin g ordering ; 

e.g. .  th e bes t  instantiatio n m a y b e selected ,  o r  al l  thos e abov e a  certai n threshol d m a y b e chosen . 

o Refractio n strategies .  Th e architectur e m a y remov e som e instantiation s permanently ;  e.g. ,  i t  m a y remov e 

al l  instantiation s tha t  applie d o n th e las t  cycle ,  o r  al l  instantiation s currentl y i n th e conflic t  set . 

Th e P R I S M 2 formalis m support s m a n y differen t  combination s o f  ordering ,  selection ,  an d refractio n 

strategie s fo r  implementin g alternat e conflic t  resolutio n methods . 

•  Learnin g methods .  Productio n syste m architecture s diffe r  i n th e processe s the y us e t o lear n n e w condition -

actio n rules .  C o m m on method s include : 

o Discriminatio n learning ,  i n whic h error s lea d t o mor e specifi c  rule s base d o n difference s betwee n positiv e 

instance s an d negativ e instance s o f  th e errorfu l  production . 

o Generalizatio n learning ,  i n whic h specifi c  production s wit h simila r  structure s lea d t o mor e genera l  rule s 

base d o n feature s c o m m o n t o th e origina l  rules . 

o Composition ,  i n whic h tw o o r  mor e rule s tha t  ten d t o fire  i n sequenc e ar e combine d int o a  mor e comple x 

productio n tha t  lead s t o th e sam e results . 

o Proceduralization ,  i n whic h a  specifi c  versio n o f  a  genera l  rul e i s base d o n th e curren t  instantiatio n o f  tha t 

production . 

P R 1 S M2 support s eac h o f  thes e learnin g methods ,  a s wel l  a s providin g th e abilit y  t o modif y th e detaile d 

characteristic s o f  eac h method .  ITi e learnin g metliod s m a y b e use d i n conjunctio n o r  i n isolation . 

T h e basi c organizin g principl e fo r  specifyin g P R I S M 2 architecture s i s th e architectura l  template .  Differen t 

template s ar c availabl e fo r  specifyin g th e characteristic s o f  declarativ e memories ,  productio n memories ,  an d 

actio n sid e fimctions  responsibl e fo r  addin g ne w elements ,  deca y an d forgetting ,  spreadin g activation ,  an d 

learnin g ne w rules .  Eac h templat e ha s a n associate d se t  o f  parameters ,  whos e value s determin e th e exac t 

behavio r  o f  tha t  componen t  o f  tli e system . 
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For  example ,  th e spreadin g activatio n templat e contain s tlirc e mai n parameters .  'ITi c first  o f  these , 

spread-from-clemcnt ,  contain s a  lis t  o f  step s tiikc n whe n activatio n spread s ou t  fro m a  m e m o r y element ;  ITii s 

migh t  includ e action s suc h a s dividin g th e availabl e aciivaiio n b y th e numbe r  o f  symbol s i n th e clemen t  an d 

causin g thi s activatio n t o deca y b y a  certai n amount .  Th e secon d parameter ,  sprc:;; !  through-symbol ,  specifie s 

a lis t  o f  step s take n a s activatio n spread s tliroug h a  symbo l  containe d i n a  m e m o r y clement .  ITii s  ca n includ e 

action s suc h a s dividin g u p th e activatio n b y tli e numbe r  o f  othe r  m e m o r y element s containin g thi s symbol , 

leadin g t o a  for m o f  th e fa n effect .  Finally ,  di e paramete r  sprcad-to-clcmcn t  specifie s a  lis t  o f  action s carrie d 

out  vihc n activatio n spread s t o a  ne w memor y element .  Thi s m a y includ e test s fo r  whethe r  t o continu e 

spreadin g activation ,  a s wel l  a s constraint s o n th e amoun t  retaine d b y th e element ,  leadin g t o a  ceilin g effec t 

Towards Principles of Intelligent Behavior 

The flexibility  o f  th e P R I S M 2 framewor k ha s allowe d us  t o experimen t  wit h alternat e productio n 

syste m architectures .  T o date ,  mos t  o f  ou r  experiment s hav e involve d alternat e conflic t  resolutio n scheme s 

and differen t  method s fo r  learnin g ne w productions ,  an d w e shal l  dra w ou r  example s o f  principle s fro m tlies c 

areas .  Whil e w e woul d no t  clai m tha t  th e P R I S M 2 formalis m wa s necessar y fo r  generatin g tlies c principle s -

i n fact ,  ther e wa s a  stron g analytica l  componen t  i n bot h case s — i t  ha s certainl y helpe d u s i n clarifyin g an d 

testin g ou r  ideas .  I n ou r  futur e work ,  w e hop e t o examin e th e relatio n betwee n othe r  dimension s an d 

behavior ,  an d woul d welcom e an y othe r  researc h wit h simila r  goals . 

Th e first  exampl e relate s conflic t  resolutio n strategie s t o th e notio n o f  search .  I n recen t  years ,  a  numbe r 

of  productio n syste m model s hav e bee n implemente d i n whic h di e rule s pla y th e par t  o f  operator s fo r  movin g 

throug h som e proble m spac e [3,4] .  Withi n thi s framework ,  th e conflic t  resolutio n strateg y use d b y di e syste m 

determine s th e for m o f  searc h i t  carrie s out .  Fo r  example .  Youn g [5 ]  ha s propose d di e followin g principle : 

•  Recency-basedconjiic t  resolutio n scheme s lea d t o depth-firs t  searc h behavio r  wit h automati c backtracking . 

To b e mor e specific ,  depdi-firs t  searc h behavio r  result s whe n th e architectur e prefer s instantiation s matchin g 

agains t  element s adde d t o m e m o r y mor e recently ,  an d whe n th e singl e bes t  instantiatio n i s die n selecte d fo r 

application .  Automati c backtrackin g als o results ,  provide d tha t  refractio n remove s applie d instantiation s fro m 

th e conflic t  set .  Thi s relatio n ha s bee n know n informall y amon g productio n syste m user s fo r  years ,  bu t  w e 

believ e i t  i s  importan t  t o not e it s statu s a s a  basi c principl e o f  cognitiv e architectures . 

Sinc e othe r  conflic t  resolutio n scheme s ar e possible ,  a n obviou s questio n i s whethe r  othe r  searc h 

strategie s aris e fro m alternat e architectures .  Anothe r  popula r  conflic t  resolutio n schem e allow s al l 

instantiation s t o appl y i n parallel ,  unles s die y hav e bee n applie d o n a n earlie r  cycl e [5] .  U p o n reflection ,  thi s 

strateg y lead s t o a  secon d well-know n searc h metho d -  breadth-firs t  search .  Thus ,  w e ca n formulat e a  secon d 

principl e relatin g architectur e t o behavior : 

•  Conflic t  resolutio n scheme s involvin g paralle l  firings  lea d t o breadth-fiirs t  searc h behavior . 

I n thi s case ,  n o backtrackin g i s required ,  an d refractio n i s use d onl y t o kee p instantiation s use d earlie r  fro m 

applyin g again ,  sinc e ther e ar c n o othe r  constraint s o n th e selectio n process .  Presumably ,  odie r  relation s 

betwee n conflic t  resolutio n an d searc h meUiod s exist ,  an d thes e wil l  b e discovere d a s researcher s fijrther 

explor e o f  di e spac e o f  architectures . 

Our  secon d exampl e involve s th e are a o f  learnin g mediods .  I n particular ,  w e hav e bee n concerne d wit h 

th e distinctio n betwee n discriminatio n learning ,  i n whic h on e move s fro m genera l  rule s t o mor e specifi c  ones , 

and generalizatio n learning ,  i n whic h on e move s fro m specifi c  rule s t o mor e genera l  ones .  Th e mos t  c o m m o n 

for m o f  discriminatio n involve s creatin g som e varian t  o f  a n existin g rul e containin g additiona l  conditions . 

Sinc e suc h a  learnin g syste m begin s wit h simple  rule s an d generate s mor e comple x one s onl y whe n error s o f 

commissio n occur ,  w e arriv e a t  th e principle : 

•  Give n tw o rule s o f  differen t  complexity ,  a  discrimina/ion-base d learnin g syste m wil l  maste r  th e simple r  rul e 

befor e th e mor e comple x one . 

I n contrast ,  generalizatio n involve s di e opposit e proces s o f  creatin g a  productio n wit h fewe r  condition s Uia n 

an exisun g rule .  Sinc e suc h a  learnin g syste m begin s wit h comple x rule s an d generate s simple r  one s onl y 
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when error s o f  omissio n wcur ,  w c arriv e a t  anolhc r  principle : 

•  Give n iw o rule s v f  dijferen t  complexity ,  a  generalization-base d learnin g syste m wil l  maste r  th e mor e comple x 

rul e befor e th e simple r  one . 

Thes e complementar y principle s relat e learnin g method s t o th e rat e a t  whic h rule s o f  differen t  complexit y wil l 

be mastered .  AlUioug h detail s ar e absent ,  eve n suc h globa l  statement s ca n b e ver y uscfijl .  Fo r  instance , 

empirica l  studio s o f  huma n languag e acquisitio n sugges t  tha t  mor e comple x fimctio n word s ar c mastere d late r 

tha n simple r  ones ,  suggestin g tlia t  discriminatio n learnin g i s a  mor e likel y explanatio n tha n generalizatio n [7] . 

Discussion 

I n th e precedin g pages ,  w e examine d som e principle s tha t  relat e characteristic s o f  th e architectur e -

conflic t  resolutio n method s an d learnin g mechanism s — t o aspect s o f  intelligen t  behavio r  -  searc h strategic s 

and rate s o f  mastery .  Thes e principle s ar e explanator y i n th e sens e tha t  the y accoun t  fo r  behavio r  i n term s o f 

underlyin g components ,  jus t  a s physica l  principle s accoun t  fo r  observe d phenomen a i n term s o f  inferre d 

properties .  However ,  not e tha t  on e canno t  begi n t o formulat e suc h principle s unti l  on e ha s som e idea s abou t 

th e natur e o f  tli c  component s underlyin g behavior .  Thi s i s th e reaso n w e hav e focuse d o n developin g 

PRISM2,  a  formalis m whic h allow s u s t o explor e th e spac e o f  cognitiv e architectures ,  t o represen t  th e 

difference s betwee n architecture s explicitly ,  an d t o actuall y tes t  specifi c  productio n syste m architecture s i n 

particula r  domains .  Th e dimension s o f  variatio n supporte d b y PR1SM2 provid e u s wit h a  taxonom y o f 

architectura l  types ,  whic h w e ca n the n us e i n formulatin g principle s o f  behavior . 

Admittedly ,  th e principle s w e hav e examine d ar c onl y a  beginning ,  an d w e ar e fa r  fro m a  complet e 

theor y tha t  relate s architectura l  component s t o aspect s o f  intelligence .  Ou r  principle s wer e intende d mainl y a s 

example s o f  relation s tha t  on e ca n expres s usin g th e PR1SM2 foitnalism ,  an d a s example s o f  wha t  w e believ e 

shoul d b e a  mor e commo n goa l  i n ou r  developin g field.  I n fact ,  som e reader s ma y disagre e wit h th e 

principle s themselve s [8] ,  an d w c woul d welcom e suggestion s fo r  modification s an d improvements .  However , 

we hop e t o hav e convince d th e reade r  tha t  Cognitiv e Scienc e i s read y t o begi n formulatin g suc h principles , 

and tha t  othe r  researcher s wil l  joi n u s i n identifyin g th e varietie s o f  cognitiv e architectures ,  an d i n th e mor e 

lon g rang e searc h fo r  a  genera l  theor y o f  intelligen t  behavior . 
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1.  INTRODUCTION. 

Designin g a  compute r  progra m t o reaso n abou t  th e knowledg e state s o f  cognitiv e agent s i s a 

difficul t  matter .  T o as k tha t  thi s reasonin g b e don e i n a  human-lik e wa y i s eve n mor e difficult . 

Thi s pape r  describe s a  psychologicall y plausibl e representatio n an d algorith m fo r  representin g an d 

processin g informatio n abou t  othe r  cognitiv e agents '  knowledg e states . 

1.1. The Fregean Approach to Reasoning about Knowledge 

We ar e concerne d wit h keepin g trac k o f  coreferen t  term s i n a  memor y whic h contain s asser -

tion s abou t  th e knowledg e state s o f  cognitiv e agents .  Th e situatio n ca n b e illustrate d b y 

McCarthy' s (1979 )  "telephon e numbe r  problem "  i n whic h ther e ar e tw o phon e numbers ,  Mike' s 

phon e numbe r  an d Mary' s phon e number ,  whic h ar e coreferent .  I t  follow s tha t  i f  a  person ,  sa y 

Exl ,  dial s Mike' s phon e number ,  h e als o dial s Mary' s phon e number .  However ,  i f  h e know s Mike' s 

phon e number ,  i t  doe s no t  follo w tha t  h e know s Mary' s phon e number .  Th e Fregea n approac h 

(e.g. ,  McCarthy ,  1979 )  towar d solvin g thi s proble m i s t o clai m tha t  th e phras e "Mike' s phon e 

number "  mean s it s referent ,  i n norma l  contexts ,  bu t  mean s somethin g els e (calle d th e "sense" )  i n 

context s involvin g knowledge . 

Crear y (1979 )  an d Bamde n (1983 )  hav e show n tha t  us e o f  th e Fregea n approac h require s 

more tha n jus t  sens e an d reference ;  i t  require s a  hierarch y o f  concepts .  Fo r  example ,  i n sentence s 

(l)-(3 )  below ,  th e phras e "Mike' s phon e number "  mus t  b e represente d as :  1 )  th e numbe r  itself ;  2 ) 

th e concep t  o f  th e number ;  and ,  3 )  th e concep t  o f  th e concep t  o f  th e number .  Fo r  eac h embed -

din g i n a  knowledg e context ,  w e mus t  g o on e leve l  deepe r  i n th e concep t  hierarchy . 

(1) Ed dials Mike's phone number. 

(2 )  Pa t  know s Mike' s phon e number . 

(3 )  Ton y know s tha t  Pa t  know s Mike' s phon e number . 

2. COGNITIVE SIMULATION APPROACH 

We no w describ e anothe r  approac h t o thi s problem .  An y concep t  tha t  a  huma n i s capabl e 
of  contemplatin g a t  th e leve l  o f  introspectio n shoul d b e representabl e a s a  node ,  o r  som e 
equivalen t  kin d o f  cognitiv e unit ,  i n a  simulation' s memory .  W e wil l  interchangeabl y cal l  thes e 

The aatbo n acknowledg e Nige l  Wir d fo r  caxefo l  criticism s c f  a. a eadie r  drif t  o f  thi s paper .  Th e first  aatho r 
wu Bopporte d b y th e A.P .  Sloaj i  Foandation . 
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node s "cognitiv e units "  o r  "menta l  OBJECTs, "  t o signif y tha t  the y correlat e with ,  o r  represent , 

manipulabl e object s o f  though t  i n a  huraa a mind .  Ther e shoul d b e n o menta l  O B J E C Ts whic h 

represen t  concepts ,  ideas ,  o r  distinction s tha t  human s d o no t  use .  Thes e premise s ar e a  versio n o f 

th e so-calle d Uniquenes s Principl e describe d i n Maid a an d Shapir o (1982) .  Accordin g t o thi s prin -

ciple ,  then ,  th e phras e "Mike' s phon e number "  shoul d no t  b e mappe d int o thre e distinc t  menta l 

O B J E C TS o r  cognitiv e unit s i n sentence s (IH^ )  unles s ther e i s introspectiv e evidenc e tha t 

humans mak e thi s sam e kin d o f  distinction .  Th e remainde r  o f  thi s p^pe r  describe s ho w t o mak e 

thi s simpl e representatio n work . 

We mus t  augmen t  thi s representatio n wit h processin g tha t  manage s knowledg e states .  Thi s 

involve s tw o components .  On e i s a  schem e t o maintai n canonica l  name s fo r  equivalenc e classe s o f 

coreferen t  OBJECTs .  Th e othe r  i s a  schem e t o maintai n knowledg e context s fo r  th e menta l 

OBJECTs.  Eac h knowledg e contex t  wil l  associat e a  menta l  O B J E C T wit h a  canonica l  name . 

Assertion s wil l  b e store d wit h th e canonica l  nam e selecte d b y th e curren t  knowledg e context . 

3. THE KNOWLEDGE CONTEXT ALGORITHM. 

The Knowledg e Contex t  Algorith m processe s assertion s o f  knowin g wit h respec t  t o th e sub -
stitutio n o f  coreferen t  terms .  Th e algorith m h2aidle s neste d knowin g suc h a s th e assertion :  "Ton y 

knows tha t  Pa t  know s Mike' s telephon e number. "  Th e algorith m draw s al l  vali d inference s whic h 

follo w strictl y fro m th e substitutio n o f  coreferen t  term s whil e drawin g n o invali d inference s (c f 

Maida ,  1984) . 

3.1. Assigning Knowledge Contexts to Mental OBJECTs. 

Expressio n (4 )  belo w make s referenc e t o thre e concept s whic h wil l  b e represente d a s distinc t 

menta l  OBJECTs .  The y ar e Tony ,  Pat ,  an d Mike's-phone-number . 

(4) (know-that Tony (know-value-of Pat Mike's-phone-number)) 

We must assign a knowledge context to each of these OBJECTs. An OBJECT in an assertion 

acquire s it s knowledg e contex t  fro m tw o sources .  The y are :  1 )  th e OBJECT' S knowledg e contex t 

withi n th e assertio n (i.e. ,  whethe r  i t  i s  th e secon d argumen t  o f  a  "know-that "  o r  "know-value -

of") ,  an d 2 )  wh o happen s t o believ e th e assertion .  Assumin g th e assertio n reside s i n th e to p leve l 

of  th e system' s memory ,  th e knowledg e context s fo r  eac h o f  th e object s i n th e assertio n appea r  i n 

Tabl e 1 . 

Table 1 

Knowledge Contexts Assigned to the 

O B J E C Ts appearin g i n Expressio n (4 ) 

O B J E CT Knowledg e Contex t 

Tony System 

Pat  System-Ton y 

Mike's-phone-numbe r  System-Tony-Pa t 

A hyphenate d contex t  suc h a s "System-Tony "  shoul d b e interprete d a s 

th e system' s knowledg e o f  Tony' s knowledge . 



250 

Momiog Sta r 

Evening Star 

Venns 

3.2 .  Contex t  Relativ e E^iulvalecc e Clas^e * 

Multipl e cognitiv e unit s ca n tur n ou t  t o b e coreferent .  Set s o f  C B J E C T s know n t o b e core -

feren t  creat e equivalenc e classes .  Thi s schem e a s i t  stand s howeve r  ca n lea d t o a  seriou s cross -

referencin g proble m becaus e multipl e fact s abou t  a  singl e real-worl d objec t  ca n b e sprinkle d 

among an y o f  th e O B J E C Ts i n th e equivalenc e class . 

We us e a  techniqu e first  employe d b y McAlleste r  (1980 )  whic h involve s assignin g canonical -

names (c-names )  t o equivalenc e classes .  W e shal l  augmen t  McAllester' s schem e wit h a  manage r 

fo r  knowledg e contexts .  Henceforth ,  a  menta l  O B J E C T i n a n equivalenc e clas s wil l  hav e a  canon -

ica l  nam e wit h respec t  t o it a knowledg e context .  Figur e 1  depict s a  situatio n i n whic h th e syste m 

knows th e coreferenc e o f  th e thre e unit s i n th e se t  {th e Mornin g Star ,  th e Evenin g Star ,  Venus} , 

wherea s i t  know s tha t  Pa t  know s th e coreferenc e o f  onl y tw o o f  these ,  namel y th e unit s i n th e se t 

{th e Mornin g Star ,  th e Evenin g Star} .  Not e tha t  th e uni t  representin g th e Mornin g Sta r  ha s a 

canonica l  nam e whic h depend s o n th e currentl y activ e knowledg e context ,  i.e. ,  i n thi s case , 

whethe r  i t  u  th e system' s knowledg e o r  th e system' s knowledg e o f  Pat' s knowledge . 

^  syste m relativ e c-nam e 

system-Pat relative c-name 

Figur e 1 

A OBJECT can be in Multiple Context-Relative E^quivalence Classes 

eac h havin g thei r  ow n Canonica l  Name . 

3.3 .  ProeeMin g wit h th e Knowledg e Contex t  Algorith m 

Conside r  th e unit s representin g "Mike' s phon e number "  i n (5a )  an d (5b) . 

(5a )  Pa t  dial s Mike' s phon e number . 

(5b )  Pa t  know s Mike' s phon e number . 

For  a  give n O B J E C T,  informatio n abou t  i t  i s  store d wit h a  canonica l  nam e tha t  depend s o n th e 

OBJECT' S curren t  knowledg e context .  I n sentenc e (5a )  th e knowledg e contex t  fo r  th e O B J E C T 

representin g Mike' s phon e numbe r  i s syste m an d it s canonica l  nam e i n tha t  contex t  wil l  neces -

saril y  b e th e sam e a s th e canonica l  nam e fo r  th e dat a bas e O B J E C T representin g Mary' s phon e 

number .  Sinc e extensiona l  informatio n pertainin g t o eithe r  Mike' s o r  Mary' s phon e cumbe r  wil l  b e 

store d wit h thi s canonica l  name ,  inference s whic h follo w fro m substitutio n o f  coreferen t  term s ar e 

made implicitl y  b y th e storag e scheme .  However ,  i n sentenc e (5b )  th e relevan t  knowledg e contex t 

i s  system-Pa t  an d th e canonica l  nam e fo r  th e O B J E C T representin g Mike' s phon e numbe r  i n 

thi s contex t  wil l  onl y b e th e sam e a s th e on e fo r  th e O B J E C T representin g Mary' s phon e numbe r 

i f  th e syste m ha s a n assertio n residin g i n it s dat a bas e assertin g tha t  Pa t  know s th e phon e 

number s ar e coreferent .  I f  th e assertio n reside s i n memory ,  th e inferenc e goe s through ,  otherwis e 

not ;  thes e ar e exactl y th e performanc e characteristic s tha t  w e want . 

3.4 .  Relate d Psychologica l  Evidenc e 

Anderso n (1978 )  studie d th e questio n o f  wha t  happen s whe n tw o structure s i n huma n 

memory,  previousl y believe d t o correspon d t o distinc t  real-worl d entities ,  ar e learne d t o b e core -

ferent .  WTje n th e subjec t  learn s o f  th e coreferenc e o f  distinc t  cognitiv e units ,  h e o r  sh e graduall y 
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migrate s th e factua l  informatio n fro m on e uni t  t o th e other ,  abandonin g on e unit .  Th e vini t  pre -

viousl y use d th e mos t  dominates .  Th e subject' s choice ,  base d upo n amoun t  o f  previou s use ,  i s  a n 

arbitrar y choic e fro m a  semanti c o r  conceptua l  standpoint . 

4.  C O N C L U S I ON 

We presente d a  metho d o f  representin g infr/rmatio n abou t  th e knowledg e state s o f  othe r 

cognitiv e agent s whic h i s psychologicall y mor e plausibl e tha n th e Fregea n method .  Purel y Fre -

gean method s fo r  representin g knowledg e abou t  knowledg e mak e mor e distinction s tha n a  huma n 

thinkin g abou t  th e sam e proble m woul d make .  Th e presen t  metho d make s exactl y th e righ t 

number  o f  dbtinctions . 
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Curren t  researc h o n Intelligen t  Computer-Assiste d Instructio n (ICAI )  ha s largel y 

focuse d o n modellin g exper t  domai n knowledge ,  student' s knowledge ,  an d erro r  diagnosi s 

techniques .  I n mos t  curren t  ICA I  systems ,  tutoria l  strategie s ar e implici t  onl y i n th e 

architectur e o f  th e system ,  an d canno t  b e dynamicall y chose n durin g th e instructiona l 

conversatio n wit h th e student .  Whil e learnin g theorie s ma y sugges t  efficien t  strategie s 

fo r  th e learner ,  the y hav e littl e t o offe r  th e instructo r  i n guidin g effectiv e presentatio n o f 

materia l  o r  i n makin g strategi c decision s regardin g tutoria l  methods . 

In thi s pape r  w e examin e th e range ,  situationa l  determinants ,  an d effectivenes s o f 

tutora l  strategies .  Ou r  analysi s o f  tutorin g strategie s i s base d o n recording s o f  fourtee n 

undergraduate s bein g individuall y tutore d o n th e LIS P programmin g languag e Th e 

student s ha d n o prio r  experienc e wit h LISP ;  approximatel y three-fourth s ha d prio r 

programmin g experienc e wit h BASI C o r  Pascal .  Fiv e psycholog y an d compute r  scienc e 

student s wh o ha d prio r  experienc e a s teachin g assistant s o r  privat e tutor s fo r  LIS P serve d 

as tutor s i n thi s experimen t  Eac h studen t  rea d a  tex t  describin g basi c LIS P function s an d 

synta x an d worke d throug h a  se t  o f  problem s wit h th e tutor' s assistanc e Tutor s wer e 

tol d onl y t o hel p th e student s solv e th e problem s i n th e text ,  an d wer e fre e t o us e 

whateve r  technique s the y foun d appropriate .  Al l  termina l  interaction s wer e recorde d an d 

th e session s wer e video-taped . 

We characteriz e th e tutoria l  interaction s i n term s o f  th e tutoria l  goal s (e.g .  clarif y 

misconception ,  guid e problem-solving ,  promot e exploration ,  elaborat e knowledge) ,  th e 

strateg y o r  pla n enacte d t o achiev e th e goa l  {e.g .  analogy ,  restructurin g a  problem , 

reminding ,  statemen t  o f  facts) ,  an d th e problem-solvin g contex t  i n whic h th e interactio n 

occured .  Thi s characterizatio n indicate s th e manne r  i n whic h tutor s dynamicall y devis e 

an individuall y tailore d curriculum .  Most ,  o f  th e interaction s wer e directe d a t  tw o majo r 

tutoria l  goals .  First ,  tutor s provide d informatio n t o clarif y studen t  misconception s I n 
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thes e situations ,  th e studen t  exhibit s a  misunderstandin g o r  sli p i n th e executio n o f  a 

procedure .  Exannple s ar e usin g a  synonv m fo r  th e desire d functio n (AD D v s PLUS) ,  typin g 

an incorrec t  numbe r  o f  parenthese s o r  choosin g a n incorrec t  combinin g function .  Th e 

strategie s chose n b y th e tuto r  varie d wit h th e student' s pas t  performanc e an d th e curren t 

stat e o f  proble m solving .  Th e strategie s observe d included : 

* Analogy. A typical problem with instruction in a new domain is the student's 

lac k o f  conceptua l  structur e t o appl y t o th e abstrac t  idea s prese n e d i n a n 

attemp t  t o construc t  ne w rules .  B y presentin g an d the n guidin g applicatio n o f 

an analogy ,  tutor s ai d th e studen t  i n developin g a  usefu l  mode l  fo r  th e ne w 

domain . 

* Fact provision. When an error is judged to be either a slip or a non-serious 

misconception ,  tutor s provid e th e necessar y informatio n directl y i n orde r  t o 

facilitat e proble m solvin g o r  t o lesse n th e student' s memor y loa d Typica l 

example s o f  input s elicitin g thi s respons e ar e th e generatio n o f  a  synony m fo r 

a functio n nam e o r  unbalance d parenthese s 

* Reminding. Knowledge learned in previous episodes is often unavailable to 

th e studen t  fo r  immediat e recal l  i n a  differen t  context .  Tutor s remin d 

student s o f  previou s episode s t o encourag e the m t o appl y knowledg e learne d 

i n thos e context s t o th e ne w problem . 

Second, tutors often set new goals for the student within the current problem. 

Althoug h student s ma y posses s th e necessar y procedure s fo r  solvin g component s o f  th e 

problem ,  the y ar e ofte n unabl e t o partitio n th e proble m int o manageabl e pieces .  Ou r 

tutor s tende d t o provid e hint s o r  suggestion s concernin g th e nex t  goa l  i n th e problem -

solving ,  rathe r  tha n simpl y providin g th e nex t  ste p i n th e proble m an d encouragin g th e 

student s t o continue .  Furthermore ,  hint s wer e preferre d t o statin g rule s i n genera l  Th e 

thre e primar y strategie s use d withi n thi s goa l  contex t  were : 

* Decomposition. Often at the beginning of a problem, the student will flounder 

seemingl y overwhelmed .  Tutor s offe r  directio n b y focusin g o n a  subpar t  o f 

th e curren t  proble m eithe r  b y explicitl y  suggestin g a  goa l  o r  b y askin g leadin g 

questions . 

* Reminding. Tutors use previous episodes to guide the solution path as they 

do i n tryin g t o clarif y a  misunderstandin g However ,  i n thes e cases ,  th e 

remindin g i s use d t o promp t  th e studen t  t o recal l  previou s solution s i n orde r 

t o construc t  a  paralle l  pla n fo r  th e curren t  problem . 

* Simpler problem. Students may become fixated on a particular point or 

intimidate d b y a  comple x proble m Here ,  tutor s generat e a  simple r  proble m t o 
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be solve d tha t  contain s th e essentia l  feature s Th e student ,  perhap s wit h th e 

tutor' s guidance ,  ca n the n appl y thi s solutio n i n th e ne w context . 

In addition, tutors reinforce correct concepts, elaborate knowledge and promote active 

exploration. These strategies are less prevalent in our tutorial transactions, but help to 

var y th e tutor-studen t  interaction s an d t o enric h th e knowledg e provide d fo r  th e student s 

Finally, we discuss why these tutorial strategies are effective within the ACT* theory 

of  learnin g (Anderson ,  1983) .  Whil e i t  ma y see m tha t  providin g fact s an d rule s a t 

appropriat e time s coul d b e th e mos t  helpfu l  interactio n provide d b y a  tutor ,  ACT *  offer s 

some insigh t  a s t o wh y thes e strategie s ar e les s effectiv e tha n th e "indirect "  strategie s 

preferre d b y ou r  tutors . 

* Setting goals. Our tutors tended to provide hints or suggestions concerning 

th e nex t  goa l  i n th e problem-solving ,  rathe r  tha n providin g eithe r  a n 

applicabl e rul e o r  th e resul t  o f  tha t  rul e Th e proble m wit h referrin g t o 

genera l  rule s i s tha t  student s ma y no t  hav e th e conceptua l  vocabular y t o 

correctl y repre s :n t  th e saJien t  proble m feature s involve d i n th e rule s W h e n 

th e tuto r  intervene s b y settin g th e nex t  goal ,  th e studen t  ma y mor e easil y 

acces s a  weakl y encode d rul e an d thereb y strengthe n i t  throug h executio n i n 

th e appropriat e goa l  contex t  Furthermore ,  a n opportunit y i s offere d fo r 

incorrectl y encode d rule s t o b e accesse d an d debugge d withi n th e curren t 

context ,  i f  th e studen t  wer e give n th e nex t  resul t  the y ma y simpl y accep t  i t 

and neve r  acces s thei r  wea k o r  incorrec t  rule .  Similarly ,  i f  th e tuto r  ha d 

simpl y presente d th e genera l  rul e tha t  wa s applicabl e i n th e curren t  context . 

th e studen t  coul d encod e i t  declaratively ,  missin g a n opportunit y t o 

strengthe n a n existin g bu t  currentl y inaccessibl e rule . 

* Guided Generalization Our tutors often redefined the problem for the 

studen t  b y selectin g simple r  problem s wit h th e sam e essentia l  features . 

Thes e case s enabl e th e studen t  t o acces s a  rul e whic h the y hav e alread y 

acquire d an d t o appl y i t  t o th e ne w context .  Thi s allow s th e learnin g 

mechanism s t o generaliz e fro m th e instance s an d t o construc t  a  mor e 

generall y applicabl e rul e 

In fact, these "indirect" strategies lead to faster learning rates and better performance 

fo r  ou r  subject s tha n d o th e standar d pedagogica l  environment s (readin g texts ,  attendin g 

lectures ,  workin g problems) .  W e believ e thes e technique s enabl e th e studen t  t o acces s 

and therefor e t o modif y o r  generaliz e existin g rule s wherea s factua l  informatio n presente d 

by th e tuto r  i s likel y t o b e encode d declarativel y o r  i n a n overl y specifi c  form . 
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Abstrac t 

Thi s pape r  investigate s tw o context s o f  children' s developin g knowledg e o f  th e physica l  world :  (1 ) 

th e nnacro-contex t  o f  differen t  ag e cohort s (8- 9 year s versu s 11-1 2 years) ;  an d (2 )  th e micro-contex t 

of  a  one-hou r  experimenta l  session .  Twent y subject s wer e video-taped ,  constructin g goal-state s fo r 

a tas k involvin g gears .  Fou r  distinc t  systemi c approache s o r  proble m space s wer e identified :  (a ) 

Euclidean ,  (b )  Kinematic ,  (c )  Dynamic ,  an d (d )  Topological .  Th e Arithmeti c Modifier ,  effectin g a 

numerica l  characterizatio n o f  a  proble m space ,  ca n operat e o n an y o f  th e four .  Cross-age ,  ther e wa s 

th e substantia l  overla p o f  initia l  proble m spac e employed ,  an d minima l  overla p o f  fina l  proble m space . 

Thi s frequenc y o f  adaptiv e shif t  i n proble m space ,  strongl y an d positivel y correlate d wit h age , 

suggest s that ,  whe n confronte d wit h a n unfamilia r  tas k domain ,  th e capacit y t o recogniz e a  proble m 

spac e a s inappropriat e an d t o evok e anothe r  mor e adequat e proble m spac e appear s t o b e a 

componen t  o f  th e answe r  t o th e classi c question ,  "Wha t  develops? " 

Introductio n 

It  i s  propose d her e tha t  th e Informatio n Processin g construc t  o f  proble m spac e i s a  potentiall y 

powerfu l  conceptua l  an d representationa l  too l  fo r  th e investigatio n o f  children' s thinking ,  particularl y 

well-suite d t o th e critica l  analysi s o f  th e systemi c vie w o f  understandin g an d change .  Thi s researc h 

projec t  use s th e proble m spac e construc t  t o compar e differen t  age d children' s capacit y fo r 

understandin g a  physica l  tas k domai n wit h whic h the y ar e no t  familiar ,  an d thei r  capacit y fo r  adaptiv e 

change .  Th e physica l  tas k domai n chose n fo r  thi s stud y i s gears ;  i n particula r  thei r  model s o f  relativ e 
directionality . 

An instructionles s experimenta l  procedur e ha s bee n developed ,  s o a s t o enabl e th e ecologica l 

investigatio n o f  system s o f  understandin g an d possibl e systemi c change s Th e procedur e wa s derive d 

fro m a  lin e o f  researc h recentl y develope d i n Genev a b y BaVbe l  Inhelde r  an d he r  team ,  utilizin g 

micro-analysi s o f  conceptua l  chang e occurrin g i n th e contex t  o f  children' s problem-solvin g (c.f . 
Bianchet ,  1977 ;  Inhelde r  e t  al. ,  1976) . 

Method 

Subject s wer e draw n randoml y fro m th e populatio n o f  graduate s o f  a  universit y laborator y 

preschool ,  wh o stil l  live d i n th e area .  Th e populatio n i s predominatel y middl e an d upper-middl e SES . 

The se t  o f  material s give n t o th e subjec t  consist s o f  1 2 gears ,  3  eac h o f  4  differen t  sizes ,  a  Velcr o 

board ,  an d a  knob .  Th e gear s ca n b e easil y attache d o r  remove d fro m th e board ,  b y mean s o f  a 

Velcr o adhesiv e o n th e inne r  circl e o f  th e gear-back .  T w o o f  th e gear s hav e tap e o n them ,  wit h a 

drawin g o f  a  ma n i n th e cours e o f  somersaulting .  Turnin g a  marke d gea r  counterclockwis e give s th e 

appearenc e o f  a  ma n somersaultin g head-first ;  turnin g clockwise ,  o f  somersaultin g feet-first .  Th e 

kno b ca n b e place d i n an y o f  6  o f  th e 1 2 gears ,  includin g bot h o f  th e marke d gears . 

Figur e 1  Th e Material s 

0 _ 0 ! 



The instruction s t o th e subjec t  are :  "  Ther e ar e ̂  bunc h o f  thes e things .  Tw o o f  thes e hav e me n o n 

them .  Lot s o f  the m don't .  Th e me n ca n d o head-somersault s lik e this .  O r  feet-firs t  somersault s lik e 

this .  Th e gam e i s t o mak e something ,  usin g an y o f  thes e thing s yo u like ,  s o tha t  whe n yo u tur n th e 

kno b (See ,  th e kno b ca n fi t  int o an y o f  thes e holes )  bot h me n d o head-firs t  somersaults .  Mak e 

something ,  usin g an y o f  thes e thing s yo u like ,  s o tha t  whe n yo u tur n th e knob ,  thi s ma n an d thi s ma n 

ar e bot h doin g head-firs t  somersaults .  Pleas e thin k outloud .  "  Afte r  th e chil d ha s buil t  on e successfu l 

construction ,  th e experimente r  extend s th e task: "  Good !  No w th e gam e i s t o se e ho w man y differen t 

ways ther e ar e t o ge t  th e tw o me n t o d o head-firs t  somersaults .  Here' s a  pe n an d som e paper .  Us e 

the m t o kee p trac k o f  th e Way s yo u find .  Remember !  It' s  importan t  t o thin k outloud! " 

.Th e simples t  an d mos t  efficien t  mean s o f  resolvin g th e tas k entail s th e consideratio n o f  onl y on e 

relatio n foun d withi n th e gear-configuratio n i n a  stat e o f  no-motion :  th e parit y o r  non-parit y o f  gear -

element s betwee n th e marke d gears .  Whe n ther e i s a n od d numbe r  o f  gear-element s betwee n th e 

marke d gear s (an d n o othe r  connection s wit h a n eve n numbe r  o f  gear-elements) ,  the n th e tw o 

marke d gear s wil l  tur n i n th e sam e direction .  Othe r  approaches ,  suc h a s th e abstractio n o f  pattern s 

of  relativ e motio n o r  th e calculatio n o f  th e directiona l  effect s o f  pushe s acros s pathway s o f 

transmissio n o f  movement ,  althoug h les s efficient ,  offe r  progressivel y mor e adequat e model s o f  th e 

phenomeno n o f  relativ e directionalit y o f  gea r  movement ,  an d alternativ e path s t o goa l  attainment . 

Result s an d Discussio n 

The result s ar e organize d int o tw o levels :  first ,  a  descriptio n o f  eac h proble m space ,  a s summarize d 

fro m th e codin g criteri a (criteria ,  develope d acros s thre e pilo t  studies ,  b y th e gradua l  refinin g o f  th e 

matc h betwee n dat a an d models) ;  an d second ,  a  cross-ag e compariso n o f  rang e an d distributio n o f 

proble m spaces ,  an d th e frequenc y o f  adaptiv e proble m spac e shift .  I n th e codin g o f  th e protocols , 

th e traine d raters '  agreemen t  wa s 91. 3 %. 

1. The four problem spaces 

The Euclidea n Proble m Spac e 

The Euclidea n Proble m Spac e i s compose d o f  element s an d relation s o f  Euclidea n geometry ,  suc h 

as siz e o f  gea r  elements ,  particula r  alignmen t  amon g gea r  placement s o r  positionin g o n th e boar d 

surface ,  gears-configuratio n shape ,  an d symmetries .  Eac h o f  thes e i s irrelevan t  t o th e attainmen t  o f 

th e goal . 

A particularl y interestin g an d commo n typ e o f  erro r  i s th e us e o f  symmetr y a s a  mean s t o achiev e 

correspondenc e o f  displacements .  Tw o strategie s wer e base d o n symmetry .  On e entaile d symmetrica l 

matchin g o f  men-orientations .  Thes e subject s vascillat e betwee n mirro r  an d slid e symmetry , 

convince d tha t  th e correc t  symmetrica l  relatio n betwee n me n figure s (i n additio n t o th e correc t 

positionin g o f  on e elemen t  relativ e t o th e other )  shoul d solv e th e problem .  I n th e secon d type ,  th e 

subjec t  trie s t o attai n th e goa l  b y mean s o f  th e bi-laterall y symmetrica l  placemen t  o f  th e marke d 

gear s i n a  bi-laterall y symmetrica l  gears-configuration .  I t  i s  hypothesize d tha t  visua l  symmetr y i s 

one primitiv e heuristi c employe d b y youn g physics-naiv e subjects ,  seekin g t o creat e identit y o f 

action s (a s i n thi s task )  o r  equilibriu m (a s Inhelde r  an d Piage t  (1958 )  reporte d o f  thei r  younges t 

subject s i n thei r  balanc e bea m task) . 

The Kinemati c Proble m Spac e 

The Kinemati c Proble m Spac e entail s th e enactmen t  o f  a  ne w dat a base ,  gear s i n motion .  Thi s focu s 

on motio n i s manifeste d b y extensiv e motio n study ,  abov e an d beyon d tha t  necessar y t o evaluat e 

construction s a s failure s o r  successe s (e.g .  a n examinatio n o f  motio n o f  non-marke d a s wel l  a s 

marke d gears ;  settin g gear s int o motio n wit h onl y on e o r  wit h n o marke d gear s o n th e board ; 

continuin g t o tur n th e gea r  construction ,  eve n afte r  i t  ha s bee n evaluate d a s a  succes s o r  failure) . 

The conceptua l  framewor k consist s o f  thes e motions ,  an d secondarily ,  th e placement s tha t  effec t 

them ,  define d eithe r  i n term s o f  a  Euclidea n relatio n (i.e .  th e particula r  alignmen t  o f  eac h elemen t 

relativ e t o th e others )  o r  Topologica l  relation s (mor e simply ,  whic h element s ar e touching) .  Thi s dat a 

bas e enable s th e abstractio n o f  goal -  relevan t  kinemati c relation s an d patterns . 

I n contras t  t o th e Euclidea n Proble m Space ,  th e Kinemati c Proble m Spac e i s a  fundamentall y goal -

appropriat e conceptua l  framework .  Th e spher e o f  relativ e motion s o f  al l  gears ,  marke d an d 
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nonmarked ,  i s a n effectiv e wa y o f  observin g one's3Bvolvin g constructions ,  o f  abstractin g relation s an d 

patterns ,  an d fornnulatin g constraint s fo r  gear-constructions .  A  weaknes s o f  th e spac e i s tha t  thes e 

relation s an d pattern s annon g th e nnotion s remai n arbitrar y ennpirica l  observations ;  i.e. ,  the y d o no t 

transcen d th e descriptive . 

The Dynami c Proble m Spac e 

I n th e Dynami c Proble m Space ,  o n th e basi s o f  suc h entitie s a s agent s an d patients ,  an d pathway s 

of  transmissio n o f  movement ,  inference s ar e formulate d concernin g ho w object s ac t  upo n othe r 

objects ,  s o a s t o effec t  particula r  pattern s o f  displacements .  Subject s conceptualiz e th e turnin g o f 

th e kno b a s creatin g a  forc e tha t  i s transmitte d acros s th e device ,  alon g th e pathway s o f 

transmissio n o f  movement . 

As th e Dynami c framewor k involve s inferrin g th e sequenc e o f  th e displacement s acros s eac h 

pathway ,  i t  ca n impos e significan t  demand s o n STM,  particularl y whe n th e subjec t  doe s no t 

linguisticall y ta g th e directionalities .  Th e space' s strengt h i s th e initia l  explanatio n i t  offer s o f  th e 

phenomenon . 

The Topologica l  Proble m Spac e 

The conceptua l  framewor k o f  thi s proble m spac e i s base d upo n Topologica l  Geometr y  .  I t  i s  simila r 

t o th e Euclidean ,  i n tha t  i t  i s  a  stati c geometri c framework ,  bu t  differen t  i n tha t  man y distinction s 

withi n th e Euclidea n framewor k ar e no t  considere d difference s i n th e Topological .  I n th e Topological , 

th e subjec t  assume s onl y connectednes s o f  gear s i s relevan t  t o th e goa l  criterion ,  an d ignore s 

particula r  alignment s amon g gears ,  thei r  sizes ,  an d th e visua l  gestal t  th e gea r  constructio n ma y form . 

The primar y strengt h o f  th e Topologica l  Proble m Spac e i s tha t  i t  facilitate s th e highl y efficien t 

enumeratio n o f  th e complet e se t  o f  possibilitie s (a s define d b y th e conceptua l  system) .  Th e primar y 

proble m wit h th e Topologica l  Proble m Spac e i s th e arbitrar y qualit y o f  understandin g o f  relativ e 

directionality ,  a s manifeste d b y th e c o m m o n confusio n concernin g whic h element s t o count ,  th e 

subjects '  spontaneou s descriptor s o f  th e odd/eve n rul e (e.g.a s th e "trick "  o r  th e wa y th e Experimente r 

"fixe d th e game") ,  an d subjects '  inabilit y  t o offe r  explanation s o f  th e phenomenon . 
The Arithmeti c Modifie r 

The Arithmeti c Modifie r  doe s no t  affec t  th e conceptualizatio n o f  th e tas k domain ,  no r  th e heuristics , 

apar t  fro m th e numerica l  characterizatio n o f  th e unit s o f  meaning ,  a s define d b y th e semantic s an d 

synta x o f  tha t  particula r  proble m space .  Th e benefit s o f  suc h formalis m ar e comparativel y obvious ,  i.e . 

greate r  efficienc y o f  tas k resolutio n o r  eas e i n identifyin g patterns .  Th e primar y liabilit y  identifie d i n 

thi s dat a se t  i s  th e dissociatio n o f  th e arithmeti c fro m th e semanti c an d syntacti c referent . 

Cross-ag e Compariso n o f  Initia l  an d Fina l  Proble m Space s 
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Cross-ag e compariso n o f  rang e an d distributio n o f  proble m spaces ,  an d frequenc y o f  proble m 
spac e shif t 

Ther e i s substantia l  cross-ag e overla p i n initia l  proble m spac e (Se e Figur e 2. )  Wit h th e exceptio n -

th e firs t  5  episode s o f  on e 8- 9 subject ,  al l  o f  th e 8-9' s bega n th e tas k i n th e Euclidea n o r  <ine, .  a t 

proble m spaces ,  o r  som e utilizatio n o f  bot h (i n vascillatio n o r  combination) ;  7 0 % o f  th t  ; 1 2 '  d i  3 5 
well . 
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The cross-ag e overla p o f  fina l  proble m spac e 1 4 muc h smalle r  (Se e Figur e 2) .  Sevent y percen t  o f 

th e 11-12 s en d th e tas k i n th e Topologica l  space ,  a  spac e tha t  n o 8- 9 employe d unde r  th e 

condition s o f  thi s experiment .  On e 11-1 2 ende d th e tas k operatin g confidentl y i n th e Dynami c 

Proble m Space ,  a  spac e n o 8- 9 wa s abl e t o sustain .  Al l  o f  th e 8-9' s ende d th e tas k i n th e Euclidea n 

pr .  th e Kinematic ,  o r  som e utilizatio n o f  both ,  a s compare d t o onl y 2 0 % o f  th e 11-12's . 

One intriguin g cross-ag e differenc e embedde d i n th e compariso n o f  initia l  an d fina l  proble m space s 

i s th e frequenc y o f  adaptiv e chang e o f  proble m space .  Ther e i s a  stron g tendenc y amon g th e 8-9' s 

toward s absenc e o f  proble m spac e shift .  Conversely ,  ther e i s a  stron g tren d amon g th e 11-12' s wh o 

do no t  begi n i n a n adequat e space ,  toward s adaptiv e chang e o f  proble m space . 

Conclusion s 

The dramati c cross-ag e differenc e i n rang e wa s th e eventua l  hig h frequenc y o f  th e Topologica l 

Spac e amon g th e olde r  subjects ,  an d it s complet e absenc e amoun g th e younge r  subjects .  I t  i s 

hypothesize d tha t  th e reaso n tha t  th e Topologica l  framework ,  documente d i n th e literatur e a s th e 

most  developmentall y primitiv e geometr y (e.g.Piaget ,  inhelde r  &  Szeminska ,  1960 )  i s th e las t 

employe d i s tha t  it s  usag e her e implie s th e recognitio n o f  highl y salien t  Euclidea n feature s a s 

irrelevant ,  an d henc e constitute s a  les s perceptually-bound ,  mor e abstrac t  choice . 

Second ,  th e hig h frequenc y o f  adaptiv e proble m spac e shif t  amon g th e olde r  subject s suggest s tha t 

th e abilitie s t o recogniz e a  spac e a s inappropriat e an d t o evok e a  mor e appropriat e on e ar e 

component s t o th e answe r  t o th e classi c developmenta l  questio n o f  "Wha t  develops?" . 

Finally ,  th e stud y document s tha t  children' s understandin g o f  physica l  phenomen a ca n b e describe d 

i n term s o f  system s o r  paradigmati c approaches ,  an d tha t  th e developmen t  o f  understandin g ca n b e 

represente d i n term s o f  change s i n thes e systems . 
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P r o b l e m s o l v e r s mus t  cons ide r  th e s i t ua t i ona l  f ac to r s whic h 
i n f l u e n c e th e p r e d i c t i v e n e s s o f  f ea tu re s use d t o mak e j u d g m e n t s . 
I n a n a n a l y s i s o f  pos i t i on s f ro m O t h e l l o g a m e s ,  w e foun d tha t  th e 
p r e d i c t i v e v a l i d i t y o f  man y fea tu re s wa s dependen t  o n th e s tag e 
o f  t h e g a m e an d t h e s k i l l  o f  t h e p l a y e r s .  T h i s f i n d i n g s u p p o r t s 
th e us e o f  c o n t e x t - s e n s i t i v e we igh t s fo r  i nd iv idua l  fea tu re s i n 
e v a l u a t i o n f u n c t i o n s - -  s u c h a s th e a p p l i c a t i o n c o e f f i c i e n t s 
p r o p o s e d b y A c k l e y an d B e r l i n e r  ( 1 9 8 3 ) .  I n a d d i t i o n ,  ou r 
resea rc h p r o v i d e s a  metho d fo r  d i s c o v e r i n g thes e dependenc ie s an d 
fo r  t es t i n g th e genera l  v a l i d i t y o f  f e a t u r e s . 

A c k l e y an d Be r l i ne r  (1983 )  de f in e tw o impor tan t  componen t s o f 
g a me p l a y i n g p r o g r a m s :  r e a s o n i n g an d j u d g m e n t .  I n t h e i r  w o r d s , 
" r e a s o n i n g . . . i s  th e p r o c e s s o f  i m a g i n i n g t h e e n v i r o n m e n t  t o b e 
o t h e r  t h a n i t  i s  ( p . 3 ) , "  an d " j u d g m e n t . . .  i s  th e p r o c e s s o f 
f o r m i n g a n i n t e r p r e t a t i o n o f  t h e e n v i r o n m e n t  w i t h r e s p e c t  t o a 
goa l  (p.3). "  I n mos t  p r o g r a m s ,  reason in g i s th e searc h a l go r i t h m 
an d j u d g m e n t  i s t h e e v a l u a t i o n f u n c t i o n .  M o s t  g a m e - p l a y i n g 
r e s e a r c h ha s f o c u s e d o n t h e r e a s o n i n g p r o c e s s r a t h e r  t h a n th e 
j udgmen t  p rocess .  W i l k i n s (1979 )  an d Be r l i ne r  (1983 )  ar e excep -
t ion s t o th i s r u l e . 

P s y c h o l o g i c a l  s tud ie s o f  e x p e r t - n o v i c e d i f f e rence s (deGroot , 
1 9 6 5 ,  S imo n an d C h a s e ,  1973 )  h a v e foun d tha t  exper t s an d nov i ce s 
us e s i m i l a r  searc h p rocesse s bu t  d i f f e ren t  e v a l u a t i o n f unc t i ons . 
B e c a u s e o f  e x p e r i e n c e ,  e x p e r t s r e c o g n i z e th e b e s t  m o v e s t o 
exam in e an d mak e mor e accura t e e v a l u a t i o n s o f  th e ou t comes . 

Becaus e mos t  researc h ha s focuse d o n th e reason in g p r o c e s s , 

e v a l u a t i o n f unc t i on s ar e u s u a l l y d e v e l o p e d o n th e bas i s o f  in tu -
i t ion s w i t hou t  forma l  ana l ys i s o f  r e l i a b i l i t y  o r  v a l i d i t y .  Mos t 
e v a l u a t i o n f u n c t i o n s f o l l o w th e s a m e g e n e r a l  f o r m a t  S h a n n o n 
d e s c r i b e d i n 1 9 4 9 :  t h e y a r e l i n e a r  c o m b i n a t i o n s o f  i n d i v i d u a l 
f e a t u r e s .  A c k l e y an d B e r l i n e r  ( 1 9 8 3 )  d e t a i l  s o m e o f  th e w e a k -
n e s s e s o f  t h i s s i m p l e a p p r o a c h .  T h e s e w e a k n e s s e s i n c l u d e t h e 
b l e m i s h e f fec t  whic h i s a n a r t i fac t  o f  non -con t i nuou s f u n c t i o n s , 
an d t h e b o u n d a r y e f f e c t  w h i c h o c c u r s a t  t h e e x t r e m e v a l u e s o f  a 
f u n c t i o n . 

W i l k i n s '  (1979 )  researc h o n ches s an d A c k l e y an d Ber l iner ' s 
( 1 9 8 3 )  o n b a c k g a m m o n r e p r e s e n t  tw o s i g n i f i c a n t  a t t e m p t s t o 
a n a l y z e th e j udgmen t  p rocess .  Ou r  researc h i n v o l v e d th e gam e o f 
O t h e l l o w h i c h i s t h e s e c o n d m o s t  p o p u l a r  b o a r d g a m e i n J a p a n . 
T h e g a m e i s p l a y e d o n a n 8  b y 8  b o a r d o f  u n i f o r m c o l o r .  Th e 
p i e c e s a r e r o u n d d i s k s w h i c h a r e w h i t e o n o n e s i d e an d b l a c k o n 
th e o the r .  F igur e l a show s th e s ta r t in g pos i t i on .  B lac k a lway s 
s tar t s th e game .  A  lega l  m o v e (se e f igur e 1 )  cons is t s o f  p lac in g 
a d i s k o n t h e b o a r d s o t h a t  th e d i s k c a p t u r e s a t  l e a s t  on e o f  th e 
o p p o n e n t ' s d i s k s .  T o c a p t u r e a  d i s k ,  t h e m o v i n g p l a y e r ' s ne w 
dis k mus t  sandwic h on e o r  mor e o f  th e opponent ' s d isk s betwee n i t 
an d a t  l e a s t  on e o f  t h e m o v i n g p l a y e r ' s o t h e r  d i s k s w i t h o u t  an y 
empt y square s be twee n them .  A l l  d isk s s o sandwiche d ar e capture d 
an d ar e t u r n e d o v e r  t o r e v e a l  t h e m o v e r ' s c o l o r .  I f  a  p l a y e r 
doe s no t  hav e a  lega l  m o v e ,  the n i t  become s th e opponent ' s turn . 
T h e p l a y e r s a l t e r n a t e t u r n s u n t i l  n e i t h e r  p l a y e r  ha s a  l e g a l 
m o v e .  Th e w i n n e r  i s th e p l a y e r  w i t h t h e m o s t  p i e c e s a t  t h e en d 
of  th e game .  U n l i k e c h e s s ,  th e f ina l  d i f f e renc e i n mate r ia l  (th e 
number  o f  p iece s fo r  eac h p l a y e r )  con t r i bu te s t o p l aye r  r ank ings . 

For  game s suc h a s O t h e l l o o r  c h e s s ,  k n o w l e d g e o f  th e impor -
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tan t  fea tu re s i s no t  su f f i c ien t  t o mak e accu ra t e j u d g m e n t s .  Th e 
v a l i d i t y o f  som e fea ture s depend s o n th e v a l u e o f  o the r  f ea tu re s 
or  o n th e s t a g e o f  th e gam e (e.g .  e a r l y ,  m i d d l e ,  an d l a t e ) .  A 
goo d j u d g m e n t  p r o c e s s m u s t  b e s e n s i t i v e t o t h e s e d e p e n d e n c i e s . 
Ack le y an d Ber l i ne r  (1983 )  use d th e ter m a p p l i c a t i o n coe f f i c i en t 
t o r e f e r  t o w e i g h t i n g f u n c t i o n s w h i c h c o r r e c t  f o r  t h e s e i n t e r -
a c t i o n s b e t w e e n f e a t u r e s an d c o n t e x t .  Ou r  r e s e a r c h p r o v i d e s 
e m p i r i c a l  e v i d e n c e t h a t  t h e s e w e i g h t i n g f u n c t i o n s s h o u l d b e 
s e n s i t i v e t o no t  o n l y th e s t a g e o f  g a m e bu t  a l s o t h e sk i  1  1  o f  t h e 
p i aye rs . 

Procedure 
T h e r e w e r e f o u r  m a j o r  s t e p s i n ou r  s t u d y o f  f e a t u r e i m p o r -

tance :  1 )  th e ident i f i ca t io n o f  r e l e v a n t  f e a t u r e s ;  2 )  th e us e o f 
th e fea ture s t o e v a l u a t e pos i t ion s fro m game s betwee n exper t s an d 
g a m es b e t w e e n n o v i c e s ;  3 )  th e d e v e l o p m e n t  o f  a n " o m n i s c i e n t " 
e v a l u a t i o n fo r  eac h pos i t io n (th e ex terna l  c r i t e r i o n ) ;  an d 4 )  th e 
co r re la t i o n o f  th e ind iv idua l  fea tu re s wit h th e ex terna l  c r i t e r -
ion . 

We c o l l e c t e d 2 9 f e a t u r e s f r o m t h r e e O t h e l l o p r o g r a m s an d 
fro m a r t i c le s b y O t h e l l o exper ts .  Th e program s ar e Odi n b y Pete r 
Frey ,  lag o b y Pau l  Rosenb loo m (1981) ,  an d Bran d b y Ander s K i e r u l f 
( 1 9 8 2 ) .  J o n a t h a n C e r f ,  w h o wa s th e n a t i o n a l  an d w o r l d c h a m p i o n 
O t h e l l o p l a y e r ,  sa i d o f  t h e s e p r o g r a m s ,  "I n m y o p i n i o n th e to p 
p rograms. . .a r e no w e q u a l  (i f  no t  s u p e r i o r )  t o th e bes t  h u m a n 
p l a y e r s ,  (p .16 ,  1 9 8 1 ) " .  B e c a u s e o f  th e s k i l l  o f  t h e s e p r o g r a m s , 
thei r  fea tu re s seeme d appropr ia t e t o thi s research . 

We app l ie d th e 2 9 e v a l u a t i o n fea ture s t o pos i t ion s fro m 13 5 
e x p e r t  g a m e s an d 13 1 n o v i c e g a m e s .  T h r e e p o s i t i o n s w e r e use d 
f r o m eac h g a m e :  e a r l y (1 6 p i e c e s o n th e b o a r d ) ,  m i d d l e (3 2 
p i e c e s ) ,  an d l a t e (4 8 p i e c e s ) .  A f t e r  d e l e t i n g d u p l i c a t e p o s i -
t i ons ,  ther e wer e 40 1 exper t  an d 39 3 nov i c e pos i t i ons . 

We cons idere d thre e source s fo r  th e i ndependen t ,  omn isc ien t 
e v a l u a t i o n o f  eac h p o s i t i o n :  1 )  h u m a n e x p e r t s '  o p i n i o n s ,  2 ) 
p r o g r a m e v a l u a t i o n s base d o n a  l o o k a h e a d s e a r c h o f  s u f f i c i e n t 
dep t h an d k n o w l e d g e tha t  i t  c o u l d bea t  m o s t  e x p e r t s ( th e b e s t 
sea rc h b e i n g a  c o m p l e t e e n d - g a m e s e a r c h ) ,  an d 3 )  th e a c t u a l 
o u t c o m e o f  eac h g a m e .  B e c a u s e o f  d i f f i c u l t i e s i n c o l l e c t i n g 
e x p e r t s '  o p i n i o n s ,  t h e f i r s t  a p p r o a c h w a s no t  u s e d .  We di d us e 
th e actua l  gam e outcom e an d tw o searc h es t imate s - -  Odin' s 8  p l y 
searc h e v a l u a t i o n an d a  c o m p l e t e ,  end-gam e searc h app l ie d t o th e 
lat e posi t io n fro m eac h gam e (1 6 p l y ) . 

Results 

We cor re la te d eac h fea tur e wi t h th e externa l  c r i te r ion .  An y 
p o s i t i o n i n w h i c h a  f e a t u r e di d no t  a p p l y w a s e x c l u d e d f r o m th e 
f e a t u r e ' s c o r r e l a t i o n .  I f  t h e r e w e r e f e w e r  tha n 10 0 p o s i t i o n s 
i n c l u d e d i n a  c o r r e l a t i o n ,  t he n th e n u m b e r  i s s h o w n i n p a r e n -
these s o n th e f igu res .  Th e co r re la t i on s wer e der i ve d sepa ra te l y 
fo r  eac h gam e stag e an d sk i l l  l e v e l .  The re fo re ,  ther e wer e si x 
co r re la t ion s fo r  eac h fea tu r e represen t in g th e tw o sk i l l  l e v e l s 
and thre e gam e per iods . 

O v e r a l l ,  f o r  e x p e r t s ,  m o s t  f e a t u r e s '  p r e d i c t i v e n e s s 
i n c r e a s e d a s th e gam e p r o g r e s s e d ,  bu t  fo r  n o v i c e s ,  th e p r e d i c -
t i venes s remaine d constan t  o r  decreased .  Compar in g th e tw o sk i l l 
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;T--ve1s ,  m o s t  f ea tu re s wer e bet te r  p r e d i c t o r s fo r  n o v i c e s '  p o s i -
t i o n s t h a n f o r  e x p e r t s '  p o s i t i o n s .  T h e p r e d i c t i v e n e s s o f  a l l 
f e a t u r e s w a s a f f e c t e d b y t h e s k i !  1  o f  t h e p l a y e r s o r  t h e s t a g e o f 
t h e g a m e .  F i v e e x a m p l e s o f  d i f f e r e n t  e f f e c t s a r e d i s c u s s e d 
b e l o w . 

F i g u r e 2 a p r e s e n t s th e c o r r e l a t i o n s fo r  a  f e a t u r e w h i c h 
b e c o m e s mor e p r e d i c t i v e a s th e gam e p r o g r e s s e s .  Th i s f ea tu r e i s 
t h e n u m b e r  o f  m o v e s t o th e s q u a r e s i m m e d i a t e l y a d j a c e n t  t o th e 
c o r n e r .  B e c a u s e t h e c o r n e r s a r e t h e m o s t  i m p o r t a n t  s q u a r e s o n 
th e boar d an d becaus e a  squar e ca n o n l y b e cap tu re d i f  th e oppo -
n e n t  ha s a  p i e c e n e x t  t o i t ,  p l a y e r s u s u a l l y a v o i d m o v e s t o t h e 
s q u a r e s a d j a c e n t  t o c o r n e r s .  A c c o r d i n g l y ,  m o s t  p r o g r a m s n e g a -
t i v e l y we igh t  thes e m o v e s .  Con t ra r y t o e x p e c t a t i o n ,  ou r  r e s u l t s 
d a t a s h o w t h a t  th e a b i l i t y  (no t  n e c e s s a r i l y  t h e a c t i o n )  t o 
cap tu r e thes e square s i s p o s i t i v e l y co r re l a te d wi t h succes s an d 
tha t  th i s r e l a t i o n s h i p become s s t ronge r  a s th e gam e p r o g r e s s e s . 

F igu r e 2 b show s a  fea tu r e whos e c o r r e l a t i o n increase s a s th e 
g a me p r o g r e s s e s an d i s m o r e p o s i t i v e fo r  n o v i c e s t ha n fo r 
e x p e r t s .  T h e f e a t u r e i s t h e n u m b e r  o f  e d g e p i e c e s w h i c h c a n n o t 
be i m m e d i a t e l y c a p t u r e d .  E d g e p i e c e s a r e c o n s i d e r e d i m p o r t a n t 
becaus e the y canno t  b e capture d i n a s man y d i rec t i on s a s th e res t 
of  th e p i eces .  Seve ra l  O t h e l l o p rog ram s p o s i t i v e l y we igh t  th i s 
f e a t u r e .  A s f igu r e 2 b s h o w s ,  th i s fea tu r e p o s i t i v e l y r e l a t e s t o 
p o s i t i o n s t r e n g t h o n l y f o r  n o v i c e s '  l a t e g a m e p o s i t i o n s .  Fo r 
e x p e r t s '  p o s i t i o n s e a r l y i n t h e g a m e ,  t h e f e a t u r e i s a  s i g n i f i -
c a n t ,  n e g a t i v e p r e d i c t o r ,  bu t  a s th e gam e p r o g r e s s e s ,  th e co r re -
l a t i o n i n c r e a s e s t o z e r o .  F o r  n o v i c e s ,  t h e f e a t u r e i s a 
s i g n i f i c a n t ,  n e g a t i v e p r e d i c t o r  e a r l y i n t h e g a m e an d c r o s s e s 
o v e r  t h e z e r o c o r r e l a t i o n t o b e c o m e a  s i g n i f i c a n t ,  p o s i t i v e 
p red i c to r  la t e i n th e game .  Th roughou t  th e g a m e ,  th e c o r r e l a t i o n 
i s mo r e n e g a t i v e fo r  exper t s tha n fo r  n o v i c e s . 

F igu r e 2 c show s th e c o r r e l a t i o n s fo r  a  f ea tu r e whic h i s mor e 
p o s i t i v e l y p r e d i c t i v e fo r  nov i ce s tha n fo r  exper t s .  Th e fea tu r e 
i s t h e n u m b e r  o f  p i e c e s w h i c h ca n n e v e r  b e c a p t u r e d .  T h i s 
f ea tu r e i s impor tan t  becaus e th e goa l  i n O t h e l l o i s t o hav e th e 
m o st  p i e c e s a t  t h e en d o f  th e g a m e .  A s f i g u r e 2 c s h o w s ,  th e 
n u m b er  o f  u n c a p t u r a b l e p i e c e s i s m o r e p r e d i c t i v e i n n o v i c e s ' s 
g a m es t h a n i n e x p e r t s '  g a m e s .  I n g a m e s b e t w e e n e x p e r t s ,  t h e r e 
w e r e n o u n c a p t u r a b l e p i e c e s u n t i l  l a t e i n th e g a m e an d t h e n t h e 
c o r r e l a t i o n s w e r e no t  a s l a r g e a s t h o s e f o r  n o v i c e s '  g a m e s .  I t 
i s  i n te res t in g t o not e tha t  whe n u n c a p t u r a b l e p iece s wer e p resen t 

e a r l y i n th e n o v i c e s '  game ,  th e p l aye r  wh o ha d th e u n c a p t u r a b l e 
p iece s wo n th e game . 

F igur e 3 a demons t ra te s a n in te rac t io n betwee n p laye r  sk i l l 
an d g a m e p e r i o d .  T h e f e a t u r e i s t h e t o t a l  n u m b e r  o f  p i e c e s fo r 
eac h p l a y e r .  Mos t  nov i ce s see m t o b e l i e v e tha t  max im iz in g p iece s 
i s a  goo d s t r a t e g y .  A s f i g u r e 3 a s h o w s ,  th e n u m b e r  o f  p i e c e s i s 
n e g a t i v e l y c o r r e l a t e d w i t h t h e s t r e n g t h o f  a  p o s i t i o n .  A t  th e 
b e g i n n i n g o f  t h e g a m e ,  t h e n u m b e r  o f  p i e c e s i s o n l y p r e d i c t i v e 
fo r  n o v i c e s .  I n th e m i d d l e o f  th e game ,  th e numbe r  o f  p iece s i s 
p r e d i c t i v e fo r  bo t h g r o u p s o f  p l a y e r s ,  an d a t  t h e en d o f  th e 
g a m e,  th e numbe r  o f  p iece s i s p r e d i c t i v e o n l y fo r  fo r  expe r t s . 

F i g u r e 3 b d e m o n s t r a t e s a  d i f f e r e n t  t y p e o f  i n t e r a c t i o n 

be twee n sk i l l  leve l  an d stag e o f  game .  Th e fea tu r e i s th e numbe r 
of  p iece s occupy in g th e edg e square s immed ia te l y ad jacen t  t o a n 
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nov ic e doe s not . 

Conc lus io n 
Our  dat a demons t ra t e tha t 

of  gam e in f luenc e th e ab i l i t y 
A p l a u s i b l e e x p l a n a t i o n fo r 
de f in i t ion s d o no t  adequa te l y 
t o dea l  wit h thes e excep t ion s 
c ient s propose d b y A c k l e y an d 
p r o v i d e th e d a t a n e c e s s a r y 
app l i ca t io n coe f f i c ien t s an d 

th e sk i l l  o f  p l aye r s an d th e s tag e 
of  fea tu re s t o e v a l u a t e pos i t i ons . 
t h i s e f f e c t  i s  t h a t  th e f e a t u r e 

accoun t  fo r  excep t i ons .  On e metho d 
i s t o us e th e app l i ca t i o n coe f f i -

Ber l ine r  (1983) .  Th e c o r r e l a t i o n s 
t o d e t e r m i n e w h i c h f e a t u r e s nee d 
ho w t o cons t ruc t  th e coe f f i c i en t s . 

A secon d approac h i s t o mak e th e fea tu r e de f in i t i on s mor e s o p h i s -
t i c a t e d b y a d d i n g r u l e s t o h a n d l e e x c e p t i o n s .  T h i s a p p r o a c h 
require s greate r  know ledg e o f  th e game . 

Some o f  th e fea ture s w e ana lyze d tr ie d t o accoun t  fo r  excep -
t i o n s .  Fo r  m o s t  o f  t h e s e f e a t u r e s ,  th e e x t r a r u l e s r e s u l t e d i n 
p rob lem s wit h boundar y an d b lemis h e f fec ts .  I n add i t i on ,  becaus e 
m o st  o f  th e adde d s o p h i s t i c a t i o n i s b a s e d o n i n t u i t i o n s ,  th e 
s i m p l e r  f e a t u r e s w e r e o f t e n b e t t e r  p r e d i c t o r s t h a n th e c o m p l e x 
ones .  Fo r  e x a m p l e ,  i n addi t io n t o th e fea tu r e depic te d i n f igu r e 
3b ,  w e ha d a  f e a t u r e w h i c h l o o k e d fo r  o v e r  3 0 t y p e s o f  p a t t e r n s 
w h i c h m i g h t  o c c u r  a r o u n d a  c o r n e r  t o e s t i m a t e ho w l i k e l y i t  wa s 
tha t  a  p l a y e r  w o u l d c a p t u r e th e c o r n e r .  T h i s f e a t u r e w a s l e s s 
e f fec t i v e tha n th e s imp le r  coun t  o f  occupie d edg e square s nex t  t o 
empt y corner s (f igur e 3b ) . 

We ar e no t  t ry in g t o impl y tha t  fea tu re s shou l d no t  b e mad e 
m o r e s e n s i t i v e t o e x c e p t i o n s b y a d d i n g s o p h i s t i c a t i o n ,  bu t  t o 
po in t  ou t  th e d i f f i c u l t y o f  p r o p e r l y a c c o u n t i n g fo r  a l l  th e 
s i t u a t i o n a l  v a r i a b l e s w h i c h ca n i n f l u e n c e th e v a l i d i t y o f  a 
f e a t u r e .  U s i n g c o r r e l a t i o n s p r o v i d e s th e i n f o r m a t i o n n e e d e d t o 
d e t e r m i n e w h i c h f e a t u r e s s h o u l d b e m a d e m o r e s o p h i s t i c a t e d an d 
fo r  test in g th e changes .  Eve n i f  a  fea tu r e canno t  b e mad e sens i -
t i v e t o e x c e p t i o n s ,  a p p l i c a t i o n c o e f f i c i e n t s ca n i m p r o v e t h e 
averag e p red i c t i venes s o f  th e fea ture . 
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Figur e Capt ion s 

F igur e 1 .  a )  Th e s tar t in g pos i t io n i n O t h e l l o ,  'o )  a n e x a m p l e o f 
a l ega l  m o v e - -  a  m o v e t o D  (th e c o r n e r )  w o u l d c a p t u r e a l l  t h e 
s q u a r e s w h i c h th e a r r o w s p a s s t h r o u g h ,  c )  a n e x a m p l e o f  a n 
i l l e g a l  m o v e - -  b l a c k c a n n o t  m o v e t o A  b e c a u s e t h e r e a r e e m p t y 
s q u a r e s b e t w e e n A  an d B .  ( N o t e :  P i e c e s a r e l e f t  ou t  o f  b  an d c 
t o m a k e t h e f i g u r e s e a s i e r  t o r e a d .  T h e s e p o s i t i o n s a r e no t 
poss ib l e i n a  game .  From ,  Hasegawa ,  1977 ) 

F i g u r e 2 .  C o r r e l a t i o n o f  e v a l u a t i o n f e a t u r e s w i t h a n e x t e r n a l 
measur e o f  pos i t io n s t rength .  a )  Stag e o f  gam e ef fec t  - -  numbe r 
of  lega l  m o v e s t o square s nex t  t o co rne rs ,  b )  Stag e o f  gam e an d 
s k i l l  l e v e l  e f f e c t  - -  n u m b e r  o f  e d g e p i e c e s ,  c )  S k i l l  l e v e l 
ef fec t  - -  numbe r  o f  p iece s whic h ca n neve r  b e captured . 

F igur e 3 .  Co r re l a t i on s demonst ra t in g in te rac t ion s betwee n sk i l l 
l e v e l  an d s t a g e o f  g a m e ,  a )  n u m b e r  o f  p i e c e s fo r  e a c h p l a y e r , 
b )  numbe r  o f  p iece s o n edg e square s nex t  t o empt y c o r n e r s . 
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TOWARD A  THEORY O F i*ROGRAMMING SCHEMES 

Jane Terry Nutter 

Tulan e Dnlverslt v 

Introductio n 

People have been writing programs and program docimentatlon for about forty 
year s now .  Fo r  Jus t  a s long ,  peopl e hav e ha d t o rea d thes e progra m texts . 
Becaus e programmin g language s wer e initiall y  designe d fo r  machines ,  no t  people , 
understandin g program s present s specia l  problem s whic h persis t  despit e th e mov e 
towar d hig h leve l  language s an d structure d programming .  Wit h progra m documen -
tation ,  th e proble m I s perhap s worse :  whil e programmin g language s becom e pro -
gressivel y mor e "Englis h like" ,  docunentatio n ha s bee n movin g i n th e opposit e 
direction .  Pseud o cod e an d graphica l  representation s ar e replacin g natura l 
languag e explanations ,  suggestin g tha t  understandin g program s ma y no t  b e par -
ticularl y lik e understandin g familia r  natura l  languag e text s a t  all . 

The fundamentally djmamic nature of programs supports this suggestion. Ordi-
nar y natura l  languag e text s certainl y Includ e dynami c aspect s (verbs ,  fo r  in -
stance!) ,  bu t  noun s provid e a  stabl e elemen t  whic h help s ancho r  meaning .  Pro -
grams conspicuousl y lac k nouns .  A  differenc e o f  thi s magnitud e mus t  affec t  ho w 
we understan d them .  Ye t  understandin g progra m text s mus t  als o resembl e under -
standin g natura l  languag e texts ,  sinc e learnin g t o dea l  wit h program s draw s o n 
previousl y develope d skills ,  som e o f  the m readin g skills .  I  believ e tha t  un -
derstandin g i n genera l  i s  guide d b y abstrac t  concepts ,  an d tha t  progra m under -
standin g share s thi s trait .  Bu t  i n th e cas e o f  progra m understanding ,  th e con -
cept s i n questio n ar e abstrac t  pattern s fo r  dynami c activities ,  whic h I  cal l 
programmin g schemes . 

Scheaes and Representations 

A programming scheme is an abstract structure which captures the essential fea-
ture s o f  a  djrnami c proces s t o solv e som e problem .  Thes e scheme s contai n th e 
conceptua l  informatio n o f  wha t  a  particula r  chun k o f  cod e does .  Bu t  becaus e 
the y ar e abstract ,  the y ar e neve r  directl y presen t  i n an y particula r  program -
min g text .  A  particula r  Instantiatio n i n som e concret e for m i s a  schem e repre -
sentation .  Th e underlyin g pattern s (schemes )  provid e template s b y whic h peopl e 
understan d program s containin g embodiment s o f  the m (schem e representations) . 

Researchers In natural language understanding have long believed that abstract 
cognitiv e pattern g guid e tex t  understanding .  Schan k an d Abelso n (1977 )  hol d 
tha t  script s gover n stor y understanding .  Schan k (1982 )  propose s tha t  memor y 
organizatio n packet s (MQpS )  an d themati c organizatio n point s (TOPS )  underli e 
memory an d cognition .  Similarl y Chas e an d Simo n (1973) ,  Shneiderma n (1976 )  an d 
Adelso n (1981 )  argu e tha t  expert s us e meaningfu l  abstrac t  formation s i n thei r 
domai n o f  expertis e t o recal l  thing s the y wer e give n t o memorize . 

Researchers have also begun to Investigate the role of schemes or something 
lik e the m i n programme r  behavior .  Solowa y ha s undertake n extensiv e wor k I n 
thi s directio n (se e e.g .  Solowa y an d Woolf ,  1981 ;  Soloway ,  Ehrlich ,  Bona r  anr i 
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Greenspan, 1982; Ehrllch and Soloway, 1982; and Soloway, Ehrllch, and Gold, 
1983) .  Furthe r  evidenc e tha t  abstrac t  construct s gover n progranmln g behavio r 

ca n b e foun d I n wor k b y Welse r  (1982) ,  Curti s an d Sheppard' s grou p (se e e.g . 
(Jurtls ,  Sheppard ,  Mllllman ,  Borst ,  an d Love ,  197 9 an d Sheppard ,  Mllllman ,  an d 
Love ,  1979) ,  an d Mage l  (1982) .  Ye t  eve n Soloway' s extensiv e wor k leave s 
Sjcheme s themselve s largel y unanalyzed .  We canno t  us e progranmln g scheme s t o 
explai n ho w peopl e understan d progra m text s unles s w e understan d programmin g 

schemes .  T o date ,  n o clea r  accoun t  o f  wha t  programmin g scheme s are ,  ho w the y 
ar e relate d t o on e another ,  ho w the y ar e relate d t o thei r  representations ,  o r 
bow the y ar e Identifie d ha s bee n given .  Henc e w e hav e neithe r  a  theor y t o 
unif y thes e result s no r  a  mode l  fo r  predictin g huma n Interaction s wit h parti -
cula r  scheme s o r  thei r  representations . 

Why a Theory? 

An analysis of programming schemes offers several benefits. First, It should 
produc e a  cleare r  characterizatio n o f  schemes .  T o sa y tha t  a  programmin g 
scheme I s a n abstrac t  proces s templat e I s suggestive ,  bu t  littl e more .  What 
propertie s o f  programmin g scheme s distinguis h the m fro m othe r  abstrac t  concept s 
end objects ? 

Second, It should clarify the kinds of possible relationships among schemes. 
For  Instance ,  scheme s ca n contai n othe r  schemes :  th e "merg e an d sort "  schem e 
contain s th e "fil e merge "  schem e an d th e "fil e sort "  scheme .  Bu t  th e "merg e 
and sort "  schem e i s no t  a n Instanc e o f  th e "fil e merge "  scheme ,  no r  i s th e 
"fil e merge "  a n Instanc e o f  "merg e an d sort" .  However ,  th e scheme s "multipli -
catio n b y repeate d addition" ,  "divisio n b y repeate d subtraction" ,  an d "exponen -
tiatio n b y repeate d multiplication "  d o see m t o b e instance s o f  a  mor e abstrac t 
scheme ,  namel y "perfor m on e operatio n b y rei>eatln g another" .  Henc e scheme s ca n 
be relate d t o on e anothe r  i n a t  leas t  tw o ways :  containmen t  an d Instantiation . 
What  othe r  relationship s o r  interaction s amon g scheme s nee d investigating ? 

Third, the theory should provide Insight on how schemes are "tied" to scheme 
representations .  Th e classe s o f  feature s whic h ar e importan t  ca n t o som e ex -
ten t  b e identifie d fro m a n abstrac t  poin t  o f  view .  What  follow s i n th e res t  o f 
thi s pape r  represent s a  firs t  ste p i n thi s direction .  A  theoretica l  analysi s 
shoul d loo k furthe r  int o thes e an d othe r  issues . 

Frellmlnary Issoes of Scheae/Representation Relationships 

At least four issues arise when considering how schemes are related to their 
representations .  First ,  wha t  propertie s o f  a  representatio n identif y i t  a s 

representin g a  particula r  scheme ? I  cal l  thes e th e identifyin g feature s o f  a 
scheme representation .  Second ,  wha t  feature s d o peopl e us e t o identif y scheme s 
fro m representations ? Thes e trigger s ma y no t  b e th e sam e as ,  o r  eve n among , 
th e identifyin g features .  Third ,  wha t  feature s ar e reader s consciou s o f  whe n 
considerin g code ? Thes e o b ject s o f  attentio n ma y b e neithe r  Identifyin g fea -
ture s no r  triggers .  Finally ,  ho w effectivel y doe s a  particula r  representatio n 
reflec t  it s  associate d scheme ? I  cal l  thi s issu e representationa l  fidelity . 

Understanding texts Involves trying to figure out what the author meant. For 
progra m texts ,  thi s mean s determinin g wha t  scheme s th e autho r  ha d i n mind . 
Documentatio n canno t  eliminat e thi s nee d t o "loo k int o th e author' s head" , 
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since it too contains representations, not schemes. Identifying schemes in 
progra m text s require s matchin g feature s o f  th e representation s t o possibl e 
schemes .  An d sinc e programmer s mak e mistakes ,  th e representatio n ma y no t 
"reflect "  th e programmer' s Intent .  When i t  fail s  to ,  tw o question s arise . 
First ,  wha t  doe s th e representatio n represent ? Second ,  an d mor e basically , 
what  doe s "understandin g th e text "  no w mean ? I f  debugger s us e scheme s t o un -
derstan d "bad "  progra m texts ,  ther e mus t  b e som e Independen t  criteri a whic h 
lin k representation s wit h Bcheroes .  Thes e criteri a ar e th e Identifyin g feature s 
of  schem e representations . 

But we only need Independent criteria when something goes wrong. When reading 
"normal "  o r  "good "  texts ,  ther e I s reaso n t o believ e tha t  peopl e us e mor e dir -
ect  "cues "  t o recogniz e schemes .  What  I s require d her e i s a n accoun t  o f  ho w 
human reader s interac t  wit h th e variou s feature s o f  a  representation .  Identi -
fyin g o r  otherwise .  (Fo r  mor e o n triggers ,  se e Hassel l  an d Nutter ,  1984. ) 

However, triggers need not always be objects of attention. In a directed pre-
stud y experimen t  (Hassel l  an d Llnd ,  1983 ;  Hassell ,  Lln d an d Rice ,  1983) ,  40 % o f 
siAJect s aske d t o identif y th e line s o f  pseud o cod e tha t  constitute d a  "runnin g 
stin "  loo p lef t  ou t  th e loo p construc t  itself !  Thu s i t  appear s tha t  reader s ma y 
not  b e awar e o f  essentia l  part s o f  a  scheme ,  i.e. ,  tha t  the y tak e certai n part s 
so muc h fo r  grante d tha t  the y d o no t  spontaneousl y recal l  the m whe n aske d t o d o 
so .  Bu t  i n associate d one-on-on e studie s i n whic h subject s observe d debuggin g 
cod e wer e aske d t o describ e ou t  lou d wha t  the y wer e doing ,  th e loo p construc t 
playe d a  ke y triggerin g role .  Thu s trigger s an d object s o f  awarenes s nee d no t 
correspond . 

While some Issues of understandability lie In the psychological realm, some 

relat e t o ho w "good "  particula r  representation s are .  Informa l  evidenc e abound s 
tha t  som e representation s reflec t  thei r  functio n relativel y clearly ,  whil e 
other s obscur e I t  wit h remarkabl e success .  A  fe w studie s hav e compare d th e 
effectivenes s o f  particula r  mode s o f  representatio n (se e e.g .  Sheppard ,  Kruesl , 
and Curtis ,  1981) ,  bu t  w e stil l  kno w almos t  nothin g abou t  whic h aspect s o f  rep -
resentation s contribut e t o representationa l  fidelity . 

Conclusion 

This paper constitutes a proposal for investigations into the nature and role 
of  programmin g scheme s an d thei r  representations .  Interes t  i n scheme s o r  som e 
simila r  construc t  ha s emerge d fro m a  numbe r  o f  differen t  group s an d ha s alread y 
motivate d substantia l  empirica l  work .  Bu t  withou t  a  cleare r  notio n o f  wha t 
schemes ar e an d o f  ho w the y ar e relate d t o thei r  representations ,  thes e studie s 
must  res t  o n shak y ground .  A n Improve d foundationa l  analysi s offer s enhance d 
understandin g o f  th e rol e abstrac t  knowledg e play s I n progra m understanding , 
whic h ca n the n b e exploite d bot h t o sugges t  th e rol e o f  relate d abstrac t  know -
ledg e i n othe r  kind s o f  understandin g an d t o provid e ric h ne w direction s fo r 
futur e research . 
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1.  I n t r o d u c t i o n 

Severa l  mechanism s hav e bee n propose d t o explai n huma n thinking ,  suc h a s heuristi c searc h [4] , 

restructurin g [6] ,  deductio n [2] ,  etc .  I n thi s pape r  I  propos e tha t  th e allocatio n o f  attentio n i s th e 

majo r  determinan t  o f  th e cours e o f  huma n though t  processes .  Furthermore ,  I  argu e tha t  thi s ide a i s 

implie d b y tw o know n propertie s o f  th e huma n cognitiv e architecture ,  namel y th e limite d capacit y o f 

workin g memor y an d th e inabilit y  t o inspec t  procedura l  knowledge .  I t  follow s tha t  strategie s fo r 

thinkin g mus t  contai n heuristic s fo r  ho w t o allocat e attention .  I n consequence ,  simulatio n model s o f 

human thinkin g canno t  affor d t o ignor e perceptua l  interactio n wit h th e environment .  Severa l 

example s o f  attentiona l  heuristic s ar e discussed . 

2. Attention and Architecture 

The purpos e o f  thi s sectio n i s t o deriv e th e importanc e o f  attentio n fro m principle s abou t  th e huma n 

cognitiv e architecture .  Th e followin g definition s se t  th e stag e fo r  th e argument .  Le t  u s us e cognitiv e 

uni t  genericall y t o cove r  concepts ,  propositions ,  menta l  images ,  hypotheses ,  frames ,  o r  an y othe r 

declarativ e representationa l  devic e tha t  ma y b e neede d i n a  theor y o f  thinking .  Similarly ,  le t  cognitiv e 

operatio n stan d fo r  rule s o f  inference ,  proble m solvin g operators ,  o r  an y othe r  uni t  o f  procedura l 

knowledge .  Le t  a  stimulu s uni t  b e an y par t  o f  th e environmen t  tha t  i s  represente d b y a  singl e 

cognitiv e unit .  Le t  workin g memor y a t  tim e f  b e th e se t  o f  cognitiv e unit s i n th e proble m solver' s 

awarenes s a t  tim e 1 .  Th e proces s o f  (visually )  attendin g t o a  stimulu s uni t  consist s o f  movin g th e ey e 

t o tha t  unit ,  an d creatin g th e correspondin g cognitiv e uni t  i n workin g memory .  Informatio n 

integratio n i s an y proces s i n whic h tw o o r  mor e cognitiv e unit s ar e combine d t o creat e a  ne w 

cognitiv e unit ,  a s whe n tw o o r  mor e proposition s ar e use d a s premise s fro m whic h a  ne w propositio n 

i s inferred . 

The firs t  par t  o f  th e argumen t  make s us e o f  th e familia r  architectura l  principl e tha t  workin g memor y 

ca n onl y hol d a  certai n numbe r  o f  cognitiv e unit s a t  an y on e time .  Th e caus e o f  thi s capacitl y 

limitatio n i s no t  importan t  fo r  presen t  purposes .  Th e presen t  argumen t  require s onl y tha t  ther e i s 

some limi t  o n th e numbe r  o f  unit s tha t  ca n b e adde d t o workin g memor y a t  an y on e tim e withou t  los s 

of  existin g units .  Th e followin g sequenc e o f  assertion s connec t  workin g memor y capacit y wit h 

attention : 

•  Fo r  man y problems ,  th e give n informatio n consist s o f  mor e unit s tha n ca n b e hel d i n workin g 

memory simultaneously ;  therefore ,  th e thinke r  necessaril y  attend s onl y t o a  subse t  o f  the m a t  an y 

one time . 

•  I n orde r  t o solv e a  problem ,  cognitiv e unit s mus t  b e integrated ;  a  tas k whic h require s n o 

informatio n integratio n i s almos t  b y definitio n no t  a  thinkin g task . 

•  I n orde r  t o b e integrated ,  tw o unit s mus t  b e i n workin g memor y a t  th e sam e time . 

•  Sinc e th e ey e ca n onl y focu s o n on e stimulu s uni t  a t  a  time ,  cognitiv e unit s wil l  arriv e sequentiall y 

i n workin g memory . 

•  Therefore ,  th e orde r  i n whic h stimulu s unit s ar e attende d determine s whic h unit s ca n b e 

integrated ,  an d thereb y affect s th e possibilit y  o f  solvin g th e problem . 

For example, suppose that the integration of units A and 6 is a necessary step in the solution, and 
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that >A is attended to. For integration to occur, B must become attended before A has been forgotten. 

If  th e numbe r  o f  unit s attende d t o betwee n A  an d B  i s to o large ,  A  ma y b e los t  befor e S  arrive s i n 

workin g memory ,  preventin g o r  delayin g th e solution .  I f  th e proble m consist s of ,  say ,  1 0 units ,  ther e 

ar e 10! ,  o r  mor e tha n 3. 5 millio n differen t  order s i n whic h th e element s ca n b e attende d to ,  assumin g 

tha t  eac h elemen t  i s attende d once .  (I f  a n elemen t  ca n b e attende d mor e tha n once ,  th e numbe r  o f 

differen t  order s i s larger. )  Unles s th e thinke r  ha s som e rule s t o guid e th e allocatio n o f  attention , 

he/sh e ca n searc h fo r  a  lon g tim e befor e A  an d B  appea r  simultaneousl y i n workin g memory . 

I n conclusion ,  th e limite d capacit y o f  workin g memor y implie s tha t  a  thinke r  mus t  hav e rule s fo r 

whic h stimulu s unit s t o atten d t o whe n solvin g a  particula r  typ e o f  problem ,  an d i n whic h orde r  t o 

atten d t o them .  Suc h rule s wil l  b e calle d attentiona l  heuristics .  Example s wil l  b e give n i n th e nex t 

section . 

The nex t  par t  o f  th e argumen t  make s us e o f  a  secon d familia r  architectura l  principle :  H u m a n s hav e 

limite d knowledg e abou t  thei r  knowledge ;  i n particular ,  the y d o no t  kno w whic h cognitiv e operation s 

the y ar e capabl e of ,  no r  d o the y kno w wha t  th e lega l  condition s o r  th e output s o f  thos e operation s 

are .  I n othe r  words ,  procedura l  knowledg e tend s t o b e opaque .  Th e stoc k exampl e o f  ou r  inabilit y  t o 

inspec t  procedura l  knowledg e i s ou r  lac k o f  insigh t  int o th e grammatica l  knowledg e tha t  w e us e i n 

understandin g natura l  language .  Th e opaquenes s o f  inferentia l  knowledg e i s confirme d b y wor k o n 

exper t  systems .  Extractin g rule s fro m a  huma n exper t  take s a  lon g time ,  an d require s man y revision s 

of  th e rul e set .  Expert s hav e littl e explici t  knowledg e o f  th e inferentia l  rule s the y possess . 

The opaquenes s o f  procedura l  knowledg e ha s severa l  effects .  First ,  th e thinke r  canno t  anticipat e 

what  th e resul t  woul d b e o f  applyin g a  particula r  cognitiv e operatio n withou t  executin g it .  Bein g 

unabl e t o retriev e th e operatio n an d inspec t  it s "code" ,  th e thinke r  canno t  reaso n a t  a  meta-leve l 

abou t  th e operation .  Second ,  sinc e th e thinke r  doe s no t  kno w whic h cognitiv e operation s he/sh e ha s 

available ,  he/sh e canno t  choos e t o execut e a  particula r  operation .  A  syste m wit h opaqu e knowledg e 

must  evok e it s operation s i n a  data-drive n fashion ,  eac h operatio n keepin g a  look-ou t  fo r  a  cognitiv e 

uni t  whic h ca n serv e a s input ,  an d goin g int o actio n whe n on e i s found .  I n suc h a  system ,  th e 

applicatio n o f  operation s i s controlle d b y th e allocatio n o f  attention . 

The abov e argumen t  i s summarize d i n th e followin g principl e o f  attentiona l  contro l  o f  thinking : 

• A human thinker cannot intentionally apply cognitive operations, he/she can only 

intentionall y selec t  whic h stimulu s uni t  t o atten d t o a t  an y on e moment  i n time .  A 

ne w conclusion ,  proble m solvin g step ,  insight ,  etc ,  ma y o r  ma y no t  flo w fro m th e 

attende d information .  A s a  result ,  th e thinker' s contro l  ove r  his/he r  cognitiv e 

activit y i s  indirect :  whic h operation s ar e applie d an d i n wha t  orde r  i s a  functio n o f 

th e attende d information .  Succes s i n thinkin g require s tha t  unit s ar e attende d i n 

suc h a n orde r  tha t  th e necessar y integration s ca n occur. 

According to this principle, skill in thinking consists in knowing what to look at, and when to look at 

it .  Th e nex t  sectio n give s example s o f  heuristic s whic h encod e suc h knowledge . 

3. Examples of attentional heuristics 

3.1 .  Verba l  reasonin g 

In a n analysi s o f  6 0 think-alou d protocol s fro m a  verba l  reasonin g tas k wit h spatia l  content ,  Ohisso n 

[5 ]  foun d tha t  ou t  o f  252 0 identifiabl e proble m solvin g steps ,  125 5 o r  4 7 % wer e step s i n whic h a 

premis e wa s rea d fro m th e proble m text .  Th e followin g te n attentiona l  heuristic s wer e postulate d t o 

accoun t  fo r  suc h steps : 

1.  Begi n solvin g th e proble m b y readin g th e firs t  premise . 

2.  Begi n b y readin g th e question . 

3.  W h e n al l  premise s hav e bee n processed ,  the n rea d th e question . 

4.  W h e n ther e i s nothin g els e t o do ,  rea d fro m th e proble m text . 
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5. When a new conclusion has been arrived, read from the problem text. 

6.  I f  th e las t  premis e rea d wa s premis e N  ,  the n rea d premis e N + 1 . 

7.  Rea d a  premis e whic h ha s no t  bee n rea d yet . 

8.  Selec t  a n objec t  abou t  whic h a n inferenc e recentl y wa s made ,  an d rea d a  premis e whic h 

mention s tha t  object . 

9.  Selec t  a n objec t  abou t  whic h n o Inferenc e ha s ye t  bee n made ,  an d rea d a  premis e whic h 

mention s tha t  object . 

10.  Selec t  a n objec t  tha t  i s  remembere d a s interesting ,  an d rea d a  premis e whic h mention s tha t 

object . 

The heuristics fall into three distinct classes: rules 1-3 deal with the first and last acts of reading, 

rule s 4  an d 5  determin e whe n i t  i s  appropriat e t o rea d (rathe r  tha n d o somethin g else) ,  an d rule s 6-1 0 

specif y wha t  t o read . 

Each subject s wa s modelle d b y a  differen t  subse t  o f  thes e attentiona l  heuristics .  Fo r  example ,  th e 

behavio r  o f  on e subjec t  wa s modelle d wel l  b y heuristic s 1 ,  5 ,  an d 6 ,  whil e anothe r  subjec t  seeme d t o 

behav e accordin g t o rule s 2 ,  4 ,  7 ,  an d 8 .  I n short ,  interindividua l  difference s i n th e allocatio n o f 

attentio n wer e clearl y visibl e i n th e protocols . 

3.2 .  Classica l  mechanic s 

I n a  stud y o f  proble m solvin g i n classica l  mechanics ,  Larki n an d co-worker s [3 ]  foun d tha t  a  majo r 

differenc e betwee n novic e an d exper t  proble m solvin g wa s th e orde r  i n whic h th e equation s o f  a 

proble m wer e used .  Novice s tende d t o wor k backwards ,  fro m th e desire d quantit y t o th e give n ones , 

whil e expert s tende d t o us e th e equation s i n a  forwar d searc h fashion ,  goin g fro m th e give n t o th e 

desire d quantitites .  Re-formulatin g thes e strategie s a s attentiona l  heuristics ,  w e have : 

1.  Atten d t o equation s whic h contai n man y know n quantities . 

2.  Atten d t o equation s containin g th e desire d quantity . 

The similarity between these two heuristics and heuristics 8 and 9 in the previous example should be 

noted .  Rul e 1  (an d 8  above )  represen t  a  chainin g tactic :  havin g processe d a n objec t  (premise , 

variable ,  etc.) ,  th e thinke r  look s fo r  furthe r  informatio n abou t  tha t  object ;  i n s o doing ,  he/sh e 

encounter s othe r  object s whic h ar e the n processed ;  etc .  Rul e 2  (an d 9  above )  represen t  a  missin g 

par t  tactic :  loo k fo r  object s abou t  whic h nothin g i s know n yet .  Thes e heuristic s see m t o b e ver y 

general .  Also ,  the y nicel y illustrat e th e natur e o f  heuristics :  bot h ar e useful ,  althoug h the y giv e 

contradictor y advice . 

3.3 .  Othe r  example s 

I n a  simulatio n stud y o f  ches s perception ,  Simo n an d Barenfel d [8 ]  foun d tha t  th e eye-movement s o f 

ches s player s coul d b e predicte d fro m th e numbe r  an d characte r  o f  th e chess-relation s entere d int o 

by a  particula r  ches s piece .  Th e attentiona l  heuristi c o f  th e player s coul d b e formulate d a s "loo k a t 

piece s whic h ente r  int o man y importan t  ches s relations" . 

I n hi s studie s o f  children' s conservatio n o f  physica l  quantitites ,  Piage t  [1 ]  hypothesize d tha t  childre n 

fai l  t o conserv e becaus e the y d o no t  coordinat e compensatin g change s i n objects .  Th e attentiona l 

heuristi c non-conservin g childre n lac k migh t  b e formulate d a s "atten d t o al l  change d dimension s o f 

th e objec t  t o b e judged" . 

I n a  stud y o f  proble m solvin g i n geometry ,  Ohisso n [7 ]  foun d tha t  succes s i n findin g proof s wa s 

dependen t  o n attendin g t o th e righ t  geometri c objects .  W h e n confronte d wit h a  figur e whic h 

containe d severa l  differen t  triangles ,  th e subject s ha d n o heuristic s fo r  whic h triangl e t o atten d to . 

However ,  on e subjec t  ha d th e heuristi c "whe n stuck ,  tr y t o discove r  ne w geometri c object s i n th e 

figure" . 
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4- Discussion 

To restat e th e mai n idea ,  succes s i n thinkin g i s ofte n a  matte r  o f  knowin g wher e t o look ;  onc e th e 

righ t  subse t  o f  th e availabl e informatio n i s attende d to ,  i t  i s  ofte n self-eviden t  wha t  ste p t o tak e o r 

whic h conclusio n t o draw .  Conversely ,  i f  th e righ t  informatio n i s no t  attende d to ,  achievin g th e 

solutio n ma y b e impossible .  Huma n though t  i s  therefor e mainl y governe d b y attentiona l  heuristics . 

The validit y o f  thi s conclusio n ca n b e expecte d t o var y acros s tas k domains .  I n domain s wher e al l 

relevan t  proble m informatio n ca n b e kep t  i n min d simultaneously ,  attentiona l  heuristic s becom e les s 

important ,  becaus e n o selectio n i s involved .  Similarly ,  i n tas k domain s wher e th e thinke r  ha s explici t 

representation s o f  his/ho r  operation s (e g mathematics) ,  th e latte r  nee d no t  b e invoke d i n a  dat a 

drive n fashion .  O n th e othe r  hand ,  i n domain s wit h information-ric h display s an d larg e amount s o f 

irregular ,  intuitive ,  an d informall y acquire d inferentia l  knowledge ,  attentiona l  heuristic s ca n b e 

expecte d t o b e th e majo r  determinan t  o f  behavior . 

Attentio n allocatio n i s no t  propose d her e a s a n alternativ e t o othe r  mechanism s o f  thought .  Th e 

theor y o f  thinkin g certainl y ha s t o mak e roo m fo r  mechanism s suc h a s heuristi c search ,  restructuring , 

deduction ,  analogy ,  etc .  Bu t  suc h mechanism s ar e dominate d b y attentio n i n th e sens e tha t  the y 

operat e upo n attende d information ,  an d the y ca n onl y succee d t o th e exten t  tha t  th e righ t  informatio n 

has bee n attended . 

Psychologica l  theorie s ofte n trea t  thinkin g separat e fro m th e perceptual-moto r  interactio n wit h th e 

proble m situation .  Simulatio n model s o f  thinkin g usuall y assum e tha t  th e proble m ha s bee n encoded , 

and tha t  al l  give n informatio n i s availabl e i n workin g memory .  Bu t  i n tas k domain s wher e attentio n 

allocatio n i s th e majo r  determinan t  o f  thinking ,  simulatio n model s canno t  ignor e perceptua l 

interactio n wit h th e environmen t  withou t  ignorin g a  majo r  par t  o f  th e behavio r  t o b e simulated . 
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Learnin g t o progran n recursiv e function s i n language s lik e LIS P i s notoriousl y difficult .  Indeed , 

a primar y mar k o f  expertis e i n suc h language s i s th e abilit y  t o pla n an d cod e recursiv e functions . 

Recently ,  w e hav e performe d protoco l  studie s o f  student s learnin g t o progra m recursio n i n LIS P 

and LOGO a s wel l  a s controlle d experiment s o n learnin g recursio n i n a  simpl e programmin g 

language .  W e hav e use d th e GRAPES productio n syste m mode l  (Anderson ,  Farrel l  &  Sauers ,  1984 ) 

t o addres s thes e results .  GRAPES no t  onl y model s programmin g performanc e bu t  als o learnin g 

by doin g b y th e mechanis m o f  knowledg e compilation .  Knowledg e compilatio n summarize s 

extensiv e problem-solvin g operation s int o ne w compac t  productio n rule s (se e Anderson ,  Farrell , 

& Sauers ,  1984 ;  Neve s &  Anderson ,  198 1 fo r  details) . 

Characteristics of Learning to Program Recursion 

In Anderson ,  Piroll i  an d Farrel l  (1983) ,  w e hypothesize d tha t  initia l  performanc e an d learnin g 

i n recursiv e programmin g i s primaril y drive n b y learnin g fro m examples ,  sinc e student s hav e 

littl e relevan t  prio r  knowledge .  W e furthe r  hypothesize d tha t  suc h learnin g consist s o f  tw o 

components .  First ,  student s ca n us e th e solutio n t o a  give n exampl e a s a n outlin e whic h mus t 

be modifie d i n orde r  t o solv e a  curren t  proble m (probeim-solvin g b y analogy) .  Second ,  learnin g 

(knowledg e compilation )  mechanism s ca n summariz e thes e analog y operation s int o ne w 

problem-solvin g operator s whic h ca n appl y t o futur e problem s (learnin g fro m analogy) . 

To illustrat e problem-solvin g b y analog y an d learnin g fro m analog y w e presen t  a  GRAPES 

simulatio n o f  a  subject ,  SS ,  i n he r  initia l  encounter s wit h codin g recursiv e LIS P functions .  A t  th e 

time ,  S S ha d abou t  1 5 hour s o f  tutorin g an d programmin g experienc e i n LISP .  Th e firs t  functio n 

tha t  S S wrot e wa s SETDIFF ,  whic h returne d al l  th e element s o f  th e on e lis t  no t  containe d i n a 

secon d list .  I n codin g SETDIFF ,  S S analogize d fro m a  textboo k exampl e function ,  INTERSECTIONI , 

whic h returne d al l  element s tha t  wer e commo n t o tw o inpu t  lists .  Th e primar y structur e o f 

SETDIFF an d INTERSECTI0ISI 1 consist s o f  a  serie s o f  if-the n conditiona l  statement s (se e Figur e 1) . 

The GRAPES simulatio n (Figur e 2 )  o f  S S whe n provide d wit h a  representatio n o f  th e 

INTERSECTIONI  cod e a t  multipl e level s o f  abstraction ,  a  specificatio n o f  th e SETDIF F relatio n an d 

a goa l  t o cod e SETDIF F use d followin g analog y production : 

PI: IF the goal is to write a function 

and ther e i s a  previou s exampl e 

THEN se t  a s subgoal s 

1)  t o compar e th e exampl e t o th e functio n 

2)  ma p th e example' s solutio n ont o th e curren t  proble m 

PI sets goals to first check the similarity of the specifications of INTERSECTIONI and SETDIFF 

and the n ma p th e cod e structur e o f  INTERSECTIONI  ont o th e SETDIF F code .  A  se t  o f 

compariso n production s the n foun d tha t  bot h INTERSECTIONI  an d SETDIF F tak e tw o inpu t  set s 

and ca n b e cod e recursively . 

Next ,  structure-mappin g production s ma p conditiona l  clause s fro m INTERSECTIONI  t o 

SETDIFF S S gav e clea r  evidenc e i n he r  protoco l  o f  performin g th e sam e mappmg.  Fo r  eac h 

INTERSECTIONI  conditiona l  clause ,  S S (an d GRAPES)  mappe d th e conditio n o f  th e claus e ont o 

SETDIFF an d determine d wha t  actio n shoul d tak e place .  Lik e SS ,  GRAPES fluctuate d th e leve l  o f 

abstractio n a t  whic h thes e conditiona l  clause s wer e mapped .  Fo r  instance ,  initiall y  GRAPES 

attempte d t o ma p th e conditio n 'tes t  i f  a n elemen t  shoul d b e adde d t o th e result "  Whe n thi s 
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failed ,  i t  mappe d a  mor e litera l  translation :  "tes t  i f  th e firs t  elemen t  o f  th e firs t  lis t  i s  a  member 

of  th e secon d list" . 
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Figur e 2 :  Par t  o f  th e GRAPES solutio n 

fo r  SETDIF F 

A numbe r  o f  ne w GRAPES production s wer e produce d b y knowledg e compilatio n i n codin g 

SETDIFF.  Howeve r  o f  primar y interes t  i s  a  rul e whic h wa s produce d b y compilin g th e analog y 

processes : 

CI: IF the goal is to code 

a recursiv e relatio n o n tw o set s SET 1 an d SET 2 

THEN cod e a  conditiona l  an d se t  a s subgoal s t o 

1)  Refin e 4  cod e a  claus e 

t o dea l  wit h th e cas e whe n SET 1 i s empt y 

2 )  Refin e 4  cod e a  claus e 

t o dea l  wit h th e cas e whe n SET 2 i s empt y 

3)  Refin e 4  cod e a  claus e 

t o dea l  wit h th e cas e whe n th e firs t 

elemen t  o f  SET 1 i s a  member  o f  SET 2 

4)  Refin e 4  cod e a  claus e 

t o dea l  wit h th e els e cas e 

In the SETDIFF example we see both problem-solving by analogy and learning by analogy. 

First ,  th e solutio n o f  SETDIF F wa s heavil y guide d b y th e INTERSECTION!  exampl e an d secon d w e 

se e th e acquisitio n o f  a  ne w production ,  CI .  summarizin g thi s analog y process .  Thi s operato r 

can onl y b e successfull y applie d t o a  smal l  domai n o f  recursiv e functions .  Bot h GRAPES an d S S 

successfull y use d thi s productio n o n th e nex t  functio n attempted ,  SUBSET,  whic h determine s 

whethe r  on e lis t  i s  a  subse t  o f  anothe r  b y recursion .  However ,  bot h S S an d GRAPES ha d grea t 

difficult y i n solvin g th e nex t  recursiv e functio n i n th e instructiona l  series ,  POWERSET,  whic h 

compute s th e se t  o f  al l  subset s o f  a  se t  Thi s difficult y result s fro m th e inapplicabilit y  o f 

productio n C I  i n th e POWERSET case .  Th e analog y processe s execute d i n SETDIF F wer e a t  a 

sufficientl y abstrac t  leve l  tha t  the y generalize d t o SUBSET whe n compile d int o C I  Howeve r 
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they were not abstract enough to generalize to POWERSET. This leads to the conjecture that 

transfe r  o f  learnin g fro m analog y i s limite d b y th e leve l  o f  abstractio n a t  whic h th e analog y i s 

initiall y  carrie d out . 

TO TUNNEL : X 

SQUARE : X 

IF : X =  5 0 THE N STO P 

TUNNEL : X +  1 0 

TO CIRCLE S : X 

RCIRCLE : X 

IF : X =  5 0 THE N STO P 

CIRCLES : X +  1 0 

Figur e 3 ;  Th e TUNNEL functio n Figur e 4 :  CIRCLE S functio n 

A further illustration of how the level of abstraction of an analogy impacts on generalization 

comes fro m a  protoco l  o f  a n eigh t  yea r  ol d studen t  (J )  codin g he r  firs t  recursiv e progra m i n 

LOGO.  Th e student' s backgroun d consiste d o f  a  semeste r  an d a  hal f  o f  weekl y LOG O lessons . 

J' s firs t  proble m wa s a  function ,  TUNNEL,  whic h dre w concentri c square s o n th e compute r 

scree n (Figur e 3) .  He r  codin g wa s guide d b y a n exampl e functio n CIRCLE S whic h dre w 

concentri c circle s (Figur e 4) .  Unlik e subjec t  S S wh o basicall y mappe d th e conditiona l  structur e 

of  INTERSECTION!  ont o SETDIFF ,  subjec t  J  basicall y mappe d th e actua l  cod e o f  CIRCLE S ont o 

TUNNEL.  Th e onl y portion s o f  th e CIRCLE S cod e tha t  J  di d no t  ma p a t  th e litera l  leve l  wa s th e 

name o f  th e functio n (CIRCLE S change d t o TUNNEL)  an d a  subfunctio n calle d b y th e progra m 

(CIRCLE S call s a  circl e drawin g progra m whil e TUNNEL call s a  squar e drawin g program .  Th e 

productio n rul e produce d b y GRAPES b y compilatio n o f  th e CIRCLE S -  TUNNEL analog y is : 

02: IF the goal is to code a figure 

and th e functio n fo r  figur e i s calle d <NAME> 

and a  repeate d subfigur e o f  th e figur e i s code d b y <SUBFUNCTION> 

THEN writ e 

TO <NAME> : X 

<SUBFUNCTION> : X 

I F : X =  4 2 THE N STOP 

<NAME> : X +  1 0 

In contrast to production CI, the condition of production C2 matches to relatively spurious 

progra m specification s an d it s action s largel y specif y litera l  cod e rathe r  tha n a n abstrac t  pla n 

The fac t  tha t  subjec t  J  ha d grea t  difficult y writin g subsequen t  recursiv e program s seem s t o 

corroborat e th e vie w tha t  sh e ha d faile d t o lear n an y operator s o f  eve n limite d generalit y fo r 

codin g recursio n fro m thi s analog y episode . 

The GRAPES simulation s o f  programmin g recursio n als o sugges t  tha t  learnin g t o progra m 

recursio n occur s b y a  proces s o f  piecemea l  approximation .  Fo r  example ,  th e operato r  producin g 

cod e fo r  a  tail-recursiv e cal l  i s  compile d whe n codin g SETDIFF ,  whil e a n operato r  fo r  combinin g 

th e resul t  o f  a  recursiv e cal l  wit h anothe r  resul t  i s  no t  learne d unti l  GRAPES code s POWERSET 

The protocol s o f  subjec t  S S suppor t  thi s analysis :  afte r  codin g SETDIFF ,  S S ha s n o proble m 

codin g a  tail-recursiv e cal l  i n SUBSET,  bu t  doe s no t  initiall y  kno w ho w t o combin e result s o f 

recursiv e call s wit h othe r  result s i n POWERSET.  However ,  afte r  codin g POWERSET,  S S 

successfull y wrot e cod e combinin g recursiv e result s wit h othe r  results . 

Conceptua l  Model s o f  Recursio n 

Our  protocol s o f  LIS P subject s sugges t  tha t  novice s typicall y vie w recursiv e function s wit h a 

"flo w o f  control "  menta l  mode l  (se e als o Kahney ,  1982) .  I n attemptin g t o pla n cod e fo r  a 

recursiv e function ,  subject s wil l  frequentl y simulat e o r  trac e th e flo w o f  contro l  o f  th e functio n 

and it s recursiv e calls .  Usin g suc h a  mode l  generall y lead s t o error s becaus e suc h tracm g i s 
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often complicated and involves keeping track of many partial results. In addition, such a model 

doe s no t  readil y ma p ont o progra m generatio n sinc e i t  i s  no t  specificall y a  mode l  o f  ho w t o 

writ e a  recursiv e function :  th e flo w o f  contro l  mode l  describe s ho w alread y writte n function s ar e 

evaluated . 

We hav e modelle d i n GRAPES wha t  i s arguabl y a n idea l  strateg y fo r  codin g recursiv e 

functions .  Thi s strateg y ha s th e followin g "forma l  model "  o f  cod e generatio n fo r  recursiv e 

programs :  " A recursiv e functio n consist s o f  (a )  on e o r  mor e terminatin g case s i n whic h a  simpl e 

answe r  i s returne d an d (b )  on e o r  mor e recursiv e case s i n whic h th e answe r  t o th e curren t 

proble m i s solve d b y assumin g tha t  th e answe r  t o a  simple r  versio n o f  th e sam e proble m ( a 

recursiv e call )  ha s bee n solved. " 

We hypothesize d tha t  subject s instructe d wit h th e forma l  mode l  woul d lear n t o cod e 

recursiv e function s faste r  tha n thos e usin g th e flo w o f  contro l  model .  W e conducte d a n 

experimen t  i n whic h subject s initiall y  learne d th e basi c functions ,  predicates ,  conditionals ,  an d 

definitiona l  form s o f  a  simpl e programmin g languag e modelle d afte r  LISP .  On e grou p o f  subject s 

was the n introduce d t o recursiv e function s usin g th e forma l  model ,  anothe r  group' s instruction s 

fo r  recursio n emphasize d th e flo w o f  contro l  model .  Al l  subject s wer e the n presente d wit h fou r 

recursiv e progra m specification s (on e a t  a  time )  fo r  whic h the y ha d t o writ e code .  Subject s 

wer e re-presente d wit h specification s unti l  the y ha d writte n a  correc t  progra m fo r  eac h 

specification .  Th e forma l  mode l  grou p too k significantl y les s tim e ( M =  344 4 seconds )  tha n th e 

flo w o f  contro l  grou p ( M =  511 6 seconds )  t o cod e al l  function s correctly . 

Implication s fo r  Intelligen t  Tutorin g System s 

Our  effort s t o desig n intelligen t  computer-aide d instructio n (ICAI )  syste m fo r  programmin g 

(an d especiall y recursion )  ha s bee n influence d b y th e curren t  results .  First ,  ou r  ICA I  syste m 

avoid s example s sinc e ou r  GRAPES mode l  suggest s tha t  althoug h problem-solvin g b y analog y 

ca n facilitat e initia l  performanc e i t  ma y no t  necessaril y  facilitat e learning .  Second ,  ou r  mode l 

suggest s tha t  student s lear n recursio n i n a  piecemea l  fashion .  Th e ICA I  syste m thu s present s a 

wid e variet y o f  recursio n problem s t o expos e student s t o a  larg e rang e o f  codin g patterns . 

Finally ,  ou r  GRAPES idea l  mode l  an d experimenta l  result s indicat e tha t  a  forma l  menta l  mode l  o f 

recursiv e program s facilitate s learnin g becaus e i t  reduce s workin g memor y loa d an d mor e 

directl y map s ont o progra m generatio n tha n th e flo w o f  contro l  mode l  typicall y use d b y novices . 

Thi s conceptua l  mode l  an d th e idea l  programmin g mode l  ar e employe d b y th e ICA I  syste m i n 

teachin g recursion . 
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In this paper a model of knowledge representation is presented along with 
psychologica l  researc h supportin g thi s model .  Thi s i s followe d b y a  genera l  discussio n 

of  th e mode l  an d it s possibl e applicatio n t o th e constructio n o f  compute r  knowledg e 
bases . 

Psychologica l  researc h ha s demonstrate d tha t  peopl e d o no t  us e necessar y an d 
sufficien t  feature s t o determin e th e membershi p o f  instance s i n natura l  categorie s 
(Hampton ,  1979 ;  Rosc h an d Mervis ,  1975) .  I n plac e o f  necessar y features ,  o r  a  se t  o f 
features ,  tha t  ar e common t o al l  member s o f  a  category ,  Rosc h an d Mervi s (1975 ) 
propose d tha t  categor y instance s bea r  a  "famil y resemblance "  t o eac h other .  I n suppor t 
of  thi s proposa l  the y foun d tha t  th e degre e o f  membershi p (o r  "typicality" )  o f  instance s 
i s relate d t o th e numbe r  o f  feature s instance s shar e wit h othe r  member s o f  tha t  category , 
and conversely ,  tha t  instance s tha t  ar e mor e typica l  o f  a  categor y shar e fe w feature s 
wit h (bea r  les s "famil y resemblance "  to )  member s o f  othe r  categories . 

An alternative model was constructed for the present research, using a deontic 
modal  logi c (Wright ,  1963) .  Whil e thi s mode l  ca n dea l  wit h th e phenomen a o f  typicalit y 
gradient s o f  membershi p an d th e famil y resemblanc e structurin g o f  categor y features ,  i t 
at  th e sam e tim e show s ho w feature s ca n b e take n t o b e common t o al l  member s o f  a 
categor y an d definin g o f  thes e memberships .  Thi s i s don e withi n th e framewor k o f 
extensiv e cross-classification s an d greate r  taxonomi c dept h tha n ha s commonl y bee n 
examine d i n categor y research .  I t  i s  als o propose d tha t  thi s hierarchica l  an d cross -
classifie d organizatio n o f  categorie s an d featura l  informatio n i s accesse d i n term s o f 
least-upper-boun d share d memberships ,  whe n retrievin g informatio n relevan t  t o th e 
compariso n o f  instances . 

In the proposed model, the deontic features are taken as "Obligatory", "Permissible", 
or  "Impermissible "  i n definin g th e membershi p o f  instance s Cse e Figur e 1  fo r  example s 
fo r  th e categor y Clothing) .  Th e relation s o f  thes e feature s t o th e categorie s ca n b e 
expresse d i n term s o f  quantificatio n an d th e "ideal "  world s the y represent .  Obligator y 
feature s ma y b e take n a s definin g th e membershi p o f  "all "  instances .  Permissibl e 
feature s a s definin g th e membershi p o f  "some "  instances ,  an d Impermissibl e feature s a s 
definin g th e membershi p o f  "none "  o f  th e instances .  I n contras t  t o necessar y features . 
Obligator y feature s ar e generi c norm s tha t  ca n b e take n a s common t o al l  members ,  bu t 
ar e no t  invalidate d b y individua l  cases .  Fo r  example ,  th e featur e "Worn "  ca n b e applie d 
t o al l  instance s o f  Clothing ,  includin g a  leas t  typica l  instanc e lik e purs e (se e Figur e 
1) .  Or ,  thi s featur e ma y no t  b e applie d t o th e instanc e purse ,  whe n purs e i s bein g use d 
as a n instanc e o f  th e categor y Ba g i n contras t  t o th e categor y Clothin g an d th e featur e 
"Hold s Items "  i s bein g applie d t o it .  I n thi s wa y th e sens e o f  deonti c feature s ca n b e 
shifte d (delimite d o r  extended )  t o handl e th e "fuzzy "  boundarie s o f  natura l  categorie s 
and t o adjus t  t o th e comparison s bein g mad e o f  categorie s and/o r  instances . 

Clothin g 

"Use d t o 
Keep Warm" 

*  \ 
CO 

I 
I 
I 

Permissibl e 
Featur e 

Clothin g 

"Wor n 

purs e 

fold s Items " 
4̂  

I 

Obligator y 
Featur e 
-rFigur e 1 -

Impermissibl e 
Featur e 

Warm 
Clothl n 

coa t sweate r purs e 

Subse t Superordinat e 

-Figute 2-

Contrastin g 
Categor y 



I n relatio n t o th e "famil y resemblance "  organizatio n o f  feature s (Rosc h an d Mervls , 
1975) ,  mor e typica l  Instance s (e.g. ,  coa t  I n Clothing )  woul d hav e Permissibl e a s wel l  a s 
Obligator y feature s definin g thei r  membershi p i n th e categor y (e.g. ,  "Use d t o Kee p Warm" 
as wel l  a s "Worn") ,  an d les s typica l  Instance s (e.g. ,  purs e i n Clothing )  shoul d hav e 
onl y Obligator y feature s definin g thei r  membershi p i n th e categor y an d Impermissibl e 
feature s tha t  defin e thei r  membershi p i n contrastin g categories .  A s well .  Obligator y 
feature s shoul d var y i n ho w the y ar e applie d t o leas t  typica l  Instance s (a s i n th e 
"Worn "  an d purs e exampl e above) ,  a s thes e instance s don' t  hav e Permissibl e featur e 
definitions ,  an d d o hav e stron g (Impermissibl e feature )  connection s t o contrastin g 
categories .  Greate r  famil y resemblanc e woul d therefor e b e base d o n th e sharin g o f 
Permissibl e a s wel l  a s Obligator y features ,  an d les s famil y resemblanc e woul d b e base d 
on sharin g onl y th e Obligator y feature s an d sharin g Impermissibl e feature s wit h member s 
of  contrastin g categories . 

The organization of Obligatory, Permissible and Impermissible features should also 
be reflecte d i n th e taxonoml c dept h o f  categorization ,  a s wel l  a s i n cross-classifications , 
Where th e leas t  typica l  Instance s shoul d hav e mor e membership s i n contrastin g categorie s 
(a s Rosc h an d Mervls ,  1975 ,  found) ,  mos t  typica l  Instance s shoul d belon g t o mor e subset s 
of  th e categorie s (se e Pigur e 2 ) .  Fo r  example ,  coa t  shoul d belon g t o th e subse t  War m 
Clothin g unde r  Clothing ,  becaus e o f  th e Permissibl e featur e "Use d t o Kee p Warm" .  Thi s 
woul d b e s o becaus e th e membershi p o f  mos t  typica l  Instance s ca n b e define d b y Permissibl e 
features ,  an d thes e Permissibl e feature s i n tur n delimi t  salien t  subset s withi n th e 
(superordlnate )  categories .  A s well ,  thi s subse t  leve l  o f  taxonomlzatlo n shoul d b e 
accesse d befor e th e higher ,  superordlnat e categorie s (i n term s o f  least-upper-boun d 
share d memberships) ,  whe n comparin g tw o instance s tha t  shar e membershi p i n on e o f  thes e 
subset s (e.g. ,  coa t  an d sweate r  i n th e subse t  War m Clothing ;  se e Figur e 2 ) .  Thes e 
subset s constitut e par t  o f  th e greate r  taxonoml c dept h tha t  ha s no t  bee n traditionall y 

studie d i n categor y research . 

Experimental Procedures. All of the subjects were undergraduates in lower-division 
psycholog y classes ,  an d al l  o f  th e experimenta l  task s wer e pape r  an d penci l  tests .  Fac h 
of  th e experiment s ha d tw o tasks .  I n th e firs t  tas k o f  Experimen t  1 ,  subject s wer e aske d 
fo r  thre e categorie s fo r  "most "  an d "least "  typica l  instance s fro m A  superordlnat e 
categories .  Tools ,  Clothing ,  Furniture ,  an d Vehicles .  Th e "most "  typica l  instance s wer e 
thos e instance s tha t  ha d receive d a n averag e typicalit y ratin g o f  2  o r  les s i n thes e 
categorie s (o n a  7-poln t  scale )  i n Rosch' s (1975 )  norms ,  an d th e "least "  typica l  instance s 
receive d a n averag e ratin g o f  4. 5 o r  greater .  I n th e firs t  tas k o f  Experimen t  2 ,  subject s 
wer e aske d wh y mos t  an d leas t  typica l  Instances ,  an d most-leas t  typica l  Instanc e pair s 
ar e member s o f  th e superordlnat e categorie s the y ha d initiall y  bee n take n from ,  an d wh y 
th e singl e instance s ar e member s o f  othe r  categorie s frequentl y liste d fo r  the m i n 
Experimen t  1 .  I n th e firs t  tas k o f  Experimen t  3 ,  subject s wer e aske d wha t  i s th e sam e 
and differen t  abou t  most-most ,  most-least ,  an d least-leas t  typica l  Instanc e pairs .  A n 
equa l  numbe r  o f  thes e differen t  type s o f  Instanc e pair s wer e take n fro m thre e level s o f 
categorizatio n (a s determine d i n Experimen t  1 ) .  The y eithe r  1 )  share d membershi p i n th e 
same subse t  o r  contrastin g categor y an d th e sam e superordlnat e (e.g. ,  coa t  an d sweater) , 
2)  share d membershi p i n a  superordlnate ,  bu t  di d no t  shar e membershi p i n a  subse t  o r 
contrastin g categor y (e.g. ,  coa t  an d pants) ,  o r  3 )  cam e fro m differen t  superordlnate s 
and differen t  contrastin g categorie s (e.g. ,  coa t  an d car) . 

In the second task for each of the experiments, subjects were asked to compare the 
set s o f  th e elicite d categorie s an d feature s t o thos e o f  th e superordlnat e categorie s 
(e.g. ,  "Ar e al l  thing s tha t  ar e wor n type s o f  clothing? "  an d "Ar e al l  type s o f  clothin g 
thing s tha t  ar e worn?") .  I f  the y gav e a  "no "  response ,  the y wer e aske d t o lis t  th e 
exception s (e.g. ,  thing s tha t  ar e wor n tha t  ar e no t  clothing) . 

Results. In Experiment 1, the most typical instances elicited the superordlnate 
categorie s mor e ofte n tha n th e leas t  typica l  instance s did ,  bot h a s dominan t  (mos t 
frequentl y listed )  categories ,  t̂ (6 )  =  4.39 ,  £  .01 ,  an d i n term s o f  an y listin g o f  thes e 
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categories for the instances, _t(6) = 3.25, £ .02. Of the other categories listed for 
th e instances ,  2  type s wer e identifie d i n Tas k 2 ,  1 )  "Contrasting "  categorie s tha t 
have overlappin g membership s wit h th e superordinates ,  an d 2 )  "Subset "  categorie s tha t 
ar e subsume d withi n th e superordinates .  Comparin g th e mos t  frequentl y liste d categorie s 
i n Tas k 1  (excludin g th e superordinates) ,  mos t  typica l  instance s elicite d a 
proposrtionall y greate r  numbe r  o f  Subse t  categories ,  an d leas t  typica l  instance s 
elicite d a  greate r  nvnnbe r  o f  Contrastin g categories ,  X  (1 )  =  6.19 ,  p  .02 . 

In Experiment 2, the features given as defining the membership of most and least 
typica l  instance s i n Tas k 1  wer e identifie d i n Tas k 2  a s eithe r  Obligator y (e.g. ,  "Ar e 
al l  type s o f  clothin g worn? "  receivin g "yes "  responses) ,  Permissibl e (e.g. , 
"Ar e al l  type s o f  clothin g use d t o kee p warm? "  receivin g "no "  responses) ,  o r 
Impermissibl e (feature s give n a s definin g membershi p i n contrastin g categorie s tha t  wer e 
not  give n a s definin g i n th e superordinate) .  Fo r  eac h o f  th e superordinate s i n Tas k 1 , 
Obligator y feature s wer e th e mos t  frequentl y receive d feature s definin g membershi p 
acros s mos t  an d leas t  typica l  instances ,  an d fo r  th e most-leas t  typica l  instanc e pairs . 
No differenc e wa s foun d betwee n mos t  an d leas t  typica l  instance s i n th e frequenc y wit h 
whic h the y elicite d th e Obligator y features ,  jt(6 )  =  .22 ,  n.s. .  O n th e othe r  hand ,  mos t 
typica l  instance s elicite d Permissibl e feature s a s definin g thei r  membershi p mor e ofte n 
tha n leas t  typica l  instance s did ,  t̂ (6 )  =  3.99 ,  £  .01 .  A s well ,  mos t  typica l  instance s 
elicite d mor e Permissibl e feature s (o f  th e superordinates )  a s definin g thei r  membershi p 
i n th e Contrastin g categorie s the y belon g to ,  whil e leas t  typica l  instance s elicite d 
proportionall y mor e Impermissibl e feature s (o f  th e superordinates )  a s definin g thei r 
membershi p i n th e Contrastin g categories ,  X ^ d )  =  5.21 ,  p  .05 . 

In Experiment 3, the categories and features most frequently received as responses 
fo r  wha t  i s th e sam e an d differen t  abou t  instance s corresponde d t o th e least-upper-boun d 
leve l  o f  categorizatio n instance s share d membershi p i n (i.e. .  subsets ,  superordinates , 
or  highe r  feature s encompassin g 2  o r  mor e superordinates) ,  X^(l )  =  20.OA ,  £  .001 .  Fo r 
"wha t  i s th e same "  abou t  th e instanc e pairs ,  th e least-upper-boun d categorie s th e 
instance s share d membershi p i n (o r  th e feature s correspondin g t o thes e categories )  wer e 
elicite d (e.g. ,  glove s an d coa t  elicite d "yo u wea r  t o kee p warm" ,  an d jacket s an d pant s 
elicite d "Clothing "  an d "the y ar e worn") .  Fo r  "wha t  i s different "  abou t  th e instanc e 
pairs ,  feature s an d categorie s o f  th e leve l  immediatel y belo w th e least-upper-boun d 
categor y wer e receive d (e.g. ,  tw o subse t  distinction s fo r  instance s tha t  shar e membershi p 
i n a  superordinate ,  bu t  no t  i n a  subset ,  suc h a s jacket s an d pant s elicitin g "on e i s wor n 
on th e uppe r  bod y an d th e othe r  i s wor n lower") .  Tw o mor e taxonomi c level s wer e 
identifie d i n thi s experimen t  a s well .  On e wa s a  leve l  abov e th e superordinate s generall y 
correspondin g t o "Functiona l  Artifacts "  (e.g. ,  i n response s suc h a s "Man-made "  an d "Use d 
by People "  receive d fo r  wha t  i s th e sam e abou t  instance s belongin g t o differen t 
superordinates ,  suc h a s shir t  an d bus) .  Th e othe r  wa s a  leve l  belo w th e subsets ,  an d wa s 
foun d i n response s t o wha t  i s differen t  abou t  tw o instance s o f  th e sam e subse t  (e.g. , 
fo r  th e subse t  Seat s unde r  Furniture ,  th e instance s sof a an d chai r  receive d "man y peopl e 
si t  o n on e an d onl y on e perso n sit s o n th e other") . 

In Experiment 3, evidence was also found for shifts in (delimiting or extending) 
th e sens e o f  a  featur e accordin g t o th e compariso n bein g made .  A  significan t  proportio n 
of  instanc e pair s wer e foun d t o elici t  th e definin g feature s bot h fo r  wha t  i s th e sam e 
abou t  the m an d fo r  wha t  i s differen t  abou t  the m (e.g. ,  receivin g "the y ar e worn "  fo r 
what  i s th e sam e abou t  coa t  an d purse ,  an d receivin g "on e i s wor n an d th e othe r  hold s 
items "  fo r  wha t  i s differen t  abou t  thi s pair) ,  x2(l )  =  A.O ,  p  .05 .  I n eac h o f  thes e cases , 
th e les s typica l  instanc e wa s exclude d whe n th e contras t  o f  wha t  i s differen t  wa s made . 

Conclusions. This research shows that people use a system of cross-classification 
and multipl e taxonomi c level s o f  categorizatio n i n thei r  representatio n an d retrieva l  o f 
objec t  information .  Evidenc e wa s als o foun d fo r  thi s organizatio n o f  natura l  categor y 
informatio n bein g base d o n th e us e o f  deonti c features .  Obligator y feature s (o f  th e 
superordinates i  wer e mos t  frequentl y receive d a s definin g th e membershi p o f  instances . 
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They were also taken to be common to all members of these categories and were the most 
frequentl y elicite d feature s whe n comparin g superordinat e member s tha t  di d no t  shar e a 
common subset .  Th e Permissibl e feature s wer e foun d t o correspon d t o subset s withi n th e 
superordinates ,  an d a s wel l  wer e use d t o defin e th e membershi p o f  instance s withi n th e 
superordinates .  Th e Impermissibl e feature s o n th e othe r  han d wer e no t  use d t o defin e 

membershi p i n th e superordinates ,  bu t  wer e use d t o defin e membershi p i n contrastin g 
categorie s an d distinguis h wh y leas t  typica l  instance s ar e differen t  fro m mos t  typica l 
instances . 

This system of categorization and the use of deontic features may well explain 
"famil y resemblance "  structurin g (Rosr. h an d Mervis ,  1975) .  Th e greate r  "famil y resemblance " 
of  mos t  typica l  instance s t o othe r  member s o f  a  categor y ma y com e fro m th e greate r  numbe r 
of  Permissibl e feature s whic h defin e thei r  membershi p (thes e feature s bein g use d t o defin e 
thei r  membershi p i n contrastin g categorie s a s wel l ) ,  an d th e greate r  numbe r  o f  Subse t 
categorie s the y belon g to .  Leas t  typica l  instance s ma y bea r  les s resemblanc e t o othe r 
members becaus e 1 )  thei r  membershi p i s define d primaril y b y Obligator y features ,  2 )  the y 
ar e member s o f  mor e contrastin g categories ,  an d 3 )  thei r  membershi p i n thes e contrastin g 
categorie s i s define d b y Impermissibl e features . 

In contrast to Rosch and Mervis's (1975) "family resemblance" model. Obligatory 
feature s ar e take n t o b e common t o al l  members ,  an d t o defin e th e membershi p o f  instances . 
Thes e feature s ar e no t  necessar y feature s however ,  a s the y ca n b e sai d t o b e applicabl e 
and no t  applicabl e t o a n instance ,  dependin g o n th e sens e the y ar e take n in .  A s foun d 
here ,  thi s us e o f  Obligator y feature s i s mos t  eviden t  i n thei r  applicatio n t o leas t 
typica l  instances .  A s McCloske y an d Glucksber g (1978 )  found ,  suc h boundar y case s ar e fa r 
more subjec t  t o change s i n opinio n an d difference s i n opinio n i n th e determinatio n o f 
thei r  membership .  Obligator y feature s ca n therefor e b e use d t o define/determin e membershi p 
of  a  borderlin e instance ,  whe n extende d t o a  mor e genera l  sense .  The y ca n als o b e use d t o 
exclud e a n instanc e whe n categor y contrast s ar e bein g made ,  an d a  mor e delimite d sens e 
of  th e featur e i s used . 

As to how this extending and delimiting of senses is done can be seen in the 
followin g examples .  Wher e a n Obligator y featur e (suc h a s "Use d t o Build "  fo r  Tools )  ca n 
be take n t o b e applicabl e t o al l  instance s o f  a  categor y i n it s mor e genera l  sense ,  i t 
may als o b e use d i n a  "delimited "  sens e (e.g. ,  a s synonymou s t o "Puttin g (Joining )  Thing s 
Together" ,  whic h denote s a  subse t  wit h siblin g relation s t o "Takin g Thing s Apart" ,  "Makin g 
Holes" ,  etc.) .  Th e delimite d sense s o f  Obligator y feature s ma y therefor e b e constructe d 
throug h reference s t o Permissibl e feature s an d subset s (e.g. ,  "Puttin g Thing s Together") . 
The mor e genera l  sense s woul d com e fro m combinin g th e Permissibl e feature ,  subse t 
definition s (e.g. ,  "Puttin g Thing s Together "  an d "Takin g Thing s Apart" ,  etc.) .  Or ,  a n 
Obligator y featur e ma y b e use d i n a n "extended "  sense ,  th e oute r  limit s o f  extensio n bein g 
metapho r  (e.g. ,  wit h a n Obligator y featur e fo r  Vehicles ,  "Get s yo u fro m on e plac e t o 
another "  bein g extende d t o books) . 

Applications for Computer Knowledge Bases. This model has strong advantages for the 
programmin g o f  natura l  categor y informatio n i n compute r  knowledg e bases .  Th e presen t 
model  indicate s mean s fo r  constructin g a  clearl y define d structur e o f  knowledg e 
representatio n withi n whic h eac h piec e o f  informatio n ha s a  specifi c  locatio n an d ca n b e 
accesse d accordin g t o it' s  location .  Well-structured ,  taxonomi c inheritanc e i s possibl e 
give n th e specificatio n o f  cross-classification s an d taxonomi c level s o f  informatio n 
(fou r  genera l  level s havin g bee n initiall y  determine d i n th e presen t  researc h fo r  simpl e 
objec t  names) .  A t  th e sam e time ,  typicalit y gradient s o f  membershi p an d "fuzzy "  categor y 
boundarie s ca n b e handle d withou t  havin g t o refe r  t o prototype-relate d defaul t  values . 

This power is dependent upon the deontic nature of the featural definitions, rather 
tha n categorie s bein g "wel l  defined" .  Tha t  is ,  th e deonti c feature s ar e generi c norm s 
whic h ar e no t  invalidate d b y individua l  cases ,  an d fo r  whic h th e sense s ca n b e shifted . 
Thi s shiftin g o f  sense s thoug h i s base d upo n th e systemati c extendin g an d delimitin g o f 
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instance sets. The means for this extension and delimitation was seen in the "Used to 
Build "  exampl e give n earlier . 

What does appear to be necessary to make this system of taxonomic structuring and 
inheritanc e work ,  i s  th e abilit y  t o establis h th e differen t  categor y set s an d sense s 

throug h th e us e o f  immediat e "contexts" .  Thi s us e o f  "context "  ca n b e see n i n th e 
finding s reporte d her e (Experimen t  3 )  o n th e accessin g o f  specifi c  taxonomi c level s an d 
th e delimitin g o f  senses ,  base d o n th e object s bein g compare d an d th e typ e o f  compariso n 
(same o r  different )  bein g made .  Thi s i s simila r  t o Artificia l  Intelligenc e wor k bein g 
done o n interactiv e system s (e.g .  Grosz's ,  1981 ,  "globa l  focus "  an d Sidner's ,  1983 , 
"immediat e loca l  focus") .  Thes e processe s are ,  o f  course ,  dependen t  o n discourse .  Thi s 
appear s t o b e th e strengt h o f  deonti c feature s however ,  tha t  is ,  tha t  the y ca n b e 
interprette d (an d re-interpretted )  durin g th e negotiatio n o f  meanings .  A t  th e sam e time , 
th e "interpretibility "  o f  thes e feature s nee d no t  undermin e th e well-structure d 
characteristic s o f  thi s representatio n system .  A s wit h th e "Use d t o Build "  exampl e give n 
earlier ,  delimitin g th e sens e o f  thi s featur e t o "Puttin g Thing s Together "  i s don e b y 
referencin g a n already-specifie d subset .  A n importan t  characteristi c o f  thi s mode l  is , 
therefore ,  tha t  meaning s an d shift s i n sense s ca n b e establishe d throug h referenc e t o 
quantifie d instanc e sets . 

The details of programming this system of representation do still need to be worked 
out .  Fo r  example ,  i n usin g th e taxonomi c inheritanc e structur e o f  th e knowledg e 
representatio n languag e KL-ONE ,  wha t  i s tru e o f  a  concep t  mus t  b e tru e o f  al l  it s 
decendents .  Therefore ,  ho w a  shif t  i n th e sens e o f  a n Obligator y featur e suc h a s "Worn " 
woul d effec t  th e sens e o f  a  Permissibl e featur e decenden t  suc h a s "Wor n b y Women"  stil l 
need s t o b e attende d to .  I t  i s  fel t  thoug h tha t  th e presen t  mode l  doe s hol d promis e fo r 
th e programmin g o f  compute r  knowledg e bases . 

Finally, it should be noted that the "interpretable" nature of deontic features may 
be base d upo n a  "functional "  characte r  o f  thes e features .  Approximatel y thre e quarter s o f 
th e feature s elicite d i n th e researc h reporte d her e wer e eithe r  "functional "  feature s 
(e.g. ,  "Used" ,  "Use d t o Build "  an d "Hold s Things" )  o r  ha d functiona l  component s (e.g. , 
th e featur e "Use d i n Houses "  havin g a  functiona l  componen t  an d a  locationa l  component , 
"I n Houses") .  A s take n here ,  "functional "  i s  broadl y define d a s th e function s o r  purpos e 
of  a n object ,  a n actio n performe d wit h it ,  o r  a n actio n o f  a n objec t  independen t  o f  a n 
agent .  Thi s broa d definitio n o f  "functiona l  features "  coul d als o b e applie d t o natura l 
kind s (e.g. ,  "plant s grow" )  an d t o abstrac t  concept s (a s see n i n th e extension s t o 
metaphorica l  sense s mentione d earlier) ,  thoug h furthe r  researc h i s necessar y t o determin e 
how thes e feature s ar e use d wit h thes e type s o f  concepts .  A s well ,  a  numbe r  o f  othe r  type s 
of  feature s ha d functiona l  correlates .  Fo r  example ,  th e (structural )  featur e "Blade "  an d 
th e (physical )  featur e "Sharp "  hav e th e (functional )  correlat e "Use d t o Cut" .  Thi s us e 
of  functiona l  informatio n i s i n lin e wit h Mille r  an d Johnson-Laird' s (1976 )  proposa l  tha t 
functiona l  "schemata "  ca n b e use d t o translat e perceptua l  feature s int o functiona l 
conditions .  Thi s characte r  o f  functiona l  feature s i s relevan t  t o th e interpretiblit y  o f 
feature s i n contex t  (Miller ,  1976 )  an d extension s t o les s typica l  instances .  Fo r  example , 
a tre e stum p ma y b e include d a s a  Tabl e (o r  a  "Thin g t o Pu t  Thing s On" )  i n th e contex t 
of  a  "picnic" . 

Miller, G. Practical and lexical knowledge. In E. Rosch & B.B. Lloyd (eds.). Cognition 
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Universit y Press ,  1976 . 

Rosch, E. & Mervis, C.B. Family resemblance studies in the internal structuring of 
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Natur e o f  Role s an d Thei r  Interactio n 

This paper is concerned with the nature of the rules involved in solving problems and the interaction 

betwee n thos e rules .  W e describ e a  paralle l  mode l  designe d t o solv e a  clas s o f  relativel y simpl e problem s 

fro m elementar y physic s an d discus s it s implication s fo r  model s o f  proble m solvin g i n general .  W e sho w ho w 

one o f  th e mos t  salien t  feature s o f  proble m solving ,  soquentiality ,  ca n emerg e naturall y withi n a  paralle l 

model  tha t  ha s n o explici t  knowledg e o f  ho w t o sequenc e analysis . 

Consider the problem shown in Figure 1. The task is to determine the qualitative effects of increasing 

th e resistanc e o f  R 2 o n othe r  circui t  values ,  assumin g th e ^plie d voltag e an d resistanc e o f  R i  remai n 

unchanged . 

A common approach to modelling the process of solving problems like these is to assume that 

knowledg e i s organize d a s a  productio n system ,  simila r  t o tha t  show n i n Tabl e 1  (se c Riley ,  1984 ,  fo r  a 

review) .  Her e th e model' s rule s fo r  makin g inference s ar e i n th e for m o f  condition-actio n pairs ,  o r 

productions .  Th e conditio n specifie s th e particula r  element s an d relation s tha t  mus t  b e presen t  i n th e dat a 

base i n orde r  fo r  th e conditio n t o b e true .  W h e n th e productio n syste m i s solvin g a  problem ,  th e condition s 

of  th e variou s production s ar e teste d i n orde r  unti l  on e o f  the m i s true ;  th e actio n o f  tha t  productio n i s the n 

performed .  Th e actio n generall y make s som e chang e i n th e dat a bas e whic h i n tur n mean s th e conditio n o f  a 

differen t  productio n wil l  b e true ,  causin g anothe r  actio n t o b e performed . 

Since production systems are universal computers, they can be programmed to display any behavior 

(Newell ,  1981) .  Howeve r  certai n kind s o f  behavio r  ca n b e achieve d wit h othe r  style s o f  computatio n i n mor e 

economical ,  elegant ,  extendibl e an d natura l  ways .  Feature s tha t  ar e intrinsi c to ,  o r  naturall y incorporte d 

within ,  a  pur e productio n syste m approac h are : 

1) Sequentiality: each action taken utilizes the knowledge contained in precisely one rule. 

2)  Directionality :  th e knowledg e encode d i n eac h rul e ha s a  distinc t  directionalit y fro m inpu t 

(condition )  t o outpu t  (action) . 

3)  Exac t  matching :  eac h rul e act s onl y whe n a  perfec t  matc h t o it s conditio n occurs . 

4)  Determinism :  performanc e wil l  b e identica l  o n al l  solution s o f  a  give n problem . 

Within the production system approach it is difficult to naturally avoid certain difficulties: 

1) Lack of robustness under degradation of rules (either removal of correct rules or addition of 

incorrec t  ones) . 

Thi s researc h wa s supporte d b y a  gran t  fro m th e Syste m Developmen t  Foundatio n an d b y contrac t  N00014-79-C-O323 , 

NR667-43 7 wit h th e Personne l  an d Trainin g Researc h Program s o f  th e Offic e o f  Nava l  Research . 



287 

2)  Lac k c f  robustnes s unde r  ill-forme d problem s tha t  contai n inconsisten t  o r  insufficien t  give n 

information . 

3)  Lac k o f  variaMlit y i n route s t o correc t  answer s o r  i n correctnes s o f  answers ;  a  proble m fo r 

modellin g huma n behavior . 

4)  Nee d fo r  explici t  coirflic t  resolutio n rule s tha t  determin e whic h rul e wil l  appl y whe n severa l  hav e 

tru e conditions . 

The parallel distributed processing ^proach represented by our model naturally avoids these difficulties, but 

has it s o w n problems ,  a s w e shal l  see . 

The Model 

Our model has been constructed within the framework of harmony theory (Smolensky, 1983, 1984). 

Rule s ar e represente d a s a  collectio n o f  node s i n a  network ,  a s show n i n Figur e 2 .  A  typica l  rul e i s 

< /  dawn ,V idown ,R isame> ;  thi s rul e state s tha t  th e combinatio n o f  change s 'voltag e acros s R i  goe s 

down,  curren t  goe s down ,  R i  stay s th e same '  i s a  consisten t  se t  (Ohm' s Law) .  I n fact ,  th e rule s consis t 

precisel y o f  al l  allowe d combination s o f  qualitativ e change s i n circui t  variable s tha t  ar e consisten t  wit h eac h 

circui t  law .  Ther e ar e 6 5 suc h instances .  ^ 

Unlike condition-action rules, there is no directionality associated with the variables in the harmonium 

rules . 

In a particular problem, only some of the instances represented by harmonium rules are relevant. To 

represen t  this ,  eac h rul e nod e ha s a n activatio n valu e tha t  ca n b e eithe r  1  (active )  o r  0  (inactive) . 

In addition to rule nodes, the harmonium model contains nodes for representing the problem in terms 

of  qualitativ e change s i n circui t  variables .  Som e node s hav e value s give n b y th e proble m 

(/? 2 "P .  /? !  jam* .  Vtota l  JO" "  ) •  Th e model' s answe r  i s represente d b y value s assigne d t o th e remainin g nodes . 

As shown in Figure 2, there is a connection between an individual circuit variable node and each rule 

involvin g it ;  thi s connectio n i s labelle d b y th e appropriat e valu e fo r  tha t  variabl e accordin g t o tha t  rule . 

The goal of processing is to find a set of rule nodes to activate and a set of values for circuit variables 

tha t  ar e consisten t  wit h thos e rules .  Searc h towar d thi s goa l  i s  guide d b y a  measur e o f  th e consistenc y 

betwee n a  se t  o f  activate d rule s an d a  se t  o f  circui t  variables :  thi s measur e i s calle d th e harmon y function . 

The stat e o f  hi^es t  harmon y shoul d b e th e correc t  answe r  t o th e problem . 

Processing is probabilistic and constructed so that at any moment, the higher the harmony of a state, the 

more probabl e i t  is .  Th e sprea d i n thi s probabilit y  distributio n i s determine d b y a  syste m paramete r  calle d th e 

computationa l  temperatur e T .  Initially ,  al l  rule s ar e inactive ,  th e circui t  variable s give n b y th e proble m ar c 

assigne d thei r  values ,  an d th e remainin g circui t  variable s ar e assigne d rando m values .  Th e temperatur e i s se t 

t o a  hig h value ,  an d th e stochasti c searc h begins .  Rule s ar e activate d an d deactivated ,  circui t  variabl e value s 

ar e change d (excep t  th e give n ones) ,  an d state s ar e visite d i n accordanc e wit h thei r  harmony .  A s th e searc h 

continues ,  thi s temperatur e i s lowered ,  an d th e syste m display s les s an d les s randomness ,  focussin g i n o n th e 

state s o f  highes t  harmony .  Afte r  a  while ,  th e temperatur e become s ver y low ,  an d th e searc h i s effectivel y 

stopped :  a n answe r  ha s bee n selected . 

1.  Thirtee n eac h for :  KirchofP s Law ,  th e equatio n Ru,ta i  =  R i  +  R2 ,  an d thre e version s o f  Ohm' s La w (on e eac h fo r 

/ f  1 ,  /?2 .  an d R,Mai) -
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Sequentialit y  o f  deductio n seem s t o b e completel y lackin g fro m th e harmoniu m model ,  althoug h i t  i s  a 

ver y salien t  featur e o f  huma n proble m solving .  Jus t  th e same ,  i n creatin g thi s mode l  w e expecte d i t  t o 

displa y a n emergen t  seriality .  I f  a  singl e circui t  variabl e i s monitore d durin g th e search ,  i t  wil l  fluctuate 

randoml y a t  first,  an d eventuall y 'loc k in "  t o a  valu e tha t  i s ver y resistan t  t o change .  Th e temperatur e a t 

whic h thi s occur s i s th e 'freezin g temperature '  fo r  tha t  variable .  W e expecte d tha t  differen t  variable s woul d 

have differen t  freezin g temperatures ,  dependin g o n th e proble m situation ;  th e on e wit h highes t  freezin g 

temperatur e woul d settl e first,  whic h woul d i n tur n determin e th e valu e selecte d fo r  th e variabl e wit h th e 

next  lowe r  freezin g temperature ,  an d s o on . 

In addition to 7, harmonium models have a second global parameter, k; it is the sole parameter in the 

definitio n o f  th e harmon y function .  W h e n k  i s nea r  one ,  onl y rule s tha t  matc h th e curren t  guesse s fo r 

circui t  value s exactl y ca n becom e activ e withou t  lowerin g th e harmon y o f  th e state ;  fo r  lo w value s o f  k , 

approximat e matche s ar e sufficient .  Initially ,  k  i s  small ,  eqjproximat e matchin g i s encouraged ,  an d man y rule s 

become activated ;  a s th e computatio n proceeds ,  k  approache s on e an d th e se t  o f  activ e rule s shrink s towar d 

th e five  tha t  exactl y matc h th e answer . 

As the node for each circuit variable freezes into a value, it does so under the influence of all the active 

rul e node s connecte d t o it .  Unlik e a  productio n system ,  matchin g fo r  rule s nee d no t  b e exact ,  an d severa l 

rule s ca n ac t  a t  th e sam e time . 

The harmony function we used, as well as the schedule for lowering 7 and raising k, are shown in 

Figur e 3 .  A  tria l  consiste d o f  40 0 iteration s o f  10 0 nod e update s each ;  sinc e ther e ar e 7 9 node s i n th e model , 

thi s correspond s t o slightl y ove r  SOO update s o f  eac h node . 

The stochasticity of the model produces variability in the behavior. In a run of 30 trials, the correct 

answer  wa s produce d 2 8 times .  W h e n th e 3 0 value s th e syste m assigne d t o th e circui t  variable s fo r  eac h o f 

th e 40 0 iteration s ar e averaged ,  Figur e 4  results .  I n thi s graph ,  u p i s represente d b y 1  an d dow n b y -1 . 

Initially ,  th e value s fo r  al l  variable s fluctuate  aroun d zero ;  eventually ,  eac h goe s toward s th e correc t  value . 

The tim e a t  whic h th e fou r  decision s ar e mad e ar e indicate d i n th e las t  portio n o f  thi s figure,  i n whic h th e 

regio n betwee n . 5 an d -. 5 ha s bee n removed .  Th e sequenc e o f  assignment s i s /?,««» ,  /wm/ .  V j ,  V2 ;  th e sequenc e 

of  'inference ^  tha t  emerge s naturall y fro m th e paralle l  processin g i s exactl y th e sam e a s th e sequenc e produce d i n 

a productio n syste m model . 

The harmonium model displays both types of robustness that is difficult to achieve naturally with 

productio n systems .  Sinc e individua l  inference s ar e mad e unde r  th e simultaneou s influenc e o f  severa l  rules , 

the y ar e les s vulnerabl e t o degradatio n o f  a  singl e rule .  W h e n inconsisten t  informatio n i s give n i n a  problem , 

th e harmoniu m mode l  finds  th e mos t  consisten t  (highes t  harmony )  answe r  possible .  W h e n insufficien t 

informatio n i s given ,  th e syste m finds  on e o f  th e correc t  answers ,  an d finds  differen t  answer s o n differen t 

trials .  Suc h a  robus t  tendenc y t o for m coheren t  interpretation s o f  input s i s importan t  bot h fo r  modellin g 

human cognitio n an d fo r  buildin g intelligen t  machines . 

Extensioas 

While the parallel distributed processing approach has certain advantages over the production system 

^proach ,  i t  als o ha s grav e disadvantages .  Th e mos t  seriou s i s th e difficult y o f  performin g symbo l 

manipulation .  Withou t  variabl e bindin g mechanisms ,  type s an d tokens ,  i t  i s  difficul t  t o imagin e ho w t o 

develo p a  genera l  mode l  capabl e o f  analyzin g a  variet y o f  circuits ;  ou r  mode l  i s  specialize d t o a  singl e circuit , 

and eve n s o w e mus t  replicat e th e rule s encodin g vali d instance s o f  Ohm' s La w thre e time s (onc e fo r  c-̂ : l 

relevan t  piec e o f  th e circuit) . 
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I t  ma y b e psychologicall y plausibl e t o postulat e a  smal l  collectio n o f  network s lik e ou r  harmoniu m 

model  (o r  perhap s on e integrated ,  large r  network )  incorporatin g knowledg e abou t  similarl y simpl e circuit s 

(e.g .  a  circui t  wit h tw o resistor s wire d i n parallel) .  Thes e coul d conceivabl y serv e a s prototype s tha t  woul d 

be invoke d t o dea l  wit h piece s o f  o r  schemati c version s o f  large r  circuits .  Howeve r  som e powerfu l 

mechanis m woul d stil l  hav e t o coordinat e th e paralle l  "analyse s o f  circui t  fragments . 

It is tempting to use a production system for this coordination, combining the strengths of the two 

approaches .  Suc h a  hybri d mode l  migh t  wel l  b e abl e t o analys e comple x circuits ,  bu t  woul d displa y th e 

productio n syste m weaknesse s (lac k o f  robustness ,  an d s o forth )  i n thos e aspect s o f  th e analysi s tha t  wer e 

relegate d t o th e productio n system . 

One interpretation of such a hybrid model is that the production system component is actually just a 

comple x paralle l  processin g networ k viewe d a t  a  highe r  leve l  o f  description ;  th e hybri d i s o f  descriptiv e levels , 

ther e ar e no t  tw o independen t  processes .  I t  i s  a  majo r  goa l  o f  our s t o se e i f  paralle l  model s ar e capabl e o f 

exhibitin g emergen t  production-lik e behavior ;  th e emergen t  serialit y  o f  th e presen t  harmoniu m mode l  i s a n 

exampl e o f  jus t  suc h behavior . 

Discossion 

The harmonium model has implicit knowledge of circuit laws that enable it to model naturally the 

nonsymbolic ,  intuitiv e componen t  o f  proble m solvin g tha t  i s difficul t  t o mode l  naturall y wit h productio n 

system s an d i s particularl y salien t  i n e:q)ertise .  A t  th e sam e tim e i t  lack s th e explici t  knowledg e o f  symboli c 

law s tha t  mos t  expert s possess .  Thu s t o mode l  exper t  proble m solvin g i n general ,  i t  seem s necessar y t o imbe d 

th e harmoniu m mode l  withi n a  hybri d parallel/productio n syste m model .  W e ar e howeve r  investigatin g 

whethe r  th e symboli c componen t  o f  expert' s  processin g ca n b e preempte d wit h condition s o f  ver y shor t 

respons e times ,  makin g suc h experimenta l  condition s appropriat e fo r  testin g th e pur e harmoniu m model . 

We ar e als o considerin g unschoole d electronic s expert s t o se e t o wha t  exten t  the y ar e fre e o f  consciou s rul e 

qjplicatio n i n thei r  solutio n o f  simpl e circui t  problems . 

Much work remains to be done in analyzing the variation in the model's performance, and assessing the 

dependenc e o f  performanc e o n th e schedule s fo r  T  an d k  an d th e representatio n o f  th e circuit .  Indee d i t  i s 

th e developmen t  o f  mor e powerfu l  representation s withi n th e paralle l  distribute d processin g paradig m tha t  i s 

th e primar y goa l  o f  harmon y theory ;  b y tryin g t o enric h th e knowledg e o f  ou r  harmoniu m mode l  t o 

incorporat e mor e 'symbol-like '  explici t  knowledg e o f  circui t  laws ,  w e hop e t o gai n mor e insigh t  int o ho w 

symbol  manipulatio n mig^ t  emerg e fro m paralle l  distribute d processing . 
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A^V\ / 

Figur e 1 .  A  serie s circui t  wit h tw o resistors ,  R j  an d R, .  What  ar e th e effect s o f  a n increas e i n th e resistanc e o f 

Rj ,  assumin g tha t  E,^ ^  an d th e resisUnc e o f  R j  hav e remai n th e same ? 

Tabl e 1 

A Simple Production System for Solving the Problem in Figure 1. 

Pro d action s 

Condition 

PI. <V^uune.\up> 

P2. < R, wp, Ry *<!«*> 

P3.  < V^ dawn. Vj^^^^ same> 

P4. < Rj same, I dawtO 

Actio n 

<Idown> 

<Vyi«p> 

< V j  darwn > 

Proble m Solotlo n 

Proble m Representatio n 

Cycle 

1. Rj up, Rj same. V,,^ same 

2. Rj up. R, same. V^^ same. R,^^ up 

3. Rj up. R, same. V,^^ *am«, Rj„^ up, I„^ rfwii 

Matche d Prodactio n 

Condition Action 

P2. < Rj up. Rj same> < R^^ up> 

P4. < Rj same, I </<m'/i> < V, </oH'n> 

4.  R j  up ,  R ,  janur ,  V ^ ^  same ,  R^, ^  up .  I „ ^  dawn ,  V ,  Jtm-i i  P3 .  <  V j  dawn ,  V ^ ^  «<mik > <  V j  up > 

5, Rj up. Rj same, V,^ jam*. R,^^ up, \^ dawn, V, «/wii. Vj up 
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Rul e Ncxle s 

Circui t  Node s 

I  down .  v .  down ,  R .  som e 

down /  dow n 

Rj  down ,  R ,  down ,  R  dow n 

down /  dow n /  dow n lam c 

Figure7 .  A  portio n o f  th e hannoniu m model' s network . 

y f̂ckvdJ U K ^th*XU M 

«M '• • 
3i ^ 

Rl  sam e ,  I  dow n 

down 

Rl  sam e J  dow n <  / .  [value :  l(active )  o r  Q(inactive) ] 

-1A O + 1 A  -1« *  R, ,  lvalue :  +1,-1 ,  o r  0 ] 

;ti.c||̂ i.M |  |2f]lZ±r *  * '  [value:+l(true )  or-l(false) ] 

/ ;  u p 

Ix :  + 1 

/.« :  + 1 

down 

+1 

- 1 

same 

- 1 ['/changcd T 

± 1  [• /  wen t  up' ) 

Harmony function : 

Figur e 3 .  Schedule s fo r  T  an d k ,  representatio n o f  up ,  down ,  same ,  an d harmon y functio n use d i n th e 

hannoniu m model . 
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i/rrv c 

400 

Figur e 4 .  Emergen t  sequentiality ;  th e decision s abou t  th e directio n o f  chang e o f  th e circui t  variable s 

"freez e in "  i n th e orde r  R  =  R „ ^ ,  I  =  Z,^ ,  V, ,  V j  (/ ? an d /  ar e quit e close) . 
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Abstract 

In this paper, we dtscuai the ipecUum d on-line isBtstance rangmg from passive, 

canne d t o active ,  user-custooiized .  W e discus s varioa s upect a o f  0D-4in e 

assistance :  interactiv e introductoc y tutorials ,  on-lin e he^ ,  an d on-4in e manuals .  W e 

the n describ e tw o step s t o mak e on-lin e anstanc e mor e intelligent :  (1 )  inclusio n 

and customizatia a a t  cgamptr s i n th e informatio n provide d th e user ;  an d (2 ) 

integratio n o f  variou s aspect *  o f  on-lin e assistanc e lik e tutorial s an d help . 

L Introdnctioa 

As any neofrfiyte would probably attest, it is hard to get started on a new 

compute r  system .  O n e thin g contributin g t o thi s difficult y i s th e lac k o f  intelligen t 

on-lin e assistanc e i n th e interface .  Ofte n ther e i s a  rudimentar y on-lin e hel p facility , 

but  i t  i s  clums y t o use .  I t  i s  als o "dumb" *  i n tha t  i t  lack s man y ke y bigredient s o f 

exper t  knowledge ,  lik e example s an d heuristics ;  i t  consist s o f  canne d reqx)nse s tha t 

ar e alway s th e sam e regardles s o f  th e user' s background ,  task ,  goals ,  context ,  etc . 

Then too, the interaction is neither gracious, graceful nor friendly (see, for 

example ,  th e hel p facilit y  o n V A X / V M S ) : 

1. access is tedious (e.g., menus too long and unorganized); 

2.  presentatio n o f  materia l  i s  ofte n insensitiv e (e.g. ,  screenful s o f  tex t 

viliizzin g by ) 

3.  i t  require s th e use r  t o sped k it s languag e t o ge t  anythin g usefu l  ou t  o f 

th e hel p invocatio n (e.g. ,  th e use r  m i ^ t  no t  ge t  an y usefu l  informatio n 

becaus e h e ask s abou t  '*quit "  whe n h e should'v e aske d abou t  "logout**) . 

Such difficulties subvert the user's expression of his intentions - he knows what he 

want s t o d o bu t  no t  h o w t o sa y i t  -  an d ignor e a  ke y sourc e o f  knowledg e i n 

intelligen t  use r  interface s [Norma n 1984] . 

Thi s wor k supporte d m por t  b y Gran t  IST-821223 8 o f  th e Nationa l  Scienc e Foundation . 
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At  th e othe r  en d o f  thi s q)ectTuii i  ar e intelligen t  assistanc e provider s -

interactiv e tutor s an d coache s tha t  us e A J .  technique s lik e use r  modellin g (e .̂ » 

[Wool f  1984]) .  Mo r e intelligen t  form s o f  on-lin e assistanc e nee d bot h mor e 

knowledg e an d power :  tha t  is ,  man y type s o f  knowledg e (e^. ,  o f  th e user' s task , 

domain ,  persona l  experience ,  etc .  [Risslan d 1984]) ,  mode s o f  interactio n (e^. ,  natura l 

languag e [Walke r  1976]) ,  an d processe s (e^. ,  inferenc e engine s tha t  isolat e th e user' s 

misconception s [Lewi s an d Solowa y 1984^ . 

Thus we see a spectrum ordered by responsiveness and intelligence. At the 

lo w o r  negativ e en d o f  th e ^)ectru m ar e th e d u m b system s wit h canne d req)onses , 

n o interactiv e capability ,  an d onl y minima l  domai n knowledg e (e^. ,  V A X A ^ M S 

H E L P ) .  A  littl e bette r  ar e interactiv e "dumb "  facilities ,  lik e tutorials ,  withou t  eve n 

explici t  model s o f  th e use r  o r  th e knowledg e t o b e explained. '  Enrichin g th e 

knowledg e bas e an d enhancin g th e interactio n ca n mov e assistanc e furthe r  i n th e 

''positive* '  direction .  Addin g user-modellin g an d th e abilit y  t o provid e reqx>nse s 

custom-tailore d i n conten t  an d for m plac e th e assistanc e facilit y  wel l  toward s th e 

positiv e en d o f  th e q)ectrum . 

So far that end of the spectrum has not been much explored, although 

interestin g start s hav e bee n made .  Wilensky ,  i n hi s U C system ,  allow s th e use r  t o 

ask fo r  assistanc e i n natura l  languag e [Wilensk y 1982a ,  1982b] ;  hi s wor k ha s 

concentrate d o n reques t  understanding .  Finin ,  i n hi s W L ^ A R D system ,  focuse s o n 

th e proble m o f  recognizin g whe n th e use r  need s help ;  fo r  example ,  whe n h e i s usin g 

inefficien t  mean s t o d o something ,  lik e usin g repeate d D E L E T E S instea d o f  P U R G E, 

th e syste m the n volunteer s advic e [Fini n 1983 ;  Shrage r  an d Fini n 1982] . 

Unhappily, however, most assistance facilities available today still lie clearly 

toward s th e d u m b en d o f  th e spectrum . 

In the rest of this paper, we will describe some steps to move on-line 

assistanc e furthe r  alon g toward s th e intelligen t  en d o f  th e assistanc e q>ectru m throu ^ 

th e us e o f  riche r  domai n knowledg e an d th e integratio n o f  variou s aspect s o f 

assistance .  W e shal l  assum e tha t  th e on-lin e assistanc e facilit y  ha s alread y bee n 

invoke d (b y th e use r  o r  th e system )  an d tha t  th e facilit y  ha s alread y 'parsed '  th e 

user' s reques t  (î . ,  know s wha t  th e use r  require s assistanc e on) .  Ou r  emphasi s i s o n 

th e generatio n o f  th e response ,  an d i n particular ,  o n th e embeddin g o f  examples . 

Qearly ,  thi s wor k shoul d eventuall y b e tie d i n wit h wor k o n invocatio n an d parsing , 

lik e tha t  o f  Wilensk y o r  Finin ,  an d a n obviou s extensio n woul d b e th e us e o f  a 

progra m lik e McDonald' s M U M B LE [McDonal d 1982 ]  t o dynamicall y generat e tex t  a s 

wel l  a s examples . 

'  Fo r  example ,  th e muc h toute d tutoria l  fo r  th e LOTU S 1-2- 3 q>readshee t  progra m i s a  step-by-ste p 
on-lin e tutorial ;  i t  i s  bette r  tha n most ,  bu t  it s  inflexibilitie s ca n b e dauntin g t o a  user . 
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2.  Aspect s o f  Assistaiice :  H d p ,  Tatoria b an d Manual s 

A recent review article [Houghton 1984], discussed several types of on-line 

assistance ,  includin g som e pertinen t  here ,  namely ,  comman d assistance ,  introductor y 

tutorial s an d manuals .  Othe r  type s ar e erro r  an d promptin g assistance .  W e wil l  no t 

discus s thes e her e bu t  man y o f  ou r  point s ar e relevan t  t o the m a s well .  O f  course , 

th e idea l  assistan t  i s ver y ofte n a  huma n on-lin e consultant . 

By a tutorial^ we mean an interactive, structured program that introduces a user 

t o a  syste m (e^. ,  th e E M A CS tutoria l  [Stallma n 1983]) .  A  tutoria l  present s 

informatio n bu t  doe s no t  necessaril y  allo w fre e rei n i n th e interaction ;  som e don' t 

eve n allo w on e t o jum p around ,  ̂ ^ t  on e ca n d o next ,  lik e rea d furthe r  o r  suppl y 

parameter s t o a  demonstration ,  i s  largel y pre-determined . 

By on-line help, we mean coomiand asastance. The user asks for information 

abou t  a  particula r  conmiand ,  lik e " H E L P PRINT* ,  an d i s the n presente d wit h 

infonnatio n o n P R I N T ,  includin g relevan t  paramete r  options ,  bu t  almos t  neve r 

includin g example s o f  standard ,  potentiaU y dangerous ,  o r  cleve r  uses . 

By an on-line manual^ we mean a version of the hard copy manual (whatever 

it s conten t  o r  organization )  'wta.ch .  i s  availabl e t o th e use r  on-lin e together ,  hopefull y 

wit h som e sor t  o f  acces s interface ,  th e cas e o f  a  standar d text-edito r  (i n read-onl y 

mode)  bein g th e bar e minimum . 

Help and tutorials are clearly more interactive than manuals, althou^ one can 

easil y imagin e interactiv e manual s a s well .  Tutorial s ca n provid e a  "guide d tour* *  o f 

a syste m an d a n opportunit y fo r  th e use r  t o tr y thing s ou t  i n a  sheltered ,  o r 

hypothetical ,  environment . 

3.  Embeddin g F.Kample s i n On-lin e AssisUnc e 

One important component of knowledge that is missing in most on-line (and 

off-line )  assistanc e i s examples .  Examples ,  b y \ ^ c h w e mea n q)ecifi c  case s an d 

instantiations ,  ar e on e o f  th e mos t  importan t  ingredient s o f  exptr i  knowledge .  The y 

offe r  concret e illustration s o f  wha t  i s bein g explaine d an d memorabl e hook s int o 

mor e genera l  information .  The y ar e cspcasM y importan t  fo r  th e beginner . 
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Example s ca n provid e easil y understoo d an d remembere d usages .  Fo r  instance , 

PRNT VrrAJIEM 

is clearly more perspicuous than 

-PWHT ][d:J[filename[£xtJinj/Cl/F]...T (from [TOM 1983]) 

A novice can use simple cases: to figure out how to instantiate the general 

syntacti c description ,  t o us e a s ''recipes "  fo r  standar d tasks ,  a s a  basi s fo r 

generalizing ,  an d a s a  basi s fo r  a  "retrieval-•-modification* '  approac h t o generat e 

anothe r  instance .  Fo r  th e mor e e]q>ert ,  example s ca n serv e a s a  reminde r  o f  synta x 

and thing s previousl y done ,  muc h lik e a n icon ;  thi s i s espeaaH y usefu l  wit h 

commands use d onl y infrequently . 

[Rissland 1978] presented a taxonomy of examples: ''start-up*' (easy, perspicuous 

cases) ;  "reference "  (standard ,  textboo k cases) ;  'inodel "  (paradigmatic ,  template-lik e 

cases) ;  "counter-examples "  (limiting ,  illega l  cases) ;  "anomalous "  (ill-understood ,  strang e 

cases) . 

Here we use such a taxonomy to select and order the presentation of 

examples .  Fo r  instance ,  w e provid e th e neophyt e use r  wit h "start-up "  example s an d 

th e mor e experience d use r  wit h "references" .  Wher e a  sequenc e o f  example s i s 

calle d for ,  reference s ar e presente d befor e model s whic h ar e presente d befor e 

counter-example s an d anomalies .  Thi s taxonom y ca n enabl e th e use r  t o as k 

q)ecificall y fo r  example s i n a  certai n clas s (e.g. ,  "easy "  o r  "dangerous") . 

Another aspect of examples which we have previously studied is their 

generatio n [Risslan d 1981] .  T w o mode s o f  generatio n ar e "retrieval+modification "  an d 

instantiation .  W e us e thes e technique s i n on-lin e assistanc e b y linkin g th e assistanc e 

progra m wit h a n exampl e generator ,  vftac h ha s a n "examples'q>ace "  o f  alread y 

existin g examples ,  an d procedure s fo r  modificatio n an d instantiation .  Th e examples , 

whic h hav e bee n harveste d an d organize d b y a n expert ,  ar e represente d a s frames ; 

the y contai n slot s fo r  informatio n suc h a s a  graphic s demonstration ,  difficult y rating , 

and pointer s t o mor e an d les s complicate d examples .  Modificatio n operator s includ e 

procedure s t o personaliz e example s (e.g. ,  i f  a n exampl e need s a  file^iame ,  us e on e o f 

th e user's) .  Instantiatio n procedure s includ e way s t o generat e a  rang e o f  cases , 

includin g thos e tha t  satisf y an d violat e lega l  paramete r  values . 

This ability to dynamically generate examples aUows the assistance facility to 

provid e example s tailore d t o Ui e user ,  hi s ta^s ,  goals ,  context ,  domain ,  etc. ;  i t 

depends ,  o f  course ,  o n havin g som e sor t  o f  user-modellin g capabilities .  Th e ide a i s 

t o wor k example s int o th e assistanc e give n th e user ,  an d bette r  stil l  t o mak e th e 

example s meaningfu l  i n th e sens e o f  relatin g t o th e user . 
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4.  Int̂ ratiii g Aspect s o f  On-Un e Assistaiic e 

One difficulty in learning or checking out a feature of a system is that the 

variou s aspect s o f  on-lin e assistanc e d o no t  shar e a  c o m m o n languag e o r  se t  o f 

examples ,  an d thu s i t  i s  har d t o integrat e one' s knowledg e o r  t o appl y informatio n 

fro m on e sourc e t o another .  Thi s violate s th e pedagogica l  strateg y o f  usin g 

informatio n see n befor e b y th e learner ,  lik e example s >̂v1iic h hav e becom e "ol d 

friends" . 

Our i^>proach to this consistency/integration problem is to have all the a^)ects 

of  on-lin e assistanc e shar e c o m m o n sourc e materia ]  -  example s an d tex t  -  ^ ^ c h i s 

represente d i n a  wa y usabl e b y eac h individua l  a )̂ect .  Eac h a^>ec t  the n put s it s 

presentation s togethe r  b y retrievin g th e tex t  an d example s i t  need s fro m th e c o m m o n 

source . 

In our work, we use a script-like control structure of a text and examples 

template ,  a  " T E X P L A T E " .  A  T E X P L A T E typicall y contain s pointer s t o chunk s o f 

text ,  call s fo r  examples ,  an d contro l  information .  I t  ca n als o contai n 'literal "  materia l 

(lik e tex t  use d nowher e else )  whic h i s presente d "a s is" .  Call s t o example s ar e 

eithe r  request s fo r  explicitl y  name d example s i n th e Example s Knowledg e Bas e 

(EKB )  o r  constraint s b y whic h th e th e exampl e generato r  ca n generat e a  ne w 

example .  Fo r  instance ,  a n exampl e cal l  coul d b e fo r  a  name d counter-exampl e o r 

fo r  a n exampl e generate d t o fulfil l  prescribe d constraint s (lik e on e usin g th e nam e o f 

th e user' s mos t  recentl y create d file) .  Contro l  informatio n include s option s t o 

presen t  t o th e use r  an d th e appropriat e assistance-modul e reqx>ns e actions :  fo r 

instance ,  M O R E t o caus e th e tutoria l  t o g o on ,  E X A M P L E fo r  a n example ,  Q U I T , 

etc .  Contro l  informatio n als o contain s direction s fo r  ̂ tiiic h sequenc e o f  example s th e 

syste m shoul d presen t  i f  th e use r  repeatedl y select s th e E X A M P L E option . 

5.  T w o On-goin g Assistanc e Studies :  l A - L A D Y B U G &  V M S 

In our on-going work, we are working within two systems. The first is 

l A - L A D Y B U G ,  a  ^ste m designe d q;)ecificall y  fo r  novic e programmin g students .  I t 

introduce s the m t o notion s usefu l  i n th e Pasca l  programmin g languag e (lik e 

subprocedures )  b y havin g the m wor k wit h a  graphic s icon ,  th e L A D Y B U G,  whic h 

ca n b e conmiande d b y LOGO-lik e conmiand s lik e C R A W L,  R I G H T - T U R N ,  etc . 

[Levin e an d Wool f  1984] .  Th e secon d i s a  subse t  o f  V A X A ^ M S comman d languag e 

[ D E C 1978 ]  dealin g wit h director y command s lik e P U R G E,  D E L E T E ,  an d S E T 

P R O T E C T I O N. 

For lA-Ladybug (over ^Aiose environment we have total control), the student 

manual ,  on-lin e introductor y tutoria l  an d interactiv e on-lin e H E L P shar e material . 

Th e T E M P L A T ES ar e indexe d b y comman d an d topi c an d referenc e th e manual' s 
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tex t  fil e fo r  textua l  materia l  an d a  separat e E K B fo r  examples .  Often ,  th e tutoria l 

and interactiv e H E L P presen t  dynami c example s tha t  ar e merel y summarize d i n th e 

manual ,  fo r  instanc e drawin g a  bal l  bouncin g o r  a  seve n colo r  sunburst .  Th e tutoria l 

and H E L P presen t  example s tha t  ar e to o complicate d o r  whos e effec t  (lik e color ) 

woul d b e los t  i n th e manual . 

The simpler "start-i^)" and 'Reference" examples presented in the manual are 

th e firs t  example s presente d i n th e tutoria l  an d H E L P .  H E L P ,  eq)ecially ,  goe s o n t o 

presen t  mor e comple x o r  difficul t  examples ,  lik e counter-eirtimple s t o sho w th e limit s 

of  command s (e.g. ,  R I G H T 36 2 exceed s th e paramete r  rang e fo r  degree s o f  turning) . 

At  thi s time ,  H E L P als o doe s som e ver y simpl e tunin g o f  it s  example s t o th e user , 

fo r  instanc e b y usin g informatio n abou t  th e user' s director y an d th e user' s o w n 

answer  t o whetiie r  o r  no t  h e i s a n expert . 

6m Smnmar y 

In this pj^r we have discussed two steps to making on-line assistance more 

intelligent :  (1 )  inclusio n an d customizatio n o f  example s i n th e informatio n provide d 

th e user ;  an d (2 )  integratio n o f  variou s aq)ect s o f  on-lin e assistanc e lik e tutorial s an d 

c o m m a nd help .  W e hav e use d knowledg e abou t  th e structure ,  types ,  an d generatio n 

of  example s t o implemen t  (1 )  an d a  contro l  structur e o f  tex t  an d examples ,  calle d a 

" T E X P L A T E " ,  t o achiev e (2) . 

Currently we are experimenting with our prototype on-line assistance modules. 

O ne thin g w e hav e learne d i s tha t  subject s d o no t  rea d ver y wel l  an d tha t  example s 

ar e a  quic k wa y t o impar t  a  lo t  o f  information .  W e hav e als o foun d tha t  usin g 

texplate s t o separat e th e contro l  fro m th e substanc e make s i t  eas y t o re-writ e th e 

assistanc e scripts .  Anothe r  observatio n i s tha t  fo r  example s tha t  ar e graphic s demos , 

i t  woul d b e nic e fo r  th e use r  t o b e abl e t o d o 'instan t  replay s i n slo w motion "  an d 

t o b e abl e t o tak e a  deepe r  loo k a t  th e cod e behin d th e example . 
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Distinc t  Characteristic s o f  Verbatim ,  Prepositiona l  an d 

Situational Representations in Text Comprehension 

Franz Schmalhofer 

Universitaet Heidelberg, West Germany 

Whil e cognitiv e scientist s hav e investigate d i n som e detai l  ho w 

subjects remember texts (Kintsch, 1974; Kintsch & Van Dijk, 1978; Schank 

& Abelson, 1977), in real life texts are often studied with a completely 

different intention. For example, a student studying a computer science 

textbook or a car mechanic studying a repair manual is more interested 

in acquiring knowledge about the respective subject domain as opposed to 

merely remembering the wording or meaning of the text. In order to 

become a successful computer programmer, a person must form a general 

representation of the respective computer language and how to use it, 

including many possible situations which arise when programming a 

computer. 

It may therefore be expected that in addition to verbatim and 

prepositional text representations, a reader also forms a cognitive 

representation of real or hypothetical situations addressed by a text. 

Van Dijk and Kintsch (1983) have presented several arguments that the 

representation of a text and the representation of real or possible 

situations mentioned by a text do not always coincide and may therefore 

have their own distinct cognitive existence, so that three different 

cognitive structures should be distinguished: Whereas verbatim memory 

and the prepositional textbase reflect the wording and the meaning-
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structure of a particular text, respectively, a situational or mental 

(Johnson-Laird, 1980) model is assumed to represent situations of the 

real or some possible world about which a given text presents some new 

information. 

The cognitive architecture of verbatim and propositional text 

representations on the one hand, and representations of the situations 

referred to by a text on the other, were examinined in four experiments. 

By instructing subjects to either read a text for text summarization or 

for knowledge acquisition, the first experiment investigated differences 

in the encoding processes of the textbase and the situational model, 

while the second experiment examined differences in the resulting 

cognitive structures. In order to test the different information 

retrieval speeds from the three cognitive structures, a speed-accuracy 

trade-off analysis was employed in a third experiment. A fourth 

experiment investigated how the construction of propositional and 

situational representations depends upon a reader's prior domain 

knowldege. 

Experiment 1 

Because the textbase and the situational model may be constructed 

by possibly interacting, but nevertheless separate, mental processes 

from different cognitive elements (Anderson, 1983), it is expected that 

subjects who read a text in order to write a summary (text summarization 

or TS readers) thereafter, would show different reading time patterns 

than readers who study the same text in order to acquire knowledge about 

the respective subject domain (knowledge acquisition or KA readers). In 

order to investigate the construction of a textbase and a situational 

model in a realistic but controlled setting, 64 subjects who did not 
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know anything about LISP were given part of a LISP programmer's manual 

to study. The experimental text had a clearly identifiable hierarchical 

structure. Whereas the paragraphs at the highest level (level 1) in the 

text hierarchy expressed the text's macrostructure, substantive LISP 

information, which is needed for the construction of a situational 

model, was presented at the lower levels of the text hierarchy. Since 

the most important information for constructing a textbase and a 

situational model were contained in different paragraphs, differences in 

the cognitive processing of TS and KA readers could be assessed by 

comparing the reading times of different text segments. 

The average reading times per word for the different text levels 

are shown in Figure 1, for each of the two subject groups. Whereas TS 

readers show a clear levels effect with the longest word reading times 

for the highest level in the text hierarchy, KA subjects showed the 

longest word reading times for the second text level, which presented 

substantial information about the programming language LISP. 

These results suggest that, by emphasizing macroprocessing TS 

readers were more thoroughly engaged in constructing a textbase, whereas 

KA readers focussed on developing a situational model by processing the 

more substantive information about LISP- The cognitive products of 

these differential encoding processes were examined in a second 

experiment. 
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Figure 1. Average reading times per word (msec) as a function of the 

level in the text hierarchy for each of the two study instructions 

(studying in order to write a text summary or studying in order to 

acquire knowledge about the subject domain). 

Experimen t  2 

In order to examine the relative strength of verbatim, 

prepositional and situational representations, a retrieval model was 

specified for the three cognitive structures. It was assumed that 

during the recognition processing of a sentence, the retrieval results 

of the three structures are continuously combined (e.g. added) to yield 

the currently accumulated recognition strength at any point in time. In 
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addition ,  i t  wa s assume d tha t  th e accumulate d recognitio n strengt h 

determines a subject's recognition decision. By presenting subjects 

with test sentences which differ only by the contribution of one of the 

three cognitive structures, the strength of the respective structure may 

be examined. Four different types of test sentences can be constructed: 

A sentence may be presented in the original form it occurred in the text 

(0-sentences); it may be paraphrased (P-sentences); its meaning may be 

changed, while preserving its situational correctness (M-sentences); 

and its situational correctness could be changed in addition (C-

sentences). As shown in Table 1, the 0-P, P-M, eind M-C sentence pairs 

differ only by the contribution of the verbatim, the prepositional and 

the situational representations, respectively. 

TABLE 1 

Contribution of verbatim memory, the textbase, and the 

situational model to each of the four sentence forms 

tes t  sentenc e 

correctness meaning paraphrased original 
change d change d 

verbatim memory _ _ _ + 

textbase _ _ + + 

situational model - + + + 

Note .  Th e "+ "  an d "- "  indicat e whethe r  a  cognitiv e structur e supplie s 

evidence for a yes (old) or no (new) recognition decision, respectively. 
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The strengt h o f  verbatim ,  prepositiona l  an d situationa l 

representations may thus be assessed in a signal detection analysis by 

respective d' values. The mean d' scores of verbatim, prepositional and 

situational representations obtained for TS and KA readers, whose 

overall text study time was controlled, are shown in Table 2. 

TABLE 2 

d' accuracy-scores of each processing goal 

for the three cognitive structures 

processin g goa l 

test summarization (TS) 

knowledge acquisition (KA) 

verbati m 

-0.1 0 

0.3 8 

representatio n 

prepositiona l 

0.8 4 

0.2 5 

situationa l 

1.1 5 

1.4 2 

Thes e result s sho w tha t  T S an d K A reader s emphasize d differen t 

components of text processing. Whereas TS readers developed a better 

prepositional text representation, KA readers emphasized the 

construction of a situational model. By demonstrating how the 

development of cognitive structures depends upon a reader's processing 

goals, these results provide additional evidence for the distinction of 

a prepositional text representation cind a situational model. 

Experiment 3 

In order to eliminate the influence of short term memory and to 

further examine the speed with which information is retrieved from the 

three cognitive structures, an experiment with an interfering task 

between the study and the test phase was performed. Figure 2 shows the 
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averag e d '  retrieva l  score s o f  verbatim ,  propositional ,  an d situationa l 

information which were obtained for the different processing times. 
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Figure 2. Accuracy scores (d') at different processing times for each 

of the three retrieval components (verbatim memory, textbase, and 

situational model) and the two study instructions (studying in order to 

write a text summary, TS, or studying in order to acquire knowledge, KA. 

The smooth curves represent best fitting speed-accuracy trade-off 

functions. 



308 

Instea d o f  verbati m information ,  subject s base d thei r  recognitio n 

decisions mostly upon prepositional and situational information. Also, 

KA readers retrieved more situational information than TS readers, 

although situational information was retrieved faster than prepositional 

information for both subject groups. The results thus indicate that 

accessing a situational model is faster and proceeds at a higher speed 

than accessing a textbase. Even for recognition decisions, situational 

information is more important than verbatim or prepositional 

information. It thus appears that in addition to verbatim and 

prepositional text representations, the construction of a situational 

model is an important component of representing knowledge about the 

subject domain of a text. Subjects seem to utilize situational 

information for judging a sentence by its plausibility (Reder, 1982) 

which proceeds faster than searching memory for a prepositional match 

with the textbase. 

Experiment 4 

Subjects with and without prior knowledge about computer 

programming studied a programmer's manual (LISP). For all subject 

groups, sentence reading times increased with the niomber of propositions 

in a sentence, indicating the construction of a textbase. All subjects 

successfully remembered the text by its meaning rather than by its 

wording. While subjects without prior domain-specific knowledge only 

remembered the text itself, subjects with prior domain-specific 

knowledge in addition acquired general knowledge about LISP. The 

construction of a situational model is thus more dependent upon a 

reader's prior knowledge than the construction of a situational model. 

It may thus be concluded that text memory is a by-product of general 
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comprehensio n heuristics ,  suc h a s micro -  an d macroprocesses .  However , 

the updating of world knowledge critically depends upon a reader's prior 

knowledge. 

In the four experiments, distinct characteristics of verbatim, 

prepositional, and situational representations were thus determined in 

the domain of technical texts by examining encoding and retrieval 

processes, cognitive structures, different processing goals, and expert-

novice differences. 
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Some of our knowledge of the world appears not to be derivable from the circumstances of an episode; 

rather ,  th e poin t  o f  th e episod e lie s deeper ,  i n th e mor e abstrac t  relation s betwee n concepts .  Fo r  example , 

th e themati c informatio n involve d i n th e notio n o f  "retaliation "  i s independen t  o f  an y particula r  situation ; 

one ca n imagin e retaliatio n occurrin g i n a  wid e variet y o f  settings .  A  terroris t  grou p retaliatin g agains t  a 

governmen t  crackdow n wit h a  bombin g inciden t  i s  quit e differen t  fro m a  child ,  feelin g wronged ,  tattlin g o n 

a sibling .  However ,  ever y episod e tha t  embodie s th e them e o f  "retaliation "  is ,  a t  som e (mor e abstract )  level , 

equivalent . 

The thematic level of knowledge. 

Schank (1982) proposes thematic knowledge structures to account for first, the thematic pattern within 

an episode ,  an d second ,  ho w generalization s ar e mad e acros s episode s tha t  var y greatl y i n som e respect s 

whil e sharin g mor e abstrac t  similarities .  Themati c Organizatio n Point s o r  TOP&,  ar e define d a s interactin g 

pattern s o f  goal s an d plans ,  wit h certai n condition s attache d t o th e pattern .  I n "retaliation, "  eac h sid e ha s 

goal s an d plan s t o achiev e thos e goal s unde r  th e conditio n o f  mutua l  antagonism .  TOP & ar e relate d t o 

earlie r  version s o f  "themes "  (Abelson ,  1973 ;  Schan k &  Abelson ,  1977) ,  an d diffe r  fro m othe r  structure s 

propose d t o captur e themati c informatio n (e.g .  Lehnert ,  1981 ;  Wilensky ,  1982 )  i n th e emphasi s o n th e 

overal l  patter n o f  goa l  an d pla n interaction ,  th e importanc e o f  th e attache d conditions ,  an d thei r 

functionalit y a s structure s i n memory . 

Table 1 : Sample Episodes Based on a TAU Structure. 

Story 1: Academia 

Dr.  Popof f  kne w tha t  hi s graduat e studen t  Mik e wa s unhapp y wit h th e researc h facilitie s 

availabl e i n hi s department .  Mik e ha d requeste d ne w equipmen t  o n severa l  occasions ,  bu t 

Dr .  Popof f  alway s denie d Mike' s requests .  On e day .  Dr .  Popof f  foun d ou t  tha t  Mik e ha d 

been accepte d t o stud y a t  a  riva l  university .  No t  wantin g t o los e a  goo d student .  Dr . 

Popof f  hurriedl y offere d Mik e lot s o f  ne w researc h equipment .  Bu t  b y then ,  Mik e ha d 
alread y decide d t o transfer . 

Stor y 2 :  Weddin g Bell s 

Phi l  wa s i n lov e wit h hi s secretar y an d wa s wel l  awar e tha t  sh e wante d t o marr y him . 

However ,  Phi l  wa s afrai d o f  responsibility ,  s o h e kep t  datin g other s an d mad e u p excuse s t o 

postpon e th e wedding .  Finally ,  hi s secretar y go t  fe d up ,  bega n dating ,  an d fel l  i n lov e wit h 

an accountant .  Whe n Phi l  foun d out ,  h e wen t  t o he r  an d propose d marriage ,  showin g he r 
th e rin g h e ha d bought .  Bu t  b y tha t  time ,  hi s secretar y wa s alread y plannin g he r 

honeymoo n wit h th e accountant . 

Test sentences: 

Coneluaion: by then, Mike had already decided to transfer 
Conctusion :  hi s secretar y fel l  i n lov e wit h a n accountan t 
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I n th e experiment s presente d i n thi s paper ,  w e examine d on e kin d o f  TOP ,  namel y th e Themati c 

Abstractio n Unit s {TAUs )  propose d b y Dye r  (1982) .  TAU s ar e th e pattern s o f  goal s an d plan s reflecte d i n 

common adages .  Fo r  example ,  th e adag e "Closin g th e ba m doo r  afte r  th e hors e i s gone "  expresse s th e 

poin t  o f  th e storie s i n Tabl e 1 .  Th e similarit y i n th e tw o storie s involve s som e genera l  plannin g informatio n 

abou t  a  commo n error :  waitin g to o lon g t o execut e a  plan ,  causin g it s failure . 

We chose TAUs as structures to be used in these experiments for two reasons. First, while TAU 

structure s ar e abstract ,  the y ar e stil l  reasonabl y well-defined ;  Tabl e 2  show s th e goal-pla n structure ,  wit h 

attache d conditions ,  fo r  th e T A U o f  th e tw o storie s i n Tabl e 1  an d th e ba m doo r  adag e (Dyer ,  1982) . 

Table 2: Goal and Plan Structure of a Thematic Affect Unit 

TAU-BARN-DOOR 

Adage: Closing the barn door after the horse is gone. 

(1) X has preservation goal G active since enablement condition C is unsatisfied. 

(2 )  X  know s a  pla n P  tha t  wil l  kee p G  fro m failin g b y satisfyin g C . 

(3 )  X  doe s no t  execut e P  an d G  fails . 

X attempt s t o recove r  fro m th e failur e o f  G  b y executin g P . 

P fail s sinc e P  i s effectiv e fo r  C ,  bu t  no t  i n recoverin g fro m G' s failure . 

(4 )  I n th e future ,  x  mus t  execut e P  whe n G  i s activ e an d C  i s no t  satisfied . 

Second, the patterns of goal-plan interactions represented in TAUs have been shown to be easily recognired 

by Seifer t  an d Blac k (1982) .  Thus ,  th e themati c leve l  o f  knowledg e ca n b e capture d b y structure s tha t 

contai n relativel y abstrac t  informatio n abou t  goa l  an d pla n relationships .  Further ,  thes e structure s ma y 

organiz e episode s tha t  contai n simila r  themati c information .  Th e premis e tha t  themati c structure s ar e 

usefu l  i n encodin g an d organizin g relate d episode s suggest s tha t  thes e structure s serv e a s th e connectio n 

betwee n relate d episodes . 

Connecting thematically similar episodes. 

Let's examine a thematic structure and a proposal for how episodes may be stored under it. Given the 

tw o episode s i n Tabl e 1 ,  an d a  genera l  structur e t o encod e them ,  th e resultin g organizatio n i n memor y i s 

suggeste d t o b e th e patter n show n i n Figur e 1  (Dyer ,  1982) . 

Figure 1. 

TAU-BARN-DOOR 
(closin g th e bar n doo r  afte r  th e hors e ha s gone ) 

/ 
** *  Proximit y Failur e 

Contractua l  Failur e BARN-DOOR ADAGE 

/ 
ACADEMIA WEDDING-BELLS 

Figure 1. The memory organization of a 7VII7 structure and related episodes. 

Recalling an episode will activate the associated structure; in addition, this model suggests similarities 

may resul t  i n th e activatio n o f  no t  onl y a  structur e bu t  a  relate d episode .  Th e rol e o f  accessin g episode s i n 
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memory ha s bee n analyze d b y Schan k (1982 )  usin g th e phenomeno n o f  reminding .  Remindin g occur s whe n 

a particula r  situatio n cause s yo u t o remembe r  anothe r  experienc e tha t  i s simila r  i n som e way .  Th e 

relationshi p betwee n th e ne w inpu t  an d th e ol d memor y retrieve d ca n b e a t  an y leve l  o f  abstractio n o r 

similarity .  Fo r  example ,  seein g a  bearde d m a n i n a  re d sui t  m a y "remind "  yo u o f  Sant a Claus ,  goin g int o 

Burge r  Kin g fo r  th e firs t  tim e coul d "remind "  yo u o f  McDonald's ,  an d seein g "Wes t  Sid e Story "  m a y 

"remind "  yo u o f  "Rome o an d Juliet" .  Schan k propose s tha t  i n understandin g th e ne w situation ,  yo u ar e le d 

t o structure s i n memor y tha t  categoris e th e input ;  then ,  unde r  som e circumstances ,  yo u m a y fin d a n episod e 

fro m th e pas t  store d i n th e sam e way . 

Consider the similarities between "West Side Story" and "Romeo and Juliet" (Schank, 1982). The 

themati c structur e i s base d upo n relationship s betwee n th e goal s i n th e episodes ,  an d interestin g deviation s 

i n th e situation .  I n thes e tw o stories ,  th e tw o character s ar e pursuin g th e sam e goa l  whil e outsider s oppos e 

them .  W h e n a n episod e involve s suc h a  comple x goa l  pattern ,  simila r  episode s tha t  ha d bee n understoo d 

usin g tha t  goa l  patter n m a y b e brough t  t o mind .  Then ,  th e ol d experienc e ca n b e furthe r  use d t o ai d i n 

processin g th e curren t  episode .  Th e remindin g ca n provid e expectation s abou t  th e problem s th e lover s wil l 

encounter ,  way s t o preven t  makin g th e sam e mistake s i n a  simila r  situation ,  action s fro m th e ol d situatio n 

tha t  migh t  b e possibl e i n th e new ,  warning s o f  problem s t o watc h for ,  an d prediction s abou t  wha t  wil l 

happe n next .  Th e remindin g m a y als o ad d t o understandin g b y pointin g ou t  similaritie s i n th e tw o 

experience s tha t  hadn' t  bee n noticed .  I n addition ,  relevan t  episode s ar e ofte n poignan t  illustration s o f  th e 

generalization s containe d i n th e memor y structures .  I n thi s way ,  matchin g a  ne w situatio n t o a  previou s 

experienc e provide s understandin g an d possibl y a  wa y o f  solvin g a  problem .  Withou t  th e preservatio n an d 

acces s t o th e ol d episode s i n memory ,  a  syste m wil l  no t  b e abl e t o chang e dynamicall y t o lear n fro m th e 

new episode s i t  encounter s (Schank ,  1982) . 

W h en i s remindin g base d o n themati c similarit y likel y t o occiir ? W h a t  kind s o f  themati c structure s ar e 

buil t  fro m episodes ? Progres s o n a  theor y o f  memor y organizatio n o f  episode s ha s relie d upo n th e analysi s 

of  protocol s o f  remindin g experiences .  Examinin g remindin g empiricall y depend s upo n developin g a 

methodolog y tha t  wil l  provid e bot h a  naturalisti c tas k whic h i s analogou s t o remindin g an d a  successfu l 

measur e o f  th e activatio n o f  episodes .  I n th e experimenta l  paradig m reporte d here ,  a  tas k analogou s t o 

remindin g i s produce d b y havin g subject s stud y a  se t  o f  storie s base d upo n themati c structure s (ol d 

experiences) ,  an d the n rea d a  serie s o f  ne w stories .  B y manipulatin g whethe r  thes e storie s ar e relate d i n 

theme ,  th e questio n o f  whethe r  th e storie s ar e connecte d base d upo n thei r  themati c similarit y ca n b e 

addressed .  I n orde r  t o captur e th e activatio n o f  episode s i n memory ,  primin g i n ite m recognitio n i s use d a s 

a measur e o f  th e relatednes s o f  tw o targe t  episode s i n memor y (McKoo n an d Ratcliff ,  1980) ,  allowin g th e 

empirica l  examinatio n o f  episodi c reminding . 

Experimental Reminding 

In two experiments, prestudied stories were paired with two test stories. One of these stories was based 

on th e sam e themati c structur e a s th e prestudie d story ;  th e othe r  wa s base d o n a  differen t  themati c 

structure .  Fo r  bot h stories ,  th e tes t  sentenc e wa s th e conclusio n o f  th e prestudie d story ,  a s show n i n th e 

example s i n Tabl e 1 .  W e hypothesize d that ,  i n th e Same-Them e condition ,  readin g a  tes t  stor y wit h th e 

same themati c structur e a s th e prestudie d stor y m a y remin d subject s o f  th e ol d story ,  leadin g t o faste r 

respons e time s fo r  th e tes t  sentence . 

M e t h o d .  Detaile d discussion s o f  thes e tw o experiment s ar e reporte d i n Seifert ,  M c K o o n ,  Abelson ,  an d 

Ratclif f  (1984) .  Ther e wer e thre e phase s t o Experiment s 1  an d 2 ,  a  pre-stud y phase ,  a  study-tes t  phase ,  an d 

a fina l  fre e recal l  phase .  I n th e prestud y phase ,  eigh t  targe t  stories ,  eac h o f  a  differen t  T A U patter n suc h a s 

i n Tabl e 2 ,  an d thre e practic e stories ,  eac h fro m a  poo l  o f  storie s base d o n simila r  themati c patterns ,  wer e 

give n t o subject s t o read ,  answe r  questions ,  an d the n writ e a  on e o r  tw o sentenc e summar y o f  eac h story . 

In the study-test phase, stories were presented one word at a time on a microcomputer at a natural 

readin g rat e an d wer e followe d b y a  tes t  sentence .  Al l  th e storie s presente d wer e ne w t o th e subject ,  bu t  al l 

th e tes t  sentence s referre d t o th e targe t  storie s presente d durin g th e pre-stud y phase .  Eigh t  o f  th e ne w 
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storie s wer e paire d wit h th e eigh t  prestudie d storie s s o a s t o hav e th e sam e themati c patter n (Same-Them e 

coDdition) ,  an d anothe r  eigh t  wer e paire d wit h th e prestudie d storie s s o a s t o hav e a  differen t  themati c 

patter n (Different-Them e condition) .  Thus ,  eac h conclusio n sentenc e fro m a  prestudie d stor y wa s presente d 

fo r  testin g twice ,  onc e i n th e Same-Them e conditio n an d onc e i n th e Different-Them e condition .  Orde r  o f 

presentatio n wa s counterbalance d wit h relatednes s usin g tw o group s o f  subjects . 

Two different tasks were used as reaction time measures. In Experiment 1, subjects were asked to verify 

whethe r  tes t  sentence s wer e tru e accordin g t o th e stor y the y wer e from .  Negativ e tes t  sentence s wer e 

selecte d fro m th e prestudie d stor y set .  I n Experimen t  2 ,  a n identiHcatio n tas k wa s used ;  subject s ha d onl y 

t o pres s a  respons e ke y a s soo n a s the y coul d remembe r  whic h stor y th e tes t  sentenc e referre d to .  Afte r 

responding ,  the y wrot e a  one-sentenc e descriptio n o f  th e stor y referre d t o b y th e tes t  sentence . 

In the final free recall phase of the experiments, subjects were instructed to recall, in any order, the 

storie s fro m th e prestud y phase ,  an d t o writ e a n identifyin g phras e fo r  eac h stor y recalled .  I n addition , 

subject s i n Experimen t  2  wer e instructe d t o recal l  th e storie s fro m th e study-tes t  phase .  Eightee n subject s 

participate d i n Experimen t  1  an d eigh t  i n Experimen t  2 . 

Results. Data obtained in the pre-study phase (answers to questions about the stories and summaries 

of  th e stories )  showe d tha t  eac h subjec t  ha d responde d adequately .  Fo r  th e study-tes t  phase ,  al l  analyse s 

an d statistic s fo r  th e dat a fo r  th e tes t  sentence s wer e base d upo n mea n resix>ns e time s fo r  eac h subjec t  an d 

eac h tes t  sentenc e i n eac h condition . 

In both experiments, responses in the Same-Theme condition were faster than responses in the Different-

T h e me condition .  I n Experimen t  1  (verification) ,  th e mea n respKJns e tim e i n th e Same-Them e conditio n wa s 

237 6 mse c ( 3 % errors) ,  an d i n th e Different-Them e condition ,  255 4 mse c ( 1 % errors) .  Thi s differenc e wa s 

significan t  wit h subject s a s a  rando m variable ,  F[\,\l )  =  11.5 ,  p  <  .01 ,  an d wit h tes t  sentence s a s a  rando m 

variable ,  F{\,1 )  -  5.6 ,  p  <  .05 ,  thoug h m i n F'(l,15 )  =  3.8 ,  p  <  .08 ,  wa s marginall y significant .  Th e 

differenc e i n erro r  rate s wa s no t  significant ,  F' s  <  1 . 

I n Experimen t  2  (identification )  mea n respons e tim e i n th e Same-Them e conditio n wa s 125 3 msec ,  an d 

i n th e Different-Them e condition ,  147 4 msec .  Thes e mean s wer e significantl y different ,  m i n F'(l,14 )  =  5.4 , 

p <  .05 .  Al l  subject s ha d complete d th e accurac y chec k o f  writin g a n identifyin g phrats e fro m th e stor y 

afte r  hittin g th e respons e key . 

I n th e final  fre e recal l  phase ,  subject s wer e abl e t o generat e 7 5 % o f  th e prestudie d storie s i n bot h 

experiments .  I n Experimen t  2 ,  subject s recalle d 2 7 % o f  th e study-tes t  phas e stories .  Further ,  th e 

probabilit y  o f  recal l  fo r  study-tes t  phas e storie s tha t  matche d th e prestudie d storie s i n themati c structur e 

was highe r  tha n th e probabilit y  o f  recal l  fo r  study-tes t  phas e store s tha t  di d no t  match ,  .3 5 versu s .19 .  Thi s 

differenc e i s significan t  wit h subject s a s a  rando m variable ,  ̂ {1,17 )  =  10.07 ,  p  <  .01 ,  bu t  no t  wit h tes t 

sentence s a s a  rando m variable ,  7̂1(1,7 )  =  2.45 . 

Conclusion 

These experiments provide strong evidence for the effect of thematic similarity in activating previous 

episodes .  I n bot h th e verificatio n tas k an d th e simple r  identificatio n task ,  respons e time s fo r  a  tes t  sentenc e 

fro m a  prestudie d stor y wer e faste r  whe n th e stor y precedin g th e tes t  sentenc e matche d th e tes t  sentence' s 

stor y i n themati c structure .  N e w storie s appeare d t o activat e storie s alread y encode d i n m e m o r y o n th e 

basi s o f  thei r  themati c similarity . 

Other experiments on the role of thematic similarities between episodes (Seifert, McKoon, Abelson, and 

Ratcliff ,  1984 )  hav e indicate d th e importanc e o f  a  functiona l  purpos e fo r  remindin g i n th e experimenta l 

task .  Thi s parallel s th e processin g goal s i n everyda y task s suc h a s proble m solvin g an d analogica l 

understanding .  Th e desig n reporte d her e appear s t o motivat e simila r  processin g withi n th e experimenta l 

situation .  Thi s techniqu e o f  usin g simila r  episode s t o remin d th e reade r  o f  previousl y learne d episode s 

allow s th e investigatio n o f  th e kind s o f  structure s organizin g th e episode s i n memory .  Remindin g i n th e 

experimenta l  contex t  ca n b e use d t o determin e whe n connection s ar e m a d e betwee n episode s an d t o 
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compar e type s o f  organizin g strnctures . 
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The Integration of Goals and Actions in Text Understanding 
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An importan t  par t  o f  stor y understandin g i s th e reader' s abilit y  t o relat e th e action s o f 

th e character s t o thei r  goals .  Ofte n th e reade r  i s require d t o kee p trac k o f  severa l  o f  a 

character' s goal s a t  th e sam e time .  I n thi s pape r  w e investigat e som e o f  th e processe s involve d 

i n suc h tasks .  W e propos e a  mode l  whic h assume s tha t  th e relationshi p betwee n a  goa l  an d th e 

variou s mean s o f  fulfillin g tha t  goa l  (e.g .  throug h plan s an d actions )  i s represente d a s a n associa -

tiv e networ k i n memory .  Fo r  ou r  purposes ,  a  goa l  suc h a s seekin g a  girlfrien d wil l  b e 

represente d a s a  singl e nod e i n th e networ k (se e Figur e 1) .  Thi s nod e wil l  hav e link s t o associ -

ate d genera l  pla n node s (e.g .  C O N S U LT P R O F E S S I O N A L)  an d thes e i n turn ,  t o mor e specifi c 

actio n node s (e.g .  us e datin g service) . 

FIN D 
GIRLFIIIEN D 

SINCLES CONSUL 1 
PnoFESSIONkL 

S HOLES NEWSPAPERS DISCOS DAT N G 

U«TE 
ACOUAINIAHCES 

ASK SOMEONE CAL L 
AT NOOK FRIEND S 

Fig .  1  PAPIIA L NETWORK REPRESENTATION FOR A  SINGL E GOAL 

I n thes e terms ,  w e suppos e tha t  a  reade r  comprehend s a n actio n b y connectin g i t  t o a n 

activ e goa l  fo r  th e actor .  I n th e model ,  activatio n spread s ou t  fro m th e goa l  nod e t o associate d 

genera l  pla n node s an d thenc e throughou t  th e network .  A t  th e sam e time ,  activatio n spread s 

out  fro m th e concept s i n th e state d Ktion .  I f  th e goa l  an d th e actio n ar e related ,  thei r  path s o f 

activatio n wil l  eventuall y intersect .  W h e n thi s occurs ,  a  chec k i s mad e t o se e i f  th e state d 

actio n i s a n instantiatio n o f  on e o f  th e actio n node s associate d t o th e goals .  Thi s hypothesi s 

predict s tha t  th e mor e goal s currentl y activ e i n memory ,  th e longe r  i t  wil l  tak e a n actio n t o b e 

integrate d wit h som e on e o f  the m (excep t  i n specia l  case s t o b e discusse d later) .  Thi s predictio n 

follow s fro m tw o assumptions .  First ,  activatio n wil l  b e divide d approximatel y equall y amon g th e 

K activ e goal s fo r  a  give n character ;  thu s a  characte r  nod e wit h activatio n A  wil l  sen d activa -

tio n A / K dow n eac h goa l  link .  Second ,  w e assum e tha t  th e tim e require d t o chec k whethe r  a 

state d actio n instantiate s a  candidat e actio n nod e i s shorte r  th e greate r  th e activatio n o n tha t 

node . 

This "goal-fan" effect was reported in a preliminary study by Bower (1082). He found 

tha t  th e mor e independen t  goal s reader s ha d t o kee p i n mind ,  th e longe r  i t  too k the m t o decid e 

whethe r  a n actio n fulfille d on e o f  thos e goals .  W e use d a  simila r  experimenta l  metho d whic h i s 
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describe d briefl y below . 

Subjects read a large number of brief vignettes in each of which a scries of goals were 

ascribe d t o a n actor .  Th e goal s wer e presente d o n a  C R T screen ,  alway s i n th e for m 

"<Character-name > wanted :  X "  (e.g .  Joh n wanted :  t o ca t  a  hamburger.) .  Eac h goa l  wa s stu -

die d fo r  thre e second s and ,  afte r  a  on e secon d pause ,  wa s replace d b y anothe r  goal .  Durin g th e 

paus e th e fram e "Character-nam e wanted:* *  remaine d o n th e screen .  A t  th e en d o f  eac h discret e 

tria l  ( 4 goa l  maximum )  a  promp t  o f  th e for m "An d s o <character-name> "  appeare d fo r  on e 

secon d an d wa s the n followe d b y a n actio n statemen t  (e.g .  An d s o Joh n wen t  t o MacDonalds) . 

Durin g eac h vignett e th e sam e characte r  precede d eac h goal .  Th e subject' s tas k wa s t o pres s a 

'yes '  butto n i f  th e actio n fulfille d som e on e o f  th e goal s whic h ha d jus t  bee n presente d an d a 

'^o '  butto n i f  i t  di d not .  Thi s tim e t o respon d wa s th e dependen t  measur e i n th e studies . 

We varied the number of goals that subjects had to monitor and the relationship 

betwee n thes e goals .  I n Experimen t  1 ,  subject s wer e presente d wit h eithe r  on e o r  thre e goal s o n 

each trial .  I n th e thre e goa l  condition s th e goal s wer e eithe r  independen t  o f  on e anothe r  o r  the y 

each coul d b e satisfie d b y th e sam e action .  W e cal l  th e latte r  conditio n Goal-Overla p (c.f . 

Wilensky ,  1983) .  Fo r  example ,  th e goal s o f  wantin g t o liv e a n outdoo r  life ,  t o wor k i n a  forest , 

and t o develo p hi s physica l  strengt h ca n al l  b e fulfille d b y th e actio n o f  becomin g a  lumberjack . 

As before ,  w e expec t  th e Three-Independent-Goal s conditio n t o tak e a  longe r  tim e t o verif y du e 

t o greate r  dispersio n o f  activation .  I n th e Goal-Overla p conditio n th e tota l  activatio n divide s 

equall y amon g th e thre e goals .  However ,  a s show n i n Figur e 2 ,  th e activatio n fro m th e thre e 

goal s re-converge s o n th e overlappin g actio n node .  Thi s nod e wil l  the n hav e approximatel y th e 

same amoun t  o f  activatio n a s i t  woul d i n th e presenc e o f  a  singl e goal .  Fro m thi s reasonin g w e 

expec t  n o respons e tim e differenc e betwee n th e One-Goa l  an d th e Goal-Overla p condition s bu t 

bot h condition s shoul d produc e faste r  response s tha n th e Three-Independent-Goa l  condition . 

GOAL DEVELOP 
FOREST STRENGTH 

GARDENING CAMPING PLANTER LUMBERJACK RANGER TRAININ G "iJ^yi o 

Fig .  2  partia l  NETHORK nEPRESENTATION FOR THREE OVERLAPPING GOALS 

The result s accorde d wit h thes e predictions .  Fo r  bot h th e 'yes '  an d 'no '  response s 
verificatio n time s wer e a s fas t  fo r  a n actio n satisfyin g thre e overlappin g goal s a s fo r  a n actio n 

satisfyin g a  singl e goal .  Bot h wer e significantl y faste r  tha n th e tim e t o verif y a n actio n satisfy -

in g a  on e o f  thre e independen t  goals .  Effect s wer e significan t  beyon d th e .00 1 leve l  b y MinF . 

In a second exp>eriment subjects were presented with either two or four goals. The goals 

wer e eithe r  independen t  o r  the y conflicte d wit h eac h othe r  i n pair s e.g .  "Joh n wante d ham -

burger s fo r  dinne r  thi s evening .  Joh n wante d t o ea t  Chines e foo d thi s evening. "  S o th e fou r  con -

dition s studie d were :  1  o r  2  pair s o f  conflictin g goal s an d 1  o r  2  pair s o f  independen t  goals .  I n 

th e networ k mode l  th e activatio n patter n fo r  a  goa l  conflic t  pai r  differ s somewha t  fro m tha t  fo r 
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iDdependeD t  goals .  Figur e 3  show s a  pai r  o f  ronflictiD g goal s tha t  shar e m a n y thematicall y 

relate d concept s an d hig h leve l  plan s (e.g .  E A T F O O D ) .  I n Figur e 3  w e ca n se e tha t  activatio n 

initiall y  get s divide d betwee n a  pai r  o f  conflictin g goal s an d the n re-converge s o n th e themati -

call y relate d pla n nodes .  I f  th e activatio n leve l  o n a  goa l  nod e i s a  .  the n th e activatio n o n eac h 

of  th e pla n node s underneat h i t  wil l  b e a  =  ( a / k ).K ,  wher e k  =  th e tota l  n u m b e r  o f  pla n 

nodes ,  an d K  =  th e n u m b e r  o f  conflictin g goals .  T h u s thes e pla n node s wil l  receiv e approxi -

matel y twic e a s m u c h activatio n as  equivalen t  node s i n th e cas e o f  t w o independen t  goals . 

However ,  th e specifi c  instantiation s o f  thes e plan s ar e mutuall y exclusiv e an d s o activatio n wil l 

divide  agai n a t  thes e nodes .  I n thi s w a y activatio n o n th e actio n node s m a y b e a t  a n equivalen t 

leve l  i n th e cas e o f  conflictin g an d independen t  goals . 

^  .  -  / 
CRILL FR^  I N GROUND >EEF SEAN SPROUTS HAMEURGER CHINESE 

HAMBURGERS NOK BUNS RIC E JOIN T RESTAURANT / 
liCDONALDS KENDYS 

Fig. 3 partial netnork representation for two conflicting goals 

A s i n E x p e r i m e n t  1 ,  w e hypothesis e tha t  th e t i m e a  perso n wai t s befor e rejectin g a  foi l 

i n th e Goal-Conflic t  condit ion s shoul d b e gove rne d b y th e activatio n level s a t  th e thematical l y 

relate d nodes .  P u t  s imply ,  i f  a n actio n doesn' t  fit  th e t h e m e o f  a  conflict ,  t h e n i t  m u s t  b e a n 

unrelate d foil .  O n thi s basis ,  foil s  shou l d b e rejecte d soone r  w h e n the y ar e p recede d b y 

conflictin g goal s t h a n b y i n d e p e n d e n t  goals .  Fo l lowin g simila r  reaisoning ,  th e intersectio n o f 

activatio n fo r  'yes '  decision s shou l d b e faste r  w h e n th e actio n p r o b e i s  p recede d b y conflictin g 

goals .  H o w e v e r ,  give n tha t  action s associate d w i t h conflictin g goal s ar e m u t u a l l y exclusive ,  w e 

h a v e g o o d reaso n t o believ e tha t  th e evaluatio n o f  th e intersectio n m a y b e s lowed . 

The results came out as predicted. Subjects were faster to reject foils which were pre-

cede d b y conflictin g goal s rathe r  t h a n i n d e p e n d e n t  goals .  Decision s w e r e a l w a y s slowe r  w i t h 4 

goal s t h a n w i t h 2  goals ,  replicatin g earlie r  results .  G o a l  t yp e a n d goa l  n u m b e r  d i d no t  interac t 

significantly .  F o r  'yes '  response s 4  goal s cause d slowe r  t ime s t h a n 2  goals ;  conflictin g goa l  pair s 

w e r e slightl y b u t  no t  significantl y faste r  t h a n i n d e p e n d e n t  goa l  pairs .  A l t h o u g h thes e result s fit 

ou r  predictions ,  furthe r  exper imenta t io n i s  n e e d e d t o bolste r  o u r  claims . 

In summary, we proposed a spreading activation network model of how people relate 

action s t o goals .  T h e result s fro m ou r  Overlappin g an d Conflictin g goa l  experiment s provid e 

s o me initia l  suppor t  fo r  th e model .  W e ar e currentl y pursuin g follow-u p experiment s whic h us e 

thematicall y relate d foils .  Suc h foil s shoul d preven t  subject s fro m simpl y usin g th e activatio n 

leve l  a t  th e overlappin g node s t o rejec t  th e foils .  T h u s w e woul d expec t  conflic t  goa l  pair s t o 

tak e as  lon g t o rejec t  a s independen t  goa l  pairs . 
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Analysi s o f  Emergen t  Propertie s o f  Neara l  System s 

One approach to the mind/body problem is to view the description of mind as a higher level 

descriptio n o f  brain ;  t o vie w psychologica l  principle s a s emergen t  propertie s o f  neura l  systems . 

Certainl y befor e suc h a  vie w ca n b e scientificall y tested ,  a  bette r  understandin g o f  bot h brai n an d min d 

must  b e established .  Howeve r  enoug h i s alread y know n abou t  eac h t o mak e feasibilit y  studie s possible . 

What methodology is capable of analyzing the emergent properties of large complex systems of 

interactin g elements ? On e disciplin e wher e thi s jo b need s t o b e don e i s statistica l  physics ,  wher e large -

scal e propertie s o f  matte r  ar e derive d mathematicall y fro m th e principle s believe d t o gover n th e 

interaction s o f  molecula r  an d sub-molecula r  constituents . 

Is it possible to apply similar kinds of mathematical analysis to deduce emergent properties of 

neura l  systems ? Althoug h th e principle s governin g neurona l  interactio n ar e b y n o mean s a s wel l 

understoo d a s thos e governin g particles ,  model s tha t  abstrac t  som e o f  th e characteristic s o f  neura l 

network s hav e bee n studie d fo r  som e time .  Hopfiel d (1982 )  ha s show n tha t  wit h certai n modifications , 

standar d neura l  model s ca n b e analyze d wit h mathematic s muc h lik e tha t  o f  statistica l  physics ,  an d 

emergen t  propertie s ca n b e analyzed . 

One of the central concepts in statistical physics is temperature. The utility of this concept in 

performin g difficul t  computation s ha s bee n show n b y Kirkpatric k et .  al .  (1983) .  Howeve r  th e mos t 

importan t  concep t  i n statistica l  physics ,  a s i n al l  branche s o f  physics ,  i s tha t  o f  energy .  Th e meanin g o f 

"energ y i n th e computationa l  contex t  i s  no t  obvious ;  rathe r  tha n a  computationa l  interpretation , 

Hopfiel d offere d a  genera l  formul a fo r  th e "energ y o f  a  neura l  ne t  whil e Kirkpatric k et .  al .  han d 

crafte d "energ y formula e fo r  thei r  particula r  computations . 

The application of statistical physics concepts to computation is now a rather active field of study 

(Hinto n an d Sejnowski ,  1983 ;  Hofstadter ,  1983 ;  Geman an d Geman ,  1983) .  T o provid e a  soli d 

foundatio n fo r  thi s analysis ,  wha t  i s require d i n m y opinio n i s a n interpretatio n o f  "energy '  tha t 

establishe s a  dee p connectio n betwee n th e formalis m o f  statistica l  physic s an d th e centra l  problem s o f 

cognition . 
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I n thi s pape r  I  wil l  presen t  th e interpretatio n o f  "energ y tha t  lie s a t  th e hear t  o f  a  genera l 

computationa l  approac h I  hav e bee n developin g independentl y o f  th e wor k o f  thos e intereste d i n 

^cura l  net s o r  i n particula r  difficul t  computations .  I n thi s interpretation ,  'energ f  i s  a  measur e o f  th e 

self<onsisienc y c f  a  computationa l  state .  I n plac e o f  th e ter m "energy* ,  whic h emphasize s th e physica l 

analogy ,  o r  th e mor e technica l  ter m "Hamiltonian" ,  whic h serve s onl y t o recal l  histor y an d accoun t  fo r 

th e physicist' s  notatio n H ,  I  choos e t o foregroun d th e measuremen t  o f  self-consistenc y b y usin g th e 

ter m harmon y function ^  denote d H .  Th e genera l  framework ,  harmon y theory ,  i s  describe d i n Smolensk y 

(1984) ;  a n analysi s o f  learnin g usin g thi s theor y i s begu n i n Smolensk y (1983) ,  an d a n applicatio n o f  th e 

theor y t o modellin g qualitativ e analysi s o f  a  simpl e electri c circui t  (wit h a  discussio n o f  th e model' s 

emergen t  properties )  i s describe d i n Rile y an d Smolensk y (1984) .  I n thi s pape r  I  wil l  focu s o n th e 

computationa l  meanin g o f  harmony ,  passin g quickl y ove r  othe r  aspect s o f  th e theory .  Th e treatmen t 

wil l  b e ver y informal ;  fo r  mor e forma l  presentation s th e reade r  i s referre d t o th e previousl y cite d 

papers . 

The Role of Harmony in Computation 

Before considering how the harmony function is defined, we start with a discussion of how the 

harmon y functio n i s use d durin g computation .  Th e basi c ide a ca n b e frame d a t  a  ver y genera l  level . 

Durin g computation ,  searc h fo r  a n answe r  i s guide d b y a  measur e o f  "goodness '  o f  possibl e answers : 

th e harmon y functio n H  i s tha t  measure .  Th e searc h i s stochastic ;  th e computatio n i s a  Mont e Carl o 

rando m wal k throug h th e solutio n spac e unde r  th e guidanc e o f  H .  Th e rando m wal k i s designe d s o 

tha t  eventually ,  th e probabilit y  a t  an y moment  o f  visitin g a  poin t  p  i n th e solutio n spac e i s give n b y 

th e canonica l  distribution : 

prohip) = Ne"^^^ 

N is the constant needed to normalize the probabilities so that they sum to one. 7 is a global 

paramete r  tha t  determine s th e sprea d i n th e probabilit y  distribution . 

The canonical distribution is the only continuous relationship between H and probability that 

correctl y treat s th e independenc e o f  component s o f  a  computation .  Th e canonica l  distributio n als o 

happen s t o b e th e distributio n o n whic h mos t  o f  statistica l  physic s i s based .  (Thi s i s n o coincidence , 

as th e notio n o f  independen t  subsyste m i n physic s map s ont o tha t  o f  independen t  subcomputations. ) 

Ther e i s a n isomorphis m tha t  map s th e harmon y functio n int o minu s th e Hamiltonia n (energy ) 

function ,  an d T  int o temperature .  Thi s suggest s callin g T  th e computationa l  temperatur e o f  th e system . 

In physics, the Hamiltonian determines what states are most probable: the states with lowest 

energ y ar e mos t  probabl e a t  al l  temperatures ,  an d state s o f  h i ^  energ y hav e negligibl e probabilit y 

excep t  a t  hig h temperatures .  I n harmon y theory ,  th e harmon y functio n determine s wha t  state s ar e 

most  probable :  th e state s wit h highes t  harmon y ar e mos t  probabl e a t  al l  computationa l  temperatures , 

and state s o f  lo w harmon y hav e negligibl e probabilit y  excep t  a t  hig h temperatures .  T  ca n b e though t 

of  a s settin g th e scal e fo r  wha t  constitute s significan t  difference s i n hannon y values .  I n fact ,  th e rati o 

of  probabilitie s o f  tw o state s i s e ^ ^ ,  wher e A/ /  i s  th e differenc e i n harmon y betwee n th e states .  I f 

thi s differenc e i s smal l  compare d t o T ,  th e rati o o f  probabilitie s wil l  b e clos e t o one ;  i f  A H i s larg e 

compare d t o 7  ,  th e stat e wit h highe r  harmon y wil l  b e man y time s mor e probable . 

The goal of the computation is to find the state of higjhest harmony. This means, in particular, 

tha t  th e stat e o f  nex t  highes t  hannon y shoul d b e muc h les s likely .  Thi s require s tha t  T  b e smal l 

compare d t o th e harmon y differenc e betwee n th e tw o highes t  level s o f  hannony . 
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Wc coul d simpl y se t  7  t o b e suc h a  lo w valu e an d b e don e wit h it .  However ,  thi s i s no t  a 

practica l  searc h procedure .  Th e Mont e Cari o procedur e will ,  i f  le t  ru n lon g enough ,  visi t  point s wit h 

th e probabilitie s give n b y th e canonica l  distribution .  However ,  th e tim e require d t o reac h thi s 

"therma l  equilibrium *  grow s extremel y rapidl y a s 7  i s lowered .  A  mor e practica l  wa y o f  zeroin g i n o n 

th e stat e o f  highes t  harmon y i s t o star t  wit h a  hig h temperatur e an d graduall y lowe r  it .  Earl y i n th e 

search ,  onl y larg e harmon y difference s ar e significant ,  an d th e syste m quickl y make s a  crud e cu t  a t  th e 

problem ,  avoidin g state s o f  eartremel y lo w harmony .  A s th e syste m cool s down ,  smalle r  harmon y 

difference s becom e significant ,  an d mor e an d mor e state s ar e avoide d a s th e searc h focusse s o n state s 

wit h harmonie s clos e t o th e maxima l  value .  I f  th e coolin g i s don e gently ,  th e stat e o f  maxima l 

hannon y shoul d b e foun d i n muc h les s tim e tha n b y givin g T  a  constan t  lo w value . 

The Relatioa of Harmony to the Enviroament 

We have discussed a stochastic search technique that will find states of high hannony. But how 

do w e desig n th e functio n H  s o tha t  th e state s wit h h i ^  H  value s giv e th e correc t  solution s t o 

problems ? N o w w e mus t  discus s th e sens e i n whic h H  measure s self-consistency . 

The "correct" answer to problems are often those that satisfy a set of rules. In the circuit analysis 

proble m considere d b y Rile y an d Smolensky ,  fo r  example ,  th e rule s ar e th e physica l  law s o f  simpl e 

circuits .  An y syste m tha t  ca n correctl y solv e problem s suc h a s thi s mus t  i n som e sens e hav e a 

representation  o f  th e rules .  I n harmon y theory ,  th e rule s ar e encode d i n th e hannon y function .  Th e 

questio n is ,  ho w ar e thes e rule s encoded ,  an d ho w ca n a  syste m develo p a n appropriat e harmon y 

functio n throug h experience ? 

Of course most cognitive tasks are not as strictly governed by rules as is formal problem solving. 

Yet  al l  cognitio n hinge s o n th e exploitatio n o f  regularitie s i n th e environment ,  eve n i f  thos e regularities 

ar e les s forma l  tha n Ohm' s Law .  Cognitio n enable s organism s t o d o th e completio n task :  tak e som e 

limite d informatio n abou t  th e curren t  stat e o f  thei r  environmen t  an d mak e reasonabl e guesse s abou t 

what  els e i s likel y t o occu r  i n th e environment .  Tha t  is ,  give n som e o f  th e feature s tha t  specif y th e 

environmenta l  state ,  th e organis m ca n mak e reasonable  guesse s abou t  missin g features . 

In harmony theory, the "rules" applied during the completion task are simply statements that 

certai n feature s ca n co-occu r  i n th e environment .  I n th e circui t  application ,  fo r  example ,  i n plac e o f  a 

symboli c versio n o f  Ohm' s Law ,  V  =  //? ,  ther e ar e man y "rules "  tha t  eac h recor d a  singl e combinatio n 

of  qualitativ e change s i n V, / ,  an d R  tha t  ar e consisten t  wit h th e law .  Thes e "rules "  ca n i n fac t  b e 

though t  o f  a s memor y trace s tha t  migh t  b e lef t  behin d b y individua l  experience s i n th e environmen t  i n 

whic h th e regularities  hold . 

Here is the general idea of how to set up a harmony function for performing the completion task 

i n a  give n environment .  Imagin e th e syste m experiencin g man y encounter s wit h th e environment ;  eac h 

leave s man y trace s tha t  eac h recor d som e o f  th e feature s tha t  co-occurred .  W h e n pania l  informatio n 

abou t  th e cunen t  stat e o f  th e environmen t  i s give n i n a  completio n problem ,  th e harmon y o f  a 

possibl e completio n o f  tha i  informatio n i s th e overal l  consistenc y betwee n tha t  completio n an d th e se t  c f 

al l  traces .  T o spel l  thi s out ,  w e conside r  first  ho w th e trace s ar e determine d an d the n ho w th e "overal l 

consistency "  i s computed . 

The traces can be produced automatically by simulating e:q)Osure to an environment, or they can 

be produce d manuall y b y th e modeller .  Th e latte r  techniqu e wa s use d i n th e circui t  problem :  eac h 

trac e wa s chose n t o b e a n allowe d combinatio n o f  qualitativ e change s i n th e circui t  quantitie s 

appearin g i n a  singl e circui t  law .  Th e automati c generatio n o f  trace s i s ye t  t o b e explored ;  th e ide a i s 
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tha t  trace s woul d b e produce d i n a  rando m fashio n (guide d b y th e degre e t o whic h potentia l  trace s 

woul d enhanc e syste m harmony) ;  th e statistica l  propertie s o f  th e resultin g se t  o f  trace s woul d the n 

gover n th e emergen t  behavio r  o f  th e system . 

How is "the overall consistency between a completion and the set of all traces* computed? The 

ide a her e i s tha t  fo r  eac h trace ,  a  decisio n ncwd s t o b e mad e whethe r  th e instanc e i t  recorde d i s 

relevan t  t o th e curren t  situatio n o r  not .  Borrowin g th e usag e o f  schem a theory ,  a  matc h betwee n par t 

of  a  trac e an d a  complete d se t  o f  environmenta l  feature s ca n caus e th e trac e t o becom e active .  Th e 

"overal l  consistency "  -  th e harmon y -  o f  a  completio n i s th e su m ove r  al l  activ e trace s o f  a  measur e h 

of  th e degre e o f  matc h betwee n th e trac e an d th e completion .  A  simpl e definitio n o f  h  i s th e numbe r 

of  feature s i n th e completio n tha t  matc h th e trace ,  minu s th e numbe r  tha t  d o no t  match .  ( A slightl y 

mor e complicate d definitio n o f  h  wa s use d i n th e circui t  analysi s model. ) 

There are now two kinds of variables used in the computation: features of the environmental 

state ,  an d activatio n value s fo r  traces .  Th e processin g ha s tw o components :  computin g th e harmon y 

value s o f  possibl e completions ,  an d makin g correspondin g rando m decision s abou t  whic h completion s 

t o visit .  Computatio n o f  th e hannon y valu e require s decidin g whic h trace s t o activate ,  whic h require s 

computin g th e qualit y o f  matc h h  betwee n trace s an d th e completion .  Jus t  a s th e Mont e Carl o searc h 

i s use d t o decid e wha t  completion s t o visit ,  i t  ca n b e use d t o decid e wha t  trace s t o activate .  S o usin g 

th e trace s t o defin e th e hannon y o f  completion s lead s naturall y t o extendin g th e searc h spac e t o 

includ e bot h environmenta l  featur e variable s an d trac e activatio n values . 

The Network Interpretatioa: A Cotnpatcr Implementatioa 

It is useful to represent the computation by a network like that shown in Figure 1, which shows 

a portio n o f  th e networ k fo r  th e circui t  model .  Th e activatio n variable s ar e represente d b y node s i n 

th e uppe r  layer ;  eac h correspond s t o a  trace .  Th e environmenta l  featur e variable s ar e represente d b y 

node s i n th e lowe r  layer .  Ther e ar e connection s betwee n a  trac e variabl e an d al l  th e environmenta l 

feature s i t  incorporates .  Fo r  simplicit y al l  variable s (nodes )  ar e take n t o hav e binar y values :  trac e 

activatio n node s hav e value s activ e an d inactive ;  environmenta l  featur e node s hav e value s presen t  an d 

absent . 

The Monte Carlo search in this network representation proceeds as follows. Initially a high 

temperatur e T  i s chosen ,  al l  th e trace s ar e se t  inactive ,  th e environmenta l  feature s ar e permanentl y 

assigne d thei r  give n values ,  an d th e remainin g environmenta l  featur e variable s ar e assigne d rando m 

initia l  values .  The n processin g begins .  A  nod e i s selecte d a t  rando m (bu t  no t  on e o f  th e give n 

features) .  Nex t  th e differenc e A/ /  betwee n th e overal l  networ k harmonie s tha t  woul d resul t  fro m th e 

tw o possibl e value s fo r  th e nod e i s computed .  Thi s computation ,  i t  turn s out ,  ca n i n principl e b e 

performe d i n th e nod e itself ,  fo r  th e onl y quantitie s neede d ar c thos e t o whic h th e nod e i s connected . 

Finally ,  th e nod e randoml y select s a  ne w value ,  usin g a s th e rati o o f  probabilitie s fo r  th e tw o value s 

g^/ T Yh e proces s o f  selectin g a  nod e an d selectin g a  valu e fo r  tha t  nod e i s iterate d whil e th e 

temperatur e T  i s graduall y lowere d accordin g t o som e schedule . 

The repeated selection of nodes and assignment of new values can be viewed (following Hopfield) 

as th e asychronou s processin g o f  processor s locate d a t  th e node s an d runnin g i n parallel .  Th e relatio n 

betwee n thi s paralle l  processin g networ k an d thos e considere d b y Hopfiel d an d Hinto n an d Sejnowsk i 

i s  tha t  th e harmon y mode l  ha s a  specia l  architecture :  ther e ar e tw o classe s o f  nodes ,  an d connection s 

betwee n bu t  no t  withi n th e tw o classes .  Th e formul a fo r  hannon y turn s ou t  t o b e minu s tha t  fo r 

Hopfield' s networ k "energy" ,  takin g int o accoun t  th e specia l  architectur e an d th e numerica l  assignment s 

activ e =  1 ,  inactiv e = 0 ;  presen t  =  1 ,  absen t  =—1. 
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C o m m e n ts o n Neura l  Implementat io a 

Since hannony theory is computationally- rather than neurally-inspired, the relation between the 

harmon y networ k an d neura l  network s ha s no t  bee n developed .  Howeve r  th e clos e resemblanc e o f  th e 

hannon y networ k t o Hopfield' s neura l  networ k migh t  sugges t  tha t  harmon y node s correspon d t o 

neurons ,  s o a  brie f  commen t  i s appropriate .  Whil e i t  doe s no t  see m unreasonabl e i n principl e t o 

identif y environmenta l  featur e node s wit h neurons ,  i t  i s  no t  reasonabl e t o t o identif y trac e node s wit h 

neurons .  Indeed ,  I  imagin e tha t  eac h trac e i s distribute d ove r  th e synapse s o f  th e neuron s 

correspondin g t o th e environmenta l  feature s involve d i n tha t  trace .  "Activation "  o f  th e trac e migh t 

correspon d t o a  feedback-mediate d rapi d enhancemen t  o f  th e strength s o f  thes e synapses ,  a s i n vo n de r 

Malsber g (1981) .  I n thi s sense ,  eve n th e activatio n o f  traces ,  a  primitiv e operatio n i n th e theor y a s 

presentl y formulated ,  ma y b e a n emergen t  propert y o f  synapti c dynamics . 

Even without a precise specification of the relation between harmony networks and neurons, 

harmon y theor y offer s a  mathematica l  framewor k withi n whic h t o explor e th e emergenc e o f  min d fro m 

brain-lik e processing .  Th e isomorphis m betwee n computatio n an d statistica l  physic s whic h i t 

represent s rest s o n th e identificatio n o f  self-consistenc y -  harmon y -  a s playin g a  centra l  rol e 

isomorphi c t o tha t  playe d b y energ y i n physics . 
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Trac e Node s I  down ,  V j  down .  R j  sam e Rj  down ,  R j  down ,  R^  JoM- n 

Environmenta l 

Featur e Node s lOlfc l 

Figur e 1 .  A  portio n o f  th e networ k representatio n o f  th e circui t  analysi s mode l  (fro m Rile y a n 

Smolensky) .  (Th e value s iqj .  down ,  sam e fo r  environmenta l  feature s (circui t  variabl e changes )  ar c 

actuall y represente d b y usin g tw o binar y node s fo r  eac h variable. ] 
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ABSTRACT 

Counterplanning can be successfully used 
agains t  mos t  method s o f  resolvin g goa l  conflicts . 
However ,  i f  one' s intention s ar e disguise d b y 
deceptio n the n a n opposin g acto r  wil l  us e incorrec t 
counterplannin g o r  possibl y non e a t  all .  Thi s 
pape r  describe s tw o component s i n th e creatio n o f  a 

•'  "  '' ^  typ e an d th e enablemen t 
possibl e values ,  an d ho w 

can b e use d t o creat e 

pape r  descriDe s tw o compon e 
deception ,  th e deceptio n t j 
type ,  th e rang e o t  thei r 
th e selectio n o f  eac h c 
differen t  deception s fo r  th e sam e situation . 
1.  INTRODUCTION 

Much work has been directed at understanding 
how peopl e interac t  i n a  planne d an d intentiona l 
manner  t o resolv e thei r  goa l  conflict s (Schan k 
[19771 ,  Wilensk y [1978]) .  Conside r  th e followin g 
example , 
[ll John and Mary, brother and sister, 

wante d t o watc h differen t  t v  program s 
at  th e sam e time .  Ther e wa s onl y on e 
t v se t  an d bot h kne w th e othe r  wasn' t 
goin g t o giv e in .  Joh n threatene d t o 
hi t  Mar y i f  sh e di d no t  le t  hi m watc h 
hi s program . 

The possible plans for resolving John's conflict 
can b e ordere d base d o n thei r  likelihoo d o f  succes s 
and thei r  difficult y i n execution .  Mar y wil l 
counterpla n agains t  Joh n base d o n he r  knowledg e o f 
hi s pla n t o resolv e th e conflic t  betwee n the m 

(Carbonel l 
of  ended . 

[1979 ] For  example ,  th e stor y migh t 

[la ]  Mar y tol d thei r  mothe r  tha t  Joh n ha d 
threatene d her .  Th e mothe r  sen t  Joh n t o 
hi s room . 

John' s ignoranc e o f  Mary' s possibl e 
resulte d i n hi s  goa l  failure . 

counterplan s 

Deception s ar e a  clas s o f  plan s wher e th e 
intention s o f  th e deceive r  ar e purposefull y no t 
communicate d thereb y preventin g successfu l 
counterplanning .  Fo r  example ,  Joh n coul d hav e 
deceive d Mar y by , 

[lb] John mentioned to Mary that he had seen 
severa l  girl s  goin g t o th e theatr e t o se e 
Rober t  Redfor d makin g a  publi c appearance . 
Mary immediatel y left ,  leavin g Joh n t o 
watc h hi s  program . 

John led Mary to believe that his intentions were 
t o giv e he r  a  chanc e t o mee t  Rober t  Redford ,  whe n 
i n fac t  h e simpl y wante d he r  ou t  o f  th e house . 

2.  HOW DI D JOHN LIE ? 

Here we briefly raise the question, "HOW DID 
JOHN KNOW T O LIE? "  A s mentione d earlier ,  Joh n s 
selectio n o f  a  pla n t o resolv e th e conflic t  (t o 
lie )  i s  base d o n ho w likel y tha t  pla y i s t o 
succeed .  Deception s ar e mos t  successfu l  wne n th e 
relationshi p Betwee n tw o peopl e i s  see n a s a 
benevolen t  fro m th e perspectiv e o f  th e perso n t o b e 
deceive d (Hary )  an d malic e fro m th e perspectiv e o f 
th e deceive r  (John) .  Fo r  example ,  doe s sh e trus t 
him ,  doe s h e dislik e her ,  etc .  Opportunisti c 
aspect s o f  deception s als o exis t  an d ca n b e 
recognize d b y characters . 
In this section we introduce the main topic of 
thi s pape r  -  th e tw o component s o f  a  deception ,  th e 
deceptio n type.an d th e enablemen t  type ,  an d sho w 
how the y combin e t o creat e a  deceptio n suc h a s th e 
one i n I t 

2. 1 Deceptio n type s 

There are four major classes of deception 
type s o r  d-types .  Eac h clas s o f  d-type s i s  use d t o 

-•----'---' -  goa l  - -  "- -
eithe r  achiev e th e deceiver' s or  caus e th e 
deceived ,  perso n pl^n s ,  t o fail .  Th e deceptio n 
occur ? whe n th ^  deceive d perso n i s no t  awar e o f 
what  I S happening . 
D-types in the first class^ select a 
preconditio n o f  th e deceive d person' s pla n t o b e 
negated .  B y "undoing "  a  preconditio n tha t  i s 
difficul t  t o re-establis h th e deceive d person' s 
pla n wil l  fail .  Th e origina l  deceptio n goa l  i s 
reduce d t o negatin g thi s precondition .  Th e 
negatio n o f  thi s preconditio n become s th e ne w 
deceptio n goal .  I f  th e actua l  goa l  o f  th e 
deceptio n i s t o preven t  som e actio n o n th e par t  o f 
th e deceive d perso n the n thi s d-typ e i s ver y 
useful .  Th e d-type s ar e describe d i n th e firs t 
perso n ( I  deceiv e you) . 
1. Undo preconditions for obiect within a 

plan .  Th e ne w deceptio n goa l  i s t o mak e 
you believ e tha t  th e particula r  desire d 
attribute s fo r  som e require d objec t  i n 
you r  pla n n o longe r  exist .  Fo r  example , 
i f  I  wan t  yo u t o leav e th e appl e pi e s o 
tha t  I  ca n ea t  it ,  I  mieh t  tel l  yo u tha t 
th e pi e i s  rotten ;  i f  Joh n want s Mar y no t 
t o watc h television ,  h e convince s he r  tha t 
th e se t  i s  broken . 

2. Undo delta goal preconditions (Schank 
119//J) .  Th e ne w deceptio n goa l  suggeste d 
her e i s t o und o an y on e o f  th e simpl e 
Srecondition s commonl y foun d withi n th e 

eceive d person' s pla n suc h a s contro l  o f 
an object ,  bein g a t  a  locatio n o r 
knowledg e o f  som e simpl e fact . 

Thi s wor k wa s supporte d i n par t  b y th e Nava l  Ocea n 
System s Cente r  unde r  contrac t  N00123-81-C-1078 . 

Becaus e delt a goal s appea r  i n mos t  plans ,  th e 
conflic t  wit h th e actua l  goa l  i s  difficul t  t o 
notice .  I n lb ,  Joh n use s th e und o delt a goa l 
d-typ e (PRO X i s  selected) .  Th e ne w goa l  t o b e 
achieve d i s t o und o Mar y nea r  th e television , 
i.e .  t o mak e Mar y leav e th e televisio n area . 
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D-type s i n th e secon d clas s o f  th e 
classe s ar e usefu l  whe n th e deceptio n go a 
dimpl e actio n an d incorporat e i t  int o som e 
actio n (backward s fro m th e previou s cl a 
d-tvpes) .  Th e simpl e actio n i s usuall y a 
goal ,  althoug h no t  necessarily .  I t  i s  of t 
resul t  o f  reducin g a n origina l  deceptio n goa l 
a d-typ e fro m th e firs t  clas s o f  d-type s 
d-cype s o f  th e secon d clas s ar e describe d 
(agai n i n th e firs t  person) . 

fou r 
1 i s a 
large r 
88 o f 

delt a 
en th e 

usi.ij } 
The 

belo w 3. 

4. 

5. 

Challenge .  I  identif y a  pla n tha t 
contain s yo u actin g ou t  th e presen t 
deceptio n goa l  a s a  smal l  par t  o r 
precondition .  Th e pla n shoul d contai n us e 
of  som e boastfu l  attribute ,  e.g .  strength . 
quickness ,  singing ,  etc .  I  us e revers e 
psycholog y i n communicatin g th e plan .  Fo r 
exampl e i t  a  mothe r  want s he r  so n t o empt y 
th e trash ,  sh e says ,  " I  be t  you'r e no t 
stron g enoug h t o empt y th e tras h wit h on e 
arm. " 
Demonstration. Similar to challenge but I 
communicat e th e pla n i n a  straigh t  forwar d 
manner  -  n o revers e psychology . 

Instantiat e common context .  We cal l  a 
commonly don e activit y a  context .  I 
locat e on e o f  you r  context s tha t  ha s th e 
presen t  deceptio n goa l  a s on e o f  it s 
precondition s o r  step s i n execution .  I 
communicat e o r  instantiat e th e goa l  o r 
intentio n o f  th e contex t  t o yo u an d pla y 
out  th e contex t  UNTI L th e deceptio n goa l 
i s  reached . 

6. Fob it better goal. Very similar to 
instantiat e common context ,  excep t  tha t 
th e activit y i s no t  commonl y done .  Here , 
I  mus t  propos e a n explici t  goa l  fo r  yo u t o 
pursue .  I t  mus t  b e o f  highe r  importanc e 
t o yo u tha n you r  presen t  goal .  Ofte n th e 
new goa l  i s  jus t  a n instantiatio n o f  th e 
presen t  goa l  wit h som e paramete r  change d 
t o effec t  th e greate r  value . 

The common feature of these d-types is that the 
pla n selecte d shoul d contai n som e boastfu l 
attribut e tha t  ca n b e use d t o "emotionall y push " 
th e deceive d perso n int o enactin g th e plan . 
Recall in lb, John's new deception goal is to 
make Mar y leav e th e televisio n area .  Her e Joh n 
use s th e posi t  bette r  goa l  d-type .  Th e goa l 
selecte d i s th e sam e a s Mary' s presen t  goa l  -  tha t 
of  entertainment .  Howeve r  tn e restriction s o n th e 
exac t  constructio n o f  th e goa l  ar e tha t  th e 
locatio n o f  th e entertainmen t  b e awa y fro m th e 
televisio n an d tha t  i t  b e mor e "interesting "  tha n 
th e progra m tha t  Mar y wa s goin g t o watch .  Fro m 
thes e descriptions .  Joh n create s th e goa l  tha t  Mar y 
shoul d g o t o th e tneatr e t o se e Rober t  Redford . 
The deceptio n i s fa r  fro m complete ,  h e stil l  h e 
stil l  mus t  mak e he r  believ e tha t  Rober t  Redfor d i s 
at  th e theatre .  However ,  i t  i s  unlikel y tha t  sh e 
wil l  se e th e connectio n betwee n Rober t  Redfor d a t 
th e theatr e an d watchin g TV . 

The numbe r  o f  d-type s use d i n a  deceptio n depend s 
on ho w man y ar e necessar y befor e a  "believable " 
deceptio n i s reached .  Tha t  it ,  afte r  Joh n s  firs t 
d-type ,  i t  i s  unlikel y tha t  Mar y wil l  leav e th e 
television .  Makin g a  "believabl e reason "  fo r  he r 
t o leav e i s accomplishe d b y "stretching "  th e 
distanc e fro m th e origina l  deceptio n goa l  t o th e 
fina l  deceptio n goal . 
The length of the deception (number of d-types 
used )  obscure s John' s origina l  intentions/goals . 
Also ,  a s Mar y view s hi s goal s a s "les s conflicting " 
t o hers ,  hi s d-type s becom e mor e believabl e t o her . 
She believe s tha t  Joh n i s n o longe r  ou t  t o compet e 
wit h he r  fo r  th e television ,  bu t  instea d h e i s he r 
benefactor . 
2.1. 2 Othe r  d-type s 

D-types in the third class of d-types distract 
th e deceive d perso n by.communicatin g tn e existenc e 
of  som e ver y hig h priorit y  goal .  Thes e d-type s ar e 
simila r  t o th e posi t  bette r  goa l  d-tvp e excep t  tha t 
th e ne w goa l  presente d i s on e o f  suc h hig h priorit y 
tha t  th e decisio n o f  whic h goa l  t o pursu e t o no t 
made,  rathe r  achievin g th e previou s goa l  i s 
postponed .  Thes e d-type s ar e liste d below ,  agai n 
i n th e firs t  person . 
7. Attract attention. I.communicate th^ 

existenc e o i  a  ver y hig h opportunisti c 
goa l  tha t  yo u ca n easil y achiev e suc h a t 
money o n th e groun d o r  seein g a  beautifu l 
gir l  walkin g dow n th e street . 

8. Crisis goal violation. I communicate the 
possibl e violatio n o f  on e o f  you r  crisi s 
goal s suc h a s maintain-health . 

D-types in the final class deal with more 
complicate d goa l  modificatio n an d interaction . 
Deception s ar e introduce d b y convincin g th e 
deceive d perso n o f  fals e goa l  relationships .  Fo r 
example , 

[2 ] Joh n wa s sprayin g th e garde n wit h 
pesticides .  Hi s wif e wh o didn' t  lik e 
chemical s tol d hi m tha t  sh e kne w fro m 
biolog y tha t  pesticide s kil l  cat s an d 
tha t  sh e wa s thinkin g abou t  gettin g a 
cat .  H e stoppe d spraying . 

Mary made John believe that spraying prevented a 
higne r  goa l  o f  he r  happines s (havin g a  cat )  fro m 
bein g achieved .  Becaus e o f  lengt h limitation s w e 
ar e unabl e t o individuall y describ e thes e las t 
d-types . 
Another example of a deception in this class 
migh t  b e i f  w e wan t  t o convinc e someon e tha t  a  goa l 
i s  undesirabl e o r  can' t  b e achieve d w e migh t  firs t 
sho w the m "th e entire "  se t  o f  plan s tha t  ca n 
achiev e thei r  goa l  an d the n sho w ho w eac h pla n i s 
undesirabl e o r  can' t  b e achieved .  Th e deceptio n i n 
suc h a  strateg y coul d b e i n a n incomplet e breakdow n 
of  th e possibl e plans ,  showin g a  goo d pla n t o b e 
bad ,  o r  showin g ho w a n achievabl e pla n wil l  fail . 

2.1. 1 Structur e o f  a  deceptio n 

John's deception has used two d-types. We can 
represen t  th e presen t  structur e o f  wha t  w e hav e 
analyzed . 

What  Joh n want s 
Mary t o believ e 

Mary se e 
Rober t  Redfor d 
at  theatr e 
(fro m d-typ e #6 ) \ 

\ 

John' s origina l 
goa l 

Joh n t o 
watc h t v 

/ 
sto p Mar y fro m 
watchin g t v make Mar y leav e 

th e t v are a 
(fro m d-typ e v2 ) 

Figure 2-1: Structure of John's deception 

2. 2 Enablemen t  type s 

In example lb. John's second d-type still 
leave s hi m wit h th e deceptio n goa l  o f  ho w t o mak e 
Mary believ e tha t  Rober t  Redfor d i s a t  th e theatre . 
The d-type s hav e bee n method s o f  .alterin g th e 
deceptio n goal .  Introducin g th e fals e fac t  occur s 
i n tn e enablemen t  typ e o r  e-type . 
In general, e-types appeal to the emotions. 
Enablemen t  type s o r  e-type s hav e tw o functions . 
First ,  appealin g t o th e emotion s o f  pee r  pressur e 
or  th e Reelin g o f  "no t  wantin g t o mis t  anything"  a s 
i n Joh n s  deception .  Secondly ,  e-type s caus e th e 
deceive r  t o believ e differen t  attriDute s abou t  th e 
deceiver .  Eithe r  genera l  attribute s lik e feeling s 
of  trus t  an d friendshi p whic h resul t  i n a  decrease d 
leve l  o f  suspicion .  o r  specifi c  attribute s 
regardin g a  particula r  piec e o f  information .  Th e 
e-type s ar e liste d below ,  agai n i n th e firs t 
person . 
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1. 

2. 

Other s sa y o r  do .  I  mak e yo u believ e •om e 
tac t  becaus e I  tel l  yo u tha t  other s 
believ e it .  Fo r  example ,  Joh n sai d t o 
Mar^  tha t  "h e ha d see n severa l  othe r  girl s 

Complement  vou . 
ar e s o nic e 

I  ca n sa y t o you ,  "Yo u 
or  complemen t  yo u b y 

tha t  I  hav e som e specifi c  knowledge . 
example ,  " I  kno w ho w a  t v work s 'caus e 

comparin g yo u favorabl y t o you r  enemy . 
Als o include d ar e attributin g you r  resen t 
goa l  failure s t o you r  enemies . 

3. Djj. favor. I can help you achieve a goal. 
I  chos e a  goa l  wher e my assistanc e i s 
necessar y t o achiev e a  goa l  tha t  yo u ar e 
currentl y pursuin g o r  hav e abandone d 
becaus e o f  a  pla n failure .  Fo r  example , 
"Woul d yo u lik e som e hel p o n you r  calculu s 
problems? " 

4. Knowledge and experience. I can convince 
you tha t  I  ha i 
For  .  , 
I  too k a  clas s .. .  an d thi s on e i s 
busted. "  When i n fac t  i t  i s  simpl y 
unplugged . 

5. Experience yielding specific attributes. 
I  ca n "prove "  t o yo u tha t  som e pas t 
experienc e ha s happene d t o me b y relatin g 
specifi c  detail s o f  th e experience .  Th e 
inferenc e tha t  relate s th e desire d 
attribute s t o th e experienc e mus t  b e know n 
t o th e perso n bein g deceived .  Fo r 
exaipple ,  i f  I  a m a  woman an d kno w men onl y 
seriousl y d^t e women wh o hav e dated . 
before ,  1  migh t  carr y a  locke t  showin g a 
pictur e o f  a  man t o who m I  "woul d claim "  I 
was engaged . 

I n John' s deceptio n o f  Mary ,  h e ha s selecte d 
e-typ e #1 .  Joh n tell s Mar y tha t  "other s ar e doing " 
th e sam e goa l  (constructe d usin g th e previou s 
d-types )  h e suggest s fo r  her .  Th e selectio n o f 
e-type s an d thei r  "execution "  i s als o aide d b y th e 
Previousl y use d d-types .  Fo r  example ,  th e 

th e demonstrat e 
rirma n an d Maltby 

previousl y use a a-cypes .  to r 
complemen t  e-typ e i s suggeste d b y t l 
d-typ e a s i n th e stor y belo w fro m Fi ) 
[3] A sparrow sitting on a log noticed a 

robi n o n a  branc h directl y abov e hi m 
holdin g a  wor m i n hi s mouth .  Th e 
sparro w sai d t o th e robin ,  "Robin , 
you sin g th e mos t  beautifu l  song s i n 
al l  th e fores t  -  won' t  yo u sin g fo r 
me now?" .  Th e robi n alway s willin g 
t o sho w of f  opene d hi s mout h t o begi n 
singing .  Th e wor m immediatel y fel l 
out  o f  th e robin' s mout h an d droppe d 
t o th e groun d nex t  t o th e sparrow . 
The sparro w quickl y at e th e wor m an d 
left . 

The d-type demo of singing suggested the complement 
e-typ e alon g wit h wha t  specificall y t o complement . 
3. FUTURE WORK 
A program is being written to use the first 
thre e classe s o f  d-type s wit h al l  th e e-type a t o 
construc t  differen t  deceptions .  Eac h d-typ e an d 
e-typ e wil l  b e a  procedur e tha t  build s u p th e 
representatio n fo r  th e deception .  Th e progra m wil l 
eventuall y b e integrate d int o a  simulatio n 
environmen t  suc h a s Tale-spi n (Meeha n [1976]) . 
3.1 A Deception Matrix 
The current set of d-types and e-types can be 
use d t o creat e a  deceptio n matri x tha t  result s i n 
ever y possibl e deceptio n fo r  a  give n situation . 
The informatio n w e hop e t o obtai n fro m suc h a n 
analysi s include s ho w complet e th e d-type s an d 
e-type s ar e i n creatin g believabl e deception s an d 
whic h combination s ten d t o produc e deception s mos t 
nearl y t o thos e tha t  human s produce . 

3. 2 Bette r  d-tvpe s 

Examples of deceptions that need to be 
understoo d i n greate r  detai l  includ e thir d part y 
deceptions .  Fo r  example , 
[4] John's love was not returned, she 

love d Bil l  instead .  Joh n wrot e he r  a 
lette r  sayin g i t  wa s al l  ove r  an d 
signe d i t  Bill . 

Complex deceptions not using the d-types 
discusse d exis t  an d mus t  b e studied .  Fo r  example , 
fro m ou r  origina l  televisio n example ,  John' s 
deceptio n migh t  hav e been , 
[Ic] John hid the tv guide from Mary and told 

her  tha t  he r  progra m ha d bee n cancelled . 
She lef t  t o g o play . How di 4 h e kno w t o hid e th e 

make hi s deceptio n work ? 
televisio n guid e t o 

The fort h clas s o f  d-type s tha t  w e mentione d 
wil l  probabl y alway s nee d mor e work .  We hav e trie d 
t o categoriz e thi s class ,  howeve r  i t  stil l  remain s 
ful l  o f  th e mos t  comple x deception s involvin g goa l 
relationships . 
3.3 Better e-types 

Carbonell [1979] has used some basic 
personalit y trait s t o describ e a n individual s 
metho d o f  goa l  pursuit .  Bu t  ho w d o thes e sam e 
trait s influenc e othe r  goa l  interaction s an d 
believability ? Als o o f  interes t  ar e psychologica l 
theorie s o f  ho w peopl e ca n b e mad e t o fee l  friendl y 
toward s other s base d onl y o n common experience s 
and/o r  friends . 
4. CONCLUSIONS 
The role of identifying a set of d-types and 
e-type s i s no t  t o necessaril y  produc e ever y 
possibl e deception ,  onl y a  larg e se t  o f  varyin g 
type s o f  deceptions .  T o thi s en d w e hav e alread y 
succeeded ;  wit h 8  d-type s an d 5  e-type s th e numbe r 
of  possibl e deception s fo r  an y situatio n i s forty . 
However ,  i n mos t  case s onl y a  fe w o f  thes e ar e 
"acceptable" .  Ou r  futur e wor k wil l  focu s o n 
increasin g th e possibl e deceptio n plan s i n orde r  t o 
selec t  th e bes t  deceptio n plan . 
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Fodor (1981) and Osherson and Smith (I98I) have claimed that 
interpretation s o f  concept s a s prototype s encounte r  problem s i n dealin g 
wit h combine d concept s suc h a s "stripe d apple "  an d "brow n cow" .  Thi s 
pape r  offer s a  theor y o f  ho w concepts ,  construe d a s prototypes ,  ca n b e 
combined .  Th e theor y take s th e for m o f  thre e kind s o f  rule s fo r 
selectin g wha t  element s o f  th e componen t  concept s wil l  b e carrie d ove r 
int o th e ne w one .  Pur e rule s tak e int o accoun t  onl y th e prio r  element s 
of  th e components .  Data-d r  ive n rule s ar e contextua l  i n tha t  the y emplo y 
feature s o f  prospectiv e instance s o f  ne w concepts .  Finally ,  goa l  -
di  recte d rule s ar e contextua l  i n a  large r  sense ,  i n tha t  the y tak e int o 
accoun t  th e problem s an d goal s o f  th e inductiv e system . 

A theory of conceptual combination requires that concepts have 
component s whic h ca n b e use d t o for m ne w concepts .  Thi s assumptio n i s 
rejecte d b y som e wh o wan t  t o trea t  concept s a s unitar y nodes ,  atomi c i n 
th e origina l  sens e o f  indivisibl e (e.g .  Fodo r  I98I) .  Suc h writer s ar e 
reduce d t o silenc e abou t  ho w ne w concept s migh t  arise .  Th e 
justificatio n fo r  considerin g concept s a s componentia l  i s  empirical :  th e 
assumptio n enable s u s t o accoun t  fo r  a  variet y o f  empirica l  phenomena . 

But what are those components? I shall adopt the terminology of 
Minsk y (1975 )  an d trea t  concept s a s frame s whic h ar e dat a structure s 
consistin g o f  slots .  Suc h structure s ca n b e easil y implemente d i n 
compute r  program s (Winsto n an d Hor n 1981). ^  A  fram e contain s 
informatio n abou t  th e typica l  characteristic s o f  a  kin d o f  thing ;  fo r 
example ,  th e fram e fo r  do g wil l  contai n a  slo t  wit h th e informatio n tha t 
dog s typicall y hav e fou r  legs .  I t  i s  crucia l  tha t  th e slot s nee d no t 
contai n de f  i  n i  tiona l  information .  Havin g fou r  leg s i s neithe r  a 
necessar y no r  sufficien t  conditio n fo r  dogness ,  bu t  i s nevertheles s 
typica l  an d shoul d generat e a n expectation .  We therefor e sa y tha t  th e 
defaul t  valu e fo r  th e numbe r  o f  leg s o f  a  do g i s four .  Th e slot s i n th e 
fram e fo r  do g d o no t  constitut e a  de f  in i  tio n o f  dog ,  bu t  contai n lot s o f 
informatio n abou t  wha t  i s typica l  o f  dog s o r  wha t  i t  i s  usefu l  t o expec t 
abou t  dogs .  Slot s i n th e concep t  o f  do g wil l  generall y contai n defau l  t 
values ,  no t  actua l  value s whic h mus t  hol d o f  al l  dog s universally .  Bu t 
some actua l  value s may b e included ,  fo r  exampl e tha t  dog s ar e warm -
blooded .  Ther e i s thu s n o proble m i n seein g a  concep t  a s containin g 
some slot s whic h involv e feature s whic h ar e i n fac t  definitional ,  bu t  i t 
woul d b e a  majo r  mistak e t o suppos e tha t  suc h slots ,  i f  available ,  woul d 
exhaus t  th e meanin g o f  th e concept .  Loose r  connection s o f  th e sor t 
establishe d b y additiona l  defaul t  value s als o matter . 

2 Pure, Concept-driven Rules 

Definition is the epitome of pure conceptual combination, 
independen t  o f  context .  Suppos e yo u hav e necessar y an d sufficien t 
condition s fo r  existin g concept s C .  an d C_ .  The n i t  i s  simpl e t o defin e 
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th e ne w concep t  C ^  whos e se t  o f  necessar y an d sufficien t  condition s i s 
jus t  th e unio n of^th e se t  o f  necessar y an d sufficien t  condition s fo r  th e 
dono r  concepts .  Fo r  example ,  i f  w e hav e definition s o f  "square "  an d 
"table" ,  th e concep t  o f  "squar e table "  i s forme d merel y b y amalgamatin g 
th e existin g definitions .  Howciver ,  suc h definition s ca n b e har d t o com e 
by ,  an d al l  w e ofte n hav e t o wor k wit h i n amalgamatin g concept s ar e 
defaul t  expectation s rathe r  tha n definin g conditions .  Becaus e th e 
expectation s generate d b y combine d concept s ma y conflict ,  conceptua l 
combinatio n require s comple x processe s o f  reconciliation .  T o repea t  a n 
exampl e fro m Osherso n an d Smit h (I98I) ,  ou r  concep t  o f  a  stripe d appl e 
i s n o simpl e su m o f  "striped "  an d "apple" ,  sinc e w e expec t  apple s t o b e 
gree n o r  red .  A s a  result ,  an y instanc e o f  a  stripe d appl e i s mor e 
typica l  o f  th e concep t  "stripe d apple "  tha n i t  i s  o f  eithe r  "striped "  o r 
"apple" .  How ,  then ,  d o w e combin e "striped "  an d "apple "  int o "stripe d 
apple" ? 

The following very simple rule suffices: 

Rl. Actual values drive out defaults. 

The concept of an apple contains a slot which sets up the expectation 
tha t  a n appl e wil l  b e re d o r  gree n o r  som e combinatio n o f  thos e colors , 
but  thi s expectatio n i s no t  definitional :  a  golde n deliciou s i s stil l  a n 
apple .  Th e adjectiv e "striped "  howeve r  incorporate s a n expectatio n 
abou t  colorin g whic h i s mor e tha n a  default ,  since ,  t o pu t  i t  tritely . 
somethin g ha s t o b e stripe d t o b e striped .  Henc e thi s definitiona l 
expectatio n override s th e merel y defaul t  expectatio n foun d i n th e appl e 
concept .  I n mos t  adjective-nou n combination s o f  thi s sort ,  th e actua l 
valu e foun d i n th e adjectiva l  concep t  wil l  driv e ou t  th e merel y defaul t 
valu e i n th e noun .  Gree n cow s ar e green . 

Most conceptual combination will not be so simple. Consider an 
exampl e o f  Tversk y an d Kahnema n (1983) '  The y sho w tha t  subject s wil l 
ofte n violat e th e conjunctio n la w o f  probability ,  whic h say s tha t  th e 
probabilit y  o f  th e conjunctio n o f  tw o proposition s i s alway s les s tha n 
th e probabilit y  o f  eithe r  conjunct .  The y gav e subject s a  descriptio n o f 
a woman Lind a wh o ha d bee n a  philosoph y major ,  wa s outspoken ,  bright , 
and concerne d wit h issue s o f  discriminatio n an d socia l  justice .  The n 
the y aske d ho w probabl e subject s woul d estimat e he r  t o b e I )  a  feminis t 
2)  a  ban k telle r  an d 3 )  a  feminis t  an d a  ban k teller .  Unsurprisingl y 
subject s though t  i t  mor e probabl e tha t  sh e wa s a  feminis t  tha n a  ban k 
teller ,  bu t  th e startlin g result ,  violatin g th e conjunctio n la w fo r 
probabilities ,  i s  tha t  subject s thin k i t  mor e probabl e tha t  sh e i s a 
feminis t  ban k telle r  tha n tha t  sh e i s a  ban k telle r  simpliciter . 

According to Tversky and Kahneman, subjects think that Linda is 
more probabl y a  feminis t  ban k telle r  tha n a  ban k telle r  becaus e th e 
forme r  categor y i s mor e representativ e o f  Linda .  I  shal l  describ e a 
rul e fo r  conceptua l  combinatio n base d o n representativenes s below :  suc h 
a rul e wil l  b e data-drive n sinc e th e descriptio n o f  Lind a appear s t o 
pla y a  rol e i n ho w peopl e construc t  th e ne w concep t  o f  feminis t  ban k 
teller .  I n thi s example ,  however ,  conceptua l  combinatio n shoul d no t  b e 
data-driven ,  sinc e subject s ar e no t  tol d tha t  Lind a i s a  feminis t  ban k 
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teller ,  onl y aske d whethe r  sh e migh t  be .  A  normativel y correc t  rul e o f 
conceptua l  combinatio n shoul d ignor e Linda . 

An appropriately pure rule can be formed on the basis of 
consideration s o f  variabilit y  simila r  t o thos e whic h pla y a  rol e i n 
assessin g th e degre e o f  confirmatio n o f  a  generalizatio n (Thagar d an d 
Nisbet t  1982 ;  Nisbett ,  Krantz ,  Jepson ,  an d Kund a I983) .  Suppos e th e 
slo t  i n th e ne w concep t  o f  feminis t  ban k telle r  unde r  disput e concern s 
politica l  activity .  Her e w e hav e a  cas e o f  rea l  conflict ,  sinc e ou r 
defaul t  expectation s ar e tha t  feminist s wil l  b e politicall y activ e bu t 
tha t  ban k teller s wil l  no t  be .  R 2 resolve s th e conflic t  b y saying : 

R2 On a given dimension, carry over the value from the donor concept 
whic h i s les s variabl e o n tha t  dimension . 

In the case of feminist bank teller, we expect that feminists are more 
consistentl y politicall y activ e tha n ban k teller s ar e politicall y 
inactive .  Henc e th e slo t  i n th e concep t  "feminis t  ban k teller "  fo r 
politica l  activit y shoul d contai n th e expectatio n tha t  feminis t  ban k 
teller s wil l  b e politicall y active .  Th e descriptio n o f  Lind a fit s thi s 
expectatio n bette r  tha n i t  doe s th e expectation s establishe d b y th e ban k 
telle r  concep t  alone . 

A third rule of pure conceptual combination is necessarily more 
vague .  We ca n expec t  tha t  i n som e concept s slot s ar e rule s ar e linke d 
t o eac h other ,  developin g connecte d expectations .  Fo r  example ,  a 
concep t  concernin g a  kin d o f  physica l  objec t  whic h ha s a  valu e fo r  siz e 
i s als o likel y t o hav e a  valu e fo r  weight .  Conceptua l  combinatio n wil l 
want  t o preserv e suc h linkages : 

R3 If the new concept C, will contain the slot C. . and C. . is 
1 inke d t o tha t  slot ,  th6 n includ e C^  ^^  i n C  .  '- ^ 

The operation of this rule assumes that the representation of concepts 
wil l  includ e som e expressio n o f  linkage s betwee n slots . 

3 Data-driven Rules 

Conceptual combination requires the reconciliation of conflicting 
expectations ,  bu t  ther e i s n o reaso n tha t  th e reconciliatio n shoul d hav e 
t o b e a  functio n o f  th e dono r  concept s alone .  Conceptua l  combinatio n i s 
selective :  fo r  mos t  concepts ,  occasion s o f  combinatio n wil l  simpl y 
neve r  arise .  Yo u probabl y wil l  neve r  hav e occasio n t o thin k o f 
Mongolia n watermelo n eaters .  When occasion s o f  combinatio n d o arise , 
the y wil l  d o s o i n a  particula r  context ,  an d th e contex t  ca n hel p t o 
gover n defaul t  reconciliation . 

The simples t  sor t  o f  contextua l  facto r  consist s o f  instance s o f  th e 
prospectiv e concept .  Suppos e C .  an d C_ ar e bein g combine d t o for m C, , 
and som e slo t  i s  incompati b e  betwee n th e tw o dono r  concepts .  Fo r 
example ,  upo n meetin g a  Canadia n violinist ,  yo u ar e presse d t o combin e 
you r  tw o concept s o f  Canadia n an d viol i  n i  st ,  whic h i s difficul t  becaus e 
you migh t  expec t  Canadian s t o b e rugge d an d outdoors y whil e violinist s 
ar e expecte d t o b e mor e delicate .  Failin g th e kin d o f  variabilit y 
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calculatio n suggeste d b y R2 ,  a  natura l  solutio n i s t o reconcil e th e 
default s i n th e directio n o f  th e on e exampl e o f  a  Canadia n violinis t  yo u 
hav e met ,  addin g whicheve r  valu e o n th e rugged/delicat e dimensio n th e 
perso n possesses .  Thi s proces s i s differen t  fro m bottom-u p concep t 
formatio n i n it s genera l  form ,  sinc e yo u ar e no t  generalizin g al l  o f 
you r  friend s characteristic s t o b e thos e o f  th e typica l  Canadia n 
violinist .  Th e datu m enter s int o th e ne w combine d concep t  onl y t o th e 
exten t  i t  enable s yo u t o reconcil e conflictin g defaults .  Th e relevan t 
rul e is : 

Rk If C- is being formed from C, and C. which conflict on some 
dimension ,  an d yo u hav e example s o f  C .  whic h hav e a  valu e o n tha t 
dimension ,  the n choos e fo r  C .  th e valo e o f  th e examples . 

A looser variant of R4 is based on the notion of representativeness 
(Tversk y an d Kahnema n 197̂ + )  •  Wherea s R̂ t  deal s wit h th e cas e wher e 
contextua l  example s hav e th e propertie s whic h ar e neede d t o choos e 
betwee n th e conflictin g value s i n th e dono r  concepts ,  R 5 i s designe d t o 
deal  wit h case s wher e th e combine d concep t  i s onl y simila r  t o th e 
examples .  Fo r  example ,  i n th e feminis t  ban k telle r  case ,  i f  Lind a wer e 
take n t o b e a n exampl e o f  a  feminis t  ban k teller ,  the n th e defaul t 
value s o f  feminis t  woul d ten d t o wi n ou t  ove r  thos e o f  ban k teller , 
sinc e feminis t  i s  mor e representativ e o f  Lind a tha n ban k teller .  Th e 
appropriat e rul e is : 

R5 Choose for C. values taken from that concept, C. or C-, which is 
more representativ e o f  th e give n instance s o f  C. . 

k Goal-directed Rules 

A concept need not be completed all at once: default 
reconciliatio n may b e a n extende d process .  I n som e cases ,  non e o f  RI- 5 
wil l  b e appropriat e fo r  reconcilin g conflict s betwee n th e expectation s 
generate d b y dono r  concepts .  Th e appropriat e respons e the n migh t  b e t o 
wai t  an d se e whic h o f  th e defaul t  value s o f  th e dono r  concept s wil l 
prov e t o b e mos t  suitable .  Suitabilit y  her e ca n mea n jus t 
representatio n o f  th e ye t  t o b e discovere d propertie s o f  instance s o f 
th e ne w concepts ,  bu t  i t  ca n als o mea n usefulnes s i n solvin g problem s 
wit h whic h th e ne w concep t  wa s intende d t o help .  Fo r  example ,  th e 
concep t  o f  a  viru s wa s forme d fro m a  kin d o f  combinatio n o f  concept s o f 
macromolecul e an d livin g cell ,  an d i t  wa s som e tim e befor e biologist s 
wer e abl e t o reconcil e conflictin g propertie s o f  thos e entities . 
Inductio n an d concep t  formatio n mus t  b e understoo d withi n th e contex t  o f 
a scientist' s  genera l  proble m solvin g behavior . 

This suggests the following rule: 

R6 Reconcile slots in favor of ones which contribute to desired 
proble m solutions . 

The rules which result from R6 are likely to be tentative and 
subjec t  t o furthe r  testing ,  bu t  ca n stil l  pla y a n importan t  rol e i n 
proble m solvin g an d explanation .  Suppose ,  fo r  example ,  tha t  th e 
situatio n whic h triggere d th e conceptua l  combinatio n o f  feminis t  an d 
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bank telle r  concerne d th e nee d t o explai n som e featur e o f  Linda' s 
politica l  behavior ,  wher e i t  wa s give n tha t  sh e i s a  feminis t  ban k 
teller .  The n addin g th e slo t  tha t  feminis t  ban k teller s ar e politicall y 
activ e provide s a n explanatio n o f  wh y Lind a i s politicall y active ,  sinc e 
sh e i s a  feminis t  ban k teller .  Of  cours e w e alread y ha d th e slo t  tha t 
feminist s ar e politicall y active ,  bu t  thi s alon e may no t  b e a  goo d 
explanatio n o f  Linda' s politica l  activit y sinc e ou r  knowledg e tha t  sh e 
i s als o a  ban k telle r  suggest s th e existenc e o f  a  potentiall y  relevan t 
alternativ e referenc e class .  Addin g th e slo t  abou t  th e expecte d 
politica l  behavio r  t o th e combine d concep t  o f  feminis t  ban k telle r 
resolve s th e problem .  Similarly ,  suppos e tha t  i n formin g th e combine d 
concep t  o f  a  Canadia n violinis t  yo u notic e tha t  you r  frien d th e Canadia n 
violinis t  prefer s hamburger s t o classica l  Frenc h cuisine .  I n orde r  t o 
explai n thi s preference ,  yo u may ad d th e defaul t  expectatio n abou t 
Canadian s t o you r  fram e fo r  Canadia n violinist ,  overrulin g th e 
expectatio n derive d fro m th e fram e fo r  violinists. * 

We have seen how Minsky's frame notion can provide the basis for 
plausibl e mechanism s o f  conceptua l  combination .  Prototyp e theorie s ar e 
not  contradicte d b y phenomen a o f  conceptua l  combination ,  an d i n fac t 
increas e ou r  understandin g o f  them . 

NOTES 

^Psychologists usually prefer the term "schema". For a discussion 
of  th e epistemolog y o f  suc h structures ,  se e Thagar d (forthcoming-FKI )  . 

*Goal-directed conceptual combination is particularly important 
fo r  scientifi c  discover y (Thagar d forthcoming-CCSD) .  Ne w scientifi c 
concept s referrin g t o non-observe d entitie s suc h a s ligh t  wave s ca n b e 
forme d b y combinatio n o f  existin g concepts . 
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O n Semanti c Decomposit io n o f  V e r b s 
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Theorie s o f  semanti c memor y propos e tha t  th e cor e meanin g o f  a  ver b ca n b e broke n dow n int o 
semanti c component s (e.g .  Gentner ,  1975 ;  Miller ,  1978 ;  Mille r  & :  Johnson-Laird ,  1976 ;  Schan k &  Abelson , 

1977) .  Howeve r  ,  ther e exist s som e controvers y abou t  th e psychologica l  realit y o f  thes e semanti c com -

ponents .  Th e questio n i s t o wha t  degre e decompositio n ha s t o tak e plac e wheneve r  a  perso n use s o r 

understand s a  verb . 

Two differing points of view can be distinguished on the problem of decomposition. These views 

correspon d t o th e processe s o f  analysi s an d synthesis .  Analysi s i s a  proces s o f  abstractio n whic h separate s 

out  part s o f  th e meanin g o f  on e particula r  word .  I n relate d word s simila r  part s ar e found .  A s a n example , 

th e notio n o f  possessio n i s a  componen t  o f  al l  H A V E verbs .  Th e hypothesi s o f  decompositio n i n th e sens e 

of  a n analyti c proces s doe s no t  necessaril y  impl y somethin g abou t  th e forma t  i n whic h th e meanin g o f  a 

ver b i s stored .  I t  merel y say s tha t  i t  i s  possibl e t o isolat e component s fro m th e meanin g o f  a  ver b tha t 

ar e als o foun d i n othe r  words .  I t  i s  lik e assertin g tha t  oa k tree s an d appl e tree s hav e leave s whic h ar e 

simila r  althoug h no t  identical .  Researc h b y Fillenbau m &  Rapopor t  (1971) ,  fo r  example ,  document s tha t 

peopl e ca n consistentl y carr y ou t  thi s proces s o f  analysis . 

Synthesis, on the other hand, is a process for combining elementary components into word mean-

ings .  Th e syste m start s ou t  wit h a  se t  o f  fundamenta l  component s whic h ar e combine d i n differen t  way s 

t o creat e th e differen t  meaning s o f  verbs .  Th e sam e componen t  i s alway s identica l  eve n i f  use d i n 

differen t  words .  I t  i s  lik e placin g identica l  psirt s int o differen t  cars ,  a s e.g .  batteries .  Thi s vie w o f  th e 

decompositio n hypothesi s i s foun d i n psychologica l  theorie s o f  semanti c memor y (e.g .  Gentner ,  1975 ; 

Grim m &  Engelkamp ,  1981 ;  Sanfor d &.  Garrod ,  1981) .  Th e vie w i s eve n mor e prevalen t  i n tex t  processin g 

system s o f  artificia l  intelligenc e (e.g .  Schan k &  Abelson ,  1977) . 

Several authors have argued against the hypothesis that the meaning of a verb is represented by a 

bundl e o f  independen t  components ,  amon g the m Fodor ,  Garrett ,  Walker ,  &  Parke s (1980) ,  Herman n 

(1976) ,  an d Kintsc h (1974 ,  1980) .  Th e presen t  pape r  summarize s experiment s tha t  suppor t  th e argument s 

of  thes e authors . 

In previous experiments we have already found some evidence against the synthetic version of 

decompositio n theor y (Wender ,  i n press) .  I n thes e experiment s subject s ha d t o decid e whethe r  th e mean -

in g o f  a  give n ver b containe d a  specifie d component .  Reactio n time s wer e measured .  Pair s o f  component s 

wer e use d i n whic h on e componen t  wa s include d i n th e other .  Fo r  example ,  INTENSIO N i s embedde d i n 

INTENSIONAL ACTIVITY ,  whe n properl y defined .  W e assum e tha t  searc h processe s should ,  i n princi -

ple ,  sta y th e sam e whe n differen t  verb s ar e searche d fo r  thes e components .  I t  wa s predicte d tha t  th e 

differenc e i n verificatio n time s betwee n embedde d an d embeddin g component s shoul d remai n constan t 

acros s differen t  verbs .  Thre e successiv e experiment s reveale d significan t  interaction s betwee n component s 

and verbs .  Tha t  is ,  th e differenc e i n verificatio n time s depende d o n th e particula r  ver b bein g judged . 

Assumin g tha t  th e searc h proces s i n memor y doe s no t  chang e it s natur e fro m ver b t o ver b i t  wa s con -

clude d tha t  th e structur e o f  th e embeddin g componen t  canno t  b e th e sam e i a differen t  verb s a s claime d 

by syntheti c decompositio n theories .  A s a n example ,  INTENSIONA L ACTIVIT Y i s no t  th e sam e i n th e 

ver b "steal "  a s i t  i s  i n th e ver b "buy" .  Th e presen t  stud y investigate s th e sam e proble m usin g a  differen t 
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methodology. 

Method 

The method of paired comparisons was used to scale the relative importance of one component 

wit h respec t  t o th e tota l  meanin g o f  a  verb .  Si x component s wer e defined :  GIVE ,  H A V E ,  T R A V E L , 

SPEED,  INTENSION ,  I N T E N S I O N A L ACTIVITY .  Subject s wer e first  give n a n explici t  definitio n o f  on e 

of  th e components .  The n the y wer e presente d wit h tw o verb s an d ha d t o decid e fo r  whic h o f  th e tw o th e 

relativ e importanc e o f  th e componen t  wa s greater .  Thre e set s o f  seve n verb s eac h wer e used .  Eac h se t 

was judge d wit h respec t  t o tw o components .  Thi s resulte d i n si x 7x 7 paire d compariso n matrices . 

Results 

First the matrices were searched for violations of stochastic transitivity. Results did not accord 

wit h th e predictions .  Stochasti c transitivit y wa s neve r  violate d i n th e wea k case ,  seldo m i n th e moderat e 

case ,  an d rarel y i n th e stron g case . 

In the next step we fitted a paired comparison model to the data. In this model the probability of 

choosin g ver b a  ove r  ver b b  whe n judgin g componen t  c  i s give n b y 

p(a>b/c) = 1 - (A-C) / ((A.C)+(A-B)) 

where A, B, and C are parameters corresponding to the "total amount of meaning" of a verb or a com-

ponent ,  respectively .  Whe n applie d separatel y t o th e si x paire d compariso n matrice s th e mode l  di d a 

fairl y  goo d job .  I t  ha d t o b e rejecte d i n onl y on e cas e o n th e S % leve l  o f  significanc e a s measure d b y a 

Mostelle r  goodness-of-fi t  test .  Thi s resul t  i s  take n a s evidenc e tha t  b y an d larg e th e verb s ma y b e 

represente d o n a  on e dimensiona l  scal e correspondin g t o th e judge d component .  Thi s i s i n accordanc e 

wit h decompositio n theory . 

Each set of verbs had been judged with respect to two different components. Within each pair of 

component s ther e wa s on e componen t  embedde d i n th e other .  Fo r  example ,  H A V E i s embedde d i n GIVE . 

Hence th e tw o scale s fo r  eac h pai r  o f  component s shoul d b e relate d i n a  simpl e fashion .  T o tes t  this ,  th e 

paire d compariso n mode l  wa s applie d simultaneousl y t o th e tw o correspondin g paire d compariso n 

matrices .  On e additiona l  paramete r  wa s include d i n th e mode l  whic h capture d th e differenc e i n relativ e 

importanc e o f  th e tw o judge d components .  Th e result s o f  th e Mostelle r  goodness-of-fi t  tes t  wer e clea r  cut . 

The Chi-squar e value s wer e 393. 7 fo r  th e ACTIVIT Y verbs ,  398. 4 fo r  th e T R A V E L verbs ,  an d 109. 1 fo r 

th e H A V E verb s wit h 2 9 degree s o f  freedo m i n eac h case .  Tha t  is ,  th e on e dimensiona l  mode l  ha d t o b e 

rejecte d fo r  al l  pair s o f  components . 

DlscusBlon 

We found that the separate paired comparison matrices were scalable in accordance with decom-

positio n theor y bu t  tha t  th e combine d matrice s wer e not .  Thi s i s regarde d a s evidenc e agains t  th e theory . 

I f  on e o f  tw o component s i s embedde d withi n th e othe r  the n th e differenc e i n relativ e importanc e shoul d 

remai n constan t  acros s differen t  verb s i n whic h bot h component s ar e included .  Thi s wa s no t  th e case .  W e 

sugges t  tha t  thi s occure d becaus e th e component s d o no t  hav e th e structur e tha t  i s  assume d b y syntheti c 

decompositio n theory .  Thi s i s based ,  o f  course ,  o n th e assumptio n tha t  judgementa l  processe s d o no t 

chang e fro m ver b t o verb . 

In conclusion we subscribe to the view of Bierwisch (1981) who distinguishes between a semantic 

and a  conceptua l  structur e i n memory .  Th e decompositio n int o semanti c component s i s perhap s a n essen -

tia l  par t  o f  th e semanti c structur e whic h contain s th e rule s o f  language .  I n th e conceptua l  structur e th e 

meaning s o f  word s ar e represente d i n a  Gestal t  lik e manner .  Thi s notio n resemble s menta l  model s a s dis -

cusse d b y Johnson-Lair d (1980) .  I t  mus t  b e admitted ,  o f  course ,  tha t  thi s notio n o f  a  conceptua l  structur e 
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has ye t  no t  bee n worke d ou t  t o an y satisfactor y degree .  Th e dat a o f  ou r  experiment s sugges t  tha t  th e 

decompositiona l  theory ,  a t  leas t  i n th e synthetica l  version ,  i s no t  ric h enoug h fo r  representin g th e meanin g 

of  verbs . 
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Modelin g Expertis e i n Tcoub3.gs);iQOtj.n q an d Reasonin g 
Abou t  Simpl e Electri c CJxcujc s 

by Barbar a Y .  Whit e an d Joh n R .  Frederikse n 

workin g withi n th e framewor k o f  designin g a  computer-base d syste m 

fo r  teachin g automotiv e electrica l  troubleshooting ,  w e ar e 

developin g a  mode l  o f  exper t  troubleshootin g an d a  qualitativ e 

causa l  mode l  o f  circui t  behavior .  Th e purpos e o f  thes e model s i s 

t o demonstrat e t o student s th e troubleshootin g proces s an d t o 

explai n th e operatio n o f  circuit s i n faulte d an d unfaulte d 

conditions .  Ou r  instructiona l  interes t  i s  i n determinin g ho w 

model s o f  circui t  behavio r  influenc e th e learnin g o f 

troubleshootin g an d ho w trainin g i n troubleshootin g influence s 

learnin g t o reaso n abou t  circuits .  I n thi s pape r  w e wil l  focu s 

on th e psychologica l  criteri a fo r  constructin g model s o f 

troubleshootin g an d reasonin g abou t  circuits . 

In modeling the troubleshooting process, we interviewed and 

observe d exper t  mechanics ,  studie d automotiv e manuals ,  an d 

reviewe d compute r  base d troubleshootin g system s (Forbu s & 

Stevens ,  1981 ;  Rous e &  Ruston ,  1982 ;  Sleema n &  Brown ,  1982) .  We 

hav e observe d thre e broa d categorie s o f  troubleshootin g behavior : 

(1 )  sympto m faul t  association s (Rasmusse n &  Jensen ,  1974 ) ,  (2 ) 

decisio n trees ,  an d (3 )  knowledg e base d inferencin g strategies . 

Trainin g base d upo n sympto m faul t  association s require s highe r 

fidelit y tha n i s possibl e usin g compute r  simulation s an d require s 

many year s t o gai n experienc e wit h lo w probabilit y  fault s i n th e 

rea l  world .  Decisio n tree s hav e th e drawbac k o f  bein g difficul t 

t o remember ,  incomplete ,  an d d o no t  develo p skill s  tha t  woul d 

enabl e th e learne r  t o troubleshoo t  system s othe r  tha n th e on e 

explicitl y  trained .  Ou r  goal ,  therefore ,  wa s t o fin d a  knowledg e 

base d inferencin g strateg y tha t  woul d b e flexible ,  transferable , 

and no t  to o difficul t  t o learn . 

We have worked with an expert troubleshooter who utilizes and 

teache s a  knowledg e base d strateg y (th e Feed-Device-Groun d o r  FD G 

strategy )  t o student s i n a  technica l  hig h school .  Th e strateg y 
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appear s t o hav e genera l  applicabil i t y  an d ha s severa l  propertie s 

tha t  mak e i t  eas y t o execute . 

Firstly, the FDG strategy minimizes the number of entities about 

whic h on e ha s t o reaso n a t  an y moment  b y focusin g o n on e devic e 

a t  a  tim e an d dividin g th e circui t  int o thre e parts :  feed , 

device ,  an d groun d (se e Figur e 1 )  .  Th e feed ,  fo r  example , 

consist s o f  al l  circui t  element s betwee n th e positiv e voltag e 

sourc e an d th e devic e o f  focus .  Th e groun d i s analogousl y 

defined .  Al l  inference s ar e mad e wit h referenc e t o thes e thre e 

ent i t ies . 

Secondly, the strategy seeks to eliminate ambiguities about the 

locatio n o f  th e faul t  befor e shiftin g th e focu s t o anothe r 

device .  Fo r  instance ,  suppos e tha t  a  tes t  ligh t  (o r  voltmeter ) 

i s  connecte d betwee n th e devic e an d th e negativ e termina l  o f  th e 

batter y an d tha t  i t  doe s no t  ligh t  (o r  indicat e a  vo l tage) . 

Ther e ar e mult ipl e fault s tha t  ar e consisten t  wit h thi s result : 

Ther e coul d b e a n ope n o r  a  shor t  t o groun d i n th e fee d t o th e 

device ,  th e devic e itsel f  coul d b e faulty ,  o r  th e groun d circui t 

coul d b e shorted .  Give n th e ambiguit y o f  suc h a  tes t  result ,  ou r 

exper t  ha s severa l  technique s fo r  determinin g whethe r  th e faul t 

i s  i n th e feed ,  device ,  o r  groun d system .  On e techniqu e i s t o 

detac h a  possibl y fault y groun d syste m fro m th e device .  I f  th e 

groun d wer e shorte d thi s detachmen t  woul d caus e th e ligh t  t o com e 

on .  Anothe r  techniqu e i s t o provid e a  substitut e fee d t o th e 

device .  I f  th e ligh t  wer e the n t o com e on ,  on e coul d infe r  tha t 

ther e i s a  faul t  i n th e fee d system .  A  furthe r  techniqu e i s t o 

detac h th e fee d system ,  whil e leavin g th e substitut e fee d i n 

place .  The n i f  th e ligh t  wer e t o com e on ,  on e coul d infe r  tha t 

th e fee d i s shorted .  I f  al l  o f  thes e technique s hav e bee n 

employe d an d th e ligh t  stil l  doe s no t  com e on ,  on e coul d the n 

conclud e tha t  th e devic e itsel f  ha s a n ope n o r  a  shor t  t o ground . 

Usin g thes e methods ,  th e faul t  ca n b e isolate d t o b e withi n th e 

feed ,  device ,  o r  groun d portio n o f  th e circuit . 

Thirdly, the FDG strategy minimizes the memory demands for 

keepin g trac k o f  wha t  part s o f  th e circui t  ar e know n t o b e good . 

Once th e sectio n o f  th e circui t  wit h th e faul t  ha s bee n 

determined ,  th e strateg y involve s seriall y  searchin g tha t  sectio n 

of  th e circui t  know n t o contai n a  faul t  (eithe r  th e fee d o r 

ground )  movin g i n a  directio n awa y fro m th e device .  Thi s i s don e 

by repeatedl y shiftin g th e focu s t o th e nex t  devic e i n th e fee d 

(o r  ground )  syste m an d util izin g th e technique s fo r  resolvin g 
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ambiguit y outline d abov e t o constrai n furthe r  th e locatio n o f  th e 

fault .  I t  shoul d b e note d tha t  a  seria l  searc h i s no t  th e mos t 

efficien t  procedur e fo r  larg e circuits ;  however ,  i t  doe s mak e i t 

eas y t o remembe r  wha t  part s o f  th e circui t  hav e alread y bee n 

teste d an d foun d t o b e fre e o f  faults .  Thi s make s th e PD G 

strateg y easie r  t o execut e tha n strategie s whic h utiliz e 

potentiall y  mor e efficien t  searc h procedures ,  suc h a s repeatedl y 

shiftin g th e devic e focu s t o th e middl e o f  th e suspec t  par t  o f 

th e circuit . 

The FDG strategy has the advantage of being generally applicable 

t o simpl e electrica l  circuit s an d minimize s memor y requirement s 

fo r  executin g it .  However ,  i t  doe s presuppos e knowledg e o f 

electrica l  circuit s an d appear s t o requir e a n abilit y  t o reaso n 

qualitativel y abou t  circuits .  Thi s ma y mak e i t  a  difficul t 

troubleshootin g techniqu e fo r  a  novic e t o master .  Fo r  example ,  a 

studen t  need s t o understan d tha t  fo r  curren t  t o flo w throug h a 

device ,  ther e mus t  b e a  continuou s pat h fro m a  voltag e sourc e t o 

th e devic e an d bac k t o th e opposit e termina l  o f  th e voltag e 

source .  Th e implicatio n o f  thi s principl e i s tha t  i n a  serie s 

circui t  a n ope n wil l  preven t  curren t  fro m flowing .  However ,  i n a 

paralle l  circuit ,  a n ope n wil l  no t  necessaril y  preven t  curren t 

fro m flowin g throug h th e devic e i f  ther e i s a n alternativ e pat h 

fo r  th e curren t  t o take .  Furthermore ,  student s nee d t o 

understan d tha t  i n th e cas e o f  paralle l  circuits ,  mor e curren t 

wil l  flo w i n th e pat h o f  lowe r  resistanc e an d tha t  i f  ther e i s 

one pat h wit h n o resistance ,  al l  o f  th e curren t  wil l  follo w tha t 

path .  Th e importan t  implicatio n o f  thi s principl e fo r 

troubleshootin g i s tha t  short s t o groun d provid e alternativ e 

path s wit h negligibl e resistanc e an d thereb y preven t  curren t  fro m 

flowin g throug h th e remainde r  o f  th e circuit . 

Given the need to teach these electrical principles and their 

implication s a s a  prerequisit e t o teachin g th e FD G strateg y fo r 

troubleshooting ,  w e ar e creatin g a n instructiona l  environmen t 

tha t  i s  capabl e o f  demonstratin g an d providin g practic e i n usin g 

thes e principles .  Th e basi s o f  thi s syste m i s a  qualitativ e 

causa l  mode l  tha t  simulate s th e operatio n o f  a n electrica l 

circui t  i n bot h unfaulte d an d faulte d states .  Th e qualitativ e 

causa l  mode l  incorporate s knowledg e o f  th e structur e o f  th e 

circuit ,  th e functionin g o f  th e device s withi n th e circuit ,  an d 

th e electrica l  principle s presente d above . 

There are a number of instructional requirements that constrain 
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th e for m o f  thi s qualitativ e causa l  model .  Firstly ,  th e mode l  i s 

t o b e capabl e o f  supportin g graphica l  representation s o f  circui t 

operat ion .  Thes e representation s il lustrat e circui t  topology , 

state s o f  device s (e.g. ,  a n ope n o r  close d switch ,  a  coi l  wit h a 

fiel d aroun d i t ) ,  an d curren t  flow .  The y ca n show ,  fo r  simpl e 

c ircui ts ,  th e effect s o f  fault s suc h a s open s an d short s t o 

groun d o n curren t  flo w an d o n tes t  ligh t  behavior .  Secondly ,  th e 

model  i s t o provid e a  simulatio n environmen t  withi n whic h th e FD G 

"expert "  progra m ca n demonstrat e troubleshootin g concept s an d 

procedure s an d th e studen t  ca n practic e executio n o f  th e 

strategy .  Fault s ca n b e introduce d withou t  th e student' s 

awareness ,  an d th e studen t  ha s facil i t ie s fo r  insertin g a  tes t 

l ight ,  settin g th e posit ion s o f  switche s an d points ,  establishin g 

a devic e o f  focus ,  installin g substitut e feeds ,  an d detachin g 

fee d an d groun d circuits .  Th e syste m wil l  faithfull y reproduc e 

th e effect s o f  thes e manipulat ion s o n th e behavio r  o f  th e tes t 

ligh t  an d th e operatio n o f  th e circuit .  Thirdly ,  th e mode l  i s t o 

be capabl e o f  generatin g explanation s o f  circui t  operation . 

Moreover ,  thes e explanation s emplo y th e sam e qualitativ e 

reasonin g principle s use d i n th e executio n o f  th e FD G strategy . 

When a  componen t  i s se t  t o b e faulty ,  th e syste m describe s th e 

effect s o f  th e faul t  o n th e operatio n o f  othe r  components ,  o n th e 

behavio r  o f  a  tes t  l igh t  inserte d int o th e circuit ,  an d o n th e 

functionin g o f  th e ignitio n circui t  a s a  whole . 

In order to meet these instructional requirements, the model 

consist s o f  (1 )  a  representatio n o f  circui t  topology ,  (2 )  a 

functiona l  mode l  fo r  eac h devic e withi n th e circuit ,  (3 )  rule s 

fo r  evaluatin g devic e state s a t  eac h poin t  i n t ime ,  an d (4 ) 

procedure s fo r  tracin g th e circui t  t o ai d i n evaluatin g 

condit ion s fo r  devic e states .  Th e topologica l  representatio n 

describe s th e connection s betwee n device s withi n th e circuit . 

The functiona l  mode l  fo r  a  devic e specifie s it s operatin g state s 

an d th e condition s fo r  enterin g thos e states .  Fo r  example ,  th e 

coi l  ha s tw o states :  fiel d buildin g an d fiel d dissipating .  Th e 

conditio n fo r  enterin g th e fiel d buildin g stat e i s tha t  a n 

electrica l  potentia l  exist s acros s th e Primary-Plu s an d Primary -

Minu s terminals .  Th e conditio n fo r  th e fiel d dissipatin g stat e 

i s tha t  ther e i s n o suc h electrica l  potential .  I n orde r  t o 

determin e i f  a n electrica l  potentia l  exists ,  th e mode l  mus t  chec k 

fo r  a  continuou s pat h fro m eac h termina l  t o a  voltag e source .  T o 

determin e i f  th e pat h i s continuous ,  th e mode l  mus t  chec k th e 

state s o f  eac h devic e t o se e i f  i t  provide s a  conductiv e path . 
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I f  a  brea k i n th e circuit s occur s (i f  a  switc h i s ope n o r  a 

devic e i s faulte d open ) ,  alternativ e paralle l  path s ar e searched . 

I f  n o continuou s pat h i s found ,  th e mode l  conclude s tha t  ther e i s 

no operatin g voltag e fo r  th e coil .  O n th e othe r  hand ,  i f  a t 

leas t  on e continuou s pat h i s foun d fo r  bot h th e fee d an d groun d 

systems ,  the n th e mode l  check s fo r  short s (path s o f  negligibl e 

resistanc e t o th e opposit e sid e o f  th e voltag e source )  .  I n thi s 

way,  characteristic s o f  th e circui t  ar e examine d i n orde r  t o 

evaluat e th e operatin g requirement s fo r  a  device .  A n advantag e 

of  thi s mode l  i s tha t  th e effect s o f  fault s o n th e operatio n o f 

th e circui t  ar e easil y determined .  A  furthe r  advantag e i s tha t 

th e circui t  tracin g procedure s ar e simila r  t o thos e employe d b y 

th e FD G strategy .  Thus ,  i n a  sense ,  th e troubleshootin g strateg y 

and th e qualitativ e causa l  mode l  utiliz e a  simila r  kin d o f 

reasoning . 

The model runs in discrete steps in time. All devices evaluate 

thei r  state s i n paralle l  an d appropriat e change s i n th e graphi c 

displa y ar e made .  I f  explanation s ar e desired ,  eac h ste p i n th e 

reasonin g proces s ca n b e articulated .  Th e mode l  als o support s 

studen t  initiate d tests .  Whe n a  tes t  ligh t  i s  positione d i n th e 

circuit ,  procedure s analogou s t o thos e describe d abov e deduc e th e 

stat e o f  th e light .  Runnin g th e mode l  als o enable s on e t o 

determin e th e se t  o f  fault s consisten t  wit h a  give n tes t  result . 

This model is similar to that of de Kleer and Brown (1983) in 

tha t  i t  i s  base d o n qualitativ e causa l  reasoning .  We selecte d 

thi s clas s o f  mode l  (se e als o Kuipers ,  1982 )  becaus e i t  enable s 

th e instructiona l  syste m t o generat e causa l  explanation s tha t  ma y 

hel p student s t o understan d circui t  behavior .  Sinc e ou r  focu s i s 

on troubleshootin g rathe r  tha n "envisioning" ,  ou r  mode l  differ s 

fro m tha t  o f  d e Klee r  an d Brow n i n severa l  respects .  We sough t  a 

model  tha t  woul d b e robus t  i n permittin g fault s t o b e introduce d 

withou t  requirin g a  ne w mode l  fo r  eac h perturbatio n i n th e 

circuit .  B y utilizin g contex t  fre e functiona l  model s fo r  device s 

alon g wit h a  topologica l  searc h proces s fo r  evaluatin g devic e 

conditions ,  w e wer e abl e t o construc t  a  singl e mode l  tha t 

account s fo r  th e effect s o f  fault s o n th e operatio n o f  th e 

circuit . 

Instructional considerations led us to decompose this domain into 

a troubleshootin g componen t  (th e FD G strategy )  an d a  circui t 

reasonin g componen t  (th e qualitativ e causa l  mode l ) .  Thi s 

decompositio n allow s u s t o conside r  th e effect s o f  teachin g 
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reasonin g abou t  circuit s o n th e learnin g o f  troubleshootin g 

skil l s  an d th e effect s o f  teachin g troubleshootin g o n learnin g t o 

reaso n abou t  circuits .  Thi s latte r  cas e i s interestin g fro m th e 

standpoin t  o f  helpin g student s understan d basi c circui t  theor y 

sinc e th e troubleshootin g tas k i s a  for m o f  qualitativ e proble m 

solvin g tha t  ca n motivat e th e learnin g o f  circui t  principles . 
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1.  Introductio n 

A new theory of representation is proposed. The theory attempts to encompass representational 

idea s tha t  hav e emerge d fro m differen t  school s o f  thought ,  i n particula r  fro m wor k i n semanti c 

networks ,  frames ,  fram e semantics ,  an d Conceptua l  Dependency .  Th e mos t  importan t  charac -

teristi c o f  th e theor y i s th e eliminatio n o f  th e frame/slo t  distinctio n mad e i n frame-base d 

language s (alternatively ,  case/slo t  distinctio n foun d i n semanti c network-base d systems) .  I n it s 

plac e i s a  ne w notio n calle d th e "Absolute/Aspectual "  dbtinction . 

The theory described here provides a means of representation that has the following characteris-

tics :  I t  i s  broa d an d uniform ,  applyin g t o an y numbe r  o f  semanti c domains ;  i t  i s  object-oriented ; 

i t  contain s a  finite  se t  o f  primitiv e epistimologica l  relationships ;  i t  ha s th e abilit y t o creat e ne w 

relationships ;  i t  i s  cognitivel y plausibl e (i .  e. ,  i t  m a y reflec t  ho w thing s ar e represente d i n th e 

mind) ;  i t  conform s t o othe r  desirat a fo r  representations ,  suc h a s canonica l  for m an d usefulnes s a s 

a memor y organizer . 

2.  T h e P r o b l e m wit h F r a m e s 

As has been pointed out by Woods (1975) and Brachman (1979), the interpretation of most 

semanti c networ k formalism s i s a t  bes t  non-uniform .  Attempt s t o addres s thes e inadequacie s ha s 

le d t o th e developmen t  o f  system s suc h a s K L - O N E (Brachma n e t  al .  1979) .  T h e theor y propose d 

her e similarl y begin s wit h a  dissatisfactio n wit h a  numbe r  o f  existin g formalisms .  I t  end s u p wit h 

a ne w formalis m tha t  i s  no t  unlik e K L - O N E an d it s descendent s i n spirit .  I n detail ,  th e formal -

is m describe d belo w make s som e differen t  distinctions ,  an d i n som e case s directl y oppose s th e par -

ticula r  decision s mad e i n K L - O N E an d othe r  recen t  attempt s a t  knowledg e representation . 

We begin with frame-bsised systems (Minsky 1975) rather than semantic networks as the starting 

point .  Researc h o n frame-base d system s hav e produce d a  numbe r  o f  interestin g products ,  argu -

ably .  Conceptua l  Dependency *  (Schan k 1975 )  an d script s (Schan k an d Abelso n 1977) ,  whic h wer e 

specifi c t o particula r  type s o f  knowledge ,  an d K R L (Bobro w an d Winogra d 1977) ,  F R L (Robert s 

and Goldstei n 1977 )  an d F R A I L (Charnia k e t  al .  1983) ,  whic h wer e intende d a s genera l  frame -

work s fo r  representation . 

In all the general frame languages, it is possible to define frames, and include in the definitions 

•Conceptaa J Dependenc y preceede d fr&me s historically ,  bn t  w u bue d o d "cu e fnmes "  tha t  wer e fnme-lik e i n 
th e Minsk y seoge . 



345 

assertion s abou t  wha t  slot s th e fram e has .  I t  i s  als o possibl e t o writ e d o w n arbitrar y constraint s 

on wha t  m a y fill  thes e slots ,  an d t o specif y default s fo r  subclasse s o r  instance s o f  tha t  frame .  Fo r 

example ,  on e ca n defin e a  "Person "  frame ,  an d specif y tha t  i t  take s slot s fo r  "Age" ,  " N a m e " , 

and "Address" .  I n effect ,  suc h a  fram e syste m woul d b e quit e simila r  t o a  semanti c networ k wit h 

a nod e fo r  Perso n fro m whic h emanate d link s fo r  Age ,  N a m e an d Address . 

Problem 1: The Meaning of a Slot is Completely Unconstrained 

Despite the apparent usefulness of frames, what it means to be a slot in a frame is just as ill-

define d a s wha t  i t  mean s t o b e a  lin k i n a  network* .  I n particular ,  th e meanin g o f  a  slo t  appear s 

onl y procedurally ,  i f  a t  all .  Fo r  example ,  i f  w e fill  th e Addres s slo t  fo r  som e Perso n wit h "39 3 

Foxo n Road" ,  thi s presumabl y mean s tha t  tha t  person' s plac e o f  residenc e i s a t  th e locatio n s o 

designated .  However ,  filling  i n th e N a m e slo t  wit h "Joh n Smith "  mean s tha t  th e perso n i s calle d 

by thi s name .  Unfortunately ,  thi s differenc e i n meanin g appear s onl y i n th e wa y variou s routine s 

happe n t o manipulat e thos e slots ,  i .  e. ,  i t  i s  encode d procedurally ,  an d therefore ,  outsid e o f  th e 

forma l  syste m o f  representation . 

Problem 2: What May be a Slot in a Frame is Completely Unconstrained 

There also appears to be no "in principle" answer to the question of which frames can support 

whic h slots .  Fo r  example ,  i f  w e allo w Ag e t o b e a  slo t  i n Person ,  an d Fathe r  (t o b e filled  b y th e 

Person' s father )  t o b e a  slo t  i n Person ,  coul d w e allo w Father's-Ag e t o b e a  slot ? H o w abou t 

Person' s bes t  friend s betwee n th e age s o f  2 5 an d 35 ? Regardles s o f  ou r  ow n intuitions ,  th e fram e 

language s d o no t  distinguis h th e suitabilit y  on e fro m another . 

In actual practice, frame systems users appear to represent such knowledge outside the frame sys-

tem .  Fo r  example ,  "bes t  friend s betwee n th e age s o f  2 5 an d 3 5 "  migh t  b e represente d a s a  con -

junctio n i n a  predicat e calculus-lik e formalism .  T h e proble m wit h thi s i s tha t  no w ther e ar e tw o 

system s o f  representation .  W e hav e n o wa y o f  decid e wha t  woul d b e represente d i n which ,  o r 

what  i t  woul d mea n t o represen t  i t  on e wa y rathe r  tha n th e other . 

Problem 3: Many Concepts Do Not Get Defined 

Most importantly, what we have been calling "slots" seem to be perfectly good structured con-

cept s i n thei r  o w n right .  Thes e concept s ar e no t  onl y undefine d -  the y ten d t o b e completel y 

unrecognize d i n fram e systems .  Fo r  example ,  th e concep t  o f  Ag e ha s a  perfectl y well-define d 

meanin g (i n fact ,  mor e s o tha t  doe s Person) .  Namely ,  th e Ag e "slot "  implicitl y  refer s t o a  con -

cep t  whic h i s th e amoun t  o f  tim e sinc e th e creatio n o f  a n objec t  t o som e othe r  m o m e n t  i n time . 

Similarly ,  Addres s i s a  "referrin g object "  fo r  a  building ;  N a m e i s a  "referrin g object "  fo r  a  per -

son . 

In sum, frame systems tend to divide up the world into frames and slots, the latter not having 

tru e concep t  status .  Bu t  th e latte r  d o appea r  t o b e full-fledge d concepts .  F r a m e system s neithe r 

recogniz e thi s fac t  no r  allo w fo r  th e expressio n o f  th e meanin g o f  thes e items . 

3.  K O D I A K 

KODIAK (Keystone to Overall Design for Integration and Application of Knowledge) is a 
knowledg e representatio n languag e bein g create d a t  th e Berkele y Artificia l  Intellgienc e Researc h 

•Charniak ,  Riesbec k &n d McDennot t  (1080 )  tal k abou t  thes e language s a s "for m langaages "  Thi s nomencl ^ 
tur e suggests ,  I  thin k correctly ,  tha t  th e formalis m i s mor e o f  a  for m t o collec t  knowledg e tha n a  representatio n 
of  tha t  knowledge . 
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Projec t  tha t  attempt s t o redres s th e abov e grievences .  W e vie w K O D I A K a s a n extentio n o f 

frames .  However ,  th e syste m i s actuall y n o mor e frame-lik e tha n semantic-network-lik e (whic h 

als o appear s t o b e th e cas e fo r  th e mor e advance d semantic-networ k derive d language s lik e KL -

O N E ). 

Like KL-ONE, the primary structure of KODIAK is the Concept. However, there is no notion of 

role ,  slo t  o r  case .  Instead ,  th e ide a o f  hav e a  slo t  o r  rol e i s replace d b y on e o f  a  se t  o f  primitiv e 

epistemologica l  relations .  Thi s relatio n i s calle d M A N I F E S T .  A  Concep t  i s  i n a  M A N I F E S T 

relatio n t o anothe r  Concep t  when ,  intuitively ,  th e Srs t  Concep t  "has "  th e secon d Concep t  a s a 

property .  Fo r  example ,  i f  w e wan t  t o indicat e tha t  physica l  object s hav e ages ,  w e coul d asser t 

tha t  th e Concep t  Physical-Objec t  M A N I F E S T S th e A g e Concept* .  Furthermore ,  onc e th e 

M A N I F E ST relatio n ha s bee n asserte d t o exis t  betwee n tw o Concepts ,  a  ne w relatio n come s 

int o existence .  Thi s relatio n let s u s asser t  tha t  particula r  kind s (o r  instances )  o f  on e Concep t  ca n 

M A N I F E ST particula r  kind s (o r  instances )  o f  th e other .  I f  Concept l  M A N I F E S T S Concepts , 

say ,  the n w e n a m e thi s relationshi p "Concept2-of-Conceptl" .  W e cal l  suc h a  relationshi p a n 

aspectual .  I n contrast ,  w e cal l  al l  othe r  Concepts ,  suc h a s A g e an d Physical-Object ,  abso -

lutes . 

For example, if we assert that Physical-Object MANIFESTS Age, then the aspectual relation 

Age-of-Physical-ObJec t  come s int o existence .  W e ca n us e thi s relatio n t o asser t  th e ag e o f 

some particula r  physica l  object ,  amon g othe r  things . 

The intuition behind the idea of aspectuals to capture the dual use of terms like "name" and 

"color" .  W h e n w e tal k o f  th e "nam e of "  someon e o r  th e "colo r  of "  a n object ,  th e clai m is ,  w e 

ar e referrin g t o colo r  a s a n aspectua l  (mor e properly ,  w e ar e referrin g t o th e 

Color-of-Physlcal-ObJec t  aspectual) .  W h e n w e sa y "re d i s a  color" ,  w e ar e talkin g abou t  bot h 

Colo r  an d R e d a s Conceptua l  categories .  Similarly ,  A g e i s th e Concep t  o f  age ,  bu t 

Age-of-Physlcal-ObJec t  i s th e "age "  implicitl y  referre d t o i n "Joh n i s twelv e year s old" . 

In effect, we have split the idea of slot into several parts. One is the idea that a "frame" can 

hav e a  slo t  o f  a  certai n typ e (thi s i s  expresse d b y th e M A N I F E S T assertion) ;  anothe r  i s  th e 

Concep t  tha t  i s  th e slo t  (thi s i s  represente d a s another ,  i n principl e independent .  Concept) ; 

finally,  ther e i s th e fac t  tha t  particular s o r  subtype s o f  th e "frame "  an d M A N I F E S T e d Concep t 

ca n b e i n a  relatio n o f  thi s sor t  t o on e anothe r  (thi s i s enable d b y th e semantic s o f  M A N I F E S T , 

and expresse d b y a  particula r  derivativ e aspectua l  relatio n assertion) . 

It is awkward to talk about the assertion of a relation between two Concepts. Therefore, I shall 

loosel y refe r  t o suc h a n assertio n a s a  link ,  an d depic t  i t  graphicall y a s such . 

The advantage of this formulation is that we can provide explicit definitions for and assertions 

abou t  Concept s suc h a s A g e .  I n a  traditiona l  fram e base d system ,  suc h Concept s coul d no t  b e 

predicate d abou t  explicitly . 

For example, we would like to assert that the Concept Age is the difference between the creation 

tim e o f  a n objec t  an d som e othe r  tim e (usuall y  N o w ) .  T o d o so ,  w e nee d t o introduc e som e addi -

tiona l  epistemologica l  relations . 

•Of  coursf ,  w e ma y wan t  t o asser t  thi s fac t  abou t  som e categor y mor e genera l  tha n Physical-Object ,  s o i t 
woul d b e meaningfu l  t o tal k abou t  th e ag e o f  a n idea ,  fo r  exampl e I n thi s paper ,  I  shal l  no t  b e terribl y con -
cerne d abou t  th e correctnes s an y suc h assertion .  Instead ,  I  wil l  us e categorie s tha t  ar e familia r  rathe r  tha n 
thos e tha t  ma y b e technicall y necesaar y t o describ e properl y a  conceptio n o f  th e world . 
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4.  Primitiv e EpUtemologlca l  Relation s 

In KODIAK, the following set of epistemological relations is supposed: 

MANIFEST 

The semantics of MANIFEST is described above. We indicate this relation graphically by a 
directe d arro w labelle d "/i" .  Formall y  (i .  e. ,  i n non-pictoria l  language )  w e indicat e thi s b y th e 
for m ( M A N I F E S T Concep t  Property-Concept) .  Fo r  example ,  t o indicat e tha t  a 
Physical-Objec t  ha s a n Ag e an d a  Color ,  w e ca n dra w th e following : 

Physical-Object —r^i>Age 

Colo r 

Similar, we can indicate that an Action has an Actor: 

Action 7"*^ Actor 

These examples illustrate several different kinds of MANIFESTation. Maida (1984) has sug-
geste d tha t  Concept s lik e Actio n M A N I F E S T Acto r  definitionall y  (i .  c. ,  th e Concep t  Acto r  i s 
define d i n term s o f  th e Concep t  Action) ,  wherea s Concept s hk e Physical-Objec t  M A N I F E S T 
Colo r  assertionall y  (i .  e. ,  thi s assert s a  tru e bu t  non-definitiona l  fac t  abou t  th e world) .  I n addi -
tion ,  w e sugges t  tha t  Physical-Objec t  M A N I F E S T S Ag e derivativel y (i .  e. ,  th e definitio n o f 
Age entail s thi s particula r  M A N I F E S T relation) .  Se e Maid a (1984 )  fo r  a  furthe r  exploratio n o f 
thes e ideas . 

DOMINATE 

This is a "structured inheritence" relation between Concepts. Its semantics is essentially ISA. 
We indicat e i t  graphicall y b y a  lin k labelle d "D "  an d formall y b y a n expressio n o f  th e for m 
( D O M I N A TE general-concep t  specific-concept) . 

To indicate the relations between the parts of one Concept and those of a Concept that 
D O M I N A T ES it ,  w e us e a n informa l  relatio n calle d "role-play" .  Fo r  technica l  reasons ,  thi s 
relatio n i s implemente d i n term s o f  another ,  s o i t  i s no t  a  tru e relatio n o f  th e system .  Neverthe -
less ,  i t  i s  convenien t  fo r  expositiona l  purposes . 

As an example, we propose that there exists a type of Event called Causal, which 
M A N I F E S TS a  Caus e an d a n Effect .  I f  w e accep t  th e interpretatio n tha t  Kil l  mean s "caus e t o 
die" ,  thi s ca n b e represente d b y specifyin g a  Concep t  Kil l  whic h MANIFESTS,  amon g othe r 
things ,  a  Kill-Victi m an d a  Kill-Death-Event .  Th e latte r  Concep t  i s represente d a s meanin g 
tha t  th e Kill-Victi m died .  We wan t  t o establis h th e meanin g o f  Kil l  no w b y saying ,  intuitively , 
tha t  Kill-Death-Even t  play s th e rol e o f  th e Cause ,  whe n Kil l  i s  viewe d a s a  Causa l  event . 

Rather than introduce an explicit role-play relation, however, we take advantage of the fact that 
th e M A N I F E S T relation s betwee n Causa l  an d Effec t  an d betwee n Ki U an d 
Kill-Death-Even t  giv e ris e t o aspectuals .  I n particular ,  the y creat e th e aspectual s 
Effect-of-Causa l  an d Klll-Death-event-of-Kill .  Sinc e aspectual s ar e full-fledge d Concept s i n 
KODIAK,  w e ca n represen t  th e role-pla y relatio n simpl y b y assertin g tha t  th e latte r  aspecuta l  i s 
D O M I N A T Ed b y th e former .  Thu s w e hav e th e followin g graphi c depiction : 
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/ 

Even t 

CauMl 

KUl 

Cause 

Effec t 

^  Kill-Caus e Deat h 

-KUl-Death-Event^^ Dler 

^ Klll-Vlctlin 

First ,  not e tha t  thes e term s refe r  t o th e actua l  Concepts .  Fo r  example ,  th e ter m Caus e refer s t o 

th e ide a o f  "cause" ,  an d th e ter m a  Effec t  t o th e ide a o f  "effect" .  Thes e ar e no t  meaningles s 

placeholder s i n a  form . 

Second, much has been omitted in this diagram, for example, the semsintics of Cause, Effect and 

Death .  Thes e ar e o f  cours e a  crucia l  par t  o f  th e overal l  system ,  an d ar e omitte d her e fo r 

simplicity' s sake . 

Third, note that some Concepts, for example, Kill-Cause, have no additional semantics associ-

ate d wit h them .  Tha t  is ,  thi s i s a n "empty "  Concept .  KU l  coul d hav e inherite d th e genera l 

Cause fro m Causal ,  s o i n thi s cas e th e ne w nam e i s no t  strictl y necessary .  However ,  i t  woul d 

become necessar y i f  w e wante d t o mak e a n assertio n abou t  th e Caus e o f  a  Kil l  event .  I n con -

trast ,  th e Concep t  Kill-Death-Even t  ha s a n explici t  definitio n a s a  kin d o f  Deat h event . 

INSTANTIATE 

This relation holds when one Concept is to be considered as an instance of another. Its depiction 

i s simila r  t o tha t  fo r  D O M I N A T E S.  Fo r  example ,  th e fac t  tha t  som e Concep t  represent s a n 

individua l  huma n bein g woul d b e represente d b y a n I N S T A N T I A T E lin k betwee n tha t  Concep t 

and th e Concep t  Person .  Similarly ,  a  particula r  killin g even t  woul d b e represente d b y a n 

I N S T A N T I A T E lin k betwee n th e particula r  even t  Concep t  an d th e Concep t  Kill . 

Like DOMINATE, INSTANTIATE allows for "role-play" relations between the respective 

M A N I F E S T ed Concepts .  Fo r  example ,  t o represen t  th e even t  i n whic h Joh n wa s killed ,  w e 

creat e a  ne w Concept .  W e cal l  thi s Concep t  EventlOO ,  t o sugges t  mneumonicall y tha t  i t  i s  a n 

event ,  an d t o indicat e tha t  suc h Concept s ar e rathe r  numerous .  Similarly ,  John T denote s th e 

Concept  o f  th e perso n name d "John. "  W e the n indicat e tha t  EventlO O I N S T A N T I A T E S 

Kill ,  an d tha t  John ? play s th e rol e o f  th e Kill-Victim : 

^Kill-Victi m 

EventlO O 

John T 

Again ,  th e representatio n show n her e i s abbreviated .  Fo r  example ,  th e lin k betwee n John ? an d 

Perso n i s no t  shown ,  no r  i s th e informatio n tha t  th e first  nam e o f  John ? i s "John. " 
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Not e tha t  i n K O D I A K ,  ther e i s n o suc h thin g a s a n individua l  pe r  se .  Rather ,  th e notio n o f  a n 

individua l  i s  meaningfu l  onl y wit h respec t  t o anothe r  concept .  Fo r  example ,  al l  o f  th e rathe r  gen -

era l  categor y concept s mentione d abov e ma y b e individual s o f  othe r  categories .  Fo r  example ,  al l 

of  the m coul d b e individual s o f  th e Concep t  Category ,  shoul d w e introduc e suc h a  ter m i n th e 

system .  Th e propertie s o f  som e individual s tha t  usuall y lead s t o typin g object s "individual "  o r 

"generic, "  a s i n K L - O N E ,  ar e her e considere d t o b e peculia r  propertie s o f  physica l  object s rathe r 

tha n somethin g intrinsi c t o individuals . 

As a further example, consider the War and Peace problem. The book War and Peace is an 

individua l  o f  th e Concep t  Book .  However ,  th e particula r  cop y o f  W a r  an d Peac e sittin g o n m y 

shel f  i s  appear s t o b e i n th e sam e relationshi p t o th e Concep t  W a r  an d Peac e a s tha t  Concep t 

i s t o th e Concep t  Book .  Thi s situatio n ca n b e represente d i n K O D I A K b y assertin g tha t  th e 

Concep t  W a r  an d Peac e I N S T A N T I A T E S th e Concep t  Book ,  an d tha t  th e particula r  cop y o f 

a boo k I N S T A N T I A T E S th e Concep t  W a r  an d Peace . 

VIEW 

An important aspect of the theory underlying KODIAK is that conceptual structure is not monol-

ithi c o r  static .  I n particular ,  w e wan t  t o b e abl e t o talkin g abou t  viewin g on e Concep t  i n term s 

of  another .  Thi s ide a W2i s first  suggeste d a s a  representationa l  techniqu e i n K R L (Bobro w an d 

Winogra d 1977) .  K R L doe s no t  admi t  t o a  notio n o f  definition ,  an d treat s al l  perspective s a s 

equall y valid .  W e d o no t  adop t  thi s extrem e position ,  bu t  wan t  t o allo w th e flexibility  o f  viewin g 

a (possibl y defined )  Concep t  21 s somethin g othe r  tha n it s "ordinary "  interpretation . 

For example, it is desirable to realize that a person can have properties, such as weight and color, 

tha t  ar e generall y considere d t o b e genera l  propertie s o f  al l  physica l  objects .  I n mos t  representa -

tiona l  schemes ,  t o capitaliz e o n thi s knowledg e abou t  physica l  objects ,  i t  i s  necessar y t o asser t 

tha t  person s ar e a  kin d o f  physica l  object .  Thi s i s peculiar ,  becaus e suc h a  vie w o f  peopl e i s a t 

odds wit h a  norma l  workin g distinctio n betwee n peopl e an d physica l  objects . 

In KODIAK, we resolve this problem by introducing the relation VIEW. VIEW is similar to 

D O M I N A T E,  excep t  tha t  i t  doe s no t  impl y a  primar y o r  definitiona l  statu s t o th e relation .  Fo r 

example ,  i n K O D I A K ,  w e ca n asser t  tha t  Perso n i s D O M I N A T Ed b y Living-Thing ,  o r  som e 

suc h Concept ,  an d als o asser t  tha t  w e ca n V I E W Perso n a s a  Physical-Object . 

VIEW is more complicated than the other relations we have seen. This is the case because the 

V I E W o f  on e objec t  a s anothe r  i s itsel f  a  full-fledg e Concept .  Fo r  example ,  th e V I E W o f  a 

Perso n a s a  Physical-Objec t  i s  itsel f  th e Concep t  Body .  Thu s w e represen t  V I E W s a s three -

par t  relations .  W e depic t  thi s graphicall y a s follows : 

Physical-Objec t 

Body 

' ^ 

Perso n 

Formally, we can say that (VIEW viewed-concepted viewed-as-concept view-concept), meaning 

tha t  view-concep t  i s viewed-concep t  viewe d a s viewed-as-concept . 

As is the case with DOMINATE, we can elaborate on a view by specifying additional VTEWs 

betwee n th e derive d aspectual s o f  th e Concept s participatin g i n th e relation . 

One application of VIEW is to express some of the notions that arise in frame semantics 

(Fillmor e an d Ka y 1980) .  I n thi s system ,  som e concept s ar e define d i n referenc e t o a  backgroun d 
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frame .  Fo r  example ,  "buying "  an d "selling "  ar e define d i n referenc e t o th e fram e fo r  "commer -

cia l  transaction" .  W e ca n represen t  thi s wit h V I E W a s follows : 

SeU 

Actio n 

Commercial-Transactio n 

^  \ .  }  Acto r 

A ^ S e U e r 

'Mone y 

Buy i s define d similarly . 

GENERIC-INDIVroUA L 

This relation is used to define a Concept that acts as an exemplar of another Concept. Properties 

tha t  ar e typicall y tru e o f  a  Concep t  bu t  no t  strictl y necessar y ma y b e asserte d abou t  a  Concep t 

tha t  i s  i n a  G E N E R I C - I N D I V I D U A L relatio n t o anothe r  Concept .  Informatio n abou t  "proto -

types "  ca n b e accommodate d i n thi s manner .  G E N E R I C - I N D I V I D U A L i s simila r  t o th e 

• T Y P E featur e o f  Fahlman' s N E T L syste m (Fahlma n 1979) . 

EQUATE 

This relation is used to show that two descriptions are co-referential. We shall not elaborate on 

it s us e here . 

5.  Example s 

Age 

As mentione d about ,  a  stron g motivatio n fo r  K O D I A K wa s t o b e abl e t o represen t  th e semantic s 

of  concept s lik e "age" .  Give n th e abov e relations ,  w e ca n defin e a n A g e Concep t  whic h i s th e 

differenc e betwee n th e creatio n o f  a  thin g an d som e othe r  time : 

Differenc e 

Age 

State-Chang e 

s Înltlal-Stat e 

JvPInal-Stat e 

ubtrahen d 

Minuen d 
Difference-Resul t 

J ,  Creatlon-Evei^t L 

KZJreatlon-TIm ^  \^ObJect-Not-ExIfl t 

Reference-Tim e ^Object-Exis t 

T 

I n thi s representation .  A g e i s represente d a s a  Difference-Resul t  o f  th e Differenc e betwee n 

Creatlon-TIm e an d a  referenc e point .  Creation-Tim e i s furthe r  defined ,  althoug h th e represen -

tatio n o f  Object-Exist ,  etc. ,  i s  abbreviated . 

Action 

I n K O D L A K,  a n Actio n i s jus t  anothe r  typ e o f  Causal-Event .  I n particular ,  i t  i s  th e clas s o f 

suc h event s wher e th e Caus e i s th e Acto r  willin g som e intende d state .  W e ca n thu s represen t 

th e genera l  ide a o f  Actio n a s follows : 
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CauBal-Even t 

Effec t 

/ ^WUl^Ppoposltibn 

^Actor-WUl 

-^ Action 

Her e w e neglec t  t o represen t  tha t  th e Concep t  Wil l  i s  a  kin d o f  Mental-State . 

0.  ProceMin g an d Representatio n 

One advantage of this representation is that it allows for the full and deep meaning representa-

tion ,  but ,  a t  th e sam e time ,  ha s th e propert y tha t  simpl e linguisti c form s (i .  e. ,  one' s tha t  see m t o 

be easil y understood )  ca n b e easil y represented .  Fo r  example ,  t o represen t  th e fac t  "Bil l  wa s 

killed" ,  w e nee d onl y creat e a  ne w symbo l  designatin g th e particula r  event ,  an d a  ne w symbo l 

designatin g th e perso n an d the n gro w th e appropriat e links .  T o represen t  "Joh n kille d Bill" ,  w e 

coul d ad d furthe r  link s indicatin g tha t  th e symbo l  designatin g th e ne w even t  i s als o a n Action , 

wit h th e symbo l  designatin g "John "  bein g th e Actor . 

Now, if we wished to represent "John killed Bill intentionally", we would flrst have to have 

represente d th e Concep t  Intended-Action .  Thi s coul d b e represente d a s a  kin d o f  Actio n i n 

whic h th e Acto r  Willin g somethin g i s th e actua l  Caus e o f  tha t  thing .  The n th e representatio n 

of  th e sentenc e jus t  entail s a n additiona l  lin k t o thi s Concept . 

The advantage here is that we capture the full semantics of these sentences, but do not require 

processin g tha t  seem s ou t  o f  lin e wit h th e eas e wit h whic h thes e sentence s ca n b e understood . 

7.  Conclusion s 

An outstanding feature of KODIAK is the proliferation of concepts. Rather than a small set of 

semanti c notion s fro m whic h al l  meanin g i s derived ,  ther e wil l  en d u p bein g man y mor e concept s 

i n K O D I A K tha n ther e ar e word s o f  a  give n language .  Thi s doe s no t  appea r  t o b e problematic , 

becaus e eve n mor e reductionisti c system s see m t o en d u p wit h suc h concepts .  Fo r  example ,  th e 

variou s knowledg e structure s o f  propose d b y Schan k see m t o posi t  th e existenc e o f  a  larg e clas s o f 

element s simila r  t o thos e explicitl y  acknowledge d i n K O D I A K .  Wha t  w e hav e attempte d t o pro -

vid e i s a  unifor m mean s t o represen t  thes e notions ,  independen t  o f  thei r  particula r  semanti c con -

cept . 

Of course, there are many representational problems which the current system does not address. 

However ,  mos t  o f  thes e appea r  t o b e problemati c fo r  al l  systems .  W e ar e hopefu l  tha t  th e frame -

wor k establishe d i n K O D I A K wil l  b e abl e t o accommodat e solution s t o thes e problem s withou t 

radica l  changes ,  althoug h w e hav e no t  ha d enoug h experienc e wit h th e syste m t o suppor t  suc h a 

claim . 



352 

8.  Reference s 

(1) Bobrow D. G. and Winograd, T. An Overview of KRL, a Knowledge Representation 
Language .  I n Cognitiv e Scienc e Vol .  1 ,  No .  1 ,  pp .  3-46 .  1977 . 

(2) Brachman, R. J. On the Epistemological Status of Semantic Networks. In AsBoclatlve 
Networks :  Representatio n an d Us e o f  Knowledg e b y Computers .  N .  V .  Findle r 
(ed.) .  Ne w York :  Academi c Press ,  1979 . 

(3) Brachman, R. J. et al. Research in Natural Language Understanding. BBN report No. 
4274,  Cambridge ,  Mass .  197 9 

(4) Charniak, E., Gavin, M. K., and Handler, J. A. The FRAIL/NASL reference manual. 
Technica l  repro t  CS-83-06 ,  Departmen t  o f  Compute r  Science ,  Brow n University .  1983 . 

(5) Charniak, E., Riesbeck, C. K., McDermott, D. Artificial Intelligence Programming 
Techniques .  Lawrenc e Erlbau m Associates :  Hillsdale ,  Ne w Jersey .  1980 . 

(6) Fahlman, S. E. NETL: A System for Representing and Using Real-World 
Knowledge .  MI T Press ,  Cambridge ,  MA.  1979 . 

(7) Fillmore, C. and Kay, P. Progress Report: Text Semantic Analysis of reading Comprehen-
sio n Tests .  Manuscript .  1980 . 

(8) Maida, A. Conceptual Coherence (working paper) 1984. 

(9) Minsky, Marvin. A framework for representing knowledge. In P. H. Winston, (ed.) The 
Psycholog y o f  Compute r  Vision .  McGraw-Hill ,  Ne w York .  1975 . 

(10) Roberts, R. B. and Goldstein, I. P. The FRL Manual. Technical Report AIM-408, MIT 
Artificia l  Intelligenc e Laboratory .  1977 . 

(11) Schank, R. C. Conceptual Information Processing. North Holland, Amsterdam. 1975. 

(12) Schank, R. C. and Abelson, R. P. Scripts, Plans, Goals and Understanding! An 
Inquir y Int o H u m a n Knowledg e Structures .  Lawrenc e Erlbau m Associates :  Hillsdale , 
New Jersey .  1977 . 

(13) Woods, William A. What's in a Link: Foundations for Semantic Networks. In Represen-
tatio n an d Understanding :  Studie s I n Cognitiv e Science .  D .  G.  Bobro w an d A .  COl -
lin s (eds.) .  Ne w York :  Academi c Press ,  1975 . 





353 
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The ai m o f  thi s pape r  i s t o presen t  som e observation s abou t  certai n type s o f  representations ,  o r 

encodings ,  i n connectionist ,  o r  neural-like ,  networks .  I n particular ,  thi s pape r  wil l  cal l  attentio n t o 

tw o distinc t  categorie s o f  encodin g i n suc h network s an d examin e som e result s bearin g o n th e issu e o f 

self-organizin g network s whic h us e on e o r  th e othe r  typ e o f  encoding .  Thi s discussio n wil l  b e limite d 

t o th e encodin g o f  dat a whic h i s fundamentall y numerica l  (or ,  mor e precisely ,  geometric) .  I t  i s  a n 

interestin g questio n whethe r  semanti c dat a ca n als o b e imbedde d i n a  geometri c framework ,  bu t  suc h 

matter s wil l  b e ignore d here . 

A number of interesting attempts have been made to provide an answer to the general problem 

of  ho w a  networ k migh t  b e shape d t o a  particula r  environmen t  throug h self-organization .  A m o n g 

thes e ar e th e earl y pcrceptro n studie s o f  Rosenblat t  (1962) ,  th e investigation s int o possibl e neura l  ne t 

dynamic s b y Grossber g (1980) ,  th e recen t  theoretica l  approac h o f  Hinto n &  Sejnowsk i  (1983) ,  an d 

severa l  work s wit h th e goa l  o f  finding  way s i n whic h cell s i n visua l  corte x migh t  becom e tune d t o 

specifi c  feature s throug h self-organizatio n (vo n de r  Malsburg ,  1973 ;  Nas s &  Cooper ,  1975 ;  Bienenstoc k 

et  al. ,  1982) .  T w o recen t  work s whic h shar e a  commo n perspectiv e wit h th e approac h t o b e take n her e 

ar e tha t  o f  Kohone n (1982 )  an d tha t  o f  Amar i  (1983) . 

On the other hand, a number of non-self-organizing connectionist networks have been hand-

crafte d t o perfor m particula r  sensor y o r  cognitiv e processin g task s i n way s whic h ar e generall y 

intende d t o accoun t  fo r  huma n performanc e dat a and/o r  b e compatibl e wit h neurobiologica l  dat a 

(Feldma n &  Ballard ,  1982 ;  Ballard ,  1981 ;  McClellan d &  Rumelhart ,  1981 ;  Hinton ,  1981) .  Certai n 

classe s o f  networ k hav e eve n bee n propose d a s havin g a  certai n universalit y i n sensor y processing ,  a t 

leas t  i n th e visua l  syste m (Ballard ,  1981) .  Suc h universalit y migh t  reasonabl y b e take n a s makin g suc h 

network s plausibl e candidate s fo r  th e actua l  implementatio n o f  thes e algorithm s i n th e brain .  I t  the n 

becomes reasonabl e a s wel l  t o investigat e possibl e mechanism s b y whic h suc h network s migh t  b e abl e 

t o self-organiz e t o som e degree ;  i f  suc h mechanism s ca n b e show n t o exist ,  i t  coul d the n b e argue d 

tha t  thes e type s o f  networ k represen t  a  genera l  processin g strateg y whic h coul d find  wid e applicabilit y 

i n th e brain . 

Thi s researc h wa s supporte d by « gran t  t o Davi d Zipse r  fro m th e Syste m Developmen t  Foundation . 

Copyright O 1984 Ronald J. Williams 
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I n wha t  follows ,  attentio n wil l  b e restricte d t o th e followin g 2-laye r  architecture : 

7 ^ T f T - T ^ / \ 

•  •  • 

AI  an d A 2 ar e layer s o f  unit s an d eac h ma y optionall y hav e fixed  latera l  connections .  A s depicted , 

ther e ar e connection s fro m A  j  unit s t o A j  units ,  an d thes e wil l  b e assume d t o b e variabl e an d thu s sub -

jec t  t o self-organization .  I n addition ,  ther e ma y b e connection s (no t  depicte d above )  fro m A 2 unit s t o 

AI  units ,  an d thes e ma y als o b e variable .  Th e reaso n tha t  onl y th e A i  -  A 2 connectivit y i s depicte d 

abov e i s tha t  i t  i s  th e A j  -  A 2 transfe r  functio n tha t  i s  o f  paramoun t  interes t  here .  Specifically ,  inpu t 

t o th e syste m wil l  b e assume d t o consis t  o f  a  patter n o f  activatio n i n th e A j  layer ,  an d outpu t  wil l  b e 

take n a s th e resultin g patter n o f  activatio n i n th e A 2 layer .  Whil e thi s networ k i s bein g considere d 

her e i n isolation ,  on e ma y vie w thi s mor e generall y a s simpl y a  sub-networ k consistin g o f  tw o adjacen t 

layer s i n a  large r  hierarchica l  network . 

I will consider the Aj - A2 transfer function as performing a mapping between two individual 

encodings ,  fro m tha t  i n th e A i  laye r  t o tha t  i n th e A 2 layer .  A  patter n i n eithe r  laye r  ca n b e con -

sidere d a s a  Euclidea n vecto r  whos e coordinate s ar e simpl y th e respectiv e activatio n value s o f  al l  o f 

th e unit s i n tha t  layer .  Th e distinctio n I  sugges t  drawin g betwee n encoding s essentiall y  revolve s 

aroun d ho w usefu l  suc h a  vecto r  spac e descriptio n i s fo r  capturin g th e essentia l  dimension s alon g 

whic h th e lawfu l  pattern s ma y vary . 

A full characterization of the two types of encoding will not be given here; it will be sufficient 

fo r  presen t  purpose s t o simpl y giv e example s o f  eac h an d t o cit e a  closel y relate d distinctio n alread y 

existin g i n th e literature . 

Ballard (1981) calls attention to the distinction between having each unit in a network represent 

a particula r  poin t  i n a  paramete r  spac e (wit h it s activatio n representin g confidenc e i n th e validit y o f 

tha t  point )  an d havin g unit s whos e activatio n represent s th e valu e o f  a  (necessaril y  one-dimensional ) 

parameter .  Th e forme r  i s calle d a  valu e uni t  encodin g b y Ballar d an d i s use d extensivel y i n hi s gen -

eralize d Houg h transfor m approac h t o earl y visua l  processing ;  th e latte r  i s  calle d a  variabl e uni t  encod -

ing . 

For purposes of this paper, call any variable unit encoding a Type I encoding; the class of Type II 

encoding s wil l  includ e an y valu e uni t  encodin g a s wel l  a s an y representatio n typifie d b y pixel-leve l 

description s o f  retina l  images . 

As a  concret e example ,  conside r  a  1-dimensiona l  arra y o f  1 0 unit s suc h tha t  th e onl y pattern s 

whic h appea r  i n thi s arra y al l  consis t  o f  tw o adjacen t  I' s  wit h th e res t  O's .  Thi s i s a  Typ e I I  encodin g 

of  a  patter n spac e whic h ma y b e considere d essentiall y  one-dimensional ;  th e 10-dimensiona l  vector s 
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whic h represen t  th e pattern s jum p aroun d i n th e spac e i n suc h a  wa y tha t  thi s one-dimensionalit y i s 

not  easil y recognized .  Thi s one-dimensionalit y i s reall y a  consequenc e o f  th e manne r  i n whic h th e 

pattern s overlap . 

In contrast, this same pattern space may be given a Type I encoding in a single unit whose 

activatio n i s a  monotoni a functio n of ,  say ,  th e distanc e o f  th e leftmos t  1  i n th e patter n fro m th e left -

hand en d o f  th e array . 

At this point, the central thesis of this paper can be stated: Self-organizing mappings from Type I 

representation s i s straightforward ;  self-crganizin g mapping s fro m Typ e I I  representations ,  i f  possibl e a t 

all ,  wil l  requir e th e us e o f  mechanism s ye t  t o b e discovered .  I n suppor t  o f  th e first  hal f  o f  thi s thesis ,  I 

presen t  th e followin g tw o example s o f  self-organizin g mappings ,  th e first  take n fro m wor k o f  Kohone n 

(1982 )  an d th e secon d fro m recen t  wor k o f  m y own .  Followin g thes e example s i s a  discussio n i n sup -

por t  o f  th e secon d hal f  o f  thi s thesis . 

Example 1. Let the A2 layer have a certain pattern of lateral feedback connections so that the 

onl y pattern s o f  activit y whic h i t  support s ar e suc h tha t  al l  non-zer o activit y i s  confine d t o a  ver y smal l 

number  o f  nearb y units .  I n particular ,  assum e tha t  th e unit s ar e lai d ou t  i n 2-dimensiona I  spac e i n 

suc h a  wa y tha t  nearb y unit s excit e on e anothe r  bu t  mor e distan t  unit s inhibi t  on e another .  Suppos e 

tha t  th e A  \  laye r  consist s o f  2  units ,  wit h pattern s draw n uniforml y fro m a  conve x subse t  o f  Euclidea n 

2-space .  Suppos e als o tha t  ther e ar e n o A 2 -  A x connections .  The n Kohone n (1982 )  ha s show n that , 

by usin g a  commo n varian t  o f  wha t  ha s com e t o b e know n a s th e Heb b learnin g rule ,  th e A j  -  i4 2 

mappin g wil l  generall y self-organiz e i n suc h a  wa y tha t  nearb y unit s respon d mos t  strongl y t o nearb y 

patterns .  ̂  Th e resultin g mappin g re-code s th e 2-dimensiona l  patter n spac e implici t  i n th e activation s 

of  th e A x unit s i n suc h a  wa y tha t  it s 2-dimcnsionaIit y become s explici t  i n th e A 2 layer .  I n th e 

languag e o f  Ballar d (1981) ,  th e resultin g mappin g ca n b e sai d t o tur n a  variabl e uni t  encodin g int o 

what  i s essentiall y  a  valu e uni t  encoding ;  i n th e terminolog y o f  thi s paper ,  th e resultin g mappin g re -

cast s a  Typ e I  representatio n int o a  particula r  Typ e I I  representation . 

Example 2. -Let the system have no laferal connections in either the Ax layer or the A2 layer, but 

le t  ther e b e reciproca l  A 2 -  A j  connections .  Le t  th e A x unit s appl y a  weigh t  modificatio n rul e t o thei r 

incomin g A 2 -  A j  connection s whic h ha s th e effec t  o f  tryin g t o mor e closel y matc h thei r  curren t  pat -

tern ;  furthermore ,  le t  the m appl y thi s sam e correctio n t o thei r  outgoin g A 1 -  A 2 connections .  Then , 

i f  th e bottom-u p an d top-dow n connection s ar e symmetrical ,  ̂  th e syste m perform s a  principa l  com -

ponen t  analysi s o f  th e trainin g stimul i  durin g self-organization .  Mor e precisely ,  le t  n 2 denot e th e 

number  o f  unit s i n th e A 2 layer .  Then ,  i f  thi s syste m i s traine d wit h pattern s havin g mea n 0 ,  self -

organizatio n cause s th e outpu t  correspondin g t o an y give n inpu t  vecto r  t o consis t  o f  a  projectio n ont o 

th e subspac c spanne d b y th e eigenvector s correspondin g t o th e n 2 larges t  eigenvalue s o f  th e scatte r 

matri x o f  th e trainin g stimuli .  Thi s outpu t  i s expresse d i n som e orthonorma l  basi s whic h nee d no t  b e 

thes e eigenvector s themselves .  I n othe r  words ,  individua l  unit s i n A 2 wil l  no t  necessaril y  b e featur e 

detector s fo r  individua l  principa l  components ;  instea d th e outpu t  encodin g ma y b e distribute d wit h 

respec t  t o thes e components .  A  fulle r  accoun t  o f  th e detail s o f  thi s syste m an d a n analysi s o f  it s 

behavio r  wil l  appea r  elsewhere . 

1. 1 hav e slightl y simplifie d th e actua l  detail s o f  Kohonen' s wor k i n orde r  t o avoi d discussio n o f  techni -

cal  matter s no t  german e t o thi s presentation . 

2. These weights need not be assumed symmetrical at the outset; the simple trick of allowing all 

weight s t o deca y slowl y wil l  accomplis h th e necessar y symmetr y eventually . 
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The ke y poin t  t o b e mad e abou t  th e syste m o f  Exampl e 2  i n th e contex t  o f  thi s pape r  i s tha t  i t 

readil y self-organize s a  usefu l  mappin g fro m on e Typ e I  representatio n t o another . 

While the work of Kohonen (1982) and Amari (1983) may leave one with the impression that 

certai n Typ e I I  -  Typ e I I  mapping s ma y b e self-organize d i n th e sam e wa y a s describe d i n Exampl e 1 , 

I  woul d clai m that ,  i n general ,  a  goo d mappin g i s no t  achieve d throug h th e applicatio n o f  suc h a 

learnin g rule .  Fo r  example ,  suppos e tha t  th e A j  laye r  i s a n identica l  cop y o f  th e A 2 laye r  a s describe d 

i n Exampl e 1  an d th e syste m i s expecte d t o self-organiz e wha t  i s essentiall y  a n identit y mapping .  Thi s 

i s a  simpl e versio n o f  th e proble m o f  formin g a  topographi c ma p between ,  fo r  example ,  th e retin a an d 

visua l  cortex .  Whil e Amar i  (1983 )  make s certai n claim s abou t  suc h self-organizatio n bein g possible ,  h e 

readil y concede s tha t  i t  i s  difficul t  t o obtai n a  topographi c ma p fro m suc h a  syste m i f  on e start s wit h 

totall y rando m initia l  connections .  I n fact ,  m y simulation s o f  suc h a  syste m woul d sugges t  tha t  unles s 

one start s wit h initia l  connection s ver y clos e t o wha t  on e intend s a s th e final  outcome ,  th e syste m i s 

ver y unlikel y t o for m a  tru e topographi c map .  Th e majo r  difficulty ,  i t  appear s t o me ,  i s tha t  th e 

learnin g rul e basicall y require s that ,  a t  statistica l  equilibrium ,  th e stimulu s vecto r  t o whic h eac h A 2 

uni t  mos t  strongl y respond s mus t  b e equa l  t o a  weighte d averag e o f  th e stimulu s vector s t o whic h it s 

neighbor s (i n th e topolog y o f  th e latera l  connectivit y o f  A2 )  mos t  strongl y respond .  Thi s i s th e under -

lyin g reaso n wh y suc h a  syste m work s wel l  fo r  self-organizin g conve x Typ e I  input ,  an d wh y I  clai m 

tha t  i t  canno t  b e expecte d t o d o th e sam e fo r  Typ e I I  input .  Indeed ,  thi s fundamenta l  differenc e i s 

th e mai n motivatio n behin d m y drawin g th e distinctio n betwee n thes e tw o type s o f  representation . 

Thi s argumen t  i n fac t  suggest s tha t  an y learnin g rul e whic h cause s a n A 2 uni t  t o lear n t o respon d t o 

an averag e o f  th e stimulu s vector s whic h hav e excite d i t  canno t  b e expecte d t o achiev e a  goo d map -

pin g betwee n Typ e I I  encodings .  Som e othe r  learnin g rul e mus t  b e use d t o achiev e this . 

Thus I argue that it remains an open question whether mappings can, in general, be self-

organize d fro m a  Typ e I I  representatio n t o anothe r  Typ e I I  representation .  Discover y o f  suc h a 

mechanis m woul d b e quit e interesting ,  sinc e i t  i s  possibl e t o specif y latera l  connectivit y pattern s i n th e 

A2 laye r  whic h coul d forc e an y particula r  topolog y o n th e stimulu s space .  A s a n example ,  i f  th e A 2 

laye r  ha s th e connectivit y o f  a  Mobiu s ban d an d th e A i  laye r  i s a  patc h o f  2-dimensiona l  retin a upo n 

whic h pattern s o f  activit y ar e elongate d bar s o f  variou s orientatio n an d position ,  the n applicatio n o f 

thi s mechanis m shoul d lea d t o a  mappin g i n whic h eac h A 2 uni t  i s  maximall y responsiv e t o a  particula r 

combinatio n o f  orientatio n an d position .  On e ca n imagin e self-organizin g jus t  abou t  an y Hough-styl e 

transfor m i n thi s manner . 

Another intriguing possibility which is suggested by this work is that of self-organizing a map-

pin g fro m a  Tyjs e I I  representatio n t o a  Typ e I  representation .  A s a n exampl e o f  suc h a  mapping ,  con -

side r  a  descriptio n o f  a  connecte d patter n o n a  2-dimensiona I  retin a i n term s o f  Fourie r  descriptor s 

fo r  th e boundar y (Zah n &  Roskies ,  1972 ;  Persoo n &  Fu ,  1977 )  alon g wit h th e coordinate s o f  th e 

cente r  o f  mass ,  al l  encode d i n variabl e units .  Wha t  i s appealin g abou t  thi s particula r  exampl e i s tha t 

i t  shoul d b e muc h mor e economica l  i n bot h unit s an d connection s t o comput e a  mappin g betwee n a 

retina-base d descriptio n o f  a n objec t  an d a n object-base d descriptio n o f  tha t  objec t  (Hinton ,  1981 )  i f 

thes e description s ar e encode d i n variabl e unit s tha n i f  the y ar e encode d i n valu e units . 
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I n Searc h o f  Selectiv e Inhibitor y Processe s •• • 

Penny L .  Ye e 
Universit y o f  Orego n 

Abstrac t 

Thes e studie s discus s tw o possibl e explanation s fo r  th e 
selectiv e effect s observe d i n lexica l  ambiguit y studies :  on e 
i s selectiv e inhibitio n an d th e othe r  i s attention .  Th e tw o 
view s mak e differen t  prediction s whe n a  neutra l  targe t  ite m 
i s introduce d betwee n presentatio n o f  a  homograp h an d a 
subsequen t  relate d target .  Th e dat a sho w littl e sign s o f 
selectiv e suppression ,  bu t  the y d o sugges t  tha t  attentio n ma y 
increas e primin g withou t  producin g selectivity . 

Introductio n 

The ter m inhibitio n i s ofte n use d t o refe r  t o th e 
suppressio n o f  som e concept s o r  node s i n memor y t o allo w som e 
consciou s menta l  representatio n o f  another .  On e for m o f 
^genera l  inhibitio n i s presente d b y Posne r  an d Snyde r  (1975) . 
Genera l  inhibitio n i n thei r  term s i s a  produc t  o f  attentio n 
suc h tha t  al l  thing s no t  currentl y attende d t o ar e les s 
likel y t o com e t o consciousness .  Othe r  researcher s hav e 
propose d th e existenc e o f  ^electiv e inhibitor y procese s 
withi n th e memor y syste m i n whic h ther e i s suppressio n o f 
specifi c  pathway s i n memor y t o allo w consciou s 
representatio n o f  a  competin g on e (e.g .  Marcel ,  1980 ;  an d 
Neill ,  1977) .  Th e resolutio n o f  lexica l  amibiguitie s i s on e 
instanc e i n whic h thi s seem s t o occur -  I n th e classi c stud y 
by Schvaneveldt ,  Meye r  an d Becke r  (1976 )  a  serie s o f  thre e 
lette r  string s wer e presente d fo r  word-nonwor d judgements , 
and i n eac h o f  th e experimenta l  trial s th e secon d wor d o f  th e 
serie s wa s alway s ambiguou s wit h th e firs t  an d thir d word s i n 
some wa y relate d t o it .  Schvaneveld t  e t  al .  demonstrate d 
tha t  lexica l  decision s o n th e thir d wor d wer e faste r  whe n th e 
firs t  an d thir d word s wer e relate d t o common meaning s o f  th e 
ambiguou s wor d (e.g .  SAVE-BANK-MONEY).  bu t  no t  whe n th e word s 
wer e relate d t o differen t  meaning s (e.g .  RIVER-BANK-MONEY) . 
Thi s i s typicall y wha t  i s foun d fro m studie s presentin g 
isolate d singl e word s a s stimul i  (se e Marcel ,  1980) .  When 
th e ambiguou s wor d i s embedde d i n a  sentenc e (e.g .  Conrad , 
1974 an d Swinne y 1979 ;  Tanenhaus ,  Leima n an d Seidenberg , 
1979 )  th e typica l  findin g i s fo r  bot h meaning s t o exhibi t 
evidenc e o f  activatio n followe d b y a  rapi d declin e i n th e 
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primin g effect s fo r  contextuall y inappropriat e meanings . 
Thus ,  thes e dat a ca n b e viewe d a s evidenc e fo r  th e selectiv e 
inhibitio n view .  Althoug h selectiv e inhibitio n explanation s 
ar e appealing ,  i t  i s  possibl e tha t  th e observe d selectiv e 
effect s ar e a  resul t  o f  attentio n focussin g o n certai n part s 
of  semanti c memor y 

Thi s pape r  present s a  techniqu e designe d t o determin e i f 
thes e selectiv e suppressio n effect s foun d I n lexica l 
ambiguit y studie s ar e du e t o selectiv e inhibitor y processe s 
or  i f  the y ar e a  resul t  o f  focusse d attention .  Th e 
experiment s describe d us e a  sequentia l  lexica l  decisio n 
paradig m simila r  t o th e Schvaneveld t  e t  al ,  stud y bu t  includ e 
an additiona l  facto r  referre d t o a s th e "separated "  factor . 
I f  a  relate d targe t  appear s Immediatel y afte r  th e ambiguou s 
wor d i t  i s  calle d unseparate d i f  i t  appear s on e ite m late r  i n 
th e serie s i t  i s  calle d separated .  T o accommodat e thi s 
additiona l  facto r  al l  trial s consiste d o f  fou r  items . 
Completel y crosse d wit h th e separate d facto r  wer e relatednes s 
conditions .  Thes e wer e a s follows :  Congruen t  -  th e wor d 
precedin g an d followin g th e homograp h wer e relate d t o common 
meanings ;  Incongruen t  -  th e wor d precedin g an d followin g th e 
homograp h wer e relate d t o differen t  meanings ;  Unbiase d -  th e 
wor d precedin g th e homograp h wa s unrelated ,  bu t  th e wor d 
followin g i t  wa s related . 

Bot h view s predic t  selectiv e suppressio n effect s i n th e 
unseparate d cases ,  providin g a  replicatio n o f  th e 
Schvaneveld t  e t  al .  work .  I n th e separate d trial s th e 
semanti c suppressio n vie w predict s continue d suppressio n o f 
th e incongruen t  meanings ,  whil e th e attentio n vie w predict s 
comparabl e facilitatio n fo r  al l  conditions .  Equivalen t 
facilitatio n i s predicte d becaus e th e neutra l  ite m presente d 
betwee n th e homograp h an d th e subsequen t  relate d targe t  wor d 
Induce s a  shif t  o f  attentio n thereb y dislodgin g it s focu s 
fro m on e particula r  meaning .  Hence ,  subsequen t  shift s o f 
attentio n fro m thi s neutra l  poin t  woul d giv e equa l 
opportunit y fo r  eithe r  meanin g o f  th e ambiguou s wor d t o 
exhibi t  primin g du e t o semanti c activation . 

Experimen t  1 

I n thi s experimen t  subject s wer e presente d a  sequenc e o f 
fou r  item s o n eac h trial .  I n th e experimenta l  trial s th e 
secon d wor d presente d alway s ha d a  doubl e meaning .  I n al l 
trial s th e firs t  tw o item s wer e alway s word s an d the y wer e 
onl y rea d b y th e subjects .  Th e firs t  ite m wa s presente d fo r 
500 msec ,  befor e th e secon d wor d appeare d directl y belo w it . 
The tw o word s remaine d o n th e scree n fo r  100 0 msec ,  followe d 
by a  blan k perio d o f  25 0 msec .  A t  thi s poin t  th e firs t 
lexica l  decisio n targe t  wa s presente d whic h wa s th e thir d 
ite m i n th e series .  Afte r  a  respons e ther e wa s anothe r  blan k 
perio d o f  25 0 msec ,  befor e th e las t  lexica l  decisio n targe t 
was presented . 
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The mean s o f  subjects '  media n reactio n time s fo r  th e 
relate d targe t  followin g th e homograp h ar e presente d i n Tabl e 
1.  Fro m thes e dat a ther e appear s t o b e som e primin g i n th e 
Congruen t  conditio n bu t  ver y littl e i n th e othe r  experimenta l 
conditions .  Thes e difference s ar e no t  reliable .  A  furthe r 
analysi s wa s performed ,  however ,  whic h suggeste d tha t  som e 
primin g o f  relate d target s actuall y ha d occurred .  Thi s 
analysi s involve d splittin g eac h subject' s reactio n time s 
withi n a  conditio n int o tw o parts ,  o n eithe r  sid e o f  th e 
median ,  the n averagin g thes e score s togethe r  t o giv e a  fas t 
and slo w scor e fo r  eac h subjec t  i n eac h condition .  Th e 
rational e fo r  performin g suc h a n analysi s aros e fro m th e 
assumptio n tha t  onl y a  portio n o f  th e trial s wer e affecte d b y 
precedin g contex t  becaus e the y were ,  fo r  som e reason ,  mor e 
difficul t  t o proces s tha n othe r  trials .  Thi s ide a reflect s 
th e finding s b y som e researcher s tha t  contex t  ha s a  greate r 
influenc e o n slo w reader s (peopl e wit h slowe r  lexica l  access ) 
(Perfetti ,  Goldma n an d Hogaboam ,  1979 ;  Stanovic h an d West , 
1981) .  Consequently ,  on e migh t  expec t  mor e pronounce d 
contex t  effect s i n th e slo w trial s tha n i n th e fas t  trials , 
and thi s i s wha t  wa s foun d (se e Tabl e 1 ) .  Ther e ar e reliabl e 
difference s betwee n th e Congruen t  an d th e contro l  condition s 
i n slo w trial s an d virtuall y n o difference s betwee n 
condition s i n th e fas t  trials .  Thes e dat a ar e no t 
appropriat e fo r  examinin g th e effect s o f  th e separate d facto r 
sinc e th e unseparate d trial s d o no t  demonstrat e th e selectiv e 
effect s foun d b y Schvaneveld t  e t  al . 

Experimen t  2 

I n thi s experimen t  th e targe t  stimul i  wer e th e sam e a s 
i n th e previou s experiment ,  bu t  th e tas k wa s t o perfor m a 
lexica l  decisio n o n eac h ite m i n th e series .  I n performin g a 
lexica l  decisio n i t  i s  assume d tha t  subject s searc h fo r  a 
meanin g tha t  ca n b e associate d wit h th e lette r  strin g 
presented ,  an d i n thi s wa y atten d t o th e semanti c cod e fo r 
th e word .  Eac h ite m wa s presente d i n isolatio n wit h a  25 0 
msec,  interva l  betwee n a  respons e an d th e nex t  target . 

The mean s o f  subjects '  median ,  fas t  an d slo w score s ar e 
presente d i n Tabl e 2 .  Ver y stron g nonselectiv e primin g 
effect s ar e observabl e i n al l  thre e breakdown s o f  th e data . 
Thus ,  a s predicte d fro m th e firs t  tw o studies ,  havin g 
subject s atten d t o th e semanti c aspect s o f  th e primin g word s 
lea d t o muc h stronge r  effects .  However ,  sinc e I  wa s unabl e 
t o replicat e th e result s o f  Schvaneveldt ,  e t  al. ,  th e 
intende d compariso n betwee n th e selectiv e inhibitio n vie w an d 
th e attentiona l  vie w t o asses s th e basi s o f  selectiv e 
suppressio n effect s canno t  b e mad e o n thes e data . 

Genera l  Discussio n 
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Thes e studie s presen t  a  metho d fo r  Identifyin g th e 
processe s tha t  underl y selectiv e suppressio n effect s ofte n 
foun d i n lexica l  ambiguit y studies .  Th e metho d i s concerne d 
wit h whethe r  the y aris e fro m selectiv e inhibitio n o r  fro m 
attention .  T o perfor m thi s tes t  i t  i s  assume d tha t 
observabl e difference s betwee n th e tw o view s aris e onl y afte r 
selectiv e suppressio n i s obtained .  Althoug h thi s seem s t o b e 
a common findin g fo r  singl e wor d lexica l  decisio n studie s 
thes e experiment s wer e unsuccessfu l  i n reproducin g th e 
effect s an d s o th e tes t  fo r  selectiv e inhibitor y processe s 
coul d no t  b e conducted .  Thi s suggest s tha t  th e findin g o f 
selectiv e suppressio n wit h thi s paradig m ma y no t  b e a s common 
as initiall y  thought . 

Even thoug h thes e experiment s wer e no t  successfu l  i n 
full y  explainin g wha t  produce s selectiv e suppressio n effects , 
othe r  interestin g point s deserv e mention .  Th e firs t  i s  th e 
rol e o f  attentio n i n obtainin g large r  primin g effects .  When 
subject s wer e force d t o atten d t o th e semanti c aspect s o f  th e 
firs t  tw o word s (experimen t  2 )  ver y larg e genera l  primin g 
effect s wer e observe d i n al l  conditions .  Notice ,  however , 
tha t  primin g i n genera l  increase d fo r  al l  conditions ,  bu t 
tha t  n o advantag e fo r  on e meanin g ove r  th e othe r  wa s found . 
The orde r  o f  th e primin g effect s fo r  eac h conditio n i s 
compatibl e wit h th e selectiv e suppressio n predictions ,  bu t 
statisticall y th e experimenta l  condition s d o no t  diffe r  fro m 
eac h other .  Thi s resul t  i s  troublesom e fo r  th e attentio n 
vie w sinc e accordin g t o i t  a n increase d focussin g o n th e 
semanti c cod e shoul d lea d t o greate r  selectiv e suppressio n 
effects .  Instead ,  i t  onl y lead s t o increase d primin g 
overall ,  whic h i s observabl e i n al l  analyse s (th e median , 
fast ,  an d slo w scores) . 

When th e dat a fro m th e firs t  experimen t  wer e analyze d 
globall y negligibl e effect s o f  conditio n wer e observed . 
Splittin g eac h subject' s dat a int o fas t  an d slo w time s 
produce d a  measur e tha t  wa s mor e sensitiv e t o primin g 
effects .  Th e globa l  statistic s themselve s wer e effectiv e i n 
pickin g u p th e effect s i n th e las t  experimen t  i n whic h 
attendin g t o semanti c aspect s o f  th e prime s booste d th e 
contex t  effects .  Thi s suggest s tha t  th e slo w reactio n tim e 
analysi s I s mor e sensitiv e i n pickin g u p wea k effect s i n 
data ,  wherea s th e mor e globa l  descriptiv e statistic s wil l 
onl y pic k u p ver y stron g effect s an d wil l  mas k weake r  trend s 
i n th e data . 
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.TABL E 1 

Median, fast and slow reaction times 
t o th e relate d target s followin g a  homograp h i n eac h 

conditio n i n 
experimen t  1 . 

Proportio n o f  error s i n eac h conditio n ar e shov m I n 
parentheses . 

CONGRUENT 
(.03 ) 

UNSEPARATED 

FAST 

620 

INCONGRUENT 6A 8 
(.04 ) 

UNBIASED 
(.03 ) 

CONTROL 
(.03 ) 

CONGRUENT 
(.03 ) 

654 

627 

SEPARATED 

FAST 

580 

INCONGRUENT 60 2 
(.02 ) 

UNBIASED 
(.04 ) 

CONTROL 
(.03 ) 

599 

580 

MED 

713 

746 

759 

744 

MED 

669 

690 

689 

687 

SLOW 

854 

948 

940 

1006 

SLOW 

834 

860 

848 

961 
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TABLE 2 

Median, fast and slow reaction times 
t o th e relate d target s followin g a  homograp h i n eac h 

conditio n i n 
experimen t  2 . 

Proportio n o f  error s i n eac h conditio n ar e show n i n 
parentheses . 

UNSEPARATED 

CONGRUENT 
(.03 ) 

INCONGRUENT 

(.05 ) 
UNBIASED 

(.06 ) 
CONTROL 

(.13 ) 

FAST 

429 

457 

446 

506 

MED 

482 

520 

506 

584 

SLOW 

594 

638 

612 

781 

SEPARATED 

CONGRUENT 

(.11 ) 
INCONGRUENT 

(.11 ) 
UNBIASED 

(.12 ) 
CONTROL 

(.19 ) 

FAST 

482 

499 

490 

539 

MED 

545 

567 

565 

625 

SLOW 

672 

709 

701 

851 
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T h e R o l e o f  In te rna l  R e p r e s e n t a t i o n s i n th e A c q u i s i t i o n o f  M o t o r 

Skills 
Al f  C .  Zimme r 
Departmen t  o f  Psycholog y 
Westfalisch e Wilhelms-Universita t 
Fed.  Rep .  German y 

The typical situation in the learning of complex motor skills can be described 
as follows :  A n observe r  transform s perceive d o r  describe d roto r  action s int o 
hi s o r  he r  innervatio n pattern s whic h initiat e an d contrc _ a  moto r  behavio r 
simila r  t o o r  identica l  wit h th e observe d o r  describe d moto r  action .  Th e in -
terna l  o r  externa l  evaluatio n o f  thi s similarit y the n serve s a s feedbac k fo r 
th e learnin g process . 

In the tradition of psychology a couple of different approaches to the analy-
si s o f  thi s situatio n ca n b e ditinguished : 
(i )  th e behavioristi c  approac h (Greenwal d &  Albert .  1968 ;  an d especiall y 

Skinner ,  1968 .  wher e th e learnin g o f  "hig h jump '  i s analyzed )  whic h concen -
trate s o n th e situationa l  variable s an d th e relate d reactions . 

(ii )  th e system s approac h (Bernstein ,  1967 ;  Adams ,  1971 )  i n whic h th e regula -
tor y proces s o f  moto r  activit y i s central ,  tha t  is ,  th e nodificatio n o f  ac -
tion s dependin g o n th e compariso n o f  observe d result s wit h interna l  o r  ex -
terna l  criteria , 

(iii )  th e internal-representation s approac h (Bartlett ,  1932 ;  Schmidt ,  1975) , 
th e centra l  assumptio n i n thi s approac h i s tha t  perceptua l  a s wel l  a s regula -
tor y processe s ar e governe d b y interna l  model s (e.g .  schemata) . 

An evaluation of these approaches can be oriented at Stelrach & Diggles" (1982) 
suggestio n tha t  theorie s o f  moto r  behavio r  shoul d b e abl e r o explai n th e fol -
lowin g phenomena : 
(i )  moto r  equivalence , 
(ii )  th e variabilit y  o f  moto r  behavior ,  an d a t  las t 
(iii )  th e complexit y o f  th e moto r  system . 

The behavioristi c approac h fail s fo r  an y o f  thes e criteria .  Therefore ,  it s 
seemingl y elegan t  solutio n o f  th e representatio n problem ,  namel y b y simpl y 
skippin g it ,  doe s no t  work .  Bernstein' s (1967 )  origina l  approac h an d Schmidt' s 
approac h (1975 )  succee d onl y partially .  Bernstein' s syster3-theoreti c approac h 
fail s becaus e th e assumptio n o f  a  rigi d moto r  progra m i s r.o t  sufficien t  eve n 
fo r  ver y simpl e positionin g tasks .  Schmid t  (1975 )  wh o overcome s thes e diffi -
cultie s b y introducin g seperat e recal l  an d recognitio n schemat a fail s fo r  th e 
criterio n o f  complexti y o f  th e moto r  syste m becaus e h e doe s no t  tak e int o ac -
coun t  tha t  th e ver y characteristic s o f  a  movemen t  chang e i f  thi s movemen t  i s 
integrate d int o a  movemen t  o f  highe r  complexity . 

The schema-theoretic approach as suggested by Cassirer (1544) can be used to 
integrat e th e system s approac h an d th e interna l  represent^-io n approach . 

The concep t  o f  th e schem a i s define d accordin g t o Cassire r  (1944 )  a s con -
sistin g of : 
(i )  a  se t  o f  primitive s whic h ar e no t  furthe r  analyzabl e m th e give n context , 
(ii )  a  se t  o f  organizationa l  rule s whic h ca n b e parallele d t o Helmholtz '  logi c 

of  unconsciou s inferences , 
(iii )  a  se t  o f  admissibl e transformations ,  tha t  is ,  transformation s whic h de -

fin e th e clas s o f  invariant s o f  th e object s (here :  motc r  patterns )  i n ques -
tion . 
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One important consequence of this definition is that the schema of a cer-
tali i  moto r  skil l  canno t  b e reduce d t o it s primitiv e component s an d thei r 
relations ,  tha t  is ,  (i )  an d (i i) ,  bu t  tha t  th e se t  o f  admissibl e transfor -
mation s o f  thi s skil l  ha s b e take n int o accoun t  too .  Thi s i s i n lin e wit h 
th e behaviora l  effect s o f  th e ablatio n o f  th e moto r  corte x (Pribram ,  1971) , 
tha t  is ,  a  break-dow n o f  comple x moto r  skill s  withou t  a n impairmen t  o f  par -
ticula r  muscl e functions .  Pribra m (1971 ,  p.14 )  concludes :  ".. .  behaviora l 
acts ,  no t  muscle s o r  movements ,  wer e encode d i n th e moto r  cortex. " 
I n a n experimen t  ho w t o lear n cuttin g th e spi n i n tabl e terini s I  hav e in -
vestigate d th e influenc e o f  differen t  instructiona l  method s o n th e interna l 
representation s o f  a  biomechanicall y identica l  moto r  pattern .  Th e tw o in -
structiona l  method s wer e (grou p I )  'learnin g th e underlyin g physica l  prin -
ciple '  an d it s consequence s fo r  th e trajectorie s o f  a  spinnin g ball ,  an d 
(grou p II )  'learnin g b y observin g th e correc t  moto r  pattern' . 

In a first analysis it could be shown that group I changed from the state 
of  ncn-ccmpetenc e t o th e stat e o f  ccmpetenc e withou t  goin g throug h interme -
diat e states .  I n contras t  t o this ,  subject s i n grou p I I  exhibite d th e per -
vasiv e tendenc y t o repea t  rigidl y th e las t  reinforce d moveTien t  patter n 
withou t  takin g int o accoun t  th e change d situationa l  variable s (e.g .  spee d 
of  th e bal l  e t c . ) .  However ,  i n th e en d bot h group s learne d th e topspin , 
tha t  is ,  the y arrive d a t  th e sam e correc t  moto r  pattern .  Th e state-transi -
tio n diagram s i n Figur e 1  describ e th e difference s i n complexit y o f  th e 
learnin g proces s i n th e tw o experimenta l  groups . 

Inser t  Figur e 1  abou t  her e 

I n th e secon d par t  o f  th e experimen t  th e subject s ha d t o lear n th e undercut . 
Thi s tas k wa s chose n becaus e fro n th e poin t  o f  vie w o f  mechanic s th e under -
lyin g invarian t  (th e tangentia l  i/npuls e o n th e ball )  remain s th e sam e fo r 
top-spi n an d fo r  undercut .  However ,  th e require d moto r  activitie s ar e com -
pletel y different .  Therefor e i t  wa s expecte d tha t  th e interna l  representa -
tio n o f  th e tas k b y mean s o f  a  physica l  mode l  woul d facilitat e transfer .  I n 
contras t  t o thi s a  purel y moto r  o r  visukinestheti c schem a (a s i t  ca n b e as -
sumed fo r  grou p II )  shoul d no t  b e conduciv e t o a n immediat e masterin g o f 
th e ne w task . 
I n grou p I  6  ou t  o f  1 0 subject s wer e immediatel y abl e t o perfor m th e under -
cu t  (i.e .  th e transfe r  task )  wherea s onl y 1  subjec t  ou t  o f  1 0 i n grou p I I 
was abl e t o d o it . 
Thi s resul t  ca n b e interprete d i n th e followin g way :  Th e 'successful '  sub -
ject s i n groi p I  ha d learne d th e schem a 'spin '  whic h i s characterize d b y 
al l  transformation s o n action s whic h caus e a  rotatio n o f  th e bal l  an d there -
by influenc e it s trajectory .  Th e subject s i n grou p I I  ha d onl y acquire d th e 
schema 'top-spin '  an d ha d t o lear n th e 'undercut '  a s a  nê. -  schema .  However , 
th e time s necessar y fo r  th e acquisitio n o f  th e ne w schem a revea l  tha t  thes e 
subject s ar e abl e t o utiliz e th e precedin g practic e partially :  thei r  learn -
in g time s ar e significantl y shorte r  tha n th e learnin g time s fo r  thos e sub -
ject s i n grou p I  wh o faile d t o identif y th e ne w tas k a s a  transformatio n o f 
th e schem a 'spin' .  Thi s resul t  indicate s tha t  ther e i s on e importan t  nega -
tiv e consequenc e o f  th e reductio n o f  complexit y b y integratin g moto r  schema -
t a int o a n interdependen t  hierarchy ,  namely ,  tha t  thi s integrate d structvir e 
doe s no t  allo w fo r  a n utilizatio n o f  partia l  knowledge .  A n exampl e fo r  suc h 
an interdependen t  hierarch y i s show n i n Figur e 2 . 

Inser t  Figur e 2  abou t  her e 
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In this graph schemata are integrated upwards into a sche-a hierarchy which 

lead s t o a  reductio a c f  th e ccmplexit y o f  th e system .  Hcr^ever ,  paralle l  t o 
thi s kin d o f  upwar d integratio n th e higher-orde r  schemat a impos e constraint s 
upo n th e lower-orde r  schemata .  Suc h a  hierarch y wit h upwar d integratio n an d 
downwar d constraint s a s no t  decomposabl e i n th e sens e o f  Simc n (1955) . 
The consequence s o f  deccmposabl e vs .  ncn-decanposabl c representation s o f 
moto r  skill s  hav e bee n investigate d b y Korndl e (1983 )  an d b y mysel f  (i n 
press) .  Th e underlyin g hypothesi s o f  ou r  experimen t  i s tha t  th e describe d 
model  o f  schem a integratio n underlie s th e acquisitio n o f  skil ls .  Th e prac -
tica l  consequenc e o f  thi s mode l  i s tha t  ccmplet e transfe r  frc m on e tas k t o 
anothe r  i s onl y possibl e i f  bot h task s ar e admissibl e trar^sformation s o f 
th e sam e schema .  Partia l  transfe r  (i.e .  som e bu t  no t  al l  sub-skill s  neces -
sar y fo r  on e tas k ar e necessar y fo r  th e other )  i s  onl y possibl e a s lon g a s 
th e sub-skill s  ar e no t  integrate d int o th e superordinat e schema . 

Thi s impute d mechanis m ha s bee n investigate d i n a n experr-en t  wher e childre n 
wer e taugh t  t o rid e a  Pedal o -  a n instrumen t  resemblin g partiall y  a  bicycl e 
whic h i s use d t o trai n th e sens e o f  equilibriv m i n children .  Th e performanc e 
of  th e subject s ha s bee n measure d b y ccmputin g th e differenc e betwee n th e 
velocit y a s prescribe d b y a  metronom e an d th e actua l  (observed )  velocity -
I n Figur e 3  thi s differenc e i s give n b y th e dotte d are a betwee n th e curv e 
indicatin g th e prescribe d spee d an d th e actua l  velocit y C2f  th e Pedal o a s 
produce d b y a  subject . 

Inser t  Figur e 3  abou t  her e 

A mor e detaile d analysi s o f  th e moto r  actio n underlyin g thi s performanc e i s 
possibl e b y measurin g th e vertica l  force s (pressure) ,  th e horizonta l  force s 
(thrust )  an d th e resultin g forces .  Typica l  example s fo r  thes e dat a ar e show n 
i n Figur e 4  fo r  a  lo w degre e o f  performance ,  a  medium ,  an d a  hig h degree . 

Inser t  Figur e 4  abou t  her e 

The compariso n o f  th e effectiv e force s indicate s tha t  th e acquisitio n o f 
th e skille d actio n i s accompanie d b y a n increasingl y s m o c ^  flou '  o f  effec -
tiv e forces .  Thi s i s achieve d b y integratiri g th e action s controllin g thrus t 
and pressur e int o on e actio n o f  highe r  order .  I n a  transfe r  tas k (ridin g 
th e Pedal o backwards )  i t  wa s studie d hcv%'  th e differen t  level s o f  performanc e 
i n th e initia l  tas k influenc e th e acquisitio n o f  th e ne w skill .  A s predicte d 
fro m th e describe d mechanis m o f  schem a integratio n th e transfe r  wa s bes t  fo r 
subject s o n a n intermediat e performanc e level .  Th e reaso n fo r  thi s ca n b e 
see n i n Figur e 4  b ) :  Subject s o n a n intermediat e performa.-c e leve l  ar e abl e 
t o contro l  thrus t  an d pressur e separatel y bu t  no t  i n th e iierfec t  coordina -
tio n necessar y fo r  a  smoot h forwar d movemen t  o f  th e Pedalc .  Sinc e th e coor -
dinatio n o f  thrus t  an d pressur e i s differen t  fo r  th e backwar d movement ,  th e 
mediun-leve l  subjetc s ar e abl e t o utiliz e 'pressure '  an d 'thrust '  a s sub -
skill s  (i.e .  lower-leve l  schemata )  i n buildin g u p th e ne w patter n o f  coor -
dination ,  wherea s th e high-performanc e subject s hav e t o s-ar t  th e learnin g 
proces s anew . 
The subject' s verba l  report s o n thei r  copin g wit h th e tas- :  o f  ridir g th e 
Pedal o ar e i n lin e wit h th e interpretatio n o f  th e perforrranc e data .  I t 
turne d ou t  tha t  o n th e intermediat e stag e th e report s wer e highl y detaile d 
and consisten t  fo r  th e greate r  par t  o f  description s o f  perceptua l  an d spe -
cifi c  moto r  actions ,  wherea s o n th e fina l  stag e subject s reporte d onl y ver y 
globa l  strategie s (e.g .  " I  tr y t o thrust") . 
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The result indicates the optimal timing for transfer is before the final 
Stag e o f  competenc e ha s bee n reache d becaus e e n highe r  level s o f  canp)etenc e 
th e downwar d constraint s imped e th e utilizatio n o f  th e sub-skill s  whic h ar e 
t o b e transferre d fro n th e initia l  tas k t o th e ne w task . 

In conclusion, the results of the reported experiments support the suggested 
model  fo r  th e interna l  representatio n o f  moto r  skill s  accordin g t o whic h th e 
acquisitio n proces s i s characterize d b /  th e progressiv e integratic n o f  lo -
wer-leve l  schemat a int o schem a hierarchies .  Th e differen t  level s o f  perfor -
mance correspon d t o level s o f  integraticn :  startin g frc m a  mer e collectio n 
of  lower-leve l  schemat a (sub-skills) ,  a  firs t  leve l  o f  integratio n i s ap -
proache d whe n independen t  sub-skill s  ar e roughl y coordinated .  O n thi s stag e 
th e sub-skill s  ar e stil l  availabl e a s buildin g block s (Rumelhart ,  1980 )  fo r 
alternativ e form s o f  coordination .  However ,  i f  o n th e fina l  leve l  o f  inte -
gratio n downwar d constraint s restric t  th e admissibl e transformation s o f 
lower-leve l  schemata ,  th e schem a hierarch y i s n o longe r  decomposabl e an d 
therefor e it s constituent s canno t  easil y b e utilize d fo r  alternativ e Skills . 
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Figure Captions 

Figur e 1 :  State-transitio n diagram s fo r  (a )  grou p I  an d (b )  grou p II . 
N indicate s th e initia l  state ,  K  th e fina l  stat e an d Z  th e 
representationa l  state . 
c,h.(1-c).l.{1-h),(1-c)h ,  an d (l-c)(1-h )  ar e th e transitio n 
probabilities . 

Figure 2: The model of schema integration ( ^ ) and dw-.Tiward con-
straint s ('-"-y )  . 

Figure 3: The measurement of performance in riding the Pedalo. The 
differenc e betwee n th e prescribe d velocit y (  )  an d th e 
observe d velocit y (  )  i s  dotted .  Th e dotte d are a i s th e 

performanc e measure . 

Figure 4: (a) vertical, horizontal, and resulting forces in riding the 
Pedal o o n a  lo w performanc e level ,  fo r  tw o ful l  turn s o f  th e 
wheel s 
(b )  th e sam e fo r  a n intermediat e performanc e level , 
(c )  th e sam e fo r  a  hig h performanc e level .  Th e lengt h o f  th e 
arrow s inidicate s th e amoun t  o f  force ,  th e angula r  orienta -
tio n give s th e direction . 
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Maps are an important part of systems which represent world knowledge. They are used 

t o provid e informatio n fo r  guidin g movemen t  throug h th e environmen t  o r  fo r  answerin g 

querie s abou t  th e locatio n o f  objects .  Th e numbe r  o f  fact s abou t  th e spatia l  relationship s 

betwee n objects ,  whic h map s mus t  provide ,  i s  to o grea t  t o b e store d explicitly .  Wha t  i s neede d 

i s a  representatio n tha t  store s basi c informatio n i n a  manne r  tha i  allow s th e us e o f  inferenc e t o 

deriv e th e ̂ propriat e fact s whe n required .  Fo r  example ,  i n orde r  t o answe r  suc h querie s a s 

"a m I  heade d toward s home?* ,  "Tio w d o I  ge t  fro m her e t o Carnegi e Hall?* ,  McDermot t  (1980 ) 

develope d a  spatia l  representatio n calle d fuzz y map s whic h ha s prove n ver y usefu l  i n th e sym -

bol  processing ,  seria l  compute r  environment .  I n thi s pape r  I  wil l  describ e a  differen t  wa y t o 

represen t  spatia l  knowledg e calle d view-maps .  Th e mai n motivatio n fo r  developin g view-map s 

was biologica l  plausibility .  I  wante d a  representatio n whic h wa s amenabl e t o implementatio n 

i n paralle l  network s o f  neuron-lik e unit s an d whos e propertie s corresponde d t o wha t  w e kno w 

abou t  th e neurobiolog y an d psycholog y o f  spatia l  location .  Fo r  a  variet y o f  reason s fuzz y map s 

do no t  sui t  thi s purpose . 

To get a feel for what view-maps do, consider the problem of getting from your current 

locatio n t o a n unsee n goal ,  suc h a s home .  Assum e tha t  whil e yo u canno t  se e you r  hom e fro m 

you r  curren t  location ,  yo u ca n se c som e familia r  landmarks .  N o w suppos e tha t  a t  a  previou s 

tim e yo u ha d recorde d i n memor y th e locatio n o f  you r  hom e relativ e t o thes e landmarks .  Yo u 

can us e thi s remembere d informatio n t o locat e you r  hom e an d \iew-map s provid e a  mechanis m 

t o accomplis h this .  Roughl y speaking ,  view-map s stor e a  se t  o f  individua l  views ,  (Kuiper s 1983 ) 

togethe r  wit h th e location s relativ e t o thes e views ,  o f  goal s suc h a s home ,  work ,  etc .  W h e n 

yo u wan t  t o g o t o on e o f  thes e goals ,  yo u compar e you r  curren t  vie w wit h th e se t  o f  store d 

view s i n th e view-map .  Ther e will ,  i n general ,  b e n o exac t  match ,  becaus e yo u won' t  b e a t  a 

precis e poin t  wher e yo u recorde d a  view .  However ,  ther e wil l  b e similarit y betwee n you r 

curren t  vie w an d view s store d a t  nearb y locations .  Thes e nearb y view s wil l  diffe r  fro m you r 

curren t  vie w onl y quantitativel y i n th e value s whic h indicat e landmar k location .  I t  i s  possibl e 

t o us e thes e store d value s o f  landmar k locatio n togethe r  wit h th e value s obtaine d fro m you r 

curren t  locatio n t o deriv e a  transformatio n tha t  wil l  ma p th e locatio n o f  an y objec t  fro m th e 

referenc e fram e o f  a  store d vie w t o you r  curren t  referenc e frame .  B y applyin g thi s transforma -

tio n t o th e store d location s o f  a  goal ,  yo u ca n fin d i t  i n you r  curren t  frame .  View-map s us e 

thi s genera l  principl e t o guid e a n observe r  throug h th e world . 

View-maps must first be built up by recording the location of goals at many viewpoints 

i n th e world .  The n thi s informatio n ca n b e accesse d b y comparin g th e curren t  vie w wit h th e 

store d view s t o locat e a  desire d goal .  I f  a n appropriat e store d vie w doc s no t  exis t  i n you r 

view-map ,  i t  doe s no t  mea n tha t  yo u ar e lost .  Ofte n i t  i s  stil l  possibl e t o fin d a  chai n o f  view s 

tha t  overia p b y severa l  landmarks ,  s o tha t  a  transformatio n ca n b e generate d t o ma p th e goa l 

fro m a  store d vie w t o th e curren t  view ,  eve n thougj i  thes e tw o view s d o no t  contai n th e sam e 

landmarks .  I n thi s shor t  pape r  I  canno t  discus s al l  th e feature s o f  view-map s an d th e network s 

Thi s researc h wa s supporte d b y a  gran t  fro m th e Syste m Developmen t  Foundation . 
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tha t  implemen t  them .  Rathe r  I  wil l  describ e a  simpl e networ k whic h implement s s o m e ke y 

feature s o f  view-maps ,  suc h a s vie w recognitio n an d goa l  location . 

In practice, it is often possible to locate gpals without actually computing transforma-

tion s o r  eve n readin g ou t  th e store d location s o f  th e visibl e landmarks .  T h e networ k s h o w n 

belo w wa s develope d t o demonstrat e h o w thi s ca n b e done . 

Visua l  Syste m 

objec t 
loca l  io n 

objoc i 
cluiificalio D 

Object-unit s 

View-uni t s 

Goal-unit s 

Moto r  Syste m 

T h e firs t  laye r  consist s o f  object-unit s whic h receiv e inpu t  fro m th e sensor y syste m an d b e c o m e 

activ e w h e n a  particula r  landmar k appear s a t  a  specifi c  locatio n i n th e curren t  referenc e fram e 

of  th e viewer .  T h e secon d laye r  consist s o f  view-units ,  eac h o f  whic h receiv e inpu t  fro m severa l 

object-units .  View-unit s recogniz e th e fac t  tha t  th e observe r  i s i n th e vicinit y o f  a  particula r 

place .  T h e activit y o f  th e vie w unit s ca n b e use d t o answe r  suc h question s a s 'a m I  a t  th e sit e 

wher e I  burie d tha t  stuff? "  T h e outpu t  o f  th e vie w unit s ar e connecte d t o a  laye r  o f  goal-unit s 

which ,  w h e n activated ,  ca n tel l  th e moto r  syste m h o w t o ge t  fro m th e viewpoin t  o f  a  view-uni t 

t o th e goa l  the y represent ,  i.e. ,  "Tio w d o I  ge t  h o m e fro m here? "  Ther e mus t  b e a  separat e 

gpal-uni t  fo r  eac h goa l  a t  e?.c h viewpoint .  Set s o f  goal-unit s representin g differen t  gpal s ar e 

s h o w n wit h differen t  shapes . 

Eac h clas s o f  unit s i n thi s networ k ha s a n associate d functio n whic h determine s h o w it s 

outpu t  activit y varie s wit h it s inputs .  Fo r  example ,  th e activit y functio n fo r  th e view-unit s i s 

jus t  th e thresholde d s u m o f  thei r  inpu t  activities .  T h e valu e o f  th e threshol d i s chose n s o tha t 
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severa l  landmark s mus t  b e recognize d i n approximatel y th e expecte d location s fo r  a  view-uni t 

t o becom e active . 

A more complex function is required for object-nodes because they must recognize the 

presenc e o f  a  landmar k an d th e degre e t o whic h it s curren t  locatio n matche s th e expecte d loca -

tion .  Thi s functio n shoul d hav e a  maximu m whe n th e viewe r  i s i n exactl y th e expecte d loca -

tio n an d the n fal l  of f  graduall y a s th e viewe r  move s fro m thi s location .  Th e functio n shoul d 

be zer o a t  al l  time s whe n th e expecte d objec t  i s no t  bein g viewe d a t  all .  A  matchin g functio n I 

hav e use d extensively ,  is : 

1= c^- [(current object location - expected object location^/a^ 

Object-uni t  activit y ;  i f  objec t  detected . 

= 0 ;  i f  objec t  no t  detected . 

The values of the threshold of the view-unit activation function together with the a of the 

object-functio n determin e th e siz e o f  th e regio n i n spac e i n whic h a  particula r  view-uni t  wil l 

become active .  I f  thi s regio n i s smal l  th e observe r  wil l  hav e accurat e knowledg e o f  positio n 

but  i t  wil l  b e availabl e ove r  a  smal l  area .  I f  th e regio n i s large ,  les s accurat e informatio n wil l  b e 

availabl e ove r  a  wide r  area . 

I have used computer simulations (Rabin & Zipser, 1983) in which the movement of an 

observe r  i s guide d b y network s o f  th e typ e show n abov e t o investigat e ho w view-map s dea l 

wit h problem s suc h a s recognizin g a  locatio n a s previousl y visite d an d gettin g fro m th e curren t 

locatio n t o a  goal .  Th e firs t  o f  thes e problem s require s quantitativ e matchin g o f  th e curren t 

vie w t o al l  previousl y recorde d views .  Becaus e o f  th e structur e o f  th e networ k used ,  thi s matc h 

occur s i n paralle l  s o tha t  eac h view-uni t  alway s indicates ,  b y it s outpu t  activity ,  th e degre e t o 

whic h th e curren t  vie w matche s th e vie w a t  it s viewpoint .  O f  course ,  a t  an y particula r  locatio n 

most  view-unit s ar e inactive .  Th e viewe r  determine s i f  retur n t o th e desire d locatio n ha s 

occurre d b y sensin g th e activit y o f  th e appropriat e view-unit .  Thi s i s how ,  fo r  example ,  th e 

locatio n o f  previousl y burie d stuf f  ca n b e located .  Th e compute r  simulatio n demonstrate d 

tha t  ther e wa s a  "place-field '  aroun d th e locatio n represente d b y eac h view-uni t  i n whic h th e 

activit y o f  th e uni t  increase s a s th e viewe r  approache s th e viewpoint .  Thi s make s view-unit s 

simila r  t o th e spatia l  fiel d neuron s i n th e hippocampu s (Muller ,  Kubi e &  Ranck ,  Jr. ,  1983) . 

To answer such questions as 'how do I get home from here?" requires that the location of 

a landmar k no t  currentl y visible ,  i.e. ,  home ,  b e determined .  I f  view-unit s whic h connec t  t o 

goal-unit s fo r  th e desire d unsee n locatio n hav e bee n recorde d fairl y evenl y ove r  th e environ -

ment ,  the n a t  an y locatio n th e viewe r  wil l  activat e severa l  view-unit s tha t  refe r  t o th e goal .  A n 

estimat e o f  th e locatio n o f  th e goa l  ca n b e mad e b y formin g a n averag e o f  th e locatio n store d 

i n eac h o f  thes e goal-units ,  weighte d b y th e activit y o f  it s  connecte d view-unit .  Compute r  simu -

lation s showe d tha t  th e us e o f  thi s wei^te d averag e valu e o f  th e goa l  locatio n i s a n effectiv e 

way t o determin e wher e th e goa l  i s  whe n th e viewe r  i s fa r  awa y fro m th e goal .  However ,  whe n 

th e observe r  get s ver y clos e t o th e goal ,  ther e ar e seriou s difficultie s becaus e som e o f  th e 

viewpoint s use d ar e beyon d th e goa l  an d thu s gi w th e wron g sig n t o goa l  direction .  W h e n th e 

observe r  reache s th e vicinit y o f  th e goal ,  motio n become s erratic .  However ,  soone r  o r  late r  th e 

simulate d observe r  generall y find s a  pat h int o th e goal .  Behavio r  o f  th e sor t  tha t  occurre d i n 

thes e simulation s i s no t  to o unreasonabl e since ,  whe n fa r  awa y fro m a  goal ,  a n observe r  canno t 

see i t  an d i s the n force d t o us e landmarks .  W h e n th e observe r  get s clos e enoug h t o actuall y se c 

th e goal ,  landmark s ar e n o longe r  needed . 
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A mor e forma l  analysi s o f  view-maps ,  no t  presente d here ,  ha s bee n carrie d ou t  whic h 

shows tha t  the y ca n serv e a s a  robus t  representatio n o f  th e spatia l  organizatio n o f  objects . 

Severa l  importan t  issue s hav e bee n analyze d t o varyin g degree s an d als o studie d wit h compute r 

simulatio n (Zipser ,  1983) .  A m o n g thes e are :  wha t  i s a  landmark ? H o w ar e object-units ,  goal -

unit s an d view-unit s learned ? Wha t  feature s ar e use d b y th e sensor y syste m t o localiz e land -

marks ? H o w i s i t  possibl e t o ge t  t o a  goz l  whos e locatio n i s no t  know n t o an y view-uni t 

currentl y active ? 

The object-unit to view-unit hierarchy provides a very general mechanism for representing 

th e spatia l  locatio n o f  objects .  I t  ha s bee n show n her e ho w i t  ca n b e use d t o construc t  view -

maps whic h represen t  th e spatia l  organizatio n o f  landmark s i n th e environment .  I t  ca n als o b e 

use d t o represen t  th e location s o f  feature s withi n a  singl e objec t  an d i n thi s wa y the y ma y b e 

usefu l  fo r  th e recognitio n o f  objects .  View-unit s ca n als o b e considere d a s schemat a i n whic h 

informatio n abou t  locatio n i s give n majo r  prominenc e (Brewe r  &  Treyens ,  1981) .  Viewe d a s 

schemat a o r  frames ,  view-unit s ca n b e though t  o f  a s havin g additiona l  informatio n beside s tha t 

alread y discussed .  Fo r  example ,  view-unit s migh t  connec t  t o unit s indicatin g th e suitabilit y  o f 

plac e fields ,  fo r  example ,  dangerou s o r  safe .  Th e activatio n o f  a  particula r  view-uni t  a s a n 

observe r  move s throug h th e environmen t  woul d the n immediatel y giv e acces s t o informatio n 

abou t  th e desirabilit y  o f  remainin g a t  tha t  location .  I n general ,  an y variabl e quantit y con -

necte d t o view-unit s woul d b e accessibl e whe n th e observe r  returne d t o a  locatio n i n whic h th e 

view-uni t  wa s activated .  Thi s correspond s t o th e c o m m o n e}q)erienc e o f  recallin g event s o r 

eve n thought s tha t  occurre d a t  specifi c  location s (Nigr o &  Neisser ,  1983) . 
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1.  Introductio n 

Durin g th e 18t h Century ,  on e o f  th e primar y goal s o f  chemistr y wa s t o determin e th e component s o f 

substances .  Thi s wa s a  lon g an d painstakin g process ,  durin g whic h man y differen t  model s wer e propose d an d 

rejected .  'ITiroughou t  mos t  o f  th e 18t h centur y combustio n wa s believe d t o involv e th e decompositio n o f  th e 

combustibl e body ,  an d thi s wa s on e o f  th e centra l  tenet s o f  th e dieor y o f  phlogiston .  Onl y i n th e las t  tw o 

decade s o f  th e 18t h centur y wa s th e phlogisto n theor y challenge d an d eventuall y replace d b y th e oxyge n 

theory .  I n thi s pape r  w e describ e S'l'AHL ,  a  cognitiv e simulatio n tlia t  model s th e inference s m a d e b y eari y 

chemists .  Th e syste m i s  name d afte r  G .  E .  Stah l  (166 0 1734) ,  on e o f  th e principa l  formulator s o f  th e 

phlogisto n tlieory .  i n th e followin g page s w e describ e S T A H L i n term s o f  it s  componen t  heuristics ,  an d U-ac e 

it s reasonin g o n a  numbe r  o f  episode s fro m di e histor y o f  th e phlogisto n theory . 

2. An Overview of STAHL 

STAHL' s inpu t  consist s o f  a  se t  o f  reactions ,  eac h represente d b y a  simpl e schema .  Fo r  instance ,  th e 

reactio n o f  sulphu r  an d iro n t o for m sulphuretted-iro n woul d b e represente d a s (reac t  (inpu t  sulphu r  iron ) 

(outpu t  sulphuretted-iron)) .  STAHL' s goa l  i s  t o determin e \h c component s o f  al l  non-elementa l  substance s 

involve d i n th e give n lis t  o f  reactions .  I n di e tabl e belo w w e presen t  si x heuristic s use d b y S T A H L i n inferrin g 

di e componentia l  model s o f  substances . 

STAHL' s heuristic s fo r  inferrin g th e component s o f  substances . 

INFER-COMPOSIT ION 

I f  A  an d B  reac t  t o for m C , 

or  i f  C  decompose s int o A  an d B , 

the n infe r  tha t  C  i s compose d o f  A  an d B . 

REDUCE 
I f  A  occur s o n bot h side s o f  a  reaction , 

the n remov e A  fro m th e reaction . 

SUBSTITUTE 
I f  A  occur s i n a  reaction , 

and A  i s compose d o f  B  an d C , 

the n replac e A  wit h B  an d C . 

EQUATE-DECOMPOSITIONS 
I f  A  i s compose d o f  B  an d C , 

and A  i s compose d o f  D  an d E , 
the n infe r  tha t  B  an d C  reac t  t o for m D  an d E . 

IDENTIFY-COMPONENTS 
I f  A  i s compose d o f  B  an d C , 

and A  i s compose d o f  B  an d D , 
the n identif y C  wit h D . 

IDENTIFY-COMPOUND 
I f  A  i s compose d o f  C  an d D , 

and B  i s compose d o f  C  an d D , 
the n identif y A  wit h B . 

Th e mos t  basi c o f  di e rules ,  I N F E R - C O M P O S I T I O N ,  deal s wit h simpl e synthesi s an d decompositio n 

reactions ,  an d let s th e syste m unambiguousl y infe r  di e component s o f  a  compound .  Fo r  example ,  give n di e 

sulphuretted-iro n formatio n reaction ,  thi s rul e woul d infe r  tlia t  sulphuretted-iro n consist s o f  sulphu r  an d iron . 

Of  course ,  di e I N F E R - C O M P O S I T I O N rul e ca n als o dea l  wit h case s i n whic h dirc c o r  mor e substance s unit e 

t o for m a  simpl e compound ,  an d wit h simila r  decompositions . 

Thi s researc h wa s supporte d b y ConU-ac t  N00014-84-C-5076 7 fro m th e Offic e o f  Nava l  Researc h J ,  Zylko w i s a  member  o f  th e 
Institut e o f  Philosoph y a t  th e Universit y o f  Warsa w an d o f  th e C M U Psycholog y Department ,  H .  A .  Simo n i s a  member  o f  th e C M U 
Psycholog y Department ,  whil e P.  Ungle y i s associate d wit h th e C M U Robotic s Institute . 
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For  mor e comple x reactions ,  S T A H L employ s othe r  rule s t o transfor m thes e reaction s int o simple r 

forms ,  s o tlic y ca n eventuall y b e matche d b y I N F H R - C O M P O S I T I O N .  Thus ,  di e R E D U CE heuristi c i s 

responsibl e fo r  "cancellin g out "  substiince s occurrin g o n bot h side s o f  a  reaction ,  leadin g t o a  simplifie d 

version .  Fo r  instance ,  give n di e inpu t  (reac t  (inpu t  calx-of-iro n vitriolic-aci d water )  (outpu t  vitriol-of-iro n 

water))^ .  th e R E D U CE rul e woul d produc e di e simplifie d descriptio n (reac t  (inpu t  calx-of-iro n vitriolic-acid ) 

(outpu t  vitriol-of-iron)) .  I n tur n di e I N F E R - C O M P O S I T I O N rul e woul d conclud e dia t  vitriol-of-iro n 

consist s o f  calx-of-iro n an d vitriolic-acid . 

Th e diir d heuristi c ( S U B S T I T U T E )  inidall y lead s t o mor e comple x statement s o f  reactions ,  bu t  m a y 

enabl e di e R E D U CE rul e t o apply .  Phi s rul e draw s o n informatio n abou t  di e component s o f  a  substanc e dia t 

hav e bee n inferre d earlier .  Eg ,  suppos e diat ,  i n addido n t o di e las t  example ,  S T A K E know s dia t  (reac t  (inpu t 

iro n vitriolic-aci d water )  (outpu t  vitriol-of-iro n inflammable-ai r  water)) .  N o w ,  b y R E D U CE (applie d t o 

water )  an d die n b y S U B S T I T U T E (applie d t o vitriol-of-iron )  di e syste m infer s dia t  iro n consist s o f  calx-of -

iro n an d inflammable-air .  Thi s i s i n fac t  th e conclusio n draw n originall y b y Cavendis h [1766] ,  afte r  h e 

discovere d hydroge n whil e dissolvin g metal s i n acids . 

Let  u s now ,  base d o n di e dire e rule s describe d above ,  conside r  di e origin s o f  th e dieor y o f  phlogisto n 

earl y i n di e 18t h century .  G .  E .  Stah l  adopte d di e ancien t  vie w dia t  fire  i s a  manifestatio n o f  a  c o m m o n 

principl e whic h leave s a  bod y durin g combusUon .  Therefore ,  an y reactio n involvin g combusuo n wa s viewe d 

as a  decomposition ;  fo r  instance ,  burnin g charcoa l  wa s interprete d a s decomposin g i t  int o phlogisto n (anothe r 

ter m fo r  di e matte r  o f  fire)  an d som e residua l  ash .  G .  E .  Stah l  succeede d i n provin g th e usefulnes s o f  th e 

notio n o f  phlogisto n i n explainin g man y reaction s dia t  wer e b y n o mean s reacdon s o f  combusuon ,  an d i n 

jusdfyin g di e presenc e o f  phlogisto n i n substance s dia t  wer e no t  combustibles . 

Let  u s examin e di e pad i  take n b y S T A H L i n arivin g a t  di e inida l  conclusion s o f  di e h u m a n Stahl' s 

theor y o f  phlogiston .  W e presen t  th e syste m wit h tw o facts :  (reac t  (inpu t  charcoa l  air )  (outpu t  phlogisto n as h 

air) )  an d (reac t  (inpu t  calx-of-iro n charcoa l  air )  (outpu t  iro n as h air)) ^  Give n bod i  reactions ,  S T A H L 

immediatel y applie s it s R E D U CE heuristi c t o di e first  fact ,  givin g di e revise d reactio n (react s (inpu t  charcoal ) 

(output s phlogisto n ash)) .  Th e syste m die n applie s di e sam e rul e t o di e secon d fact ,  givin g di e reduce d 

reactio n (react s (inpu t  calx-of-iro n charcoal )  (outpu t  iro n ash)) .  Afte r  diis ,  di e first  o f  dies e revisions , 

combine d wit h th e I N F E R - C O M P O S I T I O N rule ,  lead s t o di e inferenc e dia t  charcoa l  i s  compose d o f 

phlogisto n an d ash .  whic h wa s on e tene t  o f  th e earl y phlogisto n dieory .  Havin g arrive d a t  thi s conclusion , 

S T A HL applie s S U B S T I T U T E ,  generatin g di e expande d relatio n (react s (inpu t  calx-of-iro n as h phlogiston ) 

(outpu t  iro n ash)) .  A t  dii s  point ,  R E D U CE i s use d t o remov e as h fro m bot h side s o f  di e equation ,  givin g 

(react s (inpu t  calx-of-iro n phlogiston )  (outpu t  iron)) .  Finally ,  I N F E R - C O M P O S I T I O N lead s S T A H L t o infe r 

tha t  iro n i s a  compoun d compose d o f  calx-of-iro n an d phlogiston .  If ,  a t  dii s  point ,  S T A H L i s give n th e 

reactio n (reac t  (inpu t  calx-of-mercur y iron )  (outpu t  mercur y calx-of-iron)) ,  i n whic h neidie r  phlogisto n no r 

charcoa l  i s explicid y present ,  di e syste m infer s dia t  mercur y consist s  o f  calx-of-mercur y an d phlogiston . 

N o w w e ar e abl e t o reproduc e a  historicall y vali d applicatio n o f  E Q U A T E - D E C O M P O S I T I O N S. 

Sulphur ,  a s a  combusuble ,  wa s believe d t o contai n phlogiston .  T o demonstrat e dia t  it s  remainin g componen t 

i s vitriolic-acid ,  G .  E .  Stah l  refer s t o di e followin g reaction s [ParUngton ,  1961 ,  p .  671] : 

(reac t  (inpu t  vitriolic-aci d potash )  (outpu t  vitriolated-tartar)) , 

(reac t  (inpu t  sulphu r  potash )  (outpu t  liver-of-sulphur)) , 

(reac t  (inpu t  vitriolated-tarta r  charcoal )  (outpu t  liver-of-sulphur)) . 

'HTi e followin g "dictionary "  ma > b e iielpfli l  i n understandin g ou r  histori c examples :  metalli c  calxe s ar e 18t h centur y term s fo r  metalli c 

oxides ,  inflammabl e ai r  i s  hydrogen ,  dcphlogisticaic d ai r  i s  oxygen ,  vitrio l  o f  iro n i s iro n sulphate ,  vitriolate d tarta r  i s  potassiu m sulphate , 
an d live r  o f  sulphu r  i s a  mixtur e o f  potassiu m polysulfidc s wit h potassiu m thiosulfale . 

Chemists of the early 18th century acknov^'ledged the necessity of air in combustion as the acceptor of phlogiston and believed that 
combustio n i n a  dose d vesse l  stop s a t  som e poin t  w h e n ai r  get s saturate d wit h phlogisto n an d canno t  accep t  mor e o f  thi s principle . 
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All three reactions match the INFER-COMPOSITION rule, and as tlic result, STAHL produces two different 

decomposition s o f  livcr-of-sulphur .  Ilii s  activate s tli c  H Q U A T K - D K C O M P O S I T I O NS ail e an d no w S T A H L 

consider s th e additiona l  reaction :  (reac t  (inpu t  sulphu r  potash )  (outpu t  vitriolated-tarta r  charcoal)) .  I n thi s 

reaction ,  SUBSTITUTIO N applie s t o bot h vitriolated-tarta r  an d charcoal ,  creatin g (reac t  (inpu t  sulphu r 

potash )  (outpu t  vitriolic-aci d potas h as h phlogiston)) .  Reductio n o f  potas h o n bot h side s enable s INFER -

C O M P O S I T I ON t o apply ,  an d t o conclud e tha t  sulphu r  consist s o f  vitriolic-acid ,  an d phlogisto n (an d ash , 

unles s w e ignor e residua l  substance s o r  us e soo t  instea d o f  charcoal ,  a s th e (almost )  pur e sourc e o f  phlogiston . 

S T A HL i n it s presen t  for m canno t  dea l  effectivel y wit h residua l  substance s o r  impurities) . 

ITi c final  tw o heuristic s ar e responsibl e fo r  postulatin g tha t  tw o substance s tha t  wer e originall y though t 

t o b e differen t  ar e i n fac t  identical .  Fo r  instance ,  th e I D E N T I F Y - C O M P O N E N TS rul e matche s whe n 

S T A HL learn s tha t  a  compoun d ca n b e decompose d i n tw o differen t  ways ,  wher e thes e decomposition s diffe r 

by a  onl y singl e substance .  Ou r  example s enabl e i t  t o appl y thi s rul e t o iron ,  fo r  whic h S T A H L ha s alread y 

inferre d tw o differen t  compositions :  int o calx-of-iro n plu s inflammable-ai r  an d int o calx-of-iro n plu s 

phlogiston .  Identificatio n o f  inflammable-ai r  wit h phlogiston ,  mad e a t  thi s poin t  b y STAHL ,  wa s indee d a 

histori c fact ,  an d wa s claime d fro m 176 6 unti l  tli e final  rejectio n o f  th e phlogisto n theor y i n th e 1790's . 

Give n a  se t  o f  reaction s a s input ,  S T A H L applie s it s heuristic s t o thes e reaction s unti l  i t  ha s mad e a s 

many inference s a s possible .  The n th e syste m halts ,  bu t  i t  ca n accep t  addiuona l  inpu t  reaction s an d ca n mak e 

additiona l  inferences .  A t  an y give n poin t  durin g th e computation ,  th e system' s knowledg e consist s o f  som e 

mixtur e o f  observe d reactions ,  transforme d reactions ,  an d componentia l  models .  On e o f  tli e system' s 

interestin g feature s i s th e manne r  i n whic h it s heuristic s interact .  Not e tha t  th e SUBSTITUTIO N rul e (an d 

some othe r  rules ,  too )  require s knowledg e o f  a  substance' s composition ,  s o tha t  som e inference s abou t 

compositio n mus t  b e mad e befor e i t  ca n b e used .  W e hav e als o see n tha t  comple x reaction s mus t  b e rewritte n 

by th e R E D U C T I ON an d SUBSTITUTIO N rule s befor e som e compositio n inference s ca n b e made .  Thi s 

interdependenc e lead s t o a  "bootstrapping "  effect ,  i n whic h inference s mad e b y on e o f  th e rule s enabl e 

furthe r  inference s t o b e made ,  thes e allo w additiona l  inferences ,  an d s o fortii .  Thi s proces s begin s wit h on e o r 

more simpl e reactions ,  bu t  afte r  thi s th e particula r  pat h take n depend s o n th e dat a availabl e t o th e system . 

3 .  A u t o m a t e d Se l f -Cor rec t io n 

Althoug h STAHL' s heuristic s provid e usefij i  directio n throug h th e spac e o f  possibl e chemica l  models , 

the y ar e no t  guarantee d t o produc e correc t  inferences .  Fo r  instance ,  th e syste m ma y appl y th e R E D U CE rul e 

when differen t  quantitie s o f  a  substanc e occu r  o n bot h side s o f  a  reaction ,  leadin g t o errorfu l  conclusions . 

However ,  simila r  confusion s als o occurre d i n th e histor y o f  chemistry .  A s lat e a s 1810 ,  Gay-Lussa c an d 

Thenar d [1810 ]  argue d tha t  potassiu m wa s a  compoun d o f  potas h an d hydrogen ,  contrar y t o Davy' s clai m tha t 

potas h wa s a  compoun d o f  potassiu m an d oxygen .  The y base d thei r  argumen t  o n th e followin g reactions : 

(reac t  (inpu t  potassiu m water )  (outpu t  caustic-potas h hydroge n water)) , 

(reac t  (inpu t  caustic-potas h water )  (outpu t  potassiu m oxygen)) , 

(reac t  (inpu t  potassiu m ammonia )  (outpu t  hydroge n green-solid)) , 

(reac t  (inpu t  green-soli d water )  (outpu t  caustic-potas h ammoni a water)) . 

Onl y th e secon d reactio n i s no t  acceptabl e fro m today' s poin t  o f  view .  Th e motivatio n fo r  thi s descriptio n wa s 

Gay-Lussac' s an d Thenard' s disbelie f  tha t  potash ,  know n t o hav e a n extremel y stron g affinit y t o water ,  ca n b e 

totall y destitut e o f  water .  Give n tlies e fou r  reactions ,  S T A H L i s capabl e o f  inferrin g thei r  conclusio n abou t 

th e compositio n o f  potassiu m i n thre e independen t  ways :  fro m th e first  reactio n alone ,  fro m th e secon d 

reactio n (i f  i t  i s  know n i n advanc e dia t  wate r  consist s o f  hydroge n an d oxygen) ,  an d fro m th e las t  pai r  o f 

reactions . 

Of  course ,  chemist s eventuall y realiz e thei r  error s an d recove r  fro m them ,  an d S T A H L incorporate s 

strategie s t o d o th e same .  If ,  durin g th e computation ,  a  reactio n i s transforme d t o th e for m o f  empt y input : 

(reac t  (input )  (outpu t  A)) ,  S T A H L enter s it s error-recover y procedure .  Ther e ar e severa l  othe r  state s o f  th e 

system' s knowledg e tha t  activat e th e sam e procedure :  obviousl y (reac t  (inpu t  A )  (output)) ,  bu t  also ,  fo r 
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instance ,  th e pai r  o f  componcntia l  model s " B consist s o f  A  an d X "  an d " A consist s o f  B  an d Y" .  Thi s 

particula r  erro r  wil l  b e detecte d b y S  TAHI. .  Suppos e that ,  i n additio n t o th e reaction s relevan t  t o th e theor y 

of  phlogisto n an d considere d i n thi s paper ,  th e syste m i s give n th e resul t  o f  th e famou s Priestle y experimen t 

on th e decompositio n o f  cal x o f  mercury :  (reac t  (inpu t  calx-of-mcrcury )  (outpu t  mercur y dephlogisticated -

air)) .  N o w th e syste m know s tha t  calx-of-mcrcur y consist s o f  mercur y an d dephlogisticatcd-air .  bu t  also ,  wha t 

was inferre d earlier ,  tha t  mercur y consist s o f  calx-of-mercur y an d phlogiston .  Take n together ,  thes e tw o 

inference s impl y tha t  calx-of-mercur y i s compose d o f  itself ,  plu s phlogiston ,  plu s dcphlogisticated-air ,  a 

troublesom e conclusion .  Historically ,  th e discover y o f  oxyge n an d th e ver y sam e conclusio n draw n b y 

phlogistian s stimulate d a n importan t  transformatio n o f  th e phlogisto n theory ,  an d wa s a  startin g poin t  t o th e 

constructio n o f  th e oxyge n theor y o f  combustion . 

In order to recover from an error, STAHL searches through the list of reactions and collects the 

reaction s whic h ma y b e responsibl e fo r  thi s particula r  error .  The n S T A H L processe s thes e reaction s onc e 

again ,  usin g th e knowledg e th e syste m ha s alread y inferred .  Thi s m a y b e enoug h t o mak e conclusion s tha t  ar e 

fre e fro m th e error .  I f  not ,  a s i n th e cas e o f  calx-of-mcrcury ,  the n th e syste m introduce s a  ne w conceptua l 

distinction .  Base d o n th e observational-theoreti c distinctio n S T A H L replace s on e o f  th e occurrence s o f 

calx-of-mcrcur y b y th e concep t  calx-of-mercury-proper .  Suc h concept s ar e tautologica l  whe n first  introduced , 

but  becom e respectabl e t o tli e exten t  tha t  the y prov e usefu l  i n dealin g wit h othe r  situation s beside s th e on e 

leadin g t o thei r  introduction .  Th e compositiona l  mode l  o f  calx-of-mcrcur y create d b y thi s m o v e reads : 

"calx-of-mercur y consists-o f  calx-of-mercury-proper ,  phlogiston ,  an d dcphlogisticated-air" ,  an d enable s 

satisfactor y explanatio n o f  al l  reaction s withi n th e framewor k o f  th e phlogisto n theory .  I f  th e secon d strateg y 

doe s no t  allo w recover y fro m th e error ,  th e syste m request s th e repetitio n o f  th e experiment s tha t  ar e 

responsibl e fo r  th e error .  Al l  thes e erro r  recover y method s contribut e signficantl y t o S T A H L ' s statu s a s a 

historica l  model ,  sinc e suc h reformulation s occurre d man y time s i n th e earl y day s o f  chemistry . 

4. Conclusions 

S T A HL i s a  cognitiv e simulatio n tha t  model s significan t  portion s o f  18t h centur y reasonin g abou t  th e 

compositio n o f  substances .  W e hav e teste d th e syste m o n reaction s betwee n acids ,  alkalis ,  an d salts ,  an d i t  ha s 

successfull y modele d majo r  development s i n th e domai n o f  combustio n an d reduction .  S T A H L ca n 

reproduc e successfij l  reasoning ,  a s wel l  a s failure s whic h originall y wer e believe d t o b e successes .  T h e syste m 

ca n wor k o n incrementa l  data ,  drawin g conclusion s fro m a  give n lis t  o f  reactions ,  the n processin g anothe r  lis t 

of  reactions ,  an d s o forth ;  eac h tim e i t  gain s additiona l  knowledge ,  an d eac h tim e it s performanc e depend s o n 

th e knowledg e i t  ha s alread y cumulated .  Thi s featur e o f  S T A H L make s i t  possibl e t o simulat e alternativ e 

theoretica l  developments ,  suc h a s differen t  response s o f  Lavoisie r  an d phlogistian s t o th e discover y o f  oxygen . 

Al l  thes e findings  enabl e u s t o conclud e dia t  S T A H L capture s a  genera l  metlio d o f  18t h centur y reasonin g 

abou t  component s o f  substances ,  an d t o refut e th e clai m tha t  establishin g th e oxyge n theor y o f  combustio n 

was onl y possibl e becaus e o f  th e ne w chemica l  metho d develope d b y Lavoisier . 

I n ou r  presentatio n o f  S T A H L ,  w e concentrate d o n th e se t  o f  rule s i t  incorporates ,  and ,  du e t o limite d 

space ,  w e discusse d onl y briefl y th e contro l  mechanis m o f  S T A H L an d it s automate d self-correctio n strategy . 

However ,  th e contro l  mechanis m i s vita l  i n assunn g historicall y adequat e an d cognitivel y plausibl e behavio r 

of  th e program .  Therefore ,  th e contro l  strateg y seem s t o constitut e a n importan t  aspec t  o f  scientifi c  reasoning , 

and a s futur e program s com e t o incorporat e mor e rule s an d simulat e mor e aspect s o f  theoreti c activit y i n 

science ,  th e contro l  starteg y ma y becom e a  crucia l  poin t  i n programmin g suc h systems . 
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'  course. ) 

COGNITIVE PROCESSES 

I N S P E L L I N G 
Edite d b y UT A FRIT H 
1982 ,  57 6 pp. ,  $17.50/ISBN :  0-12-268662- 4 (paper ) 

THINKING 
Directed ,  Undirecte d an d Creativ e 

K.J.GILHOOL Y 
1982 ,  18 8 pp. ,  $9.50/ISBN :  0-12-283482- 8 (paper ) 

J O U R N AL O F V E R B A L L E A R N I N G 

A N D V E R B A L B E H A V I O R 
Edite d b y FERGUS CRAI K 
Volum e 23 ,  1984 .  6  Issue s 
Annual  Subscriptio n Rates :  I n th e U.S.A .  an d Canada :  $96.0 0 
Outsid e th e U.S.A .  an d Canad a $114.00/ISSN :  0022-537 1 

INTERNATIONAL JOURNAL 

O F M A N - M A C H I N E S T U D I E S 
Executiv e Editors :  B .  R .  GAINE S an d D .  R .  HIL L 
Volume s 20-21 ,  1984 ,  1 2 issue s 
Annual  Subscriptio n Rates :  $280.80/ISSN :  0020-737 3 

COGNITIVE PSYCHOLOGY 
Edite d b y EAR L H U NT 
Volum e 16 ,  1984 ,  4  issue s 
Annual  Subscriptio n Rates :  / n th e U.S.A .  an d Canada :  $94.0 0 
Outsid e th e U.S.A .  an d Canad a $111.00/ISSN :  0010-028 5 

JOURNAL OF MATHEMATICAL 

P S Y C H O L O GY 
Edite d b y A .  A .  J .  MARLEY 
Volum e 28 ,  1984 ,  4  issue s 
Annual  Subscriptiorr < Rates :  U.S.A .  an d Canada :  S110.0 0 
OuUid e U.S.A .  an d Canada :  $132.00/ISSN :  0022-249 6 

SAMPLE ISSUES ARE AVAILABLE ON REQUEST. 
Journa l  subscription s ar e fo r  th e calenda r  yea r  an d 
ar e payabl e i n advance . 

Send payment with order and save postage and handling. 
Price s ar e i n U.S .  dollar s an d ar e sublec t  t o chang e withou t  notice . 
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B r a d f o r d B o o k s 

Protocol Analysis 

Verba l  Report s  a s Dat a 

K.  Ander s Ericsso n an d Herber t  A .  Simo n 
Thi s boo k finall y put s protoco l  analysi s o n fir m groun d b y examinin g it s underlyin g assumptions , 
techniques ,  an d limitations .  Ericsso n an d S imo n describ e a  genera l  theor y o f  cognitiv e processe s 
an d -.tructure ,  which ,  the y argue ,  account s fo r  verbalizatio n an d verba l  reports .  Th e theor y i s  pre -
sente d i n th e for m o f  a n informatio n processin g model .  Majo r  issue s surroundin g th e us e an d 
validit y o f  verba l  report s ar e take n u p an d empirica l  studie s discusse d withi n th e framewor k o f 
th e model . 
S27.5 0 

Computation and Cognition 

Towar d a  Foundatio n fo r  Cognitiv e Scienc e 

Zenon W.  Pylyshy n 
V\  ha t  i s  cognitiv e science. '  I n tacklin g thi s intriguin g question ,  Pylyshy n argue s tha t  computatio n i s 
mor e tha n jus t  a  convenien t  metapho r  fo r  menta l  activity ,  i t  i s  a  litera l  empirica l  hypothesis .  Th e 
principle s an d idea s h e develop s ar e applie d t o severa l  contentiou s area s o f  cognitiv e science , 
includin g theorie s o f  visio n an d menta l  imagery . 
$25.0 0 ̂  

Recommended text s 

N^^ The Science of the Mind 
Owen J .  Flanagan ,  Jr . 
A luci d introductio n t o th e philosophica l  assumption s an d implication s o f  severa l  majo r  psychologi -
ca l  theories .  Flanaga n analyze s th e wor k o f  Descartes ,  Willia m James ,  Freud ,  Skinner ,  Piaget ,  an d 
Kohlberg ,  a s wel l  a s significan t  development s i n cognitiv e psychology ,  artificia l  intelligence ,  an d 
sociobiology . 
$12.5 0 paperbac k (clot h S25.00 ) 

N'' Matter and Consciousness 
A Contemporar y Introductio n t o th e Philosoph y o f  Min d 

Paul  M .  Chiirchlan d 
Churchlan d provide s fres h description s o f  th e majo r  issue s i n th e curren t  philosophical/scientifi c 
debate ,  a  comprehensiv e discussio n o f  th e competin g philosophica l  theorie s an d methodologica l 
approaches ,  an d a n up-to-dat e outlin e o f  th e mos t  importan t  theoretica l  argument s an d empirica l  data . 

$8.9 5 paperbac k (clot h S20.00 ) 

Conceptual Issues in Evolutionary Biology 

edite d b y Elliot t  Sobe r 
Thi s antholog y o f  reading s i s designe d fo r  classroo m us e i n th e growin g field  o f  evolutionar y 
biology .  Article s b y outstandin g philosopher s an d biologist s ar e groupe d int o section s coverin g 
guidin g idea s i n th e field,  fitness,  unit s o f  selection ,  adaptation ,  functio n an d teleology ,  th e 
reductio n o f  Mendelia n genetic s t o molecula r  biology ,  an d th e natur e o f  species . 
SI9.9 5 paperbac k 
(clot h $4 0 00 ) 

Recentl y publishedi -

ĵ ij- W 

F r o m Fol k P s y c h o l o g y t o T h e N a t u r e o f 

Cogn i t i v e S c i e n c e 
Th e Cas e Agains t  Belie f 
Stephe n P .  Stic h 
S22.5 0 

Situat ion s a n d Att i tude s 
Jon Barwis e an d Joh n Perr y 
SI  7.5 0 

The Logic of Perception 
trvi n Roc k 
S22.5 0 

P s y c h o l o g i c a l  E x p l a n a t i o n 
Rober t  Cummin s 
$17.5 0 

T h e M o d u l a r i t y o f  M i n d 
Jerr y A .  F o d o r 
$8.5 0 paperbac k 

(clot h $17.50 )  2 8 Carleto n Stree t 

Cambridge ,  M A 0214 2 
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A r t i f i c i a l  I n t e l l i g e n c e 

fi-om  M I T 

I l l - D e p t h U n d e r s t a n d i n g 

A Compute r  Mode l  o f  Integrate d Processin g fo r  Narrativ e Comprehensio n 

Michae l  G .  Dye r 
Thi s boo k present s a  compute r  progra m name d B O R I S whic h ca n rea d an d understan d comple x 
narrativ e texts .  B O R I S i s uniqu e i n attemptin g t o dea l  wit h storie s involvin g emotion s an d i n it s 
abilit y  t o deduc e adage s an d morals .  "T o skeptic s w h o woul d ask ,  'Wha t  ha s thirt y year s o f  A I 
researc h reveale d abou t  th e wa y th e min d works? '  I  woul d reply ,  'G o rea d Dyer' s thesis. "  " 
-Dougla s R .  Hofstadte r 
$35.0 0 

A Theory of Syntactic Recognition 

for Natural Language 
Mitchel l  P.  Marcu s 
"Cognitiv e scientist s hav e goo d reaso n t o b e intereste d i n Mitchel l  Marcus' s boo k O f  specia l 
interest ,  Marcus' s intentio n wa s t o writ e a  parse r  whic h honour s huma n languag e processin g limita -
tions ,  no t  merel y t o develo p cleve r  programmin g trick s fo r  parsin g sentences .  I n pursuin g thi s goal , 
Marcu s make s som e interestin g claim s abou t  ho w th e languag e comprehensio n proces s work s an d 
abou t  ho w som e possibl y universa l  linguisti c feature s ar e base d o n thi s process.. .  Marcus' s boo k i s 
wel l  w o n h readin g an d sludying. "  -Qiiarterl v Journa l  o f  Experimenta l  Psycholog y 
$30.0 0 

Computational Models of Discourse 

edite d b y Michae l  Brad y an d Rober t  C .  Berwic k 

Prefac e b y Davi d Israe l 
The contribution s i n thi s boo k mak e clea r  th e fundamenta l  chang e takin g plac e i n th e stud y o f 
computationa l  linguistics ,  analogou s t o tha t  whic h ha s take n plac e i n th e stud y o f  compute r  visio n 
i n th e pas t  fe w years . 
$35.0 0 

Availabl e i n paperbac k 

A r t i f i c i a l  I n t e l l i g e n c e 

An MI T Perspectiv e 
Two Volume s 

edite d b y Patric k Henr y Winsto n an d Richar d Henr y Brow n 
"A n excellen t  overal l  vie w o f  wher e A I  is .  wha t  i t  ha s accomplished ,  an d wher e i t  i s  heading . 

authoritativ e an d comprehensible."-/ifcacM i 
$15.0 0 eac h 
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